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SECTION 19
LOGIC CIRCUITS
PART A, ELECTRON-TUBE CIRCUITS
Part A of this section is reserved for electron
wibe logic cireuits, which may be inclided in o latar

revisien of the Handbook. No electron tube circuits
are discussed in this issue.
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PART B. SEMICONDUCTOR CIRCUITS

LOGIC POLARITY.

Computer logic is expressed by a form of two-value
logic which is =asily adaptable to the binary number
system. Thus computer elements (circuits) have only
two states, such as: the conduction o nonconduction
ol a circult, the presence of absence of a hole on g
card or paper, or the presence or absence of a magnetic
field. The use of two-value logic also means that,
basically, these states may assume a value of either
Oor 1. (While pue or false could also be used, the
nuineric values lend themselves readily to compututlons
and algebraic maninulations,}

In any electrica! clreeit, any twe Zistingt vaitones
ar Curients coh be used 1o represent the two logic
states of Dand 1. For example, 1 neqative voltage
could ingicate  and o pesitive voltage could indicate
1, of vice versa. Likewise, current How intn the
circuit could indicate 0, and current tow out of the
circuit could’ indicate 1. Similar results could be
obtained with amplitude contral, using small and large
voitages or curre-’lts. Pulses could alse be used ina
like fashion, with g negative pulse md:mtmg G and
o positive pulse indicating 1; or Ceould be indicated
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i o pulse could signify 1. Many combinations of logic
expressions are possible; theycan also be used inter-
zhangeably, since each logic element {ciscuit) of eper-
ating entity can actually function independently as
lung as the desired result 15 achieved., Mixed logic
systems are not used in large computers, however,
since this oractice would cause expensive circuit com-
plicotions. Yost present-day logic systems utilize
pelarity t¢ define the circuit state, since positive
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sistors. Lcmf* circuits con be divided into twe gen-
ercl classes, according to polarity, namely positive
and negative logic. As employed on logic diagrams, o
signal may assume either the "active (or true)'” atate
quir‘ 1), or the “inactive {rr fzlse)’ ztate {logic Q).
The electrical signal levels usec and g statement con-
cerning whether positive or negative lor*ic appliss are
usually specified explicitly an the indivi i
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involving only switches and relays will be covered
under ‘“Mechanical Clrcuits’’, Part C of this section.

POSITIVE LOGIC.
APPLICATION.

Positive lonic nolarity i
the uoe of NE* tre o

INe uSe 04 NP ¥Ee U

CHARACTERISTICS.
The input activates the logic element only when it
is of pesitive poiarl‘ty
The output of the ;uqlc element is olso of positive
polarity {except when it | purocsely inverted}.
Coeorstion may be fom w iudl pusilive lu g tow posi-
tive voltage or current, or positive against ground
{the high positive voitage or current usually activates

the circuit),

CIRCUIT OPERATION.

Positive locic polarity is defined as follows: When
the logic 1 state has relatively more pesitive elec-
trical level than the legic O state, and the circuit
is activated {operated) by the logic 1 signal, the
logic pelarity is considered to be positive. The fal-
lowing typical examples illustrate the manner in which
positive loglc may be employesd.

Example 11  Logic 1 = +10 volts

Logic 0= 0 volts
Exemple 22 Logicl = §volts
\ g0 JR oy !; .
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oth exw..ples the logic 1 state is always more posi-
t.‘ < thon the logic O state, even though in example 2
the lOQIC state is neqative. The previous statements
and definitions are narticularly appropriate for d-c
swltchmq circuits, but also apply to a-¢ circuits as

Taor “)'""‘CLQ, giubginie Fu.oe can be used 1o

simulate g positive voltage, and a negative pulse can
be used ta simulate a neqative voltuqe. However, such
hsence of g pulse
can signifv the logic O state and the ong]ncu defml-
That is,

state is more nngitive than the no siqna!
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circuits easiet and simpler, so that normally positive
logic is associated with NPN transistors, while nega-
tive logic is associated with PNP transistors. At
present, however, it is unimportant which type of
logic polarity (positive or neqative} is used, since
logic compenents and citcuits are available for all
types. In fact, by using a form of mnemonic (sym-
belic) notation, such as H for the high or active

state (1), and L for the low or inactive state (0},
logic design may be completed and circuitry devised
without concern for the polarity or levels used.

Once the logic design is completed, standard citcuits
of the proper type and polarity for the components and
level to be used are selected, and the unit is constructed.

FAILURE ANALYSIS,

Since positive logic polarity invoives the operation
of circuits by means of a more positive voltage or
signal, it is evident that under normal operation such
circuits would be activated by o positive signal and
would produce a positive output. However, while the
previous statement isgenerallytrue, it may not apply
to a particular circuit because of special design con-
siderations. Reference sheuld be made to the proper
logic circuit (schematic} and flow diagrams to detet-
mine the polarity and levels that activate the suspected
clrcuit,

NEGATIVE LOGIC,

APPLICATION.
Negative logic polarity is usually more adaptable to
the use of PNP type transistors.

CHARACTERISTICS.
The input activates the logic element only when it
is of negative polarity.
The output of the logic element is also of negative
polarity (except when it is purposely inverted).
Opetation may be from a high negative to a low naga-
tive voltage or current, or negative against ground
{the high negative voltege or current usually octi-
vates the circuit).

CIRCUIT OPERATION,

Negative logic polarity is defined as follows: when
the logic | state has relatively more negative elec-
trical level than the Jogic 0 state, and the circuit
is activated (operated) by the logic 1 signal, the
logic polarity is considered to be negative, The fol-
lowing typical exaniples illustrate the manner in which
negative logic can be employed.

Example I: [Logicl= {volts
Logic 0=+10 volts
Example 2: Logic 1 =-10volts
Logic 0= 0volts

In both examples the logic 1 state is always more

negative than the logic [ state, even though in example
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1 both states are in the positive region. While the
above definitions of logic pelarity are particularly
applicable for d-c switching circuits, they also apply
to a-c circuits as well. For example, a neqative
pulse can be used to simulate a negative voltage, and
6 positive pulse can be used to simulate ¢ positive
voltage. Such complexity is unnecessary, however,
since the absence of ¢ pulse can be assumed to indi-
cate the logic 0 state. Thus only ¢ negative pulse is
necessary, and the cbove definitions will still apply.

As normally used, negative logic is more adoptable
to PNP type transistors because of the PNP polarity
requirements. Since a negative collector valtage is
required to reverse-bias the PNP transistor, operation
of the transistor produces either a low or a high nega-
tive output voltage. By using direct coupling, a
completely negatively polarized d-c system can be
developed, and interstage coupling capacitors can be
eliminated. Thus, besides the saving of the cost of a
component, waveform distortion due to phase shift
through the coupling capacitor can be minimized.
Operation may also be speeded up, since it is no
longer necessary to wait for the charge and discharge
of the capacitor. Direct-coupled transistor logic
(DCTL) circuits are discussed later in this section,
Negotive logic is not limited to PNP transistors,
since the common emitter configuration (in an c-c
coupled circuit) can invert the polarity of the input
signal and provide a negative output from an NPN tran-
sistor. The use of PNP trunsistors merely makes the
design of d- negative logic circuits ecsier and sim-
pler, so that negative logic is normally associated
with PNP transistors, while positive logic is asso-
ciated with NPN transistors. Since logic circuits and
components are available for all types of polarity,
there is no particular recson why neqative logic
should be used in preference to positive logic. In
fact, for design recsons some special computers use
both (mixed) positive and negative polarity. The
usual practice is to design the fogic without regard
to polarity or levels. Once designed, the proper type
of polarity and levels for the standard logic circuit
and components to be used is selected, and the unit is
constructed,

FAILURE ANALYSIS.

Since negative logic polarity invelves the operation
of circuits by means of a more negative voltage o
signal, it can be reasoned that under normal operation
the logic circuit must be activated by a negative
signal and that the output must alse be negative.
However, since special design considerations some-
times neqate this reasoning, it is necessary to
refer to the schematic and flow diagroms to deter-
mine the actual pelarity and levels which activate
the suspected circuit.
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DIODE LOGIC.

ach type of lugl\-- Lhw transistor logic alsc hes

its OR qcte and AND gate, plus edditional circuits such as
the NUR gate and NAND gate. Combinations of these basic
circutt building blocks, in turn, form cdditioncl but more
complex configurations. For example, a combinaticn of AND
and OF circuite forms a haif-adder, und two half-adders
lorm @ full-adder CT odder. Thus the ! 'uqlc tlocks are ar-
rangen to perform the desired circuit luncuous of e flal
computer design. In addition to diode and transister logic,
other forrms of logic utlizing dicdes or transistors are en-
countered, For excmple, whete only d-c is invelved, direct-
coupled transistor logic (DCTL) 1s usucj?y erpioyed to
avold losses in coupling circuits. Where a-¢ pulses are
employed resistor-transistor logic circuits (RTL) or resist-
ance-capacitance transister logic (RCTL) are usuclly vsed
(this 1s similar te the resistance coupling used in qudic
amplifiers). Therefore, each basic logic group has its sim-
ple basic R and AND circults, plus any ather circuits pe-
culiar to that type of logic, In most cazes, the more in-
volved circuits are made up of combinations of CR, AND,
and NOT circuits. While the operation of these basic cir-
cuits may be slightly different, they are similar: Fer exam-
ple, transistor logic can easily be visunlized by considering
ihe emttler-base junction as qn Input digde and base-c
lector junction as the output dicde.

Diode logic is the simplest type of logic, correspanding,
in general, to switch operaticn. Either the switch 1s ON
{diode conducting) or it is OFF {diode non-conducting), Tt
15 usually used where signals of only two levels are involved
{the oif level and the on level) aithough three-level cir-
cuils may be arronged, if desired. Either negative cr posi-
tive logic may be use with the same circuit arrangements,
excepl that the diode conrections must be reversed. While
it is important that the iorward resistance of the diode be
low, it is more important that the reverse resistance pe very
figh. Thus when dicdes are parallel<onnected their poral-
led revarse—esistance is stll high, and leakage and operat-
ing power requirerents are low, aiso, fulse triggering will
Fory o ~

Ancther advoninge to the use of dicde loqic 12

Thus it s
urn rhe mgrugi
phler desxgr‘

2 = decading matrice ©ir T, s
'.'erse‘.'; an arrangement with single inputs "Ji'OdUClnCE a
muitlple output 1S KNowrn ds il encoder motrice U wniiix.

In genergi, when arranged in a rectangular arrangement the
mairice becomes a rectangular matrice, regardless of func-
i v", that is, it may be either an encoder or decoder, Each

: ese basic circuils and arangemients are fuily discussed
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OR GATE.

AFPLICATION.

The dicde OR qate is @ basic logic ¢ircuit which pro-
duces an output when either input is activated, end when
both inputs are simultanecusly activated (inclusive OR).
It replaces the relays ond electron tubes used in earlier
computers.

CHARACTERISTICS.
May use either positive or negative logic.,
May be operated by shert duration pulses, or by static
d-c voltage levels representing inputs and outputs.
Soprecents logic addition (140-1)
Corresponds to an oppositely polarized AND gate.
Cutput never exceeds the input {nu cmiplificction ic o
taned. )

CIRCUIT ANALYSIS.

General. [ogic circuits differ from basic electronic
circults in their genera} treatment. Through the use of
standerd logic symbols (see MIL STD 00806C (NAVY) for a
complete list}, a block-diagram type of presentation may be
used, 1nsteqd of the conventiona) schematic represenlc[non
with which the ET 15 more fanniiar, Thus the signal path
and operaticn can be followed, or considered, without re-
gard to the actual electronic circuit operation. Typical
standard symbols used to tepresent a pesitive logic OR cir-
cuit are shown below, accompanied by a truth toble of pos-

sible soembisasisns
INPUT | ouTPUT
A B F
AlH) L L L
L H H
B (H) Fe(a+8) {H) oL H
H H H
A
] Fa(a+B)

Positive OR Gate Symbols Table of Combinations

right triangles.
in Hoolean ulqebru netaton the result \A + B}, where the +

Sign indiccios OR (addivon), The toble cf combingticns

shows every possibie combination of input and output and
trerelore, called a truth woble. When cither input A or in-
cut B (or both) areat g relatwely nigh level, the output, r,

s also at 3 miat vely high level, When both A and B are
s oot T

o

S
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Two lnput Negative OR Gate

The negative OR gate operates inversely 1o the positive
OR gate. Thus, when inactive, it is held so by inputs ap-
proximately equal to +V and ne conduction occurs. This
represents the U state, When o negative 1 is applied either A
or B, the respective dicde is forward bigsed and current
flows through R. Electron flow is in such c direction that
the output end of resisior R is negative, and the input signal
appears as the output, While one diode is conducting, the
other diode is revetse biased by the umount of the output
signal; thus it cannot conduct unless a greater negative
voltage is apgplied its input. When both inputs are simultg-
necusly activated with a negative signal, it equal in am-
plitude both dicdes conduct. This is the case of the in-
clusive OR, f the polarities of the J and 1 are reversed, the
negative OR gate will function as o positive AND qate,

Thus the proper conventions must be used to produce the

desired function. When the 1 input is relatively more nega-
tive than the O input, the above discussion, the symbel, the

schematic, and the truth table for the negative GR gale appiy.

FAILURE ANALYSIS.

General, In the basic OR citcuit only three parts are
invclved and it is ¢ simple matter 1 make g resistance and
continuity check with an chmmeter tc quickly determine if
the parts are defective. Military cormputers are usually made
self indicating—that is, for a given module, normal operation
is shown by a lomp operating in synchronism with the input

of by a test signal inserted gt specitic intervals, Thus the
cperator can quickly determine it the module 1s working
propetly and substitute a new cne when needed. In some 1n-
stances 1t may be considered ecenomical to throw away the
movteie Unoomer ingtances, local OF factory repalr 18 nace
and the following trouble analysis will be applicable,

Mo Output. If no output is obtained from either the post-
tive nr negative OR qate when an input veltuge of pulse is
applied to either A or B termingl, the essociated diode is
dolective. eter 10 check the forward and re-
verse resistance of either CR1 or CR2. A high reverse re-
sistance and a low forward resistance are normal. 1f the re-
sistance 15 the same 10 both directione repiace the dinde

L1 iy -~ Ao
Wil u !\H\qu fesetote] dxuuu-
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Continuous Qutput. When g diode is short-circuited, the
J leve] will appear continuously at the output. That is o
constant d-c level will appear at the output, because ¢ d-c
curfent path exists from the supply through resistor R,
thrcugh the diode, and through the input impedance ur vults
age supply impedance to greund. Thus the output will be a
constant and oppostiely poluriced vollage to that normally
oroduced. The output amplitude will be either highier or lower
than nomal depending upon voitege divider action of R and
the input resistance. When the input portion presents ¢ high
resistance the output will be near the supply woltage. If
egual to the vaive of resistor |, the cutput will be half the
supply voitage. i lower than R the cutput voltage will alzo
be low,

Erratic Operation or Reduced Output. Hremiatar B os
apen, no forward bias will be applied to the diodes and they
wil{ be in a floating condition, subject to operaticn by
rendom noise pulses, or any signal that makes the anode
rore positive than the cathode (or the cothode more regative
than the anode). Make a resistance check of resistor, &,
with an ochmmater when errctic gperation occurs, and tepiace
it if it reads outside the tolerance range.

AND GATE.

APPLICATION,

The diode AND gate is a basic logic circuit which pro-
duces an output only if ali of ite inputs are simultaneously
acivated. It represents the basic logic circuit for binary
multiplication, and the dot symbo: 15 used to indicate this
{A-RB=C). Itreplaces the relays andelection tubes used in

=oriier computers.

CHARACTERISTICS.
May use either pn-:itwe or negative iogic,
wmay be operated by short duration pulses, or by static
d-¢ voltage levels representing inputs and outputs.
Corresponds to an oppositely polarized OR gate.
QOutput never exceeds the input {no amplification is on-
tained}-

CIRCUIT ANALYSIS,
Generol. Logic circuits differ from basic electronic
clircuits in their general treqtment. "f'hrough the use of
standurd mgn, symbois \ac:c Wil o UL‘UUbu {EEANEE T
4 'n—) & 1.54, o Cuuu Gaadr

LY Pﬂ_ ok yi"‘m niation ey
oy 'J.?t‘.‘u, irisieud UL thie COlVenliond: Gohlind Lo ity su-
vlesentation with which the T is more famil:ar, Thus the
315000 pUin OF Opelaliol nay b luiluwed, wi Volsaduiod

vMi"Cdt regurd to the actual eiectronic circult opercnon. A
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INPUT | OUTPUT
A B F
LoL L
L H L
H L L
H H H
A (R Q——
F2AB{H}
B (HI O—2

Positive AND Gate Symbol  Table of Combinations

The (H) notation means high level or positive logic
and is indicated in the symbol by the filled-in right
triangle {when the triengles are used the parentheti-
cal notation may be omitted). The inputs are A and
B. Theoutput, F, shows in Boolean algebra notation the
result (A °R), where the dot sign indicates AND (multiplice-
tion). The tableof combinations shows every possible com-
bination of input and output, and is, therefore, called a
truth table. When inputs A and B are both at o relatively
high level, the output, F, is also at a relatively high level,
When both A and B are at ¢ low level, sois F. For a single
input the gate remains Inactive,

when neqative logic is used, the symbol shown below
and uccompanying truth table apply.

INPUT | OUTPUT
[ F
L i L
L H H
H L H
H K H
4 (LYO—-
F=A-B (L)
B (LVO—1N

Negative AND Gate Symbol Taoble of Combinations

The (L) notation means low level or negative logic, and
the small open right triangle ot the inputs and outputs of the
symbol indicates they are low (if filled in they are high).
#hen the triangles cre used, the parenthetical (L} notation
may be omitted. The table of combinations shows that for
all inputs but one, the cutput is high. When both inputs cre
low, the cutput alse is low. For a single input the gate re-
mauins inactive and rests in the high state,

Circuit Operation. A two-input positive AND gate is
shown in the accompanying illustretion, The gate consists
¢l two diodes, CRI and CR2, and current limiting resistor,
B, comected as shown in the schematic,

CHANGE 1
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Two-Input Positive AND Gate

When the gate is inactive {no output is applied) the
cathodes of CR1 and CR2 are at a relatively low level with
respect to their ancde. Thus the cathodes are effectively
negative with respect to the anode and the diodes conduct.
The diode current flowing through resistor R produces a
voltage drop equal to that of the supply and of opposite
polarity. Therefore, at the output end of R the potential is
zero, and no cutput signal exists between F and ground,

Shauld a positive input be applied to either A or B alone,
either CR] or CR2 will cegse conducting, However, the
other diode will then conduct more heavily and keep output
F at zero. Thus if only one input is activated there wiil be
o output, On the other hand, if both A and B inputs are
activated simultanecusly by a high level or positive signal,
the cathodes become mare positive than the gnodes ond both
diodes cewase conducting. When conduction ceases, the
voltage drop across resister R no longer exists, and output
F rises to the full value of the supply voltage (becomes
highly positive)., Thus a positive output is produced when
both inputs are simultanecusly activated by a relatively
high level input representing o 1.

A positive AND gate is sometimes referred to as ¢ nega-
tive OR qate, because if the polarity of the input trigger is
reversed so that a negative signel represents a |, and a
positive signal represents g zero, a single input will pro-
duce o negative cutput, but combined inputs will not. Refer
to the OR gate schematic in the previous discussion earlier
in this Chapter and observe they are identical. Recouse of
the interchangeability of the AND and OR functions with
polarity it {s necessary to adopt certain conventions to
avoid confusion. Therefore, if we assume that relatively
positve signals produce a 1, and relatively negotive signals
a 0, we may oall the AND circuit discussed previously above
a positive AND gote. Unless otherwise noted, we shall
assume this convention throughout the remainder of the cir-
cuit discussions in this Chapter of the Handbook.

In some systems, O’s and 1’s are represented by the ab-
sence or presence of a pulse. If the pulse is absent it re-
presents a O, if present, a 1. The AND gate must produce
a pulse at its output only when all inputs are activated.,
Thus in a three input AND gate, inputs A, B, and C must
ail be activated before an output can be praduced. Like-
wise, where both d< and pulse levels are used, gll must be
activated. Where two levels wre d-c and the third is ¢ pulse,
both d- leveis must be positive and a positive pulse must
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appear at the third level before the circuit will operate.
Absence of the pulse would e a C exactly as though a
neqative signal were applied instead, and the circuit would
not operate.

A two input negative AND gate i3 shown in the accom-
panving illustretion,  The gote consists of two diodes, CRI

cnd CRJ, with current limiting resi stor, B cormactad ag
fé; leilanting Lornmmasten o

H alling resietod

shown in the schematic.

S 0——

A (i) 0—;}———4}——-—-—-0
B (uo—ﬂ—

FzAB (L)

o

A 1 I I

Two Input Negative AND Gate

The neqative AND qgate cperates inversely to the posi-
nive AND gate. Thus, when nactive, the anodes are at a
relatively high level {positive) with respect 1o the cathcees,
which are connected to the negative supply through R, and
they conduct. The voltage drep across R is opposite the
Supply and equal sc that no voithe exists at the output

g | C...:..;..\. T thie na sk P Y Ry I.-m-— t“
end of rezistor B, thus no sutput is obizines o .

gither input A or B is cctivated (with a negatwe 1 signal}
the associated diode stops cunducticn, but the other dicde
maintains the cutpat ot zero. However, whien both inputs
are simultanecusly activated by a low level or relatively
negative input the anodes become mere negative than the

Uil
L

~athode and the Al © memoa mandAnerinn
cgthede and the diodes cegse conduction.

now flows through R, the voltage at the ocutput terminal
rises to the value of the supply voltage, and a negative
prnduced_ When tha innut: censa,
on;ldcred e

Since no current

output representing a | is
the output again terminates and the gate is
active, even Ll'lOuC]n ihis is the penod aud
dindes are artive and conducting.

If the polarities of the O an

14

e reversed, the neqo-

sion AN N P L O o O

tive AND gate will Luu\.hun as a positive OR gote (see
. ~ '

schematic mn "FF‘V‘P'I‘\ J i ote s

chassion in s sectjon
of the Handbook). Thus the p csm.'er\ti:; 15 must be
sad to produce the desited L;. uot,. When the § fnpet &
nmvely more negative tharn tne U input, the above discus-
ien. the symhe!, the schema

HeN ayYm e

aegativa AND gate 13ply,

8_

Ge51

e ard the trarh teble dar thn

LJ

FAILURE ANALYSIS.

e U Cime; oanler thron aorte amn aead in tha
Y rnsOronaTiienas Shnle pooiuses o

hveie
AND gate, 1t 15 o simple matter 10 make resistance and

Y h——"
uitIT

Ly lltj-llu.l.l.:( L.llt.‘t..l\b \'\'Llh an U“_‘::HICLCL LU dC'.Ll
parts are defective, Military computers are usucliy safi
indicating~that is, for o given “".Od.. B, norma 1 operatien i3
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or by a test signai inserted at specific intervals. Thus the
opetatar can determing if the module is workmg prcpe:iy
and substitute o new nne when needed,

it may be considered economical to rhmw Away rh.:: nnf::r-

rodule, in oter instances, local or faciory repair i3 mude
and the following trouble anaiysis will be applicable.

Mo Qutout. M nocutout is ohained from cither the
Mo Output, o output is chwined from cither the
positive or negative ANI) gate when ar input voltage ot

pulse of the proper polcmty and armpittude is applied simui-

taneously to both inputs A and B, both diodes are defective

or resistor R 15 open. Use an chzmeter to check the forwar
and reverse resistances of CR] and CR2. A high re &

1
ance and a low forward rezistance are normal.

ala o TRy i A 3 1
fe5i3iance i3 the 3ams in ooin duledions CLJI\JLL LM LG

with a known good one. If resistor R is outside 115 toler-
ance range, repiace 1t.

Continuous Output. If either the positive or ‘19'](**'\:!‘
AND guate produces us sul put with o gt g p'lt‘d Lol
diodes are defective, ot resistor R is sharted. Check *
dindes with an chmmeter for forward and reverse re-
sistance, and the value of B. Replace the defective paris.

Erratic Operation. [f an output 1s abtained when only
one input 1s activated, the diode assccigted with the othe:
input is open. Check the diodes for forwurd and reverse
resistance with an ohmmeter, and replace the defective
diode. If an cutput is cbtained when either A or B are
activated individually or simultaneously, resistor R is prob-
ably open and the diodes are free floating, subject to opera-
tion by any trigger or noise smnul which makes the anodes
mote positive tha
ative than the anodes).
the trounle.

.u....x..t:_. \..1 the cathodes mure o '
A tesistance check of R will reveal

RECTANGULAR MATRICES.

APPLICATION,
A rectangular diode matrice {r

1o perform ¢ specific function,
1o goriomm & iz hinsden. &

atrix) is u_,ed 1 compliters

b
e
output when supplied with multi-inputs or vice verse, It
may also oe known by its tunctional name instead.  Thus,
n'\rhm)qh rranged ns o rectananlar arrau it moay e lnacr e
an encoding or decoding matrice.

F. £
Nafig Wl <
i

class of circuits wh

Lynciion they revresent,

CHARACTERISTICS.

*ay use pasitive or negauve logic.
T T 4 B T e
intih, At

By Bl drd ot i et s Ll Flol for U oo

Cufla o BAlereA s Tphemshin meen emvmas Vbl ol
whel maty idlearre susnlades
antputs are rroduced . and vice verso,

Sain 18 less than §{no amplitication 15 smovidenh.

CIRCUIT AMALYSIS.

Generui
characterisucs or function
srdeted array «

Jivde mailices have nu spevial
5 ¢l their own cther than an

= mattiz arrarasTert does no

[ AU
G T IATNIGULIE
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elemems are connected that determines the logic tunction
produced. Thus to describe 3 computer as containing ¢
rectangular matrice is of no significance unless the asse-
ciated function is also described.

Circuit Operation, A simple rectangular matrice com-
posed of two AND gates and one OR gaote, which perform
the logic function {(AB + CD) are first shown symbclically,
then as a matrix diagram, and finally, in schematic diggram
farm.

A O__ﬂ AR
INPUT AGI
B |
OUTPUT
()
F={AR+CD) (H

C O—h

INPUT AG2 =
D) il ¢

Lagic Diagram of Matrice

As shown in the logic diagram, the diode AND gates are
AG] and AG2, and the diode OR gate is 04G]. Inputs A and
B are provided for AGl, and C and D for AG2; the output
of bath circuits is combined by the CR yate at F. Thus out-
put F is active whenver AG] output (A "B) is active, or
when AGZ output [C°D) is uctive, or when both AG] and
AG2 are active, The output function is written symbolic-
ally as AB+CD, which isread us A and B, or Cand J, or
both A AND B and C AND D. The last mentioned condition
is the inclusive OR function.

The diode matrix representation of the function, F =
AB + CD is shown in the following illustration. AND gate
AG] consists of diodes CRI and CR2, with current limitina

+v +V
RI R2
<
CRI
A(H)
INPUT CR2 3
B {H)
]
CHIO ¥
INPUT
CRS
D (M} O~ —
P CR3 A CRE OUTPUT
R3
AAA —0
-i- Fa{AB+CONH)

watrix Representation
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recister K1, ANC gate AG2 censists of dicdes TR4 and
CRS, with current limiting resizstor 22, OR zate DGJ con-
sists of diodes CR3 and CRp, with current limiting resistor
R3. In tne drawing, zero volts represents ¢ logic O and +v
volts represents ¢ logic 1, thus positive jogic 15 usec, ard
output F is active (logic 1) when it is at +V volts relative
to ground. [t is inactive {jogic O) when it is at zero veits
relative to ground.

Assume that all inputs (A,B,C, and D) are at zero veits
(logic 0). With the anodes of CRY, CR2, and CR4, CES
connected o the positive bias supply through Rl and RZ,
respectively, the diodes are forward biased and conduct,
The supply voltage is dropped across resistors K1 and #2
5o that the anodes of OR gate diodes CR3 and CRb are 2lso
at approximately zero volts. Becavse the cathodes of the
OR yate dicdes connect to ground via B3, there i3 no dif
ference in potential across these diodes and no conduction
sccurs. Thus, the output of the OR gate remains at zeto
volts (a logic O). The conditions stated above are shown
on line | of the toble of combinaticns shown below, that
is, all inputs and the output are at ¢ low level (L).

LINE INPLIT QUTPUT
NO A 8 C D F= (AB+CD) (H)
I T T S L
2 L L L H L By
3 L L H L L \
4 L L H K H o
$ L H L L L e
6 L H L H L
7 L H H L L S
8 L H H H H
9 H L L L L
M H L L H L
"W L W L L
2 H L H H H
*#13 H H L L H
4 H H L H H
5 H H H L H
6 H H H M H

Table of Combinations

Assume now that the condition on line 13 is true. That
is, inputs A and B are active at +V volts {relatively high),
and inputs Cand D are inactive at zerc volts {(relatively
low). With inputs A and B both at +V volts, diodes CR1
and CR2 are held in the non-conducting state (reverse
bigsed), while CHK3 anode is positive with respect to ground
and conducts, current flow is from ground through R3, dicde
CR3, and K1 to the supply. Thus, cutput F is equel to the
supply voltage minus the drop across R, ond the small
drop through the diode, or approximately +V volts, a logic
1. Meanwhile, inputs C and D are inactive at zero volts,
and diodes CR4 end CR5 conduct because of the high pesi-
tive anode potential. The current flow through R2 drops
the supply voltage to zero, with respect to ground, at the
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anode of diode CRB (the OR gate). With the cathode of CRE
connected to ground through R3, no potential exists across
the diode, it is revarse biassd by the positive output volt-
age across K3, therefore CRB does not cunduct.

Assume now, that conditions are reversed, that is, in-
puts C ond D ore octivated by a positive voltage, and inputs
A and B are inactive at zero voits, this 1s combination
number 4 in the table above. CR gate dicde CR8 now con-
ducts, while CR3 remains nonconducting, and the output at
F is aguin at +V volts, and produces g logic ] while in this
active state. It is evident from the table of combinations,
chove, that if each of the input combinations is performed,
only combrnations number 4, 8, 12, 13, 14, 15, and 15 wil}
cause an active {high) output to be produced at F

The schematic representation of the circuit described
above is shown in the accompanying illustration. While this
drawing and the matrix representation are identical, the

+v

A(H)

B(H

+V

OUTPUT

Fa{AB+CD}H)

Schematic Circuit

crrangement 1s slightly different. Thus the schematic re-
presemanon shows the more familiar AND and OR gote
"""""""" wce. Howe ‘.'c‘, the matrix Qrawing ix
u.:uul:)‘ usedifonm it essentiall / COTIOMM
c the ,,l‘,.“\.ul amant of the matris
it is clearer and egsier to follow signal path flow when a
wafge nuinber of cuscaded circuits are used. Beth circuits
are identical, however, s0 you may use whichever seems
easler 10 foliow of understand. The citcuit explanation s
applicable to both drawings. To fully understand cperation
of this circuit, you should apply eact input condition shown
in the table of combinations and veriiy that an identical
result is obtained., Once established, the truth table makes
it necessary to know how the eircuit operates in determin-
ing ¢ particuler result, If the inputs are known, then the

It
nd T RTINS
nd wiling arrang

wutuul can be determined ot @ glance.
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FAILURE ANALYSIS,

Generol. The simple rectangular matrice discussed
above only contains three times as many parts os the bas:o
AMD o1 QR circuits, so thot ¢ resistance and continuity
check with an ohmmeter will quickly determine if the parts
are defective, Usually in Wilitary computers, the module is

= Aetormiim o eyl by

ahe mrmandeme e
WL CUn aelelliide QuiCrsy

mcae seif J.nulbuuug 50 Uie OpEld
if the entire module is working and replace it when neces-
sary. The defective module is then repaired either at a
local activity or at the factory, or is discarded if it is con-
sidered economically feasible. In large computer repair
centers test jigs are usually evailable, and the module is
inserted in the jig and simuleted test signals are applied

1o the wnpuls, and e outpuis w1 uck Lf Luipuis wie oicd.
Thus the defective part and circuit is quickly located, For
small computets, when authorized, o simiar procedure may
be followed. The computer can be used to supgly the
riecessary 1nputs, and the outputs can De cbserved on eiliie
a voltmeter, a VTVM, or an ascilloscope. Lack of ocutput
when the proper trigger is applied, or g continuous output
with no trigger applied will usually 1sclate the troubie to
the circuit ond part at fault.

No Output. With a trigger applied o sither diode CR3,
or CRA, if no output is obtained, the associated dicde is
probably open. Check the forward and teverse resistance
with an ohmmeter, if it indicates the same resistance in
both directions and is a high value the diode is open. If
no output is obtained with an input to both A and B, ar C
and D, dipdes CR] and CR2, or CR4 and (RS, tespectively,
are open, of either Kl of HZ is open. A jesistance check
will determine which is at fault,

If both AND gate diodes are shorted, the associates
AND qate will not operate, but the mattice can be operated
by the other AND gate. However, if both AND gates are
inoperative no output will be obtained from the matrice, and
ail diodes must e defective, If B3 is shorted, no output
will be obtained; check R3 with an ochmmeter.

Continuous Output. I a continuous output is obtained
and remains unaffected by any input trigger combinaticn,
either diode CR3, or CR6 is shorted, Checking the reverse
resistance of either diode will indicate which one is defec-
tive (if low, the dicde under test is defective; if high the
other diode is defective).

If both AND gate dicdes ure open, their Gb&OClG

&
O.

jaie will be triggered and 5 continucus cutou
A reverse resistance check will reveal this condition
!‘ij.—'!-;‘ o EA ar B n are C!Pv'\rfon rnmr 1wt 4

diodes CR3 or CRE will conduet commuously, and pmmce

ol »
.\nrm.—‘ r\”ir\\f merous HY A ¢

- ‘drﬁnr -r
JPgEt iy

of ihe resis

Bediit,

ENCODING MATRICES.

APPLICATION.

Encoding mattices {matiix) are ‘wen ic change datz
oy

U e 0 i0E0 annther.
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of conventional decimal or english notaticn into a form
usable in a digital computer. The decimal numbers, letters,
and punctuation marks are converted to binaty form for use
in the digital computer.

CHARACTERISTICS.

Consists of many input lines, but only a few cutput
lines,

Only one input line is activated at a time to produce
@ unique output.

May use positive or negative logic, or combined logic.

Gain is less than } (no amplification is provided).

The matrix may be arranged in any suitable gecmetric
form (rectangular, square, pyramid ete.).

CIRCUIT ANALYSIS,

General. A decimal-to-binary encodet matrice changes
a voltage leve] which represents a specific decimal number
intc a unique set of voltage levels representing the binary
form of the decimal number. The following table shows
decimal numbers from 0 through 9 with their binary equiv-
alents.

DECIMAL NUMBER | BINARY NUMBER

0

(=]

CDANNRA BN O
-=—_DOQO0CC OO0
OO0 - - - -0 O0O0O
00 ~—00 = ~
-0 -0 -0 -0 -0

Note that the decimal digit requires four binary digits (ot
bits) to represent it. Therefore, the circuit which performs
the decimal to binary encoding must have 10 input lines, cne
for each decimal digit input, and 4 output lines, one for
each binary output.

Circuit Operation. The logic diagram for a typical dec-
imal-to-binary encoder is shown in the accompanying illus-
tration.
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INPUTS

o L0 ﬂ

1 LLIOH
2 (LYO-
3 (L0 H—

4L}

5 (L) ¢
6 (L 2 4

7L}

atuO——l

9 (LI

s <] 0G2 0G3 0G4
AL} BiL) CiL) DiL}
QUTPUTS

Decimal to Binary Encoder Logic Diagram

Examinaticn of the logic diagram revedls that four
OR gates are employed. OR gate number 1 has three inputs
-and cne output. OR gates numbers 2 and 3 have five inputs
and one output, and OR gate number 4 has six inputs with
one output, The open triangles indicate that negative
logic is used. Therefore, a logic § (inactive sate) is re-
presented by a relatively high voltage level (H), while logic
1 (the active state) is represented by a relatively low volt-
age level (L),

The following table of combinations shows the specific
decima] number input and level, and the unigue output level
for each of the inputs,

INPUT OQUTPUT
F A B C D
(4] L L L L
| H H H L
2 H H L H
3 H H L L
4 H L H H
.3 H L H L
[ H L L H
7 H L L L
8 L H H H
L] L H H L

Table of Combinations (Truth Table)

19-B-10
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Examination of the table of combinations reveals

that the listed gate output is activated when

the input is the decimal number{s) shown in the fcllowing
matrix truth table; note that the number of inpute correspond
to those shown on the logic diagram.

A=0,8,9
B+0,4,56,7
¢=0,2,3,6,7
00,135,579

The following illustration shows the complete
matrix schematic representation of the encoder,

+V +V v £,
INPUTS Rl R2 4%% R4
aiLy
AT e CRI CR4 ‘:Rﬂ CRI4

CRIS
2L
CRIC
EXER1e,
CRll CRI6
8 [L) Qmr—e—
CR5
5 (LI O— - f
CRE CRI7
&) 0——1
CRI2
TLIO -
8('.)0\“ CRS CRI3 CRI8
CRZ
9L { |
CR3 L <L CRI9
AlL) Bi{L) ciL) oiL]

QUTPUTS

Matrix Regresentation

SRAMING x h=cg HINE IR ) Shigane

he

£ soromie LRt aato T er 2 oiontit
B) consists of diodes CR4 through °R8, with current limiting
tesisior B2 OF gte number 3 fautpin T consists of disdes
LH througn T3, with curent Limiting resister B3, And OF
ate number 4 (output D} consists of dineds CR14 through
CR19, with current limiting resistor K4, As shown in the
schematic, the anodes of ol diodes vie connecied to 3 post
tive bias supply through the current limiting resistors, When
their rathodes are connected 1o a iess posiiive voltuge, o1
placed at zero {ground) potential they will conduct. when leit
urterminated {no input) the clrcuit from the supply through

ik

e FIR2 C e SOR, o 1y e
e diode o gound 15 apen, and no conduction ooows, Hhen
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no conduction occurs, no current flows through the associated
current limiting resistor end the gate cutput is +V, the supply
voltage. Since neqative logic is employed, a positive {rela-
tively high) output represents a (0 and the circuit {s then
considered inactive. When g zero voltage (negative or rela-
tively low) input iz gpplied, all diodes on this line will con-
duct, The normally high {positive) sutput will be dropped

10 zero by the current flowing through the gssociated cur-
rent limiting resistor, thus zero voltage or no output re-
presents a 1, that is, an gctive negative output.

Fot example, ussume the decimal number 7 1s applied
by grounding that input line (o relotively low (L) input is
applied). The cathodes of diodes CR8, CR13, and CRI18
zra, theraiore mare neqative than their anedes, and these
dlodes will conduct. ‘lhus at gate outputs 5, C, und &y fo
voltage will appear, and these OR gates will cll be at o
relatively low (L) cutput. At the same time, since gate A
sutput (o net comected o line 7 it will remaun highly posi-
tive at +V volts creating g relatively high (H) output. Thus
by activating the number 7 line {through grounding it} the
output will be HLLL, representing 0111 or the binary numbet
7. By following the table of combinations, number for
number, in a similor foshion end epplying each input in
tum, the outputs shown in the table of combinations will be
obtained. Only one decimal number input ot a time i
permitted, with all the remaining lines resting in the in-
active state. If two o1 more input lines were simultaneousiy
activated, one of the numbers might be produced cotrectly
and the others masked out, or else the wrong numper would
be nrodured, Thus in an encoder of this type a senes input
Tust be used, since a parallel input would produce o folse
indication. Conversely, the decoder which works just the
apposite, requires a parallel mput, Theos the coding time
lor o series of decimol digits In a simale computer re-
presents a finite time, since only one can be produced at o
time, However, the operaling time for each digitas only o
few microseconds, so that the coding is usually occom-
plished gs fast as the information can be inserted, and ap-
pears 10 be instantaneous.

While the above explanation assumes the use of d-c volt-
age levels, the same action can be sbtained with pulses
using appropriate coupling circuits, when needed, Becouse
of the nherent loss in the dicde, althougn assumed zero
for ease of discussion in these paragraphs, when large
numbers of dicdes are used considerable pawer is reguired.
Thus dinde logic is usucliy used together witn transistors,
and dicde-transistor iogic 1 TL) circuits are used In iarge
coriputers.

(]

&

FAILURE ANALYSIS,

General. in large matrices cne has a choice of making
4 fesislance check of the nuucrous compenents of the mod-
;te, ar applying an operctionel check using the Guth &
and a matrix schemstic to analyze the outputs, In large
computer terdit shnns this is accomplished auickly by
preparad test jigs into which the module may be plugged.
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ponents which are then checked individually. The follow-
ing paragraphs indicates a systematic method of analyzing
fajlures for trouble localization.

Gate Output Always High. lf o particular gate output
always remains in the high state regardless of the inputs
to the matrix, it can be assuned that all the dicdes asso-
ciated with that gate are probably open circuited, ot the
associated current limiting resistor is shorted. Makea
forward resistance check of the diodes with an chmmeter,
if the resistance is the same in both directions and high,
the dicdes are open. Check the resistance of the resistor.
With ¢ shorted current limiting resistor, the heavy current
thiough the dicde will usually be sufficient to cause the
diede to heat, smoke, and eventually burn out, or to blow
the supply fuse.

Gates Cutputs Always Lew. If a particular gate output
always remains in the Jow state, regardless of the inputs
to the mauix, all ol the diodes associated with that gate
are probably short circuited, or the associgted current
limiting resistar is open. Make o teverse resistance check
ot the diodes with an ohmmeter, if they read the same in
both directions and it is very low, the diodes are shorted.
Check the resistor value,

Incerrect Output. By using the truth table and the proper
input, each input line con be checked individually for pro-
per operation, For example, if input line T (decimal zera)
is active and low (L) and the cutputs are: A high (H}, B
fow (L), C low (L), and D low (L)} it indicates that diode
CR1 is open circuited. This is indicated by cutputs B, C,
and D being normal, and output A abnormal when compared
with the proper outputs listed in the table of combinations.
Note that while diodes CR2 and CR3 are also connected 10
output line A, they can only be activated when lines 8 or
9, respectively, are activated. Thus, since only one line
may be active at a time only the diodes associated with
that line need be considered, It is evident that if three
dicdes are concemed, and two outputs are wrong, two of the
diodes must be at fault,

DECODING MATRICES.

APPLICATION.

Decoding matrices (matrix} are used to change data from
machine (computer) language to ordinary decimal or english
notation. The binary representation of a decimal or an
english character {machine lanquage) is automatically con-
verted by the matrix Inte a straight-forward reading character
or digit easily recognized by the reader.

CHARACTERISTICS.

Consists of many input lines, and many more output
lines.

Several inputs are activated simultoneously to produce
a unique output,

May use positive or negative logic, of combined logic.

Gain is less than 1 (no amplification is provided).

The matrix may be arranged in dny suitable geometric
form (rectangular, square etc.).

CHANGE !
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CIRCUIT AMALYSIS.

General. A binary-to-decimal decoder matrice changes
G unigue set of input voltage levels representing a binary
numper into an output which represents a single decimal
number. The following table shows binary numbets from G
through 9, with their decimal equivalents.

BINARY NUMBER | DECIMAL NUMBER

o 0 0 0 Q
o 0 0 o |
O 0 1 0 2
0 ¢ t 1 3
c 10 0 4
c 1 0 5
e 1 1 O 6
2] | 1 | 7
I o ¢ 90 8
10 0 | 9

Note that each decimal digit requires four binary digits

{bits) to represent it. Thus this type of decoder is scmetimes

called a “'many-to-one’’ decoder, since many inputs are con-

verted to o single output. To perform the binary decoding 8

inputs are required {four inputs for binary 1’s and four in- 5

puts for their compiement, binary 0), with 10 outputs Do

representing the decimals from 0 through 9. CBQ
Circuit Operation. A logic dicgram for a typical binary-

te-decimal deceder is shown in the accompanying %

illustration.
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INPUTE WNPUTS
A A
(.‘} —- —’__—‘—0
A A

O—
—§ -0
T T 11 ;
G —0
B 5
o—r——19 +——fo—0
< c
e . *- —0
5 ¢
O_
’ T o
s -0
g )
o ' - ' ©
M I ' {
? &J AG4a AGS hGE AGT AGA AGY
DUTPUTS
0 4 8 ? 8 9

ll.lly-h-l)ﬂ:inul Encoder Loqi: Diagram

Examination of the logic diaaram shows that 10-AND

gates having 4-inputs and four dicdes in each gate (AGD
through AGO} cie used. The closed triangles indicate

that positive logic is employed. Therefore, the inactive

Examining the teble oi combinations we {ind that if the
binary inpute A, B, T, T we acdvated (H, L. L, L), gote
AGB is actvated 10 produce @ high (H) output, which indicate
that the matrix has decoded a binary B. While the gate that is

state (a logic U) is represented bv a relatively low voltace
level [L), while the active state {z logic 1} is represented
by a relatively high level (H).

The following table of combinations shows the various
bhinary input levels and the unique output level for each of
the possible input cembinations,

BINARY INPUT DECIMAL OUTPUT
& B C D F
L oL oLoL H (D
oL oL R H o)
L L 0H L Ko@)
L oL H OH LIS )
LR oLL H o 4]
L H L H no(5)
Lt H H L 2 s}
. n oM H H {7
¥H oL oy b I £}
C L on H {9}

Table of Combinations

CHANGE 2

activated for each binary input is shown by the table of
combinations, if it is converted into @ Truth Table by
substituting the 0 and 1's coresponding to the decimal
number as shown below, operation becomes easier 1o

BINARY NUMBER | DECIMAL NUMBER
g 0 o ¢ o]
o 0 o0 i |
o 0 + ¢ 2
@: B 4 H 3
o r 0 o0 L]
o 0 1 1
g HI 3
B ¥ 2 ! T
| ¢ ¢ 0 8
VAR VI | 9

follow. It is also evident thot this i the some ag the
binary-decimal equivalent numbers previously fisted.

When the gates are activated it is by means of g logic |
signal. In the logic zers state the gate remains inactivated.
When the gcte input is activated, the input sienal stops the
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gssociated gate diedes from conducting, and an output is
produced as the output level rises to the +V supply valtage.
When the gate input is inactivated, the cathode of the
associated diode is at a lower potential than the anode

and the diode conducts. The current flow through the
associated current limitingresistor drops the supply voltage
to zero so that no output is obtained, Thus when input A is
activated a pasitive voltage is applied to block off or reverse

0967-000-012¢ LOGIC CIRCUITS
bius any diodes connected to that line. When A (A-bar) is
activated it is g "'/NOT A"; thus, it is not a logic 1 but @
logic 0, and all the dindes associated with that line conduct
because of the forward bias applied by the relatively-low
(L} input signal.

This opetation may be followed more easily if the
accompanying matrix schematic is examined in conjunction
with the truth table inputs as the discussion continues.

+V
F Y F

éno gm ng }na }m n8 R9

<
BINARY
INPUTS CR33 CR37
A
O
_ CRI CRS $.CRY ﬁ;:z. CRIT CR21
5 T"\t
Oo—

CRI1E
]
o ™
_ CR2 &.CRE CRID 4 CR34 CR38
a ‘L Hg\’ T“ﬁ}.
O
CRiI CRIS

c
O

CR3 CRT CR19 CR23 CR35 CR39
O

CRE CRIE CR24 CR32 CR40

D ’k *\&
o- .\"\
_ R4 CRIZ CR20 CR28 CR36
0 ‘3\' ‘W\‘_
O
DECIMAL
oUTPUTS ‘-L J)

) o 6 o é

a t z 3 4 5 6 7 B 9

Decoder Matrix Schematic

For example, assume that inputs &, B, T, and D are cctive
high (H), and are at +V volts. The truth table shows that
the comresponding combination 0101 must activate gate
number 5 and produce a high positive output. Ezaminaticn
of the matrix schematic shows that gate 3 cansists of

CR2! through CR24 with current limiting resistor RS, When
input lineX is activated, made high (H}, diode CR21 ceases
conducticn; likewise, as B, T and D, respectively, are also
made high the diodes CR22, CR23, and CR24 are also
reverse biased. Thus all the dicdes of AND gate 5 stop
conduction simultaneously, and output F which is assigned
the decimal number 5 rises to the supply voltage level
creating a positive output pulse, as required by the table.
Note that if any one of these inputs were not activated (H),
but were low {L) instead, then that one diode would conduct
and the high output could not cecur. Thus cne, and only
ane particulor combination will activate each of the AND
gates. To prove this, examine each of the input lines which
are not activated and are at a relatively low value. We
find, then, that line A forward biases diodes CR33 and
CR37 and decimal outputs 8 and 9 are, therefore, at zero.
Likewise, for input line' B diodes CR2, CR6, CELD, and

CHANGE 1

CR14 conduct and outputs T, 1, 2, and 3 are low or zero.
For line C diodes CR11, CRI5, CRZ7, and CR31 conduct
so that cutputs 2, 3, 6, and 7 are zero. Finally, input D
inactive causes conduction of diodes CR4, CR12, CR29,
CRZ8, and CH36, with outputs 0, 2, 4, 6, and 8 at zero.
Thus, while gate 5 is high, all the other outputs are low
or zero since ot least one of the associated diodes is con-
ducting. Semetimes two or more diodes will be conducting,
but only one is necessary to prevent the gate from operating,
and producing an output.

1f you follow the truth table combinations, applying high
and low inputs as indicated and noting the output, or lack of
output, you will see that the truth tobie shows the proper
combination for the desired output, and no other combina-
nation will produce the same resuits.

FAILURE ANALYSIS.

General, [n large matrices one has a choice of mak-
ing a resistance check of the numercus components of the
module, or applying an operational check using the truth
table and a matrix schematic to onalyze the outputs. In
lagre computer repair shops this is accomplished quickly by
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prepared test jigs into which the module may be plugged.
The tests are than run sequentially (using the proper input)
until the wrong response is obtained. The trouble is thereby
pin-pointed to a few associated compenents, which are
then checked individually. The following paragraphs
indicate ¢ systematic method of analyzing failures for
trouble localization.

Gote Qutput Alwoys High. If g particular gute out-
put always remains in the high state regardless of the
inputs to the matrix, it can usually be assumed that all the
diodes associated with that gate are probably open circuited,
of the assecciated current limiting resistor is shorted. Make
a forward and reverse resistance check of the dicdes 1n that
yuie wilh ap vhmisetsr, [ the fesistance iz the same in
beth directions and high, the diodes are open. Check Lhe
resistance of the current limiting resistor with an chmmeter.
Usually with a shorted current limiting resistor, the heavy
current through the dicdes will be sufficient to couse the
diodes to heat, smoke, and eventually burn out, or to blow
the supply fuse.

Gate Qutput Always Low. If g particular gate sutput
always remains in the low state, regardless of the inputs
to the matrix, one of the diode:s ussociated with that gate

re51stcr is open. Make a reverse resxstance checK of the
diodes with an chmmeter. I the resistance is the same
in both directions, and it is very low, the diode is shorted.
Check the resistor value with an ohmmeter.

incorrect Jutput. By using the irath wable and the
propet input, each input line can be checked individually
for proper operation.  For example, if diode CRI of gate

G0 were open -circuited, AGO would become active when-
ever inputs B, T, and D were high, The table of combina-
tions shows that inputs B, C, and D must be cetive to
produce on output from gates AGO and AGE under these
conditions {A input is not connected to ACGH, and A input is
net connected to AGD). Therefore, both AGO and AGB would
become dctive when the AG8 inputs are correct, and AGO
would also become active when its inputs are correct.
Thus the open circuited CRI diode would not be detected
unless it was noted that BOTH AGO and AGB outputs were
acuve when enly the AGH output should be active. It is
evident, then, that the logical precedure is to apply the
praper inputs separately, as listed in the table of combing-

I u 1 gl il i eommounn T Fe L
tions, whie Checking the um.yu. ShEsG SEiTentain gt

sotivaied for o park

Lty Whie JGLle (ihe COiTect :;u\(?, is couivel

UL COMLLGGTaoh .

TWO-LEVEL AND-OR GATE

APPLICATION

Combinations ot ANL-UH Jates which torm a two- level
logic circuit can be used to gpply the outputs of two
or more Ingic circults to the input of cnother fogic

circuit to produce loqic addition, subtraction and

cther fungtional operations.

CHANGE 1
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CHARACTERISTICS.

May use pesitive or negative logic, or combined
logic.

Has not less than four inputs for one cutput, oid
may have six or eight inputs with only one output, if
desired.

The uctual nput levels may be diffe,em, nowever,
the outputs e always at the same level,

Cutput never exceed the input {no amplification is
chtained).

CIRCUIT ANALYSIS

General. Two-level logic circuits have two basic
Input Circults and a single cutput crcutt. Tne in-
put circults may have a number of input lines, each
controlled by « dicde, but there is only cne output
Line. Thus it is commen practice to moke the input
circuits AN gates, and the output circuit an OF
gate. Aithough this logic moy be changed to exactly
the opposite by applying negative legic inputs. Thus,
the AND gates became OR gates, and the OR gate becomes
an AND gate without changing any circuitry. This
aliows complete flexibility in combining logic operc-
tizns, and, rherefore, two-level logic circuits are
universally used throughout computers. The logic
diegrom for a cambination of two positive AND gates,
and a positive OR gate is shown in the following
illustration.

£ et
AGI Al
BH
AB+CO
INPUTS O
ouUTPLT
CO——0n
AG2 i
DH
Two-Level Positive AND-OR Gate
Cireuit Operation. The schematic [or o typical
- \ "KIIE‘ "‘\'\ At Hv\/ :""(‘ 12 "‘hf'\ﬂ\ "' |"T ""ﬂ ﬁr-f“ﬁmmr‘y\w’*

strouen, Althouch only two inputs are shown for
f“" f}rjrl u oAyt jur ] m u)russsu.ﬁ o] mITFI

number of tnputs may be cccommoedatea.

19-B-15




ELECTRONIC CIRCUITS NAVSHIPS

Juiro

Two-Level AND-OR Gate Schematic

[t is evident from the schematic thot AND sate number
1(AGL) is identical to AGZ. Two different inputs

are applied to each AND gate. The output of the AND
gates are applied through CR3 and CRB, and are summed
across R2, A table of combinations shows that the
following truth table is applicable, where C is ground or
zero level, and 1 is a+5

INPUTS OUTPUT
A B C D S
g 0 0 o0 0
o 1 o | o
| o I 0 0
[ I I
Truth Table

Thus with no input applied, diodes CR1, CR2 and CR4,
CH5 conduct since they are forward biased, and the volt-
age across Rl and B3 is dropped to zero. OR dicdes
CR3 and CR6 are also conducting {anede is more
positive than cathode) so that this cutput is also

zera. Wheneither A o B, ar Cor D is mode a 1

{by applying plus 5 volts) the associated diode is
reverse- biased and stops conducting. However, cir-
cuit operation remains unatiected since the other

diode of the pair still conducts and holds the gate

CHANGE 1
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in the zero stote. However, whenever both inputs
are applied simultanecusly te either AND gate, both
dicdes are reverse biased, conduction ceases, and
the voltage at the bottom end of Bi or R3 is the
same as the supply, if the reverse bias is equal to

or geater than the supply. If the reverse hias is
only a pertion of the supply voltage, (as is the
case) conduction above that level holds the cutput
at the value of the reverse bias. Thus with a 10

volt supply and a 5 volt reverse bias, the output is
+5 volts. This cutput of the AND gate when applied
to the OR gate passes through either CR3 or CRE and
appears as the output sum (AB + CD}). When +5 volts
appears at the output the inactive OR diode is
reverse- hiased by that same amount, so that the
other AND output has no effect. That is the
exclusive OR function is represented, where either
one or the other (AGl or AG2) appears but not both.
In this respect, the truth table appears erronecus.
However, it is just the manner in which it is
arranged. Thus this circuit is sometimes called a
one- quarter adder, since it only represents the

sum of two digits. When another AND qute is added
to indicate the carry where both OR gate inputs

are present simultaneously, the circuit then is

known os a half-adder {discussed separately later

in this section of the Handbook).

FAILURE ANAL YSIS.

General. Since the two-level gate is composed
of AND and CR circuits, the failure analysis for
each of these circuits can be applied individually
(see sepurate discussion of AND and OR circuits in
this section of the Handbook) after it has been
determined which is at fault. To determine which
is at fault, proceed generally as follows.

Neo Output. Use a vocuum tube voltmeter or an
oscilloacope as an indicator and apply a simulated
"1 signal to input A, B, C, and D separately; no
output should be observed at the OR input. However,
if both A and B, or C and D inputs are activated
and no output appears at the OR gaote, the AND gate
portion of the circuit is defective. Check the diodes
for a short circuit or resistor Rl or R3 with a ohm-
meter. If no outputs occurs from the OR gate portion,
with an input appearing on the anode of CR3 or CR6,
either the diode or B2 is open. Make a check of
forward diode resistance and check the resistor with
an chmmeter.

Wrong Output. Usually with a wreng output, it
will be found thot the diode asscciated with that
circuit s either inoperative or shorted. A forward
and reverse resistance check of the diodes with an
ahmmeter will usually locate this form of failure.

Continvous output. Usually in the case of a con-
tinucus output you will find that the diode ussoci-
ated with that output is shorted. The key to deter-
mining which is at fault is to study the circuit
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operation. i the circuit requires that the diode

conduct to produce the desired cutput, then the

diode is shorted. If the diode must ceose coniuc-

ton, then the dicde is open. Because of the few

parts involved in a simple basic circuit a resist-

NCE faxy sis 13 usually easy to make, requiring

r,ﬂ.

HALF-ADDER CIRCUITS.

APPLICATION.
Half-cdders are used to form the sum of two incident

bimary diede 'T‘L-pu are \\"DA 2z the boeis mirmnit o
SANIY ZIQLE, (S EREOH

a tull-adder (two }"Glf'uhdeIa make a full-adder).
Trius full binary adding networks used in COmputers con-
sist of o number of half-odders, and associated cir-

IR IR T
ey

CHARACTERISTICS.
May use either positive or negative logic, or com-
bined logic.
Usually has four input Lines with two output lines.
Consists of three AND gates and one OF qate.

LR

Gain 15 less thon | (no ampiification is provided.)

CIRCUIT ANALYSIS.
General. Since the half- adder performs binary {arith-
metic) acdition it is necessary that its output be

identical to the rezi:lte of the hinary addiden tahla
as follows:
A 0 0 I |
+
B 0 + 0O |
SuM o+t 90

|
..ken two 175 are added

evident that to add three binary numbers ancther carry
n-'*nu is needed. Hence tc add more than two binary

2 1 .

Tate dn R elciclolald e} e e A

GilS 10 15 NCCCE5aTy oo ey MUIL WGl OLiT 71aal
™

adder so that tull-adders (consisting of two or more
baloaddera are gsually Gsed faddor networks.

Clrcuu Operation. A typlcal half-cdder is shown in
the arcomparvinn legic dianrar,
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AQ———nf =
AGI 4t
BO—Q—‘
N;ﬂﬁ)
$
06!
PR | 7
[
AQ—1——p- A5
AG2
80
(HixAB
aG3 &

Half-Adder Lagic Diagrom

Exarmining the diagram we see that three two-diode AND
qates AGL, AGZ, and AG3 are used, together with @
single two-diode CR gate OG 1. The logic equation at
the output shows that the sum output (3) is high {H),
and active whenever the two inputs A and B are unlike,
ond is inactive low (L) whenever the two inputs are
alike. The output equation S=AB + AB is read as A
or B, but not both!; this is the exclusive OR function. The
carry output is active and high [H} whenever the two
inputs A and B are equal to binary 1s, and is inactive
lows (L) for all other conditions. The table of combi-
nations below shows the proper output for any particu-
lar input combination.

INPUTS QUTPUTS
A B s C
L L L L
L H H L
H L H L
H H L H

TABLE OF COMBINATIONS FOR HALF-ADDER

#hen the table of combinations is cenverted into a
truth table by substituting the 0's and 1's, as shown
kelow, it is evident that it comesponds to the binary
addition table previously shown cbove, and that the
cireuit is petfoming the desired function,

INPUTS QUTPUTS
A B | sum carmy
o 0 0
o ; g
i o i o]
[ 0 i

HALF-ADDER TRUTH TABLE
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Circuit details are as shown in the accompanying matrix

schematic (the holf-adder may also be considered as g
rectangular or square matrice).

gﬁl %92 R
INPUT

+
<
+
<
+
<

AD—
CR3 CN
A
CRI
B
CRZ CRB
o
c::\
CRS CRE
R4 OUTPUT
—f'v\t\« O 5=(AB+ABXH)

—0OC=ABH)
Holf Adder Matrix Diagram

Examination of the matrix diogram reveals that AND gate
number 1 consists of diodes CR1I and CR2 with current
limiting resistor R1; AND gate number 2 consists of
diodes CR3 and CR4, with current limiting resistor R2,
and the carry gate is AND gate number 3 with diodes
CR7 and CR8, and current limiting resistor R3. The OR
gate consists of aiodes CR5 and CRB, with current
limiting resistor R4, Zero volts represents lagic 0
(L), and +V volts represents logic 1 (H).

Assume that inputs A and B e logic 1's, thus their
input line is at ¢ high level (H). Therefore, asso-
ciated diodes, CR3, CR7 on line A, and CR2, CR8 on
line B are reverse-biased and will stop conduction.
Thus output C of AND gate number 3 (the carry gate)
will rise 1o +V volts and also be at a high level,
which is the output expressed by the formula C=AR.
With inputs A and B high, their complement inputs & and B
(NOT A and NOT B) are low, cousing diedes CR1 and CR4
to conduct. Therefore, OR gate diodes CR5 and CH6 wiil
not conduct, since the potential at the anode end of 31 and
R2 will be zerc, and with the diode cathodes connected to
ground through R4 no potential exists ceross these dicdes.
Thus there is no output from the S output line, and it is a
logic 0.

In a similar manner, 1t is evident that for the sum cutput
{8) to be high {H), inputs AB or AB but not both 1nust be 1
logic 1 {H). For these conditions, either diode CR7 or
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diode CRS is held inoperative by reverse bias from the
logic 1 input, while the other diode conducts because of the
lack of an input (both diodes must be reverse biased to
produce an output). Therefore, carry output, C, remains
inactive and low or o logic 0. By following the table of
combinations (or truth table) for each input condition, and
by using the matric diagram to determine which diodes are
activated and which cre not, you can verify operation of
the circuit against each unique output listed in the table.
Normally, when inputs A and B are alike, the sum output
is always 0 (L}, and when unlikeit is always 1 (H). The
carry output, C, is always O (low) except when both A and
E inputs are high (1), in which case it is also high (H}, and
a logic L.

FAILURE ANALYSIS.

General. [orge computers are usually designed with
built-in test circuits, signals, and alarms which indicate
when a section or module is operating incorrectly. The
offending board or chassis may then be replaced quickly to
keep the computer operating. In large computer repair
shops, test jigs are provided into which the module may be
plugged and the necessary inputs opplied to locate the
defective circuit. Once the circuitis located the individual
parts are easily checked by resistance or voltage measure-
ments to find the defective part. Once the module is
located, ¢ systematic procedure such as indicated in the
following paragraphs will help isolate the failure.

No Qutput. Loss of cutput can be caused by loss of
input signals, loss of bias supply, or open diodes. When
no output is cbtained from any of the gates with the proper
input supplied, it is most probable that the bias supply is
defective, No cutput from a single gote usually involves
the dicdes and current limiting resistor for that gate only.
Refer to the discussion of failure analysis for the AND
gate (or the OR gate, as applicable) and which were pre-
viously explained in this section of the Handbock.

Continuous Qutput. A continuous output reqardless of
the type of input signal applied may be caused by a shorted
OR gate diode, or by AND gate outputs occurring at the
wrong time. Follow the procedure discussed in the follow-
ing paragraph for an incorrect output to locate the defective
circuit and part.

Incorrect Qutput, The sum output, S, and carry output
C, must beactive cnly os indicated in the table of combi-
nations {or the truth table), Any other output for a specified
set of inputs indicates a change in circuit logic caused by
a defective part. Therefore, it is usually easier to set up
specific inputs {preferably inputs which yield incorrect
cutputs) and check the output of each gate with a voltmeter
or an oscilloscope. For example, assume that both A and
B inputs are made kigh (H}, ond the sum and carry outputs
both show high (H). Checking against the truth table re-
veals that for such an input the sum output is a togic 0,
and the carry output is ¢ logic 1. In this case the C sutpur
is correct, but the & output is not (it should be a lagic O).
This indicates that OR gate number ! is being activated
when it should not be (both inputs should be low). Con-
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necting the test equipment to the CR gate input lines
(separately) will show which AND gate (AG1 or AG2) is
activated. The trouble is then localized by checking the
defective AND gate with an chmmeter, as described in the
failure analysis for the AND Gate circuit previously dis-
cussed in this section of the Handbook., {The AND gate
diodes are most likely open, check for o high forword

resistance with an ohmmeter.)

TRANSISTOR LOGIC,

Like the diode, the

sirouits,
Caiaa

AND and the CR circuit perform the same operation as in
diode logic, numerous advantages are obtained, and in
addition, circuits not possible with diodes can be utilized,
such as N/ ND, NOA Iy and .uuulGx not G
additional element in the transistor provides the ability

to provide an inherent inversion similar to that normally ob-
tained in the electron tube. Of much greater importance,
however, are the improvemen: in operating speed pessible
with the transistor, plus the possibility of ostaining a gain
through the circuit. For stages that require a heavy

current output for operating relays and cther eiecuonic
devices the transistor emitter-follower connection provides
power output with reduced gain. Because of the high input
and output impedances possible with the transistor, the
shunting etfect of parallel inputs or outputs is not as great

a problem as it is with diodes. Thus an entire new field

of logic circuits and application is open by the use of
wransistors. In tumn, other new circuiuy is developed by
combining diode and wansister legic (DTL), ot by using
direct coupling (DCTL). Basic circuits concerning transistor
logic will be discussed in the following paragraphs of this
section of the Handbook. In later sections DTL, DCTL,
HL, TH and other versions of transistor circuits using
other forms of logic will each be discussed.

ransister mdy be employed in logic

Wliln aomo of tho booic cirsuite quch op the
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TRANSISTOR "'OR" GATE.

APPLICATION.

The transistor OR gate is used in computers to perform
lagic addition with increased speed and gain
legic addition with increcsed speed and gain,
CHARACTERISTICS.

Moy use pesitive, negative, O combines logic,

Provides additional gain.

May be elther single transistor or multipie transistor type
(multiple type provides a trensistor for each input).

Hepresents logic additional {1+ U= 1)L
CIRCIHT ANALYSIS,

General, There are many tvpes of transistor OR
gates. When the common-emitter configuration is used,
the circuit usually becomes a NOR circuit because of the
polanity inversion. The common-collecter configuration
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has the same polarity at input and output, but ialls within
the class of EMITTER-FOLLOWER circuits which are
separately discussed. Thus the commen-base connected
OR citcuit is the only remaining circuit which does not
fall within another circuit classification and has the same
polarity output as input. Conseguently, the following

discussion mainly concems the common-base circuldt,
though other representative OR circuits may be briefly
shown for completeness. [t should be realized that in logic
operations identical logic circuits have many forms which
vary with design. For example, where one designer may
use a single transistor OR gate to perform logic aadition,
another designer may use three or four transistors to

Thic ig why the logiz

acramnlich the come nurnose
SCCCmELLCh LN SUMe purplse,

designer usually uses the block diagram type of logic
diagram representation rather than the schematic, since
the function periormed denotes the type of circuit, whiie
the paits and actual circuit connections ¢r arrangement gre
of no consequence as long as the desired logic operation
is performed,

The symbclic logic representation of a positive ransistor
OR circuit is shown in the following iliustration, together
with a table of combinations. When the values of O and i
are substituted in the table of combinations for L and H,
respectively it is recognized as a stundurd OR truth lable,
Thus it is clear that in logic notation and representation
both the diode and the transistor OR circuits are
identical (see discussion of DIODE OR-GATE in this
section of the Handbook }.

INPUT QUTPUT INPUT  QUTPUT

A B F A€ F
c oLt L 0o 0
L H H o 1 i
(a+8) H L H ! ;
HOH H vl |
LOGIC OR-GATE
DIAGRAM TABLE OF TRUTH TABLE

COMBINATIONS

The filled-in triangle indicates high level operation
or positive logic, With a positive signal represent-

ina 1 g positive outout is ohiained
ing i, g positive output 1s oblained.

Circuit Operation.
two-input, positive, single-transistor Ur-gate 1S shown i
the tollowing illustrction.

The schemetic diggrom o 20t

oy R
AL A0—AWA— o
E C F nanman
+3v A2 l
YN N nA RS / J
W LAWY YT T
|B %RS
INPUTS 6 QUTRUT (A+B}
‘ . Vee
+
0 ——
e o

Two-Input, Comman-Sase, Positive CR Gate
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In the circuit shown, the emitter is left flooting and reverse
bias is epplied to the collector. Therefore, with no signal
applied either Bl or R2, simulating a 0, transistor Q1 rests
in the cutoff condition. Collector current cannot flow
{because of reverse collector bias) and the output veliage
is the sameas the collector supply voltage (-6 volts as
shown en the waveform). When a +3-volt signal is applied
either Rl or B2 simulating a 1, forward bias is applied to
the emitter, and collector current flows through R3 pro-
ducing a positive-going output. [n this case it is assumed
that the input voltage is sufficient to drop the collector
potential ot 0, and @ B-valt positive output is obtained.
When the input signal is removed, the transistor returns to
its quiescent state, with no collector current flowing and
the O level at -6 volts. There is, of course, a reverse
current flow (ICBO) due to thermal effects inherent in
transistor operation, However, this reverse current is so
small {usually less than ¢ few microcmperes) that it may
be neglected. Since there is no signal inversion in the
common base circuit, the output signal is an amplified
replica of the input signal (except for distortion produced
during tumn-off). This circuit will not opergte as a negative
OR gate by reversing the polarity of the input signal since
it is already at cutoif. The circuit is only slightly affected
when both OR signals are applied simultaneously (the case
of the inclusive OR), In this instance, the application of
both input signals merely increases the minority carriers
released in the transistor und it takes Ql longer to recover
from the operating pulse, thus producing a slightly longer
output pulse than when individually triggered. Input
resistors Bl and R2 are large valued and are used to
isolate the two inputs, since they are both connected to the
same emitter,

Circuit Variatiens. A typical 3-transistor OR gate
is shown for comparison in the accompanying illus-
tration,

Three-Stoge OR Gote

A study of the schematic reveals that the circuit ar-
rangement s that of the emitter-follower, and that the three
outputs are paraliel connected using commen load and bias
resister RE. In the O or inactive state a positive voltage
is applied to the base of Q1, 02, end Q3 and they rest
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in a cutoff state. When ¢ 1 signal, consisting of a negative
voltage is applied to crny transister, the bese is forward
biased and emitter current flows. The emitter current flow
through RE develops 2 negative output signal, and the
emitter resistor also determines maximum current flow in
the triggered transistor. Once the input signal is removad,
the stage again resumes its cutoff condition, An autput
trigger results when any of the inputs are energized or when
all of the inputs are energized, simultaneously, representing
inclusive OR function. Since a negative input produces a
negative output, negative logic is employed.

FAILURE ANALYSIS.

General. Because of the few compenents involved,
simple resistance and voltage checks using a high re-
sistance voltohmmeter will usually reveal the source of
trouble. If the input voltage, and the supply and collector
voltage ore normal, and the resistor values are correct,
faulty operation can only be caused by a defective
transistor.

Ne Output. An open input or eutput resistor, or a
defective transistor will cause a no-output condition.
Check the suppiy and collector voltage with a high resistance
voltmeter. If the collector voltage is the same as the
supply voltage with no input applied, load resistor B3 is

probably satisfactory. If no cutput is obtained with normal ry
collector voltage and the proper input epplied, input /\\)
resistors R1 and R2 are both cpen or Q1 is defective. O\
Replace the transistor with ¢ known good one and check (\(
the resistance of Rl and B2 with an ohmmeter. X

Poartial Output. If an output is obtained when either
A or B inputs are applied but not when both are applied,
check R1 and R2, If a reduced output is obtained with
either input activated, the supply voltage, the transistor or
R3 are defective. Replace the transistor with @ known good
ong, check the value of R3 with an chmmeter, and check
the supply voltage with a voltmeter. If the outputs are
normai with a "'1'* input applied but a partial output cccurs
with no input applied, either Q! is defective or there is a
low resistance shunt across one of the inputs.

Continuous Output. [f o continuous cutput occurs
whether or not an input is applied, Q1 is defective.
Replace it with g known good transistor.

TRANSISTOR **AND‘* GATE

APPLICATION.
The transistor AND qate is used in digital computets
to perform logic multiplication with high speed and gain.

CHARACTERISTICS.
May use either positive, negative, or combined logic.,
Provides higher speed and gain than the diode.
Performs logic multiplication {1° 1 = 1},
Single-stage gate uses common-base configuration,
multi-stage gate uses any configuration.
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CIRCUIT ANALYSIS.

General. The AND gate, like the OR qate previously
discussed in this section of the Handbook, can consist
of a single stage with multiple inputs, or & number of
similar stages with separate inputs. The AND logic function
requires that an output be produced only when all the inputs
are applied simultaneousty. No output is obtained for any
other combination of inputs.

Cirevit Operation. The logic diagram for a typical
AND circuit using the commorrbase confiquration is shewn
in the cccompanying diagram, together with a truth table.

INPUT QUTPUT
A ] F
2} =} &)
A O— o o
INPUTS T )
O—0n OUTPUT
" ; waFry ! '
Tronsistor AND -Gate Logic Diagram Truth Table

The open triangles indicote that negative logic is used,
and the symbol for the transistor AND gate is the same as
that for the diode AND gate. The truth table is recogrized
as a standard AND table, where an output only occurs when
both inputs are applied simultaneously. The schematic

for this negative AND-gote is shown in the accompanying
figure.

—_
U B
- u _
—r-
INPUTS -lov
oUTPUT

Negative Tronsistor AND-Gate Schematic,
Common-Fase Circyit

W I e
g, tubi S

As showa in the s 1

biased by the positive voltage applied to the emitter. Thus
with dievEiskbelletlior Bt Yppied MEughTg aRde
torward pias appiied tnrough R3, the transistor conducts
heavily in the quiescent or inactive state, and the collectur
voltage is dropped to zero aeross load resistor B4, Thug,
there is no ocutput and q logic zero 1s represented. When
an input signal such as o negative pulse or step-voltage is
applied to either input A or B, but not to both, the forward
hias is reduced. This slight reduction in bias changes the
collectar current very little so that the input still remains
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effectively at the zerc output level. When the negative
input is applied to both inputs simultanecusly, twice the
current produced by a single input flows through base
resistor B3 end drops the forward base-bias to below the
cutoff point. Collector current now ceases flowing through
R4 and since the voltage drop scross R4 is now zero,
tull reverse collector voltage appears at the collector,
producing a negative output voltage. When the input signal
ceases, collector current flow through R4 resumes, and
again drops the collector voitage to zero. Thus, the output
voltage rises and falls as both inputs rise and fall together.
Circuit Yoriations. A typical schematic for a three-
input AND-qgate, using separate transistors for eoch input
is shown in the accompanying illustration.

Ca—uJL
INPUTS

Three-Stage AND Gate

Examination of the schematic reveals that the emitter-
follower connection is used, with the transistor outputs
connected in parcllel across g common load and bias
(emitter) resistor. Since the emitters are connected to a
positive bias voltage, forward bias causes each of the
tonsieteians sonduar, WIHHE neitiansliad: Baier
current flow through resistor RE (because of forward biased
emitter) drops the output voliage to zero. Thus, the emit-
ter voltage 1s effectively reduced to zero level. When a
1" signal of say +5 volts is applied to either Q1, QZ, or
Q3 the transistor is reverse biased and ceases conduction,
meanwhile, the other two tansistors conunue 10 conduct
and keep the output at zero level, When all three inputs
are appiied simultaneously, current flow through them is
reduced and the emitter voltage rises toward the bias

! ~ el ek e e ] i i ey e d
Supply coecting aipssitive owtpsevoligge. Wherrthiorpost:

i S santed voiloge o

3 t
agoin at zero bigs level and stays at this point until the
mputipulse seuses; wWheltupenoage dyaia peavy srward
conduction causes the emitter vollage to be reduced 10 zero.
Thus ary positive input signal level less than the total
emitter hias voltage, will effectively pess through the
wansistor(s) and appear as the output volitage (the actual
cutput amplitude is a fractional amount less than the full
arsplitude of the input signal because of ohmic drop in the
transistor, however, this drop {s so low as to be considered
negligible).
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FAILURE ANALYSIS.

General. Because of the few compenents involved,
simple resistance and voltage checks using a high resistance
voltchmmeter will usually reveal the source of trouble.

If the input voltage, and the supply and emitter voltages
are normatl,and the resistor values are comrect, faulty opera-
tion can only be caused by a defective transistor.

No Output. An open emitter or collector resistor, lack
of emitter voltage, or a defective trensistor as well as an
open input resistor will cause a no-output condition. Check
the supply and emitter voltage with a high resistiance volt-
meter. Check the voltage from input A and B to ground;
it should be approximately the same as that measured for the
emitter veltage, {emitter to ground) indicating that resistors
B1 or R2 are not open. With no signal applied, the collector
voltage to ground should be zero. If a negative value of
collector voltage is indicated, either the wansistor is
defective, or insufficient forward bias is applied to the
emitter to cause saturation. Heploce the transistor with a
known good one and check the value of R3 with an ohmmeter.
Check collector resistor B4 for continuity and proper re—
sistance with an chmmeter.

Partial Output. If o reduced cutput is cbtained with all
inputs activated, either the bias voltage, the transistor
ot R4 are defective. Replace the transistor with a known
good one, check the vaiue of the bias voltage with a volt-
meter, and measure the resistance of R4 with an chmmeter.

Continvous Output. [f a continuous output occurs
regardless of whether or not an input is applied, Q1 is
defective. Replace it with ¢ known good transistor.

TRANSISTOR “'NOT'’ CIRCUIT.

APPLICATION.

The transistor NOT circuit is used in computer and high
speed switching circuits to provide signal inversion and
high gain.

CHARACTERISTICS.

Either positive, negative, or comhined logic may be used.

High voltage or power gain is possible.

Fixed-bias is usually employed.

Cutput signal is inverted in phase and polarity from
input signal.

On a logic basis, the output is the complement of the
input.

Usually has one input and one output.

Input resistance is high and the ocutput resistance is
relatively low.

CIRCUIT ANALYSIS.

General. When the common-emitter configuration is used,
the output polarity is always inverted by inherent transistor
action similar to the electron tube grounded cathode circuit.
In logic operation it is sometimes desired to produce a
signal which is identical but opposite that of the input
signal. This is the logical NOT operation, and the circuit
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is also known as an inverter, which produces the comple-
ment of the input signal. Either a single stage of inversion
is used, or the common-emitter version of a circuit is used
to provide the desired logic operation and inversion simul-
taneously. This discussion will be limited to the use of a
single stage cperating as an inverter or NOT circuit, Cther
circuit variations will be discussed with the other circuits
in which they are employed. The voltage gain obtained
through this circuit also makes it useful as a level restorer,

Circuit Operation. The logic representation of a typical
NOT (inverter) circuit is shown in the accompanying
illustration.

A 3 é INPUT | OUTPUT
INPUT OUTPUT A | NOTA

v} '
I [¢)

Logic Inversion Inverter Truth
Diagram and Table
Symbol

The open triangle on the input side and the closed
triangle on the output side indicate that with a negative in-
put, an inverted or positive output is produced. The actual
schematic of a typical inverter is shown in the foilowing
fiqure.

Vbb
-i +

Transistor NOT Circuit

In the quiescent condition (the 'O’ state) with @
positive base bias applied, trensistor Q1 is at cutoff and
no current flows (reverse coilector current flow, Iceo, is
considered negligible). Since no collector current flows
through K3, there is no voitage drop to oppose the supply
and the collector and cutput voltoge fall to almost the value
of the negative supply, representing a logic zero output.
When a negative {1) input signal is applied, the base bias

19-B-22

N
c\

kS




ELECTRONIC CIRCUITS NAVSHIPS
is changed from a reverse to a forward bigs and couses
emitter current to flow, Collector current flow through R3
drops the negative supply voltage to approximately zerg so
that a positive going cutput is developed. With sufficient
torward bose bias {drive) to cause saturation, the cutput
tests at the zero voltage level until the input signal is ter-
minated, When the input signal stops, the collector voltage
does not change immediately because of the minority camriers
inserted mto the base during saturation (in the PNP tran-
sistor these are holes). Therefore, collector curzent flow
continues for the duration of the storage delay time until
the minority carriers are drained cut, whereupon the collec-
tor voltuge becomes negative-going and falls to approxi-
mately the same value as the supply voltage. The relation-
ships between input pulse and rise and fall times [t and 16
on the output pulse and storage delay time (ts} are shown
in the follewing waveforms. The output waveform is slight-
Iy exaggerated to clearly show the delayed and deformed
pulse which is preduced. Since the circuit function is
merely that of on or off, the puise distorticon is of no con-
sequence except for the slight delay in operating time which
ensues. Resistors R1 and R2 function as a base bias
divider, with R] also acting as a base current isolating re-
sistor, sc that the base cannot be shorted by connecting
the input to ground when producing a logic zero input.

0 ———— —

INPUT

+6V

QUTPUT

1 1y T

Input and Output Waveform Relationships

Fise tine, tf, 1S 0iS0 KNoW d5 tum-on time and 18 def
.

m the start of the square wave until

the :..:rind L

an ')e"rﬂ":' of steady state mnoh'“de. ‘The tum-on d
5 :

T e o S L oA
. the start of the falling <if period unt

Storage

anding of the

input puise o the start of the tallingedge ot
pulse.

Fixed bius und luiye driviny pulses giv Usudaily used
produce a sharp turn-on time, and other forms of logic such
as DTL and RCTL are usad 10 decrease the turn-zif tires.
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These circuit variations will be discussed 1n more detail
with the appropriate logic and in the circuits in which they
occur. Since the transistor design also determines the tumn-
on and turn-cif characteristics, a special group of transts-
tars of various types classified as ''switching transistors®?
are employed to obtain greater speed and cleaner switening
Qperation,

FAILURE ANALYSIS.

Genercl. Because of the few parts involved, a resist-
ance and voltage anaiysis, performed with o volt-chmmeter,
wiil usually locate the faulty component without any loss
of time.

No Oufpuf. If etther R], K2, or R3 are open, or if !
iz defective, no outout will be obtained. With no input
signal applied, check the base bias and coliector voltage
with a high resistance voltmeter, and measure the veltage
from the input terminal to ground. Normal bias and collec-
tor voltage readings will indicate all resistors have conti-
nuity and probably are of correct vaiue. Therefore, the fault
must be with the transistor. Replace it with ¢ known good
one,

Low Output. A defective transistor, improper bias, or
low collector voltage can reduce the normal output, Check
the bigs, COUemu., and supply voltages with a voltmeter.

Replace Q1 if all voitage readings are normal.

TRANSISTOR NOR GATE.

APPLICATION.

The transistor NOR gate 1s used in computers and
switching devices to supply an inverted OK (that i1s @ com-
plemented OR) output.

CHARACTERISTICS.
May use positive, negative, of combined logic.
Usually uses fixed bias.
Provides an inverted or complemented output,
Accomplishes logic addition and complementation simul-
taneously.
Has @ high impedance and o low output impedance.

CIRCIHT ANALYSIS.

General. The NOH gate provides o standard OB outpat
o Sveniedr complebentediiig, ) T
1 supphied from o single stage. Since the transis-
- -

ter r*rmlmumh n

ert e ot

put 51qncd, It is only necesscw to change the cor"mc:n—base

on

13 o S %
wiami s walC il
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A
F . input Jouteur
B hebl SR F
6 0 ]
INPUT OUTPUT o | fo]
A - o
F EaET 1o 0
B

NOR Lagic Diograms  Truth Table

The open triangles in the logic diagrams denotes that nega-
tive logic is used. Thus the l-state requires a negative in-
put signal for activation. Since the output is inverted in the
NOR circuit, this is indicated by the small circle (in the
upper diagram) adjacent to the triangular output ievel indi-
cator, This indicates that with @ negative input a postive
output is ubtained. The same condition could also be indi-
cated by omitting the small circle and using a filled-in tri-
angle atthe output as shown in the lower {alternate) diagram.
In this cose the input and output levels are indicated as
being different or inverted, and since the input is indicated
as neqative in the activated state by the open trarngles, the
logic ts also negative, [t should be noticed that the circie
when used toexpress inversion must be located at the sym-
bol, The small circles at the input and cutput terminals
repr esent terminal connections and have ne logic signifi-
cance.

The schematic for a typiccl single stage transistor NOR
circuit is shown in the accompanying illustration. Note
that the PNP common-emitter configuration is used.

FPNP Transister NOR Gate

A positive (teverse) fixed bias is applied to thebase tokeep
the transistor cut off in the inactive state. With nc input ap-
plied, and reverse bias applied to the base and to the
collector no conduction occurs, therefore, the ccllector and
output voltage is approximately the same as the collector
supply value, Since a negative L'’ or high signal is re-

CHANGE 1

0947-000-0120 LOGIC CIRCUITS
quired to activate the circuit, the zero input represents a
low, and the consequent negative cutput g high, or inverted
low signal. Thus the first combination in the truth table is
verified. When g neqative input is applied to A, ar B, or to
both A and B, it forward biases the base and cquses coliec-
tor current flow, The voltage drop caused by collector cur-
rent flow through R4 reduces the collector voltage {and the
output to zerc, Thus a high input signal produces an in-
verted or low (positive) output signal. Resistors Bl and B2
function as isolation resistors to prevent loading on the
separate inputs A and B, Since the input resistors are con-
nected in series with R3 to ground, they form a voltage
divider which places the larger voltage across B3 and the
base of Q1. Both R3 and either R] or R2 also mrotect against
shorting of the base bias or input circuit respectively, when
a zero level input is applied. The high resistance of the
input resistors requires that a relatively high voltage be
used to cause buse cuzrent to flow. Hence, operation of
this type is known as voltoge mede operation. (In DCTL
logic the resistors and bigs are omitted and only a fraction of
a volt input is necessary to drive the base into conduction,
and this is called the current mede of operation.}

When both inputs are simultaneously applied, the larger
negative input assumes control, When Q1 is driven into
collector saturation by the activating signal, excess carriers
are inserted into the base and the turn off time is exiended
by the storage time needed to drain the transistor of these
excess holes. Because the full operating range of the tran-
sistor from cutoff to saturation is available, relatively high
and power cutput can be obtained from this common-emitter
arrangement,

FAILURE ANALYSIS.

General. Because of the few parts involved, a resist-
ance and voltage analysis may be quickly made with a volt-
ohmmeter. Cbvious symptoms may also be used to locate
the failure and are discussed in the following paragraphs.

Ne Qutput. Lack of supply volioge, no input signal,
an open coilector resistor, ot a defective transistor will
cause a no-output condition. Measure the collector and bics
voltages with a high resistance voltmeter, and measure also
from the input terminals to ground. This will prove that
R1 and K2 have continuity and also roughly check their ap-
proximate value, If voltage readings are normal and the
no-output condition persists, replace Q1.

Reduced Output. A defective transistor, low collector
voltage, insufficient input drive or a change in the value
of R4 can produce a reduced output. Check the value of
R4 with an chmmeter, and the supply and collector voliages
with an chmmeter, and the supply and collectar voltages
with ¢ high resistance voltmeter. Replace the transistor
with a known good one. If a reduced output still exists
check the input signal amplitude with a vacuum-tube volt-
meter ot an oscilloscope,

Continuous Qutput. If a continuous output occurs with
or without a signal input the transistor is defective, replace
it with @ known good transistor.

19-B-24
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TRANSISTOR NAND GATE.

APPLICATION,
The transistor NAND gate is used in computers and

switching devices to supply an inverted AND {a comple-
mented AND) output.

CHARACTERISTICS.
May use positive, negative, or combined logic.
Usually uses fixed bias.
Provides an inverted or complemented output.
Accomplishes logic multiplication and complementation
simultaneously.
Has a high input impedance, and a low cutput impedance.

CIRCUIT ANALYSIS.

Generel. The NAND gate provides a standard AND out-
put but in inverted ot complemented form. Thus a NOT AND
cutput is supplied irom g single stage. Since the tansis-
tor common-emitter configurction produces an wnverted out-
put signal, it is only negessary to change the common-
base AND circuit to o common-emitter arrangement 1o pro-
duce a NAND circuit. Its primary use is accomplish arith-
metic division by multiplication and addition and thus avoid
the necessity for more complicated cireuvitry, This circuit
is clso sometimes refemred 1o G5 4 eoincidence circult or
an efl circuit {n other publications.

Circuit Operation. The logic diagram for a typical
NAND circuit, with its associated truth table is shown in
the followina illustration.

iNPUT | QUTPUT
A B F
A | A 0 0 1
o— AB o ! I
8 10 1
i f Q
INPUT ouTPUT
A O—>nd ¥
Y]
8 O—4
NAND LOGIC Diagram  Truth Table

The closed triangles in the logic diagroms indicate that posi-
tive legic is employed. That is a positive input signal repre-
sents an active 1. The inversion of autput produced by the
NAMND pircuit is indicated by the smell cirele {in the upper
diagram} adjacent to the trianguler output level indicator.
This shows that with o positive input g negative cutput s
ahtained, When the level indientors alone are used, the inver-
sion is shown by using an open triangle at the output (as
shown in the lower {alternate) lagic dingram) and omitting
the circle. Since the input levels in the activated state are
showrn: as closed triengles, positive logic s indicoted, and
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with an open triangle as the output level indicator a neqative
or inverted output is indicated. MNote that when the circle is
used to indicate inversion it must be placed ot the symbol,
and before the level indicator. The small circles at the input
and sutput teminols represent teimipal connections and
have no iogic significance.

The schematic of o two-input, single-stage wansistor
NAND gate is shown in the accompaonying ljustration. Note

TR
ot
that the common-emitter contiguration is used.

-
O_I“"LA Rl

Q¢ o
TMe R2Z n/; ; | (AB) —1__‘[-*

PNP Tronsistor NAND Gate

A negative, fixed base bias is applied to transistor Q1 to
provide foward bios, and make the transistor conduct heavily
in the so-called inactive state. With no input signal applied,
and with forward base bias the transistor operates in the satu-
ration region. Heavy collector current flow through K4 pro-
duces a veoltage drop which reduces the negative collector
voltage to zero. Since reverse collector bias is opplied, a
positive output s produced {absence of theinput signal in
this case represents g zero input). Thus the first combination
in the truth tableis verified. When a positive {one) input
signal is applied to either input A or B, but not both, the
voitage developed across Rior B2 by base current flow is in-
sufficient to stop conduction, anda zero or positive output
still occurs. However, when the input signal is applied sim-
ultaneously to both A and B terminals, bose curent flow
through R3 is twice that produced by single input stgnal,
and, since it {s in a direction which produces ¢ polarity
opposite to the forward base it cancels the higs, reducing

it to zero. With no forward bias applied to the base and a re~
verse bias applied to the eallector, transistor O1 cegses con-
duction. With no collectar current fiow through R4, no volt-
age drop is produced, and the collector voltages falls o ap-
preximately the negative supply value. Thus @ negative cut-
put isproduced indicating a zero. Input resistor Rl ond B2
act as isolatingresistors for the separate AND inputs, and
together with base reststor R3, preventing shorting of either
the base or the bias when zero {grounded} input isapplied.
Since Ul normally operaies i the saturdiion 1egion, exces:
carriers are inserted into the base, and the turnoff time is
extended bv the storace time needed to drain the transistor

of these excess holes, Because the full operating range of
the transistor from saturation to cuteff is available, relatively
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high gain and power output can be obtained from this common-
emitter arrangement,

FAILURE ANALYSIS.

General, Because of the few parts invelved, a resist-
ance and voltage anglysis may be quickly made with a volt-
chmmeter. Jbvious symptoms may also be used to locate
the failure and are discussed in the following paragraphs.

Mo Output. To produce no output the transistor must
continuously conduct. Such conduction may be stopped by
loss of base bias or by the opening of R3, which has the
same effect, or by lack of supply voltage or collector voit-
age by the opening of B4. Checking the bias and base 1o
ground voltage, and that of the supply and the collector to
ground voltage with a high resistance voltmeter will clear
R3 or B4 from suspicion, and if the trouble still exists, Q1
is defective and should be replaced with a known good tran-
sistor. If Q] conducts, but no output is obtained when si-
multaneous inputs are applied terminals A and B, either re-
sistor R] or B2 is open. An ohmmeter check of the resistors
will locate the defective one. However, by checking the
bias voltage from base to ground, and from A and then B
to ground (when making voltage checks) the continujty of
these resistors can be verffied without performing the re-
sistance measurement.

Reduced Output. A defective transistor, low collector
voltage, insufficient input drive, or a change in the value of
R4 can produce ¢ reduced cutput. Check the value of R4
with an chmmeter, and the supply and collector voltages
with a voltmeter. Replace the transistor with a known good
one if R4 and the voltage checks are normal. If a reduced
output still exists, check the input signal amplitude with ¢
vacuum-tube voltmeter or an oscilloscope,

Continuous Output. If @ continuous positive-or-negative
output is obtained regardless of whether or not inputs are
applied, the transistor is defective. Replace it with g
known good transistor.

TRANSISTOR FLIP-FLOP CIRCUIT.

APPLICATION.

The transistor flip-flop is used in electronic computers
to supply an ocutput and its complement simultenecusly, as
an off-on trigger, ond {or storage purposes. It forms the
basic circuit used in most registers.

CHARACTERISTICS.
May use positive, negative, or combined logic.
Usually employs self-bias.
Provides two outputs (one is the inverse of the other).
Requires a turn-off or reset trigger to chenge state,
Has two stable states, sometimes called off and on
{or G arnd 1).

CIRCUIT ANALYSIS.

General. The basic transistor flip-flop is sometimes
considered as two transistor inverters placed back-to-back.

CHANGE 1
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Hawever, by far the simplest arrangement, the d< flip-fiop
uses @ minimum of parts and corresponds closely to the
mechanicai form of “*relay flip-flop” described in part C of
this section of the Handbook. Actually, the flip-flop is con-
sidered to be a multivibrator, and the various types of tran-
sistor muitivibrators are fully discussed in Section 8 of this
Handbook (including the binary M.V.). The Rip-flop circuit
is included hete for the scke of completeness of the logic
section since most computers certain many flip-flops. Con-
sequently, logic considerations will be stressed, and the
overell operation may not be as detailed as might be found
in Section 8 circuit discussions. However, sufficient detail
will be given to satisfy the logic student. The symbolic
logic diagram and teuth table are shown below.

8]
meuts | outPuts
B X Y
o 1 ]o 1
= ol o
FF
0
0 (e

Flip-Flop Logic Diagram  Truth Takle

Like the other logic symhols, the flip-flop logic symbol is func-
tional and is the same regardless of internal circuit. Thus any
number of types of multivibrator may be indicated by the
same logic symbol. Input and qutput level indicators are

not shown since, in most instances, they may be determined
from the levels shown on the outputs of driving or following
circuits. The designation of clear {reset) or (C) and set

(S) inputs are not required to be shown, However, the C
input is always placed on the left of the diagram with the

(0 output terminal, and the S input is placed on the right

of the diagram with the ] output in accordance with Amer-
icon and Military Standard usage (other arrengements may

be fourd in other texts). The truth table shows inputs A

and B with outputs X and Y. In mest instances, these are
the same terminals, and the table merely indicates that

when one transistor is in the zero state the other transis-

tor of the flip-flop is in the | state, and vice versa,

Circuit Operation. The schematic of a simple d—¢ tran-
sistor flip-flop is shown in the accompanying illustration.
Outputs are taken from points X and Y, andinputs are rep-
resented by A and B switches which temporarily qround
these points when the input is considered to be applied.
The manner in which the trigger is applied is of no im-
mediate concern since it may be a number of ways, such as
by diodes, ransistors, relays, switches, or otherwise (in
some instances these triggers may form a part of the circuit
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and are included in the discussion, see the Diode-Transis-
tor Flip-Flop}.

~Vee —Vee

Basjc Transistor {PNF) Flip-Flop

Assume for ease of discussion that initicdly tramsistor

Q2 is conducting, and Ql is cut off. With Q2 opera-

ting in the scturation regicn, heavy collector cument
flows and the collector voltage is dropped to almost zero by
current flow through R, and the Y output is zero. Since the
collector of 2 is also connected to the base of O], the base
of Q1 is alsc held at zero bias or practicatly at cut off, and
no collector current flows through Q1, With ne collector cur-
rent flow through R, the collector voltage on Q) is almost
the full vclue of the negative bias supply. Since Q2 is
directly connected to the collector of (1, this negative col-
iector voitage places a large forward bias on the base of

(2 and holds it in heavy conduction. As long as the heavy
collector current flows through (2, transistor Q1 remains

in the inactive state, Thus, the Y output is held at zero,
tepresenting a logic 0, while the X output is a jaige nego-
tive voltage, representing o 1. If switch A is now tempo-
rarily closed {simulgting a set mnput), the forward bias ig
removed from the base of 2, because the collector of Q)

is shunted to ground by contact A, therefore, collector cur-
rent ceases flowing through Q2. As the collector current
thraugh Q7 ceases, the collector voltage of (7 rises toward
the negative bias souwrce value, and places a forward bics

on the base of transistor Q1. Consequently, Q1 conducts
heqvily, and the valtage drop acioss collector resistor R,
places the base of QZ al zero and prevents the flow of col-
tector current in 2. Now, (2 remains in the nonconducting
condition, while Q1 continues to conduct heavily., Mean-
while, the Y output is o large negative voltage, representing
a 1. When switch B is temporarily clesed {simulating o
clear input), the base of Q1 is grounded, and causes it o
step conducting, The rising collector voltage on Gl places
a negative (forward) bias on the base of Q2 and causes i

to conduct heavily, and gain resume the original state as-
comod ot she-bosinnine of tedizzussion,. Thisaoiion uguin
produces an O output gt Y, while the X output is a 1. Thus
when Q2 conducts, the X cutput is a 1 and the Y output

is an U, and when Q1 conducts, the Y output 15 a i and the X
output is an 0. The dlternate X and Y outputs of G and 1 con-
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tinue as the flip-flop is triggered off and on by closing switch
contacts A and B. Although relay triggering is assumed in
this discussion, modern circuits use switching diodes or
transistors, which operate at much greater speeds then te-
lays to preduce high speed operation. It is alse possible
to provide self-triggering action and have the flip-flop oper-
ate at a specific repitition mte, in which case it iz g touc
ate at a specific reptition rate, in which case it is a true
multivibrator (see Section 8, part B of this Handbook for
the complete discussion of semiconductor multivibrator
circuits).

FAILURE ANALYSIS.

If either Q1 or (32 is defective, sither both sutputs will
be zero, or the outputs wiil be apparently normal and op-
posite, but cannot be triggered into the other state. Simil-
ueily, if both R! and R2 are open no outputs will be ob-
tained; but if only one resistor is open, the flip-flop will
rest in one stable condition end be impossible to trigger
into the other condition. Check the collector voltage to
ground with a voltmeter, and manipulate switches A and B
manually, observing if the collector voltage changes: if it
does, the other transistor and associated collector resistor
are probably ot fault. If in doubt, measure the resistance
of Rl and R2 with en chmmeter. If Ri and R2 resistance
is normal the transistor(s) are at fault. To determine which
transistor is defective, connect the base of the conducting
transistor temporarily to ground. If the collector voltage
becomes more negative indicating that conduction has
ceased, the transistor can be presumed to be satisfactory,
Check the other transistor similerly, if defective it will not
stop conducting and the collector voltage will remain near
zero, If switches A and B ate relay contacts, it is possible
that poor or dirty contacts will prevent the flip-flop from
changing state. Such condition can be determined by tem-
porarily comnecting the collector to ground {shunt the doubt-
ful comtact) and cheerve if cperation is then nounul. If in
doubt, replace both transistors with good ones,

EMITTER-FOLLOWER CIRCUITS.

APPLICATION.

The transistor emitter-tollower circuit is usually used
in computers and switching circuits to provide a high out-
put curent o drive other wansision circuils, This circuit
is olso used for impedence matching, driving coaxial lines,

#, g R Eror e
and for 1sclating input and culput sluges.

CHARACTERISTICS.

Moy use either positive, negative, or combined iogic.

May use either fixed or self bias, depending on the
circuit arongement,

Deccuse of the low output impedance, a hugh current
gain is obtained, but the voltage gain is always less than
1 {output smalier than nput).
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CIRCUIT ANALYSIS.

General. The emitter-follower or common-collector
transistor configuration is usually (but not always)
operated in the active region. Bics is normally such that
the stage operates as o class A amplifier, as opposed to
operating in the entirely saturated or cutoff region. Thus
the emitter-follower will usually respond to either a positive
or a negative input signal. Since the output is in-phase
with the input a negative input will produce a negative out-
put, and a positive input will produce a positive cutput.
Operation is similar to the cathode-follower type of electron
tube circuit. In the electron tube cathode-follower, there is
a large ditference in voltage between the grid input level
and the cathode output level. However, in the emitter-
follower, there is only a slight difference in d-c irput and
output levels (usvally less than 0.5 volt). Thereiore, the
emitter-follower makes a very useful de curtent-amplifier,
capable of lorge current amplification without shifting the
level between the two stages to any noticeable extent.

Circuit Operation. There is no special symbelic
representation for an emitter-follower circuit, The logic
diagram uses functional symbols only, regardless of circuit
configuration. Thus an OR gate (or and AND gate) may be
formed of either common-base, common-emitter, or emitter
follower (commen-collector) arrangements, and they would
be drawn identically in the logic diagram, althaugh the
schematic representation would be different, Operation of
the common-collector circuit is described for @ sinusoidal
input in sectien 3, paragraph 3.5 of this Handbook. Opera-
tion of the emitter-follower in response to pulse input is
discussed in the following paragraphs, and then typical OR
and AND circuits are analyzed.

In the accompenying figure, three emitter-follower
types of operation are illustrated. Part A shows a negative
bias applied to the collector and no bias applied to the
base, the emitter is retumed to grouhd through load
resistor RL.

INPUT
e

Emitter-Follewer Circuits
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With a reverse collector bics and no forward base bias

the transistor rests in an essentially cutoff condition with
no collectar curcent flow. With ne input there is no ocutput.
A positive input signal would only bias the base further in
a teverse direction and no output would occur. However,
with a negative input signal the base is quickly driven
into conduction by the forward bias, and both emitter and
collector currents flow. Electron flow is from the emitter
through BL and back to the collector, and a negative output
voltage is developed across load resistor BL. Thus the
output voltage fellews the input voitage. When the input
signal is terminated the transistor stops conducting and
the cutput pulse is completed as shown by the waveforms in
the illustration. In Part B of the figure the opposite
condition is shown, the collector is conhected to ground and
the base is again left open, but the emitter is forward-
biased by a positive voltage to ground. With no base bias,
and forward emitter bias, heavy emitter current flows and
produces a veltage drop across RI. which opposes the
forward bias and drops the output to approximately zerc.
Application of a negative input signal cannat increase

the emitter current any appreciable amount so the output
remains at zero. However, when a positive input pulse is
applied, the base is biased more positive than the emitter
(reverse bias), and collector and emitter current flow
ceases. As a result, the output voltoge rises to the value
of the positive emitter bias, since no voltage drop is
produced across KL to reduce the output. In part € of the
figure, both forward emitter bias and negative (reverse)
collector bias are applied, and the transistor is biased at
the center of its active region (Class A operation). With
no signal applied, the quiescent value of collector current
represents zero level. When a negative input is applied,
the forward bias is increased, a larger collector current
flows, and a negative voltage drop appears across BL and
at the output. In a similar manner, when a positive input
signal is applied, collector current flow is reduced by the
increasing reverse bjas, and the emitter voltage rises
towards the bias value, producing o positive output,

Thus the emitter output follows the input signal, and
cperates entirely in the active region {this is the same
operation as occurs in reqular amplifier operation).

A typical emitter-follower OR-Gate is shown
schematically in the accompanying illusteation. The
inputs are separate and the outputs are connected in parallel.
In the quiescent condition, with no signal applied, both
Q1 and Q2 are nonconducting since collector current is
prevented from flowing by reverse base bias applied
through B2 and R4 from o fixed bias source. When the A
input is activated by a negative one signal, Q1 is forward
bigsed and emitter current flow through RS develops a
reqative going output voltage across R5. The cutput volt-
age is slightly less than the input voltage by the base-
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Emitter-Follower OR Gate

emitter voltage. Capacitor C1 helps speed up oction by
appiying the leading und Uciling edges of the pulse
wrigger instantly to the buse, bypassing Rl so that only
the low frequency components representing the flat-top
portion of the pulse are ottenuated by Rl. In addition,
R1 and R2 form @ dual voltage divider. When input A is at
ground potential representing a zero input, the base 1s
isolated from the input by R1 preventing it from being shunted
to ground, and maintaining the desired high input im-
pedance. When Q1 is conducting the base-collector
resistance is low, but is prevented {rom shunting the bias
source by RZ. Thus the bias remains unatfected by any
input signal shunting effect. As a result of base cumrent
flow through Rl u neyative input voltuge is developed, and
the bias and signal voltages add algebraically, to produce a
forward (neqative) bias. When the input signal is removed,
the fixed positive bias again resumes control, bigsing
the base in a reverse direction and stopping cenduction.

When an input signal is applied to input B, identi-
cal operation occurs. Cuapacitor C2 now passes the leading
{and later the trailing) edges to QZ, while resistors
R3 and R4 form « similar input voltage divider and bias
divider 0s explained for 13l and B2 proviously. When 32
conducts, the output voliage i developed across emitter
ioad resistor 15, A negaiive inpul pruduces o negotive
cutput. When the input signal is removed the transistor
again returns e its nonndd cutodf condition and output
ceases, When an output is developed by either Gi of Wz,
this negutive voltage is applied as a reverse emilter hias
0 the non-conducting transistor s¢ that it 1s prevented
from being wiggered. Shoula an input be applied to both A
and B simultanecusly, the signal with the larger negative
amplitude will prevail and cause only that circuit to
operate.

CHANGE !
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By reversing the input polarity and bjas an emitter-
follower AND gate is obtained, as shown in the accom-
panying schematic,

o e
UL

R

[+]] £

3

-

Emitter-Fallower AND Gate

By comparingthe emitter follower O5-Gate schematic

shown previously with the emitter-follower ANDqate
shown above, it Is seen that the circuits are wdentical.
By chonging the base biag to a forward biags, Q1 and 02
conduct in the absence of an input signal, and emitter
current flow through RS develops a negative voltage drop
which holds the autput to @ steady negative level gnd
produces a zerc. When a signal is applied to either A or B
but not to both inputs simultanesusly, the input to which
ne signal is epplied continues conduction and holds the out-
put at zero. However, when an input is simultaneously
applied tu buth A and B, beth transistors are cut off ond Q1
and Q2 stop conduction. The output rises in a positive
direction o zere and produces an equivalent positive (one)
cutput. When the input pulse ceases, both transistors resume
conduction, and the cutput falls to the normal steady
negative cutput level representing a zero.

Although the emitter-follower outpul voliage is always
smaller in amplitude by the amount of base-emitter bias,
o current and power gain are ochieved. Cusrent amplifi-
cation is obtained by using a small amount of base
current {usuclly in the microampere range) to control the
large emitter current flow {usuclly in the millampere range).
Average current gains on the order of 25, ¢r more, are
chtained. Since the power output is the voltage times
the current, it is easily seen why a power gain is obtained
even though voltage amplification is not produced.
Although the common-buge ond common-emitter connections
also can provide a power gain, the emitter-follower arrange-
ment is unique in that it provides g low impedance and
high current cutput. Therefore, it is usually employed

5
(N [ I v e o i hras At
as G driver stage copable of cperating two or three other
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transistor stages without dropping to a vety low level, or
for operating relays, or lamps, which require high current at
Iow valtage.

FAILURE ANALYSIS,

The emitter-follower AND, NAND, NOR, and OR gates
are almost identical with respect to failure analysis with
the previously discussed circuits of the same name, if it
is remembered that the output signal is developed across
the emitter load resistor (instead of the collector tesistor),
and that the collector is usually grounded without any series
(load) resistor. Thus loss of output can be due to an
open emitter resistor, a defective transistor, no emitter or
collector voltage, or due to lack of an input signal, A
voltage check of the base, emitter, and collector potentials
will reveal if the source is normal, and whether or not any
series resistance is open {ot shorted). In case of any
doutt, @ simple resistence check will determine if the
resistance is normal. Any continuous output which is
not changed by an input signal indicates g defective
{ransistor.
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LAMP DRIVERS AND RELAY PULLERS.
AI’PLICATION

Lomp drivers and relay puller circuits are used in com-

puters and sw;tchmq cxrcuus to supply the power and volt-
mduct.uy by tilg r‘u“g transistor,

CHARACTERISTICS.

Provides large voltage or powet output, as needed.

Is controlled by a small voltage or current.

May be self-biased or fixed biased.

Usually provides o high input impedance and o moderate
Or low Luiput Lupedunce,

CIRCUIT ANALYSIS,

General. There are a number of circuits used to control

the indicator lunps and relays used in computers md

switching circuits. It is rather difficult to specity a basic

circuit since there are so many varictions. Therefore, a
circuit capable of contrelling high voltage and low current

devices, and another one capable of contrelling low-voltege,

high-current devices are selected as typical circuits for
discussion. The single transistor type of circuit usually
requires that the wrigger hold the stage in the "oft’* or the
'an'! state, whereos the two transistor circuit requires
only an "off-on’’ trigger be applied to change its state.
Since the advent of thyratron semiconducter devices, using
prpn four layer diodes or similar controlled rectifier de-
vices, it is possible to have g single stage trigger itself
in a "holding” condition until the shut-off trigger arrives.
While it i3 also possible to use dindes for control elements,
the transistor finds universal use since it may easily be
“tummed on'’ or turned off'’ without elaborate circuitry.
Circuit Operation. The schematic for a typical high-
voltage circuit capable of operating neon indicater Jamps
is shown in the accompanying schematic, The source of

collector voltage is also used to supply the neon indicaters.

Each of the lamps s controlled by a separate transistor,
and resistors BRI through RS are collecter voitage dropping
resistors. Resistor BB is a current limiter, and is also
used to drop the [emp voltage during operation to avoid
overload on the transistors. Normally, when no input is

applied, the transistors rest in a cut-off state. No collector

or emitter current flows (except that due to reverse current
IlOW} and the neon indicator i Awuya remain oul becguse 'L““,‘
are only connected to one side of the line. The "'gut-off’”
condition is obigined by leaving the wansistor base float-
ing, and applying reverse collector bigs. Because there is
no forward-bias, and the collector is reverse-biosed no
emitter current may flow. In the acuve stale, a negative
inpul signal 15 applied which produces o ferward bias on
the base of the ootivated tronsistor. Assume for the sake
of discussion that Q1 15 activated and thot emitter curreni
flows. Current flow through resistors R6 and B5 keep the
collector voltage within transistor ratings, while heavy
conduction to qground through Q1 offers o low resistance
pcth for ‘mdicatOr lamp D3l As lonu as the voltage across

Vo Z i
_______ SR
the Jamp is high enough o ionize the lamp {55 1o 85V ior
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neon), it is illuminated. Once illuminated, the lomp con-
tinues to glow until the voltage across it drops below 1%
volts, or transistor Q1 stops conducting, When the forward
bias is removed from the base of Q1 by turning off the
trigger pulse, conduction through Q1 ceases, lamp DSI is
disconnected from ground, and is extinguished.

- =Bfrﬂ\
-

o

(7

High-Yoltage Neon Lamp Driver
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Each of the lamps may be illumineted by applying a
negative trigger. Note that this circuit is designed for
sequential operation of the lamps, and once conduction is
produced in any lamp, the valtage ocross all lamps will
drop to a low value (just cbove 15 volts) because of the
shunting eifect of the lamp being triggered, For parallel
operation, R6 is eliminated and a separate resistor is con-
nected in series witheach indicator lamp, thus allowing
the full source voltage to ionize each lamp when triggered.
A typical schematic of a relay puller or lamp driver
circuit for low-voltage, high-current applications is shown
in the accompanying illustration. Twao transistors ond o
diode are employed in a bi-stable arrangement where the
relay or lap is tumed on by o negative trigger and then
held in that position until tumed off by a pesitive trigger,

Relay Puller-Lamp Driver Circuit

Transistor Q1 is used to control Q2. Resistors R1 end R2
are emitter bias resistors, while R4 and RS are base bias
tesistors for QL. Bios values are such that in the "off’!
condition Q1 is held at cutoff, so no current flows through
collector resistor B3, Thus the base of Q2 is held posi-
tive, which produces a reverse bias for the PNP trensistor
cnd prevents emitter current from flowing and actucting the
relay or lamp. When o negative trigger is applied, the base
of Q2 is driven neqative and this forward bias causes
emitter current flow through Q2 thereby cperating relay K1
or iliuminating indicator lamp DS1, whichever is used. In
the quiescent condition, complementary NPN transistor Q1
is held in the nonconducting state because the base blas
voltage produced across voltage divider R4 and RS is
smaller than the emitter bias produced by divider R1 and
RZ, thus the base is eff ectively reverse biased and Q1
does not conduct. Since relay K1, or lamp DS 1, are con-
nected in series with the base voltage divider consisting
of R4 and RS, whenever Q2 conducts the voltage acress
this load raises the bias on Q1 base by a like amount and
thus supplies o forward bias. With the forward bias con-
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tratling Q1, it now conducts and produces o collector cur-
rent flow through R3. Electron flow is in the direction
which produces ¢ negativedrop acress R3, which holds the
base of Q2 in ¢ forward biased condition, and keeps col-
lector current flowing when the input trigger ceases,
Operation is initimed by a negative trigger, causing Q1 to
conduct, and, in tum, Ql holds Q2 in the conducting state;
this action continues until o positive trigger is applied to
the input to turn it “'off".

When a positive "'off'’ trigger is applied to the bose
of transistor Q2, it momentarily produces a reverse bias,
and causes QZ to stop conducticn. Immediately, the volt-
age developed across the relay or lamp by Q2 collector
current flow drops 10 zero, and thebase of transistor Q1
drops to a lower voltage (that produced across 85) than
the emitter, to produce an effective negative or reverse
base bias for the NPN unit. Thus conduction through Q1
is stopped, and both transistors rest in the cutoff state.
Diode CR1 ensures that current may only flow in the proper
direction and prevents initiation of a reverse current flow
during switching operations. Diode CR2 operates as a
discharge diode across the windings of relay K1, so that
any transients caused by the inductive kick in the coil
when it is tumed off cannot harm the transister. Capacitor
Cl bypasses RS so that any load change is reflected im-
mediately as a bias change on the base of Q1, and produces
quicker turn-on and turn-off operation.

FAILURE ANALYSIS.

High Yoltage Circuit. Lack of supply voltage, too low
a supply voltage, or a defective transistor or lamp will
make the circuit inoperative. Check the supply voltage
with a high resistance voltmeter, and the voltage from BB
to ground. The voltage at R should be 65 volts or more to
ionize the lamps, and once they are ionized it may drop to
about 15 velts. Measure the collectar to ground voltage
also with unit inoperative. An indication of almost the full
supply value indicates the associated resistor (R1 through
R5) is probably satisfactory. If no voltage exists from the
collector to ground, the resistor is open and should be
replaced. After the voltage measurements are made, if a
lamp still will not illuminate when the appropriate trigger
is applied, the nransistor is defective and should be re-
placed {replace lamp if trouble persists).

Low Voltage Circuit. Fuailure of the transistors, dicde
CR1, and lack of supply voltage or improper bias can pre-
vent the circuit from operating. With the circuit in the
"off'* condition the emitter voltage of Q1 should be larger
than the base voltage ond the collector of 01 and base of
Q2 should be almost the full supply voltege value., With
normal voltages and the proper trigger applied, lack of
circuit opetation indicates that Q2 and possibly Q1 are
are defective. Replace them with known good ones. If the
circuit still does not operate and the load is a relay, check
diode CR2 with an chmmeter for a stort. If shorted the
coil of the relay will be shunted out of the circuit and the
relay cannot opetate, If the circuit operates but does not
hold until the next trigger resets it, check capacitar Cl for
a short circuit. Use an chmmetet or ¢ capacitor checker.
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PART C. MECHANICAL CIRCUITS
SWITCH LOGIC.

Switch logic presents basically two states of action;
that is, a switch is either off of it is en. Thus the con-
nected circuit is either inactive or it is activated, and it
When the

can renresont oither the lnrw\r- state of Qar 1,

£8p fanddsantinitiarake 1a
switch is off, the circuit is not energized {no voltage ot
current is presem), and it represents the inactive state of

0. When the switch is turned on, the circuit is energized
(voltage or current is present), and it represents the active
state of 1. Theopposite condition may also be assumed,

if desired,

nctuaﬂy, switching logic has been used for - years prlor
to the advent of computers and logic circuits. For example,
when lights at different locations are operated by one-way,
two-way, or three-way switches, a form of elementary switch
control logic is represented, Likewise, elevators have
been controlled tor years by instructions from switches
located on different floors. Not only is the elevater started
and stopped, it is directed to go up or down and to proceed
ta different floors. When called upon to cperate in two dif-
ferent directions, it selects a sequence of operation and
carries it out, in turn, s each command is sequentially
followed in accordonce with the basic design.

Basically, there are three forms of switching used in
legic circuits; the manually operated switch, the mech-
anically operated switch, and the electromegnetically
operated switch. Manually operated switches included
knife switches, togple switches, push-button switches, key
switches, rowary switches, and many other variations.
Mechanically operated switches are similar to manually
cperated switches, but are operated by mechanisms such
as cams, linkages, hydraulic or pneumatic cylinders, and
other means. These are generally used in analog computers
whete the state of some physical quantity is indicated when
the quantity is di G maximum Of g minimum, of as it regches
a series of predetermined values, The electromagnetically
operated switch is simply ¢ mechanical switch cperated by
the passage of electric current through a magnet coil. “This
type of switch commonly known as a relay, finds widespread
use today, if an additional set of contacts is aedded, it can
also ke used to contre! another relay; thus numercus com-
binations of open and closed circuits can be contrived and
automatically controlied to produce logic operations. Re-

‘Gwc ansd rwnm-nc "S“” in laaic circuits rﬂﬂnr rrnm rm:
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rasic electrical relay in construction and size because
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of contacts containing various combinations. While the
selection of the type of coil and relay is basically an
engineering problem, the logical designer must be familiar
w‘.th the y pes of contacts and coils available for efficient
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before make continuity-transfer, respectively). “Similarly,
there are about five different combinations of coils, such
as the singleccil, the two or more independent winding
type, the two or more cooperative type (two or more wind-
ings must be energized simultaneously for operation}, other
combinations with holding windings, and differential types
which can alt rnatel-,' energize or simultaneously de-
energize the relay. Since this article is devoted to switch
logic rather than component design, it is suggested that
the interested reader obtain further data on relays and con-
tacts by consulting manufacturers’ catclogs containing de-
sign and operating specifications. Further mention of con-
tacts and coils will be made only when pertinent to the
logic design or circuit operation.

Let usnow consider simple switch iogic. First, it must
be understood that in applying switch logic all operations
are treated first in elementary form, that is, as simple make
and break contacts. Later, after the logic is firmed up, the
contacts are counted and various relay contact stack ar-
rangements are considered in order to determine the mini-
mum number and types of contacts and relays. This sum-
mation is known as simplificstion, which will be discussed
later in the section.

Examine the simple series switching circuit formed by
two relay contacts connected in series, as shown in the
following figure, For simplicity, actuating coils are not

Series Switching Circuit

shown. ‘Part A of the figure shows an elementary normally
open circuit; when the coil of each contact is actuated,
the relay switch is closed, Thus, in order for current to
flow in the load cireuit, coils A and Bmust both be actuat-
ed, thereby, closing contacts A and B and completing the
circuit. If contact A is closed and contact B is open, no
current flGWS. lr‘e same FO”"‘UD" TGUOWS Wl‘U'l CIOSECI
and A open (the closed condition is indicated by priming
the contact, e.3.. B’ instegd of B). With both contacts open
a similar condition exists, so that one, andonly one, con-
dition will produce current flow intc the load, namely when

CUITeEn 1! 08 naml

Tet us tohulate these monditians

S ol € Concitione

»
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ro ~ra Alacad
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Lth e
Dol Cont

using 0 to represent open contacts and 1 to represent closed
contacts., Such a table, commonly called @ truth table or

2 tabls of combinaticns (S chown below, Thiz truth tohle
A B ()
G v 9]
0 ! 0
1 0 0
AND Truth Table
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is easily identified as the typical AND logic operation
(multiplication). In purt B of the fiqure, contact A is
normally closed when the relay is de-energized, and, eince
it is closed it is represented in logic notatien by priming
the letter, thus making it A’ (indicating "'not'’ open) in-
stead of A, Forgetting for the present whether the coils
are energized or not, consider only the contacts. For each
opening and closing combination the AND truth table still
applies. A similar condition exists for part C of the figure,
except that B! is the primed contact (normally closed).
Thus, we may say in general that o series arrangement of
relay contacts produces the AND logical function. The
circuit of part A is simpler to comprehend and follow in
logic design, since the circuit operates only to produce
current when both relay coils are energized; in parts B and
C only one relay need be energized at a time to produce the
desired condition.

Consider now a paralle! arrangement of contucts, as
shown in the following figure. [t isevident from an ex-

CrA+B+AB

o

Parallel Switching Circuit

amination of the figure that cumrent flows in the load
circuit when either contact A or contact B is closed, or
when both contacts A and B are closed, Note that current
will flow when A is closed, reqardless of whether B is
closed, and vice versa. This action is indicated hy logic
notation as follows: C=B (A + A’} + A (B + B') which can
be reduced to: C= AR+ A'B+ AB + AR’'. As interpreted
logically, this expression says that the load will draw cus-
rent if A and Bare closed, or if B is closed and A is not
closed, or if A and B are closed, or if A is closed and B
is not closed. Since AB + AB = AB, the expression for

C may be simplified to: C = A’B+ AB' + AB. A truth
table for the preceding function follows: This table is

—_— o o »
— O — o (0
— = 0N

Inclusive OR Truth Table

recognized as a typical OR table. Since it includes opera-
tion when A and B are both closed, it also represents the
inclusive OR logic state. In general, then, we may say
that parallel switching contacts represent the logic OR
state (addition). The exclusive OR logic state is indicated
when either A or B activate the circuit, but the circuit re-
mains inactive when both A and B are operated. Such a
condition is shown schematically in the following figure.

ORIGENAL
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C=AB'tAB

Exclusive OR Circuit

A truth table for the circuit above is shown below. It
is recognized as the classic exclusive OR truth table,
proving our contention that the schematic is that of the
exclusive OR circuit by perfect induction.

—_— 0 O B>
— 9O - 0O w
Q- - o N

Exclusive OR Truth Table
In addition to the schematic form of relay circuit draw-

ings shown above, @ kind of short-hand notation (diagram)
is sometimes used, as shown in the following figure, In

RELAY B |

RELAY A

ouT

Relay Logic Notation Diogram

this form of notation the horizontal lines represent normally
closed {or primed) contacts, while the diagonel lines re-
present the normally open (er unprimed) contacts. The con-
tacts shown in a particular column are all operated by the
same relay. The fiqure illustrates relay logic notation as
applied to the circuit of the series-parallel switch con-
tacts representing the exclusive OR circuit shown by the
preceding schematic, The abbreviations N.C. (normally
closed) and N.Q. (normally open), shown in parentheses in
the diagram, are not normally included.

While this discussion of switching logic has presented
the basic AND and CR switching circuits, the discussion
is limited to logic concepts alone. The circuit action of
specific logic circuits is discussed in the latter part of this
section.
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OR CIRCUITS.

APPLICATION,
The OR circuit is used in mechanical computers and

switching circuits to perform logic additien.

May use positive, negative, or combined logic,

Consists of a series of switching contacts connected in
parailel.

Performs logic addition.

Switch may be electrically or mechanically operated,
usually consists of o qroup of relays.

Mo gmnl
MToImpe

ation 18 produced,

CIRCUIT ANALYSIS.

Generol. [n switch logic, a basiz OR gircuit oo r\=i"‘
of a group of parailel connected single pole, single thr
switches connecting the power source to the cutput load
as shown in the accompanying schematic.

QUTPUT

|
L

Basic OR Switching Circwit

As can be seen from g study of the schematic, n the in-
active condition all switches are open, and since the load
and oulput are not connected to the power source there is
no output, representing a logic 0. Conversely, when any of
the swilches are turned o, either separately or in combing-
tion, the power 1s connected to the load and the output
voltage s the same as the mput voitoge, representing G
logic 1. The logic diagram for this circuit is shown sym-
holically in the following illustration, with o truth table,

INPUTS | QUTPUTS

A B C £

00a s}

Q0 1 {

0!t 0 t

[S i

(A+AD + AC [N o :

b +B+BC+C 10| |
+ABC) 1 ¢ i

[ 1

Truth Teble

OR Logic Diagram
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From the symbolic logic diayram it 1s evident that there is
no difference between the mechanical and electronic cir-
cuit, the symbol 1s functional. Since it is necessary to
cperate each switch by hand in the example given, and
switches are not affected by polarity, the level indicators
are omitted from the logic diagram. Because littie ad-
vantage 1s obicined by requiring manual manipulation of the
switehes, the mechanical computer uses relays. Applying
the proper potential to the relay coil pulls in the relay arma-
ture and closes the circuit. Thus by using another relay to
control a series of switching operations, performed by
qroups of relays arranged in the proper switching sequence,
electro-mechamcal computers which operote at high rates
of Jueefi ase formed. Speed ot operctlon is hmlteq by the

are expenswe and requlre mere puwel und space than
(ransistors or dicdes, these types of computers find limited
use.

Circuit Operetion. The =~hematic of a tymcal relay-type
of OR switching circuit is shown in the following
iMlustration,

+V

Three-input OR Relay Circuit

The inputs are applied to the onils of reloys K1, K2, and
¥3. When eneigized, these relays close and complete the
circuit from the power source through common load resistor
B i qronnd, When no inout signal is apolied either A, B,
ot C, the circult through the .ocd resistor to ground Is open,
no cuttent flows through BiL, and the potential at the output

. i e = et rald §
v LIgN Posiiive 18 ne power sgurce.

PRt eseniing O GGl i : inpt terminnl
relay K1 cioses and the current flowmg through RL to
3 voltane drop which lowers the output to

T.he TG i '"fr 2t the zero level for the
ion of the input pulse and then retums o the norma!

Fiak nasitive tevel when the mput &:lqnﬂl ceases and K1

4)::’ s Thusy ve gugans it PiloadiiianbhEaed PR

cuts B or T are activated the same sequence of operation
occirs, except that reluys K2 or K3 are onergized insteed
af K1, In either case a negative output 1s geveloped. 1i

tee nDuls arg uctivated cimultaneously, - output will
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aiso be generaied. This represents the case of the inclu-
sive OR where theoutput is A+ B+ C+ AR + AC + BC +
ABC. This type of OR circuit allows several independent
signals of different origins to perform the same switching
function without any interaction between the signal sources.
The relay in the OR circuit thus acts as o buffer or isolat-
ing element. To perform logic addition, this circuit must
be used together with other OR or AND circuits arranged to
produce the desired logic function. Should inversion or the
NOR type of aperation be desired, it is only necessary to
control these relays with another relay, which when activated
temporarily shorts the second relay coil causing it to de-
activate. In this special case, the input signal does not
produce an output signal.

To accomplish the exclusive OR operation it is neces-
sary to prevent operation of the other two relays when one
of the relays is already activated. This is accomplished
by adding @ back contact on each relay which is normally
closed. The legic symbo! and truth diagram for this circuit
is shown in the following illustration,

inputs | oautruts
A B C
o 00 o]
o0 1
o1 0 !
A F o o}
b 100 '
2 10 a
L Lo 0
[ | o]
Exclusive-OR Logic Diagram Truth Table

In this instance, the logic symbol changes slightly to in-
dicate that this is the exclusive-OR function and not the
inclusive R function. The circuitry, however, may be
solid state, electren tube, or mechanical without change of
symbol as long as the same function is achieved. The
schematic of the mechanicol exclusive-OR circuit is shown
in the following illustration.

+V
RL
K
- = A A B g
L i ol U
_.ﬁ_-_-'s FeAs+B+C
1= F
5 B
K3 =
- T c
0
R U5 I

Exclusive-OR Relay Circuit
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A simplified schematic of this circuit showing only the
relay contacts is illustrated below to simplify the discus-
sion. Note that for eny circuit to produce on output, the
other two relays must be resting in the normally closed
position, os indicated by the primed symbols, Thus, when
input A is activated, relay K1 closes and produces an
output only if contacts B” and C“are closed.

cae'
| *A+B+C

Simplified Contact Arrangement

Likewise, when B is qctivated relay K2 closes and produces
an output only if contacts A”and C”are closed. When C is
activated, relay K3 closes and produces an output only if
contacts B and A’ are closed. Since cctivating the relay
opens the normally closed contact, whenever two relays

are qctivated the circuit to the power supply, load, and out-
put wiil be opened and an output cannot be produced. Thus,
a negative pulse is generated only when one of the inputs
is activated at a time, and never when more thar one is
activated simultanecusly. Thus, the exclusive OR function
is accomplished as shown in the truth table.

FAILURE ANALYSIS.

Since a relay must be activated to produce an output, if
there i5 no output, either the supply voltage is apen, the
relay coil is defective or open, or the relay contacts are
defective or in need of cleaning. The relay can be ob-
served and checked visually for operation by applying an
external voltage to the coil. If the armature operates, then
the foult must lie in the circuit controlling the relay, or in
the relay contacts. The contacts can be checked by operat-
ing the relay manually, with a pencil, stick, or piece of
insulating material (for veltages of 30 or more) and noting
if there is an output when the armature is cperated. If not,
check the power source with ¢ voltmeter to be certain suf-
ficient voltage is present, and then follow through the
circuit, looking for eny normally closed contacts which may
be open. Checking through the contacts can be quickly
performed by using a voltmeter to measure the voltage from
contact to ground.

In relay operation, knowledge of how the circuit operates
is important for quick trouble shooting, since key relays
may be manipulated manually to determine which portions
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of the circuit are operating or are at foult. In this fushion,
the failure can be quickly isolated to a particulur group of
relays or contacts.

AND CIRCUITS.

APPLICATION.

The 8ND ciret is used in mechanical computers
ard switching circuits to perform logic multipli-
cation. It is sometimes called a coincidence cit-

cuit in other publications.

May use positive, negative, or combined logic.

Consists of a group of switching contacts con-
nected in series.

Switch may be mechunicaily or electrically oper-
ated, usually consists of a group of relays.

No amplification is provided.

Performs logic multiplication.

CIRCUIT ANALYSIS.

Generol. In switch logic, a basic AND circuit
consists of a group of single pole, single throw
switches connected in series, as shown in the ac-
companying schematic.

FzABC

Basic AND Switching Circuit

As can be seen from the schematic, in the inactive
condition ail switches are open, and since the load
and output are not connected to the power source
there is oot output, representing @ logic 8. Con-
versely, when ali the switches are turned on, the
Inad is connected to the power saurce, and an out-
put is developed across load resistar BL by the
current flowing through the circuit, representing

z logic i The logic diagram for this circuit is
shown cymbolically in the fcliowing iliustration,

with a truth table.

slz

%
P S.g
o |

OUTPUTS
—
F

no-———‘—_\__g
B“ .
cC / {A-B-C)

- o = © OO
—0o0o-—-—0C

—-—0=-00C -0
-00 0000

AND Legic Disgrom Troth Table
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From the symbolic logic diagram, it is evident that
there is no difference between the mechenical and
electronic circuit, the symbol is functional. Since
it is necessary to operate each switch by hand in
the example shown, and switches @e not affected by
polarity, the level indicators are omitted from the
iogic diegram. Becouse advantage is cbhtained by
requiring manual monipulation of the swiiches, the
mechanicxl computer uses relays. Applying the proper
potential to the relay coil pulls in the relay arma-
ture and closes the circuit. By using one relay to
conyol a series of switching operations performed
by groups of relays arranged in the proper switching
sequence, electre-mechanical computers which operate
ut high rates of speed are formed. Uperating speed
is determined by the time it takes the relays to
cpen and close (from 1 to milliseconds on the
average). Since relays are expensive and require
more power and space than transistors or dicdes,
these types of computers find limited use.

Cirguit Operation. The schematic of a typical
relay-type of AND switching citcuit is shown In the
following illustration.

+y
R
F=AB-C
+
b B
Ki
A
i O o
®2
8
L, U
K3

Three-lnput AND Relay Circvit

The inputs e opplied to the coils of relays K1, X2,

and K3. When closed, these reiays connect common load
resistor AL to ground. In the deenergized position,

the load circuit and cutput float at the supply voit-

aze, and this high positive output level is considered

to represent o logic 0. When atl three inputs are
activated simultanecusly, relays K1, K2, end K3 close
and connect the load resisior and output to ground.

The high pasitive cutput voltoge is dropped to zero

by the current flowing through the load resistor and the out-
put ig effactively g larae neqgotive-going puise. For the
duration of the input signal or pulse, the cutput remains at
zero and then rises to its normal high positive level when
theinput terminates, completing the negative output pulse.

19-C.5
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Because of the series arrangement of relay contacts

the circuit is only completed when all contacts are

closed. Thus, as shown in the truth table previous-

Iy, all outputs are zero, except when all the inputs

are simultaneously gctivated to produce a “‘one’!

signal.

FAILURE ANALYSIS.

Loss of supply voltage, an open load resistor, or
defective relay can cause lack of output. Checking
(e voltege from the output to ground with a high
resistance voltmeter and no input signal will determine if
source voltage exists, and if the logd resistor has continu-
ity. Now apply an input signal to each relay, K1, K2, and
K3 in turn, and observe that they operate. If the reloys
operate gnd no output is obtained with gll inputs simul-
taneously activated, the relay contacts must be defective,
Clean the contacts and edjust the spring tension for a sat-
isfactory contact. If no voitage is obtained in the inactive
state when measuring from output to ground, but the scurce
voltage is normal, load resistor RL is open and should be
replaced,

When cleaning relay contacts use u burnishing tool and
avoid use of sandpaper or files to prevent removal of excess
contact material. 1f the contects are excessively pitted re-
place them with new contacts. Dirty contacts may be cleaned
with approved electrical selvent. Apply a drop to a tooth-
pick, clean the contact, allow it to dry and dress with a
bumishing tool.

FLIP-FLOP CIRCUITS.

APPLICATION.

Relay type flip-flop circuits are used in mechanical
computers and switching circuits to supply off-on triggering
pulses and provide a signal and its complement simuita-
neously, they are also used as storage elements. It forms
the basic circuit used in most registers.

CHARACTERISTICS.

May use positive, negative, of combined logic.

No amplification is produced,

Consists of two operating and two control relays.

Provides two cutput signals {one is the inverse of the
other},

Usually 1equires two inputs {an **off*! trigger end an
fon!! wigger).

CIRCULT ANALYSIS.

General. The relay type of flip-flop is the mechanical
switching equivalent of the transistor or electron tube
bistable multivibrator (it is sometimes known as a "toggle
switch’! circuit}. It has two siable states, one the inactive
or zeto-state, and the other the active or cne-state, Once
triggered, one relay is held in the active position until it
is-teleased, megnwhile the other relay rests in the inactive
cendition until o trigger appears. Thus, this type of cir-

CHANGE 1
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cuit provides a limited amount of storage. It will retain
either a zeto of ¢ one indefinitely, and without attention,
until it is triggered into the opposite state of operation.

The logic diogram for this circuit is shown symboclically in
the following illustzation, together with o truth toble.

INPUTS | QUTPUTS
A B X Y
FF

[l

| 2] | (o]
Flip-Flop Logic Diagram

Truth Tabie

It is evident there is no difference inthelogic symbol between
electronic and mechanical flip-flops, since the symbol is
functional. When the symbol bears the designations C and
S on the unidentified leads it indicates o clear {reset) input
for C and a set input for S, The clear input always returns
the flip-flop to the zero ar inactive state, while the set
input always triggets the flip-flop into the active or cne con-
dition, It is not necessary to label these inputs, but the
may be labelled, if desired. i
Circuit Operation. The schematic of a typical relay
flip-flop is shown in the cccompanying illustration, The
outputs are X and Y, and the inputs are A and B which oper-
ate control relays K3 and K4. The flip-flop operating relays
are K1 and K2.

—— —

Relay Flip-Flop Circuit

19-C$
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When no power is applied, both relays K1 and K2

rest in the deenergized position and no cutput is
produced, When power is applied, both relays will uy to
close since their coil is connected betwzen the powsr
source and ground. The first relay to close will lock out
the other relay and prevent it from zlosing, ond the cirruit
will rest in one of the two possitie conditdons., Assune
101 the moment that relay K1 is closed, then relay K2 is
open and cutput Y is connected to ground via the contacts
of K1. Current flow to ground through RL, will drop the
voltage at terminal Y to zerc and simulate o 3, Meanwhile,
AL, and the coil resistunce of X1 iorm a voltage divides
from +V to ground, and output ¥ will be o nesitive voitage
determined by the ratio of the resistonras 1a (e voliae

divider, but is alwoys less than the supply voltage. As long
as K] remains closed, the X cutput will be 3 pesitive volt-

aqge regresenting @ 1. hen input A s oot Eag b nl?
signal, relay K3 closes and grourds the coil oy shunt
ing it to ground and causing X1 to open. As soon as X

apens, currenit flow through RL, and the coil of K2 o ground

pulls in relay K2. The output of terming] X is now O, since
it i3 grounded, while the Y output is the voltage developed
across X2 coil (K2 and RL, form a voltage divider betw een
£V and ground). The conditions are now exactly feversed
and the Y output is a positive veitage iess than ihe souice
value, while the X output is 0. When a “'clear’ pulse iz
applied to relay K4 by energizing B 1nput terminal, relay
K2 is shorted out and K1 operates ond resumes control,
Thus the flip-fiop may be made 1w ch
tely enerqizing control terminals A and 2. (The igger 1s
only momentary it is not continuous). As o rasult, the
flip-Hop oroduces twe cutputs, one the nverse of the other
as shown in the wavelorms, and will rest i one state until
triggered into the opposite state.

Circuit arrangements may bP made to produce regative
output voitayes il desired, ang the contrel relaye may be
triggerad by either positive or negotive voltages, =ince the
reiays are not polarized. The output voitage will be deter-
mined by the values of relay coil resistance and lood re-
sistance used for a specific source voliage and will never
exceed the soutce, except possibly for the switching tran-
slents shown by the pips on the output waveforms. W
proper design these trensients can be practically eliminated.

'

FAILURE ANALYSIS.

1f any relays are defective, or tne load @ esistor {8) are
open, eithel ne outpul of an improper vuiput Wil be cheined.
Operation of control telays K3 or K4 cen be checked visually
to determmine if they close when a pulse 18 appiled, Opetu-
tion of relays K1 and K7 can also be checked by using o
percil or piece of insulation o mech
tire and obsetrve if the other associated relay drops out.
If mechanical operation causes proper outputs and function-
ing to ocour, either the relay coil involved is open, or the
contacts are dirty and offer ¢ high resistance path to ground.
Clegn the contacts, anc if the trouble persists repace the
relay. If both lond resistors are open, no cutrat will be

uhbiained even though the ralays anarmte mraneriv (i only

1cally ciose the -

CHANGE ?

0967-000-0120 LOGIC CIRCULTS
one is apen g single output will be obtained). Check the
source voltage to ground with a voltmeter, and the coil to
ground voltage. Knowing the propet resistance division
between them will enable you to determine if they are oper-
ating normally by means of 1 voltage check. For example,
if the ioad resistance is 10 times that ¢f the relay coil, the
alay vnltoge should be 1/11th of the source veltage (10 + ik
mechanical relay cperation the simplest and quickest
method of trouble snooting is to manually cperate the relays,
and locete sne which does not produce the proper result,
The trouple then exists in the circu conticiled by this
relay. If none of the relays seem to cpercte propetly, the
power source is at fgult, sincs it is the only rart of tne
ircuit cemmon 1 ol relove. Thus it enn be cppreciated
thet g ¢clear understundmg ot how the CITCLILS opefale is
necessary 0 inteiligently service multiple relay equipments,

TWO-WAY AND THREE-WAY CIRCUITS.

APPLICATION.

Two-way and three-way cireuits are used in computers
and switching devices to apply to cutputs of two or three
cther logic circuits to the inpet of a single logic clicuit,

d contral its output.

CHARACTERISTICS.
May use positive, negative, or combined logic.
IIses combinations of OF and AND circuits.

P P L] -~
Has o number of iny but only 2 single outor,

CIRCUIT ANALYSIS.

Generol. Two-way and three-way circuits provide o
means of combining logical operaticns so that the
result can be handled by simple off-on switching circuits.
Combinations of AND and OF gates coffer a convenient
and easy methed of funning-in a large number of inputs
to ¢ single output line. Besides being convenient for
binary and digital use they e also useful for control
functions. For example, if it is necessary for three switches
to be placed “on’’ before ancther switch can be cpetatad,
a simple three-input AND eircuit will conteol this operation,
Likewlse, the tuming on of o transmitter from two separate
locations is accomplished by a simple OF gate. In digital
logic it is the arrangement of these two-way and three~woy
circuits {or four-or fiveway crrcuits) which form the crith-
metical or feglc cirenit used ns an adder of subtractsn, or

uthermse ta prodace the deslred functmn{s)
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AO0— a8
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cO— AB+CD+ABCD=F
0 . cD

Two-¥ay Circuit Logic Diagram

Note that the logic diagrem is functional and does not
indicate the actucl circuit, so that diodes, transistars, relays
or switches could be used as long as the proper function
was performed. Note also, that the actual circuit diagram or
schematic is not needed in understanding circuit logic. When
inputs A AND B exist the first AND gate produces output
AB. Likewise, when inputs C AND [J exists the second
AND gate produces output CD. These inputs can be at two
different levels and supplied from separate logic circuits.
wihen either input combination is applied to the OR gate a
single output is produced, and, since it also represents
the inclusive OR function, when both combinations
simultaneously exist anoutput is also preduced from the OR
gate. Thus the output of this circuit is AB + CD + AEBCD,
and the two level input is expressed as g single-level
output,

A typical schematic dtagrar using relay switching to
accomplish the logic explained above is shown in the
accompanying illustration.

+v
A-B
&/ L]
4]
B r
=0 AB+CD
+ARCD
K2
B = K6

e

K4

|

(=]

Two-Way Circuit Schematic
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Helays K1 and K2 form one AND gate, while relays K3

and K4 form the other AND gate. Both AND gate relay
contacts are connected in series to ground, and actuate
relays K5 and K6 of the OR gate when appropriate inputs are
applied. When either K1, K2, K3, or K4 clone are actuated,
the circuit to ground for the OF gate relay coil is apen since
only one set of contacts is closed, However, when hoth K1
and K2, or K3 and K4, or ol relays are activated simul-
tareously, the OK gate s activated. Therefore, when an
output such as AB is obtained from the AND gate by

closing relays K1 AND K2, relay K5 is closed and output

F is at ground potential. Nermatly, with K5 and K& open,
output F is at « high positive level since no voltage drap
occurs across Rl. However, when K5 AND K8, or K5, or

KB Is closed, current flow to ground through R1 drops the
output to zero. When these reloys are released, qutput F
again assumes a high pesitive level. Thus the OR gate
output effectively is a negative pulse representing a 1, and
negative logic is employed.

A three-way or three-level logic circuit merely provides
an additioral input level over the two-way circuit, Therefore,
by adding another AND eircuit as shown in the accompanying
logic diagram, @ three-way circuit 1s obtained.

AB+CD+EF
+ABCDEF

[TTT Y

Three-Way Circuit Logic Diagram

Examination of the new Jogic diagram reveals that when
input A AND B exist, the first AND gate produces output
AB. Similarly, when inputs C AND D are present the second
AND gate produces output CD; and finally, when inputs E
AND F are present, the third AND gate produces output
EF. When any of the AND gate outputs are applied to the
OR Gate input a single output is produced. Since, this
circult also includes the inclusive OR function, when all
combinations simultaneously exist an output is also
produced from the OR gate. Thus the output of the three
way circuit is AB + CD + EF + ABCDEF, and the three-
level input is expressed as a single-level output. The
schematic diagram for the three-way circuit is shown in
the accompanying illustration, using relay switching to
accomplish the logic indicoted amd exploined above.

19-C-8




N2 5

ELECTRONIC CIRCUITS NAVSHIPS

+¥

K2 t
]

———

+ABCDEF

K3
C
G—..—p
K
8

:

4
0
K7
E
K
F

Three-Way Circuit

Relays K1, K2, X3, and K4 operate identically with the
previously described two-way cireuit and the new relays
K7 and K8 have their contacts connected in series to
ground, controlling new OR gate relay K9. Since the
contacts of K9 are connected in paralle! with those of K5
and K6, operation of the OR qate drops output F to zero
level when K9 is closed. Therefore, when relays K7 and
K8 are simultaneously activated, relay K9 is closed,
producing an effective neqative autput for a logic L

FAILURE ANALYSIS.

Check the output with a voltmeter, notmally it should
indicate a relatively high positive voltage to ground, if
not, the power supply soutce is at fault or resistor Bl is
open {check Al with an ohmmeter when in doubt}. Apply
inputs to termingls A and B, C and T, and EF, meanwhile
obsetving that relays K3, K6, and K9, respectively, ae
actuated, The output should drop to zero when relay K3, K6,
or K9 are actuated, if not, the associated reloy contacts may
be dirty. If they are sufficiently dirty to produce o poor
contact and high resistance, the output voltage will not be
zero, but will be some intermediate value depending upon
the resistance of the contacts, Each of the relays con be
checked manually, by eperating it with a pencil or in-
sulating rod (for voltages over 3G volts) to quickly determine
which relay or group of contacts are not functioning, By
oroceding from output to input, o fewer number of contacts

CHANGE !
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are checked out fire*, When the circuit functions under
manual operation bu! not under normal operation, the relay
coil is defective and the relay or coil should be replaced.

SIMPLIFICATION PRINCIPLES.

APPLICATION.

Simplification is used to reduce the number of logic
or switc‘hing circuits necessary to obtain a desired
functional result,

CHARACTERISTICS.
Ciicuit is reduced 1o zimplest form.
Unnecessary or excessive components are eliminated.
Usually employs Boolean Algebra.
Function is not changed.

CIRCUIT ANALYSIS,

General. The process of simplification is generally
to reduce any given circuit to its simplest form with-
out changing the logic, This {s eccomplished by eliminating
unnecessary switches or by substituting one switch for
duplicate switching. There are two basic methods which can
be used; the first method involves pure regsoning, while the
second method uses the mathematical manipulations of
Boolean Algebra to reduce the unsimplified expression to
its simplest form. Examples of each method will be given.
Since simplification and the intricasies of Boolean logic
are mainly of use to the logic designer, and the equipment en-
countered in Naval use will alrecdy be in simplified form,
the subject s only briefly discussed in this Handbook in
elementary form. For more information on this subject
the interested technician should consult the text books on
logic design avcilable from commercial sources and public
iibraries,

Procedures. A simple switching circuit invelving AND
and OF operations js shown in the sccompanying illustre-
tion, with its simplified equivalent,

B
Y X Y
Lo/ o—oL o
o
Switching Metwork Simplified Representation

Gince switch NCT B (B} iz normally closed, while switch
B is normally open, the path from X to ¥ wiil aiways be
compieted when switch A is closed. Thus both Bond B
switches may be removed and o closed wire connection made
between switch A and output Y, leaving switch A as the
only one in the circuit. When represented in Boolean
notation, multiplication of A AND Bor A AND B'is
indicated because of the series ANDing of the switches,

and the summing of these quantities is alsc indicated
because of the paraliel connection (CRing) of swilches,
19-C-9
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Thus the original expression is (A *B) + (A "B’), K we
factor A from both terms we can rewrite the expression as
A " (B + B")., However, the quantity (B + B’} 1s equal to

1 by the first law of complementation in the Boclean
postulates. Therefore, we write expressian as A(1) which
is equal to A, proving the simplified version and reasoning
are correct.

[et us now take a more complex switching arrange-
ment where it is desired that point X be connected to
point Y through independent elements A, B, C, D, E, AND
F, as shown in the accompanying illustration.

Complex Switching Cirevit

We may now reason as follows, Since switch A’ is normally
closed and any path between X and Y must have switch A
closed, swith A’ will dlways be open and may be eliminated
to produce the simpler circuit shown below.

First Simplification

Note that the circuit now consists of a series group

of switches forming an AND circuit, and feeding a group
of series and parallel switches. Further simplification is
desirable. Since B and C switches must be closed for the
AND gate to operate, duplicate switches B and C may ke
eliminated and wired ocross, producing the second simpli-
fied circuit shown below.

CHANGE 1
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Second Simplification

Finally, we may reason that switch F provides an inde-
pendent path, which if F is open has an olternative peth
offered through D" or E AND F’. Therefore, D" and E may
be directly wired to Y and F” disposed of. Thus the final
circuit version is obtained as shown below, consisting of
an AND gate feeding an OR guate.

Final Simplification

By elementary reasoning the 13 switch cireuit is reduced
to B switches and retains the original desired function,
This is proven with Boolean algebra as follows. The over-
all expression for the unsimplified network is:

A(A"+BC) [(D’+E) "C F+DAF+BFl=F,
and F =1
Combine the terms in the following manner:

(AA+ ABC) [DCF'+ECF"+DAT +BF]l=F
since AA” in the first expression is equal to 0, therefore

(ABC) [D'CF’"+ ECF"+ DAT + BF] =F

and we have by further combining

19-C-10
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ABCCT + ABCEF”+ AABCDF + ABCF =F

but AA” in the third term is equal to C eliminating the
term, and

ABCDTF + ABCEF "+ ABCF =F
combining the last two terms gives
ABCDT + ABC (F+FE)=F
since F + F” equals 1 we have
RBCOT '+ ABC [T+ 0 =T
eliminating the parentheses we get
ABCDT '+ ABCF + ABCE =T
combining the first two terms gives
ABC (F+FD")+ ABCE=F
since F + F’ equals 1 we have
ABC (F+D") + ABCE=F
recombining terms we get
ARCE + ABCD + ABCE =T
which can be written as

ABC (F+ D"+ E)=F, which agrees with the final
simplification

armrived ot by a simple reasoning.
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