
Digital Basics
- part I

•

Fig. 2, This t ypical RTL (resistor-transistor logic) inverter cir­
cuit produces a LOW output when the inpu t is HIGH. A
LOW input is accompanied by a HIGH outp ut For RTL. 0
volts is LOW and 3.6 vol ts is HIGH.

loseph I· Cen K4/PV
5440 South 8th Road
Arlington VA 11104

D ig ita l electronics has
hit amateur radio ­

and ho bby electron ics in
ge ne ra l- in a b ig way! This
field of e lectronic endeavor
was o nce the province of a
few freaky computern iks,
mil itary e lect ronics techni­
cia ns, and industri al elec­
tronics types, but today ,
none of us ca n safe ly ignore
d igital e lec tronics.

Digital electronics is. in a
way. actually simpler tha n
conventiona l ana log e lec­
tron ics because the digita l
logic devices recogn ize on­
ly two sta tes, i.e ., ON and
OFF. This fact makes digital
c irc uits simila r to rel a ys
a nd mechanica l switches.
Simple. huh! In fact , some
digital ci rc uits a re littl e
more than high-frequency
e lectronic ve rsions o f sim-
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Fig. 1. TTL logic le vels: 0
vo l ts is LOW, 5 volts is
HIGH.

pie switc hes. It is my opin­
ion t hat anyone who can
u nde rsta nd simple relay
a nd switc h ci rcuits also can
underst and the basics of
digital e lect ronics ! Certa in­
ly anyone who can under­
sta nd the vagaries of sing le­
sideband and FM communi ­
cat ions equi pment will be
able to understa nd digital
e lect ronics .

In thi s three-par t series,
we will e xplo re the va rious
form s of IC logic elements:
ga tes, flip-flops. and mul ti­
vibrators. In this first install­
ment. I am going to give
some basic de finit io ns, in­
trod uce you to the popula r
IC--d evice fam ilie s, and ex-
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plore the principa l fo rms of
logic gates .

logic Slates

I ha ve men tio ned that
d igital ci rcu its respo nd o nly
to two diff erent input sta tes
-ON an d O FF-which can
be ca lled 1 and 0 (after the
two permissible digits of
the binary, i.e., base 2, num­
ber system). HIG H and
lOW, o r (in older text­
books) " t rue" a nd "fa lse ."
These designations a re used
to refe r to two di fferent
voltage level s. In this arti­
cle , I will st ick to the
HIG H/lOW designation be­
cause it will graphically de­
sc ribe what is actually go­
ing on in the ci rcui t.
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Transistor-transistor log­
ic (TTl) responds to 0 and
+ 5 volt s for the two logic
levels . If a ny other voltage
levels a re used , t hen the
TTl de vice will e ithe r (1)
fail to work , (2) work unpre­
dic tably, or (3) bu rn out
(ZZZAPPP' j

Fig,1 shows the TTL logic
level s.

Positive and Negative logic

You may somet imes hea r
the terms po sitive logic a nd
negative logic. These terms
sometimes tend to confuse
the newcomer; they mean
nothing more than how the
HIGH and l O W logic states
are re lated to voltage levels .
In positive logic, the HI GH
is logical 1 a nd will be a
positi ve vo ltage (e.g. + 5
volts in the case of TTL).
The l O W, logical 0, is the
Ovolts co nd it ion (e.g.. in
TTl). Logica l 0 may be a
nega tive voltage in some
CMO S circuits . In negative
logic these designati ons a re
reversed (i.e .. HI CH = log i­
ca l 0 a nd l OW = logica l 1).
In the vast majority of uses,
positive logic is specif ied.
In fact . the descriptive
names given to digital IC
devices reflect a bias ta­
wa rd po sitive logic. This po­
tentia l confusi o n is why I
prefer HI GH /LOW designa­
tions. The 1/0 designation
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Fig. ], OTL (diode-transistor logic) o ffers better speed than
RTL. A t yp ica l OTL inverter is shown here.
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Fig. 4(b). An open-collector
TTL circuit results when the
output c ircuit is simplified.
An external resistor is need-­
ed between the output and
+5 volts.

"'

"'0 "
~ 0 ) 0

" "
)"

..., ., ,~.... ,'_II m

':1.-
..

g, /"il
"'~

SE' rn t
I .,

J".. " 0 .. ·

".

Fig. 4(a). The TTL (transisto r-transistor logic) famil y has
LOW values rang ing from 0 to 0.8 vol ts. HfGH is 2.4 to 5.0
volts. An inverter is shown here.

This cond it io n means that
the output o f the inve rte r.
whic h is the co llector ter­
minal of Q2. goes nearl y to
grou nd . The actua l vo ltage
V' ...-" TIof the transistor is on
the order o f a few tenths of
a volt at most.

W hen th e input is l OW.
t he cathode o f 01 is
grounded. Since 01 is now
forward-biased. the base of
Q 1 is essent ially grounded.
Under th is cond it ion. Q1.
01 . and Q2 are reverse-bi­
ased. With Q2 c ut off. then.
the output voltage rises to
that of Vee ( + ). Most Oll
devices ca rry pa rt numbe rs
in the MC800 and MC900
ranges (Motorola designa­
tion).
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fer . Most Ttl devices ca rry
type numbers in the 7400
range. (T hose devices in the

TTL Devices 5400 ra nge a re mi lita ry
Proba bly the most wide ly equiva le nt s to the 7400­

used digital fC lo gic family se ries. i.e., a 5447 is a 7447
is the transistor-transistor in uniform. The principal
logic (TTl) family. When difference between the
most peo ple speak of digi- 5400 and 7400 devices is in
ta l ICs. it is the TTL fa mi ly the o pe rati ng temperature
of devices to which they re- ra nge - O to BOO C for co m-
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co nsum ptio n d rops, the n
the RC time consta nt of the
device is longer. l ong RC
time constants mean slowe r
ope ra ting speeds. As a gen­
e ral rule , higher-speed logic
fa mi lies re q u ire greate r
power co nsumpt ion. CMO S
devices. which requ ire very
little c urre nt (hence are low
power). o pe ra te well only to
4 or 5 megahertz (M Hz),
with so me de vices tooting
a long to 10 MHz . TTL de­
vices. on the other hand.
usua lly work to 18 or 20
MHz, with some devices o p­
erat ing to well ove r 80 MHz.

RTL Devices

Resistor-transistor log ic
(RTL) is an obsolete logic
fa mily that was popu lar in
the early to mid-60s. Fig. 2
shows a typi cal RTl invert­
e r ci rcu it. i.e ., a ci rcu it that
produces a lOW output
whe n the input is HI GH and
a HIGH output when the in­
put is l OW.

RTllogic IC devices used
o vo lts for logica l 0 and
+ 3.6 volts for logi ca l 1 . If
the input of the RTl invert­
e r is grounded (i e ., placed
l OW). then the o utput volt­
age will be HIGH. wh ich in
th is case means + 3,6 volts.
But, if the input volt age is
+ 3.6 vol ts, then the output
will be 0 vo lts.

RTl device s usuall y carry
type numbers in the u l900
range (mostly 8- and 'lu-pin
metal cans) and MC700
series (mostly 14-pin DIPs).

DTL Devices

The next popu la r IC logic
fami ly was the diode-t ran­
sisto r logic (D'H) famil y.
These dev ices ope ra ted at
speeds greater than most
RTl devices. Fig. 3 shows a
typical DTl inverter .

When the OTl input is
HI GH , d iode 01 is reverse­
biased. In that condition,
R1 will forward-bias tra nsis­
to r Q1, which in tu rn fo r­
ward-biases D2 a nd Q2 .
Voltage levels in most d igi­
ta l circu its are se lec ted to
sa tura te the tra nsistors. so
when Q2 is tu rned on. it is
turned on to full sa tura t io n.

will be reserved fo r the il­
lust rations and truth ta­
bles . but keep in m ind
that positive logic is used
unl ess o the rwise noted.

Logic Families

A logic fam il y is a se ries
o f IC devices that may easi­
ly be interconnected and
wh ich use sim ila r technolo­
gy in their const ruc tio n. All
of the dev ices with in a giv­
en fam ily will have the
same input a nd o utput ci r­
cu its, so tha t d irect inter­
connec t io n is possible .

The only major co nside r­
ation is whether an output
ca n supply sufficient c ur­
rent to drive all of the in­
puts that are connected to
it. But in a ny given logic
famil y. output vo ltage and
c urrent levels a nd input
voltage and c urre nt require­
ments are fixed by agree­
ment. They a re defined in
term s of un its of fan-in and
fan-out . This unit is the c ur­
rent requ irement o f a single
standard inpu t at the fixed
volt age leve l. Such a n input
has a fan-in of one un it . If
a n fC is sa id to have a fa n­
out of, say. five, it will drive
five standard inputs. The de­
vice, the refore, can supply
suff ic ient c urre nt to drive
all five inputs sa tisfacto rily.
The total fan- in o f all de­
vices connec ted to a ny o ut­
put must be equal to, or less
than . the ra ted fan-out of
the ou tput.

The log ic fam il ie s wh ich
we will cons ide r are: RTl,
OTL. TTL, HTL. ECl. a nd
CMO S. Of these fa milies.
CMOS and TTL are the
most popu lar today; RTl
a nd OTL a re obsolete and
no longer used in new de­
signs. Plenty of older eq uip­
ment still in use . however.
co n ta ins RTl a nd OTl
devices.

Speed vs. Power

The prin cipal fa ctors
governing the speed Ii.e.,
maximum o pe ra t ing f re­
quency) o f a dig ita l IC a re
the inte rnal resista nces a nd
ca pacita nces . If resistances
are increased so that power



Fig. 5(a). A typical CMOS inverter circuit.

HTL Devices

Noise pul se s o ften a re
se e n by logi c circu its a s val­
id input pul ses. This p rob­
le m is especi a ll y bother­
some in h igh-speed TTL de­
vices that a re normally able
to pass h igh -freque n c y,
sho rt-du ra tion pul se s. The
so lut io n in noisy e nviron-

ible devic e s are often used
to d irectly interface CMOS
and TTL devices.

Figs. Stbl and 5(c) show
the equivalent circuits for a
CMO S inverter in both pos­
sible inpu t co nd it ions , i.e..
inpu t HI GH and inp ut
lOW. Recall that a p-chan­
nel MOSHT turn s on when
the gate is lOW, while the
n-channel device turns o n
when the gate is HIGH.

Fig . 5(b) sho ws the situa­
t ion in wh ich the input is
lOW. Transistor Q1 will
have a very low Ie.g., 200
O hms) c ha nne l re sista nce .
In th is case, the output is
equiva le n t to a 2OQ-Ohm re­
sistor to the V + power-sup­
ply line .

In Fig. 5(c), we see the sit­
uation in whi ch the input is
HIC H. Trans istor Q2 now
ha s a very h igh c ha nne l re­
sist ance, a nd Q1 has a very
low c ha nnel re s is t a nc e
(agai n, abou t 200 Ohms) . In
thi s c ase, the o utput looks
like a 200-0hm re sistance
to ground, so the o u tput is
LOW.

The CMOS o uput stage
always looks like a high and
low resistor in serie s a cross
the power supply -see Figs.
5(b) and 5{c). The overa ll
c urre nt d rai n, the refore , is
ve ry small .

But CMO S de vice s do
have a problem: They con­
ta in MO SFETs, so the y a re
se ns it ive to sta t ic e le ctrici­
ty . All A-se ries CMO S de­
vices (e.g ., the 4001A) ha ve
thi s problem, but it is le ss
severe in B-series (e.g.. the
4001 Blde vices . The B-ser ies
have bu ilt-in di ode gate­
protection to bypass high
sta t ic potent ial s a rou nd the
se ns it ive gate st ruc t u re .
Even so, they shou ld be
handled with ca re .
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n-channel and a p-channel
In se nes.

CMOS circuits work o ve r
a wide range of voltages,
with most devices us ing a
l OW of 0 to 1 volt and a
HIGH between 3 and 15
volts. The opt imum power
su pply and HIG H value is
usually between 9 a nd 12
volts . In some ins ta nce s, a
b ipola r supp ly may be
use d .

CMOS outputs a re no t di­
re ctly TTl-compat ible, al­
though some spe c ific ICs in
the CMOS line are des igned
to have a TTl-output stage
(e.g., the 4049 and 4050 de­
vices). These TTl-co m pat-

"'"

Fig. 5(c). An equiva lent cir­
cuit for HIGH input, LOW
output.
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t ie the outpu ts of two o r
more gates toge the r or if
you a re driving something
other than TTL

Fig. 6. HTL (high-threshold logic) is useful in applicat ions
where no ise pulses may be a problem.

Fig. 5(b). An equ ivalent cir­
cuit for LOW input, HIGH
output.

mercia! devices and - 55 to
+ 125° C for milita ry de-
vices.)

Fig. 4(a) shows the c irc uit
for a typical TTl inverter
Ie. like the DTl device. the
TTL input acts as a current
source while the output
acts as a current sink . The
t ypi c al TTL inpu t w ill
source 1.8 rnA and wi ll be
lOW if the vo ltage is 0 to
0.8 vo lts and HI GH if 2.4 to
5.0 vol ts are applied . Perfor­
mance at values of input
potentials between 0 .8 and
2.4 volts is not def ined, so
operation of the device s is
unpredictable .

W hen the TTl input is
HIGH, Q1 is cut off. so
point A goes HIGH. This
condition turns on Q2. forc­
ing point B H IGH and C
l OW, We find , then, Q3 is
turned o n and Q4 is off.
Thi s fo rces the o utput
l OW, Again. the transistors
are operated either totally
c ut-off or tota lly satu ra ted­
on

If the input is lOW, then
ex act ly the o pposite situa­
tion occurs: Q1 is tu rne d o n
(forcing point A lOW). Q3 is
off, and Q 4 is turned on,
i.e.. it is c o nne c t e d to
Vee( +).

TTl de vi ce s must have a
reg ulated de power supply
of + 4.75 to +5.25 volts . In
fact , there a re so me circuits
of combinations of dev ices
tha t req u ire a more lim ited
range of voltages ne arer to
+ 5 vo lts d e . Vo lt ages
greater than + 5.25 vo lts o f­
ten resu lt in a high failu re
ra te of TTL devices .

Some TTl devices are de­
sc ribed as bei ng open-cot­
lector devices. These are e s- CMOS De vice s
se nt ia lly the same a s regu- CMOS IC de vic e s use
la r TTL device s except that MOSFET tra ns istors ins tead
the o utput circuit is modi- of the PNP or NPN bipola r
fied , i.e., Q4 and 02 a re transistors that are used in
missing. An example of an other logic families. CMOS
open-collecto r circuit is inputs, therefore, offer a
shown in Fi g. 4(b). The se de- very high impedance. Fig .
v ices require a n exte rnal 5(a) sho ws a typica l CMOS
'lk- to 2k-O hm re sistor be- inverter ci rcuit. Note that
twee n the o utput te rmi na l this fami ly is called comote-
a nd the Svolt d e power- mentary because the out-
supply line. put circuit consists of a

Open-collector devices com p leme nt a ry pa ir o f
c a n be useful if you need to MO SHT transistors, i.e.. a n
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Fig. 7. Yo u can determ ine the funct ion o f a TTL gate by
looking at irs schematic symbol. o
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1) If both A and B inputs
are lOW, then the output is
HIGH .

2) If either input A or B
is HIGH, then the output is
LOW.

3) If both inputs A and B
are HI GH, then the output
is lOW.

NAND Gates

The NAND gate is a NOTI
AND gate, i.e ., an AND gate
followed by an inverter.
The symbol for the NAND

Fig. B. Understanding a truth
tab fe is the key to using log­
ic devices. The 1 designates
a HIGH state and the 0 des­
ignates a LOW one.

AND Gates

The AND gate is the op­
posite of t he OR gate. The
AND gate produ ces a HI GH
o utput only w hen all inputs
also are HI GH . The ci rc uit
symbol for the AND gate is
given in Fig. 7(cl, and the
truth table is shown in Fig.
8(c). The rules for the o pera­
t ion o f the two-input AND
gate are:

1) If both inputs A and B
are l O W , then the output is
LOW.

2) If either inpu t A or 8 is
lOW, then the output IS

LOW.
3) If both inputs A and 8

are HIGH, then the ou tput
is HIGH.

NOR Gates

The NOR gate is a com­
bination of a NOT gate (in­
verter) and an O R gate,
hence the des ignat ion NOR,
whic h means NOT/OR. It is,
therefo re, an O R gate with
an inverted o u tpu t . The
NOR gate is, in fact, some­
t imes represented in text­
books as an O R gate with
an inverter following. The
NOR gate symbol, shown in
Fig. 7(dl. is an OR gate sym­
bo l w ith the ci rcl e denoting
inversion at the output. The
t ru th table for the two-input
NOR gate is show n in Fig.
B{d), and the rules for its o p­
eration are sum m arized be-­
low:

produces a H IGH output.

OR Gates

An O R gate will be H IGH
if any of its input is HIG H.
The sym bo l for an OR gate
is show n in Fig. 7{bl. wh ile
the t ruth tab le is given in
Fig. B{b). The t ruth table
show s the rules o f Opera­
t ion for the two- input OR
gate, and these are sum m ar­
ized below:

1) If both inputs A and B
are lOW, t hen the o utput is
LOW.

2) If e ither input A or B is
HI GH , then the outpu t is
H IG H

3) If both inputs A and B
are H IGH, then the output
is HIGH.

"

"
"
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:=D-0U'~T

sign and layo ut techniques
when working with Eel de­
vic es. The very high fre­
quenc ies used are, after all,
in the U H F range.

Gates

A digital electroni c gate
is a circu it whose output is
HI GH or lOW depending
on the input. Gates o perate
under a set of well-defined
ru les. The basic forms of
d igita l e lec t ronic gates are:
NOT . O R. AN D . NO R.
NAND, and XO R (Exclusive­
OR). In the paragraphs to
follow , w e wi ll discuss all o f
t hese basic gates.

"

."..

..

.-{>-.

Emitter-Coupled logic

Up unti l now we have NOT Gates
been talk ing about sarura r- NOT gates, al so called in-
ed logic families, i.e.. the veners, produce an o utput
t ransistors in the ICs are ei- that is the o pposite of the
ther all the way o n o r all the input signal. Recall that dig-
w ay off (cut off o r satura t- ital ci rcuits respond o nly to
ed). Emitter-coupled logic H IGH and lOW voltage
(ECl) is called an ac logic levels. In an inverter c irc u it,
famil y becau se the transis- therefore, the outpu t wil l
tors are operated in a non- be HI GH when t he input is
saturated mode. As a con se- l O W and lOW when the in-
quence. ECl dev ices are ca- put is HIGH .
pable of very fast opera- The circuit sym bo l for
non. M o st commonplace the inverter is show n in Fig.
ECl dev ices operate to 80 7(a1. while the t ru th table is
o r 120 M Hz, while some given in Fig. 8(a). Note that
cos t ly special devices oper- any digital symbol w ith a
ate to over 1 GH z (t hat's circle o n the output pro-
1000 MHz!). The usual pre- d uces an inverted output .
scaler for a d igital frequen- Simi larly, if o ne or more in-
cy counter is noth ing more puts has a ci rcl e o n it. then
th an an ECl frequen cy d i- that input is inverted. The
vid er th at di vides t he rules fo r the o perat ion of
5QO-M H z input signa l down the inverter are:
to 50 MH z. 1) A HIGH o n the inpu t

Note that it is necessary produces a l OW outpu t.
to use VH F/UH F circ u it de- 2) A l OW o n the input
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ments is to use a digita l Ie
logic famil y that req uires a
high input voltage to tr ig­
ger. CMOS devices o per­
ated at high V- and V +
values meet this require­
ment, but the older bipo lar
high-threshold logic (HTll
m ay also be used (Fig, 6),

H T L (a lso so m e t imes
ca ll ed high-noise-immun it y
logic ,or HNll) usesV+ val­
ues of 12 o r 15 vo lts de­
pend ing upon the series . A s
a result. the logic levels also
are high. so it requires a big­
ger noise pulse to cause
trouble.



AVAILABLE NOW

AZDEN PSC·300
The 7401 and 7403 are

sim ilar to the 7400 exce pt
that they are open-co llec tor
devices, This means that
pu ll-up resistors are need­
ed. i e.. one 2k- to -tk-O hm
resistor f rom eac h o utput to
the + 5 vo lt l ine.

The 7430 is an eight-input
NAND gate (one per 'l-a-pin
D IP package). The 7430 de­
vice, therefore, has eigh t
dist inc t inputs . and all
eight must be HIGH before
the output drops lOW. If
anyone of the eight inputs
remain s l OW . then the out­
put stays H IGH. Since most
microcomputers today are
eight-bit machines, the 7430
is often used as an address,
o r I/O port, decoder.

The 7410 and 7420 are
three- and four-input TTL
NAND gates, respectively .

In the CMOS l ine, we al­
so have severa l different
types of NAND gates, The
4011 is a quad two-input
NAND gate that is reminis­
cent of the 7400 . The 401 2
dev ice is a dual fo ur-input
NAN D gate. A ll fou r inputs
o f ei t he r gate must be
HIGH for the respective
output to be l O W . The
4023 devi ce is a tr iple th ree­
input NAND gate, wh ile the
4068 i s an e ight-input
NAND gate.

TTl/CMOS NOR Gates

The 7402 TTl NOR gate
is by far the most common
example from the TTl line
and is almost as popular as
the 7400 device. The pin­
o uts for the 7402 are shown
in Fig . 9(b)-see 9(a) for p in­
outs for the 7400, for com­
pa rison. Note that the pin­
outs o f the 7400 and 7402
are different. as are thei r
logical responses.

And Now . ..

We have just gotten our
toes wet in the study of digi­
tal electron ics. In part II , we
will progress a litt le further:
We will be up to our ankles
in f lip-f lops. For now, how­
ever, yo u have sufficient in­
fo rmation to begin experi­
menting with fl ip-f lops.•

TTUCMOS NAND Gates

In the TTl Ie logic fam i­
ly, the most popula r NAND
gate (a nd pro babl y t he
most popula r IC) is the 7400
(see Fig. 9). This dev ice con­
tains four two-inpu t NAND
gates and usually sells for
less than 25¢-or aro und
six cents per gate. Each of
the four NAND gates in the
7400 package is an indepen­
dent ent it y, but shares the
co mmo n power supply and
ground connect ions (pi ns
14 and 7, respect ively).

TTL and CMOS Examples

Earl ier in this article. I in­
troduced you to several dif­
ferent families of Ie digi tal­
logic devices. Of these, sev­
era l are considered o bso­
lete, so they will not be dis­
cussed further. The TTL and
CM OS fami l ies, however,
are very much alive and
fo rm the basis of most d igi­
ta l pro jects today.

XOR Gates

An Exclusive-OR (XOR)
gate is like the OR gate d is­
cussed earlier except that it
w ill have a l O W o utput if
more than one of its inputs
is H IGH. For a HI GH out­
put, there must be one ex­
cl usive HI GH input. The
XO R gate symbo l, shown in
Fig. 7(fl. is a modi fied O R
gate symbol. The XOR oper­
ation is summarized by the
truth table in Fig. 8(f) and
the rul es below:

1) If A and B are both
lOW, then the output is
LOW.

2) If A is HIGH and B is
l O W , then the o utput is
HIGH.

3) If B is HIGH and A is
lOW, then the o utput is
HIGH.

4) If A and B are bo th
H IG H, then the o utput is
LOW.

are lOW, then the output is
HIGH .

2) If eit her inpu t A or B is
l O W , then the o utput is
HIGH.

3) If both A and Bare
HIGH, then the o utput is
LOW.
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$265.00

the two-input NAND gate is
shown in Fig. 6(el. and the
rules are presented in sum­
mary below:

1) If both A and B inputs
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Fig. 9. A chip may contain as man y as six indiv idual gates.
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gate is shown in Fig. 7(e).
Th is symbol is the AND
gate symbol with the circle
at the o utput to denote in­
vers ion. The t ruth table for




