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Digital Design:
How to Interface ICs

Connect ICs to the outside world with these hints
from the author of "Digital Basics, "

considerably lower than + 5
volts; potentials in the 3.0
to-4Q-volt range are most
frequently found. The low
condition is defined as any
potential between 0.0 volts
and 08 volts. i.e., 800 mil li
volts, The regio n between
0,8 vo lts and + 2.4 volts is
undefined and is therefore
to be avoided One problem
seen in some interfacing sit
uations is the creation of a
circuit that will not bring the
outputs to within the de
fined high and low limits,
thereby creating an unpre
dictable situation,

One advantage of using
IC logic elements is that we
are free to avoid the prob
lems of impedance matching
(and other related head
aches) when connecting the
devices together in cascade.
We can use the concepts of
fan-in and fan-out . The term
fan- in defines the load pre
sented by any device in
terms of standard TTL input
loads. Since the TTl input is
little more than a 'l.b-rml
liampere current source. we
define a fan-in of 1 as a cur
rent source of 1.6 rnA. at
standard TTL logic voltage
levels . The fan-out is the
drive capac ity of a logic de
vice defined in terms of the
number of standa rd 1.b-mA
TTL loads that the o utput
will drive. In most devices.
the fan-out is ten. so the
device will successfully
drive up to ten standard TTL
loads . (In other words. it has
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Some texts permit slightly
broader limits. but practical
experience indicates that
voltages lower than + 4.75
volts cause erratic opera
tion. especially of complex
function dev ices. white po
tentials over about + 5.2
volts lead to premature fai l
ure o f large numbers of
chips. I personally prefer to
keep the potential within
the even narrower range of
+4.9 to +5,05 volts de.

The TTl output stage is a
current sink to ground. while
the TTl input is a current
source. Figs. l (a) and l(b)
show two popul ar forms of
TTl output. wh ite Fig. l(c)
shows a typica l TTl input
circuit. The high and low
logic levels in TTL are speci
fied in terms of the voltages
that satisfy the input re
quirements.

The high level will be any
thing between +2.4 volts
and + 5,0 volts. ln most TTl
devices, the output will pro
duce a po tential greater
than + 2.4 volts for high. but

Logic Family Outputs
and Inputs

Most readers wilt be using
either t he transistor-t ransis
tor-l ogic (TTl) or cornple
menta rv-m etal-ox ide-sem i
conductor (CMOS) and re
lated MOS families . These
will be the devices discussed
in this article.

Before we can become
too deeply involved in any
discussio n on interfacing.
we mu st beco me fam iliar
with just what is being inter
faced. For digita l e lect ron
ics. this means a review of
the input and output ci rcu its
of the devices. since these
are what will be connected
together.

The TTL logic fam ily op
e rates from a single-pola rity
dc powe r supply of + 5 volts
de and ground. This su pply
mu st be regu lated to keep
the voltage within a na rrow
range -4.75 to 5.2 volts.
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Fig. l(c) TTL inputs.

techniques and how they
can be appl ied in practical
situations .
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Fig. l (a) TTL totem-pole out
put
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T he reade r response to
my three-part series ti

t led " D igi tel ' Basics" (73.
September through Novem
ber. 1982) was overwhelm
ing even to an o ld tech-writ
ing hack like myself. In add i
tion to receiving more than
a dozen positive le tters (and
no nega tive ones). I rece ived
a consult ing offe r; writing
for 73 su rely pays!

O ne theme which popped
up in about one-third of the
letters was digital interfac
ing. Readers wanted to know
how to interface va rious dig
ita l Ie logic fam ilies with
each othe r and with the
"outs ide world ." In this ex
tension of the o rigi nal series.
we will disc uss interfacing

Fig. 1(b) TTL opetKoflector
output
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Fig. 1(d). CMOS inverter, showing inputs and outputs.
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Fig. 2(d). TTL-to-CMOS(operat~

eel from +5 volt supply)
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Fig. 2(e} 4049 and 40SO CMOS
devices wifJ drive up to two
regular TTL loads.

vices wi ll d irectly drive a sin
gle regular TTL input: the
4001 quad two-input NOR
gate and the 4002 dual four
input NOR gate. See Fig.
2(b). Note t hat the B series
CMOS (4001B) would prob
ably drive more than one
input.

Fig. 2(e) shows the use of
the 4049 or 4050 devices.
These devices are hex in
verter and hex non-inverting
buffe rs, respectivel y. They
are special ly designed to di
rectl y drive up to two regu
lar TTL inputs (output cur
rent o f 3.2 mA)provided that
the 4049/4050 package is op
erated from + 5 volts and
ground, rather than some
other V +IV - combination.

In Fig. 2(d) we see that a
TT L output w il l d rive a
CMOS input (actua lly, sev
eral can be accommodated)
provided that there is a cur
rent source. Recall that the
TTL output wants to see a
1.6-mA to 16-mA current
sou rce for its load, while the
CMOS inpu t is an extremely

. high impedance. In order to
keep t he TT L device operat
ing properly, we m ust pro-
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Fig. 2 (a). CMOS·to-74 L or
·74LS devices.
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Fig. 2(b). 400114002 CMOS will
drive one regular TTL load.

authorit ies quote not less
than 1 megohm, w ith some
going to 101

] Ohms. Thus,
many CMOS devices can be
driven f rom the same output
w ith regard fo r current
d r iven capabi lity, There
may, however, be capaci
tance l imitations, especia lly
where a rapid rise t ime must
be mainta ined.

Interfacing Between
Logic Families

Fig. 2 illustrates some of
the ci rcu it sit uat ions re
quired to interface between
CMOS and TTL devices. Or
dinar ily, a single low-power
(74L) o r low-power Schottky
(74LS) TTL device can be di
rect ly driven from a CMOS
output, provided t hat the
CMOS device is operated
from a +Svolt pow er sup
ply and ground. Normal ly,
CMOS devices can operate
with ±V of +4.5 to ± 15
volts dc; f urt hermore, these
supplies need not be equal.
We could, for example, oper
ate from V + = 5 vo lts, and
V - =0 volts (grounded). It is
only this latter situation t hat
wil l accommodate Fig. 2(a).
Here the CMOS devi ce w ill
d irectly drive the 74L or
74LS TTL device. These TTL
devices operate from low er
current levels than does reg
u lar TTL.

Tw o specific CMOS de-

volts, 30 rnA) and 7417 (1 5
volts, 40 rnA). These devices
are of prime concern for our
interfacing chores . Note
that certain other TTL de
vices also have open-collec
tor outputs.

An exam ple of a TTL in
put circuit is shown in Fig.
1(c). The device shown here
is a two-input c ircuit as is
found in each section of a
device such as the 7400 two
input NAND gate. Each in
put wi l l source up to 1.6 rnA
of current.

A CMOS inverter ci rcuit
is shown in Fig. 1{d). The
typical CMOS device wi l l
have a pa ir of complemen
tary MOSFET transistors con
nected in series with the out
put taken at the ju nction be
tween t he two. Transistor
Q1 is a p-channel MOSFET,
while Q2 is an n-cha r mel
MOSFET. T hese devices
have oppos ite p ro perti es
such that Q1 wil l be turned
off (high-resistance channel)
by a high applied to t he in
put, whi le Q2 is turned on by
a high on the inpu t. Thus, for
each different binary logic
leve l, we wi l l always have a
series circuit cons isting of a
high resistance and a low
(approximately 200 Ohms)
resistance. For output-low
conditions, there w il l be a
high resistance to V + (Q1
off) and a low resistance to
V - (Q2 on). For the output
high cond ition, exactly the
opposite occurs: there is a
low resistance to V + (Q1
o n) and high resistance to
V - (Q2 off)

Thus, we w il l see the
CMOS output sink cu rrent
on low and source current
on high. A lthough th is fact is
not needed when Inte rfac
ing CMOS-to-CMOS, it is
usefu l for other interfacing
cho res.

The CMOS inpu t is essen
tia lly an open ci rcu it. CMOS
devices operate using elec
trostatic f ie lds derived in the
channel from potenti als ap
p lied to the gate term inal.
This term inal is insulated by
a thin metal-oxide layer and
thus represents an imm ense
ly large resistance. Various

a 16-mA output current sink
capacitv.) Some spec ial de
vices ca lled buffers or line
drivers typical ly will have
fan-outs of th irty, but up to
one hundred are known.

Most TTL devices have
an output ci rcuit such as
t he one shown in Fig. 1(a).
The output circuit is a
totem-pole power amplifier
consisting of two N PN tran
sistors. A blocking diode
prevents current f low from
the output term ina l through
Q1 to the + 5-volt power
supply line. When the out
put is low, transistor Q1 is
turned off and Q2 is tu rned
on. This places the output
l ine at or near zero volts.
The actua l potential w ill be
the Vce(sat) rati ng of Q2,
which may be as much as
0.8 volts. In the opposite
condition, when the output
is h igh, the oppos ite occurs:
Transistor Q1 is turned on
and R2 is turned off , This
places a potential on the
output l ine that is the
+ s-volt power-supply volt
age less the Vce(sat) rati ng
of Q1 and the junction drop
of the series diode (normal ly
0.6 to 0.7 volts).

An alternate fo rm of TTL
output is t he open-collector
ci rcuit of Fig.1{b), The open
collector device is used to
drive externa l devices and is
a prime tool in interfacing
with other logic families as
wel l as with the " outside
world." Transistor Q1 w ill be
connected to the V + (which
is not always +5 volts, even
though the package power
supply vo ltage m ust be +5
volts del through a pull-up
resistor or another form of
load. Normally, if a simple
pu ll-up resistor is used for
the load, we will need 2000
to 3000 O hms for + 5-volt
power supplies, and propor
tionally higher for higher po
tentia ls. TTL devices w ith
open-collector ou tputs in
clude the following hex in
verters: 7405 (+ 5-volt sup
ply on ly), 7406 (to +30 volts
at up to 30 rnA), 7416 (to
+ 15 volts at up to 40 mAl.
and the fo llowing hex non
inverting buffers: 7407 (30
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Fig -Xc) TTL ooeo-coneaoc
LED interlacing (circuit will
also drive very-fow-eurren t
famps)
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suspect, however, that any
situ at io n where cascadi ng
two Q1 stages is feasible will
a lso permit the kludge of a
14-pin DIP, there by making
the use of the hex inverter
the pre ferred me thod.

Interfacing lamps and LEOs

Inca ndescent lamps and
light-em itting d iodes (LEOs)
a re often used in digital in
struments to indicate logic
status or to signal some
event like the completion of
a process, etc . The B series
CMOS devices can often be
in t erfa c e d di rect ly with
light-emittin g d iodes. p ro
vided that no more than
a bout 15 rnA of current will
light the LE D to a n accept
a ble brightness (the usual
case). The A series device s
are not able to do thi s neat
trick because they have as
littl e a s one-third the current
sinking/sou rcing capability
of the B series device s.

Figs. 3(a) and (b) shew the
use of d irect interfacing be
tween a B series CMOS de
vice and the lo w-curre nt
LE D. The circuit in Fig. 3(a)
uses the LED as a pull-up be
tween the CMOS output
a nd the positive power sup
ply a nd will cause the LED
to light o n a ny output-low
cond ition. The CMOS out
put in this case opera tes as a
cu rrent source to grou nd . In
Fig. 3(b), the LED is con
nected between the CMOS
output and gro und and will
light only on o utput-high
conditions. In this case, the
CMOS outpu t is used as a
curre nt source.

Fig. 3(c) shows the use of
a n open--col lector TTl de
vice to drive t he LED. If V+
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the fu nction of thi s circuit
will be to interface TT L to
certa in other higher-vo ltage
lo g ic famil ie s (s uc h as
CMOS o perated from sup
plies over + 5 vo lts. HNIL,
HTl, etc.) In the ma jority of
suc h instances, you will use
a 7406, 7407, 7416, or 7417
dev ice in place of transistor
Q1, but th is c ircu it may
pro ve usefu l in some sit
ua t io ns.

Fo r exam ple. in a n ex
ist ing device, the re may be
too little room to add a n IC.
but plenty o f room to
kludge on a 2N2222 or simi
lar transistor. This situation
tu rned up one time when I
worked fo r a medica l school
electronics labo ratory. It
se e ms that one of the re
searc hers ha d a n elderly fre
quency/period counter that
used zero and + 12 volts as
the logic levels, yet she
wante d to interf a ce th is
counter to a mod ern instru
ment th at provided TTl o ut
put levels, The so lut ion wa s
to kludge R1-R3 a nd Q1 o n
to the PC board inside of the
older instrume nt, a nd c rea te
a new input.

Register R1 is used, regard
less of whether o pen-col
lector logic is used, and
se rves to provide a cu rrent
fo r the TTl output to sink.
When the TTl output is low,
point A in Fig. 2(g) wil l be at
zero potential, so the base
of Q1 is tu rned off. Under
this condition. the o utput is
high (i nve rted) . Simi larly.
when the output of the TTl
device is high, the po tent ial
a t po int A is 3 to 4 volts, so it
ca n bias the base of Q1 o n,
Unde r this condition, the
transistor is satu rated and
will produce a low ou tput.
This method is useful so
long as an inve rted o utput is
sufficient. Otherwise . cas
cade two simila r stages. I

Fig. -Xb) CMOS light.on-out
put-high interlacing.
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Fig. -Xa) CMOS Iight.on-out
put-Jow LED interlacing.
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wou ld never toggle. In Fig.
2(e) we show you ho w to
dea l w ith that problem.

For t hose cases where the
CMOS device o perates from
p o wer-sup pl y potenti a ls
o t her than + 5 volts a nd
ground, we will ne ed a cir
cuit suc h as the one in Fig.
2(e). Here we will use o ne of
the " h igh-vo ltage" hex in
verter IC devices d iscussed
at the beginning of th is a rt i
cle: 7406. 7407, 7416, a nd
7417 a re candidates; 7405
can operate only from +5
volts, so it is ru led out. Note
that the package power-sup
ply voltage for these TTl de
vices must re ma in at + 5
volts only. but the voltage
appl ied to the open-co l
lector output t ransistor via
the pul l-up re sisto r can be
uptotheCMOSV+ limit of
+ 15 volts de. A 10k-Qhm
pull-up re sistor wi ll su ff ice.

Fig. 2(f) shows how to in
terface the TTl device with
CMOS devices that a re o p
e rated from bipolar power
supplies ins tead of V - = o.
In this circuit , we use a
MOS FE T transistor (or one
section of the CMOS 4007
device) in between the two
logic devices. Resistor R1
provides a current sou rce
for the TTL output while R2
limits the MOSFET current
to a safe value and develops
the potentia l applied to the
CMOS input. V + a nd V
must be nearly equa l.

Fi nally. in Fig. 2{g) we see
a circuit that has a certain
unive rsali ty. In most cases ,
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Fig 2M TTL·t<>CMOS (op€fat·
ed from V + greater than + 5
volts, and V- =0 volts)
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Fig 2W TTL·'o-CMOS (opera'·
ed from ± V supplies)

vide a 2 to J k-Oh m pull-up
resistor between the TTl
output and + 5 volts de. We
must limit this method to
those cases where the TTl
voltage levels are compati
ble with the CMOS. If the
CMOS device is operated
from + 5 volts and ground,
then there is no problem.

Recall from the previous
series on digita l basics that
the CMOS device out put
will go thro ugh a h igh/Jow o r
low/high t ransition when the
input vo ltage is midway be
tween the V + and V - volt
ages. If, fo r example, the
supplies a re +5 vo lts and
ground, then the t ransi tion
occurs close to + 25 volts.
But . if the supplies are ± 12
volts (or any other legal po
tent ial). then the transition
occurs near zero. Similarly.
if the potentials are V+ =12
volts and V - = 6 volts, then
the transition point is
Yl [( + 12)- (- 6)]= Yl ( + 18)
or + 9 volts. If this method
were used in the latter case.
the input o f the CMOS de
vice would jump back a nd
forth between two " le ga l"
low potent ials, so the o utput

"'..
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Fig. 2(g) Universal TTL to other logic devices.
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Fig. 4. Driving large loads using Darlington-pair tran5is ~ors .
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Fig. 5(a} Interfacing ooeocot
lector TTL to low-current
relays.

and the counter-electromo
tive fo rce generated will be
opposite the polarity o f V +
and will have a ve ry high va l
ue (kilovo lts are possible).
If you have studied ca lcu
lus , then you will see that V
= Udl /dt) ca n reach a ve ry
high number in the situa tion
where the cu rrent flow is
ab rup tly terminated (d l/dt is
negative and ha s a rapid fa ll
time).

The diode is reve rse
biased most of the time but
will conduct when the
( EMF potentia l is applied .
Since the potentia l ca n easi
ly reach hundreds of volts in
practical sit ua tions , the
diode must have a piv rating
of 1000 volt s o r more . I rec
ommend 1N4007 for all but
very heavy indu ctive loads;
for heavier cases, use senes
connected 1N4007 devices
with each diode shu nted by
a 470k-Dhm-to-1-megohm,
VI-Watt, carbon resistor.

Fig. 5 shows two sttue
tions where el ectromechani
c a l relays - th o se work 
horses of e lec tricitv/elec
tronics left over from the
19th century but still via-
ble-are interfa ced with
digital IC devices.

In Fig. 5(a) we see the use
of a n open-collector TTl
device for direct ly interfac
ing with a low-curre nt re lay .
Some manufacturers offer
lo w-cu rre nt (40-m A and
under) relays, both in regular
relay package s and in
packages re sembling IC
packages (both metal-can
and DIP pack a ges are
available). Keep in mind the
voltage and curre nt limita
tions of the 7406, 7407, 7416,
and 7417 devices li sted at
the beginning of this article.

For heavier re lays, we will

the combination "Da rling
ton" transistors after the
fact that the circuit in which
these transistors are con
nected is called a "Da rling
ton amplifier" or "Da rl ing
ton pai r."

The advantage of this cir
cuit is the amplification of
beta (Hfe) that occu rs. The
to ta l be ta is the produ ct of
the ind ividual beta rat ings,
o r : H fe(t o (3 1) = H fe(Q l )
X H le(Q2), If you recall you r
basic transi stor theory, the
beta is defined as the collec
tor current divided by the
base current, o r IJl b. For ex
ample, if the beta of Ql is 80
and the beta of Q2 is 50,
then the total beta is (80X50)
o r 4,000. The implication of
th is is that the d rive current
need only be 1/4000 of the
load cu rrent! Le t's ass ume
that t he re will be approx
imate ly 1.2 mA available to
d rive the Darlington pair
when the TTl output is high.
With a beta of 4OClO, the
load curre nt will be more
than -4 Amperes! Of course ,
a transistor must be selected
fo r Q2 that will " hac k" the
cu rrent of the load .

The diode shown in paral
le i with the load is advisa ble
fo r all c reative (capacitive
o r inductive) loads. a nd for
most ve ry high cu rrent
loads . It is especially neces
sary in inductive-load cir
cuits, for example, when the
load is a relay o r solenoid
coil. The problem is the in
ductive spike produced by
an inductor energized with
de when the c ircuit is inter
rupted . Under this ci rcum
stance, the energy stored in
the magnet ic fie ld around
the inductor will colla pse
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however, the logic output is
high, then the base-emitter
voltage is nearly zero, so the
transistor is cut off .

Fig, 3(e) shows the use of
an NPN transistor for Q1 .
While the lamp in Fig 3(d)
will turn on fo r output-low,
the circuit shown in Fig, 3(e)
turns on for output-high.
Aga in, e ither TTl o r CMOS
de vices can be used, with in
certain limitations. O ne lim i
tat ion applied to TTl de
vices is that a pu ll-up resis
tor (R1) be provided so that
the TTL output sees a cur
rent source. For CMOS de
vices, we must use a transis
tor that has a high enough
beta gain that it will sa tura te
with the cu rrent available
from the CMOS output. Re
sistor R2 is used to li mit the
cu rrent app lied to the base
of Ql . When t he IC output is
high, then a current flows in
R2 that will turn on the tran
sistor. Under that condition
Q1 is saturated, so its collec
tor will be at or near ground
potentiaL This condition
makes the load see a current
flow, so if it is a lamp then it
will light up.

La rge loads, i.e., those of
high cu rrent but li m ited
vo ltage, can be accommo
dated with the circuit o f Fig.
4. Here we extend Fig. 3{e) to
account fo r the higher cu r
rents of the load. There a re
two transistors used in this
circuit . In most cases, we
will use a "d rive r" tran sistor
such as the 2N3053 for Q1
and a "powe r" transistor
such as the 2N3055 for Q2.
Note that some semicon
ductor manufacturers offer
TO-3 packages conta ining
bo th Q1 a nd Q 2 and term

' '''' y . .. fT. " 74..... ' .0'.
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is + 5 vo lts, then the 7405
device may be used. The
7406, 7407, 741 6, a nd 7417
d e v ic e s m a y a lso be
used at + 5 vo lts or a ny
potential up to the rated
potential for the specif ic
device (+ 15 or + 30, de
pending upon type). Resistor
R1 is used to limit the cur
rent through the LED and
the TTl output to a safe
value, usually 15 mAo The
value of R1 is given by
Ohm's law: R1 = (V +YllED
or V + /0.015 if the 15-mA
figure is accepta ble . In thi s
c ircuit , the TTL dev ice
operates as a curre nt sink
for the LED and will light on
output-low.

Inca ndesce nt lamps typi
ca lly draw a lot more cur
rent than LEOs. Some sma ll
c u rre nt lamps (" g ra in-o f
wheat" lamps) will operate
d irectly from the 7417 TTl
device, but most requ ire too
much cu rrent for safe opera
t ion di rect ly from TTl . We
can, however, use the TTL
(or CMOS) device to drive a
transisto r switch that will, in
turn, operate the la mp or
other load . This situat ion is
depicted in Figs. 3(d) and
3(e). In Fig. 3(d) we see the
use of a PNP transistor to
turn on the load . When the
base of Q1 is made low,
then the base-emitter poten
t ial is proper to tu rn on tran
sistor Ql; current will flow
in the c-e path to the load. If,
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Fig. ~e) Incandescent lamp in
terfacing with NPN transistor.

Fig. ~d). lncandescen t lampin
terlacing with PNP transistor.



ous side of the c ir.cu it will
send the signal a nd thus will
be on the LED side.

Conclusion

The advantages of digital
logic are even greater when
we can interface eit her be
tween logic families o r to
the outside world. The tech
niques in this art icle allow
us, among othe r th ings. to
inte rface e lde rly d igital
equipment obta ined on the
surplus market to modern
equipment, or to interface
esse ntia lly non-digital c ir
cuits (cont rol) t ha t a re st ill
b ina ry in nature to some dig
ita l instrument. For exam
ple. a trivial case would be
the push-to-talk circuit o n a
transmitter. As another ex
a mple, the transmitter con
trol cir cu it o n a li near power
amplifie r could be placed
unde r cont rol of a computer
in whic h the digital inter
facing is between a 3.2 mA
(fa n-out - 2) output port
termina l and the rad io equip
rnent. Lots of luck.•

c ircuit and some outs ide
world load. There are de
vices called oinotsousors
(Fig. 6) available in whic h an
LED and either a phototran
sistor or a photodiode are
placed suc h that the LED
will ill umina te the transis
tor/diode (whicheve r). The
pair is housed inside of an
opaque DIP package that
has the same 0.1 " X0.3" pin
outs as the d igital lC devices
in the circuit. When the LED
is tu rned on, i.e ., when the
logic device output is low.
then the phototranststor
base is illuminated. so the
transistor is turned o n. Un
der this condition, the out
put will be a po te nt ia l close
to V+ . Whe n t he LED is
exting uished. i.e.. when the
logic output is high. then the
phototransistor base is
turned off and there will be
no vo ltage across the load
resistor. In most cases. the
dangerous isolated c ircuit
will be on the transistor side
of the optoiso lator. In some
cases. however. the danger-

the high voltage transient
will blow the semiconductor.

Rel ays a re used for many
app lications. Of course, if
the current is too high to be
conveniently handled by the
semiconductor, then a relay
is in order. But. today, we
have numerous high-current
power transistors and Da r
li ngton devices, so this ap
plication is fad ing. The isola
tion provided by the relay,
however, makes it attractive
whenever the logic device
must be interfaced with a
high-vo ltage circuit. or the
ec power lines (115 volts ac).

Fina lly. we see one fur
the r method fo r prov iding
isola tion between a d igita l

"'2. 70

,.

••

Fig. 5(b~ Interfacing TTL or CMOS to higher-current relays.
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(

use a switching transistor, as
in Fig. 5{b). This is merely an
extension of the earlier cir
cuits. The diode transient
suppresso rs are mandatory,
however. If these are not
used. especia lly in f ig. 5(al.

Fig. 6. Drivingan isolated load.
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