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Digital Electronics

3.0 Introduction to Logic Families
What you'll learn in Module 3

Section 3.0 Logic Families.
« Introduction to Logic Families.

Section 3.1 Power, Speed and
Compatibility.

* Device numbering.
» Power vs. Speed

« Scale of integration, SSI, MSlI,
VLSI.

« Device compatibility.

Section 3.2 How Logic gates Work.
* CMOS, TTL and ECL operation.
« Anti Static Protection.

 Capacitance and Propagation

_Delay' _ In this module, the differences and similaritiesween the
Section 3.3 Logic IC Parameters. various families of logic ICs available are desedpalong

* Logic 1 and Logic 0. with their important operating conditions.

* Noise Margin. Logic 1 and Logic O are a bit more complex thatdnd 0V

* Power Consumption. because these digital ICs are really little anasogircuits

« Mixing Logic Families. posing as ‘Digital’. A sort of sheep in wolves ¢iotg!

* Logic Level translation.

* Sinking and Sourcing. Find out how logic gates actually work, and leabowt the

« Fan out. parameters that govern how the chips should be used
Section 3.4 Special Purpose Logic ICs Special versions of the basic logic gates are algpained,

» Open Collector Gates. such as Schmitt gates, open collectors, and buffers

* Wired Logic Functions. The 74 series of logic ICs introduced in this medllas been

+ Negative Logic. the backbone of digital electronics for about th&t 5O years.

Although nowadays they have been replaced in many
applications by bigger, faster smarter chips, tHe séries
families continue to play an important role in ¢tenics, and

» Open Collector Buffers.
» Schmitt Gates.

Seetie ¢ LEe ~emiites Guiz learning about them is a sound basis for understgnithe
|°CTest your knowledge of Logic  vital basics of digital electronics.
S.
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Logic Families

The logic gates (introduced in Module 2.1) are lade in
different combinations within I/C packages. As wesl the
basic logic functions, compatible ICs are availablhich
contain particular useful combinations of gatesvjgting a

What you’ll learn in Module 3.1

After studying this section, you should
be ableto:

Recognise Logic Families.

* CMOS ,TTL and ECL convenient way of constructing more complex ciguit

« Device Identification. Hundreds of different, but directly inter-connedéakogic
Understand differences between logic | ICS are available. The most commonly availabledd@is
families. are the 74 series family and its sub-families, iiliaile

- Speed and power considerations| Pecause their type numbers all start with the nuriée

* Pin compatibility.

74 Series Device Identification

A typical 74 series IC is shown in Fig 3.1.1 and dze

identified by the number MC74HCO04N, which is a coomm
structure for 74 series logic ICs, which breaks dowto

several sections as follows:

MC - One to three letter manufacturer’s ID code. (dola)

74 - Commercial grade, IC plastic package with terapge
range of 0°C to +70°C although some sub familiaseran
extended range of —40°C to +125°C.

(Also 54 Military/Aerospace grade, IC ceramic pagkavith
temperature range of -55°C to +125°C).

HC - Two to three letter code indicating sub-famiQ = High speed CMOS, HCT = High speed
CMOS, TTL compatible).

04 - Two to four digit type number, indicates theeygf circuit or gates with IC. 04 = Hex (6 per
IC) Inverters.

N — One or two letter code for package type, e.g.INP - Dual Inline Package. The codes used
vary between manufacturers, but package detailssarally included on the IC datasheet.

Fig. 3.1.1 Logic IC Device
Numbering

Compatibility between Logic ICs

The use of a single family within a circuit desigith direct connections between ICs enables
circuit designers to produce circuits consistingniyaof ICs, with few extra coupling or biasing
components. This greatly reduces the componenttaafua circuit, which among other benefits,
reduces size and increases reliability.

ICs of a particular family generally use a commeaohnology, but ICs in other families, using
different technologies, usually have different ihpand output requirements, different supply
voltages, and other parameters that affect thetdital ICs. Making direct connections between
ICs of a single family or sub family is usually yesimple. ICs of different families can sometimes
also be directly connected together, but may regemme extra circuitry at the interface of the two
IC families to maintain compatibility.

Why these different families exist dates back ® 1860s when groups of logic ICs using different
technologies first became available.

Scale of Integration
RTL (resistor-transistor logic) and DTL (diodesissstor logic), successfully used in early
computers were superseded by TTL (transistor-tsémrsilogic), which became the dominant
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technology. However as these ICs developed, atdssSSI (small scale integrated) devices, with
just a few transistors per chip, and then as M&djom scale integrated) devices with 100 or more
transistors, a problem arose that as more gateist@nefore more transistors) were packed into a
single IC, the scale of integration would be lirditey the power dissipation of the device.

Although each gate only dissipates a few milliWgatitee heat generated within a single large-scale
integrated (LSI) circuit containing tens of thoudarmf transistors could potentially quickly destroy
the IC.

It was therefore necessary to develop gates witthnhwer

; / : 1] [13] [12] [11] f1o] [o] [e]
power consumption, so in the 1970s a series of CM Voo |f | @
(Complimentary Metal Oxide Semiconductor) ICs, edll
the 4000 series was developed, in which the po @ @
consumed by each gate was about 1/106Dthe power Vss
consumed by a similar TTL gate, making very largales “—'4;11 Smoms E—ANG 7]
integration (VLSI) with millions, and more recenthllions
of transistors per chip possible. CMOS chips wése more ch ol o] [11] ol [o] [s]
flexible in their supply voltage requirements, wiok from @
supplies between 3V to 18V, compared with the TI1
requirement for supplies of 5V +/- 0.25V. This m&MOS @ @ Gnd
devices ideal for battery operation. However theespat (7 [2] T3] [4] Ts] [6] [7]
which these early CMOS devices operated was abOut 7400 TTL NAND
times slower than TTL. Fig. 3.1.2 Original CMOS and

TTL Pinouts for Comparable

These two logic families were not readily compaijkdpart
NAND gate ICs

from the differences in supply voltage and spekey tvere
not particularly pin compatible, as illustratedrig. 3.1.2 so
TTL chips, even simple ICs with the same types afeg as CMOS, could not be directly
interchanged.

Power vs. Speed

Ideally logic gates should be able to change stateediately and consume little or no power.
However the laws of physics, as presently undedstsay that this is not possible. All electrical
circuits must consume some power, and any chantpe inoltages and currents in that circuit must
take at least some time.

Chip designers therefore had to try and recontigefact that higher speeds meant more power
consumption, and so some families developed, ugmignum speed whilst others were developed
to use the minimum of power.

CMOS (Complimentary Metal Oxide

Semiconductor) chips, designed ft e
minimum power, got faster and TTI :
families, using bipolar transistors fo‘“BU ﬁﬁﬂgﬂ?
optimum speed, were developed th E‘“—’ cMos___
not only increased speed but al«g20 _ _
reduced power consumption. 5" e | LS I
As the overall performance of thes% 8
families increased they also becan @ 4
more compatible. The increase i 4 . ALS :
1000 x FAST
portable (battery powered) electron 2 S OWER!
devices along with the ability of chif 1 REDUCTIQN ECb
manufacturers to make the compone ;o hoo? T % % @ 6 O T 50 A
parts of ICs much smaller also mea Power Consumption per gate (mw)

that power could be reduced and speed g 3.1.3 Logic Families Power vs Speed

DIGITAL ELECTRONICS MODULE 03.PDF 3 O E. COATES 2007-2014



www.learnabout-electronics.org Digital Electronics Module 3

increased.

Some of the main TTL and CMOS sub-families cursemtluse are compared in Fig. 3.1.3. Note
how CMOS speed has been increased and power redittethe introduction of the 74HC (High-
speed CMOS) although (as the laws of physics denaogver consumption still increases, as the
frequency at which they operate increases.

Because CMOS and TTL families can now operate atilai speeds and similar power
consumption, the 74HCT (a CMOS sub-family compatibith TTL pinouts and voltage levels)
now makes it possible to easily interface both f@siwithin in a single design, so enabling the use
of the best features of each family.

74HC (and 74HCT for interfacing with the larger 74Tfamilies) are now recommended for most
new designs.

The ECL Families

The ECL (Emitter Coupled Logic) families, origindtm the late 1950s and remain the fastest chips
available, but consume more power, and becauseugeegn negative power supply (of -5.2V) have
been difficult to interface with other families. i§hhas changed with the introduction of PECL
(Positive ECL) using a +5V supply, and LVPECL (Lovoltage Positive ECL) using a +3.3V
supply. This now offers the opportunity of usingked CMOS and TTL families at various power
levels for logic operations and interfacing withlEfor high frequency digital communications.
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Logic Technologies
P —— — Small and medium
o StUcyIng this section you shou scale (SSI and MSI)

be ableto: . oy
Ui Mt et NV Logic IC families are
nderstan Ow LOgIC gates OrK. Currently made in a

What youw’ll learn in Module 3.2

« CMOS, TTL and ECL. wide range of sub-
« Supply voltages. families and a variety of
« Propagation delay. package types, using

three basically different
technologies:

Fig 3.2.1 Typical Logic IC
Packages

* TTL (Transistor Transistor Logic)
* CMOS (Complimentary Metal Oxide Semiconductor)
* ECL (Emitter Coupled Logic)

TTL

TTL gates use a 5V (x0.25V) supply, and are capable
high-speed operation. Over 600 different logic ke
available, covering a very wide range of digit
functions. Due to the use of bipolar transistorsl. has
much higher power consumption than similar CMC(
types, when working at relatively low frequenciés
the frequency of signals handled increases howévisr,
difference decreases as the power consumption
CMOS increases and TTL power consumption reme B T
nearly constant.

Operation

Notice that this circuit looks similar to those fmlin
analogue push pull amplifiers, except that thesisiors
here are driven either into cut-off or saturatioather
than working in their linear operating conditionlsé,
being constructed within an IC, it can use a devioe
normally found in conventional analogue amplifiexsnulti emitter transistor.

Fig. 3.2.2 shows a typical schematic for a TTL NANate. R1 is a low value resistor (about 4K)
and as the base current of T1 is small, the bakkageois about +5V. If both emitters of T1 are at
logic 1, (also around +5V), there will be verylétpotential difference between base and emitter,
and T1 will be turned off. As T1 is not conductintg, collector will also be at about 5V, and due to
this high potential, T2 base will have a highergmbial than its emitter, which will cause T2 to
conduct heavily and go into saturation.

Fig. 3.2.2 Schematic diagram
of a TTL NAND Gate

T2 collector will therefore fall to a low potentjand the emitter voltage of T2 will rise due te th
current flow through R3. The voltage across R3 wdé to a sufficient level (about 0.7V) to fully
turn on T3. As T3 saturates, its collector voltagk fall to about 0.2V, thus giving a logic 0 stat
at the output terminal.

T4 emitter voltage is made up of T&g/(about 0.2V) plus the forward voltage drop acrbDds
which will be about 0.7V, giving an emitter potetof 0.2V + 0.7V = 0.9V, the same as its base
voltage.
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The base potential of T4 is made up of T3 basefempotential e (about 0.7V), plus the
collector/emitter, potential (3) of T2, (about 0.2V), giving a base voltage for Gdabout 0.9V.
Therefore the base and emitter voltages on T4@eaimately equal, so T4 will be turned off.

With BOTH input terminals at logic 1 therefore, thetput terminal will be at logic 0, the correct
operation for a NAND gate.

If either one of the inputs is taken to logic O lewer, this will make T1 conduct, as the emittet tha
is at logic O will be at a lower voltage than tlsapplied to the base by R1. This will cause T1 to
saturate, taking its collector to a low potentlak$ than 0.8V) and as this is also connected to T2
base T2 will turn off, making its collector voltagad T4 base voltage, rise to very nearly +Vcc.

As virtually no current dg) is flowing through T2 collector/emitter circugractically no voltage is
developed across the emitter resistor R3, redutase voltage to 0V, and so T3 is turned off.
However, sufficient current will be flowing out tiie output terminal (feeding the next gate input
circuit) to cause T4 emitter to be held at abodW¥4.This is 0.9V below +Vcc, made up of the
voltage across D1 (0.7V) plus the saturation vet&ge of T4 (0.2V). This places about 4V or
logic 1 (between 2.4V and 5V) on the output terrhina

x:ﬁ 0 Vee

CMOS . ) 3 to 18V
CMOS ICs can operate from a wide range of suppltages P type| P type
(typically 3 to 18V, and lower with some sub famd), with '| [ Tat
very low power consumption. The name CMC |—I — 0”;9“‘
(COMPLIMENTARY Metal Oxide Semiconductor) is use Tl 12 o
because opposite types, both P type and N type NEDSEre input D3 5
used in the construction of these gates. Fig 3sh@wvs a é ME—N type
theoretical schematic circuit for a NAND gate. %D TE]
Operation '"E“t}m % —N type

. . o —
T1 and T2 are P type MOSFETs and either of thesesistors T4
will be turned on when logic 0 is applied to itsegal3 and o
T4 are N type MOSFETs and either of these transisiall Protection & ov
be turned on by applying a logic 1 to its gate. Diodes

T1 and T2 are connected in parallel from supplthewoutput 9 3-2-3 CMOS NAND Gate

X, so switching either of them on will result inagic 1 at output X. Table 3.2.1 CMOS NAND tion

T3 and T4 are connected in series between X angndrso when Ptype  Ntype
both are switched on, a logic O will appear at au. The eventual LSRN SR IR IR NP
logic state at X depends of course on the on orstdfe of the| 9|0 |ON | ON | OFF | OFF | 1
combination of all four transistors, and these @atrolled by the o To Tor Tore T

0

logic states applied to the inputs A and B as carsden in Table §:F Eii 2: g;F
3.2.1.

Input A controls T2 and T3 so that when logic @jplied, T2 is on,
and T3 is off. Logic 1 on input A reverses this dibion.

Input B controls T1 and T4 so that logic 0 appliedB turns T1 on
and T4 off. Logic 1 on input B reverses the coaiti

- |- o
o =

Anti-Static Protection

Because MOSFETS, have a gate that is insulated tlenransistor’s
conducting channel, they can also be called Insdlabate Field
Effect Transistors (IGFETs) and have practicallyaworent flowing
into their inputs, therefore any high voltages tliestatic electricity
are not reduced by current flow so can easily dgstine very thin
insulating layer between the gate and the condyatirannel of the
transistor. To minimise such damage and protecg#tes from any

Fig. 3.2.4 Anti Static
Packaging
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high voltage static electricity spikes that may egpacross the IC during handling, CMOS ICs
should always be stored in anti static packagimgl bandled in accordance with manufacturers
handling procedures.

To protect the ICs from high voltage spikes wherringuit, protection diodes (see Fig. 3.2.3) are
used at the gate inputs.

Protection diode D3 is connected between inpuhd 8Vcc so that if any voltage higher than Vcc
appears at input A, D3 will become forward biased eonduct, limiting the input voltage to +Vcc.

Similarly, if a negative voltage appears at inputD¥ will conduct, limiting the input voltage to no
less than OV.

Input B is protected in a similar manner by D1 @@l Note however, that although the diodes
offer protection, it is still possible that veryde static voltages may still damage these devames,
anti-static precautions should always be used vilaewlling CMOS devices.

Capacitance in CMOS devices

Because CMOS transistors are IGFETs with insuldaggrs between electrodes, they naturally act
as capacitors. The value of these capacitors t®wfse small because the electrodes either side of
the very thin insulating layer are extremely smilbwever the combined capacitance between the
various sections of the several IGFETs that makeaUpMOS gate, added to any capacitance
between lead-out wires etc. is sufficient to hawesHiect on the overall gate performance. When a
change in logic state occurs, ideally it should ptate its transition from O to 1, or 1 to O
immediately. However because of the gate capa@tand internal resistances that are present, the
change cannot happen in less time than the CR d¢onstant of the circuit. The output of a gate
cannot complete its change until the input has deteg its transition, and the output must
similarly take some additional time, before reaghis new value.

Propagation Delay

Any gate introduces some delay between when itgtiopanges {>5
and when a resulting change takes place at itsuaudfhis is INVERTER
called the propagation delay of the gate, and idem# of two,

often different delays, as shown in Fig. 3.2.5 gsa simple INPUT
inverter gate as an example. SU

The High to Low Propagation Timep(t) measured from the
time (usually in nanoseconds) when the input rses the 50% —
level to the time when the output falls past thécSlevel. A . ouTPUT /
similar, but usually longer delayp(t;) is measured from wher /

the input falls past the 50% level to when the autjses past
the 50% level. Therefore the average propagatidaydsf the
gate is:

- i g

PHL tF'i-H

(t tpn) / 2 Fig. 3.2.5 Propagation Delay
PHL +tPLH

Typical average propagation delay for a 74HCO4 iteves about 8ns.
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ECL

Because the early designs of ECL ICs needed aineg " _ o
supply voltage of -5.2V they were not particular ov
compatible with either CMOS or TTL circuits, eve “3[T] RS ﬁ“"
though, like TTL, they use bipolar transistors. Heer
there are now newer ECL sub families available tisat
positive supplies such as PECL (+5V) and LVPEC .
(+3.3V). Although the supply voltages for these E( output T2 T6  OR

gates are now more compatible with CMOS and T~ ' output
the logic levels used in ECL are quite differeniotber @ o1

logic families. ECL is extremely fast in operatianth | T 4™
propagation delays of less than 1 nanosecond alaila |

ECL was extensively used in early super computars, ]m Hm Hm []Rs ce
because of its high power requirement (up to 40nan

gate) fell out of general use. Today modern ECL < | ™" | & 5.2V
families such as PECL or LVPECL are now mainly useu '

for interfacing CMOS or TTL digital systems to high  Fig 3-2.6 ECL OR/NOR Gate
frequency signal communication (up to several Géiuits. The two opposite logic state outputs

(Vout and Vout ) means that the ECL OR gate illustrated in Fig.@can operate as an OR gate or

a NOR gate and also makes ECL for interfacing witferential (two conductor) transmission lines
possible. This method of transferring high-speegitali data uses a pair of high frequency anti-
phase signals as a method of cancelling out eleetgoetic interference that may be picked up
during transmission

Operation

The basis of the ECL circuit is a differential arfipt (T3 and T4 in Fig. 3.2.6), which is ideal for
high frequency use and reducing noise on the ambliSignals. This amplifier compares the
voltage at the inputs (the bases of T1 and T3) wittteady reference voltage produced by T5, D1
and D2. To avoid any delay caused by the transissaturating, the differential amplifier is
designed to always be in a linear amplifying mageyroximately half way between saturation and
cut off.

The voltage change between logic 1 and logic Oeisvben —0.9 and —1.75 respectively. Power
consumption is considerably higher than CMOS or BEcause the transistors in the differential
amplifier are always conducting, rather than switglon and off as in TTL and CMOS.

ECL and PECL use differential transmission, a jphiconductors with opposite polarity signals,
along which data can be transmitted for around 50he technique reduces interference in the
transmission lines when passing data from onealigytstem to another, and was used in many data
transmission links in computing up to the 19904, fbumany uses, such as USB, HDMI etc. ECL
has now been largely superseded by LVDS (Low VeltBgferential Signalling), a CMOS based
high frequency digital transmission system. Thistey uses much less power than ECL and can
transfer data over distances of up to 10m at aofegeveral hundred Megabits per second.
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3.3 Logic IC Parameters

What you’ll learn in Module 3.3

After studying this section, you should
be ableto:

Define 1 and 0 logic levels used in
common logic families.

e LSTTL
* HC/HCT
* ECL/ PECL

Understand common terms relation to
logic gates.

* Noise Margin.
* Sinking and Sourcing.
* Fan out (AC and DC).

» Mixing Logic Families.
* Logic Level Translation.

 Minimising Power Consumption.

Examples of typical logic levels at inputs ar
outputs in a range of logic families ai
illustrated in Fig. 3.3.1. These levels are fait
standard throughout a particular famil
although there can be minor differences in the
and other parameters, between products fr
different manufacturers. In addition there are <
families within these families that may ha
different defined levels. When designing digit
circuits, or replacing ICs in critical equipmerit,
is therefore essential to consult the appropri

manufacturer’s data sheets.

Logic 1 levels for inputs and outputs are shov  ov
in red and logic 0 in green. To highlight the fa -
that true ECL gates, have negative logic leve -0.81v

these colours have been changed to yellow | miuu

blue respectively.

Notice that the logic levels for outputs (le
column) and inputs (right column) in all of th
families are different. This ensures that provid
that the output voltage of a gate is within i i
defined logic limits for 1 or 0, any compatibl
gate input connected to that output w
recognise the correct 1 or O
difference between levels at the output and in|

levels. TI

Logic 1 and Logic O

Logic 1 and Logic 0 are not simply 5V and OV or eWw&c

and Ground. Within any family of ICs the voltagesda
currents indicating 1 and O cover defined rangaquanto

that logic family. The range of voltages allowent fa

particular logic level depends on the amount ofrenir
flowing into or out of the logic gate inputs or put, the

larger the current the output is supplying, the dowhe

output voltage will be.

Each output will supply a certain amount of currbetore

the output voltage falls too far to be called logji@and each
gate input will need to be supplied with a cer@amount of
current to raise the input voltage sufficiently tme

recognised as logic 1.

5.9V

0.1V i
oV gip P,

INVALID

-5.2V "

in any particular family is called the ‘Nois OIP P R TT M TR

Margin’.

ECL PECL LS TTL
Fig. 3.3.1 Logic Levels
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Noise Margin

Because voltages in digital circuits can be comiiyuchanging very rapidly between logic 1 and
logic 0, (virtually between supply voltage and grdy they have the potential to produce a lot of
noise, in the form of high frequency voltage spikaghe IC power supply lines.

To counteract this it is important to include etfee
decoupling, not only at the power supply unit, higo @

OV connections at each IC. These capacitors §
normally connected as physically close to the IC ¥
possible, as shown in Fig. 3.3.2.

Despite these measures, it is possible that sornse
will remain that could disturb the logic levels difjital §
signals. However logic ICs have a built in ‘Nois

Margin’, illustrated in Fig. 3.3.3. This is the fifence
between the worst-case voltageo( for logic 1 at the
output, which is 2.4V in the case of 74HCT, and the Fig. 3.3.2 Logic IC Decoupling
minimum voltage required for logic 1 to be recoguist

the input (Mu), 2.0V in 74HCT. This difference (0.4V
should be enough to ensure that noise does no¢ eawsong V,, 2.4¥
logic level to be seen by the 74HCT input; a simitaise
margin is provided for logic 0 (M-VoL) as shown in Fig.
3.3.3.

It can be seen from Fig. 3.3.1 that different lotamilies
have very different noise margins. The CMOS 74H@ge
have a much wider noise margin than LS TTL or tig T o 0.
compatible 74HCT series, making them much morerdate ov Worst Case
of noise. This is because the CMOS outputs are albyn O/P IIP Logic 0 Output
driven very close to M or OV as very little current is drawi 74 HCT

from a CMOS output to drive any CMOS inputs coneddb
it.

Worst Case
Logic 1 Output

NOISE MARGIN

| NOISE MARGIN

Fig. 3.3.3 Noise Margin

Minimising Power Consumption

In both CMOS and TTL ranges it is important tha dentral (white) range of voltages in Fig. 3.3.1

is avoided as much as possible. This is done hyrigrgsthat switching between 1 and 0 is as fast as
possible. If the IC is operating within the ‘invdilirange’, power consumption increases

dramatically. When the output voltage is closehe supply voltage, current is almost zero and
therefore power (V x 1) is very low. Similarly whehe output is close to OV but maximum current

is flowing, V x | is again very low. Power consunagpt is at its highest when both voltage and

current are around the mid range, and operatind@ken this range would substantially increase

the heat dissipated by the IC.

However, any unused inputs on CMOS ICs will tendldat to a mid voltage level, causing power
dissipation to increase. To avoid problems withafilog CMOS inputs, they should therefore be
connected to either supply or ground, either diyeat via a resistor, so they are not allowed to
‘float’ and cause excessive power consumption. Thisot absolutely necessary, (though good
practice), with TTL ICs as any unused TTL inputd float up to logic 1.

Notice that ECL/PECL gates operate exclusively hirs tmid range area; this is why power
consumption in these families is higher than in TOFLCMOS. However the close proximity of the
logic 1 and logic O values in ECL allows for mucigter switching speeds. This operation also
gives ECL a much narrower noise margin however,ingathese chips more susceptible to noise.
This was the reason for the original ECL family imgvits positive supply tied to 0V, which is
generally less noisy than sharing a positive supjitly many other ICs.
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Mixing Logic Families

The differences in the output voltage and/or curtevels for TTL and the CMOS gates can affect
circuit operation if both bipolar and CMOS logiafdies are used in the same circuit (e.g. LS TTL
and HCT or CMOS), or if an older TTL IC is repladeg an ‘equivalent’ HCT chip during repairs
or upgrading.

When mixing logic families it is important to carsinput and output specifications such as those
listed in Table 3.3.1 to ensure that the input amighut conditions are compatible. The data in Table
3.3.1 shows typical input and output values foiiddgmilies, but particular ICs within a family or
sub-family, and ICs from different suppliers willffdr. The only way to be sure of complete
compatibility is to consult the appropriate mantfiaers data sheets for the ICs concerned.

Generally TTL outputs will interface to other TThrhily inputs, and to 74HCT, which has TTL
level inputs and CMOS level outputs. The 74HCT atgpwill interface to CMOS inputs provided
both ICs are working from a common g/supply. This should not be a problem with the 74HC
series, as it will operate on 5V supplies.

Connecting a TTL output to a CMOS HC input may wdrRTL input is not heavily loaded. A
problem occurs however when more current is soupgetie TTL logic 1 output. Its output voltage
(Vown) depends on the current being drawn from it andl wary from around 3.3V with no load
current, down to about 2.4V when the output is siogr around 400A. As the HC gate input
requires a minimum input voltage (Y of 3.2V there is a chance that at some outputeatir
between 0 and 4Q@ the TTL output will fall below 3.2V, and fail tbe recognised as logic 1 by
an HC input using its maximum supply voltage of 1&ven if the HC supply is reduced to 4.5V
there will still be a chance of mismatch.

Vee

The remedy is to fit a pull up resistor from thelTdutput to Vcc as
shown in Fig 3.3.4, which will increase the TTL put voltage (\bn)
sufficiently to ensure correct interfacing. Theuelof the resistor should
be between 1K and 2K ohms, depending on the Fafaotdr of the TTL
gate and the number of gates being driven, thedesent the output is
sourcing, the lower the value of pull-up resisteeded.

Fig. 3.3.4 Interfacing

_ TTL to 74HC
Level Translation

With the older +5V TTL and +3V to +18V
4000 CMOS families the logic levels mu: Logic
be shifted considerably. For this purpose ISR, Output Input

Table 3.3.1 Typical Input & Output specifications

level tranS|at0|j IC such aS. the '\/lC:|.450Z LS - Vo 24V | log 400uA | Vi 20V 1y 20pA

from ON Semiconductor will provide leve @ &s:" <o VoL 04V | lo, 8mA Vi 0.8V I, 400pA

shifting for up to six ICs with ¥c or Vpp at Vermgy | YerddV | o dmA Vi 3.2V It TPA

any value between +0.5V and +18V. A > VoL 01V | o 4mA Vi 2.8V I 1pA

alternative solution to level translation is f Voozgy | You59V | losdmA | V20V | Is 1WA
o=

use Open Collector ICs. Vo0V | lo 4mA Vi 08V b 1pA

ECL to TTL interfacing is carried out by ICs suchthe MC10ELT25from ON Semiconductor.
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Sinking and Sourcing Gata 1]
Because the output circuits of logic gates arepe tyf g,/ |
push-pull or ‘Totem Pole’ output with only one ¢ two ON_T! Lé?ﬂ:ﬁ.:
output transistors conducting at any one time, wien Current
output terminal is at logic 1 T4 is turned on theput i
terminal of Gate 1 will supply (or SOURCE) curretia
T4 and D1 to the input of Gate 2. This will causgeg2
input to also be at its logic 1 state as shownign 8.3.5
(a).

When gate 1 output is at logic 0, T4 is turnedaoftl T3
is turned on, and output current will now flow ihet
opposite direction, from the input of Gate 2 in Bi§.5
(b) and via T3 collector and emitter to groundstisi called SINKING the current.

Gate 2 Gate 1 iGate 2

o
Vee

(a) Sourcing (b) Sinking
Fig.3.3.5 Sinking and Sourcing

When a LS TTL gate output acts as a source, a mawisource current of -40@. is available to

be drawn from the output terminal. Note that theumsisign used in this case signifies a current that
is flowing FROM the gate output. When the outpusiisking current, the LS TTL gate is able to
sink 8mA. Notice the sink current has no minus sigrit flows into the output terminal.

Fan Out

A standard LS TTL gate is therefore able to sifktitnes the
amount of current it is able to source. This ragtween sinking
and sourcing current is typical with bipolar gatéfie above

Table 3.3.2

conditions mean that the output of a standard L& §ate is ane

capable of driving up to 20 LS TTL inputs withot$ ioutput |  oyos 4000 10
voltage falling below the minimum specified for iod.. This is o Virtually
described as a FAN OUT FACTOR of 20, but each |éamaily . ;rneizntzt:na;tl :;w 20

has its own particular ratio of sinking to sourcmgrents, so the
fan out factor of 20 is only correct where a staddss TTL gate is driving one or more gates of the
same (LS TTL) family.

Because gates of other families have differenttiama output currents the actual fan out factol wil
be different when logic families are mixed withirciacuit. For example, Table 3.3.2 shows how
mixing LS TTL and CMOS HC gates affects their fan factors.

A 74HC output can feed up to 4000 74HC inputs, beeahe input currents of 74HC gates are
extremely low, but only 10 74LS TTL inputs.

A Standard LS TTL gate output can drive up to 20T0% inputs, but one LS TTL gate output can
drive a virtually infinite number of 74HC CMOS gatbecause of the low current requirement of
74HC CMOS gates.

High Frequency AC Fan Out **

However, although a standard LS TTL output will amgmtly feed an infinite number of 74HC
inputs (** in Table 3.3.2), but at high frequenciesiditional limits need to be considered. Each
CMOS input and output has a capacitance of sepérahnd if a CMOS output is to feed a number
of inputs, the individual input capacitances areffiect connected in parallel (and so add) to farm
larger capacitance across any output driving th€OSNhputs.

The effect of this capacitance, as well as any @dtgpae due to connecting lines on the printed
circuit board will combine with the output impedancf the gate to form a low pass filter. The
effect of this filter will be to remove some of thegher frequencies in the signal, increasing rise
and fall times, lengthening propagation delay aatemtially causing timing errors in the system,
therefore large fan outs are best avoided. Thefsetefmake the design of high-speed digital
systems similar in some respects to high frequeREycircuits where stray capacitance, cable
routing and interference play a large part in tineudt design.
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Vece
What youw’ll learn in Module 3.4 - R2 ﬁ +5V

External
+V

After studying this section, you should be able
to:

Understand the need for Special Purpose Logid|
ICs.

>

* Open Collector Gates. B T -

 Wired Logic Functions.

» Negative Logic.
R3 m

 Buffers.

=)
Fig. 3.4.1 Simplified circuit of
an Open Collector NAND Gate

* Schmitt Gates.

Open Collector Gates

Fig. 3.4.1 shows the internal circuit of an opetlecbor NAND gate. The grey area illustrates a
single gate within an IC. Instead of the normal€éhotPole output stage, the single output transistor
T3 has its collector brought out to an external, pihich can be connected to an external power
supply, at a different voltage to the ysupply of the IC, via an external load resistegxR

In Fig. 3.4.1, when both inputs A and B are atdo@j the high voltage applied to T1 base will
cause it to turn on, so that T1 collector will gaear OV and T2 will turn off.

As T2 is off there will be virtually no current thugh R3 so the voltage at T3 gate will be around
0V. T3 will therefore be turned off and the extdrpall up resistor Rxr will pull the collector
voltage of T3 up to +V, which will be at the val@hic 1 level of the next gate.

Logic Level Translation

Open collector and open drain gates can therefereskd for changing the levels of an output to
match the higher or lower logic levels of an input a different family of gates, when gates of
mixed families are used.

Open collector gates can be used with externaéctlt \i.c supplies having a voltage typically
somewhere between +1.5V to +5.5V for logic gatadfds ICs are also available that can operate
on collector \&c supplies up to +30V. The maximum value of colleatoltage is set by the 34
parameter of the open collector gate.

Wired Logic Functions

Open collector ICs are available in most of thaddgpes, AND, NAND etc, with the exception of
OR gates. However open collector gates can be tsedake both wired AND and wired OR
functions as shown in Figs. 3.4.2 and 3.4.3. Thpuws of gates without open collectors must not
be connected together, because if the outputs happee at opposite logic states, the gate with a
logic O output will try to sink more current thametlogic 1 gate can source, and damage will most
probably occur. However with open collector (oridyagates, a gate output at logic O will be
sinking current drawn from the external pull upise® Rexr, and any other connected open
collector gate trying to output a logic 1 will haite output transistor turned off and so will na b
sourcing any current.
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Wired AND +V
If two or more open collector gate outputs are ewted
together,_anyate with a logic 0 output will pull all other Rexr

connected outputs to logic 0, giving an outputogfi¢ 0 at A O
output X, but if_allthe connected outputs are at logic . B~
then X will be at logic 1, the action of an ‘in\aé¢’ AND Cc O
gate. D

X=A-B-C-D

Fig 3.4.2 Wired AND Function
Wired OR

It is also possible to implement a wired OR funetiesing

open collector (or drain) gates as shown in Fig.33.although

the explanation here is a little more complex amvblves R
using Negative Logic. -
The circuit in Fig. 3.4.3 is used to obtain the Bam function g— Q
(A<B)+(C+D) without using a physical OR gate. c_
Notice that the circuit in Fig. 3.4.3 is similar tbe wired - Q
AND circuit in Fig. 3.4.2, except that the two opeuwllector

AND gates have been replaced by two open colledfaxD
gates.

+V

Fig. 3.4.3 Wired OR Function

The main difference with this circuit however isitho obtain an OR function from what appears to
be a wired AND function, Negative Logic is applied.

Negative Logic

In Digital Electronics it is usual to explain theevation of a circuit
theoretically in terms of 1 and 0, but the actuateg are really jusi
specialised analogue circuits. As explained in Med&i3, the outputs
normally thought of as 1s and Os are really ramjesItage and current, +5V
1 and 0 are no more than convenient names givéimese voltages anc
currents. It is also usually assumed that logieférs to the higher of the =
two voltage ranges — but that need not be so! ligiz 1 is normally the — Logic0
active state of an output, and logic O is the inacstate, but this is no
always what is required.

CURRENT

ov

For example, the source current available from penocollector gate Fig 3.4.4 Active Zero

output when it is at logic 1 is very small, comphte the current the gate
will sink when its output transistor is turned gnjing an output of logic 0.

It is quite reasonable therefore, to drive som@uiutlevice, such as a lamp or relay for example,
using the higher current available from a logicu@pait, as shown in Fig. 3.4.4.

In negative logic it is assumed that the activdesia the_low

voltage state and that this is called logic 1. Whé does to the Table 3.4.1
famlllar truth _tables used in positive Ioglc_ is eplace a_II the e 4204 OR
logic 1s (previously assumed to be the active pstat#h logic Os with Gate with
and vice versa. Positive Negative
The effect of this reversal of logic states cansken in Table Logic LOPiC

3.4.1. The X column for the positive AND gate isvasuld be A B X A B X
expected; a logic 1 when both A and B are 1, otlsniogic Os.
However using negative logic on the same physiddDAgate,
simply swapping the 1s and Os in both the input aotput
columns has changed the X output column from tBeeand a 1,
to three 1s and a 0, so that X = 1 whenever A @& B The AND
gate has been transformed to an OR gate!

= |= oo
- |o|=|o

= (O |O (O

0O (= O | =

OO | = (=
) (= | |-
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Using negative logic will change the function ofyaf the six two input logic gates, if you want to
see what happens, try re-writing the truth tabbesAIND, OR, NAND, NOR, XOR, and XNOR in a
similar manner to Table 3.4.1. However, negativgidas not widely used and so unless a logic
circuit is actually described as using negativadol can be assumed that positive logic is being
applied.

Negative Logic and the Wired OR Circuit

Fig. 3.4.5 shows how the wired AND circuit showrFig.
3.4.2 is made to work as the wired OR in Fig. 3.418 only
physical change is that the two AND gates have beglaced
by two NAND gates; this has the effect of invertthg inputs
of the ‘invisible’ wired AND gate. According to Ddorgan’s

Theorem, this has the effect of converting an ANiegnto a
NOR gate.

To implement negative logic however, and changerttisible

V

X= (AsB)+(C-D)
Negative
Logic

—0

OR O—

—o

AND gate to an OR gate, both the inputs and thpuistmust
be inverted, changing all the 1s to Os and Os tdlis
inversion ‘bubble’ is shown at the output of theet OR gate
because the active state of the output is choska tbe low
voltage output normally called the logic O inactstate, but now using negative logic as shown in
Fig. 3.4.5, the low voltage output is considereti¢dhe ‘active logic 1’ state using negative logic

Fig. 3.4.5 How the Wired OR
Circuit Works

If positive logic is used however, and logic thesleoltage output from the invisible wired AND
gate called the inactive logic O state, the outifube wired gate is logic of the circuit is thdtao
wired NOR gate.

Buffers

Buffers in digital electronics are special gatesented between
one circuit and another to reduce any unwantedraoten

between the two. The gates in buffer ICs typicdlpve high
impedance inputs and low impedance outputs, gilanger fan

out factors than standard gates. Another commonsuseenable

]
=
=]
2]
a
=]

<
[=]
2]

&
7

=
&

@
3
a

T 2] (2] 4] (5T (6] (7]
1 1 1 1 7403
a _Ioglc circuit having a Iow_voltage_a_lnd/o_r low @nt output to 7l il 2l L ol o [
drive a circuit or output device requiring higheltage or current v, L@;I |_|§;I |_|§;|
than is available for standard logic ICs. D

@
=]
o

N7
g
kg

Open Collector Buffers

Typical ICs using buffered output gates are showifrig. 3.4.6.
Buffered inverters and non-inverters are common, thare are
also gates with other logic functions that havefdretl outputs,
including some open collector gates, such as thCB8 Quad 2
input NAND with open drain from NXP Semiconductors.

Open collector buffers such as the SN74LS06 Hexeriev
buffer/driver IC, and the non-inverting buffer DMYA from
Texas Instruments, allow devices such as lampsomncand
relays for example, that normally require higherrents and
voltages, to be driven directly from a low voltdggic circuit.
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Fig 3.4.6 Open Collector/Drain
Buffer ICs
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Schmitt Gates

The digital signals processed by logic gates neduave fast rising and falling

edges. Taking too much time to change logic staesnding too long in the

‘invalid’ zone between states, can cause unrelidgie levels, timing problems

and excessive power dissipation, even shorteniadifén of logic ICs. Standard

gate inputs change from 0 to 1 or 1 to O at a geltaf about 2.0V. If there is any
noise on the input signal, it may be rapidly chaggts voltage above and below
this level, so causing the gate to rapidly chartgéesf the noise exceeds the -
noise margin. These rapid and uncertain changéseigate’s input circuit will

also cause the output to oscillate between 1 anch@smitting the problem to
any subsequent gates in the digital system. Fig. 3.4.7

To avoid these problems, gates with Schmitt ingutsh as those shown in Fi¢ Schmitt Gates
3.4.7 are often used, especially at the input ®ysiem where noise may be
expected, as signals arrive from an external source

Schmitt gates use positive feedback, which causegdte to switch between logic states extremely
quickly. They also have a hysteresis effect, whinly allows a change of state to occur as the input
voltage passes two specific and different voltages Positive-going input threshold voltagerty
and the Negative-going input threshold voltage-\V

As the input voltage passes#during a positive going transition,
the gate input changes very rapidly to its highestét then cannot V#(‘ [\ (AV ‘>
Vi) \A \u '
outr

(a)

VY

(b)

(c)

return to its low state until the input voltagedab the lower level of @
a

V-
This action has several beneficial effects on paput signals, as
illustrated in Fig. 3.4.8. N "*’W“l iw“%lﬂv
Ve | T
(a) It can be used to change slowly changing sigteasquare _ . ®
waves having very fast transitions. out
(b) Noise can be removed from signals, provided the S
amplitude of the noise is not greater tany. Ny ﬂm'* o
I —! C
(c) Slow rise and fall times can be restored toctcally . [
instant transitions by feeding the signal througl®amitt

trigger.
Fig. 3.4.8 Schmitt Gate

Action
74 Series Schmitt Gates

Typical Schmitt Hex inverter and Quad NAND gate i@sn the 74 series are illustrated in Fig.
3.4.9.

[1a] [13] [12] [11] [r0] [o] [e] [1a] [13] [i2] [11] [1o] [9] [8]

vee vee
) 5 7y Loy
- ris;
Gnd Gnd
(] 127 27 [4] T [e] @] (] T2] [3] Ta] [T 6] [7]
7414 7415132

Fig 3.4.9 Schmitt Input ICs
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Try our quiz, based on the information you can findDigital Electronics Module 3 - Logic
Families. Check your answers dittp://www.learnabout-electronics.org/Digital/dgBhp and see
how many you get right. If you get any answers wralust follow the hints to find the right answer
and learn about logic families as you go.

1.
In the logic IC type number, SN74HCTO4N, what de kktters HCT indicate?

a) Operating temperature range.

b) Manufacturers ID code.
c) Package type.
d) Logic sub family.

2.
On DIP14 74 series ICs containing basic logic gatésch pins are commonly used for power
supply connections?

a)+Vec=14,0Vv=7
b) +Vcc=11,0vV =4
c)+Vec=7,0vV=14
d)+Vcc=4,0v =11

3.
In Fig. 3.5.1, if input A is at logic 1 and inputi8at logic 0,
what will be the approximate voltage across R3?

a) 5V
b) 2.5V
c) 0.7V
d) Ov

4.
What is he main advantage of PECL gates Over E@s@a

a) They use positive logic.

b) They can dissipate more power than ECL.

c) They use a positive power supply.

d) Their propagation delay is measured in picosgson

5.
What does the VOH parameter of a logic IC refer to?

a) The highest permissible output voltage.

b) The lowest output voltage recognised as logic 1.
c) The highest output voltage recognised as logic 1
d) The highest output voltage recognised as logic O

DIGITAL ELECTRONICS MODULE 03.PDF 17 O E. COATES 2007-2014



www.learnabout-electronics.org Digital Electronics Module 3

6.
Which of the following refers to the noise margiradogic gate?

a) The difference betweenvand Vb,
b) The difference betweenoM and Vb,
¢) The difference betweenoM and Wy
d) The difference betweeny/and M.

7.
Which of the following ICs has the largest noisergia?

a) SN74LS04n Hex inverter.

b) CD74HCTOON Quad 2 input NAND.
c) MC10ELOS5 2 input ECL AND/NAND.
d) SN7408N Quad 2 input TTL AND

8.
What logic function is achieved by operation an Aldde using negative logic?
a) AND.
b) NAND.
c) NOR.
d) OR.
9.
Refer to Fig. 3.5.2.
Which of the following input combinations will causutput X to sink AD_;(
current? B
a) A=0 B=0. Fig. 3.5.2
b) A=0 B=1.
c) A=1 B=0.
d) A=1B=1
10.

For which of the following purposes would a Schrhiiffer be chosen?
a) To provide a high output current.
b) To enable wired logic to be used.
¢) To reduce noise at the circuit input.
d) To translate logic levels when interfacing bedwéogic families.
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