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Introduction

This comprehensive databook provides information on
National Semiconductor’s advanced CMOS logic families
MM54HC/#74HC high speed, CD4000, MM54C/74C and the

many unique CMOS LSI products. The MM54HC/74HC .

family utilizes microCMOS technology to achieve the in-
put and power supply characteristics of CMOS with the
high speed and large output drive of low power Schottky.
The MM54HC/74HC family has the same pinout as equiva-
lent 54LS/74LS; in addition, many popular CD4000 series
logic functions are offered where no equivalent TTL func-
tion exists.

The MM54HCT/74HCT is a subfamily of MM54HC/74HC
offering TTL inputs. These MM54HCT/74HCT devices of-
fer convenient TTL level translation to CMOS for those
places in the system where only TTL levels are provided.

The CD4000 series is National Semiconductor’s extensive
line of CD40XXB and CD45XXB series devices. These
parts meet the standard JEDEC “B-Series” specifications.

The popular MM54C/74C series logic family metal-gate
CMOS technology is pin-for-pin and function-for-function
equivalent to the 54/74 family of TTL devices. Unique
special function LSi devices in this family are compatible
with MM54HC/74HC and CD4000 series.

CMOS LS offers the design engineer unique solutions to
achieving high density low power systems. These LSI de-
vices utilize both microCMOS silicon-gate and metal-gate
technologies to offer the design engineer the best solu-
tion at the lowest cost. '

National provides the highest Quality and Reliability in
CMOS Logic and LSI. This databook provides detailed
descriptions of Military/Aerospace Radiation Hardened
Programs, Quality Enhancement and extensive Reliability
Reports. We are proud of our success, which sets a stand-
ard for others to achieve. Our company-wide programs to
achieve perfection will continue so that customers can
continue to rely on National Semiconductor’s integrated
circuits and products.

Einleitung

Dieses ausfiihrliche Datenbuch enthalt alle Informa-
tionen Uber die modernen CMOS:Logikfamilien von
National Semiconductor, namlich {iber die Typenreihen
MM54HC/74HC, CD4000, MM54C/74C, auperdem iber

viele andere CMOS-LSI-Produkte. Die Hochgeschwindig-
keits-Logikfamilie MM54HC/74HC basiert auf der
microCMOS-Technologie, die die Eigenschaften der
CMOS-Technik in bezug auf die Stromaufnahme und das
Eingangsverhalten mit der Geschwindigkeit sowie der
Ausgangs-Treiberkapazitat von Low-Power-Schottky-
Bausteinen vereinigt. Die MM54HC/74HC-Typen besitzen
die gleichen Anschlugbelegung wie die &quivalenten
54L.S/74LS-Bausteine, augerdem werden viele Funktionen
der CDA4000-Familie angeboten, fiir die keine ent-
sprechende TTL-Ausfiihrung existiert.

Die Serie MM54HCT/74HCT ist ein Teil der MM54HGC/
74HC-Familie und besitzt TTL-kompatible Eingéange.
Daher eignen sich diese Bausteine insbesondere fiir die
Pegelanpassung zwischen CMOS-und TTL-ICs, z. B. wenn
Schaltungsteile nurin TTL ausgefiihrt werden kdnnen. Die
CD4000-Serie von National Semiconductor besteht aus
den Bauelementen der CD40XXB- und CD45XXD-Familien.
Diese Typen entsprechen den Spezifikationen der B-Serie
nach JEDEC.

Die weit verbreitete Logikfamilie MM54C/74C in Metall-
Gate-Technologie ist anschiug- und funktionskompatibel
zu den Bausteinen der 54/74-TTL-Familie. Einige LSI-
Bauelemente mit Spezial-funktionen in dieser Familie
sind kompatibel mit Bausteinen der MM54HC/74HC- bzw.
CD4000-Familien.

CMOS-LSI-Bausteine bieten dem Entwicklungsingenieur
Lﬁsungsmbglichkeiten in Form von Systemen mit hoher
Schaltungsdichte bei geringer Stromaufnahme. Diese
LSI-Schailtungen werden mit Hilfe der microCMOS-
Silicon-Gate- oder Metall-Gate-Technologie hergestelit
und ermdglichen optimale Schaltungsauslegung bei ge-
ringsten Kosten. ’

National Semiconductor kann bei CMOS-LSI- sowie
Logikschaltungen Bauelemente h&chster Qualitat und
Zuverldssigkeit anbieten. Dieses Datenbuch enthalt
detaillierte Beschreibungen der Programme fiir strahlen-
feste Bauelemente fiir Militar sowie Luft und Raumfahrt,
der Qualitatsverbesserung, auBerdam Zuverldssig- )
keitsreports. Wir sind stolz auf unseren Erfolg, der Stan-
dards setzt, die fiir andere erstrebenswert sind. Unsere
Firmenprogramme, die zum Ziel haben, Zuverldssigkeit
und Qualitdt zu perfektionieren, werden kontinuierlich
fortgefiihrt, so dag die Kunden sich auf die Produkte und
integrierten Schaltungen von National Semiconductor
auch zukiinftig verlassen kdnnen.
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Introduction

Ce databook trés complet regroupe toutes les informa-
tions les plus récentes concernant les familles logiques
CMOS de National Semiconductor, la MM54HC/74HC
rapide, la CD4000, la MM54C/74C, ainsi que de nombreux
produits originaux LSI'CMOS. La famille MM54HC/74HC,
réalisée en technologie microCMOS combine les carac-
téristiques d’entrée et d’alimentation de la CMOS avec la
vitesse et la sortance de la low- -power Schottky. La famille
54HC/74HC présente le méme brochage que la famille
équivalente 54LS/74LS; de plus, la trés populaire famille
CD4000 offre un choix de fonctions logiques sans equwa-
lenten TTL.

La famille 54HCT/74HCT, sous-ensemble de la famille
MM54HC/74HC, dispose d’entrées compatibles TTL. Ces
circuits MM54HCT/74HCT éffectuent un translation de
niveau TTL-CMOS lorsque des portes TTL attaquent des
fonctions logiques CMOS dans le systéme.

La famille CD4000 de National Semiconductor est con-
stituée par les séries de circuits CD40XXB et CD45XXB.
Ces circuits sont conformes aux spécifications standard
JEDEC ‘Série B'.

La famille logique Série MM54C/74C réalisée en technol-
ogie CMOS porte-métallique est équivalente broche pour
broche et fonction pour fonction & la famille de circuits
TTL 54/74. Les circuits LSl de cette famille, réalisant des
fonctions spéciales uniques, sont compatibles avec les
Séries MM54HC/74HC et CD4000.

Les circuits LSI CMOS offrent aux ingénieurs de concep-
tion des solutions avantageuses leur permettant de
réaliser des systémes a haute densité et consommant
peu. Ces urcuns LS| sont réalisés en technologles
microCMOS porte-snhcuum et en CMOS porte-métallique,
afin que I'ingénieur de conception dispose de la meilleure
solution au moindre colit.

National procure la meilleure qualité et la meilleure

une description détaillée des Programmes d’exposition
aux radiations dans les domaines militaire et spatial, ainsi
que des rappoits d’amélioration de la qualité et de la
fiabilité. Nous sommes fiers de notre succes, qui introduit
un standard que nous envient nos concurrents. Ces pro-
grammes de qualité sont exécutés a I'échelle de la société
toute entiére en vue d'atteindre la perfection: ils seront
poursuivis afin que nos clients puissent continuer a faire
confiance aux circuits mtegres et aux produits National
-/ Semiconductor.

fiabilité en logique CMOS et en LSI. Ce Databook fournit

Introduzione

Il Databook sui dispositivi logici CMOS della National
Semiconductor contiene informazioni, dettagliate ed ag-
giornate, sulla famiglia ad alta velocitd MM54HC/74HC,
sulla famiglia CD4000, MM54C/74C e su moilti prodotti LS|
CMOS. La famiglia MM54HC/74HC, in particolare utilizza
una tecnologia microCMOS per assommare alle caratte-
ristiche di assorbimento e di Ingresso/Uscita tipiche del -
CMOS quelle di elevata velocita e capacita di pilotaggio
della tecnologia bipolare ‘“Low Power Schottky”. |
dispositivi della famiglia MM54HGC/74HC sono pin com-
patibili con gli equivalenti dispositivi TTL; nella stessa ne
sono compresi altri che riprendono, funzionalmente, i pill
diffusi dispositivi CD4000 ove non esista un equivalente
TTL.

La MM54HCT/74HCT rappresenta una sottofamiglia della
HC, ed offre compatibilita TTL sugli ingressi. La HCT trova
ideale impiego nei sistemi ove esistano solamente livelli
TTL e si debbano impiegare dispositivi CMOS, come tras-
latori di livello. La famiglia CD4000 della National com-
prende la maggior parte delle funzioni pili diffuse sia
CD40XX che CD45XX. Tutti i dispositivi soddisfano le

specifiche JEDEC per la serie “B”.

La nota famiglia MM54C/74C, realizzata in tecnologia
CMOS “metal gate” & equivalente “pin-to-pin” e fun-
zionalmente alla famiglia di dispositivi TTL 54/74. Speciali
dispositivi LSI, compresi in questa famiglia sono com-
patibili con le serie MM54HC/74HC e CD4000. | dispositivi
LSI CMOS offrono ai progettisti soluzioni uniche per
sistemi ove sia richiesta alta integrazione e basso assor-
bimento. Questi LS| sono realizzati sia in tecnologia
microCMOS che “metal gate” per offrire sempre la miglior
soluzione ai costi pili ridotti.

La National offre la massima qualita ed affidabilita per i
suoi prodotti logici CMOS e dispositivi LSI. Questo
Databook fornisce una descrizione dettagliata dei pro-
grammi “Radiation Hardened” per dispositivi militari ed
aerospaziali, i miglioramenti della qualita oltre a completi
rapporti sull’affidabilitd dei componenti. Siamo fieri del
nostro successo che fissa nuovi traguardi, per altri, da
raggiungere. |l nostro programma, che coinvolge tutta la
societa per il raggiungimento delia perfezione elettrica &
in pieno svolgimento; con cid i nostri clienti possono con-
tinuare a riporre la massima fiducia nei prodotti della
National Semiconductor.
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MM54HCU04/MM74HCUO4 HexInverter .. ... .. ..o PR P 3-19
Latches
MM54HC75/MM74HC75 4-Bit Bistable LatchwithQandQOutput ....................... 3-59
MM54HC259/MM74HC259 8-Bit Addressable Latch/3-to-8LineDecoder .................. 3-227
MM54HC373/MM74HC373 TRI-STATE Octal D-TypeLatch . ...........ooiiiiinns. ... 3270
MM54HC533/MM74HC533 TRI-STATE Octal D-Type Latch with Inverted Outputs ............ 3-289
MM54HC563/MM74HC563 TRI-STATE Octal D-Type Latch
with Inverted OULPULS .. ..ot i i e e e . 3-298 -
MM54HC573/MM74HC573 TRI-STATE Octal D-TypelatCh . .o oo oo viiiiii i 3-304
Modems
MM74HC942 300 Baud Modem (+5, —5Volt SUPPlY) «..ovvvnevunnnnnn.. U 3-344
MM74HC943 300 Baud Modem (5 VoitSupply) . ......... ...t e e 3-350

Multiplexérsl Demultiplexers

MM54HC151/MM74HC151 8-Channel Multiplexer ....... ..., 3-118
MM54HC153/MM74HC153 Dual 4-Input Multiplexer. . .. ..o e 3121
MM54HC157/MM74HC157 Quad 2-Input MUltipleXer . . .. .o ot e e iiiees - 3131
MM54HC158/MM74HC158 Quad 2-input Multiplexer(Inverted Output) .................... 3-131
MM54HC251/MM74HC251 8-Channel TRI-STATE Multiplexer ..............covun... e 3-218
MM54HC253/MM74HC253 Dual 4-Channel TRI-STATE Multiplexer........................ 3-221
" MM54HC257/MM74HC257 Quad 2-Channel TRI-STATE Multiplexer ...........c.oovtvuenn.. 3-224
MM54HC298/MM74HC298 Quad 2-Input MultiplexerswithStorage .. ........ ... ... ... ... 3-246
MM54HC354/MM74HC354 8-Channel TRI-STATE Multiplexers with Latches ............... 3-255
MM54HC356/MM74HC356 8-Channel TRI-STATE Multiplexers with Latches ........... ... 3255
Multivibrators
MM54HC123A/MM74HC123A Dual Retriggerable Monostable Multivibrator. .. ............. - 388

MM54HC221A/MM74HC221A Dual Non-Retriggerable Monostable Muitivibrator ........... 3-192
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Multivibrators (Continued)

MM54HC423A/MM74HC423A Dual Retriggerable Monostable Multivibrator. ...............
MM54HC4046/MM74HC4046 CMOS PhaseLockLoop ...t
- MM54HC4538/MM74HC4538 Dual Retriggerable Monostable Multivibrator ................

Registers

MM8&4HC164/MM74HC164 8-Bit Serial-In Parallel-Out Shift Register ......................
MM54HC165/MM74HC165 Parallel-In Serial-Out 8-Bit Shift Register ......................
MM54HC194/MM74HC194 4-Bit Bidirectional ShiftRegister ....................... ... ..
MM54HC195/MM74HC195 4-Bit Parallel Shift Register .............. ... ...t
MM54HC299/MM74HC299 8-Bit TRI-STATE Universal ShiftRegister......................

MM54HC589/MM74HC589 8-Bit Shift Register with Input Latches and
TRI-SSTATE Serial OutpUt .. ...ttt e ettt e et

MM5&4HC595/MM74HC595 8-Bit Shift Registers with Output Latches .....................
MM54HC597/MM74HC597 8-Bit Shift RegisterswithInputLatches ......................

Transceivers/Registered Transceivers

MM54H0242/ MM74HC242 Inverting Quad TRI-STATE Transceiver .......vvievneienennnnn
MM54HC243/MM74HC243 Quad TRI-STATE Transceiver .. ......cvviiiniiiiii i annns
MM54HC245/MM74HC245 Octal TRI-STATE Transceiver . ... .. coiiii it ii e
MM54HCB640/MM74HC640 Inverting Octal TRI-STATE Transceiver ..........ccovvvveninnn
MM54HC643/MM74HC643 True-Inverting Octal TRI-STATE Transceiver ....................

MM54HC646/MM74HC646 Non-Inverting Octal Bus Transceiver/Registers. .. .............. ’

MM54HC648/MM74HC648 Inverting Octal Bus Transceiver/Registers . . .. .. EEREEEERERRE

Section 4—MM54HCTIMM74HCT Data Sheets

Arithmetic Functions

MM54HCT521/MM74HCT521 8-Bit Magnitude Comparator (Equality Detector) .............
MM54HCT688/MM74HCT688 8-Bit Magnitude Comparator (Equality Detector) . ............

Bufters/Drivers

MM54HCT240/MM74HCT240 inverting Octal TRI-STATE Buffer ............... e
MM54HCT241/MM74HCT241 Octal TRI-STATEBuUffer ..o
MM54HCT244/MM74HCT244 Octal TRI-STATEBuUffer ... ...
MM54HCT540/MM74HCT540 Inverting Octal TRI-STATE Buffer .............coovviiiiit,
MM54HCT541/MM74HCT541 Inverting Octal TRI-STATE Buffer ............oooiiiioiiit.

Counters

MM54HCT191/MM74HCT191 Synchronous Binary Up/Down Counters with Mode Control ....
MM54HCT193/MM74HCT193 Synchronous Binary Up/Down Counters ....................
MM54HCT590/MM74HCT590 8-Bit Binary Counter with TRI-STATE Output Register .........
MM54HCT592/MM74HCT592 8-Bit Binary Counter with Input Register........ P

MM54HCT593/MM74HCT593 8-Bit Binary Counter with Bidirectional Input
Register/Counter QUIPULS . .. ...ttt e e e et

Decoders/Encoders

MM54HCT138/MM74HCT138 3-to-8LineDecoder. .. ...v ittt et i i
MM54HCT139/MM74HCT139 Dual 2-to-4 LineDecoder . ......viiin it iiiaeaann

3-281
3-374
3-422

3-140
3-143
3-184
3-188
3-250

3-310
3-320
3-325

3-206
3-206
3-214
3-330
3-330
3-334
3-334

4-80
411

4.57
4-57
4-57
4-88
4-88
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Decoders/Encoders (Continued)

MM54HCT149/MM74HCT149 8-Lineto8-Line PriorityEncoder ..........................
MM54HCT155/MM74HCT155 Dual 2-to-4 Line Decoder/Demultiplexers ...................

Flip/Flops

MM54HCT74/MM74HCT74 Dual D Flip-Flops with PresetandClear. ......................
MM54HCT76/MM74HCT76 Dual J-K Flip-Flops with PresetandClear ................ e
MM54HCT109/MM74HCT109 Dual J:K Flip-Flops with PresetandClear ........... s
MM54HCT112/MM74HCT112 Dual J-K Flip-Flops with PresetandClear ...................
MM54HCT273/MM74HCT273 Octal D Flip-FlopwithClear ........... ...,
MM54HCT374/MM74HCT374 TRI-STATE Octal D-Type Flip-Flop . . ... oo oo vii vt
MM54HCT534/MM74HCT534 TRI-STATE Octal D-Type Flip-Flop . . ... .. oo v civ e
MM54HCT564/MM74HCT564 TRI-STATE Octal D-Type Flip-Flop with Inverted Outputs ...... .
MM54HCT574/MM74HCT574 TRI-STATE Octal D-Type Flip-Flop . . ........ oot

Gates/Inverters

MM54HCT00/MM74HCTO00 Quad 2-InputNANDGate ....... ..ot
MM54HCTO4/MM74HCTO4 Hex Inverter .. ...t e i e i ee el
MM54HCT05/MM74HCTO05 Hex Open DrainInverter ...........c.oeiiieeeenneennn...
MM54HCT08/MM74HCTO8 Quad ANDGate .........c.covvviiieiin i, e

MM54HCT34/MM74HCT34 Non-Inverting Gate .......... P ‘

Latches

MM54HCT373/MM74HCT373 TRI-STATE Octal D-TypelLatch ...............cceei s,
MM54HCT533/MM74HCTS33 TRI-STATE Octal D-Typelatch. . ..ot
MM54HCT563/MM74HCT563 TRI-STATE Octal D-Type Latch with Inverted Outputs ..........
MM54HCT573/MM74HCTS573 TRI-STATE Octal D-Typelatch. . .........oovveiint PR

Multiplexers/Demultiplexers

MM54HCT157/MM74HCT157 Quad 2-Inbut Multiplexer................. e
MM54HCT158/MM74HCT 158 Quad 2-Input Multiplexer(Inverted Qutput) ............. e
MM54HCT257/MM74HCT257 Quad 2-Channel TRI-STATE Multiplexer ................ e

Shift Registers

MMb54HCT164/MM74HCT164 8-Bit Serial-In/Parallel-Out Shift Register . .............
MM54HCT299/MM74HCT299 8-Bit TRI-STATE Universal ShiftRegister....................
MM54HCT323/MM74HCT323 8-Bit TRI-STATE Universal ShiftRegister....................

Transceivers/Registered Transceivers

MM54HCT245/MM74HCT245 Octal TRI-STATE Transceiver. . ... ovve i i e i i e ci i eenean .

MM54HCT640/MM74HCT640 Inverting Octal TRI-STATE Transceiver . ...........covvnnn.

MM54HCT643/MM74HCT643 True-lhverting Octal TRI-STATE Transceiver . .................

.

Section 5—CD4XXX Series CMOS Logic

Arithmetic Functions

CD4008BM/CD4008BC 4-BitFullAdder ............... R P

4-33
4-36

4-39
4-39
4-65
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Buffers/Drivers
CD4009M/CD4009C Hex Buffer(Inverting). .. .. oo vviii i i i e e i e en e 5-33
CD4010M/CD4010C Hex Buffer(Non-Inverting) ......... ..ottt 5-33
CD4049UBM/CD4049UBC Hex InvertingBuffer ........ ... ..o i i, 5-149
CD4050BM/CD4050BC Hex Non-InvertingBuffer . ......... . . i, 5-149
CD4093BM/CD4093BC Quad 2-Input NAND Schmitt Trigger ... nnn. 5-199
CD40106BM/CD40106BC Hex Schmitt Trigger .............covuevion.. [P 5-214
CD4503BM/CD4503BC Hex Non-Inverting TRI-STATEBuffer. ............ ..ot 5-231
CD4584BM/CD4584BC Hex Schmitt Trigger (See CD40106 datasheet)..................... 5-214
Counters
CD4017BM/CD4017BC Decade Counter/Divider with 10 DecodedOutputs ...:............. 5-55
CD4018BM/CD4018BC Presettable Divide-by-NCounter. . .........ciiiiiini it nnnnn 5-60
CD4020BM/CD4020BC 14-Stage Ripple-Carry Binary Counter/Divider .................... 5-67
CD4022BM/CD4022BC Divide-by-8 Counter/Divider with 8 Decoded Outputs ............... 5-55
CD4024BM/CD4024BC 7-Stage Ripple-Carry Binary Counter/Divider ..................... 5-84
CD4029BM/CD4029BC Presettable Binary/Decade Up/Down Counter .................... 5-94
CD4040BM/CD4040BC 12-Stage Ripple Carry Binary Counter/Divider ................ tea.. 5-67
CD4060BM/CD4060BC 14-Stage Ripple Carry Binary Counter/Divider ..................... 5-67
CD4089BM/CD4089BC Binary Rate Multiplier ......... ...ttt 5-192
CD40160BM/CD40160BC Decade Counter with AsynchronousClear...................... 5-218
CD40161BM/CD40161BC Binary Counter with AsynchronousClear....................... 5-218
CD40162BM/CD40162BC Decade Counter with AsynchronousClear...................... 5-218
CD40163BM/CD40163BC Binary Counter with AsynchronousClear.................... 5-218
CD40192BM/CD40192BC Synchronous 4-Bit Up/Down Decade Counter . ................. 5-226
CD40193BM/CD40193BC Synchronous 4-Bit Up/Down BinaryCounter .................... 5-226
CD4510BM/CD4510BC BCDUp/Down COoUNter . ...ttt etit e iiieeeeineirenenenannn 5-235
CD4516BM/CD4516BC Binary Up/DownCounter . . .......ouiiiiiiii ittt 5-235
CD4518BM/CD4518BC Dual Synchronous Up Counter .......... e 5-258
CD4520BM/CD4520BC Dual SynchronousUp Counter ..........coiiuniiieiinennanennns 5-258
CD4522BM/CD4522BC Programmable Divide-by-n4-BitBCDCounter . .................... 5-267
CD4526BM/CD4526BC Programmable Divide-by-n 4-Bit Binary Counter ............ e 5-267
CD4527BM/CD4527BC BCD Rate Multiplier .. ...ttt it i 5-192
Decoders/Encoders
CD4028BM/CD4028BC BCD-to-DecimalDecoder. . ......coiii it i e 591
CD4511BM/CD4511BC BCD-to-7-Segment Latch Decoder/Driver.............. e 5-242
CD4514BM/CD4514BC 4-Bit Latched 4-to-16LineDecoders ............cccoviuiiinnnnn. " 5-253
CD4515BM/CD4515BC 4-Bit Latched 4-to-16 Line Decoders ... .. e 5-253
CD4529BM/CD4529BC Dual 4-Channel or Single 8-Channel Analog Data Selector ........... 5-281
CD4543BM/CD4543BC BCD-to-7-Segment Latch/Decoder/Driver for ' ' '
Liquid Crystal Displays . . ..ot i it e e i e 5-300

Flip-Flops

CD4013BM/CD4013BCDUal DFIIP-FIOP - .« vt vttt ittt ettt 5-35
CD4027BM/CD4027BC Dual J-K Master/Slave Flip-Flop with SetandReset ................ . 587
CD4042BM/CD4042BCQuadClockedDLatch ...t iiiiiiiiiiiinnn S 5-123
CD4043BM/CD4043BC TRI-STATENORR/SLatches ................ e 5-127
CD4044BM/CD4044BC TRI-STATENANDR/SLatches . . ... ..ccviiiiii i e e 5-127
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Flip-Flops (Continued)

CD4076BM/CD4076BC TRI-STATEQuad Flip-Flop . . .. ..o e 5-188
CD4099BM/CD4099BC 8-Bit Addressablelatches ...........ooviiiiiiiiiieinann, 5-209
CD40174BM/CD40174BCHeXDFIp-FIOp . . ..o oot et i 5-223
CD40175BM/CD40175BC Quad DFIip-FIop. .. ..o oo e 5-223
CD4723BM/CD4723BC Dual 4-Bit Addressable Latch ......... T P 5-306
CD4724BM/CD4724BC 8-Bit Addressablelatch .........ooiiiiiiiiiiiiiii i, 5-306
Gates/Inverters

CD4000M/CD4000C Dual Input NORGate Plusinverter ..., 5-5
CD4001M/CD4001C Quad 2-InputNORGate. . .................. N 5-8
CD4001BM/CD4001BC Quad 2-Input NOR Buffered BSeriesGate ........................ 5-12
CD4002M/CD4002C Dual 4-Input NORGAte . .....ovirtriiiit i iiiiiin e neanas '5-17
CD4002BM/CD4002BC Dual 4-Input Buffered NORGate ..............oiiiiiiiiinnn. 5-21
CD4007M/CD4007C Dual Complementary PairPlusinverter . ......... ... ..o iviin... 5-27
CD4011M/CD4011C Quad 2-Input NANDGate ........coviiiiiiniiiiiiiiiiiieeenann 5-8
CD4011BM/CD4011BC Quad 2-input NAND Buffered BSeriesGate . .. .......oovvnenennn.. 5-12
CD4012M/CD4012C Dual 4-Input NAND Gate . .....vvtiiiiii i iiiiiii e eaas 5-17
CD4012BM/CD4012BC Dual 4-Input Buffered NANDGate . .. .........oovvniiiinn s, 5-21
CD4019BM/CD4019BC Quad AND-ORSelect Gate ..........cuviiiiinninnnreennnnnenns 5-64
CD4023M/CD4023C Triple 3-INput NORGate . . .. ... viii it v 5-76
CD4023BM/CD4023BC Triple 3-Input Buffered NANDGate .............ccoviiiiiiininnn. 5-80
CD4025M/CD4025C Triple3-InputNANDGate ...ttt e 5-76
CD4025BM/CD4025BC Triple 3-Input Buffered NORGate ...............cooiiiiiin s, 5-80
CD4030M/CD4030C Quad Exclusive-ORGate................. e 5-100
CD4041M/CD4041C Quad True/Complement Buffer ......... ... voieiiiieinneennn.. 5-119
CD4048BM/CD4048BC TRI-STATE Expandable 8-Function8-InputGate. ................... 5-143
CD4069UBM/CD4069UBC Inverter Circuits . . ..o vviii ittt ei i 5-168
CD4070BM/CD4070BC Quad 2-Input Exclusive-ORGate . . .......coviiiiiiinnnininnn.n 5-172
CD4071BM/CD4071BC Quad 2-Input OR BufferedBSeriesGate.................coovnnn 5176
CD4072BM/CD4072BC Dual 4-Input OR Buffered BSeriesGate ....................ovvut 5-181
CD4073BM/CD4073BC Double Buffered Triple 3-lnput ANDGate ..., 5-184
CD4075BM/CD4075BC Double Buffered Triple 3-InputORGate ..............covvinnnn, 5-184
CD4081BM/CD4081BC Quad 2-Input AND Buffered BSeriesGate ........................ 5-176°
CD4082BM/CD4082BC Dual 4-Input AND Buffered BSeriesGate ..............cooivinntn 5-181
CD4519BM/CD4519BC 4-Bit AND/ORSelector .......ccoviiiii ittt 5-263

Multiplexers/Demultiplexers

CD4016BM/CD4016BC Quad Bilateral Switch ....... J T R 5-48
CD4051BM/CD4051BC Analog MultipIexers/DemUltipIexers ......................... I 5-154
CD4052BM/CD4052BC Analog Multiplexers/Demultiplexers . ........... ... .conn. ... 5154
CD4053BM/CD4053BC Analog Multiplexers/Demultiplexers .............ccoviiiiiinnn, 5-154
CD4066BM/CD4066BC Quad Bilateral Switch ......... ...t 5-162
CD4512BM/CD4512BC 8-ChannelDataSelector................. e 5-248
CD4529BM/CD4529BC Dual 4-Channel or Single 8-Channel Analog DataSelector ........... 5-281
Multivibrators:

CD4046BM/CD4046BC Micropower Phase-Locked Loop .. .......c.ovvvviinnninnn.., 5-131
CD4047BM/CD4047BC Low Power Monostable/Astable Multivibrator..................... 5-138
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Multivibrators (Continued)

CD4528BM/CD4528BC Dual Monostable Multivibrator ............. ... ..o oo, 5-275
CD4538BM/CD4538BC Dual Monostable Multivibrator ............. ... 5-287
CD4541BM/CD4541BC Programmable Timerwith Oscillator ............. ... ... ... ... 5-295
Registers
CD4006BM/CD4006BC 18-Stage Static ShiftRegister ............. ... ..., 5-24
CD4014BM/CD4014BC 8-Stage Static ShiftRegister ............. ... oo, 5-40
CD4015BM/CD4015BC Dual 4-Bit Static Register . .. ... e e 5-44
CD4021BM/CD4021BC 8-Stage Static ShiftRegister ......... ..., 5-72
CD4031BM/CD4031BC 64-Stage Static ShiftRegister ........... .. ...t 5-103
CD4034BM/CD4034BC 8-Stage TRI-STATE Bidirectional Parallel/Serial

Input/Output Bus Register . ... .. ... it i i 5-107
CD4035BM/CD4035BC 4-Bit Parallel-In/Parallel-Out Shift Register....................... 5115

Section 6—MM54CXXX/MM74CXXX Series

Arithmetic Functions

MM54C83/MM74C83 4-BitBinary Full Adder. ...t it it 6-34
Buffers/Drivers .
MM54C04/MMT74C04 HeX INVerter ... oo it it it it ittt et e e 6-5
MM54C14/MM74C14 Hex Schmitt Trigger . . ... oo v v i e e e 6-12
MM54C240/MM74C240 Octal Buffers and Line Drivers with TRI-STATE

OUtPUES (INVEIHING) -« . ot ettt e i e ittt et et e 6-105
MM54C244/MM74C244 Octal Buffers and Line Drivers with TRI-STATE

Outputs (NON-INVEtING) . . o oot e e e ey ... 6-105
MM54C901/MM74C901 Hex Inverting TTLBuffer ...... ... .. i 6-117
MM54C902/MM74C902 Hex Non-InvertingBuffers. . ...t 6-117
MM54C903/MM74C903 Hex Inverting PMOSBuffer . ........ .o 6-117
MM54C904/MM74C904 Hex Non-Inverting PMOSBuffers .. .. ... n 6-117
MM54C906/MM74C906 Hex Open Drain N-ChannelBuffer .........................0.. 6-126
MM54C907/MM74C907 Hex Open Drain P-Channel Buffer. . . .......... ... ... .. cu.. 6-126
MM54C914/MM74C914 Hex Schmitt Trigger with Extended Input Voltage . ................. 6-138
MM54C941/MM74C941 Octal Buffers/Line Receivers/Line Drivers with

TR STATE QUL PULS . ittt et et ettt et et 6-155
MM70C95/MMB0CI5 TRI-STATE Hex Buffers .........ciuiriniii i 6-164
MM70C96/MMB0CI96 TRI-STATEHex Inverters . ... ...ttt iianannn 6-164
MM70C97/MMB80CI7 TRI-STATE Hex Buffers .........coiiiiiiii it 6-164
MM70C98/MMB0CI8 TRI-STATEHex Inverters . .......ouuiiniiin it iiianennnnn 6-164.
MM74C908 Dual CMOS 30 VoIt Relay Driver ........veeieiiniiiiiee i einanannns 6-169
MM74C911 -4-Digit LED Display Controller . .............. e 6-173
MM74C912 6-Digit BCD LED Display ControllerDriver ............cciiiiiiiiinannennn. 6-180
MM74C917 6-Digit Hex LED Display ControllerDriver ..........coovviiiiiiin i nnss 6-180
MM74C918 Dual CMOS 30 VoIt RelayDriver ........couiiiiie i iin i einenennns 6-169
MM74C956 4 Character LED Alphanumeric Display Controller Driver(17-Segment) .......... 6-204
MM78C29/MM88C29 Quad Single-Ended LineDriver .. ...ttt . 6-208
MM78C30/MM88C30 Dual Differential Line Driver ........... e e, 6-208
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CMOS Memories
MM54C89/MM74C89 64-Bit (16 x 4) TRI-STATE Random AccessMemory .............. S 6-44
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. MM54C910/MM74C910 256-Bit (64 x 4) TRI-STATE Random AccessMemory ............... 6-134
MM54C989/MM74C989 64-Bit (16 x 4) TRI-STATE Random AccessMemory ................ 6-160
Comparators )
MM54C85/MM74C85 4-Bit Magnitude Comparator ..................... ST 6-38
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MM54C90/MM74C90 4-Bit DecadeCounter................... e e 6-48
MM54C93/MM74C93 4-BitBinaryCounter ......... ..., e 6-48
MM54C160/MM74C160 Decade Counter with AsynchronousClear . ...... e 6-68
MM54C161/MM74C161 Binary Counter with Asynchronous Clear .. . e 6-68
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MM74C927 4-Digit Counter with Multiplexed 7-Segment Output Driver . .. ................. 6-186
MM74C928 4-Digit Counter with Multiplexed 7-Segment Output Driver .................... 6-186
MM74C945 41/2-Digit LCD Up Counter/LatchDriver..................cooova. [P 6-190
MM74C946 4-Digit LCD Up-Down Counter/Latch/Driver ..........c..ooiiiiiiiiinieinan.. 6-197
MM74C947 4-Digit LCD Up-Down Counter/Latch/Driver .............. e 6-190
Decode;’sl Encoders . ‘
MM54C42/MM74C42 BCD-t0-DECIMAl DECOTET . . .+ -« e e e eee et e e e 6-20
MM54C48/MM74C48 BCD-to-7-SegmentDecoder .........cooi ittt anns, 6-22
MM54C154/MM74C154 4-Lineto 16-Line Decoder/Demultiplexer ...........c.c.covvvennn.. 6-63
MM54C915/MM74C915 7-Segment-to-BCD Converter ...............cooiinane. e 6-141
MM54C922/MM74C922 16-Key Keyboard ENCOTEr .. ... ..uuee it iieeieaeaanannns 6-145
MM54C923/MM74C923 20-Key KeyboardEncoder .................. e 6-145
Flip-Flops .
MM54C74/MM74C74 Dual DFlip-Flop ............ et e e e e e e e 6-30
MM54C76/MM74C76 Dual J-K Flip-Flops with Clearand Preset ..................... e 6-27
MM54C107/MM74C107 Dual J-K Flip-FlopswithClear. . ..........cyeuiviieeaea.ns R 6-27
MM54C173/MM74C173 TRI-STATEQuad DFlip-Flop . ....vvviv i e 6-81
MM54C174/MM74C174HexDFlip-Flop ........c.ooii i 6-84
MM54C175/MM74C175Quad DFlip-Flop ..................... e 6-87
MM54C374/MM74C374 Octal D-Type Flip-Flop with TRI-STATE Outputs......... ceeee . 6-110
Gates/Inverters . _
MM54C00/MM74C00 Quad 2-Input NAND Gate .........c.ooiiiiiiii i . 6-5
MM54C02/MM74C02 Quad 2-InputNORGate . . ... o ittt et ieiiian e anans 6-5
MM54C08/MM74C08 Quad 2-Input ANDGate . ............. e S PR 6-9
MM54C10/MM74C10 Triple 3-Input NANDGate ........cviiiiniiiiin i iine e 6-5

MM54C20/MM74C20 Dual 4-Input NANDGate ... 6-5
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Gates/Inverters (Continued)

MMB54C30/MM74C30 8-Input NAND Gate . ... vev ittt i it et e ee et iinen 6-15
MM54C32/MM74C32Quad 2-Input ORGate . ...covvtiiit i e et 6-18
MM54C86/MM74C86 Quad 2-input EXCLUSIVE-ORGate. . ...oovivie i iiieeiieeiiieeennn 6-41
MM54C909/MM74C909 Quad ComParator .. ....viin ittt ittt ettt eee e 6-129
Latches

MM54C73/MM74C73 Dual J-KFlip-FlopswithClear. ...t 6-27
MM54C373/MM74C373 Octal Latch with TRI-STATEOUIPULS ... oot i i ie it 6-110

Multiplexers/Demultiplexers ‘
MM54C150/MM74C150 16-Lineto 1-Line Multiplexer ...........coiiiiiiiiiin i, 6-54

MM54C151/MM74C151 8-Channel Digital Multiplexer ...........c.couiiiinnieinnnennnn. 6-59
MM54C157/MM74C157 Quad 2-Input Multiplexer. .. .....ovit i 6-66
MM72C19/MM82C19 TRI-STATE 16-Lineto 1-Line Multiplexer . ......... ..., 6-54
Multivibrators

MM54C221/MM74C221 Dual Monostable Multivibrator .. ....... ..ot 6-101
MM54C932/MM74C932 Phase CompParator. .« v v vttt e eeee e eiee e iiaeanerianannn 6-151
Registers

MM54C95/MM74C95 4-Bit Right-Shift/Left-ShiftRegister ............... ... ..o 6-52
MM54C164/MM74C164 8-Bit Parallel-Out Serial Shift Register ............... ..ot 6-73
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MM54HC133/MM74HC133 13-InputNANDGate ..................... e
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MM54HC163/MM74HC163 Synchronous BinaryCounter ..........coviiiiiiiiiiinnaann, 3-135
MM54HC164/MM74HC164 8-Bit Serial-In Parallel-Out Shift Register ..................... 3-140
MM54HC165/MM74HC165 Parallel-In Serial-Out 8-Bit Shift Register ................. e 3-143
MM54HC173/MM74HC173 TRI-STATEQuUadDFIlip-FIOp . ... coviiiiiii i 3-147
MM54HC174/MM74HC174 Hex D Flip-FlopswithClear .. ... ..ottt nnn 3-151
MM54HC175/MM74HC175 Quad D-Type Flip-FlopwithClear ........ P 3-154
MM54HC181/MM74HC181 Arithmetic Logic Units/Function Generators. .................. 3-158 -
MM54HC182/MM74HC182 Look-Ahead CarryGenerator. .. .....coviviiiiiniiin e, 3-166
MM54HC190/MM74HC190 Synchronous Decade Up/Down Counters with Mode Control .. ... 3-170
MM54HC191/MM74HC191 Synchronous Binary Up/Down Counters with Mode Control ... ... 3-170
MM54HC192/MM74HC192 Synchronous Decade Up/DownCounters ..................... 3177
MM54HC193/MM74HC193 Synchronous BinaryUp/DownCounters ........... ... .oou.t. 3177
MM54HC194/MM74HC194 4-Bit Bidirectional ShiftRegister ................oooviin, 3-184
MM54HC195/MM74HC195 4-Bit Parallel ShiftRegister .......... ..o i, 3-188
MM54HC221A/MM74HC221A Dual Non-Retriggerable Monostable Multivibrator . .......... 3-192
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MM54HC241/MM74HC241 Octal TRI-STATEBuffer ........ ..ot 3-201
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MM54HC273/MM74HC273 Octal D Flip-FlopswithClear................ P 3-234
MM54HC280/MM74HC280 9-Bit Odd/Even Parity Generator/Checker .................... 3-238
MM54HC283/MM74HC283 4-Bit Binary AdderwithFastCarry ...........oooiiiiiiiin .. 3-241
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MM54HC299/MM74HC299 8-Bit TRI-STATE Universal ShiftRegister...................... 3-250
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MM54HC574/MM74HC574 TRI-STATE Octal D-Type F|ip-FIob ............................
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TRI-STATESerial Output . ..................
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MM54HC592/MM74HC592 8-Bit Binary Counterwith InputRegister ......................
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MM54HC643/MM74HC643 True-Inverting Octal TRI-STATE Transceiver..........coivunen..
MM54HC646/MM74HCB46 Non-Inverting Octal Bus Transceiver/Registers.................
MM54HC648/MM74HC648 Inverting Octal Bus Transceiver/Registers. . ...................
MM54HC688/MM74HC688 8-Bit Magnitude Comparator (Equality Detector) ...............
MM54HC4002/MM74HC4002 Dual 4-Input NORGate . . .. oottt i it e e it i i iieans
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MM54HC4017/MM74HC4017 Decade Counter/Divider with 10 Decoded Outputs . ...... T
MM54HC4020/MM74HC4020 14-Stage Binary CoOUNter. . .........vuvenenenennn.. e
MM54HC4024/MM74HC4024 7-Stage Binary Counter. . .....oouieeeine e enannnn..
MM54HC4040/MM74HC4040 12-Stage BinaryCounter. . ........uveeeiinnerinnennnann.
MMS54HC4046/MM74HC4046 CMOS Phase LockLOOp .....vvivviiiiin it
MM54HC4049/MM74HC4049 Hex Inverting Logic Level Down Converter...................
MM54HC4050/MM74HC4050 Hex Logic Level Down Converter . e
MM54HC4051/MM74HC4051 8-Channel Analog Multiplexer ............... ...
MM54HC4052/MM74HC4052 Dual 4-Channel Analog Multiplexer ................c.c.coou...
MM54HC4053/MM74HC4053 Triple 2-Channel Analog Multiplexer .. ..............con...
MM54HC4060/MM74HC4060 14-Stage BinaryCounter..............coooviiiiiiiiinnnn,

MM54HC4066/MM74HC4066 Quad Analog Switch

MM54HC4075/MM74HCA4075 Triple 3-Input ORGate ............ovvveniinniinneenns
MM54HC4078/MM74HC4078 8-Input NOR/ORGate . ...... ..o

MM54HC4316/MM74HC4316 Quad Analog Switch

with Level Translator . ................. .

MM54HC4511/MM74HC4511 BCD-to-7 Segment Latch/Decoder/Driver ...................

MM54HC4514/MM74HC4514 4-to-16 Line Decoder with Latqh ........................... )

MM54HC4538/MM74HC4538 Dual Retriggerable Monostable Multivibrator ................
MM54HC4543/MM74HC4543 BCD-to-7 Segment Latch/Decoder/Driver for

Liquid CrystalDisplays ....................

MM74HC942 300 Baud Modem (+5, = 5VOIESUPPIY) -« « v vt e eeeeeeeee e

MM74HC943 300 Baud Modem (5Volt Supply) ...

MM54HCTO00/MM74HCTO0 Quad 2-Input NANDGate ..........covviniiiiiiiinieann,

'MM54HCT04/MM74HCTO4 Hex Inverter ........

MM54HCT05/MM74HCTO5 Hex Open Draininverter ....... ... ..o iiitinen..

MM54HCT08/MM74HCT08 Quad AND Gate . . ...
MM54HCT34/MM74HCT34 Non-Inverting Gate ..
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MM54HCT138/MM74HCT138 3-to-8 Line Decoder
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MM54HCT149/MM74HCT149 8-Lineto8-Line PriorityEncoder ...........cccvvvinnnn..
MM54HCT155/MM74HCT155 Dual 2-to-4 Line Decoder/Demultiplexers ...................
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fmMax
tPHL
tPLH

tpzH

tpzL

tpHZ
tprz

tw
ts

tH

tREM

AC Parameter Definitions

Operating frequency. This is the fastest speed that a
circuit can be toggled.

Propagation delay from input to output; output going
high to low. ’

Propagation delay from input to output; output going
low to high.

Enable propagation delay time. This is measured
from the input to the output going to an active high
level from TRI-STATE®.

Enable propagation delay time. This is measured
from the input to the output going to an active low
level from TRI-STATE.

Disable propagation delay time to the output going
from an active high level to TRI-STATE.

Disable propagation delay time to the output going
from an active low level to TRI-STATE.

Input signal pulse width.

Input setup time. This is the time that data must be
present prior to clocking input transitioning.

Input hold time. This is the time that data must re-
main after clocking input has transitioned.

Clock removal time. This is the time that an active
clear or enable signal must be removed before the
clock input transitions. (Sometimes called recovery
time)

Input signal rise time.

Input signal fall time.

Output rise time (transition time low to high)

Output fall time (transition time high to low)
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CMOS AC Diagrams
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MM54HC/MM74HC AC Switching Test
Circuits and Timing Waveforms
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Test Circuit for Push Pull Outputs
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Test Circuit for Open Drain Outputs
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TL/F/5376-2
Test Circuit for TRI-STATE and Open Drain Output
Tests (Notes 2 and 3)

Note 1: C includes load and test jig capacitance. See data sheets for
values.

Note 2: S1 = V¢ for tpz1, and tp z measurements.
8§81 = Gnd for tpzn, and tpyz measurements.

Note 3: For open drain devices S1 = V¢c and measurements are same as
tpzi and tp 7.
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MM54HC/MM74HC AC Switching Test
Circuits and Timing Waveforms (continued)
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TRI-STATE Output Enable and Disable Waveforms

Note 4: Waveform for negative edge sensitive circuits will be inverted
Note 5: This waveform is applicable to both TRI-STATE and open drain switching time measurements.
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CMOS AC Diagrams

MM54HCT/MM74HCT AC Switching Test
Circuits and Timing Waveforms
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Test Circuit for TRI-STATE and Open Drain Output
Tests (Notes 2 and 3)

Note 1: C_includes load and test jig capacitance.

Note 2: S1 = Vg for tpz(, and tp| z measurements.
S1 = Gnd for tpzy, and tpyz measurements.

Note 3: For open drain circuits S1 = Vg and measurements are the same
as tpz(_and tp 2.
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MM54HCT/MM74HCT AC Switching Test
Circuits and Timing Waveforms (continueq)
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TRI-STATE Output Enable and Disable Waveforms

Note 4: Waveform for negative edge sensitive circuits will be inverted.
Note 5: This waveform is applicable to both TRI-STATE and open drain switching time measurements.




CMOS AC Diagrams

CD4000 AC Switching Test
Circuits and Timing Waveforms
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CD4000 AC Switching Test
Circuits and Timing Waveforms (continued)
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TRI-STATE Output Enable and Disable Waveforms

Note 4: Waveform for negative edge sensitive circuits will be inverted.
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CMOS AC Diagrams

MM54C/MM74C AC Switching Test -
Circuits and Timing Waveforms
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MM54C/MM74C AC Switching Test
Circuits and Timing Waveforms (Continued)
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Note 4: Waveform for negative edge sensitive circuits will be inverted.
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CMOS, the Ideal
Logic Family

INTRODUCTION

Let’s talk about the characteristics of an ideal logic
family. It should dissipate no power, have zero
propagation delay, controlled rise and fall times,
and have noise immunity equal to 50% of the
logic swing.

The properties of CMOS (complementary MQOS)
begin to approach these ideal characteristics.

First, CMOS dissipates low power. Typically, the
static power dissipation is 10 nW per gate which is
due to the flow of leakage currents. The active
power depends on power supply voltage, frequency,
output load and input rise time, but typically, gate
dissipation at TMHz with a 50 pF load is less than
10mWw. '

Second, the propagation delays through CMOS are
short, though not quite zero. Depending on power
supply voltage, the delay through a typical gate is
on the order of 25 to 50 ns.

Third, rise and fall times are controlled, tending
to be ramps rather than step functions. Typically,
rise and fall times tend to be 20 to 40% longer
than the propagation delays.

Last, but not least, the noise immunity approaches
50%, being typically 45% of the full logic swing.

Besides the fact that it approaches the characteris-
tics of an ideal logic family and besides the obvious
low power battery applications, why should de-
signers choose CMOS for new systems? The answer
is cost.

On a component basis, CMOS is still more expen-
sive than TTL. However, system level cost may be

National Semiconductor
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lower. The power supplies in a CMOS system will
be cheaper since they can be made smaller and with
less regulation. Because of lower currents, the
power supply distribution system can be simpler
and therefore, cheaper. Fans and other cooling
equipment are not needed due to the lower dissi-
pation. Because of longer rise and fall times, the
transmission of digital signals becomes simpler
making transmission techniques less expensive.
Finally, there is no technical reason why CMOS
prices cannot approach present day TTL prices as
sales volume and manufacturing experience in-
crease. So, an engineer about to start a new design
should compare the system level cost ‘of using
CMOQOS or some other logic family. He may find
that, even at today’s prices, CMOS is the most
economical choice.

National is building two lines of CMOS. The first
is a number of parts of the CD4000A series. The
second is the 54C/74C series which National
introduced and which will become the industry
standard in the near future.

The 54C/74C line consists of CMOS parts which
are pin and functional equivalents of many of the
most popular parts in the 7400 TTL series. This
line is typically 50% faster than the 4000A series
and sinks 50% more current. For ease of design, it
is spec’d at TTL levels as well as CMOS levels, and
there are two temperature ranges available: 54C,
—55°C to +125°C or 74C, —40°C to +85°C. Table |
compares the port parameters of the 54C/74C
CMOS line to those of the 54L/74L low power
TTL line.

TABLE I. Comparison of 54L/74L Low Power TTL and 54C/74C CMOS Port Parameters

Vie I Vin I Vo Vou pdo toa1 | Poiss/GATE Ppiss/GATE

M

FAMILY | Vec | max MAX MIN | 24V | MAX min | oW TYP | TYP STATIC 1 MHz, 50 pF LOAD
54L/74L 5 07 |o018mA | 20 | 0uA | 03 24 | 100uA | 31 35 1aw |- 225 mW
54C/74C 5 08 - 35 - 04 | *360uA | 24 |‘100uA | 60 45 | 000001 mw 1.25 mW
s4c/74c | 10 2.0 - 80 - 10 | "f10uA | 90 |"ti0uA | 25 30 | 000003 mwW 5mwW

*Assumes interfacing to low power TTL.
** Assumes interfacing to CMOS.
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CHARACTERISTICS OF CMOS

The aim of this section is to give the system
designer not familiar with CMQS, a good feel for
how it works and how it behaves in a system.
Much has been written about MOS devices in

general. Therefore, we will not discuss the design .

and fabrication of CMOS transistors and circuits.

The basic CMOS circuit is the inverter shown.in
Figure 2-1. It consists of two MOS enhancement
mode transistors, the upper a P-channel type, the
lower an N-channel type.

Vee

G .S
s .
P CHANNEL
0
Vin Vour
0
8
N CHANNEL
S
G

GND TLIFI6019-1

FIGURE 2-1. Basic CMOS Inverter.

The power supplies for CMOS are called Vpp and
Vss, or Ve and Ground depending on the manu-
facturer. Vpp and Vgg are carryovers from con-
ventional MOS circuits and stand for the drain and
source supplies. These do not apply directly to
CMOS since both supplies are really source supplies.
Vee and Ground are carryovers from TTL logic
and that nomeclature has been retained with the
introduction of the 54C/74C line of CMOS. V¢
and Ground 'is the nomenclature we shall use
throughout this paper.

The logic levels in a CMOS system are V¢¢ (logic
“1") and Ground (logic "“0”). Since ‘“on” MOS
transistor has virtually no voltage drop across it if
there is no current flowing through it, and since
the input impedance to CMOS device is so high
(the input characteristic of an MOS transistor is
essentially capacitive, looking like a 10'2 resistor

“shunted by a 5 pF capacitor), the logic levels seen

in a CMOS system will be essentially equal to the
power supplies.

Now let’s look at the characteristic curves of
MOS transistors to get an idea of how rise and
fall times, propagation delays and power dissipation
will vary with power supply voltage and capacitive
loading. Figure 2-2 shows the characteristic curves
of N-channel and P-channel enhancement mode
transistors.

There are a number of important observations to
be made from these curves. Refer to the curve of
Vgs = 16V (Gate to Source Voltage) for the
N-channel transistor. Note that for a constant
drive voltage Vgg, the transistor behaves like a
currentsource for Vpg's (Drain to Source Voltage)
greater than Vgg — Vg (Vg is the threshold

voltage of an MOS transistor}. For Vpg's below
Vgs — Vr, the transistor behaves essentially like a
resistor. Note also that for lower Vgg's, there are
similar curves except that the magnitude of the
lps's are significantly smaller and that in fact, Ipg
increases approximately as the square of increasing
Vgs. The P-channel transistor exhibits essentially
identical, but complemented, characteristics.
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FIGURE 2-2. Logical ‘1" Output Voltage vs
Source Current.

If we try to drive a capacitive load with these
devices, we can see that the initial voltage change
across the load will be ramp-like due to the current
source characteristic folldSwed by a rounding off
due to the resistive characteristic dominating as
Vps approaches zero. Referring this to our basic
CMOS inverter in Figure 2-1, as Vpg approaches
zero, Vot Will approach Ve or Ground depend-
ing on whether the P-channel or N-channel transistor
is conducting.

Now if we increase V¢ and, therefore, Vgg the
inverter must drive the capacitor through a larger
voltage swing. However, for this same voltage
increase, the drive capability (Igg) has increased
roughly as the square of Vgg and, therefore, the
rise times and the propagation delays through the
inverter as measured in Figure 2-3 have decreased.

So, we can see that for a given design, and therefore
fixed capacitive load, increasing the power supply
voltage will increase the speed of the system.
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Increasing V¢ increases speed but it also increases
power dissipation. This is true for two reasons.
First, CV2f power increases. This is the power
dissipated in a CMOS circuit, or any other circuit
for that matter, when driving a capacitive load.

o trawe

TLIF/6019 4

FIGURE 2-3. Rise and Fall Times and Propagation
Delays as Measured in a CMQS System.

For a given capacitive load and switching frequency,
power dissipation increases as the square of the
voltage change across the load.

The second reason is that the VI power dissipated
in the CMOS circuit increases with V¢e (for Vee's
> 2Vy). Each time the circuit switches, a current
momentarily flows from V¢ to Ground through
both output transistors. Since the threshold voltages
of the transistors do not change with increasing
Vee. the input voltage range through which the
upper and lower transistors are conducting simul-
taneously increases as V¢ increases. At the same
time, the higher V¢ provides higher Vgg voltages
which also increase the magnitude of the lpg
currents. Incidently, if the rise time of the input
signal was zero, there would be .no current flow
from V(e to Ground through the circuit. This
current flows because the input signal has a finite
rise time and, therefore, the input voltage spends a
finite amount of time passing through the region
where both transistors conduct simultaneously.
Obviously, input rise and fall times should be kept
to a minimum to minimize VI power dissipation.

Let's look at the transfer characteristics, Figure 2-4,
as they vary with V. For the purposes of this
discussion we will assume that both transistors in
our basic inverter have identical but complementary
characteristics and threshold voltages. Assume the
threshold voltages, V1, to be 2V. If Vi is less
than the threshold voltage of 2V, neither transistor
can ever be turned on and the circuit cannot
operate. If Ve is equal to the threshold voltage
exactly then we are on the curve Figure 2-4a.
We appear to have 100% hysteresis. However, it is
not truly hysteresis since both output transistors
are off and the output voltage is being held on the
gate capacitances of succeeding circuits. If Ve is
somewhere between one and two threshold volt-
ages (Figure 2-4b), then we have diminishing
amounts of ““hysteresis’” as we approach V¢ equal
to 2V (Figure 2-4c). At V¢ equal to two thres-
holds we have no "hysteresis” and no current flow
through both the upper and lower transistors dur-
ing switching. As V¢ exceeds two thresholds the

transfer curves begin to round off (Figure 2-4d). As
Vin passes through the region where both transis-
tors are conducting, the currents flowing through
the transistors cause voltage‘drops across them
giving the rounded characteristic.
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FIGURE 2-4. Transfer Characteristics vs V.

Considering the subject of noise in a CMOS system,
we must discuss at least two specs: noise immunity
and noise margin. ’

National’'s CMOS circuits have a typical noise
immunity of 0.45 Vc. This means that a spurious
input which is 0.45 V¢ or less away from V¢ or
Ground typically will not propagate through the
system as an erroneous logic level. This does not
mean that no signal at all will appear at the output
of the first circuit. In fact, there will be an output
signal as a result of the spurious input, but it will
be reduced in amplitude. As this signal propagates
through the system, it will be attenuated even
more by each circuit it passes through until it
finally disappears. Typically, it will not change any
signal to the opposite logic level. In a typical
flip flop, a 0.45 V¢ spurious pulse on the clock
line would not cause the flop to change state.

National also guarantees that its CMOS circuits
have a 1V DC noise margin over the full power
supply range and temperature range and with any
combination of inputs. This is simply a variation of
the noise immunity spec only now a specific set of
input and output voltages have been selected and
guaranteed. Stated verbally, the spec says that for
the output of a circuit to be within 0.1 V¢ volts
of a proper logic level (V¢ or Ground), the input

25
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can be as much as 0.1 V¢c plus 1V away from
power supply rail. Shown graphically we have:

15V
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FIGURE 2-5. Guaranteed CMOS DC Margin Over
Temperature as a Function of Vgg.
CMOS Guarantees 1V.

This is similar in nature to the standard TTL noise
margin spec which is 0.4V. v
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FIGURE 2-6. Guaranteed TTL DC Margin Over
Temperature as a Function of V.
TTL Guarantees 0.4V.

For a complete picture of Vgt vs Vy refer to
the transfer characteristic curves in Figure 2-4.

SYSTEM CONSIDERATIONS

- This section describes how to handle many of the

situations that arise in normal system design such
as unused inputs, paralleling circuits for extra
drive, data bussing, power considerations and inter-
faces to other logic families.

Unused inputs: simply stated, unused inputs should
not be left open. Because of the very high irriped-
ance (~10'2Q), a floating input may drift back
and forth between a 0" and ""1”" creating some
very intriguing system problems. All unused inputs
should be tied to V¢, Ground or another used
input. The choice is not completely arbitrary,
however, since there will be an effect on the
output drive capability of the circuit in question.
Take, for example, a four input NAND gate being

used as a two input gate. The internal structure is

shown in Figure 3-1. Let inputs A & B be the
unused inputs. '

\

If we were going to ‘tie the unused inputs to a
logic level, inputs A & B would have to be tied to
Ve to enable the other inputs to function. That
would turn on the lower A and B transistors and
turn off the upper A and B transistors. At most,
only two of the upper transistors could ever be
turned on.. However, if inputs A and B were tied
to input C, the input capacitance would triple, but
each time C went low, the upper A, B and C
transistors would turn on, .tripling the available
source current. If input D was low also, all four of
the upper transistors would be on.
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FIGURE 3-1. MM74C20 Four Input NAND Gate.

So, tying unused NAND gate inputs to Vee

(Ground for NOR gates) will enable them, but

tying unused inputs to other used inputs guarantees

an increase in source current in the case of NAND

gates (sink current in the case of NOR gates).

There is no increase in drive possible through the
series transistors. By using this approach, a multiple

input gate could be used to drive a heavy current

load such as a lamp or a relay. - .

Parallel gates: depending on the type of gate, tying
inputs together guarantees an increase in either
source or sink current but not both. To guarantee
an increase in both currents, a number of gates
must be paralleled as in Figure 3-2. This insures
that there are a number of parallel combinations
of the series string of transistors (Figure 3-1),
thereby increasing drive in that direction also.

J

TLIFIB01812

FIGURE 3-2. Paralleling Gates or Inverters Increases
Output Drive in Both Directions.

Data bussing: there are essentially two ways to do
this. First, connect ordinary CMOS parts to a bus
using transfer gates (part no. CD4016C). Second,

e



and the preferred way, is to use parts specifically
designed with a CMOS equivalent of a TRI-STATE®
output.

Power supply filtering: since CMOS can operate
over a large range of power supply voltages (3V
to 15V), the filtering necessary is minimal. The
minimum power supply voltage required will be
determined by the maximum frequency of opera-
tion of the fastest element in the system (usually
only a very small portion of any system operates
at maximum- frequency). The filtering should be
designed to keep the power supply voltage some-
where between this minimum voltage and the
maximum rated voltage the parts can tolerate.
However, if power dissipation is to be kept to a
minimum, the power supply voltage should be
kept as low as possible while still meeting all speed
requirements.

Minimizing system power dissipation: to minimize
power consumption in a given system, it should be
run at the minimum speed to do the job with the
lowest possible power supply voltage. AC and DC
transient power consumption both increase with
frequency and power supply voltage. The AC
power is described as CV2f power. This is the
power dissipated in a driver driving a capacitive
load. Obviously, AC power consumption increases
directly with frequency and as the square of the
power supply. It also increases with capacitive load,
but this is usually defined by the system and is not
alterable. The DC power is the VI power dissipated
during switching. In any CMOS device during
switching, there is a momentary current path from
the power supply to ground, (when Vge > 2Vy)
Figure 3-3.
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FIGURE 3-3. DC Transient Power.

The maximum amplitude of the current is a rapidly
increasing function of the input voltage which in
turn is a direct function of the power supply
voltage. See Figure 2-4d.

The actual amount of VI power dissipated by the
system is determined by three things: power supply
voltage, frequency and input signal rise time. A
very important factor is the input rise time. If the

rise time is long, power dissipation increases since
the current path is established for the entire period
that the input signal is passing through the region
between the threshold voltages of the upper and
lower transistors. Theoretically, if the rise time
were zero, no current path would be established
and the VI power would be zero. However, with a
finite rise time there is always some current flow
and this current flow increases rapidly with power
supply voltage.

Just a thought about rise time and power dissipa-
tion. If a circuit is used to drive many loads, its
output rise time will suffer. This will result in an
increase in VI power dissipation in every device
being driven by that circuit (but not in the drive
circuit itself). If power consumption is critical, it
may be necessary to improve the rise time of that
circuit by buffering or by dividing the loads in
order to reduce overall power consumption.

So, to summarize the effects of power supply
voltage, input voltage, input rise time and output
load capacitance on system power dissipation, we
can say the following:

1. Power supply voltage: CV2f power dissipation
increases as the square of power supply voltage.
V1 power dissipation increases approximately
as the square of the power supply voltage.

2. Input voltage level: VI power dissipation in-
creases if the input voltage lies somewhere
between Ground plus a threshold voltage and
Vee minus a threshold voltage. The highest
power dissipation occurs when V5 is at 1/2
V. CV2f dissipation is unaffected.

3. Input rise time: VI power dissipation increases
with longer rise times since the DC current path
through the device is established for a longer
period. The CV2f power is unaffected by slow
input rise times.

4. Output load capacitance: the CV2f power dissi-
pated in a circuit increases directly with load
capacitance. VI power in a circuit is unaffected
by its output load capacitance. However, in-
creasing output load capacitance will slow
down the output rise time of a circuit which in
turn will affect the VI power dissipation in the
devices it is driving.

INTERFACES TO OTHER LOGIC TYPES

There are two main ideas behind all of the follow-
ing interfaces to CMOS. 'First, CMOS outputs
should satisfy the current and voltage requirements
of the other family’s inputs. Second, and probably
most important, the other family’s outputs should
swing as near as possible to the full voltage range
of the CMOS power supplies.

P-Channel MOS: there are a number of things to
watch for when interfacing CMOS and P-MOS. The
first is the power supply set. Most of the more
popular P-MOS parts are specified with 17 to 24V
power supplies while the maximum power supply
voltage for CMOQOS is 15V. Another problem
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is that unlike CMOS, the output swing of a push-
pull P-MOS output is significantly less than the
power supply voltage across it. P-MOS swings from
very close to its more positive supply (Vgg) to
quite a few volts above its more negative supply
(Vpp). So, even if P-MOS uses a 156V or lower
power supply set, its output swing will not go low
enough for a reliable interface to CMOS. There are
a number of ways to solve this problem depending
on the configuration of the system. We will discuss
two solutions for systems that are built totally

“with MOS and one solution for systems that

include bipolar logic.

Voo Vs Voo
M0s —
suPPLY —.-— CMOS. PMOS CMOS
oND Voo Pro ] oo
= TLIFI6019-14

FIGURE 3-4. A One Power Supply System Built
Entirely of CMOS and P-MOS.

First, VNIOS, only. P-MOS and CMOS using the
same power--supply of less than 15V, Figure 3-4.

In this configuration CMOS drives P-MOS directly.
However, P-MOS cannot drive CMOS directly be-
cause of its output will not pull down close enough
to the lower power supply rail. Rpp (R pull down)
is added to each P-MOS output to pull it all the
way down to the lower rail. Its value is selected
such that it is small enough to give the desired
RC time constant when pulling down but not so
small that the P-MOS output cannot pull it
virtually all the way up to the upper power supply
rail when it needs to. This approach will work with
push-pull as well as open drain P-MOS outputs.

Another approach in a purely MOS system is to
build a cheap zener supply to bias up the lower
power supply rail of CMOS, Figure 3-5.

T T 1
Vee Vs Vee
C™MOS PMOS CMOS
emos—L
suppLY =~ onp Voo GND
|
”
v Cruren
t )| TLIF/6018-15

Use a bias supply to reduce the voltage across the CMOS
to match the logic swing of the P-MOS. Make sure the
resulting voltage across the CMDS 1s less than 15V.

FIGURE 3-5. A P-MOS and CMOS System Where The
P-MOS Supply is Greater Than 15V.

In this configuration the P-MOS supply is selected
to satisfy the P-MOS voltage requirement. The bias
supply voltage is selected to reduce the total
voltage across the CMOS (and therefore its logic
swing) to match the-minimum swing of the P-MOS

outputs. The CMOS can still drive P-MOS directly
and now the P-MOS can drive CMOS with no
pull-down resistors. The other restrictions are that
the total voltage across the CMOS is less than 15V
and that the bias supply can handle the cuirent
requirements of all the CMQOS. This approach is
useful 1f the P-MOS supply must be greater than
15V and the CMOS current requirement is low
enough to be done easily with a small discrete
component regulator.

JIf the system has bipolar logic, it will usually

have at least two power supplies. In this case, the
CMOS s run off the bipolar supply .and 1t inter-
faces directly to P-MQOS, Figure 3-6.

T
I Vs Vec
—|siroLan oS MOS
—]sumv o3 omos
PMOS ]’ GNO Voo GND
suppLY

]

Run the CMOS from the btpolar supply and imnterface directly to P-MOS

TLIFI6019-16

FIGURE 3-6. A System With CMOS, P-MOS and Bipolar
Logic.

N-Channel MOS: interfacing to N-MOS is some-
what simpler than interfacing to P-MOS although
similar problems exist. First, N-MOS requires
lower power supplies than P-MOS, being in the
range of BV to 12V. This is directly compatible
with CMOS. Second, N-MOS logic levels range
from slightly above the lower power supply rail to
about 1 to 2V below the upper rail.

At the higher power supply voltages, N-MOS and
CMOS can be interfaced directly since the N-MOS
high logic level will be only about 10 to 20 percent
below the upper rail. However, at lower supply
voltages the N-MOS output level will be down 20
to 40 percent below the upper rail and something
may have to be done to raise it. The simplest solu-
tion is to add pull up resistors on the N-MOS
outputs as shown in Figure 3-7.

. T 1 1 1
Veo Voo NS
nmos M
—— SUPPLY MOS NMOS €Mos
57012V
GND Vs GND
t be 3 T
= TUIFIB019 17
Bath operate off same supply wath pull up resistors optional from
N-MGS to CMOS

FIGURE 3-7. AySystem With CMOS and N-MOS Only.

TTL, LPTTL, DTL: two questions arise when
interfacing bipolar logic families to CMOS. First,
is the bipolar family’s logic “'1’" output voltage high
enough to drive CMOS directly?
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TTL, LPTTL, and DTL can drive 74C series CMOS
directly over the commercial temperature range
without external pull up resistors. However, TTL
and LPTTL cannot drive 4000 series CMOS directly
(DTL can) since 4000 series specs do not guarantee
that a direct interface with no pull up resistors will
operate properly.

DTL and LPTTL manufactured by National (NS
LPTTL pulls up one diode drop higher than the
LPTTL of other vendors) will also drive 74C
directly over the entire military temperature range.
* LPTTL manufactured by other vendors and stan-
dard TTL will drive 74C directly over most of the
mil temperature range. However, the TTL logic
1" drops to a somewhat marginal level toward the
lower end of the mil temperature range and a pull
up resistor is recommended.

According to the curve of DC margin vs V¢ for
CMOS in Figure 2-5, if the CMOS sees an input
voltage greater than Vge — 1.5V (Vg = 5V), the
output is guaranteed to be less than 0.5V from
Ground. The next CMOS element will amplify
this 0.5V level to the proper logic levels of V¢ or
Ground. The standard TTL logic 1" specisa Voyur
min. of 2.4V sourcing a current of 400uA. This
is an extremely conservative spec since a TTL
output will only approach a one level of 2.4V
under the extreme worst case conditions of lowest
temperature, high input voltage (0.8V), highest
possible leakage currents (into succeeding TTL
devices), and V¢ at the lowest allowable (Ve =
4.5V).

Under nominal conditions (25°C, V,y = 0.4V,
nominal leakage currents into CMOS and V¢c =
5V)a TTL logic ""1"" will be more like Ve — 2Vp,
or Vee — 1.2V. Varying only temperature, the
output will change by two times —2mV per °C, or
—4 mV per °C. Vee — 1.2V is more than enough
to drive CMOS reliably without the use of a pull
up resistor. .

If the system is such that the TTL IogiAc “1" output
can drop below Ve — 1.5V, use a pull up resistor
to improve the logic ‘1"’ voltage into the CMOS.

T b 1
3
Vee to Reu Vee
hY
SV e10% m 4 cmos
I GND GND
kg ‘ !
= TLIF/6019-18

Pull up tesistor, Ry, 1s needed only at the lower end of the Ml
temperature range.

FIGURE 3-8. TTL to CMOS Interface.

The second question is, can CMOS sink the bipolar
input current and not exceed the maximum value
of the bipolar logic zero input voltage? The logic
“1"" input is no problem.

The LPTTL input current is small enough to allow
CMOQOS to drive two loads directly. Normal power
TTL input currents are ten times higher than
those in LPTTL and conseduently the CMOS out-
put voltage will be well above the input logic '0"'
maximum of 0.8V:. However, by carefully examin-
ing the CMOS output specs we will find that a two
input NOR gate can drive one TTL load, albeit
somewhat marginally. For example, the logical
“0"" output voltage for both an MM74C00 and
MM74C02 over temperature is specified at 0.4V
sinking 360uA (about 420uA at 25°C) with an
input voltage of 4.0V and a V¢ of 4.75V. Both
schematics are shown n Figure 3-9.

TLIFI6019-19

FIGURE 3-9a. MM74C00. "

’
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1T

TLIFI6019 20

FIGURE 3-9b. MM74C02.

Both parts have the same current sinking spec but
their structures are different. What this means is
that either of the lower transistors in the MM74C02
can sink the same current as the twg lower series
transistors in the MM74C00. Both MM74C02
transistors together can sink twice the specified
current for a given output voltage. If we allow the
output voltage to go to 0.8V, then a MM74C02
can sink four times 360uA, or 1.44 mA which is
nearly 1.6 mA. Actually, 1.6 mA s the maximum
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spec for the TTL input current and most TTL
parts run at about 1 mA. Also, 360uA is the
minimum CMOS sink current spec, the parts will
really sink somewhere between 360 and 540uA
(between 2 and 3 LPTTL input loads). The 360uA
sink current is specified with an input voltage of
4.0V. With an input voltage of 5.0V, the sink
current will be_ about 560uA over temperature,
making it even easier to drive TTL. At room
temperature with an input voltage of 5V, a CMOS
output can sink about 800uA. A 2 input NOR
gate, therefore, will sink about 1.6 mA with a Vot
of about 0.4V if both NOR gate inputs are at 5V.

The main point of this discussion i1s that a common

2 input CMOS NOR gate such as an MM74C02

can be used to drive a normal TTL load in lieu of a
special buffer. However, the designer must be
willing ' to sacrifice some noise immunity over
temperature to do so.

B

TIMING CONSIDERATIONS IN CMOS MSls

There is one more thing to be said in closing. All
the flip-flops used in CMOS designs are genuinely
edge sensitive. This means that the J-K flip-flops
do not "‘ones catch’’ and that some of the timing
restrictions that applied to the control lines on

MSI functions in TTL have been relaxed in the -

74C series.
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CMOS Linear
Applications

PNP and NPN bipolar transistors have been used
for many years in ‘‘complementary” type of
amplifier circuits. Now, with the arrival of CMOS
technology, complementary P-channel/N-channel
MOS transistors are available in monolithic form.
The MM74C04 incorporates a P-channel MOS
transistor and an N-channel MOS transistor
connected in complementary -fashion to function
as an inverter. s

Due to the symmetry of the P- and N-channel
transistors, negative feedback around the comple-
mentary pair will cause the pair to self bias itself
to approximately 1/2 of the supply voltage.
Figure 1 shows an idealized voltage transfer
characteristic curve of the CMOS inverter con-
nected with negative feedback. Under these
conditions the inverter is biased for operation
about the midpoint in the linear segment on-the
steep transition of the voltage transfer character-
istic as shown in Figure 1.

[

OUTPUT VOLTAGE - Vg,

0 5 15

INPUT VOLTAGE -V, TLIF/6020-1

FIGURE 1. Idealized Voltage Transfer Characteristics of
an MM74C04 Inverter.

Under AC conditions, a positive going input will
cause the output to swing negative and a negative
going input will have an inverse effect. Figure 2
shows 1/6 of a MM74C04 inverter package
connected as an AC amplifier.

National Semiconductor
Application Note 88
Gene Taajes

July 1973

R1

1/6
MM74C08
TLIFI6020-2

FIGURE 2. A 74CMOS Invertor Biased for Linear Mode
Operation.

The power supply current is constant during
dynamic operation since the inverter is biased for
Class A operation. When the input signal swings
near the supply, the output signal will become

_distorted because the P-N channel devices are

driven into the non-linear regions of their transfer
characteristics. If the input signal approaches the
supply voltages, the P- or N-channel transistors
become saturated and supply current is reduced to
essentially zero and the device behaves like the
classical digital inverter.

15
N Veg =15V
£ 128
H
K
f
w 10
g s5¢ |\ s5C
2 4 /
g 1sl—use-
5 : N
5 so0
3 ;”
25
P N
125 C

0 25 50 715 10 125 15

INPUT VOLTAGE - V,, TLIFI6020-3

FIGURE 3. Voltage Transfer Characteristics for an
Inverter Connected as a Linear Amplifier,

Figure 3 shows typical voltage characteristics of
each inverter at several values of the Vcc. The
shape of these transfer curves are relatively
constant with temperature. Temperature affects
for the self biased inverter with supply voltage is
shown in Figure 4. When the amplifier is operating
at 3 volts, the supply current changes drastically as
a function of supply voltage because the MOS
transistors are operating in the proximity of their
gate-source threshold voltages.

88-NV
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NORMALIZED SUPPLY CURRENT 1, ~ mA

-5 -50 ~25 0 5% 50 75 100 125

TEMPERATURE TLIFI6020-4

FIGURE 4. Normalized Amplifier Supply Current Versus
Ambient Temperature Characteristics.

Figure 5 shows typical curves of voltage gain as a
function of operating frequency for various supply
voltages.

Output voltages can swing within millivolts of the
supplies with either a single or dual supply.

Ve -0V

50 [~
Vge ~50V
a \
Ve =415V
1 1

\3\

1w b w n*

Vo =10V

VOLTAGE GAIN - dB

10 10 107 0

OPERATING FREQUENCY - He TUFI60205

FIGURE 5. Typical Voltage Gain Versus F‘requency‘/
Characteristics for Amplifier Shown in Figure 2.

APPLICATIONS
Cascading Ampilifiers for Higher Gain.

By cascading the basic amplifier block shown in
Figure 2 a high gain amplifier can be achieved. The
gain will be multiplied by the number of stages
used. If more than one inverter is used inside the
feedback loop (as in Figure 6) a higher open loop
gain is achieved which results in more accurate
closed loop gains.

10MQ
AA
V

[4
N
Mg 116 115 1§
O— FAAN—8—{umracos_>O—mmracos_>O—fmmracos

TLIFI6020 6

FIGURE 6. Three CMOS Inverters Used as an X10 AC
Amplifier.

Post Amplifier for Op Amps.

. A standard operational amplifier used with a

CMOS inverter for a Post Amplifier has several
advantages. The operational amplifier essentially
sees no load condition since the input impedance
to the inverter is very high. Secondly, the CMOS
inverters will swing to within millivolts of either
supply. This gives the designer the advantage of
operating the operational amplifier under no load
conditions yet having the full supply swing
capability on the output. Shown in Figure 7 is the
LM4250 micropower Op Amp used with a 74C04
inverter for increased output capability while
maintaining the low power advantage of both
devices.

Vour

Py =500 W
‘

TLIF/6020-7

FIGURE 7. MM74C04 Inverter Used as a Post Amplifier

~ for a Battery Operated Op Amp.

The MM74C04 can also be usedlwith single supply
amplifier such as the LM324. With the circuit
shown in Figure 8, the open loop gain is approxi-
mately 160 dB. The LM324 has 4 amplifiers in a
package and the MM74C04 has 6 amplifiers per
package. A

v
16
O—{Mm74c04 Vour

TLIFI6020-8

W
™
100K

FIGURE 8. Single Supply Amplifier Using a CMOS
Cascade Post Amplifier with the LM324.

CMOS inverters can be paralleled for increased
power to drive higher current loads. Loads of
5.0 mA per inverter can be expected under AC
conditions.

Other 74C devices can be used to provide greater
complementary current outputs. 'The MM74C00
NAND Gate will provide approximately 10 mA




from the Vcc supply while the MM74C02 will
supply approximately 10 mA from the negative
supply. Shown in Figure 9 is an operational
amplifier using a CMOS power post amplifier to
provide greater than 40 mA complementary
currents.

114
MM74C00
/ 1

o MM24C00

1/4
MM73C00
1/8
MM74C00

P— Vour
"
MM24c02
118
MMT8C02
114
mM74Ca2

172
MM74C02

Iy =50 mA
Vour=6:0Vpp

TLIFI6020-9

FIGURE 9. MM74C00 and MM74C02 Used as a Post
Amplifier to Provide Increased Current Drive.

Other Applications.

Shown in Figure 10 is a variety of applications
utilizing CMOS devices. Shown is a linear phase
shift oscillator and an integrator which use the
CMOS devices in the linear mode as well as a few
circuit ideas for clocks and one shots.

Conclusion

]
Careful study of CMOS characteristics show that
CMOS devices used in a system design can be used
for linear building blocks as well as digital blocks.

Utilization of these new devices will decrease

package count and reduce supply requirements.

The circuit designer now can do both digital and *
, linear designs with the same type of device.

et
I I I s

TLIFI6020-10
Phase Shift
Oscillator Using MM74C04
c
A .
Vi ——AAA——4 Vour
T=RC

Integrator Using TLIFI6020-11

Any Inverting CMOS Gate

>
R ¢
P |
'~ TaRe
Square Wave Oscillator TUIFIe02012
+Vee
R
c
INPUT
Ts14RC

o“e Shot TLIF16020-13

CLOCK ~o={ 74C161
A 8 c D

TULIFI16020-14
Staircase Generator

FIGURE 10. Variety of Circuit Ideas Using CMOS
Devices.
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54C/74C Family
Characteristics

INTRODUCTION

The purpose of this 54C/74C Family Character-
istics application note is to set down, in one place,
all those characteristics which are common to the
devices in the MM54C/MM74C logic family. The
characteristics which can be considered to apply
are:

. Output voltage-current characteristics
. Noise characteristics

. Power consumption

. Propagation delay (speed)

oo W N -

. Temperature characteristics

With a good understanding of the above charac-
teristics the designer will have the necessary tools
to optimize his system. An attempt will be made
to present the information in as simple a manner
as possible to facilitate its use. This coupled with

TT N\ Ve o
! Ta=25C . |@rTL Loans)
TR . B SN A0
! )
L i W oan SN N S
N
= w = 1ok \ 500 GUARANTEEDTESTPOINT® N\ N\ g-10 S
< . los _ 1.75mA. - o0 g
T,‘ - Vos _ 50V N T ’;3:
L R . B Vin = 0V T . e v a4 302
20 2.0k GUARANTEED TEST POINT "
. L "N\ | los _1I5mA R
wife oo : Vos _ 5.0V P : <] a0
,GUARANTEED 541 741, Vin = 5.0V Vec =50V '\ | .
@ LOGIC 0 QUTEIT . Ta=25C =
2 LTTL LOADS) A H = | 50
0 10 20 30 40 50 0 10 20 30 40 50
Vos. Vour (V) TLIF/6021-1 Veor V) TLIF/g021-2
(A) Typical Output Sink Characteristic (B) Typical Output Source Characteristic
(N-Channel) (P-Channel).
FIGURE 1
Vos (V)
-0 -80 -60 40 -20 0
2 — ! I
| ~ N Ve =10V | 1
To=25°C [
16 o e 1.0k -40
Pl N
250 ]\\A
T 12 (B - R =500 Ve 180 —
£ = 500 / 2
: -+—-1—1 GUARANTEED TEST POINT GUARANTEED TEST POINT 750 e - 5
£ go [ S lps > 8 mA Hlps! > BmA S -12 2
Vps > 10V Vps! > 10V
Vi = 10V V=0V . —
4.0 -16
/ | Vec =10v] | .
Ta=25C ad
S =20
0 20 4.0 6.0 8.0 10 0 2.0 4.0 6.0 8.0 10 .
Vos, Vour (V) TLFIB021:3 Vour (V) TUFI6021-4

(A) Typical Output Sink Characteristic
(N-Channel)

National Semiconductor
Application Note 90
Thomas P. Redfern
August 1973

the fact that 54C/74C has the same function and
pin-out as standard series 54L/74L will make the
application of CMOS to digital systems very
straightforward. '

OUTPUT CHARACTERISTICS

Figure 1 and Figure 2 show typical output drain
characteristics for the basic inverter used in the
54C/74C family. For more detailed information on
the operation of the basic inverter the reader is
directed to application note AN-77, "CMOS, The
Ideal Logic Family.” Although more complex
gates, and- MSI devices, may be composed of
combinations of parallel and series transistors the
considerations that govern the output character-
istics of the basic inverter apply to these more
complex structures as well.

Vps (V)

-50 40 -30 -20 -10 0

(B) Typical Output Source Characteristic
(P-Channel)

FIGURE 2




The 54C/74C family is designed so that the output
characteristics of all devices are matched as closely
as possible. To ensure uniformity all devices are
tested at four output conditions (see' Figures 1
and 2). These points are:

Vee =5.0V | Vi = 5.0V Vi = 0V
Ips > 1.75 mA llpsl >1.75mA
Vps > 5.0V [Vpsl >5.0V
Vee =10V | vy = 10V Vin = OV
Ips > 8.0 mA lIpsl >8.0 mA
Vps > 10V [Vpsl = 10V

Note that each device data sheet guarantees these
points in the table of electrical characteristics.

The output characteristics can be used to determine
the output voltage for any load condition. Figures
1 and 2 show load lines for resistive loads to V¢
for sink currents and to GND for source currents.
The intersections of this load line with the drain
characteristic in question gives the output voltage.
For example at Vee = 5.0V, Voyt = 1.5V (typ)
with a load of 500£2 to ground.

These figures also show the guaranteed points for
driving two 54L/74L standard loads. As can be
seen there is typically ample margin at V¢ = 5.0V.

In the case where the 54C/74C device is driving
another CMOS device the load line is coincident
with the lpg = 0 axis and the output will then
typically switch to either V¢ or ground.

NOISE CHARACTERISTICS
Definition of Terms
Noise Immunity: The noise immunity of a logic

element is that voltage which applied to the input
will cause the output to change its output state.

Noise Margin: The noise margin of a logic element’

is the difference between the guaranteed logical
1" ("0") level output voltage and the guaranteed
logical 1" (*’0") level input voltage.

The transfer characteristic of Figure 3 shows
typical noise immunity and guaranteed noise
margin for a 54C/74C device operating at Vg =
10V. The typical noise immunity does not change
with voltage and is 45% of V.

|t~ 8 5V | (TYPICAL NOISE IMMUNITY)

Ve =10V

T-5c

0° LEVEL NOISE MARGIN «
Vi wax ~Vourio wax

“1” LEVEL NOISE MARGIN =
Vourim mn Viven s

Vour (V)

(TYPICAL NOISE IMMUNITY)
a5y

Vin (V) TLIFI6021-5

FIGURE 3. Typical Transfer Characteristic

All 54C/74C devices are guaranteed to have a
nqise margin of 1.0V or greater over all operating
conditions (see Figure 4).

Y
GUARANTEED OUTPUT "1 LEVEL | 135
1) @ INPUTS v 8
Vour (1) @IN| U\ w (0 ) < 125
«»
el
@
s
Y oa0s
2 305 GUARANTEED OUTPUT D" LEVEL
S Vour (0) @ INPUTS V(1)
2 :
Ve (0) 25
145 15
045
L
450V 10V 15V
Vee TLIFIB021-6

FIGURE 4. Guaranteed Noise Margin Over Temperature
vs Vo

Noise immunity is an important device character-
istic. However, noise margin is of more use to the
designer because it very simply defines the amount
of noise a system can tolerate under any circum-
stances and still maintain the integrity of logic
levels.

Any noise specification to be complete must
define how measurements are to be made. Figure 5
indicates two extreme cases; driving all inputs
simultaneously and driving one input at a time.
Both conditions must be included because each

repr‘esents one worst case extreme.
N

(A) TLIFIB021.7

“Vour = Voutimmm, Voutiomax
Vpn = ALLOWABLE NOISE VOLTAGE = 1.0V

(B) TLIFI60218

FIGURE 5. Noise Margin Test Circuits

To guarantee a noise margin of 1.0V, all 54C/74C
devices are tested under both conditions. It is
important to note that this guarantees that every
node within a system can have 1.0V of noise, in
logic ““1" or logic 0" state, without malfunction-
ing. This could not be guaranteed without testing
for both conditions in Figure 5.
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POWER CONSUMPTION

There are four sources of power consumption in
CMOS devices: (1) leakage current (2) transient
power due to load capacitance (3) transient power
due to internal capacitance and (4) transient power
due to current spiking during switching.

The first, leakage current, is the easiest to calculate
and is simply the leakage current times Vgc. The
data sheet for each specific device specifies this
leakage current.

The second, transient power due to load capaci-
tance, can be derived from the fact that the energy
stored on a capacitor is 1/2 CV2, Therefore every
time the load capacitance is charged or discharged
this amount of energy must be provided by the
CMOS device. The energy per cycle is then
2 [(1/2) CV¢e?] = CVec?. Energy per unit time,
or power, is then CV¢c? f, where C is the load
capacitance and f is the frequency.

The third, transient power due to internal capaci-
tance takes exactly the same form as the load
capacitance. Every device has some internal nodal
capacitance which must be charged and discharged.
This then represents another power term which
must be considered.

The fourth, transient power due to switching
current, is caused by the fact that whenever a
CMOS device goes through a transition, with
Vee > 2 Vr, there is a time when both N-channel
and P-channel devices are both conducting. An
expression for this current is derived in application
note AN-77. The expression is:

Pvi =7 (Vec =2 V) lcemax (trise +tracl) f

[N

where:

V1 = threshold voltage

lccimax) = peak non-capacitive current
during switching

f = frequency

Note that this éxpression, like the capacitive power
term is directly proportional to frequency. If the
Py, term is combined with the term arising from
the internal capacitance, a capacitance Cpp may
be defined which closely approximates the no load
power consumption for a CMOS device when used
in the following expression:

Power (no load) = Cpp Vec? f

The total power consumption is then simplified
to:

Total Power = (Cpp + Cy) V2 f+ I gak Vee (1)

The procedure for obtaining Cpp is to measure
the no load power at Ve = 10V vs frequency and
calculate the value of Cpp which corresponds to
the measured power éonsumption. This value of
Cpp is given on each 54C/74C data sheet and
with equation {1) the computation of power
consumption is straightforward. )

To simplify the task even further Figure 6 gives a
graph of normalized power vs frequency for dit-
ferent power supply voltages. To obtain actual
power.consumption find the normalized power for
a particular Voo and frequency, then multiply
by Cpp + C.
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NORMALIZED POWER CONSUMPTION PER GATE, .W/pF
(TO OBTAIN ACTUAL POWER MULTIPLY BY (Cpp+Cy)

FIGURE 6. Normalized Typical Power Consumption
vs Frequency

As an example let’s find the total power consump-
tion for an MM74C00 operating at f = 100 kHz,
Vee = 10V and C = 50 pF. From the curve,
normalized power per gate equals 10uW/pF. From
the data sheet Cpp = 12 pF; therefore, actual
power per gate is:

power 10uwW 0.62 mW
——— = —— X (12pF +50 pF) = ——
gate pF gate
no. of gates power
total power = —————— + 1l eakace X Vee

package gate

=4 X 0.62 mW + 0.01uA X 10V =248 mW

Up to this point the discussion of power con-
sumption has been limited to simple gate functions.

.Power consumption for an MSI function is more

complex but the same technique just derived
applies. To demonstrate the technique let's com-
pute the total power consumption of a MM74C161,
four bit binary counter, at Vgc = 10V, f =1 MHz
and C,_ =50 pF on each output.

The no load power is still given by P (no load) =
Cpp Vec? f. This demonstrates the usefulness
of the concept of the internal capacitance, Cpp.
Even through the circuit is very complex and has
many nodes charging and discharging at various
rates, all of the effects can be easily lumped into
one easy to use term, Cpp.
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Calculation of transient power due to load capaci-
tance is a little more complex since each output
is switched at one half the rate of the previous
output: Taking this into account the complete
expression for power consumption is:

f f
ProtaL =Cpp Vec? f+CL Vcc2§ +C Vec? 2

no load output 2nd stage
power power of
1st stage

f f
+CL Vcc")g+ 2C, Vcczﬁ’r I Vee

3rd stage 4th stage leakage '
& carry term
output

This reduces to:
ProtaL = (Cep + CL)Vec? FH 1L Vee

From the data sheetCpp = 90 pF and I = 0.05uA.
Using Figure 6 total power is then:

100uW
ProraL = (90 pF + 50 pF) X

+0.05 X 106

X 10V = 14 mW

This demonstrates that with more complex devices
the concept of Cpp greatly simplifies the calcula-
tion of total power consumption. |t becomes an
easy task to compute power for different voltages
and frequencies by use of Figure 6 and the
equations above.

PROPAGATION DELAY

Propagation delay for all 54C/74C devices is
guaranteed with a load of 50 pF and input rise
and fall times of 20 ns. A 50 pF load was chosen,
instead of 15 pF as in the 4000 series, because it
is representative of loads commonly seen in CMOS
systems. A good rule of thumb, in designing with
CMOS, is to assume 10 pF of interwiring capaci-
tance. Operating at the specified propagation
delay would allow 5 pF fanout for the 4000
series while 54C/74C has-a fanout of 40 pF. A
fanout of 5 pF (one gate input) is all but useless,
and specified propagation delay would most prob-
ably not be realized in an actual system,

Operating at loads other than 50 pF poses a
problem since propagation is a function of load
capacitance. To simplify the problem Figure 7
has been generated and gives the slope of the
propagation delay vs load capacitance line (At,y/
pF) as a function of power supply voltage. Because

Atyg — PER pF OF LOAD CAPACITANCE (ns/pF)

Ve ~ POWER SUPPLY VOLTAGE (V)

TLIFI6021-10

FIGURE 7. Typical Propagation Delay per pF of Load
Capacitance vs Power Supply

the propagation delay for zero load capacitance is

not zero and depends on the internal structure of

each device, an offset term must be added that is

unique to a particular device type. Since each

data sheet gives propagation delay for 50 pF the |
actual delay for different loads can be computed

with the aid of the following equation:

Aty

toa = (C - 50) pF X *lpa
c =C C, =50 pF

where:
C = Actual load capacitance

t propagation delay with 50 pF

pd

C_ =50pF load, (specified on each de-
vice data sheet)
Atpy .
T = Value obtained from Figure 7.
p

As an example let's compute the propagation
delay for an MM74C00 driving 15 pF load and
operating with a Vee = 5.0V. The equation
gives:

ns
tpa = (15— 50) pr0.57; +50ns
C,_=15pF

=-20ns+50ns=230ns

The same formula and curves may be applied to
more complex devices. For example the propaga-
tion delay from data to output for an MM74C157

operating at Vee = 10V and C_ = 100 pF is:

tod =(100~-50) 0.29 ns + 70 ns
C, =100 pF

=145+70=85ns
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It is significant to note that this equation and
Figure 7 apply to all 54C/74C devices. This is true
because of the close match in drive characteristics
of every device including MSI functions, i.e., the
slope of the propagation delay vs load capacitance
line at a given voltage is typically equal for all
devices. The only exception is high fan-out buffers
which have a smaller At,q/pF.

Another point to consider in the design of a
CMOS system is the affect of power supply
voltage on propagation delay. Figure 8 shows
propagation delay as a function of V¢ and
propagation delay times power consumption vs
Ve for an MM74C00 operating with 50 pF load
at f = 100 kHz.

150 300

100

200

100

s — TYPICAL PROPAGATION DELAY (ns)

{SU-p) LINOOYd HIMOd 033dS TYIIdAL - UM X P

Vee (V)

FIGURE 8. Speed Power Product and Propagation Delay
vs Ve

Above V¢ = 5.0V note the speed power product
curve approaches a straight line. However the
toq curve starts to ‘‘flatten out.” Going from
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(A) Typical Output Drain Characteristic
(N-Channel)

TLIF/6021-11

Vee = 5.0V to Ve = 10V gives a 40% decrease
in propagation delay and going from Vee = 10V
to Vec = 18V only decreases propagation delay
by 25%. Clearly for Vce > 10V .a small increase
in speed is gained by a disproportionate increase
in power. Conversely, for small decreases in power
below Vcc = 5.0V large increases in propagation
delay result.

Obviouély it is optimum to use the lowest voltage
consistent with system speed requirements. How-
ever in general it can be seen from Figure 8 that
the best speed power performance will be obtained
in the Ve = 5.0V to Ve = 10V range.

TEMPERATURE CHARACTERISTICS

Figures 9 and 10 give temperature variations in drain
characteristics for the N-channel and P-channel
devices operating at Ve = 5.0V and Ve = 10V
respectively. As can be seen from these curves the
output sink and source current decreases as tem-
perature increases. The affect is almost linear and
can be closely approximated by a temperature
coefficient of —0.3% per degree centigrade.

Since the t,y can be entirely attributed to rise
and fall time, the temperature dependance of
tpa is @ function of the rate at which the output
load capacitance can be charged and discharged.
This in turn is a function of the sink/source
current which was shown above to vary as —0.3%
per degree centigrade. Consequently we can say
that t,q varies as —0.3% per degree centigrade.
Actual measurements of t,q with temperature
verifies this number.

lo (mA)

0 10 20 30 40 50
Vourm V) TLIF/6021-13

(B) Typical Output Drain Characteristic
{P-Channel) :

FIGURE 9
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(B) Typical Output Drain Characteristic
(P-Channel)
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FIGURE 11. Typical Gate Transfer Characteristics

The drain characteristics of Figure 9 and 10 show
considerable variation with temperature. Examina-
tion of the transfer characteristics of Figure 11

indicates that they are almost independent of
temperature. The transfer characteristic is not
dependent on temperature because although both
the N-channel and P-channel device characteristics
change with temperature these changes track each
other closely. The proof of this tracking is the
temperature independance of the transfer charac-
teristics. Noise margin and maximum/minimum
logic levels will then not be dependent on
temperature.

As discussed previously power consumption is a
function of Cpp, Cr, Vee. f and I gakace. All
of these terms are essentially constant with tem-
perature except | gaxace. However, the leakage
current specified on each 54C/74C device applies
across the entire temperature range and therefore
represents a worst case limit.
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CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that
can be built using CMOS logic elements. These circuits
offer the following advantages:

® Guaranteed startability

Relatively’ good stability with respect to power supply
variations

m’ Operation over a wide supply voltage range (3V to 15V)

® QOperation over a wide frequency range from less than
1 Hz to about 15 MHz

® |ow power consumption (see AN-90)

®m Easy interface to other logic-families and elements
including TTL

Several RC oscillators and two crystal controlled oscil-
lators are described. The stability of the RC oscillator
will be sufficient for the bulk of applications; however,
some applications will probably require the stability of
a crystal. Some applications that require a lot of stability
are:

1. Timekeeping over a long interval. A good deal of
stability is required to duplicate the performance of
an ordinary wrist watch (about 12 ppm). This is, of
course, obtainable with a crystal. However, if the
time interval is short and/or the resolution of the
timekeeping device is relatively large, an RC oscillator
. may be adequate. For example: if a stopwatch is built
with a resolution of tenths of seconds and the longest
interval of interest is two minutes, then an accuracy
of 1 part in 1200 (2 minutes x 60 seconds/minute x
10 tenth/second) may be acceptable since any error
is less than the resolution of the device.

2. When logic elements are operated near their specified
limits. It may be necessary to maintain clock frequency
accuracy within very tight limits in order to avoid
exceeding the limits of the logic family being used,
or in which the timing relationships of clock signals

© in dynamic MOS memory or shift register systems
must be preserved.

3. Baud rate generators for communications equipment.

National Semiconductor
Application Note 118
Mike Watts

October 1974

" 4. Any system that must interface with other tightly
specified 'systems. Particularly those that use a “’hand-
shake’ technique in which Request or Acknowledge
pulses must be of specific widths.

LOGICAL OSCILLATORS

Before describing any specific circuits, a few words about
logical oscillators may clear up some recurring confusion.

Any odd number of inverting logic gates will oscillate if
they are tied together in a ring as shown in Figure 1.
Many beginning logic designers have discovered this (to
their chagrin) by inadvertently providing such a path in
their designs. However, some people are confused by the
circuit in Figure 1 because they are accustomed to
seeing sinewave oscillators implemented with positive
feedback, or amplifiers with non-inverting gain. Since
the concept of phase shift becomes a little strained when
the inverters remain in their linear region for such a short
period, it is far more straightforward to analyze the
circuit from the standpoint of ideal switches with finite
propagation delays rather than as amplifiers with 180°
phase shift. It then becomes obvious that a **1”’ chases
itself around the ring and the network oscillates.

"~ RS J
LDO——DO—-DO—L,K)—-{'/%
—_—

ANY EVEN NUMBER OF
ADDITIONAL GATES

TLIFI6022-1
FIGURE 1. Odd Number of Inverters will Always Oscillate
The frequency of oscillation will be determined by the

total propagation delay through the ring and is given by
the following equation.

1
f =
2nTp
Where:
f ‘= frequency of oscillation
Tp = Propagation delay per gate

n = number of gates

220




This is not a practical oscillator, of course, but it does
illustrate the maximum frequency at which such an
oscillator will run. All that must be done to make this a
useful oscillator is to slow it down to the desired
frequency. Methods of -doing this are described later.

To determine the frequency of oscillation, it is necessary
to examine the propagation delay of the inverters.
CMOS propagation delay depends on supply voltage and
load capacitance. Several curves for propagation delay
for National’s 74C line of CMOS gates are reproduced
in Figure 2. From these, the natural frequency of
oscillation of an odd number of gates can be determined.

An example may be instructive.

Assume the supply voltage is 10V. Since only one input
is driven by each inverter, the load capacitance on each
inverter is at most about 8 pF. Examine the curve in
Figure 2c that is drawn for Ve = 10V and extrapolate
it down to 8 pF. We see that the curve predicts a
propagation delay of about 17 ns. We can then calculate

" the frequency of oscillation for three inverters using the
expression mentioned above. Thus:

1

f=———— =98MHz
2x3x17x107°

by the graphs in Figure 2. In order to build a usefully
stable oscillator it is necessary to add passive elements
that determine oscillation frequency and minimize the
effect of CMOS characteristics.

STABLE RC OSCILLATOR

Figure 3 illustrates a useful oscillator made with three
inverters. Actually, any inverting CMOS gate or combina-
tion of gates could be used. This means left over portions

MM74C04  MM74C04 v mMm74c04
2

— Vour

\'A TLIFI6022:5

FIGURE 3. Three Gate Oscilaltor

of gate packages can be often used. The duty cycle will
be close to 50% and will oscillate at a frequency that
is given by the following expression.

1
0.405 R2
R1+ R2

....
14

2R1C ( + 0.693)

Another form of this expressibn is:

1
Lab work indicates this is low and that something closer f=
R 2C (0.405 Rgq + 0.693 R1
to 16 MHz can be expected. This reflects the conserva- { eq )
tive nature of the curves in Figure 2. Where: X
Since this frequency is directly controlled by propaga-
L L . . R1 R2
tion delays, it will vary a great deal with temperature, o =
supply voltage, and any external loading, as indicated R1+ R2
Propagation Delay vs Propagation Delay vs Propagation Delay Time vs
Ambient Temperature Ambient Temperature Load Capacitance
MM54C00/MM74C00, MM54C00/MM74C00, MM54C00/MM74C00,
MM54C02/MM74C02, MM54C02, MM74C02, MM54C02, MM74C02,
MM54C04/MM74C04 MM54C04/MM74C04 MM54C04/MM74C04
100 50 _ 150 -
[ vee=50v " ' [Vec=10v ~ CE ] BT
SEE AC TEST CIRCUIT _ SEE AC TEST CIRCUIT w F+-Vee =3.0V f—w—sse AC TEST —|
Z w0 L E a0t T £ CIRCUIT  —
> l 1 > | | | P > —‘ri i
3 LI = C_=50pF < L »
Z Co =50 pf_l_4=1 & i prr / Vec = 5.0V
o 60 L =50 pF_L s 30 a 4 | .
3 et z L z / pall
Z a 1 E T g T [ Vee = 10v
< = Vece ©
g LA 2 — S 5 T g
S L+ ] 5
£ 2 £ 10 £ TP Vee =15V
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0 - [T
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AMBIENT TEMPERATURE ( C)
TLIFI6022:2

AMBIENT TEMPERATURE ( C)

CL - LOAD CAPACITANCE (pF)

TLIFI6022-3 TLIFI6022-4

(a) (b) (e)

FIGURE 2. Propagation Delay for 74C Gates
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The following three special cases may be useful.

0.559

IfR1=R2=R fo ——
. RC

y 0.455

If R2>>> R1 for ——
RC

0.722

1f R2 <<<R1 fe= —r
RC

the approximate output waveform
at the charging node.

Figure 4 illustrates
and the voltage V,

N

“2Vee - — == — [ — —— —

Vi

Vour

f TLIF/6022-6

FIGURE 4. Waveforms for Oscillator in Figure 3

Note that the voltage V, will be clamped by input

" diodes when V, is greater than Ve or more negative
than ground. During this portion of the cycle current
will flow through R2. At all other times the only current
through R2 is a very minimal leakage term. Note also
that as soon as V, passes through threshold (about 50%
of supply) and the input to the last inverter begins to
change, V; will also change in a direction that reinforces
the switching action; i.e., providing positive feedback.
This further enhances the stability and predictability of
the network.

This oscillator is fairly i(\sensitive to power supply
variations due largely to the threshold tracking close to
50% of the supply voltage. Just how stable it is will be
determined by the frequency of oscillation; the lower
the frequency the more stability and vice versa. This is
because propagation delay and the effect of threshold
shifts comprise a smaller portion of the overall period.
Stability will also be enhanced if R1 is made large
_enough to swamp any variations in the CMOS output
resistance. ’

TWO GATE OSCILLATOR WILL NOT
NECESSARILY OSCILLATE

A popular oscillator is shown in Figure 5a. The only
undesirable feature of this oscillator is that it may not
oscillate. This is readily demonstrated by letting the value
of C go to zero. The network then degenerates into

R

Figure 5b, which obviously will not oscillate. This
illustrates that there is some value of C1 that will not
force the network to oscillate. The real difference
between this two gate oscillator and the three gate
oscillator is that the former must be forced to oscillate
by the capacitor while the three gate network will
always oscillate willingly and is simply slowed down by
the capacitor. The three gate network will always
oscillate, regardless of the value of C1 but the two gate
oscillator will not oscillate when C1 is small.

MMm74C04 MM74C04 MM74C04 MMNCI]‘;
S l
R1 P _|_ 3l Rl R2
N (a) TLIFI60227 (b) TUFI60228

FIGURE 5. Less Than Perfect Oscillator

The only advantage the two gate oscillator has over the
three gate oscillator is that it uses one less inverter.
This may or may not be a real concern, depending on the
gate count in each user’s specific application. However,
the. next section offers a real minimum parts count
oscillator. ’

A SINGLE SCHMITT TRIGGER MAKES
AN OSCILLATOR

Figure 6 illustrates an oscillator made from a single
Schmitt trigger. Since the MM74C14 is a hex Schmitt
trigger, this oscillator consumes only one sixth of a
packagg. The remaining 5 gates can be used either as
ordinary- inverters like the MM74C04 or their Schmitt
trigger characteristics can be used to advantage in the
normal manner. Assuming these five inverters can be used
elsewhere in the system, Figure 6 must represent the
ultimate in low gate count ~scillators.

R

1/6 MM74C14

v, p— Vour

L

FIGURE 6. Schmitt Trigger Os\cillator

TLIF16022-9

Voltage V., is depicted in Figure 7 and changes between
the two thresholds of the Schmitt trigger. If these
thresholds were constant percentages of V¢ over the
sflpp|y voltage range, the oscillator would be insensitive
to variations in Vcc. However, this is not the case. The
thresholds of the Schmitt trigger vary enough to make
the oscillator exhibit a good deal of sensitivity to Vec.

Applications that do not require extreme stability or
that have access to well regulated supplies should not
be bothered by this sensitivity to V. Variations in
threshold can be expected to run as high as four or five
percent when V¢ varies from 5V to 15V.
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FIGURE 7. Waveforms for Schmitt Trigger Oscillator
in Figure 6 . .

A CMOS Crystal Oscillator

Figure 8 illustrates a crystal oscillator that uses only
one CMOS inverter as the active element. Any odd
number of inverters may be used, but the total propaga-
tion delay through the ring limits the highest frequency

that can be obtained. Obviously, the fewer inverters
that are used, the higher the maximum possible frequency.

CONCLUSIONS

A large number of oscillator applications can be imple-
mented with the extremely simple, reliable, inexpensive
and versatile CMOS oscillators described in this note.
These oscillators consume very little power compared
to most other approaches. Each of the oscillators
requires fess than one full package of CMOS inverters of
the MM74CO04 variety. Frequently such an oscillator can
be built using leftover gates of the MM74C00, MM74C02,
MM74C1Q0 variety. Stability superior to that easily
attainable with TTL oscillators is readily attained,
particularly at lower frequencies. These oscillators are
so versatile, easy to build, and inexpensive that they
should find their way into many diverse designs.

IHbF

Vout

IHE

TLIFi6022-11

FIGURE 8. Crystal Oscillator
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Using the CMOS Dual
Monostable Multivibrator

INTRODUCTION

The MM54C221/MM74C221 is a dual CMOS monostable
multivibrator. Each one-shot has three inputs (A, B and
CLR) and two outputs (Q and Q). The output pulse
width is set by an external RC network.

The A and B inputs trigger an output pulse on a negative
or positive input transition respectively. The CLR input
when low resets the one-shot. Once triggered the A and B
inputs have no,further control on the output.

THEORY OF OPERATION

Figure 1 shows that in its stable state, the.one-shot
clamps Cgxt to ground by turning N1 ON and holds
the positive comparator input at Vee by turning N2
OFF. The prefix N is used to denote N-channel transistors.

The signal, G, gating N2 OFF also gates the comparator
OFF thereby keeping the internal power dissipation to
an absolute minimum. The only power dissipation when

in the stable state is that generated by the current

through Rgxr. The bulk of this dissipation is in Rgxr
since the voltage drop across N1 is very small for normal
ranges of Rex.

To trigger the one-shot the CLR input must be high.

Vee

Rext

15,7

14,6

1.8
Cexr N1 | =

National Semiconductor
Application Note 138
Thomas P. Redfern

May 1975

The gating, G, on the comparator is designed such that
the comparator output is high when the one-shot is in
its stable state. With the CLR input high the clear input
to FF is disabled allowing the flip-flop to respond to the
A or B input. A negative transition on A or a positive
transition on B sets Q to a high state. This in turn gates
N1 OFF, and N2 and the comparator ON.

Gating N2 ON establishes a reference of 0.63 V¢ on
the comparator’s positivé input. Since the voltage on
Cegxt can not change instantaneously V1 = 0V at this
time. The cornparator then will maintain its one level on
the output. Gating N1 OFF allows Cg x+ to start charging
through Rgxt toward Ve exponentially.

Assuming a perfect comparator (zero offset and infinite

* gain) when the voltage on Cgxr, V1, equals 0.63 Ve

the comparator output will go from a high staté to a
low state resetting Q to a low state. Figure 2 is a timing
diagram summarizing this sequence of events.

This diagram is idealized by assuming zero rise and fall
times and zero propagation delay but it shows the basic
operation of the one-shot. Also shown is the effect of
taking the CLR input low. Whenever CLR goes low FF

FIGURE 1. Monostable Multivibrator Logic Diagram
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FIGURE 2. One-Shot Timing Diagram

is reset independent of all other inputs. Figure 2 also
shows that once triggered, the output is independent of
any transitions on B (or A) until the cycle is complete.

The output pulse width is determined by the following
equation:

V1 = Ve (1—e T/REXTCEXT) = 0.63 Vi (1
Solving for t gives:

T = Rext Cext In (1/0.37) = Rext Cext 2)

A word of caution should be given in regards to the
ground connection of the external capacitor (Cgxt).
It should always be connected as shown in Figure 7 to
pin 14 or 6 and never to pin 8. This is important
because of the parasitic resistor R*. Because of the large
discharge current through R*, if the capacitor is con-
nected to pin 8, a four layer diode action can result
causing the circuit to latch and possibly damage itself.

\

ACCURACY

There are many factors which influence the accuiacy of
the one-shot. The most important are:

. Comparator input offset

. Comparator gain

. Comparator time delay

. Voltage divider R1, R2

Delays in logic elements

ON impedance of N1 and N2
Leakage of N1

Leakage of Cexr

Magnitude of Rgxt and Cexr -

S Ta o a0 oo

The characteristics of Cgxt and Regxt are, of course,
not determined by the characteristics of the one-shot.
In order to establish the accuracy of the one-shot, devices
were tested using an external resistance of 10 k{2 and
various capacitors. A resistance of 10 k{2 was chosen

because the leakage and ON impedance of transistor N1
have a minimal effect on accuracy with this value of
resistance.

Two values of Cgxt were chosen, 1000 pF and 0.1uF.
These values give pulse widths of 10us and 1000us with
RexT = 10 k2.

Figures 3 and 4 show the resulting distributions of pulse
widths at 25°C for various power supply voltages.
Because propagation delays, at the same power supply
voltage, are the same independent of pulse width, the
shorter the pulse width the more the accuracy is

Ta=25C ]
Rexr = 10k 1
Cexr = 1000 pF 0% Pant pulse width:
w AtVec =5V, Ty =106us
AtVee =10V, Ty =10s

|
|
08 # | Lvee =5V i AtVee=15V, Ty=985s
N:— Ve = 10V .
06 ¢ Percentage of umts within 4%,
AN/
(}

RELATIVE FREQUENCE OF OCCURENCE

Ve = 15V

AtVee =5V,  90% of umts

04 AtVee =10V, 95%of umits

0 1 / AtVe =15V, 98%of wmits
i I}q N\
0 P NN
5 202 5

QUTPUT PULSE WIDTH (T, %) TLIFI6023-3

FIGURE 3. Typical Pulse Width Distribution for 10us Pulse.

w T
= FT.-25¢C
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3 [Cexr =0.0F 0% putse width.
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ER Percentage of units within - 4%.
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= 04 i Vee =5V AtVee =10V, 7% of umits
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= L 73
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= 0
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FIGURE 4. Typical Pulse Width Distribution for 1000us Pulse.

8EL-NV




AN-138

affected by propagation delay. Figures 3 and 4 clearly
show 'this effect. As pointed out in application note
AN-90, 54C/74C Family Characteristics, propagation
delay is a function of Vcc. Figure 3, (Pulse Width =
10us) shows much greater variation with Ve than
Figure 4 (Pulse Width = 1000us). This same information
i is shown in Figures 5 and 6 in a different format. In

8 N Pulse Width = 10us
X Rexr =10k ]
/ \ EXT © i
g 6 Cexr = 1000pF ]
= ; Ta=25C
s 4 A
2 D % —
g, > 9%
= AVG—
E 4
g 0 Hor
w -2 %
& .
2 13
10%
-6 I
5 1 15
Vee (V) TLIF16023-5
cc

FIGURE 5. Typical Percentage Deviation from
Ve = 10V Value vs Ve (PW = 10us).

8 Pulse Width = 100015
Rext = 10k~
g s Cexr=01F | | .
g 4 Ta-25¢C #an"/
77,77 o
z P AVG
>
s 0
H J/
& -2
2
H
& 10%
it
i f[
5 10 15
Vee (V) TLIF16023-6

FIGURE 6. Typical Percentage Deviation from
Ve = 10V Value vs Ve (PW = 1000us).

these figures the percent deviation from the average
pulse width at 10V V¢ is shown vs Vee. In addition
to the average value the 10% and 90% points are shown.
These percentage points refer to the statistical distribu-
tion of pulse width error. As an example, at V¢ = 10V
for 10us pulse width, 90% of the devices have errors of
less than +1.7% and 10% have errors less than —2.1%.
In other words, 80% have errors between +1.7% and
—2.1%.

The minimum error can be obtained by operating at
the maximum Vg A price must be paid for this and
this price is, of course, increased power dissipation.

5 10 " 15
Vee (V)

FIGURE 7. Typical Minimum Pulse Width and
Power Dissipation vs V¢
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Figure 7 shows typical power dissipation vs Ve
operating both sides of the one-shot at 50% duty cycle.
Also shown in the same figure is typical minimum pulse
width vs Vce. The minimum pulse width is a strong
function of internal propagation delays. /t is obvious
from these two curves that increasing Vcc beyond 10V
will not appreciably improve inaccuracy due to propa-
gation delay but will greatly increase power dissipation.

Accuracy is also a function of temperature. To determine
the magnitude of its effects the one-shot was tested at
temperature with the external resistance and capacitance
maintained at 25°C. The resulting vanatlon is shown in_
F/gures 8 and 9.
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FIGURE 8. Typical Pulse Width Error vs
Temperature (PW = 10us). .
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FIGURE 9. Typical Pulse Width Error vs
Temperature (PW = 1000us).

Up to this point the external timing resistor, Rgxr, has
been held fixed at 10 k§2. In actual applications other
values may be necessary to achieve the desired pulse
width. The question then arises as to what effect this
will have on accuracy.

itk

FIGURE 10

TLIFI6023-10

As Rgxt becomes larger and larger the leakage current
on transistor N1°becomes an ever increasing problem.
The equivalent circuit for this leakage is shown in
Figure 10.
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v(t) is given by:
v{t) = (Vee = I Rexr) (1 - e IL/REXT CEXT)

As before, when v(t) = 0.63 V¢, the output will reset.
Solving for t,_ gives:

(3)

' Vee — Il Rexr
t, = Rext Cext Q"( )

0.37 Vee — I Rext
Using T as defined in Equation 2 the pulse width erfor is:

L x100%

PW Error =

Substituting Equations 2 and 3 gives:

Vee ~ 1L Rexr
R C nf{—————
BT <0~37 Vee e Rex

Rext Cexr (n(1/0.37)

PW Error

PW Error is plotted in Figure 11 for Vec = 5, 10 and
15V. As expected, decreasing Ve causes PW Error to
increase with fixed I_. Note that the leakage current,
although here assumed to flow through N1, is general
and could also be interpreted as leakage through Cgy.
See MM54C221/MM74C221 data sheet for leakage limits.

00 ===
g = = 7 aa
4 1 Vi 4 1
< Vee = 5V
g 10
=] Fanpat s
o va AT 10|
(= y.auill |
w ,’ [ i
a / Vee = 10V
e 01
S
IE 7 s |
E iR i
a V.

o i l

0.001 0 01 10

Ieeaxace X Rexr (V) TLIFI6023-11

FIGURE 11. Percentage Pulse Width Error Due to Leakage.

To demonstrate the usefulness of Figure 77 an example
will be most helpful. Let us assume that N1 has a
leakage of 250 x 107 amps, Cext has leakage of
150 x 1072 amps, output pulse width = 0.1 seconds and
Vee = 5V. What Regyxr Cexr should be used to
guarantee an error due to leakage of less than 5%.

From Figure 711 we see that to meet these conditions
Rext L <0.14V.

Then:
Rext < 0.14/(250 + 150) x 107°
< 350 k2

_ Choosing standard component values of 250 k2 and
0.004uF would satisfy the above conditions.

)‘RsxTCEXT ¢n(1/0.37) .

We have just defined the limitation on the maximum size
of Regxy. There is a corresponding limit on the mini-
mum size that Rgxt can assume. This is brought about
because of the finite ON impedance of N1. As Rgxt is
made smaller and smaller the amount of voltage across
N1 becomes significant. The voltage across N1 is:

Vn1 = Vee ron/(Rext + ron) (4)
The output pulse width is defined by:

v {to) = (Ve = Vi) (1 — e 0/REXT CEXT)
+ Vg = 0.63 Vee

Solving for tg gives:
Vee — \./N1)

to =R C n (
o ext CexT 037 Ve

Pulse Width Error is then:

PW Error = x 100%

. Substituting Equations 2 and 4 gives:

Vee _VN1>
——— ] - R C, ¢n (1/0.37)
0.37 VCC EXT “EXT

Rext Cext ¢n(1/0.37)

Rext Cext ¢n <

This function is plotted in Fiéure 12 for ropn of 5082,
258 and 16.792. These are the typical values of rqy for
a Vee of 5V, 10V and 15V respectively.

As an example, assume that the pulse width error due to
ron mMust be less than 0.5% operating at Ve =5V. The
typical value of rgy for Ve = BV is 5082. Referring to

- 100
N
= NN
2 ‘N 1on =500
5 10
o + HHHE——H
] NG ron = 250 11
& N 4y
&
b #
5
E Hi 1
% T ron=16.70 N I'H
> N
2 n L0 LTINS
1k 10k 100k mwm
Rexr (42) TLIFI6023-12

FIGURE 12. Percentage Pulse Width Error
Due to Finite rgyy of Transistor N1 vs REXT.

the 502 curve in Figure 12, Rgxt must be greater than
10 k2 to maintain this accuracy. At Ve = 10V, Rexr
must be greater than 5 k§2 as can be seen from the 25§
curve in Figure 12.

Although clearly shown on the MM54C221/MM74C221
data sheet, it is worthwhile, for the sake of clarity, to

point out that the parasitic capacitance between pins

7 (15) and 6 (14) is typically 15 pF. This capacitor is in
parallel with Cgxt and must be taken into account when
accuracy s critical.
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TYPICAL APPLICATIONS

Basic One-Shot Oscillator

\
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TLIFI6023 13
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TYPICAL APPLICATIONS (Continued)

Linear VCO ,
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CMOS Schmitt Trigger
—a Uniquely Versatile
Design Component

=  n - BEiwre s

INTRODUCTION

The Schmitt trigger has found many applications in
numerous circuits, both analog and digital. The versa-

_tility of a TTL Schmitt is hampered by its narrow

supply range, limited interface capability, low input
impedance and unbalanced output characteristics. The
Schmitt trigger could be built from discrete devices to
satisfy a particular parameter, but this is a careful and
sometimes time-consuming design.

The CMOS Schmitt trigger, which comes six to a
package, uses CMOS characteristics to optimize design
and advance into areas where TTL could not go. These
areas include: interfacing with op amps and transmission
lines, which operate from large split supplies, logic level
conversion, linear operation, and special designs relying
on a CMOS characteristic. The CMOS Schmitt trigger
has the following advantages:

® High impedance input (10'2§ typical)

® Balanced input and output characteristics)
® Thresholds are typically symmetrical to 1/2 \jcc»
® Outputs source and sink equal currents
® Qutputs drive to supply rails

® Positive and negative-going thresholds
variation with respect to temperature

® Wide supply range (3——15V); split supplies possible

® Low power consumption, even during transitions

B High noise immunity, 0.70 V¢ typical

show low

Applications demonstrating how each of these charac-

teristics can become a design advantage will be given

later in the application note.

Vee

To

INPUT
INPUT O prortecrion
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1
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FIGURE 1. CMOS Schmitt Trigger:

i
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National Semiconductor
Application Note 140
Gerald Buurma

June 1975

ANALYZING THE CMOS SCHMITT

The input of the Schmitt trigger goes through a standard
input protection and.is tied to the gates of four stacked
devices. The upper two are P-channel and the lower two
are N-channel. Transistors P3 and N3 are operating in the
source follower mode and introduce hysteresis ’ by
feeding back the output voltage, out’, to two different

_points in the stack.

When the input is at OV, transistors P1 and P2 are ON,
and N1, N2 and P3 are OFF. Since out’ is high, N3 is
ON and acting as a source follower, the drain of N1,
which is the source of N2, is at Voc—Vry. If the input
voltage is ramped up to one threshold above ground
transistor N1 begins to turn ON, N1 and N3 both being
ON form a voltage divider network biasing the source of
N2 at roughly half the supply. When the input is a
threshold above 1/2 Ve, N2 begins to turn ON and
regenerative switching is about to take over. Any more
voltage on the input causes out’ to drop. When out’ drops,
the source of N3 follows its gate, which is out’, the

" influence of N3 in the voltage divider with N1 rapidly

diminishes, bringing out’ down Ffurther yet. Meanwhile
P3 has started to turn ON, its gate being brought low By
the rapidly dropping out’. P3 turning ON brings the
source of P2 low and turns P2 OFF. With P2 OFF, out’
crashes down. The snapping action is due to greater than
unity loop gain through the stack caused by positive
feedback through the source follower transistors. When
the input is brought low again an identical process occurs
in the upper portion of the stack and the snapping

action takes place when the lower threshold is reached.

Vee . Vee

L

ns |
p—0 output

| pa

-
5
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Out’ is fed into the inverter formed by P4 and N4;
another inverter built with very small devices, P5 and
N5, forms a latch which stabilizes out’. The output is
an inverting buffer capable of sinking 360uA or two
LPTTL loads. '

The typical transfer characteristics are shown in Figure
2; the guaranteed trip point range is shown in Figure 3.

i

WHAT HYSTERESIS CAN DO FOR YOU

Hysteresis is the difference in response due to the direc-
tion of input change. A noisy signal that traverses the
threshold of a comparator can cause multiple transitions
at the output, if the response time of the comparator is
less than the time between spurious effects. A Schmitt
trigger has two thresholds: any spurious effects must be
greater than the threshold difference to cause multiple
transitions. With a CMOS Schmitt at Ve = 10V there is

20
- Ve = 15V
2 15
E Vio Vr. ‘
5 Vee =10V Vee =8V
o
= AT
5 v
2 T Vi,
5
=] 5 2 _}_

41
1 (v
0 5 10 15 20

INPUT VOLTAGE (V)

FIGURE 2. Typical CMOS Transfer Characteristics
for Three Different Supply Voltages.

v

Vr.
SIGNAL v
AMPLITUDE ™"
Vr

TLIFI6024-2

typically 3.6V of threshold difference, enough hysteresis
to overcome almost any spurious signal on the input.

A comparator is often used to recover information sent
down an unbalanced transmission line. The threshold of
the comparator is placed at one half the signal amplitude
(See Figure 4b). This is doen to prevent slicing level
distortion. If a 4us wide signal is sent down a transmission
line a 4us wide signal should be received or signal distor-
tion occurs. If the comparator has a threshold above half
the signal amplitude, then positive pulses sent are shorter
and negative pulses are lengthened (See Figure 4c). This
is called slicing level distortion. The Schmitt trigger does
have a positive offset, V1, but it also has a negative
offset Vy_. In CMOS these offsets are approximately
symmetrical to half the signal level so a 4us wide pulse
sent is also recovered (see Figure 4d). The recovered
pulse is delayed in time but the length is not changed,
50 noise immunity is achieved and signal distortion is not
introduced because of threshold offsets.

15
MM54C14 —55°C TO +125°C
MM74C14 ~40°CTO +85°C 129
*MINIMUM HYSTERESIS
SPREAD (= 0.2 V)
S w0 NN
o RN 90
g Wt
<0 i
=4 X
H] NN 6.0
> A4
£ s g
2 a3 )
€ (V-
EREY) e poinT RANE
oWeR T 2.1
20
0.7
0
5 10 15
Vee (V) TLIF/6024-3

FIGURE 3. Guaranteed Trip Point Range.

a) Recewed signal from transmission
tine with thresholds at different
amplitudes.
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b) Recovered signal fram comparator
with threshold Vi has multiple
transitions

¢) Recovered signal fram comparator
with positive offset on threshold, Vr,,
positive pulse shorten, negative pulse
lengthen.

d) Recovered signal with CMOS Schmitt
nigger, Vr. and Vy . Restores true
waveform

Recovered signal from Schmitt s same
(I width as comparator with threshold at
Vi, and is only delayed in time.

6 7.8 910
TIME (us)

TLIFI6024-4

FIGURE 4, CMOS Schmitt Trigger Ignores Noise
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Vss

TLIFI6024 5

a) Capacitor impedance at lowest operating frequency should be much less than R||R = 1/2R.

TLIFI6024.6

b) By using split supply (£1.5 to +7.5) direct interface is achieved.

FIGURE 5. Sine to Square Wave Converter with Symmetrical Level Detection.

1/6 MM74C14

Where R1C1

“lwax and R2C2
Vour = fR2CTV where 3V = Vec.

response time of voltmeter o
= TLIFI6024-7

FIGURE 6. Diode Dump Tach Accepts any input Waveform.

APPLICATIONS OF THE CMOS SCHMITT

characteristic to either simplify design or increase per-
formance. Some of the applications could not be done
at all with another logic family.

The circuit in Figure 5a is the familiar sine to square
wave converter. Because of input symmetry the Schmitt
trigger is easily biased to achieve a 50% duty cycle. The
high input impedance simplifies the selection of the bias-
ing resistors and coupling capacitor. Since CMOS has a
wide supply range the Schmitt trigger could be powered
from split supplies (see Figure 5b). This biases the mean
threshold value around zero and makes direct coupling
from an op amp output possible.

-Most of the following applications use a CMOS Schmitt "

In Figure 4, we see a frequency to voltage converter that
accepts many waveforms with no change in output
voltage. Although the energy in the waveforms are quite
different, it is only the frequency that determines the
output voltage. Since the output of the CMOS -Schmitt
pulls completely to the supply rails, a constant voltage
swing across capacitor C1 causes a current to flow
through the capacitor, dependent only on frequency.
On positive output swings, the current is dumped to
ground through D1. On negative output swings, current
is pulled from the inverting op amp node through D2 and

transformed into an average voltage by R2 and C2.

Since the CMOS Schmitt pulls completely to the supply
rails the voltage change across the capacitor is just the
supply voltage.




Schmitt triggers are often used to generate fast transi-
tions when a slowly varying function exceeds a pre-
determined level. In Figure 7, we see a typical circuit, a
- light activated switch. The high impedance input of the
CMOS Schmitt trigger makes biasing very easy. Most
photo cells are several kS2 brightly illuminated and a
couple M dark. Since CMOS has a 1028 typical input
impedance, no effects are felt on the input when the
output changes. The selection of the biasing resistor is
just the solution of a voltage divider equation.

A CMOS application note wouldn’t be complete without
a low power application. Figure 8 shows a simple RC
oscillator. With only six R’s and C's and one Hex CMOS

Vee

Vee
0
“OR” CONFIGURATION - “AND"” CONFIGURATION
R R

trigger, six low power oscillators can be built. The square
wave output is approximately 50% duty cycle because of
the balanced input and output characteristics of CMOS.
The output frequency equation assumes that tq =ty >>

todo t tpa1-

We earlier saw how the CMQOS Schmitt increased noise
immunity on an unbalanced transmission line. Figure 9
shows an application for a balanced or differential
transmission line. The circuit in Figure 7a is CMQOS
EXCLUSIVE OR, the MM74C86, which could also be
built from inverters, and NAND gates. If unbalanced
information is generated on the line by signal crosstalk
or external noise sources, it is recognized as an error.

TLIF/6024-8

FIGURE 7. Light Activated Switch couldn’t be Simpler. The Input Voltage Rises as Light Intensity Increases, when V4 is
Reached, the Output will go Low and Remain Low until the Intensity is Reduced Significantly.
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FIGURE 8. Simplest RC Oscillator? Six R’s and C's make the CMOS Schmitt into Six Low Power Oscillators. Balanced
Input and Output Characteristics give the Output Frequency a Typically 50% Duty Cycle.
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1/6 MM74C04 Liverter
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Transmitted data appears at F as long as transmssion line 1s balanced,
unbalanced data 15 ignored and error is detected by above circuit.

1/3MM74C14

1/ MM74C86

ERROR

AB+ AB = Error

Error 1s detected when transmussion line is unbatanced wn either direction.

TLIFI6024-10

a) Differential Error Detector.

FIGURE 9. Increase Noise Immunity by using the CMOS Sch
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b) Differential Line Receiver. TLIFiB028-11

dul Ral

itt Trigger to D d Trar 1 Line,

ea

2-33

ovL-NV




AN-140

The circuit in Figure 9b is a differential line receiver
that recqyers balanced transmitted data but ignores
unbalanced signals by latching. up. If both circuits of
Figure 9 were used together, the error detector could
signal the transmitter to stop transmission and the line
receiver would remember the last valid information bit
when unbalanced signals persisted on the line. When
balanced signals are restored, the receiver can pick up
where it left off.

v

* The standard voltage range for CMOS inputs is V¢

+0.3V and ground -0.3V. This is because the input pro-
tection network is diode clamped to the supply rails. Any

input exceeding the supply rails either sources or sinks °

a large amount of current through these diodes. Many
times an input voltage range exceeding this is desirable;
for example, transmission lines often operate from £12V
and op amps from £15V. A solution to this problem is
found in the MM74C914. This new device has an uncom-
mon input protection that allows the input signal to go
to 25V above ground, and 25V below V. This means
that the Schmitt trigger in the sine to square wave
converter, in Figure 5b, could be powered by *1.5V
supplies and still be directly compatible with an op amp
powered by 15V supplies.

A standard input protection circuit and the new input
protection are shown in Figure 70. The diodes shown
have a 35V breakdown. The input voltage can go positive
until reverse biased D2 breaks down through forward
bias D3, which is 35V above ground. The input voltage
can go negative until reverse biased D1 breaks down
through forward bias D2, which is 35V below Vcc.
Adequate input protection against static charge is still
maintained.

Vee
. 01
NORMAL
CMoS cMos
INPUT INPUT
PROTECTION 200
02
= TLIF/6024-12
a)

CMOS can be linear over a wide voltage range if proper
consideration is paid to the biasing of the inputs. Figure
77 shows a simple VCO made with a CMOS inverter,
acting as an integrator, and a CMOS Schmitt, acting as a
comparator with hysteresis. The inverter integrates the
positive difference between its threshold and the input
voltage V,y. The inverter output ramps up until the
positive threshold of the Schmitt trigger is reached. At
that time, the Schmitt trigger output goes low, turning
on the transistor through Rg and speeding up capacitor
C,. Hysteresis keeps the output low until the integrating
capacitor C is discharged through Rp. Resistor Rp
should be kept much smaller than RC to keep reset time
negligible. The output frequency is given by

P Viu ~ Vin
o= — 2
(V14 = V1) Rec-

The frequency dependence with control voltage is given
by the derivative with respect to V,y So,

-1
(V~|—+ - VTA) RC.

dfo
d Vin

where the minus sign indicates that the output frequency
increases as the input is brought further below theinverter
threshold. The maximum output frequency occurs when
VN is at ground and the frequency will decrease as V
is raised up and will finally stop oscillating at the
inverter threshold, approximately 0.55 V¢c.

MmM74c914
INPUT
PROTECTION 200

tmos
INPUT

TLIF/6024-13

b)

FIGURE 10. Input Protection Diodes, in a) Normally Limit the Input Voltage Swing to 0.3V above Vge and 0.3V

below Ground.

VIN%__DO—

' 1/6 MM74C04
V 0_Vin _1/2Vcc

In b) D2 or D1 is Reverse Biased Allowing Input Swings of 25V above Ground or 25V below Vee-

fo Vee
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fos Y-V
© V. - Vr JRcC

dfy -1

Vi (V5 - V7 IRGC

TLIF/6024-14

FIGURE 11. Linear CMOS (Voltage Controlled Oscillator)
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The pulses from the VCO outptit are quite narrow
because the reset time is much smaller than the integra-
tion time. Pulse stretching comes quite naturally to a
Schmitt trigger. A one-shot or pulse stretcher made with
an inverter and Schmitt trigger is shown in Figure 12.
A positive pulse coming into the inverter causes its
output to go low, discharging the capacitor through the
diode D1. The capacitor is rapidly discharged, so the
Schmitt input is brought low and the output goes
positive. Check the size of the capacitor to make sure
that inverter can fully discharge the capacitor in the
input pulse time, or

C AV AV
+ —

R

ISINK INVERTER >

where AV = V¢ for CMOS, and AT is the input pulse
width.

For very narrow pulses, under 100 ns, the capacitor can
be omitted and a large resistor will charge up the CMOS
gate capacitance just like a capacitor.

When the inverter input returns to zero, the blocking
diode prevents the inverter from charging the capacitor
and the resistor must charge it from its supply. When
the input voltage of the Schmitt reaches Vi, the
Schmitt output will go low sometime after the input
pulse has gone low.

THE SCHMITT SOLUTION

The Schmitt trigger, built from discrete parts, is a careful
and sometimes time-consuming design. When introduced
in integrated TTL, a few years ago, many circuit designers
had. renewed interest because it was a building block
part. The input characteristics of TTL often make biasing
of the trigger input difficult. The outputs don’t source
as much as they sink, so multivibrators don’t have 50%
duty cycle, and a limited supply range hampers inter-
facing with non 5V parts.

The CMOS Schmitt has a very high input impedance with
thresholds approximately symmetrical to one half the
supply. A high voltage input is available. The outputs
sink and source equal currents and pull directly to the
supply rails.

A wide threshold range, wide supply range, high noise
immunity, low power consumption, and low board
space make the CMOS Schmitt a uniquely versatile
part.

Use the Schmitt trigger for signal conditioning, restora-
tion of levels, discriminating noisy signals, level detecting
with hysteresis, level conversion between logic families,
and many other useful functions.

The CMOS Schmitt is one step closer to making design-
limited only by, the imagination of the designer.

To=tn+T

Vee , Vee

Ovi-NV
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FIGURE 12. Pulse Stretcher. A CMOS Inverter Discharges a Capacitor,
a Blocking Diode allows Charging through R only. Schmitt Trigger
Output goes Low after the RC Delay.
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Using National Clock
Integrated Circuits in Timer
- Applications

INTRODUCTION

The following is a description of a technique which
‘allows the use of the National MM5309, MM5311,
MM5312 and MM5315 clock integrated circuits as
timers in industrial and consumer applications. What
will be presented is the basic technique along with some
simple circuitry and applications.

BASIC TECHNIQUE

When first approaching the problem of using clock chips
for timers, the most obvious technique is to attempt to
compare the display data with preset BCD numbers.
Because of the multiplexing and number of data bits
this technique, while possible, is unwieldy and requires a
large number of components.

0 1 2 3 4 5
UNIT SECOND

DIGIT TIME
BCD 1

18EC
2SEC—]

National Serﬁiconductor
Application Note 143
November 1975

An easier method is to use one or more demultiplexed

-BCD lines as control waveforms whose edges determine

timer data. In Figure 1 we examine the 1-bit of the BCD
data of the units second time.

From this waveform we observe a one second wide pulse
every two seconds. If we look at the 4-bit of the 10.
minutes digit we find a pulse which is 20 minutes wide
and occurs once each hour.

Figi/m 3.is a chart showing the various pulses and their
widths for all digits and the useful BCD lines.

UL

TLID/73971
FIGURE 1. 1 Second Pulse Every 2 Seconds
[ 2 3 a4 5 1 2 3 a4 5
10 MINITE DIGIT
TIME
BCD 1
[=——a0MIN =20 MIN—~]
TLIDI7397-2

FIGURE 2. 20 Minute Pulse Every Hour
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BCD PULSE RATE PULSE WIDTH BCD PULSE RATE PULSE WIDTH
‘ 1 Sec Digit 10 Sec Digit
1 1 every 2 sec 1sec™ 1 1 every 20 sec 10 sec™
2 2 1 every min 20 sec
4 1 every 10 sec 4 sec 4 1 every min 20 sec
8 1 every 10 sec 2 sec 8
1 Min Digit 10 Min Digit
1 1 every 2 min 1 min* 1 1 every 20 min 10 min”*
2 2 1 every hr 20 min
4 1 every 10 min 4 min 4 1 every hr 20 min
8 1 every 10 min 2 min 8
: Units Hrs Digit {12 Hr Mode) Units Hrs Digit (24 Hr Mode)
1 1 every 2 hrs 1hr* 1 1 every 2 hrs © 1hr*
2 2
4 1 every 12 hrs 4 hrs 4
8 1 every 12 hrs 4 hrs . 8
10 Hrs Digit (12 Hr Mode) 10 Hrs Digit (24 Hr Mode)
1 1 1 every 24 hrs 10 hrs
2 1 every 12 hrs 9 hrs 2 1 every 24 hrs 4 hrs
4 1 every 12 hrs 9 hrs
8 - 1 every 12 hrs 9 hrs
*Square waves TL/DI7397-3
FIGURE 3

SIMPLE DEMULTIPLEXING

In the simple case where, for example, a four hour wide
pulse each day is desired, perhaps to turn on lights in the
evening, a simple demultiplexing scheme using one diode
is shown in Figure 4. When power is applied, the internal
multiplex circuitry will strobe each digit until the digit
with the diode connected is accessed. This digit will
sink the multiplex charging current and stop the multi-
plex scanning. Thus, the BCD outputs now present the
data from the selected digit. The waveforms as previously
discussed are presented at the BCD lines. Note that these
pulses are negative true for all BCD outputs.

An advantage of this type of timer over mechanical
types is the elimination of line power drop outs. The
circuit shown in Figure 5 will maintain timing to within
a few percent during periods of power line failure, but
automatically return to the 60 Hz line for timing as soon
as power is restored.

MORE COMPLEX APPLICATIONS

Where it is desired to maintain the display, or in more
complex timing of the ““10 seconds every two hours'
variety, external demultiplexing shown in Figure 6 can
be used. In this figure the BCD lines are demultiplexed
with MM74C74 flip-flops. Examining the waveforms of
these circuits we see two edges which allow the 10
second each two hours timing. These are differentiated
by the NAND and INVERTERS and the first edge sets
and the second resets the S-R flip-flop. The output of the
flip-flop is ten seconds wide every two hours. By exam-
ining the edges of the Figure 3 entries any combination
of timings can be obtained with the circuit of Figure 6.

LOW FREQUENCY WAVEFORM GENERATION

The asterisked BCD lines in Figure 3 are those wave-
forms which are symmetric. By the use of the simple
diode demultiplexing scheme previously discussed we
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FIGURE 5. Fail-Safe Automatic Lights Timer. Four Hours Each 24 Hours

easily obtain square waves with periods of two seconds,
two minutes, twenty minutes and two hours. In other
cases, where the waveforms are asymmetric, a simple
flip-flop can square, while dividing by two, these wave-
forms producing other low frequency square waves as
long as one per two days.

SUMMARY

We have shown some simple low cost timer and waveform
generating examples using National clock integrated

circuits. Because of the vast number of timing applica-
tions possible, this can in no way be looked at as the
limit of clock-timer circuits. Use of the Reset on the
MM5309 and MM5315 or the use of clocks in conjunction
with programmable counters such as the MM74C161
allows other possibilities to meet specific applications.
Also the clock chips themselves can run on frequencies
other than 50 or 60 Hz (actually from dc to 10 kHz)
which can allow scaling of the waveforms presented in
Figure 3 to different timing rates.
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Designing with MM74C908,
MM74C918 Dual High
Voltage CMOS Drivers

INTRODUCTION

By combining the merits of both CMOS and bipolar
technologies on asingle silicon chip, the MM74C908,
MM74C918 provides the following distinguished fea-
tures as general purpose high voltage drivers.

Wide supply voltage range (3V to 18V)

High noise immunity (typ 0.45 V¢g)

High input impedance (typ 101282)

Extremely low standby power consumption (typ

750 nW at 15V)

Low output ““ON" resistance (typ 8£2)

® High output drive capability (lopyT > 250 mA at
VouTt =Vce -3V, and Tj= 65°C_)

u High output “OFF" voltage

Among these, the first 4 are typical and unique char-
acteristics of CMOS technology which are fully util-
ized in this circuit to achieve all the design advan-
tages in a typical CMOS system.

The high output currents and low “ON” ‘resistance
are achieved through the use of an NPN Darlington
pair at the output stage.

The MM74C908 is housed in an 8-lead epoxy dual-
in-line package, which can dissipate at least 1.14W.
The higher power. version, MM74C918, comes in a
14-lead epoxy dual-in-line package, with power cap-
ability up to a minimum of 2.27W.

National Semiconductor
Application Note 177
Jen-yén Huang

March 1977

The circuitry for each of the 2 identical sections is
shown in Figure 1.

With both inputs sitting at logical ‘1" level, the
output of the inverter is also at logical 1", which
prevents the- P-channel transistor from being turned
““ON”; therefore, the output is in its “OFF" state.
Only a small amount of leakage current can flow.

.On the other hand, when one or both of the inputs

is at logical ‘0" level, the output of the inverter is
also at logical “0”, which turns on the P-channel tran-
sistor and, hence, the Darlington pair.

POWER CONSIDERATION

To assure junction temperature of 150°C or less, the
on-chip power consumption must be limited to within
the- power handling capability of the packages. In
Figure 2, the maximum power dissipation on-chip
is shown as a function of ambient temperature for
both MM74C908 and MM74C918. These curves are
generated from (1) at Tj =TjmMAX) = 150°C.

Ti=TA+PD 0ja (1)

where Tj = junction temperature
T = ambient temperature
Pp = power dissipation
0jp = thermal resistance between junction and
ambient

Vee =
£
i = 3000
° - 5
: £ 2600
' . B MM74C918
INPUT 1 g 2200 (04 = 55°C/W)
INPUT 2 = a0
g N
= = S 100 N
E N
- £ 1000 N
3 N
2 600 |- MM74C908 N
—_ (04 = 110°C/W)
g 20
£ 0
’ Vout £ 010 30 50 70 90 110 130 150
Ta - AMBIENT TEMPERATURE (°C)
, FIGURE 1 TUIFIB025-1

FIGURE 2. Maximum Power Dissipation vs
Ambient Temperature *
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A general application circuit for the MM74C908,
MM74C918 is as shown in Figure 3.

Vee
S .

r
| I
| |
| MM74C908 |
| MM74C918 |
| U R R |
Vouta Vouts
loutA louts
Ria RiB
Vi Vi
TLIFI60253
FIGURE 3
For both sections A and B;
Vee - Vi
louT = ——m (2)
. RON+RL

The device “ON" resistance, Rop, is a function of
junction temperature, T The worst-case Rgy as a
function of T is given in (3)

RoN =9 [1 +0.008 (Tj — 25)] (3)

The total power dissipation in the device also consists of
normal CMOS power terms (due to leakage current,
internal capacitance, switching etc.) which are insignifi-
cant compared to the power dissipated at the output
stages. Thus, the output power term defines the allowable
limits of operation and is given by:

Pp=Ppa +PpB

2 ) (4)
=1°0uTA * RON *1%0yTB * RON

Given R A and Rig, (1), (2), (3), (4) can be used to
calculate Pp, Tj, etc. through iteration.

For example, let V=0V, Vg = 10V, Ria = 100%2,
RLB =508, Ta =25°C, 0ja = 110°C/W.

Assume:

Ron = 12.28Q
By (2):

10
IDUTA = ——_—12.28 - 100= 0.089A
= 10 =

I0UTB = 228750 0.161A

By (4):

=(0.089)2 - 12.28 + (0.161)2 - 12.28 = 0.41W
By (1): ‘
Tj=70.5°C
And by (3):
RON = 12.28Q

DESIGN TECHNIQUE .

In a typical design, R|_ must be chosen to satisfy the
load requirement (e.g.,, a minimum current to turn
on a relay) and at the same time, the power consumed
in the driver package must be kept below its maximum
power handling capability.

To minimize the design effort, a graphical technique is
developed, which combines all the parameters in one
plot, which can be used efficiently to obtain an optimal
design.

Assume Ta = 25°C and that both sections of the
MM74C908 in Figure 3 are operating under identical
conditions. The maximum allowable package dissipation
is:

Pp=2(Vcc ~VouT) x louT
(6)

1
=—— (150 — Ta) = 1.14W
110 A

where Tj = 150°C, 0ja = 110°C/W are used in (1) per
the data sheet.

Thus, the maximum power allowed in each section is:

=(Vce — VouT) x loyTt = 0.57W

A constant power curve Pp = 0.57W can then be plotted
as shown in Figure 4. The circuit must operate below
this curve. Any voltage-current combination beyond it
(in the shaded region) will not guarantee Tj to be lower
than 150°C.

For any given Ry, a load line (7) can be superimposed
on Figure 4.

1 , 1
louTt= — (Vec— VL) = — (Vec-VouT! (7)
RL RL

The slope of this load line is —1]R|_ and it intersects
with the vertical and horizontal axes at 1/R (V¢ —
V) and Vg — VL respectively.

Given Vg and V|, a minimum Ry can be obtained by
drawing the load line tangent to the constant power
curve. In Figure 4, at Vcc — VL = 5V the line inter-
sects [QUT axis at loUT = 450 mA. Thus, RL(MIN) =
5V/450 mA = 11.1Q. Any R value below this will
move the intersecting point up and cause a section of the
load line to extend into the shaded region. Therefore,
the junction temperature can exceed Tj(MAX) = 150°C
in the worst case if the circuit operates on such a section
of the load line.

Whether this situation will occur or not is determined
by both the value of Voc — V| and the RQN range of
the drivers.
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By (3), at Tj = 150°C Ron(MAX) = 189, this is a
straight line™ passing through the origin with a slope of
louT/(Vece — VouT) = 1/18 mho and intersects the
load line at point A. Similarly, point B and C can be
found for typical (~102) and minimum (~5Q) RQopN
at Tj=150°C.

For V¢c — VL = 5V, the tangent point falls between A
and C. Hence, R > 11.1Q calculated above must be
satisfied; otherwise, part of the load line within the
specified RON range will extend into the shaded region
and therefore, Tj > 150°C may occur.

For Vcc — VL = 10V, however, a section of the load
line can go beyond, the Pp = 0.57W curve without
affecting the safe operation of the circuit. By inspection

of Figure 4, the reason is clear—the load line extends.

into the shaded region only outside of the specified
RON range (to the right of point A’). Within the Rgn
range, the load line lies below the Pp = 0.57W curve,
thus, a safe operation.

To a first approximation™*, the section of the load line
between A and C is the operating range for the circuit at
Vce — VL =5V and R = 11.1Q. Hence, the available
current and voltage ranges for this circuit are 310 mA >
IoUT > 172 mA and 3.4V > VouTt > 1.9V, respec-
tively.

Thus, by simply drawing no more than 3 straight lines,
one obtains all of the following immediately:

1. All the necessary design information (e.g., minimum
R, minimum available loyT and VQUT, etc.)

2. Operating characteristics of the circuit as a whole,
including the effect of different RQN values due to
process variations, thus, a better insight into the
circuit operation. .

3. Most importantly, a guarantee that the circuit will be
operating in the safe region, (Tj < 150°C).

For different ambient temperatures or for different
-power considerations, Figure 4 can be applied by prop-
erly scaling the IguT axis. (Note that IQuT «Tj—TaA
and loyT = Pp).

550
500 -
450 -
400
350
300
250
200

TYPICAL IgyT (mA)

150

Vee

/ -

=5V

C
150°C —

100

4 NN

LI

50
o LIZL
005 1152253354455

Vee - Vout (V) TLIFIB0255

FIGURE 5. Typical lgyT vs Typical VouT

*Strictly speaking, RON is a non-linear function of lgyT. A
typical Rgy characteristic at Tj = 150°C is shown in Figure 5.
The non-linear characteristic near the origin is due to the fact
that the output NPN transistor is not saturated. As soon as
saturation is reached (loyT ~ 150 mA) the curve becomes a
straight line which extrapolates back to the origin. For practi-
cal design purposes, it is sufficient to consider Rop as a linear
function of IgyT.

€

**Note that as the pperating point on the load line moves away
from the Pp = 0.57W curve, (away from the tangent point in
this case), the actual junction temperature drops. Therefore, at
point A, for example, the device is actually running cooler than
Tj = 150°C, even in the worst case. Hence, Roy value drops
below 18%2 and the actual operating point is slightly different
from A.
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To further simplify the design, a family of such curves
has been generated as shown in Figure 6. Each of these
curves corresponds to a particular T A and Pp (per driver)
as indicated, and similar to the Pp = 0.57W curve in
Figure 4, is generated from (6) by using appropriate TA
values. The application of these curves is illustrated as
follows:

Example 1

1. In Figure 3, assume that the two drivers in the
MM74C908 package are to operate under identical
conditions. Find minimum R|_ at Ta = 25°C, 45°C,
65°C and 85°C for both Voo — V| = 5V and Veg —
Vi =10V.

Then plot R_(MIN) vs TA.
a) Vec - VL =5V

By constructing the load lines tangent to the
curves for Ta = 25°C, 45°C, 65°C and 85°C,
RL(MIN) for each case can be obtained through
the vertical coordinate for the intersection points
as shown in Figure 6. These are calculated in
Table 1.

Note that the same results (within graphical error)
can be obtained analytically by letting dR|/
dRQON = 0. It can be shown that

(Vee - V02

R = 8
LIMIN) 4X (Max Power Per Driver) @

b) Vec -V = 10V

The Rp(MIN) given in (8) may not be a true
minimum if the tangent point does not fall inside
the specified RQN region. The actual R (MIN)
can be obtained as shown in Figure 7. The calcula-
tions and results are given in Table Il.

Note that the R (MIN) values in Table Il are
lower than those given by (8). This corresponds to

the section on each of the 4 load lines in Figure 7

which extends beyond the power limit curve at
each associated. temperature. However, this section
on each load line is outside the specified RQN
range. Within the RoN range, load lines are below
the power limits; therefore, safe operation is
guaranteed.

The RL(MIN) vs TA plot is as shown in Figure 8.

All the curves generated so far are restricted to
Pp < 0.57W due to our simplifying assumption
that both drivers are operating identically. In
Figure 9 a few more curves are added to account
for the general situation in which only the restric-
tion Ppa + Ppg < 1.14W is required, (i.e., PpA
can be different from Ppg). Application of
Figure 9 is illustrated as follows:

TABLE |
Ta 25°C 45°C 65°C 85°C
IoUT @ D1, 2, 3,4 (mA) 450 375 310 240
5
R R — 1. 13.3 16.1 208
L(MIN) oUT@DT,2,3,4 ($2) .
l
TABLE Il
TA 25°C 45°C 65°C 85°C
louT @ D1, 2, 3,4 (mA) 261 230 197 166
10
R =~ (2 383 435 50.8 60.2
LIMIN) = {1, 2,3,4
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Example 2

In Figure 3, assume tha'.( driver A has to deliver 200 mA
to its load while driver B needs only 100 mA. Design
RLA and R g for Vcc — VL =5V.

By inspection of Figure 4, units with high RoN values
will not be able to deliver 200 mA. However, since
section B does not need the same amount of drive, we
can reduce the power consumed in this section to com-
pensate for the higher power (> 0.57W) required in
section A.

.

The design procedure follows:
Section A

1. Draw a load line intersecting RoN = 18Q line at
loyT = 200 mA. o

2. This load line intersects the louT axis at loyT =
710 mA and is tangent to PpA == 0.9W curve, thus
RLA = 5V/710 mA = 7.12 will guarantee both
PpA <0.9W and lgyTA > 200 mA.

Section B

1. Draw a load line intersecting RoN = 188 line at
loyT = 100 mA.

2. Similar to (2) above, it is seen .immediately that
RLB = 5V/150 mA = 33.3%2 will guarantee IQUTB >
100 mA and Ppg < 0.18W.

Since PpA + Ppg < 0.9 +0.18 < 1.14W

RLA=7.18
RLB =33.3Q

satisfy all the requirements in this problem.

The design in Example 2 illustrated the simple and
straight-forward use of the curves and the result
meets all the problem requirements. However, it
should be noted that there is not much design margin
left for tolerance in resistances and other circuit
parameters. The reason is obvious—we are pushing at
the power limit of the MM74C908 package—and the
solutions are sirr)ple:

a) Increase V(G supply
b) Use the higher power package MM74C918.

The design for higher Vg is identical to that in
Example 2 and will not be repeated here.

For the 14-lead higher power {2.27W) MM74C918,
0jA = 55°C/W, this is exactly half that of the 8-lead
MM74C908. Therefore, by scaling the IQUT axis by
a factor of 2, the same family of curves in Figure 9
can be applied directly. This is shown in Figure ‘10.
(Note that the slope of the RN = 1852 line has been
adjusted to the new scale).
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By drawing the same load lines, it is found that:

RLA =5V/710mA = 7.1Q
guarantees Ppa < 0.9W

+ and

RLB = 5V/150 mA = 33.302
guarantees Ppg < 0.18W

Ppa +Ppp < 1.08W

which is way below the maximum power 2.27W
available. Therefore, both R A and RLB can be
lowered to account for tolerance in the resistors. Con-
sider specifically the following example:

Example 3

Assume driver A, B of the MM74C918 have to deliver
250 mA and 150 mA, respectively, to its load. Design
RLAand RygatVge — VL = 10V.

Driver A

1. In Figure 11, draw the load line intersecting RQN =
18Q at IgyT =250 mA.

2. This load line intersects the IQUT axis at 450 mA.
Thus, by inspection R ap = 10V/450 mA = 22.2Q
guarantees Ppa < 1.14W.

Driver B

1. Draw the load line intersecting RN = 182 at
loyT = 150 mA,

2. This load line intersects the IQUT axis at 210 mA.
Thus, by inspection R g = 10V/210 mA = 47.6Q2
guarantees Ppg < 0.4W.

Since Ppa + Ppg < 1.14 + 0.4 = 1.8W, while the
package is capable of delivering 2.27W, both Ria
and R B can be lower than the above values and
the circuit still operates safely. By picking the closest
standard resistance values:

RpLA =209
RLB =430

For 5% tolerance in these values,

192 <RLA <2102
40:85Q < R g <45.15Q

Thus:

IOUTA(MIN) = = 256.4 mA > 250 mA

18Q +21Q

10V
| > ——— = 158.3 mA > 150 mA
OUTB(MIN) = 189 + 45159

P < _Tov_ )2 18Q = 1.31W
DAIMAX) = <1ssz+199> -

10V 2
) - 180 = 9.52W

P < f——
DB(MAX) = (1 852 +40.8502

PDA(MAX) + PDB(MAX) < 1.31+0.62 < 2.27W
Therefore:

R A = 2082.(1.5W, 5%)
R B =432 (1W, 5%)

will guarantee satisfactory performance of the circuit.
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APPLICATIONS

Like most other drivers, the MM74C908, MM74C918

can be used to drive relays, lamps, speakers, etc. These
are shown in Figure 12. (To suppress transient spikes at
turn-off, a diode as shown as Figure 12a is recommended
at the relay coil or any other inductive load.)

‘However, the MM74C908, MM74C918 offers a unique

CMOS feature that is not available in drivers from other

15V, power dissipation per package is typically 750 nW
when the outputs are not drawing current. Thus, the
drivers can be sitting out on line (a telephone line, for
example) drawing essentially zero current until acti-
vated—an ideal feature for many applications.

The dual feature and the NAND function of the driver
Qesign can also be used to advantage as shown in the

logic families—extremely low standby power. At VoC = following applications:

r—— = L

ouT

-1/2 MM74C308, MM74C918

~
- - TLIFI6025-12

TUIFI6025-13

FIGURE 12b. Lamp Driver

1/2 MM74C908, MM74C918

* TLIFI6025.14
FIGURE 12c. Speaker Driver
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>
In Figure 13, the 2 drivers in the package are connected circuit can be used to drive an array of LEDs or lamps. .Z
as a Schmitt trigger oscillator, where R1 and R2 are used If resistor R4 is replaced by an LED (plus a current -t
to generate hysteresis. R3 and C are the inverting feed- limiting resistor), the circuit becomes a double flasher N
back timing elements and R4 is the pull-down load for with the 2 LEDs flashing out of phase. This is shown in
the first driver. Because of its current capabil'ity, the Figure 14. .
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20Mm
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FIGURE 13. High Drive Oscillator/Flasher N
N Vee =5V
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T 224F
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FIGURE 14. Out of Phase Double Flasher TLIFI6025-16
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Another oscillator circuit using only 1/2 of the package
and 4 passive components is shown in Figure 15. Assume
Vi is slightly below the input trip point, the driver is
“ON"" and charging both Vg and V| until V| reaches the
trip point, VT, when the driver starts to turn “OFF".
Vo can be made much higher than V) at this instance by
adjusting the component values such that R{Cf >>
(RONIRLICL. Since Vg is higher than V|, V| is still
going up, although the driver is “OFF” and VQ is
ramping down. The rising V| will eventually equal to

Vi - MWW
Rf
L 240k

(a)

the falling VO, and then start discharging. Then, both
V| and VQ discharge until V| hits the trip point, VT,
again, when the driver is turned “ON", charging up Vo
and subsequently V| to complete a cycle.

This oscillator is ideal for low cost applications like the
1-package siren shown in' Figure 16, where 1 oscillator
is used as a VCO while the other is generating the voltage
ramp to vary the frequency at the VCO output.

>
Vou = YO v
|
vt - —_——
0 t
” (b) TLIFI6025-18

TLIFI602517

FIGURE 15. Single Driver Oscillator
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FIGURE 16. Low Cost Siren
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The NAND functions at the input can also be used to
reduce package count in applications where both high

output drive and input NAND features are required.
One such example is given in Figure 17.

'?
L TH

| a
[ 1/2 MM74C808, MM74C918
— — — — —— m— w— — —— — LOAD
- TLIF6025-20

FIGURE 17. High Drive RS Latch
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Electrostatic Discharge
Prevention — Input Protection
Circuits and Handling Guide
for CMOS Devices

Introduction

During the past few years, there have been significant
increase in the usage of low-power CMOS devices in
system designs. This has resulted in more stringent at-
tention to handling techniques of these devices, due to
their static sensitivity, than ever before. ’

All CMOS devices, which are composed of complementary
pairs of n- and p-channel MOSFETs, are susceptible to
damage by the discharge of electrostatic energy between
any two pins. This sensitivity to static charge is due to the
fact that gate input capacitance (5 picofarads typical) in
parallel with an extremely high input resistance (10’2 ohms
typical) lends itself to a high input impedance and hence
readily builds up the electrostatic charges, unless proper
precautionary measures are taken. This voltage build-up on
the gate can easily break down the thin (1000 A) gate oxide
insulator beneath the gate metal. Local defects such as
pinholes or lattice defects of gate oxide can substantially
reduce the dielectric strength from a breakdown field of
8-10 x 108V/cm to 3-4 x 108V/cm. This then becomes the
limiting factor on how much voitage can be applied safely
to the gates of CMOS devices.

When a higher voltage, resulting from a static discharge,
is applied to the device, permanent damage like a short to
substrate, Vpp pin, Vgg pin, or output can occur. Now
static electricity is always present in any manufacturing
environment. It is generated whenever two different mate-
rials are rubbed together. A person walking across a pro-
duction floor can generate a charge of thousands of volts.
A person working at a bench, sliding around on a stool or
rubbing his arms on the work bench can develop a high
static potential. Table | shows the results of work done by
Speakman? on various static potentials developed in a
common environment. The ambient relative humidity, of
course, has a great effect on the amount. of static charge
developed, as moisture tends to provide a leakage path to
ground and helps reduce the static charge accumulation.

TABLE I. Various Voltages Generated in 15%-30%
Relative Humidity (after Speakman’)

Most Common Highest

Condition Reading Reading
(Volts) (Volts)
Person walking across
carpet 12,000 39,000
Person walking across
vinyl floor 4,000 13,000
Person working at bench 500 3,000
16-lead DIPs in plastic
box 3,500 12,000
16-lead DIPs in plastic
500 3,000

National Semiconductor
Application Note 248
Vivek Kulkarni

June 1980

Standard Input Protection Networks

In arder to protect the gate oxide against moderate levels
of electrostatic discharge, protective networks are pro-
vided on all National CMOS devices, as described below.

Figure 1 shows the standard protection circuit used on
all A, B, and 74C series CMOS devices. The series resis-
tance of 200 ohms using a P* diffusion helps limit the
current when the input is subjected to a high-voltage
zap. Associated with this resistance is a distributed
diode network to Vpp which protects against positive
transients. An additional diode to Vgs helps to shunt
negative surges by forward conduction. Development
work is currently being done at National on various
other input protection schemes.

INPUT
200Q QUTPUT
DIODE BREAKDOWN P+
Dy =25 VOLTS
Dp =60 VOLTS
D3 =100 VOLTS
*THESE ARE INTRINSIC DIODES

TLIF/6029-1
OVss

Figure 1. Standard Input Protection Network

Other Protective Networks

Figure 2 shows the modified protective network for
CD4049/4050 buffer. The input diode to Vpp is deleted
here so that level shifting can be achieved where inputs
are higher than Vpp.

o Vo
. .
Dz 03
CMoS
INPUT GATE O 0UTPUT
DIODE BREAKDOWN o
Dy =25 VOLTS
D2 =60 VOLTS
D3 = 100 VOLTS
*THESE ARE INTRINSIC DIODES J) ]
Vss TLIF/6029-2

Figure 2. Protective Network for CD4049/50
and MM74C901/2

Figure 3 shows a transmission gate with the intrinsic
diode protection. No additional series resistors are used
so the on resistance of the transmission gate is not af-
fected.

All CMOS circuits from National’s CD4000 Series and
74C Series meet MIL-STD-38510 zap test requirements
of 400 volts from a 100 pF charging capacitor and 1.5kQ
series resistance. This human body simulated model of

shipping tube
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2 GATE (P-CHANNEL)
'F} | K .

Dy £ Dy
Voo
IN/OUT 3

Vss
g IR SN
D, = 25 VOLTS ¢ Pt
*THESE ARE INTRINSIC DIODES I
- GATE (N-CHANNEL)
Figure 3. Transmission Gate with Intrinsic Diodes to
Protect Against Static Discharge

100 pF capacitance in series with 1.5kQ series resistance
was proposed by Lenzlinger? and has been widely ac-
cepted by the industry. The set-up used to perform the
zap test is shown in Figure 4.

p—O 0UT/IN

TLIFI60293

Vzap is applied to DUT in the following modes by charg-
ing the 100 pF capacitor to Vzap with the switch Sy in
position 1 and then switching to position 2, thus
discharging the charge through 1.5 kQ series resistance
into the device under test. Table Il shows the various
modes used for testing.

TABLE Il. Modes of High-Voitage Test

Mode + Terminal — Terminal
1 Input VSS
2 Vop Input
3 Input Associlated Output
4 Associated Output Input

Pre- and post-zap performance is monitored on the input
leakage parameter at Vpp =18 Volts. It has been found
that all National’s CMOS devices of CD4000 and 74C
families can withstand 400 volts zap testing with above
mentioned conditions and still be under the pre- and
post-zap input leakage conditions of +10nA.

Handling Guide for CMOS Devices

From Table |, it is apparent that extremely high' static
voltages generated in a manufacturing environment can
destroy even the optimally protected devices by reaching
their threshold failure energy levels. For preventing such
catastrophies, simple precautions taken could save
thousands of dollars for both the manufacturer and the
user.

In handling unmounted chips, care should be taken to
avoid differences in voltage potential between pins. Con-
ductive carriers such as conductive foams or conduc-

tive rails should be used in transporting devices. The-

following simple precautions should also be observed.

1. Soldering-iron tips, metal parts of fixtures and tools,
and handling facilities should be grounded.

2. Devices should not be inserted into or removed from
circuits with the power on because transient voltages
may cause permanent damage. '

3. Table tops should be covered with grounded conduc-

tive tops. Also test areas should have conductive floor
mats.

o VvV T0 DEVICE
HIGH VOLTAGE . UNDER TEST
SUPPLY (DuT)

$ =H; ~ WETTED *'BOUNCELESS™'RELAY

TLIFI6029-4

Figure 4. Equivalent RC Network to Simulate Human
Body Static Discharge (After Lenzlinger?)

Above all, there should be static awareness amongst all
persannel involved who handle CMOS devices or the
sub-assembly boards. Automated feed mechanisms for
testing of devices, for example, must be insulated from
the device under test at the point where devices are
connected to the test set. This is necessary as the trans-
port path of devices can generate very high levels of
static electricity due to continuous sliding of devices.
Proper grounding of equipment or presence of ionized-
air blowers can eliminate all these problems.

At National all CMOS devices are handled using all the
precautions described above. The devices are also trans-
ported in anti-static rails or conductive foams. Anti-
static, by definition® means a container which resists
generation of triboelectric charge (frictionally generated)
as the device is inserted into, removed from, or allowed
to slide around in it. It must be emphasized here that
packaging problems will not be solved merely by using
anti-static rails or containers as they do not necessarily
shield devices from external static fields, such as those
generated by a charged person. Commercially available
static shielding bags, such as 3M company’s low resis-
tivity (< 10* ohms/sq.) metallic coated polyester bags,
will help prevent damages due to external stray fields.
These bags work on the well-known Faraday cage
principle. Other commercially available materials are
Legge company’s conductive wrist straps, conductive
floor coating, and various other grounding straps which
help prevent against the electrostatic damage by pro-
viding conductive paths for the generated charge and
equipotential surfaces.

It can be concluded that electrostatic discharge preven-
tion is achievable with simple awareness and careful
handling of CMOS devices. This will mean wide and
useful applications of CMOS in system designs.

Footnotes

1. T.S. Speakman, “A Model for the Failure of Bipolar
Silicon Integrated Circuits Subjected to ESD,” 12th
Annual Proc. of Reliability Physics, 1974.

2. M. Lenzlinger, “Gate Protection of MIS Devices,” IEEE
Transac. on Electron Devices, ED-18, No. 4, April 1971.

3. J.R. Huntsman, D.M. Yenni, G. Mueller, “Fundamental
Requirements for Static Protective Containers.” Pre-
sented at 1980 Nepcon/West Conference, Application
Note — 3M Static Control Systems.
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MM54240 Asynchronous
Receiver/Transmitter Remote
Controller Applications ’

Introduction

The MM5420 Asynchronous Receiver/Transmitter Remote
Controller is a low cost, easy-to-use circuit for serial data
transmission applications. The circuit is fabricated:in
the N-channel metal gate process which gives it a wide
supply voltage range (Vpp = 4.75V-11.50V) and TTL com-
patibility. .

A typical application would consist of an information
handling center and up to 128 information gathering and
information supplying stations. The information handling
center would be composed of one MM54240 circuit inter-
faced to a microprocessor I/0O system. The MM54240 in
this instance is called the “master” circuit. An infor-
mation gathering and supplying station would be one
MMb54240 interfaced to a A-to-D converter/D-to-A conver-
ter system or a digital peripheral system or any informa-
tion source/destination. The MM54240 in this instance
is the “slave” circuit. '

The simplest way to interface such a system is by means
of a twisted pair or a coaxial cable. A pull-up resistor is
necessary on this communication line since the circuit
drivers are open drain outputs. Care should be taken to
reduce capacitance and resistance on this line. With the
use of pulse width modulation techniques, frequency

DATA BUS

ADDRESS BUS

MICRO-
PROCESSOR

MM54240
“‘MASTER”’

wnl El -1 gl

National Semiconductor
Application Note 249

J. Hong

May 1980

tolerance between the circuits is broadened. This
feature is extremely desirable since the need for an ex-
pensive crystal controlled oscillator or ceramic resonator
is eliminated. Furthermore, critical timing schemes with
start and stop bits are not used. In addition, a debounce
circuit is incorporated which contributes greatly to the
noise immunity feature of the circuit. ’

Circuit Description

A functional block diagram of the MM54240 is shown in
Figure 2. The Control Logic section consists of the
switching functions of the circuit. The PWM encoder/de-
coder encodes and decodes the pulse width modulation
data format. The Shift Registers store and shift the data.

Temperature Control and Security
‘Application - )

The MM54240 can be used in many different types of low
to medium speed processor controlled applications. For
a system with 128 “slave” circuits, the time that it takes
to interrogate all “‘slave” circuits can range from 1 t0 2.5
seconds depending on the oscillator frequency of each
individual circuit.

v+
I
‘>
MM54240 ADC/DAC
“'SLAVE" SYSTEM
#2
MMS54240
A QPEHIPHEHAL
e
° e UPTO128 o
° .
° °

TLIBI7396-1

Figure 1. Typical System Block Diagram




The following example illustrates a possible in-the
home use of such a system. A set of MM54240 circuits
are used for controlling the temperature of the various
rooms inside the house, the security of the windows and
entrances, and also for turning the lights on and off when
certain events take place. The processor controlling the
system is a COP421L and it is directly interfaced to the
MM54240 “master” circuit. Three address inputs of the
“master” circuit are not used and they are tied directly
to the power supply. A maximum of 16 “slave” circuits
are then possible. They will start with address 112 and
go up to 127. The “master” circuit has the Data I/O ports
interfaced to the L I/O ports, the Address inputs inter-
faced to the D I/0 ports, and the Control inputs interfaced
to the G output ports of the COP421L. The Mode input is
tied to Vpp to select *master” operation and the only ex-
ternal components are the R-C’s connected to each cir-
cuit. The power supply terminals are shared between
the two circuits.

Thé heating system of the house consists of a furnace
with a muiti-speed air blower. A thermocouple thermo-
meter installed in each room supplies the temperature
information to the processor. The amount of air flowing
into a room is controlled by a variable ventilation
grating. When the temperature of the room falls, the
ventilator opens further to let in increasing amounts of
warm air. When all the rooms are sufficiently heated,
the furnace is turned off. The temperature in different
rooms may not be the same since the processor can
control-and adjust them to a programmed setting.

The first “slave” circuit has hard-wired address 112 and
it is used for furnace control. The control (G4, C,) inputs

ADDRESS INPUT

LATCHES

COMPARATOR

are set up for (0,1) the low impedance output port selec-
tion. D, of the D outputs is used for furnace ignition. The
other D outputs are used for controlling the air blower’s
variable speed. The second ‘‘slave’” circuit has hard-
wired address 113 and it is used for temperature sensing
and ventilation opening control. The control (C4, Cy) in-
puts are set up for (0,0) 4 in/4 out selection. Dy-D4 are
low impedance output ports for controlling the ventilator
opening; Dg-Dg are high impedance input ports for re-
ceiving temperature information from the thermocouple.

The third “slave” circuit has hard-wired address 114 and
it is used for security purposes. The control (C4, Cy) in-
puts are set up for (1,0) the weak pull-up option. The pro-
cessor will have to initialize the output latches by loading
logic ones into them. The Dg 1/0 port is for Arming and
Disarming the alarms. This is accomplished by a locking
switch shorting the I/O port to Vgg when armed. The D¢-Ds
I/O ports are connected to doors and windows. When
they are shut, the 1/O ports are shorted to Vgg. When a
window or door is opened, the voltage level of that I/O
port will increase. When the COP421L processor detects
this change, it will enable the alarm at the Dg /O port
and turn the light on at the D; /O port. The processor

can also be programmed to turn the light — D7 I/O port .

— on when one or certain doors are open.
hY

The second and third ““slave” circuit configurations can
be duplicated for other rooms. Each ‘““slave” circuit has
an optional clear switch in case the processor circuit
fails and the ‘‘slave” circuit outputs have to be over
ridden.

DATA 1/0

ADDRESS
SHIFT REGISTER

DATA
SHIFT REGISTER

' PWM
CLOCK [
ENCODER/
GENERATOR [ DECODER

!

CONTROL CONTROL
LOGIC INPUTS

TLIBI7396 2

Figure 2. Circuit Functional Block Diagram
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Figure 3. Temperature Control and Security Application

TLIBI7396-3




Power Line Transmission

A MM54240 system can be interfaced using other tech-
niques. The pulse width modulated information can be
transmitted by carriers like Radio Frequency, infra-red
waves, power line transmission or any other suitable

POWER LINE 110V
TRANSMISSION 60 Hz
INTERFACE AC
CIRCUIT
DATA/
ADDRESS
SERIAL DATA
PROCESSOR | CONTROLS | MMSaZA0,
XMIT/
RECEIVE
" _POWER LINE
TRANSMISSION
INTERFACE
CIRCUIT -
DATA
H SERIAL DATA
MM54240 :
PERIPHERAL Minsaz0
_ XM/
[ RECEIVE

1)
TLIBIT396-4

Figure 4. Power Line Transmission Application

| DATA/

medium. For power line transmission applications, an
interfacing circuit is used to modulate the information
on the 60Hz AC lines. For the “master” circuit, the pro-
cessor must generate a signal to control the direction of
transmission of the interface circuit. For the “slave”
circuit, the chip select (CS) output is designed for this
purpose and can be used directly to control the direction
of transmission of the interface circuit.

Radio Frequency Transmission

A Radio Frequency transmission system can be built in
a similar structure. An /O multiplexing circuit has to be
designed to direct the flow of the transmitted data.

Conclusion

The MM54240 is a flexible, easy-to-use, and adaptable cir-
cuit. It can be used in any application where a serial data
transmission is desired. The transmitted data is pulse
width modulated. This gives it desirable features such as
a low cost oscillator, wide frequency tolerance, and ex-
cellent noise immunity. Up to 129 MM54240 circuits can be
used for any one system. The circuit is fabricated in the
N-channel metal gate process. Designed with National’s
Microbus™ structure in mind, the circuit is easily and
directly interfaced to most microprocessor systems.

' 170 CONTROL

1/0 out ,
SERIAL HULTIPLEXER RF
TRANSMITTER
PROCESSOR |CONTROLS | mmsa240
“MASTER""
IN
ANTENNA
A-F
LM358 necewen —1——o
r———.—j 170 CONTROL
DATA -
€S 1/0 out
SERIAL|<—>IMULTIPLEXER RF
TRANSMITTER
MM54240
PERIPHERAL o240
IN
ANTENNA
R-F
Lim338 recewen

TLIBI7396-5

Figure 5. Radio Frequency Transmission Application
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Applications and Uses of
the MM5321 TV Camera
Sync Generator

1. Introduction

The MM5321 has been introduced to replace the oider
MM5320 and correct some difficulties associated with that
part. It is a plug-in replacement in almost all applications.

'Major Differences and Improvements are:

B Horizontal reset control allows resetting to beginning' or
_center of horizontal line.

® Vertical (field) index pulse with botl”1 1.26 and 2.045 MHz
clock. ‘

® |mproved clocking characteristics.

® Vertical interval always generated after vertical reset
pulse at pin 5.

! Vertical sync separator included.

Power Supplies

The MM5321 is designed to operate from a total supply
voltage of 17 volts, or various combinations to supply a
total of 17 volts. Interfacing to TTL or CMOS is best ac-

National Semiconductor
Application Note 250
Edwin Schoell

May 1980

complished using +5V and —~12V as shown in Figure 1.
Note that no ground is needed for the MM5321, but it is
used as the power return for peripheral chips.

Input Interfacing

Since the MM5321 is a P-channel device, input switching
thresholds are with respec€t to the most positive (Vss)
power supply voltage. For this reason, it is important to
use the same regulators, or insure the 5V supply to the
driver chip is the same as the 5V supply to the MM5321.
Problems with poor clocking can often be traced to drive
levels not coming to within 1.5 volts of the 5V supply to
the MM5321. In some cases, the addition of a 470Q pull-up
resistor from clock input to Vgg will solve the problem.

Input clocking problems have also been found with low
duty cycle waveforms of the 2.048 MHz clock. A look at
the data sheet will reveal that a 50 percent duty cycle is
best, but 3 to 4 onloff (43%-57%) ratio is satisfactory.
This can be obtained from a properly configured divide
by seven counter from a 14.31818 MHz clock.

5V Vss
Jr <470 .
S SEE TEXT
27k
I ek
TIL OR , TIL OR
cMos | Mms321 cMos
27k -
D D
2 1
= -1V RESISTORS
NEEDED FOR

CMOS INTERFACE
— NOT USED FOR TTL

LMt

LOW INPUT LOGIC LEVELS

LMt

TLIF/B152:1

Figure 1. Input/Output Interfacing
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Two schemes for driving the MM5321 are shown in
Figure 2. The first shows a CMOS gate oscillator/buffer,
while the second uses a transistor crystal oscillator and
a TTL up-counter programmed to divide by seven and
produce a 3 to 4 on/off ratio for the MM5321 clock input.
In color applications the 14.32 MHz is also divided by four
in a shift register type of counter to produce quadrature
3.58MHz for the systems chroma modulators.

All other inputs should be tied high or low depending on
the application of the part, with the exception of the hori-
zontal reset, which is internally pulled down to Vgg.

Output Interfacing

The MM5321 will drive 1 TTL load when operated with
+5V and —12V supplies as shown in Figure 1. The output
structure is an active device to Vgs and a current source
load to Vpp, Figure 3. When interfacing to CMOS, a
27kQ current limit resistor must be used to prevent
damage to the CMOS inputs when the protection diode is
turned “on”.

2. Some Applications

The most basic application of the MM5321 is a TV
camera sync generator, where it will generate all the
usual drive signals as well as high quality composite
sync. In this application, little interfacing is needed.

Genlocking

In some systems, it is necessary to lock the sync genera-
tor to another source of sync. This is commonly done by a
process called “genlocking” in which the two generators
are either fed from the same master (2.045 MHz) clock, or
the crystal oscillator of one generator is phase-locked to
vertical or horizontal sync of the master generator.

The vertical divider may be reset either by feeding com-
posite sync to the vertical reset control, or by feeding
differentiated (short pulses) of vertical sync to the verti-
cal reset pin of the MM5321. ’

2.04545 MHz 5V
I:LZpF
8
MM5321
5V
16 15 1210 T8
DM74LS169
(PRELOADED TO 9) MM5321
12 4 7 1
12V
L
- TLIFI6152-2
Figure 2. Input Clock Generating Schemes
Vss
1
INPUT
INTERNAL
= cwreurts oUTPUT
Vop TUIFI8152:3

Figure 3. MM5321 Input/Output Circuits
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Fidure 4 shows a genlock application. External hori-
zontal sync is used as a reference to a phase detector
which compares to the horizontal sync generated by the
MM5321. The error signal controls the clock to the
MM5321. In order to insure exact horizontal and vertical
timing, external composite sync is fed to the Vertical
Reset Control of the MM5321. Circuitry inside the
MM5321 decodes the vertical interval of the external
sync generating a vertical sync pulse to reset the verti-
cal counter of the MM5321. In effect then, this input
acts as a vertical sync separator.

Adisadvantage of this approach is that there is a one field
delay between the source and the MM5321, so that serra-
tion pulses of the slave will begin one half line earlier than
that of the source.

A more precise genlock application is shown in Figure 5.
Phase locking is done at 3.58 MHz, vertical is reset with
the leading edge of a vertical sync pulse derived from
incoming video with the vertical control of the MM5321

resetting to the eleventh half line of generated sync.
Composite sync resets the horizontal divider chain for
clock periods before horizontal sync resulting in a us
delay between master and slave. Horizontal drive may
be used to reset the horizontal counter to within one
clock period or 0.5us of master sync. In order not to
produce double frequency horizontal drive during the
vertical interval, horizontal sync from the master is
gated with vertical drive from the slave.

It should be noted in the above application that if the
phase lock were omitted, and the 2.048 MHz OSC were
allowed to free run, the MM5321 would still maintain
vertical and horizontal lock with the source. However,
timing errors will build up with time and since the
counters in the MM5321 can only be reset in 1divided by
2.045MHz or 500 ns intervals, the effect will be to shift
the position of horizontal sync 500ns (1% of 1 horizon-
tal line) every few lines depending on how far apart the
two clock sources are.

5V —tv 5Iv
e | ’
ST s wmsaz 3
5
VERTICAL
o | e
ComposiTE | CONTROL 5V
YN .
Svep Tk 2005 | vOLTAGE SN
HORIZ MHz CONTROLLED
DRIVE OSCILLATOR
14
o 15| a1
3 =
A L ———
- = TLIFI6152:4

Figure 4. Genlocking
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Figure 5. Genlocking with Color-Burst Phaselock
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As an example, assuming a 0.1% error in clock frequen-
cy, after 1000 clock cycles, the error between clocks will
be 1 clock cycle or 489 ns and the horizontal counter will
reset one line earlier. 1000 clock cycles occur in 489us,
or once every 7.7 horizontal lines.

The effect will be a sawtooth appearance on a vertical
line displayed on a display.

3. PAL and Other Non-Standard
Applications

The MM5321 may be used with some external circuitry
1to generate approximately correct PAL sync. By using
the vertical control on the even line after 50 Horizontal
lines are counted, the divide by 525 is reset to 52 lines
from zero. The field reference is slightly reduced to give
horizontal rate of 50 Hz. It can be seen that for 819 lines,
147 and 152 extra pulses are needed.

Figure 6 shows a realizable circuit, the MM5321 provides
all the necessary wave forms as in the 525 lines case. A
divide by two provides odd and even field identification.
A programmable counter is toggled at half field rate be-
tween the counts of 50 and 55; The MM5321 is reset at
these times, the combinational logic around the 74C93
is toggled to detect alternately the 10th and 11th counts.

The ensure reliable reset of the 74C93 counter an extra
delay was provided by a 74C14 inverter. The vertical drive
sets an R-S flip flop at 0 time. The divide by 10/divide by
11 counter is enabled to count five, ten, or eleven
pulses, the R-S flip flop is reset by the output of the divide
by 5 counter.

The circuit now awaits the next \/ertical blanking pulse.

Specifications

Line Period 64us
Line Blanketing 11.2us
Front Porch 1.6us
Horizontal Pulse 4.8us
Back Porch 4.8us
Burst 2.4us
Field 50Hz/312=2313
Duration of Field Sequence 91H
Field Blank. Int. 21Hlines
No. of Serrations 6

In conclusion it can be seen that this sync generator
does not exactly conform with CCIR specs. However,
there should be a few applications where these wave-
forms would be ample.

1% 74C14
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Figure 6. PAL Application
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A Broadcast Quality TV Sync
Generator Made Economical
through LSI

The growing number of applications of video tape recor-
ders and TV cameras in the consumer market have re-
sulted in the need for a single-chip LSl integrated circuit
TV camera sync generator. The National Semiconductor
MM5321 TV Camera Sync Generator has been developed
to economically provide the basic sync functions for
color and monochrome, 525 line, 60 Hz, interlaced appli-
cations — and provide it with the reliability and accuracy

of a digital IC system. A Metal-Oxide-Semiconductor

(MOS) technology was chosen as the most economical
method of obtaining the necessary circuit density and
speed.

Figure 1 shows the simplified block diagram and Figures
2 through 5 are the timing diagrams of the generator.

All inputs and outputs of the 14-pin device are TTL com-
patible without the use of external components. Two

supplies are required, with the nominal difference be-"

tween them 17 volts. Ambient temperature may be varied
between —25°C and +70°C.

The output functions provided are Horizontal Drive, Ver-
tical Drive, Composite Blanking, Composite Sync, and
Color Burst Gate. In addition, a Field Index output func-
tion identifies a particular field, and a Color Burst Sync
output presents a pulse at half the horizontal rate, but
otherwise identical to the Color Burst Gate, and may be
used to synchronize the color burst with the generator.

National Semiconductor
Application Note 251
Robert B. Johnson and
Eugene H. Campbell
May 1980

All output functions are derived from the clock applied
to the Master Clock input. The user may select either of
two input frequencies by selecting the proper horizontal
divider, which is accomplished by hard-wiring the Divider
Control pin to either the Vgg (most positive) or Vgg (most
negative) power supply. :

In color applications, a frequency four times the color
burst is usually available to generate the 0°C and 90°C
color sub-carrier signals. Dividing that frequency by
seven results in 2.04545MHz, which is the input clock
signal to be used when the Divider Control pin is con-
nected to Vss. With the control pin wired to Vgg, the hori-
zontal divider is programmed to accept an input signal
eighty times, the horizontal rate, or 1.260 MHz.

The horizontal divider is essentially a 65-bit shift register
which can be shortened to 40-bits with the Divider Con-
trol logic. Control logic also selects the proper set of
register taps used for decoding the horizontal timing
edges.

One of the outputs of the horizontal divider is a signal
used to drive the ten-stage vertical counter and a 42-bit
shift register, which together provide the verical division
and timing edges.

Shift registers are usually very efficient logic blocks in
MOS designs, which is why they were selected for many
of the counters in this product. Parasitic capacitances
may be used to store charge for periods of time that are
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Figure 1. Block Diagram of a TV Camera Sync Generator
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essentially dependent only on semiconductor junction
characteristics. Thus, in MOS it is possible to design
both dynamic and static shift registers. Dynamic regis-
ters were used for both the vertical and horizontal
counters because in each case the clock frequency is
well above any minimum limitation due to leakage cur-
rent ‘considerations, and they offer a layout/size advan-
tage over static type cells. The configuration selected

— I._l_n

uses ten transistors and is capable of being reset to
either a "1”” or 0" logic state.

The vertical divider is comprised of DC flip-flops config-
ured as a ten-stage short-cycled, modulus 525, ripple
counter. Each stage is resettable, and to accommodate
additional vertical reset versatility, stages 1, 2, and 8
can be set or reset.
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Figure 2. Sync Generator Output Waveforms
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) Figure 3. Horizontal Timing Diagram with the Input
Clock Frequency Equal to 2.04545 MHz
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Figure 4. Horizontal Timing Diagram with the Input
Clock Equal to 1.260 MHz
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Figure 5. Vertical Timing Diagram
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Figure 6. Simplified Vertical Timing Logic

Figure 6 indicates the method of generating the vertical
output functions. Decoding logic detects the 525th state
and short cycles the counter by resetting it to zero. Sim-
ultaneously, the input of the 42-bit shift register is set to
zero and the vertical blanking and equalization gates are
initiated. Six register clock periods later, the equalization
gate is terminated and the serration pulse is initiated by
the arrival of a zero state at the sixth bit of the shift reg-
ister. Similarly, the serration gate is terminated and the
equalization gate reinitiated when a zero is detected at
the 12th tap and, finally, the equalization gate is termin-
ated when the 18th tap changes to a zero. The vertical
drive pulse is also initiated when the register input goes
to a zero, and is terminated when the zero reaches the
18th bit. The vertical blanking pulse lasts until the zero
propagates to the 42nd bit, at which time the register
input is reset to a logical “1” level.

In some applications, particularly video recorder tape
editing, it is necessary to identify which field of the ver-
tical frame the system is in. For that purpose, the gener-
ator derives a Field Index pulse which identified field
one by occurring for two input clock periods at the lead-
ing edge of the vertical blanking pulse of field one. Field
one is defined as the field with a whole scanning line in-
terval between the equalizing pulse and the last line sync
pulse of the preceding field. -

When designing MOS circuits, one must be aware of the
effects of power supply variations, ambient temperature
excursions, and process variables on circuit performance.
This is the case in design of most circuits of course, but
MOS tends to be more sensitive than bipolar circuits
due to increased parasitic capacitance and limited cur-
rent drive capabilities. The speed of any MOS product is
essentially dependent upon how fast critical capacitive
nodes can be charged and discharged. The charging or
discharging current is in turn a function of the size, the
voltages applied to, and the threshold and gain factor of
the transistor(s) supplying the current. Threshold and
gain factor are functions of process variables such as
gate oxide thickness, the type of substrate material and

its impurity concentration. They are also affected by
temperature, which reduce the fermi potential (decreas-
ing threshold), and modifies the carrier mobility in the
transistor channel (which lowers the gain factor). the re-
duction in gain factor generally has more effect than the
change in threshold, resulting in an overall reduction in
speed with increasing temperature.

As far as the sync generator is concerned, this variation
in performance as a function of environmental and power
supply conditions could cause skewing of individual
output timing edges, reducing the accuracy of the sync
functions. Careful design essentially eliminates this
problem in the MM5321. First, all output functions were
matched for total logic delay by simulating circuit per-
formance for all environmental and process variations,
and then optimizing the delays to the output buffers.
Second, all output functions are resynchronized at the
outputs by an internal clock signal running at the input
clock rate, with its own optimized delay characteristics
with respect to the horizontal divider clock. For all
worst-case conditions the output functions reach the
synchronizing point before the synchronizing clock.
Third, all the output buffers themselves are identical
and therefore have matched delays. Thus, the design
results in output functions whose timing delays are
matched with respect to each other, but will have differ-

* ences in delay with respect to the input clock on a part

to part basis (due to variations in process variables).
Even on a part to part basis, maximum differences in
delay between two parts with the maximum allowed pro-
cess variation should be less than 200ns, or 0.003H, at
similar temperature and power supply values.

The output buffers are push-pull using the circuit confi-
guration shown in Figure 7. The output transistors Q1
and Q2 provide the sink and source characteristics
shown in Figure 8. When' interfacing directly with TTL,
the 800R resistor serves to limit the excess sink current
supplied to the TTL clamp diode, by reducing the gate
drive to Q2. This minimizes excessive power dissipation
on the chip and protects the TTL diode. Q8 is the logic
transfer device driven by the synchronizing clock.
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Figure 7. Schematic of TTL Compatible Push-Pull Buffer used
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on All Outputs of the Sync Generator
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Figure 8a. Typical Output Sink Current as a Function
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Figure 9. Schematic of Input Clock Buffer

The most critical circuitry in the generator, from the

-standpoint of speed, is the input clock buffer (Figure 9).

The buffer is designed to generate a two-phase, full
power supply amplitude clock signal from the single-
phase low amplitude input signal. Q1 through Q4 con-
stitute a Schmitt trigger type input stage that guarantees

a trip-point range of Vgg — 4.2V maximum for “0” levels, -

and Vgg—2.0V minimum for TTL “1” levels. When
interfacing directly with TTL, the normat supplies will be

+5 volts connected to.Vgs, and —12V connected to the

Vag pin. For a tolerance of 5% on the Vss supply, the

guaranteed trip-points decipher to arequired input level

more negative than 4.75V-4.2V, or 0.55V, for the “0” level,

and a required level more positive than 4.75V-2.0V, or 2.75,

for the “1” level. These levels are obtainable from stan-

dard TTL without any external interface components.

Q10 and Q11 are feedback latches which eliminate in-’
ternal clock overlap problems.

§
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Figure 10. Basic Logic for Detecting Proper State of the Composite Sync Input
Signal for Resetting the Vertical Divider in “Gen-Lock” Operation

To provide as much versatility as possible, a variety of
divider reset (‘“gen-clock”) features have been included.
The horizontal and vertical dividers have individual Ver-
tical and Horizontal Reset inputs which allow independ-
ent resetting of the appropriate divider. With the inputs
tied together, both dividers may be reset simultaneously.

The vertical divider may be reset to either of two states,
depending upon the DC level of the Reset Control pin. If
the Reset Control is tied to Vsg, the most positive supply,

a TTL “1” to the “0” level transition on the Vertical Reset .

pin will reset the vertical divider to all zeros, which is
time zero as defined by the vertical timing diagram. With
the Reset Control returned to Vgg, a Vertical Reset
pulse will reset the vertical divider to the fifth serration
pulse (eleven 0.5H time intervals from time zero). This
allows the reset pulse to be generated by analog detec-
tion of a composite sync or video signal, and used to
gen-lock the slave sync generator within the same field
interval. The horizontal divider is always reset to zero, as
defined by the horizontal timing diagram.

The Field Index output pulse occurs once during each
field one at time zero and last for two master clock peri-
ods. It can be used to gen-lock similar sync generator
chips by connecting it to their Vertical Reset inputs and
wiring the Reset Control to the Vgg supply.

Another method of resetting the vertical divider is pro-
vided by using the Reset Control pin as an input for a
composite sync signal from which gen-locking is desired.
The slaved generator detects the fifth serration pulse
and resets the vertical divider to the proper state (Figure
10).

The reset control logic generates a two-phase clock with
a frequency equal to the input clock rate anytime the
composite sync input signal is more negative than the
Reset Control trip-point. A 16-bit dynamic shift register
with its input connected to Vsg is driven by the modu-
lated clock signal. When the composite sync input be-
comes more positive than the Reset Control trip-point,
or if the 16th bit becomes a *“1”, all sixteen bits of the

register are reset to zeros. If the composite sync signal
remains low for fifteen master clock periods, another
two-phase signal is generated which acts as the clock
for a 5-bit shift register used to store the sampled state
of the inverted (and filtered) composite sync signal. The
sample is the average value of the filtered signal during
an approximately 200ns sampling window occurring just
before the fifteenth master clock time after the compo-
site sync input signal initially went low. The input trip-
point of the 5-bit register determines whether the sam-
pled signal is stored as a *“1” or “‘0” logic state.

Fifteen input clock periods equal a time of 7.3us at an

input clock frequency of 2.04545 MHz, and 11.9us when
the input rate is 1.260 MHz. The only interval of the com-
posite sync waveform which is legitimately low during
this time is the vertical sync pulse. In the present design,
the first five serrated intervals must be successfully de-
tected before the vertical divider is reset to the proper
state. The limitation in this design may be the difficulty
in acutally acquiring legitimate detection due to exces-
sive noise and missing pulses in the composite sync
input signal. If this proves to be the case, it is possible
to eliminate the second and/or fourth bits of the 5-bit
register as detection requirements. This should improve
the statistical probability of getting an initial gen-lock
condition within a reasonable time.

As illustrated above, the Reset Control input has a dual
function. It selects the reset state of the vertical divider
when hardwired to either Vsg or Vgg, and acts as a dyna-
mic input when gen-locking is to be established using a
composite sync input signal. When using the Reset
Control as the input for a composite sync signal, the
Vertical Reset pin should be hardwired to Vss.

The MM5321 TV Sync Generator has been designed with
both versatility and economy as the primary objectives.
We feel it exemplifies the role of MOS/LSI standard
products can play in providing useful consumer products
in a manner that both large and small volume users will
find attractive.
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Simplified Multi-Digit LED
Display Design Using
MM74C911/MM74C912/
MM74C917 Display
Controllers

l. Introduction

The MM74C911, MM74C912 and MM74C9127 are CMOS
display controllers that control multiplexing of
8-segment LED displays. These devices each have an
on-chip multiplex oscillator and associated logic to
easily implement multi-digit displays with minimal addi-
tional hardware. These controllers were designed to be
easily interfaced to a microprocessor as a small 4-or
6-byte area of write-only memory (WOM), but they are
not limited to this environment.

The MM74C911 is the simplest of these devices. It has
one data input for each of its eight segment outputs,
allowing direct control of any LED segment. Both the
MM74C912 and MM74C917 have five data inputs which
accept either BCD (MM74C912) or hexadecimal
(MM74C917) data, plus decimal point. The MM74C911
can interface up to four 8-segment displays and the
MM74C912/MM74C917 can control up to six 8-segment
displays.

National Semiconductor
Application Note 257
Larry Wakeman

May 1981

Il. Functional Description — MM74C911

The functional block diagram for the MM74C911 is
shown in Figure 1. The eight data inputs are buffered
and bussed to the four dual-port latches. To write data
into a particular latch, K1 and K2 address-inputs are
decoded and the proper latch is enabled when CE and
WE are taken low.

The latch outputs are controlled by the muitiplexer
(MUX) logic. All four latch data outputs are commonly
bussed, and are sequentially read by the MUX logic. The
bussed 8-segment outputs.are then buffered by bipolar
segment driver transistors, which are enabled when
SOE is low, and are in"TRI-STATE® mode when Segment
Output Enable (SOE) is held high. This allows easy display
blanking without loss of data.

The multiplexer logic controls all of the timing for the
MM74C911 and also generates the digit output strobes.
The timing diagram is shown in Figure 2.
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Figure 1. MM74C911 Block Diagram
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By raising the Digit In-Out (DIO) input high, the internal
oscillator is disabled and the digit outputs become
inputs which control reading of the 4-digit latches. This
allows the MM74C911 to be slaved to -other multiplex
timing signals. If both SOE and DIO are held high, both
the display and oscillator are disabled causing the
MM74C911 to be in a low-power mode where it typically
draws less than 1uA. Figure 3 shows the truth table for
these control inputs.

4
i

DI0/OSE SOE MODE
0 0 NORMAL DISPLAY MODE
0 1 DISPLAY BLANKED
1 0 WILL DISPLAY ONE DIGIT*
1 1 LOW POWER MODE TUFIB0303

Figure 3. Operating Modes for the MM74C811/
MM74C912/MM74C917 (*The 74C911 Digit
Outputs become inputs.)

lll. Functional Description —
MM74C912/MM74C917

The functional block diagram for the MM74C912 and
MM74C917 is shown in Figure 4. These devices are very

similar to the MM74C911. There are only five data inputs
on the MM74C912 and MM74C917 which are buffered,
then bussed to six 5-bit dual-port latches. The address
present on K1, K2, and K3 will dictate which of the six
latches will be loaded when both CE and WE are low. The
outputs of all of the latches are commonly bussed and fed
into a decoder ROM which converts BCD (MM74C912) or
hexadecimal (MM74C917) code to seven segment. The
fifth bit is the decimal point, which bypasses the ROM.
The 8-segment bits are then buffered by eight NPN-
segment drivers. Like the MM74C911, these outputs are
TRI-STATE and will blank the display when SOE is held
high.

All of the multiplexing is controlled by an internal oscil-
lator and control logic. The logic sequentially reads each
latch and activates the digit outputs. The oscillator can be
disabled by raising the Oscillator Enable (OSE) input high,
but the digit outputs do not become inputs and thus the
MM74C912, and MM74C917 can not be slaved. However, by
raising both SOE and OSE high, these parts can be putinto
a low-power mode similar to the MM74C911. Figure 3
shows the controller operating modes.

The MM74C912 and the MM74C917 are identical except
for the last seven ROM locations. The ROM outputs are
shown in Figure 5 for both parts.

IV. Display Interface Design

A. Common Cathode LED’s

Since the MM74C911/MM74C912/MM74C917 contain all
the multiplex circuitry necessary to operate a 4- or
6-digit display, all the designer must do is choose appro-
priate segment resistors and digit drivers to properly
illuminate the LEDs. A typical LED connection is shown
in Figure 6. Based on the selected display, a certain
segment current will be required. This current will
determine the value of the segment resistor and the type
of digit driver necessary. The design for the MM74C911 is
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Figure 4. MM74C912 and MM74C917 Display Controller
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nearly the same as for the MM74C912/MM74C917 except
that due to multiplexing the 6-digit controllers must be
designed to a higher peak current valqe.

As an example, suppose the the NSN781 (2-digit, 0.7"
common catholde LED display) has been selected.
These displays require an average current of 8mA per
segment for good illumination. The MM74C3911 multi-
plexes four digits; thus, any one digit is on % of the
time. Each digit must have a peak current four times its
average current to achieve the same brightness. The
MM74C911 must supply about 32mA per segment, and
the MM74C912/MM74C917 would have to supply a-cur-
rent six times the average current or about 48 mA.

The maximum digit driver current is the maximum num-
ber of “on” segments multiplied by the segment cur-
rent. For the MM74C911 design, the digit current is
~260mA, and is ~380mA for the MM74C912/MM74C917.
Using this digit current value, the digit driver can be
selected. Figure 7 shows possible digit driver ICs, but
discrete transistors or Darlingtons may also be used,
and may be desirable in some higher current applications.
Itis also important to keep in mind that the output voltage
of the driver at the designed current, as this voltage can
affect the display controllers current drive. For most de-
signs, an output voltage of <2V is reasonable.

Once the digit driver has been chosen and the output
voltage at the desired current is known, the segment
resistor, Rggg can be calculated using:

Rec = YsEG ~ Vien = Voo
Sea = Isec

where Vi gp is the voltage across the LED, 1.8V; Vpg is
the digit driver output voltage at the chosen current;
lseg is the peak segment current; and Vggg is the
MM74C911 or MM74C912 segment driver output voltage
at the peak segment current, which can be determined
from the curves in Figure 8.

In most cases, Rggg can be more quickly determined
from Figure 9 which plots Rggg vs. average segment
current. These curves are plotted for various digit driver
output voltages using current values from Figure 8.
Thus, for the above example, if a DS75492 driver 1.C. is
used with the MM74C911 to interface to the NSB781
LEDs Rseg = 38 Q assuming the drivers output voltage is
1.0V. Note that Figure 7 tabulates minimum output drive
where the above Vpg is an approximation of the
DS75492s typical Vpp at 260 mA.

Part Number of Minimum
Number Driver Type Drivers Output Drive
DS75492 Darlington Driver 6 250mA@1.5V
DS75494 Multiple Transistor Driver 6 150mA@0.35V
DS8646 Transistor Driver 6 84 mA@0.55V
DS8658 Transistor Driver 4 84mA@0.55V
DS8870 Darlington Driver 6 350mA@1.4V
DS8871/2 Transistor Driver 8/9 40mA@0.5V
DS8877 Transistor Driver 6 35mA@0.5V
DS8920 Transistor Driver 9 40mA@0.5V
DS8963 Darlington Driver 8 500mA@1.5V
DS8978 Transistor Driver 9 100mA@0.7V
DS8692 Transistor Driver 8 350mA@1.0V |

Figure 7. Typical LED Digit Drivers and Their Characteristics
(a) (b)
g’ e g e
g 30 g 30 /
£ g - 7
3 Ty=125° ,' 3 i) =125°y ,'
5 60 / 5 60
e | L/ = 9
s @ 7 4 g — 4
2 S/ =25% H 7 Ty=25%
a =)
5120 —+4 = 120 Z
8150 L2 ©o150

25 3.0 35 40 45 5.0
SEGMENT DRIVER OUTPUT VOLTAGE (V)

TLIFI8030-8

25 30 35 40 45 50
SEGMENT DRIVER OUTPUT VOLTAGE (V)

TLIF16030-9

Figure 8. Typical Segment Driver Current vs. Output Voltage for (a) MM74C911 (b) MM74C912/MM74C917
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Figure 9. Average LED Segment Current vs. Segment Resistor for (a) MM74C911 (b) MM74C912/MM74C917

Figures 10 and 71 tabulate some typical segment resis-
tor values for various National LED displays. (See Opto-
electronics Databook for detailed specifications.) This
table was compiled for a well lit room, but variation in
ambient lighting may require some slight modification
in the typical segment resistor values.

If a transistor digit driver is being used, it is sometimes
desirable to use a base current limiting resistor between
the controller's output and the transistor’s base. This will
help limit the power dissipation of the display controllefin
critical situations. The digit resistor, Rpg, can be calcu-
lated using:

where Vp, is the digit driver input voltage, 0.7V for a
transistor, Ip, is the desired digit driver current and Vpg
is the controller’'s digit output voltage for the chosen
current which can be found from Figure 12.

When the MM74C911 is to be used as a “master” to
drive another MM74C911 or other logic, the digit outputs
must have a high output voltage of 3.0V to driver ano-
ther MM74C911 or 3.5V to drive standard CMOS logic.
The digit resistor should be > 3002 for Vo = 3.0V and
Rpig > 350 for Voy = 3.5V.

A final design consideration is powér dissipation. When
designing a low-power system where the total current is

R = YDIG = VDI to be minimized, the total system power consumption is
PIEE T g simply: . )
Pr 2Vecllpo + Ipi]
DISPLAY DRIVER " TYPICAL RANGE OF
PART NO. HEIGHT (IN.) [NO. OF DIGITS SEGMENT RESISTORS
NSA1298 0.110 9 DS75492 300-10009Q -
‘ 300-2000 Q*
NSA1558 0.140 8 DS75492 200-800 Q
{ 200-1800Q*
NSN381 0.3 2 DS75492 15-80
— 2N3904
NSB3881 0.5 4 DS75492 15-80 Q
2N3904
NSN581 0.5 2 DS75492 10-60 R
2N3904
NSB5881 “0.5 4 0875492 10-60Q
2N3904
NSN781 0.7 2 DS75492 10-50Q
2N3904
NSB7881 0.7 4 DS§75492 10-50 2
/ 2N3904

Figure 10. MM74C911 Segment Resistor Values for Various Displays (Vcc =5V) (*Using Red LED Filter over
: Display)




DISPLAY DRIVER TYPICAL RANGE OF
PART NO. HEIGHT (IN.) |NO. OF DIGITS| (RD=0) SEGMENT RESISTORS
NSA1298 0.110 9 DS75494 200-800 Q
, 300-1500 Q*
NSA1558 0.140 8 DS75494 150-700 Q
150-1000Q*
NSN381 0.3 2 DS75492 5-50 Q
NSB581 0.5 2 DS75492 5-50 Q
NS5931 0.5 6 DS75492 5-40Q
- 2N3904
NSN781 0.7 2 DS75492 5-30Q
2N3904

Figure 11. MM74C912/MM74C917 Segment Resistor for Average Intensity for Various Displays (*Using Red LED

Filter over Display)
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Figure 12,

where Ipg is the maximum digit driver output current,
Ve is the power supply voltage, and Ip, is the digit dri-
ver input current. '

When a circuit design employs large segment currents,
the maximum dissipation should be calculated to

ensure that the power consumption of the controller or ~

digit driver is within the maximum limits. The display
controller power dissipation is:

Pc =S(Isec)(Vee — Vsea)

where Iggg and Vggg are the peak segment current and
segment voltage, as previously determined; and S is the
maximum number of segments lit per digit. The maxi-
mum package dissipation for the controllers vs.
temperature is shown in Figure 13.

To gain an understanding of how segment current
affects the controllers power dissipation, Figure 14
plots average and peak LED segment current vs. pack-
age dissipation for both the MM74C911 and the
MM74C912/MM74C917. These typical curves are plotted
using the typical segment driver output currents and
voltages from Figure 8. . B

DIGIT OUTPUT CURRENT (mA)

0 =
5
4
/
10 Ty=125°C 7
/

15 71 ,/

// //
20 54 1y=25%

’
. b

2% —~4

0 1.0 20 30 40 50

DIGIT OUTPUT VOLTAGE (V)

TLIFI6030-13

>

Typical Digit Driver Current vs. Output Voltage for (a) MM74C911 (b) MM74C912/MM74C917

As the digit driver output voltage Vpg becomes larger,
the driver dissipates more power, thus the designer
should also ensure that the driver's dissipation is not
exceeded. Generally, the standard digit driver IC will
dissipate around 2 watt. (See specific data sheets.) Dri-
ver power dissipation can be calculated by:

Pp=(Vpo)(lpic)

where Vpg and Ip g are the digit driver output voltage
and current. In a standard digit driver, one output will be
active all the time, but if discrete transistors are used,
each transistor is turned on 25% of the time. The ave-
rage power dissipation for each discrete transistor digit
driver is Y4 of the above equation. )

B. Common Anode LED Display

Althoughconnectingthe MM74C911/MM74C912/MM74C917
to common anode displays is somewhat more difficult
than to common cathode displays, it can be done.
These controllers still provide all the necessary timing
signals, but some extra buffering must be added to

ensure the correct logic levels and drive capability.
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To drive common anode displays, the display
controller's segment outputs must be inverted and the
digit outputs must be current buffered. Figure 15 shows
a simple circuit to interface to most common anode dis-
plays. An 8-digit calculator digit driver I1C, DS8871, is

PACKAGE DISSIPATION (W).

TLIFI6030-16

used to drive the display segments. Segment resistors on -

the controller's segment outputs are not necessary but
may be necessary on the outputs of the DS8871 driver.
)

For higher current displays, the choice of digit driver
transistor is important as the digit current will depend
on how high the digit driver output of the display con-

troller can pull up due to the emitter follower configura-

tion. For good display brightness, a high gain medium
power transistor should be used.

=125°C Maximum Junction Temperature)

2.0
15 —
//
0.5 : /

5/30 10/60 15/90 20/120
AVERAGE/PEAK SEGMENT CURRENT (mA)

rL/F/6030-17

Typical Power Dissipation vs. Segment Current for (a) MM74C911 (b) MM74C912/MM74C917

C. Vacuum Fluorescent (VF) Displays

The MM74C911/MM74C912/MM74C917 are not directly
capable of driving VF displays, but serve as a major
functional block to ease driving 4- or 8-digit displays.
The controllers provide the multiplex timing for this dis-
play, but the segment and digit outputs must be level
shifted, and a filament voltage must be applied.

In Figure 16, a DS8654 or similar device is used to trans-
late the segment and digit voltages to 30V to drive the
segment plates and digit grids. The AC filament voltage
is derived from a separate low-voltage transformer
which is biased by a zener. Since there is no pull-down
in the DS8654, pull-down resistors must be added. The
exact anode and cathode voltages and the bias zener
will depend on the display used, but the basic circuit is
the same.
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Figure 15. MM74C911 to Common Anode LED Interface Using 9 Digit Driver
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Figure 16. MM74C912/MM74C917 to Vacuum Fluorescent Display Interface
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V. ViM74C911 Display Applications

Of thez three CMOS display controllers, the MM74C911 is
the si implest, but also the most versatile. Since the char-

~acter font is not predetermined, many non-numerical

char acters can be displayed using standard 8-segment
disp lays. In many cases, it may be desirable to enable
a srnall microprocessor to display prompt messages
whe:re the use of more complicated alpha-numeric dis-
pla'yss is not justified. For these cases, the MM74C911 is
ide al, because any combination of segments can be
cormitrolled. Figure 17 shows many of the possible letters
antd numbers that can be displayed along with their
binary and hexadecimal values on 8-segment displays.

There is no reason to restrict the MM74C911 to
alipha-numeric displays, as the controller allows direct
c.ontrol of individual LEDs. The MM74C911 can be con-
'mected to a mixture of numerical and discrete LEDs as
‘typified by Figure 18. Thus status and numerical data
can be simuitaneously controlled.

Taking this one step further, all the LEDs could be
discrete as shown in Figure 19. This type of arrangement
is multipurpose. The LEDs could be configured as a 4 x 8
matrix or possible two-bar graphs of 16 LEDs, Figure 20,
or maysc some sort of binary data display. There are
many variations possible.

VI. Slaving The MM74C911

As mentioned, the MM74C911 has the unique feature of

being able to be slaved to external multiplex logic or a -
“master” MM74C911. This feature is useful when the

controller is to be synchronized with a master. Figure 21

shows a typical application where two MM74C911s are

used to drive a 16-segment alpha-numeric display. In

order to drive this display, synchronization is required to

ensure that both controllers are outputting the same

digit information at the same time.

A more subtle advantage to slaving MM74C911s occurs
when trying to use multi-controllers to drive more digits.
This case, illustrated in Figure 22, allows fewer, more
powerful digit drivers to be used. This can be advanta-
geous when using smaller displays that require little
power to begin with.

Vil. MM74C912/MM74C917
Display Applications

Both the MM74C911/MM74C912 have predetermined
character fonts and this limits their versatility, but
greatly simplifies their application in hex and decimal
display application. Still, there are a few small “tricks”
that can be used to stretch the controller’s capabilities.

In many applications, the decimal point segment is not
needed, particularly when the MM74C917 is used. Gene-
rally, this part is used to display hexadecimal address
and data information where decimal points are rarely
needed. These segments could be used for status infor-
mation. Figure 23 shows a typical implementation. The
status LEDs could indicate power, run and halt status
information of a host uP or could indicate the type of
instruction being executed. Although the MM74C912
applications would tend to use the decimal point more
often, it is equally capable of implementing Figure 23.

Another possibility, if all six digits are not required, is to
use the unused digits for status indicators. A possible
example using the MM74C917 is shown in Figure 24,
and another possible implementation for the MM74C912
is shown in Figure 25. In both of these applications, four
bits of data is loaded into digits 1 and/or 2. Depending
on the data loaded, various combinations of discrete
LEDs would be lit. The tables included in these figures
illustrate numerical combinations and their results.

HEX CODE HEX CODE
cHaRacTER | MEXCODE | pispiay | chamacten | HEXCODE | pigpiay
0 FC ] 3 78 "
1 60 ; L 1C [
2 DA N 28 -
3 F2 3 0 FC
s 6 0 3A =
6 BE i R oA -
7 £0 7 S B6 5
8 FF a T 8C E
9 F6 3 u [ 7
3 A
A EE A Y 76 o
B s Y 4 f
R T
F 8E E Z 02 :
G BC = 12 -
H 6E ? CA
H % f > D1
: 0c / < 98 :
li

Figure 17. Segment Codes for Various Characters Using 8-Segment Displays (MSB of Hex Code is segment a,
LSB is Decimal Point ie for0 (a=1,b=1,c=1,d=1,e=1,f=1,g=0,dp=0)=FC)
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Figure 23. 7-Segment Displays with 6-Discrete LED Indicators for MM74C912/MM74C917 Using “DP” Segment
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Figure 24. MM74C917 (a) Display with 8 Discrete LED’s (b) Inputs for LED Output Table
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Figure 25. MM74C912 (a) 4 Digit Display with Discrete LEDs (b) /O Data Table

VIIl. Interfacing To Microprocessors

The CMOS LED display controllers can be easily inter-
faced to most of the popular microprocessors with the
addition of only a few 1Cs. Most microprocessor data
and address bus logic is specified to be TTL compatible.
A standard TTL logic high, Vou is supposed to be > 2.4 at
full load which is not compatible with a CMOS V|; > 3.5V.
Although microprocessor inputs will typically pull-up
above 3.5V, this is not guaranteed over the entire tem-
perature range. It is recommended that pull-up resistors
be added to raise this level above 3.5V. Under most con-
ditions, a 5-10K resistor should suffice.

The write timing of the display controllers is illustrated
in Figure 26. The minimum write access time is 430ns
for the MM74C912/MM74C917 and 450ns for the
MM74C911. A write to the controller is accomplished by
placing the desired data on the data inputs, lowering
the CE and WE inputs, and then raising them to com-
plete the write. Even though CE and WE are inter-
changeable, CE is usually derived from the address
decoding logic and WE is connected to the CPU write
strobe. Other than the slight timing differences between

t

the MM74C911 and the MM74C912/MM74C917, the only
other major microprocessor interfacing differences are
that the MM74C912/MM74C917 have an additional digit
address bit which must be connected to the micro-
processors address bus, and the MM74C911 has eight
data inputs whereas the MM74C912/MM74C917 have
only five. .

A. Interfacing To The INS8080

These controllers can be connected to ‘the
INS8080/INS8224/INS8238 CPU group with no external
logic if no more than a minimal amount of address
decoding is required. Since the INS8080 has a separate
memory and /O port address spaces, one of the /O port
address bits could be directly connected to the CE
input. Figure 27 illustrates this using an MM74C911.
Whenever an OUT instruction is executed causing the
1/OW (INS8080 write enable signal) to go low and the
address is such that A7 is low, A0 A1 will select the digit
to be written. If more decoding is required, some exter-
nal gating logic may be added to the CE input.
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The MM74C912/MM74C917 would be interfaced by con-
necting the A, B, C, D and DP to bit D0-D4 of the data
bus and connecting K1-K3 to Ag-A,. Writing data to these
controllers would be the same as writing to the MM74C911.

B. Interfacing to the Z80™*

To connect these display controllers to the Z80 micro-
processor, only a minor modification to the INS 8080
need be made. The Z80 control signals are slightly dif-
ferent from the INS8080. Instead of the INS8080 1/0
write strobe, the Z80 has an /O request line (IOREQ),
which goes low to indicate an I/O port is to be accessed,
and a write (WR) strobe which indicates that a memory
or /O write is to be done. By OR-ing, these together an
equivalent I/OW signal is generated as shown in Figure 28.

C. Interfacing to the NSC800

The NSC800 has very different timing because the lower
eight address bits and the data bus are multiplexed. But
when connecting the display controllers as /O ports,
the interface is only slightly different from the INS8080
design. When an /O instruction is executed, the port
address that appears on A0-A7 is duplicated on
A8-A15, and this address can be used directly. The con-
troller WE input must be decoded from a WR (write
enable) and IO/M (I/O or memory enable) as shown in
Figure 29. Note that since the NSC800 is a CMOS micro-
processor, no pull-up resistors are needed.

Figure 29 uses address bit A15 which is equivalent to bit
A7.on the previous examples. As with the previous
examples, if more address decoding is required, either
gates or decoders could be connected to the CE input.

D. Interfacing To The 6800

When using the INS8080, Z80, or NSC800, these proces-
sors have separate /0 and memory address spaces.
This usually allows simpler interfaces to be designed.
The 6800 has no separate I/O addressing so 1/O ports
are usually mapped into a small block of memory. This
requires more address decoding to ensure that memory
and /O don’t overlap.

Figure 30 shows a DM8131 6-bit address bus compara-
tor whose B, inputs ,are a combination of A15-A12
address bits, the &, (6800 system clock) and the VMA
(Valid Memory Access) control signal. When these
inputs equal the corresponding T, inputs, the output
goes low. The 6800 R/W signal is connected to the WE.

E. Interfacing To The INS8060/INS8070

Like the 6800, the INS8060/8070 series of microproces-
sors don’t have any separate I/O addressing, so the
MM74C911/MM74C912/MM74C917 must be memory
addressed, but unlike the 6800 both the INS8070 series
and the INS8060 have separate read/write strobes,
which can simplify interfacing the display controllers.
Figure 31 illustrates a typical INS8060 interface. The
NWDS (write_enable) is directly connected to the
MM74C912s WE input and the DM8131 provides the
address decoding for the controller. The INS8060 has
only 12 address bits (unless using paged addressing) so
bits Ag-Aq4 are decoded by the comparator.

The INS8070 series microprocessor has the identical
NWDS signal but has 16 address bits. Thus Figure 31
would connect the A10-A15 address bits to the DM8131.
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Figure 26. MM74C911/MM74C912/MM74C917 Timing Diagram (See data sheets for numbers)
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F. Multiple Display Controllers

In systems where multiple display controllers are to be
used, the simple addressing schemes of the previous
examples may prove to be too costly in /O capabilities,
so some extra decoding is necessary to derive the CE
signals. A typical method uses a 2-4 line decoder or a
3-8 line decoder. Where the total time from a stable
address to the write pulse goes inactive is > 1uS, a
CMOS decoder such as the MM74C42 or MM74C154 can
be used, but if faster accessing is required, their LS
equivalents should be employed.

Figure 32 shows a typical implementation of a 16-digit
display using half of a DM74L8139 decoder to provide
the CE signals for each controller.

G. Making The MM74C911/MM74C912/
MM74C917 Look Like RAM

So far, the discussion of addressing the controllers has
been to separate the devices from memory, but there
are certain advantages to not doing this. In many
instances, microprocessor software requirements are
such that data outputted to the controller also must be
remembered by the microprocessor for later use. Since
data cannot be read from the display controllers, the
processor must also write the data in a spare register or

a memory location. This extra writing and ‘“book-
keeping” software can be eliminated by addressing the
MM74C911/MM74C912/MM74C917 over existing RAM.
When data is written to the controller, it could also be
stored in RAM simultaneously and can be read later by
the CPU.

Figure 31 shows a simple example of this using an
MM74C912 controller and two MM2114 1K x4 memory
chips. A DM74LS30 is used to detect when the last eight
bytes of this memory is being accessed and enables the
controller display. Thus, the last eight bytes of the RAM
contains a duplicate copy of what the display controller is
displaying.

IX. Conclusion

All three controllers provide simple and inexpensive inter-
faces to multiplexed multidigit displays. These devices
are particularly. well suited to microprocessor en-
vironments, but any type_of CMOS compatible control
hardware can be used. The MM74C911/MM74C912/
MM74C917 can most easily drive common anode dis-
plays. By providing most of the multiplex circuitry into one .
low-cost integrated circuit, the burden of designing
discrete multiplexing has been eliminated.
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HC-MOS Power
Dissipation

If there is one single characteristic that justifies the exis-
tence of CMOS, it is low power dissipation. In the quiescent
state, high-speed CMOS draws five to seven orders of mag-
nitude less power than the equivalent LSTTL function.
When switching, the amount of power dissipated by both
metal gate and high-speed silicon gate CMOS is directly
proportional to the operating frequency of the device. This is
because the higher the operating frequency, the more often
the device is being switched. Since each transition requires
power, power consumption increases with frequency.

First, one will find a description of the causes of power con-
sumption in HC-CMOS and LSTTL applications. Next will
follow a comparison of MM54HC/MM74HC to LSTTL power
dissipation. Finally, the maximum ratings for power dissipa-
tion imposed by the device package will be discussed.

Quiescent Power Consumption

Ideally, when a CMOS integrated circuit is not Switching,
there should be no DC current paths from Vg to ground,
and the device should not draw any supply current at all.
However, due to the inherent nature of semiconductors, a
small amount of leakage current flows across all reverse-bi-
ased diode junctions on the integrated circuit. These leak-
ages are caused by thermally-generated charge carriers in
the diode area. As the temperature of the diode increases,
so do the number of these unwanted charge carriers, hence
leakage current increases.

Leakage current is specified for all CMOS devices as Igc.
This is the DC current that flows from Vg to ground when

. all inputs are held at either Vg or ground, and all outputs
are open. This is known as the quiescent state.

For the MM54HC/MM74HC family, Icc is specified at ambi-
ent temperatures (Tpa) of 25°C, 85°C, and 125°C. There are
three different specifications at each temperature, depend-
ing on the complexity of the device. The number of diode
junctions grows with circuit complexity, thereby increasing
the leakage current. The worst case Icc specifications for
the MM54HC/MM74HC family are summarized in Table . In
addition, it should be noted that the maximum Icc current
will decrease as the temperature goes below 25°C.

- TABLE |. Supply Current (Icc) for MM54HC/MM74HC
Specified at Voo =6V

Ta Gate Buffer ™SI Unit
25°C 2.0 4.0 8.0 KA
85°C 20 40 80 pA
125°C 40 80 160 pA

National Semiconductor
Application Note 303
Kenneth Karakotsios
February 1984

To obtain the quiescent power consumption for any CMOS

device, simply multiply Icc by the supply voltage:
Ppc=lccVee

Sample calculations show that at room temperature the

maximum power dissipation of gate, buffer, and MSI circuits

at Vcc=6V are 10 uW, 20 uW, and 40 pW, respectively.

Dynamic Power Consumption

Dynamic power conéumption is basically the result of charg-
ing and discharging capacitances. It can be broken down
into three fundamental components, which are:

1. Load capacitance transient dissipation

2. Internal capacitance transient dissipation

3. Current spiking during switching.

Load Capacitance Transient Dissipation
The first contributor to power consumption is the charging
and discharging of external load capacitances. Figure 7 is a
schematic diagram of a simple CMOS inverter driving a ca-
pacitive load. A simple expression for power dissipation as a
function of load capacitance can be derived starting with:
Q_ =C Vcc ;
where C is the load capacitance, and Q_ is the charge on
the capacitor. If both sides of the equation are divided by
the time required to charge and discharge the capacitor
(one period, T, of the input signal), we obtain:

Q _ (1)
T CiVee T

cuTPUT

- |

TL/L/5021-1
FIGURE 1. Simple CMOS Inverter Driving a
Capacitive External Load

INPUT O

Since charge per unit time is current (Q_/T=1) and the in-

verse of the period of a waveform is frequency (1/T=f):
lL=CVccf

To find the power dissipation, both sides of the equation

must be multiplied by the supply voltage (P= Vi), yielding:
PL=C Vgc?
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One note of caution is in order. If all the outputs of a device
are not switching at the same frequency, then the power
consumption must be calculated at the proper frequency for
each output:

PL=Vcc?(Cuif1+Crafa+ . . . +Crnfn).
Examples of devices for which this may apply are: counters,

dual flip-flops with independent clocks, and other integrated
~circuits containing dual, triple, etc., independent circuits.

Internal Capacitance Transient Dissipation '

Internal capacitance transient dissipation is similar to load
capacitance dissipation, except that the internal parasitic
“on-chip” capacitance is being charged and discharged.
Figure 2 is a diagram of the parasitic nodal capacitances
associated with two CMOS inverters.

vee

{

| P =0 =0 | P
INPUT C3 : 3 | OUTPUT
1 ]
o..__.__i = | b—o0
Jﬁ 0=C5 —=C2 J N
INVERTER 1 INVERTER 2

. TL/L/B021-2
FIGURE 2. Parasitic Internal Capacitances
Associated with Two Inverters

C4 and Cy are capacitances associated with the overlap of
the gate area and the source and channel regions of the P-
and N-channel transistors, respectively. C3 is due to the
overlap of the gate and source (output), and is known as the
Miller capacitance. C4 and Cs are capacitances of the para-
sitic diodes from the output to Vcc and ground, respectively.
Thus the total internal capacitance seen by inverter 1 driv-
ing inverter 2 is:
Cj=Cq1+Cy+2C3+C4+Cs

Since an internal capacitance may be treated identically to
an external load capacitor for power consumption calcula-
tions, the same equation may be used:

Py=C\Vcc2f
vce )
‘
—I -
INPUT © -0 OUTPUT
GND<VINLVCC - vVee>VouT>GND
-

=

TL/L/5021-3 -

At this point, it may be assumed that different parts of the
internal circuitry are operating at different frequencies. Al-
though this is true, each part of the circuit has a fixed fre-
quency relationship between it and the rest of the device.
Thus, one value of an effective C; can be used to compute
the internal power dissipation at any frequency. More will be
said about this shortly.

Current Spiking During Switching

The final contributor to power consumption is current spik-
ing during switching. While the input to a gate is making a
transition between logic levels, both the P- and N-channel
transistors are turned partially on. This creates a low imped-
ance path for supply current to flow from V¢ to ground, as

illustrated in Figure 3. v

For fast input rise and fall times (shorter than 50 ns for the
MM54HC/MM74HC family), the resulting power consump-
tion is frequency dependent. This is due to the fact that the
more often a device is switched, the more often the input is
situated between logic levels, causing both transistors to be
partially turned on. Since this power consumption is propor-
tional to input frequency and specific to a given device in
any application, as is Cj, it can be combined with C;. The
resulting term is called “Cpp,” the no-load power dissipation
capacitance. It is specified for every MM54HC/MM74HC
device in the AC Electrical Characteristic section of each

" data sheet.

It should be noted that as input rise and fall times become
longer, the switching current power dissipation becomes
more dependent on the amount of time that both the P- and
N-channel transistors are turned on, and less related to Cpp
as specified in the data sheets. Figure 4 is a representation
of the effective value of Cpp as input rise and fall times
increase for the MM54HC/MM74HC08, MM54HC/
MM74HC139, and MM54HC/MM74HC390. To get a fair
comparison between the three curves, each is divided by
the value of Cpp for the particular device with fast input rise
and fall times. This is represented by “Cppp,” the value of
Cpp specified in the data sheets for each part. This compar-
ison appears in Figure 5. Cpp remains constant for input rise
and fall times up to about 20 ns, after which it rises, ap-
proaching a linear slope of 1. The graphs do not all reach a
slope of 1 at the same time because of necessary differ-
ences in circuit design for each part. The MM54HC/
MM74HCO08 exhibits the greatest change in Cpp, while the
MM54HC/MM74HC139 shows less of an increase in Cpp at

vee

RP-CHANNEL

OUTPUT

RN-CHANNEL

TL/L/5021-4

FIGURE 3. Equivalent schematic of a CMOS inverter whose input is between logic levels




any given frequency. Thus, the power dissipation for most of
the parts in the MM54HC/MM74HC family will fall within
these two curves. One notable exception is the MM54HC/
MM74HCUO4.
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FIGURE 4. Comparison of Typical Cpp for
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FIGURE 5. Normalized Effective Cpp (Typical)
for Slow Input Rise and Fall Times.
trise = ttall, Vec =5V, TaA=25°C

Inputs that do not pull all the way to Vg or ground can also
cause an increase in power consumption, for the same rea-
son given for slow rise and fall times. If the input voltage is
between the minimum input high voltage and Vgg, then the
input N-channel transistor will have a low impedance (i.e.,
be “turned on”) as expected, but the P-channel transistor
will not be completely turned off. Similarly, if the input is
between ground and the maximum input low voltage, the P-
channel transistor will be fully on and the N-channel transis-
tor will be partially on. In either case, a resistive path from
Vcc to ground will occur, resulting in an increase in power
consumption. :

Combining all the derived equations, we arrive at the
following:

ProtaL=(CL+ Cpp)Vec?f+IccVec

This equation can be used to compute the total power con-
sumption of any MM54HC/MM74HC device, as well as any
other CMOS device, at any operating frequency. It includes
both DC and AC contributions to power usage. Cpp and Icc
are supplied in each data sheet for the particular device,
and Ve and f are determined by the particular application.

Comparing HC-CMOS to LSTTL

Although power consumption is somewhat dependent on
frequency in LSTTL devices, the majority of power dissipat-
ed below 1 MHz is due to quiescent supply current. LSTTL
contains many resistive paths from Vg to ground, and even
when it is not switching, it draws several orders of magni-

* tude greater supply current than HC-CMOS. Figure 6 is a

bar graph comparison of quiescent power requirements
(Vo) X (Icc) between LSTTL and HC-CMOS devices.

The reduction in CMOS power consumption as compared to
LSTTL devices is illustrated in Figures 7 and 8. These
graphs are comparisons of the typical supply current (Icc)
required for equivalent functions in MM54HC/MM74HC,
MM54HC/MM74C, CD4000, and 54LS/74LS logic families.
The currents were measured at room temperature (25°C)
with a supply voltage of 5V.

Figure 7 represents the supply current required for a quad
NAND gate with one gate in the package switching. The
MM54HC/MM74HC family draws slightly more supply cur-
rent than the 54C/74C and CD4000 series. This is mainly
due to the large size of the output buffers necessary to
source and sink currents characteristic of the LSTTL family.
Other reasons include processing differences and the larger
internal circuitry required to drive the output buffers at high
frequencies. The frequency at which the CMOS device
draws as much power as the LSTTL device, known as the
power cross-over-frequency, is about 20 MHz.

In Figure 8, which is a comparison of equivalent flip-flops
(174) and shift registers (164) from the different logic fami-
lies, the power cross-over frequency again occurs at about
20 MHz. .
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MM74HC~0.005 W
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[ Jumieaomw
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1 L 1 J
0 2 a0 60 80 100

POWER CONSUMPTION (MILLIWATTS)
TL/L/5021-7

FIGURE 6. High Speed CMOS (HC-CMOS) vs. LSTTL
Quiescent Power Consumption
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The power cross-over frequency increases as circuit com-
plexity increases. There are two major reasons for this.
First, having more devices on an LSTTL integrated circuit
means that more resistive paths between Vg and ground
will occur, and more quiescent current will be required. In a
CMOS integrated circuit, although the supply leakage cur-
rent will increase, it is of such a small magnitude (nanoAmps

per device) that there will be very little increase in total pow- -

er consumption.
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FIGURE 7. Supply Current vs. Input Frequency
for Equivalent NAND Gates

100mA
7415164
74L8174

10mA /4

1mA 740164 /

74HC164 AV

T4HC174

74c174
1uA
10kHz 100kHz 1MHz 10MHz 100MHz
. FREQUENCY

100LA e

SUPPLY CURRENT

10uA

TL/L/5021-9

FIGURE 8. Supply Current vs. Frequency

Secondly, as system complexity increases, the precentage
of the total system operating at the maximum frequency
tends to decrease. Figure 9 shows block diagrams of a
CMOS and an equivalent LSTTL system. In this abstract
system, there is a block of parts operating at the maximum
frequency (Fmax), @ block operating at half Fray, @ block
operating at one quarter Fray, and so on. Let us call the
power consumed in the first section P1. In a CMOS system,
since power consumption is directly proportional to the op-
erating frequency, the amount of power consumed by the
second block will be (P1)/2, and the amount used in the
third section will be (P1)/4. If the power consumed over a
large number of blocks is summed up, we obtain:

ProTtaL=P1+(P1)/2+(P1)/4+ . . .+ (P1)/(2n-1)
and ProTaL<2(P1)

Now consider the LSTTL system. Again, the power con-
sumed in the first block is P1. The amount of power dissipat-
ed in the second block is something less than P1, but great-
er than (P1)/2. For simplicity, we can assume the best case,
that P2=(P1)/2. The power consumption for all system
blocks operating at frequencies Fryax/2 and below will be
dominated by quiescent current, which will not change with
frequency. The power used by blocks 3 through n will be
approximately equal to the power dissipated by block 2,
(P1)/2. The total power consumed in the LSTTL system is:

ProtaL=(P1+(P1)/2+(P1)/2+ . . . +(P1)/2
ProtaL=P1+(N-1)(P1)/2
and for n>2, ProtaL>2(P1)

Thus, an LSTTL system will draw more power than an
equivalent HC-CMOS system. ’
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TL/L/5021-10

FIGURE 9. Comparison of Equivalent CMOS
and LSTTL Systems

This effect is further illustrated in Figure 10. An arbitrary
system is composed of 200 gates, 150 counters, and 150
full adders, with 50 pF loads on all of the outputs. The sup-
ply voltage is 5V, and the system is at room temperature.
For this system, the worst case power consumption for
CMOS is about an order of magnitude lower than the typical
LSTTL power requirements. Thus, as system complexity in-
creases, CMOS will save more power.

Maximum Power Dissipation Limits

it is important to take into consideration the maximum pow-
er dissipation limits imposed on a device by the package
when designing with high-speed CMOS. Both the plastic
and ceramic packages can dissipate up to 500 mW. Al-
though this limit will rarely be reached in typical high-speed
applications, the MM54HC/MM74HC family has such large
output current source and sink capabilities that driving a re-
sistive load could possibly take a device to the 500 mW
limit. This maximum power dissipation rating should be de-
rated by —12 mW/°C, starting at 65°C for the plastic pack-
age and 100°C for the ceramic package. This is illustrated in
Figures 11 and 72. Thus, if a device in a plastic package is
operating at 70°C, then the maximum power dissipation rat-
ing would be 500 mW — (70°C—65°C) (12 mW/°C)=44
mW. Note that the.maximum ambient temperature is 85°C
for plastic packages and 125°C for ceramic packages.

292




1k T m
LSTTL SYSTEM: /
WORST CASE  TYPICAL 4
100
& 10 | HIGH-SPEED CMOS SYSTEM: Y
2 WORST CASE TYPICAL
£ 1/ By
§ . THE SYSTEMS
CONSIST OF
&100m 200 GATES
150 COUNTERS
10m 150 FULL ADDERS
CL=50pF, ALL OUTPUTS

im
100 1k 10k 100k 1M 10M 100M
FREQUENCY OF SYSTEM (Hz)

TL/L/5021-11

FIGURE 10. System Power vs. Frequency
MMHC74HC vs. LSTTL |

1000
900
800
700
600
500
400

300
260
200

100

SLOPE=-12mW/°C

PACKAGE POWER DISSIPATION (mW) -

15 2535 45 55 65 75 85 95105115
AMBIENT TEMPERATURE (°C) ——
TL/L/S021-12

FIGURE 11. Plastic Package (MM74HC)
High Temperature Power Derating
for MM54HC/MM74HC Family

4 1000

T 900

E

Z s

=3

£ 700

S 600

g 00 SLOPE= —12mW/°C
g /-
g 400 \
o 300

(=]

£ 0

(=]

=0

0 25 50 75 100 125 150
AMBIENT TEMPERATURE (°C) —=
TL/L/5021-13

FIGURE 12. Ceramic Package (MM54HC)
High Temperature Power Derating
for MM54HC/MM74HC Family

Summary

The MM54HC/MM74HC high-speed silicon gate CMOS
family has quiescent (standby) power consumption five to
seven orders of magnitude lower than the equivalent LSTTL
function. At high frequencies (30 MHz and above), both
families consume a similar amount of power for very simple
systems. However, as system complexity increases, HC-
CMOS uses much less power than LSTTL. To keep power
consumption low, input rise and fall times should be fast
(less than 50 to 100 ns) and inputs should swing all the way
to Vcc and ground.
There is an easy-to-use equation to compute the power
consumption of any HC-CMOS device in any application:
ProtaL= (CL+ Cpp)Vec?f+lccVec
The maximum power dissipation rating is 500 mW per pack-
age at room temperature, and must be derated as tempera-
ture increases.
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High-Speed CMOS
(MM54HC/MM74HC)
Processing

The MM54HC/MM74HC logic family achieves its high
speed by utilizing microCMOS Technology. This is a 3.5 sili-
con gate P-well CMOS process single layer poly, single lay-
er metal, P-well process with oxide-isolated transistors. Why
do silicon-gate transistors (polycrystalline) switch faster
than metal-gate transistors? The reason is related both to
the parasitic capacitances inherent in integrated circuits and
the gain of the, transistors. The speed at which an MOS
transistor can switch depends on how fast its internal para-
sitic capacitance, as well as its external load capacitance,
can be charged and discharged. Capacitance takes time to
be charged and discharged, and hence degrades a transis-
tor’s performance. The gain of a transistor is a measure of
how well a transistor can charge and discharge a capacitor.
Therefore, to increase speed, it is desirable to both de-
crease parasitic capacitance and increase transistor gain.

These advantages are achieved with National’s silicon-gate.

CMOS process. To understand exactly how these improve-
ments occur in silicon-gate CMOS, it is helpful to compare
the process to the metal-gate CMOS process.

Metal-Gate CMOS Processing

Figure 1 through 72 are cross sections of a metal-gate
CMOS pair of P- and N-channel transistors with associated
guard rings. ‘Guard rings are necessary in metal-gate proc-
essing to prevent leakage currents between the sources
and drains of separate transistors. The starting material is
an N— type silicon substrate covered by a thin layer of ther-
mally grown silicon dioxide (SiO») (Figure 7). Silicon dioxide,
also called oxide acts as both a mask for certain processing
steps and a dielectric insulator. Figure 2 shows

SiO2

National Semiconductor
Application Note 310
Kenneth Karakotsios
June 1983

the addition of a lightly doped P— well in which the N-chan-
nel transistors and P+ guard rings will later be located. The
P— well is ion implanted into the substrate. A thin layer of
oxide allows ions to be implanted through it, while a thicker
oxide will block ion implantation.

Next, the oxide over the P— well is stripped, and a new
layer of oxide is grown. Following this, holes are etched into
the oxide where the P+ source, drain, and guard ring diffu-
sions shall occur. The P+ regions are diffused, and then
additional oxide is grown to fill the holes created for diffu-
sion (Figures 3, 4, and 5). The following step is to cut holes
in the oxide to diffuse the N-channel sources, drains and
guard bands. Then oxide is again thermally grown (Figures 6
and 7).

In the following step, the composite mask is created by
again cutting holes in the oxide. This defines the areas
where contacts and transistor gates will occur (Figure 8). A

- thin layer of gate oxide is grown over these regions (Figure

9), and alignment of this to the source and drain regions is a

. critical step. If the gate oxide overlaps the source or drain,

this will cause additional parasitic capacitance.

Contacts to transistor sources and drains are cut into the
thin oxide where appropriate (Figure 70), and then the inter-
connect metal is deposited (Figure 77). Depositing the met-
al over the gate areas is also a critical step, for a misalign-
ment will cause extra unwanted overlap capacitance. Figure
12 illustrates the final step in processing, which is to deposit
an insulating layer of silicon dioxide over the entire surface

. of the integrated circuit.

Silicon
N-Substrate

- FIGURE 1. Initial Oxidation, Thermally Grown Silicon
Dioxide Layer on Silicon Substrate Surface

N-Substrate

TL/L/5044~1

FIGURE 2. P— Mask and Formation of P— Well Tub in
Which N-Channel Devices Will Be Located
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FIGURE 3. P— Well Oxidation, Thermally Grown Silicon
Dioxide Layer Over P— Well Area

FIGURE 4. P + Mask and Formation of Low Resistance P + Type Pockets in
P— Well and N-Substrate )

TL/L/5044-2
FIGURE 5. P + Oxidation, Thermally Grown Silicon
Dioxide Layer Over P+ Type Pockets .
| A
X ;
FIGURE 6.N + Mask and Formation of Low Resistance N + Type Pockets in
P— Well and N-Substrate
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FIGURE 7. N + Oxidation, Thermally Grown Silicon
Dioxide Layer Over N + Type Pockets
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FIGURE 8. Composite Mask and Openings to N- and P-Channel Devices

P+ Si02 N+

N-Substrate

FIGURE 9. Gate Oxidation, Thermally Grown Silicon Dioxide Layer' Over N- and
P-Channel Devices

FIGURE 10. Contact Mask and Openings to N- and P-Channel Devices

e

FIGURE 11. Metallization, Metal Mask, Resulting in Gate Metal and Metal Interconnects
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FIGURE 12. Passivation Oxide, Depositgd Silicon Dioxide Over Entire Die Surface
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Silicon-Gate CMOS Processing

The silicon-gate CMOS process starts with the same two
steps as the metal-gate process, yielding an N— substrate
with an ion-implanted P— well (Figures 13 and 74). That,
however, is where the similarity ends. Next, the initial oxide
is stripped, and another layer of oxide, called pad oxide, is
thermally grown. Also, a layer of silicon nitride is deposited
across the surface of the wafer (Figure 15). The nitride pre-
vents oxide growth on the areas it covers. Thus, in Figure
16, the nitride is etched away wherever field oxide is to be
grown. The field oxide is a very thick layer of oxide, and it is
grown everywhere except in the transistor regions (Figure
17). As an oxide grows in silicon, it consumes the silicon
substrate beneath it and combines it with ambient oxygen to
produce silicon dioxide. Growth of this very thick oxide
causes the oxide to be recessed below the surface of the
silicon substrate by a significant amount. A recessed field
oxide eliminates the need for guard ring diffusions, because
current cannot flow through the field oxide, which complete-
ly isolates each transistor from every other transistor.

The next step is to deposit a layer of polycrystalline silicon,
also called poly, which will form both the gate areas and a
second layer of interconnect (Figure 18). The poly is then
etched, and any poly remaining becomes a gate if it is over
gate oxide, and interconnect if it is over field oxide. A new
layer of oxide is grown over the poly, which will act as an
insulator between the poly and the metal interconnect (Fig-
ure 19). The poly over the transistor areas is not as wide as
the gate oxide. This allows the source and drain diffusions
to be ion implanted through the gate oxide. The poly gate
itself, along with the field oxide, is used as a mask for im-
plantation. Therefore, the source and drain implants will au-
tomatically be aligned to the gate poly, which is what makes
this process a self-aligned gate process (Figure 20).

Figure 21 illustrates the steps of cutting contacts into the
insulating layer of oxide, so the metal may be connected to
gate and field poly, as well as to source and drain implants.
A layer of metal is deposited across the entire wafer, and is
etched to produce the desired interconnection. Finally, as in
metal-gate processing, an insulating layer of oxide is depos-
ited onto the wafer (Figure 22).

Advantages of Silicon-Gate Processing

There are three major ways in which silicon-gate processing
reduces parasitic capacitance: recessed field oxide, lower
gate overlap capacitance, and shallower junction depths.
Figures 23 and 24 are cross sections of metal gate and
silicon gate CMOS circuits, respectively. These figures show
the parasitic on-chip capacitances (C4 through Cy4) for each
type of process.

The N+ and P+ source and drain regions, as well as guard
ring regions, in the metal-gate process, have two capaci-
tances associated with them: periphery and area capaci-
tances (Cz and Cy). These capacitances are associated
with the diode junctions between the P+ regions and the
N— substrate, as well as the N+ regions and P— well. The
finer line widths of silicon-gate CMOS, coupled with the
shallower junction depths, act to decrease the size of these
parasitic diodes. Capacitance is proportional to diode area,

hence the diode area reduction results in a significantly re-
duced parasitic capacitance in silicon-gate CMOS.

Another origin of unwanted capacitance is the area where
the gate overlaps the source and drain regions (C4). The
overlap is much larger in metal-gate processing than in sili-
con-gate CMOS. This is due to the fact that the metal-gate
must be made wider than the channel width to allow for
alignment tolerances. In silicon-gate processing, since the
gate acts as the mask for the iop implantation of the source
and drain regions, there is no alignment error, which results
in greatly reduced overlap.
How does the use of polysilicon gates increase the gain of a
MOSFET? Polysilicon may be etched to finer line widths
than metal, permitting the fabrication of transistors with
shorter gate lengths. The equation that describes the gain
of a MOSFET is shown below:

_ (Beta) (Width) . 2
| 2 Length) [(Gate Voltage)‘ (Threshold Voltage)]
Thus, a decrease in gate length will cause an increase in
current drive capability. This, in turn, will allow the transistor
to charge a capacitance more rapidly, therefore increasing
the gain of the transistor. Also, the gate oxide is thinner for
the silicon-gate CMOS process. A thinner gate oxide in-
creases the Beta term in the equation, which further in-
creases gain. Finally, although it is not apparent from the
processing cross sections, the transistor threshold (turn on)
voltage is lower. This is accomplished by the use of ion
implants to adjust the threshold.

There is one more advantage of silicon-gate processing that
should be noted: the polysilicon provides for an additional
layer of interconnect. This allows three levels of intercon-
nect, which are metal, polysilicon, and the N+ and P+ ion-

implanted regions. Having these three levels helps to keep.

the die area down, since much die area is usually taken up
by interconnection.

When all these advantages are summed up, the resuit is a
CMOS technology that produces devices as fast as the
equivalent LSTTL device. Figure 25 illustrates a comparison
between the MM74HCO00 buffered NAND gate and the
MM74C00, CD4011B, and DM74LS00 NAND gates. The
MM74HCO0 is about an order of magnitude faster than the
CD4011B buffered NAND gate, and about 5 times faster
than the unbuffered MM74CO00, at 15 pF. As load capaci-
tance increases, the speed differential between metal-gate
and silicon-gate CMOS increases, with the MM74HC00 op-
erating as fast as the DM74S00 at any load capacitance.

Summary

Polycrystalline silicon-gate CMOS has many advantages
over metal-gate CMOS. It is faster because on-chip parasitic
capacitances are reduced and transistor gains are in-
creased. This is due mainly to a recessed field oxide and a
self-aligned gate process. Transistor gains are increased by
decreasing transistor lengths and threshold voltages, and
increasing beta. Polysilicon also allows for an extra layer of
interconnect, which helps to keep die area down.
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OXIDE (5i02)
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FIGURE 13. Initial Oxidation, Thermally Grown Silicon
Dioxide on N— Silicon Substrate

OXIDE

FIGURE 14. lon-Implanted P— Tub in Which N-Channel
Devices Will Be Located

PAD OXIDE . NITRIDE

FIGURE 15. Initial Oxide Is Stripped, Pad Oxide Is Thermally Grown, and a Layer of Sil-
icon Nitride Is Deposited Across the Surface of the Wafer

NITRIDE PAD OXIDE

N~ SUBSTRATE [l

- FIGURE 16. Nitride Is Stripped in Areas Where Field Oxide is to be Grown. Areas
Covered by Nitride Will Become Transistor Area
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FIGURE 17. Field Oxide Is Thermally Grown. The Nitride
Acts as a Barrier to Oxide'Growth

GATE OXIDE
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FIGURE 18. Nitride is Stripped, Pad Oxide Is Stripped Over Transistor Areas and a
Thin Gate Oxide Is Grown Polycrystalline Silicon Is Deposited
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FIGURE 19. Polysilicon Layer Is Etched to Provide Gate and Interconnect Poly Areas.
New Layer of Oxidation is Grown
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FIGURE 20. N+ and P+ Source and Drain Regions Are lon Implanted, and the
Reoxidation Is Grown Thicker to Form an Insulating Layer
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FIGURE 21. Contact Openings Are Cut in the Insulating Oxide, and a Layer of
Metalization Is Deposited Across the Entire Wafer
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FIGURE 22. Metal Mask Is Etched to Provide Interconnect. Vapox (SiO) Is Deposited
Over Entire Surface of Wafer
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FIGURE 23. Cross Section of Metal Gate CMOS Process
Showing Parasitic On-Chip Capacitances
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FIGURE 24. Cross Section of Silicon Gate CMOS Process Showing Parasitic
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DC Electrical
Characteristics

of MM54HC/MM74HC High-
Speed CMOS Logic

The input and output characteristics of the MM54HC/
MM74HC high-speed CMOS logic family were conceived to
meet several basic goals. These goals are to provide input
current and voltage requirements, noise immunity and qui-
escent power dissipation similar to CD4000 and MM54C/
MM74C metai-gate CMOS logic and output current drives
similar to low power Schottky TTL. In addition, to enable
merging of TTL and HC-CMOS designs, the MM54HCT/
MM74HCT sub family differs only in their input voltage re-
quirements, which are the same as TTL, to ease interfacing
between logic families.

In order to familiarize the user with the MM54HC/MM74HC
logic family, its input and output characteristics are dis-
cussed in this application note, as well as how these char-
acteristics are affected by various parameters such as pow-
er supply voltage and temperature. Also, for those users
who have been designing with metal-gate CMOS and TTL
logic, notable differences and features of hngh-speed CMOsS
are compared to those logic families.

A Buffered CMOS Logic Family
The MM54HC/MM74HC is a “‘buffered” logic family like the

CD4000B series CMOS. Buffering CMOS logic merely de-

notes designing the IC so that the output is taken from an
inverting buffer stage. For example, the internal circuit im-
plementation of a NAND gate would be a simple NAND fol-
lowed by two inverting stages. An unbuffered gate would be
implemented as a single stage. Both are shown in Figure 1.
Most MSI logic devices are inherently buffered because
they are inherently multi-stage circuits. Gates and similar

vee
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small circuits yield the greatest improvement in perform--
ance by buffering.

There are several advantages to buffering this high-speed
CMOS family. By using a standardized buffer, the output
characteristics for all devices are more easily made identi-
cal. Multi-stage gates will have better noise immunity due to
the higher gain caused by having several stages from input
to output. Also, the output impedance of an unbuffered gate
may change with input logic level voltage and input logic
combination, whereas buffered outputs are unaffected by
input conditions.

Finally, single stage gates implemented in MM54HC/
MM74HC CMOS would require large transistors due to the

. large output drive requirements. These large devices would
. have a large input capacitance associated with them. This

would affect the speed of circuits driving into an unbuffered
gate, especially when driving large fanouts. Buffered gates
have small input transistors and correspondingly small input
capacitance.

One may think that a major disadvantage of buffered circuits
would be speed loss. It would seem that a two or three
stage gate would be two to three times slower than a buff-
ered one. However, internal stages are much faster than the
output stage and the speed lost by buffering is relatively
small.

The one exception to buffering is the MM54HCU04/
MM74HCUO04 hex inverter which is unbuffered to enable its
use in various linear and crystal oscillator applications.

vee vee vee
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. FIGURE 1. Schematic Diagrams of (a) Unbuffered and
(b) Buffered NAND Gate
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CMOS Input Voltage Characteristics

As mentioned before, MM54HC/MM74HC standard input
levels are similar to metal-gate CMOS. This enables the
high-speed logic family to enjoy the same wide noise margin
of CD4000 and MM54C/MM74C logic. With Vo= 5V these
input levels are 3.5V for minimum logic “1” (Vjy) and 1.0V
for a logic “0” (V|L). The output levels when operated at
Vec=5V+10% and worst case input levels, are specified
to be Vgc—0.1 or 0.1V. The output levels will actually be
within a few millivolts of either V¢ or ground.

When operated over the entire supply voltage range, the
input logic levels are: Viy=0.7V¢cc and V| =0.2V¢c. Figure
2illustrates the input voltage levels and the noise margin of
these circuits over the power supply range. The shaded
area indicates the noise margin which is the difference be-
tween the input and output logic levels. The logic “1” noise
margin is 29% of Vgc and the logic “0” noise margin is
19% of Vgc. Also shown for comparison are the 54LS/
74LS input levels and noise margins over their supply range.
These input levels are specified on individual data sheets at
Vec=2.0V, 4.5V, 6.0V. At 2.0V the input levels are not quite
0.7(Vce) and 0.2(Veg) as at low voltages transistor turn on
thresholds become significant. This is shown in Figure 2.

6 Vo =Vec-0.1V

Vin(HC) =029 Vce

Vin=0.7 Vg¢

Voh=2.7V

- Vin=2v
ViL=0.2 Ve
ViL=0.8v

Vo =0.4V
Vor=0.1v
6

VNH(LS) =0 14 Ve
VaL(LS) =0 08 Vec

INPUT/OUTPUT VOLTAGE (V)
@

2 3 4 5
POWER SUPPLY VOLTAGE (V)
TL/F/5052-3
FIGURE 2. Worst Case Input and Output Voltages Over
Operating Supply Range for “HC” and “LS” Logic

The input and output logic voltages and their behavior with
temperature variation is determined by the input to output
transfer function of the logic circuit. Figure 3a shows the
transfer function of the MM54HC00/MM74HC00 NAND
gate. As can be seen, the NAND gate has Vg and ground
output levels and a very sharp transition at about 2.25V.
Thus, good noise immunity is achieved, since input noise of
a volt or two will not appear on the output. The transition
point is also very stable with temperature, drifting typically
50 or so millivolts over the entire temperature range. As a
comparison, the .transfer function for a 54LS00/74LS00 is
plotted in Figure 3b. LSTTL output transitions at about 1.1V
and the transition region varies several hundred millivolts
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FIGURE 3. Input/Output Transfer Characteristics for (a)
’HCO00 and (b) 'LS00 Nand Gate
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The MM54HCT/MM74HCT sub-family of MM54HC/
MM74HC logic provides TTL compatible input logic voltage
levels. This will enable TTL outputs to be guaranteed to
correctly drive CMOS inputs. An incompatibility results be-
cause TTL outputs are only guaranteed to pull to a 2.7V

. logic high level, which is not high enough to guarantee a

over the temperature range. Also, since the transition region

is closer to the low logic level, less ground noise can be
tolerated on the input.

In typical systems, noise can be capacitively coupled to the
signal lines. The amount of voltage coupled by capacitively
induced currents is dependent on the impedance of the out-
put driving the signal line. Thus, the lower the output imped-
ance the lower the induced voltage. High-speed CMOS of-
fers improved noise immunity over CD4000 in this respect
because its output impedance is one tenth that of CD4000
and so it is about 7 times less susceptible to capacitively
induced current noise. '

valid CMOS logic high input. To design the entire family to
be TTL compatible would compromise speed, input noise
immunity and circuit size. This sub-family can be used to
interface sub-systems implemented using TTL logic to
CMOS sub-systems. The input level specifications of
MM54HCT/MM74HCT circuits are the same as LSTTL. Min-
imum input high level is 2.0V and the maximum low level is
0.8V using a 5V+10% supply.

A fairly simple alternative 1o interfacing from LSTTL is to tie
a pull-up resistor from the TTL output to Vgg, usually
4-10 k. This resistor will ensure that TTL will pull up to
Vcc. (See Interfacing MM54HC/MM74HC High-Speed
CMOS Logic application note.)

High-Speed CMOS Input Current and Capacitance

Both standard “HC” and TTL compatible “HCT” circuits
maintain the ultra low input currents inherent in CMOS cir-
‘cuits when CMOS levels are applied. This current is typically
less than a nanoamp and is due to reverse leakages of the
input protection diodes. Input currents are so small that they
can usually be neglected. Since CMOS inputs present es-
sentially no load, their fanout is nearly infinite.
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Each CMOS input has some capacitance associated with it,
as do TTL inputs. This capacitance is typically 3-5 pF for
MM54HC/MM74HC, and is due to package, input protection
diode, and transistor gate capacitances. Capacitance infor-
mation is given in the data sheets and is measured with all
pins grounded except the test pin. This method is used be-
cause it yields a fairly conservative result and avoids capaci-
tance meter and power supply ground loops and decoupling
problems. Figure 4 plots typical input capacitance versus
input voltage for HC-CMOS logic with the device powered
on. The small peaking at 2.2V is due to internal Miller feed-
back capacitance effects.

When comparing MM54HC/MM74HC input currents to TTL
logic, 54LS/74LS does need significantly more input cur-
rent. LSTTL requires 400 pA of current when a logic low is
applied and 40 pA in the high state which is significantly
more than the worst case 1 nA leakage that MM54HC/
MM74HC has.
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TL/F/5052-6

FIGURE 4. Input Capacitance vs. Input Voltage
for a Typical Device

MM54HC/MM74HC Power Supply Voltage and
Quiescent Current

Figure 5 compares the operating power supply range of
high-speed CMOS to TTL and metal-gate CMOS. As can be
seen, MM54HC/MM74HC can operate at power supply volt-
ages from 2-6V. This range is narrower than the 3-15V
range of CD4000 and MM54C/MM74C CMOS. The narrow-
er range is due to the silicon-gate CMOS process employed
which has been optimized to attain high operating frequen-
cies at Vgc=5V. The 2-6V range is however much wider
than the 4.5V to 5.5V range specified for TTL circuits, and
guaranteeing operation down to 2V is useful when operating
CMOS off batteries in portable or battery backup applica-
tions.

The quiescent power supply current of the high-speed

CMOS family is very similar to CD4000 and MM54C/
MM74C CMOS. When CMOS circuits are not switching
there is no current path between V¢ and ground, except
for leakage currents which are typically much less than
1 pA. These are due to diode and transistor leakages.

SUPPLY VOLTAGE

N e o &

=}
\

HC  METAL LSTTL
FAMILY  GATE
CMOS

TL/F/5052-7

FIGURE 5. Comparison of Supply Range for
“HC”, “LS” and Metal-Gate
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FIGURE 6. Typical Quiescent Supply Current
Variation with Temperature

Figure 6 illustrates how this leakage increases with temper-
ature by plotting typical leakage current versus temperature
for an MSI and SSI device. As a result of this temperature
dependence, there is a set of standardized Icc specifica-
tions which specify higher current at elevated temperatures.
A summary of these specifications are shown in Table I.

TABLE . Standardized Icc Specifications for
MM54HC/MM74HC Logic at 25°C, 85°C and 125°C at

Vec=6.0V
Temperature Gates Flip-Flops MslI
25°C 2 pA 4 pA 8 pA
85°C 20 pA 40 pA 80 pA
125°C 40 pA 80 pA 160 pA
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Output Characteristics

One of the prime advantages of MM54HC/MM74HC over
metal-gate CMOS (besides speed) is the output drive cur-
rent, which is about ten times CD4000 or MM54C/MM74C
logic. The larger output current enables high-speed CMOS
to directly drive large fanouts of 54L.S/74LS devices, and
also enables HC-CMOS to more easily drive large capaci-
tive loads. This improvement in output drive is due to a vari-
ety of enhancements provided by the silicon-gate process
used. The basic current equation for a MOSFET is:

| = (Beta)(Width/Length)((Vg-V)Vy-0.5(V3)
Where Vg is the transistor gate voltage, Vi is the transistor
threshold voltage, and Vg4 is the transistor drain voltage
which is equivalent to the circuit output voltage. This CMOS
process, when compared to metal-gate CMOS, has in-
creased transistor gains, Beta, and lower threshold volt-
ages, Vi. Also, improved photolithography has reduced the
transistor lengths, and wider transistors are also possible
because of tighter geometries. )
Figure 7 compares the output high and low current specifi-
cations of MM74HG, 74LS and metal-gate CMOS for stan-
dard device outputs. High-speed CMOS has worst case out-
put low current of 4 mA which is similar to low power
Schottky TTL circuits, and offers symmetrical logic high and
low currents as well. In addition, CMOS circuits whose func-
tions make them ideal for use driving large capacitive loads
have a larger output current of 6 mA. For example, these
bus driver outputs are used on the octal flip-flops, latches,
buffers, and bidirectional circuits.

4mA — Vee=5V+10%
= 3mA [—
£ oH
=2
:’ 2mA
2
5
=}
1mA

T4HC-CMOS  74LSTTL CD400O0 OR
74C-CMOS

TL/F/5052-9
FIGURE 7. Comparison of 74HC, 74LS and CD4000/ 74C
Output Drive Currents, lgy and lgp

Table Il summarizes the various output current specifica-

tions for MM54HC/MM74HC CMOS along with their equiva®

lent LSTTL fanouts. As Table Il shows, the output currents
of the MM54HC/MM74HC devices are derated from the
MMT4HC devices. The derating is caused by the decrease
in current drive of the output transistors as temperature is
increased. To show this, Figure 8 plots typical output source
and sink currents against temperature for both standard and
bus driver circuits. This variation is similar to that found in
metal-gate CMOS, and so the same —0.3% per °C derating
that is used to approximate temperature derating of CD4000
and MM54C/MM74C can be applied to 54HC/74HC. As an
example, the approximate worst case 25°C current drive
one would expect by using the 4 mA 85°C data sheet num-
ber would be about 4 mA at Voy1=0.26V, and this is what
is specified in the device data sheets.
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S 30mA N
'I.IJ.I
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3 ~ STANDARD
20mA
g S ~l_0uTPUT
2 \h~~
2 10mA =
~60 -20 20 60 100 140
TEMPERATURE—°C TL/F/5052-10
& (a)
50mA T
vee=5V
Vour=0.4V
— 40mA
E
@
3
3 30mA
x \\ BUS DRIVER
@ I~ | oUTPUT
5 20mA -y
E \‘\‘ N S~
S | oma | STANDARD [~
mA I~ quTpuT ~F

20 60 100 140
TEMPERATURE—°C
(b)

-60 -20

TL/F/5052-11

FIGURE 8. Typical Output (a) Source and (b) Sink
Current Temperature for Standard and Bus Outputs

TABLE Il. Data Sheet Output Current Specifications
/ for MM54HC/MM74HC Logic

Device QOutput High Output Low LSTTL

Vee=4.5V Current Current Fanout
Standard 54HC | 4.0 mA (Voyt=3.7V) | 4.0 mA (VoyT=0.4V) 10
Bus Driver 54HC | 6.0 mA (Vout=3.7V) | 6.0 mA (VoyT=0.4V) 15
Standard 74HC | 4.0 mA (Voyt=3.94) '| 4.0 mA (VoyT1=0.33V) 10
Bus 74HC 6.0 mA (Voyt=3.94) | 6.0 mA (Voyr=0.33V) 15
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The data sheet specifications for output current are mea-
sured at only one output voltage for either source or sink
current for each of three temperature ranges, room, com-
mercial, and military. The outputs can supply much larger
currents if larger output voltages are allowed. This is shown
in Figures 9 and 70, which plot output current versus output
voltage for both N-channel sink current and P-channel
source current. Both standard and bus driver outputs are
shown. For example, a standard output would typically sink
20 mA with Vo =1V, and typically capable of a short circuit
current 9} 50 mA.

0 vee=5V
Py
= 20mA
g newse |7 Y
=1/
o 4omA
& TA=25°C
H Ta=-55°C
3 somaA 4/
s
2
-
3 80mA
0 10 20 30 40 50
OUTPUT VOLTAGE
(a) TL/F/5052-12
0 T
E 30mA /,/
= . .
5 TA=125°C /
& 60mA = VA
3 goma L
E . | m=zsc /p—ssc
S120ma Lot -
150mA
0 10 20 30 40 50
OUTPUT VOLTAGE
(b) TL/F/5052-13

FIGURE 9. Typical PQChannel Output Source Current vs.
Output Voltage for (a) Standard and

(b) Bus Outputs
T
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» 80mA =
£ TA=—557C
2 soma —
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5 40ma % .
2 / / Ta=125°C
3 '/
20mA
oma
0 10 20 30 40 590
OUTPUT VOLTAGE
(a) TL/F/5052-14

The output current and voltage characteristics ofa logic cir-
cuit determine how well that circuit will switch its output
when driving capacitive loads and transmission lines. The
more current available, the faster the load can be switched.
In order for HC-CMOS to achieve LSTTL performance, the
outputs should have characteristics similar to LSTTL. This
similarity is illustrated in Figure 717 by plotted typical LSTTL

_ and HC-CMOS output characteristics together.

As the supply voltage is decreased, the output currents will
decrease. Figure 12a plots the output sink current versus
power supply voltage with a 0.4V output voltage, ‘and Figure
12b plots output source current against power supply with
an output voltage of Voc—0.8V. It is interesting to note that
MM54HC/MM74HC powered at Voo =3V, typically, will still
drive 10 LSTTL inputs (T=25°C).

Absolute Maximum Ratings

Absolute maximum ratings are a set of guidelines that de-
fine the limits of operation for the MM54HC/MM74HC logic
devices. To exceed these ratings could cause a device to
malfunction and permanently damage itself. These limits
are tabulated in Table Ill, and their reasons for existing are
discussed below.

The largest power supply voltage that should be applied to a
device is 7V. If larger voltages are applied, the transistors
will breakdown, or “punch through”. The smallest voltage
that should be applied to a MM54HC/MM74HC circuit is
—0.5V. If more negative voltages are applied, a substrate
diode would become forward biased. In both cases large
currents could flow, damaging the device.

T
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FIGURE 10. Typical N-Channel Output Sink Current vs. Output Voltage
for (a) Standard and (b) Bus Outputs
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Variation with Power Supply

High-speed CMOS inputs should not have DC voltages ap-
plied to them that exceed V¢ or go below ground by more
than 1.5V. To do so would forward bias input protection
diodes excessive currents which may damage them. In ac-
tuality the diodes are specified to withstand 20 mA current.
Thus the input voltage can exceed 1.5V if the designer limits
his input current to less than 20 mA. The output voltages
should be restricted to no less than —0.5V and no greater
than Vgc+ 0.5V, or the current must be limited to 20 mA.
The same limitations on the input diodes apply to the out-
puts as well. This includes both standard and TRI-STATE®
outputs. These are DC current restrictions. In normal high
speed systems, line ringing and power supply spiking una-
voidably cause the inputs or outputs to glitch above these
limits. This will not damage these diodes or internal circuitry.
The diodes have been specifically designed to withstand
momentary transient currents that would normally occur in
high speed systems.

Additionally, there is a maximum rating on the DC output or
supply currents as shown in Table 3. This is a restriction
dictated by the current capability of the integrated circuit
metal traces. Again this is a DC specification and it is ex-
pected that during switching transients the output and sup-
ply currents could exceed these specifications by several
times these numbers.

For most CD4000 and MM54C/MM74C CMOS operating at
Voo =5V, the designer does not need to worry about exces-
sive output currents, since the output transistors usually
cannot source or sink enough current to stress the metal or
dissipate excessive amounts of power. The high-speed
CMOS devices do have much improved output characteris-
tics, so care should be exercised to ensure that they do not
draw excessive currents for long durations, i.e., greater than
0.1 seconds. It is also important to ensure that internal dissi-
pation of a circuit does not exceed the package power dissi-
pation. This will usually only occur when driving large cur-
rents into small resistive loads.

TABLE lll. Absolute Maximum Ratings for
MM54HC/MM74HC CMOS Logic

Symbol Parameter

Value Unit

Veo DC Supply Voltage

—0.51t07.0 \

VIN DC input Voltage

—15toVeg+1.5 Vv

VouTt DC Output Voltage —0.5t0Vgc+0.5 \
t +25 mA
lout DC Current, Per Output Pin S anda.rd
Bus Driver +35 mA
Standard +50 A
lcc DC Vg or Ground Current an af m -
! Bus Driver +70 mA |
ik, lok Input or Output Diode Current’ +20 mA
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MM54HC/MM74HC Input Protection

As with any circuits designed with MOS transistors “HC”
logic must be protected against damage due to excessive
electrostatic discharges, which can sometimes occur during
handling and assembly procedures. If no protection were
provided, large static voltages appearing across any two
pins of a MOS IC could cause damage. However, the new
input protection which takes full advantage of the “HC” sili-

" con-gate process has been carefully designed to reduce the
_ susceptibility of these high-speed CMOS circuits to oxide

rupture due to large static voltages. In conjunction with the
input protection, the output parasitic diodes also protect the
circuit from large static voltages occuring between any in-
put, output, or supply pin.

Figure 13 shows a schematic of the input protection net-
work employed. The network consists of three elements: a
poly-silicon resistor, a diode connected to Vgg, and a dis-
tributed diode-resistor connected to ground. This high-
speed process utilizes the poly resistor to more effectively
isolate the input diodes than the diode-resistor used in met-
al-gate CMOS. This resistor will slow down incoming tran-
sients and dissipate some of their energy. Connected to the
resistor are the two diodes which clamp the input spike and

prevent large voltages from appearing across the transistor.
These diodes are larger than those used in metal-gate
CMOS to enable greater current shunting and make them
less susceptible to damage. The input network is ringed
by Vcc and ground diffusions, which prevent substrate
currents caused by these transients from affecting other
circuitry.

The parasitic output diodes (Figure 13) that isolate the out-
put transistor drains from the substrate are also important in
preventing damage. They clamp large voltages that appear
across the output pins. These diodes are also ringed by Voo
and ground diffusions to again shunt substrate currents,
preventing damage to other parts of the circuit.

Summary .
The MM54HC/MM74HC, because of many process en-
hancements, does provide a combination of features from
54L.S/74LS and metal-gate CMOS logic families. High-
speed CMOS gives the designer increased flexibility in pow-
er supply range over LSTTL, much larger output drive than
CMOS has previously had, wider noise immunity than 54L.S/
74LS, and low CMOS power consumption.

POLY-
SILICON
RESISTOR

DIODE

INPUT

DIFFUSED
DIODE
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DIODES

> OUTPUT

TL/F/5052-20

FIGURE 13. Schematic Diagram of Input and Output Protection Structures
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Interfacing to MM54HC/
MM74HC High-Speed CMOS
Logic

On many occasions it might be necessary to interface
MM54HC/MM74HC logic to other types of logic or to some
other control circuitry. HC-CMOS can easily be interfaced to
any other logic family including 54L.S/74LS TTL, MM54C/
MM74C, CD4000 CMOS and 10,000 ECL logic. Logic inter-
facing can be sub-divided into two basic categories: inter-
facing circuitry operating at the same supply voltage and
interfacing to circuitry operating on a different voltage. In the
latter case, some logic level translation is usually required,
but many easily available circuits simplify this task. Usually,
both instances require little or no external circuitry.

Interfacing Between TTL and MM54HC/MM74HC Logic
This high-speed CMOS family can operate from 2-6V, how-
ever, in most applications which interface to TTL, both logic
families will probably operate off the same 5V TTL supply.
The interconnection can be broken down into two cate-
gories: TTL outputs driving CMOS inputs, and CMOS out-
puts driving TTL inputs. In both cases the interface is very
simple.

In the first case, TTL driving HC, there are some minor dif-
ferences in TTL specifications for totem-pole outputs and
high-speed CMOS input specifications. The TTL output low
level is completely compatible with the MM54HC/MM74HC
input low, but TTL outputs are specified to have an output
high level of 2.4V (2.7V for LSTTL). High-speed CMOS's

vee

D2

ouTPUT

a3

(a

National Semiconductor
Application Note 314
Larry Wakeman

June 1983

logic “1" input level is 3.5V (Voc=5.0V), so TTL is not guar-
anteed to pull a valid CMOS logic “1" level. If the TTL circuit
is only driving CMOS, its output voltage is usually about
3.5V. HC-CMOS typically recognizes levels greater than 3V
as a logic high, so in most instances TTL can drive
MM74HC/MM54HC.

To see why TTL does not pull up further, Figure 1a shows a
typical standard TTL gate’s output schematic. As the output
pulls up, it can go no higher than two diode voltage drops
below Vg due to Q2 and D2. So when operating with a 5V
supply, the TTL output cannot.go much higher than about
3.5V. Figure 1b shows an LSTTL gate, which has an output
structure formed by Q2 and Q4. As the LSTTL output goes
high, these two transistors cannot pull higher than two base-
emitter voltage drops below Vg, and, as above, the output
cannot go much higher than 3.5V. If the output of either the
LSTTL or TTL gate is loaded or the off sink transistor has
some collector leakages, the output voltage. will be lower.

Many LSTTL and ALSTTL circuits take R2 of Figure 2b and
instead of connecting it to ground, it is connected to the
output. This enables the TTL output to go to 4.3V
(Voc=5.0V) which is more than adequate to drive CMOS. A
simple measurement of open circuit Vo can verify this cir-
cuit configuration.

vee
R1
02
04
Rz & outpur
03
R4
a1
= TL/F/5053-1
(b)

FIGURE 1. Schematic Diagrams for Typical (a) Standard and
(b) Low Power Schottky TTL Outputs
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Since LSTTL specifications guarantee a 2.7V output high
level instead of a 3.5V output high, when designing to the
worst case characteristics greater compatibility is some-
times desired. One solution to increase compatibility is to
raise the output high level on the TTL output by placing a
pull-up resistor from the TTL output to Vgc, as shown in
Figure 2. When the output pulls up, the resistor pulls the
voltage very close to V. The value of the resistor should
be chosen based on the LSTTL and CMOS fanout of the LS
gate. Figure 3 shows the range of pull-up resistors values
versus LS fanout that can be used. For example, if an
LSTTL device is driving only CMOS circuits, the resistor val-
ue is chosen from the left axis which corresponds to a zero
LSTTL fanout. '

A second solution is to use one of the many MM54HCT/
MM74HCT TTL input compatible devices. These circuits
have a specially designed input circuit that is compatible
with TTL logic levels. Their input high level is specified at
2.0V and their input low is 0.8V with Voc=5.0V+10%.
Thus LS can be directly connected to HC logic and the extra
pull-up resistors can be eliminated. The direct interconnec-
tion of the TTL to CMOS translators is shown in Figure 4.

If TTL open collector outputs with a pull-up resistor are driv-
ing MM54HC/MM74HC logic, there is no interface circuitry
needed as the external pull-up will pull the output to a high
level very close to Vgg. The value of this pull-up for LS
gates has the same constraints as the totem-pole outputs
and its value can be chosen from Figure 2 as well. The
special TTL to CMOS buffers may also be used in this case,
but they are not necessary.

16

14 b\
9" 12 |-\
S 10 -
2 L MAXIMUM RESISTANCE _]
2 4 AN BASED ON INPUT HIGH _|
4] CURRENTS
-3 - - /,
s g FUSEFUL
2 | PULL-UP RESISTOR |/
= VALUES| | | yA
o [ MIMINUM. RESISTANCE BASED ON

» [SINK CURRENT LIMITATIONS 1~

SEENES s
1

0 4 8 12 16 20

LSTTL FANOUT
TL/F/5053-2
‘FIGURE 3. Range of Pull-Up Resistors for Low
Power Schottkey TTL to CMOS interface

When MM54HC/MM74HC outputs are driving TTL inputs,
as shown in Figure 5, there is no incompatibility. Both the
high and low output voltages are compatible with TTL. The
only restriction in high-speed CMOS driving TTL is the same

fanout restrictions that apply when TTL is driving TTL.
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FIGURE 2. Interfacing LSTTL Outputs to Standard

<

Y

TL/F/5053-3

CMOS inputs Using a Pull-Up Resistor
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High-speed CMOS has much improved output drive com-
pared to CD4000 and MM54C/MM74C metal-gate CMOS
logic. Figure 6 tabulates the fanout capabilities for this fami-
ly. MM54HC/MM74HC standard-outputs have a fanout ca-
pability of driving 10 LSTTL equivalent load and MM74HC
bus driver outputs can drive up to 15 LSTTL inputs. It is
unlikely that greater fanouts will be necessary, but several
gates can be paralleled to increase output drive.

MM54HC/MM74HC and NMOS/HMOS Interconnection
With the introduction of CMOS circuits that are speed-equiv-
alent to LSTTL, these fast CMOS devices will replace much
of the bipolar support logic for many NMOS and HMOS mi-
croprocessor and LS| circuits. As a group, there is no real
standard set of input and output specifications, but most
NMOS circuits conform to TTL logic input and output logic
level specifications.

NMOS outputs will typically pull close to Vgc. As with
LSTTL, standard MM54HC/MM74HC CMOS inputs will
typically accept NMOS outputs directly. However, to
improve compatibility the MM54HCT/MM74HCT series of
TTL compatible circuits may be used. These devices are
particularly useful in microprocessor systems, since many
of the octal devices are bus oriented and have pin-outs
with inputs and outputs on opposite sides of the package.
As with LSTTL, a second solution is to add a pull-up
resistor between the NMOS output and V. Both methods
are shown in Figure 7.

MM54HC/MM74HC outputs can directly drive NMOS in-
puts. In fact, this situation is the same as if high-speed
CMOS was driving itself. NMOS circuits have near zero in-
put current and usually have input voltage levels that are
TTL compatible. Thus MM54HC/MM74HC needs no addi-
tional circuitry to drive NMOS and there is also virtually no
DC fanout restriction.

Interfacing High-Speed CMOS to MM54C/MM74C,
CD4000 and CMOS-LSI

MM54HC/MM74HC CMOS and metal-gate CMOS logic in-
terconnection is trivial. When both families are operated for

the same power supply, no interface circuitry is needed.
MM54HC/MM74HC, CD4000 and MM54C/MM74C logic
families are completely input and output Iogic level compati-
ble. Since both families have very low input currents, there
is essentially no fanout limitations for either family.

The same input and output compatibility of the HC-CMOS
makes it also ideal for use interfacing to CMOS-LSI circuits.
For example, MM54HC/MM74HC can be directly connect-
ed to the NSC800, and 80C48 microprocessors and other
microCMOS products, as well as CMOS telecommunica-
tions products.

MM54HC/MM74HC to ECL Interconnection

There may be some instances where an ECL logic system
must be connected to high-speed CMOS logic. There are
several possible methods to interconnect these families.
Figure 8 shows one method which uses the 10125/10525
ECL to TTL interface circuit to go from ECL to HC-CMOS
logic and the 10124/10524 to connect CMOS outputs to
ECL inputs. These devices allow the CMOS to operate with
Vcc =5V while the ECL circuitry uses a —5.2V supply.

An alternate approach would be to operate the CMOS from
the —5.2V ECL supply as shown in Figure 9. Thus CMOS
outputs could be directly connected to ECL inputs.

Logic Interfaces Requiring Level Translation

There are many instances when interfacing from one logic
family to another that the other logic family will be operating
from a different power supply voltage. If this is the case, a
level translation must be accomplished. There are many dif-
ferent permutations of up and down level conversions that
may be required. A few of the more likely ones are dis-
cussed here.

HC-CMOS Equivalent LSTTL TTL S-TTL ALS-TTL
Fanouts Min | Typ | Min | Typ | Min | Typ | Min | Typ
Standard Output
MM54HC/MM74HC 10 20 2. 4 2 4 20 40
Bus Driver Output '
MM54HC/MM74HC 15 30 4 8 3 6 30 60

FIGURE 6. Equivalent Fanout Capabilities of
High-Speed CMOS Logic
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>
If MM54HC/MM74HC is operated in a battery back up appli- TTL output levels are compatible with CMOS inputs, as _Z
cation for a TTL system, high-speed CMOS may be operat- shown in Figure 10. When high-speed CMOS is operated at 2
ed at Voc=2-3V and can be connected to 5V TTL. CMOS 2V, the TTL outputs will exceed the CMOS power supply s
operating at 3V can be directly connected to TTL since its and the CMOS outputs will just barely pull high enough to
- input and output levels are compatible with TTL, and the drive TTL, so some level translation will be necessary.
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FIGURE 10. When HC-CMOS Is Operating At Vgc =3V
No Logic Level Conversion Circuitry Is Needed
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CD4000 and MM54C/MM74C metal-gate CMOS logic can
be operated over a wider supply range that MM54HC/
MM74HC, and because of this there will be instances when
metal-gate CMOS and HC-CMOS will be operated off differ-
ent supply voltages. Usually 9V to 15V CD4000 logic levels

VCe=9-15V
TYPICAL
CMOS OUTPUY
- 74C901
740902
CD4049
CD4050
54HCA049 or
54HC4050
/

will have to be down converted to 5V high-speed CMOS
levels. Figure 11 shows several possible down conversion
techniques using either a CD4049, CD4050, MM54HC4049,
MM54HC4050, or MM54C906.
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TL/F/5053-12
&)
vee=9-15V vee=5v
TYPICAL / TYPICAL N\
CMOS QUTPUT HC-CMOS INPUT
A1
540906 |
lﬂ d L_|
STANDARD CMOS LOGIC -l- HC-CMOS LOGIC
TL/F/5053-13
(b)

FIGURE 11. CD4000 or 74C Series CMOS to HC-CMOS Connection with Logic
Level Conversion Using (a) Special Down Converters or (b) Open Drain CMOS
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Since CMOS has a high input impedance, another possibili- Up conversion from MM54HC/MM74HC to metal-gate
ty is to use a resistor voltage divider for down level conver- CMOS can be accomplished as shown in Figure 13. Here an
sion as shown in Figure 12. Voltage dividers will, however, MM54C906 open drain buffer with a pull-up resistor tied to
dissipate some power. the larger power supply is used.
vee=5V
vee=9-15V

TYPICAL
HC-CMOS INPUT

|
A,
Vv
2
1

. /

STANDARD CMOS LOGIC HC-CMOS LOGIC

. TL/F/5053-14
FIGURE 12. CMOS to “HC” CMOS Logic Level Translation
Using Resistor Divider
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l/‘ /MM54C905

-/

HC-CMOS LOGIC L STANDARD CMOS LOGIC
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HC-CMOS QUTPUT
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vV

£

=

L

) ’ TL/F/5053-15
FIGURE 13. HC-CMOS to CD4000 or 74C Series CMOS Connection with
Logic Level Conversion Using an Open Drain CMOS Circuit
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FIGURE 14. Interfacing Between HC-CMOS and High Voltage Control Logic

High Voltage and Industrial Control Interfaces

On occasion, interfacing to industrial and automotive control
systems may be necessary. If these systems operate within
the metal-gate CMOS supply range, interfacing MM54HC/
MM74HC to them is similar to interfacing to CD4000 operat-
ing at a higher supply. In rugged industrial environments,
care may be required to ensure that large transients do not
harm the CMOS logic. Figure 14 shows a typical connection
to a high voltage system using diode clamps for input and
output protection.

The higher drive of HC-CMOS can enable direct connection
to relay circuits, but additional isolation is recommended.
Clamp diodes should again be used to prevent spikes gen-
erated by the relay from harming the CMOS device. For
higher current drive an external transistor may be used to
interface to high-speed CMOS. Both of these are shown in
Figure 15. Also, the higher drive enables easy connection to
SCR'’s and other power control semiconductors as shown in
Figure 16.

Conclusion

Interfacing between different logic families is not at all diffi-
cult. In most instances, when no logic level translation be-
tween is done, no external circuitry is needed to intercon-
nect logic families. Even though the wide supply range of
MM54C/MM74C and CD4000 creates many possible logic
level conversion interface situations, most are easily han-
dled by employing a minimum of extra circuitry. Additionally,
several special interface devices also simplify logic level
conversion. '
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SYSTEM
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TL/F/5053-17
FIGURE 15. Interfacing MM54HC/MM74HC to Relays
1nov

LH

MMTSHC =
TL/F/5053-18

FIGURE 16. MM54HC/MM74HC Driving an SCR
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AC Characteristics of
MM54HC/MM74HC
‘'High-Speed CMOS

When deciding what circuits to use for a design, speed is
most often a very important criteria. MM54HC/MM74HC is
intended to offer the same basic speed performance as low
power Schottky TTL while giving the designer the low power
and high noise immunity characteristics of CMOS. In other
words, HC-CMOS is about ten times faster than CD4000
and MM54C/MM74C metal-gate CMOS logic. Even though
HC-CMOS logic does have speeds similar to LSTTL, there
are some differences in how this family’s speeds are speci-
fied, and how various parameters affect circuit performance.

To give the designer an idea of the expected performance,
this discussion will include how the AC characteristics of
high-speed CMOS are specified. This logic family has been
specified so that in the majority of applications, the specifi-
cations can be directly applied to the design. Since it is
impossible to specify a device under all possible situations,
performance variations with power supply, loading and tem-
perature are discussed, and several easy methods for de-
termining propagation delays in nearly any situation are also
described. Finally, it is useful to compare the performance
of HC-CMOS to 54L.S/74LS and to CD4000.

Data Sheet Specifications

Even though the speeds achieved by this high-speed CMOS
family are similar to LSTTL, the input, output and power
supply characteristics are very similar to metal-gate CMOS.
Because of this, the actual measurements for various timing
parameters are not done the same way as TTL. The
MM54HCT/MM74HCT TTL input compatible circuits are an
exception.

Standard HC-CMOS AC specifications are measured at
Veec=2.0V, 4.5V, 6.0V for room, military and commercial
temperature ranges. Also HC is specified with LS equivalent
supply (5.0V) and load conditions to enable proper compari-
son to low power Schottkey TTL. Input signal levels are
ground to Vg with rise and fall times of 6 ns (10% to 90%).
Since standard GMOS logic has a logic trip point at about
mid-supply, and the outputs will transition from ground to
Vce, timing measurements are made from the 50% points
on input and output waveforms. This is shown in Figure 1.
Using the mid-supply point gives a more accurate represen-
tation of how high-speed CMOS will perform in a CMOS
system. This is different from the 1.3V measurement point
and ground to 3V input waveforms that are used to measure
TTL timing.

This output loading used for data sheet specifications fall
into two categories, depending on the output drive capability
of the specific device. The output drive categories are stan-
dard outputs (lop.=4 mA) and bus driver outputs
(lo,=6 mA). Timing measurements for standard outputs
are made using a 50 pF load. Bus driver circuits are mea-
sured using both a 50 pF and 150 pF load. In all AC tests,
the test load capacitance includes all stray and test jig ca-
pacitances.

TRI-STATE® measurements where the outputs go from an
active output level to a high impedance state, are made
using the same input waveforms described above, but the
timing is measured to the 10% or 90% points on the output
waveforms. The test circuit load is composed of a 50 pF
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capacitor and a 1 kQ resistor. To test tpyz, the resistor is
swiched to ground, and for tp 7 it is switched to Vgc. The
TRI-STATE test circuit and typical timing waveforms are
shown in Figure 2.

Measurements, where the output goes from the high imped-
ance state to active output, are the same except that mea-
surements are made to the 50% points and for bus driver
devices both 50 pF and 150 pF capacitors are used.

5V —

INPUT

10%
ov

VoH—

ouTPUT 50%

- PHL =]

VoL
TL/F/5067-1

5V —
INPUT
(CLOCK)
ov

5V—

INPUT
(DATA, J, K, ETC.)

ouTPUT

*NOTE: tw COULD BE EITHER
POSITIVE OR NEGATIVE PULSE
DEPENDING ON SPECIFICATION

TL/F/5067-2

VoL

(b)
5V
TEST
DEVICE T

Vee

PULSE TEST

GEN. | N our r—I—O POINT
T I !

CL=50pF (STANDARD DEVICE)
€L =50 or 150 pF (BUFFER DEVICE)

TL/F/5067-3
(c)
FIGURE 1. Typical Timing Waveform for (a) Propagation
Delays, and (b) Clocked Delays. Also Test
Circuit (c) for These Waveforms (t,=t;=6 ns)
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INPUT 50% -

10% 0%

~—1pzH

ouTPUT

| |l

OuTPUT

TL/F/5067-4

QUTPUT
conRoL OUT

GND

L. CL=50pF, R =1kQ
(CL=150pF ALSO FOR tpzL, tPZH)

TL/F/5067-5

(b)

FIGURE 2. Typical TRI-STATE (a) Timing Waveforms
and (b) Test Circuit

Note: Some early data sheets used a different test circuit. This has been
changed or will be changed. z

The MM54HCT/MM74HCT TTL input compatible devices
are intended to operate with TTL devices, and so it makes
sense to specify them the same way as TTL. Thus, as
shown in Figure 3, typical timing input waveforms use 0-3V
levels and timing measurements are made- from the 1.3V
levels on these signals. The test circuits used are the same
as standard HC input circuits. This is shown in Figure 3.
These measurements are compatible with TTL type speci-
fied devices. )

Specifying standard MM54HC/MM74HC speeds using 2.5V
input measurement levels does represent a specification in-
compatibility between TTL and most RAM/ROM and micro-

processor speed specifications. It should not, however, -

present a design problem. The timing difference that results
from using different measurement points is the time it takes
for an output to make the extra excursion from 1.3V to 2.5V.
Thus, for a standard high-speed CMOS output, the extra
transition time should result, worst case, in less than a 2 ns
increase in the circuit delay measurement for a 50 pF load.
Thus in speed critical designs adding 1-2 ns safely enables
proper design of HC into the TTL level systems.

Power Supply Affect on AC Performance

The overall power supply range of MM54HC/MM74HC logic
is not as wide as CD4000 series CMOS due to performance
optimization for 5V operation; however, this family can oper-
ate over a 2-6V range which does enable some versatility,

VOH —
OUTPUT

Vo =

TL/F/5067-6

v —

INPUT
(cLoCK)

o

IV —
INPUT
(DATA)

ov

ouTPUT 50%

TL/F/5067-7

(b)

FIGURE 3. Typical Timing Waveforme for (a)
Propagation Delays, and (b) Clocked Delays for 54HCT/
74HCT Devices (t,=t;=6 ns)

especially when battery operated. Like metal-gate CMOS,
lowering the power supply voltage will result in increased
circuit delays. Some typical delays are shown in Figure 4. As
the supply voltage is decreased from 5V to 2V, propagation
delays increase by about two to three times, and when the
voltage is increased to 6V, the delays decrease by 10-15%.

T
TA=25°C
CL=50pF

“
TN
§ \ 74HC139
T4HC174
= N
S 4 /i~ 78HC0D
5 N
g N
£ 20 P~ P~
—
0
2 3 4 5 6
POWER SUPPLY VOLTAGE

) . TL/F/5067-8
FIGURE 4. Typical Propagation Delay Variations of
74HCO00, 74HC 139, 74HC 174 with Power Supply
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In some designs it may be important to calculate the expect-
ed propagation delays for a specific situation not covered in
the data sheet. This can easily be accomplished by using
the normalized curve of Figure 5 which plots propagation
delay variation constant, t(V), versus power supply voltage
normalized to 4.5V and 5V operation. This constant, when
used with the following equation and the data sheet 5.0V
specifications, yields the required delay at any power
supply. .

tpp(V) = [t(V)] [tpp(5V)] 1.0
Where tpp(5V) is the data sheet delay and tpp(V) is the
resultant delay at the desired supply voltage.
This curve can also be used for the Voc=4.5V specifica-
tions.
For example, to calculate the typical delay of the 74HCO0 at
Voo =6V, the data sheet typical of 9 ns (15 pF load) is used.
From Figure 5 t(V) is 0.9, so the 6V delay would be 8 ns.

rS

N

AN

~

3 4 § 6

NORMALIZED PROPAGATION DELAY VARIATION—t(V)

POWER SUPPLY VOLTAGE
TL/F/5067-9
FIGURE 5. MM54HCMM74HC Propagation Delay

Variation Vs. Power Supply Normalized to
Vec=4.5V, and Voo =5.0V

Speed Variation with Capacitive Loading

When high-speed CMOS is designed into a CMOS system,
the load on a given output is essentially capacitive, and is
the sum of the individual input capacitances, TRI-STATE
output capacitances, and parasitic wiring capacitances. As
the load is increased, the propagation delay increases. The
rate of increase in delay for a particular device is due to the

increased charge/discharge time of the output and the load. .

The rate at which the delay changes is dependent on the
output impedance of the MM54HC/MM74HC circuit.” As
mentioned, for high-speed CMOS, there are two output
structures: bus driver and standard.

Figure 6 plots some typical propagation delay variations
against load capacitance. To calculate under a particular
load condition what the propagation delay of a circuit is, cne
need only know what the rate of change of the propagation
delay with the load capacitance and use this number to ex-
trapolate the delay from the data sheet vaue to the desired
value. Figure 7 plots this constant, t(C), against power sup-
ply voltage variation. Thus, by expanding on equation 1.0,
the propagation delay at any load and power supply can be
calculated using:

tpp(C.V) = [(C) (CL — 15pF)] + [tpp(BVI tV)] 1.1

Where t(V) is the propagation delay variation with power
supply constant, tpp(5V) is the data sheet 4.5V (use
(CL— =50 pF) in equation) or 5V delay, C, is the load ca-
pacitance and tpp(C,V) is the resultant propagation delay at
the desired load and supply. This equation’s first term is the

'difference in propagation delay from the desired load and

the data sheet specification load. The second term is es-
sentially equation 1.0. If the delay is to be calculated at
Voc=5V, then t(V)=1 and t(C)= 0.042 ns/pF (standard
output), 0.028 ns/pF (bus output).
Using the previous 74HC00 example, the delay at Voo =6V
and a 100 pF load is:

tpp(100 pF,6V)=(0.042)(100—15)+ (0.9 X 9)=11 ns

30
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TL/F/5067-10
FIGURE 6. Typical Propagation Delay Variation
With Load Capacitance for 74HC04, 74HC 164,
: 74HC240, 74HC374
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Speed Variations with Change

in Temperature

Changes in temperature will cause some change in speed.
As with CD4000 and other metal-gate CMOS logic parts,
MM54HC/MM74HC operates slightly slower at elevated
temperatures, and somewhat faster at lower temperatures.
The mechanism which causes this variation is the same as
that which causes variations in metal-gate CMOS. This
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factor is carrier mobility, which decreases with increase in
temperature, and this causes a decrease in overall transis-
tor gain which has a corresponding affect on speed.

Figure 8 shows some typical temperature-delay variations
for some high-speed GMOS circuits. As can be seen,

speeds derate fairly linearly from 25°C at about —0.3%/C.

Thus, 125°C propagation delays will be increased about
30% from 25°C. 54HC/74HC speeds are specified at room
temperature, —40 to 85°C (commercial temperature range),
and —55 to 125°C (military range). In virtually all cases the
numbers given are for the highest temperature.

To calculate the expected device speeds at any tempera-
ture, not specified in the device data sheet, the following
equation can be used: ’

tep(M)=[1 + ((T-25)(0.003))I[tpp(25)] 1.2

Where tpp(T) is the delay at the desired temperature, and
tpp(25) is the room temperature delay. Using the 74HCO00
example from the previous section, the expected increase in

propagation delay when operated at Vcc=5V and 85°C is

[1+(85-25)(0.003)](10 ns)] = 12 ns. The expected delay at
some other supply can also be calculated by calculating the
room temperature delay then calculating the delay at the
desired temperature.
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vee=5V T4HC139
0 | CL=50pF | 74HC151 |\

7aHC3%0 \ | \ LA
74HC02
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P [\ \
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PROPAGATION DELAY—ns
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rt="1
—

-55 -35-15 5 25 45 65 85 105 125

TEMPERATURE—°C
TL/F/5067-12
- FIGURE 8. Typical Propagation Delay Variation
With Temperature for 54HC02, 54HC390,
54HC139, 54HC 151

Output Rise and Fall, Setup and Hold Times
and Pulse Width Performance Variations

So far, the previous discussion has been restricted to propa-
gation delay variations, and in most instances, this is the
most important, parameter to know. Output rise and fall
times may also be important. Unlike TTL type logic families
HC specifies these in the data sheet. High-speed CMOS

‘outputs were designed to have typically symmetrical rise

and fall times. Output rise and fall time variations track very
closely the propagation delay variations over temperature
and supply. Figure 9 plots rise and fall time against output
load at Vg =5V and at room temperature. Load variation of
the transition time is twice the delay variation because de-
lays are measured at halfway points on the waveform tran-
sition.

Setup times and pulse width performance under different
conditions may be necessary when using clocked logic cir-
cuits. These parameters-are indirect measurements of in-

ternal propagation delays. Thus théy exhibit the similar tem-
perature and supply dependence as propagation delays.
They are, however, independent of output load conditions.
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s TL/F/5067-13
FIGURE 9. Typical Output Rise or Fall Time Vs. Load For
Standard and Bus Driver Outputs

Input Rise and Fall Times

Another speed consideration, though not directly related to
propagation delays, is input rise and fall time. As with other
high-speed logic families and also CD4000B and 54C/74C
CMOS, slow input rise and fall times on input signals can
cause logic problems.

Typically, small signal gains for a MM54HC/MM74HC gate
is greater than 1000 and, if input signals spend appreciable
time between logic states, noise on the input or power sup-
ply will cause the output to oscillate during this_transition.
This oscillation could cause logic errors in the user’s circuit
as well as dissipate extra power unnecessarily. For this rea-
son MM54HC/MM74HC data sheets recommend that input
rise and fall times be shorter than 500 ns at Vcc=4.5V.

Flip-flops and other clocked circuits also should have their
input rise and fall times faster than 500 ns at Voc=4.5V. If
clock input rise and fall times become too long, system
noise can generate internal oscillations, causing the internal
flip-flops to toggle on the wrong external clock edge. Even if
no noise were present, internal clock skew caused by slow
rise times could cause the logic to malfunction.

If long rise and fall times are unavoidable, Schmitt triggers
(HC14/’HC132) or other special devices that employ
Schmitt trigger circuits should be used to speed up these
input signals.

Logic Family Performance Coimparison

To obtain a better feeling of how high-speed CMOS com-
pares to bipolar and other CMOS logic families, Figure 10
plots MM54HC/MM74HC, 54LS/74LS and CD4000B logic
device speeds versus output loading. HC-CMOS propaga-
tion delay and delay variation with load is nearly the same
as LSTTL and about ten times faster than metal-gate
CMOS. Utilizing a silicon-gate process enables achievement
of LSTTL speeds, and the large output drive of this family
enables the variation with loading to be nearly the same as
LSTTL as well,

When comparing to CD4000 operating at 5V, HC-CMOS is
typically ten times faster, and about three times faster than
CD4000 logic operating at 15V. This is shown in Figure 11.
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FIGURE 10. Comparison of LSTTL
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At 5V CD4000 has about a tenth the output drive of
MM54HC/MM74HC and as seen in Figure 10, the capaci-
tive delay variation is much larger.

As shown in Figure 12, the temperature variation of HGC-
CMOS is similar to CD4000. This is due to the same physi-
cal phenomenon in both families. The 54LS/74LS logic fam-
ity has a very different temperature variation, which is due to
different circuit parameter variations. One advantage to
CMOS is that its temperature variation is predictable, but
with LSTTL, sometimes the speed increases and other
times speed decreases with temperature.

The inherent symmetry of MM54HC/MM74HC’s logic levels
and rise and fall times tends to make high to low and low to
high propagation delay very similar, thus making these parts
easy to use.
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FIGURE 11. Comparison of Metal-Gate CMOS and
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- Conclusion

High-speed CMOS circuits are speed compatible with
54L.S/74LS circuits, not only on the data sheets, but even
driving different loads. In general, HC-CMOS provides a
large improvement in performance over older metal-gate
CMOS.

By using some of the equations and curves detailed. here,
along with data sheet specifications, the designer can very
closely estimate the performance of any MM54HC/
MM74HC device. Even though the above examples illus-
trate typical performance calculations, a more conservative
design can be implemented by more conservatively estimat-
ing various constants and using worst case data sheet lim-
its. It is also possible to estimate the fastest propagation
delays by using speeds about 0.4-0.7 times the data sheet
typicals and aggressively estimating the various constants.
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Comparison of ,
MM54HC/MM74HC to
54LS/74LS, 54S/74S and
54ALS/74ALS Logic

The MM54HC/MM74HC family of high speed logic compo-
nents provides a combination of speed and power charac-
teristics that is not duplicated by bipolar logic families or any
other CMOS family. This CMOS family has operating
speeds similar to low power Schottky (54LS/74LS) technol-
ogy. MM54HC/MM74HC is approximately half as fast (de-
lays are twice as long) as the 54ALS/74ALS and 54S/74S
logic. Compared to CD4000 and 54C/74C; this is an order
of magnitude improvement in speed, which is achieved by
utilizing an advanced 3.5 micron silicon gate-recessed oxide
CMOS process. The MM54HG/MM74HC components are
designed to retain all the advantages of older metal gate
CMOS, plus provide the speeds required by today’s high
speed systems.

Another key advantage of the MM54HC/MM74HC family is
that it provides the functions and pin outs of the popular
54LS/74LS series logic components. Many functions which
are unique to the CD4000 metal gate CMOS family have
also been implemented in this high speed technology. In

"addition, the MM54HC/MM74HC. family contains several

special functions not previously implemented in CD4000 or
54LS/74LS. - .

Although the functions and the speeds are the same as
54L.S/74LS, some of the electrical characteristics are differ-
ent from either LS-TTL, S-TTL or ALS-TTL. The following
discusses these differences and highlights the advantages
and disadvantages of high speed CMOS.

AC PERFORMANCE

As mentioned previously, the MM54HC/MM74HC logic faﬁ'n-
ily has been designed to have speeds equivalent to LS-TTL,
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and to be 8-10 times faster than CD40008B and MM54C/
MM74C logic. Table | compares high speed CMOS to the
bipolar logic families. HC-CMOS gate delays are typically
the same as LS-TTL, and ALS-TTL is two to three times
faster. S-TTL is also about twice as fast as HC-CMOS. Flip-
fipp and counter speeds also follow the same pattern.

Also, HC logic’s propagation delay variation due to changes
in capacitive loading is very similar to LS-TTL. Figure 1 illus-
trates this by plotting delay versus loading for the various
bipolar logic families and MM54HC/MM74HC. HC-CMOS
has virtually the same speed and load-delay variation as

30
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TL/F/5101-1

FIGURE 1. HC, LS, ALS, S Comparison of Propagation
Delay vs Load for a NAND Gate :

TABLE I. Comparison of Typical AC Performance of LS-TTL, S-TTL, ALS-TTL and HC-CMOS

Gates LS-TTL ALS-TTL:- | HC-CMOS S-TTL Units
74XX00 Propagation Delay 8 5 8 -4 ns
74XX04 Propagation Delay 8 4 8 3 ns
‘ Combinational MSI ‘ i !
74XX139 Propagation Delay
Select 25 8 25 8 ns
Enable 21 . 8 20 . 7 ns
74XX151 Propagation Delay ' -
Address 27 8 26 12 ns
Strobe 26 - 7 17 12 ns
74XX240 Propagation Delay 12 3 10 5 ns
Enable/Disable Time 20 7 17 ’ 10 ns
Clocked MSI ' '
74XX174 Propagation Delay 20 7 18 13 ns
.~ Operating Frequency 40 50 50 100 MHz
74XX374 Propagation Delay 19 7 16 1 ns
Enable/Disable Time 21 9 17 . 11 ns
Operating Frequency 50 50 50 100 MHz
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LS-TTL and, as is expected, is slower than ALS and S-TTL
logic. The slopes of these lines indicate the amount of varia-
tion in speed with loading, and are dependent on the output
impedance of the particular logic gate. The delay variation
of LS-TTL and HC-CMOS is similar whereas ALS-TTL and
S-TTL have slightly less variation.

POWER DISSIPATION

CD4000B and MM54C/MM74C CMOS devices are well
known for extremely low quiescent power dissipation, and
high speed CMOS retains this feature. Table Il compares
typical HC static power consumption with LS, ALS and S-
TTL. Even CMOS MSI dissipation is well below 1 uW while
LS-TTL dissipation is many milliwatts. This makes
MM54HC/MM74HC ideal for battery operated or ultra-low
power systems where the system may be put to “sleep” by
shutting off the system clock.

The previously mentioned curves plot unloaded circuits.
When considering typical system power consumption, ca-
pacitive loading should also be considered. Table |l lists
components to implement all the support logic for a small
microprocessor based system. By assuming a typical load
capacitance of 50 pF, the power dissipation for these devic-
es can be calculated at various average system clock fre-
quencies. Figure 3 plots power consumption for 74HC,
74LS, 74ALS and 74S logic implementations. Above 1 MHz,
capacitive currents now also tend to dominate bipolar power
dissipation as well.

TABLE Ill. Hypothetical “Glue” Logic for a
Typical Microprocessor System

TABLE Il. Comparison of Typical Quiescent
Supply Current for Various Logic Families

System Components # of ICs
Address Decoders ('138) 10
Address Comparators ('688) 5
Address/Data Buffers ('240/4) 10
Address/Data Latches ('373/4) 20
MSI Control/Gating ('00, *10) 30
Misc. Counter/Shift Reg ('161, '164) 20
Flip-Flops ('73/4) 10

HC-CMOS | LS-TTL | ALS-TTL | S-TTL
ssi 00025 uW | 5.0mW | 2.0mW | 75mw
Flip-Flop | 0.005uW | 20.0mW | 10mW | 150 mW
Ms| 025uW | 90mW | 40mW | 470 mW

CMOS dissipation increases proportionately with operating
frequency. Doubling the operating frequency doubles the
current consumption. This is due to currents generated by
charging internal and load capacitances. Figure 2 shows
power dissipation versus frequency for a completely unload-
ed NAND gate, flip-flop and counter implemented in all 4
technologies.
The LS, S and ALS curves are essentially flat because the
quiescent currents mask out capacitive effects, except at
very high frequencies. Capacitive effects are slightly lower
for the TTL families, so that, at high frequencies, CMOS
dissipation may actually be more than ALS and LS. Howev-
- er, the power crossover frequency is usually well above the
maximum operating frequency of MM54HC/MM74HC.
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FIGURE 3. Power Consumption for Hypothetical
M!croprocessor System Support Logic
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Since, in a typical system, some sections will operate at a
high frequency and other parts at lower frequencies, the
average system clock frequency is a simplification. For ex-
ample, a 10 MHz microprocessor will have a bus cycle fre-
quency of 2 to 5 MHz. Most system and memory compo-
nents will be accessed a small amount of the time, resulting
in effective clock frequencies on the order of 100 kHz for
these sections. Thus, the average system clock frequency
would be around 1 to 2 MHz, and an 8 to 1 power savings
would be realized by using CMOS.

Another simplification was made to calculate system power.
CMOS circuits will dissipate much less power when TRI-
STATE®, which would save much power since, in a given
bus cycle, only a few buffers will be enabled. LS, ALS and S,
however, actually dissipate more power when their outputs
are-disabled.

Several interesting conclusions can be drawn from Figure 3.
First, notice that, at higher frequencies, the bipolar logic
families start to dissipate more power. This is a result of
current consumption due to switching the load. As the oper-
ating frequency approaches infinity, this will be the dominant

effect. So, for extremely fast low power systems, minimizing -

load capacitance and overall operating frequency becomes
more important. As lower power TTL logic is introduced,
system power will be increasingly dependent on capacitive
load effects similar to CMOS.

Second, TTL logic has a slightly smaller logic voltage swing -
than CMOS. Thus, for a given load, TTL will actually have a
lower average load current. So, similar to the unloaded ex-
ample, at very high frequencies, CMOS could consume
more power than TTL. As Figure 5 indicates, these frequen-
cies are usually far above the 30 MHz limit of HC-CMOS or
LS-TTL. i

INPUT VOLTAGE CHARACTERISTICS
AND NOISE IMMUNITY

To maintain the advantage CMOS has in noise immunity,
the input logic levels are defined to be similar to metal gate
CMOS. At Vgc=5V, MM54HC/MM74HC is "designed to
have input voltages of Vjy=23.5V and V| = 1.0V. Additional-
ly, input voltage over the operating supply voltage range is:
ViH=0.7Vcc and V| =0.2V¢e. This compares to Vi =2.0V
and V|_=0.8V specified for LS-TTL over its supply range.
Figure 4 illustrates the input voltage differences, and the
greater noise immunity HC logic has over its supply range.
Maintaining wide noise immunity gives HC-CMOS an advan-
tage in many industrial, automotive, and computer applica-
tions where high noise levels exist.
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FIGURE 4. Worst-Case Input and Output Voltages Over
Operating Supply Range for HC and LS Logic !
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FIGURE 5. Input-Output Transfer Characteristics for 74XX00
NAND Gate Implemented in (a) HC-CMOS (b) LS-TTL (c) ALS-TTL
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Another indication of DC noise immunity is the typical trans-
fer characteristics for the logic families. Figure 5 shows the
transfer function of the 74XX00 NAND gate for HC-CMOS,
LS-TTL and ALS-TTL. High speed CMOS has a very sharp
transition typically at 2.25V, and this transition point is very
stable over temperature. The bipolar logic transfer functions
are not as sharp and vary several hundred millivolts over
temperature. This sharp transition is due to the large circuit
gains provided by triple buffering the HC-CMOS gate com-
pared to the single bipolar gain stage. Figure 6 compares
the transfer function of the 'HC08 and the *ALS08, both of
which are double buffered. The 'ALS08 has a sharper tran-
sition, but the CMOS gate still has less temperature varia-
tion and a more centered trip point. However, the TTL trip
point is not dependent on Vg variation as CMOS is.

The high speed CMOS input levels are not totally compati-
ble with TTL output voltage specifications. To make them
compatible would compromise noise immunity, die size, and
significant speed. The designer may improve compatibility
by adding a pull-up resistor to the TTL output. He may also
utilize a series of TTL-to-CMOS level converters which are

5
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- i
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INPUT VOLTAGE (V)
TL/F/5101-9
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being provided to ease design of mixed HC/LS/ALS/S sys-
tems. These buffers have 0.8V and 2.0V TTL input voltage
specifications, and providle CMOS compatible outputs.
When mixing logic, the noise immunity at the TTL to CMOS
interface is no better than LS-TTL, but a substantial savings
in power will occur when using MM54HC/MM74HC logic.

INPUT CURRENT

The HC family maintains the ultra-low input currents typical
of CMOS circuits. This current is less than 1 pA and is
caused by input protection diode leakages. This compares
to the much larger LS-TTL input currents of 0.4 mA for a low
input and 40 pA for a high input. ALS-TTL input currents are
0.2 mA and 20 nA and S-TTL input currents are 3.2 mA and
100 pA. Figure 7 tabulates these values. The near zero in-
put current of CMOS eases designing, since a typical input
can be viewed as an open circuit. This eliminates the need

" for fanout restrictions which are necessary in TTL logic
designs.
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FIGURE 6. Input-Output Transfer Characteristics for
74XX08 AND Gate Implemented in (a) HC-CMOS (b) ALS-TTL
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FIGURE 7. Comparison of Input Current Specifications
for Various Logic Families
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POWER SUPPLY RANGE currents. High speed CMOS is also included. MM54HC/
Figure 4 also compares the supply range of MM54HC/ MM74HC has the same CMOS-to-GMOS fanout character-
MM74HC logic and LS-TTL. The high speed CMOS family is istics as CD4000B, virtually infinite.

specified to operate at voltages from 2V to 6V. 54LS, 54S TABLE IV. Fanout of HC-CMOS, LS-TTL,

and 54ALS logic is specified to operate from 4.5V to 5.5V,

and 74LS and 748 will operate from 4.75V to 5.25\/. 74ALS . ALS-TTL, S-TTL

is specified over a 4.5V to 5.5V supply range. This wider From, To 74HC 74LS 74ALS 74S
operating range for the HC family eases power supply de- 74HC 4000 10 20 2
sign by eliminating costly regulators and enhances battery 74LS . 20 40 4
operation capabilities. : 74ALS - 20 40 4
OUTPUT DRIVE 748 * 50 100 10
Since there was no speed, noise immunity. or power trade- .

- off, standard HC-CMOS was designed to have similar high As another indication of the similarity of HC-CMOS to LS-
current output drive that is characteristic of LS-TTL and TTL, Figure 9 plots typical output currents versus output
ALS-TTL. Schottky TTL has about 5 times the output drive voltage for LS and HC. The output sink current curves are
of MM54HC/MM74HC. Thus HC-CMOS has an output low very similar, but LS source current is somewhat different,
current specification of 4 mA at an output voltage of 0.4V. In due to its emitter-follower output circuitry. . :
keeping with CD4000B series and 54C/74C series logic, the MM54HC/MM74HC bus driving circuits, namely the TRI-
source and sink currents are symmetrical. Thus HC logic STATE buffers and latches, have half again as much output
can source 4 mA as well. This large increase in output cur- current drive as standard outputs. These components have
rent for high speed CMOS over CD4000B also has the add- a 6 mA output drive. The 6 mA was chosen based on a
ed advantage of reducing signal line crosstalk which can be trade-off of die size and speed-load variations. This current
of greater concern in high speed systems. Figure 8 com- is less than the 12 mA or more specified for LS and ALS bus
pares HC, LS, and ALS specified output currents. driver circuits, because the bus fanout limitations of these
Since TTL logic families do have significant input currents families do not apply in CMOS systems. S-TTL bus output
they have a limited fanout capability. Table IV illustrates the sink current is 48 mA.
limitations of these families, based on their input and output

5 .
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FIGURE 8. Output Current Specifications for ALS-TTL, S-TTL and HC-CMOS
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OPERATING TEMPERATURE RANGE

The operating temperature range and temperature effects
on various HC-CMOS operating parameters differ from bipo-
lar logic. The recommended temperature range for 74LS,
‘748, and 74ALS is 0°C to 70°C, compared to —40°C to 85°C
for the 74HC family. 54 series logic is specified from —55°C
to 125°C for all four families.

Temperature variation of operating parameters for the
MM54HC/MM74HC family behaves very predictably and is
due to the gain decreasing of MOSFET transistors as tem-
perature is increased. Thus the output currents decrease
and propagation delays increase at about 0.3% per degree
centigrade.

Figure 10 shows typical propagation delays for the 74XX00
over the —55°C to +125°C temperature range. The
'HCO0O0’s speed increases almost linearly with temperature,
whereas the LS and ALS behave differently.

A WORD ABOUT PLUG-IN REPLACEMENT OF TTL

MM54HC/MM74HC logic implements TTL equivalent func-
tions with the same pin outs as TTL. HC is not designed to
be directly plug-in replaceable, but, with some care, some
TTL systems can be converted to MM54HC/MM74HC with
little or no modification. The replaceability of HC is deter-
mined by several factors.

One factor is the difference in input levels. In systems where
all TTL is not being replaced and TTL outputs feed CMOS
inputs, the input high voltages, as specified, are not totally
compatible. Although TTL outputs will typically drive HC in-
puts correctly, an external pull-up resistor should be added
to the TTL outputs, or an MM54HCT/MM74HCT TTL com-
patible circuit should be used. This incompatibility tends to
limit the designer’'s ability to intermingle TTL and

HC-CMOS. Note, though, that HC outputs are completely
compatible with the various TTL family’s input specifica-
tions; therefore, there is no problem when HC is driving TTL.

Another source of possible problems can occur when the
LS design floats device inputs. This practice is not recom-
mended when using LS-TTL, but it is sometimes done. Usu-
ally, TTL inputs float high; however, CMOS inputs may float
either high or low depending on the static charge on the
input. It is therefore important to always tie unused CMOS
inputs to either Vg or ground to avoid incorrect logic func-
tioning.

A third factor to consider when replacing any TTL logic is
AC performance. The logic functions provided by 54HC/
74HC are equivalent to LS-TTL, and the propagation delay,
set-up and hold times are similar to LS. However, there are
some differences in the way CMOS circuits are implement-
ed which will cause differences in speed. For the most part,
these differences are minor, but it is important to verify that
they do not affect the design.

CONCLUSION

The MM54HC/MM74HC family represents a major step for-
ward in CMOS performance. It is a full line family capable of
being designed into virtually any application which now uses
LS-TTL with substantial improvement in power consump-
tion. ALS and S-TTL primarily offer faster speeds than HC-
CMOS, but still do not have the input and output advantages
or the lower power consumption of CMOS. Because of its
high input impedance and large output drive, HC logic is
actually easier to use. This, coupled with continued expan-
sion of the 54HC/74HC, will make it an increasingly popular
fogic family.

20 20
Vee=5.0V 20‘ Veg =5.0V Vee=5.0V
_ CL=50pF CL=50 pF _ CL =50 pF
ERRTY : g g5 2 5
=z N = >
2 NS tpHL =] ] oL ¢
a8 = =] L~
Z 0 z 1 zZ 10 ]
g teLn g ot = —"1 et
< @ - =4 .
& = 3
S 5 S 5 _s_- S 5
a g tPHL g
oL 0 0
—-60 -20 20 60 100 140 -60 -20 60 100 140 -60 -20 20 60 100 140
TEMPERATURE (°C) TEMPERATURE (°C) . TEMPERATURE (°C)
TL/F/5101-14" TL/F/5101~15
(a) (b) (c)

FIGURE 10. Propagation Delay Variation Across Temperature for (a) 74LS00 (b) 74ALS00 and (c) 74HC00
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National’s Process
Enhancements Eliminate
the CMOS SCR Latch-Up

Problem In 54HC/74HC Logic

INTRODUCTION

SCR latch-up is a parasitic phenomena that has existed in
circuits fabricated using bulk silicon CMOS technologies.
The latch-up mechanism, once triggered, turns on a parasit-
ic SCR internal to CMOS circuits which essentially shorts
Ve to ground. This generally destroys the CMOS IC or at
the very least causes the system to malfunction. In order to
make MM54HC/MM74HC high speed CMOS logic easy to
use and reliable it is very important to eliminate latch-up.
This has been accomplished through several layout and
process enhancements. It is primarily several proprietary in-
novations in CMOS processing that eliminates the SCR.
First, what is “SCR latch-up?” It is a phenomena common
to most monolithic CMOS processes, which involves “turn-
ing on” a four layer thyristor structure (P-N-P-N) that ap-
pears from Vgc to ground. This structure is formed by the
parasitic substrate interconnections of various circuit diffu-
sions. It most commonly can be turned on by applying a
voltage greater than Vcg or less than ground any input or
output, which forward biases the input or output protection
diodes. Figure 1 schematically illustrates these diodes found
in the MM54HC/MM74HC family. Standard CD4000 and
MM54C/MM74C logic also has a very similar structure.
These diodes can act as the gate to the parasitic SCR, and
if enough current flows the SCR will trigger. A second meth-
od of turning on the SCR is to apply a very large supply
voltage across the device. This will breakdown internal di-
odes causing enough current to flow to trigger latch-up. In
HC logic the typical Vg breakdown voltage is above 10V so
this method is ‘more uncommon. In either case, once the
SCR is turned on a large current will flow from Voo to
ground, causing the CMOS circuit to malfunction and possi-
bly damage itself.

CMOS SCR problems can be minimized by proper system
design techniques or added external protection circuits, but
obviously the reduction or elimination of latch-up in the IC
itself would ease CMOS system design, ‘increase system
reliability and eliminate additional circuitry. For this reason it
was important to eliminate this phenomena in National's
high speed CMOS logic family.

Characterization of this proprietary high speed CMOS proc-
ess for latch up has verified the elimination of this parasitic
mechanism. In tests conducted under worst case conditions
(Vcc=7V and Tpo=125°C) it has been impossible to latch-
up these devices on the inputs or on the outputs.
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FIGURE 1. Schematic Diagram of Input and Output
Protection Structures
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In testing for latch-up, caution must be exercised when try-
ing to force large currents into an IC. As with any integrated
circuit there are maximum limitations to the current handling
capabilities of the internal metalization, and diodes, and
thus they can be damaged by excessive currents. This is
discussed later in the test section.

To enable the user to understand what latch-up is and how
it has been eliminated, it is useful to review the operating of
a simple discrete SCR, and then apply this to the CMOS
SCR. Since most latch-up problems historically have been
caused by extraneous noise and system transients, the AC
characteristics of CMOS latch are presented. Also various
methods of external and internal protection against latch-up
is discussed as well as example test methods for determin-
ing the latch up susceptibility of CMOS IC’s.

SIMPLE DISCRETE SCR OPERATION

To understand the behavior of the SCR structure parasitic
to CMOS IC’s, it is first useful to review the basic static
operation of the discrete SCR, and then apply it to the
CMOS SCR. There are two basic trigger methods for this
SCR. One is turning on the SCR by forcing current into its
gate, and the second is by placing a large voltage across its

- anode and cathode. Figure 2 shows the basic four layer

structure biased into its forward blocking state. The SCR
action can be more easily understood if this device is mod-
eled as a cross coupled PNP and NPN transistor as shown
in Figure 3.

In the case of latch-up caused by forward biasing a diode, if
current is injected into the base of Q2, this transistor turns
on, and a collector current beta times its base current flows
into the base of Q1. Q1 in turn amplifies this current by beta
and feeds it back into the base of Q2, where the current is
again amplified. If the product of the two transistors’ Beta
becomes greater than one, B(NPN)xB(PNP)>1, this current
multiplication continues until the transistors saturate, and
the SCR is triggered. Once the regenerative action occurs a
large anode current flows, and the SCR will remain on even
after the gate current is removed, if enough anode current
flows to sustain latch-up. However, if the transistor current
gains are small no self sustaining positive feedback will oc-
cur, and when the base current is removed the collector
current will stop. In a similar manner the SCR can be trig-
gered by drawing current by forward biasing the base of Q1.
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FIGURE 2. Simplified SCR Structure
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FIGURE 3. Cross-Coupled Transistor Model of SCR

The second case, the SCR may also be triggered without
injecting any gate current. In the forward blocking state the
small leakage current that is present does not trigger the
SCR, but if the voltage is increased to a point where signifi-
cant leakage currents start conducting, these currents could
also trigger the SCR, again forming a low impedance path
through the device. The same requirement that the Beta

Ve

—

GATE 1 (G1)

G1

product of the PNP and NPN be greater than one in order
for the SCR to trigger applies here as well. This leakage cur-
rent trigger is characteristic of Schottkey diode operation.

THE CMOS SCR: STATIC DC OPERATION

For discussion purposes CMOS SCR latch up characteris-
tics can be divided into two areas. One is the basic opera-
tion of the SCR when static DC voltages are applied, and
the second is the behavior when transients or pulses are
applied.

First looking at the device statlcally, the parasitic SCR in
CMOS integrated circuits is much more complex and its trig-
gering is somewhat different than the simple SCR already
discussed. However, the regenerative feedback effect is ba-
sically the same. Figure 4a shows a simplified P— well
CMOS structure illustrating only the diffusions and the re-
sultant parasitic transistors. The NPN transistor is a vertical
device whose emitter is formed by n+ diffusions. The P—
well forms the base and the N— substrate forms the collec-
tor of the NPN. The PNP transistor is a lateral device. lts
emitter is formed by p+ diffusions, its base is the N— sub-
strate, and its collector is the P— well.

Figure 4b illustrates a cross section of a simplified N— well
process .and its corresponding parasitic bipolar transistors.
In this process the NPN is a lateral device and the PNP is
vertical. Essentially the description of the P— well SCR is
the same as the N— well version except the NPN is a low
gain lateral device and the PNP is a high gain vertical tran-
sistor. Thus the following discussion for the P— well also
applies to the N~ well with this exception.
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FIGURE 4. Simplified Cross Section of CMOS Processes a) P— well and b) N— well
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The transistors for the P— well CMOS process are drawn
schematically in Figure 5, so that their cross coupled inter-
connection is more easily seen. The SCR structure in Figure

5 differs from that of Figure 3 in two ways. First, the transis-

tors of Figure 5 have multiple emitters, due to the many
diffusions on a typical die. One emitter of each trahsistor
could function as the trigger input to the SCR. Secondly, R1
and R2 have been added and are due to P— and N— sub-
strate resistances between the base of each transistor and
the substrate power supply contacts.

Voo

AAA

GND

TL/F/5346-7
FIGURE 5. Schematic of Simple SCR Model

Like the discrete SCR there are two basic methods of turn-
ing the CMOS SCR on. The first method is however slightly
different. In the CMOS parasitic SCR current cannot be di-
rectly injected into the base of one of its transistors. Instead
either node G1 must be raised above V¢ enough to turn on
Q1, or node G2 must be lowered below ground enough to
turn on Q2. If G1 is brought above Vg, current is injected
from the emitter of Q1 and is swept to the collector of Q1.
The collector of Q1 feeds the base of Q2 and also R2. R2
has the effect of stealing current from the base of Q2, but as
current flows through R2 a voltage will appear at the base of
Q2. Once this voltage reaches 0.6 volts Q2 will turn on and
feed current from its collector back into R1 and into Q1. If-
0.6 volts is generated across R1, Q1 then turns on’even
more.

Again, if the two transistors have enough gain and enough
anode current flows to sustain the SCR, it will turn on, and
remain on even after G1 is returned to Vgc. The actual re-
quirements for latch up are altered by the two resistors, R1
and R2. Since the resistors shunt some current away from
the base of both transistors, the resistors essentially reduce
the effective gains of the transistors. Thus the transistors
must actually have much higher gains in order to achieve an
overall SCR loop gain greater than one, and hence enable
the SCR to trigger. The actual equations to show quantita-
tively how the resistors effect the SCR’s behavior could be
derived, but it is sufficient to notice that as R1 and R2 be-
come smaller the SCR becomes harder to turn on. IC, de-
signers utilize this to reduce latch up.

The second method of turning on the SCR mentioned earli-
er also applies here. If the supply voltage is raised to a large
value, and internal substrate diodes start breaking down ex-
cessive leakage currents will flow possibly triggering the
SCR. The resistors also affect this trigger method as well,
since they steal some of the leakage currents from Q1 and
Q2, and hence it takes more current to trigger the SCR. In
high speed CMOS the process enhancements reduce the
transistor betas and hence eliminate latch up by this mecha-
nism as well.

While useful, the SCR model of Figures 4 and 5 is very
simplified, since in actuality the CMOS SCR is a structure

with many transistors interconnected by many resistances.
Although still somewhat simiplified, Figure & attempts to il-
lustrate how the parasitics on a chip connect. It is important

.to remember that any transistor or diode diffusion can para-

sitically form part of the SCR. In the figure transistor Q1 and
Q2 are single emitter transistors formed by the input protec-
tion diodes. Internal P and N channel transistors have no
external connection and are represented by Q3 and Q4. Q5
and Q6 represent output transistor diffusions, and the sec-
ond emitter corresponds to the output. All of these transis-
tors are connected together by the N— substrate and P—
well resistances, which are illustrated by the resistor mesh.
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FIGURE 6. Distributed Model of CMOS SCR

If any of the emitters associated with the trigger inputs G1-
G4 become forward biased the SCR may be triggered.~Also
due to the intertwined nature of this structure, part of the
SCR may be initially latched up. In this case only a limited .
amount of current may flow, but this limited latch up may
spread and cause other parts to be triggered until eventually
the whole chip is involved.

In general the trigger to the SCR has been conceptualized
as a current, since ideally the CMOS input looks into the
base of the SCR transistors. However this may not be quite
true. There may be some resistance in series with each
base, due to substrate or input protection resistances. In
newer silicon gate CMOS processes, MM54HC/MM74HC
for example, a poly-silicon resistor is used for electrostatic
protection, and this enables larger voltages to be applied to
the circuit pins without causing latchup. This is because the
poly resistor actually forms a current limit resistor in series
with the diodes. In most applications the designer is more
concerned with accidental application of a large voltage,
and the use of the poly resistor internally enables good volt-
age resistance to latch up. CMOS outputs are directly con-
nected to parasitic output diodes since no poly resistor can
be placed on an output without degrading output current
drive. Thus the output latch up mechanism is usually
thought of as a current.
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Temperature variations will affect the amount of current re-
quired to trigger the SCR. This is readily understandable
since temperature effects the bipolar transistor’s gain and
the resistance of the base-emitter resistors. Generally, as
the temperature is increased less current is needed to
cause latch-up. This is because as temperature increases
the bipolar transistor’s base-emitter voltage decreases and
the base-emitter resistor value increases. Figure 7 plots trig-
ger current versus temperature for a sensitive CMOS input.
This data was taken on a CMOS device without any layout
or process enhancements to eliminate latch up. Increasing
-temperature from room to 125°C will reduce the trigger cur-
rent by about a factor of three. Once the circuit is latched
up, heating of the device die caused by SCR currents will
actually increase the susceptibility to repeated latch up.
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FIGURE 7. Temperature versus SCR Trigger Current fo

Special CMOS Test Structure .

OTHER LATCH UP TRIGGER METHODS

There are some other methods of latching up CMOS cir-
cuits, they are not as circuit design related and shall only be
briefly mentioned. The first is latch up due to radiation bom-
bardment. In hostile environments energetic atomic parti-
cals can bombard a CMOS die freeing carriers in the sub-
strate. These carriers then can cause the SCR, to trigger.
This can be of concern in high radiation environments which
call for some sort of radiation hardened CMOS logic.

Another latch up mechanism is the application of a fast rise

or fall spike to the supply inputs of a CMOS device. Even if

insufficient current is injected into the circuit the fast voltage

change ‘could trigger latch up. This occurs because the volt--

age change across the part changes the junction depletion
capacitances, and this change in capacitance theoretically
could cause a current that would trigger the SCR latch. In
actual practice this is very difficult to do because the re-
sponse time of the SCR (discussed shortly) is very poor.
This is hardly a problem since power supplies must be ade-
quately decoupled anyway.

A third latch up cause which is completely internal to the IC
itself and is out of the control of the system designer is
internally triggered latch up. Any internal switching node
connects to a diode diffusion, and as these diffusions switch
the junction depletion capacitance associated with these
nodes changes causing a current to be generated. This cur-
rent could trigger the SCR. The poor frequency response of
the SCR tends to make this difficult, but as chip geometries
are shrunk packing densities will increase and the gain of
the lateral PNP transistor increase. This may increase the
«latch up susceptibility. It is up to the IC designer to ensure

that this doesn’t happen, and care in the layout and circuit
design of 54HC/74HC logic has ensured that this will be
avoided.

THE CMOS SCR: TRANSIENT BEHAVIOR

With the introduction of fast CMOS logic the transient na-
ture of the CMOS SCR phenomena becomes more impor-
tant because signal line ringing and power supply transients
are more prevalent in these systems. Older metal gate
CMOS (CD4000 & 74HC) circuits have slow rise and fall
times which do not cause a large amount of line ringing.
Power supply spiking is also somewhat less, again due to
slow switching times associated with these circuits.

The previous discussion assumed that the trigger to the
CMOS SCR was essentially static and was a fixed current.
Under these conditions a certain value current will cause
the SCR to trigger, but if the trigger is a short pulse the peak
value of the pulse current that will trigger the SCR can be
much larger than the static DC trigger current. This is due to
the poor frequency characteristics of the SCR.

For short noise pulses, <5 ps, the peak current required to
latch up a device is dependent on the duty cycle of the
pulses. At these speeds it is the average current that caus-
es latch-up.- For example, if a 1 MHz 50% duty cycle over
voltage pulse train is applied to a device that latched with
20 mA DC current, then typically the peak current required
will be about 40 mA. For a 25% duty cycle the peak current
would be 80 mA. An example of this is shown in Figure 8
which plots latch up current against over-voltage pulse
width at 1 MHz.
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FIGURE 8. Trigger Current of SCR of input Overvoltage
Pulses at High Repetition Rate on Special Test Unit

If the pulse widths become long, many microseconds, the

latch up current will approach the DC value even for low
duty cycles. This is shown in Figure 9 which plots peak trig-
ger current vs pulse width for the same test device used in
Figure 8. The repetition rate in this case is a slow 2.5 kHz
(period=400 ps). These long pulse widths approach the
trigger time of the SCR, and thus pulses lasting several mi-
croseconds are long enough to appear as DC voltages to
the SCR. This indirectly indicates the trigger speed of the
SCR to be on the order of ten to fifteen microseconds. This
is however dependent on the way the IC was designed and
the processing used.

In normal high speed systems noise spikes will typically be
only a few nanoseconds in duration, and the average duty
cycle will be small. So even a device that is not designed to
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FIGURE 9. Trigger Current of Pulse on Special Test Unit -

SCR for Single Transient Overvoltage

be latch up resistant, will probably not latch up even with
significant line ringing on its inputs or outputs (Then again
. . .). However, in some systems where inductive or other
loads are used transients of several microseconds can be
easily generated. For example, some possible applications
are automotive and relay drivers. In other CMOS logic fami-
lies spikes of this nature are much more likely to cause the
SCR to trigger, but here again MM54HC/MM74HC high
speed CMOS is immune. )

PREVENTING SCR LATCH UP:
USER SYSTEM DESIGN SOLUTIONS

SCR latch-up can be prevented either on the system level
or on the IC level. Since National’s MM54HC/MM74HC se-
ries will not latch up, this eliminates the need for the system
designer to worry about preventing latch up at the system
level. This not only eases the design, but negates the need
to add external diodes and resistors to protect the CMOS
circuit, and hence additional cost. (Note however that even
though the devices don’t latch up, diode currents should be
limited to their Absolute Maximum Ratings listed in the Data
Sheets).

If one is using a CMOS device that may latch up, older
CD4000 CMOS or another vendors HC for example, and its

Vec OR Vop

input or output voltages may forward bias the input or output
diodes then some external circuitry may need to be added
to eliminate possible SCR triggering. As with the previous
discussions of latch-up preventing SCR latch-up falls into
two categories: the static case, and the transient condition.
Each is related but has some unique solutions.

In the static condition to ensure SCR latch'up does not oc-
cur, the simplest solution is to design CMOS systems so
that their input/output diodes don’t become forward biased.
To ease this requirement some special circuits that have
some of their input protection diodes removed are provided,
and this enables input voltages to exceed the supply range.
These devices are MM54HC4049/50, - CD4049/50, and
MM54C901/2/3/4.

If standard logic is used and input voltages will exceed the
supply range, an external network should be added that pro-
tects the device by either clamping the input voltage or by
limiting the currents which flow through the internal diodes.
Figure 10 illustrates various input and output diode clamping
circuits that shunt the diode currents when excessive input
voltages are applied. Usually either an additional input or
output diode is required, rarely both, and if the voltages only
exceed one supply then only one diode is necessary. If an
external silicon diode is used the current shunt is only par-
tially effective since this diode is in parallel with the internal
silicon protection diode, and both diodes clamp to about
0.7V. -

A second method, limiting input current, is very effective in
preventing latch-up, and several designs are shown in
Figure 11. The simplest approach is a series input resistor. It
is recommended that this resistor should be as large as
possible without causing excessive speed degradation yet
ensure the input current is limited to a safe value. If speed is
critical, it is better to use a combination diode-resistor net-
work as shown in Figures 11b and 77c. These input networks
effectively limit input currents while using lower input resis-
tors. The series resistor may not be an ideal solution for
protecting outputs because it will reduce the effective drive
of the output. in most cases this is only a problem when the
output must drive a lot of current or must switch large ca-
pacitances quickly.
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FIGURE 10. External Input and Output Protection Diodes Circuits for Eliminating SCR Latch-up
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FIGURE 11. Input Resistor and Resistor-Diode Protection Circuits for Eliminating Latch-up
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A third approach is instead of placing resistors in series with Most methods previously employed to eliminate latch up are =z
the inputs to place them in series with the power supply either not effective, increase the die size significantly, and/ »
lines as shown in Figure 12. The resistors must be bypassed or degrade MOS transistor performance. The process en- %
by capacitors so that momentary switching currents don't hancements employed on 54HC/74HC logic circumvent
produce large voltage transients across R1 and R2. These these problems. Primarily it is effective without degrading
resistors can limit input currents but primarily they should be MOS performance.
chosen to ensure that the supply current that can flow is When designing CMOS integrated circuits, there are many
less than the holding current of the SCR. Thus even though ways that the SCR action of these circuits can be reduced.
the input current can cause latch up it cannot be sustained One of the several methods of eliminating the SCR is to
and the IC will not be damaged. reduce the effective gain of at least one of the transistors,

thus eliminating the regenerative feedback. This can be ac-
complished either by modifying the process and/or by in-
serting other parasitic structures to shunt the transistor ac-
tion. Also the substrate resistances modeled as R1 and R2
in Figures 4 and 5 can be reduced. As these resistances-
approach zero more and more current is required to develop
enough voltage across them to turn on the transistors.

As mentioned, the current gains of the NPN and PNP para-
sitic transistors directly affect the current required to trigger
the latch. Thus some layout and process enhancements
can be implemented to reduce the NPN and PNP Betas. In
a P—well process the gain of the vertical NPN is determined

TL/F/5346-14 by the specific CMOS process, and is dependent on junc-
FIGURE 12. Supply Resistor-Capacitor Circuits for tion depths and doping concentrations. These parameters
Eliminating Latch-up also control the performance of the N-MOS transistors as

well and so process modification must be done without de-
grading CMOS performance. To reduce the gain of the verti-
cal PNP the doping levels of the P— well can be increased.
This will decrease minority carrier lifetimes. It will also re-
duce the substrate resistance lowering the NPN base-emit-
ter resistance. However this will increase parasitic junction
capacitances, and may affect NMOS threshold voltages and
carrier mobility. The depth of the well may be increased as
well. This will reduce layout density due to increased lateral
diffusion, and increase processing time as it will take longer
to drive the well deeper into the substrate. )

This last solution has the advantage of fewer added compo-
nents, but also has some disadvantages. This method may
not prevent latch up unless the resistors are fairly large, but
this will greatly degrade the output current drive and switch-
ing characteristics of the device. Secondly, this circuit pro-
tects the IC from damage but if diodes currents are applied
causing large supply currents, the circuits will logically mal-
function where as with other schemes logic malfunction can
be prevented as well. '

PREVENTING LATCH UP: IC DESIGN SOLUTIONS The lateral PNP’s gain is determined by the spacing of input
The previous latch up solutions involve adding extra compo- and output diode diffusions to active circuitry and minority
nents and hence extra cost and board space. One can carrier life times in the N— substrate. The carrier life times
imagine that in a microprocessor bus system if for some are a function of process doping levels as well, and care
reason the designer had to protect each output of several must be exercised to ensure no MOS transistor perform-
CMOS devices that are driving a 16-bit address bus that up ance degradation. Again the doping levels of the substrate
to 32 diodes and possibly 16 resistors may need to be add- can be increased, but this will increase parasitic junction
ed. Thus for the system designer the preferable solution is capacitances, and may alter the PMOS threshold character-
.to use logic that won't latch up. istics. The spacing between input/output diodes and other
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FIGURE 13. Simplified CMOS Cross Section Showing Added Latch-up Reduction Structures
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diffusions can be increased. This will increase the PNP’s
base width, lowering its beta. This may be done only a limit-
ed amount without significantly impacting die size and cost.

Another method for enhancing the latch-up immunity of

- MM54HC/MM74HC is to short out the SCR by creating ad-

ditional parasitic transistors and reducing the effective sub-
strate resistances. These techniques employ the use of
ringing structures (termed guard rings) to surround inputs
and outputs with diffusions that are shorted to Vgg or
ground. These diffusions act to lower the substrate resist-
ances, making it harder to turn on the bipolar transistors.

They also act “dummy” collectors that shunt transistor ac- -

tion by collecting charges directly to either Vg or ground,
rather than through active circuitry. Figure 13 shows a cross
section of how this might look and Figure 74 schematically
illustrates how these techniques ideally modify the SCR
structure.

Ideally, in Figure 14 if the inputs are forward biased any
transistor action is immediately shunted to V¢c or ground
through the “dummy’ collectors. Any current not collected
will flow through the resistors, which are now much lower in
value and will not allow the opposite transistor to turn on.

vee

S =

TL/F/5346-16
FIGURE 14. Schematic Representation of SCR with
Improvements to Reduce Turn On.

Unfortunately in order to reduce latch up these techniques
add quite significantly to the die size, and still may not be
completely effective.

The ineffectiveness of the ringing structures at completely
eliminating latch up is for one because the collectors are
only surface devices and carriers can be injected very deep
into the N— substrate. Thus they can very easily go under
the fairly small “dummy” collectors and be collected by the
relatively large active P— well. A possible solution might be
to make the collector diffusions much deeper. This suffers
from the same drawbacks as making the well deeper, as
well as requiring additional mask steps increasing process
complexity. Secondly, the base emitter resistances can be
reduced only so much, but again only the surface resistanc-
es are reduced. Some transistor action can occur under the
P— well and deep in the N— bulk where these surface
shorts are only partially effective.

The above discussion described modifications to a P— well
process. For an N— well process the descriptions are the
same except that instead of a P— well an N— well is used
resulting in a vertical PNP instead of an NPN and a lateral
NPN instead of a PNP.

These methods are employed in 54HC/74HC CMOS logic,
but in addition processing enhancements were made that
effectively eliminate the PNP transistor. The primary en-
hancement is a modification to the doping profile of the N—
substrate (P— well process). This lowers the conductivity of
the substrate material while maintaining a lightly dope sur-
face concentration. This allows optimum performance
NMOS and PMOS transistors while dramatically reducing
the gain of the PNP and its base-emitter resistance. The
gain of the PNP is reduced because the minority carrier life-
times are reduced. This modification also increases the ef-
fectiveness of the “dummy” collectors by maintaining carri-

+ ers closer to the surface. This then eliminates the SCR latch

up mechanism.

5.0 TESTING SCR LATCH-UP

There are several methods and test circuits that can be
employed to test for latch-up. The one primarily used to
characterize the 54HC/74HC logic family is shown in Figure
15. This circuit utilizes several supplies and various meters
to either force current into the V¢ diodes or force current
out of the ground diodes. By controliing the input supply a
current is forced into or out of an input or output of the test
device. As the input supply voltage is increased the current
into the diode increases. Internal transistor action may
cause some supply current to flow, but this should not be
considered latch up. When latch-up occurs the power sup-
ply current will jump, and if the input supply is reduced to
zero the power supply current should remain. The input trig-
ger current is the input current seen just prior to the supply
current jumping. )

Testing latch-up i§ a destructive test, but in order to test
54HC/74HC devices without causing immediate damage,
test limits for the amount of input or output currents and
supply voltages should be observed. Even though immedi-
ate damage is avoided, SCR latch-up test is a destructive
test and the IC performance may be degraded when testing
to these limits. Therefore parts tested to these limits should
not be used for design or production purposes. in the case
of National's high speed CMOS logic the definition of “latch-
up proof” requires the following test limits when using the
standard DC power supply test as is shown in Figure 15.

1. Inputs: When testing latch-up on CMOS inputs the cur-
rent into these inputs should be limited to less than
70 mA. Application of currents greater than this may
damage the input protection poly resistor or input metali-
zation, and prevent further testing of the IC.

2. Outputs: When testing outputs there is a limit to the met- |
alization’s current capacity. Output test currents should
be limited to 200 mA. This limitation is due again to met-
alization short term current capabilities, similar to inputs.
Application of currents greater than this may blow out the
output.

3. Supply: The power supply voltage is recommended to be
7.0V which is at the absolute maximum limit specified in
54HC/74HC and is the worst case voltage for testing
latch-up. If a device latches up it will short out the power
supply and self destruct. (Another Vendors HC may
latch-up for example.) It is recommended that to prevent
immediate destruction of other vendors parts that the
power supply be current limited to less than 300 mA.
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In almost all instances at high temperature, if it is going to

occur, latch-up will occur at current values between

0-50 mA.

There are a few special considerations when trying to mea-
sure worst case latch-up current. Measuring input latch-up
current is straight forward, just force the inputs above or
below the power supply, but to measure an output it must
first be set to a high level when forcing it above V¢, or to a
low level when forcing it below ground. When measuring Tri-
State outputs, the outputs should be disabled, and when
measuring analog switches they should be either left open
or turned off.

To measure the transient behavior of the test device or to
reduce [C heating effects a pulse generator can be used in
place of the input supply and an oscilloscope with a current
probe should then replace the current meter. Care should
be exercised to avoid ground loops in the test hardware as
this may short out the supplies.

Although there are several methods of testing latch-up, this
method is very simple and easy to understand. It also yields
conservative data since manually controlling the supplies is
a slow process which causes localized heating on the chip
prior to latch-up, and lowers the latch-up current.

6.0 CONCLUSION

SCR latch-up in CMOS circuits is a phenomena which when
understood can be effectively controlled both from the inte-
grated circuit and system level. National’s proprietary
CMOS process and layout considerations have eliminated
CMOS latch-up in the MM54HC/MM74HC family. This will
increase the ease of use and design of this family by negat-
ing the need for extra SCR protection circuitry as well as
very favorable impact system integrity and reliability.

Testing SCR Latch-Up of HCMOS
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HCMOS Crystal Oscillators

With the advent of high speed HCMOS circuits, it is possible

" to build systems with clock rates of greater than 30 MHz.

The familiar gate osciliator circuits used at low frequencies
work well at higher frequencies and either L-C or crystal
resonators maybe used depending on the stability required.
-Above 20 MHz, it becomes expensive to fabricate funda-
mental mode crystals, so overtone modes are used.

TL/F/5347-1
Crystal Equivalent Circuit
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FIGURE 1

Basic Oscillator Theory

The equivalent circuit of a quartz crystal, and its reactance
characteristics with frequency are shown in Figure 1. FR is
called the resonant frequency and is where Ly and Cq are in
series resonance and the crystal looks like a small resistor
R1. The frequency Fj is the antiresonant frequency and is
the point where L{—C4 look inductive and resonate with Co
to form the parallel resonant frequency Fp, Fr-and Fp are
usually less than 0.1% apart. In specifying crystals, the fre-
quency FR is the oscillation frequency to the crystal in a
series mode circuit, and FR is the parallel resonant frequen-
cy. In a parallel mode circuit, the oscillation frequency will
be slightly below Fp where the inductive component of the
L1 -C¢ arm resonates with Co and the external circuit ca-
pacitance. The exact frequency is often corrected by the
crystal manufacture to a specified load capacitance, usually
20 or 32 picofarads.

TABLE I. Typical Crystal Parameters

32kHz 200 kHz 2MHz 30 MHz
P. fund overtone
"Ry 200 k2 2kn 100 Q 200
Ly 7000H 27H 529 mH 11 mH
Cq .003 pF 0.024 pF 0.012 pF 0.0026 pF
Co 1.7 pF 9pF 4pF 6 pF
Q 100k 18k 54k 100k

- Thomas B. Mills

National Semiconducter
Application Note 340

May 1983

The Pierce oscillator is one of the more popular circuits, and
is the foundation for almost all single gate oscillators in use
today. In this circuit, Figure 2, the signal from the input to the
output of the amplifier is phase shifted 180 degrees. The
crystal appears as a large inductor since it is operating in
the parallel mode, and in conjunction with Ca and Cg, forms
a pi network that provides an additional 180 degrees of
phase shift from output to the input. Cp in series with Cg
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FIGURE 2. Pierce Oscillator

plus any additional stray capacitance form the load capaci-
tance for the crystal. In this circuit, Ca is usually made about
the same value as Cg, and the total value of both capacitors
in series is the load capacitance of the crystal which is gen- -
erally chosen to be 32 pF, making the value of each capaci-
tor 64 pF. The approximation equations of the load imped-
ance, Z4, presented to the output of the crystal oscillator’s

‘amplifier by the crystal network is:

Where Xc= —j/wCg and R is the series resistance of the
crystal as shown in Table I. Also w=2#f where f is the
frequency of oscillation.

The ratio of the crystal network’s input voltage to it's output
voltage is given by:

eg wCap Ca

Ca and Cg are chosen such that their series combination
capacitance equals the load capacitance specified by the
manufacturer, ie 20 pF or 32 pF as mentioned. In order to
oscillate the phase shift at the desired frequency around the
oscillator loop must be 360° and the gain of the oscillator
loop must be greater of equal to one, or:
(AN (AF) 21

Where A is amplifier gain and Ar is crystal network voltage
gain of the crystal  network: ep/eg. Thus not only should
the series combination of Cg and Cp be chosen. The ratio of
the two can be set to adjust the loop gain of the oscillator.

For example if a 2 MHz oscillator is required. Then
RL=1000 (Table l). If ea/’eg=1 and the crystal requires a
32 pF load so Cg =64 pF and then Cy becomes 64 pF also.
The load presented by the crystal network is Z; = (Yam (2
MHz) (64 pF)2)/100 = 16 kQ.
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The CMOS Gate Oscillator

A CMOS gate sufficiently approaches the ideal amplifier

shown above that it can be used in almost the same circuit.

A review of manufacturers data sheets wiil reveal there are

two types of inverting CMOS gates:

a) Unbuffered: gates composed of a single inverting stage.
Voltage gain in the hundreds.

b) Buffered: gates composed of three inverting stages in
series. Voltage gains are greater than ten thousand.

CMOS gates must be designed to drive relatively large
loads and must supply a fairly large amount of current. In a
single gate structure that is biased in its linear region so
both devices are on, supply current will be high. Buffered
gates are designed with the first and second gates to be
much smaller than the output gate and will dissipate little
power. Since the gain is so high, even a small signal will
drive the output high or low and little power is dissipated. In
this manner, unbuffered gates will dissipate more power
than buffered gates.

Both buffered and unbuffered gates maybe used as crystal
oscillators, with only slight design changes in the circuits.

R ~ 10 MQ
e AAA———

‘_Dﬁilcuﬂﬁ

Rz = 2K

<

T C, 62 pF

FIGURE 3. Typical Gate Oscillator

~ Cb 62 pF

TL/F/5347-4

In this circuit, Rp serves to bias the gate in its linear region,
insuring oscillation, while Ry provides an impedance to add
some additional phase shift in conjunction with Cg. It also
serves to prevent spurious high frequency oscillations and
isolates the output of the gate from the crystal network so a
clean square wave can be obtained from the output of the
gate. Its value is chosen to be roughly equal to the capaci-
tive reactance of Cg at the frequency of oscillation, or the
value of load impedance Z; calculated above. In this case,
there will be a two to one loss in voltage from the output of
the gate to the input of the crystal network due to the volt-
age divider effect of Ry and Z|. If Cp and Cg are chosen
equal, the voltage at the input to the gate will be the same
as that at the input to the crystal network or one half of the
voltage at the output of the gate. In this case, the gate must
have a voltage gain of 2 or greater to oscillate. Except at
very high frequencies, all CMOS gates have voltage gains
well in excess of 10 and satisfactory operation should result.
Theory and experiment show that unbuffered gates are
more stable as oscillators by as much as 5 to 1. However,
unbuffered gates draw more operating power if used in the
same circuit as a buffered gate. Power consumption can be
minimized by increasing feedback which forces the gate to
operate for less time in its linear region.

When designing with buffered gates, the value of Ry or Cg
may be increased by a factor of 10 or more. This will in-
crease the voltage loss around the feedback loop which is
desirable since the gain of the gate is considerably higher
than that of an unbuffered gate.

Ca and Cpg form the load capacitance for the crystal. Many
crystals are cut for either 20 to 32 picofarad load capaci-
tance. This is the capacitance that will cause the crystal to
oscillate at its nominal frequency. Varying this capacitance
will vary the frequency of oscillation. Generally designers
work with crystal manufacturers to select the best value of

load capacitance for their application, unless an off the shelf

crystal is selected.

High Frequency Effects
The phase shift thru the gate may be estimated by consider-
ing it’s delay time:

Phase Shift = Frequency X Time delay X 360°
The “typical gate oscillator” works well at lower frequencies
where phase shift thru the gate is not excessive. However,
above 4 MHz, where 10 nsec of time delay represents 14.4°
of excess phase shift, Ry should be changed to a small
capacitor to avoid the additional phase shift of R». The val-
ue of this capacitor is approximately 1/wC where w = 27rf,
but not less than about 20 pF.

Rp = 10 MQ
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FIGURE 4. Gate Oscillator for Higher Frequencies

Improving Oscllator Stability

The CMOS gate makes a' mediocre oscillator when com-
pared to a transistor or FET: It draws more power and is
generally less stable. However, extra gates are often avail-
able and are often pressed into service as oscillators. If
improved stability is required, especially from buffered gate
oscillators, an approach shown in Figure 5 can be used.

Rp = 10 MQ
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1_\ C, 40 pF

f Cp = 300 pF
‘FIGURE 5. Gate oscillator with improved stability

A4

TL/F/5347-6
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In this circuit, Ca and Cg are made large to swamp out the
effects of temperature and supply voltage change on the
gate input and output impedances. A small capacitor in se-
ries with the crystal acts as the crystal load and further iso-
lates the crystal from the rest of the circuit.

Overtone Crystal Oscillators

At frequencies above 20 MHz, it becomes increasingly diffi-
cult to cut or work with crystal blanks and so generally a
crystal is used in it's overtone mode. Also, fundamental
mode crystals above this frequency have less stability and
greater aging rates. All crystals will exhibit the same reac-
tance vs. frequency characteristics at odd overtone fre-
quencies that they do at the fundamental frequency. How-
ever, the overtone resonances are not exact multiples of
the fundamental, so an overtone crystal must be specified
as such.

In the design of an overtone crystal oscillator, it is very im-
portant to suppress the fundamental mode, or the circuit will
try to oscillate there, or worse, at both the fundamental and
the overtone with little predictability as to which. Basically,
this requires that the crystal feedback network have more
gain at the overtone frequency than the fundamental. This is
usually done with a frequency selective network such as a
tuned circuit.

‘The circuit in Figure 6 operates in the parallel mode just as

the Pierce oscillator above. The resonant circuit Lo—Cpg is
an effective short at the fundamental frequency, and is
tuned somewhat below the deferred crystal overtone fre-
quency. Also, C_ is chosen to suppress operation in the
fundamental mode.

The coil Lo may be tuned to produce maximum output and
will affect the oscillation frequency slightly. The crystal
should be specified so that proper frequency is obtained at
maximum output level from the gate.

Some Practical Design Tips

In the above circuits, some generalizations can be made
regarding the selection of component values.

fo=31 MHz
Re=10 MQ

r'—NW—

’

o ez
+—i0—

Rg: Sets the bias point, should be as large as practicél.

R1: Isolates the crystal network from the gate output and
provides excess phaseshift decreasing the probability of
spurious oscillation at high frequencies. Value should be ap-
proximately equal to input impedance of the crystal network
or reactance of Cg at the oscillator frequency. Increasing,
value will decrease the amount of feedback and improve
stability. :
Cpg: Part of load for crystal network. Often chosen to be
twice the value of the crystal load capacitance. Increasing
value will increase feedback.

Ca: Part of crystal load network. Often chosen to be twice
the value of the crystal load capacitance. Increasing value
will increase feedback.

Cp: Used in place of R1 in high frequency applications.
Reactance should be approximately equal to ‘crystal net-
work input impedance. ]

Oscillator design is an imperfect art at best. Combinations
of theoretical and experimental design techmques should

. be used.

A. Do not design for an excessive amount of gain around
the feedback loop. Excessive gain will lead to instability
and may result in the osc:llator not being crystal con-
trolled.

B. Be sure to worst case the design. A resistor may be
added in series with the crystal to simulate worst case
crystals. The circuit should not oscillate on any frequen-
cy with the crystal out of the circuit. ’

- C. A quick check of oscillator peformance is to measure the

frequency stability with .supply voltage variations. For
HCMOS gates, a change of supply voltage from 2.5 to 6
volts should result in less than 10 PPM change in fre-
quency. Circuit value changes should be evaluated for
improvements in stability.

L 0.94H
11.5 TURNS

TL/F/5347-7

FIGURE 6. Parallel Mode Overtone Circuit
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1) TIMING AND CONTROL

a) Input and Output Thresholds

The MM74HC942/943 may be used in a CMOS or TTL en-
vironment. In a CMOS environment, no interfacing is re-
quired. If the MM74HC942/943 is interfaced to NMOS or
bipolar logic circuits, standard interface techniques may
be used. These are discussed in detail in National
Semiconductor Application Note AN-314. This note is in-
cluded in the National Semiconductor MM54HC/74HC
High Speed microCMOS Logic Family Databook.

b) Logic States and Control Pin Function

Transmitted Data

TXD (pin 11) in conjunction with O/A selects the frequency
of the transmitted tone and thus controls the transmitted
data. ’

TXD = V¢ selects a “mark” and thus the high tone of the
tone pair.This is discussed furtherin the following section.

Originate and Answer Mode

This is controlled by O/A (pin 13). O/A=Vc selects
originate mode. O/A = GND selects answer mode. These
modes refer to the tone allocation used by the modem.
When two modems are communicating with each other
one will be in originate mode and one will be in answer
mode. This assures that each modem is receiving the tone
pair that the other modem is transmitting. The modem on
the phone that originated the phone call is called the
originate modem. The other modem is the answer modem.

The other pin controlling the transmitted tone is TX
(pin 11). i

Bell 103 Tone Allocation

Data Originate Modem Answer Modem
Transmit Receive Transmit Receive

Space 1070 Hz 2025 Hz 2025 Hz 1070 Hz

Mark 1270 Hz 2225 Hz 2225 Hz 1270 Hz

2141
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Squelch Transmitter

Transmitter squelch is achieved by putting SQT=Vg¢
(SQT is pin 14). The line driver remains active in this state
(assuming ALB =GND).

+ This state is commonly used during the protocol of estab-

lishing a call. The originate user initiates a phone call with

its transmitter squelched, and waits for a tone to be re- -

ceived before beginning transmission. During the wait
time, the modem is active to allow tone detection, but no
tone may be transmitted.

The state SQT = V¢ may also be used if the line driver is
required but a signal other than modem tones (e.g.,, DTMF
tones or voice) is to be transmitted. This is discussed fur-
ther in Transmission of Externally Generated Tones (sec-
tion 3d).

Analdg Loop Back

ALB =V, SQT =GND selects the state “analog loop
back”. (The state ALB=SQT =Vg¢ is discussed in the
following section.) °

In analog loop back mode, the modulator output (at the
line driver) is connected to the demodulator input (at the

hybrid), and the demodulator is tuned to the transmitted -

frequency tone set. Thus the data on the TXD pin will, after
some delay, appear at the RXD pin. This provides a simple
“self test” of the modem.

The signal applied to the demodulator during analog loop
back is sufficient to cause the carrier detect output CD to
go low indicating receipt of carrier.

In analog loop back mbde, the modulator and transmitter
are active, so the transmitted tone is not squelched.

Power-Down Mode

The state SQT = ALB = V¢ puts the MM74HC942/943 in
power-down mode. In this state, the entire circuit except
the oscillator is disabled. (The oscillator is left running in
case it is required for a system clock) . In power-down
mode the supply current falls from 8 mA (typ) to 180 pA
(typ), and all outputs, both analog and digital, TRI-STATE
(become Hi-Z).

Using TRI-STATE Capability

ALB'
.- ALB RXD
CHIP WITH
MM74HC942/943 TRI-STATE
sar’ _ QUTPUTS
sar CD ¢
v
T0 OTHER
CIRCUITS
“BUS"
CHIP

SELECT

TLIFIS531-1

The ability of the outputs to TRI-STATE allows the modem

to be connected to other circuitry in a bus-like configura-
tion with the state SQT or ALB = GND being the modem
chip select. ’

¢) The Oscillator

The oscillator is a Pierce crystal oscillator. The crystal
used in such an oscillator is a parallel resonant crystal.

The Oscillator
_1_ 250F —25pF
10M
AAA
b T0 CIRCUITRY
u-Dw P—bo]
" WEAK
INVERTER
MM74HC942/943
-— ke am omm |—— o o—
XTALS 3.579 MHz XTALD

CsTRaY

|

_]-: CsThay

TLIFI5831-2

The capacitors used on each end of the crystal are acom-
bination of on-chip and stray capacitances. This generally
means the crystal is operating with less than the specified
parallel capacitance. This causes the oscillator to run
faster than the frequency of the crystal. This is not a prob-

_lem as the frequency shift is small (approximately 0.1%).

The oscillator is designed to run with equal capacitive
loading on each side of the crystal. This should be taken
into consideration when designing PC layouts. This need
not be exact. :

If 2 3.58 MHz oscillator is available, the XTALD pin may be
driven. The internal inverter driving this pin is very weak
and can be overpowered by any CMOS gate output.

2-142




The Oscillator and Power-Down Mode

When the chip powers down, all circuits except the oscil-
lator are switched off. The oscillator is left running so it
may be used as a clock to drive other circuits within the
system.

It is possible to shut the oscillator down by clamping the
XTALS pin to V¢e or GND. This will cause the total chip
current to fall to less than 5 pA. This may be useful in bat-
tery powered systems where minimizing supply current is
important.

Powering Down the Oscillator

™ wecaess 1

|

|
[——+—1 |
,—T-,I:;—jl
| |

maum,. |x_ms_ I

1N417,
ETC.

TLIFI5531-3

2) MODULATOR SECTION

a) Operation

The modulator receives data from the transmit data (TXD)
pin and synthesizes a frequency shift keyed, phase
coherent sine wave to be transmitted by the line driver
through the transmit analog (TXA) pin. Four different sine

wave frequencies are generated, depending on whether
the modem is set to the orginate or answer mode and
whether the data input to TXD is a logical high or low. See
Timing and Control (section 1) for more information.

The TXD and O/A pins set the divisor of a dual modulus
programmable divider. This produces a clock frequency
which is sixteen times the frequency of the carrier to be
transmitted. The clock signal is then fed to a four bit
counter whose outputs go to the sine ROM. The ROM acts
like a four-to-sixteen decoder that selects the appropriate
tap on the D/A converter to synthesize a staircase-
approximated sine wave. A switched capacitor filterand a
low pass filter smooth the sine wave, removing high fre-
quency components and insuring that noise levels are
below FCC regulations.

b) Transmit Level Adjustment

The maximum transmit level of the MM74HC943is —9dBm.
Since most phone lines attenuate the signal by 3 dB, the
maximum level that will be received at the exchange is
—12dBm. This level is also the maximum allowed by most
phone companies. The MM74HC942 has a maximum
transmit level of 0 dBm, making possible adjustments for
line losses up to — 12 dB. The resistor values required to
adjust the transmit level for both the MM74HC942 and the
MM74HC943 follow the Universal Service Order Code and
can be found in the data sheets. This resistor added be-
tween the TLA pin and V¢ serves to control the voltage
reference at the top of the D/A ladder, adjusting output
levels accordingly.

Note that for transmission above —9 dBm the required
resistor must be chosen with the co-operation of the rele-
vant phone company. This resistor is usually wired into the
phone jack at the installation as the resistor value is
specific to the particular phone line. This is called the
Universal Registered Jack Arrangement. This arrange-
ment is possible only with the MM74HC942 because of the
dynamic range constraints of the MM74HC943.

The Modulator

i
PROGRAMMABLE 16xfc DIVIDE BY

LVE-NVY

CLOCK DIVIDER > 16 COUNTER
7/ i i
0/ ————p] MODULUS cuusg:zESION
™0 > CONTROL ROM

Vee U
fTLA D/A REFERENCE VagE 0/A
, GENERATOR - >]  conveaten

v

LOW PASS
FILTER

!

TRANSMIT
CARRIER
(fc)

TLIFI5531-4
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3) THE LINE DRIVER

a) Operation

The line driver is a class A power amplifier for transmitting

the carrier signals from the modulator. It can also be used
to transmit externally generated tones such as DTMF sig-
nals, as discussed in section 3d. When used for trans-
mitting modem-produced tones, the external input (EXI)
pin should be grounded to pin 19 for both the MM74HC942
and the MM74HC943. The line driver output is the transmit
analog (TXA) pin.

The Line Driver Equivalent Schematic

+Vee

TRANSMIT
LEVEL
ADJUST
CIRCUIT

TLA

TLIFI56315

b) Second Harmonic Distortion

If the modem is operating in the originate mode, the line
driver output has frequencies of 1070 Hz for a space and
1270 Hz for mark. The second harmonic for a space fre-
quency is at 2140 Hz, and this falls in the originate modem’s
receive frequency band from 2025 Hz to 2225 Hz. While the
modulator produces very little second harmonic energy, the
amplifier has been designed not to degrade the analog out-
put any further. The result is that the second harmonic is
below —56 dBm. Thus it is well below the minimum carrier
amplitude recognized by the demodulator.

¢) Dynamic Range

The decision to use the MM74HC942 or the MM74HC943 is
a tradeoff between output dynamic range and power sup-
ply constraints. The power supply is discussed in another
section. The MM74HC942 will transmit af 0 dBm while the
maximum transmit level of the MM74HC943 is — 9 dBm.
This level applies to externally generated tones as well as
the standard modem tone set. '

It is important to realize that the signal levels referred to
above, and in the data sheet’s specifications, are the
levels referred to a 6009 load resistor (representing the
phone line) when driven from the external 6002 source
resistor. Also, the transmit levels discussed previously are
maximum values. Typical values are 1 dB to 2 dB below
these.

d) Transmission of Externally Generated Tones

Since a phone line connection is usually made on the TXA
pin, it may be useful to use the line driver to transmit

ALB -—D__ ALB
MM74HC942
MODEM TXA
sar ‘_:D——‘sm
[
TP53130
DIALER
CHIP TONE TONE
SELECT DISABLE  OUTPUT

DTMF, voice or other externally generated tones. Both the
-inverting and non-inverting inputs to the line driver are
available for this purpose. A DTMF tone generator with a
TRI-STATE output may instead be directly connected to
the same node as the TXA pin rather than the line driver.
‘The choice of which method to use depends on whether
the MM74HC942 or MM74HC943 is being used and the sig-
nal level of the transmission. Most phone companies
allow DTMF tone generation at 0 dBm. This level is the
maximum that the MM74HC942 can produce and is be-
yond the range of the MM74HC943.

If the line driver is to be used for external tone generation,
the modem must be powered up and the transmission
must be squelched by the SQT pin being held high. This
will disable the output of the modulator section. The
choice between the EXI pin and DSI pin is up to the user.
The EXI pin gives a fixed gain of about 2. The DSI input
allows for adjustable gain as a series resistor is
necessary.

Using the DSI Input
'- 20k _l
A A4 '

TXA
|

L= MM74HC942/943

Rosi

MM74HC942—GND l
MM74HC943—GNDA

TLIFIS531-6

A better solution may be to use the power-down mode of
the MM74HC942/943 with a DTMF tone generator that has
a TRI-STATE output. Such a device is a TP53130 and is
shown in the diagram following. When the tone generator
is not in use and the modem is not squelched, the DTMF
generator’s output is in TRI-STATE. Rather than using the
line driver, the tone generator’s output is instead con-
nected to the same node as the TXA pin. The tone gener-
ator is active when the modem is in power-down. Power-
down TRI-STATEs the TXA output.

Interfacing to DTMF ‘Generator Using TRI-STATE Feature

9 TO PHONE
LINE

TLIFI5531.7
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4) THE HYBRID

The MM74HC942/943 has an on-chip hybrid. (A hybrid in
this context refers to a circuit which performs two-to-four
wire conversion.)

Under ideal conditions the phone line and isolation net-
work have an equivalent input impedance of 600Q. Under
these conditions the gain from the transmitter to the op
amp output is zero, while the gain from the phone line to
the op amp output is unity. Thus the hybrid, by subtracting
the transmitted signal from the total signal on the phone
line, has removed the transmitted component.

Unfortunately, these ideal conditions rarely exist and
filtering is used to remove the remaining transmitted
signal component. This is discussed further in the next
section.

Note that the signals into the hybrid must be referred to
GND in the MM74HC942 and GNDA in the case of the
MM74HC943. Thus blocking capacitors are required in the
latter case.-This is discussed further in DC Levels and
Analog Interface (section 9a).

5) THE RECEIVE FILTER

The signal from the hybrid is a mixture of transmitted
and received signals. The receive filter removes the
transmitted signals so only received signal goes to the
discriminator.

The receive filter may be characterized by driving RXA1 or
RXA2 with a signal generator. The filter response may then
be observed at the FTLC pin with the capacitor removed. In
this state the output impedance of the FTLC pin is 16 kQ
nominal.

6) THE FTLC PIN

The FTLC pinis at the point of the circuit where the receive
filter output goes to the hard limiter input and the carrier
detect circuit input. .

The signal at the output of the receive filter may be as low
as 7mVrms. It is thus important that the wiringtothe FTLC
pin and the associated circuit be clean. Ideally the track
from the capacitor to pin 19 (GND on the MM74HC942,
GNDA on the MM74HC943) should be shared by no other
devices.

If these precautions are not observed, circuit performance
may be unnecessarily degraded.

The Hybrid

LINE
DRIVER | > TXA '

R RXA2

= e 1
I
I
I
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|
.
"
RXATy
FILTER —t
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I i |

Characterizing the Receive Filter
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| |
L - —-= -
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The FTLC Pin and Associated Circuitry

r HARD LIMITER
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7) THE CARRIER DETECT CIRCUIT

a) Operation

The carrier detect circuit senses if there is carrier present
on the line. If carrier is not present, the data output is
clamped high. ‘ .

The RC circuit filters the DC from the output of the receive
filter. The comparator inputs are thus the filter output, and
the DC level of the receive filter minus the controlled off-
set. The controlled offset sets the amount that the AC sig-
nal must exceed the DC level (and thus the AC amplitude)
before the comparator switches. When this happens, the
comparator output sets a resettable one-shot which con-
verts the periodic comparator output to a continuous
signal. This signal then controls the time delay set by the
CDT pin. After the preset time delay the CD bar output
goes low. This shifts the comparator offset providing
hysteresis to the overall circuit.

b) Threshold Control

The carrier detect threshold may be adjusted by adjusting
the voltage on the CDA pin.

The carrier detect trip points are nominally set at
—43 dBm and — 46 dBm. The CDA pin sits at a nominal
1.2V. The carrier detect trip points are directly proportional
tothevoltage on this pin, so doubling the voltage causes a
6 dB increase in the carrier detect trip points. Similarly,
halving the voltage causes a 6 dB decrease in carrier
detect trip points.

Note that as the carrier detect trip point is reduced, the
system noise will approach the carrier level, and the ac-
curacy and predictability of the carrier detect trip points
will decrease.

The output impedance of the CDA pin his high. It is con-
stant (+10%) from die to die but has a very high
temperature coefficient. It is thus advisable, if the CDA pin
is driven, to drive from a low source impedance.

Because the output impedance of the CDA pin is high,
capacitive coupling from the adjacent XTALD pin can pre-
sent a problem. For this reason a 0.1 xF capacitor is usu-
ally connected from the CDA pin to ground. If the CDA pin
is driven from a low impedance source, this capacitor may
be omitted.

If a resistor is connected from the CD bar pin to the CDA
pin, the CDA voltage will vary depending on whether car-
rier is detected. This will effectively increase the carrier
detect hysteresis.

Increased Carrier Detect Hysteresis

I mwranceszreas | 3

+Vee
+Vee D ey

3.8R

AAA

|
CDA|7

AA
\AA

1.28

L -4
TUIF/5531-12 &

Similarly an inverter and a resistor from the CD bar pin to
the CDA pin will reduce the hysteresis. This is not recom-
mended as the 3 dB nominal figure chosen is close to the
minimum value useable for stable operation.

¢) Timing Conrol

The capacitor on the CDT pin adjusts the amount of time
that carrier must be present before the carrier is recog-
nized as valid.

This circuit is designed for a long off-to-on time compared
to the on-to-off time. This means carrier must be present
and stable to be acknowledged, and that if carrier is
marginal it will be rejected quickly.

The equations for the capacitor value are
Tontooff =C * 0.54 seconds

and ‘
Tofft0-0n = C + 6.4 seconds.

The ratio of on-to-off and off-to-on times may be adjusted
over a narrow range by the addition of pull-up or pull-down
resistors on the CDT pin.

Carrier Detect Block Diagram

RECEIVE FILTER
OuTPUT

6 ms
RE-TRIGGERABLE
ONE-SHOT
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The repeatability of the times is high from die to die at
fixed temperature, but is strongly temperature dependent.
The times will shift by approximately +30% over process
and temperature.

8) THE DISCRIMINATOR

a) The Hard Limiter

RECEIVE
FILTER —~—@
QuTPUT

»— ouTPUT
16Kk
VWA
mc

0.1 4F
T
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The signal to the inverting input of the comparator has the
same DC component as the signal to the non-inverting in-
put. The differential input to the comparator is thus the AC
component of the filter output. The comparator has very
low input offset and so the limiter will operate with very
low input signal levels. .

The demodulator employed requires an input signal hav-
ing equal amplitude for a mark and a space. It also re-
quires a high level signal. The hard limiter converts all
signals to a square wave. All amplitude information is lost
but frequency information is retained.

By removing the capacitor from the FTLC pin, the hard
limiter ceases to operate, but the filter output may be
observed. This is useful for circuit evaluation and testing.

b) Discriminator Operation

The discriminator separates the incoming energy into
mark and space energy. This occurs in the band pass
filters which are tuned to the mark and space frequencies.
The outputs of the mark and space band pass filters are
rectified to extract the output amplitudes. The rectifier
outputs are filtered to remove ripple. The low pass filter
outputs are compared to determine if the mark or space
path is receiving greater energy, and thus if the incoming
data is a mark or a space.

The output of the discriminator is only valid if carrier is
being received. If carrier is not being received (as deter-
mined in the carrier detect circuit) the RXD output is
clamped high. This stops the discriminator from attempt-
ing to demodulate a signal which is too low for reliable
operation.

9) POWER SUPPLIES

a) DC Levels and Analog Interface

The MM74HC942 refers all analog inputs and outputs to
GND (pin 19). The analog interface thus requires no DC
blocking capacitors.

The MM74HC943 refers all analog inputs and outputs to
GNDA (pin 19) which requires a nominal 2.5V supply. The
current requirements of GNDA are low, so the GNDA sup-
ply may be derived with a simple resistive divider. The
GNDA supply can then be referenced to GND using ca-
pacitors. This GNDA supply will have poor load regulation
so the high current interface must be connected to GND
and a DC blocking capacitor used.

As the FTLC capacitor is connected to the input of the hard
limiter, any noise on the FTLC ground return will couple
directly into this circuit. The signal on FTLC may be only
millivolts, so it is important that the FTLC capacitor
ground be at the same potential as the chip’s ground
reference. Thus when using the MM74HC943 the FTLC
capacitor ground return should go directly to GNDA (pin
19). For both the MM74HC942 and MM74HC943 this
ground return should be shared by no other circuits.
Failure to observe this precaution could result in un-
necessary reduction of dynamic range and carrier detect
accuracy, and an increase in error rate.

b) Power Supply Noise

It is important that the power supplies to the
MM74HC942/943 be stable supplies, having low noise,
particularly in the frequency band from 50 kHz to 10 MHz.

The MM74HC942/943 use switched capacitor techniques
extensively. A feature of switched capacitor circuits is
their ability to translate noise from high frequency bands
to low frequency bands. At the same time it is difficult to
design op amps with high power supply rejection at high
frequencies. (The MM74HC942/943 has 19 op amps inter-
nally) As a result the high frequency PSSR of the
MM74HC942/943 is not high, so high frequency noise on
the power supply can degrade circuit operation.

This should not cause a problem if the circuits are
powered from a three terminal regulator, and no other cir-
cuitry shares the regulator. Power supply noise could be a
problem if:

a) One or both of the power supplies are switching regu-
lator circuits. Switching regulators can produce a lot of
supply noise.

b) The modem shares its supply with a large digital cir-
cuit. Digital circuits, particularly high speed CMOS (the
HC family) can produce large spikes on the supplies.
These spikes have wide spectral content.
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Ideally the modem could have its own supply. This may not
be cost effective, so in some applications power supply
filters may be necessary. These may just be RC filters but
LC filters may be necessary depending on the extent of the
supply noise. Miniature inductors in half watt resistor
packages are cheap, lend themselves to automatic inser-
tion, and are ideal for these filters.

It is difficult to set specifications for a “‘clean” supply
because spectral density considerations are important.
The following guidelines should be taken as ‘“rule of
thumb™:

a) From 50 kHz to 20 MHz the ripple should not exceed
—60dBV.

b) From DC to 50 kHz the ripple should not exceed
—50 dBV.

MM74HC942 Anaiog Interface
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MM74HC943 Analog Interface
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CMOS 300 Baud Modem

INTRODUCTION

The advent of low cost microprocessor based systems
has created a strong demand for low cost, reliable means
of data communication via the dial-up telephone network.
The most widespread means for this task is the Bell 103
type modem, which has become the de facto standard of
low speed modems. This type of modem uses frequency
shift keying (FSK) to modulate binary data asynchron-
ously at speeds up to 300 baud.

The success of this type of modem, despite its modest
transmission speed, is largely due to its ability to provide
full duplex data transmission at low error rates even with
unconditioned telephone lines. It also has a significant
cost advantage over the other types of modems available
today. Advances in CMOS and circuit design technology
have made possible the MM74HC942—a high perform-
ance, low power, Bell 103 compatible single chip modem.
This chip combines both digital and linear circuitry to
bring the benefits of system level integration to modem
and system designers.

THE PROCESS—microCMOS

The chip was designed with National’s double poly CMOS
(microCMOS) process used extensively for its line of PCM
CODECs and filters. This is a self-aligned, silicon gate
CMOS process with two layers of polysilicon, one of which
is primarily used for gates of the MOS transistors. Thus
there are three layers of interconnect available (two
polysilicon and one metal layer) making possibie a very
dense layout. .

The two polysilicon layers also offer a near perfect
capacitor structure which is used to advantage in the
linear portions of the chip. The self-aligned silicon gate P
and N-chanel MOSFETs combine high gain with minimal
parasitic gate-to-drain overlap capacitance, facilitating
the design of operational amplifiers with high gain-band-
width product and excellent dynamic range.

CHIP ARCHITECTURE

The chip architecture was arrived at after critically
evaluating several trial system partitionings of the Bell
103 type data set. The overriding goal was to integrate as
much of the function as possible without sacrificing ver-
satility and cost effectiveness in new applications. The
resulting chip architecture reflects this philosophy. Since
the majority of users of this device would probably be
digital designers unfamiliar with filter design and analog
signal processing, inclusion of these functions was thus
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mandatory. The precision filters needed for a high per-
formance modem also make discrete implementations ex-
pensive. On the other hand, the majority of new systems

"will typically include a microprocessor which is quite

capable of handling the channel establishment protocol.
Besides, different systems may require different proto-
cols. Circuitry for this task was therefore omitted.

A block diagram illustrating the chip architecture is
shown in Figure 1. The on-chip line driver and line hybrid
greatly simplify interfacing to the phone line by saving two
external op amps. The output of the line hybrid, which is
used to reduce the effect of the local transmit signal on
the received signal, goes to a programmable receive band-
pass filter. This filter improves the signal-to-noise ratio at
the input of the frequency discriminator, which performs
the actual FSK demodulation. The output of the receive
filter is also monitored by a carrier detector which com-
pares the amplitude of the received signal to an externally
adjustable threshold level.

The modulator consists of a frequency synthesizer which
generates a clock at a frequency determined by the TXD
(transmit data) and O/A (originate/answer) inputs. This is
subsequently shaped by the sine converter into the final
modulated transmit carrier signal.

Allinternal clocks and control signals are derived from an
on-chip oscillator operating from a common 3.58 MHz TV
crystal. On-chip control logic allows the modem to be set
to answer or originate mode operation, or to an analog
loop-back mode via the O/A and ALB inputs respectively.
The line driver can be squelched via the SQT input, which
typically occurs during the channel establishment
‘'sequence.

Another feature of this design not obvious from the block
diagram of Figure 1 is that the chip can be powered down
by asserting the ALB and SQT inputs simultaneously, a
condition that does not occur during normal operation.
This cuts power consumption to typically under 50 uA,
making it very suitable for battery operation.

DEMODULATOR

Receive Filter

This is a nine pole, switched capacitor1' 2 bandpass filter.
It is programmable by internai logic to one of two pass-
bands, corresponding to originate or answer mode opera-
tion. The measured frequency response of the filter is
shown in Figure 2. It shows that better than 60 dB of adja-
cent channel rejection has been achieved. Note also the
deep notches at the frequencies of the locally transmitted
tone pair.
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FIGURE 1. Chip Architecture of the MM74HC942
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A key design goal was to minimize the delay distortion of (BPF), a full wave detector and a post detection lowpass
the filter. This has also been met as evidenced by the delay filter (LPF).

response curves shown in Figures 3a and 3b. These curves Theb ass fi . hi diothe’ K
have been normalized to the delays at 1170 Hzand 2125 Hz fr';qu::g)? aS:d ':f;;?ﬂi:ﬂg:;eﬁa;atﬁ t,:)nfh et?stp:cg a::e_
respectively. They show. that the.delay distortion‘ in the quency. T,he detectors are full wave rectifier circuits
1020 H129t‘7)51‘l:‘20 szgigd'_:s ippfg’,“m?'e'y 70, ‘f’h'ﬁghat which, together with the post detection filters, measure
in the zto z band is approximately K8 the energy in the mark and space frequencies. These are

These bands contain all the significant sidebands of a - \
X " ] compared by the trailing comparator to decide whether a
300 baud FSK signal. The low delay distortion of the re- mark or space has been received.

ceive filter translates directly into low jitter in the demodu-

lated data. Carrier Detector

An on-chip, second order, real time anti-aliasing filter
precedes the receive filter. This masks the sampled data
nature of the switched capacitor design from the user,
contributing to the ease of use of the chip.

The carrier detector compares the output of the receive
filter against an externally adjustable threshold voltage.
Referring back to Figure 1, if the CDA (carrier detect ad-
just) pin is left floating, the threshold is nominally set to
ON at —44 dBm, and OFF at —47 dBm. This can be

Frequency Discriminator
q y modified by forcing an external voltage at the CDA input. If

Referring to Figure 4, the filtered receive carrier is first the received carrier exceeds the set threshold, the CD (car-
hard limited to remove any residual amplitude modula- rier detect) output will go low after a preset time delay. This
tion. It is then split into two paraliel, functionally identical delay is set externally by a timing capacitor connected to
paths, each consisting of a second order bandpass filter the CDT (carrier detect timing) pin.
1 3
50 r
3 100 r . g —
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FIGURE 3a. Normalized Delay Response of the Receive FIGURE 3b. Normalized Delay Response of the Receive
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MODULATOR

As shown.in Figure 5, the modulator consists of a fre-
quency synthesizer and a sine wave converter. The trans-
mit data (TXD) and mode (O/A) inputs set the divisor of a
dual modulus programmable divider. This produces a
clock at sixteen times the frequency of the transmitted
tone. This then clocks a four bit counter, whose states
represent the voltage levels corresponding to the sixteen
time slots in one cycle of a staircase approximated sine
wave. The sine ROM decodes the state of the counter and
drives a digital-to-analog converter to synthesize the fre-
quency shift keyed sine wave. This modulator design also
preserves phase coherence in the transmit carrier across
frequency excursions.

CLOCK PROGRAMMABLE 16xfc |, DIVIDE BY
DIVIDER > 16 CouNTER
0/A . SINE
> MoDuLUS CONVERSION
—_— CONTROL
ROM
) _
Voo I !
| T D/A REFERENGE Vier D/A
GENERATOR >} CONVERTER
v
LOW PASS
FILTER
TRANSMIT
CARRIER

(fe)
TLIFIS5326

FIGURE 5. Modulator Block Diagram

The reference voltage for the digital-to-analog converter is
derived from a reference generator controlled by an exter-
nal resistor (RTLA). This allows the transmit signal level to
be programmable in accordance with.the Universal Serv-
ice Order Code. This code specifies the programming re-
sistances corresponding to various trahsmit levels. If no
external resistor.is connected, the transmit level defaults
to —12dBm.

The synthesized sine wave is filtered by a second order,
real time lowpass filter to remove spurious harmonics
before being fed to the line driver amplifier.

LINE INTERFACE

Line Driver

This is a class A power amplifier designed to drive a 6002
line through an external 6002 terminating resistor. With
the proper transmit level programming resistor installed,
it will drive the line at 0 dBrn when operated from =+ 5V sup-
plies. The quiescent current of the output stage of the
driver varies with the programmed transmit level to max-
imize the efficiency of the amplifier. A class A design was
chosen mainly because it can tolerate a wider range of
reactive loads.

As shown in Figure 6, both inverting and non-inverting in-
puts of the driver amplifier are accessible externally, mak-
ing it easy to accommodate an’external signal source,
such as a tone dialer. An external capacitor can also be
connected between the inverting input and the amplifier
output to give it a lowpass response. '

Line Hybrid

The line hybrid is essentially a difference amplifier which, |
when connected as shown in Figure 6, causes the trans-
mit carrier to appear as common-mode signal and be can-
celled from the output. If the termination resistor (Ry) and
phone line impedance are perfectly matched, the output
of the line hybrid would be just the received carfier. In prac.’
tice, perfect matching is impossible and 10 dB to 20 dB of
transmit carrier rejection is more realistic. The residual is
more than adequately rejected by the receive filter of the
demodulator.

MMT74HC942
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FROM MODULATOR

L

LINE DRIVER &

Ry
j < LINE

AA = S TERMINATION
M RESISTOR
TO RECEIVE - AN——C
FILTER ¥ ) {
LINE HYBRID ]
PHONE
LINE

TLIF15532-7

FIGURE 6. Typical Interface Between the MM74HC942 and the Phone Line
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TIMING AND CONTROL

This includes an oscillator amplifier, divider chain and in-
ternal control logic. The oscillator, in conjunction with an
external 3.58 MHz TV crystal and the divider chain, pro-
vides all the internal clocks for the switched capacitor cir-
cuits and the frequency synthesizer. The control logic or-
chestrates the various operating modes of the chip (e.g.,
originate, answer or analog loop-back modes).

2 LM358

APPLICATIONS

Figure 7 shows the MM74HC942 in an acoustically coupled
modem application. It demonstrates the simplicity of the
resuiting design and a dramatic reduction in parts count.
Figure 8 shows two typical direct connect modem applica-
tions. The simplicity of these circuits is again evident.

The simple power supply requirement (= 5V), low power
(60 mW when transmitting at —9 dBm, 0.5 mW standby)
and low external component count makes the MM74HC942
an efficient implementation of the 300 baud modem
function. '
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FIGURE 7. Typical Implementation of an Acoustically Coupled Modem Using the MM74HC942
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FIGURE 8. Typical Implementations of Direct Connect Modems Using the MM74HC942

SUMMARY

In conclusion, the MM74HC942 integrates the entire data
path of a Bell 103 type data set into a 20-pin package with

the following features:

* On-chip 9 pole receive filter

* Carrier detector with adjustable threshold

* Analog demodulator with low bit jitter and bias

* Phase coherent modulator.with low spurious harmonics
* 600Q line driver with adjustable transmit level

* On-chip line hybrid )

¢ Full duplex originate or answer mode operation

* Low power operation, power-down mode
* Simple supply requirements (= 5V)
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Designing an LCD Dot Matrix
Display Interface

The MM58201 is a CMOS LCD driver capable of driving a
multipiexed display of up to 192 segments (24 segment
columns by 8 backplanes). The number of backplanes
being drivenis programmable from one to eight. Data to be
displayed is sent to the chip serially and stored in an inter-
nal RAM. An external resistor and capacitor control the
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frequency of the driving signals to the LCD. The MM58201
can also be programmed to accept the oscillator output

and backplane signals of another MM58201 for cascading”

purposes. The displayed data may also be read serially
from the on-chip RAM. A simplified functional block
diagram of the MM58201 is shown in Figure 1.
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WAVEFORM |- < vic
LOGIC
RC —p RC. >]  counter
R OSCILLATOR
)
v
MuX ROW 196.81T 2 SEGMENT | 24
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Nl 1/0 R/W
S r 3
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- GENERATOR
CONTROL LOGIC
DATA  DATA _
ouT IN  CLK S

v

TLIB/5606-1

1

FIGURE 1. MM58201 Functional Diagram
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BACKGROUND

LCD displays have become very popular because of their
ultra-low power consumption and high contrast ratio
under high ambient light levels. Typically an LCD has a
backplane that overlaps the entire display area and rul-
tiple segment lines that each overlap just one segment ot
descriptor. This means that a separate external connec-
tion is needed for every segment or descriptor as shown in
Figure 2. For a display with many segments such as a dot
matrix display, the number of external connections could
easily grow to be very large.

Unlike other display technologies that respond to peak or
average voltage and current, LCDs are sensitjve to therms
voltage between the backplane and given segment loca-
tion. Also, any DC bias across this junction would cause
an irreversible electrochemical action that would shorten
the life of the display. A typical LCD driving signal is
shown in Figure 3. The backplane signal is simply a sym-
metrical square wave. The individual segment outputs are
also square waves, either in phase with the backplane for
an “off” segment or out of phase for an “on” segment.
This causes a Vrms of zero for an “off” segment and a
Vrms of +V for an “on” segment.

~ .

S

LIS

FIGURE 2. Typical LCD Pin Connections

TLIBI5606-2

POLARITY

i REVERSAL

BP1 0.5Vyc
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$2
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One way to reduce the number of external connections is
to multiplex the display.’An example of this could be an
LCD with its segments arranged as intersections of an X-Y
grid. A driver to control a matrix like this would be fairly
straightforward for an LED display. However, it is more
complex for an LCD because of the DC bias restriction.

A multiplexed LCD driver must generate a complex set of

output signals toinsure that an “on” segment sees anrms

voltage greater than the display’s turn-on voltage and that
- an “off” segment sees an rms voltage less than the dis-
‘play’s turn-off voltage. The driver must also insure that
‘there is no DC bias.

One pattern that can accomplish this is shown as an ex-
ample in Figure 4. This is the pattern that the MM58201
uses. The actual Vrms of an “on” segment and an “off” seg-
ment is shown in Figure 5. If there are eight backplanes, the
Vrms (ON) = 0.2935 x Vg and the Vrms (OFF) = 0.2029 X Vr¢.
It can be seen in Figure 6 that as the number of backplanes
increases, the difference between Vrms (ON)and Vrms (OFF)
becomes less. Refer to the specifications of the LCD to de-
‘termine exactly what Vrms is required.

“OFF" SEGMENT *V
DRIVE (IN PHASE) | ‘
+V
BACKPLANE I I | I | I
0 PR
~oN" seaMent TV
DRIVE (180° OUT OF PHASE) ¢

TL/BI5606-3

' FIGURE 3. Drive Signals from a Direct
Connect LCD Driver

st s2 :
BP1
BP2 .
BP3 . y
W =on (dark)
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FIGURE 4. Example o‘f Backplane a;nd Segment Patterns
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N =number of backplanes

b. Analysis of Vrms (OFF)

. Vrms (OFF) - Vrms (ON)
0.1024 + 0.0324(N — 1) 0.4624 + 0.0324(N - 1)
Vre=1/2
N N
N N—

must be greater than __.—4

Example: If N=8
and Vrms (OFF) = 1.8V
and Vrms (ON)=2.2V
then Vg =75V

FIGURE 5
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FUNCTIONAL DESCRIPTION

Connecting an MM58201 to an LCD

The backplane and segment outputs of the MMB58201 con-
nect directly to the backplane and segment lines of the
LCD. These outputs are designed to drive a display with a
total “on” capacitance of up to 2000 pF. This is especially
important for the backplane outputs, as it is usually the
backplanes that have the most capacitance. As the capac-
itance of the output lines increases, the DC offset be-
tween a backplane and segment signal may increase.
Most LCD displays specify that a maximum offset of
50 mV is acceptable. For backplane capacitance under
2000 pF the MM58201 guarantees an offset of less than
10 mV. o

If the LCD display to be used has 24 segments per back-
plane or less, then each MM58201 should be configured as
a “‘master” so that each one will generate its own set of
backplane signals. However, if the LCD display has more
than 24 segments per backplane, more than one MM58201
will be needed for each backplane. To synchronize the driv-
ing signals there must be one ““master” chip and then an
additional “slave” chip for every 24 segments after the
first 24. When a chip is configured as a ““slave” it does not
generate its own backplane signals. It simply synchro-
nizes itself to the backplane signals generated by a
“master” chip by sensing the BP1 signal. An example of
both an all “master” configuration and a “master-slave”
configuration will be shown later.

Voltage Control Pin and Circuitry . N

The voltage presented at the V¢ pin determines the ac-
tual voltage that is output on the backplane and segment
lines. These voltages are shown in Figure 7. V¢ should be
set with respect to Vrms (ON) and Vrms (OFF) and can be
calculated as shown in Figure 5.

tr—>| |=— ]

Vic

0.5Vrc ' 0.68 Vic

1 —| |-t

Vss 0.32Vyg ——

TL/B/5606-8

a. Backplane Output

FIGURE 7. Output Voltages

TL/BI5606-9

b. éegmenl Output

Since the input impedance of V¢ may vary between 10 kQ2
and 30 kQ, the output impedance of the voltage reference
at Vyg should be relatively low. One example of a Vg driver
is shown in Figure 8. To put the MM58201 in a standby

‘mode, bring V¢ to Vggs (ground). This will blank out the

display and reduce the supply current to less than 300 pA.

15V

33k

2N2222 I——b 100k

68k

v
vie

TLIBI5606-10

FIGURE 8. Example of V¢ Driver

RC Oscillator

This oscillator works with an external resistor tied to Vpp
and an external capacitor tied to Vgg. The frequency of
oscillation is related to the external R and C by:

fosc = 1/1.25 RC £ 30%

The value of the external resistor should be in the range
from 10 k@ to 1 MQ. The value of the external capacitor
should be less than 0.005 pF.

The oscillator generates the timing required for multiplex-
ing the LCD. The frequency of the oscillatoris 4N times the
refresh rate of the display, where N is the number of
backplanes programmed. Since the refresh rate should be
in the range from 32 Hz to 100 Hz, the oscillator frequency
should be:

128N < fogc < 400N

If the frequency is too slow, there will be a noticeable
flicker in the display. If the frequency is too fast, there will
be aloss of contrast between segments and anincrease in
power consumption.

Serial Input and Output

Data is sent to the MM58201 serially through the DATA IN
pin. Each fransmission must consist of 30 bits of informa-
tion, as shown in Figure 9. The first five bits are the ad-
dress, MSB first, of the first column of LCD segments that
are to be changed. The next bit is a read or write flag. The
following 24 bits are the actual data to be displayed.

' The address specifies the first LCD column that is going to

be affected. The columns are numbered as shown in
Figure 10. Data is always written in three column chunks.
Twenty-four bits of data must always be sent, even if some
of the backplanes are not in use. The starting column can
be any number between one (00000) and twenty-four
(10111). If column 23 or 24 is specified the displayed data
will wrap around to column 1. '

If the R/W bit is a “0” then the specified columns of the
LCD will be overwritten with the new data. If the bitisa*1”
then the data displayed in the specified columns will be
available serially at the DATA OUT pin and the display will
not be changed. .
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FIGURE 9. Transmission of Data
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A |0 11
A o101 1101 1 101160 110 11071
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Diagram above shows where data will appear on display if starting address 01100 is specified in data format.

FIGURE 10. Address of Particular Segment Columns

The datais formatted as shown in Figure 10. The first bit in
the data stream corresponds to backplane 1 in the first
specified column. The second bit corresponds to back-
plane 2 in the first specified column and so on.

During initialization each MM58201 must be programmed
to select how many backplanes are to be used, and
whether the chip is to be a “master” or a “‘slave”. The for-
mat of this transmission is just like a regular data trans-
mission except for the following: the address must be
11000; the R/W must be a write (0); the first three data bits
must be selected from the list in Table I. The next bit
should be a “1” for the chip to be a master or a “0” for the
chip to be a slave. The following 20 bits are necessary to
complete the transmission but they will be ignored. The
mode cannot be read back from the chip.

TABLE I. Backplane Select

Number of B2 B4 BO

Backplanes
2 0 0 1
3 0 1 0
4 0 1 1
5 1 0 0
6 1 0 1
7 1 1 0
8 * 1 1 1

The timing of the CLK, E)E, DATA IN, and DATA OUT areiil-
lustrated in Figure 11. The frequency of the clock can be
between DC and 100 kHz with the shortest half-period
being 5.0 us. A transmission is initiated by CS going low.

CS can then be raised anytime after the rising edge of the -

first clock pulse and before the rising edge of the last
clock pulse (the clock edge that reads in D24). 30 bits of in-
formation must always be sent.

The data at DATA IN is latched on each rising edge of the
clock pulse. The data at DATA OUT is valid after each fall-
ing edge of the last 24 clock pulses.

It is important to note that during a read or write trans-
mission the LCD will display random bits. Thus the trans-
missions should be kept as short as possible to avoid dis-
rupting the pattern viewed on the display. Arecommended
frequency is:

fosc=30/tLcp—T7ts)
tLcp = turn on/off time of LCD
tg=time between each successive transmission

This should produce a flicker-free display.

The DATA OUT pin is an open drain N-channel device to
Vss. This output must be tied to Vpp through aresistor if it
is to be used. It could also be tied to a lower voltage if this
output is to be interfaced to logic running at a lower
voltage. The value of the resistor is calculated by:

R=(+V -0.4)/0.0006 ) -
+V =voltage of lower voltage logic

Power Supply

Vpp can range between 7V and 18V. A voltage should be
used that is greater than or equal to the voltage that you
calculate for Vic as shown in Figure 5.
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TYPICAL APPLICATIONS

One application of the MM58201 is a general purpose
display to show graphic symbols and text. This type of
display could be used in an electronic toy or a small port-
able computer or calculator. One such display is shown in
Figure 12. This display consists of four separate LCD
displays that are built into one housing. Each separate
LCD display has 8 backplanes and 24 segment lines. The
entire display will require four MM58201s to control it.

The circuit diagram of this application is shown in Figure 14.
Each separate LCD display is driven by one MM58201. The .
backplanes are driven by the separate MM58201s and are
not paralleled together. There are three common lines:
CLK, DATA IN, and DATA OUT. The CLK and DATA IN are
generated from an output port such as an INS8255. Four
other bits of the output port generate a linear select witha
different bit going to each MM58201 chip select as shown
in Figure 13. DATA OUT is sent to one bit of an input port.

¢
i

- tace

/\

The V¢ driver is as described beforehand. The MM74C906-
is an open drain CMOS buffer that has near regular TTL
compatible inputs. This is to provide level translation from*
the 5V supply of the computer system to the 12V supply of

-the MM58201.

If 1/O ports are not available, the circuit in Figure 15.could
be used as an interface between the MM58201s and a
microprocessor bus. : '

To reduce the number of connections between the circuit
and the LCD, all of the backplanes could have been driven
by one MMS58201 as shown in Figufe 16. The other
MM58201s would be configured as “slaves” synchronized
to the one “master’” MM58201. This would save 24 connec-
tions to the LCD but would increase the capacitance of the
backplanes. In this application the capacitance is not a
problem with either setup.
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FIGURE 11. Timing of One Transmission
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FIGURE 12. Four Separate LCD Displays
Positioned to Look Like One Display
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FIGURE 13. Chip Select Scheme
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FIGURE 16. Diagram of Master-Slave Set-Up Not Used for this Application
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SOFTWARE

The real heart of this system is the software which con-
sists of four parts. Part one is the initialization portion.
This sets up the MM58201s as “masters” and programs
them for 8 backplanes. It then sets up the needed pointers
for the other subroutines which consist of:

1) GRAPH: displays pattern on LCD.

2) TEXT: prints ASCII characters on display.

3) SCRQLL:scrolls whatever pattern is displayed to
the right until LCD is cleared.

This application used an NSC800™ with 8080 mnemon-
ics. It could easily be adapted for other microprocessors.

MAIN

This progam initializes the MM58201s. It controls the se-
quence of display output by calling other programs.

It first sends out a “dummy” transmission to make sure
that the chips are ready to respond to a valid transmission.
It then programs the chips to be “masters” and to use
eight backplanes.

After initialization, this program sets up the correct
pointers to display a graphic symbol. First it displays the
upper eight bits of it, then it displays the lower eight bits.

The words “TESTING MM58201” are then displayed. A call
to scroll then causes this to scroll to the right until the
screen is blank. Finally the words “END OF TEST" appear
and the program ends.

The method to create a custom graphic symbol will be
demonstrated in the next section.
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