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A Corporate Dedication to
Quality and Reliability

National Semiconductor is an industry leader in the
manufacture of high quality, high reliability integrated
circuits. We have been the leading proponent of driv-
ing down IC defects and extending product lifetimes.
From raw material through product design, manufac-
turing and shipping, our quality and reliability is second
to none. '

We are proud of our success . . . it sets a standard for
others to achieve. Yet, our quest for perfection is on-
going so that you, our customer, can continue to rely
on National Semiconductor Corporation to produce
high quality products for your design systems.

Charles E. Sporck

President, Chief Executive Officer
National Semiconductor Corporation




Wir fiihlen uns zu Qualitat und
Zuverlassigkeit verpflichtet

National Semiconductor Corporation ist fihrend bei der Her-
stellung von integrierten Schaltungen hoher Qualitat und
hoher Zuverldssigkeit. National Semiconductor war schon
immer Vorreiter, wenn es galt, die Zahi von IC Ausféllen zu
verringern und die Lebensdauern von Produkten zu verbes-
sern. Vom Rohmaterial {iber Entwurf und Herstellung bis zur
Auslieferung, die Qualitdt und die Zuverldssigkeit der Pro-
dukte von National Semiconductor sind uniibertroffen.

Wir sind stolz auf unseren Erfolg, der Standards setzt, die
flir andere erstrebenswert sind. Auch ihre Anspriiche steig-
en sténdig. Sie als unser Kunde kdnnen sich auch weiterhin
auf National Semiconductor verlassen.

La Qualité et La Fiabilité:

Une Vocation Commune Chez National
Semiconductor Corporation

National Semiconductor Corporation est un des leaders in-
dustriels qui fabrique des circuits intégrés d'une trés grande
qualité et d’une fiabilité exceptionelle. National a été le pre-
mier & vouloir faire chuter le nombre de circuits intégrés
défectueux et a augmenter la durée de vie des produits.
Depuis les matiéres premiéres, en passant par la concep-
tion du produit sa fabrication et son expédition, partout la
qualité et la fiabilité chez National sont sans équivalents.

Nous sommes fiers de notre succés et le standard ainsi
défini devrait devenir I'objectif & atteindre par les autres so-
ciétés. Et nous continuons a vouloir faire progresser notre
recherche de la perfection; il en résulte que vous, qui étes
notre client, pouvez toujours faire confiance & National
Semiconductor Corporation, en produisant des systémes
d’une trés grande qualité standard.

Un Impegno Societario di Qualita e
Affidabilita

National Semiconductor Corporation & un’industria al ver-
tice nella costruzione di circuiti integrati di alta qualitd ed
affidabilita. National & stata il principale promotore per I'ab-
battimento della difettosita dei circuiti integrati e per I'allun-
gamento della vita dei prodotti. Dal materiale grezzo attra-
verso tutte le fasi di progettazione, costruzione e spedi-
zione, la qualita e affidabilitd National non & seconda a nes-
suno.

Noi siamo orgogliosi del nostro successo che fissa per gli
altri un traguardo da raggiungere. |l nostro desiderio di per-
fezione & d'altra parte illimitato e pertanto tu, nostro cliente,
puoi continuare ad affidarti a National Semiconductor Cor-
poration per la produzione dei tuoi sistemi con elevati livelli
di qualita.

Charles E. Sporck

President, Chief Executive Officer
National Semiconductor Corporation
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Following is the most current list of National Semiconductor Corporation’s trademarks and registered trademarks.
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Anadig™
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LIFE SUPPORT POLICY

NATIONAL’'S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT DEVICES OR

SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL SEMICONDUCTOR COR-
PORATION. As used herein:

1. Life support devices or systems are devices or systems
which, (a) are intended for surgical implant into the body,
or (b) support or sustain life, and whose failure to per-
form, when properly used in accordance with instructions
for use provided in the labeling, can be reasonably ex-

pected to result in a significant injury to the user.

National Semiconductor Corporation 2900 Semiconductor Drive, P.O. Box 58090, Santa Clara, California 95052-8090 (408) 721-5000

TWX (910) 339-9240

National does not assume any responsibility for use of any circuitry described, no circuit patent licenses are implied, and National reserves the right, at any time

without notice, to change said circuitry or specifications.

2. A critical component is any component of a life support
device or system whose failure to perform can be reason-
ably expected to cause the failure of the life support de-

vice or system, or to affect its safety or effectiveness.




CMOS Products
Introduction

This comprehensive databook provides information on Na-
tional Semiconductor’'s advanced CMOS logic families
MM54HC/74HC high speed, CD4000 and MM54C/74HC.
The MM54HC/74HC family utilizes microCMOS technology
to achieve the input 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 equivalent 54LS/74LS; in addition, many popular
CD4000 series logic functions are offered where no equiva-
lent TTL function exists.

The MM54HCT/74HCT is a subfamily of MM54HC/74HC of-
fering TTL inputs. These MM54HCT/74HCT devices offer
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 spe-
cial function LSI devices in this family are compatible with
MM54HC/74HC and CD4000 series.

National provides the highest Quality and Reliability in CMOS
Logic and LSI. This databook provides detailed descriptions
of Military/Aerospace Programs, Quality Enhancement and
extensive Reliability Reports. We are proud of our success,
which sets a standard 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.
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Product Status Definitions

National
Semiconductor

Product Status Definitions

Definition of Terms

Data Sheet Identification Product Status

Definition

Formative or
In Design

This data sheet contains the design specifications for product
development. Specifications may change in any manner without notice.

First
Production

This data sheet contains preliminary data, and supplementary data will
be published at a later date. National Semiconductor Corporation
reserves the right to make changes at any time without notice in order
to improve design and supply the best possible product.

Full
Production

This data sheet contains final specifications. National Semiconductor
Corporation reserves the right to make changes at any time without
notice in order to improve design and supply the best possible product.

National Semiconductor Corporation reserves the right to make changes without further notice to any products herein to
improve reliability, function or design. National does not assume any liability arising out of the application or use of any product
or circuit described herein; neither does it convey any license under its patent rights, nor the rights of others.
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fmax
tPHL
tpLH

tpzH

tpzL

tpHz

tpLz

National
Semiconductor

AC Parameter Definitions

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

Propagation delay from input to output; output go-
ing high to low.

Propagation delay from input to output; output go-
ing 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.

t
3]
tTHL

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 tow to high).
Output fall time (transition time high to low).
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CMOS AC Diagrams

MM54HC/MM74HC AC Switching Test
Circuits and Timing Waveforms

Test Circuit for Push Pull Outputs Test Circuit for TRI-STATE and Open Drain

Veo Output Tests (Notes 2 and 3)
I Vee §1{NOTE 2)

DEVICE ,
INPUT O—nd UNDER —To R
‘ ; TEST
DEVICE
‘ I M INPUT Omed UNDER
CL (NOTE 1) TEST

_I_ CL (NOTE 1)
’ TL/F/5376-1 -L =

TL/F/5376-2

Test Circuit for Open Drain'Outputs

Veo
Note 1: C; includes load and test jig capacitance. See data sheets for val-
< ues. :
Sh
DEVICE Note 2: St = V¢ for tpz;, and tp z measurements.
INPUT Qe U‘I!‘E%ETR -Q S1 = GND for tpzn, and tpz measurements.
J Note 3: For open drain devices S1 = V¢ and measurements are same as
- tpzt and tp 2.

l I €L (NOTE 1)

TL/F/5376-3

Propagation Delay Waveforms Input Pulse Width Waveforms

[ =t —> '<—u=hs tr=6ns —p-l |e— t;=6ns
— Vo

0% 90%
90% 90%
INPUT 50% 50% -}~ POSITIVE
INPUT . o
0% 0% PULSE 50% 50%
GND
—>  tw —>  bn fe— . 10%
04 i []
v GN
TRUE . o
ouTPUT so% 50%
tw
h vcc
] vou 90% 90%
—™ b —— TPty
Vou NEGATIVE .
INPUT 50%
PULSE
INVERTED o % o
ouTPUT 0% so% 10%
o s GND
v ti=6ns —>{ [€— t,=6ns
oL
TL/F/5376-4 TL/F/5376-5




2
MM54HC/MM74HC AC Switching Test o
. . e . »n
Circuits and Timing Waveforms (continued) >
(9]
Setup and Hold Time Waveforms Removal Time Waveforms E,U.
(7=}
)
Voo
2
CLOCK OR LATCH
ENABLE INPUT
(NOTE4)
Y CLOCK 0%
10% INPUT GND
. GND (NOTE 4)
g ——r— 1y —P‘
Vee Vee
POSITIVE
DATA 50% 50%
ACTIVE LOW
INPUT CLEAR OR
ENABLE
oD GND
tg——bLG— ln Vee
Vee ACTIVE
HIGH CLEAR OR
NEGATIVE ENABLE
DATA 50% 50%
INPUT
anD GND
TL/F/5376-6 TL/F/5376-7
TRI-STATE Output Enable and Disable Waveforms
t=8ns -—l»l }<—l|=6ns
Veo
90% 90%
OUTPUT
CONTROL 50% 50%
{LOW ENABLING)
10% kw%
GND
—» tz —_— tpzL I.q_
Vou
OUTPUT 50%
10%
) VoL
—»{ tpuz " — tpzH
Vou
90%
outPUT 50%
{NOTE 5)
Voo
TL/F/5376-8
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

MM54HCT/MM74HCT AC Switching Test
Circuits and Timing Waveforms

Test Circuit for Push Pull Outputs
Vee

DEVICE
UNDER ———I—O
TEST :

| Cy (NOTE 1)

INPUT Qe

TL/F/5376-26

Test Circuit for Open Drain Outputs

Vee
<
Sh
DEVICE A
INPUT Ot UNDER -0
TEST _J
J_ | €L (NOTE 1)
TL/F/5376-28
Propagation Delay Waveforms
l<——t,=6ns —>1 '<—u=8ns
3.0v
Z-su-/. su'/.JX
INPUT 1.3V 1.3V
10% 10%
GND
—_— —_— TPHL |<——
“vn
[Ra— Voo
—_— 1pHL —————] H
Vou
INVERTED 1.3V
UTPUT 13
Voo

TL/F/5376-9

Test Circuit for TRI-STATE and Open Drain Output
Tests (Notes 2 and 3)

Voo $1 (NOTE 2)
o\ ©
<
B
DEVICE
INPUT Qmomaet UNDER
TEST
Cy (NOTE 1)

I L

TL/F/5376-27

Note 1: C| includes load and test jig capacitance.

Note 2: S1 = V¢ for tpzy, 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 7.

Input Puise Width Waveforms

t=6ns —pl l— tj=6ns
3.0v

80% 90%

POSITIVE
INPUT
PULSE 1
10%
GND
ty ————»

90%

NEGATIVE
INPUT
PULSE
w— GND
ti=6ns —->I t=6ns

TL/F/5376-10
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MM54HCT/MM74HCT AC Switching Test o
. . . e . 17
Circuits and Timing Waveforms (continued) N
(9]
Setup and Hold Time Waveforms Removal Time Waveforms =
[
Q
3.0¢ O
3
CLOCK OR LATCH
ENABLE INPUT
(NOTE 4)
’ CLOCK 10%
10% o INPUT oND
— (NOTE4) »
tg——pf—1y —>‘ hew
3.0v 3oV
90%
POSITIVE
1.9V
DATA 1.3v 1.3V ACTIVE LOW
INPUT CLEAR OR
ENABLE 10%
GND
GND —D{ l<-—— t=6ns
tg——— j— ty - aov
3 ACTIVE e ——=
HIGH CLEAR OR
NEGATIVE ENABLE
DATA 13V 1.3V
INPUT
10%
GND |<—— t=8ns o
TL/F/5376-11 : TL/F/5376-12
TRI-STATE Output Enable and Disable Waveforms
|<—t,=6ns —P‘ [— =6 ns
3.0v
90% 90%
ouTPUT
CONTROL 1.3v 1.3V
(LOW ENABLING) S
10% 10%
K - GND
—_— ez — 2L |<—
Vou
OUTPUT . 1.3v
10%
VoL
—»| 2 - tpzH
Vou
90%
oUTPUT 1.3V
(NOTE 5)
VoL
TL/F/5376-13
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 measurments.




CMOS AC Diagrams

: CD4000 AC Switching Test
Circuits and Timing Waveforms

Test Circuit for Push Pull Outputs

Veo
I; Re (NOTE 3)
DEVICE 1
INPUT Qs UNDER —0
TEST

| CL
= (NOTES 1 AND 3)

TL/F/5376~15

Test Clrcult for Open Drain Outputs

Vee
3 RLNOTED)
DEVICE )
INPUT Qe UNDER -0
TEST
i

| CL
= (NOTES 1 AND 3)

TL/F/5376-14 .

Propagation Delay Waveforms

t=20ns . 4=20ns
= —> '1——- v
Z»no'/. su%\
INPUT 50% 50%
10% 10%
GND
— —_— }4.—
"Iln
TRUE N 5
oUTPUT 50% 50%
Vou
—  tan
Yo
INVERTED "
OUTPUT s
Vou

TL/F/5376~19

Test Circult for TRI-STATE Output Tests

Veo $1 (NOTE2)
°VoT 1
RL (NOTE 3)
. DEVICE
[T} o w— UNDER
TEST
CL
_l_ (NOTES 1 AND 3)

TL/F/5376-16

Note 1: C_ includes load and test jig capacitance.

Note 2: S1 = V¢ for tpzt, and tp z measurements.
S1 = GND for tpzH, and tpyz measurements.

Note 3: See individual data sheet for component values.

Input Pulse Width Waveforms

t,=20ns —»‘ l— t;=20ns
— Ve
80%
POSITIVE
INPUT
PULSE S0%
0% 10%
GND
ly ———>»

[ 90% e

90%

NEGATIVE .
INPUT 0%
PULSE
10%
R — )
ty=20ns [— t,=20ns

TL/F/5376~20
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CD4000 AC Switching Test o
. . .- e . (7]
Circuits and Timing Waveforms (continued) ™
(9]
Setup and Hold Time Waveforms Removal Time Waveforms o
[
t,=20ns t,=20ns [le]
—
vee vee g
CLOCK OR LATCH 50% @
ENABLE INPUT 50%
(NOTE 4)
. CLOCK 10%
10% INPUT GND
— [
. - (NOTE 4) taem ——»]
Vee
POSITIVE
" 50%
_— 50% ACTIVE LOW
CLEAR OR
ENABLE 0%
GND
——>I ':—— t=20ns
1§ ——>j—ty Vee
Vee ACTIVE thew ——
HIGH CLEAR OR
NEGATIVE ENABLE
DATA 50% 50%
INPUT
0%
GND
6ND be— tj=201s
TL/F/5376-21 TL/F/5376-22
TRI-STATE Output Enable and Disable Waveforms
t,=20ns -—->| t=20ns
Vee
$0% 90%
OUTPUT
CONTROL [ 50% 50%
{LOW ENABLING) S
10% r 10%
GND
—»  tz — trzL I<—
Vou
OUTPUT
50%
0%
- Vou
— — tozn
Vou
90%
OUTPUT 50%
VoL
TL/F/5376-23
Note 4: Waveform for negative edge sensitive circuits will be inverted.




CMOS AC Diagrams

MM54C/MM74C AC Switching Test
Circuits and Timing Waveforms

Test Circuit for Push Pull Outputs

Voo
DEVICE
INPUT Qg UNDER _—T.o
TEST
I CL
(NOTES 1 AND 3)

_l_ =

TL/F/5376-17

Test Clrcuit for Open Drain Outputs

Veo
s; Ry (NOTE 3)
DEVICE
INPUT Qe UNDER -0
TEST
I CL
= (NOTES 1 AND 3)
TL/F/5376-29
Propagation Delay Waveforms
t,=20ns t=20ns
= —_r=
Z»so'/. sn%«\
INPUT 50% 50%
10% 10%
GND
—>  lp —> thue
D i ]
TAUE . .
OUTPUT S0% 50%
JE— vou
-t — U]
Vou
INVERTED %
WTPUT 50% 50%

Vou
TL/F/5376-24

Test Circuit for TRI-STATE Output Tests

Vee $1 (NOTE 2)
o\ ©
=
R (NOTE 3)
DEVICE
INPUT O—‘ UNDER
TEST
CL
(NOTES 1 AND 3)

1 =

TL/F/5376~18

Note 1: C__ includes load and test jig capacitance.

Note 2: S1 = V¢ for tpz, and tp_z measurements.
81 = GND for tpz, and tpyz measurements.

Note 3: See individual data sheet for component values.
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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 MOS) begin to
approach these ideal characteristics.

First, CMOS dissipates low power. Typically, the static pow-
er dissipation is 10 nW per gate which is due to the flow of
leakage currents. The active power depends on power sup-
ply voltage, frequency, output load and input rise time, but
typically, gate dissipation at 1 MHz with a 50 pF load is less
than 10 mW.

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 ns 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 characteristics of an
ideal logic family and besides the obvious low power battery
applications, why should designers choose CMOS for new
systems? The answer is cost.

On a component basis, CMOS is still more expensive than
TTL. However, system level cost may be 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 sim-
pler and therefore, cheaper. Fans and other cooling equip-
ment are not needed due to the lower dissipation. Because
of longer rise and fall times, the transmission of digital sig-
nals 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 increase. So, an en-
gineer about to start a new design should compare the sys-
tem level cost of using CMOS 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.

National Semiconductor
Application Note 77
Stephen Calebotta

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.

CHARACTERISTICS OF CMOS

The aim of this section is to give the system designer not
familiar with CMOS, 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
P-CHANNEL
Vin Vour
N-CHANNEL
G
GND

TL/F/6019-1
FIGURE 2-1. Basic CMOS Inverter

The power supplies for CMOS are called Vpp and Vgs, or
Vec and Ground depending on the manufacturer. Vpp and
Vgg are carryovers from conventional MOS circuits and
stand for the drain and source supplies. These do not apply
directly to CMOS since both supplies are really source sup-
plies. Vcc and Ground are carryovers from TTL logic and
that nomenclature has been retained with the introduction
of the 54C/74C line of CMOS. Vg and Ground is the no-
menclature we shall use throughout this paper.

The logic levels in a CMOS system are Vg (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

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

Vi e [ViH| m | Vou VoH todo | tpd1 | Poiss/Gate Ppigs/Gate
Family |Vec| max| Max |Min| 2.4v [Max| ' |min| 'H |Typ|Typ| static |1MHz, 50 pF Load
54L/74L| 5| 0.7 |0.18mA| 2.0 |10 A 03 | 20mA | 24 | 100pA | 31 | 35 1mwW 2.25 mW
54C/74C| 5] 0.8 — 35| — 0.4 [*360 nAj 2.4 {*100 nA| 60 | 45 |0.00001 mW 1.256 mW
54C/74C| 10 | 2.0 — 80| — 1.0 | **10 pA) 9.0 | **10 nA| 25 | 30 |0.00003 mW 5mwW

*Assumes interfacing to low power TTL.
**Assumes interfacing to CMOS.
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is so high (the input characteristic of an MOS transistor is
essentially capacitive, looking like a 10120} resistor shunted
by a 5 pF capacitor), the logic levels seen in a CMOS sys-
tem will be essentially equal to the power supplies.

Now let’s look at the characteristic curves of MOS transis-
tors 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 char-
acteristic 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 Vgg = 15V (Gate
to Source Voltage) for the N-channel transistor. Note that
for a constant drive voltage Vgg, the transistor behaves like
a current source for Vpg's (Drain to Source Voltage) greater
than Vgs — VT (VT is the threshold voltage of an MOS
transistor). For Vpg's below Vgg — V7, the transistor be-
haves essentially like a resistor. Note also that for lower
Vas's, there are similar curves except that the magnitude of
the Ipg’s are significantly smaller and that in fact, Ipg in-
creases approximately as the square of increasing Vgs. The
P-channel transistor exhibits essentially identical, but com-
plemented, characteristics.
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B : TL/F/6019-3
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 fol-
lowed by a rounding off due to the resistive characteristic
dominating as Vpg approaches zero. Referring this to our
basic CMOS inverter in Figure 2-1, as Vpg approaches zero,
Vour will approach Vg or Ground depending on whether
the P-channel or N-channel transistor is conducting.

Now if we increase Vcc and, therefore, Vgg the inverter
must drive the capacitor through a larger voltage swing.
However, for this same voltage increase, the drive capability
(Ips) has increased roughly as the square of Vgs 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 in-
crease the speed of the system. Increasing Vg 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.

_...1 I—- tRisE

b teaLL

v
< 0% 90%
Vin 50% 50%
10%
GND
a0

Vee
Vour 50% 50%

GND -

'TL/F/6019-4
FIGURE 2-3. Rise and Fall Times and Propagation
Delays as Measured in a CMOS 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 Vg (for Vog's > 2V7). Each
time the circuit switches, a current momentarily flows from
Ve to Ground through both output-transistors. Since the
threshold voltages of the transistors do not change with in-
creasing Vg, the input voltage range through which the
upper and lower transistors are conducting simultaneously
increases as Vgg increases. At the same time, the higher
Vg provides higher Vgg voltages which also increase the
magnitude of the Jpg currents. Incidently, if the rise time of
the input signal was zero, there would be no current flow
from Vg 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 simulta-
neously. 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 Vgg. For the purposes of this discussion we will
assume that both transistors in our basic inverter have iden-

. tical but complementary characteristics and threshold volt-

ages. Assume the threshold voltages, VT, to be 2V. If Vg is
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less than the threshold voltage of 2V, neither transistor can
ever be turned on and the circuit cannot operate. If Vg is
equal to the threshold voltage exactly then we are on the
curve shown on Figure 2-4a. We appear to have 100% hys-
teresis. 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 Voo is
somewhere between one and two threshold voltages (Fig-
ure 2-4b), then we have diminishing amounts of "hystere-
sis” as we approach Vgg equal to 2Vt (Figure 2-4¢). At Vo
equal to two thresholds we have no “hysteresis” and no
current flow through both the upper and lower transistors
during switching. As Vg exceeds two thresholds the trans-
fer curves begin to round off (Figure 2-4d). As V|N passes
through the region where both transistors are conducting,
the currents flowing through the transistors cause voltage
drops across them, giving the rounded characteristic.

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 Vge. This means that a spurious input which is 0.45
Ve or less away from Vg or Ground typically will not prop-
agate 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 ampli-
tude. 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 Vg
spurious pulse on the clock line would not cause the flop to
change state.
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National also guarantees that its CMOS circuits have a 1V
DC noise margin over the full power supply range and tem-
perature 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 Vg volts of a proper logic
level (Vcg or Ground), the input can be as much as 0.1 V¢
plus 1V away from power supply rail. Shown graphically we
have:

15V
| GUARANTEED QUTPUT “1" LEVEL 135
Vour (1)@ INPUTS = V,y, (0)
125
w
4
pre
>
Y o405
2 308 GUARANTEED OUTPUT “0" LEVEL
3 Vour (0) @ INPUTS = Vi (1)
2
Vi (0) 25
145 15
0.45
i
450v 10V 15V

TL/F/6019-9
FIGURE 2-5. Guaranteed CMOS DC margin over
temperature as a function of Vgc.
CMOS Guarantees 1V.

This is similar in nature to the standard TTL noise margin
spec which is 0.4V.
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FIGURE 2-4. Transfer Characteristics vs Vcc
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FIGURE 2-6. Guaranteed TTL DC margin over
temperature as a function of V¢c.
TTL Guarantees 1V.
For a complete picture of Voyt vs Vi 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 con-
siderations and interfaces to other logic families.

Unused inputs: Simply stated, unused inputs should not be
left open. Because of the very high impedance (~1012Q), a

floating input may drift back and forth between a “0” and
“1" creating some very intriguing system problems. All un-
used inputs should be tied to Vg, 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 and B be the unused
inputs.

If we are going to tie the unused inputs to a logic level,
inputs A and B would have to be tied to Vcc 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 up-
per A, B and C transistors would turn on, tripling the avail-
able source current. If input D was low also, all four of the
upper transistors would be on.

So, tying unused NAND gate inputs to Vgc (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.
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FIGURE 3-1. MM74C20 Four Input NAND gate




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 cur-
rents, a number of gates must be paralleled as in Figure 3-2.
This insures that there are a number of parallel combina-
tions of the series string of transistors (Figure 3-1), thereby
increasing drive in that direction also.

OR

TL/F/6018-12
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, 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 filter-
ing necessary is minimal. The minimum power supply volt-
age required will be determined by the maximum frequency
of operation of the fastest element in the system (usually
only a very small portion of any system operates at maxi-
mum frequency). The filtering should be designed to keep
the power supply voltage somewhere between this mini-
mum 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 mini-
mum speed to do the job with the lowest possible power
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VI Power Is Given By:

supply voltage. AC and DC transient power consumption
both increase with frequency and power supply voitage. 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 sys-
tem 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 Voo > 2V7) Figure 3-3.

The maximum amplitude of the current is a rapidly increas-
ing 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, frequen-
cy 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 tran-
sistors. 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 sup-
ply voltage.

Just a thought about rise time and power dissipation. 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.

TL/F/6019-14

Py = Vee X %IMax X Rise Time to Period Ratio

Rise Timeto _ Yoc — 2V1  tRise + tFALL

Period Ratio

Where
troTaL

Vee

= Frequency

trotaL

Pyi = 2 (Voc —2V7) lec Max (tRise + traLy) FREQ.
FIGURE 3-3. DC Translent Power
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So, to summarize the effects of power supply voltage, input
voltage, input rise time and output load capacitance on sys-
tem power dissipation, we can say the following:

1. Power supply voltage: CV2f power dissipation increases
as the square of power supply voltage. VI power dissipa-
tion increases approximately as the square of the power
supply voltage.

2. Input voltage level: VI power dissipation increases if the
input voltage lies somewhere between Ground plus a
threshold voltage and Vg minus a threshold voltage.
The highest power dissipation occurs when Vi is at %
Vge. CV2f dissipation is unaffected.

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

4. Output load capacitance: The CV2f power dissipated in
a circuit increases directly with load capacitance. VI pow-
er in a circuit is unaffected by its output load capacitance.
However, increasing 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 following inter-
faces to CMOS. First, CMOS outputs should satisfy the cur-
rent 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 spec-
ified with 17V to 24V power supplies while the maximum
power supply voltage for CMOS is 15V. Another problem 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 (Vss) to quite a few volts above its more negative

<18V

supply (Vpp). So, even if P-MOS uses a 15V 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 in-
clude bipolar logic.

First, MOS 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 because 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.

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 current requirements of all the CMOS. This
approach is useful if 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.

If the system has bipolar logic, it will usually have at least
two power supplies. In this case, the CMOS is run off the
bipolar supply and it interfaces directly to P-MOS, Figure
3-6.
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FIGURE 3-4. A One Power Supply System
Built Entirely of CMOS and P-MOS
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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 CMOS is less than 15V.

FIGURE 3-5. A P-MOS and CMOS System Where the
P-MOS Supply is Greater than 15V
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Run the CMOS from the bipolar supply and interface directly to P-MOS.
FIGURE 3-6. A System with CMOS, P-MOS and Bipolar Logic

N-Channel MOS: Interfacing to N-MOS is somewhat sim-
pler than interfacing to P-MOS although similar problems
exist. First, N-MOS requires lower power supplies than P-
MOS, being in the range of 5V to 12V. This is directly com-
patible with CMOS. Second, N-MOS logic levels range from
slightly above the lower supply rail to about 1V 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 will be
down 20 to 40 percent below the upper rail and something
may have to be done to raise it. The simplest solution is to
add pull up resistors on the N-MOS outputs as shown in
Figure 3-7.
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Both operate off same supply with pull up resistors optional from N-MOS to
CMOs.

FIGURE 3-7. A System 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 direct-
ly?

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 tempera-
ture range. LPTTL manufactured by other vendors and stan-
dard TTL will drive 74C directly over most of the military
temperature range. However, the TTL logic “1” drops to a
somewhat marginal level toward the lower end of the mili-
tary temperature range and a pull up resistor is recommend-
ed.

According to the curve of DC margin vs Vgg for CMOS in
Figure 2-5, if the CMOS sees an input voltage greater than
Vec — 1.5V (Vcc = 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 Vgc or
Ground. The standard TTL logic ““1” spec is a Voyt min. of
2.4V sourcing a current of 400 pA. 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 Vg at the lowest allowable (Voc = 4.5V).

Under nominal conditions (25°C, V|y = 0.4V, nominal leak-
age currents into CMOS and Vg = 5V) a TTL logic “1” will
be more like Vg — 2Vp, or Vog — 1.2V. Varying only tem-
perature, the output will change by two times —2 mV per °C,
or —4 mV per °C. Vgc —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 logic “1”’ output can drop
below Voo — 1.5V, use a pull up resistor to improve the
logic 1" voltage into the CMOS.
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Pull up resistor, Rpy, is needed only at the lower end of the Mil 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 CMOS to
drive two loads directly. Normal power TTL input currents
are ten times higher than those in LPTTL and consequently
the CMOS output voltage will be well above the input logic
0" maximum of 0.8V. However, by carefully examining 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 360 pA (about 420 pA at 25°C) with an input
voltage of 4.0V and a Vg of 4.75V. Both schematics are
shown in Figure 3-9.
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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 two 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
360 pA, or 1.44 mA which is nearly 1.6 mA. Actually, 1.6 mA
is the maximum spec for the TTL input current and most
TTL parts run at about 1 mA. Also, 360 pA is the minimum
CMOS sink current spec, the parts will really sink some-
where between 360 pA and 540 pA (between 2 and 3
LPTTL input loads). The 360 pA sink current is specified
with an input voltage of 4.0V. With an input voltage of 5.0V,
the sink current will be about 560 pA over temperature,
making it even easier to drive TTL. At room temperature
with an input voltage of 5V, a CMOS output can sink about

Vec

f

i
L3 .

2
1

TL/F/6019-20

i

FIGURE 3-9a. MM74C00

800 pA. A 2 input NOR gate, therefore, will sink about 1.6
mA with a Voyt of about 0.4V if both NOR gate inputs are
at 5V,

The main point of this discussion is 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 immuni-
ty over temperature to do so.

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 con-
trol lines on MSI functions in TTL have been relaxed in the
74C series.

Vee

|

ll}—o-U

TL/F/6019-21
FIGURE 3-9b. MM74C02
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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 connect-
ed in complementary fashion to function as an inverter.

Due to the symmetry of the P- and N-channel transistors,
negative feedback around the complementary 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 connected with
negative feedback. Under these conditions the inverter is
biased for operation about the midpoint in the linear seg-
ment on the steep transition of the.voltage transfer charac-
teristics as shown in Figure 1.
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TL/F/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.

The power supply current is constant during dynamic opera-
tion 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 character-

National Semiconductor
Application Note 88
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TL/F/6020-2
FIGURE 2. A 74CMOS Inverter Biased for
Linear Mode Operation
istics. 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 be-
haves like the classical digital inverter.
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FIGURE 3. Voltage Transfer Characteristics for an
Inverter Connected as a Linear Amplifier

Figure 3 shows typical voltage characteristics of each in-
verter at several values of the Vgc. 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 func-
tion of supply voltage because the MOS transistors are op-
erating in the proximity of their gate-source threshold volt-
ages.

2-11
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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.
Qutput voltages can swing within millivolts of the supplies
with either a single or a dual supply.
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FIGURE 5. Typical Voltage Gain Versus Frequency
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 multi-
plied by the number of stages used. If more than one invert-
er 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. '

1M
A AA,
VV\~

™
1Ms 1/6 1/6 16
- O—{mmracos

TL/F/6020-6
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 operation-
al amplifier essentially sees no load condition since the in-
put impedance to the inverter is very high. Secondly, the
CMOS inverters will swing to within millivolts of either sup-
ply. 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 Fig-
ure 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.

+H5V

HSV |

1™
i TL/F/6020-7
Pp = 500 "W
FIGURE 7. MM74C04 Inverter Used as a Post
Amplifier for a Battery Operated Op Amp
The MM74C04 can also be used with single supply amplifier
such as the LM324. With the circuit shown in Figure 8, the
open loop gain is approximately 160 dB. The LM324 has 4
amplifiers in a package and the MM74C04 has 6 ampiifiers
per package.
+12v

1 116
C04 > O=—{MM74C04
A~
1™

Vour

: TL/F/6020-8
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 comple-
mentary current outputs. The MM74C00 NAND Gate will
provide approximately 10 mA from the Vg supply while the
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MM74C02 will supply approximately 10 mA from the nega-
tive supply. Shown in Figure 9 is an operational amplifier
using a CMOS power post amplifier to provide greater than
40 mA complementary currents.
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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 de-
vices used in a system design can be used for linear build-
ing 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.

Phase Shift Oscillator Using MM74C04

fom TL/F/6020-10
3.3RC
Integrator Using Any Inverting CMOS Gate
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FIGURE 10. Variety of Circuitldeas
Using CMOS Devices
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54C/74C Family
Characteristics

INTRODUCTION

The purpose of this 54C/74C Family Characteristics appli-
cation note is to set down, in one placs, all those character-
istics which are common to the devices in the MM54C/
MM?74C logic family. The characteristics which can be con-
sidered to apply are:

1. Output voltage-current characteristics

2. Noise characteristics

3. Power consumption

4. Propagation delay (speed)

5. Temperature characteristics

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

National Semiconductor
Application Note 90
Thomas P. Redfern

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

OUTPUT CHARACTERISTICS

Figure 1 and Figure 2 show typical output drain characteris-
tics for the basic inverter used in the 54C/74C family. For
more detailed information on the operation of the basic in-
verter 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 characteristics of the basic inverter apply
to these more complex structures as well.
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The 54C/74C family is designed so that the output charac-
teristics 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:

Ve = 5.0V Vin = 5.0V ViN = 0V
Ips = 1.75mA llpsl = 1.75 mA
Vps = 5.0V |Vps| = 5.0v
Vo = 10V Vin = 10V ViN = 0V
Ipg = 8.0 mA lips| = 8.0mA
Vps 2 10V Vps| = 10V

Note that each device data shest 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 Vgg 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 Voo = 5.0V, Voyt = 1.5V (typ)
with a load of 500Q to ground.

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

In the case where the 54C/74C device is driving another
CMOS device the load line is coincident with the Ipg = 0
axis and the output will then typically switch to either Vgg 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 de-
vice operating at Vcg = 10V. The typical noise immunity
does not change with voltage and is 45% of Vce.
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TL/F/6021-5
FIGURE 3. Typical Transfer Characteristics

All 54C/74C devices are guaranteed to have a noise margin

of 1.0V or greater over all operating conditions (see Figure

4).
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FIGURE 4. Guaranteed Nolse Margin
over Temperature vs Veo

Noise immunity is an important device characteristic. How-
ever, noise margin is of more use to the designer because it
very simply defines the amount of noise a system can toler-
ate under any circumstances 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 ex-
treme cases; driving all inputs simultaneously and driving
one input at a time. Both conditions must be included be-
cause each represents one worst case extreme.
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VN = Allowable Noise Voltage = 1.0V
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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 mal-
functioning. 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 de-
vices: (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 Vgg. The data sheet for
each specific device specifies this leakage current.

The second, transient power due to load capacitance, can
be derived from the fact that the energy stored on a capaci-
tor is 1/2 CV2. Therefore every time the load capacitance is
charged or discharged this amount of energy must be pro-
vided by the CMOS device. The energy per cycle is then
2[(1/2) CVgc2]l = CVgc2. Energy per unit time, or power, is
then CVcc2 f, where C is the load capacitance and f is the
frequency.

The third, transient power due to internal capacitance takes
exactly the same form as the load capacitance. Every de-
vice has some internal nodal capacitance which must be
charged and discharged. This then represents another pow-
er 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 Vo = 2 VT, 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:

1
Py, = 3 (Ve — 2 V1) locmax) (trise + traLd) f

where:
Vt = threshold voltage
lcc(Max) = peak non-capacitive current

during switching
f = frequency
Note that this expression, like the capacitive power term is
directly proportional to frequency. If the Py, term is com-
bined with the term arising from the internal capacitance, a
capacitance Cpp may be defined which closely approxi-
mates the no load power consumption for a CMOS device
when used in the foliowing expression:
Power (no load) = Cpp Vcc? f
The total power consumption is then simplified to:
Total Power = (Cpp + Cp) Vec2 f + Iteak Voo (1)
The procedure for obtaining Cpp is to measure the no load
power at Vg = 10V vs frequency and calculate the value
of Cpp which corresponds to the measured power con-
sumption. This value of Cpp is given on each 54C/74C data
sheet and with equation (1) the computation of power con-
sumption is straightforward.

To simplify the task even further Figure 6 gives a graph of
normalized power vs frequency for different power supply
voltages. To obtain actual power consumption find the nor-
malized power for a particular Vgg and frequency, then mul-
tiply by Cpp + Cp.
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FIGURE 6. Normalized Typical Power
Consumption vs Frequency
As an example let's find the total power consumption for an
MM74C00 operating at f = 100 kHz, Vgc = 10V and
CL = 50 pF. From the curve, normalized power per gate

equals 10 uW/pF. From the data sheet Cpp = 12 pF;
therefore, actual power per gate is:
power 10 uW 0.62 mW
——— = ——— X (12pF + 50 = —
gate pF (tzp PF) gate
no. of gates _ power
total =———X—+| X Vi
otal power package gate LEAKAGE CC

=4 X 0.62mW + 0.01 pA X 10V = 248 mW
Up to this point the discussion of power consumption 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
compute the total power consumption of a MM74C161,
four bit binary counter, at Vgc = 10V, f = 1 MHz and
Cp = 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 though the circuit is
very complex and has many nodes charging and discharg-
ing 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 capacitance 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 + Cp Vec? 3tC Vee? 3

—— e

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

f f
+ CLVCCZE + ZCLVCCZ-@ + I Vee

3rd stage 4th stage  leakage
& carry term
output

This reduces to:

ProtaL = (Cpp + C) Vo2 f + IL Voo

From the data sheet Cpp = 90 pF and | = 0.05 pA. Using
Figure 6 total power is then:

ProTAL = (90 pF + 50 pF) X +

0.05 X 10—6 X 10V = 14 mW

This demonstrates that with more complex devices the con-
cept of Cpp greatly simplifies the calculation of total power
consumption. It becomes an easy task to compute power
for ditferent 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 capacitance. Oper-
ating 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 probably 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
(Atpd/pF) as a function of power supply voltage. Because
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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 de-

vice 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:

At
tpd =(c—50)pr—';L"+tpd
cL=¢C P CL = 50 pF
where:
C = Actual load capacitance

propagation delay with 50 pF
load, (specified on each de-
vice data sheet)

'od | G = 50pF

At
—’;E—" = Value obtained from Figure 7.

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

tod (15 — 50) pF X 0.57$ +50ns

CL = 15pF

= —20ns + 50ns = 30 ns
The same formula and curves may be applied to more com-
plex devices. For example the propagation delay from data
to output for an MM74C157 operating at Vg = 10V and
CL = 100 pFis:

tod (100 — 50)0.29 ns + 70 ns

CL = 100 pF

I

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 Atpd/pF.

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

T
] T >
E 450 [Ta-25C A 300 3
z [t =t =20ms E
3 D
g t,.,wa;l ;
[
2 Y a
<
] \ to Q
= m
- m
£ 4 =
- 50 % 10 2
3 p m
£ = 3
3
] ]
X LI
0 50 10 15 ;
E3
Vee (V) 3

TL/F/6021-11
FIGURE 8. Speed Power Product and

Propagation Delay vs Voo
50
Ve = 5.0V ne Tt
g | TaziEe —0C
[ e s e
e
z 0 7 Ta = +10°C
E - Ta = +125°C4—
° 20 ba
1.0
0 10 20 30 40 S5O0

Vouria (V)
TL/F/6021-12
(A) Typical Output Drain
Characteristic (N-Channel)

Above Vgc = 5.0V note the speed power pro-
duct curve approaches a straight line. However the tpqg
curve starts to “flatten out”. Going from Voo = 5.0V to
Vec = 10V gives a 40% decrease in propagation delay and
going from Voc = 10V to Voc = 15V only decreases prop-
agation delay by 25%. Clearly for Voo > 10V a small in-
crease in speed is gained by a disproportionate increase in
power. Conversely, for small decreases in power below Vg
= 5.0V large increases in propagation delay result.

Obviously it is optimum to use the lowest voltage consistent
with system speed requirements. However, in general it can
be seen from Figure 8 that the best speed power perform-
ance will be obtained in the Vgc = 5.0V to Vgg = 10V
range.

TEMPERATURE CHARACTERISTICS

Figures 9 and 70 give temperature variations in drain char-
acteristics for the N-channel and P-channel devices operat-
ing at Vg = 5.0V and Voo = 10V respectively. As can be
seen from these curves the output sink and source current
decreases as temperature increases. The effect is almost
linear and can be closely approximated by a temperature
coefficient of —0.3% per degree centigrade.

Since the tpg can be entirely attributed to rise and fall time,
the temperature dependence of tpp is a 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 cur-
rent which was shown above to vary as —0.3% per degree
centigrade. Consequently we can say that tpq varies as
—0.3% per degree centigrade. Actual measurements of tpg
with temperature verifies this number.

‘ Ve = 5.0
-1.0
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< -0 Ta = H125 L7
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o a0 LT = 425° -] Ly
. =
Ta=0C I
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|
o O]
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TL/F/6021-13
(B) Typical Output Drain :
Characteristic (P-Channel)
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TL/F/6021-16
FIGURE 11. Typical Gate Transfer Characteristics
The drain characteristics of Figures 9 and 70 show consid-
erable variation with temperature. Examination of the trans-
fer characteristics of Figure 11 indicates that they are al-

most independent of temperature. The transfer characteris-
tic 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 independence
of the transfer characteristics. Noise margin and maximum/
minimum logic levels will then not be dependent on temper-
ature.

As discussed previously power consumption is a function of
Cpp, CL, Vee, f and I eakagE: All of these terms are essen-
tially constant with temperature except I eakaGge. However,
the leakage current specified on each 54C/74C device ap-
plies across the entire temperature range and therefore rep-
resents a worst case limit.

2-19

06-NV




AN-118

CMOS Oscillators

INTRODUCTION

This note describes several square wave oscillators that

can be built using CMOS logic elements. These circuits offer

the following advantages:

m Guaranteed startability

W Relatively good stability with respect to power supply
variations

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

m Operation over a wide frequency range from less than
1 Hz to about 15 MHz

W Low power consumption (see AN-90)

B Easy interface to other logic families and elements in-
cluding TTL

Several RC oscillators and two crystal controlled oscillators
are described. The stability of the RC oscillator will be suffi-
cient for the bulk of applications; however, some applica-
tions 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 partin 1200 (2 minutes X 60 seconds/min-
ute 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 exceed-
ing 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.

Baud rate generators for communications equipment.

. Any system that must interface with other tightly specified
systems. Particularly those that use a “handshake” tech-
nique 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.

> w0

National Semiconductor
Application Note 118
Mike Watts

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

]
~ ~
LDO—-DO—-Do—i/m- o 2ro-
- [ —)
ANY EVEN NUMBER OF
ADDITIONAL GATES

; TL/F/6022-1
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 fol-
lowing equation.

Where:

f = frequency of oscillation

Tp = Propagation delay per gate

n = number of gates -
This is not a practical oscillator, of course, but it does illus-
trate 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 prop-
agation delay depends on supply voltage and load capaci-
tance. Several curves for propagation delay for National's

I
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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 in-
verter is at most about 8 pF. Examine the curve in Figure 2c
that is drawn for Vccg = 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 oscilla-
tion for three inverters using the expression mentioned
above. Thus:

1
f=———
2X3X17 X109

Lab work indicates this is low and that something closer to
16 MHz can be expected. This reflects the conservative na-
ture of the curves in Figure 2.

Since this frequency is directly controlled by propagation
delays, it will vary a great deal with temperature, supply volt-
age, and any external loading, as indicated by the graphs in
Figure 2. In order to build a usefully stable oscillator it is
necessary to add passive elements that determine oscilla-
tion frequency and minimize the effect of CMOS character-
istics.

STABLE RC OSCILLATOR

Figure 3illustrates a useful oscillator made with three invert-
ers. Actually, any inverting CMOS gate or combination of

= 9.8 MHz

Propagation Delay vs

Propagation Delay vs

gates could be used. This means left over portions 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.

MM74C08  MM74C04 MM74C04

So—>o—¢ >0

Vour

vy
TL/F/6022-2
FIGURE 3. Three Gate Oscillator
1
0.405 R2
R1 + R2
Another form if this expression is:
1
2C (0.405 Req + 0.693 R1)

f =

2R1C ( + 0.693)

f =

Where:
R - R1R2
®4" R1+R2

Propagation Delay Time vs

Amblent Temperature Ambient Temperature Load Capacitance

MM54C00/MM74C00, MM54C00/MM74C00, MM54C00/MM74C00,

MM54C02/MM74C02, MM54C02/MM74C02, MM54C02/MM74C02,

MM54C04/MM74C04 MM54C04/MM74C04 150 MM54C04/MM74C04
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FIGURE 2. Propagation Delay for 74C Gates
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The following three special cases may be useful.

0.559
IfR1 =R2=R = —
f RC
IfR2 >>> R1 fE——o;ss
0.722
<<<L = —
If R2 R1 f AC

Figure 4 illustrates the approximate output waveform and
the voltage V4 at the charging node.

32Vee

Vour

Vee ,_l
v
| I | |

TL/F/6022-6
FIGURE 4. Waveforms for Oscillator in Figure 3

Note that the voltage Va2 will be clamped by input diodes
when V4 is greater than Vg 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 mini-
mal leakage term. Note also that as soon as Vq passes
through threshold (about 50% of supply) and the input to
the last inverter begins to change, V1 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 insensitive 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 undesir-
able 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 Figure 5b, which obvi-
ously 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, re-
gardless of the value of C1 but the two gate oscillator will
not oscillate when C1 is small.

MM74C04 MM74C04

TL/F/6022-7

TL/F/6022-8

(b) i
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 package. The re-
maining 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 oscillators.

TL/F/6022-9

FIGURE 6. Schmitt Trigger Oscillator

Voltage V1 is depicted in Figure 7 and changes between the
two thresholds of the Schmitt trigger. If these thresholds
were constant percentages of Vg over the supply voltage
range, the oscillator would be insensitive to variations in
Vce- 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 Vgc.

Applications that do not require extreme stability or that
have access to well regulated supplies should not be both-
ered by this sensitivity to Vgc. Variations in threshold can be
expected to run as high as four or five percent when Voo
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 propagation 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 implement-
ed with the extremely simple, reliable, inexpensive and ver-

satile CMOS oscillators described in this note. These oscil-
lators consume very little power compared to most other
approaches. Each of the oscillators requires less than one
full package of CMOS inverters of the MM74C04 variety.
Frequently such an oscillator can be built using leftover
gates of the MM74C00, MM74C02, MM74C10 variety. Sta-
bility superior to that easily attainable with TTL oscillators is
readily attained, particularly at lower frequencies. These os-
cillators are so versatile, easy to build, and inexpensive that
they should find their way into many diverse designs.

'V V V—

0

el
o],

Vout
FIGURE 8. Crystal Osclllator

TL/F/6022-11
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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
CexT to ground by turning N1 ON and holds the positive
comparator input at Vgg 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 RgxT since the voltage drop
across N1 is very small for normal ranges of RgxT.

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

The gating, G, on the comparator is designed such that the
comparator output is high when the one-shot is in its stable

National Semiconductor
Application Note 138
Thomas P. Redfern

state. With the CLR input high the clear input to FF is dis-
abled 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 Vg on the
comparator's positive input. Since the voltage on Cgxt can
not change instantaneously V1 = 0V at this time. The com-
parator then will maintain its one level on the output. Gating
N1 OFF allows CgxT to start charging through Rext toward
Ve exponentially.

Assuming a perfect comparator (zero offset and infinite
gain) when the voltage on Cgxt, V1, equals 0.63 V¢ the
comparator output will go from a high state to a low state
resetting Q to a low state. Figure 2 is a timing diagram sum-
marizing 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 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.

Vee O
16 .
R 146
GND O AAA
8

COMPARATOR

CLEAR

FF

vDO—:ﬁ)ZG

TL/F/6023-1

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

The output pulse width is determined by the following equa-
tion:

V1= Vo (1 — 7 T/REXTCEXT) = 063 Ve (1)
Solving for t gives:
T = Rext Cext In (1/0.37) = Rexy Cexr 4]

A word of caution should be given in regards to the ground
connection of the external capacitor (Cgxt). It should al-
ways be connected as shown in Figure 1 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 connected to pin 8, a four layer diode
action can result causing the circuit to latch and possible
damage itself.

ACCURACY

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

a. Comparator input offset

b. Comparator gain

¢. Comparator time delay

d. Voltage divider R1, R2

e. Delays in logic elements

f. ON impedance of N1 and N2

g. Leakage of N1

h. Leakage of CexT

i. Magnitude of Rgxt and Cext

The characteristics of Cext and Rgxt are, of course, not
determined by the characteristics of the one-shot. In order
to establish the accuracy of the one-shot, devices were test-
ed using an external resistance of 10 k2 and various capac-
itors. A resistance of 10 kQ2 was chosen because the leak-
age 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 0.1 uF.
These values give pulse widths of 10 us and 1000 us with
Rext = 10 kQ.

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 affected by propagation de-
lay. 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 Vgg. Figure 3, (Pulse
Width = 10 ps) shows much greater variation with Vo
than Figure 4 (Pulse Width = 1000 ps). This same informa-
tion is shown in Figures 5§ and 6 in a different format. In
these figures the percent deviation from the average pulse
width at 10V Vg is shown vs Vge. In addition to the aver-
age value the 10% and 90% points are shown. These per-
centage points refer to the statistical distribution of pulse
width error. As an example, at Vgc = 10V for 10 us 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%.

Ta*25C ]

§ Rexr = 10§} 0% point pulse width:
8 Cexy = 1000 5F AtVee = 5V, Tw = 106 ps
g 0 AtVce = 10V, Ty = 10 ps
g os [ Tvec = sv - AtVee = 15V, Ty = 9.8 pus
3 s . g Percentage of units within 4%:
£ 0 1 At Ve = 5V, 90% of units
z N AtVoo = 10V, 95% of units
s " KX AtVee = 15V, 98% of units
< [ T\

5202 §

OUTPUT PULSE WIDTH (Tw, %I

FIGURE 3. Typical Pulse Width
Distribution for 10 us Pulse

TL/F/6023-3

w
H ::A . z-s"c“ 0% pulse width:
g exr
g [ Cexr = 0.1uF At Veg = 5V, Tw = 1020 ps
S AtV = 10V, T = 1000 ps
s o I At Voo = 15V, Tw = 982 us
]
] 1 Percentage of units within 4%:
g AtVeg = 5V, 95% of units
; 04 5 Vee = 5V7] At Vge = 10V, 97% of units
Y Yeiiv]  AtVoe = 15V, 98% of units
£,

-5-202 5

QUTPUT PULSE WIDTH (Ty, %)

FIGURE 4. Typical Pulse Width
Distribution for 1000 us Pulse

TL/F/6023-4
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FIGURE 5. Typical Percentage Deviation from
Vce = 10V Value vs Vgg (PW = 10 us)
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FIGURE 6. Typical Percentage Deviation from
Vce = 10V Value vs Vg (PW = 1000 ps)
The minimum error can be obtained by operating at the
maximum Vge. A price must be paid for this and this price is,
of course, increased power dissipation.
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FIGURE 7. Typical Minimum Pulse Width and Power
Dissipationvs Ve

Figure 7 shows typical power dissipation vs Voc operating
both sides of the one-shot at 50% duty cycle. Also shown in
the same figure is typical minimum pulse width vs V¢g. The
minimum pulse width is a strong function of internal propa-
gation delays. /t is obvious from these two curves that in
creasing Ve beyond 10V will not appreciably improve inac-

curacy due to propagation 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 tem-
perature with the external resistance and capacitance main-
tained at 25°C. The resulting variation is shown in Figures 8
and 9.
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FIGURE 8. Typical Pulse Width Error
vs Temperature (PW = 10 us)
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FIGURE 9. Typlcal Pulse Width Error
vs Temperature (PW = 1000 pns)

Up to this point the external timing resistor, RgxT, has been
held fixed at 10 k€. In actual applications other values may
be necessary to achieve the desired pulse width. The ques-
tion then arises as to what effect this will have on accuracy.
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FIGURE 10

As RexT 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 70.




v(t) is given by:

V() = (Vo — L Rex) (1 — e ~'L/REXT CEXT)
As before, when v(t) = 0.63 Vg, the output will reset. Solv-
ing for t| gives:

Vee — L Rext ) @

tL = Rext C Z n(
L EXT CEXT 037 Voo — It Rext

Using T as defined in Equation 2 the pulse width error is:

T

PW Error = X 100%

Substituting Equations 2 and 3 gives:

Vee—h Rext )
037 Voo, Rext ext Cext £ n( )

Rext Cext £n(1/0.37)

Rexr Cexr £ n(

PW Error =

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

10.0 T
g i >

u il ;/

$ Vec =58

32 10
=

-

5 it

>

o

= 01

Q T

© v 4 AT T T

o v 4 A1 1 1 i}
w Vee = 15V 11
;[

oor ZLUL |
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leeakace X Rext (V)
TL/F/6023~11
FIGURE 11. Percentage Pulse
Width Error Due to Leakage

To demonstrate the usefulness of Figure 71 an example
will be most helpful. Let us assume that N1 has a leakage of
250 X 10—9A, Cext has leakage of 150 X 10—9A, output
pulse width = 0.1 sec and Vgc = 5V. What Rext Cext
should be used to guarantee an error due to leakage of less
than 5%.

From Figure 11 we see that to meet these conditions Rgxt
1L < 0.14V.

Then:

Rext < 0.14/(250 + 150) X 109
< 350 k2

Choosing standard component values of 250 kQ and
0.004 nF would satisfy the above conditions.

We have just defined the limitation on the maximum size of
Rext. There is a corresponding limit on the minimum size
that RexT 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 signifi-
cant. The voltage across N1 is:

VNI = Ve ron/ (Rext + foN) (4)
The output pulse width is defined by:

vito) = (Vo — Vig) (1 — ~O/ReEXT CexT)
+ VN1 = 0.63 Voo

Solving for tp gives:

Vee — VN1)
= RexT C =11
to = RextCext Zn ( 0.37 Ve
Pulse Width Error is then:
PW Error = 27T ¢ 100%

Substituting Equations 2 and 4 gives:

Rext Cext £n (M) ~ Rexy Cext #n(1/0.37)
_ 0.37 Ve

Rext Cext £n(1/0.37)

This function is plotted in Figure 12 for ron of 509, 25Q,
and 16.7Q. These are the typical values of rgy for a Vg of
5V, 10V and 15V respectively.

As an example, assume that the pulse width error due to
ron must be less than 0.5% operating at Vcc = 5V. The
typical value of ron for Voo = 5V is 50Q. Referring to the
5090 curve in Figure 12, RexT must be greater than 10 kQ to
maintain this accuracy. At Vcc = 10V, Rgxt must be great-
er than 5 kQ} as can be seen from the 25Q curve in Figure
12.

Although clearly shown in 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 Cexrand
must be taken into account when accuracy is critical.
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TL/F/6023-12
FIGURE 12. Percentage Pulse Width Error
Due to Finite rgy of Transistor N1 vs Rexr
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TYPICAL APPLICATIONS .
Basic One-Shot Oscillator
Vee
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Linear VCO
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CMOS Schmitt Trigger—A
Uniquely Versatile Design
Component

INTRODUCTION

The Schmitt trigger has found many applications in numer-
ous circuits, both analog and digital. The versatility of a TTL
Schmitt is hampered by its narrow supply range, limited in-
terface capability, low input impedance and unbalanced out-
put 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 oper-
ate from large split supplies, logic level conversion, linear
operation, and special designs relying on a CMOS charac-
teristic. The CMOS Schmiitt trigger has the following advan-
tages:

m High impedance input (1012Q typical)

| Balanced input and output characteristics

9
¢ Thresholds are typically symmetrical to E Vee

¢ Outputs source and sink equal currents
¢ Outputs drive to supply rails
m Positive and negative-going thresholds show low varia-
tion with respect to temperature
m Wide supply range (3V-15V), split supplies possible
W Low power consumption, even during transitions
m High noise immunity, 0.70 Vgg typical
Applications demonstrating how each of these characteris-
tics can become a design advantage will be given later in
the application note.

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 de-

Veo

miis

T

INPUT

INPUT PROTECTION

g
o

our

z1
T

National Semiconductor
Application Note 140
Gerald Buurma

vices. 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 0V, 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 Vgg — Vtn. If the input voltage is
ramped up to one threshold above ground transistor N1 be-
gins 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 %, Vcg, 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 further yet. Mean-
while 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 feed-
back through the source follower transistors. When the in-
put 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 its reached.

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 360 nA or two LPTTL loads.

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

Vee Vee

L N
b | _||'_:15

ns |
|

Vee
= j +—

| pa

p—O outPut

| na

1

<

T

TL/F/6024-1

FIGURE 1. CMOS Schmitt Trigger
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WHAT HYSTERESIS CAN DO FOR YOU

Hysteresis is the difference in response due to the direction
of input change. A noisy signal that traverses the threshold
of a comparator can cause multiple transitions at the output,
it the response time of the comparator is less than the time
between spurious effects. A Schmitt trigger has two thresh-
olds: any spurious effects must be greater than the thresh-
old difference to cause multiple transitions. With a CMOS
Schmitt at Vo = 10V there is typically 3.6V of threshold
difference, enough hysteresis to overcome almost any spu-
rious 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 done to prevent slicing level distortion. If

20
- Vee = 15V
2 15 ¢
§ Vro Vre
o Vee = 10V Vec = 8Y
(=] =
> 10 Vr_
ot
2 vr | M Vi
5
S 5 ’:/ 4
| “’ Vi
0 5 10 15 2

INPUT VOLTAGE (V)
TL/F/6024-2
FIGURE 2. Typical CMOS Transfer Characteristics for
Three Different Supply Voltages

a 4 ps wide signal is sent down a transmission line a 4 us
wide signal should be received or signal distortion occurs. If
the comparator has a threshold above half the signal ampli-
tude, 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, V14, but it also has a negative offset Vy_. In CMOS
these offsets are approximately symmetrical to half the sig-
nal level so a 4 us wide pulse sent is also recovered (see
Figure 4d). The recovered pulse is delayed in time but the
length is not changed, so noise immunity is achieved and
signal distortion is not introduced because of threshold off-
sets.

15 IWMBACIS —55°C T0 1125°C
MM74C14 —40°C TO +85°C 129
*MINIMUM HYSTERESIS
SPREAD (= 0.2 Vce) \
s 10 4 G(,_\\u.ﬁ
w o 9.0
[Z] “‘\
< ?Q\ ‘
o Q\.‘?\\‘ M
S < 6.0
T s ) !
2
2 4 Wil
= o FOINT RACE
2.0 LOWER 21
0.7
0
5 10 15
Vee (V)

TL/F/6024-3
FIGURE 3. Guaranteed Trip Point Range
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FIGURE 4. CMOS Schmitt Trigger Ignores Noise
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Veo

O BIAS POINT

Vss

TL/F/6024~5

a) Capacitor impedance at lowest operating frequency should be much less thanR || R = 14R.

Vee

Vee

Vss

TL/F/6024~6

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

FIGURE 5. Sine to Square Wave Converter with Symmetrical Level Detection
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FIGURE 6. Diode Dump Tach Accepts any Input Waveform

APPLICATIONS OF THE CMOS SCHMITT

Most of the following applications use a CMOS Schmitt
characteristic to either simplify design or increase perform-
ance. 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 biasing resistors
and coupling capacitor. Since CMOS has a wide supply
range the Schmitt trigger could be powered from split sup-
plies (see Figure 5b). This biases the mean threshold value
around zero and makes direct coupling from an op amp
output possible.

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, depen-
dent only on frequency. On positive output swings, the cur-
rent 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 transitions
when a slowly varying function exceeds a predetermined
level. In Figure 7, we see a typical circuit, a light activated
switch. The high impedance input of the CMOS Schmitt trig-
ger makes biasing very easy. Most photo cells are several
k€ brightly illuminated and a couple MQ dark. Since CMOS
has a 1012 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 equa-
tion.

A CMOS application note wouldn’t be complete without a
low power application. Figure 8 shows a simple RC oscilla-
tor. With only six R’s and C’s and one Hex CMOS 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 fre-
quency equation assumes thatty = tp > tpgo + tpa1-
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L

TL/F/6024-8
FIGURE 7. Light activated switch couldn’t be simpler. The input voltage rises as light intensity increases, when Vr
is reached, the output will go low and remain low until the intensity is reduced significantly.
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TL/F/6024-10
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.

1/3 MM74C14 Schmitt Trigger
1/6 MM74C04 Inverter

3/4 MM74C00 2-Input NAND
1/3 MM74C10 3-Input NAND

1/3MM74C14

1/4 MM74C86
ERROR

AB + AB = Error

TL/F/6024-11

TL/F/6024-12

Error is detected when transmission line is unbalanced in either direction. Transmitted data appears at F as long as transmission line is balanced,
a) Differential Error Detector unbalanced data is ignored and error is detected by above circuit.
b) Differential Line Receiver
Truth Table
A B| F
0 0| NC
[V 0
1 0 1
1 1 [ NC

NC = No Change
FIGURE 9. increase noise immunity by using the CMOS Schmitt trigger to demodulate a balanced transmission line.
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We earlier saw how the CMOS Schmitt increased noise im-
munity on an unbalanced transmission line. Figure 9 shows
an application for a balanced or differential transmission
line. The circuit in Figure 7a is CMOS 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 recog-
nized as an error.

The cireuit in Figure 9b is a differential line receiver that
recovers 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 receiv-
er can pick up where it left off.

The standard voltage range for CMOS inputs is Vog + 0.3V
and ground — 0.3V. This is because the input protection
network is diode clamped to the supply rails. Any input ex-
ceeding the supply rails either sources or sinks a large
amount of current through these diodes. Many times an in-
put 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 uncommon input pro-
tection that allows the input signal to go to 25V above
ground, and 25V below Vgg. 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 protec-
tion are shown in Figure 10. The diodes shown have a 35V

Vee
1
NORMAL
CcMOS CMOoS
INPUT INPUT
PROTECTION 200
D2
TL/F/6024-13
a)

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 Vgc. Adequate input protection against
static charge is still maintained.

CMOS can be linear over a wide voltage range if proper
consideration is paid to the biasing of the inputs. Figure 771
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 differ-
ence between its threshold and the input voltage V. 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 Cg. 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
ViH — Vin

(V1+ — V1-)Rce-
The frequency dependence with control voltage is given by
the derivative with respect to Vin. So,

dfo _ -1

dVin  (Vr+ — VT-)RC,
where the minus sign indicates that the output frequency
increases as the input is brought further below the inverter
threshold. The maximum output frequency occurs when Vin
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.

fo=

Vee

MM74C814
INPUT
PROTECTION 200

> CMOoS

INPUT
) i\

TL/F/6024-14
b)

FIGURE 10. Input protection diodes, in a) Normally limit the input voltage swing to 0.3V above V¢ and 0.3V below
ground. In b) D2 or D1 is reverse biased allowing input swings of 25V above ground or 25V below Vcc.
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FIGURE 11. Linear CMOS (Voltage Controller Oscillator)
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The pulses from the VCO output are quite narrow because
the reset time is much smaller than the integration 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 com-
ing 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 out-
put goes positive. Check the size of the capacitor to make
sure that inverter can fully discharge the capacitor in the
input pulse time, or

CAV AV

t >+ —
SINKINVERTER > o= + 4

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 volt-
age of the Schmitt reaches V74, 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 in-
tegrated 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 interfacing with non-5V parts.

The CMOS Schmitt has a very high input impedance with
thresholds approximately symmetrical to one half the sup-
ply. 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 im-
munity, low power consumption, and low board space make
the CMOS Schmitt a uniquely versatile part.

Use the Schmitt trigger for signal conditioning, restoration of
levels, discriminating noisy signals, level detecting with hys-
teresis, 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.
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1 R

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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Desiging with MM74C908,
MM74C918 Dual High
Voltage CMOS Drivers

INTRODUCTION

By combining the merits of both CMOS and bipolar technol-
ogies on a single silicon chip, the MM74C908, MM74C918
provides the following distinguished features as general pur-
pose high voltage drivers.
| Wide supply voltage range (3V to 18V)
m High noise immunity (typ 0.45 Vcg)
| High input impedance (typ 1012Q) .
m Extremely low standby power consumption (typ 750 nW
at 15V)
| Low output “ON" resistance (typ 8%Q)
| High output drive capability (loyt = 250 mA at
Vout = Vcg —3V, and Ty = 65°C)
m High output “OFF” voltage
Among these, the first 4 are typical and unique characteris-
tics of CMOS technology which are fully utilized in this cir-
cuit to achieve all the design advantages 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 capability up to a minimum of
2.27TW.

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.

National Semiconductor
Application Note 177
Jen-yen Huang

Vee

INPUT 1 d
INPUT 2

Vout

’ TL/F/6025-1
FIGURE 1

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 transistor 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 han-
dling 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 Ty = Tymax) = 150°C.

Ty=Ta+ Ppbja (1)
where T, = junction temperature

Ta = ambient temperature

Pp = power dissipation

6ja = thermal resistance between junction

and ambient
H
E
z 3000 } } } Pl
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& 1800
g N
S 1400 N
=2
§ 1000 N
= 600 —  MM74CO08 N
= 200 [—(64a = 110°C/W)
s IMITNEE
i 010 30 50 70 S0 110 130 150

Ta — AMBIENT TEMPERATURE (°C)

TL/F/6025~-2

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

Vee
S
| > |
| |
| MM74C808 |
I MM74C918 |
Y e = I |
Vouta Vours
touta loute
RLa Reg
VL Vi
TL/F/6025-3
FIGURE 3
For both sections A and B;
Vec — Vi
| = -
LS (2

The device “ON" resistance, Ron, is a function of junction
temperature, T,. The worst-case Rpy as a function of Ty is
given in (3).
Ron = 9[1 + 0.008 (T, - 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 insignificant com-
pared to the power dissipated at the output stages. Thus,
the output power term defines the allowable limits of opera-
tion and is given by:
PD = Ppa + Pps (4)

= I2oytA X RoN + 2outs X Ron
Given Ry and Ry g, (1), (2), (3), (4) can be used to calculate
Pp, Ty, etc. through iteration.
For example, let Vi = OV, Vgg = 10V, Ria =
Rig = 500, Ta = 25°C, 8ja = 110°C/W.

10092,

Assume:
Ron = 12.280
By (2):
louTA = 10 __ = 0.689/\
12.28 + 100
louts = E%'——éa = 0.161A
By (4):

Pp = (0.089)2 ¢ 12,28 + (0.161)2 ¢ 12,28 = 0.41W
By (1):
Ty = 70.5°C
And by (3):
Ron = 12.280

DESIGN TECHNIQUE

In a typical design, R must be chosen to satisy the load
requirement (e.g., @ minimum current to turn on a relay) and
at the same time, the power consumed in the driver pack-
age must be kept below its maximum power handling capa-
bility.

To minimize the design effort, a graphical technique is de-
veloped, which combines all the parameters in one plot,
which can be used efficiently to obtain an optimal design.
Assume Tap = 25°C and that both sections of the
MM74C908 in Figure 3 are operating under identical condi-
tions. The maximum allowable package dissipation is:

Pp = 2(Vce — Vour) X lout ®)
1
= muso —Ta) = 1.14W

where Ty = 150°C, 6j4 = 110°C/W are used in (1) per the
data sheet.
Thus, the maximum power allowed in each section is:

Pp = (Vcc — Vour) X lout = 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 Ty to be lower than
150°C.

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

1 1
lour = - (Vcc - VL) -= (Vcc - VOUT) )
L RL

The slope of this load line is —~1/Ry and it intersects with
the vertical and horizontal axes at 1/R_ (Vgc — VL) and
Vcc — Vi respectively.

Given Vgg and V|, a minimum R can be obtained by draw-
ing the load line tangent to the constant power curve. In
Figure 4, at Voo — VL = 5V the line intersects loyt axis at
loyt = 450 mA. Thus, Rmiy) = 5V/450 mA = 11.10Q.
Any Ry valus below this will move the intersecting point up
and cause a section of the load line to extend into the shad-
ed region. Therefore, the junction temperature can exceed
Tymaxy = 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 Vog — V| and the Rpy range of the driv-
ers. :
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FIGURE 4 ‘

By (3), at Ty = 150°C, RonMax) = 18, this is a straight
line* passing through the origin with a slope of loyt/(Vec —
VouT) = 1/18 mho and intersects the load line at point A.
Similarly, point B and C can be found for typical (~ 108)
and minimum (~5Q) Ron at Ty = 150°C.

For Voo — 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, Ty >
150°C may occur.

For Vocc — 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 re-
gion only outside of the specified Roy range (to the right of
point A’). Within the Rgy 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 be-
tween A and C is the operating range for the circuit at
Voc — VL = 5V and R = 11.10. Hence, the available
current and voltage ranges for this circuit are 310 mA >
louT = 172 mA and 3.4V > Vpyr = 1.9V, respectively.
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 Ry,

minimum available loyt and Voyr, etc.)

2. Operating characteristics of the circuit as a whole, includ-
ing the effect of different Roy values due to process vari-
ations, thus, a better insight into the circuit operation.

3. Most importantly, a guarantee that the circuit will be oper-
ating in the safe region, (Ty < 150°C).

For different ambient temperatures or for different power

considerations, Figure 4 can be applied by properly scaling

the lgyT axis. (Note that loyt « Ty — Ta and loyT =< Pp).




>
550 a)Veg — VL = 5V =z
500 Vi By constructing the load lines tangent to the curves for :1"
450 Ta = 25°C, 45°C, 65°C and 85°C, R (min) for each ~
I 400 case can be obtained through the vertical coordinate
E 150 for the intersection points as shown in Figure 6. These
5 20 are calculated in Table |.
2 250 Note that the same results (within graphical error) can
2 0 be obtained analytically by letting dR /dRony = O. It
z 150 Veg =5V _| can be shown that
Tj=150°C (Voo — V)2
100 )4 Rumi = 7 . ®)
50 (Max Power Per Driver)
0 / b)Veg — Vi = 10V
005 1152253354455 : The Riminy given in (8) may not be a true minimum if
Vee - Vout V) the tangent point does not fall inside the specified Ron

region. The actual R (vN) can be obtained as shown

TL/F/6025-5 . . . . .
in Figure 7. The calculations and results are given in

FIGURE 5. Typical loyr vs Typical Voyt

Table Il
':"{ic‘,';’t?ef:‘"g F'%Nojz*? "°:(')“"°.a' ;gpctiogog‘our. "‘I,‘VP‘“' :ON ‘t’“?" Note that the R gy values in Table Ii are lower than
cteristicat 1) = IS shown In Figure o, @ non-linear characteris- . . y .

tic near the origin is due to the fact that the output NPN transistor is not those given by (8). Thls corr gsponds tq the section on

d. As soon as ion is reached (loyt ~ 150 MA) the curve each of the 4 load !lnes in Figure 7 whlcl? extends be-

becomes a straight line which extrapolates back to the origin. For practi- yond the power limit curve at each associated temper-
cal design purposes, it is sufficient to consider Rpy as a linear function of ature. However, this section on each load line is out-
lour- side the specified Ron range. Within the Ron range,
**Note that as the operating point on the load line moves away from the load lines are below the power limits; therefore, safe

Pp = 0.57W curve (away from the tangent point in this case), the actual P
junction temperature drops. Therefore, at point A, for example, the device operation is guaranteed.

is actually running cooler than Ty = 150°C, even in the worst case. The Ri(miny Vs Ta plot is as shown in Figure 8.

Hence, Ron value drops below 182 and the actual operating point is All the curves generated so far are restricted to Pp <

lightly different from A.

sionty d e",a" r,om . . 0.57W due to our simplifying assumption that both driv-
To further simplify the des.|gn.'a family of such curves has ers are operating identically. In Figure 9 a few more
been generated as shown in Figure 6. Each of these curves curves are added to account for the general situation
conespongs.to a particular Tp and Pp (per dnyer) as mdnca}- in which only the restriction Pps + Ppg < 1.14W is
ed, and simllar to the Pp = 0.57W curve in Figure 4, is required, (i.e., Ppa can be different from Ppg). Applica-
generated from (6) by using appropriate Ta values. The ap- tion of Figure 9is illustrated as follows:
plication 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 condi-
tions. Find minimum Ry at T = 25°C, 45°C, 65°C and
85°C for both Vgg — VL = 5V and Vgg — Vi = 10V.
Then plot R miNy vs Ta.

TABLE|
Ta 25°C 45°C 65°C 85°C
louT @ D1, 2, 3, 4 (MA) 450 a75 310 240
5
R S ) 11.1 13.3 16.1 208
LIMIN) = JSuT @ D1, 2, 3.2
TABLE Il
Ta 25°C 45°C 65°C 85°C
louT @ D1, 2,3, 4 (MA) 261 230 197 166
10
S T 8.3 435 50.8 60.2
RLMN = (e D1.2.8,4 ¢ ) 8
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Example 2

In Figure 3, assume that driver A has to deliver 200 mA to its
load while driver B needs only 100 mA. Design R 5 and R g
for Voo ~ 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 pow-
er consumed in this section to compensate for the higher
power (> 0.57W) required in section A.

The design procedure follows:

Section A

1. Draw a load line intersecting Ron = 189 line at loyt =
200 mA.

2. This load line intersects the lgyT axis at loyt = 710 mA
and is tangent to Ppa = 0.9W curve, thus R p = 5V/
710 mA = 7.1Q will guarantee both Ppa < 0.9W and
louTa 2 200 mA.

Section B

1. Draw a load line intersecting Ron = 189 line at loyt =
100 mA.

2. Similar to (2) above, it is seen immediately that R g =
5V/160 mA = 33.30 will guarantee lpytg = 100 mA
and Ppg < 0.18W.

Since Ppa + Ppg < 0.9 + 0.18 < 1.14W

Ria = 7.1Q

Ry g = 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 simple:
a) Increase Vgg 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, 0j4=
55°C/W, this is exactly half that of the 8-lead MM74C908.
Therefore, by scaling the loyt axis by a factor of 2, the
same family of curves in Figure 9 can be applied directly.
This is shown in Figure 710. (Note that the slope of the
Ron = 189 line has been adjusted to the new scale).

1600 |— v

1200 \
o [ AL

lgyr (mA)
=
e

\=pp = 0.45W
900 “\ \ XN . Pp = 0.36W
AN o=
800 \ P{‘(\\ \y \ Pp=0.18W
00 N\ AL Ta=25°¢
VIKANS e | [rore
600 N y\\ NS5 Ta=565°C T L1, = 80°C
500 \ NN Pz <1 Tpo=87C
an YANNN SRS TAZSTC _LRgy=1
V/ NN A ) Ta=101°C
300 N S —y = Ta=N7°C
200 \\ N ——— N Ta=125°C
-~ P L Ta=130°C
100 S — LTa=135C
T Tp=140°C
0
[} 1 2 3 3 5 6 8 9 10 1 12 13 14 15
Vee - Vout (V)

TL/F/6025~10

FIGURE 10




>
By drawing the same load lines, it is found that: Since Ppa + Ppg < 1.14 + 0.4 = 1.8W, while the pack- .z
RLA = 5V/710mA = 7.10 age is capable of delivering 2.27W, both Ria and Rig 3
can be lower than the above values and the circuit still ~
guarantees Ppa < 0.9W operates safely. By picking the closest standard resist-
and ance values:
RALg = 5V/150 mA = 33.30 Ria = 200
. guarantees Ppg < 1.08W RLg = 430
¥:'lchf'ls wag l:glgw the ;n;ximum p;:wler 2.27(;/\/t availabk-)i For 5% tolerance in these values,
erefore, both R4 and R g can be lowered to accoun
for tolerance in the resistors. Consider specifically the fol- 190 < Ra < 210
lowing example: 40.850Q < R g < 45.15Q
Thus:
Example 3 10V
Assume driver A, B of the MM74C918 have to deliver louTAMINY = T30 51 — 2364 mA > 250 mA
250 mA and 150 mA, respectively, to its load. Design Ry -
and R g at Voo — Vi = 10V. | 10V 1583 mA > 150 mA
2e—= 3m m,
Driver A OUTBMIN) = 180 + 45.150
1. In Figure 11, draw the load line intersecting Ron = 189 ( v )2 « 180 =
atloyr = 250 mA. Poamax = Tgq 7 o0 80 = 1.31W
2. This load line intersects the loyt axis at 450 mA. Thus, 10V 2 _
by inspection Ri 4 = 10V/450 mA = 22.20 guarantees PoBMAX) < \ 10 T 20850, 189 = 952W
Ppa < 1.14W. PpAMAX) + PDBMAX) < 1.31 + 0.52 < 2.27W
Driver B Therefore:
1. Draw the load line intersecting Ron = 18Q at loyt = RLA = 2002(1.5W, 5%)
150 mA. Rig = 430 (1W, 5%)
2. This load line intersects the loyt axis at 210 mA. Thus, will guarantee satisfactory performance of the circuit.
by inspection R g = 10V/210 mA = 47.69) guarantees
Ppg < 0.4W.
2000
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1700 E—=pp=2w
1600 t P = 1700
T vy Pp=1.45W
1500 t =Py =121
N T—1—pn-
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W 3‘\:\1'., - 095w
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APPLICATIONS families—extremely low standby power. At Voo = 15V,
Like most other drivers, the MM74C908, MM74C918 can be power dissipation per package is typically 750 nW when the
used to drive relays, lamps, speakers, etc. These are shown outputs are not drawing current. Thus, the drivers can be
in Figure 12. (To suppress transient spikes at turn-off, a sitting out on line (a telephone line, for example) drawing
diode as shown as Figure 12a is recommended at the relay essentially zero current until activated—an ideal feature for
coil or any other inductive load.) many applications.

However, the MM74C908, MM74C918 offers a unique The dual feature and the NAND function of the driver design
CMOS feature that is not available in drivers from other logic can also be used to advantage as shown in the following

applications. .

ouT
1/2 MM74C908, MM74C918

TL/F/6025-12
FIGURE 12a. Relay Driver

ST d T |
%ﬁ_ﬁ

— e

TL/F/6025-13
FIGURE 12b. Lamp Driver

r———=——T———/—/71

-"-"""-l‘d'l

1/2 MM74C908, MM74C918

TL/F/6025-14
FIGURE 12c. Speaker Driver
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In Figure 13, the 2 drivers in the package are connected as
a Schmitt trigger oscillator, where R1 and R2 are used to
generate hysteresis. R3 and C are the inverting feedback
timing elements and R4 is the pull-down load for the first

R2
20mM

AAA

Veg =5V
Q

driver. Because of its current capability, the circuit can be
used to drive an array of LEDs or lamps. If resistor R4 is
replaced by an LED (plus a current limiting resistor), the
circuit becomes a double flasher with the 2 LEDs flashing
out of phase. This is shown in Figure 14.

VY

F———————— — —

————————————

\
—

s |

MM74C908, MM74C918

%TL&L{_ o

>

—— o ——— e e e e e
AVAVAV"
I A3 s
240k :»
[ :: R4 >
224F S
I _J. A LA LA L4
TL/F/6025-15
FIGURE 13. High Drive Oscillator/Flasher
Vg = 5v
20M
‘V‘VAV—
'.___..A_..__._._:_._. —_—_—_—T_-.—_-'
' :3 :5
[ (e [

MM74C908, MM74C918

AAA

VYV
240k

TL/F/6025-16

FIGURE 14. Out of Phase Double Flasher
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Another oscillator circuit using only 1/2 of the package and
4 passive components is shown in Figure 15. Assume V) 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". Vg can be made much
higher than V) at this instance by adjusting the component
values such that R¢C¢ > (Ron || Ry) CL. Since Vg is higher
than V), V| is still going up, although the driver is “OFF"” and
Vo is ramping down. The rising V| will eventually equal to

Vpe =10V

r—-———=—""—T———=—7

. &

1/2 MM74(2908, MM74C918

vi A A" Vo
R¢

- 200 oL Sh

S 330

. TL/F/6025-17

(a)

the falling Vo, and then start discharging. Then, both V| and
Vo discharge until V| hits the trip point, V1, again, when the
driver is turned “ON", charging up Vo and subsequently Vi
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 ——— -

TL/F/6025-18

FIGURE 15. Single Driver Oscillator

Vge =10V

MM74C908, MM74C918

|
|
|
|
L

AAA— ¢
680k

0.1 4F 22uF

é
it

TL/F/6025-19

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.

1/2 MM74C908, MM74C918

1/2 MM74C808, MM74C318

———=== T[]

TL/F/6025-20
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 in-
crease in the usage of low-power CMOS devices in system
designs. This has resulted in more stringent attention 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 MOSFETSs, 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 pF typical) in parallel with
an extremely high input resistance (10120} typical) lends it-
self to a high input impedance and hence readily builds up
the electrostatic charges, unless proper precautionary mea-
sures are taken. This voltage build-up on the gate can easily
break down the thin (1000A) 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 8-10x106V/cm to
3-4X106V/cm. This then becomes the limiting factor on
how much voltage 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 environ-
ment. It is generated whenever two different materials are
rubbed together. A person walking across a production 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 environ-
ment. The ambient relative humidity, of course, has a great
effect on the amount of static charge developed, as mois-
ture 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?1)

Most Common | Highest
Condition Reading Reading
(Volts) (Volts)
Person walking across 12,000 39,000
carpet
P.erson walking across 4,000 13,000
vinyl floor
Person working at bench 500 3,000
16-lead DIPs in plastic 3,500 12,000
box
16:Iea.1d DIPs in plastic 500 3,000
shipping tube

National Semiconductor
Application Note 248
Vivek Kulkarni

STANDARD INPUT PROTECTION NETWORKS

In order to protect the gate oxide against moderate levels of
electrostatic discharge, protective networks are provided 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 resistance of
2009 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 pro-
tects against positive transients. An additional diode to Vgg
helps to shunt negative surges by forward conduction. De-
velopment work is currently being done at National on vari-
ous other input protection schemes.

i

INPUT
Diode Breakdown

0
OUTPUT

Dy = 25V
D, = 60V
D3 = 100V

*These are intrinsic diodes

TL/F/6029-1
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 Voo

- <O OUTPUT

Diode Breakdown

Dy = 25V
D, = 60V l
Dg = 100V Vss

*These are intrinsic diodes
FIGURE 2. Protective Network for
CD4049/50 and MM74C901/2

TL/F/6029-2

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 affected.

All CMOS circuits from National's CD4000 Series and 74C
Series meet MIL-STD-38510 zap test requirements of 400V
from a 100 pF charging capacitor and 1.5 k(} series resist-
ance. This human body simulated model of 100 pF capaci-
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2 GATE (P-CHANNEL)

s ally
Dy g [
IN/OUT O——d ::: —O OUT/IN
Dz T D,
A & —pt
Dlgc:ef r;:bdown I GATE (N-CHANNEL)
D2 = 60V TL/F/6029-3

*These are intrinsic diodes
FIGURE 3. Transmission Gate with Intrinsic
Diodes to Protect Against Static Discharge

tance in series with 1.5 k2 series resistance was proposed
by Lenzlinger2 and has been widely accepted by the indus-
try. The set-up used to perform the zap test is shown in
Figure 4.

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

TABLE ll. Modes of High-Voltage Test

Mode + Terminal — Terminal
1 Input Vss
2 Voo Input
3 Input Associated Output
4 Associated Output Input

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

HANDLING GUIDE FOR CMOS DEVICES

From Table |, it is apparent that extremely high static volt-
ages generated in a manufacturing environment can destroy
even the optimally protected devices by reaching their
threshold failure energy levels. For preventing such catas-
trophies, 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. Conductive

carriers such as conductive foams or conductive 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 cir-
cuits with the power on because transient voltages may
cause permanent damage.

3. Table tops should be covered with grounded conductive
tops. Also test areas should have conductive floor mats.

10M $

~

Rg =1.5k

TO DEVICE
HIGH VOLTAGE UNDER TEST
SUPPLY

I [

$y =H; — WETTED **BOUNCELESS™RELAY

TL/F/6029-4
FIGURE 4. Equivalent RC Network to Simulate Human
Body Static Discharge (after Lenzlinger2)

Above all, there should be static awareness amongst all
personnel 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 transport path of devices
can generate very high levels of static electricity due to con-
tinuous sliding of devices. Proper grounding of equipment or
presence of ionized-air blowers can eliminate all these prob-
lems.

At National all CMOS devices are handled using all the pre-
cautions described above. The devices are also transported
in anti-static rails or conductive foams. Anti-static, by
definition3 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 stat-
ic fields, such as those generated by a charged person.
Commercially available static shielding bags, such as 3M
company’s low resistivity (<104£/sq.) metallic coated poly-
ester 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 coat-
ing, and various other grounding straps which help prevent
against the electrostatic damage by providing conductive
paths for the generated charge and equipotential surfaces.
It can be concluded that electrostatic discharge prevention
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 Sili-
con 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.” Present-
ed at 1980 Nepcon/West Conference, Application
Note—3M Static Control Systems.
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Simplified Multi-Digit LED

Display Design Using
MM74C911/MM74C912/
MM74C917 Display
Controllers

1. INTRODUCTION

The MM74C911, MM74C912 and MM74C917 are CMOS
display controllers that control multiplexing of 8-segment
LED displays. These devices each have an on-chip multi-
plex oscillator and associated logic to easily implement mul-
ti-digit displays with minimal additional hardware. These
controllers were designed to be easily interfaced to a micro-
processor 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 contro! 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/MM74C317 can con-
trol up to six 8-segment displays.

. T

National Semiconductor
Application Note 257
Larry Wakeman

11. 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 prop-
er latch is enabled when CE and WE are taken low.

The latch outputs are controlled by the multiplexer (MUX)
logic. All four latch data outputs are commonly bussed, and
are sequentially read by the MUX logic. The bussed 8-seg-
ment 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.

Ki==P1  appRESS —>|  ADDRESS
K2—p|  BUFFER »| DEcoDE
'y -
44 SOE
v l
2 P 4[——J = S,
b el — S},
8-BIT INPUT BUS
¢ ==} =~ S,
[ p—— INPUT {} NPN e §
0ATA SEG d
e—»|  surreRs —| M1 M2 M3 [T DRIVER [P Se
f = —»] 51 J-b 52 |—-> s3 |—> $4 — S
1—P; 11 ] l —> s
op 8-BIT OUTPUT BUS Spp
0IG <+ |[¢—>D1
X
Wl ey [P0
0IG <4—>»| OoUTPUTS |€¢—PD3
SELECT  {g—p, |e—>0s
0sC < I BIo

TL/F/6030-1

FIGURE 1. MM74C911 Block Diagram
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FIGURE 2. MUX Timing for MM74C911

By raising the Digit In-Out (DIO) input high, the internal oscil-
lator 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 oscil-
lator are disabled causing the MM74C911 to be in a low-
power mode where it typically draws less than 1 pA. Figure
3 shows the truth table for these control inputs.

DIO/OSE | SOE Mode
0 0 |NORMAL DISPLAY MODE
0 1 | DISPLAY BLANKED
1 0 [WILL DISPLAY ONE DIGIT*
1 1 |LOW POWER MODE

FIGURE 3. Operating Modes for the
MM74C911/MM74C912/MM74C917
(*The 74C911 Digit Outputs become Inputs)

I1Il. 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 MM74C817 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 oscillator
and control logic. The logic sequentially reads each latch
and activates the digit outputs. The oscillator can be dis-
abled 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 put
into 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 & for both parts.

IV. DISPLAY INTERFACE DESIGN
A. Common Cathode LED’s

Since the MM74C911/MM74C9812/MM74C917 contain all
the muiltiplex circuitry necessary to operate a 4- or 6-digit
display, all the designer must do is choose appropriate seg-
ment resistors and digit drivers to properly illuminate the
LEDs. A typical LED connection is shownin Figure 6. Based
on the selected display, a certain segment current will be
required. This current will determine the value of the seg-
ment resistor and the type of digit driver necessary. The
design for the MM74C911 is 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
value.
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FIGURE 4. MM74C912 and MM74C917 Display Controller
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FIGURE 5. MM74C912/MM74C917 Character Fonts
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FIGURE 6. Typical LED Connections for (a) MM74C912/MM74C917 (b) MM74C911
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As an example, suppose the NSN781 (2-digit, 0.7” common
catholde LED display) has been selected. These displays
require an average current of 8 mA per segment for good
illumination. The MM74C911 multiplexes 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 32 mA
per segment, and the MM74C912/MM74C917 would have
to supply a current six times the average current or about
48 mA.

The maximum digit driver current is the maximum number of
“on” segments multiplied by the segment current. For the
MM74C911 design, the digit current is ~260 mA, and is
~ 380 mA 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. It is also important to
keep in mind that the output voltage of the driver at the
designed current, as this voltage can affect the display con-
trollers current drive. For most designs, an output voltage of
< 2V is reasonable.

Once the digit driver has been chosen and the output volt-
age at the desired current is known, the segment resistor,
Rseg can be calculated using:

_ VseG — Vieo — Vo

Rsea seG

where V| gp is the voltage across the LED, 1.8V; Vpg is the
digit driver output voltage at the chosen current; Isgg is the
peak segment current; and Vggg is the MM74C911 or
MM74C912 segment driver output voltage at the peak seg-
ment 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 volt-
ages using current values from Figure 8. Thus, for the above
example, if a DS75492 driver I.C. is used with the
MM74C911 to interface to the NSB781 LEDs Rggg = 380
assuming the drivers output voltage is 1.0V. Note that Fig-
ure 7 tabulates minimum output drive where the above Vpo
is an approximation of the DS75492s typical Vpp at
260 mA.

Part brlver Type Number of Minimum
Number Drivers . Output Drive
DS75492 Darlington Driver 6 250 mA @ 1.5V
DS75494 Multiple Transistor Driver 6 150 mA @ 0.35V
DSB8646 Transistor Driver 6 84 mA @ 0.55V
DS8658 Transistor Driver 4 84 mA @ 0.55V
DS8870 Darlington Driver 6 350 mA @ 1.4V
DS8871/2 Transistor Driver 8/9 40 mA @ 0.5V
DS8877 Transistor Driver 6 35mA @ 0.5V
DS8920 Transistor Driver 9 40 mA @ 0.5V
DS8963 Darlington Driver 8 500 mA @ 1.5V
DS8978 Transistor Driver 9 100 mA @ 0.7V
DS8692 Transistor Driver 8 350 mA @ 1.0V
FIGURE 7. Typical LED Digit Drivers and Their Characteristics
() v)
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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 717 tabulate some typical segment resistor
values for various National LED displays. (See Optoelec-
tronics 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 desir-
able to use a base current limiting resistor between the con-
troller's output and the transistor’s base. This will help limit
the power dissipation of the display controller in critical situ-
ations. The digit resistor, Rp)g, can be calculated using:

Voic — Vpi

Ipi
where Vpy is the digit driver input voltage, 0.7V for a transis-
tor, Ipy is the desired digit driver current and Vpg is the

Roic =

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 drive another
MM74C911 or 3.5V to drive standard CMOS logic. The digit
resistor should be > 3000 for Vo = 3.0V and Rpig > 350
for Von = 3.5V.
A final design consideration is power dissipation. When de-
signing a low-power system where the total current is to be
minimized, the total system power consumption is simply:

. Pt = Vec (Ipo + o)
where Ipg is the maximum digit driver output current, Vg is
the power supply voltage, and Ip is the digit driver input
current.

Display . Typical Range of
Driver Segment Resistors
Part No. Height (In.) No. of Digits 9
NSA1298 0.110 9 DS75492 3000-1000Q
3000-20000*
NSA1558 0.140 8 DS75492 2000-8000
2000-18000*
NSN381 0.3 2 DS75492
2N3904 150-800
NSB3881. 0.5 4 DS75492
2N3904 150-800
NSN581 0.5 2 DS75492
2N3904 1092-600
NSB5881 0.5 4 DS75492
ON3904 100-600
NSN781 0.7 2 DS75492
2N3904 100-500
NSB7881 0.7 4 DS75492
oN3904 10Q-500

FIGURE 10. MM74C911 Segment Resistor Values for Various Displays (Vcc = 5V)
(*Using Red LED Filter over Display)
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Display Typlcal Range of
Driver s t Resist
Part No. Height (In.) No. of Digits egment Reslstors
NSA1298 0.110 9 DS75494 20002-8000
3000-15000*
NSA1558 0.140 8 DS75494 15002-7000
1500-10000*
NSN381 0.3 2 DS75492 5Q-500
NSB581 0.5 DS75492 50-500
NS5931 0.5 DS75492
2N3904 5a-400
NSN781 0.7 2 DS75492
2N3904 50-300

FIGURE 11. MM74C912/MM74C917 Segment Resistor for Average Intensity for Various Displays
(*Using Red LED Filter over Display)
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FIGURE 12. Typical Digit Driver Current vs. Output Voltage for (a) MM74C911 (b) MM74C912/MM74C917

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 dis-
sipation:

Pc = S(lsea) (Ve — Vsea)

where Igeg 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 maximum
package dissipation for the controllers vs. temperature is
shown in Figure 13.

To gain an understanding of how segment current af-
fects the controllers power dissipation, Figure 714 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 volt-
ages from Figure 8.

As the digit driver output voltage Vpo becomes larger, the
driver dissipates more power, thus the designer should also
ensure that the driver’s dissipation is not exceeded. Gener-
ally, the standard digit driver IC will dissipate around 1,W.
(See specific data sheets.) Driver power dissipation can be
calculated by:

Pp = (VoolIpia)

where Vpg and Ipg are the digit driver output voltage and
current. In a standard digit driver, one output will be active
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all the time, but if discrete transistors are used, each transis-
tor is turned on 25% of the time. The average power dissi-
pation for each discrete transistor digit driver is ¥, of the
above equation.

B. Common Anode LED Display

Although  connecting the  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 sig-
nals, but some extra buffering must be added to ensure the
correct logic levels and drive capability.

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 displays. An 8-digit cal-
culator digit driver IC, DS8871, is 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.
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FIGURE 13. MM74C911/MM74C912/MM74C917
Maximum Power Dissipation for (a) Plastic “N”’ Package
(b) Ceramic “J” Package (Note Ty,,ay, = 125°C
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FIGURE 14. Typical Power Dissipation vs. Segment
Current for (a) MM74C911 (b) MM74C912/MM74C917

For higher current displays, the choice of digit driver transis-
tor is important as the digit current will depend on how high
the digit driver output of the display controller can pull up
due to the emitter follower configuration. For good display
brightness, a high gain medium power transistor should be
used.

e
o

PACKAGE DISSIPATION (W)
o

C. Vacuum Fluorescent (VF) Displays

The MM74C911/MM74C912/MM74C917 are not directly
capable of driving VF displays, but serve as a major func-
tional block to ease driving 4- or 6-digit displays. The con-
trollers provide the multiplex timing for this display, but the
segment and digit outputs must be level shifted, and a fila-
ment voltage must be applied.

In Figure 16, a DS8654 or similar device is used to translate
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 cath-
ode voltages and the bias zener will depend on the display
used, but the basic circuit is the same.
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V. MM74C911 DISPLAY APPLICATIONS

Of the three CMOS display controllers, the MM74C911 is
the simplest, but also the most versatile. Since the charac-
ter font is not predetermined, many non-numerical charac-
ters can be displayed using standard 8-segment displays. In
many cases, it may be desirable to enable a small micro-
processor to display prompt messages where the use of
more complicated alpha-numeric displays is not justified.
For these cases, the MM74C911 is ideal, because any com-
bination of segments can be controlled. Figure 17 shows
many of the possible letters and numbers that can be dis-
played along with their binary and hexadecimal values on 8-
segment displays. .
There is no reason to restrict the MM74C911 to alpha-nu-
meric displays, as the controller allows direct control of indi-
vidual LEDs. The MM74C911 can be connected to a mixture
of numerical and discrete LEDs as typified by Figure 18.
Thus status and numerical data can be simultaneously con-
trolled.

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

VL. 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 con- .

troller 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 advantageous when
using smaller displays that require little power to begin with.

VII. MM74C912/MM74C917 DISPLAY APPLICATIONS

Both the MM74C911/MM74C912 have predetermined char-
acter fonts and this limits their versatility, but greatly simpli-
fies 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. General-
ly, this part is used to display hexadecimal address and data
information where decimal points are rarely needed. These
segments could be used for status information. Figure 23
shows a typical implementation. The status LEDs could indi-
cate power, run and halt status information of a host pP or
could indicate the type of instruction being executed. Al-
though the MM74C912 applications would tend to use the
decimal point more often, itis equally capable of implement-
ing 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 MM74C817 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 load-
ed, various combinations of discrete LEDs would be lit. The
tables included in these figures illustrate numerical combi-
nations and their results.

HEX CODE HEX CODE
CHARACTER FOR 74C911 DISPLAY CHARACTER FOR 74C911 DISPLAY

0 FC 0 J 78 N

1 60 ! L 1c L

2 DA 2 N 2A "

3 2 3 0 FC a

4 66 4 0 3 a

5 B5 5 P CE P

5 BE & R OA ;

7 €0 7 s BS 5

8 FF A T 8C

9 F6 a U 7C i
v 38 .

A 33 A Y 76 Y

B 3 ! Y 3 Iz

¢ 9¢ r

D 7A o (Blank) 00

£ 9E £ . o1

F 8E £ - 02

¢ 8c G = 12

H 6E - H ? CA e

H 2E b = 01 E

| oc = 9B c

! 20 |

TL/F/6030-19

FIGURE 17. Segment Coders for Various Characters Using 8-Segment Displays (MSB of Hex Code Is Segment a, LSB Is
Decimal Point l.e., for0 (a=1,b=1,c=1,d=1,e=1,f=1,g=0,dp=0)=FC)
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FIGURE 25. MM74C912 (a) 4 Digit Display with Discrete LEDs (b) I/0 Data Table

VIII. INTERFACING TO MICROPROCESSORS

The CMOS LED display controllers can be easily interfaced
to most of the popular microprocessors with the addition of
only a few ICs. Most microprocessor data and address bus
logic is specified to be TTL compatible. A standard TTL log-
ic high, Voy is supposed to be > 2.4V at full load which is
not compatible with a CMOS V|y > 3.5V. Although micro-
processor inputs will typically pull-up above 3.5V, this is not
guaranteed over the entire temperature range. It is recom-
mended that pull-up resistors be added to raise this level
above 3.5V. Under most conditions, a 5k-10k resistor
should suffice.

The write timing of the display controllers is illustated in Fig-
ure 26. The minimum write access time is 430 ns for the
MM74C912/MM74C917 and 450 ns for the MM74C911. A
write to the controller is accomplished by placing the de-
sired data on the data inputs, lowering the CE and WE in-

puts, and then raising them to complete the write. Even
though CE and WE are interchangeable, CE is usually de-
rived from the address decoding logic and WE is connected
to the CPU write strobe. Other than the slight timing differ-
ences between 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
microprocessors 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 re-
quired. Since the INS8080 has a separate memory and /O
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port address spaces, one of the I/0 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 I/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 external gating logic may be added to the CE input.

The MM74C912/MM74C917 would be interfaced by con-
necting the A, B, C, D and DP to bit D0O-D4 of the data bus
and connecting K1-K3 to Ag—A». Writing data to these con-
trollers would be the same as writing to the MM74C911.

B. Interfacing to the Z80®

To connect these display controllers to the Z80 microproc-
essor, only a minor modification to the INS8080 need be
made. The Z80 control signals are slightly different from the
INS8080. Instead of the INS8080 1/0 write strobe, the Z80
has an I/0 request line (IOREQ), which goes low to indicate
an |70 port is to be accessed, and a write (WR) strobe
which indicates that a memory or 1/0 write is to be done. By
OR-ing, these together an equivalent I/OW signal is gener-
ated as shown in Figure 28.

C. Interfacing to the NSC800™T™

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 1/0 ports, the
interface is only slightly different from the INSB080 design.
When an /0 instruction is executed, the port address that
appears on A0-A7 is duplicated on A8-A15, and this ad-
dress can be used directly. The controller WE input must be
decoded from a WR (write enable) and 10/M (I/0 or memo-
ry enable) as shown in Figure 29. Note that since the
NSC800 is a CMOS microprocessor, no pull-up resistors are

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 decod-
ers could be connected to the CE input.

D. Interfacing to the 6800

When using the INS8080, Z80, or NSCB800, these proces-
sors have separate 1/0 and memory address spaces. This
usually allows simpler interfaces to be designed. The 6800
has no separate 1/0 addressing so 1/0 ports are usually
mapped into a small block of memory. This requires more
address decoding to ensure that memory and 1/0 don’t
overlap.

Figure 30 shows a DM8131 6-bit address bus comparator
whose B, inputs are a combination of A15-A12 address
bits, the ®5 (6800 system clock) and the VMA (Valid Memo-
ry Access) control signal. When these inputs equal the cor-
responding 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 1/0 addressing, so the
MM74C911/MM74C912/MM74C917 must be memory ad-
dressed, but unlike the 6800 both the INS8070 series and
the INSB060 have separate read/write strobes, which can
simplify interfacing the display controllers. Figure 31 illus-
trates 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-A14 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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F. Multiple Display Controllers

In systems where multiple display controllers are to be
used, the simple addressing schemes of the previous exam-
ples may prove to be too costly in 1/0 capabilities, so some
extra decoding is necessary to derive the CE signals. A typi-
cal 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 2 1 ns, a CMOS decoder such as the
MM74C42 or MM74C154 can be used, but if faster access-
ing is required, their LS equivalents should be employed.

Figure 32 shows a typical implementation of a 16-digit dis-
play using half of a DM74LS139 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, mi-
croprocessor software requirements are such that data out-
putted 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 “'bookkeeping” 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 x 4 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 environments, but
any type of CMOS compatible control hardware can be
used. The MM74C911/MM74C912/MM74C917 can most
easily drive common anode displays. By providing most of
the multiplex circuitry into one low-cost integrated circuit,
the burden of designing discrete multiplexing has been elim-
inated.
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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 Icc.
This is the DC current that flows from Vcg to ground when
all inputs are held at either Vgg or ground, and all outputs
are open. This is known as the quiescent state.

For the MM54HC/MM74HC family, Igc is specified at ambi-
ent temperatures (Ta) 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 Igc specifications for
the MM54HC/MM74HC family are summarized in Table I. In
addition, it should be noted that the maximum Igg current
will decrease as the temperature goes below 25°C.

TABLE I. Supply Current (Icc) for MM54HC/MM74HC
Specified at Vg =6V

Ta Gate Buffer MSI Unit
25°C 2.0 4.0 8.0 pA
85°C 20 40 80 pA
125°C 40 80 160 RA

National Semiconductor
Application Note 303
Kenneth Karakotsios

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 Vco=6V are 10 uW, 20 uW, and 40 uW, respectively.

Dynamic Power Consumption

Dynamic power consumption 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 1is 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:
QL=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

vee

—

ouTPUT

L,

INPUT O

L

|

s—i—

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

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

verse of the period of a waveform is frequency (1/T=1):
IL=CV¢cf

To find the power dissipation, both sides of the equation

must be multiplied by the supply voltage (P=VI), yielding:
PL=CL Voc?t
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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=Vcc2(Cpif1+Crofo+ . . . +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.

<
[=]
23

{
J‘ & e
_INPUT ”c3 I | Ici ouTPUT
v =cs -[-Cz |[v
NI =
INVERTER 1 - INVERTER 2

TL/F/5021-2
FIGURE 2. Parasitic Internal Capacitances
Associated with Two Inverters

C4 and Gy 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 Ve and ground, respectively.
Thus the total internal capacitance seen by inverter 1 driv-
ing inverter 2 is:
Ci=C1+C+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:

Pi=C\Vce2f
vee
I P
INPUT O—¢ OUTPUT
GND<VIN<VCC Vee>VouT>GND
I N

=

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¢c to ground, as
illustrated in Figure 3.

For fast input rise and fall times (shorter than 50 ns for the
MM54HC/MM74HGC 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 “Cppg,” 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 differenc-
es in circuit design for each part. The MM54HC/MM74HC08
exhibits the greatest change in Cpp, while the MM54HC/
MM74HC139 shows less of an increase in Cpp at

vee

RP-CHANNEL

QUTPUT

RN-CHANNEL

TL/F/5021-3 - TL/F/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 MMS54HC/MM74HC family will fall within
these two curves. One notable exception is the MM54HC/
MM74HCU04,

105pF T
Hl&
104pF
103pF
/4 HC139
100pF A HC390
10pF
Cpo
ins  10ms 100ns s 10us  100us
INPUT RISE AND FALL TIME

TL/F/5021-5
FIGURE 4. Comparison of Typical Cpp for
MM54HC/MM74HC08, MM54HC/MM74HC 139
MMS54HC/MM74HC390 as a Function of
Input Rise and Fall Time.
trise=tran, Vcc =5V, Tp=25°C

104

103

HC390 chy
100 > /7

10 Wy P
| A e

=]
Cep
CpDp
1ns 10ns 100ns 1us  10us 100us
INPUT RISE AND FALL TIME

TL/F/5021-6
FIGURE 5. Normalized Effective Cpp (Typical)
for Slow Input Rise and Fall Times.
trise =ttan, Vec =5V, TaA=25°C

Inputs that do not pull all the way to V¢ 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 Vg, then the
input N-channe! 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
Ve to ground will occur, resulting in an increase in power
consumption.

Combining all the derived equations, we arrive at the
following:
ProraL=(CL+Cpp)Vec? +lecVee

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 Vg 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 V¢ 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
(Vce) 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.

MM74HC~0.003.W
GATES
l LSTTL~8mW
MM74HC~0.005.W
FLIP-FLOPS
| LSTTL~20mW
MSI LOGIC | [ MM74HC~0.25.W
(COUNTERS
MUX'S,
OCTALS, ETC.) LSTTL~50-100 mW ]
! ! . ;
0 20 40 60 80 100

POWER CONSUMPTION (MILLIWATTS)
TL/F/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 Vgc 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.

10mA

" 7aLs00
ONE GATE AC AND
QUIESCENT CURRENTS

100, | MMT4HCOD /,

; MM74C00
05 y/ T

v

1mA

SUPPLY CURRENT (PER GATE)-mA

A
10kHz 100kHz 1MHz  10MHz 100MHz
INPUT FREQUENCY :
TL/F/5021-8

FIGURE 7. Supply Current vs. Input Frequency

for Equivalent NAND Gates
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10MHz  100MHz
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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 Fryay, a block
operating at one quarter Fyay, 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:

ProtaL=P1+(P1)/2+(P1)/4+ . . .+(P1)/(2“‘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 Fmnax/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.

CMOS:

BLOCK AT
fmax

POWER =Py

BLOCK AT BLOCK AT
Imax/2 » fmax/4

POWER2=P1/2 POWER3=P1/4

b oo e

POWERy=P1/2(n-1)
LSTIL:

BLOCK AT BLOCK AT
fmax fmax/2

POWERq =Py POWERZ~P1/2

BLOCK AT
Tmax/4

POWER3~P1/2 POWERy™Py/2
TLIF/5021-10

FIGURE 9. Comparison of Equivalent CMQS
and LSTTL Systems

=

This effect is further illustrated in Figure 70. 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
CMQOS 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. The plastic small-
outline (SO) can dissipate up to 500 mW, and the ceramic
DIP and plastic DIP can dissipate up to 700 mW. Aithough
this fimit will rarely be reached in typical high-speed applica-
tions, the MM54HC/MM74HC family has such large output
current source and sink capabilities that driving a resistive
load could possibly take a device to the 500 or 700 mW
limit. This maximum power dissipation rating should be de-
rated, starting at 65°C for the plastic packages and 100°C
for the ceramic packages. The derating factor is different for
each package. The factor for the plastic small-outline is
—8.83 mW/°C; the plastic DIP, —12 mW/°C; and the ce-
ramic DIP, —14 mW/°C. This is illustrated in Figures 11 and
72. Thus, if a device in a plastic DIP package is operating at
70°C, then the maximum power dissipation rating would be
700 mW — (70°C — 65°C) (12 mW/°C) = 640 mW. Note
that the maximum ambient temperature is 85°C for plastic
packages and 125°C for ceramic packages.
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FIGURE 10. System Power vs. Frequency

MMHC74HC vs. LSTTL
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FIGURE 11. Plastic Package (MM74HC)
High Temperature Power Derating
for MM54HC/MM74HC Family
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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 V¢g 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? +lccVee
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
silicon gate P-well CMOS process single layer poly, single
layer metal, P-well process with oxide-isolated transistors.
Why do silicon-gate transistors (polycrystalline) switch fast-
er 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 pro-
cessing 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 (SiOy) (Figure 7). Silicon dioxide,
also called oxide acts as both a mask for certain processing
steps and a dielectric insulator. Figure 2 shows

Si02

National Semiconductor
Application Note 310
Kenneth Karakotsios

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
12illustrates the final step in processing, which is to deposit
an insulating layer of silicon dioxide over the entire surface
of the integrated circuit.

Silicon
-Substrat

FIGURE 1. Initial Oxidation, Thermally Grown Silicon
Dioxide Layer on Silicon Substrate Surface

Si02

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
— Well and N-Substrate
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FIGURE 5. P + Oxidation, Thermally Grown Silicon
Dioxide Layer Over P+ Type Pockets
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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 Sllicon
Dioxide Layer Over N + Type Pockets
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P+r—_’ :N*?—‘ P+ Si02 N+ +

FIGURE 8. Composite Mask and Openings to N- and
P-Channel Devices

FIGURE 9. Gate Oxidation, Thermally Grown Silicon Dioxide Layer Over N- and

P-Channel Devices

P+ N+ P+ Si02 N+ P+

FIGURE 10. Contact Mask and Openings to N- and
P-Channel Devices

FIGURE 11. Metallization, Metal Mask, Resulting in
Gate Metal and Metal Interconnects .

FIGURE 12. Passivation Oxide, Deposited Silicon
Dioxide Over Entire Die Surface

TL/L/5044-4

TL/L/5044-5
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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 714). That,
howsver, 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 (Cq through C,4) 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 (Cp and C4). 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 ion 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) _ >
I “lenath (Length [(Gate Voltage)-(ThresholdVoltage)]
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, aithough it is not apparent from the
processing cross sections, the transistor threshold (turn on)
voitage 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 result 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

" MM74HCO00 is about an order of magnitude faster than the

CD4011B buffered NAND gate, and about 5 times faster
than the unbuffered MM74C00, at 15 pF. As load capaci-
tance increases, the speed differential between metal-gate
and silicon-gate CMOS increases, with the MM74HCO00 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
seff-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 (SiO2)

— SUBSTRATE

FIGURE 13. Initial Oxidation, Thermally Growh Silicon
Dioxide on N— Silicon Substrate

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 " PADOXIDE

N — SUBSTRATE

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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TL/L/5044-15

TL/L/5044-16
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PAD OXIDE NITRIDE

TL/L/5044-8
FIGURE 17. Field Oxide Is Thermally Grown. The Nitride
Acts as a Barrier to Oxide Growth

GATE OXIDE

s s I

ERFIE LI

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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GATE OXIDE
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TL/L/5044-9

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 (SiO5) 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
On-Chip Capacitances
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FIGURE 25. Propagation Delay vs. Load Capacitance
for 2-Input NAND Gate
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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 metal-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 high-speed CMOS
are compared to those logic families.

A Buffered CMOS Logic Family

The MM54HC/MM74HC is a “butfered” 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
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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.
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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 Voo =5V these
input levels are 3.5V for minimum logic “1" (Vi) and 1.0V
for a logic “0" (V|L). The output levels when operated at
Vee=5V+10% and worst case input levels, are specified
to be Vgg—0.1 or 0.1V. The output levels will actually be
within a few millivolts of either Vg or ground.

When operated over the entire supply voltage range, the
input logic levels are: Vig=0.7Vcc and V) =0.2Vgg. 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 Vgg and the logic “0" noise margin is
19% of Vge. 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
Vee=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.

Vou=Vee 0.V

Wun(HC) =8 28 Ve

77
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A 7

b Vn(13) = .14 Ve
Wi (L8) =008 Ve

INPUT/OUTPUT VOLTAGE (V)

2 3 4 ] L}
POWER SUPPLY VOLTAGE (V)

TL/F/5052-3
FIGURE 2. Worst Case Input and Output Voltages Over
Operating Supply Range for “HC” and “LS” Loglc

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
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.
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FIGURE 3. Input/Output Transfer Characteristics for (a)
'HCO00 and (b) ‘LS00 Nand Gate
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The MMS54HCT/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
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
MMB54HCT/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 to interfacing from LSTTL is to tie
a pull-up resistor from the TTL output to Vgg, usually
4-10 kQ. This resistor will ensure that TTL will pull up to
Vco. (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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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 Vog=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 Vg and ground, except
for leakage currents which are typically much less than
1 nA. These are due to diode and transistor leakages.
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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 I. Standardized Icc Specifications for
MM54HC/MM74HC Logic at 25°C, 85°C and 125°C at

Ve =6.0V
Temperature Gates Flip-Flops MSI
25°C 2 pA 4 pA 8 nA
85°C 20 nA 40 uA 80 nA
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 54LS/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:
I= (Beta)(Width/Length)((Vg-VVg-0.5(V3))

Where Vg is the transistor gate voltage, Vy is the transistor
threshold voltage, and Vq 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 MM74HC, 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 fllp-ﬂops, latches,
buffers, and bidirectional circuits.

OUTPUT CURRENT

74HC-CMOS  74LSTTL CD4000 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
MM74HC 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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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 Output High Output Low LSTTL
Vec=4.5V Current Current Fanout
Standard 54HC | 4.0 mA (Voyt=3.7V) | 4.0 mA (VouT=0.4V) 10
Bus Driver 54HC | 6.0 mA (Voyr=3.7V) | 6.0 mA (VouT=0.4V) 15
Standard 74HC | 4.0 mA (Voy7=38.94) | 4.0 mA (VoyT=0.33V) 10
Bus 74HC 6.0 mA (VoyT=23.94) | 6.0 mA (VoyT=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 10, 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 of 50 mA.
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FIGURE 9. Typical P-Channel Output Source Current vs.
Output Voltage for (a) Standard and

(b) Bus Outputs
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The output current and voltage characteristics of a 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 11 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 Voo —0.8V. Itis 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.
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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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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 Vgg+ 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
Vec =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. Itis 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 lil. Absolute Maximum Ratings for
MM54HC/MM74HC CMOS Logic

Symbol Parameter

Value Unit

Vee DC Supply Voltage

—0.5t07.0 \

Vin DC Input Voltage

—-15toVeet+1.5 "

Vout DC Output Voltage —0.5toVgc+0.5 \'
+25 A

lout DC Current, Per Output Pin Standa.rd m
Bus Driver +35 mA
+50 A

Icc DC Vg or Ground Current Standa.rd 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 Vgc, 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.
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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 54LS/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

03

(a)

National Semiconductor
Application Note 314
Larry Wakeman

logic “1” input level is 3.5V (Vg =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 7a 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
(Vce=5.0V) which is more than adequate to drive CMOS. A
simple measurement of open circuit Voy can verify this cir-
cuit configuration.

vee
R1
04
R2 OUTPUT
03
= 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 Vcg, as shown in
Figure 2. When the output pulls up, the resistor pulls the
voltage very close to Vcc. 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 Vog=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 Vgc. 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.

/

MAXIMUM RESISTANCE _| -
BASED ON INPUT HIGH _|
CURRENTS

| /1
/] /

PULLUP RESISTOR—kS
(==}

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.

STANDARD
HC-CMOS INPUT

e )

TYPICAL vee
LSTILOUTPUT
Vee
)
£
P4

=

hgi

TL/F/5053-3

FIGURE 2. Interfacing LSTTL Outputs to Standard
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 Vgo. 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 Vgc. Both methods
are shown in Figure 7.

MM54HC/MM74HGC 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-LS!

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 MMS54C/MM74C logic
families are completely input and output logic 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
Vce =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 volitage. 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-
cation for a TTL system, high-speed CMOS may be operat-
ed at Vco=2-3V and can be connected to 5V TTL. CMOS
operating at 3V can be directly connected to TTL since its
input and output levels are compatible with TTL, and the

Vee=5V

}

TYPICAL
LSTTL QUTPUT
.-—.-.__r vee
<
<

TTL output levels are compatible with CMOS inputs, as
shown in Figure 10. When high-speed CMOS is operated at
2V, the TTL outputs will exceed the CMOS power supply
and the CMOS outputs will just barely pull high enough to
drive TTL, so some level translation will be necessary.

vee=3V

TYPICAL
HC-CMOS INPUT

LSTTL LOGIC

Veo=3V

HC-CMOS OUTPUT

HC-CMOS LOGIC
TL/F/5053~10

vee=5v

EQUIVALENT
LSTTL INPUT

—

I =

HC-CMOS LOGIC CMOS TO LSTTL LSTTL LOGIC

TL/F/5053-11

(b)

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

will have to be down converted to 5V high-speed CMOS
levels. Figure 71 shows several possible down conversion
technigues using either a CD4049, CD4050, MM54HC4049,
MM54HC4050, or MM54C906.

vee=5v
VeC=9--15V
TYPICAL 4 TYPICAL \

CMOS QUTPUT HC-CMOS OUTPUT

740801

740902

€D4048

CD4050

54HCA049 or
54HC4050
R R

=N
'____,/j | LI?

HC-CMOS LOGIC
TL/F/5053-12

TYPICAL
HC-CMOS INPUT

AN

HC-CMOS LOGIC

TL/F/5053-13

1 Nl—
STANDARD CMOS LOGIE
(a)
Veg=9-15V Ve =5
/ TYPICAL \
CMOS QUTPUT [
i: Bt
540906
NS l
> !
STANDARD CMOS LOGIC £
(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 .z
ty is to use a resistor voltage divider for down level conver- CMOS can be accomplished as shown in Figure 13. Here an rd
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

Ay

STANDARD CMOS LOGIC HC-CMOS LOGIC
TL/F/5053-14
FIGURE 12. CMOS to “HC” CMOS Logic Level Translation
Using Resistor Divider

vee=5Y vee=9-15V
/ TYPICAL \ / TYPICAL \
He-CMOS DUTPUT CMOS INPUT
& >
<R
N B .
L1
MMS4CS0E
HC-CMOS LOGIC L STANDARD CMOS L0GIC

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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TL/F/5083-17
FIGURE 15. Interfacing MM54HC/MM74HC to Relays

MMT8HC ==
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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
Vec=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 CMOS logic has a logic trip point at about
mid-supply, and the outputs will transition from ground to
Ve, 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
(loL=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

National Semiconductor
Application Note 317
Larry Wakeman

capacitor and a 1 k2 resistor. To test tpyz, the resistor is
swiched to ground, and for tpz it is switched to V. 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.
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ov

VOH—
QUTPUT
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{CLOCK)

*NOTE: tw COULD BE EITHER

POSITIVE OR NEGATIVE PULSE
DEPENDING ON SPECIFICATION
TL/F/5067-2
(b)
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GND I o

CL=50pF (STANDARD DEVICE)
CL =50 or 150pF (BUFFER DEVICE)

TL/F/5067~3
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FIGURE 1. Typical Timing Waveform for (a) Propagation
Delays, and (b) Clocked Delays. Also Test
Clrcuit (c) for These Waveforms (t,=t;=6 ns)
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FIGURE 2. Typical TRI-STATE (a) Timing Waveforms
and (b) Test Circuit for 54dHC/74HC Devices

Note: Some early data sheets used a different test circuit. This has been
changed or will be changed.

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 thana 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,
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TL/F/5067-7
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FIGURE 3. Typical Timing Waveforms 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%.

80

[
TA=25°C
CL=50pF

<]

I e N

3 \ T4HC139
TUHCIT4

=

g ™ / 74HC00

= N

e o

E /\

£ 2 -\ \\/

0
2 3 4 5 6
POWER SUPPLY VOLTAGE

TL/F/5067-8
FIGURE 4. Typical Propagation Delay Variations of
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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.

tpo(V) = [tV)] [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 Voo =4.5V specifica-
tions.
For example, to calculate the typical delay of the 74HC00 at
Vcc =6V, the data sheet typical of 9 ns (15 pF load) is used.
From Figure 5 (V) is 0.9, so the 6V delay would be 8 ns.
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FIGURE 5. MM54HCMM74HC Propagation Delay
Variation Vs. Power Supply Normalized to
Veec=4.5V, and Vgc = 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, one
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(CV) = [t(C) (CL — 15pF)] + [tpp(5VI V)] 1.1

Where (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
Veo=5V, then t(V)=1 and {(C)= 0.042 ns/pF (standard
output), 0.028 ns/pF (bus output).

Using the previous 74HC00 example, the delay at Voc=6V
and a 100 pF load is:

tpp(100 pF,6V)=(0.042)(100—15)+(0.9 X 9)=11 ns

30

74HC164

% 74HC374

20 =t

N

L
]

15
L]
—

\

—
-
=
e \ 7amco0
TaHC240

PROPAGATION DELAY—ns

0 50 100 150 200 250

LOAD CAPACITANCE—pF
TL/F/5067-10
FIGURE 6. Typical Propagation Delay Variation
With Load Capacitance for 74HC04, 74HC 164,
74HC240, 74HC374

0.10

0.08

0.06

\\
\ NSTANDARD
N

~
\\
~———

CAPACITIVE DELAY VARIATION CONSTANT, t(C)—ns/pF

0.04 \ T —
BUS DRIVER
0.02
2 3 4 5 6
POWER SUPPLY VOLTAGE

TL/F/5067-11
FIGURE 7. Propagation Delay Capacitance Variation
Constant Vs. Power Supply

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 CMOS 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:

teo(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 74HC00
example from the previous section, the expected increase in
propagation delay when operated at Vog=5V and 85°C is
[1+(85-25)(0.003)I(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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FIGURE 8. Typical Propagation Delay Variation
With Temperature for 54HC02, 54HC390,
54HC139, 54HC151

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 Vgc =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 they exhibit the similar tem-
perature and supply dependence as propagation delays.
They are, however, independent of output load conditions.
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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 Vcg=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 Comparison

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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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 HC-
CMOS is similar to CD4000. This is due to the same physi-
cal phenomenon in both families. The 54LS/74LS logic fam-
ily 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
54LS/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.

LLE-NV
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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. MM54HG/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 MM54HC/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
541.8/74LS 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/MM74HGC family contains several
special functions not previously implemented in CD4000 or
54LS/74LS. .

Although the functions and the speeds are the same as
541.8/74LS, 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 fam-
ily has been designed to have speeds equivalent to LS-TTL,

National Semiconductor
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and to be 8-10 times faster than CD4000B 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-
flop 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

20

rd
J’
s L2 e |

'\
\
\
:\
=

10

2,

PROPAGATION DELAY (ns)
\)
\J
\
\

A\

L

T: 7S
o |
¢ 50 10 150 200
LOAD CAPACITANCE (9F)

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 MS!
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 11 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 |l compares
typical HG 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.

TABLE II. Comparison of Typical Quiescent
Supply Current for Various Logic Families

HC-CMOS | LS-TTL | ALS-TTL | S-TTL
SSl| 0.0025 uW [ 5.0mW | 20mW | 75 mwW
Flip-Flop | 0.005uW | 20.0mW | 10mW | 150 mW
MSI 0.25 uW 90 mW 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.

The previously mentioned curves plot unloaded circuits.
When considering typical system power consumption, ca-
pacitive loading should also be considered. Table Il 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

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
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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 simpilification 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 & indicates, these frequen-
cies are usually far above the 30 MHz limit of HC-CMOS or
LS-TTL.

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 Vgo=5V, MM54HC/MM74HC is designed to
have input voltages of V|iy=3.5V and V|_=1.0V. Additional-
ly, input voltage over the operating supply voltage range is:
ViH=0.7Vcc and V) =0.2V¢c. This compares to Vjy=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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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 'HCO8 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 voitage 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
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being provided to ease design of mixed HC/LS/ALS/S sys-
tems. These butfers have 0.8V and 2.0V TTL input voltage
specifications, and provide 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 pA 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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POWER SUPPLY RANGE

Figure 4 also compares the supply range of MM54HC/
MM74HC logic and LS-TTL. The high speed CMOS family is
specified to operate at voltages from 2V to 6V. 54LS, 548
and 54ALS logic is specified to operate from 4.5V to 5.5V,
and 74LS and 74S will operate from 4.75V to 5.25V. 74ALS
is specified over a 4.5V to 5.5V supply range. This wider
operating range for the HC family eases power supply de-
sign by eliminating costly regulators and enhances battery
operation capabilities.

OUTPUT DRIVE

Since there was no speed, noise immunity, or power trade-
off, standard HC-CMOS was designed to have similar high
current output drive that is characteristic of LS-TTL and
ALS-TTL. Schottky TTL has about 5 times the output drive
of MM54HC/MM74HC. Thus HC-CMOS has an output low
current specification of 4 mA at an output voltage of 0.4V. In
keeping with CD4000B series and 54C/74C series logic, the
source and sink currents are symmetrical. Thus HC logic
can source 4 mA as well. This large increase in output cur-
rent for high speed CMOS over CD4000B also has the add-
ed advantage of reducing signal line crosstalk which can be
of greater concern in high speed systems. Figure 8 com-
pares HC, LS, and ALS specified output currents.
Since TTL logic families do have significant input currents
they have a limited fanout capability. Table IV illustrates the
limitations of these families, based on their input and output
5

currents. High speed CMOS is also included. MM54HC/
MM74HC has the same CMOS-t0-CMOS fanout character-
istics as CD4000B, virtually infinite.

TABLE IV. Fanout of HC-CMOS, LS-TTL,

ALS-TTL,S-TTL
From,To | 74HC | 74LS | 74ALS | 74s
74HC 4000 10 20 2
74.8 * 20 40 4
74ALS * 20 40 4
748 . 50 100 10

As another indication of the similarity of HC-CMOS to LS-
TTL, Figure 9 plots typical output currents versus output
voltage for LS and HC. The output sink current curves are
very similar, but LS source current is somewhat different,
due to its emitter-follower output circuitry.

MM54HC/MM74HC bus driving circuits, namely the TRI-
STATE buffers and latches, have half again as much output
current drive as standard outputs. These components have
a 6 mA output drive. The 6 mA was chosen based on a
trade-off of die size and speed-load variations. This current
is less than the 12 mA or more specified for LS and ALS bus
driver circuits, because the bus fanout limitations of these
families do not apply in CMOS systems. S-TTL bus output
sink current is 48 mA. -
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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,
74S, 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
'HCO0'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. Nots, 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
logic family.
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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
Vcg 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 Vg 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 Vgg 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 Vg 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 pro-
cess for latch up has verified the elimination of this parasitic
mechanism. In tests conducted under worst case conditions
(Vcc=7V and T4o=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 [C’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

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 statically, 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. Its
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 SCRstructure 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 transistor
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.

vee

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 Vgg. 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 simplified, Figure 6 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 for
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 s, 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 tatch 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
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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 net-
works effectively limit input currents while using lower input
resistors. 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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A third approach is instead of placing resistors in series with Most methods previously employed to eliminate latch up are
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
TL/F/5346-14 a P—well process the gain of the vertical NPN is determined
by the specific CMOS process, and is dependent on junc-
tion depths and doping concentrations. These parameters
also contro! the performance of the N-MOS transistors as
well and so process modification must be done without de-

FIGURE 12. Supply Resistor-Capacitor Circuits for
Eliminating Latch-up

This last solution has the advantage of fewer added compo- grading CMOS performance. To reduce the gain of the verti-
nents, but also has some disadvantages. This method may cal PNP the doping levels of the P— well can be increased.
not prevent latch up unless the resistors are fairly large, but This will decrease minprity carrier lifetimes. It will also re-
this will greatly degrade the output current drive and switch- duce the substrate resistance lowering the NPN base-emit-
ing characteristics of the device. Secondly, this circuit pro- ter resistance. However this will increase parasitic junction
tects the IC from damage but if diodes currents are applied capacitances, and may atfect NMOS threshold voltages and
causing large supply currents, the circuits will logically mal- carrier mobility. The depth of the well may be increased as
function where as with other schemes logic malfunction can well. This will reduce layout density due to increased lateral
be prevented as well. diffusion, and increase processing time as it will take longer

to drive the well deeper into the substrate.

PREVENTING LATCH UP: IC DESIGN SOLUTIONS The lateral PNP’s gain is determined by the spacing of input

The previous latch up solutions invelve 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 Voo 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 Vgg 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.
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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 Vgg diodes or force current
out of the ground diodes. By controlling 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 is 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 1C.

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
0-50mA.

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 Vg, 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 IC 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

Vce DIODE TEST CIRCUIT

GROUND DIODE TEST CIRCUIT

AMMETER AMMETER
L On
» Ve vce

Lt .
e | e N =

VOLTMETER GND W

GND VOLTMETER 0 7 >
TEST DEVICE P% TEST DEVICE

-

TL/F/5346-17

Ta = 125°C
FIGURE 15. Bench Test Setup for Measuring Latch-up
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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 oscillator 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

X Fr Fa

|
|
|
\:/ \
|
|
|

Xc

TL/F/5347-2
Reactance of Crystal Resonator
FIGURE 1

Basic Oscillator Theory

The equivalent circuit of a quartz crystal, and its reactance
characteristics with frequency are shown in Figure 1. Fg is
called the resonant frequency and is where L1 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 L1-C4 look inductive and resonate with Cgo
to form the parallel resonant frequency Fa, Fr and Fp are
usually less than 0.1% apart. In specifying crystals, the fre-
quency Fg 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 Fa where the inductive component of the
L4 —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

32 kHz 200 kHz 2 MHz 30 MHz
Parameter|fundamental|fundamental/fundamental|overtone|
R4 200 k2 2k 100 200
L4 7000H 27H 529 mH 11 mH
C 0.003pF | 0.024pF | 0.012pF (0.0026 pF
Co 1.7 pF 9 pF 4pF 6 pF
Q 100k 18k 54k 100k

National Semiconducter
Application Note 340
Thomas B. Mills

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

-A
+ {> CRYSTAL *
. EQUIVALENT o
I—-_LT—_n,——;'c,_T
} \ } «—1
i [ [ I ==¢
| 1 P T
- I J 1=

TL/F/5347-3
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:

Xg2
Z = ==
L RL
Where Xg= —j/»Cpg and R\ is the series resistance of the
crystal as shown in Table I. Also w=2nf where f is the
frequency of oscillation.

The ratio of the crystal network’s input voltage to it's output
voltage is given by:

Ca and Cpg 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 or equal to one, or:

(An)AR) 21
Where Ay is amplifier gain and A is crystal network voltage
gain of the crystal 7 network: ea/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=100Q (Table I). If ea/eg=1 and the crystal requires a
32 pF load so Cg =64 pF and then Cp becomes 64 pF also.
The load presented by the crystal network is Zy = (Ve (2
MHz) (64 pF)2)/100=16 k.
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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 will 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.

Rg ~ 10 MQ
—AAM——

Rz

= 2K
AAA

vV

T4HCUO04

i
1\ Ca 62 pF IC; 62 pF

TL/F/5347-4
FIGURE 3. Typical Gate Oscillator

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 equa! 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 Rp 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 Cg 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 Ra. The val-
ue of this capacitor is approximately 1/wC where w=27f,
but not less than about 20 pF.

R = 10 MQ
AAA
vy

| D |

1Lt

:-I-“\c. 62 pF ;-Ech=62pF
TL/F/5347-5

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.

RL=1kQ

AAA

A\ A4 1
Cs ~ 36 pF, |
Tan 300 pF

TL/F/5347-6
FIGURE 5. Gate oscillator with improved stability
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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 Osclllators

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 Lao—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 La 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
Rp=10 MQ

RE: Sets the bias point, should be as large as practical.
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 Rt 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 techniques 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 oscillator 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.

18]

Ly 0.9uH
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 envi-
ronment. In a CMOS environment, no interfacing is required.
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 included in the Na-
tional Semiconductor MM54HC/74HC High Speed micro-
CMOS 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 further in the following section.

Originate and Answer Mode

This is controlled by O/A (pin 13). O/A = V¢ selects origi-
nate 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 TXD (pin
11).

Bell 103 Tone Allocation

Data Originate Modem Answer Modem
Transmit | Receive | Transmit | Receive

Space 1070Hz | 2025 Hz 2025 Hz 1070 Hz

Mark 1270 Hz | 2225Hz | 2225Hz 1270 Hz

Squelch Transmitter

Transmitter squelch is achieved by putting SQT = V¢¢
(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 received
before beginning transmission. During the wait time, the mo-
dem 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 further
in Transmission of Externally Generated Tones (section 3d).

Analog Loop Back

ALB = Vg, SQT = GND selects the state “analog loop
back”. (The state ALB = SQT = V(g 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
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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 mods, the modulator and transmitter
are active, so the transmitted tone is not squelched.

Power-Down Mode

The state SQT = ALB = Vg 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
M8 ALB RXD
CHIP WITH
MM74HC942/943 TRI-STATE
sar’ OUTPUTS
sar 1]
1l
T0 OTHER
CIRCUITS
“gUs”
CHIP
SELECT

TL/H/5531-1

The ability of the outputs to TRI-STATE allows the modem
to be connected to other circuitry in a bus-like configuration
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

2.5pF — 2.5»pF

T0 CIRCUITRY

WEAK
INVERTER
MM74HC942/943

-
XTALS| 3579 MHz [ XTALD

TL/H/5831-2

The capacitors used on each end of the crystal are a combi-
nation 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 problem as
the frequency shift is small (approximately 0.1%).

The oscillator is designed to run with equal capacitive load-
ing on each side of the crystal. This should be taken into
consideration when designing PC tayouts. This need not be
exact.

If a 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.

The Oscillator and Power-Down Mode

When the chip powers down, all circuits except the oscilla-
tor 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 Vg or GND. This will cause the total chip
current to fall to less than 5 uA. This may be useful in bat-
tery powered systems where minimizing supply current is
important.

Powering Down the Oscillator

-
MM74HC942/943 _I

1N8001, s o

N7,
ETC.

TL/H/5531-3
2) MODULATOR SECTION

a) Operation

The modulator receives data from the transmit data (TXD)
pin and synthesizes a frequency shift keyed, phase coher-
ent sine wave to be transmitted by the fine driver through
the transmit analog (TXA) pin. Four different sine wave fre-
quencies are generated, depending on whether the modem
is set to the originate 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 filter and a low pass filter
smooth the sine wave, removing high frequency compo-
nents and insuring that noise levels are below FCC regula-
tions.

b) Transmit Level Adjustment

The maximum transmit level of the MM74HC943 is —9dBm.
Since most phone lines attenuate the signal by 3 dB, the
maximum leve! that will be received at the exchange is ~12
dBm. This level is also the maximum allowed by most phone
companies. The MM74HC942 has a maximum transmit lev-
el of 0 dBm, making possible adjustments for line losses up
to —12 dB. The resistor values required to adjust the trans-
mit 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 between 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 re-
sistor must be chosen with the co-operation of the relevant
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 Reg-
istered Jack Arrangement. This arrangement is possible
only with the MM74HC942 because of the dynamic range
constraints of the MM74HC943.

The Modulator
PROGRAMMABLE wxe | owoesy
CLOCK ————>} DIVIDER >l 15 CounTER
Y7 PN NOBULUS SINE
X0 CONTROL CONVERSION
Vee lL
RTLA D/A REFERENCE Vagr /A
GENERATOR > converten
LOW PASS
FILTER
TRANSMIT
CARRIER
(fe)
TL/H/5531-4
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 signals,
as discussed in section 3d. When used for transmitting mo-
dem-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

+¥ee
TXA
BIAS
TRANSMIT
LEVEL _ SOURCE
ADJUST
CIRCUIT
Vs
TLA

TL/H/5531-85

b) Second Harmonic Distortion

If the modem is operating in the originate mods, 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.

c) Dynamic Range

The decision to use the MM74HC942 or the MM74HC943 is
a tradeoff between output dynamic range and power supply
constraints. The power supply is discussed in another sec-
tion. The MM74HC942 will transmit at 0 dBm while the maxi-
mum 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 6002 load resistor (representing the phone
line) when driven from the external 60012 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 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 signal level of the
transmission. Most phone companies allow DTMF tone gen-
eration at 0 dBm. This level is the maximum that the
MM74HC942 can produce and is beyond 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 dis-
able the output of the modulator section. The choice be-
tween 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 ad-
justable gain as a series resistor is necessary.

Using the DSI Input

I_ _lek_ _I

VWA l
Aoy 08I -
%
MM74HCS42—GND l I
MM74HCI43—GNDA

MM74HC342/843

-

Gain Ay = %

TL/H/5531-6
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
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shown in the diagram following. When the tone generator is
not in use and the modem is not squelched, the DTMF gen-
erator’s output is in TRI-STATE. Rather than using the line
driver, the tone generator’s output is instead connected to
the same node as the TXA pin. The tone generator is active
when the modem is in power-down. Power-down TRI-
STATEs the TXA output. ’

Interfacing to DTMF Generator
Using TRI-STATE Feature

ALB ALB
MM74HC842
MODEM TXA
sar sar
TP53130
DIALER
CHIP TONE TONE
SELECT OISABLE  ouTPUT

TO PHONE
LINE

TL/H/5631-7

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 network
have an equivalent.input impedance of 600(2. 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 transmit-
ted signal from the total signal on the phone line, has re-
moved the transmitted component.

Unfortunately, these ideal conditions rarely exist and filter-
ing is used to remove the remaining transmitted signal com-
ponent. 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 Ana-
log 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 FTLGC 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 pin is 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 7 mVrms. It is thus important that the wiring to the 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
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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 offset.
The controlled offset sets the amount that the AC signal
must exceed the DC level (and thus the AC amplitude) be-
fore the comparator switches. When this happens, the com-
parator output sets a resettable one-shot which converts
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 cir-
cuit.

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 to the volt-
age on this pin, so doubling the voltage causes a 6 dB in-
crease 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 accura-
cy and predictability of the carrier detect trip points will de-
crease.

The output impedance of the CDA pin is high. It is constant
(£ 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, ca-
pacitive coupling from the adjacent XTALD pin can present
a problem. For this reason a 0.1 uF capacitor is usually
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 carrier
is detected. This will effectively increase the carrier detect
hysteresis.

Increased Carrier Detect Hysteresis

I wimmcsizraa 1, .
+Vee o

TL/H/5531-11
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 Control
The capacitor on the CDT pin adjusts the amount of time

that carrier must be present before the carrier is recognized
as valid.

Carrier Detect Block Diagram

RECEIVE FILTER
OUTPUT

| RE-TRIGGERABLE

6ms
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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

Ton-to-off = C X 0.54 seconds
and

Totf-to-on = C X 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.
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 ——@ : OuTPUT
OUTPUT

16k

'A'A‘
T
TL/H/5531-13

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 having
equal amplitude for a mark and a space. It also requires 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 limit-
er 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 ex-
tract 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 determined in
the carrier detect circuit) the RXD output is clamped high.
This stops the discriminator from attempting 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 supply
may be derived with a simple resistive divider. The GNDA
supply can then-be referenced to GND using capacitors.
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 di-
rectly into this circuit. The signal on FTLC may be only milli-
volts, 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 pre-
caution could result in unnecessary reduction of dynamic
range and carrier detect accuracy, and an increase in error
rate.
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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 internally.) 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 circuitry shares
the regulator. Power supply noise could be a problem if:

a) One or both of the power supplies are switching regulator

circuits. Switching regulators can produce a lot of supply
noise.

b) The modem shares its supply with a large digital circuit.
Digital circuits, particularly high speed CMOS (the HC fami-
ly) can produce large spikes on the supplies. These spikes
have wide spectral content.

Ideally the modem could have its own supply. This may not
be cost effective, so in some applications power supply fil-
ters 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 pack-
ages are cheap, lend themselves to automatic insertion,
and are ideal for these filters.

It is difficult to set specifications for a *‘clean” supply be-
cause 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
—60 dBV. )
b) From DC to 50 kHz the ripple should not exceed
—50 dBV.

MM74HC942 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 asynchronously 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 uncon-
ditioned telephone lines. It also has a significant cost advan-
tage over the other types of modems available today. Ad-
vances in CMOS and circuit design technology have made
possible the MM74HC942—a high performance, low power,
Bell 103 compatible single chip modem. This chip combines
both digital and linear circuitry to bring the benefits of sys-
tem 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 polysili-
con and one metal layer) making possible a very dense lay-
out,

Vee GND Vss

National Semiconductor
Application Note 349
Anthony Chan
Peter Single

Daniel Deschene

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-channel
MOSFETs combine high gain with minimal parasitic gate-to-
drain overlap capacitance, facilitating the design of opera-
tional amplifiers with high gain-bandwidth product and ex-
cellent dynamic range. )

CHIP ARCHITECTURE

The chip architecture was arrived at after critically evaluat-
ing 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 versatility 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 un-
familiar with filter design and analog signal processing, in-
clusion of these functions was thus mandatory. The preci-
sion filters needed for a high performance modem also
make discrete implementations expensive. On the other
hand, the majority of new systems will typically include a
microprocessor which is quite capable of handling the chan-
nel establishment protocol. Besides, different systems may
require different protocols. Circuitry for this task was there-
fore omitted.

A block diagram illustrating the chip architecture is shown in
Figure 1. The on-chip line driver and line hybrid greatly sim-
plify interfacing to the phone line by saving two external op
amps. The output of the line hybrid, which is used to reduce
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FIGURE 1. Chip Architecture of the MM74HC942

Reprinted from Midcon/82
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the etfect of the local transmit signal on the received signal,
goes to a programmable receive bandpass filter. This filter
improves the signal-to-noise ratio at the input of the fre-
quency discriminator, which performs the actual FSK de-
modulation. The output of the receive filter is also monitored
by a carrier detector which compares 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.

All internal 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 typi-
cally 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 condi-
tion that does not occur during normal operation. This cuts
power consumption to typically under 50 nA, making it very
suitable for battery operation.

DEMODULATOR
Receive Filter

This is a nine pole, switched capacitor!.2 bandpass filter. it
is programmable by internal logic to one of two passbands,
corresponding to originate or answer mode operation. The
measured frequency response of the filter is shown in Fig-
ure 2. It shows that better than 60 dB of adjacent channel
rejection has been achieved. Note also the deep notches at
the frequencies of the locally transmitted tone pair.

ANSWER MODE

ORIGINATE MODE

AMPLITUDE (dB)
]
8

0 1k % K 4K 5k
FREQUENCY (Hz)
TL/H/5532-2
FIGURE 2. Measured Frequency Response of the
Receive Filter

A key design goal was to minimize the delay distortion of the
filter. This has also been met as evidenced by the delay
response curves shown in Figures 3a and 3b. These curves
have been normalized to the delays at 1170 Hz and
2125 Hz respectively. They show that the delay distortion in
the 1020 Hz to 1320 Hz band is approximately 70 us, while
that in the 1975 Hz to 2275 Hz band is approximately 110
ps. These bands contain all the significant sidebands of a
300 baud FSK signal. The low delay distortion of the receive
filter translates directly into low jitter in the demodulated
data.
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FIGURE 3a. Normalized Delay Response of the Receive
Filter in Answer Mode
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FIGURE 3b. Normalized Delay Response of the Receive
Filter in Originate Mode

An on-chip, second order, real time anti-aliasing filter pre-
cedes the receive filter. This masks the sampled data na-
ture of the switched capacitor design from the user, contrib-
uting to the ease of use of the chip.

Frequency Discriminator

Referring to Figure 4, the filtered receive carrier is first hard
limited to remove any residual amplitude modulation. It is
then split into two parallel, functionally indentical paths,
each consisting of a second order bandpass filter (BPF), a
full wave detector and a post detection lowpass filter (LPF).

The bandpass filter in the upper path is tuned to the ‘mark’
frequency, and that in the lower path to the ‘space’ frequen-
cy. The detectors are full wave rectifier circuits which, to-
gether with the post detection filters, measure the energy in
the mark and space frequencies. These are compared by
the trailing comparator to decide whether a mark or space
has been received.
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FIGURE 4. Block Diagram of the Frequency Discriminator

Carrier Detector

The carrier detector compares the output of the receive fil-
ter against an externally adjustable threshold voltage. Re-
ferring back to Figure 1, if the CDA (carrier detect adjust) pin
is left floating, the threshold is nominally set to ON at
—44 dBm, and OFF at —47 dBm. This can be modified by
forcing an external voltage at the CDA input. If the received
carrier exceeds the set threshold, the CD (carrier detect)
output will go low after a preset time delay. This delay is set
externally by a timing capacitor connected to the CDT (carri-
er detect timing) pin.

MODULATOR

As shown in Figure 5, the modulator consists of a frequency
synthesizer and a sine wave converter. The transmit data
(TXD) and mode (O/A) inputs set the divisor of a dual modu-
lus 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 volt-
age 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-ana-
log converter to synthesize the frequency shift keyed sine
wave. This modulator design also preserves phase coher-
ence in the transmit carrier across frequency excursions.
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TL/H/5532-6
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 Service
Order Code. This code specifies the programming resist-
ances corresponding to various transmit levels. If no exter-
nal resistor is connected, the transmit level defaults to
—12 dBm.

The synthesized sine wave is filtered by a second order, real
time low pass 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 6000
line through an external 6000 terminating resistor. With the
proper transmit level programming resistor installed, it will
drive the line at 0 dBm when operated from 5V supplies.
The quiescent current of the output stage of the driver var-
ies with the programmed transmit level to maximize the effi-
ciency 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, making
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 transmit
carrier to appear as common-mode signal and be cancelled
from the output. If the termination resistor (R) and phone
line impedance are perfectly matched, the output of the line
hybrid would be just the received carrier. In practice, perfect
matching is impossible and 10 dB to 20 dB of transmit carri-
er rejection is more realistic. The residual is more than ade-
quately rejected by the receive filter of the demodulator.

TIMING AND CONTROL

This includes an oscillator amplifier, divider chain and inter-
nal control logic. The oscillator, in conjunction with an exter-
nal 3.58 MHz TV crystal and the divider chain, provides all
the internal clocks for the switched capacitor circuits and
the frequency synthesizer. The control logic orchestrates
the various operating modes of the chip (e.g., originate, an-
swer or analog loop-back modes).
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APPLICATIONS

Figure 7 shows the MM74HC942 in an acoustically coupled
modem application. It demonstrates the simplicity of the re-
sulting design and a dramatic reduction in parts count. Fig-
ure 8 shows two typical direct connect modem applications.
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 MM74HC342
an efficient implementation of the 300 baud modem func-
tion. .
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FIGURE 6. Typical Interface Between the MM74HC942 and the Phone Line
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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

o Carrier detector with adjustable threshold

* Analog demodulator with low bit jitter and bias

® Phase coherent modulator with low spurious harmonics
® 6000 line driver with adjustable transmit level

e On-chip line hybrid

e Full duplex originate or answer mode operation
® Low power operation, power-down mode

® Simple supply requirements (+5V)
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An Introduction to

and Comparison of
54HCT/74HCT TTL
Compatible CMOS Logic

The 54HC/74HC series of high speed CMOS logic is unique
in that it has a sub-family of components, designated
54HCT/74HCT. Generally, when one encounters a 54/74
series number, the following letters designate some speed
and power performance, usually determined by the technol-
ogy used. Of course, the letters HC designate high speed
CMOS with the same pinouts and functions as the 54LS/
74LS series. The sub-family of HC, called HCT, is nearly
identical to HC: with the exception that its input levels are
compatible with TTL logic levels.

This simple difference can, however, lead to some confu-
sion as to why HCT is needed; how HCT should be used;
how it is implemented; when it should be used; and how its
performance compares to HC or LS. This paper will attempt
to answer these questions.

It should also be noted that not all HCTs are the same. That
is, HCTs from other vendors may have some characteristics
that are different. Thus, when discussing general character-
istics this paper will directly address National Semiconduc-
tor's 54HCT/74HCT which is compatible with JEDEC
standard 7. Other vendors’ ICs which also meet this stan-
dard will probably have simitar characteristics.

WHY DOES HCT EXIST?

Ideally, when a designer sits down to design a low power
high speed system, he would like to use 54HC/74HC, and
CMOS LS| components. Unfortunately, due to system re-
quirements he may have to use NMOS microprocessors
and their NMOS or bipolar peripherals or bipolar logic
(54S/74S, 54F/74F, 54ALS/74ALS, or 54AS/74AS)

TYPICAL
LS=TTL OUTPUT

Vee

Vee

National Semiconductor
Application Note 368
Larry Wakeman

because either the specific function does not exist in CMOS
or the CMOS device may not have adequate performance.
Since the system designer still desires to use HC where
possible, he will mix HC with these products. If these devic-
es are specified to be TTL compatible, incompatibilities may
result at the interface between the TTL, NMOS, etc. and
HC.

More specifically, in the case of where a TTL or NMOS out-
put may drive an HC input, a specification incompatibility
results. Table | lists the output drive specifications of TTL
compatible outputs with the input specifications of 54HC/
74HC. Notice that the output high level of a TTL specified
device will not be guaranteed to have a logic high output
voltage level that will be guaranteed to be recognized as a
valid logic high input level by HC. A TTL output wilt be equal
to or greater than 2.4V, but an HCMOS input needs at least
3.15V. It should be noted that in an actual application the
TTL output will pull-up probably to about Vgc minus 2 diode
voltages, and HC will accept voltages as low as 3V as a
valid one level so that in almost all cases there is no prob-
lem driving HC with TTL.

Even with the specified incompatibility, it is possible to im-
prove the TTL-CMOS interface without using HCT. Figure 1
illustrates this solution. By merely tying a pull-up resistor
from the TTL output to Vg, this will force the output high
voltage to go to Vgg. Thus, HC can be directly interfaced
very easily to TTL. This works very well for systems with a
few lines requiring pull-ups, but for many interfacing lines,
HCT will be a better solution.

STANDARD
HC-CMOS INPUT

L

TL/F/6751-1

FIGURE 1. Interfacing LS-TTL Outputs to Standard
CMOS Inputs Using a Pull-Up Resistor
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The input high logic leve! of HC is the only source of incom-
patibility. 54HC/74HC can drive TTL easily and its input low
level is TTL compatible. Again referring to Table |, the logic
output of the TTL type device will be recognized to be a
valid logic low (0) level, so there is no incompatibility here.
Table il shows that the specified output drive of HC is capa-
ble of driving many LS-TTL inputs, so there is no incompati-
bility here either (although one should be aware of possible
fanout restrictions similar to that encountered when design-
ing with TTL).

The question then arises: since only the input high level
must be altered, why not design CMOS logic to be TTL com-
patible? 54HC/74HC was designed to optimize perform-
ance in all areas, and making a completely TTL compatible
logic family would sacrifice significant performance. Most
importantly, there is a large loss of AC noise immunity, and
there are speed and/or die size penalties when trying to
design for TTL input levels.

Thus, since it is obvious that there is a need to interface with
TTL and TTL compatible logic, yet optimum performance
would be sacrificed, a limited sub-family of HCT devices was
created. It is completely TTL input compatible, which en-
ables guaranteed direct connection of TTL outputs to its
inputs. In addition, HCT still provides many of the other ad-
vantages of 54HC/74HC.

WHEN TO USE 54HCT/74HCT LOGIC

The 54HCT/74HCT devices are primarily intended to be
used to provide an easy method of interfacing between TTL
compatible microprocessor and associated peripherals and
bipolar TTL logic to 54HC/74HC. There are essentially two
application areas where a designer will want to perform this
interface.

1. The first case is illustrated in Figure 2. In this case the
system is a TTL compatible microprocessor. This figure
shows an NS16XXX (any NMOS pP may be substituted)
that is in a typical system and therefore must be inter-
faced to 54HC/74HC. In this instance, the popular gate,
buffer, decoder, and flip-flop functions provided in the
54HCT/74HCT sub-family can be used to interface the
many lines that come from TTL compatible outputs. It is
also easy to upgrade this configuration to an a// CMOS
system once the CMOS version of the microprocessor is
available by replacing the HCT with HC.

. A second application is, when in speed-critical situations
a faster logic element than HC, probably ALS or AS, must
be used in a predominantly 54HC/74HC system, or a
specific logic function unique to TTL is placed into an HC
design. This situation is illustrated in Figure 3. In this
case, pull-up resistors on an HC input may be sufficient,
but if not, then.an HCT can be used to provide the guar-
anteed interface.

n

TABLE 1. Output Specifications for LS-TTL and NMOS LSI
Compared to the Input Specifications for HCT and HC

LS Output NMOS Output HC Inputs HCT Input
Vour lout Vour lour Vin N VIN N
_Output High 2.7V 400 pA 2.4V 400 A 3.15V 1 pA 20V 1 pA Input High
Output Low 0.5V 8.0 mA 0.4V 2.0mA 0.9V 1A 0.8V 1pA Input Low
Vo = 45V
Note the specified incompatibility between the output levels and HC input levels.
TABLE Il. 54HC/74HC and 54HCT/74HCT Output Specifications
Compared to 54LS/74LS TTL Input Specifications and Showing Fanout
HC Output HCT Output LS Inputs
Vour lout Vour lout ViN N Fanout
Standard Output Output High 3.7V 4.0 mA 3.7v 4.0 mA 2.0V 40 A 10
Output Low 0.4V 4.0 mA 0.4V 4.0 mA 0.8V 400 pA
Bus Output Output High 3.7v 6.0 mA 3.7V 6.0 mA 2.0V 40 pA 15
Output Low 0.4V 6.0 mA 0.4V 6.0 mA 0.8V 400 pA
Vcc = 45V

Both HC and HCT output specifications are the same for the two sets of output types.
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FIGURE 2. Applications Where a TTL Compatible NMOS
Microprocessor is Interfaced to a CMOS System
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FIGURE 3. A Conceptual Diagram Showing How HCT May Be Used to Interface a
Faster ALS Part or Some Unique TTL Function in a CMOS System

The functions chosen for implementation in 54HCT/74HCT
were chosen to avoid the undesirable situation where the
designer is forced to add in an extra gate solely for the
interface. A variety of HCT functions are provided to not
only interface to HC, but to perform the desired logic func-
tion at the same time.

Although not the primary intention, a third use for 54HCT/
74HCT is as a direct plug-in replacement for 54LS/74LS
logic in already designed systems. If HCT is used to replace
LS, power consumption can be greatly reduced, usually by a
factor of 5 or so. This lower power consumption, and hence
less heat dissipation, has the added advantage of increas-
ing system reliability (in addition to the greater reliability of
54HC/74HC and 54HCT/74HCT). This is extremely useful
in power-critical designs and may even offer the advantage
of reduced power supply costs.

One note of caution: when plug-in replacing HCT for TTL,
54HCT/74HCT (as well as 54HC/74HC) does not have
identical propagtion delays to LS. Minor differences will oc-
cur, as would between any two vendors’ LS products. To be
safe, it is recommended that the designer verify that the
performance of HCT is acceptable.

PERFORMANCE COMPARISON: HCT vs HC LS-TTL

To enable intelligent use of HCT in a design, both for the
interface to NMOS or TTL and for TTL replacement applica-
tions, it is useful to compare the various performance pa-
rameters of HCT to those of HC and LS-TTL.

Input/Output Voltages and Currents

Table Il tabulates the input voltages for LS-TTL and LS-TTL
compatible I1Cs, HCT, and HC. Since HCT was designed to
have TTL compatible inputs, its input voltage levels are the
same. However, the input currents for HCT are the same as
HC. This is an advantage over LS-TTL, since there are no
fanout restrictions when driving into HCT as there are when
driving into LS.

Referring to Table Il, the output voltage and current specifi-
cations for HC and HCT gates are shown. As can be seen,
the output specifications of HCT are identical to HC. This
was chosen since the primary purpose of HCT is to drive
into HC as the interface from other logic.
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There are some differences as to how LS-TTL, ALS-TTL
and AS-TTL outputs are specified when compared to HCT
(or HC), as shown in Table IV. The military parts are easy to
compare. HC/HCT has the same Ig_ as LS and much great-
er lon. At the commercial temperature range a direct com-
parison is difficult. LS has a higher output current, but also a
higher output voltage and narrow operating temperature
range. Taking these into account, the output drive of 74HC/
HCT is roughly the same as LS.

In the HC family, there is a higher output drive specified for
bus compatible devices. Again, HCT is identical. As can be
seen back in Table II, the bus drive capability of both HC
and HCT are identical, and both source and sink currents
are symmetrical. This increased drive over standard devices
provides better delay times when they are used in high load
capacitance bus organized CMOS systems.

Both HC and HCT also have another voltage/current speci-
fication which is applicable to CMOS systems. This is the no
load output voltage. In CMOS systems, usually the DC out-
put drive for a device need not be greater than several pA
since all CMOS inputs are very high impedance. For this
reason, there is a 20 uA output voltage specification which
says that 54HC/74HC and 54HCT/74HCT will pult to within
100 mV of the supplies.

NOISE MARGIN TRADEOFFS WITH HCT

The nominal trip point voltage for an HCT device has been
designated to be around 1.4V, as compared to the 2.5V for
a standard HC device. This will degrade the ground level
noise margin for HCT by almost a volt. HC, on the other
hand, has its trip point set to offer optimal noise margin for
both Ve and ground.

This may be a minor point since normally HCT is mixed with
TTL and in this case the worst-case system noise margin is
defined by the TTL circuits. If the HCT is being driven only
by HC and not LS, then the worst-case Vg margin is deter-
mined by the HC devices. This is not a normal usage, but
may occur if, for example, some spare HCT logic can be
utilized by HC to save chip count. Figure 4 graphs input
noise margin for HC, HCT in an LS application and HCT
being driven by HC. As one can see, the HC has a large Vg
and ground noise margin, the HCT interfacing from LS has a
margin equal to LS, and the HCT interfacing from HC has a
skewed margin.

5.0

4.0

.0

2.0

1.0

INPUT/0UTPUT VOLTAGE (V)

Ll

(@) () L}

Il =specified data sheet performance

D = actual device performance
TLIF/6751-4
FIGURE 4. Guaranteed and Typical Noise Margins for
a) HC; b) HCT in TTL System; ¢) HCT in HC System

TABLE IIl. A Comparison of Input Specifications for 54LS/74LS, NMOS-LSI, 54HC/74HC, and 54HCT/74HCT

LS inputs NMOS-LSI Input HC Inputs HCT Input
Vin N - Vour lour Vin N Vin v
Input High 2.0V 40 pA 2.0V 10 A 3.15V 1 iuA 2.0v 1 pA
Input Low 0.8V 400 pA 0.8V 10 uA 0.9v 1pA 0.8V 1pA
Voo = 4.5V

The HCT specifications maintain the TTL compatible input voltage requirements and the HC input currents.

TABLE IV. This Compares the Output Drive of HC and HCT to LS for both the Military
Temperature Range and the Commercial Temperature Range Devices at Rated Output Currents

Military Temperature Commercial Temperature*
. HC/HCT Output LS Output HC/HCT Output LS Output
~ Vour lour Vour lout Vour lout Vour lour
Input High 3.7v 4.0mA 25V 400 pA 3.84V 40 mA 2.7V 400 pA
Input Low 0.4V 4.0 mA 0.4V 4.0 mA 0.33V 4.0 mA 0.5V 8.0mA -
Ve = 45V

*The commercial temperature range for HC/HCT is —40°C to +85°C, but for LS is 0°C to +70°C.
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POWER CONSUMPTION OF HCT

In normal HC applications, power consumption is essentially
zero in the quiescent state but is proportional to operating
frequency when operating. In LS, large quiescent currents
flow which overshadow (except at very high frequencies)
other dynamic components. 54HCT/74HCT is a combina-
tion of these, depending on the application. Both quiescent
and frequency-dependent power can be significant.
Referring back to Figure 1, this figure shows an LS-TTL
output driving an HCT input. To see how quiescent current
is drawn, notice that it is possible to have valid TTL voltages
of 2.7V and 0.4V (ignoring the pull-up resistor). With 0.4V on
the HCT input, we find the input N-channel transistor OFF
and the P-channel ON. Thus, the output of this stage is high.
Also, since one of the P- or N-channel transistors is OFF, no
quiescent current flows. However, when the HCT input is
high, 2.7V, the N-channel is ON and the P-channel is slightly
ON. This will cause some current to flow through both the
transistors, even in the static state.

Thus in a TTL application, HCT has the unusual characteris-
tic that it will draw static current only when its inputs are
driven by TTL (and TTL-like) outputs, and only when those
outputs are high. Thus, to calculate total power, this quies-
cent power must be summed with the frequency-dependent
component.

When HCT is driven by HC, as it possibly might be, the HC
outputs will have high and low levels of Vg and ground;
never statically turning on both transistors simultaneously.
Thus in this application, HCT will only dissipate frequency-

100m

10m /
(a) /
—_—

(b} /

1/
A

10

10k 100k 1™ 10M

OPERATING FREQUENCY (Hz)

POWER CONSUMPTION (W)
3

100M

TL/F/6751-5
FIGURE 5. Power Consumption of 74HCT00 Being
Driven by a) Worst-Case TTL Levels;
b) Typical TTL Levels; c) CMOS Levels

dependent power, and Cpp calculations can be made to
determine power (see National Semiconductor Application
Note, AN-303). In the latter application, HCT will dissipate
the same amount of power as HC; in the first TTL applica-
tion, the power dissipated will be more since there is also a
DC component.

To show this, Figure 5 plots power versus frequency for an
HCTO00 being driven by HC, typical LS and worst-case LS.
Notice that at the lower frequencies, the DC component for
the TTL input is much greater; at higher frequencies, the two
converge as the dynamic component becomes dominant.

SPEED/PROPAGATION DELAY PERFORMANCE

Of primary importance is the speed at which the compo-
nents operate in a system. HCT was designed to have the
same basic speeds as HC. This was accomplished in spite
of the fact that HCT requires the addition of a TTL input
translator, which will add to internal propagation delays. A
second concern in the design was to maintain the required
speeds while minimizing the possible power consumption of
the input stage when driven to TTL high levels.

These requirements dictated designing HCT on a slightly
more advanced 3p N-well process, as well as increasing the
die to help compensate for speed loss. This process is
slightly faster than the standard HC process, and this en-
ables the HCT parts to have the same delays as their HC
counterparts, while minimizing possible quiescent currents.
Figure 6 shows a comparison of 74HCT240 and 74HC240
propagation delays, and they are identical.

25

E 20 Y
E o

Z 15

g HCT240

3

S 1w

£ HC240

0 4 80 120 160
LOAD CAPACITANCE (pF)
TL/F16751-6
FIGURE 6. Typical propagation delay vs load
for 74HC240 and 74HCT240 are virtually the same.
Slight differences result from different
design and processing.
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One interesting point is that HCT and HC speed specifica-
tions are measured differently. One can compare the AC
test waveforms in the HC databook and see that HC is mea-
sured with OV~-5V input waveforms and using 2.5V points on
these waveforms. HCT, on the other hand, is tested like LS-
TTL. HCT’s input waveforms are OV-3V and timing is mea-
sured using the 1.3V on both the input and the output wave-
forms.

The different test conditions for HCT result because HCT
will be primarily used in LS-TTL applications. if HCT is used
in HC systems, the actual speeds will be slightly different,
but the differences will be small (< 1 ns-2 ns).

HC and HCT speeds are not identical to LS-TTL. Some de-
lays will be faster and some slightly slower. This is due to
inherent differences in designing with CMOS versus bipolar
logic. For an average system implemented in HC or LS-TTL,
the same overall performance will result. On an individual
part basis, some speeds will differ, so the designer should
not blindly assume that HC or HCT will duplicate whatever a
TTL IC does.

CMOS LATCH-UP AND ELECTROSTATIC
DISCHARGE OF 54HCT/74HCT

These two phenomena are not strictly performance related
in the same sense that speed or noise immunity are. In-
stead, latch-up and electrostatic discharge (ESD) immunity
impact the ease of design, insusceptibility to spurious or
transient signals causing a failure, and general reliability of
54HCT/74HCT.

Latch-up is a phenomenon that is a traditional problem with
older CMOS families; however, as with 54HC/74HC, latch-
up has been eliminated in 54HCT/74HCT circuits. In older
CMOS, it is caused by forward biasing any protection diode
on either an IC's input or output. If enough current flows
through the diode (as low as 10 mA), then it is possible to
trigger a parasitic SCR (four layer diode) within the IC that
wilt cause the Vg and ground pins to short out. Once short-
ed, the supply pins will remain so even after the trigger

source is removed, and can only be stopped by removing
power. Latch-up is described in much more detail in Nation-
al Semiconductor Application Note AN-339, and, in particu-
iar, a set of performance criteria is discussed.

By a combination of process enhancements and some
careful IC layout techniques, the latch-up condition cannot
occur in 54HC/74HC or 54HCT/74HCT. If one attempts to
cause latch-up by forcing current into the protection diodes,
the IC will be overstressed in the same manner as over-
stressing a TTL circuit.

ESD has also been a concern with CMOS ICs. Primarily for
historical reasons, MOS devices have always been consid:
ered to be sensitive to damage due to static discharges.
However, process enhancements and careful input protec-
tion network design have actually improved 54HC/74HC
and 54HCT/74HCT immunity to where it is actually better
than bipolar logic. This includes 74ALS, 74LS, 74S, 74AS
and 74F. ESD is measured using a standard military 38510
ESD test circuit, which zaps the test device by discharging a
100 pF capacitor through a 1.5 kQ resistor into the test
circuit. ESD test data is shown in National Semiconductor
Reliability Report, PR-11.

CONCLUSION

HCT is a unique sub-family designation of HC. It is intended
primarily for TTL level to HC interfacing, although it is far
from restricted only to this application. HCT can be used as
a pin-for-pin socket replacement of TTL, or can be mixed
with HC logic. ‘

54HCT/74HCT has the same speeds as HC and LS, the
same noise immunity as TTL and a significantly lower power
consumption than LS-TTL, although it is slightly greater than
HC. Additionally, by providing latch-up immunity and low
ESD sensitivity like the 54HC/74HC family, the overall sys-
tem reliability and integrity is increased. All of these per-
formance parameters enable HCT's use in a wide range of
applications.

2-140




High-Speed-CMOS designs
address noise and
1/0 levels

Application Note 375

National Semiconductor

Larry Wakeman

To maximize the benefits of high-speed CMOS, you must cope
with environmental interactions and component limitations.
Especially important are system noise decoupling and
both transient and steady-state level control.

Designs using high-speed-CMOS logic, such as the
MM54HC/74HC Series, can attain characteristics that mark
improvements over LS-TTL designs. To optimize these
characteristics, however, you must adopt proper design pro-
cedures. This article deals with the ICs’ input-output and
noise-immunity considerations.

High-speed CMOS logic is essentially a digital-IC famity that
combines TTL (bipolar) and CD4000 (CMOS) characteris-
tics. Because of the family’s high speed, you must be more
aware of the requirements of fast systems than in the case
of CD4000B logic. Although the 54HC/74HC IC's CMOS
construction results in noise immunity comparable to the
CD4000 family, its high speed necessitates system-ground-
ing and supply-decoding techniques normally used in LS-
TTL system design.

The following sections discuss general usage guidelines,
system noise susceptibility and immunity, and the 54HC/
74HC logic’s power-supply-noise characteristics. Note that,
unless specific exceptions are stated, the considerations
discussed apply also to 54HCT/74HCT, HC's TTL-compati-
ble subset.

FOLLOW BASIC GUIDELINES

The basic rules for designing with 54HC/74HC circuits are
similar to those that apply to 74LS, CD4000B and 54C/74C
devices. First, under normal static operating conditions, the
input should not exceed V¢c or go below ground. In normal
high-speed systems, transients and line ringing can cause
inputs to violate this rule momentarily, forcing the ICs to
enter an SCR-latch-up mode.

(b)
INPUT DIODE OR
vee OUTPUT DIFFUSION Vg

Latch-up results if either the input- or output-protection di-
odes are forward biased because of voltages above V¢c or
below ground. As a restlt, the IC’s internal parasitic SCR
shorts Vg to ground Figure 1 shows the diodes in a CMOS
IC, schematically (a) and in a simplified die cross section
(b).

Thanks to some processing refinements, SCR latch-up isn't
a problem with the MM54HC/74HC Series. There are, how-
ever, limitations on the currents that the internal metalliza-
tion and protection diodes can handle, so for high-level tran-
sients (pulse widths less than 20 ms and inputs above V¢
or below ground), you must limit the current of the IC’s inter-
nal diode to 20 mA rms, 100 mA peak. Usually, a simple
resistor configured in series with the input suffices.

Powering the device is another important design concern.
Don’t power up inputs before both V¢ and ground are con-

(a)

OUTPUT *
" DIODES o5

RESISTCR
INPUT f== OUTPUT
POLYSILICON
RESISTOR 02
TL/F/8127-1
INPUT DIODE OR
OUTPUT DIFFUSION GND

— |

N* P+
02 0R D4
P~ WELL
D5

N~ SUBSTRATE

TL/F/8127-2

FIGURE 1. Essential but sometimes evil, the diodes In CMOS-logic ICs can be easily damaged by excessive
currents. Reversed supplies or large input or output currents can cause diode burnout.
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nected, and don’t plug or unplug pc boards into or from
powered connectors unless input currents are short lived or
limited in the manner already described. Both conditions
can forward bias input diodes, resulting in excessive diode
currents. Again, Figure 1 shows these diodes and the possi-
ble current paths. If these conditions are unavoidable, add
external current limiting to prevent damage to 54HC/74HC
circuits, or use special connectors that apply power before
signals. Some family members- (notably the HC4049/50)
have modified input structures and can survive the applica-
tion of power to the input before the supply.

Floating inputs are a frequently overlooked problem. CMOS
inputs have extremely high impedance and, if left open, can
float to any voltage. This situation can result in logic-func-
tion mishaps and unnecessary power consumption. More-
over, open inputs are susceptible to electrostatic damage.
You should thus tie unused inputs to Vg or ground, either
through a resistor or directly.

Finally, for correct logic results you should use inputs with
rise and fall times faster then 500 ns. Slower transition times
can result in logic errors and oscillation.

OBSERVE OUTPUT RULES

You must observe certain usage rules for 54HC/74HC out-
puts as well as for inputs. Output voltages shouldn’t exceed
the supply voltage, and currents in the output diodes
shouldn’t exceed 20 mA. Moreover, output rms drive cur-
rents shouldn’t exceed 25 mA for 4 mA standard-output de-
vices or 35 mA for 6 mA devices. The die’s metal lines
dictate this limitation. Violations can result in long-term dete-
rioration. Much larger currents (greater than 100 mA peak)
arising from capacitive-load charging and line driving are
normal and pose no real problem. As a rule of thumb, don’t
allow the output current’s rms value to exceed the device’s
current rating. Unlike the inputs, unused outputs should be
left floating to allow the output to switch without drawing any
dc current.

When testing a pc board, its often necessary to short the
output of one CMOS device to overdrive and force a given
level on the input of the IC driven by this output. In other
instances, you might need to short the outputs on a one-
time basis. You can do so without degrading the IC's life if
you follow a few rules. When bench testing 54HC/74HC
devices, for example, you can short one output for several
minutes without harm. In automatic testing, you can short as
many as eight outputs for a 1-sec duration. Here again, the
limitation is imposed by the metallization.

POWER-SUPPLY CAVEATS

Now that you've looked at input and output signals, give
some extra attention to power-supply considerations. For
instance, supply levels affect the device’s logical operation.
You should, for example, keep the supplies within the 2 to
6V range for HC devices and the 4.5 to 5.5V range for HCT
devices. Voltages as high as 7V or as low as OV won't harm
the ICs, but their performance isn't guaranteed at these lev-
els. However, HCs and HCTs (with the exception of one-
shots and Schmitt triggers) can typically function with sup-
plies as low as about 1.4V.

As with any IC, it’s crucial that you not reverse the supply
voltages. Doing so will forward bias a substrate diode be-
tween Vg and ground (Figure 1), resulting in excessive cur-
rents and damage to the IC. As with inputs and outputs,
don’t let Vgc or ground rms currents exceed 50 mA for
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FIGURE 2. The reaction of 74HCO00 gates (a) to noise
spikes is clearly seen in these scope drawings. The
gate exhibits noise immunity of 2V or more (b).
Furthermore, the immunity is equally good for
positive- and negative-going noise spikes.
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4 mA devices or 70 mA for 6 mA units. Again, transients
pose no real problem as long as their rms values stay within
the devices’ ratings.

UNDERSTANDING NOISE

What happens if the signals just discussed aren't clean? In
digital-logic systems, “noise” is defined as extraneous volt-
age in the signa! or supply paths. For CMOS, ECL or TTL
devices, system noise that's great enough can affect the
logic’s integrity. CMOS-logic families such as the CD4000
and 74C are highly immune to certain types of system noise.
This immunity is due mainly to the nature of CMOS, but also
to the fact that the devices’ slowness reduces self-induced
supply noise and crosstalk and prevents the logic from re-
sponding to short externally induced or radiated transients.
However, in high-speed CMOS (which is about 10 times
faster than CD4000 logic), crosstalk, induced supply noise
and noise transients become factors. Higher speeds allow
the device to respond more quickly to externally induced
noise transients and accentuate the parasitic interconnec-
tion inductances and capacitances that increase self-in-
duced noise and crosstalk.

Because HC-CMOS specifies input levels similar to those of
CD4000 logic, its dc noise rejection is also superior to LS-
TTL. And because high-speed CMOS has an output imped-
ance one-tenth that of CD4000 devices, it's less susceptible
to noise currents coupled to its outputs. As a result, lower
stray voltages are induced for a given amount of current
coupling.

To quantify these noise parameters, first define “noise im-
munity”: a device’s ability to prevent noise on its input from
being transferred to its output. More specifically, it's the
amount of voltage that can be applied to an input without
causing the output to change state. For HC-CMOS, this im-
munity is approximately 2V; in the worst case, it's the maxi-
mum input Low or High logic levels specified in the data
sheet.
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FIGURE 4. Noise margins for HC-CMOS and an HCT-
CMOS-TTL combination are illustrated by this graph.
You can see that the all-CMOS system exhibits the
higher noise Immunity.

Noise immunity is an important attribute, but noise margin
proves more useful because it defines the amount of noise
that a system can tolerate and still maintain correct logic
operation. It's defined as the difference between the output
logic Low (or High) of one gate and the input logic Low (or
High) of the gate the given device is driving.

For example, in HC-CMOS using a 4.5V Vg, typical output
levels are ground and Vgc, and input thresholds are
ViH=3.15V and V| =0.9V. These figures yield noise mar-
gins of approximately 1300 mV (logic One) and 850 mV (log-
ic Zero). LS’s noise immunity is 700 and 400 mV, respec-
tively. Note that 54HC/74HC input levels are skewed slight-
ly toward ground, so the ICs tolerate slightly more V¢c noise
than ground noise.
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FIGURE 3. Exhibiting high clock-noise immunity, this 74HC74 flip flop
(a) shows no change in output for noise spikes greater than 2V (b)
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To illustrate noise margin and immunity, Figure 2 shows the
output that results when you apply several types of simulat-
ed noise to a 74HCO00’s input. Typically, even 2V or more
input noise produces little change in the output. Figure 3
shows how noise affects a 74HC74’s clock input. Again, no
logic errors occur with 2V or more clock noise.

54HCT/74HCT ICs have an input buffer specially designed
to yield TTL input levels of 0.8 and 2V. Their noise-immunity
characteristics are therefore substantially different from
those of 54HC/74HC devices. In evaluating these differenc-
es, note two general applications for HCT logic: ina TTL or
NMOS (eg, XMOS, HOMS) system; or in an all-CMOS, HC
or HCT system.

In the first case, the HCT inputs get driven by outputs that
are essentially TTL and specify output levels of 0.4 and 2.4V
(or 0.5 and 2.7V). In this situation, the specified noise mar-
gin is similar to the TTL margin: 400 mV for a logic Zero and
either 400 or 700 mV for a logic One. These values, shown
in Figure 4, are significantly less than those of an all-HC
system. '

Now examine the second case. When using HCT with HC,
output logic levels are almost equal to power-supply levels.
Therefore, HCT’s specified noise margin is approximately
700 mV for a logic Zero and 2.4V for a logic One. At first
glance, the high noise margin for Ones might seem strange,
but this situation presents a tradeoff against the Zero-level
margin. Compare the two gate-transfer functions in Figure 5;
the HCT device has a logic trip point at 1.4V, while the HC
gate trips at 2.4V. Thus, HC's typical performance is twice
that of HCT for ground noise; for Vg noise, HCT is about
50% better.

The conclusion? In a normal system (including all-CMOS
systems), HC provides better noise immunity than HCT. The
one case where HCT could prove more helpful is in systems
that are designed with noiseless ground and dirty Vcc. Nat-
urally, this design approach isn’t good. A second fact high-
lighted by these transfer functions, HC is conservatively
specified for its input and output logic levels, whereas HCT
is specified more tightly. So even though data-sheet limits
for HCT seem better, actual system performance indicates
that HC provides better overall noise margins.

Voo
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o 5 GUARANTEED
-
=
3 4 /4
2 a
g 3 5
3 /
5 _ ol
; 1 ]
= |V
0
HC HCT
(DRIVEN BY
HC OR HCT)

TL/F/8127-9

FIGURE 5. Comparing HC and HCT logic, this graph

shows noise immunity of the respective families. HC |
wins for ground noise, HCT for V¢ noise.

CONSIDER SYSTEM NOISE

Now take a closer look at system noise, which you can
group into several categories, depending on the source. The
type of noise dictates the appropriate noise-supression
technique.

e Power-supply Igg noise, generated in the power-supply
line, comes from logic switching in CMOS circuits.
Transmission-line reflections, unwanted ringing and over-
shoot phenomena arise from signals propagating down
improperly terminated transmission and signal lines.
Signal crosstalk is caused by capacitive or inductive cou-
pling of extraneous voltages from one signal line to an-
other or to the power-supply line.

Radiated noise, an RF phenomenon that originates with-
in a high-speed-logic system, emits to other systems. It
arises from the high-frequency energy emitted when log-
ic toggles. This noise, not a major problem with regard to
logic integrity, can interfere with other systems.

*
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TL/F/8127-10

FIGURE 6. This schematic shows the currents in a 74HC00 gate that result when applying a positive
input step. Also shown are the internal parasitic and external load capacitances.
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Power-supply spiking is perhaps the most important contrib-
utor to system noise. When any element switches logic
states, it generates a current spike that produces a voltage
transient. If these transients become too large, they can
cause logic errors because the supply-voltage drop upsets
internal logic, or because a supply spike on one circuit's
output feeds an extraneous noise voltage into the next de-
vice's input.

With CMOS logic in its quiescent state, essentially no cur-
rent flows between Ve and ground. But when an internal
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) 500 my 100 ns

1
L

lec " ™
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TL/F/8127-14

gate or an output buffer switches state, a momentary cur-
rent flows from Vg to ground. This current has two compo-
nents: the current required to charge and discharge any
stray or load capacitance, and the current that flows directly
from Vg to ground when the p- and n-channel transistors
turn on momentarily during an input transition.

Figure 6 shows the paths for these current components
within a 74HCO0 upon application of a positive step to the
device's input. Cpq, Cpo, and Cpj represent the internal par-
asitic capacitances; C is the external load capacitance. It1,
T2 and I3 correspond to the currents that flow through
both the n- and p-channel transistors during switching. Icpy,
Icpz and Icp3 are the charging currents for the capacitances.

The switching transient caused by an unloaded output
changing state typically equals 40 mA peak. Figure 7b
shows the current and voltage spikes resulting from switch-
ing a single unloaded NAND gate. Figures 7c through (e)
show the current spike's increase due to the addition of 15-,
50- and 100-pF loads. The large amount of ringing results
from the test circuit’s transmission-line effects.

This ringing occurs partly because the CMOS gate switches
from a very high impedance to a very low one and back

(c)
sV 500 mv 100 ns

Vin l

Veo

lcc

20 mv
TL/F/8127-13
(e)
sV 500 mV 100 ns
ViN ‘

o el

Ice

20 mv
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FIGURE 7. The effects of capacitive loads are seen in these drawings; (b) through (e) show
the spikes resulting with no load and with 15-, 50- and 100-pF loads, respectively.
The ringing arises from the test circuit’s transmission-line effects.
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FIGURE 8. On-chip circuitry before a 74HC00’s output stage (a) generates little current spiking,
as shown in the drawing (b). In the test circuit, one input is switching (but not the output).
Note the very small power-supply glitches provoked by the input-circuit transitions.

again. Note that, even for medium-size loads, load-capaci-
tance current becomes a major current contributor, verified
by the dramatic increase in current from the unloaded to the
100-pF-load case.

Although internal logic generates current spikes when
switching, the bulk of a spike’s current comes from output-
circuit transitions. Why? Because the outputs have the larg-
est p- and n-channel currents and the greatest parasitic and
load capacitances. Figure 8 shows the Igg current for a
74HCO00 gate with one input switching, the other at ground
(thus, with no output transitions).

The best way to reduce noise-voltage transients is to imple-
ment good power-supply busing. You should maintain a low
ac impedance from each circuit's Vgg to ground. In one
model for a supply bus (Figure 9), both Vgg and ground
traces exhibit inductances, resistances and capacitances.

Re Lp

POWER
SUPPLY OR
REGULATOR

{

To reduce voltage transients, keep the supply line’s parasit-
ic inductances as low as possible by reduicing trace lengths,
using wide traces, ground planes, strip-line or microstrip
transmission-line techniques and by decoupling the supply
with bypass capacitors.
For effective supply decoupling, bypass capacitors must
supply the charge required by the current spike for its dura-
tion with minimal voltage change. You can determine a by-
pass capacitor’s approximate value from the expression:
c _ ldt _ (SPIKE CURRENT) (SPIKE DURATION)
BYPASS ™ 4v ~ ~ (ALLOWABLE DROOP VOLTAGE)
Consider this example: A typical MM54HC/74HC has an Igg
transient of about 20 mA, lasting approximately 20 ns (ex-
cluding ringing). If you allow 400 mV peak noise, the re-
quired bypass capacitance is about (20 mA)(20 ns)/0.4V=1
nF per output.

TL/F/8127-17

FIGURE 9. This equivalent circuit for a power-supply bus emphasizes both the Vg¢'s and the ground’s series
inductances.Try to minimize these inductances through careful circuit layout.
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FIGURE 10. Demonstrating the importance of bypassing, drawings (b) through (e) show poewer-supply transients
that occur when a 74HCO00 is decoupled with 1-, 4.7-, 10- and 100-nF capacitors, respectively.

2-147

G.E-NV




AN-375

(a)
10CM =
CURRENT PROBE
T0 SCOPE (Icc)
|<—3 CM*Tl
I T0 SCOPE (Vcc)
L & | 6cM—s]
I =10 Voo u‘——IVOUI
50 pF
ViN CLKGND a I p
"L sopF L
= I
TL/F/8127-24
(b)
5V
Vin Jf"-_ﬁ[ j L_\ JF'L_j
| 1 I
] J
Voo { w| L A Il
Icc ,\ V- N\ f\ P
20mv

TL/F/8127-25

(c)
5V 200 mV 200 ns
ENIINE
vee ‘i’\l\' 4 ‘;V
} t
A A
lec \ W ot A \/
\'J
20 mv
TL/F/8127-26
(d)
5V 200 ns
W[ TN
Vee { 4
Icc b, el [
20 mv

TL/F/8127-27

FIGURE 11. Showing results similar to those depicted in Figure 10, these drawings show the effects of bypassing a
74HC74 flip flop with capacitors of 1 (b) to 10 nF (d). You can see that the 10 nF bypass yields supply spiking
approximately 40% lower than that of the 1-nF capacitor.

In order to prevent additional voltage spiking, this local by-
pass capacitor must exhibit low inductive reactance. You
should therefore use high-frequency ceramic capacitors and
place them very near the IC to minimize wiring inductance.
The approximate amount of tolerable inductance is given
by:

ey = VAU
SUPPLY di
(SPIKE VOLTAGE) (SPIKE RISE OR FALL TIME)

(SPIKE CURRENT)

For example, restricting the inductive noise spike to 100 mV
peak with 20 mA current and 4 ns rise time yields (0.4V)(4
ns)/20 mA=280 nH max. Note that, in addition to localized
decoupling of very fast transients, you also need bulk de-
coupling of spikes generated by the board’s ICs. To decou-
ple, provide a high-value capacitor for smoothing long time
periods.

To show how decoupling affects supply noise in real-world
situations, Figure 10 depicts the power-supply transients

" that result when you choose different values of decoupling

capacitors. In this example, one gate of a 74HC00 toggles,
and 1-, 4.7-, 10- and 100-nF capacitors have approximately
10 cm of wiring between them and the supply. Figure 11

presents similar results, obtained with the 74HC74 circuit.
Note in both cases (although the unbypassed situation isn't
depicted) that a 1 nF capacitor greatly reduces the voltage
transient.

Based on empirical and theoretical considerations, you can
determine a set of guidelines. These practical maxims serve
only as a foundation for a system that should yield good
results. Consequently, there's some leeway in following
them for particular designs. As a rule of thumb, it's generally
good design practice to restrict both Vg and ground noise
to less than 250 mV.
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FIGURE 12. Tailor bypassing to the system’s supply scheme. Circuit diagram (a) shows the method to
use with local regulators; (b) shows the scheme to adopt with a centralized regulated supply.
Use tantalum- or aluminum-electrolytic capacitors.

Before presenting the guidelines, examine some compara-
tive attributes of earlier CMOS, HC, HCT and LS-TTL devic-
es. First, because of higher speeds and larger output cur-
rents, the supply-bypassing requirements of HC devices are
more rigorous than those of earlier metal-gate-CMOS [Cs.
Compared with those of LS-TTL, the requirements for
HC/HCT are similar or a little more stringent, depending on
the application.

Furthermore, for random logic, 54HC/74HC and
54LS/74LS are similar, but in bus-driving applications HC
devices can produce larger spikes. Finally, HCT logic needs
better grounding than HC logic. In fact, its design considera-
tions closely follow those of LS-TTL. However, as with HC,
HCT exhibits greater Vg spiking in bus-driving applications.
Now you're ready for the guidelines:

* Keep Vge-bus routing short. When using double-sided or
multilayer circuit boards, use strip-line, transmission-line
or ground-plane techniques.

Keep ground lines short, and on pc boards make them as
wide as possible, even if trace width varies. Use separate
ground traces to supply high-current devices such as re-
lay and transmission-line drivers. )

In systems mixing linear and logic functions and where
supply noise is critical to the analog components’ per-
formance, provide separate supply buses or even sepa-
rate supplies.

* If you use local regulators, bypass their inputs with a tan-
talum capacitor of at least 1 uF (Figure 12a), and bypass
their outputs with a 10- to 50-uF tantalum- or alumium-
electrolytic capacitor (b).

If the system uses a centralized regulated power supply,
use a 10- to 20-uF tantalum-electrolytic capacitor or a
50- to 100-pF aluminum-electrolytic capacitor to decou-
ple the V¢ bus connected to the circuit board (Figure
12b).

Provide localized decoupling. For random logic, a rule of
thumb dictates approximately 10 nF (spaced within 12
cm) per every two to five packages, and 100 nF for every
10 packages. You can group these capacitances, but it's
more effective to distribute them among the [Cs. If the
design has a fair amount of synchronous logic with out-
puts that tend to switch simultaneously, additional decou-
pling might be advisable. Octal flip flops and buffers in
bus-oriented circuits might also require more decoupling.
Note that wire-wrapped circuits can require more decou-
pling than ground-plane or multilayer pc boards.

For circuits that drive transmission lines or large capaci-
tive loads (uP buses, for example), use a 10 nF ceramic
capacitor close to the devices’ supply pins.

Finally, terminate transmission-line grounds near the
drivers.
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Logic-System Design
Techniques Reduce
Switching-CMOS Power

National Semiconductor
Application Note 376
Larry Wakeman

By adopting certain techniques in the design of your CMOS-based logic system,
you can effect dramatic reductions in the transitional power these
zero-quiescent-current devices consume when switching.

This article describes ways to reduce the power consump-

tion in logic designs using high-speed CMOS ICs. The

MM54HC/74HC logic family has near-zero power dissipa-

tion when in the quiescent mode. Its only substantial power

drain arises from dynamic switching currents. Traditional

TTL and NMOS systems do not share this low-power fea-

ture, requiring instead that you reduce power by selecting

low-power ICs and external components.

The CMOS device is inherently efficient, but you can greatly

enhance system efficiency by designing around the follow-

ing guidelines:

® minimizing effective system operating frequency;

® minimizing static dc-current paths (eg, in pull-up or -down
resistors);

¢ putting the logic to sleep (by removing the clock);

® capitalizing on power-down situations.

Total system power dissipation is the sum of two compo-
nents: static (or quiescent) and dynamic power. LS TTL sys-
tems consume such a great amount of quiescent power that
the dynamic component pales into insignificance. When us-
ing 54HC/74HC logic in power-critical applications, howev-
er, you must consider both components. The following sec-
tions describe how to determine system power by using HC
devices’ power-dissipation-capacitance (Cpp) specs. The
text also discusses a few power-reduction philosophies and
some of the differences in consumption for 54HCT/74HCT
TTL-compatible CMOS logic. Because system power is sim-
ply total Icc times the supply voltage, the calculations treat
power and current interchangeably.

Calculating the quiescent power is just as easy—the sum of
the dc currents times the supply voltage. Thus, total system

quiescent power is
Psystem = (Ilcc1 + lccz + - lcen) Vee- (1)

The currents in this expression are caused by pull-up and
load resistors and TTL, NMOS and linear circuits in the sys-
tem. [f it's appreciable—although unlikely—you can include
the very small quiescent Icc of MM54HC/74HC devices.
Generally, the worst-case Icg values in the CMOS ICs’ data
sheets are very conservative. Typical values range from ten
to 100 times less than the limits; moreover, it's almost sta-
tistically impossible for a system to contain all worst-case
devices.

As pointed out earlier, the major contributors to CMOS ICs’
power dissipation are dynamic switching currents. Figure 1
is a schematic diagram of one 74HC0O0 NAND gate, and it
shows the dynamic currents that result from switching one
input Low to High. When the IC is not switching, there’s no
dc-current path from Vg to ground except for leakage. This
is because whenever an n-channel device is On, its comple-
mentary p-channel partner is Off.

CMOS power consumption is caused by the transient cur-
rents that charge and discharge internal and external ca-
pacitances during logic transitions. As frequency increases,
these currents naturally increase. You can’t measure these
currents or their associated capacitances individually, but
you can measure the total current. You can equate this total
current to a power-dissipation capacitance (Cpp) as follows:

Icc = (Cpp + C(Vco)(fic), @
where Icc is the supply current, Vgg is the supply voltage,
fic is the input toggle rate and C|_is the toggled load capaci-
tance. Referring again to Figure 1, the load current ||_results
from switching the load capacitance. To obtain the internal
equivalent capacitance, you must subtract the load current
from Icc.

ViN

TL/F/8128-1

FIGURE 1. Principal contributors to CMOS power consumption, these transient currents are the result
of transitional charging and discharging of internal and load capacitances. The average currents are
naturally a function of the operating frequency.
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Using the Cpp figure spec’d in data sheets, you can esti-
mate the current consumption of each device in your sys-
tem if you know the toggling frequency. By multiplying both
sides of Equation 2 by Vg, you can determine the dynamic
power consumption.

Poynamic = (Cpp + CU(VecA(f). )
As mentioned, Cpp is an indirect measure of the amount of
switching current a circuit consumes. It depends on how
much of the circuit’s internal logic is switching and how
many outputs are toggling. For example, a 74HC374 octal 3-
state flip flop clocked at 1 MHz dissipates much more power
if its data inputs change every clock period than it would if
its outputs are disabled and its inputs are tied High or Low
during clocking.
Figure 3 shows that when the flip flop’s outputs are enabled
and the data inputs are changing, virtually all internal nodes
are toggling and all internal parasitic capacitances are
charging. On the other hand, if the data is held High and the
outputs are disabled, only the clock logic dissipates power
(and very little at that). All other sections are static.

As you'll see, the method of testing Cpp (see “Test Cpp in
realistic situations”) can yield various values that might or
might not be applicable to the particular way the part is be-
ing used. Fortunately, several generalizations allow reason-
able approximations to Cpp's value, as discussed in the fol-
lowing section.

TEST Cpp IN REALISTIC SITUATIONS

In 54HC/74HC data sheets, one or two Cpp values are
specified. At best, the parameter is a simplification of the
worst-case operating mode of a device under typical operat-
ing conditions. However, because most devices have sever-
al possible toggling modes (each having a different power

—..[.' POWER
'I SUPPLY

consumption), you might do well to characterize Cpp for
your particular application.

The nearby Figure 2 shows a circuit for measuring Cpp.
Normally, the IC is set up in a given toggling mode, with its
output pins pulled out of the test socket to reduce stray-in-
duced errors. For automated testing, you could use a stan-
dard foad (eg, 50 pF) and subtract its Icc contribution from
the total. The ammeter in series with the Vgg line is by-
passed with 0.1- and 1-uF capacitors.

For simple measurements, you can set the input’s toggle
frequency at 200 kHz, with Voc=5V. This yields an amme-
ter reading in microamps that's equal to Cpp in picofarads.
You could use other voltages and frequencies, but little vari-
ation should result. For example, JEDEC's hngh speed-
CMOS committee recommends 1 MHz.

To better understand what datasheet Cpp means, the fol-
lowing listing describes by part type how each IC is toggled.
In measuring Cpp, the worst path is always chosen. More-
over, within the constraints listed, as much of the internal
circuitry and as many of the outputs as possible are toggled
simultaneously.

e Gates: All inputs except one are held at either Vg or
ground, depending on which state causes the output to
toggle. The one remaining input is toggled at a given
frequency. Cpp is given on a per-gate basis.

Decoders: One input is toggled, thereby causing the out-
puts to toggle at the same rate. Normally, one of the
address-select pins is switched while the decoder is en-
abled. All other inputs are tied to V¢ or ground, which-
ever enables operation. Cpp is expressed on a per - in-
dependent - decoder basis.
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TL/F/8128-2

Notes: 1. OUTPUT = square wave with < 6-nsec rise and fall times; levels = GND and V..
2. Bend all output pins from test socket, or use known load and deduct its current from measured Icc.

3. Terminate all unused inputs to GND or V¢,

FIGURE 2. Measure equivalent CMOS-system capacitance with this simple test circuit. The text describes how to toggle
the various CMOS logic functions (excepting one-shots, of course, which draw dc power).
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Multiplexers: One data input is tied high, and a second
is tied low. The address-select lines and enable inputs
are configured such that by toggling one address line the
two data inputs are alternately selected, causing the out-
puts to toggle. If it's a 3-state MUX, Cpp is given for
outputs both enabled and disabled. Cpp is measured per
multiplexer function.

3-state buffers and transceivers: When the outputs
are enabled, Cpp is measured as for simple gates; ie, on
a per-buffer basis. The same holds true for the 3-state
condition. Transceivers are measured per buffer as well,
both enabled and disabled.

Latches: The device is clocked and data is toggled every
other clock pulse. Other preset or clear inputs are held to
enable output toggling. If the device has commonly
clocked latches, the clock is toggled and one latch is
exercised. 3-state latches are measured with their out-
puts both enabled and disabled. Cpg is given on a per-
latch basis.

Flip flops: The same as for latches. The device's inputs
are configured to toggle, and any preset or clear inputs
are held inactive.

Shift registers: The register is clocked and the serial
data input is toggled every other clock pulse, as for latch-
es and flip flops. Other clear or load pins are held inac-
tive, and parallel data inputs are held at Vg or ground.
3-state devices are measured with outputs both enabled
and disabled. If the device takes parallel loads only, it's
~ loaded with 10101010... and clocked to shift the data out,
then reloaded. -

Counters: A signal is applied to its clock input; other
clear or load inputs are held inactive. Cpp is given for
each counter within a package.

Arithmetic circuits: adders, magnitude comparators,
encoders, parity generators, ALUs and other miscellane-
ous circuits. The general rule is to exercise these parts to
obtain the maximum number of outputs toggling simulta-
neously while toggling only one or two inputs.

Display drivers: Cpp is generally not required for LED
drivers, because the LEDs use so much more power they
overshadow the drivers’ Cpp; moreover, when blanked
the drivers are rarely driven at any significant speed. If
needed, however, Cpp is measured with outputs enabled
and disabled, while toggling between a lamp test and
blank (if provided), or between a display of numbers 6
and 7. LCD drivers are tested by toggling their phase
inputs, which control the segment and backplane wave-
forms. If either of these driver types has latched inputs,
the latches are set to a flow-through mode.

One-shots: in some cases, when a device’s Icg is signif-
icant, Cpp might not be specified. When it is, Cpp is test-
ed by toggling one trigger input such that the output is a
square wave. The timing resistor is tied to a separate
Vg line, to eliminate its power contribution.

FIGURING DYNAMIC SYSTEM POWER

How do you calculate a system’s dynamic power? You can
do it on several levels, depending on the accuracy needed.
The simplest approach is to use a Cpp model that’s the sum
of the CMOS ICs’ Cpps and the load capacitances. Then,
assuming an average frequency, plug these numbers into
Equation 2 or Equation 3.

.
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FIGURE 3. Output status determines dynamic
dissipation in this 3-state-output flip flop. The IC
dissipates an order-of-magnitude higher power
with its outputs enabled.

The most accurate approach, however, is to determine each
component’s operating frequency and its capacitive load.
This method is used in critical battery powered applications.
The following section describes this approach and proposes
simplifications. In this-approach, system dynamic power is
the sum of the individual circuits’ power dissipation:

Pt =Py + Py + P3g + P4 + ... etc, 4)
where Py is the total power and P, is the power for each
component. By substituting Equation 3 into Equation 4, the
total system power is

Pt = (Cp1 + cL1)(VccAf) +
(Cp2 + CL2HVCAN) + ..etc. (5)
In Equation 5, load capacitances Ci 1, Cy o, etc are not sim-
ply the sum of all individual output loads. Cy is actually de-
pendent on device type. Why? Different devices switch a
different number of outputs simultaneously. What's more,
these outputs can toggle at a different rate from that of the
IC’s clock or input. Thus, for an individual IC and its load, the
actual power is
Pic = Vec? [(Cpof) + (CLifii) + (Cafia) + .1, (6)
where Cy_is the load on each of the simultaneously toggling
outputs, and f|_is the toggle rate seen by the load. A good
example is the power dissipation of a 4-bit CMOS counter.
Here there are four output terms—each output switches at a
different frequency. Accordingly, there are four (each) dis-
tinct CL and f_ terms. To simplify Equation 6, define an
effective load capacitance C| g which is the actual load mul-
tiplied by the ratio of the load toggle rate to the IC’s toggle
frequency:

CiLe = (CUEL/D. @
Substituting Equation 7 into Equation 6 and grouping
terms,
Pic = Vcc2 f(Cpp + CLe1 + CLez + --)- ®)
This procedure simplifies the process because output tog-
gle rates are almost exclusively a binary division of the input
clock. Thus, for an accurate calculation of system power,
you must calculate it for each IC using Equation 8 and take
the total. The counter is a prime candidate for using Equa-
tion 8. Here, the first stage’s effective output capacitance is
half the actual; the second, one-quarter, and so on.
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To make practical use of the foregoing methods, the follow-
ing list describes most of the CMOS-logic categories in
terms of effective load and operating frequency:

¢ Gates and buffers: Power calculations for these are
straightforward. Cpp, given for each gate, sums directly
with its output load. Operating frequency is the rate at
which the output toggles. For disabled 3-state buffers,
the power calculation uses the 3-state-output Cpp multi-
plied by the input frequency (no load capacitance includ-
ed.)

¢ Decoders: Each independent decoder can toggle no
more than two outputs at a time. To calculate power con-
sumption, sum Cpp with the load on two outputs. The
frequency is the rate at which the outputs switch.

* Multiplexers: For non-3-state devices, sum the loads on
all used outputs and add the sum to Cpp. The frequency
is that at which the outputs switch. For 3-state devices,
use only Cpp; the frequency is the inputs’ toggle rate.

* Counters: The operating frequency for each of a coun-
ter's outputs is that of the previous stage divided by two.
The loads on lower order stages contribute less current.
So to calculate power, sum Cpp with one-half the first
stage's load plus one-quarter the second stage’s, and so
on. For decade and other modulo counters, this proce-
dure is slightly different. In general, you can neglect out-
puts more than four stages removed from the clock. A
simple approximation is to sum Cpp with the average
output load and use the input clock frequency.

Latches, flip flops and shift registers: For these devic-
es, the frequency is the ICs’ clock rate. The outputs typi-
cally change state at half the clock rate, so when calcu-
lating power dissipation, add Cpp to half the output load.
If the data inputs change more slowly, you can modify
the effective load downward by the ratio of the data rate
to the clock rate. Again, if the outputs are disabled, no
load dissipation exits and you should use the 3-state
Cpp-
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These rules notwithstanding, it's rarely necessary to go
through a detailed analysis of each IC. In most instances, a
simpler analysis can yield good results. In noncritical appli-
cations where power consumption is used to determine the
system’s power-supply needs, the simpler analysis suffices.
Using this method, you estimate the average operating fre-
quency for major sections of the system. Next, sum all the
Cpps and effective loads in each section:

PeLock = vee? fava [(Cpy + Cer) +
(Cpz2 + CLea) + ... + (Cpn + Cren)l. (9)
Thus, to approximate the total system’s power consump-
tion, you must approximate the effective loads for each
group of devices (or the entire system) and add them to-
gether.

Consider a microprocessor-based system using an 8 MHz
clock frequency. In this example, you might determine that
the bus operates at approximately 2 MHz, random control
logic at 4 MHz, and the RAM and 1/0 devices at 100 kHz.
You could estimate an overall system clock to be 1 to
2 MHz, depending on the actual size of each block. Next,
you'd sum the Cpp and the effective load capacitances—
say 2000 and 1000 pF, respectively. The ballpark estimate
for system power is

P = (5)2 (1 MHz)(2000 pF + 1000 pF) = 75 mW. (10)
Exceptions to the above rules are one-shot ICs and gates
configured as oscillators, which use CMOS in an essentially
linear manner. Their power consumption is not strictly attrib-
utable to negligible quiescent currents or dynamic switching
currents.
Consider one-shots, some of which draw dc current continu-
ously, some only when the output pulse is triggered (check
data sheets for the device type you're using). The culprits
are the ICs’ internal linear CMOS comparators that use dc
bias circuits. HC one-shots use several design approaches.
Cne (the 'HC123A/221A/423A) uses a comparator that
shuts off after a pulse times out; the second (the '"HC4538)
leaves the comparators on at all times.

74HC04

T
N

TL/F/8128-4

(d)

FIGURE 4. Drawing higher-than-calculated power, these CMOS oscillator configurations suffer
from “soft” logic levels at their gates’ inputs. Circuits (a) through (d) are 3-inverter,
2-inverter, Schmitt-trigger and crystal oscillators, respectively.
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A one-shot’s overall power consumption is its quiescent
power plus the power consumed by its timing elements and
Cpp. If the comparators turn off, you multiply the quiescent
current by the duty cycle of the output pulse. Thus, the over-
all expression for one-shot power consumption is
Pos=(lcc)(Vee)(D) + (Cext + CL + Cep)(Vecd(),  (11)
where Pgog is the total power, D the one-shot's duty cycle,
Cexr the timing capacitor, C|_ the load on both outputs, and
f the operating frequency. In general, the Cpp term is small
at lower frequencies; you can safely set it to zero to simplify
the equation.

What about oscillators? The circuits shown in Figure 4 draw
more current at a given operating frequency than you'd cal-
culate using only Cpp. This is because in these applications,
the inputs to some of the gates are at “soft” logic levels for
significant amounts of time. This causes both p- and n-
channel transistors to conduct simultaneously and hence
draw dc current. '

Figure 5a plots current vs input voltage for the 74HCO00 gate
and gives an idea of the amount of current typically drawn
when soft logic levels are applied. The large spike at 2.3V is
the result of the output’s switching. At low frequencies, the
oscillator's supply current can be several milliamps higher
than you might expect because of the amount of dc current
drawn.

The same is true of a 74HC14 used as an oscillator. Figure
5b shows the supply current vs input voltage for the
74HC14 and the 74C14 (or CD40106). Because the actual
power consumed vaires with frequency and component val-
ues, it's best to determine it empirically. As with the one-
shots, the oscillator timing capacitor’s contribution to power
dissipation can be expressed by P = V¢o(Cof.
MMS54HC/74HC logic uses bigger devices and lower tran-
sistor thresholds than metal-gate CMOS, so it might be
more desirable to use either CD4000 or MM54C/74C logic
for lower power oscillators (if operating frequency and out-
put-drive requirements permit.)

MORE SPECIAL CASES: HCT

Because of their unique applications in TTL and NMOS sys-
tems, 54HCT/74HCT devices have some additional traits
that you should consider in designing systems. In TTL sys-
tems, the HCT ICs’ inputs are driven under worst-case con-
ditions by TTL levels of 0.5 and 2.4V. With these input levels
applied, HCT consumes significant quiescent current: about
200 to 500 pA per input. You must consider this dc current
when calculating power.

To see the origins of this quiescent current, refer to Figure
6, which shows a typical HCT’s input. With a 2.4V input
level, the n-channel transistor turns fully on; the p-channel
device turns slightly on. This scenario results in a quiescent
current dependent on the number of logic-One inputs ap-
plied. The 0.5V level is close enough to ground to cause the
n-channel transistor to turn off, so HCT ICs draw quiescent
current only when its inputs are at a high state.

The Igc values with these logic levels are specified in the
HCT data sheets. It's specified on a per-input basis—this
allows you some flexibility in determining quiescent power
when an IC is driven by both CMOS and TTL. The specified
quiescent-current value results in calculated Igc values of
several milliamps per IC, significantly less than that of LS
TTL circuits.

Note, however, that using this data-sheet approach yields
current values roughly five times higher than that actually
seen in system designs. The reason for this is that the Icc
test is spec’d at Voo =5.5V and Viy=2.4V, but even worst-
case TTL output-High levels are at least 3.4V under these
conditions. Output levels can only attain a low 2.4V with
Voo =4.5V. Moreover, both TTL and NMOS outputs typical-
ly assume levels closer to 3V (at Voo = 4.5V), lowering qui-
escent current more. The point is, don’t let Icc specs scare
you into thinking CMOS is a power hog.
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FIGURE 5. “Soft” logic levels cause high currents in a 74HCO00 inverter (a) and a 74HC14 connected as an oscillator
(b,c). Because the power varies with frequency and component values, it’s best to determine its value empirically.
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