


ORDERING INFORMATION

TYPE NUMBER DESIGNATIONS
PC 74 XXX XXXXX X

L package code; P = plastic; T = plastic mini-pack (SO)

————— device number (up to 5 digits; may include a suffix letter*)

HC = CMOS input switching levels; supply voltage
range 2 to 6 V; fully buffered

HCT = TTL input switching levels; supply voltage
range 4.5 V to 5.5 V, fully buffered

HCU = CMOS input switching levels; supply voltage

range 2 to 6 V; unbuffered (single-stage devices)

74 = temperature range: —40 to +85 °C or —40 to +125 °C

PC = family identification (high-speed CMOS)

72930741

type number
terminal 1 PETAXXXXXXXXX  *————F— 4o iination
identification —™ XXXXXX X
factory identification il L layout identification
date code

* Example suffix */B"': this type has bus driver output capability in contrast with the plane version.
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INTRODUCTION

INTRODUCTION FOR THE HCMOS DESIGNER'S
GUIDE

This guide has been prepared to provide an understanding
of the principles involved in the design of systems using our
74HC/HCT/HCU family of high-speed CMOS (HCMOS)
logic ICs. Design examples and performance are given for a
wide variety of HCMOS applications, together with methods
of protecting HCMOS when it is used in the automotive
environment. General circuit board construction principles
are also given, covering subjects such as power supply
decoupling, interfacing and protection of circuit board
inputs. The guide also covers important subjects such as
handling, quality, and using HCMOS to replace LSTTL to
reduce power consumption without loss of speed. The
HCMOS family specification, comprehensive lists of avail-
able logic functions and an explanation of the new IEC
logic symbols are also included.

The wealth of information contained within this guide
is primarily intended for the use of logic circuit and system
designers but will also be invaluable to technicians, students
and others interested in obtaining a deeper understanding
of HCMOS ICs so they can fully exploit their outstanding
performance.
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HCMOS family characteristics

FAMILY
SPECIFICATIONS

GENERAL

These family specifications cover the common electrical ratings
and characteristics of the entire HCMOS 74HC/HCT/HCU family,
unless otherwise specified in the individual device data sheet.

INTRODUCTION

The 74HC/HCT/HCU high-speed Si-gate CMOS logic family
combines the low power advantages of the HE4000B family
with the high speed and drive capability of the low power
Schottky TTL (LSTTL).

The family will have the same pin-out as the 74 series and
provide the same circuit functions.

In these families are included several HE4000B family circuits
which do not have TTL counterparts, and some special circuits.
The basic family of buffered devices, designated as
XX74HCXXXXX, will operate at CMOS input logic levels for
high noise immunity, negligible typical quiescent supply and
input current. It is operated from a power supply of 2to 6 V.

RECOMMENDED OPERATING CONDITIONS FOR 74HC/HCT

A subset of the family, designated as XX74HCTXXXXX,

with the same features and functions as the ‘"HC-types”’, will
operate at standard TTL power supply voltage (5 V + 10%)

and logic input levels (0.8 to 2.0 V) for use as pin-to-pin
compatible CMOS replacements to reduce power consumption
without loss of speed. These types are also suitable for converted
switching from TTL to CMOS.

Another subset, the XX74HCUXXXXX, consists of single-stage
unbuffered CMOS compatible devices for application in RC or
crystal controlled oscillators and other types of feedback
circuits which operate in the linear mode.

HANDLING MOS DEVICES

Inputs and outputs are protected against electrostatic effects in a
wide variety of device-handling situations.

However, to be totally safe, it is desirable to take handling
precautions into account (see also chapter “HANDLING
PRECAUTIONS").

74HC 74HCT
SYMBOL | PARAMETER - - UNIT | CONDITIONS
min. | typ. | max. | min. | typ. | max.

Vee DC supply voltage 20 5.0 6.0 45 5.0 5.5 v
\7 DC input voltage range 0 Vee | O Vee
Vo DC output voltage range 0 Vee | O Vee |V
Tamb operating ambient temperature range | —40 +85 —-40 +85 °C see DC and AC
Tamb operating ambient temperature range | —40 +125 | —40 +125 | °C gg”;z\}ice

. . . 1000 Ve =20V
| g nputs 50 | 50 80 |s0 | m | Vec-4sy

Note

For analog switches, e.g. “4016", 4051 series”’, ‘4351 series”, “4066"” and 4067, 10 V is specified as the maximum

operating voltage.

RECOMMENDED OPERATING CONDITIONS FOR 74HCU

74HCU
SYMBOL | PARAMETER UNIT | CONDITIONS
min. | typ. | max.

Vee DC supply voltage 2.0 5.0 6.0 \"

\7 DC input voltage range 0 Vee \"

Vo DC output voltage range 0 Vee \

Tamb operating ambient temperature range —40 +85 °c see DC and AC

CHAR.
Tamb operating ambient temperature range —40 +125 | °C per device

January 1986



FAMILY
SPECIFICATIONS

RATINGS

Limiting values in accordance with the Absolute Maximum System (IEC 134)

Voltages are referenced to GND (ground =0 V)

SYMBOL PARAMETER MIN. | MAX. | UNIT | CONDITIONS
Vee DC supply voltage -0.5 | +7 \%
K DC input diode current 20 mA for V| <-0.50rV; >Vgc+0.5V
*lok DC output diode current 20 mA for Vo <-0.50or Vo> Vg 0.5 V
tlg DC output source or sink for —0.5 V<Vp <Vgc +0.5 V
current
— standard outputs 25 mA
— bus driver outputs 35 mA
tloes DC Ve or GND current
+IGND for types with:
— standard outputs 50 mA
— bus driver outputs 70 mA
Tstg storage temperature range —65 +150 | °C
Piot power dissipation per package for temperature range: —40 to +125 °C
74HC/HCT/HCU
plastic DIL 500 mW above +70 °C: derate linearly with 8 mW/K
plastic mini-pack (SO) 400 mwW above +70 °C: derate linearly with 6 mW/K
Note

For analog switches, e.g. “4016", ‘“4051 series”, 4351 series”, "“4066'' and ‘4067, 11 V is specified as the maximum
operating voltage. .

10 January 1986\ (



HCMOS family characteristics FAMILY
SPECIFICATIONS
DC CHARACTERISTICS FOR 74HC
Voltages are referenced to GND (ground =0 V)
Tamb (°C) TEST CONDITIONS
74HC
SYMBOL | PARAMETER UNIT | Vee | Vi OTHER
+25 —40t0+85 | —40t0+125 Y,
min. | typ. | max. | min. | max. | min. | max.
15 | 1.2 15 15 2.0
ViH HIGH level inputvoltage | 3.15| 2.4 3.15 3.15 % 45
42 |32 42 4.2 6.0
0.8 | 05 0.5 0.5 2.0
ViL LOW level input voltage 2.1 | 1.3 1.35 135 |V 45
28 |18 1.8 1.8 6.0
19 |20 1.9 19 20 | Vg | —lp=20pA
VoH HIGH level outputvoltage | 4 |45 44 'y v 45 |or —10 =20 uA
P 59 [6.0 5.9 5.9 60 |ViL |-lg=20pA
v HIGH level output voltage | 3.98 | 4.32 3.84 3.7 v 45 Zr'H —lg=4.0mA
OH standard outputs 5.485.81 5.34 5.2 60 |y, |-lo=52mA
Vv HIGH level output voltage | 3.98 | 4.32 3.84 3.7 v 45 er —lp=6.0mA
OH bus driver outputs 5.48 | 5.81 5.34 5.2 60 |y, |-lo=78mA
0 |01 0.1 0.1 20 |Vig |lo=20pA
VoL LOW lovel output voltage 0 |01 0.1 01 |v 45 |or |lgo=20uA
p o |01 0.1 0.1 60 | VL |10=20rA
v LOW level output voltage 0.15| 0.26 0.33 04 |, 45 ;’r“* Io=40mA
oL standard outputs 0.16| 0.26 0.33 04 6.0 ViL lp=562mA
v LOW level output voltage 0.15| 0.26 0.33 04 | 45 ;’rlH 10 =6.0 mA
oL bus driver outputs 0.16{ 0.26 0.33 04 6.0 ViL 10=78mA
Vce
£ input leakage current 0.1 1.0 1.0 uA 6.0 or
GND
ViH -
tloz 3-state OFF-state current 05 5.0 100 [uA |60 |or | YOSVCC
ViL
quiescent supply current
| ssi 20 20.0 400 |uA 60 |Vee |[lo=0
cc flip-flops 40 40.0 80.0 |uA 6.0 | or Io=0
msi 8.0 80.0 160.0 | kA 60 |GND |1g=0

January 1986
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FAMILY
SPECIFICATIONS

DC CHARACTERISTICS FOR 74HCT

Voltages are referenced to GND (ground =0 V)

Tamb (°C) TEST CONDITIONS
74HCT
SYMBOL | PARAMETER UNIT | Vge | V) OTHER
+25 —40t0+85 | —40to +125 Y,
min. | typ. | max. | min. | max. | min. | max.
4.5
VIH HIGH level input voltage 20 (16 20 20 \") to
55
45
ViL LOW level input voltage 1.2 (08 08 0.8 A" to
5.5
v HIGH level output voltage 44 |as 44 44 v 45 Zr'H —lg =20 uA
OH all outputs : : ’ ’ ' ViL °
v HIGH level output voltage | 5 gg |4 35 384 3.7 v 45 <\>/r‘H —lo=40mA
OH standard outputs . - . : y ViL 0 N
v HIGH level output voltage | 5 gg | 4 37 384 3.7 v 45 |o™ |-ig=60ma
OH bus driver outputs : N : . 3 ViL 0 :
v LOW level output voltage 0 0.1 0.1 0.1 v 45 Zr'H Io = 20 uA
oL all outputs ’ ' ’ ’ ViL ©
v LOW level output voltage 0.15| 0.26 033 04 | v a5 |o¥ |ig=40ma
oL standard outputs : - ! : : ViL o=
LOW level output voltage ViH
VoL . 0.16 | 0.26 0.33 04 \Y 45 or lp=6.0mA
bus driver outputs ViL
Vee
* input leakage current 0.1 1.0 1.0 nA 55 or
GND
Vo=Vgcor GND
ViH per input pin;
tloz 3-state OF F-state current 05 5.0 10.0 | A 5.5 or other inputs at
V”_ VCC or GND;
lo=0
quiescent supply current
| SSi 20 20.0 40.0 | pA 5.5 Vce lp=0
cc flip-flops 40 40.0 80.0 | pA 55 | or 10=0
MSI 8.0 80.0 160.0] A 5.5 GND |[1p=0
T3 IV o—
Alce unit load coefficient is 1 100 360 450 490 | WAoo | 77 v| Yoc or GND:
(note 1) : 0
Note

1. The additional quiescent supply current per input is determined by the Algg unit load, which has to be multiplied by the unit load
coefficient as given in the individual data sheets. For dual supply systems the theoretical worst-case (VI=24V;Vcc=55V)
specification is: Alcc = 0.65 mA (typical) and 1.8 mA (maximum) across temperature.

January 1986\ (




HCMOS family characteristics

FAMILY

SPECIFICATIONS

DC CHARACTERISTICS FOR 74HCU

Voltages are referenced to GND (ground =0 V)

Tamb (°C) TEST CONDITIONS
74HCU
SYMBOL | PARAMETER UNIT | Ve | VI OTHER
+25 —40to+85 | —40to +125 v
min. | typ. | max. | min.| max. | min. | max.
1.7 |14 1.7 1.7 20
ViH HIGH level input voltage 36 |26 3.6 36 Vv 45
48 |34 48 48 6.0
06 |03 0.3 0.3 2.0
ViL LOW level input voltage 1.9 | 09 0.9 0.9 \% 4.5
26 | 1.2 1.2 1.2 6.0
1.8 |20 1.8 1.8 20 ViH —lg =20 A
VOH HIGH level output voltage | 4.0 |4.5 4.0 4.0 \% 45 or —1lp =20 A
55 |6.0 55 5.5 6.0 | ViL —lg =20 uA
v HIGH level output voltage | 398 | 4:32 384 3.7 v |45 | Yec | —ip=40ma
OH % | 5.48|5.81 5.34 5.2 60 | Zyp | ~'0=52mA
0 0.2 0.2 0.2 20 | ViH lo =20 uA
VoL LOW level output voltage 0 05 0.5 05 |V 45 | or lo =20 uA
0 0.5 0.5 0.5 6.0 ViL lo =20 uA
Vv
0.15| 0.26 0.33 04 45 CC | 1Ig=4.0mA
VoL LOW level output voltage \ or -
0.16| 0.26 0.33 04 6.0 GND lp=52mA
Vce
Bl input leakage current 0.1 1.0 1.0 | kA 6.0 or
GND
uiescent | nt Vee
Icc qSIsel nt supply currei 20 200 40.0 | pA 6.0 | or lo=0
GND

January 1986
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FAMILY
SPECIFICATIONS

AC CHARACTERISTICS FOR 74HC
GND=0V;t =tf=6ns; C_ =50 pF

Tamb (°C) TEST CONDITIONS
74HC
SYMBOL | PARAMETER UNIT | Vgc | WAVEFORMS
+25 —4010 +85 | —40to +125 v
min. | typ. | max. | min. | max. | min. | max.
T 19 |75 95 110 20
tTHL/ output transition time ;
tTLH standard outputs ; :g :(95 fg ns gg Figs 3and 4
tTHL/ output transition time ;4 ?g -112 ?g ns Zg Figs 3 and 4
tTLH bus driver outputs a 10 13 15 6‘0
AC CHARACTERISTICS FOR 74HCU
GND=0V;t, =tg=6ns;C|_=50pF
Tamb (°C) TEST CONDITIONS
74HCU
SYMBOL | PARAMETER UNIT | Vcc | WAVEFORMS
+25 —40to +85 | —40 to +125 Vv

min. | typ. | max. | min.| max. | min. | max.

t / 19 |75 95 110 2.0
tTHL output transition time 7 15 19 22 ns 45 Fig. 1
TLH 6 |13 16 19 6.0
AC CHARACTERISTICS FOR 74HCT
GND=0V;t =tf=6ns;C =50 pF
Tamb (°C) TEST CONDITIONS
74HCT
SYMBOL | PARAMETER UNIT | Vcc| WAVEFORMS
+25 —40t0+85 | —40to +125 Vv
min. | typ. | max. | min.| max. | min. | max.
tTHL/ output transition time .
tTLH standard outputs 7 15 19 22 ns 45 | Figs 8and9
tTHL/ output transition time .
tTLH bus driver outputs 5 |12 15 18 | ns 45 | Figs8and9

14 January 1986



HCMOS family characteristics FAMILY
SPECIFICATIONS

HCU TYPES HC TYPES
AC WAVEFORMS 74HCU AC WAVEFORMS 74HC
INPUT INPUT
OUTPUT ouTeuT
lTHL_’ |--— — Q—l"'LH
72912671 7291257.1
Fig. 1 Input rise and fall times, transition times and propagation Fig. 3 Input rise and fall times, transition times and propagation
delays for combinatorial logic ICs. delays for combinatorial logic ICs.

TEST CIRCUIT FOR 74HCU AC WAVEFORMS 74HC
Vee
l —— Vee
our -6 g —\_
GND

CL==50pF
I i
i f Vee

7287475

DATA
INPUT  f 50%

Fig. 2 Test circuit. GND
tsy

Definitions for Fig. 2: —=| |=— 'THL
C_ = load capacitance including jig and probe capacitance ouTPUT
(see AC CHARACTERISTICS for values).

Ry = termination resistance should be equal to the output —
impedance Z, of the pulse generator. | trem y

cC

SET,
RESET,
PRESET  {%0%
INPUT
GND

7291259.1

tPHL =

Fig. 4 Set-up times, hold times, removal times, propagation
delays and the maximum clock pulse frequency for sequen-
tial logic ICs.

Notes to Fig. 4

1. In Fig. 4 the active transition of the clock is going from LOW-
to-HIGH and the active level of the forcing signals (SET, RESET
and PRESET) is HIGH. The actual direction of the transition of
the clock input and the actual active levels of the forcing signals
are specified in the individual device data sheet.

2. For AC measurements: t, = tf = 6 ns; when measuring fax,
there is no constraint on t,, tf with 50% duty factor.

January 1986
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FAMILY
SPECIFICATIONS

HC TYPES (continued)

TEST CIRCUIT FOR 74HC

AC WAVEFORMS 74HC (continued)

PULSE Y Vo
IGENERATDR oUT. 6 J_
I Ry CL==50pF

7287475

Fig. 5 Test circuit.
Definitions for Fig. 5:

load capacitance including jig and probe capacitance
(see AC CHARACTERISTICS for values).

Ry = termination resistance should be equal to the output
impedance Z, of the pulse generator.

Co

OUTPUT
ENABLE

OUTPUT
LOW-to-OFF
OFF-to-LOW

OUTPUT
HIGH-to-OFF
OFF-to-HIGH
outputs | outputs ! outputs
7291261.1 enabled disabled enabled

Fig. 6 Propagation delays of 3-state outputs.

TEST CIRCUIT FOR 74HC

PULSE
GENERATOR

Switch position

TEST SWITCH
tozm GND
tozL Vee

tonz GND
tpLz Vee

Note to switch position table

For open-drain N-channel outputs tp ; and tp, are applicable.
Fig. 7 Test circuit for 3-state outputs.
Definitions for Fig. 7:
C, = load capacitance including jig and probe capacitance
(see AC CHARACTERISTICS for values).

termination resistance should be equal to the output
impedance Z, of the pulse generator.

Ry

16 January 1986



HCMOS family characteristics

FAMILY

SPECIFICATIONS

HCT TYPES
AC WAVEFORMS 74HCT TEST CIRCUIT FOR 74HCT
Vee
|
INPUT v
PULSE o
iRT Jr CL==505F
OUTPUT 7287475

=l 17y

7291256.1

Fig. 8 Input rise and fall times, transition times and propagation
delays for combinatorial logic ICs.

AC WAVEFORMS 74HCT
| Vimay ————
3V
CLOCK
INPUT /——\—
GND
th
3v
DATA
eyt 13V
'—— GND
tsy = S T e
= = TLH —e e THL
90%
ouTPUT 13V
TO%fL 1
—=| tPLH = tPHL =

| trem '+

SET, 3V
RESET,
PRESET 13V

1

NPUT oo

7291268.1

Fig. 9 Set-up times, hold times, removal times, propagation
delays and the maximum clock pulse frequency for sequen-
tial logic ICs.

Notes to Fig. 9

-

. In Fig. 9 the active transition of the clock is going from LOW-

to-HIGH and the active level of the forcing signals (SET, RESET
and PRESET) is HIGH. The actual direction of the transition of
the clock input and the actual active levels of the forcing signals
are specified in the individual device data sheet.

. For AC measurements: t, = tf = 6 ns; when measuring fyay,

there is no constraint on ty, tf with 50% duty factor.

C =

1l

Ry

Definitions for Fig. 10:

load capacitance including jig and probe capacitance
(see AC CHARACTERISTICS for values).
termination resistance should be equal to the output

Fig. 10 Test circuit.

impedance Z, of the pulse generator.

January 1986
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FAMILY
SPECIFICATIONS

HCT TYPES (continued)
AC WAVEFORMS 74HCT (continued)

OuTPUT
ENABLE

OUTPUT
LOW-t0-OFF
OFF -to- LOW

OUTPUT
HIGH-t0-OFF
OFF -to- HIGH

OULPULS gl OUTPULS | OUtputs
7296099 enabled disabled enabled

Fig. 11 Propagation delays of 3-state outputs.

TEST CIRCUIT FOR 74HCT

Vee Vee

PULSE
GENERATOR

Switch position
TEST SWITCH
tozn GND
toz, Ve
tonz GND
tez Vee

Note to switch position table

For open-drain N-channel outputs tp z and tp;_are applicable.
Fig. 12 Test circuit for 3-state outputs.
Definitions for Fig. 12:
C_ = load capacitance including jig and probe capacitance
(see AC CHARACTERISTICS for values).

Ry = termination resistance should be equal to the output
impedance Z,, of the pulse generator.

18
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HCMOS family characteristics

DATA SHEET

SPECIFICATION

GUIDE

INTRODUCTION

The 74HCMOS data sheets have been designed for ease-of-
use. A minimum of cross-referencing for more information
is needed.

TYPICAL PROPAGATION DELAY AND FREQUENCY

The typical propagation delays listed at the top of the data
sheets are the average of tp 1y and tpyy for the longest
data path through the device with a 15 pF load.

For clocked devices, the maximum frequency of operation
is also given. The typical operating frequency is the maxi-
mum device operating frequency with a 50% duty factor
and no constraints on t, and t¢.

LOGIC SYMBOLS

Two logic symbols are given for each device — the conven-
tional one (Logic Symbol) which explicitly shows the

nnnnnnnnnnnnn e Frr nn 03
interna! logic {except for complex logic) and the 1EC Logic

Symbol as developed by the IEC (International Electro-
technical Commission).

The IEC has been developing a very powerful symbolic
language that can show the relationship of each input of a
digital logic current to each output without explicitly
showing the internal logic. Internationally, Working Group
2 of IEC Technical Committee TC-3 has prepared a new
document (Publication 617-12) which supersedes Publi-
cation 117-15, published in 1972.

RATINGS

The “RATINGS” table (Limiting values in accordance with
the Absolute Maximum System — IEC134) lists the maxi-
mum limits to which the device can be subjected without
damage. This doesn‘t imply that the device will function at
these extreme conditions, only that, when these conditions
are removed and the device operated within the Re-
commended Operating Conditions, it will still be functional
and its useful life won’t have been shortened.

The maximum rated supply voltage of 7 V is well below the
typical breakdown voltage of 18 V.

RECOMMENDED OPERATING CONDITIONS

The “RECOMMENDED OPERATING CONDITIONS”
table lists the operating ambient temperature and the
conditions under which the limits in the “DC CHARAC-
TERISTICS” and “AC CHARACTERISTICS” tables will
be met. The table should not be seen as a set of limits
guaranteed by the manufacturer, but as the conditions used
to test the devices and guarantee that they will then meet
the limits in the DC and AC CHARACTERISTICS tables.

DC CHARACTERISTICS

The “DC CHARACTERISTICS” table reflects the DC
limits used during testing. The values published are
guaranteed.

The threshold values of Vjy and V|, can be tested by the
user. If Vyy and V) are applied to the inputs, the output
voltages will be those published in the “DC CHARACTER-
ISTICS” table. There is a tendency, by some, to use the
published V) and V), thresholds to test a device for
functionality in a ‘/function-table exercizer” mode.
This frequently causes problems because of the noise
present at the test head of automated test equipment with
cables up to 1 metre. Parametric tests, such as those used
for the output levels under the V| and V,_conditions
are done fairly slowly, in the order of milliseconds, so that
there is no noise at the inputs when the outputs are
measured. But in functionality testing, the outputs are
measured much faster, so there can be noise on the inputs,
before the device has assumed its final and correct output
state. Thus, never use V| and V, L to test the functionality
of any HCMOS device type; instead, use input voltages of
Vg (for the HIGH state) and 0V (for the LOW state). In
no way does this imply that the devices are noise-sensitive
in the final system.

In the data sheets, it may appear strange that the typical
VL is higher than the maximum V| . However, this is
because V| max is the maximum V| (guaranteed) for all
devices that will be recognized as a logic LOW. However,
typically a higher V)L will also be recognized as a logic
LOW. Conversely, the typical V| is lower than its
minimum guaranteed level.

For 74HCMOS, unlike TTL, no output HIGH short-circuit
current is specified. The use of this current, for example,
to calculate propagation delays with capacitive loads, is
covered by the HCMOS graphs showing the output drive
capability and those showing the dependence of propagation
delay on load capacitance.

The quiescent supply current Igc is the leakage current of
all the reversed-biased diodes and the OFF-state MOS
transistors. It is measured with the inputs at Ve or GND
and is typically a few nA.

AC CHARACTERISTICS

The “AC CHARACTERISTICS” table lists the guaranteed
limits when a device is tested under the conditions given in
the AC Test Circuits and Waveforms section.

January 1986
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DATA SHEET
SPECIFICATION
GUIDE

TEST CIRCUITS

Good high-frequency wiring practices should be used in test
circuits. Capacitor leads should be as short as possible to
minimize ripples on the output waveform transitions and
undershoot. Generous ground metal (preferably a ground-
plane) should be used for the same reasons. A V¢ decoup-
ling capacitor should be provided at the test socket, also
with short leads. Input signals should have rise and fall
times of 6ns, a signal swing of 0V to V¢ for 74HC and
OV to 3V for 74HCT; a 1.0 MHz square wave is re-
commended for most propagation delay tests. The
repetition rate must be increased for testing f,,,. Two
pulse generators are usually required for testing such
parameters as set-up time, hold time and removal time.
fmax is also tested with 6ns input rise and fall times, with a
50% duty factor, but for typical ;5 as high as 60 MHz,
there are no constraints on rise and fall times.

20
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HCMOS family characteristics

DEFINITIONS
OF SYMBOLS

DEFINITIONS OF SYMBOLS AND TERMS USED IN
HCMOS DATA SHEETS

Currents

Positive current is defined as conventional current flow
into a device.

Negative current is defined as conventional current flow
out of a device.

icc

Quiescent power supply current; the current flowing into

the V¢ supply terminal.

Alec Additional quiescent supply current per input pin at a
specified input voltage and Vc.

leno Quiescent power supply current; the current flowing into
the GND terminal.

I Input leakage current; the current flowing into a device ata
specified input voltage and Vcc.

ik Input diode current; the current flowing into a device at a
specified input voltage.

lo Output source or sink current; the current flowing into a
device at a specified output voltage.

lok Output diode current; the current flowing into a device at a
specified output voltage.

loz OFF-state output current; the leakage current flowing into
the output of a 3-state device in the OFF -state, when the
output is connected to Vg or GND.

Is Analog switch leakage current; the current flowing into an
analog switch at a specified voltage across the switch and
Vee-

Voltages

All voltages are referenced to GND (ground), which is typically O V.

GND

Supply voltage; for a device with a single negative power
supply, the most negative power supply, used as the
reference level for other voltages; typically ground.

Supply voltage; the most positive potential on the device.

Supply voitage; one of two (GND and Vege) negative power
supplies.

Hysteresis voltage; difference between the trigger levels,
when applying a positive and a negative - going input signal.

HIGH level input voltage ; the range of input voltages that
represents a logic HIGH level in the system.

LOW level input voltage; the range of input voltages that
represents a logic LOW level in the system.

HIGH level output voltage ; the range of voltages at an
output terminal with a specified output loading and supply
voltage. Device inputs are conditioned to establish a HIGH
level at the output.

Vis

Vi

LOW level output voltage; the range of voltages at an output
terminal with a specified output loading and supply voitage.
Device inputs are conditioned to establish a LOW level at
the output.

Trigger threshold voltage; positive - going signal.

Trigger threshold voltage; negative-going signal.

Analog terms

Ron ON-resistance; the effective ON-state resistance of an
analog switch, at a specified voltage across the switch and
output load.

ARgy AON-resistance; the difference in ON-resistance between
any two switches of an analog device at a specified voltage
across the switch and output load.

Capacitances

C Input capacitance; the capacitance measured at a terminal
connected to an input of a device.

Cio Input/Output capacitance; the capacitance measured at a
terminal connected to an I/O-pin (e.g. a transceiver).

C, Output load capacitance; the capacitance connected to an
output terminal including jig and probe capacitance.

Cep Power dissipation capacitance; the capacitance used to
determine the dynamic power dissipation per logic func-
tion, when no extra load is provided to the device.

Cs Switch capacitance; the capacitance of a terminal to a

switch of an analog device.

AC switching parameters

fi

Input frequency; for combinatorial logic devices the maxi-
mum number of inputs and outputs switching in accordan-
ce with the device function table. For sequential logic
devices the clock frequency using alternate HIGH and LOW
for data input or using the toggle mode, whichever is
applicable.

Output frequency; each output.

Maximum clock frequency; clock input waveforms should
have a 50% duty factor and be such as to cause the outputs
to be switching from 10%V ¢ to 90%V ¢ in accordance with
the device function table.

Hold time; the interval immediately following the active
transition of the timing pulse (usually the clock pulse) or
following the transition of the control input to its latching
level, during which interval the data to be recognized must
be maintained at the input to ensure their continued recog-
nition. A negative hold time indicates that the correct logic
level may be released prior to the timing pulse and still be
recognized.

Clock input rise and fall times; 10% and 90% values.
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AC switching parameters (continued)

PHL

PLH

tpHZ

oLz

tpzH

tpzL

Propagation delay; the time between the specified
reference points, normally the 50% points for
74HC and 74HCU devices on the input and output
waveforms and the 1.3V points for the 74HCT
devices, with the output changing from the defined
HIGH levei to the defined LOW level.

Propagation delay; the time between the specified
reference points, normally the 50% points for
74HC and 74HCU devices on the input and output
waveforms and the 1.3V point for the 74HCT
devices, with the output changing from the defined
LOW fevel to the defined HIGH level.

3-state output disable time; the time between the
specified reference points, normally the 50%
points for the 74HC and 74HCU devices and the
1.3V points for the 74HCT devices on the output
enable input voltage waveform and a point re-
presenting 10% of the output swing on the output
voltage waveform of a 3-state device, with the
output changing from a HIGH level (Vgy) to a
high impedance OF F-state (Z).

3-state output disable time; the time between the
specified reference points, normally the 50%
points for the 74HC devices and the 1.3V points
for the 74HCT devices on the output enable input
voltage waveform and a point representing 10% of
the output swing on the output voltage waveform
of a 3-state device, with the output changing from
a LOW level (Vg ) to a high impedance OF F-state
(Z).

3-state output enable time; the time between the
specified reference points, normally the 50%
points for the 74HC devices and 1.3V points for
the 74HCT devices on the output enable input
voltage waveform and the 50% point on the output
voltage waveform of a 3-state device, with the
output changing from a high impedance OF F-state
(Z) to a HIGH level (Vog).

3-state output enable time; the time between the
specified reference points, normally the 50%
points for the 74HC devices and the 1.3V points
for the 74HCT devices on the output enable input
voltage waveform and the 50% pointon the output
voltage waveform of a 3-state device, with the
output changing from a high impedance OFF-state
(Z) to a LOW level (Vg ).

trem

1:SU

TTHL

TTHL

w

Removal time; the time between the end of an
overriding asynchronous input, typically a clear or
reset input, and the earliest permissible beginning
of a synchronous control input, typically a clock
input, normally measured at the 50% points for
74HC devices and the 1.3V points for the 74HCT
devices on both input voltage waveforms.

Set-up time; the interval immediately preceding
the active transition of the timing pulse (usually
the clock pulse) or preceding the transition of the
coltrol input to its latching level, during which
interval the data to be recognized must be main-
tained at the input to ensure their recognition.
A negative set-up time indicates that the correct
logic level may be initiated sometime after the
active transition of the timing pulse and still be
recognized.

Output transition time; the time between two
specified reference points onawaveform, normally
90% and 10% points, that is changing from HIGH-
to-LOW.

Output transition time; the time between two
specified reference points on a waveform, normally
10% and 90% points, that is changing from LOW-
to-HIGH.

Pulse width; the time between the 50% amplitude
points on the leading and trailing edges of a pulse
for 74HC and 74HCU devices and at the 1.3V
points for 74HCT devices.
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INTRODUCTION

The 74HC/HCT/HCU family is a comprehensive range of
high-speed CMOS (HCMOS) integrated circuits. Whilst
retaining all the advantages of CMOS technology - wide
operating voltage range, very low power consumption, high
input noise immunity and wide operating temperature
range - these circuits have the high-speed and drive capa-
bilities of low-power Schottky TTL (LSTTL). An extensive
product range (most TTL functions and some devices from
the successful HE4000B series: analog multiplexers, long
time-constant multivibrators, phase-locked loops) and the
aforementioned performance open new avenues in system
design.

For comparison, the key performance parameters of
HCMOQOS are shown with those of other technologies in
Table 1. The propagation delay of metal-gate CMOS ruled
out CMOS for many applications until the arrival of our
HE4000B series. Now, our 3um gate HCMOS technology
has a speed comparable to LSTTL while retaining the
important CMOS qualities, see Fig.1.

Table 2 compares the operating characteristics of the
74HC and 74HCT IC types with those of LSTTL in more

Table 1 Comparison of CMOS and TTL technologies;

detail. 74HC and 74HCT devices are ideal for use in new
equipment designs and, as alternatives to TTL devices, in
existing designs. The 74HCT circuits which are direct
replacements for LSTTL circuits also enhance performance
in many respects.

7297000

T
cMos cp40008 ]

140
typical /
delay
tos) | //
00 —
L~
CMOS HE40008_|—1
1
60
/
20 LSTTL
M I —
° T HCMOS
0 50 100

load capacitance (pF)
Fig. 1 Propagation delay as a function of load capa-
tance; Ve =5V, Tamp = 25 °C.

supply voltage Vcc = 5 V; ambient temperature Tymp = 25°C; load capacitance CL=15pF

HCMOS metal gate standard low-power | Schottky advanced advanced Fairchild
technology CMOS TTL Schottky TTL low-power | Schottky advanced
TTL Schottky TTL Schottky
TTL TTL
parameters
family 74HC 4000 74 74LS 74s 74ALS 74AS 74F
CD HE
Power dissipation, typ. {mW)
Gat static 0.0000025 0.001 10 2 19 1.2 8.5 5.5
e
@ dynamic @ 100 kHz | 0.075 0.1 10 2 19 12 8.5 55
Count static 0.000005 0.001 300 100 500 60 - 190
ounter
dynamic @ 100 kHz 0.125 0.120 300 100 500 60 - 190
Propagation delay (ns)
Gat typical 8 94 40 10 9.5 3 4 1.5 3
ate
maximum 14 190 80 20 15 5 7 25 4
Delay/power product (pJ)
Gate at 100 kHz 0.52 9 4 100 19 57 4.8 13 16.5
Maximum clock frequency (MHz)
typical 55 4 12 25 33 100 60 160 125
D-type flip-flop
minimum 30 2 6 15 25 75 40 - 100
typical 45 2 6 32 32 70 45 - 125
Counter N
minimum 25 1 3 25 25 40 - - 100
Output drive (mA)
standard outputs 4 0.51 0.8 16 8 20 8 20 20
bus outputs 6 1.6 48 24 64 24 48 64
Fan-out (LS-loads)
standard outputs 10 1 2 40 20 50 20 50 50
bus outputs 15 a4 120 60 160 60 120 160
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Table 2: Comparison of HCMOS and LSTTL circuits (Vg = 5 V unless stated otherwise; C|_ = 50 pF)

characteristic 74HCXXX (note 1) 74LSXXX
74HCTXXX
Max. quiescent power dissipation over temp. range at Voo max
per gate (mW) 0.027 6
per flip-flop (mW) 0.1 22
per 4-stage counter (mW) 0.44 175
per transceiver/buffer (mW) 0.055 60
Max. dynamic power dissipation (C} =50 pF)
at f; (MHz) - 0.1 1 10 0.1to1 10
per gate (mW) 0.25 2.25 22 i 6 22
per flip-flop (mW) 0.35 25 24 i 22 27
per 4-stage counter (mW) 0.70 3 27 | 175 200
per buffer/transceiver (mW) 0.30 25 24 60 a0
Operating supply voltage (V) 2to 6 (HC) 4.75 to 5.25
45 to 5.5 (HCT)
Operating temperature range (°C) —40 to +85 0to +70
—40 to +125
Max. noise margin (VNMH/VNML Vi IOHCMOS = 20 4A; lgLsTTL =4 mA) | 1.4/1.4 (HC) 0.7/0.4
2.9/0.7 (HCT)
Input switching voltage stability over temp. range +*60 mV +200 mV

Min. output drive current at Tymp max and Voemin (MA)
source current (Vg = 2.7 V; note 2) {
standard logic -8 —-0.4
bus logic -12 —2.6
sink current
standard logic (Vg =0.4 V) 4
standard logic (Vg =0.5 V) 6 8
bus logic (Vg =0.4 V) 8
bus logic (Vg =0.5V) 9
Typ. output transition time (ns) (C;_ = 15 pF)
standard logic

tTLH ! 6 15
tTHL 6 v 6
bus logic
tTLH 4 15
TTHL 4 6
Typ. propagation delay (ns) {C_= 15 pF; note 3)
gate tpy/tpLH 8/8 8/11
flip-flop tp 14 15
tPH L 14 22
Typ. clock rate of a flip-flop; note 5 (MHz) 50 33
Max. input current (uA)
he -1 —400 to —800
i1 1 40
3-state output leakage current (* uA) 5 20
Reliability (%/1000 h at 60% confidence level) 0.0005 0.008 (note 4)
Notes
1. Data valid for HCMOS between —40 °C and +85 °C.
2. VoH for a few LSTTL bus outputs is specified as 2.4 V.
3. Refer to data sheets for the effect of capacitive loading.
4. RADC report.
5. Measured with a 50% duty factor for HCMOS. For LSTTL, per industry convention, the maximum clock frequency is

specified with no constraints on rise and fall times, pulse width or duty factor.
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CONSTRUCTION

Our HCMOS family is a result of a continuing development
programme to enhance the proven polysilicon-gate CMOS
process. Figure 2 shows the construction of a basic inverter
from the HE4000B series and its HCMOS successor.

The polysilicon gate of a HCMOS transistor is deposited
over a thin gate oxide before the source and drain dif-
fusions are defined. Source and drain regions are formed
using ion implantation, with the polysilicon gates acting as
masks for the implantation. The source and drain are
automatically aligned to the gate, minimizing gate-to-source
and gate-to-drain capacitances. In addition, the junction
capacitances, which are proportional to the junction area,
are reduced because of the shallower diffusions. Figure 3(c)
shows the parasitic capacitances in a CMOS inverter.

In a metal-gate CMOS transistor, the source and drain
are formed before the gate is deposited. Moreover, the
metal gate must overlap the source and drain to allow for
alignment tolerances. This is why a metal-gate CMOS

transistor has a higher overlap capacitance than an HCMOS
transistor. Furthermore, the deeper diffusions of metal-gate
CMOS make the junction capacitance larger.

In a silicon-gate MOS transistor, there are three inter-
connect layers (diffusion, polysilicon and metal) instead of
the two layers (diffusion and metal) in a metal-gate MOS
transistor. This makes a silicon-gate MOS transistor more
compact. The shorter gate length means higher drive
capability, which in turn increases the speed at which a
silicon-gate MOS transistor can charge or discharge junction
capacitance. The drain current of a saturated MOS transis-
tor which determines the speed of the transistor is:

-8 gate width

I - thresh 2
Ips = 2 gate fength X (gate voltage - threshold voltage)

where § is the current gain factor which is proportional to
the thickness of the oxide layer.
The threshold voltage is typically 0.7 V for HCMOS.

HE4000B

n-channel p-channel

interconnect
gate drain gate

HCMOS

n-channel p-channel

interconnect
d

. gate
rain source

WLl Ve a1 WiV

iz Al
NN 71/ B, AN

gate .
source drain

mm Aluminium

LOCOS = local oxidation of silicon

n* substrate
= poly-Si sy pt
Sio, vz nt

7291930

Fig. 2 Basic inverter (left) in HE4000B CMOS, 6 um gate, and (right) in HCMOS, 3 um gate.

"
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Fig. 3 (a) Basic CMOS inverter; (b) electrical equivalent; (c) parasitic capacitances in a CMOS inverter.
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AC CHARACTERISTICS

Test conditions

The propagation delays and transition times specified in the
HCMOS data sheets are guaranteed when the circuits are
tested according to the conditions stated in the chapter
‘Family Characteristics’, section ‘Family Specifications’.
For some circuits such as counters and flip-flops, the test
conditions are defined further by the a.c. set-up require-
ments specified in the data sheet.

Values given in the data sheets are for the whole oper-
ating temperature range (—40 to +125°C) and the supply
voltages used are 2.0V, 45V and 6.0V for 74HC devices,
and 4.5V for 74HCT devices. This is a much tougher speci-
fication than that commonly used for LSTTL, where the
characteristics are usually only specified at 25 °C and for a
5V supply. Furthermore, the published a.c. characteristics
of HCMOS are guaranteed for a capacitive test load of
50 pF, a more realistic load than the 15 pF specified for
LSTTL and one that loads the device as the output switch-
es. The published values for HCMOS are therefore represen-
tative of those measured in actual systems.

Comparing the speed of HCMOS and LSTTL

A feature of a HCMOS circuit is its speed - in general,
comparable to that of its LSTTL equivalent. Owing to the
different (more informative) way of specifying data for
HCMOS devices, it will be useful to indicate how to com-
pare the published data for HCMOS and LSTTL.

For example, in an LSTTL specification, the use of a
16pF load instead of a 50 pF one means the maximum
propagation delays and enable times published for the
LSTTL device will be up to 2.5 ns (typ. 1.3 ns) shorter than
those for the HCMOS equivalent. In addition, measuring
at the nominal LSTTL supply voltage of 5V instead of
45V (HCMOS) reduces propagation delays and enable
times by a further 10%. So, a 30 ns propagation delay for a
HCMOS device is equivalent to a (30-2.5)0.9=25ns
delay for an LSTTL device measured at 4.5V and with a
15 pF load.

Disable times are measured under different test con-
ditions too - for HCMOS with a 50pF, 1k load, for
LSTTL with a 5 pF, 2k load or for a 45 pF, 667 Q2 load.
To compare a HCMOS disable time with that fora LSTTL
device with a 5pF load, subtract 4 ns from the published
HCMOS disable time and multiply by 0.9. To compare a
value for a 45pF load, subtract 2 ns and multiply by 0.9.
For example, a 30 ns HCMOS disable time is equivalent to
(30 - 4)0.9 =23ns for a 5pF load and (30-2)0.9=25ns
for a 45 pF load.

Set-up hold and removal times are not affected by
output load, only by supply voltage. To compare a pub-

lished HCMOS value with an LSTTL value, multiply the
HCMOS value by 0.9.
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Fig. 4 Typical output transition times as a function
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Operating frequency is also unaffected by output load,
but is affected by supply voltage. To compare a published
HCMOS value with an LSTTL value, multiply the value for
HCMOS at 4.5V by 1.1.

In general, these guidelines apply both to 74HC and to
74HCT devices. For 74HCT devices however, the propa-
gation delay is the time for the output to reach 1.4V
(compared with 50%V¢cc for 74HC devices), so HIGH-to-
LOW output transition times are slightly more dependent
on load and the LOW-to-HIGH transition times are slightly
less dependent on load than the 74HC versions.

Propagation delays and transition times

The symmetrical push-pull output structure of both 74HC
and 74HCT devices gives symmetrical rise/fall times and
provides for a well-balanced system design. Table 3 shows
the maximum output transition times for all standard and
bus-driver HCMOS outputs.

The influence of capacitive loading on output tran-
sitions is shown in Fig.4; A good approximation of the

output transition times can be calculated using the data of
Table 4,

Table 3: Maximum output transition times (C|_= 50 pF)

Ve maximum output transition time (ns)
(V) Tamb=25°C Tamp=85°C Tymp=125°C

standard 2 75 95 110
output  4.5* 15 19 22
6 13 16 19
bus-driver 2 60 75 90
output  4.5* 12 15 18
6 10 13 15

* 74HC and 74HCT devices; all other data for 74HC
devices only.

Table 4: Typical output transition times for load capacitan-
ces greater than the standard 50 pF load, see Fig.4

Vee tTHL O tTLH

standard output bus-driver output
20v 18.5 ns + 0.32 ns/pF 12.5 ns + 0.22 ns/pF
45V 6.6 ns +0.12 ns/pF 4.5 ns + 0.077 ns/pF
6.0V 5.6 ns + 0.10 ns/pF 3.8 ns + 0.065 ns/pF

Note: values in pF are the load capacitance minus 50 pF.

7297006

increase
'in
PH
OrL d
tPLH 3
(ns) 12 7
4
8 4 4
sendard output |47 |
" . 7 g
bus-driver output P / [~
4 ,
4
| J
//
[
Z11 |
[ 50 100 cLipF) 200
(a) V=6V
7297007
increase 4
in 16 £
TPHL /
or £
tPLH
(ns) 12 —
Vi > z
a standard output, / V
i}
f 4
busl»drim 4 -
output rd Py
o I e P
1A
0
Pl
0 50 00 ¢ oR 200
(b) Ve =45V
7297001
increase
in 40
tPHL 4
or
tPLH / A
(ns) 30 £ y
/ s
standard 7
2 al Iur outpul\ rd
v
bus-driver )\/ e
output N~
10 [T 2 ]
7,
|/
0
A
1]
0 50 100 CLpF) 200
(c)Vee=2V
— — — expected maximum
——  typical value

Fig. 5 Increase in propagation delay for 74HC de-
vices as a function of load capacitance; Ty, = 25 °C.

28 January 1986\ (




USER GUIDE

A parameter specified for TTL devices is the output
short-circuit current HIGH (lQg). Originally intended to
reassure the TTL user that the device would withstand
accidental grounding, this parameter has become a measure
of the ability of the circuit to charge the line capacitance
and is used to calculate propagation delays. In CMOS
devices however, there is no need to specify IQg because
the purely capacitive loads allow extrapolation of the a.c.
parameters over the whole loading range. Figure5 (for
74HC devices) and Fig.6 (for 74HCT devices) show the
increase in propagation delay for loads greater than 50 pF.
The additional delay can be calculated from the output
saturation current (short-circuit current). Referring to the
output characteristics (Figs.31 to 34), the propagation
delay is the time taken for the output voltage to reach 50%
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Fig. 6 Increase in propagation delay for 74HCT
devices as a function of load capacitance; the diffe-
rent values for tpy and tp  are due to the asym-
metrical reference level of 1.3V at the outputs;
Tamb =25°C; Vec =45 V.

of Vo for 74HC devices, or 1.4V for 74HCT devices.
Since a saturated output transistor acts as a current source,
the additional delay is ACV/l, where AC is the load capaci-
tance minus 50 pF, V is the voltage swing at the output to
the switching level of the next circuit, and | is the average
source current of the saturated output.

Supply voltage dependence of propagation delay

The dynamic performance of a CMOS device depends on its
drain characteristics. These are related to the switching
thresholds and the gate-to-source voltage Vgg which is
equal to the supply voltage Vgg. A reduction in Vog
adversely affects the drain characteristics, increasing the
propagation delays.

Over the supply voltage range of 74HCT devices, 4.5V
to 5.5V, the effects of different propagation delays on
performance are minimal. Over the supply voltage range of
74HC circuits, 2 to 6V, the effects on performance are
significant, see Figs.7 and 8.
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Temperature dependence of propagation delay

In TTL circuits, § (current gain), internal resistances and
forward-voltage drops are all temperature-dependent. In
HCMOS circuits, essentially only the carrier mobility,
which affects the propagation delay, is temperature depen-
dent. In general, propagation delay increases by about
0.3% per °C above 25 °C.

Between 25 °C and 125 °C,

tp = 1p'(1.003) 'amb28

where:
tp’ is the propagation delay at 25 °C,
Tamb is the ambient temperature in °C.

Between —40 °C and +25 °C,

tp = tp'(0,097)2% Tamb

Figure 9 shows the temperature dependence of a charac-
teristic such as propagation delay.
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Fig. 9 Typical influence of temperature on a.c. para-
meters; Vo =5 V.

Derating system for a.c. characteristics

Because HCMOS devices are a coherent family, manufac-
tured under strictly-controlled conditions, it is possible to
have a common set of derating coefficients for temperature
and supply voltage that is valid for all a.c. characteristics of
all devices. Table 5 shows the derating coefficients which
are derived from the published values of the a.c. characte-
ristics at 25 °C for Vee =45V, denoted by x in the Table.
The coefficients have been established after extensive high-
temperature testing at many supply voltages. A temperature
coefficient of —0.4%/°C was established after comparing
the test results with worst-case calculations. The voltage
derating given in Table 5 is conservative compared with
that shown in Fig.7 for propagation delay. For operating
frequencies (Fig.8), the reciprocal of the derating coef-
ficients shown should be used.

Table 5: Derating coefficients for the a.c. characteristics
of HCMOS devices

supply  ambient temperature

voltage 25°C 85°C 125°C

2V 5(5x) 6.25 (5y) 7.5 (52)
45V*  1(x) 1.25 (y = 1.256x) 1.5 (z = 1.5x)
6V 0.85 (0.85x)  1.0625 (0.85y)  1.275 (0.85z)

All coefficients are derived from the value of the a.c.
characteristic at Voo =4.5V and Tymp, = 25°C denoted
in the table by x.

* 74HC and 74HCT devices; all other data for 74HC
devices only.

Clock pulse requirements

All HCMOS flip-flops and counters contain master-siaves
with level-sensitive clock inputs. When the voltage at the
clock input reaches the voltage threshold of the device, data
in the raster (input) section is transferred to the slave
(output) section. The threshold for 74HC devices is
typically 50% of Vee and that for 74HCT devices is 28%
of Vog (1.4V at Ve =5 V). The thresholds are virtually
independent of temperature.

The use of voltage thresholds for clocking is an improve-
ment over a.c. coupled clock inputs, but it does not make
the devices totally insensitive to clock-edge rates. When
clocking occurs, the internal gates and output circuits of
the device dump current to ground, producing a noise
transient that is equal to the algebraic sum of the internal
and external ground plane noise. When a number of loaded
outputs change simultaneously, the device ground reference
(and therefore the clock reference) can rise by as much as
500mV. If the clock input of a positive-edge triggered
device is at or near to its threshold during a noise transient,
multiple triggering can occur. To prevent this, the rise and
fall times of the clock inputs should be less than the
published maximum (600 ns at Vo = 4.5 V).

In the HCMOS family, all the J-K flip-flops have a
Schmitt-trigger circuit at the clock input, which eliminates
the need to specify a maximum rise/fall time. The flip-flops
74HC/HCT73, 74, 107, 109 and 112 have special Schmitt-
trigger circuits for increased tolerance to slow rise/fall times
and ground noise.

The published maximum input clock frequency ratings
for clocked devices are for a 50% duty factor input clock.
At these rated frequencies, the outputs will swing between
Ve and GND, assuming no d.c. load on the outputs. This
is a very conservative and reliable method of rating the
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clock-input-frequency limits for HCMOS devices which are
always at least as good as those for LSTLL even though
they may appear to be inferior. This is because the maxi-
mum operating frequency of a TTL device is published, not
for a 50% duty factor clock, but for a minimum clock
pulse width.

System (parallel) clocking

in synchronously-clocked systems, spreads in the clock
threshold levels of devices can cause logic errors if slow
clock edges are used. For example, if data in one circuit
changes before the clock threshold of the next sequential
circuit is reached, a logic error will occur, see Fig.10.

data [> 2}

ViH min
VsT2
VsT1
VIL max 7‘

clock [
I
]
Ql ———
]
8

a2

7296009

Fig. 10 In synchronously-clocked systems, changing
the data in one device before the clock switching
threshold of the next has been reached can cause
logic errors. Vg1 is the clock threshold of device 1;
VgTa2 is the clock threshold of device 2.

To prevent this type of logic error, the maximum rise or
fall time of the clock pulse should be less than twice the
propagation delay of the flip-flop.

For a HCMOS device, the rise/fall time must be limited

them, for example when checking whether data set-up and
hold times are obeyed. At 25°C and 4.5V supply voltage,
the minimum values are one quarter of the published
maximum values. To calculate the minimum values at other
temperatures, derate by 0.27%/°C.

Table 6 gives the derating coefficients for calculating the
minimum propagation delays of HCMOS devices at various
supply voltages and temperatures.

Table 6: Derating coefficient for the expected minimum
propagation delay of HCMOS devices

supply ambient temperature

voltage 25 °C 85°C 125°C

2V 2 (2x) 2.34 (2y) 2.62 (22)
45V*  1(x) 117 (y=1.17x) 1.31 (z=1.31x)
6V 0.8 (0.8x) 0.936 (0.8y) 1.048 (0.82)

All coefficients are derived from the value of the a.c.
characteristic at Vog=4.5V and Tymp = 26 °C denoted
in the table by x.

* 74HC and 74HCT devices; all other data for 74HC
devices only.

POWER DISSIPATION

Static

When a HCMOS device is not switching, the p-channel and
n-channel transistors don’t conduct at the same time, so
leakage current flows between Vo and GND. Because this
leakage current is typically a few nA, HCMOS power dissi-
pation is extremely low.

Static power dissipation can be calculated for both
74HC and 74HCT devices from the maximum quiescent
current specified in the data sheets, see Table 7.

Table 7: Maximum quiescent current of HCMOS devices
at Vccmax* (V)= Veeor GND; lo= 0)

to 1000, 500 or 400ns for Voc=2V, 45V and 6V device quiescent current
respectively. If these times are exceeded, noise on the input complexity typical maximum
or power supply rails may cause the outputs to oscillate at 25 °C 25°C 85 °C 125 °C
during transitions, causing logic errors and excessive power
dissipation. SSI 2nA 2 uA 20 uA 40 uA

FF 4nA 4 uA 40 uA 80 uA
Minimum a.c. characteristics MSI 8 nA 8 uA 80 A 160 A
Minimum values of a.c. characteristics are not specified in
the data sheets. However, it is sometimes useful to know * 6V for 74HC; 5.5 V for 74HCT.
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Dynamic

When a device is clocked, power is dissipated charging and

discharging on-chip parasitic and load capacitances. Power

is also dissipated at the moment the output switches when

both the p-channel and the n-channel transistors are par-

tially conducting. However, this transient energy loss is

typically only 10% of that due to parasitic capacitance.
The total dynamic power dissipation per device (PD) is:

Pp = CppVec?fi + Z(C Ve fo) (1

where:

Cpp is the power dissipation capacitance per package

f; is the input frequency

fo is the output frequency

CL is the total external load capacitance per output.

The second term of equation (1) implies summing the
product of the effective output load capacitance and
frequency for each output. However, a good approxi-
mation of the total dynamic power dissipation of an HCMOS
system can be obtained by summing the published Cpp
values and load capacitance for the HCMOS devices used
and, assuming an average frequency, using equation (1).

For one-shot circuits, gates configured as oscillators,
phase-locked loops and devices used in a linear mode,
additional dissipation is caused by static supply currents
(Icc) whose values are given in the device data sheets.

Power dissipation capacitance

Cpp is specified in the device data sheets, the published
values being calculated from the results of tests described
in this section. The test set-up is shown in Fig.11. The
worst-case operating conditions for Cpp are always chosen
and the maximum number of internal and output circuits
are toggled simultaneously, within the constraints listed in
the data sheet. Table 8 gives the pin status for HCMOS
devices during a Cppy test. Devices which can be separated
into independent sections are measured per section, the
others are measured per device.

Vee=5V
nA) lcc(av)
;I 0,1uF J,;l 10 uF
input DEVICE ” ”
>—1 UNDER TEST o ——1—> output
74HC/ HCT or 74HCU C,=50pF
- il

7297014.1

Fig. 11 Test set-up for determining Cpp. The input
pulse is a square wave between Vee and GND;
tp=t5<6ns; Tamp=25°C. All switching outputs
are loaded with 50 pF (including test jig capacitance).
Unused inputs are connected to Vg or GND.

The recommended test frequency for determining Cpp is
1MHz, but this is best increased to 10MHz when Igc is
low and the device quiescent current influences 'CC(AV)'
Loading the switched outputs gives a more realistic value of
Cpp. because it prevents transient ‘through-currents’ in the
output stages. Furthermore, automatic testers often intro-
duce about 30 pF to 40 pF on each device pin.
The values of Cpp in the data sheet have been calculated
using:
idyn(device)
Cpp= ———
Veci
where:
'dz;n(device) = lcc(Av) — ldyn(load)
an

ldyn(load) =Z(CVccfo

32
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12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Table 8: Pin conditions for Cpp tests.

equiv-

74HC/ alent

pin numbers

load
(pF)

HCT

12345678910 n

PHCDDOGODD O D D V

C

50
50

00
02

LODDGDDO D D O V

P

PHBDDOGODD O D D V

03
04

PCDODOGODO D O D V

50
50
50
50
50
50
50
50
50
50
50

PCDODOGODO D O D V

uo4
08
10

1

PHCDDOGODD O D D V

PHDDDOGODD D C H V

PHDDDOGODD D C H V

PCDODOGODO D O D V

14
20
21

PHOHHCGODD O D D V

PHOHHCGODD O D D V

PLDDDOGODD D C L V

27

PHHHHHGCOO H H O V

30

32

PLCDDOGODD O D D V

CCO0O0O0O0OGOO O L L L PV

100
50
50
50
50

42

PDDDDOGOLL L H H V

58
73
74
75
85

PHHVDDDOOD G C C H

HQPHCCGOOD D D D V
cabbDVDDOOO O G P
LHPHOCOGLL

O 0O cC

L L LV

L

L

50
50
47

PLCDDOGODD O -D D V

86

aLLbvbDDCCG C C D P
HCCHOOGDDD D P

93

H V

50
50
50

107
109

112

HHLPHCCGOO D D D D D V

PHHHCCOGOD D D D D H V

LHPCOOOGDD D O C O R V
LPCDDOGODD O D D V

100
50
50
50

123
125

HPCDDOGODD O D D V

126
132
137

PHCDDOGODD O D D V

PLLLLHOGOO O O O C C V -

100
100
100

50

PLLLLHOGOO O 0 O C C V

138
139
147
151

LPLCCOOGOO O O DD DV

HHHHHOOGCH P

H H O OV
D D DDV

DDLHCCLGLL P

100
50

D Vv

LLDDLHCGOD D D D P
100 CCOOOOOOJOOGOO'OOOLLLLLPV-——-——

50
50
55
50

153
154
157
158

PLHCLLOGOL L O L L LV

PLHCLLOGOL L O L L L vV

HPDDDDHGHH C €C C C C V

160

161

HPDDDDHGHH C C C C C V

{continued on next page)
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Table 8 {continued)

equiv-

74HC/ alent
HCT

pin numbers

load
(pF)

12345678910 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

HPDDDDHGHH C C C C C V

55
50

162
163
164
165
166

HPDDDDHGHH C C C C C V

QHCCCCGPHC C C C V

200
50
25

HPDDDDCGCQ D D D D L V

QDDDDLPGHD D D C D H V

LLCOOOPGLL

D DDOQUWLlLV

25
25
50

173
174
175
181

HCQDODOGPO D O DD O V

HCCQDOOGPO O DD O O V

PHHLLHHLCC C G C B €C C C L HL HL HYV
HLHLHLOGCO C Cc P

250
150
60
53
60

H L V

182
190
191
192
193
194
195
221
237
238
240
241
242
243
244
245
251

D Vv
D Vv

DCcLLCCGDD H C Cc P

bDccLLCCGDD H C C P

DCCHPCCGDD H C C L D vV

DCCHPCCGDD H C C L DV

50

HQDDDDDGHL P C C C C V

HHLDDDDGHP

100
126

c ¢c c c c v

LHPCOOOGDD D O C O R V

100
100
100
50
50
50
50
50
50

PLLLLHOGOO O 0 O C Cc V

PLLLLHOGOO O O O C C V

LPODODODOG D O D ODOUDTCOD V

LPODODODOG D O D O D ODC H V

LOPDDDGOOO C O L V

LOPDDDGOOO C O L V

LPODODODOG D O D ODOUDTC D V

HPDDDDDDDG O O O OO OOC L V

DDLHCCLGLL P

D D DDV

100
50
50
50
25

LLDDLHCGOD D D D P D V

2538
257
258
259

PLHCDDOGOD D O D D L V

PLHCDDOGOD D O D D L V
LLLCOOOGOO O O Q

H V

PLCODDGDDO O D D V

HCQDOODDOG P

50
25

7266
273
280
283
297
299

O DD OOUDTUDOV

LLoLccGPLL L L L V

100
250
12

L H V

CHLCPHLGCC H L C

HHHPQLCGDD O O D H H V

HLLCCCCCHG QP C CCCCOD L V

DDDDDDLHLG L L L P

250

L L HCCV

100
50
50
50

DDDDDDDQPG L L L L L L HCOUZCV

LPCDODOGOD O D O D L V

356
365

LPCDODOGOD O D O D L V

366

(continued on next page)
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123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Table 8 {continued)

pin numbers

equiv-

74HC/ alent

load

(pF)

HCT

LPCDODOGOD O D O D L V

50
50
25
25
25
50
47

367

LPCDODOGOD O D O D L V

368
373
374
377

o bDDOODDOV

caboopbDOG P

LCQDOODDOG P

1
[

O bDDOOUDUD OV

LcaeapoobpboG P ODD O ODD OV
pPLCQCCCGOO O D O D DV
pPLCCCCGOOO O D D V

390
393
423

10 LPHCOOOGDD D O C O R V
LcaoabDOODDOG P

25
25

O DDOOCDUD OV

533
534
540
541

LcaoapoobpbDOG P O DDOODD OV

LPDDDDDDDG O O O OOO OC L V

50
50
25

LPDDDDDDDG O O OO OO OC L V

LQDDDDDDDG P

0O 0 0 00O O0OTC\V

563
564
573

0O 000 0O O O C vV

LaQaDDDDDDDG P

25

LPDDDDDDDG H O O O OO O O C V

25
25

LaobbbDDDDDG P O OOO O O O C V

HHHLLCCGCC C H P
DDDDDDDGCH P

574
583
597

L LV
D HQDV
D HQDV

250
25
25

DDDDDDDGCH P

7597
640

HPDDDDDDDG O O O OO O OC L V

50
50
50
50

HPDDDDDDDG O O O OOOOC L V -

643

DLHPDDDDDD DG O O OOOOOTCUL DDV -

646
648
670
688

DLHPDDDDDD D G O O O O O O OTC L DDV

Qv
L L L L L L L CV

100 aocaaQLpPCCGCC L L L P

50
50

LPLLLLLLLG L

CPLLLOGODD D D OV
PCOOODDGDO C C C

4002

L QV

100
0

4015

0O0OO0OO0ODDGOOO O D P V

4016

\"

L
L cC CcCC CV

ccccccecageccec c c Lovp

cccccccecager

55
48

4017

4020

48 pLCCCCGOCO C C¢c 0OV
48 cccccceccecager

4024

L ¢ CcC C C vV

4040

oV

OCLOHOOGOO O O O P

4046A 50
4049

vVCPODODGDO D O O D OO

50

vcpPODODGDO D O O D O O

Oo0OO0OOOLGGLL P

50
0

0
0

4050

0O 0 0 OV

4051

ooo0OO0OO0OLGGLP O O O O OV

4052

0O 0 0 OV

oOoo0oOoOOLGGLL P

4053

L L L L CV

L L L

L € C C V

PDHLLLLLLL H G HHL

ccccececcecGgece P

17

4059

106

4060

(continued on next page)
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Table 8 {continued)

equiv- pin numbers
74HC/ alent
HCT load

(PF) 12345678910 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
4066 O O0O0OO0ODDGOOO O D P V — = = = = = = = = = = — = =
4067 O oooooooo0o0OP L G L L L OOOOOOOHOVV- - - -
4075 50 PLDDDOGLCO D DDV — — = = = = = = = = = — — =—
4094 250 HQPCCCCGCC C C C C HV — =« = = = = = = — = —- =
4316 O O0OO0OOPDLGGO O O O DDV — — = = = = = = = = = =
4351 0 OOOOOOLHGG H P L OL OOOOV - - - = = - — =
4352 O OOOOOOLHGG H P L OO OOUOUOV- - = - = = =
4353 O OO0OOOOOLHGG H P L OL OOOOV - - = = - = - =
4510 55 LCDDLCCGLH C D DG CUP V — — — — — — — - - - —- =
4511 200 LLHHLLPGCC O O C O C V — - — - = = = = = = — =
4514 100 HPLOOOOOCO C G OO O OOOOCOTULUL L V — — — =
4515 100 HPLOOOOOCO C G O OO OOOOOULULULV - —-— - =
4516 50 LCDDLCCGLH C D DT CUP V — — — — — - - - — — — -
4518 50 PHCCCCLGDD O O O OD V — — — = = = = = - = = =
4520 47 PHCCCCLGDD O O O ODV — — — — - - - = — - — =
45383 100 GRHPHCCGOO DDL OGV — — =« —« - — — - - — — =
4543 50 HLLHLPLGCC C C C C C V — — — — — — = - — = = =
7030 32 GGCPQQQQQO O QOO GL CCTCTCTCTCTCTCTCTCU®PHYV
7046A 50 OCLOHOOGOO O O OP OV — — — — = = — - = — — =
40102 5 PHLLLLLGHL L L L €C HV — — — — - - — - - — — =
40103 3 PHLLLLLGHL L L L CHV — — — — — - - — - - — =
40104 100 HAQDDDDDGHL P €C C C C V — — = = — = - = — — — =
401056 200 LCPQQQQAQGLC €C C C C P V — - — = = = - = = = — =

Key

V =Vgc (+5V)

G =ground Input pulses

H = logic 1 (Vgc) — inputs at V¢ for HC types; 3.5V for

Iogic 0 (o 0 I I O

L = logic O (ground) GND

D =don’t care — either H or L but not switching Vee

C =a 50 pF load to ground ¢ l L———I I— GND

O = an open pin; 50 pF to ground is allowed 7296010

P = input pulse (see illustration)

Q = half frequency pulse (see illustration)

R = 1 k&2 pull-up resistor to an additional 5V supply other

than the Ve supply
B =both Rand C
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Conditions for Cpp tests

Gates. All inputs except one are held at either Voc or
GND, depending on which state causes the output to
toggle. The remaining input is toggled at a known fre-
quency. Cpp is specified per-gate.

Decoders. One input is toggled, causing the outputs to
toggle at the same rate (normally one of the address-select
pins is switched while the decoder is enabled). All other
inputs are tied to Ve or GND, whichever enables oper-
ation. Cpp is specified per-independent-decoder.

Multiplexers. One data input is tied HIGH and the other is
tied LOW. The address-select and enable inputs are con-
figured such that toggling one address input selects the two
data inputs alternately, causing the outputs to toggle. With
three-state multiplexers, Cpp is specified per output
function for enabled outputs.

Bilateral switches. The switch inputs and outputs are open-
circuit. With the enable input active, one of the select
inputs is toggled, the others are tied HIGH or LOW. Cpp is
specified per switch.

Three-state buffers and transceivers. Cpp is specified per
buffer with the outputs enabled. Measurement is as for
simple gates.

Latches. The device is clocked and data is toggled on
alternate clock pulses. Other preset or clear inputs are held
so that output toggling is enabled. If the device has
common-locking latches, one latch is toggled by the clock.
Three-state latches are measured with their outputs
enabled. Cpp is specified per-latch.

Flip-flops. Measurement is performed as for latches. The
inputs to the device are toggled and any preset or clear
inputs are held inactive.

shift registers. The register is clocked and the serial data
input is toggled at alternate clock pulses (as described for
latches). Clear and load inputs are held inactive and parallel
data are held at Voo or GND. Three-state devices are
measured with outputs enabled. If the device is for parallel
loading only, it is loaded with 101010..., clocked to shift
the data out and then reloaded.

Counters. A signal is applied to the clock input but other
clear or load inputs are held inactive. Separate values for
Cpp are given for each counter in the device.

Arithmetic circuits. Adders, magnitude comparators, en-
coders, parity generators, ALUs and miscellaneous circuits
are exercised to obtain the maximum number of simulta-
neously toggling outputs when toggling only one or two
inputs.

Display drivers. Cpp is not normally required for LED
drivers because LEDs consume so much power as to make
the effect of Cpp negligible. Moreover, when blanked, the
drivers are rarely driven at significant speeds. When it is
needed, Cpp is measured with outputs enabled and disabled
while toggling between lamp test and blank (if provided), or
between a display of numbers 6 and 7.

LCD drivers are tested by toggling the phase inputs that
control the segment and backplane waveforms outputs.

If either type of driver (LCD or LED) has latched inputs,
then the latches are set to a flow-through mode.

One-shot circuits. In some cases, when the device Igc is
significant, Cpp is not specified. When it is specified, Cpp
is measured by toggling one trigger input to make the
output a squarewave. The timing resistor is tied to a sepa-
rate supply (equal to Vgc) to eliminate its power contri-
bution.

Additional power dissipation in 74HCT devices

When the inputs of a 74HCT device are driven by a TTL
device at the specified minimum HIGH output level of
VoH = 2.4V, the input stage p-channel transistor does not
completely switch off and there is an additional quiescent
supply current (Algg). This current has been considerably
reduced by proprietary development of 74HCT input
stages, see ‘74HCT inputs’.

The value of AICC specified in the data sheets is per
input and at the worst-case input voltage of Vc-2.1V for
Ve between 45 and 55V. The value of 2.1V is the
maximum voltage drop across a TTL output HIGH (mini-
mum Ve and minimum VOH), see Table 9.

The additional power dissipation P is:

P =V x Alge x duty factor HIGH x unit load coefficient

The unit load coefficient for an input is a factor by which
the value of Algc given in the data sheet has to be multi-
plied. A unit load coefficient is published for each 74HCT
device. It is a function of the size of the input p-channel
transistor.
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Table 9: Worst-case additional quiescent supply current (AICC) for 74HCT devices

Tamb (°C) TEST CONDITIONS
74HCT
I UNIT |V, \% OTHER
+25 | —401t0+85| —40 to +125 ¢ !
typ. . max. max. max.
. . 45 other inputs at
Algc per input pin for
a unit load coefficient of 1* 100 | 360 450 490 HA ;os Vcc—2'1 v :lccgr GND
. 0 =

The additional quiescent supply current per input is determined by the Al unit load, which has to be multiplied by the

unit load coefficient as given in the individual data sheets. For dual supply systems the theoretical worst-case (Vi=24v;
Ve = 5.5 V) specification is: Algc = 0.65 mA (typical) and 1.8 mA (maximum) across temperature.

Power dissipation due to slow input rise/fall times

When an output stage switches, there is a brief period when
both output transistors conduct. The resulting ‘through-
current’ is additional to the normal supply current and
causes power dissipation to increase linearly with the input
rise or fall time.

As long as the input voltage is less than the n-channel
transistor threshold voltage, or is higher than Ve minus
the p-channel transistor threshold voltage, one of the input
transistors is always off and there is no through-current.

When the input voltage equals the n-channel transistor
threshold voltage (typ. 0.7 V), the n-channel transistor
starts to conduct and through-current flows, reaching a
maximum at V=05 VCC for 74HC devices, and
V| =28%Vgg for 74HCT devices, the maximum current
being determined by the geometry of the input transistors.
The through-current is proportional to VCC" where n is
about 2.2. The supply current for a typical HCMOS input
is shown as a function of input voltage transient in Fig.12.

When Schmitt triggers are used to square pulses with
long rise/fall times, through-current at the Schmitt-trigger
inputs will increase the power dissipation, see Schmitt-
trigger data sheets. In the case of RC oscillators, or oscil-
lators constructed with Schmitt triggers this contribution
to the power dissipation is frequency-dependent.

Comparison with LSTTL power dissipation

The dynamic power dissipation of a HCMOS device is
frequency-dependent; above 1MHz, that of an LSTTL
device is too. Below 1MHz, the dynamic component of
power dissipation of an LSTTL device is negligible com-
pared to the static component. Figure 13 shows the average
power dissipation of four HCMOS devices and their LSTTL
equivalents. Because all functions in a multi-functional
LSTTL device are biased when power is applied, for com-
parison, the dissipation of whole HCMOS devices besides
individual functions are given.
In Fig.13 it can be seen that:
— for SSI gate types, the HCMOS power dissipation is less
than LSTTL power dissipation below about 1 MHz
— for more complex types such as a 74HC/HCT138 3-to-8
line decoder HCMOS power dissipation is less than

LSTTL power dissipation up to 10 MHz.

In typical microcomputer systems, the operating frequ-
ency or the data/address signal rates will usually vary,
whereas Fig.13 is for continuous operation at a constant
frequency. Average operating frequencies are usually far
below the peak frequencies, particularly in the 100kHz
region where the power dissipation of HCMOS is several
orders of magnitude less than that of LSTTL.

For further information, see chapter ‘Power dissipation’.
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Fig. 12 Typical d.c. supply current as a function of input voltage for 74HC circuits; normalized curves for a unit load
coefficient of 1. The I for a specific 74HC circuit can be calculated by multiplying the values of lcc shown by the
unit load coefficient for the 74HCT type given in the data sheet.
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Fig. 13 Typical power dissipation as a function of operating frequency for a variety of LSTTL and HCMOS circuits;
(a) quad 2-input NAND gate, (b) dual D-type flip-flop, (c) 3-to-8 line decoder/demultiplexer; inverting, (d) quad

SUPPLY VOLTAGE

Range

The supply voltage range of 74HC devices is 2V to 6V
(Fig.14). This ensures continued use of HCMOS with future
generations of memory and microcomputer requiring
supply voltages of less than 5V, simplifies the regulation
requirements of power supplies, facilitates battery opera-
tion and allows lithium battery back-up. When 74HC
devices are used in linear applications, for example when
they are used as RC oscillators, a supply of at least 3V is
_recommended to ensure sufficient margin for operation in
the linear region.
74HCT devices are pin-compatible with LSTTL circuits
and are intended as power-saving replacements for them.
The 74HCT devices will operate from the traditional 5V
LSTTL supply, but the voltage range is extended to +10%
for both LSTTL temperature ranges (—40 to +85°C and

—40 to +125°C). This allows extended temperature range
LSTTL devices to be replaced by 74HCT devices.

The absolute maximum supply or ground current per
pin is £50 mA for devices with standard output drive, and
170 mA for devices with bus driver outputs. These currents
are only drawn when the outputs of a device are heavily
loaded. The average dynamic current at very high frequen-
cies can be calculated using Cpp.

The maximum rated supply voltage of HCMOS devices
is 7V and any voltage above this may destroy the device,
even though the on-chip parasitic diode break-down voltage
is at least 20 V and the threshold voltage of parasitic thick-
field oxide transistors is 15 V.

The Ve and GND potentials must never be reversed as
this can cause excessive currents to flow through the input
protection diodes.
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72890898.1
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)

LSTTL 74HCT 7AHC
74LS

Fig. 14 Supply voltage ranges for LSTTL and
HCMOS circuits. The supply voltage range for 74HCT
circuits retain the LSTTL nominal supply of 5V, but
the range has been extended from 5% to +10% for
both the standard and the extended temperature
range. 74HC circuits operate with a supply voltage as
lowas2V.

Battery back-up

A battery back-up for a 74HC system is extremely simple.
Figure 15 shows an example. The minimum battery voltage
required is only 2 V plus one diode drop.

In the example, HIGH-to-LOW level shifters (74HC4049
or 74HC4050) prevent positive input currents into the
system due to input signals greater than one diode drop
above V. If the circuit is such that input voltages can
exceed Vi, external resistors should be included to limit
the input current to 15 mA for one input (7.5 mA per input
for two inputs, 5mA per input for three inputs, etc.).

from power supply

oD
N4
battery - recharge
resistor
bl I
H
— signal 74HC/HCU signal
inputs SYSTEM outputs
high-to - low
w level - shifters %77
(74HC4049/74HC4050) ;J» 7297016.1

Fig. 15 An HCMOS system with battery back-up.

External resistors may also be necessary in the output cir-
cuits to limit the current to 20 mA if the output can be
pulled above Vi or below GND. These current limits are
set by the parasitic Vo/GND diodes present in all outputs,
including three-state outputs.

For further information, see chapter ‘Battery back-up.

Power supply regulation and decoupling

The wide power supply range of 2V to 6V may suggest
that voltage regulation is unnecessary. However, a changing
supply voltage will affect system speed, noise immunity and
power consumption. Noise immunity, and even the oper-
ation of the circuit, can be affected by spikes on the supply
lines, so matched decoupling is always necessary in dynamic
systems.

Both 74HC and 74HCT devices have the same power
supply regulation and decoupling requirements. The best
method of minimizing spikes on the supply lines is simple
enough — use a good power supply, provide good ground
bussing and low a.c. impedances from the Vo and GND
pins of each device. The minimum decoupling capacitance
depends on the voltage spikes that can be tolerated, which
in general should be limited to 400mV. A local voltage
regulator on a printed circuit board can be decoupled using
an electrolytic capacitor of 10 to 50 uF. Localized decoup-
ling of devices can be provided by 22 nF per every two to
five packages and a 1uF tantalum capacitor for every ten
packages. The VCC line of bus driver circuits and level-
sensitive devices can be decoupled from instantaneous loads
by a 22nF ceramic capacitor connected as close to the
package as possible.

For further information, see chapter ‘Power supply
decoupling’.

INPUT/OUTPUT PROTECTION

The gate input of a MOS transistor acts as a capacitor
(<1pF) with very low leakage current (<1 pA). Without
protection, such an input could be electrostatically charged
to a high voltage that would breakdown the dielectric and
permanently damage the device.

The integration process of the HCMOS family allows
polysilicon resistors to be formed at all inputs to slow down
fast input transients caused by electrostatic discharge and
to dissipate some of their energy. These resistors also ensure
that the input impedance of an HCMOS device is typically
100 2 under all biasing conditions, even when Vg is short-
circuited to GND — an improvement over direct input
diode clamps during power-up.
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Fig. 16 Standard input protection of 74HC/HCT/HCU
inputs against electrostatic discharge.

The standard input protection comprises a series poly-
silicon resistor and two stages of diode clamping (Fig.16).
The typical forward voltage of the diodes is 0.9 V at 2mA
and the reverse breakdown voltage is 20 V. In some appli-
cations such as oscillators, the diodes conduct during
normal operation, in which case the input current should be
limited. The maximum positive input current +k per
input is 20mA. For devices with a standard output, the
total positive input current is 50 mA; for devices with a bus-
driver output, the total input current is 70 mA. The maxi-
mum negative input current —l; per pin is:

14 mA for one input
9 mA for two inputs
6 mA for three inputs
5 mA for four inputs
4 mA for five inputs
3 mA for six to eight inputs.

High-to-low level shifters 74HC4049 and 74HC4050
have a single-sided input protection network (Fig.17) which
protects against electrostatic input voltages. The diode D1

is the parasitic drain-to-GND diode of the thick field oxide

protection device.

All input pins can withstand discharge voltages up to
2.5kV (typ.) when tested according to MIL-STD-8838B,
method 3015, see Fig.18. The output configurations of
standard, bus driver, three-state, open drain and 1/O ports
can withstand >3.5kV (typ.) because of the large diodes
formed by the drain surfaces of the output transistors.

Fig.19 shows the voltage pulse for the discharge test.
The rise time t, prescribed by MIL-STD-883B is <15ns,
but in practice it is helpful to adjust the test set-up to give
a rise time of 13+2ns to avoid correlation problems.

1000
input —— g — » 10 logic
polysilicon

resistor

—
]_l"(_— D1
GND

7297018

Fig. 17 Input protection of 74HC4049 and 74HCA4050.

Although all inputs and outputs are protected against
electrostatic discharge, the standard CMOS handling
precautions should be observed (see chapter ‘Handling
precautions’).
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HIGH - DEVICE
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7297019.1
(a) Test circuit

mode device under test
+ -

1 input GND

2 GND input

3 input Vece

4 Vee input

5 output GND

6 GND output

7 output Vee

8 Vee output

9 input output
10 output input
1 Vee GND
12 GND VCC

all other pins should be left open circuit

(b) Test modes

Fig. 18 Electrostatic discharge test.
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Fig. 19 Test voltage for electrostatic discharge test.
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INPUT CIRCUITS

74HC inputs

The 74HC input circuit (Fig.20) includes the resistor/diode
network for electrostatic discharge protection and clamps
input voltages greater than Ve or less than GND. The
circuit is intended for a.c. working and cannot handle heavy
d.c. currents for long periods; the maximum input diode
current is 20 mA,

] P1

input 1002 1709 0 logic
[ gy S o N o log
polysilicon 4 X D1 circuit
resistor

diffused N1
diode I'.é
resistor

GND
7297021

Fig. 20 74HC input circuit.

The 74HC input circuit has no active input current; the
only current flowing is through the reversed-biased diodes
D1 and D2, typically a few nA reaching a maximum when
V| =Vgc or GND.

The MOS transistors P1 (p-channel) and N1 (n-channel)
have the same conductance when switched on, giving a
typical switching threshold of 50% Vg, see Fig.21. This
threshold is almost independent of temperature, a 260 mV
variation of the switching point from —40 to +125 °C being
typical. The temperature dependence of V| is—0.6 mV/°C,
that of Vjy is +0.6mV/°C. The only other factors that
affect the switching threshold are the spreads of g and V
of P1 and N1 between devices.

There is no current path from Voo to GND when the
input is lower than Vyp, or higher than Vee—=Vp-
However, when the input voltage is in the linear region, a
static current path from Veg or GND flows in the input
stage (Fig.12). This current is negligible under normal
operating conditions when the input rise time t, < 15ns,
but the power dissipation should be taken into account
for devices operating in the linear region. Owing to the
voltage gain of the input stage, there is no static fiow-
through current in the second and subsequent stages.
Small currents do flow in these stages during operation
when both n-channel and p-channel transistors conduct
for brief periods and their effect is included in the CpD
value in the data sheets.

74HCT inputs

The 74HCT input stage is similar to that of a 74HC device.
It has the same characteristics for LSTTL levels as a 74HC
input has for CMOS levels, so there is no trade-off in speed
or power dissipation. The switching threshold is lower,
1.4V at Vgc =5V. In addition, the 74HCT input circuit,
shown in Fig.22, has an enlarged n-channel transistor (N1)
and a level-shift diode (D3) has been added. The natural
drain voltage of the p-channel transistor (P1) is approxi-
mately Voe—0.6V, but when the input voltage is LOW, an
auxiliary pull-up transistor (P2) raises this to V. cutting
off p-channel transistor P3 completely. The input stage is
well matched to the load presented by the second stage so
that symmetrical propagation delays are obtained.

§ P T T T T T
Vst E E
) E 3
oF A 3
E st 3
E % A 3
E P E
JE bid E
E 7| 3
g - 29 |-~ ?
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E - A Taed— 1
E b7 -7 LA 3
E _+ 3
E r”/ 3
OEII\I tiaadaa et et et sl dratiiingg |l|r:“
2 3 4 5 vee(v) 6
Fig. 21 74HC input switching level as a function of
supply voltage.
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Fig. 22 74HCT input circuit.
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Fig. 23 74HCT input switching level as a function of
supply voltage.

Figure 23 shows the switching level as a function of
supply voltage.

A TTL HIGH level can be as low as 2.4 V. An input of
this order to a HCMOS device would not cut off P1 com-
pletely, and additional supply current would flow through
the input stage. A level-shift diode D3 and the influence of
the back-gate (substrate) connection to P1 minimizes power
dissipation caused by this through-current and gives an
input switching level compatible with LSTTL. Figure 24
shows the input stage through-current with and without
the diode circuit. The peak in the curve occurs at the input
switching threshold.

The input stage through-current is virtually zero for a
typical TTL HIGH level input of 3.5 V. Thus, this unique
74HCT input structure gives true CMOS low power-con-
sumption when driven by TTL. Typical and maximum
through-currents Alcc per input are given in the data
sheets.

In a system where 74HCT devices are only driven by
LSTTL devices, VOH min can be 2.7 V except for some bus
drivers. With Vo =27V, A'CC is half the published
value,

Maximum input rise/fall times

All digital circuits can oscillate or trigger prematurely when
input rise and fall times are very long. When the input signal
to a device is at or near the switching threshold, noise on
the line will be amplified and can cause oscillation which,
if the frequency is low enough, can cause subsequent stages
to switch and give erroneous results. For this reason,
Schmitt-triggers are recommended if rise/fall times are
likely to exceed 500 ns at Vo =4.5V.
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— — — with no level-shift diode
——— with standard input structure

Fig. 24 Additional quiescent supply current Algg
(typ.) per input pin of a 74HCT device as a function
of supply voltage (unit load coefficient is 1);
(a) Vec=45V, (b) Vec=55V.

The flip-flops 74HC/HCT73, 74, 107, 109 and 112 in-
corporate  Schmitt-trigger input circuits and the
74HC/HCT14 and 132 are dedicated Schmitt triggers with
specified input levels.

For further information, see chapter ‘Schmitt trigger
applications’.
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Termination of unused inputs

To prevent any possibility of linear operation of the input
circuitry of an LSTTL device, it is good practice to termin-
ate all unused LSTTL inputs to Vg via a 1.2kQ2 resistor.
Inputs should not be connected directly to GND or V¢,
and they should not be left floating.

Unlike LSTTL inputs, the impedance of 74HC and
74HCT inputs is very high and unused inputs must be
terminated to prevent the input circuitry floating into the
linear mode of operation which would increase the power
dissipation and could cause oscillation. Unused 74HC and
74HCT inputs should be connected to Vg or GND, either
directly (a distinct advantage over LSTTL), or via resistors
of between 1k and 1ML. Since the resistors used to
terminate the inputs of LSTTL devices are usually between
2202 and 1.2k&2, it is often possible to directly replace
LSTTL circuits with their 74HCT counterparts.

Some of the bidirectional (transceiver) logic devices in
the HCMOS family have common 1/O pins. These pins
cannot be connected directly to Vg or GND. Instead,
when defined as inputs, they should be connected via a
10 kS resistor to Vi or GND.

Input current

Figure 25 shows the typical input leakage current of a
HCMOS device as a function of ambient temperature for a
Ve of 6V. Over the total operating temperature range,
the input leakage current is well below the rating specified
in the JEDEC standard (100 nA between —55 °C and +25 °C
and 1uA at +85°C and +125 °C. The reason for this differ-
ence between the measured performance and the rating is
the high-speed testing limitations associated with test
system resolution and the measurement of settling time. A
secondary reason is that the rating is end-of-line, allowing

some leakage current shift due to the ingress of moisture
or foreign material.

Input capacitance

Since CMOS inputs present essentially no load, fan-out is
limited only by the input capacitance. This is specified as
3.5pF (typ.) and comprises package, bonding pad/inter-
connecting track, input protection diode and transistor gate
capacitances. Figs.26 and 27 show the typical input capaci-
tances for powered 74HC and 74HCT devices. The initial
decrease in capacitance as V) rises from zero or falls from
5V is due to increased reverse bias on the protection
diodes. The peak is caused by internal Miller feedback capa-
citance when the inverter is in its linear mode. A conserva-
tive value for the maximum input capacitance is 10 pF
(20 pF for 1/0 pins owing to the output drain capacitance).
Input capacitance is measured with all other inputs tied to
ground.
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Fig. 26 Typical input capacitance C; of a 74HC
device as a function of input voltage; Vee =5V:
Tamb = 25 °C.
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Fig. 256 Typical HCMOS input leakage current |} as a
function of ambient temperature T;mp,.
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Fig. 27 Typical input capacitance Cy of a 74HCT
device as a function of input voltage; Vee=5V:
Tamb = 25 °C.
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Fig. 28 Cross-section of the input protection of an
HCMOS device showing the parasitic pnp transistor
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Fig. 29 12V-to-5V logic-level con-
version at HCMOS inputs using
100 k<2 series resistors.

Coupling of adjacent inputs

Parasitic bipolar pnp transistors can be present between
adjacent inputs, e.g. between an input protection diode to
Ve and the same diode at the adjacent input, as shown in
Fig.28. If the recommended operating input voltage is ex-
ceeded, perhaps by ringing of more than 0.7 V, current into
the terminal (|1) can cause a current Iy in the parasitic
transistor and in the adjacent input (Fig.29). Because I in
the adjacent input has to be drained by the source driving
that input, the source resistance (R) must be low. If R is
not low enough, the parasitic current can lift the source
voltage and cause unwanted switching.

The ratio of the parasitic adjacent input current (12) to
the forced input current (I1) denoted a:

o has been reduced to less than 0.05 (typically 0.001) in
the HCMOS family by the use of deep guard rings and
optimum bonding pad spacing.

A low « permits proper logic operation in the presence
of transients and also allows HIGH-to-LOW voltage trans-
lation simply by adding series input resistors. For example,
in Fig.29, 12V system logic is converted to 5V system
logic by adding a 100 kS2 resistor in each input. Since the
logic signals are delayed by 1-2us, this arrangement is
suitable for rather slow 12V control logic such as that in
automotive applications. When the input diodes are used as
clamps for logic level translation, the total input current
should be limited to 20 mA.

Input voltage and forward diode input current

As a general rule, CMOS logic devices with input clamp
diodes (Fig.16) should be operated between the power

supply rails. Neglecting the input series polysilicon resistor
shown in Fig.16, this means: —0.5V < V| <Vgc+05V.

This rule is JEDEC Std. No. 7 and is intended to prevent
users damaging devices similar to HCMOS that do not have
the polysilicon resistor. HCMOS devices however meet the
tougher rating: —1.5V <V < Ve +15V. Furthermore,
virtually all HCMOS devices can operate reliably up to the
rating without logic errors.

The maximum permissible continuous current forced
into an input or output of a HCMOS device is +20 mA
(JEDEC rating).

OUTPUT CIRCUITS
Output drive

There are three different output configurations in the
HCMOS family:

— push-pull

— three-state

— open-drain n-channel transistor.

Each is available with a standard output or a bus driver out-
put, the latter having 50% more drive capability. All 74HC
and 74HCT outputs are buffered for consistent current
drives and a.c. characteristics throughout the HCMOS
family. Well-matched output n-channel and p-channel
transistors give symmetrical output rise and fall times.

When comparing the output drive capabilities of HCMOS
with those of LSTTL, note that LSTTL capability is usually
expressed in unit loads (ULs) where the load is specified to
be an input of the same family. This guarantees that a
system will operate correctly with worst-case LOW and
HIGH input signals and that noise immunity margins will be
preserved. HCMOS capability is expressed as the source or
sink current at a specified output voltage. Since HCMOS
requires virtually no input current, the unit load concept is
not applicable.
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With a specified output drive of 4mA (at
VOLmax = 0.4 V), the HCMOS capability exceeds 4000 ULs, ) o 2070201
and with a 20“A (at VOL=O'1 V) Specification the o Elvxy T T T T T T T T T T T |||!§
HCMOS capability is 20 ULs. A standard HCMOS output (ma) E 3
can drive ten LSTTL loads and maintain Vo) < 0.4V over 8t 3
the full temperature range. A bus driver output can drive E 3
E ) o 3
15 LSTTL loads under the same conditions. Table 10 shows oF okalat25 € c
the output drive capabilities of some HCMOS devices ex- E E
pressed in LSTTL unit loads. The output current may be E 3
increased for higher output voltages. For example, extra- 45 E
polating the 6 mA bus driver capability at Vg =0.33V E / expected minimum at 25°C E
and Tymp = 85 °Ctoa VoL of 0.5V gives an output drive 2F IF — =
capability of 9 mA. E == 50C E
Output current derating as a function of temperature is ol d o “Il||5““ ..\F2
shown in Fig.30 and is valid for all types of output. Output ' ' ’ Vo (V)
source and sink drives at Voc=2V, 45V and 6V are (@) Vee = 2V
given in Figs.31 to 34 which show the output current as a
function of output voltage; these graphs indicate the typical P 22970301
output currents and the expected minimum output currents. . E 3
They can serve as a design aid when calculating transmission ("?;, 1
line effects or when charging highly capacitive loads. £ ;
The expected minimum curves are not guaranteed; they mt i o ]
are tested only at the values given in the data sheets. F — RLLSL e 3
15 1407028 F / expected minimum at 25°C |
20p / TesocT—]
normalized r // T _ =
oL & loH \ L /// 125°C B
(typ) \ C % ]
o 0 lllllll1|lll|ll||||| Al adigrl lIlIlIIA_
’ Vo (V)
N (b)Vgc =45V
5 ; - 7297031.1
05 oo E E
-50 0 50 100 (mA) E
Tamb (°C) 80F f
Fig. 30 Derating curve for output drive currents E o asoc 3
60L typical at -
loL and lgn- £ /.f———r | E
E | 3
. . rees a0f minimum at 25°C 3
Table 10: Comparison of the output drive capabilities of E | = Tooc =
LSTTL and HCMOS (Vg <04 V) E P 1255 3
20F 3
E 1 3
. drive HCMOS type tout drive E / =
LS device OUIPUL opecity equiv. P O™ capacity AL L el i i3
4 Vo (V) e
741L.S00 4mA 10UL 74HCO0 standard 4 mA 10 UL (v =6V
74LS138 4mA 10UL  75HC138 standard 4mA 10 UL cc
74L8245 12mA 30 UL  74HC245 bus 6mA 15UL
74LS374 12mA 30UL  74HC374 bus 6mA 15 UL
Fig. 31 Standard output n-channel sink current.
UL = unit load.
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Fig. 32 Standard output p-channel source current. Fig. 33 Bus-driver output n-channel sink current.
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Fig. 34 Bus-driver output p-channel source current.

Push-pull outputs

A typical push-pull output stage is shown in Fig.35. The
bipolar parasitic transistor-drain diodes (D1 and D2) limit
the output voltage Vg of all HCMOS devices in the case of
externally-forced voltages such that —-0.5V <V0<
Vee + 0.5 V. For voltages outside this range, the diodes
and parasitic bipolar elements start to conduct. Although
the diode current rating is 20mA d.c., line ringing and
power supply spikes in normal high-speed systems cause
current-peaks that exceed this rating. Careful chip-layout
and adequate aluminium traces ensure that the current
peaks produced will not damage the diodes or degrade the
internal circuitry.

Vee
P‘LJ L
a0
P
from L}
logic >
circuit [ output
A4D2
N1
GND

7297041

Fig. 35 Basic CMOS output stage.

The maximum rated d.c. current for a standard output is
25mA and that for a bus-driver output is 35 mA. These
ratings are dictated by the current capability of on-chip
metal traces and long-term aluminium migration, but it is
expected that output currents during switching transients
will, at times, exceed the maximum ratings.

A shorted output will also cause the maximum d.c.
current rating to be exceeded. However, for logic testing,
one output may be shorted for up to five seconds without
damaging the device.
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Three-state outputs

In the typical three-state output circuit shown in Fig.36,
when EO is HIGH the output is enabled and transistors P4
and N4 act as a transmission gate connecting the gates of
the output transistors. A LOW at EO puts the output in the
high-impedance OFF-state and transistors P3 and N3 act as
pull-up and pull-down transistors respectively. The logic
symbol for a three-state output and its function table is
shown in Fig.37.

HrE | ® ]
. 1 | ]
- ] For
| _J’E:‘_ L e ﬁ
:;:;‘ N;_] l 'ou?put
- J J J._J %02
— — N§
’_'{ﬁ —JNﬁ LJNﬁ GND
€0 7283560.1

Fig. 36 Typical three-state output circuit.

€O 7283569.1

(a) logic symbol

inputs outputs
I EO (o]
X L V4
L H L
H H H

H = HIGH voltage level

L = LOW voltage level

X =don’t care

Z = high impedance OFF-state

(b) function table

Fig. 37 Three-state output logic symbol and functions.

Three-state outputs are designed to be tied together but
are not intended to be active simultaneously. To minimize
noise and to protect outputs from excessive power dissipa-
tion, only one three-state output should be active at any
time. In general, this requires that the output enable signals
should not overlap. When decoders are used to enable three-
state outputs, the decoder should be disabled while the
address is being changed. This avoids overlapping output-
enable signals caused by decoding spikes to which all deco-
der outputs are prone during address-changing.

When designing with three-state outputs, note that
disable propagation delays are measured for an RC load
when the output voltage has changed by 10% of the voltage
swing. This 10% level is adequate to ensure that a device
output has turned off. Although this method provides a
standard reference for measuring disable times, it implies
that the output is already off for 10% of the RC time.
Because all disable times are measured with a load of 1k
and 50 pF, subtract the 10% RC time (5 ns) from the values
published in the data sheets to obtain the real internal
disable propagation delay.

Diodes D1 and D2 are parasitic diodes associated with
output transistors P5 and N5 respectively. Diode D1 clamps
the output at one Vgg above Vg, of importance in large
systems where sections of the system may be powered-
down (VCC =0V), in which case the output diode current
has to be limited to 20 mA.

All 1/0 ports and transceivers have a three-state output
as shown in Fig.36. The 1/0 pin is defined as an input when
the output is disabled, but this pin should be regarded as a
real input and should not be left floating, because the input
to an 1/0O port can cause Vg current. If necessary, ter-
minate the input with a 10k§2 resistor, see ‘Termination of
unused inputs’.

Open-drain outputs

In TTL families, several functions are offered with open-
collector outputs to enhance logic functions by using OR-
tied logic. The advantage of OR-tied logic is the logic
elements saved and hence the lower power dissipation.
However, this is countered by power loss and reliance on
RC time propagation delays. These disadvantages are not
encountered in CMOS and similar applications can be made
using devices with 3-state outputs, or simply with the
power-saving logic devices, However, the 74HC/HCTO3
(quad 2-input NAND gate) has an open-drain n-channel
output, see Fig.38. The parasitic diode D~ is not present
(there being no p-channel transistor); this allows the output
voltage to be pulled above Vo to Vomax making both
HIGH-to-LOW and LOW-to-HIGH level-shifting possible.
For digital operation, a pull-up resistor is necessary to
establish a logic HIGH level.
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The open-drain output is protected against electrostatic
discharge.

—— e Vo 0

———————9— output
from l
logic )
" L
circui 02

——de GND
7297042

Fig. 38 Open-drain output circuit.

Increased drive capability of gates

To increase output drive, the inputs and outputs of gates
in the same package may be connected in parallel. it is
advisable to restrict parallel connection to gates within one
package to avoid large transient supply currents due to
different gate-switching times.

For further information, see chapter ‘Interfacing and
protection of circuit board inputs’.

Output capacitance

For push-pull outputs, no output capacitance is specified
because either the n-channel transistor or the p-channel
transistor creates a low-impedance path to the supply rails.

Three-state outputs can be switched to the high impe-
dance OFF-state, and because many of them can be
connected to a bus line, the output capacitance is needed
to calculate the total capacitive load. For bus-driven 3-state
outputs in a DIL package, the output capacitance is 6 pF
(typ.) and 20 pF (max.).

STATIC NOISE IMMUNITY

The static noise immunity can be divided into:

— the static noise margin LOW. This is the voltage differ-
ence between V|j ma, of the driven device and Vo max
of the driver.

— the static noise margin HIGH. This is the difference
between Vopmin Of the driver and Viymin of the
driven device.

For 74HC devices, both the LOW level noise margin and
the HIGH-level noise margin is 28% of V. This is a con-
siderable improvement over LSTTL where the LOW-level
noise margin is only 8% of Vo and the HIGH level noise
margin is just 14% of V. The margins are even greater for
HCMOS at higher supply voltages as shown in Fig.39. As
74HCT devices have the same switching levels as LSTTL,
their noise margins are also the same.

The superior noise immunity of the 74HC input can be
clearly seen from the voltage levels of the input-to-output
transfer characteristics shown in Figs.40 and 41.
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Fig. 39 Worst-case input and output voltages over an
operating supply range of 45V to 5.5 V.
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Fig. 40 Typical input-to-output transfer character-
istic for 74HC and 74HCT devices.
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Fig. 41 Input-to-output transfer characteristics for
TTL devices.
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Table 11 shows the input noise margin of HCMOS
devices where like devices are interfaced. Output voltages
are also given.

Table 11: Noise immunity and noise margin for HCMOS
devices (Voo =4.5V)

74HC 74HCT 74HCU

VILmax (V) 1.35 0.8 0.9
ViHmin (V) 3.15 2 3.6
VOoLmax (V) 0.1 0.1 0.5
VOHmin (V) 4.4 4.4 4
Noise margin low

VNML (V) 1.25 0.7 0.4
Noise margin high

VNMH (V) 1.25 2.4 0.4

Table 12 shows the input noise margin of 74HCT devices
interfacing with LSTTL devices; the 74HCT or LSTTL
output is fully-loaded, Ve = 4.5V and Tymp is 0°C to
4+70°C (the only convenient temperature range when using
LSTTL characteristics).

Table 12: Noise immunity and noise margin for 74HCT
and LSTTL device interfacing

74HCT LSTTL
ViLmax (V) 0.8 0.8
VIHmin (V) 2 2
VOoLmax (v) 0.33 (note 1) 0.4
0.1 (note 2)
VOHmin (V) 3.84 (note 1) 2.7
4.4 (note 2)
Noise margins (V):
from 74HCT to LS VNML 0.47
VNMH 1.84
from LS to 74HCT VNML 0.4
VNMH 0.7
from LSto LS VNML 0.4
VNMH 0.7
from 74HCT VNM L 0.7
to 74HCT VNMH 2.4
Notes

1. 4 mA load (i.e. 10 LSTTL inputs).
2. 20 1A load (i.e. 20 74HCT inputs).

Whenever a 74HCT output drives either an LSTTL or a
74HCT input, the noise margin is better than when an
LSTTL device drives an LSTTL or 74HCT input. This
improvement is larger for Viyyy owing to the superior
output sourcing current of the rail-to-rail HCMOS output
swing cbmpared with the limited totem-pole pull-up output
voltage of LSTTL.

DYNAMIC NOISE IMMUNITY

As for static noise immunity, dynamic noise immunity can
be divided into two parts:

— adynamic noise margin LOW

— a dynamic noise margin HIGH.

For 74HC devices, both margins are similar; for 74HCT
devices, the dynamic noise margin LOW is the smaller of
the two. To plot it, a pulse of known magnitude, Vp, is
applied to the input of a device and its width, twy, is in-
creased until the device just begins to switch. The input
level on which Vp is based is equal to the switching voltage
minus the worst-case static noise margin LOW. The pulse
width is measured at half pulse height, Vp/2. The rise and
fall times, t, and t; are 0.6 ns.

Vp is then reduced in increments and tyy for each new
value is ascertained.

The test is repeated for different supply voltages — for
74HC devices between 2V and 6V, and at 5V for 74HCT
devices. A range of output currents, lg. are also used.
Increasing the d.c. load reduces the dynamic noise immunity.

Figure 42 shows the amplitude of positive-going pulses
that can be withstood in the LOW state for 74HC and
74HCT devices. The curves are worst-case ones with fully-
loaded drivers, so a system using only 74HC or 74HCT
devices will have 0.23V more noise margin for all ty.

For typical input switching thresholds of 1.4V and
2.25V for 74HCT (Vo =5V) and 74HC (Voo =45V)
respectively, the noise margins will be 0.83V [(1.4—0.8) +
0.23V] larger for 74HCT and 1.13V [(2.25— 1.35) +
0.23 V] larger for 74HC devices.

The main causes of unwanted input pulses are spikes due
to outputs switching, which dumps large currents on the
GND lines, or reflections when long lines (longer than
about 32cm) are driven. For more information on the
latter, see chapter ‘Replacing LSTTL and driving trans-
mission lines’.

The best example of an unwanted pulse generator is an
octal device with bus outputs of which seven are switching
simultaneously and the eighth, most remote, output is LOW.
Figure 43(a) shows the maximum pulse voltage measured
on the unswitched output of a 74HC/HCT374 as a function
of Vc. Figures 43(b) and 43(c) show this maximum volt-
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age and the pulse width as functions of the number of out-
puts that are switching. It should be emphasised that any
pulses produced by switching outputs won’t cause other
devices to respond even in worst-case conditions. This is
because Fig.42 is based on a worst-case Vo and the

maximum expected pulse height of Fig.43 occurs for a
best-case V. So, even when a pulse of the maximum
expected height shown in Fig.43 occurs, there is still a
noise margin. This can be verified by plotting the pulse
heights of Fig.43 on the curves of Figs.42(a) and 42(b).

7291616.1

7221615.1
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Fig. 42 Amplitude of the positive-going pulses that
can be withstood in the LOW state (worst-case, fully-
loaded driver) for (a) 74HC devices and (b) 74HCT
devices.
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Fig. 43 (a) Amplitude of the voltage pulse {on pin 2, the most remote) due to switching seven of the bus-driver outputs
of a 74HC/HCT374 octal flip-flop; C| = 150pF, Tymp = 25°C. (b) Amplitude of the voltage pulse (on pin 2) as a
function of the number of outputs switched; Vo =5V, C_= 150 pF. (c) Pulse width as a function of the number of
outputs switched; Voc=45t06V, C| =150 pF. For Vo =2V, the maximum expected pulse width is about 10 ns.

(c) 7291892
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BUFFERED DEVICES

Definition

Often the terms ‘buffer devices’, ‘buffered inputs’ or
‘buffered outputs’ are used without qualification and
originate from the very first unbuffered CMOS logic family
consisting of one-stage logic elements, usually gates. In
these devices, both input switching levels and output
impedances were not constant, so neither were output
rise/fall times or propagation delay times. The Jedec JC40.2
committee define a buffered device to be at least two active
stages with the output independent of the input logic
voltage level and independent of the number of inputs that
are HIGH or LOW.

A buffer meeting this definition is the AND-function
circuit of Fig.44. The gain between input and output is high
enough to consider the output impedance to be independent
of the logic level at the input, and the output impedance is
not affected by the state of the logic inputs.

Vee
PH
w |

output

H }LI—I?TB

—
input 2 - l::l'<—
DT B |
input 1 =4 o 1

s GND
7297048

Fig. 44 The minimum number of stages for abuffered
device is two. This 2-stage example is an AND function.

All 74HC and 74HCT devices comprise at least two
stages to minimize any pattern sensitivity of propagation
delay time. Buffering also improves static noise immunity
due to increased voltage gain, giving almost ideal transfer
characteristics.

The designation 74HCU is used to denote single-stage
devices. These have the same specification as 74HC devices
but their input and output voltage parameters are relaxed.
74HCU devices don’t have the high gain of 74HC/HCT
versions, which makes them more suitable for use in RC or
crystal oscillators and other feedback circuits operating in
the linear mode.

Output buffering

All 74HC and 74HCT devices have buffered outputs for
optimum performance. To demonstrate the benefits of
output buffering, consider what would happen without it.
In the single-stage device shown in Fig.45, the output
impedance depends on the d.c. input voltage. Consequently,
the noise margins at the output become a function of the
input voltage, even when V| is a legal HIGH or LOW level.
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input 1 ——sb
GND

7297046

P1l

Fig. 45 Unbuffered NAND gate.

The steady-state impedance of the circuit of Fig.45 is
also affected by the state of the inputs. Given that P1 and
P2 have identical performances (same size), there are two
values of impedance for output HIGH; one when either
input is LOW and P1 or P2 conducts, and another when
both inputs are LOW and both P1 and P2 conduct. There-
fore, without output buffering, the state of output con-
duction depends on the number of inputs that are HIGH
or LOW.

Input buffering

An input is considered to be buffered when its switching.
threshold is unaffected by the logic states of other inputs.
In the example of Fig.45 that has unbuffered inputs, the
switching threshold of input 1 varies with a HIGH level at
input 2, and vice versa. This is because the series impedance
of transistors N1 and N2 determines the switching threshold
of the device. The result can be seen in Fig.46 where curve
1+2 occurs when the two inputs are tied together, and
curve 1 or 2 is the switching threshold when the accom-
panying input is at V.

For true input buffering, an input must have an inverter
stage with sufficient gain to ensure that logic levels give
independent on-chip levels. Some gates in the 74HC series
(usually AND or OR gates) have unbuffered inputs, however
all devices meet the family logic level requirements. All
74HCT devices have buffered inputs.
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7297047
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Fig. 46 Example of different switching levels in un-
buffered inputs.

PERFORMANCE OF OSCILLATORS

When HCMOS devices are used in RC, crystal or Schmitt

trigger oscillators or in analog amplifiers:

— a supply voltage of at least 3V is required. Below this
value, the transconductance of crystal oscillators is too
low to start oscillations. In analog circuits, insufficient
output current is available to drive external components;

— slow input rise and fall times cause the input stage of a
HCMOS device to draw current. This additional quiescent
supply current Alge is given in the data sheets for
74HCT devices since these can be used as LSTTL re-
placements and may be driving a significant load. The
total Igc for 74HC devices can be calculated by multi-
plying the value of Igc read from Fig.12 by the unit
load coefficient given in the data sheet for the 74HCT
device;

— in general, frequency stability won’t be affected by
supply voltage, so long as the permissible output cur-
rents of the devices are not exceeded.

For further information, see chapters ‘Crystal oscillators’
and ‘Astable multivibrators’.

LATCH-UP FREE

Latch-up is the creation of a low-impedance path between
the power supply rails caused by the triggering of parasitic
bipolar structures (SCRs) by input, output or supply over-
voltages. These overvoltages induce currents that can
exceed maximum device ratings. When the low-impedance
path remains after removal of the triggering voltage, the
device is said to have latch-up.

The JEDEC standard test being developed for latch-up
specifies that the input/output current should be equal to
the maximum rating (+20mA), and that V¢ should also
be not more than twice Vocomax (14 V) for testing latch-up
immunity with excess supply voltage. HCMOS ICs have
been extensively subjected to the previously described tests
with test parameters far exceeding those quoted by JEDEC.

In no case did latch-up occur. For example, it has been
determined that an HCMOS input can typically withstand
continuous current (6s on, 15s off) of 100 mA to 120 mA,
or 1us pulses of 300 mA with a duty factor of 0.001. An
input can also withstand a discharge from a 200 pF capaci-
tor charged to 330 V. An HCMOS output can withstand
continuous current (5s on, 15s off) of 200 mA to 300 mA,
or 1us pulses of 400 mA with a duty factor of 0.001.
However, because there is an internal polysilicon 100
resistor in series with all HCMOS inputs, the input voltages
required to achieve these current levels are so high
(Vy=Vgc +0.7V +1001)) that it is unlikely that they
could occur in practice, even in a 6V system with severe
glitches. Moreover, beyond these current levels, excessive
heating occurs or aluminium tracks or bond wires break-
down. It is therefore reasonable to conclude that HCMOS
logic ICs are completely latch-up free.

For further information, see chapter ‘Standardizing
iatch-up immunity tests’.

DROP-IN REPLACEMENTS FOR LSTTL

74HCT devices are power-saving, drop-in replacements for
LSTTL devices. Because most systems are operated at
frequencies far below the maximum possible, 74HCT
devices can also be used to good effect in systems using
ALS, AS, S, and FAST devices.

Fan-out should be considered when replacing a TTL
device by a 74HCT device. TTL fan-out is usually expressed
in unit loads (ULs) and the load is specified to be an input
of the same family. In fact, TTL fan-out is determined by
the ability of the outputs to sink current (a TTL input
usually sources current). Table 13 shows the fan-out of
74HCT to the different TTL families.

The fan-outs given in Table 13 are derived at a voltage
drop of max.0.4V (Vo). In the “74"" TTL series, an
extended Vg figure is often seen, e.g. 8mA at 05V
voltage drop for LSTTL. If this figure is used to determine
the fan-out of the TTL device it can result in a higher fan-
out than is possible with 74HCT. This can be resolved by
replacing as many of the driven TTL parts as possible by
74HCT devices to reduce the sink current requirement (the
74HCT input current is negligible). In addition, power
dissipation is reduced significantly by using 74HCT.

Table 13: Fan-out of 74HCT to TTL circuits

74HCT TTL LS ALS FAST S&AS
standard 2 10 20 6 2
output

bus-driver 3 15 30 10 3
output
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BUS SYSTEMS

CMOS is being used to an increasing extent in micro-
processor bus systems following the introduction of
versions of the popular NMOS processors.

There are several constraints imposed on microprocessor
systems in industrial applications, such as electrically-noisy
environments, battery-standby requirements and sealed,
gas-tight enclosures. HCMOS bus systems, e.g. the CMOS
STD bus (a non-proprietary CMOS bus standard) provides a
solution to all these problems. It offers superior noise
immunity, equal operating speed, lower power dissipation,
wider supply voltage range, extended temperature range,
and enhanced reliability.

For optimum results, use only 74HC devices in circuits
which communicate directly with the bus. This allows a
new bus termination to be introduced (see Fig.47(b))
which, unlike the conventional TTL bus termination, draws
no heavy d.c. current and is more suited to HCMOS outputs.

Vee Vee
1808 2ka -
signal line
190pF /m
3900
1300
GND
72970511 GND

(a) (b)

Fig. 47 Bus terminations. {a) Conventional termina-
| tion for TTL buses. (b) Proposed termination for
CMOS STD bus equivalents.

The wider supply voltage range of HCMOS together with
its lower power dissipation virtually eliminates problems
caused by voltage drops along power buses between cards
in a system, It is possible for a circuit to pick up severe
noise spikes or differential voltages via an edge connector.
Such pick-up can exceed the CMOS maximum ratings if
not limited by a 10k series resistor in the HCMOS logic
line. This will limit current to 20 mA for external voltages
of up to £200V, however, for correct functioning, the d.c.
input current should be kept below those values stated in
‘Input/output protection’. The recommended board edge
input protection is shown in Fig.48.

In the circuit of Fig.48, if the input diode current
exceeds the maximum input current, a HIGH-to-LOW level
shifter should be used (e.g. 74HC4049 or 74HCA4050).

10k to 100k

) 10Kk HCMOS logic
input

7297052.1 GND

Fig. 48 Example of the board edge input protection
circuit.

For further information, see chapter ‘Interfacing and
protection of circuit board inputs’.

Since HCMOS bus-drivers do not have built-in hysteresis,
slowly-rising pulses should be avoided or devices with
Schmitt-trigger action should be used, such as the flip-flop
series 74HC/HCT73, 74, 107, 109, 112, or the dedicated
Schmitt triggers 74HC/HCT14 and 132. The rise and fall
times can be derived from the information given in the
section ‘Propagation delays and transition times’ of this
User Guide.

PACKAGE PIN CAPACITANCE

In purely digital circuits, the input capacitance or three-
state output capacitance is sufficient to determine the
dynamic characteristics., However, when a HCMOS device
is used in the linear region, it is necessary to take pin
capacitance into account, e.g. to prevent crosstalk in
analog switches or peaks in the frequency response of PLLs.

The use of SO packages with their low pin capacitances
is recommended for HCMOS analog designs. Table 14 gives
the pin-to-pin capacitances for the plastic DIL and SO
packages used for HCMOS. Measurements were made
using a dummy package with all unused pins connected to
ground.

56

January 1986\ (



USER GUIDE

Table 14: Typical pin capacitances (pF) of SO and DIL packages

S0O-14 & SO-16

DIL-16

S0-20

DIL-20

S0-24

DIL-24

capacitance to ground of:
corner pins 0.41
all other pins 0.21
any end two pins
all other pins
any end three pins
all other pins

capacitance between adjacent pins:

" including a corner pin 0.15
all other pins 0.04

any end three pins
all other pins

any end three pins
all other pins

0.97
0.37

0.40
0.13

0.65
0.25

0.28
0.14

1.12
0.40

0.49
0.22

0.65
0.33

0.30
0.12

1.64
0.65

0.70
0.28
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INTERFACING AND THE PROTECTION OF CIRCUIT BOARD INPUTS

Because the operating speed of 74HC/HCT/HCU high-speed
CMOS (HCMOS) logic ICs is comparable to that of LSTTL
but their power dissipation is much less, the interfaces
between these two logic families are of the most general
interest. We have therefore dealt extensively with this
subject in a separate article entitled “Replacing LSTTL and
driving transmission lines”. Interfacing HCMOS with LSTTL
1Cs will not therefore be discussed again here. This article
describes interfacing HCMOS ICs with commonly used logic
families other than LSTTL, namely, HE4000B series CMOS
and the ECL 10K family. It also discusses interfacing HCMOS
with non-standard levels (12 V to 24 V) and driving external
loads which are often encountered in industrial control and
automotive applications. Methods of protecting HCMOS
inputs at pcb interfaces are also described. Table 1 gives an
overview of the requirements for interfacing HCMOS ICs
with all commonly used IC logic families (including TTL).

INTERFACING HCMOS WITH HE4000B SERIES
CMOS

HCMOS ICs can be coupled directly to standard HE4000B
series CMOS ICs if both families operate from the same
supply voltage. However, if the IC families have different
supply voltages, level shifting is necessary. The configura-
tion shown in Fig.1(a) illustrates this for an HCMOS IC
driving an HE4000B IC via an HEF4104B level-shifter. Note

that the HEF4104B is exclusively a LOW-to-HIGH level-
shifter and care should be taken to ensure that VcC1 never
exceeds VCC2 by more than one VBE.

74HC/HCT

for 74HC :
Vec1=2VtoxV
Vee2=xV1to 15V,
where x=2Vto 6V

Veet Vecz
HE4000B  HEF4049B/74HCA043  74HC/HCT
cmos HEF 40508 /74HC4050

for 74HC :

Veet = xVito 15V
Vec2=2VtoxV,
where x = 2V to 6V

HEF41048B

CMOS
for 74HCT :

Vec1=45V 1055V,
Vee2= Vet to 18V

(a)

for 74HCT :

Vec1=6Vito 15V
Vec2=45V1055V

for HE series : VeCmin =3V

(b)

HE40008

7291602.1

7291603.1

Fig.1 Interfacing HCMOS with HE4000B logic; (a) an
HCMOS IC driving an HE4000B series CMOS IC; (b) an
HE4000B series CMOS IC driving an HCMOS IC

—
TABLE 1
Interfacing HCMOS to other logic families
TO
74HC 74HCT HEA4000B HE4000B TTL* ECL 10K
5 V supply 5 V supply 5 V supply 6—15 Vsupply 5V supply
74HC
5 V supply direct direct direct 4104 direct 10124
74HCT
5V supply direct direct direct 4104 direct 10124
HE4000B
5 V supply direct direct direct 4104 direct 10124
FROM
HE40008
6—15 V supply | 4049 or 4050 4049 or 4050 4049 or 4050 direct 4049 or 4050 transistor
TTL*
5V supply pull-up resistor  direct pull-up resistor 4104 direct 10124
ECL 10K 10125 10125 10125 transistor 10124 direct
* Includes LS, S, STD, FAST, ALS and AS.
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Figure 1(b) shows how to drive an HCMOS IC from an
HE4000B IC using an HEF4049B/40508B or 74HC4049/4050
HIGH-to-LOW level shifter. Since these level shifters don’t
have an input clamping diode to Vcc, the maximum input
level is 15V. The logic level switching threshold remains
referenced to Vcc2, so the LOW noise margin will be the
same as that for the 5 V specification.

For interfacing HCMOS ICs with NMOS microprocessors,
memories, etc., the rules for TTL apply because NMOS ICs
usually have TTL-compatible inputs and outputs. The only
exceptions are NMOS ICs with open-drain outputs where a
pull-up resistor must be used to load the output.

INTERFACING HCMOS WITH ECL 10K LOGIC

To drive HCMOS from ECL 10K logic, the ECL 10125 ECL-
to-TTL translator is used as shown in Fig.2(a). To drive
ECL 10K logic from HCMOS, the ECL 10124 TTL-to-ECL
translator is used as shown in Fig.2(b). Note that, since these
translators operate at TTL levels, pull-up resistor Rq is
necessary if the ECL 10125 is used to drive a 74HC IC as
shown in Fig.2(a). This technique is not favoured because
the time-constant formed by the pull-up resistor and the
combined stray and load capacitance increases the propaga-
tion delay and also make it less predictable. Although
reducing the value of R1 minimizes the increase of propaga-
tion delay, the resistor then dissipates more power and
reduces the LOW noise margin. Using Rq also increases
production costs because it requires board space and has to

-52V

10125 74HC/HCT

7291604.1

(a)

-52V

74HC/HCT 10124

7291605.1

Fig.2 Interfacing HCMOS with ECL 10K logic; (a) ECL 10K
logic driving HCMOS; R1 is only required when driving a
74HC type; (b) HCMOS driving ECL 10K logic

be inserted. All of these drawbacks conflict with the
purpose of using HCMOS to increase system performance
and reduce power dissipation. The pull-up resistor should
therefore only be used if it is absolutely unavoidable.
A better solution is to use a 74HCT IC as the driven element
because the 74HCT range of ICs have TTL-compatible
inputs.

INTERFACING HCMOS WITH NON-STANDARD
LOGIC LEVELS

In _many applications, there is a need to interface HCMOS
ICs with non-standard input and output levels. For example,
in industrial control or automotive systems powered by a
12 to 24 V supply. The circuits in Figs.3(a) and 3(b) show
the basic configurations for these interfaces.

12V1t024V Voo
12V 1024V I
CIRCUIT T
74HC/HCT
R2|| ciz=
' GND

7291607.1

(a)

12Vt 24V

12V 1024V
CIRCUIT

74HC/HCT

GND

7291608.1

(b)

Fig.3 Interfacing HCMOS with non-standard logic levels;

(a) driving HCMOS with non-standard lcgic levels. The values

of Rq and R2 depend on the output vultage of the driving

circuit and the value of Cq depends on the noise and speed;

(b) HCMOS driving a system with non-standard logic levels.

The values of Ry and R, depend on the supply voltage and
the type of transistor

HCMOS DRIVING EXTERNAL LOADS

The configuration for HCMOS ICs driving loads connected
to a supply voltage greater than Vg is given in Fig.4(a).
Figure 4(b) and 4(c) show methods of using an HCMOS IC
to drive a load (for example, a relay) connected to the same
supply as the IC.
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5Vto48V

Vee

74HC/HCT

BAT8S 6@
BAT85 @@

load

7291610.1

(b)

7291612.1

7z91611.1

(c)

Fig.4 HCMOS driving external loads: (a) HCMOS needs a transistor interface to drive a load connected to an external supply
greater than Vcg; (b) HCMOS driving a split load connected to Vec: (c) HCMOS driving a single load connected to Vo

PROTECTING HCMOS INPUTS CONNECTED
DIRECTLY TO A BOARD INTERFACE

All HCMOS ICs have input protection circuitry that can
withstand normally anticipated electrostatic discharge
(ESD). However, an input that is connected directly to a
signal source outside the pcb can be exposed to potentially
damaging voltage levels during:

— transport

— servicing (connection to high external voltage)
— partial system power-down

— operation when parts of the system are faulty.

For this reason, additional protection is required for inputs
that receive signals from outside the pcb. A simple input
protection circuit is shown in Fig.5. It consists of:

— a pull-up resistor to ensure that the input is in a defined
jogic state, even when the drive is disconnected

— a series resistor which, in the event of high level input
voltages, limits the input protection diode current to a
safe level.

The value for the pull-up resistor is easy to determine
because it only passes the input leakage current, and
therefore causes very little voltage drop, when the board
supplying the drive is disconnected. A value of 100k
gives a good compromise between power consumption and
noise sensitivity.

The value of the series resistor depends on the parasitic
input capacitance and wiring capacitance. Any external
resistance in series with an input will cause additional
propagation delay due to increased RC time-constant. The
additional propagation delays as functions of the RC time-
constant are:

For 74HCT ICs: tpyy = 1,27RC

tpLH = 0,33RC
tpHL = 0,7RC
tpH = 0,7RC.

For 74HC ICs:

If it is assumed that the parasitic capacitance at each of the
two IC inputs in Fig.5 is 3,6 pF, the total input wiring
capacitance is 10 pF and the maximum permitted additional
propagation delay is 10 ns, then the maximum value for the
series resistor is:

Rmax = 10ns/(1,27 x 17 pF) = 460 2 for a 74HCT IC
Rmax = 10ns/(0,7 x 17 pF) = 840K for a 74HC IC.

From this example, it is clear that a higher value series
resistor can be used without significantly increasing the
propagation delay if care is taken to minimize the input
wiring capacitance. The capacitance can be minimized by
observing the following:

— the input capacitance of the ICs cannot be reduced but
it may be possible to reduce the number of inputs
separately connected directly to a pcb interface

— connect the series resistor as close as possible to the IC
input pin

— position the IC and the series resistor as close as possible
to the pcb interface.

Rpuli-up
100k

board Rseries

input

7287979

Fig.5 Additional input protection for HCMOS ICs
receiving board inputs
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STANDARDIZING LATCH-UP IMMUNITY TESTS FOR HIGH-SPEED CMOS LOGIC ICs

Like all other integrated CMOS logic circuits, the 74HC/
HCT/HCU family of HCMOS logic ICs contain a number of
parasitic 4-layer bipolar structures (SCRs) which may be
triggered by current transients caused by high-level voltage
transients at the input, output or supply pins. Once one or
more of these parasitic structures has been triggered, a low-
impedance path exists between the internai supply rails.
This pulls the supply voltage down to a low level causing a
flow of supply current (several hundred mA) which exceeds
ICC max and causes excessive or destructive power dissipa-
tion. If the low-impedance path between the supply rails
persists after the transient has passed (quiescent Icc
exceeds the maximum specified value), the IC is said to be
in latch-up.

This article discusses the parasitic bipolar structures
within HCMOS [Cs, and describes the precautions that have
been taken during the manufacturing process to minimize
their effect. It also describes four test methods which
effectively . evaluate the input/output currents and the
supply overvoltage which are necessary to induce latch-up.

The four tests are:

1. Continuous current (2ms to 5s) into inputs/outputs
with the supply voltage applied either before or after the
input/output current has been established. The 5s current
duration can only be used if the power dissipation is
below 500 mW. This test can be performed with auto-
matic test equipment.

2. Pulsed currents into inputs/outputs (<2ms). A less
worst-case type of test (less heat generation and delay
storage effect allows higher currents before latch-up
occurs) that creates a more realistic simulation of
transients and also allows the test to be automated.

3. Capacitor discharge into inputs to simulate electrostatic
discharge.

4. Supply overvoltage.

Extensive application of these tests to several different
brands of high-speed CMOS ICs has shown that tests 1 and
4 alone are sufficient to evaluate the sensitivity of any IC to
all four types of latch-up stimulus. Since test 2 allows higher
test currents to be applied before latch-up occurs, especially
when the pulses are very brief (<1us) test 1 will indicate
the worst-case (lowest) currents required to initiate latch-up.

All latch-up tests published so far lack essential informa-
tion and require a dedicated test set-up. We therefore
propose tests 1 and 4 for use as a standard for evaluating
latch-up immunity of high-speed CMOS ICs.

It is also possible to use a transistor curve tracer (Tek-
tronix 576 or similar) to perform tests 1 and 4 to very
quickly evaluate the latch-up immunity of HCMOS ICs.

The tests performed with a transistor curve tracer have the
added advantage of being non-destructive and clearly in-
dicating the V/I relationship after latch-up to indicate the
severity of the phenomenon. They also show the ‘snap back’
voltage (sustaining voltage) after Vo breakdown and the
minimum holding current. This gives a good indication of
the maximum supply voltage that can be used without
parasitic SCRs being triggered. Because bipolar transistor
current gain (hgpg) and the value of resistors increase with
increasing temperature, high ambient temperature or loca-
lized die heating results in reduced latch-up immunity.

The JEDEC standard test being developed for latch-up
specifies that the input/output current should be equal to
the maximum rating (+20mA), and that Vg should also
be not more than twice -VCC max (14 V) for testing latch-
up immunity with excess supply voltage. HCMOS ICs have
been extensively subjected to the previously described tests
with test parameters far exceeding those quoted by JEDEC.
In no case did latch-up occur. For example, it has been
determined that an HCMOS input can typically withstand
continuous current (5s on, 15s off) of 100 mA to 120 mA,
or 1us pulses of 300 mA with a duty factor or 0,001. An
input can also withstand adischarge from a 200 pF capacitor
charged to 330V. An HCMOS output can withstand con-
tinuous current (5s on, 15s off) of 200 mA to 300 mA, or
1us pulses of 400 mA with a duty factor of 0,001. How-
ever, because there is an internal polysilicon 100 §2 resistor
in series with all HCMOS inputs, the input voltages required
to achieve these current levels are so high (V|=Vcc + 0,7V
+1001}) that it is unlikely that they could occur in practice,
even in a 6 V system with severe glitches. Moreover, beyond
these current levels, excessive heating occurs or aluminium
tracks or bond wires break-down. It is therefore reasonable
to conclude that HCMOS logic ICs are completely latch-
up free.

THE LATCH-UP PHENOMENON
Output current triggered latch-up

A CMOS structure in which latch-up can occur is shown in
Fig.1(a); the equivalent circuit formed by parasitic diodes
of the n-channel MOS transistors with adjoining n* and p"
regions is shown in Fig.1(b). The resistors represent re-
sistance to lateral current flow and their values depend on
circuit geometry and doping.
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Application of a negative voltage to the output results in
a current (1) which, in turn, gives rise to a current I+(lI/hgpg)
in the collector of TR2. If this current causes sufficient
voltage drop across re, TR3 conducts. Since the hgg of
TR2 is fairly high, hardly any of the collector current of
TR3 flows into the base of TR2. Most of the collector
current of TR3 therefore flows through rpprq and rppeo.
If sufficient voltage is dropped across rpp'q, TR turns on.
Since the collector current of TR then further increases
the base drive of TR3, thyristor (SCR) TR1/TR3 is latched
and current |, due to the negative voltage on the output pin,
is no longer necessary to sustain the low impedance path
between Vcc and ground. In principle, the current through
SCR TR1/TR3 is only limited by the source resistance of
the power supply.

Latch-up triggered by excessive supply voltage

Latch-up can also be initiated via the supply line.Figure 2(a)

shows a similar circuit structure to that in Fig.1(a) but now
TR2 is lateral, formed by the source and drain junction of
the associated n-channel MOS transistor forming part of a
complementary inverter stage. Its p-channel complement
(not shown), when conducting, connects the n-channel
drain and the collector of TR2 to Vcc. The equivalent
circuit of this arrangement is in Fig.2(b).

Excessive supply voltage when the p-channel MOS tran-
sistor is conducting (output HIGH) can break-down the
collector-base junction of TR2. SCR TR1/TR3 will then be
triggered if the resulting current-flow through ryrq is
sufficient to turn on TR4. Although the breakdown current
through TR2 is limited by the on-state resistance of the
p-channel MOS transistor, the current through SCR TR/
TR3 is limited only by power supply resistance.

It can be seen from Fig.2(b) that a fast positive-going
transient on the supply line can also trigger SCR TR1/TR3
because it will cause current through rppq via the capaci-
tance of the collector-base junction of TR2.

GND output Vee

n~ substrate

(a)

Fig.1 (a) Section through a CMOS IC showing how parasitic components are formed,
(b) equivalent circuit of the parasitic components

O output

(b) 7279797

to p-channel

n~ substrate

(a)

Fig.2 (a) The structure of Fig.1, but with TR2 now formed laterally,
(b) equivalent circuit incorporating lateral transistor TR2

) 1270708
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Input current triggered latch-up

As shown in Fig.3, all HCMOS ICs have an intentional
input diode/resistor network to protect the thin oxide gate
area of the logic against electrostatic discharges. If input
voltages exceed Vcc by one VBE, or go negative by more
than one VBE, current flows through the input diodes
which, together with neighbouring diffusions on the die,
can act as parts of parasitic bipolar structures such as tran-
sistors or 4-layer devices (SCRs).

WHY HCMOS LOGIC ICs ARE NOT LATCH-UP
PRONE

It can be seen from Fig.1 and 2 that both the values of
b1 and r¢, and the topologies of the p" and n' diffusions
into the n-substrate are important factors influencing the
susceptibility of a CMOS logic IC to thyristor latch-up. The
latch-up immunity of HCMOS ICs has been considerably
improved by careful design of the source-to-pocket contacts
of the n-channel MOS transistors and the interchange of the
p" and n' diffusions into the substrate as shown in Fig.4.
The value of r. could be reduced by arranging the n"
diffusion as a guard ring around the n-channel MOS tran-
sistor but this would considerably increase the area of the
device. As shown in Fig.5, the problem has been solved by
preventing lateral current flow in the n substrate by
growing an epitaxial layer on a very low resistivity sub-
strate. Also important for improving latch-up immunity are
the established HCMOS layout rules and process parameters
that minimize the current gain of the parasitic bipolar
transistors.

Vee
y LU }
[ e
! N
input *—%__4_%__4 to logic
polysilicon 4 &D1 circuit
resistor
diffused N1
diode |’<"
resistor
GND
7297021
Fig.3 HCMOS input structure
GND output Vee

n~ substrate

(a)

Fig.4 (a) Rearrangement of the structure of Fig.2 greatly increases latch-up immunity
by incorporating base resistance r¢2 (b) equivalent circuit

(b) 7279799

GND - output Vee Vee

Vee

»—{:Tna

mzP—-r
TR1
bb'2
8to 16mQcm o1 ||

GND

O output
(a) (b) 7279800.1

Fig.5 (a) By growing an epitaxial layer on a very low resistivity substrate, the lateral current flow
responsible for latch-up is very largely eliminated, (b) equivalent circuit
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LATCH-UP IMMUNITY TESTS

It should be noted that, when an HCMOS IC is subjected to
a test to evaluate its immunity to latch-up, the applied
currents and voltages will exceed the absolute maximum
ratings of the IC to such an extent that they will almost
certainly degrade its performance and may even destroy it.
Latch-up immunity tests are therefore only intended for
characterization purposes and should never from part of
production tests. Any IC that has been subjected to latch-
up immunity tests should be discarded so that it cannot be
used for design or production purposes.

Test conditions and limits

When testing the immunity of HCMOS ICs to latch-up, the
following limits and conditions must be observed:

— If 1} or 21 exceed the maximum ratings (+20mA), the
tests may be damaging or even destructive. For d.c.
testing with higher currents, the trigger current should
therefore only be applied for short periods (e.g. 5s)
followed by a cooling period of three times this dura-
tion. Alternatively, automatic tests with low duty-factor
pulsed current can be used.

— The minimum trigger current duration is 2ms over the
entire temperature range. The maximum trigger current
duration is 5s. The rise and fall times are not critical but,
to avoid correlation problems, suitable limits are 50 us
to 1 ms measured between the 10% and 90% amplitude
points. A timing diagram is shown in Fig.8.

— The supply current (Icc) must be limited to 200 mA to
avoid excessive heating.

— Ambient temperature should be high (85°C to 125°C).

— To confirm that latch-up was the true cause of the
quiescent supply current exceeding the maximum speci-
fied value after a latch-up immunity test, the IC must be
checked electrically and functionally to verify that no
damage has occurred.

Applying continuous (2 ms to 5s) input/output
current to test latch-up immunity

Since the parasitic SCRs are current triggered, it is possible
to trigger them by forcing current through the input pro-
tection diodes or through the parasitic bipolar structures at
the output. The test circuit shown in Fig.6(a) forces current
through the diode between an input/output pin and VcC:
the test circuit in Fig.6(b) forces current through the diode
between an input/output pin and GND. The supply pin
(Vce) is at ground potential in Fig.6(a) because otherwise,
the source of supply voltage would have to sink current and
there would be danger of this causing the supply voltage to
increase.

+)

k3

—

Ve o GND ——F—

inputs

Vee

HCMOS IC

GND

I

=1Vee max!

Vg of GND —p—

inputs

Vee

HCMOS IC

GND

=1Vec max!

(a)

inputs
Vg or GND

HCMOS IC

4

Vee max

Vg of GND ——rp—i

inputs

Vee

HCMOS IC

Fa

(b)

outputs

7296001.1

outputs

7296003.1

outputs

7296000.1

outputs

—

-lg

7296002.1

Fig.6 Latch-up immunity testing (a) positive input or output
triggering, (b) negative input or output triggering
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There are two methods of performing this test, the timing
requirements for which are given in Fig.8. The first is to
apply Vg before forcing the current into the input/output.
This simulates the application of an input/output voltage
which exceeds the supply voltage. The test procedure is:

1. Connect all unused inputs of the IC under test to Vcc
or GND.

2. Set the current source to zero.

3. Connect a current limited (200mA max.) 7V supply
between the V¢ and GND pins of the IC under test.

4. Either ramp-up the current source or set it to the test
level. If testing an output, make sure that the state of
the IC inputs is such that the outputs is HIGH for posi-
tive-going trigger current, or LOW for negative-going
trigger current. A 3-state output should be in the high
impedance state.

5. Set the current source to zero and ensure that the input
being tested is at Vcc or GND. If an output is being tested,
check that it is open (current source disconnected).

6. Check the supply current (Icc). If latch-up has occurred,
it will be about 200 mA. If it is, verify that the input/
output circuitry has not been damaged. This should not
happen unless very high test currents have been used. If
latch-up hasn’t occurred (lcc below max. specified value),
test for continuity to determine whether the IC has been
destroyed.

The second version of this test involves forcing the input/
output currents before applying the supply voltage. This
version therefore simulates a condition in which one section
of a logic system is powered-down whilst its inputs remain
active, and is then powered-up again. This could be caused
by partial power failure or the plugging-in of boards without
first switching-off (service engineers don’t always follow the
rules!). The test procedure is:

1. Connect all unused inputs to Vg or GND.

2. Set the current source connected to the pin being tested
to the test level. If testing an output, make sure that the
state of the inputs is such that the output will be HIGH
for positive-going trigger current, or LOW for negative-
going trigger current. A 3-state output should be in the
high-impedance state when the supply is connected.

3. Connect a current limited (200mA max.) 7V supply
between the Ve and GND pins of the IC under test.

4. Set the current source to zero and ensure that the input
being tested is at Vgc or GND. If an output is being
tested, check that it is open.

5. Check the supply current (Icc) at Vog=6 V. If latch-up
occurred, it will be about 200 mA. If it is, verify that the
input/output circuitry has not been damaged. This should
not happen unless very high test currents have been used.
If latch-up hasn’t occurred (Icc below max. specified
value), test for continuity to determine whether the IC
has been destroyed.

We adopt this second version of the test as standard because
we consider that it is more severe than the previous one.
This is because, in the first test, the trigger current could be
bypassed by the output circuitry when an output is being
tested. Furthermore, the second version allows bench
characterization using a curve tracer in the continuous
writing mode so that the complete behaviour of the IC is
displayed on the screen. For the first version of the test, the
curve tracer would have to be in the d.c. mode and only
dots would be displayed on its screen. Both versions of the
test can be performed with automatic test equipment.
Testing with a curve tracer is described in the Appendix.

Input voltage considerations

Although the parasitic SCRs in HCMOS ICs are current-
triggered, the input/output voltage required to achieve the
trigger current must also be considered.

As previously explained, all HCMOS ICs incorporate an
input protection network which includes a 1002 poly-
silicon resistor in series with the input to limit current
caused by excess input voltage (see Fig.3). This could occur
due to ESD or failure of part of a power supply. Latch-up
in a CMOS system is also an energy phenomenon because it
can be caused by input signal overshoots or undershoots
caused by crosstalk or flashes. The level of input current
caused by this induced energy depends on the input voltage
level. Since the polysilicon resistor in HCMOS IC inputs
limits the input current, it is also necessary to consider the
level of input voltage required to induce latch-up.

To force an input current of 100 mA through one of the
input diodes via the polysilicon series resistor requires an
input voltage of 1001 +0,7V = 10,7V beyond the limits
Ve and GND. Forcing such a high current into an HCMOS
input to induce latch-up is therefore an unnecessarily severe
test because the associated high input voltage is unlikely to
occur in practice, even in a 6 V system with severe glitches
or overshoots. Furthermore, as shown in Fig.7, forcingvery
high level currents into HCMOS inputs can destroy the input
resistors. It should be noted that the energy (IRt) in an
input resistor increases fourfold each time the input current
is doubled.
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Fig.7 Destructive input current as a function of pulse width

Automatic testing of latch-up immunity

The previously described ““continuous” current tests with
timing as shown in Fig.8 are also suitable for automatic
testing since most automatic testers incorporate current
sources. Pulsed current testing with pulse widths much less
than 2 ms has advantages over using longer duration pulses.
For example:

— It more closely simulates glitches which are usually
short-duration spikes.

— Less localized heating of the input structure allows the
use of higher test currents. This is important because the
ICs are less sensitive to lower currents. Latch-up is a
bipolar phenomenon and requires the building up of
storage effects. This effectively delays the start of SCR
conduction so that higher current must be applied
before latch-up occurs. '

So, the main point to note is that, since the current is only
applied for a short duration during an automatic test, the
duration of the trigger current, and the interval between its
removal and the measurement of Vg, must be sufficient
for latch-up, if any, to be established.

Figure 8(a) shows the timing for an automatic latch-up
immunity test in which Vg is applied before the input
current is applied. Figure 8(b) shows the timing for an
automatic latch-up test in which Vg is applied after the
input current has been established.

As with other modes of latch-up immunity testing, auto-
matic testing can also damage the input structure if the test
current exceeds the limits shown in Fig.7.
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lcc
measurement

tw
2msto5s

—>|> 25usle—. - t>31, —>

7291883
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— tf e

Vee

tr=t{=0,05msto5ms

lcc

I 1ms 1ms f
- to e to —ale— t>3t, —
2,55 2,55 7291884

(b)

Fig.8 Timing for latch-up immunity tests (a) Voc applied

first, (b) | applied first. These timing diagrams only show

positive-going currents and voltages but the timing for nega-
tive-going currents and voltages is the same

Testing latch-up immunity with simulated ESD at
an input

It is also possible to initiate latch-up in a CMOS logic IC by
inadvertantly applying a high-voltage electrostatic discharge
(ESD) to its input (zapping). This can happen, for example,
if an IC input is terminated with a connector or other
fixture which is exposed to human touch. Such a situation
can be simulated by discharging a pre-charged capacitor
into the input using the test circuit in Fig.9(a) for a nega-
tive-going discharge, or the test circuit in Fig.9(b) for a
positive-going discharge. The 1M resistors in the test
circuits terminate the test input so that it doesn’t float and
cause erroneous results. The test procedure is:
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1. Connect a 7V supply (200 mA current limited} between
the Vg and GND pins of the IC under test.

2. Set the switch to charge the capacitor to the test voltage.
3. Switch the capacitor to the input.

4. After a few seconds, meaure Icg. If it is greater than
the maximum quiescent value quoted in the HCMOS
family specification, latch-up has occurred.

5. Verify that any abnormal Igc flow is not due to damage
caused by the test.

by it during the test will be as high as 2W which is four
times the maximum rating. The test procedure is:

1. Connect the test circuit as shown in Fig.11 with the
supply current limited to 100 mA.

2. Increase VG until supply current flows.
3. Measure Vgg. If itisless than 7V, latch-up has occurred.

This test can also be performed very rapidly by automatic
testers or with a transistor curve tracer as described in the
Appendix.
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i o
Vee | HEMOS 1C " open
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- GND "
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Fig.9 Latch-up immunity test for simulating ESD,
(a) negative-going discharge, (b) positive-going discharge
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Fig.10 Sustaining voltages after testing for latch-up due
to excess supply voltage

Testing latch-up immunity with excess supply
voltage

Latch-up can also occur if the supply voltage to an HCMOS
logic 1C increases beyond the absolute maximum rating to a
level that causes the parasitic diode between the Vcc and
GND rails to break down (20V typical). Figure 10 shows
that, if the supply current is limited to 100 mA, the supply
voltage will then ‘snap-back’ to one of two holding voltages.
If this voltage is above 7V, the IC is immune to latch-up
caused by excess supply voltage. If the holding voltage is
below 7V latch-up will have occurred. If excess supply
voltage is applied to the IC for too long a period, the IC
will be destroyed because the maximum power dissipated

[

Vee
.
VegorGND —#—  HCMOS i€ f—p— (v
inputs outputs limit at
100mA
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Fig.11 Testing latch-up due to excess supply voltage
(a) test arrangement, (b) timing diagram
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APPENDIX

LATCH-UP IMMUNITY TESTS USING A TRANSISTOR CURVE TRACER

The immunity of HCMOS ICs to latch-up caused by high
input/output current or excessive supply voltage can also
be evaluated with a transistor characteristic curve tracer
such as the Tektronix 576. Using a curve tracer provides a
quick and simple method of displaying the behaviour of
the IC under test on a screen. If the correctvalue of collector
resistor is selected in the curve tracer, the tests will be non-
destructive and a wide range of currents can be used to
stimulate latch-up. Any high supply current caused by
input/output current can easily be observed. The collector
resistor in the curve tracer influences the latch-up immunity
tests in two ways:

1. It limits the supply current that can flow after latch-up,
thereby making the tests non-destructive.

2. It has the undesirable effect of decreasing the supply
voltage (Vcg) when supply current (Igg) is flowing. To
ensure minimum supply voltage reduction, the chosen
value of collector resistor should therefore be as low as
possible. However, to play safe, it is recommended that
a fairly high value is selected for the collector resistor at
the start of a test. The value can then be decreased
whilst the effects of the tests are being observed on the
screen of the curve tracer.

An important attribute of using a curve tracer is that it
allows direct determination of any input current contribu-
tion to the supply current. Heating effects are also reduced
because the collector voltage from the curve tracer is a
continuous series of half sinewaves giving an average power
dissipation of (2/m)2Vcelec = (Vec!ce)/2,5. When testing
latch-up immunity with excess supply voltage, the Vcc
diode breakdown voltage, secondary breakdown and the
SCR effect can ail be evaluated.

It is important to note that, to allow the latch-up
phenomenon to be shown, all the curve tracer oscillograms
presented in this Appendix show the results of tests on
specially manufactured ICs which are much more prone to
latch-up than the ICs of the 74HC/HCT/HCU family.

CURVE TRACER CHARACTERISTICS

Figure A1 shows the voltages and currents at the collector
and base terminals of a transistor characteristic curve tracer.
It can be seen that there is a continuous stepped current
flow from the base terminal of the curve tracer into or out
of the IC being tested. Since the level of the steps changes
when the voltage at the collector terminal is zero, this is in
accordance with the latch-up immunity test which calls for
the input/output trigger current to be established before
the supply voltage is applied. This is therefore a more
severe form of test than one with a static supply voltage.
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Fig.A1 Waveforms at the terminals of a transistor curve tracer

LATCH-UP IMMUNITY TESTS
Positive current into an input

The test arrangement is shown in Fig.6(a). The IC being
tested should be connected to the curve tracer as follows:

— GND pin to the collector terminal.

— V¢ pin to the emitter terminal.

— Input pin to the base terminal (all unused inputs to GND
or Vee).

The controls of the curve tracer should be set as follows:

— Collector voltage: 15V, pnp, normal mode.

— Collector series resistor: at least 140 §2.

— Base current: 1 mA per step. Polarity: inverted.

The results of this test on a special IC used to demonstrate

the latch-up phenomenon are shown in Fig.A2. The base

line (top of oscillogram), being the zero current step, shows

the leakage current (—IGND) without input current. The

increase of —IGND on the zero current step could be due to
breakdown of a parasitic bipolar junction or the onset of a
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field-effect leakage mechanism. According to the HCMOS
specification, no supply current should flow with supply
voltages up to 6 V. With higher supply voltage (even up to
15V), ‘leakage’ increase can be observed by studying the
zero current step trace. Because there is little parasitic
bipolar action during the first three input current steps,
there is very little —IGND flowing. The third current step
(3mA) results in IGND of about 1mA. This means that
there is a bipolar transistor with a current gain of about
0,33 resulting in attenuation of about 3 in this testing mode.
This will cause any positive input current to be attenuated
about 3 times rather than being amplified. The fourth step
(4 mA) results in the supply voltage falling to about 0,4V
due to SCR latch-up. The collector series resistor limits the
supply current to about 45mA (outside the picture). Any
increase of current with Vgog greater than 7V will be
harmless because the maximum V¢ rating for HCMOS 1Cs
is 7V. However it does give an indication of how the IC
will behave under severe stress or during high level Vcc
transients.

This test can be varied by changing the combination of
unused input connections and observing the screen to see if
latch-up or early breakdown occurs. Especially to connect
the input pins alternately to Vgc and GND or to apply an
input combination such that as many as possible of the
outputs are in the same logic state.

Negative current drawn from an input

The test arrangement is shown in Fig.6(b). The IC being
tested should be connected to the curve tracer as follows:

— GND pin to the emitter terminal.
— Vg pin to the collector terminal.

— Input pin to the base terminal (all unused inputs to Vg
or GND).

The controls of the curve tracer should be set as follows:
— Collector voltage: 15V, npn, normal mode.

— Collector series resistor: at least 6,5 2.

— Base current: 10 mA per step. Polarity: inverted.

The results of this test on a special 1C used to demonstrate
the latch-up phenomenon are shown in Fig.A3. If only the
input protection diode between the input pin and GND
were forward biased, there would only be a current flow
out of the GND pin. However, there is obviously also a
parasitic npn transistor with its emitter connected to the
input, its base connected to GND and its collector con-
nected to Vgg. This diverts the input current to the Vcc
pin. As can be seen, the first current step (10 mA) is com-
pletely diverted to the Vgc pin which means that the
current gain between the input and Vgg pins is unity.

Fig.A3 Latch-up due to negative input current

A current at the Vg pin which is much higher than that
being drawn from the input pin would be undesirable be-
cause the excessive supply current could destroy the IC.
The maximum acceptable current gain is 2 because 40 mA
of input current would then cause a power dissipation of
240mW at Vo = 6 V. Latch-up occurs on the ninth input
current step (90 mA).

Positive current into an output

The IC being tested should be connected to the curve
tracer as follows:

— GND pin to the collector terminal.

— Ve pin to the emitter terminal.

— Output pin to the base terminal (inputs set to cause
HIGH output state or high impedance state for 3-state
outputs).

The controls of the curve tracer should be set as follows:

— Collector voltage: 15V, pnp, normal mode.

— Collector series resistor: at least 650 §2.

— Base current: 5 mA per step. Polarity: inverted.
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The results of this test on a special IC used to demonstrate
the latch-up phenomenon are shown in Fig.A4. In this test
the inherent pn output diode is forward biased. Forward-
biasing the output diode before the supply voltage is
applied is the most severe test because, if Vc( is present, the
p-channel MOS output transistor will bypass the trigger
current. The decrease of —IGND during the increase of Vo
in Fig.A4 is due to the conduction of the p-channel MOS
output transistor as Vg increases. Latch-up occurs on the
sixth output current step (30 mA).

Negative current drawn from an output

The IC being tested should be connected to the curve tracer
as follows:

— GND pin to the emitter terminal.

— V¢ pin to the collector terminal.

— Output pin to the base terminal (inputs set to cause LOW
output state or high impedance state for 3-state outputs).

The controls of the curve tracer should be set as follows:

— Collector voltage: 15V, npn, normal mode.

— Collector series resistor: at least 140 §2.

— Base current: 10 mA per step. Polarity: inverted.

The results of this test on a special 1C used to demonstrate

the latch-up phenomenon are shown in Fig.A5. The in-

herent np output diode is forward biased and latch-up

occurs on the third output current step (30mA). Figure A5

also shows that negative output current causes current at

the Vg pin. If there is gain between the output and VcC

pins, undershoot at the output in will lead to additional
supply current.

Excess supply voltage

This is a very simple test set-up which only uses the output
from the collector terminal of the curve tracer. The IC
being tested should be connected to the curve tracer as
follows:

— GND pin to the emitter terminal.
— Vg pin to the collector terminal.
— All input pins alternately to Vgc and GND.

The controls of the curve tracer should be set as follows:
— Collector voltage: 75V, npn, normal mode.

— Collector series resistor: at least 650 £2.

The results of this test on a special IC used to demonstrate
the latch-up phenomenon are shown in Fig.AB. It can be
seen that SCR latch-up occurs with only 750 microamps of
supply current (Igc) flowing. The sustaining voltage is as
low as 1,5V so the impedance between the supply pins is
nearly zero.

e ]

Fig.A6 Latch-up due to excess supply voltage
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RESULTS OF LATCH-UP IMMUNITY ON
HCMOS ICs USING A CURVE TRACER

The latch-up tests using a curve tracer have been extensively
applied to 74HC/HCT/HCU logic ICs. In no case did latch-up
occur. The input/output trigger tests were performed over
the entire temperature range and used trigger currents up to
+100 mA continuous, and ¥400 mA with a 100 ns pulse and
a duty factor of 0,01. During the 100 mA continuous
current test, excessive heating occurred, so the test time
was restricted to a few seconds. During the test for latch-up
with excess supply voltage, a breakdown current of 6,8 mA
was necessary and the supply voltage snapped back to 12V
as shown in Fig.A7 in most cases. In no case was the sustain
voltage less than 7 V.

Fig.A7 Typical Vg breakdown for HCMOS ICs occurs at
Vec=21V,Icc=6,8mA.
The supply voltage then snaps back to 12 V
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POWER DISSIPATION CONSIDERATIONS

For LSTTL logic ICs operating below 10 MHz, the most
significant part of the total power dissipation is the quiescent
power dissipation due to the many bipolar transistors that
continuously conduct. With HCMOS logic ICs however, the
converse is true because quiescent power dissipation is only
due to leakage currents through reverse-biased junctions
and is so low that it is practically negligible compared with
the frequency-dependent dynamic power dissipation.

Since the logic functions in most systems only change
state during brief periods, the average system frequency is
between one and two orders of magnitude lower than the
system clock frequency and the ICs therefore only draw
quiescent current for most of the time. This means that
replacing LSTTL ICs with equivalent 74HCT ICs, with their
much lower quiescent power dissipation, results in a very
significant reduction of overall system power dissipation
without loss of operating speed.

However, total system power dissipation, is the sum of
both the quiescent and the dynamic power dissipation of all
the ICs and must be determined and minimized during
system design. For LSTTL, where the quiescent power
dissipation is the most significant contributor to the total
power dissipation, the total power dissipation can be
simply derived from the product of Vgc and Icc given in
the data sheets. For HCMOS circuits however, the dynamic
power dissipation which is the most significant part of the
total power dissipation is influenced by circuit design. It
cannot be read direct from the data sheets but must be
calculated from the supply voltage, average switching fre-
quency, load capacitance, internal capacitances of the IC,
and transient switching currents.

This article explains how our method of specifying
HCMOS ICs in the data sheets makes it very simple to calcu-
late their quiescent, dynamic and total power dissipation.

QUIESCENT POWER DISSIPATION

Quiescent power is dissipated by an IC when it is not
switching and V| =Vcc or GND. Figure 1(a) will be used to
illustrate this power dissipation in HCMOS ICs. In the
quiescent state, either the PMOS or the NMOS transistor is
fully off and, in theory, no direct MOS transistor channel
path exists between Vcc and GND. In practice however,
thermally generated minority charge-carriers, which are
present in all reverse-biased diode junctions, allow a very
small leakage current to flow between Vg and GND. This
quiescent supply current (Icc) is specified in the published
data.

Three factors influence the value of Icc, and therefore
the quiescent power dissipation, for a particular IC. They are:

Temperature: increasing temperature causes ICC to
increase because the minority charge-
carriers in the reverse-biased diode

junctions are thermally generated.

Device Complexity: MSI circuits dissipate more power than
SSI circuits because they have a pro-
portionally greater reverse-biased diode
junction area.

Supply voltage: the number of minority charge-carriers
is linearly related to reverse junction

voltage.

Table 1 shows the JEDEC industry standard for the worst-
case Icc in HCMOS ICs. It shows the effect of temperature
and circuit complexity on Icc at the maximum recom-
mended supply voltage Vcc. Icc can be linearly derated for
other supply voltages and would be approximately one-third
of the value in Table 1 fora74HC IC with Vcc=2 V. Typical
Icc values are well below the maximum specified values.

TABLE 1
JEDEC industry standard for d.c. characteristics of HCMOS ICs
DC characteristics for 74HC/HCT

Tamb (°C) test conditions
74HC/HCT
symbol parameter unit Vee Vi other
+25 —40 to +85 —40 to +125 Vv
min. typ. max min. max. min. max. "
quiescent supply current
lcc SSi - - 2,0 20,0 - 40,0 HA 55 Vee lo=0
lcc flip-flops - - 40 40,0 - 80,0 RA 55 or lp=0
icc MSI - - 8,0 80,0 — 160,0 HA 55 GND 1Ip=0

* for HC,Vgc =6 V.
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Fig.1 74HC inverter: (a) input structure of 74HC inverter;
(b) 74HC inverter with protection circuitry; (c) input structure of 74HCT inverter

Another factor which influences quiescent power dissi-
pation is the steady-state input voltage level which may
slightly turn-on one of the input transistors shown in
Fig.1(a) and yet not fully turn-off the other. This causes a 9
small additional quiescent supply current (Alcc) to flow icc 8F
between Vcc and GND. The level of Algc depends on the (mA) 5L
size of the input transistors and is different for each device. 6

In a system consisting entirely of 74HC ICs, the additional
quiescent supply current Alcc is so small that it can be
omitted from practical power dissipation calculations. This
is because 74HC outputs swing from GND to Vgg. The
worst-case output levels with [IQ|=20uA are VOL=0,1V
max. and VoH =Vce —0,1V min., very close to GND and !
Ve respectively. Figure 2(a) shows that Algg is negligible % T 2 3 "
when these levels are applied to 74HC inputs because they
always turn one of the input transistors fully off. (a)

However, if 74HC input levels are held close to the
switching threshold (typically Vcc/2), Fig.2 shows that the
additional quiescent supply current (Acc) becomes much 0 71291569

7291568
=

Vee =5V

5 viv)

greater than quiescent supply current Igc. This occurs if ek

the mistake is made of driving a 74HC input from a TTL — Vee=5v
output. With a minimum TTL VQH of 2,4 V driving a 74HC T

input, not only will a logic ““1”” probably not be recognized, or

but several milliamps of (Agc) will flow. To overcome this 5

problem, an external pull-up resistor could be used as -

shown in Fig.3 but the resistor would dissipate significant 3+

power because its value would have to be low to maintain 2+

switching speed. 74HCT ICs have TTL input switching 1

levels and should therefore be used instead of 74HC ICs o L N ) | |
whenever it is necessary to interface HCMOS with TTL ° ! ? 3 4 By ®
logic. (b)

Unlike 74HC ICs, 74HCT ICs can be substituted for
LSTTL ICs and/or mixed with LSTTL, ALSTTL, ASTTL
or FAST-TTL family ICs in the same system. Under some Fig.2 Supply current as a function of input voltage at
conditions, they may dissipate somewhat more quiescent Vee =5 V. (a) 74HC; (b) 74HCT
power than 74HC ICs. For example, Fig.2(b) shows that a
worst-case TTL VoL of 0,56V max. is close enough to GND
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to turn the input NMOS transistor fully off so that Algg
is close to zero. However, a worst-case TTL VoH of 24V
min. causes some Alcc to flow. For this reason, 74HCT
data sheets specify Igc at the worst-case input voltage of
Vce—2,1V for Vg ranging from 45V to 55V. It is
further specified on a per input pin basis to allow more
accurate power dissipation calculations if all the functions
within an IC are not being used, or are being driven by
different input voltage levels.

Vee REDUCES SPEED,
INCREASES

/’owen DISSIPATION

>

PC54/74HC

7291570

Fig.3 Using a pull-up resistor to interface
74HC I1Cs with LSTTL

Our proprietary 74HCT input structure shown in Fig.1(c)
considerably reduces the additional quiescent supply
current Algc. The structure is identical to that for 74HC
circuits except for a level-shifting diode between the PMOS
transistor and Vg, and the connection of the substrate of
the CMOS transistor to Vgc. The effect is to reduce the
input level switching threshold to 28%Vcc instead of
50%Vec as is the case with 74HC ICs. This therefore
reduces the additional quiescent current Algc whena TTL
minimum HIGH level of 2,4V is applied to a 74HCT input
by ensuring that the PMOS transistor is fully turned off.
Figure 2(b) shows that Algc is negligible when a 74HCT
input is held at a typical TTL HIGH output level (3,4 V) or
LOW output level (0,25 V).

Calculating 74HC quiescent power dissipation

For power-critical applications such as battery-powered
equipment, it may be necessary to calculate 74HC quiescent
power dissipation as a standby value of battery drain. It is
given by:

PaHc = Vcclee (1)

Vcc is dependent upon the particular application, we re-
commend that a £10% variation be allowed. IcC at VCCmax
is obtained from the data sheet for the particular IC. For
critical battery-powered applications, the value of Igg can
be linearly derated for any desired Vgg; for example, at
Vee =2V, use one-third of the limits shown in Table 1 for
74HC ICs.

Calculating 74HCT quiescent power dissipation

Assume that an LSTTL IC with an output duty factor of
0,5 is switching one gate input in a 7Z4HCT11 (triple 3-input
AND gate} with a 5V supply and an ambient temperature
of 25 °C. Quiescent power dissipation is calculated from:

PaHcT = Veelice +sAlee) (2)

where 8 = switching duty factor.
AicCmax is caicuiated on a unit-ioad basis from the part
of the data sheet reproduced in Table 2:

AlcCmax = 360 uA per input pin x 1 pin x 0,5 unit-load
coefficient = 180 nA.

Inserting this current and the values for Voo (5,5V),
lcc=2uA from Table 2, and 8 (0,5) into equation (2)
gives:

PQHCT =55V [2uA + (0,5 x 180uA)] = 506 uW.

This is only 2% of the 25,5 mW maximum quiescent power
that would be dissipated by the equivalent LSTTL IC.
Furthermore, as previously stated, the Alcc of 360 uA per
input pin quoted in Table 2 for the 74HCT11 IC is based
on a worst-case HIGH input level of Vcgc—2,1V. In a
typical application, the TTL HIGH input level driving the
IC would be much higher than this, resulting in a reduction
of Alcc by an order of magnitude.

If all the inputs of a 74HCT IC are driven by 74HC or
equivalent CMOS outputs, the input levels are such that the
additional quiescent supply current Alcc is so small that
it can be omitted from 74HCT power dissipation calcula-
tions. 74HC quiescent power dissipation equation (1) can
then be used to calculate 74HCT quiescent power dissipation.

DYNAMIC POWER DISSIPATION

Unlike quiescent power dissipation, dynamic power dissipa-
tion is calculated in the same manner for both 74HC and
74HCT ICs. All equations presented here for dynamic
power dissipation are therefore applicable to both 74HC
and 74HCT ICs.

Three factors influence the dynamic power dissipation
of HCMOS ICs. They are load capacitance, internal capaci-
tance and switching transient currents (through-currents of
transistor pairs when both transistors momentarily conduct
during logic level transitions).
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TABLE 2
Specification of Icc, Algc and unit load coefficient for 74HCT11 triple 3-input AND gate

Tamb (°C) test conditions
74HCT
symbol parameter unit Vee Vi other
+25 —40t0 +85 —40to +125 Vv
min. typ. max. min. max. min. max.
Vee
lce quiescent supply current 2,0 20,0 40,0 uA 55 or Ip=0
GND
alec unit load coefficient is 1 100 360 450 490 uA ;°5 21V :/C(E gr GND:
(note 1) : o)
Note:

1. The value of additional quiescent supply current (Algc) for a unit load of 1 is given here.
To determine Al per input, multiply this value by the unit load coefficient shown in table below.

unit load

input . .
P coefficient

nA, nB,nC 05

Load capacitance

The first contribution to dynamic power dissipation is
caused by the charging and discharging of external capaci-
tive loads. Figure 4 illustrates an HCMOS inverter with a
capacitive load and, together with the following equations,
will help to illustrate how load capacitance consumes
power. The energy dissipated (joules) in charging and
discharging the capacitive load is:

PcLt= CLVZCC (3)
where t = 1/fg and C|_ = total external load capacitance due

to interconnections, driven inputs and any sockets that
are used.

7291571
Vee

PMOS

input output

= c

NMOS

N

+—— GND

Fig.4 74HC inverter driving a capacitive load

The dynamic power dissipation due to capacitive loads is
therefore:

PcL = CLV&cfo 4)

Equation (4) is only applicable if all the outputs are switching
the same load. If they are not, the equation becomes:

PcL = Z(CLVEcfo) (5)

For multiple output ICs, it is important to calculate with
the appropriate output frequency. For example, at either
output from a flip-flop, fo=f;/2; for a 7-stage binary ripple
counter (type 74HC/HCT4024), fo is halved for each
successive output stage so that fo=fi/64 for the final
output stage.

Internal capacitance

All MOS logic ICs have internal parasitic capacitance caused
by diode junctions, MOS transistor structures, and the alu-
minium and polysilicon interconnections. It has the same
effect as external capacitive loads, and its magnitude
depends on the complexity of the circuit.

HCMOS ICs are manufactured with a self-aligned poly-
silicon gate process (3um gate length) and local oxidation
to reduce internal capacitance by minimising gate-to-source
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and gate-to-drain capacitances. The junction capacitances,
which are proportional to junction area, are smaller than
those in HE4000B CMOS ICs because the diffusions are
shallower. Figure 5 shows the location of the capacitances
ina 74HC inverter.

Vee

input

e

.'_

Al output
l

I
oLl

GND 7291573

Fig.5 Location of capacitances in a 74HC inverter

For power dissipation calculation purposes, the total
load caused by internal capacitances and by switching
transient currents is defined as a single effective internal
no-load power dissipation capacitance Cpp. It is defined in
the data sheet for each HCMOS IC on a ‘per function’ basis
and, where appropriate, it is also separately specified for
each different logic function (e.g. gate or flip-flop) within
an IC. This allows more accurate power dissipation calcula-
tions to be made if logic functions within the same IC are
operating at different frequencies.

The published figure for Cpp is valid for the worst-case
operating mode under typical operating conditions. For
example, in the case of a NAND gate, the state of the
inputs is assumed to be such that the output is changing
state; for a shift register or D-type flip-flop, it is assumed
that alternately HIGH/LOW data is being clocked in. The
specified value for Cpp however is a typical one; never-
theless, some protection will already be built-in to dynamic
power dissipation calculations because the assumed worst-
case operating modes don’t always occur. Although we're
not yet prepared to officially publish a maximum value for
CpD, a rough guide would be to increase the published
figure by 50% for worst-case calculations. The method of
measuring Cpp is explained in the chapter ““User Guide”’.

Switching transient currents

The final factor that contributes to the dynamic power
dissipation of HCMOS is internal switching transient
currents. When the output of a basic HCMOS inverter as
shown in Fig.6{a) changes state, either from a logic 1" to
a logic “0" or vice-versa, there is a brief period during
which both transistors conduct. This creates a temporary
low-resistance path between Vg and GND as shown in

Fig.6(b). In this transistory state, additional supply current
(Alge) flows and power is dissipated, so input rise and
fall times should be kept short. The average value of this
transient current increases linearly with increasing switching
frequency. In other words, power dissipation due to
switching (like power dissipation due to internal capacitance)
increases linearly with increasing switching frequency. How-
ever, since it is small compared to the power dissipation due
to internal capacitance, its effect is inciuded in the published
value of power dissipation capacitance (Cpp) which has
discussed under the previous heading.

Vi
PMOS ce
Rpmos
input :]— output = output
RNmos
NMOS
GND
7291572
(a) (b)

Fig.6 When an HCMOS inverter changes state, both input

transistors momentarily conduct: (a) inverter input structure;

(b) equivalent circuit when the input level is between logic
levels

Total dynamic power dissipation

Since Cpp represents the load imposed by both internal
capacitance and switching transient currents, the total
dynamic power dissipation due to these factors is:

2
_Poyn = CppVeck (6)

The total dynamic power dissipation of HCMOS ICs is
obtained by adding equation (6) to the power dissipation
due to the total external capacitive load (equation 5) and is
given by:

Pp = CppVechi + = (CLVEcfo) 7

CALCULATING TOTAL POWER DISSIPATION
FOR 74HC AND 74HCT ICs

Total HCMOS power dissipation is a summation of the
appropriate quiescent and dynamic power dissipation
formulae previously described.

For 74HC/HCT ICs driven by CMOS levels:

Pot = Veclee * CrpVecfi + £ (CLVECf,)  (8)
For 74HCT ICs driven by TTL:
Prot=Vecllee + 5Alcc) + CppVechi + 2 (CLVEcTo) (9)
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POWER DISSIPATION IN OSCILLATORS AND
ONE-SHOTS

The information presented so far is only valid for ICs
switching rapidly between logic levels. Additional quiescent
supply current Algg is greater for one-shots, oscillators and
gates arranged as oscillators because, in these applications,
the input slowly passes through the switching threshold
(typically 50%V¢c for 74HC ICs and 28%Vcg for 74HCT
1Cs) causing flow-through current as shown in Fig.2.

POWER DISSIPATION COMPARISON BETWEEN
HCMOS, LSTTL AND ALSTTL

In any IC, there is a balance between speed and power
dissipation. LSTTL logic is relatively fast but the quiescent
power dissipated by its bipolar circuitry is considerable.
ALSTTL improves upon LSTTL by using advanced wafer
fabrication techniques and smaller geometries. These
improvements increase speed and approximately halve the
quiescent power dissipation.

CMOS ICs dissipate negligible quiescent power compared
with all bipolar TTL logic ICs but, until the development of
the HCMOS family, CMOS ICs were relatively slow. Use of
advanced wafer fabrication techniques and smaller geo-
metries has now made it possible for HCMOS to match the
speed of LSTTL and yet retain the substantial power
savings afforded by CMOS. Figure 7 shows the speed-power
products for today’s most popular logic IC technologies.

Figures 8 and 9 compare the dynamic power dissipation
of SSI and MSI for 74HC, and LSTTL ICs. These graphs
show that 74HC ICs maintain their power dissipation
advantages for switching frequencies up to several MHz.
This is because power is only dissipated during switching.
The constant, frequency-independent power dissipation
exhibited by LSTTL ICs is caused by the many bipolar
transistors that continuously conduct.

Figures 8 and 9 also show that, as device complexity
increases, the frequency at which HCMOS ICs dissipate the
same amount of power as LSTTL ICs also increases. This is
because, as LSTTL complexity increases, there are more
resistive paths between Vg and GND which carry more
quiescent bias current and thus cause more quiescent power
dissipation. HCMOS ICs also dissipate more quiescent
power as their complexity increases, but the leakage currents
which cause it are so small that it can be ignored.

The power dissipation of the different logic IC technolo-
gies is translated into total system power as a function of
frequency in Fig.10 which is for a small system consisting
of one gate and two flip-flops. The graph shows that
HCMOS also dissipates substantially less power than LSTTL
at the system level.
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Fig.7 Speed/power products for the most popular logic IC

technologies
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Fig.10 Total power dissipation as a function of frequency for
a small system comprising one gate and two flip-flops

INFLUENCE OF HCMOS ICs ON APPLICATIONS

The significantly lower power dissipation in an HCMOS logic
system, compared with its LSTTL or ALSTTL equivalent,
is the primary reason why HCMOS ICs should be used for
new system designs and to replace LSTTL or ALSTTL ICs
in many existing designs where power consumption and/or
dissipation is a problem.

For new designs, HCMOS is the only suitable family of
logic ICs for battery-powered portable personal computers.
The use of HCMOS is the major trend in personal com-
puters using all CMOS microprocessors, RAMs, ROMs, and
peripherals. All CMOS designs can be powered-down to 2V
standby to extend battery life.

For non-portable equipment, the use of HCMOS logic
and CMOS LSI is also preferred because it not only reduces
power dissipation, but also significantly reduces, in order of
priority, cost, size, and weight. Cost reductions stem from
maijor reductions of power supply current and regulation,
cooling fans, heatsinks, and copper buses.

An equally powerful motivating force for using HCMOS
logic ICs with their lower power dissipation is the inherent
and proven increase of component and equipment reliability.
Equipment life is considerably extended because IC junction
temperatures are much reduced and other components are
exposed to lower ambient temperatures.
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POWER SUPPLY LINE LAYOUT AND DECOUPLING RECOMMENDATIONS

Spikes due to output current switching and the charging
and discharging of parasitic capacitance, are the two main
sources of noise on the power lines of HCMOS logic systems.
To minimize noise, the power supply should be decoupled.
However, if switching speed is high, not only the voltage
dips on the power lines must be considered but also the
effects of di/dt radiation. Decoupling requirements are a
balance between the precautions necessary to reduce the
effects of these two phenomena.

The first requirement for minimizing noise is a well
designed power distribution network. For instance, it is
essential to have a good ground (GND) connection pattern
on a pcb. Even the commonly used GND pattern shown in
Fig.1 can cause problems. In Fig.1, an output from IC1
drives an input of IC2, and an output from IC3 drives an
input of IC4. Since the signal paths between IC1 and IC2,
and between IC3 and 1C4 are not coupled, there should be
no crosstalk between them. However, 1IC1 and IC3 share the
hatched section of the GND comb, and, when the output of
1C1 switches, a spike could be generated on the GND of IC3.
This could be transmitted to IC4 via the IC3-1C4 signal
connection causing the output of 1C4 to switch erroneously.
If a double-sided board is used, it is therefore advisable to
reduce the length of individual sections of the GND comb
by installing links on the opposite side of the board as shown
in Fig.2. This is especially important for boards on which
high level currents are switched.

It is bad practice to use jumpers to connect GND/Vce
pins of I1Cs to pcb tracks (Fig.3). Jumpers are unlikely to be
used on production boards, but they should not be used on
prototype or one-off boards either because the inductance
they introduce into the lines causes coupling between
outputs. Printed connections should therefore be used to
interconnect power tracks and IC pins. An even better
solution is to use multi-layer boards so that individual
layers can be used as a Vcc plane and a groundplane. The
power supply can then be connected directly to the IC
supply pins. Also, the inherent capacitance between the
Vce plane and the groundplane will reduce the amplitude
of any high frequency noise on the power supply.

This inherent capacitance has the distinct advantage of
being free from the inductance associated with discrete
decoupling capacitors. A less expensive alternative to a
multi-layer board is a multi-wire board which offers the
same high frequency noise characteristics. With double-
sided boards, it is not possible to dedicate a layer to a V¢C
plane and a groundplane. Nevertheless, if at all possible,
it is still best to have the V¢ and ground tracks on opposite
sides of the board.

Connectors on any type of pcb should each have at least
five ground pins to obtain good distribution of ground
current.

The precautions outlined for ground tracks on the pcb
are equally applicable to the power (V) lines.

GND comb
(below)

Fig.1 Common ground path on double-sided board

7292982

January 1986

85



POWER SUPPLY
DECOUPLING

The wide HCMOS power supply range of 2V to 6 V may
suggest that voltage regulation is not necessary, but it must
be remembered that supply voltage level variations will
influence switching speed, noise immunity and power
consumption. Supply voltage differences between ICs must
also be avoided because a difference of as little as 0,5V
between power lines can cause unwanted effects. To isolate
noise sources and avoid the use of a large voltage stabilizer
with its heavy gauge (low impedance) wiring to each board,
it is better to have a separate stabilizer for each board.
However, care must be taken because a fault on a stabilizer
for one board may be transmitted via the HCMOS input
structure to other boards, possibly causing damage.

No matter how good the V¢ and GND connections are,
all line inductance cannot be eliminated. This is where
decoupling plays its part.

Ceramic capacitors are best for decoupling because they
have very low series inductance. The advantage of using
them will, however, be lost if they are connected too far
from the IC. The inductance of the long tracks in con-
junction with the capacitor will then form a very high-Q LC
tuned-circuit, and the oscillations produced will have a
worse effect than not having any decoupling at all. If it is
impossible to make connections between decoupling
capacitors and ICs shorter than 20 mm, then use several
tracks connected in parallel and separated by at least one
track-width (Fig.4). Some ceramic capacitors have pre-
formed leads as shown in Fig.5(a). These leads introduce

unwanted inductance. It is better to use capacitors with
straight leads mounted as shown in Fig.5(b).

In general, the minimum requirements for good de-
coupling are:
o one 47 uF bulk capacitor per Eurocard
e one 1uF tantalum capacitor per 10 packages of SSI logic

e one 22nF ceramic capacitor for each octal IC and for
each counter/shift register (MSI logic)

e one 22 nF ceramic capacitor per 4 packages of SS| logic

An example showing how to determine the value of de-
coupling capacitor follows. Assume a buffer output sees a
1002 dynamic load and the output LOW-to-HIGH transi-
tion is 5V; the current demand is therefore 50 mA per
output. For an octal buffer, the current demand would be
0,4 A for 6 ns.

The instantaneous current in the capacitor is:

._AQ
At
._ CAvV _
And i= At (from Q= CV)
_it
Therefore, C = AV

For an octal buffer and a change in Vg of 0,4 V say,

_04Ax6x107ns

¢ 04V

=6nF.
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BATTERY BACK-UP OF HCMOS LOGIC ICs

HCMOS logic ICs, in contrast to other logic families, can
easily be provided with battery backup in the event of
failure of the normal power supply. Two of the main
reasons for this are their very low quiescent power con-
sumption (quiescent currents typically in the low nA region
compared with around 2mA for LSTTL ICs), and their fast
transition time, which minimize the time they spend in the
linear region and hence the power they consume during
switching. Added to these is the fact that HCMOS ICs
operate quite happily at supply voltages significantly lower
than their nominal supply voltage (say as low as 2V com-
pared with a minimum of 4,75V for LSTTL), so except for
a reduction in speed, a 2V battery supply voltage is no
hindrance to efficient operation.

For long periods of battery operation, however, there
are a number of simple guidelines you should follow. None
are essential, but if you stick to them you will at least
minimize power consumption and assure maximum battery
life.

MINIMIZING POWER CONSUMPTION IN
BATTERY-BACKED SYSTEMS

Don’t use non-CMOS circuitry

Avoid using non-CMOS circuits in your design, this includes
microprocessors and memories, otherwise you'll incur the
inevitable penalty of higher power consumption. Remember,
non-CMOS circuits draw quiescent supply currents that are
often too high for battery operation. And although you can
provide non-CMOS sections of your circuits with facilities
for reduced-power (and hence slower) operation or for a
completely idle power-down mode (for data retention
only), in both these cases you'll find that operation of
battery-backed up sections is likely to suffer severely in the
event of a power failure. With all-CMOS circuitry, you
won't have these problems at all.

Aim at low-frequency operation

Aim at low-frequency operation or switch logic ICs to the
idle state if operation is not required. In CMOS systems,
the dynamic power dissipation Pp is one of the greatest
sources of power loss (static supply current drawn by CMOS
circuits being almost negligible) and this is related to the
input and output frequencies fj and fg by:

Pp = CppVic fi + Z(CLVEC fo) m

in which Vgg is the supply voltage, Cpp is the power-
dissipation capacitance per device (obtainable from the
data sheets) and C| is the output load capacitance. Pp
therefore varies directly with operating frequency.

An example should illustrate this. A typical MSI circuit
with two outputs loaded with 50 pF will have a total load
capacitance {Cpp +2C| ) of 150 pF. Even with an operating
frequency as low as 15kHz, this will result in a dynamic
supply current of 14 uA (with a 5V supply), almost double
the maximum quiescent supply current of 8 uA. And since
operating frequencies may often be several orders of
magnitude greater than this, you can appreciate how signi-
ficant dynamic power dissipation can be, and how important
it is to keep your operating frequency as low as possible.

The alternative is to add extra circuitry such as multi-
plexers to reduce overall power consumption. Multiplexers
direct the information bit streams only to sections where
they are needed, and allow all unused logic to be switched
to the idle state in which it dissipates (negligible) leakage
current only.

Use low-value capacitors to minimize charging
losses

From the above discussion you can see that dynamic power
dissipation is also proportional to load capacitance, so if
capacitors are needed, make sure their values are as low as
possible to minimize charging energy losses. High value
load capacitance also increase transition times and hence
the time the inputs spend in the linear region (see next
item).

Make sure transitions are fast

The longer the voltage level of an input waveform is main-
tained between the undefined logic region of the MOS
transistors (the linear region), the longer both the n-and p-
channel input transistors remain conducting and the greater
the power dissipation. Maximum current through the
transistors (through-current) occurs at 50% of Vcc for
74HC ICs and at 28% of Vg for 74HCT ICs, but there will
also be significant current throughout the linear region, i.e.
for V| between V)| max and VcC — VIH min. which for a
Vee of 4,5V means V| between 1,35V and 3,15 V. So you
can see that input waveforms play a significant role in
determining power loss.

Usually output rise/fall times and hence input rise/fall
times of 20ns at 5V or 60ns at 3V are satisfactory to
minimize power loss due to through-current.

When an output is heavily loaded capacitively and its
signal is distributed to many inputs, the waveform can be
squared-up (i.e. the capacitance reduced) by splitting the
line at the output into several sections and driving these
sections with independent drivers.

Finally, there’s a common misconception that Schmitt
triggers draw little through-current in the linear region.
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Whilst it’s certainly true that the output transitions of a
Schmitt trigger are fast, there’s no guarantee that the input
transitions will be. Indeed, since Schmitt triggers are
generally used to square-up slow waveforms, there's a very
gdod chance that input transitions will be slow and that
heavy through currents will be drawn. The data sheets give
you the through-currents drawn by Schmitt triggers.

This through-current phenomenon is adequately described
in the User Guide Section, but you can get a rough idea of
the through-current drawn by a 74HC IC for a given input
voltage by looking at the unit load coefficient of its 74HCT
counterpart. The unit load coefficient of a 74HCT IC is an
indication of the size of the input transistors and hence of
the current they consume during transitions. A type with a
unit load coefficient of say 0,3, will draw only 0,3 times
the through-current of a type with a unit load coefficient
of one. So you can calculate the through-current drawn by
a 74HCT IC for a given input voltage by multiplying its
unit load coefficient by the current given in the through-
current graph in the User Guide. And since nearly all
74HC and their 74HCT counterparts are produced by
similar aluminium interconnect masks, this will give you an
indication of which 74HC types draw the lowest through-
current for the input voltage you want to operate at.

Avoid the use of pull-up resistors

Don’t use input or output pull-up resistors at the interface
between the high-power (mains) fed section and the battery-
fed section, since they can lead to sneak current paths when
the normal power supply fails.

Although any pull-up or pull-down resistor disspates
power, an input pull-up resistor that’s returned to the Vg
rail of the battery-fed section will create a current sneak

path when the high-power section fails (Fig.1). If resistors
are necessary, use the highest values possible e.g. 1 MQ.

If you look at Fig.1, you'll see that the sneak current
path travels through the pull-up resistor Rpy, back along
the signal path to the higher power logic, and forward-
biases the input or output CMOS protection diodes (or the
protection diodes in TTL), and supplies current to the
high-power logic, severely draining the back-up battery.

Figure 2 shows how you can instead select a pull-down
resistor (Rpp) that avoids this problem.

The minimum value of Rpp is selected to guarantee
that the HIGH output level of the driver doesn’t fall below
the VOH min for the IQH min being sourced. In Fig.2,
resistor Rop represents the ““on’’ resistance of the p-channel
transistor of the driver IC. Its value is given by:

[
OH l Rep  |VOH min

l Fon
1 L' Y

i [oureur omiven|
-

7296526

Fig.2 Pull-down resistors avoid the problems of sneak current

paths. The minimum value of the pull-down resistance Rpp

must be selected to guarantee that the HIGH output level of

the driver doesn’t fall below the VQH min for the IgH min

being sourced. Rgp represents the on resistance of the p-
channel transistor of the driver IC
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Fig.1 Putf-up resistors at the interface between high-power (mains) fed sections

and the battery-fed section can lead to a sneak currents () when the normal power

supply fails. This current passes through the pull-up resistor Rpyy, back along the
signal path to the high-power logic, severely draining the back-up battery
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and the value of Rpp min is given by:

VOH min
RPD min = ToHmin

Example:
ForvVcc=4.5V, VOH min= 3,98V at 1OH min= 4 mA and:
RPD min = 3.98/(4 x 10) > 1kQ.

The maximum value of Rpp is set by the maximum allow-
able leakage current that will still allow the logic to reach
its required level. For supply voltages lower than 4,5V, use
the output curves in the User Guide to determine the output
current available.

Pull-up resistors should also be avoided on buses at the
interface between battery backed-up sections and high-
power sections, and you should design the system with
active-HIGH signals at the bus. Then when power fails, the
outputs of the high-power section will be set to their
initial state. If instead you opted for active-LOW signals at
the bus, you would again get a current sneak path through
the protection diodes of the high-power section (Fig.3),
severely draining the back-up battery.

Use the minimum supply voltage for your needs

From expression (1), you can see that dynamic power
dissipation is also proportional to the square of the supply
voltage. So for the battery-fed section, at least, it's essential
to keep the supply voltage low. You should, in fact, choose
a supply voltage just high enough to fulfil your speed
requirements.

It's worth mentioning here the new low-voltage Jedec
Standard 8 for battery operated systems. This standard was
established to allow for future scaling-down of design rules
without the problems caused by high electric-field stresses
that would inevitably occur if the supply were to remain at
5V. The Standard recognizes the need to maintain com-
patability with existing 5V TTL circuitry, and accordingly,
recommends somewhat higher operating voltages than
would be expected purely on the basis of directly scaling
down of design rules.

The recommended voltages are 3,3V+0,3V for the
normal power supply and 2,8V 0,8V for unregulated
LVBO (low-voltage battery operation). These are, of
course, ideal for HCMOS, but designers must be able to
contend with the nearly +30% voltage fluctuation the
standard allows for battery powered systems (which pro-
vides a 2V lower limit covering the end-of-discharge levels
of lead-acid cells and two series-connected nickel-cadmium
cells, as well as of lithium-based cells). Standard 8 also
specifies the d.c. interface parameters that provide for
inter-system compatability between the LVBO HCMOS
and TTL.

Use only low-power LCDs

If you are using LCDs, make sure they are low-power ones.
And remember, since no quiescent current flows in an LCD,
make sure you also use low-capacitance versions.

Power-down microprocessors and memories when
not in use

Power-down microprocessors and memories when not in
use and switch iogic to its idie state when operation is not
required.

[
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Fig.3 Systems should be designed with active-HIGH signals at buses interfacing

battery backed-up sections and high-power sections. This again avoids current

sneak paths and sets outputs of the high-power sections to their initials state
when power fails
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Here, you will probably have to devise software or
hardware controlled stand-by facilities to yield power
savings when (long) battery operation is required. Remember
that systems generally spend most of their time waiting for
external events to occur or for specified intervals to elapse,
so design your software to take advantage of this fact.
Remember also that memories spend most of their time in
the quiescent mode, so you should use memory ICs that
consume minimum power in this mode. Here, of course,
you'll find CMOS systems ideal. Finally, minimize switching
by basing your designs on algorithms that reduce the
number of gates which have to switch to perform a parti-
cular function. Silencing unused logic is another way to
eliminate unnecessary gate switching.

Terminate unused inputs

Terminate all unused inputs, either to Vcc or to GND (via
resistors of between 1k{2 and 1MS2), otherwise you might
find some inputs floating into the linear region. This is, of
course, good practice anytime, not just for battery opera-
tion. Where no GND or V¢ is readily available, it's often
tempting to connect the unused pin to a well-defined
switching pin. However, this isn‘t recommended with
battery-powered systems owing to the redundant circuitry
that is then switched.

Use crystal oscillators for low-power consumption

Most oscillators based on logic ICs operate mainly in the
linear region so they draw quite significant through-currents.
Schmitt-trigger oscillators are the worst offenders in this
respect, followed by RC oscillators and then By crystal
oscillators.

Power consumption of Schmitt-trigger and RC oscilla-
tors is relatively independent of frequency, which means
that you derive no advantage from operating them at low
frequency, and that their quiescent power consumption is
high. Crystal oscillators, on the other hand, have a power
consumption that’s directly proportional to frequency, so
you can operate them at lower frequency to reduce power
consumption. For these oscillators, a good choice of
operating frequency is 32kHz because crystals for this
frequency are readily available, and the frequency is low
enough to give reasonably low power consumption.

Use economical bus structures to save power

In this respect, the non-proprietary CMOS STD Bus (pro-
duced by more than eighty manufacturers worldwide)
definitely has the edge over the C44 Bus structure. The
CMOS STD Bus, developed to match the characteristics of
CMOS microprocessors, is a modified and upgraded version
of the STD Bus and includes a battery stand-by facility.

Major features in its favour are its average current drain and
operation time, both of which are about 1/500th that of
the C44 Bus.

PRACTICAL CIRCUITS FOR PROVIDING
BATTERY BACK-UP

HCMOS I[Cs, like all other CMOS families, have an input
structure that provides excellent protection against ESD.
This input structure does, however, mean that you must
ensure the supply voltage of the driving system is never
more than one diode drop above the driven circuit supply
voltage. If it is, current will flow through the input pro-
tection diode to Vc, and this will not only cause quiescent
power dissipation, it could also damage the diode if it
greatly exceeds the diode’s maximum d.c. rating ljK
(20mA).

In practice, however, power fed from the normal supply
via an output and then via an input protection diode is not
totally lost since it does provide power for the battery-
powered section. And the diode will be completely safe
provided the current to Vg doesn’t exceed 20 mA conti-
nuously for one input, or 50 mA for several inputs biased
simultaneously (if types with bus-driver outputs are used,
this latter figure can go as high as 70mA). What's more,
since HCMOS is completely latch-up free, there’s no danger
of latch-up being caused by any input currents triggering
parasitic bipolar structures. If these currents are very large,
however, say between 120 and 150mA, the polysilicon
resistors in the diode input circuitry path will burn out.

In the example of Fig.4, HIGH-to-LOW level-shifters
74HC4049 or 74HCA4050 are used to prevent the flow of
positive input currents into the system due to input voltage
levels being greater than one diode drop above V¢c. The
level shifters simply reduce the input voltages to a level
below this value to prevent current flowing through the
input protection diode. If the circuit is such that input
voltages can still exceed VgC even with level shifters, then
external resistors should be included to limit the input
currents to 20 mA. External resistors may also be necessary
in the output circuits where, if the output voltage can be
pulled above Vcc or below GND, the currents should be
limited to 20mA. These currents are due to inherent
Vce-to-GND diodes that are present at all outputs (in-
cluding three-state outputs).

To avoid input diode current in the receiving part of
Fig.3, the same HIGH-to-LOW level shifters can be used to
replace the inverter.
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signal HCMOS signal

inputs sysTem [ outputs
high-to-low
level shifters
(74HC4049/74HC4050)
4 7295625

Fig.4 - HIGH-to-LOW level-shifters 74HC4049 or 74HC4050

prevent the flow of positive input currents into the system

due to input voltage levels being greater than one diode drop

above Vce. The level shifters simply reduce the input voltage

to a level below this value to prevent current flowing through
the input protection diode

Figure 5 shows a very simple circuit for providing
battery back-up using a dry battery, or a rechargeable
battery if a trickle-charge resistor is used. Diode D1 is in-
cluded to ensure that, in normal operation, the main
supply voltage never exceeds the voltage of the backed-up
supply. If Schottky diodes (V§ = 0,2 V) are used, however,
D1 can be omitted.

Many designers like to include some kind of regulation
circuitry in their battery supply to provide the system with
a constant voltage even while the battery voltage decreases
during discharge. CMOS circuits, however, can operate
directly from batteries despite the voltage decrease with
discharge. |f, however, the system is designed to run at
maximum speed at Vcc = 5V and the battery voltage falls
to say 3,5V, a reduced operating frequency will have to be
accepted.

Figure 5 provides a power-down failure signal by means
of a 74HCO4 driven from a higher-voltage (unregulated)
supply. If power goes down, the input to the 74HCO04
(normally about 5V) goes to zero, giving an active-LOW
shut-down signal.

POWER MANAGEMENT IN BATTERY-
POWERED SYSTEMS

Battery backed-up systems should be designed to use very
little stand-by power, so your first aim should be to get as
good an estimate as possible of the stand-by power Pg in
your system. In HCMOS systems, the best estimate of
stand-by power can be got by taking all the worst-case Icc
quiescent currents for each individual IC and adding them
to any termination currents. Table 1 gives you the worst
case Icc values for different IC classes of complexity (SSI,
FF, MSI).

TABLE 1
Max. quiescent supply current per device category
) lcc at Vee max

device
complexity 25°C 85°C 1256°C
SSi 2 uA 20 A 40 uA
FF 4 uA 40 uA 80 uA
Mmsi 8 uA 80 uA 160 uA

9
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I LOW shut-down to all high-power circuits
T
1

Fig.5 A simple circuit for providing battery back-up using a dry battery,
or a rechargeable battery if a trickle-charge resistor is used
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The Icc used is determined by the temperature range
over which the system will operate. For example, a 74HC00
operating from —40 to +85°C will have a worst-case |cC
of 20 uA.

The total dynamic power dissipation Pp of an HCMOS
system was given by expression (1) earlier. The total power
PT of the system will then be the sum of the stand-by
power Pg and dynamic power Pp, and the average current
delivered by a battery with a voltage V will be:

SPT

\Y

in which 8 is the duty factor of the back-up system (estimated
power-down time as a fraction of the total operating time).
The lifetime of the battery will then be:

ampere-hour rating of battery
lav

battery lifetime =

BATTERIES

Depending on the application, you can provide battery
back-up with either rechargeable batteries or dry batteries.

Rechargeable batteries

For applications in which power interruptions may be fre-
quent and of fairly long duration (for example during
transport), you should use rechargeable batteries. Here the
best choice is still the nickel cadmium battery. This is
available in several sizes and can be soldered to a printed
circuit board as a discrete component.

Nickel cadmium batteries present very few problem in
use, and provided you treat them properly, particularly
when charging them, they should have a long and trouble-
free life. The best way of keeping them fully charged is to
incorporate a trickle-charging circuit that provides a low,
continuous current (roughly 0,03 x cell capacity). Expect a
nominal operating voltage of 1,25V per cell, and a mini-
mum voltage of about 1V per cell.

The alternative to the nickel-cadmium battery: the
sealed lead-acid battery has a nominal voltage per cell of
of about 2V and a lower limit of 1,8V. Like the nickel-
cadmium battery it requires no maintenance. It's best used
where charging may be infrequent, say after several hours
of operation. Its shelf discharge rate is lower than that of a
nickel-cadmium battery and when fully charged, it will have
a shelf life of about two years.

Dry batteries (non rechargeable)

You can use dry batteries in applications where power
interruptions are likely to be seldom and short. Six options
are available:

Leclanché batteries possess the following advantages:
— they can be bought almost anywhere

— and they fit into standard fittings

and the following disadvantages:

— their life is relatively short

— their power is relatively low

— they’re rather bulky

— and even with intermittent loading, their discharge rate
is high.

Their nominal operating voltage is around 1,5V per cell

down to a minimum of around 1V per cell.

Alkaline batteries posses the same advantages as Leclanché
batteries. And they have the additional advantages of being
able to provide greater power (especially for loads with
heavy and continuous current drain), and of being able to
operate at lower temperature (down to —20°C).

Zinc-Mercury batteries posses the following advantages:
— they're compact
— they have a fairly flat discharge characteristic

— and they provide relatively high power

and the following disadvantages:

— they’re not easy to acquire (normally only available from
specialist suppliers)

— their life is relatively short

— they’re not suitable for delivering high currents
— they don’t operate well at low temperature

— and they can’t be used in standard fittings.

Their nominal voltage is around 1,35V per cell.

Zinc-silver batteries have about the same advantages and
disadvantages as zinc-mercury batteries and a nominal
voltage of 1,5 V.

Zinc-air batteries have the same advantage and disadvantages
as zinc-mercury and zinc-silver batteries and like zinc-silver
batteries they have a nominal voltage of 1,5V per cell.
They also have an operating life almost double that of the
other two types.
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TABLE 2
Characteristics of lithium batteries
cathode operating energy discharge operating size
material voltage density rate seal type temp.
V) (Wh/kg) rc)
iodine 2,8 140 fow t0 0,5 Ah hermetic —55 to +125 smali
carbon mono-fluoride 2,7 280 medium to 1 Ah plastic crimp —20 to +55 large
manganese dioxide 3 270 medium to 1 Ah plastic crimp —20 to +65 targe
copper oxide 1,7 300 medium to 1 Ah plastic crimp —55 to +125 large
sulphur dioxide 2.8 330 1 Ah and more hermetic vented —55 to +75

Lithium batteries possess the following advantages:

7295529

— they have a high voltage per cell (say a minimum of 2 V)
30 & Jithium — they have a long shelf life (greater than 10 years)
% 28l — they're compact {often disc-shaped so they can be easily
5 soldered to a print board)
e 261
§ — they have a very flat discharge characteristic {(see Fig.6)
3 24 . . . .
£ — their wide operating temperature range matches perfectiy
2 22t that of HCMOS
20 — and finally, they offer you the highest energy density of
sealed lead-acid .
sl all batteries
. and the following disadvantages:
16 zinc-silver
P ™~ — like mercury batteries they‘re not always easy to find
14 zinc-mercury.
— and they can’t be used in standard fittings.
1.2
So, wherever power interruptions are likely to be seldom
09 and short, your best choice is undoubtedly the lithium
08 battery, the characteristics of which are given in Table 2.
e The disadvantage of not being able to use it with standard
nickel-cadmium i . . . . . .
06 fittings will be of little importance since in normal applica-
04t alkaline / Leclanché area tions you’ll only need to renew the battery once every 10
years so it can be soldered into the circuit.
02}F
0 1 1. 1
100 7% 50 25 0

typical amount of charge (%)
Finally, to help choose the best battery for your application,
we've included Table 3 which shows the major parameters
of various types of battery.

Fig.6 Cell voltage as a function of charge for various batteries
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TABLE 3
Major specifications of various batteries
operational temperature range

nominal typical operational energy density ———————————— shelflife

voltage capacity power ——————————  storage operating to 80% capacity

(V) (Ah) (W/kg) (Wh/kg)  (Wh/cm?®  (°C) (°c) (months)
Dry batteries (non-rechargeable)
Lechlanch€
— ammonium chloride 1,5 0,05-30 1,0 45 0,12 —40to50 — 6to50 6-24
— zinc chloride 15 0,1-9 15 88 0,18 —40t070 -17t070 30
alkaline 15 0,1-20 20 92 0,22 —40to50 -30to55 30
zinc-mercury 135-14 0,02-28 120 0,39 —40 to 60 Oto55 30
zinc-silver (monovalent) 1,5 0,04-0,3 120 0,48 —40 to 60 Oto55 18
zinc-air 1.4 02-03 500 1,45 —40to60 — 8to55 30
lithium 3,0 1,1-10 330 0,53 —50t070 -40t070 60
Rechargeable batteries charge cycles
lead acid (sealed) 2,0 0,03-25 35 30 0,1 —40t0 60 —40to60 100 - 500
nickel-cadmium (sealed) 1,2 0,02-5 35 35 0,09 —40t0 60 —20to45 300 - 2000
Courtesy of Philips Lighting Division.
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PROTECTION OF HCMOS LOGIC ICs IN THE AUTOMOTIVE ENVIRONMENT

With the exception of car radio components, the first elec-
tronic components to be used for automotive applications
appeared about twenty years ago in voltage regulators. New
functions which could be performed by electronic com-
ponents appeared in the mid-seventies but, unfortunately,
these had not been anticipated by electronic component
manufacturers who, at that time, had insufficient knowledge
of the characteristics of the automotive environment in
which their components would have to operate. Today, the
situation is much different and electronic components and
assemblies are being used, or being developed, for amultitude
of automotive functions such as engine management,
displays, single-cable switch-units and all manner of acces-
sories.

One thing that hasn’t changed is the harsh environment
in which electronic components for the automotive in-
dustry must work. However, much research has been done
to fully characterize the automotive environment so that it
is now possible to make real worst-case designs instead of
following the rather haphazard approach of twenty years
ago. Furthermore, more suitable electronic components
such as high-speed CMOS (HCMOS) logic ICs of the 74HC/
HCT/HCU family are now available for these applications.
Special features that make HCMOS ICs attractive for auto-
motive applications are:

— high noise immunity

— bV logic retains speed when battery is almost flat
— input current up to 20 mA d.c. permitted

— low power consumption

— outputshort-circuit proof

— very low d.c. coupling between adjacent inputs

— latch-up free

— operating temperature range —40 °C to +125°C

— all types available in 74HCT versions with TTL switching
levels

— all types available in DIL or space-saving SO (small out-
line) packages

This article first discusses the automotive environment, and
then outlines logic system design practices for protecting
the power supply inputs, and signal inputs/outputs of
HCMOS logic ICs against it.

THE AUTOMOTIVE ENVIRONMENT

Extensive studies have been made by electronic component
manufacturers and the automotive industry to characterize
the climatic and electrical environment which exists in
motor vehicles. The results of these studies have been
published by the Society of Automotive Engineers (SAE)
and the International Standardization Organization (ISO).
This information is supplemented by numerous methods of
testing electronic components published by most motor-
vehicles manufacturers. However, these test methods have
many similarities because they are all modelled on the
results of the previously mentioned environmental studies.
The data on electrical disturbances presented in this article
are based on information published by the 1SO.

Thermal conditions

From the point of view of temperature, the automotive
environment is divided into two main areas; the passenger
compartment and the engine compar'tment. In the passenger
compartment of a vehicle in Europe, the temperature can
vary from —40°C on a cold winter morning in Scandinavia
to 75°C on a hot summer afternoon in Spain. In most
places in the engine compartment, the temperature will
only reach 125°C (including automatic gearbox, engine
block etc.), but care must be taken to avoid mounting
electronic assemblies close to very hot items such as exhaust
pipes.

The foregoing thermal conditions regularly lead to
temperature cycling at a rate of 40°C/minute and a need
for an IC operating temperature range of —40 °C to +85 °C
in the passenger compartment, and —40°C to +125°C in
the engine compartment. The 74HC/HCT/HCU family of
HCMOS ICs are specified for both of these temperature
ranges and are therefore suitable for use in all automotive
applications.

Vibration

In general, the vibration present in the engine compartment
of a motor vehicle prohibits the use of ICs in sockets. Even
in the passenger compartment, 1C sockets should only be
used for ICs that have to be interchangeable to suit various
applications, for example, PROMs. Remember that all
HCMOS ICs also available in SO (small outline) packages
which generate lower acceleration forces than ICs in DIL
packages because of their significantly lower mass.
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Contaminants

The engine compartment of a motor-vehicle is an especially
dirty environment due to the presence of salt spray, oil,
hydraulic fluid, petrol, dust, sulphuric acid, water and anti-
freeze. Special care must therefore be taken when designing
housings, connectors, coatings and wiring for electronic
equipment to be located in an engine compartment. This
subject is adequately covered in many other publications
and will not be discussed further here.

Electrical disturbances

During normal running, the voltage available from a 12V
motor-vehicle electrical system will be between 11V and
16 V. There are, however, some conditions during which
the supply voltage will be subject to transient disturbances.
The characteristics of many of these disturbances have been
specified by the ISO. The ISO test pulses which simulate
them should be connected to the system under test via the
artificial battery supply network shown in Fig.1.

5uH

~
RL = 5mQ max

500V d.c._L

250V a.c. T 100nF
test pulse

input

¥
! vehicle battery
500 -

T .
»

7295507

Fig.1 Artificial battery network

Static overvoltage. If a battery is flat after long-distance
transport of a new vehicle, it will sometimes be discon-
nected and an external 24V battery connected to the
system. Electronic equipment must be able to withstand
the extra voltage for five minutes if the equipment is con-
nected directly to the battery terminals, or for fifteen
seconds if it’s connected to the battery via the ignition
switch. In some cases, it may also be necessary for electro-
nic equipment to function correctly during these periods.

Static reverse voltage. A battery may be inadvertently
reverse connected to a motor-vehicle’s electrical system
during battery replacement or emergency starting. Elec-
tronic equipment must be able to withstand this reverse
voltage for at least one minute (all other conditions worst-
case). It is not necessary for electronic equipment to
function correctly during this period.

Transients due to disconnection of parallel load. 1f an item
of electronic equipment remains connected in parallel with
a highly inductive component (e.g. starter motor, solenoid,

air-conditioning system, fuel pump, relay or horn) after the
latter is disconnected from the battery, the electronic
equipment supply input will be subjected to a negative-
going voltage transient of up to —100 V. The characteristics
of this transient, as published by the ISO, are shown in Fig.2.

+V

— t3
12v r

o1 — J—
t vosﬁ - e - t
V,
: 10% of peak ; reference OV
1 90%

-V — LT,

— T

le—— 1ty 7295497

Fig.2 Pulse due to disconnection of an inductive load in
parallel with electronic equipment (I1SO test pulse 1).
Vs=—-100V, Rj =10, T =2 ms, T, is given in Table 1,
t; =0,5to 5s,t5 = 0,25, t3 <100 us
(the shortest possible time between disconnection of the
supply source and application of the pulse)

Transients due to disconnection of series load. If an item of
electronic equipment is connected in series with a highly
inductive component which is suddenly switched off, the
electronic equipment supply input will be subjected to a
positive-going voltage transient of up to 100V. The ISO
has published the characteristics of this transient as shown
in Fig.3. Electronic equipment must be able to withstand
several thousand repetitions of the transient which occur at
a repetition rate of between twice per second and twelve
times per minute.

10% of peak ; above 12V

~ —

t

7295498

Fig.3 Pulse due to disconnection of an inductive load in
series with electronic equipment (1SO test pulse 2).
Vs=+100V,R;j=102, T =0,05ms to 0,2 ms,

T, is given in Table 1, t1 =051t05s, ty= 200 ms
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Switching spikes. Switching spikes with peak levels up to
100V can be superimposed on a motor-vehicle’s 12 V supply
due to the distributed capacitance and inductance of the
wiring harness. The characteristics of negative-going and
positive-going spikes as published by the ISO are given in
Fig.4 and Fig.5 respectively.

TABLE 1
Rise time as a function of duration for ISO test pulses
in Fig.2 to Fig.5

pulse duration (T) rise time (T;)

"MAAAAL

100 ns 6ns
1 us 20 ns
10 us 70 ns
50 us 150 ns
100 us 200 ns
200 us 300 ns
1ms 800 ns
2ms 1us

10%

90%

7295499

Fig.4 Negative-going switching spikes (ISO test pulse 3a).
Vs=-150 V,Rj =50, T = 0,1 us, T, is given in Table 1,
ty =100 us, t2 =10 ms, t3 =90 ms

Low-voltage noise transients. Transient reductions of the
nominal 12V supply to around 5V occur during engine
starting due to the varying load imposed by the starter
motor as it rotates the crankshaft. Since the viscosity of
sump oil increases at lower temperatures, the amplitude of
these transients increases with decreasing temperature. The
I1SO test waveform for this condition is given in Fig.6. The
test should be repeated several times. All electronic com-
ponents should remain undamaged by the test and any
component associated with engine management must
remain operational throughout the test.

—

T

90%

10%4

Tl

— 7l 72985500

Fig.5 Positive-going switching spikes (ISO test pulse 3b).
Vg =+150 V, Rj =50 2, T =0,1 us, T, is given in Table 1,
ty = 100 us, ty= 10 ms, t3 = 90 ms

v
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—l T 41 tg Tf b
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Fig.6 Starter motor engagement interference
(1SO test pulse 4)
Vs=7V,Rj=0012,T=130ms, T, =10 ms, tq =10 ms,
ty= 100 ms, T¢=10ms

Load dump. A positive-going transient is superimposed on
the nominal 12V supply if a large load or flat battery is
disconnected from the electrical system of a vehicle whilst
the engine is running at high speed. The peak amplitude of
the transient will be between 10V and 120 V depending on
the level of alternator field excitation at the instant the load
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or battery is disconnected, and its duration will be between
40ns and 400 ms depending on the time-constant of the
alternator field excitation circuit. This is the most severe
transient to which electronic equipment can be subjected
in the automotive environment. Although several vehicle
manufacturers are currently working on central suppression
of load dump transients it must be assumed, for the time
being, that there is still a possibility that they will occur.
The test pulse specified by the ISO for load dump transients
is shown in Fig.7.

7295502
Fig.7 Pulse due to load dump (ISO test pulse 5).
Vs=10V1t0120V,Rj=05t04%,
T=401t0400ms, T, =5to 10 ms

Transient due to ignition coil interruption. 1f the ignition
coil is interrupted, a negative-going impulse with a peak
amplitude of up to —300V will occur on the electrical
system supply line. The test pulse specified by the 1SO for
this condition is shown in Fig.8.
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0
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10% 0' peak ; reference OV
| %
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S 7295497

Fig.8 Pulse due to interruption of ignition coil circuit
(IS0 test pulse 6).
Vs=-300V,R;=30%,T=300us, T, =
t1 =156s,t5=15,1t3 <100 us
(the shortest possible time between disconnection of the
supply source and application of the pulse)

60 us,

-—t3
12 [
o
10% - - — ¢
Vs 10% of peak ; reference OV
l 90%
—{Tr
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Fig.9 Pulse due to alternator field decay (ISO test pulse 7).
Vg=—80V,R;=10£,T=100ms, T, =0,5to 10 ms,
t3 <100 ps
(the shortest possible time between disconnection of the
supply source and application of the pulse)

Transient due to alternator field decay at ignition switch-off.
When the ignition of a motor vehicle is switched off, the
field windings of the alternator lose their energy and cause
a negative-going transient with a peak amplitude of up to
—80V on the electrical system supply line. The test pulse
specified by the I1SO for this condition is shown in Fig.9.

Arc-over transient. An arc-over transient occurs if asparking
plug lead or high-tension lead from the ignition coil acci-
dentally falls close to an electronic assembly, or if a spark
is intentionally drawn from the h.t. distribution system of
a motor-vehicle during servicing. There is no 1SO test pulse
for this condition but electronic assemblies must be able to
withstand h.t. sparks to the case and to all supply and
ground connections (not to signal inputs or outputs).

Electrostatic discharge. The terminals of an electronic unit
can be subjected to electrostatic discharges during vehicle
assembly or during repair or replacement of the unit. Any
electronic equipment with driver-operated controls may
also be subjected to repeated electrostatic discharge via the
driver’s body throughout the life of the vehicle. A method
commonly used to simulate these electrostatic discharges is
to charge a 100 pF capacitor to £10kV and then discharge
it, via a resistor (6602 specified by 1SO but the industry
standard is 1,5k{2) and the pin(s) or lead(s) of the elec-
tronic component or assembly under test.

PROTECTING ELECTRONIC SYSTEMS FROM
THE AUTOMOTIVE ENVIRONMENT

The power supply line, housing, signal inputs and signal
outputs of HCMOS electronic systems for automotive
applications must all be protected from the harsh oper-
ating environement encountered in all types of motor-
vehicles. Although it is not possible to devise a universally-
applicable protection scheme, the remainder of this article
will be devoted to recommendations for protecting elec-
tronic systems which contain high-speed logic ICs of the
74HC/HCT/HCU family.
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Type of housing

Because of the risk of arc-over from the h.t. leads, electronic
equipment in the engine compartment should be in a metal
case connected to the bodywork or chassis of the vehicle.
Electronic equipment in the passenger compartment is not
exposed to this hazard and can therefore be housed in a
case made from any material.

HCMOS IC supply line protection

Electronic equipment supply lines in vehicles must be pro-
tected against all the previously discussed electrical disturb-
ances. In addition, they must be able to continue to supply
items such as engine management systems and trip com-
puters with sufficient energy to allow them to operate
normally during the low voltage noise transients that occur
during operation of the starter motor.

The previously discussed ISO requirements are so diverse
that the only method of completely meeting them for
CMOS logic ICs would be to incorporate on-chip integrated
zenering; indeed, this method is commonly used for custom
ICs. However, the high power handling requirements would
lead to the use of too large an area of silicon to justify the
use of this method for standard ranges of logic 1Cs. Further-
more, many of today’s applications use multiple IC tech-
nologies in which a multitude of unforeseen interactions
can occur. All these factors indicate that the best solution
to the problem of operation of electronic systems in the
harsh automotive environment is to have a central stepped-
down (5 V) stabilized power supply which also incorporates
decoupling and noise filtering. However, since vehicle
manufacturers have no yet universally accepted this philo-
sophy, additional precautions must be taken to protect the
supply units of electronic systems containing HCMOS ICs.

For low current applications (up to 20 mA), the supply
line protection circuit given in Fig.10 can be used. The
component values which allow continued operation during
10 seconds of starter motor operation are given in Table 2.

TABLE 2
Component values for the circuit of Fig.10
supply current R c1
5 mA 560 2 60 mF
10 mA 330 80 mF
20 mA 220 220 mF

If continued operation during engine starting is not
required, D1 can be omitted (the zener diode also absorbs
negative-going transients) and the value of C1 can be
decreased to 22 uF.

If it’s necessary to supply more than 20 mA, the use of a
zener diode is not recommended because its power dissipa-
tion would be too high. It’s better to use the arrangement
shown in Fig.11 which incorporates one of the voltage
regulators specially designed for automotive applications.
These regulators have a very low forward voltage drop
(0,2V at 150mA and 0,4V at 400 mA) combined with
adequate protection against all the electrical disturbances
encountered in a motor-vehicle. The low forward voltage
drop of the regulator ensures that HCMOS logic ICs will
remain operational during starter motor operation without
the need to use the extremely high values of electrolytic
capacitor (C1) specified in Table 2 for the circuit in Fig.10.

¥ VOLTAGE
REGULATOR
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+
22puF 2

GND
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Fig.11 Protection for a higher current power supply
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Fig.10 Protection for a low current power supply

HCMOS IC input protection

Having taken precautions to protect the supply line, it may
seem that the ICs are now fully protected against the auto-
motive environment, but there are still two important points
that need attention. Firstly, the 2-rail power supply system
puts the burden of sequencing on the electronic equipment
designer. Secondly, the input device (sensor, actuator) is
still in a harsh environment. Taking a simple door contact
as an example, the following requirements must be met:

— the contact must pass at least 20mA to ensure self-
cleaning
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— since the signal lines are still subject to 150 V transients,
additional resistance must be added in series with HCMOS
inputs to reduce forward current through the input

.protection network to a safe level. The graph in Fig.12
shows safe levels of input current as a function of pulse
duration

7291882
800
input
current
pulse
(mA)
destructive area
400
- NN
non-destructive area T~ d-Lidd
0
100ns Tus 10ps 1004 Tms
Fig.12 HCMOS input current as a function of pulse duration

— radio-frequency interference from within the vehicle
(e.g. ignition) or from external sources such as strong
CB transmissions can easily swamp input signals from an
input sensor. It is good practice to bypass r.f.i. to ground
with a capacitor immediately after the input connector
to the electronic equipment

— the point at which a simple mechanical contact makes or
breaks is often poorly defined. Debouncing is therefore
essential and the resulting signal should also be condi-
tioned by a Schmitt trigger.

The circuitry shown in Fig.13 conforms to the foregoing
requirements. Resistor R1 ensures that at least 20 mA flows
through the contact. Capacitor Cq should have a value of

22nF to 100nF to decouple r.f.i. immediately after the

electronic equipment connector.

5V stab.
10Vt 16V vee
from battery [— _——— e

l
R1
input 1 N l
'
1

L - to logic
1 C 2 I
door C
contact !
4

mpul 2 l HCMOS LOGIC IC

7295506
/

Fig.13 Applying a signal from a simple door contact
to an HCMOS IC

In most cases, the input signals from several sensors are
received by a single CMOS IC. There is then a possibility of
interaction between adjacent inputs via the parasitic bipolar
transistor shown in Fig.13. Current injected into the sub-
strate at one input is partially diverted to an adjacent input
where it manifests itself as a ‘leakage’ current. This pheno-
menon is described in more detail under the heading
‘coupling of adjacent inputs’ in the User Guide section.
If the contact at the adjacent input is closed, the ‘leakage’
current causes a voltage to be developed across R2, which
may exceed V|Lmax- HCMOS ICs have two guaranteed
parameters which prevent this from happening:

— the hgg of the parasitic bipolar transistor is 0,05 max.

— the worst-case LOW input level is 30%Vcc compared to
20%Vcc for standard CMOS logic.

In a 5V HCMOS-based electronic system in a vehicle, the
maximum allowable input current to prevent degradation
of a LOW level at an adjacent input is:

VIL max _

__03x5 _ 30
hre R2

0,05x Ry’ Ry m
The current into the input can also be described as:

Vbat — Vcc _
R1+R2

__16-5 _ 1
R1+R2 560+ Rg

(2)

Since equations (1) and (2) are equal, and assuming R2 = R2'.

30 1

Ry 560+ Rp

which expressed in terms of R2 gives:

Since the resulting value of R2 is negative, the calculation’
proves that interaction between inputs which causes a
problem with conventional 4000 series CMOS logic is no
longer a problem with HCMOS logic. The value of R2 can
therefore be chosen solely for limiting the input current to
the maximum HCMOS rating. For positive input current
into HCMOS inputs, this is 20mA for one input or 50 mA
total for all inputs of a package. For negative current, itis
14 mA for one input, 9 mA for two inputs, 6 mA for three
inputs, 5 mA for four inputs, 4 mA for five inputs and 3mA
per input for more than five inputs. Assuming a worst-case
pulse amplitude of 150V and a maximum input current of
10mA, the value of R2 would be 15k£2. However, a de-
signer might elect to increase this value to obtain the
debounching time-constant in conjunction with C2 (high
value resistors are cheaper than high value capacitors!).
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A time-constant of at least 200 ms should be used for simple
contacts which are often manufactured to achieve a com-
promise between mechanical rigidity and price.

HCMOS IC output protection

According to the HCMOS family specification, it's not
permissible to short-circuit the output of HCMOS ICs.
Nevertheless, this sometimes happens. For example, a break-
down mechanic could inadvertently short a signal line to an
injection coil to the bodywork, or an engineer servicing an
electronic module could short an output to GND with a
probe (printed-circuit boards are very densely packed
nowadays). Our development engineers have anticipated
this and designed the aluminium tracks to HCMOS outputs
to be able to carry short-circuit current. Laboratory experi-
ments have confirmed that HCMOS ICs are indeed short-
circuit proof.

A potential hazard for all CMOS ICs is the possibility of
latch-up being initiated by excess input/output current or
supply overvoltage. This is a real possibility in a motor-
vehicle where the ICs are often supplied by the unfiltered
voltage from the battery which is usually at least a metre
away. Also, the nanosecond rise and fall times of IC signals
can be reflected by actuator inputs and, due to voltage-
doubling at the end of the cable, travel back and cause
overshoots or undershoots at IC outputs. If an IC is driving
a power npn transistor, the base pin of which becomes
shorted to the collector for some reason, 12V will be
applied directly to the IC output. A resistor must therefore
be connected in series with the IC output. Its value must be
chosen not only to allow sufficient base drive for the power
transistor, but also to limit the output current of the IC to
a level that doesn’t cause latch-up, even during fault condi-
tions. The latch-up phenomenon has been fully discussed
in the article ‘‘Standardizing latch-up immunity tests”
which explains why, unlike many other CMOS ICs, HCMOS
ICs are absolutely latch-up free.

SUITABILITY OF HCMOS ICs FOR MIXED
TECHNOLOGY SYSTEMS

The automotive electronics industry selects its components
to achieve an optimum balance between price and perform-
ance. For example:

— NMOS microprocessors which have LSTTL input/output
compatibility are still widely used. All HCMQOS ICs are
available in 74HCT versions which are TTL-compatible

— many bipolar P(ROMs) which were originally designed in
TTL technology are still used for look-up tables etc.
74HCT input levels are compatible with the 0,4 V/2,4V
output swings of these devices

— analog comparators are in widespread use. The output
levels from these are the saturation voltages of bipolar
transistors (0,4 V or Vgc — 0,4 V). 74HC ICs are ideal
for this input voltage swing.

AUTOMATIC ASSEMBLY OF AUTOMOTIVE
ELECTRONICS

To aid their drive toward more automated production lines
and further miniaturization, manufacturers of electronic
equipment for vehicles will appreciate the fact that HCMOS
ICs are not only available in DIL plastic packages. All types
are also available in SO (small outline) packages; ideal for
automated surface mounting.
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ASTABLE MULTIVIBRATORS USING HCMOS ICs

74HC/HCT/HCU high-speed CMOS (HCMOS) logic ICs
dissipate little power, have a wide operating voltage and
temperature range and a low temperature coefficient of the
input switching threshold voltage. This makes them ideal
for constructing simple yet reliable astable multivibrators
in which the operating frequency is determined by a single
RC network. What's more, the high impedance of HCMOS
inputs allows a wide range of switching time-constants
(wide frequency range) to be selected without using high
value capacitors which would increase the dynamic power
dissipation. This article describes a basic astable circuit
using two 74HC/HCU or two 74HCT inverting gates or
buffers and derives simple formulae for accurately deter-
mining its operating frequency. It then develops the formulae
to show how adding one resistor to the circuit makes the
operating frequency and duty factor more independent of
supply voltage variations and input switching threshold
voltage spreads, and limits the input current. The article
concludes by discussing the effect of temperature varia-
tions, the dynamic power dissipation and the range of
external component values and supply voltage that can be
used for the circuit.

BASIC ASTABLE MULTIVIBRATORS

Figure 1 illustrates the circuit arrangement and waveforms
for a basic astable multivibrator using two HCMOS inverters.
When the supply voltage (Vcc) is applied to the circuit, the
potential at points A and B will be of opposite polarity to
that at point C (e.g. points A and B LOW, point C HIGH).
The capacitor then begins to charge and the potential at
point B approaches the switching threshold voltage (VST)
of inverter 1. When the voltage at point B reaches VST, the
output of inverter 1 (point C) goes LOW, and the output of
inverter 2 (point A) goes HIGH. Because of the level
change at point A is rapid, it is transferred to point B.
However, point B is clamped within the limits Vcc+ VD
and GND — Vp by the input protection network of inverter
1. The potential at point B now approaches VST again and,
when it reaches that level, the circuit again changes state
and the cycle repeats. The equations for switching periods
t1 and t2 are:

VsT
=_ 2 1
ty=—RCIn Vee + Vo (1)
Vce — VsT
tp=—RCIn Voo Vo (2)

VsT (Ve — VsT)

{Vce + Vp)? ®

ty+tp=—RCln

ASTABLE
MULTIVIBRATORS
® ]
®

F —— V¢ (supply voltage}

GND (0V})

Vee + Vp (input diode voltage drop)

Vg (switching threshoid)

GND - Vp

Vee

o]

L_ ) —l—1p 4.‘

7295482

Fig.1 Basic astable multivibrator

Influence of supply and switching threshold
voltage variation

For a circuit using a 74HC/HCU IC with V§T=0,5 V¢ and
Vp=0,7V, the switching period varies by +9% and —2,5%
around the value at Vcc =5V over the supply voltage range
3V to 6V. This variation is due to the influence of the
forward voltage drop across the input protection diodes of
inverter 1 (Vp =0,7 V) which causes the value

n VST _
Vce + VD

to vary with supply'/ voltage variations even though VST is
a constant percentage of Vcc. Since VST nom. is 0,5 Vce
for 74HC and 74HCU ICs, the peaks of the voltage at
point B in Fig.1 are symmetrical around VST, resulting in a
duty factor of 0,5 which is independent of supply voltage
variations. However, the nominal switching threshold
voltage is subject to a spread (0,3Vcc to 0,7 Veg for
74HC ICs and 0,2Vcc to 0,8 Vg for 74HCU ICs). This
causes the total switching period to increase by a maximum
of 10,5% for a circuit using a 74HC IC and 27% for a circuit
using a 74HCU IC. The switching threshold voltage spread
also causes the duty factor to spread between the limits 0,7
to 0,3 for a circuit using a 74HC IC, and 0,8 to 0,2 for a
circuit using a 74HCU IC.
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For a circuit using a 74HCT IC, the nominal VST is
1,3V at Vcc=4,5V, 1,415V at Vcc=5V and 1,63V at
Vce=5,5V. The switching threshold voltage is therefore
always below the midpoint of the total voltage swing at
point B in Fig.1, and is not a constant percentage of the
supply voltage. Because the supply voltage range for 74HCT
ICsisonly 4,5V to 5,5V, the value

VST
In ————
Vee + Vb
varies less over the supply voltage range than it does for a
circuit using a 74HC/HCU IC, resulting in a switching
period variation of *0,8% around the value at Vgc=5V
over the supply voltage range. However, because the voltage
swing at point B in Fig.1 is asymmetrical around VST, the
periods calculated with equations (1) and (2) are unequal,
resulting in duty factors of 0,74 at Vgc=4,5V, 0,75 at
Vcc=5V and 0,76 at Vgc=5,5V. Furthermore, the
nominal VST of 74HCT ICs is subject to a spread of about
+0,5 V. With a 5V supply, this causes a maximum switching
period increase of 16% above the nominal value, and a duty
factor spread from 0,8 to 0,6.

CIRCUIT MODIFICATION TO REDUCE
SWITCHING PARAMETER VARIATIONS

Figure 2 shows the astable multivibrator circuit modified
by the addition of resistor Rg in series with the input to
inverter 1. This resistor increases the resistance between
point B and the input to inverter 1, and thereby prolongs
the discharge of capacitor C via the input protection net-
work of inverter 1 each time the polarity of the charge on
capacitor C reverses. |f the value of Rg is high enough, the
voltage at point B will reach the limits Voc+ VST and
VST —Vcc before the voltage at point D reaches the
switching threshold voltage. Since the waveform at point B
now swings by *Vcc around VgT, it is always symmetrical
about VST regardless of the value of VST or Vgc. If the
value of Rg is too low, the peaks of the waveform at point
B will be clipped; if it is too high and a buffered 74HC IC is
being used, spurious oscillations or glitches may occur due
to stray capacitance Ct1 causing phase-shifted feedback
around inverter 1. It is therefore preferable to use the
unbuffered Hex Inverter 74HCUO4 for this circuit. The
optimum value for Rg is 2R. It will be shown later that
increasing the value of Rg beyond 2R doesn’t result in any
further improvement of the performance of the circuit. The
waveform at the input to inverter 1 (point D) is clamped by
the input protection diodes to Vg + Vp for positive-going
swings, and to —Vp for negative-going swings, but resistor
Rg limts the current flow through the input protection
network during these periods. The presence of Rg therefore
also reduces crosstalk to other inverters in the same package.

_____T____
|
|
|
.
T
I
|
4

-
|
|
Lo
|
|

b

J_ — V¢ (supply voltage)
_J ——GND (0V)
— VsT*Vee
—Vee
~———— Vg (switching threshold voltage)
N
Emm—— S (e
-——I:“ Vee
—GND

— Vg + Vp (input diode voltage drop)

Vst

f?

GND — vp
7295480

Fig.2 Modified astable multivibrator

Figure 3 is a more detailed version of the waveform at
point B in Fig.2. Period t1 is still defined by equation (1),
and period t2 is still defined by equation (2). The equations
for additional periods t3 and tp are:

- K RCI K(Vce + Vp) @
a K+1 n K(Vce + VsT) + VST — Vp
K(Vee + Vp)

K
tp,=— —— RC
b K+1 In K(2Vce — VsT) +Vee — VsT — Vp

(5)

where K=(Rg+R|)/R, and Ry is the input resistance of
inverter 1 when one of the input protection diodes is con-
ducting (about 125 $2).

Since periods t; and tp increase with increasing supply
voltage, and periods t1 and t2 decrease, the total switching
period and duty factor of the waveform at point B in the
modified circuit tends to be stabilized against supply
voltage variations. Since t3 and t2 increase with increasing
switching threshold voltage, and t1 and tp, decrease, the total
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switching period and duty factor also tend to be stabilized
against spread of the switching threshold voltage.
If K= 2, periods t1 +1t3 and t2 + tp are:

vsT
ty +t3=—RClIn Vee + VaT
Vce - Vst
tg +ty = —RCin —=—
2°® 2Vce - VT

The total switching period is therefore:
VsT (Vce — VsT)

T=-RCIn (6)
(Vce + VsT) (2Vee — VsT)
\-— Vee * Vst
Vee* Vb
—Vee
_ — Vs1
ov
-V
—Vee* Vst
|ty e t) |t le— 17 ——
1/f 7295481
Fig.3 Waveform at point B in Fig.2

Equation (6) shows that the switching period is no longer
influenced by the forward voltage drops across the input
protection diodes of inverter 1. For a circuit using a 74HC
or 74HCU IC in which the nominal value of VT is 0,5VcC
for all supply voltages, equation (6) can be simplified to:

T=2,2RC (7)

For a circuit using a 74HCT IC in which the nominal VST
is 1,3V for Vcc=4,5V, 1,415V for Vcc=5V and 1,563V
for Vcc=5,6V, equation (6) can be approximated by:

T=24RC (8)

Tables 1 and 2 verify the accuracy of equations (7) and (8)
by comparing their results with calculations made with
equations (1), (2), (4) and (5), and with measured results
for a circuit in which Voc=5V and K=2 (Rg=2R).

For a circuit using a 74HC IC, Fig.4 indicates the ratio
of measured switching periods to those calculated with
equations (1), (2), (4) and (5) for various combinations of
R and C and with K=2. The component value limits
which will maintain the ratio acceptably close to unity are
also shown.

T
7205470 1%

T
10k

T T
100k 1M

Fig.4 Ratios of measured to calculated switching periods, for
acircuit using a 75HC IC, to indicate the validity of equations

(1), (2), (4) and (5)

TABLE 1

Accuracy of formulae for 74 HC/HCU ICs with
Vec =5V, VsT =25V and K = 2 (all times in us)

T calculated

measured T

RC fromformutae '~ 22RC  (zanc)  7amcu

1000 2174 2200 2177 2147

100 217 220 218 214

10 21,7 22 26 21,7

1 217 2.2 24 24

01 0217 022 03 03
TABLE 2

Accuracy of formulae for 74HCT ICs with
Vecc =5V, VsT = 1,415V and K = 2 (all times in us)

T calculated

RC from formulae T=24RC measured T
1000 2348 2400 2362

100 235 240 236

10 23,5 24 244

1 2,35 24 26

0,1 0,235 0,24 0,3
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Influence of supply voltage variations

Table 3 (74HC/HCU) and Table 4 (74HCT) compare the
results of switching period and duty factor calculations
made with equations (1), (2), (4) and (5) for K=107
(Rg short-circuit), K=2 (Rg=2R) and K=10 (Rg= 10R),
with supply voltage as a parameter. The Tables show that
the influence of supply voltage variation on the switching
period and duty factor of a circuit using a 7HC/HCU or
74HCT IC is almost eliminated when K=2.

Influence of switching threshold voltage spread

Table 5 (74HC), Table 6 (74HCU) and Table 7 (74HCT)
compare the results of switching period and duty factor
calculations made with equations (1), (2), (4) and (5) for
K=10" (Rg short-circuit), K=2 (Rg=2R) and K=10
(Rg = 10R), with switching threshold voltage as a parameter.

Car n airattit igina o 7ALUC 10 Tahla B chawe that tha in.
vOF a@ CIrCuitl Using a /4L 1L, 1acie S SNOWS Tnat tne in

fluence of the switching threshold voltage spread on the
switching period is reduced by 33% when K=2, and the

duty factor spread is reduced by 43%. For a circuit using a
74 HCU IC, Table 6 shows a 33% reduction of the switching
period deviation and a 40% reduction of duty factor
spread with K=2. For a circuit using a 74HCT IC, Table 7
shows a 29% reduction of switching period deviation and a
25% reduction of duty factor spread when K =2.

Influence of temperature on the switching period

Temperature variations have little influence on the switching
period, and hence the operating frequency of astable
multivibrators using 74HCMOS ICs. This is because the
switching threshold voltage varies by only #60 mV from its
nominal value at 25 °C over the temperature range —40°C
to +125°C. This is far less than the +200 mV variation for
LSTTL ICs. The effect of the variation of the switching
threshold voltage is a spread of the total switching period.
For a circuit using a 74HC/HCU IC with a 5V supply and

K=2, the switching pericd increases by 0,02% at the two

temperature extremes. For a circuit using a 74HCT IC, the
switching period varies by +1%.

TABLE 3
Switching period and duty factor as functions of supply voltage with K as a parameter for 74HC/HCU ICs
(VsT = 0,5 Vg, RC = 100 us)

K=10"
Vee 3V 45V 5V 55V 6V
total switching period (us) 181,645 168,685 165,986 163,749 161,866
deviation from value at 5 V +9% +1,6% 0 -1,3% —-2,5%
switching duty factor 0,5 05 05 0,5 0,5

K=2,

Vee 3v a5V 5V 55V 6V
total switching period (us) 218,027 216,822 216,537 216,293 216,081
deviation from value at 5 V +0,7% +0,0,1% 0 —-0,1% -0,2%
switching duty factor 05 0,5 0,5 0,5 0,5

K=10
Vee 3v a5V 5V 55V 6V
total switching period (us) 219,367 219,107 219,045 218,991 218,945
deviation from value at 5 V +0,1% +0,03% (o] —0,02% —0,05%
switching duty factor 0,5 0,5 05 0,5 0,5
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TABLE 4
Switching period and duty factor as functions of supply
voltage with K as a parameter for 74HCT ICs
(RC = 100 us)
K =107
Vee 45V 5V 55V
VsT 13V 1415V 1,53V
total switching period (us) 188,273 186,810 185,623
deviation from value at
Vec =5V +0,8% 0 —0,6%
switching duty factor 0,74 0,75 0,76
K=2
Vee 45V 5V 55V
VsT 13V 1,415V 1,53V
total switching period (us) 234,022 234855 235,562
deviation from value at
Vec =8V —-0,3% 0 +0,3%
switching duty factor 0,64 0,64 0,65
K=10
Vee 4,5V 5V 55V
VsT 13V 1415V 153V
total switching period (us) 236,635 237,692 238,588
deviation from value at
Vec=5V —-0,4% 0 +0,4%
switching duty factor 0,63 0,64 0,64

TABLE 5
Switching period and duty factor as functions of switching
threshold voltage with K as a parameter for 74HC ICs
(Vcc =5V, RC = 100 us)

K=107

VsT 15V 25V 35V
total switching period (us) 183,384 165,986 183,384
deviation from value at

Vg1 nom. +10,5% 0 +10,5%
switching duty factor 0,73 0,5 0,27

K=2

VsT 15V 25V 35V

total switchina neriad (ue)
total switching pericd (us}

deviation from value at

VsT nom. +7% 0 +7%

switching duty factor 0,63 0,5 0,37
K=10

VsT 15V 25V 35V
total switching period (us) 234596 219,045 234,596
deviation from value at

VgT nom. +7% +7%
switching duty factor 0,62 05 0,37

Dynamic power dissipation

The average dynamic power dissipation of an entire IC
package of inverters (or inverting gates), only two of which
are used for an astable multivibrator is the sum of the
following five terms. The first two terms apply to the in-
verters in the package which don’t form part of the multi-
vibrator. The sum of the last three terms is the dynamic
power dissipation of the two inverters of the multivibrator.

CppVec? fi in which Cpp is the load imposed by inter-
nal capacitance and switching transient
currents, and fj is the frequency at the input.

Z(CLVce? fo) in which CL is the load capacitance at the

output, and fo is the frequency at the
output.

(CppVec/T
and T is the total switching period for the
multivibrator.

(2CVecA/T  in which C is the timing capacitance of the
multivibrator, and T is its total switching

period.

XVce in which X is the average through-current
from Table 8 and 9. This through current
depends on the size of the input transistors
of the particular IC and varies from one

type of IC to another.

It is obvious from the fourth term that the dynamic power
dissipation can be reduced by using a lower value for
timing capacitor C, and therefore, higher values for R
and Rs.

in which Cpp is defined for the first term, -
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TABLE 6 TABLE 7
Switching period and duty factor as functions of switching Switching period and duty factor as functions of switching
threshold voltage with K as a parameter for 74HCU ICs threshold voltage with K as a parameter for 74HCT ICs
(Vee =5V, RC = 100 us) (Vcc =5V, RC =100 us)
K=107 K=10"7
VsT 1V 25V 4V VsT 093V 1415V 19V
total switching period (us) 210,497 165,986 210,497 total switching period (us) 215,996 186,810 171,907
deviation from value at deviation from value at
VgT nom. +27% ] +27% VsT nom. +16% 0 —8%
switching duty factor 0,83 0,5 0,17 switching duty factor 0,84 0,75 0,64
K=2 K=2
VT 1V 25V 4V VsT 093V 1415V 19V
total switching period (us) 266,202 216,537 256,202 total switching period {(us) 261,231 234,855 221,700
deviation from value at deviation from value at
Vg1 nom. +18% 0 +18% VsT nom. +11% ] —5,6%
switching duty factor 0,7 05 03 switching duty factor 0,71 0,64 0,58
K=10 K=10
VsT 1V 25V 4V VsT 0,93v 1415V 19V
total switching period (us) 259,377 219,045 259,377 total switching period (us) 264,478 237,692 224,303
deviation from value at deviation from value at
VgT nom. +18% 0 +18% VsT nom. +11% 0 —5,6%
switching duty factor 0,7 05 03 switching duty factor 0,70 0,63 0,57
A b roudh T’:B'-E 8 . | TABLE 9
verage t '°"|9_ '_':’"e"t or t_"":’H'g)':ggs (':" an astable Average through-current for two inverters in an astable
multivibrator using 1Cs multivibrator using 74HCT ICs
74HCO0 74HCO4 74HCUO4 74HCTO0 74HCTO4
Vec through-current (uA) Vee through current (uA)
3V 150 130 600 45V 700 450
45V 700 450 2600 5V 1050 650
5V 1050 650 3500 55V 1350 800
6V 1800 1050 5600

The last term is the additional average dynamic power
dissipation of the first inverter used for the multivibrator.
It occurs because the near-triangular waveform at the input
to inverter 1 (point D in Fig.2) slowly approaches VST and

causes the through-current indicated in Tables 8 and 9.
Because of the shape of the waveform, inverter 1 is always
operating in its linear region so that this term is independent
of the operating frequency.
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Component value and supply voltage limits

The astable multivibrator shown in Fig.2 will operate
correctly as long as C is a bipolar capacitor with a value
greater than 100 pF, and the value of R is between 470
and 1 M. The lower limit for the value of R ensure that R
is much higher than the output impedance of the inverters
(typically 4082 with a 4,5V supply) so that output impe-
dance spreads don’t influence the switching period. However,
due to the influence of parasitic capacitances Ct1 and Ct2,
equations (7) and (8) will only remain valid when C is
10nF or greater, and R is between 1 kQ and 1 M.

The previously mentioned spurious oscillations or
glitches which can occur if the value of Rg is too large will
have a frequency of 1/(2tp) where tp is the propagation
delay of inverter 1. The impedance at the input to inverter
1 is then very high and sensitive to crosstalk. The spurious
oscillations can be suppressed by using careful board layout
to decrease parasitic capacitance Ctj, decreasing RS, or
increasing Ct2 by connecting a low-value capacitor between
point A and D. However, the best solution is to use the un-
buffered Hex Inverter 74HCUQ4 which is specially made
for linear applications and will make the oscillator less
sensitive to spurious oscillations because it has lower gain
than the HCO4 or HCTOA4. Parasitic capacitance Cg is
formed by board tracks and should be kept as low as
possible to avoid any additional delay due to time-constant
RsCs.

Although 74HC/HCU ICs can operate from a supply
voltage as low as 2V, it is recommended that a supply of at
least 3V be used for an astable multivibrator. This is
because the threshold voltages of the input transistors can
be as high as 0,9 V which would leave insufficient margin to
operate in the linear region with a 2V supply. The supply
voltage range for astable circuits using 74HC/HCU ICs is
therefore 3V to 6V. For circuits using a 74HCT ICs it is
45V to55V.
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CRYSTAL OSCILLATORS USING HCMOS ICs

Crystal-controlled oscillators are widely used in clock pulse
generators because of their excellent frequency stability
and their wide operating frequency range. If they use an
HCMOS IC as the active element, they have the additional
advantages of low power dissipation and stable operation
over a wide range of supply voltages and temperature. This
article describes the design of several types of crystal-
controlled oscillators based on the unbuffered HCMOS Hex
Inverter 74HCUO4.

The terms and definitions for crystal-controlled oscilla-
tors as specified by the IEC in their publication IEC 122-11
are listed in Table 1.

CRYSTAL CHARACTERISTICS

Figure 1 is the equivalent circuit of a quartz crystal. The
reactive and resistive components of the impedance of the
crystal alone, and of the crystal with a series and a parallel
capacitive load are shown in Fig.2.
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]

R1

7291630

Fig.1 Equivalent circuit of a crystal

Figure 2 shows that, with a specified value of load
capacitance (CL), the load resonance frequency (f|) is the
same for a circuit with either a parallel or series capacitive
load. It is therefore very important to use this value of load
capacitance in the design of a crystal oscillator. However,
the preferred load capacitance should be partially adjustable
so that compensation can be made for spurious capaci-
tances caused by the pcb and the pins of the IC. Preferred
values of load capacitance specified for fundamental fre-
quency operation of various crystals at parallel resonance
are 20pF, 30pF, 50pF and 100 pF. Some countries still

use 32 pF, but, since this is not a preferred value, its use is
not recommended. The preferred values of load capacitance
for overtone operation at series resonance are 8 pF, 12 pF,
15 pF, 20 pF and 30 pF.
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Fig.2 Reactance and resistance characteristics of a crystal,
(a) resonance, (b) anti-resonance, (c) load resonance

The power dissipated in a crystal is called the “level of
drive”’. Since the crystal characteristics become highly
dependent on the level of drive if it is outside the range
1pW to 1mW, the crystal characteristics are usually speci-
fied at 0,5 mW. With a very low level of drive, as can occur
during oscillator start-up, the characteristics can vary
slightly, in particular, the resonance resistance Ry will
increase about threefold. To overcome this, the loop gain
of the oscillator circuit should be sufficient to prevent
start-up problems, but not enough to overdrive the crystal.
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HCMOS HEX INVERTER 74HCU04 IN
CRYSTAL-CONTROLLED OSCILLATORS

The Pierce oscillator in which the crystal has a parallel load
capacitance is the type most widely used in digital systems.

XTAL
L1 R1 C1
="
CLi== co =CL2

7291632.1

Fig.3 Basic Pierce oscillator

A 4 MHz crystal oscillator using the 74HCU04

Figure 4 illustrates a practical 4 MHz Pierce oscillator in
which the crystal is operating at its fundamental frequency
and is tuned by a parallel load capacitance consisting of
CpL1 and C| 2 in series, together with stray capacitances.

R XTAL
74HCUO4 r

(1/6) CLoT Lcyy

7291633.3

Fig.4 Practical Pierce oscillator using unbuffered
inverter 74HCU04

As shown in Fig.3, it is basically a Colpitts oscillator in
which the inductor has been replaced by a crystal. The
advantages of this configuration are:

— good suppression of the third overtone (9x)

— lower power dissipation (level of drive) in the crystal
than in a series-resonant oscillator due to the high ohmic
loading

— the amplifier must provide 180° phase shift, so a simple
inverter can be used.

The high input impedance of the 74HCUO04 Hex Inverter
makes it ideal for use in a Pierce oscillator. However, good
power supply decoupling is necessary (see section ‘‘Power
supply decoupling”’).

Although the 74HCUO4 can operate from a supply
voltage as low as 2V, it is recommended that a supply of at
least 3V be used for a crystal-controlled oscillator. This is
because the threshold voltages of the input transistors can
be as high as 0,9 V which would leave insufficient margin to
operate in the linear region with a 2V supply. The supply
voltage range for crystal oscillators using the 74HCUO04 is
therefore 3V to 6 V.

Unfortunately, the output impedance of the 74HCUOQ4
is too low to drive the crystal directly. The simple expedient
of adding a resistor in series with the output causes ad-
ditional phase shift resulting in an increase of loop gain and
a decrease of the level of drive .in proportion to the square
of the frequency. This arrangement is therefore only
suitable for lower frequencies (up to about 4 MHz). For
higher frequency oscillators, the output impedance of the
inverter must be increased with a series capacitor instead of
a series resistor.

CL1 should be adjustable so that the capacitive load can be
accurately set to the preferred load capacitance specified
for the particular crystal being used. The loop gain of the
circuit is:

Vo C_L_g

VI CLi

For an economy range 4 MHz crystal (4322 143/144 04091),
the specified CL (C1 and C2 in series) is 30 pF and the
specified resonance resistance (Ry) of the crystal is 75%2.
At 4 MHz, a loop gain (C| 2/C 1) of about unity is adequate,
and so if there is no stray capacitance.

CL1=CL2=60pF.
However, since there will always be some stray capacitance
56 pF capacitors should be used for Cy 1 and Cp 2. Since
CL1 and C| 2 are equal, the total impedance as seen from
the output of the inverter can be simplified to:

XcL?
ZL=_—F""'—_

where XcL=—j/wCL2 and Ry is the specified resonance
resistance of the crystal (75 £2).

For optimal operation of a Pierce oscillator, the output
impedance of the inverter should be the same as the total
load impedance. The output impedance of the inverter
should therefore be 5,9 k§2. Since the output impedance of
the 74HCUO4 with a 5V supply is only sbout 4082, the
preferred value for Rg in series with the output of the
inverter is 5,6 k2. However, this value would cause too
much phase shift, so a compromise value of 2,2 k2 is used.
Any value between 1M and 10MS is suitable for Rf
which provides d.c. bias for the output of the inverter.
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Higher frequency crystal oscillators using the
74HCU04

In addition to the phase shift introduced by Rg in series
with the inverter output, the inverter's propagation delay
ttp) also causes phase shift which can be expressed as:

Phase shift = fosc X tp x 360°.

With a maximum propagation delay of 14 ns, a4,5V supply
for the 74HCUO4, and an oscillator frequencyof 6 MHz, a
further 30° phase shift would occur. This means that the
Pierce oscillator circuit shown in Fig.4 is unsuitable for
operation at high frequencies. Modifying the circuit by
replacing Rg with a capacitor (Cg) of about the same value
as CL (half the value of C|_1 or C2), allows the circuit to
be used at a higher frequency.

An overtone crystal oscillator using the 74HCU04

Most crystal manufacturers supply crystals for operation at
fundamental frequencies, third overtone crystals for opera-
tion in the frequency range 10 MHz to 75 MHz, and fifth
overtone crystals for operation in the frequency range
50 MHz to 125 MHz.

Due to the high maximum operating frequency of
HCMOS logic systems, it may be necessary to use a third
overtone oscillator with parallel load capacitance as shown
in Fig.5. A critical requirement for this type of oscillator is
suppression of the fundamental frequency of the crystal.
Two methods of suppression are used in the circuit of
Fig.5.

— capacitor Cg, which should have a value close to that of
CL, presents a higher impedance to the fundamental
frequency of the crystal than itdoes to the third overtone

— Cg/L resonates at slightly below the third overtone and
traps the fundamental frequency.

74HCU04
(1/8)

7291635.3

Fig.5 Practical overtone oscillator using unbuffered
inverter 74HCUO4

Tuning L for maximum output voltage may affect the
oscillator frequency slightly, but adjustment of Ci 1 will
usually compensate for this.

Checking a prototype crystal oscillator design

The following simple checks will verify the quality of the
design of a crystal-controlled oscillator usinga 74HCUO4 IC:

1. Test the oscillator under worst-case conditions (lowest
supply voltage, worst-case crystal and highest operating
temperature). A worst-case crystal can be simulated by
adding series and parallel resistors.

2. Ensure that the circuit doesn’t oscillate without the
crystal.
3. Check the frequency stability of the oscillator over a

supply voltage range greater than that which is likely to
occur during normal operation.
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Adjustment
tolerance

Ageing {long-
term parameter
variation)

Ageing tolerance

Anti-resonance
frequency fg

Level of drive

Load capacitance
CL

Load resonance
frequency f|_

Load resonance
resistance Ry_

The permissible deviation from the nominal
frequency at the reference temperature under
specified conditions.

The relation which exists between any param-
eter (e.g. resonance frequency) and time.

Note: such parameter variation is due to long-
term changes in the crystal unit and is usually
expressed in fractional parts per period of time.

The permissible deviation due to time under
specified conditions.

The higher of the two frequencies of a crystal
unit alone, under specified conditions, at which
the electrical impedance of the crystal unit is
resistive.

A measure of the conditions imposed upon the
crystal unit expressed in terms of power dissi-
pated.

Note: in special cases, the level of drive may be
specified in terms of crystal current or voltage.

The effective external capacitance associated
with the crystal unit which ddetermine the load
resonance frequency fi_.

One of the two frequencies of a crystal unit in
association with a series or with a parallel load
capacitance, under specified conditions, at which
the electrical impedance of the combination is
resistive. This frequency is the lower of the two
frequencies when the load capacitance is in
series and the higher when it is in parallel (see
Fig.2). For a given value of load capacitance
(Cp), these frequencies are identical for all
practical purposes and are given by :

Ao ‘/ L1C1(Co+Cy)

fL C1+Co+CL

The resistance of the crystal unit in series with
a stated external capacitance at the load reso-
nance frequency fy .

Note: the value of R|_ is related to the value of
Ry by the following expression:

RL=R |1+ g’y
L r cL

Motional
capacitance Cq

Motional
inductance L4

Nominal
frequency f,

Operable
temperature
range

Operating
temperature

Reference
temperature

Resonance
frequency f,

Resonance
resistance Ry

Tolerance due to
level of drive
variation

Tolerance over
temperature
range

Unwanted
response

Working
frequency fy,

TERMS AND DEFINITIONS FOR CRYSTAL OSCILLATORS (IN ACCORDANCE WITH IEC 122-1)

The capacitance of the motional (series) arm of
the equivalent circuit.

The inductance of the motional (series) arm of
the equivalent circuit.

The frequency assigned by the specification of
the crystal unit.

The range of temperatures as measured on the
enclosure over which the crystal unit must
function though not necessarily within the
specified tolerances.

The range of temperatures as measured on the
enclosure over which the crystal unit must
function within the specified tolerances.

The temperature at which certain crystal
measurements are made. For controlled tempe-
rature units, the refer