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Introduction

FACT™ (Fairchild Advanced CMOS Technology) is a very
high-speed, low power CMOS Logic family utilizing a 1.3 uM
Isoplanar silicon gate CMOS process. FACT logic functions
can attain speeds similar to that of Advanced Low Power
Schottky while retaining the advantages of CMOS logic: Ultra
low static power and high noise immunity. FACT offers the
system designer the added benefit of superior line driving
characteristics and excellent ESD and Latch-up immunity.
FACT Quiet Series, an extension of the FACT family, is a
high speed, low power CMOS family IDEAL for ACMOS ap-
plications requiring increased noise margins. Utilizing NSC
Quiet Series Technology, FACT QS features GTO™ outputs
control, undershoot corrector and a split ground bus for su-
perior ACMOS performance. In addition, FACT QS features
improved AC specifications, specifies maximum pin-to-pin
output skew and provides enhanced ESD immunity and
latch-up protection.
FACT FCT, an extension of the FACT family, features 7 ns
propagation delays and 64/48 mA output drive. The series
incorporates National’s Quiet Series Technology to provide
the lowest noise performance of any FCT logic family. FACT
FCTA is the high speed, high drive extension of the FACT
family featuring 5 ns maximum propagation delays and
64/48 mA output drive. In addition, FACT FCTA features
quiet circuitry to provide increased noise margins.
The FACT/FACT QS families consist of devices in two cate-
gories:
1. AC/ACQ—standard logic functions with CMOS compati-
ble inputs and TTL and MOS compatible outputs;
2. ACT/ACTQ—standard logic functions with TTL compati-
ble inputs and TTL and MOS compatible outputs.

Product Index and Selection Guide

Lists FACT, FACT QS, FACT FCT, and FACT FCTA circuits
currently available, in design or planned. The selection guide
groups the circuits by function.

Section 1 Descriptions and Family
Characteristics ...................... 1-1

Basic information on FACT performance including technol-
ogies.

Section 2 Ratings, Specifications and
Waveforms.......................... 2-1

Contains common ratings and specifications for FACT de-
vices, as well as AC test loads and waveforms.
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Introduction

Section 3 Design Considerations .. ......

Information to assist both TTL and CMOS designers

to get the most out of the FACT family.

Section 4 Advanced CMOS Datasheets ..

Contains datasheets for currently available
pending new FACT products.

Section 5 Quiet Series Datasheets.......

Contains datasheets for currently available
pending new FACT Quiet Series products.

Section 6 FCT Series Datasheets........

Contains datasheets for currently available
pending new FACT FCT products.

Section 7 FCT A and B Series
Datasheets...................

Contains datasheets for currently available
pending new FACT FCTA products.

Section 8 Ordering Information and
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Physical Dimensions........... 8-1
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Definition of Terms

Product Status Definitions

Data Sheet Identification Product Status Definition
Advance Information Formative or This data sheet contains the design specifications for product
In Design development. Specifications may change in any manner without notice.
Preliminary First This data sheet contains preliminary data, and supplementary data will
Production be published at a later date. National Semiconductor Corporation
reserves the right to make changes at any time without notice in order
to improve design and supply the best possible product.
No Full This data sheet contains final specifications. National Semiconductor
Identification Production Corporation reserves the right to make changes at any time without
Noted notice in order to improve design and supply the best possible product.

National Semiconductor Corporation reserves the right to make changes without further notice to any products herein to
improve reliability, function or design. National does not assume any liability arising out of the application or use of any product
or circuit described herein; neither does it convey any license under its patent rights, nor the rights of others.
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54AC/74AC00 Quad 2-Input NAND Gate .. ...vvreieie i e 4-5
54AC/74AC02 Quad 2-INPUENOR GatE ... ovviit ittt e et ettt eanennas 4-9
BAAC/TAACOA HEX INVEITET . o oottt ettt ettt e et e ettt a et ne i eaeaneas 4-13
54AC/74AC08 Quad 2-INPUt AND Gate ...ttt ittt it i et e 4-17
S54AC/74AC10 Triple 3-InpUt NAND Gate .. .. ..o oot i i e i e et eaaas 4-21
54AC/74ACT1 Triple 3-Input AND Gate . ..ot i et 4-25
54AC/74AC14 Hex Inverter with Schmitt Trigger Input. . .........oo it 4-28
54AC/74AC20 Dual 4-INpUt NAND GaLe . . ..o vttt ittt e e e et e e e et e i, 4-31
54AC/74AC32 Quad 2-INPUt OR Gate. .. ...t vttt et ittt e i nnetanens 4-34
54AC/74AC74 Dual D Positive Edge-Triggered Flip- Flop .................................. L...4-38
54AC/74AC86 Quad 2-Input Exclusive-OR Gate. . ......ooiiiee i eeiiiiiiieen e 4-44
54AC/74AC109 Dual JK Positive Edge-Triggered FIip-FIOp .......vvvuieiireiiieiininieeinnnns 4-47
54AC/74AC125 Quad TRI-SSTATE BUfer . ..ottt e e i e ce e 4-53
54AC/74AC138 1-0f-8 Decoder/Demultiplexer . ...ttt ii et 4-57
54AC/74AC139 Dual 1-0f-4 Decoder/Demultiplexer ..........c.ooviiii ., 4-63
B4AC/74ACT51 B-INpUt MUItIPIEXET . . ..o ettt e e e e 4-68
54AC/74AC153 Dual 4-Input MUHIpIEXEr .. ..ot e et e 4-74
54AC/74AC157 Quad 2-Input MUtipIeXer. . . ...t e 4-79
54AC/74AC158 Quad 2-Input MUIIPIEXEr. . . ... oot e e 4-84
54AC/74AC161 Synchronous Presettable Binary Counter ........................o il 0.. 4489
54AC/74AC163 Synchronous Presettable Binary Counter ............ ..o, PR 4-97
54AC/74AC169 4-Stage Synchronous Bidirectional Counter ............coovvviivninennn. .. 4-105
54AC/74AC174 Hex D Flip-Flop withMaster Reset ............ooiiiiiiiiiiii i 4-113
S54AC/7T4ACI75 QUad D FHP-FIOP . . ettt e e et ea s 4-119
54AC/74AC191 Up/Down Counter with Preset and Ripple Clock ..., 4-125
54AC/74AC240 Octal Buffer/Line Driver with TRI-STATEOUtpUtS . . ... ..o oo 4-132
54AC/74AC241 Octal Buffer/Line Driver with TRI-SSTATEOutputs . . ..o vvevie it 4-136
54AC/74AC244 Octal Buffer/Line Driver with TRI-STATEOutputs . . .......covvieveiiirann... 4-140
54AC/74AC245 Octal Bidirectional Transceiver with TRI-STATE Inputs/Outputs ................ 4-144
54AC/74AC251 8-Input Multiplexer with TRI-SSTATE Output. . .....ooveiviii i eanss 4-148
54AC/74AC253 Dual 4-Input Multiplexer with TRI-STATEOutputs . ........ccoovivvneninnenen. 4-154
54AC/74AC257 Quad 2-Input Multiplexer with TRI-STATEOutputs ...........ovvneenenn... 4-160
54AC/74AC258 Quad 2-Input Multiplexer with TRI-STATEOUtpUtS ......covvvvviinnnnnennen, 4-165
BAAC/74AC273 OCtal D FlP-FIOp © ot ettt ittt ettt et e 4-170
54AC/74AC280 9-Bit Parity Generator/Checker. . ..ottt 4-175
54AC/74AC299 8-Input Universal Shift/Storage Register with Common Parallel I/OPins ......... 4-179
B54AC/T4AC367 Hex TRI-SSTATE BUMEr .. ...ttt e e enns 4-191
54AC/74AC373 Octal Transparent Latch with TRI-STATEOQutputs ............oovvvieennenn... 4-197
54AC/74AC374 Octal D Flip-Flop with TRI-STATEQutputs . ......covvvviiiiiiiiii i 4-203
54AC/74AC377 Octal D Flip-Flop with ClockEnable . ...t 4-209
54AC/74AC378 Parallel D RegisterwithEnable ...ttt 4-215
54AC/74AC520 8-Bit Identity COMPArator .. .....o.uuuuurreerenentnraerianerneieeneneenenss 4-223
54AC/74AC521 8-Bit Identity Comparator ..........ovveiiviieirieenneennnn. e 4-229
54AC/74AC540 Octal Buffer/Line Driver with TRI-STATEOQUtpUtS . ... ..o vvveiiii i 4-240
54AC/74AC541 Octal Buffer/Line Driver with TRI-STATEOQUtpUtS . . . ..ot v 4-243
54AC/74AC574 Octal D Flip-Flop with TRI-STATEOUtpUtS . . ...ovvivii i 4-259
54AC/74AC646 Octal Transceiver/Register with TRI-STATEOutputs . .............oovvviinnt, 4-265
54AC/74AC648 Octal Transceiver/Register with TRI-STATEOutputs . ........oovivviiinn, 4-272
54AC/74AC821 10-Bit D Flip-Flop with TRI-STATE OUtpULS . ... ..ottt enenn 4-294
54AC/74AC843 9-Bit Transparent LatCh .........coiriiiiiii it 4-313
54AC/74ACB99 9-Bit Latchable Transceiver Register with Parity Generator/Checker ............ 4-326
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54AC/74AC2525 Minimum Skew CloCK Driver ...ttt eees 4-338
54AC/74AC2526 Minimum Skew Clock Driver with Multiplexed Clock Input ..................... 4-338
54AC/74AC2708 64 x 9 First-In, First-Out Memory .. ... ..o e 4-339
54ACQ/74ACQ240 Quiet Series Octal Buffer/Line Driver with TRI-STATE Qutputs................. 5-7
54ACQ/74ACQ241 Quiet Series Octal Buffer/Line Driver with TRI-STATE Qutputs ............... 5-12
54ACQ/74ACQ244 Quiet Series Octal Buffer/Line Driver with TRI-STATE Outputs ............... 5-17
54ACQ/74ACQ245 Quiet Series Octal Bidirectional Transceiver with TRI STATE Outputs ......... 5-22
54ACQ/74ACQ273 Quiet Series Octal D Flp-FIOP . ... vvvvini e 5-27
54ACQ/74ACQ373 Quiet Series Octal Transparent Latch with TRI-STATE Outputs ............... 5-32
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54ACQ/74ACQ543 Quiet Series Octal Registered Transceiver with TRI-STATE Outputs........... 5-57
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54ACQ/74ACQ821 Quiet Series 10-Bit D Flip-Flop with TRI-STATE Outputs ..................... 5-87
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54ACT/74ACT10 Triple 3-Input NAND Gate .......cviuiiiitni it iie e 4-21
B54ACT/74ACT32 Quad 2-INpUut OR Gate . ...ttt e i it i nieans 4-34
54ACT/74ACT74 Dual D Positive Edge-Triggered Flip-FIop . ..ot 4-38
54ACT/74ACT109 Dual JK Positive Edge-Triggered Fip-FIOp .. ... vvvvviieeiiieiiinennannns. 4-47
54ACT/74ACT125 Quad TRI-STATE BUffer ... ...t i 4-53
54ACT/74ACT138 1-0f-8 Decoder/Demultiplexer ......... ...t 4-57
54ACT/74ACT139 Dual 1-of-4 Decoder/Demultiplexer ..ot nnnn, 4-63
S4ACT/T4ACT 151 8-InpUt MUKIDIEXer . . oot i e i e e e e e inaeaens 4-68
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54ACT/74ACT157 Quad 2-Input MUltiplexer . ...t i aein e 4-79
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54ACT/74ACT161 Synchronous Presettable BinaryCounter ...........oooiiiiiiiiiiiiinnnn. 4-89
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54ACT/74ACT169 4-Stage Synchronous Bidirectional Counter...............covvviiiiiiinn... 4-105
54ACT/74ACT174 Hex D Flip-Flop with MasterReset. .. ..., 4-113
54ACT/74ACT175 Quad D Flip-Flop .......... e e e e e e 4-119
54ACT/74ACT240 Octal Buffer/Line Driver with TRI-STATEQutputs ..............covvviann. 4-132
54ACT/74ACT241 Octal Buffer/Line Driver with TRI-STATEQutputs ...............coevvinn.. 4-136
54ACT/74ACT244 Octal Buffer/Line Driver with TRI-STATE Outputs ............coovviiina.,. 4-140
54ACT/74ACT245 Octal Bidirectional Transceiver with TRI-STATE Inputs/Outputs .............. 4-144
54ACT/74ACT251 8-Input Multiplexer with TRI-STATEOutput ....... ... ..ottt 4-148
54ACT/74ACT253 Dual 4-Input Multiplexer with TRI-STATE Outputs. ..o, 4-154
54ACT/74ACT257 Quad 2-Input Multiplexer with TRI-STATEOutputs . . ... ..o cveviiiinen.... 4-160
54ACT/74ACT258 Quad 2-Input Multiplexer with TRI-STATEQutputS . ... .ot vvv i, 4-165
54ACT/74ACT299 8-Input Universal Shift/Storage Register with Common Parallel /O Rins........ 4-179
54ACT/74ACT323 8-Bit Universal Shift/Storage Register with Synchronous Reset and Common
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54ACT/74ACT564 Octal D Flip-Flop with TRI-STATEOUIPULS . . . ..o v it 4-251
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54ACT/74ACT825 8-Bit D FIlip-FIOp ..ottt et e 4-304
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54FCT541 Non-inverting Octal Buffer/Line Driver with TRI-STATEOutputs ...................... 6-55




Alpha-Numeric Index contnes
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54FCT/74FCT374 Octal D Flip-Flop with TRI-STATE Qutputs ... ......cooiiiiiii e 6-30
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54FCT/74FCT377 Octal D Flip-Flopwith ClockEnable ......... ... it 6-35
54FCT/74FCT377A Octal D Flip-Flop with Clock Enable. ..., 7-31
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Gates
Function Device
NAND
Quad 2-Input 54AC/74AC00
Quad 2-Input 54ACT/74ACTO0
Triple 3-Input 54AC/74AC10
Triple 3-Input 54ACT/74ACT10
Dual 4-Input 54AC/74AC20
AND
Quad 2-Input 54AC/74AC08
Quad 2-Input 54ACT/74ACT08
Triple 3-Input 54AC/74AC11
OR/NOR/Exclusive-OR
Quad 2-Input OR 54AC/74AC32
Quad 2-Input OR 54ACT/74ACT32
Quad 2-Input NOR 54AC/74AC02
Quad 2-Input NOR 54ACT/74ACT02
Quad 2-Input Exclusive-OR 54AC/74AC86
Inverter
Hex Inverter 54AC/74AC04
Hex Inverter 54ACT/74ACT04
Hex Schmitt Trigger Inverter 54AC/74AC14
Registers
Function Device Clock
Inputs
Parallel D Register w/Enable 54AC/74AC378 No
Quad 2-Port Register 54ACT/74ACT399 1)
Diagnostic and Pipeline Register 54ACT/74ACT818 2
Parity Generator/Checkers
Function Device
Parity Generator/Checker 54AC/74AC280
Octal Bidirectional Bus Transceiver 54ACTQ/74ACTQ657
w/Parity Generator/Checker
Octal Bidirectional Bus Transceiver 54FCT/74FCT657
w/Parity Generator/Checker
9-Bit Registered Transceiver 54AC/74AC899
w/Parity Generator/Checker
9-Bit Registered Transceiver 54ACT/74ACT899
w/Parity Generator/Checker
9-Bit Registered Transceiver 54FCT/74FCT899

w/Parity Generator/Checker

Xiii
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Flip-Flops
TRI-STATE® Master
Function Device Outputs Reset
Dual D S54AC/74AC74 No Yes
Dual D 54ACT/74ACT74 No Yes
Dual JK 54AC/74AC109 No Yes
Dual JK 54ACT/74ACT109 No Yes
Hex D 54AC/74AC174 No Yes
Hex D S54ACT/74ACT174 No Yes
Quad D 54AC/74AC175 No Yes
Quad D 54ACT/74ACT175 No Yes
Octal D 54AC/74AC273 No Yes
Octal D 54ACT/74ACTQ273 No Yes
Octal D 54FCT/74FCT273 No Yes
Octal D 54FCT/74FCT273A No Yes
Octal D 54AC/74AC374 Yes No
Octal D 54ACT/74ACT374 Yes No
Octal D 54ACQ/74ACQ374 Yes No
Octal D 54ACTQ/74ACTQ374 Yes No
Octal D 54FCT/74FCT374 Yes No
Octal D 54FCT/74FCT374A Yes No
Octal D 54AC/74AC377 No No
Octal D 54ACT/74ACT377 No No
Octal D 54ACQ/74ACQ377 No No
Octal D 54ACTQ/74ACTQ377 No No
Octal D S54FCT/74FCT377 No No
Octal D 54FCT/74FCT377A No No
Octal D 54ACT/74ACT534 Yes No
Octal D 54ACQ/74ACQ534 Yes No
Octal D 54ACTQ/74ACTQ534 Yes No
Octal D 54FCT/74FCT534 Yes No
Octal D 54FCT/74FCT534A Yes No
Octal D 54ACT/74ACT564 Yes No
Octal D 54ACQ/74ACQ564 Yes No
Octal D 54ACTQ/74ACTQ564 Yes No
Octal D 54FCT/74FCT564 Yes No
Octal D 54FCT/74FCT564A Yes No
Octal D 54AC/74AC574 Yes No
Octal D S54ACT/74ACT574 Yes No
Octal D 54ACQ/74ACQ574 Yes No
Octal D 54ACTQ/74ACTQ574 Yes No
Octal D 54FCT/74FCT574 Yes No
Octal D B54FCT/74FCT574A Yes No
Octal D 54ACT/74ACT825 Yes Yes
8-BitD 54FCT/74FCT825A/B Yes Yes
9-Bit D 54ACT/74ACT823 Yes Yes
9-Bit D 54FCT/74FCT823A/B Yes Yes
10-Bit D 54ACT/74ACT821 Yes Yes
10-BitD 54ACQ/74ACQ821 Yes Yes
10-BitD 54FCT/74FCT821A/B Yes Yes
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Latches
TRI-STATE Broadside
Function Device Outputs Pinout
Octal 54AC/74AC373 Yes No
Octal 54ACT/74ACT373 Yes No
Octal Transparent 54ACQ/74ACQ373 Yes No
Octal Transparent 54ACTQ/74ACTQ373 Yes No
Octal Transparent 54FCT/74FCT373 Yes No
Octal Transparent 54FCT/74FCT373A Yes No
Octal D 54ACQ/74ACQ533 Yes No
Octal D 54ACTQ/74ACTQ533 Yes No
Octal D 54FCT/74FCT533 Yes No
Octal D 54FCT/74FCT533A Yes No
Octal D 54ACT/74ACT563 Yes Yes
Octal D 54ACQ/74ACQ563 Yes Yes
Octal D 54ACTQ/74ACTQ563 Yes Yes
Octal D 54FCT/74FCT563 Yes Yes
Octal D 54FCT/74FCT563A Yes Yes
Octal D 54AC/74AC573 Yes Yes
Octal D 54ACT/74ACT573 Yes Yes
Octal D 54ACQ/74ACQ573 Yes Yes
Octal D 54ACTQ/74ACTQ573 Yes Yes
Octal D 54FCT/74FCT573 Yes Yes
Octal D 54FCT/74FCT573A Yes Yes
Octal Transparent 54ACT/74ACT845 Yes Yes
8-Bit Transparent 54FCT/74FCT845A/B Yes Yes
9-Bit Transparent 54AC/74AC843 Yes Yes
9-Bit Transparent 54ACT/74ACT843 Yes Yes
9-Bit Transparent 54ACTQ/74ACTQ843 Yes Yes
9-Bit Transparent 54FCT/74FCTQ843A/B Yes Yes
10-Bit Transparent 54ACT/74ACT841 Yes Yes
10-Bit Transparent 54FCT/74FCT841A/B Yes Yes
10-Bit Transparent 54ACTQ/74ACTQ841 Yes Yes
Counters
. " Parallel TRI-STATE
Function Device Entry Reset u/D Outputs
4-Bit Binary 54AC/74AC161 S A No No
4-Bit Binary 54ACT/74ACT161 S A No No
4-Bit Binary 54AC/74AC163 S S No No
4-Bit Binary 54ACT/74ACT163 S S No No
4-Bit Binary 54AC/74AC169 S — Yes No
4-Bit Binary 54ACT/74ACT169 S — Yes No
4-Bit Binary 54AC/74AC191 A — Yes No

S = Synchronous
A = Asynchronous
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Buffers/ Line Drivers

Enable
Function Device inputs Inverting/ Bro_adslde
Non-inverting Pinout
(Level)
Quad 54AC/74AC125 1(L) N No
Quad 54ACT/74ACT125 1(L) N No
Octal 54AC/74AC240 2(L) ] No
Octal 54ACT/74ACT240 2(L) | No
Octal 54ACQ/74ACQ240 2(L) | No
Octal 54ACTQ/74ACTQ240 2(L) | No
Octal 54FCT/74FCT240 2(L) | No
Octal - B4AFCT/74FCT240A 2(L) | No
Octal 54AC/74AC241 1(H) & 1(L) N No
Octal 54ACT/74ACT241 1(H) & 1(L) N No
Octal 54ACQ/74ACQ241 1(H) & 1(L) N No
Octal 54ACTQ/74ACTQ241 1(H) & 1(L) N No
Octal 54FCT/74FCT241 1(H) & 1(L) N No
Octal 54FCT/74FCT241A 1(H) & 1(L) N No
Octal 54AC/74AC244 2(L) N No
Octal 54ACT/74ACT244 2(L) N No
Octal 54ACQ/74ACQ244 2(L) N No
Octal 54ACTQ/74ACTQ244 2(L) N No
Octal 54FCT/74FCT244 2(L) N No
Octal ' 54FCT/74FCT244A 2(L) N No
Hex 54ACT/T4ACT367 1(L) N No
Hex 54ACT/74ACT368 1(L) | No
Octal 54AC/74AC540 2(L) | Yes
Octal 54FCT540 2(L) 1 Yes
Octal 54AC/74AC541 1(H) & 1(L) N Yes
Octal 54FCT541 1(H) & 1(L) N Yes
10-Bit 54ACTQ/74ACTQB27 2(L) N Yes
10-Bit 54FCT/74FCT827A/B 2(L) N Yes
L=LOwW
H = HIGH
FIFOs
TRI-STATE
Function Device Input Output Outputs
64 x 9 FIFO Memory 54AC/74AC2708 Parallel Parallel Yes
64 x 9 FIFO Memory 54ACT/74ACT2708 Parallel Parallel " Yes -
512 x 9 FIFO Memory 54ACT/74ACT2725 Parallel Parallel Yes
512 x 9 Bidirectional 54ACT/74ACT2726 Parallel Parallel Yes
FIFO Memory
Decoders/Demultiplexers
Low Active- Active- Active-
Function Device Enable HIGH LOW Address
Enable Outputs Inputs
1-0f-8 54AC/74AC138 2 1 8 3
1-0f-8 54ACT/74ACT138 2 1 8 3
1-0f-8 54FCT/74FCT138 2 1 8 3
1-0f-8 54FCT/74FCT138A 2 1 8 3
Dual 1-of-4 54AC/74AC139 1&1 No 484 2&2
Dual 1-of-4 54ACT/74ACT139 1&1 No 484 28&2




Arithmetic Functions

Function Device Features
16 x 16 Multiplier 54ACT/74ACT1016 2s Complement & Unsigned Arithmetic
Arithmetic Logic Unit for DSP 54ACT/74ACT705 16-Bit ALU and 8 x 8 Parallel
Multiplier/Accumulator
Video Support
Function Device Features
Video Sync Generator 54ACT/74ACT715 High Speed, Programmable Video
Signal Generation
Shift Registers
No. of Serial TRI-STATE
Function Device Bits Reset Inputs Outputs
Octal Shift/Storage 54AC/74AC299 8 A 2 Yes
Octal Shift/Storage 54ACT/74ACT299 8 A 2 Yes
Octal Shift/Storage 54AC/74AC323 8 S 2 Yes
Octal Shift/Storage 54ACT/74ACT323 8 S 2 Yes
A = Asynchronous
S = Synchronous
Multiplexers
Enable True Complement
Function Device Inputs Output Output
(Level) P P
8-Input 54AC/74AC151 1(L) Yes Yes
8-Input 54ACT/74ACT151 1(L) Yes Yes
8-Input 54AC/74AC251 1(L) Yes Yes
8-Input 54ACT/74ACT251 1(L) Yes Yes
Dual 4-Input 54AC/74AC153 2(L) Yes No
Dual 4-Input 54ACT/74ACT153 2(L) Yes No
Dual 4-Input 54ACTQ/74ACTQ153 2(L) Yes No
Dual 4-Input 54AC/74AC253 2(L) Yes No
Dual 4-Input 54ACT/74ACT253 2(L) Yes No
Quad 2-Input 54AC/74AC157 1(L) Yes No
Quad 2-Input 54ACT/74ACT157 1(L) Yes No
Quad 2-Input 54AC/74AC158 1(L) No Yes
Quad 2-Input 54ACT/74ACT158 1(L) No Yes
Quad 2-Input 54AC/74AC257 1(L) Yes No
Quad 2-Input 54ACT/74ACT257 1(L) Yes No
Quad 2-Input 54AC/74AC258 1(L) No Yes
Quad 2-Input 54ACT/74ACT258 1(L) No Yes
Comparators
Function Device Features
Octal Identity Comparator 54AC/74AC520 Expandable
Octal Identity Comparator 54ACT/74ACT520 Expandable
Octal Identity Comparator 54AC/74AC521 Expandable
Octal Identity Comparator 54ACT/74ACT521 Expandable
Octal Identity Comparator 54FCT/74FCT521 Expandable
Octal Identity Comparator 54FCT/74FCT521A Expandable

xvii
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Transceivers/Registered Transceivers

Enable
Function Device Registered Inputs TRI-STATE
Output
(Level)

Octal Bidirectional Transceiver 54AC/74AC245 No 1(L) Yes
Octal Bidirectional Transceiver 54ACT/74ACT245 No 1(L) Yes
Octal Bidirectional Transceiver 54ACQ/74ACQ245 No 1(L) Yes
Octal Bidirectional Transceiver 54ACTQ/74ACTQ245 No 1(L) Yes
Octal Bidirectional Transceiver 54FCT/74FCT245 No 1(L) Yes
Octal Bidirectional Transceiver . 54FCT/74FCT245A No 1(L) Yes
Octal Bus Transceiver and Register 54AC/74AC646 Yes 1(L) & 1(H) Yes
Octal Bus Transceiver and Register 54ACT/74ACT646 Yes 1(L) & 1(H) Yes
Octal Bus Transceiver and Register 54ACQ/74ACQ646 Yes 1(L) & 1(H) Yes
Octal Bus Transceiver and Register 54ACTQ/74ACTQ646 Yes 1(L) & 1(H) Yes
Octal Bus Transceiver and Register 54FCT/74FCT646 Yes 1(L) & 1(H) Yes
Octal Bus Transceiver and Register 54FCT/74FCT646A Yes 1(L) & 1(H) Yes
Octal Bus Transceiver and Register 54AC/74AC648 Yes 1(L) & 1(H) Yes
Octal Registered Transceiver 54ACQ/74ACQ543 Yes 2(L) Yes
Octal Registered Transceiver 54ACT/74ACTQ543 Yes 2(L) Yes
Octal Registered Transceiver 54FCT/74FCT543 Yes 2(L) Yes
Octal Registered Transceiver 54FCT/74FCT543A Yes 2(L) Yes
Octal Registered Transceiver 54ACQ/74ACQ544 Yes 2(L) Yes
Octal Registered Transceiver 54ACT/74ACTQ544 Yes 2(L) Yes
Octal Registered Transceiver 54FCT/74FCT544 Yes 2(L) Yes
Octal Registered Transceiver B4FCT/74FCT544A Yes 2(L) Yes
Octal Bus Transceiver 54ACTQ/74ACTQ657 1(L) & 1(H)

Octal Bus Bidirectional 54FCT/74FCT657 No (L) &1(H) Yes
Transceiver w/Parity

9-Bit Registered w/Parity 54ACQ/74AC899 Yes 1(L)&1(H) Yes
9-Bit Registered w/Parity 54ACTQ/74ACT899 Yes 1(L)&1(H) Yes
9-Bit Registered w/Parity 54FCT/74FCT899 Yes 1(L)&1(H) Yes

Clock Drivers
Function Device Multiplexed
Clock
1 to 8 Minimum Skew Clock Driver 54AC/74AC2525 No
1 to 8 Minimum Skew Clock Driver 54AC/74AC2526 Yes
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National Semiconductor Advanced
CMOS Technology—FACT—Logic

Fairchild Semiconductor introduced FACT (Fairchild Ad-
vanced CMOS Technology) logic, a family of high speed
advanced CMOS circuits, in 1985.

FACT logic offers a unique combination of high speed, low
power dissipation, high noise immunity, wide fanout capabili-
ty, extended power supply range and high reliability.

This data book describes the product line with device speci-
fications as well as material discussing design considera-
tions and comparing the FACT family to predecessor tech-
nologies.

The 1.3-micron silicon gate CMOS process utilized in this
family has been proven in the field of high performance gate
arrays, CMOS ASIC, and FACT. It has been further en-
hanced to meet and exceed the JEDEC standards for
74ACXX logic.

In 1989, National Semiconductor introduced the FACT Qui-
et Series™ product line. This line of mostly octal bus-orient-
ed logic functions is an enhancement of the original FACT
line. Manufactured on a sub-micron silicon gate CMOS pro-
cess, the FACT QS devices offer the lowest noise charac-
teristics of any Advanced CMOS process with AC perform-
ance that is faster than FACT.

Also in 1989, National Semiconductor introduced its offering
of fast CMOS technology or FACT FCT/FCTA. These prod-
uct lines offer the fastest speeds of any TTL or CMOS logic,
high DC output current drive, as well as the low noise design
innovations of FACT QS.

For direct replacement of LS, ALS and other TTL devices,
the "ACT, "ACTQ, 'FCT and 'FCTA circuits with TTL-type
input thresholds are included in the FACT family.

Characteristics
| Full Logic Product Line
W Industry Standard Functions and Pinouts for SSI, MSI
and LSI
m Meets or Exceeds JEDEC Standards for 74ACXX
Family
W TTL Inputs on Selected Circuits
m High Performance Outputs
— Common Output Structure for Standard Gates and
Buffer/Drivers
— Qutput Sink/Source Current of 24 mA on AC/ACT
and ACQ/ACTQ
— Output Sink/Source Current of 48/64 mA on
FCT/FCTA
— Transmission Line Driving 509 (Commercial)/75Q
(Military) Guaranteed

@ Operation from 2V-6V Vpp Guaranteed ('AC/’ACQ)
g8 Temperature Range
— Commercial
— Military
@ Improved ESD Protection Network
High Current Latch-Up Immunity
Patented Noise Suppression Circuitry on ACQ/ACTQ
and FCT/FCTA

—40°C to +85°C
—55°C to +125°C

Interfacing

FACT devices have a wide operating voltage range (Vpp =

2 Vpg to 6 Vpg, 'AC/’ACQ) and sufficient current drive to

interface with most other logic families available today.

Device designators are as follows:

"AC/’ACQ  — These are high speed CMOS devices with
CMOS input switching levels and buffered
CMOS outputs that can drive £24 mA of
lon and lpy current. Industry standard *AC/
’ACQ nomenclature and pinouts are used.

'ACT/’ACTQ — These are high speed CMOS devices with a
'FCT/’FCTA  TTL-to-CMOS input buffer stage. These de-
vice inputs are designed to interface with
TTL outputs operating with a Vpp = 5V
+0.5V with Vo = 2.4V and VoL = 0.4V,
but are functional over the entire FACT op-
erating voltage range of 2.0 Vpg to 5.5
Vpc. These devices have buffered outputs
that will drive CMOS or TTL devices with no
additional interface circuitry. "ACT/’ACTQ
devices have the same output structures as
"AC/’ACQ devices. 'FCT/'FCTA can drive
+64 mA of Ig. and — 15 mA of Ign current.

Low Power CMOS Operation

If there is one single characteristic that justifies the exis-
tence of CMOS, it is low power dissipation. In the quiescent
state, FACT draws 1000 times less power than the equiva-
lent LS or ALS TTL device. This enhances system reliability;
because costly regulated high current power supplies, heat
sinks and fans are eliminated, FACT logic devices are ideal
for portable systems such as laptop computers and back-
pack communications systems. Operating power is also
very low for FACT logic. Power consumption of various
technologies with a clock frequency of 1 MHz is shown be-
low.

FACT = 0.1 mW/Gate
ALS = 1.2mW/Gate
LS = 2.0 mW/Gate
HC = 0.1 mW/Gate
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FACT Descriptions and Family Characteristics

FACT Product Comparision

Feature

FACT AC/ACT

FACT ACQ/ACTQ

FACT FCT/FCTA

Dynamic line driving guaranteed to switch on
incident wave into transmission line impedance
as low as 500 at +85°C; 75Q at +125°C

Yes
loLp/loHD: =75 mA

Yes
loLp/loHD: £75 mA

Guaranteed High Output Drive

loL/loH: £24 mA

loL/lon: £24 mA

loL: +64 mA Commercial

(Buffers/Drivers)
+ 48 mA Military
loH: =15 mA
Very High Speed Frequency 1 ns Internal Gate Delay; | <1 ns Internal Gate Delay; | <1 ns Internal Gate Delay;
up to 100 MHz up to 100 MHz up to 200 MHz -
Toggle Frequency Toggle Frequency Toggle Frequency
CMOS Power 5 uW/Gate 5 uW/Gate 5 uW Gate
CMOS Input Loading 1 pA +1 pA +1pA
Extended Operating Voltage Range 2.0Vto 6.0V 2.0Vto 6.0V 2.0Vto 6.0V

DC/AC Characteristics Guaranteed

3Vand 5V £10%

3Vand5V £10%

5V +5% Commercial
5V +10% Military

Excellent Symmetrical Noise Margin (CMOS
Inputs)

1.55V High; 1.55V Low

1.55V High; 1.55V Low

Dynamic Thresholds (TTL-Compatible Inputs)

Maximum 2.2V High
(ViHD); Minimum 0.8V
Low (ViLp)

Maximum 2.2V High
(ViHD); Minimum 0.8V
Low (ViLD)

Guaranteed Latchup Immunity

+100 mA at +125°C

+300 mA at +125°C

ESD Immunity

MIL Class 2 (2,000V —
3,999V); Typical 6,000V

MIL Class 2 (2,000V —
3,999V); Typical 6,000V

MIL Class 3 (4,000V
or Greater); Typical 6,000V

Pin-to-Pin Output Propagation Delay Skew
(Maximum)

1.0 ns (tog); Typical 0.5 ns

Wafer Fabrication JAN Class S
DESC Certified
Guaranteed Output Noise Levels 1.5V Vo p (ground FCTA: —1.2VVgoLy
(Maximum) Bounce); —1.2V VoLy (Undershoot)
(Undershoot) FCT: 2.0V VoLp

(Ground Bounce)
—1.2VVoLv
(Undershoot)

Driving Force for JEDEC Standard for Advanced | Yes

CMOS

Inherently Radiation Tolerant Yes Yes Yes

Inputs Compatible with: CMOS AC ACQ

TTL ACT ACTQ FCT, FCTA
Ful Compatibility (Function, Part Number, Yes Yes (=8 Bits) Yes (=8 Bits)

Pinout) with Standard 54/74 Functions




Low Power CMOS
Operation (Continued)
500 +
400 - CL = 50pF @ 1 MHz
<
3 300 +
a8
200 -
100 +- €, = Fixture Capacitance
Q@ 1MHz
0 f — -
0 2 4 6

Vpp (Volts)

TL/F/10158-1
FIGURE 1-1. Ipp vs Vpp
Figure 1-1 illustrates the effects of Ipp versus power supply
voltage (Vpp) for two load capacitance values: 50 pF and
stray capacitance. The clock frequency was 1 MHz for the
measurements.

AC Performance

In comparison to LS, ALS and HC families, FACT devices
have faster internal gate delays as well as the basic gate
delays. Additionally, as the level of integration increases,
FACT logic leads the way to very high-speed systems.

The examples below describe typical values for a 74XX138,
3-to-8 line decoder and a 74xx244 line driver.

138
FACTAC = 6.0ns@C| = 50pF
ALS = 12.0ns @ C = 50 pF
LS =220ns @C_ = 15pF
HC = 17.5ns @ C_ = 50 pF
'244
FACTFCTA = 3.0ns@C| = 50pF
FACTACQ = 4.0ns@C| = 50pF
FACT AC = 5.0ns@Cp = 50pF
ALS = 7.0ns@Cp = 50pF
LS =120ns @ Cy = 45pF
HC =140ns@C_ = 50 pF

AC performance specifications are guaranteed at 5.0V
+0.5V and 3.3V +0.3V. For worst case design at 2.0V Vpp
on all device types, the formula below can be used to deter-
mine AC performance.

AC performance at 2.0V Vpp = 1.9 X AG specification at
3.3V.

Multiple Output Switching

Propagation delay is affected by the number of outputs
switching simultaneously. Typically, devices with more than
one output will follow the rule: for each output switching,
derate the databook specification by 250 ps. This effect typ-
ically is not significant on an octal device unless more than
four outputs are switching simultaneously. This derating is
valid for the entire temperature range and 5.0V £10% Vpp.

Noise Immunity

The DC noise immunity of a logic family is also an important
equipment cost factor in terms of decoupling components,
power supply dynamic resistance and regulation as well as
layout rules for PC boards and signal cables.

The comparisons shown describe the difference between
the input threshold of a device and the output voltage,
Vi = VoLl/IViH — Vol at 4.5V Vpp.

FACT = 1.25V/1.25V
ALS = 0.4V/0.7V
LS = 0.3V/0.7V @ 4.75V Vpp
HC = 0.8V/1.25V

Output Characteristics

All FACT outputs are buffered to ensure consistent output
voltage and current specifications across the family. Both
'AC/’ACQ and 'ACT/’ACTQ device types have the same
output structures. Two clamp diodes are internally connect-
ed to the output pin to suppress voltage overshoot and un-
dershoot in noisy system applications which can result from
impedance mismatching. The balanced output design al-
lows for controlled edge rates and equal rise and fall times.
All SSI and MSI devices ('AC, 'ACT, 'ACQ or 'ACTQ) are
guaranteed to source and sink 24 mA. FACT FCT and FACT
FCTA are guaranteed to sink 64 mA (comm)/48 mA (mil)
and source 15 mA (comm)/12 mA (mil). Commercial devic-
es, 74AC/ACTXXX, are capable of driving 509 transmission
lines, while military grade devices, 54AC/ACTXXX, can
drive 750 transmission lines.

loL/loH Characteristics

FACTAC/ACT = 24 mA/—24 mA

FACT ACQ/ACTQ = 24 mA/—24 mA

FACT FCT/FCTA = 64 mA/—15 mA

ALS = 24 mA/—15 mA

LS = 8 mA/—0.4 mA @ 4.75V Vpp
HC = 4mA/—4 mA

Dynamic Output Drive

Traditionally, in order to predict what incident wave voltages
would occur in a system, the designer was required to do an
output analysis using a Bergeron diagram. Not only is this a
long and time consuming operation, but the designer need-
ed to depend upon the accuracy and reliability of the manu-
facturer-supplied “typical” output I/V curve. Additionally,
there was no way to guarantee that any supplied device
would meet these “typical” performance values across the
operating voltage and temperature limits. Fortunately for the
system designers, FACT has taken the necessary steps to
guarantee incident wave switching on transmission lines
with impedances as low as 50Q for the commercial temper-
ature range and 750 for the military temperature range.

Figure 1-2 shows a Bergeron diagram for switching both
HIGH-to-LOW and LOW-to-HIGH. On the right side of the
graph (loyTt > 0), are the Vo and Iy curves for FACT logic
while on the left side (IoyT < 0), are the curves for Vo and
liL. Although we will only discuss here the LOW-to-HIGH
transition, the information presented may be applied to a
HIGH-to-LOW transition.

1-5
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FACT Descriptions and Family Characteristics

Dynamic Output Drive (continued)
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FIGURE 1-2. Gate Driving 5002 Line
Reflection Diagram

Begin analysis at the Vo (quiescent) point. This is the inter-
section of the Vg /lpgL curve for the output and the V|N/Iin
curve for the input. For CMOS inputs and outputs, this point
will be approximately 100 mV. Then draw a 509 load line
from this intersection to the Von/loH curve as shown by
Line 1. This intersection is the voltage that the incident
wave will have. Here it occurs at approximately 3.95V. Then
draw a line with a slope of —500 from this first intersection
point to the V|N/ljy curve as shown by Line 2. This second
intersection will be the first reflection back from the input
gate. Continue this process of drawing the load lines from
each intersection to the next. Lines terminating on the
VoH/loH curve should have positive slopes while lines ter-
minating on the V|y/lj\ curve should have negative slopes.

Each intersection point predicts the voltage of each reflect-
ed wave on the transmission line. Intersection points on the
Von/loH curve will be waves travelling from the driver to the
receiver while intersection points on the V\N/ljy curve will
be waves travelling from the receiver to the driver.

Figures 1-3a thru 71-3d show the resultant waveforms. Each
division on the time scale represents the propagation delay
of the transmission line.
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Dynamic Output Drive (continued)

While this exercise can be done for FACT, it is no longer
necessary. FACT is guaranteed to drive an incident wave of
enough voltage to switch another FACT input.

We can calculate what current is required by looking at the
Bergeron diagram. The quiescent voltage on the line will be
within 100 mV of either rail. We know what voltage is re-
quired to guarantee a valid voltage at the receiver. This is
either 70% or 30% of Vpp. The formula for calculating the
current and voltage required is |(Voq — V|)/Zo| at V). For
Voq = 100 mV, V|y = 3.85V, Vpp = 5.5V and Zg = 500,
the required lon at 3.85V is 75 mA. For the HIGH-to-LOW
transition, Voq = 5.4V, V)L = 1.65V and Zg = 50Q, IgLis
75 mA at 1.65V. FACT’s I/0 specifications include these
limits. For transmission lines with impedances greater than
509, the current requirements are less and switching is still
guaranteed.

Itis important to note that the typical 24 mA DC drive speci-
fication is not adequate to guarantee incident wave switch-
ing. The only way to guarantee this is to guarantee the cur-
rent required to switch a transmission line from the output
quiescent point to the valid V) level.

The following performance charts are provided in order to
aid the designer in determining dynamic output current drive
of FACT devices with various power supply voltages.
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FACT Descriptions and Family Characteristics

Dynamic Output Drive (continued)
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Choice of Voltage Specifications

To obtain better performance and higher density, semicon-
ductor technologies are reducing the vertical and horizontal
dimensions of integrated device structures. Due to a num-
ber of electrical limitations in the manufacture of VLSI devic-
es and the need for low voltage operation in memory cards,

FACT Replaces Existing Logic

National Semiconductor’s Advanced CMOS family is specif-
ically designed to outperform existing CMOS and Bipolar
logic families. Figure 1-7 shows the relative position of vari-
ous logic families in speed/power performance. FACT ex-
hibits 1 ns internal propagation delays while consuming

1 uW of power.
! C ° . The Logic Family Comparisons table below summarizes the
end, National Semiconductor guarantees all of its devices key performance specifications for various competitive tech-
operational at 3.3V £0.3V. Note also that AC and DC speci- nology logic families.

fications are guaranteed between 3.0V and 5.5V. Operation 10

it was decided by the JEDEC committee to establish inter-
face standards for devices operating at 3.3V £0.3V. To this

sonsueoeleys Ajwey pue suopdussaqg 19vd

of FACT logic is also guaranteed from 2.0V to 6.0V SPEED VS. POWER
*AC/*ACQ on Vpp. o s
3
Operating Voltage Ranges LT ols
[=}
FACT = 2.0V to 6.0V (AC/'ACQ) K]
FACT = 5.0V +10% (ACT/’ACTQ) s ! o ALS
FACT = 5.0V +5% (FCT/’FCTA) 5
ALS =50V £10% E 2 o FAST
LS = 5.0V +5% @ FACT @FAST LS| O AS
HC = 2.0Vto6.0V ® FACT QS/FACT FCT
0001 03 10 30 100

Power Per Gate (mW)
(Not to scale)
TL/F/10158-10
FIGURE 1-7. Internal Gate Delays

General Characteristics (Al Max Ratings)

Symbol Characteristics ALS HCMOS FACT Units
'AC/’ACQ ’ACT/’ACTQ | '’FCT/’FCTA
Vcc/ee/pp |Operating Voltage Range | 5 £10% 5 +10% 5 £5% 5 +£10% 5+5% v
Ta 74 Series|Operating Oto +70 —40to +85 —40to +85 —40to +85 Oto +70 c
Ta 54 Series|Temperature Range —55t0 +125( —55to +125 —55t0 +125 —55t0 +125 | —55t0 +125
Vix (Min)  |Input Voltage 2.0 3.15 3.85 2.0 2.0 \"
Vi (Max)  [Limits) 0.8 0.9 1.65 0.8 0.8 v
Vou (Min)  |Output Voltage 2.7 Vpp — 0.1 Vpp — 0.1 Vpp — 0.1 Vpp — 0.2 \"
VoL (Max) [(Limits) 05 0.1 0.1 0.1 0.2 v
™ Input Current 20 +1.0 +1.0 +1.0 +5.0 HA
i —200 -1.0 -1.0 -1.0 -5.0 pA
loH Output Current —0.4 |-4.0@Vpp —0.8/—24 @ Vpp — 0.8/—24 @ Vpp — 0.8/—15 mA @ 2.4V| mA
loL at Vo (Limit) 8.0 40@ 0.4V 24 @ 0.44V 24@044V | 64mA @05V | mA
beMm ng;"ijgm{f’;g _ sy 0407 0.8/1.25 1.25/1.25 0.7/2.4 06/23 | v
Note: All DC parameters are specified over the commercial temperature range.
Speed/Power Characteristics (i Typical Ratings)
Symbol Characteristics ALS HCMOS FACT AC FACT FCTA Units
g Quiescent Supply Current/Gate 0.2 0.0005 0.0005 0.0005 mA
Pg Power/Gate (Quiescent) 1.2 0.0025 0.0025 0.0025 mwW
tpd Propagation Delay ('244 Typ.) 7.0 14.0 5.0 3.0 ns
Speed Power Product 8.4 0.04 0.01 0.008 pJ
fmax Clock Frequency D/FF 50 50 160 225 MHz

FIGURE 1-8. Logic Family Comparisons

1-9



FACT Descriptions and Family Characteristics

Propagation Delay (Commercial Temperature Range)

Symbol Product LS ALS HCMOS FACT Units
toLH/teHL 74XX00 Typ 10.0 5.0 8.0 5.0 ns
Max — 11.0 23.0 8.5 ns
tpLH/tPHL 74XX74 Typ 30.0 12.0 12.0 8.0 ns
(Clock to Q) Max — 18.0 44.0 105 ns
tpLH/tPHL 74XX163 Typ 27.0 10.0 20.0 5.0 ns
(Clock o Q) Max - 20.0 52.0 10.0 ns

Conditions: (LS) Vpp = 5.0V, C|_ = 15 pF, 25°C;
(ALS/HC/FACT) Vpp = 5.0V £10%, C| =

50 pF, Over Temp, Max values at 0°C to +70°C for ALS, —40°C to +85°C for HC/FACT.

FIGURE 1-8. Logic Family Comparisons (Continued)

Circuit Characteristics

POWER DISSIPATION

One advantage to using CMOS logic is its extremely low
power consumption. During quiescent conditions, FACT will
consume several orders of magnitude less current than its
bipolar counterparts. But DC power consumption is not the
whole picture. Any circuit will have AC power consumption,
whether it is built with CMOS or bipolar technologies.

Total power dissipation of FACT device under AC conditions
is a function of three basic sources, quiescent power, inter-
nal dynamic power, and output dynamic power dissipation.
Firstly, a FACT device will dissipate power in the quiescent
or static condition. This can be calculated by using the for-
mula: (Note: In many datasheets Ipp, Alpp, IppT, and Vpp
are referred to as Igg, Alce, IccT, and Vg, respectively.
There are no differences.)

Eq.1 PDq = Ipp.®* Vpp

PDq = Quiescent Power Dissipation
Ipp = Quiescent Power Supply Current Drain
Vpp = Power Supply Voltage

Secondly, a FACT device will dissipate power dynamically
by charging and discharging internal capacitance. This can
be calculated by using one of the following two formulas:

Eqg. 2A (AC/ACQ)
PDiNT = (Cpp ® Vs ¢ f) ® VDp
PDinT = Internal Dynamic Power

Dissipation

Cpp = Device Power Dissipation
Capacitance

Vg = Output Voltage Swing

f = Internal Frequency of
Operation

Vpp = Power Supply Voltage

Cpp values are specified for each FACT device and are
measured per JEDEC standards as described later on in
Section 2. On FACT device data sheets, Cpp is a typical
value and is given either for the package or for the individual
stages with the device. (See Section 2). For FACT devices,
Vg and Vpp are the same value and can be replaced by
Vpp?2 in the above formula.

Eq. 2B (ACT/ACTQ)
PDINT = [(IppT ® DH ® N7) ® Vppl +
[ (Cpp © Vg © ) eVppl
PDinT = Internal Dynamic Power Dissipation

Ipbt = Power Supply Current for a TTL HIGH
Input (V)N = 3.4V)

Dy = Duty Cycle for TTL Inputs HIGH

Nt = Number of TTL Inputs at Dy

Vpp = Power Supply Voltage

Cpp = Device Power Dissipation Capacitance

Vg = Output Voltage Swing

f Internal Frequency of Operation
Eq. 2C (FCT/FCTA)

PDiNT = [(Alpp ® Dy ® N7) * Vppl + [(Ipp ® {fcp/2
+ fin ® NiN3) @ Vppl

PDiNT = Internal Dynamic Power Dissipation

Vpp = Power Supply Voltage

Alpp = Power Supply Current for a TTL HIGH
Input (Vi = 3.4V)

Dy = Duty Cycle for TTL Inputs HIGH

Nt = Number of TTL Inputs at Dy

Ipbpp = Dynamic Current Caused by an Input
Transition Pair (HLM or LHL)

fop = Clock Frequency for Registered Devic-
es (Zero for Non-Registered Devices)

fin = Input Frequency

Nin = Number of Inputs at fiy

See Section 3 for more information on IppT or Alpp.
Thirdly, a FACT device will dissipate power dynamically by
charging and discharging any load capacitance. This can be
calculated by using the following formula:
Eq.3 PDoyr = (CLeVs*f)*Vpp

PDoyt = Output Power Dissipation

CL = Load Capacitance

Vs = Output Voltage Swing

f = Output Operating Frequency
Vpp = Power Supply Voltage




In many cases the output frequency is the same as the in-
ternal operation frequency. Also Vg is similar to Vpp and
can be replaced by Vpp?2. In the case of internal and output
frequencies beir:g identical Eq. 2A and Eq. 3 may be com-
bined as follows:

Eq.4 PD = (C_ + Cpp)® Vpp2 e f

The total FACT device power dissipation is the sum of the

quiescent power and all of the dynamic power dissipation.
This is best described as:

Eq.5 PDtoraL = PDq + PDpynamic of
PDtotaL = PDq + PDiNT + PDout

The following is an exercise in calculating total dynamic Ipp
for the FACT Advanced CMOS family. The device used as
an example is the ACTQ374. Static Ipp, Ippt and Cpp num-
bers can be found in the ACTQ374 data sheet. Ipp numbers
used will be worst-case commercial guarantees. Room tem-
perature power will be less. These are approximate worst-
case calculations.

The following assumptions have been made:

1. Ipp will be calculated per input/output (as per JEDEC
Cpp calculations). The total for the ACTQ374 will be the
calculated Ipp X 8.

. Worst case conditions and JEDEC would require that the
data is being toggled at the clock frequency in order to
change the outputs at the maximum rate (Y2 CP).

3. The data and clock input signals are derived from TTL

level drivers (OV to 3.0V swing) at 50% duty cycle.

The clock frequency is 16 MHz.

Ipp will be calculated for G| = 50 pF, 100 pF and 150 pF.

Vpp = 5V.

Total POWER dissipation can be obtained by multiplying

total Ipp by Vpp (5.0V).

Quiescent Ipp will be neglected in the total Ipp calcula-

tion because it is 1000 times less than dynamic Ipp.

. There is no DC load on the outputs, i.e. outputs are either
unterminated or terminated with series or AC shunt termi-
nation.

n

N o o s

[

©

The Ipp calculations are as follows:

Ipp Total = Input Ipp + Internal Switching Ipp + Output
Switching (AC load) Ipp

(lopT) X (number of TTL inputs) X (Duty
Cycle)
= (1.5 X 10—3) X (1) X (0.50)
= 0.75 mA per input being toggled at TTL lev-
els
Internal Ipp = (Vswing) X (Cpp) X (CP freq)
= (5.0) X (42 X 10—12) X (16 X 10+6)
= 3.36 per mA per input being toggled by CP
Outputlpp = (Vswing X (CL) X (Q freq)
a)C_ = 50 pF
= (5.0) X (50 X 10—12) x (8 X 10t6)
= 2 mA per output toggled at %> CP
b) G = 100 pF
= (5.0) X (100 X 10—12) X (8 X 10+6)
= 4 mA per output toggled at 1> CP
c)C_ = 150 pF
= (5.0) X (150 X 10—12) X (8 X 10+6)
= 8 mA per output toggled at > CP

Adding Input, Internal and Output Ipp together and multiply-
ing by 8 1/0 per ACTQ374, the approximate worst-case Ipp
calculations are as follows:

Inputlpp =

CL= 50pF Ipptotal = 48.9 mA or 244.5 mW* at CP
= 16 MHz

C_ = 100pF Ipptotal = 64.9 mA or 324.5 mW* at CP
= 16 MHz

C_ = 150pF Ipptotal = 96.9 mA or 484.5 mW* at CP
= 16 MHz

(*Power is obtained by multiplying Ipp by Vpp)

sonsuajaeiey) Ajiwe4 pue suonduosaqg 1ov4




FACT Descriptions and Family Characteristics

Circuit Characteristics (continued)
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FIGURE 1-9. Power Demonstration Circuit Schematic

The circuit shown in Figure 1-9 was used to compare the
power consumption of FACT versus FAST devices.

Two identical circuits were built on the same board and driv-
en from the same input. In the circuit, the input signal was
driven into four D-type flip-flops which act as divide-by-2
frequency dividers. The outputs from the flip-flops were con-
nected to the inputs of a "138 decoder. This generated eight
non-overlapping clock pulses on the outputs of the '138,
which were then connected to an 04 inverter. The input
frequency was then varied and the power consumption was
measured. Figure 1-10 illustrates the results of these mea-
surements.
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FIGURE 1-10. FACT vs FAST Circuit Power




Circuit Characteristics (continued)

The FACT circuit dissipates much less power than the FAST
version. It is interesting to note that when the frequency
went to zero, the FACT circuit's power consumption also
went to zero; the FAST circuit continued to dissipate 200
mW.

SPECIFICATION DERIVATION

At first glance, the specifications for FACT logic might ap-
pear to be widely spread, possibly indicating wide design
margins are required. However, several effects are reflected
in each specification.

Figures 1-11a through 7-717/illustrate how the data from the
characterization of actual devices is transformed into the
specifications that appear on the data sheet. This data is
taken from the "XX244.

Figure 1-11a shows the data taken (from one part) on a
typical, single path, tpy|, over temperature at 5.0V; there is
negligible variation in the value of tpyi. The next set of
graphs, Figure 1-11b through 7-71d, depict data taken on
the same device; these sets of curves represents the data
on all paths. The data on this plot indicates only a small
variation for tpyL.

The graphs in Figures 1-17a-d include data at 5.0V; Figure
7-11e shows the variation of delay times over the standard
5.0V +0.5V voltage range. Note there is only a +6% varia-
tion in delay time due to voltage effects.

Now refer to Figure 7-11f which illustrates the process ef-
fects on delay time. This graph indicates that the process
effects contribute to the spread in specifications more than
any other factor in that the effects of the theoretical process
spread can increase or decrease specification times by
30%. Because this 30% spread represents considerably
more than *3 standard deviations, this guarantees an in-
crease in the manufacturability and the quality level of FACT
product. To further ensure parts within specification will
pass on testers at the limits of calibration, tester guard-
bands are incorporated.

With voltage and process effects added (Figures 7-11g,
1-11h, and 7-77j), the full range of the specification can be
seen. For reference, the data sheet values are shown on
the graph.

This linear behavior with temperature and voltage is typical
of CMOS. Although the graphs are drawn for a specific de-
vice, other part types have very similar graphical represen-
tations. Therefore, for performance-critical applications,
where not all variables need to be taken into account at
once, the user can narrow the specifications. For example,
all parts in a critically timed subcircuit are together on a
board, so it may be assumed the devices are at the same
supply and temperature.
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Circuit Characteristics (continued)
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Circuit Characteristics (continued)

The same reasoning can be applied to setup and hold
times. Consider the 'AC74. The setup time is 3.0 ns while
the hold time is 0.5 ns. Theoretically, if these numbers were
violated, the device would malfunction; however, in actuali-
ty, the device probably will not malfunction. Looking at the
typical setup and hold times gives a better understanding of
the device operation.

At 25°C and 5.0V, the setup time is 1.0 ns while the hold
time is —1.5 ns. They are virtually the same; a positive set-
up time means the control signal to be valid before the clock
edge, a positive hold time indicates the control signal will be
held valid after the clock edge for the specified time, and a
negative hold time means the control signal can transition
before the clock edge. FACT devices were designed to be
as immune to metastability as possible. This is reflected in
the typical specifications. The true “critical” time where the
input is actually sampled is extremely short: less than 50 ps.
By applying the same reasoning as we did to the propaga-
tion delays to the setup and hold times, it becomes obvious
that the spread from setup to hold time (2.5 ns worst-case)
really covers devices across the entire process/tempera-
ture/voltage spread. The real difference between the setup
and hold times for any single device, at a specified tempera-
ture and voltage, is negligible.

CAPACITIVE LOADING EFFECTS

In addition to temperature and power supply effects, capaci-
tive loading effects for loads greater than 50 pF should be
taken into account for propagation delays of FACT devices.
Minimum delay numbers may be determined from the table
below. Propagation delay are measured to the 50% point of
the output waveform.

Voltage (V)

Parameter Units

3.0 4.5 5.5

tPLH FACT AC 31 22 19
FACT QS 34 19 19 ps/pF

FACT FCTA 45 29 27

tPHL FACT AC 18 13 13
FACT QS 32 22 20 ps/pF

FACT FCTA 17 13 12

Ta = 25°C

Figures 1-12 and 1-13, describe propagation delays on
FACT devices as affected by variations in power supply volt-
age (Vpp) and lumped load capacitance (Cy). Figures 1-14
and 7-75 show the effects of lumped load capacitance on
rise and fall times for FACT devices.
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FACT Descriptions and Family Characteristics

Circuit Characteristics (continued)
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Circuit Characteristics (continued)
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FACT Descriptions and Family Characteristics

Circuit Characteristics (continued)

tise (nS)

tan (ns)

LATCH-UP

10 —
94 Vo = 5.0V A major problem with CMOS has been its sensitivity to
sl T°°= 250¢ latch-up, usually attributed to high parasitic gains and high
. A input impedance. FACT logic is guaranteed not to latch-up
T FACT QS with dynamic currents of 100 mA (300 mA for FACT QS)
61 FACT AC forced into or out of the inputs or the outputs under worst
5+ case conditions (Tp = 125°C and Vpp = 5.5 Vpg). At room
4 4 FACT FCTA temperature the parts can typically withstand dynamic cur-
31 p rents of close to 1A. For most designs, latch-up will not be a
.1 problem, but the designer should be aware of its causes and
how to prevent it.
J" . , . . B FACT devices have been specifically designed to reduce
T T T T 1 the possibility of latch-up occurring; National Semiconductor
0 10 20 30 40 50 accomplished this by lowering the gain of the parasitic tran-
Load Capacitance (pF) sistors, reducing substrate and p-well resistivity to increase
) TL/F/10158-21 external drive current required to cause a parasitic to turn
FIGURE 1-14. tijse vs Capacitance ON, and careful design and layout to minimize the sub-
strate-injected current coupling to other circuit areas.
10T ELECTROSTATIC DISCHARGE (ESD) SENSITIVITY
T Vpp = 5.0V FACT circuits show excellent resistance to ESD-type dam-
8T Tp = 25 age. These logic devices are classified as category “B” of
7+ MIL-STD-883C, test method 3015, and withstand in excess
6 4 FACT Qs of 4000V typically. FACT logic is guaranteed to have 2000V
5 FACT AC ESD immunity on all inputs and outputs. Some FACT QS
s FACT FCTA and FACT FCT/FCTA are guaranteed to have 4000V ESD
immunity. FACT parts do not require any special handling
31 procedures. However, normal handling precautions should
2+ be observed as in the case of any semiconductor device.
T . Figure 1-17 shows the ESD test circuit used in the sensitivity
0 t t t t — analysis for this specification. Figure 7-18 is the pulse wave-
0 10 20 30 40 50 form required to perform the sensitivity test.

Load Capacitance (pF)
TL/F/10158-22
FIGURE 1-15. t¢, vs Capacitance
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RylIRg =~ Ry ) 0.008-0.25 ohm=cm

B ] . TL/F/10158-23
FIGURE 1-16. FACT EPI Process Cross Section with Latch-up Circuit Model
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Circuit Characteristics (continued)

The test procedure is as follows; five pulses, each of at the 2000V-3999V range are listed as ESD Class 2. Devices
least 2000V, are applied to every combination of pins with a that result in ESD immunity in the 4000+ V range are listed
five second cool-down period between each pulse. The po- as ESD Class 3. Several devices on the FACT QS and
larity is then reversed and the same procedure, pulse and FACT FCT/FCTA lines are guaranteed as Class 3 (see indi-
pin combination used for an additional five discharges. Con- vidual data sheets).

tinue until all pins have been tested. If none of the devices For further specifications of TM-3015, refer to the relevant
from the sample population fails the DC and AC test charac- standard. The voltage is increased and the testing proce-
teristics, the device shall be classified as category B of MiL- dure is again performed; this entire process is repeated until
STD-883C, TM-3015. Devices that result in ESD immunity in all pins fail. This is done to thoroughly evaluate all pins.

R1 = 800k (min)
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FACT Descriptions and Family Characteristics

Circuit Characteristics (continued)

RADIATION TOLERANCE

Semiconductors subjected to radiation environments under-
go degradation in operating life as their exposure to radia-
tion increases. As technology advances, so does the de-
mand for radiation-tolerant devices. National is meeting this
challenge by developing the FACT family into a comprehen-
sive radiation tolerant product for present and future rad-
hard needs. Such applications include:

® Space (Commercial and Military)
— Satellites

— Space Stations

o Airborne and Military (Tactical Arena)
— Fighters/Bombers

— Missile Systems

— Ground Based Systems

— Navigation & Communications
* Commercial

— Power Stations

— Medical

— Food and Bacterial Control

Radiation tolerant semiconductors increase the useful life of
the product in which they are incorporated. Additionally, ra-
diation tolerant devices reduce shielding requirements and
improve stabilization of parametric performance, resulting in
cost reductions for shielding and weight, reduce power con-
sumption and size.

SUMMARY OF TESTING
600

rad (i)
sec

514

Dose Rate: 215
B Temp: 25°C

w
=}
o

rS
[=]
o

g

189

8

Ipp (Standby Current) = uA

g

1 |-
0 100 200 300 400 500 600 700 800 900 1000
Total lonization = [krad (Si)]

o

TL/F/10158-26
FIGURE 1-19. Total Dose Response (54AC245)

Total dose irradiation is presently performed “in-house” us-
ing a AECL Gamma Cell 220, Cobalt-60, source (National
Bureau of Standards certified). Step-stress radiation testing
is performed on each part-type per MIL STD 883 Method
1019.3. After each total dose level, a complete parametric
test (DC and AC) is done and the parametric values evaluat-
ed.

FACT IS RADIATION TOLERANT

FACT logic employs the use of thin gate oxides, oxidation
cycles, and annealing steps that enhance the tolerance of
the standard FACT product line.

FACT’s epitaxial layer and low-resistivity substrate provide
inherent latch-up immunity under dose rate and single event
phenomenon (SEP) conditions.

Figure 19 shows a FACT 'AC245 Ipp supply current versus
total dose radiation. With the exception of Ipp and lpz, all
FACT devices tested to date suffer no parametric degrada-
tion or functional failures up to several hundred krads. Due
to circuit and layout differences, each function has a unique
response to radiation. Relaxed limits for Ipp and lpz are per
the applicable /750XX slash sheet, standard military draw-
ing (SMD), or datasheet.

DOSE RATE TEST RESULTS

Analysis of the FACT 54AC299 8-Bit Universal Shift Regis-
ter upset test data indicates that minimum upset threshold
levels occurred under the worst-case conditions of a wide
pulse (1 ps), lowest Vpp voltage (4.0V DC), and the DUT in
the dynamic operating mode.

Measured minimum upset levels were 1.90 to 2.22 X 109
rad(Si)/sec. Narrow pulse (50 ns) data demonstrated radia-
tion upset levels from 4.40 to 5.66 X 109 rad(Si)/sec under
dynamic operation.

Upon completion of radiation upset testing, latchup and sur-
vivability tests were performed at +25°C, +80°C, +100°C,
and +116°C for Vpp = 4.5V DC, 5.0V DC, and 5.5V DC.
Test results indicated no latchup occurred for either narrow
pulse (50 ns) or wide pulse (1 ms) radiation. The radiation
test level for narrow pulse was 1010 rad(Si)/sec at +25°C.
Due to the heating of the circuit, the highest radiation level
was limited at +116°C to 7.5 X 109 rad(Si)/sec.

After completion of latchup and survivability tests, verifica-
tion of latchup windows was performed. Test results indi-
cate no existence of latchup windows under worst case
conditions for narrow and wide pulse radiation.
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Semiconductor

Ratings, Specifications, and Waveforms

Specifying FACT™ Devices
Traditionally, when a semiconductor manufacturer complet-
ed a new device for introduction, specifications were based
on the characterization of just a few parts. While these
specifications were appealing to the designer, they were of-
ten too tight and, over time, the IC manufacturers had diffi-
culty producing devices to the original specs. This forced
the manufacturer to relax circuit specifications to reflect the
actual performance of the device.

As a result, designers were required to review system de-
signs to ensure the system would remain reliable with the
new specifications. National Semiconductor realized and
understood the problems associated with characterizing de-
vices too aggressively.

To provide more realistic and manufacturable specs, Na-
tional Semiconductor devised a systematic and thorough
process to generate specifications. Devices are selected
from multiple wafer lots to ensure process variations are
taken into account. In addition, the process parameters are
measured and compared to the known process limits. With
more than five years of experience manufacturing FACT
logic, National Semiconductor can accurately predict how
these wafer lots compare with the best and worse case lots
that can possibly be expected.

This method of characterizing parts more accurately repre-
sents the product across time, voltage, temperature and
process rather than portraying the fastest possible device.

These specification guidelines allow designers to design
systems more efficiently since the devices used will behave
as documented. Unspecified guardbands no longer need to
be added by the designer to ensure system reliability.

Power Dissipation—Test
Philosophy

In an effort to reduce confusion about measuring power dis-
sipation capacitance, Cpp, a JEDEC standard test proce-
dure (7A Appendix E) has been adopted which specifies the
test setup for each type of device. This allows a device to
be exercised in a consistent manner for the purposs of
specification comparison.

The following is a list of different types of logic functions,
along with the input setup conditions under which the Cpp
was measured for each type of device. By understanding
how the device was exercised during Cpp measurements,
the designer can understand whether the Cpp specified for
that particular device reflects the total power dissipation ca-

pacitance for either the entire device or for just a certain
stage of that device. For example, from the following list, it
is apparent that the Cpp value specified for a counter re-
flects the internal capacitance for the entire device, since
the entire device is being exercised during measurement.
On the other hand, the Cpp value specified for an octal line
driver reflects the internal capacitance for only one of eight
stages, since only one input was being switched during test.
Therefore the octal’s overall power dissipation should be
calculated for each of the eight stages, individually.

During the Cpp measurements, each output that is being
switched should be loaded with the standard 50 pF and
5000 load. All device measurements are made with Vpp =
5.0V at 25°C, with TRI-STATE® outputs enabled.

Gates/Buffers/ Switch one input. Bias the remaining

Line Drivers: inputs such that one output switches.

Latches: Switch the Enable and D inputs such
that the latch toggles.

Flip-Flops: Switch the clock pin while changing D
(or bias J and K) such that the out-
put(s) change each clock cycle. For
parts with a common clock, exercise
only one flip-flop.

Decoders: Switch one address pin which chang-
es two outputs.

Multiplexers: Switch one address pin with the corre-
sponding data inputs at opposite logic
levels so that the output switches.

Counters: Switch the clock pin with other inputs
biased such that the device counts.

Shift Registers: Switch the clock pin with other inputs
biased such that the device shifts.

Transceivers: Switch one data input. For bidirection-

al devices enable only one direction.
Switch one input.
Switch the lowest priority input.

Parity Generator:
Priority Encoders:

AC Loading and Waveforms

LOADING CIRCUIT

Figure 1 shows the AC loading circuit used in characterizing
and specifying propagation delays of all FACT devices ('AC
and 'ACT) unless otherwise specified in the data sheet of a
specific device.

2-3
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Ratings, Specifications, and Waveforms

AC Loading and Waveforms (continued)

The use of this load, which is equivalent to the FAST® (Fair-
child Advanced Schottky TTL) test jig, differs somewhat
from previous (HCMOS) practice. This provides more mean-
ingful information and minimizes problems of instrumenta-
tion and customer correlation. In the past, +25°C propaga-
tion delays for TTL devices were specified with a load of
15 pF to ground; this required great care in building test jigs
to minimize stray capacitance and implied the use of high
impedance, high frequency scope probes. FAST circuits
changed to 50 pF of capacitance, allowing more leeway in
stray capacitance and also loading the device during rising
or falling output transitions. This more closely resembles the
inloading to be expected in avarage applications and thus
gives the designer more useful delay figures. We have in-
corporated this scheme into the FACT product line. The net
effect of the change in AC load is to increase the average
observed propagation delay by about 1 ns.

The 5009 resistor to ground can be a high frequency pas-
sive probe for a sampling oscilloscope, which costs much
less than the equivalent high impedance probe. Alternately,
the 5009 resistor to ground can simply be a 4509 resistor
feeding into a 50Q coaxial cable leading to a sampling
scope input connector, with the internal 509 termination of
the scope completing the path to ground. This is the pre-
ferred scheme for correlation. (See Figure 1.) With this
scheme there should be a matching cable from the device
input pin to the other input of the sampling scope; this also
serves as a 50Q termination for the pulse generator that
supplies the input signal.
Shown in Figure 1 is a second 5009 resistor from the de-
vice output to a switch. For most measurements this switch
is open; it is closed for measuring one set of the Enable/
tpn

tonL

4
— PNty

2xVpp :PZL
PLZ

t,=3.0ns
t;=3.0ns

500 Scope
TL/F/10159-1
FIGURE 1a. AC Loading Circuit for AC, ACT, ACQ, ACTQ

’ACxx, ACQxx
Voo =
VDD =-0.1v

70% Vpp |

Disable parameters (LOW-to-OFF and OFF-to-LOW) of a
TRI-STATE output. With the switch closed, the pair of 5000
resistors and the 2 X Vpp supply voltage establish a quies-
cent HIGH level.

Test Conditions

Figures 2a and 2b describe the input signal voltage levels to
be used when testing FACT circuits. The AC test conditions
follow.industry convention requiring V| to range from OV for
a logic LOW to 3.0V for a logic HIGH for 'ACT devices and
0V to Vpp for 'AC devices. The DC parameters are normally
tested with V|y at guaranteed input levels, that is Vi to V)
(see data tables for details). Care must be taken to ade-
quately decouple these high performance parts and to pro-
tect the test signals from electrical noise. In an electrically
noisy environment, (e.g., a tester and handler not specifical-
ly designed for high speed work), DC input levels may need
to be adjusted to increase the noise margin to allow for the
extra noise in the tester which would not be seen in a sys-
tem.

Noise immunity testing is performed by raising VN to the
nominal supply voltage of 5.0V then dropping to a level cor-
responding to V| characteristics, and then raising again to
the 5.0V level. Noise tests can also be performed on the V|
characteristics by raising Vy from OV to V|, then returning
to OV. Both Vi and V_ noise immunity tests should not
induce a switch condition on the appropriate outputs of the
FACT device.

Good high frequency wiring practices should be used in
constructing test jigs. Leads on the load capacitor should be
as short as possible to minimize ripples on the output wave-

PULSE
GENERATOR

TL/F/10159-11
FIGURE 1b. AC Loading Circuit for FCT, FCTA

Devices

30% Voot

0.1V ==

ov

AC Test DC LOowW LOW level
Input Levels Input Range Noise
Immunity

DC HIGH 1 HIGH Level | Transition
Input Range Noise Region

Immunit
y TL/F/10159-2

FIGURE 2a. Test Input Signal Levels
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Test Conditions (Continued)

*ACTxx, ACTQxx, FCTxx, FCTxxA Devices

Voo --
Vpp =01V~

3.0V \

2.0V

0.8V~

0.1v

ov —)
AC Test DC LOW LOW Level DC HIGH HIGH Level ! Transition
Input Levels Input Range Nolse Input Range Noise Region
Immunity Immunity

TL/F/10159-3

FIGURE 2b. Test Input Signal Levels

form transitions and to minimize undershoot. Generous
ground metal (preferably a ground plane) should be used for
the same reasons. A Vpp bypass capacitor should be pro-
vided at the test socket, also with minimum lead lengths.

Rise and Fall Times

Input signals should have rise and fall times of 3.0 ns and
signal swing of OV to 3.0V Vpp for 'ACT devices or 0V to
Vpp for 'AC devices. Rise and fall times less than or equal
to 1 ns should be used for testing fmax or pulse widths.

CMOS devices, including 4000 Series CMOS, HC, HCT and
FACT families, tend to oscillate when the input rise and fall
times become lengthy. As a direct result of its increased
performance, FACT devices can be more sensitive to slow
input rise and fall times than other lower performance tech-
nologies.

It is important to understand why this oscillation occurs.
Consider the outputs, where the problem is initiated. Usual-
ly, CMOS outputs drive capacitive loads with low DC leak-
age. When the output changes from a HIGH level to a LOW
level, or from a LOW level to a HIGH level, this capacitance
has to be charged or discharged. With the present high per-
formance technologies, this charging or discharging takes
place in a very short time, typically 2-3 ns. The requirement
to charge or discharge the capacitive loads quickly creates
a condition where the instantaneous current change
through the output structure is quite high. A voitage is gen-
erated across the Vpp or ground leads inside the package
due to the inductance of these leads. The internal ground of
the chip will change in reference to the outside world be-
cause of this induced voltage.

Consider the input. If the internal ground changes, the input
voltage level appears to change to the DUT. If the input rise
time is slow enough, its level might still be in the device
threshold region, or very close to it, when the output
switches. If the internally-induced voltage is large enough, it
is possible to shift the threshold region enough so that it re-
crosses the input level. If the gain of the device is sufficient
and the input rise or fall time is slow enough, then the de-
vice may go into oscillation. As device propagation delays
become shorter, the inputs will have less time to rise or fall
through the threshold region. As device gains increase, the
outputs will swing more, creating more induced voltage. In-
stantaneous current change will be greater as outputs be-
come quicker, generating more induced voltage.

Package-related causes of output oscillation are not entirely
to blame for problems with input rise and fall time measure-
ments. All testers have Vpp and ground leads with a finite
inductance. This inductance needs to be added to the in-
ductance in the package to determine the overall voltage
which will be induced when the outputs change. As the ref-
erence for the input signals moves further away from the pin
under test, the test will be more susceptible to problems
caused by the inductance of the leads and stray noise. Any
noise on the input signal will also cause problems. With
FACT logic having gains as high as 100, it merely takes a
50 mV change in the input to generate a full 5V swing on the
output.

Propagation Delays, fmax,
Set and Hold Times

A 1.0 MHz square wave is recommended for most propaga-
tion delay tests. The repetition rate must necessarily be in-
creased for testing fmax. A 50% duty cycle should always be
used when testing fmax. Two pulse generators are usually
required for testing such parameters as setup time, hold
time, recovery time, etc. See Figures 3, 4, and 8.

Enable and Disable Times

Figures 6, 6 and 17 show that the disable times are mea-
sured at the point where the output voltage has risen or
fallen by 0.3V from Vg or Vop, respectively. This change
enhances the repeatability of measurements, and gives the
system designer more realistic delay times to use in calcu-
lating minimum cycle times. Since the high impedance state
rising or falling waveform is RC-controlled, the first 0.3V of
change is more linear and is less susceptible to external
influences. More importantly, perhaps from the system de-
signer’s point of view, a change in voltage of 0.3V is ade-
quate to ensure that a device output has turned OFF. Mea-
suring to a larger change in voltage merely exaggerates the
apparent Disable times and thus penalizes system perform-
ance since the designer must use the Enable and Disable
times to devise worst case timing signals to ensure that the
output of one device is disabled before that of another de-
vice is enabled. Note that the measurement points have
been changed from the previous 10% and 90% points. This
better reflects actual test points and does not change speci-
fication limits.
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Ratings, Specifications, and Waveforms

Waveforms

DATA 45 v
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TL/F/10159-4
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FIGURE 3. Waveform for Inverting and
Non-Inverting Functions for AC/ACT, ACQ/ACTQ
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TL/F/10159-5
FIGURE 4. Propagation Delay, Pulse Width
and tyoc Waveforms for AC/ACT, ACQ/ACTQ
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TL/F/10159-6
FIGURE 5. TRI-STATE Output High Enable
and Disable Times for AC/ACT, ACQ/ACTQ
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TL/F/10159-7
FIGURE 6. TRI-STATE Output Low Enable
and Disable Times for AC/ACT, ACQ/ACTQ
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J
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TL/F/10159-8
FIGURE 7. Setup Time, Hold Time and
Recovery Time for AC/ACT, ACQ/ACTQ

*Vmi = 50% Vpp for 'AC/’ACQ devices; 1.5V for '"ACT/’ACTQ devices
Vmo = 50% Vpp for *AC/’ACT, 'ACQ/’ACTQ devices

SAME PHASE
INPUT TRANSITION

OUTPUT

OPPOSITE PHASE
INPUT TRANSITION

TL/F/10159-12

FIGURE 8. Propagation Delay for FCT, FCTA

LOW=HIGH~LOW
PULSE

HIGH=LOW=HIGH sy
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TL/F/10159-13
FIGURE 9. Pulse Width for FCT, FCTA
DATA a— N
INPUT ity o
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TIMING _;( BN
INPUT o
ASYNCHRONOUS CONTROL tRem =]
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CLEAR _ 1.5v
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ETC. tsy —|

TL/F/10159-14

FIGURE 10. Set-Up, Hold
and Release Times for FCT, FCTA

ENABLE DISABLE
CONTROL f‘f—,v
INPUT . — 1
oUTPUT tpzL [ s5v —tp g}
NORMALLY SWITCH X 15y 1d 35V
Low CLOSED =gy T Vo,
~tpzn— ity
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OPEN . ov
HIGH —-——2___. ov
TL/F/10159-15
FIGURE 11. Enable and Disable Times for FCT, FCTA

Note 1: Diagram shown for input Control Enable-LOW and input Control

Disable-HIGH

Note 2: Pulse Generator for All Pulses: Rate < 1.0 MHz; Z, < 50Q; tp <

25ns;tg < 25ns
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Electrostatic Discharge

Precautions should be taken to prevent damage to devices
by electrostatic discharge. Static charge tends to accumu-
late on insulated surfaces such as synthetic fabrics or car-
peting, plastic sheets, trays, foam, tubes or bags, and on
ungrounded electrical tools or appliances. The problem is
much worse in a dry atmosphere. In general, it is recom-
mended that individuals take the precaution of touching a
known ground before handling devices. To effectively avoid
electrostatic damage to FACT devices, it is recommended
that individuals wear a grounded wrist strap when handling
devices. More often, handling equipment, which is not prop-
erly grounded, causes damage to parts. Ensure that all plas-
tic parts of the tester, which are near the device, are con-
ductive and connected to ground.

FACT Noise Characteristics

The setup of a noise characteristics measurement is critical

to the accuracy and repeatability of the tests. The following

is a brief description of the setup used to measure the noise
characteristics of FACT.

Equipment:

Hewlett Packard Model 8180A Word Generator
PC-163A Test Fixture or Equivalent
Tektronics Model 7854 Oscilloscope or Equivalent

Procedure:

1. Verify Test Fixture Loading: Standard Load 50 pF, 500Q.

2. Deskew the word generator so that no two channels have
greater than 150 ps skew between them. This requires
that the oscilloscope be deskewed first. Swap out the
channels that have more than 150 ps of skew until all
channels being used are within 150 ps. It is important to
deskew the word generator channels before testing. This
will ensure that the outputs switch simultaneously.

3. Terminate all inputs and outputs to ensure proper loading
of the outputs and that the input levels are at the correct
voltage.

4. Set Vpp to 5.0V.

. Set the word generator to toggle all but one output at a
frequency of 1 MHz. Greater frequencies will increase
DUT heating and affect the results of the measurement.

6. Set the word generator input levels at OV LOW and 3V
HIGH for ACT/ACTQ/FCT/FCTA devices and 0V LOW
and 5V HIGH for AC/ACQ devices. Verify levels with a
digital volt meter.

o

Voo

DUT
@ 7=In Puts R N

ACTIVE
OUTPUTS

QUIET
OQUTPUT
UNDER TEST

TL/F/10159~9
FIGURE 12. Quiet Output Noise Voltage Waveforms
Note A. Vony and Vg p are measured with respect to ground reference.

Note B. Input pulses have the following characteristics: f = 1 MHz, t, =
3 ns, tf = 3 ns, skew < 150 ps.

VoLp/VoLv and VoHp/Vorv:

e Determine the quiet output pin that demonstrates the
greatest noise levels. The worst case pin will usually be
the furthest from the ground pin. Monitor the output volt-
ages using a 50Q coaxial cable plugged into a standard
SMB type connector on the test fixture. Do not use an
active FET probe.

Measure Vo p and Vory on the quiet output LOW during
the HL transition. Measure Vonp and Vony on the quiet
output HIGH during the LH transition.

Verify that the GND reference recorded on the oscillo-
scope has not drifted to ensure the accuracy and repeat-
ability of the measurements.

ViLp and ViHp:
o Monitor one of the switching outputs using a 50 coaxial

cable plugged into a standard SMB type connector on
the test fixture. Do not use an active FET probe.

First increase the input LOW voltage level, V|, until the
output begins to oscillate. Oscillation is defined as noise
on the output LOW level that exceeds Vj_ limits, or on
output HIGH levels that exceed Viy limits. The input
LOW voltage level at which oscillation occurs is defined
as ViLp.

Next increase the input HIGH voltage level on the word
generator, Vi until the output begins to oscillate. Oscilla-
tion is defined as noise on the output LOW level that
exceeds Vy_ limits, or on output HIGH levels that exceed
Vi limits. The input HIGH voltage level at which oscilla-
tion occurs is defined as V|yp.

Verify that the GND reference recorded on the oscillo-
scope has not drifted to ensure the accuracy and repeat-
ability of the measurements.

4500 @
ANA

o

°

HP 8180A 4 4
WORD v
GENERATOR

Vop

TEK 7854
Oscill

500 lnpurQs
4500

AAA _—,

GND

GND is supplied via %
a copper plane

VVv \v.

Probes are grounded as
close to DUT pins as possible.

-L 50 pF
g Load capacitors are placed

as close to DUT as possible.
TL/F/10159-10

FIGURE 13. Simultaneous Switching Test Circuit
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Design Considerations

Today's system designer is faced with the problem of keep-
ing ahead when addressing system performance and reli-
ability. National Semiconductor's advanced CMOS helps
designers achieve these goals.

FACTT™ (Fairchild Advanced CMOS Technology) logic was
designed to alleviate many of the drawbacks that are com-
mon to current technology logic circuits. FACT logic com-
bines the low static power consumption and the high noise
margins of CMOS with a high fan-out, low input loading and
a 500 transmission line drive capability (comparable to Na-
tional Semiconductor’s FAST bipolar technology family) to
offer a complete family of 1.3-micron SSI, MSI, and LSI de-
vices.

Performance features such as advanced Schottky speeds
at CMOS power levels, advanced Schottky drive, excellent
noise, ESD, and latch-up immunity are characteristics that
designers of state-of-the-art systems require. FACT logic
answers all of these concerns in one family of products. To
fully utilize the advantages provided by FACT, the system
designer should have an understanding of the flexibility as
well as the trade-offs of CMOS design. The following sec-
tion discusses common design concerns relative to the per-
formance and requirements of FACT.

There are six items of interest which need to be evaluated
when implementing FACT devices in new designs:

o |nterfacing—interboard and technology interfaces, bat-
tery backup and power down or live insert/extract sys-
tems require some special thought.

Transmission Line Driving—FACT has line driving capa-
bilities superior to all CMQOS families and most TTL fami-
lies.

Noise effects—As edge rates increase, the probability of
crosstalk and ground bounce problems increases. The
enhanced noise immunity and high threshold levels im-
prove FACT’s resistance to system-generated problems.
Board Layout—Prudent board layout will ensure that
most noise effects are minimized.

Power Supplies and Decoupling—Maximize ground and
Vpp traces to keep Vpp/ground impedance as low as
possible; full ground/Vpp planes are best. Decouple any
device driving a transmission line; otherwise add one ca-
pacitor for every package.

o Electromagnetic Interference

o

o

Interfacing

FACT and FACT QS devices have outputs which combine
balanced CMOS outputs with high current line driving capa-
bility. Each standard output is guaranteed to source or sink

24 mA of current under worst case conditions. FACT FCT is
guaranteed to sink 64 mA and source 15 mA. This allows
FACT circuits to drive more loads than standard advanced
Schottky parts; FACT can directly drive FAST®, ALS, AS,
LS, HC and HCT devices.

ACMOS v+ L

Bipolar TTL
HC & HCT
NMOS
PMOS
FACT

TL/F/10160-1
FIGURE 3-1. Interfacing FACT to NMOS, CMOS, and TTL

FACT ;

FACT devices can be directly driven by both NMOS and
CMOS families, operating at the same rail potential without
special considerations. This is possible due to the low input
loading of FACT product, guaranteed to be less than 1 pA
per input.

Some older technologies, including all existing TTL families,
will not be able to drive FACT AC/ACQ circuits directly; this
is due to inadequate output HIGH level capability, which is
guaranteed to 2.4V. There are two simple approaches to the
TTL-to-FACT interface problem. A TTL-to-CMOS converter
can be constructed employing a resistor pull-up to Vpp of
approximately 4.7 k2, which is depicted in Figure 3-2. The
correct HIGH level is seen by the CMOS device while not
loading down the TTL driver.

m v+ ACMOS
<
S
FAST ; HC
AS/ALS AC
ACQ

TL/F/10160-2
FIGURE 3-2. Vi Pull-Up on TTL Outputs

Unfortunately, there will be designs where including a pull-
up resistor will not be acceptable. In these cases, such as a
terminated TTL bus, National Semiconductor has designed
devices which offer thresholds that are TTL-compatible
(Figure 3-3).
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Design Considerations

Interfacing (continued)
m v+ ACMOS

FAST ‘ HCT

AS/ALS ACT
FCT/FCTA
ACTQ

TL/F/10160-3

FIGURE 3-3. TTL Interfacing to 'ACT
ECL devices cannot directly drive FACT devices. Interfacing
FACT-to-ECL can be accomplished by using a F100124 or
F100324 TTL-to-ECL translator and a F100125 or F100325
ECL-to-TTL translator in addition to following the same rules
on the TTL outputs to CMOS inputs (i.e., a resistor pull-up to
Vpp of approximately 4.7 kQ).

ACMOS ve ECL
m
Vgg Vee
FACT ‘ F100124
F100324

TL/F/10160-4
FIGURE 3-4a. FACT-to-ECL Translation

EcL Ve ACMOS
Vm
v,
Ve BB

F100125 ‘ ACT

F100325 HCT
FCT/FCTA
ACTQ

TL/F/10160-5
FIGURE 3-4b. ECL-to-FACT Translation

It should be understood that for FACT, as with other CMOS
technologies, input levels that are between specified input
values will cause both transistors in the CMOS structure to
be conducting. This will cause a low resistive path from the
supply rail to ground, increasing the power consumption by
several orders of magnitude. It is important that CMOS in-
puts are always driven as close as possible to the rail.

Line Driving and Termination

With the available high-speed logic families, designers can
reach new heights in system performance. Yet, these faster
devices require a closer look at transmission line effects.

Although all circuit conductors have transmission line prop-
erties, these characteristics become more significant when
the edge rates of the drivers are equal to or less than three
times the propagation delay of the line. Significant transmis-
sion line properties may be exhibited in an example where
devices have edge rates of 3 ns and lines of 8 inches or
greater, assuming propagation delays of 1.7 ns/ft for an
unloaded printed circuit trace.

Of the many properties of transmission lines, two are of
major interest to the system designer: Z'y, the effective
equivalent impedance of the line, and tpge, the effective
propagation delay down the line. It should be noted that the
intrinsic values of line impedance and propagation delay, Z,
and tpq, are geometry-dependent. Once the intrinsic values
are known, the effects of gate loading can be calculated.
The loaded values for Z' and tpge can be calculated with:

Zo
V1 + Cp/C.
tpde = tpd V1 + Cp/CL

where C|_ = intrinsic line capacitance and Cp = additional
capacitance due to gate loading.

The formulas indicate that the loading of lines decreases
the effective impedance of the line and increases the propa-
gation delay. Lines that have a propagation delay greater
than one third the rise time of the signal driver should be
evaluated for transmission line effects. When performing
transmission line analysis on a bus, only the longest, most
heavily loaded and the shortest, least loaded lines need to
be analyzed. All lines in a bus should be terminated equally;
if one line requires termination, all lines in the bus should be
terminated. This will ensure similar signals on all of the lines.

Zo=

Zg I L
AN — - mmm—- [ S—
M : ] : ) ]
) ) )
(] ] ' 1) (] <
A e S e S - B3
FEVE Py
TL/F/10160-6

Length of Transmission Line = L N
Distributed Load Capacitance per Unit Length = Cp = z Cy/L

n=1
Characteristic Impedance
of a Transmission Line =z
Altered by Distributed Loading
- /L
Co + Cp
__ %
142
Co
) ! ) _— Z1-2Z'o
Effective Reflection Coefficient at Termination = p =
Zr +2Z'o

FIGURE 3-5a. Transmission Line
with Distributed Loading




Line Driving and Termination (continued)

‘@
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Reflected Wave for Z; < Z

® | ength of Transmission Line = L

= Delay of Transmission Line = T

» Time of Sample = t

® |ncident Wave Current = |4

= ncident Wave Voltage = V4

» Reflected Wave Current = Ig

= Reflected Wave Voltage = Vg

= Characteristic Impedance of Line = Zg
= Termination Impedance = Zt

= Voltage at Termination = V1
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o
> » Distance

Reflected Wave for Z; > Z,
TL/F/10160-7

FIGURE 3-5b. Reflections Due to Impedance Mismatching

There are several termination schemes which may be used.
Included are series, parallel, AC parallel, and Thevenin ter-
minations. AC parallel and series terminations are the most
useful for low power applications since they do not con-
sume any DC power. Parallel and Thevenin terminations ex-
perience high DC power consumption.

SERIES TERMINATIONS

Series terminations are most useful in high-speed applica-
tions where most of the loads are at the far end of the line
or especially for single point loads. Loads that are between
the driver and the end of the line will receive a two-step

D=t

TL/F/10160~8
a. No Termination

waveform. The first step will be the incident wave, V;. The
amplitude is dependent upon the output impedance of the
driver, the value of the series resistor, and the impedance of
the line according to the formula
Vi=Vpp©®Z'o/(Z's + Rg + Zg)

The amplitude will be one-half the voltage swing if Rg (the
series resistor) plus the output impedance (Zs) of the driver
is equal to the line impedance. Zg for FACT is approximately
17Q. The second step of the waveform is the reflection from
the end of the line and will have an amplitude equal to that
of the first step. All devices on the line will receive a

TL/F/10160-9
b. Series Termination

—> : -
A

c. Parallel Termination

v i

d. AC Parallel Termination

>
;

TL/F/10160-11

g v+
TL/F/10160-12

e. Thevenin Termination

FIGURE 3-6a. Termination Schemes
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Design Considerations

Line Driving and
Termination (continued)

valid level only after the wave has propagated down the line
and returned to the driver. Therefore, all inputs will see the
full voltage swing within two times the delay of the line.

PARALLEL TERMINATION

Parallel terminations are not generally recommended for
CMOS circuits due to their power consumption, which can
exceed the power consumption of the logic itself. The pow-
er consumption of parallel terminations is a function of the
resistor value and the duty cycle of the signal. In addition,
parallel termination tends to bias the output levels of the
driver towards either Vpp or ground. While this feature is not
desirable for driving CMOS inputs, it can be useful for driv-
ing TTL inputs.

AC PARALLEL TERMINATION

AGC parallel terminations work well for applications where
the delays caused by series terminations are unacceptable.
The terminating effects of AC parallel terminations are simi-
lar to the effects of standard parallel terminations. The ma-
jor difference is that the capacitor blocks any DC current
path and helps to reduce power consumption.

Thevenin Termination

Thevenin terminations are also not generally recommended
due to their power consumption. Like parallel termination, a
DG path to ground is created by the terminating resistors.
The power consumption of a Thevenin termination, though,
will generally not be a function of the signal duty cycle.
Thevenin terminations are more applicable for driving
CMOS inputs because they do not bias the output levels as
paralleled terminations do. It should be noted that lines with
Thevenin terminations should not be left floating since this
will cause the input levels to float between Vpp or ground,
increasing power consumption.

u Parallel: Resistor = Z,

m Thevenin: Resistor = 2 X Z,

m Series: Resistor = Zo — Zout
u AC: Resistor = Z,

3tr

Capacitor = C = —

Zo

Figure 3-6b. Suggested Termination Values

&0
60

500hm Parallel

Ipp (mA)

[ e e e
0 2 4 6 8

FREQUENCY (MHz)

1 T T T T
10 12 14 16 18 20

TL/F/10160-13
FIGURE 3-6¢. FACT Ipp vs Termination

FACT circuits have been designed to drive 50Q transmis-
sion lines over the full commercial temperature range and
759 transmission lines over the military temperature range.
This is guaranteed by the FACT family’s specified dynamic
drive capability of 75 mA source and sink current. This en-
sures incident wave switching on 509 transmission lines
and is consistent with the 3 ns rated edge transition time.

FACT and FACT QS devices also feature balanced output
totem pole structures to allow equal source and sink current
capability. This gives rise to balanced edge rates and equal
rise and fall times. Balanced drive capability and transition
times eliminate both the need to calculate two different de-
lay times for each signal path and the requirement to correct
signal polarity for the shortest delay time.

FACT FCT/FCTA have very high DC sink current capability
(64 mA, commercial temperature) making the output drive
compatible with popular bus standards such as VMEbus™
and MULTIBUS®.

FACT product inputs have been created to take full advan-
tage of high output levels to deliver the maximum noise im-
munity to the system designer. V|4 and V| for AC/ACQ
devices are specified at 70% and 30% of Vpp respectively.
The corresponding output levels, Vo and Vg, are speci-
fied to be within 0.1V of the rails, of which the output is
sourcing or sinking 50 pA or less. These noise margins are
outlined in Figure 3-7.

70% _L E
50% 50%
—7 o

TL/F/10160-14
FIGURE 3-7. AC/ACQ input Threshold

CMOS Bus Loading

CMOS logic devices have clamp diodes from all inputs and
outputs to Vpp and ground. While these diodes increase
system reliability by damping out undershoot and overshoot
noise, they can cause problems if power is lost.

Figure 3-8 exemplifies the situation when power is removed.
Any input driven above the Vpp pin will forward-bias the
clamp diode. Current can then flow into the device, and out
Vpp or any output that is HIGH. Depending upon the sys-
tem, this current, ljn, can be quite high, and may not allow
the bus voltage to reach a valid HIGH state. One possible
solution to eliminate this problem is to place a series resis-
tor in the line. Another possible solution would be to ensure
that the output enable input is inactive, preventing the out-
puts from turning on and loading down the bus. This may be
accomplished by hardwiring a 4.7 k2 pull-up resistor to the
Vpp pin of the FACT device.

Voo

A

—

IS [4
) ¥

FIGURE 3-8. Noise Effects

TL/F/10160-15
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Noise Effects

FACT offers the best noise immunity of any competing tech-
nology available today. With input thresholds specified at
30% and 70% of Vpp and outputs that drive to within
100 mV of the rails, FACT AC/ACQ devices offer noise mar-
gins approaching 30% of Vpp. At 5V Vpp, FACT's specified
input and output levels give almost 1.5V of noise margin for
both ground- and Vpp-born noise. With realistic input
thresholds closer to 50% of Vpp, the actual margins ap-
proach 2.5V.

However, even the most advanced technology cannot alone
eliminate noise problems. Good circuit board layout tech-
niques are essential to take full advantage of the superior
performance of FACT circuits.

Well-designed circuit boards also help eliminate manufac-
turing and testing problems.

Another recommended practice is to segment the board
into a high-speed area, a medium-speed area and a low-
speed area. The circuit areas with high current requirements
(i.e., buffer circuits and high-speed logic) should be as close
to the power supplies as possible; low-speed circuit areas
can be furthest away.

Decoupling capacitors should be adjacent to all buffer
chips; they should be distributed throughout the logic: one
capacitor per chip. Transmission lines need to be terminat-
ed to keep reflections minimal. To minimize crosstalk, long
signal lines should not be close together.

Crosstalk

The problem of crosstalk and how to deal with it is becom-
ing more important as system performance and board den-
sities increase. Crosstalk is the coupling of signals from one
line to another. The amplitude of the noise generated on the
inactive line is directly related to the edge rates of the signal
on the active line, the proximity of the two lines and the
distance that the two lines are adjacent.

Crosstalk has two basic causes. Forward crosstalk, Figures
3-9b and 3-9d, is caused by-the wavefront propagating
down the printed circuit trace at two different velocities. This
difference in velocities is due to the difference in the dielec-
tric constants of air (¢, = 1.0) and epoxy glass (&, = 4.7).
As the wave propagates down the trace, this difference in
velocities will cause one edge to reach the end before the
other. This delay is the cause of forward crosstalk; it in-
creases with longer trace length, so consequently the mag-
nitude of forward crosstalk will increase with distance.

Reverse crosstalk, Figures 3-9c and 3-9e, is caused by the
mutual inductance and capacitance between the lines which
is a transformer action. Reverse crosstalk increases linearly
with distance up to a critical length. This critical length is the
distance that the signal can travel during its rise or fall time.

Although crosstalk cannot be totally eliminated, there are
some design techniques that can reduce system problems
resulting from crosstalk. FACT’s industry-leading noise mar-
gins make systems immune to crosstalk-related problems
easier to design. FACT’s AC noise margins, shown in Fig-
ures 3-10a through 3-70f, exemplify the outstanding immuni-
ty to everyday noise which can effect system reliability.

ol ol ol ol ol ol ol
N
-
[

® Two parallel signal lines provide mutual inductance and shunt capacitance

TL/F/10160-61

FIGURE 3-9a. Where Does Crosstalk Take Place?
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Design Considerations

Crosstalk (continued)
| o
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TL/F/10160-62

i
I
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[ A=

= Current gh the Ch istic Ind of T ission Line = I —/__
= Capacitively Coupled Current = Ic = -C dV;/dt A
= Mutually Induced Current = Iy = mi 8 /

= Forward Crosstalk Current = Icp

u As the active signal, V;, propagates from A to B a negative-going spike, Vs, D
propagates from C to D, coincident with V;.

=

FIGURE 3-9b. Forward Crosstalk—Refresher
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TL/F/10160-64

= Current through the Characteristic Inductance of Transmission Line = I /
A

= Capacitively Coupled Current = Ig = -C dV;/dt
= Mutually Induced Current = Iy = mi
= Reverse Crosstalk Current = Icr

u As the active signal, V;, propagates from A to B a positive pulse appears at [ __/_\_

C for a duration twice the coupled line delay T. | | | .

TL/F/10160-65
FIGURE 3-9c. Reverse Crosstalk—Refresher




Crosstalk (continued)

Voltage (V)

0.0v

[ I 1 | | | | I I
Time (ns) (5.0 ns/div)

Key Vertical Scale Horizontgl Scale
e = e Active Driver 1.0 V/Dlv 50 ns/Div
eesesceeees Forward Crosstalk 0.2 V/Div 5.0 ns/Div

Active Recelver 1.0 V/Div 5.0ns/Div

TL/F/10160-16

This figure shows traces taken on a test fixture designed to exaggerate the amplitude of crosstalk pulses.

FIGURE 3-9d. Forward Crosstalk on PCB Traces

Voltage (V)

0.0V —

I I I I I

I | [
Time (ns) (5.0 ns/div)

Key Vertical Scale Horizontal Scgle
e« emmme Active Driver 1.0 V/Div 50 ns/Div
eeeeecesces Roverse Crosstalk 0.2 V/Div 5.0 ns/Div

Active Receiver 1.0 V/Div 5.0 ns/Div

TL/F/10160-17

This figure shows traces taken on a test fixture designed to exaggerate the amplitude of crosstalk pulses.

FIGURE 3-9e. Reverse Crosstalk on PCB Traces

3-9

suonelapisuo?) ubisaq




Design Considerations

Crosstalk (Continued)

Active Line

Coupled Length=L
‘-7 Line Delay =T —-'

Passive Line

TL/F/10160-18

Noise Pulses at A:

For T > t; Noise
Reaches Max Amplitude

TL/F/10160-19

ForT =05t
Noise Just
Reaches Max
at Peak

TL/F/10160-20

ForT <05t
Noise Never

A Reaches Full
L Amplitude
e
TL/F/10160-21
FIGURE 3-9f. Partially Coupled Lines

. Volts from Vpp Vpp=5.0V

\ HAZARD
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| I t — 30%
Gnd
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TL/F/10160-22 0
FIGURE 3-10a. High Noise Margin 0 5 10 15 20 25 30 35 40 45 50

Pulse Width (ns)

TL/F/10160-23
FIGURE 3-10b. FACT AC/ACQ High Noise Margin




Crosstalk (continued)

s VOLTS FROM Vpp

| T
Vgp = 5.0V

5 \

4 HAZARD
L

3 SAFE

2

1

0

0 2 4 6 8 10 12 14 16 18 20

PULSE WIDTH (ns)
TL/F/10160-66
FIGURE 3-10c. FACT ACT/ACTQ/FCT/FCTA
High Noise Margin

—V—z

Gnd 1

TL/F/10160-24
FIGURE 3-10d. Low Noise Margin

With over 2.0V of noise margins, the FACT family offers
better noise rejection than any other comparable technolo-
ay.

In any design, the distance that lines run adjacent to each
other should be kept as short as possible. The best situation
is when the lines are perpendicular to each other. For those
situations where lines must run parallel, the effects of cross-

M Synchronous
Signal Plane

B Synchronous
Signal Plane
Plane C

ER Ground Plane
Plane D

Asynchronous
Signal Plane

Plane B

VOLTS Vpp=5.0V
3
HAZARD
2
SAFE
1
0

0 5 10 15 20 25 30 35 40 45 S0

PULSE WIDTH (ns)
TL/F/10160-25
FIGURE 3-10e. FACT AC/ACQ Low Noise Margin

VOLTS
3

T T
Vpp = 5.0V

)
\ HAZARD
—

SAFE

0 2 4 6 8 10 12 14 16 18 20
PULSE WIDTH (ns)
TL/F/10160-26
FIGURE 3-10f. FACT ACT/ACTQ/FCT/FCTA
Low Noise Margin

talk can be minimized by line termination. Terminating a line
in its characteristic impedance reduces the amplitude of an
initial crosstalk pulse by 50%. Terminating the line will also
reduce the amount of ringing. Crosstalk problems can also
be reduced by moving lines further apart or by inserting
ground lines or planes between them.

Plane A

== Ground Traces

=== Synchronous
Signal Traces

Signal Traces on Plane B
are perpendicular to traces
on Plane A

T Asynchronous Signal Traces

on Plane D can run in
any direction
TL/F/10160-27

FIGURE 3-11a. Recommended Crosstalk—Avoidance Structure
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Crosstalk (continued)
—  —
'I‘
Gnd

® Minimize parallel trace lengths
® Maximize distance "'S" between traces to minimize crosstalk
® Add ground trace between signal traces
@& Minimize distance h to keep line impedance low
TL/F/10160-32
FIGURE 3-11b. PCB Layout Tips
for Crosstalk Avoidance

Decoupling Requirements

National Semiconductor Advanced CMOS, as with other
high-performance, high-drive logic families, has special de-
coupling and printed circuit board layout requirements. Ad-
hering to these requirements will ensure the maximum ad-
vantages are gained with FACT products.

Local high frequency decoupling is required to supply power
to the chip when it is transitioning from a LOW to HIGH
value. This power is necessary to charge the load capaci-
tance or drive a line impedance. Figure 3-12 displays vari-
ous Vpp and ground layout schemes along with associated
impedances.

0.1"

Voo

d)50Q Vpp
Impedance Voo
Tu
s Board
¢€) 1000 Vpp
Impedance

Voo
Gnd

032"
Epoxy Glass

e)20Q Vpp
Impedance

“" 01"
1—“;" Glass Epoxy—/
Ground Plane Gnd / Ay

For most power distribution networks, the typical impedance
is between 5002 and 1009Q2. This impedance appears in se-
ries with the load impedance and will cause a droop in the
Vpp at the part. This limits the available voltage swing at the
local node, unless some form of decoupling is used. This
drooping of rails will cause the rise and fall times to become
elongated. Consider the example described in Figure 3-13
to calculate the amount of decoupling necessary. This cir-
cuit utilizes an 'AC240 driving a 1002 bus from a point
somewhere in the middle.

m— Buffer Output Sees Net 500 Load.
Data Bus — 500 Load Line on lon-VoH
Characteristic.
Shows Low-to-High Step of
1000 Approx. 4.8V.
4.9V
Buffer VOUT —/—
Ground ,
—D Plane 0.4v ' .
10f 8 =l 4ns
1

94 mA
low I |
0

TL/F/10160-44

Worst-Case Octal Drain = 8 X 94 mA
= 0.75 Amp.

1000

TL/F/10160-43

FIGURE 3-13. Octal Buffer Driving a 10092 Bus

Lo Board

16 Voo
b) 680 V,
Imp:nadancboIJ ‘G"d
1_6" Board
a) 1000 Vpp
Impedance

TL/F/10160-42

FIGURE 3-12. Power Distribution Impedances
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Decoupling Requirements (Continued)

Being in the middle of the bus, the driver will see two 100

loads in parallel, or an effective impedance of 50Q. To

switch the line from rail to rail, a drive of 94 mA is needed;

more than 750 mA will be required if all eight lines switch at

once. This instantaneous current requirement will generate

a voltage drop across the impedance of the power lines,

causing the actual Vpp at the chip to droop. This droop

limits the voltage swing available to the driver. The net ef- Q=cv

1=0.75A

suonesapisuo) ubisaq

fect of the voltage droop will lengthen device rise and fall :; ‘-"IﬁV//AA\; Bypass Capacitor S
. . . = |At, -
times and slow system operation. A local decoupling capac- Ao 45 10-9 Specify Vpp Droop = 30mV Max o0 .

itor is required to act as a low impedance supply for the
driver chip during high current conditions. It will maintain the
voltage within acceptable limits and keep rise and fall times
to a minimum. The necessary values for decoupling capaci-
tors can be calculated with the formula given in Figure 3-14.

0.750 X 4 X 10-9
= . -9 =
003 100 x 10 0.100 uF
Select Cg > 0.10 uF

FIGURE 3-14. Formula for Calculating

X R i Decoupling Capacitors
In this example, if the Vpp droop is to be kept below 30 mV
and the edge rate equals 4 ns, a 0.10 pF capacitor is need- i
o K cap Capacitor Types

Decoupling capacitors need to be of the high K ceramic
type with low equivalent series resistance (ESR), consisting
primarily of series inductance and series resistance. Capaci-
tors using 5ZU dielectric have suitable properties and make
a good choice for decoupling capacitors; they offer mini-
mum cost and effective performance.

It is good practice to distribute decoupling capacitors evenly
through the logic, placing one capacitor for every package.

/

0.1 uf
Capacitor

z]
a3
=]
|
=]

=l
Z)
=)
)
)

Vob r———-
o '
Ll
¢
GND ' | UK
)

[ ppp——]

/10160~
= Need to decouple board at the point of power supply entry TL/F/10160-28

= This capacitor (A) will smooth low frequency bulk switching noise
= A large value electrolytic capacitor is typically used (50 uF-100 uF)
FIGURE 3-15. Board-Level Decoupling Capacitor
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Design Considerations

Electromagnetic Interference

One of the features of advanced CMOS is its fast output
edge rates. For the first time a non-ECL logic family is capa-
ble of switching outputs at ECL speeds. In fact, advanced
CMOS edge rates exceed that of ECL. ECL outputs typically
swing 900 mV in 700 ps, translating into an edge rate of
1.3 V/ns. Advanced CMOS outputs, on the other hand,
swing 5.0V in approximately 3.0 ns, translating into an edge
rate of 1.6 V/ns. Logic families driving at these speeds,
however, are more prone to generate higher levels of sys-
tem noise. Electronic systems using advanced CMOS logic,
as with any other high performance logic system, require a
higher level of design considerations.

One element of system noise that will be discussed here is
referred to as Electromagnetic Interference, or EMI. The
level of EMI generated from a system can be greatly re-
duced with the use of proper Electromagnetic Compatibility
(EMC) design techniques. These design considerations be-
gin at the circuit board level and continue through the sys-
tem level to the enclosures themselves; EMC needs to be a
concern at the initial system design stage

WHAT IS EMI/RFI?

Electromagnetic Interference, or EMI, is an electrical phe-
nomenon where electric field energy and magnetic field en-
ergy are transmitted from one source to create interference
of transmitted and/or received signals from another source.
This may result in the information becoming distorted.

EMI can be an issue of emissions, that is, energy radiated
from one system to another or within the same system. It
can also be an issue of susceptibility, from high powered
microwave signals or nuclear EMP (Electromagnetic
Pulse)—an issue more applicable in the military arena than
commercial. While this section will specifically address radi-
ated energy, many comments may also apply to susceptibili-
ty.

SOURCES OF ELECTROMAGNETIC INTERFERENCE

EMI generation in an electronic system miay result from sev- -

eral sources. All mediums of signal transmission—from the

signal origin to its destination—are possible sources of radi- -

ated EMI. Understanding how each medium—including ICs,
coaxial cables, and connectors—can radiate EMI is para-
mount in effective, high performance system design.

As Figure 3-16 illustrates, EMI in a typical electronic circuit
is generated by a current flowing in some current path con-
figured within the circuit. These paths can be either Vpp-to-
GND loops or output transmission lines. The propagating
current pulse creates magnetic field energy, while the volt-
age drop across the loop area creates electric field energy.
The current path material itself acts as an antenna radiat-
ing—or receiving—both the electric and magnetic fields.

EMI generation is a function of several factors. Transmitted
signal frequency, duty cycle, edge rate, and output voltage
swings are the major factors of the resultant EMI levels.
Figure 3-17 illustrates a generalized Fourier transformation
of the transmitted signal from the time domain to the fre-

quency domain. To think in terms of EMI, one must think in
terms of the frequency domain. This illustration helps to re-
alize the role of the time domain signal components in the
frequency domain. Notice that as the signal’s period de-
creases, duty cycle decreases, or rise/fall time decreases
that the radiated bandwidth increases.

On the circuit level, in addition to the signal component fac-
tors mentioned earlier, radiating area, and the resultant an-
tenna’s radiating efficiency also play an important role in
EMI generation. Also, current spikes, power line noise, and
output ringing caused by outputs switching also contribute
to the overall EMI. Good design techniques that moderate
this noise will play a major role in minimizing radiated EMI.

OVERALL SYSTEM EMI

System EMI is a function of the current loop area. Some of
the largest loop areas in a system consist of circuit board
signal transmission lines, backplane transmission lines, and
170 cables. The current loop areas of the integrated circuit
packages—Vpp-to-GND loops—are small in comparison to
those of the transmission lines and 1/0 cables. Differences
in IC package pinout schemes are much less noticeable in
terms of overall system radiated EMI.

The formula used to model the maximum electric field is
listed below. This formula takes into account the antenna
dimension and efficiency as well as the basic signal compo-
nents.

% 3 2 2 1%
IElvax = 1.32 X 10~3e|e AeFreq [1+(%77D) ]2&\{

D m

. where,

|E]Mmax is the maximum E-field in the plane of the loop

| is the current amplitude in milliamps

A is the antenna area in square cm

A is the wavelength at the frequency of interest

D is the observation distance in meters

Freq is the frequency in MHz
and the perimeter of the loop P < A.
Figures 3-18a and 3-18b illustrate lab measurements of ra-
diated emissions from a test board populated with FACT,
FACT QS, and a competitor's ACMOS logic. The device
under test is driving a similar device across 26 cm of printed
circuit board trace.
At higher frequencies where, for example, quarter wave-
lengths approach the lengths of transmission lines common
in typical backplanes and plug-in cards, FACT QS with its
innovative noise supressions circuitry radiates substantially
less EMI than other ACMOS logic.

CIRCUIT BOARD DESIGN CONSIDERATIONS

Original equipment manufacturers cannot afford to fail elec-
tromagnetic emissions tests. Since these tests are mea-
sured outside of the system, precautions to shield the enclo-
sures, 1/0 cables, and connections are paramount. Howev-
er, EMI within a system may also cause errors in data trans-




Electromagnetic Interference (continued)

mission or unreliable system operation. Therefore, good
EMC design techniques at the circuit board level are just as
necessary.

Designing a system free of all EMI is an overwhelming task.
However, considering the following design recommenda-
tions at the circuit board level forms a good foundation on
which to design a system with good EMC.

° The use of multilayer printed circuit board is a virtual ne-
cessity. Two-sided printed circuit board and wire-wrap
boards provide no shielding of EMI. Two-sided boards
also do not allow the use of power and ground planes.
Instead they require the use of high impedance power
and ground traces. Planes provide impedances several
orders of magnitude lower than that of traces, reducing
transient voltage drops in the power distribution and re-
turn loops. As a result of these lower voltage drops, pow-
er supply induced EMI can also be reduced.

In addition to the reduced impedance, these power and
ground planes have an inherent EM| shielding effect that
the large areas of copper provide. With the use of strip-
lines or signal transmission lines sandwiched between
the power and ground planes, the designer can take full
advantage of the planes’ shielding capabilities. To maxi-
mize this shielding effect, keep the power and ground
plane areas as homogeneous as possible.

Since plastic provides no EMI shielding, and sockets of
any profile provide plenty of lead length, ICs should be
soldered directly to the board. Solder power and ground
pins directly to the power and ground planes, respective-
ly. Minimize the IC and associated component lead
lengths wherever possible.

Minimizing the number of simultaneously switching out-
puts will also help to moderate the current pulse ampli-
tude and output ringing.

Terminating signal traces longer than 8 inches (typical)
will minimize reflections and ringing due to those reflec-
tions.

Avoid capacitively coupling signals from one transmis-
sion line to another—crosstalk—by avoiding long parallel
signal transmission lines. If parallel transmission lines are
unavailable, maximize the distance between the two
lines, or insert a ground trace. Minimizing the spacing
between the signal plane and ground plane will also help
reduce crosstalk. For more details, see section on Cross-
talk.

POWER SUPPLY DECOUPLING CONSIDERATIONS

Much of a system’s radiated EMI may originate from the
power supply itself. Propagation of power supply noise
throughout a system is a very undersirable situation in any
respect, including EMI. Suppression of this power supply
noise is highly recommended. Decoupling the power supply
at every level, from the system supply distribution network,
down to the individual IC, is also a necessity when designing
for low noise—and low EMI.

e On the system level, the use of a tantalum or aluminum -

electrolytic capacitor in the power supply distribution net-
work is recommended.

°

°

©

o Decoupling the power supply at the point of entry onto
the printed circuit board is also highly recommended.
The use of a low equivalent series inductance, or ESL,
multilayer ceramic capacitor, 50 uF to 100 uF, provides
good low to medium frequency filtering and EMI suppres-
sion.

To further suppress power supply noise and associated
EMI throughout the circuit board itself, the use of a low
ESL chip capacitor for each IC is highly recommended.
Because the location of any transient noise on a power
or ground plane would be impossible to predict, and the
IC density of different circuit boards vary dramatically,
every IC on these circuit boards should be adequately
decoupled. A 0.10 pF chip capacitor, located as close to
each ground pin as possible, will provide good high fre-
quency power supply noise filtering and added EMI sup-
pression.

BACKPLANE CONSIDERATIONS

The above discussion emphasized design techniques for
printed circuit boards. However, because the backplane
may, and usually does, consist of several long signal trans-
mission lines, the same low noise design techniques should
be used.

o Multilayer board techniques should also be applied to the
backplane. If possible, these transmission lines should
be shielded individually. This would allow for a denser
parallel layout of transmission lines as well as providing
good EMC.

Use multiple ground and power connections from the
backplane to the circuit boards’ power and ground
planes to minimize the connection impedance. This will
help to further suppress any source of power supply gen-
erated EMI.

SYSTEM CONSIDERATIONS

One of the major sources of radiated system EMI are the
edge connectors, I/0 cables, and their associated connec-
tors.

o Use care to ensure that, not only the cables are shielded
and the shield properly grounded, but that the shield to-
tally envelopes both the cable and its connectors. The
shield should seat firmly into a grounded chassis and
touch the chassis a full 360° around the connection. An
open ended cable or an improperly grounded connector
shield will be a prime suspect for out-of-spec EMI emis-
sions and should be avoided. Use shielded coaxial ca-
bles whenever possible. If ribbon cable is preferred,
shield all ribbon cables with commercially available rib-
bon cable shielding. Again, ensure that this shield is
properly attached to the connector shield by a full 360°.
In choosing or designing the enclosure for the system,
minimize the number of openings in the enclosure. Since
high performance logic now deals with smaller wave-
lengths than the older technologies, enclosure opening
sizes should also be considered. Keep openings as small
as possible. If openings are necessary (displays, con-
trols, fans, etc.) there are commercially available acces-
sories that offer good built-in EMI shielding.

If access panels are necessary, ensure that these panels
are properly sealed with some sort of shielding material
(gaskets, copper brushes, etc.).

Of course, the enclosure itself should be of a material
that provides good shielding against electric fields.

o
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Design Considerations

Electromagnetic Interference (continued)

» 7 = Pulse Width HIGH
u 7, = Rise Time

w 74 = Fall Time

® T = Period

= A = Amplitude

= f; = 1st Breakpoint
= fy = 2nd Ereakpoin!
® § = Duty Cycle = 7/T

Magnetic Field H

Electric Field E

—

> X

TL/F/10160-46

FIGURE 3-16. EMI is Generated by a Current Flowing along Some Path (Loop)

Time Domain: Trapezoidal Pulse Train

Amplitude
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TL/F/10160-47

Frequency Domain: Worst-Case Upper Bound Approximation

Amplitude (dB)
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TL/F/10160-48

FIGURE 3-17. Time Domain to Frequency Domain Conversion
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Electromagnetic Interference (continued)

3 FACT ACT244 EMI
- FACT ACTQ244 EMI
~— 1/4 Wavelength
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FIGURE 3-18a. FACT Radiation—ACTQ244 versus ACT244
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FIGURE 3-18b. FACT Radiation—ACTQ244 versus Competition
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TTL-Compatible CMOS Designs Require Delta Ipp Consideration

The FACT product line is comprised of two types of ad- type with an n-channel transistor in a series with a
vanced CMOS input circuits: ’"AC/’ACQ and 'ACT/'ACTQ/ p-channel transistor as illustrated below.

'FCT/’FCTA devices. 'ACT/'ACTQ/'FCT/'FCTA indicates
an advanced CMOS device with TTL-type input thresholds
for direct replacement of LS and ALS circuits. As these

_,——L|<
o
o

'ACT/’ACTQ/'FCT/’FCTA series are used to replace TTL, P CHANNEL

the IppT or Delta Ipp specification must be considered; this INPUT PAD

spec may be confusing and misleading to the engineer unfa- % R T0
miliar with CMOS. In many datasheets IppT or Delta Ipp are %/, > :_'gé%NAL

also referred to as Igct or Delta Icc. There are no other
differences.

It is important to understand the concept of Delta Ipp and
how to use it within a design. First, consider where Delta Ipp
initiates. Most CMOS input structures are of the totem pole

N CHANNEL

TL/F/10160-52
FIGURE 3-19. CMOS Input Structure
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Design Considerations

TTL-Compatibie CMOS
Designs Require Delta Ipp

Consideration (continued)

These two transistors can be modeled as variable resistors
with resistances varying according to the input voltage. The
resistance of an ON transistor is approximately 4 kQ while
the resistance of an OFF transistor is generally greater than
500 MQ. When the input to this structure is at either ground
or Vpp, one transistor will be ON and one will be OFF. The
total series resistance of this pair will be the combination of
the two individual resistances, greater than 500 MQ. The
leakage current will then be less than 1 wA. When the input
is between ground and Vpp, the resistance of the ON tran-
sistor will increase while the resistance of the OFF transistor
will decrease. The net resistance will drop due to the much
larger value of the OFF resistance. The total series resist-
ance can be as low as 600(. This reduction in series resist-
ance of the input structure will cause a corresponding in-
crease in Ipp as current flows through the input structure.
The following graph depicts typical Ipp variance with input
voltage for an 'ACT device.
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TL/F/10160-53
FIGURE 3-20. Ipp versus Input Voltage for 'ACT Devices
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FIGURE 3-21. Ipp versus ljy for ’AC Devices

The Delta Ipp specification is the increase in Ipp. For each
input at Vpp — 2.1V (approx. TTL Von level), the Delta Ipp
value should be added to the quiescent supply current to
arrive at the circuit's worst-case static Ipp value.

Fortunately, there are several factors which tend to reduce
the increase in Ipp per input. Most TTL devices will be able
to drive FACT inputs well beyond the TTL output specifica-
tion due to FACT's low input loading in a typical system.
FAST logic outputs can drive 'ACT-type inputs down to
200 mV and up to 3.5V. Additionally, the typical Ipp increase
per input will be less than the specified limit. As shown in
the graph above, the Ipp increase at Vpp — 2.1V is less
than 200 pA in the typical system. Experiments have shown
that the Ipp of an 'ACT240 series device typically increases
only 200 A when all of the inputs are connected to a FAST
device instead of ground or Vpp.

It is important when designing with FACT, as with any TTL-
compatible CMOS technology, that the Delta Ipp specifica-
tion be considered. Designers should be aware of the
spec’s significance and that the data book specification is a
worst-case value; most systems will see values that are
much less.

Testing Advanced CMOS Devices
with I/0 Pins

There are more and more CMOS families becoming avail-
able which can replace TTL circuits. Although testing these
new CMOS units with programs and fixtures which were de-
veloped for bipolar devices will yield acceptable results
most of the time, there are some cases where this approach
will cause the test engineer problems.

Such is the case with parts that have a bidirectional pin,
exemplified by the 245 Octal Transceiver. If the proper test-
ing methods are not followed, these types of parts may not
pass those tests for Ipp and input leakage currents, even
when there is no fault with the devices.

CMOS circuits, unlike their bipolar counterparts, have static
Ipp specification orders of magnitude less than standard
load currents. Most CMOS Ipp specifications are usually
less than 100 pA. When conducting an Ipp test, greater
care must be taken so that other currents will not mask the
actual Ipp of the device. These currents are usually sourced
from the inputs and outputs.

Since the static Ipp requirements of CMOS devices are so
low, output load currents must be prevented from masking
the current load of the device during an Ipp test. Even a
standard 5009 load resistor will sink 10 mA at 5V, which is
more than twice the Ipp level being tested. Thus, most man-
ufacturers will specify that all outputs must be unloaded dur-
ing Ipp tests.

Another area of concern is identified when considering the
inputs of the device. When the input is in the transition re-
gion, Ipp can be several orders of magnitude greater than
the specification. When the input voltage is in the transition
region, both the n-channel and the p-channel transistors in
the input totem-pole structure will be slightly ON, and a con-
duction is created from Vpp to ground. This conduction path
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Testing Advanced CMOS Devices

with 1/0 Pins (Continued)

leads to the increased Ipp current seen in the Ipp vs V|n
curve. When the input is at either rail, the input structure no
longer conducts. Most Ipp testing is done with all of the
inputs tied to either Vpp or ground. If the inputs are allowed
to float, they will typically float to the middle of the transition
region, and the input structure will conduct an order of mag-
nitude more current than the actual Ipp of the device under
test which is being measured by the tester.

When testing the Ipp of a CMOS '245, problems can arise
depending upon how the test is conducted. Note the struc-
ture of the '245’s |/0 pins illustrated below.

DRIVE ENABLE

~ /L
~N
TL/F/10160-56
FIGURE 3-22.°245 1/0 Structure

Each 1/0 pin is connected to both an input device and an
output device. The pin can be viewed as having three
states: input, output and output disabled. However, only two
states actually exist.

The pin is either an input or an output. When testing the Ipp
of the device, the pins selected as outputs by the T/R signal
must either be enabled and left open or be disabled and tied
to either rail. If the output device is disabled and allowed to
float, the input device will also float, and an excessive
amount of current will flow from Vpp to ground. A simple
rule to follow is to treat any output which is disabled as an
input. This will help insure the integrity of an Ipp test.

Another area which might precipitate problems is the mea-
surement of the leakages on 1/0 pins. The 1/0 pin internal
structure is depicted below.

The pin is internally connected to both an input device and
an output device; the limit for a leakage test must be the
combined I specification of the input and the lpz specifi-
cation of the output. This combined leakage test is defined
as I0Zt. For FACT devices, Iy is specified at =1 uA while
loz is specified at £5 pA. Combining these gives a limit of
+6 pA for 1/0 pins. Usually, 1/0 pins will show leakages
that are less than the lpz specification of the output alone.

Vop
INPUT

CLAMP DIODES OUTPUT }-—-

TL/F/10160-56
FIGURE 3-23. 1/0 Pin Internal Structure

Testing CMOS circuits is no more difficult than testing their
bipolar counterparts. However, there are some areas of
concern that will be new to many test engineers beginning
to work with CMOS. Becoming familiar with and understand-
ing these areas of concern prior to creating a test philoso-
phy will avert many problems that might otherwise arise lat-
er.

Testing Disable Times of
TRI-STATE® Qutputsina

Transmission Line Environment

Traditionally, the disable time of a TRI-STATE buffer has
been measured from the 50% point on the disable input, to
the (VoL + 0.3V) or (Von — 0.3V) point on the output. On a
bench test site, the output waveform is generated by a load
capacitor and a pull-up/pull-down resistor. This circuit gives
an RC charge/discharge curve as shown below.

(3

OUTPUT

1T 1 1T T T 1T T T 1
1 2 3 4 5 6 7 8 9 10 11 12
Time (ns)

TL/F/10160-57
FIGURE 3-24. Typical Bench TRI-STATE Waveform

ATE test sites generally are unable to duplicate the bench
test structure. ATE test loads differ because they are usually
programmable and are situated away from the actual de-
vice. A commonly used test load is a Wheatstone bridge.
The following figure illustrates the Wheatstone bridge test
structure when used on the MCT 2000 test-system to dupli-
cate the bench load.

Dut

TL/F/10160-58

FIGURE 3-25. MCT Wheatstone Bridge Test Load
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Design Considerations

Testing Disable Times of TRI-STATE® Outputs in a

Transmission Line Environment continued)

The voltage source provides a pull-up/pull-down voltage
while the current sources provide loy and lpL. When devic-
es with slow output slew rates are tested with the ATE load,
the resultant waveforms closely approximate the bench
waveform, and a high degree of correlation can be
achieved. However, when devices with high output slew
rates are tested, different results are observed that make
correlating tester results with bench results more difficult.
This difference is due to the transmission line properties of
the test equipment. Most disable tests are preceded by es-
tablishing a current flow through the output structure. Typi-
cally, these currents will be between 5 mA and 20 mA. The
device is then disabled, and a comparator detects when the
output has risen to the (Vo + 0. 3V) level or fallen to the
(Voq — 0.3V) level.

Consider the situation where the connection between the
device under test (DUT) and the comparator is a transmis-
sion line. Visualize the device output as a switch; the effect
is easier to see. There is current flowing through the line,
and then the switch is opened. At the device end, the reflec-
tion coefficient changes from 0 to 1. This generates a cur-
rent edge flowing back down the line equal to the current
flowing in the line prior to the opening of the switch. This
current wave will propagate down the line where it will en-
counter the high impedance tester load. This will cause the
wave to be reflected back down the line toward the DUT.
The current wave will continue to reflect in the transmission
line until it reaches the voltage applied to the tester load. At
this point, the current source impedance decreases and it
will dissipate the current. A typical waveshape on a modern
ATE is depicted in Figure 3-26.
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TL/F/10160-59
FIGURE 3-26. Typical ATE TRI-STATE Waveform

Transmission line theory states the voltage level of this cur-
rent wave is equal to the current in the line times the imped-
ance of the line. With typical currents as low as 5 mA and
impedances of 500 to 609, this voltage step can be as
minimal as 250 mV. If the comparator was programmed to
the disable measurement points, it would be looking for a
step of approximately 5756 mV at 5.5V Vpp. Three reflec-
tions of the current pulse would be required before the com-
parator would detect the level. It is this added delay time
caused by the transmission line environment of the ATE
that may cause parts to fail customer’s incoming tests, even
though the device meets specifications. The figure below
graphically shows this stepout.

Point A represents the typical 50% measurement point on
tester driven waveforms. Point B reprsents the point at
which the delay time would be measured on a bench test
fixture. Point C represents where the delay time could be
measured on ATE fixtures. The delay time measured on the
ATE fixture can vary from the bench measured delay time to
some greater value, depending upon the voltage level that
the tester is set. If the voltage level of the tester is close to
voltage levels of the plateaus, the results may become non-
repeatable.
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FIGURE 3-27. Measurement Stepout
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Understanding Latch-Up
in Advanced CMOS Logic

Latch-up has long been a bane to CMOS IC applications; its
occurence and theory have been the subjects of numerous
studies and articles. The applications engineer and systems
designer, however, are not so much concerned with the the-
ory and modeling of latch-up as they are with the conse-
quences of latch-up and what has been done by the device
designer and process engineer to render ICs resistant to
latch-up.

Of equal interest are those precautions, if any, which must
be observed to limit the liability of designs to latch-up.

WHAT IS LATCH-UP?

Latch-up is a failure mechanism of CMOS (and bipolar) inte-
grated circuits characterized by excessive current drain cou-
pled with functional failure, parametric failure and/or device
destruction. It may be a temporary condition that terminates
upon removal of the exciting stimulus, a catastrophic condi-
tion that requires the shutdown of the system to clear or a
fatal condition that requires replacement of damaged parts.
Regardless of the severity of the condition, latch-up is an
undesirable but controllable phenomenon. In many cases,
latch-up is avoidable.

The cause of the latch-up exists in all junction-isolated or
bulk CMOS processes: parasitic PNPN paths. Figure 1, a
basic CMOS cross section, shows the parasitic NPN and
PNP bipolar transistors which most frequently participate in
latch-up. The P+ sources and drains of the P-channel MOS
devices act as the emitters (and sometimes collectors) of
lateral PNP devices; the N-substrate is the base of this de-
vice and collector of a vertical NPN device. The P-well acts
as the collector of the PNP and the base of the NPN. Final-
ly, the N+ sources and drains of the N-channel MOS devic-
es serve as the emitter of the NPN. The substrate is normal-
ly connected to Vg, the most positive circuit voltage, via an
N+ diffusion tap while the P-well is terminated at Gnd, the
most negative circuit voltage, through a P+ diffusion.
These power supply connections involve bulk or spreading
resistance to all points of the substrate and P-well.

Normally, only a small leakage current flows between the
substrate and P-well causing only a minute bias to be built
up across the bulk due to the resistivity of the material. In

P-Channel MOS

Input

National Semiconductor
Application Note 600

this case the depletion layer formed around the reverse-bi-
ased PN junction between P-well and the substrate sup-
ports the majority of the Vgc-Gnd voltage drop. As long as
the MOS source and drain junctions remain reverse-biased,
CMOS is well behaved. In the presence of intense ionizing
radiation, thermal or over-voltage stress, however, current
can be injected into the PNP emitter-base junction, forward-
biasing it and causing current to flow through the substrate
and into the P-well. At this point, the NPN device turns on,
increasing the base drive to the PNP. The circuit next enters
a regenerative phase and begins to draw significant current
from the external network thus causing most of the undesir-
able consequences of latch-up. Once established, a latch-
up site, through the fields generated by the currents being
conducted, may trigger similar action in both elements of
the IC.

WHAT TO DO

As might be expected, latch-up is highly dependent on the
characteristics of the bipolar devices involved in the latch-
up loop. Device current gains, emitter efficiencies, minority
carrier life times and the degree of NPN-PNP circuit cou-
pling are all important factors relating to both the sensitivity
of the particular latch-up device and to the severity of the
failure once it has been excited. Layout geometry and pro-
cess both contribute significantly to these parameters;
CMOS, like other technologies, has been shrunk to provide
more function per unit area, increasing susceptibility to
latch-up. All major CMOS vendors have upgraded their pro-
cesses and/or design rules to compensate for this in-
creased susceptibility, some with more success than others.
The lateral PNP is typically the weak link in the latch-up
loop. As such, various devices can be exploited toward re-
ducing the effectiveness of the PNP to participate in latch-
up. Guard banding, device placement, the installation of
pseudo-collectors between the P-channel devices and the
P-well, and the use of a low resistivity substrate under an
epitaxial layer are a few of the IC design tactics now being
practiced to reduce the current gain or to control the action
of the lateral PNP structures in state-of-the-art CMOS devic-
es.

N-Channel MOS

Output

N Substrate
(6=10 ohm=cm)

TL/F/10192-1

FIGURE 1. Basic CMOS Inverter Cross Section with Latch-Up Circuit Model
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Vendors of CMOS ICs have always been aware of the latch-
up phenomenon and have considerably improved their de-
signs and processes to reduce the danger of latch-up occur-
ing under normal usage. Abnormal applications and misuse
of CMOS ICs may still pose problems that the CMOS ven-
dor has little control over. Hence, CMOS users must be
aware of what they are doing and those measures which
must be taken to reduce the susceptibility to latch-up. The
use of CMOS at or beyond its rated maximum voltage range
and the presence of inductive transients are applications-re-
lated situations which can trigger latch-up. Environment, in-
cluding thermal stress, poorly regulated or noisy supplies
and radiation incidence can also contribute to or cause
latch-up. The system engineer must consider these situa-
tions when using CMOS in designs.

While latch-up is generally recognized as resulting from re-
generative switching along a PNPN path, many designers
incorrectly assume that this regenerative action places the
device in a state that can only be recovered from if the
system is powered down. The fact is that there is probably
an equal, if not greater, chance that the regenerative switch-
ing, when encountered, will be non-sustaining (the condi-
tion, more accurately referred to as current amplification,
will disappear when the triggering stimulus is removed);
over-voltage applied to properly designed input protection
networks is one example of controlled current amplification.
For sustained latch-up to occur, the regeneration loop must
have sufficient gain and the power source must be able to
supply a minimum current. From this we can see that cur-
rent-limited power supplies might be used to recover from or
reduce the effects of latch-up. Another method uses cur-
rent-limiting series resistors in the power connections of of-
fending ICs in conjunction with storage capacitors shunting
the devices. Normal switching current will be drawn from the
capacitors while DC current will be limited by the resistors.

In the loop of positive current feedback formed by the para-

sitic PNP and NPN transistors of the latch-up structures,

regenerative switching may result if sufficient loop gain is

available. One must remember, though, that three condi-

tions are necessary for latch-up to occur.

1) both parasitic bipolars must be biased into the active
state;

2) the product of the parasitic bipolar transistor current
gains (BnpneBpnp) must be sufficient to allow regenera-
tion, i.e., greater than or equal to one;

3) the terminal network must be capable of supplying a cur-
rent greater than the holding current required by the
PNPN path. In processes utilizing an epitaxial silicon, this
current is usually in excess of 1A.

If any of these conditions is not met both during the initiation
and in the steady state, then the latch-up condition is either
non-sustaining or cannot be initiated. If the current to the
latched structure is not limited, permanent damage may re-
sult. Again, any means to prevent any of these conditions
from being satisfied will protect the circuit from exhibiting
sustained latch-up.

The prevention of biasing the bipolars into the active region
and the limiting of the current which may be supplied by the
network are the two factors which system designers have
under their control. Many of the protective measures long
exercised in discrete and TTL designs may also be applied
to CMOS designs to reduce susceptibility and prevent dam-
age to these systems. Diode clamping of inductive loads,
signal and supply level regulation, and sharing of large DC
loads by several devices with suitable series limiting resis-

tors to distribute thermal stress over a larger area or multi-
ple ICs are all positive-preventive measures to exploit.

While we have been considering the CMOS device in a ge-
neric manner, there are two primary structures used in all
CMOS ICs which have latch-up paths associated with them;
these are the inverter or gate and the transmission switch.
Both structures may be susceptible under the right condi-
tions. While the CMOS inverter can exhibit latch-up inde-
pendent of circuit configuration, the transmission switch
usually has lower holding current, and thus, a lower thresh-
old for latch-up, but is dependent on its external connec-
tions for latch-up to occur. Figure 2 shows the lumped
equivalent circuit of the inverter. Notice the shunting resis-
tors across the base-emitter junctions of the bipolar transis-
tors: these resistors divert base drive from the bipolars and
as a result increase both the trigger current and holding
current levels required for the structures to participate in
latch-up. A further increase in these current levels can be
achieved by further decreasing the shunt resistance. Diffus-
ing all active components into an epitaxial silicon, under
which would lie a substrate of substantially less resistivity,
will have a dramatic effect on decreasing the shunt resist-
ance, therefore increasing the trigger current and holding
current levels required for latch-up.

THE CIRCUIT CONNECTION

As we have seen above, the external circuit connections are
regular participants in the latch-up process. The current for
latch-up comes from these connections and often the trig-
gering mechanism is external to the latching device. All
three classes of external connections (power, input and out-
put) are important in latch-up. We will now look at how these
connections relate to this process.

Current injection through the power terminals when the
power supply voltage is beyond the maximum rated for the
CMOS device can directly cause latch-up through base col-
lector leakage or breakdown mechanisms. One aspect of
high power supply voltages that is not often recognized is
the effect of field-aiding lateral currents under the emitters
of the PNP devices. This can effect a significant increase in
the beta of these devices, making internally trigger latch-up
much more prevalent. Again, the warning to the the system
designer is to avoid using CMOS at maximum rated supply
voltages unless precautions are taken to insure latch-up is
unlikely or is at least acceptable and recoverable. Switching
transients coupled onto power lines has become a problem
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FIGURE 2. CMOS Inverter with Parasitic Bipolars
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now that CMOS has become a high-speed logic technology.
Attention to power supply decoupling is now a necessity
when designing with high-speed CMOS. Of course, CMOS
processes incorporating an epitaxial silicon over a substrate
of very low resistivity is less prone to latch-up under these
conditions. These recommended precautions should be tak-
en just the same.

Latch-up involving input terminals, next to gate oxide rup-
ture, used to be one of the most common failure mecha-
nisms of CMOS. Transients exceeding the power supply
routinely caused either or both of these effects to occur.
Fortunately, CMOS vendors have learned to make better
input protection networks and have learned that proper
placement of these components with respect to the rest of
the chip circuitry is necessary to reduce susceptibility to
latch-up. The system designer should review foreign input
signals to CMOS systems and take precautions necessary
to limit the severity of over/undershoot from these sources.
Measures which could be used to reduce the possibility of
latch-up induced by input signals are: proper termination of
transmission lines driving CMOS, series current limiting re-
sistors, AC coupling with DC restoration to the CMOS sup-
plies, and the addition of Schottky diode clamps to the
CMOS power rails. As an additional measure there are sev-
eral CMOS circuits which have input protection networks
that can handle overvoltage in one direction or the other
and which are specifically designed to act as interface cir-
cuits between other logic families and CMOS. Judicious ap-
plication of these will also aid in suppressing any tendencies
of CMOS systems to latch-up.

Finally, attention to CMOS outputs, their loading and the
stresses applied to them will also enable the designer to
generate latch-up free systems. Historically, output termi-
nals of CMOS have been least likely to cause latch-up
though they can participate in latch-up once it is initiated.
The normal mode of failure in this respect is, again, the
application of voltages beyond the CMOS supplies or the
maximum limit for the devices though excessive current has
also been linked to latch-up failure at elevated tempera-
tures. Inductive surges and transmission line reflections are
the most likely sources of output latch-up in CMOS and
should be attended to in the most applicable method, i.e., by
clamping, termination or through dissipative measures.

WHAT WE HAVE DONE

National Semiconductor, as an important supplier of ad-
vanced CMOS to all segments of the industry, has made a
commitment to provide IC designs which make use of state-
of-the-art latch-up suppression techniques in an effort to
support its customers before they need support. The three
most important actions which we have taken to guard our
customers from latch-up are in the areas of layout, power
distribution and process design. These techniques, along
with recognized good design practice, yield a product line
that lives up to the intent of an advanced CMOS family. In
brief review, National Semiconductor’s attack on latch-up is
summarized in the following.

Latch-Up Protection Geometries

Every FACT™ IC employs special geometries to isolate ev-
ery input protection device and every output from active ar-
eas on the chip. In this way, structures which would normally
participate in latch-up loops are decoupled and are thus
less troublesome. All devices are scrutinized for potential
latch-up sites and are protected by similar geometries
where any risk is significant.

Power Distribution

Careful attention to on-chip power distribution and en-
hanced termination of P-wells and substrate is used by Na-
tional Semiconductor to improve latch-up resistance. Our
double metal process affords the advantage in maintaining
low impedance distribution of power and ground potentials
over the entire chip; the potential gradient-caused fields
which often induce or enhance latch-up are thus minimized
while functional performance is enhanced by cleaner on-
chip power supplies.

Process Design

By design, the FACT process is better both in low latch-up
susceptibility and in enhanced device performance. The
most significant advancement of the FACT process has
been the incorporation of an epitaxial silicon layer. Figure 3
illustrates a modified version of Figure 1, utilizing an epitaxi-
al layer of silicon to contain all of the active components of
the CMOS circuit. This epitaxial layer allows the use of a
separate layer of substrate silicon, of a resistivity some
three orders of magnitude lower than the epitaxial layer. The
effect is also modeled in Figure 3.

As illustrated, the resistivity of the epitaxial silicon, Ry, is
on the order of 6 ohm-cm to 10 ohm-cm. The underlying
substrate resistivity, Rp, is as low as 0.008 ohm-cm to
0.025 ohm-cm. The result is a parallel combination of resis-
tivities, Ry and Ry, that is equivalent to Ro. What has now
happened is that the gain of the parasitic PNP-NPN circuit
has been dramatically slashed. Under the same latch-up
conditions described earlier, the introduction of the low re-
sistivity substrate now means that at least 10 times more
current is needed to trigger the parasitic PNP-NPN combi-
nation.

The active components within the epitaxial layer maintain
the same performance characteristics as those of the active
area illustrated in the non-epitaxial CMOS circuit of Figure 1.
Therefore the introduction of the epitaxial layer to the FACT
process does not reduce any AC, DC, functional or ESD
performance. However, what we have is an advanced
CMOS logic family that is now virtually latch-up immune.
Thus, through innovative and careful layout, attention to
eliminating circuit situations which could be latch-up prone
and by careful selection and maintenance of our advanced
CMOS process, FACT sets the standard for latch-up resist-
ance.
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Terminations for Advanced
CMOS Logic

INTRODUCTION

Advanced CMOS logic such as National Semiconductor’s
FACT (Fairchild Advanced CMOS Technology) logic, has
extended CMOS performance to the level of advanced bi-
polar technologies. While high-performance design rules
that are currently utilized for bipolar designs are also appli-
cable to CMOS, power consumption becomes a new area of
concern in high-performance system designs.

One advantage of using advanced CMOS logic is its low
power consumption. However careless circuit design can
increase power consumption, possibly by several orders of
magnitude. A simple FACT gate typically consumes
625 uW/MHz of power; at 10 MHz, this translates to
6.25 mW. A 500 parallel termination on the line will use
over 361 mW with a 50% duty cycle.

The use of high-performance system board design guide-
lines is important when designing with advanced CMOS
families. Because of advanced CMOS logic edge rates (less
than 3 ns-4 ns), many signal traces will exhibit transmission
line characteristics.

A PCB trace begins to act as a transmission line when the
propagation delay (tpq) across the trace approaches one
third of the driver’s edge rate. For advanced CMOS, lines as
short as 6 to 8 inches may exhibit these effects. This rule

P

National Semiconductor
Application Note 610
Raghu Rao

encompasses many traces on a standard PCB. With older
CMOS technologies which have lower edge rates, this crit-
ical length is much longer: 18 inches for 74HC and 5 feet for
CD4000 series and 74C devices. A transmission line termi-
nating into a mismatched impedance could result in tran-
sient noise which adversely affects signal integrity.

The FACT family also features guaranteed line driving capa-
bility. The loLp/loHp specifications guarantee that a FACT
device can drive incident wave voltage steps into line im-
pedances as low as 509. The lg.p specifications do not
guarantee incident wave switching into bipolar level inputs
since the input low thresholds are 500 mV to 850 mV lower
than CMOS. Due to the relatively linear behavior of the out-
puts below 1V, CMOS devices can drive incident voltages,
adequate for bipolar inputs, into line impedances as low as
80Q. For line impedances lower than 801, termination can
be used to provide adequate input levels. Thus besides re-
ducing noise transients, terminations could also be used to
interface between devices from different technologies.

Five possible termination schemes are presented with their
impact on power dissipation and noise reduction. Figure 1
illustrates these schemes.
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FIGURE 1. Termination Schemes
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NO TERMINATION

No termination is the lowest cost option and features the
easiest design. For line lengths 8 inches or less, this is often
the best choice. For lines longer than 8 inches, transmission
line effects (line delays and ringing) may exist. Figure 2 illus-
trates the effect of a FACT device driving a 3-foot open-end-
ed coaxial line. Clamp diodes at the inputs of most logic
devices tend to reduce the ringing and overshoots. Often,
these clamp diodes are sufficient to insure reliable system
operation. Figure 3 illustrates the impact of these diodes on
the same 3-foot coaxial line. However, it is not uncommon
to find logic devices like DRAMs, D-to-A converters and
PLDs, that have no input clamp diodes.
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FIGURE 3. Effects of Input Clamp Diodes
FACT Driving FACT with no Termination

PARALLEL TERMINATION

Parallel termination provides an AC and DC current path
back to the power supply for switching currents. While it
effectively reduces ringing (Figure 4), the DC path to ground
or to Vg will dissipate power. The power consumption for
this type of a termination scheme has some important impli-
cations. For proper impedance matching the value of this
terminating resistor should be equal to the characteristic im-
pedance of the line.
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FIGURE 4. FACT Driving FACT with Parallel Termination

The DC component to the power consumption is a function
of the signal duty cycle. Signals with lower duty cycles will
dissipate less DG power. Since the load seen by the driving
device is resistive, not capacitive, load capacitance does
not affect power consumption. Therefore, parallel termina-
tion dissipates less AC power. Because of this lower AC
power at high frequencies, parallel terminations may con-
sume less power than no termination. Depending upon the
load capacitance, signal duty cycle, and line impedance,
this frequency can be as low as 40 MHz.

There are drawbacks associated with parallel termination.
The maximum DC current allowed into or out of any FACT
output is 50 mA. This limits the allowable resistor values to
greater than 1009. Even though this ringing may not be
excessive, imperfect impedance matching may cause ring-
ing on lines with an impedance less than 1002. However,
because the high-power dissipation of this termination
scheme negates the advantages of advanced CMOS logic,
this is not an intended advanced CMOS application.

Parallel termination tends to unbalance CMOS outputs. Us-
ing a resistor to ground, the CMOS device will achieve a
0.0V output low voltage (Vo). But due to the high DC load
in the logic HIGH state, the output high voltage (Vo) will be
degraded (Figure 4). This degraded high level output will be
above the input high voltage (V) of both CMOS and bipo-
lar inputs due to the guaranteed dynamic current (Vonp)
specifications (75 mA @ 3.85V, Voo = 5.5V). This lower
VoH level may cause an in¢rease in Igg if the driven device
is CMOS; however, this increase should be minimal.
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THEVENIN TERMINATION

Thevenin termination is similar to parallel termination, ex-
cept that both pull-up and pull-down resistors are used.
Power consumptions are also similar for both of these
schemes. The difference is that the DC power consumption
is a function of duty cycle and resistor ratios. If the resistors
are matched, DC power consumption is not dependent
upon duty cycle. One advantage Thevenin termination has
over parallel termination is that lines with impedances as
low as 50Q can be terminated in their characteristic imped-
ances. For proper impedance matching, the equivalent
thevenin resistance should be the same as the line charac-
teristic impedance.

Thevenin termination does not create unbalanced CMOS
outputs, although it reduces the output swing (Figure 5).
This limited output swing may increase current consumption
in a driven CMOS device however this increase is minimal.
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FIGURE 5. FACT Driving FACT
with Thevenin Termination

Busses using Thevenin termination should not be left float-
ing. A floating bus level is determined by the ratio of the
resistors. If this level is close to any input threshold, output
oscillations and Igg increase may occur. If the bus must be
left floating, the resistor ratio should be chosen so that an
adequate noise margin is insured. The bus could be left
floating by either turning off the driver or by placing the bus
in a high impedance state.

Other terminations which do not introduce DC current paths
may be more suitable to CMOS systems. These include se-
ries and AC parallel terminations.

SERIES TERMINATION

Series termination works by limiting the current that is put
into a line. While other termination circuits dissipate extra
power, series termination reduces power consumption and
dissipates less energy than no termination. This is a recom-
mended termination scheme for the FACT family because
of its low power dissipation.

Series termination assumes that any voltage step driven
into a transmission line will double at the receiver. There-
fore, the initial voltage step driven into the line is one-half of
the receiver input voltage. The resistor value can be com-
puted by Rg = Zg — Rp, where Rg is the resistor value, Zg
is the line impedance and Rp is the driver resistance. Figure
6 illustrates the waveforms associated with series termina-
tion.
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FIGURE 6. FACT Driving FACT with Series Termination

While the device output produces a full output step, only
half of that is driven into the line. At the receiver end, the
edge doubles, thus recreating the full output swing. The ini-
tial step then reflects back, fixing the full output voltage ap-
plied on the entire line. A voltage plateau is created at the
input to the line whose width will be twice the line tpg.

Series termination is well suited for lines with a single driver
receiver pair. Series termination limits the initial voltage
step, which offers several benefits: reduced power con-
sumption and decreased cross-coupled radiated noise.

One possible drawback to series termination is that any oth-
er receiver located near the driver will see the voltage pla-
teau. Because the plateau level may be very close to the
typical CMOS threshold (50% of V¢g), any such input could
see multiple input switching. Combinatorial outputs may os-
cillate, or clocked inputs may experience multiple clocking.
One solution is to choose the resistor value that keeps the
initial voltage step away from the input thresholds. Larger
resistor values will require one or more reflections to settle
out, while still maintaining valid V|y levels at the inputs.
Smaller values will generate overshoot and undershoot.

AC PARALLEL TERMINATION

AC Parallel termination is another technique which blocks
the DC path to ground. A capacitor in series with the parallel
termination resistor blocks the DC path, while maintaining
the AC path. This is a highly recommended termination
scheme for the FACT family because of its negligible DC
power consumption.
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After the initial voltage step, the capacitor will charge up to
the rail voltage at a rate determined by the RC time constant
of the circuit (Figure 7).
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FIGURE 7. FACT Driving FACT with AC Termination

The capacitor value needs to be carefully determined. If the
RC time constant is too small, the RC circuit will act as an
edge generator and will create overshooting and under-
shooting. While increasing the capacitor reduces overshoot,
it also increases power consumption. As a rule, the RC time
constant should be greater than 3 times the line delay.

When driving TTL-level inputs, the same threshold concerns
arise as with no termination. The lg|p current specifications
guarantee incident wave switching into CMOS inputs on line
impedances as low as 50€. For TTL-level inputs, this mini-
mum line impedance rises to 80Q2. When the line imped-
ance is less than 809, a termination value greater than the
line impedance will increase the amplitude of the initial volt-
age step; this can be used to guarantee incident wave
switching into both TTL and CMOS-level inputs. Large resis-
tor values will cause ringing on the line, but the amplitude
should be small and not present any problems.

At lower frequencies, this termination capacitance increas-
es the total signal trace impedance; therefore, it also in-
creases the slope of the power consumption curve. At high-
er frequencies, the capacitor is unable to fully charge or
discharge, and the slope of the curve falls off. At very high
frequencies, AC parallel termination acts like a parallel re-
sistor tied to an intermediate voltage supply, with the volt-
age level determined by the signal duty cycle. The slope of
the power consumption curve is dependent on Cpp (Power
dissipation capacitance) of the device. The power crossover
point between no termination and AG termination may be as
low as 156 MHz, depending upon the system capacitive load-
ing and the signals’ duty cycle.

POWER CONSUMPTION

The use of one of these termination schemes will affect the
power consumption of the system. Power consumption de-
pends upon the circuit used, signal frequency, device and
signal trace loads, signal duty cycle, system Vgc and com-
ponent values.

Figure 8 shows the power consumption of each type of ter-
mination circuit over a frequency range. For low frequency
signals, termination circuits without DC components will
usually use less power (no termination, series termination
and AC parallel termination). At higher frequencies, parallel
termination or AC termination may consume less power be-
cause of lower AC power consumption. The AC power con-
sumption of these two termination schemes is a function of
the device Cpp, while the AC power consumption of the
other termination schemes is a function of both the device
Cpp and the system capacitive loading (Cy). The AC power
consumption of AC parallel termination at low frequencies
also includes the termination capacitance. The signal used
for these curves has a 50% duty cycle. The DC power con-
sumption of the parallel termination will drop as duty cycles
drops. For very low duty cycle signals, this scheme may
consume the least amount of power.

For low frequencies, the slope of the AC parallel termination
curve is greater than any other. This is because it is a func-
tion of the device Cpp, the capacitive loading (C(), and the
termination capacitance (Ct). But at higher frequencies
where the pulse width is less than the RC time constant, the
slope drops off. At some frequency less than that of parallel
termination, AC parallel termination will use less power than
using no termination. At some higher frequency, this circuit
uses less power than series termination.

SUMMARY

With new advanced CMOS logic families, power consump-
tion has become an important issue in high-performance
systems. Because of the need to use termination, system
designers need to be aware of how these circuits affect the
power consumption of their systems. The power consump-
tion of the termination scheme will vary, depending upon
frequency, duty cycle, line impedance, loading and other
factors (Figure 8).
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Power consumption is not the only concern when choosing
a termination circuit. Part-count and board space are also
important concerns. It is up to system designers to choose
which, if any, termination circuit is best suited to their circuit.
Table | shows the recommended values for the various ter-
mination schemes. It is highly recommended that the de-
signer use these values as a starting point and adapt it for
the most feasible and optimum results.

TABLE I. Recommended Termination Values

® Parallel: Resistor = Zg
e Thevenin: Resistor = 2x Zp
® Series: Resistor = Zg — Zout
* AC: Resistor = Zg
Capacitor = C 2 3w
Zo
® Active: Resistor = 2x Zp

For additional information on terminations, refer to these
National Semiconductor publications.

1. FAST Applications Handbook, 1987.
2. F100K ECL User's Handbook, 1986.
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Understanding and
Minimizing Ground Bounce

As system designers begin to use high performance logic
families to increase system performance, they may run into
new problems which previously did not raise concern when
lower performance devices were utilized. These problems
can generally be avoided by following a few simple rules.
This application note discusses the subject of ground
bounce with respect to high performance CMOS logic fami-
lies and offers a set of simple guidelines that will eliminate
system problems due to this phenomenon.

Ground bounce has been a concern to some system de-
signers for many years. lts effects can be found in most
bipolar and CMOS logic families. However, ground bounce
has recently become a major issue. Although new advanced
CMOS logic families have edge rates comparable to ad-
vanced bipolar logic devices, CMOS outputs swing almost
from rail to rail while bipolar outputs swing from ground to
approximately 3.0V. These edge rates, coupled with the
greater voltage swings found in today's advanced CMOS
logic devices, tend to generate more ground bounce noise
than their bipolar counterparts.

In 1982, National Semiconductor, formerly Fairchild Semi-
conductor, began to develop FACT™ (Fairchild Advanced
CMOS Technology) logic incorporating more than three
years of experience gained with FAST® (Fairchild Advanced
Schottky TTL) logic into the groundwork. As a result, Fair-
child was able to understand the important trade-offs asso-
ciated with high performance in a logic family. In the bipolar
world, these trade-offs were between speed and power; in
the CMOS world, the trade-offs are between speed and
ease of use. Utilizing experience gained from FAST prod-
ucts, the FACT family objectives were defined to provide the
optimum solution, allowing greater system performance
while minimizing system design problems. Using FACT de-
vices does require more attention toward circuit design and
board layout than older, slower technologies. The resulting
advantages—low power and high performance—greatly
outweigh these considerations.

TL/F/10232-1
a. Output Model

National Semiconductor
Application Note 640

DEFINING GROUND BOUNCE

As edge rates and drive capability increase in advanced log-
ic families, the effects of intrinsic electrical characteristics
become more pronounced. One of these intrinsic electrical
characteristics is the inductance found in all leadframe ma-
terials.

Figure 1a shows a simple circuit mode! for a CMOS device
in a leadframe driving a standard test load. The inductor L1
represents the intrinsic inductance in the ground lead of the
package; inductor L2 represents the intrinsic inductance in
the power lead of the package; inductor L3 represents the
intrinsic inductance in the output lead of the package; the
resistor R1 represents the output impedance of the device
output, and the capacitor and resistor C|_ and Ry_ represent
the standard test load on the output of the device.

The three waveforms shown in Figures 1b, ¢, and d depict
how ground bounce is generated. The first waveform shows
the voltage (V) across the load as it is switched from a logic
HIGH to a logic LOW. The output slew rate is dependent
upon the characteristics of the output transistor, and the
inductors L1 and L3, and Ci, the load capacitance. The
second waveform shows the current that is generated as
the capacitor discharges [I| = —Cp_ e dV/dt)]. The third
waveform shows the voltage that is induced across the in-
ductance in the ground lead due to the changing currents
[Vgg = L e (dI/dt)].

While these diagrams and figures are useful in explaining
the origins of ground bounce, they are highly theoretical and
idealistic. There are many second and third order effects
which would need to be considered for a complete theoreti-
cal analysis. Considering these effects, though, would lead
to highly complex second and third order differential equa-
tions which are difficult to solve. The purpose of this appli-
cation note is to develop a fundamental understanding of
ground bounce and to provide a useful set of design guide-

TL/F/10232-2
b. Output Voltage (V)

TL/F/10232-3
c.l= —Cp ¢ (dV/dt)

|
|

d.Vgp = L (dl/dt)

TL/F/10232-4

FIGURE 1. Ground Bounce Circuit Model
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lines. Therefore, we will avoid these lengthy and complex
theoretical discussions wherever possible.

In order to change the output from a HIGH to a LOW, cur-
rent must flow to discharge the load capacitance. This cur-
rent, as it changes, causes a voltage to be generated
across the inductances in the circuit. The formula for the
voltage across an inductor is V = L e (dl/dt). This induced
voltage creates what is known as ground bounce. Because
the inductor is between the external system ground and the
internal device ground, the induced voltage causes the in-
ternal ground to be at a different potential than the external
ground. This shift in potential causes the device inputs and
outputs to behave differently than expected because they
are referenced to the internal device ground, while the de-
vices which are either driving into the inputs or being driven
by the outputs are referenced to the external system
ground. External to the device, ground bounce causes input
thresholds to shift and output levels to change. This situa-
tion is very similar to that of large systems where voltages
can develop across expansive ground networks.

OTHER CAUSES OF GROUND BOUNCE

Although this discussion is limited to ground bounce gener-
ated during HIGH-to-LOW transitions, it should be noted
that the ground bounce is also generated during LOW-to-
HIGH transitions. This ground bounce is created by the
large gate capacitances associated with the output transis-
tors on the die. Because these gate capacitances are larger
than the gate capacitances of earlier-stage transistors,
more current is generated when they switch. The output
buffer stages of CMOS devices are inverters; thus their in-
puts are switching HIGH-to-LOW when their outputs are
switching LOW-to-HIGH. It is the currents associated with
switching these inputs to the output transistors that gener-
ate ground bounce when the outputs switch LOW-to-HIGH.
This LOW-to-HIGH ground bounce has a much smaller am-
plitude and therefore does not present the same concern.
We should also note that everything discussed here con-
cerning ground bounce can be applied to the opposite ef-
fect, Vpp bounce. Vpp bounce is the inverse of ground
bounce. As one would expect, there is an intrinsic induc-
tance in the Vpp lead as well as the ground lead. The inter-
nal Vpp potential will collapse toward ground at the begin-
ning of a LOW-to-HIGH transition and then bounce above
the external Vpp potential at the end of the transition.

N\ J\—\r:::;a:zz
s

Vpp BOUNCE

TL/F/10232-5
* Vpp bounce (droop) is the voltage drop across the package
* Inductance (to Vpp) is caused by charging load capacitances

® Vpp bounce is less of a concern than ground bounce because TTL-level
inputs have greater high noise immunity

FIGURE 2. Ground Bounce/Vpp Bounce
In addition, Vpp bounce is generated during HIGH-to-LOW
transitions for the same reasons that ground bounce is gen-
erated during LOW-to-HIGH transitions.

We will not discuss Vpp bounce in this application note be-
cause its effects parallel those of ground bounce, and the
system problems of Vpp bounce are typically of less con-
cern than ground bounce. This is because TTL inputs have
a greater input high noise margin that input low noise mar-
gin. For CMOS driving TTL, the input high noise margin ap-
proaches 3.5V, and for CMOS driving CMOS, the input high
noise margin approaches 2.5V. In either case, the input high
noise margin is 3 to 5 times greater than any expected Vpp
bounce.

CONTRIBUTING FACTORS OF GROUND BOUNCE

While our circuit diagrams shown above are useful for ex-
plaining the origins of ground bounce, they are too idealistic
to be used for modeling. In the real world, there are many
other variables which affect the actual shape and amplitude
of the induced voltage. To develop an accurate model, the
resistor must be replaced with a model of the actual transis-
tor. In addition, the period where the transistors are turning
on and off would need to be taken into account. Including
these variables, plus others, would lead to highly complex
differential equations that are nearly impossible to solve ex-
cept by the most advanced computer programs. Since theo-
retical analysis of ground bounce is difficult to perform, we
will use empirical data to develop an understanding of
ground bounce and how it is effected.

There are several factors which affect ground bounce: the
number of outputs switching simultaneously; the location of
the output pin; the location and type of load on the line; the
Vpp voltage; the device technology; and the output and
ground inductances. Each of these factors play a critical
role in the generation of ground bounce.

GROUND BOUNCE DEMONSTRATION BOARD

In order to evaluate ground bounce and the factors which
affect it, Fairchild designed a board which allowed side-by-
side evaluation of ground bounce under varying conditions.

Figure 3 shows the functional block diagram of the board. A
counter generates the changing data lines by counting from
0 to 127. The counter can also be configured to count down
from 127 to 0 so that Vpp bounce may be evaluated. This
changing data is clocked into an ’AC374 and then passed
into both another ’AC374 and an 'AC244. This was done for
two reasons.

First, the noise generated by the first '"AC374 represents
gound bounce generated by a lightly-loaded circuit. Second-
ly, being able to choose between either the "AC374 or the
’AC244 to drive the system bus allows us to evaluate both
devices under heavy load conditions. The quiet output from
these two devices drives a line that is connected to the
clock inputs of eight '74 D-type flip-flops and two inverter
inputs. Each flip-flop is configured so that if a valid clock
was encountered, the Q output will go from a “0” to a “1”;
each flip-flop acts as glitch catcher, detecting any ground
bounce noise which violates the flip-flop clock thresholds.
Devices from several common logic families are connected
to this quiet output so that the effect on different technolo-
gies can be evaluated.

The seven other outputs of the ’AC374 or the "AC244 drive
a 7-bit data bus. This data bus is loaded with fourteen devic-
es, which represents a typical heavily-loaded system bus
and allows us to evaluate ground bounce under these con-
ditions.
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LOAD CASE
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, BUS
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| Lza | Laal e U4 ™4 b 7a | L 7a | |oe || os
TL/F/10232-6
FIGURE 3. Ground Bounce Demonstration Board Block Diagram
TABLE I. Critical Signal Statistics
Signal Length | cCO Lo RO | #Lloads | ¢, | 'ermination | Termination
Type Type
DATA BUS 30 Inch 107pF | 565nH | 1.3Q 14 70 pF PARALLEL 500
CLOCK* 28Inch 103pF | 445nH | 1.0Q 16 80 pF THEVENIN 710/120Q
GROUND BOUNCE 7.5Inch 30 pF 117 nH 0.2Q 10 50 pF AC 26£/20090

 Clock generated from seven (7) stage ring oscillator 'AC240)—approximately 25 MHz
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Each device on the bus is configured equivalent to a stan-
dard test fixture. Conditions such as output loading, load
placement, power supply voltage, and quiet output pin loca-
tion were varied to compare ground bounce under different
conditions. Also, some device locations were populated with
different device types and devices from other logic families
to evaluate ground bounce across technologies.

Table | lists the important electrical characteristics for the
critical signal paths. Figure 4 shows the physical layout of
the board and the critical paths. This board was used to
generate the data and waveforms presented in this applica-
tion note unless otherwise noted.

LEAD INDUCTANCE

The impact of the ground inductance on ground bounce
seems to be obvious. For a given dl/dt value, the greater
the inductance, the greater the ground bounce. While this
would imply that reducing the ground inductance should re-
duce the ground bounce, this is not always the case. The
explanation is fairly straightforward.

Ground bounce tends to limit the available AC current in
CMOS outputs by reducing the voltage across the output
impedance, and therefore, reduces the current that will flow.
When the ground lead inductance is reduced, a correspond-
ing increase in the output edge rate of the device occurs.
This is due to the fact that by reducing the inductance in the
ground lead we have increased the available AC current.
This greater dl/dt tends to reduce any improvement that the
reduced ground inductance may have generated.

National tested FACT to investigate the effect of ground
inductance on ground bounce. This was accomplished by
assembling die from the same manufacturing lot in plastic
DIPs; some were assembled using the standard pinout and
some were assembled with the ground and power pads
connected to the center pins. When the data was analyzed,
it was found that the die assembled with center pin Vpp and
ground averaged approximately 10%-15% less ground
bounce than the die assembled with the standard pinouts.
Along with the small reduction in ground bounce, they also
exhibited somewhat faster edge rates with corresponding
decreases in propagation delays.

OTHER PACKAGES

The inductance in the ground lead is not the only induc-
tance in the package; all of the output pins have an associ-
ated inductance. The inductances in the outputs also con-
tribute to ground bounce, especially any oscillatory effects.
While just reducing the ground or Vpp does not significantly
reduce ground bounce, reducing the inductance in both the
power leads and the outputs does reduce ground bounce.

Figure 5 outlines the effect that packaging has on ground
bounce. In order to make the comparison as valid as possi-
ble, die from the same wafer were used. This was neces-
sary because the effect of process variations on ground
bounce is greater than the effect of packaging. It can be
seen that packages with smaller power and signal lead in-
ductances tend to reduce ground bounce. It is important to
note that the difference between CDIP and LCC package
ground lead inductance is approximately one order of mag-
nitude (20 nH versus 2 nH), yet the difference in ground
bounce is less than 35%.

1.0
0.8
0.6
0.4

0.2 —‘

0.0 -

Quiet Output Noise
(normalized to CDIP)

Lcc soic PDIP coip

Package
TL/F/10232-8
FIGURE 5. Noise vs Package Configuration

Reducing the ground lead inductance is not “the” solution
to ground bounce problems. While a small reduction in
ground bounce can be realized, additional problems, like
increased crosstalk, may occur. A better solution is to re-
duce the inductance in all leads. Smaller packages, such as
SOIC and LCC/PLCC packages, do reduce ground bounce
over both standard and center-Vpp/ground-pinned DIP
packages.

NUMBER OF OUTPUTS SWITCHING

The number of outputs switching simultaneously affects the
amplitude of ground bounce. For a simple model, treat the
output impedances of each active output as resistors and
inductors in parallel. For resistors of equal value in parallel,
the formula for the net resistance is R/n, where R is the
output impedance of each transistor, and n is the number of
resistors. Therefore, as more outputs switch at the same
time, the output resistance is reduced and more ground
bounce will be generated.

Again, it is very difficult to model this effect so we will rely on
empirical results for our analysis. Figure 6 illustrates the ef-
fect of increasing the number of outputs switching at the
same time. We can see that as the number goes up, the
amplitude and duration of the ground bounce pulse also
increases. Therefore, devices that have fewer outputs will
have less ground bounce.
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TL/F/10232-9
FIGURE 6. Number of Outputs Switching
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Figure 7 shows the ground bounce generated by an 'AC157
when three of the four outputs are switching with standard
test loads. Here we see only 475 mV of noise on the worst-
case pin (pin furthest from the ground pin). This amplitude of
ground bounce is not what we would expect in an actual
system. As we will discuss later, a test fixture lumped load
creates much more ground bounce than distributed system
loads.

OUTPUT LOAD

The type and value of the output loading is one of the major
variables that affect the amplitude of the ground bounce.
Figures 8, 9 and 70 show the effects of varying the load
capacitance in a standard test fixture.

In Figure 8, the ground bounce amplitude peaks for a load
capacitance of approximately 60~70 pF, and then drops off
as the capacitance is increased. This drop off is caused by
the filtering effect of the larger capacitors.

For Figure 8, only the load capacitors on the active outputs
were varied. The load on the quiet output was maintained at
50 pF. The amplitude of the ground bounce amplitude in-
creased with increased capacitive loading. However, the
slope of the curve drops off as the capacitance increases.
This is due to the amount of energy that is discharged from
the capacitor during the time that the output transistor is
turning on.

TF475mv
1]
.
~Leead ] 11,’1 LINPNTTN
TN T i (WAL DELEAN s
'
-/
Vertical Scale: 0.5 V/Div
Horizontal Scale: 10 ns/Div
----- 'ACT157; 3 Outputs Switching;
Pin 12

TL/F/10232-10
FIGURE 7.’AC157 Quiet Output Noise

Smaller capacitors contain less energy than larger capaci-
tors, and therefore, a larger change in the voltage across
them will occur during the time that the output is turning on.
Because of this, the size of the capacitance tends to limit
the maximum amount of current sinking throughout the out-
put and therefore, the amount of ground bounce. Larger
capacitors, however, do not experience such a large
change in voltage as the outputs turn on. For very large
capacitances, there is almost no change in the voltage
across them, and they behave much like a power supply.
Under these conditions, the maximum amount of current
that will sink through the outputs is limited by the outputs
themselves. Increasing the capacitance does not increase
the current and therefore, does not increase the ground
bounce.

Figure 10 shows the effect of varying only the capacitive
loading on the active output. Here, the filtering effect of the
load can be observed clearly. As the load capacitance is
increased, it filters the signal and reduces the amplitude of
the ground bounce.

Because they generate more AC current during switching,
capacitive loads tend to generate more ground bounce
noise than resistive loads. Fortunately, most actual PCB
traces will be long enough so that they react like an imped-
ance and not lumped capacitive loads.
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TL/F/10232-11
Quiet Output Switching Using 'AC241
7 Outputs Driving Lumped Capacitive Loads
Monitoring Pin 18. .
FIGURE 8. Quiet Output Noise vs Capacitive Loading
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TL/F/10232-12
Quiet Output Switching with 'AC241
7 Outputs Driving Lumped Capacitive Loads
Monitoring Pin 18

FIGURE 9. Fixed Quiet Load

Figure 11 displays ground bounce when the device is load-
ed with standard 50 pF/500Q test loads. Each load was
connected directly to the output pin. Under these condi-
tions, which are considered worst case, the measured
ground bounce amplitude was 1.7V.
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FIGURE 10. Fixed Active Load
Figure 12 illustrates what happens when the test load is
moved away from the device output. A standard test load

was connected to the output via 15 inches of circuit trace.

The amplitude of the ground bounce was reduced to 1.1V.
While this loading is closer to an actual system trace than a
test load, it still generates more ground bounce noise be-
cause of the lumped load that is still on the line.

Vertical Scale: 0.5 V/Div
—ew==<= Quiet Output Noise | Horizontal Scale: 10 ns/Div

TL/F/10232-15
7 Outputs Switching Vpp = 5V
CL = 50 pF
Worst-Case Output Pin
15" PCB Trace Separating Load from Device
FIGURE 12. Test Fixture Emulating
Transmission Line Effect
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Figure 13 shows the ground bounce when the load capaci-
tance is reduced to 5 pF. The ground bounce decreased to
1.3V. This circuit represents a short, lightly loaded line.

Figures 14 and 15 depict the ground bounce generated by
the 'AC374 and 'AGC244 driving the data bus on the board.
This bus is over 30 inches long and has over 200 pF of
capacitance load. The "AC374 only generated 600 mV of
ground bounce while the ’AC244 generated 500 mV. This
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TL/F/10232-16
7 Outputs Switching Vpp = 5V
CL = 5pF
Worst-Case Output Pin

Open Circuit Output (5 pF Parasitic Capacitance)
FIGURE 13. Reduced Output Loading
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TL/F/10232-18
7 Outputs Switching Vpp = 5V
CL = 50 pF
Worst-Case Output Pin;
Ten Loads on Quiet Output Heavy Load
FIGURE 15. System Quiet Output Noise—'AC244

circuit represents a typical system trace. These figures
show the expected amplitudes of ground bounce in an actu-
al system.

Figure 16 shows the ground bounce which was measured
on a commercially available personal computer mother-
board after a 'F244 was removed and replaced with an
'ACT244. For these results, the host processor was re-
moved, and the inputs to the 'ACT244 were connected to
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7 Outputs Switching Vpp = 5V
CL = 50 pF
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FIGURE 14. System Quiet Output Noise—'AC374
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Ground Bounce
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Worst-Case Output Pin
'AC244 Driving 10 Distributed Loads on an Unterminated Address Bus
FIGURE 16. Quiet Output Noise in
Personal Computer Application
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© With 7 Outputs Switching, Quiet Qutput Noise = 1.1V
FIGURE 17. PC Circuit Diagram
the board clock source. The logic diagram for this line is OUTPUT PIN LOCATION

represented in Figure 17. An address bus driver was chosen
because of the length of the line and the number of loads on
it. Here, the ground bounce amplitude was 1.1V. We can
see that this signal line is connected to devices of many
different technologies and functions, including LS and mem-
ory products. After the host processor was replaced, the
system exhibited no performance degradation due to the
device replacement.

It can be seen from the previous figures that the type and
location of the output loads have a major effect on ground
bounce. It is also obvious that standard test loads generate
the most ground bounce. Even reducing the capacitive load,
or moving it away from the output still generates more noise
than a typical application.
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7 Output Switching Vpp = 5V
Cp = 50 pF
Standard Test Setup
FIGURE 18. Quiet Output Noise—
Worst-Case Output Pin

The location of the output pin with respect to the device
ground also affects the magnitude of ground bounce. Tests
have shown that outputs located closer to the ground lead
generally have 30% to 50% less noise than pins further
away. The effects of pin location are portrayed in Figures 18
and 79. Figure 18 shows the ground bounce on the worst-
case pin, which is the one farthest away from ground. Figure
79 shows the ground bounce on the best-case pin, the one
closest to ground. By choosing outputs close to ground, the
amount of ground bounce may be reduced by nearly half.

Vertical Scale: 0.5 V/Div
Horizontal Scale: 10 ns/Div

TL/F/10232-22

7 Qutputs Switching Vpp = 5V
CL = 50 pF
FIGURE 19. Quiet Output Noise—
Best-Case Output Pin (Pin 9)
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POWER SUPPLY VOLTAGE EFFECTS

The value of Vpp also affects the amplitude of the ground
bounce. By reducing the Vpp level, not only is the output
voltage swing reduced, but also the amount of current that
the output can deliver. Both of these tend to reduce ground
bounce.

Figure 20 tabulates the results of varying both Vpp and load
capacitance. All of these numbers were taken on a standard
test fixture. Note that while the amplitude of the ground
bounce changes linearly with voltage, it is not merely the
ratio of the voltage levels. Reducing the Vpp by 40% (from
5.0V to 3.0V) reduces the ground bounce by almost 60%.
Since the amplitude of the ground bounce decreases faster
than the input threshold, there is a net gain in the noise
margin.

Figure 21 represents the same results taken on the ground
bounce demo board. The ground bounce was measured
with Vpp = 3.0V. The amount of ground bounce was re-
duced to 800 mV, even with standard test loads. It should
be pointed out that 'ACXXX devices can be used in a 5V
TTL system with a Vpp of 3.3V +0.3V. Under these condi-
tions, the outputs will still drive an incident wave on a 75Q
transmission line for the commercial temperature range and
1000 for the military temperature range. With Vpp equal to
3.3V, FACT 'ACXXX devices have TTL-compatible inputs
and outputs.
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FIGURE 20. Quiet Output Noise vs Power Supply

50 pF

1]

TEST FIXTURES VS REAL SYSTEMS

Because ground bounce is so dependent upon the load the
device is driving, it has proven to be one characteristic of
CMOS devices that does not correlate well between results
taken on standard test fixtures and results seen in actual
systems. This occurs for several reasons. First, the AC load-
ing presented by standard text fixtures is not the same as
the AC loading generated by a system load, and second,
the standard test load creates a LCR tank circuit that tends
to oscillate during edge transitions.

For these reasons, ground bounce data taken on test fix-
tures is useful for comparative analysis, but is not valid for
predicting actual system performance.

AC LOADING EFFECTS

Standard text fixtures use 50 pF of capacitance and 5000
of resistance to simulate a “typical load,” as shown in Fig-
ure 22. It is possible to achieve good correlation between
propagation delay data taken using these test loads and
data taken in real systems. Unfortunately, this is not true for
ground bounce. While this lumped load testing was ade-
quate for older, slower technologies, it is not as useful for
the newer, faster logic families. As edge rates go up, more
and more circuit traces react like transmission lines, not
lumped loads. For devices having edge rates of approxi-
mately 3 ns, traces longer than 6-8 inches will exhibit trans-
mission line characteristics and cannot be treated as
lumped loads.
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FIGURE 21. Quiet Output Noise—Vpp = 3.0V
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FIGURE 22. Standard Test Load




Figures 23a and 23b are models of a capacitive load and a
transmission line load, respectively. In Figure 23a, we re-
place the capacitor with a power supply. This simulates our
circuit at the time when the output transistor has just turned
on, and the full capacitor voltage is applied across the de-
vice. In Figure 23b, the transmission line is replaced with a
resistor to the power supply. This simulates the AC charac-
teristics of the transmission line.

Comparing the two figures, we notice that while the capaci-
tive load applies the full voltage directly to the device out-
put, the transmission line acts like an additional resistance
between the voltage and the device output. Clearly, one
would expect more current to flow with the capacitive load
than with the resistive load. Since the output transistor turns
on just as fast in both cases, the capacitive load will create
a greater dI/dt, causing more voltage to be induced across
the ground lead inductance. Because of this, standard test
fixtures tend to generate two to three times more ground
bounce noise than system printed circuit traces. This is still
true for traces that may have more capacitance than the
50 pF lumped load used in standard test fixtures.

-
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TEST FIXTURE CIRCUIT == —

TL/F/10232-26

" TEST FIXTURE MODEL
FIGURE 23a. Test Fixture

TL/F/10232-27

LCR TANK EFFECTS

Referring back to Figure 1a, notice the LCR tank circuit that
is formed by the load capacitance, parasitic inductances
and output resistance. Imagine each edge transition as a
single impulse into this tank circuit; it would be expected to
oscillate. Theoretically, the frequency of the oscillation
should be somewhere in the range around 1.3 GHz. Typical-
ly, oscillations are observed in the frequency range of
100 MHz to 200 MHz. There are several reasons for this
discrepancy.

The output transistor does not behave like a pure resist-
ance. The transistor tends to limit the available current to
less than 160 mA to 180 mA. Additionally, there are other
parasitic elements associated with the output transistor af-
fecting the frequency of oscillation.

Because most circuit traces react like impedances and not
capacitances, this type of oscillation is not seen when FACT
devices drive typical circuit traces.

Figures 22 and 23 highlight the differences between ground
bounce in a standard test fixture and in a comparable PCB
trace. The results of the test fixture (Figure 24) are much
greater than the results of the PCB circuit trace (Figure 25).
This is due to the greater current requirements caused by
the lumped capacitive load versus a distributed load.
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FIGURE 23b. System Models
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FIGURE 24. Quiet Output—Standard Test Fixture

The difference in oscillation between a standard test fixture
and a typical circuit trace is also shown. Even though the
circuit trace has more capacitance than the test fixture, it is
not lumped at the output, but distributed along the circuit
trace.

For these reasons, ground bounce data taken on test fix-
tures is useful for comparative analysis, but is not valid for
predicting actual system performance.

MANIFESTATIONS OF GROUND BOUNCE

The problems associated with ground bounce occur be-
cause the induced voltage across the ground leads creates
a voltage differential between the external system ground
and the internal device ground. This voltage affects both
inputs and outputs, although differently.

The difference between the external and internal grounds
must be taken into account to arrive at the actual input
threshold. Noise on either the internal ground or Vpp will
cause the input thresholds to change. CMOS input thresh-
olds are generally 50% of the voltage across the input
structure, i.e., if Vpp is 5.0V, then the input threshold will be
2.5V. Now, if the ground bounces positively 1.0V, the net
voltage across the input structure will be reduced to 4.0V.
This will cause the input threshold to shift up to 3.0V (1.0V
of ground rise + 50% X 4.0V). Conversely, if the ground
bounces negatively 1.0V, the input threshold will drop down
to 2.0V (—1.0V + 50% X 6.0V). If during this time a quiet
input is held between 2.0V and 3.0V, the input structure will
detect a change of state.

Regarding the outputs, the effect is somewhat different. Any
output that is LOW is essentially tied to the internal ground
through a very low impedance: approximately 10-12Q.
Therefore, any output will tend to follow the internal ground
as it shifts with respect to the external ground. This causes
any LOW outputs to also shift with respect to external
ground.

Vertical Scale: 0.5 V/Div
Horizontal Scale: 10 ns/Div

TL/F/10232-31
7 Outputs Switching Vpp = 5V; Heavy Load
Worst-Case Output Pin; Ten Loads on Quiet Output
FIGURE 25. Quiet Output Noise—System Bus

There are four predominant manifestations of ground
bounce which we will discuss: 1) altered device states,
where a device assumes a state that is not intended or ex-
pected, 2) undershoot noise on active signals, 3) propaga-
tion delay degradation, and 4) noise on quiet (static) out-
puts.

ALTERED DEVICE STATES

Of these four symptoms, the most critical is altered device
states. Altered device states occur when a device assumes
a state that is not intended or expected by the system de-
signer. The results can range from glitches on the outputs to
permanently-altered data in registers or counters. Ground
bounce can cause these types of problems when it is great
enough to cause an external signal to be sensed incorrectly
in the device.
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FIGURE 26. Example of Ground Bounce
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In CMOS devices, the input thresholds are generally a per-

centage of the voltage across the input structure. Generally,

the input levels are 50% for CMOS level inputs and 30% for
TTL-level inputs. As the internal ground and power levels
shift with respect to the external power and ground planes,
the input thresholds will also shift. If the shift is great
enough to cause the input threshold to go above an external
HIGH signal (so that the input signal looks LOW) or below
an external LOW signal (so that the input looks HIGH), the
input will detect a change of state. Depending upon the in-
put type, several results can occur.

If the input is a synchronous one, such as the data input into
a D-type flip-flop, then the device should not be affected. If
the input is combinatorial, or the data input to a transparent
latch, the output may glitch.

The effects may be more damaging if the input is asynchro-
nous, such as a clock, preset, set, load, or clear. With these
inputs, data in the internal counters or registers may be cor-
rupted. Most likely, this type of data corruption can usually
cause a system to fail, or generate invalid results.

FACT devices are characterized during initial device evalua-
tion to ensure that the device will not exhibit this problem.

PROPAGATION DELAY DEGRADATION

Propagation delay degradation is a phenomenon familiar to
most system designers. As more than one output on a sin-
gle device is switched, the propagation delay, as measured
to the input threshold level, will become longer. To under-
stand how this happens with CMOS devices, consider Fig-
ure 27, any voltage developed across the inductor L1 will
reduce the voltage across the output impedance R1. This, in
turn reduces the current through R1. Since the rate of volt-
age change across the load capacitance is directly related
to the current available, a decrease in current reduces the
rate at which the output voltage changes, i.e., the edge rate
slows down. This, in turn, slows down the propagation delay
because more time is required for the output to go from one
rail to the input threshold. As additional outputs are switch-
ing simultaneously, the voltage across the inductor increas-
es, and the current available to charge or discharge the load
capacitance will be less.

TL/F/10232-32
FIGURE 27. Output Model

Figure 28 illustrates the effects of multiple output switching
on the propagation delay of a FACT device. Here we see
that as more outputs switch, the edge rate of those outputs
drops off.

While it is not possible to test this type of parameter in an
ATE environment, National understands its importance to
system designers. Since this type of measurement can be
made in a bench environment, FACT devices are evaluated
during initial device characterization to insure that this prop-
agation delay degradation is less than 250 ps per additional
output switched.

UNDERSHOOT ON ACTIVE SIGNALS

Undershoot noise on active signals is generally created by
impedance mismatches in transmission lines. Yet, it can
also be created by ground bounce. Figure 29 shows the
voltage that is generated across the inductor during the
edge transition. While at the beginning of the transition the
ground bounce is positive, at the end it is negative. This is
due to the currents turning off as the output reaches the end
of its voltage swing.
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TL/F/10232-33
FIGURE 28. Propagation Delay vs
Number of Outputs Switching
Unfortunately, the negative ground bounce occurs when the
output is finishing its transition. The output will follow the
internal ground as a quiet output would. This results in the
output undershooting and then returning to ground.
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FIGURE 29. Quiet Output Noise Concurrent
with Active Edge

Undershoot amplitudes are generally slightly less than the
associated ground bounce. This undershoot noise will gen-
erally not be a problem because most standard logic fami-
lies have input structures, such as clamp diodes, that tend
to damp it out. However, some specialized devices, exem-
plified by dynamic RAMs, may be sensitive to undershoots
greater than —2.0V.

QUIET OUTPUT NOISE

Quiet, or static, output noise is usually the symptom of
ground bounce that is first noticed by system designers. As
pointed out earlier, quiet output noise occurs because LOW
outputs tend to follow internal ground. If there is a shift be-
tween the external and internal grounds, it will appear as
noise on a quiet output. The effects of this noise can range
from noise on the output signals to system failure. If the
noise is great enough to cross the input threshold on the
next device on the line, this next device may react.

The reaction, of course, will depend upon the type of input.
If the input is synchronous, the ground bounce noise will not
propagate through the input into the device. If the input is
combinatorial or asynchronous, output glitches or corrupted
counters or registers may result. In order to predict the ef-
fects of this noise, it is necessary to consider some typical
applications.

As shown earlier, ground bounce amplitude is dependent
upon the number of outputs switching. Therefore, devices
which have fewer outputs will have less noise. Because of
this, our discussions will be limited to octal devices and their
applications.
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FIGURE 30. Application Segments

SYNCHRONOUS DATA/ADDRESS BUSSES

One of the largest application segments for octal devices is
driving/receiving data and address busses. In these bus ap-
plications, the receiver is usually synchronous and latches
in the data on a clock edge. In Figure 29, notice that the
quiet output noise exists only when the active outputs are
switching. In addition, both quiet and active outputs achieve
this stable and valid state within the propagation delay time
specified in the FACT Data Book.

During the time that the data or address is latched in (when
the data is expected to remain stable and valid) the quiet
outputs are as stable and valid as the active outputs. There-
fore, valid data will always be clocked in, and in these sys-
tems, no additional work is required to achieve maximum
system performance and reliability.

ASYNCHRONOUS CONTROL LINES

A much smaller application segment is driving asynchro-
nous signals. Octal devices, like the 240 series, offer eight
buffers in a 20-pin package. This feature can be useful to
the system designer trying to reduce board size and part
count. It is in these applications that problems are most
likely to occur. However, there are several factors that work
in the designer’s favor.

Itis important to look at the type of input that is being driven.
CMOS-level inputs have much greater low noise margins
than TTL-level inputs. Standard CMOS inputs have input
thresholds set to 50% of Vpp. This means that if Vpp
equals 5.0V, there is 2.5V of low noise margin. Test results
show that the ground bounce will never be this great in a
system. In addition, as noted above, the actual ground
bounce noise expected in a real system is less than the AC
noise margins of most TTL families.

Finally, it is very important to note that the duration of the
ground bounce noise spike is short (tyically 2-3 ns @ 0.8V).
Typically, AC noise margins increase with decreasing pulse
width. This is more pronounced in slower technologies. Fig-
ure 31 shows the typical low level input noise thresholds of
FAST, Schottky, and Low Power Schottky. For pulse width
typically seen with ground bounce noise, the AC noise mar-
gins of FAST and Schottky approach 2.0V and 1.5V respec-
tively. Even LS devices, which have the lowest input thresh-
olds, have AC noise margins that exceed 2.0V for pulse
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widths as great as 8 ns. For ground bounce type noise puls-
es, with widths of 2-3 ns, the LS AC thresholds are well
above 2.0V.

There are also several design techniques under the system
designer’s control which can be used to minimize ground
bounce noise, thereby eliminating ground bounce-induced
problems.

The first factor that should be considered, in many cases, is
that the need for a buffer can be eliminated. This is due to
the fact that all FACT logic devices feature the same 24 mA
output stages. A quick example will help to clarify this. For
the example, a divide-by-2 clock generator drives a clock
onto a large processor board. Figure 32a shows the circuit
built with ALS devices while Figure 32b shows the same
circuit built with FACT devices. The difference is obvious:
the ALS circuit required a buffer to drive the clock line be-
cause the 'ALS74 does not have enough output drive to
drive the line. On the other hand the 'AC74 has the same
drive capability as the 'AC240, so adding the buffer is redun-
dant. In addition, the output of the 'AC74 is double buffered
to isolate the internal logic from noise on the outputs. Re-
moving an additional propagation delay gains performance
advantages besides board space and part count savings. If
it is not possible to remove the buffer, the designer can still
insure minimum noise on the output. This can be accom-
plished with several methods, some of which are discussed
here.

Board-level timing analysis may show that not all of the out-
puts can switch at the same time. Under these conditions,
the worst-case ground bounce will be reduced (Figure 6). As

SET CLOCK/2
— D Q |
CLOCK 'ALS74 1/8
CLK 'ALS240
CLR @
TL/F/10232-37
(a)
SET .
Ac74 | cCLOCK/2
CLK
CLOCK 0
CLR
TL/F/10232-38
(b)

FIGURE 32. Example Circuits

mentioned earlier, outputs closer to the ground pin may
have up to 50% less noise than outputs further away.
Therefore, asynchronous lines should be driven from out-
puts closer to the device ground pin whenever possible.
Some other methads, which may be more difficult to imple-
ment, include reducing the power supply voltage or using
two power supply voltages. Running the system Vpp lower
(closer to 4.5V) will reduce the ground bounce noise levels
of the CMOS devices while not affecting the input thresh-
olds of the TTL devices. In addition, as we stated earlier, the
Vpp value for the CMOS devices can be lowered to 3.3V.
This reduces the ground bounce by 60% while maintaining
TTL-compatible inputs and outputs. For a small number of
CMOS devices, a standard zener diode regulated circuit
may be used. For larger numbers of devices, a second
(3.3V) power plane may be added.

Take a moment to summarize the material covered thus far.
While at first glance, the problems associated with quiet out-
put noise may seem to be the most precarious to system
designers, there are many issues that affect them. First, a
large percentage of the octal applications are synchronous
busses. In these applications, quiet output noise will not be
a problem.

It is the smaller segment of asynchronous applications that
are most suspect. Fortunately, only octal devices generate
enough ground bounce noise to be of serious concern. Sec-
ondly, if the inputs are CMOS, the input noise margins are
greater than any ground bounce. If the inputs are TTL, the
ground bounce will generally be less than the TTL AC input
noise margins. Additionally, designers have several tech-
niques available to reduce the ground bounce. These in-
clude: a) use logic devices that provide buffer-type drive
capability, thereby eliminating the need for these octal buff-
ers (all FACT devices have the same 24 mA outputs); b) do
not have all of the outputs on an octal device switch simulta-
neously; c) select outputs closer to the ground pin for driv-
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ing asynchronous inputs, and d) reduce the Vpp level. Any
or all of these may be used to eliminate the possibility of
system failures due to quiet output noise in the small num-
ber of octal applications where these problems might occur.
Most applications require no special precautions.

The major points of concern regarding ground bounce:

Ground bounce occurs because of the parasitic inductances

found in all conductors.

Ground bounce causes shifts in input thresholds and noise

on outputs.

There are many factors which affect the amplitude of the

ground bounce:

® Number of outputs switching simultaneously: More out-

puts mean more ground bounce.

Type of output load: Lumped capacitive loads generate 2

to 3 times more gorund bounce than system traces. In-

creasing the capacitive load increases ground bounce to

approximately 60-70 pF. Beyond 70 pF, ground bounce

drops off due to the filtering effect of the load. Moving

the load away from the output reduces the ground

bounce.

Location of the output pin: Outputs closer to the ground

pin exhibit less ground bounce than those further away.

Voltage: Lowering Vpp reduces the ground bounce.

Test fixtures: Standard test fixtures generate 30 to 50%

more ground bounce than a typical system since they

use capacitive loads which increase the AC load and

form LCR tank circuits that oscillate.

Ground bounce produces several symptoms:

o Altered device states. FACT logic does not exhibit this
symptom.

® Propagation delay degradation. FACT devices are char-

acterized not to degrade more than 250 ps per additional

output switching.

Undershoot on active outputs. The worst-case under-

shoot will be approximately equal to the worst-case quiet

output noise.

Quiet output noise: FACT’s worst case quiet output noise

has been measured to be around 500-1100 mV in real

system applications.

DESIGN RULES

From this, we can develop a simple set of rules that will
protect any system from problems associated with ground
bounce. This set of design rules listed below is recommend-
ed to ensure reliable system operation by providing the opti-
mum power supply connection to the devices. Most design-
ers will recognize these guidelines. These guidelines are the
same ones as those they have been using for years for the
advanced bipolar logic families.

Use multi-layer boards with Vpp and ground planes, with the
device power pins soldered directly to the planes, to insure
the lowest power line impedances possible.

Use decoupling capacitors for every device, usually 0.10 uF
should be adequate. These capacitors should be located as
close to the ground pin as possible.

Avoid using sockets or wirewrap boards.

Avoid connecting capacitors directly to the outputs.

In addition, observing either one of the following rules is
sufficient to avoid running into any of the problems associat-
ed with ground bounce.

Use caution when driving asynchronous TTL-level inputs
from CMOS octal outputs.

Use caution when running control lines (set, reset, load,
clock, chip select) which are glitch sensitive through the
same device that drive data or address lines.

While it is desirable to avoid the above conditions, there are
simple precautions available which can minimize ground
bounce noise. These are:

Locate these outputs as close to the ground pin as possible.
Use the lowest Vpp as possible or split the power supply.

Use board design practices which reduce any additive noise
sources, such as crosstalk, reflections, etc.

Ground bounce is an unwanted noise source that is found in
most logic families available today. Due to increased edge
rates and voltage swings, ground bounce can be more of a
problem with new Advanced CMOS logic families. National,
with the vast experience in high performance logic design
gained from its leadership position with the FAST family,
defined FACT logic so that high performance problems, as
exemplified by ground bounce, were minimized while not
sacrificing performance. By following the simple design
guidelines outlined, designers can use FACT logic to maxi-
mize system performance while ensuring their systems are
free from the problems associated with ground bounce.
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Dynamic Threshold for
Advanced CMOS Logic

INTRODUCTION

Most users of digital logic are quite familiar with the thresh-
old specifications found on family logic data sheets. Design-
ers using products with TTL level input thresholds will see
numbers like Vi = 2.0V and V| = 0.8V. These threshold
guarantees are static, a part’s response to these levels dur-
ing switching transients can be undesirable. Through the
course of this paper the reader should gain an understand-
ing for the difference between a static threshold and a dy-
namic threshold. This paper will also discuss how various
products respond dynamically, how dynamic thresholds are
tested, and specified. Lastly, this paper will look at how
FACT Quiet Series™ has addressed and specified dynamic
threshold characteristics.

WHAT IS A DYNAMIC THRESHOLD?

If National Semiconductor were able to package its I.C.’s in
“ideal” packages, then dynamic and static thresholds would
be one and the same. However, our package, like that of all
our competitors, is not “ideal” and has a finite amount of
inductance associated with each signal lead. As will be
shown later, it is the inductance in the power leads which
are the primary cause for the non-ideality.

To understand the phenomena of dynamic thresholds the
properties of ground bounce must first be examined. Figure
1 is a representation for a 74XX00 product which includes
package inductance. Figure 2a shows an output pulldown
making an HL/ZL transition. In discharging the load capaci-
tor a current Ig equaling C*dv/dt flows into the chip, this
current is approximated versus time in Figure 2b. The
changing current, Ig, generates a voltage across the ground
inductor represented in Figure 2c through the equation
L*di/dt. It is the voltage across the ground inductor, com-
monly known as ground bounce, which is the cause for stat-
ic and dynamic thresholds to differ.
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FIGURE 2

The threshold of an IC is referenced to its internal ground.
Therefore, voltages induced on the ground inductor are re-
flected directly as a change in threshold with respect to ex-
ternal ground. Figure 3 shows the effects of ground bounce
on an input threshold. If when the threshold is moving it
crosses the input voltage levels, a problem area exists.
However, having the threshold cross the input level does
not necessarily induce a product failure. The threshold must
cross the input level for a period of time for a false switch to
occur. (Figure 4 shows the voltage time relationship). Note
that in the high speed technologies two things have come
together, faster delays and output edge rates, generally
meaning larger di/dt’s, and an ability to react to narrower
pulses.
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In the example discussed above, ground bounce was out-
lined as the cause for the threshold change. For bipolar TTL
technologies, this is the only noise source of concern since
the threshold is created by a Vgg stack referenced to
ground. As Vpp changes in a bipolar circuit, the threshold
will change logarithmically as the currents in the transistors
change, i.e., a 1V change in Vpp creates approximately a
34 mV shift in threshold. CMOS thresholds are set up as a
percentage of Vpp and track linearly with Vpp changes.
Therefore, a noise spike on Vpp from an LH/ZH transition
generates dynamic threshold characteristics which must be
considered along with those of the HL/ZL edges. In this
example let internal ground bounce to a 1V peak; the bipo-
lar threshold will peak to approximately 2.5V while the
CMOS circuit will peak to ((Vin/Vop*(VbD — Vbounce) T+
1.0V) = ((0.3*(4.0) + 1.0) = 2.2V. Consider a negative
bounce of 1V on the internal Vpp bus, the threshold delta
for the bipolar product will be negligible, but the CMOS
chip’s threshold will change as follows: ((Vin/Vpp*(Vpp —
Vbounce)) = (0.83%(4)) = 1.2V.

HOW ARE DYNAMIC THRESHOLDS SPECIFIED?

A circuits dynamic threshold characteristics are quantified
with the specifications Viyp and V|_p, where the “D” ap-
pendage stands for “dynamic”. The definitions are as be-
low,

© Vjyp— The minimum HIGH input level such that normal
switching/functional characteristics are observed
during output transients.

® V) p— The maximum LOW input level such that normal
switching/functional characteristics are observed
during output transients.

HOW ARE DYNAMIC THRESHOLDS CHARACTERIZED?

The characterization of dynamic thresholds requires some
planning for each product. The test will vary depending
upon which edge will generate the supply noise; i.e., is the
edge an LH or a ZL? Is the test for a data or control pin?
This section discusses the planning process for testing an
ACQ244, ACQ374, and an FCT534. From this discussion
the reader should be able to test other products and under-
stand the FACT Quiet Series dynamic noise specifications.

Test Fixturing/Setup: Dynamic threshold tests are sensitive
to the test configuration. The same considerations used to
measure AC propagation delays should be exercised. Na-
tional Semiconductor uses the same fixturing for both AC
propagation delay and noise testing. The inputs for this test
are driven with a word generator running at 1 MHz which
has been deskewed such that no more than 150 ps exists
between channels. FACT Quiet Series specifies Viup/ViLD
at 25°C with Vpp at 5.0V. For CMOS, true worst case exists
where ground bounce is maximized, at cold temp high Vpp.
Bipolar circuits are not as straightforward; the threshold has
a temperature coefficient tracking its Vgg stack which can
change nearly a volt from —55°C to +125°C. The tempera-
ture and Vpp that create worst case bounce may not induce
worst case Viyp/V|LD.
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Each product subject to Vijp/V)Lp testing will have multiple
test possibilities. Through the case studies below, the read-
er should gain an understanding for some of the test trade-
offs.

Case 1: Product = ACTQ244 test data pins with LH/HL
transitions.

The algorithm for this test is as follows. Maximize the num-
ber of outputs switching, N, in this case 8. N — 1 of the
inputs will be transitioning to and from nonthreshold levels,
0V-3V. The last input will transition from 3V to V)_p or from
OV to V|yp. Figure 5 shows the four combinations of tests. It
should be noted that values of V| p and Vjyp that induce
failure will vary as a function of the test pin. This is due
mostly to voltage drops on the internal power bussing. As a
result, pins farthest from the ground pin, and sometimes the
Vg pin, are likely to be worst case pins.

Case 2: Product = ACTQ244 test data pins with ZL/ZH

transitions.

This test will ramp the enable pin from 3V-0V while holding
the input under test at threshold, i.e., have all outputs tran-
sitioning ZL, with N — 1 inputs at OV and the input under
test at V|_p. The other tests are as follows, N — 1 transition-
ing ZL pin under test (PUT) at Vjyp, all outs going ZH PUT
at Viyp, and N — 1 a ZH switch and PUT at V| p.

Case 3: Product = ACTQ244 test OE pin with HL/LH tran-

sitions.

V|Lp is the parameter to check here. Data inputs should be
switching 0V-3V while the OE pin is being stepped up from
0V to V p. While testing the OE pin with an LH output tran-

3V
; Vikp
o
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sition, the standard 50 pF, 5009 load should be used. When
testing with an HL on the output, the TRI-STATE® ZL/LZ
5000 to Vg * 2 should be used. Without the pullup resistor,
failure cannot be detected. The LZ and HZ edges create
supply noise by switching off currents being sourced or sunk
by the device. With standard AC loading, their transients are
much less than those of the other edges. Therefore, V|yp
for the chip is guaranteed by the data pins.

The test cases discussed in cases 1-3 are all possible test
methods, note there are other possible combinations. In
practice National has found that tests done in conjunction
with HL transitions are worst case, i.e., case 1, and will guar-
antee V) p and V|yp for the chip.

Case 4: Product = ACTQ374

This class of function, the non-inverting register, will have
very good data and clock pin dynamic threshold characteris-
tics. For instance, take the worst case bounce where all
output are transitioning HL. To accomplish this, all inputs
are LOW on the active edge of clock. If a V|yp test of the
clock were performed, the positive ground bounce at some
level of Viyp will stimulate one, if not multiple, false clocks
to occur. A failure is not detected because the false clock or
clocks merely regenerated an existing low output. The posi-
tive ground bounce had the effect of making the logic low
data look lower. Always associated with positive bounce is
negative bounce, which on an HL transition occurs later. If
this negative bounce is able to switch the internal data gate,
setup and hold times have been violated and again failure is
not detected. Reference Figure 6 for a representation of this
scenario.

3v
N
ov

TL/F/10643-8

(a) (c)
3v 3V 3v :
> (: VILD VILD
ov ov ov
TL/F/10643-7 TL/F/10643-9
(b) (d)
FIGURE 5
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The most rigorous test for the non-inverting flop will be to
have clock held at V|yp, data at a hard HIGH, and all out-
puts are transitioning ZL.

Case 5: Product = FCTQ534

The inverting products, as this one is, inherently have poor-
er ViHp/ViLp characteristics than the non-inverting. While
testing a 240 is straightforward, the 534 testing and results
require further consideration. While the output is transition-
ing, both data and clock are HIGH. If data is held at a hard
HIGH and clock lowered, false clocks occur, but a failure is
not detected. The reverse is also true, as data is lowered,
the data gate changes, but no clocks occur. However, as
both data and clock HIGH levels are lowered simultaneous-
ly a window of Vp failure will be observed.

Figure 7 plots this “window of failure”. This plot will be ex-
amined by sweeping from right to left. It can be seen that for

clock Vjyp levels down to approximately 2.6V, proper data
continues to clock out for data levels down to 1.5V, the
static threshold value. For all V|yp voltages of the clock
below 2.6V, false clocking exists. If data is raised high
enough, no internal data changes occur and therefore no
product test failures. A data is lowered, internal data pulses
down (Figure 8). The initial internal pulses may not cause
device failure either because the voltage has not dropped to
a valid logic level or because setup and hold times to the
master latch have not been satisified, but eventually failures
are observed. It is interesting to note that were the FCT534
to have a more positive hold time, its hold time is slightly
negative, the data voltage inducing failure would be much
lower.

FCT534A Data/Clock Vi Noise Margin
PDIP Unit #1w/5.25V Vpp @ 0°C

30
29
28
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The implication of the data in Figure 7 is that if the high
voltage levels droop down to approximately 2.9V on data
and 2.6V on clock simultaneously, a system failure is possi-
ble. How can these conditions exist at the same time? The
temperature of Figure 7 is 0°C, if the inputs are driven by
TTL drivers at a Vpp = 4.5V, 2.6V Voy's are possible. How-
ever, the Vpp of the plot is 5.25, assuming the driver TTL
chips are on the Vpp bus, the HIGH levels will be greater
than 2.6V. There is another variable to be considered before
stating that no problem exists: what termination scheme is
being used? If both data and clock signals come from trans-
mission lines using either parallel or thevenin termination,
HIGH voltage levels below 2.6V are possible. If either or
both of the signals are unterminated, series terminated, or
AC terminated then functionality is assured. In summary, a
problem may exist if this parts data and clock pins are driv-
en by parallel or thevenin terminated transmission lines
while the Vpp bus is at 5.25V and the junction temperature
is 0°C.

HOW DO DYNAMIC THRESHOLD PROBLEMS MANI-
FEST THEMSELVES?

There are three main modes of failure during dynamic
threshold testing. Firstly, the part can malfunction through a
state change. Also possible are oscillations, glitches, AC
delay changes, and slew rate degradation. One octal regis-
ter tested recently was seen to exhibit metastable type
characteristics. Failure criteria are as follows.

© On a LOW output the LOW level will not rise above a TTL
threshold LOW, 0.8V, after the transition of the output.

On a HIGH output the HIGH level will not drop below a
CMOS threshold HIGH, 3.5V @ Vpp = 5.0V, after the
transition of the output.

If the natural ringing, other than initial switching rail
bounce, of the output violates the previous two criteria
then the ringing amplitude will be noted. Failure is then
defined as a 100 mV movement in the output toward the
threshold from the peak ringing amplitude, (Figure 9).
Gross failures will include functional state changes, oscil-
lations, AC delay changes, and slew rates effects.

HOW DO DYNAMIC THRESHOLD PROBLEMS AFFECT
DIFFERENT FUNCTIONS?

All the products discussed thus far pass the FACT Quiet
Series dynamic threshold limits of Viyp = 2.2V and V| p =
0.8V, which are specified as being tested singularly. The
case of the FCTQ534 represents one where much effort
was required to observe the failure mode. There are classes
of product that will display clock V|yp failures readily. These
would be products which toggle the outputs independent of
data. The most common functions in the list would be coun-
ters and shift registers. If the 74XXX299 clock pin were test-
ed, the initial clock edge would shift data inducing ground
bounce. If the clock Viyp is low enough, it will be that ob-
served false clocks will continue until all outputs are in the
same logic state as the serial data pin.

L]
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WHAT DOES FACT QUIET SERIES DO TO ADDRESS
DYNAMIC THRESHOLDS?

The Quiet Series product utilizes two technical innovations
to accomplish its performance. First, by using a split ground
bus configuration, input and output grounds are given a de-
gree of isolation. Schematically this is shown in Figures 10a
and b. The ground bus for inputs stages and outputs sec-
tions are separated on chip and only connected by the com-
mon inductance near the shoulder of the package and a
mutual inductance between the leadframe fingers. Note, the
Vpp input and output Vpp busses are electrically shorted on
chip by the substrate resistance. The leadframe inductance
forms a voltage divider such that the input only sees a per-
centage of the output ground noise. Secondly, a proprietary
GTOTM technology, shown in Figure 10c, is used to shape
the output edge. This then yields an output voltage wave-
form shown in Figure 70d. The soft turn on of the output
attenuates the dv/dt, and therefore the di/dt presented to
the ground inductance, yielding a reduction in the ground
noise.

HOW DOES NATIONAL COMPARE WITH OTHER
VENDORS?

The characteristics of National Semiconductor's FACT Qui-
et Series ensure superior dynamic threshold performance in
conventional corner pinned packaging. The split power rail
technology used to isolate inputs and outputs addresses a
noise issue which goes unresolved in multiple power pin
ACL logic families, and most single pin families. The same
split rail technology is used in the FACT FCT and FCTA
logic lines. Referencing the FCT534 already discussed, Fig-
ure 11 shows one of the dramatic differences created by the
Quiet Series technology.

SUMMARY

With the new advanced CMOS technologies, the specifica-
tions and characteristics for dynamic thresholds need to be
considered along with the other variables that impact the
choice of a device type or family. This applications note has
discussed the theories of test philosophy, failure criteria,
and the root causes of dynamic thresholds. This information
should provide the systems designer the tools to analyze
any impact to design performance.
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Design Innovations
Address Advanced CMOS
Logic Noise Considerations

UNDERSTANDING THE FUNDAMENTALS OF NOISE

Today’s electronic system designers are becoming increas-
ingly more familiar with the issues involved in migrating to
high-speed logic. One key issue is total system noise.

Noise in an electronic system can be described according
to its source. The first category is system-generated noise,
i.e., noise generated from the printed board up, such as
power distribution and decoupling noise, crosstalk noise,
electromagnetic interference (EMI), and transmission line
reflections. System noise is a function of signal characteris-
tics such as edge rate, voltage swing, and frequency. This
type of noise can be minimized by strictly adhering to proper
printed circuit board design practice commonplace in the
design of ECL-based systems. The system designer can do
more to control this type of noise than device-generated
noise.

Device-generated noise is the second category, i.e., noise
that is generated at the integrated circuit level such as
simultaneous switching noise, or ground bounce, device un-
dershoot, and dynamic input threshold shift. System design-
ers may use techniques that minimize the level of device-
generated noise. Device-generated noise is more effectively
minimized by the IC designer and manufacturer. In some
asynchronous applications, such as the distribution of timing
signals, use of inherently lower-noise ICs can be critical.

CONTROLLING SYSTEM-GENERATED
NOISE IS CRITICAL

The power distribution network is a key source of system
noise. High-performance logic switches large amounts of
current in a short amount of time and almost always re-
quires multiple-plane printed circuit boards with separate
power and ground planes instead of traces. Due to their
high impedance, power and ground traces may generate
too large of a power supply droop for low noise systems.

In addition, the logic’s switching-current demand also re-
quires bypass capacitors for each device, located as close
to power or ground pin as possible. Usually a 0.1 uF ceram-
ic chip capacitor provides adequate decoupling. Including
power supply decoupling at every step of the system design
is critical for a high-performance, low-noise system. Power
supply noise is easily coupled and radiated throughout the
system.

Crosstalk is another system noise. If not addressed during
system design, it can create problems in high-performance
systems. Crosstalk refers to the noise created when a signal
on an “active” trace is coupled onto an adjacent parallel
“quiet” signal trace.

Forward crosstalk manifests itself as a negative voltage
spike on the adjacent quiet trace and results from mutual
inductance effects. Its amplitude and duration are generally
much less than reverse crosstalk. Reverse crosstalk is
noise on the quiet trace resulting from a combination of ca-
pacitively-coupled and mutually-induced energy from the ac-
tive signal trace. Its amplitude and duration are determined

National Semiconductor
Application Note 690
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by the active signal’s edge rate and the length of adjacent
parallel traces. The faster the edge or the closer the adja-
cent traces, the higher the crosstalk amplitude. The longer
the adjacent traces run, the longer the duration of the re-
verse crosstalk. Reverse crosstalk travels in the direction
opposite to the active signal’s propagation and lasts for
twice the one-way delay time of the signal trace.

Crosstalk control methods include minimizing the coupled
trace length and maximizing the distance between the two
adjacent traces. If board area does not allow large spaces
between lines, the insertion of a ground trace between the
two adjacent traces also minimizes crosstalk.

Proper termination of all adjacent traces is important in mini-
mizing crosstalk. Reflections are also propagating signals
and will create crosstalk. Terminating adjacent transmission
lines will eliminate the reflected signal.

Electromagnetic interference (EMI) is another type of sys-
tem noise. EMI is the radiation of energy outside the sys-
tem. Whenever an electric charge is accelerated, electro-
magnetic waves result. The efficiency of this process is
mainly determined by the geometry of the charge paths.
The most significant charge paths in a system are the print-
ed circuit board signal traces, power supplies, and 1/0 ca-
bles. The largest and most plentiful charge paths, they are
also leading sources of EMI.

The EMI bandwidth is a function of the signal frequency,
amplitude, edge rate, duty cycle, edge discontinuity, and
ringing. These characteristics of high-performance logic, es-
pecially advanced CMOS logic, can cause signal traces and
170 cables to radiate more noise than ever before. The high-
er frequencies generated as a result of these characteristics
will radiate more efficiently from signal lines because of their
shorter wavelengths.

Addressing the characteristics of a signal that may create
EMI is critical to reducing EMI, or achieving electromagnetic
compatibility (EMC). Reliable solutions to EMC include prop-
er shielding and grounding of all cables as well as proper
termination of all signal traces. Adhering to other system
design guidelines for power supply decoupling and crosstalk
can also minimize EMI. Some of the output edge control
techniques discussed later will also minimize EMI by directly
effecting several key signal characteristics.

The last major form system noise is reflections on the trans-
mission line and the resultant ringing. Ringing observed on
signal traces has two sources: one is system-generated; the
other, device-generated. The two are often confused. It is
important to note that improperly terminated transmission
lines will create ringing caused by reflections, i.e., system-
generated noise.

Reflections are caused by mismatches in impedance from
driver to transmission line or from transmission line to re-
ceiver/termination. The magnitude of these reflections is re-
lated to the length of the transmission line and the imped-
ance along the line. Transmission line impedances and dri-
ver/receiver 1/0 impedances seldom match. Most often
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these impedances are orders of magnitude different. With
the edge rates of today’s advanced CMOS logic, transmis-
sion lines of approximately 20 centimeters (8 inches) or
longer will most probably need some type of termination.

Choosing the right termination scheme is important. When
designing with low-power advanced CMOS, do not select a
termination that will dissipate several tens of milliamperes.
Popular bipolar terminations such as a DC parallel termina-
tion (resistor to ground) or a Thevenin (voltage divider) ter-
mination (resistors to both rails) draw large amounts of DC
current. Effective termination schemes that preserve low
CMOS power consumption are a series resistor (for a single
driver/receiver pair) or an AC parallel termination (resistor in
series with a capacitor to ground) for distributed multiple
loads.

Device-generated ringing is due to the parasitic LCR tank
circuits in the IC and its load. The stimulus for this type of
ringing is an overshoot or undershoot in the output signal.
This ringing is minimized by slowing the output edge rate
with higher loads or by improvements in IC circuitry.

WHAT IS DEVICE-GENERATED NOISE?

Device-generated noise includes dynamic threshold shift,
ground bounce, and output undershoot.

The first type of device-generated noise is dynamic thresh-
old shift. System designers are very familiar with DC input
threshold requirements, namely V| (Input Voltage HIGH)
and V|_ (Input Voltage LOW). For TTL-based logic, these
levels are typically 2.0V and 0.8V, respectively. For CMOS-
based logic, these levels are typically 70% and 30% of Vpp,
respectively and are measured and guaranteed in a static
(DC) mode only. Switching any part of the device-under-test
is an invalid condition. In a real-life situation the IC is dynam-
ic and so are the input thresholds.

O REDUCES USABLE NOISE MARGIN

vt
08V -mmmmm - mof e
|<— DANGER AREA
GND J\/
TL/F/10655-1

FIGURE 1. Dynamic Threshold

Dynamic input threshold shifts arise when one or several of
the inputs are toggled, generating noise on the device’s on-
chip power rails. The input threshold voltage is proportional
to the power supply voltage. Any fluctuation of these rails,
such as ground bounce and/or undershoot, will create fluc-
tuations of the input threshold. Figure 7 illustrates a nega-

tive excursion on the internal ground of an IC. The input
threshold tracks this excursion and crosses through the
static LOW input level. This creates an unwanted change of
state on the output when the threshold falls below the input
level. In this case, an undershoot caused by bounce on the
chip ground causes a normally valid input level to create ai
invalid output state. :
Dynamic threshold shifts may create problems on synchro-
nizing inputs should the device’s output noise be great
enough to cause the device’s threshold voltage to shift
across the input voltage level. On TTL-compatible inputs,
dynamic threshold shifts could substantially reduce an al-
ready low noise margin.

In addition to causing erroneous changes in state, the out-
put may begin to go into a high-frequency oscillation as in-
put voltage levels approach the dynamic threshold. Regard-
less of whether the input in question is a synchronizing in-
put, this high frequency oscillation will increase chip heating.
Should this situation continue, device reliability could be ef-
fected.
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FIGURE 2. Ground Bounce Model

The second type of device-generated noise is ground
bounce or simultaneous switching noise. Ground bounce or
VoLp (Voltage Output LOW, Peak) and undershoot or VoLy
(Voltage Output LOW, Valley) are names given to noise lev-
els associated with the output of a logic device. While these
two issues are not new to logic, they are of greater concern
with advanced logic families. Since advanced CMOS out-
puts switch rail to rail at high speed and into heavy loads,
performance and design concerns have risen in this area.

Similary, Vpp droop and overshoot are also device-generat-
ed noise issues. However, since both affect the logic HIGH
level and since using CMOS outputs to drive TTL inputs
provides much higher noise margin than the logic LOW lev-
el, this discussion focuses on low-level noise margin issues.
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As the model in Figure 2 illustrates, ground bounce is the
voltage induced on the device ground inductance by current
as it quickly discharges from a capacitive load, sinking into
the output's N-channel transistor. The greater the amount
and rate of discharge that is created by multiple simulta-
neously switching outputs, the greater the ground bounce
level. Essentially there are more current sources sinking
current into the same ground inductor.

Device undershoot or VgLy (Voltage Output LOW, Valley) is
simply a function of the LCR tank circuit at the output. As
edge rates increase, undershoot and subsequent ringing in-
crease. Undershoot also decreases as the capacitive load

on the output increase and/or as the inductance of the out-
put decreases. Therefore, advanced CMOS logic devices
driving one or two other advanced CMOS logic devices will
have more undershoot than an advanced CMOS device
driving a heavily loaded bus. For this reason, in most sys-
tems undershoot levels are much less than those observed
in test fixture environments. Also, improper bus termination
may appear to worsen undershoot. In fact it is the energy of
the reflected wave that increases the undershoot and not
the device itself. Most undershoot levels in excess of 2.0V
are the result of some mismatched impedance along the
transmission line and can be eliminated with proper termina-
tion.
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WHERE CAN DEVICE-GENERATED
NOISE AFFECT SYSTEM PERFORMANCE?

An integrated circuit ground inductor’s di/dt is determined
by the number of outputs switching and the capacitive load
on each output. In a system, transmission line effects will
reduce the effective capacitive load the output may actually
drive. In a test fixture, the load is made up of low-dissipation
factor chip capacitors soldered directly to the output pins. In
a system, a finite physical distance separates the various
capacitive loads from each other as well as the driver’s out-
put. The net effect of capacitance distributed along the
transmission line is to lower the effective impedance of the
transmission line. As a result, ground bounce in a system is
typically 50% less than test fixture measurements. Test fix-
ture measurements of ground bounce should only be used
for comparative analysis and characterization.

The magnitude of system ground bounce and the segment
of applications where that bounce may present problems is
very small. Ground bounce occurs concurrently with the
transition of the active outputs of the device. Ground
bounce on quiet output(s) driving synchronous signals—
such as data and address lines—are not of concern since
these signals will not be synchronized or sampled until long
after ground bounce has settled out. See Figure 4.

However, while asynchronous signals, such as resets, pre-
sets, latch enables, and clock lines, typically number far
fewer than synchronous signals in a system they may be
more susceptible to ground bounce.

Since substantial ground bounce voltage levels are only
achieved with six or more outputs switching simultaneously
in the same package, device with eight or more bits, i.e.,
octals, are the primary focus of ground bounce.

Also, noise signals, such as ground bounce, driven into
CMOS-level inputs generally have no effect due to the high-
er amount of energy needed to switch CMOS inputs. Typical
voltage levels needed to switch full CMOS inputs are 3.0V
for approximately 2.0 ns; ground bounce levels in a system

oLD
TL/F/10655-8

or a test fixture do not reach this level. However, ground
bounce on asynchronous signals into TTL-input levels may
cause system errors. Typically TTL inputs need only 1.7V of
noise of 2.0 ns to switch (e.g. FAST® and ALS).

For these reasons, the small segment of applications where
ground bounce noise may compound with system noise lev-
els and possibly affect system performance is where ad-
vanced CMOS octals drive asynchronous signals into TTL-
level inputs. See Figure 5. Since the mechanisms are simi-
lar, shifts in dynamic threshold are also a possible concern
in this small segment.

Undershoot, either on quiescent low or high-to-low switch-
ing outputs, can create noise problems in some systems by
generating excess ringing on the signal line. As stated earli-
er, ringing also adds to EMI and crosstalk noise. Additional-
ly, most devices driven by logic devices have clamp diodes
on their inputs that will limit the input voltage excursions.
However, as devices such as DRAMs, DACs, and PLDs
have no protection and are sensitive to negative voltage
excursions on the input, system faults or damage to these
devices, caused by latch-up, may result. The use of series
resistors can safeguard against such faults.

The system designer may further minimize ground bounce
and undershoot effects by choosing surface mount technol-
ogy (SMT). SMT package inductance on the order of 2 nH
to 4 nH can reduce ground bounce and undershoot by as
much as 25%, without the board area penalty incurred by
larger non-standard pinout. Also, if the design allows, plac-
ing asynchronous signal lines on pins closest to the ground
pin will minimize the noise on these lines—as much as 20%
less noise than pins furthest from ground.

If device-generated noise is still a critical issue in the system
design, National Semiconductor Corporation has imple-
mented several design improvements that greatly minimize
device-generated noise. The result is an extension to the
FACT™ line—FACT Quiet Series or FACT QS.

NEW

TL/F/10855-9

' FIGURE 8. Split Ground Bus Structure
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FIGURE 9. National Semiconductor’s Proprietary Noise Control Circuitry

DESIGN INNOVATIONS RESOLVE
DEVICE NOISE ISSUES

FACT Quiet Series implements patented technological
breakthroughs in device-generated noise suppression as
well as several major performance improvements. Design
improvements include a split ground bus and leadframe, a
graduated output N-channel turn-on circuit, and an output
undershoot correction circuit.

The first design improvement, a split ground bus and lead-
frame, addresses dynamic threshold shift. Since the cause
of threshold shift is noise on the IC ground bus created by
simultaneous output switching, separating the output and
input ground buses virtually eliminates dynamic threshold
shift.

FACT QS has separate on-chip ground buses for the input
transistors and for the remainder of the internal gates, in-
cluding the output transistors. FACT QS goes one step fur-
ther to isolate output noise from the inputs by implementing
a split leadframe for the ground pin. Figure 8 illustrates the
change in the ground bus structure. Note that the split lead-
frame joins just prior to exiting the cavity. Standard pinout,
package quality, and reliability are maintained using this
technique.

Resulting from output noise, dynamic threshold shifts are
worst-case under conditions of multiple simultaneously
switching outputs. Values of dynamic thresholds on ad-
vanced CMOS without the split ground bus and leadframe
range from 0.3V to 0.7V.

The result of the split ground bus and leadframe is a dynam-
ic threshold equivalent to the static threshold. For FACT
ACTQ logic, typical dynamic threshold is 1.4V for a logic
low. In this way, output switching noise becomes inconse-
quent to the input using split ground bussing. National Semi-
conductor's FACT QS, FACT FCT and FACT FCTA logic
lines all incorporate split ground bus and leadframe im-
provements.

A second design improvement, a graduated output N-chan-
nel turn-on circuit (GTOTM), greatly reduces ground bounce.
As Figure 2 illustrated, ground bounce is a function of the
output waveshape, d2v/dt2. Reducing package and chip in-
ductance does have some effect in reducing ground
bounce, but the reduction in ground bounce is not linear
with inductance reduction. Package inductances may
change by an order of magnitude, yet ground bounce is re-
duced only by as much as 25%.
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Second order effects, such as increases in di/dt as output
reactance is decreased, cause ground bounce reductions to
flatten as inductance is reduced. The cost of reducing in-
ductance on dual-in-line packages is an increased number
of power and ground pins, increased package size, and a
non-standard pinout. Package pinout changes have negligi-
ble effect on surface mount devices where inductance is
low to begin with.

The greater reduction in ground bounce is found by round-
ing the transition point on the high-to-low edge, or wave-
shaping. Figure 9 illustrates the effect of output waveshap-
ing on ground bounce. This waveshaping is actually
achieved by combining several design techniques. The two
most notable are the slow decay of the load capacitance
charge through a soft turn-on circuit prior to the actual tran-
sition, and the delaying of the actual turn-on of the large
N-channel output transistor.

Since ground bounce levels are more substantial on the
high-to-low transition, the low-to-high transition remains un-
changed. In addition, design considerations were taken to
ensure the integrity of the high-to-low edge rate, and there-
by maintain device AC performance.

Ground bounce on advanced CMOS logic without output
waveshaping is on the order of 2.0V to 3.0V Vop in a test
fixture environment. In the same environment, FACT QS,
with the GTO circuitry, provides Vop performance in the
range of 1.0V to 1.3V. In a system, 30% to 50% lower
VoLps should result.

The third design improvement, undershoot corrector circuit-
ry (USC™), reduces output undershoot, both on the switch-
ing and quiescent (at ground) outputs. Undershoot is also a
matter of di/dt. As output edge rates speed up and voltage
swings increase, undershoot increases. Undershoot also in-
creases as the number of simultaneously switching outputs
increases. The result, VoLy, can be seen on both the
switching edges as well as outputs quiescent at ground.

The undershoot correction circuit works by limiting negative
di/dt excursions. The first part of this two-stage circuit sen-
ses a high-to-low edge. At a predetermined point on that
edge, the undershoot corrector is turned on. The corrector
simply activates a P-channel transistor which sources cur-
rent into the output. This softens the di/dt that occurs when
the load is depleted of charge. An internal RC timer controls
the duration and decay of the correction.

Should the RC timer time out before undershoot is fully re-
solved, a differential amplifier, sensing that the output volt-
age is still below the input ground, keeps the current source
turned on.This two-stage design is more reliable because of
the time required for the current injector to turn on after the
output goes negative.

Because USC operation is affected by package inductance,
plastic DIP packages react differently than ceramic DIP
packages. Similarly, surface mount devices have a different
correction level. As ground bounce and undershoot de-
crease with decreasing inductance, the need for undershoot
correction also decreases with decreasing inductance.
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OUTPUT CONTROL CIRCUITRY RESULTS IN LOWER
NOISE

Figures 10 and 77 compare three major ACMOS product
lines. These ACMOS manufacturers have different levels of
noise suppression. All measurements were taken using an
industry-accepted fixture and methodology.

FACT QS is manufactured on a smaller geometry CMOS
process than standard FACT products. Because of the use
of this technology, FACT QS AC speeds are faster than
standard FACT. Propagation delays as well as set-up and
hold times are also specified identically to or faster than
standard FACT.

DESIGN IMPROVEMENTS GO BEYOND NOISE

In addition to improvements which reduce device-generated
noise, FACT QS also incorporates design improvements for
greatly enhanced performance and reliability. These param-
eters include specification of output pin-to-pin propagation
delay skew, higher electrostatic discharge (ESD) immunity,
and higher latchup immunity, than standard FACT products.

Pin-to-pin skew becomes an issue as high-performance log-
ic is designed into clock distribution and other timing-sensi-
tive applications. Since, part-to-part skews are not effected
by variations in Vpp or temperature, the only variable that
could effect part-to-part skew is processing variations from
one device to another. Part-to-part skews may be interpret-
ed by subtracting the 25°C, 5.0V — Vpp propagation delay
minimum specification from the maximum specification on
most advanced CMOS logic data sheets.

Guaranteed ACMOS logic pin-to-pin skew specifications are
unique to National Semiconductor’'s FACT QS product line.
For clock distribution applications where all outputs tran-

sition to the same state simultaneously, output skew is typi-
cally less than 500 ps, with worst case being 1.0 ns. For bus
applications where outputs can transition to either state
simultaneously, typical skew is less than 800 ps, with worst
case being 1.0 ns.

Another performance improvement is higher ESD immunity.
Process improvements for FACT QS have improved ESD
immunity to 8,000V or better. ESD is specified at 6,000V
typical, with worst case being at 4,000V minimum. MIL Class
3 (4,000V or more) is guaranteed.

A third performance improvement in National’s FACT QS is
a higher latch-up immunity specification. As with standard
FACT, the implementation of epitaxial silicon in the FACT
process essentially eliminated latch-up possibility. The cur-
rents needed to latch-up devices manufactured on the
FACT processes are typically in excess of 1A. FACT QS
latchup immunity is tested to 300 mA on the inputs and up
to 1A on the outputs. Latchup immunity is specified at
300 mA minimum at +125°C.
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54AC/74AC00 » 54ACT/74ACTO0

Quad 2-input NAND Gate
General Description Features
The 'AC/’ACT00 contains four 2-input NAND gates. m Outputs source/sink 24 mA

m 'ACTO00 has TTL-compatible inputs
™ Standard Military Drawing (SMD)
— 'AC00: 5962-87549
— 'ACTO00: 5962-87699

Ordering Code: see section s

Logic Symbol Connection Diagrams
IEEE/IEC Pin Assignment Pin Assignment
for DIP, Flatpak and SOIC for LCC
Ag = & _ -
0 Loo 1 V 14 B| NC A‘ NC 00
Bp —— Ap—] —Vce BDEEM
A 5 8= sy
B 1 = 3 12 5
"] R IS
A2 — — A 0
> 0y ' s 0>
By — B A3
= 6 9
Az — 0= —B,
: e L
3 — GND —— =— 0,
TL/F/9911-1 iG]
TL/F/9911-3 A5 NC B, NC By
TL/F/9911-2
Pin Names Description
An, Bp Inputs
On Outputs
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Absolute Maximum Ratings (ot 1)

Recommended Operating

If Military/Aerospace specified devices are required, Conditions
please contact the National Semiconductor Sales
Office/Distributors for availability and specifications. Su’g%y Voltage (Vcc) 2.0V 10 6.0V
Supply Voltage (Vcc) —0.5Vio +7.0V "ACT 4.5Vt0 5.5V
D?,'nput lgigse Current (Ii) 20 mA Input Voltage (V}) OV to Vg
| = —0. —-20m
V| = Vgo + 0.5V +20 mA gutpui.VoI::age (Vo)t - 0Vto Veo
_ perating Temperature
DC Input Volt.age (D) 0.5Vto Vgg + 0.5V 74AC/ACT —40°Cto +85°C
DCV Output Diode Current (Iok) 54AC/ACT —55°Cto +125°C
0= —~05V —20mA Minimum Input Edge Rate (AV/At
Vo = Vg + 0.5V +20 mA 'AG Dovies (av7ay
DC Output Voltage (Vo) —0.5Vtoto Vge + 0.5V Vi from 30% to 70% of Vg
DC Output Source Vce @ 3.3V, 4.5V, 5.5V 125 mV/ns
or Sink Current (lp) £50mA Minimum Input Edge Rate (AV/At)
DC V¢ or Ground Current 'ACT Devices
per Output Pin (Icc or Ignp) +50 mA Vi from 0.8V to 2.0V
Storage Temperature (TgTg) —65°C to +150°C Vcc @ 4.5V, 5.5V 125 mV/ns
Junction Temperature (T,)
CDIP 175°C
PDIP 140°C
Note 1: Absolute maximum ratings are those values beyond which damage
to the device may occur. The databook specifications should be met, without
exception, to ensure that the system design is reliable over its power supply,
temperature, and output/input loading variables. National does not recom-
mend operation of FACTT™ circuits outside databook specifications.
DC Characteristics for ’AC Family Devices
74AC 54AC 74AC
Vee _ 3 Ta = Ta= . .
Symbol Parameter ) Ta = +25°C —55°Cto +125°C | —40°C to +85°C Units Conditions
Typ Guaranteed Limits
ViH Minimum High Level { 3.0 1.5 2.1 21 2.1 Vout = 0.1V
Input Voltage 4.5 2.25 3.15 3.15 3.15 \ orVgg — 0.1V
5.5 2.75 3.85 3.85 3.85
Vi Maximum Low Level | 3.0 1.5 0.9 0.9 0.9 Vout = 0.1V
Input Voltage 45 | 225 1.35 1.35 1.35 \ orVgg — 0.1V
5.5 2.75 1.65 1.65 1.65
VoH Minimum High Level | 3.0 2.99 2.9 2.9 2.9 lout = —50 pA
Output Voltage 4.5 4.49 4.4 4.4 4.4 \
5.5 5.49 5.4 5.4 5.4
*ViIN = ViLorViy
3.0 2.56 24 2.46 —12mA
4.5 3.86 3.7 3.76 \ loH —24mA
5.5 4.86 4.7 4.76 —24 mA
VoL Maximum Low Level | 3.0 | 0.002 0.1 0.1 0.1 lout = 50 pA
Output Voltage 4.5 | 0.001 0.1 0.1 0.1 \
5.5 | 0.001 0.1 0.1 0.1
"VIN = ViLorViy
3.0 0.36 0.5 0.44 12mA
4.5 0.36 0.5 0.44 \" loL 24 mA
5.5 0.36 0.5 0.44 24 mA
N Maximum Input V) = Vg, GND
Leakage Current 55 +0.1 +1.0 +1.0 nA

*All outputs loaded; thresholds on input associated with output under test.

TMaximum test duration 2.0 ms, one output loaded at a time.

Note: Ijy and Icc @ 3.0V are guaranteed to be less than or equal to the respective limit @ 5.5V Vgg.
Icc for 54AC @ 25°C is identical to 74AC @ 25°C.
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DC Characteristics for ’AC Family Devices (continued)

74AC 54AC 74AC
Symbol Parameter Vee Ta = +25°C Ta= Ta = Units Conditions
(V) A —55°Cto +125°C | —40°C to +85°C
Typ Guaranteed Limits
loLp TMinimum Dynamic | 5.5 50 75 mA | VoLp = 1.65V Max
lowp | Output Current 5.5 —50 -75 mA | Voup = 3.85V Min
lcc Maximum Quiescent ViN = Vce
Supply Current 55 40 800 400 KA or GND
*All outputs foaded; thresholds on input associated with output under test.
‘tMaximum test duration 2.0 ms, one output loaded at a time.
Note: Iy and Icc @ 3.0V are guaranteed to be less than or equal to the respective limit @ 5.5V Vg,
Icc for 54AC @ 25°C is identical to 74AC @ 25°C.
DC Characteristics for ’ACT Family Devices
74ACT 54ACT 74ACT
Symbol Parameter Vee Ta = +25°C Ta= Ta = Units Conditions
(\)] A —55°C to +125°C | —40°C to +85°C
Typ Guaranteed Limits
ViH Minimum High Level | 4.5 1.5 2.0 2.0 2.0 v Vout = 0.1V
Input Voltage 5.5 1.5 2.0 2.0 2.0 orVgg — 0.1V
ViL Maximum Low Level | 4.5 1.5 0.8 0.8 0.8 v Vout = 0.1V
Input Voltage 5.5 1.5 0.8 0.8 0.8 orVge — 0.1V
VoH Minimum High Level | 4.5 | 4.49 4.4 4.4 4.4 v lout = —50 pA
Output Voltage 55 | 5.49 54 5.4 5.4
*VIN = ViLor Vi
4.5 3.86 3.70 3.76 v | —24 mA
5.5 4.86 4.70 4.76 OH —24mA
VoL Maximum Low Level | 4.5 | 0.001 0.1 0.1 0.1 v lout = 50 pA
Output Voltage 5.5 | 0.001 0.1 0.1 0.1
*Vin = ViLorVig
4.5 0.36 0.50 0.44 v 1 24 mA
55 0.36 0.50 0.4 oL 24 mA
N Maximum Input " + + =
Leakage Current 5.5 +0.1 +1.0 +1.0 pA | Vi = Ve, GND
lccT Maximum 55 06 16 15 mA Vi = Vg — 2.1V
lcc/Input ’ ’ ’ ’
loLp | tMinimum Dynamic | 5.5 50 75 mA | VoLp = 1.65V Max
lonp | Qutput Current 5.5 —50 -75 mA | Vonp = 3.85V Min
lcc Maximum Quiescent Vin = Vece
Supply Current 5.5 4.0 80.0 40.0 rA or GND

*All outputs loaded; thresholds on input associated with output under test.
TMaximum test duration 2.0 ms, one output loaded at a time.
Note: Icc for 54ACT @ 25°C is identical to 74ACT @ 25°C.
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AC Electrical Characteristics: see section 2 for waveforms

74AC 54AC 74AC
Ta = —55°C Ta = —40°C
* = 0, .
Symbol | Parameter Vg,‘; T 1O to +125°C to+85C | Units | 119
L=30pP Cy = 50 pF CL = 50 pF :
Min Typ Max Min Max Min Max
tPLH Propégation Delay 3.3 2.0 7.0 9.5 1.0 11.0 2.0 10.0 ns 2.3 4
5.0 1.5 . 6.0 8.0 1.0 8.5 1.5 8.5 ’
tPHL Propagation Delay | 3.3 1.5 55 8.0 1.0 9.0 1.0 8.5 ns 234
5.0 1.5 4.5 6.5 1.0 7.0 1.0 7.0 v
*Voltage Range 3.3 is 3.3V £0.3V
Voltage Range 5.0 is 5.0V £0.5V
AC Electrical Characteristics: see Section 2 for waveforms
74ACT 54ACT 74ACT
Ta = —55°C Ta = —40°C .
* =3 9 .
Symbol Parameter V((\:I(; TCA _ -'5-: ch to +125°C to +85°C Units ';'g
L=0P CL = 50 pF CL = 50pF -
Min Typ Max [ Min Max Min Max
tPLH Propagation Delay 5.0 1.5 5.5 9.0 1.0 9.5 1.0 9.5 ns 2-3,4
tPHL Propagation Delay 5.0 1.5 4.0 7.0 1.0 8.0 1.0 8.0 ns 23,4
Voltage Range 5.0 is 5.0V +0.5V
Capacitance
Symbol Parameter Typ Units Conditions
Cin Input Capacitance 4.5 pF Ve = 5.0V
CpDp Power Dissipation _
Capacitance 800 PF Vee = 50V




@National

Semiconductor

54AC/74AC02¢54ACT/74ACT02

Quad 2-input NOR Gate
General Description Features
The *AC02/’ACT02 contains four, 2-input NOR gates. Outputs source/sink 24 mA

The information on the ACTO02 is Preliminary

Information Only.

B 'ACTO02 has TTL-compatible inputs
@ Standard Military Drawing (SMD)
— ACO02: 5962-87612

Ordering Code: see section s

TL/F/9912-2

Logic Symbol Connection Diagrams
IEEE/IEC Pin Assignment for Pin Assignment
Ay —] =1 DIP, FIatpak and SOIC forLCC
> 0 3
By — o - 1, Ay NC 04 NC By
(Ul [ Vec @ LE! IE I
Ap— S 0 AO_Z iaz
By — ! 3 12 (e
1 By—> =B, 7
Ay — 5—62 3, 4 1 Ay . r:
By — pyp:] o5, e B
%] N 8= s .
B ’ ono—4H Li —
TL/F/9912-1
TL/F/9912-3
'3 NC Ay
Pin Names Description
An, Bn Inputs
On Outputs
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Absolute Maximum Ratings (ote 1)

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for availability and specifications.

Supply Voltage (Vco)
DC Input Diode Current (1K)

V= —-0.5V
V| = Vgc + 0.5V

DC Input Voltage (V))
DC Output Diode Current (Iok)

Vo= —05V

Vo = Vge + 0.5V

—0.5Vto +7.0V

—20 mA
+20 mA

—0.5VtoVge + 0.5V

—-20mA
+20 mA

Recommended Operating

Conditions
Supply Voltage (Vcc)
'AC
'ACT
Input Voltage (V)
Output Voltage (Vo)
Operating Temperature (Ta)
74AC/ACT
54AC/ACT

Minimum Input Edge Rate (AV/At)
'AC Devices

2.0Vto 6.0V
4.5Vto 5.5V

0V to Ve
0V to Voo

—40°Cto +85°C
—55°Cto +125°C

DC Output Voltage (Vo) —0.5Vtoto Vo + 0.5V VN from 30% to 70% of Vg
DC Output Source Voo @ 3.3V, 4.5V, 5.5V 125 mV/ns
or Sink Current (lo) +50mA Minimum Input Edge Rate (AV/At)
DC Vg or Ground Current 'ACT Devices
per Output Pin (Icc or IgnD) +50 mA V)N from 0.8V to 2.0V
Storage Temperature (TsTG) —65°Cto +150°C Vce @ 4.5V, 5.5V 125 mV/ns
Junction Temperature (Tj)
CDIP 175°C
PDIP 140°C
Note 1: Absolute maximum ratings are those values beyond which damage
to the device may occur. The databook specifications should be met, without
exception, to ensure that the system design is reliable over its power supply,
temperature, and output/input loading variables. National does not recom-
mend operation of FACT™ circuits outside databook specifications.
DC Characteristics for ’AC Family Devices
74AC 54AC 74AC
Symbol Parameter Vee Ta = +25°C Ta= Ta= Units Conditions
V) —55°Cto +125°C | —40°C to +85°C
Typ Guaranteed Limits
ViH Minimum High Level | 3.0 1.5 2.1 2.1 2.1 Vout = 0.1V
Input Voltage 4.5 2.25 3.15 3.15 3.156 \ orVgg — 0.1V
5.5 2.75 3.85 3.85 3.85
ViL Maximum Low Level | 3.0 1.5 0.9 0.9 0.9 Vourt = 0.1V
Input Voltage 4.5 2.25 1.35 1.35 1.35 v orVgg — 0.1V
5.5 2.75 1.65 1.65 1.65
VoH Minimum High Level | 3.0 2.99 29 2.9 2.9 loyut = —50 pA
Output Voltage 45 | 4.49 4.4 4.4 4.4 Vv
5.5 5.49 5.4 5.4 5.4
*ViN = ViLor Viy
3.0 2.56 2.4 2.46 —12mA
4.5 3.86 3.7 3.76 \" loH —24 mA
5.5 4.86 4.7 4.76 —24 mA
VoL Maximum Low Level | 3.0 | 0.002 0.1 0.1 0.1 lout = 50 pA
Output Voltage 4.5 | 0.001 0.1 0.1 0.1 \
5.5 | 0.001 0.1 0.1 0.1
*ViIN = VjLor Viy
3.0 0.36 0.5 0.44 12mA
4.5 0.36 0.5 0.44 \" loL 24 mA
5.5 0.36 0.5 0.44 24 mA
N Maximurm Input 55 +0.1 £1.0 £1.0 pa | V1= Voo GND
Leakage Current

*All outputs loaded; thresholds on input associated with output under test.
FTMaximum test duration 2.0 ms, one output loaded at a time.
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DC Characteristics for ’AC Family Devices (continued)
74AC 54AC 74AC
Symbol Parameter Vee Ta = +25°C Ta= Ta = Units Conditions
: v [ A ~55°C to +125°C | —40°C to +85°C
Typ Guaranteed Limits
loLp FtMinimum Dynamic | 5.5 50 75 mA | Vorp = 1.65V Max
lonp | Output Current 55 —50 -75 mA | Voup = 3.85V Min
lcc Maximum Quiescent VIN = Vee
Supply Current 5.5 4.0 80.0 40.0 RA or GND
*All outputs loaded; thresholds on input associated with output under test.
TMaximum test duration 2.0 ms, one output loaded at a time.
Note: Iy and Icc @ 3.0V are guaranteed to be less than or equal to the respective limit @ 5.5V Vg,
Icc for 54AC @ 25°G is identical to 74AC @ 25°C.
DC Characteristics for ’ACT Family Devices
74ACT 54ACT 74ACT
Symbol Parameter Vee Ta = +25°C Ta= Ta = Units Conditions
) A —55°C to +125°C | —40°C to +85°C
Typ Guaranteed Limits
ViH Minimum High Level | 4.5 1.5 2.0 2.0 2.0 v Vout = 0.1V
Input Voltage 5.5 1.5 2.0 2.0 2.0 orVeec — 0.1V
ViL Maximum Low Level | 4.5 1.5 0.8 0.8 0.8 Vv Vout = 0.1V
Input Voltage 5.5 1.5 0.8 0.8 0.8 orVgg — 0.1V
VoH Minimum High Level | 4.5 | 4.49 4.4 4.4 4.4 v loutr = —50 pA
Output Voltage 55 | 549 5.4 5.4 5.4
*Vin = ViLorViH
45 3.86 3.70 3.76 v | —24 mA
5.5 486 4.70 4.76 OH —24mA
VoL Maximum Low Level | 4.5 [ 0.001 0.1 0.1 0.1 v lout = 50 pA
Output Voltage 5.5 | 0.001 0.1 0.1 0.1
*ViN = ViLorViH
45 0.36 0.50 0.44 Vv | 24 mA
5.5 0.36 0.50 0.44 oL 24 mA
Iin Maximum Input _
Leakage Current 5.5 +0.1 +1.0 +1.0 pA | V| = Vcc, GND
leer Mapimum 55| 06 1.6 15 ma | VI=Vec—21v
Icc/Input
loLp fMinimum Dynamic | 5.5 50 75 mA | VoLp = 1.65V Max
lowp | Outut Current 55 -50 ~75 mA | Voup = 3.85V Min
lcc Maximum Quiescent Vin = Vcc
Supply Current 5.5 4.0 80.0 40.0 nA or GND
*All outputs loaded; thresholds on input associated with output under test.
‘tMaximum test duration 2.0 ms, one output loaded at a time.
Note: Icc for 54ACT @ 25°C is identical to 74ACT @ 25°C.

411
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AC Electrical Characteristics: see section 2 for waveforms

74AC 54AC 74AC
Ta = —55°C Ta = —40°C
* = 0,
Symbol Parameter Vg,(; v 1;? _ ;:5'? to +125°C to +85°C Units '::g
L p CL = 50 pF CL = 50 pF -
. Min Typ Max Min Max Min Max
tpLH Propagation Delay 3.3 1.5 5.0 7.5 1.0 9.0 1.0 8.0 ns 2.34
5.0 1.5 4.0 6.0 1.0 7.0 1.0 6.5 ’
tPHL Propagation Delay 3.3 1.5 5.0 75 1.0 9.0 1.0 8.0 ns 2.34
5.0 1.5 45 6.5 1.0 7.5 1.0 7.0 ’
*Voltage Range 3,3 is 3.3V + 0.3V
Voltage Range 5.0 is 5.0V + 0.5V
AC Electrical Characteristics: sce section 2 for waveforms
74ACT S54ACT 74ACT
Tp = —55°C Ta = —40°C
* =
Symbol Parameter V((\;,(; 1;':‘ _ Z: 50: to +125°C to +85°C Units ’:g
L=0p CL = 50 pF CL = 50 pF -
Min Typ Max Min Max Min Max
tPLH Propagation Delay 5.0 1.0 6.0 8.5 1.0 9.0 ns 2-3,4
tPHL Propagation Delay | 5.0 1.0 6.5 9.5 1.0 10.0 ‘ns 2-3,4
*Voltage Range 5.0 is 5.0V 0.5V
Capacitance
Symbol Parameter Typ Units Conditions
CiN Input Capacitance 4.5 pF Vec = 5.0V
Cpp Power Dissipation Capacitance 30.0 pF Vge = 5.0V
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54AC/74AC04 ¢ 54ACT/74ACTO04
Hex Inverter

General Description
The 'AC/'ACTO04 contains six inverters.

The information for the ACT04 is preliminary
information only.

Features
® Outputs source/sink 24 mA

® 'ACTO04 has TTL-compatible inputs
® Standard Military Drawing (SMD)

— 'AC04: 5962-87609

Ordering Code: sce sections

Pin Assignment
for LCC
Ay NC Oy NC A
EBEME

2 i3 8 7 8
04 NC A4 NC O3

TL/F/9913-2

Logic Symbol Connection Diagrams
IEEE/IEC Pin Assignment
Ay —] T 5, for DIP, Flati( and SOIC
Ay — P 1 14
= A= ——Vec
Ay — — 0, Gy =2 Y 13,
A3 — 93 Al 3 ? 12 63
A5 — 05 A2 5 10 64
TL/F/9913~1 5,8 ? 9 s
2 P
7 -
oND—H —— 0y
TL/F/9913-3
Pin Names Description
An Inputs
On Outputs
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Absolute Maximum Ratings (ote 1)
If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for availability and specifications.
Supply Voltage (Vce)
DC Input Diode Current (ljk)
V)= —-0.5V
V) = Vgc + 0.5V
DC Input Voltage (V)

DC Output Diode Current (Iok)

—0.5Vto +7.0V

—20 mA
+20mA

—0.5V to Vg + 0.5V

Recommended Operating

Conditions
Supply Voltage (Vce)
'AC
'ACT
Input Voltage (V))
Output Voltage (Vo)
Operating Temperature (Ta)
74AC/ACT
54AC/ACT

2.0Vto 6.0V
4.5V to 5.5V

0Vito Ve
OVtoVce

—40°Cto +85°C
—55°Cto +125°C

Vo = —0.5V —20 mA .
_ Minimum Input Edge Rate (AV/At)
Vo = Vg + 0.5V +20 mA 'AC Devices
DC Output Voltage (Vo) —0.5VtotoVge + 0.5V VN from 30% to 70% of Vg
DG Output Source Vce @ 3.3V, 4.5V, 5.5V 125 mV/ns
or Sink Current (o) £50 mA Minimum Input Edge Rate (AV/At)
DC V¢ or Ground Current 'ACT Devices
per Output Pin (Icc or Ignp) +50 mA VN from 0.8V to 2.0V
Storage Temperature (TsTg) —65°Cto +150°C Vce @ 4.5V, 5.5V 125 mV/ns
Junction Temperature (T)
CDIP 175°C
PDIP 140°C
Note 1: Absolute maximum ratings are those values beyond which damage
to the device may occur. The databook specifications should be met, without
exception, to ensure that the system design is reliable over its power supply,
temperature, and output/input loading variables. National does not recom-
mend operation of FACT™ circuits outside databook specifications.
DC Characteristics for ’AC Family Devices
74AC 54AC 74AC
Symbol Parameter Vee | 1, = +25°¢ Ta= Ta= Units | Conditions
. ) —55°C to +125°C | —40°C to +85°C
Typ Guaranteed Limits
ViH Minimum High Level | 3.0 1.5 2.1 241 21 Vout = 0.1V
Input Voltage 45 [ 225 3.15 3.15 3.15 v orVgec — 0.1V
5.5 2.75 3.85 3.85 3.85
ViL Maximum Low Level | 3.0 1.5 0.9 0.9 0.9 Vout = 0.1V
Input Voltage 4.5 2.25 1.35 1.35 1.35 \ orVgg — 0.1V
5.5 2.75 1.65 1.65 1.65
VoH Minimum High Level | 3.0 2.99 2.9 2.9 2.9 lout = —50 pA
Output Voltage 45 | 4.49 4.4 4.4 4.4 v
5.5 5.49 5.4 5.4 5.4
*ViN = ViLorViy
3.0 2.56 2.4 2.46 —12mA
4.5 3.86 3.7 3.76 \ loH —24 mA
5.5 4.86 4.7 4.76 —24 mA
VoL Maximum Low Level | 3.0 | 0.002 0.1 0.1 0.1 lout = 50 pA
Output Voltage 4.5 | 0.001 0.1 0.1 0.1 v
5,5 | 0.001 0.1 0.1 0.1
*ViN = ViLorViy
3.0 0.36 0.5 0.44 ) 12mA
4.5 0.36 0.5 0.44 \" loL 24 mA
55 0.36 0.5 0.44 24 mA
N Maximum Input 55 +01 £10 £1.0 LA V) = Vcc, GND
Leakage Current

*All outputs loaded; thresholds on input associated with output under test.
‘ftMaximum test duration 2.0 ms, one output loaded at a time.
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DC Characteristics for ’AC Family Devices (continued)
74AC 54AC 74AC
Symbol Parameter Vee | 1, = +o25c Ta= Ta = Units Conditions
V) —55°Cto +125°C | —40°Cto +85°C
Typ Guaranteed Limits
loLp TMinimum Dynamic 5.5 50 75 mA | VoLp = 1.65V Max
lowp | Cutput Current 55 -50 -75 mA | Voup = 3.85V Min
lec Maximum Quiescent ViN = Vce
Supply Current 5.5 4.0 80.0 40.0 RA or GND
*All outputs loaded; thresholds on input associated with output under test.
TMaximum test duration 2.0 ms, one output loaded at a time.
Note: Iy and Icc @ 3.0V are guaranteed to be less than or equal to the respective limit @ 5.5V Vgc.
Icc for 54AC @ 25°C is identical to 74AC @ 25°C.
DC Characteristics for ’ACT Family Devices
74ACT 54ACT 74ACT
Symbol Parameter Vee | 1, = +25°c Ta= Ta = Units Conditions
(V) —55°Cto +125°C | —40°C to +85°C
Typ Guaranteed Limits
ViH Minimum High Level | 4.5 1.5 2.0 2.0 2.0 v Vour = 0.1V
Input Voltage 55 15 2.0 2.0 2.0 orVgc — 0.1V
ViL Maximum Low Level | 4.5 1.5 0.8 0.8 0.8 v Vout = 0.1V
Input Voltage 5.5 1.5 0.8 0.8 0.8 orVge — 0.1V
VoH Minimum High Level | 4.5 | 4.49 4.4 4.4 4.4 v lout = —50 A
Output Voltage 55 | 549 5.4 5.4 5.4
*Vin = ViLorViy
4.5 3.86 3.70 3.76 v 0 —24 mA
5.5 4.86 4.70 4.76 OH —24 mA
VoL Maximum Low Level | 4.5 | 0.001 0.1 0.1 0.1 v lout = 50 A
Output Voltage 5.5 | 0.001 0.1 0.1 0.1
*VIN = ViLorViy
4.5 0.36 0.50 0.44 v | 24 mA
5.5 0.36 0.50 0.44 oL 24 mA
N Maximum Input . _
Leakage Current 5.5 +0.1 +1.0 +1.0 pA | V) = Ve, GND
lect | Maximum 55| 06 16 15 ma | V1= Vec—2W
lcc/Input
loLb TMinimum Dynamic | 5.5 50 75 mA | VoLp = 1.65V Max
lonp | CMWPut Current 55 -50 -75 mA | Voup = 3.85V Min
Icc Maximum Quiescent ViN = Vce
Supply Current 5.5 4.0 80.0 40.0 HA or GND
*All outputs loaded; thresholds on input associated with output under test.
‘tMaximum test duration 2.0 ms, one output loaded at a time.
Note: Icc for 54ACT @ 25°C is identical to 74ACT @ 25°C.
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AC Electrical Characteristics: see section 2 for waveforms

74AC 54AC 74AC
Ta = —55°C Ta = —40°C
* = 9, .
Symbol Parameter V(cvc): Té‘ _ ; 02 5FC to +125°C to +85°C Units :Ig
L=50P CL = 50pF CL = 50 pF -
Min Typ Max Min . Max Min Max
tPLH Propagation Delay 3.3 1.5 4.5 9.0 1.0 11.0 1.0 10.0 ns 234
5.0 1.5 4.0 7.0 1.0 8.5 1.0 7.5 !
tPHL Propagation Delay 3.3 1.5 4.5 8.5 1.0 10.0 1.0 9.5 ns 2.34
5.0 1.5 3.5 6.5 1.0 7.5 1.0 7.0 ’
*Voltage Range 3.3 is 3.3V +£0.3V
Voltage Range 5.0 is 5.0V £0.5V
AC Electrical Characteristics: see Section 2 for waveforms
74ACT 54ACT 74ACT
Tp = —55°C Ta = —40°C .
* — 0
Symbol Parameter V(‘\’I‘; Té‘ _ “;:5:: to +125°C to +85°C Units ';'g
L=230p CL = 50 pF CpL = 50 pF o
Min Typ Max Min Max Min Max
tpLH Propagation Delay 5.0 1.0 6.0 8.5 1.0 9.0 ns 2-3,4
tPHL Propagation Delay 5.0 1.0 5.5 8.0 1.0 8.5 ns 2-3,4
*Voltage Range 5.0 is 5.0V +0.5V
Capacitance
Symbol Parameter Typ Units Conditions
CiN Input Capacitance 4.5 pF Vee = 5.0V
Cpp Power Dissipation _
Capacitance 30.0 pF Voo = 5.0V
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54AC/74AC08 » 54ACT/74ACTO8

Quad 2-Input AND Gate

General Description Features

The *AC/’ACTO8 contains four, 2-input AND gates. m Outputs source/sink 24 mA

The information for the ACT08 is preliminary m 'ACTO08 has TTL-compatible inputs
information only. W Standard Military Drawing (SMD)

— 'ACO08: 5962-87615

Ordering Code: see sections

Logic Symbols Connection Diagrams
Pin Assignment Pin Assignment
IEEE/IEC for DIP, Flatpak and SOIC forLCC
Ay —] m < By NC Ay NC 0
° — %o Ao 1L vee E@DEEE
Bo— BO_ZE @ 13 5,
A
1 _1 — 0, 00_3. @:‘ 12 B,
By — 4 1o
Ay —1 Ay 2
2 Lo, P 10 5y
By — 6 9
0, - B3
Az — o 7 8 o
By — 03 GND 3
TUE 8
9914 /! -
L. 914-1 TL/F/9914-3 A3 NC 02 NC BZ
TL/F/9914-2
Pin Names Description
An, Bn Inputs
On Outputs

4-17



08

Absolute Maximum Rating (ote 1)
If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for availability and specifications.
Supply Voltage (Vce)
DC Input Diode Current (ljk)
V= —-0.5V
V) = Vg + 0.5V
DC Input Voltage (V)

DC Output Diode Current (lok)

—0.5Vto +7.0V

—20 mA
+20 mA

—0.5Vto Vg + 0.5V

Recommended Operating

Conditions
Supply Voltage (Vo)
'AC

'ACT
Input Voltage (V)
Output Voltage (Vo)

Operating Temperature (Ta)
74AC/ACT
54AC/ACT

2.0Vto 6.0V
4.5Vto 5.5V

0Vto Vee
0Vto Vee

—40°C to +85°C
—55°Cto +125°C

Vo = —0.5V —20 mA L.
_ Minimum Input Edge Rate (AV/At)
Vo = Vge + 0.5V +20 mA 'AC Devices
DC Output Voltage (Vo) —0.5VtotoVge + 0.5V Vi from 30% to 70% of Vg
DC Output Source Vce @ 3.3V, 4.5V, 5.5V 126 mV/ns
or Sink Current (Io) £50 mA Minimum Input Edge Rate (AV/At)
DG V¢ or Ground Current 'ACT Devices
per Output Pin (Icc or IgnD) +50 mA VN from 0.8V to 2.0V
Storage Temperature (TsTg) —65°Cto +150°C Vce @ 4.5V, 5.5V 125 mV/ns
Junction Temperature (T,)
CDIP 175°C
PDIP 140°C
Note 1: Absolute maximum ratings are those values beyond which damage
to the device may occur. The databook specifications should be met, without
exception, to ensure that the system design is reliable over its power supply,
temperature, and output/input loading variables. National does not recom-
mend operation of FACT™ circuits outside databook specifications.
DC Characteristics for ’AC Family Devices
74AC 54AC 74AC
Symbbl Parameter Vee Ta = +25°C Ta= Ta = Units Conditions
(\2] —55°Cto +125°C | —40°Cto +85°C
Typ Guaranteed Limits
VIH Minimum High Level | 3.0 1.5 2.1 2.1 2.1 Vout = 0.1V
Input Voltage 4.5 2.25 3.15 3.15 3.156 \ orVgg — 0.1V
5.5 2.75 3.85 3.85 3.85
ViL Maximum Low Level | 3.0 1.5 0.9 0.9 0.9 Vout = 0.1V
Input Voltage 4.5 2.25 1.35 1.35 1.35 \ orVegg — 0.1V
5.5 2.75 1.65 1.65 1.65
VoH Minimum High Level