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TRADEMARKS

Following is the most current list of National Semiconductor Corporation’s trademarks and registered trademarks.

Abuseable™ FAIRCAD™
Anadig™ Fairtech™
ANS-R-TRANTM FAST®
APPSTM 5-Star Service™
ASPECT™ GENIXT™
Auto-Chem Deflasher™ GNX™™
BCP™ HAMR™
BI-FET™ HandiScan™
BI-FET lIT™ HEX 3000™™
BI-LINET™ HPC™
BIPLANT™ 13L®
BLC™ ICMT™™
BLX™ INFOCHEX™
Brite-Lite™ Integral ISETM
BTL™ Intelisplay™
CheckTrack™ ISE™
CIM™ ISE/06™
CIMBUS™ ISE/08™™
CLASIC™ ISE/16™
ClockirChek™ ISE32™™
COMBO™ ISOPLANAR™
COMBO I™ ISOPLANAR-Z™
COMBO lI™™ KeyScan™
COPS™ microcontrollers LMCMOS™
Datachecker® M2CMOST™
DENSPAK™ Macrobus™
DIB™ Macrocomponent™
Digitalker® MAXI-ROM®
DISCERNT™ Meat»”Chek™
DISTILL™ MenuMaster™
DNR® Microbus™ data bus
DPVM™ MICRO-DAC™
ELSTAR™ ptalker™
Embedded System Microtalker™
Processor™ MICROWIRE™
E-Z-LINK™™ MICROWIRE/PLUS™
FACT™ MOLE™

MST™ SCX™
Naked-8™™ SERIES/800™
National® Series 900™
National Semiconductor® Series 3000™
National Semiconductor Series 320009
Corp.® ShelfirChek™
NAX 800™™ SofChek™
Nitride Plus™ SPIRE™
Nitride Plus Oxide™ STAR™
NML™ Starlink™
NOBUS™ STARPLEX™
NSC800™ Super-Block™
NSCISE™ SuperChip™
NSX-16™ SuperScript™
NS-XC-16™ SYS32™
NTERCOM™ TapePak®
NURAM™ TDS™
OXISS™ TeleGate™
P2CMOST™™ The National Anthem®
PC Master™ TimesrChek™
Perfect Watch™ TINA™™
Pharmas*Chek™ TLC™
PLANTM Trapezoidal™
PLANART™ TRI-CODE™
Plus-2™ TRI-POLY™
Polycraft™ TRI-SAFE™
POSilink™ TRI-STATE®
POSitalker™ TURBOTRANSCEIVER™
Power + Control™ VIP™™
POWERplanar™ VR32™
QUAD3000™™ WATCHDOG™
QUIKLOOK™ XMOS™
RAT™™ XPUT™
RTX16™ Z STAR™
SABR™ 883B/RETS™
ScriptsrChek™ 883S/RETS™

Teflon® and Mylar® are registered trademarks of E. |. DuPont Corporation.

7809 is a registered trademark of Zilog Corporation.

LIFE SUPPORT POLICY

NATIONAL’S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT DEVICES OR
SYSTEMS WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF NATIONAL SEMICONDUCTOR COR-

PORATION. As used herein:

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

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

National Semiconductor Corporation2900 Semiconductor Drive, P.O. Box 58090, Santa Clara, California 95052-8090 (408) 721-5000

TWX (910) 339-9240

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

without notice, to change said circuitry or specifications.




Linear Products
introduction

National Semiconductor Corporation first established itself
as the Linear Leader in 1967 with the introduction of the
FIRST MONOLITHIC VOLTAGE REGULATOR . .. LM100. In
the 20 years since, many of our products were firsts in per-
formance and function. Today, this catalog spans the tradi-
tional areas of Op Amps, Voltage Regulators, Voltage Refer-
ences and Temperature Sensors, to Data Acquisition, Com-
munication, Automotive, and Power Plus Control. National
Semiconductor intends to remain a leader in the traditional
product areas while forging ahead into VLSI solutions for an-
alog problems and analog systems.

You can rely on National LINEAR to develop the most com-
prehensive product offering for use in the commercial, com-
puter, automotive, telecommunication, industrial or military
business segments. More than 1,000 basic LINEAR products
(5400 options) allow design engineers to find the optimum
Linear IC solution from National Semiconductor.

The Linear product line is presented in 3 Databooks. All sec-
tions are referenced and cross-indexed to provide quick and
easy access. The technical information and basic product
specifications are presented in data sheet format, including
maximum ratings, electrical characteristics, performance
curves and package information.

Additional application information is available as specific ap-
plication notes or completely compiled in the LINEAR APPLI-
CATIONS HANDBOOK. A product cross reference to the
specific application note has been provided. This handbook
and the 3-volume set of Linear Data Books represent a com-
plete base of information to the National LINEAR product
line.
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Product Status Definitions

National
Semiconductor

Product Status Definitions

Definition of Terms

Data Sheet Identification Product Status Definition
1 Informati Formative or This data sheet contains the design specifications for product
In Design development. Specifications may change in any manner without notice.
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.
Full This data sheet contains final specifications. National Semiconductor
Production Corporation reserves the right to make changes at any time without
& notice in order to improve design and supply the best possible product.

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

vi




Table of Contents

AlphanumeriC INAeX . . . ... oot i e e
Available Hybrid Products . ...t e
Additional Available Linear Devices . ....... ...t i
Cross Reference by Part Number ............ o i e
Package Cross ReferencCe . ...t e et

Section 1 Active Filters
Active Filters Definitionof Terms ... i i
Active Filters Selection Guide ............ i
AF100 Universal Active Filter ...... ..o
AF150 Universal Wideband Active Filter ....... ... ..o i,
AF151 Dual Universal Active Filter .. ...........o i i i i
LMF90 4th-Order LMCMOST™ Programmable Elliptic Notch Filter . ..................
LMF100 High Performance Dual Switched Capacitor Filter . ..................... ...
LMF120 Mask Programmable Switched Capacitor Filter ...........................
MF4 4th Order Switched Capacitor Butterworth Lowpass Filter .....................
MF5 Universal Monolithic Switched Capacitor Filter ................... ... ... ...
MF6 6th Order Switched Capacitor Butterworth Lowpass Filter .....................
MF8 4th Order Switched Capacitor Bandpass Filter .................. ... ... . ..
MF10 Universal Monolithic Dual Switched Capacitor Filter .........................

Section 2 Analog Switches/Multiplexers
Analog Switches/Multiplexers Definitionof Terms ............ ... ... ... .o ..
Analog Switches/Multiplexers SelectionGuide ............ ... ... ...l
AH0014/AH0014C DPDT, AH0015/AH0015C Quad SPST, AH0019/AH0019C Dual
DPST-TTL/DTL Compatible MOS Analog Switches ............... ...t
AH5009/AH5010/AH5011/AH5012 Monolithic Analog Current Switch ..............
AH5020C Monolithic Analog Current Switch. ...ttt
CD4016BM/CD4016BC Quad Bilateral Switch ............... .o,
CD4051BM/CD4051BC Single 8-Channel Analog Multiplexer/Demultiplexer . ........
CD4052BM/CD4052BC Dual 4-Channel Analog Multiplexer/Demultiplexer ..........
CD4053BM/CD4053BC Triple 2-Channel Analog Multiplexer/Demultiplexer. .........
CD4066BM/CD4066BC Quad Bilateral Switch ....................ooiiiiiiia.,
CD4529BC Dual 4-Channel or 8-Channel Analog Data Selector.....................
LF11331/LF13331/LF11332/LF13332/LF11333/LF13333, LF11201/LF13201/
LF11202/LF13202 Quad SPST JFET Analog Switches .. ............ ... . ..oo0
LF13508 8-Channel Analog Multiplexer.......... ..o ..
LF13509 4-Channel Analog Multiplexer. .. ...t i
MM54HC4016/MM74HC4016 Quad Analog Switch ............ .. ... .o ot
MM54HC4051/MM74HC4051 8-Channel Analog Multiplexer . ......................
MM54HC4052/MM74HC4052 Dual 4-Channel Analog Multiplexer ..................
MM54HC4053/MM74HC4053 Triple 2-Channel Analog Multiplexer .................
MM54HC4066/MM74HC4066 Quad Analog Switch ........... ... ........ooin..
MM54HC4316/MM74HC4316 Quad Analog Switch with Level Translator ............
Section 3 Analog-to-Digital Converters
Analog-to-Digital Converters Definitionof Terms . ...,
Analog-to-Digital Converters Selection Guide. . ...........ccoiiiiiiiiiiiii,
ADCO0800 8-Bit A/D CONVEIMET . ...ttt et et
ADC0801/ADC0802/ADC0803/ADC0804/ADC0805 8-Bit uP Compatible A/D
CONVEIMEIS ..ttt e ettt
ADC0808/ADC0809 8-Bit uP Compatible A/D Converters with 8-Channel Multiplexer .
ADCO0811 8-Bit Serial /0 A/D Converter with 11-Channel Multiplexer ...............

3-3
3-7
3-16

3-48
3-59

vii




Table of Contents continues)

Section 3 Analog-to-Digital Converters (Continued)
ADCO0816/ADC0817 8-Bit uP Compatible A/D Converters with 16-Channel

U0 =T 3-70
ADCO0819 8-Bit Serial 1/0 A/D Converter with 19-Channel Multiplexer ............... 3-81
ADC0820 8-Bit High Speed uP Compatible A/D Converter with Track/Hold Function . . 3-91
ADC0829 uP Compatible 8-Bit A/D with 11-Channel MUX/Digital Input.............. 3-107
ADC0831/ADC0832/ADC0834 and ADC0838 8-Bit Serial 1/0 A/D Converters with

Multiplexer OptionS . . ..ot e 3-115
ADCO0833 8-Bit Serial I/0 A/D Converter with 4-Channel Multiplexer ................ 3-140
ADC0841 8-Bit uP Compatible A/DConverter.............ccoiviiiiiiiiii .. 3-158
ADC0844/ADC0848 8-Bit uP Compatible A/D Converters with Multiplexer Options ... 3-170
ADC0852/ADC0854 Multiplexed Comparators with 8-Bit Reference Divider .......... 3-187
ADC1001/ADC1021 10-Bit uP Compatible A/D Converters ........................ 3-204
ADC1005/ADC1025 10-Bit wP Compatible A/D Converters ..................o..... 3-211
ADC1205/ADC1225 12-Bit Plus Sign uP Compatible A/D Converters ............... 3-222
ADC1210/ADC1211 12-Bit CMOS A/DConverters .............cooviiiiieenneannn. 3-239
ADC3511 3/,-Digit Microprocessor Compatible A/D Converter ..................... 3-250
ADC3711 3%,-Digit Microprocessor Compatible A/D Converter ..................... 3-250
ADD3501 3/,-Digit DVM with Multiplexed 7-SegmentOutput . ...................... 3-259
ADD3701 3%,-Digit DVM with Multiplexed 7-SegmentOutput . ...................... 3-268
DM2502/DM2503/DM2504 Successive Approximation Registers................... 3-278
LM131A/LM131, LM231A/LM231, LM331A/LM331 Precision Voltage-to-Frequency

CONVEBIIEIS e e 3-279
MM54C905/MM74C905 12-Bit Successive Approximation Register . ................ 3-290

* nA9708 6-Channel 8-Bit uP Compatible A/D Converter ........................... 3-291
Section 4 Digital-to-Analog Converters
Digital-to-Analog Converters Definitionof Terms ............. ... ..o, 4-3
Digital-to-Analog Converters Selection Guide. . . .........coooviii ... 4-4
* DAC0630/DAC0631 Triple 6-Bit Video DAC with Color Pallette ..................... 4-6
DAC0800/DAC0801/DAC0802 8-Bit D/AConverters ..........covueeiineennnn.n. 4-21
DAC0808/DAC0807/DAC0806 8-BitD/AConverters ...........covvviineinnnn... . 430
DAC0830/DAC0831/DAC0832 8-Bit uP Compatible Double-Buffered D/A

CONMVEBIEIS oottt e e e e 4-38
DAC1000/DAC1001/DAC1002/DAC1006/DAC1007/DAC1008 P Compatible,

Double-Buffered D/A CONVEMEIS .. ..ottt et ee e 4-56
DAC1020/DAC1021/DAC1022 10-Bit Binary Multiplying D/A Converters ............ 4-79
DAC1220/DAC1221/DAC1222 12-Bit Binary Multiplying D/A Converters ............ 4-79
DAC1208/DAC1209/DAC1210/DAC1230/DAC1231/DAC1232 12-Bit uP Compatible

Double-Buffered D/A CONVEMErS . . ...ttt e 4-89
DAC1218/DAC1219 12-Bit Multiplying D/AConverters .. .. .......ovviiineeann... 4-104
DAC1265A/DAC1265 Hi-Speed 12-Bit D/A Converters with Reference.............. 4-115
DAC1266A/DAC1266 Hi-Speed 12-BitD/AConverters. . ............cooeeeenina.. 4-124

Section 5 Sample and Hold
Sample and Hold Definitionof Terms. ......... ... .o i, 5-3
Sample and Hold SelectionGuide ... 5-4
LF198/LF298/LF198A/LF398A Monolithic Sample and Hold Circuits ............... 5-5
LF13006/LF13007 Digital Gain Set . .......ccoviiii e 5-15
LH0023/LH0023C/LH0043/LH0043C Sample and Hold Circuits ................... 5-22
LH0053/LH0053C High Speed Sample and Hold Amplifier . ........................ 5-31
* LH4860 Super Fast 12-Bit Track-Hold Amplifier.............. ..., 5-37

*Devices Not Covered In Last P

viii




Table of Contents coninues

Section 6 Temperature Sensors
Temperature Sensors Selection Guide ........... ... . i,
LM34/LM34A/LM34C/LM34CA/LM34D Precision Fahrenheit Temperature Sensors. .
LM35/LM35A/LM35C/LM35CA/LM35D Precision Centigrade Temperature Sensors .
LM135/LM235/LM335/LM135A/LM235A/LM335A Precision Temperature Sensors . .
LM3911 Temperature Controller. ... ...t

Section 7 Voltage Reference
Voltage Reference Selection Guide .. ...t
LHO070 Series BCD Buffered Reference ...ttt
LHOO071 Series Precision Buffered Reference ..............cooiiiiiiiiiiii i,
* LH7070 Series Precision BCD Buffered Reference ............ccoviiiiiie. ...
* LH7071 Series Precision Binary Buffered Reference ..............................
LM113/LM313 Reference Diode ... ...t iiiiiieieieiiiens
LM129/LM329 Precision Reference .......... ..ot
LM134/LM234/LM334 3-Terminal Adjustable CurrentSources .....................
LM136-2.5/LM236-2.5/.LM336-2.5V Reference Diodes . . ..o,
LM136-5.0/LM236-5.0/LM336-5.0V Reference Diodes .. ..........ccovvvvnnnen. ..
LM168/LM268/LM368 Precision Voltage References . ............................
LM169/LM369 Precision Voltage References ............. ...,
LM185-1.2/LM285-1.2/LM385-1.2 Micropower Voltage Reference Diodes . ..........
LM185-2.5/LM285-2.5/.LM385-2.5 Micropower Voltage Reference Diodes . ..........
LM185/LM285/LM385 Adjustable Micropower Voltage References .................
LM199/LM299/L.M399/L.M3999 Precision References ............... .. ...t
LM368-2.5 Precision Voltage Reference ............. ... oot

Section 8 Surface Mount
Surface MOUNL . ... e
AN-450 Small Outline (SO) Package Surface Mounting Methods-Parameters and Their
Effect on Product Reliability . . . .........oo i

Section9 Appendices/Physical Dimensions

Appendix A General Product Marking and Code Explanation .......................
Appendix B Application Note Referenced by Part Number..........................
Appendix C Summary of Commercial Reliability Programs. . ........................
Appendix D Military Aerospace Programs from National Semiconductor..............
Appendix E Understanding Integrated Circuit Package Power Capabilities . ...........
Appendix F How to Get the Right Information from a Datasheet.....................
Appendix G Obsolete Product ReplacementGuide.............c.ooviiiiiinn...
Physical DIMenSIONS . . .. ...t e e
Bookshelf

Distributors

*Devices Not Covered In Last F

7-3

7-11
7-11
7-16
7-19
7-24
7-32
7-39
7-46
7-52
7-62
7-69
7-75
7-82
7-91

8-3

8-13

9-3

9-4
9-10
9-11
9-18
9-23
9-27
9-28




Alpha-Numeric Index

ADCO800 8-Bit A/D CONVEIET .. ..ottt ettt et et et e et 3-7
ADC0801 8-Bit uP Compatible A/D Converter. . ... ..ottt iaians 3-16
ADC0802 8-Bit uP Compatible A/D Converter. . ............ i aans 3-16
ADCO0803 8-Bit uP Compatible A/DConverter. ... 3-16
ADCO0804 8-Bit uP Compatible A/DConverter. . .........ooiiiiiiii i 3-16
ADCO0805 8-Bit uP Compatible A/D Converter. . ....... ..ottt 3-16
ADCO0808 8-Bit P Compatible A/D Converter with 8-Channel Multiplexer........................ 3-48
ADCO0809 8-Bit .P Compatible A/D Converter with 8-Channel Multiplexer........................ 3-48
ADCO0811 8-Bit Serial /0O A/D Converter with 11-Channel Multiplexer ........................... 3-59
ADCO0816 8-Bit P Compatible A/D Converter with 16-Channel Multiplexer....................... 3-70
ADCO0817 8-Bit uP Compatible A/D Converter with 16-Channel Multiplexer....................... 3-70
ADCO0819 8-Bit Serial /0 A/D Converter with 19-Channel Multiplexer ........................... 3-81
ADCO0820 8-Bit High Speed uP Compatible A/D Converter with Track/Hold Function.............. 3-91
ADC0829 uP Compatible 8-Bit A/D with 11-Channel MUX/Digital Input......................... 3-107
ADCO0831 8-Bit Serial I/0 A/D Converter with Multiplexer Options ........... ... ............. 3-115
ADC0832 8-Bit Serial 1/0 A/D Converter with Multiplexer Options ......................c. ... 3-115
ADCO0833 8-Bit Serial /0 A/D Converter with 4-Channel Multiplexer ................ ... ... ... 3-140
ADC0834 8-Bit Serial 1/0 A/D Converter with Multiplexer Options ............. ... ... 3-115
ADC0838 8-Bit Serial 1/0 A/D Converter with Multiplexer Options ............. ... ... 3-115
ADCO0841 8-Bit uP Compatible A/D Converter.............. e e e 3-158
ADCO0844 8-Bit uP Compatible A/D Converter with Multiplexer Options ......................... 3-170
ADCO0848 8-Bit uP Compatible A/D Converter with Multiplexer Options ......................... 3-170
ADCO0852 Multiplexed Comparator with 8-Bit Reference Divider.................. ... . ..oooat. 3-187
ADC0854 Multiplexed Comparator with 8-Bit Reference Divider. ............................... 3-187
ADC1001 10-Bit uP Compatible A/D Converter ........... ..o, 3-204
ADC1005 10-Bit uP Compatible A/D Converter ......... ..ot 3-211
ADC1021 10-Bit uP Compatible A/DConverter ...t 3-204
ADC1025 10-Bit uP Compatible A/D CONVEIMEr . .....ctt ittt eaeees 3-211
ADC1205 12-Bit Plus Sign uP Compatible A/D Converter. ...t 3-222
ADC1210 12-Bit CMOS A/D CONVEIET . . . . ..ottt 3-239
ADC1211 12-Bit CMOS A/D CONVEIEr . . . ...ttt e et e ee e 3-239
ADC1225 12-Bit Plus Sign uP Compatible A/DConverter. ...........cooiiiiiiiiiiinineennn. 3-222
ADC3511 31/,-Digit Microprocessor Compatible A/DConverter.................ccoiiiiio. ... 3-250
ADC3711 33%,-Digit Microprocessor Compatible A/D Converter. ...........ouiteeniineenneennn. 3-250
ADD3501 31/,-Digit DVM with Multiplexed 7-Segment OQutput. ..., 3-259
ADD3701 33/,-Digit DVM with Multiplexed 7-SegmentOutput. . ................. .. . oot 3-268
AF100 Universal Active Filter. . ... .. e 1-5
AF150 Universal Wideband Active Filter ... ... ... i i e 1-23
AF151 Dual Universal Active Filter ... ... ... e e 1-42
AHO0014 Dual DPST-TTL/DTL Compatible MOS Analog Switch ............... .. .. oot 2-5
AHO0015 Quad SPST Dual DPST-TTL/DTL Compatible MOS Analog Switch ....................... 2-5
AH0019 Dual DPST-TTL/DTL Compatible MOS Analog Switch ............ .. .. ... . oo 2-5
AH5009 Monolithic Analog Current Switch ... ... . 2-9
AH5010 Monolithic Analog Current Switch . ... ... . i e 2-9
AH5011 Monolithic Analog Current Switch ...... ... . i 2-9
AH5012 Monolithic Analog Current SwitCh ... e 2-9
AH5020C Monolithic Analog Current Switch. . ... e 2-20
CD4016BM Quad Bilateral Switch ... ... i e 2-28
CD4051BM Single 8-Channel Analog Multiplexer/Demultiplexer ............ ...t 2-29
CD4052BM Dual 4-Channel Analog Multiplexer/Demultiplexer .............c.ooiiiiiiiiiean... 2-29
CD4053BM Triple 2-Channei Analog Multiplexer/Demultiplexer. ..o 2-29




Alpha-NumeriC Index (Continued)

CD4066BM Quad Bilateral Switch . ........ ... i e 2-30
CD4529BC Dual 4-Channel or 8-Channel Analog Data Selector. ..............ccooviiiiiinna.... 2-31
DACO0630 Triple 6-Bit Video DAC with ColorPallette . . ... i 4-6
DACO0631 Triple 6-Bit Video DAC with ColorPallette . . ..o 4-6
DACO0800 8-Bit D/A CONVEIET . .. ettt ettt ettt e et et e et aeaaans 4-21
DACO801 8-Bit D/A CONVEMET .. ...ttt et ettt et e it aneeens 4-21
DACO0802 8-Bit D/A CONVEIET . . ...ttt e e et ettt ettt aaeeenns 4-21
DACOB806 8-Bit D/A CONVEET . ..ottt ettt et e ettt naaees 4-30
DACO807 8-Bit D/A CONVEIET . ...\ttt ettt ettt ettt i aieeaens 4-30
DACOB08 8-Bit D/A CONVEIET . ...ttt ettt ettt et ettt et e aneeeens 4-30
DACO0830 8-Bit uP Compatible Double-Buffered D/AConverter. .. .........ooviiiiiiiiiinennn... 4-38
DAC0831 8-Bit uP Compatible Double-Buffered D/A Converter. ................oooviiiiiia.. 4-38
DACO0832 8-Bit uP Compatible Double-Buffered D/AConverter............c.covviiiiiineennn... 4-38
DAC1000 pP Compatible, Double-Buffered D/AConverter. . ........c.ooviiniiiniiinnnnennnn.. 4-56
DAC1001 uP Compatible, Double-Buffered D/AConverter. . ........covuiiiiiiiiiiaea... 4-56
DAC1002 P Compatible, Double-Buffered D/AConverter. . .........ooviiiiiiiiininennennn.. 4-56
DAC1006 uP Compatible, Double-Buffered D/AConverter. . .........c.oouiiiiiiiiiiiieennnn. 4-56
DAC1007 uP Compatible, Double-Buffered D/AConverter. . ........covviiiiiiiii e, 4-56
DAC1008 uP Compatible, Double-Buffered D/AConverter. . ..........coovviiiiiiiiii i 4-56
DAC1020 10-Bit Binary Multiplying D/A Converter . ...ttt iiiieeeeaaann 4-79
DAC1021 10-Bit Binary Multiplying D/A ConVerter . ..........uiiir i iiiiiiieeiiaeeannn. 4-79
DAC1022 10-Bit Binary Multiplying D/A CONVEerer . ......covurie it ineens 4-79
DAC1208 12-Bit uP Compatible Double-Buffered D/A Converter ...............cooiiiiiinnen... 4-89
DAC1209 12-Bit uP Compatible Double-Buffered D/A Converter ............c..cviiiinennennn.. 4-89
DAC1210 12-Bit uP Compatible Double-Buffered D/A Converter .................cvoiiiein... 4-89
DAC1218 12-Bit Multiplying D/A CONVEIEr .. ... .oittti it eie e 4-104
DAC1219 12-Bit Multiplying D/A CONVEItEr . .. ..ottt et nenns 4-104
DAC1220 12-Bit Binary Multiplying D/A Converter . ..........o.ouiitiiiiiiiiiee i 4-79
DAC1221 12-Bit Binary Multiplying D/A Converter . ...........ouiitiiiiiiiiiiiiieiieennn 4-79
DAC1222 12-Bit Binary Multiplying D/A Converter .. ... ..ottt e 4-79
DAC1230 12-Bit uP Compatible Double-Buffered D/A Converter ................coooivvnvnnan.. 4-89
DAC1231 12-Bit uP Compatible Double-Buffered D/A Converter ............coovivineeneiionn.. 4-89
DAC1232 12-Bit uP Compatible Double-Buffered D/A Converter ...............cooviiiiiinen... 4-89
DAC1265 Hi-Speed 12-Bit D/A Converter with Reference ............. ... i, 4-115
DAC1266 Hi-Speed 12-Bit D/A CONVEIET .. ...ttt ittt ee e e e 4-124
DM2502 Successive Approximation Register. .. ........oiiii i e 3-278
DM2503 Successive Approximation Register. . ... e 3-278
DM2504 Successive Approximation Register. ............. i e 3-278
LF198 Monolithic Sample and Hold Circuit . ... et 5-5
LF298 Monolithic Sample and Hold Circuit . .. ..ot e 5-5
LF398A Monolithic Sample and Hold Circuit . . . ... ..o i e e e 5-5
LF11201 Quad SPST JFET Analog SWItCh . . . . ... e eaeas 2-32
LF11202 Quad SPST JFET Analog Switch . ...t e 2-32
LF11331 Quad SPST JFET Analog SWitch . .. ... e e iiee e 2-32
LF11332 Quad SPST JFET Analog Switch ... S 2-32
LF11333 Quad SPST JFET Analog SWItCh . .. ... oi i e e eeeaaes 2-32
LF13006 Digital Gain Set .. ...t e 5-15
LF13007 Digital Gain Set . ... ..ot e e e e e 5-15
LF13201 Quad SPSTJFET Analog SWitch . . .. ... o e e 2-32
LF13202 Quad SPSTJFET Analog SWItCh . ... ..o ii i e e et ans 2-32
LF13331 Quad SPSTJFET Analog SWitCh . ... ..ottt 2-32

Xi




Alpha-NumeriC |ndeX (Continued)

LF13332 Quad SPST JFET Analog SWitch . .. ... ...t e 2-32
LF13333 Quad SPSTJFET Analog SWitch . ....... ..ot e 2-32
LF13508 8-Channel Analog Multiplexer. ... ... i e et 2-43
LF13509 4-Channel Analog MUltiplexer. . .. ... e e et 2-43
LHO0023 Sample and Hold CirCuit . ....... ..ot 5-22
LHO0043 Sample and Hold GirCuit .. ..........coiinuiiii e 5-22
LH0053 High Speed Sample and Hold Amplifier ............. i 5-31
LHO070 Series BCD Buffered Reference. . ... it i i 7-7
LHO071 Series Precision Buffered Reference ........... ... i Y4
LH4860 Super Fast 12-Bit Track-Hold Amplifier. . .......... .. o i it 5-37
LH7070 Series Precision BCD Buffered Reference.......... ...ttt 7-11
LH7071 Series Precision Binary Buffered Reference ......... ... .. i 7-11
LM34 Precision Fahrenheit Temperature Sensor. . ...... ...ttt eenn 6-4
LM35 Precision Centigrade Temperature SENSOr ... .....o.uurtettnriniii it 6-12
LM113 Reference Diode .. ...ttt i ittt ittt 7-16
LM129 Precision Reference . ... e e e e 7-19
LM131 Precision Voltage-to-Frequency Converter ............ oottt an. 3-279
LM134 3-Terminal Adjustable CurrentSource ........... ... i i 7-24
LM135 Precision Temperature SENSOT. . . . ... .ottt et 6-21
LM136-2.5V Reference Diode . . . .. ..ot e 7-32
LM136-5.0V Reference Diode . . .. ...con ettt e e 7-39
LM168 Precision Voltage Reference ...t 7-46
LM169 Precision Voltage Reference ......... ..ottt 7-52
LM185 Adjustable Micropower Voltage Reference ......... ... ... it 7-75
LM185-1.2 Micropower Voltage Reference Diode ...ttt ittt 7-62
LM185-2.5 Micropower Voltage Reference Diode . ...ttt 7-69
LM199 Precision Reference . ... ...ttt ettt 7-82
LM231 Precision Voltage-to-Frequency Converter .......... ...t eeen. 3-279
LM234 3-Terminal Adjustable Current Source ...ttt 7-24
LM235 Precision Temperature SENSOT. . . . ...ttt ittt ettt e 6-21
LM236-2.5V Reference Diode . . . . ...t i e 7-32
LM236-5.0V Reference Diode . . . . .. ..o e 7-39
LM268 Precision Voltage Reference ...ttt 7-46
LM285 Adjustable Micropower Voltage Reference ............. ..o, S 7-75
LM285-1.2 Micropower Voltage ReferenceDiode . ...t 7-62
LM285-2.5 Micropower Voltage Reference Diode . .. ..o 7-69
LM299 Precision Reference . ...ttt i e e 7-82
LMB13 Reference DIOde ... ... ...ttt e et e 7-16
LMB29 Precision Reference . ..... ...t e e e 7-19
LM331 Precision Voltage-to-Frequency Converter ...........cooiiiiiiiiiiii e, 3-279
LM334 3-Terminal Adjustable Current Source ........... .ottt 7-24
LM335 Precision Temperature SEenSOr. . .. ....vttttt ittt et e et e et ieieiiaanans 6-21
LM336-2.5V Reference DIOde . . . . . ..ottt e e 7-32
LM336-5.0V Reference Diode . . . . ...ttt e e e 7-39
LM368 Precision Voltage Reference ......... ... 7-46
LM368-2.5 Precision Voltage Reference . .......... .o 7-91
LM369 Precision Voltage Reference ..ot e e 7-52
LM385 Adjustable Micropower Voltage Reference ........... ... ... 7-75
LM385-1.2 Micropower Voltage Reference Diode . .. ... et 7-62
LM385-2.5 Micropower Voltage Reference Diode . ........coviiiiiiiiiiiiii i 7-69
LMB399 Precision Reference . ...t e e e 7-82

i




Alpha-Numeric IndeX contnueq

LM3911 Temperature Controller. .. ....oouiiiiiii i i i ittt ettt eiiieeeeeeann 6-30
LM3999 Precision Reference ......... ..ottt e e 7-82
LMF90 4th-Order LMCMOS™ Programmable Elliptic Notch Filter. . ............. ... ...l 1-51
LMF100 High Performance Dual Switched CapacitorFilter . .............. ... .. oot 1-71
LMF120 Mask Programmable Switched Capacitor Filter .............. ..., 1-93
MF4 4th Order Switched Capacitor Butterworth Lowpass Filter .................. . ..o ol 1-106
MF5 Universal Monolithic Switched CapacitorFilter . ..............c i, 1-119
MF6 6th Order Switched Capacitor Butterworth Lowpass Filter .................. ..ot 1-134
MF8 4th Order Switched Capacitor Bandpass Filter .......... ..o i 1-152
MF10 Universal Monolithic Dual Switched Capacitor Filter ................ .. ... oot 1-174
MM54C905 12-Bit Successive Approximation Register ......... ... ..ottt 3-290
MM54HC4016 Quad Analog SWitCh .. ... oot 2-57
MM54HC4051 8-Channel Analog Multiplexer. . ... 2-58
MM54HC4052 Dual 4-Channel Analog Multiplexer ...t 2-58
MM54HC4053 Triple 2-Channel Analog Multiplexer ............. i 2-58
MM54HC4066 Quad Analog SWitCh . ... 2-59
MM54HC4316 Quad Analog Switch with Level Translator . ............. ... e, 2-60
MM74C905 12-Bit Successive Approximation Register ................coo i, 3-290
MM74HC4016 Quad Analog SWItCh . ... .ot i e 2-57
MM74HC4051 8-Channel Analog Multiplexer........ ... ... i, 2-58
MM74HC4052 Dual 4-Channel Analog Multiplexer . ...ttt 2-58
MM74HC4053 Triple 2-Channel Analog Multiplexer .. .......... ..o i 2-58
MM74HC4066 Quad Analog SwitCh . ... 2-59
MM74HC4316 Quad Analog Switch with Level Translator ..., 2-60
1A9708 6-Channel 8-Bit uP Compatible A/D Converter ...t ... 3-291

Xiii




Available Hybrid Products

National
Semiconductor

Available Hybrid Products

Device Number

Databook -

ADC1210/ADG1211
AF100

AF150

AF151
AHO0014/AH0015/AH0019
DHO0006

DH0008

DHOO11

DH0034

DHO0035

DH3467

DH3725

LH0002

LHO003

LH0004

LH0020
LH0021/LH0041
LH0022/L.H0042/LH0052
LH0023/LH0043
LH0024

LH0032
LH0033/LH0063
LH0036

LHO038

LH0044

LHO0045

LH0053

LH0061

LHO0062
LH0070/LH0071
LH0075

LHO076

LHO082

LHO084

LHO086

LHO0091

LHO094

LHO101

Data Acquisition Linear Devices

Data Acquisition Linear Devices

Data Acquisition Linear Devices

Data Acquisition Linear Devices

Data Acquisition Linear Devices

Individual Datasheet

Individual Datasheet

Individual Datasheet

Individual Datasheet

Individual Datasheet

Individual Datasheet

Individual Datasheet

General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
Data Acquisition Linear Devices

General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
Data Acquisition Linear Devices

General Purpose Linear Devices
General Purpose Linear Devices
Data Acquisition Linear Devices

General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
Special Purpose Linear Devices

Special Purpose Linear Devices

General Purpose Linear Devices

xiv




Device Number

Databook

LH1605

LH2101
LH2108/LH2308
LH2110/LH2210/LH2310
LH2111/LH2211/LH2311
LH2422

LH4001

LH4002

LH4003

LH4004

LH4006

LH4008

LH4009

LH4010

LH4011

LH4012
LH4033/LH4063
LH4101

LH4104

LH4105

LH4106

LH4117

LH4118

LH4124

LH4141

LH4161

LH4162

LH4200

LH4266

LH4860

LH7001
LH7070/LH7071
HS7067

HS7107
MH0007

General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
Special Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
Special Purpose Linear Devices
Data Acquisition Linear Devices
General Purpose Linear Devices
Data Acquisition Linear Devices
General Purpose Linear Devices
General Purpose Linear Devices
Individual Datasheet

XV

s1onpoud pUAAH sjqejieAy



Additional Available Linear Devices

National
Semiconductor

Additional Available Linear Devices

Device ' Databook
HS7067 7 Amp, Multimode, High Efficiency Switching Regulator ... . ... General Purpose Linear Devices
HS7107 7 Amp, Multimode, High Efficiency Switching Regulator ........ General Purpose Linear Devices
LF111 Voltage Comparator . .........ccooinieiiiiii i General Purpose Linear Devices
LF147 Wide Bandwidth Quad JFET Input Operational Amplifiers........ General Purpose Linear Devices
LF155 Series Monolithic JFET Input Operational Amplifiers ............ General Purpose Linear Devices
LF156 Series Monolithic JFET Input Operational Amplifiers ............ General Purpose Linear Devices
LF157 Series Monolithic JFET Input Operational Amplifiers ............ General Purpose Linear Devices
LF211 Voltage Comparator ............oiiiiiiiiiiiiiiinneiiinn., General Purpose Linear Devices
LF255 Series Monolithic JFET Input Operational Amplifiers ............ General Purpose Linear Devices
LF256 Series Monolithic JFET Input Operational Amplifiers ............ General Purpose Linear Devices
LF257 Series Monolithic JFET Input Operational Amplifiers ............ General Purpose Linear Devices
LF311 Voltage Comparator .........covviiiiiiiiiiiiieieneneneenns General Purpose Linear Devices
LF347 Wide Bandwidth Quad JFET Input Operational Amplifiers .. ...... General Purpose Linear Devices
LF347B Wide Bandwidth Quad JFET Input Operational Amplifiers ...... General Purpose Linear Devices
LF351 Wide Bandwidth JFET Input Operational Amplifier .............. General Purpose Linear Devices
LF353 Wide Bandwidth Dual JFET Input Operational Amplifier ......... General Purpose Linear Devices
LF355 Series Monolithic JFET Input Operational Amplifiers ............ General Purpose Linear Devices
LF356 Series Monolithic JFET Input Operational Amplifiers ............ General Purpose Linear Devices
LF357 Series Monolithic JFET Input Operational Amplifiers ............ General Purpose Linear Devices
LF400 Fast Settling JFET Input Operational Amplifier ................. General Purpose Linear Devices
LF401 Precision Fast Settling JFET Input Operational Amplifier. .. ...... General Purpose Linear Devices
LF411 Low Offset, Low Drift JFET Input Operational Amplifier .......... General Purpose Linear Devices
LF412 Low Offset, Low Drift Dual JFET Operational Amplifier .......... General Purpose Linear Devices
LF441 Low Power JFET Input Operational Amplifier................... General Purpose Linear Devices
LF442 Dual Low Power JFET Input Operational Amplifier .............. General Purpose Linear Devices
LF444 Quad Low Power JFET Input Operational Amplifier ............. General Purpose Linear Devices
LF451 Wide-Bandwidth JFET Input Operational Amplifier .............. General Purpose Linear Devices
LF453 Wide-Bandwidth Dual JFET Input Operational Amplifier ......... General Purpose Linear Devices
LF13741 Monolithic JFET Input Operational Amplifier ................. General Purpose Linear Devices
LHO0002 Current Amplifier. . ... ... ..o General Purpose Linear Devices
LHO003 Wide Bandwidth Operational Amplifier . ...................... General Purpose Linear Devices
LHO0004 High Voltage Operational Amplifier ....................... ... General Purpose Linear Devices
LH0020 High Gain Operational Amplifier. . .................. .ot General Purpose Linear Devices
LHO0021 1.0-Amp Power Operational Amplifier........................ General Purpose Linear Devices
LHO0022 High Performance FET Operational Amplifier ................. General Purpose Linear Devices
LH0024 High Slew Rate Operational Amplifier........................ General Purpose Linear Devices
LHO0032 Ultra Fast FET-Input Operational Amplifier ................... General Purpose Linear Devices
LHO033 Fast Buffer Amplifier ......... ..o, General Purpose Linear Devices
LHO036 Instrumentation Amplifier ........ ... ... il General Purpose Linear Devices
LHO038 True Instrumentation Amplifier.................cooiiiil .. General Purpose Linear Devices
LHO0041 0.2-Amp Power Operational Amplifier........................ General Purpose Linear Devices
LH0042 Low Cost FET Operational Amplifier...................... ... General Purpose Linear Devices
LH0044 Series Precision Low Noise Operational Amplifiers ............ General Purpose Linear Devices

LHO0045 Two Wire Transmitter ............. .ot General Purpose Linear Devices
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Additional Available Linear Devices (Continued)

Device Databook
LHO0052 Precision FET Operational Amplifier ......................... General Purpose Linear Devices
LH0061 0.5 Amp Wide Band Operational Amplifier.................... General Purpose Linear Devices
LH0062 High Speed FET Operational Amplifier....................... General Purpose Linear Devices
LHO063 Fast Buffer Amplifier .......... ..o, General Purpose Linear Devices
LHO0075 Positive Precision Programmable Regulator .................. General Purpose Linear Devices
LHO0076 Negative Precision Programmable Regulator ................. General Purpose Linear Devices
LH0082 Optical Communication Receiver/Amplifier................... General Purpose Linear Devices
LHO0084 Digitally-Programmable-Gain Instrumentation Amplifier ........ General Purpose Linear Devices
LHO0086 Digitally-Programmable-Gain Amplifier . ...................... General Purpose Linear Devices
LHO091 True RMStoDC Converter ..........covviiiieeeienninnnnn... Specia! Purpose Linear Devices
LHO0094 Multifunction Converter ..............ccoiiiiiiiinniinnnnn... Special Purpose Linear Devices
LHO101 Power Operational Amplifier..............ccoiiiiiiiiiinn.. General Purpose Linear Devices
LH1605 5 Amp, High Efficiency Switching Regulator .................. General Purpose Linear Devices
LH2101A Dual High Performance Operational Amplifier ............... General Purpose Linear Devices
LH2108 Dual Super Beta Operational Amplifier . ...................... General Purpose Linear Devices
LH2110 Dual Voltage Follower . ...ttt General Purpose Linear Devices
LH2111 Dual Voltage Comparator . ............ccooiiiiiiinennnnnn... General Purpose Linear Devices
LH2201A Dual High Performance Operational Amplifier ............... General Purpose Linear Devices
LH2210 Dual Voltage Follower . ..........coiiiiiiiiiiiiiiiiannnn. General Purpose Linear Devices
LH2211 Dual Voltage Comparator ............c.cceeeieruununnnnnnnnn. General Purpose Linear Devices
LH2301A Dual High Performance Operational Amplifier ............... General Purpose Linear Devices
LH2308 Dual Super Beta Operational Amplifier . ...................... General Purpose Linear Devices
LH2310 Dual Voltage Follower .. ........c..coiiiniiiii i General Purpose Linear Devices
LH2311 Dual Voltage Comparator .............ccoviiiiieiinnnnnn. General Purpose Linear Devices
LH2422 CRT Video Driver Amplifier ..............ccooiiiiiiinn... Special Purpose Linear Devices
LH4001 Wideband CurrentBuifer .............cccoiiiiiiiiiiiinn.. General Purpose Linear Devices
LH4002 Wideband Video Buffer ............ccoiiiiiiiiiiiiiininnn.. General Purpose Linear Devices
LH4003 Precision RF Closed Loop Buffer ........................... General Purpose Linear Devices
LH4004 Wideband FET Input Buffer/Amplifier........................ General Purpose Linear Devices
LH4006 Precision RF Closed Loop Buffer ........................... General Purpose Linear Devices
LH4008 FastBuffer. ...t General Purpose Linear Devices
LH4009 FastBuffer. .......cooiiii i e e e General Purpose Linear Devices
LH4010 Fast FET Buffer ........ ... i, General Purpose Linear Devices
LH4011 FastOpen LoopBuffer ..........ccovvviiiiiiiiiiiiiinnnn. General Purpose Linear Devices
LH4012 Wideband Buffer......... ... ... i General Purpose Linear Devices
LH4033C Fast and Ultra Fast Buffer Amplifiers ....................... General Purpose Linear Devices
LH4063C Fast and Ultra Fast Buffer Amplifiers ....................... General Purpose Linear Devices
LH4101 Wideband High Current Operational Amplifier................. General Purpose Linear Devices
LH4104 Fast Settling High Current Operational Amplifier .............. General Purpose Linear Devices
LH4105 Precision Fast Settling High Current Operational Amplifier . ... .. General Purpose Linear Devices
LH4106 5V High Speed Operational Amplifier ...................... General Purpose Linear Devices
LH4117 Precision RF Amplifier .. ... ittt General Purpose Linear Devices
LH4118 Low Gain Wide Band RF Amplifier ..............cccovvi.... General Purpose Linear Devices
LH4124C High Slew Rate Operational Amplifier ...................... General Purpose Linear Devices
LH4141C 0.2 Amp Power Operational Amplifier ...................... General Purpose Linear Devices
LH4161 High Speed Operational Amplifier ........................... General Purpose Linear Devices
LH4162 Dual High Speed Operational Amplifier ...................... General Purpose Linear Devices
LH4200 General Purpose GaAs FET Amplifier ....................... General Purpose Linear Devices
LH4266 SPDT RF Switch ... ... .ot Special Purpose Linear Devices
LH7001 Positive/Negative Adjustable Regulator...................... General Purpose Linear Devices
LM10 Operational Amplifier and Voltage Reference ................... General Purpose Linear Devices
LM11 Operational Amplifier . . ....... ... o i i General Purpose Linear Devices
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Additional Available Linear Devices

Additional Available Linear Devices (continued)

Device Databook
LM12(L) 150W Operational Amplifier.............. ... ..., General Purpose Linear Devices
LM78G 4-Terminal Adjustable Regulator ............................ General Purpose Linear Devices
LM78L00 Series 3-Terminal Positive Regulators . ..................... General Purpose Linear Devices
LM78LXX Series 3-Terminal Positive Regulators ..................... General Purpose Linear Devices
LM78MG 4-Terminal Positive Regulator ............................. General Purpose Linear Devices
LM78MXX Series 3-Terminal Positive Regulators ..................... General Purpose Linear Devices
LM78S40 Universal Switching Regulator Subsystem .................. General Purpose Linear Devices
LM78XX Series Voltage Regulators .. ...... ..o, General Purpose Linear Devices
LM79G 4-Terminal Adjustable Regulator ............................ General Purpose Linear Devices
LM79LXXAC Series 3-Terminal Adjustable Negative Regulators . ....... General Purpose Linear Devices
LM79MOO Series 3-Terminal Negative Regulators .................... General Purpose Linear Devices
LM79MG 4-Terminal Positive Regulator ..................oooinu... General Purpose Linear Devices
LM79XX Series 3-Terminal Negative Regulators...................... General Purpose Linear Devices
LM101A Operational Amplifier ............ ..., General Purpose Linear Devices
LM102 Voltage Follower . ...... ...t General Purpose Linear Devices
LM104 Negative Regulator ............. ... oot .. General Purpose Linear Devices
LM105 Voltage Regulator ............c.coiiviiiiiiiiiinennenn... General Purpose Linear Devices
LM106 Voltage Comparator ..............couuiuevnreneennenneannns General Purpose Linear Devices
LM107 Operational Amplifier. . ..., General Purpose Linear Devices
LM108 Operational Amplifier. ..o, General Purpose Linear Devices
LM108A Operational Amplifier ............ ... ... i General Purpose Linear Devices
LM109 5-VoltRegulator .........................................:..General Purpose Linear Devices
LM110 Voltage Follower ........... .ot General Purpose Linear Devices
LM111 Voltage Comparator ............c..ouuiuiiniriniinnenieennnns General Purpose Linear Devices
LM112 Operational Amplifiers............. ..o, General Purpose Linear Devices
LM117 3-Terminal Adjustable Regulator . ............................ General Purpose Linear Devices
LM117HV 3-Terminal Adjustable Regulator .......................... General Purpose Linear Devices
LM118 Operational Amplifiers. ... General Purpose Linear Devices
LM119 High Speed Dual Comparator ..................ccovuiienn. .. General Purpose Linear Devices
LM120 Series 3-Terminal Negative Regulator ........................ General Purpose Linear Devices
LM122 Precision Timer .. ... i e Special Purpose Linear Devices
LM123 3-Amp, 5-Volt Positive Regulator. ............................ General Purpose Linear Devices
LM124 Low Power Quad Operational Amplifiers ...................... General Purpose Linear Devices
LM125Voltage Regulator ............ . i, General Purpose Linear Devices
LM126 Voltage Regulator ...........coiiiiiiiiiiiiiiiiiiaen... General Purpose Linear Devices
LM133 3-Amp Adjustable Negative Voltage Regulator................. General Purpose Linear Devices
LM137 3-Terminal Adjustable Negative Regulator .................... General Purpose Linear Devices
LM137HV 3-Terminal Adjustable Negative Regulator (High Voltage) .. ..General Purpose Linear Devices
LM138 3-Amp Adjustable Power Regulator .......................... General Purpose Linear Devices
LM139 Low Power Low Offset Voltage Quad Comparator.............. General Purpose Linear Devices
LM140 Series 3-Terminal Positive Regulators ........................ General Purpose Linear Devices
LM140L Series 3-Terminal Positive Regulators ....................... General Purpose Linear Devices
LM143 High Voltage Operational Amplifier . .......................... General Purpose Linear Devices
LM144 High Voltage, High Slew Rate Operational Amplifier ............ General Purpose Linear Devices
LM145 Negative 3-Amp Regulator .. .............ooiiiiiiiiinan... General Purpose Linear Devices
LM146 Programmable Quad Operational Amplifier . ................... General Purpose Linear Devices
LM148 Quad 741 Operational Amplifiers ............................ General Purpose Linear Devices
LM149 Wide Band Decompensated (Ay(MIN) = 5) ................... General Purpose Linear Devices
LM150 3-Amp Adjustable Power Regulator .......................... General Purpose Linear Devices
LM158 Low Power Dual Operational Amplifier . ....................... General Purpose Linear Devices
LM160 High Speed Differential Comparator.......................... General Purpose Linear Devices
LM161 High Speed Differential Comparator .......................... General Purpose Linear Devices
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Additional Available Linear Devices (continued)

Device Databook
LM193 Low Power Low Offset Voltage Dual Comparator .............. General Purpose Linear Devices
LM194 SuperMatch Pair ........ ...t Special Purpose Linear Devices
LM195 Ultra Reliable Power Transistor .............................. Special Purpose Linear Devices
LM196 10 Amp Adjustable Voltage Regulator ........................ General Purpose Linear Devices
LM201A Operational Amplifier ........ ... ... i ... General Purpose Linear Devices
LM204 Negative Regulator ..., General Purpose Linear Devices
LM205 Voltage Regulator ........... ..o, General Purpose Linear Devices
LM206 Voltage Comparator .............oveiiiiieinnininennnnenn. General Purpose Linear Devices
LM207 Operational Amplifier. . ........cooiniiiiiii i General Purpose Linear Devices
LM208 Operational Amplifier........... ... i, General Purpose Linear Devices
LM208A Operational Amplifier ....... ... ... i ... General Purpose Linear Devices
LM210 Voltage Follower ......... ... i General Purpose Linear Devices
LM211 Voltage Comparator ...........ccoiiiiiiiniiinineninnnnn.. General Purpose Linear Devices
LM212 Operational Amplifiers............ ..., General Purpose Linear Devices
LM218 Operational Amplifiers...........oooiiiiiiiei i, General Purpose Linear Devices
LM219 High Speed Dual Comparator ...............c.cooviiiiinn.... General Purpose Linear Devices
LM221 Precision Preamplifier .......... ... ... . i General Purpose Linear Devices
LM224 Low Power Quad Operational Amplifiers ...................... General Purpose Linear Devices
LM239 Low Power Low Offset Voltage Quad Comparator.............. General Purpose Linear Devices
LM246 Programmable Quad Operational Amplifier . ................... General Purpose Linear Devices
LM248 Quad 741 Operational Amplifiers ............................ General Purpose Linear Devices
LM249 Wide Band Decompensated (Ay(MIN) = 5) ................... General Purpose Linear Devices
LM258 Low Power Dual Operational Amplifier ........................ General Purpose Linear Devices
LM260 High Speed Differential Comparator . .....................o.... General Purpose Linear Devices
LM261 High Speed Differential Comparator . ......................... General Purpose Linear Devices
LM293 Low Power Low Offset Voltage Dual Comparator .............. General Purpose Linear Devices
LM295 Ultra Reliable Power Transistor ...................... . ... Special Purpose Linear Devices
LM301A Operational Amplifier ...ttt General Purpose Linear Devices
LM302 Voltage Follower ........ ..ot General Purpose Linear Devices
LM304 Negative Regulator ......... ... .ottt General Purpose Linear Devices
LM305 Voltage Regulator ..., General Purpose Linear Devices
LM306 Voltage Comparator ............coiueeiinieeiiinnieannnann. General Purpose Linear Devices
LM307 Operational Amplifier. ...t General Purpose Linear Devices
LM308 Operational Amplifier. ............coo i, General Purpose Linear Devices
LM308A Operational Amplifier ...........ccooiiiiiiiiiiiii ... General Purpose Linear Devices
LM309 5-VoltRegulator . ... General Purpose Linear Devices
LM310 Voltage Follower ....... ..o General Purpose Linear Devices
LM311 Voltage Comparator ............ccoouiiiiiiiniiinnnennnnnnn. General Purpose Linear Devices
LM312 Operational Amplifiers.............coiiiii i, General Purpose Linear Devices
LM317 3-Terminal Adjustable Regulator . ............................ General Purpose Linear Devices
LM317HV 3-Terminal Adjustable Regulator .......................... General Purpose Linear Devices
LM317L 3-Terminal Adjustable Regulator............................ General Purpose Linear Devices
LM318 Operational Amplifiers............c.cooeiiiiiiiiiiii ... General Purpose Linear Devices
LM319 High Speed Dual Comparator ...........ccceviieenieennnann. General Purpose Linear Devices
LM320 Series 3-Terminal Negative Regulator ........................ General Purpose Linear Devices
LM320L 3-Terminal Negative Regulator .....................coooian. General Purpose Linear Devices
LM321 Precision Preamplifier ............. ... i, General Purpose Linear Devices
LM322 Precision Timer . ... i e Special Purpose Linear Devices
LM323 3-Amp, 5-Volt Positive Regulator. . ........................... General Purpose Linear Devices
LM324 Low Power Quad Operational Amplifiers ...................... General Purpose Linear Devices
LM325 Voltage Regulator ........... ..., General Purpose Linear Devices
LM326 Voltage Regulator ..., General Purpose Linear Devices
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Additional Available Linear Devices

Additional Available Linear Devices (continued)

Device Databook
LM330 3-Terminal Positive Regulator ........................... .....General Purpose Linear Devices
LM333 3-Amp Adjustable Negative Voltage Regulator................. General Purpose Linear Devices
LM337 3-Terminal Adjustable Negative Regulator .................... General Purpose Linear Devices
LM337HV 3-Terminal Adjustable Negative Regulator (High Voltage) . ...General Purpose Linear Devices
LM337L 3-Terminal Adjustable Regulator........................ ... General Purpose Linear Devices
LM338 3-Amp Adjustable Power Regulator .......................... General Purpose Linear Devices
LM339 Low Power Low Offset Voltage Quad Comparator.............. General Purpose Linear Devices
LM340 Series 3-Terminal Positive Regulators ........................ General Purpose Linear Devices
LM340L Series 3-Terminal Positive Regulators ....................... General Purpose Linear Devices
LM341 Series 3-Terminal Positive Regulators ........................ General Purpose Linear Devices
LM342 Series 3-Terminal Positive Regulators ........................ General Purpose Linear Devices
LM343 High Voltage Operational Amplifier . . .................. ... ... General Purpose Linear Devices
LM344 High Voltage, High Slew Rate Operational Amplifier ............ General Purpose Linear Devices
LM345 Negative 3-Amp Regulator . ..., General Purpose Linear Devices
LM346 Programmable Quad Operational Amplifier . ................... General Purpose Linear Devices
LM348 Quad 741 Operational Amplifiers ..................ccooiiin. General Purpose Linear Devices
LM349 Wide Band Decompensated (Ay(MIN) = 5) ................... General Purpose Linear Devices
LM350 3-Amp Adjustable Power Regulator .......................... General Purpose Linear Devices
LM358 Low Power Dual Operational Amplifier........................ General Purpose Linear Devices
LM359 Dual, High Speed, Programmable Current Mode (Norton)

Amplifier ..o e General Purpose Linear Devices
LM360 High Speed Differential Comparator . . ........................ General Purpose Linear Devices
LM361 High Speed Differential Comparator .................cooua... General Purpose Linear Devices
LM363 Precision Instrumentation Amplifier .............. ... ... ... General Purpose Linear Devices
LM376 Voltage Regulator ............. ... i, General Purpose Linear Devices
LM380 Audio Power Amplifier .......... ..ot Special Purpose Linear Devices
LM381 Low Noise Dual Preamplifier . ..............ooooiiiiiiiiit, Special Purpose Linear Devices
LM382 Low Noise Dual Preamplifier .............. ..ot Special Purpose Linear Devices
LM383 7 Watt Audio Power Amplifier ........... ... ... . il Special Purpose Linear Devices
LM384 5 Watt Audio Power Amplifier ... Special Purpose Linear Devices
LM386 Low Voltage Audio Power Amplifier . ...................coooot. Special Purpose Linear Devices
LM387 Low Noise Dual Preamplifier ..............coooiiiiiiiiiioe. Special Purpose Linear Devices
LM388 1.5-Watt Audio Power Amplifier .......... ...t Special Purpose Linear Devices
LM389 Low Voltage Audio Power Amplifier with NPN Transistor Array .. .Special Purpose Linear Devices
LM390 1 Watt Battery Operated Audio Power Amplifier ................ Special Purpose Linear Devices
LM391 Audio Power Driver . ...t Special Purpose Linear Devices
LM392 Low Power Operational Amplifier/Voltage Comparator ......... General Purpose Linear Devices
LM393 Low Power Low Offset Voltage Dual Comparator .............. General Purpose Linear Devices
LM394 SuperMatch Pair ...t Special Purpose Linear Devices
LM395 Ultra Reliable Power Transistor ..............cooiiiiiiaa.. Special Purpose Linear Devices
LM396 10 Amp Adjustable Voltage Regulator ........................ General Purpose Linear Devices
LM431A Adjustable Precision Zener Shunt Regulator ................. General Purpose Linear Devices
LM494 Pulse Width Modulated Control Circuit .. ...................... General Purpose Linear Devices
LMBES TIMET . .. e Special Purpose Linear Devices
LMB55C TImMer ...ttt e e e Special Purpose Linear Devices
LMB556 Dual Timer . ...ttt Special Purpose Linear Devices
LM556C Dual TIMEr . ...ttt e e ettt e e e e Special Purpose Linear Devices
LM565 Phase Locked LOOP ... Special Purpose Linear Devices
LM565C Phase Locked LOOP ...« oo oot Special Purpose Linear Devices
LM566C Voltage Controlled Oscillator .............. ..o, Special Purpose Linear Devices
LM567 ToneDecoder .........coiiiniiiiiiii it Special Purpose Linear Devices
LM567C Tone Decoder . ... ..ot Special Purpose Linear Devices
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Additional Available Linear Devices (continued)

Device Databook
LM592 Differential Video Amplifier ...ttt Special Purpose Linear Devices
LMB04 4-Channel MUX-AmMp. .. ..o e General Purpose Linear Devices
LM607 Precision Operational Amplifier . ............. ... ... ... ... General Purpose Linear Devices
LM611 Adjustable Micropower Floating Voltage Reference and

Single-Supply Operational Amplifier................... . ... ... General Purpose Linear Devices
LM613 Dual Operational Amplifiers, Dual Comparators, and Adjustable

Reference . . ... e, General Purpose Linear Devices
LM614 Quad Operational Amplifier and Adjustable Reference .......... General Purpose Linear Devices
LM621 Brushless Motor Commutator ..ot Special Purpose Linear Devices
LM627 Precision Operational Amplifiers ........... ... ... . ...t General Purpose Linear Devices
LM628 Precision Motion Controller . ..ot Special Purpose Linear Devices
LM629 Precision MotionController . ..o, Special Purpose Linear Devices
LM637 Precision Operational Amplifiers ............ ... ... ... ... General Purpose Linear Devices
LM675 Power Operational Amplifier. ............ ... ..ot General Purpose Linear Devices
LM710 Voltage Comparator ...........c.cuuiiinininininennnnnns General Purpose Linear Devices
LM723 Voltage Regulator ...... ... ... General Purpose Linear Devices
LM725 Operational Amplifier......... ... General Purpose Linear Devices
LM733 Differential Video Amplifier ........... oo, Special Purpose Linear Devices
LM733C Differential Video Amplifier . .........ccoiiiiiiiiiiiiiiiiot. Special Purpose Linear Devices
LM741 Operational Amplifier. .. ... i General Purpose Linear Devices
LM759 Power Operational Amplifier................ ...t General Purpose Linear Devices
LM776 Multi-Purpose Programmable Operational Amplifier ............ General Purpose Linear Devices
LM831 Low Voltage Audio Power Amplifier . .....................ou.. Special Purpose Linear Devices
LM832 Dynamic Noise Reduction SystemDNR ....................... Special Purpose Linear Devices
LM833 Dual Audio Operational Amplifier............................. General Purpose Linear Devices
LM837 Low Noise Quad Operational Amplifier ....................... General Purpose Linear Devices
LM903 Fluid Level Detector ...........ccoiiiiiiiiiii .. Special Purpose Linear Devices
LM1035 Dual DC Operated Tone/Volume/Balance Circuit ............. Special Purpose Linear Devices
LM1036 Dual DC Operated Tone/Volume/Balance Circuit ............. Special Purpose Linear Devices
LM1037 Dual Four-Channel Analog Switch .................... ... ... Special Purpose Linear Devices
LM1038 Dual Four-Channel Analog Switch ...................... ..., Special Purpose Linear Devices
LM1040 Dual DC Operated Tone/Volume/Balance Circuit with Stereo

EnhancementFacility ............ .. .. . i Special Purpose Linear Devices
LM1042 Fluid Level Detector ... Special Purpose Linear Devices
LM1044 Analog Video Switch. .. ...... .o Special Purpose Linear Devices
LM1112A Dolby B-Type Noise Reduction Processor................... Special Purpose Linear Devices
LM1112B Dolby B-Type Noise Reduction Processor................... Special Purpose Linear Devices
LM1112C Dolby B-Type Noise Reduction Processor................... Special Purpose Linear Devices
LM1131A Dual Dolby B-Type Noise Reduction Processor .............. Special Purpose Linear Devices
LM1201 Video Amplifier System ...t Special Purpose Linear Devices
LM1203 RGB Video Amplifier System ............. ...t Special Purpose Linear Devices
LM1211 Broadband Demodulator System . ........................... Special Purpose Linear Devices
LM1391 Phase-Locked LOOp . ...cvvviiiiiii e Special Purpose Linear Devices
LM1414 Dual Differential Voltage Comparator........................ General Purpose Linear Devices
LM1458 Dual Operational Amplifier .............. .. .o it General Purpose Linear Devices
LM1496 Balanced Modulator-Demodulator . ................. ...t Special Purpose Linear Devices
LM1514 Dual Differential Voltage Comparator........................ General Purpose Linear Devices
LM1524D Regulating Pulse Width Modulator...................... ... General Purpose Linear Devices
LM1525A Pulse Width Modulator . ............ ... ..o .t General Purpose Linear Devices
LM1527A Pulse Width Modulator ................ ...t General Purpose Linear Devices
LM1558 Dual Operational Amplifier .............. ... oo it General Purpose Linear Devices
LM1575-5.0 Simple Switcher Step-Down Voltage Regulator............ General Purpose Linear Devices
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Additional Available Linear Devices

Additional Available Linear Devices (Continued)

Device Databook
LM1578A SwitchingRegulator ............ ...t iiiiiea... General Purpose Linear Devices
LM1596 Balanced Modulator-Demodulator ........................... Special Purpose Linear Devices
LM1800 Phase-Locked Loop FM Stereo Demodulator ................. Special Purpose Linear Devices
LM1801 Battery Operated Power Comparator ........................ Special Purpose Linear Devices
LM1812 Ultrasonic Transceiver ..., Special Purpose Linear Devices
LM1815 Adaptive Sense Amplifier............ ... il Special Purpose Linear Devices
LM1818 Electronically Switched Audio Tape System .................. Special Purpose Linear Devices
LM1819 Air-Core MeterDriver ...ttt Special Purpose Linear Devices
LM1823 Video IF Amplifier/PLL Detection System .................... Special Purpose Linear Devices
LM1830 Fluid Detector ...ttt Special Purpose Linear Devices
LM1837 Low Noise Preamplifier for Autoreversing Tape Playback

Sy S e . e Special Purpose Linear Devices
LM1851 Ground FaultInterrupter ......... ... ... i i, Special Purpose Linear Devices
LM1863 AM Radio System for Electronically Tuned Radio.............. Special Purpose Linear Devices
LM1865 Advanced FMIF System .......... ..o, Special Purpose Linear Devices
LM1866 Low Voltage AM/FM Receiver ..............ccoiiiiii i, Special Purpose Linear Devices
LM1868 AM/FM Radio System .......... oot Special Purpose Linear Devices
LM1870 Stereo DemodulatorwithBlend .................. ... ... ... Special Purpose Linear Devices
LM1871 RC Encoder/Transmitter .. ..., Special Purpose Linear Devices
LM1872 Radio Control Receiver/Decoder. ..........ccoevviveenenenn. Special Purpose Linear Devices
LM1875 20 Watt Power Audio Amplifier . ........ ...t Special Purpose Linear Devices
LM1877 Dual Power Audio Amplifier........... ... ... Special Purpose Linear Devices
LM1880 No-Holds Vertical/Horizontal ..., Special Purpose Linear Devices
LM1881 Video Sync Separator .........cooviiiiiiiiiiiiniiiannennn Special Purpose Linear Devices
LM1884 TV StereoDecoder.........o vttt Special Purpose Linear Devices
LM1886 TV VideoMatrix DtoO A .. ...ttt i i Special Purpose Linear Devices
LM1889 TV VideoModulator ...ttt Special Purpose Linear Devices
LM1893 Carrier Current Transceiver. . ........ccoviiiiiiiennneeen.. Special Purpose Linear Devices
LM1894 Dynamic Noise Reduction SystemDNR ...................... Special Purpose Linear Devices
LM1895 Audio Power Amplifier ........ ... Special Purpose Linear Devices
LM1896 Dual Power Audio Ampilifier . ............ooiiiiiiiiiiiiiat, Special Purpose Linear Devices
LM1897 Low Noise Preamplifier for Tape Playback System............. Special Purpose Linear Devices
LM1921 1 Amp Industrial Switch ....... ... ..o oo i Special Purpose Linear Devices
LM1946 Over/Under Current Limit Diagnostic Circuit .................. Special Purpose Linear Devices
LM1949 Injector Drive Controller . ..., Special Purpose Linear Devices
LM1951 Solid State 1 Amp Switch ............. ..o i Special Purpose Linear Devices
LM1964 Sensor Interface Amplifier . . ...t Special Purpose Linear Devices
LM1965 Advanced FMIF System ............. o i Special Purpose Linear Devices
LM2002 8 Watt Audio Power Amplifier ........... ..ottt Special Purpose Linear Devices
LM2005 20 Watt Automotive Power Amplifier . ............. ..ot Special Purpose Linear Devices
LM2065 Advanced FMIF System ..o Special Purpose Linear Devices
LM2524D Regulating Pulse Width Modulator......................... General Purpose Linear Devices
LM2575-5.0 Simple Switcher Step-Down Voltage Regulator............ General Purpose Linear Devices
LM2578A Switching Regulator ........ ...t General Purpose Linear Devices
LM2579 Switching Regulator ...t General Purpose Linear Devices
LM2877 Dual 4 Watt Power Audio Amplifier .......................... Special Purpose Linear Devices
LM2878 Dual 5 Watt Power Audio Amplifier .......................... Special Purpose Linear Devices
LM2879 Dual 8 Watt Audio Amplifier. ........ ..., Special Purpose Linear Devices
LM2889 TV Video Modulator .......... ..ot Special Purpose Linear Devices
LM2893 Carrier Current TranSCeIVer . . ... i et i et eiiiieee e ennns Special Purpose Linear Devices
LM2896 Dual Power Audio Amplifier.............. ... ... it Special Purpose Linear Devices
LM2900 Quad Amplifier . ..ot e General Purpose Linear Devices
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Additional Available Linear Devices continued)

Device Databook
LM2901 Low Power Low Offset Voltage Quad Comparator............. General Purpose Linear Devices
LM2902 Low Power Quad Operational Amplifiers . .................... General Purpose Linear Devices
LM2903 Low Power Low Offset Voltage Dual Comparator ............. General Purpose Linear Devices
LM2904 Low Power Dual Operational Amplifier....................... General Purpose Linear Devices
LM2905 Precision TIMer . ..o oottt e Special Purpose Linear Devices
LM2907 Frequency to Voltage Converter ...t Special Purpose Linear Devices
LM2917 Frequency to Voltage Converter ............. ...t Special Purpose Linear Devices
LM2924 Low Power Operational Amplifier/Voltage Comparator ........ General Purpose Linear Devices
LM2925 Low Dropout Regulator with DelayedReset .................. General Purpose Linear Devices
LM2930 3-Terminal Positive Regulator ....................cooun.. General Purpose Linear Devices
LM2931 Series Low Drop-Out Regulators............................ General Purpose Linear Devices
LM2935 Low Dropout Dual Regulator ............. ... ... ... .. .. General Purpose Linear Devices
LM2936 Ultra-Low Quiescent Current 5V Regulator . .................. General Purpose Linear Devices
LM2940 1A Low DropoutRegulator................oooiiiiiiians. General Purpose Linear Devices
LM2940C 1A Low Dropout Regulator ..., General Purpose Linear Devices
LM2941 1A Low Dropout Adjustable Regulator . ...................... General Purpose Linear Devices
LM2941C 1A Low Dropout Adjustable Regulator ..................... General Purpose Linear Devices
LM2984C Microprocessor Power Supply System ..................... General Purpose Linear Devices
LMB045 Transistor Array . . ... vov e e i Special Purpose Linear Devices
LM3046 TransSisStor ArTay . . .« ..ottt e Special Purpose Linear Devices
LM3080 Operational Transconductance Amplifier .................... General Purpose Linear Devices
LM3086 Transistor Array . . ....oovvitiet e Special Purpose Linear Devices
LM3089 FM Receiver IF System ..........coviiriiiiieaineanannns Special Purpose Linear Devices
LM3146 High Voltage Transistor Array . .. ......coooiii it Special Purpose Linear Devices
LM318I FMIF System ...ttt e Special Purpose Linear Devices
LM3301 Quad Amplifier ... .o e General Purpose Linear Devices
LM3302 Low Power Low Offset Voltage Quad Comparator............. General Purpose Linear Devices
LLM3303 Quad Operational Amplifier ............. ... ... ... ... General Purpose Linear Devices
LM3361A Low Voltage/Power Narrow Band FM IF System . ............ Special Purpose Linear Devices
LM3401 Quad Amplifier .. ... e General Purpose Linear Devices
LM3403 Quad Operational Amplifier ................ ... i General Purpose Linear Devices
LM3503 Quad Operational Amplifier .................. ..., General Purpose Linear Devices
LM3524D Regulating Pulse Width Modulator......................... General Purpose Linear Devices
LM3525A Pulse Width Modulator . .............. ... ...t General Purpose Linear Devices
LM3527A Pulse Width Modulator . .............. ... ..ot General Purpose Linear Devices
LM3578A SwitchingRegulator ............. ... ... o .ol General Purpose Linear Devices
LM3820 AM Radio System ... Special Purpose Linear Devices
LM3900 Quad Amplifier . ..o General Purpose Linear Devices
LM3905 Precision TImer . .. ...t Special Purpose Linear Devices
LM3909 LED Flasher/Oscillator ..., Special Purpose Linear Devices
LM3914 Dot/Bar Display Driver . .. ... Special Purpose Linear Devices
LM3915 Dot/Bar Display Driver . .. ... Special Purpose Linear Devices
LM3916 Dot/Bar Display Driver . .. ... eiiiiiieaanns Special Purpose Linear Devices
LM4136 Quad Operational Amplifier ............. ... General Purpose Linear Devices
LM4250 Programmable Operational Amplifier ..................... ... General Purpose Linear Devices
LM4500A High Fidelity FM Stereo Demodulator withBlend ............. Special Purpose Linear Devices
LM6118 Fast Settling Dual Operational Amplifier ..................... General Purpose Linear Devices
LM6121 High Speed Buffer ............ ... ... o i General Purpose Linear Devices
LM6125 High Speed Buffer . ...« General Purpose Linear Devices
LM6161 High Speed Operational Amplifier........................... General Purpose Linear Devices
LM&164 High Speed Operational Amplifier........................... General Purpose Linear Devices
LM6165 High Speed Operational Amplifier........................ ... General Purpose Linear Devices
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Additional Available Linear Devices

Additional Available Linear Devices (Continued)

Device Databook
LM6218 Fast Settling Dual Operational Amplifier ..................... General Purpose Linear Devices
LM6221 High Speed Buffer ........ ... General Purpose Linear Devices
LM6225 High Speed Buffer ..., General Purpose Linear Devices
LM6261 High Speed Operational Amplifier. .......................... General Purpose Linear Devices
LM6264 High Speed Operational Amplifier..................oooiii.. General Purpose Linear Devices
LM6265 High Speed Operational Amplifier........................... General Purpose Linear Devices
LM6313 High Speed, High Power Operational Amplifier ............... General Purpose Linear Devices
LM6321 High SpeedBuffer ............ ...t General Purpose Linear Devices
LM6325 High Speed Buffer ......... ... General Purpose Linear Devices
LM6361 High Speed Operational Amplifier........................... General Purpose Linear Devices
LM6364 High Speed Operational Amplifier........................... General Purpose Linear Devices
LM6365 High Speed Operational Amplifier........................... General Purpose Linear Devices
LM7800 Series Voltage Regulators .............c...coiiiiiiiin.t. General Purpose Linear Devices
LM7900 Series 3-Terminal Negative Regulators ...................... General Purpose Linear Devices
LM13080 Programmable Power Operational Amplifier ................. General Purpose Linear Devices
LM13600 Dual Operational Transconductance Amplifier with

Linearizing Diodesand Buffers ............... ... ... ... i L General Purpose Linear Devices
LM13700 Dual Operational Transconductance Amplifier with

Linearizing DiodesandBuffers .................. ... ool General Purpose Linear Devices
LM18293 Four Channel Push PullDriver ............. ... oot Special Purpose Linear Devices
LM77000 Power Operational Amplifier .............ccoiiiiiiiiiin... General Purpose Linear Devices
LMC555 CMOS TimMer . . ottt ettt aaee e Special Purpose Linear Devices
LMC567 Low Power Tone Decoder ............cooeviiiiiiinnninnnnn,. Special Purpose Linear Devices
LMC568 Low Power Phase-Locked Loop ...............ccooiinni... Special Purpose Linear Devices
LMC660 CMOS Quad Operational Amplifier.......................... General Purpose Linear Devices
LMC662 CMOS Dual Operational Amplifier .......................... General Purpose Linear Devices
LMCBBO AULO ZEIO .o v et i ettt et e e General Purpose Linear Devices
LMCB835 Digital Controlled Graphic Equalizer ......................... Special Purpose Linear Devices
LMC7660 Switched Capacitor Voltage Converter ..................... General Purpose Linear Devices
LP124 Micropower Quad Operational Amplifier ... .................... General Purpose Linear Devices
LP265 Micropower Programmable Quad Comparator ................. General Purpose Linear Devices
LP311 Voltage Comparator ..ot General Purpose Linear Devices
LP324 Micropower Quad Operational Amplifier .. ..................... General Purpose Linear Devices
LP339 Ultra-Low Power Quad Comparator.............ooveeveeennn.. General Purpose Linear Devices
LP365 Micropower Programmable Quad Comparator ................. General Purpose Linear Devices
LP395 Ultra Reliable Power Transistor . . ............cooviiiiiin.. Special Purpose Linear Devices
LP2902 Micropower Quad Operational Amplifier...................... General Purpose Linear Devices
LP2950 5V Adjustable Micropower Voltage Regulator . ................ General Purpose Linear Devices
LP2951 Adjustable Micropower Voltage Regulator .................... General Purpose Linear Devices
LPC660 CMOS Quad Operational Amplifier .......................... General Purpose Linear Devices
LPC662 CMOS Dual Operational Amplifier........................... General Purpose Linear Devices
OP-07 Low Offset, Low Drift Operational Amplifier .................... General Purpose Linear Devices
TLO81CP Wide Bandwidth JFET Input Operational Amplifier ........... General Purpose Linear Devices
TLO82CP Wide Bandwidth Dual JFET Input Operational Amplifier ... .... General Purpose Linear Devices
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National
Semiconductor

CROSS REFERENCE BY PART NUMBER

A complete interchangeability list of Linear IC’s offered by most Integrated Circuit
Manufacturers are listed in this section and reference the nearest National Semi-
conductor Corp. direct replacement or recommended replacement with either an
improved or functional replacement. The following notations are appended to as-
sist you in finding the best option.

No referencenote ...... “DIRECT REPLACEMENT”

Note (1) ....coovvvnn.n. “IMPROVED REPLACEMENT” Pin-
for-Pin replacement with “SUPERI-
OR?” Electrical Specifications.

Note(2) ............... “FUNCTIONAL REPLACEMENT”
Similar device. Consult datasheet to
determine the suitability for specific
application.

Note(3) .........oeeut “SIMILAR DEVICE” with superior
performance. Consult datasheet to
determine suitability of the replace-
ment for specific application.

ANALOG AD673 ADC0841 2 ADDAC-08
DEVICES NATIONAL AD741 LM741 ADDACS80
AD0042 LH0042 2 AD7502 LF13509 @ ADDACS85
AD101A LM101A (1) AD7516 CD4066B @ ADLH0032
AD201A LM210A (1) AD7523 DAC0830 2 ADLH0033
AD301A LM301A (1) AD7523 DAC0831 @ ADOPO07
AD3542 LH0042 @ AD7523 DAC0832 @

AD5035 LH0042 @ AD7524 DAC0830 @ APEX
AD506 LH0022 @ AD7524 DAC0831 7)) PAO1
AD509 LH0003 2 AD7524 DAC0832 2 PAO1
AD521 LH0036 @ AD7533 DAC1020 PAO7
AD521 LM363 () AD7533 DAC1021 PA010
AD524 LH0038 ® AD7533 DAC1022 PA010
AD537 LM331 @) AD7541 DAC1218 ) PAO11
AD562 DAC1266 3 AD7541 DAC1219 1) PA51
AD563 DAC1265 @) AD7541A DAC1218 2 PA73
AD565A DAC1265 AD7541A DAC1219 )

AD566A DAC1266 AD7542 DAC1208 2) BURR-BROWN
AD567 DAC1230 @) AD7542 DAC1209 ) 3507
AD573 ADC1005 2 AD7542 DAC1210 2 3533
AD581 LH0070 (1) AD7545 DAC1208 ) 3542
AD581 LM581 AD7545 DAC1209 [P) 3550
AD582 LF398 @ AD7545 DAC1210 @ 3551
AD583 LF198 3) AD7548 DAC1230 7)) 3553
AD588 LM369 @ AD7548 DAC1231 @ 3554
AD589M LM385 1) AD7548 DAC1232 ) 3571
AD589U LM185 (1) AD7552 ADC1220 @ 3572
AD590 LM134 @ AD7552 ADC1225 7)) 3573
AD590 LM135 @ AD7571 ADC1005 ®@ 3626
AD590 LM34 (3) AD7571 ADC1025 ®@ 3629
AD590 LM35 ) AD7575 ADC0820 P) 3606A6
AD611J LF411C (1) AD7576 ADC0820 @ 3606A6
AD611K LF411AC (1) AD7578 ADC1205 2 HOS-100
AD614 LH0086 7)) AD7578 ADC1225 2 INA102
AD624 LH0038 @ AD7820 ADC0820 SHC298A
AD650 LM331 ©@ ADDAC-08 DAC0800 SHC80
ADB51 LM331 ) ADDAC-08 DACO0801 SHCB85
AD654 LM331 @

DAC0802
DAC1280+
DAC2180+
LH0032
LH0033
LMe607

NATIONAL
LHO101
LM12
LM12
LHO101
LM12
LM12
LM12
LM12

NATIONAL
LM6361
LH0033
LH0042
LM6361
LM6361
LH0063
LH0032
LM675
LH0021
LM675
LH0036
LH0038
LHOo084
LH0086
LH0033
LH0038
LF398A
LF398
LF398

(1)
()]
(2)
2
M

(2)
]
(2)
]
]
]
2
()

]
(2
)
(2
()
(2
(2
(2)
(2)
2
(2)
]
2
2
(2
(3
M
(2
@
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Cross Reference by Part Number

CTsS
CTS0002
CTS0004
CTS0021
CTS0024
CTS0032
CTS0033
CTS0041
CTS0042
CTS2101A
CTs2111

ELANTEC
EHA2500
EHA2502
EHA2505
EHA2510
EHA2512
EHA2515
EHA2520
EHA2522
EHA2525
EHA2600
EHA2602
EHA2605
EHA2620
EHA2622
EHA2625
EL2006
EL2006C
ELH0002
ELHO0021
ELH0032
ELH0033
ELH0041
ELHO101

EXAR
XR-1001
XR-1002
XR084
XR084M
XR1458
XR146
XR246
XR346

HARRIS (Incl.
GE/RCA/
INTERSIL)
AD7520
AD7520
AD7521
AD7521
AD7521
AD7530
AD7530
AD7530
AD7531
AD7531
AD7531
AD7533
AD7533
AD7533
AD7541
AD7541
ADCO0801
ADC0802
ADC0803
ADC0804
CA081

NATIONAL
LHO002
LH0004
LHO021
LH0024
LH0032
LH0033
LH0041
LHO0042
LH2101A
LH2111

NATIONAL
LM6161
LM6161
LM6361
LM6161
LM6161
LM6361
LM6164
LM6164
LM6364
LM6161
LM6161
LM6361
LM6164
LM6164
LM6364
LM6161
LM6261
LH0002
LHO021
LH0032
LH0033
LHO041
LHO101

NATIONAL
MF4G-100
MF4G-50
LF347
LF147
LM1458
LF146
LF246
LF346

NATIONAL
DAC1021
DAC1022
DAC1220
DAC1221
DAC1222
DAC1020
DAC1021
DAC1022
DAC1220
DAC1221
DAC1222
DAC1020
DAC1021
DAC1022
DAC1218
DAC1219
ADC0801
ADC0802
ADC0803
ADCO0804
LF411M

(2)
]
(2)
(2)
(2)

(@

()
()
(2
]
(2)
()
]
]
(2)
()
]
M
1
(1
(1)
(1)
M

(1)
m
(1)
M
(1)
M
(1
M

3
®)
(©)

@

CAO81A
CA081B
CA081C
CA082
CAO082A
CA082B
CA082C
CA084
CA084B
CA084C
CA124
CA139
CA139A
CA1458
CA1558
CA158
CA158A
CA224
CA239
CA239A
CA258
CA258A
CA301A
CA307
CA3105
CA311
CA324
CA3290
CA339
CA339A
CA3401
CA358
CA358A
CA741
CA747
CA748
DG201
DG211
DG212
HA-OPO7
HA2400
HA2404
HA2405
HA2406
HA2500
HA2502
HA2505
HA2510
HA2512
HA2515
HA2520
HA2520
HA2522
HA2522
HA2525
HA2525
HA2530
HA2535
HA2540
HA2541-2
HA2541-5
HA2542
HA2542-2
HA2542-5
HA2600
HA2602
HA2605
HA2620
HA2622
HA2625
HA2640

LF411C
LF411C
TLO81C
LF412M
LF412C
LF412C
TLO82C
LF147
LF347B
LF347
LM124
LM139
LM139A
LM1458
LM1558
LM158
LM158A
LM224
LM239
LM239A
LM258
LM258A
LM301A
LM307
LM675
LM311
LM324
LM393
LM339
LM339A
LM3401
LM358
LM358A
LM741
LM747
LM748
LF11201
LF13201
LF13202
LM607
LM604AM
LM604AM
LM604C
LM604C
LM6161
LM6161
LM6361
LM6161
LM6161
LM6361
LHO003
LM6164
LHO0003
LM6164
LH0003
LH6364
LH0024
LH0024
LH0032
LM6161
LM6361
LH0032
LM6164
LM6164
LM6161
LM6161
LM6361
LM6164
LMé164
LM6364
LH0004

()
(2)
(2
(2)
2
(@)
]
@
(2)
(2)
M
M
(1)
M
m
(1)
M
m
4]
(1
M
M
M
m
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M
m
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m
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m
m
m
M
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2
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(2
2
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(2)
(2
()
2
]
()
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HA5033
HA5162
HA5180
HF-10
HI-201
HI-300
ICH8530
ICL7114
ICL7114
ICL7660
ICL8069
ICLB069
IH5009
IH5010
1H5011
IH5012
1H6108
IH6208
LM741
nA748

HEWLETT-
PACKARD
HCTL-100

HITACHI
HA13421A
HA17082
HA17082A
HA17084
HA17084A
HA17094
HA17301
HA17324
HA17339
HA17358
HA17393
HA17458
HA17741
HA17747
HA17901
HA17902
HA17903

LINEAR
TECHNOLOGY
AD581
AD581
LM1009M
LM129
LM134
LM185
LM199
LM234
LM329
LM334
LM385
LM399
LT1001
LT1004C
LT1004M
LT1009C
LT1019C
LT1019M
LT1020
LT1021C
LT1021M
LT1029C
LT1029M
LT1031
LT117A

LH0033
LHO0062
LH0052
MF10
LF13201
AH5020
LHO101
ADC1205
ADC1225
LMC7660
LM313
LM385-1.2
AH5009
AH5010
AH5011
AH5012
LF13508
LF13509
LM741
LM748

NATIONAL
LMe628

NATIONAL
LM18293
LF353
LF412
LF347
LF347B
LM2904
LM3301
LM324
LM339
LM358
LM393
LM1458
LM741
LM747
LM2901
LM2g02
LM2903

NATIONAL
LH0070
LM581
LM136-2.5
LM129
LM134
LM185
LM199
LM234
LM329
LM334
LM385
LM399
LM607A
LM385
LM185
LM336-2.5
LM368
LM168
LP2951
LM369
LM169
LM336-5.0
LM136-5.0
LH0070
LM117A

(1)
(2)
(@)

(2
(2
@
]
0]

(©)

(3)
(1)
M
(1)
(1
(M
)
(1)
(1)
Q)
M
(1)
(1)
)
M
(1
m

M

(2)
(2)
(3)
M
@)
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LT123A
LT138A
LT150A
LT317A
LT323A
LT338A
LT350A
REF-01
REF-01
SG1524
SG1525A
SG1527A
SG3524
SG3525A
SG3527A

LSl
COMPUTER
LS7261
LS7263

MICRA

MC0002
MC0003
MC0004
MC0032
MC0033
MC0041
MCO0063

MICRO POWER
MP108
MP108A
MP155
MP155A
MP156
MP156A
MP157
MP157A
MP208
MP20CA
MP21G2A
MP308
MP308A
MP355A
MP356A
MP357A
MP5010G
MP5010G
MP5010H
MP5010H
MP5010L
MP5010L
MPOPO7

MOTOROLA
AD562A
AD563A
DAC-08
DAC-08
DAC-08
LM109H
LM109K
LM117K
LM123K
LM137K
LM150K
LM2931
LM309K
LM317K

LM123A
LM138A
LM150A
LM317A
LM323A
LM338A
LM350A
LM168
LM368
LM1524D
LM1525A
LM1527A
LM3524D
LM3525A
LM3527A

NATIONAL
LM621
LM621

NATIONAL
LH0002
LH0003
LH0004
LH0032
LH0033
LH0041
LH0063

NATIONAL
LM108
LM108A
LF155
LF155A
LF156
LF156A
LF157
LF157A
LM208
LM208A
LH2108A
LM308
LM308A
LF355A
LF356A
LF357A
LM185
LM385
LM185
LM385
LM185
LM385
LM607

NATIONAL
DAC1266
DAC1265
DAC0800
DAC0801
DAC0802
LM109H
LM109K STEEL
LM117K STEEL
LM123K STEEL
LM137K STEEL
LM150K STEEL
LM2931
LM309K STEEL
LM317K STEEL

M
M
1
(2
(2
(1)
()
2

@3)
®

1

()
()

LM323K
LM337K
LM350K
MC1408
MC1408
MC1408
MC1414
LM1436
MC14442
MC14444
MC145040
MC145041
MC1458
MC1496
MC1508
MC1514
MC1536
MC1558
MC1596
MC1709
MC1710
MC1723
MC1723C
MC1741
MC1747
MC1748
MC3301
MC3302
MC3361
MC34001
MC34001A
MC34001B
MC34002
MC34002A
MC34002B
MC34004
MC34004
MC34004B
MC34004B
MC3401
MC3410
MC3412
MC35001
MC35001A
MC35001B
MC35002
MC35002A
MC35002B
MC3510
MC4741
MC78LXXACG
MC78LXXACP
MC78LXXCG
MC78LXXCP
MC78MXXCT
MC78MXXCT
MC78MXXCT
MC78XXACT
MC78XXCK
MC78XXCT
MC79LXXACG
MC79LXXACP
MC79LXXCP
MC79LXXCP
MC79MXXAKC
MC79XXACT
MC79XXAKC
MC79XXCK
MC79XXCK
MC79XXCT

LM323K STEEL
LM337K STEEL
LM350K STEEL
DACO0806
DAC0807
DAC0808
LM1414
LM343
ADC0829
ADC0830
ADCO0811
ADC0811
LM1458
LM1496
DACO0808
LM1514
LM143
LM1558
LM1596
LM709
LM710
LM723
LM723C
LM741
LM747
LM748
LM3301
LM3302
LM3361A
LF351
LF411C
LF411C
LF353
LF412A
LF412C
LF147

LF347

LF147
LF347B
LM3401
DAC1020
DAC1265
LF411M
LF411M
LF411M
LF412M
LF412AM
LF412M
DAC1020
LM348
LM78LXXACH
LM78LXXACZ
LM78LXXCH
LM78LXXSACZ
LM341P-XX
LM342P-XX
LM78MXXCT
LM340AT-XX
LM78XXCK
LM78XXCT
LM320H-XX
LM320LZ-XX
LM79LXXCZ
LM79LXXCZ
LM320MP-XX
LM320T-XX
LM320K-XX
LM320K-XX
LM79XXCK
LM79XXCT

M
()
()
@)

M

M
M
M
M
(1
1
1
m
M
M
M
M

]
1
(1)
(1)
(1

(1)
@

PRECISION
MONOLITHIC
INC.
ADC-910
ADC-910
AMP-01
BUF-03
DAC-02
DAC-02
DAC-02
DAC-03
DAC-03
DAC-03
DAC-05
DAC-05
DAC-05
DAC-08
DAC-08
DAC-08
DAC-100
DAC-100
DAC-100
DAC-1408
DAC-1408
DAC-1408
DAC-312
DAC-8012
DAC-8012
DAC-8012
DAC-888
DAC-888
DAC-888
MUX-08E
MUX-24E
OP-05
OP-07
OP-15
OP-215
OP-77
PM-108
PM-108A
PM-139
PM-139A
PM-155
PM-155A
PM-156
PM-156A
PM-157
PM-157A
PM-208
PM-208A
PM-2108A
PM-308
PM-308A
PM-339A
PM-355
PM-355A
PM-356
PM-357
PM-357A
PM-725
PM-741
PM-747
PM-7533
PM-7533
PM-7533
PM-7541
PM-7541
PM356A
PM420

NATIONAL
ADC1005
ADC1025
LH0038
LH0033
DAC1020
DAC1021
DAC1022
DAC1020
DAC1021
DAC1022
DAC1020
DAC1021
DAC1022
DAC0800
DAC0801
DAC0802
DAC1020
DAC1021
DAC1022
DAC0806
DAC0807
DAC0808
DAC1266
DAC1208
DAC1209
DAC1210
DAC-0830
DAC0831
DAC0832
LF13508
LF13509
LM607
LMe07
LF411
LF412
LMe07
LM108
LM108A
LM139
LM139A
LF155
LF155A
LF156
LF156A
LF157
LF157A
LM208
LM208A
LH2108A
LM308
LM308A
LM339A
LF355
LF355A
LF356
LF357
LF357A
LM725
LM741
LM747
DAC1020
DAC1021
DAC1022
DAC1218
DAC1219
LF356A
LM124

(2)
(2
()
m
()
(2)
()
(2)
(2)
(2
(2)
(2)
]

(2
(2
(2
()
(2)
@

()

(2
()
()

(2)
m
(1
M
m

(1)
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Cross Reference by Part Number

REF-01CJ
REF-02
REF-43
REF-01
SW-06B
SW-06F
SW-06G
SW-201B
SW-201F
SW-201G
SW-202B
SW-202F
SW-202G

RAYTHEON
LP365
RC1458
RC1558
RC714
RC741
RC747
REF-01
REF-01T
REF-02
REF-03

SAMSUNG
KA3524
KA431
KA78S40
LM741
MC78LXX
MC78MXX
MC78XX
MC79MXX
MC79XX

SGS-
THOMSON
L123CB
L293
L4940
L4941
L4960
L4962
L78MXXCV
L78S05CV
L78XXACV
L78XXCT
L78XXCV
L790XXACV
L79XXCT
L79XXCV
LF198
LF298
LF398
LM105H
LM109K
LM117H
LM117K
LM117K
LM123K
LM134
LM135
LM137H
LM137K
LM138K
LM234
LM235
LM2930A
LM2931A

LM368-1.0 (1)
LM368-5.0 3)
LM368-2.5 (1)
LM369 (1)
LF11333
LF13333
LF13333
LF11201
LF13201
LF13201
LF11202
LF13202
LF13202

NATIONAL

LP365

LM1458

LM1558

LM607 ™
LM741

LM747

LM369 )
LM368 (1)
LM368-5.0 ®3)
LM368-5.0 ()

NATIONAL
LM3524D
LM431
LM78S40
LM741
LM78LXX
LM78MXX
LM78XX
LM79MXX
LM79XX

NATIONAL
LM723CN )
LM18293
LM2940T-50  (2)
LM2940T-50  (2)
LM2579 )
LM2579 @
LM341PXX  (2)
LM323K-5.0 (1)

LM340AT-XX
LM78XXCK
LM78XXCT
LM320T-XX
LM79XXCK
LM79XXCT
LF198A It
LF298

LF398A ™
LM105H ™)
LM109K STEEL (1)
LM117H %)
LF117K ™)

LF117K STEEL (1)
LF123K STEEL (1)
LM134

LM135

LM137H ™)
LM137K STEEL (1)
LM138K STEEL (1)
LM234

LM235
LM2930T-5.0 (1)
LM2931AT-5.0

LM2935
LM305H
LM309H
LM309K
LM317H
LM317K
LM317K
LM317T
LM323K
LM334
LM335
LM335A
LM337H
LM337K
LM338K
LM748
LM7805MK
SG1524
SG1525A
SG1527A
SG2524
SG3524
SG3525A
SG3527A
TBC0136
TCA3089
TDA2310
pA741
pA748
uA7805CK
pA7812CK
pA7812MK
RA7815CK
pA7815MK
pA7905CK
wA7905MK
pA7912CK
pA7912MK
nA7915CK
uA7915MK

SIEMENS
TCA365

SIGNETICS
78LXXACS
78LXXADB
78LXXCDB
78LXXCS
78XXCU
78XXDA
79XXCU
79XXDA
ADC0801
ADC0802
ADCO0803
ADCO0804
ADCO0805
DAC-08
DAC-08
DAC-08
LF198
LF298
LF398
LM109DB
LM3089DA
LM309DB
LM340XXDA
LM340XXLL
MC1408
MC1408
MC1408

LM2935

LM305H ™)
LM309H )
LM309K STEEL (1)
LM317H 1)
LM317K )
LM317K STEEL (1)
LM317T M)

LM323K STEEL (1)
LM334

LM335

LM335A

LM337H 1)
LM337K STEEL (1)
LM338K STEEL (1)
LM748

LM140K-5.0 (1)

LM1524D (1)
LM1525A 1)
LM1527A (1)
LM2524D 1)
LM3524D (1)
LM3525A (1)
LM3527A (1)
LM336

LM3089

LM381

LM741

LM748

LM7805KC 1)
LM7812KC 1)
LM140K-12 (1)
LM7815KC (1)
LM140K-15 (1)
LM7905KC 1)
LM120K-5.0 (1)
LM7912KC (1)
LM120K-12 (1)
LM7915KC (1)
LM120K-15 (1)

NATIONAL
LHO101 (1)

NATIONAL

LM78LXXACZ (1)

LM78XXACH (1)

LM78LXXCH (1)

LM78LXXACZ (1)

LM78XXCT (1)

LM78XXCK (1)

LM79XXCT (1)

LM79XXCK (1)

ADCO0801

ADCO0802

ADC0803

ADC0804

ADCO0805

DAC0800

DAC0801

DAC0802

LF198

LF298

LF398

LM109H (1)

LM309K 1)

LM309H (1)
* LM340KXX

LM340T-XX

DAC0806

DAC0807

DACO0808

MC1496N
MC1508
MC1596K
NE4558
NE4558D
NE4558N
NE5034
NE5118
NE529
NE532
NE5410
NE5532
NE5532N
NE5532P
NE555N
SA532
SA534
SE5118
SE529
SE532
SE5410
SE567
pAT723CF
pA723CL
pA723CN
pA723F
pA723L
pA741
pA747

SILICON
GENERAL
SG101
SG101A
SG104
SG105
SG107
SG109
SG117
SG1173
SG117A
SG117MV
SG120-XX
SG123
SG123A
SG124
SG137
SG138
SG138A
SG140-XX
SG1436
SG150
SG150A
SG1524
SG1524B
SG1525A
SG1527A
SG1536
SG201
SG201A
SG204
SG205
SG207
SG224
SG2524
§G2524B
SG301A
SG304
SG305
SG307
SG309
SG317

LM1496N
DACO0808
LM1596H
LM833
LM833CM
LM833CN
ADCO0841
DAC0830
LM361
LM358
DAC1020
LM833
LM833CN
LM833CN
LM555CN
LM2904
LM2902
DAC0830
LM161
LM158
DAC1020
LM567
LM723CJ
LM723CH
LM723CN
LM723J
LM723H
LM741
LM747

NATIONAL
LM101A
LM101A
LM104
LM105
LM107
LM109
LM117
LM675
LM117A
LM117HV
LM120-XX
LM123
LM123A
LM124
LM137
LM138
LM138A
LM140-XX
LM343
LM150
LM150A
LM1524D
LM1524D
LM1525A
LM1527A
LM143
LM201A
LM201A
LM204
LM205
LM207
LM224
LM2524D
LM2524D
LM301A
LM304
LM305
LM307
LM309
LM317

()
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@
@
(2
)
(1)
@)

]
@

M
(1)
(2
M
(1
]
(2)
M
M
(1)
m
M

()
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(1)
(1

M
(1)
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SG3173
SG317A
SG317MV
SG320-XX
SG323
SG323A
SG324
SG337
SG338
SG338A
SG340-XX
SG350
SG350A
SG3524
SG3524B
SG3525A
SG3527A
SG723
SG723C
SG741
SG78XX
SG78XXA
SG78XXAC
SG78XXC
SG79XX
SG79XXA
SG79XXAC
SG79XXC

SILICONIX
DG201
DG202
DG211
DG212
DG508
DG509

SPRAGUE
SG3525A
SG3527A
UDN2993B

TELEDYNE
TP0032
TP0033

TEXAS
INSTRUMENTS
ADC0801
ADCO0802
ADCO0803
ADC0804
ADCO0805
ADC0808
ADC0809
ADC0831
ADCO0832

LM675
LM317A
LM317HV
LM320-XX
LM323
LM323A
LM324
LM337
LM338
LM338A
LM340-XX
LM350
LM350A
LM3524D
LM3524D
LM3525A
LM3527A
LM723
LM723C
LM741
LM140-XX
LM140A-XX
LM340A-XX
LM78XXC
LM120-XX
LM120-XX
LM320-XX
LM79XXC

NATIONAL
LF13201
LF13202
LF13201
LF13202
LF13508
LF13509

NATIONAL
LM3525A
LM3527A
LM18293

NATIONAL
LH0032
LH0033

NATIONAL
ADC0801
ADC0802
ADC0803
ADC0804
ADC0805
ADCO0808
ADC0809
ADC0831
ADCO0832

)

(1)

(1)
(1)

()
@

(2)
()

(©)

ADC0834
ADC0838
LM317KC
RC4558
RC4588D
RV4558D
TLO71
TLO71A
TLO71B
TLO72
TLO72A
TLO72B
TLO74
TLO74A
TLO81
TLO81A
TLO81B
TLO82
TLO82A
TLO82B
TLO84
TLO84A
TLO87
TLO88
TL288
TL487N
TL489N
TL490N
TL491N
TL520
TL521
TL522
TL530
TL531
TL532
TLC532A
TL533
TLC533A
TLC274AC
TLC274Al
TLC274AM
TLC274BC
TLC274BI
TLC274BM
TLC274C
TLC2741
TLC274M
TLC540
TLC541
TLC549
TLO61
TLO61A
TLO61B
TLO62
TLOB62A
TLO62B
TLO64

ADCO0834
ADC0838
LM317T
LM833
LM833CM
LM833CM
LF351
LF411
LF411
LF353
LF412
LF412
LF347
LF3478B
TLO81
LF411
LF411
TLO82
LF412
LF412
LF347
LF347B
LF411A
LF411A
LF412A
LM3915N
LM3914N
LM3914N
LM3914N
ADC0848
ADCO0848
ADCO0848
ADCO0830B
ADC0830C
ADC0829B
ADC0829B
ADC0829C
ADCO0829C
LMC660AI
LMC660AI
LMC660AM
LMC660AI
LMC660AI
LMC660AM
LMC660C
LMC660AIl
LMC660AM
ADCO0811
ADCO0811
ADCO0831
LF441
LF441
LF441A
LF442
LF442A
LF442
LF444

(1)

M
m
M
M
M
M
(1)
(1
(1
(1)
(1
(1
(1
(1)
(1)
(1)
(1)
(1)
(1)
(2)
(2)
]
(2
]

()

()

(2)
(2
]
(2
(2
(2
()
(2)
()
]
@)

]
(1)
(1
(1
(1)
(1
(1
M

TLO64A
wA709
nA723CJ
wA723CN
RA723MJ
rA733CN
pA741

nA747
rA78LXXACL
rA78MXXCKD
RA78XXCKC
prA79MXXCKD
1A7IXXCKC

TOSHIBA
TA7504
TA75339
TA75358
TA75393
TA75902

UNITRODE
L293
uci117
uc137
UC150
UC1524
UC1524A
UC1525A
UC1527A
uC2524
UC2524A
UC317
UC337
UC350
UC3524
UC3524A
UC3525A
UC3527A
UC494
UC78XXACK
UC78XXAK
UC78XXCK
UC78XXCK
UC78XXK
UC79XXACK
UC79XXAK
UC79XXCK
UC79XXK

LF444A
LM709
LM723CJ
LM723CN
LM723J
LM733CN
LM741
LM747
LM78LXXACZ
LM78MXXCP
LM78XXCT
LM79MXXCP
LM79XXCT

NATIONAL
LM741
LM2901
LM2904
LM2903
LM2902

NATIONAL
LM18293
LM117
LM137
LM150
LM1524D
LM1524D
LM1525A
LM1527A
LM2524D
LM2524D
LM317
LM337
LM350
LM3524D
LM3524D
LM3525A
LM3527A
LM494
LM340AK-XX
LM140AK-XX
LM340K-XX
LM78XXCK
LM140K-XX
LM320K-XX
LM120K-XX
LM79XXCK
LM120K-XX

(1)

(1
M
1
(1)

(1)
@

m
@

(1)
@

(2)
()
()

()
()

(1)
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Industry Package Cross-Reference Guide

Industry Package Cross-Reference Guide

NSC r:?: Signetics | Motorola | Ti RCA | Hitachi | NEC | LTC
E::i 4/16 Lead
W Glass/Metal DIP b D : L b ¢ D+ D
Glass/Metal F,
m Flat Pack F F Q F S K F Q
K, S*,
— TO-99, TO-100, TO-5 H H L G L Vis* A H
DB
8-, 14-and 16-Lead R J
TOUOUOT Low Temperature J ‘ F U J ;
W Ceramic DIP D G b J8
% (Steel)
K KS K
- TO-3
Z D KC K DA K K
° (Aluminum)
]
8-, 14- and 16-Lead T Vv, P N
m Plastic DIP N P g P N E P C N8

*With dual-in-line formed leads
**With radically formed leads

XXX




NSC ':»S: Signetics | Motorola | TI | RCA | Hitachi | NEC | LTC
O
TO-202
’ (D-40, Durawatt) P KD
Yok
TO-220
3- & 5-Lead T U U KC T H T
TO-220 T
11-, 15- & 23-Lead
Low Temperature
Glass Hermetic w F F w
Flat Pack
TO-92
[]l]l] (Plastic) zZ | w s P LP H | z
HAAARAAA
HHHHHHH
(Narrow Body) | M S D D D M MP G S
(Wide Body) WM DW
°

apIny adualajay-sso.l) abeyoed Assnpuj



Industry Package Cross-Reference Guide

NSC

(HAHAHRAN

NSC LA Signetics | Motorola TI RCA | Hitachi | NEC | LTC
PCC \" Q A FN FN Q CP L
Lcc FK/
Leadless Ceramic E L1 G U BJ CG K
: . FG/FH
Chip Carrier
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National
Semiconductor

Active Filters
Definition of Terms

foLk: the switched capacitor filter external clock frequency.

fo: center of frequency of the second order function com-
plex pole pair. f, is measured at the bandpass output of
each %, MF10, and it is the frequency of the bandpass peak
occurrence.

Q: quality factor of the 2nd order function complex pole pair.
Q s also measured at the bandpass output of each 1, MF10
and it is the ratio of f, over the —3 dB bandwidth of the 2nd
order bandpass filter. The value of Q is not measured at the
lowpass or highpass outputs of the filter, but its value re-
lates to the possible amplitude peaking at the above out-
puts.

Hogp: the gain in (V/V) of the bandpass output at f = f,

Hopp: the gain in (V/V) of the lowpass output of each 1,
MF10 at f — 0 Hz.

Honp: the gain in (V/V) of the highpass output of each 1,
MF10 as f — fg /2.

Qz: the quality factor of the 2nd order function complex zero
pair, if any. (Qz is a parameter used when an allpass output
is sought and unlike Q it cannot be directly measured).

fz: the center frequency of the 2nd order function complex
zero pair, if any. If fz is different from f,, and if the Qz is
quite high it can be observed as a notch frequency at the
allpass output.

fnotch: the notch frequency observed at the notch output(s)
of the MF10.

Hon,: the notch output gain as f — 0 Hz.
Hon,: the notch output gain as f —> fcik/2.

SWJa] JO uonueg—sIal|id OARIY




Active Filter Selection Guide

National
Semiconductor

Active Filter Selection Guide

" Max Max Freq Freq Typ.Q Max
Device # Type Function Order Accuracy Range Accuracy FxQ
AF100 Universal Universal 2nd +1.0% 0.1-10 kHz +7.5% 50 kHz
AF150 m‘?;br::f Universal 2nd £1.0% | 0.1-100kHz +7.5% 200 kHz

Dual .

AF151 Universal Universal 4th +1.0% 0.1-10 kHz +7.5% 50 kHz
MF10 (S, T) Universal Universal 4th +0.6% 0.1-30 kHz +2% 200 kHz
MF8 (T) Bandpass gﬂﬁﬁﬁm 4th +1.0% 0.1-20 kHz +2% 5MHz
MF86 (S, T) Lowpass Butterworth 6th +1.0% 0.1-20 kHz N/A N/A
MF5 (S) Universal Universal 2nd +1.0% 0.1-30 kHz +6% 200 kHz
MF4 (S) Lowpass Butterworth 4th +0.6% 0.1-20 kHz N/A N/A
LMF100 Universal Universal 4th +0.6% 0.1-40 kHz +2% 1.8 MHz
LMF90 Notch Elliptic 4th +1% 0.1-30 kHz N/A N/A
LMF120 ;’:;"f_’sigrammable Universal 12th £15% | 0.1-100kHz +2% 1 MHz

S Surface Mount Available

T Extended T

Availabl

1-4




National
Semiconductor

AF100 Universal Active Filter

General Description Features

The AF100 state variable active filter is a general second Military or commercial specifications

order lumped RC network. Only four external resistors pro- Independent Q, frequency, gain adjustments

gram the AF100 for specific second order functions. Low- Low sensitivity to external component variation
pass, highpass, and bandpass functions are available simul- Separate lowpass, highpass, bandpass outputs
taneously at separate outputs. Notch and allpass functions Inputs may be differential, inverting, or non-inverting

are avanlablel by summing t.h e outputs in the uncomm{tted Allpass and notch outputs may be formed using uncom-
output summing amplifier. Higher order systems are realized mitted amplifier

by cascading AF100 active filters with appropriate program-
ming resistors. Operates to 10 kHz
Q range to 500

Any of the classical filter configurations, such as Butter-
worth, Bessel, Cauer, and Chebyshev can be formed. Power supply range 15Vto .i 18v
Frequency accuracy +1% unadjusted

Q frequency product <50,000

00LdV

Connection Diagrams

Ceramic Dual-In-Line Package Plastic Dual-In-Line Package
NO NO BANDPASS AMP AP BANDPASS HIGHPASS
PN PIN INT1  OUTPUT =V OUTPUT =INPUT  GND INTt  OUTPUT OUTPUT  * * * INPUT  INPUT
he 15 14 13 |1z |n IIO 9 16 15 14 |13 ||z 11 10 9

ol i w

I
1000 pF [ lOOOpFl
100k ﬁ

AMA- 10k

| 7 |
-__D— 100k
10k 1

+
My 1000 pF I———‘
100k ) |p - 1000 pF

AAA P
VWV 1t

f 2 3 |4 5 3 7 8 1 2 3 n 5 6 7 B
INPUT  INPUT HIGHPASS  +V  LOWPASS AMP  INT2  NO =V AP AMP GND  AWP .  INT2  LOWPASS
OUTPUT OUTPUT  +INPUT PIN +INPUT  =INPUT OUTPUT OUTPUT
TL/K/10111-1 TL/K/10111-2
Top View *Note: Internally connected. Do not use.
Order Number AF100-1CJ or AF100-2CJ Top View
See NS Package Number HY13A Order Number AF100-1CN or AF100-2CN

See NS Package Number N16A

Metal Can Package

INT 1

Order Number AF100-1CJ, AF100-1G, AF100-2CG or
AF100-2G

INPUT2 See NS Package Number H12B

LOWPASS
OuTPUT INT2

TL/K/10111-3
Top View
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AF100

Absolute Maximum Ratings

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

Supply Voltage +18V
Power Dissipation 900 mW/Package

(500 mW/Amp)
Differential Input Voltage +36V
Output Short Circuit Duration (Note 1) Infinite
Lead Temperature (Soldering, 10 sec.) 300°C

Operating Temperature
AF100-1CJ, AF100-2CJ,
AF100-1CG, AF100-2CG,
AF100-1CN, AF100-2CN
AF100-1G, AF100-2G

Storage Temperature
AF100-1G, AF100-2G
AF100-1CG, AF100-2CG,
AF100-1CJ, AF100-2CJ,
AF100-1CN, AF100-2CN

Electrical Characteristics (Complete Active Filter) (Note 2)

—25°Cto +85°C
—55°Cto +125°C

—65°Cto +125°C

—25°Cto +100°C

Parameter Conditions Min Typ Max Units
Frequency Range fc X Q < 50,000 10k Hz
QRange fc X Q < 50,000 500 Hz/Hz
fo Accuracy

AF100-1, AF100-1C fc X Q < 10,000, Tp = 25°C +2.5 %
AF100-2, AF100-2C fc X Q < 10,000, Ty = 25°C +1.0
fo Temperature Coefficient +50 +150 ppm/°C
Q Accuracy fc X Q £ 10,000 Tp = 25°C +7.5 %
Q Temperature Coefficient +300 +750 ppm/°C
Power Supply Current Vg = =15V 25 4.5 mA
Electrical Characteristics (nternai Op Amp) (Note 3)
Parameter Conditions Min Typ Max Units
Input Offset Voltage Rs < 10kQ 1.0 6.0 mV
Input Offset Current 4 50 nA
Input Bias Current 30 200 nA
Input Resistance 25 MQ
Large Signal Voltage Gain \ijguzTik 10 25 160 v/mV
Output Voltage Swing Ry = 10kQ + v
RL = 2kQ +
Input Voltage Range +12 \"
Common Mode Rejection Ratio Rs < 10kQ 70 90 dB
Supply Voltage Rejection Ratio Rs < 10kQ 77 96 dB
Output Short Circuit Current 25 mA
Slew Rate (Unity Gain) 0.6 V/ps
Small Signal Bandwidth 1 MHz
Phase Margin 60 Degrees

Note 1: Any of the amplifiers can be shorted to ground indefinitely, however more than one should not be simultaneously shorted as the maximum junction

p e will be ded.

Note 2: Specifications apply for Vg = +15V, over —25°C to +85°C for the AF100-1C and AF100-2C and over —55°C to +125°C for the AF100-1 and AF100-2,

unless otherwise specified.
Note 3: Specifications apply for Vg = +£15V, Tp = 25°C.
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Application Information

LOWPASS  AMP IN=

HIGHPASS BANDPASS
Rl ok Rt EERCIE] SOCh
N20— M
10k
]
[ SV —— +——4
H 1000 pF 1000 pF
) p p p
;
)
)
1]
) —
1 100k = =
IN 10— AN~
brcocancae= P N L L

O AMPoyr

o
AMP IN#+
TL/K/10111-4

FIGURE 1. AF100 Schematic

CIRCUIT DESCRIPTION AND OPERATION

A schematic of the AF100 is shown in Figure 1. Amplifier A1
is a summing amplifier with inputs from integrator A2 to the
non-inverting input and integrator A3 to the inverting input.
Amplifier A4 is an uncommitted amplifier.

By adding external resistors the circuit can be used to gen-
erate the second order system

ags2 + ans + ay
s2 + bps + by
The denominator coefficients determine the complex pole
pair location and the quality of the poles where
wo = vby = the radian center frequency

T(s) =

Q= ? = the quality of the complex pole pair
2

If the output is taken from the output of A1, numerator coef-
ficients a1 and ap equal zero, and the transfer function be-
comes:

__ @

Ts) = @0 (highpass)
s2 + —65 + wg?

If the output is taken from the output of A2, numerator coef-
ficients a; and ag equal zero and the transfer function be-
comes:

If the output is taken from the output of A3, numerator coef-

ficients ag and ap equal zero and the transfer function be-

comes:

- a4

T(s) = wo (lowpass)
s2 + Qs + wg?

Using proper input and output connections the circuit can
also be used to generate the transfer functions for a notch
and allpass filter.

In the transfer function for a notch function ap becomes
zero, aq equals 1, and ag equals wz2. The transfer function
becomes:

_ s2 + wz2
T(s) = wo (notch)
s2 + —s + we?
Q
In the allpass transfer function a; = 1, ap = —wp/Q and
ag = wp2. The transfer function becomes:
s2 — _‘293 + wg2
T6) = ——— (allpass)
w0
s2 + —s + wg?
Qs o
COMMON CONFIGURATIONS

The specific transfer functions for some of the most useful

T(s) = S L N— (bandpass) circuit configurations using the AF100 are illustrated in Fig-
s2 + @s + wg? pas ures 2 through 8. Also included are the gain equations for
Q each transfer function in the frequency band of interest, the
Q equation, center frequency equation and the Q determin-
ing resistor equation.
100k
"A"v
10k RF1* 1000 pF RF 2% 1000 pF
o
At !
e||'| c*‘v‘v‘v +
Rin®
%= =
>
SRy
1 oey osp o¢
= HIGHPASS BANDPASS LOWPASS

*External components

TL/K/10111-5

FIGURE 2. Non-Inverting Input (Q > Qun, see Q Tuning Section)
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Applications Information (continued)
a) Non-inverting input (Figure 2) transfer equations are:
1.1

2] ——
P
Sh__L 10 RAJ (highpass)
€N A
s o 1.1
14+ A Rin
2 _ 1°_RQ (bandpass)
eIN A
1.1
Rin |, Ry
1+Et R—g
L7 w12 (lowpass)
eIN A
TS
"R ? Rre
where
A=s2+s — w1 +0.1 w02
RQ RN
L .
enls—o Rin . Rin
(‘ T R_o)
©h _ 11
eNls— o Rin , Rin
(‘ MET ﬁa)
(1 e, 25-)
S -_\ RQ PRn/
eNlw=0 Rin | Rin
° 1+ fmen)
wp = V0.1 w0z
) 1+ 108 + 1
a=|{—"Pn_RA) fo, (o2
1.1 w1
105
RA=71a 105

_119_ L2

\ /o.1 22 N
o1

100k

AAA

W -
RQ‘ 10k RF1* 1 0:}0 pF RF2¢ 1000 pF
A~ AN | |_‘
61n O~V :b‘
Rin*
100k = -
‘v‘v‘v
oey & % Qe
HIGHPASS BANDPASS LOWPASS
TL/K/10111-6

*External components
FIGURE 3. Non-Inverting Input
(Q < QmN, see Q Tuning Section)

b) Non-inverting input (Figure 3) transfer equations are:

104
11+ —
'*ra
2| ———
+ BN
eh 105
—_— —— highpass;
on 2 (highpass)
104
1.1+ —
o '+ 7
—s wy
14 D
&p 105
;l—'; e (bandpass)
104
+._
oo R
102
14 Dy
LT 109 (lowpass)
eN A P
® 100 ® 109
= o= —
RF4 “  Rr2
where
4
11+%
A =82+ swy 105 +0.1 w102
1+ —
Rin
104
11+ —
72 __MTRa
enls—o R|N)
. +—=
o 1+ 7
104
1.1+ —
&n -___Ra
eINls— o Rin
1+ -0
105
104
1+ —
&} - __ Pn
eINl o = wp Rin
+_
BT
wo = V0.1 w02
108
Q= AN 1/0.12
144+ 2% @1
RQ
104
RQ
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Applications Information (continued) a
100k 100 i
10k RE1* lO|00pF RFze  1000pF 10k RF10 |o?opr RF2e 1000 pF
e WA WA i R2* WA- Wy i
8in O=AM=—] = { W
At en{ Ryl* A
) VW +
o= = vl =
%o‘ EE RQ‘
oep, oep 3] £ oey (-1 2]
— HIGHPASS BANDPASS LOWPASS = HIGHPASS BANDPASS LOWPASS
TL/K/10111-7 TL/K/10111-8
*External components *External components
FIGURE 4. Inverting Input FIGURE 5. Differential Input
c) Inverting input (Figure 4) transfer function equations are: d) Differential input (Figure 5) transfer function equations
» 104 are:
g2
e R 104
=" (highpass) o FPm
€IN e (highpass)
s 104 en A
01— 4
e R 10
b 2 IN (bandpass) en —So EIE
€N === (bandpass)
104 eiN A
0w = 4
R 10
er _ —A_ﬂ (lowpass) o — o4 mzm
€IN = (lowpass)
109 _ 108 e A
“TRn TR 100 100
0 =— o= —
where RF1 Rfr2
10 where
11+ —
R 104
A =82+ sw IN + 0.1 w12 11+R_
s 4 108 A=s2+samy IN2_ {4 010w,
Raq 105 105
ey _ 105 (lowpass) Ra  Rint
eiNls—0 Rin owpass o = 0.7 w102
5 105
en 104 ) 15 100
=0 = — — highi 1+ +
onls—>wo AN (highpass) a=|—FQ Pwi| o
104( 105) 144204 "oy
e Rin RQ " Rinz
b = L—TM_ (bandpass) 105
eNlw=wg 11+ = RQ = a
A T |14+ 2% 1o 1%
= |0. w3 . _— -1 -
wo = V0.1 wjw2 0.1—= Rinz Rint
14 105 o1
RQ [oF)
Q=|——— 0.1—=
14420 1
" RN
105
RQ Q
op | 14+ 202 1
0.1 =2 ’ RiN
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Applications Information (continued)

100k
A
10k RF1* 10?0 PP Rroe 1000 pF
""" """ ﬁ
Riy*
8jn O~AAVN~4
SR
100k = =
A""‘
> >
b3S Ry 3R
1 M~ » .
—O0 n

*External components

TL/K/10111-9

FIGURE 6. Output Notch Using All Four Amplifiers

e) Output notch (Figure 6) transfer function equations are:

1.1
(1 o) [
14+ PN, AN
en _ 105 RQ
€N 5 1.1
+ ——————
s @1 1+195+E + 0.1 wywy
RQ RN
109 109
== wy = — g = V0.1 w02
RF1 Rr2
oy = wg 0P
4 0 Ry
on -1 R
enls—o Rin HIN) Ry
+ -y N
(1 105  RQ
& S N
eIN|ls— RiN F‘IN) Rh
+ - N
(1 105 RQ
e
=n =0
eINl o= wz
100k
10k RF 16 1000 pF RFge . 1000pF
Rz S
<

- oin A
*External components TL/K/10111-10
FIGURE 7. Input Notch Using Three Amplifiers

f) Input notch (Figure 7) transfer function equations are:

o o2 o]
—_—s + 2
10-9 (%" 7

En _
eN 5 [ 1.1 RQ ]
+ ————| + w2
ST SO Y5+ Ra) T 0
T )
' Rey Rr2
RF2 X 10—
wz = a)o-"———_ wp = 0.1 wjw2
Rz Cz
&n - _Pr
eINlw—0 Rz
&n - Sz
eNlw—> 10-9
g) Allpass (Figure 8) transfer function equations are:
1
s2 — s w4 + wg?
P
€ RQ
1.1
IN s2 + swq + wg?
2+ N
RQ
105
24—
Q=—"2 Jo192
1.1 wq
oy = 12 _ 100
TR Rr2
wg = V0.1 wjwz

2Q
Time delay at v = o0 seconds
0

1-10
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Applications Information (continued) 2
=3
100
10k RF1* 1000pF  proe 1000 pF
100k | a1
8in MA-9—1 +
100k = e = 2xRe
2xR*
AV"" -
A4 L—o%
Sy s
L =
*External components - - TL/K/10111-11
FIGURE 8. Allpass
FREQUENCY TUNING
To tune the AF100 two resistors are required for frequen- “T” resistive tuning for fo < 200 Hz
cies between 200 Hz and 10 kHz. For lower frequencies “T” Ri2 Re
tuning or addition of external capacitors is required. Using Rs = R — 2R, Ry < o
external capacitors allows the user to go as low in frequen- f t
cy as he desires. “T” tuning and external capacitors can be
used together.
Two resistor tuning for 200 Hz to 10 kHz
50.33 X 106
Rf = ——Q
fo
Ry
|3 |14
AF100 AF100
lls |7 3 14 |13 7
Ry SRt SR SR SR
TL/K/10111-12 9
FIGURE 9. Resistive Tuning -%-Rs _%Rs
TL/K/10111-14
FIGURE 10. T Tuning
GRAPH A. Resistive Tuning GRAPH B. “T” Tuning
1000 z : == 100k
it e
~ N — Ji
3 N aQ Ry =100k
< 100 I - =k A L
8 — <] &8 =
<z< N 3 T {
5 I N ',‘3 5 I
» Ry =50k
% 10 = =z ":‘J === _ggT ==
o it i &
I fH} H o Il
100 1k 10k 100k 1 10 100 1k
fe=FREQUENCY (Hz) FREQUENCY (Hz)
TL/K/10111-13 TL/K/10111-15
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Applications Information (continued)

RC tuning for fo < 200 Hz GRAPHD. Q > Qun,
R = 0.05033 100k Non-Inverting Input
fo(C+ 1X1079) Eoth, |R'N=1°|°k:: H
NG
_L — R\ = 1MEG Riy = 10k
==c ? Re 10k

2 !
o
Sk == 5
< =
3 J14a 13 |7 -|: EEEE i
MR S
AF100 o 10 10 100
Q
TUK10111-16 TL/K/10111-19
FIGURE 11. Low Frequency RC Tuning For Q@ < QN in non-inverting mode:
104
QTUNING RQ = 105
To tune the Q of an AF100 requires one resistor from pins 1 (1 + —R—)
or 2 to ground. The value of the Q tuning resistor depends 0.3162 INZ 44
on the input connection and input resistance as well as the
value of the Q. The Q of the unit is inversely proportional to
resistance to ground at pin 1 and directly proportional to RN 4
resistance to ground from pin 2. O——AM—] +
N GRAPH C. Qun, Non-Inverting Input AF100
10 Bk 10° 21
A | T 1‘ —
L
MIN 348 Rq
10°
] =
= 1 1l
o o Tl TL/K/10111-20
oh NN Il FIGURE 13. Q Tuning for @ < Qun,
il Non-Inverting Input
A ||| GRAPH E. Q < Quqn,
103 Non-Inverting Input
0. 10 10 100 1 = ]
Q 1 f
TL/K/10111-17 . R| :%10(”( ‘Jﬂ
For Q > Qpn in non-inverting mode: H—F e
RQ = 105 . g m//
10 -
348Q—1—— /Ry =10k
RN b e
7 i
R 100 [ﬂ
y 1, AF100 001 04 10 10
Q
TL/K/10111-21
Rq

TL/K/10111-18
FIGURE 12. Q Tuning for Q > Qun,
Non-Inverting Input




Applications Information (continued)

For any Q in inverting mode:

105
RQ = 104
3.16Q (1.1 + —) -1
RiN
RiN 2
o—AM——-

AF100

1
+
%
TL/K/10111-22

FIGURE 14. Q Tuning Inverting Input

GRAPH F. Q Tuning
Inverting Input
™ e

RQ
>
=1

TL/K/10111-23

NOTCH TUNING

Two methods to generate notches are the RC input and
lowpass/highpass summing. The RC input method requires
adding a capacitor and resistor connected to the two inte-
grator inputs. The capacitor connects to “Int 1” and the
resistor connects to “Int 2”. The output summing requires
two resistors connected to the lowpass and highpass out-
put.

For input RC notch tuning:

X -9 2
Ry = Rg X 10 (fo)

Cz tz

AF100 l-3--0 OUTPUT

o
N
AA

\A4

o

N

TL/K/10111-24

FIGURE 15. Input RC Notch

GRAPH G. Input RC Notch

10 =
a1 "
il
/
¢=C
V===
I~ T
~N
N
o
04 Eﬂ
2 m i
i
0.01 ‘.H
0.1 1.0 10

fo/fz

For output notch tuning:

A _(Z)ZM
HP = \to/ 10

Rup

|3—“/W—

HP

AF100

100

TL/K/10111-25

—O OUTPUT

FIGURE 16. Output Notch

GRAPH H. Output Notch

TL/K/10111-26

10 ==
1 /
a. T v 4 o |
= =
3 yi
o
04
/ Ml
001 I
0.1 10 10 100
f2/fo

TL/K/10111-27
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Applications Information (continued)
TUNING TIPS

In applications where 2% to 3% accuracy is not sufficient to
provide the required filter response, the AF100 stages can
be tuned by adding trim pots or trim resistors in series or
parallel with one of the frequency determining resistors and
the Q determining resistor.

When tuning a filter section, no matter what output configu-
ration is to be used in the circuit, measurements are made
between the input and the bandpass (pin 13) output.

Before any tuning is attempted the lowpass (pin 7) output
should be checked to see that the output is not clipping. At
the center frequency of the section the lowpass output is
10 dB higher than the bandpass output and 20 dB higher
than the highpass. This should be kept in mind because if
clipping occurs the results obtained when tuning will be in-
correct.

Frequency Tuning

By adjusting the resistance between pins 7 and 13 the cen-
ter frequency of a section can be adjusted. If the input is
through pin 1 the phase shift at center frequency will be
180° and if the input is through pin 2 the phase shift at
center frequency will be 0°. Adjusting center frequency by
phase is the most accurate but tuning for maximum gain is
also correct.
“Q” Tuning
The “Q” is tuned by adjusting the resistance between pin 1
or 2 and ground. Low Q tuning resistors will be from pin 2 to
ground (Q < 0.6). High Q tuning resistors will be from pin 1
to ground. To tune the Q correctly the signal source must
have an output impedance very much lower than the input
resistance of the filter since the input resistance affects the
Q. The input must be driven through the same resistance
the circuit will see to obtain precise adjustment.
The lower 3 dB (45°) frequency, f|, and the upper 3 dB (45°)
frequency, fy, can be calculated by the following equations:
1 1

=l +4/lz=) +1) X%

1= () 1) <o
where fo = center frequency

,i152 1
fL—( 2 +1-56)X(f0)

When adjusting the Q, set the signal source to either i or f_
and adjust for 45° phase change or a 3 dB gain change.

Notch Tuning

If a circuit has a jw axis zero pair the notch can be tuned by
adjusting the ratio of the summing resistors (lowpass/high-
pass summing) or the input resistance (input RC).

In either case the signal is connected to the input and the
proper resistor is adjusted for a null at the output.

Special Cases

When using the input RC notch the unit cannot be tuned
through the normal input so an additional 100k resistor can
be added at pin 1 and the unit can be tuned normally. Then
the 100k input resistor should be grounded and the notch
tuned through the normal RC input.

An alternative way of tuning is to tune using the Q resistor
as the input. This requires the Q resistor be lifted from
ground and connecting the signal source to the normally
grounded end of the Q resistor. This has the problem that
when the Q resistor is grounded after tuning, its value is
decreased by the output impedance of the source. This
technique has the advantage of not requiring an additional
resistor.

TUNING PROCEDURE (See Figure 17)

Center Frequency Tuning

Set oscillator to center frequency desired for the filter sec-
tion, adjust amplitude and check that clipping does not oc-
cur at the lowpass output pin 5 (AF100J).

Adjust the resistance between pins 13 and 7 until the phase
shift between input and bandpass output is 180°.

Q Tuning

Set oscillator to upper or lower 45° frequency (see tuning
tips) and tune the Q resistor until the phase shift is 135°
(upper 45° frequency) or 225° (lower 45° frequency).

Zero Tuning
Set the oscillator output to the zero frequency and tune the
zero resistor for a null at the ouput of the summing ampilifier.
Gain Adjust

Set the oscillator to any desired frequency and the gain can
be adjusted by measuring the output of the summing ampli-
fier and adjusting the feedback resistance.

26RO
14 I V“A'
3 P5 GAIN
OSCILLATOR He L T A
A~y AF100
1 AAA
X L—» C VOLTMETER
13 7 AC VO
Q A AAA
WA\
FREQUENCY
PHASE METER

TL/K/10111-28

FIGURE 17. Filter Tuning Setup




Applications Information (continued)

v+ v+ A
RF1 RF2 4 RF1 RF2 4
[ lie[7 lis [e [ 1 [15 | {

>

3100k 2RQ 3100k
3
C Ry C R
o FEvwnv—— AF100 J o ! AF100 8

B
1ol

s < 2R J_
RS 3 100K Q 0.1 pF
1 lio Js ]12 ] 12 I

TL/K/10111-30
FIGURE 19. Single Power Supply
Connection Using Resistive Dividers

v/2 (Pscu‘u'o GROUND) =
TL/K/10111-29
FIGURE 18. Single Power Supply Connection Using
Uncommitted Amplifier to Split Supply

v+ Ve
ta 11 fok ta 8 R
10 3100k 10 3100k
AF100 3 AF100 3
1045k 5 j00c ] 1045k . 5100k
a7 1312 |14 g
| 4881k I'3 il I YT I 50.87k | l 50.87k 1037k
= = v
TL/K/10111-31
Performance
0.1 dB ripple passband
0.1 dB notch width = 100 Hz
40 dB notch width = 6.25 Hz
4th Order 1010 Hz Notch
0 N Ve
STAGE 1 -10 ‘\ /’ STAGE 2
Fc = 1031.1 Hz @ 20 Fc = 989.3 Hz
Q= 2834 =z Q= 2834
= =30
Fz = 1012.2 Hz S \ I Fz = 1007.8 Hz
=40
=50
-60
960 980 1000 1020 1040
FREQUENCY (Hz)
TL/K/10111-32
FIGURE 20. 1010 Hz Notch—Telephone Holding Tone Reject Filter
FILTER DESIGN found, it is transformed to obtain the transfer function for the
Since most filter tables are in terms of a normalized lowpass actual filter desired. Graph / shows the lowpass amplitude
prototype, the filter to be designed is usually reduced to a response which can be defined by four quantities.

lowpass prototype. After the lowpass transfer function is

ooldv
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Applications Information (continued)
GRAPH I. Lowpass Prototype Response

GAIN (dB)

AuN

fe fs

LOG FREQUENCY
TL/K/10111-33

Amax = the maximum peak to peak ripple in the passband.
AmiNn = the minimum attenuation in the stopband.

fc = the passband cuttoff frequency.

fs = the stopband start frequency.

By defining these four quantities for the lowpass prototype
the normalized pole and zero locations and the Q (quality)
of the poles can be determined from tables or by computer
programs.

To obtain the lowpass prototype for the highpass filter
(Graph J) Amax and Ay are the same as for the lowpass
case but fg = 1/f; and fg = 1/14.

GRAPH J. Highpass Response

fi f
TL/K/10111-34

To obtain the lowpass prototype for a bandpass filter (Graph
K) Amax and Ay are the same as for the lowpass case but
_fs—1
Tt
where f3 = {f; f5 = Wa T4 i.e., geometric symmetry

fs — f1 = Amin bandwidth

f4 — f2 = Ripple bandwidth

fc=1 fs

GRAPH K. Bandpass Response

i

Au

i f3 fa fs

TL/K/10111-35

To obtain the lowpass prototype for the notch filter (Graph
L) Amax and AN are the same as for the lowpass case
and

_s—1H

fc=1 fS_f4—f2

where f3 = Jf1 fs = w)fg fa
GRAPH L. Notch Response
4

T
Avax

AuN

fy fp f5 f4 f5
TL/K/10111-36

Normalized Lowpass Transformed to
Un-Normalized Lowpass

The normalized lowpass filter has the passband edge nor-
malized to unity. The un-normalized lowpass filter instead
has the passband edge at fc. The normalized and un-nor-
malized lowpass filters are related by the transformation s
= swg. This transforms the normalized passband edge s =
j to the un-normalized passband edge s = jwg.

Normalized Lowpass Transformed to
Un-Normalized Highpass

The transformation that can be used for lowpass to high-
passis S = wg/s. Since S is inversely proportional to s, the
low frequency and high frequency responses are inter-
changed. The normalized lowpass 1/(S2 + S/Q + 1) trans-
forms to the un-normalized highpass

s2

@c
s2 + —s + oc?
Q c

Normalized Lowpass Transformed to Un-Normalized
Bandpass

The transformation that can be used for lowpass to band-
pass is S = (s2 + wp2)/BWs where wq? is the center fre-
quency of the desired bandpass filter and BW is the ripple
bandwidth.

Normalized Lowpass Transformed to Un-Normalized
Bandstop (or Notch)

The bandstop filter has a reciprocal response to a bandpass
filter. Therefore a bandstop filter can be obtained by first
transforming the lowpass prototype to a highpass and then
performing the bandpass transformation.

SELECTION OF TRANSFER FUNCTION

The selection of a function which approximates the shape of
the response desired is a complicated process. Except in
the simplest cases it requires the use of tables or computer
programs. The form of the transfer function desired is in
terms of the pole and zero locations. The most common
approximations found in tables are Butterworth, Tscheby-
cheff, Elliptic, and Bessel. The decision as to which approxi-
mation to use is usually a function of the requirements and

1-16




Applications Information (continued)

system objectives. Butterworth filters are the simplest but
have the disadvantage of requiring high order transfer func-
tions to obtain sharp roll-offs.

The Tschebycheff function is a min/max approximation in
the passband. This approximation has the property that it is
equiripple which means that the error oscillates between
maximums and minimums of equal amplitude in the pass-
band. the Tschebycheff approximation, because of its equi-
ripple nature, has a much steeper transition region than the
Butterworth approximation.

The elliptic filter, also known as Cauer or Zolotarev filters,
are equiripple in the passband and stopband and have a
steeper transition region than the Butterworth or the Tsche-
bycheff.

For a specific lowpass filter three quantities can be used to
determine the degree of the transfer function: the maximum
passband ripple, the minimum stopband attenuation, and
the transition ratio (ir = wg/wg). Decreasing Apmax, in-
creasing ApmiN, or decreasing tr will increase the degree of
the transfer function. But for the same requirements the el-
liptic filter will require the lowest order transfer function. Ta-
bles and graphs are available in reference books such as
“Reference Data for Radio Engineers”, Howard W. Sams &
Co., Inc., 5th Edition, 1970 and Erich Christian and Egon
Eisenmann, “Filter Design Tables and Graphs”, John Wiley
and Sons, 1966.

For specific transfer functions and their pole locations such
text as Louis Weinberg, “Network Analysis and Synthesis”,
McGraw Hill Book Gompany, 1962 and Richard W. Daniels,
“Approximation Methods for Electronic Filter Design”,
McGraw-Hill Book Company, 1974, are available.

DESIGN OF CASCADED MULTISECTION FILTERS

The first step in designing is to define the response required
and define the performance specifications:

1. Type of filter:

Lowpass, highpass, bandpass, notch, allpass
2. Attenuation and frequency response
3. Performance

Center frequency/corner frequency plus tolerance and
stability

Insertion loss/gain plus tolerance and stability
Source impedance
Load impedance

RIPPLE _dB (Ayax) 3

Maximum output noise
Power consumption
Power supply voltage
Dynamic range
Maximum output level

The second step is to find the pole and zero location for the
transfer function which meet the above requirements. This
can be done by using tables and graphs or network synthe-
sis. The form of the transfer function which is easiest to
convert to a cascaded filter is a product of first and second
order terms in these forms:

First Order ~ Second Order
K K
st o - (lowpass)
R 2 + =25 + wg?
Q
2
s fsw wKs (highpass)
R $2 + =25 + wg2
Q
_______wKs (bandpass)
0
s2 + —s + wg2
QST
—K(32 + 0z%) (notch)
wo
s2 + —s + wp2
QT
s2 — % s + w2
(allpass)

@0
s2 + —s + wg?
Q 0

Each of the second order functions is realizable by tuning
an AF100 stage. By cascading these stages the desired
transfer function is realized.

CASCADING SECOND ORDER STAGES

The primary concern in cascading second order stages is to
minimize the maximum difference in amplitude from input to
output over the frequencies of interest. A computer program
is probably required in very complicated cases but some

- general rules that can be used that will usually give satisfac-

tory results are:

—

=3dBAT_Hz

Ay ~dB

VRN

fi_Hz fsfs fo_Hz fgfy f_Hz

TL/K/10111-37

GRAPH M. Generalized Model Response
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Applications Information (continued)

1. The highest “Q” pole pair should be palred with the zero
pair closest in frequency.

2. If highpass and lowpass stages are cascaded the low-
pass sections should be the higher frequency and high-

3. In cascaded filters of more than two sections the first
section should be the section with “Q” closest to 0.707
and then additional stages should be added in order of
least difference between first stage Q and their Q.

pass sections the lower frequency.

Res
Rey Res 77.6k 405k 100k
. AA AAA AAA
48.3k 16.3k 54.9k 33.0k b ok | 7
)
14 3 14 3 14 3[s 10
2 2
100k . 100k 100k 11
AF100 VWA AF100 =AM 1 AF100 0
1
3.93k 7 3 7 13 7 13 6
10.8k 50.8k —
= Rr1 Rr2 Re3
48.3k = 549k L 77.6k
TL/K/10111-38
Lowpass Elliptic Filter
Fc=1
Fs =13
Amax = 0.1dB
AmiNn = 40dB
N=26
i\2
for =1.0415 Qi =7.88 fzq = 1.8329 fz/fg = 1.28 (fl) =163
o]
f
fop = 09165 Qp = 1.79  fzp = 1.664 {2/t = 1.82 <f—z) =330
o]
f
fo3 = 0.649 Qg = 0.625 fz3 =4.1285 fz/fo = 6.36 (fl) =405
o)
503.3) 503.3 503.3
=_£_)><105. RF2=ux105 RF3=(—)"
fo1 X fc foz2 X fc fos X f¢
at 1000 Hz = fg
Rpy = 48.3k Rpo = 54.9k Rpg = 77.6k

6th Order Elliptic Filter

0
-6
-12

= -18

=

>z

3 -3

L&
88
==

-54
001 01 1 10

FREQUENCY (kHz)
FIGURE 21. Lowpass Elliptic Filter Example

TL/K/10111-39
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Applications Information (continued)

0014V

v 500/1000 Hz Switchable
T4 [i1 Jio Butterworth Lowpass Filter
100k

INPUT O—AAA- ! *6 T
6 AF100 56 ourpur y

> . N
AK Y 6 J
: -12
-18 A
7 13

9 14l12
Fc = 1000/500 Hz b

Q = 0707 | S § S
=  BUKTBIKS /A 2547 -36
— < <

]

GAIN (dB)
1
R
A

12.58k $ > 12.58k §
<

>

>
100 1000 10,000

Gain atdc = +13 dB ° ° FREQUENCY (Hz)

Gain at 1 kH/500 Hz = 10 dB — — TL/K/10111-41

TL/K/10111-40
FIGURE 22. Switchable Filter Example: 500 Hz/1000 Hz Butterworth Lowpass
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Applications Information (continued)

Input Level 1V rms 0 dBV

FREQUENCY bc
COUNTER VOLTMETER
SINE WAVE
SIGNAL INPUT —1  osciLLoscope
GENERATOR TEST FIXTURE
ouTPUT—¢
T PHase vemer
£15V DC
POWER
FOWER AC VOLTMETER

FIGURE 25. Test Circuit Block Diagram

COMPUTER AIDED DESIGN EXAMPLE*

This design is an example of a 60 Hz notch filter. The re-

sponse is to have the following specifications:

Maximum passband ripple 0.1 dB

Minimum rejection 35 dB

0.1 dB bandwidth 15 Hz max
—35 dB bandwidth 1.5 Hz min

*Computer programs shown are user interactive. Bold copy is user input, light copy is computer response, and line indications in parenthesis are included for easy

identification of data common to several programs.

The steps in the design of this filter are:

TL/K/10111-44

1. Design a lowpass “‘prototype” for the filter.

2. Transformation of the lowpass prototype into a notch fil-
ter design.

3. Using the pole and zero locations found in step two cal-
culate the value of the resistors required to build the filter.

4. Draw a schematic of filter using values obtained in step

three.

PROGRAM NO. 1

RUN

THIS PROGRAM DESIGNS BUTTERWORTH CHEBYCHEFF OR ELLIPTIC NORMALIZED LOWPASS FILTERS
WHAT TYPE OF FILTER? B-C-E

(ATTENUATION IN dB)

ELLIPTIC
DO YOU KNOW THE ORDER OF THE FILTER? Y/N
?NO
INPUT FC,FS,AMAX,AMIN
?1,10,.1,35
FC 1.000
FS 10.000
AMAX .100
AMIN 35.000
N 2.000
ATT AT FS —35.671
IS THIS SATISFACTORY? Y/N
? YES
F Q

1.823 (Line 1.1)
z
14.124 (Line 1.3)

775 (Line 1.2)
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Applications Information (continued)

PROGRAM NO. 2 ENTER FREQUENCY SCALING FACTOR
(DETERMINES UN-NORMALIZED POLE + ZERO 21
LOCATIONS OF FIRST SECTION) ENTER THE # OF FILTERS TO BE DESIGNED
(DATA ENTERED FROM PROGRAM NO. 1) 21
RUN ENTER THE C.F. AND BW OF EACH FILTER
WHAT TYPE FILTER BANDPASS OR NOTCH ? 60, 15

? NOTCH

ENTER # OF POLE PAIRS? 1 OUTPUT OF PROGRAM NO. 2

TRANSFORMED POLE/ZERO LOCATIONS

ENTER # OF JW AXIS ZEROS? 1 FIRST SECTION
ENTER # OF REAL POLES? 0 POLE LOCATIONS
ENTER # OF ZEROS AT ZERO? 0 CENTER FREQ. Q
ENTER # OF COMPLEX ZEROS? 0 56.93601 (From Line2.3)  11.31813 (From Line 2.4)
ENTER # OF REAL ZEROS? 0 63.228877 (From Line 2.5) 11.31813 (From Line 2.6)
ENTER F&Q OF EACH POLE PAIR JW AXIS ZEROS
2 1.823,.775 (FROM LINE 1.1 AND LINE 1.2) 59.471339  (From Line 2.1)

ENTER VALUES OF JW AXIS ZEROS 60.533361 (From Line 2.2)

? 14.124 (FROM 1.3)

PROGRAM NO. 3
(CHECK OF FILTER RESPONSE USING
PROGRAM NO. 2 DATA BASE)
RUN

NUMERATOR [ZEROS]
A(DSA2+R()S+2Z()A2
1 0  59.471339  (From Line 2.1)
1 0  60.533361 (From Line 2.2)

REAL POLE
COMPLEX POLE PAIRS

F Q
1 56.93601 11.31813  (From Lines 2.3 and 2.4)
2 63208877 1131813  (From Lines 2.5 and 2.6)
RUN
FREQ. NOTbE?)A'N PHASE DELAY NOR.DELAY FREQ. No'(qbgA'N PHASE DELAY NOR.DELAY
40.000 032 34769 002275 5847169 60.600 —47.102 16917 .050801 108.232021
45.000 060 34220 004107 8749738 60.800 —33.650 16548 051677 110.096278
50.000 100 33070 009983  21.268142 61000 —27.577 16172 052809 112.508334
55000  —.795 290.54 046620  99.324027 61200 —23418 157.87 054167 115.403169
56000 —2.208 27061 .063945 136.234562 61400 —20.198 153.92 055712 118.694436
57000 —5813 24551 .072894 155200278 61600 —17.554 149.85 057391 122.270086
58000 —12.748 22019 .065758 140.096912 61800 —15308 14565 .059136 125.989157
58200 —14.740 21554 063369 135.006390 62000 —13.362 141.33 060869 129.681062
58400 —17.032 21106 060979 129.914831 63000 —6557 118.23 065975 140.550984
58600 —19.722 20676 058692 125.043324 64000 —2936 9530 059402 126556312
58.800 —220983 20261 056588 120.561087 65000 —1215 7638 045424  96.774832
50000 —27.172 198.60 054724 116.589928 66000  —.463 6243 032614  60.484716
50200 —33.235 19472 053139 113.212012 67.000  —.138 5244 023498  50.062947
50.400 —46.300 190.94 051856 110.478482 70.000 091 3543 010452 22267368
50.600 —42.909  7.24 050888 108.417405 75.000 085 2344 004250 9054574
50.800 —36.807 360 050242 107.040235 80.000 060  17.80 002310  4.921727
60.00  —35567 360.00 .049916 106.346516 85.000 043 1450 001460  3.110493
60.200 —36.887 35641 .049907 106.326777 90.000 032 1231 001011  2.154297

60.400 —42.757 352.81 .050206 106.963750

1-21
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Applications Information (continued)

RF1
IR A
4 ll 4 3

RLP

VVv

Ru . 10
INPUT AF100 AF100 1 R6
. W\
Lo OUTPUT
RQ 1217 13 9 1217 13 9 *Tuning Resistors
0.1 dB bandwidth 15 Hz
* RF2 . RF2 . — ~—35 dB bandwidth 1.5 Hz
V- =
TL/K/10111-45
4th Order 60 Hz Notch Filter Qs
+10 —AAA
0 ak
-10 \ ’( ‘55‘ o R1 R2
.. WA~ N
g N aT vz p V3
=z
= =30 — + + +
3 = Vost Vos2 IVoss
-4 R T R6 = =
50 VWA~ WA,
-60 . R7
40 5 6 70 8 9 =
V1 = Vosz2
FREQUENCY (Hz) —
V2 = Vps3 -
TL/K/10111-46 TL/K/10111-47
FIGURE 26. Implementations of a 60
Hz Notch from Computer R3+R5 R7R8
Calculations va [1 * ( RAR5 )R4] [V°s‘ *Vosa ( R7R8+ R6(R7 + RB)) ] ~Vosz
- Ra
R3
FIGURE 27. DC Output Voltage Due to Amplifier Vog
DEFINITION OF TERMS BIBLIOGRAPHY

Amax Maximum passband peak-to-peak ripple
AmiIN Minimum stopband loss

fz
fo
Q
fc
fs
Anp
Agp
ALp
AAmP
R¢
Rz
Ra
fu

fiL

BW

Frequency of jw axis pair

Frequency of complex pole pair
Quality of pole

Passband edge

Stopband edge

Gain from input to highpass output
Gain from input to bandpass output
Gain from input to lowpass output
Gain from input to output of amplifier
Pole frequency determining resistance
Zero frequency determining resistance
Pole quality determining resistance

Frequency above center frequency at which the gain
decreases by 3 dB for a bandpass filter

Frequency below center frequency at which the gain
decreases by 3 dB for a bandpass filter

The bandwidth of a bandpass filter
Order of the denominator of a transfer function

R.W. Daniels: “Approximation Methods for Electronic Filter
Design”, McGraw-Hill Book Co., New York, 1974

G.S. Moschytz: “Linear Integrated Networks Design”, Van
Norstrand Reinhold Co., New York, 1975

E. Christian and E. Eisenmann, “Filter Design Tables and
Graphs”, John Wiley & Sons, New York, 1966 )

A.l. Zverev, “Handbook of Filter Synthesis”, John Wiley &
Sons, New York, 1967

Burr-Brown Research Corp., “Handbook of Operational Am-
plifier Design and Applications”, McGraw-Hill Book Co.,
New York, 1971
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National
Semiconductor

AF150

Universal Wideband Active Filter

General Description

The AF150 wideband active filter is a general second order
lumped RC network. Only four external resistors are re-
quired to program the AF150 for specific second order func-
tions. Low pass, high pass and band pass functions are
available simultaneously at separate outputs. Notch and all
pass functions can be formed by summing the outputs with
an external amplifier. Higher order filters are realized by cas-
cading AF150 active filters with appropriate programming
resistors.

Any of the classical filter configurations, such as Butter-
worth, Bessel, Cauer and Chebyshev can be formed.

Features

m Independent Q, frequency, gain adjustments

m Low sensitivity to external component variation

m Separate low pass, high pass, band pass outputs
m Inputs may be differential, inverting or non-inverting
m All pass and notch outputs may be formed

m Operates to 100 kHz

m Q range to 500

B Power supply range +5V to £18V
m High accuracy +1% unadjusted
m Q frequency product 2 X 105

Connection Diagram

NO NO BANDPASS
PIN PIN INT1 OUTPUT -V * * GND
hﬁ IIS 14 13 I12 I11 |10 9
—I l—ﬂ
220 pF
4
10k
A'A'Aﬁ
AST
2k
NN 20k 220 pF
AAA I I
vy ' l
1 2 3 |4 5 6 7 8
INPUT INPUT  HIGHPASS  +V LOWPASS * INT 2 NO
OUTPUT OUTPUT PIN
*Note: Internally connected. Do Not use. TL/K/10112-1
Top View

Ceramic Dual-In-Line Package
Order Number AF150-1CJ or AF150-2CJ
See NS Package Number HY13A
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AF150

Absolute Maximum Ratings

If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for availability and specifications.
Supply Voltage +18V
Power Dissipation

+36V

Infinite

—25°Cto +85°C
—25°Cto +100°C

Differential Input Voltage

Output Short-Circuit Duration (Note 1)
Operating Temperature

Storage Temperature

Lead Temperature

(Note 1) 900 mW/Package (500 mW/Amp) (Soldering, 10 Seconds) 300°C
Electrical Characteristics
Specifications apply for Vg = £15V, over —25°C to +85°C unless otherwise specified.
Symbol Parameter Conditions Min Typ Max Units
Frequency Range fe X Q<2x105 100k Hz
QRange 500 ‘Hz/Hz
fo Accuracy
AF150-1J fc X Q<5 X104, Ty = 25°C +25 %
AF150-2J +1.0
Afo/ AT fo Temperature Coefficient - 50 +150 ppm/°C
Q Accuracy fe X Q<5 X104, Ty = 25°C +75 %
AQ/AT Q Temperature Coefficient +300 +750 ppm/°C
PSRR Power Supply Rejection Ratio 80 100 dB
CMRR Common Mode Rejection 80 100
los Input Offset Current Tj=25C 3 50 pA
Ig Input Bias Current Tj=25°C 30 200
Vem Input Common-Mode Voltage Range Vg = +15V +11 +12 \"
Is Power Supply Current Vg = +15V, Tp = 25°C 15 30 mA

Note 1: Any of the amplifier's outputs can be shorted to ground indefinitely; however, more than one should not be simultaneously shorted as the maximum

package power dissipation will be exceeded.

Applications Information

CIRCUIT DESCRIPTION AND OPERATION

A schematic of the AF150 is shown in Figure 1. Amplifier A1
is a summing amplifier with inputs from integrator A2 to the
non-inverting input and integrator A3 to the inverting input.

By adding external resistors the circuit can be used to gen-
erate the second order transfer function:

ags2 + ags + ay

s2 + bps + by
The denominator coefficients determine the complex pole
pair location and the quality of the poles where

o = ybq = the radian center frequency

T(s) =

Q= % = the quality of the complex pole pair
2

If the output is taken from the output of A1, numerator coef-
ficients a4 and ap equal zero, and the transfer function be-
comes:

ags?

T(s) = .

2+ %s + g2 (high pass)

If the output is taken from the output of A2, numerator coef-
ficients a; and ag equal zero and the transfer function be-
comes:

T(e) = ——2&

[3)

s2 + -6"3 + w2 (band pass)
If the output is taken from the output of A3, numerator coef-
ficients ag and ap equal zero and the transfer function be-
comes:
a
Tig) = ——

s2 + Eos + @o? (low pass)
Using an external op amp and the proper input and output
connections, the circuit can also be used to generate the
transfer functions for a notch and all pass filter.
In the transfer function for a notch function a; becomes
zero, aq equals w,2 and ag equals 1. The transfer function
becomes:

2+ o
T(s) = __22__

(O]
s2 + 6"8 + w2 (notch)
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Applications Information (continued)

HIGH PASS BAND PASS LOW PASS
o o
3 14 13 7 5

[l R R ] s Rttt Bl adind -

' (]

\ 20k '

20— —AMV !
]

' % 220 pF 22|0|pF '

! WA —{— ) !

[}

i D p p i

] ) ]

) [}

(] (]

' '

) )

' 10k =3 = '

10— M H

] [}

[} [}

L ettt -- - --- -

TL/K/10112-2
FIGURE 1. AF150 Schematic
In the all pass transfer function ag = 1, ap = —we/Q and Two resistor tuning for 1 kHz to 100 kHz:

a1 = wo2. The transfer function becomes:

s2 — 29 4 002
T(s) = ° (all pass)
s2 + 3"3 + w2
The relationships between the generalized coefficients and
the external resistors will be found in the appendix. It is not,
however, necessary to use these theoretical, if not
“messy”, equations to solve for the proper external resistor
values. In general, it is assumed that the user has knowl-
edge of the frequency and Q of the specific filter he is de-
signing. For higher order filters of various types, the reader
is directed to any of the available texts on filters (see bibli-
ography) for information and tables concerning the location
of the poles and zeros. Once the specifics of the filter are
found from the tables, it is simply a matter of cascading the
sections with proper attention to some general guidelines
which are included later in the application section.

The following discussion gives a step-by-step procedure for
designing filters with several examples given for clarity.

FREQUENCY TUNING

Two equal value frequency setting resistors are required for
frequencies above 1 kHz. For lower frequencies, T tuning or
the addition of external capacitors is required. Using exter-
nal capacitors allows the user to go as low in frequency as
he desires. T tuning and external capacitors can be used
together.

228.8 X 106
Rf=——0 (1)
fo
R
|3 |14
AF150
|13 I 7
R¢

TL/K/10112-3
FIGURE 2. Resistive Tuning

Graph A. Resistive Tuning

1000 m
~ N
9 AN
= 100 %
"]
[¥]
Z
Z N
2 10 \\
3 =
L H
o

, 1l
100 1k 10k 100k

f,=FREQUENCY (Hz)
TL/K/10112-4
T resistive tuning for fo < 1 kHz:
Ry2

Rg = ———
ST R - 2Rt

@

R; from equation 1.
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Applications Information (continued)

AF150
3 14 |13 7
& >
JRT QRT JRT ZRT
p

TL/K/10112-5
FIGURE 3. T Tuning

Graph B. T Tuning
100k

11 y 4 iy
1T m
2 Ry = 100Kk
g 1% i
= 1 -
=
j3
"
2 Ry = 50k
¥ it
o
-3
/
. ,
10 100 1k 10k

FREQUENCY (Hz)
TL/K/10112-6
If external capacitors are used for f, < 1 kHz, then equation
3 should be used.
0.05033

Rt = C 7 220 x 10-72)

(©)

1

AAA

AF150

TL/K/10112-7
FIGURE 4. Low Frequency RC Tuning

Q DETERMINATION

Setting the Q requires one resistor from either pin 1 or pin 2
to ground. The value of the Q setting resistor depends on
the input connection and input resistance as well as the
value of the Q. The Q will be inversely proportional to the
resistance from pin 1 to ground and directly proportional to
resistance from pin 2 to ground.

NON-INVERTING CONNECTION*

To determine the Q resistor, choose a value of input resis-
tor, RN (Figures 5 and 6) and calculate QN (Graph C).
104

RiN

3.48

*Note: The discussion of “non-inverting” and “inverting” has to do with the
phase relationship between the input port and the /ow pass output
port. Refer to Figure 1 for other output port phase relationships.

1+

Qmin =

If the Q required in the circuit is greater than Qyn, use the
circuit configuration shown in Figure 5 and equation 4 to
calculate Rq, the Q resistor. If the Q of the circuit is less
than Quqn, use the circuit configuration shown in Figure 6
and equation 5.

Graph C. Qmn
" Non-Inverting Input
il
104
g
= i Qpy
103 5
e LI A
01 10 10 100
Q

TL/K/10112-8
For Q > QN in non-inverting mode:

. 104
Rq = ﬁﬂ )
3.48Q — 1 — —
RiN
R
.‘l.'i —! " AFI50

Rq

TL/K/10112-9
FIGURE 5. Q Tuning for Q > Qp N, Non-Inverting Input

Graph D. Rq for Q > Qun;,
o Non-Inverting Input
1 =:

Ry = 10k

a vl

Rin

il
il
£

=1k

Rq (@)

I

For Q < QN in non-inverting mode:
2% 103

TL/K/10112-10

0.3162

s
RN

Q ()]

-1.1




Applications Information (continued)

Ry 1
vy V—

2 -
g
TL/K/10112-11

FIGURE 6. Q Tuning for Q < Qun,
Non-Inverting Input

AF150

Graph E. Rq for Q < Qumn,
Non-Inverting Input

100k
HEEEHIS
I}
. Ry =10k
g et
= Z AT
« Y/ Ryy=1K
100
001 0.1 10 10
Q
TL/K/10112-12
INVERTING CONNECTION*
For any Q in inverting mode:
104
Ra = Q (6)
2 X103
3.160(1.1 + ) -1
IN
Riy 2
O—AM—=1-
AF150
1
+
Ro

TL/K/10112-13
FIGURE 7. Q Tuning, Inverting Input

Graph F. Q Tuning Inverting

Input
100k
10k
) ' i
K I
N, [Riy =20k
k= Ry=2
‘ N
100
01 1 10 100

TL/K/10112-14
*Note: The discussion of “non-inverting” and “inverting” has to do with the
phase relationship between the input port and the /ow pass output

port. Refer to Figure 1 for other output port phase relationships.

DESIGN EXAMPLE

Non-Inverting Band Pass Filter
Center frequency 38 kHz = f,, 10 Hz/Hz = Q, 10k = Ryn.

Ry
6020 v
Ry T
o 14 3 4
2
Input O—AM———1-
AF150 2
' (1
+ —
12 7 3
;5°0 ouTPUT
\a Ry
6020

TL/K/10112-15
Using Equation 1
228.8 X 106
Rf = ——0O

fo

228.8 X 106

= Tagage o000
Using Equation 6
104
Rq = Q
X 103
3.16Q (1.1 + ﬂ) -1
Rq = 2500

From equation 33, the center frequency gain is found to be
6.3 V/V (16 dB). If the center frequency gain is to be adjust-
ed, equation 33 can be solved for Rq in terms of Ryy and
this substituted into equation 6 to find the required Ry and
Raq.

NOTCH FILTERS

Notches can be generated by two simple methods: using
RC input (Figure 8) or low pass/high pass summing (Figure
9). The RC input method requires adding a capacitor to pin
14 and a resistor connects to pin 7. The summing method
requires two resistors connected to the low pass and high
pass output.

The difference between the two possible methods of gener-
ating a notch is that the capacitor connection requires a
high quality precision capacitor and the gain of the circuit is
difficult to adjust because the gain and zero location are
both dependent on Cz and Rz. The amplifier summing
method requires 3 precision resistors and an external oper-
ational amplifier. However, the gain can be adjusted inde-
pendent of the notch frequency.

For input RC notch tuning:

_ CzRyx 1012 (f_o)Z
220 fz
fz = frequency of notch (zero location)

Rz @)
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Applications Information (continued)

AF150 iO OQUTPUT

14 7

C; 3Ry
T i

INPUT O—
TL/K/10112-16
FIGURE 8. Input RC Notch
Graph G. Input RC Notch
10
A
AT T
cz=¢C
==ty ==,
&
~,
< /
0. g= Szsa=——rcc
“ARasii i
11 1
/ i Il
001 I LTI
0.1 1 10 100
fo/fz

TL/K/10112-17
For the low pass/high pass summing technique,

fz)2 RL
Ry = (2] =L
n (fo 10 ®

AF150

TL/K/10112-18

FIGURE 9. Output Notch

Graph H. Output Notch
10 ==x

Rp/R

il
f

il

Il

001 I

0.1 1
2/0

TL/K/10112-19

DESIGN EXAMPLE
19 kHz notch using RC input.
Center frequency 19 kHz fo
Zero frequency 19 kHz fz
20 Q
v s
L = |9 Tu
! AF150
Rq
146 14 I3 7 13
L [ [ OUTPUT
= Ry R
¢ | 1204 12.04k
220pF =
INPUT oiwv—
Ry
12.04k

TL/K/10112-20
FIGURE 10. RC Notch, 19 kHz

Using equation 1:

228.8 x 106
==

fo
Ri = 12,040Q
Using equation 4 with Rjy = o:
104
RQ = —104 Q

3.48Q — 1 — —
Rin

f

Rq = 146Q
Using equation 7:

Cz Rg X 1012) (f,;.)2
= (ZEZ0) (2) e
Rz ( 220 e

Rz = 12,040Q
DESIGN EXAMPLE
19 kHz notch using low pass/high pass summing
Center frequency 19 kHz fo
Zero frequency 19 kHz fz
20 Q
Using equation 1:
228.8 X 106
Rf= ————
fo
R¢ = 12,040Q
Using equation 4, choose Ry = 10 kQ:
104
Rq = —'—————1 0 Q
348Q -1 ——
Rin
Rq = 148Q
Using equation 8:
fz)2 RL
R, = (<] =+
h (fo 10

Choose R = 20k, then R, = 2k
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Applications Information (continued)

TRIALS, TRIBULATIONS AND TRICKS

Certainly, there is no substitute for experience when apply-
ing active filters, working with op amps or riding a bicycle.
However, the following section will discuss some of the finer
points in more detail, and hopefully alleviate some of the
fears and problems that might be encountered.

TUNING TIPS

In applications where 2 to 3% accuracy is not sufficient to
provide the required filter response, the AF150 stages can
be tuned by adding trim pots or trim resistors in series or
parallel with one of the frequency determining resistors and
the Q determining resistor.

When tuning a filter section, no matter what output configu-
ration is to be used in the circuit, measurements are made
between the input and the band pass (pin 13) output.

Before any tuning is attempted the low pass (pin 5) output
should be checked to see that the output is not clipping. At
the center frequency of the section the low pass output is
10 dB higher than the band pass output and 20 dB higher
than the high pass. This should be kept in mind because if
clipping occurs the results obtained when tuning will be in-
correct.

Frequency Tuning

By adjusting the resistance between pins 7 and 13 the cen-
ter frequency of a section can be adjusted. If the input is
through pin 1 the phase shift at center frequency will be
180° and if the input is through pin 2 the phase shift at
center frequency will be 0°. Adjusting center frequency by
phase is the most accurate but tuning for maximum gain is
also correct.

Q Tuning

The Q is tuned by adjusting the resistance between pin 1 or
pin 2 and ground. Low Q tuning resistors will be from pin 2
to ground (Q < 0.6). High Q tuning resistors will be from pin
1 to ground. To tune the Q correctly, the signal source must
have an output impedance very much lower than the input
resistance of the filter since the input resistance affects the
Q. The input must be driven through the same resistance
the circuit will see to obtain precise adjustment.

The lower 3 dB (45°) frequency, f|, and the upper 3 dB (45°)
frequency, fy, can be calculated by the following equations:

1 1
fH—(Ea'i‘ 56 +1)><(fo)

,( 1 )2 1
f|_=( E +1—£)X(fo)

where fy = center frequency

When adjusting the Q, set the signal source to either fiy or f_
and adjust for 45° phase change or a 3 dB gain change.

Notch Tuning

If a circuit has a jw axis zero pair the notch can be tuned by
adjusting the ratio of the summing resistors (low pass/high
pass summing) or the input resistance (input RC).

In either case the signal is connected to the input and the
proper resistor is adjusted for a null at the output.

Special Cases

When using the input RC notch the unit cannot be tuned
through the normal input so an additional 100k resistor can
be added at pin 1 and the unit can be tuned normally. Then
the 100k input resistor should be grounded and the notch
tuned through the normal RC input.

An alternative way of tuning is to tune using the Q resistor
as the input. This requires the Q resistor be lifted from
ground and connecting the signal source to the normally
grounded end of the Q resistor. This has the problem that
when the Q resistor is grounded after tuning, its value is
decreased by the output impedance of the source. This
technique has the advantage of not requiring an additional
resistor.

TUNING PROCEDURE

Center Frequency Tuning

Set oscillator to center frequency desired for the filter sec-
tion, adjust amplitude and check that clipping does not oc-
cur at the low pass output pin 5.

Adjust the resistance between pins 13 and 7 until the phase
shift between input and band pass output is 180°.

Q Tuning

Set oscillator to upper or lower 45° frequency (see tuning
tips) and tune the Q resistor until the phase shift is 135°
(upper 45° frequency) or 225° (lower 45° frequency).

Zero Tuning

Set the oscillator output to the zero frequency and tune the
zero resistor for a null at the output of the summing ampilifi-
er.

FILTER DESIGN

Since most filter tables are in terms of a normalized low
pass prototype, the filter to be designed is usually reduced
to a low pass prototype. After the low pass transfer function
is found, it is transformed to obtain the transfer function for
the actual filter desired. The low pass amplitude response
which can be defined by four quantities, defined below:

R R GAIN
f H

vt 12,040 2k 10k

p——\ A AAA AAA

VWA WA

0SHdv

Rin
10k 1
INPUT O———AAN~ AF150
{ —O OUTPUT
RQ:’
148W:_____J9 liz 7 13
[
— v Ry
- 12,040 TL/K/10112-21
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Applications Information (continued)
Low Pass Response

GAIN (dB)

AuN

N\

LOG FREQUENCY

f

TL/K/10112-22
Amax = the maximum peak-to-peak ripple in the pass band
Amin = the minimum attenuation in the stop band

fe = the pass band cutoff frequency

fs = the stop band start frequency

By defining these four quantities for the low pass prototype
the normalized pole and zero locations and the Q (quality)
of the poles can be determined from tables or by computer
programs.

To obtain the high pass from the low pass filter tables,
Amax and Ay are the same as for the low pass case, but
fo = 1/fa and fg = 1/14.

High Pass Response

AvN

fi f
TL/K/10112-23

To obtain the band pass from the low pass filter tables,
Amax and Ay are the same as for the low pass case, but:
fe=1 fs = %
where f3 = f; X f5 = {f X f4i.e., geometric symmetry

fs — f1 = Apn bandwidth
f4 — fo = Ripple bandwidth

Band Pass Response

i

AuiN

/8

fify f3 fa 15

TL/K/10112-24

To obtain the notch from the low pass filter tables, Apmax
and Apn are the same as for the low pass case and

fs —
fo=1, fg=2—21

T fa—fo
where f3 = Jf{ X f5 = fo X T3
Notch Response

i
+

Avax

AN

f fo f3 f4 15
TL/K/10112-25

Normalized Low Pass Transformed

to Un-Normalized Low Pass

The normalized low pass filter has the pass band edge nor-
malized to unity. The un-normalized low pass filter instead
has the pass band edge at fc. The normalized and un-nor-
malized low pass filters are related by the transformation
s = swg. This transforms the normalized pass band edge
s = j to the un-normalized pass band edges s = jwg.

Normalized Low Pass Transformed to Un-Normalized
High Pass
The transformation that can be used for low pass to high
passis S = wc/s. Since S is inversely proportional to s, the
low frequency and high frequency responses are inter-
changed. The normalized low pass 1/(S2 + S/Q + 1)
transforms to the un-normalized high pass.

52

(o]
52+—093+w02

Normalized Low Pass Transformed to Un-Normalized
Band Pass

The transformation that can be used for low pass to band
pass is:
s2 + wg?

BS X's

where wg? is the center frequency of the desired band pass
filter and BW is the ripple bandwidth.

S =

Normalized Low Pass Transformed to
Un-Normalized Band Stop (Or Notch)

The bandstop filter has a reciprocal response to a band
pass filter. Therefore, a bandstop filter can be obtained by
first transforming the low pass prototype to a high pass and
then performing the band pass transformation.

SELECTION OF TRANSFER FUNCTION

The selection of a function which approximates the shape of
the response desired is a complicated process. Except in
the simplest case, it requires the use of tables or computer
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Applications Information (continued)

programs. The form of the transfer function desired is in
terms of the pole and zero locations. The most common
approximations found in tables are Butterworth, Chebychev,
Elliptic and Bessel. The decision as to which approximation
to use is usually a function of the requirements and system
objectives. Butterworth filters are the simplest but have the
disadvantage of requiring high order transfer functions to
obtain sharp roll-offs.

The Chebychev function is a min/max approximation in the
pass band. This approximation has the property that it is
equiripple which means that the error oscillates between
maximums and minimums of equal amplitude in the pass
band. The Chebychev approximation, because of its equirip-
ple nature, has a much steeper transition region than the
Butterworth approximation.

The elliptic filter, also known as Cauer or Zolotarev filters,
are equiripple in the pass band and stop band and have a
steeper transition region than the Butterworth or the Cheby-
chev.

For a specific low pass filter three quantities can be used to
determine the degree of the transfer function: the maximum
pass band ripple, the minimum stop band attenuation, and
the transition ratio (ir = wg/wc). Decreasing Apax, increas-
ing Apmin, or decreasing t; will increase the degree of the
transfer function. But for the same requirements the elliptic
filter will require the lowest order transfer function. Tables
and graphs are available in reference books such as “Ref-
erence Data for Radio Engineers”, Howard W. Sams & Co.,
Inc., 5th Edition, 1970 and Erich Christian and Egon Eisen-
mann, “Filter Design Tables and Graphs”; John Wiley and
Sons, 1966.

For specific transfer functions and their pole locations such
texts as Louis Weinberg, ‘“Network Analysis and Synthesis”,
McGraw Hill Book Company, 1962 and Richard W. Daniels,
“Approximation Methods for Electronic Filter Design”,
McGraw-Hill Book Company, 1974, are available.

DESIGN OF CASCADED MULTISECTION FILTERS

The first step in designing is to define the response required
and define the performance specifications:

1. Type of filter:

Low pass, high pass, band pass, notch, all pass
Attenuation and frequency response

. Performance

Center frequency/corner frequency plus tolerance and
stability

Insertion loss/gain plus tolerance and stability
Source impedance

Load impedance

Maximum output noise

Power consumption

Power supply voltage

Dynamic range

Maximum output level

The second step is to find the pole and zero location for the
transfer function which meet the above requirements. This
can be done by using tables and graphs or network synthe-
sis. The form of the transfer function which is easiest to
convert to a cascaded filter is a product of first and second
order terms in these forms:

©»

First Order Second Order
K K
p— —_— (low pass)
o 82 + L5 + w2
Q
K Kg2
—S R (high pass)
s+ o 0o
s2 + —=5 + wy?
Q
K
- (band pass)
,
s2 + E" s + w2
K2+ 072 (notch)
Wo
s2 + —s + w2
Q>
s2 — %s + w2
' (all pass)

@Wo
s2 + —2s + w2
o) of

Each of the second order functions is realizable by using an
AF150 stage. By cascading these stages the desired trans-
fer function is realized.

CASCADING SECOND ORDER STAGES
The primary concern in cascading second order stages is to
minimize the difference in amplitude from input to output
over the frequencies of interest. A computer program is
probably required in very complicated cases but some gen-
eral rules that can be used that will usually give satisfactory
results are:

1. The highest Q pole pair should be paired with the zero
pair closest in frequency.

2. If high pass and low pass stages are cascaded, the low
pass sections should be the higher frequency and high
pass sections the lower frequency.

3. In cascaded filters of more than two sections, the first
section should be the section with Q closest to 0.707 and
then additional stages should be added in order of least
difference between first stage Q and their Q.

DESIGN EXAMPLES OF CASCADE CONNECTIONS
Example 1:

Consider a 4th order Butterworth low pass filter with a
10 kHz cutoff (—3 dB) frequency and input impedance
>30 kQ.

From tables, the normalized filter parameters are:
F1=1.0 Q1 = 0.541
F2=1.0 Q2 = 1.306
Thus, relative to the design required
F1 = (1.0) (10 kHz) = 10 kHz
F2 = (1.0) (10 kHz) = 10 kHz

Section 1
F = 10kHz, Q = 1.306
.8 X 106
Ri = 2?87_ 0 (Using equation 1)
o
R¢ = 22,8800
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Applications Information (continued)
Select input resistor 31.6 k2

104
1+ —
Quin = — N
MIN = "348
Qmin = 0.378
Thus, Q > QmiN
Therefore:
104
RQ = ————162 Q
3.48Q — 1 — — (Using equation 4)
Rin
Rq = 3097Q
First Stage
22.88k
14 3
Riy
1.6k 1
INPUT AF150 tp [=—our
Rg
3097 |7 lu
= 22.88k
TL/K/10112-26
Section 2

fo = 10k, Q = 0.541
Since f, is the same as for the first section:
Ri = 22.88 kQ
Select Ry = 31.6 k(2

104
Fo=——""""75;:%
348Q -1 — R_N (Using equation 4)
n

Rq = 17,6610

Complete Filter, Example 1

INPUT 22.88k

}
—
o

31.6k

AF150
SECTION 1

5_AA

WV
31.6k

3097

3
22.88k

£l

22.88k

—

AF150

5
SECTION 2 outPur

17.66k

t

- . 22.88k
TL/K/10112-27

Example 2.

Consider the design of a low pass filter with the following
performance:

fe = 10 kHz
fs = 11 kHz
Apmax = 1dB
AmIN = 40dB

Itis found that a 6th order elliptic filter will satisfy the above
requirements. The parameters of the design are:

STAGE fo(kH2) - Q f2 (kHz)
1 5.16 0.82 - 20.71
2 8.83 3.72 13.09
3 10.0 20.89 11.15
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Applications Information (continued)
Stage 1
a) From equation 1, Rf is found to be 44.34k

b) From equation 4, Rq is found to be 11.72k assuming RN
(arbitrary) is 10 k2.

To create the transmission zero f,, at 29.71 kHz, use equa-

tion 8.
fz)2 Ry (29.71 )2 Ry
Rh=1{=] — R, = (=— ) =
n (fo 10 ™= \B16/) 10

Thus,
Rp = 3.315RL

Stage 2

The second stage design follows exactly the same proce-

dure as the first stage design. The results are:

a) From equation 1, Ry = 26.91k

b) From equation 4, Rq = 913.6Q, again assuming Ry is
arbitrarily 10k.

13.09\2R_
=== )" "L =0.
c) Rp ( .83 ) or Rp 22 R

10

Selecting R = 10k, then R, = 2.2k, the second stage
design is shown below.

0514V

If Ry is arbitrarily chosen as 10 k2, R, = 33.15k.
Thus, the design of the first stage is:

Stage 3

The third stage design, again, is identical to the first 2

stages and the results are (for Ry = 10k):
First Stage 9 ( IN )

228.8 X 106
R{ = ————— = 22,88k
INPUT Ry Rn fo
44.34k 33.15k 104
. [T Ro=————5 = 14140
10k 348Q—1— R_IN
! AF150
f,\2R 11.5\2R
N ? : R = (—z) LA (———) —(L) Rn = 0.124 R,
172k ] T x:t fo/ 10 10 1
I_W,_, Let R = 20k, R, = 2.48k
- 4:3‘4« Lr356 T0 SECOND
Inn g
. TL/K/10112-28
where the feedback resistor, R, around the external op amp
may be used to adjust the gain.
Second Stage
Ry Ry R
B9 22 (o
I“." ]3 WA
1ok
INPUT FROM 1 S AN
1ST STAGE AF1S0 'R'L' LF350 |—o 0 3RD
Ry 10k N STAGE
913.6 |7 |13
- Ry
2591k

TL/K/10112-29
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Applications Information (continued)

Filter for Example 2
R
2.6k) R2
INPUT 44.34k 33.15k (¢
AV M M 25.91k 2.2k (11.77%)
AN AA ANA
YT
10k 14 Ia
! AF150 2 W \ 10k ; s
1k | A MW\ AF150 AN
4 10k A
11.72k = - o155 B
= 7 13 L
= 434 .. -
= 25.91k
R3
22.88k 2.48k (132.2)
yyy A A
[ s
10k
AW ! AF150 2 M
20k A
[+,
141.4
7 13 — ouTPUT
= 22.88k

Note 1: Select R1, R2, R3 for desired gain.
Note 2: All amplifiers LF356.

From equation 13, the DC gain of the first section is

11
Avy =
140N Riv
104 Rq
Ayy = " = 3.86V/V
V1=~ o~ 386
14—+

104 11.72 X 103

TL/K/10112-30

Similarly, the DC gain of the second and third sections are:
Ayz = 0.850
Ayz = 0.151

Therefore, the overall DC gain is 0.495 and can be adjusted
by selecting R1 with respect to 10k, R2 with respect to 10k
or R3 with respect to 20k.
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Applications Information (continued)
For convenience, a standard resistor value table is given below.

Standard Resistance Values are obtained from the Decade Table by multiplying by multiples of 10. As an example, 1.33 can
represent 1.33Q, 1339, 1.33 kQ, 13.3 k2, 133 kQ, 1.33 MQ.

Standard 5% and 2% Resistance Values

Ohms | Ohms | Ohms | Ohms | Ohms | Ohms | Ohms | Ohms | Ohms Ohms Ohms Megohms
10 27 68 180 470 1,200 3,300 8,200 22,000 56,000 150,000 | 0.24 | 0.62
11 30 75 200 510 1,300 3,600 9,100 24,000 62,000 160,000 | 0.27 | 0.68
12 33 82 220 560 1,500 3,900 10,000 | 27,000 68,000 180,000 | 0.30 | 0.75
13 36 91 240 620 1,600 4,300 11,000 | 30,000 75,000 200,000 | 0.33 | 0.82
15 39 100 270 680 1,800 4,700 12,000 | 33,000 82,000 220,000 | 0.36 | 0.91
16 43 110 300 750 2,000 5,100 13,000 | 36,000 91,000 0.39 1.0
18 47 120 330 820 2,200 | 5,600 | 15,000 | 39,000 | 100,000 043 | 1.1
20 51 130 360 910 2,400 6,200 16,000 | 43,000 | 110,000 0.47 1.2
22 56 150 390 1,000 2,700 6,800 18,000 | 47,000 | 120,000 0.51 1.3
24 62 160 430 1,100 | 3,000 | 7,500 | 20,000 | 51,000 | 130,000 056 | 1.5

Decade Table Determining 2% and 1% Standard Resistance Values
1.00 1.21 1.47 1.78 2.15 2.61 3.16 3.83 4.64 5.62 6.81 8.25
1.02 1.24 1.50 1.82 2.21 2.67 3.24 3.92 4.75 5.76 6.98 8.45
1.05 1.27 1.54 1.87 2.26 2.74 3.32 4.02 4.87 5.90 7.15 8.66
1.07 1.30 1.58 1.91 2.32 2.80 3.40 412 4.99 6.04 7.32 8.87
1.10 1.33 1.62 1.96 2.37 2.87 3.48 4.22 5.11 6.19 7.50 9.09
1.13 1.37 1.65 2.00 2.43 2.94 3.57 4.32 5.23 6.34 7.68 9.31
1.15 1.40 1.69 2.05 2.49 3.01 3.65 4.42 5.36 6.49 7.87 9.53
1.18 1.43 1.74 2.10 2.55 3.09 3.74 4.53 5.49 6.65 8.06 9.76
AppendiX (see Footnote)
The specific transfer functions for some of the most useful ey _ 11 DC Gai
circuit configurations using the AF150 are illustrated in Fig- enls—>o0 Rn . RiN (DCGain)  (13)
ures 11-17. Also included are the gain equations for each (1 tioe t E‘)
transfer function in the frequency band of interest, the Q Q
equation, center frequency equation and the Q determining En S s B (High Freq. Gain)(14)
resistor equation. Qu is a function of Ry {see Graph C). eNis— o ( 1+ Rin " M)
4
a. Non-Inverting Input (Figure 10) 10 fo 4
Transfer Equations are: (1 + 104 + &)
) 1.1 & _ Ra RN/ (Genter (15)
s AN P el o= wg ‘4 RN . Riy Freq. Gain)
e L'T704 "Ry 104" Rq
—_—= (high pass) 9) 1012 1012
eIN A 0y = ———— Wy = ————
11 Rfy X 220 Riz X 220
—Swq
4 Rin R Riy where
ep 104 ' Rq wg = V0.1 w1 wy, (see Footnote)
—_—= (band paSS) (1 0) 104 104
eIN A 14—+ — wp
11 Q-= RN  Ra 0.1 ;1' (16)
w1 02 1.1
Rin , RiN
1+ —+— 104
2 10?_Ra (lowpass) (1) Ra = ) an
e A 1.1Q . _ lo#
where 0122 Rin
) 1.1 @1
=82+ +0.
A =8 s 1+ﬂ+_1i4 wq + 0.1 w02 2
Ra Rin

Note: [t should be noted that in the text of this paper, w4 and w have been assumed equal, and hence Riy = Rip. No generality is lost in this assumption and it
facilitates the design. However, for completeness, the equations given are exact.
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AppendiXx (continued)
o
14 7
20k
AAA
VWA
" Rey 220 pF Rep* 220 pF
ARA AAA 1l AAA 11
\AAL A\A A4 I ' \A AL ' '
o? S -
Al 3 A3 1
N O- W + ’ +
Rin*
1 10k — -
o M
Sps
P 3l 13 5
J\_ e 08 O¢
- HIGH PASS BAND PASS LOW PASS

*External Components

b) Non-inverting input (Figure 12) transfer équations are:

2% 103
1.1+ —R—-
s2 R Q
o 1+ 1ﬂ
;‘% A (high pass)
2x 103
1.1 +
Ra
—S
1+ 0
- 104 (band pass)
eN A P
3
11 2x10
Ra
w1 02
1+ Py
S 104 (low pass)
eN A P
where
2x 103
1.1 +
2 Rq
A=82+swy 104 + 0.1 wq w2
Rin

(18)

(19)

(20)

@1

FIGURE 11. Non-Inverting Input (Q > Qun)

TL/K/10112-31

2 % 103
1.1+
(73 - Ra
enls—o ( H|N)
11+ 2
0T Tos
3
1442210
&n - Ra
eNls— o Rin
+ am——
BT
oo
&\ ___Bn
eIN!w = wg Rin
+ —
T Jos
1012 1012
1T Rye2200 “27 Rppe220
wg = V0.1 w1 w2
1419
Rin 2R
= ,/0.1 -2
Q 2 x 108 1
1.1
Ra
2 X 107
Rq = pres
4 1=2
) (erg)
IN )

(22)

(23)

(24)

(25)

(26)
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Appendix (Continued)

o
_‘
N
L
- o
o
=
e
S
-

bl
o
-
’N
>
S x
b3
<P
<
<

1 10k
c AV“A'
3 13
oep e
HIGH PASS BAND PASS

V1

S(LQI

LOW PASS

FIGURE 12. Non-inverting Input (Q < Qumin)

c) Inverting input (Figure 13) transfer function equations are:

(2 X 108
—g2 B
©n IN .
on A (high pass) (27)
(2 X 103)
1
& _ Rin
on 2 (band pass) (28)
10 (2 X 108
0102
e R
— = IN (low pass) (29)
eIN
1012 1012
1T Rpe2200 “27 Rype220
where
2103
1+ R
A=52+sa 10;” + 0101w (30)
14—
Ra

TL/K/10112-32
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Appendix (Continued)

ey | 2 x 104

d) Differential input (Figure 74) transfer function equations

— = low pass) (DC gain| 31 .
eles_w A (owpass) (@Cgain) (@) are:
_eﬂ s2 (w)
eNls— o _ _2X103 (highpass) Sn _ ANz / high pass
= Ry (high freq. gain) ©82) e A (high pass)
% 103 4 2% 108
(.o ool
ep RiN Ra (band pass) 33) 2o TIN2 7 (band pass)
eNlw =g 114 2 x 103 (center freq. gain) eN A
. R
IN (2 X 103)
w102
®p = 0.1 w1 @z ec_ "\ Pmne J (low pass)
eIN A
1+ 104
= 12 12
Q= RQ w2 a4 @y = 10 . wp= 10
104 o1 @4 Ry X 220 Rz X 220
1.1+ —
RiN where
o 104 1y 4 2200
Q = (35) ) Ring
=g2 N2
S g 2x10) A=sttsa L 10F 108
w2 - + —t+ —
0.1 o Rin Ra RNt
wo = V0.1 01 w2
104 104
1t —
Q= Ra Rt | [, @2
11+ 2 X103 o
’ Rinz
o o
2 014 7
20k
"A'AV
IR W L o Wil
RlN‘ \A A2 AAAJ 1] A\ A A2 - |I_'
e p P b
ol — -
% Ro* 3 13 5
(<1} 08 ¢,
e HIGH PASS BAND PASS LOW PASS

*External Components

TL/K/10112-33

FIGURE 13. Inverting Input, Any Q

(36)

@7)

(38)

+ 0.1 w1 w2 (39)

(40)

(41)
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o o [e]
2 14 7
20k
AAA
\A A4
Rer* 220 pF Re,* 220 pF
AN —AAA—4——] — - AA——] —+
Rinz* N
c=‘v‘v‘v -
eIN le' Al ) )
VAVAV +
1 10k = =
c A"'A‘
s
Sk 3 13 sk
1 oep oep e
e HIGH PASS BAND PASS LOW PASS
*External Components
FIGURE 14. Differential Input
104 10 Ry,
Rq = Q 42) w7z = wp TL—
— 11+ 2% 108 104
2 | 1 -1 —=
0.1 P Rinz Rin en _ 11
e) Notch filter (Figure 15) transfer function equations are: éINls—0 (1 + %‘: + ?)
1.4 Rq Qa
(2 + w?) =
1+ B By f Ry en 1.1
En 10 _Ra eINIs—> oo RiN , Rin
eIN- 1.1 (45) 1+1—0—4+R—0-
s2+say | ————— | + 0101w
1 104 104 192
14+ =+ ——
Ra RN &n -0
12 12 eINlw = o,
10 10
W= ————0, wp=o———0, wp =101
' TRy x220 “2  Rpx220 0 @192
o)
914 7
20k
AVA'AVi
Re * 220 pF Rep* 220 pF
2% f f2
— | —er \—t
R, b P b P b 50 Low Pass
e O—AWV— |
SR
- = <
AAA
vy
e 10k 13
Sk ) L
i $h
: "A'AV -
63 LF356 L_O GOUT
+
HIGH PASS

FIGURE 15. Notch Filter Using an External Amplifier

Rg
— (DC gain) (46)
R

Rg
= ——————— — (high freq. gain) (47)
Rn

(48)

TL/K/10112-35
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Appendix (continued)
f) Input notch filter (Figure 76) transfer function equations
are:

'R ©220 X 10— 12
w7 = og JQ—-FZ-—C;—— , g = 0.1 wq wa (50)

Cz
—f _[s2 + @2 € —Rr2
e 220 x 10-12 % + 07 e =1 (51)
SN . (49) eNlw—0 Rz
en s2 + sw [—liflg—]+w2 = C
1104 + Rq o A = 22())(—?012 (52)
p -
1012 1012 Nlo = e
1= Rhe220 “27 Rpe220
o Q
3 ?14 7
20k
AAA
AA A4
" Ryt 2%(: pF R 21;0 pF
AAA AAA AAA
vy vy ' l Yy l
2
o - - 5
. A ) | b A3 —20
o, + * mm +
'3 RS
= 10 =
AAA
vy
SR 3
1 o .0
-_— 8
- N our TL/K/10112-36
*External Components
FIGURE 16. Input Notch Filter Using 3 Amplifiers
@) All pass (Figure 17) transfer function equations are: 54 l(_)f
Ra 2
2 —swy | ——| + wp? a=|— 122 (54)
2 + BN ' 1
e Rq ° 1012 1012
So _ _ RRYL Sy Wp = —
e 1.1 (53) 17 Ry # 220 2" R e 220
s2 + swq + wp?
2+ Rin wo = V0.1 w1 w2
R 2Q
Time delay at wqg is o seconds
0
0
3 14 ?13 07
20k
ANA
AA A4
Re®* 220 pF Rep* 220 pF
2 k 1 2
O MV My { : Wy : }—- 4
- 5
100k * At —0
Q‘N Oo— S AA +
1 10k 2R
c ‘V"‘f A AVA" AV‘VA
2R*
""" -
LF356 D8O ¢
3 Ro? +
STa
L

*External Components

TL/K/10112-37

FIGURE 17. All Pass
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Definition of Terms
Amax Maximum pass band peak-to-peak ripple
AmiN  Minimum stop band loss

fz
fo
Q
fe
fs
R¢
Rz
Ra
fH

fL

Frequency of jw axis pole pair
Frequency of complex pole pair
Quality of pole

Pass band edge

Stop band edge

Pole frequency determining resistance
Zero Frequency determining resistance
Pole quality determining resistance

Frequency above center frequency at which the gain
decreases by 3 dB for a band pass filter

Frequency below center frequency at which the gain
decreases by 3 dB for a band pass filter
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AF151

National
Semiconductor

AF151 Dual Universal Active Filter

General Description

The AF151 consists of 2 general purpose state variable ac-
tive filters in a single package. By using only 4 external re-
sistors for each section, various second order functions may
be formed. Low pass, high pass and band pass functions
are available simultaneously at separate outputs. In addi-
tion, there are 2 uncommitted operational amplifiers which
are available for buffering or for forming all pass and notch
functions. Any of the classical filter configurations, such as
Butterworth, Bessel, Cauer and Chebyshev can be easily
formed.

Features

m Independent Q, frequency and gain adjustment

® Very low sensitivity to external component variation
W Separate low pass, high pass and band pass outputs
m Operation to 10 kHz

m Q range to 500

m Wide power supply range—+5V to +18V

W Accuracy—*1%

m Fourth order functions in one package

Circuit Diagrams

100k
vy
10k 1000pF PANDPASS 1000 pF
A KA
3 1 22 6
02 b 04 5
210 HIGH PASS LOW PASS 7
OUTPUT OUTPUT
100k = = 8 24 12 20
1717
= v vt Vv
TL/K/10113-1
100k
A'A'A'i
10k 1000pF  BADPESS 1000 pF
M : —O11 p
15 13 10 L—o 18
014 ! 16 17
90 HIGH PASS LOW PASS 19
OUTPUT OUTPUT
100k — =
AAA

VVvV

Order Number AF151-1CJ or AF151-2CJ

See NS Package Number HY24A

TL/K/10113-2
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Absolute Maximum Ratings
If Military/Aerospace specified devices are required,

Output Short-Circuit Duration (Note 1) Infinite

please contact the National Semiconductor Sales Operating Temperature —25°Cto +85°C
Office/Distributors for availability and specifications. Storage Temperature —95°C to +100°C
Supply Voltage 18V Lead Temperature (Soldering, 10 sec.) 300°C
Power Dissipation 900 mW/Package

Differential Input Voltage +36V

Electrical Characteristics (Complete Active Filter)

Specifications apply for Vg = 15V and over —25°C to +85°C unless otherwise specified.

(Specifications apply for each section.)

Parameter Conditions Min Typ Max Units
Frequency Range fe X Q < 50,000 10k Hz
Q Range fe X Q < 50,000 500 Hz/Hz
fo Accuracy

AF151-1C fe X Q < 10,000, Tp = 25°C +2.5 %

AF151-2C f; X Q < 10,000, T = 25°C +1.0
fo Temperature Coefficient +50 +150 ppm/°C
Q Accuracy fe X Q < 10,000, Tp = 25°C +7.5 %
Q Temperature Coefficient +300 +750 ppm/°C
Power Supply Current Vg = +15V 25 45 © mA

Electrical Characteristics (internal Op Amp) (Note 2)
Parameter Conditions Min Typ Max Units
Input Offset Voltage Rs < 10kQ 1.0 6.0 mV
Input Offset Current 4 50 nA
Input Bias Current 30 200 nA
Input Resistance 25 MO
Large Signal Voltage Gain Ry = 2k, Voyt = £10V 25 160 V/mV
Output Voltage Swing R = 10kQ +12 +14 v
RL = 2kQ +10 +13

Input Voltage Range 12 \
Common-Mode Rejection Ratio Rs < 10kQ 70 90 dB
Supply Voltage Rejection Ratio Rs < 10kQ 77 96 dB
Output Short-Circuit Current 25 mA
Slew Rate (Unity Gain) 0.6 V/ps
Small Signal Bandwidth 1 MHz
Phase Margin 60 Degrees

Note 1: Any of the amplifiers can be shorted to ground indefinitely; however, more than one should not be simultaneously shorted as the maximum junction

temperature will be exceeded.

Note 2: Specifications apply for Vg = +15V, Ty = 25°C.
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Applications Information

The AF151 consists of 2 identical filter sections and 2 un-
committed op amps. The op amps may be used for buffering
inputs and outputs, summing amplifiers (for notch filter gen-
eration), adjusting gain through the filter sections, additional
passive networks to create higher order filters, or simply
used elsewhere in the user’s system.

The design equations given apply to both sections; howev-
er, for clarity, only the pin designations for Section 1 will be
shown in the examples and discussion.

See the AF100 datasheet for additional information on this
type of filter.

The design equations assume that the user has knowledge
of the frequency and Q values for the particular design to be
synthesized. If this is not the case, various references and
texts are available to help the user in determining these
parameters. A bibliography of recommended texts can also
be found in the AF100 datasheet.

CIRCUIT DESCRIPTION AND OPERATION
A schematic of one section of the AF151 is shown in Figure
1. Amplifier A1 is a summing amplifier with inputs from inte-
grator A2 to the non-inverting input and integrator A3 to the
inverting input. Amplifier A4 is an uncommitted amplifier.
By adding external resistors the circuit can be used to gen-
erate the second order system.
ags2 + aps+ay
s2 + bos + by
The denominator coefficients determine the complex pole
pair location and the quality of the poles where

wo = vby = the radian center frequency

T(s) =

= %’9 = the quality of the complex pole pair
2 .

If the output is taken from the output of A1, numerator coef-
ficients ay and ap equal zero, and the transfer function be-
comes:

ags2

T(s) = (High Pass)

®Wo
s2 + — + 0?2
Q o

If the output is taken from the output of A2, numerator coef-
ficients a; and ag equal zero and the transfer function be-
comes: :

ass

T(s) = (Band Pass)

52+—Q—°s+wo2

If the output is taken from the output of A3, numerator coef-
ficients ag and ap equal zero and the transfer function be-
comes:

ai

T(s) = (Low Pass)

@o,
s2 + —s + wy?
Q 0

Using proper input and output connections the circuit can
also be used to generate the transfer functions for a notch
and all pass filter. .

In the transfer function for a notch function a; becomes

zero, a4 equals w,2 and az equals 1. The transfer function
becomes:

s2 + 2
T(s) = Oz (Notch)
2+ 29 4 2
Q ° ‘
In the all pass transfer function a3 = g2, ap = —w/Q
and ag = 1. The transfer function becomes:
,
s2 — =25 + wy?
T(s) = (All Pass)

Wo
2+ —s + w2
Q °

LOW PASS AMP IN-

HIGH PASS BAND PASS
o o
PRSP SR | I - SN I J F S |
3 00l ]
N20— ANV '
' 10k H
Wt I .
H 1000 pF 1000 pF H
[} [) !
] p P ] P MP OUT
(] [}
. ]
: :
211 100k = = '
IN 10— AN !
losrcccccscsrcrncnvoscercascscsonncocscsvsnvenenesecdevecceed
o)
AMP IN+

TL/K/10113-3

FIGURE 1. AF151 Schematic (Section 1)
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Applications Information (continued)

FREQUENCY CALCULATIONS

For operation above 200 Hz, the frequency of each section
of the AF151 is set by 2 equal valued resistors. These resis-
tors couple the output of the first op amp (pin 2) to the input
of the second op amp (pin 1) and the output of the second
op amp (pin 23) to the input of the third op amp (pin 22).
The value for Ry is given by:

50.33 X 108
=——0 (1)
fo

For operation below 200 Hz, “T” tuning should be used as
shown in Figure 3.

For this configuration,
RT2
T @
Rf — 2Rt
where Rt or Rg can be chosen arbitrarily, once Ry is found
from Equation 1.

Q CALCULATIONS

To set the Q of each section of the AF151, one resistor is
required. The value of the Q setting resistor depends on the
input connection (inverting or non-inverting) and the input
resistance. Because the input resistance does affect the Q,
itis often desirable to use one of the uncommitted op amps
to provide a buffer between the signal source impedance
and the input resistor used to set the Q.

R¢

Rs

Ry
lz l 1
AF151
22 23
R¢

TL/K/10113-4
FIGURE 2. Frequency Tuning

Riy
24, AF151

TL/K/10113-6
FIGURE 4. Connection for Q > Qun

To determine which connection is required for a particular
Q, arbitrarily select a value of Ry (Figure 4) and calculate
Qmin according to Equation 3.

105
1+ —

Rin

3.48 ®

If the Q required for the circuit is greater than Qpn, use
Equation 4 to calculate the value of Rq and the connection
shown in Figure 4.
105
Ro=—""75% 4
348Q -1 ——
RiN
If the Q required for the circuit is less than Qyn, use Equa-
tion 5 to calculate the value of Rq and the connection
shown in Figure 5.

Qmin =

A= 104 -
a 0.3162(1+EE)_11
Q Rin ’

Both connections shown in Figures 4 and 5 are “non-invert-
ing” relative to the phase relationship between the input
signal and the low pass output.

For any Q, Equation 6 may be used with the “inverting”
connection shown in Figure 6.

105
Rq = (6)

4
3.16Q (1.1 + 19—) -1
Rin

AF151

1 2 22 23

L.
TL/K/10113-5

FIGURE 3. “T” Tuning for Low Frequency

>

Ry 21
o—\wWA—]+

AF151
Rq 3

It

TL/K/10113-7
FIGURE 5. Connection for Q < Quqn

Ry 3
o—MA—-]-

Ro 2

AF151

TL/K/10113-8

FIGURE 6. Connection for Any Q, Inverting
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Applications Information (continued)

NOTCH TUNING

When the low pass output and the high pass output are
summed together, the result is a notch (Figure 7).

Rip
|2
Lp

AF151

TL/K/10113-9
FIGURE 7. Notch Filter

The relationship between R p, Rnp, fo and f,, the location of
the notch, is given by Equation 7.

fz)z RLp

£) = 7
P (fo 10 ™
Again, it is advantageous to use one of the uncommitted op
amps to perform this summing function to prevent loading of
this stage or the resistors R p and Ryyp from effecting the Q

of subsequent stages. Resistor R can be used to set the
gain of the filter section.

GAIN CALCULATIONS

The following list of equations will be helpful in calculating
the relationship between the external components and vari-
ous important parameters. The following definitions are
used:

AL — Gain from input to low pass output at DC
Ay — Gain from input to high pass output at high frequency
Ag — Gain from input to band pass output at center fre-
quency
For Figure 4:
1
AL = e

1.

pry

AH=_..
_(1+E+1_°"’)
Ap = Ro RN
A
Rin |, Rin
=1+ — 4+ —
a=1 105 Rq
For Figure 5:
5
1+
AL= Ra
L A
4
11+ 2
An= Ra
H A
5
(-2
AB IN
A
RiN
A=1+—=
105

For Figure 6:

L= ——

Rin
_ 104

Rin
E(1 n E)
R R
pg = BN Q

1"+ —
Rin

For Figure 7:

At low frequency, when f, < fz, the gain to the output of the
summing op amp is:

11 (i)
Rip
Rin RIN)
1+ —+ =
( 105 Rqg
At high frequency, when f, > f, the gain to the output of the
summing op amp is:

R
11 (=)
Rup

(1 L BN M)
105  Rq

At the notch, ideally the gain is zero (0).

TUNING TIPS

In applications where 2% to 3% accuracy is not sufficient to
provide the required filter response, the AF151 stages can
be tuned by adding trim pots or trim resistors in series or
parallel with one of the frequency determining resistors and
the Q determining resistor.

When tuning a filter section, no matter what output configu-
ration is to be used in the circuit, measurements are made
between the input and the band pass output.

Before any tuning is attempted, the low pass output should
be checked to see that the output is not clipping. At the
center frequency of the section, the low pass output is
10 dB higher than the band pass output and 20 dB higher
than the high pass. This should be kept in mind because if
clipping occurs, the results obtained when tuning will be in-
correct.

AL =

Ay =

Frequency Tuning

By adjusting resistor Ry, center frequency of a section can
be adjusted. Adjusting center frequency by phase is the
most accurate but tuning for maximum gain is also correct.

Q Tuning

The Q is tuned by adjusting the Rq resistor. To tune the Q
correctly, the signal source must have an output impedance
very much lower than the input resistance of the filter since
the input resistance affects the Q. The input must be driven
through the same resistance the circuit will “see” to obtain
precise adjustment.
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Applications Information (continued)

The lower 3 dB (45°) frequency, fi, and the upper 3 dB (45°)
frequency, fy, can be calculated by the following equations:

1 i
== — )"+
fi (20 *V\2a ! ) x (f°)

where f, = center frequency

fL= Ve o)« (s
L 2Q 2Q °

When adjusting the Q, set the signal source to either fy or f|_
and adjust for 45°C phase change or a 3 dB gain change.
Notch Tuning

If a circuit has a jw axis zero pair, the notch can be tuned by
adjusting the ratio of the summing resistors (low pass/high
pass summing).

In either case, the signal is connected to the input and the
proper resistor is adjusted for a null at the output.
TUNING PROCEDURE

Center Frequency Tuning

Set oscillator to center frequency desired for the filter sec-
tion, adjust amplitude and check that clipping does not oc-
cur at the low pass output.

Adjust the Rg resistor until the phase shift between input and
band pass output is 180° or 0°, depending upon the connec-
tion.

Q Tuning

Set oscillator to upper or lower 45° frequency (see tuning
tips) and tune the Q resistor until the phase shift is 135°
(upper 45° frequency) or 225° (lower 45° frequency).

Zero Tuning (Notch Tuning)

Set the oscillator output to the zero frequency and tune one
of the summing resistors for a null at the output of the sum-
ming amplifier.

Gain Adjust

Set the oscillator to any desired frequency and the gain can
be adjusted by measuring the output of the summing ampli-
fier and adjusting the feedback resistance.

DESIGN EXAMPLE

Assume 2 band pass filters are required to separate FSK
data.

f1 = 800 Hz, Q = 40
f2 = 1000 Hz, Q = 50
The gain through each filter is to be 10 V/V (20 dB).

Since the design is similar for both sections, only the first
section design will be shown for the example.

(a) From Equation 1
_50.33 X 106 _ 50.33 X 106
fo 800

Rf = 62.9k

(b) Checking QN from Equation 3, arbitrarily let

Il

RN = 300k.
1+ E 1+ 108
Rin 3 X 105
= = = 0.
QM = 378 3.48 983

Since the Q required for the design (Q = 40), is greater
than Q. the circuit of Figure 4 or Figure 6 may be used.
Arbitrarily we shall select the circuit of Figure 4.

(c) From Equation 4, Rq is found to be

105 105
Rq = =

105
348Q —1—— (3.48)(40) — 1 —
RN

or Rq = 7250

(d) Calculate the center frequency gain for Figure 4.

105
3 X 105

_ (1 105 . E)
Rqa RN/ _ —(1+137.9 + 0.333)

As = ( RN R.N) T T +30+414)
1+ -0 -0
105  Rq
Ag = 0.333V/V

Since the gain at fy, is 0.333 V/V, a gain of 10 V/V can be
obtained by using the uncommitted operational amplifier
with a gain of 30.03 as shown in Figure 8.

+V
62 9k 50.3k
ourPur ,2‘ 12 ouwur
o
5 17
o $
10k |0k<:
1 1
1 3298k 208k
b3
6 18
7 AF151 19
L L
INPUT 9 INPUT
300k 300k
:’ 7250 I | lzs lzo | || 5790
- 629k VY 50.3k

TL/K/10113-10
FIGURE 8. Dual Band Pass Filter

RF2

RFL
UTPUT
Sf fi |2T12|F|1s [is mn
3

‘b
13 AF151 320k

R Ry b 10k

TL/K/10113-11
FIGURE 9. Telephone Multifrequency (MF)
Band Pass Filter

1-47

LS4V




AF151

Applications Information (continued)

FREQ | BW fe f1 Q1&Q2 f2 RF1 RF2 RQ
700 | 75 | 698.4 | 6656 17 7328 | 7562k | 68.68k | 1.749k
900 | 75 | 898.7 | 8658 218 932.9 | 58.13k | 53.95k | 1.354k
1100 | 75 | 1098.8 | 1065.7 26.7 11329 | 47.23k | 44.43k | 1.100k
1300 | 75 | 12989 | 12658 | 316 1332.9 | 39.76k | 37.76k | 926.20
1500 | 75 | 1499.0 | 14658 | 36.4 1532.9 | 34.34k | 32.83k | 802.10
1700 | 75 | 1699.1 | 16659 | 41.3 1733.0 | 30.21k | 29.04k | 705.60
700Hz 900 Hz 1100 Hz 1300 Hz 1500 Hz 1700 Hz
AF110 AF110 AF110
AF151 AF151 AF151 AF151 AF151 AF151
700 Hz 900 Hz 1100 Hz 1300 Hz 1500 Hz 1700 Kz
A=6dB A=6dB A=6d8 A=6dB A=6dB A=6dB
o Mo
AGC

FIGURE 10. MF Tone Receiver

TL/K/10113-12
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Applications Information (continued)

57.43k 40.11k
zTZA 23 22 11 10
INPUT 301k 21
c=‘""
> 7
2102k F8 AF151
19
"L_ 20[1 2 b 6 5 913 14|16 18 17
- AA AAA. b
vy A\ A4
Cutoff 1270 Hz 31.6k | 45.59k 100k 50k OUTPUT
Stop Band Edge 2025 Hz - WA MM :( AW\ VW M AMN o]
Band Pass Ripple 1.5 dB VT 5743k 4222 0.01 uF L 40.11k 1418k 171.5k
Rejection 59 dB SVAY 37640 :;
fe1 876.3Hz feo 1254.8Hz
Ql 175 Q2 821 -J_|—
f,y 8201.7Hz  f;» 2113.3Hz =
fR 3569 Hz TL/K/10113-13
FIGURE 11. Low Pass Low Speed Asynchronous FSK Modem Filter
24.56k 17.15k
|23 |22 11 10
17
O
001 uF o ).
VWv AF151 < 104k
e}
220903 407203
718119 |1 |2 416 5 93 14 16
S 4’ 4»
Cutoff 2025 Hz = 4= 2456k S 301k 100k 301ks
Stop Band Edge 1270 Hz - ANN—S- ANA VWA VWA WA
Band Pass Ripple 1.5 dB 10.61k 100k L 17.15k 22550
Rejection 59 dB 2445k
foy 2049.6Hz  fop 2934.8Hz _j,
Q1 821 Q2 175 _|._
fy 12169Hz  f; 803.3Hz =
fr 7206 Hz TL/K/10113-14

FIGURE 12. High Pass Low Speed Asynchronous FSK Modem Filter
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Applications Information (continued)

Standard Resistance Values are obtained from the Decade Table by multiplying by multipies of 10. As an example, 1.33 can
represent 1.33Q2, 1330, 1.33 kQ, 13.3 k2, 133 kQ, 1.33 MQ.

Standard 5% and 2% Resistance Values

] Q Q Q Q Q Q Q Q Q Q MQ

10 27 68 180 470 1,200 | 3,300 8,200 22,000 56,000 150,000 0.24 0.62
1 30 75 200 510 1,300 | 3,600 9,100 24,000 62,000 160,000 0.27 0.68
12 33 82 220 560 1,500 | 3,900 10,000 27,000 68,000 180,000 0.30 0.75
13 36 91 240 620 1,600 | 4,300 11,000 30,000 75,000 200,000 | 0.33 0.82
15 39 100 270 680 1,800 | 4,700 12,000 33,000 82,000 220,000 | 0.36 0.91

16 | 43 110 | 300 750 2,000 | 5,100 13,000 | 36,000 91,000 0.39 1.0
18 | 47 120 | 330 820 2,200 | 5,600 15,000 | 39,000 100,000 0.43 141
20 | 51 130 | 360 910 2,400 | 6,200 16,000 | 43,000 110,000 0.47 1.2
22 | 56 150 | 390 1,000 2,700 | 6,800 18,000 | 47,000 120,000 0.51 13
24 | 62 160 | 430 1,100 3,000 | 7,500 | 20,000 | 51,000 130,000 0.56 1.5

Decade Table Determining '2.% and 1% Standard Resistance Values

Q Q Q 1) Q Q 1) 1) 1) Q Q MQ

1.00 1.21 1.47 1.78 2.15 2.61 3.16 3.83 4.64 5.62 6.81 8.25
1.02 1.24 1.50 1.82 2.21 2.67 3.24 3.92 4.75 5.76 6.98 8.45
1.05 1.27 1.54 1.87 2.26 2.74 3.32 4.02 4.87 5.90 7.15 8.66
1.07 1.30 1.58 1.91 2.32 2.80 3.40 4.12 4.99 6.04 7.32 8.87
1.10 1.33 1.62 1.96 2.37 2.87 3.48 4.22 5.11 6.19 7.50 9.09
1.13 1.37 1.65 2.00 2.43 2.94 3.57 4.32 5.23 6.34 7.68 9.31
1.15 1.40 1.69 2.05 2.49 3.01 3.65 4.42 5.36 6.49 7.87 9.53
1.18 1.43 1.74 2.10 2.55 3.09 3.74 4.53 5.49 6.65 8.06 9.76
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National
Semiconductor

LMF90

4th-Order Elliptic Notch Filter

General Description

The LMF90 is a fourth-order elliptic notch (band-reject) filter
based on switched-capacitor techniques. No external com-
ponents are needed to define the response function. The
depth of the notch is set using a two-level logic input, and
the width is programmed using a three-level logic input. Two
different notch depths and three different ratios of notch
width to center frequency may be programmed by connect-
ing these pins to VT, ground, or V™. Another three-level
logic pin sets the ratio of clock frequency to notch frequen-
cy.

An internal crystal oscillator is provided. Used in conjunction
with a low-cost color TV crystal and the internal clock fre-
quency divider, a notch filter can be built with center fre-
quency at 50 Hz, 60 Hz, 100 Hz, 120 Hz, 150 Hz, or 180 Hz

No external components needed to set response char-
acteristics

@ Notch width, attenuation, and clock-to-center-frequency
ratio independently programmable

14 pin 0.3” wide package

Key Specifications

fo Range 0.1 Hz to 30 kHz
B fg accuracy over full temperature range (max) 1.5%
m Supply voltage range +2V to £7.5V or 4V to 15V
@ Passband Rippie (typ) 0.25 dB
@ Attenuation at fg (typ) 39 dB or 48 dB (selectable)
a fok: fo 100:1, 50:1, or 33.3:1
Notch Bandwidth (typ) 0.127 fp, 0.26 fg, or 0.55 fp

. o o Output offset voltage (max 120 mV
for rejection of power line interference. Several LMF90s can utpu voltage ( )
be operated from a single crystal. An additional input is pro- H s
vided for an externally-generated clock signal. Appllcatlons .
Automatic test equipment
Features B Communications
Center frequency set by external clock or on-board & Power line interference rejection
clock oscillator
Typical Connection Connection
60 Hz Notch Filter Diagram
+5V Vin Vour |‘5" Dual-In-Line Package
Tom kel w—{1 ~ 14f-v*
= e = | 12 no = | 9 8 = R—2 13 f—GND
v* GND Vint iz D Vour V- Lo—3 12~V
XTALZ=—{ 4 LMFS0  11}=V)y,
XTAL1—{5 10}-D
cLk—6 9b=Vour
LMF30 xs—7 8f-v-
NON-OVERLAPPING
CLOCK GENERATOR
NER TL/H/10354-2
Top View
2,595,716 ,_oh_ Order Number LMF90CCN,
it o LMF90CCWM, LMF90CIJ
W R LD xaz |t CLK XLS or LMF0CMJ
1 2 3 r 5 s 7 See NS Package Number
I . L g— J14A, M14B or N14A
= -sv = 3579545 Wi 5
& r4

TL/H/10354-1
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LMF90

Absolute Maximum Ratings (Notes 1&3)
If Military/Aerospace specified devices are required,

Soldering Information (Note 4)

please contact the National Semiconductor Sales N Package (Soldering, 10 sec.) 260°C
Office/Distributors for availability and specifications. J Package (Soldering, 10 sec.) 300°C
Supply Voltage (Vg = VT — V™) —0.3Vto +16V Storage Temperature Range —65°C to +150°C
Voltage at any Input or Output V™ —0.3VtoV' +0.3V Junction Temperature 150°C
Input Current at any Pin (Note 10) 5mA . .
Package Input Current (Note 10) 20 mA Operating Ratings (Notes 2 3)
Power Dissipation (Note 5) 500 mW Temperature Range TMIN < Ta < TMAx
ESD S tability (Note 6 LMFS0CCN, LMFS0CCWM 0°C < Tp < +70°C
oD Suscepta ity (Note 6) 1800V LMF90CIJ —40°C < Tp < +85°C
All Other Pins 2000V LMF90CMJ —55°C < Tp < +125°C
Supply Voltage Range 4.0V to 15.0V
AC Electrical Characteristics The following specifications apply for V¥ = +5Vand V™ = —5V unless otherwise specified. Boldface limits apply for
Ta = TmiN to Tmax; all other limits Ta = Ty = 25°C.
LMF90CCN, LMF90CIJ,
LMF90CCWM LMF90CMJ
Units
Symbol Parameter Conditions Tested Design Tested Design (Limit)
Typ X : Typ .
(Note 7) Limit Limit (Note 7) Limit Limit
(Note 8) (Note 9) (Note 8) (Note 9)
fo Center Frequency 0.1 0.1 Hz (Min)
Range 30 30 30 kHz (Max)
foLk Clock Frequency Pin6 10 10 Hz (Min)
Range Pin6 1.5 1.5 1.5 MHz (Max)
Pins4and 5 4.0 4.0 4.0 MHz (Max)
fok/fo1 | Clock-to-Center- | W=D=V~,R=V™, 335 +1% | 33.5 +1.6% 33.5 +1.5% M
Frequency Ratio | foix = 167 kHz T = ’ = (Max)
foLk/foz2 W =D =R = GND, 1% o +1.59 5 +1.59
foLk = 250 kHz 50.25 +1% | 50.25 +1.5% 0.25 £ 1.5% (Max)
_ vt p= —v—
foLk/fos W=V",D=GND,R=V", 1005 +1% | 100.5 +1.5% 100.5 + 1.5% (Max)
fcLk = 500 kHz
i = = - = +
Hon Passband Gain DCand20kHzW=D=V~ ,R=V", 0 +0.2 +0.2 0 +0.2 dB (Max)
fcLk = 167 kHz
W=D =R = GND
! 0 +0.2 +0.2 0 +0..
foLk = 250 kiz 0.2 dB (Max)
wW=vt D=GND,R=V"~
' ’ ’ +0. +0. +0.
fouk = 500 kHz 0 0.2 0.2 0 0.2 dB (Max)
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AC Electrical Characteristics The foliowing specifications apply for V* = +5V and v~

TA = Tmin to Tmax; all other limits Ty = Ty = 25°C. (Continued)

—5V unless otherwise specified. Boldface limits apply for

LMF90CCN, LMF90CLJ,
LMF90CCWM LMF30CMJ Units
Symbol Parameter Conditions T Tested Design T Tested Design | (Limit)
(No¥: 7 Limit Limit (N°¥:7) Limit Limit
(Note 8) (Note 9) (Note 8) (Note 9)
i = = - = +
PBW a‘;‘;’gft’;'jc"‘:;'ﬁ"d ;’ZLK LR 0.1275 +£0.0175| 0.1275 £0.0175 0.1275 £0.0175 (Max)
F = = =
requency ;’;’LK D i NP 0.265 £0.025 | 0.265 +0.025 0.265 +0.025 (Max)
=yt = =V
;’;’LK \=’ 5’0'3 kHZGND’ R=V". 0.550 +0.05 0.550 +0.05 0.550 +0.05 (Max)
Awtin1@fo1 | Gain at wW=D=V ,R=V", _ _ _ _ _
Center Frequency | fox = 167 kHz 39 80 30 39 30 dB (Max)
Awtinz®fo2 ;’ZLK =D zsngzGND' —48 —-365 —-36.5 —48 -36.5 dB (Max)
! vyt p= —v-
Antina®fos XLK : 5'03 kaND‘ R=V" —48 —36.5 —-36.5 —48 —-36.5 dB (Max)
Additional Center |W = GND,D =V~,R=V*,
Frequency Gain fok = 167 kHz 36 30 30 36 30 dB (Max)
vt p_—v- R =yt
Tests atfo1 ‘f’(‘:/LK ‘=/ 1’6';’ kH;’ R=VE —-36 —-30 —-30 —36 —-30 dB (Max)
V- P = _ v+
}’;’ ) Vo SNDR =V —42 ~30 -30 —a2 ~30 dB (Max)
K=
= = = +
;’;’ . _D 16;3‘:(":'32":* Vi —48 -35 -35 —48 -35 dB (Max)
K =
=yt p= = v+,
W=V",D=GNDR =V —48 -35 -35 —48 -35 dB (Max)

foLk = 167 kHz
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LMF90

AC Electrical Characteristics the following specifications apply for V1 = +5Vand V™ = —5V unless otherwise specified. Boldface limits apply for
Ta = Tmin to Tyax; all other limits Ty = T, = 25°C. (Continued)
LMF90CCN, LMF90CLJ,
LMF90CCWM LMF90CMJ .
Units
Symbol Parameter Conditions Tested Design Tested Design (Limit)
Typ L : Typ oo L
(Note 7) Limit Limit (Note 7) Limit Limit
(Note 8) (Note 9) (Note 8) (Note 9)
Additional Center W=V",D=V",R = GND, _ _ _ _ _
Frequency Gain foLk = 250 kHz 36 80 30 36 30 dB (Max)
Tests at fop W = GND,D = V~,R = GND, _ _ _ -~ _
foLk = 250 kHz 36 30 30 36 30 dB (Max)
wW=vt D=V",R=GND,
foLk = 250 kHz 36 30 30 36 30 dB (Max)
W =V",D=R = GND, _ _ _ _ _
foLk = 250 kHz 42 30 30 42 30 dB (Max)
w=Vv* D=R=GND, B B
foLk = 250 kHz 48 35 35 48 35 dB (Max)
Additional Center W=D=R=V", _ _ _ _ _
Frequency Gain foLk = 500 kHz 36 80 30 36 30 dB (Max)
Tests at fog W=GND, D=V ,R=V", _ _ _ _ _
fok = 500KHz 36 30 30 36 30 dB (Max)
w=vt D=V ,R=V", _ _
foLk = 500 kHz 36 30 30 36 30 dB (Max)
W=V ,D=GND,R=V", _ _ _ - —
foLk = 500 kHz 42 30 30 42 30 dB (Max)
W=D=GND,R=V", _ B _ _ _
foLk = 500 kHz 48 35 35 48 35 dB (Max)
Aza Gain at f3 = 0.995 foq W=D=V ,R=VT, —41 —30 -30 -41 -30 dB (Max)
Aga Gain atf4 = 1.005 fo4 foLk = 167 kHz —-41 —30 -30 -41 -30 dB (Max)
Agp Gain at f3 = 0.992 fop W = D = R = GND, fg g = 250 kHz —40 —-35 —-35 ~40 —-35 dB (Max)
Agp Gain atf4 = 1.008 fop —40 —35 -35 —40 -35 dB (Max)
Asc Gain at f3 = 0.982 fog W=VT,D=GND,R=V" —41 —35 —-35 —41 -35 dB (Max)
Asc Gainatfs = 1.018 fog foLk = 500 kHz —41 —35 -35 —41 —-35 dB (Max)
Amaxi Passband Ripple W=D=V ,R=VT, fs = 0.914 foq 0.25 0.9 0.9 0.25 0.9 dB (Max)
foLk = 167 kHz 0.25 0 [+] 0.25 o dB (Min)
fe = 1.094 fo 0.25 0.9 0.9 0.25 0.9 dB (Max)
0.25 0 (] 0.25 o dB (Min)




SG-1

AC Electrical Characteristics The following specifications apply for V = +5Vand V™ = —5V unless otherwise specified. Boldface limits apply for

Ta = TmiN to Tyax; all other limits T = Ty = 25°C. (Continued)

LMFS0CCN, LMF90CIJ,
LMF90CCWM LMF90CMJ Units
Symbol Parameter Conditions Tested Design Tested Design (Limit)
Typ L : Typ L
(Note 7) Limit Limit (Note 7) Limit Limit
(Note 8) (Note 9) (Note 8) (Note 9)
AMax2 Passband Ripple W=D =R = GND, f5 = 0.830 foo 0.25 0.9 0.9 0.26 0.9 dB (Max)
foLk = 250 kHz 0.25 0 o 0.25 o dB (Min)
fs = 1.205 fop 0.25 0.9 0.9 0.25 0.9 dB (Max)
0.25 0 ) 0.25 o dB (Min)
AMax3 Passband Ripple W=VY D=GND,R=V" fs = 0.700 fo3 0.25 0.9 0.9 0.25 0.9 dB (Max)
" foLk = 500 kHz 0.25 0 o 0.25 o dB (Min)
fe = 1.428 fos 0.25 0.9 0.9 0.25 0.9 dB (Max)
0.25 0 o 0.25 o dB (Min)
En Output Noise 20 kHz Bandwidth
W=D=V_,R=V",fgk=167kHz 670 670 pVrms
W =D = R = GND, fgLx = 250 kHz 370 370 pVrms
W=V" D=GND,R=V",
fcLk = 500 kHz 250 250 pVrms
Clock Feedthrough 50 50 mVp-p
GBW Output Buffer
Gain Bandwidth ! ! MHz
SR Output Buffer
Slew Rate 8 8 Vins
Cp Maximum Capacitive 200 200 oF
Load
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DC Electrical Characteristics The following specifications apply for V¥ = +5V and V™ = —5V unless otherwise specified. Boldface Limits Apply for
Ta = Tamn to Tyax; all other limits Ty = Ty = 25°C.
LMF90CCN, LMF90ClJ,
LMF90CCWM LMF90CMJ Units
Symbol Parameter Conditions Tested Design Tested Design (Limit)
Typ . . Typ :
(Note 7) Limit Limit (Note 7) Limit Limit
(Note 8) (Note 9) (Note 8) (Note 9)
Is Power Supply Current focLk = 500 kHz, Ving = Vin2 = GND 2.35 5.0 5.0 2.35 5.0 mA (Max)
Vos Output Offset Voltage W=D=V ,R=V", fg k=167 kHz +50 +120 +120 +50 +120 mV (Max)
W =D = R = GND, fg.x = 250 kHz +60 +140 +140 +60 +140 mV (Max)
W=Vt D=GND,R=V", +80 +170 +170 +80 +170 mV (Max)
fcLk = 500 kHz
Vout Output Voltage Swing R =5kQ +4.2, —4.7 +4.0 +4.0 +4.2, —4.7 +4.0 V (Min)
Vi Logical “Low Pins 1,2,3,7,and 10 _40 —a.0 _4.0 V (Max)
Input Voltage
Viz Logical “GND” Pins1,2,3,7,and 10 +1.0 +1.0 +1.0 V (Max)
Input Voltage -1.0 -1.0 -1.0 V (Min)
Vi3 Logical “High Pins1,2,3,and 7 +40 +4.0 +4.0 V (Min)
Input Voltage
N Input Current Pins1,2,3,7,and 10 +10 +10 +10 nA (Max)
Vi Logical “0” Input Pin5,XLS = v+ _ B 3
Voltage, Pins5and6 | orPin6, XLS = GND 40 4.0 4.0 v (Max)
VIH Logical “1” Input + "
4.0 +4.0 +4.0 V(M
Voltage, Pins 5 and 6 (Min)
Vi Logical “0” Input VY — VT =10V, XLS =V or
— +0. +0. + 0.
Voltage, Pin 6 VF = +BV,V" = OV, XLS = +2.5V 8 8 0.8 v (Max)
ViH Logical “1” Input + + +2.0 )
Voltage, Pin 6 2.0 2.0 i V (Min)
VoL Logical “0” Output XLS = V1, lloytl = 4mA
—4.0 —4.0 —4.0 V(M
Voltage, Pin 6 4 (Max)
VoH Logical “1” Output +4.0 +4.0 +4.0 -
Voltage, Pin 6 i i 4 v (Min)




Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur.

Note 2: Operating Ratings indicate conditions for which the device is intended to be functional. These ratings do not guarantee specific performance limits,
however. For guaranteed specifications and test conditions, see the Electrical Characteristics. The guaranteed specifications apply only for the test conditions
listed. Some performance characteristics may degrade when the device is not operated under the listed test conditions.

Note 3: All voltages are measured with respect to GND unless otherwise specified.

Note 4: See AN450 “Surface Mounting Methods and Their Effect on Product Reliability” or the section titled “Surface Mount” found in any current Linear Data
Book for other methods of soldering surface mount devices.

Note 5: The maximum power dissipation must be derated at elevated temperatures and is dictated by T max, ®a and the ambi , Ta. The

allowable power dissipation at any p is Pp = (Tymax — Ta)/®ya or the number given in the Absolute Maximum Ratings, whichever is lower. For this
device, Tymax = 150°C, and the typical thermal resistance (®4) when board mounted is 61°C/W for the LMF90CCN, 134°C/W for the LMFS0CCWM, and 59°C/W
for the LMF90CIJ and CMJ.

Note 6: Human body model, 100 pF discharged through a 1.5 kS} resistor.

Note 7: Typicals are at Ty = 25°C and represent the most likely parametric norm.
Note 8: Tested Limits are guaranteed and 100% tested.

Note 9: Design Limits are guaranteed, but not 100% tested.

Note 10: When the input voltage (V) at any pin exceeds the power supplies (Vi < V™ or Vi > V'), the current at that pin should be limited to 5 mA. The 20 mA
maximum package input current rating limits the number of pins that can safely exceed the power supplies with an input current of 5 mA to four.
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Typical Performance Characteristics
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Typical Performance Characteristics (continued)
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LMF90

Pin Descriptions

W (Pin 1) This three-level logic input sets the width of
the notch. Notch width is fea-fcq (see Figure
7). When Wis tiedto VT (pin 14), GND (pin
13), or V™ (pin 8), the notch width is 0.55 fg,
0.26 fg, or 0.127 fo, respectively.

This three-level logic input sets the ratio of
the clock frequency (fcLk) to the center fre-
quency (fo). When R is tied to V™, GND, or
V™, the clock-to-center-frequency ratio is
33.33:1, 50:1, or 100:1, respectively.

This three-level logic input sets the division
factor of the clock frequency divider. When
LD is tied to V¥, GND, or V™, the division
factor is 716, 596, or 2, respectively.

This is the output of the internal crystal os-
cillator. When using the internal oscillator,
the crystal should be tied between XTAL2
and XTAL1. (The capacitors are internal—
no external capacitors are needed for the
oscillator to operate.) When not using the
internal oscillator this pin should be left
open.

This is the crystal oscillator input. When us-
ing the internal oscillator, the crystal should
be tied between XTAL1 and XTAL2. XTAL1
can also be used as an input for an external
clock signal swinging from V¥ to V™. The
frequency of the crystal or the external
clock will be divided internally by the clock
divider as determined by the programming
voltage on pin 3.

This is the filter clock pin. The clock signal
appearing on this pin is the filter clock
(fcLk). When using the internal crystal oscil-
lator or an external clock signal applied to
pin 5 while pin 7 is tied to V', the CLK pinis
the output of the divider and can be used to
drive other LMF90s with its rail-to-rail output
swing. When not using the internal crystal
oscillator or an external clock on pin 5, the
CLK pin can be used as a CMOS or TTL
clock input provided that pin 7 is tied to
GND or V™. For best performance, the duty
cycle of a clock signal applied to this pin
should be near 50%, especially at higher
clock frequencies.

This is a three-level logic pin. When XLS is
tied to VT, the crystal oscillator and fre-
quency divider are enabled and CLK (pin 6)
is an output. When XLS is tied to GND (pin
13), the crystal oscillator and frequency di-
vider are disabled and pin 6 is an input for a
clock swinging between V™~ and V™. When
XLS is tied to V™, the crystal oscillator and
frequency divider are disabled and pin 6 is a
TTL level clock input for a clock signal
swinging between GND and v* or between
V™ and GND.

R (Pin2)

LD (Pin 3)

XTAL2 (Pin 4)

XTAL1 (Pin 5)

CLK (Pin 6)

XLS (Pin 7)

V™ (Pin8) This is the negative power supply pin. It
should be bypassed with at least a 0.1 pF
capacitor. For single-supply operation,
connect this pin to system ground.

This is the filter output.

This two-level logic input is used to set the
depth of the notch (the attenuation at fp).
When D is tied to GND or V™, the typical
notch depth is 48 dB or 39 dB, respective-
ly. Note, however, that the notch depth is
also dependent on the width setting (pin
1). See the Electrical Characteristics for
tested limits.

This is the input to the difference amplifier
section of the notch filter.

This is the input to the internal bandpass
filter. This pin is normally connected to pin
11. For wide bandwidth applications, an
anti-aliasing filter can be inserted between
pin 11 and pin 12.

This is the analog ground reference for the
LMF90. In split supply applications, GND
should be connected to the system
ground. When operating the LMF90 from a
single positive power supply voltage, pin
13 should be connected to a “clean” refer-
ence voltage midway between V' and
V™.

Vour (Pin9)
D (Pin 10)

Vinz (Pin 11)

Ving (Pin 12)

GND (Pin 13)

V™ (Pin 14) This is the positive power supply pin. It
should be bypassed with at least a 0.1 uF

capacitor.

1.0 Definition of Terms

Amax: the maximum amount of gain variation within the fil-
ter's passband (See Figure 7). For the LMF90, Apmax is

- nominally equal to 0.25 dB.

Amin: the minimum attenuation within the notch’s stopband.
(See Figure 1). This parameter is adjusted by programming
voltage applied to pin 10 (D).

Bandwidth (BW) or Passband Width: the difference in fre-
quency between the notch filter’s two cutoff frequencies.

Cutoff Frequency: for a notch filter, one of the two fre-
quencies, fc1 and fco that define the edges of the pass-
band. At these two frequencies, the filter has a gain equal to
the passband gain.

foLk: the frequency of the clock signal that appears at the
CLK pin. This frequency determines the filter's center fre-
quency. Depending on the programming voltage on pin 2
(R), foLk will be either 33.33, 50, or 100 times the center
frequency of the notch.

fo or fnotch: the center frequency of the notch filter. This
frequency is measured by finding the two frequencies for
which the gain —3 dB relative to the passband gain, and
calculating their geometrical mean.

Passband: for a notch filter, frequencies above the upper
cutoff frequency (fc2 in Figure 1) and below the lower cutoff
frequency (fcq in Figure 7).
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1.0 Definition of Terms (Continued)
Passband Gain: the notch filter's gain for signal frequen-
cies near dc or fg /2. The passband gain of a notch filter is
also called “Hppn”. For the LMF90, the passband gain is
nominally O dB.

Passband Ripple: the variation in gain within the filter's
passband.

Stopband: for a notch filter, the range of frequencies for
which the attenuation is at least Anin (fs1 to fgp) in Figure
7).

Stop Frequency: one of the two frequencies (fg1 and fgp)
at the edges of the notch’s stopband.

Stopband Width (SBW): the difference in frequency be-
tween the two stopband edges (fsa-fg1).

A

max

Hon

'min

Amplitude

frequency
TL/H/10354-5
FIGURE 1. General Form of Notch Response

fo1 fst fo fs2 o2

2.0 Applications Information

2.1 FUNCTIONAL DESCRIPTION

The LMF90 uses switched-capacitor techniques to realize a
fourth-order elliptic notch transfer function with 0.25 dB
passband ripple. No external components other than supply
bypass capacitors and a clock (or crystal) are required.

As is evident from the block diagram, the analog signal path
consists of a fourth-order bandpass filter and a summing
amplifier. The analog input signal is applied to the input of
the bandpass filter, and to one of the summing amplifier
inputs. The bandpass filter’s output drives the other sum-
ming amplifier input. The output of the summing amplifier is
the difference between the input signal and the bandpass
output, and has a notch filter characteristic. Notch width and
depth are controlled by the dc programming voltages ap-
plied to two pins (1 and 10), and the center frequency is
proportional to the clock frequency, which may be generat-
ed externally or internally with the aid of an external crystal.
The clock-to-center-frequency ratio can be one of three dif-
ferent values, and is selected by the voltage on a three-level
logic input (pin 2).

The clock signal passes through a digital frequency divider
circuit that can divide the clock frequency by any of three
different factors before it reaches the filters. This divider can
also be disabled, if desired. Pin 7 enables and disables the
frequency divider and also configures the clock inputs for
operation with an external CMOS or TTL clock or with the
internal oscillator circuit.

|14 |13 |12 |11 |1o 9 8
v GND Ving Vinz D Vour v
2
4th=ORDER +
BANDPASS
1 LMF90
LEVEL NON-OVERLAPPING
SHIFT CLOCK GENERATOR
AAA
A\ A A4
W R LD XTAL2 XTAL1 CLK XLS
F Iz 3 4 5 6 7

TL/H/10354-6

FIGURE 2. LMF90 Block Diagram
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2.0 Applications Information (continueq)

2.2 PROGRAMMING PINS

The LMFS0 has five control pins that are used to program
the filter’s characteristics via a three-level logic scheme. In
dual-supply applications, these inputs are tied to either vt,
V™, or GND in order to select a particular set of characteris-
tics. For example, the W input (pin 1) sets the filter’s pass-
band width to 0.55 fg, 0.26 fg or 0.127 fg when the W input is
connected to V', GND, or V™, respectively. Applying V™~
and GND to the D input (pin 10) will set the notch depth to
40 dB or 30 dB, respectively.

The R input (pin 2) is another three-level logic input, and it
sets the clock-to-center-frequency ratio to 33.33:1, 50:1, or
100:1 for input voltages equal to V¥, GND,or V™, respec-
tively. Note that the clock frequency referred to here is the
frequency at the CLK pin and at the frequency divider output
(if used). This is different from the frequency at the divider’s
input. LD (pin 3) sets the frequency divider’s division factor
to either 716, 596, or 2 for input voltages equal to v+ GND,
or V7, respectively. XLS (pin 7) enables and disables the
crystal oscillator and clock divider. When XLS is connected
to the positive supply, the oscillator and divider are enabled,
and CLK is the output of the divider and can drive the clock
inputs of other LMF90s. When XLS is connected to GND,
the oscillator and divider are disabled, and the CLK pin be-
comes a clock input for CMOS-level signals. Connecting
XLS to the negative supply disables the oscillator and divid-
er and causes CLK to operate as a TTL-level clock input.

Using an external 3.579545 MHz color television crystal with
the internal oscillator and divider, it is possible to build a
power line frequency notch for 50 Hz or 60 Hz line frequen-
cies or their second and third harmonics using the LMF90. A
60 Hz notch is shown in the Typical Application circuit on
the first page of this data sheet. Connecting LD to V™
changes the notch frequency to 50 Hz. Changing the clock-
to-center-frequency ratio to 50:1 results in a second-har-
monic notch, and a 33:1 ratio causes the LMF90 to notch
the third harmonic.

Table | illustrates 18 different combinations of filter band-
width, depth, and clock-to-center-frequency ratio obtained
by choosing the appropriate W, D, and R programming volt-
ages. :

2.3 DIGITAL INPUTS AND OUTPUTS

As mentioned above, the CLK pin can serve as either an
input or an output, depending on the programming voltage
on XLS. When CLK is operating as a TTL input, it will oper-
ate properly in both dual-supply and single-supply applica-
tions, because it has two logic thresholds—one referred to
V7, and one referred to GND. When operating as an output,
CLK swings rail-to-rail (CMOS logic levels).

XTAL1 and XTAL2 are the input and output pins for the
internal crystal oscillator. When using the internal oscillator
(XLS connected to V+), the crystal is connected between
these two pins. When the internal oscillator is not used,
XTAL2 should be left open. XTAL1 can be used as an input
for an external CMOS-level clock signal swinging from V™~
to V*t. The frequency of the crystal or the external clock
applied to XTAL1 will be divided by the internal frequency
divider as determined by programming voltage on the LD
pin.

2.4 SAMPLED-DATA SYSTEM CONSIDERATIONS
OUTPUT STEPS

Because the LMF90 uses switched-capacitor techniques, its
performance differs in several ways from non-sampled (con-
tinuous) circuits. The analog signal at the input to the inter-
nal bandpass filter (pin 12) is sampled during each clock
cycle, and, since the output voltage can change only once
every clock cycle, the result is a discontinuous output signal.
The bandpass output takes the form of a series of voltage
“steps”, as shown in Figure 3. The steps are smaller when
the clock frequency is much greater than the signal frequen-
cy.

Switched-capacitor techniques are used to set the summing
amplifier's gain. Its input and feedback “resistors” are actu-
ally made from switches and capacitors. Two sets of these
“resistors” are alternated during each clock cycle. Each
time these gain-setting components are switched, there will
be no feedback connected to the op amp for a short period
of time (about 50 ns). This generates very low-amplitude
output signals at fork + fin, fork — fins 2 fork + fins ete.
The amplitude of each of these intermodulation compo-
nents will typically be at least 70 dB below the input signal
amplitude and well beyond the spectrum of interest.

TABLE I. Operation of LMF90 Programming Pins. Values given are for nominal levels of attenuation.

R V™ (fcLk/fo = 100) GND (foLk/fo = 50) vt (fcLk/fo = 33.33)
Anmin Amin Amin
D w (dB) BW/fp SBW/fg (dB) BW/fg SBW/fg (dB) BW/fp SBW/fg

VT -30 0.12 0.019 —30 0.12 0.019 —30 0.12 0.019

A GND —30 0.26 0.040 -30 0.26 0.040 —30 0.26 0.040
vt —-30 0.55 0.082 —30 0.55 0.082 —30 0.55 0.082

VT —35 0.12 0.010 —35 0.12 0.010 —35 0.12 0.010

GND GND —40 0.26 0.024 —40 0.26 0.024 —40 0.26 0.024
vt —40 0.55 0.050 —40 0.55 0.050 —40 0.55 0.050
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2.0 Applications Information (continued)

ALIASING

Another important characteristic of sampled-data systems is
their effect on signals at frequencies greater than one-half
the sampling frequency. (The LMF90’s sampling frequency
is the same as the filter’s clock frequency. This is the fre-
quency at the CLK pin). If a signal with a frequency greater
than one-half the sampling frequency is applied to the input
of a sampled-data system, it will be “reflected” to a frequen-
cy less than one-half the sampling frequency. Thus, an input
signal whose frequency is fg/2 + 10 Hz will cause the sys-
tem to respond as though the input frequency was fg/2 —
10 Hz. This phenomenon is known as ‘“aliasing”. Aliasing
can be reduced or eliminated by limiting the input signal
spectrum to less than fg/2.

In some cases, it may be necessary to use a bandwidth
limiting filter (often a simple passive RC low-pass) ahead of
the bandpass input. Although the summing amplifier uses
switched-capacitor techniques, it does not exhibit aliasing
behavior, and the anti-aliasing filter need not be in its input
signal path. The filter can be placed ahead of pin 12 as
shown in Figure 4, with the non-band limited input signal
applied to pin 11. The output spectrum will therefore be
wideband, although limited by the bandwidth of the sum-
ming amplifier’s output buffer amplifier (typically 1 MHz),
even if fo g is less than 1 MHz. Phase shift in the anti-alias-
ing filter will affect the accuracy of the notch transfer func-

tion, however, so it is best to use the highest available
clock-to-center-frequency ratio (100:1) and set the RC filter
cutoff frequency to about 15 to 20 times the notch frequen-
cy. This will provide reasonable attenuation of high-frequen-
cy input signals, while avoiding degradation of the overall
notch response. If the anti-aliasing filter’s cutoff frequency is
too low, it will introduce phase shift and gain errors large
enough to shift the frequency of the notch and reduce its
depth. A cutoff frequency that is too high may not provide
sufficient attenuation of unwanted high-frequency signals.

1001

50:1

TL/H/10354-7
FIGURE 3. Output waveform of a switched-capacitor
filter. Note the voltage steps caused by sampling
at the clock frequency.

V|N~—l—'\NvT — Your
=L
14 13 = |2 1 10 9 8
vt GND Ving Ving D Vour '
2
4th-ORDER +
BANDPASS
1 LMF90

LEVEL
SHIFT

_|

NON=-OVERLAPPING
CLOCK GENERATOR

W R LD

o

AAA

XTAL2

VVV

XTAL1 XLS

|1 Iz 3

TL/H/10354-8

FIGURE 4. Using a simple passive low-pass filter to prevent aliasing in the presence of high-frequency input signals.
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2.0 Applications Information (continued)
NOISE

Switched-capacitor filters have two kinds of noise at their
outputs. There is a random, “thermal” noise component
whose level is typically on the order of hundreds of micro-
volts. The other kind of noise is digital clock feedthrough.
This will have an amplitude in the vicinity of 50 mV peak-to-
peak. In some applications, the clock noise frequency is so
high compared to the signal frequency that it is unimportant.
In other cases, clock noise may have to be removed from
the output signal with, for example, a passive low-pass filter
at the LMF90’s output pin.

CLOCK FREQUENCY LIMITATIONS

The performance characteristics of a switched-capacitor fil-
ter depend on the switching (clock) frequency. At very low
clock frequencies (below 10 Hz), the time between clock
cycles is relatively long, and small parasitic leakage currents
cause the internal capacitors to discharge sufficiently to af-
fect the filter’s offset voltage and gain. This effect becomes
more pronounced at elevated operating temperatures.

At higher clock frequencies, performance deviations are pri-
marily due to the reduced time available for the internal op-
erational amplifiers to settle. Best performance with high
clock frequencies will be obtained when the filter clock’s
duty cycle is 50%. The clock frequency divider, when used,
provides a 50% duty cycle clock to the filter, but when an
external clock is applied to CLK, it should have a duty cycle
close to 50% for best performance.

Input Impedance

The input to the bandpass section of the LMF90 (V|n1) is
similar to the switched-capacitor circuit shown in Figure 5.
During the first half of a clock cycle, the 64 switch closes,
charging Cjy to the input voltage V|N. During the second
half-cycle, the 65 switch closes, and the charge on Cyy is
transferred to the feedback capacitor. At frequencies well
below the clock frequency, the input impedance approxi-
mates a resistor whose value is

1
Cin fork
At the bandpass filter input, Cjy is nominally 3.0 pF. For a

worst-case calculation of effective Ry, assume Cipy =
3.0 pF and fg k = 1.5 MHz. Thus,

Rin

RN (Min) = = 222kQ.

1
45x10—6

At the maximum clock frequency of 1.5 MHz, the lowest
typical value for the effective Ry at the V|n4 input is there-
fore 222 kQ. Note that Ry increases as fc| g decreases, so
the input impedance will be greater than or equal to this
value. Source impedance should be low enough that this
input impedance doesn't significantly affect gain.

The summing amplifier input impedance at V)3 is calculat-
ed in a similar manner, except that Cjy = 5.0 pF. This yieids
a minimum input impedance of 133 kQ at Vin2. When both
inputs are connected together, the combined input imped-
ance will be 83.3 k2 with a 1.5 MHz filter clock.

b
'E_'"_l_ s

GND

TL/H/10354-9
FIGURE 5. Simplified LMF90 bandpass section input
stage. At frequencies well below the center frequency,
the input impedance appears to be resistive.

2.5 POWER SUPPLY AND CLOCK OPTIONS

The LMF90 is designed to operate from either single or dual
power supply voltages from 5V to 15V. In either case, the
supply pins should be well-bypassed to minimize any feed-
through of power supply noise into the filter’s signal path.
Such feedthrough can significantly reduce the depth of the
notch. For operation from dual supply voltages, connect V™
(pin 8) to the negative supply, GND (pin 13) to the system
ground, and V¥ 1o the positive supply.

For single supply operation, simply connect V™ to system
ground and GND (Pin 13) to a “clean” reference voltage at
mid-supply. This reference voltage can be developed with a
pair of resistors and a capacitor as shown in Figures 10
through 76. Note that for single supply operation, the three-
level logic inputs should be connected to system ground
and V' /2 instead of V™~ and GND. The CLK input will oper-
ate properly with TTL-level clock signals when the LMF90 is
powered from either single or dual supplies because it has
two TTL thresholds, one referred to the V™ pin and one
referred to the GND pin. XLS should be connected to the
V™ pin when an external TTL clock is used. Figures 6
through 76 illustrate a wide variety of power supply and
clock options.
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2.0 Applications Information (continued)
DUAL-SUPPLY CLOCK OPTIONS

+5Y Vin Vour -5V
_r_n ‘ To V™ or GND. '_1
0.1 uF See Table 1. 0.1 uF
=L —I:_ L
- 14 = 13 12 1 10 9 8 -
vt GND Ving Vinz D Vout v
z
4th-ORDER +
BANDPASS
T 1 LMF90 T
LEVEL NON~-OVERLAPPING TR
SHIFT CLOCK GENERATOR R=33.3,50, or 100.
See Table 1.
.
e
JVAVA‘
W R LD XTAL2 XTAL1 CLK XLS
1 Iz 3 4 5 6 7
To V*,V", or GND. = =
See Table 1. External Clock In

B T Iy

-5V
fok
TL/H/10354-10
FIGURE 6. Dual supply; external CMOS-level clock. Internal frequency divider disabled.
+5V le Vou]' =5V
To V™ or GND.
-J—o" ﬂF See Table 1. ‘LO.I [-LF
L J—_ =
- 14 - 13 12 11 10 9 8 -
v GND Ving Vinz 0 Vour v
z
4th~ORDER +
BANDPASS
I LMF90 g = oK
LEVEL NON-OVERLAPPING 07R
SHIFT CLOCK GENERATOR R=33.3,50, 0r 100.
See Table 1.
L
s
—AAA
\AAZ
W R LD XTAL2 XTAL1 CLK XLS
1 |2 3 4 5 6 7
To V¥, V™, or GND. =
See Table 1. External Clock In

S T N

ov
fork

TL/H/10354-11
FIGURE 7. Dual supply; TTL-level clock. Internal frequency divider disabled.
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2.0 Applications Information (continued)
DUAL-SUPPLY CLOCK OPTIONS

+5V V|N VOUT =5V
r- To V™ or GND. ﬁ
0.1 pF See Table 1. 0.1 [lF
- == -
- 14 - 13 12 11 10 9 8 -
GND Vint Vinz D Vour v
Z
4th=ORDER +
BANDPASS Lol
1 LMF90 0= R
LEVEL NON-OVERLAPPING . R=33.3,50,0r 100.
SHIFT CLOCK GENERATOR See Table 1.
LD=2,596,0r 716.
N See Pin Description.
*
.
AAA
vy
W R LD XTAL2 XTAL1 CLK XLS
1 |2 3 4 5 6 7
To V¥, V™, or GND. To V¥, V™, or GND. +5V
See Table 1. See Pin Description. External Clock In
=5V
fx
TL/H/10354-12
FIGURE 8. Dual Supply; external CMOS-level clock. Internal frequency divider enabled.
Output of logic divider available on pin 6.
+5V VIN VOUT =5V
To V™ or GND. ﬁ
—Lo_1 [JF See Table 1. 0.1 [‘LF
L -I—_ =
- 14 - 13 12 11 10 9 8 -
GND Vint ViNz D Vour v
P>
4th=ORDER +
BANDPASS ot 1
4 1 LMF90 0="p *R
; LEVEL NON=OVERLAPPING | ’ R=33.3,50,0r 100.
SHIFT CLOCK GENERATOR See Table 1.
. LD=2,596,0r 716.
_ See Pin Description.
.
s
A'AVA'
W R LD XTAL2 XTAL1 CLK XLS
1 |2 3 4 5 6 7
— | T—
To V¥, V™, or GND. To V¥, V™, or GND. [I +5V

See Table 1.

See Pin Description.

FIGURE 9. Dual supply; internal crystal clock oscillator.
Internal frequency divider enabled. Output of logic divider available on pin 6.

ferrs

TL/H/10354-13
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2.0 Applications Information (continued)

SINGLE-SUPPLY CLCGCK OPTIONS

0.1 uF
+5V iy Vour
10k “ |
MV MA To V™ or GND. |
J‘OJ MF 10k See Table 1.
I L 1
= 14 13 = |2 11 10 9 8 =
GND Ving Vinz D Vour v
>

4th=ORDER +

BANDPASS

2 1 LMF90 ¢ otk

LEVEL NON-OVERLAPPING 07 R
SHIFT CLOCK GENERATOR R=33.3,50, 0r 100.
See Table 1.
L]
-
A'A"'
W R LD XTAL2 XTAL1 CLK LS
|1 Iz 3 4 5 6 7
To V¥, V™, or GND. = +2.5V

See Table 1.

External Clock In

B I B
ov

fok
TL/H/10354-14

FIGURE 10. Single + 5V supply; external TTL-level clock. Internal frequency divider disabled.

0.1 uF
+5V le VOUT
o -
m'A'A W To V™ or GND. i
J—m uF 10k I See Table 1. I
T
- 14 13 - |12 11 10 9 8 -
v GND Ving Vinz 0 Vour v
Z
4th=ORDER +
BANDPASS co
==
Ly LMF90 0" 7R
LEVEL NON=OVERLAPPING R=33.3,50,0r 100.
SHIFT CLOCK GENERATOR See Table 1.
LD=2,596,0r 716.
°. See Pin Description.
L
~
‘VAVAV
W R LD XTAL2 XTAL1 CLK XLS
1 |2 3 4 5 6 7
To V¥, V™, or GND. To V¥, V™, or GND. +5V
See Table 1. See Pin Description. External Clock In

FIGURE 11. Single + 5V supply; external CMOS-level clock.

B I I I
ov
fx
TL/H/10354-15

Internal frequency divider enabled. Output of logic divider available on pin 6.
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2.0 Applications Information (continued)
SINGLE-SUPPLY CLOCK OPTIONS

0.1 uF
+10V V v,
" _| |j N - out
‘v vy ‘v‘v‘ To or GND.
'jL:OJ WF 10k | See Table 1. |
= 14 13 = |2 1" 10 9 8 =
GND Ving ViN2 D Vour v
b
4th-ORDER +
BANDPASS
1 LMF90 o=
LEVEL NON-OVERLAPPING 07°R
SHIFT CLOCK GENERATOR R=33.3,50,0r 100.
See Table 1.
L
~
AV‘V"
W R LD XTQ XTAL1 CLK XLS
|1 |2 3 4 5 6 7
et —t
To V¥, V™, or GND. = =
See Table 1. External Clock In
ov
fok
TL/H/10354-16
FIGURE 12. Single + 10V supply; external TTL-level clock. Internal frequency divider disabled.
0.1 uF
+10V \/ \/
't ._..| |.j N . out
VWV A To V™ or GND. [
"JL:OJ uF : 10k | See Table 1. |
= 14 13 = |2 11 10 9 8 =
GND ViNg Vinz D Vour '
2z
4th-ORDER +
BANDPASS .
LMF90 . lox
_FEET‘_' NON-OVERLAPPING | 0TR
SHIFT CLOCK GENERATOR R=33.3, 50, or 100.
See Table 1.
Ld
s
A'A'A'i
W R I;_D XTAL_2 XTAL1 CLK XLS
II IZ 3 4 5 6 7
e——
To V¥, V™, or GND. = +5V
See Table 1. External Clock In

B I
ov
fork
TL/H/10354-17

FIGURE 13. Single + 10V supply; external CMOS-level clock. Internal frequency divider disabled.
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2.0 Applications Information (continued)
SINGLE-SUPPLY CLOCK OPTIONS

0.1 uF

+1ov | iy Vour
10k | |
AvA A

VvV v ToV™ or GND. [
J-OJ uF 10k I See Table 1. |
= 14 13 = lh2 1 10 9 8 =
GND Ving Vi D Vour v
2z
4th-ORDER +
BANDPASS fx 4
I 1 LMF90 fo*o*®
LEVEL NON-OVERLAPPING R=33.3,50, or 100.
SHIFT CLOCK GENERATOR See Table 1.
LD=2,596, or 716.
_ See Pin Description.
Ld
T
AAA
A\AAS
W R LD XTAL2 XTAL1 CLK XLS
1 Iz 3 4 5 6 7
To V¥, V™, or GND. To V*, V™, or GND. +10V
See Table 1. See Pin Description. External Clock In

B I g
oy
fx

TL/H/10354-18
FIGURE 14. Single + 10V supply; external CMOS-level clock.

Internal frequency divider enabled. Output of logic divider available on pin 6.
0.1 uF

+5V or +10V ' Vi Vout
10k | I
AAA AMA

W\ V To V™ or GND.
:JEOJ uF 10k | See Table 1. |

= 14 13 12 11 10 9 8 =
v GND Ving Vinz 0 Vour v
z
4th=ORDER +
BANDPASS . forys 1
4 1 LMF90 0="0 *R
LEVEL NON=~OVERLAPPING R=33.3,50, 0r 100.
SHIFT CLOCK GENERATOR See Table 1.
LD=2,596, or 716.
See Pin Description.
L4
e
AAA
\AAJ
W R LD XTAL2 XTAL1 CLK XLS
1 2 3 4 5 6 7
L [—
To V*,V™, or GND. To V¥, V™, or GND. f [I +5Y or #10V
See Table 1. See Pin Description. CRYS

TL/H/10354-19
FIGURE 15. Single + 5V or + 10V supply; internal crystal clock oscillator. Internal frequency divider enabled.

Output of logic divider available on pin 6.
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>
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LEVEL NON-OVERLAPPING ION~OVERLAPPING
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1 |2 3 4 5 6 7 1 lz 3 4 5 3 7
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FIGURE 16. 50 Hz and 150 Hz Notch Filter
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National
Semiconductor

LMF100 High Performance Dual Switched Capacitor Filter

General Description

The LMF100 consists of two independent general purpose
high performance switched capacitor filters. With an exter-
nal clock and 2 to 4 resistors, various second-order and
first-order filtering functions can be realized by each filter
block. Each block has 3 outputs. One output can be config-
ured to perform either an allpass, highpass, or notch func-
tion. The other two outputs perform bandpass and lowpass
functions. The center frequency of each filter stage is tuned
by using an external clock or a combination of a clock and
resistor ratio. Up to a 4th-order biquadratic function can be
realized with a single LMF100. Higher order filters are imple-
mented by simply cascading additional packages, and all
the classica! filters (such as Butterworth, Bessel, Elliptic,
and Chebyshev) can be realized.

The LMF100 is fabricated on National Semiconductor’s
high performance analog silicon gate CMOS process,

LMCMOST™M. This allows for the production of a very low
offset, high frequency filter building block. The LMF100 is
pin-compatible with the industry standard MF10, but pro-
vides greatly improved performance.

Features
m Wide 4V to 15V power supply range
m Operation up to 100 kHz

B Low offset voltage typically
(50:1 or 100:1 mode) Vos1 = =5 mV
Vos2 = *15 mV

Vos3 = *15 mV

m Low crosstalk —60 dB

m Clock to center frequency ratio accuracy +0.2% typical
@ fo X Q range up to 1.8 MHz

H Pin-compatible with MF10

4th Order 100 kHz Butterworth Lowpass Filter

+10
1 20 0
—l e — <
39Ak;0. 2 19 A‘:7AkP S 24.9kQ -1 \
\AAS 3 1 8 \A4 \
51 kQ VAvAv MW 5 =20
Input O~V 100k 1 4 12151k =30 \
5 16 ©
L —O Output
6 LMF100 15 =40 \
+5V —E7 14 -50
=5V
8 13 -60
9 12 +5V 1 10 100 1k 10k 100k 1M
6 10 11 Frequency (Hz)
l_- TL/H/5645-3
Clock
35MHz O
TL/H/5645-2

Connection Diagram

Surface Mount and Dual-In-Line Package

-/
1 20}-1py
8Py — 2 19}-8pg
N/ AP/ HPy—{ 3 18|~ N/ AP/ HPg
INv,— 4 17|~ INvg
siy—{5 16]-stp
Sa/8—6 15} AGND
Vp+—7 14}=v,-
vpr—{8 13|~ vy-
Lsh—9 12}~50/ 100
cLk,—410 11}~ CLKg
TL/H/5645-18
Top View

Order Number LMF100AJ, LMF100CCJ,
LMF100ACN, LMF100CCN or LMF100CCWM
See NS Package Number J20A, N20A or M20B

1-71

00LdIN1




LMF100

Absolute Maximum Ratings (ote 1)

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

Soldering Information
N Package: 10 sec.
J Package: 10 sec.

SO Package: Vapor Phase (60 sec.)
Infrared (15 sec.) .

260°C
300°C
215°C
220°C

Supply Voltage (V+ — V=) . 16v See AN-450 “Surface Mounting Methods and Their Effect
Voltage at Any Pin vE 403V on Product Reliability” (Appendix D) for other methods of
V- - 03V soldering surface mount devices.
Input Current at Any Pin (Note 2) 5mA R .
Package Input Current (Note 2) 20 mA Operating Ratings (ote 1)
Power Dissipation (Note 3) 500 mW Temperature Range TMIN < Ta < Tmax
Storage Temperature 150°C LMF100ACN, LMF100CCN 0°C < Tp < +70°C
ESD Susceptability (Note 11) 2000V LMF100CCWM 0°C < Tp < +70°C
LMF100CCJ —40°C < Ta < +85°C
LMF100AJ —55°C < Tp < +125°C
‘Supply Voltage 4V <Vt — V- <15V
Electrical Characteristics
The following specifications apply for Mode 1, Q = 10 (R = Rg = 100k, R, = 10k), V+ = +5V and V- = —5V unless
otherwise specified. Boldface limits apply for Tpyn to Tmax; all other limits T = Ty = 25°C.
LMF100ACN, LMF100AJ
LMF100CCN,
LMF100CCWM LMF100CCJ
Symbol Parameter Conditions - - Units
Typical Te‘sted De_s:gn Typical Tested Desgn
(Note 8) Limit Limit (Note 8) Limit Limit
(Note 9)|(Note 10) (Note 9)|(Note 10)
lg Maximum Supply Current foLk = 250 kHz 9 13 13 9 13 mA
No Input Signal
fo Center Frequency MIN 0.1 0.1 Hz
Range MAX 100 100 kHz
foLk Clock Frequency MIN 5.0 5.0 Hz
Range MAX 35 35 MHz
foLk/fo |Clock to Center Vpin12 = 5V LMF100A 402 406 +0.6 +02 | +0.6 %
Frequency Ratio Deviation or oV e e e ) e
foLk = 1 MHz
LMF100C | 402 | s08 | 98 | 102 | to8 %
AQ Q Error (MAX) Q = 10,Mode 1 |LMF100A
Q (Note 4) Vpint2 = 5V +0.5 +4 +5 +0.5 +5 %
orov
fox=1MHz |WMFI0C | uo5 | 15 | +e | o5 | e %
Hopp |Bandpass Gain at fy folk = 1 MHz 0 +0.4 +0.4 0 +0.4 dB
Hop |DC Lowpass Gain Ry = Rz = 10k
fouk = 250 kHz 0 +0.2 +0.2 0 +0.2 dB
Vos1 |DC Offset Voltage (Note 5) foLk = 250 kHz +5.0 +15 +15 +5.0 +15 mV
Vos2 |DC Offset Voltage (Note 5) fok = 250 kHz |Sa/g = V*| %30 +80 +80 +30 +80 mV
Sa/g=V-| %15 | 70 | 70 | %15 | +70 mv
Vosa |DC Offset Voltage (Note 5)  |foLk = 250 kHz £15 | +40 | +60 | +15 | +60 mv
Crosstalk (Note 6) A Side to B Side or _ _
B Side to A Side 60 60 dB
Output Noise (Note 12) foLk = 250kHz [N 40 40
20 kHz Bandwidth(gp 320 320 uv
100:1 Mode LP 300 300
Clock Feedthrough fcLk = 250 kHz 100:1 Mode 6 6 mv
(Note 13)
Voutr |Minimum Output Ry = 5k +4.0 +4.0
Voltage Swing (All Outputs) —4.7 +38 3.7 —4.7 3.7 v
RL = 3.5k +3.9 +3.9 v
(All Outputs) —46 —46
GBW |Op Amp Gain BW Product 5 5 MHz
SR Op Amp Slew Rate 20 20 V/ps
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Electrical Characteristics

The following specifications apply for Mode 1, Q = 10 (Ry = R3 = 100k, R, = 10k), V+

+5Vand V- = —5V unless
otherwise specified. Boldface limits apply for Tyn to Tmax; all other limits T = Ty = 25°C. (Continued)

LMF100ACN, LMF100AJ
LMF100CCN,
LMF100CCWM LMF100CC
Symbol Parameter Conditions - - Units
Typical TE.St?d Dﬁsgn Typical Tf.s t?d DE5|gtn
(Note 8) imit imit (Note 8) imit imi
(Note 9)|(Note 10) (Note 9)|(Note 10)
lsc Maximum Output Short| Source | (All Outputs) 12 12 mA
Circuit Current (Note 7) Sink 45 45 mA
N Input Current on Pins: 4, 5,
6,9,10, 11,12, 16, 17 10 10 pA
Electrical Characteristics
The following specifications apply for Mode 1, Q = 10 (R4 = Rz = 100k, Ro = 10k), Vt = +2.50V and V- = —2.50V unless
otherwise specified. Boldface limits apply for Tyn to Tmax; all other limits T = Ty = 25°C.
LMF100ACN, LMF100AJ
LMF100CCN, LMF100CCJ
- LMF100CCWM .
Symbol Parameter Conditions Units
. Tested | Design . Tested | Design
&‘g’t‘::') Limit | Limit (':lyg’t‘::') Limit | Limit
(Note 9)|(Note 10) (Note 9)|(Note 10)
lg Maximum Supply Current fok = 259 kHz 8 12 12 8 12 mA
No Input Signal
fo Center Frequency MIN 0.1 0.1 Hz
Range MAX 50 50 kHz
fok Clock Frequency MIN 5.0 5.0 Hz
Range MAX 15 15 MHz
fcLk/fo |Clock to Center Vpini2 = 2.5V LMF100A
Frequency Ratio Deviation or o0V +02| *06 | +0.8 02 | 0.8 %
fok = 1MHz | pE1ooc | 02 | +1 £1 | +02 | *1 %
AQ Q Error (MAX) Q = 10,Mode 1 |LMF100A
Q (Note 4) Vpintz = 5V +0.5 +4 +6 +0.5 +6 %
orov
fox = 1MHz  |"MF10C | w05 | 45 | 8 | o5 | +8 %
Hogp |Bandpass Gain at fy fork = 1 MHz 0 +0.4 +0.5 0 +0.5 dB
HoLp |DC Lowpass Gain Ry = Rz = 10k
foLk = 250 kHz 0 +0.2 | +0.2 0 +0.2 dB
Vosi |DC Offset Voltage (Note 5) foLk = 250 kHz +5.0 +15 +15 +50 | £15 mV
Vos2 |DC Offset Voltage (Note 5) foLk = 250kHz |Sa/g = V*| *20 +60 +60 +20 +60 mV
Sas=V—| £10 | %50 +60 +10 | +60 mv
Voss |DC Offset Voltage (Note 5) foLk = 250 kHz +10 +25 +30 +10 +30 mV
Crosstalk (Note 6) A Side to B Side or _ _
B Side to A Side 65 &5 dB
Output Noise (Note 12) foLk = 250kHz |N 25 25
20 kHz Bandwidth|gp 250 250 nY
100:1 Mode LP 220 290
Clock Feedthrough focLk = 250 kHz 100:1 Mode 2 2 mv
(Note 13)
Vout [Minimum Output RL = 5k +1.6 +1.6
Voltage Swing (All Outputs) —-22 15 1.4 —2.2 14 v
Ry = 3.5k +1.5 +1.5 v
(All outputs) —21 —241
GBW |Op Amp Gain BW Product 5 5 MHz
SR Op Amp Slew Rate 18 18 V/us
Isc Maximum Output Short|Source| (All Outputs) 10 10 mA
Circuit Current (Note 7) [ g, 20 20 mA
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Logic Input Characteristics Boldtace limits apply for Ty to Tyax; all other limits T = T, = 25°C.

LMF100ACN, LMF100AJ,
LMF100CCN,
. LMF100CCWM LMF100CCJ
Parameter Conditions Units
Typical Tested | Design Typical Tested | Design
(Ny;e 3| Limit | Limit (NVO’:e g| Limit | Limit
(Note 9) | (Note 10) (Note 9) | (Note 10)

CMOS Clock | MIN Logical “1” |V+ = +5V,V— = —5V, +3.0 +3.0 +3.0 \
Input Voltage | \jax | ogical “0" | VLSh = OV -30 | -3.0 -3.0 v
MIN Logical “1” |V+ = +10V,V— = 0V, +8.0 +8.0 + 8.0 \

MAX Logical “0" | YLsh = +5V +20 | +2.0 +2.0 v

TTL Clock MIN Logical “1” |V+ = +5V,V— = —5V, +2.0 +2.0 +2.0 v
Input Voltage | \jax | ogical “0 | YLsh = OV +08 | +0.8 +0.8 v
MIN Logical “1” |V+ = +10V,V— = 0V, +2.0 +2.0 +2.0 Y

MAX Logical “0” | VLsh = OV +08 | +0.8 +0.8 v

CMOS Clock | MIN Logical “1” |V+ = +2.5V,V— = —25V, +1.5 +1.5 +1.5 A\
Input Voltage | yyax | ogical 0 | ViLsh = OV -15 | —1.5 -1.5 v
MIN Logical “1” |V+ = +5V,V— = 0V, +4.0 +4.0 +4.0 \

MAX Logical “0” | YLsh = +2.5V +10 | +1.0 +1.0 v

TTL Clock MIN Logical “1” |V+ = +5V,V— = 0V, +2.0 +2.0 +2.0 \
Input Voltage [ \ax | ogical 0~ | Vish = OV. Vp™ = OV +08 | +0.8 +0.8 v
Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. Operating Ratings indicate conditions for which the device is
intended to be functional. These ratings do not specific per limits, however. For guaranteed specifications and test conditions, see the
Electrical Ch istics. The ¢ ed specifications apply only for the test conditions listed. Some performance characteristics may degrade when the device

is not operated under the listed test conditions.

Note 2: When the input voltage (Vin) at any pin exceeds the power supply rails (Viy < V~ or Vjy > V) the absolute value of current at that pin should be limited
to 5 mAor less. The sum of the currents at all pins that are driven beyond the power supply voltages should not exceed 20 mA.

Note 3: The maximum power dissipation must be derated at elevated temperatures and is dictated by T jmax, 644, and the ambient temperature, Ta. The

allowable power dissipation at any temperature is Pp = (Tymax — Ta)/6,a or the number given in the Absolute Maximum Ratings, whichever is lower. For this
device, Tymax = 125°C, and the typical junction-to-ambient thermal resistance of the LMF100ACN/CCN when board mounted is 55°C/W. For the LMF100AJ/
CCJ, this number increases to 95°C/W and for the LMF100CCWM this number is 66°C/W.

Note 4: The accuracy of the Q value is a function of the center frequency (fg). This is illustrated in the curves under the heading “Typical Peformance Characteris-
tics”.

Note 5: Vg1, Vios2, and Vg3 refer to the internal offsets as discussed in the Applications Information section 3.4.

Note 6: Crosstalk between the internal filter sections is measured by applying a 1 Vgus 10 kHz signal to one bandpass filter section input and grounding the input
of the other bandpass filter section. The crosstalk is the ratio between the output of the grounded filter section and the 1 VRpsg input signal of the other section.

Note 7: The short circuit source current is measured by forcing the output that is being tested to its maximum positive voltage swing and then shorting that output to
the negative supply. The short circuit sink current is measured by forcing the output that is being tested to its maximum negative voltage swing and then shorting
that output to the positive supply. These are the worst case conditions.

Note 8: Typicals are at 25°C and represent most likely parametric norm.

Note 9: Tested limits are guaranteed to National’'s AOQL (Average Outgoing Quality Level).

Note 10: Design limits are guaranteed to National’s AOQL (Average Outgoing Quality Level) but are not 100% tested.
Note 11: Human body model, 100 pF discharged through a 1.5 kQ resistor.

Note 12: In 50:1 mode the output noise is 3 dB higher.

Note 13: In 50:1 mode the clock feedthrough is 6 dB higher.
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Typical Performance Characteristics
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Typical Performance Characteristics (continued)
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LMF100 System Block Diagram
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Pin Descriptions

LP(1,20), BP(2,19), The second order lowpass, band-
N/AP/HP(3,18) pass and notch/allpass/highpass
outputs. These outputs can typically
swing to within 1V of each supply
when driving a 5 kQ load. For opti-
mum performance, capacitive load-
ing on these outputs should be mini-
mized. For signal frequencies above
15 kHz the capacitance loading
should be kept below 30 pF.

The inverting input of the summing
opamp of each filter. These are high
impedance inputs. The non-inverting
input is internally tied to AGND so
the opamp can be used only as an
inverting amplifier.

S1 is a signal input pin used in
modes 1b, 4, and 5. The input imped-
ance is 1/fcik X 1 pF. The pin
should be driven with a source im-
pedance of less than 1 kQ. If S1 is
not driven with a signal it should be
tied to AGND (mid-supply).

INV(4,17)

$1(5,16)

Sa/e(6)

Vat @)

Vot @)*

Va—(14), Vp—(13)

TL/H/5645-1

This pin activates a switch that con-
nects one of the inputs of each fil-
ter's second summer either to AGND
(Sa/p tied to V™) or to the lowpass
(LP) output (Sa,p tied to V*). This
offers the flexibility needed for con-
figuring the filter in its various modes
of operation. .
This is both the analog and digital
positive supply.

This pin needs to be tied to V*+ ex-
cept when the device is to operate
on a single 5V supply and a TTL lev-
el clock is applied. For 5V, TTL oper-
ation, Vp+ should be tied to ground
V).

Analog and digital negative supplies.
Va~ and Vp~ should be derived
from the same source. They have
been brought out separately so they
can be bypassed by separate capac-
itors, if desired. They can also be tied
together externally and bypassed
with a single capacitor.
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Pin Descriptions (Continued)

LSh(9) Level shift pin. This is used to ac-

commodate various clock levels with
dual or single supply operation. With
dual +5V supplies and CMOS (+5V)
or TTL (0OV-5V) clock levels, LSh
should be tied to system ground.
For OV-10V single supply operation
the AGND pin should be biased at
+5V and the LSh pin should be tied
to the system ground for TTL clock
levels. LSh should be biased at + 5V
for £5V CMOS clock levels.
The LSh pin is tied to system ground
for £2.5V operation. For single 5V
operation the LSh and Vp+ pins are
tied to system ground for TTL clock
levels.

CLK(10,11) Clock inputs for the two switched ca-
pacitor filter sections. Unipolar or bi-
polar clock levels may be applied to
the CLK inputs according to the pro-
gramming voltage applied to the LSh
pin. The duty cycle of the clock
should be close to 50%, especially
when clock frequencies above
200 kHz are used. This allows the
maximum time for the internal
opamps to settle, which yields opti-
mum filter performance.

50/100(12)* By tying this pin to V+ a 50:1 clock
to filter center frequency ratio is ob-
tained. Tying this pin at mid-supply
(i.e., system ground with dual sup-
plies) or to V— allows the filter to op-
erate at a 100:1 clock to center fre-
quency ratio.

AGND(15) This is the analog ground pin. This
pin should be connected to the sys-
tem ground for dual supply operation
or biased to mid-supply for single
supply operation. For a further dis-
cussion of mid-supply biasing tech-
niques see the Applications Informa-
tion (Section 3.2). For optimum filter
performance a “clean” ground must
be provided.

*This device is pin-for-pin compatible with the MF10 except for the following
changes:

1. Unlike the MF10, the LMF100 has a single positive supply pin (VA+).

2. On the LMF100 Vp* is a control pin and is not the digital positive supply
as on the MF10.

3. Unlike the MF10, the LMF100 does not support the current limiting mode.
When the 50/100 pin is tied to V— the LMF100 will remain in the 100:1
mode.

1.0 Definitions of Terms

foLk: the frequency of the external clock signal applied to
pin 10 or 11.

fo: center frequency of the second order function complex
pole pair. fy is measured at the bandpass outputs of the
LMF100, and is the frequency of maximum bandpass gain.
(Figure 1).

fnotch: the frequency of minimum (ideally zero) gain at the
notch outputs.

f2: the center frequency of the second order complex zero
pair, if any. If f, is different from fg and if Qz is high, it can be
observed as the frequency of a notch at the allpass output.
(Figure 13).

Q: “quality factor” of the 2nd order filter. Q is measured at
the bandpass outputs of the LMF100 and is equal to fg di-
vided by the —3 dB bandwidth of the 2nd order bandpass
filter (Figure 7). The value of Q determines the shape of the
2nd order filter responses as shown in Figure 6.

Qy: the quality factor of the second order complex zero pair,
if any. Qz is related to the allpass characteristic, which is
written:

s
Hoap (52 -—=2+ woz)
Q,

Hap(s) = o
$2 + —2 + @2
Q (e}

where Qz = Q for an all-pass response.

Hogp: the gain (in V/V) of the bandpass output at f = fo.
Hovp: the gain (in V/V) of the lowpass output as f — 0 Hz
(Figure 2).

Hownp: the gain (in V/V) of the highpass output as f —>
fcLk/2 (Figure 3).

Hon: the gain (in V/V) of the notch output as f — 0 Hz
and as f —> fgk/2, when the notch filter has equal gain
above and below the center frequency (Figure 4). When the
low-frequency gain differs from the high-frequency gain, as
in modes 2 and 3a (Figures 70 and 12), the two quantities
below are used in place of Hon.

Hon1: the gain (in V/V) of the notch output as f —> 0 Hz.
Hona: the gain (in V/V) of the notch output as f — fg /2.
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1.0 Definitions of Terms (Continued)

Hogps
\ Hpp(s) = SZBP
(]
= 9] s2 + —Q- + w°2
s Hoep g 5
2 0.707 Howp 2 0 Q= fo s fo = Vil
Z E -
® -9 i " fl; (( 1 )
- 2
S - _ —1 L2,
ffo ty fLfotu fL=to (ZQ * 2Q 1)
f (LOG SCALE)  (LOG SCALE) 1 3
TL/H/5645-19 TL/H/5645-20 fu="fo (E + 2 24 1)
(a) (b)
wo = 27fy
FIGURE 1. 2nd-Order Bandpass Response
HoLpwo?
_ HLp(s) = ——o—0—
g Hl;?; _§, 0 s2 + _Q_o + @o?
z 0.707 HoLp w _gp
—180 1 1
- fe=foX (1——)+ 1——] +1
e= 0 2Q2 2Q2
o ko fo
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TL/H/5645-21 TL/H/5645-22 fp = fo /1 -
(a) (b) 2Q2
9
Hop = HoLp X -—F——==
— 1 — —
Q 4Q2
FIGURE 2. 2nd-Order Low-Pass Response
04
Hop =)
s Honp g
> 0.707 Honp ]
—180
[ fo
f (LOG SCALE) f (LOG SCALE)
TL/H/5645-23 TL/H/5645-24
(@) (b)
Honps?
Hyp(s) = :w
s2+ =2+ @42
Q
-1
1 1
fo = fo X 1—=—=]+4/l1-=) +1
c- 0 ( 202) 202/ -
, 1 [-1
= X —_——
fp="fo [ 1 P 02]
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OoP OHP 1 1

1—_

Q 4Q2

FIGURE 3. 2nd-Order High-Pass Response
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1.0 Definitions of Terms (cContinued)

GAIN (V/V)

Hon(s? + wg?)

Hn(s) =
90 A Swo
= s2 + T + wo2
Hon g .
0.707 Hon g 0 Q=—2fy=fiy
1o LTH
E —45 % fo —fL
. -90 - —1 1 \2
fLfo W f fofu fL_fo(E+ E +1)
1(L0G SCALE) 1 (LOG SCALE) ] 3
[( )2
TL/H/5645-25 TL/H/5645-26 fy=to (_ + — )+ 1)
(a) (b) 2Q 2Q
FIGURE 4. 2nd-Order Notch Response
0
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= s
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= ¥ 180 Q
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—360 s2 + Fo + w02
fo fo
1 (LOG SCALE) f (LOG SCALE)
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FIGURE 5. 2nd-Order All-Pass Response
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FIGURE 6. Response of various 2nd-order filters as a function of Q. Gains
and center frequencies are normalized to unity.
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2.0 Modes of Operation

The LMF100 is a switched capacitor (sampled data) filter.
To fully describe its transfer functions, a time domain analy-
sis is appropriate. Since this is cumbersome, and since the
LMF100 closely approximates continuous filters, the follow-
ing discussion is based on the well-known frequency do-
main. Each LMF100 can produce two full 2nd order func-
tions. See Table | for a summary of the characteristics of the
various modes.

MODE 1: Notch 1, Bandpass, Lowpass Outputs:
fnotch = fo (See Figure 7)

fo = center frequency of the complex pole pair
_fok fok
100 % 50
frotch = center frequency of the imaginary zero pair = fg.
R2
Hop = Lowpass gain (asf — 0) = — ﬁ?
. R3
Hogp = Bandpass gain (atf = fg) = — v
Hon = Notchoutputgainas—s o _ Ry
f—fax/2| R 1

_ fo _R8
Q " BW R2
= quality factor of the complex pole pair
BW = the —3 dB bandwidth of the bandpass
output.

Circuit dynamics:
Hosp

HoLp = orHogp = HoLp X Q
= Hon X Q.
HoLp(peak) = Q X HoLp (for high Q’s)
MODE 1a: Non-Inverting BP, LP (See Figure 8)

_fok _ folk
fo 100 % 50
R3
@ TR
Hop = —1; HoLp(peak) = Q X Hop (for high Q's)
R3
Hospy = —5

Hosp, = 1 (non-inverting)
Circuit dynamics: Hogpy = Q
Note: Vi should be driven from a low impedance (<1 kQ) source.

LPa
1(20)
TL/H/5645-11
(BPahy LPa
2(19) 1(20)

TL/H/5645-4

FIGURE 8. MODE 1a
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2.0 Modes of Operation (continued)
MODE 1b: Notch 1, Bandpass, Lowpass Outputs:
fnotch = fo (See Figure 9)

fo = center frequency of the complex pole pair
foLk feik
==X ==X
100 < 2O 5y X 2
frotch = center frequency of the imaginary zero pair = fo.
R2
H = Lowpassgain(asf — 0) = — —
oLp pass gain ( ) 2R1
. R3
Hopp = Bandpass gain (atf = fg) = — m
Hon = Notch outputgainas§— o _ ~Ra
f—>fok/2 | R1
fo R3
=" =—x2
Q BW R2 2
= quality factor of the complex pole pair
BW = the —3 dB bandwidth of the bandpass output.
Circuit dynamics:
Hosp
H = orH =H X Q X 42
oLp B q ° Hose = Hovp 2
H _ Hon X Q
OBP ‘/—2‘

HoLp(peak) = Q X Hop (for high Q’s)

MODE 2: Notch 2, Bandpass, Lowpass: fhotch < fo

fo

fnotch

HoLp

Hosp
H0N1

Hony

(See Figure 10)
= center frequency

foLk \/ R2 fok [R2
= LK T2 4 g or SK +
100 V R4 tor 50 R4 !

_ fow , fou
100 = 50

= quality factor of the

_ JR2/RAT 1

~ R2/R3

Lowpass output gai
R2/R1

R2/R4 + 1

It

complex pole pair

n(asf — 0)

= Bandpass output gain (at f = fg) = — R3/R1

_ __R2/Rt
R2/R4 + 1

Notch output gain (

Notch output gain (as f — 0)

asf — ——fcé-K) = —R2/R1

Filter dynamics: Hogp = Qv HoLp Hon, = vHong Hong

BPy

|;:2|(19)

LPp

1(20)

LPy

1(20)

FIGURE 10. MODE 2
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2.0 Modes of Operation (continued)

0014

MODE 3: Highpass, Bandpass, Lowpass Outputs MODE 3a: HP, BP, LP and Notch with External Op Amp
(See Figure 11) (See Figure 12)
p _ fCLK , 2 fCLK £ _ fCLK ' fCLK '
0 100 0 100
Q = quality factor of the complex pole pair Q _ [R2 ><
B & o .H_S R4 RZ
R4~ R2 Howp = _R2
) foLk R2 R
Honp = Highpass gain (atf - ) - = _R3
2 R1 Hosp =
R3 R
Hogp = Bandpassgain (atf = fg) = — — _R4
R Hop =
R4 Rl
Horp = Lowpassgain(asf — 0) = — — f
R1 fn = notch frequency = CLK,, h CLK,,
100
R2 Ho
Gircuit dynamics: 'R—4- ™ Hogp=vVHonp XHoLpXQ Hon = gain of notch at
. R R
HoLp(peal) = Q X HoLp (for igh @9 f=1fo= H 0(;‘;‘ Howp = & HOHP) H
HoHpP(peak) = Q X Hopp (for high Q’s) R
Hny = gainofnotch (asf — 0) = FQ X HoLp
|
i
Hn2 = gain of notch (asf b -%‘K-)
Ry
= g, < Howp
ce* h
r 4k A
RV |
BPa LPa
2(19) 1(20)

*In Mode 3, the feedback loop is closed
around the input summing amplifier; the
finite GBW product of this op amp caus-

es a slight Q enhancement. If this is a
problem, connect a small capacitor
(10 pF—~100 pF) across R4 to provide
some phase lead.

TL/H/5645-5

LPy

1(20)

R Ry
Ry
MV NOTCH
+ out
L. ¥ ExteanaL
- OP AMP

TL/H/5645-10
FIGURE 12. MODE 3a
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2.0 Modes of Operation (continued)
MODE 4: Allpass, Bandpass, Lowpass Outputs
(See Figure 13)

fo = center frequency
_fok _foik.
100 * 50 °
f;* = center frequency of the complex zero = fg
_fo RS
Q “BW RZ2
Q; = quality factor of complex zero pair =E:12
For AP output make R1 = R2
f R2
Hoap* = Allpass gain (ato <f< C;‘K) Mo 1
HoLp = Lowpass gain (as f — 0)
R2
= - (ﬁjl' + 1) = -2
Hogp = Bandpass gain (at f = fq)
_Rs R2 R3
+ === -
"R2 (1 R1) 2 (R2)
Circuit dynamics: Hogp = (HoLp) X Q = (Hoap + 1)Q

*Due to the sampled data nature of the filter, a slight mismatch of f, and fo
occurs causing a 0.4 dB peaking around fg of the allpass filter amplitude
response (which theoretically should be a straight line). If this is unaccept-
able, Mode 5 is recommended.

Vin >—4

Sa/s

MODE 5: Numerator Complex Zeros, BP, LP

(See Figure 14)
R2 fCLK H2 fCLK
= + —
fo V' Ra 00 V Ra ~
R f
f, _ /, _R fok CLK / R1 fCLK
R4 100 4
R3
Q =1+ R2/R4 X —
Qz =\T—RI/R4 X —

Ho,y = gainat C.Z. output (as f-— 0 Hz)
—R2(R4 — R1)
R1(R2 + R4)
o fek
Hozo = gain at C.Z. output (asf —_ == >
R2 R3
= — —_— >< —_—
Hosp (m " 1) R2
H _ (R2 + R1) R4
oLp R2 + R4/ RI

BPa LPa

H—'zl(w) 1(20)

+
v ¢ V-

TL/H/5645-6

TL/H/5645-15

FIGURE 14. MODE 5

__R2
R1




2.0 Modes of Operation (continued)
MODE 6a: Single Pole, HP, LP Filter (See Figure 15)
fe = cutoff frequency of LP or HP output
_ Refok | R2foix

R3 100  R3 50
_ R8
T

R2
“R1

HoLp

Honp

MODE 6b: Single Pole LP Filter (Inverting and Non-

fe

HoLp,

HoLp,

Inverting) (See Figure 16)
cutoff frequency of LP outputs
= R2fok | R2fok

R3 100  R3 50
= 1 (non-inverting)

T TRe

I:]zus) 1(20)

v-

FIGURE 15. MODE 6a

R2  LPa(N.INV) Vin

TL/H/5645-16

LPa (INV)

2(19) 1(20)

P>

FIGURE 16. MODE 6b

TL/H/5645-7
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LMF100

2.0 Modes of Operation (continued)
MODE 6c: Single Pole, AP, LP Filter (See Figure 17)

MODE 7: Summing Integrator (See Figure 18)

. _ fok _fork T = integrator time constant
¢ 50 100 _16 8
Hoap =1(sf — 0) fok  fok
Hoap = —1(asf — fok/2)
HoLp = -2
Ry =Ry = Ry
TL/H/5645-17
TL/H/5645-37
Equivalent Circuit
ouTt ouT2
Nt >——-b— =
IN2 Dt =
TL/H/5645-38
K = B2

Ry

OuT1 = —'—(IIN1 dt — 1I|N2dt
T T

ouT2 = %! OUT1 dt

FIGURE 18. MODE 7
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2.0 Modes of Operation (continueq)

TABLE I. Summary of Modes. Realizable filter types (e.g. low-pass) denoted by asterisks.
Unless otherwise noted, gains of various filter outputs are inverting and adjustable by resistor ratios.

Mode BP LP Hp | N | ap | Numberof | Adjustable Notes
Resistors foLk/fo
1 * * * 3 No
()] May need input buf-
1a Hosp1 = —Q Hop = + 1 2 No fer. Poor dynamics
Hoppz = +1 for high Q.
1b N N N 3 No Useful for hlgh. .
frequency applications.
Yes (above
2 * * * 3 foLk/50 or
foLk/100)
Universal State-
3 * * * 4 Yes Variable Filter. Best
general-purpose mode.
As above, but also
3a * * * * 7 Yes includes resistor-
tuneable notch.
Gives Allpass res-
4 * * * 3 No ponse with Hoap = — 1
andHpp = —2.
Gives flatter allpass
5 * * * 4 Yes response than above
: if Ry = Ro = 0.02Rg4.
6a * * 3 Yes Single pole.
e
&b HoLpt = jR13 2 Yes Single pole.
H =—
OLP2 R2
6c * * 3 No Single pole.
Summing integrator with
7
2 ves adjustable time constant.

3.0 Applications information

The LMF100 is a general purpose dual second-order state
variable filter whose center frequency is proportional to the
frequency of the square wave applied to the clock input
(fcLk). The various clocking options are summarized in the
following table.

Clocking Options
Power Supply Clock Levels Lsh | vpt+

—5Vand +5V TTL (OV to +5V) oV +5V
—5Vand +5V CMOS (—5Vto +5V)| 0OV +5V
0V and 10V TTL (OV to 5V) ov | +10V
0V and 10V CMOS (0Vto +10V) | +5V | +10V
—2.5V and +2.5V|CMOS

(—2.5Vto +2.5V) ov | +25v
0V and 5V TTL (OVto +5V) oV ov
0V and 5V CMOS (0Vto +5V) | +2.5V| +5V

By connecting pin 12 to the appropriate dc voltage, the filter
center frequency, fg, can be made equal to either fg /100
or foLk/50. fg can be very accurately set (within £0.6%) by
using a crystal clock oscillator, or can be easily varied over
a wide frequency range by adjusting the clock frequency. If
desired, the fg k/fg ratio can be altered by external resis-
tors as in Figures 10, 11, 12, 13, 14, 15 and 76. This is
useful when high-order filters (greater than two) are to be
realized by cascading the second-order sections. This al-
lows each stage to be stagger tuned while using only one
clock. The filter Q and gain are set by external resistor ra-
tios.

All of the five second-order filter types can be built using
either section of the LMF100. These are illustrated in Fig-
ures 1 through 5 along with their transfer functions and
some related equations. Figure 6 shows the effect of Q on
the shapes of these curves.
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LMF100

3.0 Applications Information (continued)

3.1 DESIGN EXAMPLE

In order to design a filter using the LMF100, we must define
the necessary values of three parameters for each second-
order section: fp, the filter section’s center frequency; Ho,
the passband gain; and the filter’s Q. These are determined
by the characteristics required of the filter being designed.

As an example, let's assume that a system requires a
fourth-order Chebyshev low-pass filter with 1 dB ripple, unity
gain at dc, and 1000 Hz cutoff frequency. As the system
order is four, it is realizable using both second-order sec-
tions of an LMF100. Many filter design texts (and National’s
Switched Capacitor Filter Handbook) include tables that list
the characteristics (fy and Q) of each of the second-order
filter sections needed to synthesize a given higher-order fil-
ter. For the Chebyshev filter defined above, such a table
yields the following characteristics:

foa = 529 Hz Qp = 0.785
fog = 993 Hz Qg = 3.559
For unity gain at dc, we also specify:
Hoa = 1

Hog = 1

The desired clock-to-cutoff-frequency ratio for the overall
filter of this example is 100 and a 100 kHz clock signal is
available. Note that the required center frequencies for the
two second-order sections will not be obtainable with clock-
to-center-frequency ratios of 50 or 100. It will be necessary

f
to adjust %L—K externally. From Table |, we see that Mode 3
0

can be used to produce a low-pass filter with resistor-adjust-
able center frequency.

In most filter designs involving multiple second-order
stages, it is best to place the stages with lower Q values
ahead of stages with higher Q, especially when the higher Q
is greater than 0.707. This is due to the higher relative gain
at the center frequency of a higher-Q stage. Placing a stage
with lower Q ahead of a higher-Q stage will provide some
attenuation at the center frequency and thus help avoid clip-
ping of signals near this frequency. For this example, stage
A has the lower Q (0.785) so it will be placed ahead of the
other stage.

For the first section, we begin the design by choosing a
convenient value for the input resistance: Rip = 20k. The
absolute value of the passband gain Hopa is made equal
to 1 by choosing Ryqa such that: R4p = —HoLpaR1A = R1a
= 20k. If the 50/100/CL pin is connected to mid-supply for
nominal 100:1 clock-to-center-frequency ratio, we find Rop
by:

foa?

R (529)2
2A T TUAA (4 /100)2 (1000)2

Raa = QaVR2AR4a = 0.785/6.6 X 103 X 2 X 102 = 8.3k

The resistors for the second section are found in a similar
fashion:

=2X104 X = 5.6k and

Ry = 20k
R4g = Rig = 20k
fog2 (993)2
Rog = R = 20k =19.7k
28 T4B(t o (/100)2 (1000)2

R3g = QpVR2gR4p =3.559y1.97 X 104 X 2 X 104 = 70.6k

The complete circuit is shown in Figure 19 for split 5V
power supplies. Supply bypass capacitors are highly recom-
mended.

RIB
20k ——————— Vour
AAA
vy
Jok 30k
M ! LPA LPB 2 AMA
R3A R3B
83k 2 19 70.6k
50 197k
o 18 .
ANA—{ N/ 4P/ HP, N/ AP/ HPg AAA
R1A 17
Vin =1 PN INVy
20k
5 16
st
L 1% wroo 8 L
= 15 =
-5V —— Sa/p AGND
1 N ve P
+5V Byt v 2 -5v
0.1 0.1
210 sn. 50/100/ CL H:
l—m— CLK, CLKg Ll
cock v J LITL

fork = 100 kHz

TL/H/5645-30

FIGURE 19. Fourth-order Chebyshev low-pass filter from example in 3.1.
+5V power supply. 0V-5V TTL or +5V CMOS logic levels.
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3.0 Applications Information (continued)

00141

R1B
20k Vout
AAA
vy
S0k S0k
WA LPy LPg 24 WA
83k 705k
VA—2] 57, 8Py A
R2 R2B
56k 3 18 19.7k
VWA N/AP/HP, N/AP/HPg A\
R1A
Vi 4 | INVy, INVg Ll
20k
5 16
LMF100
6 15
_E— SA/B AGND 1
= T o1
+0v ? Vpt Va- s
10k
T 1 1 K v |2
S | == —:-
o,,‘"'°"‘> o,Tl‘li L sh. 50/100/cL P2
i
I—i CLK, CLKg ﬂ—‘
cocknJ LI L

fok = 100 kHz
TL/H/5645-31
FIGURE 20. Fourth-order Chebyshev low-pass filter from example in 3.1. Single + 10V power supply. 0V-5V TTL logic
levels. Input signals should be referred to half-supply or applied through a coupling capacitor.

vt vt =10V v+
o
—I: b
v 01 o 2 1/2 M358
2 I LM2931AZ-5.0 —I—D =5y 1 .
vt
TYPICAL VALUES: = J. 100 4F ) 1Y
2k <R <100k A ] p
0.1 puF <C <470 uF = =

TL/H/5645-33 3
TL/H/5645-32

TL/H/5645-34

(a) Resistive Divider with (b) Voltage Regulator (c) Operational Amplifier
Decoupling Capacitor with Divider

+
FIGURE 21. Three Ways of Generating VT for Single-Supply Operation
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3.0 Applications Information (continued)

3.2 SINGLE SUPPLY OPERATION

The LMF100 can also operate with a single-ended power
supply. Figure 20 shows the example filter with a single-end-
ed power supply. Vot and Vpt are again connected to the
positive power supply (4 to 15 volts), and Vo~ and Vp— are
connected to ground. The Agnp pin must be tied to V+/2
for single supply operation. This half-supply point should be
very ‘““clean”, as any noise appearing on it will be treated as

an input to the filter. It can be derived from the supply volt-

age with a pair of resistors and a bypass capacitor (Figure
21a), or a low-impedance half-supply voltage can be made
using a three-terminal voltage regulator or an operational
amplifier (Figures 21b and 27¢). The passive resistor divider
with a bypass capacitor is sufficient for many applications,
provided that the time constant is long enough to reject any
power supply noise. It is also important that the half-supply
reference present a low impedance to the clock frequency,
so at very low clock frequencies the regulator or op-amp
approaches may be preferable because they will require
smaller capacitors to filter the clock frequency. The main
power supply voltage should be clean (preferably regulated)
and bypassed with 0.1 uF.

3.3 DYNAMIC CONSIDERATIONS

The maximum signal handling capability of the LMF100, like
that of any active filter, is limited by the power supply volt-
ages used. The amplifiers in the LMF100 are able to swing
to within about 1 volt of the supplies, so the input signals
must be kept small enough that none of the outputs will
exceed these limits. If the LMF100 is operating on +5 volts,
for example, the outputs will clip at about 8Vp.. The maxi-
mum input voltage multiplied by the filter gain should there-
fore be less than 8Vp.p.

Note that if the filter Q is high, the gain at the lowpass or
highpass outputs will be much greater than the nominal filter
gain (Figure 6). As an example, a lowpass filter with a Q of
10 will have a 20 dB peak in its amplitude response at fp. If
the nominal gain of the filter (Ho_p) is equal to 1, the gain at
fo will be 10. The maximum input signal at fo must therefore
be less than 800 mVp,, when the circuit is operated on +5
volt supplies.

Also note that one output can have a reasonable small volt-
age on it while another is saturated. This is most likely for a
circuit such as the notch in Mode 1 (Figure 7). The notch
output will be very small at fp, so it might appear safe to
apply a large signal to the input. However, the bandpass will
have its maximum gain at fo and can clip if overdriven. If one
output clips, the performance at the other outputs will be
degraded, so avoid overdriving any filter section, even ones
whose outputs are not being directly used. Accompanying
Figures 7 through 17 are equations labeled “circuit dynam-
ics”, which relate the Q and the gains at the various outputs.
These should be consulted to determine peak circuit gains
and maximum allowable signals for a given application.

3.4 OFFSET VOLTAGE

The LMF100’s switched capacitor integrators have a slightly
higher input offset voltage than found in a typical continuous
time active filter integrator. Because of National’'s new
LMCMOS process and new design techniques the internal
offsets have been minimized, compared to the industry
standard MF10. Figure 22 shows an equivalent circuit of the
LMF100 from which the output dc offsets can be calculated.

Typical values for these offsets with Sa/g tied to V+ are:
Vosi = opamp offset = =5 mV
Vosz2 = +30 mV at 50:1 or 100:1
Vosz = =15 mV at 50:1 or 100:1

When Sp/p is tied to V—, Vog2 will approximately halve.
The dc offset at the BP output is equal to the input offset of
the lowpass integrator (Vpgg). The offsets at the other out-
puts depend on the mode of operation and the resistor ra-
tios, as described in the following expressions.

Mode 1 and Mode 4

1 \Y
Vos(N) = Vost (6 +1+ ”Houn”) - —%%
Vos(er) = Voss
Vos(Lp) = Vosn) — Vos2
Mode 1a
_ 1 _ Voss
Vos(N.INV.BP) = (1 + 3 Vost o
Vos(INV.BP) = Vogs
Vos(LP) = Vos(N.INV.BP) — Vpos2
Mode 1b
R2 R2\ R2
= +—=4+—=]-—=V
Vosty Vosi (1 R3 R1) R3 ' 0S8
Vos(sp) = Vos3
Vos(Lp _ Vosy) _ Vos2
(LP) 2 >
Mode 2 and Mode 5
R2 1
==+ X ——
Vosm (Rp 1)V°S1 1+ R2/R4
FV _ 1 __ Voss .
OS27{Ra/R2~ Qi +R2/R4
Rp = R1|R3|R4
Vos(er) = Vos3
Vos(Lp) = Vosv) — Vosz
Mode 3
Vos(Hp) =Vos2
Vos(sp) =Vos3
R4 R4
Vi =V, 1+—| -V —
OS(LP) 0s1 [ Rp] osz(R2)
R4
- Voss(R—a)
Rp = R1|R2|R3
Mode 6a and 6¢
Vos(Hp) = Vos2
Rg Hs) R3
v =V 1+ =24+ =2) -2y
OS(LP) 0s1 ( Ro Ry R, VOS2
Mode 6b
Vos(Lp (NINV)) = Vos2

R R
Vos(p(ny) = Vosi (1 + R_z) - R—2V032

1-90




3.0 Applications Information (continued)

00LdWT

wvaee ] [

TL/H/5645~12
FIGURE 22, Offset Voltage Sources

In many applications, the outputs are ac coupled and dc the unused side B opamp. The Qis 10 and the gainis 1 V/V
offsets are not bothersome unless large signals are applied in the passband. However, foik/fo = 1000 to allow for a
to the filter input. However, larger offset voltages will cause wide input spectrum. This means that for pin 12 tied to
clipping to occur at lower ac signal levels, and clipping at ground (100:1 mode), R4/R2 = 100. The offset voltage at
any of the outputs will cause gain nonlinearities and will the lowpass output (LP) will be about 3V. However, this is an
change fp and Q. When operating in Mode 3, offsets can extreme case and the resistor ratio is usually much smaller.
become excessively large if Rp and R4 are used to make Where necessary, the offset voltage can be adjusted by us-
foLk/fo significantly higher than the nominal value, especial- ing the circuit of Figure 24. This allows adjustment of Vgg1,
ly if Q is also high. which will have varying effects on the different outputs as
For example, Figure 23 shows a second-order 60 Hz notch described in the above equations. Some outputs cannot be
filter. This circuit yields a notch with about 40 dB of attenua- adjusted this way in some modes, however (Vog(gp) in
tion at 60 Hz. A notch is formed by subtracting the band- modes 1a and 3, for example).

pass output of a mode 3 configuration from the input using

R4 20
WA e, Py — v
:}v," 2 8, B, 19 out R1 = 100 kQ
R 3 18 | 59 Re = fo0kn
VWAV—=] N/AP/HP,  N/AP/HPg A\ o
R1 4 17 Rl 4 = 100 kQ
ViN 9V INV, INVg A\ Rg = 10ka
5 16 Rh R = 10kn
L1—s o= VWA Ah = 10k
- 6 LMF100 15
-5v Sa/e AGND
7 14 ==
VA'I' VA" -
8
+5V Vot Vo 3 -5V
0.1 pF == ==0.1pF
Hish 507100 |22
= 1
K IN UL 9 i, T
foi= 60 kHz

TL/H/5645-39
FIGURE 23. Second-Order Notch Filter
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3.0 Applications Information (continued)

5V SUPPLY
T
3 100k
b R4
4
3 R2

0.1 uF T r’:

R1

Vin>—wWA—{_

TL/H/5645-13

FIGURE 24. Method for Trimming Vog

3.5 SAMPLED DATA SYSTEM CONSIDERATIONS

The LMF100 is a sampled data filter, and as such, differs in
many ways from conventional continuous-time filters. An im-
portant characteristic of sampled-data systems is their ef-
fect on signals at frequencies greater than one-half the
sampling frequency. (The LMF100’s sampling frequency is
the same as its clock frequency.) If a signal with a frequency
greater than one-half the sampling frequency is applied to
the input of a sampled data system, it will be “reflected” to
a frequency less than one-half the sampling frequency.
Thus, an input signal whose frequency is fs/2 + 100 Hz will
cause the system to respond as though the input frequency
was fs/2 — 100 Hz. This phenomenon is known as “alias-
ing”, and can be reduced or eliminated by limiting the input
signal spectrum to less than fs/2. This may in some cases
require the use of a bandwidth-limiting filter ahead of the
LMF100 to limit the input spectrum. However, since the
clock frequency is much higher than the center frequency,
this will often not be necessary.

Another characteristic of sampled-data circuits is that the
output signal changes amplitude once every sampling peri-
od, resulting in ““steps” in the output voltage which occur at
the clock rate (Figure 25). |f necessary, these can be
“smoothed” with a simple R-C low-pass filter at the LMF100
output.

The ratio of fg g to fc (normally either 50:1 or 100:1) will
also affect performance. A ratio of 100:1 will reduce any
aliasing problems and is usually recommended for wide-
band input signals. In noise-sensitive applications, a ratio of
100:1 will result in 3 dB lower output noise for the same filter
configuration.

The accuracy of the fo k/fg ratio is dependent on the value
of Q. This is illustrated in the curves under the heading
“Typical Performance Characteristics”. As Q is changed,
the true value of the ratio changes as well. Unless the Q is
low, the error in fg k/fo will be small. If the error is too large
for a specific application, use a mode that allows adjustment
of the ratio with external resistors.

100:1

TL/H/5645-35

FIGURE 25. The Sampled-Data Output Waveform
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National
Semiconductor

LMF120 Mask-Programmable

Switched-Capacitor Active Filter System

General Description

The LMF120 is a mask-programmable switched-capacitor
filter capable of realizing virtually any filter response up to
twelve poles using six independent biquad blocks. It is cus-
tomized to meet specific application requirements through
the use of automated design techniques. Circuit realization
occurs during the final metal-mask stage of the manufactur-
ing process.

Three sample-and-hold inputs and three buffered outputs
allow one, two, or three independent filters on a single chip.
Each of the filters may be any type: high-pass, low-pass, all-
pass, bandpass, or notch.

The center or cutoff frequency of each filter is determined
by the clock frequency. The clock signal can be supplied by
an external source, or it can be generated by the internal
oscillator, using an external crystal and two capacitors. An
on-board programmable divider chain can divide the clock
input frequency by up to 256 so that each on-chip filter can
have a different cutoff/center frequency. Accuracy is en-
hanced by close matching of the internal components: the
ratio of the clock frequency to the center/corner frequency
is typically accurate to £0.5%, and is guaranteed to +£1.5%
over the full temperature range.

The customization process is initiated by submitting transfer
functions, pole and zero locations, or band diagrams to Na-
tional Semiconductor. A worksheet is included in this data-
sheet, which can be returned to National Semiconductor for

an initial evaluation. Each filter is computer-optimized to
best meet the requested specifications, and computer simu-
lations are produced for approval before prototyping begins.

Features

m Mask-programmable for virtually any filter response

m All filter types (low-pass, high-pass, bandpass, notch,
all-pass)

m All filter approximations (Butterworth, Chebyshev, Ellip-
tic, Bessel, etc.)

® Up to 12 poles and right-half-plane zeros in one 16-pin
package

m One, two, or three filters per package

® Wide Q range: up to 100 per biquad

| Choice of internal or external clock

® No external components other than clock or crystal and
two capacitors

B Programmable clock divider: +2 to +256

® Center frequency accuracy: +1.5% over temperature

® Supply voltage range: +2V to £7.5V or +4V to + 14V

Applications

B Anti-alias filters

B Real-time audio analyzers
@ Biomedical instrumentation
& Cellular telephones

Simplified Block Diagram

6
OSCILLATOR/ JH>=XTAL 1
BIQUAD 1 I |
I LEVEL SHIFTER |17 yra 2
DIVIDER CHAIN |_|10
., l BIQUAD 2 l o CHoes CLK ouT
NELE B |S/H 1 I
| BIQUAD 3 I BUFFER 3 LS ouT 1
N2 424 |S/H 2 I _
BIQUAD 4
ERES B |S/H 3 I BUFFER L4 out 2
wasl | BIQUAD 5 l
2 BUFFER 1 L3 out 3
. BIQUAD 6
oNp -

TL/H/10353-1

w
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LMF120

Absolute Maximum Ratings (otes 1&3)

If Military/Aerospace specified devices are required, Power Dissipation (Note 5) 500 mW
please contact the National Semiconductor Sales Maximum Junction Temperature 150°C
Office/Distributors for availability and specifications. Storage Temperature Range —65°C to +150°C
Total Supply Voltage (V*+ — V—) —0.3Vto +16V ESD Susceptibility (Note 6) 2000V
Voltage at Any Pin VT —03VtoVT + 0.3V
Input Current per Pin (Note 10) +5mA Operating Ratings (Notes 22 3)
Total Input Current (Note 10) +20 mA Temperature Range TuiN < Ta < Tmax
Lead Temp. (Soldering 10 sec.) LMF120CCN, LMF120CCV 0°C < Tp < +70°C
Dual-in-Line Package (Plastic) 300°C LMF120CIJ —40°C < Tp < +85°C
Surface Mount Pkg. (Note 4) LMF120CMJ ) —55°C < Tp < +125°C
Vapor Phase (60 sec.) 215°C Supply Voltage (V1 -V ™) 4.0V to 14V
Infrared (15 sec.) 220°C

Filter Electrical Characteristics

Because the LMF120’s performance characteristics vary depending on the programming mask configuration, many of the
specifications listed in this section are given only as typical values. These are intended to serve as guidelines for assessing the
capabilities of the IC and the feasibility of a desired filter response. Specific filter performance data (obtained by computer
simulation) will be supplied by National Semiconductor after the desired characteristics for the particular filter implementation
have been defined. Test frequencies and attenuation values appropriate to the application can then be chosen. The following
specifications apply for V't = +5Vand V™ = —5V unless otherwise specified. Boldface limits apply for Tyin to Tmax;
all other limits apply for T = Ty = 25°C.

Typical Tested Design Units
Symbol Parameter Conditions (N‘g’te 7 Limit Limit (Limit
(Note 8) (Note 9)
foLk Filter Clock Frequency 10 Hz (Min)
1.5 MHz (Max)
foLKIN Clock Input Frequency . ’
(Logic Gircuiitry Only) PinGor7 4 MHz (Max)
fo Center or Cutoff 0.1 Hz (Min)
Frequency 100 kHz (Max)
foLk/fy Filter Clock-to-Center-Frequency 10 Hz/Hz (Min)
Ratio Range (Each Biquad) 500 Hz/Hz (Max)
AfcLk/fo Filter Clock-to-Center-Frequency 4 o
Accuracy (Each Biquad) £05 7% (Max)
Ho Passband Gain Error +0.2 dB (Max)
Q Filter “Q” (Each Biquad) 100 (Max)
A
EO Q Accuracy (Each Biquad) 05<Q<30 +2 %
foxQ Center Frequency-Q Q <100 1 MHz
Product '
Dynamic Range
(Each Biquad) (Note 11) 80 dB
Clock Feedthrough 10 mVrms
Vos Offset Voltage
(Each Biquad) 70 mv
IsBa Supply Current
(Each Biquad) 0.4 mA
IssH Supply Current (Each Input
Sample-and-Hold) 03 mA
Is Total Supply Current (All 10 mA
Circuit Blocks Connected) i
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Output Buffer Electrical Characteristics
The following specifications apply for VT = +5Vand V™ = —5V unless otherwise specified. Boldface limits apply for
Tmin to Tmax; all other limits apply for To = Ty = 25°C. ’

" Tested Design .

Symbol Parameter Conditions (L‘g’tf‘;') Limit Limit (';_’i'"::if)

(Note 8) (Note 9)
Vo Output Voltage Swing RL = 5kQ vt —10 V (Min)

V™ +1.0 V (Max)
SR Slew Rate 1.0 V/ps
CL Maximum Capacitive Load 200 pF
GBW Gain-Bandwidth Product 1.0 MHz
Is Supply Current per Buffer 0.8 mA

Logic Input and Output Electrical Characteristics
The following specifications apply for V¥ = +5V and V™ = —5V unless otherwise specified. Boldface limits apply for
Tmin to Tmax; all other limits apply for To = Ty = +25°C.

. Tested Design .
Symbol Parameter Conditions &’;ﬁfil) Limit Limit (llji':nlti:)
(Note 8) (Note 9)
ViH Pin7CMOS | Logical “1” vt =5v,v™ = -5V +3.0 V (Min)
ViL Clock Input Logical “0” —-3.0 V (Max)
ViH V';’“ag‘i , Logical “1” vT =10v,v™ =0V +80 V (Min)
viL ;ngtfg) Logical “0” +20 V (Max)
ViH Logical “1” vt =25V,VT = —25V +1.5 V (Min)
ViL Logical “0” —-1.5 V (Max)
ViH Logical “1” vt =5v,v™ =0V +4.0 V (Min)
ViL Logical “0” +1.0 V (Max)
ViH Pin6TTL Logical “1” vt =5v,v" = -5V +2.0 V (Min)
ViL Clock Logical “0” +0.8 V (Max)
ViH ";lp‘:t V‘;';age Logical “1” VT =10v,v™ = ov +2.0 V (Min)
Vi ; n‘; fg) Logical “0” +0.8 V (Max)
ViH Logical “1” vt =5v,Vv™ =0V +20 V (Min)
Vi Logical “0” +0.8 V (Max)
VoH Clock Output Logical “1” lour = —1mA vt —10 V (Min)
VoL Clock Output | Logical “0” lout = +1mA VT +1.0 V (Max)
lin Input Current XTAL1, XTAL2 +10 1A (Max)

Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur.
Note 2: Operating Ratings indicate conditions for which the device is intended to be functional. These ratings do not guarantee specific performance limits,

however. For guaranteed specifications and test conditions, see the Electrical Ch istics. The gt d specifications apply only for the test conditions
listed. Some performance characteristics may degrade when the device is not operated under the listed test conditions.

Note 3: All voltages are measured with respect to GND unless otherwise specified.

Note 4: See AN450 “Surface Mounting Methods and Their Effect on Product Reliability” or the section titled “Surface Mount” found in any current Linear Data
Book for other methods of soldering surface mount devices.

Note 5: The maximum power dissipation must be derated at elevated temperatures and is a function of Tymax, ®ya, and the ambient temperature, Ta. The
maximum allowable power dissipation at any temperature is Pp = (Tymax — TA)/®Ja or the number given in the Absolute Maximum Ratings, whichever is lower.
For guaranteed operation, Tymax = 125°C. The typical thermal resistance (® ) of the LMF120N when board-mounted is 51°C/W. ® y, is typically 52°C/W for the
LMF120J, and 86°C/W for the LMF120V.

Note 6: Human body model, 100 pF discharged through a 1.5 kQ resistor.

Note 7: Typicals are at Ty = 25°C and represent the most likely parametric norm.
Note 8: Tested Limits are guaranteed and 100% tested.

Note 9: Design Limits are guaranteed, but not 100% tested.

Note 10: When the input voltage (Vi) at any pin exceeds the power supplies (Viy < V™ or Vjy > V™), the current at that pin should be limited to 5 mA. The 20 mA
maximum package input current rating limits the number of pins that can safely exceed the power supplies with an input current of 5 mA to four.

Note 11: Dynamic range is defined as the ratio of the tested minimum output voltage swing to the wideband noise over a 20 kHz bandwidth.

Note 12: Each custom version of the LMF120 will be tested at only one power supply voltage, which will be chosen to correspond to the application for which it is
intended.

Note 13: Only one clock input will be active for any given version of the LMF120. Therefore, a device wil be tested for either TTL or CMOS clock input threshold,
whichever is appropriate.
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LMF120

Connection Diagrams

Dual-In-Line Package

Plastic Chip Carrier Package

\\} g d2 49
oND—{ 1 16}-v* =Fxo T =
N.C.—~2 15p=N.C.
ouT3—3 141=IN3 out3 — IN3
ouT2- 4 13p=N.C. 0ouT2 = N.C.
ouT1—5 12p=IN2 N.C. = IN2
XTAL 1=16 1Mp=IN1 ouTt = N.C.
XTAL2=—47 10 p=CLK OUT N.C. == IN1
V=48 9f-NC. 9 10 11 12 13
rrrri
TL/H/10353-2 = g S 'g g
Order Number LMF120CIJ, LMF120CMJ, LMF120CCN L5 x
See NS Package Number J16A or N16E ©
TL/H/10353-3
Order Number LMF120CCV

See NS Package Number V20A

Typical Performance Characteristics
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Pin Description

GND (Pin 1) This is the analog ground reference for the
LMF120. In split supply applications, GND
should be connected to the system
ground. When operating the LMF120 from
a single positive power supply voltage, pin
1 should be connected to a “clean” refer-
ence voltage midway between V' and
V™.

N.C. (Pins 2,9, These pins are not connected to the inter-

13, & 15) nal circuitry.

OUT3 (Pin 3), These are the outputs of the buffer amplifi-

OUT2 (Pin 4), ers. Depending on the filter configuration,

QOUT1 (Pin 5) one, two, or all three of these outputs may

be used.

This is the crystal oscillator input pin.
When using the internal oscillator, the
crystal should be tied between XTAL1 and
XTAL2. XTAL1 can also be used as an in-
put for an external TTL-level clock.

This is the output of the internal crystal os-
cillator. When using the internal oscillator,
the crystal should be tied between XTAL1
and XTAL2. XTAL2 can also be used as
an input for an external CMOS logic-com-
patible clock swinging from V* to V™.
This is the negative power supply pin. It
should be bypassed with at least a 0.1 pF
ceramic capacitor. For single-supply oper-
ation, connect this pin to system ground.
This is the clock output pin. It can drive the
clock inputs of additional filters or other
components. The clock output signal
swings from V™ to V™. This pin can be
mask-programmed to supply an output at
the same frequency as the internal oscilla-
tor or external clock input, or at any output
frequency available from the internal divid-
er chain.

INPUT1 (Pin 11),These are the inputs to the filter. When
INPUT2 (Pin 12),necessary (in notch filters, for example),
INPUT3 (Pin 14) the input pins are connected to the inter-
nal sample-hold circuits.

This is the positive power supply pin. It
should be bypassed with at least a 0.1 uF
ceramic capacitor.

XTAL1 (Pin 6)

XTAL2 Pin7)

V™ (Pin8)

CLOCK OuUT
(Pin 10)

vt (Pin 16)

Functional Description

Each of the six internal biquad switched-capacitor filter sec-
tions (shown in detail in Figure 1) can have a characteristic
equation of the form:

2Vip — VBpobiS + Vipbo
s2+ ajs + ag 1)

s
Vout(s) =

or:
—(s?Vyp + Vppib1s)

2
s2 + ais + ap @

Vout(s) =

Note that by proper choice of coefficients and input connec-
tions, any type of filter response (low-pass, high-pass, band-
pass, notch, or all-pass) can be obtained. For example, a
notch filter can be realized by connecting the input signal to
Vup and Vi p. An all-pass filter can be realized by connect-
ing the input signal to Vip, Vi p, and Vgpo. Coefficients are
controlled by the metal mask, which determines the values
of the internal capacitors and the interconnections between
the filter stages, sample-holds, and output buffers. By ap-
propriate design of the metal mask, the biquad sections can
be cascaded to form high-order filters.

The center or cutoff frequency is proportional to the filter
clock frequency. The ratio of the clock frequency to the cen-
ter frequency (fck:fo) is programmable with virtually infinite
resolution over a range of 10:1 to 500:1, although clock-to-
center-frequency ratios in the 50:1 to 100:1 range usually

give the best performance.

)24
Al
C4
COo1
W
Cut -
Vour
- — o
flo T —

TL/h/10353-5
FIGURE 1. Single Biquad Structure. There are six
of these second-order blocks within the LMF120.
Any of the biquad blocks can realize a low-pass,
high-pass, bandpass, notch, or all-pass response.
The LMF120 contains three input sample-and-hold circuits.
These are used only when necessary—in a notch filter, for
example, where a sampled signal is summed with a continu-
ous signal within the biquad. The result of such a summation
would contain a residual signal equal to the difference be-
tween the sampled waveform and its continuous version.
This residual would place a limit on the notch filter’s effec-
tiveness. The sample-and-hold ensures that the “continu-
ous” signal path in the biquad (from Vip to Voyt) carries a
sampled signal, thus improving the notch’s performance.
In addition to three input pins, the LMF120 has three output
buffer amplifiers, allowing one package to contain up to
three independent filters. The total number of poles can be
any number up to twelve, so, for example, a single LMF120
could perform the function of a 6th-order low-pass, a 2nd-
order bandpass, and a 4th-order high-pass filter simulta-
neously.
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Functional Description (continued)

Clock Circuitry

The LMF120’s clock input circuitry can be mask-pro-
grammed to accept an external TTL or CMOS-level clock, or
to serve as a self-contained oscillator with the addition of an
external crystal and two capacitors (see Figure 6). The
clock signal can directly drive the biquad sections (if the
frequency is appropriate), or its frequency can be divided by
2n, where nis an integer between 1 and 8 (+2, +4, +8,...
+256). If necessary, each biquad section can obtain its
clock signal from a different divider tap.

The Clock Output pin can be programmed to supply addi-
tional LMF120s or other circuits with a clock signal whose
frequency is equal to either the clock input frequency, or the
frequency at any of the divider taps.

Power Consumption

Because the LMF120 is a CMOS integrated circuit, its pow-
er consumption is low. To further reduce power consump-
tion, any unused sample-and-holds and buffer amplifiers are
shut down when fewer than three filters are required. (For
example, a single 12th-order notch filter would need only
one sample-and-hold and one buffer.) Unused biquad sec-
tions (if any) are shut down as well. For low-frequency appli-
cations, the internal current drain can be reduced by about
30% for further power savings.

Applications Information

Power Supplies

The LMF120 can operate from supply voltages vt —v7)
ranging from 4.0V up to 14V, but the choice of supply volt-
age can affect circuit performance. The IC depends on MOS
switches for its operation. All such switches have inherent
“ON” resistances, which can cause small delays in charg-
ing internal capacitances. Increasing the supply voltage re-
duces this “ON” resistance, which improves the accuracy of
the filter in high-frequency applications. The maximum prac-
tical center frequency improves by roughly 10% to 20%
when the supply voltage increases from 5V to 10V.

Dynamic range is also affected by supply voltage. Both the
noise level and the maximum signal voltage increase as
supply voltage increases, but the maximum signal voltage
increases more rapidly with supply voltage. Thus, the dy-
namic range is greater with higher supply voltages. It is
therefore recommended that the supply voltage be kept
near the maximum operating voltage when dynamic range
and/or high-frequency performance are important.

As with all switched-capacitor filters, each of the LMF120’s
power supply pins should be bypassed with a minimum of
0.1 uF located close to the chip.

100:1

50:1

TL/H/10353-6
FIGURE 2. Switched-Capacitor Filter Output
Waveform. Note the sampling “steps”.

SAMPLED-DATA SYSTEM CONSIDERATIONS

Output Steps

Because the LMF120 uses switched-capacitor techniques,
its performance differs in several ways from non-sampled
(continuous) circuits. The analog signal at any input is sam-
pled during each filter clock cycle, and since the output volt-
age can change only once every clock cycie, the resultis a
discontinuous output signal. The output signal takes the
form of a series of voltage “steps”, as shown in Figure 2.
The steps are smaller when the ratio of clock frequency to
signal frequency is larger.

Aliasing

Another important characteristic of sampled-data systems is
their effect on signals at frequencies greater than one-half
the sampling frequency, fs. (The LMF120’s sampling fre-
quency is the same as the filter clock frequency). If a signal
with a frequency greater than one-half the sampling fre-
quency is applied to the input of a sampled-data system, it
will be “reflected” to a frequency less than one-half the
sampling frequency. Thus, an input signal whose frequency
is fs/2 + 10 Hz will cause the system to respond as though
the input frequency was fg/2 — 10 Hz. This phenomenon is
known as “aliasing”. Aliasing can be reduced or eliminated
by limiting the input signal spectrum to less than fg/2. In
some cases, it may be necessary to use a bandwidth-limit-
ing filter (often a simple passive RC low-pass) between the
signal source and the switched-capacitor filter’s input.

Clock Frequency Limitations

The performance characteristics of a switched-capacitor fil-
ter depend on the switching (clock) frequency. At very low
clock frequencies (below 10 Hz), the time between clock
cycles is relatively long, and small parasitic leakage currents
cause the internal capacitors to discharge sufficiently to af-
fect the filter's offset voltage and gain. This effect becomes
more pronounced at elevated operating temperatures.

At higher clock frequencies, performance deviations are pri-
marily due to the reduced time available for the internal op-
erational amplifiers to settle. For this reason, when the filter
clock is externally generated (clock divider unused), the
clock waveform’s duty cycle should be as close to 50% as
possible, especially at high clock frequencies.

Offset Voltage

Switched-capacitor filters often have higher offset voltages
than non-sampling filters with similar topologies. This is due
to charge injection from the MOS switches into the sampling
and integrating capacitors. The LMF120 is built using Na-
tional’s LMCMOS™ process for linear CMOS circuits, and
has far lower input offset voltage than most other switched-
capacitor filters. Typical offset voltage for an LMF120 filter
will be in the 20 mV to 400 mV range, with the actual value
being strongly dependent on the type of filter response be-
ing realized and the number of cascaded biquad stages
needed to achieve that particular response.

Noise

Switched-capacitor filters have two kinds of noise at their
outputs. There is a random, “thermal” noise component
whose level is typically on the order of 250 uV. The actual
value depends on the specific filter being implemented. The
other kind of noise is digital clock feedthrough. This will
have an amplitude in the vicinity of 10 mV rms. In some
applications, the clock noise frequency is so high compared
to the signal frequency that it is unimportant. In other cases,
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Applications Information (continued)

clock noise may have to be removed from the output signal
with, for example, a passive low-pass filter at the LMF120’s
output.

Input Impedance

The LMF120’s input pins may be connected to the sample-
and-hold circuits or directly to biquad filter sections, depend-
ing on system requirements. The sample-and-hold input cir-
cuits, shown in the block diagram, are normally used only in
filter implementations that require input signals (which are
normally continuous) to be combined with sampled signals,
as in notch and high-pass designs. Sampling the input be-
fore combining it with a sampled filter output makes the
overall filter response more accurate.

During the first half of a clock cycle, the 64 switch closes,
charging Cyy to the input voltage V|y. During the second
half-cycle, the 82 switch closes, and the charge on Cyy is
transferred to the feedback capacitor. At frequencies well
below the clock frequency, the input impedance approxi-
mates a resistor whose value is

1
CinfoLk
At any sample/hold input, Cyy is nominally 0.5 pF. For a
worst-case calculation of effective Ry, assume Cjy =
0.5 pF and fo .k = 1.5 MHz. Thus,
1

0.75 X 106

Rin(min) = = 1.33MQ.

vt

04 2
v GND

TL/F/10353-7
FIGURE 3. The inputs to the sample-and-hold circuits
consist of diodes, switches, and capacitors. The input
impedance has a “resistive” component that depends
on the clock frequency, and a capacitive component
from the protection diodes.

YiN

At the maximum clock frequency of 1.5 MHz, the lowest
typical value for the effective Ry the VN4 input is therefore
1.33 MQ. Note that Ry increases as fg  decreases, so the
input impedance will always be greater than or equal to this
value. In addition to this “resistive” input impedance, the
input protection diodes and the package contribute a total of
about 5 pF of capacitance from the input pin to ground.

When the input pins are connected directly to a biquad sec-
tion, the input impedance can be either a “pure” capaci-
tance to ground, or a “resistive” switched-capacitor network
with characteristics similar to these of the sample-and-hold
circuits. As Figure 1 shows, the capacitors at the inputs of
the biquads do not have fixed values. They are typically
around 1 pF to 2 pF, but can be as large as 8 pF in some
designs.

Typical Applications

Third-Octave Analyzer Filter

Figure 4 is a block diagram of one version of the LMF120.
The LMF120-TPQ contains three fourth-order Chebyshev
bandpass filters. The center frequencies are spaced /3 oc-
tave apart. This circuit is intended to be used in “real time”
audio spectrum analysis applications. Figure 5 shows the
computer-simulated magnitude versus frequency curves for
the LMF120-TPQ. These curves meet ANSI specifications
for Type E, Class ll, Third-Octave filters. The center fre-
quencies of the LMF120-TPQ’s three filters are located at
foLk/50, foLk/62.5, and fc) /80, so that by using several
LMF120-TPQs with clock frequencies separated by a factor

LMF120-TPQ — .
BIQUAD o7 fouk OSCILLATOR/  H——XTAL 1
— §=g38 50 LEVEL SHIFTER §d 7 yral 2
1
BIQUAD 2 ¢ DIVIDER CHAN 1110 ¢ our
Ly f0=1.o78.g—L05 = +2
11 Q=938
NA=—=" | s I
1
w25 LS our 1

IN 2

BIQUAD 3
J——-’_’ f=0927
] 0=9.38
1240 Vs 2 2

BIQUAD 4

uf 7

fok
Ly} f,=1.078.5K
Q=938 025

L4 out 2

N3 I
‘—» BIQUAD 5 £
LK
f,=0.927 -GK
v 18 g=938
8 ]
v BIQUAD 6 1.,
1 fo=1.078-0
GND Q=9.38

L3 out 3

A/

TL/H/10353-8

FIGURE 4. Block Diagram of LMF120-TPQ showing internal connections. Note that the input sample-and-holds are not
used in this version of the LMF120. The clock output frequency is one-half of the clock input frequency.
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Typical Applications (continued)

of 2n, a complex audio program can be analyzed for fre-
quency content over a range of several octaves. To facili-
tate this, the CLK OUT pin of the LMF120-TPQ supplies an
output clock signal whose frequency is ¥, that of the incom-
ing clock frequency. Therefore, a single internal or external
clock oscillator can provide the clock reference for all of the
30 filters in a complete audio real time analyzer.

The circuit shown in Figure 6 uses the LMF120-TPQ to im-
plement a /s-octave filter set for use in “real time” audio
program analyzers. Ten LMF120-TPQs can provide all of
the filtering for the full audio frequency range.

The upper LMF120 handles the highest octave, with center
frequencies of 20 kHz, 16 kHz, and 12.6 kHz. It also con-
tains the 1 MHz master clock oscillator for the entire sys-
tem. Its Clock Out pin provides a 500 kHz clock for the
second LMF120, which supplies 250 kHz to the third
LMF120, and so on. :

0
. T
g 10/ /I ,I
: = yANAY
N 5 LA
77
-40
1000 10000
FREQUENCY (Hz)

TL/H/10353-9
FIGURE 5. Response curves for the three filters in the
LMF120-TPQ. The clock frequency is 250 kHz.

If the audio input signal were applied to all of the LMF120-
TPQ input pins, aliasing might occur in the lower frequency
filters due to audio components near their clock frequencies
(e.g., an input signal component near 1.8 kHz will produce
an output from one of the filters in the LMF120 that handles
the lowest octave). This problem is solved by using two
LMF60-100 6th-order Butterworth low-pass filters as anti-
aliasing filters. One LMF60-100 is placed ahead of the three
lowest-frequency LMF120TPQs and is clocked with the
31.25 kHz clock signal. The other LMF60-100 is ahead of
the next four LMF120-TPQs and the first LMF60-100. Its
clock frequency is 500 kHz.

The internal sample-and-hold circuits are not connected to
the LMF120-TPQ’s input pins; instead, the inputs are con-
nected directly to C6 of three of the biquads (see Figure 4).
C6is 1.2 pF in the LMF120-TPQ, so the input impedance at
each input of the chip handling the highest octave will be
833 k. The input impedances of the filters in the next oc-
tave will be twice this, or 1.667 MQ, and so on. Each filter
will also have 5 pF of additional capacitance to ground.

12th-Order Elliptic Low-Pass

With the internal biquads connected as shown in Figure 7,
the LMF120 functions as a 12th-order elliptic low-pass filter
with 0.4 dB passband ripple. The filter's extremely rapid cut-
off slope is useful in applications such as anti-aliasing filters,
where unwanted signals may exist at frequencies just above
those of the desired signals. Two curves of gain vs frequen-
cy are included—Figure 8 shows the filter's overall re-
sponse, and Figure 9 shows the passband response with
much higher resolution.

30pf 1 IﬁHz 30 pF
it
7 20xz Bavo our
116Kz eavo our
k5 125kHz BanD ou
LMF120-TPQ
500kHz |10
6
Lt 1okHz Ban our
8w o our
L7625 kiz BAND OUT
LMF120-TPQ
250kHz |10
6
{75tz Banp our
)7 4wz B our
v {5313 a0 ot
N LMF120-TPQ
& 125khz |

- [
=5kHz
< —
J.I \'— 3 2.5kHz BAND OV
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)
{73130 B out
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TL/H/10353-10
FIGURE 6. Audio “Real-Time” analyzer filter
set using LMF120-TPQ one-third octave filters.
The LMF60s provide anti-alias filtering.
Power supplies (not shown) are +5V and
should be bypassed with 0.1 uF at each supply pin.
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Typical Applications (continued)
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FIGURE 7. 12th-Order Elliptic Low-Pass Filter
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FIGURE 8. Computer-simulated LMF120 12th-Order
Elliptic Low-Pass Response. The clock frequency for
the curve shown here is 100 kHz, and the clock-to-

center-frequency ratio is 50:1.

TL/H/10353-13

FIGURE 9. Computer-simulated LMF120
12th-Order Elliptic Low-Pass Response. This
curve covers the same frequency range as
the one in Figure 8, but increased resolution
shows the passband ripple more clearly.
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Semi-Custom Filter
Development Procedure

Note: Please contact the nearest National Semiconductor Sales Office for
information on LMF120 semi-custom filter development costs.
Developing a new switched-capacitor filter using the
LMF120 is relatively simple. First, define the performance
requirements for the filter(s) in terms of pole and zero loca-
tions, transfer functions, or frequency/attenuation specifica-
tions, whichever is most convenient. The worksheet in the
back of this data sheet may be used for this purpose. Na-
tional Semiconductor will determine whether the applica-
tion’s performance requirements can be met with a semi-
custom proprietary version of the LMF120. If the required
filter is feasible, computer simulations of the filter’s perform-
ance will be provided. If the performance is satisfactory, test
frequencies and performance limits will be chosen and the
custom metal mask will be produced and prototype devices
will be manufactured. The prototyping stage generally takes
from eight to twelve weeks. After prototypes have been
built, tested, and approved, production can begin. (See the

pre-production activity flow in Figure 10).

Feasibility
The first step in developing a custom filter based on the
LMF120 is to determine whether an LMF120 can indeed

realize the desired filter response. To this end, it is helpful to
understand the limitations of the circuit.

The center or cutoff frequency (fg) of the filter is one limita-
tion. As indicated in the table of Filter Electrical Characteris-
tics, this can typically range from a low of 0.1 Hz to a high of
100 kHz. These numbers, however, are given as guidelines
only. The actual frequency limits will depend on the specific
characteristics of the filter being developed. For example, if
the desired filter must have a very fast attenuation slope
beyond the cutoff frequency, the maximum cutoff frequency
may be significantly less than 100 kHz. As a general rule,
filters with gentler slopes can have cutoff frequencies as
high as 100 kHz, while very fast rolloffs may be limited to
corner frequencies below 20 kHz.

Filter Q is another parameter whose acceptable range is
strongly dependent on the desired characteristics. Higher
values of Q are more difficult to achieve with high center or
corner frequencies. A useful figure of merit is the product of
Q and Fo. If this product is less than 1 MHz and Q is less
than 100 for each biquad filter section, it should be achiev-
able with the LMF120.

Filter order is obviously an important specification. If the
desired filter response requires a 13th-order filter, it can’t be
fully implemented by a single LMF120, which can provide up
to 12 poles of filtering.

As discussed earier in this data sheet, the LMF120’s offset
voltage will generally be in the tens of millivolts, and will be
dependent on the kind of transfer function the filter is in-
tended to realize. It is important to ensure that the applica-
tion’s requirements are compatible with the LMF120’s offset
voltage characteristics.

THE DESIGN AUTOMATION SYSTEM

National Semiconductor customizes the LMF120 to a spe-
cific application by generating a metal mask that provides
the interconnections between the internal circuit blocks and
programs them for the required characteristics. The mask is
generated using National’s proprietary filter CAD software.
This software computes the optimum capacitor values for
each of the six switched-capacitor biquad filter sections to
ensure close conformance to the target requirements. It
also optimizes the design for high signal-to-noise ratio, and
then analyzes the design, taking into account all second-or-
der effects, such as parasitic capacitances, switch “ON”
resistance, and the finite gain-bandwidth products of the op-
erational amplifiers. The final design analysis is then re-
turned for verification and approval.

Actual metal mask generation begins once the design and
the test frequencies and limits have been approved. Nation-
al’s in-house CAD system is used to facilitate mask genera-
tion. The new metal mask is then used to complete the
fabrication of the final silicon. The design automation sys-
tem ensures fast and accurate results on the first run.

The Test Procedure

When the IC is in production, its performance must be veri-
fied by automated testing. Some of the tests will be com-
mon to all versions of the LMF120: logic levels and logic
input current for example. Other tests will be for parameters
that are specific to a particular metal mask. These consist of
total supply current, DC offset voltages, signal swing, and
several frequency/gain (or attenuation) test points for each
filter. The frequencies and test limits will be tailored to the
specific application requirements for the filter(s).

National will provide information on the typical behavior of
the filter(s) for those parameters that are not tested or guar-
anteed by design, such as clock feedthrough and output
noise. This information will be returned with the prototype
parts. '

Some special test requirements can be accommodated;
these will be evaluated on request.
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Semi-Custom Filter Development
Procedure (continued)
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TL/H/10353-14
FIGURE 10. Pre-Production Activity Flow

LMF120 Filter Worksheet

Instructions

Use the following instructions for completing the attached
Filter Worksheet. Return one completed worksheet for each
LMF120 device (maximum of three filters per LMF120) to
your local National Semiconductor sales office. If you re-
quire more worksheets you may photocopy this one.

1. Supply Voltage:

Specify your system supply voltage requirements. The total
supply voltage (vt — V7) can be anywhere from 4V to
14V. Higher voltages are advantageous when dynamic
range and maximum operating frequency are critical con-
cerns.

2. Total Number of Filters:

The LMF120 may consist of one, two or three independent
filters. Specify the total number of filters for this LMF120
design.

3. Input Clock Frequency:

The maximum clock frequency is 4 MHz. Specify the crystal
frequency if you plan to use the internal crystal oscillator.
Two external capacitors and one crystal are required for the
crystal oscillator.

4. Filter Clock Frequency:

This is the frequency at which the filter will be clocked.
There are many factors to be considered in the choice of
this frequency. Operation at the highest possible clock fre-
quency reduces aliasing in the signal band, and reduces the
need for pre- and/or post-filtering. However, there are cer-
tain factors that limit the maximum frequency. These include
finite gain-bandwidth of the op-amps and finite on-resistanc-
es of internal switches. On the other hand, using slow clock
frequencies enables the filter to operate at lower supply cur-
rents and to save power on applications requiring low-power
operation. The maximum clock frequency for the LMF120’s
internal biquads is 1.5 MHz, so the internal clock frequency
divider must be used to reduce this frequency if the clock
frequency at the LMF120’s clock input pin is greater than
1.5 MHz. Additionally, the filter clock frequency must also be
at least ten times higher (and preferably 50 to 100 times
higher) than the highest pole or zero in the filter structure.

Example: Determine the filter clock frequency for a BAND-
PASS filter with center at 1 kHz. The system clock (input
clock) is 3.5 MHz.

Solution: Since the input clock is higher than 1.5 MHz it
must be divided down internally. Dividing by 32 gives a filter
clock frequency of 109.38 kHz. Therefore, the clock-to-cen-
ter frequency ratio is 109380/1000 = 109.38. This is close
to the 50:1 to 100:1 range of clock-to-center-frequency ra-
tios that generally gives the best results.

5. Clock Output Frequency:

This is an optional output that may be used to supply a clock
frequency anywhere else in the application system. This
output is subject to the following constraints:

foLkouT = foLkin/2n forn = 0, 1, ... 8. Specify N/A if this
output is not to be used.

6. Input Clock Level:

CMOS or TTL input levels may be specified for OV-5V,
+5V or 0V~10V power supplies. For non-standard supplies,
only CMOS input levels may be specified.

7. Filter Descriptions:

Use this space to describe the filter(s) by transfer functions,
band diagrams, pole-zero locations, or fo and Q values for
the individual biquads. Pole-zero locations or fo and Q val-
ues are preferred, but the filters may be described in any of
the ways mentioned above. Examples of appropriate band
diagrams are shown in Figures 11 and 12. fc is the cutoff
frequency of the passband and fg is the frequency that de-
fines the beginning of the stopband. Apax is the maximum
acceptable passband gain variation. Ayyn is the minimum
acceptable stopband attenuation.
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LMF120

LMF120 Fllter Worksheet Instructions (continued)

M 77277727,

GAIN

FREQUENCY

TL/H/10353-15
FIGURE 11. Format of a band diagram for a low-pass
filter. The amplitude response requirements are
specified by Amax, Amin, fc and fs.

fe2

fs1 fm
FREQUENCY

TL/H/10353-16
FIGURE 12. Format of a band diagram for a bandpass
filter. The filter’s amplitude response requirements are
specified by Amin, Amax; fc1, fc2, fs1 and fgo.

Test frequencies for each filter should be specified with the
following in mind:

A. Test frequencies between 100 Hz and 8 kHz: Digital Sig-
nal Processing techniques are used in the test procedure.
This produces the best accuracy and allows the measure-
ment of both amplitude and phase response at the test fre-
quencies. The customer may choose between the following
alternatives:

1. 7 test frequencies; each frequency is a multiple of 10 Hz
with a minimum difference of 10 Hz.

2. 15 test frequencies; each frequency is a multiple of 10 Hz
with a minimum difference of 20 Hz.

In the DSP test procedure, all of the test frequencies are
applied to the filter simultaneously. The output energy avail-
able at any given frequency will be less with 15 test frequen-
cies than with 7 test frequencies; therefore the test will be
more accurate with 7 test frequencies than with 15 test fre-
quencies.

B. Test frequencies above 8 kHz will require a voltmeter test
method, which can measure only the amplitude response.
The only constraint on the voltmeter method is that the test
frequencies must be above 1 kHz. 7 frequencies can be
tested.

Any special requirements will be considered separately, and
may be included with the Worksheet.
8. APPLICATION INFORMATION:

Describe the application, the end product, and the most im-
portant performance characteristics for the filter in this ap-
plication.
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LMF120 Filter Worksheet
Engineering Contact
Phone
Company Name
Address

1) Supply Voltage
2) Total Number of Filters
3) Input Clock Frequency (4 MHz Maximum)
4) Filter Clock (1.5 MHz Maximum)

5) Clock Output Frequency
6) Input Clock Logic Levels (TTL or CMOS)

7) Filter Descriptions:

Please use the space below to define your filter(s). Note
that the total sum of the poles or zeros for all three filters
must not exceed twelve.

Filter #1
Filter Order

Use the space below to write the transfer function or pole/
zero locations, or plot a detailed band diagram. Use a sepa-
rate page if more space is needed.

Filter #1 Test Frequencies

Filter #2
Filter Order

Use the space below to write the transfer function or pole/
zero locations, or plot a detailed band diagram. Use a sepa-
rate page if more space is needed.

Filter #2 Test Frequencies

Filter #3
Filter Order

Use the space below to write the transfer function or pole/
zero locations, or plot a detailed band diagram. Use a sepa-
rate page if more space is needed.

Filter #3 Test Frequencies

8) Application Information: Please describe in detail the
application for the LMF120 filters in your system.

a) End Product:

b) Projected Volume per Year:

c) List the most important performance requirements for the
filters in your application (i.e., Dynamic Range >50 dB, etc.)
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MF4

National
Semiconductor

MF4 4th Order Switched Capacitor Butterworth

Lowpass Filter

General Description

The MF4 is a versatile, easy to use, precision 4th order
Butterworth low-pass filter. Switched-capacitor techniques
eliminate external component requirements and allow a
clock-tunable cutoff frequency. The ratio of the clock fre-
quency to the low-pass cutoff frequency is internally set to
50 to 1 (MF4-50) or 100 to 1 (MF4-100). A Schmitt trigger
clock input stage allows two clocking options, either self-
clocking (via an external resistor and capacitor) for stand-
alone applications, or for tighter cutoff frequency control an
external TTL or CMOS logic compatible clock can be ap-
plied. The maximally flat passband frequency response to-
gether with a DC gain of 1 V/V allows cascading MF4 sec-
tions together for higher order filtering.

Features

Low Cost

Easy to use

8-pin mini-DIP or 14-pin wide-body S.O.

No external components

5V to 14V supply voltage

Cutoff frequency range of 0.1 Hz to 20 kHz

m Cutoff frequency accuracy of £ 0.3% typical

m Cutoff frequency set by external clock

m Separate TTL and CMOS/Schmitt-trigger clock inputs

Block and Connection Diagrams

Dual-In-Line Package

. 4TH ORDER
FUTER »|  BUTTERWORTH
LOWPASS FILTER

acno -2 Tor fe:

CLK 1
IN

NON-OVERLAPPING
CLOCK GENERATOR

P

axm —s () - 'F'I‘HER
CLKR =2 71— v+
Lsh —3 6 — AGND
S | FLTER
v 4 S oo

TL/H/5064-2
Order Number MF4CN-50
or MF4CN-100
See NS Package Number NOSE

Small-Outline

2 3
CLKR L. Sh

Wide-Body Package
N\
CLKIN=—11 14 = FILTER IN
NC— 2 13=NC
CLKR—{3 12fv
NC—4 11f=NC
L.SH=—5 10 = AGND
NC—6 9—NC
TL/H/5064~1 v -7 8 | FILTER OUT

TL/H/5064-25
Top View
Order Number MF4ACWM-50
or MF4ACWM-100
‘See NS Package Number M14B
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Absolute Maximum Ratings (Notes 1, 2)
If Military/Aerospace specified devices are required,
please contact the National Semiconductor Sales
Office/Distributors for availability and specifications.

Supply Voltage (V+-V—)
Voltage At Any Pin

Input Current at Any Pin (Note 14)

Package Input Current (Note 14)

Power Dissipation (Note 15)
Storage Temperature
ESD Susceptibility (Note 13)

14V

v+ +0.2v
V- —0.2V

5mA
20 mA
500 mW
150°C
800V

Soldering Information:

® N Package: 10 sec. 260°C
e SO Package: Vapor Phase (60 sec.) 215°C
Infrared (15 sec.) 220°C

See AN-450 “Surface Mounting Methods and Their Effect
on Product Reliability” for other methods of soldering sur-
face mount devices.

Operating Ratings (Note 2)

Temperature Range
MF4CN-50, MF4CN-100
MF4CWM-50, MF4CWM-100

Supply Voltage (V+-V—)

Tmin < TA < Tmax
0°C <Tp < 70°C
0°C <Ta <70°C

5V to 14V

Filter Electrical Characteristics The following specifications apply for fo k < 250 kHz (see Note 5) unless
otherwise specified. Boldface limits apply for Ty to Tmax; all other limits Ta = Ty = 25°C.

MF4-50 MF4-100
Parameter Conditions . Tested Design Tested | Design Unit
Typical L L Typical L
(Note 10) Limit Limit (Note 10) Limit Limit
(Note 11) | (Note 12) (Note 11) | (Note 12)
V+ = +5V,V—- = —5V
fe, Cutoff Frequency Min 0.1 0.1 Hz
Range (Note 3) Max 20k 10k
Supply Current foik = 250 kHz 2.5 3.5 3.5 25 3.5 3.5 mA
Maximum Clock | Filter Output | Vin = 0V
Feedthrough 25 25 mV
(Peak-to-Peak)
Ho, DC Gain Rsource < 2 k2 0.0 +0.15 | +0.15 0.0 +0.15 | +0.15 dB
fei/ fe, Clock to Cutoff 49.96 49.96 49.96 99.09 99.09 99.09
Frequency Ratio +0.3% +0.8% +0.6% +0.3% +1.0% | +0.6%
fek/fc Temperature + + o
Coefficient £15 £30 ppm/*C
Stopband Attenuation (Min) at2fe —25.0 —24.0 —24.0 —25.0 —24.0 —24.0 dB
DG Offset Voltage —200 —400 mV
Minimum Output Swing RL = 10kQ +4.0 +3.5 +3.5 +4.0 +3.5 +3.5 \
—45 —4.0 -4.0 —4.5 —4.0 —4.0 \'
Output Short Circuit Source 50 50 mA
Current (Note 8) Sink 1.5 1.5 mA
Dynamic Range (Note 4) 80 82 dB
Additional Magnitude f = 6000 Hz —7.57 —-7.57
Response Test Points +0.27 +0.27
Note 6 dB
(Note 6) f = 4500 Hz 144 | —1.44
foi = 250 kHz +012 | +0.12
f = 3000 Hz —-7.21 -7.21
+ +0.
+0.2 +0.2 4B
f = 2250 Hz -1.39 -1.39
+0.1 +0.1
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MF4

Filter Electrical Characteristics The following specifications apply for fo « < 250 kHz (see Note 5) unless
otherwise specified. Boldface limits apply for Tyn to Tmax; all other limits Ty = Ty = 25°C. (Continued) .

MF4-50 MF4-100
Parameter Conditions Tested Design Tested Design |- Unit
' Typical . Typical "
(Note 10) Limit Limit (Note 10) Limit Limit
(Note 11) | (Note 12) (Note 11) | (Note 12)
V+ = +25V,V- = —2.5V !
fc Cutoff Frequency min 0.1 0.1 Hz
Range (Note 3) max 10k 5k
Supply Current fok = 250 kHz 1.5 2.25 2.25 1.5 2.25 2.25 mA
Maximum Clock
Feedthrough Filter Output | Vi, = OV 15 15 mV
(Peak-to-Peak)
Ho, DC Gain Rsource < 2k 0.0 +0.15 +0.15 0.0 +0.156 +0.15 dB
feik/fe, Clock to Cutoff 50.07 50.07 50.07 99.16 99.16 99.16
Frequency Ratio +0.3% +1.0% +0.6% +0.3% +1.0% +0.6%
fcLk/fc Temperature + + o
Coefficient £25 £60 ppm/°C
Stopband Attenuation (Min) at2fg —-25.0 —240 —-24.0 —25.0 —24.0 —24.0 dB
DC Offset Voltage —150 —300 mV
Minimum Output Swing Ry = 10kQ +1.5 +1.0 + 1.0 +1.5 +1.0 +1.0 \
—-2.2 -1.7 -1.7 —22 —-1.7 -1.7 '
Output Short Circuit Source 28 28 mA
Current (Note 8) Sink 0.5 0.5 mA
Dynamic Range (Note 4) 78 78 dB
Additional Magnitude fok = 250 kHz
Response Test Points
(Note 6) —7.57 -7.57 dB
(fe = 5kH2) f = 6000 Hz +0.27 +0.27
Magnitude at f = 4500 Hz 146 | —1.46 B
+0.12 +0.12
(fo = 2.5kHz2) f = 3000 Hz —-7.21 -7.21
Magnitude +0.2 +0.2 dB
_ -1.39 | -1.39
f=2250Hz +0.1 +0.1

Logic lnput-Output Characteristics The following specifications apply for V— = 0V (see Note 7) unless
otherwise specified. Boldface limits apply for Tyn to Tyax; all other limits Ta = Ty = 25°C.

Typical Tested Design
Parameter Conditions (Nz't)e 10) Limit ~ Limit Unit
(Note 11) | (Note 12)

SCHMITT TRIGGER
V1 +, Positive Going Threshold Min V+ =10V 70 6.1 6.1 v
Voltage Max : 8.9

Min V+ =5V 3.1 3.1

Max 85 4.4 4.4 v
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Logic Input-Output Characteristics The following specifications apply for V= = 0V (see Note 7) unless
otherwise specified. Boldface limits apply for Tpn to Tmax; all other limits T = t; = 25°C. (Continued)

B Typical Te.su.ad De'sign )
Parameter Conditions (Note 10) Limit Limit Unit
(Note 11) | (Note 12)
SCHMITT TRIGGER (Continued)
V-, Negative Going Threshold Min v+ =10V 3.0 1.3 1.3 "
Voltage Max 3.8 3.8
v | R i
Hysteresis (V4 ~Vy-) Min V+ =10V 4.0 2.3 2.3 v
Max 7.6 7.6
vex | 20 | 45 | aa |V
Minimum Logical “1" Output Voltage lo=—10pA v+ =10V 9.0 9.0 \"
(pin 2) v+ =5V 45 a5 v
Maximum Logical “0” Output Voltage lp =10 pA v+ =10V 1.0 1.0 \
(pin 2) v+ =5V 05 0.5 v
Minimum Output Source Current CLK R Shorted V+ =10V 6.0 3.0 3.0 mA
(pin 2) to Ground v+ =5V 15 0.75 0.75 mA
Maximum Output Sink Current CLK R Shorted V+ =10V 5.0 25 2.5 mA
(pin 2) tov+ v+ =5V 13 0.65 0.65 mA
TTL CLOCK INPUT, CLK R PIN (Note 9)
Maximum V|, Logical “0” Input Voltage 0.8 Vv
Minimum V), Logical ““1” Input Voltage 2.0 \"
Maximum Leakage Current at CLK R Pin L. Sh Pin at Mid-Supply 2.0 pA

Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. AC and DC electrical specifications do not apply when operating
the device beyond its specified operating conditions.

Note 2: All voltages are with respect to GND.
Note 3: The cutoff frequency of the filter is defined as the frequency where the magnitude response is 3.01 dB less than the DC gain of the filter.

Note 4: For +5V supplies the dynamic range is referenced to 2.82 Vrms (4V peak) where the wideband noise over a 20 kHz bandwidth is typically 280 pVrms for
the MF4-50 and 230 pVrms for the MF4-100. For 2.5V supplies the dynamic range is referenced to 1.06 Vrms (1.5V peak) where the wideband noise over a 20
kHz bandwidth is typically 130 pVrms for both the MF4-50 and the MF4-100.

Note 5: The specifications for the MF4 have been given for a clock frequency (fg k) of 250 kHz or less. Above ths clock frequency the cutoff frequency begins to
deviate from the specified error band of +0.6% but the filter still maintains its magnitude characteristics. See Application Hints.

Note 6: Besides checking the cutoff frequency (fc) and the stopband attenuation at 2 f;, two additional frequencies are used to check the magnitude response of
the filter. The magnitudes are referenced to a DC gain of 0.0 dB.

Note 7: For simplicity all the logic levels have been referenced to V— = 0V (except for the TTL input logic levels). The logic levels will scale accordingly for 5V
and +2.5V supplies.

Note 8: The short circuit source current is measured by forcing the output that is being tested to its maximum positive voltage swing and then shorting that output to
the negative supply. The short circuit sink current is measured by forcing the output that is being tested to its maximum negative voltage and then shorting that
output to the positive supply. These are worst case conditions.

Note 9: The MF4 is operating with symmetrical split supplies and L. Sh is tied to ground.

Note 10: Typicals are at 25°C and rep most likely p ic norm.

Note 11: d to National's A ge Outgoing Quality Level (AOOL).

Note 12: Guaranteed, but not 100% production tested. These limits are not used to determine outgoing quality levels.
Note 13: Human body model; 100 pF discharged through a 1.5 kQ resistor.

Note 14: When the input voltage (Vi) at any pin exceeds the power supply rails (Viy < V~ or Viy > V+) the absolute value of current at that pin should be limited
to 5 mA or less. The 20 mA package input current limits the number of pins that can exceed the power supply boundaries with a 5 mA current limit to four.

Note 15: Thermal Resistance
0,4 (Junction to Ambient) N Package ........... 105°C/W.
OiaMPackage ........oooiiiiiiiiiii 95°C/W.
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MF4

Typical Performance Characteristics
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Typical Performance Characteristics (continued)
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MF4

Pin Descriptions
(Numbers in ( ) are for 14-pin package.)
Pin Pin
#  Name
1 CLKIN A CMOS Schmitt-trigger input to be used
(1) with an external CMOS logic level clock.
Also used for self clocking Schmitt-trigger
oscillator (see section 1.1).

A TTL logic level clock input when in split
supply operation (£ 2.5V to +7V) with L. Sh
tied to system ground. This pin becomes a
low impedance output when L. Shis tied to
V. Also used in conjunction with the CLK
IN'pin for a self clocking Schmitt-trigger
oscillator (see section 1.1). The TTL input
signal must not exceed the supply voltages
by more than 0.2V.

Level shift pin; selects the logic threshold
levels for the clock. When tied to V— it
enables an internal tri-state buffer stage
between the Schmitt trigger and the internal
clock level shift stage thus enabling the
CLK IN Schmitt-trigger input and making the
CLK R pin a low impedance output. When
the voltage level at this input exceeds 25%
(V+ — V~) + V~ theinternal tri-state
buffer is disabled allowing the CLK R pin to
become the clock input for the internal
clock level-shift stage. The CLK R threshold
level is now 2V above the voltage on the L.
Sh pin. The CLK R pin will be compatible
with TTL logic levels when the MF4 is
operated on split supplies with the L. Sh pin
connected to system ground.

5 FILTER The output of the low-pass filter. It will
(8) OUT typically sink 0.9 mA and source 3 mA and
swing to within 1V of each supply rail.

The analog ground pin. This pin sets the DC
bias level for the filter section and must be
tied to the system ground for split supply
operation or to mid-supply for single supply
operation (see section 1.2). When tied to
mid-supply this pin should be well
bypassed.

The positive and negative supply pins. The
total power supply range is 5V to 14V.
Decoupling these pins with 0.1 uF
capacitors is highly recommended.

8 FILTER The input to the low-pass filter. To minimize
(14) IN gain errors the source impedance that
drives this input should be less than 2K (see
section 1.3 of the Application Hints). For
single supply operation the input signal
must be biased to mid-supply or AC coupled
through a capacitor.

1.0 MF4 Application Hints

The MF4 is a non-inverting unity gain low-pass fourth-order
Butterworth switched-capacitor filter. The switched-capaci-
tor topology makes the cutoff frequency (where the gain
drops 3.01 dB below the DC gain) a direct ratio (100:1 or

Function

2 CLKR
(©)

3 L.Sh
(6)

6 AGND
(10)

7,4 V+, V-
(7,12)

50:1) of the clock frequency supplied to the filter. Internal
integrator time constants set the filter's cutoff frequency.
The resistive element of these integrators is actually a ca-
pacitor which is “switched” at the clock frequency (for a
detailed discussion see Input Impedance Section). Varying
the clock frequency changes the value of this resistive ele-
ment and thus the time constant of the integrators. The
clock-to-cutoff-frequency ratio (fo fc) is set by the ratio of
the input and feedback capacitors in the integrators. The
higher the clock-to-cutoff-frequency ratio the closer this ap-
proximation is to the theoretical Butterworth response. The
MF4 is available in fo /¢ ratios of 50:1 (MF4-50) or 100:1
(MF4-100).

1.1 CLOCK INPUTS

The MF4 has a Schmitt-trigger inverting buffer which can be
used to construct a simple R/C oscillator. Pin 3 is connect-
ed to V— which makes Pin 2 a low impedance output. The
oscillator’s frequency is nominally

1

fork = Voo = Vo—\ [V
ron (i) ()]
Vo — Vp+/ \Vq—

which, is typically

W)

(1a)

b
CLK = T69RC

forVgg = 10V.

Note that fc i is dependent on the buffer’s threshold levels
as well as the resistor/capacitor tolerance (see Figure 7).
Schmitt-trigger threshold voltage levels can change signifi-
cantly causing the R/C oscillator’s frequency to vary greatly
from part to part.

Where accurate cutoff frequency is required, an external
clock can be used to drive the CLK R input of the MF4. This
input is TTL logic level compatible and also presents a very
light load to the external clock source (~2 pA). With split
supplies and the level shift (L. Sh) tied to system ground,
the logic level is about 2V. (See the Pin Description for L.
Sh).

1.2 POWER SUPPLY

The MF4 can be powered from a single supply or split sup-
plies. The split supply mode shown in Figure 2 is the most
flexible and easiest to implement. Supply voltages of +5V
to =7V enable the use of TTL or CMOS clock logic levels.
Figure 3 shows AGND resistor-biased to V+/2 for single
supply operation. In this mode only CMOS clock logic levels
can be used, and input signals should be capacitor-coupled
or biased near mid-supply.

1.3 INPUT IMPEDANCE

The MF4 low-pass filter input (FILTER IN) is not a high im-
pedance buffer input. This input is a switched-capacitor re-
sistor equivalent, and its effective impedance is inversely
proportional to the clock frequency. The equivalent circuit of
the filter's input can be seen in Figure 4. The input capacitor
charges to Vi, during the first half of the clock period; during
the second half the charge is transferred to the feedback
capacitor. The total transfer of charge in one clock cycle is
therefore Q = Gj,Vin, and since current is defined as the
flow of charge per unit time, the average input current be-
comes

lin= Q/T
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1.0 MF4 Application Hints (continueq)

(where T equals one clock period) or

CinVi
lin = 'q. 0 = CinVinfeLk
The equivalent input resistor (Rj,) then can be expressed as
Vin 1
R o=-0=__ _
™y Cinfok

The input capacitor is 2 pF for the MF4-50 and 1 pF for the
MF4-100, so for the MF4-100

R - 1x1012_1x1012_ 1x1010
n foLK fe X 100 fo

and
_5x1011  5x1011 1x1010

foLk fe X 50 fe
for the MF4-50. The above equation shows that for a given
cutoff frequency (f¢), the input resistance of the MF4-50 is
the same as that of the MF4-100. The higher the clock-to-
cutoff-frequency ratio, the greater equivalent input resist-
ance for a given clock frequency.

This input resistance will form a voltage divider with the
source impedance (Rsource). Since Ry, is inversely propor-
tional to the cutoff frequency, operation at higher cutoff fre-
quencies will be more likely to load the input signal which
would appear as an overall decrease in gain to the output of
the filter. Since the filter’s ideal gain is unity, the overall gain
is given by:

in

_ Rin

Rin + Rsource
If the MF4-50 or the MF-100 were set up for a cutoff fre-
quency of 10 kHz the input impedance would be:

_— 1Xx1010
™ 10kHz
In this example with a source impedance of 10K the overall

gain, if the MF4 had an ideal gain of 1 or 0 dB, would be:
1Mo
10kQ + 1 MQ

Since the maximum overall gain error for the MF4 is
+0.15 dB with Rg < 2 k) the actual gain error for this case
would be +0.06 dB to —0.24 dB.

1.4 CUTOFF FREQUENCY RANGE

The filter's cutoff frequency (fc) has a lower limit due to
leakage currents through the internal switches draining the
charge stored on the capacitors. At lower clock frequencies
these leakage currents can cause millivolts of error, for ex-
ample:
foLk = 100 Hz, lleakage =1pA,C=1pF
—__1PA
1 pF (100 Hz)
The propagation delay in the logic and the settling time re-
quired to acquire a new voltage level on the capacitors limit
the filter’s accuracy at high clock frequencies. The ampli-
tude characteristic on +5V supplies will typically stay fiat
until fo Kk exceeds 750 kHz and then peak at about 0.5 dB
at the corner frequency with a 1 MHz clock. As supply volt-
age drops to + 2.5V, a shift in the fg k/f; ratio occurs

Ay

1MQ

Ay = 0.99009 or —0.086 dB

=10mV

which will become noticeable when the clock frequency ex-
ceeds 250 kHz. The response of the MF4 is still a good
approximation of the ideal Butterworth low-pass characteris-
tic shown in Figure 5.

2.0 Designing With The MF4

Given any low-pass filter specification, two equations will
come in handy in trying to determine whether the MF4 will
do the job. The first equation determines the order of the
low-pass filter required to meet a given response specifica-
tion:

n= log [(100-1Amin — 1)/(100.1Amax — 1)] @

2 log (fs/fp)
where n is the order of the filter, Amjn is the minimum stop-
band attenuation (in dB) desired at frequency fs, and Amax is
the passband ripple or attenuation (in dB) at cutoff frequen-
cy fp. If the result of this equation is greater than 4, more
than a single MF4 is required.
The attenuation at any frequency can be found by the fol-
lowing equation:
Attn (f) = 101og [1 + (100-1Amax — 1) (f/fp)2n] dB (3)

where n = 4 for the MF4.

2.1 A LOW-PASS DESIGN EXAMPLE
Suppose the amplitude response specification in Figure 6 is
given. Can the MF4 be used? The order of the Butterworth
approximation will have to be determined using (1):
Amin = 18dB, Apax = 1.0dB, fg = 2kHz,and f, = 1 kHz

"= log [(1018 — 1)/(100.1 — 1)]

2log(2)
Since n can only take on integer values, n = 4. Therefore
the MF4 can be used. In general, if n is 4 or less a single
MF4 stage can be utilized.
Likewise, the attenuation at fs can be found using (3) with
the above values and n = 4:
Attn (2kHz) = 10log [1 + 100-1 — 1) (2kHz/1 kHZz)8] =
18.28 dB
This result also meets the design specification given in Fig-
ure 6 again verifying that a single MF4 section will be ade-
quate.
Since the MF4’s cutoff frequency (fc), which corresponds to
a gain attenuation of —3.01 dB, was not specified in this
example, it needs to be calculated. Solving equation 3
where f = f; as follows:
= (100.1(3.01dB) — 171/(2n)
¢~ | "(100.7Amax — 1)
100.301 — 171/8
1k Z[—100.1 — ]
= 1.184 kHz

where fo = fo /50 or fcLk/100. To implement this exam-
ple for the MF4-50 the clock frequency will have to be set to
foLk = 50(1.184 kHz) = 59.2 kHz, or for the MF4-100, fo k
= 100 (1.184 kHz) = 118.4 kHz.

2.2 CASCADING MF4s

When a steeper stopband attenuation rate is required, two
MF4s can be cascaded (Figure 7) yielding an 8th order

= 3.95

It
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2.0 Designing With The MF4 (continued)

slope of 48 dB per octave. Because the MF4 is a Butter-
worth filter and therefore has no ripple in its passband when
MF4s are cascaded, the resulting filter also has no ripple in
its passband. Likewise the DC and passband gains will re-
main at 1V/V. The resulting response is shown in Figure 9.
In determining whether the cascaded MF4s will yield a filter
that will meet a particular amplitude response specification,
as above, equations 3 and 4 can be used, shown below.
"= log[(100.05Amin —1)/(10.0.05Amax — 1)]
2log (fs/fc) 2
Attin (f) = 10log [ 1 + (100.05Amax — 1) (i/f;)2] dB (3)
where n = 4 (the order of each filter).
Equation 2 will determine whether the order of the filter is
adequate (n < 4) while equation 3 can determine the actual
stopband attenuation and cutoff frequency (fc) necessary to
obtain the desired frequency response. The design proce-
dure would be identical to the one shown in section 2.0.

2.3 CHANGING CLOCK FREQUENCY
INSTANTANEOUSLY

The MF4 will respond favorably to an instantaneous change
in clock frequency. If the control signal in Figure 9is low the

TRI-STATE
LN l\aurrER LEVEL
L < :

MF4-50 has a 100 kHz clock making f; = 2 kHz; when this
signal goes high the clock frequency changes to 50 kHz
yielding fo = 1 kHz. As the Figure illustrates, the output
signal changes quickly and smoothly in response to a sud-
den change in clock frequency.

The step response of the MF4 in Figure 10 is dependent on
fe. The MF4 responds as a classical fourth-order Butter-
worth low-pass filter.

2.4 ALIASING CONSIDERATIONS

Aliasing effects have to be considered when input signal
frequencies exceed half the sampling rate. For the MF4 this
equals half the clock frequency (fci k). When the input sig-
nal contains a component at a frequency higher than half
the clock frequency fcLk/2, as in Figure 11a, that compo-
nent will be “reflected” about fg /2 into the frequency
range below fc /2, as in Figure 11b. If this component is
within the passband of the filter and of large enough ampli-
tude it can cause problems. Therefore, if frequency compo-
nents in the input signal exceed fg| k2 they must be attenu-
ated before being applied to the MF4 input. The necessary
amount of attenuation will vary depending on system re-
quirements. In critical applications the signal components
above fg /2 will have to be attenuated at least to the fil-
ter’s residual noise level.

f= !

- Veg — Voo
o [ (vee=vsy) (v)
Voo — Vot / \Vp-
MF4 )

, s = Teorc

R r (Ve = 10V)
is MV I_-I L.SH

c CLKR
I -

TL/H/5064-11

FIGURE 1. Schmitt Trigger R/C Oscillator
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FIGURE 2. Split Supply Operation with CMOS Level Clock (a) and TTL Level Clock (b)
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FIGURE 4. MF4 Filter Input
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FIGURE 8a. One MF4-50
vs Two MF4-50s Cascaded

TL/H/5064-24
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(a) input signal spectrum
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(b) Output signal spectrum. Note that the input signal at

fc/2 + f causes an output signal to appear at fo/2 — f.

FIGURE 11. The phenomenon of aliasing in sampled-data systems. An input signal whose
frequency is greater than one-half the sampling frequency will cause an output to appear
at a frequency lower than one-half the sampling frequency. in the MF4, fg = fo k.

1-118




National
Semiconductor

MF5 Universal Monolithic Switched Capacitor Filter

General Description

The MF5 consists of an extremely easy to use, general pur-
pose CMOS active filter building block and an uncommitted
op amp. The filter building block, together with an external
clock and a few resistors, can produce various second order
functions. The filter building block has 3 output pins. One of
the output pins can be configured to perform highpass, all-
pass or notch functions and the remaining 2 output pins
perform bandpass and lowpass functions. The center fre-
quency of the filter can be directly dependent on the clock
frequency or it can depend on both clock frequency and
external resistor ratios. The uncommitted op amp can be
used for cascading purposes, for obtaining additional all-
pass and notch functions, or for various other applications.
Higher order filter functions can be obtained by cascading
several MF5s or by using the MF5 in conjuction with the
MF10 (dual switched capacitor filter building block). The
MF5 is functionally compatible with the MF10. Any of the
classical filter configurations (such as Butterworth, Bessel,
Cauer and Chebyshev) can be formed.

Features

B Low cost

®m 14-pin DIP or 14-pin Surface Mount (SO) wide-body
package

@ Easy to use

@ Clock to center frequency ratio accuracy +0.6%

| Filter cutoff frequency stability directly dependent on
external clock quality

@ Low sensitivity to external component variations

m Separate highpass (or notch or allpass), bandpass, low-
pass outputs

B foXQ range up to 200 kHz

@ Operation up to 30 kHz (typical)

o Additional uncommitted op-amp

Block and Connection Diagrams
v- v N/AR/HR  §1

LEVEL | NON OVERL
wl— Sn £LOCK
g 5 12 n "
50/100 E CONTROL &—D S vz} ‘ e
7 AGND J
L snl l— <
TL/H/5066-1
All Packages
BP — 1 U U f—1p
N/AP/HP ==ed 2 13 p— Vo2
INv1 —1 3 12— INv2 Order Number MF5CN
s1—4 11}—ngnp  See NS Package Number N14A
_ Order Number MFSCWM
Sa—15 W=V See NS Package Number M14B
V6 9}—50/100
LSh—7 8 —CLK

Top View

TL/H/5066-2
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Absolute Maximum Ratings

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

Supply Voltage (V+ — V™) 14V
Power Dissipation T = 25°C (note 1) 500 mW
Storage Temp. 150°C

Soldering Information:
N Package: 10 sec. 260°C
SO Package: Vapor phase (60 sec.) 215°C
Infrared (15 sec.) 220°C

Electrical Characteristics v+ = sv + 05%,v-
apply over temperature, Ty < Ta < Tmax- For all other limits T4 = 25°C.

See AN-450 “Surface Mounting Methods and Their Effect
on Product Reliability” for other methods of soldering sur-
face mount devices.

Input Voltage (any pin)
Operating Temp. Range
MF5CN, MF5CWM

V- <Vjp <Vt
TMIN < Ta < Tmax
0°C < Tp < 70°C

= —5V + 0.5% unless otherwise noted. Boldface limits

Tested Design
Parameter Conditions (L]:)ptt:asl) Limit Limit Units
(Note 7) (Note 8)
Supply Voltage Min 8 Vv
v+ -v7) Max 14 Vv
Maximum Supply Current Clock applied to Pin 8 4.5 6.0 mA
No Input Signal
Clock Filter Output 10 mV
Feedthrough [ 55 amp Output 10 mv

Filter Electrical Characteristics v+ = 5v+ 0.5%, v-

—5V+ 0.5% unless otherwise noted. Boldface

limits apply over temperature, Ty < Ta < Tmax. For all other limits Tp = 25°C.
. Tested Design
Parameter Conditions (TN‘gat::I) Limit Limit Units
(Note 7) (Note 8)
Center Frequency Max 30 20 kHz
Range (fo) Min 0.1 0.2 Hz
Clock Frequency Max 1.5 1.0 MHz
Range (fcLk) Min 5.0 10 Hz
Clock to Center Vping = +5V
pin9 o) o,
Frequency Ratio Igiaio FeLk =250 kHz 50.11 + 0.2% 50.11 £ 1.5%
(foLk/To) o
Mode 1 | Vping 5V o 9
Fou k=500 kHz 100.04 + 0.2% | 100.04 + 1.5%
foLk/fo Temp. Vping = + 5V + /0
Coefficient (50:1 CLK ratio) 10 ppm/°C
Vping = —5V
pin9 + o
(100:1 CLK ratio) +20 ppm/*C
Q Accuracy (Max) Vping = +5V
(Note 2) ge:: o | Folk=250kHz 6 %
Mode 1 | Vping = =5V
FoLk =500 kHz +6 %
Q Temperature Vping = +5V _ o
Coefficient (50:1 GLK ratio) 200 ppm/°C
Vping = —5V
pin9 - /°C
(100:1 CLK ratio) I ppm
DC Lowpass Gain Mode 1
Accuracy (Max) R1 = R2 = 10k +0.2 dB
DC Offset Vosi +5.0 mV
Voltage (Max) Vos2 | Vpino = +5V —185 mv
Vos3 | (50:1 CLK ratio) +115 mV
(Note 3) Vos2 | Vping = —5V —310 mV
Vosa | (100:1 CLK ratio) +240 mv
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Filter Electrical Characteristics v+ = 5v+ 0.5%,v— = —5v+ 0.5% unless otherwise noted. Boldface
limits apply over temperature, Tyn < Ta < Tmax- For all other limits T4 = 25°C. (Continued)

. Tested Design
Parameter Conditions (";‘Vg’tfg') Limit Limit Units
(Note 7) (Note 8)
Output BP, LP pins RL = 5k +4.0 +3.8 \
Swing (Min) N/AP/HP pin AL = 3.5k0 +4.2 +3.8 v
Vping= +5V 83 dB
Dynamic Range (50:1 CLK ratio)
(Note 4) Vping= —5V 80 dB
(100:1 CLK ratio)
Maximum Output Short Circuit Source 20 mA
Current (Note 5) Sink 3.0 mA

OP-AMP Electrical Characteristics v+ = +5v £0.5%, V- = —5V +0.5% unless other noted. Bold-
face limits apply over temperature, Tmin < Ta < Tmax- For all other limits T4 = 25°C.

. Tested Design
Parameter Conditions &y‘)')tle) Limit Limit Units
(Note 7) (Note 8)
Gain Bandwidth Product 25 MHz
Output Voltage Swing (Min) RL = 3.5kQ +4.2 +3.8 \)
Slew Rate 7.0 V/us
DC Open-Loop Gain 80 db
Input Offset Voltage (Max) +5.0 +20 mV
Input Bias Current 10 pA
Maximum Output 20 mA
Short Circuit Source
Current (Note 5) Sink 3.0 mA
Logic Input Characteristics Boldface limits apply over temperature, Ty < Ta < Tmax-
All other limits T4 = 25°C.
. Tested Design
Parameter Conditions &y&:ael) Limit Limit Units
(Note 7) (Note 8)
CMOS Clock Min Logical “1” 3.0 \"
Input Input Voltage V+ = +5V,V— = =5V,
Max Logical “0” VL.sh. =0V -3.0 \"
Input Voltage
Min Logical “1” 8.0 \
Input Voltage V+ = +10V,V— = 0V,
Max Logical “0” VLsh = +5V 2.0 \
Input Voltage
TTL Clock Min Logical “1” 2.0 \"
Input Input Voltage V+ = +5V,V— = -5V,
Max Logical “0” Vish. = 0V 0.8 \"
Input Voltage

Note 1: The typical junction-to-ambient thermal resistance (6,4) of the 14 pin N package is 160°C/W, and 82°C/W for the M package.

Note 2: The accuracy of the Q value is a function of the center frequency (fp). This is illustrated in the curves under the heading “Typical Performance
Characteristics”. .

Note 3: V51, Vos2, and Vg3 refer to the internal offsets as discussed in the Application Information section 3.4.

Note 4: For 5V supplies the dynamic range is referenced to 2.82V rms (4V peak) where the wideband noise over a 20 kHz bandwidth is typically 200 uV rms for
the MF5 with a 50:1 CLK ratio and 280 pV rms for the MF5 with a 100:1 CLK ratio.

Note 5: The short circuit source current is measured by forcing the output that is being tested to its maximum positive voltage swing and then shorting that output to
the negative supply. The short circuit sink current is measured by forcing the output that is being tested to its maximum negative voitage swing and then shorting
that output to the positive supply. These are the worst case conditions.

Note 6: Typicals are at 25°C and represent most likely parametric norm.
Note 7: Guaranteed and 100% tested.
Note 8: Guaranteed, but not 100% tested. These limits are not used to calculate outgoing quality levels.
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Pin Description
LP(14), BP(1),

The second order lowpass, bandpass,

V+(6), V= (10):

These are the positive and negative

N/AP/HP(2): and notch/allpass/highpass outputs. The supply pins. The MF5 will operate over a
LP and BP outputs can typically sink 1 mA total supply range of 8V to 14V.
and source 3 mA. The N/AP/HP output Decoupling the supply pins with 0.1 uF
can typically sink 1.5 mA and source 3 capacitors is highly recommended.
mA. Each output typically swings to within CLK(8): This is the clock input for the filter. CMOS
1V of each supply. or TTL logic level clocks can be
INV1(3): The inverting input of the summing op accomodated by setting the L. Sh pin to
amp of the filter. This is a high impedance the levels described in the L. Sh pin
input, but the non-inverting input is description. For optimum filter
internally tied to AGND, making INV1 performance a 50% duty cycle clock is
behave like a summing junction (low recommended for clock frequencies
impedance current input). greater than 200 kHz. This gives each op
S1(4): S1 is a signal input pin used in the allpass amp the maximum amount of time to
filter configurations (see modes 4 and 5). settle to a new sampled input.
The pin should be driven with a source L. Sh(7): This pin allows the MF5 to accommodate
impedance of less than 1 kQ. If S1 is not either CMOS or TTL logic level clocks. For
driven with a signal it should be tied to dual supply operation (i.e., +5V), a CMOS
AGND (mid-supply). or TTL logic level clock can be accepted if
SA(5): This pin activates a switch that connects the L. Sh pin is tied to mid-supply (AGND),
one of the inputs of the filter’s second which should be the system ground.
summer to either AGND (SA tiedto V—) For single supply operation the L. Sh pin
or to the lowpass (LP) output (SA tied to should be tied to mid-supply (AGND) for a
V+). This offers the flexibility needed for CMOS logic level clock. The mid-supply
configuring the filter in its various modes bias should be a very low impedance
of operation. node. See Applications Information for
50/100(9): This pin is used to set the internal clock to biasing techniques. For a TTL logic level
center frequency ratio (fo k/fo) of the clock the L. Sh pin should be tied to V—
filter. By tying the pin to V+ an fg k/fo which should be the system ground.
ratio of about 50:1 (typically 50.11 INV2(12): This is the inverting input of the
0.2%) is obtained. Tying the 50/100 pin to uncommitted op amp. This is a very high
either AGND or V— will set the fo k/fo impedance input, but the non-inverting
ratio to about 100:1 (typically 100.04 + input is internally tied to AGND, making
0.2%). INV2 behave like a summing junction
AGND(11): This is the analog ground pin. This pin (low-impedance current input).
should be connected to the system Vo2(13): This is the output of the uncommitted op
ground for dual supply operation or biased amp. It will typically sink 1.5 mA and
to mid-supply for single supply operation. source 3.0 mA. It will typically swing to
For a further discussion of mid-supply within 1V of each supply.
biasing techniques see the Applications
Information (Section 3.2). For optimum
filter performance a *‘clean” ground must
be provided.
Typical Performance Characteristics
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Typical Performance
Characteristics (continued)

Supply Current vs Temperature
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TL/H/5066-4

1.0 Definitions of Terms

foLk: the frequency of the external clock signal applied to
pin 8.

fo: center frequency of the second order function complex
pole pair. fo is measured at the bandpass output of the MF5,
and is the frequency of maximum bandpass gain. (Figure 7).
fnotch: the frequency of minimum (ideally zero) gain at the
notch output.

f2: the center frequency of the second order complex zero
pair, if any. If f, is different from f, and if Q; is high, it can be

observed as the frequency of a notch at the allpass output.
(Figure 10).

Q: “quality factor” of the 2nd order filter. Q is measured at
the bandpass output of the MF5 and is equal to f,, divided by
the —3dB bandwidth of the 2nd order bandpass filter (Fig-
ure 7). The value of Q determines the shape of the 2nd
order filter responses as shown in Figure 6.

Q_: the quality factor of the second order complex zero pair,
if any. Q; is related to the allpass characteristic, which is
written:

Sw
Hoap (82 -=2+ 0’02)
Q;

Hap(s) = o
o

s2 + — + wy?

o) o

where Q; = Q for an all-pass response.

Hogp: the gain (in V/V) of the bandpass output at f = f,.
HoLp: the gain (in V/V) of the lowpass output as f — 0 Hz
(Figure 2).

Houp: the gain (in V/V) of the highpass output as
f —> fok/2 (Figure 3).

Hon: the gain (in V/V) of the notch output as f — 0 Hz and
as f — fgk/2, when the notch filter has equal gain above
and below the center frequency (Figure 4). When the low-
frequency gain differs from the high-frequency gain, as in
modes 2 and 3a (Figures 71 and 8), the two quantities be-
low are used in place of Hon.

Hon1: the gain (in V/V) of the notch output as f — 0 Hz.
Honz2: the gain (in V/V) of the notch output as f —> fgy/2.

Hap(s) = ——H0BES
i a0 | 2+ gt e
o
s How g 45 fo
= 0.707 Hogp ¥ o Q= fo = it
= £ 4 H- i
] & - ™ ( -1 1 )
- =fol == + = +
90 ] fL="to{ 35 20 1
oty ooto ty sz,o(LJ, _1_2+1)
(@)  ((LOGSCALE)  TL/H/506-5 (b) 1(LOG SCALE)  TL/H/5066-6 2a 2
wy = 27ty
FIGURE 1. 2nd-Order Bandpass Response
Hoppwg?
Hup(s) = ——oet—
Wo
" 0 s2 + Y + wo?
= oP =)
S ) rop e g fo=1To % ! 1\
2 0.707 Hor 5 o e = fo (1—ﬁ)+\/(1__2) 1
b4 < 2Q
& = 1
-180 fo="foy/1 — 565
& fo
Hop = Horp X
(a) f(LOG SCALE)  TL/H/5066-7 (b) f(LOG SCALE)  TL/H/5066-8 1L
Q 4Q2
FIGURE 2. 2nd-Order Low-Pass Response
Hopps?
an(s)=-—:—:"-——
\ A} 0 A 82 + _d_°+‘,,°2
oP [~y
S How =S -1
Z 0.707 Howp ] 5
= 2 - - _
g S fo=foX (1 202)+ =) 1
—-180 _ f_‘X[ 1—_1_]_1
bt . fo PRIV e
c P
(@)  !(LOGSCALE)  Ti/H/S066-9 (b)  T(LOGSCALE) TL/H/5086-10 Hop = Homp X 1 ! 1
" 1-—
FIGURE 3. 2nd-Order High-Pass Response Q 4Q2
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1.0 Definition of Terms (continued)

GAIN (V/V)

Hon(s? + wo?)

HN(s) =
A % &2 + s%’ + g2
How | g 45 .
~—~ = ——-——o . =
0.707 Hon ,2 0 Q Py fo = Vit
=fol|l=—< =] +
a0 fL="o 29 + el 1
fLlo W fL fotn fH=fo($+1H$i,+1)
f (LOG SCALE) f (LOG SCALE)
TL/H/5066-11 TL/H/5066-12
(@) (b)
FIGURE 4. 2nd-Order Notch Response
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FIGURE 5. 2nd-Order All-Pass Response
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FIGURE 6. Responses of various 2nd-order filters
as a function of Q. Gains and center frequencies
are normalized to unity.
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2.0 Modes of Operation

The MF5 is a switched capacitor (sampled data) filter. To
fully describe its transfer functions, a time domain approach
is appropriate. Since this is cumbersome, and since the
MF5 closely approximates continuous filters, the following
discussion is based on the well known frequency domain.
Each MF5 can produce a full 2nd order function. See Table
1 for a summary of the characteristics of the various modes.

MODE 1: Notch 1, Bandpass, Lowpass Outputs:
fnotch = fo (See Figure 7)

fo = center frequency of the complex pole pair
_fok folk
100 or 50
frotch = center frequency of the imaginary zero pair = f,.
R2
HoLp = Lowpassgain(asf — 0) = — m
. R3
Hogp = Bandpass gain (atf = fo) = — m
Hon = Notchoutputgainasf — o R
_ ~ho
R4
f — fok/2

_ fo RS
@ “Bw R
BW = the —3 dB bandwidth of the bandpass output.

Circuit dynamics:
Hogp

HoLp =
HoLp(peaky = Q X Hop (for high Q’s)
MODE 1a: Non-Inverting BP, LP (See Figure 8)

; _ fak _fok
° 100~ 50
R3
¢ TR
Hotp = —1; HoLp(peak) = Q X Hop (for high Q's)
R3
Hospy = —g5
Hosp, = 1 (non-inverting)

Circuit dynamics: Hogp; = Q
Note: VN should be driven from a low impedance (<1 k)

TL/H/5066-16

TL/H/5066-17

FIGURE 8. MODE 1a

orHpgp = HoLp X Q = Hon X Q.
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2.0 Modes of Operation (continued)

MODE 2: Notch 2, Bandpass, Lowpass: fhotch <fo MODE 3: Highpass, Bandpass, Lowpass Outputs
(See Figure 9) (See Figure 10)
fo = center frequency ‘ _fok | \/’E foLk \/‘
=f—°£5\/53+1orfCLK "2 ° 100
100 VR4 R4 Q = quality factor of the complex pole pair
froteh _ foLk orm _ [R2 _Rs
100 ~ 50 R4 R2
Q ] q;:l;t; ;aztt:r of the complex pole pair Howp = Highpass gain (asf = fchK) %
~  R2/R3 R3

H = Band tf=fg) = — —
HoLp = Lowpass output gain (as f — 0) 08P andpass gain (a o) R1

/ R4
R2/R1 HoLp = Lowpass gain (asf — 0) = — —

" R2/R4 + 1 R
Hogp = Bandpass output gain (at f = f,) = —R3/R1 R2 HOHp
Circuit dynamics: — = =H X HoLp X Q

Hony = Notch output gain (as f — 0) v R4  Hop Hosp OHP oLp

_ R2/R1 HoLp(peak) = Q X Hoyp (for high Q’s)

R2/R4 + 1 HoHP(peak) = Q X Hopp (for high Q’s)
f

Hon, = Notch output gain (asf - CZLK) —R2/R1

Filter dynamics: Hogp = QYHoLp Hon, = QVHony Hong

TL/H/5066-18

FIGURE 9. MODE 2

"
- 1k 5
RV |

*In Mode 3, the feedback loop is closed around

the input summing amplifier; the finite GBW prod-

B8P P uct of this op amp causes a slight Q enhance-

ment. If this is a problem, connect a small capaci-

FJ tor (10 pF-100 pF) across R4 to provide some
1 phase lead.

TL/H/5066-19

FIGURE 10. MODE 3
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2.0 Modes of Operation (continued)

MODE 3a: HP, BP, LP and Notch with External Op amp MODE 4: Allpass, Bandpass, Lowpass Outputs (See
(See Figure 11) Figure 12)
fCLK 2 fCLK fo = center frequency
fo = ,[ 1,
100 - fok | fok,
a =./B, 100~ 50°
R4 R2 2= center frequency of the complex zero pair=f,
R2 f R3
H = - = =9 -
OHP R a BW R2
R3 ) ) R3
Hosp = — m Q, = quality factor of complex zero pair = Y1
R4 For AP output make R1 = R2
Hop = -2
R1 . cLK R2
. ¢ H*oap = Allpass gain | at0 < f < == > m = —1
fn = notch frequency = CLK,/ hor CLK,/ al) i
100 V Ry Ry HoLp = Lowpass gain (as f — 0)
R R
Hon = gain of notch atf=f0=HQ ( —AHg p—=4 HOHP)H = - (E + 1) = -2
R Rn R1
R = i =
Hni = gain of notch (as f — 0) = =3 X Hgyp Hogp = Bandpass gain (at f = fo)
Ri _ Ra(1+g)_ 2<R3)
f R - - T°\R2
Hp2 = gain of notch (asf g %> = — 9 x Hopp L R2 R1 R2
2 Rh Circuit dynamics: Hogp = (HoLp) X Q = (Hoap + 1) Q

*Due to the sampled data nature of the filter, a slight mismatch of f; and f,
occurs causing a 0.4 dB peaking around f, of the allpass filter amplitude
response (which theoretically should be a straight line). If this is unaccept-
able, Mode 5 is recommended.

TL/H/5066-20

11
E R3
v —AVV

TL/H/5066-21
FIGURE 12. MODE 4
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2.0 Modes of Operation (continued)

MODE 5: Numerator Complex Zeros, BP, LP
(See Figure 13)

/ F\‘2 fcu< Q

X300 ° T Ra”

F" feLk [ R1 fCLK
4 Aa

fCLK

TR 700"

Q =1 +R2/R4xﬁ
Q, = —Ri/AEx—

MODE 6a: Single Pole, HP, LP Filter (See Figure 14)
fe = cutoff frequency of LP or HP output
_ R2fak  R2foik
~R3100  R3 50
R3
"R
_R2
“R1

Hop =

Honp =

R1
—R2 (R4—R1) MODE 6b: Single Pole LP Filter (Inverting and Non-
Ho,y = gain at C.2. output (as f— 0 Ha)=—p=oomons Inverting) (See Figure 15)
‘ ( R2 ) fe = cutoff frequency of LP outputs
Ho,, = gain at C.Z. output (asf — —92'5) = - R2fok R2foik
A2 R3 R3 100  R3 50
Hosp = —(=— + 1) X = ' Ho|_p1 = 1 (non-inverting)
R1 R2 R3
R2 + R1\ R4 Horp, = — =5
H o - —_— R2
oLP (Rz ¥ R4) R
A
BP jv
oo
Vi >

R3

vt AAA

VVv

FIGURE 13. MODE 5

TL/H/5066-22

s

R3

V- AAA

Vv

TL/H/5066-23

FIGURE 14. MODE 6a

LPy
gz (NONINV) Wiy

LP2 (INV)

g

=]

TL/H/5066-24

FIGURE 15. MODE 6b
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2.0 Modes of Operation (continued)

TABLE I. Summary of Modes. Realizable filter types (e.g. low-pass) denoted by asterisks. Unless otherwise noted,
gains of various filter outputs are inverting and adjustable by resistor ratios.

Mode BP Lp Hp | N | ap | Numberof | Adjustable Notes
resistors foLk/fo
1 * * #* 3 No
2 May need input buf-
1a Hospi=-q Hotp=+1 2 No fer. Poor dynamics
Hogp2= +1 for high Q.
Yes (above
2 * * * 3 foLk/50 or
foLk/100)
Universal State-
3 ES % 3 4 Yes Variable Filter. Best
general-purpose mode.
As above, but also
3a * * * * 7 Yes includes resistor-
tuneable notch.
Gives Allpass res-
4 * ES * 3 No ponse with Hoap= —1
andHp p=—2.
, Gives flatter allpass
5 * * * 4 response than above
if R1=R2=0.02R4.
6a * * 3 Single pole.
2
6b HoLp=+1 2 Single pole
H _—R3
OLP2 __R—Z
3.0 Applications Information
The MF5 is a general-purpose second-order state variable From the specifications, the filter parameters are:

filter whose center frequency is proportional to the frequen-
cy of the square wave applied to the clock input (fc k). By
connecting pin 9 to the appropriate DC voltage, the filter
center frequency f, can be made equal to either fg /100
or foL k/50. fo can be very accurately set (within +0.6%) by
using a crystal clock oscillator, or can be easily varied over
a wide frequency range by adjusting the clock frequency. If
desired, the fci k/f, ratio can be altered by external resis-
tors as in Figures 9, 10, 11, 13, 14, and 15. The filter Q and
gain are determined by external resistors.

Ali of the five second-order filter types can be built using the
MF5. These are illustrated in Figures 1 through 5 along with
their transfer functions and some related equations. Figure
6 shows the effect of Q on the shapes of these curves.
When filter orders greater than two are desired, two or more
MF5s can be cascaded. The MF5 also includes an uncom-
mitted CMOS operational amplifier for additional signal pro-
cessing applications.

3.1 DESIGN EXAMPLE

An example will help illustrate the MF5 design procedure.
For the example, we will design a 2nd order Butterworth
low-pass filter with a cutoff frequency of 200 Hz, and a pass-
band gain of —2. The circuit will operate from a =5V power
supply, and the clock amplitude will be +5v (CMOS) levels).

fo=200 Hz, HoLp=—2, and, for Butterworth response,
Q=0.707.

In section 2.0 are several modes of operation for the MF5,
each having different characteristics. Some allow adjust-
ment of foLk/fo, Others produce different combinations of
filter types, some are inverting while others are non-invert-
ing, etc. These characteristics are summarized in Table I. To
keep the example simple, we will use mode 1, which has
notch, bandpass, and lowpass outputs, and inverts the sig-
nal polarity. Three external resistors determine the filter's Q
and gain. From the equations accompanying Figure 7,
Q=R3/R2 and the passband gain Ho p = —R2/Rj. Since
the input signal is driving a summing junction through Ry,
the input impedance will be equal to Ry. Start by choosing a
value for R4. 10k is convenient and gives a reasonable input
impedance. For HoLp = —2, we have:

Ro = —RqHoLp = 10k X 2 = 20k.
For Q = 0.707 we have:
R3z = RoQ = 20k X 0.707 = 14.14k. Use 15k.

For operation on +5V supplies, V* is connected to +5V,
V= to —5V, and AGND to ground. The power supplies
should be ‘“clean” (regulated supplies are preferred) and
0.1 pF bypass capacitors are recommended.
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3.0 Applications Information (continued)

O
+5V .
't ]

b >
Sk R
== 4 A
= = VWA—
= —..L_ R2, 20k
= MW
7 6 5 4 3 2 1
LSh v+ Sa s1 INVH N BP
_____ 4

CLK 50/100 V- AGND INV2 Vo2 Lp
8 ls 10 1 |12 13 14
b V?m’
, ) g
- I
Jnre T
20 kHz
+5V OR OV TO 5V TL/H/5066-25
FIGURE 16. 2nd-Order Butterworth Low-Pass Filter of Design
feik

Example. Forf— = 50, Connect Pin 9 to + 5V, and
0

Change Clock Frequency to 10 kHz.

1w
< Rl
S 10k A3
—ty s
= j__- v+ R2, 20k
! oy X
7 ] 5 4 3 2 1
Lsh vt Sa 51 INV1 N BP
_——————
]
|
|
[}
|
|
|
|
|
O
CLK 50/100 V- AGND INV2 voz| Lp

8 9 10 ] |2 13 ] Ua
. -
p . '-'D Vour

20KHz,

0V T0 5V OR .,
V0 10V

~ TL/H/5066-26

FIGURE 17. Butterworth Low-Pass Circuit of Example, but Designed for Single-Supply Operation
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3.0 Applications Information (continued)

vt
vt=10v
(o}
v+ |
7 0.1
TYPICAL VALUES: I LM2531AZ 5.0

2k <R <100k
4.7 yF <C <470 4F

TL/H/5066-27
(a) Resistive Divider with
Decoupling Capaciter

i—

(b) Voltage Regulator

1/21M358

TL/H/5066-29
(c) Operational Amplifier
with Divider

TL/H/5066-28

v+
FIGURE 18. Three Ways of Generating ry for Single-supply Operation

For a cutoff frequency of 200 Hz, the external clock can be
either 10 kHz with pin 9 connected to V+ (50:1) or 20 kHz
with pin 9 tied to Agnp or V~ (100:1). The voltage on the
Logic Level Shift pin (7) determines the logic threshold for
the clock input. The threshold is approximately 2V higher
than the voltage applied to pin 7. Therefore, when pin 7 is
grounded, the clock logic threshold will be 2V, making it
compatible with 0-5 volt TTL logic levels and +5 volt
CMOS levels. Pin 7 should be connected to a clean, low-im-
pedance (less than 1000£) voltage source.

The complete circuit of the design example is shown for a
100:1 clock ratio in Figure 16.

3.2 SINGLE SUPPLY OPERATION

The MF5 can also operate with a single-ended power sup-
ply. Figure 17 shows the example filter with a single-ended
power supply. V* is again connected to the positive power
supply (8 to 14 volts), and V— is connected to ground. The
AGND pin must be tied to V /2 for single supply operation.
This half-supply point should be very “clean”, as any noise
appearing on it will be treated as an input to the filter. It can
be derived from the supply voltage with a pair of resistors
and a bypass capacitor (Figure 18a), or a low-impedance
half-supply voltage can be made using a three-terminal volt-
age regulator or an operational amplifier (Figures 18b and
18¢). The passive resistor divider with a bypass capacitor is
sufficient for many applications, provided that the time con-
stant is long enough to reject any power supply noise. |t is
also important that the half-supply reference present a low
impedance to the clock frequency, so at very low clock fre-
quencies the regulator or op-amp approaches may be pref-
erable because they will require smaller capacitors to filter
the clock frequency. The main power supply voltage should
be clean (preferably regulated) and bypassed with 0.1uF.

3.3 DYNAMIC CONSIDERATIONS

The maximum signal handling capability of the MF5, like
that of any active filter, is limited by the power supply volt-
ages used. The amplifiers in the MF5 are able to swing to
within about 1 volt of the supplies, so the input signals must
be kept small enough that none of the outputs will exceed

these limits. If the MF5 is operating on *5 volts, for exam-
ple, the outputs will clip at about 8Vp.p. The maximum input
voltage multiplied by the filter gain should therefore be less
than 8Vp.p.

Note that if the filter has high Q, the gain at the lowpass or
highpass outputs will be much greater than the nominal filter
gain (Figure 6). As an example, a lowpass filter with a Q of
10 will have a 20 dB peak in its amplitude response at f,. If
the nominal gain of the filter Ho p is equal to 1, the gain at
fo will be 10. The maximum input signal at f, must therefore
be less than 800 mVp,., when the circuit is operated on £5
volt supplies.

Also note that one output can have a reasonable small volt-
age on it while another is saturated. This is most likely for a
circuit such as the notch in Mode 1 (Figure 7). The notch
output will be very small at fo, so it might appear safe to
apply a large signal to the input. However, the bandpass will
have its maximum gain at f, and can clip if overdriven. If one
output clips, the performance at the other outputs will be
degraded, so avoid overdriving any filter section, even ones
whose outputs are not being directly used. Accompanying
Figures 7 through 75 are equations labeled “circuit dynam-
ics”, which relate the Q and the gains at the various outputs.
These should be consulted to determine peak circuit gains
and maximum allowable signals for a given application.

3.4 OFFSET VOLTAGE

The MF5’s switched capacitor integrators have a higher
equivalent input offset voltage than would be found in a
typical continuous-time active filter integrator. Figure 19
shows an equivalent circuit of the MF5 from which the out-
put dc offsets can be calculated. Typical values for these
offsets are:

Vos1 = opamp offset = +5mV

Vosg = —185mV @ 50:1 —310mV @ 100:1
Vos3 = +1156mV @ 50:1 +240mV @ 100:1

The dc offset at the BP output is equal to the input offset of
the lowpass integrator (Vog3). The offsets at the other out-
puts depend on the mode of operation and the resistor ra-
tios, as described in the following expressions.
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3.0 Applications Information (continued)

Mode 1 and Mode 4 Mode 2 and Mode 5
1 Voss R2 1
Vosn) = Vos1 at 1+ |Howp|l | — q Vos(N) = \re + 1) Vos1 X 1T R2/Ra
Vos(ep) = Voss 1 Vosa
Vos(p) = Vosv) ~ Vosz +Vos2 T RaR: T Ol T R2/FA
Mode 1a Rp, = R1//R2//R4
Vi =

Vos(N.INV.BP) = (1 + é) Vost — % Vos(er) Voss

Vos(p) = VosN) — Vos2
Vos(INV.BP) = Vos3 Mode 3
Vos(LP) = Vos(N.INV.BP) — Vos2 Vosp) ~Voss

Vos(ep) =Vos3

R4 (R2
-—|= + +
Vos(Lp) R2 (Ra Voss Vosz)

FIGURE 19. Block Diagram Showing MF5
Offset Voltage Sources

5V SUPPLY

Vv

(i
i >Av—]

TL/H/5066~30

TL/H/5066-31

FIGURE 20. Method for Trimming Vos,
See Text, Section 3.4
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3.0 Applications Information (continued)

For most applications, the outputs are AC coupled and DC
offsets are not bothersome unless large signals are applied
to the filter input. However, larger offset voltages will cause
clipping to occur at lower ac signal levels, and clipping at
any of the outputs will cause gain nonlinearities and will
change fo and Q. When operating in Mode 3, offsets can
become excessively large if Ro and R4 are used to make
foLk/fo significantly higher than the nominal value, especial-
ly if Q is also high. An extreme example is a bandpass filter
having unity gain, a Q of 20, and fg k/f, = 250 with pin 9
tied to V— (100:1 nominal). R4/R> will therefore be equal to
6.25 and the offset voltage at the lowpass output will be
about +1.9V. Where necessary, the offset voltage can be
adjusted by using the circuit of Figure 20. This allows adjust-
ment of Vg4, which will have varying effects on the different
outputs as described in the above equations. Some outputs
cannot be adjusted this way in some modes, however
(Vos(Bp) in modes 1a and 3, for example).

3.5 SAMPLED DATA SYSTEM CONSIDERATIONS

The MF5 is a sampled data filter, and as such, differs in
many ways from conventional continuous-time filters. An im-
portant characteristic of sampled-data systems is their ef-
fect on signals at fizquencies greater than one-half the
sampling frequency. (The MF5’s sampling frequency is the
same as its clock frequency). If a signal with a frequency
greater than one-half the sampling frequency is applied to
the input of a sampled data system, it will be “reflected” to
a frequency less than one-half the sampling frequency.
Thus, an input signal whose frequency is fg/2 + 100 Hz will
cause the system to respond as though the input frequency
was fg/2 - 100 Hz. This phenomenon is known as ‘“alias-

ing”, and can be reduced or eliminated by limiting the input
signal spectrum to less than fs/2. This may in some cases
require the use of a bandwidth-limiting filter ahead of the
MF5 to limit the input spectrum. However, since the clock
frequency is much higher than the center frequency, this will
often not be necessary.

Another characteristic of sampled-data circuits is that the
output signal changes amplitude once every sampling peri-
od, resulting in “‘steps” in the output voltage which occur at
the clock rate. (Figure 21) If necessary, these can be
“smoothed” with a simple R-C low-pass filter at the MF5
output.

The ratio of fo K to fc (normally either 50:1 or 100:1) will
also affect performance. A ratio of 100:1 will reduce any
aliasing problems and is usually recommended for wide-
band input signals. In noise sensitive applications, however,
a ratio of 50:1 may be better as it will result in 3 dB lower
output noise. The 50:1 ratio also results in lower DC offset
voltages, as discussed in 3.4.

The accuracy of the fg k/fo ratio is dependent on the value
of Q. This is illustrated in the curves under the heading
“Typical Performance Characteristics”. As Q is changed,
the true value of the ratio changes as well. Unless the Q is
low, the error in fc k/fo Will be small. If the error is too large
for a specific application, use a mode that allows adjustment
of the ratio with external resistors.

It should also be noted that the product of Q and f, should
be limited to 300 kHz when f, < 5 kHz, and to 200 kHz for
fo > 5 kHz.

= 10011

50:1

TL/H/5066-32

FIGURE 21. The Sampled-Data Output Waveform
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MF6

National
Semiconductor

MF6 6th Order Switched Capacitor

Butterworth Lowpass Filter

General Description

The MF6 is a versatile easy to use, precision 6th order But-
terworth lowpass active filter. Switched capacitor tech-
niques eliminate external component requirements and al-
low a clock tunable cutoff frequency. The ratio of the clock
frequency to the lowpass cutoff frequency is internally set to
50 to 1 (MF6-50) or 100 to 1 (MF6-100). A Schmitt trigger
clock input stage allows two clocking options, either self-
clocking (via an external resistor and capacitor) for stand-
alone applications, or an external TTL or CMOS logic com-
patible clock can be used for tighter cutoff frequency con-
trol. The maximally flat passband frequency response to-
gether with a DC gain of 1 V/V allows cascading MF6 sec-
tions for higher order filtering. In addition to the filter, two
independent CMOS op amps are included on the die and
are useful for any general signal conditioning applications.

Features

m No external components

® 14-pin DIP or 14-pin wide-body S.O. package

B Cutoff frequency accuracy of £0.3% typical

m Cutoff frequency range of 0.1 Hz to 20 kHz

m Two uncommitted op amps available

B 5V to 14V total supply voltage

m Cutoff frequency set by external or internal clock

Block and Connection Diagrams
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Order Number MFECWM-50
or MF6CWM-100
See NS Package Number M14B

Order Number MF6CN-50
or MF6CN-100
See NS Package Number N14A

Order Number MF6CJ-50
or MF6CJ-100
See NS Package Number J14A
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Absolute Maximum Ratings (note 11)

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

See AN-450 “Surface Mounting Methods and Their Effect
on Product Reliability” (Appendix D) for other methods of
soldering surface mount devices.

94

Supply Voltage 14V . .
Voltage at Any Pin V- —0.2V,V+ + 02V Operating Ratings (ote 11)
Input Current at Any Pin (Note 13) 5mA Temperature Range TmIN < Ta < Tmax
Package Input Current (Note 13) 20 mA MFBCN-50, MFE6CN-100 0°C<Tpa< +70°C
Power Dissipation (Note 14) 500 mW MF6CWM-50, MFECWM-100 0°C < Tp < +70°C
Storage Temperature _65°C 10 +150°C MF6CJ-50, MF6CJ-100 —40°C < T < +85°C
ESD Susceptibility (Note 12) 800V Supply Voltage (Vs = V* —V~) 5Vto14v
Soldering Information
N Package (10 sec.) 260°C
J Package (10 sec.) 300°C
SO Package
Vapor Phase (60 sec.) 215°C
Infrared (15 sec.) 220°C

Filter Electrical Characteristics The foliowing specifications apply for foLk < 250 kHz (see Note 3) unless
otherwise specified. Boldface limits apply for Tyyn to Tmax; all other limits Ty = Ty = 25°C.

MF6CWM-50, MF6CWM-100,
MF6CN-50, MF6CN-100 MF6CJ-50, MF6CJ-100
Parameter Conditions Tyoical Tested Design Typicai Tested Design Units
(N‘:)pte g | Lmit Limit (N‘g’te 8 Limit Limit
(Note 9) (Note 10) (Note 9) (Note 10)
V+t = +5V,V- = -5V
fe, Cutoff MF86-50 Min 0.1 0.1
Frequency Max 20k 20k Hz
Range MF6-100 Min 0.1 0.1
(Note 1) Max 10k 10k
Total Supply Current foLk=250kHz| 4.0 6.0 8.5 40 8.5 Lol ma
Maximum Clock Filter Output 30 30 mV
Feedthrough Op Amp 1 Out 25 : 25 - (peak-to-
Op Amp 2 Out 20 ) 20 peak)
Ho, Rsource 0.0 +0.30 +0.30 0.0 +0.30 dB
DC Gain <2kQ
fok/fe, MF6-50 49.27+0.3%|49.27+1% | 49.27 £ 1% (49.27£0.3%| 49.27+1%
Clock to Cutoff MF6-100 98.97+0.3%|98.97+1% | 98.97+1% [98.97+0.3%| 98.97+1%
Frequency Ratio
DC MF6-50 —200 —200 mv
Offset Voltage MF6-100 —400 —400
Minimum Output RL=10kQ +4.0 +3.5 +3.5 +4.0 +3.5 v
Voltage Swing —4.1 —3.8 -3.5 ~4.1 —-3.5
Maxi Output
exdmum utpu Source 50 60 80 50 80

Short Circuit Sink 15 20 3.0 15 3.0 mA
Current (Note 6) ’ ’ * ’ ’
Dynamic Range MF6-50 83 83 dB
(Note 2) MF6-100 81 81
Additional MF6-50|fc k=250 kHz
Magnitude f=6000 Hz ~9.47 —~9.47+0.5(-9.47 +0.65 —9.47 —9.47 £ 0.65 dB
Response Test f=4500 Hz —0.92 —0.92+0.2| —0.92+0.3 —0.92 -0.92+0.3
Points (Note 4) MF6-100| oL = 250 kHz

f=23000 Hz ~9.48 —~9.48+0.5(—9.48+0.65 —9.48 —9.48+0.65 dB

f=2250 Hz -0.97 —-0.97+0.2| —0.97+0.3 —-0.97 —-0.97+0.3
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Filter Electrical Characteristics (Continued) The following specifications apply for fo k < 250 kHz (see
Note 3) unless otherwise specified. Boldface limits apply for Tpn to Tmax; all other limits T4 = Ty = 25°C.

MF6CWM-50, MFECWM-100
MF6CN-50, MFGCN-100 MF6CJ-50, MF6CJ-100
Parameter Conditions Tvoical | Tested Design Typical Tested Design Units
(N‘:L 8 | Limit Limit (Nyopte 8 Limit Limit
(Note 9) (Note 10) (Note 9) (Note 10)|
v+ = +5V,V- = —5V (Continued) )
Attenuation Rate MF6-56|fCLK =250 kHz| dB/
1 =6000 Hz —36 -36 -36 octave
fo=8000 Hz
MF6-100(fc k=250 kHz dB/
f1=3000 Hz —36 —-36 —36 octave
fo=4000 Hz
V+ = +25V,V- = —25V
fc, Cutoff MF6-50 Min| 0.1 0.1
Frequency Max 10k 10k Hz
Range MF6-100 Min| 0.1 0.1
(Note 1) Max| 5k 5k
Total Supply Current foLk =250 kHz 25 4.0 4.0 25 4.0 mA
Maximum Clock  Filter Output] 20 20 mV
Feedthrough Op Amp 1 Out| 15 15 (peak-to-
Op Amp 2 Out| ) 10 10 peak)
Ho, DC Gain Rsource <2 kQ 0.0 +0.30 +0.30 0.0 £0.30 dB
foLk/fe, Clock to
Cutoff Frequency MF6-50 49.10+0.3%|49.10+2%| 49.10+3% [49.10£0.3%| 49.10+3%
Ratio MF6-100 98.65+0.3%|98.65+2%|98.65 + 2.25%|98.65+0.3%|98.65 + 2.25%
DC MF6-50 —200 —200 mv
Offset Voltage MF6-100 —400 —400
Minimum Output RL=10kQ +1.5 +1.0 +1.0 +1.5 +1.0 v
Voltage Swing —-22 -1.7 -1.5 —2.2 -1.5
z:;?gi:;i”tpm Source 28 40 50 28 50 oA
Current (Note 6) Sink| 0.5 1.0 1.5 0.5 1.5
Dynamic Range (Note 2) 77 77 dB
Additional MF6-50(fc k= 250 kHz| .
Magnitude f=6000 Hz —9.54 —9.54+0.5 —9.54+0.65 —9.54 —-9.54+0.65 dB
Response Test f=4500 Hz —0.96 —0.96+0.2] —0.96+0.3 —0.96 —-0.96+0.3
Points (Note 4) MF6-100|fc = 250 kiHz
f=3000 Hz —9.67 —9.67+0.5| —9.67 +£0.65 —9.67 —-9.67 £0.65 dB
f=2250 Hz -1.01 —-1.01£0.2] —1.01+0.3 —1.01 —1.01+0.3
Attenuation MF6-50|fc| k =250 kHz| dB/
Rate f1=6000 Hz —36 —-36 —-36 octave
fo=8000 Hz
MF6-100|fcLi =250 kHz] y
f1=3000 Hz —36 —-36 —-36 octave
fo=4000 Hz
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Op Amp Electrical Characteristics
Boldface limits apply for Tyn to Tyax; all other limits T = Ty = 25°C.

MF6CN-50, MF6CN-100,
MF6CWM-50, MFECWM-100

MF6CJ-50, MF6CJ-100

Parameter Conditions ] Tested Design Tested Design Units
Typical A S Typical L A
(Note 8) Limit Limit (Note 8) Limit Limit
(Note 9) | (Note 10) (Note 9) | (Note 10)
vVt = +5V,V- = -5V
Input Offset Voltage +8.0 +20 +20 +8.0 +20 mv
Input Bias Current 10 10 pA
CMRR (Op Amp #2 Only) Vomi = 1.8V, 60 55 60 55 dB
Veme = —2.2V
Output Voltage Swing RL=10kQ +4.0 +3.8 +3.6 +4.0 +3.6 v
—45 —4.0 —4.0 —4.5 —4.0
Maximum Output Short  Source 54 65 80 54 80 mA
Circuit Current (Note 6) Sink 2.0 4.0 6.0 2.0 6.0
Slew Rate 7.0 7.0 V/ps
DC Open Loop Gain 72 72 dB
Gain Bandwidth Product 1.2 1.2 MHz
V+ = +25V,V- = —25V
Input Offset Voltage +8.0 +20 +20 +8.0 +20 mV
Input Bias Current 10 10 PA
CMRR (Op-Amp #2 Only) Vomt = +0.5V, 60 55 60 55 dB
Veme = —0.9V
Output Voltage Swing RL = 10k +1.5 +1.3 +1.1 +1.5 +1.1 v
—-2.2 -1.7 -1.7 —-2.2 -1.7

Maximum Output Short  Source 24 35 50 24 50 mA
Circuit Current (Note 6) Sink 1.0 2.0 4.0 1.0 4.0
Slew Rate 6.0 6.0 V/ps
DC Open Loop Gain 67 67 dB
Gain Bandwidth Product 1.2 1.2 MHz

94N
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MF6

Logic Input-Output Electrical Characteristics the following specifications apply for V= = 0V
(see Note 5) unless otherwise specified. Boldface limits apply for Tyyn to Tmax; all other limits T4 = Ty = 25°C.

MF6CN-50, MF6CN-100
MF6CWM-50, MF6CWM-100 MFECJ-50, MF6CJ-100
Parameter Conditions Typical Te.st?d De_slgn Typical Te_stgd De.s|9n Units
(Note 8) Limit Limit (Note 8) Limit Limit
(Note 9) | (Note 10) (Note 9) | (Note 10)
TTL CLOCK INPUT, CLK R PIN (Note 7)
Maximum V), Logical “O' 0.8 0.8 0.8 v
Input Voltage
Minimum Vjy, Logical *“1” 20 2.0 2.0 v
Input Voltage
Maximum Leakage Current L Sh Pin at .
atCLK R Pin Mid- Supply 20 2.0 2.0 KA
SCHMITT TRIGGER
V74, Positive Going Min | V+ =10V ‘ 7.0 6.1 6.1 7.0 6.1 v
Threshold Voltage Max 8.9 8.9 8.9
Min | V+ = 5V 3.5 3.1 3.1 3.5 3.1 v
Max 4.4 4.4 4.4
V71—, Negative Going Min | V+ = 10V 3.0 13 1.3 3.0 1.3 Y
Threshold Voltage Max 38 3.8 3.8
Min | V+ = 5V 15 0.6 0.6 15 0.6 v
Max 1.9 1.9 1.9
Hysteresis (VT4+ — V1-) | Min [V+ = 10V 4.0 2.3 2.3 4.0 2.3 v
Max 7.6 7.6 7.6
Min |V+ = 5V 2.0 1.2 1.2 20 1.2 v
Max 3.8 3.8 3.8
Minimum Logical “1”” Output I = —10uA v+ =10V 9.0 9.0 ‘9.0 Y
Voltage (Pin 11) g PR v+ = 5y 45 4.5 4.5
Maximum Logical “0” Output = 10uA V+ =10V 1.0 1.0 1.0 v
Voltage (Pin 11) o B2 v+ =By 0.5 0.5 0.5
Minimum Output Source CLKRTied |V*+ =10V 6.0 3.0 3.0 6.0 3.0 mA
Current (Pin 11) to Ground V+ =5V 15 0.75 0.75 1.5 0.75
Maximum Output Sink CLKRTied |Vt =10V 5.0 25 2.5 5.0 2.5 mA
Current (Pin 11) toV+ V+ = 5V 1.3 0.65 0.65 1.3 0.65

Note 1: The cutoff frequency of the filter is defined as the frequency where the magnitude response is 3.01 dB less than the DC gain of the filter.

Note 2: For +5V supplies the dynamic range is referenced to 2.82 Vrms (4V peak) where the wideband noise over a 20 kHz bandwidth is typically 200 uVrms for
the MF6-50 and 250 p.Vrms for the MF6-100. For +2.5V supplies the dynamic range is referenced to 1.06 Vrms (1.5V peak) where the wideband noise over a 20
kHz bandwidth is typically 140 wVrms for both the MF6-50 and the MF6-100.

Note 3: The specifications for the MF6 have been given for a clock frequency (fc) k) of 250 kHz and less. Above this clock frequency the cutoff frequency begins to
deviate from the specified error band of +1.0% but the filter still maintains its magnitude characteristics. See Application Hints, Section 1.5.

Note 4: Besides checking the cutoff frequency (fc) and the stopband attenuation at 2 f;, two additional frequencies are used to check the magnitude response of
the filter. The magnitudes are referenced to a DC gain of 0.0 dB.

Note 5: For simplicity all the logic levels have been referenced to V— = 0V and will scale accordingly for 5V and +2.5V supplies (except for the TTL input logic
levels).

Note 6: The short circuit source current is measured by forcing the output that is being tested to its maximum positive voltage swing and then shorting that output to
the negative supply. The short circuit sink current is measured by forcing the output that is being tested to its maximum negative voltage swing and then shorting
that output to the positive supply. These are the worst-case conditions.

Note 7: The MF6 is operating with symmetrical split supplies and L.Sh is tied to ground.

Note 8: Typicals are at 25°C and represent most likely parametric norm.

Note 9: Tested limits are guaranteed to National’s AOQL (Average Outgoing Quality Level.

Note 10: Design limits are guaranteed, but not 100% tested. These limits are not used to calculate outgoing quality levels.

Note 11: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. DC and AC electrical specifications do not apply when
operating the device beyond its specified conditions.

Note 12: Human body model, 100 pF discharged through a 1.5k Q resistor.

Note 13: When the input voltage (V|y) at any pin exceeds the power supply rails (Viy < V~ or Viy > V) the absolute value of current at that pin should be limited
to 5 mA or less. The 20 mA package input current limits the number of pins that can exceed the power supply boundaries with a 5 mA current limit to four.
Note 14: The maximum power dissipation must be derated at elevated temperatures and is dictated by Tymax. 644, and the ambient temperature, Ta. The
maximum allowable power dissipation at any temperature is Pp = (Tymax — Ta)/ 0,4 or the number given in the Absolute Maximum Ratings, whichever is lower.
For this device, Tymax = 125°C, and the typical junction-to-ambient thermal resistance of the MF6CN when board mounted is 67°C/W. For the MF6CJ this number
decreases to 62°C/W. For MF6CWM, 65 = 78°C/W.
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Typical Performance Characteristics
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MF6

Typical Performance Characteristics (continued)
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Typical Performance Characteristics (continued)
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Crosstalk Test Circuits

From Filter to Opamps
- Vo
17 0P-ANP #1
FILTER =
Vi Vour f— = —ow_|
20Hz= 20kH S [ i
Iz= iz
VRS |—< 250 kHz n Voz
+ 7 0P-ANP §2
= TL/H/5065~10
From Either Opamp to Filter Output
FLTER A
in Viv our VOLTMETER

20Hz = 20kHz
1VRMS

Pin Descriptions (Pin Numbers)

Pin
FILTER OUT (3)

FILTERIN (8)

VosADJ (7)

AGND (5)

Vo1 (4),
INV1 (13)

Description

The output of the lowpass filter.
It will typically sink 0.9 mA and
source 3 mA and swing to within
1V of each supply rail.

The input to the lowpass filter.
To minimize gain errors the
source impedance that drives
this input should be less than 2k
(see section 1.4). For single
supply operation the input signal
must be biased to mid-supply or
AC coupled.

This pin is used to adjust the DC
offset of the filter output; if not
used it must be tied to the
AGND potential. (See section
1.3)

The analog ground pin. This pin
sets the DC bias level for the
filter section and the non-
inverting input of Op-Amp #1
and must be tied to the system
ground for split supply operation
or to mid-supply for single
supply operation (see section
1.2). When tied to mid-supply
this pin should be well
bypassed.

Vo1 is the output and INV1 is
the inverting input of Op-Amp
#1. The non-inverting input of
this Op-Amp is internally
connected to the AGND pin.

OP=AMP #2

Pin

Voz (2),
INV2 (14),
NINV2 (1)

V+(6), V—(10)

CLKIN (9)

CLKR (11)

L.Sh (12)

CLK
I—( 250 kHz

TL/H/5085-11

Description

Vo2 is the output, INV2 is the
inverting input, and NINV2 is the
non-inverting input of Op-Amp
#2.

The positive and negative
supply pins. The total power
supply range is 5V to 14V.
Decoupling these pins with

0.1 pF capacitors is highly
recommended.

A CMOS Schmitt-trigger input to
be used with an external CMOS
logic level clock. Also used for
self-clocking Schmitt-trigger
oscillator (see section 1.1).

A TTL logic level clock input
when in split supply-operation
(+£2.5Vto £7V) and L. Sh tied
to system ground. This pin
becomes a low impedance
output when L. Shistiedto V—.
Also used in conjunction with
the CLK IN pin for a self
clocking Schmitt-trigger
oscillator (see section 1.1).
Level shift pin, selects the logic
threshold levels for the desired
clock. When tied to V— it
enables an internal tri-state
buffer stage between the
Schmitt trigger and the internal
clock level shift stage thus
enabling the CLK IN Schmitt-
trigger input and making the
CLK R pin a low impedance
output.
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Pin Descriptions (pin Numbers) (Continued)

Pin
L.Sh (12)

Description

When the voltage level at this
input exceeds [25%(Vt — V)
+ V—] the internal tri-state
buffer is disabled allowing the
CLK R pin to become the clock
input for the internal clock level
shift stage. The CLKR
threshold level is now 2V above
the voltage applied to the L. Sh
pin. Driving the CLK R pin with
TTL logic levels can be
accomplished through the use
of split supplies and by tying the
L. Sh pin to system ground.

3.01 dB below the DC gain) a direct ratio (100:1 or 50:1) of
the clock frequency supplied to the lowpass filter. Internal
integrator time constants set the filter's cutoff frequency.
The resistive element of these integrators is actually a ca-
pacitor which is “switched” at the clock frequency (for a
detailed discussion see Input Impedance Section). Varying
the clock frequency changes the value of this resistive ele-
ment and thus the time constant of the integrators. The
clock to cutoff frequency ratio (fo k/fc) is set by the ratio of
the input and feedback capacitors in the integrators. The
higher the clock to cutoff frequency ratio (or the sampling
rate) the closer this approximation is to the theoretical But-
terworth response. The MF6 is available in fg k/f; ratios of
50:1 (MF6-50) or 100:1 (MF6-100).

1.1 CLOCK INPUTS
The MF6 has a Schmitt-trigger inverting buffer which can be

1.0 MF6 Application Hints

The MF6 is comprised of a non-inverting unity gain lowpass
sixth order Butterworth switched capacitor filter section and
two undedicated CMOS Op-Amps. The switched capacitor
topology makes the cutoff frequency (where the gain drops

used to construct a simple R/C oscillator. The oscillator’s
frequency is dependent on the buffer’s threshold levels as
well as on the resistor/capacitor tolerance (see Figure 7).

¢ R
Il AAA to V= 1
[l Wv ok =
— nmn[(———VCC_VT“ )VT—"]
= CLK IN CLK R L SH Voo —Vis JVio
9 1" 12 Typically for Vg = V+ — V= = 10V:
1
felk = T5sRe
Y LEvEL
TRI-STATE SHFT
BUFFER STAGE
MF6
TL/H/5065-12
FIGURE 1. Schmitt Trigger R/C Oscillator
N\ N4
NINV2 1 14} nv2 NINV2 - 1 14} nv2
Vo242 13|~ INV1 Vo242 13~ INV1
FILTER oUT-{3 - 12 fLSh FILTER oUT 3 12 LS o
Yor 4, 11 -&KR Vord4 ¥ &KR < JUL oy
+5.0V s 10 -V 5.0V S B 10 0 -5.0V
0V v ckiN] +5V : v CLKIN _L
° VosA0J |° 9 <JUL.5y © Voo AT |© r
L Ves FILTER 1] Vos FILTER
7 8f 7 ] S Io.mr
0.1pF L) — 0.1 ,ﬂ% )
| 0.1uF

TL/H/5065-3

FIGURE 2. Dual Supply Operation
MF6 Driven with CMOS Logic Level Clock
(VIH = 0.8Vgcand V< 0.2VgcwhereVge =V — V™)

TL/H/5065-4

FIGURE 3. Dual Supply Operation
MF6 Driven with TTL Logic Level Clock
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Application Hints (continued)

. E] Vos ADJ
0.1uF 7
ov 7QU‘ —] WP ¥
6TH ORDER
Hov = »| BUTTERWORTH <
. FILTER FILTER FILTER
10ke IN - yy out
. ) m
I [ s
J_ AGND
>
0.1 uF S 10ke LEVEL SHFT /
D—z ) l 12
Vo2 Lsh 1
TRl-STATE -
= [, 14
INv2 OP-AMP K
CLKR
NNz | °"'AMP
1ov
1] Ny
L ouos
V01 INV1 v+ V= LEVELS
+10V
0. mr
TL/H/5065~14
a) Resistor Biasing of AGND
¢| VosADJ
7
MF6 v
6TH ORDER
+5V %l- »| BUTTERWORTH
>__D 8 FILTER 3ﬂ
FILTER FILTER
IN Y 'y out
¢
— 1
AGND
i 2 25
Vo2 ’
+10V —
jﬁ 14
soka g V2 (Dt
1
NINV2
0.1 uF %’ 50 kQ T 1ov
ov
| CLKIN o
CLOCK
LEVELS

b) Using Op-Amp 2 to Buffer AGND

FIGURE 4. Single Supply Operation

TL/H/5065-15
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Application Hints (continueq)

24kQ Ska 22k
V- O—-WA——MWA——AW—O V+

é VosADJ

FILTER
Cruter v ouT
8 7 3
v
6TH ORDER
| BUTTERWORTH
FILTER
MF6

(a)

TL/H/5065-16

It

4
W 330k 5 uf
FILTER

] INV1
8 7 3 13

FLTER ] Vos j
N ADS ouT

LJ

Vot

6TH ORDER
—{ BUTTERWORTH
FILTER

OP=AMP #1

(b)

TL/H/5065-17

FIGURE 5. Vgog Adjust Schemes

Schmitt-trigger threshold voitage levels can change signifi-
cantly causing the R/C oscillator’s frequency to vary greatly
from part to part.

Where accuracy in f is required an external clock can be
used to drive the CLK R input of the MF6. This input is TTL
logic level compatible and also presents a very light load to
the external clock source (~2 pA) with split supplies and
L. Sh tied to system ground. The logic level is programmed
by the voltage applied to level shift (L. Sh) pin (See the Pin
description for L. Sh pin).

1.2 POWER SUPPLY BIASING

The MF6 can be biased from a single supply or dual split
supplies. The split supply mode shown in Figures 2 and 3 is
the most flexible and easiest to implement. As discussed
earlier split supplies, £5V to +7V, will enable the use of
TTL or CMOS clock logic levels. Figure 4 shows two
schemes for single supply biasing. In this mode only CMOS
clock logic levels can be used.

1.3 OFFSET ADJUST

The VosADJ pin is used in adjusting the output offset level
of the filter section. If this pin is not used it must be tied to
the analog ground (AGND) level, either mid-supply for single
ended supply operation or ground for split supply operation.
This pin sets the zero reference for the output of the filter.
The implementation of this pin can be seen in Figure 5. In
5(a), DC offset is adjusted using a potentiometer; in 5(b), the
Op-Amp integrator circuit keeps the average DC output lev-
el at AGND. The circuit in 5(b) is therefore appropriate only
for AC-coupled signals and signals biased at AGND.

1.4 INPUT IMPEDANCE

The MF6 lowpass filter input (FILTER IN pin) is not a high
impedance buffer input. This input is a switched capacitor
resistor equivalent, and its effective impedance is inversely
proportional to the clock frequency. The equivalent circuit of
the input to the filter can be seen in Figure 6. The input
capacitor charges to the input voltage (Vi) during one half
of the clock period, during the second half the charge is

—

FILTER > AAA—e
INPUT

AGND

)
H
TL/H/5065-18
a) Equivalent Circuit for MF6 Filter Input

NON=QVERLAPPING
CLOCKS

# %,
—

FILTER 3 L a -
INPUT iy —
LT— +
AGND

1
RN=7—
N~ Cnfewk
TL/H/5065-19
b) Actual Circuit for MF6 Filter Input
FIGURE 6. MF6 Filter Input

transferred to the feedback capacitor. The total transfer of
charge in one clock cycle is therefore Q = CiVin, and since
current is defined as the flow of charge per unit time the
average input current becomes

lin=Q/T
(where T equals one clock period) or

_ GinVin
T

lin = CinVinfoLk

The equivalent input resistor (Rj,) then can be defined as
Rin = Vin/lin =

CinfoLk
The input capacitor is 2 pF for the MF6-50 and 1 pF for the
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Application Hints (Continued)
MF6-100, so for the MF6-100

_1x1012_1x1012 1 x1010
foLk fc X 100 fe

Rin
and

A _5x101 _5x1011 _1x1010

" foLk f X 50 fe
for the MF6-50. As shown in the above equations for a given
cutoff frequency (fc) the input impedance remains the same
for the MF6-50 and the MF6-100. The higher the clock to
center frequency ratio, the greater equivalent input resist-
ance for a given clock frequency. As the cutoff frequency
increases the equivalent input impedance decreases. This
input resistance will form a voltage divider with the source
impedance (Rsource)- Since Rjy is inversely proportional to
the cutoff frequency, operation at higher cutoff frequencies
will be more likely to load the input signal which would ap-
pear as an overall decrease in gain to the output of the filter.
Since the filter's ideal gain is unity its overall gain is given
by:

— hin

Rin + Rsource
If the MF6-50 or the MF6-100 were set up for a cutoff fre-
quency of 10 kHz the input impedance would be:

Ay

In this example with a source impedance of 10k the overall
gain, if the MF6 had an ideal gain of 1 or 0 dB, would be:

_ 1MQ
10kQ + 1 MQ

-10
e
=3

Ay = 0.99009 or —86.4 mdB

=1

LA
\

Y
il

AP0V

At

AMPLITUDE (dB)

L —Tzr0r="

¥
\ \
\ \
\ \
_\510_ 500 \5 50K

FREQUENCY (Hz)

) TL/H/5065-20
FIGURE 7a. MF6-100 *5V Supplies
Amplitude Response
i
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i
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7
|
I
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TL/H/5066-22
FIGURE 7c. MF6-100 +2.5V Supplies
Amplitude Response

Since the maximum overall gain error for the MF6 is
+0.3 dB with a Rg < 2 kQ the actual gain error for this case
would be +0.21 dB to —0.39 dB.

1.5 CUTOFF FREQUENCY RANGE

The filter's cutoff frequency (fc) has a lower limit caused by
leakage currents through the internal switches discharging
the stored charge on the capacitors. At lower clock frequen-
cies these leakage currents can cause millivolts of error, for
example:

foLk = 100 Hz, lieakage = 1PA, C = 1pF

_ 1pA

1 pF (100 Hz)
The propagation delay in the logic and the settling time re-
quired to acquire a new voltage level on the capacitors in-
creases as the MF6 power supply voltage decreases. This
causes a shift in the fg| k/f¢ ratio which will become notice-
able when the clock frequency exceeds 250 kHz. The ampli-
tude characteristic will stay within tolerance until foi k ex-
ceeds 500 kHz and will peak at about 0.5 dB at the corner
frequency with a 1 MHz clock. The response of the MF6 is
still a reasonable approximation of the ideal Butterworth
lowpass characteristic as can be seen in Figure 7.

2.0 Designing with the MF6

Given any lowpass filter specification two equations will
come in handy in trying to determine whether the MF6 will
do the job. The first equation determines the order of the
lowpass filter required:

=10mV

, _ log (1001 Amin—1) — log (10" Amax—1)
21log (fs/fo)

(1)

10 1 |
MANERNEARIA
g =[s| A S
: ':;,-%&—-%h-% i
Sl 0
S| Wi}
] . A
50 500 S

10 100 1K 10K wgmx
FREQUENCY (Hz)
TL/H/5065-21
FIGURE 7b. MF6-50 + 5V Supplies
Amplitude Response

[
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_‘_
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-3 |

|

20

AMPLITUDE (dB)

Lt zw\m‘;gpf

.,0 N

wl \
50 500 E SK

10 100 1K 10K 100K
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TL/H/5065-23
FIGURE 7d. MF6-50 + 2.5V Supplies
Amplitude Response
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Designing with the MF6 (continued)

where n is the order of the filter, A, is the minimum stop-
band attenuation (in dB) desired at frequency fs, and Amay is
the passband ripple or attenuation (in dB) at frequency f, If
the result of this equation is greater than 6, then more than
a single MF6 is required.

The attenuation at any frequency can be found by the fol-
lowing equation:

Attn(f)
where n =

101og [1 + (10%1Amax— 1) (f/f,)2n] dB @
6 (the order of the filter).

2.1 A LOWPASS DESIGN EXAMPLE

Suppose the amplitude response specification in Figure 8 is
given. Can the MF6 be used? The order of the Butterworth
approximation will have to be determined using eq. 1:

Amin = 30 dB, Amax = 1.0dB, fg = 2 kHz, and f, = 1 kHz

log (103 — 1) — 0.1 —
n = gl 1) —log(10%! — 1) _ . o
2log(2)

Since n can only take on integer values, n = 6. Therefore
the MF6 can be used. In general, if n is 6 or less a single
MF6 stage can be utilized.
Likewise, the attenuation at fs can be found using equation
2 with the above values and n = 6 giving:

Atten (2kHz) = 101log [1 + (1001 — 1) (2 kHz/1 kHz)12]

= 30.26 dB

This result also meets the design specification given in Fig-
ure 8 again verifying that a single MF6 section will be ade-
quate.

0
Ayax==1
™
2
)
Q
2
-
o
=
T
A= =301
0

fp=1k

FREQUENCY (Hz)
TL/H/5065-24
FIGURE 8. Design Example Magnitude Response
Specification Where the Response of the Filter Design
Must Fall Within the Shaded Area of the Specification

Since the MF6's cutoff frequency f¢, which corresponds to a
gain attenuation of —3.01 dB, was not specified in this ex-
ample it needs to be calculated. Solving equation 2 where f
= f; as follows:
(100.1(3.01 dB) — 1)]1/(2n)

A 00.1 Amax — 1)

100.301 — 171/12
1k z[———100.1 — ]
= 1.119kHz

where fo = fo /50 or fok/100.

fo="fh

To implement this example for the MF6-50 the clock fre-
quency will have to be set to fo x = 50(1.116 kHz) = 55.8
kHz or for the MF6-100 fg x = 100(1.116 kHz) = 111.6
kHz.

2.2 CASCADING MF6s

In the case where a steeper stopband attenuation rate is
required two MF6’s can be cascaded (Figure 9) yielding a
12th order slope of 72 dB per octave. Because the MF6 is a
Butterworth filter and therefore has no ripple in its pass-
band, when MF6s are cascaded the resulting filter also has
no ripple in its passband. Likewise the DC and passband
gains will remain at 1V/V. The resulting response is shown
in Figure 10.

In determining whether the cascaded MF6s will yield a filter
that will meet a particular amplitude response specification,
as above, equations 3 and 4 can be used, shown below.

, - log (10%98 Amin—1) — log (10%%% Amax—1)
2log (fs/p)

Attn(f) = 101og [ 1 + (10%-9% Amax—1) (f/fp)2n] dB
where n = 6 (the order of each filter).

Equation 3 will determine whetter the order of the filter is
adequate (n < 6) while equation 4 can determine if the
required stopband attenuation is met and what actual cutoff
frequency (fc) is required to obtain the particular frequency
response desired. The design procedure would be identical
to the one shown in section 2.1.

2.3 IMPLEMENTING A “NOTCH” FILTER WITH THE MF6é

A “notch” filter with 60 dB of attenuation can be obtained by
using one of the Op-Amps, available in the MF6, and three
external resistors. The circuit and amplitude response are
shown in Figure 11.

The frequency where the “notch” will occur is equal to the
frequency at which the output signal of the MF6 will have
the same magnitude but be 180 degrees out of phase with
its input signal. For a sixth order Butterworth filter 180°
phase shift occurs where f = f,, = 0.742 f,. The attenuation
at this frequency is 0.12 dB which must be compensated for
by making Ry = 1.014 X Ra.

Since R1 does not equal Ry there will be a gain inequality
above and below the notch frequency. At frequencies below
the notch frequency (f << fy), the signal through the filter
has a gain of one and is non-inverting. Summing this with
the input signal through the Op-Amp yields an overall gain
of two or +6 dB. For f > > f,,, the signal at the output of the
filter is greatly attenuated thus only the input signal will ap-
pear at the output of the Op-Amp. With Rz = Ry = 1.014
R2 the overall gain is 0.986 or —0.12 dB at frequencies
above the notch.

3)

(4)

I
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Designing with the MF6 (continued)

MF6 WF6
0= 00 0
FILTER FILTER FILTER FILTER
IN T IN out
VosADJ agNp Lsh V' VT CLKR VosAD) aeND LSh V' V" CLKR
7|5 [z |8 Jwo |1 7 |5 |1z |8 [0 11
= 0.1 uF==
V=45V O 1
0.1 pF ==
V'==5V O T
fok >

TIL LOGIC LEVELS

TL/H/5065-25
FIGURE 9. Cascading Two MF6s
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FIGURE 10a. One MF6-50 vs. Two MF6-50s Cascaded FIGURE 10b. Phase Response of

Two Cascaded MF6-50s
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Designing with the MF6 (continued)
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FIGURE 11a. “Notch” Filter
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FIGURE 11b. MF6-50 “Notch” Filter Amplitude Response
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Designing with the MF6 (continued)

2.4 CHANGING CLOCK FREQUENCY
INSTANTANEOUSLY

The MF6 will respond favorably to a sudden change in clock
frequency. Distortion in the output signal occurs at the tran-
sition of the clock frequency and lasts approximately three
cutoff frequency (fc) cycles. As shown in Figure 12, if the
control signal is low the MF6-50 has a 100 kHz clock mak-
ing f = 2 kHz; when this signal goes high the clock fre-
quency changes to 50 kHz yielding 1 kHz f..

The transient response of the MF6 seen in Figure 13 is also
dependent on the f; and thus the fg k applied to the filter.
The MF6 responds as a classical sixth order Butterworth
lowpass filter.

TL/H/5065-30

fin = 1.5 kHz (scope time base = 2 ms/div)
FIGURE 12. MF6-50 Abrupt Clock Frequency Change

2.5 ALIASING CONSIDERATIONS

Aliasing effects have to be taken into consideration when
input signal frequencies exceed half the sampling rate. For
the MF6 this equals half the clock frequency (fc ). When

AMPLITUDE

.t

-
L
2 2
FREQUENCY

TL/H/5065-37
(a) Input Signal Spectrum

TL/H/5065-31
FIGURE 13. MF6-50 Step Input Response, Vertical =
2V/div., Horizontal = 1 ms/div., fc x = 100 kHz

the input signal contains a component at a frequency higher
than half the clock frequency, as in Figure 74a, that compo-
nent will be “reflected” about fg k/2 into the frequency
range below fcLk/2 as in Figure 14b. If this component is
within the passband of the filter and of large enough ampli-
tude it can cause problems. Therefore if frequency compo-
nents in the input signal exceed fgy /2 they must be attenu-
ated before being applied to the MF6 input. The necessary
amount of attenuation will vary depending on system re-
quirements. In critical applications the signal components
above fo /2 will have to be attenuated at least to the fil-
ter's residual noise level. An example circuit is shown in
Figure 15 using one of the uncommitted Op-Amps available
in the MF6.

AMPLITUDE

bl tel

LI Y s
2 2 2
FREQUENCY
TL/H/5065-38
(b) Output Signal Spectrum. Note that the input signal at
fs/2 + f causes an output signal to appear at fg/2 — f.

Figure 14. The phenomenon of aliasing in sampled-data systems. An input signal whose frequency is greater than one-
half the sampling frequency will cause an output to appear at a frequency lower than one-half the sampling frequency.
In the MF6, f5 = foLk-
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Designing with the MF6 (continued)

H—J VosADJ
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N A A out
L] 5
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Ho = R4/R3 (Hp = 1 when R3 and R4 are omitted and Vy is directly tied to INV2).
Design Procedure:
pick Gy
1
- 2QCywg
for a 2nd Order Butterworth Q = 0.707
0.113
27 Cito.
make Ry = Ry
and

Ra

1
~ (2mfoR1)2C
Note: The parallel combination of Ry (if used), Ry and Ry should be > 10 kQ in order not to load Op-Amp #2.

Cz

FIGURE 15. Second Order Butterworth Anti-Aliasing Filter Using Uncommitted Op-Amp #2

TL/H/5065-34
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MF8

National
Semiconductor

MF8 4th-Order Switched Capacitor Bandpass Filter

General Description

The MF8 consists of two second-order bandpass filter
stages and an inverting operational amplifier. The two filter
stages are identical and may be used as two tracking sec-
ond-order bandpass filters, or cascaded to form a single
fourth-order bandpass filter. The center frequency is con-
trolled by an external clock for optima! accuracy, and may
be set anywhere between 0.1 Hz and 20 kHz. The ratio of
clock frequency to center frequency is programmable to
100:1 or 50:1. Two inputs are available for TTL or CMOS
clock signals. The TTL input will accept logic levels refer-
enced to either the negative power supply pin or the ground
pin, allowing operation on single or split power supplies. The
CMOS input is a Schmitt inverter which can be made to self-
oscillate using an external resistor and capacitor.

By using the uncommitted amplifier and resistors for nega-
tive feedback, any all-pole (Butterworth, Chebyshev, etc.)
filter can be formed. This requires only three resistors for a
fourth-order bandpass filter. Q of the second-order stages
may be programmed to any of 31 different values by the five
“Q logic” pins. The available Q values span a range from
0.5 through 90. Overall filter bandwidth is programmed by
connecting the appropriate Q logic pins to either V+ or V—.
Filters with order higher than four can be built by cascading
MF8s.

Features

m Center frequency set by external clock

m Q set by five-bit digital word

® Uncommitted inverting op amp

m 4th-order all-pole filters using only three external
resistors

m Cascadable for higher-order filters

W Bandwidth, response characteristic, and center
frequency independently programmable

W Separate TTL and CMOS clock inputs

| 18 pin 0.3" wide package

Key Specifications

m Center frequency range 0.1 Hz to 20 kHz

® Q range 0.5 to 90

m Supply voltage range 9V to 14V (+4.5V to +7V)

m Center frequency accuracy 1% over full temperature
range

Typical Application & Connection Diagrams

Dual-In-Line Package

12940 .
VVv out A\
30k0 30 k) c1 18}=D
ViN—WW\ WV 82 17hke
13 14 16 15 5 6 A3 16]—F1 IN
AGND —{ 4 15}~F1 our
. [,| BP > sr. F2 IN—{5 14}—A out
—4 e FILTER 1 FILTER 2 r2 out—ds slean
= T 1t £ T T ctk—{7 12f-ve
45y —10. 5105 12 CMOS CLK—{8 1pv-
v HZ sy RC—{9 10507100
7] f LeveL r_|
_Iurwr SHIFT 11 TL/H/8694-2
CLOCK IN 1C‘[Ik CMOS [ e | A Top View
LS RC Alslclol € Order Number MF8CCJ
8| ol 3 2 'wﬁ or MF8CCN
See NS Package Number
-5V BV - J18A or N18A

TL/H/8694-1

Fourth-Order Butterworth Bandpass Filter
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Absolute Maximum Ratings (Note 1)

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

Supply Voltage (Vg = V+ — V™) —-0.3Vto +15V
Voltage at any Input (Note 2) V- —0.3VtoV+ +0.3V
Input Current at any Input Pin (Note 2) +1mA
Output Short-Circuit Current (Note 7) +1mA
Power Dissipation (Note 3) 500 mW
Storage Temperature —65°Cto +150°C
Soldering Information:
J Package: 10 sec. 260°C
N Package: 10 sec. 300°C
SO Package:  Vapor Phase (60 sec.) 215°C
Infrared (15 sec.) 220°C

ESD rating is to be determined.

Filter Electrical Characteristics The following specifications apply for V+

See AN-450 “‘Surface Mounting Methods and Their Effect
on Product Reliability” for other methods of soldering sur-
face mount devices.

Operating Ratings (ote 1)
Temperature Range
MF8CCN
MF8CCJ

TMIN < TaA < Tmax
0°C < Ta < +70°C
—40°C < Tp < +85°C

Supply Voltage (Vg = V+ — V) +9Vto +14V
focLk X Q Range
for 10 Hz < fg k < 250 kHz any Q

for 250 kHz < fo k < 1 MHz folk X Q £ 5 MHz

+5V,V— = =5V, CLoap =

50 pF and R pap = 50 kQ on filter output unless otherwise specified. Boldface limits apply for Tyn to Tmax; all other limits

Ta = Ty = 25°C.

MF8CCN MF8CCJ
Parameter . . Tested | Design . Tested Design .
Symbo' (Notes 4, 5) Conditions TNyF;lcg| Limnit Limit TNyF;|cg| Limit Limit Units
(Note 9) | ote 10)| (Note 11) | (N9 | (note 10) | (Note 11)
Ho Gain at f, foLk = 250 kHz 6.02 £.05 |6.02 £0.2 6.02 £0.05| 6.02 £0.2 dB
100:1 +2% +6% +£2% | 3.92 +6%
Q Q ABCDE = 11100 3.92 +2% (3.92 +6% 3.92 2% | 3.92 £6%
R foLk/fo 99.2 £0.3%(99.2 £1% 99.2 £0.3%| 99.2 +1%
Ho Gain at f, foLk = 250 kHz 6.02 £0.2 [6.02 0.5 6.02 £0.2 | 6.02 0.5 dB
100:1 +39% +8% +139 +89
Q Q ABCDE = 10011 15.5 +3% [15.5 £8% 15.5 £3% | 15.5 +8%
R foLk/fo 99.7 +0.3%(99.7 +1% 99.7 +£0.3%| 99.7+1%
Ho Gain at f,, foLk = 250 kHz 5.85 £0.4 | 5.85 +1 5.85 +0.4 | 5.85 +1 dB
50:1 + 59 + o +5% + %
Q Q ABCDE = 00001 55 +5% |55 £10% 55 £5% | 55 £10%
R foLk/fo 49.9 +£0.2%[49.9 +1% 49.9 +0.2%)| 49.9 +1%
Ho Gain at f, Vg = +5V £5%
foLk < 250 kHz 6.02 £0.5 6.02 +1.5| 6.02 £0.5 6.02 +1.5| dB
AQ/QrH|Q Deviation from |Vg = +5V £5%
Theoretical foLk < 250kHz, Q> 1| +5% +15% +5% +15%
(SeeTablel)  |icik < 100 kHz,
1<Q<57 +2% +6% +2% +6%
AR/RTH|foLk/fo Deviation|Vg = +5V +5%
from Theoretical |fg k < 250 kHz +0.3% +1% +0.3% +1%
(See Table )
Q Q foLk = 250 kHz, 50:1
ABCDE = 00110 10.6 £2% 10.6 £6%| 10.6 +2% [10.6 +8%
Dynamic Range |ABCDE = 11100 86 86 dB
(Note 6) ABCDE = 10011 80 80 dB
ABCDE = 00001 75 75 dB
Clock Filter and Op Amp
Feedthrough foLk < 250 kHz
Q<1 80 80 mV
Q>1 40 40 mV
Is Maximum Supply [fo k = 250 kHz, no
Current loads on outputs ° 12 12 ° 13 mA
Vos Maximum Filter |[fo k = 250 kHz, Q = 4
Output Offset 50:1 +40 +120 +40 +120 mV
Voltage 100:1 +80 +240 +80 +240 mV
Vout |Minimum Filter [Ri oap = 5k
Output Swing (Note 6) +4.1 +3.8 +3.8 +4.1 +3.6 \Y
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Op Amp Electrical Characteristics The following specifications apply for v+

+5V,V—

—5Vand no

load on the Op Amp output unless otherwise specified. Boldface limits apply for Tyn to Tyax; all other limits Ty = Ty = 25°C.

MFSCCN " MF8CCJ
Symbol Parameter Conditions | Typical | Tested | Design | Typical | Tested | Design Units
Limit Limit Limit Limit
(Note 9) [ (Note 10) | (Note 11) | (Note 9) | (Note 10) | (Note 11)
Vos Maximum Input Offset Voltage +8 +20 +8 +20 mV
Ig- Maximum Input Bias Current 10 10 pPA
‘ Vout | Minimum Output Voltage Swing | RLoap = 5k | +3.8 +3.5 +3.4 +3.8 +3.1 \
AvoL Open Loop Gain 80 80 dB
GBW S;igui?ndwidth 18 18 MHz
SR Slew Rate 10 10 V/ps
Logic Input and Output Characteristics The following speciﬁcations apply for V+ = +10Vand V—
= 0V unless otherwise specified. Boldface limits apply for Tyy to Tpmax; all other limits Ty = Ty = 25°C.
MF8CCN MF8CCJ
Symbol parameter Conditions Typical | Tested | Design | Typical| Tested | Design |ynits
Limit Limit Limit Limit
(Note 9)|(Note 10((Note 11)|(Note 9)/(Note 10)|(Note 11)
Vit Positive Threshold mvs = V+—V-—referred | 0.7Vg | 0.58Vg 0.7Vg | 0.58Vg \"
Voltage on pin 8 Max|10 V™ = 0V (Note 8) 0.7V | 0.89Vg 0.7Vs | 0.89Vs v
V1~  |Negative Threshold | Min|[Vg = V+ — V- referred | 0.35Vg | 0.11Vg 0.35Vg | 0.11Vg " Vv
Voltage on pin 8 Max(to V™ = OV (Note 8) 0.35Vs | 0.47Vs 0.35Vg | 0.47Vg v
VoH Output Voltage on|Min High  |lo = —10 pA 9.0 9.0 9.0 \
Vo ~ |Pin9 (Note12) yioviow [lo= +10 pA 1.0 1.0 1.0 v
loH Output Current on |Min Source [Pin 9 tied to V— 6.0 3.0 6.0 3.0 mA
oo |Pn® Min Sink  |Pin 9 tied to V+ 5.0 25 5.0 25 mA
ViH Input Voltage on  |[Min High 7.0 9.0 7.0 9.0 \
ViL '13;5&11’82213833 1y MEx oW 3.0 106 | 30 | 10 ‘ v
e o | 1 1o B
ViH Input Voltage on  |Min High  [V+ = +10V,V— = 0Vor 2.0 2.0 2.0 Vv
v, |Pin7? MaxLow |[V' = +8V.V™ = -8V 08 | o.8 0.8 v

Note 1: Absolute Maximum Raings indicate limits beyond which damage to the device may occur. DC and AC electrical specifications do not apply when operating
the device beyond its specified operating conditions.

Note 2: When the applied voltage at any pin falls outside the power supply voltages (Viy < V~ or Vy > V), the absolute value of current at that pin should be
limited to 1 mA or less.

Note 3: The maximum power dissipation must be derated at elevated temperatures and is dictated by T max, ®4a, and the ambient temp , Ta. The

allowable power dissipation at any temperature is Pp = (Tymax — Ta)/®ya or the number given in the Absolute Maximum Ratings, whichever is lower. For this
device, Tymax = 125°C, and the typical junction-to-ambient thermal resistance of the MFBCCN when board mounted is 50°C/W. For the MF8CCJ, this number
increases to 65°C/W.

Note 4: The center frequency of each 2nd-order filter section is defined as the frequency where the phase shift through the filter is zero.

Note 5: Q is defined as the measured center frequency divided by the measured bandwidth, where the bandwidth is the difference between ‘the two frequenmes
where the gain is 3 dB less than the gain measured at the center frequency

Note 6: Dynamic range is defined as the ratio of the tested minimum output swing of 2.69 Vrms (+3.8V peak-to-peak) to the wideband noise over a 20 kHz
bandwidth. For Qs of 1 or less the dynamic range and output swing will degrade because the gain at an internal node is 2/Q. Keeping the input signal level below
1.23xQ Vrms will avoid distortion in this case. .
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Note 7: If it is possible for a signal output (pin 6, 14, or 15) to be shorted to V+, V— or ground, add a series resistor to limit output current.

Note 8: If V— is anything other than OV then the value of V— should be added to the values given in the table. For example for V+ = +5Vand V- = —5V the
typical Vr+ = 0.7 (10V) + (=5V) = +2V.

Note 9: Typicals are at 25°C and represent the most likely parametric norm.

Note 10: Tested Limits are guaranteed to National’s AOQL (Average Outgoing Quality Level).

Note 11: Design Limits are guaranteed but not 100% tested. These limits are not used to calculate outgoing quality levels.

Note 12: These logic levels have been referenced to V—. The logic levels will shift accordingly for split supplies.

Pin Descriptions

Q Logic Inputs  These inputs program the Qs of the two RC (9): This pin allows the MF8 to generate its

A,B,C,D,E 2nd-order bandpass filter stages. Logic own clock signal. To do this, connect an

3,2,1,18,17):  “1”is V+ and logic “0” is V. external resistor between the RC pin and

AGND (4): This is the analog and digital ground pin the CMOS Clock input, and an external
and should be connected to the system capacitor from the CMOS Clock input to
ground for split supply operation or bi- AGND. The TTL Clocl; input should be
ased to mid-supply for single supply op- f:onr?ected to V= or V+. When the MF8
eration. For best filter performance, the is driven from an external clock, the RC
ground line should be “clean”. pin should be left open.

V+ (12), These are the positive and negative . . .

V= (11): power supply inputs. Decoupling the 1.0 App"cat'on Information
power supply pins with 0.1 pF or larger 1.1 INTRODUCTION

capacitors is highly recommended. A simplified block diagram for the MF8 is shown in Figure 1.

F1IN (16), These are the inputs to the bandpass fil- The analog signal path components are two identical 2nd-
F2IN(5): ter stages. To minimize gain error the order bandpass filters and an operational amplifier. Each
source impedance should be less than 2 filter has a fixed voltage gain of 2. The filters’ cutoff frequen-
k€. Input signals should be referenced cy is proportional to the clock frequency, which may be ap-
to AGND. plied to the chip from an external source or generated inter-
F1OUT (15), These are the outputs of the bandpass nally with the aid of an external resistor and capacitor. The
F2 OUT (6): filter stages. proportionality constant fg) k/fo can be set to either 50 or
AN (13): This is the inverting input to the uncom- 100 depending on the logic level on pin 10. The “Q” of the
mitted operational amplifier. The non-in- two filters can have any of 31 values ranging from 0.5 to 90
verting input is internally connected to and is set by the logic levels on pins 1, 2, 3, 17, and 18.
AGND. Table | shows the available values of Q and the logic levels
A OUT (14): This is the output of the uncommitted rquireq to ol?tgin them. The operationgl amplifier's non-in-
operational amplifier. vert_mg |nput is |n.ter|j|ally grounded, so it may be used only
o . for inverting applications.
50/100 (10): This pin sets the ratio of the clock fre-

The components in the analog signal path can be intercon-
nected in several ways, three of which are illustrated in Fig-
ures 2a, 2b and 2c. The two second-order filter sections can
be used as separate filters whose center frequencies track
very closely as in Figure 2a. Each filter section has a high

quency to the bandpass center frequen-
cy. Connecting this pin to V+ sets the
ratio to 100:1. Connecting it to V— sets
the ratio to 50:1.

TTL CLK (7): This is the TI'L-I'eveI clock input pin. input impedance and low output impedance. The op amp
There are two logic threshold levels, so may be used for gain scaling or other inverting functions. If
the MF8 can be operated on either sin- sharper cutoff slopes are desired, the two filter sections
gle-ended or split supplies with the logic may be cascaded as in Figure 2b. Again, the op amp is
input referred to either V= or AGND. uncommitted. The circuit in Figure 2c uses both filter sec-
When this pin is not used (or when tions with the op amp and three resistors to build a “multiple
CMOS logic levels are used), it should feedback loop” filter. This configuration offers the greatest
be connected to either V+ or V- flexibility for fourth-order bandpass designs. Virtually any

CMOS CLK (8):  This pin is the input to a CMOS Schmitt fourth-order all pole response shape (Butterworth, Cheby-
inverter. Clock signals with CMOS logic shev) can be obtained with a wide range of bandwidths,
levels may be applied to this input. If the simply by proper choice of resistor values and Q. The three
TTL input is used this pin should be con- connection schemes in Figure 2 will be discussed in more
nected to V—. detail in Sections 1.4 and 1.5.
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Typical Performance Characteristics
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Typical Performance Characteristics (continued)
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1.0 Application Information (continued)
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FIGURE 1. Simplified Block Diagram of the MF8
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FIGURE 2a. Separate Second-Order “Tracking” Filters
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FIGURE 2b. Fourth-Order Bandpass Made by Cascading Two Second-Order Stages
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1.0 Application Information (continued)
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FIGURE 2c. Multiple Feedback Loop Connection

1.2 CLOCKS

The MF8 has two clock input pins, one for CMOS logic lev-
els and the other for TTL levels. The TTL (pin 7) input auto-
matically adjusts its switching threshold to enable operation
on either single or split power supplies. When this input is
used, the CMOS logic input should be connected to pin
11(V~). The CMOS Schmitt trigger input at pin 8 accepts
CMOS logic levels. When it is used, the TTL input should be
connected to either pin 11 (V) or pin 12 (V+). The basic
clock hookups for single and split supply operation are
shown in Figures 3 and 4.

c -/ D
B— 10 18 rE
A_ 2 7 _I;I IN
AGND— 3 10 _F1 outT
F2 N 4 M
" OUT_ 5 MF8 14 4 ?UI
TIL CLK— s N -C "
+
=5V =———m]7 12 f————+45V
5V CMOS CLK V=
=5V J-U-I— RC 8 " 50/100 -
-19 10—

TL/H/8694-7
(a) MF8 Driven with CMOS Logic Level Clock

Clock signals derived from a crystal-controlled oscillator are
recommended when maximum center frequency accuracy
is desired, but in less critical applications the MF8 can gen-
erate its own clock signal as in Figures 3¢ and 4c. An exter-
nal resistor and capacitor determine the oscillation frequen-
cy. Tolerance of these components and part-to-part varia-
tions in Schmitt-trigger logic thresholds limit the accuracy of
the RC clock frequency. In the self-clocked mode the TTL
Clock input should be connected to either pin 11 or pin 12.

(

e 182
B— 2 17 —E
g o
AGND 4 15 _FI ouT
F2 IN 5 \F8 1 _A ouT
sy F2 ouT 6 13_A|N
JUL _mad I KT
-5V CMOS' CLK 8 1 V= sy
RC_ 9 10 _50/100

TL/H/B694-8
(b) MF8 Driven with TTL Logic Level Clock

1
e, ~ 18l fork = Vs —Vr_\ [V1
: : () ()
-2 17 Vs — V1, Vy_
A F1 IN . —
-3 16~ Typically for Vg* = 10V
1
1 R
—15 MF8 14—
FZOUT—S '3_;_HN Vg =V+ — V-
" TIL CLK |- L
- CMOS CLK K 12 \J o
RC 8 I 50/100 -
°$ 9 102

TL/H/8694-9

(c) MF8 Driven with Schmitt Trigger Oscillator
FIGURE 3. Dual Supply Operation
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1.0 Application Information (continued)

1.3 POWER SUPPLIES AND ANALOG GROUND

The MF8 can be operated from single or dual-polarity power
supplies. For dual-supply operation, the analog ground (pin
4) should be connected to system ground. When singie sup-
plies are used, pin 4 should be biased to V+ /2 as in Figures
3 and 4. The input signal should either be capacitively cou-

pled to the filter input or biased to V+/2. It is strongly rec-
ommended that each power supply pin be bypassed to
ground with at least a 0.1 uwF ceramic capacitor. In single
supply applications, with V— connected to ground, V+ and
AGND should be bypassed to system ground.

(a) MF8 Driven with CMOS Logic Level Clock

c_1], \/ 18 D
B 2 17 E
A 3 16 F1IN %w 0C
_ AGND 4 15 F1 OUT
ot uF _]_ F2IN_5 - 14 AouT
$ F20UT 6 13 AN
+
TLCK 7 2w
oy VoHos ek 8 cmos ck 8l 1 v-
l I I | —T R 9] 10 50/100 !

TL/H/8694-10

\/
1oV c_t] o 18 D
B 2 17 E
10k A 3 16 F1IN
AGND 4 15 F1 OUT
.
0ApF g0 F2ZIN_5) MF8 14 AouT
F20UT__ 6 13 AIN
—+5V +
_ﬂ_ﬂ_ Mmook 7] 12V 10V
ov CMOS CLK 8 11 V=
RC 9 10 50/ 100
TL/H/8694-11
(b) MF8 Driven with TTL Logic Clock
1ov e 18D ,
2 17 E fok = Ve V. Vo,
— v T- T
_3 16 FIN Fow ‘ (VS - vT+) (VT_-)
AGND 4 15 F1 0UT Typically for Vg = 10V
1
_L F2ZIN_5 WFS TR Y L
0.1 uF F20UT 6 13 AN ’
'+
; TILCLK 7 12V oV
WV _CMos CLK 8 1 V-
t 9 10 50/100 !
iy LI

TL/H/8694-12

(c) MF8 Driven with the Schmitt Trigger Oscillator

FIGURE 4. Single supply operation. The AGND pin must be biased to mid-supply.
The input signal should be dc biased to mid-supply or capacitor-coupled to the input pin.
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1.0 Application Information (continued)

1.4 MULTIPLE FEEDBACK LOOP CONFIGURATION

The multi-loop approach to building bandpass filters is high-
ly flexible and stable, yet uses few external components.
Figure 5 shows the MF8’s internal operational amplifier and
two second-order filter stages with three external resistors
in a fourth-order multiple feedback configuration. Higher-or-
der filters may be built by adding more second-order sec-
tions and feedback resistors as in Figure 6. The filter’s re-
sponse is determined by the clock frequency, the clock-to-
center-frequency ratio, the ratios of the feedback resistor O
values, and the Qs of the second-order filter sections. The -
design procedure for multiple feedback filters can be broken
down into a few simple steps:

TL/H/8694-15

1) Determine the characteristics of the desired filter. This FIGURE 7. Graphical representation of the amplitude
will depend on the requirements of the particular applica- response specifications for a bandpass filter. The

tion. For a given application, the required bandpass re- filter’s response should fall within the shaded area.
sponse can be shown graphically as in Figure 7, which

shows the limits for the filter response. Figure 7 also makes
use of several parameters that must be known in order to
design a filter. These parameters are defined below in terms
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FIGURE 5. General fourth-order multiple-feedback bandpass filter circuit. MF8 pin numbers are shown.
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FIGURE 6. By adding more second-order filter stages and feedback resistors,
higher order multiple-feedback filters may be built.
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1.0 Application Information (continued)

fcq and fca: The filter’s lower and upper cutoff frequencies.
These define the filter’s passband.

fs1 and fgp: The boundaries of the filter’s stopband.
BW: The filter’s bandwidth. BW = fco — fgy.
SBW: The width of the filter’s stopband. SBW = fgy — fgy.

fo: The center frequency of the filter. fy is equal to the geo-
metric mean of fg1 and fco: fo = Vicifca. fo is also equal to
the geometric mean of fg1 and fgp.

Hogp: The nominal passband gain of the bandpass filter.
This is normally taken to be the gain at fp.

fo/BW: The ratio of the center frequency to the bandwidth.
For second-order filters, this quantity is also known as “Q”.

SBW/BW: The ratio of stopband width to bandwidth. This
quantity is also called “Omega” and may be represented by
the symbol “Q”.

Amax: The maximum allowable gain variation within the filter
passband. This will depend on the system requirements, but
typically ranges from a fraction of a dB to 3 dB.

Amin: The minimum allowable attenuation in the stopband.
Again, the required value will depend on system constraints.

2). Choose a Butterworth or Chebyshev response charac-
teristic. Butterworth bandpass filters are monotonic on ei-
ther side of the center frequency, while Chebysheyv filters
will have “ripple” in the passband, but generally faster at-
tenuation outside the passband. Chebyshev filters are spec-
ified according to the amount of ripple (in dB) within the
passband.

3) Determine the filter order necessary to meet the re-
sponse requirements defined above. This may be done with
the aid of the nomographs in Figures 8 and 9 for Butter-
worth and Chebyshev filters. To use the nomographs, draw
a line through the desired values on the Ayax/AmIN scales
to the left side of the graph. Draw a horizontal line to the
right of this point and mark its intersection with the vertical
line corresponding to the required ratio SBW/BW. The re-
quired filter order will be equal to the number of the curve
falling on or just above the intersection of the two lines. This
is illustrated in Figure 70 for a Chebyshev filter with 1 dB
ripple, 30 dB minimum attenuation in the stopband, and
SBW/BW = 8. From the Figure, the required filter order is
6.

4) The design tables in section 2.0 can now be used to find
the component values that will yield the desired response
for filters of order 4 through 12. The “K,"” give the ratios of
resistors “Rp” to Rf, and Kq is Q divided by fo/BW.

As an example of the Tables’ use, consider a fourth-order
Chebyshev filter with 0.5 dB ripple and fo/BW = 6. Begin by
choosing a convenient value for Rg, such as 100 k€. From
the ‘0.5 dB Chebyshev” filter table, Ko = Ro/Rg = 1.3405.
This gives Ry = Rp X 1.345 = 134.05k. In a similar man-
ner, Ry is found to equal 201.61k. Q is found using the
column labeled Kq. This gives Q = Kq X fo/BW = 8.4174.

Table | shows the available Q values; the nearest value is
8.5, which is programmed by tying pins 1, 2, 3, and 18 to V+
and pin 17 to V—. )

Note that the resistor values obtained from the tables are
normalized for center frequency gain Hogp = 1. For differ-
ent gains, simply divide Rg by the desired gain.

5) Choose the clock-to-center-frequency ratio. This will
nominally be 100:1 when pin 10 is connected to pin 12(V )
and 50:1 when pin 10 is connected to pin 11(V~). 100:1
generally gives a response curve nearer the ideal and fewer
(if any) problems with aliasing, while 50:1 allows operation
over the highest octave of center frequencies (10 kHz to 20
kHz). Supply the MF8 with a clock signal of the appropriate
frequency to either the TTL or CMOS input, dependlng on
the available clock logic levels.

TABLE 1. Q and Clock-to-Center-Frequency Ratio
Versus Logic Levels on “Q-set” Pins

50:1 mode 100:1 mode
ABCDE FcLk/Fo Q FcrLk/Fo Q
10000 43.7 0.45 94.0 0.47
11000 45.8 0.71 95.8 0.73
01000 46.8 0.96 96.8 0.98
10100 48.4 2.0 98.4 2.0
00100 48.7 25 98.7 25
01100 48.9 3.0 98.9 3.0
11100 49.2 4.0 99.2 4.0
01010 49.3 5.0 99.3 5.0
10010 - 494 5.7 99.4 5.7
10110 49.4 6.4 99.4 6.4
00010 49.5 76 99.5 7.6
11110 49.6 8.5 99.6 8.5
00110 49.6 10.6 99.6 10.6
11001 49.6 11.7 99.6 11.7
11010 49.7 12.5 99.7 125
11101 49.7 13.6 99.7 13.6
01001 49.7 14.7 99.7 14.7
10011 49.7 15.8 99.7 15.8
10101 49.7 16.5 99.7 16.5
01110 49.7 17 99.7 17
10001 498 19 99.8 19
10111 49.8 22 99.8 22
11011 49.8 27 99.8 27
11111 49.8 30 99.8 30
00101 49.8 33 99.8 33
01011 49.8 40 99.8 40
00111 49.8 44 99.8 44
00001 49.9 57 99.9 57
01101 49.9 68 99.9 68
00011 49.9 79 99.9 79
01111 49.9 90 99.9 90
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1.0 Application Information (continued)

Higher-order filters are designed in a similar manner. An
eighth-order Chebyshev with 0.1 dB ripple, center frequency
equal to 1 kHz, and 100 Hz bandwidth, for example, could
be built as in Figure 171 with the following component values:

Ro = 79.86k
R = 100k
Ry = 57.82k
Rg = 188.08k
Rs = 203.42K

Pins 1, 3, 17 and 18 high, pin 2 low. For 100:1 clock-to-cen-
ter-frequency ratio, pin 10 is tied to V+ and the clock fre-
quency is 100 kHz. For 50:1 clock-to-center-frequency ratio,
pin 10 is tied to V— and the clock frequency is 50 kHz.

When building filters of order 4 or higher, best performance
will always be realized when the filter blocks are cascaded

in numerical order: Filter 1 (pins 16 and 15) should always
precede Filter 2 (pins 5 and 6). If a second MF8 is used,
Filter 2 of the first MF8 should precede Filter 1 of the sec-
ond MF8, and so on.

Dynamic Considerations

Some filter response characteristics will result in high gain
at certain internal nodes, particularly at the op amp output.
This can cause clipping in intermediate stages even when
no clipping is evident at the filter output. The consequences
are significant distortion and degradation of the overall
transfer function. The likelihood of clipping at the op amp
output becomes greater as Rg/Rg increases. As the design
tables show, Rg/Rg increases with increasing filter order
and increasing ripple. It is good practice to keep out-of-band
input signal levels small enough that the first stage can’t
overload.
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FIGURE 8. Butterworth Bandpass Filter Design Nomograph
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FIGURE 10. Example of Chebyshev Bandpass Nomograph Use.

SBW
Amax = 1dB, Apin = 30dB, andW = 3,resultinginn = 6.
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1.0 Application Information (continued)
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FIGURE 11. Eighth-Order multiple-feedback bandpass filter using two MF8s. The circuit shown
accepts a TTL-level clock signal and has a clock-to-center-frequency ratio of 100:1.

1.5 TRACKING AND CASCADED SECOND-ORDER
BANDPASS FILTERS

The individual second-order bandpass stages may be used
as “stand-alone” filters without adding external feedback
resistors. The clock frequency and Q logic voltages set the
center frequency and bandwidth of both second-order
bandpass filters, so the two filters will have equivalent re-
sponses. Thus, they may be used as separate “tracking”
filters for two different signal sources as in Figure 2a, or
cascaded as in Figure 2b. For individual or cascaded sec-
ond-order bandpass filters, the —3 dB bandwidth and the
amplitude response are given by the following two equa-
tions:

f
Bwpﬂ)=gﬁmﬁwr7
Hog
Qo @

s2 + %s+ wo2

m
N

Hes) = | 2 x

where
BW(—3) = the —3 dB bandwidth of the overall filter

20

1
e =1
g Z
= -1
E i=5
-2 V7 TSN\
_ /l=l \
“ 0=20
-4
0.1 05 1 2 5 10
FREQUENCY (H2)

TL/H/8694-20
FIGURE 12. H(s) For second-order bandpass filters with
various values of Q. H, normalized in each case to 0 dB.
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FIGURE 13. Design Nomograph for Cascaded
identical Second-Order Bandpass Filters

Q = the Q of each second order bandpass stage
fo = the center frequency of the filter in Hertz
wo = 2 wrfy = the center frequency of the filter in radians
per second
n
N = the number of cascaded second-order stages = >

H(s) = the overall filter transfer function

H(s) for a second order bandpass filter is plotted in Figure
72. Curves are shown for several different values of Q. Cen-
ter frequency is normalized to 1 Hz and center-frequency
gain is normalized to 0 dB.

To find the necessary order n for cascaded second-order
bandpass filters using the nomograph in Figure 13, first de-
termine the —3 dB bandwidth BW(—3), stopband width
SBW, and minimum stopband attenuation Apn. Draw a ver-
tical line up from SBW/BW(—3), and a horizontal line
across from Anjin. The required order is shown on the curve
just above the point of intersection of the two lines. Remem-
ber that each second-order filter section will have a center
frequency gain of 2, so the overall gain of a cascaded filter
will be 2N,

Cascading filters in this way may provide acceptable per-
formance when minimum external parts count is very impor-
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1.0 Application Information (continued)
tant, but much greater flexibility and better performance will

be obtained by using the feedback techniques described in
1.4.

1.6 INPUT IMPEDANCE
The input to each filter block is a switched-capacitor circuit
as shown in Figure 14. During the first half of a clock cycle,
the input capacitor charges to the input voltage Vi, and
during the second half-cycle, its charge is transferred to a
feedback capacitor. The input impedance approximates a
resistor of value
1

CinfoLk
Cin depends on the value of Q selected by the Q logic pins,
and varies from about 1 pF to about 5 pF. For a worst-case
calculation of Rj,, assume Cijp = 5 pF. Thus,
1
5 X 10— 12fg

NON=OVERLAPPING
CLOCKS

¢I ¢z
FILTER L l A >
INPUT

o1
N~ Cfork

Rin(min) =

TL/H/8694-22
FIGURE 14. Simplified MF8 Input Stage

At the maximum clock frequency of 1 MHz, this gives
Rin = 200k. Note that Rj, increases as fc g decreases, so
the input impedance should never be less than this number.
Source impedance should be low enough that the gain isn’t
significantly affected.

1.7 OUTPUT DRIVE

The filter outputs can typically drive a 5 kQ load resistor to
over *4V peak-to-peak. Load resistors smaller than 5 kQ
should not be used. The operational amplifier can drive the
minimum recommended load resistance of 5 kQ to at least
+3.5V.

1.8 SAMPLED-DATA SYSTEM CONSIDERATIONS
Aliasing

The MF8 is a sampled-data filter, and as such, differs in
many ways from conventional continuous-time filters. An im-
portant characteristic of sampled-data systems is their ef-
fect on signals at frequencies greater than one-half the
sampling frequency. (The MF8’s sampling frequency is the
same as its clock frequency). If a signal with a frequency
greater than one-half the sampling frequency is applied to
the input of a sampled-data system, it will be “reflected” to
a frequency less than one-half the sampling frequency.
Thus, an input signal whose frequency is f5/2 + 10 Hz will
cause the system to respond as though the input frequency

was fs/2 — 10 Hz. This phenomenon is known as “alias-
ing”. Aliasing can be reduced or eliminated by limiting the
input signal spectrum to less than fg/2. This may in some
cases require the use of a bandwidth-limiting filter (a simple
passive RC network will generally suffice) ahead of the MF8
to attenuate unwanted high-frequency signals. However,
since the clock frequency is much greater than the center
frequency, this will usually not be necessary.

Output Steps

Another characteristic of sampled-data circuits is that the
output voltage changes only once every clock cycle, result-
ing in a discontinuous output signal (Figure 15). The “steps”
are smaller when the clock-to-center-frequency ratio is
100:1 than when the ratio is 50:1.

Clock Frequency Limitations

The performance characteristics of a switched-capacitor fil-
ter depend on the switching (clock) frequency. At very low
clock frequencies (below 10 Hz), the internal capacitors be-
gin to discharge slightly between clock cycles. This is due to
very small parasitic leakage currents. At very low clock fre-
quencies, the time between clock cycles is relatively long,
allowing the capacitors to discharge enough to affect the
filters’ output offset voltage and gain. This effect becomes
stronger at elevated operating temperatures.

At higher clock frequencies, performance deviations are pri-
marily due to the reduced time available for the internal inte-
grating op amps to settle. For this reason, the clock wave-
form’s duty cycle should be as close as possible to 50%,
especially at higher frequencies. Filter Q shows more varia-
tion from the nominal values at higher frequencies, as indi-
cated in the typical performance curves. This is the reason
for the different maximum limits on Q accuracy at fo x =
250 kHz and fc k = 100 kHz in the table of performance
specifications.

Center Frequency Accuracy

Ideally, the ratio fo| k/fo should be precisely 100 or 50, de-
pending on the logic voltage on pin 10. However, as Table |
shows, this ratio will change slightly depending on the Q
selected. As the table shows, the largest errors occur at the
lowest values of Q.

100:1

50:1

TL/H/8694-23

FIGURE 15. Output Waveform of
MF8 Showing Sampling Steps
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2.0 Design Tables for Multiple Feedback Loop Bandpass Filters

BUTTERWORTH RIPPLE 3dB

Order Ko Ka Ka Ka Ks Kg Ka
4 2.0000 4.0000 1.4142
6 2.3704 2.6667 9.1429 1.5000
8 2.9142 2.0000 5.8284 14.3145 1.5307
10 3.6340 1.6000 4.4112 6.9094 27.2014 1.5451
*12 4.5635 1.3333 3.5800 4.3198 11.5043 49.0673 1.5529
CHEBYSHEV RIPPLE 0.01dB
Order Ko Ka Ks3 Kg Ks Ke Ka
4 1.9041 3.6339 0.4489
6 1.8277 1.8450 6.6170 0.9438
8 1.4856 0.9919 3.1209 5.0414 1.4257
*10 1.0171 0.5740 1.7484 1.2943 4.8814 1.8908
CHEBYSHEV RIPPLE 0.02 dB
Order Ko Ka Ks Kg Ks Kg Ka
4 1.8644 3.4922 0.5393
6 1.7024 1.6787 6.0772 1.0849
8 1.2893 0.8707 2.7661 4.0779 1.6106
*10 0.8163 0.4934 1.5155 0.9879 3.7119 21179
CHEBYSHEV RIPPLE 0.03 dB
Order Ko Kz K3 Ky Ks Ksg Ka
4 1.8341 3.3871 0.6016
6 1.6183 1.5713 5.7231 1.1808
8 1.1688 0.7977 2.5491 3.5270 1.7362
*10 0.7034 0.4467 1.3786 0.8252 3.0938 2.2724
CHEBYSHEV RIPPLE 0.04 dB
Order Ko K2 Ks Kg K5 Keg KQ
4 1.8085 3.3009 0.6508
6 1.5535 1.4908 5.4548 1.2560
8 1.0814 0.7454 2.3919 3.1471 1.8348
*10 0.6264 0.4139 1.2818 0.7181 2.6883 2.3940
CHEBYSHEV RIPPLE 0.05 dB
Order Ko K2 K3 Ks Ks Ke Ka
4 1.7860 3.2268 0.6923
6 1.5002 1.4260 5.2373 1.3191
8 1.0129 0.7046 2.2685 2.8609 1.9175
*10 0.5686 0.3888 1.2072 0.6402 2.3938 2.4961
CHEBYSHEV RIPPLE 2.06 dB
Order Ko Ka Ks Ks Ks Keg Ka
4 1.7657 3.1612 0.7285
6 1.4548 1.3717 5.0536 1.3741
8 0.9566 0.6713 2.1670 2.6336 1.9897
*10 0.5230 0.3685 1.1467 0.5800 2.1666 2.5852
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2.0 Design Tables for Multiple Feedback Loop Bandpass Filters (continued)

CHEBYSHEV RIPPLE .07 dB
Order Ko K2 K3 Ka Ks Keg KQ
4 1.7471 3.1020 0.7609
6 1.4150 1.3249 4.8943 1.4232
8 0.9089 0.6431 2.0808 2.4466 2.0543
*10 0.4856 0.3516 1.0959 0.5316 1.9842 2.6649
CHEBYSHEV RIPPLE .08 dB
Order Ko K2 K3z K Ks Keg KQ
4 1.7298 3.0478 0.7905
6 1.3795 1.2837 4.7534 1.4679
8 0.8675 0.6187 2.0060 2.2887 2.1130
CHEBYSHEV RIPPLE .09 dB
Order Ko K2 K3 Ks Ks Keg KQ
4 1.7136 2.9978 0.8177
6 1.3475 1.2469 4.6271 1.5090
8 0.8311 0.5973 1.9400 2.1529 2.1671
CHEBYSHEV RIPPLE 0.1dB
Order Ko K2 K3 Ka Ks Kg Kaq
4 1.6983 2.9512 . 0.8430
6 1.3183 1.2137 4.5125 1.5473
8 0.7986 0.5782 1.8809 2.0343 2.2176
CHEBYSHEV RIPPLE 0.2dB
Order Ko K2 K3z Ks Ks Ke KQ
4 1.5757 2.5998 1.0378
6 1.1128 0.9894 3.7271 1.8413
8 0.5891 0.4551 1.4954 1.3309 2.6057
CHEBYSHEV RIPPLE 0.3 dB
Order Ko Ka K3z Kg Ks Ke Ka
4 1.4833 2.3575 . 1.1804
6 0.9835 0.8560 3.2501 2.0568
*8 0.4732 0.3861 1.2760 0.9885 2.8914
CHEBYSHEV RIPPLE 0.4 dB
Order Ko Kz K3 Ky Ks Keg Ka
4 1.4067 2.1698 1.2988
6 0.8888 0.7618 2.9088 2.2363
*8 0.3956 0.3391 1.1250 0.7792 3.1299
CHEBYSHEV RIPPLE 0.5 dB
Order Ko K2 Ks Ks Ks Ke KQ
4 1.3405 2.0161 1.4029
6 0.8143 0.6897 2.6447 2.3944
*8 0.3389 0.3040 1.0114 0.6365 3.3406
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2.0 Design Tables for Multiple Feedback Loop Bandpass Filters (continued)

CHEBYSHEV RIPPLE 0.6 dB
Order Ko K2 K3 Ks Ks Ks Ka
4 1.2816 1.8857 1.4975
6 0.7530 0.6316 2.4305 2.5385
*8 0.2952 0.2762 0.9212 0.5326 3.5329
CHEBYSHEV RIPPLE 0.7 dB
Order Ko Kz K3 Ky Ks Kg Ka
4 1.2283 1.7727 1.5852
6 0.7012 0.5834 2.2515 2.6724
*8 0.2601 0.2535 0.8471 0.4535 3.7119
CHEBYSHEV RIPPLE 0.8 dB
Order Ko Ka K3 Ks Ks Keg Ka
4 11797 1.6731 1.6678
6 0.6564 0.5424 2.0983 2.7989
*8 0.2314 0.2344 0.7846 0.3913 3.8811
CHEBYSHEV RIPPLE 0.9 dB
Order Ko Ka K3 Ks Ks Keg Ka
4 1.1347 1.5841 1.7464
6 0.6171 0.5068 1.9650 2.9194
*8 0.2073 0.2181 0.7309 0.3413 4.0426
CHEBYSHEV RIPPLE 1.0dB
Order Ko K2 K3 Kg Ks Keg Ka
4 1.0930 1.5039 1.8219
6 0.5822 0.4756 1.8475 3.0354
*8 0.1869 0.2038 0.6840 0.3002 4.1981
CHEBYSHEV RIPPLE 1.1dB
Order Ko K2 K3 Ky Ks Ke Ka
4 1.0539 1.4310 1.8949
6 0.5509 0.4479 1.7428 3.1476
*8 0.1693 0.1913 0.6426 0.2660 4.3487
CHEBYSHEV RIPPLE 1.2dB
Order Ko Ka K3 K Ks Ke Ka
4 1.0173 1.3643 1.9657
6 0.5226 0.4231 1.6487 3.2567
*8 0.1540 0.1801 0.6056 0.2372 4.4952
CHEBYSHEV RIPPLE 1.3dB
Order Ko K2 K3 Ksa Ks Kg Kq
4 0.9828 1.3029 2.0348
6 0.4969 0.4006 1.5634 3.3633
*8 0.1406 0.1701 0.5724 0.2125 4.6385
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2.0 Design Tables for Multiple Feedback Loop Bandpass Filters (continued)

CHEBYSHEV RIPPLE 1.4 dB

Order Ko K2 K3 K4 Ks Ksg KQ
4 0.9501 1.2461 2.1024
6 0.4733 0.3803 1.4857 3.4678
CHEBYSHEV RIPPLE 1.5dB
Order Ko Ko K3 Ka Ks Kg Ka
4 0.9192 1.1934 2.1688
6 0.4515 0.3616 1.4145 3.5705
CHEBYSHEV RIPPLE 1.6 dB
Order Ko K2 Ks Ky Ks Ke Ka
4 0.8897 1.1443 2.2341
6 0.4315 0.3445 1.3490 3.6717
CHEBYSHEV RIPPLE 1.7 dB
Order Ko Ka K3 Kg Ks Ke Ka
4 0.8617 1.0983 2.2986
6 0.4128 0.3287 1.2883 3.7717
CHEBYSHEV RIPPLE 1.8 dB
Order Ko Kz K3 Ka Ks Ks Ka
4 0.8350 1.0553 2.3624
6 0.3955 0.3141 1.2321 3.8706
CHEBYSHEV RIPPLE 1.9dB
Order Ko K2 K3 Ks Ks Keg Ka
4 0.8095 1.0148 2.4255
6 0.3793 0.3005 1.1797 3.9687
CHEBYSHEV RIPPLE 2.0dB
Order Ko K2 K3 Ks Ks Ke Ka
4 0.7850 0.9767 2.4881
6 0.3641 0.2878 1.1308 4.0660
CHEBYSHEV RIPPLE 2.1dB
Order Ko Ko K3 Ks Ks K¢ Ka
4 0.7616 0.9407 2.5503
6 0.3498 0.2759 1.0850 4.1628
CHEBYSHEV RIPPLE 2.2dB
Order Ko K2 Ks Ks Ks " Ke Ka
4 0.7391 0.9067 2.6122
6 0.3364 0.2648 1.0420 4.2591
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2.0 Design Tables for Multiple Feedback Loop Bandpass Filters (continued) ©
CHEBYSHEV RIPPLE 2.3 dB
Order Ko Kz K3 Ks Ks Kg Ka
4 0.7176 0.8744 2.6737
6 0.3237 0.2544 1.0016 4.3550
CHEBYSHEV RIPPLE 2.4dB
Order Ko K2 K3z K4 Ks Keg Ka
4 0.6968 0.8438 2.7350
6 0.3118 0.2446 0.9635 4.4507
CHEBYSHEV RIPPLE 2.5dB
Order Ko K2 K3 K4 Ks Keg KQ
4 0.6769 0.8148 2.7962
6 0.3005 0.2353 0.9275 4.5462
CHEBYSHEV RIPPLE 2.6 dB
Order Ko Ka K3z K Ks Keg Ka
4 0.6577 0.7871 2.8573
6 0.2897 0.2265 0.8935 4.6415
CHEBYSHEV RIPPLE 2.7 dB
Order Ko K2 Ksa Kg Ks Kg Ka
4 0.6392 0.7607 2.9183
6 0.2796 0.2182 0.8612 4.7368
CHEBYSHEV RIPPLE 2.8 dB
Order Ko K2 K3 Kq Ks Kg Ka
4 0.6213 0.7356 2.9792
6 0.2699 0.2104 0.8306 4.8322
CHEBYSHEV RIPPLE 2.9 dB
Order Ko Kz K3 Ks Ks Kg Ka
4 0.6041 0.7116 3.0402
6 0.2607 0.2029 0.8016 4.9276
CHEBYSHEV RIPPLE 3.0 dB
Order Ko Ko Ksa Ka Ks Ke Ka
4 0.5875 0.6886 3.1013
6 0.2519 0.1959 0.7739 5.0231
Note: Multiple feedback loop filters of higher order than those specified in the tables will oscillate due to phase shift at the output of the summing amplifier. This
phase shift is not the fault of the MF8,; it is inherent in this type of multiple feedback loop topology. In addition, all filters marked with an asterisk (*) will be unstable
for Q < 1, due to phase shifts caused by the MF8's switched-capacitor design approach.
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MF10

National
Semiconductor

MF10
Universal Monolithic Dual
Switched Capacitor Filter

General Description

The MF10 consists of 2 independent and extremely easy to
use, general purpose CMOS active filter building blocks.
Each block, together with an external clock and 3 to 4 resis-
tors, can produce various 2nd order functions. Each building
block has 3 output pins. One of the outputs can be config-
ured to perform either an allpass, highpass or a notch func-
tion; the remaining 2 output pins perform lowpass and band-
pass functions. The center frequency of the lowpass and
bandpass 2nd order functions can be either directly depen-
dent on the clock frequency, or they can depend on both
clock frequency and external resistor ratios. The center fre-
quency of the notch and allpass functions is directly depen-
dent on the clock frequency, while the highpass center fre-
quency depends on both resistor ratio and clock. Up to 4th
order functions can be performed by cascading the two 2nd
order building blocks of the MF10; higher than 4th order
functions can be obtained by cascading MF10 packages.

Any of the classical filter configurations (such as Butter-
worth, Bessel, Cauer and Chebyshev) can be formed.

For pin-compatible device with improved performance refer
to LMF100 datasheet.

Features

m Easy to use

m Clock to center frequency ratio accuracy +0.6%

m Filter cutoff frequency stability directly dependent on
external clock quality

B Low sensitivity to external component variation

B Separate. highpass (or notch or allpass), bandpass, low-
pass outputs

® fo X Q range up to 200 kHz

m Operation up to 30 kHz

| 20-pin 0.3” wide Dual-In-Line package

| 20-pin Surface Mount (SO) wide-body package

System Block Diagram

LUS I

1
AGND [3

VA N/AP/HPA STa BP

Connection Diagram

Surface Mount and Dual-In-Line

5
1

12
sor100/cL [ J— = CONTROL |—<

ws[} |

TO AGND <«

¢ | o
0
LEVEL | NON OVERL __L__/
otk SHIFT CLOCK |

9
1
CLKs LEVEL NON OVERL
SHIFT CLOCK
. | o ; \

™ Package
I {1 ~ —Lpy
B8Py —{2 19 }-8py
N/AP/HP,—{3 18}~ N/ AP/ HPg
INV, —] 4 17}~ INvg
s, {5 16}-s1g
Sy/p—16 15 = AGND
V=47 14}~ v,-
Vpt—8 13}V
Lsh—9 12|~50/ 100/cL
CLK,—{ 10 11 }=CLky
TL/H/10399-4
Top View

Vg | ]

Vo Vi N/AP/HPg St BPg

Order Number MF10AJ or MF10CCJ
See NS Package Number J20A

Order Number MF10CCWM
See NS Package Number M20B
Order Number MF10ACN or
WL MF10CCN .
LPg See NS Package Number N20A

TL/H/10399-1
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Absolute Maximum Ratings (ot 1) =
If Military/Aerospace specified devices are required, Soldering Information
please contact the National Semiconductor Sales N Package: 10 sec. 260°C
Office/Distributors for availability and specifications. J Package: 10 sec. 300°C
Supply Voltage (V+ — V—) 14V SO Package: Vapor Phase (60 Sec.) 215°C
Voltage at Any Pin v+ + 0.3V Infrared (15 Sec.) 220°C
V- — 0.3V See AN-450 “Surface Mounting Methods and Their Effect
Input Current at Any Pin (Note 2) 5 mA on Prqduct Reliability’ (Appfandlx D) for other methods of
soldering surface mount devices.
Package Input Current (Note 2) 20 mA
Power Dissipation (Note 3) 500 mW Operating Ratings (Note 1)
Storage Temperature 150°C Temperature Range TMIN < Ta < Tmax
ESD Susceptability (Note 11) 2000V MF10ACN, MF10CCN 0°C < Ta < 70°C
MF10CCWM 0°C < Tp < 70°C
MF10CCJ —40°C < Tp < 85°C
MF10AJ —55°C < Tp < 125°C
Electrical Characteristics v+ = +500v and V- = —5.00V unless otherwise specified. Boldface limits
apply for TN to Tyax; all other limits Tp = Ty = 25°C.
MF10ACN, MF10CCN,
MF10CCWM MF10CCJ, MF10AJ
Symbol Parameter Conditions Typical TE'St?td DESI%n Typical Tf.stc_etd DEslgtn Units
(Note 8) imi imi (Note 8) imi imi
(Note 9)/(Note 10) (Note 9)|(Note 10)
V+ — V—|Supply Voltage Min 8 8 \
Max 14 14 \')
Is Maximum Supply Clock Applied to Pins 10 & 11
Current No Input Signal 8 12 12 8 12 mA
fo Center Frequency |[Min  |fo X Q < 200 kHz 0.1 0.2 0.1 0.2 Hz
Range Max 30 20 30 20 [kHz
foLk Clock Frequency |Min 5.0 10 5.0 10 Hz
Range Max 15 1.0 | 15 1.0 |MHz
fok/fo  [50:1 Clock to MF10A|Q = 10 Vpin12 = 5V +02 | £0.6 | £0.6 | +0.2 | £1.0 %
Center Frequency (\1r1oc|Mode 1 foLk = 250 kHz
Ratio Deviation +02 | £15 | +1.5 | £02 | £1.5 %
foLk/fo |100:1 Clock to MF10A|Q = 10 Vpin12 = OV +0.2 | £06 | £0.6 | +0.2 | £1.0 %
Center Frequency (\1r1ociMode 1 fcLk = 500 kHZ
Ratio Deviation +0.2 | £15 +1.5 +02 | 1.5 %
Clock Feedthrough Q=10
Mode 1 10 10 mV
Q Error (MAX) Q=10 Vpin12 = 5V
(Note 4) Mode 1 fok = 250kHZ T2 | *6 | 6 | 2 | 6 %
Vi =0V +6
pin1i2
fok = 500kHZ T2 | f6 | 6 | *2 %
HoLp DC Lowpass Gain Mode 1 R1 = R2 = 10k 0 +0.2 | +0.2 0 +0.2 dB
Vos1 DC Offset Voltage (Note 5) +50 | %15 +15 | £50 | £15 mV
Vos2 DC Offset Voltage [Min  |[Vgini2 = +5V [Spp = V+ —150 | —185 | —185 | —150 | —185 mv
(Note 5) Max |(fcik/fo = 50) -85 -85 -85
Min  [Vpin12 = +5V {Sa/g =V~
pin12 A/B — — \
Max |(fcik/fo = 50) 0 70 m
Voss DC Offset Voltage [Min  |Vpini2 = +5V |All Modes —70 | =100 | —100 | —70 | —100 mv
(Note 5) Max |(foLk/fo = 50) —20 —20 _20
Vosz2 DC Offset Voltage Vpin12 = OV Sag = VT _ _
(Note 5) (forx/fo = 100) 300 300 mv
Vpini2 =0V [Sasg = V—
pin12 A/B — —
(Note 5) (foLk/fo = 100) 140 140 mv
Voss DC Offset Voltage Vpini2 = OV All Modes _ _
(Note 5) (foLk/fo = 100) 140 140 mv
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Electrical Characteristics (continued) v+ = +5.00V and V- = —5.00V unless otherwise specified.
Boldface limits apply for Tyn to Tmax; all other limits Tp = Ty = 25°C.

O ey MF10CCJ, MF10AJ
Symbol Parameter Conditions Typical Tf.stgd De_sign Typical Te.st?d De.sign Units
imit Limit Limit Limit
(Note 8)| \ ote 9)| (Note 10)| (Nt &) Note 9)| (Note 10)
Vout |Minimum Output BP, LP Pins [R_ = 5k +425| +3.8 +3.8 | 425 | +3.8 Vv
Voltage Swing N/AP/HP Pin|R_ = 3.5k +425| +38 | +3.8 | £4.25| +3.6 v
GBW |Op Amp Gain BW Product 25 25 MHz
SR Op Amp Slew Rate 7 7 V/us
e | ® w -
oo = 100 8 5 %
Isc Maximum Output Short|Source 20 20 mA
Circuit Current (Note 7)|g;x 3.0 3.0 mA
Logic Input Characteristics Boldtface limits apply for Ty to Tyax; all other limits Tp = Ty = 25°C
ACN, MF1 N,
MHOM;ocn:;W;cc MF10CCJ, MF10AJ
Parameter Conditions Typical Te_st?d De_si?n Typical Te‘stt'ed De.si‘gn Units
(Note 8) Limit Limit (Note 8) Limit Limit
(Note 9) | (Note 10) (Note 9) | (Note 10)
CMOS Clock | Min Logical “1” |Vt = +5V,V— = -5V, +3.0 +3.0 +3.0 \
Input Voltage | 1oy | ogical “0” | VLSh = OV -30 | -3.0 -3.0 v
Min Logical “1” [ V+ = +10V,V— = 0V, +8.0 + 8.0 +8.0 \
Max Logical “0" | VLsh = 5V +20 | +2.0 +2.0 v
TTL Clock Min Logical “1” [V+ = +5V,V— = =5V, +2.0 +2.0 +2.0 \"
Input Voltage | o, | ogical «0” | Vish = OV +08 | +0.8 +0.8 v
Min Logical “1” | V+ = +10V,V— = 0V, +2.0 +2.0 +2.0 \
Max Logical “0" | VLSh +08 | +0.8 +0.8 v

Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. DC and AC electrical specifications do not apply when operating
the device beyond its specified operating conditions.

Note 2: When the input voltage (V) at any pin exceeds the power supply rails (Viy < V-~ or Vjy > V1) the absolute value of current at that pin should be limited
to 5 mA or less. The 20 mA package input current limits the number of pins that can exceed the power supply boundaries with a 5 mA current limit to four.

Note 3: The maximum power dissipation must be derated at elevated temperatures and is dictated by T jmax. 84, and the ambient temperature, Ta. The

allowable power dissipation at any temp is Pp = (Tymax — Ta)/6a or the number given in the Absolute Maximum Ratings, whichever is lower. For this
device, Tymax = 125°C, and the typical junction-to-ambient thermal resistance of the MF10ACN/CCN when board mounted is 55°C/W. For the MF10AJ/CCJ, this
number increases to 95°C/W and for the MF10CCWM this number is 66°C/W.

Note 4: The accuracy of the Q value is a function of the center frequency (fp). This is illustrated in the curves under the heading “Typical Performance
Characteristics”. .

Note 5: Vos1, Vosz, and Vogs refer to the internal offsets as discussed in the Applications Information Section 3.4.

Note 6: For =5V supplies the dynamic range is referenced to 2.82V rms (4V peak) where the wideband noise over a 20 kHz bandwidth is typically 200 pV rms for
the MF10 with a 50:1 CLK ratio and 280 pV rms for the MF10 with a 100:1 CLK ratio.

Note 7: The short circuit source current is measured by forcing the output that is being tested to its maximum positive voltage swing and then shorting that output to
the negative supply. The short circuit sink current is measured by forcing the output that is being tested to its maximum negative voltage swing and then shorting
that output to the positive supply. These are the worst case conditions.

Note 8: Typicals are at 25°C and represent most likely parametric norm.

Note 9: Tested limits are guaranteed to National’'s AOQL (Average Outgoing Quality Level).

Note 10: Design limits are guaranteed but not 100% tested. These limits are not used to calculate outgoing quality levels.
Note 11: Human body model, 100 pF discharged through a 1.5 kQ resistor.
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Typical Performance Characteristics
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Typical Performance Characteristics (continued)

% CHANGE

040
035
030
025
020
015
010
005
0
=005
=0.10
=015
=025

fcLk/fo Deviation fcLk/fo Deviation
vs Clock Frequency vs Clock Frequency
16
T T
Ve=25V_] T
Ty=25C | 14— Vs=4
A= T 12 Tp=25°C
NOMINAL Q =10.0] it ecto.
MoDE 1 _| i W 10 | [NOwmAL 02100 II
oK _ 0011 S os|—lak g,
fo E o o
S 06—
° ¥
AN 04 7
02
\ J /,
0
UI
2
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
CLOCK FREQUENCY (KHz) CLOCK FREQUENCY (KHz)
- f
Deviation of %
vs Nominal Q 'O
% T
I LLLL
Ve =25v]]
« T =25°c T[]
= =0V
— PIN12 ++H
5 00 1L
=
] il
I /
1
He 1
- 7
-10 i
(] 10 10
NOMINAL Q

Pin Descriptions
LP(1,20), BP(2,19), The second order lowpass, bandpass

N/AP/HP(3,18)

INV(4,17)

S1(5,16)

and notch/allpass/highpass outputs.
These outputs can typically sink 1.5 mA
and source 3 mA. Each output typically
swings to within 1V of each supply.

The inverting input of the summing op-
amp of each filter. These are high im-
pedance inputs, but the non-inverting in-
put is internally tied to AGND, making
INVA and INVg behave like summing
junctions (low impedance, current in-
puts).

S1 is a signal input pin used in the all-
pass filter configurations (see modes 4
and 5). The pin should be driven with a
source impedance of less than 1 kQ. If
S1 is not driven with a signal it should be
tied to AGND (mid-supply).

Sa/g(6)

VAT(?).Vpt(®)

f,
Deviation of %
vs Nominal Q 'O

10 T
T
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o 00" 1
s 1 Vo2 = +5V. 17
F T V.
2
= o
s 1.0
=]
] y A
32 0
=30
0.1 10 10
NOMINAL Q

TL/H/10399-3

This pin activates a switch that connects
one of the inputs of each filter's second
summer to either AGND (Sp/p tied to
V~) or to the lowpass (LP) output (Sa/B
tied to V*). This offers the flexibility
needed for configuring the filter in its
various modes of operation.

Analog positive supply and digital posi-
tive supply. These pins are internally
connected through the IC substrate and
therefore Vot and Vp+ should be de-
rived from the same power supply
source. They have been brought out
separately so they can be bypassed by
separate capacitors, if desired. They
can be externally tied together and by-
passed by a single capacitor.

Va—(14), Vp—(13) Analog and digital negative supplies.

The same comments as for Vo* and
Vp* apply here.
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Pin Descriptions (continued)

LSh(9) Level shift pin; it accommodates various
clock levels with dual or single supply
operation. With dual +5V supplies, the
MF10 can be driven with CMOS clock
levels (£5V) and the LSh pin should be
tied to the system ground. If the same
supplies as above are used but only TTL
clock levels, derived from OV to +5V
supply, are available, the LSh pin should
be tied o the system ground. For single
supply operation (OV and +10V) the
Va~, Vp~ pins should be connected to
the system ground, the AGND pin
should be biased at +5V and the LSh
pin should also be tied to the system
ground for TTL clock levels. LSh should
be biased at + 5V for CMOS clock lev-
els in 10V single-supply applications.
Clock inputs for each switched capaci-
tor filter building block. They should both
be of the same level (TTL or CMOS).
The level shift (LSh) pin description dis-
cusses how to accommodate their lev-
els. The duty cycle of the clock should
be close to 50% especially when clock
frequencies above 200 kHz are used.
This allows the maximum time for the
internal op-amps to settle, which yields
optimum filter operation.

By tying this pin high a 50:1 clock-to-fil-
ter-center-frequency ratio is obtained.
Tying this pin at mid-supplies (i.e, analog
ground with dual supplies) allows the fil-
ter to operate at a 100:1 clock-to-cen-
ter-frequency ratio. When the pin is tied
low (i.e., negative supply with dual sup-
plies), a simple current limiting circuit is
triggered to limit the overall supply cur-
rent down to about 2.5 mA. The filtering
action is then aborted.

This is the analog ground pin. This pin
should be connected to the system
ground for dual supply operation or bi-
ased to mid-supply for single supply op-
eration. For a further discussion of mid-
supply biasing techniques see the Appli-
cations Information (Section 3.2). For
optimum filter performance a “clean”
ground must be provided.

CLKA(10),
CLKB(11)

50/100/CL(12)

AGND(15)

1.0 Definition of Terms

foLk: the frequency of the external clock signal applied to
pin 10 or 11.

fo: center frequency of the second order function complex
pole pair. fg is measured at the bandpass outputs of the
MF10, and is the frequency of maximum bandpass gain.
(Figure 1)

frotch: the frequency of minimum (ideally zero) gain at the
notch outputs.

f,: the center frequency of the second order complex zero
pair, if any. If f, is different from fg and if Qz is high, it can be
observed as the frequency of a notch at the allpass output.
(Figure 10)

Q: “quality factor” of the 2nd order filter. Q is measured at
the bandpass outputs of the MF10 and is equal to fo divided
by the —3 dB bandwidth of the 2nd order bandpass filter
(Figure 1). The value of Q determines the shape of the 2nd
order filter responses as shown in Figure 6.

Qgz: the quality factor of the second order complex zero pair,
if any. Qz is related to the allpass characteristic, which is
written:

Sw
HOAP(52 -2+ 0’02>
Qz

Hap(s) = P
s2 + —= + wp?
a o

where Qz = Q for an all-pass response.

Hogp: the gain (in V/V) of the bandpass output at f = fo.

HoLp: the gain (in V/V) of the lowpass output as f — 0 Hz
(Figure 2).

Honp: the gain (in V/V) of the highpass output as f —>
foLk/2 (Figure 3).

Hon: the gain (in V/V) of the notch output as f — 0 Hz
and as f — fgk/2, when the notch filter has equal gain
above and below the center frequency (Figure 4). When the
low-frequency gain differs from the high-frequency gain, as
in modes 2 and 3a (Figures 11 and 8), the two quantities
below are used in place of Hon.

Hon1: the gain (in V/V) of the notch output as f — 0 Hz.
Honz: the gain (in V/V) of the notch outputas f — fg /2.
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1.0 Definition of Terms (continued)

TL/H/10399-10
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1.0 Definitions of Terms (continued)
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(a) (b)
FIGURE 4. 2nd-Order Notch Response
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—_— (=)
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2 = _ Q
= & -180 Hap(s) = v —
3 ES s2 + —6‘? + wo?
—360
fo fo
£ (LOG SCALE) { (LOG SCALE)
TL/H/10399-13 TL/H/10399-14
(a) (b)
FIGURE 5. 2nd-Order All-Pass Response
(a) Bandpass (b) Low Pass (c) High-Pass
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TL/H/10399-15

FIGURE 6. Response of various 2nd-order filters as a function of Q.
Gains and center frequencies are normalized to unity.
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MF10

2.0 Modes of Operation

The MF10 is a switched capacitor (sampled data) filter. To
fully describe its transfer functions, a time domain approach
is appropriate. Since this is cumbersome, and since the
MF10 closely approximates continuous filters, the following
discussion is based on the well know frequency domain.
Each MF10 can produce a full 2nd order function. See Ta-
ble | for a summary of the characteristics of the various
modes.

MODE 1: Notch 1, Bandpass, Lowpass Outputs:
fhotch = fo (See Figure 7)

fo _R3
@ “EWTRe
= quality factor of the complex pole pair
BW = the —3 dB bandwidth of the bandpass output.

Circuit dynamics:

Hogsp
Howp = %

orHogp = HoLp X Q

= Hon X Q.
HoLP(peak) = Q X Hoyp (for high Q’s)

fo = center frequency of the complex pole pair 3 N
MODE 1a: Non-Inverting BP, LP (See Figure 8)
_fox fok
100 > 50 _fok ok
_ L . 100 50
frotch = center frequency of the imaginary zero pair = fo. R3
R2 =
HoLp = Lowpass gain (asf — 0) = “m Q R2
R3 Holp = —1; HoLp(peak) = Q X Hoyp (for high Q’s)
Hogp = Bandpass gain (atf = fg) = —— R3
R1 Hospi= g5
H = Notch output gain as f—>0 = ——Rz = i
ON putg f — foLk/2 Ry Hogps= 1 (Non-Inverting)
Gircuit Dynamics: Hogpy = Q
Note: V|y should be driven from a low impedance (<1 k€2) source.
R2 Na St BPa LPy
1(20)
TL/H/10399-16
LPy
1(20)

-0

TL/H/10399-17

FIGURE 8. MODE 1a
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2.0 Modes of Operation (continued)

MODE 2: Notch 2, Bandpass, Lowpass: fhotch < fo
(See Figure 9)

fo = center frequency

_ fek {F‘Z fCLK [RZ
100 VR4
fok  fok
frotch = 700 or 50
Q = quality factor of the complex pole pair
_ JR2/R4 + 1
R2/R3
Lowpass output gain (as f — 0)
__R2/m1
R2/R4 + 1

Hopp = Bandpass output gain (at f = fg) = —R3/R1

I

HoLp

Hony = Notch output gain (as f — 0)
___R2/R1
R2/R4 + 1
f
Hon, = Notch output gain (asf — %',:—K) —R2/R1

Filter dynamics: Hogp = Q YHoLp Hon, = YHont Hone

MODE 3: Highpass, Bandpass, Lowpass Outputs
(See Figure 10)

fo fCLK / fCLK /
100

Q = quality factor of the complex pole pair
_ [, R
R4 R2
f R2
Honp = Highpass Gain (asf—> CLK) —_—
2 R1
. R3
Hopp = Lowpass Gain | atf =g | = — m
. R4
HoLp = Lowpass Gain {asf — 0 | = "
R2 H
Circuit dynamics: — = ﬁ'ﬁ;
R4 Horp

Hogp = vHorp X Holp X Q
HoLp(peak) = Q X HoLp (for high Q’s)
HowpP(peak) = Q X Howp (for high Q’s)

LPay

1(20)

R3

vt e AAA

Vv

TL/H/10399-18

FIGURE 9. MODE 2

R3

v- AAA.

VvV

TL/H/10399-19

*In Mode 3, the feedback loop is closed around the input summing amplifier; the finite GBW product of this op amp causes a slight Q enhancement. If this is a
problem, connect a small capacitor (10 pF — 100 pF) across R4 to provide some phase lead.

FIGURE 10. MODE 3
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2.0 Modes of Operation (continued)

MODE 3a: HP, BP, LP and Notch with External Op Amp MODE 4: Alipass, Bandpass, Lowpass Outputs
(See Figure 11) (See Figure 12)
. fCLK [ 2 fCLK [ fo = center frequency
° 100 VRa ° _fok or foLk.
Q _ __2 >< 100 50’
R4 R2 fz* = center frequency of the complex zero = fg
_ _R2 _fo _RS8
Howp = g7 Q@ “Ew R
_Rs R3
Hogp = Y Qz = quality factor of complex zero pair = m
_R4 For AP output make R1 = R2
HoLp = “R1 foLk R2
f Hoap* = Allpass gain (at0<f<—2 ) = _E= -1
foik h CLK
f = notch frequency =
n queney = Joo VR, V HoLp = Lowpass gain (as f — 0)

Hon = gain of notch at
Rg Rg
=fo = ||Q | 5 Hop — 5" Horp
Ry Rh
Hny = gainof notch (asf — 0) = gﬂ X Horp

f
Hn2 = gain of notch (asf - CZLK)

= Ry Honp
Rn

R2
=—(=+1)=-2
(F+)

Hogp = Bandpass gain (at f = fg)

()
R2 R1 R2

Gircuit Dynamics: Hogp = (HoLp) X Q = (Hoap + 1)Q
*Due to the sampled data nature of the filter, a slight mismatch of f; and fo
occurs causing a 0.4 dB peaking around fg of the allpass filter amplitude
response (which theoretically should be a straight line). If this is unaccept-
able, Mode 5 is recommended.

Ry
L NOTCH
+ our
L ¥ exrennaL
= 0P AMP
TL/H/10399-20
FIGURE 11. MODE 3a

BPa LPa
I:zl(w) 1(20)

TL/H/10399-21

FIGURE 12. MODE 4
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2.0 Modes of Operation (continued)

MODE 5: Numerator Complex Zeros, BP, LP MODE 6a: Single Pole, HP, LP Filter (See Figure 14)
(See Figure 13) fo = cutoff frequency of LP or HP output
’ R2 fCLK ' R2 fCLK = & foLk or & foLk
4 100 R4 R3 100 R3 50
R2  foik R1 fCLK R3
- —x = — e X R =
\/ Ra “700 V' "Ra* 50 HoLp a7
Q =1+ R2/REx % Homp = _%

R3
Qz =V1-RiI/R4x MODE 6b: Single Pole LP Filter (Inverting and Non-in-

verting) (See Figure 15)

Ho,, = gainatC.Z. output (asf — 0 Hz) e = cutoff frequency of LP outputs
~R2(R4 — R1) _ B2 fo B2 fou
R1(R2 + R4) _ " R3 100 R3 50
X foLk R2
Ho,, = gainatC.Z. output|{asf — —/=) = —— ) )
2 R1 HoLp1 = 1 (non-inverting)
R2 R3 R3
H =——4+1) X = = 2
o8P (m ) R2 Holpe = —05
Hop = — (M) R4
OLP R2 + R4/ " Ri

LPy

1(20)

TL/H/10399-22

1(20)

TL/H/10399-23

FIGURE 14. MODE 6a

Rz LPA(N.INV) Vin LPA (INV)

2(19) 1(20)

TL/H/10399-24

FIGURE 15. MODE 6éb
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2.0 Modes of Operation (continued)

TABLE I. Summary of Modes. Realizable filter types (e.g. low-pass) denoted by asterisks.
Unless otherwise noted, gains of various filter outputs are inverting and adjustable by resistor ratios.

Number of Adjustable
Mode BP LP HP | N | AP Resistors foLk/fo Notes
1 * * * 3 No
2 May need input buffer.
1a | Hogp1 = —Q Horp + 1 2 No Poor dynamics for
Hogp2 = +1 high Q.
2 * * * 3 Yes (above chK/so
or fo k/100)
. . Universal State-Variable
3 ' 4 Yes Filter. Best general-purpose mode.
,‘ ,, . N As above, but also includes
sa 7 Yes resistor-tuneable notch.
Gives Allpass response with
* * *
4 8 No Hoap = —1andHpp = —2.
5 * * * 4 Gives flatter allpass response
than above if Ry = Ry = 0.02R4.
6a * * 3 Single pole.
(2
6b HoLpt = +1 2 Single Pole.
H _ —R3
OLP2 = o5~

3.0 Applications Information

The MF10 is a general-purpose dual second-order state
variable filter whose center frequency is proportional to the
frequency of the square wave applied to the clock input
(fcLk)- By connecting pin 12 to the appropriate DC voltage,
the filter center frequency fo can be made equal to either
foLk/100 or fo k/50. fo can be very accurately set (within
+6%) by using a crystal clock oscillator, or can be easily
varied over a wide frequency range by adjusting the clock
frequency. If desired, the fg k/fo ratio can be altered by
external resistors as in Figures 9, 10, 11, 13, 14 and 15. The
filter Q and gain are determined by external resistors.

All of the five second-order filter types can be built using
either section of the MF10. These are illustrated in Figures 1
through 5 along with their transfer functions and some relat-
ed equations. Figure 6 shows the effect of Q on the shapes
of these curves. When filter orders greater than two are
desired, two or more MF10 sections can be cascaded.

3.1 DESIGN EXAMPLE

In order to design a second-order filter section using the
MF10, we must define the necessary values of three param-
eters: fp, the filter section’s center frequency; Ho, the pass-
band gain; and the filter's Q. These are determined by the
characteristics required of the filter being designed.

As an example, let's assume that a system requires a
fourth-order Chebyshev low-pass filter with 1 dB ripple, unity
gain at DC, and 1000 Hz cutoff frequency. As the system
order is four, it is realizable using both second-order sec-
tions of an MF10. Many filter design texts include tables that
list the characteristics (fo and Q) of each of the second-or-
der filter sections needed to synthesize a given higher-order

filter. For the Chebyshev filter defined above, such a table
yields the following characteristics:

foa = 529 Hz Qp = 0.785

fos = 993 Hz Qp = 3.559

For unity gain at DC, we also specify:
Hoa = 1

Hog = 1

The desired clock-to-cutoff-frequency ratio for the overall
filter of this example is 100 and a 100 kHz clock signal is
available. Note that the required center frequencies for the
two second-order sections will not be obtainable with clock-
to-center-frequency ratios of 50 or 100. It will be necessary

f
to adjust % externally. From Table |, we see that Mode 3
0
can be used to produce a low-pass filter with resistor-adjust-
able center frequency.

In most filter designs involving multiple second-order
stages, it is best to place the stages with lower Q values
ahead of stages with higher Q, especially when the higher Q
is greater than 0.707. This is due to the higher relative gain
at the center frequency of a higher-Q stage. Placing a stage
with lower Q ahead of a higher-Q stage will provide some
attenuation at the center frequency and thus help avoid clip-
ping of signals near this frequency. For this example, stage
A has the lower Q (0.785) so it will be placed ahead of the
other stage.

For the first section, we begin the design by choosing a

~ convenient value for the input resistance: R1po = 20k. The

absolute value of the passband gain Hopa is made equal
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3.0 Applications Information (continued)
to 1 by choosing Rgp such that: Rga = —HoLpa Ria =
Rya = 20k. If the 50/100/CL pin is connected to mid-sup-
ply for nominal 100:1 clock-to-center-frequency ratio, we
find Roa by:

foa2 (529)2
RaA o/ 1002 3

(fcLk/100) (1000)

Raa = Qa VR2aR4A = 0.7855.6 X 103 X 2 X 104 = 8.3k

Roa = =2Xx 104 X = 5.6k and

The resistors for the second section are found in a similar
fashion:

Rig = 20k
R4g = Rip = 20k
fog? (993)2
Reg = R = 20k = 19.7k
28 ™ T4B (fo K/ 100)2 (1000)2

Rag = Qp YAzpA4E = 3.559/1.97 X 104X 2104 = 70.6k

(E

The complete circuit is shown in Figure 16 for split =5V
power supplies. Supply bypass capacitors are highly recom-

mended.
R1B
20k Vour
A'Av"
R4A R4B
20k |1 20] 20k
VWA LP, LPg AW
a3k Gk
WA—2 BP, BPg 19 A
R R28
56k 3 18 19.7k
WA, N/AP/HP,  N/AP/HPg A
RIA 14 17
™ Y INV,
20k A 8
_rs Sty Sig 16
L MF10 L
Y. Sa/e acno |2 -
7 Yy . 14
+5V 8 Vp+ Vp~ 13 -5V
0.1 0.1
20 s, 50/ 100/ CL %
li CLKy CLKg J—‘-I
cocen T LIL

fouk = 100 kHz

TL/H/10399-25
FIGURE 16. Fourth-Order Chebyshev Low-Pass Filter from Example in 3.1.

+5V Power Supply. 0V-5V TTL or —5V =5V CMOS Logic Levels.

20k — Your
Av‘v"
| e
MA-H 1p, 1pg 22
R3A
83k 2 19 706k
VW 8P, BPy AN
A5k 3 18157k
VW N/AP/HP,  N/AP/HPy W
R1A
™ v, vy P
20k
2151, sty P2
VF10
5 15
-g— SA/B AGND 1
= T o
+Hov v v P2
10k
—% _{_8 " s
S =
o,fT"O"" oﬁrrg- L sh. 50/100/cL P2
-
=10} o, o i
cocen J LIL [ I
fork = 100 kHz

TL/H/10399-26
FIGURE 17. Fourth-Order Chebyshev Low-Pass Filter from Example in 3.1.
Single + 10V Power Supply. 0V-5V TTL Logic Levels. Input Signals
Should be Referred to Half-Supply or Applied through a Coupling Capacitor.
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3.0 Applications Information (continued)

vt vt=10v

L

v+

v+ 0.1
7 - I' LM2931AZ-5.0 T-Dlz+ =5v .
v
TYPICAL VALUES: = 100 4F 7
2k <R <100k J__ |
o = 0.1 uF <C <470 pF = =
- - TL/H/10399-28
TL/H/10309-27 (b) Voltage Regulator
(a) Resistive Divider with ) 9 9 . TL/H/10399-29
Decoupling Capacitor (c) Operational Amplifier

with Divider

v+
FIGURE 18. Three Ways of Generating Ty for Single-Supply Operation

3.2 SINGLE SUPPLY OPERATION

The MF10 can also operate with a single-ended power sup-
ply. Figure 17 shows the example filter with a single-ended
power supply. Vao+ and Vp* are again connected to the
positive power supply (8V to 14V), and VAo~ and Vp— are
connected to ground. The Agnp pin must be tied to V+/2
for single supply operation. This half-supply point should be
very “clean”, as any noise appearing on it will be treated as
an input to the filter. It can be derived from the supply volt-
age with a pair of resistors and a bypass capacitor (Figure
18a), or a low-impedance half-supply voltage can be made
using a three-terminal voltage regulator or an operational
amplifier (Figures 18b and 78c). The passive resistor divider
with a bypass capacitor is sufficient for many applications,
provided that the time constant is long enough to reject any
power supply noise. It is also important that the half-supply
reference present a low impedance to the clock frequency,
so at very low clock frequencies the regulator or op-amp
approaches may be preferable because they will require
smaller capacitors to filter the clock frequency. The main
power supply voltage should be clean (preferably regulated)
and bypassed with 0.1 pF.

3.3 DYNAMIC CONSIDERATIONS

The maximum signal handling capability of the MF10, like
that of any active filter, is limited by the power supply volt-
ages used. The amplifiers in the MF10 are able to swing to
within about 1V of the supplies, so the input signals must be
kept small enough that none of the outputs will exceed
these limits. If the MF10 is operating on +5V, for example,
the outputs will clip at about 8 Vp_p. The maximum input
voltage multiplied by the filter gain should therefore be less
than 8 Vp_p.

Note that if the filter Q is high, the gain at the lowpass or
highpass outputs will be much greater than the nominal filter
gain (Figure 6). As an example, a lowpass filter with a Q of

10 will have a 20 dB peak in its amplitude response at fo. If
the nominal gain of the filter HoLp is equal to 1, the gain at
fo will be 10. The maximum input signal at fo must therefore
be less than 800 mVp_p, when the circuit is operated on
+5V supplies.

Also note that one output can have a reasonable small volt-
age on it while another is saturated. This is most likely for a
circuit such as the notch in Mode 1 (Figure 7). The notch
output will be very small at fo, so it might appear safe to
apply a large signal to the input. However, the bandpass will
have its maximum gain at fo and can clip if overdriven. If
one output clips, the performance at the other outputs will
be degraded, so avoid overdriving any filter section, even
ones whose outputs are not being directly used. Accompa-
nying Figures 7 through 75 are equations labeled “circuit
dynamics”, which relate the Q and the gains at the various
outputs. These should be consulted to determine peak cir-
cuit gains and maximum allowable signals for a given appli-
cation.

3.4 OFFSET VOLTAGE

The MF10’s switched capacitor integrators have a higher
equivalent input offset voltage than would be found in a
typical continuous-time active filter integrator. Figure 19
shows an equivalent circuit of the MF10 from which the out-
put DC offsets can be calculated. Typical values for these
offsets with Sp,p tied to V+ are:

Vosi = opamp offset = £5 mV

Vos2 = —150 mV @ 50:1 —300 mV @ 100:1
Vosz = —70 mV @ 50:1 —140 mV @ 100:1
When Sp/p is tied to V—, Vg2 Will approximately halve. The
DC offset at the BP output is equal to the input offset of the
lowpass integrator (Vog3). The offsets at the other outputs
depend on the mode of operation and the resistor ratios, as
described in the following expressions.
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3.0 Applications Information (Continued)
Mode 1 and Mode 4 Mode 2 and Mode 5§

Vosa

VOS(N) = Vosi (6 +1 HHOLP“) - Q V, = (-FE + 1) " x !

os(N) Rp 08t 13 R2/R4
Vossp) = Vos3 1 Vos3
Vos(p) = Vosn) —Vos2 *Vos2 1 Ra/mz T Gt ¥ Re/a
Mode 1a

) ; Vosa Rp = R1//R3//R4
Vos(N.INV.BP) (1 +Q) Vost——q Vos@p) = Vosa
Vos(p) = Vos(n) — Vosz

Vos(INV.BP) = Vos3 Mode 3
Vos(Lp) = Vos(N.INV.BP)—Vos2

VosHp) = Vosz
V =V

0s(8P) 0s3 R4 R4
Vosp) = Vost |1+ R_p —Vos2 (g5

R4
—Vos3 (ﬁ;)
Rp = R1//R2//R3

NapHPL ] [ ]St

TL/H/10399-30
FIGURE 19. MF10 Offset Voltage Sources

5V SUPPLY

TL/H/10399-31

FIGURE 20. Method for Trimming Vog
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3.0 Applications Information (continued)

For most applications, the outputs are AC coupled and DC
offsets are not bothersome unless large signals are applied
to the filter input. However, larger offset voltages will cause
clipping to occur at lower AC signal levels, and clipping at
any of the outputs will cause gain nonlinearities and will
change fo and Q. When operating in Mode 3, offsets can
become excessively large if R2 and R4 are used to make
foLk/fo significantly higher than the nominal value, espe-
cially if Q is also high. An extreme example is a bandpass
filter having unity gain, a Q of 20, and fo k/fo = 250 with
pin 12 tied to ground (100:1 nominal). R4/R2 will therefore
be equal to 6.25 and the offset voltage at the lowpass out-
put will be about + 1V. Where necessary , the offset voltage
can be adjusted by using the circuit of Figure 20. This allows
adjustment of Vpg4, which will have varying effects on the
different outputs as described in the above equations. Some
outputs cannot be adjusted this way in some modes, how-
ever (Vos(gp) in modes 1a and 3, for example).

3.5 SAMPLED DATA SYSTEM CONSIDERATIONS

The MF10 is a sampled data filter, and as such, differs in
many ways from conventional continuous-time filters. An im-
portant characteristic of sampled-data systems is their ef-
fect on signals at frequencies greater than one-half the
sampling frequency. (The MF10’s sampling frequency is the
same as its clock frequency.) If a signal with a frequency
greater than one-half the sampling frequency is applied to
the input of a sampled data system, it will be “reflected” to
a frequency less than one-half the sampling frequency.
Thus, an input signal whose frequency is fg/2 + 100 Hz will
cause the system to respond as though the input frequency

was fs/2 — 100 Hz. This phenomenon is known as “alias-
ing”, and can be reduced or eliminated by limiting the input
signal spectrum to less than fg/2. This may in some cases
require the use of a bandwidth-limiting filter ahead of the
MF10 to limit the input spectrum. However, since the clock
frequency is much higher than the center frequency, this will
often not be necessary.

Another characteristic of sampled-data circuits is that the
output signal changes amplitude once every sampling peri-
od, resulting in “steps” in the output voltage which occur at
the clock rate (Figure 21). If necessary, these can be
“smoothed” with a simple R-C low-pass filter at the MF10
output.

The ratio of fg k to fc (normally either 50:1 or 100:1) will
also affect performance. A ratio of 100:1 will reduce any
aliasing problems and is usually recommended for wide-
band input signals. In noise sensitive applications, however,
a ratio of 50:1 may be better as it will result in 3 dB lower
output noise. The 50:1 ratio also results in lower DC offset
voltages, as discussed in Section 3.4.

The accuracy of the fo k/fo ratio is dependent on the value
of Q. This is illustrated in the curves under the heading
“Typical Performance Characteristics”. As Q is changed,
the true value of the ratio changes as well. Unless the Q is
low, the error in fg k/fo will be small. If the error is too large
for a specific application, use a mode that allows adjustment
of the ratio with external resistors.

It should also be noted that the product of Q and fg should
be limited to 300 kHz when fg < 5 kHz, and to 200 kHz for
fo > 5 kHz.

100:1

§0:1

TL/H/10399-32

FIGURE 21. The Sampled-Data Output Waveform
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National
Semiconductor

Analog Switch
Definition of Terms

Ron: Resistance between the output and the input of an
addressed channel.

Ig: Current at any switch input. This is leakage current when
the switch is ON.

Ip: Current at any switch input going into the switch. This is
leakage current when the switch is OFF.

Cs: Capacitance between any open terminal “S” and
ground.

Cp: Capacitance between any open terminal “D” and
ground.

Ip~Ig: Leakage current that flows from the closed switch
into the body. This leakage is the difference between the
current Ip going into the switch and the current Ig going out
of the switch.

tran: Delay time when switching from one address state to
another.

ton: Delay time between the 50% points of an enable input
and the switch ON condition.

torr: Delay time between the 50% points of the enable
input and the switch OFF condition.
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Analog Switch/Multiplexer Selection Guide

National
Semiconductor

Analog Switch/Multiplexer Selection Guide

Vs Ton/Torr Ron
Part Number Function Logic Input (Typ) ns (Typ) Q
AH0014 DPDT TTL, DTL +10/—22 350/600 75
AH0015 QUAD SPST TTL,DTL +10/—22 100/600 75
AH0019 DUAL DPST TTL,DTL +10/—-22 100/600 75
AH5011 QUAD SPST TTL, CMOS — 150/300 100
AH5012 TTL, CMOS —_ 150/300 150
CD4016 CMOS +7.5 20/40 850
CD4066 CMOS +7.5 25/50 280
LF11201/LF13201 TTL +15 90/500 200
LF11202/LF13202 TTL +15 90/500 200
LF11331/LF13331 TTL +15 90/500 200
LF11332/LF13332 TTL +15 90/500 200
LF11333/LF13333 TTL +15 90/500 200
MM74HC4016 CMOS +12 5/8 40
AH5020 DUAL SPDT TTL, CMOS 150/300 150
CD4053 TRIPLE SPDT CMOS +7.5 160/75 300
MM74HC4053 CMOS +6.0 15/16 40
AH5009 4-CHANNEL TTL, CMOS — 150/300 100
AH5010 TTL, CMOS —_ 150/300 150
CD4052 4-CHANNEL CMOS +75 160/75 300
CD4529B DIFFERENTIAL CMOS +75 50 350
LF13509 TTL, CMOS +18 1600/200 350
MM74HC4052 CMOS +6.0 15/16 40
CD4051 8-CHANNEL CMOS +7.5 160/75 300
CD4529B CMOS +7.5 50 350
LF13508 TTL, CMOS +18 1600/200 350
MM74HC4051 CMOS +6.0 15/16 40
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National
Semiconductor

AH0014/AH0014C* DPDT, AH0015/AH0015C Quad
SPST, AH0019/AH0019C* Dual DPST-TTL/DTL
Compatible MOS Analog Switches

General Description

This series of TTL/DTL compatible MOS analog switches
feature high speed with internal level shifting and driving.
The package contains two monolithic integrated circuit
chips: the MOS analog chip is similar to the MM450 type
which consists of four MOS analog switch transistors; the
second chip is a bipolar I.C. gate and level shifter. The se-
ries is available in hermetic dual-in-line package.

These switches are particularly suited for use in both military
and industrial applications such as commutators in data ac-
quisition systems, multiplexers, A/D and D/A converters,
long time constant integrators, sample and hold circuits,
modulators/demodulators, and other analog signal switch-
ing applications.

The AH0014, AH0015 and AH0019 are specified for opera-
tion over the —55°C to + 125°C miilitary temperature range.
The AH0014C, AH0015C and AH0019C are specified for
operation over the —25°C to +85°C temperature range.

Features

m Large analog voltage switching +10V
m Fast switching speed 500 ns
m Operation over wide range of power supplies

B Low ON resistance 200Q
m High OFF resistance 1011Q
B Analog signals in excess of 25 MHz

@ Fully compatible with DTL or TTL logic
B Includes gating and level shifting

Block and Connection Diagrams

'
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Note: All logic inputs shown at logic “1”. TL/K/10125-1
Order Number AH0014D or AH0014CD
See NS Package Number D14D

Quad SPST
rmmmmmmmm—————— .
ANALOG 11 Ero-L12_ ANALOG
N1 o ouT 1
ANALOGIOL B 1 19 ANALOG
IN2 : : ] ouT 2
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ANALOG _Z Feo—t 1 18 ANALOG
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Note: All logic inputs shown at logic “1". TL/K/10125-2
Order Number AH0015D or AHO015CD
See NS Package Number D16C

Dual DPST

IN A1 H . :
ANALOG _7 ¢ 1 5 ANALOG
IN B1 H ouT 1

Note: All logic inputs shown at logic *“1”.

TL/K/10125-3

Order Number AH0019D or AH0019CD
See NS Package Number D14D

*Previously called NH0014/NH0014C and NH0019/NH0019C
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Absolute Maximum Ratings

AH0014/AH0014C/AH0015/AH0015C/AH0019/AH0019C

If Military/Aerospace specified devices are required, V+/V— Voltage Differential 40V
please contact the National Semiconductor Sales Logic Input Voltage . 5.5V
. Office/Distributors for availability and speclﬂcgtlons. Storage Temperature Range —65°Cto +150°C
Ve Supply Voltage 7.0v Operating Temperature Range
V-~ Supply Voltage ‘ —30v AH0014, AHO015, AH0019 —55°Cto +125°C
V+ Supply Voltage +30V AHO0014C, AH0015C, AH0019C —25°Cto +85°C
Lead Temperature (Soldering, 10 sec) 300°C
Electrical Characteristics (Notes 1and 2)
Parameter - Conditions Min Typ Max Units
Logical “1” Input Voltage Vce = 4.5V 2.0 . \
Logical “0” Input Voltage Vce = 4.5V 0.8 \']
Logical “1” Input Current : Vce = 5.5V, VN = 2.4V ’ ' 5 HA
Logical “1” Input Current Vce = 5.5V, Vjy = 5.5V 1 uA
Logical “0” Input Current Voo = 5.5V, V|y = 0.4V 0.2 0.4 mA
Power Supply Current Logical “1” Ve = 5.5V, VN = 4.5V
Input—Each Gate (Note 3) . 0.85 16 mA
Power Supply Current Logical “0” Vee = 5.5V, VN = 0V
Input—Each Gate (Note 3) ;
AH0014, AH0014C 1.5 3.0 mA
AH0015, AH0015C 0.22 0.41 mA
AH0019, AH0019C : 0.22 0.41 mA
Analog Switch ON Resistance—Each Gate VN (Analog) = +10V 75 200 Q
VN (Analog) = —10V 150 600 Q
Analog Switch OFF Resistance 101 Q
Analog Switch input Leakage Current— ViN = —10V
Each Input (Note 4)
AH0014, AH0015, AH0019 Ta = 25°C ) 25 200 pA
Ta = 125°C 25 200 nA
AH0014C, AH0015C, AH0019C Ta = 25°C ‘ 0.1 10 nA
Ta = 70°C 30 100 nA
Analog Switch Output Leakage Vout = —10V
Current—Each Output (Note 4)
AHO0014, AH0015, AH0019 Ta = 25°C 40 400 pA
Ta = 125°C - 40 400 nA
AH0014C, AHO015C, AH0019C Ta = 25°C ) 0.05 10 nA
Ta = 70°C 4 50 nA
Analog Input (Drain) Capacitance 1 MHz @ Zero Bias 8 10 pF
Output Source Capacitance 1MHz @ ZeroBias 11 13 pF
Analog Turn-OFF Time—torr See Test Circuit; Tp = 25°C 600 750 ns
Analog Turn-ON Time—ton See Test Circuit; Tp = 25°C
AHO0014, AH0014C 350 425 ns
AH0015, AH0015C 100 150 ns
AH0019, AH0019C 100 150 ns
Note 1: Min/max limits apply across the guaranteed temperature range of —55°C to + 125°C for AH0014, AH0015, AH0019 and —25°C to +85°C for AH0014C,
AH0015C, AH0019C. V- = —20V. V+ = +10V and an analog test current of 1 mA unless otherwise specified.
Note 2: All typical values are measured at T4 = 25°C with Vgg = 5.0V. V+ = +10V,V— = —22V.

Note 3: Current measured is drawn from Vg supply.
Note 4: All analog switch pins except measurement pin are tied to V+.
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Selecting Power Supply Voltage

The graph shows the boundary conditions which must be
used for proper operation of the unit. The range of operation
for power supply V— is shown on the X axis. It must be

between —25V and —8V. The allowable range for power =25 =15 1
supply V+ is governed by supply V—. With a value chosen REGION

for V=, V+ may be selected as any value along a vertical 1710
line passing through the V— value and terminated by the 118
boundaries of the operating region. A voltage difference be- 1-20
tween power supplies of at least 5V should be maintained for =25

- - TL/K/10125-10
adequate signal swing.
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National |
Semiconductor

AH5009/AH5010/AH5011/AH5012 Monolithic
Analog Current Switches

General Description m Active filters

B Signal multiple; /demultiplexers
A versatile family of monolithic JFET analog switches eco- igna’ muliiplexers plex

nomically fulfills a wide variety of multiplexing and analog = Multiple channel AGC
switching applications. ® Quad compressors/expanders

Even numbered switches may be driven directly from stan- a Ch0ppers/demodurxlators .
dard 5V logic, whereas the odd numbered switches are in- ™ Programmable gain amplifiers
tended for applications utilizing 10V or 15V logic. The mono- @ High impedance voitage buffer
lithic construction guarantees tight resistance match and ® Sample and hold

track.
- - Features
For voltage switching applications see LF13331, LF13332, 8 Interfaces with standard TTL and CMOS

and LF13333 Analog Switch Family, or the CMOS Analog

¢L0SHV/110SHVY/010SHY/600SHY

Switch Family. m “ON” resistance match 20

. . m Low “ON” resistance 1000
Applications m Very low leakage 50 pA
m A/D and D/A converters m Large analog signal range +10V peak
@ Micropower converters B High switching speed 150 ns
Industrial controllers B Excellent isolation between 80 dB
@ Position controllers channels at 1 kHz

® Data acquisition

Connection and Schematic Diagrams (ali switches shown are for logical “1” input)

Dual-In-Line Package Dual-In-Line Package
_'_--,u,-._ | 1 4 15
Al A e

JINTY . 4 CHANNEL 4 SPST %
LOGIC DRIVE Al "
1 . MUX SWITCHES ] Y |n
5 » 5V LOGIC AH5010C AH5012C 5 N
BEEAN I8 15V LOGIC AH5009C | AHS5011C J % % |
7 1 1 8 q B
—_—t——— l-__’_ _7’___ ~__i
. Kl f [

TOP VIEW

AH5009C and AH5010C MUX Switches ToP viEw
(4-Channel Version Shown) AH5011C and AH5012C SPST Switches
Order Number AH5009CM, (Quad Version Shown)
AH5009CN, AH5010CM or AH5010CN Order Number AH5011CM,
See NS Package Number M14A or N14A AH5011CN, AH5012CM or AH5012CN

See NS Package Number M16A or N16A

COMPENSATING FET

2 OW 4 30—y 1
) 4 G h 4 I
30— 10
9 2
50— 50— 8
h 4 I I
7 —o 11 ¥
50 50
7 ’ 1
9 0—g 110—4 9
Yy I !E I
10 0— 120
0 ‘ ‘ 10
13 0—¢ 14 0—¢ 16
) 4 ]'I‘[ \ 4 I
120 ° no- 15
COMMON DRAINS UNCOMMITTED DRAINS 7\ /11 /56501

Note: All diode cathodes are internally connected to the substrate.
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AH5009/AH5010/AH5011/AH5012

Absolute Maximum Ratings (Note 1)

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

Input Voltage

AH5009/AH5010/AH5011/AH5012 30V
Positive Analog Signal Voltage 30V
Negative Analog Signal Voltage —15V
Diode Current 10 mA

Drain Current

Soldering Information:
N Package 10 sec
SO Package Vapor Phase (60 sec.)
Infrared (15 sec.)

Power Dissipation
Operating Temperature Range
Storage Temperature Range

Electrical Characteristics AH5010 and AH5012 (Notes 2 and 3)

30 mA

300°C
215°C
220°C
500 mW

—25°Cto +85°C
—65°Cto +150°C

Symbol Parameter Conditions Typ Max Units

lasx Input Current “OFF” 4.5V<Vgp<11V,Vgp=0.7V 0.01 0.2 nA
) Tpo=85°C 10 nA

Ip(oFF) Leakage Current “OFF” Vgp=0.7V, Vgs=3.8V 0.02 0.2 nA
Tpo=85°C 10 nA

IG(ON) Leakage Current “ON” Vgp=0V, ls=1mA 0.08 1 nA
Tpo=85°C 200 nA

IGON) Leakage Current “ON” Vgp=0V,Is= 2mA 0.13 5 nA
TAo=85C 10 pA

IG(ON) Leakage Current “ON” Vgp=0V,lg=—2mA 0.1 10 nA
Tao=85°C 20 pA

DS(ON) Drain-Source Resistance Vgs=0.35V, Ig=2mA 90 150 Q
Ta=+85C 240 Q

Vplobe Forward Diode Drop Ip=0.5mA 0.8 v
TDS(ON) Match Vgs=0V,Ip=1mA 4 20 Q
Ton Turn “ON” Time See AC Test Circuit 150 500 ns
TorrF Turn “OFF” Time See AC Test Circuit 300 500 ns
CT Cross Talk See AC Test Circuit 120 dB

Electrical Characteristics AH5009 and AH5011 (Notes 2 and 3)
Symbol Parameter Conditions Typ Max Units

lasx Input Current “OFF” 11V<Vgp<15V, Vgp=0.7V 0.01 0.2 nA
Tao=85°C 10 nA
ID(OFF) Leakage Current “OFF”’ Vgp=0.7V, Vgs=10.3V 0.01 0.2 nA
Tao=85C 10 nA
IG(oN) Leakage Current “ON” Vgp=0V,Ig= 1mA 0.04 0.5 nA
Tao=85C 100 nA

laon) Leakage Current “ON” VD=0V, Ig=2mA 2 nA
Tao=85°C 1 rA
laoN) Leakage Current “ON” Vgp=0V,Ilg=—2mA 5 nA
TA=85°C 2 pA

TDS(ON) Drain-Source Resistance Vgs=1.5V,Ig=2mA 60 100 0
TAo=85C 160 Q

VpIODE Forward Diode Drop Ip=0.5mA 0.8 \"
DS(ON) Match Vgs=0V,Ip=1mA 2 10 a
Ton Turn “ON” Time See AC Test Circuit 150 50 ns
Torr Turn “OFF” Time See AC Test Circuit 300 500 ns
CcT Cross Talk See AC Test Circuit. f = 100 Hz. 120 dB

Note 1: Absolute maximum ratings indicate limits beyond which damage to the device may occur. DC and AC electrical specifications do not apply when operating

the device beyond its specified operating conditions.
Note 2: Test conditions 25°C unless otherwise noted.

Note 3: “OFF” and “ON" notation refers to the conduction stats of the FET switch.

Note 4: Thermal Resistance:
(AT
N14A, N16A 92°C/W
M14A, M16A 115°C/W




Test Circuits and Switching Time Waveforms

Cross Talk Test Circuit

= 100 He

+5V or +15V

AC Test Circuit
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— ]
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Time Waveforms
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TL/H/5659-2
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AH5009/AH5010/AH5011/AH5012

Typical Performance Characteristics

Parameter Interaction
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Applications Information

Theory of Operation

The AH series of analog switches are primarily intended for
operation in current mode switch applications; i.e., the
drains of the FET switch are held at or near ground by oper-
ating into the summing junction of an operational amplifier.
Limiting the drain voltage to under a few hundred millivolts
eliminates the need for a special gate driver, allowing the
switches to be driven directly by standard TTL (AH5010),
5V-10V CMOS (AH5010), open collector 15V TTL/CMOS
(AH5009).

Two basic switch configurations are available: 4 indepen-
dent switches (SPST) and 4 pole switches used for multi-
plexing (4 PST-MUX). The MUX versions such as the
AH5009 offer common drains and include a series FET op-
erated at Vgs= OV. The additional FET is placed in the
feedback path in order to compensate for the “ON” resist-
ance of the switch FET as shown in Figure 1.

The closed-loop gain of Figure 1 is:

R2 + rpson)Q2

R1 +rpsonyat

For R1 = R2, gain accuracy is determined by the rpg(on)
match between Q1 and Q2. Typical match between Q1 and
Q2 is 4 ohms resulting in a gain accuracy of 0.05% (for R1
= R2 = 10 kQ).

Noise Immunity

The switches with the source diodes grounded exhibit im-
proved noise immunity for positive analog signals in the

AycL =

SERIES
R1 ELEMENT

'ANALOG
eyt VA

“OFF” state. With V=15V and the Vo= 10V, the source
of Q1 is clamped to about 0.7V by the diode (Vgs=14.3V)
ensuring that ac signals imposed on the 10V input will not
gate the FET “ON.”

Selection of Gain Setting Resistors
Since the AH series of analog switches are operated in cur-
rent mode, it is generally advisable to make the signal cur-
rent as large as possible. However, current through the FET
switch tends to forward bias the source to gate junction and
the signal shunting diode resulting in leakage through these
junctions. As shown in Figure 2, Ig(on) represents a finite
error in the current reaching the summing junction of the op
amp.
Secondly, the rps(on) of the FET begins to “round” as Ig
approaches Ipgs. A practical rule of thumb is to maintain Ig
at less than o of Ipss.
Combining the criteria from the above discussion yields:
V, A
Rimin = YAMAX) \D (2a)
la(oN)
or:
V,
> YAMAX) (2b)
Ipss/10
whichever is larger.

COMPENSATION
FET

R2
10k

ANALOG
OUTPUT

FIGURE 1. Use of Compensation FET

le = —
ST R
R1 — +

Ip =ls - lgion)

R2

Va=+0V

L laion)

O
Al

TL/H/5659-4

FIGURE 2. On Leakage Current, Igon)
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AH5009/AH5010/AH5011/AH5012

Applications Information (continued)

Where: Vamax) = Peak amplitude of the analog

input signal
Ap = Desired accuracy
laon)  =Leakage at a given Ig
Ipss = Saturation current of the FET
switch
=20 mA

In a typical application, Vo might = £10V, Ap=0.1%,
0°C<Ta=85°C. The criterion of equation (2b) predicts:
(10v)
S>—_—
Riminy (20 mA) 5kQ
10
For R1 = 5k, Ig = 10V/5k or 2 mA. The electrical charac-
teristics guarantee an Ig(on)< 1p.A at 85°C for the AH5010.
Per the criterion of equation (2a):
(10V)(10-3)
2—_—_—
1X10—6
Since equation (2a) predicts a higher value, the 10k resistor
should be used.
The “OFF” condition of the FET also affects gain accuracy.
As shown in Figure 3, the leakage across Q2, Ip(oFF) repre-
sents a finite error in the current arriving at the summing
junction of the op amp.

R1min) =210k

Accordingly:

R1 (MAX)S

Where: VAMIN

VAMIN) Ap
(N) IpoFr)

) = Minimum value of the analog
input signal

Ap = Desired accuracy
N = Number of channels
Iporr) = “OFF” leakage of a given FET

switch

As an example, if N = 10, Ap = 0.1%, and Ip(oFF) < 10 nA
at 85°C for the AH5008. R1(yax) is:

1V)(10—3) -

o9
(10)(10X10—9)
Selection of R2, of course, depends on the gain desired and
for unity gain R1=R2.
Lastly, the foregoing discussion has ignored resistor toler-
ances, input bias current and offset voltage of the op amp—
all of which should be considered in setting the overall gain
accuracy of the circuit.

TTL Compatibility

The AH series can be driven with two different logic voltage
swings: the even numbered part types are specified to be
driven from standard 5V TTL logic and the odd numbered
types from 15V open collector TTL.

R1(MAX)S

g Ja
S=1R Ip =15 +lporr)
Vay Rl — —
a1 R2
“oN" O
Vin

A1 = loorr_#

Vin =5V

TL/H/5659-5

FIGURE 3




Applications Information (continued)

Standard TTL gates pull-up to about 3.5V (no load). In order
to ensure turn-off of the even numbered switches such as
AH5010, a pull-up resistor, RgxT, of at least 10 kQ should

both cases, t(oFF) is improved for lower values of RexT at
the expense of power dissipation in the low state.

Definition of Terms

be placed between the 5V Vg and the gate output as
shown in Figure 4.

Likewise, the open-collector, high voltage TTL outputs
should use a pull-up resistor as shown in Figure 5. In

The terms referred to in the electrical characteristics tables
are as defined in Figure 6.

ANALOG
INPUT (Va)

ANALOG
OuTPUT

FIGURE 4. Interfacing with +5V TTL

ANALOG

+5V OR +15V
% INPUT (V)

ANALOG
OUTPUT

15V TTL GATE
TL/H/5659-6
FIGURE 5. Interfacing with + 15V Open Collector TTL
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AH5009/AH5010/AH5011/AH5012

Applications Information (continued)

Rosion) COMPENSATING
ELEMENT
SERIES
ELEMENT ‘

Va

ELEMENT

FIGURE 6. Definition of Terms

Typical Applications

De-Glitched Switch for Noiseless Audio Switching

OFF
5V R
RC TYPICALLY
(1 ms—10 ms) ,
ON
[ T A
- - J#
AUDIO Rin
SIGNAL
INPUT 1/4 AH5012

O ouT

TL/H/5659-7
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Typical Applications (continued)

3-Channel Multiplexer with Sample and Hold
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8-Bit Binary (BCD) Multiplying D/A Converter*
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qL FULL-SCALE ADJUSTMENT
I ;» 2k
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s | = r———-
4 $ 8k
‘L_(m)
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o | = |
| % % ' sk *Recommended resistor array connection for D/A application
I = @ I - Va
L
_‘b 1 16
S0 VWA
2 (180 FOR BCD) MA—AAA- >40RS
12.5k - = M AW

VWV W3 30R7

SWITCH
% 2 0R 6{ CONNECTION

)
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> 225
< < <
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>SS S
D<P‘b >

I
<
<
<
<
<

~
o
=
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WA
8 9
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@
2
|

2 Beckman resistor arrays
Part #698-1-R 100k B recommended

100k

Ri(GTly + G2lp + G313 + Gd Iy +
G515 , G6lg ﬁl7+ﬁla

o

I = G8 16 16 16 16
[ ﬂslﬂ —d Note: The switch is “ON" when G is at OV (Logic “0")
VR TL/H/5659-8
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AH5009/AH5010/AH5011/AH5012

Typical Applications (continued)  16.channel Muttipiexer

Ent

Eins

10pV TYPICAL @ 70°C

14 16
Eite Note: The analog switch between the op amp and the 16 input
13 switches reduces the errors due to leakage.
| = 15

Al resistors are 10k.
J resis TL/H/5659-9

|
' I CHARACTERISTICS: ERROR=0.4pV TYPICAL @ 25°C
} LI |
| ]
' I




Typical Applications (continued)
Gain Programmable Amplifier

hn
—

"
}_— AH5009/AH5010 2 I

Y |

—
I

—Eour
= Res
hn

_' CHARACTERISTICS: GAIN =

61 b1 o

GAIN SELECT =
TL/H/5659-10
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AH5020C

National
Semiconductor

AH5020C Monolithic Analog Current Switch

General Description

This versatile dual monolithic JFET analog switch economi-
cally fulfills a wide variety of multiplexing and analog switch-
ing applications.

These switches may be driven directly from standard 5V
logic.

The monolithic construction guarantees tight resistance
match and track.

Features

W Interfaces with standard TTL

m “ON” resistance match 2Q

| Low “ON” resistance 150Q

| Very low leakage 50 pA

B Large analog signal range +10V peak

| High switching speed 150 ns

® Excellent isolation between 80 dB
channels at 1 kHz

Applications

m A/D and D/A converters

® Micropower converters

® Industrial controllers

m Position controllers

m Data acquisition

B Active filters

m Signal multiplexers/demultiplexers

m Multiple channel AGC

® Quad compressors/expanders

® Choppers/demodulators

m Programmable gain amplifiers

® High impedance voltage buffer

m Sample and hold

For voltage switching applications see LF13201, LF13202,
LF13331, LF13332, and LF13333 Analog Switch Family, or
the CMOS Analog Switch Family.

Connection and Schematic Diagrams (i switches shown are for logical “1”)

Dual-In-Line Package

|~

U 8

_3.1 r_

7
—c—

TL/H/5166-1

Top View

Order Number AH5020CJ
See NS Package Number JOSA

[ |

Note: All diode cathodes are internally connected to the substrate.

T

TL/H/5166-2




Absolute Maximum Ratings note 1)

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

Drain Current
Power Dissipation
Operating Temp. Range

30 mA

500 mW

—25°C to +85°C

Ianft‘VoItage ) sov Storage Temperature Range —65°Cto +150°C
Positive Analog Slgnal Voltage 3ov Lead Temp. (Soldering, 10 seconds) 300°C
Negative Analog Signal Voltage —15v
Diode Current 10 mA
Electrical Characteristics (Notes 2and 3)
Symbols Parameter ° Conditions Typ Max Units
lgsx Input Current “OFF” Vgp = 4.5V, Vgp = 0.7V 0.01 0.1 nA
Vap = 11V, Vgp = 0.7V 0.01 0.2 nA
Ta = 85°C,Vgp = 11V, Vgp = 0.7V 10 nA
ID(OFF) Leakage Current “OFF” Vgp = 0.7V, Vgg = 3.8V 0.01 0.2 nA
Ta = 85°C 10 nA
laoN) Leakage Current “ON” Vgp = 0V,ls = 1mA 0.08 1 nA
Ta = 85°C 200 nA
laoN) Leakage Current “ON” Vgp = 0V, Ig = 2mA 0.13 5 nA
Ta = 85°C 10 RA
laoN) Leakage Current “ON” Vgp = OV, I = —2mA 0.1 10 nA
Ta = 85°C 20 RA
DS(ON) Drain-Source Resistance Vgs = 0.5V, lg = 2mA 90 150 Q
Ta = +85°C 240 Q
VpIoDE Forward Diode Drop Ip = 0.5 mA 0.8 \
DS(ON) Match Vgs =0,lp = 1mA 2 20 Q
ToN Turn “ON” Time See ac Test Circuit 150 500 ns
TorF Turn “OFF” Time See ac Test Circuit 300 500 ns
CT Cross Talk See ac Test Circuit 120 dB

Note 1: Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. DC and AC electrical specifications do not apply when operating

the device beyond its specified operating conditions.
Note 2: Test conditions 25°C unless otherwise noted.

Note 3: “OFF” and “ON” notation refers to the conduction state of the FET switch.

Note 4: Thermal Resistance:
04a (Junction to Ambient) .......... N/A
6,c (JunctiontoCase) ............. N/A
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AH5020C

Test Circuits
AC Test Circuit
Va= 210V

Vour

s (CL=10 pF)

[+
Vi (ouT)

D

L L 10k
TL/H/5166-4

V
23.\49-9

Switching Time Waveforms

f=100Hz

Cross Talk Test Circuit

1V g4 WF

OFF -15v

5VOR 15V
Vin ’ s
y =< 01ps / 50% hs‘”‘
ov
0.8v
v 0%
our
Va= +10V
10%
g ]
—*toFn ton)
OV e
Vour
90%
Va=-10V \
—>{t(0FF) e e—1(0N)

TL/H/5166-5

TL/H/5166-3
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Typical Performance Characteristics @
Leakage Current, Ip(orr) N
Parameter Interaction vs Temperature (9]
1000 asor @ Vo = TV o= TR 100 _ 10k
= s @ lo=—1mA, Vgs =0V - =
W @ Vos = —15V, Vgs =0V PULSE s ot
£z H—t g g
] loss 2 g %
25 o 2 3
€€ m < 0 § 8 ,
£ £ g
ez by S
zE 3 |
z ros : £
s 20 '[ e 5 |
10 1.0 10 |
1.0 5 10 100 25 35 45 55 65 75 85
Vgs—GATE-SOURCE CUTOFF VOLTAGE (V) TEMPERATURE (°C)
TL/H/5166-6 TL/H/5166-7
“ON” Resistance, rps(on)
vs Temperature Cross Talk, CT vs Frequency
150 -120 —
s Ip=—1mA b ! Va= 110V
- 125 SV TIL -100
g | g w ™
£ 100 > _
@ — 5V CMOS — 80
@« A = N,
2 55 Jl/ 2 ';g N
H —— S —
3 5 ™15V TTL/10V-15V CMOS sl _50
L 5 -4
Z % -30
< -20
0 -10
25 35 45 55 65 75 85 100 1k 10k 100k 1M
TEMPERATURE (°C) FREQUENCY (Hz)
TL/H/5166-8 TL/H/5166-9
Leakage Current vs Transconductance vs
Drain-Gate Voltage Drain Current
i =======| Rl ers
g =3 R
= lp=—-2mA E
%‘ 100 8
e Ip=-1mA =
4 LB g "= o
Y ] g | Bl Y
3 loss 5 g 5 vl T
7, m— Bs n =
3 =01 mAf £ 7 " |(1F|;)| I“ 1
o LTI | A A Vesorm =T
0 50 10 15 2 25 -0.1 -1.0 -10
DRAIN-GATE VOLTAGE (V) DRAIN CURRENT (mA)
TL/H/5166-10 TL/H/5166-11
Drain Current vs Bias Normalized Drain Resistance
Voltage vs Bias Voltage
-25 . 100 g —
Vos=—10V g EVesiorr) @ — 10V, —10 yAT—]
_ \ f=1kHz w F o ms ¥
g-» \ Ta=25°C z 50 proso =——e— 7
= 2 [ Ves(0FF)
& -15 g
< a
3 AN ° 10
= -10 !
F N = 50 /-
=} o=
g AVAN g
= NN Lo20 =
0 =
0 1.0 2.0 3.0 0 02 04 06 08 10
GATE-SOURCE VOLTAGE (V) |Vas /Vas(orF) | —NORMALIZED
TL/H/5166-12 GATE-T0-SOURCE VOLTAGE (V)
TL/H/5166-13
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AH5020C

Applications Information

THEORY OF OPERATION

The AH5020 analog switches are primarily intended for op-
eration in current mode switch applications; i.e., the drains
of the FET switch are held at or near ground by operating
into the summing junction of an operational amplifier. Limit-
ing the drain voltage to under a few hundred millivolts elimi-
nates the need for a special gate driver, allowing the
switches to be driven directly by standard TTL.

If only one of the two switches in each package is used to
apply an input signal to the input of an op amp, the other
switch FET can be placed in the feedback path in order to
compensate for the “ON” resistance of the switch FET as
shown in Figure 1.

The closed-loop gain of Figure 1 is:

_R2 + rpsonjez

R1 + rpson)at
For R1 = R2, gain accuracy is determined by the rps(on)
match between Q1 and Q2. Typical match between Q1 and
Q2 is 20 resulting in a gain accuracy of 0.02% (for R1 = R2
= 10 kQ).

AvcL =

NOISE IMMUNITY

The switches with the source diodes grounded exhibit im-
proved noise immunity for positive analog signals in the
“OFF” state. With V)y = 15V and the Vo = 10V, the
source of Q1 is clamped to about 0.7V by the diode (Vgs =
14.3V) ensuring that ac signals imposed on the 10V input
will not gate the FET “ON".

SELECTION OF GAIN SETTING RESISTORS

Since the AH5020 analog switches are operated in current
mode, it is generally advisable to make the. signal current as
large as possible. However, current through the FET switch
tends to forward bias the source to gate junction and the
signal shunting diode resulting in leakage through these
junctions. As shown in Figure 2, Ig(on) represents a finite
error in the current reaching the summing junction of the op
amp.

Secondly, the rpg(on) of the FET begins to “round” as Ig
approaches Ipgs. A practical rule of thumb is to maintain Ig
at less than 4 of Ipgs.

Combining the criteria from the above discussion yields:
Vamax) A
RigmiNy = A'MAX D (2a)
G(ON)
or:

V,
> YAMAX) (2b)
Ipss/10
whichever is larger.

COMPENSATION
FET
R1 SERIES ‘ f2
Va 10k ELEMENT S R2
ANALOG ‘ S 10k
INPUT jvjm
ANALOG
OUTPUT
u‘n v.l
= T
- TL/H/5166-14
FIGURE 1. Use of Compensation FET
nss% lo=1s—Ig(oN)
Al — . - —_— 2
VA=10V ==AAA—O- 1 Ol
l‘a(l!“)
=

TL/H/5166-15

FIGURE 2. On Leakage Current, Ig(on)




Applications Information (continued)

Where Vamax) = Peak amplitude of the analog input
signal

Ap = Desired accuracy
laon) = Leakage at a given Ig
Ipss = Saturation current of the FET switch

Il

20 mA
In a typical application, Va might = +10V, Ap =0.1%, 0°C
< Ta < 85°C. The criterion of equation (2b) predicts:

10V
2omA KO

10
For R1 = 5k, Ig = 10V/5k or 2 mA. The electrical charac-
teristics guarantee an Igon) < 1pA at 85°C for the
AH5020. Per the criterion of equation (2a):

(10V)(10—3)
1 X 10-6
Since equation (2a) predicts a higher value, the 10k resistor

should be used.

The “OFF” condition of the FET also affects gain accuracy.
As shown in Figure 3, the leakage across Q2, Ip(oFF) repre-
sents a finite error in the current arriving at the summing
junction of the op amp.

R1 (MIN) =

Riminy = > 10 kQ

Accordingly:

Vamin) Ap
(N) Iporr)
Where Vagmin)y = Minimum value for the analog input sig-
nal

Ap Desired accuracy

N Number of channels

Iporr) = “OFF” leakage of a given FET switch
As an example, if N=10, Ap=0.1%, and IpiorF) < 10 nA
at 85°C for the AH5020. R1(\max) is:

(1V)(10—3)

(10)(10 X 10-9)
Selection of R2, of course, depends on the gain desired and
for unity gain R1 = R2.
Lastly, the foregoing discussion has ignored resistor toler-
ances, input bias current and offset voltage of the op
amp — all of which should be considered in setting the
overall gain accuracy of the circuit.

Rimax) <

Rimax) < =10k

Va |
ls=-g- Ip=ls+l
R —— 00’1‘ —w
Var O~ R2
Vin +
=
= Q2 | -
R1 OFF Mﬂj |
|
|
Vin=5v

TL/H/5166-16

FIGURE 3. Off Leakage Current, Ip(oFF)

2-25

00205HY




AH5020C

Applications Information (continued)
TTL COMPATIBILITY

Standard TTL gates pull-up to about 3.5V (no load). In order
to ensure turn-off of the AH5020, a pull-up resistor, RgxT of
at least 10 kQ should be placed between the 5V V¢ and the
gate output as shown in Figure 4.

r-—---

LE

“AAA

-+
|
' —
5V TTL GATE = =
G D aED GED AED T

INPUT (Vin)

DEFINITION OF TERMS

The terms referred to in the electrical characteristics tables
are as defined in Figure 5.

ANALOG
INPUT (Va)
ﬁf_, <
:' 10k
L ANALOG
OUTPUT

TL/H/5166~17

FIGURE 4. Interfacing with +5V TTL

ros(on) COMPENSATING
ELEMENT

AAA
\ 4

TL/H/5166-18

FIGURE 5. Definition of Terms
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Typical Applications

O020SHY

Deglitched Switch for Noiseless Audio Switching

RC TYPICALLY
1ms-10 ms
R
""‘V
1/2 AH5020
p— OUT
= TL/H/5166-19
Gain Programmable Amplifier
N
——~ 10k 2
-[ 6
= == Eour

I, T aHs020 i EDN I |

100k

—Eour

——

Characteristics: Gain =

TL/H/5166-20
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CD4016BM/CD4016BC

National
Semiconductor

CD4016BM/CD4016BC Quad Bilateral Switch

General Description

The CD4016BM/CD4016BC is a quad bilateral switch in-
tended for the transmission or multiplexing of analog or digi-
tal signals. It is pin-for-pin compatible with CD4066BM/
CD4066BC.

Features
m Wide supply voltage range 3V to 15V
m Wide range of digital and analog switching +7.5 Vpgak
H “ON” resistance for 15V operation 400Q (typ.)
m Matched “ON” resistance over 15V

signal input
m High degree of linearity

ARon=10 (typ.)

0.4% distortion (typ.)

@ fig = 1kHz, Vig=5Vpp,
Vpp—Vss=10V, RL. =10 kQ

| Extremely low “OFF” switch leakage 0.1 nA (typ.)
@ Vpp — Vgg=10V
Ta=25°C

m Extremely high control input impedance 10120 (typ.)
m Low crosstalk between switches —50 dB (typ.)

@ fig=0.9 MHz, R = 1 kQ
m Frequency response, switch “ON” 40 MHz (typ.)

Applications
B Analog signal switching/multiplexing
® Signal gating
e Squelch control
® Chopper
® Modulator/Demodulator
e Commutating switch
m Digital signal switching/multiplexing
m CMOS logic implementation
B Analog-to-digital/ digital-to-analog conversion
m Digital control of frequency, impedance, phase, and an-
alog-signal gain

Schematic and Connection Diagrams

Dual-In-Line Package

e
CONTROL 2 13
OUT/IN CONTROL A
3 12
OUT/IN [swo | —— CONTROL D
TV 4 11
YT P | j_ OUT/IN IN/OUT = l— IN/oUT
1
T CONTROL B —] | sws | L
CONTROL ¢ —2 2 ou
7
= I@l— o
TOP VIEW
TL/F/5661-1
Order Number CD4016B*

*Please look into Section 8, Appendix D for availability of various package types.

See the CMOS Logic Databook for Complete Specifications
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National
Semiconductor

CD4051BM/CD4051BC Single 8-Channel Analog

Mulitiplexer/Demuitiplexer

CD4052BM/CD4052BC Dual 4-Channel Analog

Multiplexer/Demultiplexer

CD4053BM/CD4053BC Triple 2-Channel Analog

Muitiplexer/Demultiplexer

General Description

These analog multiplexers/demultiplexers are digitally con-
trolled analog switches having low “ON” impedance and
very low “OFF” leakage currents. Control of analog signals
up to 15V can be achieved by digital signal amplitudes of
3-15V. For example, if Vpp=5V, Vgg=0V and Vgg= —5V,
analog signals from —5V to + 5V can be controlled by digi-
tal inputs of 0-5V. The multiplexer circuits dissipate ex-
tremely low quiescent power over the full Vpp—Vgg and
Vpp—VEe supply voltage ranges, independent of the logic
state of the control signals. When a logical ““1” is present at
the inhibit input terminal all channels are “OFF”.
CD4051BM/CD4051BC is a single 8-channel multiplexer
having three binary control inputs. A, B, and C, and an inhibit
input. The three binary signals select 1 of 8 channels to be
turned “ON” and connect the input to the output.
CD4052BM/CD4052BC is a differential 4-channel multiplex-
er having two binary control inputs, A and B, and an inhibit
input. The two binary input signals select 1 or 4 pairs of
channels to be turned on and connect the differential ana-
log inputs to the differential outputs.
CD4053BM/CD4053BC is a triple 2-channel multiplexer
having three separate digital control inputs, A, B, and C, and

an inhibit input. Each control input selects one of a pair of
channels which are connected in a single-pole double-throw
configuration.

Features

m Wide range of digital and analog signal levels: digital
3-15V, analog to 15Vp.p

B Low “ON” resistance: 80Q) (typ.) over entire 15V, sig-
nal-input range for Vpp—Vgg=15V

B High “OFF” resistance: channel leakage of +10 pA
(typ.) at Vpp—Vge=10V

@ Logic level conversion for digital addressing signals of
3-15V (Vpp—Vss=3-15V) to switch analog signals to
15 Vpp (Vpp—VeE=15V)

m Matched switch characteristics: ARonN=5Q (typ.) for
Vpp—Vee=15V

@ Very low quiescent power dissipation under all digital-
control input and supply conditions: 1 uW (typ.) at
Vpop—Vss=Vpp—Vee=10V

B Binary address decoding on chip

Connection Diagrams

Dual-In-Line Packages

CD4051BM/CD4051BC CD4052BM/CD4052BC CD4053BM/CD4053BC
INfOUT INQUT  qyran IN/QUT OUT/IN  IN/OUT
Vop 2 1 0 3 A B [ Voo ‘2x 1 0; x A B Voo a a ax A [
b6 hs s i3 h2 Ju ho s b6 s e ha h2 v fo | s s ha iz iz Ju L |
| 2 3 1|5 6 |7 [} |1 2 3 4 |5 6 |7 |s 1 2 3 4 |5 |6 T |8
4 OUT/IN INH  Vgg Vg Oy 2y y Jy 1y INH Vg Vg by  bx cy c ex INH Vge Vss
IN/GUT INOUT wiout  OUT/AN Tingut INouT  OUT/IN IN/ouT
TOP VIEW TOP VIEW TOP VIEW TL/F/5662-1

Order Number CD4051B*, CD4052B*, or CD4053B*

*Please look into Section 8, Appendix D for availability of various package types.

See the CMOS Logic Databook for Complete Specifications
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CD4066BM/CD4066BC

National
Semiconductor

CD4066BM/CD4066BC Quad Bilateral Switch

General Description

The CD4066BM/CD4066BC is a quad bilateral switch in-
tended for the transmission or multiplexing of analog or digi-
tal signals. It is pin-for-pin compatible with CD4016BM/
CD4016BC, but has a much lower “ON” resistance, and
“ON?” resistance is relatively constant over the input-signal
range.

Features

® Wide supply voltage range 3V to 15V

@ High noise immunity 0.45 Vpp (typ.)

B Wide range of digital and +7.5 VpEAK
analog switching

B “ON” resistance for 15V operation 800

@ Matched “ON” resistance ARoN=5% (typ.)
over 15V signal input

m “ON” resistance flat over peak-to-peak signal range

m High “ON”/“OFF” 65 dB (typ.)
output voltage ratio @ fig=10 kHz, RL=10 kQ

m High degree linearity 0.1% distortion (typ.)
High degree linearity @ fig=1 kHz, Vig=5Vp.p,
High degree linearity Vpp—Vss=10V, RL=10 kQ

| Extremely low “OFF”
switch leakage

0.1 nA (typ.)
@ Vpp—Vgg=10V, Tpo=25°C

m Extremely high control input impedance 1012Q(typ.)
® Low crosstalk —50 dB (typ.)

between switches @ fig=0.9 MHz, R_ =1 kQ
m Frequency response, switch “ON” 40 MHz (typ.)

Applications

m Analog signal switching/multiplexing

e Signal gating

® Squelch control

° Chopper

® Modulator/Demodulator

¢ Commutating switch

Digital signal switching/multiplexing

CMOS logic implementation )
Analog-to-digital/digital-to-analog conversion
Digital control of frequency, impedance, phase, and an-
alog-signal-gain

Schematic and Connection Diagrams

CONTROL

Order Number CD4066B*

*Please look into Section 8, Appendix D
for availability of various package types.

See the CMOS Logic
Databook for Complete
Specifications

(L7010

Dual-In-Line Package

IN/OUT ﬂ 18 Vop
ouran 2 13 controL A
ouran EQ 2 conthoL D
ivouT = u' L injour
coNTROL B =] EN 12 ouran
coNTROL C = 2 ourin
wl Tt won
TL/F/5665-1
Top View
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National
Semiconductor

CD4529BM/CD4529BC Dual 4-Channel or Single
8-Channel Analog Data Selector

08625ydd/Na625vAd

General Description Features _
The CD4529B is a dual 4-channel or a single 8-channel B Wide supply voltage range 3.0V to 15V
analog data selector, implemented with complementary ®m High noise immunity 0.45 Vpp (typ.)
MOS (CMOS) circuits constructed with N- and P-channel  m Low quiescent 0.005 uW/package
enhancement mode transistors. Dual 4-channel or 8-chan- power dissipation (typ.)@5.0 Vpgc

nel mode operation is selected by proper input coding, with
outputs Z and W tied together for the single 8-bit mode. The
device is suitable for digital as well as analog applications,
including various 1-of-4 and 1-of-8 data selector functions.
Since the device is analog and bidirectional, it can also be
used for dual binary to 1-of-4 or single 1-of-8 decoder appli-

m 10 MHz frequency operation (typ.)

m Data paths are bidirectional

m Linear ON resistance [1209 (typ.)@15V]

m TRI-STATE® outputs (high impedance disable strobe)
@ Plug-in replacement for MC14529B

cations.
Connection Diagram Logic Diagram
Dual-In-Line Package
vop STy Yo n v2 v3 2 ] A STy STy

w
7 6 15 1
||¢ 15 1 13 12 1 lu: [

2 y 3

(. x b FL
1; [
|| 2 3 . 5 6 1 ] 3 D
STx xo X1 x2 X3 A 8 Vss X1 0
TOP VIEW ) 9
p—O 2
Order Number CD4529B* . 1 )o
*Please look into Section 8, Appendix D x20-
for availability of various package types.
Truth Table ; — >
X3
STx |STy|B|A| Z w
1] 1 |o]o] xo YO Dual ] |
1] 1 |o|1] xi Y1 4-Channel wo
1 1 |1(0] X2 Y2 Mode
1 1 |1]1] X3 Y3 2 2 Outputs _D°
1|0 |o]o X0 "o %—«
1 0 [0f1 X1 ) "
110 [1]o X2 Single J 5w
” 0o 1101 X3 8-Channel Mode —]
1 Output 25
0 1 ]0]|0 YO (Zand W
0 1 |01 Y1 tied together)
0 1 |1|0 Y2 1
ol 1|11 Y3 J o
0 0 |X[X High
Impedance TL/F/5999-1
(TRI-STATE) See the CMOS Logic Databook
X = Don't care for Complete Specifications
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LF11331/LF13331/LF11332/LF13332/LF11333/LF13333/LF11201/LF13201/LF11202/LF 13202

National
Semiconductor

Quad SPST JFET Analog Switches

LF11331, LF13331 4 Normally Open Switches with Disable
LF11332, LF13332 4 Normally Closed Switches with Disable

BI-FET 1 "™ Technology

LF11333, LF13333 2 Normally Closed Switches and 2 Normally Open Switches with Disable

LF11201, LF13201 4 Normally Closed Switches
LF11202, LF13202 4 Normally Open Switches

General Description

These devices are a monolithic combination of bipolar and B
JFET technology producing the industry’s first one chip =
quad JFET switch. A unique circuit technique is employed to
maintain a constant resistance over the analog voltage m
range of +10V. The input is designed to operate from mini-
mum TTL levels, and switch operation also ensures a break-
before-make action.

These devices operate from +15V supplies and swing a
+10V analog signal. The JFET switches are designed for
applications where a dc to medium frequency analog signal
needs to be controlled.

Features

Analog signals are not loaded

Constant “ON” resistance for signals up to =10V and
100 kHz

Pin compatible with CMOS switches with the advantage
of blow out free handling

Small signal analog signals to 50 MHz

Break-before-make action torr < ton
High open switch isolation at 1.0 MHz —50 dB
Low leakage in “OFF” state <1.0 nA

TTL, DTL, RTL compatibility

Single disable pin opens all switches in package on
LF11331, LF11332, LF11333

LF11201 is pin compatible with DG201

Test Circuit and Schematic Diagram

. F— ==
—
ANALOG

INPUT (V,) '

LOGIC

(LOGIC “1” > 2.0V)

TL/H/5667-2

FIGURE 1. Typical Circuit for One Switch

LOGIC
IN

Ve

f= ]

O +Vee

O-Ver  /h/5667-12

FIGURE 2. Schematic Diagram (Normally Openi
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Absolute Maximum Ratings

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

Power Dissipation (Note 2)
Molded DIP (N Suffix)
Cavity DIP (D Suffix)

(Note 1)

Operating Temperature Range

500 mW
900 mW

Supply Voltage (Vog— VEE) 36V LF11201,2 and LF11331,2,3 —55°Cto +125°C
Reference Voltage VEE<VR<Voe LF13201, 2 and LF13331, 2,3 0°Cto +70°C
Logic Input Voltage VR—4.0V<V|NSVR+6.0V Storage Temperature —65°Cto +150°C
Analog Voltage VEg<VASVeo+6V; Soldering Information
VA< VEg +36V N and D Package (10 sec.) 300°C
SO Package
Analog Current |'A| <20mA Vapor Phase (60 sec.) 215°C
Infrared (15 sec.) 220°C
Electrical Characteristics (note3)
LF11331/2/3 | LF13331/2/3
Symbol Parameter Conditions LF11201/2 LF13201/2 |Units
Min | Typ |Max| Min | Typ |Max
Ron “ON” Resistance VaA=0,Ip=1mA Ta=25°C 150 | 200 150|250 Q
200 | 300 200)350| Q
Ron Match|“ON” Resistance Matching Ta=25°C 5 |20 10| 50| Q
Va Analog Range . +10| £ 11 +10{ £ 11 \"
Ison) +  |Leakage Currentin “ON” Condition [Switch “ON,” Vg=Vp=£10V Tp=25°C 03] 5 03|10 | nA
Ipon) 3 |100 3 |30 nA
IS(OFF) Source Currentin “OFF” Condition  |Switch “OFF,” Vg= +10V, Ta=25°C 04| 5 0410 | nA
Vp=—10V 3 [100 3 | 30| nA
ID(OFF) Drain Current in “OFF” Condition Switch “OFF,” Vg= +10V, Ta=25C 01] 5 0.1 10 | nA
Vp=—10V A 3 |100 3 (30| nA
VINH Logical “1” Input Voltage 2.0 2.0 \
VINL Logical “0” Input Voltage 0.8 08| V
lINH Logical “1” Input Current ViN=5V Ta=25°C 3.6 | 10 36|40 | pA
25 100| pA
IiNL Logical “0” Input Current ViN=0.8 Ta=25°C 0.1 0.1| pA
1 1| pA
ton Delay Time “ON” Vg= +10V, (Figure 3) Ta=25°C 500 500 ns
toFr Delay Time “OFF” Vg= +10V, (Figure 3) Ta=25C 90 90 ns
ton—torr |Break-Before-Make Vs= +10V, (Figure 3) Ta=25C 80 80 ns
Cs(oFF)  |Source Capacitance Switch “OFF,” Vg= +10V Ta=25°C 4.0 4.0 pF
D(OFF) Drain Capacitance Switch “OFF,” Vp= +10V Ta=25°C 3.0 3.0 pF
Cs(on) + |Active Source and Drain Capacitance|Switch “ON,” Vg=Vp=0V Ta=25°C 5.0 5.0 pF
Cp(on)
IsoorF) |"OFF” Isolation (Figure 4), (Note 4) Ta=25°C —50 —50 dB
CT Crosstalk (Figure 4), (Note 4) TA=25°C —65 —65 dB
SR Analog Slew Rate (Note 5) Ta=25°C 50 50 V/ps
Ipis Disable Current (Figure 5), (Note 6) Ta=25°C 0.4 (1.0 0.6 |15 mA
06| 1.5 0.9 23| mA
lee Negative Supply Current All Switches “OFF,” Vg= + 10V Tp=25°C 3.0 (5.0 43 (7.0 mA
42175 6.0 |10.5( mA
IR Reference Supply Current All Switches “OFF,” Vg= + 10V Tp=25°C 20|40 27|50 mA
2.8 (6.0 38|75 mA
Icc Positive Supply Current All Switches “OFF,” Vg= + 10V Tp=25°C 45 (6.0 7.0(9.0| mA
. 6.3 | 9.0 9.8 [13.5| mA

Note 1: Refer to RETSF11201X, RETSF11331X, RETSF11332X and RETSF11333X for military specifications.
Note 2: For operating at high temperature the molded DIP products must be derated based on a +100°C maximum junction temperature and a thermal resistance

of +150°C/W, devices in the cavity DIP are based on a + 150°C maximum junction temperature and are derated at +100°C/W.

Note 3: Unless otherwise specified, Vo= +15V, Vgg= —15V, Vg=0V, and limits apply for —55°C<Ta< +125°C for the LF11331/2/3 and the LF11201/2,
—25°C<Ta< +85°C for the LF13331/2/3 and the LF13201/2.

Note 4: These parameters are limited by the pin to pin capacitance of the package.
Note 5: This is the analog signal slew rate above which the signal is distorted as a result of finite internal slew rates.

Note 6: All switches in the device are turned “OFF” by saturating a transistor at the disable node as shown in Figure 5. The delay time will be approximately equal
to the ton or torr plus the delay introduced by the external transistor.

Note 7: This graph indicates the analog current at which 1% of the analog current is lost when the drain is positive with respect to the source.
Note 8: 6,4 (Typical) Thermal Resistance

Molded DIP (N) 85°C/W
Cavity DIP (D) 100°C/W
Small Outline (M) 105°C/W
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LF11331/LF13331/LF11332/LF13332/LF11333/LF13333/LF11201/LF13201/LF11202/LF 13202

Connection Diagrams (Top View for SO and Dual-In-Line Packages) (All Switches Shown are For Logical “0”)

LF11331/LF13331
IN, D4
lts 15 Da D3 |z e

S4 DISABLE +Vec S3 D3 INg

1w o

| |
29N
£ 73

'|‘1|23I4I56|

v D S Va

LF11333/LF13333
IN, D&
16 I|5 14 13 IIZ

7|n

Vee S2 D2 N,

TL/H/5667-1

S4 DISABLE +V¢c S3 03 IN3

Shmui

y

B 3 X O 5
N )] S1 Vs

LF11202/LF13202
N, D4 S4 +Vc NC S3 D3
16 Jis e D3 L2 In e

-Vge 82 D2

4
=

TL/H/5667-14
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N
’7’
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|1 |z 3
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ls
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m,
TL/H/5667-16

LF11332/LF13332
N, D4 SO DISABLE+Vee S3 D3 INg
6 Jis Jie ba 2 fe e

=1

|1 2 3 l4 | 5 |s | 1 lu
INy D1 S1 Vg -V S2 D2 N,
TL/H/5667-13

LF11201/LF13201
N D4 S8 s NC S3 03 N ,
s |is I
| S t -
r-- z -1
e | s s |7 e
m. m S1 Ve Vo S2 D2 n,

TL/H/5667-15

Order Number LF13201D, LF11201D, LF13202D,

LF11202D, LF13331D, LF11331D, LF13332D, LF11332D,

LF13333D or LF11333D
See NS Package Number D16C

Order Number LF13201M, LF13202M, LF13331M,
LF13332M or LF13333M
See NS Package Number M16A

Order Number LF13201N, LF13202N, LF13331N,
LF13332N or LF13333N
See NS Package Number N16A
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Test Circuit and Typical Performance Curves
Delay Time, Rise Time, Settling Time, and Switching Transients
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FIGURE 4. “OFF” Isolation, Crosstalk, Small Signal Response
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LF11331/LF13331/LF11332/LF13332/LF11333/LF13333/LF11201/LF13201/LF11202/LF13202

Typical Performance Characteristics

“ON” Resistance “ON” Resistance “ON” Resistance Break-Before-Make Action
200 240 500
200 l | [ | Ve =15V, ~Vge = 15V
- TIME MEASURED FROM
.:cc - ,5“;‘1 150 A 200 a0 50% INPUT PULSE TO 90%
Ve = - i OF OUTPUT PULSE
180 la=01mA ] L +Vee =15V N N
~Vee = 15V |
~ 120 — = 1 = 300
2 = —1 £ '
= b z 120 ——] w N fon
160 z z M N
— < 80 < Vee =15V E w0
. ~—{] 80 R [ — N
— Va0
a | | 100 - tore
4
120 0 ‘ l
0 0 0
-10 60 -20 20 60 10 -5 0 50 100 150 60 40 20 0 20 40 60 -0 -60 -20 20 60 10
Va (VOLTS) TEMPERATURE (*C) ANALOG CURRENT (mA) Va (VOLTS)
Crosstalk and “OFF”
Isolation vs Frequency
Using Test Circuit
Switching Times of Figure 5 Supply Current Supply Current
1200 T -20 10 T T 10 -
Vee = 15V Vi = Ve + 5.0V Vee = 15V ‘
1000 |- Vee = -15V / L] ALL SWITCHES OFF Vee = 15V
" A z B0 2 80 |- ALLSWITCHES OFF
800 |— Tiow. Va=-10 z OFF rsoum% :E § ]
= H’ LT 2 50 Z
= 600 Tom. Vazt10V__| S _g 1 = POSITIVE licc) = POSITIVE (Icc)
2 Tore Va= OV | & 1 L1 3 3
s / [CLLTAZY 3 / S 40 : 40 | T
400 Torp Va= -10V] @ Lt CRossTALK o NEGATIVE (lee) [ NEGATIVE (lge)
L -80 3 3
20 20
200 / L REFERENCE (1) R —
¥ REFERENCE (1g)
0 -100 0 0 [
50 [] 50 100 150 100k ™" 1M 0 s0 10 15 20 25 -100 50 0 50 100 150
TEMPERATURE ( C) FREQUENCY (Hz) SUPPLY VOLTAGE (*V) TEMPERATURE ( C)
Supply Current Switch Leakage Currents Switch Leakage Current Switch Capacitances
50 o
= 100000 FGESTRV, Veg = <15V 8 Ve T 0
M‘ I | QFF LEAKAGE CONDITIONS =
_ Vs = +10V, Vp = —10V = POSITWE cunnm
g o ‘ I ‘ 10.000 | 5% LEAKAGE CONDITIONS A .~ DEFINED INTO NODE s ¥
= | | i‘ g [VsVorrov = : eors) / 2
Z a0 - : g 02 f AAE o
| IlIMIIIII IIIII IIIIIH‘IIIIN : e L= R N
S a0 i | E T ! \ 2 =
= ‘ ] ] L—T )(P, g Csiorr)
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2w T [ — R 20 Cocrr
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Slew Rate of Analog Maximum Accurate
Voltage Above Which Analog Current Logical “1” Input Bias
Signal Loading Occurs Small Signal Response vs Temperature Current
10 AL -2 1 T
Vol NOTE 6) Vee =15V
o | vee=1sv | ASTENUATION - 20 L0G w \ h . Vee - 15V
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Application Hints

GENERAL INFORMATION

These devices are monolithic quad JFET analog switches
with “ON” resistances which are essentially independent of
analog voltage or analog current. The leakage currents are
typically less than 1 nA at 25°C in both the “OFF”and “ON”
switch states and introduce negligible errors in most appli-
cations. Each switch is controlled by minimum TTL logic
levels at its input and is designed to turn “OFF” faster than
it will turn “ON.” This prevents two analog sources from
being transiently connected together during switching. The
switches were designed for applications which require
break-before-make action, no analog current loss, medium
speed switching times and moderate analog currents.

Because these analog switches are JFET rather than
CMOS, they do not require special handling.

LOGIC INPUTS

The logic input (IN), of each switch, is referenced to two
forward diode drops (1.4V at 25°C) from the reference sup-
ply (Vg) which makes it compatible with DTL, RTL, and TTL
logic families. For normal operation, the logic “0” voltage
can range from 0.8V to —4.0V with respect to Vg and the
logic ““1” voltage can range from 2.0V to 6.0V with respect
to VR, provided V) is not greater than (Vgc—2.5V). If the
input voltage is greater than (Vog —2.5V), the input current
will increase. If the input voltage exceeds 6.0V or —4.0V
with respect to VR, a resistor in series with the input should
be used to limit the input current to less than 100uA.

ANALOG VOLTAGE AND CURRENT

Analog Voltage

Each switch has a constant “ON” resistance (Roy) for ana-
log voltages from (Vgg +5V) to (Voc—5V). For analog volt-
ages greater than (Vog—5V), the switch will remain ON in-
dependent of the logic input voltage. For analog voltages
less than (Vgg+5V), the ON resistance of the switch will
increase. Although the switch will not operate normally
when the analog voltage is out of the previously mentioned
range, the source voltage can go to either (Vgg+36V) or
(Vcc+6V), whichever is more positive, and can go as nega-
tive as Vg without destruction. The drain (D) voltage can
also go to either (VEg+36V) or (Voc+6V), whichever is
more positive, and can go as negative as (Vgg—36V) with-
out destruction.

Analog Current

With the source (S) positive with respect to the drain (D), the
Ron is constant for low analog currents, but will increase at
higher currents (>5 mA) when the FET enters the satura-
tion region. However, if the drain is positive with respect to
the source and a small analog current loss at high analog
currents (Note 6) is tolerable, a low Ron can be maintained
for analog currents greater than 5 mA at 25°C.

LEAKAGE CURRENTS

The drain and source leakage currents, in both the ON and
the OFF states of each switch, are typically less than 1 nA
at 25°C and less than 100 nA at 125°C. As shown in the
typical curves, these leakage currents are Dependent on
power supply voltages, analog voltage, analog current and
the source to drain voltage.

DELAY TIMES

The delay time OFF (torf) is essentially independent of
both the analog voltage and temperature. The delay time
ON (ton) will decrease as either (Voc—Va) decreases or
the temperature decreases.

POWER SUPPLIES

The voltage between the positive supply (Vcc) and either
the negative supply (Vgg) or the reference supply (Vg) can
be as much as 36V. To accommodate variations in input
logic reference voltages, Vg can range from Vgg to
(Vcc—4.5V). Care should be taken to ensure that the power
supply leads for the device never become reversed in polar-
ity or that the device is never inadvertantly installed back-
wards in a test socket. If one of these conditions occurs, the
supplies would zener an internal diode to an unlimited cur-
rent; and result in a destroyed device.

SWITCHING TRANSIENTS

When a switch is turned OFF or ON, transients will appear
at the load due to the internal transient voltage at the gate
of the switch JFET being coupled to the drain and source by
the junction capacitances of the JFET. The magnitude of
these transients is dependent on the load. A lower value R
produces a lower transient voltage. A negative transient oc-
curs during the delay time ON, while a positive transient
occurs during the delay time OFF. These transients are rela-
tively small when compared to faster switch families.

DISABLE NODE

This node can be used, as shown in Figure 5, to turn all the
switches in the unit off independent of logic inputs. Normal-
ly, the node floats freely at an internal diode drop (= 0.7V)
above VR. When the external transistor in Figure 5 is satu-
rated, the node is pulled very close to Vi and the unit is
disabled. Typically, the current from the node will be less
than 1 mA. This feature is not available on the LF11201 or
LF11202 series.

+Vee

Vorsase * 1V

TL/H/5667-6
FIGURE 5. Disable Function
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LF11331/LF13331/LF11332/LF13332/LF11333/LF13333/LF11201/LF13201/LF11202/LF13202

Typical Applications

Sample and Hold with Reset
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TL/H/5667-7
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Typical Applications (continued)
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LF11331/LF13331/LF11332/LF13332/LF11333/LF13333/LF11201/LF13201/LF11202/LF 13202

Typical Applications (continued)

Chopper Channel Amplifier
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Typical Applications (continued)

Programmable Integrator with Reset and Hold
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