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Introduction

National Semiconductor brings to the marketplace
a unique combination of qualifications to supply
the components required by data acqulsltion and
conversion—technologies include BI-FET™, linear
bipolar, CMOS, thin film, laser trimming, 12, hybrid
and other state-of-the-art processes combined with
high volume production capability.

The products in this databook include devices in the
direct analog signal path before (and after) the
digital processor.

muLTiBus™ is a trademark of Intel Corporation. BI- FET™ BlLFETITM, Mlcaoausm and MICRO-DAC™ ar,
and MAXI-ROM® are regi d ks of Nati ductor C

ks of Nati

tor Corporation. TRI-STATE®
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LM119 HighSpeedDualComparator. . .. ... .ciitiii ittt it i it eeeee e 13-20
LM129 Precision Reference . ... ...ttt it e i it et et e, 14-23
LM131 Precision Voltage-to-FrequencyConverter. . ............coiiiiiiiinnnnnn. 5-103
LM131A Precision Voltage-to-FrequencyConverter. . . ...........ccviiineinennen.in 5-103
LM134 3-Terminal AdjustableCurrentSource ..............cciiiiiirnninnnnn. 12-3,14-28
LM135 Precision Temperature SeNSOr .. ... ...uutttnivrinntinteeeinaeennnnnns 124
LM135A Precision TemperatureSensor ..........cc.viiiivnnnrnneenn e e e s e 124
LM1362.5VReferenceDiode . ..... ...ttt i i it e e e e 14-36
LM139 Low Power Low Offset VoltageQuadComparator .............c.cvenn.i.. .13-25
LM139A Low Power Low Offset VoltageQuadComparator...................cccvnnn. 13-25
LM146 Programmable Quad Operational Amplifier ......... B STy ST, 3-109
LM160 High Speed Differential Comparator. .. ........cvuuiiiirrinnrnianeennnnns 13-33
LM161 High Speed DifferentialComparator . . . ........ ... ... iiiiiiiinineennenins 13-36
LM185Voltage ReferenceDiode .............cciiiiiiiiiiiii it ii i, 14-42
LM193 Low Power Low Offset VoltageDualComparator. . .............civenenenenn 13-39
LM193A Low Power Low Offset Voltage DualComparator ...........cccciiieeennnnn 13-39
LM199 PrecisionReference .. .............cciiiiiiiiii i, SRR S 14-48
LM199A Precision Reference. . .........c.ciiiiiiin ittt ie e eaanannnnan 14-54
LM211 VoltageComparator. ...........ciiiiiiiinnnnnnendnn. PSS SRR S ... 1314
LM219 High Speed Dual Comparator .........c..uviiiinennnineennnnensnnsnnnnnns 13-20
LM231 Precision Voltage-to-FrequencyConverter. . ...........c.ccvvivivennnennnnn. 5-103
LM231A Precision Voltage-to-FrequencyConverter ................ccviieeannin. .5-103
LM234 3-Terminal AdjustableCurrentSource ................ . iiiviniennnn. 12-3,14-28
LM235 Precision Temperature Sensor . ..........cc.viiviiniiinnennenn e 124
LM235A Precision Temperature SeNSOr . ... .o vttt in ittt ieeiitteenainnnneeennns 1244
LM2362.5VReferenceDiode . . .........coiiiiiiiii i i i et e i e 14-36
LM239 Low Power Low Offset VoltageQuadComparator. ............covvvvueennn.. 13-25
LM239A Low Power Low Offset VoltageQuadComparator ...............c.viveunen 13-25
LM246 Programmable Quad Operational Amplifier..............cciiiviininenennn 3-109
LM260 High Speed DifferentialComparators. . ...............civiiiinnrnenrneann 13-33
LM261 High Speed DifferentialComparators. ... ........ccciiiireiennennenen “...13-36
LM285 Voltage ReferenceDiode ... .. ...ttt it iin it 14-42
LM293 Low Power Low Offset Voltage DualComparator ................cciveuvnnn. 13-39
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LM293A Low Power Low Offset VoltageDualComparator ..................cvivenn. 13-39
LM299 Precision Reference . . ... ...ttt i it ittt e e 14-48
LM299A Precision Reference ..............iiiiivinnrinneininenrnrneninnenenns 14-54
LM311Voltage Comparator . .. ....ciiiii it it ittt i e 13-14
LM313ReferenceDiode .. ...ttt e e o a i o wiee bnd e 14-20
LM319 HighSpeed DualComparator ...........cooiiuiiiiiiniinennnenenenennnn 13-20
LM329 PrecisionReference. . ......c.ciiiit it i e i e i 14-23
LM331 Precision Voltage-to-Frequency Converter. .. ................ AP REE USRI A 5-103
LM331A Precision Voltage-to-FrequencyConverter ............. .. ... ciiintinn 5-103
LM334 3-Terminal AdjustableCurrentSource .............ccoiiiiiiiiinennns 12-3,14-28
LMB335 Precision Temperature Sensor .. .....cvitiiin e it iae e .. 124
LMB335A Precision Temperature Sensor .. ... vitinneiniiinine e e e eninnnnnns 12-4
LM3362.5VReferenceDiode . ...t e e e 14-36
LM339 Low Power Low Offset VoltageQuadComparator................ccoviunnnnn. 13-25
LMB339A Low Power Low Offset Voltage Quad Comparator ...............c.cuvuvnnn. 13-25
LM346 Programmable Quad Operational Amplifier .. ........... .. ..o, 3-109
LM360 High Speed Differential Comparator. .. .........c.ciiiiiiiiiiniiinnnenens 13-33
LM361 High Speed DifferentialComparator. .. ...................................13-38
LM385 Voltage ReferenceDiode . ...ttt it ittt 14-42
LM393 Low Power Low Offset Voltage DualComparator ........................... 13-39
LMB393A Low Power Low Offset Voltage DualComparator .. ........................ 13-39
LM399 Precision Reference. . .........ciiiiin it it e 14-48
LM399A Precision Reference .......... ...ttt 14-54
LM14088-Bit DIACONVEIter . ... ittt et e e e 8-91
LM1508 8-Bit DJA CONVEIEr .. ..ottt ittt et e ettt et et e e 8-91
LM2901 Low Power Low Offset VoltageQuadComparator. . ........................ 13-25
LM2903 Low Power Low Offset Voltage DualComparator .................couvnnn. 13-39
LM3302 Low Power Low Offset VoltageQuadComparator. . ........................ 13-25
LM3911 TemperatureController .. ....... ... ittt ittt 1212
LM3999 Precision Reference.. . ....... F S P ietaeae. 1457
LX05XXA Series Monolithic Pressure Transducers . ..............cvuiiinienannan. 12-19
LX06XXD Series Monolithic Pressure Transducers ..., 12-19
LX06XXGB Series Monolithic Pressure Transducers. .. .........ociiiiniininenenn. 12-19
LX14XXA Series Absolute PressureTransducers. . . ........c.ciiiiveinnenennennn. 12-30
LX14XXAF Series Absolute Pressure Transducers ................couiieiennnnn.. 12-30
LX14XXAFS Series Absolute Pressure Transducers ..............c.ccovuienennnen.. 12-30
LX14XXAS Series Absolute PressureTransducers ..............ccoviuiiennennnen. 12-30
LX16XX Series Pressure Transducers: Absolute, Differential,
GageandBackwardGageDeviCes . . ...ttt e 12-36
LX18XX Series Pressure Transducers: Absolute, Differential,
GageandBackwardGageDevices . ...ttt e 12-36
MM54C905 12-Bit Successive ApproximationRegister................ ..., 13-54
MM74C905 12-Bit Successive ApproximationRegister............................. 13-54
MM74C925 4-Digit Counter with Multiplexed 7-Segment Output Drivers ............... 9-17
MM74C926 4-Digit Counter with Muitiplexed 7-Segment Output Drivers .. ............. 9-17
MM74C927 4-Digit Counter with Multiplexed 7-Segment OutputDrivers ............... 917
MM74C928 4-Digit Counter with Multiplexed 7-Segment Output Drivers ............... 9-17
NSB5388 3 1/2-Digit 0.5 Inch(12.70 mm)LEDDisplay ..........covuiiiiinnniin.. 9-21
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NSL57124 Rectangular High Efficiency RedLEDLamp..............ccoiiiiinennnn 9-24
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NSM3916 Series End-Stackable LED Bar Graph Array withDriver .................... 9-25
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TP3002 A-Law CODEC System .. ...ttt ittt et e et e e ianans 5-114

12




Section 1 u
Selection Guides




' / Selection Guides
4

Section Contents

Analog Switches/Multiplexers SelectionGuide. ..................ccciiiiiiiinan.. 1-3
A/D Converter/DVM SelectionGuide ................ .0t . 14
D/A ConverterSelectionGuide ........... ... ... . i 1-5
SampleandHoldSelectionGuide. ........... .. ... ittt e 1-6
Data Conversion/Acquisition Circuits Cross Reference Guide . . . .................... 17

' 'IVOltage ReferenceSelectionGuide .......... ... ... ..t 1-14

1-2




Analog Switches/Multiplexers Selection Guide

Ron Vall Part Logic (Vvs) ton/tors
) v) Number Input Typ Typ
QUAD SPST
200 +10 LF11201 L +15 90/500 ns
200 +10 LF11202 L +15 90/500 ns
200 +10 LF11331 TTL +15 90/500 ns
200 +10 LF11332 TTL +15 90/500 ns
200 . +10 LF11333 TTL +15 90/500 ns
250 £10 LF13201 7L £15 90/500 ns
250 +10 LF13202 L +15 90/500 ns
250 =10 LF13331 L +15 90/500 ns
250 £10 LF13332 7L +15 90/500 ns
250 +£10 LF13333 L 90/500 ns
280 +75 CD4066 cMOS 50/50 ns
850 +75 CD4016 CcMOS + 20/20 ns
TRIPLE SPDT
280 +75 CD4053 cMOS +75 150/150 ns
4-CHANNEL DIFFERENTIAL
280 +75 CD4052 cMOS £75 150/150 ns
350 12, —15 LF11509 7L +15 100.2 us
270 +75 CD4529B cMos _75 50/50 ns
8-CHANNEL
250-400 +5 AM3705 TTL ~15,5 300/600 ns
350 12, =15 LF11508 TTL +15 110.2 us
270 +75 CD45298 cMOS +75 50/50 ne
280 +75 CD4501 cMos +75 150/150 ns

Notes:

Ron max @ TA=25°C

Va/l = maximum voltage or current to be safely switched
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Selection Guides

A/D Converter/DVM Selection Guide

. Temperature
Part Resolution Absolute Com{erslon Input Outp'ut Supplies Range
No (Bits) Accuracy Time Voltage Logic ) Note 1 Package Comments
: (Max) (Typ) Range Levels (Note 1)
M | C
A/D CONVERTER
ADCO0800 8 +2LSB 35us v T, +5 -12 o . 18-Pin DIP
« = # TRI-STATE" '
TTL, . Differential
ADCO0801 8 +1/4LSB  100us 5V TRI-STATE +5 e o o 20-Pin DIP Input
TTL, . Differential
ADC0802 8 +12LSB  100us 5V TRI-STATE +5 e o o 20-Pin DIP Input
TTL, . Differential
ADCO0803 8 +1/2LSB  100us 5V TRI.STATE +5 e o o 20-Pin DIP Input
- TTL, . Differential
ADCO0804 8 +11LSB 100 us 5V TRI-STATE +5 e o 20-Pin DIP Input
) TTL, ) Includes
ADCO0808 8 +1/2LSB  100us 5V TRI-STATE +5 e o o 28-Pin DIP 8-Channel MUX
. TTL, ) Includes
ADCO0809 8 +1LSB 100 us 5V TRI-STATE +5 o o 28-Pin DIP 8-Channel MUX
TTL, ) Includes
ADC0816 8 +1/2LSB  100us 5V TRI-STATE +5 e o e 40-Pin DIP 16-Channel MUX
TTL, . > Includes
ADCO0817 8 +1LSB 100 us 5V TRI-STATE +5 . 40-Pin DIP 16-Channel MUX
ADB1200 TTL, +5,-15 28-Pin DIP
LF13300 12 +12LSB Qéms =11V TRI-STATE .15 . 18-Pin DIP Dual Slope
ADC1210 12 +1/2LSB 26 us 10.2V CMOS +5to+15 o e 24-Pin DIP
ADC1211  12(10) =1 LSB 30us 10.2v CMOS +5t0o £15 o o 24-Pin DIP )
. TTL, X Integrating
. 9, . o .
ADC3511 31/2-Digit 0.05% 200 ms 2V TRI-STATE +5 24-Pin DIP 4P Compatible
L TTL, . Integrating
- 0, o
ADC3711 33/4-Digit 0.05% 400 ms 2V TRI-STATE +5 . 24-Pin DIP P Compatible
Voltage-to-
8-Pin DIP or Frequency
. o, -
LM131 V-F 0.01% N/A Vge-2V N/A +5t0 +40 ¢ o o T0.99Can  Converter
100 kHz Max
DIGITAL VOLTMETER
- 7-Segment ) 31/2-Digit LED
ADD3501 31/2-Digit 0.05% 200 ms Vge-2V LED Drive +5 . 28-Pin DIP DVM
. 7-Segment . 33/4-Digit LED
- 0 - -
ADD3701 33/4-Digit  0.05% 400 ms Vee-2V LED Drive +5 . 28-Pin DIP DVM

Note 1: Temperature ranges are: “M" is — 55°C to + 125°C ambient; "“I" is —40°C to +85°C or — 25°C to + 85°C; “C"” is 0°C to 70°C.




D/A Converter Selection Guide

Linearity Settling Temperature
. li
l;a;t Rea(s;::xt;on @25°C Time Su;:s)ues (:2?3:) Package Comments
: e (Max) (+1/2LSB)
M 1| C
DAC0800 8 0.19 135ns  +5t0 £15 o « 16PinDip HighSpeed
) Multiplying
DAC0801 8 0.39 150ns  *5t0 15 o « 16-PinDIp HighSpeed
Multiplying
DAC0802 8 0.1 135ns  +5t0 %15 o « 16-Pinpip HighSpeed
Multiplying
DACO0806 0.78 i50nstyp =*5to =15 e 16-Pin DIP Muitiplying
DACO0807 0.39 150 nstyp =5to =15 e 16-Pin DIP Multiplying
DACO0808 0.19 150 nstyp +5to £15 e 16-Pin DIP Multiplying
uP Compatible
DACO0830 8 0.05 1us typ 5to 15 . . e 20-Pin DIP 4-Quadrant
Multiplying
uP Compatible
DAC0831 8 0.10 1us typ 5to 15 e e 20-PinDIP 4-Quadrant
Multiplying
uP Compatible
DAC0832 8 0.20 1us typ 5to 15 . e 20-Pin DIP 4-Quadrant
Multiplying
. . e e i P Compatible
DAC1000 10 0.05 500 ns typ 5to 15 24-Pin DIP Double Buffered
. b uP Compatible
DAC1001 10 0.1 500 ns typ 5to15 . 24-Pin DIP Double Buffered
. P Compatible
. 1 e o - K’
DAC1002 10 0.2 500 ns typ 5to 15 24-Pin DIP Double Buffered
. P Compatible
10 : . . - K
DAC1006 10 0.05 500 ns typ 5to 15 . 20-Pin DIP Double Buffered
. . P Compatible
1 . 1 - o
DAC1007 10 0.1 500 ns typ 5to 15 . e 20-PinDIP Double Buffered
: ; : R P Compatible
AC100! . 1 - K
DAC1008 10 0.2 500nstyp 5to15 e e 20-PinDIP Double Buffered
DAC1020 - 10 0.05 500nstyp 51015 e o « 16PinDIp Quadrant
Multiplying
DAC1021 10 0.1 500nstyp 5t015 e e e 16-PinDip Quadrant
Multiplying
DAC1022 10 0.2 500nstyp 5t015 s o e 16.PinpIp SQuadrant
Multiplying
DAC1200 12 0.012 15-25us +155 o o 24-pin DIp Currentor
Voltage Mode
' Current or
DAC1201 1 .04 5-2. + -Pi ’
2 0.049 1.56-2.5u8 +15,5 . . 24-Pin DIP Voltage Mode
uP Compatible -
DAC1208 12 0.012 1ustyp  5to15 e o 24-PinDIP 4-Quadrant
Multiplying
) P Compatible
DAC1209 12 0.024 1us typ 5to 15 e o 24-PinDIP 4-Quadrant

Multiplying

Note 1: Ambient temperature range for “M” is —55°C to + 125°C, ““I” is — 25°C to +85°C or —40°C to +85°C, “C” is 0°C to +70°C.
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Selection Guides

D/A Converter Selection Guide

: : . Temperature
. Linearity Output Settling .
l:‘art ResBo.l:lst;on @25°C Rzz:’:‘:e Op Time Sur(:\;;;les (:Z?::) Package Comments
o (Bi (Max) Amp  (%1/2 LSB) e b
uP Compatvible
DAC1210 12 0.05 1us typ 5to 15 e e 24-PinDIP 4-Quadrant
Multiplying
‘ . 4-Quadrant
DAC1218 12 0.012 148 typ 5to 15 e o 18-PinDIP Multiplying
. 4-Quadrant
DAC1219 12 0.024 148 typ 5t0 15 e 18-PinDIP Multiplying
DAC1220 12 0.05 500nstyp 5t015 o o o {g.pinpip HQuadrant
Multiplying
DAC1221 12 0.1 500nstyp 5to15 e « e 1gpinDp Quadrant
Multiplying
DAC1222 12 0.2 500nstyp 5t015 e« o e 18Pinpip YQuadrant
Multiplying
uP Compatible
DAC1230 12 0.012 1us typ 5to15 e e e 20-PinDIP 4-Quadrant
Multiplying
uP Compatible
DAC1231 12 0.024 1us typ 5to15 . e 20-Pin DIP 4-Quadrant
) Multiplying
’ uP Compatible
DAC1232 12 0.05 1us typ 5to 15 e e 20-PinDIP 4-Quadrant
Multiplying
*DAC1264 12 0.006 . 400 ns +15 . e 24-Pin DIP Hi-Speed
*DAC1265 12 0.012 . 400 ns +15 ] e 24-Pin DIP Hi-Speed
. Currentor
DAC1280 12 0.024 . . 300ns/25us +15,5 . e 24-PinDIP Voltage Mode
DAC1285 12 0.012 . e 300nsi25us 155 e « 24.pinpip Currentor
- Voltage Mode
Sample and Hold Selection Guide
LF198 LF398 LH0023 LH0023C LH0043 LH0043C LH0053 LH0053C
Accuracy (% Max) 0.02 0.02 0.01 0.02 0.1 0.3 0.2 0.3
Gain/Offset Error
Offset Voltage (mV Max) 5 10 20 20 40 40 10 15
Droop Rate (mV/sec, 25°C) :
Cg=1000 pF 30 30 100 100 10 10 30 30
Cg = 10000 pF 3 3 10 10 1 1 3 3
Acquisition Time (us, 25°C) .
‘Cg=1000 pF 4 4 10 10 10 10 4 4
Cg = 10000 pF 20 20 50 50 50 50
Aperture Time (ns, 25°C) 25 25 150 150 20 20 25 25
i o -55to Oto -55to -25to -55to -25to -55to +25to
Temperature Range (°C) +125 +70 +125 +85 +125 +85 +125 +85
General General . ) Medium Medium High High
Comment Purpose  Purpose Low Drift . Low Drift Speed Speed Speed Speed

Note 1: Ambient temperature range for “M" is —55°C to + 125°C, “I" is - 25°C to +85°C or —40°C to +85°C, “C" is0°C to + 70°C.

* To be announced
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Data Conversion/Acquisition Circuits Cross Reference Guide

National ) Na.ﬁonal Natic?nal
Part Number Function Direct Functional
Replacement Replacement
ANALOG DEVICES
AD537JD VIF Converter LM331H, N
AD537KD LM331AH, N
AD537SD LM131AH
AD559KD 8-Bit D/A Converter DAC0808LCJ
AD559SD DAC0808LD
AD5614D 10-Bit D/A Converter, Low Cost DAC1006LCD
AD561KD DAC1006LCD
AD561SD DAC1006LD
AD561TD DAC1006LD
AD562AD/BIN 12-Bit D/A Converter DAC1200HCD
AD562KD/BIN DAC1200HCD
AD562SD/BIN DAC1200HD
AD563AD/BIN 12-Bit D/A Converter *DAC1265LCD
AD563KD/BIN *DAC1265LCD
AD563SD/BIN *DAC1265LD
AD565JD/BIN *DAC1265LCD
AD565JN/BIN Complete High Speed 12-Bit D/A Converter *DAC1265LCN
AD565KD/BIN *DAC1264LCD
ADS65KN/BIN *DAC1264LCD
AD565SD/BIN *DAC1264LD
AD565TD/BIN *DAC1264LD
AD570JD Low Cost, Complete 8-Bit A/D Converter ADCO0801LCD
AD570SD ADCO0801LD
AD5714D 10-Bit A/D Converter w/Reference *ADC1001
AD571KD *ADC1001
AD571SD *ADC1001
AD572AD 12-Bit A/D Successive Approximation, Reference ADC1210HCD
AD572BD ADC1210HCD
AD572SD . ADC1210HCD
AD5744D Fast Complete 12-Bit A/D Cbnverter w/Microprocessor Interface ADC1210HCD
AD574KD ADC1210HCD
AD574LD ADC1210HCD
AD574SD ADC1210HCD
AD574TD ADC1210HCD
AD574UD ADC1210HCD
AD580JH | Low Drift Voltage Reference LM336H
AD580KH LM336H
AD580LH LM336H
AD580MH LM336AH
AD580SH LM136H
AD580TH LM136H

* To be announced.
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Cross Reference Guide

Data ConveréionIAcquisition Circuits

Cross Reference Guide continueq

National Na.tional Natic‘mal
Part Number Function Direct Functional
Replacement Replacement
ANALOG DEVICES (Continued)
AD580UH LM136AH
AD581JH High Precision 10V Reference LHO0070CH
ADS581KH LHO070CH
AD581LH LH0070CH
AD581SH LHO070H
AD581TH LHO070H
ADS581UH LHO070H
AD582KD Sample/Hold Amplifier, Low Cost LF398H, N
AD582KH ' LF398H
AD582SD LF198H
AD582SH LF198H
AD583KD Sample/Hold Gated Op Amp LF398H, N
AD1408-7D 8-Bit Monolithic Multiplying D/A Converter DACO0807LCJ
AD1408-8D DACO0808LCJ
AD1408-9D DAC0802LCJ
AD1508-8D DACO0808LD ’
AD1508-9D 'DAC0802LD
AD7501JD 8-Channel Analog Multiplexer LF11508D
AD7501JN LF13508D
AD7501KD LF11508D
AD7501SD LF11508D
AD75024D Duai 4-Channei Anaiog Muitipiexer LF11509D
AD7502JN LF13509D
AD7502KD LF11509D
AD7502KN LF13509ND
AD7502SD LF11509D
AD7510DIJD 4 Independent SPST Analog Switches _LF11331D
AD7510DIJN LF13331N
AD7510DIKD LF11331D
AD7510DIKN LF13331N
AD7510DISD LF11331D
AD7516JN Quad SPST Analog Switches CD4066BCN
AN7516KN CD4066BCN
AD7516SD CD4066BMJ
AD7516TD CD4066BMJ
AD75204D 10-Bit Multiplying D/A Conveliter DAC1022LCD
AD7520JN DAC1022LCN
AD7520KD DAC1021LCD
AD7520KN DAC1021LCN
AD7520LD DAC1020LCD
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Data Conversion/Acquisition Circuits
Cross Reference Guide continue)

National National
” ::::qb"m:;" Function Direct Furiotions!
§ ; Replacement Replacement
ANALOG DEVICES (Continued)
AD7520LN DAC1020LCN
AD7520SD DAC1022LD
AD7520TD DAC1021LD
AD7520UD DAC1020LD
AD75214D 12-Bit Multiplying D/A Converter DAC1222L.CD
AD7521JN DAC1222LCN
AD7521KD DAC1221LCD
AD7521KN DAC1222LCN
AD7521LD v DAC1220LCD
AD7521LN : DAC1220LCN
AD7521SD DAC1222LD
AD7521TD : DAC1221LD
AD7521UD DAC1221LD
AD7522JD 10-Bit Buffered Multiplying D/A Converter ) DAC1008LCD
AD7522JN DAC1008LCN
AD7522KD DAG1007LCD
AD7522KN DAC1007LCN
AD7522LD DAC1006LCD
AD7522LN DAC1006LCN
AD7522SD DAC1008LD
AD7522TD DAC1007LD
AD7522UD DAC1008LD
AD7523JN 8-Bit Multiplying DIA Converter, CMOS DACO0808LCN
AD7523KN , DACO808LCN
AD7523LN DACO0808LCN
AD7524AD 8-Bit Buffered Multiplying D/A Converter DACO0832LCD
AD7524BD DACO0831LCD
AD7524CD DACO0830LCD
AD7524JN DACO0832LCN
AD7524KN-: DACO0831LCN
AD7524LN’ DACO830LCN
AD7524SD DACO0830LD
AD7524TD DACO0830LD
AD7524UD , DACO0830LD
AD7530JD 10-Bit Multiplying D/A Converter, CMOS DAC1022LCD
AD7530JN _ DAC1022LCN
AD7530KD DAC1021LCD
AD7530KN DAC1021LCN
AD7530LD DAC1020LCD
AD7530LN DAC1020LCN
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Cross Reference Guide

Data Conversion/Acquisition Circuits

Cross Reference Guide continueq

National ) National Nati?nal
Part Number Function Direct Functional

Replacement Replacement

ANALOG DEVICES (Continued)

AD7531JD 12-Bit Muitiplying D/A Converter DAC1222LCD

AD7531JN DAC1222LCN

AD7531KD DAC1221LCD

AD7531KN DAC1221LCN

AD7531LD DAC1220LCD

AD7531LN DAC1220LCN

AD7533AD 10-Bit Multiplying D/A Converter, Low Cost DAC1022LCD

AD7533BD DAC1021LCD

AD7533CD DAC1020LCD

AD7533JN DAC1022LCN

AD7533KN DAC1021LCN

AD7533LN DAC1020LCN

AD7533SD DAC1022LD

AD7533TD DAC1021LD

AD7533UD DAC1020LD

AD7541AD 12-Bit Multiplying D/A Converter DAC1219LCD

AD7541BD DAC1218LCD

AD7541JN DAC1219LCN

AD7541KN - DAC1218LCN

AD7541SD DAC1219LD

AD7541TD DAC1218LD

AD7570JD 10-Bit A/D Converter *ADC1001LCD

AD7570LD *ADC1001LCD

BURR-BROWN s

ADCB80AG-10 10-Bit A/D, Low Cost ADC1211HCD

ADCB80AG-12 12-Bit A/D, Low Cost ADC1210HCD

ADCB80AGZ-10 10-Bit A/D, Low Cost ADC1211HCD

ADCO08AGZ-12 12-Bit A/D, Low Cost ADC1210HCD

ADC82AG 8-Bit A/D, Low Cost, High Speed ADC0801LCD

ADC82AM 'ADC0801LCD

ADCB85C-10 10-Bit A/D, Low Drift, High Speed *ADC1001LCD

ADC85-10 *ADC1001LCD

ADCB85C-12 12-Bit A/D, Low Drift, High Speed ADC1210HCD

ADC85-12 ADC1210HCD

DAC80-CBI-I 12-Bit D/A,.Low Cost DAC1280HCD

DAC80-CBI-V DAC1280HCD

DAC82KG 8-Bit D/A, Low Cost DACO0800LCJ

DAC82BM DACO0800LCJ

DAC82SM DAC0800LD

+ To be announced.
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Data Conversion/Acquisition Circuits
Cross Reference Guide continueq)

National National National
Part Number Function Direct Functional
Replacement Replacement
BURR-BROWN (Continued)
DACB85-CBI-I 12-Bit D/A, Low Drift DAC1285HCD
DACS85-CBI-V DAC1285HCD
DACB85LD-CBI-l DAC1285HCD
DACB85LD-CBI-V DAC1285HCD
DACB87CB! Wide Temperature Range 12-Bit D/A DAC1285HD
DAC87CBV DAC1285HD
DACB862BG-BIN 12-Bit D/A Converter *DAC1264LCD
DACB862KG-BIN *DAC1265LCD
DAC863BG-BIN 12-Bit D/A Converter with Reference *DAC1264LCD
DACB863KG-BIN *DAC1265LCD
DAC90-BG 8-Bit D/A, Monolithic DACO0800LCJ
DAC90-SG DACO0800LD
MP20 8080-SC/MP-Compatible 8-Bit A/D ADCO0816CCN
MP21 Universal uP-Compatible 12-Bit A/D ADCO0816CCN
MP-10 8-Bit D/A uP-Compatible 8080, S.C. DAC1006LCD
MP-11 8-Bit D/A xP-Compatible 6800, 6502 DAC1006LCD
MPC8S 8-Channel MUX, CMOS LF13508D
MPC4D 4-Channel Diff., MUX, CMOS LF13509D
SHC80KP S/H, Low Cost Complete LF398H
SHC80BM LF398H
SHC85 ) S/H, High Speed Complete LF398H
SHC298AM k S/H, Low Cost Monolithic LF398H
VFC32KP VIF, Low Cost Monolithic LM331H
VFC32BM LM331H
VFC32SM LM131H
VFC42BP Low Cost, Complete Hybrid LM331AH
VFC52BP LM331AH
MOTOROLA
MC1405L A/D Converter Subsystem LF13300D
MC1408L6 8-Bit Multiplying D/A Converter DACO0806LCJ
MC1408L7 DACO0807LCJ
MC1408L8 DACO0808LCJ
MC1408P6 DACO0806LCN
MC1408P7 DACO0807LCN
MC1408P8 DACO0808LCN
MC1508L8 DAC0808LD
MC3408L 8-Bit Multiplying D/A Converter DAC0806LCJ
MC3410L 10-Bit Mulitiplying D/A Converter DAC1020LCD
MC3410P DAC1020LCN
MC3410CL DAC1021LCD

+To be announced.

i apINy 99UsI0)9Y SSOID



Cross Reference Guide

Data Conversion/Acquisition Circuits
Cross Reference Guide continueq)

National National National
Part Number Function Direct Functional
Replacement Replacement

MOTOROLA (Continued)
MC3410CP DAC1021LCN
MC3510L DAC1020LD
PMI
DAC-03ADX1(X2) 8 and 10-Bit Low Cost D/A Converter DAC1020LCD
DAC-03BDX1(X2) DAC1021LCD
DAC-03CDX1(X2) DAC1022LCD
DAC-03DDX1(X2) DAC1022LCD
DAC-08AQ 8-Bit High Speed Multiplying D/A Converter DAC0802LD
DAC-08Q DAC0800LD
DAC-08EQ DAC0800LCJ
DAC-08HQ DACO0802LCJ
DAC-08CQ DAC0801LCJ
DAC-100AA 8 or 10-Bit D/A Converter w/Reference DAC1020LD
DAC-100AB DAC1021LD
DAC-100AC DAC1022LD
DAC-100BB DAC1020LCD
DAC-100BC DAC1021LCD
DAC-100CC DAC1022LCD
DAC-100DD DAC1022LCD
DAC-12AV 12-Bit High Speed D/A Converter *DAC1265LD
DAC-12BV *DAC1265LD
DAC-12EV *DAC1265LCD
DAC-12FV *DAC1265LCD
DAC-12GV *DAC1265LCD
DAC-12HV *DAC1265LCD
SSS1408A-6Q DACO0806LCJ
SSS1408A-7Q DACO0807LCJ
SSS1408A-8Q DAC0808LCJ
SSS1508A-8Q 8-Bit Multiplying D/A Converter DAC0808LD
MUX-88AQ Protected 8-Channel BI-FET™ Analog Multiplexer LF11508D

| MUX-88BQ LF11508D
MUX-88EQ LF13508D
MUX-88FQ LF13508D
REF-01AJ 10V Precision Voltage Reference LHOO70H
REF-01J LHO070H
REF-01EJ LH0070CH
REF-01HJ LH0070CH
REF-01CJ LH0070CH
REF-01DJ LHO070CH

* To be announced.
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Data Conversion/Acquisition Circuits
Cross Reference Guide continueq)

National . National National
Part Number Function Direct Functional
Replacement Replacement
PMI (Continued) )
REF-02AJ 5V Precision Voltage Reference/Thermometer LM135H
REF-02J LM135H
REF-02EJ LM335H
REF-02HJ LM335H
REF-02CJ LM335H
REF-02DJ LM335H
TEXAS INSTRUMENTS
TL501N . 31/2-Digit A/D Processor (0.1) ADC3511CCN
TL505N 3-Digit A/D Converter ADC3511CCN
TL487N - 5-Step Analog Level Detector LM3915N
TL489N 5-Step Analog Level Detector LM3914N
TL490ON 10-Step Linear Scale Indicator (O.C.) LM3914N
TL491N 10-Step Linear Scale Indicator (E.P.U.) LM3914N
TL507P 7-Bit A/D Converter ADCO0804LCN
ADC0816J ADC0816LD
ADCO0816CJ ADCO0816CCJ
ADCO0816CN ADCO0816CCN
ADCO0817CN ADC0817CCN

i apInK) 92uaIa)oy SS0I)



Selection Guides

Voltage Reference Selection Guide

Voltage Temperature

B I T ot K
Breakdown Voltage Device Toleranceo Temperature Range Current Range, Ig Impedance
Vaatls Max, Tp = 25°C Drift Temperature (Max)
(Max) Range
1.22 LM113 +5% 100 ppm typ -55°Cto +125°C 500 pA to 20 mA 0.80
1.22 LM313 +5% 100 ppm typ 0°Cto +70°C 500 uA to 20 mA 0.8
1.22 LM113-1 +1% 50 ppm typ -55°Cto +125°C | 500 uA to20 mA 0.8Q
1.22 LM113-2 *2% 50 ppm typ -55°Cto +125°C 500 xA to 20 mA 0.8Q
1.235 LM185 +1% 20 ppm typ -55°Cto +125°C 1 mA to 20 mA 0.2Q
1.235 LM285 +1% 20 ppm typ -25°Cto +85°C 1 mA to 20 mA 0.2Q
1.235 LM3858B +1% 20 ppm typ 0°Cto +70°C 1 mA to 20 mA 0.2Q
1.235 LM385 -25, +2 20 ppm typ 0°Cto +70°C 1mAto20mA 0.4Q
2.49 LM136 +2% 18 mv -55°Cto +125°C 400 uA to 10 mA 0.69
2.49 LM136A +1% 18 mv -55°Cto +125°C 400 pA to 10 mA 0.6Q
2.49 LM236 +2% 9gmv -25°Cto +85°C 400 A to 10 mA 0.6
2.49 LM236A +1% gmVv —-25°Cto +85°C 400 ﬁA to 10 mA 0.6Q
2.49 LM336 +4% 6 mV 0°Cto +70°C 400 1A to 10 mA 1
2.49 LM336B +2% 6 mV 0°Cto +70°C | 400uAto 10 mA 1Q
5.0 LM136-5.0 +2% 36 mV -55°Cto +125°C 400 xA to 10 mA 0.6Q
5.0 LM136A-5.0 +1% 36 mV ~55°Cto +125°C | 400 uAto 10 mA 0.6Q
5.0 LM236-5.0 +2% 18 mv -25°Cto +85°C 400 uA to 10 mA 0.62
5.0 LM236A-5.0 +1% 18 mv -25°Cto +85°C 400 yA to 10 mA 0.60
5.0 LM336-5.0 +4% 12mVv 0°Cto +70°C 400 A to 10 mA 10
5.0 LM336B-5.0 +2% 12mVv 0°Cto +70°C 400 uA to 10 mA 1Q
6.90 LM129A +3%, —=2% 10 ppm -55°Cto +125°C 0.6 mAto15mA 1Q
6.90 LM129B +3%, -2% 20 ppm -55°Cto +125°C 0.6 mA to 15 mA 10
6.90 LM129C +3%, —2% 50 ppm -565°Cto +125°C 0.6 mA to 15 mA 10
6.90 LM329B +5% 20 ppm 0°Cto +70°C 0.6 mAto 15 mA 2Q
6.90 LM329C +5% 50 ppm 0°Cto +70°C 0.6 mA to 15 mA 20
6.90 LM329D +5% 100 ppm 0°Cto +70°C 0.6 mA to 15 mA 2Q
6.95 LM199A +1%, —2% 0.5 ppm -55°Cto +125°C|{ 0.5mAto10mA 1Q
6.95 LM199A +1%, - 2% 10 ppm 85°C to 125°C 0.5 mA to 10 mA 1Q
6.95 LM199 +1%, —2% 1ppm —55°Cto +85°C 0.5mA to 10 mA 1Q
6.95 LM199 +1%, ~2% 15 ppm 85°C t0 125°C 0.5mA to 10 mA 1Q
6.95 LM299A +1%, —2% 0.5 ppm —-25°Cto +85°C 0.5 mA to 10 mA 1Q
6.95 LM299 +1%, —2% 1ppm -25°Cto +85°C 0.5 mA to 10 mA 1Q
6.95 LM399A +5% 1 ppm 0°Cto +70°C 0.5mA to 10 mA 1.5Q
6.95 LM399 +5% 2 ppm 0°Cto +70°C 0.5 mA to 10 mA 1.5Q
6.95 LM3999 +5% 5 ppm 0°Cto +70°C 0.6 mA to 10 mA 2.2Q
10.00 LH0070-0 0.1% 20 mV —25°Cto +85°C 0 mA to 20 mA 1Q
10.00 LH0070-1 0.1% 10 mv -25°Cto +85°C 0mA to20 mA 1Q
10.00 LH0070-2 0.05% 4mv —25°Cto +85°C 0 mA to 20 mA 10Q
10.24 LH0071-0 0.1% 20 mv —25°Cto +85°C 0 mA to 20 mA 1Q
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Voltage Reference Selection Guide continueq

Voltage Temperature

Reverse Voltage D\r; f; ppg\)l\ c Mac); or DOutpu.t
Breakdown Voltage Device Tolerance m ax Lhange Qver Current Range, Ig ynamic
V. atl Max, Ta = 25°C Temperature Range Impedance
RER T A Drift Temperature (Max)
(Max) ’ Range
10.24 LHO0071-1 0.1% 10mV —-25°Cto +85°C 0 mA to 20 mA 10
10.24 LH0071-2 0.05% 4mVv -25°Cto +85°C 0 mA to20 mA 10
Adjustable— LH0075 +0.5% 0.003%/°Ctyp | —55°Cto +125°C 1 mA to 200 mA 1Q
5V, 6V, 10V,
12V, 15V
Adjustable— LH0075C +1% 0.003%/°C typ 0°Cto +70°C 1 mA to 200 mA 10
5V, 6V, 10V,
12V, 15V
Adjustable— LH0076 +0.5% 0.003%/°C typ -55°C to +125°C 1 mA to 200 mA 1Q
-5V, =6V, —10V,
—-12V, -15V
Adjustable— LH0076C +1% 0.003%/°C typ 0°C to +70°C 1 mA to 200 mA 1Q
-5V, -6V, —10V,
—12V, -15V
Voltage Temperature
e v o —:
Breakdown Voltage Device Tolerance 9 Current Range, I Y
Vaatl Max. Ts = 25°C Temperature Range Impedance
RER VAT Drift Temperature (Max)
(Max) Range
LOW CURRENT ZENER DIODES
18 LM103 +10% —-5mV/°C typ -55°Cto +125°C | 10xAto10mA 25Q
2.0 LM103 +10% —-5mV/°C typ -55°C to +1256°C 10 A to 10 MA 25Q
2.2 LM103 +10% -5mV/°C typ -55°Cto +125°C 10 A to 10 mA 250
2.4 LM103 +10% -5mV/I°C typ -55°Cto +125°C 10 4Ato 10 mA 250
27 LM103 +10% -5mV/°C typ -55°C to +125°C 10 A to 10 mA 25Q
3.0 LM103 +10% -5mV/°C typ -55°Cto +125°C 10 A to 10 mA 25Q
3.3 LM103 +10% -5mV/°C typ -55°C to +125°C 10 uA to 10 mA 25Q
3.6 LM103 +10% -5mV/°C typ -55°Cto +125°C 10 uA to 10 mA 25Q
3.9 LM103 +10% - 5mV/°C typ -55°C to + 125°C 10 4A to 10 mA 25Q
4.3 LM103 +10% -5mV/I°Ctyp | —55°Cto +125°C 10 uA to 10 mA 25Q
47 LM103 +10% —-5mV/°C typ -55°C to +125°C 10 A to 10 mA 25Q
5.1 LM103 +10% -5mV/°Ctyp | -55°Cto +125°C 10 A to 10 mA 25Q
5.6 LM103 +10% -5mV/°C typ -55°C to +125°C 10 uAto 10 mA 25Q
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National
Semiconductor

Active Filters

AF99 Tunable Bandpass Filter/Oscillator

General Description

The AF99 is a low frequency bandpass filter that is
tunable with a single resistor. Additionally, with a few
external components, the AF99 can be used as an
oscillator. Therefore, one device can be used as a
complete tone generating and receiving system. The
filter bandwidth is selected by one of two external
jumpers to be 2.5Hz or 5.0Hz. The frequency adjust-
ment range is from 60Hz to 270Hz. These features
make the device ideal for tone signaling, tone activated

Features

Adjustable center frequency

Bandwidth options 2.5 Hz or 5Hz
Bandwidth independent of frequency setting
Fixed voltage gain independent of settings
Single or split supply operation

Low current drain

Low cost

Applications

industrial control systems, tone activated communica- ®* Tone control systems
tion systems, two-wire sensing and control, alarms, and ®  Alarm systems
the like. An internal biasing amplifier is included to ®* Tone activated squelch
facilitate using the device on dual supplies or single = Remote sensing and control systems
ended supply applications. The supply current drain is ® Two-wire signaling
low to allow for remote or battery operated systems. = Doppler shift burglar alarms
Schematic Diagram
AAA .
yvy
L 6800 pF 100K
<
3 o0k - 6800 pF
- 1 |
EN Ay AAA——AAA- - |
* 170k 120k A2 b
100k ®<-J1-> C,
|
AAA '
A AA4L
, 160k N
< 16k ©-
2 Eout
J
A O vains

i: 75k 0.01
V-
Schematic Diagram
Typical Applications

) S
:: FREQ

ot | B0 Al

En——]f—4 aFen 5 {F> cour

3
T

80Hz TO 130 Hz TUNABLE BANDPASS FILTER
BANDWIDTH = 2.5 Hz, SINGLE SUPPLY

VBIAs = V™ +0.43(V* - V)

250k
‘P
b [111
L1 ADJ
AN
Em.—l '._. 4 AF99 5 ”—> EQuT
’ 3 2 1615
-15V +15V

125 Hz TO 270 Hz TUNABLE BANDPASS FILTER
BANDWIDTH = 5 Hz, DUAL SUPPLIES
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AF99

Absolute Maximum Ratings

32V
-25°C to +85°C
-55°C to +125°C
continuous

.. 300°C

Supply Voltage Between Pins 2 and 3
Operating Temperature Range

Storage Temperature Range

Short Circuit Duration, Any Pin

Lead Temperature (Soldering, 10 seconds)

Electrical Specifications

These specifications apply at +25°C unless otherwise specified.

Parameter Conditions Min Typ Max Units
Tuning Range See Connection table 60 270 Hz
R =10k2
v i L
oltage Gain Rg=50Q 4 dB
Input Impedance o 100 k2
) Jy=IN | 4.0 5.0 6.0 Hz
h
Bandwidt Jy - OUT 2.0 25 3.0 Hz
Power Supply pin 2 to pin 3° 6 32 \"
V+=+15V 1.5 3.0 mA
P I o
ower Supply Current Ve = -1V 15 3.0 mA

General Information

FILTER

The AF99 is a bi-quad type active filter which has been
internally connected as a bandpass filter ‘with “‘fixed”
bandwidth options. By jumpering pin 15 and pin 16, the
total resistance between the output of Aq-and the input
of Ay is reduced from 290k2 to 120 k2. This nominally
will change the bandwidth from 2.5Hz to 5Hz.
Obviously, by placing an external resistor or pot between
these pins, the bandwidth can be adjusted between these
limits.

Similarly, jumper Jo between pin 8 and pin 9 will allow
for various center frequency tuning ranges. Although
designed for use with a 250k pot to adjust center
frequency, up to 1 M£2 pot may be used between pin 5
and pin 8. A ten-turn pot is recommended.

OSCILLATOR

From the schematic of the AF99, it can be seen that
from the input, pin 4, to the output, pin 5, is negative
feedback. However, by inserting an additional amplifier,
connected in the inverting mode, the AF99 can be made

into a sine wave oscillator. This. is shown in figure 1.
The back-to-back diodes across the external amplifier
insure that signal limiting takes place and the output
is a sine wave. This signal could then be amplified or
buffered to drive long lines.

The frequency of oscillation can be adjusted by using
a pot from pin 8 to pin 5. A ten-turn pot is recom-
mended.

A second method of providing for the additional 180°
phase shift required for oscillation. is shown in figure 2.
In this circuit, the transistor provides the additional
phase shift due to the relationship between the base
voltage and the collector voltage at low frequencies.
Additionally, the oscillator can be gated on or off by
use of the switch shown. This is a typical example of a
circuit that might be used in burglar alarms, or plant
monitoring of systems. A switch closure identifies an
alarm condition and the frequency indicates where the
alarm occurs.

FREQ

arss 8 A0S
i 250k
H == cour

1r

Wy

1006

Figure 1. Oscillator with Signal Limiting
(EQuT = 0.8Vrms, 6V < Vg < 32V)




Connections Table

Typica! Applications

Jy | J2 Tuning Range (Hz) Bandwidth (Hz)
0 60 - 80 25
1 80-130 25
1 0 100 - 130 5.0
1 1 125 - 270 5.0
T "
2 8
10k
FREQ
0.1 uF AF99 ADJ
5
15 :]
16
2N2222
10k
SPST
SENSOR
INPUT
2 ¢ “—> Egur
1%
T0
SYSTEM
L GND
Figure 2, 2-Wire Tone Encoder
v+

0.1 uF

— e,

AF99

Figure 3. Tone Decoder with Relay Output
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AF100

National
Semiconductor

Active Filters

AF100 Universal Active Filter

General Description

The AF100 state variable active filter is a general second
order lumped RC network. Only four external resistors
program the AF100 for specific second order functions.
Lowpass, highpass, and bandpass functions are available
simultaneously at separate outputs. Notch and allpass
functions are available by summing the outputs in the
uncommitted output summing amplifier. Higher order
systems are realized by cascading AF100 active filters
with appropriate programming resistors.

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

Features

Military or commercial specifications

Independent Q, frequency, gain adjustments

Low sensitivity to external component variation
Separate lowpass, highpass, bandpass outputs

Inputs may be differential, inverting, or non-inverting

Allpass and notch outputs may be formed using
uncommitted amplifier
Operates to 10 kHz

Q range to 500

Power supply range

Frequency accuracy

Q frequency product < 50,000

5V to 18V
+1% unadjusted

Connection Diagrams

Ceramic Dual-In-Line Package
AF100-1CJ, AF100-2CJ
NS Package Number HY13A

NO ND BANDPASS AMP  AMP
PIN PIN  INT1  OUTPUT -V OUTPUT -INPUT  GND
16 15 14 13 12 1 10 9
1000 pF
T ]
N\ _\]_
10k "
1000 pF
Lo I
i 3]
1 2 3 a 5 6 7 lu
INPUT  INPUT HIGHPASS +V  LOWPASS AMP' . INT2 NO
OUTPUT OUTPUT +INPUT PIN

TOP VIEW

Plastic Dual-In-Line Package
AF100-1CN, AF100-2CN
NS Package Number N16A

BANDPASS HIGHPASS

INT1 OUTPUT OUTPUT % * * INPUT INPUT
16 15 14 Iu Iu 1 10 9
l A
fooop YO0k
1
/; s
100k
<>
Iwﬂon
T Z 3 [ 5 G 7 0
-v AMP  AMP  GND  AMP_ +V  INT2 LOWPASS
+INPUT - INPUT oUTPUT ouTPUT
TOP VIEW

*Note: Internally connected. Do not use.

Metal Can Package
AF100-1CG, AF100-1G, AF100-2CG, AG100-2G
NS Package Number H12A

INPUT 2

HIGHPASS
ouTPUT

QUTPUT

BANDPASS
ouTPUT

INT2
TOP VIEW




Absolute Maximum Ratings

Supply Voltage
Power Dissipation
Differential Input Voltage

Qutput Short Circuit Duration (Note 1)
Lead Temperature (Soldering, 10 seconds)

Electrical Characteristics

18V

900 mW/Package {500 mW/Amp)

+36V
Infinite
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

{Complete Active Filter) (Note 2)

~25 Ctwo+85°C
-65"Cto +125°C

-65°Ct0+126°C

-25"C 10 +100°C

PARAMETER CONDITIONS MIN TYP MAX UNITS
Frequency Range fc x @ < 50,000 10k Hz
Q Range fe x @ < 50,000 500 Hz/Hz
fo Accuracy

AF100-1, AF100-1C fe x Q@< 10,000, T, = 25°C 2.5 %

AF100-2, AF100-2C fe x Q < 10,000, T, = 25°C £1.0 %
fo Temperature Coefficient +50 +150 ppm/°C
Q Accuracy fe x Q< 10,000, T4 = 25°C +7.5 %
Q Temperature Coefficient +300 +750 ppm/°C
Power Supply Current Vg =15V 25 45 mA

Electrical Characteristics (internal 0p 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 Ry > 2k 25 160 V/mV

Vourt =210V
Output Voltage Swing RL = 10kQ +12 +14 \
RL=2kQ £10 £13 v
Input Voltage Range +12 \Y
Common Mode Rejection Ratio Rs <10k 70 90 dB
Supply Voltage Rejection Ratio Rg <10kQ 77 96 dB
Output Short Circuit Current 25 mA
Slew Rate (Unity Gain) 0.6 V/us
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, 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, T4 = 25°C.
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AF100

Applications Information

HIGHPASS.

BANDPASS

o A b -F i _Tf _T_Q— B

LOWPASS AMP IN -

>

1000 pF

>

O
AMPIN +

FIGURE 1. AF 100 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
generate the second order system

ags? + ays + a,

T(s) =2—
<+ bys+ by

The denominator coefficients determine the complex
pole pair location and the quality of the poles where

wg =+/by = the radian center frequency

Wo . R
Q = — = the quality of the complex pole pair
by
if the output is taken from the output of A1, numerator

coefficients a; and a, equal zero, and the transfer func-
tion becomes:

2
ag §
T(s) = 2

Wo
s2 + ——s+w°2
Q

(highpass)

If the output is taken from the output of A2, numerator
coefficients a, and ag equal zero and the transfer func-
tion becomes:

298§
T(s) = z

“o
2+ —s+wy?
Q

(bandpass)

If the output is taken from the output of A3, numerator
coefficients ag and a, equal zero and the transfer func-
tion becomes:

- a
Tls) =

wq
52+———s+w0
Q

(lowpass)
2

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 a, becomes
zero, a; equals 1, and az equals wzz. The transfer

function becomes:
2 + wy?
T(s) = (notch)
0 3 "
$? + — s+ wg?
Q

In the allpass transfer function a; = 1, a, = —wy/Q and
az = wp2. The transfer function becomes:

Wo
$2 — — s+ wg?
T(s) =

)
s2 + —s+ wq
Q

(allpass)
2

COMMON CONFIGURATIONS

The specific transfer functions for some of the most
useful circuit configurations using the AF100 are ili-
ustrated in Figures 2 through 8. Also inciuded are the
gain equations for each transfer function in the fre-
quency band of interest, the Q equation, center fre-

quency equation and the Q determining resistor
equation.
100k
ARA
W
1000 pF 1000 pF
10k
A
VA
oo ~
Al
e VWA 4+,
RAin®
‘P
o
1 N de,
s HIGHPASS BANDPASS

&
LOWPASS
*External components

FIGURE 2. Non-inverting Input (Q > QmN.
See Q Tuning Section)
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Applications Information (continueq)

a) Non-inverting input (Figure 2) transfer equations are:

1.1
3 R R
o B
ey, 10°  RQ ;
SIS (highpass)
N A
1.1
—w | ————
Rin  Rin
14+ —+ —
ey 10° RQ
—=——=— = (bandpass)
en A
eq 1.1
— = Wwiwy (lowpass)
&N Rin Rin
14 — + —
10°  RQ
A
10° 10°
Wy = — Wy = —
Res Re2
where
A=s?+ ! +0.1
=S N w A wqw
105 1% | 172
T+ — + —
RQ Ry
e 11
en| s> 0 ( Rin RIN)
14— + —
10° RQ
en 1.1
en| s> Rin R
b (105 B
10°  RQ
( 105 10°
14 — + —
e ~ RQ R
en| w=w R R
IN 0 1IN N
10°  RQ
wo =4/0.1 w0,
105 10°
1+ E— + —5
R 'w.
a-= N Vo.1 (_3
1.1 w,
10°
Ra= 1.1Q 10°
1 -
0.1 22 Rin
Wy
Vv
1000 pf o 1000 pF

>
>
>

Oen
HIGHPASS
*External components

FIGURE 3. Non-Inverting Input

<
<
<

O

Se,
BANDPASS LOWPASS

Q < QmN. See Q Tuning Sectivn)

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

where

1
1.1+ —
2 =
ep 10°
L (highpass)
en A
[ 104
1.1+ —
RQ
— 5w,
1+ -R—'—’-\‘
ey L 10° j
—_ (bandpass)
e A
10* ]
1.1+ —
RQ
wiw
1W2 R
1+ —
ey . 10° J )
_—————— | ass
o A (lowp:
10° ; 10°
Wy =— Wy = —
Res Rr2
10*
11+ —
> RQ
A=s" +5 0w, 0 +0.1wiw,y ‘
1+ —
Rin
10*
1.1+ —
e RQ
eNlg g 0.1 /1+ |N>
\ 5
10°
1.1+ —
ey, RQ
enl g > o0 1+Em
10°
10°
T+ —
o _ Rin
R
Nl =wg g4 N
10°
wo =V0.1 wiwy
10°
1+ —
Rin [, w2
Q= 0.1 —
104 w
1.1+ — !
RQ
10*
RQ=
5 w.
LA W AVLR R P
Rin “n
Q
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1000 pF

Rn*

V
-%-“u.

= O Qs
- HIGHPASS BANDPASS

O

*External companents
FIGURE 4. Inverting Input
c) Inverting input (Figure 4) transfer function equations

are:
10*
—g2
ey Rin .
. ‘~—2——-—- (highpass)
IN
10*
s Wy .
€ IN
e—b- = T (bandpass)
IN
10*
T Wy W2
8 IN
;—- = 2 (lowpass)
IN
10° 10°
Wy = — p = —
Req Re2
where
10%
1.1+ —
2 IN
A=s+sw, 0% +0.1 wyw,y
14—
Ra
eg 10°
e_— == ﬁ— (lowpass)
IN IN
en 10*
a == E'I: (highpass)
S
10* 108
Am \ G
e, R
;b— =ﬂ———1-6‘—~ (bandpass)
™ =wq 1.1+ —
IN
wo =v0.1 wywy
108
1+—
a L B
104 : w1
1.1+ —
Rin
10°
RQ=
Q 1
11+ —] -1
Wy Rin

LOWPASS

1000 pF 1000 pF

10k RF 1* ] RF 2*
AA AAA —O- I P I ®
VWA~ VWA 1
R 2*
O=-A AN~ N
Cin Al L 2
R 1*
AA +
W

=
]

>
>
>

<
<
<

$ror
i

*Extesnal compunents

O
BANDPASS

Qe o
HIGHPASS LOWPASS

FIGURE 5. Differential Input
d) Differential input (Figure 5) transfer funct@on equa-

tions are:
10¢
52 R
€
el = A|N2 (highpass)
N
10*
—swy ——
e Rinz
o = 2 {bandpass)
IN
10*
Wy ——
0 Rinz (lowpass)
- = owpass
en A
10° 10°
Wy = — Wy = —
Req Re2
wh 10*
ere 11+ -
IN2
A=s?+sw +01ww
! . 108 105 T2
—_— e ——
RQ Rint
wp = /0.1 w; w,
0% 10°
1+ .
_ IN1 [, W2
Q= 0 0.1 “—’1
1.1+
Rinz
10°
RQ=
Q
— 10* 108
[y (1a+ 1= —
0.1 o “Rinz Rint
1
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100k

AAA
VWA~
1000 pF 1000 pf
10k RF 1
AN AAA
VW VWA 1
S
Al
R ®
AN 4+
VWA
AAA
VWA~
> 1
<
i
L‘ <
= R, <

*External components

AAA

—V-

FIGURE 6. Output Notch Using All Four Amplifiers

e) Output notch (Figure 6/ transfer function equations

are:
1.1
R R R
(s? + wz?) 1+_% AL B
e, 10 RQ Ry
eN 1.1
2 10°  10°
s°+swy PRI +0.1 w0
RQ in
10° 10°
wy = — = — wg =v0.1 wyw,
Req Re2
10 Ry,
Wa = g S
-4 0 Rq
e, ‘ _ 11 Rg
e R R R
wi Lo (,,,;g ..':1) ¢
10 RQ
en B 1.1 Rg
e R R R
N (Rt
10 RQ
pul 0
en
=wy

*External components

o

Cn

FIGURE 7. Input Notch Using Three Amplifiers

i) Input notch (Figure 7) transfer function equations

are:

[S?+w22]

Cz
en 10 °
ein
52 +5 wq
10°
Wy = —
Res

1.1RQ 5
= an + wo
10° + RQ

10°

Wy = —
Re2

RF2x 107°
Wz = Wo rr— Wo =vV0.1 w;w,
Rz Cz
en RF2
e Rz
-0
e, Cz
en 10°°
1
AA
VWA
1000 pF 1000 pF
10K RF 1+ I RF 2*
1006 ) A2 b
—AAA
VWA~
100k A* 2XR*
AAA AAA AAA
VWA~ VW W
2XR" I
AAA
VWA~ >
o a4
> .
SRa 4,
1 1

“External components

FIGURE 8. Allpass

1.1

$? -5 w, R + w2
240N
e RQ
e 1.1
™ 2+ wq R +wg
2+ =
RQ
10°
2+ —
RQ wy
Q= 0.1 —
1.1 W,
10° 10°
Wy = — Wy = —
Re1 Re2
wp =v0.1 wywy
Time delay at wg = — secornds
Wo
FREQUENCY TUNING

g) Allpass (Figure 8) transfer function equations are:

ST

To tune the AF100 two resistors are required for
frequencies between 200 Hz and 10 kHz. For lower
frequencies “‘T’’ tuning or addition of external capacitors

2-11
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is required. Using external capacitors allows the user to RC tuning for f5 <200 Hz

go as low in frequency as he desires. “T’" tuning and

external capacitors can be used together. f 0.05033
=

_—
Two resistor tuning for 200 Hz to 10 kHz , fo (C+1x1077)

R 50.33 x 10° o
§ = —
f° _L <SR
—f P4
. <
Ry
IJ Iu <, -
b3 T
3 14 13 7 5
AF100
AF100
lli I7
Ry
FIGURE 9. Resistive Tuning FIGURE 11. Lew Frequency RC Tuning
GRAPH A. Resistive Tuning
1000 ==p = Q TUNING
— N To tune the Q of an AF100 requires one resistor from
g 100 pins 1 or 2 to ground. The value of the Q tuning resistor
§ m depends on the input connection and input resistance
5 HES as well as the value of the Q. The Q of the unit is
§ inversely proportional to resistance to ground at pin 1
L. = and directly proportional tc resistance to ground from
(-4
in 2.
i} P
\ 1
00 i 10k 100k GRAPH C. Q.
fc~-FREQUENCY (K2) Non-Inverting Input
: 106
“T" resistive tuning for fo < 200 Hz = == a0
A wi T 1+ Rin
R.2 R 11 - Oy = 348
F
Ry = —— R, < — 108
R¢ — 2R, 2 xg F
10°
AF100
l N
10° I
’ o S / 0.1 10 10 100
::m ::m' ::m ::HT Q
RS RS For Q > Qy,n in non-inverting mode:
= = 10°
] RQ= —
FIGURE 10. T Tuning 10
348Q-1— —
GRAPH B. “T* Tuning Rin
100k
1 T 'a 1
I Ini
11
[ Ry = 100k Rin 1
w0k = + AF100
H T T
5 i
@
& Ry = 50k
Lok Ro
o H
100 I -
! s i b FIGURE 12. Q Tuning for Q > QuiN-
FREQUENCY (Hz) Non-Inverting Input
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GRAPH D. Q > Qmn.
Non-lInverting Input

100k
Rin = 100k3FH
o
/'RIN = 10K
10k Rﬁ_f 1 ME
° =
<
T |
1k
=P
100
0.1 1 10 100

For Q < Qy,n in non-inverting mode:

10*

(&)
1+ —
Rin

03162 —— - 1.1
Q

RQ =

AF100

FIGURE 13. Q Tuning for Q < Q.

Non-Inverting Input

GRAPH E. Q < Qpn.
Non-Inverting input

100k

i I i
= 100k

RQ

Hi|

100

01 o1 10 10
o

For any Q in inverting mode:

10°

RQ =
10°

3.16Q “{1.1+ — ) —1
Rin

Rin 2

AF100

FIGURE 14. Q Tuning Inverting Input

GRAPH F. Q Tuning,
Inverting Input

™
== L 1 "ﬂ',t
100k -
g S - ='x‘”n|
|| IN
[
10k §==Ruu=1ﬂi =
1k H
01 1 10
a
NOTCH TUNING

100

Two methods to generate notches are the RC input and
lowpass/highpass summing. The RC input method re-
quires adding a capacitor and resistor connected to the
two integrator 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 output.
For input RC notch tuning:

CRex107° [fo) 2
Cz fz

z=

AF100

1
126 oureur

14

T C;
INPUT Omemm

FIGURE 15. Input RC Notch

GRAPH G. Input RC Notch

100

= ) MR
F aREmARRii]
7
Cz=C
=
s T
3 il il
0.1
"4 Ul
1
7 i i
on I T
0.1 1 10
fc/fz

For output notch tunihg:

fz\ ? Rep
Rue = (£) o2
fo 10

AF100

~- E3
S £ oy

%x

i

p—0 ouTPUT

FIGURE 16. Output Notch
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GRAPH H. Output Notch
10

Rup/Ryp

01

i

01

g

tz/f0

TUNING TIPS

In applications where 2 to 3% accuracy is not sufficient
to provide the required filter response, the AF 100 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
configuration 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 incorrect.

Frequency Tuning

By adjusting the resistance between pins 7 and i3 the
center 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 im-
pedance 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, f,, can be calculated by the
following equations:

£ ! LI R R
= —t - +
"7\ 20 20 x o

where fo = center frequency

1 ) 2 1
— + 1= —
2Q 20

When adjusting the Q,'set the signal source to either fy

or f, and adjust for 45° phase change or a 3 dB gain
change.

fL= x (fo)

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/highpass 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
section, adjust amplitude and check that clipping does
not occur at the lowpass output pin 5 (AF 100J).

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 output of the
summing amplifier.

Gain Adjust
Set the oscillator to any desired frequency and the gain

can be adjusted by measuring the output of the summing
amplifier and adjusting the feedback resistance.
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OSCILLATOR

¢ R
(—ArA

COUNTER

—w

<
Ra &

ZERD
—AAA AAA ARA
VW VWA VA
—AAA
VW
14 3 Is GAIN
L1 P
10 AXA
>—AAA~ 1 AF100 "
< Amp
<
< BP
t 3 7 AC VOLTMETER
AAA AAA
N VWA VW
E;»
ﬂl)_ FREQUENCY >
= PHASE METER
FIGURE 17. Filter Tuning Setup
Ve V4
RF2 p .
RF1 RF2
{ 1. ™M b
> 3 1 10 s & 2
100k 2 100
‘I

AF100

AF100

=1

U T

4
V/2 (PSEUDO GROUND)

FIGURE 18. Single Power Supply Connection Using

Uncommitted Amplifier to Split Supply

n

12

L AN
g
-

FIGURE 19. Single Power Supply
Connection Using Resistive Dividers

1.045k

vt v
4 In
I 11 iR 1 "
VWA >
>
< <
> 10 >
AF100 l_—l_i’ ton AF100 b3 100
5 100c—@ 5 100 L0
VWA~

STAGE 1

Fe = 1031.1 Hz
Q=28.34
Fz = 10122 Hz

FILTER DESIGN

Since most filter tables are in terms of a normalized
lowpass prototype, the filter to be designed is usually
reduced to a lowpass prototype. After the lowpass

1.045Kk
AAA
VWA
'3 12} 131218
l! 81k 48.81k 9.638K 50.87k 50.87k 10.37%

GAIN (d8)

FIGURE 20.

Performance
0.1 dB ripple passhand
0.1 dB notch width = 100 Hz
40 dB notch width = 6.25 Hz

4th Order 1010 Hz Notch

0
™N
210 N y.
\ STAGE 2
-20
Fe =989.3 Hz
- ‘ l Q=28.34
™. F, = 1007.8 Hz
-50
50

960 980 - 1000 1020 1040
FREQUENCY (Hz)

1010 Hz Notch—Telephone Holding Tone Reject Filter

transfer function is found, it is transformed to obtain the
transfer function for the actual filter desired. Graph /
shows the lowpass amplitude response which can be
defined by four quantities.
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GRAPH 1. Lowp

Prototype R

: ééséééééééé
@ Amax
2
2
<
@
Awin 1//,___\\\

fe . fs
LOG FREQUENCY

Amax = the maximum peak to peak ripple in the

passband.
Amin = the minimum attenuation in the stopband.
fe = the passband cutoff 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) Apmax and Ay are the same as for the
lowpass case but fc = 1/f; and fg = 1/f;. -

GRAPH J. Highpass Response

4
T
Amax

Avin

1

To obtain the lowpass prototype for a bandpass filter
(Graph K) Apmax and Ayn are the same as for the
lowpass case but

fs — f4
fa — 1,
where f3 =+/f; fg =+/f; f; i.e. geometric symmetry
fs — f4 Anin bandwidth
fs —f, = Ripple bandwidth
GRAPH K. Bandpass Response
i
—

Amax

Amin

|
fi f2 f3 fafs

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

fs—f
fe=1 fo= ol
fa— 1,
where fa=vf fs =1 {4

GRAPH L. Notch Response

1

t

Amax

Amin

fi f2 13 f4fs

Normalized Lowpass Transformed To Un-Normalized
Lowpass

The normalized lowpass filter has the passband edge
normalized to unity. The un-normalized lowpass filter
instead has the passband edge at fc. The normalized and
un-normalized lowpass filters are related by the trans-
formation s = sw.. This transforms the normalized
passband edge s = j to the un-normalized passband
edge s = jwc.

Normalized Lowpass Transformed To Un-Normalized
Highpass

The transformation that can be used for lowpass to
highpass is S = w¢/s. Since S is inversely proportional to
s, the low frequency and high frequency responses are
interchanged. The normalized lowpass 1/(S2 + S/Q+1)
transforms to the un-normalized highpass

S2

we
s+ —s+we?
Q

Normalized Lowpass Transformed- To Un-Normalized
Bandpass

The transformation that can be used for lowpass to
bandpass is S = (s? + w?) BWs where wy? is the center
frequency 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 func-
tion desired is in terms of the pole and zero locations.
The most common approximations found in tables are
Butterworth, Tschebycheff, 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 dis-
advantage of requiring high order transfer functions to
obtain sharp roll-offs.
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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 passband. The Tschebycheff approximation, be-
cause of its equiripple nature, has a much steeper trans-
ition 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 Butterwerth or
the Tschebycheff.

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 (tr = wg/wc).
Decreasing Apax, increasing Ay, or decreasing tr
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 ‘‘Reference
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 text as Louis Weinberg, ‘“Network Analysis and
Synthesis,” McGraw Hill Book Company, 1962 and
Richard W. Daniels, “‘Approximation Methods for Elec-
tronic 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

Maximum output noise

Power consumption

GRAPH M. G

Power supply voltage
Dynamic range

Maximum output level

Second step is to find the pole and zero location for
the transfer function which meet the above require-
ments. This can be done by using tables and graphs or
network synthesis. 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

s+wg

(low pass)

Ks Ks?

stwg

(highpass)

Ks
(bandpass)

Wo
$2 + —s+ wp2
Q

K(s® + wzz)
_— (notch)

Wo
$2 + —s + w2
Q

Wo
§2——s+ woz
Q
(allpass)

Wo
s+ —s+ woz
Q

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 com-
plicated cases but some general ‘rules that can be used
that will usually give satisfactory results are:

i Model R

RIPPLE ___ dB (Amax) 3

;

-3dBAT ___Hz

Amin . dB

fr__He fafs fo___Hz fgfy fo___ Hz
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1. The highest Q" pole pair should be paired with 3. In cascaded filters of more than two sections the

the zero pair closest in frequency. 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.

2. If highpass and lowpass stages are cascaded the
lowpass sections should be the higher frequency
and highpass sections the lower frequency.

Res

Re Rez AAA- A~ MA
an 16.3 54.9k 32,0k 100
-
lu I: l " |3 14 3 Is 10

AF100 —AAA AF100 5 AAA

108k Rez 50.8k

L
=y,
]

.

Lowpass Elliptic Filter

Fec =
Fs=13
Amax =0.1dB
Amin =40 dB
N=6

f 2
for=1.0415 Q,=7.88 fz,=1.329 fy/fo =128 (f—z—) =1.63
(o]

f 2
fo2 =0.0165 Qu=179 fz,=1.664 fy/fy =1.82 (—z) =3.30

£ 2
fo3=0.649 Qy=0625 fy3=4.1285 f;/f, =6.36 —z) =405

_ (503.3) s _ (503.3) s (503.3)
1= 10 F2 = s} F3 = —
fo1 xfc foz X fc fos X fc
at 1000 Hz = fe
Req = 48.3k Rea = 54.9k Re3 = 77.6k
6th Order Elliptic Filter
0
-6
-12
-18
1
. I
f -36
-42
~48 .
-54
0.01 0.1 1 10

FREQUENCY (kHz)

FIGURE 21. Lowpass Elliptic Filter Example
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Ve
. L 1s 500/1000 Hz Switchable
Butterworth Lowpass Filter
100k
INPUT O—AAA/ ! . %
‘b AF100 peeeO OUTPUT
217k 1: L] 0 S
< 6 N
N
4 3 |3 1 (B -12
Fe * 1000/500 I = -1
oo L L H 2: N
= 251 Q 2&‘7‘(:: 2597 z - N
< < S -3 Q
-36 N, N
S a2 N
12.58k 4: \
-48
-54 |
Gain at de = +13dB o 100 1000 10,000
Gain at 1 kHz/500 Hz = 10 dB L FREQUENCY (Ha)
= 2
FIGURE 22. Switchable Filter Example: 500 Hz/1000 Hz Butterworth Lowpass
v+ v+
T‘ n ook 1 2 11 N
1000 . WV ;
A A As < <
AF100 10 < 100k AF100 U g1
3 : u' 3 100k u'
[LEP 4 SAAA- W% ] 5 AAA
1 5 T [iz]ie 3 1o 9 3|7 13 [iz]is 3
16,06k 88.8k
S VA'AV’ S A“V‘V
.L P P 2 > > P
= 15e R sk | sk sk = B 1K@ | S5k < 150K
b3 b IS ? $ S$|$ b3
1518k 1598k 1.350 1354k
= = = M =
+6
: Hﬂ i
-6
-12
STAGE 1 g -1 STAGE 2
Fe = 3.328 Hz z -4 Fe =2.975 Hz
Q=384 S a0 |—H Q =0.693
F, =4.218 Hz _36 F, = 8.865 Hz
-42 l
o [
s 1
1 10 100 1000
FREQUENCY (Hz)

FIGURE 23. EEG Delta Filter—3 Hz Lowpass
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FREQUENCY

oC
COUNTER VOLTMETER

| |

TEST FIXTURE

SINE WAVE
SIGNAL INPUT
GENERATOR

OSCILLOSCOPE

ouTPUT

Input level 1V rms 0 dBV
15V 0C |
POWER
SUPPLY

FIGURE 25. Test Circuit Block Diagram

PHASE METER

AC VOLTMETER

COMPUTER AIDED DESIGN EXAMPLE* The steps in the design of this filter are:

This design is an example of a 60 Hz notch filter. The 1. Design a lowpass “prototype’’ for the filter.

response is to have the following specifications: 2. Transformation of the lowpass prototype into a

otch filter design.
Maximum passband ripple 0.1 dB o sg
3. Using the pole and zero locations found in step

two calculate the value of the resistors required
to build the filter.

4. Draw a schematic of filter using values cbtained
in step three.

Minimum rejection 35 dB
0.1 dB bandwidth 15 Hz max
—35 dB bandwidth 1.5 Hz min.

*Computer programs shown are user ‘interactive. Underlined copy_is user input, non-underlined copy is computer response, and line
indications in parenthesis are included for easy identification of data common to several programs.

PROGRAM NO. 1

RUN

THIS PROGRAM DESIGNS BUTTERWORTH CHEBYCHEFF OR ELLIPTIC NORMALIZED
LOWPASS FILTERS

WHAT TYPE OF FILTER ? B-C-E

ELLIPTIC
DO YOU KNOW THE ORDER OF THE FILTER ? Y/N
? NO
INPUT FC,FS,AMAX,AMIN
?21,10,.1,35
FC 1.000
FS 10.000
AMAX .100
AMIN 35.000
N 2.000
"ATT AT FS i -35.671 (ATTENUATION IN dB)
IS THIS SATISFACTORY ? Y/N
? YES
F Q
1.823 (Line 1.1) 775 (Line 1.2)
z

14.124 (Line 1.3)
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PROGRAM NO. 2

(DETERMINES UN-NORMALIZED
POLE + ZERO LOCATIONS OF FIRST SECTION)
(DATA ENTERED FROM PROGRAM NO. 1)
RUN
WHAT TYPE FILTER BANDPASS OR NOTCH
? NOTCH
ENTER # OF POLE PAIRS? 1

ENTER # OF JW AXIS ZEROS? 1
ENTER #OF REAL POLES? 0
ENTER # OF ZEROS AT ZERO? O
ENTER #OF COMPLEX ZEROS? 0

ENTER # OF REAL ZEROS? 0

ENTER F & Q OF EACH POLE PAIR
? 1.823, 775 (FROM LINE 1.1 AND LINE 1.2)

ENTER VALUES OF JW AXIS ZEROS
?14.124 (FROM LINE 1.3/

ENTER FREQUENCY SCALING FACTOR
71

ENTER THE # OF FILTERS TO BE DESIGNED
71

ENTER THE C.F. AND BW OF EACH FILTER
? 60,15

OUTPUT OF PROGRAM NO. 2
TRANSFORMED POLE/ZERO LOCATIONS

FIRST SECTION
POLE LOCATIONS
CENTER FREQ. Q
56.93601 (From Line 2.3} 11.31813 (From Line 2.4)

63.228877 (From Line 2.5)
JW AXIS ZEROS

11.31813 (From Line 2.6)

59.471339 (From Line 2.1)
60.533361 (From Line 22

PROGRAM NO. 3
(CHECK OF F!LTER RESPONSE USING
PROGRAM NO. 2 DATA BASE)

RUN

NUMERATOR (ZEROS)
A(NSA2+R{1)S+Z{1)A2

1 0 59.471339
1 0 60.533361
REAL POLE

COMPLEX POLE PAIRS

F Q
1 66.93601 11.31813
2 63.228877 11.31813

(From Line 2.1)
(From Line 2.2}

(From Lines 2.3 and 2.4)
(From Lines 2.5 and 2.6)

RUN
FREQUENCY NOR. GAIN (DB) PHASE DELAY NOR.DELAY
40.000 .032 347.69 .002275 5.847169
45.000 .060 342.20 .0041C7 8.749738
50.000 .100 330.70 .009983 21.268142
55.000 -.795 290.54 .046620 99.324027
56.000 -2.298 270.61 .063945 136.234562
57.000 -5.813 245,51 .072894 155.299278
58.000 -12.748 220.19 065758 140.096912
58.200 -14.740 215.54 .063369 135.006390
58.400 -17.032 211.06 .060979 129.914831
68.600 -19.722 206.76  .058692 125.043324
58.800 —22.983 202.61 .056588 120.561087
59.000 -27.172 198.60 .054724 116.589928
59.200 —-33.235 194.72 .053139 113.212012
59.400 —46.300 190.94 .051856 110.478482
59.600 —42.909 7.24 .050888 108.417405
59.800 -36.897 3.60 .050242 107.040235
60.00 -35.567 360.00 .049916 106.346516
60.200 ~36.887 356.41 .049907 106.326777
60.400 —42.757 352.81 .050206 106.963750

FREQUENCY NOR. GAIN (DB) PHASE DELAY NOR.DELAY
60.600 -47.102 169.17  .050801 108.232021
60.800 —33.650 165.48 .051677 110.096278
61.000 -27.577 161.72 .052809 112.508334
61.200 -23.418 157.87  .054167 115.403169
61.400 -20.198 163.92 055712 118.694436
61.600 —17.554 149.85 .057391 122.270086
61.800 —15.308 14565 .0569136 125.989157
62.000 -13.362 141.33  .060869 129.681062
63.000 —6.657 118.23  .065975 140.559984
64.000 —-2.936 95.30 .059402 126.556312
65.000 —-1.215 76.38 .045424 96.774832
66.000 —.463 6243 .032614 69.484716
67.000 -.138 52.44  .023498 50.062947
70.000 .091 3543 .010452 22.267368
75.000 .085 23.44 .004250 9.054574
80.000 .060 17.80 .002310 4.921727
85.000 .043 1450 .001460 3.110493
90.000 .032 12.31  .001011 2.154297
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PROGRAM NO. 4
DESIGN OF FIRST SECTION

YRUN

WHICH FILTER AF100-JOR G ?

?J

WHAT TYPE OF FILTER SECTION? HIGHPASS-BANDPASS-LOWPASS-NOTCH-ALLPASS
? NOTCH

INPUT FC AND Q VALUES

? 56.93601, 11.31813 (FROM LINES 2.3 AND 2.4)

INPUT REAL POLE AND CAPACITOR VALUES IF NONE ENTER O
20

INPUT ZERO LOCATION

?59.471339 (FROM LINE 2.1)

ARE TUNING INSTRUCTIONS REQUIRED ?

? YES

TUNING INSTRUCTION

PHASE SHIFT FROM INPUT TO PIN 13 SHOULD BE 180 DEG. AT 56.93601 HZ.
IF TUNING IS REQUIRED, RF2 FROM PINS 7 TO 13 SHOULD BE ADJUSTED.
PHASE SHIFT FROM INPUT TO PIN 13 SHOULD BE 135 DEG. AT 59.506798HZ.
OR 225 DEG. AT 54.476284 HZ.

IF TUNING IS REQUIRED RQ FROM 1 OR 2 TO GROUND SHOULD BE ADJUSTED
GAIN AT PIN 11 AT 59.471339 SHOULD BE O IF NOT

ADJUST RHP FROM PIN 3 TO 10 FOR NULL

FC= 5693601 Q= 1131813 F(L-3DB)=54.476284 F(H-3DB) = 59.506798

GAIN AT F)) FC= .00DB

FUNCTION CONNECTION VALUE OF EXTERNAL
FROM T0 RESISTORS IN OHMS

R IN INPUT 1 100000.000

RQ 1 GND 2675.931

RF1 3 14 883960.996

RF2 7 13 883960.996

RLP 5 10 100000.000

RHP 3 10 10910.418

RG 10 ‘ 1 357910.697

+V 4

ny) 12

GND 9

GND 6

OUTPUT PIN 11
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PROGRAM NO. 4
DESIGN OF SECOND SECTION

WHAT TYPE OF FILTER SECTION? HIGHPASS-BANDPASS-LOWPASS-NOTCH-ALLPASS
? NOTCH

INPUT FC AND Q VALUES

?63.228877, 11.31813 (FROM LINES 2.5 AND 26}

INPUT REAL POLE AND CAPACITOR VALUES IF NONE ENTER 0

?0

INPUT ZERO LOCATION

?60.533361 (FROM LINE 2.2)

ARE TUNING INSTRUCTIONS REQUIRED ?

? YES

TUNING INSTRUCTION

PHASE SHIFT FROM INPUT TO PIN 13 SHOULD BE 180 DEG. AT 63.228877 HZ.
IF TUNING IS REQUIRED RF2 FROM PINS 7 TO 13 SHOULD BE ADJUSTED
PHASE SHIFT FROM INPUT TO PIN 13 SHOULD BE 135 DEG. AT 66.083802 HZ.
OR 225 DEG. AT 60.497289 HZ.

IF TUNING IS REQUIRED RQ FROM 1 OR2TO GROUND SHOULD BE ADJUSTED
GAIN AT PIN 11 AT60.533361 SHOULD BE 0 IFNOT

ADJUST RHP FROM PIN 3 TO 10 FOR NULL

FC= 63.228877 Q= 11.31813. F(L-3DB)= 60.497289 F (H-3DB) = 66.083802

GAIN AT F ((FC= .00DB

FUNCTION CONNECTION VALUE OF EXTERNAL
FROM 10 RESISTORS IN OHMS

RIN - INPUT e R 100000.000

RQ 1 ~ GND 2675.931

RF1 3 14 795984.596

RF2 \ 7 ©o13 795984.596

RLP 5 0 ' ~100000.000

RHP 3 10 9165.552

RG 10 1 328044.920

+V 4

-v ; 12

GND 9

GND 6

OUTPUT PIN 11
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RF1 1- RHP
AAA e AAA

e AAA
VWA VWA~
Ia Iu 3

5 ALp 5 ALP
""‘ 4‘v‘v"
R 10 10
INPUT 1. . STAGE 1 STAGE 2
AF100 1 AAA AF100 L eAAA~
L] RG 1 $ RG
ouTPUT
lu 7 ER D A [u 7 RERD
RQ A
v- RF2 = RQ e
= RF2 =
*Yuning Resigtors
- 0.1 dB bandwidth 15 Mz
= 35 48 bandwidth 1.5 Hz

4th Order 60 Hz Notch Filter

[

-10 - X
-20 J

|

GAIN (d8)

40 50

70 80 80

FREQUENCY (Hz)

FIGURE 26. Implementation of a 60 Hz Notch From Computer Caiculations

DEFINITION OF TERMS

Amax Maximum passband peak-to-peak ripple R. W. Daniels: “Approximation Methods for Electronic
Avin  Minimum stopband loss Filter Design,” McGraw-Hill Book Co., New York, 1974
f2 Frequency of jw axis pair . L,
fo Frequency of complex pole pair G.S. Moschytz: ‘.’Lmear Integrated Networks Design,
X Van Norstrand Reinhold Co., New York, 1975

Q Quality of pole
fc Passband edge E. Christian and E. Eisenmann, “Filter Design Tables
fs Stopband edge and Graphs,” John Wiley & Sons, New York, 1966
Aup Gain from input to highpass output .
Agp Gain from input to bandpass output A._ I. 2verev, “Handbook of Filter Synthesis,” John
Ap Gain %rom input to lowpass output Wiley & Sons, New York, 1967
Aamp  Gain from input to output of amplifier Burr-Brown Research Corp., “Handbook of Operational
R¢ Pole frequency determining resistance Amplifier Design and Applications,” McGraw-Hill Book
Rz Zero Frequency determining resistance Co., New York, 1971
Ra Pole Quality determining resistance
fu Frequency above center frequency at which

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

the gain decreases by 3 dB for a bandpass filter
BW The bandwidth of a bandpass filter
N Order of the denominator of a transfer function

BIBLIOGRAPHY:
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Semiconductor

Active Filters

AF150 Universal Wideband Active Filter

General Description

The AF150 :wide band active filter is a general second
order lumped RC network. Only four external resistors

are required to program the AF150 for specific second -

order functions. Low pass, high pass and band pass
functions are available simultaneously at separate out-
puts. Notch and all pass functions can be formed by
summing the outputs with an external amplifier. Higher
order filters are realized by cascading 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

= [ndependent Q, frequency, gain adjustments

® Low sensitivity to external component variation

® Separate low pass, high pass, band pass outputs

® Inputs may be differential, inverting or non-inverting
= All pass and notch outputs may be formed

® Operates to 100 kHz

® Qrange to 500

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

Connection Diagrams

NO NO BANDPASS
PIN ' PIN INTT  OUTPUT -V * * GND
lm 15 14 13 12 ln lw 9
y 220 pF
10k
‘V‘V‘v
T1- +H
_<
A 220 pF
AN p
M 20k
1 2 3 4 5 Iﬁ 7 8
INPUT  INPUT HIGHPASS +V  LOWPASS  * INT 2 NO
oUTPUT OUTPUT PIN
TOP VIEW
Ceramic Dual-In-Line Package HY 13A
AF150-1CJ
AF150-2CJ

*Note: Internally connected. DO NOT USE.
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AF150

Absolute Maximum Ratings

Supply Voltage

Power Dissipation (Note 1)
Differential Input Voltage
Output Short-Circuit Duration (Note 1)
Operating Temperature

Storage Temperature

Lead Temperature (Soldering, 10 seconds)

18V

900 mW/Package (500 mW/Amp)

+36V
Infinite

~25°C to +85°C
-25°C to +100°C
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 fexQ<2x 105 100k . Hz
Q Range fex Q< 2x 105 ‘ 500 | Hz/Hz

fo Accuracy .
AF150-1J foxQ<Bx10% Tp =25°C ' 2.5 %
AF150-2J fexQ<5x 104, Ta = 25°C | %10 %
Afo/AT fo Temperature Coefficient +50 +150 ppm/°C
Q Accuracy fexQ<5x 10% Ta = 25°C +7.5 %
AQ/AT Q Temperature Coefficient +300 t750 ppm/°C
PSRR Power Supply Rejection Ratio 80 100 dB
CMRR Common-Mode Rejection 80 100 . v dB
los Input Offset Current Tj=25°C 3 50 pA
g Input Bias Current Tj=25°C 30 200 pA
vem Input Common-Mode Voltage Range | Vg =15V 11 12 . \2
lg Power Supply Current Vg=%156V,Ta = 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

generate the second order transfer function:

agsZ +ags + a1
Ll i uweenr
s¢ +bos + by

The denominator coefficients determine the complex
pole pair location and the quality of the poles where

wgp = Vb1 = the radian center frequency

Wo
Q= ;—- = the quality of the complex pole pair
2

If the output is taken from the output of A1, numerator
coeff_icients a1 and a2 equal zero, and the transfer func-
tion becomes:

a3 s2

T(s) = - (high pass)
s2'+ %o s+ wp2

If the output is taken from the output of A2, numerator
coefficients a1 and a3 equal zero and the transfer func-
tion becomes:

a’s
T(s) = 2

w
52+——gs+ &)02
Q

(band pass)
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Applications Information (continueq)

BAND PASS

LOW PASS

013 _TT ?5
— " w—— — — —‘

HIGH PASS
(¢}
r — — — Lod —
20k
20 MA-
1 2%
AA
VA
| 220 pF
| “w =
10—+—=9 AN

220 pF

FIGURE 1. AF150 Schematic

If the output is taken from the output of A3, numerator
coefficients a3 and a2 equal zero and the transfer func-
tion becomes: )

a1

T(s) = (low pass)

w
2+ —2 g4 wg?
Q

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 a2 becomes
zero, a1 equals w2 and a3 equals 1. The transfer func-
tion becomes:

52 + wZ2

T(s) = {notch)

w,
s2+ —-—o-s*-woz
Q

In the all pass transfer function a3 = 1, a2 = —w¢o/Q and
a1 = we2. The transfer function becomes:

Wo
$2 - — s+ we2

T(s) = (all pass)

2+ 20 (4002
Q

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 knowledge of the frequency and Q of the specific
filter he is designing. For higher order filters of varidus
types, the reader is directed to any of the available
texts on filters. (see bibliography) 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 external capacitors allows the user to go as low in
frequency as he desires. T tuning and external capaci-
tors can be used together.

Two resistor tuning for 1 kHz to 100 kHz

228.8 x 106
R¢=

(1)

fo

AF150

F T

Rt

FIGURE 2. Resistive Tuning

GRAPH A. Resistive Tuning

1000

= 1 N

E 100

(=3

= —

<

-

2

& 10 = A

1 ===

& =

- ¥ 1]

1
100 * 10k 100k

t - FREQUENCY (H2)
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Applications Information (continueq)
T resistive tuning for fo < 1 kHz

RT2
Rs=—T—— (2
Rf — 2 RT

Rt from equation 1.

AF150

3 14 13 7

FIGURE 3. T Tuning

GRAPH B.(T Tuning

100k
AND y A .
11 V4

= 11} I

g RT = 100k

w10k

= 3

<

-

2

v

& = 50k

|1k R1*

w =

-5

100
10 100 1k 10k

. FREQUENCY (H2)

If external capacitors are used for fo < 1 kHz, then
equation 3 should be used.

. 0.05033 o @
fr
fo (C+220x 10— 12)

——C b ]
‘P
>
< L
>
S Pt c
3 14 13 ] |§

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 pro-
portional 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
resistor, RN, (Figures 5 and 6) and calculate Qpm N
(graph C).

104
14+ —

RIN

MINT s

If the Q required in the circuit is.greater than Qpm|N,
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 QpgN, use the circuit configura-
tion shown in Figure 6 and equation 5.

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

GRAPH C. [eTYTI VA
Non-Inverting Input

105 = ===
F—HH
T
il il
108 =
z H
‘; L 1] Hm jast
3 Oy
103
[I][l\\
102 ”m
0.1 .10 10 100
]




Applications Information (continueq)

For Q> QMmN in non-inverting mode:

R tot Q
Q=
104
3480 -1 - —
Rin
RN )
O—AAN + i AF150
Ra

FIGURE 5. Q Tuning for Q > QpmIN.
Non-inverting Input

GRAPH D. Rq for Q> Qpyn,
Non-inverting Input
10k - o

- -
S U
- [ Hr 1
NG
AL Ryy = Tk
Tk b1 Rjny = 100k L
)
@< bt
100 L N
10 A
0.1 1 10 100
Q

For Q < QpN in non-inverting mode:

R 2x 103
Q= 108 Q
<1 + e
0.3162 ———'N— —
: Q
RIN N
AF150
2 -
Rq

FIGURE 6. Q Tuning for @ © QpunN.
Non-Inverting Input

GRAPH E. Rq for @ © QN
Non-lInverting 'nput
100k

Ry = 10K

10k

Rq (12}

i

0.01 0.1 1.0 10

INVERTING CONNECTION*

(@) For any Qin inverting mode:
R 10 Q (6)
a 2x 103
3.16Q (1.1 + ———) —1
RIN
Rin )
AF150
1
+
Ra

FIGURE 7. Q Tuning, Inverting Input

GRAPH F. Q Tuning,
Inverting Input

100k
: &
.10k
= — HHHH
< Ay - 20k
Il
T =Ry =2
EiEh
TN
100

(5) v

*The discussion of “non-inverting’’ and ‘“inverting’’ has to do
with the phase relationship between the input port and the
low pass output port. Refer to Figure 1 for other output port
‘phase relationships. ’

DESIGN EXAMPLE
Non-Inverting Band Pass Filter

Center frequency 38 kHz = fg, 10 Hz/Hz = Q, 10k =
RIN-

Ry
6020 "

RiN l” I3 T‘

<

AF150 2
' 1
R 12 7 13 =
ul l, QUTPUT
= v Ry
6020
Using equation 1
228.8 x 108
Rf D cm————————
fo
228.8 x 106
Rf = 5— = 60209
38x 10

2-29
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Applications Information (continued)

Using equation 6

104
RQ = Q

2x 103
3.16Q 1.1+ —m ] =1
RIN

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
adjusted, equation 33 can be solved for RQ in terms of
RiN and this substituted into equation 6 to find the
required Ry and RQ.

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
generating 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 operational amplifier. However, the gain
can be adjusted independent of the notch frequency.

For input RC notch tuning:

Cz Rfx 1012 fo 2
Rz —8m8Q —— | — Q (7)
220 f2

f, = frequency of notch (zero location)

AF150 12 _ooureur

) Iu
T i
INPUT O

VW

FIGURE 8. Input RC Notch

GRAPH G. Input RC Notch
10

Rz/Rg

0.1

il

0.1 1 0 100
folfz

For the low pass/high pass summing technique,

f2 2 RL
Rh={|—}) — (8)
fo 10
Rh )
l!
HP Ry
AF150 [ @}
b—o0
LP ’
l’ =
: Ry
FIGURE 9. Output Notch
GRAPH H. Output Notch
10
==
: H
& 7 iu
01
i
0.01 L il
01 (. 10 100
‘ f2/tg
DESIGN EXAMPLE
19 kHz notch using RC input.
Center frequency 19 kHz fg
Zero frequency 19 kHz fz
20 Q
vt v-
Tn = ln Tvz
! AF150
Rg
148 )
1“ 3 7 13
»-\N\-'n [ ouTPuT
- :‘;-— — 1200 .z.'i'.u
INPUT
Rz
12.08k
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Using equation 1:

228.8 x 108
Rf = —rr-— Q
fo
Rf= 12,0400
Using equation 4 with R|\ = °°:
R 104
Q. ~ . 104
348Q -1 - —
RIN
Rq = 14682 )

Using equation 7:

2
. _(cz RE x 1912)( fo) Q
z 220 f2

Rz = 12,0400
DESIGN EXAMPLE .
19 kHz notch using low pass/high pass summing

Center frequency 19 kHz fg

Zero frequency 19 kHz fz
20 Q
Using equation 1:
228.8 x 108
Rf= —8 —— Q
fO
Rf = 12,0402

Using equation 4, choose RyN = 10 kQ2:

R 1o Q
Q= 104
348Q—1—- —

RIN

RQ = 14892
Using equation 8: -
f2\2 RL.
R, - <_Z_) R
fo 10

Choose R|_ = 20k, then Rp = 2k

TRIALS, TRIBULATIONS AND TRICKS

Certainly, there is no substitute for experience when
applying 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 AF 150 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
configuration 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 incorrect.

Frequency Tuning

By adjusting the resistance between pins 7 and 13 the
center frequency of a section can be adjusted. If the
input is through pin 1 the phase shift at center fre-
quency 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

Rf Ry GAIN
v 12,040 2 10
——AAA
Tn " 3
"
Rin N
10k . 5 2
INPUT O=—AAA- AF150 VWA I 6
Ry LF35 b0 ouTPUT
4 20k ] e
b3
T |z |7 [ =
v = v
[ -
v iy
= 12,040
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Applications Information (continued)

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, fL, and the upper 3 dB
(45°) frequency, fH, can be calculated by the following
equations:

2
f ! (1) 1 (o)
= — 4+ e + X
H™\20 20 2
2
! ! (fo)
fL= <——>+1 - 3R X {To
L 2 20

where fo = center frequer{cy

When adjusting the Q, set the signal source to either fH
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 unitcan 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

section, adjust amplitude and check that clipping does
not occur 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 amplifier.

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:

Low Pass Response

*’._

ANN NN

>
E3
>
x

GAIN (dB)

»
H
H

te is :
LOG FREQUENCY

AMAX = the maximum peak-to-peak ripple in the pass

I

band
AMIN = the minimum attenuation in the stop band
fc = 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 ApjN are the same as for the low pass case,
but fe = 1/f2 and fs = 1/f1..
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High Pass Response

}___ P ~ =

Amax

A
MIN

nor

To obtain the band pass from the low pass filter tables,

AMAX and AMIN are the same as for the low pass case,
but:

fg5 —f
. el
f4 — f2
where f3 =/ f1 + fg = \/f2* f4 i.e., geometric sym-

metry

fo=1

fs — f1 = AMIN bandwidth
f4 — f2 = Ripple bandwidth"

Band Pass Response

LI

i

Amax

Amin J(’_‘\\
1 |
fig B KK

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

f5 —f1
fq — f2

where f3=+/f1 * fg= \/fp * f4

[}

Notch Response

i

2 3

Normalized Low Pass Transformed to Un-Normalized
Low Pass

The normalized low pass filter has the pass band edge
normalized to unity. The un-normalized low pass filter
instead has the pass band edge at fc. The normalized and
un-normalized low pass filters are related by the trans-
formation s = swg¢. This transforms the normalized
pass band edge s = j to the un-normalized. pass band
edge s = jwe.

Normalized Low Pass Transformed to Un-Normalized
High Pass

The transformation that can be used for low pass to high
pass is S = wg/s. Since S is inversely proportional to s,

the low frequency and high frequency responses are
interchanged. The normalized low pass 1/(S2 + S/Q + 1)
transforms to the un-normalized high pass:

w
2+ —-Es + wcz
Q

Normalized Low Pass Transformed to Un-Normalized
Band Pass :

The transformation that can be used for low pass to
band pass-is:

$2 + o2

BW s

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

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 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, 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 dis-
advantage of requiring high order transfer functions to
obtain sharp roll-offs.

The Chébychev 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 equiripple 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 Chebychev.

For a specific low pass filter three guantities 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 (tr = ws/wc).
Decreasing AMAX, increasing AMIN, or decreasing tr
will increase the degree of the transfer function. But for
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Applications Information continued)

the same requirements the elliptic filter ‘will require
the lowest order transfer function. Tables and graphs
are available in. reférence books such  as ‘‘Reference
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 text as Louis Weinberg, “Network Analysis and
Synthesis”, McGraw Hill Book Company, 1962 and
Richard W. Damels “Approximation Methods for Elec
tronic 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, hand pass, notch, all pass
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
Maximum output noise
Power consumption
Power supply voltage
Dynamic range
Maximum output level

Second step is to find the pole and zero location for
the transfer function which meet the above require-
ments. This can be done by using tables and graphs or
network synthesis. The form of the transfer function
which is easiest to convert to a cascaded filter is a

product of first and second urder terms in these forms:

First Order Second Order
K K
ST e . (low pass)
s+t w w
! 52 +'—9 s+ woz
Q
Ks Ks2
AR (high pass)
s+ wy We
s2 4 - 5 + wg?
Q
Ks ;
e el (band pass)
W),
s2 + =2 s+ w02
Q
K(s2 + w;2)

(notch)

“o
s2 45 +wp?
Q

.. Wo .
s2 St wWp2
(all pass)
w
2+ 25+ wg2
Q

Each of the second order functions is realizable by using
an AF150 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 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 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 GF CASCADE CONNECTIONS
Example 1.

Consider a 4th order Butterworth low, pass filter with a
10 kHz cutoff (—3 dB) frequency and input impedance
> 30 kQ2.
From tables, the normalized filter parameters are:
Q1 =0.541

Q2 = 1.306

F1=1.0
F2=1.0

Thus, relative to the design required

F1=(1.0)(10 kHz) =
=(1.0)(10 kHz2) =

10 kHz
10 kHz

Section 1

F =10kHz, Q= 1.306

228.8 x 108
R¢ = diviiinenyine {Using equation 1)
R¢ = 22,8801

Select input resistor 31.6 k2

104
T4 —
RIN

MIN® 338

QMmN = '0.378
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Thus, Q > QMIN

L -5-—0 out

Therefore:
R 10t Q
Q 104
348Q-1—- —
RIN
Rq = 30972
First Stage
22.88k
14 3
Rin
31.6k R
INPUT AF150
Rq
3087
7 13
- 22,88k
Section 2

fo =10k, Q = 0.541
Since f, is the same as for the first section:
R¢ = 22.88 k2

Select RN = 31.6 kQ2

104
RO= ——_——"‘——‘0‘4— Q
348Q—-1— —
RIN
RqQ=17,661Q

Complete Filter, Example 1

INPUT

22,88k
7 13
316k
! AF150 5
SECTION 1 M
3097
1
L I’ 22,88k I N
22,88k
7 13
1 AF150 5
SECTION 2 O outeut
12,66k
3 ]

22.88k

(Using equation 4)

(Using equation 4)

1172k

Riy
10k

Example 2.

Consider the design of alow pass filter with the following
performance:

fe = 10 kHz
fs=11kHz
AMAX=1dB
AMIN =40 dB

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

STAGE fo (kHz) Q fz (kHz)
1 5.16 0.82 29.71
2 8.83 3.72 13.09
3 10.0 20.89 11.15
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
equation 8.

212 RL 29.71\2 RL
Rh=|—]) — orRh={——] —
fo/ 10 516/ 10

Thus,

Rh=3.315 R

If RL is arbitrarily chosen as 10 k§2, Rp = 33.15k.

Thus, the design of the'ﬁrst stage is:

L Rn
INPUT 4438k 3345k

18 3

5
! AF150
Rg ‘ R

R

7 B 0

= l—w\.—-lm
4,38k
o TO SECOND
STAGE

where the feedback resistor, R, around the external op
amp may be used to adjust the gain.
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Applications Information (continueq)
Stage 2

The second stage design follows exactly the same proce-
dure as the first stage design. The results are:

a) From equation 1, Rf = 25691k »
b) From equation 4, RQ = 913.652, again assuming RN
is arbitrarily 10k.

Stédge 3

The third stage design, again, is identical to the first
2 stages and the results are (for Ry = 10k):

228.8 x 106
Rf=———— = 22.88k

fo

R o4 41.49
Q= —————;= 1414

Note 2: All amplifiers LF356.

2 348Q -1 — —
13.09 \ R RIN
¢) Rh={ —— ] — or Rh=0.22 R ,
8.83 / 10 2 ‘ 2
f2\" RL 11.56\“° RL
Rh=(—) —=({—) — Rh=0.124 R
. . fo/ 10 10 10
Selecting Ry = 10k, then Rp = 2.2k, the second stage
design is shown below. Let R = 20k, Rh = 2.48k
Second Stage
Ry Ry R
26.91% R 110k
v VWV W
14 T:«
W
INPUT FROM 1 5
1ST STAGE AF150 I~ Vﬁ‘“’"‘ 10 3RD
Ag : 10 O srace
9136
7 13 =
= Lwn, ,_]
2591k
Filter for Example 2
A1
44,38k 3315 (2.6k) R2
INFUT \ AMA- AN 2591k 22 (1.7
Im T:
ok i 3
1 5
AF150 NN - 10k
Tor A\ AAA—9— AF150 LIVVN =
+ . 10k A 1
1.72k
+
N m = 9136
= 11 [13 =
44 34k -
; 25,91k
R3
22,88k 2.48k (132.2k)
1 3
10k \ 5
AF150 A A
20k } ]
1414
! ” = ouTPUT
Note 1: Select R1, R2, R3 for desired gain. -
22,88k
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From equation 13, the DC gain of the first section is

A 11
V1=
RIN  RIN
14 — + —
104 RQ
Aur - 11
V1 104 104
T4 —  ——
104 11.72x 103

=3.86 V/V

Similarly, the DC gain of the second and third sections
are:

Ay2 = 0.850
Ay3=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.

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 1.33%2, 133€2, 1.33 k{2, 13.3 k£2, 133 kL2, 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
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 1.1
20 51 130 360 910 2,400 6,200 16,000 43,000 | 110,000 0.47 1.2
2 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 0.56 15
Decade Table Determining 1/2% 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 1.82 221 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 4.22 511 6.19 7.50 9.09
1.13 1.37 1.65 2.00 243 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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Appendix (See footnote)

The specific transfer functions for some of the most ey 1
useful circuit configurations using the AF150 are illus- — -0 i hﬁ-——T— (DC Gain) (13)
trated in Figures 10 through 16. Also included are the fIN| s (1 + JIN + ___'N)
gain equations for each transfer function in the fre- 104 Ra
quency band of interest, the Q equation, center frequency
equation and the Q determining resistor equation.
QmIN is a function of RN (see graph C). eh 1.1
—_— = —_— (High Freq. Gain) (14)
eN | s (1 , BN _R_iN)
) o ) . . 104 Rq
a) Non-inverting input (Figure 10) transfer equations are:
1.1
2 | —_— ep
1+ Rin + R_“\.I - _ = - (Center (15)
eh 104 Ra | . EIN | @=g Freq. Gain)
—_ (high pass) (9)
e|N A
1012 1012
1.1 W= = w2s —
0L B P — R¢q + 220 R¢p * 220
1 1 f2
RIN _ RIN
1+ — + ——
ep 104 Ra where
— = 3 (band pass) (10)
éIN wp = V0.1 wjwy, (see footnote)
e, 1.1
— = Wiy |———————— 4 4
eIN Rin _ RiN 10 10
1+ 1—04- + -R— , 1 +
Q R R
(lowpass) (1) =\ _——IN "Q 0.1 <~—w2 ) (16)
A 1.1 w1
here
wher 104
= 17
_ 2 1.1 Ra 1.1Q 104 an
A=slts | W1+ 01 ww2 (12) —— -1 =
104 | 104 w? RIN
14 — ¢+ 01 ==
Ra = RIN T Wy
o
1 a0k 7
Lo g L0 e ||
. A A4 vy ‘ l A A4 I
[o Samu—
qn O
Ain*
| Cioe B
O AV
éa()‘ |
L JJ)'" ub'u s&)'i
HIGH PASS BAND PASS LOW PASS
*External components
FIGURE 10. Non-Inverting Input (Q > Qpyn)
FOOTNOTE:
It should be noted that in the text of this paper, w1 and design. However, for completeness, the equations given
w2 have been assumed equal, and hence Rf1 = Rf2. No are exact.

generality is lost in this assumption and it facilitates the
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b) Non-inverting input (Figure 11) transfer equations are: N 2x 103
eQ R
3 —_— 0 = RQ (22)
2 e s>
+ x 10 IN 0.1 (1+——1:)':)
2 ———-——-———RQ
1+ _R_'ﬁ 2x 103
eh 104 +
—_ = (high pass) (18) eh _ Ra 2
eIN A —_— = (23)
eIN | S - RIN
104
2x 103
1.1+ 104
Ra | 1+ —
—s w1 ep | Rin
RIN —_ = - —— (24)
1+ — eIN | w=wo RiN
ep 104 + —
—_— = (band pass)  (19) 104
eIN A
1012 1012
) 17 R -220° “%7 Ry, - 220
2x 103 f1 2
11+ —
Ra
wiw =
1w2 . RN wQ 0.1 wiw?2
eQ 104 104
== (low pass) (20) 1+ —
€IN A RIN /  wy
Q= 0.1 — (25)
2 x 10§ w1
1.1+ ——
where Ra
2x 107
2x 103
114 2210 RQ= (26)
2 Ra o1 21 <1 . 104> /01 w2
A=s¢+swq |- +0.1 wiw - L —
! 104 192 RIN w1 -1.1
14—
RIN Q
2 Pra - ?1
_{ R D U (R M U
= A4 A s A A AL ll \A A ] }_l
LT —AZ ] p
4N OV \r4
o 3 )
13 5
e L) [e L]
HIGH PASS BAND PASS LOW PASS

*Extema! components
FIGURE 11. Non-Inverting Input (Q < Qmin!
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Appendix (continued)

c) Inverting input (Figure 12) transfer function equations e 2x 104
are: & = ——— (low pass) (DC gain) (31)
en | s—0 RIN
2x 103
€h (high ) (27) Sh = — ; (high pass) (high freq. gain)  (32)
—_— igh pass o
eIN A EIN | s~ IN
2x103 104
2x 103 Lx (1 +
swp |— R
ep ! RiN e_h = .-—|—N—--——3—2— (band pass) (33)
% = ——2 % (band pass) (28) eIN | w=wg 11+ 2x10 (center freq. gain)
RIN
2x 103
—WiWw2 wo=v0.1wq w2
eQ RIN °
= (low pass) (29) "
eIN A 1‘+ 10
@
1012 1012 Q= Ra Joi 22 (34)
w1 = ;W= ————— 104 w1
R¢p + 220 R¢p - 220 1.14 —
RIN
where
104
2x 103 Ra= — (35)
1+ a 3
2x10
A=s24sw alll +0.1wq w2 (30) w2 1+ -
! 104 ' Jor =< RIN
14 — w1
Ra
?2 (PN 07
AR
a o TN e LAY
. VWA Wy 1t WA |
N O=AAA—4 p p
4 p
' = =
|
[og VWA~
%ﬂn'
1 o 3L s,
- HIGH PASS BAND PASS LOW PASS

*
External components

FIGURE 12. Inverting Input, Any Q
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Appendix (continued)

d) Differential input (Figure 13) transfer function equa-

tions are:
2 2 x 103 eq 2 x 104
eh s RIN2 — = ————— (DC gain) (low pass) (40)
AL WhALL.C74 (high pass) (36) enls-o0  RIN2
eIN A
eh 2x 103
2 3 —_— = (high freq. gain) (high pass} (41)
x 10 eN | s o0 Rin2
—s W1 ——R——~——
€h IN2
—= ———— /4 (band pass) (37) 3 4 4
o A 2x 10 0t 0
eb RiN2 RIN1 Ra .
2x 103 o = 3 (center freq. gain)
o 1\ —— eIN | w=wg (1 14 2210 ) (band pass) ~ (42)
- | .
—_ = N2 (low pass) (38) RIN2
eIN A
104 10t
1012 1012 1 E + Em \/——w;
wl= wy = - —
Rf1 + 220 R+ 220 Q 75303 0.1 o (43)
1.1+
where RIN2
2x 103 104
1.1+ - Ra 5 (44)
A=s2+sw1 o ”\:(2)4 +0.1 wiw2 (39) R — N 2x 103 104
TH o Joq 22 RIN2 RIN1
Ra  RiIN1. w1
02 ?M 20k 07
s 220 pF o 220 pF
2k 1
0——-«/\/\,——-»—%4}—4] }—1-—-‘%/»—‘ ]
Ring”
AN
""{ RN " *‘” p b 4
1 _m -
o AAN—4
<:RQ*
i k] 13 8
— ocn [oX) o
HIGH PASS BAND PASS LOW PASS

*External components

FIGURE 13. Differential input
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Appendix (continued)

e) Notch filter (Figure 14) transfer function equations

are:
e 1 R
R L = —2 (DC gain) (46)
(s2 + wz2) . RIN _ RIN —R—g IN [s>0 <1+ RiN -, R|N> RL
b o—  — _—t —
en 104 RQ h 104 Ra
—_— = {(45)
eIN 1.1 . B
s2 450w . 104 104 o1
+ — t — +0.1wiw2
en | 1.1 R
Ra RN - s 9 (high freq. gain) (47)
eIN |5 oo <1+ RIN RlN)Rh‘
1012 1012 10 Ra
W)= ———, W2 = ———,w0= VO0lwiw
! Rﬂ + 220 2 Rf2 + 220 0 2
e
o /10 Rp N =0 (48)
wz = wQ RL €IN w=wyz
ON ‘?7
ARE
. 220 oF . 220 pF
A AMA I WA ]
et oyt
At | P p b0 Lowrass
ejy O=AA4
‘b
= = b4
e Vor -
$ha* &
bt e
3 LF356 L—oeuur
(o] 4
HIGH PASS

FIGURE 14. Notch Filter Using an External Amplifier
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i) Input notch filter (Figure 15) transfer function equa-

Rf2'220X10—1 RS
wz = wo /————-RZT——MW V0.1 wiwz (50)

tions are:
Cz
——— [2+wZ?]
eIN 220 x 10—12
— - (49) en _RFz
*n 52+sw1 ——”——E—Q— +w02 ;—— w=>0 ) Rz (51
104 + Rq N
e C
]012 1012 __D_ ‘ = _.—Z_T_é_. (52)
w1 = , W2 = e w > e 22 —
1 Ret - 220 2 Rig - 220 IN 0x 10
?3 ?14 '
a4 LT e |
VW VWA 11 VW 1
o> N .
. K I b a3 b—oO
o ot | b
R*Q
= e =
A
; W\
::“n'
13
J.).- o) [}
N eouT
*External components
FIGURE 15. Input Notch Filter Using 3 Amplifiers
g) All pass (Figure 16 transfer function equations are: ) 104
+ —
Ra 0.1 22
Q= w1 (54)
—_ - 1.1
[ 10 ]
s2-sw1 +w02 1012 1012
RIN w1= 2=
2+ — Rft - 220 Rfp * 220
eo Ra |
= - - X (63)
e . —
IN s2+5 w1 R +w02 wo= vV 0.1Twiw2
2+ _I._l\_l.
Ra Time delay at wq is seconds
- - - -
o ) o
3 14 20k 13 7
k Ry * 2;0 f f Rp* z;o g
2 AAA AAA AAA b
o —| | —
100K* —Al p ) b —0
an O AAA v
o s NI o
JZAR" WA I
e ; - :ms p—O g
SRa* [+

*
External components

FIGURE 16. All Pass
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Definition of Terms

AMAX
AMIN
fz

fO

Q

fe

f'S

Rt
Ry’
Ra
fH

fL

Maximum pass band peak-to-peak ripple
Minimum stop band loss

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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Semiconductor

Active Filters

AF151 Dual Universal Active Filter

General Description

The AF151 consists of 2 general purpose state variable
active filters in a single package. By using only 4 external
resistors 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 addition, there are 2 uncommitted opera-
tional 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

® independent Q, frequency and gain adjustment

® Very low sensitivity to external component variation
® Separate low pass, high pass and band pass outputs

® QOperation to 10 kHz

= Qrange to 500

® Wide power supply range—+5V to £18V

= Accuracy—+1%

8 Fourth order functions in one package

Circuit Diagrams

100k

AAA

A A A4

1000 pF

BAND PASS

10k OUTPUT
23 (——.

1000 pF

3 > 1 - 22 _ 6 D
2 [ 5
2 + HIGH PASS + + LOW PASS 7 o—f*/
OUTPUT OUTPUT
ook - 8 24 2 20
AAA
WA/ i T ? ?
- vt vt v
100k
- AAA
A A A4
1000pF  BAND PASS 1000 pF
10k oUTPUT
__I "
15 13 O—4 10 O—4 18
14 16 17
9 HIGH PASS LOW PASS 19
OUTPUT OUTPUT
10k -
A A%

Ceramic Dual-In-Line Package HY24A

AF151-1CJ
AF151-2CJ
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Absolute Maximum Ratings

Supply Voltage

Power Dissipation

Differential Input Voltage )

Output Short-Circuit Duration (Note 1)
Operating Temperature

Storage Temperature

Lead Temperature (Soldering, 10 seconds)

+18v

900 mW/Package
+36V

Infinite

—-25°C to +85°C
—25°C to +100°C
300°C

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 fc x Q< 50,000 10k Hz
Q Range fc x Q < 50,000 500 Hz/Hz
fo Accuracy

AF151-1C fc x @< 10,000, Ta = 25°C +2.5 %

AF151-2C fe x @< 10,000, Ta = 25°C 1.0 %

fo Temperature Coefficient +50 +150 ppm/°C

Q Accuracy fe x @< 10,000, Ta = 25°C 75 %

Q Temperature Coefficient +300 +750 ppm/°C

Power Supply Current Vg =115V 2.5 45 mA
Electrical Characteristics (Internal Op Amp) (Note 2)

PARAMETER CONDITIONS MIN TYP MAX UNITS
Input Offset Voltage Rs <10k 1.0 6.0 mV
Input Offset Current 4 50 nA
Input Bias Current 30 200 nA
Input Resistance 2.5 mMQ
Large Signal Voltage Gain RL > 2k, VoyT =10V 25 160 V/mV
Output Voltage Swing RL =10k +12 +14 Y

RL=2kQ £10 +13 \Y
Input Voltage Range _ +12 \%
Common-Mode Rejection Ratio Rs<10kQ2 70 90 dB
Supply Voltage Rejection Ratio Rg < 10 k2 77 96 dB
Output Short-Circuit Current 25 mA
Slew Rate (Unity Gain) 0.6 V/us
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 maxi-

mum junction temperature will be exceeded.

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

The AF151 consists of 2 identical filter sections and
2 uncommitted op amps. The op amps may be used for
buffering "inputs and outputs, summing amplifiers (for
notch filter generation), 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;
however, for clarity, only the pin designations for
section 1 will be shown in the examples and discussion.

See the AF100 data sheet 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 refer-
ences and texts are available to help the user in deter-
mining these parameters. A bibliography of recommended
texts can also be found in the AF100 data sheet.

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 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
generate the second order system.

a3$2 +ags + aq

T(s) =
s2 + bos + b1

The denominator coefficients determine the complex
pole pair location and the quality of the poles where

wo =+/b1 = the radian center frequency

w
Q= 2 the quality of the complex pole pair
b2

HIGH PASS -

BAND PASS
o

If the output is taken from the output of A1, numerator
coefficients a1 and a2 equal zero, and the transfer func-
tion becomes:

ags2
Ts)= —m4—— — — — (high pass)

w
s2 + —°s+w°2
Q

If the output is taken from the output of A2, numerator
coefficients a1 and a3 equal zero and the transfer func-
tions becomes:

ags
T(s) = ———— {band pass)

‘W
24 s+ we2
Q

If the output is taken from the output of A3, numerator
coefficients a3z and a2 equal zero and the transfer func-
tion becomes:

T(s) = LN T (low pass)

w
24 — 5+ wo?
Q

Using broper 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 a2 becomes
zero, a1 equals w22 and a3 equals 1. The transfer func-
tion becomes:

s2+ wzz
T(s) — (notch)
Wo
s2+ — s+ wg2
Q
In the all pass transfer function aq = woz, a2 = —ws/Q
and a3 = 1. The transfer function becomes:
wo .
2 —s+ woz
Ts) — (all pass)

w
24 254 g2
Q

LOW PASS AMP IN—

— ol cw——. c—

. FIGURE 1. AF151 Schematic (Section 1)
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AF151

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 resistors 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 Rf is gi\{en by:

50.33 x 106
Rf= ———— Q (1)

fo

For operation below 200 Hz, “T’ tuning should be
used as shown in Figure 3.

For this configuration,

RT2
Rg= ———— (2)
Rf — 2RT

where RT or Rg can be chosen arbitrarily, once Rf 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

To determine which connection is required for a parti-
cular Q, arbitrarily select a value of RyN (Figure 4) and
calculate Qp N according to equation 3.

105

RIN
amiIN = 348 (3)

If the Q required for the circuit is greater than Qpm N,
use equation 4 to calculate the value of RQ and the
connection shown in Figure 4.
R 10° (4)
Q 105
348Q-1- —
RIN

If the Q required for the circuit is less than Qp|N, use
equation 5 to calculate the value of RQ and the connec-
tion shown in Figure 5.

104

R =
Q 0.3162( 105)
_ 1t —]-11
Q RIN

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

(5)

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

does affect the Q, it is often desirable to use one of 105
the uncommitted op amps to provide a buffer between Ra= 10 (6)
the signal source impedance and the input resistor used 3.16 Q (1_1 + ) -1
to set the Q. RIN
Ry
Iz |1
RIN 2
AF151 AF151 + AF151
2 23 1 2 22 23
I AAA l R
< < < a
Ry :: Ry QR QAT AT
Rg Rg
FIGURE 2. Frequency Tuning FIGURE 3. “T" Tuning for Low Frequency FIGURE 4. Connection for Q > Qpin
Rin Rin
a2+ AN 3f
AF151 AF151

FIGURE 5. Connection for Q < Qpn

Ra 5

=rM-—-+

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).

~
-
=
~

AF151 [

FIGURE 7. Notch Filter

The relationship between R p, RHpP, fo and f;, the
location of the notch, is given by equation 7.

2

f Rpp

RHP=(—Z‘> e %))
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 RHp 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 calcu-
lating the relationship between the external components
and various important parameters. The following defini-
tions are use:

AL — Gain from input to low pass output at DC

AH — Gain from input to high pass output at high
frequency

Ag — Gain from input to band pass output at

center frequency

For Figure 4:

A 1"
LT
A 1.1
H=
105 105
"R R
Q IN
AR = —
8 A
R R
A= 1+ l\)_ + _.I..'\i.
105 RQ
For Figure 5:
105
"+Ta__
Q
Al =
L A
104
1.1+ “R'-“
: Q
AH =
H A

B Ta
RIN
A= 1+ —
105
For Figure 6:
105
L= - —
RiIN
A 104
H= — —
RIN
105 ( 105)
R R
Ag - IN Q
105
. 1M1+ —
RIN
For Figure 7:

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

R
11(———)
RLp
R R
IN IN)

T4 —p + —2
( 10% RQ

At high frequency, when fg > f;, the gain to the output
of the summing op amp is:

R
11—
RHP
RiN RIN)
14 — + —
10° Ra

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

AL=

AH =

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
configuration 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 incorrect.

2-49

IS4V



AF151

Applications Information (continued)

Frequency Tuning

By adjusting resistor R¢, 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.

The lower 3 dB (45°) frequency, f|_, and the upper
L

3 dB (45°) frequency, fH, can be calculated by the
following equations:

f-(1+ (1)2“) (fo)
H™\2a 20 X Ve

where fo = center frequency

() )
EWATTY R B

When adjusting the Q, set the signal source to either fyy
or fi 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).

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

section, adjust amplitude and check that clipping does
not occur 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 connection.

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 summing amplifier.

Gain Adjust

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

DESIGN EXAMPLE

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

f1=2800Hz, 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

 5033x 106 50.33x 10°
fo 800

(b) Checking QpmiN from equation 3, arbitrarily let
RN = 300k.

R

1+ 10° 1+ 105
OMIN = RN _ 3x 100 0.383
MIN 3.48 348

Since the Q required for the design (Q = 40), is greater
than Q\ N, 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
RqQ= 5 =

10 10°
348Q-1-— — (3.48)(40) — 1 —

RIN 3x 105
or [Ra=7250)]

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

(1 105 105

A Ra Rnu) —(1+137.9+0.333)
8™ T TT+30+413)

( RiIN RIN)
14 — + —
105 Rq

Ag =0.333V/V

Since the gain at fg 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.




Applications Information (continued)

+
62.9k 50.3k
INPUT RF1 v RE2 OUTPUT
ouTPUT 2 1l2a 2|10 1 ouTPUT 3
5 17 > RIN T
S ‘L <00k |1 |z 1z|11 IlB |13 |14
:, S & 10k :: 3 5
28k Wk [
19
Ll AL g AF151 WY
AF151 1 L 21
7 N 19 ) [}
-_L __l_. = 9 lzn |1n In
INPUT INPUT -
V. 2 3 v RF2 10k
300k 300k fa
125:: 2 23 20 [ 12 g
62.9k 50.3k =
-V
FIGURE 8. Dual Band Pass Filter FIGURE 9. Telephone Multifrequency (MF) Band Pass Filter
FREQ | BW fc f1 Q1& Q2 f2 RF1 RF2 RQ
700 75 698.4 665.6 17 732.8 75.62k | 68.68k | 1.749k
900 75 898.7 865.8 21.8 932.9 58.13k | 53.95k | 1.354k
1100 75 1098.8 | 1065.7 26.7 1132.9 | 47.23k | 44.43k | 1.100k
1300 | 75 12989 | 1265.8 316 1332.9 | 39.76k | 37.76k | 926.2Q2
1500 75 1499.0 | 14658 36.4 1532.9 | 34.34k | 32.83k | 802.12
1700 | 75 1699.1 | 1665.9 41.3 1733.0 | 30.21k | 29.04k | 705.6Q
700 Hz 900 Hz 1100 Hz 1300 Hz 1500 Hz 1700 Hz
|
AF110 AF110 AF110
AF151 AF151 AF151 AF151 AF151 AF151
700 Hz 800 Hz 1100 Hz 1300 Hz 1500 Hz 1700 Hz
A=618 A=6dB A=6dB A=6dB A=6dB A=6dB
AF104
AGC
FIGURE 10. MF Tone Receiver
67.43k 40.11k
|2124I13 Izz 1 10
INPUT 301k 2
O\
210 Q .
2 g T AF151
19
Cutoff 1270 Hz = 20 2 L 3 5 9 J13 ulw 18 17
Stop Band E.dge 2025 Hz v VA~ AAA S
Band Pass Ripple 1.5 dB 316k 45.59k 50k
Rejection 69 dB AA AAA s A AA A A A ﬂugUT
5143 a2k 1\ 100k At 18,18k 75k
fc1 8763Hz fey 12548 Hz ! 0.01 4F e : ’ ’
Q1 175 Q2 821 164 S
f,4 32017 Hz 22 21133 Hz
fR 3569 Hz =
FIGURE 11. Low Pass Low Speed Asynch FSK Modem Filter
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Applications Information (continued)

Cutoff 2025 Hz
Stop Band Edge 1270 Hz
Band Pass Ripple 1.5 dB
Rejection 59 dB

fe1
Q1.
21
R

2049.6 Hz  fep
8.21 Q2
12169 Hz 59
7206 Hz

2934.8 Hz
1.75
803.3 Hz

24,56k

23 22

17.15k

1

AF151

2 T |6 5 (3 €8 I %
301k 301k
>
AAA AAA AN AL AAA
VWA W W W VWA~
1061 100k A A 2285
<
aa5k &
3

FIGURE 12. High Pass Low Speed Asynchronous FSK Modem Filter

Standard Resistance Values are obtained from the Decade Table by multiplying by multiples of 10. As an example,1.33
can represent 1.33$2, 133%2, 1.33 k2, 13.3 k£2, 133 k2 1.33 MQ2.

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
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 | 160,000 0.43 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 0.56 1.5

Decade Table Determining 1/2% and 1% Standard Resistance Values

1.00 1.21 1.47 1.78 2.15 261 3.16 3.83 4.64 5.62 6.81 8.25

1.02 1.24 1.50 1.82 221 2.67 3.24 3.92 4.75 5.76 6.98 8.45

1.05 1.27 1.54 1.87 2.26 274 3.32 4.02 4.87 5.90 7.15 8.66

1.07 1.30 1.58 1.9 2.32 2.80 3.40 4.12 4.99 6.04 7.32 8.87

1.10 1.33 1.62 1.96 237 2.87 3.48 4.22 5.1 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 2.05 249 3.01 3.65 4.42 5.36 6.49 7.87 9.63

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

LF155/LF156/LF157 Series Monolithic
JFET Input Operational Amplifiers

Amplifiers

BI-FET Technology

LF155, LF155A, LF255, LF355, LF355A, LF356B Low Supply Current
LF156, LF156A, LF256, LF356, LF356A, LF356B Wide Band
LF157, LF157A, LF257, LF357, LF357A, LF357B Wide Band Decompensated (Ayy,\ =5)

General Description

These are the first monolithic JFET input operational
amplifiers to incorporate well matched, high voltage
JFETs on the same chip with standard bipolar transistors
{BI-FET Technology). These amplifiers feature low input
bias and offset currents, low offset voltage and offset
voltage drift, coupled with offset adjust which does not
degrade drift or common-mode rejection. The devices
are also designed for high slew rate, wide bandwidth,
extremely fast settling time, low voltage and current
noise and a low 1/f noise corner.

Advantages

® Replace expensive hybrid and module FET op amps

® Rugged JFETs allow blow-out free handling compared
with MOSFET input devices

m Excellent for low noise applications using either high
or low source impedance—very low 1/f corner

® Offset adjust does not degrade drift or common-mode
rejection as in most monolithic amplifiers

®m New output stage allows use of large capacitive loads
(10,000 pF) without stability problems

® |nternal compensation and large differential input
voltage capability

Applications

m  Precision high speed integrators

Fast D/A and A/D converters

High impedance buffers

Wideband, low noise, low drift amplifiers
Logarithmic amplifiers

® Photocell amplifiers
8 Sample and Hold circuits

Common Features
(LF155A, LF156A, LF157A) -

® ‘Low input bias current * 30 pA
5 Low Inpui Offset Current 3 pA
®  High input impedance 10120
® Low input offset voltage 1mV
| Low input offset voltage temperature 3uv/°C
drift
® |ow input noise current 0.01 pAA/Hz
®  High common-mode rejection ratio 100 dB
® | arge dc voltage gain 106 dB
Uncommon Features
i LF1s5A LF156A T157A  yniTs
(Ay = 5)*
® Extremely 4 1.5 1.5 Ms
fast settling
time to
0.01%
m ' Fast slew
rate 5 12 50 V/us
® Wide gain 2.5 20 MHz
bandwidth
B Low input 20 12 12 nVA/Hz

noise voltage

$auag Z5141/951471/5S141

Simplified Schematic

BALANCE
e,

' _{L —{] e

I

we ¥ \{— ©
H "‘Ll 2% | our
®  ©Q i
@

*C =2 pF on LF1567
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LF155/LF156/LF157 Series

- LF356B/6B/78B

LFéSSA/SAﬂA

Absolute Maximum Ratings  ;,s/6a/7 LF185/6/7 LF285/6/7 e
: LF356B/6B/78
Supply Voltage 122V 122V 122V +18V
Power Dissipation (Py at 25°C)
and Thermal Resistance (8j4) (Note 1)
TimAX it
(H and J Package) 160°C 150°C 115°C % 115°C
(N Package) 100°C 100°C
(H Package) Py B70mW 670 mW' 570 mwW 570 mW
6jA 150°C/W 150°CW 150°C/W 150°C/wW
(J Package) Pg 670 mW 670 mW 570 mw 570 mW
© 6ja 140°C/W ) 140°C/W 140°C/W 140°c/w
(N Package) Pg 500 mwW 500 mwW
N 166°C/W 155°C/W
Differential Input Voltage +40V +40V 40V +30V
Input Voltage Range (Note 2) $20V 20V +20V 16V
Output Short Circuit Duration Continuous Continuous Continuous Continuous
Storage Temperature Range ~65°C to +150°C —65°C to +150°C —65°C to +150°C —65°C to +150°C
Lead Temperature (Soldering, 10 seconds) 300°C ‘300°C 300°C 300°C
DC Electrical Characteristics (Note 3)
SYMBOL PARAMETER CONDITIONS LF1SEA/8A/7A LF3BEA/A/7A UNITS
MIN MIN MAX
Vos Input Offset Volitage Rg =500, Ta = 25°C mv
Over Temperature mV
AVQg/AT | Average TC of Input Rg = 500 uv/ree
Offset Voltage
ATC/AVQs | Change in Average TC Rs = 5082, (Note 4) uv/rc
with VOg Adjust per mV
10s Input Offset Current Tj=25°C, (Notes 3, 5) pA
T) S THIGH nA
g Input Bias Current T =25°C, (Notes 3, 5) pA
‘ TJ<THIGH nA
RIN Input Resistance Ty=25°C Q
AvoL Large Signal Voltage Vg =+15V,Ta = 25°C 50 50 V/mV
Gain Vo =10V, R =2k
Over Temperature 25 25 V/mV
Vo Output Voltage Swing Vg =158V, R_= 10k 12 \
Vg =$15V, R = 2k +10 + v
Vem Input Common-Mode v
Vg =16V 11 1
Voltage Range §=+1 A
CMRR Common-Mode Rejection 85 85 dB
Ratio
PSRR Supply Voltage Rejection (Note 6) 85 85 dB
Ratio
AC Electrical Characteristics T4 -25°c, vg=t15v
LF155A/356A LF157A/357A
Y AMETE N UNITS
SYMBOL PARAMETER CONDITIONS P MR AKX
SR Slew Rate LF155A/6A; Ay =1, | 3 Vius
LF157A;Ay =5 V/us
GBW Gain Bandwidth MHz
Product
ts Settling Time t0 0.01% | (Note 7) us
en Equivalent Input Noise | Rg = 10002
Voltage f=100 Hz nV/A/Hz
f=1000 Hz nV/A/Hz
in Equivalent Input f=100 Hz pAA/AZ
Noise Current f= 1000 Hz pAA/Hz
CIN Input Capacitance pF




DC Electrical Characteristics (note 3)

LF255/6/7
SYMBOL PARAMETER CONDITIONS LF1s5/6/7 LF3558/6B/78 LF355/6/7 UNITS
MIN MAX | MIN MAX
Vos Input Offset Voltage Rg =508, Tp = 25°C 5 10 mV
Over Temperature 6.5 13 mvV
AVQg/AT | Average TC of Input | Rg = 50Q uv/’e
Offset Voltage
ATC/AVQg | Change in Average TC | Rg = 5082, (Note 4) uv/ e
with Vog Adjust per mV
los Input Offset Current Tj= 25°C, (Notes 3, 5) 20 50 pPA
Ti<THIGH 1 2 nA
B Input Bias Current Ty= 25°C, (Notes 3, 5) 100 200 pA
TS THIGH 5 8 nA
RIN Input Resistance Ty=25°C Q
AvgoL Large Signal Voltage |Vg=£15V, TA = 25°C 50 25 V/mV
Gain Vo =#£10V, R =2k .
Over Temperature 25 15 V/mV
Vo Output Voltage Swing | Vg =15V, R_= 10k 12 +12 Vv
Vg = 15V, Ry = 2k +10 +10 v
vecm Input Common-Mode \Y
Vg =115V 11 +10
Voltage Range S \Y%
CMRR Common-Mode Rejec- 85 80 dB
tion Ratio
PSRR Supply Voltage Rejec- | (Note 6) 85 80 dB
Ratio
DC Electrical Characteristics T4 -=25°c, vg=zt15v
LF155A/155
’ LF156A/156, LF157A/157
LF255, LF355 : LF356A/356 LF357A/357
PARAMETER LF355A/3558 LF256/356B LF257/3578 UNITS
TYP MAX TYP MAX TYP MAX TYP MAX TYP MAX TYP MAX
Supply Current 2 4 2 4 5 7 5 10 5 7 5 10 mA
AC Electrical Characteristics T4 -25°c, vs=z15v
LF155/255/ LF156/256, | LF156/256/ LF157/257, LF157/257/
SYMBOL PARAMETER CONDITIONS 355/3558 LF356B LF357B UNITS
SR Slew Rate LF155/6: Ay = 1, 75
LF167: Ay =5
GBW Gain Bandwidth
Product
s Settling Time t0 0.01% (Note 7)
en Equivalent Input Noise Rg = 1002
Voltage f=100 Hz nV/A/Hz
f=1000 Hz nVA/Hz
in Equivalent Input =100 Hz pA/A/Hz
Current Noise f=1000 Hz pA/A/Hz
CIN Input Capacitance pF

S LSH4T1/9S14T1/SSHAN
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LF155/LF156/LF157 Series

Notes for Electrical Characteristics

Note 1: The maximum power dissipation for these devices must be derated at elevated temperatures and is dictated by Tj MAX 9jA. and the
ambient temperature, TA. The maximum available power dissipation at any temperature is Py = (TjmaX — Ta)/0ja or the 25 C PgmAX. which-
ever is less.

Note 2: Unless otherwise specified the absolute maximum negative input voltage is equal to the negative power supply voltage.

Note 3: Unless otherwise stated, these test conditions apply:

"F: :fgé(/a;;m LF255/6/7 LF355A/6A/7A LF355B/6B/78 LF355/6/7
Supply Voltage, Vg +15V < Vg < £20V +16V < Vg < +20V +15V < Vg < 18V | #15V < Vg #20V Vg =15V
TA ~B6°C < Tp <+125°C | —25°C < Ta < +85°C 0°C<TAS+70°C | 0°CKTAS+70°C | 0°C<Ta <+70°C
THIGH +125°C +85°C +70°C +70°C +70°C

and Vg, Ig and Igg are measured at Vg = 0.

Note 4: The Temperature Coefficient of the adjusted input offset voltage changes only a small amount (0.5uV/°C typically) for each mV of
adjustment from its original unadjusted value. Common-mode rejection and open loop voltage gain are also unaffected by offset adjustment.
Note 5: The input bias currents are junction leakage currents which approximately double for every 10°C increase in the junction temperature, Tj.
Due to limited production test time, the input bias currents measured are correlated to junction temperature. In normal operation the junction
temperature rises above the ambient temperature as a result of internal power dissipation, Pd. Tj = Ta + ©ja Pd where Ojp is the thermal
resistance from junction to ambient. Use of a heat sink is recommended if input bias current is to be kept to a minimum.

Note 6: Supply Voltage Rejection is measured for both supply magnitudes increasing or decreasing simultaneously, in accordance with common
practice.

Note 7: Settling time is defined here, for a unity gain inverter connection using 2 k$2 resistors for the LF155/6. It is the time required for the error
voltage (the voltage at the inverting input pin on the amplifier) to settle to within 0.01% of its final value from the time a 10V step input is applied
to the inverter. For the LF157, Ay = —5, the feedback resistor from output to input is 2 kS2 and the output step is 10V (See Settling Time Test
Circuit, page 3-11).

Typical DC Performance Characteristics
Curves are for LF155, LF 156 and LF157 unless otherwise specified.

Input Bias Current Input Bias Current Input Bias Current
100k 100k 80 VT

0 -~ 70 [-Ta=25°C
T 10K z s =
2 2 T o [ v
E W 5w e [ ]
u 120 Vg I & 50—
£ +15 Vg ™., g < (G
3 w0 — e vsbs 3 10 s a 0 LF158/7
2 “ 2 wiTH HEAT sINK 17 //]
£ | #5vs < s F155
H ] 7

10 a 10 - REE AIR
s > et /]
2 5 ]
H] < z 1 >
= 1 L3 1 1 fet :

01 LFE 01 LFY 0 ":::z!(ﬂ' SINK ’

-5 -25 5 35 65 95 125 55 -25 5 35 65 95 125 -0, -5 ] 5 10
CASE TEMPERATURE (°C) CASE TEMPERATURE (°C) COMMON-MODE VOLTAGE (V)
Voltage Swing Supply Current Supply Current
@ — 4 1 T
RL =2
B3 - 1525 )1,; - -55°C
@ A - z 8 7 =
2 H iz i Tg=25°C
z £ ? Tg=-55°C £ Vi
4 -] ¢ = -55° ] >
=
T / g =] £ v // g
s / 2 LT 1c=25¢ s, . To=125°C
» A > / >
] e g 2 = £ 9%
s 10 A £ L— 2 -
e 2 Te=126°C “ o3 e
H u ! | LF156/7
W LF155 | - 1|
1 a 2
0 5 10 15 ] ] 510 15 20 25 o 5 10 15 2 2%
SUPPLY VOLTAGE (2V) SUPPLY VOLTAGE (:V) SUPPLY VOLTAGE (:V)

Positive Common-Mode Input
Negative Current Limit Positive Current Limit . Voltage Limit

15 ’ 2
Lq Vg = 415V _55°C <Ta <126°C /
_—
~N ‘\ =~ /
10 15 ’
e /
10 ‘/
)4

0 5 10 15 20 25 0 3% 0 § 10 15 20 25 30 36 40 5 10 15 20
OUTPUT SINK CURRENT (mA) OUTPUT SOURCE CURRENT (mA) POSITIVE SUPPLY VOLTS (V)

15

Vg = £15V

%\ P
N
-10 ‘\ N T
A
X
-5 125°

+25°C

POSITIVE COMMON-MODE
INPUT VOLTAGE LIMIT (V)

+26°C
Il

NEGATIVE OUTPUT VOLTAGE SWING (V)

POSITIVE OUTPUT VOLTAGE SWING (V)
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Typical DC Performance Characteristics (continued)

~20

NEGATIVE COMMON-MODE
INPUT VOLTAGE LIMIT (V)
!
3

Negative Common-Mode Input
Voltage Limit

—Tp = -55°C =1

| Ta=25°C ]

Ta=125°C
i

NEGATIVE SUPPLY VOLTS (V)

OPEN LOOP VOLTAGE GAIN (V/V)

Open Loop Voltage Gain

M
RL=2k } :
Rg = 50 —
= -5§°C 1
I Ta=-56°C T

F A" 1p-25C
Z |

—
100k Ta=125°C =3

10k

§ 10 15 20
SUPPLY VOLTAGE (+V)

Typical AC Performance Characteristics

GAIN BANDWIDTH (MHz)
w

Gain Bandwidth

[T=Vs= 10V~
|- vg=s1sv__] |

55 -35 -15 5 25 45 65 85 106 125

OQUTPUT VOLTAGE SWING (50 mV/DIV)

OUTPUT VOLTAGE SWING (5V/DIV)

TEMPERATURE (°C)

LF 155 Small Signal Pulse Response,
Ay = +1

TIME (0.5 us/DIV)

LF 155 Large Signal Pulse Response,
Ay =+1

TIME (1 us/DIV)

UNITY GAIN BANDWIDTH (MHz)

OUTPUT VOLTAGE SWING (50 mV/DIV)

OUTPUT VOLAGE SWING (5V/DIV)

Gain Bandwidth

: L] ]
\ [ | Lr1s7 cunves ipenTicat
N BUT MULTIPLIEDBY4 7]

7 \ Ly

AN [ ]
. N\ LF15
5 4
2iv N v ||
4
|

~55-35 -15 5 25 45 65 85 105 125
TEMPERATURE (°C)

LF 156 Small Signal Pulse Response,
Ay =+1

TIME (0.5 us/DIV)

LF 156 Large Signal Pulse Response,
Ay =+1

TIME (1 ps/DIV)

OUTPUT VOLTAGE SWING (50 mV)

OUTPUT VOLTAGE SWING (SV/DIV)

PEAK TO PEAK OUTPUT SWING (V)

Output Voltage Swing
28

Vg = 15V
Ta=25C o

24

20 /

0 1.0 10
OUTPUT LOAD Ry (kS2)

Normalized Slew Rate
1.8 T
15 N Vg = +15V -

14 —\L‘mm
12 |

10 |- LF156
08
05
04

0.2

0
-55-35-15 5 25 45 65 B85 105 125

TEMPERATURE (°C)

LF 157 Small Signal Pulse Response,
Ay =+5

TIME (0.1 us/DIV)

LF157 Large Signal Pulse Response,
Ay =+5

TIME (0.5 us/DIV)

37
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LF155/LF156/LF157 Series

Typical AC Performance Characteristics (continued)

COMMON-MODE REJECTION RATIO (dB) GAIN (dB) OUTPUT SWING (V) FROM OV

P—P OUTPUT VOLTAGE SWING (V)

10

-5

10
5

100

80

60

40

20

28
24

20

10k

Inverter Settling Time

LF155 |

FTa=25°C m/

| vg=s15v
//
v

NN

N

™

10\ Y1 v

XN

0 05 10

SETTLING TIME (us)

Bode Plot

GAIN'}

1111 [T
PHASE 1T LF1
N NH Vg =15V ||

I

55

| R

1 10

100

FREQUENCY (MHz)

Common-Mode Rejection
Ratio

T
\*\ Vs= v

Ry =2k
Tp=25°C

NLF

P

AN

N

FREQUENCY (Hz)

10 100 1k 10k 100k 1M 1OM

! Il

Vs

\VBL I

Tp=25°C
Ay=1

= $15V
=2k

! <t oist
|
F

111

\ [

LF157
Ay =5

N

100k mwm
FREQUENCY (Hz)

1M

Undistorted Output Voltage Swing

(5334930) ISVHd

POWER SUPPLY REJECTION RATIO (dB) GAIN (dB) OUTPUT VOLTAGE SWING FROM OV (V)

EQUIVALENT INPUT NOISE VOLTAGE (nVA/H2)

1
o

100

Inverter Settling Time

FREQUENCY (Hz)

TTTITIT
/ Vg =15V
) Tp=25°C
o
1wmv Y1 my
| || LF156,Ay = -1
| | LF157,Ay= -5
1OmVNNImV
NN
I\
01 1 10
SETTLING TIME (us)
Bode Plot
T '
LF156 1 100
I~ (! HASE - Vg=*15V {ll 75
N
50
l”l" 2%
il ’
T X -25
— -50
— 18
— -100
— - -125
LT [N s
1 10 100
FREQUENCY (MHz)
Power Supply Rejection Ratio
% LF156
\\\ Tp=25°C
\ \ Vg = +15V 7]
POSITIVE
N SUPPLY
NEGATIVE ]\
SUPPLY \
‘\X
10100 3k 10k 100k 1M
FREQUENCY (Hz)

Equivalent Input Noise Voltage

(5334930) ISVH

GAIN (dB) OPEN LOOP VOLTAGE GAIN (dB)

POWER SUPPLY REJECTION RATIO (dB)

EQUIVALENT INPUT NOISE VOLTAGE (nV/\/Hz2)

Open Loop Frequency

Response

110

T 1
Vg =15V

70

30

PN

10 100 1k

10k 100k 1M 10M

FREQUENCY (Hz2)

Bode Plot

3 -
30 N -

| LF1s7

N us: 15V

25
20

.._GM}

PHASE

15
10

N, A

AN

-10

11

T

FR

10
EQUENCY (MHz)

Power Supply Rejection

Ratio

120

| Ta=25c

100

N\

[ vg=215v |

AN

o

OSITIVE SUPPLY_|
L

%

N
L\
\‘

AN

L)

N
157 =

)/

SELN
N

y

a0
]

=)

LF15
1

20

| NEGATIVE SUPPLY N\

|
0 [

NN
[ ]

1000 1k

10k 100k 1M
FREQUENCY (Hz)

Equivalent Input Noise
Voltage (Expanded Scale)

100

-
TaA=26°C |

Vg = +15V

40

LF155

20

AN N
N

lFIS‘ﬂ,

F

1k
REQUENCY (Hz)

100

$334930) ISVHd
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Typical AC Performance Characteristics (continued)

Output Impedance

1000

OUTPUT IMPEDANCE (2)
s

OUTPUT IMPEDANCE ()

Output Impedance

Ta=25°C
Vg = £15V

W

A AT
Ll LA T

Output Impedance

OUTPUT IMPEDANCE (Q)

LF155AH
LF155H
LF255H
LF355AH
LF355H

10k 100k m 10M 1M 1k 10k 100k m™m 10M
FREQUENCY (Hz) FREQUENCY (Hz) FREQUENCY (Hz)
Detailed Schematic
O “Vee
m
at
3
BALANCE
1h 5): '/uz
8 ——-q a3
" @—
as
n ‘\-
u:c:r‘ Yy A o
}'—‘ AN our
6
L 5
03
ld
as T
n » 5 I
@ v 19 v
as ﬂgb—-‘
N aw
a7 a8
R2 R3 an
30 K]
1.
L-t‘nu m 10 | uu} a1e ars SE o o
L
.3 b OB L ) 45
—O Vet
@
*C =2 pF on LF157
Connection Diagrams (Top views) Dual-in-Line Package (N or J)
Meta! Can Package (H) saLANCE — U LI
NC
Order Number NPT = L
LF156AH LF157AH BALANCE
LFi56H LFi157H .
LF256H LF257H INPUT ouTPUT INPUT — — outeut
LF356AH LF357AH *
LF356H LF357H
See NS Package HO8C INPUT o BALANCE v -l L BALANCE

Note 4: Pin 4 connectec to case.

Order Number LF355N, LF356N

or LF357N
See NS Package N08B
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LF155/LF156/LF157 Series

Application Hints

The LF155/6/7 series are op amps with JFET input
devices. These JFETs have large reverse breakdown
voltages from gate to source and drain eliminating the
need for clamps across the inputs. Therefore large
differential input voltages can easily be accomodated
without a large increase in input current. The maximum
differential input voltage is independent of the supply
voltages. However, neither of the input voltages should

be allowed to exceed the negative supply as this will
cause large currents to flow which can result in a

destroyed unit.

Exceeding the negative common-mode limit on either
input will cause a reversal of the phase to the output
and force the amplifier output to the corresponding
high or low state. Exceeding the negative common-mode
limit on both inputs will force the amplifier output to a
high state. In neither case does a latch occur since
raising the input back within the common-mode range
again puts the input stage and thus the amplifier in a
normal operating mode.

Exceeding the positive common-mode limit on a single
input will not change the phase of the output however,
if both inputs exceed the limit, the output of the’
amplifier will be forced to a high state.

These amplifiers will operate with the common-mode
input voltage equal to the positive supply. In fact, the
common-mode voltage can exceed the positive supply by
approximately 100 mV independent of supply voltage
and over the full operating temperature range. The
positive supply can therefore be used as a reference on
an input as, for example, in a supply current monitor
and/or limiter.

Precautions should be taken to ensure that the power
supply for the integrated circuit never becomes reversed

Typical Circuit Connections

Vs Adjustment

v

Driving Capacitive Loads

Vs is adjusted with a 25k
potentiometer

i ) *LF155/6 R =5k
The potentiometer wiper is LF157 R =1.25k
connected to V ’

For potentiometers with
temperature coefficient of
100 ppm/°C or iess the
additional drift with adjust
is = 0.5 uv/C/mV of
adjustment

Typical overall drift: 5 uV/
°C £(0.5 uV/C/mV of
adj.)

Overshoot < 20%
Settling time (tg) = 5 us

in polarity or that the unit is not inadvertently installed
backwards in a socket as an unlimited current surge
through the resulting forward diode within the IC could
cause fusing of the internal conductors and result in a
destroyed unit.

Because these amplifiers are JFET rather than MOSFET
input op amps they do not require special handling.

All of the bias currents in these amplifiers are set by FET
current sources. The drain currents for the amplifiers are
therefore essentially independent of supply voltage.

As with most amplifiers, care should be taken with iead
dress, component placement and supply decoupling in
order to ensure stability. For example, resistors from the
output to an input should be placed with the body close
to the input to minimize “‘pickup’ and maximize the
frequency of the feedback pole by minimizing the
capacitance from the input to ground.

A feedback pole is created when the feedback around
any amplifier is resistive. The parallel resistance and
capacitance from the input of the device (usually the
inverting input) to ac ground set the frequency of the
pole. In many instances the frequency of this pole is
much greater than the expected 3 dB frequency of the
closed loop gain and consequently there is negligible
effect on stability margin. However, if the feedback pole
is less than approximately six times the expected 3 dB
frequency a lead capacitor should be placed from the
output to the input of the op amp. The value of the
added capacitor should be such that the RC time
constant of this capacitor and the resistance it parallels
is greater than or equal to the original feedback pole
time constant.

LF157. A Large Power BW Amplifier

For distortion < 1% and a 20 Vp-p
VoyT swing, power bandwidth is:
500 kHz.

Due to a unique output stage design, these ampli-
fiers have the ability to drive large capacitive loads
and still maintain stability. C__(MAx) = 0.01 uF.




Typical Applications

Settling Time Test Circuit

2, 0.1%
*400,0.1% 2
—AAA
VWA~
107 2Na416 v ® Settling time is tested with the LF155/6 connected
100 pF our as unity gain inverter and LF157 connected for
] > > -
e 3 Av =5 .
¢ = 1 e FET used to isolate the probe capacitance
-15V O e Output = 10V step
SUMMING
NODE — g 5k, 0.1% e Ay =-5for LF157

Large Signal Inverter Output, Vo (from Settling Time Cifcuit)

LF356

5V/DIV

2 us/DIV 1 48/DIV 1us/DIV

Low Drift Adjustable Voltage Reference

2N4118

¢ AVQUT/AT = £0.002%/°C
O Vour= 10V ® All resistors and potentiometers should be wire-wound
o P1: drift adjust
K4 ® P2: Voyr adjust
R e Use LF155 for

A Low drift
A Low supply current

k 4 Lowlg
b3
‘P

ih—AAA
I—vWwv

3-11
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LF155/LF156/LF157 Series

Typical Applications (Cont'inued)

Fast Logarithmic Converter

50k
. MO Vggr = 5V
+15V @ I
_]—m 300 pF
a3pF
LM394 9
= B ]
R2g Rt .
P4 ® Dynamic range: 100 gA < I £ 1 mA
= {5 decades), Vgl = 1V/decade
- Transient response: 3 us for Al; = 1 decade
) e C1, C2, R2, R3: added dynamic compen-
[e} sation
‘o = e V(g adjust the LF156 to minimize quiescent
R3 O error
-15V -15v  30pF
AN ® RT: Tel Labs type Q81 + 0.3%/°C

R2 ] kT Ry 1
VouT!= |1+ al = In Vi | ——————| = log V; E——I— R2 = 16.7k, Rt = 1k, 0.3%/°C (for temperature compensation)
T q ilr

Precision Current Monitor

's

—
v oA I v
S =
3n £ svsTEm e Vo =5R1/R2 (V/mA of Ig)
>3 3 e R1, R2, R3: 0.1% resistors
§ .L e Use LF155 for
: . 4 Common-mode range to supply range
¥ [ - a
— Low ig
- 4 LowVps
X 4  Low supply current
2% .
| *
8-Bit D/A Converter with Symmetrical Offset Binary Operation
15V
R O
5k
A'A'A'
3
msB LS8
15V B 82 B3 B4 BS B6 87 B8
s o dalslelrlslofolnhe 2
VRer = 10V O—AAAAY 1o =
7
LMDAC08 LF356 U —O Eg
4
-15v

~15Vv

e R1, R2 should be matched within +0.05%
e Full-scale response time: 3 us

Eo |B1 B2 B3 B4 B5 Be B7 B8| COMMENTS ’
+9.920 1 1 1 1 1 1 1 | Positive Full-Scale
+0.040 1 0 0 0 0 0 0 0 | (+) Zero-Scale
—0.040 [ 1 1 1 1 1 1 1 | (—) Zero-Scale
-9.920 0 0 0 0 0 0 0 0 | Negative Full-Scale
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Typical Applications (continued)

Wide BW Low Noise, Low Drift Amplifier

c2
il
1

faax = 240 ke

e Power BW: fiyax = St o 240 kHz
2nVp

® Parasitic input capacitance C1 = (3 pF for
LF155, LF1566 and LF157 plus any additional
layout capacitance) interacts with feedback
elements and creates undesirable high frequency
pole. To compensate add C2 such that: R2C2 =
R1C1.

Boosting the LF 156 with a Current Amplifier

tout

Tt
oo I’} "

v
L 01 uf
® 1QUT(MAX) = 150 mA (will drive R_ > 10002)
AVoyt _ 0.15 i
. T " 102 V/us {with C|_shown)
e No additional phase shift added by the current amplifier
3 Decades VCO
¢
0.01 uF
Il
H
R1 7
veO AAA 2 '
s
R2 LF356
100k 1
VW + (]
3 /

V¢ (R8+R7)
f= —— " 0<Vg<30V,10 Hz < f < 10 kHz
[8 Vpy R8 R1]C

R1, R4 matched. Linearity 0.1% over 2 decades.

Isolating Large Capacitive Loads

~O Vour

R1
5.1k

v
i

-2v

e Overshoot 6%

o tg 10us

e When driving large C, the VoyT slew rate deter-
mined by Cy_and loyT(MAX):

AVout _ louTt 0.02 N
A AR L AR —— V/us=0.04V h
a7 L = o5 /us = 0.04 V/us (with Ci_shown)

Low Drift Peak Detector

21
AAA
VVv

+15V

By adding D1 and R¢, Vp1 = 0 during hold mode. Leakage of
D2 provided by feedback path through Rg¢.

Leakage of circuit is essentially I, (LF155, LF156) plus capaci-
tor leakage of Cp.

Diode D3 clamps VoyT (A1) to V|N—Vp3 to improve speed and
to limit reverse bias of D2.

Maximum input frequency should be << 1/27R¢Cpy where

Cpz is the shunt capscitance of D2.

Non-Inverting Unity Gain Operation for LF157
R2
i

Ri1C
R1

> —_
~ (2m) (5 MHz)
¢ o _ R2+Rg
g L 4
Av(pc) =1

f_3 48 ~ 5 MHz

Inverting Unity Gain for LF157
A2 1
R1C> ——8Mm8 — —
= (2m) (56 MHz2)

R2
c == R1 = 53
o 4
R1
Av(pc) = -1

f_34p ~5MHz

3-13
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LF155/LF156/LF157 Series

Typical Applications (continued)

High Impedance, Low Drift Instrumentation Amplifier
+18V

O
-5V
R3 | 2R
. Vou-r_--—a2 —R-13 + 1] AV, V™ +2V < VN common-mode < vt
e System Vg adjusted via A2 Vg adjust
e Trim R3 to boost up CMRR to 120 dB. Instrumentation amplifier
Resistor array RA201 (National Semiconductor) recommended

Fast Sample and Hold

JFET SWITCHES
LF11331
w1 OR

— o — ] -

-18v

-8V

e Both amplifiers (A1, A2) have fesdback loops individually closed with stable responses (over-
shoot negligible)
® Acquisition time T, estimated by:

2R, . VIN. C 1
T [_.exs_u] 12, vided that:
T

VINCh
VN < 278 RoN Chand Tp > TOUTMAX)
VINCh
20 mA
e LF156 developes full S, output capability for VN > 1V
® Addition of SW2 improves accuracy by putting the voltage drop across SW1 inside the feedback
loop
e Overall accuracy of system determined by the accuracy of both amplifiers, A1 and A2

. RoN is of SW1

If inequality not satisfied: Tp =

314




Typical Applications (continued)

High Accuracy Sample and Hold

A1
51k

L——ﬁ Vout

-15V

e By closing the loop through A2, the VoyT accuracy will be determined uniquely by Al.
No V(g adjust required for A2.

e Tp can be estimated by same considerations as previously but, because of the added
propagation delay in the feedback loop (A2) the overshoot is not negligible.

e Overall system slower than fast sample and hold
e R1, Cc: additional compensation
e Use LF156 for

A Fast settling time

4 LowVqps
High Q Band Pass Filter
c1

0.001 uF 1pF

| 11

1

T g
a1 e By adding positive feedback (R2)
62k Q increases to 40
vin O—AWV— R6 e fgp =100 kHz
62k
AAA v _
=OUT . 1048
| ViN
:::k :: ® Clean layout recommended
1 e Response to a 1 Vp-p tone burst:
300 us
-1V
= ~15V
High Q Notch Filter
—O vour e 2R1=R=10MQ

2C = C1 =300 pF
® - Capacitors should be matched to obtain high Q
e fNOTCH = 120 Hz, notch = —55 dB, Q > 100
e Use LF155 for

4 Lowlg

A Low supply current

3-15
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LF347

National
Semiconductor

LF347 Wide Bandwidth Quad JFET

Input Operational Amplifier

General Description

The LF347 is a low cost, high speed quad JFET input
operational amplifier with an internally trimmed input
offset voltage (BI-FET HTM technology). The device
requires a low supply current and yet maintains a large
gain bandwidth product and a fast slew rate. In addition,
well matched high voltage JFET input devices provide
very low input bias and offset currents. The LF347 is
pin compatible with the standard LM348. This feature
allows designers to immediately upgrade the overall
performance of existing LM348 and LM324 designs.

The LF347 may be used in applications such as high
speed integrators, fast D/A converters, sample-and-hold
circuits and many other circuits requiring low input
offset voltage, low input bias current, high input imped-
ance, high slew rate and wide bandwidth. The device
has low noise and offset voltage drift.

Amplifiers

SGUACE 10N ORAIN GATE
AT

81-FET 1™ Technology

Features

® |nternally trimmed offset voltage 2mVv
= |Low input bias current 50 pA
® | ow input noise voltage 16 nVA/Hz
® | ow input noise current 0.01 pAA/HzZ
® Wide gain bandwidth 4 MHz
® High slew rate 13 V/us
® Low supply current 7.2mA
® High input impedance 1012Q
® Low total harmonic distortion Ay = 10, <0.02%

RL = 10k, VQ = 20 Vp-p, BW = 20 Hz—20 kHz
Low 1/f noise corner 50 Hz
Fast settling time to 0.01% 2us

Simplified Schematic

1/4 Quad
Vee O
Vo
+i —
INTERNALLY
INTERNALLY TRIMMED
TRIMMED
-Vee O . ®
Connection Diagram
Dual-In-Line Package
ouT4  INGT INg* V- IN3* IN3™  ouT3
" In 12 1 10 9 | 8
Order Number LF347N, LF347AN Order Number LF347J, LF347AJ
or LF347BN or LF347BJ
See NS Package N14A See NS Package J14A
1 | 2 3 4 5 3 7
ouT1 N1~ INT* vt IN2* IN2™ ouT2
TOP VIEW
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r
. .
Absolute Maximum Ratings mn
=
Supply Voltage +18V -~
Power Dissipation (Note 1) 500 mW
Operating Temperature Range 0°C to +70°C
TiMAX) 115°C
Differential Input Voltage +30V
Input Voltage Range (Note 2) 15V
Output Short Circuit Duration (Note 3) Continuous
Storage Temperature Range —65°C to +150°C
Lead Temperature (Soldering, 10 seconds) 300°C
. T
DC Electrical Characteristics (note )
SYMBOL CONDITIONS LF347A LF3478 LF347 UNITS
PARAM
A ETER OND MIN TYP MAX MIN TYP MAX MIN TYP MAX
Vos Input Offset Voltage Rg=10kQ, TaA=25C | 1 2 3 5 5 10 mv
Over Temperature 4 7 13 mV
AVQOs/AT | Average TC of Input Offset Rg=10kQ2 10 10 10 uv/c
Voltage
108 Input Offset Current Tj= 25°C, (Notes 4, 5) 25 100 25 100 25 100 PA
Ti< 70°C 2 a4 4 nA
1) input Bias Current Tj= 25°C, (Notes 4, 5) 50 200 50 200 50 200 pA
Tj<70°C 4 8 8 nA
RIN input Resistance Tj=25°C 1012 1012 1012 Q
AvOL Large Signal Voltage Gain Vg=1t16V, Ta = 25°C 50 100 50 100 25 100 V/mV
VO = %10V, R = 2k
Over Temperature 25 25 15 V/mvV
Vo Output Voltage Swing Vg =%15V, R = 10kQ 12 #135 +12 | #1356 12 £13.5 \
. + +15
vVem Input Common-Mode Voltage Vg =15V a1 +15 o 15 1 \Y
Range -12 -12 -12 \Y
CMRR Common-Mode Rejection Ratio | Rg < 10 k2 80 100 80 100 70 100 dB
PSRR Supply Voltage Rejection Ratio (Note 6) 80 100 80 100 70 100 dB
Is Supply Current 7.2 11 7.2 1 7.2 11 mA
. s as
AC Electrical Characteristics (Note 4)
LF347A LF347B LF347 UNITS
SYMBOL PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX MIN TYP MAX
Amplifier to Amplifier Coupling | Ta = 25°C, -120 -120 =120 dB
f=1Hz—20 kHz
(Input Referred)
SR Slew Rate Vg= 15V, Tp=25"C 13 13 13 Vius
GBW Gain-Bandwidth Product Vg=1+15V,TpA=25C 4 4 4 MHz
en Equivalent Input Noise Voltage Ta=25'C, Rg = 10092, 16 16 16 nVA/Hz
f=1000 Hz
in Equivalent Input Noise Current Tj= 25°C, f= 1000 Hz 0.01 0.01 0.01 pPAA/Hz
Note 1: For operating at elevated temperature, the device must be derated based on a thermal resistance of 125°C/W junction to ambient or
95°C/W junction to case.
Note 2: Unless otherwise specified the absolute maximum negative input voltage is equal to the negative power supply voltage.
Note 3: Pp max rating cannot be exceeded.
Note 4: These specifications apply for Vg = +15V and 0°C < Tp < +70°C. Vs, Ig and Igg are measured at Vgm = 0.
Note 5: The input bias currents are junction leakage currents which approximately double for every 10°C increase in the junction temperature, Tj.
Due to limited production test time, the input bias currents measured are correlated to junction temperature. In normal operation the junction
temperature rises above the ambient temperature as a result of internal power dissipation, Pp. Tj =Ta+ @jA Pp where OjA is the thermal resis-
tance from iunction to ambient. Use of a heat sink is recommended if input bias current is to be kept to a minimum.
Note 6: Supply voltage rejection ratio is measured for both supply magnitudes increasing or decreasing simultaneously in accordance with com-
mon practice. :
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LF347

Typical Performance Characteristics
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Typical Performance Characteristics (continued)

Undistorted Output Voltage

Distortion vs Frequency , Swing
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LF347

Pulse Response

Small Signal Inverting

OUTPUT VOLTAGE SWING (50 mV/DIV)

TIME (0.2 us/DIV)

Large Signal Inverting

OUTPUT VOLTAGE SWING (5V/DIV)

TIME (2 us/DIV)

Small Signal Non-Inverting

TIME (0.2 us/DIV)

Large Signal Non-Inverting

TIME (2 ps/DIV)

Current Limit (R = 10052)

OUTPUT VOLTAGE SWING (1V/DIV)

TIME (5 us/DIV)

Application Hints

The LF347 is an op amp with an internally trimmed
input offset voltage and JFETinput devices (BI-FET I1T™).
These JFETs have large reverse breakdown voltages from
gate to source and drain eliminating the need for clamps
across the inputs. Therefore, large differential input
voltages can easily be accommodated without a large
increase in input current. The maximum differential
input voltage is independent of the supply voltages.
However, neither of the input voltages should be

allowed to exceed the negative supply as this will cause
large currents to flow which can result in a destroyed
unit.

Exceeding the negative common-mode limit on either
input will cause a reversal of the phase to the output
and force the amplifier output to the corresponding
high or low state. Exceeding the negative common-mode
limit on both inputs will force the amplifier output to a
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Appllcatlon Hints (continueq)

high state. In neither case does a latch occur since
raising the input back within the common-mode range
again puts the input stage and thus the amplifier in a
normal operating mode.

Exceeding the positive common-mode limit on a single
input will not change the phase of the output; however,
if both inputs exceed the limit, the output of the ampli-
fier will be forced to a high state.

The amplifiers will operate with-a common-mode input
voltage equal to the positive supply; however, the gain
bandwidth and slew rate may be decreased in this condi-
tion. When the negative common-mode vcitage swings
to within 3V of the negative supply, an increase in input
offset voltage may occur.

Each amplifier is individually biased by a zener reference
which allows normal circuit operation on 4V power
supplies. Supply voltages less than these may result in
lower gain bandwidth and slew rate.

The LF347 will drive a 2 k§2 load resistance to £10V
over the full temperature range of 0°C to +70°C. If the
amplifier is forced to drive heavier load currents, how-
ever, an increase in input offset voltage may occur on
the negative voltage swing and finally reach an active
current limit on both positive and negative swings.

Precautions should be taken to ensure that the power

supply for the integrated circuit never becomes reversed
in polarity or that the unit is not inadvertently installed

Detailed Schematic

backwards in a socket as an unlimited current surge
through the resulting forward diode within the IC could
cause fusing of the internal conductors and result in a
destroyed unit.

Because these amplifiers are JFET rather than MOSFET
input op amps they do not require special handling.

As with most amplifiers, care should be taken with lead
dress, component placement and supply decoupling in
order to ensure stability. For example, resistors from the
output to an input should be placed with the body close
to the input to minimize “‘pick-up’’ and maximize the
frequency of the feedback pole by minimizing the
capacitance from the input to ground.

A feedback pole is created when the feedback around
any amplifier is resistive. The parallel resistance and
capacitance from the input of the device (usually the
inverting input) to AC ground set the frequency of the
pole. In many instances the frequency of this pole is
much greater than the expected 3 dB frequency of the
closed loop gain and consequently there is negligible
effect on stability margin. However, if the feedback
pole is less than approximately 6 times the expected
3 dB frequency a lead capacitor should be placed from
the output to the input of the op amp. The value of the
added capacitor should be such that the RC time con-
stant of this capacitor and the resistance it parallels
is greater than or equal to the original feedback pole
time constant.
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LF347

Typical Applications

Digitally Selectable Precision Attenuator

13
L By ns mLrw D=0 vg
] 8 B2
- m 1/8 LF347 WA +
39.2k
1/4 LF387 u A9 +
R
86.6k
A'A‘A 5 +
Sr2 <ne < Re
::“7k ::mu ::!Wk
]  E—
LF13331
YRR . .
/ s All resistors 1% tolerance
INISIN
~ Jeno :
VO - 5V — — OFF
Al AZ A3 \TTENUATION o 3 f;', —odL on
0 o0 o 0 ATTENUATION SELECT INPUTS
0 0 1 -1d8
0 1 0 -2dB ® Accuracy of better than 0.4% with standard 1% value resistors
0 1 1 -3dB ® No offset adjustment necessary
1 0 0 -4 dB e Expandable to any number of stages
1 0 1 -5dB ® Very high input impedance
1 1 0 -6 dB
1 1 1 -7dB

Long Time Integrator with Reset, Hold and Starting Threshold Adjustment

r—=— "':

|

) ]

P 1 10K
ENABLE | »
—-—-‘\&:N—o/s?-‘ ! % I
%
° ! AMA— Y >
sToP | . Lo

| -~ 114 LFM7 Vour
| % g
+ AN +
! 10K
| %
|
[} -
|
|
|
|
]

LF1331
ANALOG
SWITCHES

O SET THRESHOLD
VOLTAGE

THRESHOLD
ADJUST

VouT starts from zero and is equal to the integral of the input voltage with respect to the threshold voltage:

1 t
VouTt=gg 0 (VN = VTH)dt

Output starts when VN > VT
Switch §1 permits stopping and holding any output value
Switch S2 resets system to zero
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Typical Applications (continued)

Universal State Variable Filter

100k
AAA .
VWv
! |
l:Wt 1R
0.001 .f 0.001 4F
20k
AAA >
VWA~
100k y 20k g
INPUT OmmeAAA/~4 174 LF347 AN/ -
Wi
+ 1/4 LF347 —O ;ﬂ,xﬁs
>
<
10k 100k L1 Y & 10k
g AAA, AAA < >
—w VWA
= o] T b
BANDPASS
10k ouTPUT e
AAA- L B  1ook
14 "
HIGH PASS 118 LFAT gs;g o
OUTPUT
12
+

For circuit shown:
fo =3 kHz, fNOTCH = 9.5 kHz
Q=34

Passband gain:

Highpass — 0
Bandpass — 1
Lowpass — 1
Notch — 10

A

e fox Q< 200 kHz

10V peak sinusoidal output swing without slew limiting to 200 kHz

o See LM348 data sheet for design equations
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LF351A-1/LF351B-1/
LF351A/ LF351B/ LF351

National
Semiconductor

LF351 Wide Bandwidth JFET
Input Operational Amplifiers

General Description

The LF351 is a low cost high speed JFET input opera-
tional amplifier with an internally trimmed input offset
voltage (BI-FET II™ technology). The device requires a
low supply current and yet maintains a large gain band-

Amplifiers

BI-FET 11 "™ Technology

tions where these requirements are critical, the LF356 is
recommended. If maximum supply current is important,
however, the LF351 is the better choice.

Features

width product and a fast slew rate. In addition, well ™ Internally trimmed offset voltage 2mv
matched high voltage JFET input devices provide very B Low input bias current 50pA
low input bias and offset currents. The LF351 is pin  m Low input noise voltage 16nVIVHz
compatible with the standard LM741 and uses the same .
offset voltage adjustment circuitry. This feature allows - LO.W mp':’t noise c‘urrent 0.01pAVHz
designers to immediately upgrade the overall perfor- ~® Wide gain bandwidth 4MHz
mance of existing LM741 designs. m High slewrate 13 Vlus
® Low supply current 1.8mA
The LF351 may be used in applications such as high ® High input impedance 1012¢@
speeqt mteg‘;a::, fastthD/A ci(rJnv't:rterrs, si'mplti-and.-:olt: ® Low total harmonic distortion Ay =10, <0.02%
circuits an y other circuits requiring low inpu R = 10k, Vo = 20 Vp-p, BW = 20 Hz-20kHz
offset voltage, low input bias current, high input imped- )
ance, high slew rate and wide bandwidth. The device ™ Low 1/f noise corner 50Hz
has low noise and offset voltage drift, but for applica- m Fast settling time to 0.01% 2us
Typical Connection Simplified Schematic
Vee O
v0
+
INTERNALLY
INTERNALLY TRIMMED
TRIMMED
. . ~Vgg O=— & L
Connection Diagrams (top Views)
Metal Can Package Dual-In-Line Package
NS BALANCE —1 1% L e
BALANCE , )
INPUT =i b v
WVERTING oureur ;[>—L
INPUT -—3 6—- OUTPUT
NON-INVERTING BALANCE
INPUT
4 5
l V7 — p— BALANCE
v
Note. Pin 4 connected to case.
. TOP VIEW
Order Number LF351AH, LF351BH Order Number LF351AN, LF351BN
or LF351H or LF351N

See NS Package H08C

See NS Package NOSA




Absolute Maximum Ratings

Supply Voltage +18V
Power Dissipation (Note 1) 500mW
Operating Temperature Range 0°Cto +70°C
Ti(MAX) 116°C
Differential Input Voltage +30V
Input Voltage Range (Note 2) +15V
Output Short Circuit Duration Continuous
Storage Temperature Range -65°Cto +150°C
Lead Temperature (Soldering, 10 seconds) 300°C

DC Electrical Characteristics (Note 3)

SYMBOL PARAMET CONDITIONS LF351A and LF351A-1 | LF351B and LF351B-1 LF351 NITS
A ER ONDITION MIN | TYP | MAX | MIN | TYP | MAX | MIN | TYP | MAX UNIT
Vos Input Oftset Voltage Rg=10kQ, TA=25°C 1 2 3 5 5 10 mv
Over Temperature 4 7 13 mv
AVQg/AT | Average TC of Input Offset Rg = 10kQ 10 10 10 uvi°c
Voltage
LF351A-1 20 uvi°C
LF351B-1 30 uvi°C
los Input Offset Current T" =25°C, (Notes 3, 4) 25 100 25 100 25 100 pPA
Ti < 70°C 2 4 4 nA
B input Bias Current Tj =25°C, (Notes 3, 4) 50 200 50 200 50 200 pA
Tj <70°C 4 8 8 nA
RiN Input Resistance Tj=25°C 1012 1012 1012 Q
AyoL Large Signal Voltage Gain Vg= =15V, Tp=25°C 50 100 50 100 25 100 Vimv
Vo = =10V, R =2kQ
Over Temperature 25 25 15 Vimv
Vo Output Voltage Swing Vg = =15V, R =10kQ +12 | £135 +12 | 135 +12 | =135 v
Vem Input Common-Mode Voltage _ +15 +15 +15 \
Range V= =15V = 1 -12 SR P v
CMRR Common-Mode Rejection Ratio | Rg < 10k 80 100 80 100 70 100 dB
PSRR Supply Voitage Rejection Ratio (Note 5) 80 100 80 100 70 100 dB
Is Supply Current 1.8 28 1.8 28 1.8 34 mA
N T
AC Electrical Characteristics (ote 3)
LF351A and LF351A-1 | LF351B and LF351B-1 LF351
SYMBOL PARAMETER CONDITIONS MIN | Tvp | Max | MIN | TYP | MAX | min 1 TP | max UNITS
SR Slew Rate Vg= £15V, Tp=25°C 13 13 13 Vius
LF351A-1 10 Vius
GBW Gain Bandwidth Product Vg = =15V, Tp=25°C 4 4 4 MHz
LF351A-1 3 MHz
en Equivalent Input Noise Voltage Ta=25°C, Rg=1009, 16 16 16 nVIVHz
f = 1000 Hz ’
in Equivalent input Noise Current Tj =25°C, f =1000Hz 0.01 0.01 0.01 PANVHz

Note 1: For operating at elevated temperature, the device must be derated based on a thermal resistance of 150 °C/W junction to ambient
or 45°C/W junction to case.

Note 2: Unless otherwise specified the absolute maximum negative input voltage is equal to the negative power supply voltage.

Note 3: These specifications apply for Vg = 15V and 0°C < Ta < +70°C. VQs, Ig and Igg are measured at Vgpm = 0.

Note 4: The input bias currents are junction leakage currents which approximately double for every 10°C increase in the junction tem-
perature, Tj. Due to the limited production test time, the input bias currents measured are correlated to junction temperature. In normal
operation the junction temperature rises above the ambient temperature as a result of internal power dissipation, Pp. Tj=TaA +9ja Pp
where 0ja is the thermal resistance from junction to ambient. Use of a heat sink is recommended if input bias current is to be kept to a
minimum.

Note 5.: Supply voltage rejection ratio is measured for both supply magnitudes increasing or decreasing simultaneously in accordance
with common practice.
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LF351A-1/LF351B-1/

LF351A/ LF351B/ LF351

Typical Performance Characteristics

INPUT BIAS CURRENT (pA)

POSITIVE COMMON-MODE INPUT
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Typical Performance Characteristics (continued)

DISTORTION (%)
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LF351A1/LF351B1/

LF351A/ LF351B/ LF351

Pulse Response

Small Signal Inverting

OUTPUT VOLTAGE SWING (50 mV/DIV)

TIME (0.2 us/DIV)

Large Signal Inverting

OUTPUT VOLTAGE SWING (5V/DIV)

TIME (2 ps/DIV)

Small Signal Non-inverting

OUTPUT VOLTAGE SWING (50 mV/DIV)

TIME (0.2 us/DIV)

Large Signal Non-Inverting

ING (5V/DIV)

TIME (2 us/DIV)

Current Limit (R|_= 1002)

QUTPUT VOLTAGE SWING (1V/DIV)

TIME (5 us/DIV)

Application Hints

The LF351 is an op amp with an internally trimmed
input offset voltage and JFET inputdevices(BI-FET [I™).
These JFETs have large reverse breakdown voltages from
gate to source and drain eliminating the need for clamps
across the inputs. Therefore, large differential input
voltages can easily be accommodated without a large
increase in input current. The maximum differential
input voltage is independent of the supply voltages.
However, neither of the input voltages should be

allowed to exceed the negative supply as this will cause
large currents to flow which can result in a destroyed
unit.

Exceeding the negative common-mode limit on either
input will cause a reversal of the phase to the output
and force the amplifier output to the corresponding
high or low state. Exceeding the negative common-mode
limit on both inputs will force the amplifier output to a
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Application Hints (continued)

high state. In neither case does a latch occur since
raising the input back within the common-mode range
again puts the input stage and thus the amplifier in a
normal operating mode.

Exceeding the positive common-mode limit on a single
input will not change the phase of the output; however,
if both inputs exceed the limit, the output of the ampli-
fier will be forced to a high state.

The amplifier will operate with a common-mode input
voltage equal to the positive supply; however, the gain
bandwidth and slew rate may be decreased in this condi-
tion. When the negative common-mode voltage swings
to within 3V of the negative supply, an increase in input
offset voltage may occur.

The LF351 is biased by a zener reference which aliows
normal circuit operation on *4V power supplies. Supply
voltages less than these may result in lower gain band-
width and slew rate.

The LF351 will drive a 2 k§2 load resistance to £10V
over the full temperature range of 0°C to +70°C. If the
amplifier is forced to drive heavier load currents, how-
ever, an increase in input offset voltage may occur on
the negative voltage swing and finally reach an active
current limit on both positive and negative swings.

Precautions should be taken to ensure that the power
supply for the integrated circuit never becomes reversed
in polarity or that the unit is not inadvertently installed

Detailed Schematic

Vee O- O

backwards in a socket as an unlimited current surge
through the resulting forward diode within the IC could
cause fusing of the internal conductors and result in a
destroyed unit.

Because these amplifiers are JFET rather than MOSFET
input op amps they do not require special handling.

As with most amplifiers, care should be taken with lead
dress, component placement and supply decoupling in
order to ensure stability. For example, resistors from the
output to an input should be placed with the body close
to the input to minimize “‘pick-up’ and maximize the
frequency of the feedback pole by minimizing the
capacitance from the input to ground.

A feedback pole is created when the feedback around
any amplifier is resistive. The parallel resistance and
capacitance from the input of the device (usually the
inverting input) to AC ground set the frequency of the
pole. In many instances the frequency of this pole is
much greater than the expected 3 dB frequency of the
closed loop gain and consequently there is negligible
effect on stability margin. However, if the feedback
pole is less than approximately 6 times the expected
3 dB frequency a lead capacitor should be placed from
the output to the input of the op amp. The value of the
added capacitor should be such that the RC time con-
stant of this capacitor and the resistance it parallels
is greater than or equal to the original feedback pole
time constant.

L a8
an
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a7 Vo
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LF351A-1/LF351B-1/.
LF351A/ LF351B/ LF351

Typical Applications

Supply Current Indicator/Limiter

v AAA o TO SYSTEM SUPPLY
SuppLY O- P VOLTAGE CONNECTION

—AAA
A4

V-

® VQyT switches high when Rglg > Vp

Ultra-Low (or High) Duty Cycle Pulse Generator

g Your
T0 CONTROL CIRCUITRY

Hi-Zp Inverting Amplifier

c2
1]
1

Parasitic input capacitance C1 = (3 pF for LF351
plus any additional layout capacitance) interacts
with feedback elements and creates undesirable
high frequency pole. To compensate, add C2 such
that: R2C2 = R1C1.

Long Time Integrator

R1
RESET

R2

p—O ouTPUT INTEGRATE

V-

48 —2Vg
® tQUTPUT HIGH ~ R1C&n ——r
48 —Vg

2Vg-7.8

® tQUTPUT LOW ~ R2C2n ——
Vg—-78

where Vg =V¥ + IV :

*low leakage capacitor

2
1
HVUUT' EE.'/. ViN DIT
1

* Low leakage capacitor
® 50k pot used for less sensitive Vg adjust




National
Semiconductor

LF353 Wide Bandwidth Dual

JFET Input Operational Amplifiers

General Description

These devices are low cost, high speed, dual JFET input
operational amplifiers with an internally trimmed input
offset voltage (BI-FET |I™ technology). They require low
supply current yet maintain a large gain bandwidth
product and fast slew rate. In addition, well matched
high voltage JFET input devices provide very low input
bias and offset currents. The LF353 is pin compatible
with the standard LM1558 allowing designers to
immediately upgrade the overall performance of existing
LM1558 and LM358 designs.

These amplifiers may be used in applications such as
high speed integrators, fast D/A converters, sample and
hold circuits and many other circuits requiring low input
offset voltage, low input bias current, high input imped-
ance, high slew rate and wide bandwidth. The devices
also exhibit low noise and offset voltage drift.

Amplifiers

BI-FET 11T Technology

Features

B Internally trimmed offset voltage 2mv
| Low input bias current 50pA
B Low input noise voltage 16nVIVHz
® Low input noise current 0.01 pANVHz
B Wide gain bandwidth 4MHz
® High slew rate 13 Vius
| Low supply current 3.6mA
® High input impedance 1012q
® Low total harmonic distortion Ay = 10, <0.02%

Ry =10k, Vo =20Vp — p, BW=20Hz-20kHz

® Low 1/f noise corner 50 Hz
B Fast settling time to 0.01% 2us

Typical Connection

3

Vee
R, 9

-Vee

Simplified Schematic

1/2 Dual

Vee O

Vo

INTERNALLY

INTERNALLY TRIMMED

TRIMMED

-Vee O-

Connection Diagrams

LF353H Metal Can Package (Top View)
v

INVERTING INVERTING
INPUT A INPUT B

NON-INVERTING o NON-INVERTING
INPUT A ° INPUT B

v
Order Number LF353AH, LF353BH
or LF353H
See NS Package H08C

LF353N Dual-In-Line Package (Top View)

1 U
OUTPUT A = ;'— vt
2 7
INVERTING INPUT A = f— ouTPUTB

NON-INVERTING _3
INPUT A

INVERTING INPUT B

v- 4 5 __ NON-INVERTING
INPUT B

Order Number LF353AN, LF353BN
or LF353N
See NS Package NOSA
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LF353B-1/LF353A/
LF353B/LF353

Absolute Maximum Ratings

Supply Voltage +18V
Power Dissipation (Note 1) 500mW
Operating Temperature Range 0°Cto +70°C
Tj(MAX) 115°C
Differential Input Voltage +*30V
Input Voltage Range (Note 2) . +15V
Output Short Circuit Duration Continuous 4
Storage Temperature Range -65°Cto +150°C
Lead Temperature (Soldering, 10 seconds) 300°C

DC Electrical Characteristics (note 4)

LF353A LF353B and LF353B-1 LF353
SYMBOL PARAMETER CONDITIONS MIN TP MAX MIN e MAX MIN TP MAX UNITS
Vos Input Offset.Voltage Rg =10kQ, Tpo=25°C 1 2 3 5 5 10 mV
Over Temperature 4 7 13 mV
AVps/AT | Average TC of Input Offset Rg =10kQ 10 10 10 uvi°Cc
Voltage
LF351B-1 30 uvi°C
los Input Offset Current T]' =25°C, (Notes 4, 5) 25 100 25 100 . 25 100 PA
Tj <70°C 2 4 4 nA
g Input Bias Current Tj =25°C, (Notes 4, 5) 50 200 50 200 50 200 pPA
Tj < 70°C 4 8 8 nA
RIN Input Resistance Tj=25°C 1012 1012 1012 Q
AvoL Large Signal Voltage Gain Vg= %15V, Tp=25°C 50 100 50 100 25 100 VimvV
Vo = =10V, R =2kQ
Over Temperature 25 25 15 Vimv
Vo Output Voltage Swing Vg = £15V, R_=10kQ +12 | %135 +12 | +135 +12 | %135 v
Vem Input Common-Mode Voltage _ +15 +15 11 +15 v
! Range Vg = x£15V =11 “12 +11 12 + Z12 v
CMRR Common-Mode Rejection Ratio | Rg < 10kQ 80 100 80 100 70 100 dB
PSRR Supply Voltage Rejection Ratio (Note 6) 80 100 80 100 70 100 dB
Is Supply Current ’ 36 5.6 36 5.6 3.6 65 | mA
AC Electrical Characteristics (Note 4)
YMBOL A LF353A LF3538 LF353 NITS
s PARAMETER CONDITIONS MIN TYP MAX MIN TYP MAX MIN TYP MAX v
Amplifier to Amplifier Coupling Tao=25°C, f=1Hz~ -120 -120 -120 dB
20KkHz (Input Referred)
SR Slew Rate Vg= 215V, TA=25°C 13 13 13 Vius
+ GBW Gain Bandwidth Product Vg = £15V, Tpo=25°C 4 4 4 MHz
en Equivalent Input Noise Voltage TA=25°C, Rg =100, 16 16 16 nVIVHz
f=1000Hz
in Equivalent Input Noise Current Ti =25°C, f =1000Hz 0.01 0.01 0.01 PA/VHz

Note 1: For operating at elevated temperature, the device must be derated based on a thermal resistance of 160 °C/W junction to ambient
for the N package, and 150 °C/W junction to ambient for the H package.

Note 2: Unless otherwise specified the absolute maximum negative input voltage is equal to the negative power supply voltage.

Note 3: The power dissipation limit, however, cannot be exceeded.

Note 4: These specifications apply for Vg = 15V and 0°C < Tp < +70°C. Vps, Ig and Iog are measured at Vopm =0.

Note 5: The input bias currents are junction leakage currents which approximately double for every 10°C increase in the junction tem-
perature, Tj. Due to the limited production test time, the input bias currents measured are correlated to junction temperature. In normal
operation the junction temperature rises above the ambient temperature as a result of internal power dissipation, Pp. Tj=Ta +0ja Pp
where 0j4 is the thermal resistance from junction to ambient. Use of a heat sink is recommended if input bias current is to be kept to a
minimum.

Note 6.: Supply voltage rejection ratio is measured for both supply magnitudes increasing or decreasing simultaneously in accordance
with common practice.
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Typical Performance Characteristics

INPUT BIAS CURRENT {pA)

POSITIVE COMMON-MODE INPUT
VOLTAGE LIMIT {V)

NEGATIVE OUTPUT VOLTAGE SWING (V)

UNITY GAIN BANDWIDTH (MHz)

100

60

40

20

Input Bias Current

T

Ivg=-15v

L Ta=25¢C

/2]
P
I~

—

-10 -5 0 5 10

20

-15

-5

45

35

COMMON-MODE VOLTAGE (V)

Positive Common-Mode Input

Voltage Limit

T T T
0C_Ta_+70C
t

T
/|

l T
0 5 10 15 20
POSITIVE SUPPLY VOLTAGE (V)

Negative Current Limit

AN

=25 C

mc 6cC

0 10 20 30 a0
OUTPUT SINK CURRENT (mA)

Gain Bandwidth

0 10 20 30 40 50 60 70
TEMPERATURE ('C)

INPUT BIAS CURRENT (pA)

NEGATIVE COMMON-MODE INPUT
VOLTAGE LIMIT (V)

OUTPUT VOLTAGE SWING (Vp-p)

GAIN (dB)

100

40

30

20

30

20

Input Bias Current

= b

EVem=0 Sa——

[ Vg= 15V

. 7

//
‘/

— / 1
o

—

0 10 20 30 40 50 60 70

TEMPERATURE ( )

Negative Common-Mode Input
Voitage Limit

T
0C Ta_+70C
/'
|4
0 5 10 15 20
NEGATIVE SUPPLY VOLTAGE (V)
Voltage Swing
‘ .
| RL=2
Ta=25¢
//
//
/
//
V
/
v4
] 5 10 15 20
SUPPLY VOLTAGE (V)
Bode Plot
150
T
\\ l Vg= 15V
=i RL=2k [ff 100
NS [ ey = 10087
n AT 50
1
NN
> /‘_mnss 0
can | |1]
]L|U i -50
‘i‘ -100
| ’I! 150
0.1 1 10 100

FREQUENCY (MHz)

($334930) ISVHd

SUPPLY CURRENT (mA)

OUTPUT VOLTAGE SWING (Vp-p) POSITIVE QUTPUT VOLTAGE SOURCE (V)

SLEW RATE (V/us)

44

36

32

28

15

30

25

1"

Supply Current

T T
0 <TAZHIOC

7

0 5 10 15 20 25
SUPPLY VOLTAGE (+V)

Positive Current Limit

‘-2—2155‘

wce ocC

0 10 20 30 40
OQUTPUT SOURCE CURRENT (mA)

Output Voltage Swing

T
Vg= ‘15V
L Ta=25¢C

Ry — OUTPUT LOAD (kQ2)

Slew Rate

Vg = £15V l
Ry =2k
Ay =1

l
FALLING

RISING —

0 10 20 30 40 50 60 70
TEMPERATURE (°C)
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LF353B-1/LF353A/
LF353B/LF353

Typical Performance Characteristics (continueq)

COMMON-MBDE REJECTION RATIO (dB) DISTORTION (%)

OPEN LOOP VOLTAGE GAIN (V/V)

0.2

T T
Vg=+15V 7
0175 7,05
o5 - !
0.125 =20 Vpp]
0.1 }
Ay =100 l
0.075 ]
0.050
Ay = 10-..7(
0.025 A
o ™
0 100 * 0k 100k

120

100

80

40

2

™

100K

10K

Distortion vs Frequency

FREQUENCY (Hz)

Common-Mode Rejection
Ratio

T
P— Vg= 15V
Ry =2k
~ Ta=25C
L vo
L OVem  $2 x\
L _
Vo
CMRR=2010G —2 + OPEN LOOP
- Vem 4
VOLTAGE GAIN
|

10 100 1k 10k 100k 1M 10M
FREQUENCY (Hz)

Open Loop Voltage Gain (V/V)

=
—1—
A=0°CT0+35°C

R =2k

- aHHH

ot

AT e

] 10 15 2
SUPPLY VOLTAGE (:V)

OUTPUT VOLTAGE SWING (Vp-p)

POWER SUPPLY REJECTION RATIO (dB)

OUTPUT IMPEDANCE (<)

30

20

140
120
100
80
60
40
20

10 100 1K 10k

Undistorted Output Voltage
Swing

Vg =115V
N RL=2k

N Ta=sc

\Av=1

\(W- DIST
\

10k 100k ™

FREQUENCY (Hz)

Power Supply Rejection
Ratio

T
Vg= 15V |
~ Ta=25C
I
\\\ T
Y
N +SUPPL
N\
—Isvmiv N

100k 1™
FREQUENCY (Hz)

1M

Output Impedance

FREQUENCY (Hz)

OPEN LOOP VOLTAGE GAIN (dB)

EQUIVALENT INPUT NOISE VOLTAGE {nV/\ Hz)

OUTPUT VOLTAGE SWING FROM OV (V)

120

40

20

0

70
60
50

40

10

Open Loop Frequency Response

T
TN g;;.’,*w_
\ A=25C
\
\
N

N

\\
N

1 10 100 1k 10k 100k 1M 10M
FREQUENCY (Hz)

Equivalent Input Noise
Voltage

0

Wil
% :ﬁ ;
100 1k

10k 100k
FREQUENCY (Hz)

T

- —
" i -

T TI1T

T
o —1 1

RN

Inverter Settling Time

I AL - v

/Hmv

0.1 1 10
SETTLING TIME (us)
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Pulse Response

Small Signal Inverting

OUTPUT VOLTAGE SWING (50 mV/DIV)

TIME (0.2 us/DIV)

Large Signal Inverting

OUTPUT VOLTAGE SWING (5V/DIV)

TIME (2 ps/DIV)

Small Signal Non-Inverting

OUTPUT VOLTAGE SWING (50 mV/DIV)

TIME (0.2 us/DIV)

Large Signal Non-Inverting

OUTPUT VOLTAGE SWING (5V/DIV)

TIME (2 us/BIV)

Current Limit (R = 10052)

OUTPUT VOLTAGE SWING (1V/DIV)

TIME (5 us/DIV)

Application Hints

These devices are op amps with an internally trimmed
input offset voltage and JFET input devices (BI-FET II).
These JFETSs have large reverse breakdown voltages from
gate to source and drain eliminating the need for clamps
across the inputs. Therefore, large differential input
voltages can easily be accommodated without a large
increase in input current. The maximum differential
input voltage is independent of the supply voltages.
However, neither of the input voltages should be

allowed to exceed the negative supply as this will cause
large currents to flow which can result in a destroyed
unit.

Exceeding the negative common-mode limit on either
input will cause a reversal of the phase to the output
and force the amplifier output to the corresponding
high or low state. Exceeding the negative common-mode
limit on both inputs will force the amplifier output to a
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LF353B-1/LF353A/
LF353B/LF353

Application Hints (continueq)

high state. In neither case does a latch occur since
raising the input back within the common-mode range
again puts the input stage and thus the amplifier in a
normal operating mode.

Exceeding the positive common-mode limit on a single
input will not change the phase of the output; however,
if both inputs exceed the limit, the output of the ampli-
fier will be forced to a high state.

The amplifiers will operate with a common-mode input
voltage equal to the positive supply; however, the gain

bandwidth and slew rate may be decreased in this condi- -

tion. When the, negatiye common-mode voltage swings
to within 3V of the negative supply; an increase in input
offset voltage may occur.

Each amplifier is individually biased by a zener reference
which allows normal circuit operation on *4V power
supplies. Supply voltages less than these may result in
lower gain bandwidth and slew rate.

The amplifiers will drive a 2 kS load resistance to £10V
over the full temperature range of 0°C to +70°C. If the
amplifier is forced to drive heavier load currents, how-
ever, an increase in input offset voltage may occur on
the negative voltage swing and finally reach an active
current limit on both positive and negative swings.

Precautions should be taken to ensure that the power
supply for the integrated circuit never becomes reversed
in polarity or that the unit-is not inadvertently installed

Detailed Schematic '

backwards in a socket as an unlimited current surge
through the resulting forward diode within the 1C could
cause fusing of the internal conductors and result in a
destroyed unit.

Because these amplifiers are JFET rather than MOSFET
input op amps they do not require special handling.

As with most amplifiers, care should be taken with lead
dress, component placement and supply. decoupling in
order to ensure stability. For ex'ample, resis_tors from the
output to an input should be placed with the body close
to the input to minimize “‘pick-up’’ and maximize the
frequency of -the feedback pole by minimizing the
capacitance from the input to ground.

A feedback pole is created when the feedback around
any amplifier is resistive. The parallel resistance and
capacitance from the input of the device (usually the
inverting input) to AC ground set the frequency of the
pole. In many instances the frequency of this pole is
much greater than the expected 3'dB frequency of the
closed loop gain and consequently there ié negligible
effect on stability margin. However, if the feedback
pole is less than approximately 8 times the expected
3 dB frequency a lead capacitor should be piaced from
the output to the input of the op amp. The value of the
added capacitor should: be such that the RC time con-
stant of this capacitor and the. resistance it parallels
is greater than or equal to the original feedback pole
time constant. ! '

Vee O 4 .
Q12
013 3
: g
a8
[ Q15 an
RS
[ b2
a7 @O0V
R6
30

D1
- 06
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<She Sk a10
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Typical Applications

GAIN (dB)

Three-Band Active Tone Control
BOOST « CUT

0.05

::”k MID-RANGE
3.6k 100k 3.6k
L N— AN
|n.022
'
1.8k 500k 1.8k
A e AAA AAA
Vv W VA
TREBLE

LRALLL
20 il NOTE 4
(NOTE 2)
+15
+10 N NOTE 1)
+5 t—
0 \.- ﬂ
11
-5 V4
-10
/
-15 N (NOTE 3)
-20 rTmotesT T
L
10 100 1k 10k 100k

FREQUENCY (Hz)

Note 1: All controls flat.

Note 2: Bass and treble boost, mid flat.
Note 3: Bass and treble cut, mid flat.
Note 4: Mid boost, bass and treble flat.
Note 5: Mid cut, bass and treble flat.

All potentiometers are linear taper
Use the LF347 Quad for stereo applications
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LF353B-1/LF353A/
LF353B/LF353

Typical Applications continued)
Improved CMRR {nstrumentation Amplifier

R4
AAA
\AA

R3
>
> 10k

AAA,

vg'

+ 8

Sai 1/2 LF383
>
< 0.001

<
R2Q 10k$

A
-~

N
N
!

<

«
<

“_

Tlllll—o
Thllk—o

3

"}

<o—i i1}

o—iji}

]
<

“
<

.

) SEPARATE
2R2 ) RS
Ay=l— +1 —
v ( R1 R4

/17 and == are separate isolated grounds
Matching of R2's, R4’s and R6’s control CMRR
With Ay = 1400, resistor matching = 0.01%: CMRR = 136 dB

e Very high input impedance
® Super high CMRR

Fourth Order Low Pass Butterworth Filter

c

01
|
I

—te

15V

A1

<
<

\a

e Corner frequency (f) = /_1_._‘ L L I I
R1R2CC1 2n R1'R2'CC1 2r

Passband gain (Hg) = (1 + R4/R3) (1 + R4'/R3’)

First stage Q = 1.31

Second stage Q = 0.541

Circuit shown uses nearest 5% tolerance resistor values for a filter with a corner frequency of 100 Hz and a passband gain of 100
Offset nulling necessary for accurate DC performance )
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Typical Applications continued
Fourth Order High Pass Butterworth Filter

wofFH

0.001 0.001

1 1 1 1
& Corner frequency (fc) = .« T— = * =
¢ JRiRcZ " 2n RI'R2CZ  2n

Passband gain (Hp) = (1 + R4/R3)(1 + R4'/R3’)

First stage Q = 1.31

Second stage Q = 0.541

Circuit shown uses closest 5% tolerance resistor values for a filter with a corner frequency of 1 kHz and a passband gain of 10

Ohms to Volts Converter

oVour=1v
FULL SCALE

‘P
NG Q135K

L—O -15v

v
RLADDER

Where R|_ADDER is the resistance from switch St pole to pin 10 of the LF354.
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LHO0036/LH0036C

National
Semiconductor

Amplifiers

LH0036/LH0036C Instrumentation Amplifier

General Descriptidn

The LHO0036/LH0036C is a true micro power
instrumentation amplifier designed for precision
differential signal processing. Extremely high accu-
racy can be obtained due to the 300 MQ2 input
impedance and excellent 100 dB common mode
rejection ratio. It is packaged in a hermetic TO-8
package. Gain is programmable with one external
resistor from 1 to 1000. Power supply operating
range is between *1V and *18V. Input bias current
and output bandwidth are both externally ad-
justable or can be set by internally set values.
The LH0036 is specified for operation over the
-55°C to +125°C temperature range and the

LHOO036C is specified for operation over the
-25°C to +85°C temperature range.

Features

® High input impedance 300 MQ2
8 High CMRR 100 dB
® Single resistor gain adjust 1 to 1000
8 Low power 90uwW
8 Wide supply range 1V to +18V
® Adjustable input bias current

® Adjustable output bandwidth

® Guard drive output

Equivalent Circuits and Connection Diagrams

BANDWIOTH
CONTROL v

A__d b5,

NV 5' Py ‘
INPUT

I /3 s I

AAA AAA
| WA/ VWA~ '
4

a ; $u !

| N i u

1

| ¢ ouTPUT

l R2 3 '

! P&l
g \ 3 l

l Ai.. Aﬁs. l! CMRR

VWA~ VWA O prreer
NON INV 6| n ‘l CMRR

weut © I )/ VW I O ram

b e e e —— - - — d

GUARD DRIVE
ouTPuT BANDWIDTH

INPUT BIAS

GAIN
SET

INVERTING
INPUT

CONTROL

-0uTPUT

v-

PRESET

CMRR
TRIM

TOP VIEW

Order Number LH0036G or LH0038CG
See NS Package H12B
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Absolute Maximum Ratings

Supply Voltage t18V Short Circuit Duration Continuous
Ditferential Input Voltage 30V Operating Temperature Range
Input Volitage Range Vg LH0036 -55°C 10 +125°C
Shield Drive Voltage Vg LH0036C ~25°C to +85°C
CMRR Preset Voltage Vg Storage Temperature Range -65°C to +150°C
CMRR Trim Voltage Vg Lead Temperature, Soldering 10 seconds 300°C
Power Dissipation (Note 3) 1.5W
. . as
Electrical Characteristics (Notes 1 and 2)
LIMITS
PARAMETER CONDITIONS LH0036 LHO0036C UNITS
MIN TYP MAX MIN TYP MAX
input Offset Volitage Rg = 1.0kS2, T = 25°C 0.5 1.0 1.0 20 mV
(Vios) Rs = 1.0k 20 3.0 mv
Output Offset Voltage Rg = 1.0k(2, Ty = 25°C 20 5.0 50 10 mV
(Voos) Rg = 1.0kS2 6.0 12 mv
Input Offset Voltage Rg < 1.0kS2 10 10 uv/’c
Tempco (AV,05/AT)
Output Offset Voltage 15 15 uv/i°c
Tempco (AVpps/AT)
Qveral! Offset Referred Ay =10 25 6.0 mV
to Input (Vgs) Ay =10 0.7 15 mvV
Ay = 100 0.52 1.05 mv
Ay = 1000 0.502 1.005 mvV
Input Bias Current Ta =25°C 40 100 50 125 nA
{lg) 150 200 nA
fnput Ottset Current Ta =25°C 10 40 20 50 nA
(los) 80 100 nA
Small Signal Bandwidth Ay = 1.0, R = 10k 350 350 kHz
Ay =10, R = 10kQ 35 35 KMz
Ay =100, R = 10k& 35 35 kHz
Ay = 1000, R, = 10k{2 350 350 H2
Fult Power Bandwidth Vin = £10V, R = 10k, 5.0 5.0 kHz
Ay =
Input Voltage Range Differential 10 *12 10 £12 \
Common Mode 10 12 10 £12 v
Gain Nonlinearity 0.03 0.03 %
Deviation From Gain Ay =110 1000 0.3 1.0 1.0 +3.0 %
Equation Formula
PSRR $5.0V < Vg < 15V, 1.0 25 1.0 50 mV/V
Ay =10
$5.0V < Vg < £15V, 0.05 0.25 0.10 0.50 mV/IV
Ay =100
CMRR Ay =10 DC to 1.0 25 25 5.0 mV/V
Ay =10 100 Hz 0.1 0.25 0.25 0.50 mV/V
Ay =100 ARg = 1.0k 50 100 50 100 uvIvV
Qutput Voltage Vg = 15V, Ry = 10k{2, 10 £135 10 t135 v
Vg = 1.5V, R = 100k$2 +0.6 0.8 +0.6 +0.8 v
Output Resistance 05 05 Q
Supply Current 300 400 400 600 HA
Equivalent Input Noise 0.1 H2 < f < 10kHz, 20 20 uV/p-p
Voltage Rs <50Q .
Slew Rate AV, = 210V, 03 0.3 Vius
R_ = 10k§2, Ay = 1.0
Settling Time To t10mV, R = 10k{2,
AVoyr = 1.0V
Ay =10 338 38 us
Ay = 100 180 180 us

Note 1: Unless otherwise specified, all specifications apply for Vg = 15V, Pins 1, 3, and 9 grounded, 25°C to +85"C for the
LHO0036C and —55°C to +125°C for the LH0036.
Note 2: All typical values are for Tp = 25°C.

Note 3: The maximum junction temperature is 150°C. For operation at elevated temperature derate the G package on a
thermal resistance of 90°C/W, above 25°C.

3-41

O9€00HT/9E00HT




LHO0036/LH0036C

Typical Performance Characteristics
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LHO0036/LH0036C

Applications Information
THEORY OF OPERATION

Ry ¢

FIGURE 1. Simpliﬁed LHO0036

The LHO036 is a 2 stage amplifier with a high
input impedance gain stage comprised of A; and
A, and a differential to single-ended unity gain
stage, A3. Operational amplifier, A,, receives
differential input signal, e,, and amplifies it by a
factor equal to (R1 + Rg)/Rg.

A, also receives input e, via A, and R2. e, is seen
as an inverting signal with a gain of R1/Rg. A,
also receives the common mode signal ecy and
processes it with a gain of +1.

Hence:
R1+ Rg R1 n
= — - — e, te 1
1 Re 1 Re 2 tecm

By similar analysis V5 is seen to be:

v R2 + Rg R2 21
= —_— — — e, te

2 Ra 2 Re 1 tecm

For R1 = R2:

2R1
Vo=V =j{— )+ 1](es —¢e) (3)
Rg

Also, for R3 = R5 = R4 = R, the gain of Az=1,
and:

2R1
eo=(1)(V2—V,)=(e2—e1)[1+( )](4)
Rg

As can be seen for identically matched resistors,
ecm is cancelled out, and the differential gain is
dictated by equation (4).

For the LH0036, equation (4) reduces to:

€g 50k
Aycr = —— =1+ — (5a)
ey — €, Ro

The closed loop gain may be set to any value from
1 (Rg = <) to 1000 (Rg = 50Q2). Equation (5a)
re-arranged in more convenient form may be used
to select Rg for a desired gain:

50k
Rg = ——— (5b)
Aver — 1

USE OF BANDWIDTH CONTROL (pin 1)

In the standard configuration, pin 1 of the LH0036
is simply grounded. The amplifier's slew rate in
this configuration is typically 0.3V/us and small

signal bandwidth 350 kHz for Aye = 1. In some
applications, particularly at low frequency, it may
be desirable to limit bandwidth in order to mini-
mize the overall noise bandwidth of the device. A
resistor Rgw may be placed between pin 1 and
ground to accomplish this purpose. Figure 2 shows
typical small signal bandwidth versus Rgy .

™
Ta=25¢
TR, 10k |
T A:m =10,
TR Vs = 15V T 9
Z 100k - = sk
x - =
z
a8 ouia o L
2 i H
2 Vs 15V
= 10k

—— = ! 33

HHet— e E
vow LUllll P U
0M 1.0M 1M 100m 1000M
Raw - RESISTANCE FROMPIN 1 TO GROUND (:1)

FIGURE 2. Bandwidth vs Rgyy
It also should be noted that large signal bandwidth
and slew rate may be adjusted down by use of
Rgw. Figure 3 is plot of slew rate versus Rgw.

SLEW RATE (V/,is)

10k 100k 1.0M 10M 100m
Rgw - RESISTANCE FROMPIN 1 TO GROUND (:2)

FIGURE 3. Output Slew Rate vs Rgy
CMRR CONSIDERATIONS
Use of Pin 9, CMRR Preset

Pin 9 should be grounded for nominal operation.
An internal factory trimmed resistor, R6, will
yield aCMRR inexcess of 80 dB (for Ay c_ = 100).
Should a higher CMRR be desired, pin 9 should
be left open and the procedure, in this section
followed.

DC Off-set Voltage and Common Mode
Rejection Adjustments

Off-set may be nulled using the circuit shown in
Figure 4.

INPUTS

FIGURE 4. Vgg Adjustment Circuit

Pin 8 is also used to improve the common mode
rejection ratio as shown in Figure 5. Null is




Applications Information (continueq)

acbieved by alternately applying 10V (for vt &

V= 15V) to the inputs and adjusting R1 for
minimum change at the output.

INPUT
v

FIGURE 5. CMRR Adjustment Circuit

The circuits of Figure 4 and 5 may be combined
as shown in Figure 6 to accomplish both Vgg
and CMRR null. However, the Vog and CMRR
adjustment are interactive and several iterations
are required. The procedure for null should start
with the inputs grounded.

sV

5
4 11

Ao LHOD36 outeut
L4 J B
3

10 R1
50k

L0
1oy ©

A2
10k
<15V
15V

FIGURE 6. Combined CMRR, Vg Adjustment Circuit

R2 is adjusted for Vog null. An input of +10V
is then applied and R1 is adjusted for CMRR null.
The procedure is then repeated until the optimum
is achieved.

A circuit which overcomes adjustment interaction
is shown in Figure 7. In this case, R2 is adjusted
first for output null of the LH0036. R1 is then
adjusted for output null with +10V input. It is
always a good idea to check CMRR null with a
-10V input. The optimum null achievable will
yield the highest CMRR over the amplifiers com-
mon mode range.

INPUT
ov.vov &
-1V

L

* NOTE NOMINAL VALUE R1TO ACHIEVE OPTIMUM CMRR IS10 k.

FIGURE 7. Improved Vg, CMRR Nulling Circuit

AC CMRR Considerations

The ac CMRR may be improved using the circuit
of Figure 8.

"5V

‘
1
Ag :: LHOO2S L ouTPuT

- ? 1008 9F 1 -1V
+

FIGURE 8. Improved AC CMRR Circuit

After adjusting R1 for best dc CMRR as before,
R2 should be adjusted for minimum peak-to-peak
voltage at the output while applying an ac
common mode signal of the maximum amplitude
and frequency of interest.

INPUT BIAS CURRENT CONTROL

Under nominal operating conditions (pin 3 ground-
ed), the LHOO36 requires input currents of 40 nA.
The input current may be reduced by inserting a
resistor (Rg) between 3 and ground or, alter-
natively, between 3 and V. For Rg returned to
ground, the input bias current may be predicted
by:

vt -o05
leias = 77108 + 800 Ry (62l
or
e - v — 05— (4 x10%) (Igas) (6b)
800 lgias
Where:

Igias = Input Bias Current (nA)

Rg = External Resistor connected between
pin 3 and ground (Ohms)

v* = Positive Supply Voltage (Volts)

Figure 9 is a plot of input bias current versus Rg.

lgias (nA)

—
s
C LT T T
10k 100k 1.0M 10M 100M
Rg ~ RESISTANCE FROM PIN 3 TO GROUND (<2)

0.1

FIGURE 9. Input Bias Current as a Function of Rg

As indicated above, Rg may be returned to the
negative supply voltage. Input bias current may
then be predicted by:

(vt -v)-o05

lgias = ——5————
BIAS = 4 x 10° + 800 Rg

O9€00H1/9€00HT
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Applications Information (continued)

or
(V¥ =V7) = 0.5 - (4 x 108)(lg;as)
Rg = (8)
800 Igjas
Where: '

Igias = Input Bias Current (nA)

Rg = External resistor connected between
pin 3 and V™ {Ohms)

v* = Positive Supply Voltage (Volts)
V™~ = Negative Supply Voltage (Volts)

100

Ta=25C
i
Vs = 15V
il !
10 :
3 5
< T Vg = 15V
H r i[v‘ i !
10 IS ‘
= 3 =
'r-ﬁ" Tt 1"7_
[T T T
0 bidill Ll L
Wk 100k 1OM 1M 100

Rg -~ RESISTANCE FROMPIN 3V~ (1)

FIGURE 10. Input Bias Current as a Function of Rg

Figure 10 is a plot of input bias current versus
Rg returned to V™ it should be noted that band-
width is affected by changes in Rg. Figure 11isa
plot of bandwidth versus Rg.

10k

UNITY GAIN BANDWIDTH (Hz)
Py
2

100
10k 100k 1.0M 1™ 100M

Rg ~ RESISTANCE FROM PIN 3 TO GROUND (:2)

FIGURE 11. Unity Gain Bandwidth as a Function of Rg

BIAS CURRENT RETURN
PATH CONSIDERATIONS

The LHO036 exhibits input bias currents typically
in the 40 nA region in each input. This current
must flow through Rgo as shown in Figure 12.

FIGURE 12. Bias Current Return Path

In a typical application, Vg = £15V, lg; = Igy, =
40 nA, the total current, Iy, would flow through
Riso causing a voltage rise at point A. For values
of Rigo > 150 M, the voltage at point A exceeds
the +12V common range of the device. Clearly,
for Rigo = °°, the LH0036 would be driven to
positive saturation.

The implication is that a finite impedance must
be supplied between the input and power supply
ground. The value of the resistor is dictated by
the maximum input bias current, and the common
mode voltage. Under worst case conditions:
Vemr = Vem
Riso £ —— (9)
Ir
Where:
Vemr = Common Mode Range (10V for
the LH0036)

Vem = Common Mode Voltage
Iy = lg1 + lg2
In applications in which the signal source is float-

ing, such as a thermocouple, one end of the source
may be grounded directly or through a resistor.

GUARD OUTPUT

Pin 2 of the LHOO036 is provided as a guard drive
pin in those stringent applications which require
very low leakage and minimum input capacitance.
Pin 2 will always be biased at the input common
mode voltage. The source impedance looking into
pin 2 is approximately 15 k. Proper use of the
guard/shield pin is shown in Figure 13.

Bl

= SN2
A ™
0 wNg2
- R outeut
)| Qe s
= 3
0
= N + 1

15V

-0
]

FIGURE 13. Use of Guard

For applications requiring a lower source impedance
than 15 k§2, a unity gain buffer, such as the
LHO0002 may be inserted between pin 2 and the
input shields as shown in Figure 14,

LHO002

sV

- sNd?
= -
n 12
A0 L LHO036 L ourTPUT
7 10
- s
v S " 3
cm
= = -15v

FIGURE 14. Guard Pin With Buffer




Definition of Terms

Bandwidth: The frequency at which the voltage
gain is reduced to 0.707 of the low frequency
(dc) value.

Closed Loop Gain, Aycy: The ratio of the output
voltage swing to the input voltage swing deter-
mined by Ayc. = 1 + (60k/Rg). Where: Rg =
Gain Set Resistor.

Common Mode Rejection Ratio: The ratio of
input voltage range to the peak-to-peak change in
offset voltage over this range.

Gain Equation Accuracy: The deviation of the
actual closed loop gain from the predicted closed
loop gain, Ayc = 1 + (60k/Rg) for the specified
closed loop gain.

Input Bias Current: The current flowing at pin 5
and 6 under the specified operating conditions.

Input Offset Current: The difference between the
input bias current at pins 5 and 6; i.e. lpg =
g — gl

Input Stage Offset Voltage, Vigs: The voltage
which must be applied to the input pins to force
the output to zero volts for Aye = 100.

Output Stage Offset Voltage, Voos: The voltage
which must be applied to the input of the output
stage to produce zero output voltage. It can be
measured by measuring the overall offset at unity
gain and subtracting V,os.

Voos = Vosl - Vos!
AVCL =1 AVCL = 1000

Overall Offset Voltage:

Voos

Vos = Vios t+
AvcL

Power Supply Rejection Ratio: The ratio of the
change in offset voltage, Vog, to the change in
supply voltage producing it.

Resistor, Rg: An optional resistor placed between
pin 3 of the LH0036 and ground (or V ) to
reduce the input bias current.

Resistor, Rgw: An optional resistor placed be-
tween pin 1 of the LHO036 and ground (or V )
to reduce the bandwidth of the output stage.

Resistor, Rg: A gain setting resistor connected
between pins 4 and 7 of the LHOO36 in order to
program the gain from 1 to 1000.

Settling Time: The time between the initiation
of an input step function and the time when the
output voltage has settled to within a specified
error band of the final output voltage.
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LHO0037/LH0037C

National
Semiconductor

Amplifiers

LH0037/LH0037C Low Cost Instrumentation

Amplifier

General DeScription

The LHO037/LHO037C is a true instrumentation ampli-
fier designed for precision differential signal proc-
essing. Extremely high accuracy can be obtained due to
the 300 M2 input impedance and excellent 100 dB
common-mode rejection ratio. It is packaged in a
hermetic TO-8 package. Gain is programmable with one
external resistor from 1 to 1000. Power supply operating
range is between ¥5V and +22V.

The LHO0037 is specified for operation over the
-55°C to +125°C temperature range and the LH0037C

is specified for operation over the —25°C to +85°C
temperature range.

Features

® High input impedance 300 MQ2
® High CMRR 100 dB
® Single resistor gain adjust 1 to 1000
8 Low power 250 mW
®  Wide supply range 15V to ¥22V
®  Guard drive output

Equivalent Circuit and Connection Diagrams

Metal Can Package

GUARD DRIVE
OUTPUT

INPUT

11
ouTPUT

CMRR
PRESET

9 CMRR
l ’o) CMRR

R7

Typical Applications

SIGNAL
ELECTRODES
CONTACTING

PATIENT

|

'ﬂ CMRR
VWv — ]"omlm

- B
= BATTERY

- 6V
o BATTERY

PRESET TRIM
TOP VIEW

Order Number LH0037G or LH0037CG
See Package H12B

OPTICAL
COUPLER

QuTPUT

FLOATING ELECTRONICS

Isolation Amplifier for Medical Telemetry
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r
Absolute Maximum Ratings L
Supply Voltage 22V Short Circuit Duration Continuous 8
Differential Input Voltage +30V Operating Temperature Range w
Input Voltage Range Vg LH0037 ~55°C to +125°C ~
Shield Drive Voltage +Vg LH0037C ~25°C to +85°C -
CMRR Preset Voltage Vg Storage Temperature Range -65°C to +150°C r
CMRR Trim Voltage Vg Lead Temperature (Soldering, 10 seconds) 300°C I
Power Dissipation (Note 3) 1.5W [«=)
(=]
. : as
Electrical Characteristics (Notes 1 and 2) X
LIMITS o
PARAMETER CONDITIONS LHO0037 LH0037C UNITS
MIN TYP MAX MIN TYP MAX
Input Offset Voltage (V,ng) Rs = 1.0k{), Tp =25"C 05 1.0 10 20 mV
Rg = 1.0 k&2 20 30 mV
Output Offset Voitage (Vo qg) Rg =10k, T, =25C 20 50 50 10 mV
Rg = 1.0 k2 6.0 12 mv
Input Offset Voltage ' Re < 1.0 kQ2 10 10 ) uv/°c
Tempco (AV,5g/AT)
Output Offset Voltage 15 15 uv/°c
Tempco (AV0g/AT)
Overall Offset Referred to Ay =10 25 6.0 mV
Input (Vgog) Ay =10 0.7 1.5 mV
Ay =100 0.52 1.05 mV
Ay = 1000 0.502 1.005 mV
Input Bias Current {lg) Ta=25"C 200 500 200 500 nA
15 08 uA
Input Offset Current (log) Ta=25C 100 250 nA
200 250
Small Signal Bandwidth Ay = 1.0, R =2kQ 350 3560 kHz
Ay =10, R, =2k 35 35 kHz
Ay =100, R =2k 35 35 kHz
Ay =1000, R =2k 350 350 Hz
Full Power Bandwidth Vin = 110V, R = 2 k(2 5.0 5.0 kHz
. Ay =1
Input Voltage Range Ditferential +12 t12 \
Common Mode +12 £12 \
Gain Nonfinearity 0.03 0.03 . %
Deviation From Gain Ay ‘110 1000 ‘0.3 £ £1.0 +3 %
Equation Formula
PSRR 5.0V < Vg < 115V, 1.0 25 1.0 5 mV/V
Ay 1.0
5.0V < Vg < 115V, 0.05 0.25 0.10 0.25 mV/V
Ay = 100
CMRR Ay = 1.0 DC to 1.0 25 25 50 mV/V
Ay 10 100 Hz 0.1 025 0.25 1.0 mV/V
Ay =100  ARg - 1.0k 25 100 25 100 uvIv
Output Voltage
Ry =2k{2 10 13 10 13 \Y
Output Resistance 05 05 Q
Supply Current 45 84 45 8.4 mA
Slew Rate AV = t10Vv, 05 0.5 V/us
R =2k, A, =1.0
Settling Time To *10mV, R, =2k
AVour = 1.0V
Ay = 1.0 38 38 us
Ay = 100 180 180 us
Note 1: Unless otherwise specified, all specifications apply for Vg = 15V, pin 9 grounded, -25°C to +85°C for the LH0037C and -55°C to +125°C
for the LHO037.
Note 2: All typical values are for Tp = 25°C.
Note 3: The maximum junction temperature is 160°C. For operation at elevated temperature derate the G package on a thermal resistance of
90°C/W, above 25°C.
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LHO0037/LH0037C

Typical Performance Characteristics
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Typical Applications (continued)

MEASURING
JUNCTION

A;A A

W
10k

;

@
&
S
AA
V

X

'

Frequency
2
20
ESR Avcr = 1.0
i 1%
>
E 19 Aycy =100
i
£ 12 \
§ 10
= 80 U
E g0 fVsrsv \
3 Ry =10k
o 40t
g LTaBC REIIAN
[ P 9 GROUNDED \
0 Ay f
100k 100 1.0k 10k 100k
FREQUENCY (Hz)
COLD JUNCTION ShaN
DJUST
- A"V‘v—‘v VA'
15K 20k
+15v
5 -
N 2 amvic
) 1 10K 2
LH0037 MWy -
7 - . [ ,\1
5/ 30k 3:

mi107 s b 10mV/ C
r uU"UT_

X
-————p———{

h A

Li"

s
(
;N

DI0DES IN THERMAL

CONTACT WITH AMBIENT

THERMOCOUPLE JUNCTIONS

“2.18v <

10 mv

—
. <
ot b LHO037 |
—— s
—
10k
oy LH0037
—
] g ™
ENABLE
5

INPUT

2 + ¢ ——
> -
<
10K
i» 2ERD
> L
< <
> >
1' 100K 30k 4'

~15V

Thermocouple Amplifier with Cold Junction Compensation

INPUT r": 20k LH0037
| s

>

100 mv S
INPUT g 508 LHO03?

—] 5

w T ——— 10k

Note Al resistors are 0 1%

té“

L ey

CMRR
TRIM

-

Pre MUX Signal Conditioning

Large Signal Pulse Response

X
s

/
/

P

OUTPUT VOLTAGE (V)
o

Vg = 15V
Ry = 10k

]
|

[ Ave =1.0

PIN 9 GROUNDED

TIME (us)

0 40 80
|
|
6
| 3 a
420 mA <
CURRENT | 10w
Loop ‘ 7
+-
|
Ave 83|

LHO037

1

120 160 200 240 280

“15V

11 output
otov

0 3570
L

>
<

>
1’|1Gl

— .15V

Process Control Interface

GAIN

Aver
0707 T T

FL ZaRg Co

Fr atuncuion of selected Ayc,

High Pass Filter

3-50




National
Semiconductor

Amplifiers

LHO038/LH0038C True Instrumentation Amplifier

General Description

The LH0038/LH0038C is a precision true instrumenta-
tion amplifier (T1A) capable of amplifying very low level
signals, such as thermocouple and low impedance strain
guage outputs. Precision thin film gain setting resistors
are included in the package to allow the user to set the
closed-loop gain from 100 to 2000. Since the resistors

The devices are provided in a hermetically sealed 16-lead
DIP. The LHO0038 is guaranteed from —55°C to +125°C;
whereas the LHO0038C is guaranteed from —25°C to
+85°C.

are of a homogeneous single chip construction, they Features .
track almost perfectly so that temperature variations of = Ultralow offset voltage 25 uV typ., 100 2V max
closed loop gain are virtually eliminated. » Ultralow offset drift 0.25 uV/C max
LHO038 exhibits excellent CMRR, PSRR, gain linearity, " Ultralow input noise 0.2uVp-p
as well as extremely low input offset voltage, offset =~ ™ Pin strap gain options 100, 200, 400, 500, 1k, 2k
voltage drift and input noise voltage. ® Excellent PSRR and CMRR 120dB
Simplified Schematic Diagram
2
e ovt
< R11 <
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>
g o g
L4:] R12 G 1
:.mou 100k S R20
100k 15 gyrpyt
SENSE
T
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+INPUT 100k 16
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s 03 12 VYWW—0 sense
~INPUT o Q2
D1 R9 R10 02
e | s
10
[
R3 R2 R1
3.333k 8.889k 585 526 ,'l 10048
5 5 7 8 Os 18
X175 X200 X1000 X2000 e OV~
Connection Dlagram Dual-In-Line Package
vour = 1. GROUND SENSE
vt LS gurput sense
A LN e
OFFSETADJUST{_“ 13
Order Number LH0038CD or LH0038D [ INV. INPUT
See NS Package D16D R175 = 12 NON. INv. nPUT
RZIW—‘- t‘—'ﬁUARB,CASE’
HWW'L' lE'
A2000 = s

TOP VIEW

*Guard output is connected to the case.
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LHO0038/LH0038C

Absolute Maximum Ratings

Supply Voltage
Differential Input Voltage (Note 1)
Input Voltage
Power Dissipation (See Curve)
Short Circuit Duration
Operating Temperature Range
LHO0038
LHO0038C
Storage Temperature

18V
v
Vg

500 mW

Continuous

-55°C to +125°C
-25°C to +85°C
-65°C to +150°C

Lead Temperature (Soldering, 20 seconds) 300°C
DC Electrical Characteristics (Note 2)
LH0038 LH0038C
PARAMETER CONDITIONS UNITS
MIN TYP | MAX [MIN | TYP | MAX
Vi0os Input Offset Voltage Ta=25°C 25 100 30 150 v
125 20| "
AV|0S/AT  Input Offset Voltage 0.1 0.25 0.2 1.0 uv/°c
Tempco Rs = 500
Voos Output Offset Voltage | VCM = 0V Ta=25°C 3 10 5 25 v
15 30 "
AVQQOS/AT Output Offset Voltage 25 25 uv/°c
Tempco
I8 Input Bias Current Ta=25C 50 100 50 100
200 200
nA
10S Input Offset Current Ta=25°C 2 5 7 10
- 8 15
vVem = 0V
Alg/AT  Input Bias Current 500 500 pA/°C
Tempco
AvcL Closed Loop Gain Gain Pins Jumpered
None 100 100
6—-10 200 200
6-9, 10-5 400 400 VIV
6—10, 59 500 500
7-10 1000 1000
8-10 2000 2000
Closed Loop Gain AycL = 100, 200 0.1 0.3 0.1 0.4
Error AycL =400, 500 0.2 0.3 0.2 0.6 %
AycL = 1000 0.3 0.5 05 | 1.0
AycL = 2000 1.0 2.0 15 | 30
Gain Temperature AycL = 1k 7 7 ppm/°C
Coefficient
Gain Nonlinearity 100 < Aycr <2k 1 1 ppm
VINCM Common-Mode Input 10 ([*12 10 212
Voltage Range
Vo Output Voltage RL> 10kQ2 £10 |+12 £10 [£12 v
Vs Supply Voltage Range 15 18 |15 +18
Guard Voltage Error |-10V <Vgpm < +10V +10 +100 +10 | 100 mV
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DC Electrical Characteristics (Note 2) (Continued)
LH0038 LH0038C
PARAMETER CONDITIONS UNITS
MIN TYP | MAX | MIN | TYP| MAX
CMRR Common-Mode VIN = 10V AycL = 100 94 110 86 110
Rejection Ratio AycL = 10001 114 | 120 106 | 110
dB
PSRR Power Supply 15V < AVg <*15V | AycL = 100 94 110 94 110
Rejection Ratio AycL =1000f 110} 120 100 | 110
losc Output Short Ta=25"C 2 |45 $10 |+2 |5 |10
Circuit Current
mA
Is Supply Current Ta =25°C 1.6 2.0 1.6 3.0
RiN DIFF  Input Resistance AycL = 1000, Ta = 25°C 5 5 MQ
RiN CM Common-Mode Input 1 1 G2
Resistance
RouT Output Resistance 1 1 m
AC Electrical Characteristics vg=z:15v,7ao=25°C
PARAMETER COMMENT CONDITIONS TYP UNITS
en  Equivalent Input Noise Voltage Figure 1 Rg=0,f=0.1to 10 Hz 0.2 uVp-p
en Equivalent Input Spot Noise Figure 1 Rg = 100Q2 f=10Hz 6.5
Voltage f=100H 6.0
s . nVA/Az
f=1kHz 6.0
f=10kHz 6.0
BW Large Signal Bandwidth VouT = *10V 1.6 kHz
S Slew Rate VouT =10V ) 0.3 V/us
tg Settling Time to 0.01% Figure 13 20V Step 120
—10V Step 80 us
+10V Step 60
tr Rise Time AVoyT=100mV | AycL = 100 6
AvCL = 1000 13 Hs
in Equivalent Input Spot Rg = 100 MQ f=10Hz 0.1 pAA/Hz
Noise Current

Note 1: The inputs are protected by diodes for overvoltage protection. Excessive currents will flow for differential voltages in excess of £1V.
Input current should be limited to less than 10 mA.
Note 2: Unless otherwise noted these specifications apply for Vg = £15.0V, pin 15 connected to pin 1, pin 16 connected to ground, over the
temperature range —55°C to +125°C for the LH0038 and —25°C to +85°C for LHO038C.
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LH0038/LH0038C

Typical Performance Characteristics

POWER DISSIPATION (W)

CLOSED LOOP GAIN (dB)

7)

INPUT NOISE VOLTAGE (nV,

Power Dissipation
225 T

20 —C/“\

1.75
1.50

Y

AMBIENT c = 67°C/W

125
N
1.00 AN

0.75
0.50
025

0

035 = 100°C/M

0 25 50 75 100 125 150
TEMPERATURE (°C)

Closed Loop Frequency
Response

1L BH B
M B w0
I i Nl
0 N30
Wil B A
g T
* s T T T

100 1k 10k 100k m
FREQUENCY (Hz)

Input Noise Voltage
(Includes Source Impedance)

14 @
vs e 1]
12 HH
TA 25°C
10 HH
8 Wy
6 el
4 -
2 L1
0 L
10 1k 10k

FREQUENCY (Hz)

Wide Band Noise

COMMON-MODE REJECTION RATIO (dB) INPUT BIAS CURRENT (nA)

QUTPUT SWING (V)

Input Bias Current
10
100

Vg = t15V

90 = -55°C—
e A= ~55°C
80
70
60
50
40 t
Tp = 125°C -
T
20
-15 -10 -5 0 5 10 15
COMMON-MODE INPUT VOLTAGE (V)

Tp=25°C

Common-Mode Rejection

AVCL=1W ||I}‘
L voCL 2w TN

""”}l‘lllliizis
W VL
BT ety

Aved = 1k, Vyy = s1ov) |[[14Rs = T

10 100 1k 10k 100k
FREQUENCY (Hz)

Output Swing
15

Vg =15V
10
= - >
T
g 3|15
5 e o4 S
0
0 2 4 6 8

OUTPUT CURRENT (:mA)

Pulse Response

POWER SUPPLY REJECTION RATIO (dB) INPUT BIAS CURRENT (nA)

SUPPLY CURRENT (mA)

Input Bias Current

120 —T T

-Vem =0V { t
100 Ta=-55°C
80
60 Ta=25°C
L] -

> P
-
20
- ol "TA =125°C_|
. L1
0 5 10 15 20

SUPPLY VOLTAGE (+Vpg)

Power Supply Rejection

140
Aycp =1k

120 AVg =2V
100
80

| Vg= 15V
60 Fra=25°C

AVCL 100

40 AVg=2V
20

Aygy = 1k, AVg =20V

10 100 1k 10k 100k

FREQUENCY (Hz)

Supply Current

175 Ta=25°C

150 |—Tp =126
125 Ta=-55C | |

1.0

0.75

0.50

4

025

0 5 10 15 20
SUPPLY VOLTAGE (+V)

Rise Time

Vg = 215V, Rg = 1k, Ay = 10k, DUT = 1k Vg = £15V Vg = 16V
Vertical sensitivity: 0.1 uV/CM R > 10kQ R > 10kQ
Horizontal sensitivity: 5 sec/CM AycL = Tk AycL = 1k

Bandwidth: 0.1 Hz to 10 Hz
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Noise Test Circuit
XA1k X10
’ Al r N TEKTRONIX 7623
15V 100k

LH0038

7
(ouT) 2

-O

0.1 TO 10 Hz

anf=al=slaN

QUAN-TECH
MODEL 2181

FIGURE 1.

Typical Application

LHO070 15V
04uF  10.00V REFERENCE

2/ \1
I I 10.00V I
3

-15V
FIGURE 2. X1000 Bridge Amplifier

Applications Information

THEORY OF OPERATION

The LHO038 is a 3-stage, true instrumentation amplifier current to be 20 uA per side. The action of A2 and A3
composed of a well matched transistor differential pair, is such that 20 uA is maintained constant despite the
Q1 and Q2, acommon-mode loop amplifier, A2 and A3, presence of common-mode signals. The differential out-
and a differential to single ended amplifier, A4. A simpli- puts of A2 and A3 are applied to differential amplifier,
fied schematic is shown in Figure 3. A4, which converts the signal to a single-ended output

and provides a gain of 5. The total gain of the amplifier
Current source, lp, establishes a voltage across R14 of is, therefore, the fixed gain of 5 multiplied by the gain
approximately 2V, which results in a 2V drop across R8 of the composite input stage.

and R12. This constant voltage forces the first stage
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LH0038/LH0038C

Applications Information (continueq)

v+

R8 R12 R14
100k & 100k <& 20k R20

V™ R16
‘100l¢
VWV
AN eeend
\ 4
R17
= NPUT 100k
FIGURE 3. LH0038 Simplified Schematic
The closed loop gain of the composite amplifier may be For 11 = 12, R17 = R16, VBE1 = VBE2. subtracting
better understood by referring to Figure 3. The Q1—A2 equation (1) from (2) results in:
loop may be viewed as differential amplifier with the
inverting input at the base and non-inverting input at R16 + R
the emitter. Combining small signal AC and large signal v2—vl=(e2—el) E
DC analysis = E
(3)
R17 + RE R17
vl = — ) —e2{ —
RE RE + (82 - e1) R_
(1 E
+Ecm—V -11R17 v2—-vl 2R16
CcM BE1™ 11 _ 1 @)
e2—el R

By similar analysis:

R16 + Rg R16
v2=e2 ——— | —el| —
RE RE

(2)

+Ecm — VBE2 — I2R16
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Applications Information (continued)

The differential input voltage (v2 — v1) is amplified by
the closed loop gain of A4:

eQUT = (AvcL4) (e2 —e1) (5)
where:
A _R20
VCL4 R
= 5.00
2R16
AycL =5 — + 1 (6)
RE

As an example, with all gain pins open, RE = 10.526 k2,
and:

(7)

((2) (100k)
AycL =5{ — + 1)

10.526k

All other closed loop gain configurations place a precision
resistor in parallel with RE(R9 + R10). For example, for
a gain of 200, pin 6 is connected to pin 10 and the gain
is predicted by:

1] (8)

(2) (100k)

A =500} —m78M
veL (10.526k) 11 (10.000K)

= (5.00) (40) = 200

CLOSED LOOP GAIN CONSIDERATIONS
USING INTERNAL RESISTORS

Table | summarizes the primary gain configurations
available with the LH0038. Obviously, other gains are
possible. Using the internally supplied resistors has the
advantage that R16, R17, and REg all track thermally,
minimizing the device's gain error as a function of
temperature.

Gain adjustment by paralleling or series padding inter-
nally supplied resistors is generally discouraged since
external resistors will generally not thermally track. It
is recommended that the gain adjustment be done in a

=100.0 subsequent stage as shown in Figure 4.
=+
-15V R1 .
OFFSET — mg 0%
ADJUST -
FIGURE 4. Recommended Gain Adjust Circuit
TABLE |. LHO038 INTERNAL GAIN CONFIGURATIONS
OVERALL FIRST STAGE EFFECTIVE
GAIN GAIN PIN CONNECTIONS RE
100 20 All Gain Pins Open 10.5260 kS2
200 40 Pin 6 to Pin 10 5.1281 kQ2
400 80 Pin 6 to Pin 9, Pin 10 to Pin 5 2.5316 k&2
500 100 Pin 6 to Pin 10, Pin 9 to Pin 5 2.0202 k2
1000 200 Pin 7 to Pin 10 1.0050 kS2
2000 400 Pin 8 to Pin 10 0.5013 k2
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LHO0038/LH0038C

Applications Information (continuea)
GUARD DRIVE

The LHO0038 is provided with a guard drive output,
which will always be at the input common-mode voltage.
The guard drive amplifier is short-circuit proof and is
capable of driving several thousand pF without danger
of latch-up or oscillation.

The guard drive tied to a shielded input cable will greatly
reduce noise pick-up, and also improve AC CMRR by
maintaining the shield at the common-mode voltage.
Figure 5 illustrates the proper use of the guard drive.

The guard drive output is also connected to the case to
provide electrostatic shielding to the system.

REMOTE OUTPUT SENSE

The feedback network of the LHO0038 may be closed
directly at the load in order to eliminate errors due to
lead resistance. Also, a'unity gain buffer; e.g. LH0O002,
may be included within the feedback loop to increase
output current capability as shown in Figure 7.

SOURCE

FIGURE 6. Remote Sense Connection

GND SENSE

GND FORCE

15V

Vour

lgyt =100 mA

15V SENSE
13 2
7
eN E LH0038
12
+
1a
n 1BV

GnDSEnsE  —19V

GND FORCE

FIGURE 7. Output Buffer Connection
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Applications Information (continued)
OFFSET NULL

Offset of the LHO038 is trimmed by the factory to a
very low value. The offset may be further trimmed using
a 10 k2, 10 turn, 100 ppm/°C potentiometer as shown
in Figure 8. However, a drift increase of 0.3 uV/°C will
be caused for each 100 uV of offset adjusted. The
recommended offset null is shown in Figure 4 and is
accomplished in the following stage.

BIAS CURRENT CONSIDERATIONS

The LHO0038 exhibits bias current of approximately 50
nA per side, and requires a path to ground or supply.
The practical limitation to the maximum resistance
between the inputs and ground is dictated by negative
common-mode range as shown in Figure 9. For example,
for Vem = —10V, Rgm < 20 MQ2.

FIGURE 8. Offset Adjust Circuit
(See also Figure 4)

The LH0038 input stage bias was optimized for minimum
voltage noise so the input bias currents are higher than
might otherwise be expected. Note, however, that the
input currents are very well matched, resulting in an
offset current value much lower than one might infer
from the bias current. In order to take advantage of this
low offset current, the source impedances at both
inputs should be matched to minimize DC drift. Further,
bias current is relatively constant with temperature (as
opposed to an FET stage), so one can consider bias
current compensation schemes such as shown in Figure
70. The danger with such techniques is that the offset
current and noise contributed by the bias current com-
pensator will dominate the system noise.

—O Vout

< VemRrI— Vem

FIGURE 9. Bias Current Return

CURRENT

—T-
Lm134 d

SOURCE (

Y

‘b
INg1a 6.8k
-
[

Y ~200 A

AA
vV

INPUT

LH0038 Vout

-15v
FIGURE 10. Bias Current Compensation

< Rcm
S Fem ~15v CM =g + 182
Jl— where:
—Vem VcMR = Common-Mode Range = +12V
I Vem = Common-Mode Input Voltage
= Ig1 + Ig2 = Bias Current = 100 nA
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Applications Information (continued)
SETTLING TIME

The LHO038 has been purposely over-compensated, and
is therefore remarkably free from any undesirable tran-
sient response. Small signal settling time is governed by
gain-bandwidth product; large signal settling time is
dominated by slew rate.

Figure 11 shows an input voltage step of +10V to —10V
applied, through a 1000 to 1 voltage divider, to the
device configured for an inverting gain of 1000. The
output of the device will therefore be equal to the
negative of the input after the device is completely
settled. By resistively subtracting the input before the
divider from the device output, a pseudo summing node
is generated. The voltage at this pseudo summing junc-
tion goes “off screen’” on the photos, since in the first
small time increment the input goes instantaneously to
—10 mV and the output is still at +10V. About 130 us
after the input has gone negative, the output slews back
in range and begins an exponential approach to the
final value. Figure 12 is the same set-up for a =10V
to +10V input pulse. Note that there is no overshoot
in either case. The test circuit is shown in Figure 13.

HIGH FREQUENCY CMRR

The LHOO038 resistor ratios are carefully trimmed for
optimum CMRR at DC through 60 Hz. Inevitably, this
rejection will degrade at higher frequencies due to 2
separate effects: stray capacitance mismatch and slew
rate limiting in the input stage. In most discrete instru-

PSEUDO
SUMMING
JUNCTION

mentation amplifier realizations, the stray capacitance
mismatch dominates simply because the stray capac-
itances are relatively large (this can be trimmed out in a
discrete amplifier). In a hybrid circuit such as the
LHO0038, stray capacitance is minimized, so the effects
of mismatch are also minimized.

The response to a.pulse or noise spike applied as a
common-mode signal may be dominated by the slew
characteristics of the input stage. Whenever the common-
mode input slew rate exceeds 0.2 V/us, the 2 input
amplifiers will apply identical ramp signals to the final
stage and cause its output to go to near OV. Note that
the amplifier is not really active under these conditions
as normal mode signal variations will not be coupled to
the output. Some time may be required for the amplifier
to settle after a transient of this kind before the output
can be considered representative of the input. Slew rate
limiting will not normally be the limiting factor for sine
wave common-mode signals as 0.2 V/us corresponds to
about 2 kHz (20 Vp-p).

POWER SUPPLY DECOUPLING

Although the LHO0038 exhibits in excess of 120 dB
PSRR at DC, the figure degrades to 100 dB at 120 Hz.
It is recommended that both V¥ and V™ leads be by-
passed with 1 uF electrolytic in shunt with 0.01 uF
ceramic disc no further than 1 inch from the device.

Vin

PSEUDO
v SUMMING
N JUNCTION
tg, Ay = 100, Vi = -20V ts, Ay =100, VN = 20V
FIGURE 11. Settling Time FIGURE 12. Settling Time
10k 1k 10k 10
0.1% 107 0.1%
——AAA —AAAA. AAA ‘§
VWA v*. W g
PSEUDO w I i R
JUNCTION 2 10 % ‘_',¥o —Im?“
OUTPUT 3 E :
> ) T
- T - 1
INPUT 2N s2 T 11 T ]
20Vpp 2 £5 Vg =017 Vg =-10v
a4 Z3 o1 T0 10V T0 +10V
=
H F——— 1+
T vg =16V YTt
100 < Ayt AVER|
<K

FIGURE 13. Settling Time Test Circuit

0.01
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FIGURE 14. Settling Time




Definition of Terms

Bandwidth: That frequency at which the voltage gain is
reduced to 3 dB below the low frequency value.

Common-Mode Rejection Ratio, CMRR: The ratio of
the input common-mode voltage range to the peak-to-
peak change in input offset voltage over this range.

Input Offset Voltage, V|Qs: The voltage which must be
applied to the inputs to force the outputs of the input
stage to OV. V|Qg can be calculated by measuring Vg
at closed loop gains of 100 and 2000 and using the
following equation:

_(Vos) 2k - (Vog) 100

\
108 1900

Where:

(VOS)2k = overall offset voltage for AycpL = 2k.
(V0s)100 = overall offset voltage for Aycp = 100.

Gain Non-Linearity: The deviation of the gain from a
straight line drawn through the end points expressed as
a percent of full-scale (10V for operations on *15V
supply). Note that this is a more stringent specification
than deviation from the best straight line and is double
the number that would be specified if the percentage
were based on a 20V (+10V) range.

Guard Voltage Error: The voltage difference between
the guard drive output and the average of the 2 input
voltages.

Input Bias Current, Ig: The average of the 2 input
currents.

Input Common-Mode Voltage Range, ViNcMm: The range
of voltages on the input terminals for which the ampli-
fier is operational. Note that the specifications are not
guaranteed over the full common-mode voltage range
unless specifically stated.

Input Offset Current, I0g: The difference in the currents
into the 2 input terminals when the output is at zero.

Input Resistance: The ratio of the change in input
voltage to the change in input current on either input
with the other grounded.

Overall Offset Voltage, Vog: The output voltage when
both inputs are connected to OV. V(g is composed of
input amplifier offset voltage effects, V|og, and output
amplifier effects, VoQs. It is given by:

Vos = (AycL) (Vios) — Voos
Where:

Ay cL = closed loop gain = 100 to 2k
V|0s = input stage offset voltage
VOOS = output stage offset voltage

Output Offset Voltage, VgQs: The output voltage when
the outputs of the input stage are forced to OV. VoQs
may be calculated by measuring Vs at closed loop gains
of 100 and 2000 and using the following equation:

Voos = {20) (Vps) 100 — (VQos) 2k
19

Where:

(Vos) 100 = overall offset voltage for Aycp = 100
(VOs) 2k = overall offset voltage for Aycp

Output Voltage, Vo: The peak output voltage swing,
referred to zero.

Offset Voltage Temperature Drift, AVj0s/AT: The
average drift rate of offset voltage for a thermal variation
from room temperature to the indicated temperature
extreme.

Power Supply Rejection Ratio, PSRR: The ratio of the
change in input offset voltage to the change in power
supply voltages producing it.

Settling Times, tg: The time between the initiation of the
input step function and the time when the output voltage
has settled to within a specified error band of the final
output voltage.

Slew Rate, Sy: The internally-limited rate of change in
output voltage with a large-amplitude step function ap-
plied to the input.

Supply Current, tlg: The current required
f

tarne arimisli: #s amocado tha s lIEioL ol
POWET SUppiy (O OpE€iate tn€ amipiiviedr wiin

from th
i

a o

<N
[

10

the output midway between the supplies.

Supply Voltage Range: The range of voltages on the
supply terminals for which the device is operational.
Note that the specifications are not guaranteed over the
full supply voltage range unless specifically stated.

Transient Response, t,: The closed-loop step-function
response of the amplifier under small-signal conditions.

Unity Gain Bandwidth: The frequency range from DC
to the frequency where the amplifier open loop gain
rolls off to 1.

Closed Loop Gain, AycL: Theratio of outputvoltage to
input voltage under the stated conditions of source
resistance (Rg) and load resistance (R ).

Voltage Gain Error: The deviation in percent between
the ideal voltage gain and the value obtained when the
device is configured for that gain.
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LH0044 Series

National
Semiconductor

Amplifiers

LHO0044 Series Precision Low Noise

Operational Amplifiers

General Description

The LHO044 Series is a low noise, ultra-stable, high gain,
precision operational amplifier family intended to replace
either chopper-stabilized monolithic or modular ampli-
fiers. The devices are particularly suited for differential
mode, inverting, and non-inverting mode applications
requiring very low initial offset, low offset drift, very
high gain, high CMRR, and high PSRR. In addition,
the LHO044 Series’ low initial offset and offset drift
eliminate costly .and time consuming null adjustments
at the systems level. The superior performance afforded
by the LHO0044 Series is made possible by advanced
processing and testing techniques, as well as active
laser trim of critical metal film resistors to minimize
offset voltage and drift. Unique construction eliminates
thermal feedback effects.

The LHO0044 Series is an excellent choice for a wide
range of precision applications including strain gauge
bridges, thermocouple amplifiers, and ultrastable refer-
ence amplifiers. The LH0044 and LHOO044A are

A

guaranteed over the temperature range of —55°C to
+125°C, and the LHOO44AC, LH0044B, and LH0044C
are guaranteed from —25°C to +85°C. The device is
available in standard TO-5 op amp pin out and is
compatible with LM108A, LM725, and LM741 type
amplifiers.

Features

® Low input offset voltage 25uV max
8 Excellent long-term stability +1uV/month max

= Low offset drift 0.5uV/°C max

® Very low noise 0.7uVp-p max 0.1 Hz to 10 Hz

= High CMRR and PSRR 120 dB min

® High open loop gain 120 dB min

® Wide common-mode range +13V min

®  Wide supply voltage range +2V to £20V

Equivalent Circuit and Connection Diagram

OVER COMP
Q
1
4/ '/
R1
/2 s 2 :,,1.(

ot
comp

INVERTING
INPUT

500
NON-INVERTING 3
ey O—VWW———9

03
R? 13v
50k

ct
100 pF

I

A~
d

-ov*

A|> 40 outeur

Metal Can Package

[

TOP VIEW

Casa is electrically isolated

Nots: Compansation is not normally required. However, for maximum
stability, » 0.01uF capacitor should be placed between pins 7 and 8 when
device is used below closed loop gains of 10.

Order Number LHO044H,
LHO044AH, LH0044BH, LH0044CH
or LHOO44ACH
lov- See Package H08B
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Absolute Maximum Ratings

Supply Voltage +20V Operating Temperature Range
Power Dissipation 600 mW LH0044, LHO044A -55°C to +125°C
Differential Input Voltage (Note 4) 15V LHO044AC, LH00448B, LH0044C —25°C to +85°C
Input Voltage (Note 5) 16V Storage Temperature Range —65°C to +150°C
Output Short-Circuit Duration Continuous Lead Temperature (Soldering, 10 seconds) 300°C
DC Electrical Characteristics (Note 1)
LIMITS
PARAMETER CONDITIONS LHO0044A/LH0044AC LH0044/LH0044B/LH0044C UNITS
MIN TYP MAX MIN TYP MAX
Input Offset Voltage Ta =25°C, Rg = 508, Ve = OV 8 25 12 50 uv
LHO0044C Only 100 uVv
Input Offset Voltage Rg = 5082, Vcy =0V 50 150 uv
LHO044A and LH0044B Only 75 75 uv
Average input Offset Voltage Drift | Tyin <Ta < Tmax 0.1 0.5 0.2 1.0 uv/ee
LHO0044B Only 0.5 uv/°c
Long-Term Stability (Note 2) 0.2 1 0.3 2 uV/month
Input Noise Voltage {(Note 3) BW = 0.1 Hz to 10 Hz, Rg = 502 0.35 0.7 0.35 0.8 uVp-p
Rs = 10 k2 Imbalance 0.50 0.9 0.50 1.0 uVp-p
Thermal Feedback Coefficient 0.005 0.005 HV/mW
Open Loop Voltage Gain R =10k 120 145 114 140 dB
Common-Mode Rejection Ratio -0V <Vem <+ 10V 120 145 114 140 dB
Power Supply Rejection Ratio 3V < Vg <218V 120 145 114 140 dB
Input Voltage Range +13 +13.8 12 +13.5 \%
Qutput Voltage Swing RL =10kQ2 13 +13.7 *12 +13.6 \Y
Input Offset Current 25°C < Ta < Tmax 1.0 2.5 1.5 5.0 nA
Tmin STa <25°C 5.0 10.0 nA
Average Input Offset Current Drift 5 40 15 80 pA/°C
Input Bias Current 25°C<Ta < Tmax 8.5 15 10 30 nA
Tuin <Ta <25°C 50 100 nA
Average Input Bias Current Drift 50 300 100 600 pA/°C
Differential Input Impedance 5 10 25 8 mMQ
Common-Mode Input Impedance 2x 10" 2x 10" Q
Supply Current IL=0 09 3.0 1.0 4.0 mA
Power Dissipation 27 90 30 120 mwW
AC Electrical Characteristics T, -25°c, v¢ = +15v
PARAMETER CONDITIONS TYP UNITS
Input Noise Voltage Rs =1k, fo =10 Hz " nV/\/E
Rs = 1k, fo = 1 kHz 9 nVA/Hz
Slew Rate Ay =+1, R_ =10k, V,y =£10V 0.06 V/us
Large Signal Bandwidth Ay =+1, Ry =10k, Vi =210V 1 kHz
Overload Recovery Time Ay =+100, Vi =—100 mV, AV y =200 mV 5 us
Small Signal Bandwidth Ay =+1, R =10kQ 400 kHz
Small Signal Rise Time Ay =+1, R =10k, V,y =10mV 25 us
Overshoot Ay =+1, R_ =10k, V\y =10mV,C_=100pF 10 %

Note 1: All specifications apply for all device grades, at Vg = 15V, and from Ty to Tpax unless otherwise specified. Ty is —55°C and
TMAX is +125°C for the LHO044A and LH0044. T)yN is —25°C and Tpax is +85°C for the LHOO44AC, LHO044B and LH0044C. Typicals are

given for Tp = 25°C.

Note 2: This parameter is not 100% tested; however, 90% of the devices are guaranteed to meet this specification after one month of operation
and after initial turn-on stabilization.

Note 3: Noise is 100% tested on the LHO044A, LHO044AC and LH0044B only. 90% of the LH0044 and LHO0044C devices are guaranteed to meet

this specification.

Note 4: The inputs are shunted by back-to-back diodes for over-voltage protection. Excessive current will flow for differential input voltages in
excess of 1V. Input current should be limited to less than 1 mA.

Note 5: For supply voltages less than 15V, the absolute maximum input voltage is equal to the supply voltage.
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LHO0044 Series

Typical Performance Characteristics

OUTPUT VOLTAGE SWING (V) INPUT BIAS CURRENT (nA)

PSRR (dB)

TOTAL NOISE VOLTAGE (aV/\/Hz)

Total Input Noise
Voltage vs Frequency

25 1T T

Vg = +15V

| (] 1] Rg = 1k

20 Ta =25°C
15 HH
10 ::- =2
5 11 -4
n L i

10 100

FREQUENCY (Hz)

Input Bias Current vs Common-
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Ta =26°C
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FREQUENCY (Hz)

Power Supply Rejection
Ratio vs Frequency

1680 7 m
140 Vg =15V
N A Vg =10V
120 P Ta=25C
100 I 1
80 11 8
60 1111 ] I :
L e i 1
20 T j: N
n - e

01 1 10 100 1k
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1.0
09
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140
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Input Bias Current

T T
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1
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Supply Current vs
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Ta=+1257C
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SUPPLY VOLTAGE (V)
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|
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Applications Information
LOW DRIFT CONSIDERATIONS

Achieving ultra-low drift in practical applications
requires strict attention to board layout, thermocouple
effects, and input guarding. For specific recommendations
refer to AN-63 and AN-79.

A point worth stressing with regard to low drift specifica-
tions is testing of the LHO0044. Simply stated—it is
virtually impossible to test the device using a thermo-
probe or other form of local heating. A one degree
centigrade temperature gradient can account for tens
of microvolts of virtual offset (or drift). The test circuit
of Figure 1 is recommended for use in a stabilized oven
or continuously stirred oil bath with the entire circuit
inside the oven or bath. Isothermal layout of the resistors
is advised in order to minimize thermocouple induced
EMF's.

< R3*
ISOTHERMAL %{ b3
A%

OVEN, -55°C ST, < +126°C /|
*Wire-wound construction (TCR < 10 ppp/°C) EDGE =
CONNECTOR

FIGURE 1. LH0044 Temperature Test Circuit

OVER COMPENSATION

The LHO0044 may be overcompensated in order to
minimize noise bandwidth by paralleling the internal
100 pF capacitor with an external capacitor connected
between pins 1 and 6. Unity gain frequency may be
predicted by:

4x1075
f= —— (H2)
100 pF + Cqyxe PF

Typical Applications

Buffered Output for Heavy Loads

COMPENSATION

For closed loop gains in excess of 10, no external com-
ponents are required for frequency stability. However,
for gains of 10 or less, a 0.01uF disc capacitor is
recommended between pin 7 (V') and pin 8 (Comp).
An improvement in ac PSRR will also be realized by
use of the 0.01uF capacitor.

OFFSET NULL

In general, further nulling of LH0044 is neither necessary
nor recommended. For most applications the specified
initial offset is sufficient.

However, for those applications requiring additional
null, an obvious temptation might be to place a pot
between pins 1 and 8 with the wiper returned to vt
This technique will usually result in reduced gain and
increased offset drift due to mismatch in the TCR of
the pot and R1 and R2. The technique is, therefore, not
generally recommended.

The recommended technique for offset nulling the
LH0044 is shown in Figure 2. Null is accomplished in
A, and all errors are divided by the closed loop gain of
the LHO044. Additional offset and drift incurred due
to use of A, is less than 1uV/V for V¥ and V- changes
and 0.01uV/°C drift for the values shown in Figure 2.

+EV

Tk 2
Vin O=—AN- - 7
Ay
LHo044 2
1% +15V
J—_—'W\——’ + A
= -15v 10k

~15v

FIGURE 2. LH0044 Null Technique

Vin O Vour

b Gain=gy AL
- =0.2x10 3 (R1+ R2) for Vyy <10 mV

*Wire-wound resistors

X 1000 instrumentation Amp
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LHO0044 Series

Typical Applications (continued)

,"zx w7 -0 +15V OUTPUT
HEV A2
o 90k
Vz (R2+R3)
. L Vour = =55
™ 40,5 | 8
I lour <100 mA

+
L— c5
[™ 470.F

AY!

-1V o

|“—J

1/4 MM452
lour <100 mA

- - STANDARD
L

*Wire-wound for minimum drift.
Line and load regulation < 0.005%

Precision Dual Tracking Regulator

O -15V OUTPUT 10V Reference Supply

R2 R3
2 277 ? 25K i
oA AMA
R s 9
, 825 |, y
oA~ M A8
25k 525k R
. 25k .
LHO048 _ Vv MV O
RS
INVERTING iy, L K
eyt O
. ]
ouTPUT
NONINVERTING 3 3
INPUT R12 A1
s 26k 25k °
. LHO044 VW M -0
6,525, AN 13
e LLIVY - 2k 625k
1
N “ 12 1 10
15 27Tk 26k
oBAMA ARA
VW4~ VWA "
) o

Al resistors ave part of Nationsl's RA201 resistor srray.

OVERALL INPUT STAGE OUTPUT STAGE JUMPER PINS
GAIN GAIN GAIN ON RA201
X1 X1 X1 -
X2 X1 X2 6t07,1210 10
X5 X1 X5 6t07,11t0 10
X10 X10 X1 2to 15
X20 X10 X2 2t015,5t107, 1210 10
X50 X10 X5 2t015,6t07,11t0 10
X100 X100 X1 1t0 16
X200 X100 X2 1t016,5t07,12t0 10
X500 X100 X5 1t016,6t07, 1110 10
X995 X199 X5 110 14,6107, 11t0 10

Precision Instrumentation Amplifier
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Noise Test Circuit

0.1 Hz HIGH PASS FILTER

10 Hz LOW PASS FILTER

@—~AAA

1L—AAA

1uF
POLYSTYRENE

LHO052

- 10k

p—O Vour =10%e,

VERT: 200 aV/DIV
HORIZ: § SEC/DIV
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LHO084C

National
Semiconductor

Amplifiers

LHO0084C Digitally-Programmable-Gain

Instrumentation Amplifier

General Description

The LHO084C is a self-contained, high speed, high ac-
curacy, digitally-programmable-gain instrumentation
amplifier. It consists of paired FET-input variable-gain
voltage-follower input stages followed by a differential-to-
single-ended output stage. The input stage is program-
mablein accurate gain steps of 1,2,5,0r 10 controlled by the
logic levels of a 2-bit TTL-compatible digital input word. For

The LHO084C is guaranteed from —25°Cto +85°Candis
provided in a hermetically sealed 16-lead dual-in-line metal
package.

Features

additional flexibility, the output stage is pin-strappableto = Excellem galn accuracy 0.1% max
fixed gains of 1, 4, or 10 for an overall gain range of 1t0100. andgainnon-linearity 0.002% typ
Applications include increased dynamic range A-to-Dcon- - B Extremely low gaindrift 1ppm/°Ctyp
verters, test systems, and post multlplexer amplifier for } 10ppm/°Cmax
data acquisition systems. : B Highinputimpedance 10"etyp
The device exhibits high input impedance, low offset ™ HIghCMRRandPSRR ' 70dBmin
voltage, high CMRR and PSRR, high speed, and excellent B TTL compatible digital inputs
gain accuracy and gain non-linearity. B Highspeed, settlingto0.1% 4 usmax
Simplified Schematic Connection Diagram
Vin(-)0 Dual-In-Line Package
vt (% 1S 0o
DIGITAL
s V‘—Z _lim} INPUT
4 4 oxe vint = 1% biciTaL Gno
S RE SR
1 1 7 il AR
-y SR g——oxa U OFFSET
< J ADJUST 5 12 SIGNAL
S SR =] [— 64 ( no
g R10 ¢ 6 6 "
H—4 vy -oX1 X1 ed b— G10
‘P
R vout | yq— 110 voyr
15] ———J’ (SENSE) (FORCE)
oisiae |21 O switew f x4 2-vini-)
INPUT 601_5_ NETWORK $r Vour
4 0
DIGITAL 14 _— (FORCE)
enp 7 d TOP VIEW
‘: R3
) A1t “ Case is electrically isolated
E: RS M- ——0G1
____{ 4 ;, R13 )
> $n L n__ | sieNa Order Number LH0084CD
3" I bl T See NS Package D16D
$ A5
SR LDYTY

& &
Vgs V™ Vog

ADJ ADJ
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Absolute Maximum Ratings

Supply Voltage (Note 1) +18V Output Short Circuit Duration Continuous
Analog Input Voltage (Note 2) +15V Operating Temperature Range -25°C to +85°C
Differential Input Voltage (Note 2) +30V Storage Temperature -65°C to +150°C
Digital Input Voltage -4V, +18V, Lead Temperature (Soldering, 20 seconds) +300°C
Power Dissipation (See Curve) 25W
DC Electl'ica' Chal'actel'istics Vg= =15V, R =10 k@, Tpyn < Ta<Tpmax unless noted
’ . ) LH0084C
Parameter Conditions Min Typ Max Units
Vios Input Offset Voltage Tj=25°C 0.3 10
mV
13
AV|0s/AT Input Offset Voltage Rg = 100Q 20 uvi°C
Change with
Temperature Vem=0
Voos Output Offset Voltage Note 3 Tj=25°C 0.6 10
3 mV
AVppg/AT Output Offset Voltage 35 uVvi°C
Change with
Temperature
Ig Input Bias Current T;=25°C 150 500 pA
(Note 3) 100 nA
los Input Offset Current Tj=25°C 50 200 pA
50 nA
Rin Input Resistance Differential 101 0
Common-Mode 10"
ViN Input Voltage Range +10 +11.5 \"
Ay Voltage Gain See Table | 1
2
5
10 VIV
20
50
100
Gain Error Ay=1,25 10 Th=25°C 0.02 0.1
Ay =10, 20,50, 100] A~ 0.03 0.2
Ay=1,25,10 0.02 0.2 .
Ay =10, 20, 50, 100 0.03 0.3 %
Gain Nonlinearity Ta=25°C 0.002
0.005
AAY/AT Gain Temperature 1 10 ppm/°C
Coefficient
CMMR Common-Mode Vin= =10V Ay = 70 80
Rejection Ratio Ay=10 76 94
Ay =100 80 94 a8
PSRR Power Supply +8V=<Vg=+18V | Ay=1 70 84
Rejection Ratio Ay=10 76 92
Ay =100 80 104
Vo Output Voltage Swing
R =10 k@ =10 *12 \
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LH0084C

DC Electrical Characteristics (continued) vs= + 15V, R, = 10 k@, Tyyn < Ta < Twax unless noted

LH0084C
Parameter Conditions Min Tvp Max Units
o Output Short-Circuit [Ta=25c | =5 +18 30 |
Current +2 +30
ro Output Resistance 0.05 Q
Vi Digital “0” ‘ 0.7
Input Voltage v
Vin Digital *1” 20
Input Voltage
he Digital “0” Vin=0.4V 1.5 40
Input Current
wA
hH Digital *“1” Vin=2.4V 0.01
Input Current
Vs Supply Voltage +8 +18 \
Range
ls(+) Positive Supply 128 26
Current Vg< +18V mA
Is(-) Negative Supply 8.2 14
Current
Pp Power Dissipation Vg= =15V 315 600 mwW
AC Electrical Characteristics (Note5)vs = + 15v, Ty = 25°C, R, = 10ka
Parameter Conditions Min Typ Max Units
BW  Bandwidth (Figure 1) Small Signal, Ay=1 3250
-3dB Ay =10 500
=100 350
A kHz
Small Signal, Ay=1 300
-1% Ay=10 75
Ay = 100 55
PBW Power Bandwidth 200
Vo= 210V
SR Slew Rate 10 13 Vius
ts Settling Time (Figure 2) AVo= 20V Ay=1 2.3 3.0
+0.1% Ay=10 2.7 3.5
Ay =100 31 40 kS
Gain Switching Time 35
En Equivalent Input BW=0.1 Hz-10 Hz 7 uVp-p
Noise Voltage (Figure 3) BW =10 Hz-10 kHz Ay = 100 1.4 wVrms
In Equivalent Input BW =10 Hz-10 kHz 30 pArms
Noise Current (Figure 3)

Note1: Improper supply power-on sequencemay damage thedevice. See PowerSupply Connection section under Applicationsinformation.
Note 2; For supply voltages less than x 15V the maximum input voltage is equal to the supply voltage.

Note 3: Due to limited production test time, these parameters are specified at junction temperature, T,. In normal operation the junction temperature rises
above the amblent temperature, T, as a result of internal power dissipation, Pp. Ty = Ta + 8yAPp where A is the thermal resistance from junction to ambient.

Note 4: The input bias currents are junction leakage currents which approximately double for every 10 °C increase in the junction temperature.

Note 5: The AC parameters are not 100% tested, but an estimated 90% of ail devices meet these limits.
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Typical Performance Characteristics

GAIN (dB) POWER DISSIPATION (W)

COMMON-MODE VOLTAGE (+V)

SETTLING TIME (us)

Power Dissipation

CASE
AMBIENT
\\ 03¢ = 20°C/W
N
= BTN
N

0 25 50 75 100 125 150
TEMPERATURE (°C)

Small Signal
Frequency Response

m m

| I Vs =15V
Ao |“||||I||| R = 502
ﬂ[ 10 k2

.I. oy 25°C
II||II

% 1IIIIIHIIISE"! \\|||||!
HITHANT
L

1k 10k 100k ™ 1M
FREQUENCY (Hz)

Input Common-Mode
Range

T
Rs = 509

| RL=10k

Ta=25°C

|
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// GUARANTEED
/

7

/
/

5 10 16 20
SUPPLY VOLTAGE (:V)

Settling Time

Vg = +15V
Avg =220V
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RL=2k2

GAIN (V/V)

X

CMRR (dB) GAIN ERRODR (%)

SUPPLY CURRENT (:mA)

7)

INPUT NOISE VOLTAGE (nV/:

Gain Accuracy

03
Vg = +15V
Vg = 0V
Rg = 5082
GUARANTEED | B = 10k
02 y
0.1
TYPICAL
A
» |
1T
I |
1 10 100
GAIN (V/V)

Common-Mode Rejection

10 100 1k 10k 100k
FREQUENCY (Hz)

Supply Current

18 -

16 -
—TA=-55°_E_____ =

" | Ta=25°C Lel

12 F—TTp=125C

--r -

10 TA 25° c
I Is(-).

!
Tp=-55°C )
o LA K
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6 1 1

§ 10 15 2
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Source-Resistance Noise)
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INPUT BIAS CURRENT (pA)

OUTUPUT SWING (:V) PSRR (d8)

BROADBAND OUTPUT NOISE VOLTAGE (uVRMS)

Input Bias Current

s s
Evg= 5V=$

[—Vcm=0 v

1o E#%

.

10k

I

10
-85 -26 0 25 S0 75 100 125
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Power Supply Rejection

A= 100

1BV <V§ <18V
| Vem=0

20 [ g =500
Ta=25°C

R N

0
10 100 1k 10k 100k
FREQUENCY (Hz)

Output Swing
15
Vg = +1
N\ s | 5v
N .|. -
i t N\ A=-55"C—
GUARANTEED \
T T
Tp=25°C
s !
Ta=125°C
'
L
0 10 20 30
OUTPUT CURRENT (+mA)
Broadband Output
Noise Voltage
1
S T
140 |— Vs= 15V
BW = 10 Hz~10 kHz
120 |— Rg =508
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100 ’
80
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40 A
Y
20 Va
4 -
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1 10 100
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LHO0084C

AC Test Circuits

FREQUENCY .

SYNTHESIZER v
HP 33308 o pANALYZER
OREQUIV HP 3570A
Bl oRrEauiv

FIGURE 1. Frequency Response Measurement Circuit

0SCILLOSCOPE Settling Time
TEK 7904
PULSE GENERATOR 7a13 |oR EQuIV
TEK PG508
OR EQUIV

Ay =10 Input Stage

50
AA
A A4
0SCILLOSCOPE
10 Hz LP
50 FILTER S
A £K 761
W —0 4_"‘”1__ 1822 |oR EQUIV
-
= t = -
=+
= FILTER UNIT
QUAN-TECH
2181

FIGURE 3. Noise Measurement Circuit
Wideband Noise

Rg =500 Bandwidth 0.1 Hz to 10 Hz
1xV/Division Verticat 5 Seconds/Division Horizontal
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Applications Information

THEORY OF OPERATION

The LHO0084 is a digitally-programmable-gain true-
instrumentation amplifier composed of a variable-gain
voltage-follower input stage (A1 and A2), followed by a
differential output stage (A3). The schematic is shown in
Figure 4.

I, for example, D1 is High (=2.0V) and DO is Low (<0.7V),
FET switch pair S3A and S3B will be closed (and all re-
maining switches open). The input stage gain, Ay, can
then be shown to be:

v2-Vvi
The input stage contains matched high-speed FET-input Agy=s—""
op amps (A1 and A2). A high-stability temperature- ViN(+) = Vin(=)
compensated resistor network (R1 through R7) controls
feedback ratios at the inverting inputs of op amps A1 and R4 + R5 + R6 + R7
A2 via FET switches S1A-S4A and S1B-S4B. Since the FET =1+
switches are in series with the op amp input impedance R1+R2+R3 (1)
their resistance match and temperature drift do not
degrade the gain accuracy of the instrumentation 6k + 6k + 10k + 10k
amplifier. The FET switches are controlled through a =1+
1-of-4 decoder and switch driver, by the logic levels ap- 4k + 2k + 2k
plied at the digital input terminals D1 and DO and set the
gain of the input stage as shown in Table I. =5
Schematic Diagram
A4
Fr————-
l < Soxwn
I $h :
4 QR4
l Qsok
7
| --+-- :;m —ox :;%'rﬁs)
<
l S3A l < 6k ‘ b
1% —¢ R0 & a0k .
| LT T ! N oxt
| $4A Qx
1 ___1.\ 4
I 10F4 M 1
» R1

INPUT SWITCH 48

0o olﬁ-l-—- DRIVER
nlsnALOI_‘J__ = J' -4

GND

D1 ols-l-— DECODER = = = -d
DIGITAL AND

Vigs V™ Vigs
ADJ

FIGURE 4

| o

<

Sx

‘P

)

< R11

> RS

<

> 6k 10k

‘F « , Boe

1 <:R13

< < 30k

3 4

< 12 SIGNAL
'._.o

t 1 G4 ¢ GnD
<

{ Qr A

< 10k < 60k

-QOGW
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LHO084C

Applications Information (continueq)

_TABLE I. GAIN TRUTH TABLE AND CONNECTION TABLE

. 1st Stage 2nd Stage Overall
Digital Inputs « Gain Pin Connections Gain Gain
D1 DO Ayqr) Avz) Ay
0 0 1 1
0 1 2 2
1 0 5 6-10, 13-GND 1 5
1 1 10 10
0 0 1 4
0 1 2 8
1 0 5 7-10, 12-GND 4 20
1 1 10 40
(o] 0 1 10
0 1 2 20
1 0 5 8-10, 11-GND 10 50
1 1 10 100

The output stage, consisting of op amp A3 and resistors
R8 through R15, converts the voltage difference at the
output of the input stage, V2 minus V1, to a single-ended
output. For increased flexibility of the LH0084, the output
stage gain is pin-strappable by selecting R10, R10 + R12,
or R10 + R12 + R14 as feedback resistor for A3. The ratios
of these resistors to the differential stage input resistor
R3 are kept very accurate to maintain the excellent
overall gain accuracy of the device. The output stage
gain, Ay, is equal to the feedback resistance divided by
the input resistance. Thus with, for example, Pin 7 wired
to Pin 10, that gain would be:

R8 @

10k + 30k

10k

To preserve the high common-mode rejection ratio of the
output stage, the ground sense resistor, R11, R11+ R13 or
R11+ R13 + R15, must match the feedback resistor used.

The overall gain of the LH0084 is therefore:

Vout
Ayze———
Vin(+) = Vin(=)

v2-vi Vour &)

ViN(+) = Vin(=) V2-V1

= Av(1)'Avig)

The different gains available are in the range of 1 through
100 and are summarized in Table I.

POWER SUPPLY CONNECTIONS

Proper power supply connections are shown in Figure 5.
The power supplies should be bypassed to ground as
close as possible to device supply pins. For optimum
high speed performance V* and V~ should be decou-
pled with a 0.01 uF ceramic disc in parallel with a 1 uF
electrolytic capacitor.

The two ground pins, analog and digital grounds, should
be connected together as close to the device as possible,
preferably with a ground plane underneath the device. If
this is not possible, the grounds should be connected
together locally with back-to-back diodes and hard-wired
together off-board. If a ground reference offset is used, it
must be low impedance compared to the ground sense
resistance to avoid CMRR degradation.

Care must be taken in the supply power-on sequence.
The LH0084 may suffer irreversible damage if the V+
supply is applied prior to the powering on of the V~
supply. In most applications using dual tracking suppiies
and with the device supply pins adequately bypassed,
this will not present a problem. If this cannot be
guaranteed, a germanium or Schottky protection diode
should be connected between the digital ground pin and
the V— pin as shown in Figure 5.

15V
o

i

0.01 uF

*Seetext

-15V
FIGURE 5. Power Supply Connections
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Applications Information (continued)

SIGNAL CONNECTIONS

The input signals should be connected as shown in
Figure 6. To minimize errors, Rg(+), Rs(—) and Rgm
should be kept as small as possible.

The output connections are also shown in Figure 6. The
feedback leads should be kept short as should the
ground sense in order to minimize lead resistance and
parasitic capacitance.

OFFSET AND GAIN ADJUSTMENTS

Special care must be taken when using external offset
adjustment. Since the LH0084 is a 2-stage amplifier with
each stage contributing offset errors, and the amplifier
presumably is used at several different gains, it is impor-
tant to realize that the offsets of both the 1st and the 2nd
stages must be nulled to maintain zero offset referred to
output (RTO) at all gain settings.

In general, it is recommended that the input stage offset
(Viog) be adjusted with a potentiometer as shown in
Figure 7. The output stage offset (Voog) is ideally ad-
justed at a subsequent gain stage (i.e. sample-and-hold
or A-to-D converter), but if this is impractical, it may also
be done as shown in Figure 7.

Recommended offset adjust procedure is as follows: in-
itially set both pots to center positions and short both in-
puts of the LH0084 to ground.

a) Set the input stage gain to 1 (pull D1 and DO low).
Measure the output voltage, Voyri-

b) Set the input stage gain to 10 (pull D1 and DO high).
Measure the new output voltage, Voyra.

c) Calculate the portion of Voyrs contributed by the out-
put stage offset per the equation:

1
Voos = ’y (10-Voyti — Vout2 4

d) While maintaining an input stage gain of 10, adjust the
input offset voltage (V,og) potentiometer until the out-
put voltage is equal to the voltage calculated in Equa-
tion (4).

e) Change the input back to a gain of 1 and adjust the
output offset voltage (Voog) potentiometer until the
output voltage is zero.

L—O Vour

13(120R 11)

VouT =AVIVIN(+) = VIN(=)1+ VREF

FIGURE 6. Signal Connections

01 D0 15V
o

6(70R8)

10

INPUT
OFFSET
ADJUST

-15V

13(120R 11)

OUTPUT 15V
OFFSET
ADJUST

100k

FIGURE 7. Offset Adjust Circuit
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Applications Information (continueq)

An alternate offset adjust scheme is shown in Figure 8.
The offset should be rezeroed after each time the gain is
changed or when the op amp integrator drift warrants a
new zero pulse. An additional advantage of this adjust-
ment technique is that it can also be used to cancel out
offset voltage drift and common-mode voltage error con-
tributions.

External gain adjustment is generally discouraged since
gain accuracy can be optimized for one gain setting only.
If gain adjustment is required, however, it should be done
at a subsequent gain stage.

1/2 LF11333

s

8(60R7)

w— L

ZERO PULSE

LOGIC CONNECTIONS

The digital inputs D1 and DO are referenced to the digital
ground. The device interfaces directly to TTL and, with
pull-down resistors, to CMOS.

Interfacing with microprocessors will usually require a
latch. A circuit using full 6-bit wide address decode and
write strobe is shown in Figure 9.

REMOTE OUTPUT SENSE

The feedback resistors of the LH0084 can be connected
directly at the load in order to eliminate errors due to lead
resistance (Figure 10).

1/2 LF11333

* Polystyrene, Teflon or
Polypropylene Dielectric

300 us MIN
(DEPENDS ON VALUES OF R AND C)

FIGURE 8. Auto Zero Circuit

—O Vour

LATCH

DATA BUS DM54LST4

MICROPROCESSOR
1/ DM54LS32

UNIFIED
B

ADDRESS BYS S COMPARATOR
WY | 4 DM7131

ADDRESS SELECT

FIGURE 9. Typical Microprocessor Interface

OUTPUT SENSE
6(70R8)

10 OUTPUT FORCE

vin LH0084

13(120R 11)

+
LI% :: Vout l lout
GND SENSE -

GND FORCE

llouTl<s mA

FIGURE 10. Remote Sense Connection
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Applications Information (continued)
Also a unity gain buffer, such as the LH0033, may be

included in the feedback loop for increased current drive
capability as shown in Figure 11.

OUTPUT SENSE

6(70R8)
Vin LHOo084

13(120R 1)

+
Vour l lout

GND SENSE

/

liouTi<90 mA

GND FORCE

::

FIGURE 11. Buffered Output Connection

The output sense feature can also be used in other ways
such as output offset, Figure 12, or current source output,
Figure 13.

Vout=Av-VIN + VREF
VouTi<iov

FIGURE 12. Output Offset C ti

Av VIN

lout=
RsET
liouTl<5 mA

VvV

llouT(RL + RggT)I<10V

b3
AL :. tout

FIGURE 13. Output Current Source Connection

Applications

The LHO0084 is ideal for application in increased dynamic
range A-to-D converters, test systems, process control,
and multi-channel data acquisition systems. Figure 14
shows the device used in a typical data acquisition-
system.

A software offset and gain error correction scheme is
shown in Figure 15. By first selecting a multiplexer input

connected to analog ground, and then selecting a
channel connected to a reference of known value, the
overall system gain and offset errors can be calculated.
For all subsequent readings, offset and gain corrections
can be made mathematically by solving a simple first-
order equation in software.

PROG. GAIN
PREAMP MUx INST. AMP SH AID
HIGH AND [ o
MEDIUM + 5
LEVEL { O w0
“"""";?,‘T‘ O— LF1509 LHO084 LF198 ADC1210
.
LOW LEVEL : 1
ANALOG LH0038 -
INPUT =
4 2 T 3 'I' 'y
> =
e ¢ RAM
S l
DATA BUS
LATCH
* 3 L'
CONTROL | g N
L0GIC M >
MICRO-
PROCESSOR

ADDRESS BUS

FIGURE 14. Typical Data Acquisition System
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Applications (Continued)

o
Vin O-:- El Dy 3
o
LH0070 MUX LHO084
v VREF . 7
VGND
= Vos1, Avy) Vosz. Avz)

MICRO-
A/D L:> PROCESSOR

(Vosa. Ava)

T

(Vos3. Ava)

FIGURE 15. Software System Offset and Gain Calibration Circuit

Definition of Terms

Input Offset Voltage, V,os: The voltage which must be
applied to the inputs to force the output of the input
stage to OV. V o5 can be calculated by measuring Vog
(RTO) at input stage gains of 1 and 10 and using the
following equation:

Av=1)

Vos l Ay=10= Overall offset (RTO) for Ay = 10

1
Vios=— (Vos
9

Ay=10"Yos

where:

Vos I =1 = Overall offset (RTO) for Ay =1

Input Offset Current, lgg: The difference in the currents
into the 2 analog input terminals at OV.

Input Bias Current, Ig: The average of the currents into
the 2 analog input terminals at OV.

Input Resistance, Ry: Common-mode input resistance is
the change in input voitage range divided by the change
in input bias current with both analog inputs at the same
voltage. Differential input resistance is the change in in-
put voltage at one input terminal divided by the change in
input current at the other input terminal which is kept still
at OV.

Input Voltage Range, V;y: The voltage range for which the
device is operational.

Common-Mode Rejection Ratio, CMRR: The ratio of the
input common-mode voltage range to the change in input
offset voltage over this range.

Power Supply Rejection Ratio, PSRR: The ratio of the
specified change in supply voltage to the change in input
offset voltage over this range.

Voltage Gain, Ay: The ratio of output voltage change to
the input voltage change producing it.

Gain Error: The deviation in percent between the ideal
voltage gain and the value obtained when the device is
configured for that gain.

Gain Non-Linearity: The deviation of the gain from a
straight line drawn through the end-points expressed as
a percent of full-scale (10V for operation with + 15V sup-
ply). For testing purposes it is the difference between
positive swing gain (OV to 10V) and average gain (- 10V to
10V) or between negative swing gain (OV to —10V) and
average gain.

Output Stage Offset Voltage, Voos: The voltage which
must be applied to the input of the output stage for the
output to be forced to OV. Voog can be calculated by
measuring Vgg (RTO) at input stage gains of 1 and 10 and
applying the following equation:

Av=10)

1
Voos =9— (10'Vos

Ay=1 —Vos

where:

Vos | ay=1=Overall offset (RTO) for Ay =1

Vos| ay=10=Overall offset (RTO) for Ay=10
Ottset Voltage (Referred to Output), Vogrroy The output
voltage when both inputs are connected to OV. Vgg is
composed of input offset voltage, V|qs, and output offset

voltage, Voos, and is a function of amplifier gain. The
overall offset voltage is given by:

Vos(rto) = AviafAvi) Vios + Voos)

.where:

V|os = Input offset voltage
Voos = Output stage offset voitage
Ay = Input stage gain

Ay(2 = Output stage gain
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Definition of Terms (continued)

Output Voitage Swing, Vo: The peak output voltage swing
referenced to ground into specified load.

Output Short-Circuit Current, lo: The current supplied by
the device with the output connected directly to ground.

Output Resistance, r,: The ratio of change in output
voitage to change in output current around zero output.

Supply Voltage Range, Vg: The supply voltage range for
which the device is operational.

Supply Current, Is: The current required from the supply
to operate the device with zero load and with the analog
as well as the digital inputs at OV.

Power Dissipation, Pp: The power dissipated in the
device with zero load and with the analog as weil as the
digital inputs at OV.

Digital “1” Input Voltage, V;y: Minimum voltage required
at the digital input to guarantee a high logic state.

Digital “0” Input Voitage, V, : Maximum voitage required
at the digital input to guarantee a low logic state.

Digital “1” Input Current, ;y: The current into a digital in-
put at specified logic level.

Digital “0” Input Current, li.: The current into a digital in-
put at specified logic level.

Average Input Offset Voltage Drift, AV qgg/AT: The ratio of
input offset voltage change from 25°C to either
temperature extreme divided by the temperature range.

Average Output Offset Voltage Drift, AVgos/AT: The ratio
of output offset voltage change from 25°C to either
temperature extreme divided by the temperature range.

Average Gain Temperature Coefficient, AAy/AT: The ratio
of change in gain from 25°C to either temperature
extreme divided by the temperature range.

Small Signal Bandwidth, BW: The frequency at which the
device gain changes from the low frequency gain by a
specified amount.

Power Bandwidth, PBW: Maximum frequency for which
the output swing is a large signal sinewave without
noticeable distortion.

Slew Rate, SR: The internally limited rate of change in
output voltage with a large amplitude step function ap-
plied at the input.

Settling Time, tg: The time between the initiation of an in-
put step function and the time when the output voltage
has settled to within a specified error band of the final
output voltage.

Gain Switching Time: The time between the initiation of a
gain logic change and the time when the final gain
switches are closed. It includes overdrive recovery time,
but not settling to final value.

Equivalent Input Noise Voltage, EyN: The rms or peak
noise voltage referred to the input (RTI) over a specified
frequency band.

Equivalent Input Noise Current, Iy: The rms or peak noise
current referred to the input (RTI) over a specified fre-
quency band.
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LM10/LM10B(LYLM10C(L)

National
Semiconductor

Amplifiers

LM10/LM10B(LYLM10C(L) Op Amp and Voltage Reference

General Description

The LM10 series are monolithic linear ICs consisting of a
precision reference, an adjustable reference buffer and
an independent, high quality op amp.

The unit can operate from a total supply voltage as low
as 1.1V or as high-as 40V, drawing only 270uA. A com-
plementary output stage swings within 15 mV of the
supply terminals or will deliver 20 mA output current
with $0.4V saturation. Reference output can be as low
as 200 mV. Some other characteristics of the LM10 are

® input-offset voltage 2.0 mV (max)
® input-offset current 0.7 nA (max)
® input-bias current 20 nA (max)
® reference regulation 0.1% (max)
® offset-voltage drift 2uV/°C
m reference drift 0.002%/°C

The circuit is recommended for portable equipment and
is completely specified for operation from a single power
cell. In contrast, high output-drive capability, both
voltage and current, along with thermal overload pro-
tection, suggest it in demanding general-purpose
applications.

The device is capable of operating in a floating mode,
independent of fixed supplies. It can function as a remote
comparator, signal conditioner, SCR controller or trans-
mitter for analog signals, delivering the processed signal
on the same line used to supply power. It is also suited
for operation in a wide range of voltage- and current-
regulator applications, from low voltages to several
hundred volts, providing greater precision than existing
ICs.

This series is available in the three standard temperature
ranges, with the commercial part having relaxed limits.
In addition, a low-voltage specification (suffix ‘L") is
available in the limited temperature ranges at a cost
savings.

Connection and Functional Diagrams

Metal Can Package (H)

REFERENCE
FEEDBACK

TOP VIEW

Order Number LM10H, LM108H, LM10CH,
LM10BLH or LM10CLH
See NS Package HO8A

BALANCE

REFERENCE
OUTPUT FEEDBACK

|s [s 1

v+

1 __ REFERENCE
REF AMP >_ourpu7

+

+
REFERENCE I 200mV
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Absolute Maximum Ratings

LM1i0/LM10B/LM10C LM10BL/LM10CL
Total supply voltage 45V v
Differential input voltage (note 1) +40V 17V
Power dissipation (note 2) internally limited
Output short-circuit duration (note 3) indefinite
Storage-temperature range —55°C to +150°C
Lead temperature {soldering, 10s) 300°C

Electrical Characteristics (1= 25°c, Ty < Ts< Tmax, note 4)

{Boldface type refers to limits over temperature range.)

LM10/LM10B LM10C

PARAMETER CONDITIONS N VP T MAX | WiN TYP | MAX UNITS

Input offset voltage 0.3 2.0 0.5 4.0 mV

3.0 5.0 ) mV

Input offset current 0.25 0.7 04 2.0 nA

{note 5) 15 3.0 nA

Input bias current 10 20 12 30 nA

30 40 nA

Input resistance 250 | 500 150 | 400 k2

150 115 kQ

Large signal voltage Vg =120V, lgyt =0 120 | 400 80 400 V/mV

ga. VouT = +19.95V 80 50 V/mV

Vg = £20V, Vour = £19.4V 50 130 25 130 V/mV

louT = 20 mA (£15 mA) 20 15 V/mV

Vg = 0.6V (0.65V), gyt = t2 mA 1.5 3.0 1.0 3.0 V/mV

VouT = $0.4V (£0.3V), Vgpm = 0.4V 0.5 0.75 V/mV

Shunt gain (note 6) 1.2V (1.3V) < Vour <40V, 14 33 10 33 V/mV
RL =1.1kQ

0.1 mA<Ilgutr <5mMA 6 6 V/mV

1.5V < vt <4ov, R = 2500 8 25 6 25 V/mV

0.1 mA<lgyt <20 mA 4 4 V/mV

Common-mode -20V < Vem < 19.15V (19V) 93 102 90 102 dB

rejection Vg = £20V 87 87 dB

Supply-voltage —0.2v >V >-39v 90 96 87 96 dB

rejection vt=10v v 84 84 48

1.0V (1avI < vt <39.8v 9 | 106 93 | 106 dB

VT =-0.2V 920 90 dB

Offset voltage drift 2.0 5.0 uv/°c

Offset current drift 2.0 5.0 pA/°C

Bias current drift Te <100°C 60 90 pA/°C

Line regulation 1.2V (1.3V) < Vg <40V 0.001 | 0.003 0.001 | 0.008 %IV

0 < Igrer < 1.0mA, Vrer =200 mV 0.006 0.01 %IV

Load regulation 0<Iggr < 1.0mA 0.01 0.1 F 0.01 0.15 %

V¥ = VRer > 1.0V (1.1V) 0.15 0.2 %

Amplifier gain 0.2V < Vger < 36V 50 |75 25 |70 V/imv

23 15 V/mV

Feedback sense ‘ 195 | 200 205 190 | 200 210 mV

voitage . 194 206 189 211 mV

Feedback current 20 50 22 75 nA

65 920 nA

Reference drift 0.002 0.003 %/°C

Supply current 270 400 300 500 HA

500 570 HA

Supply current 1.2v (1.3v) < Vg <40V 15 75 15 75 MA

change
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Electrical Characteristics ()= 25°C, Tyin < Ty < Tmax. note 4)
(Boldface type refers to limits over temperature nngo.)

LM10/LM10B(LYLM10C(L)

LM108L LM10CL
PARAMETER CONDITIONS MIN TYP MAX MiN TYP | MAX UNITS
Input offset voltage 0.3 20 0.5 4.0 mV
3.0 5.0 mV
Input offset current 0.1 0.7 0.2 2.0 nA
(note 5) 1.5 3.0 nA
Input bias current 10 20 12 30 nA
30 40 nA
Input resistance 250 | 500 150 | 400 kQ
150 115 k2
Large signal voltage Vg = 13.25V, lgyT =0 60 300 40 300 V/mvV
gain Vour = 3.2V 40 25 V/imV
Vs = £3.25V, lgyt = 10 mA 10 25 5 25 V/mV
Vourt = $2.76V 4 3 V/mvV
Vs = 0.6V (0.65V), Igyt =2 mA 1.5 3.0 1.0 3.0 V/mV
Vourt = 0.4V (20.3V), Vem =—0.4V | 05 , 0.75 V/mv
Shunt gain (note 6) 1.5v< vt <6.5V, R =500 8 30 6 30 V/mV
0.1 mA<IguT < 10mA 4 4 V/mV
Common-mode -3.26V < Vem <24V (2.25V) 89 102 80 102 dB
rejection Vg = £3.25V 83 dB
Supply-voltage -0.2V>V >-64V 86 96 80 96 dB
rejection vt=1.0v(1.2v) 80 ‘ dB
1.0V (1av) < v <83V 94 | 106 80 | 106 dB
VT =02v 88 dB
Offset voltage drift 2.0 5.0 uv/ee
Offset current drift 2.0 5.0 pA/°C
Bias current drift 60 90 pA/°C
Line regulation 1.2V (1.3v) < Vg < 6.5V 0.001 | 0.01 0.001 | 0.02 %/V
0 < lggr < 0.5 MA, Vggg = 200 mV 0.02 0.03 %/V
Load regulation 0<Igegr <0.5mA 0.01 0.1 0.01 0.15 %
V" = Vgge > 1.0V (1.1V) 0.15 0.2 %
Amplifier gain 0.2V < VRer < 6.5V 30 70 20 70 V/mV
20 15 V/mV
Feedback sense 195 | 200 205 180 | 200 210 mV
voltage 194 206 189 211 mV
Feedback current 20 50 . 22 75 nA
65 20 nA
Reference drift 0.002 0.003 %/°C
Supply current 260 400 280 500 MA
500 570 MA

Note 1: The input voltage can exceed the supply voltages provided that the voltage from the input to any other terminal does not exceed the
maximum differential input voltage and excess dissipation is accounted for when VN < V.

Note 2: The maximum, operatingunction temperature is 160°C for the LM10, 100°C for the LM10B(L) and 85°C for the LM10C(L). At
elevated temperatures, devices must be derated based on p ge thermal resi

Note 3: internal thermal limiting prevents excessive heating that could resul( in suddan failure, but the IC can be subjected to accelerated stress
with a shorted output and worst-case conditions.

Note 4: These specifications apply for V™ < Vom < v - o085V (1.0v), 12V (13V) < Vs < VmMAX: VREF = 0.2V and 0 < IREF <1.0mA,

unless otherwise specified: Vpmax = 40V for the standard part and 6.5V for the low voltage part. Normal typeface indicates 25°C limits. Boldface
type indicates limits and altered test conditions for full-temperature-range operation; this is —55°C to 125°C for the LM10, —25°C to 85°C for the
LM108B(L) and 0°C to 70°C for the LM10OC(L). The specifications do not include the effects of thermal gradients (1 = 20 ms), die heating
(r2 = 0.2s) or package heating. Gradient effects are small and tend to offset the electrical error (see curves).

Note 5: For T >90°C, Iog may exceed 1.5 nA for Vo = V™. With Ty = 126°C and V™ < Ve < V™ + 0.1V, Igg < 5 nA.

Note 6: This defines operation in floating applications such as the bootstrapped regulator or two-wire transmitter. Output is connected to the
V7 terminal of the IC and input commun mode is referred to V (see typical applications). Effect of larger output-voltage swings with higher
load resistance can be accounted for by adding the positive-supply rejection error.
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Typical Performance Characteristics (Op Amp)
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LM10/LM10B(LYLM10C(L)

Typical Performance Characteristics (Op Amp)
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-20 ] 20 40 60 80
TIME (ms)
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Typical Performance Characteristics (Op Amp)

INPUT VOLTAGE CHANGE (mV)

-0.05

-0.10

~0.15

-0.20

-0.25

shunt gain
AT
‘7" oA ll‘.,._,T =5mA

1 2 3 4 5 8 7 8
OUTPUT VOLTAGE (V)

INPUT VOLTAGE CHANGE (mV)

shunt gain
! =T
5 mA—|
-0.1 A
> Hour = 01 mA
T
02 H£20ma h'ii"ﬁ—
T
-03
-04
-05

1 2 3 4 5 6 7 8
OQUTPUT VOLTAGE (V)

Typical Performance Characteristics (Reference)

REFERENCE CHANGE (%)

TOTAL SUPPLY VOLTAGE (V)

01

]
)
2
&

14

08

-50 -26 0 25 50 75

line regulation

N Tp = 125°C
=
N 1 asec| [ 1]
/.1-” NH . T
& -ssec ]
~ 4
1 10 100

TOTAL SUPPLY VOLTAGE

minimum supply volitage

lagr=2mA
NL

A Inee = 1 mA

\\\ -

\

Vaer=200mV N Inee = 01 mA
VsV <Y
AVper =0.1%

100 125
TEMPERATURE (°C)

REFERENCE CHANGE (%)

SATURATION VOLTAGE (V)

0.1

12

04

load regulation

! ] Vi I1sv
v-=0
Ta = -55°C

re—tr—T
\\L T )
Ta=125¢C \
|
1
[l
4 I

] 2 4 6

LOAD CURRENT (mA)

output saturation

] l Ver = 0.1%

'

F = I
2 /
\:l,,,:'\v/
IS 0~I,”4 .
\

-50 -25 0 25 50 75 100 125
TEMPERATURE (°C)

INPUT VOLTAGE CHANGE (mV)

1% -
FH Veer =0.2V
5 i
|
S
=
w
@
2 100
-
=]
=
&
H i
g L L
o LI CTI0E ITT
10 100 1k 10k 100k
FREQUENCY (Hz)
typical stability range
10-°
" Maveve<aov
~55°C < T <+126°C
T 10-6 | Vagr =200mV b
b 7
3
E -7 |
R T
: | POTENTIALLY
s UNSTABLE
1078
g 75
A
%JH
10-%°
0.0 01 1.0 10

shunt gain

Tour = 0.1 mA|_—]

—

[/3<

[sma 4

1 2 3 4 5 6 7 8

QUTPUT VOLTAGE (V)

reference noise voltage

LOAD CURRENT (mA)
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LM10/LM10B(LYLM10C(L)

Typical Applications'r

op amp offset adjustment

standard

positive rogulnorsf

low voltage

C1
0.01uF

tUse only electrolytic output capacitors.

t

fimited range

VRer
v-
v-
best regulation
Vin > 11V
L] Vour
= 1oV -
4
—4

Circuit descrip lable in

note AN-211.

limited range with boosted reference

p
3
R2S
%S

]

250
>

v

zero output

Vour
ovVTO 5V
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Typical Applications Tt

current regulator shunt regulator

c*
0.01F

R2
5 M — +Vour = (' *E ) Vaer

o o (R24RI Voo
T TTRIRg

*required for capacitive loading

negative regulator

on regulator

Vin
49— GROUND
o*
26 4F a2
n2222
Vour = -10V
a1
3055
RIS
S
Vour = 50V
+
€2 e
50 uF
Vi <105V . o
B ¢ 250k
electrolytic 0.001 uF T x
&— GROUND
laboratory power supply
$ » Vin
A0S
<
xS
05
282222
[
w2
RY
ar 3K
2n2905 ! a
2N3055
RS 02 A8 S
WY st w3
[}
2N2905 a Sw
282222 :» 01
Vour
—t 3
0.022uF [ . 0-50V
50.uF 0-1a
. coM

* Vour = 1074 R3

M Circuit descripti ilable in application note AN-211.
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LM10/LM10B(LYLM10C(L)

Typical Applications T

hv regulator protected hv regulator
260V < Vi < 350V
Vin > 204V |
< 20k |
RS S SRS
100k S ) (Y} om
_R2 ) o 2N3438
Vour * 27 Vaer 2N3438
o
2N6513
D2 o
0 a7 foviad o5
N4s? 1N4002
08
D2 R7
e 1N457 ‘7A5||‘ e 1N4002
W )
3 [ S
26513 M SR 2222
> > 2k P4 R3
<R3 <
Sk >1.2
<
Vour =200V
Vour = 260V
mA < loyr < 150 mA
2 -t
[ M - ") s B
—te 1 L4 —y— 1000 pF TN
oo e S crdem 12
I 200 pF A SLM
COMMON 50k %
VW GND
flame detector light level sensor
v
5V
PLATINUM* -
RHODIUM
PROBE -
TOMOS OR
TTLLOGIC
Rl
200 <
*800°C threshold is established by connecting balance to V. = R1 <
200k §
* provides hysteresis
remote amplifier remote thermocouple amplifier
R31 t
13K ';57&
R2 1% 9
10M v e o
MV 5V @ VW +
) M134
7
\ b 1. 5 V< Vour S0V
R1 - 200°C < T, < 700°C
A1 ] 715
LM10 — 1% 6 1 span trim
s Vour ) Ttevel shift trim
Kl 1 *cold-junction trim
g L =
L S 3 = CHROMEL f
VIBRATION Sa S = ALUMEL
SENSOR E_:[_Z $im 1 PROBE ! 182
X4 RS
= 10 S %
1% 1%
AA -
VW _
R2*
120
%
M Gircuit descripti ilable in application note AN-211.
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Typical Applications 11

transmitter for bridge sensor

4 > R2
b <
' 3 3 I o 3
> > 100k s )
| 1 L 3
AAA
VA~ - ;
| | >
Vaer ' Vin I 13\:
| L AAA 3, .
—VWv f - B |
<
I | 3 180k >O<__ our
> b < 1%
> S y
b < R5 ¢ SR
l $ 3 ' 10 S Q 800k 4
< < 1% < 1% w s
L J S w
L ——— my
1% b
AAA
- AA A4
nss:snvs_j
BRIDGE
ision th |
pr ther tr
> R2 R3
<
< 383k Q 3a2
0ave 4 g% W 7 .
PLATINUM Tm
RHODIUM
PROBE . 2 . :
- 13.3k LM10 7 —\zm“n
1% 3
AN f
VW
R12S ¢
S
1[ LEVEL SHIFT
RS & m b n
<
%3, 4% g
» 1% <cown 1%1 3w . N
4 >
p3 o <L“' ) oot
SHx » 10k & 120k
" 1% > 15 & R0
10mA < loyr < 50mA 3
500°C < Tp < 1500°C %
> A6
<
>
QS
<
*gain trim
SOURCE optical pyrometer

resistance thermometer transmitter

Vour
>
< R
> L L
< R1 <
< & R2
T Circuit descripti ilable in note AN-211.

IRPASS é*& IRSTOP
n x _qr

03
1Na57
mﬂ‘L
165k Q@
% <& P
3
N
Al 6
LM10
2| 8
14 SRS
>
Q102
< 1%
a1 ) @ ‘t R4
1228281 1/2 283811 < f;
QR omt*
Q4 Q2
1% 1%

SO (o

11" Level-shift trim
*Scale factor trim
T Copper wire wound
TmA<lour<SmA

|
0015 ;<100
D1
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LM10/LM10B(LYLM10C(L)

Typical Applications '

thermocouple transmitter

* +
r -
lour
Rl
ns
1%
+
CHROMEL
ALUMEL
PROBE
200°C < T, < 700°C
{ 1 mA < louy <5mA
R3
g 2% 1 gain trim
%
w2 LEVEL
> SHIFT
0 R4 < i
1% < 009
coLo é
auncrion 71
comP
RS b3T
0P P &1
* -

battery-level indicator

+
R1< <She
> >
680k S S
Ve =8V
4
A
LED dims below 7V

single-cell voltage monitor

H Gircuit descripti ilable in application note AN-211.

logarithmic light sensor

°
D1 <
> R3tt
1N457 :’ 120k _
3
Y % N
02
Al L]
[ Lm1o f
2 8
=0 om
oo S
1% T -
ar’ \| ) >OC__ lour
2N3811
> RS
—teCl <
0,001 ] S %
. 1mA < lgur < 5mA
R2 ‘: Ret* 150 A < 1p < 500 LA
49 b4 T1Center seale trim
" 9% 1Scale facter trim
*Copper wire wound
battery-threshold indicator
r—— +
S 2
1» 200k
Ve =6V
Iy =5 mA
)
VW
A
>
b 4
> 10k 47
double-ended voltage monitor
° v
B4 L
4
A2 :’ o O Cd
13M
v V' = 15V
Ven =8V
20uF
flash rate incrasses
sbove BV and below 15V
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Typical Applications LU

meter amplifier

thermometer

A1
:: 715
Q™ VWA

R3*

732 >
ent % SR
sk pJED
<%

VE> v

0-100°C
0-100 A

* trim for span
Tirim for zero

+ 1Vt gay

0-200 .A

R R2
100k 85M
% 1%
_ AAA AAA
VWA VWV
INPUT
10mV, 100 nA 2
FULL-SCALE > - ,
A1 8 s st
0 02 ‘:RZ Lm10 s LM134
1N457 5T Som 5 ‘: RS H e
&8k —
8 0.8 1% - 15V
+ _ . D
> >
ShRe R5 ‘N_l
>
me S xS
% O
light meter
>
4
>
<
LM114
]
4
A7 (m
7.5k
1%
AAA
W
1< < 108 R8 Q
= = <
¥ Vzeno @ X 25 Q
LA 0 %
)
microphone amplifier
Vs
15V
* max gain trim
M Circuit descripti ilable in application note AN-211.
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LM10/LM10B(LYLM10C(L)

Typical Applications L4

isolated voltage sensor

FROM
REGULATED
ouTPUT

T controls “loop gain”
* optional frequency shaping

light-level controller

FEEDBACK TO
SWITCH
5 CONTROLLER

With heavy amplifier loading to V™, resistance drops in the V™ lead can
fi ircuitry should be d as close as possible to the package.

RS
10k
w
=Y
A
M5 Vae
> >
R3< She
S ,::‘, Sin 02
. Y sT2
2N4991 A
1
TRIAC RES A
%S TU.JBLAF
T Circuit descripti ilable in application note AN-211.
. Application Hints
y affect reft lation. Lead can h 152, Th , the

to the
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LM10/LM10B(LYLM10C(L)

Reference and Internal Regulator

s
REFERENCE
FEEDBACK
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Definition of Terms

Input offset voltage: That voltage which must be applied
between the input terminals to bias the unloaded output
in the linear region.

Input offset current: The difference in the currents
at the input terminals when the output is unloaded
in the linear region.

Input bias current: The absolute value of the average
of the two input currents.

Input resistance: The ratio of the change in input
voltage to the change in input current on either input
with the other grounded.

Large signal voltage gain: The ratio of the specified
output voltage swing to the change in differential
input voltage required to produce it.

Shunt gain: The ratio of the specified output voltage
swing to the change in differential input voltage required
to produce it with the output tied to the vt terminal
of the IC. The load and power source are connected
between the V' and V~ terminals, and input common-
mode is referred to the V_ terminal.

Common-mode rejection: The ratio of the input voltage
range to the change in offset voltage between the
extremes.

Supply-voltage rejection: The ratio of-the specified
supply-voltage change to the change in offset voltage
between the extremes.

Line regulation: The average change in reference output
voltage over the specified supply voltage range.

Load regulation: The change in reference output voltage
from no load to that load specified.

Feedback sense voltage: The voltage, referred to V_,
on the reference feedback terminal while operating
in regulation.

Reference amplifier gain: The ratio of the specified
reference output change to the change in feedback
sense voltage required to produce it.

Feedback current: The absolute value of the current
at the feedback terminal when operating in regulation.

Supply current: The current required from the power
source to operate the amplifier and reference with
their outputs unloaded and operating in the linear
range.

(MO0LNTAT)G0HNT/OLINT
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LM11/LM11C/LM11CL

National
Semiconductor

Amplifiers

LM11/LM11C/LM11CL Operational Amplifiers

General Description

The LM11 is a precision dc amplifier combining the best
features of existing bipolarand FET op amps. Itis similarto
the LM108A, except that input currents have been reduced
by more than a factor of ten. Offset voltage and drift have
also been improved.

Compared to FETs, the device provides inherently lower
offset voltage and offset voltage drift, along with at least
an order of magnitude better long-term stability. Low fre-
quency noise is also somewhat reduced. Bias current is
significantly lower even under laboratory conditions, and
its low drift makes compensation practical. Offset current
is almost unmeasureable. Although not as fast as FETSs, it
does have a much lower power drain. This low dissipation
has the added advantage of eliminating warm up time in
critical applications.

Typical characteristics for 25.°C ( ~55°C to 125°C) are:
* offset voltage: 100 uV (200 uV)

e bias current: 25 pA (65 pA)

o offset current: 0.5 pA (3 pA)

o temperature drift: 1uV/I°C

o long-term stability: 10 uV/year

The LM11isinternally compensated, but external compen-
sation can be added for improved frequency stability, par-
ticularly with capacitive loads. Offsetvoltage balancing is
also provided, with the balance range determined by a low-
resistance potentiometer.

Otherwise, the device is the electrical equivalent of the
LM108, except that the negative common-mode limit is
0.6V less, performance is specified down to + 2.5V and the

- guaranteed outputdrivehasbeenincreasedto + 2mA.The

input noise is somewhat higher, but amplifier noise is
obscured by resistor noise with higher source resistances.

This monolithic IC has obvious applications as electro-
meter amplifiers, charge integrators, analog memories,
low frequency active filters or-for frequency shaping in
slow servo loops. It can be substituted for existing circuits
to provide improved performance or eliminate trimming
operations. The greater precision can also be used to ex-
tend the dynamic range of logarithmic amplifiers, light
meters and solid-state particle detectors.

The LM11 is manufactured with standard bipolar proces-
sing using super-gain transistors.

Connection Diagrams
metal can*

BAL:\lVW

INPUTS

TOP VIEW

Order Number LM11H, LM11CH, or LM11CLH
See NS Package H08C

mini-DIP

(O

— 7] onance
= o}

E ovms
[

Order Number LM11CN or LM11CLN
See NS Package N08B

INPUTS

3 COMPENSATION

duakin-line package

J

i & [@e
saLance [ 7] E NC
cuArnt|3 E BALANCE

~ ol}
INPUTS
E + E ouTPUT

suarp’ E 3 COMPENSATION

I ol
TOP VIEW

Order Number LM11D, LM11CD, or LM11CLD
See NS Package D14E

Order Number LM11CN-14 or LM11CLN-14
See NS Package N14A

* case connectedtoV ™
t guard pins have no internal connection
pin connections shown on schematic diagram and for typical applications

are for metal can or mini-DIP.
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Absolute Maximum Ratings

total supply voltage 40V
input current (note 1) . +10mA
power dissipation (note 2) 500 mW
output short-circuit duration (note 3) indefinite
storage temperature range -65°Cto150°C
lead temperature (soldering, 10 seconds) 300°C

Electrical Characteristics (1,=25°C, Tyn<T,< Tyax note 4)
(Boldface type refers to limits over temperature range.)

" t ) diti LM11 LM11C LM11CL it
parameter conditions typ lim typ fim | typ lim units
input offset voltage note 4 0.1 0.3 0.2 06 | 05 5 mV
0.6 0.8 6 mV
input offset current note 4 0.5 10 1 10 4 25 pPA
i 30 20 50 pA
input bias current note 4 25 50 40 100 | 70 200 pA
150 150 300 pA
“input resistance note 4 oM 101 oM Q
offset voltage drift note 4 1 3 2 5 3 uvi°C
offset current drift TinS T < Tmax 20 10 50 fA/°C
bias current drift TmiNST K Tmax 0.5 1.5 0.8 3 1.4 pA/°C
large signal voltage gain Vg 15V, lgyr= £2 mA 300 100 300 100 | 300 25 | VImV
Vour= = 12V (£ 11.5V) 50 50 15 | VimV
Vg= 215V, lgyr= £ 0.5 mA 1200 250 1200 250 | 800 50 | VImV
Vour= 12V 100 100 30 | VimV
common-mode rejection =13V (= 12.5V)sVy<14V 130 110 130 110 | 110 96 dB
Vg= =15V : 100 100 90 dB
supply-voltage rejection +2.5V<Vg< = 20V 118 100 118 100 | 100 84 dB
B $6 $6 80 dB
supply current note 4 0.3 0.6 0.3 08 | 03 0.8 mA
o 0.8 1 1 mA
output short-circuit current | T;=150°C +15 mA
note 1: The inputs are shunted with back-to-back diodes for over ge pi ion. Theref ive current will flow if a differential input voitage in

excess of 1V is applied between the inputs unless some limiting resistance is used. In addmon a2 kQ minimum resistance in each input is advised to avoid
possible latch up initiated by supply reversals.

note 2: The maximum operating-junction temperature is 150 °C for the LM11 and 85°C for the LM11C(L). Devices must be derated based on package ther-
mal resistance (see physical dimensions).

note 3: Current limiting protects the output when it is shorted to ground or any voltage less than the supplies. With i 18 overloads, kage di
tion must be taken into account and heat sinking provided when necessary.

note 4: These specifications apply for V= +2V (2.5V)€Vp <V + -1Vand x 2.5VEVg< + 20V, unless otherwise specified. Normal typeface indicates 25°C
limits. Boldface type indicates limits for tull. p range operation. This is -55‘C<TJ<125 °C for the LM11 and 0°C<T;<70°C for the LM11C(L).
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LM11/LM11C/LM11CL

Typical

INPUT BIAS CURRENT (pA)

OFFSET VOLTAGE DRIFT (uV/°C)
]

COMMON-MODE LIMIT (V)
~

-50 0 50

SATURATION VOLTAGE (V)

Characteristics

input bias current

sabvvgzaw

Lm\c& LM11CL

\\‘

0N
-

m11

100 150

TEMPERATURE (°C)

drift: single source resistor
(unbalanced)

TmiN €T3 S TMAX
s MAXIMUM
= e = TYP!CAL

,//
///
Vo v,
//V
Lunc/’//

1//

M1 /,
-v’r
108 107 108
SOURCE RESISTANCE (Q)

109

common-mode limits
g+

T
POSITIVE

I

125V < Vg <20V
avgg<iduv

—

=

NEGATIVE

v

100
TEMPERATURE (°C)

150

output saturation threshold

%

T T T
£2.5V < Vg < #15V
AVgg = 10UV |
AVgg =20 uV (125°C)

e =t
=
[ [ [ zv]
[ 1 2 3 4
LOAD CURRENT (tmA)

INPUT OFFSET CURRENT (pA)

z)

COMMON-MODE REJECTION (dB) NOISE VOLTAGE (nV/,

SUPPLY REJECTION (dB)

o

-50 0 50

500

140
120
100
80
60

40

20 \

120
100
80
60
40

20

input offset current

25V < Vg < 20V

190 160

TEMPERATURE (°C)

input noise

T,=25C

I, CURRENT
-

VOLTAGE
|
10 100 1k 10k

FREQUENCY (Hz)

common-modevro]ectlon

1 1
Vg = £15V
M ]
\ AVos <100V

CMRR

AS
A

N

1 10 100 1k 10k ™

FREQUENCY (Hz)

100k

supply rejection

N
N

N

\ N\ | NEGATIVE

N suPpPLY
N\

FDSITIVN~\
SUPPLY \\

10 100 1k 10k 100k 1M

FREQUENCY (Hz2)

™

20

100k

10

0.01

(2H/MVI) INIBHND ISION

(d-4A) LINIT MITS 300W-NOWWOD

INPUT NOISE VOLTAGE (uV)

INPUT QFFSET VOLTAGE (mV)

- VOLTAGE GAIN (d8)

SUPPLY CURRENT (yA)

offset: single source resistor
(unbalanced)

100
s Ty=25°C
0 MAXIMUM /
20 | == === == TYPICAL
1 /7
5 Lo 7
/7
, //
10 fumie ///,/
-
05 e
—_— 7”7
02 ML
pd
0.1
108 w0’ 108 10f
SOURCE RESISTANCE (Q)

20

140

130

120

10

100

400

300

200

0 100

input noise

fmax =1 Hz
LR =100 kR
T)=25

ndn,

w

200 300 400

TIME (s)

large signal voitage gain

1< 0.4 Hz
Vsar = 1.5V
RL22Vg (k) .
'/
-65°C 2
=
By 4]
7Yy P
o~
l/ P3N
T 125°¢C
L4
0 4 8 12 18
SUPPLY VOLTAGE (V)
supply current
- - 125°C
n—25°C
— o o _5§°C
» ot
N4
T
1 10 100

SUPPLY VOLTAGE (V)
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Typical Characteristics (continued)

open loop response
120

100

follower final settling time

inverter final settling time
100

B aoh\ I 180 SLEW DELAY: SLEW DELAY:
100 A\, I POSITIVE STEP: 70ps X POSITIVE STEP: 70 s
NI cam = \ NEGATIVE STEP: 60us s X NEGATIVE STEP: 50 us
g w AN 5 Avgyr =20V E avoyr =2V
= NN = m 1w Ry = Ry = 20k = 1 = Ry
E] AAN E ] Vg =£16V e =
S 60 NN PSR B =
w N, — 90 ™ = 2
< ‘\ 7 - =3 >
> >
< a0 N >
= AN N 2 3 =1
g 5, NN 5= £ ! g ! =
N\ \\ w w N
AN
0 | eee— gz =0 N N 0 \\
= o === (¢ = 1000 pF
-20 01 0
0.1 1 10 100 1k 10k 100k 1M 0 10 20 30 40 50 L] 2 4 6 8 10
FREQUENCY (Hz) TIME (us) TIME (us)
slew rate stability with over-compensation closed loop output impedance
1 20 -y 10 1
i -3mA <1 <3ImA ~ lgyT=*1mA -
)i il Ay =+ "4 7z 1" _
i i T - x = 100 -
= il e 117 L palhl
;1 ™ e 1000 pF, 0 > o4 7/
w |” 2 s 12 % nf 7
= = P / ] D w Ay =1
o1 )2 5 100 pF, 4.7k v
= ok SR s . D gz
w - B > F
@ i > H § J 1A N s //
=]
3. N 5 ﬂ]\\ =) ‘/ N\ < g o1
TN 12 , %
cB \ / /
T m \ Iﬂl 0.01 uF, 1500 pF//22k——
0.01 = o lel L L L 1| 0.01
10 100 1k 10k 10710 10-9 10-8 107 1078 105 10 100 1k 10k 100k 1M 10M

EXTERNAL COMPENSATION CAPACITOR (pF)

Application Hints

When working with circuitry capable of resolving
picoampere level signals, leakage currents in circuitry ex-
ternal to the op amp can significantly degrade perfor-
mance. High quality insulation is a must (Kel-F and Teflon
rate high). Proper cleaning of all insulating surfaces to
remove fluxes and aother residues is also required. This in-
cludes the IC package as well as sockets and printed cir-
cuit boards. When operating in high humidity environ-
ments or near 0°C, some form of surface coating may be
necessary to provide a moisture barrier.

The effects of board leakage can be minimized by encir-
cling the input circuitry with a conductive guard ring
operated at a potential close to that of the inputs. For
critical applications, dual-in-line packages are available
that include input guard pins. With the ceramic package,
the floating metal lid is best connected to the guard. This
might be accomplished with a dab of conductive paint.

Electrostatic shielding of high impedance circuitry is
advisable.

Error voltages can also be generated in the external cir-
cuitry. Thermocouples formed between dissimilar metals
can cause hundreds of microvolts of error in the presence
of temperature gradients. The most troublesome thermo-
couples are the junction of the IC package and the printed

CAPACITIVE LOAD (F)

FREQUENCY (Hz)

circuit board (35 uV/I°C for copper-kovar) and internal
resistor connections. Problems can be avoided by keeping
low level circuitry away from heat generating elements.
Mounting the IC directly to the PC board while keeping
packageleads short and the input leads closetogethercan
also help.

With the LM11 there is a temptation to remove the bias-
current-compensation resistor normally used on the non-
inverting input of a summing amplifier. Direct connection
of the inputs to ground or a low-impedance voltage source
is not recommended with supply voltages greater than
about 3V. The potential problem involves reversal of one
supply which can cause excessive current in the second
supply. Destruction of the IC could result if the output cur-
rent of the second supply is not limited to about 100 mA or if
there is much more than 1 uF bypass on the supply buss.

Just disconnecting one supply will generally involve rever-
salbecause of loadingtothe other supply both withinthelC
and in external circuitry. Although difficulties can be large-
ly avoided by installing clamp diodes across the supply
lines on every PC board, a conservative design would in-
clude enough resistance in the input lead to limit current to
10 mA ifthe input lead is pulled to either supply by internal
currents. This precaution is by no means limited to the
LM11.
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LM11/LM11C/LM11CL

input guarding

Input guarding can drastically reduce surface leakage.
Layout for metal can is shown here. Guarding both sides of
board is required. Bulk leakage reduction is less and
depends on guard ring width.

ouTPUT \ 7 1,
]

COMPENSATION @ §

GUARD

BOTTOM VIEW

Guard ring is connected to low impedance point at same
potential as sensitive input leads. Connections for various
op amp configurations are shown here.

R
INPUT —=AAA- AN

ol
]
M1 P QUTPUT
3
A\
R3
o
]
wn P QUTPUT
INPUT 3 +

1 T2
AMA
VWA

w1t b quTPUT

input protection

Current is limited by R2 even when input is connected to
voltage source outside common moderange. If one supply
reverses, current is controlled by R1. These resistors do not
affect normal operation.

e OUTPUT

Input resistor controls current when input exceeds supply
voltages, when power for op amp is turned off or when out-
put is shorted.

R1 ouTPUT

INPUT

balancing and over-compensation

Over-compensation will improve stability with capacitive
loading (see curves). Offset voitage adjustment range is
determined by balance potentiometer resistance as in-
dicated in the table.

>
b3 c2
b3

I tsee stability with
= over-compensation curve
min. adj R
range
=5mV 100 kQ
*2 10k
+1 3k
+0.8 3k
0.4 1k
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resistance multiplication

Equivalent feedback resistance is 10 GQ, but only standard
resistors are used. Even though the offset:voltage is
multiplied by 100, output offset is actually reduced
because error is dependent on offset current rather than
"bias current. Voltage on summing junction is less than
5mV.

R2 Ra*
100M 9.9k
1% 1%

Ri=R2 (1 + EC_&
R4,
R2>>R3 /R4
* gain trim

AAA
vV

Follower input resistance is 1 GQ. With the input open, off-
set voltage is multiplied by 100, but the added error is not
great because the op amp offset is low.

AAA

Vin

—AAA
| A

This circuit multiplies RC time constant to 1000 seconds
and provides low output impedance.

7="1C Ra 1Ry
R3

R1+
R3

R3
avout= (IBR2+Vos)

A high-input-impedance ac amplifier for a piezoelectric
transducer. Input resistance of 880 MQ and gain of 10 is
obtained.

_L +
At L]
s e ouTPUT
I 16
4 S2m s
- 1 Sas
Tuyr S 27m
AAA AAA
VWA VW
R3 R4
Rz 510 182
15k & %
%
- R3 + R4
L A = R1 [, B2 Av=R2+ 3+
R2+R3

cable bootstrapping

Bootstrapping input shield for a follower reduces cable
capacitance, leakage and- spurious voltages from cable
flexing. Instability can be avoided with small capacitoron
input.

With summing amplifier, summingnodeis atvirtual ground
so input shield is best grounded. Small feedback capacitor
insures stability.

p—QUTPUT
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LM11/LM11C/ILM11CL

differential amplifiers

This differential amplifier handles high input voitages. Two op-amp instrumentation amplifier has poor ac com-
Resistor mismatches and stray capacitors should be mon mode rejection. This can be improved at the. ex-
balanced out for best common-mode rejection. pense of differential bandwidth with C2.
[ ' RE*
R1
VeM(MAX) = = VOUT(MAX) " "
R3 . b ™
R3 A A
Ay=— VWA VWA
v R1 u’a‘.‘u
% 2.
i 4 oumr L= ournr
A#v;;.v o
|=*ﬂ : I .02 ul
A - L=
mc:: T Lﬂ ast INPUTS
A» 500k Vg= 215V * gain set
t trim for dc CMRR t trim for dc CMRR
< $ trim for ac CMRR fo=10 Hz

High gain differential instrumentation amplifier includes input guarding, cable bootstrapping and bias current compensa-
tion. Differential bandwidth is reduced by C1 which also makes common-mode rejection less dependent on matching of in-
put amplifiers.

Y
L3 a
0
>
2 $hs
S S
> >
RIS g S ratt
NPUTS a " me 3 b— outeuT
22084
40
<
> 10 A7t
1t current zero 1%
t voltage balance
* gain =
© t dc CMRR
**ac CMRR

For moderate-gain instrumentation amplifiers, input amplifiers can be connected as followers. This simplifies circuitry, but
A3 must also have low drift.

R2

VWV

2 "
INPUT - , R1=R3; R2=R4
A3
i ouTPUT Ay= R2
2 R1

ttrim for dc CMRR
$set for ac CMRR
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bias current compensation

Precise bias current compensation for use with
unregulated supplies. Reference voltage is available for
other circuitry.

INPUT

voltmeter

This circuit shows how bias current compensation can be
used on a voltage follower.

p—OUTPUT

High input impedance millivoltmeter. Input current is proportional to input voltage, about 10 pA at full scale. Reference

could be used to make direct reading linear onmmeter.

1]
28222

T
[
<

>
AR

p

<

‘m

*1x scale calibrate
13x scale calibrate

(]
A13
5
o 02 S st
457 A was? L+t ;» 15k 125k
100 A

$ includes reversing switch imv 0.y

w
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LM11/LM11C/LM11CL

ammeter

Current meter ranges from 100 pA to 3 mA full scale. Voltage across input is 100 xV at lower ranges rising to 3 mV at 3 mA.
Buffers on op amp are to remove ambiguity with high-current overload. Output can also drive DVM or DPM.

RANGE

t1x scale calibrate
*3x scale calibrate
$ includes reversing switch

>
<
QS
< +
c1 v
/7 30 pF
l1 [
11 2N2219
RE
10k
~ 2z
MA- - RS
a2 Al L] A z'A
(L] v
08 3 .
AMA—eH +
77 7 (%]
Verr 2N2905
BAI
vt v

current source

Precision current source has 10 xA to 10 mA ranges with output compliance of 30V to —5V. Output current is fully ad-
justable on each range with a calibrated, ten-turn potentiometer. Error light indicates saturation.

ON/OFF

REVERSE

[og

>
< R1
<
b3 39Kk

ERROR/
BATTERY
0K

:

BATTERY
TEST

9V
(>5.4v)

R X
100
1%
A RANGE
W <
g
a 1k
\ G 2N4250 1%
S—AAA~—O
>
< RS
> R14
<
> 7.5 ' yom

QUTPUT

* calibrate range
tselect for Icgo <100 pA

100A
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fast amplifiers

These inverters have bias current and offset voltage of
LM11 along with speed of the FET op amps. Open loop
gain is about 140 dB and settling time to 1 mV about 8 us.
Overload-recovery delay can be eliminated by direct
coupling the FET amplifier to summing node.

A1

10k
INPUT ——AAA

T webeme

AA

160 pF ==y= > 3¢ ':m AT 047 uF
2 \ 1
> 5
SR A2
:: ™" LF351 ouTPUT
3
. f D1

R1

10k
INPUT =AAA

1 =t
500 pF ==

b— ouTPUT

AA

This 100x amplifier has small and large signal band-
width of 1 MHz. The LM11 greatly reduces offset voltage,
bias current and gain error. Eliminating long recovery
delay for greater than 100% overload requires direct
coupling of A2 to input.

b— ouTPUT

Follower has 10 us setting to 1 mV, but signal repetition
frequency should not exceed 10 kHz if the FET amplifier
is ac coupled to input. The circuit does not behave well if
common-mode range is exceeded.

heater control

Proportional control crystal oven heater uses lead/lag
compensation for fast settling. Time constant is changed
with R4 and compensating resistor R5. If Q2 is inside
oven, a regulated supply is recommended for 0.1°C con-
trol.

C5

AR
"
1
>
<
.';:4: A1 ci* czt
St g1} aTuF 0.AF
1% | Hip
v‘v‘v
+ | ]
» 0.1 4F
22m at
Ny 2N »—' |—<
unsiz A MWV - { N2z
A1 8
RS [T
2M 3 “
A—e- + w
2n4g18
2o 4
2003 :
%
ng:’x’ 1 © ca
Py 3 0.01 4F . 0.001 uF
20k < Hig
TEwPSET 8
®5°C)

* solid tantalum
1t mylar
} close thermal coupling between sensor and oven shell is recommended.
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LM11/LM11C/LM11CL

leakage isolation
Switch leakage in this sample and hold does not reach storage capacitor.

SAMPLE

* polystyrene or Telfon
trequired if protected-

ouTRIT gate switch is used

A peak detector designed for extended hold. Leakage currents of peak-detecting diodes and reset switch are absorbed
before reaching storage capacitor.

P QUTPUT

t required if Q1 has gate-
protection diode

* polystyrene or Teflon

c4
300 us min single puise 1000 pF
200 us min repetitive puise

300 Hz max sine wave error<5 mv a2 'n.s‘

=t

Reset is provided for this integrater and switch leakage is standard-cell buffer
isolated from the summing junction. Greater precision

can be provided if bias-current compensation is included. Battery powered buffer amplifier for standard cell has

negligible loading and disconnects cell for low supply
voltage or overioad on output. Indicator diode ex-

23 tinguishes as disconnect circuitry is activated.
mrur—vl\'h—q Y- ' +
At U l <ni
i —oumm ulm:/ ::
L ouTPUT
- :: CELL
e o " v:A'av +
3N S VuF
u_a _N_¢ - ™
ara*
:: ntt -4 283600
& 10k b
I m T
L
>
= L 4] T
:h 10k "
. 011.{1_ L4 M
w6 Sin %
* polystyrene or Teflon | 1
t required If protected-gate P RESET

switch is used I I

* cannot have gate protection diode; VT>Vout
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logarithmic amplifiers

Unusual frequency compensation gives this logarithmic converter a 100 us time constant from 1 mA down to 100 »A,
increasing from 200 us to 200 ms from 10 nA to 10 pA. Optional bias current compensation can give 10 pA resolution
from —55°C to 100°C. Scale factor is 1V/decade and temperature compensated.

-
10 pA-1 mA

R12 :,
5.1k
<

511k
>
s1M 1%
1

VWA

a. Set R11 for VoyT =0 at Ijy =100 uA

® ot
3N b set A8 for VouT =3V at Iy =100 yA
c. Set R3 for Vout= -4V at Iy =10 pA
t 3300 ppM/°C. Type Q209 available
= from Tel Labs, Inc., Manchester, N.H.

Light meter has eight-decade range. Bias current compensation can give input current resolution of better than

+ 2 pA over 15°C to 55°C.

R15
10k

N

—i 1

L

[k}
2N4250

o
0.1 uF -I
:: R14 :: RE
b o
:: R2
QW
[V
2Na250
SRy =
a Sum 4
2N2484
RS
L, 10m
- R4 S e AAA-
100k § [_ v
= " 1
01 &
10 pA-1mA

R17 R1g**
750 3.6k

0-100 uA

+

v -

t V1=0@ly=100 nA
t Vi=-0.24V@l)y=10 pA
* M1=0@l)Ny=10 pA
**M1=fg@lN=1mA
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LM11/LM11C/LM11CL

Schematic Diagram

BALANCE COMPENSATION
s b s o 1

>
S RIS
> 1.4k

-‘?: e
Bl

Tazr

as \
>
>

<
L ’ >
2 . e
9 80K L
a1 ouTPuT
INPUTS. )—Km
n:n} >—-—(

[xx)

a1

=

I 'F]
S |7

iy

>

v o

<

S R12 R14
& 50% 700

Definition of Terms

Input offset voltage: That voltage which must be applied Common-mode rejection: The ratio of the input voitage
between the input terminals to bias the unioaded outputin  range to the change in offset voltage between the
the linear region. extremes.

Input offset current: The difference in the currents at the = Temperaturedrift: The changeofaparametermeasuredat
input terminals when the output is unloaded in the linear 25°C and either temperature extreme divided by the
region. temperature change.

Inputbias current: Theabsolutevalueoftheaverageofthe -~ Supply-voltagerejection: Theratioofthespecifiedsupply-
two input currents. voltage change (either or both supplies) to the change in

Input resistance: The ratio of the change in input voltage offset voltage between the extremes.

tothechangeininput current on eitherinput with theother  Supply current: The current required from the power
grounded. source to operate the amplifier with the output unloaded

Large signal voltagegain: Theratioofthe spéecified output and operating in the linear range.

voltage swing to the change in differential input voltage
required to produce it.
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National
Semiconductor

Amplifiers

LM146/LM246/LM346 Programmable Quad Operational

Amplifiers
General Description

The LM146 series of quad op amps consists of four
independent, high gain, internally compensated, low
power, programmable amplifiers. Two external resistors
(RSeT) allow the user to program the gain bandwidth
product, slew rate, supply current, input bias current,
input offset current and input noise. For example, the
user can trade-off supply current for bandwidth or
optimize noise figure for a given source resistance. In a
similar way, other amplifier characteristics can be
tailored to the application. Except for the two program-
ming pins at the end of the package, the LM 146 pin-out
is the same as the LM124 and LM 148.

Features (iset=104A)

Programmable electrical characteristics
Battery-powered operation

Low supply current 350 uA amplifier
Guaranteed gain bandwidth product 0.8 MHz min
Large DC voltage gain 120 dB

Low noise voltage 28 nV/\/Hz
Wide power supply range +1.5V to 22V
Class AB output stage—no crossover distortion

Ideal pin out for Biquad active filters

Input bias currents are temperature compensated

9YEINT/9YCINT/OVLINT

Connection Diagrams (Dual-In-Line Packages, Top Views)

2 115
4 1
V' — }—.v“
=l H=
6 b C Il
7 10
8 3
A SETC

LM146

Order Number LM146J, LM246J or LM346J
See NS Package J16A

Order Number LM246N or LM346N
See NS Package N16A

Schematic Diagram

)

PROGRAMMING EQUATIONS

Total Supply Current = 1.4 mA (IggT/10 kA)
Gain Bandwidth Product = 1 MHz (IggT/10 nA)
Slew Rate = 0.4V/us (IggT/10 pA)

Input Bias Current ~ 50 nA (IggT/10 nA)

ISET = Current into pin 8, pin 9 (see schematic-
diagram)

vt _v— o6V

ISET =
RSET

>

Q16

O V*(8)

+IN

VVv

lDUT

C
6o TO OTHER
v v 11 [l1E f‘; . 0P AMPS
EPRE R
6
PA¥os '
a7 N
1 as
a0 }—¢
3 [ a1 a7
>
R2 €
1k 4:

v 3
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LM146/LM246/LM346

Absolute Maximum Ratings (Note 1)
LM146 LM246 LM346
Supply Voltage 22V 18V +18V
Differential Input Voltage (Note 1) 30V 30V 30V
CM Input Voltage (Note 1) +15V +15V +15V
Power Dissipation (Note 2) 900 mW 500 mW 500 mW
Output Short-Circuit Duration (Note 3) Indefinite Indefinite Indefinite
Operating Temperature Range -55°C to +125°C —25°C to +85°C 0°C to +70°C
Maximum Junction Temperature 150°C 110°C 100°C
Storage Temperature Range -65°C to +150°C -65°C to +150°C —65°C to +150°C
Lead Temperature (Soldering, 10 seconds) 300°C 300°C : 300°C
Thermal Resistance (6ja), (Note 2)
Cavity DIP (D) (J) Pgq 900 mW 900 mW 900 mW
6iA 90°C/W 90°C/W 90°C/W
Molded DIP (N) Pd 500 mW
6iA 140°C/W
DC Electrical Characteristics (vs=z:15v, IseT=10uA, Note 4)
S
PARAMETER CONDITIONS L1468 LM2%G/LMeS UNITS
o MIN TYP MAX MIN TYP MAX
Input Offset Voltage VCM =0V, Rg < 50 2, TA = 25°C 0.5 5 05 6 mV
Input Offset Current VM =0V, Ta =25°C 2 20 2 100 nA
Input Bias Current Vem =0V, Ta = 25°C 50 100 50 250 nA
Supply Current (4 Op Amps) | Ta = 25°C 1.4 2.0 1.4 2.5 mA
Large Signal Voltage Gain RL =10k, AVoyT = *10V, 100 1000 50 1000 V/mV
Ta=25°C
Input CM Range Ta=25°C 135 | t14 135 | 14 \
CM Rejection Ratio Rs < 10k, TA = 25°C 80 100 70 100 dB
Power Supply Rejection Rg < 10k, Ta =25°C 80 100 74 100 dB
Ratio
Output Voltage Swing RL> 10k, Ta =25°C *12 +14 +12 +14 v
Short-Circuit Current Ta=25°C 5 20 30 5 20 30 mA
Gain Bandwidth Product Ta=25C 0.8 1.2 0.5 1.2 MHz
Phase Margin Ta=25°C 60 60 Deg
Slew Rate Ta=25°C 0.4 0.4 V/us
Input Noise Voltage f=1kHz, Tp = 25°C 28 28 nV/A/Hz
Channel Separation RL =10k, AVouT =0V to 120 120 dB
12V, Ta=25°C
Input Resistance Ta=25°C 1.0 1.0 M
Input Capacitance Ta=25°C 2.0 2.0 pF
Input Offset Voltage VeM =0V, Rg< 50 9 0.5 6 0.5 7.5 mV
Input Offset Current vem =0V 2 25 2 100 nA
Input Bias Current vVem =0V 50 100 50 250 nA
Supply Current (4 Op Amps) 1.5 2.0 1.5 2.5 mA
Large Signal Voltage Gain RL =10k, AVoyT =10V 50 1000 25 1000 V/mV
{nput CM Range +13.5 +14 +13.5 +14 \"
CM Rejection Ratio Rg <508 70 100 70 | 100 dB
Power Supply Rejection Rg <50 2 76 100 74 100 d8
Ratio
Output Voltage Swing RL > 10kQ +12 +14 12 14 \%
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DC Electrical Characteristics (vs=z+15v, 1geT=10A)

PARAMETER CONDITIONS LM146 LM246/LM48 UNITS
MIN TYP MAX MIN TYP MAX
Input Offset Voltage Vem =0V, Rg< 50 Q, 0.5 5 0.5 7 mV
Ta=25°C
Input Bias Current VoM =0V, Ta = 25°C 75 20 7.5 100 nA
Supply Current (4 Op Ta=25°C 140 250 140 300 HA
Amps)
Gain Bandwidth Product Ta=25°C 80 100 50 100 kHz
DC Electrical Characteristics (vs=+1.5v, iseT = 1044)
PARAMETER CONDITIONS _LM146 LM246/1 M348 UNITS
MIN TYP MAX MIN TYP MAX
Input Offset Voltage Vem =0V, Rg <509, 0.5 5 0.5 7 mvV
Ta=25°C '
Input CM Range Ta=25°C +0.7 +0.7 v
CM Rejection Ratio Rg <560, Ta=25C 80 80 dB
Output Voltage Swing RL> 10k, Ta =25°C 0.6 0.6 \

Note 1: For supply voltages less than £15V, the absolute maximum input voltage is equal to the supply voltage.

Note 2: The maximum power dissipation for these devices must be-derated at elevated temperatures and is dictated by TMAX- 0jA. and the
ambient temperature, T . The maximum available power dissipation at any temperature is Pg = (Tjmax — TAa)/6ja or the 26" C Pgmax, which-

ever is less.

Note 3: Any of the amplifier outputs can be shorted to ground indefinitely ; however, more than one should not be simultaneously shorted as the
maximum junction temperature will be exceeded. )
Note 4: These specifications apply over the absolute maximum operating temperature range unless otherwise noted.

Typical Performance Characteristics

Input Bias Current vs ISET

10

Supply Current vs ISET

T

AN

}
- 1
z i 2
E 100 1
£ 5 £
-3
4 i 3
g >
]
- 10 g 0.1
; . 2
Vg =15V
tﬂj’n-zs‘c
1.0 0.01
0.1 10 10 100
1SET (WA)
Slew Rate vs ISET
10 g 1M
g
g
™
x ]
2 £
w =
= 5 100k
: F
= a2
] =
a s
2 ok
F
[~}

0.1 1 10
18ET (uA)

1SET (WA)

Gain Bandwidth Product vs

IseT (WA)

OPEN LOOP VOLTAGI GAIN (dB)

PHASE MARGIN (DEGREES)

Open Loop Voltage Gain vs

ISET

Vg = £15V
Tp=26°C

0.1

10
ISeT WA)

Phase Margin vs ISET

100

l'

Vg =15V
Ta=25°C

0.1

10
1seT LA)

100

3111
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LM146/LM246/LM346

INPUT OFFSET VOLTAGE (mV)

Typical Performance Characteristics (continued)

OQUTPUT VOLTAGE SWING (+V)

INPUT BIAS CURRENT (nA)

Input Offset Voltage vs ISET

1
09 HH
0.8
0.7
0.6
[ 1] P d ﬂl
04
0.3

0.2
0.1

Vg= £18V
Ta=25°C

[X] 1 10 100
ISeT WA)

Output Voltage Swing vs

Supply Voltage
18
19 A
V.
12 7
Yy
10 '/‘
.
8 ~
y
6 ~
4 A o
y TpA=26°C ]
2 by d I1SeT = 101A
4 RL=10kQ
0 M

0 2 4 6 8 10 12 14 16
SUPPLY VOLTAGE (:V)

Input Bias Current vs

Temperature
100
]
80
70
60
50
a0
30

20 —
10 ISET = 14

] 1
-85 -35 -15 5 25 45 65 85 105 125

TEMPERATURE (°C)

Vg +15V

IseT = 10 1A

COMMON-MODE REJECTION RATIO (dB)

INPUT VOLTAGE RANGE (:V)

INPUT OFFSET CURRENT (nA)

Common-Mode Rejection
Ratio vs ISET
120

100

80
w AT

40

I
n i Vg =15V

Ta=25°C

0.1 1 10 100
IgT (HA)

Input Voltage Range vs

Supply Voltage
16
1 A
12
10
' 7
5 LA
V.
4 Z
2 v Tp=25°C
IgeT = 101A
0
0 2 4 65 8 10 12 14 16
SUPPLY VOLTAGE (:V)
Input Offset Current vs
Temperature
10
(]
[}
7
[
[
.
3
2
Vg = +15V
1 IgeT=10uA
. 1 1 A

~65-36-16 5 25 45 66 85 105 125
TEMPERATURE (°C)

INPUT BIAS CURRENT (nA) POWER SUPPLY REJECTION RATIO (dB)

SUPPLY CURRENT (mA)

Power Supply Rejection
Ratio vs ISET

120
i

100 H

80

40

n Vg = 15V

Ta=25°C

0.1 1 1 100
ISeT (WA)

Input Bias Current vs

Input Common-Mode
Voltage
100
IsgT = 104A7
1 I
-1 T
10 - IseT = 14A
I -
1
1
1 IgeT = 0.1 kA
T
Vg = +15V]
Ta=25°C ]
0.1 i
-6 -10 -5 0 6 10 16
INPUT COMMON-MODE VOLTAGE (V)
Supply Current vs
Temperature
L=
——
T T
| Isg7=104A
1
s s
IgeT= 1A
1
0.1
= =
Vg =+15V ]
0.01 el

-65-35-15 5 26 45 G5 B85 105 125
TEMPERATURE (°C)
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Typical Performance Characteristics (continued)

Open Loop Voltage Gain

Gain Bandwidth Product

Slew Rate vs

vs Temperature i vs Temperature Temperature
1
_ o 1 = Elger - 10A
] - IgeT = 1A TO 10 A =
z 120 =
= o
< > -
S 100 2 ERN T
w & 2 Elggr=14A
e & SET = 14
- 80 x =
- s - <
g £ £
F z | S s s s s s e s | =
g w S IggT =018 3 o
- = - - E
z = 108 = IggT = 0.1 ;(A_
s 20 = == S e e e s | ‘1‘E
=] (]
Vg = +15V -  —— | z
) 57 0t L] Vs ey oon l Vg +18V |
~55-35-15 5 25 45 65 85 105 126 -85-35-15 5 25 45 65 85 105 125 ~55-35 15 5 25 45 65 85 105 125
TEMPERATURE (°C) TEMPERATURE (°C) TEMPERATURE (°C)
Input Noise Voltage vs Input Noise Current vs Power Supply Rejection
Freduency Frequency ’ Ratio vs Frequency
10 s 120
E 100 - S 14 Vs = £15V 2
2 a et ISET = 14A l% 12 [Ta e 2 100 g
e ;
z w g = POSITIVE SUPPLY
u - = g =
o 10 - 1 s .
2 w0 L LI IseT =20A b 15ET = 20 WA E \\
= = g8 -
S P z " g N
5w = ISET = 5uA s . 1gET = 104A & NEGATIVE SUPPLY \
- < 8 =
e ——ay IseT=104A ] 8 L 1seT=51A g 4 N
5 TH £ s PNODglclseT = 1A 2
g [vsmeisy IseT = 204A g g 20 f1p=25C
Tp=25°C i - o2 4 ISET=104A
. | T g, Lserznm
10 100 1k 10k 10 100 1k 10k 110 100 1k 10k 100k 1M
FREQUENCY (H2) FREQUENCY (Hz) FREQUENCY (Hz)
Voltage Follower Pulse Voltage Follower Transient
Response Response
2 [ 104A
SET = 104 =~
16 Vg =416V ] 2 w0
. n TA=25°C c /
> =2
s O [Tweer g0 \
2 4 o
: . I - |
-
g ] \outeuT 50
= S IgeT=101A
2 -8 E 9 Vg =15V
12 5 Ta=25°C
1 2 -50 € =100 pF
Ry =10k Q
-20 -
0 100 200 300 0 2 3 4 5
TIME (us) TIME (us)

Transient Response Test Circuit

Vin

Vour
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LM146/LM246/LM346

Application Hints

Avoid reversing the power supply polarity, the device
will fail.

Common-Mode Input Voltage: The negative common-
mode voltage limit is one diode drop above the negative
supply voltage. Exceeding this limit on either input will
result in an output phase reversal. The positive common-
mode limit is typically 1V below the positive supply
voltage. No output phase reversal will occur if this limit
is exceeded by either input.

Output Voltage Swing vs ISET: For a desired output
voltage swing the value of the minimum load depends on
the positive and negative output curent capability of the
op amp. The maximum available positive output current,
(lcL+), of the device increases with ISET whereas the
negative output current (g —) is independent of ISET.
Figure 1 illustrates the above.

n T T
F—— —CURRENT LIMIT (Im_-) 1T
i 2
=
g 20
-
g5 ®
I T LIMIT (1)
€ 12 P~
3
g’ -
3 Vg = 18V
TA=25°C
0

o 2 & 8 8 W
IseT WA)

FIGURE 1. Output Current Limitvs ISET

Input Capacitance: The input capacitance, CjN, of the
LM146 is approximately 2 pF; any stray capacitance,
Cs, (due to external circuit circuit layout) will add to
CiN. When resistive or active feedback is applied, an

.additional pole is added to the open loop frequency

response of the device. For instance with resistive feed-
back (Figure 2), this pole occurs at 1/2m (R1||R2)
(CiN + Cg). Make sure that this pole occurs at least
2 octaves beyond the expected —3 dB frequency corner
of the closed loop gain of the amplifier; if not, place a
lead capacitor in the feedback such that the time con-
stant of this capacitor and the resistance it parallels is
equal to the R|(Cg + CjN), where Rj is the input resis-
tance of the circuit.

" A2
C+Os
FIGURE 2

Temperature Effect on the GBW: The GBW (gain
bandwidth product), of the LM146 is directly propor-
tional to ISET and inversely proportional to the ab-
solute temperature. When using resistors to set the
bias current, ISET, of the device, the GBW product will
decrease with increasing temperature. Compensation
can be provided by creating an ISET current directly
proportional to temperature (see typical applications).

Isolation Between Amplifiers: The LM146 die is iso-
thermally layed out such that crosstalk between a// 4
amplifiers is in excess of —105 dB (DC). Optimum
isolation (better than —110 dB) occurs between ampli-
fiers A and D, B and C; that is, if amplifier A dissipates
power on its output stage, amplifier D is the one which
will be affected the least, and vice versa. Same argument
holds for amplifiers B and C.

LM146 Typical Performance Summary: The LM146
typical behavior is shown in Figure 3. The device is fully
predictable. As the set current, ISET, increases, the
speed, the bias current, and the supply current increase
while the noise power decreases proportionally and the
Vs remains constant. The usable GBW range of the op
amp is 10 kHz to 3.5—4 MHz.

Rl . 4 3
g ™~ s 8 i
E B g %
i ; g
H 2 £
!!llk o = 4s
E
1T 1
- 11
10 Ld 1l soos  Las
1 1] 100 "
SUPPLY CURRENT (uA) .
i RV o
(%] 1 n
Iggt L)

ul)

i
st @3[.«35’
§ 19

FIGURE 3. LM146 Typical Characteristics

iLow Power Suppiy Operation: The quad op amp oper-
ates down to *1.3V supply. Also, since the internal
circuitry is biased through programmable current sources,
no degradation of the device speed will occur.

Speed vs Power Consumption: LM146 vs LM4250
(single programmable). Through Figure 4, we observe
that the LM146’'s power consumption has been opti-
mized for GBW products above 200 kHz, whereas the
LM4250 will reach a GBW of no more than 300 kHz, for
GBW products below 200 kHz, the LM4250 will con-
sume less.

1M s
=
2 & H
g™ 02V B o
g NG 2
3 0.02 V/us Ht'\ W95 1 2
E 1o \ e 1Ving om 2
@ FEH0.3 Vs T S
0Tl 1
T 008 vmﬁ J'
10k 4 i 0.004
1 10 100 1k

SUPPLY CURRENT (kA)

FIGURE 4. LM146 vs LM4250

3114




Typical Applications

Dual Supply or Negative Supply Biasing Single (Positive) Supply Biasing

U 1 U 16

15

14

22\
R E
o o |w
X/
o\
I= 1

13 v™

13 vtO-

9YEINT/9VCINT/OVEIN'

>
>

5
) N =l M =
H— 5
[ " P _6. b —} |1
<H— RseT S RseT —
< 7 1
10 g
R R 8 9
~OSET glser seTfo o SET

r b LM346 ; '1 L34

| V™I — 0.6V \ vt — o6V
7 ET™ —————
SET RsgT : s RSET
Current Source Biasing Biasing all 4 Amplifiers
with Temperature Compensation with Single Current Source

1 U 16 m 1 U 16
2 15 2 —
— — = 4 15
=l q 14 LM334Z 3 D @ 14
4 13
—— b V™ 1 4
) v VY .2 v
5 12 )
— H— 5 12
6 ¢l RgeT = T
— H— C
3] <
7 10 3¢ —
) 7 10
8] SET 8 r a1 ISET1
y A_—> 9
LM346 V\r SET
f LM346
Rz 'SET2
AA i
A\ A A4
. 67.7 mV ISET1 _ R2 | o 67.7 mV
SET = - — = o ISET1 HISET2S —(/———
RseT IseT2  R1 RSET
e The LM334 provides an IggT directly proportional to e ForiggT1 = IgET? resistors R1 and R2 are not required
absolute temperature. This cancels the slight GBW product if a slight error between the 2 set currents can be tolerated.
temperature coefficient of the LM346. If not, then use R1 = R2 to create a 100 mV drop across

these resistors.
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LM146/LM246/LM346

Active Filters Applications
Basic (Non-Inverting ’State Variable”*) Active Filter Building Block

100k
AAA
A A4
Ic
R
AAA '5 —
A A4
1
1/4 LM346 s
Vep
14
+
R4 =
100k
AAA
A A A4

® The LM146 quad programmable op amp is especially suited for active filters because of their adequate GBW product and low power

consumption.
Circuit synthesis equations (for circuit analysis equations, consult with the AF100 and LM148 data sheet).

Need to know desired: fo = center frequency measured at the BP output
Qg = quality factor measured at the BP output
Ho = gain at the output of interest {BP or HP or LP or all of them)

4 Relation between different gains: Ho(gp) = 0.316 x Qg x Ho(LP); Ho(LP) = 10 X Ho(HPp)

Note. All resistor values are given in ohms.

5.033 x 10—2
4 RxC= ———————
X fo fsec) 1 (3v47sc10 _ 1)
3.478 Qp — H, H H
4 For BP output: RQ = ( 0‘1’05 o(BP) _ T 30‘(3’;)" & ) ;RN = ;:(BP)
' — +10-5
RQ
1.1 i
1.1x105 Ho (HP)
4 For HP output: RQ = ; RIN=
3.478 Qq (1.1 — Ho(HP)) — Ho(HP) _L+ 10-5
RQ
11
11 x 108 H -
4 For LP output: RQ- Aa70 N0 114 L) ] RIN = .O(LP)
3.476 Uo \11 — Ho(LP)! — Ho(LP) ', 10-5
RQ

4 For BR (notch) output: Use the 4th amplifier of the LM146 to sum the LP and HP outputs of the basic filter.

Ry Re
Lp

RL /Ru _ 0.316 fnotch
HP RL fo

BR
Rg
Determine R according to the desired gains: H, = — H H -

F 9 ired gai OBR) |§ << froren - AL TOLP) - HoBR) [f5>> frotch

Rg
—H,
R o(HP)

e Where to use amplifier C: Examine the above gain relations and determine the dynamics of the filter. Do not allow slew rate limiting

in any output (Vi4p, VBp, VLp), that is:

1
VIN(peak) < 63.66x 103 x =L x

|
(Volts)
10pA  fox Hg

If necessary, use amplifier C, biased at higher IggT, where you get the largest output swing.

Deviation from Th Predicti Due to the finite GBW products of the op amps the fo, Qg will be slightly different from the
theoretical predictions.
fo Q
f e Q PO - S
real 1. 27, real 321 x Qg
GBW GBW
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Active Filters Applications (continued)

A Simple-to-Design BP, LP Filter Building Block

=
5
5
5
=
3

38k
—AAA
A\ A4
Ra
AAA
A A A4
‘»——+ |—4|
R
—AAA
Yy
RiN
Vin

® If resistive biasing is used to set the LM346 performance, the Qg of this filter building block is nearly insensitive to the op amp’s GBW
product temperature drift; it has also better noise performance than the state variable filter.

Circuit Synthesis Equations

0.159 R R
; Ra=QoxR; RN = Q
fo Ho(P) Ho(LP)

Ho(BP) = QoHo(LpP); R X C =

® For the eventual use of amplifier C, see comments on the previous page.

A 3-Amplifier Notch Filter (or Elliptic Filter Building Block)

R b
'A'V + -
Rin 1 1 AARA
ViN O AAA /4 LM346 VVv
2)_ b—O Vour (BR)
= ¢
11
1
Circuit Synthesis Equations
0.169 0.159 x f,
RxC= ;RQ=QOXR;R|N=%—9—
€' xfhotch
R : c
H = = —— H = =
olBR) | << frotch  RIN o(BR) | > fnotch c

e For nothing but a notch output: Ry =R, C' =C.
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LM146/LM246/LM346

Active Filters Applications (continued)

Capacitorless Active Filters (Basic Circuit)

O hser
> LM3342 R6
AAA
vV
LP

RS 14

A'A'A' +

Vg = 16V
- s Lmas e )
15
R2
R10
— AAA
- A A A 2

R9
AR 11

VW
R8

AAA 12

Vv

R7

e Thisis a BP, LP, BR filter. The filter characteristics are created by using the tunable frequency' response of the LM346.
6366 x 105 IgeT (A) (V)

® Limitations: Qg < 10, fg x Qg < 1.6 MHz, output voitage should not exceed Vpeak(out) < T X 105A
o B

R6 + R5 R2 R3
® Design equations: a = 6 , b= R7 R

c
Ho(LP) = 5=+ Qo =Vaxb

c R10
fo(BR) = fo(BP) (1 —;-) = fo(gP) (C << 1) provided thatd = Ho(gp) X €, Ho(BR) = T

® Advantage: fo, Qg, Hg can be independently adjusted; that is, the filter is extremely easy to tune.
® Tuning procedure (ex. BP tuning)

1. Pick up a convenient value for b; (b < 1)

2. Adjust Qg through RS

3. Adjust Ho(gp) through R4

4. Adjust fg through RggT

A 4th Order Butterworth Low Pass Capacitorless Filter

R6
'
AAN
VWA
I R'6
500
AVA'A'
1/8 LM346
12
L +
10
R2 1/8 LM346
5

AAA
L R

Ex: fc =20 kHz, Hy (gain of the filter) = 1, Qg1 = 0.541, Qg2 = 1.306.

e Since for this filter the GBW product of all 4 amplifiers has been designed to be the same (~1 MHz) only one current source can
be used to bias the circuit. Fine tuning can be further accomplished through Rp.

10 b
= ,c= ,d= = = =
Ri+R2 ° R3+Ra RE+A7 ' ° " Ro+mio’ o6~ fu /: Ho(gp) =axc,

p—O Vout
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Miscellaneous Applications

A Unity Gain Follower

with Bias Current Reduction Circuit Shutdown

U e
2 .
Vin + — |15
3 D q X
1/4 LM346 —O Vour -
4

A(C) 15V

v-
13 -15v

=
5
=
2
=
g

Vg = 215V

L i L
XV - HZ 0.1 ,uF
I 5 b Ciin —-_I_-_
v

R
‘SET 8] ser SET| 8
L
= LM346 154
- Rser
1/4 LM346 5V
B (D) 1 ON
200k =
I—*v‘v‘v OFF ov
<
>
S

® For better performance, use a matched e By pulling the SET pin(s) to V™ the op amp(s) shuts down and its

NPN pair. output goes to a high impedance state. According to this property,
the LM346 can be used as a very low speed analog switch.
Voice Activated Switch and Amplifier
MIC IN
—

o 14

s S
T

= M s
VA LMME  >Lg—O AUDIO OUT }:"5"‘
11

+

1/4 LM346 p=~=O CONTROL
15

13

II}-»wv—o
<
|

=P<
2T
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LM146/LM246/LM346

Miscellaneous Applications (continued)
X 10 Micropower Instrumentation Amplifier with Buffered Input Guarding

V=15V

e CMRR: 100 dB (typ)
® Power dissipation: 0.4 mW

R3 o All resistors part of RA201 array
25k R3

25k
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National
Semiconductor

RA201 Precision Instrumentation Amplifier

Resistor Network
General Description

The RA201 is a family of precision instrumentation
amplifier networks. This device, when combined with
3 operational amplifiers, provides a precision instru-
mentation amplifier with common-mode rejection up to
100 dB. All gain setting resistors are provided within
the device. This feature assures excellent thermal tracking
and thermal matching of all resistors. This network is
manufactured using a high stability thin-film technology.
Thin-film resistors provide tracking temperature coef-
ficients of better than 5 ppm/°C. The thin-film resistors
are laser trimmed to guarantee resistor matching to
0.05% for the RA201-2, and 0.1% for the RA201-1.

Amplifiers

Other applications include process control interfacing
and precision decade dividers.

Features

Gain programmable
Matching accuracies to 0.05%
Matching temperature coefficient to 5 ppm/°C
Absolute temperature coefficient to 80 ppm/°C
Close thermal proximity of all resistors
Standard dual-in-line package

Low-cost

Connection Diagrams

Dual-In-Line Package

16 15 18 13 12 11 10 9
L R14
4 3 < 4 VWA
SRt QRI QA QA3 §
s 9 ::mz
R10
AAA
VW
AAA
VWA
R3 P4
\ S \ P4
< < < <
Qr QR 2re 2R Laaa
< < < < vy
A7
1 2 3 4 5 6 1 8
TOP VIEW

Typical Applications

ouTPUT

A2 A3 °
g2 3 28k 4
V"‘v "A'A'
R1 f s O7
| 2525
R4 A6
LHO0044 25k 6.25k R?
s 25k .
- —AAA—4—ANA—9—0
INVERTING M
INPUT b
2 p LHO04S
5
3
NON.INVERTING LHOD44 B2 a1e
INPUT [] O—AAA AAA 3
WA VWA
Re
252
A AN S REFERENCE
12 1" 10
Ay R10
15 2777k 25K
OAAA — A
) 13

R1=2525256..Q R3:R2=9:1
R2=2777...kQ R3:R1 =99:1
R3 =25k R3IIR2 = 2.50k
R4 = 25k R3iIR1 = 250.092
R5 = 25k R5|IR6 = 5.0k
R6 = 6.25k
R7 =25k
R8 =252.526...0
R9=2777...kQ
R10 = 26k
R11 = 256k
R12 = 25k
R13 = 6.25k
R14 = 256k
Overall | Input Stage | Output Stage Jumper Pins
Gain Gain Gain on RA201
X1 X1 X1 -
X2 X1 X2 5t07,12t0 10
X5 X1 X5 6t0o7,11t0 10
X10 X10 X1 2to 15
X20 X10 X2 2t015,5t07,12t0 10
X50 X10 X5 2t015,6t07,11t0 10
X100 X100 X1 1t0 16
X200 X100 X2 1t016,5t07,12t0 10
X500 X100 X5 1t016,6t07,11t0 10
X995 X199 X5 1t014,6t07,11t0 10

Precision Instrumentation Amplifier
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RA201

Absolute Maximum Ratings

Rated Voltage Between Sections 200V
Rated Voltage Across Resistors (Note 1)
Package Power Dissipation at 256°C (See Curve) 2.0W
Individual Resistor Power at 25°C 0.25W
Operating Temperature Range

RA201-1N, RA201-2N —256°C to +85°C

RA201-1D, RA201-2D -55°C to +125°C
Storage Temperature Range -55°C to +150°C
Lead Temperature (Soldering, 10 seconds) 300°C

Electrical Characteristics 14 = 25°c (Note 2)

CONDITIONS; RA201-2 RA201-1

PARAMETER RESISTORS TESTED Tve MAX MAX UNITS
Input Stage x10 R2:R3 1:9 +0.05 +0.1 %
(R2[|R9):(R3||R10) 1:9 +0.05 0.1 %

Input Stage x100 R1:R3 1:99 +1 +1 %
(R8{|R1):(R3||R10) 1:99 *+1 +1 %

Output Stage x1 R7:R5 1:1 +0.05 0.1 %
R14:R12 1:1 +0.05 0.1 %

Output Stage x2 (R4||R5):R7 1:2 +0.05 +0.1 %
(R12{|R11):R14 1:2 +0.05 +0.1 %

Output Stage x5 (R6]|R5):R7 1:5 +0.05 +0.1 %
(R12||R13):R14 1:5 +0.05 0.1 %

Output Stage CMRR (R7:R5):(R14:R12), (Note 3) 1:1 +0.05 +0.1 %
Absolute Tolerance R3 25 k2 5 5 %
Absolute Tempco 80 ppm/°C

Note 1: Rated voltage is limited by the individual resistor power rating of 0.26W, For example, a 25k resistor could withstand a maximum of
Vv = /(0.25)(25,000) = 79V. This rating may need to be reduced to be consistent with maximum package power if several resistors are dissipating
power simultaneously.

Note 2: Resistor ratios shown apply at Tp = 25°C; for TpmiN < TA < TMAX the ratio tolerances are double the specifications shown.

Note 3: This test guarantees the CMRR contributed by resistance mismatch. In low gain applications, all 3 amplifiers contribute strongly to the
overall CMRR. In high gain applications, the degradation due to resistor mismatch and output stage CMRR are divided by the gain of the input
stage.

Typical Performance Characteristics

Power Dunt'\nq

MAXIMUM PACKAGE POWER (W)

-50 -10 30 " 10 150
Ta ~ AMBIENT TEMPERATURE (°C)
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Applications Information >
15V —
O
— - 10,00V
10v
RIS
<
%S
1V to 5V
wpur O 0V ta 10V
R1 p—-o0 0
28252 25k 25k 25k < ouTPuT
R8 R10 R12 R14
1B 2525 25K 25k B 9 1V AAA
O—AAA—4 VWA —
{ R13
5 5k S 6.25k
RAIRE S
N b
= 277 ._L'
ovTOsY
OWTOIW L gyrpyrs
I—-—_O OV TO 10
WALEIN + ooV
INPUT
RA201 Process Control Interface No. 1 Equivalent Circuit
= 4q 54 6Q 7
2 15V
2 277 Ra A6 o 10v
25K 6.25k Tt
1 8
a3
R1 R3 RS R7 <
262,52 25K 25k 25k -
— fo Sum—
R8 /10 = INPUT -10V 70 10V
16 2525 25k ] P—C oureur
O—MA—9— WA —N—0 1
15 S A'A'Aﬁ
R9 8.375k —=1 L 37,5k
2.1 15k 1) (R14 + R11]|R12)
" " (R4)IRS + nzunaj;L
T b—o -1V To 0V
VTSV (o " ouTPUT
INPUT
RA201 Process Control Interface No. 2 Equivalent Circuit
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RA201

Applications Information (continueq)

15V
O

4 -~ 10,00V
3 al 5 ] T
2 5,25k
2 2777 R4 /6
- 25k 6.25
1 8
MA-—S—AAA - AA- AA—O wT0 0V - 41867k
A1 /3 RS 1
252562 25k 28k 25K
RS R10 R12 R14 e
18 2625 25K 25 % 9 I
AA A AAA AAA
VWA~ VWA~ VA~ W =
g%_‘_ A1 13
M 25k 6.25k
2777k
ud 13 12 1" 10
oV TO 10V
INPUT
V105V
Ry = 10.4167 O ouTPUT
RouT » 2.5k

Rl
25252.. .k

Equivalent Circuit

S1closed — Vg = VyN/100
S2 closed — Vg = V|N/10

Precision Decade Divider

Ordering Information
Part Numb A Y Package Temperature Range
RA201-1D 0.1% D16C -56°C to +125°C
RA201-2D 0.2% D16C -66°C to +125°C
RA201-1N 0.1% N16A -25°C to +85°C
RA201-2N 0.2% N16A -25°C to +85°C
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National
Semiconductor

‘Analog Switches

AHO0120/AH0130/AH0140/AH0150/AH0160

Series Analog Switches

General Description

The AHO0100 series represents a complete family

of junction FET analog switches. The inherent

flexibility of the family allows the designer to

tailor the device selection to the patticular appli-

cation. Switch configurations available include dual

DPST, dual SPST, DPDT, and SPDT. rgsion) ranges

.from 10 ohms through 100 ohms. The series is

available in both 14 lead flat pack and 14 lead

cavity DIP. Important design features include:

* TTL/DTL and RTL compatible logic inputs

®* Up to 20V p-p analog input signal

" rgs(on) less than 102 (AHO0140, AHO0141,
AHO0145, AH0146)

® Analog signals in excess of 1 MHz

s “OFF" power less than 1 mW

® Gate to drain bleed resistors eliminated

= Fast switching, ton is typically 0.4 us, togf is
1.0 us

= QOperation from standard op amp supply volt-
ages, *15V, available (AH0150/AHO0160 series)

= Pin compatible with the popular DG 100 series

The AHO100 series is designed to fulfill a wide
variety of analog switching applications including
commutators, multiplexers, D/A converters, sample
and hold circuits, and modulators/demodulators.
The AHO1Q0 series is guaranteed over the tempera-
ture range -55°C to +125°C; whereas, the
AHO0100C serles is guaranteed over the temperature
range -25°C to +85°C

Schematic Diagrams
DUAL DPST and DUAL SPST
vt

"
PTTTTTT we )
‘h -
m;o'l{: 1 30
| s
2
! i
! .
e ~=~%5
LA s
1 =
9
IN:
R LRSS AW
r :n;'
5
| -f—L 5|
H =
L

!!w 3 £
4]

VR —E 8

(ENABLE) ’J]: 1

V-
Note: Dotted line portions are not applicable to
the dual SPST.

DPDT (diff.) and SPDT (diff.)

4
s

Ty

1 :
3 "
1

Wy

VR
(ENABLE)

k!

v-
Note: Dotted line portions are not applicable to

the SPDT (differential).

Order any of the devices below using the pnrt number with a D or F suffix. See NS Packages D14A or F14A,
AH0133C, AH0134C, AHO0151C, AHO152C available in N Package also.

Logic and Connection Diagrams

DUAL SPST
DUAL DPST * Pinned out in N Package only. DPDT (diff.) SPDT (diff.)
v v GATE1® by v
I fn Vs fu )
L Cadlosw $ —o T Lo sy
S e o Yiem & e L
: - iesw .‘_——(“"__L.m 7 N 0 :: -/ swy
%) ; - 1 H i : : g o ~—...... i
4 i o : Nyo-1 H 1 H
0 : Ko = 1 ¥ > 4 H -
--------- = Ve ﬂ:ga‘m“\ weur Vi %!‘lﬁ‘ﬁu:"?"'w
i T [ In [ lu Iu Ju
VRIENABLE) v- VR (ENABLE) v- VR (ENABLE) VR (ENABLE) v-
HlGH LEVEL (£10V) HIGH LEVEL (£10V) HIGH LEVEL (210V) HIGH LEVEL (:10V)
40 (10Q) AHO0141 (1022) AHO0145 (1002) AHO0146 (10Q)
AH0129 (3092) AHO0133 (3002) AH0139 ,309) AH0144 (3002)
AH0126 (80Q2) AHO0134 (80Q) AHO1 AHO0143 (800)

MEDIUM LEVEL (:7.8V
AH0151 (1592}
AHO0152 (5002)

MEDIUM LEVEL (:7.5V)
AHO0153 (150}
AHO0154 (50)

} MEDIUM LEVEL (:7.5V)
AHO16

MEDIUM LEVEL (:7.5V)
AHO161 (15Q)

163 1160)
5092) AH0162 (5092)
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AHO0120/AH0130/AH0140/
AHO0150/AH0160 Series

Absolute Maximum Ratings

Total Supply Voltage (V'
Analog Signal Voltage (V' - V5 or V4 - V7)
Positive Supply Voltage to Reference (V* - Vg)
‘Negative Supply Voltage to Reference (Vg - V™)
Positive Supply Voltage to Input (V' - Vin)
Input Voltage to Reference (V |y - Vg)
Differential Input Voltage (VN ~ Vin2)

Input Current, Any Terminal

Power Dissipation
Operating Temperature Range

-V7)

AHO0100 Series

AHO0100C Series

Storage Temperature Range
Lead Temperature (Soldering, 10 sec)

High

Level
36V
30V
25V

Medium
Level

34V

25V

25V

22v

25V

BV

6V

30 mA

See Curve

-55°C to +125°C
-25°C to +85°C
-65°C to +150°C

300°C

Electrical Characteristics for “HiGH LEVEL" Switches (Note 1)

DEVICE TYPE CONDITIONS LIMITS
PARAMETER SYMEOL | ouai | oua | oeor | seor V' =120V, V™ = -18.0V, Vg = 0.0V TYP | MAX v
oPST SPST | (DIFF) | (DIFF) ' SR
Logic "1 Ta-25C 2.0 60 uA
Input Current linion: All Gireutts Note 2 Over Temp. Range 20 WA
Logic “0" 01 A uA
Input Current lincorF) All Circuits Note 2 53 “
Positive Supply Current | . Ta 25C 22 30 | ma
Switch ON Vo Al Circuits. One Driver ON Note 2 Over Temp. Range 33 vy
Negative Supply - Ta-25°C -1.0 -18 mA
Current Switch ON Mom AN Circuts One Driver ON Note 2 Over Temp, Range -2.0 mA
Reference Input - 25°C -1.0 -1.4 | mA
{Enable) ON Current | 'RO™ Al Cureurts One Driver ON Note 2 Over Temp. Range 6| mA
Positive Supply . Ta-25°C 1.0 10 uA
Current Switch OFF | ' (OFF) AR Ciscuits Vine Vinz - 0.8V Over Temp. Range % WA
Negative Supply - Ta=25C -1.0 -10 HA
Current Switch OFF Pore) Al Circuits Vint - Vinz 0.8V Over Temp. Range -25 uA
Reference Input Ta- 26°C -1.0 -10 HA
(Enable) OFF Current | 'R1OFF) Al Glrourts Viny - Vinz 0.8V Over Temp. Range -25 HA
Vo - 10V Ta - 25°C 45 80 Q
Switch ON Resistance | rayon) AHO0126 | AHO134 | AHO142 | AHO143 o 1mA Over Temp. Range 150 a
) Vp 10V Ta:25C 25 30 Q
A
Switch ON Resistance | rouon AH0129 | AHO133 | AH0139 | AHO144 o 1ma o Tomo e % 5
Vp - 10V Ta=25°C 8 10 1]
Switch ON Resistance | rquon AH0140 | AHO141 | AHO145 | AHO146 > imA Cor Toms A % 5
y . = 25°C .01 1 nA
Oriver Leakage Current | (Ip + Islon Al Circuits Vp = Vg = 10V o toms e 5 .
Switch Leakage Isiorr) OR | AHO126 | AHO134 | AHO142 | AHO143 . 200 = 25°C 08 1 nA
Current IpioFF) AHO0129 | AH0133 | AHO139 | AHO144 os =~ QOver Temp. Range 100 nA
Switch Leakage Isiors) OR ~ Ta=25C 4 10 nA
Corrent o AHO140 | AHO141 | AHO145 | AHO146 Vps = £20V CverTems g To T A
) AH0126 | AHO134 | AHO142 | AHO143 See Test Circuit
Switch Turn-ON Time | ton AHO129 | AHO133 | AHO139 [ AHO144 Va=210V Tp=26°C 08 08 | us
i See Test Circuit
Switch Turn-ON Time | ton AHO140 | AHO141 | AHO145 | AHO146 Va =10V T, =265 0.8 10| s
) . AH0126 | AHO134 | AHO142 | AHO143 See Test Circuit
Switch Turn-OFF Time | tore AHO0129 | AHO133 | AHO139 | AHO144 A= 210V Tp = 25°C 09 I
i i See Test Circuit
Switch Turn-OFF Time | tore AH0140 | AHO141 | AHO145 | AHO146 Vas 10V Ton25°C 1.1 25 | s

Note 1: Unless otherwise specified these limits apply for ~55°C to +125°C for the AHO100 series
and -25°C to +85°C for the AHO100C series. All typical values are for T 5 = 25°C.

Note 2: For the DPST and Dual DPST, the ON condition is for VN = 2.5V; the OFF condition
is for VN = 0.8V. For the differential switches and sw1 and 2 ON, VN2 = 2.5V, VN7 = 3.0V.
For SW3 and 4 ON, VN2 = 2.5V, VNt = 2.0V,




Electrical Characteristics for “MEDIUM LEVEL" Switches (Note 1)

DEVICE TYPE CONDITIONS umITs
M UNITS
PARMIRTER SYMEOL 1 ouau | ouat | ouac | seor V' = +15.0V, V™ = 215V, Vg = OV TvP | mMax
DPST sPST OPDT | (DIFF) Rl P UR
Logic "1” Ta-25C 20 60 HA
Input Current linion Al Circuits Note 2 Qver Temp. Range 120 A
Logic 0" Ta=25C o1 01 uA
Input Current Iinores Al Cireuits Note 2 Over Temp. Range 2 A
Positive Supply . Ta-25C 2.2 30| mA
Current Switeh ON o All Cireuits One Priver ON Note 2 Over Temp. Range 33 | mA
Negative Supply - Ta-25C -1.0 -1.8 mA
Current Switch ON o Al Crreuits One Driver ON Note 2 Over Temp. Range -2.0 mA
Reference Input Ta-25C -10 -14 mA
(Enable) ON Current | 'O All Circuits One Driver ON Note 2 Over Temp. Range 6 [ mA
Pasitive Supply . . , Ta-25C 1.0 10 HA
Current Switch OFF ! ore Al Crreuits Vint Vi 08V Over Temp. Range 2% | LA
Negative Supply - ) Ta-25C <10 | -10 uA
Current Switch OFF ore Al Citcurts Viny - Ving - 08V Over Temp. Range -25 A
Reference Input 3 Ta - 25°C -1.0 -10 HA
(Enable) OFF Current | 'R(OFF! Al Cisguits Vinr Vinz 08V Over Temp. Range 5 A
Vp 75V Ta=25C 10 15 Q
h L
Switch ON Resistance | rasion: AHO153 | AHO151 | AHO163 | AHO161 o 1mA O Term T % a
g Vo 7.5V Ta-25C 45 50 Q
h AH © A
Switch ON Resistance | rayon: 0154 | AHO152 | AHO164 | AHO162 i 1ma O Tome T . 5
. Ta=25C 0 2 nA
Driver Leakage Current | (15 + Islon All Circuits Vg Vs -75V Cvertems Fong T 1500 A
Switch Leakage Ipiore OR Ta - 25°C 5 10 nA
. Al 1 1
Corrint Pt i HO0153 | AHO151 | AHOI63 | AHO16 Vps 15V Ovar o o oA
Switch Leakage lowre OR Ta 25C 1.0 2.0 nA
73 +15, ‘A
Coment el AHO154 | AHO152 | AHO164 | AHO162 Vps  $15.0V ot Tome Fiaree 20 nA
See Test Circuit
Switch Turn-ON Time | tow AHO153 | AHO151 | AHO163 | AHO161 Va - t75V 08 1.0 us
Ta 25°C
See Test Circuit
Switch Turn-ON Time | ton AHO154 | AHO152 | AHO164 | AHO162 Va  t75V 05 08 us
Ta-25C
See Test Circuit
Switch Turn-OFF Time | tore AH0153 | AHO151 | AHO163 | AHO161 Va 75V Rl 25 us
Ta-25C
See Test Circuit
Switch Turn-OF F Time | toge AH0154 | AHO152 | AHO164 | AHO162 Vg - 175V 0.9 15 us
©Ta=25°C

Note 1: Unless otherwise specified, these limits apply for ~55°C to +125°C for the AHO100 series
and -25°C to +85°C for the AHO100C series. All typical values are for T 5 = 25°C.

Note 2: For the DPST and Dual DPST, the ON condition is for Vi = 2.5V; the OFF condition
is for V) = 0.8V. For the differential switches and SW1 and 2 ON, VN2 = 2.5V, V|Nq = 3.0V.
For SW3 and 4 ON, VN2 = 2.5V, V N1 = 2.0V,
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AHO0120/AH0130/AH0140/
AHO0150/AH0160 Series

Typical Performance Characteristics

rds(ON) vs Temperature
AHO0120 thru AH0140 Series

ON Supply Current
vs Temperature

Power Dissipation
vs Temperature

24 100 —
| F==F AH0143, AHD142, ¥
F—F AHo126, AN0134 ] —
500 z 20 T Ivom - = —
= & = 1
2 00 | N 516 | 2 AH0129, AH0133,
= N ] I g AH0139, AHO144
8 N e 1 H 1 |
g 300 N E] 12— U ==
2
g z - g8 = n«mn AHOT81, —
£ w0 £ os = T AHO145, AR0146 ]
2 2 = H Vo = 10V
@ Inion) F ol -1 mA
z N o mi
100 S 04 1 Ve =2V
1 Vo= -1av
] ol o

-75 -50 -25 0 25 S0 75 100 125
TEMPERATURE (°C)

-15 -50 -25 0 25 50 75 100 125
TEMPERATURE (°C)

0 25 50 75 100 125
TEMPERATURE ( C)

Leakage Current vs Temperature
AH0120, AH0130, & AH0140

Leakage Current vs Temperature
AHO0150 & AH0160

rds(ON) vs Temperature
AHO0150/AHO160 Series

100 1000
. = V=120V V=15V
Vo180V Vo= -15V
| _ Vo OR Vg = +10V z Vo OR Vg = +7.6V
z HO154, AHD152 2 TN £ = =
u AHO164, AH0162 < i £ AHO153, AHOTS1,
2 - s AHO1S, AHO146 o+ $ AHO163, AHO161
g
gn oo = = g
o _z,zﬁiwmsa, AHO151, > g
= AHD163, AHD161—] i 8
S [vessv ; 5 T
Vo -15V
™ Vg = 1.6V
Is = 1mA
10 01 01
75 -50 -25 0 25 50 75 100 125 % 45 65 85 105 125 % 45 65 85 105 125

TEMPERATURE ( C)

TEMPERATURE (°C)

TEMPERATURE (' C)

Single Ended Switch Input
Threshold vs Temperature

Differential Switch Input
Threshold vs Temperature

20— 2 50
s ALL SWITCHES ON— S 1 ALL SWITCHES ON —
s Bl || 2 Bl 1
2 4
2 =
ﬁ T z — ALL SWITCHES OFF
£ 10 ALL SWITCHES OFF 210
g
> [ Ving = Vinz 1> 0.3V 3
| va=ov >
Fv -v-=30v
0 L o
<75 -50 -25 0 25 50 75 100 126 75 -50 -25 0 25 50 75 100 125
TEMPERATURE (°C) TEMPERATURE (°C)
. . .
Switching Time Test Circuits
Single Ended Input Differential Input
v
Ve v 1w
o, " : |
V. 1
i |
T" T ner | | -
,_o_, s Omrd emr i
f Vo 199 O] g )

f.q, outrur ourrut
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Applications Information

1. INPUT LOGIC COMPATIBILITY

A. Voltage Considerations

In general, the AHO100 series is compatible with
most DTL, TTL, and RTL logic families. The ON-
input threshold is determined by the Vgg of the
input transistor plus the V¢ of the diode in the
emitter leg, plus | x R,;, plus Vg. At room
temperature and Vg = 0V, the nominal ON thres-
holdis:0.7V+0.7V+0.2V,=1.6V.Over temperature
and manufacturing tolerances, the threshold may
be as high as 2.5V and as low as 0.8V. The rules
for proper operation are:

Vin - Vg > 2.5V All switches ON
Vin - Vr < 0.8V All switches OFF

B. Input Current Considerations

lin(on), the current drawn by the driver with
Vin = 2.5V is typically 20 pA at 25°C and is guar-
anteed less than 120 uA over temperature. DTL,
such as the DM930 series can supply 180 uA at
logic “"1" voltages in excess of 2.5V. TTL output
levels are comparable at 400 wA. The DTL and
TTL can drive the AHO100 series directly. How-
ever, at low temperature, DC noise margin in the
logic 1" state is eroded with DTL. A pull-up re-
sistor of 10 k§2 is recommended when using DTL
over military temperature range.

If more than one driver is to be driven by a DMQBO
series (6K) gate, an external pull-up resistor should
be added. The value is given by:

11
Rp = N__1forN>2
where:

Ro = value of the pull-up resistor in k2

N = number of drivers.

C. Input Slew Rate

The slew rate of the logic input must be in excess
of 0.3V/us in order to assure proper operation of
the analog switch. DTL, TTL, and RTL output
rise times are far in excess of the minimum slew
rate requirements, Discrete logic designs, however,
should include consideration of input rise time.

2. ENABLE CONTROL

The application of a positive signal at the Vg

terminal will open all switches. The Vg (ENABLE)
signal must be capable of rising to within 0.8V of
Vin(on) in the OFF state and of sinking Igon)
milliamps in the ON state (at Vinion) - VR >
2.5V). The Vg terminal can be driven from most

TTL and DTL gates.

3. DIFFERENTIAL INPUT CONSIDERATIONS

The differential switch driver is essentially a differ-
ential amplifier. The input requirements for proper
operation are:

Vint = Vinzl > 0.3V
2.5< (Ving 0r Ving) - Vg < 5V

The differential driver may be furnished by a DC
level as shown below. The level may be derived
from a voltage divider to V' or the 5V V¢ of
the DTL logic. In order to assure proper operation,
the divider should be “stiff”" with respect to ln5.
Bypassing R1 with a 0.1 uF disc capacitor will
prevent degradation of ton and togg.

00

Alternatively, the differential driver may be driven
from a TTL flip-flop or inverter.

oMsa10 & Omsane

Connection of a 1 mA current source between Vg
and V™ will allow operation over a 10V common
mode range. Differential input voltage must be less
than the 6V breakdown, and input threshold of
2.5V and 300mV differential overdrive still prevail.

1o | = ---
ow RaNGE | >
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AHO0120/AH0130/AH0140/
AHO0150/AH0160 Series

4. ANALOG VOLTAGE CONSIDERATIONS

The rules for operating the AHO0100 series at
supply voltages other than those specified essen-
tially breakdown into OFF and ON considerations.
The OFF considerations are dictated by the maxi-
mum negative swing of the analog signal and the
pinch off of the JFET switch. Iin the OFF state,
the gate of the FET is at V™ + Vgg + Vgat OF
about 1.0V above the V™ potential. The maximum
Vp of the FET switches is 7V. The most negative

analog voltage, V,, swing which can be accom-

modated for any given supply voltage is:
IVAI<IVTI= Vp = Vgg = Vgat or
IV AI<IVT1-8.0 or IVTI>IV,AI+8.0V

For the standard high level switches, V5 <I- 18l
+8 = -10V. The value for V' is dictated by the
maximum positive swing of the analog input volt-
age. Essentially the collector to base junction of
the turn-on PNP must remain reversed biased for
all positive value of analog input voltage. The base
of the PNP is at V' - Vgat ~ Vgg or V' = 1.0V.
The PNP’s collector base junction should have at
least 1.0V reverse bias. Hence, the most positive
analog voltage swing which may be accommodated
for a given value of V' is:

Typical Applications

VA<V - Vgar - Vge - 1.0V or

VA<V ' -2.0Vor V >V, +20V

For the standard high level switches, Vo =12~
2.0V = +10V.

5. SWITCHING TRANSIENTS

Due to charge stored in the gate-to-source and
gate-to-drain capacitances of the FET switch, tran-
sients may appear in the output during switching.
This is particularly true during the OFF to ON
transition. The magnitude and duration of the
transient may be minimized by making source
and load impedance levels as small as practical.

anaLOG___ A}
weut

>

Furthermore, transients may be minimized by
operating the switches in the differential mode;
i.e.,, the charge delivered to the load during the
ON to OFF transition is, to a large extent, can-
celled by the OFF to ON transition.

[
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Programmable One Amp Power Supply
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Vour = (:Polerity) x (8CD Code) x Vaer
Tour - 2A pesk, 1A continuous
Vour Renge - :12V

orsane Full Scale Acquitition Time — 8 u1

Four to Ten Bit D to A Converter (4 Bits Shown)

v ZERO ADIUST
i 3..:"
)| J\
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e

q
ANALOG
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+
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2
- v
Vau
RN i pladed 2
H I 58280,
] | b
H i I H ' ARE AR
A S
P N I T EQeiipy ¥
v l l Setting Time: 1 us
3 2+ Accuracy: 0.2%

*Note: All resistors are 0.1%
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Typical Applications (continued)

Four Channel Differential Transducer Commutator

[ s ']
i
P L ¢
THANSDUCER | ) i
b s! e gul
Vo
Wl U L ™
TRANSOUCER T [
~O 2 |
o e b o &
om0 [
' a ' [
1haNsouCER | B [ (] - s
w3 il s | s
| Voo (]
e 1 i 1 i i -
TRANSOUCER i | T ]
"o 4 |
1P < ] i 3
1 1} 1]

1 . T =
I v
v Gain- 22

L
2

|5 E—

4 x 4 Cross Point Analog Switch

§-4H0152 QUAL SPST
SWTCHES

Commutation Rate: 500 kH2

ALL CHANNEL
0 sanuing

——"
'

Switching Time — 800 ns
“ON" Rasistence - 452
“OFF" Resstance - 10"

ol
Rl
I
= i
|
|
J
|
|
3
o cHawmeLs
Delta Measurement System for Automatic Linear Circuit Tester
-~ T T T T T T -

TYMCAL DEVICE

W o
1

1 TEST ADAPTER
1

T0 A0 CONVERTER

| | i

| I N N

| a | J W alb s )

| vour Ats - ; 1 |l o ;.35;'; D.’.n

T gl 1 [T

| SR I > I S
|- J =

| | 7T

'Y ey B

-

Note: S1 must be open for 50us min to take first reading with | = 50 mA. Second reading is
taken with S2 closed. With S1 and other set-up forcing functions under computer control, system
will measure line and load regulation on voltage regulators, voltage gain, offset current, CMRR and
PSRR on op amps as well as other circuits requiring measurement of the change of a parameter
with the change of a forcing function.

Precision Long Time C. Integ with Reset
g e
LAY
. —d S T_

Analog Input Range — -1.5V
Eour = 10x {Analog Input 2 — Analog Input 1)
Error Rate — 0.01% F.S./sec

Four Channel Commutator

il

it et

./‘"l

o,

Jrp—
i

5

Internal = 10 sec
*Integration Error = 1004V
Reset Time: 30us

[ SO O

e pmm

—a————= Analog Signal Range: 15Vp»
e Sample Rate: 1 MHz

Acquisition Time: 20us
Drift Rate: 0.5 mV/sec
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CD4016M/CD4016C

National
Semiconductor

Analog Switches

CD4016M/CD4016C Quad Bilateral Switch

General Description

The CD4016M/CD4016C is a quad bilateral switch
which utilizes P-channel and N-channel comple-

mentary MOS (CMOS)

circuits to provide an

extremely high ““OFF"’ resistance and low ""ON"
resistance switch. The switch will pass signals in‘
either direction and is extremely useful in digital

switching.

Features :

= Wide supply voltage range 3V to 16V

® High noise immunity 0.45 V¢ typ.

m Wide range of digital +7.5 Vpgak
and analog levels

® Low “ON"' resistance 30012 typ.

VDD —‘VSS =15V

® Matched switch
characteristics

= High “ON/OFF" output 65 dB typ.
voltage ratio @ fig= 10 kHz
RL = 10k

® High degree of linearity .5% distortion typ.
@fi=1kHz

ARON = 4082 typ.

® Extremely low leakage Vis=5Vpp
Vpp — Vsg = 10V
RL=10kQ
" Transmits frequencies up
to 10 MHz
Applications

® Analog signal switching/multiplexing

e Signal gating

e Squelch control

e Chopper

® Modulator

e Demodulator

e Commutating switch

Digital signal switching/multiplexing

CMOS logic implementation

Analog to digital/digital to analog conversion
Digital control of frequency, impedance, phase,
and analog-signal gain

Schematic and Connection Diagrams

Voo

5

INPUT SIGNALS (Vis)
TERMINAL NOs. 1,4, 8, 11 w

i
’l"I"

our

OUTPUT SIGNALS (Vos)
TERMINAL N0S.2,3,9,10

Note 1: All switch P-channel substrates are internally connected to terminal No. 14,
Note 2: All switch N-channel substrates are internally connected to terminal No. 7.

' .

o A.—,_ -
oureur A 24 L2 conra
) 2

outPuT 8t— S5 = conto
C—1 |
et 8 ] O+ weuto
cont s ED 12 oureuro

cont ¢ L2 oureutc
B

TOP VIEW

i
e

our

Signal-level range: Vgs < Vis > Vpp

Vss

fe

R
-
IZ
'y

s

out our

Normal operation: Control-line biasing,
switch ON V¢ 1" = Vg, switch OFF V¢ “0" = Vgs

Order Number CD4016MJ or CD4016CJ
See NS Package J14A

Order Number CD4016CN
See NS Package N14A

Order Number CD4016MW
See NS Package W14A




Absolute Maximum Ratings

Voltage at Any Pin (Note 1)

Operating Temperature Range CD4016M

. CDAQI SC.
Electrical Characteristics cpaoism

Ves - 0.3V to Ves + 165V
=T lee°cTo +125°C
~40°C to +85°C

Storage Temperature Range
Package Dissipation
Lead Temperature (Soldering, 10 seconds)
Operating Vpp Range

-65°C to +150°C

30
Vgs + 3V to Vgg + 15V

LIMITS
CHARACTERISTIC SYMBOL TEST CONDITIONS ~ - = UNITS
-55°C 25°C 125°C
MIN | TYP| MAX | MIN | TYP [ MAX | MIN [ TYP | MAX
Quiescent Dissipation VOLTS
per Package TERMINALS APPLIED
Voo 14 +10
All Switches “OFF" Vss 7 GND
Ve 561213  GND 5 01 15 300 | uw
Vi 1.4,8,11 < +10
Vs 2,3,9,10 < +10
Py
VOLTS
TERMINALS APPLIED
Voo 14 +10
All Switches “ON" Vss 7 GND 5 01 |5 300 | pW
Ve 56,1213 +10
V= Vos 1-4,8-11 < +10
Threshold Voltage Ips = 10 uA
N-Channel Vil Voo = 5V, 10V, o 16V 7 5 13 v
Ips = 10 WA
P-Ch | b - - - Y
Channe VanP P26V 10v, or 18V 1.7 15 13
SIGNAL INPUTS (V) AND OUTPUTS (Vo)
Vc=Voo Vss Vi
+75V 120 | 360 200 | 400 300 | 600
+78V  -75V  -7.5V 120 | 360 200 | 400 300 | 600 | <
+0.25V 130 | 775 280 | 850 470 | 1230
+5V 130 | 600 250 | 660 400 | 960
+5V -8V -5V 130 | 600 250 | 660 400 | 960 |
“ON™ Resistan R +0.25V 325 | 1870 580 | 2000 900 | 2600
esistance R
o Ru 10k 15V 120 | 360 200 | 400 300 | 600
418V OV +0.25V 120 | 360 200 | 400 300 | 600 | 2
9.3V 150 | 775 300 | 850 490 | 1230
+10vV 130 | 600 250 | 660 400 | 960
+10V ov +0.25V 130 | 600 250 | 660 400 | 960 | O
5.6V 300 | 1870 560 | 2000 880 | 2600
& 7ON" Resistance . VBV 7BV 78V 10 o
Between Any 2 ARon . v oy Q
of 4 Switches 5v -5 15
i - 10kQ
Sln(eDWave Res)panse ?L‘ ]1:):.. 5V BV 5Viep) 04 a%
istortion. s z (Nots 3)
Voo Ve Vss Vi
Input or Output +7.5V +100
-7 PA
Leakage—Switch “OFF"* 75V v -75v +100
(Effective "OFF"" +5V Note 24 125 nA
Resistance) v v -5V Note 2{ 125
Frequency Response— Ve = Vpp = +BV, Vgg = -5V
Switch “ON" . Vos 40 MHz
(Sine Wave Input) R, -1k 20Logio y ~ - -3dB
Vs = 5V(p-p) Voo - +5V. Ve = Ves © -5V
Feedthrough v 1.25 MHz
Switch “OFF" 20 Logyo V_°‘ - -50 dB
s
VelA) = Vpp = +6V
Crosstalk Between any 2 Ro=t1k O - LBy
of the 4 switches V (A} = \‘: " ss 0.9 MH2
(Frequency at 50 dB) 5V(p-p) VosdB)
! 20 Logyo V,i(A) 50 d8
Capacitance  Input Cis Vpp = 45V, V¢ = Vgs -5V 4
Output Cos 4 F
Feedthrough Cios 0.2
Propagation Delay Ve = Vpp = #+10V, Vgg = GND, C_ = 16 pF
Signal Input to toa V= 10V (square wave) 10 ns
Signal Output t, = t; = 20 ns {input signal)
CONTROL (V¢)
Switch Threshold Voltage Veue | Vn<Voo :/°E’ 1,0\‘,35, 18V 10V, 5V g, 29 | 05|15 |27 | 02 24 | V
18-
Vpp = Vs = 10V 10 oA
input Current e Ve < Voo ~ Vs
Average Input Capacitance Cc 5 oF
Crosstalk — -
Control Input to Voo - Vss = 10V Ry = 10k§2 50 mv
Ve = 10V
. Signal Output
(square wave)
Turn “ON”
St = <10V, C_ = 15 pF 20 ns
Propagation Delay thaC tee = Y = 20 05 V<10V, Cp p
= = GND, R = 1k{ .
Maximum Allowable X“‘j ls]g\sl' Vss = GND. R
Controt tnput v 10 MH 2z
Repetition Rate V¢ = 10V (square wave)
epe 3 1, - ty=20ns

Nots 1: The device should not be connected to circuits with the power on.

Note 2: £10 x 103,

Note 3: Symmetrical about 0V.
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CD4016M/CD4016C

Electrical Characteristics coso1sc

CHARACTERISTIC

LIMITS

SYMBOL TEST CONDITIONS - = - UNITS
-40°C 25°C 85°C
MIN | TYP | MAX | MIN| TYP |[MAX |MIN| TYP | MAX
Quiescent Dissipation VOLTS
per Package TERMINALS APPLIED
Voo 14 +10
All Switches “OFF"* Vss 7 GND
Ve 56,1213  GND 5 01 s 80 | ww
Vi 1.4,8 11 < +10
Vos 2,3,9,10 < +10
Py
VOLTS
TERMINALS APPLIED
Voo 14 +10
All Switches “ON" Vss 7 GND 5 0.1 5 80 MW
Ve 56,12,13  +10
V, = Vos 1-4,8-11 <+10
Threshold Voltage Ips = 10 uA
1. . .
N-Channel VruN Vpp = 5V, 10V, or 15V ’ 5 3 v
Ips = 10 MA
- { -1. =1 =1
P-Channel VruP Vop = 5V, 10V, or 15V 1.7 1.5 1.3 \
SIGNAL INPUTS (Vi) AND OUTPUTS (V)
Ve=Vpp Vss Vis
+7.5V 130 | 370 200 |400 260 | 520
+7.5V -78v  -7.5v 130 | 370 200 |400 260 | 520 Q
+0.25V 160 | 790 280 | 850 400 | 1080
+5V 150 | 610 250 | 660 340 | 840
+5V -5V -5V 150 | 610 250 | 660 340 | 840 Q
N Resistane A +0.26V 370 | 1900 580 | 2000 770 | 2380
istan =
esistance on | Ri=10ke 15V 130 | 370 200 |400 260 | 520
+15V ov +0.25V 130 | 370 200 | 400 260 | 520 Q
9.3V 180 | 790 300 |850 400 | 1080
+10V 150 | 610 250 (660 340 | 840
+10V ov +0.25Vv 150 | 610 250 |660 340 | 2380 Q
5.6V 350 | 1900 560 | 2000 750 | 2380
A "ON'" Resistance 7.5V _75V 7.5V 10
Between Any 2 ORon 5 sy .5 s Q
of 4 Switches v - v k
Sine Wave Response Ry =10k 45V _5v 5V(pp) 04 %
(Distortion) fis=1kHz (Note 3)
Veo Ve = Vss Vis
Input or Qutput +7.5V +100
Leakage~Switch “OF F” 78V 75V 75V £100 pA
(Effective “OFF"" +5V (Note 2§ 125
Resistance) sV -sv -5V (Note 2} 125 nA
Frequency Response—, V¢ =Vpp = #5V, Vgs = -5V
Switch “ON" Voo 40 MHz
(Sine Wave Input) R =1k 20Logio v, ~ -3d8
V= SVIPPl v - 48y, Ve = Vg - -5V
Feedthrough
COEE" Vs 1.25 MHz
Switch “OFF 20Logio 1 - 508
s
VclA) = Vpp = +5V
Crosstalk Between any 2 Ry =1kQ2 cf VD(EI;) = Ves = -5V
. c(B) = Vgg = -
of the 4 switches Vg(A) = 0.9 MHz
- " Vos(B)
(Frequency at ~50 dB) 5V(p-p) 20 Logyo Vn‘—A—)— = -50 dB
s
Capacitance  lnput Cs Vpp = +5V, V¢ - Veg = -5V 4
Qutput Cos 4 pF
Feedthrough Cios 0.2
Propagation Delay Ve = Vpp ~ +10V, Vg - GND, C_ = 15 pF
Signal Input to tog Vs = 10V (square wave) 10 ns
Signal Output t, = ty = 20 ns (input signal)
CONTROL (V)
V< \ - =18V, 10V, 5V
Switch Threshold Voltage Vruc | Vo< Voo N Vss = 15V, 10V, § 05|15 |27 v
15 = 10 A
Voo - Vgs = 10V
Input C t [ +10 PA
nput Curren c Ve < Voo - Vss
Average Input Capacitance Cc 5 pF
Crosstalk —
- =10V
Control Input to xm? w‘\’/ss 0 R = 10kQ2 50 mv
Signal Output <
(square wave)
Turn “ON" .
. <10V, C, = 15pF
Propagation Delay 4C te Uc 7 20ns V<10V, Cy =15p 20 ns
1 GND, R 1k€2
Maximum Allowable Voo 10V, Vss +
C, 15pF
Control Input 10 MHz
Ve 10V (square wave)
Repetition Rate
t, ty 20ns

Note 1: The device should not be connected to circuits with the power on.

Note 2: +10 x 10°3.

Note 3: Symmetrical about OV.
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Typical ON Resistance Characteristics

SUPPLY LOAD CONDITIONS
CONDITIONS | R, =1kQ R = 10k R, = 100 kQ
CHARACTERISTIC*
Voo | Vss | VALUE| Vi | VALUE| v | VALUE] Vv,
wmiwm | @ | m]| @ V| @ | wm
. o 200 | +15| 200 | +15| 180 | +15
+15
on 200 of 200 o} 200 0
Ron (max.} w15 0 30 [+ | 300 |+93] 320 |92
200 [ +10| 250 | +10| 240 | +10
Ron 40| 0
290 o| 250 o| 300 0
Ron (max.} +0 ] o 500 |+74| 560 | +56| 610 | +55
860 +5 470 +5 450 +5
Ron +5 | 0
600 o| s80 o| 800 o
Ron (max.) 5] 0 17k | +a2 | w20 3k | 27
200 | +75| 200 | +75| 180 | +75
Ron 15 | -15
200 | -75] 200 | 75| 180 | -75
Ron (max.) +75 | -75 | 200 |t025| 280 | x25| 400 |:0.25
260 +5 | 250 | 240 +5
Ron +5 | -5
310 5| 250 5| 240 -5
Ron (max.) +6 | -5 | 600 |[t025| 580 |:025| 760 |:0.25
500 | +25| 450 | +25| 4% | +25
Ron *25 1725 1 50 | -25| s2 | 25| s20 | -25
Ron(max)  |+25 |[-25 | 232« [+025 | 300k |t025| 870k [2025

*Variation from a perfect switch: Rgn = 092.

O910vAD/INSIOYAD



CD4066BM/CD4066BC

National
Semiconductor

Analog Switches

CD4066BM/CD4066BC Quad Bilateral Switch

General Description

The CD4066BM/CD4066BC is a quad bilateral switch
intended for the transmission or muitiplexing of analog
or digital 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

® Wide range of digital and +7.5 VPEAK -
analog switching

® “ON" resistance for 15V operation 80%2 typ

® Matched “ON" resistance over ARQN =50 typ

15V signal input

“ON" resistance flat over peak-to-peak signal range

High “ON"/""OFF’* output voltage ratio 65 dB typ

@ fis =10 kHz, R = 10 kQ
< 0.4% distortion typ

@ fis = 1kHz, Vis =5 Vp-p,

VpD — Vss = 10V, R = 10 kQ2

High degree of linearity

® Extremely low “OFF" switch leakage 0.1 nA typ

@ Vpp — Vss = 10V,

Ta =25°C

® Extremely high control input 1012Q typ

impedance

® Low crosstalk between switches —50dB typ

@ fig= 0.9 MHz, R = 1kQ

® Frequency response, switch “ON"’ 40 MHz typ

Applications

®  Analog signal switching/multiplexing

® 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 analog-signal gain

Schematic and Connection Diagrams

CONTROL

IN/OUT

¥

A |

ol

= Vss

Dual-In-Line Package

1 " Order Number CD4066MJ
n/ouT —f = Voo or CD4066CJ
outnn 2 2 conthoL A See NS Package J14A

3 12
OUT/IN == [swo] b= CONTROL D Order Number CD4066CN

. [ ] " See NS Package N14A
IN/OUT — L= n/ouT

5 { sws ] 10 Order Number CD4066MW

CONTROL B — b= ouT/N See NS Package W14A

CONTROL C :

7
Vss -'T

TOP VIEW

2 OUT/IN
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Absolute Maximum Ratings

(Notes 1 and 2)

Recommended Operating Conditions

(Note 2)

Vpp Supply Voltage 0.5V to +18V Vpp Supply Voltage 3V to 156V
VN Input Voltage —0.5V to Vpp + 0.5V V)N Input Voltage 0V to Vpp
Tg Storage Temperature Range —65°C to +150°C TA Operating Temperature Range
Pp Package Dissipation 500 mW CD4066BM —56°C to +125°C
TL Lead Temperature (Soldering, 10 seconds) 300°C CD4066BC —40°C to +85°C
DC Electrical Characteristics cp4os6aMm (Note 2)
-55°C 25°C 125°C .
Parameter Conditions Units
Min Max Min Typ Max | Min Max
Ipp Quiescent Device Current | Vpp =5V 0.25 0.01 0.25 7.5 HA
Vpp =10V 0.5 0.01 0.5 15 HA
Vpp =15V 1.0 0.01 1.0 30 HA
Signal Inputs and Outputs
RON  “ON’ Resistance RL=10kQ2to Y_QQQ‘iISS
Vc=VpD. Vis=Vssto VDD
Vpp=5V 2000 270 2500 3500 Q
Vpp = 10V 400 120 500 550 Q
Vpp =15V 220 80 280 320 Q
ARON A “ON” Resistance RL=10kQ to VJ—D—_ZXS-S
Between any 2 of Ve =VpD. Vis= Vssto Vpp
4 Switches Vpp = 10V 10 Q
Vpp = 15V 5 Q
Iis Input or Output Leakage | Vg =0 50 0.1 50 +500 nA
Switch “OFF"" Vig=15Vand 0V,
Vos=0Vand 16V
Control Inputs
ViLc Low Level Input Voltage | Vg = Vgsand VDD
Vos = Vpp and Vsg
lig=+10uA
Vpp=5V 1.5 2.25 1.5 1.5 \Y
Vpp =10V 3.0 4.5 3.0 3.0 Vv
Vpp = 15V 4.0 6.75 | 4.0 4.0 \
VIHC High Level Input Voltage | Vpp =5V . 35 3.5 2.75 3.5 Y
Vpp = 10V (see note 6) 7.0 7.0 5.5 7.0 Y
Vpp =15V 11.0 11.0 825 11.0 \%
IIN  Input Current Vpp - Vsg = 16V +0.1 +10-5 (£0.1 1.0 uA
Vpp = Vis > Vss
Vpp = V¢ = Vss
DC Electrical Characteristics cp4oessc (Note 2)
-40°C 25°C 85°C
Parameter Conditions Units
Min Max Min Typ Max Min Max
Ipp Quiescent Device Current |Vpp =5V 1.0 0.01 1.0 7.5 uA
Vpp =10V 2.0 0.01 2.0 15 UA
Vpp =15V 4.0 0.01 4.0 30 UA
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CD4066BM/CD4066BC

DC Electrical Characteristics (continued) cpaossBc (Note 2)

-40°C 25°C 85°C .
Parameter Conditions Units
Min Max Min Typ Max | Min Max
Signal Inputs and Outputs ;
RON  “ON’ Resistance RL=10kQ to¥DD 7 VSS
Vc=VDpD. Vssto VDD
Vpp=5V 2000 270 2500 3200 Q
Vpp =10V 450 120 500 520 Q
Vpp =15V 250 80 280 300 Q
ARQN A"ON" Resistance /| RL=10kS2 to Voo, V.
e Ank 2 of Vce = VoD, Vis = Vss to VDD
Switches Vpp = 10V 10 Q
Vpp =15V 5 Q
lis Input or Output Leakage vVc=0 +50 +0.1 +50 +200 nA
Switch “OFF"
Control Inputs
ViLc Low Level Input Voltage | V|g = Vgsand Vpp
Vos = Vpp and Vsg
lis = £10uA
Vpp=5V 1.5 2.25 1.5 1.5 \"
Vpp =10V 3.0 4.5 3.0 3.0 \
Vpp = 15V 40 6.75 4.0 40 v
ViHC High Level Input Voltage | Vpp = 5V 3.5 3.5 2.75 3.5 \
Vpp =10V (See note 6) 7.0 7.0 5.5 7.0 \%
Vpp =15V 11.0 11.0 8.25 11.0 \'
IIN  Input Current VpD - Vss = 16V +0.3 +10-5 0.3 +1.0 uA
Vbbp > Vis = Vss
VDD >Vc > Vss
AC Electrical Characteristics TA =25°C, ty = t¢ = 20 ns and Vgg = OV unless otherwise specified
Parameter Conditions Min Typ Max Units
tPHL, tp 4 Propagation Delay Time Signal | V¢ = Vpp, CL = 50 pF, (Figure 1)
Input to Signal Output R =200k
Vpp =5V 25 55 ns
Vpp =10V 15 35 ns
Vpp =15V - 10 25 ns
tPZH. tpzL  Propagation Delay Time R =1.0kQ, Cy = 50 pF, (Figures 2
Control Input to Signal and 3)
Output High Impedance to Vpp=5V 125 ns
Logical Level Vpp =10V 60 ns
Vpp =15V 50 ns
tPHZ, tPLZ Propagation Delay Time R =1.0k§2, C| = 50 pF, (Figt;resz
Control Input to Signal and 3)
Output Logical Level to VDD =5V 125 ns
High Impedance Vpp =10V 60 ns
Vpp=15V 50 ns
Sine Wave Distortion Vc=Vpp =5V, Vgg=-5V 0.4 %
RL=10k®, Vig=56 Vp_p, f= 1 kHz,
(Figure 4)
Frequency Response-Switch | Vg=Vpp =5V, Vgg = -5V, 40 MHz
“ON” (Frequency at -3 dB) RL =1k, Vis=5Vpp,
20 Log10 VOS/VOos({1kHz)-dB,
(Figure 4)
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AC Electrical Characteristics (continued)

Ta=25°C, tr = t§ = 20 ns and Vgg = OV unless otherwise specified

Parameter Conditions Min Typ Max Units
Feedthrough — Switch “OFF" Vpp =5V, Vgc=Vss=-5V, 1.25
(Frequency at -50 dB) RL =1k, Vis=5Vp-p, 20 Log10.
Vos/Vis = -50 dB, (Figure 4)
Crosstalk Between Any Two VDD = V¢(1) =5V Vss = Vg(2) = -5V, 0.9 MHz
Switch (Frequency at -50 dB) RL =1k, Vig(A) = 5Vp-p, 20 Log1Q
Vos(2)/Vis(1) = -50 dB.
(Figure 5)
Crosstalk; Control Input to Vpp =10V, R =10k 150 mVp_p
Signal Output RN = 1 k2, Voe = 10V Square Wave,
C = 50pF
(Figure 6)
Maximum Control Input RL =1k, C_ =50 pF, (Figure 7)
Vos(f) = %Vos(1kHz)
Vpp =5V 6.0 MHz
Vpp =10V 8.0 MHz
Vpp =15V 85 MHz
Cis Signal Input Capacitance 8 pF
Cos  Signal Output Capacitance Vpp = 10V 8 pF
Cios Feedthrough Capacitance ve=0V 0.5 pF
CIN Control input Capacitance 5 7.5 pF

Note 1: “Absolute Maximum Ratings’ are those values beyond which the safety of the device cannot be guaranteed. They are not meant to imply that the
devices should be operated at these limits. The tables of * Operating Ct i ‘" and “Electrical Cl istics’ provide iti for actual
device operation.

Note 2: Vgg = OV unless otherwise specified.

Note 3: These devices should not be connected to circuits with the power “ON"".
Note 4: In all cases, there is approximately 5 pF of probe and jig capacitance on the output; however, this capacitance is included in C|_ wherever it is specified.
Note 5: Vg is the voltage at the in/out pin and Vg is the voltage at the out/in pin. V¢ is the voltage at the control input.
Note 6: Conditions for ViHc:
a) Vis = Vpp. los = standard B series oy

AC Test Circuit and Switching Time Waveforms

Voo
Ve = Voo
CONTROL _ Vpp

—j Y ~—} 1y
l VDD -.1' r;n'/h
Vis 58%
10%
—_ 10F4 R ov
vis INIOUT o+ Ces OUT/IN Vos L

Vss

50pF 200k vos J’su%
o

b) Vs =0V, Igg = standard B series 1g_

FIGURE 1. tpH(. tpLH Propagation Delay Time Signal Input to Signal Output

v Voo tpzH tPHZ
t
l Voo Voo voo
CONTROL  Vpp 50% 0%
10F4 o o
Vis = Vpp —— IN/OUT ouT/AN v :
s = Voo SWITCHES 03 | PZH |« —»| HZ |e—
Vss o Ry VoH Vo
50 pF 1k 90%
| 10%
ov ov

FIGURE 2. tpzH, tpHz Propagation Delay Time Control to Signal Output

tpzL tpLZ
) Voo Voo
Ve ] I 2L w1z
AL Voo Voo
CONTROL _ Vpp 1% % 0%
Vig=ov inout 10F8 our/n Vos o L
—| 2 e

SWITCHES waL
Vss o Voo s Voo
SOpF
10%
vou voL

FIGURE 3. tpz|, tpLz Propagation Delay Time Control to Signal Output
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CD4066BM/CD4066BC

AC Test Circuit and Switching Time Waveforms (continued)

vig —in/ouT

5V
Ve
l l 25V
CONTROL  Vpp
v ov
10F4 18
swircnes 0T/ Vos
Vsg . -25V
L
| "
V¢ = Vpp for distortion and frequency response tests
-5V =

V¢ = Vgs for feedthrough test

FIGURE 4. Sine Wave Distortion, Frequency Response and Feedthrough

Ve = Voo _—“I

Vis(1) = IN/OUT

CONTROL _ Vpp

10F4
SWITCHES

Vss

-5V

5V

Ve(2) = Vss _—_"l I

Vis(2) = 0V

QUT/IN Vos()
Ry
1k
.. 25V

N

Visy OV

-2.5V

1/t

CONTROL  Vpp

10F4
IN/OUT SWITCHES OUT/IN

Vss

-5V

10v

1

Vis

RN
1k

Ve

CONTROL _ Vgp

Vos(2)
Ry
1k

FIGURE 5. Crosstalk Between Any Two Switches

ty = 20 ns —=

10F4
IN/OUT SWITCHES OUT/IN

Vss

Il

Voo

Vis = Vpp —

CONTROL _ Vpp

IN/OUT

10F4
SWITCHES

Vss

OUT/IN

t=200s

Vos

CROSSTALK

| N
1
i

CL Ry

L I"T

FIGURE 7. Maximum Control Input Frequency
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Typical Performance Characteristics

““ON’’ Resistance vs Signal
Voltage for Tp = 25°C

400

350
300

250 —Vpp - Vss* SV/
200 Al

150 Vpp - Vs = 10V ]
100 I

CHANNEL "ON" RESISTANCE (Rgp) (12)

Vpp - Vs = 15V
W S N

]
-8 -6 -4 -2 0 2 4 6 8

SIGNAL VOLTAGE (Vi) (V)

““ON’" Resistance as a Function
of Temperature for
Vpp — Vss = 10V

400

350
300
250

200
Ta=+125¢C V1

150 {4
| Ta=+25¢C

100 -

0
=

AN

50
Ta=-55C
n Il A L L

-8 -6 -4 -2 0 2 4 6 8
SIGNAL VOLTAGE (Vg) (V)

CHANNEL “ON" RESISTANCE (Rgy) (<)

Special Considerations

In applications where separate power sources are used
to drive Vpp and the signal input, the Vpp current
capability should exceed Vpp/RL (R = effective
external load of the 4 CD4066BM/CD4066BC bilateral
switches). This provision avoids any permanent current
flow or clamp action on the Vpp supply when power is
applied or removed from CD4066BM/CD4066BC.
In certain applications, the external load-resistor current
may include both Vpp and signal-line components. To

“ON" Resistance as a éum:tion
of Temperature for
Vpp = Vss = 15V

=~ 400

2 350

'3

= 300

=]

Z 20

2

Z 200

3

E 10 rr-n2sC B
Yoo PRI -

w Ta=+25C Lt~
§ -
z2 s £

3, Uaz-ssc

-8 -6 -4 -2 0 2 4 6. 8
SIGNAL VOLTAGE (Vig) (V)

“ON’’ Resistance as a Function
of Temperature for
Vpp — Vgs =5V

= 400 l ]

= A

i ” S ERSTE
S om0

g [
5 " J Ta=425C
3 2 A

£ /ARSI
o .

o100 7

H

Z 50

x

S 9

-8 -6 -4 -2 0 2 4 6 8
SUPPLY VOLTAGE (Vjg) (V)

avoid drawing Vpp current when switch current flows
into terminals 1, 4, 8 or 11, the voltage drop across the
bidirectional switch must notexceed 0.6V at Tp < 25°C,
or 0.4V at Ta > 25°C (calculated from RQpn values
shown).

No Vpp current wili fiow through Ry if the switch
current flows into terminals 2, 3, 9 or 10.
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LF11331, LF11332, LF11333,
LF11201, LF11202 Series

National
Semiconductor

Quad SPST JFET Analog Switches

LF11331/LF13331 4 Normally Open Switches with Disable

LF11332/LF13332 4 Normally Closed Switches with Disable

Analog Switches

o

BI-FET Technology

mm 0% SR GaTE
v

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 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 range of 10V, The input is designed to
operate from minimum TTL levels, and switch operation

also ensures a break-before-make action.

Features

®  Analog signals are not loaded

= Constant
100 kHz
m Pin compatible with CMOS switches with the advan-

"“ON" resistance for signals up to 10V and

tage of blow out free handling

Small signal analog signals to 50 MHz
Break-before-make action

High open switch isolation at 1.0 MHz
Low leakage in "OFF" state

TTL, DTL, RTL compatibility

Single disable pin opens all switches in package on

torr <ton
-50dB

<1.0nA

LF11331, LF11332, LF11333
® | F11201 is pin compatible with DG201

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.

Connection Diagrams (Dual-In-Line Packages) (All Switches Shown are For Logical *“0")

N, D4

|1

LF11331/LF13331
S4 DISABLE+Vec 83 D3 IN,

5 [ i3 2 [n | 1:

i

A ENE,
]

LF11332/LF13332
08 S4 DISABLEW 1 03
[T CTO LE O T T

e s

&

o

N, D&

[

2

TOP VIEW
LF11201/LF13201

S8 W NCS3 03 N,
w i3l v e e

(.

LF11333/LF13333
IN, D&  S4 DISABLE +Vec S3 03 1IN
Is ls le i iz {6 o s

-

Ny D1

1 [4 ' 5 | 6 ’ ? ru
S! Ve Va 52 02 IN;
TOP VIEW

Order Number LF11201D,
LF13201D, LF11202D,
LF13202D, LF11331D,
LF13331D, LF11332D,
LF13332D, LF11333D,

3 5 6
SN

TOP VIEW

or LF13333D
See NS Package D16C

Order Number LF13201N,
LF13202N, LF13331N, LF13332N,

or LF13333N
See NS Package N16A

Test Circuit and Schematic Diagram

anaLOG o - ]S LTI
INPUT (V) M

) | ﬁ\‘\ |
s [

LOGIC _—— 2 =

ineuT - -

wosic o ogvy | I

wogic 1 20w | v wee |
[N RPN DL |

fee

1
(B

FIGURE 1. Typical Circuit for One Switch

+15V

T

TOP VIEW

LF11202/LF13202 .
IN, D4 4 Ve NC S3 D3 Im,
o is e Jis fie | e |s

|z 3 P Is |s ]1 'n

Vee Va S2 D2 N,

TOP VIEW

0

~Vee

FIGURE 2. Schematic Diagram (Normally Open)
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Absolute Maximum Ratings

Positive Supply — Negative Supply (Vce—Vee)
Reference Voltage

Logic Input Voltage

36v
Vee < Va<Vee

Vg 4.0V <V )y < Vg +6.0V

Operating Temperature Range
LF11201,2and LF11331,2,3
LF13201, 2 and LF13331,2,3

-55°C t0 +125°C
0°C to +70°C

Analog Voltage Vee S Va < Ve 6V Va < Vg +36V Storage Temperature —65°C to +150°C
Analog Current [1al< 20 mA Lead Temperature (Soldering, 10 seconds) 300°C
Power Dissipation (Note 1)
Molded DIP (N Suffix) 500 mW
Cavity DIP (D Suffix) 900 mW
. : Y
Electrical Characteristics (Notes 2, 7)
LF11331/2/3 LF13331/2/3
SYMBOL PARAMETER CONDITIONS LF11201/2 LF13201/2 UNITS
MIN TYP | MAX MIN | TYP MAX
Ron “ON" Resistance Va =0, lg=1mA Th=25°C 160 | 200 ] Q
A o
200 | 300 Q
Ron Match | “ON Resistance Matching Ta =25°C 6 1 2 Q
Va Analog Range *10 | 21t Y
Isiony + Leakage Current in “ON’’ Condition Switch “ON,"” Vg = Vg =£10V T, = 25°C 031 s nA
loon) 31 100 nA
IsoFF) Source Current in “OFF’* Condition Switch “OFF,” Vg = +10V, Ta =25°C 04 5 nA
Vp = —10V 13 100 nA
looFF) Drain Curfent in “OFF* Condition Switch “OFF,” Vg = +10V, Ta = 25°C ol s L nA
Vp =-10V 2 100 5 A
VinH Logical ““1” Input Voltage 20 % . |
Vine Logical “0" Input Voltage 08 ] o8 \Y
Ik Logical 1" Input Current Vin =5V Ta =25°C 36 10 364 40 HA
1 2 <1 100 uA
hine Logical “0" Input Current Vin =08 Ta=25°C ¥ 0.1 0.1 MA
‘ 1 1 HA
ton Delay Time “ON"* Vs = £10V, (Figure 3} Ta=25C 500 500 ns
tore Delay Time “OFF" Vg = +10V, (Figure 3) Ta =25°C 90 80 ns
ton —torr | Break-Before-Make Vg = +10V, (Figure 3) Ta=25"C 80 8 ns
CsioFF) Source Capacitance Switch “OFF,"” Vg = 10V Ta =25°C 4.0 40 | pF
CoiorF) Drain Capacitance Switch “OFF,” Vp = £10V Ta - 25°C . 3.0 30 pF
Cson) + Active Source and Drain Capacitance | Switch “ON,” Vg = Vp =0V Ta=25°C 5.0 50 pF
Coion)
lsooFF) “OFF" Isofation (Figure 4), (Note 3) Ta =25°C =50 ~60 dB
CcT Crosstalk (Figure 4), (Note 3) Ta=25C 65 -5 dB
SR Analog Slew Rate (Note 4) Ta =25°C 50 50 Vlus
Ipis Disable Current (Figure 5), (Note 5) Ta =25"C - 0.4 1.0 Q98| 15 mA
0.6 1.5 2.9 23 mA
lgg Negative Supply Current All Switches “OFF,” Vg = 10V Ta = 25°C 3.0 5.0 43 7.0 mA
42 | 75 8.0 | 105 mA
Ig Reference Supply Current All Switches “OFF,” Vg = t10V T, = 25°C 20 | 40 27 1 50 mA
28 6.0 384 75 mA
lce Positive Supply Current All Switches “OFF,” Vg =210V T, = 25°C 45 1 60 70 9.0 mA
83 9.0 98 | 135 mA

Note 1: 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 2:

the LF11202, 2, -25°C < Tp < +85°C for the LF13331, 2, 3 and the LF13201, 2.
Note 3: These parameters are limited by the pin to pin capacitance of the package.
Note 4: This is the analog signal slew rate above which the signal is distorted as a result of finite internal slew rates.
Note 5: All switches in the device are turned “OFF" by saturating a transistor at the disable node as shown in Figure 5. The delay times will be
approximately equal to the toN or tQFF Plus the delay introduced by the external transistor.
Note &: 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.

Unless otherwise specified, Vog = +15V, VEg =—15V, VR = 0V, and limits apply for -55°C < Ta < +125°C for the LF11331, 2, 3 and
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LF11331, LF11332, LF11333,
LF11201, LF11202 Series

Test Circuit and Typical Performance Curves

Delay Time, Rise Time, Settling Time, and Switching Transients

B 15V Wa
sov n rl
Vix ) .—l_l—r] Jvee Jvee S Va = +10V Va =45V 4
Vo
" N
- 7/4 € {1 \ 3
] Vin H ——Vin
Vin | \ 1 \ U B
V, 0 Vo
3 L * 1 Vo l \
- AL Tl
200 ns/div 200 ns/div
T T T T I
Va =0V ] V= -5V Va = -10v
Vo Vo Vo
R \ / . )
£ g ] ] g ]
H Vin H F—1— Vin <\ H bt Vin \
\ |
VlN I
A\ N }
200 ns/div 200 ns/div 200 ns/div
Additional Test Circuits
Vin
v - /—-———\
. . Va 50% 50%
15V 15V b N / \ ‘
v 2 ": pER Ve Ve s Vo
Vo= 41V
50 " /
- 4 0V
20v
o | sov 10% t
Va 0 .
= ton —={ torr
= 'J-‘ Vo -8V i’ ‘-
= 1.0k f
—EM—Q Wa 20V \ 20v
I 100F P ™
= 4, <10m
= Vo e <10ms

FIGURE 3. tgN, tofFF Test Circuit and Waveforms for a Normally Open Switch

— 1.
_/_:;II%”

1.0 Vems 109F
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Typical Performance Characteristics
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LF11331, LF11332, LF11333,
LF11201, LF11202 Series

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 applications. Each switch is controlled by mini-
mum 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 appli-
cations 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
supply (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 Vg, provided Vy is not greater
than (Ve — 2.5V). If the input voltage is greater than
(Vee — 2.5V), the input current will increase. If the
input voltage exceeds 6.0V or —4.0V with respect to
Vg, 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 (Rgy) for
analog voltages from (Vgg +5V) to (Vee —5V). For
analog voltages greater than (Ve — 5V), the switch will
remain ON independent 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 (Ve +6V), whichever is more
positive, and can go as negative as Vgg without destruc-
tion. The drain (D) voltage can also go' to either
(Vgg + 36V) or (Ve + 6V), whichever is more posi-
tive, and can go as negative as (Ve — 36V) without
destruction.

Analog Current

With the source (S) positive with respect to the drain
(D), the Rgyy is constant for low analog currents, but
will increase at higher currents (>5 mA) when the FET
enters the saturation 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 Rgp 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 depend-
ent on power supply voltages, analog voltage, analog cur-
rent and the source to drain voltage.

DELAY TIMES

The delay time OFF (tggg) is essentially independent of
both the analog voltage and temperature. The delay time
ON (ton) will decrease as either (Voo —Va) decreases
or the temperature decreases.

POWER SUPPLIES

The voltage between the positive supply (V¢e) and
either the negative supply (Vgg) or the reference supply
(Vr) can be as much as 36V. To accommodate varia-
tions in input logic reference voltages, Vg can range
from Vgg to (Ve —4.5V). Care should be taken to
ensure that the power supply leads for the device never
become reversed in polarity or that the device is never
inadvertantly installed backwards in a test socket. If one
of these conditions occurs, the supplies would zener an
interal diode to an unlimited current; 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 Ry produces a lower transient volt-
age. A negative transient occurs during the delay time
ON, while a positive transient occurs during the delay
time OFF. These transients are relatively 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.
Normally, the node floats freely at an internal diode
drop (= 0.7V) above V. When the external transistor in
Figure 5 is saturated, the node is pulled very close to Vg
and the unit is disabled. Typically, the current from the
node will be less than 1 mA. This feature is not availa-
ble on the LF11201 or LF11202 series.

*Vee

Vosaste - 1V

FIGURE 5. Disable Function
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Typical Applications
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LF11331, LF11332, LF11333,
LF11201, LF11202 Series

Typical Applications (continued)
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Typical Applications continued)
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LF11332, LF11333,

LF11201, LF11202 Series

LF11331,

Typical Applications (continued)
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National
Semiconductor

Analog-to-Digital Converters

ADB1200 (MM5863) 12-Bit Binary A/D Building Block

General Description

The ADB1200 is the digital controller for the LF13300D*
analog building block. Together they form an integrating
12-bit A/D converter. The ADB1200 provides all the
necessary control functions, plus features like auto
zeroing, polarity and overrange indication, as well as
continuous conversion. The 12-bit plus sign paralle! and
serial outputs are TRI-STATE® TTL level compatible.
The device also includes output latches to simplify data
bus interfacing.

*See LF13300D data sheet for more information

Features

W 12-bit binary output

W Parallel or serial output

B TRI-STATE output

B Polarity indication

M Overrange indication

B Continuous conversion capability
B 100% overrange capability

B 5V, —15V power requirements

B TTL compatible

B Clock frequency to 1 MHz

Circuit Diagram/Typical Applications

12-Bit A/D Converter

15V Qe
5V O
POWER
oNpl
~15v O V14 T vz Vg |25 Vss |24
16 PG 3 26 )
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- or 1o ovenrance
17 5 22 |
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6 21 z
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™M 7 20
vA' 15 oc 0cC
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POLYPROPYLENE _..l l.;’. 0P AMP o6 b L oS
CAPACITOR out
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12 28]
|,__-i F—- Coc2 PIs
ow GE o ! Lss
L LEAKA 1
Y ARS P__I I_ Coct et SCL K o
CAPACITORS 0e
0.1 uF END OF
0, DIGITAL EoC CONVERSION
0C3 CLK SC
27 2
250 kHz START
CLOCK CONVERSION
INPUT
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ADB1200 (MM5863)

Absolute Maximum Ratings

Supply Voltage (Vgs)
Supply Voltage (VGG)
Voltage at Any Input
Operating Temperature
Storage Temperature

Lead Temperature (Soldering, 10 seconds)

Electrical Characteristics

5.25V
-16.5V

5.25V

0°C to +70°C
—40°C to +150°C
300°C

Vss = 5V, VGG = —15V, 0°C to +70°C, unless otherwise specified.

PARAMETER CONDITIONS MIN TYP MAX UNITS
Power Supply Voltage (VsS) 4.75 5.00 5.25 \
Power Supply Voltage (VGG) -13.5 -15.00 -16.5 Vv
Power Supply Current (Igs) 28 mA
Power Supply Current (IGG) 34 mA
Logic “1" Input Voltage 3.4 \%
Logic “’0" Input Voltage 0.8
Logic ““1” Output Voltage Vgs =4.75V, IoH = 100 1A 3.8
Logic 0" Output Voltage Vgs =5.25V, IgL = —1.6 mA 04
Width of EOC " Auto Cycle. 5/f sec
Prop. Delay COMP to EOC 4/f 5/f+1 us sec
Qutput Enable Time OE to Any Data Output, 1.0 us
SC=1,P/S=0
Output Disable Time OE to Any Data Output, 24 us
SsC=1,P/S=0
Output Enable Time P/S to Any Data Output 0.9 us
Except Polarity, SC = 1,
OE=0
Output Disable Time P/S to Any Data Output 22 us
Except Polarity, SC = 1,
OE=0
Output Enable Time SC to Any Data Output, 1.0 us
OE=0,P/S=0
Output Disable Time SC to Any Data Output, 24 us
OE=0,P/S=0
Prop. Delay Serial Clock SCLK to POL/SDO 0.6 us
Conversion Time ' Full Scale 8966/f sec
Conversion Time 100% Overrange 13062/f sec
Maximum Clock Frequency CLK, Pin 27 500 1000 kHz
Maximum Serial Clock Frequency SCLK, Pin 1 500 1000 kHz
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Block Diagram

Digital Control Integrated Circuit
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ADB1200 (MM5863)

Functional Description
OPERATION

The ADB1200 is designed for use with the LF13300
analog front end. Four control signals are supplied to
the LF13300 and 1 control signal is required from the
LF13300. The conversion cycle is composed of 5
distinct phases. They are: Phase | — Offset Correct;
Phase Il — Polarity Detect; Phase 1ll — Initialization;
Phase IV — Ramp Unknown; Phase V — Ramp Reference.

Phase | — Offset Correct (256 Clock Periods)

This phase is initiated by taking the Start Conversion
(SC) and the Output Enable (OE) lines to a logic *“1".
At this time, Offset Correct (OC) will be a logic “1".
The LF13300 requires this phase to correct any intrinsic
offset voltage errors prior to the polarity detect phase.

Phase 1l — Polarity Detect (256 Clock Periods)

This phase is used to determine polarity of the analog
input. At the midpoint of this phase, COMP from the
LF13300 is examined for polarity. 1f COMP = logic
“1”, then the input voltage is positive. If COMP =
logic ‘0", then the input is negative. The Polarity
Detect signal (PD/RU+) will be at a logic “1’* during
this entire phase. The above operation is also necessary
to determine which integrator input (positive or negative)
of the LF13300 should be used for proper A/D conver-
sion (see LF13300 data sheet).

Phase 111 — Initialization (256 Clock Periods)

This phase is identical to Phase | and is used by the
LF13300 to eliminate any offsets induced as a result of
the Polarity Detect Phase. Offset Correct (OC) will be at
a logic “1”".

Phase IV — Ramp Unknown (4096 Clock Periods)

The unknown input voltage is integrated for a fixed
time, 4096 clock periods, during this phase. The result
of the Phase |l Polarity Detect Cycle determines whether
PD/RU+ or RU— will be atlogic “1". If Phase Il indicates
a positive input, the PD/RU+ signal will be a logic *“1".
If phase 1l indicates a negative input, Ramp Negative

Truth Table

(RU~) will be a logic ““1”. These 2 signals will never be
at logic “1”" simultaneously.

Phase V — Ramp Reference

This phase is a variable length phase depending on the
magnitude of the analog input voltage. During this time,
Ramp Reference (RR) will be in the logic ‘1" state.
When COMP goes to a logic “O" state, or when the
internal counter reaches 100% of full scale (8192 clock
periods), the Ramp Reference (RR) signal goes' to the
logic ““0” state, the counter output is loaded into the
output register, and the End of Conversion (EOC)
signal goes to a logic “1”. The Polarity Bit will reflect
whatever value was determined during Phase Il. The
output register will hold the data until a new conversion
is completed and new data is loaded into the register.
The OE line must be low in the logic “0’ state and SC
must be high in the logic ““1'’ state to enable the outputs.

DATA OUTPUTS

Both serial and parallel outputs are available. In either
case, OE must be low and SC must be high to enable
the outputs. For parallel output, the P/S line must be
low in the logic 0" state. For serial outputs, the P/S
line must be high. In the serial mode, the data is shifted
out of the Polarity/Serial Output (POL/SDO) line and all
other data outputs are in the high impedance state.
Each Serial Clock (SCLK) will right shift the output
register one bit. Thus, 13 clock pulses are required to
fully shift out the data. The data will be shifted out in
the following ordeiPOImity, Overrange, MSB, 2SB,
3SB, ..., LSB. If OE and P/S are in the logic ‘0"’ state
and SC in the logic ““1" state, all outputs will momen-
tarily go to the logic ‘1" state for 1 clock period
immediately preceding EOC.

CONTINUOUS CONVERT MODE

In this mode, the End of Conversion (EOC) output is
connected to the OE input. As long as SC is in the
logic ““1"" state, then each EOC will initiate a new con-
version. The data outputs will be disabled for the first
5 clock cycles after EOC goes high.

Z = High Impedance
X = Don't Care

OVER-
INPUT SC | OE | P/S | LSB Ms8 RANGE POLARITY
100% Full Scale 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Full Scale 1 0 o 1 1 1 1 1 1 1 1 1 1 1 1 o] 1
Zero 1 [¢] 0 0 0 0 0 0 0 o] 0 0 0 0 [4] (o] 1
Zero 1 [o] [¢] (] 0 [¢] [¢] (1] [¢] [o] c 0 0 0 0 0 0
—Full Scale 1 0 0 1 1 1 1 1 1 1 1 1 1 1 1 (o] 0
—100% Full Scale 1 (o] 0 1 1 1 1 1 1 1 1 1 1 1 1 1 (4]
Any 1 1 X b4 4 z z 4 4 4 z b4 z z z z z
. Any 1 0 1 4 z Z z 4 F4 z r4 4 z z z z Serial Output
Any [v] X X z .z Y4 z z b4 4 z 4 4 z z z 4
1 = High
0=Low
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Timing Diagrams
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FIGURE 1. Parallel Data

Serial Output
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FIGURE 2. Serial Data
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ADB1200 (MM5863)

Timing Diagrams (continued)

Positive Inpgt

PHASE | PHASE il PHASE Il PHASE IV PHASE V
OFFSET POLARITY INITIAL- RAMP ' RAMP
CORRECT DETECT 1ZATION UNKNOWN _ | REFERENCE
[ " l
CLK | | | | | -
SC l
oc | 256 X 1/f | l 256 X 1/f | |
PD/RU+ | 266 X 1/f | | 4096 X 1/f |
RR [<etzx i |
NN = 3
cowe SNNREE R R
E0C OF) | sx 5/f
OUTPUT
DATA >_T:< DATA FROM PREVIOUS CONVERSION >—C
TRI-STATE®
Negative Input
oc | 256 X 1/f | ) l 256 X 1/f [ |
PD/RU+ I 256 X 1/f I
RU- | 4096 X 1/f 1
AR ] <sozxan |
, N A S X
EOC (OF) | 5/ 5/f

FIGURE 3. Continuous Conversion Mode

SCNO.in ¢ &
w1

EOCNO.i —L l

TRI-STAT
DATA BUS STATE

@

FIGURE 4. ith A/D Converter Data Retrieval Sequence
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Typical Applications (continueq)

Multi A/D Converter System on Common Bus

DATA BUS )
v O— A/DND.1 Vi 01 A/DNO. i Vkm O—  A/DNO.m

I |

CONTROL AND POWER BUS

ith A/D Converter

TRI-STATE® OUTPUTS TO DATA BUS

R E R R e
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26 22 21 20 19 11 25 24 |3
3 5 6 7
COMP RU- PD/RU+ OC n 1
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LF13300 v
BUF 0A v
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17 |15 14 r: Iw 18 |1z |n ||u
™ LOW LEAKAGE |
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CONTROL AND POWER BUS

*May be common or separate. Care should be taken to avoid ground currents
Direct or multiplexed access to the processor
Note. This application is related to Figure 4 of timing diagrams
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ADC0800

National
Semiconductor

ADCO0800 8-Bit A/D Converter

Analog-to-Digital Converters

General Description Features
The ADCO800 is an 8-bit monolithic A/D converter ® Low cost
using P-channel ion-implanted MOS technology. It m +5V, 10V input ranges
cor?tains a high input impgdance comparator‘, 256 = No missing codes
series resistors and analog- switches, control logic and . R .
Nl . ® Ratiometric conversion
output latches. Conveérsion is performed using a succes-
sive approximation technique where the unknown ® TRI-STATE outputs
analog voltage is compared to the resistor tie points ® Fast Tc=50us
using analog switches. When the appropriate tie point = Contains output latches
voltagle matches thg.unknown voltage., conver'sion is ® TTL compatible
complete and _the digital outputs cont:?m an 8-bit com- = Supply voltages 5Vpg and —12 Vpe
plementary binary word corresponding to the un- X I
known. The binary output is TRI-STATE® to permit . R.eso"{"on 8 bits
bussing on common data lines. ® Linearity +1LSB
= Conversion speed 40 clock periods
The ADCO800PD is specified over ~55°C to +125°C = Clock range 50 to 800 kHz
and the ADCO800PCD is specified over 0°C to 70°C.
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Absolute Maximum Ratings

Supply Voltage (Vpp)
Supply Voltage (VGG)
Voltage at Any Input
Storage Temperature
Operating Temperature
ADCO0800PD
ADCO0800PCD

Lead Temperature (Soldering, 10 seconds)

Electrical Characteristics

Vgg—22V

Vgs—22V

Vgs + 0.3V to Vgg—22V
150°C

—55°C to +125°C
0°C to +70°C
300°C

These specifications apply for Vgs = 5.0 Vpg, VGG = —12.0 VpC, VDD = 0 VpC. a reference voltage of 10.000 Vp( across
the on-chip R-network (VR.NETWORK TOP = 5.000 Vpc and VR.NETWORK BOTTOM = —5.000 Vpc), and a clock fre-
quency of 800 kHz. For all tests, a 47552 resistor is used from pin 5 to ground. Unless otherwise noted, these specifications apply
over an ambient temperature range of —55°C to +125°C for the ADCO800PD and 0°C to +70°C for the ADCOS00PCD.

PARAMETER CONDITIONS MIN TYP MAX UNITS
Non-Linearity Ta = 25°C, (Note 1) +1 LSB
Over Temperature, (Note 1) +2 LSB
Differential Non-Linearity 1/2 LSB
Zero Error +2 LSB
Zero Error Temperature Coefficient (Note 2) 0.01 %/°C
Full-Scale Error *2 LSB
Full-Scale Error Temperature Coefficient | (Note 2) 0.01 %/°C
Input Leakage 1 HA
Logical “1" Input Voltage All Inputs Vgs—1.0 Vss \
Logical "0’ Input Voltage All Inputs VGG Vgs—4.2
Logical Input Leakage TA = 25°C, All Inputs, ViL= 1 MHA
Vgs — 10V
Logical ‘“1' Output Voltage All Outputs, IoH = 100 uA 2.4 \%
Logical “0"" Output Voltage All Outputs, Ig = 1.6 mA 0.4
Disabled Output Leakage Ta = 25°C, All Outputs, VoL = 2 uA
Vgs @ 10V
Clock Frequency 0°C< TA < +70°C 50 800 kHz
-55°C < Ta < +125°C 100 500 kHz
Clock Pulse Duty Cycle 40 60 %
TRI-STATE Enable/Disable Time 1 us
Start Conversion Pulse (Note 3) 1 31/2 Clock
Periods
Power Supply Current Ta=25°C 15 mA

7

Note 1: Non-linearity specifications are based on best straight line.

Note 2: Guaranteed by design only..

Note 3: Start conversion pulse duration greater than 3 1/2 clock periods will cause conversion errors.
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ADCO0800

Timing Diagram
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w
l
" 0% 90%
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DELAY ~ DELAY — ™ l"‘

Data is complementary binary (full scale is all “0’s’* output).

Application Hints
OPERATION

The ADCO0800 contains a network with 256-30052
resistors in series, Analog switch taps are made at the
junction of each resistor and at each end of the net-
work. In operation, a reference (10.00V) is applied
across this network of 256 resistors. An analog input
(VIN) is first compared to the center point of the
ladder via the appropriate switch. If VN is larger than
VREF/2, the internal logic changes the switch points
and now compares VN and 3/4 VREF. This process,
known as successive approximation, continues until the
best match of VN and VREF/N is made. N now defines
a specific tap on the resistor network. When the conver-
sion is complete, the logic loads a binary word corres-
ponding to this tap into the output latch and an end of
conversion (EOC) logic level appears. The output latches
hold this data valid until a new conversion is completed
and new data is loaded into the latches. The data transfer
occurs in about 200 ns so that valid data is present
virtually all the time. Conversion requires 40 clock
periods. The device may be operated in the free run-
ning mode by connecting the Start Conversion line to
the End of Conversion line. However, to ensure start-up
under all possible conditions, an external Start Conver-
sion pulse is required during power up conditions.

REFERENCE

The reference applied across the 256 resistor network

' determines the analog input range. VREF = 10.00V

with the top of the R-network connected to 5V and the
bottom connected to —5V gives a +5V range. The
reference can be level shifted between Vgg and VGgG.
However, the voltage, which is applied to the top of the
R-network (pin 15), must not exceed Vgg to prevent
forward biasing the on-chip parasitic silicon diode
which exists between the P-diffused resistors (pin 15)
and the N-type body (pin 10, Vgs). Use of a standard
logic power supply for Vgg can cause problems, both
due to initial voltage tolerance and changes over tem-
perature. A solution is to power the Vgg line (15 mA
max drain) from the output of the op amp which is
used to bias the top of the R-network (pin 15). The
analog input voltage and the voltage which is applied
to the bottom of the R-network (pin 5) must be at

least 7V above the —Vpp supply voltage to insure
adequate voltage drive to the analog switches .

Other reference voltages may be used (such as 10.24V).
If a 6V reference is used, the analog range will be 5V
and accuracy will be reduced by a factor of 2. Thus, for
maximum accuracy, it is desirable to operate with at
least a 10V reference. For TTL logic levels, this requires
5V and -5V for the R-network. CMOS can operate at
the 10 Vpc Vss level and a single 10 Vpg reference
can be used. All digital voltage levels for both inputs and
outputs will be from ground to Vgs.

ANALOG INPUT AND SOURCE RESISTANCE CON-
SIDERATIONS

The lead to the analog input (pin 12) should be kept as
short as possible. Both noise and digital clock coupling
to this input can cause conversion errors. To minimize
any input errors, the foliowing source resistance consid-
erations should be noted:

For Rg <5k No analog input bypass capacitor
required, although a 0.1 uF input
bypass capacitor will prevent pick-
up due to unavoidable series lead
inductance.

For 5k < Rg <20k A 0.1 uF capacitor from the input

{pin 12) to ground should be used.

For Rg > 20k Input buffering is necessary.

If the overall converter system requires lowpass filtering
of the analog input signal, use a 20 kQ or less series
resistor for a passive RC section or add an op amp RC
active lowpass filter (with its inherent low output
resistance) to insure accurate conversions.

CLOCK COUPLING

The clock lead should be kept away from the analog
input line to reduce coupling.

LOGIC INPUTS

The logical ““1"" input voltage swing for the Clock, Start
Conversion and Output Enable should be (Vgg — 1.0V).
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Application Hints (continued)

CMOS will satisfy this requirement but a pull-up resistor
should be used for TTL logic inputs.

RE-START AND DATA VALID AFTER EOC

The EOC line (pin 9) will be in the low state for a maxi-
mum of 40 clock periods to indicate “busy’’. A START
pulse which occurs while the A/D is BUSY will reset the
SAR and start a new conversion with the EOC signal
remaining in the low state until the end of this new
conversion, When the conversion is complete, the EOC
line will go to the high voltage state. An additional 4
clock periods must be allowed to elapse after EOC goes
high, before a new conversion cycle is requested. Start
Conversion pulses which occur during this last 4 clock
period interval may be ignored (see Figures 1 and 2 for
high speed operation). This is only a problem for high
conversion rates and keeping the number of conver-
sions per second less than (1/44) x fcLOCK automati-
cally guarantees proper operation. For example, for an
800 kHz clock, 18,000 conversions per second are
allowed. The transfer of the new digital data to the
output is initiated when EOC goes to the high voltage
state.

POWER SUPPLIES

Standard supplies are Vgg = 5V, VgGg = —12V and.

VpDp = 0V. Device accuracy is dependent on stability
of the reference voltage and has slight sensitivity to
Vgs — VGG. VpD has no effect on accuracy. Noise
spikes on the Vgg and VGG supplies can cause improper
conversion; therefore, filtering each supply with a
4.7 uF tantalum capacitor is recommended.

CONTINUOUS CONVERSIONS AND LOGIC CON-
TROL ’

Simply tying the EOC output to the Start Conversion
input will allow continuous conversions, but an oscilla-
tion on this line will exist during the first 4 clock periods
after EOC goes high. Adding a D flip-flop between EQC
(D input) to Start Conversion (Q output) will prevert
the oscillation and will allow a stop/continuous control
via the “clear’ input.

To prevent missing a start pulse which may occur after
EOC goes high and prior to the required- 4 clock
period time interval, the circuit of Figure 1 can be used.
The RS latch can be set at any time and the 4-stage
shift register delays the application of the start pulse
to the A/D by 4 clock periods. The RS latch is reset
1 clock period after the A/D EQOC signal goes to the low
voltage state. This circuit also provides a Start Conver-
sion pulse to the A/D which is 1 clock peried wide.

A second control logic application circuit is shown in
Figure 2. This allows an asynchronous start pulse of
arbitrary length less than T, continuously converts for
a fixed high level and provides a single clock period
start'pulse to the A/D. The binary counter is loaded with
a count of 11 when the start pulse to the A/D appears.
Counting is inhibited until the EOC signal from the A/D
goes high. A carry pulse is then generated 4 clock
periods after EOC goes high and is used to reset the
input RS latch. This carry pulse can be used to indicate
that the conversion is complete, the data has transferred
to the output buffers and the system is ready for a new
conversion cycle.

JL

START CONVERSION
o> am)

[ = T o

1 r" MM74C175
€0C ),
(FROM A/D) >
c ¢
[Metern CLEAR ] [ | CLEAR
Nn l
ADC0800
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STARY
CONVERSION
MM74C02

FIGURE 1. Delaying an Asynchronous Start Pulse
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FIGURE 2. A/D Control Logic
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Application Hints (continued)
ZERO AND FULL-SCALE ADJUSTMENT

Zero Adjustment: This is the offset voltage required at
the bottom of the R-network (pin 5) to make the
11111111 to 11111110 transition when the input
voltage is 1/2 LSB (20 mV for a 10.24V scale). In most
cases, this can be accomplished by having a 1 k2 pot on
pin 5. A resistor of 47582 can be used as a non-adjustable
best approximation from pin 5 to ground.

Typical Applications
General Connection

v -12v CLOCK

15 10 s |s "
-:—-uumn ENABLE
ADC0300 " sC
14
5 12
8.B1T WORD
-V Vin

Hi-Voltage CMOS Output Levels

+10V

-v Vin

15 10 8 12

ADC0800

'5 ‘Il
T =

0V to 10V V\p range
0V to 10V output levels

Full-Scale Adjustment: This is the offset voltage required
at the top of the R-network (pin 15) to make the
00000001 to 00000000 transition when the input
voltage is 1 1/2 LSB from full-scale (60 mV less than
full-scale for a 10.24V scale). This voltage is guaranteed
to be within 2 LSB for the ADC0800. In most cases,
this can be accomplished by having a 1 k§2 pot on pin
15.

Ratiometric Input Signal with Tracking Reference

+5V

>;
S S
b2

Vin
POTENTIOMETRIC <. 12
TRANSOUCER S ADC0800

[*]
-12v

Level Shifted Zero and Full-Scale for Transducers

Level Shifted Input Signal Range

PERCENT OF Vger (%)

Vin (%)

+5V

B2

H
AAAAAA
VAN~

FULL SCALE
1 10

>
1

72 10.00v
VREF : ADCO800

5 8 12
8-BIT WORD
<
AL r:EHO
VWA~ Vin

>
> 18k

AAA

R1 and R2 change the effective input range
-12v by 1V/10 k$2




Typical Applications (continued)

VREF = 10 Vpc With TTL Logic Levels

ANALOG
14k 18 Vo INPOT
1%
63 Ve = MA—AAA, + sVpg 1
1% a1 VW *
J 54
' EZ] T | T
S 15 0= 2=
g LM32002 . .
1
CLOCK Ot —O £0C
15Vc = 5Vpc s ADC0800 ;
START, ouTPUT
conversion® ] = ennsie
s [u |8
';',:" S 2817
b3 WORD
4.99K >
% |
A2 a1uF

p -5V = ':E

VREF = 10 Vpc With

*See application hints

-12¥oe A1 and A2 = LM358N dual op amp

10V CMOS Logic Levels

27 69 Vpe
15V
6.4v
>. + . ANALOG
> 10Vpe INPUT
q 1/2 LM358 10
> AA,
4 Wy 1+ .
L = T T
= 15 0= 12°=
> o o=l 2o eoc
353 gLock
I%q ADCO800
START_ 6 L ENABLE
=._-CDHVEHSIDN ouTPUT

47

Input Level Shifting

0V T0 10V
ANALOG INPUT

TO ADCO800

15V

10k
ADJUST FOR -5V
QUT WITH OV INPUT

MICROPROCESSOR INTERFACE

Figure 3 and the following sample program are included
to illustrate both hardware and software requirements to
allow output data from the ADCO0800 to be loaded into
the memory of a microprocessor system. For this exam-
ple, National’s INS8060, SC/MP 11, microprocessor has
been used.

-5V T0 5V INPUT

e Permits TTL compatible outputs with
0V to 10V input range (OV to —10V
input range achieved by reversing
polarity of zener diodes and returning
the 6.8k resistor to V™).

The sample program, as shown, will start the converter,
load the converter’s output data into the accumulator,
keep track of the number of data bytes entered, com-
plement the data and store this data into sequential
memory locations. After 256 bytes have been entered,
the control jumps to the user’s program where proces-

00800QV




ADCO0800

Typical Applications (continueq)

sing of the data entered will be implemented. A more
practical program whereby each data byte entered will
be processed before another entry is made can easily be
done by jumping back to the user’s program at the end
of the interrupt routine (where the data is loaded into
the accumulator and stored in memory). The end of
the user’s program should provide a jump back to the
INITIALIZE statement to start a new conversion and
generate a new data entry.

The following arbitrarily chosen addresses and pointer
assignments are used in this example:

Pointer 1 — WORD COUNT (ADDR:0100)
Also used to point to the A/D converter at
address 0500 for this example when data is

to be entered.

Pointer 2~ ENTERED DATA (ADDR's: 0200 02FF)
Data is stored in 2's complement binary
form, ie, 01111111 - +full-scale and
10000000 ~ — full-scale.

Pointer 3 — LOAD DATA SUBROUTINE (starts at

ADDR:0300)

Executed when an EOC signal generates an
interrupt request via sense A after an IEN
(interrupt enable) instruction.

The address for the converter (0500) is unique for this
particular sample program but may not be in a user's
system so a different converter address must be used.
Note that in Figure 3 ADX and ADY for the address
decode circuitry would be address bits ADB10 and
ADBS8 (pins 35 and 33 on the SC/MP |I package) for
converter address 0500.

SAMPLE PROGRAM TO LOAD DATA INTO MEMORY WITH SC/MP i,

0001 08 START: NOP
0002 C401 LDIX'01
0004 35 XPAH 1
0005 C4 00 LDIX'00
0007 31 XPAL 1
0008 C4 02 LDIX'02
000A 36 XPAH 2
0008 C4 00 LDIX'00
000D €900 ST(P1)
000F 32 XPAL 2
0010 C403 LDIX'03
0012 37 XPAH 3
0013 08 INITIALIZE:  NOP
0014 C400 LDIX'00
0016 33 XPAL 3
0017 C401 LDIX01
0019 07 CAS
001A C100 LD (P1)
001C F4 FF XRIX'FF
001E 9805 JZDTAIN
0020 05 IEN
0021 08 LOOP: NOP
0022 90 FE JMP LOOP
0024 08 DTA IN: NOP

:DATA ENTRY SUBROUTINE

0300 08 DATA INSR: NOP
0301 A900 ILD (P1)
0303 C405 LDIX'05
0305 35 XPAH 1
0306 C100 LD (P1)
0308 F47F XRIX'7F
030A CEO1 ST @ 1(P2)
030C C400 LDIX'00
030E 07 CAS
030F C401 LDIX'01
0311 35 XPAH 1
0312 C413 LDIX"13
0314 33 XPAL 3
XPPC 3

0315

;P1=0100

; Zero word count (P1)
;P2 = 0200

; P3=0300

; Starts converter via flag 0

; Test to see if word count is FF,
if so, jump to DTA IN

; Enables INTERRUPT

; Loop until EOC

; User program to process data

; Increment word count

; P1 will point to converter

; Converter data loaded into
accumulator

; Put data in 2's complement form

; Store data

. Resets flag 0

; Resets P1 to point at word count

; Return to INITIALIZE to start a
new conversion
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Typical Applications (continued)

NADS o@EDO—

I K

5

5V
0.001 uF
3.9k
16 1 7 [
(19} 49| Vee CLR R/C c
FLAG 0 Q=== B
9 1/2 MM74C221 a
A
I GND

(17) O SENSE A
[ 9

MM74C00

1

SC EOC | 4 (@
Vss 2—1 peD) DB7
3 (o)
2-2—O D86
2 (11)
2-3—O D85
(12)
VReF 24 L0 bea
ADC0800 17013)
-5 =0 DB3
R-NETWORK 16018)
1k ZERO 28
Abd Aeur ooy 14(15)
(~5V T +5V) N 2-7—O D81
7 13(16)
(1] 2-8f—0
Vv Vpp CLK
8 18] 11
+|
5V O_T_T_l —12v
5uF
Vee CLR PRST = | 500kHz
D )
5V O_T_J
1/2 MM74C74
) CLR  PAST
X
CLK i ngg],o— CLK Q p—
GND 1/2 MM74C74

D 6—1

Setting flag 0 (FLGO = 1) with software, starts conversion (FLGO must be cleared before another conversion can be initiated)
With interrupt enabled an EOC will force an interrupt. Interrupt subroutine should load converter data into the accumulator.
Output data is in complementary offset binary form

Numbers in parentheses denote pin numbers of SC/MP chip

*ADX and ADY can be any of the address lines but they must be high on/y at the time the converter output data is to be put on the data bus

(i.e., the converter must have its own unique address)

FIGURE 3. Interfacing to the SC/MP |l Microprocessor
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Typical Applications (continued)
TESTING THE A/D CONVERTER
There are many degrees of complexity associated with

testing an A/D converter. One of the simplest tests is to
apply a known analog input voltage to the converter

and use LED’s to display the resulting digital output

code as shown in Figure 4. Note that the LED drivers
invert the digital output of the A/D converter to provide
a binary display. A lab DVM can be used.if a precision
voltage source is not available. After adjusting the zero
and full-scale, any number of points can be checked,
as desired.

For ease of testing, a 10.24 Vpg reference is recom-
mended for the A/D converter. This provides an LSB of
40 mV (10.240/256). To adjust the zero of the A/D, an
analog input-voltage of 1/2 LSB or 20 mV should be

applied and the zero adjust potentiometer should be set
to provide a flicker on the LSB LED readout with all the
other display LEDs OFF.

To adjust the full-scale adjust potentiometer, an analog
input which is 1 1/2 LSB less than the reference (10.240—
0.060 or 10.180 Vpc) should be applied to the analog
input and the full-scale adjusted for a flicker on the LSB
LED, but this time with all the other LEDs ON.

A complete circuit for a simple A/D tester is shown in
Figure 5. Note that the clock input voltage swing and
the digital output voltage swings are from OV to 10.24V.
The MM74C901 provides a voltage translation to 5V
operation and also the logic inversion so the readout
LEDs are in binary.

START I l EOC MsB
<

SB LED
1%
L
DC ANALOG A/D sv
wpuT voLTage > unpeR TEST
| . .
| H . oss
L
v LSB
I DVM I 5v
OUTPUT - ,
ENABLE
BINARY DISPLAY
v&
FIGURE 4. Basic A/D Tester
10200 Vpe o
(POWER SUPPLY) |+
104F
T
FULLSCALE & 1
ADJUST & - 5V
e
15 7 10 NSL5042
10.24V — n OUT EN Vg . <
ov O—CLK MSB |- 5Vpc
f= 800 kHz
ADC0800 H :
UNDER TEST . . s
ANALOG 12 13
INPUT Lse 5Vpc
0.1 uF Vpp -Vgg EOC  SC vy
5 _Lla 8 I9 16 = 2
! S — 2 EA MM74C901
< = (CMOS TO TTL)
= 9 zero 10 4F

iADJUST

s I

Vo= =

-1Vpe

FIGURE 5. Complete Basic Tester Circuit
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Typical Applications (continued)

The digital output LED display can be decoded by
dividing the 8 bits into the 4 most significant bits and
4 least significant bits. Table | shows the fractional
binary equivalent of these two 8-bit groups. By adding
the decoded voltages which are obtained from the col-
umn: “Input Voltage Value with a 10.240 VRgf" of
both the MS and LS groups, the value of the digital
display can be determined. For example, for an output
LED display of 1011 0110 or “B6" (in hex) the
voltage values from the table are 7.04 + 0.24 or

7.280 VpC. These voltage values represent the center
values of a perfect A/D converter. The input voltage has
to change by *1/2 LSB (+20 mV), the "‘quantization
uncertainty’’ of an A/D, to obtain an output digital code
change. The effects of this quantization error have to be
accounted for in the interpretation of the test results.
A plot of this natural error source is shown in Figure 6
where, for clarity, both the analog input voltage and the
error voltage are normalized to LSBs.

TABLE |. DECODING THE DIGITAL OUTPUT LEDs

iNPUTVVOLTAGE
HEX BINARY FRACTIONAL BINARY VALUE FOR VALUE WITH
10.24 VREF
MS GROUP LS GROUP MS GROUP | LS GROUP
F 111 15/16 15/256 9.600 0.600
E 11 1 0 7/8 7/128 8.960 0.560
D 11 0 1 13/16 13/256 8.320 0.520
C 1 1 0 O 3/4 3/64 7.680 0.480
B 10 1 1 11/16 11/256 7.040 0.440
A 1 0 1 0 5/8 5/128 6.400 0.400
9 1 0 0 1 9/16 9/256 5.760 0.360
8 1 0 0 0|12 1/32 5.120 0.320
7 o 1 1 1 7/16 7/256 4.480 0.280
6 o 1 1 0 3/8 3/128 3.840 0.240
5 0o 1 0 1 5/16 5/256 3.200 0.200
4 0O 1 0 O 1/4 ' 1/64 2.560 0.160
3 0o 0 1 1 3/16 3/256 1.920 0.120
2 0 0 1 0 1/8 1/128 1.280 0.080
1 0 0 o0 1 1/16 1/256 0.640 0.040
0 0 0 0 0 0 0
1
12 - — — —_— — ——— —
2 3

A/D ERROR VOLTAGE (IN LSBs)
=]

N__.\L N

-1 ANALOG INPUT VOLTAGE (IN LSBs)

FIGURE 6. Error Plot of a Perfect A/D Showing Effects of Quantization Error
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Typical Applications (continueq)

A low speed ramp generator can also be used to sweep
the analog input voltage and the LED outputs will
provide a binary counting sequence from zero to full-
scale.

The techniques described so far are suitable for an
engineering evaluation or a quick check on performance.
For a higher speed test system, or to obtain plotted

data, a digital-to-analog converter is needed for the

test set-up. An accurate 10-bit DAC can serve as the
precision voltage source for the A/D. Errors of the A/D
under test can be provided as either analog voltages or
differences in two digital words.

A basic A/D tester which uses a DAC and provides the
error as an analog output voltage is shown in Figure 7.
The 2 op amps can be eliminated if a lab DVM with a
numerical subtraction feature is available to directly
readout the difference voltage, “A—C"”. The analog

8-BIT

A/D
UNDER TEST

ANALOG INPUT o
VOLTAGE

100X ANALOG
O £RAoR VOLTAGE

FIGURE 7. A/D Tester with Analog Error Output

Connection Diagram

R-
NET-

VANALOG OUTPUT

= All R’s = 0.05% tolerance

input voltage can be supplied by a low frequency ramp
generator and an X-Y plotter can be used to provide
analog error (Y axis) versus analog input (X axis). The
construction details of a tester of this type are provided
in the NSC application note AN-179, ‘‘Analog-to-
Digital Converter Testing"’.

For operation with a microprocessor or a computer-
based test system, it is more convenient to present the
errors digitally. This can be done with the circuit of
Figure 8 where the output code transitions can be
detected as the 10-bit DAC is incremented. This provides
1/4 LSB steps for the 8-bit A/D under test. |f the results
of this test are automatically plotted with the analog
input on the X axis and the error (in LSB's) as the Y
axis, a useful transfer function of the A/D under test
results. For acceptance testing, the plot is not necessary
and the testing speed can be increased by establishing
internal limits on the allowed error for each code.

V
ANALDG DIGITAL

QUTPUT

DIGITAL 10-81T

A/D UNDER
INPUT DAC TEST

FIGURE 8. Basic “‘Digital’’ A/D Tester

Dual-In-Line Package

WORK L8
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National
Semiconductor

Analog-to-Digital Converters

ADCO0801, ADC0802, ADC0803, ADC0804 8 Bit uP

Compatlble A/ID Converters

General Description

The ADCO0801, ADC0802, ADC0803, ADCO0804 are
CMOS 8-bit, successive approximation A/D converters
which use a modified potentiometric ladder—similar to
the 256R products. They are designed to meet the NSC
MICROBUS™ standard to allow operation with the
8080A control bus, and TRI-STATE® output latches
directly drive the data bus. These A/Ds appear like
memory locations or /O ports to the microprocessor
and no interfacing logic is needed.

A new differential analog voltage input allows increasing
the common-mode rejection and offsetting the analog
zero input voltage value. In addition, the voltage refer-
ence input can be adjusted to allow encoding any smaller
analog voltage span to the full 8 bits of resolution.

Features

= MICROBUS (8080A) compatible—no interfacing logic
needed

® Easy interface to all microprocessors, or operates
"stand alone”

® Differential analog voltage inputs

® Logic inputs and outputs meet T2L voltage level
specifications

m Works with 2.5V (LM336) voltage reference

= On-chip clock generator

® QV to 5V analog input voltage range with single 5V
supply

®  No zero adjust required

= (.3" standard width 20-pin DIP package

Key Specifications

® Resolution 8 bits
m Total error +1/4 LSB, £1/2 LSB and +1 LSB
= Conversion time 100 us
®  Access time 135 ns
= Single supply 5Vpc
n

Operates ratiometrically or with 6 Vpg, 2.5 Vpc,
or analog span adjusted voltage reference

Typical Applications

"
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0} b CLKR
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Connection Diagrams
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ADCO0801, ADC0802,

ADC0803, ADC0804

Absolute Maximum Ratings (Notes 1 and 2)

Supply Voltage (Vce) (Note 3)
Voltage at Any Input

Storage Temperature Range
Package Dissipation at Ta = 25°C

Lead Temperature (Soldering, 10 seconds)

6.5V

-0.3V to (Ve +0.3V)

—65°C to +150°C
875 mW
300°C

Electrical Characteristics

Converter Specifications:

Temperature Range (Note 1)

ADC0801/02/03 LD
ADC0801/02/03/04 LCD
ADCO0801/02/03/04 LCN

y

Range of Vg (Note 1)

0perating‘Ratings (Notes 1.and 2)

TMIN £ TA < TMAX
-65°C < Ta < +125°C
—40°C < Ta < +85°C
0°C<TA<70°C
45Vpct06.3Vpe

Vee=5Vpe, VREF/2=2500 Vpe, TMIN < TA <TmAX and foLk = 640 kHz unless otherwise stated.

PARAMETER CONDITIONS MIN TYP MAX UNITS
ADCO0801:
Total Adjusted Error (Note 8) With Full-Scale Adj. t1/4 LSB
ADC0802:
Total Unadjusted Error Completely Unadjusted *1/2 LS8
(Note 8)
ADC0803:
Total Adjusted Error (Note 8) With Full-Scale Adj. +1/2 LSB
ADC0804:
Total Unadjusted Error Completely Unadjusted 1 LSB
(Note 8)
VREF/2 Input Resistance Input Resistance at Pin 9 1.0 1.3 k2
Analog Input Voltage Range (Note 4) V(+) or V(-) Gnd—0.05 Vee+0.05 Vpe
DC Common-Mode Rejection Over Analog Input Voltage Range +1/16 +1/8 LSB
Power Supply Sensitivity Vce =5 Vpe £10% Over +1/16 +1/8 LSB
Allowed ViN(+) and VN(-)
Voltage Range (Note 4)
Electrical Characteristics
Timing Specifications: Vg =5 Vpcand Ta = 25°C unless otherwise noted.
PARAMETER CONDITIONS MIN TYP MAX UNITS
foLk Clock Frequency Vce =6V, (Note 5) 100 640 1280 kHz
Vee =5V 100 640 800 kHz
Te Conversion Time (Note 6) 66 73 1/fcLK
CR Conversion Rate In Free-Running INTR tied to WR with 8770 conv/s
Mode CS=0Vpc, fcLK = 640 kHz
tW(WR)L | Width of WR Input (Start Pulse CS=0Vpc (Note 7) 100 ns
Width)
tACC Access Time (Delay from CL =100 pF 135 200 ns
Falling Edge of RD to Output (Use Bus Driver IC for
Data Valid) Larger C)
t1H, tOH TRI-STATE Control (Delay CL=10pF, Ry =10k 125 250 ns
from Rising Edge of RD to (See TRI-STATE Test
Hi-Z State) Circuits)
Wi Delay from Falling Edge 300 450 ns
of WR to Reset of INTR
CIN Input Capacitance of Logic 5 7.5 pF
Control Inputs
CouTt TRI-STATE Output 5 7.5 pF
Capacitance (Data Buffers)




Electrical Characteristics

Digital Levels and DC Specifications:
Vee =5 Vpg and Ty <Ta <Tpax unless otherwise noted.

PARAMETER CONDITIONS I MIN i TYP I MAX UNITS

CONTROL INPUTS [Note: CLK IN (pin 4) is the input of a Schmitt trigger circuit and is therefore specified separately]

Vin (1) Logical 1" Input Voltage Vce =5.256 Vpe 20 15 Vbe
(Except Pin 4 CLK IN)

ViN (0)  Logical “0” Input Voltage Vece =4.75 Vpe 0.8 VDC
(Except Pin 4 CLK IN)

VT+ CLK IN (Pin 4) Positive Going 2.7 3.1 3.5 Vpe
Threshold Voltage

V- CLK IN (Pin 4) Negative Going 1.5 1.8 21 Vpe
Threshold Voltage

VH CLK IN (Pin 4) Hysteresis 0.6 1.3 2.0 Vpe
(VT+) — (V1)

IiN (1) Logical ““1” Input Current VIN=5VpC 0.005 1 MADC
{All Inputs)

IfN (0)  Logical 0" Input Current VIN=0Vpc -1 —0.005 MADC
(All Inputs)

Icc Supply Current (Includes fcLK = 640 kHz, 1.3 25 mA
Ladder Current) TA=25°Cand CS="1"

DATA OUTPUTS AND INTR

VouT (0) Logical 0" Qutput Voltage lo=16mA 0.4 Vpe
Vee =4.75 Vpe
VourT (1) Logical ““1” Qutput Voltage I0 =360 uA 24 Vpe
Vee=4.75Vpe
louT TRI-STATE Disabled Output VouT=0Vpc -3 HADC
Leakage (All Data Buffers) VouT =5 VDC 3 HADC
Output Short Circuit Current Ta=25°C
ISOURCE hE VouT Short to Gnd 45 6 mApC
ISINK VouT Short to Vgc 9.0 16 mADC

Note i: Absolute maximumi ratings are those values beyond which the life of the device may be impaired.

Note 2: All voltages are measured with respect to Gnd, unless otherwise specified. The separate A Gnd point should always be wired to the D Gnd.
Note 3: A zener diode exists, internally, from Ve to Gnd and has a typical breakdown voltage of 7 Vpg.

Note 4: For V n(—) > V| n(+) the digital output code will be 0000 0000. Two on-chip diodes are tied to each analog input (see block diagram)
which will forward canduct for analog input voltages one diode drop below ground or one diode drop greater tha. the VCC supply. Be careful,
during testing at low Vg levels (4.5V), as high level analog inputs (§V) can cause this input diode to conduct—especially at elevated temperatures,
and cause errors for analog inputs near full-scale. The spec allows 50 mV forward bias of either diode. This means that as long as the analog VIN
does not exceed the supply voltage by more than 50 mV, the output code will be correct. To achieve an absolute 0 Vpc to 5 Vpginputvoltage
range will therefore require a minimum supply voltage of 4.950 Vpc over temperature variations, initial tolerance and loading.

Note 5: With V¢ = 6V, the digital logic interfaces are no longer TTL compatible.

Note 6: With an asynchronous start pulse, up to 8 clock periods may be required before the internal clock phases are proper to start the conversion
process.

Note 7: The CS input is assumed to bracket the WR strobe input and therefore timing is dependent on the WR pulse width. An arbitrarily wide
pulse width will hold the converter in a reset mode and the start of conversion is initiated by the low to high transition of the WR pulse (see
timing diagrams).

Note 8: None of these A/Ds requires a zero adjust. However, if an all zero code is desired for an analog input other than 0.0V, or if a narrow
full-scale span exists (for exampie: 0.5V to 4.0V full-scale) the VlN(—) input can be adjusted to achieve this. See section 2.5 and Figure 19.
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ADC0801, ADC0802,
ADCO0803, ADC0804

Typical Performance Characteristics

FULL-SCALE ERROR (LSBs) CLK IN THRESHOLD VOLTAGE (V) LOGIC INPUT THRESHOLD VOLTAGE (V)

OQUTPUT CURRENT (mA)
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TRI-STATE® Test Circuits and Waveforms

t1H t1H,CL =10 pF toH toH. CL = 10 pF
vee Vee Vee
Vee
RD
ble— DATA 10k
& ouTPUT GND e
DOt DATA
oL 10k i ‘ ouTPUT -
oata 'O S0% ¢ oara ¢
1 ouTPUTS L'I' ouTPUTS (
- = = = N ———— = Pp—

.. . t, =20 ns t. = 20 ns
Timing Diagrams

START
CONVERSION

-

—= WWRIL [~ “BUSY"

ACTUAL INTERNAL 3 DATA IS VALID IN
“NOT BUSY” § OUTPUT LATCHES
STATUS OF THE - NOT Bus
CONVERTER
fe———— 1TO8x 1/fg i INTERNAL Tg
(LAST DATA WAS READ)
iNTR 7
(LAST DATA WAS NOT READ) o INT ASSERTED
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TNTR RESET
INTR

TRISTATE®

DATA

OUTPUTS

|
ILY‘
hd

N 7

—{ IACC |

! Y H, tOH |—

Note: All timing is measured from the 50% voltage points.

1.0 UNDERSTANDING A/D ERROR SPECS

A perfect A/D transfer characteristic (staircase wave- digital codes, but also each riser (the transitions between
form) is shown in Figure 7a. The horizontal scale is adjacent output codes) will be located +£1/2 LSB away
analog input voltage and the particular points labeled are from each center-value. As shown, the risers are ideal and
in steps of 1 LSB (19.53 mV with 2.5V tied to the have no width. Correct digital output codes will be
VREF/2 pin). The digital output codes which correspond provided for a range of analog input voltages which ex-
to these inputs are shown as D—1, D, and D+1. For tend *1/2 LSB from the ideal center-values. Each tread
the perfect A/D, not only will center-value (A—1, A, (the range of analog input voltage which provides the
A+1, . . ) analog inputs produce the correct output same digital output code) is therefore 1 LSB wide.
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ADC0801, ADC0802,
ADC0803, ADC0804

Figure 1b shows worst case error plot for ADC0801.
All center-valued inputs are guaranteed to produce the
correct output codes and the adjacent risers are guaran-
teed to be no closer to the center-value points than
+1/4 LSB. In other words, if we apply an analog input
equal to the center-value *1/4 LSB, we guarantee that
the A/D will produce the correct digital code. The
maximum range of the position of the code transition is
indicated by the horizontal arrow and it is guaranteed to
be no more than 1/2 LSB.

The error curve of Figure 1c shows worst case error plot
for ADC0802. Here we guarantee that if we apply an
analog input equal to the LSB analog voltage center-value
the A/D will produce the correct digital code.

Transfer Function

Next to each transfer function is shown the correspond-
ing error plot. Many people may be more familiar with
error plots than transfer functions. The analog input
voltage to the A/D is provided by either a linear ramp or
by the discrete output steps of a high resolution DAC.
Notice that the error is continuously displayed and
includes the quantization uncertainty of the A/D. For
example the error at point 1 of Figure 1a is +1/2 LSB
because the digital code appeared 1/2 LSB in advance of
the center-value of the tread. The error plots always have
a constant negative slope and the abrupt upside steps
are always 1 LSB in magnitude.

Error Plot
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FIGURE 1. Clarifying the Error Specs of an A/D Converter




2.0 FUNCTIONAL DESCRIPTION

The ADCO0801 series contains a circuit equivalent of
the 256R network. Analog switches are sequenced
by successive approximation logic to match the analog
difference input voltage [V|N(+) — VIN(—)] to a corre-
sponding tap on the R network. The most significant
bit is tested first and after 8 comparisons (64 clock
cycles) a digital 8-bit binary code (1111 1111 = full-
scale) is transferred to an output latch and then an
interrupt is asserted (INTR makes a high-to-low tran-
sition). The device may be operated in the free-running
mode by connecting INTR to the WR input with CS =
0. To insure start-up under all possible conditions,
an external WR pulse is required during the first power-
up cycle. A conversion in process can be interrupted
by issuing a second start command.

On the high-to-low transition of the WR input the
internal SAR latches and the shift register stages are
reset. As long as the CS input and WR input remain low,
the A/D will remain in a reset state. Conversion will
start from 1 to 8 clock periods after at least one of these
inputs makes a low-to-high transition.

A functional diagram of the A/D converter is shown in
Figure 2. All of the package pinouts are shown and the
major logic control paths are drawn in heavier weight
lines.

The converter is started by having CS and WR simul-
taneously low. This sets the start flip-flop (F/F) and the
resulting ““1’’ level resets the 8-bit shift register, resets
the Interrupt (INTR) F/F and inputs a ‘1" to the D
flop, F/F1, which is at the input end of the 8-bit shift
register. Internal clock signals then transfer this ‘1" to
the Q output of F/F1. The AND gate, G1, combines
this 1" output with a clock signal to provide a reset
signal to the start F/F. If the set signal is no longer
present (either WR or CS is a “1”') the start F/F is reset
and the 8-bit shift register then can have the “1"’ clocked
in, which starts the conversion process. If the set signai
were to still be present, this reset pulse would have no
effect (both outputs of the start F/F would momentarily
be at.a ‘1" level) and the 8-bit shift register would con-
tinue to be held in the reset mode. This logic therefore
allows for wide CS and WR signals and the converter will
start after at least one of these signals returns high and
the internal clocks again provide a reset signal for the
start F/F.

“1" = RESET SHIFT REGISTER
“0" = BUSY AND RESET STATE RESET

RESET

INPUT PROTECTION
FOR ALL LOGIC INPUTS

INPUT CLK

TO INTERNAL
CIRCUITS

BV =30V
FIF1

START F/F

START CONVERSION
20 4 MSB
vee (VRer) O—————9 PR
e < <
:: A | IF RESET = 0"
é . LADDER  |g= SAR le—{ 88T
VREF/2 — AND LATCH SHIFT R|<
" (NOTE2) [ REGISTER RESET
< L
<+
<
. b
DAC M LSB
8 Viout) T__ 7 .
'E?'TD CLKA
- Vee | !
]
FIF2
a
]
Vin+) O YVYVIVVYVYY
XFER
1 TRISTATE < ( 62 T
ViN(=) O OUTPUT LATCHES
wal LLLL L L Lise —__
5
1112 13 14 15 16 17 18 | W
I.__J CONV. COMPL

DIGITAL OUTPUTS

TRISTATE® CONTROL
“1" = QUTPUT ENABLE

"’] L—Bx 1

7D 2

Note 1: CS shown twice fof clarity.
Note 2: - SAR = Successive Approximation Register.

RESET

FIGURE 2. Block Diagram

¥0800QV ‘€0800QV
208000V 108000V



ADCO0801, ADC0802,
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After the ““1" is clocked through the 8-bit shift register
(which completes the SAR search) it appears as the
input to the D flop, F/F 2. As soon as this 1"’ is output
from the shift register, the AND gate, G2, causes the
new digital word to transfer to the TRI-STATE output
latches. When F/F 2 is subsequently clocked, the Q out-
put makes a high-to-low transition which causes the
INTR F/F to set. An inverting buffer then supplies
the INTR output signal.

When data is to be read, the combination of both
CS and RD being low will cause the INTR F/F to be
reset and the TRI-STATE output latches will be enabled
to provide the 8-bit digital outputs.

2.1 Digital Control Inputs

The digital control inputs (CS, RD, and WR) meet
standard T“L logic voltage levels. These signals have been
renamed when compared to the standard A/D Start and
Output Enable labels. In addition, these inputs are active
low to allow an easy interface to microprocessor control
busses. For non-microprocessor based applications, the
CS input (pin 1) can be grounded and the standard A/D
Start function is obtained by an active low pulse applied
at the WR input (pin 3) and the Output Enable function
is caused by an active low pulse at the RD input (pin 2).

2.2 Analog Differential Voltage Inputs and
Common-Mode Rejection

This A/D has additional applications flexibility due to
the analog differential voltage input. The V N{-) input
(pin 7) can be used to automatically subtract a fixed
voltage value from the input reading (tare correction).
This is also useful in 4 mA—20 mA current loop conver-
sion. In addition, common-mode noise can be reduced
by use of the differential input.

The time interval between sampling V|N(+) and V N(-)
is 4-1/2 clock periods, The maximum error voltage due
to this slight time difference between the input voltage
samples is given by:

4.5
AVe(MAX) = (Vp) (2mfem) (————) ,
foLK

where:

AV is the error voltage due to sampling delay

Vp is the peak value of the common-mode voltage

fem is the common-mode frequency
As an example, to keep this error to 1/4 LSB (~5 mV)
when operating with a 60 Hz common-mode frequency,
fem, and using a 640 kHz A/D clock, fcLK, would

allow a peak value of the common-mode voltage, Vp,
which is given by:

_ [AVemax) (fcLk)]
(2nfem) (4.5)

or

(5% 1073) (640 x 10%)
(6.28) (60) (4.5)

which gives
Vp=1.9V.

The allowed range of analog input voltages usually places
more severe restrictions on input common-mode noise
levels.

An analog input voltage with a reduced span and a
relatively large zero offset can be easily handled by
making use of the differential input (see section 2.4
Reference Voltage Flexibility).

2.3 Analog Inputs

2.3.1 input Current

Due to the internal switching action, displacement
currents will flow at the analog inputs. This is due to on-
chip stray capacitance to ground. The voltage on this
capacitance is switched and will result in currents enter-
ing the ViN(+) input and leaving the VN(—) input
which will depend on the analog differential input
voltage levels. These current transients occur at the
leading edge of the internal clocks. They rapidly decay
and do not cause errors as the on-chip comparator
is strobed at the end of the clock period.

2.3.2 Input Bypass Capacitors

Bypass capacitors at the inputs will average these charges
and cause a DC current to flow through the output
resistances of the analog signal sources. This charge
pumping action is worse for continuous conversions
with the V|N(+) input voltage at full-scale. For con-
tinuous conversions with a 640 kHz clock frequency
with the VyN(+) input at 5V, this DC current is at a
maximum of approximately 5 uA. Therefore, bypass
capacitors should not be used at the analog inputs or
the VREF/2 pin for high resistance sources (> 1 kQ2).
If input bypass capacitors are necessary for noise fil-
tering and high source resistance is desirable to minimize
capacitor size, the detrimental effects of the voltage
drop across this input resistance, which is due to the
average value of the input current, can be eliminated
with a full-scale adjustment while the given source re-
sistor and input bypass capacitor are both in place. This
is possible because the average value of the input current
is a precise linear function of the differential input
voltage.

2.3.3 Input Source Resistance

Large values of source resistance where an input bypass
capacitor is not used, wi/l not cause errors as the input
currents settle out prior to the coinparison time. If a
low pass filter is required in the system, use a low
valued series resistor (< 1 k§2) for a passive RC section
or add an op amp RC active low pass filter. For low
source résistance applications, (< 1kS), a 0.1 uF bypass
capacitor at the inputs will prevent pickup due to series
lead inductance of a long wire. A 10082 series resistor
can be used to isolate this capacitor—both the R and C
are placed outside the feedback loop—from the output
of an op amp, if used.




2.3.4 Noise

The leads to the analog inputs (pins 6 and 7) should be
kept as short as possible to minimize input noise
coupling. Both noise and undesired digital clock coupling
to these inputs can cause system errors. The source
resistance for these inputs should, in general, be kept
below 5 k§2. Larger values of source resistance can cause
undesired system noise pickup. Input bypass capacitors,
placed from the analog inputs to ground, will eliminate
system noise pickup but can create analog scale errors as
these capacitors will average the transient input switching
currents of the A/D (see section 2.3.3). This scale error
depends on both a large source resistance and the use of
an input bypass capacitor. This error can be eliminated
by doing a full-scale adjustment of the A/D (adjust
VREF/2 for a proper full-scale reading—see section 2.5.2
on Full-Scale Adjustment) with the source resistance
and input bypass capacitor in place.

2.4 Reference Voltage
2.4.1 Span Adjust

For maximum applications flexibility, these A/Ds have
been designed to accommodate a 5 Vpc, 2.6 Vpc or an
adjusted voltage reference. This has been achieved in the
design of the IC as shown in Figure 3.

Notice that the reference voltage for the IC is either 1/2
of the voltage which is applied to the Vg supply pin,
or is equal to the voltage which is externally forced at
the VREF/2 pin. This allows for a ratiometric voltage
reference using the Vg supply, a 5 Vpc reference
voltage can be used for the Vg supply or a voltage less
than 2.5 Vpc can be applied to the VREF/2 input for
increased application flexibility. The internal gain to the
VREF/2 input is 2 to allow this factor of 2 reduction in
the VREF/2 voltage.

An example of the use of an adjusted reference voltage is
to accommodate a reduced span—or dynamic voitage
range of the analog input voltage. If the analog input
voltage were to range from 0.5 Vpc-to 3.5 Vpc, instead
of OV to 5 Vpg, the span would be 3V. With 0.5 Vpc
applied to the V|N (-) pin to absorb the offset, the
reference voltage can be made equal to 1/2 of the 3V
span or 1.6 Vpc. The A/D now will encode the V| (+)
signal from 0.5V to 3.5V with the 0.5V input cor-
responding to zero and the 3.6 Vp( input corresponding
to full-scale. The full 8 bits of resolution are therefore
applied over this reduced analog input voltage range.

2.4.2 Reference Accuracy Requirements

The converter can be operated in a ratiometric mode or
an absolute mode. In ratiometric converter applications,
the magnitude of the reference voltage is a factor in both
the output of the source transducer and the output of
the A/D converter and therefore cancels out in the final
digital output code. In absolute conversion applications,
both the initial value and the temperature stability of the
reference voltage are important accuracy factors in the
operation of the A/D converter. For VREF/2 voltages of
2.5 Vpc nominal value, initial errors of +10 mVpg will
cause conversion errors of £1 LSB due to the gain of 2
of the VREF/2 input. In reduced span applications, the
initial value and the stability of the VREF/2 input
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S }_
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>

<

i

< }'—
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R y DECODE CIRCUITS
.
AGND |8 DGND [10

FIGURE 3. The VREFERENCE Design on the IC

voltage become even more important. For example, if
the span is reduced to 2.5V, the analog input LSB
voltage value is correspondingly reduced from 20 mV
(5V span) to 10 mV and 1 LSB at the VREF/2 input
becomes 5 mV. As can be seen, this reduces the allowed
initial tolerance of the reference voltage and requires
correspondingly less absolute change with temperature
variations. Note that spans smaller than 2.5V place even
tighter requirements on the initial accuracy and stability
of the reference source.

In general, the magnitude of the reference voltage will
require an initial adjustment. Errors due to an improper
value of reference voltage appear as full-scale errors in
the A/D transfer function. IC voltage regulators may be
used for references if the ambient temperature changes
are not excessive. The LM336B 2.5V IC reference diode
(from National Semiconductor) is available which oper-
ates with a 5V input voltage and has a temperature
stability of 1.8 mV typ (6 mV max) over 0°C < Ta <
+70°C. Other temperature range parts are also available.

25 Errors
2.5.1 Zero Error

The zero of the A/D does not require adjustment. |f the
minimum analog input voltage value, VIN(MIN)' is
not ground, a zero offset can be done. The converter
can be made to output 0000 0000 digital code for this
minimum input voltage by biasing the A/D VN () input
at this ViN(MIN) value (see Applications section). This
utilizes the differential mode operation of the A/D.

The zero error of the A/D converter relates to the
location of the first riser of the transfer function and
can be measured by grounding the V (—) input and
applying a small magnitude positive voltage to the V (+)
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input. Zero error is the difference between the actual
DC input voltage which is necessary to just cause an
output digital code transition from 0000 0000 to 0000
0001 and the ideal 1/2 LSB value (1/2 LSB = 9.8 mV
for VREF/2 = 2.500 Vpg).

2.5.2 Full-Scale

The full-scale adjustment can be made by applying a
differential input voltage which is 1-1/2 LSB down from
the desired analog full-scale voltage range and then ad-
justing the magnitude of the VRgF/2 input (pin 9) for
a digital output code which is just changing from
1111 1110 to 1111 1111. When offsetting the zero
and using a span adjusted VREF/2 voltage, the full-scale
adjustment is made by inputting VMmN to the VN ()
input of the A/D and applying a voltage to the VN (+)
input which is given by:

(VMAX—=VMIN)
VIN (+) fsadj =V 15| ——
IN | MAX 256
where:
VMAX = The high end of the analog input range

and

VMIN = the low end (the offset zero) of the analog
range. (Both are ground referenced.)

2.6 Clocking Option

The clock for the A/D can be derived from the CPU
clock or an external RC can be added to provide self-
clocking. The CLK IN (pin 4) makes use of a Schmitt
trigger as shown in Figure 4.

CLKR
19 1
foLk = ——
R 1.1RC
1 R=10kQ
CLK IN| =
P bo—b—»cw
ot
ADC0801, ADC0802, ADCO803, ADC0804

FIGURE 4. Self-Clocking the A/D

Heavy capacitive or DC loading of the clock R pin

should be avoided as this will disturb normal converter

operation. Loads less than 50 pF, such as driving up to 7
A/D converter clock inputs from a single clock R pin of
1 converter, are allowed._For larger clock line loading, a
CMOS or low power T“L buffer or PNP input logic
should be used to minimize the loading on the clock
R pin (do not use a standard T<L buffer).

2.7 - Restart During a Conversion
If the A/D is restarted (CS and WR go low and return

high) during a conversion, the converter is reset and a
new conversion is started. The output data latch is not

updated if the conversion in process is not allowed to
be completed, therefore the data of the previous con-
version remains in this latch.

2.8 Continuous Conversions

For operation in the free-running mode an initializing
pulse should be used, following power-up, to insure
circuit operation. In this application, the CS input is
grounded and the WR input is tied to the INTR output.
This WR and INTR node should be momentarily forced
to logic low following a power-up cycle to guarantee
operation.

2.9 Driving the Data Bus

This MOS A/D, like MOS microprocessors and mem-
ories, will require a bus driver when the total capacitance
of the data bus gets large. Other circuitry, which is tied
to the data bus, will add to the total capacitive loading,
even in TRI-STATE (high impedance mode). Backplane
bussing also greatly adds to the stray capacitance of the
data bus.

There are some alternatives availabie to the designer to
handle this problem. Basically, the capacitive loading of
the data bus slows down the response time, even though
DC specifications are still met. For systems operating
with a relatively slow CPU clock frequency, more time is
available in which to establish proper logic levels on the
bus and therefore higher capacitive loads can be driven
(see typical characteristics curves).

At higher CPU clock frequencies time can be extended
for 1/O reads (and/or writes) by inserting wait states
(8080) or using clock extending circuits (6800).

Finally, if time is short and capacitive loading is high,
external bus drivers must be used. These can be TRI-
STATE buffers (low power Schottky is recommended
such as the DM74LS240 series) or special higher drive
current products which are designed as bus drivers.
High. current bipolar bus drivers with PNP inputs are
recommended.

2.10 Power Supplies

Noise spikes on the V¢ supply line can cause conversion
errors as the comparator will respond to this noise. A
lew inductance tantalum filter capacitor should be used
close to the converter Vcg pin and values of 1 uF or
greater are recommended. If an unregulated voltage is
available in the system, a separate LM340LAZ-5.0,
TO-92, 5V voltage regulator for the converter (and
other analog circuitry) will greatly reduce digital noise
on the Vg supply.

2.11 Wiring and Hook-Up Precautions

Standard digital wire wrap sockets are not satisfactory
for breadboarding this A/D -converter. Sockets on PC
boards can be used and all logic signal wires and leads
should be grouped and kept as far away as possible from
the analog signal leads. Exposed leads to the analog
inputs can cause undesired digital noise and hum pickup,
therefore shielded leads may be necessary in many ap-

plications.
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A single point analog ground should be used which is
separate from the logic ground points. The power supply
bypass capacitor and the self-clocking capacitor (if used)
should both be returned to digital ground. Any VREF/2
bypass capacitors, analog input filter capacitors, or input
signal shielding should be returned to the analog ground
point. A test for proper grounding is to measure the
zero error of the A/D converter. Zero errors in excess of
1/4 LSB can usually be traced to improper board layout
and wiring (see section 2.5.1 for measuring the zero
error).

3.0 TESTING THE A/D CONVERTER

There are many degrees of complexity associated with
testing an A/D converter. One of the simplest tests is to
apply a known analog input voltage to the converter and
use LEDs to display the resulting digital output code as
shown in Figure 5.

For ease of testing, the VREF/2 (pin 9) should be
supplied with 2.5660 Vpc and a V¢ supply voltage of
5.12 Vpc should be used. This provides an LSB value
of 20 mV.

If a full-scale adjustment is to be made, an analog input
voltage of 5.090 Vpc (5.120 — 1 1/2 LSB) should be
applied to the VN (+) pin with the VN (-) pin grounded.
The value of the VREF/2 input voltage should then
be adjusted until the digital output code is just changing
from 1111 1110 to 1111 1111. This value of VREF/2
should then be used for all the tests.

The digital output LED display can be decoded by
dividing the 8 bits into 2 hex characters, the 4 most
significant (MS) and the 4 least significant (LS). Table |
shows the fractional binary equivalent of these two 4-bit
groups. By adding the decoded voltages which are ob-
tained from the column: Input voltage value for a 2.560
VREF/2 of both the MS and the LS groups, the value of
10k

menAAA
A A4 4

the digital display can be determined. For example, for
an output LED display of 1011 0110 or B6 (in hex), the
voltage values from the table are 3.520 + 0.120 or
3.640 Vpc. These voltage values represent the center-
values of a perfect A/D converter. The effects of quanti-
zation error have to be accounted for in the interpreta-
tion of the test results.

For a higher speed test system, or to obtain plotted
data, a digital-to-analog converter is needed for the test
set-up. An accurate 10-bit DAC can serve as the precision
voltage source for the A/D. Errors of the A/D under test
can be provided as either analog voltages or differences
in 2 digital words.

A basic A/D tester which uses a DAC and prevides the
error as an analog output voltage is shown in Figure 6.
The 2 op amps can be eliminated if a lab DVM with a
numerical subtraction feature is available to directly
readout the difference voltage, “A—C". The analog
input voltage can be supplied by a low frequency ramp
generator and an X-Y plotter can be used to provide
analog error (Y axis) versus analog input (X axis). The
construction details of a tester of this type are provided
in the NSC application note AN-179, “Analog-to-Digital
Converter Testing"".

For operation with a microprocessor or a computer-
based test system, it is more convenient to present the
errors digitally. This can be done with the circuit of
Figure 7, where the output code transitions can be
detected as the 10-bit DAC is incremented. This provides
1/4 LEB steps for the 8-bit A/D under test. If the results
of this test are automatically plotted with the analog
input on the X axis and the error (in LSB’s) as the Y
axis, a useful transfer function of the A/D under test
results. For acceptance testing, the plot is not necessary
and the testing speed can be increased by establishing
internal limits on the allowed error for each code.

150 pF 1 2 88T VANALOG OUTPUT
A\ @—O5.120 Vg A
—p B
_I:. unn?(z TEST
10 uF
2 1 x TANTALUM
3
ANALOG
n.o.A INPUT O——tg
. VOLTAGE
=O)
START
5
——Of  Apcos,
ADC0802,
f :ggg:ﬁ' 100X ANALOG
Vin ) OI——— ERROR VOLTAGE
0. uF 5Vpc
7 =
FIGURE 6. A/D Tester with Analog Error Output
8
acno
2.560 Vg 3
Vae/z O l ‘
DIGITAL
01 F 10 INPUT VANALOG
l VS8 10817 A/D UNDER \ DIGITAL
- D GND DAC TEST ouTPUT

1.3k
(8 NSL5027
@)

FIGURE 5. Basic A/D Tester

FIGURE 7. Basic “Digital” A/D Tester
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TABLE |. DECODING THE DIGITAL OUTPUT LEDs

ADCU8U1, ADCUBUZ,
ADCO0803, ADC0804

OUTPUT VOLTAGE
CENTER VALUES
FRACTIONAL BINARY VALUE FOR WITH
HEX BINARY VREF/2 = 2.560 Vpc
Ms GROUP LS GROUP VMS GROUP* | VLS GROUP*

F T 1 1 1 15/16 15/256 4.800 0.300
E 11 1 0 7/8 7/128 4.480 0.280
D 11 0 1 13/16 13/256 4.160 0.260
C 1.1 0 O 3/4 3/64 3.840 0.240
B 10 1 1 11/16 - 11/256 3.520 0.220
A 1 0 1 0 5/8 5/128 3.200 0.200
9 1.0 0 1 9/16 9/256 2.880 0.180
8 1 0 0 O 1/2 2.560 0.160
7 o 1 1 1 7/16 7/256 2.240 0.140
6 o 1 1 0 3/8 3/128 1.920 0.120
5 0o 1 0 1 5/16 5/256 1.600 0.100
4 0 1 0 O 1/4 1/64 ) 1.280 0.080
3 0 0 1 1 3/16 3/256 0.960 0.060
2 0o 0 1 0 1/8 1/128 J 0.640 0.040
1 0o 0 0 1 1/16 1/256 0.320 0.020

0 0 0 0 o0 0 0

*V Display Output = VMS Group + VLS Group

4.0 MICROPROCESSOR INTERFACING

To discuss the interface with 8080A, 6800 and SC/MP-11
microprocessors, a common sample subroutine structure
is used. The microprocessor starts the A/D, reads and
stores the results of 16 successive conversions, then re-
turns to the user’s program. The 16 data bytes are stored
at location 0200 to 020F. All Data and Addresses
will be given in hexadecimal form. Software and hard-
ware details are provided separately for each type of
microprocessor.

4.1 Interfacing 8080 Microprocessor Derivatives
(8048, 8085)

This converter has been designed to directly interface
with an 8080A-2 microprocessor (MICROBUS class 2).
The A/D can be mapped into memory space (using
standard memory address decoding for CS and the
MEMR and MEMW strobes) or it can be controlled as an
1/O device by using the 1/O R and I/O W strobes and
decoding the address bits AO - A7 (or address bits
AB — A15 as they will contain the same 8-bit address
information) to obtain the CS input. Using the 1/0
space provides 256 additional addresses and may allow
a simpler 8-bit address decoder but the data can only
be input to the accumulator. To make use of the ad-
ditional memory reference instructions, the A/D should
be mapped into memory space. An example of an A/D
in 1/0 space in shown in Figure 8. )

The standard control bus signals of the 8080 (CS, RD
and WR) can be directly wired to the digital control in-
puts of the A/D and the bus timing requirements are met
to allow both starting the converter and outputting the
data onto the data bus. A bus driver should be used for
larger microprocessor systems where the data bus leaves
the PC board and/or must drive capacitive loads larger
than 100 pF. .

4.1.1 Sample 8080A CPU Interfacing Circuitry and
Program

The following sample program and associated hardware
may be used to input data from the converter to the
INS8080A CPU chip set (comprised of the INS8080A
microprocessor, the INS8228 system controller and the
INS8224 clock generator). For simplicity, the A/D is
controlled as an 1/O device, specifically an 8-bit bi-
directional port located at an arbitrarily chosen port
address, EQ. The TRI-STATE output capability of the
A/D eliminates the need for a peripheral interface device,
however address decoding is still required to generate the
appropriate CS for the converter.

It is important to note that in systems where the A/D
converter is 1-of-8 or less 1/0 mapped devices, no address
decoding circuitry is necessary. Each of the 8 address
bits (A0 to A7) can be directly used as CS inputs—one
for each 1/0 device.
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INPUTS & —{ Ve o84 = —P 084 (5*
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Note 1: *Pin numbers for the INS8228 system controller, others are INSS8080A.

Note 2: Pin 23 of the INS8228 must be tied to +12V through a 1 k2 resistor to generate the RST 7
instruction when an interrupt is acknowledged as required by the accompanying sample program.

FIGURE 8. ADC0801—INS8080A CPU Interface

SAMPLE PROGRAM FOR F/GURE 8 ADC0801-INS8080A CPU INTERFACE

0038

0100

0300
0302
0303
0304

C3 0003

2100 02

31 00 04
7D

FE OF
CA 1301
D3 EO

C3 03 01

RST 7:

START:

RETURN:

LOOQP:
CONT:

(User program to
process data)

LD DATA:

JMP LD DATA

LXI H 0200H ;

LX! SP 0400H ;
MOV A, L H
CPI OF H :
JZ CONT ;
OUT EO H ;
El ;
NOP ;
JMP LOOP ;

IN EOH ;
MOV M, A ;
INX H

JMP RETURN

HL pair will point to

data storage locations

Initialize stack pointer (Note 1)
Test # of bytes entered

If #=16. JMP to

user program

Start A/D

Enable interrupt

Loop until end of

conversion

Load data into accumulator
Store data
Increment storage pointer

Note 1: The stack pointer must be dimensioned because a RST 7 instruction pushes the PC onto the stack.

Note 2: All addresses used were arbitrarily chosen.
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4.2 Interfacing the Z-80

The Z-80 control bus is slightly different from that of
the 8080. General RD and WR strobes are provided and
separate memory request, MREQ, and 1/0O request,
I0RQ, signals are used which have to be combined with
the generalized strobes to provide the equivalent 8080
signals. An advantage of operating the A/D in I/O space
with the Z-80 is that the CPU will automatically insert
one wait state (the RD and WR strobes are extended one
clock period) to allow more time for the 1/O devices to
respond. Logic to map the A/D in I/O space is shown in
Figure 9.

RD AD 2 A%
ADC0801,
ToRaG ADCO0802,

ADC0803,
WR 3] Apcosos

MM74C32

FIGURE 9. Mapping the A/D as an 1/0 device
for use with the Z-80 CPU

Additional 1/0 advantages exist as software DMA rou-
tines are available and use can be made of the output
data transfer which exists on the upper 8 address lines
(A8 to A15) during I/0 input instructions. For example,
MUX channel selection for the A/D can be accomplished
with this operating mode. '

4.3 Interfacing 6800 Microprocessor Derivatives
(6502, etc.)

The control bus for the 6800 microprocessor derivatives
does not use the RD and WR strobe signals. Instead it
employs a single R/W line and additional timing, if
needed, can be derived from the ¢2 clock. All 1/O
devices are memory mapped in the 6800 system, and a
special signal, VMA, indicates that the current address is
valid. Figure 10 shows an interface schematic where the
A/D is memory mapped in the 6800 system. For sim-
plicity, the CS decoding is shown using 1/2 DM8092.
Note that in many 6800 systems, an already decoded
4/5 line is brought out to the common bus at pin 21.
This can be tied directly to the CS pin of the A/D, pro-
vided that no other devices: are addressed at HEX
ADDR: 4XXX or 5XXX.

The following subroutine essentially performs the same
function as in the case of the 8080A interface and it can
be called from anywhere in the user’s program.

In Figure 11 the ADCO801 series is interfaced to the
M6800 microprocessor through (the arbitrarily chosen)
Port B of the MC6820 or MC6821 Peripheral Interface
Adapter, (PIA). Here the CS pin of the A/D is grounded
since the PIA is already memory mapped in the M6800
system and no CS decoding is necessary. Also notice
that the A/D output data lines are connected to the
microprocessor bus under program control through
the PIA and therefore the A/D RD pin can be grounded.

SAMPLE PROGRAM FOR F/GURE 10 ADC0801—-MC6800 CPU INTERFACE

0010 DF 36 DATAIN STX
0012 CE 00 2C LDX
0015 FF FF F8 STX
0018 B7 50 00 STAA
001B OE CLlI
001C 3E WAI
001D DE 34 LDX
001F 8C 02 OF CPX
0022 27 14 BEQ
0024 B7 50 00 STAA
0027 08 INX
0028 DF 34 STX
002A 20 FO BRA
002C DE 34 LDX
002E B6 50 00 LDAA
0031 A7 00 STAA
0033 3B RTI
0034 02 00 FDB
0036 00 00 FDB
0038 CE 02 00 LDX
003B DF 34 STX
003D DE 36 LDX
003F 39 RTS

TEMP2 ; Save contents of X
#$002C : Upon IRQ low CPU
$FFF8 ; jJumps to 002C
$5000 ; Starts ADC0801
; Wait for interrupt
TEMP1
#$020F ; Is final data stored?
ENDP
$5000 ; Restarts ADC0801
TEMP1
CONVRT
TEMP1
$5000 ; Read data
X ; Store it at X
$0200 ; Starting address for
; data storage
$0000
#$0200 ; Reinitialize TEMP1
TEMP1
TEMP2

; Return from subroutine
; To user’s program

Note 1: in order for the microprocessor to service subroutines and interrupts, the stack pointer must be

dimensioned in the user’s program.
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Note 1: Numbers in parentheses refer to MC6800 CPU pin out.
Note 2: Numbers or letters in brackets refer to standard M6800 system common bus code.

FIGURE 10. ADC0801 — MC6800 CPU Interface
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FIGURE 11. ADC0801—-MC6820 PIA Interface
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A sample interface program equivalent to the previous 4.4 Interfacing the INS8060—SC/MP-II

one, is shown below. The PIA Data and Control Registers

of Port B are located at HEX addresses 8006 and 8007, The SC/MP-11 interface technique with the ADC0801
respectively, series Figure 12, is similar to the 8080A CPU interface.

SAMPLE PROGRAM FOR F/GURE 11 ADC0801—-MC6820 PIA INTERFACE

0010 CE 00 38 DATAIN _LDX #$0038 ; Upon TRQ low CPU

0013 FF FF F8 STX $FFF8 ; jumps to 0038

0016 B6 80 06 LDAA PIAORB ; Clear possible TRQ flags

0019 4F CLRA

001A B7 80 07 STAA PIACRB

001D B7 80 06 STAA PIAORB ; Set Port B as input

0020 OE cLi

0021 C6 34 LDAB #$34

0023 86 3D LDAA #83D

0025 F7 80 07 CONVRT STAB PIACRB ; Starts ADC0801

0028 B7 80 07 STAA PIACRB

0028 3E WAI » Wait for interrupt

002C DE 40 LDX TEMP1 -

002E 8C 02 OF CPX #8020F ; Is final data stored?

0031 27 OF BEQ ENDP

0033 08 INX

0034 DF 40 STX TEMP1

0036 20 ED BRA CONVRT

0038 DE 40 INTRPT LDX TEMP1

003A B6 80 06 LDAA PIAORB ; Read data in

003D A7 00 STAA X ; Store it at X

003F 3B RTI

0040 02 00 TEMP1 FDB $0200 ; Starting address for

; data storage

0042 CE 02 00 ENDP LDX #8$0200 ; Reinitialize TEMP1

0045 DF 40 STX TEMP1

0047 39 RTS ; Return from subroutine
PIAORB EQU $8006 ; To user’s program
PIACRB EQU $8007

>C $ SENSE A (17)*
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< naDs )
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7
*Pin numbers in parentheses are for the SC/MP CPU.

FIGURE 12. ADC0801 — SC/MP-Il Microprocessor Interface
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The A/D is treated as a peripheral and it is mapped into
the memory space of the SC/MP-11 system. An address,
0DOO, is assigned to the A/D and the CS signal is shown
to be decoded by a bus comparator, DM8131. The RD
and WR pins of the A/D are tied directly to the Write
Data Strobe, NWRS, and Read Data Strobe, NRDS, pins
of the SC/MP-1I CPU. Notice that the INTR signal
should be inverted before being tied to the SENSE A
pin of the SC/MP-li. A sample interface program is
shown below.

5.0 GENERAL APPLICATIONS

The following applications show some interesting uses
for the A/D. The fact that one particular microprocessor
is used is not meant to be restrictive. Each of these appli-

cation circuits would have its counterpart using any
microprocessor which is desired.

5.1 Muitiple ADC0801 Series to MC6800 CPU
Interface

To transfer analog data from several channels to a single
microprocessor system, a multiple converter scheme
presents several advantages over the conventional multi-
plexer single-converter approach. With the ADC0801
series, the differential inputs allow individual span
adjustment for each channel. Furthermore, all analog
input channels are sensed simultaneously, which essen-
tially divides the microprocessor’s total system servicing
time by the number of channels, since all conversions
occur simultaneously. This scheme is shown in Figure 13.

SAMPLE PROGRAM FOR F/GURE 12 ADC0801-SC/MP-Il MICROPROCESSOR INTERFACE

0100 08 NOP

0101 C4 02 LDI02

0103 35 XPAH(P1)

0104 C4 0D LDIOD

0106 36 XPAH(P2)

0107 C4 03 LD103

0109 37 XPAH(P3)

010A C4 00 LDI0O

010C 31 XPAL(P1) ; P1=0200, P1 points to 1st byte address

010D C4 00 LDIOO

010F coO 1" ST(P1+11) ; Zero the byte count in address 0211

0112 32 XPAL(P2) ; P2=0D00, P2 points to A/D

0113 CA 00 START: ST(P2) ; START the A/D

0115 C4 00 LDIOO

0117 33 XPAL(P3) ; P3=0300, P3 points to DATA in sub.

0118 05 IEN ; starting address

0119 08 LOOP: NOP

011A 90 FE JMP(LOOP)

User’s Program

011C USER NOP

011D NOP

0300 C2 00 DATA IN: LD(P2) ; Load A/D data into accumulator

0302 CD 01 ST@1(P1) ; Store A/D data and increment byte
; address :

0304 A9 11 1LD(P1+11) ; Increment byte count

0306 C4 OF LDIOF

0308 03 SCL

0309 F9 11 CAD(P1+11) ; OF=P1+11): Is byte count = 16?

0308 9B 03 JZ(USER) ; If byte count = 16 jump to user’s
; program

030D C4 13 LDI13

030F 33 XPAL(P3) ; P3=0113

0310 3F XPPC(P3) ; Go to START and do another conversion
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The following schematic and sample subroutine (DATA
IN) may be used to interface (up to) 8 ADCO0801’s
directly to the MC6800 CPU. This scheme can easily be
extended to allow the interface of more converters. In
this configuration the converters are (arbitrarily) located
at HEX address 5000 in the MC6800 memory space. To
save components, the clock signal is derived from just

the CPU, starts all the converters simultaneously and
waits for the interrupt signal. Upon receiving the in-
terrupt, it reads the converters (from HEX addresses 5000
through 5007) and stores the data successively at (arbi-
trarily chosen) HEX addresses 0200 to 0207, before
returning to the user’s program. All CPU registers then
recover the original data they had before servicing DATA

ADCO0801, ADC0802,
ADCO0803, ADC0804

one RC pair on the first converter. This output drives the IN.
other A/Ds.

5.2 Auto-Zeroed Differential Transducer Amplifier

All the converters are started simultaneously with a
and A/D Converter

STORE instruction at HEX address 5000. Note that any
other HEX address of the form 5XXX will be decoded
by the circuit, pulling all the CS inputs low. This can
easily be avoided by using a more definitive address de-
coding scheme. All the interrupts are ORed -together to
insure that all A/Ds have completed their conversion
before the microprocessor is interrupted.

The differential inputs of the ADC0801 series eliminate
the need to perform a differential to single ended
conversion for a differential transducer. Thus, one op
amp can be eliminated since the differential to single
ended conversion is provided by the differential input
of the ADCO0801 series. In general, a transducer preamp
is required to take advantage of the full A/D converter
input dynamic range.

The subroutine, DATA [N, may be called from anywhere
in the user’s program. Once called, this routine initializes

? — RW (33161
DATA BUS & 00(33)(31)
sk R 01(32) (29}
VWA T‘ur 0231 [K}
D3 (30) [A)
1 20 =
e \ Voo b Osv 04 (29) (321
Zofm caf 05 (28) (20)
‘g WA - > 06 (27} [[)
KN 081 > 07 (20) (I}
s 16
~Of INTR ADCO0801 082 >
[] HEX ADDRESS 5000 15 ->
ANALOG O 7] ine) o 1 . < U
HPTs o Vines 084 > < A2 (1) ([T)
o . 3 — A1 (10)1V)
. Cl AGND >
. i P AD(9) [40]
Cﬁ- VREF " -
T 3|2 I1
DGND 087 > Y
P
1 ABC
LL] s O 5v m{ ]
123
. .
P -
. . 61
1 : .
DM74LS138
. B
RN —
. D G2A 0R(3)
. o
1111 M
11 i
(NN ;
0 o
. : > IR0 (2} (D]
. .
;OIEE \J vee o sv
—o) i) CLKR ;':l—
O WR D80 >
n 17
. KIN DB1 m > WXy
— ADCOBDT e > [ —O aNo “’[ ]
414243
anaLos O v HEX ADDRESS 5007 o83 = >
INPUTS O . Vine) 0B4 >
S AGND 085 :: > f
L Ve o858 ‘2| > e V™A (5) [F]
) DGND 087 > 2 12 22)(38]
)
= P 5 3
G_o< |-—< A13 23)(F)
4
1/20MB092 b e n14 (24) (W)
5
—o<}—< A15 (25)(33]

Note 1: Numbers in parentheses refer to MC6800 CPU pin out.
Note 2: Numbers or letters in brackets refer to standard M6800 system common bus code.

FIGURE 13. Interfacing Multiple A/Ds in a MC6800 System
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PROGRAM FOR F/GURE 13 INTERFACING MULTIPLE A/Ds IN AN MC6800 SYSTEM

ADDRESS HEX CODE MNEMONICS COMMENTS
0010 DF 44 DATAIN STX TEMP ; Save Contents of X
0012 CE 00 2A LDX #$002A ; Upon IRQ LOW CPU
0015 FF FF F8 STX $FFF8 ;Jumps to 002A
0018 B7 50 00 STAA $5000 ; Starts all A/D’s
001B OE CLI
001C 3E WAL ;Wait for interrupt
001D CE 50 00 LDX #$5000
0020 DF 40 STX INDEX1 ; Reset both INDEX
0022 CE 02 00 LDX #$0200 ;1 and 2 to starting
0025 DF 42 STX INDEX2 ; addresses
0027 DE 44 LDX TEMP
0029 39 RTS ;Return from subroutine
002A DE 40 INTRPT LDX INDEX1 JINDEX1 > X
002C A6 00 LDAA X ;Read data in from A/D at X
002E 08 INX s Increment X by one
002F DF 40 STX INDEX1 ;X > INDEX1
0031 DE 42 LDX INDEX2 JINDEX2 = X
0033 A7 00 STAA X ;Store data at X
0035 8C 02 07 CPX #$0207 ;Have all A/D’s been read?
0038 27 05 BEQ RETURN ;Yes: branch to RETURN
003A 08 INX ;No: increment X by one
003B DF 42 STX INDEX2 ;X = INDEX2
003D 20 EB BRA INTRPT ;Branch to 002A
003F 3B RETURN  RTI
0040 50 00 INDEX1 FDB $5000 ,Starting address for A/D
0042 02 00 INDEX2 FDB $0200 ;Starting address for data storage
0044 00 00 TEMP FDB $0000

Note 1: In order for the microprocessor to service subroutines and interrupts, the stack pointer must be dimensioned in

the user’s program.

For amplification of DC input signals, a major system
error is the input offset voltage of the amplifiers used
for the preamp. Figure 14 is a gain of 100 differential
preamp whose offset voltage errors will be cancelled by a
zeroing subroutine which is performed by the INS8080A
microprocessor system. The total allowable input offset
voltage error for this preamp is only 50 uV for 1/4 LSB
error. This would obviously require very precise ampli-
fiers. The expression for the differential output voltage
of the preamp is:

2R2
Vo = [VINH) = VIN(=)] [HET] +

SIGNAL

2R2
(Vosg = Vosg — Vosg * IxRx) |1+ "1

[— J

DC ERROR TERM GAIN

where Iy is the current through resistor Ry. All of the
offset error terms can be cancelled by making *IxRy =
Vos1 + Vos3 — Vos2. This is the principle of this
auto-zeroing scheme.

GAIN

The INS8080A uses the 3 |/O ports of an INS8255 Pro-
grammable Peripheral Interface (PP!) to control the auto
zeroing and input data from the ADC0801 as shown in
Figure 15. The PPl is programmed for basic 1/O opera-
tion (mode 0) with Port A being an input port and Ports
B and C being output ports. Two bits of Port C are used
to alternately open or close the 2 switches at the input

of the preamp. Switch SW1 is closed to force the pre-
amp'’s differential input to be zero during the zeroing
subroutine and then opened and SW2 is then ciosed for
conversion of the actual differential input signal. Using
2 switches in this manner eliminates concern for the ON
resistance of the switches as they must conduct only the
input bias current of the input amplifiers.

Output Port B is used as a successive approximation
register by the 8080 and the binary scaled resistors in
series with each output bit create a D/A converter.
During the zeroing subroutine, the voltage at Vy in-
creases or decreases as required to make the differential
output voltage equal to zero. This is accomplished by
insuring that the voltage at the output cf A1 is approxi-
mately 2.5V so that a logic 1" (5V) on any output of
Port B will source current into node Vy thus raising the
voltage at Vx and making the output differential more
negative. Conversely, a logic 0" (OV) will pull current
out of node Vx and decrease the voltage, causing the
differential output to become more positive. For the
resistor values shown, Vyx can move *12 mV with a
resolution of 50 uV which will null the offset error
term to 1/4 LSB of full-scale for the ADC0801. It is
important that the voltage levels which drive the auto-
zero resistors be constant. Also, for symmetry, a logic
swing of OV to 5V is convenient. To achieve this, a
CMOS buffer is used for the logic output signals of Port
B and this CMOS package is powered with a stable 5V
source. Buffer amplifier A1 is necessary so that it can
source or sink the D/A output current.
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ADCO0801, ADCO0802,
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5Vpe
* =
A2
LF3a7
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. ADCO8D2,
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R2 7. ey
g P Vine)
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Aviy ¢ R2 VREF/2
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AAA X
A A AL +
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525 24k
P AN e BT
4%
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100k $Voc
< 8
sw1
-0 200k
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390k PORT B BUFFER
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Ver
793k
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q BT
316M .
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FROM OQUTPUT
PORT C
(FIGURE 15)

&

Note 1: R2=49.5R1

Note 2: Switches are CD4066BC CMOS analog switches.
Note 3: The 9 resistors used in the auto-zero section can be +5% tolerance.

FIGURE 14. Gain of 100 Differential Transducer Preamp
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FIGURE 15. Microprocessor Interface Circuitry for Differential Preamp
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A flow chart for the zeroing subroutine is shown in
Figure 16. 1t must be noted that the ADCO0801 series
will output an all zero code when it converts a negative
input [VIN(=) > VN(+)]. Also, a logic inversion exists
as all of the 1/Q ports are buffered with inverting gates.

Basically, if the data read is zero, the differential output
voltage is negative, so a bit in Port B is cleared to pull
Vx more negative which will make the output more
positive for the next conversion. If the data read is not
zero, the output voltage is positive so a bit in Port B
is set to make Vyx more positive and the output more
negative. This continues for 8 approximations and the
differential output eventually converges to within 5 mV
of zero.

The actual program is given in Figure 17. All addresses
used are compatible with the BLC 80/10 microcomputer
system. In particular:

Port A and the ADCO0801 are at port address E4

Port B is at port address E5

Port C is at port address E6

PPI control word port is at port address E7

Program Counter automatically goes to ADDR:3C3D

upon acknowledgement of an interrupt from the

ADCO0801

5-3 Muitiple A/D Converters in a 2-80
Interrupt Driven Mode

In data acquisition systems where more than one A/D
converter (or other peripheral device) will be interrupting
program execution of a microprocessor, there is ob-
viously a need for the CPU to determine which device
requires servicing. Figure 18 and the accompanying
software is a method of determining which of 7
ADCO0801 converters has completed a conversion (INTR
asserted) and is requesting an interrupt. This circuit
allows starting the A/D converters in any sequence,
but will input and store valid data from the converters
with a priority sequence of A/D 1 being read first,
A/D 2 second, etc,, through A/D 7 which would have
the iowest priority for data being read. Only the con-
varters whose INT is asserted will be read.

The key to decoding circuitry is the DM74LS373,
8-bit D type flip-flop. When the Z-80 acknowledges
the interrupt, the program is vectored to a data input
Z-80 subroutine. This subroutine will read a peripheral
status word from the DM74LS373 which contains
the lougic state of the INTR outputs of all the con-
verters. Each converter which initiates an interrupt
will place a logic 0" in a unique bit position in the
status word and the subroutine will determine the
identity of the converter and execute a data read. An
identifier word (which indicates which A/D the data
came from) is stored in the next sequential memory
location above the location of the data so the program
can keep track of the identity of the data entered.

START ZEROING
SUBROUTINE

CLOSE SW1
OPEN SW2

'

INITIALIZE SAR
BIT POINTER
REG B= X ‘80

!

INITIALIZE SAR
CODE INREG C
REGC=X7F

!

OUTPUT FIRST
SAR CODE
PORTB =X '80

<

v

START A/D AND
READ DATA

OPEN SW1
CLOSE Sw2

!

PREAMP IS ZEROED

AND PROPER INPUT

CONVERSIONS CAN
BE DONE

“OR" REG BWITH
REG C TO CLEAR
BIT INPORT B
WHEN REAPPLIED

v

SHIFT “1” IN REG B
RIGHT TO POINT TO
NEXT BIT

ISREG B
ZERO?

“EXCLUSIVE-OR”

REG BWITH REG C

TO SET NEXT BIT
INPORT B

!

OUTPUT NEW SAR
CODE TO PORT B

L

FIGURE 16. Flow Chart for Auto-Zero Routine
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AUCUBUT, ADCUBUZ,
ADCO0803, ADC0804

3D00 3E90 MVI 90
3D02 . D3E7 Out Control Port
3D04 2601 MVI H 01 Auto-Zero Subroutine
3D06 7C MOV AH
3D07 D3E6 -OUT C
3D09 0680 MVI B 80
3D08B 3E7F MVI A 7F
3D0D 4F MOV C,A Return
3DOE D3ES ouT B
3D10 31AA3D LX1 SP 3DAA Start
3D13 D3E4 OUT A
3D15 FB IE
3D16 00 NOP Loop
3D17 C3163D JMP Loop
3D1A 7A MOV A,D Auto-Zero
3D1B C600 ADI 00
3D1D CA2D3D JZ Set C
3D20 78 MOV AB Shift B
3D21 F600 ORI 00
3D23 1F RAR
3D24 FEOO CPI 00
3D26 CA373D JZ Done
3D29 47 MOV B,A
3D2A C3333D JMP New C
3D2D 79 MOV AC Set C
3D2E BO ORA B
3D2F 4F MOV CA
3D30 C3203D JMP Shift B
3D33 A9 XRA C New C
3D34 C30D3D JMP Return
3D37 47 MOV B,A Done
3D38 7C MOV A H
3039 EEO3 XRI 03
3D3B D3E6 ouT C
3D3D Normal
Program for processing
proper data values
3C3D DBE4 IN A Read A/D Subroutine
3C3F EEFF XRI FF
3C41 57 MOV D,A
3C42 78 MOV A.B
3C43 E6FF ANI FF
3C45 C21A3D JINZ Auto-Zero
3C48 C33D3D JMP Normal
Note: All numerical values are hexadecimal representations.

; Program PP

; Close SW1, open SW2
; Initialize SAR bit pointer
; Initialize SAR code

; Port B = SAR code
; Dimension stack pointer
; Start A/D

; Loop until INT asserted

; Test A/D output data for zero

; Clear carry

; Shift ““1’" in B right one place
; Is B zero? If yes last

; approximation has been made

; Set bit in C that is in same
; position as “1” in B

; Clear bit in C that is in

; same position as ‘1" in B

; then output new SAR code.

; Open SW1, close SW2 then

; proceed with program. Preamp
; is now zeroed.

; Read A/D data
; Invert data

; Is B Reg = 0?7 If not stay
; in auto zero subroutine

FIGURE 17. Software for Auto-Zeroed Differential A/D

5-3

The

2)

3)

4)

Multiple A/D Converters in a Z-80
Interrupt Driven Mode (Continued)

following notes apply:

It is assumed that the CPU automatically performs
a RST 7 instruction when a valid interrupt is ac-
knowledged (CPU is in interrupt mode 1). Hence,
the subroutine starting address of X0038.

The address bus from the Z-80 and the data bus to
the Z-80 are assumed to be inverted by bus drivers.

A/D data and identifying words will be stored in
sequential memory locations starting at the arbitrarily
chosen address X 3E00.

The stack pointer must be dimensioned in the main
program as the RST 7 instruction automatically
pushes the PC onto the stack and the subroutine
uses an additional 6 stack addresses.

5) The peripherals of concern are mapped into 1/0
space with the following port assignments:

HEX PORT ADDRESS PERIPHERAL
00 MM74C374 8-bit flip-flop
01 A/D 1
02 A/D 2
03 A/D3
04 A/D 4
05 A/D5
06 A/D 6
07 A/D7

This port address-also serves as the A/D identifying word

in the program.
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FIGURE 18. Multiple A/D’s with Z-80 Type Microprocessor

INTERRUPT SERVICING SUBROUTINE

Loc

0038
0039
003A
0038
003E
0040
0042
0044
0045
0046

OBJ CODE

ES

C5

F5
2100 3E
OE 01
D300
DBOO

47

79

FE 08
CA 60 00
78

1F

47

DA 5500

C3 4500
ED 78
EE FF
77

2C

7

2C

C3 5100
F1

9]

El

&)

TEST

NEXT

LOAD

DONE

SOURCE
STATEMENT

PUSH HL
PUSH BC
PUSH AF

LD (HL),X3E00
LD C,X01

0UT X00,A

IN A, X00

LD (HL),A
INC L

LD (HL).C
INC L
JP.NEXT
POP AF
POP BC
POP HL
RET

COMMENT

; Save contents of all registers affected by

; this subroutine.

5 Assumed INT mode 1 earlier set.

; Initialize memory pointer where data will be stored.
; C register will be port ADDR of A/D converters.

; Load peripherai status word into 8-bit latch.

; Load status word into accumulator.

; Save the status word.

; Test to see if the status of alf A/D's have

; been checked. If so, exit subroutine.

; Test a single bit in status word by looking for
;@ 1" to be rotated into the CARRY (an INT
;isloaded as a “1”). If CARRY is set then load

; contents of A/D at port ADDR in C register.

;. 1f CARRY is not set, increment C register to point
; to next A/D, then test next bit in status word.

; Read data from interrupting A/D and invert

; the data.

; Store the data.

; Store A/D identifier (A/D port ADDR).
; Test next bit in status word.
; Re-establish all registers as they were

; before the interrupt.

; Return to original program.
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FIGURE 19. Offsetting the Zero of the ADC0801 and
Performing an Input Range (Span) Adjustment
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FIGURE 21. Handling £10V Analog Input Range

Ordering Information

5Vpc (OR VREF)*

FIGURE 22. Free Running Connection

+

TmuF

=
-

DATA
oUTPUTS

TEMPERATURE RANGE 0°’CTO+70C —40°C TO +85°C -55°C TO +125°C
+1/4 Bit Adjusted ADCO0801LCN ADC0801LCD ADCO0801LD
ERROR +1/2 Bit Unadjusted ADCO0802LCN ADCO0802LCD ADC0802LD
+1/2 Bit Adjusted ADCO0803LCN ADCO0803LCD ADC0803LD
+1 Bit Unadjusted ADCO0804LCN ADCO0804LCD
PACKAGE QUTLINE N20A—-MOLDED DIP D20A—-CAVITY DIP D20A-CAVITY DIP
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National
Semiconductor

Analog-to-Digital Converters

ADCO0808, ADC0809 8-Bit .P Compatible A/D Converters

With 8-Channel Multiplexer

General Description -

The ADCO0808, ADC0809 data acquisition componentis a
monolithic CMOS device with an 8-bit analog-to-digital
converter, 8-channel multiplexer and microprocessor
compatible control logic. The 8-bit A/D converter uses suc-
cessive approximation as the conversion technique. The
converter features a high impedance chopper stabilized
comparator, a 256R voltage divider with analog switch tree
and a successive approximation register. The 8-channel
multiplexer can directly access any of 8-single-ended ana-
log signals.

The device eliminates the need for external zero and full-
scale adjustments. Easy interfacing to microprocessors
Is provided by the latched and decoded multiplexer ad-
dress inputs and latched TTL TRI-STATE® outputs.

The design of the ADC0808, ADC0809 has been optimized
by incorporating the most desirable aspects of several
A/D conversion techniques. The ADC0808, ADC0809 of-
fers high speed, high accuracy, minimal temperature
dependence, excellent long-term accuracy and repeatabi-
lity, and consumes minimal power. These features make
this device ideally suited to applications from process and
machine control to consumer and automotive applica-
tions. For 16-channel multiplexer with common output
(sample/hold port) see ADC0816 data sheet.

Features

B Resolution — 8-bits

W Total unadjusted error — +1/2LSBand +1LSB

B No missing codes

B Conversion time — 100 us

B Single supply — 5 Vp¢

B Operates ratiometrically or with 5 Vs or analog span
adjusted voltage reference

B 8-channel multiplexer with latched control logic

B Easy interface to all microprocessors, or operates
“stand alone”

® Outputs meet T2L voltage level specifications

B 0V to 5V analog input voltage range with single 5V
supply

B No zero or full-scale adjust required

B Standard hermetic or molded 28-pin DIP package

® Temperature range —40°C to +85°C or -55°C to
+125°C

B Low power consumption — 15 mW
B Latched TRI-STATE® output

Block Diagram

START CLOCK

.-

. Feaman™
o— | _o END OF CONVERSION
(INTERRUPT)
o— : CONTROL & TIMING
o | |
O 8 CHANNELS : :
8 ANALOG INPUTS —| MULTIPLEXING ] '
o0—  SWITCHES SAR. | y
—o
Ot
: COMPARATOR : - p—-~O
| STATE® Lo
I ouTPUT 8-BIT QUTPUTS
o1 LATCH —O
b | | BUFFER O
l—o
O I | D
SWITCH TREE |
- | l
3-BIT ADDRESS -| Qe | |
¥ 4
o ADDRESS ——— | ﬁ |
L LATCH ) |
ADDRESS nzéggsn I |
LATCH ENABLE 256R RESISTOR LADDER
mul .' |
b | :
Vee GND  REF(+) REF(-) OUTPUT
ENABLE
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ADC0808, ADC0809

Absolute Maximum Ratings (Notes 1and2)

Operating Ratings (Notes 1 2an¢ 2)

Supply Voltage(Vcc)(Note 3) 6.5V Temperature Range (Note 1) TMINSTASTMAX
Voltage at Any Pin -0.3V1o(Vgg +0.3V) ADC0808CJ -55°C=Tas +125°C
Except Control inputs ADC0808CCJ, ADC0O8B08CCN,
Voltage at Control Inputs -0.3Vto +15V ADCO0809CCN —40°CsTp= +85°C
(START, OE, CLOCK, ALE, ADD A, ADD B, ADD C) Range of Vo (Note 1) 4.5Vpcto6.0Vpe
Storage Temperature Range -65°Cto +150°C
Package DissipationatTp = 25°C 875 mwW
Lead Temperature (Soldering, 10 seconds) 300°C
Electrical Characteristics
Converter Speciﬁcatlons: VCC =5Vpc= VREF(+)1 VREF(—)= GND, Tyin<TasTpax and fox= 640 kHz
unless otherwise stated.
Parameter Conditions Min Typ Max Units
ADCO0808
Total Unadjusted Error 25°C +1/2 LSB
(Note 5) Tmin to Tpax +3/4 LSB
ADCO0809
Total Unadjusted Error 0°Cto 70°C +1 1.SB
(Note 5) . Tmin to Tpmax +11/4 LSB
Input Resistance From Ref(+) to Ref(—) 1.0 25 kQ
Analog Input Voltage Range (Note 4) V(+) or V(-) GND-0.10 Vec+0.10 | Vpe
VREF(+) Voltage, Top of Ladder Measured at Ref(+) Vee Vee+0.1 v
Mﬂﬁf@ Voltage, Center of Ladder Veel2-01 | Vegl2 | Veel2+04| v
VREF(-) Voltage, Bottom of Ladder Measured at Ref(—) -0.1 0 \
Comparator Input Current f. =640 kHz, (Note 6) -2 +05 2 rA

o

igital Levels and DC Specifications: ADC0808CJ 4.5V <Vc=<5.5V, —55°C =Ty =< + 125°C unless otherwise noted

ADCO0808CCJ, ADCO808CCN, and ADCO809CCN 4.75 <V <5.25V, —40°C <Tp < + 85°C unless otherwise noted

[ Min [ T\‘(p I Max IU;\its

Parameter Conditions
ANALOG MULTIPLEXER
lorF(+) OFF Channel Leakage Current | Voo =5V, Viy=5V,
Ta=25°C 10 200 nA
Tmin to Tmax 1.0 uA
lorF(-) OFF Channel Leakage Current | Voo =5V, Viy=0,
Ta=25°C - 200 -10 nA
Tmin to Tmax -1.0 uA
CONTROL INPUTS
Vingy ) Logical “1” Input Voltage Vee-1.5 A
Vino Logical “0” Input Voltage 1.5 v
Iingty Logical “1” Input Current V=15V 1.0 uA
(The Control Inputs)
Iing) Logical “0” Input Current Vin=0 -1.0 uA
(The Control Inputs)
lcc Supply Current fok = 640 kHz 0.3 3.0 mA
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Electrical Characteristics (continued)

Digital Levels and DC Specifications: ADC0808CJ 4.5V <V <5.5V, -55°C s Ty = + 125°C unless otherwise noted
ADCO0808CCJ, ADCOB08CCN, and ADCO809CCN 4.75 <V <5.25V, — 40°C < Ta< + 85°C unless otherwise noted

Parameter l Conditions ‘ Min l Typ I Max ‘ Units
DATA OUTPUTS AND EOC (INTERRUPT)
Vout) -~ Logical “1" Output Voltage lo= —360 uA Vge-0.4 \
Vouro Logical ‘0" Output Voltage lo=1.6 mA 0.45
Vouto) Logical “0" Output Voltage EOC | Ig=1.2mA 0.45 \Y
lout TRI-STATE Output Current Vo=5V 3 A
Vo=0 -3 WA

Electrical Characteristics

Timing Specifications: Vcc=Vger(4+)=5Y, Vaer(-)=GND, t,=t;=20 ns and To = 25°C unless otherwise noted.

Symbol Parameter Conditions Min Typ Max | Units
tws Minimum Start Pulse Width (Figure 5) 100 200 ns
twaALE Minimum ALE Pulse Width (Figure 5) 100 200 ns
ts Minimum Address Set-Up Time | (Figure 5) 25 50 ns
ty Minimum Address Hold Time | (Figure 5) 25 50 ns
tp Analog MUX Delay Time Rs=0Q (Figure 5) 1 25 us

From ALE
thy tho OE Control to Q Logic State C_ =50 pF, R = 10k (Figure 8) 125 250 ns
tims ton OE Control to Hi-Z C_=10pF, R =10k (Figure 8) 125 250 ns
te Conversion Time f. =640 kHz, (Figure 5) (Note 7) 90 100 116 us
fo Clock Frequency 10 640 1280 kHz
teoc EOC Delay Time (Figure 5) 0 8+2us | Clock
Periods
Cin Input Capacitance At Control Inputs 10 15 pF
Cour TRI-STATE® Output At TRI-STATE® Outputs, (Note 12) 10 15 pF
Capacitance

Note 1: Absolute maximum ratings are those values beyond which the life of the device may be impaired.

Note 2: All voltages are measured with respect to GND, unless otherwise specified.

Note 3: A zener diode exists, internally, from Vo to GND and has a typical breakdown voltage of 7 Vpc.

Note 4: Two on-chip diodes are tied to each analog input which will forward conduct for analog input voltages one diode drop below ground or one diode drop
greater than the Vo supply. The spec allows 100 mV forward bias of either diode. This means that as long as the analog V| does not exceed the supply
voltage by more than 100 mV, the output code will be correct. To achieve an absolute 0 Vpg to 5 Vp input voltage range will therefore require a minimum sup-
ply voltage of 4.900 Vpc over temperature variations, initial tolerance and loading.

Note 5: Total unadjusted error includes offset, full-scale, linearity, and multiplexer errors. See Figure 3. None of these A/Ds requires a zero or full-scale adjust.
However, if an all zero code is desired for an analog input other than 0.0V, or if a narrow full-scale span exists (for example: 0.5V to 4.5V full-scale) the reference
voltages can be adjusted to achieve this. See Figure 13.

Note 6: Comparator input current is a bias current into or out of the chopper stabilized comparator. The bias current varies directly with clock frequency and
has little temperature dependence (Figure 6). See paragraph 4.0.

Note 7: The outputs of the data register are updated one clock cycle before the rising edge of EOC.
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ADC0808, ADC0809

Functional Description

Multiplexer: The device contains an 8-channel single-
ended analog signal multiplexer. A particular input chan-
nel is selected by using the address decoder. Table |
shows the input states for the address lines to select any
channel. The address is latched into the decoder on the
low-to-high transition of the address latch enable signal.

TABLE |
SELECTED ADDRESS LINE
ANALOG CHANNEL C B A
INO L L L
IN1 L L H
IN2 L H L
IN3 L H H
IN4 H L L
IN5 H L H
IN6 H H L
IN7 H H H

CONVERTER CHARACTERISTICS

The Converter

The heart of this single chip data acquisition system is its
8-bit analog-to-digital converter. The converter is designed

to give fast, accurate, and repeatable conversions over a
wide range of temperatures. The converter is partitioned
into 3 major sections: the 256R ladder network, the suc-
cessive approximation register, and the comparator. The
converter’s digital outputs are positive true.

The 256R ladder network approach (Figure 1) was chosen
over the conventional R/2R ladder because of its inherent
monotonicity, which guarantees no missing digital codes.
Monotonicity is particularly important in closed loop feed-
back control systems. A non-monotonic relationship can
cause oscillations that will be catastrophic for the
system. Additionally, the 256R network does not cause
load variations on the reference voitage.

The bottom resistor and the top resistor of the ladder
network in Figure 1 are not the same value as the
remainder of the network. The difference in these
resistors causes the output characteristic to be sym-
metrical with the zero and full-scale points of the transfer
curve. The first output transition occurs when the analog
signal has reached +1/2 LSB and succeeding output
transitions occur every 1 LSB later up to full-scale.

The successive approximation register (SAR) performs 8
iterations to approximate the input voltage. For any SAR
type converter, n-iterations are required for an n-bit con-
verter. Figure 2 shows a typical example of a 3-bit con-
verter. In the ADC0808, ADCO0809, the approximation
technique is extended to 8 bits using the 256R network.

CONTROLS FROMS.A.R.
|

REF(+) Oy

="
e

1%R

256R

wR &
<P

| N—

T0
. - COMPARATOR
INPUT

REF(~) Ol

FIGURE 1. Resistor Ladder and Switch Tree
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Functional Description (continueq)

The A/D converier's successive approximation register
(SAR) is reset on the positive edge of the start conversion
(SC) pulse. The convarsion is begun on the falling edge of
the start conversion pulse. A conversion in process will be
interrupted by receipt of a new start conversion pulse.
Continuous conversion may be accomplished by tying the
end-of-conversion (EOC) output to the SC input. If used in
this mode, an external start conversion pulse should be
applied after power up. End-of-conversion will go low be-
tween 0 and 8 clock pulses after the rising edge of start
conversion.

The most important section of the A/D converter is the

comparator. It is this section which is responsible for the
uitimate accuracy of the entire converter. It is also the

m

1
{=-FULL-SCALE

i10 IDEAL CURVE -~ ERROR=1/2LSB
a 1
Q
(=)
= 100
=
a.
5 m -
o l=-NONLINEARITY = 1/2 LSB
£ oo 4
< .
001 -
-
000 M- Vin
0/8 1/8 2/8 3/8 4/8 5/8 6/8 7/8

VN AS FRACTION OF FULL-SCALE

FIGURE 2. 3-Bit A/D Transfer Curve

ERROR

INPUT OV
VOLTAGE

numnzms{

A

comparator drift which has the greatest influence on the
repeatability of the device. A chopper-stabilized com-
parator provides the most effective method of satisfying
all the converter requirements.

The chopper-stabilized comparator converts the DC input
signal into an AC signal. This signal is then fed through a
high gain AC amplifier and has the DC level restored. This
technique limits the drift component of the amplifier since
the drift is a DC component which is not passed by the AC
amplifier. This makes the entire A/D converter extremely
Insensitive to temperature, long term drift and input offset
errors.

Figure 4 shows a typical error curve for the ADC0808 as
measured using the procedures outlined in AN-179.

INFINITE RESOLUTION
" PERFECT CONVERTER
10 +1/2 LSB IDEAL 3-BIT CONVERTER
w ToTaL_, P
S 101 | uNapwusTED™ L5
c 1o ERROR | l‘_1 L8
E ABSOLUTE
2 ACCURACY
(=]
< 0o L-wz LS8
QUANTIZATION
001 ERROR

000 Vin
0/8 1/8 2/8 3/8 4/8 5/8 6/8 1/8

VIN AS FRACTION OF FULL-SCALE

FIGURE 3. 3-Bit A/D Absolute Accuracy Curve

REFERENCE LINE

FULL
SCALE

FIGURE 4. Typical Error Curve
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ADC0808, ADCO0809

Connection Diagram

Dual-In-Line Package

28
w3 —4 1= vz
7
Ng =2 L7 n
N5 = 25 no
4 2
ING —— — Ao A
i = 124 008
23
sTaRT = 1=~ aooc
7 22
E0C — ADC0808 — ALE
ADCO803
25 _2. l‘- 2-1msB
ouTPUT _9 20 )2
ENABLE ™| 2
1
cLock <4 19,3
1
vee = L4
17
REF(+ -] |- 2818
GND e 16 REF(-)
2-7 '_44 .i 26
TOP VIEW

Timing Diagram

kfm~—1

START 50% Kso'/.

WS —|

ALE 50%7 50%

=~ tWALE -~
STABLE ADDRESS

e Y Yo

H

s
avatos  \/ -

INPUT A STABLE A
SRy
LsB
COMPARATOR
INPUT
(INTERNAL NODE)
ot tg——|
QuTPUT ' ~
ENABLE
£oc

50%

O L . .. SR ________________<:>_

FIGURE 5§
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Typical Performance Characteristics

15 T
fe = 1200 kHz
1
= 05 / A/ g
3 0 =
z f, = 640 kHz S
- 0 -
2 ;= 640 kHz =
g £
V¢ z
- fg = 1200 kHz
-15 |
0 1.25 25 315 5
Vin (V)

FIGURE 6. Comparator Iy vs V,y
(Vec=Vaer=5V)

TRI-STATE® Test Circuits and Timing Diagrams

tiny tin tin, CL=10pF
Voo

OUTPUT
ENABLE

-
Ta=85°C

£\
= _a0°C \

0 125 25 3.78 5
Vin (V)

FIGURE 7. Multiplexer Rgy vs Vy
(Vec=Vger=5V)

'p", CL= 50 pF

ouTPUT )
evagle O] @

50%

tHO’ CL= 50 PF

Vo 90%
OUTPUT
= - = GND
tors tho tow, CL=10pF
Vee Vee
ouTPUT
10 ENABLE
ouTPUT
enasLe © g
CL
I' ouTPUT

FIGURE 8
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ADCO0808, ADC0809

Applications Information
OPERATION

1.0 Ratlometric Conversion

The ADC0808, ADCO0809 is designed as a complete Data
Acquisition System (DAS) for ratiometric conversion
systems. In ratiometric systems, the physical variable
being measured Is expressed as a percentage of full-scale
which Is not necessarily related to an absolute standard.
The voltage Input to the ADC0808 is expressed by the
equation

Vin . _ Dx
Vis—Vz  Dmax— Dwmin

VN = Input voltage into the ADC0808
Vs = Full-scale voltage

Vz=Zero voitage

Dy = Data point being measured
Dmax = Maximum data limit
Dmin=Minimum data limit

M

A good example of a ratiometric transducer is a poten-
tiometer used as a position sensor. The position of the
wiper is directly proportional to the output voltage which

" is a ratio of the full-scale voltage across it. Since the data

is represented as a proportion of full-scale, reference
requirements are greatly reduced, eliminating a large
source of error and cost for many applications. A major
advantage of the ADC0808, ADCO0809 is that the input
voltage range is equal to the supply range so the
transducers can be connected directly across the supply
and their outputs connected directly into the multiplexer
inputs, (Figure 9).

Ratiometric transducers such as potentiometers, strain
gauges, thermistor bridges, pressure transducers, etc.,
are suitable for measuring proportional relationships;
however, marny types of measurements must be referred
to an absolute standard such as voltage or current. This
means a system reference must be used which relates
the full-scale voltage to the standard volt. For example, if
Vee = Vger =5.12V, then the full-scale range is divided in-
to 256 standard steps. The smallest standard step is 1
LSB which is then 20 mV.

2.0 Resistor Ladder Limitations

The voltages from the resistor ladder are compared to the
selected input 8 times in a conversion. These voltages are
coupled to the comparator via an analog swiich tree which
is referenced to the supply. The voltages at the top, center
and bottom of the ladder must be controlled to maintain
proper operation.

The top ot the ladder, Ref( + ), should not be more positive
than the supply, and the bottom of the ladder, Ref(~),
should not be more negative than ground. The center of
the ladder voltage must also be near the center of the
supply because the analog switch tree changes from
N-channel switches to P-channel switches. These limita-
tions are automatically satisfied in ratiometric systems
and can be easily met in ground referenced systems.

Figure 10 shows a ground referenced systemn with a
separate supply and reference. In this system, the supply
must be trimmed to match the reference voltage. For in-
stance, if a5.12V is used, the supply should be adjusted io
the same voltage within G.1V.

Vee
T..__ REF(+) msB

4

n? .
DIGITAL
ouTPUT

PROPORTIONAL
TO ANALOG
INPUT

Qoyr

Ino
VIN _ VIN

Qout= =
OUT= VRer ~ Vee

REF(-) LSB
_{" owo

4.75V =Voc =VREfF=5.25V
* Ratiometric transducers

ADCOBOB

FIGURE 9. Ratiometric Conversion System




Applications Information (continueq)

The ADC0808 needs less than a milliamp of supply current
so developing the supply from the reference is readily
accomplished. In Figure 11 a ground referenced system is
shown which generates the supply from the reference. The
buffer shown can be an op amp of sufficient drive to
supply the milliamp of supply current and the desired bus
drive, or if a capacitive bus is driven by the outputs a large
capacitor will supply the transient supply current as seen
in Figure 12. The LM301 is overcompensated to insure
stability when loaded by the 10 uF output capacitor.

|-)~¢—

The top and bottom ladder voltages cannot exceed V¢
and ground, respectively, but they can be symmetrically
less than V¢ and greater than ground. The center of the
ladder voltage should always be near the center of the
supply. The sensitivity of the converter can be increased,
(i.e., size of the LSB steps decreased) by using a sym-
metrical reference system. In Figure 13, a 2.5V reference
is symmetrically centered about V¢/2 since the same
current flows in identical resistors. This system with a
2.5V reference allows the LSB bit to be half the size of a
5V reference system.

vee
SUPPLY
mSB
VREF REF(+) -
ouTPUT
Oyt REFERENCED
(o In7 T0
ViN{O— o GROUND
L]
O Ino
r REF(-) LSB
v
& GND Qore VN
OUT= Vper
ADC0808 4.75V <VoG = VREF =5.25V

FIGURE 10. Ground Referenced
Conversion System Using Trimmed Supply

R Vee
vT MSB
DIGITAL DUTPUT
VREF - REF() Qout REFERENCED TO
VREF(+) O= 157 GROUND
Vin{O—{ o
L]
S, Ing y
1—— REF(-) LsB
v
—{ GND Qoire N
ouT= Gocr
ADC0808 4.75V =Vgoc =VReF<5.25V

FIGURE 11. Ground Referenced Conversion System with
Reference Generating V¢ Supply
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ADCO0808, ADC0809

Applications Information (continued)

10-15Vpe

LM320B ¢

107
LM301A

1000 pF

REF(+)

AN
A A4
x
w

+ 10uF
= soLiD
TANTALUM

e

@—p GND
REF(-)

FIGURE 12. Typical Reference and Supply Circuit

5V
L]
- _ ) ) 3.75V
S <«
b g
*
*
1.25V
25V
REFERENCE Rg

Vee

N Msa A

HEF(+)

In7

L]

. DIGITAL QUTPUT
PROPORTIONAL TO

0

. ouT ANALOG INPUT

- 1.25V < VN < 3.75V

In

REF(-)

Ls8
GND Ra=Rp

RS

* Ratiometric transducers

FIGURE 13. Symmetrically Centered Reference

3.0 Converter Equations

The transition between adjacent codes N and N+1 is
given by:

N 1
" Vin=1(VRer(+)— VRer(-)| 555 * 575 |= VTUE |+ VREF(-)
256 512

@

The center of an output code N is given by:

N
Vin={ (Vrer(+)— VRer(-)) | 5za | % VTUE] + VREF(-) (©]
256
The output code N for an arbitrary input are the integers
within the range:

ViNn— VReF(-)

i x 256 + Absolute Accuracy
VRer(+) — VREF(-)

@

where: V|y= Voltage at comparator input

Vger(+)= Voltage at Ref(+)

VRer(-)= Voltage at Ref(-)

Vyye = Total unadjusted error voltage (typically
VRer(+) + 512)

4.0 Analog Comparator Inputs

The dynamic comparator input current is caused by the
periodic switching of on-chip stray capacitances. These
are connected alternately to the output of the resistor
ladder/switch tree network and to the comparator input as
part of the operation of the chopper stabilized comparator.

The average value of the comparator input current varies
directly with clock frequency and with Vg as shown in
Figure 6.

If no filter capacitors are used at the analog inputs and the
signal source impedances are low, the comparator input
current should not introduce converter errors, as the tran-
sient created by the capacitance discharge will die out
before the comparator output.is strobed.

If input filter capacitors are desired for noise reduction
and signal conditioning they will tend to average out the
dynamic comparator input current. It will then take on the
characteristics of a DC bias current whose effect can be
predicted conventionally.
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Typical Application

ADDRESS
DECODE
(ADa-AD15)*

500 kHz==4 CLK

5.000V == VREF(+)

GROUND —

0.000V ==

ADO —

AD1 ==t B
AD2 =

5V SUPPLY i[

VREF(-)

START
ALE

>

ADC0808
ADC0809

o

Vee
|GND

iJ—[i—: INTERRUPT
0E

EOC INTERRUPT
2~ 1 p—p D87 MsB

22 ey DB

23 ey DBS

24— D84

25 | DB3

26 jetpp. DB2

2—7 e DB 1
7-8—— 080 LsB

7= VIn8
L]
0-5v
. ANALOG
INPUT RANGE
L]
no == Vin 1

* Address latches needed for 8085 and SC/MP interfacing the ADC0808 to a microprocessor

MICROPROCESSOR INTERFACE TABLE

PROCESSOR READ WRITE INTERRUPT (COMMENT)
8080 MEMR MEMW INTR (Thru RST Circuit)

8085 RD WR INTR (Thru RST Circuit)

Z-80 RD WR INT (Thru RST Circuit, Mode 0)
SCIMP NRDS NWCS SA (Thru Sense A)

6800 VMA:-¢ 2-RIW VMA-32RW | IRQA or IRQB (Thru PIA)

Ordering Information

TEMPERATURE RANGE

—40°Cto +85°C

-55°C to +125°C

Error

+ 1/2 Bit Unadjusted

ADCO0808CCN

ADC0808CCJ ADC0808CJ

+ 1 Bit Unadjusted

ADCO0809CCN

Package Outline

N28A Molded DIP

J28A Hermetic DIP| J28A Hermetic DIP
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ADC0816, ADC0817

National
Semiconductor

Analog-to-Digital Converters

ADC0816, ADC0817 8-Bit ,P Compatible A/D Converters

with 16-Channel Multlplexer

General Description

The ADC0816, ADC0817 data acquisition component isa
- monolithic CMOS device with an 8-bit analog-to-digital
converter, 16-channel multiplexer and microprocessor
compatible control logic. The 8-bit A/D converter uses suc-
cessive approximation as the conversion technique. The
converter features a high impedance chopper stabilized
comparator, a 256R voltage divider with analog switch tree
and a successive approximation register. The 16-channel
multiplexer can directly access any.one of 16-single-
ended analog signals, and provides the logic for addi-
tional channel expansion. Signal conditioning of any
analog input signal is eased by direct access to the
multiplexer output, and to the input of the 8-bit A/D
converter.

The device eliminates the need for external zero and full-
scale adjustments. Easy interfacing to microprocessors
is provided by the latched and decoded multiplexer ad-
dress inputs and latched TTL TRI-STATE® outputs.

The design of the ADC0816, ADC0817 has been optimized
by incorporating the most desirable aspects of several
AID conversion techniques. The ADC0816, ADC0817 of-
fers high speed, high accuracy, minimal temperature
dependence, excellent long-term accuracy and repeatabil-
ity, and consumes minimal power. These features make
this device ideally suited to applications from process and
machine control to consumer and automotive applica-
tions. For similar performance in an 8-channel, 28-pin,

8-bit A/D converter, see the ADC0808, ADC0809 data
sheet.

Features

B Resolution — 8-bits

W Total unadjusted error — £ 1/2LSB and +1LSB

B No missing codes

B Conversion time — 100 xs

B Single supply — 5 Vp¢

B Operates ratiometrically or with 5 V¢ or analog span
adjusted voltage reference

B 16-channel multiplexer with latched control logic

B Easy interface to all microprocessors, or operates
‘“stand alone”

® Outputs meet T2L voltage level specifications

B 0V to 5V analog input voltage range with single 5V
supply

B No zero or full-scale adjust required

B Standard hermetic or molded 40-pin DIP package

B Temperature range —40°C to +85°C or —-55°C to
+125°C

B Low power consumption — 15 mW

B Latched TRI-STATE® output

W Direct access to “comparator in” and “multiplexer out”
for signal conditioning

Block Diagram

START CLOCK

COMPARATORIN  ©
MULTIPLEXER o
‘o Teemam 1
0— ! END OF CONVERSION
o— | CONTROL & TIMING (INTERRUPT)
o |
o— | |
O 16 CHANNELS : |
16 ANALOG INPUTS —| O] MULTIPLEXING |
O=1  SWITCHES SAR. | i
pa | o
Sam | companaton | —o
Oy ' | TRI- b—o0
o— | STATE” o
[-o— OUTPUT 8-BIT OUTPUTS
o—1 | tatck O
S | | BUFFER [0
5 | LR
l—o
L SWITCH TREE |
7 Ot | |
o— | |
48IT ADDRESS 1 o AbbRESS P |
Lo—  LATCH -
AND |
ADDRESS LATCH ENABLE Q== DECODER | |
EXPANSION CONTROL Ol 256R RESISTOR LADDER

Vc GND REF(Q}

OUTPUT
ENABLE

——

5-56




Absolute Maximum Ratings (Notes 1and2)

Supply Voltage (Vo) (Note 3) 6.5V

Voltage at Any Pin -0.3Vto(Vcc +0.3V)
Except Control Inputs

Voltage at Control Inputs -0.3Vto 15V

(START, OE, CLOCK, ALE, EXPANSION CONTROL,
ADD A, ADD B, ADD C, ADD D)

Storage Temperature Range -65°Cto +150°C
Package Dissipationat Tp = 25°C 875 mwW
Lead Temperature (Soldering, 10 seconds) 300°C

Electrical Characteristics

Operating Ratings (Notes 1 and 2)

Temperature Range(Note 1)

ADC0816CJ

ADC0816CCJ, ADCO8B16CCN,

ADC0817CCN

Rangeof Vo (Note 1)

Voltageat Any Pin

Except Control Inputs
Voltage at Control Inputs
(START, OE, CLOCK, ALE, EXPANSION CONTROL,
ADD A, ADD B, ADD C, ADD D)

TMIN=TASTMAX
-56°CsTps +125°C

~40°CsTps +85°C

4.5Vpcto6.0Vpc

Converter Specifications: Voc=5Vpe= VREF( +) VREF(—)= GND, Vin= VcompaRATOR INs TMIN<Ta=<Tyax and

focLk =640 kHz unless otherwise stated.

OVtoVoe

0Vto15v

Parameter Conditions Min Typ Max Units
ADCO0816
Total Unadjusted Error 25°C +1/2 LSB
(Note 5) Tmin to Tmax +3/4 Ls8
ADCO0817
Total Unadjusted Error 0°C to 70°C +1 LSB
(Note 5) TMIN to TMAX +11/4 LSB
Input Resistance From Ref(+) to Ref(-) 1.0 45 kQ
Analog Input Voltage Range (Note 4) V(+) or V(-) GND-0.10 Vee+0.10 | Ve
VReF(+) Voltage, Top of Ladder Measured at Ref(+) Vee Vee+0.1 Vv
VREF‘*’; VREF(-) yoltage, Center of Ladder Vee/2-0.1 | Vgel2 [Vegl2+0.1] v
VREF(-) Voltage, Bottom of Ladder Measured at Ref(-) -0.1 0 \"
Comparator Input Current f. =640 kHz, (Note 6) -2 +0.5 2 uA

Electrical Characteristics

Digital Levels and DC Specifications: ADC0816CJ 4.5V <Vc=5.5V, -55°C < Ty < + 125°C unless otherwise noted.
ADC0816CCJ, ADC0816CCN, ADCO817CCN 4.75V =V =5.25V, — 40°C =Ty =< + 85°C unless otherwise noted.

Parameter 1

Conditions

i | v | wiax [ s

ANALOG MULTIPLEXER

Ron Analog Multiplexer ON (Any Selected Channel)
Resistance Ta=25°C, R =10k 15 3 kQ
Tao=85°C 6 kQ
Ta=125°C 9 kQ
ARoN A ON Resistance Between Any | (Any Selected Channel) 75 Q
2 Channels Ry =10k
loFF(+) OFF Channel Leakage Current [ Voc =5V, V\y=5V,
Ta=25°C 10 200 nA
Tmin 0 Tmax 1.0 HA
loFF(-) OFF Channel Leakage Current | V=5V, V=0,
Ta=25°C - 200 nA
Tmin 10 Tyax -1.0 WA
CONTROL INPUTS
Vine Logical 1" Input Voltage Vec-1.5 Vv
Vino) Logical 0" Input Voltage 1.5 \"
iy Logical 1" Input Current V=15V 1.0 A
(The Control Inputs)
liney Logical “0" Input Current Vin=0 -1.0 nA
(The Control inputs)
lcc " Supply Current foLk = 640 kHz 0.3 3.0 mA
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ADC0816, ADC0817

Electrical Characteristics (continued)

Digital Levels and DC Specifications: ADC0816CJ 4.5V <V <5.5V, —55°C <Ty< + 125°C unless otherwise noted.
ADC0816CCJ, ADC0816CCN, ADC0817CCN 4.75V <V <5.25V, — 40°C =T, =< + 85°C unless otherwise noted.

Parameter . l Conditions ] Min L Typ I Max ] Units
DATA OUTPUTS AND EOC (INTERRUPT) ‘
Vourt) Logical “1” Output Voltage lo= —360 xA Vge-0.4 v
VouTo) Logical “0” Output Voltage lo=16mA 0.45 Vv
VouT) Logical “0” Output Voltage EOC | Ig=1.2mA ‘ 0.45 \
lout TRI-STATE Output Current Vo=Vce 3 A
. : Vo=0 -3 uA

Electrical Characteristics

Timing Specifications: Vcc=Vgrer(+)=5Y, VRer(-)= GND, t,=t;=20 ns and To=25°C unless otherwise noted.

Symbol Parameter Conditions Min Typ Max | Units
tws Minimum Start Pulse Width | (Figure 5) 100 200 ns
tWALE Minimum ALE Pulse Width (Figure 5) 100 200 ns
ts Minimum Address Set-Up Time | (Figure 5) 25 50 ns
th Minimum Address Hold Time | (Figure 5) 25 50 ns
tp Analog MUX Delay Time Rg=0Q (Figure 5) 1 25 us

From ALE ,
tH1 tho OE Control to Q Logic State C_=50 pF, R =10k (Figure 8) 125 250 ns
tim, toH ’ OE Control to Hi-Z ) C_=10 pF, R =10k (Figure 8 - 125 250 ns
te Conversion Time f.=640 kHz, (Figure 5) (Note 7) 90 100 116 us
fe Clock Frequency ) 10 640 1280 kHz
teoc . EOC Delay Time (Figure 5) 0 8+ 2 s Clock
Periods
Cin Input Capacitance At Control Inputs 10 15 pF
Cour . TRI-STATE Output At TRI-STATE Outputs, (Note 7) 10 15 pF
Capacitance .

Note 1: Absolute maximum ratings are those values beyond which the life of the device may be impaired.

Note 2: All voltages are measured with respect to GND, unless otherwise specified.

Note 3: A zener diode exists, internally, from Vo to GND and has a typical breakdown voltage of 7 Vpc.

Note 4: Two on-chip diodes are tied to each analog input which will forward conduct for analog input voltages one diode drop below ground or one diode drop
greater than the Vo supply. The spec allows 100 mV forward bias of either diode. This means that as long as the analog VN does not exceed the supply
voltage by more than 100 mV, the output code will be correct. To achieve an absolute 0 Vp¢ to 5 Vp input voitage range will therefore require a minimum sup-
ply voitage of 4.900 Vpc over temperature variations, initial tolerance and loading.

Note 5: Total unadjusteéd error includes offset, full-scale, and linearity errors. See Figure 3. None of these A/Ds requires a zero or full-scale adjust. However, if
an all zero code is desired for an analog input other than 0.0V, or if a narrow full-scale span exists (for example: 0.5V to 4.5V full-scale) the reference voltages
can be adjusted to achieve this. See Figure 13.

Note 6: Comparator input current is a bias current into or out of the chopper stabilized comparator. The bias current varies directly with clock frequency and
has little temperature dependence (Figure 6). See paragraph 4.0.

Note 7: The outputs of the data register are updated one clock cycle before the rising edge of EOC.
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Functional Description

Multiplexer: The device contains a 16-channel single-
ended analog signal multiplexer. A particular input chan-
nel is selected by using the address decoder. Table |
shows the input states for the address line and the expan-
sion control line to select any channel. The ‘address is
iatched into the decoder on the low-to-high transition of
the address latch enable signal.

TABLE |

ADDRESS LINE
Cc B

SELECTED
ANALOG CHANNEL

EXPANSION
CONTROL

INO
IN1
IN2
IN3
IN4
INS
IN6
IN7
IN8
INS
IN10
IN11
IN12
IN13
IN14
IN15
All Channels OFF

I

X I rrrrrIIxrrrr- - rjo
X I r I I rrrr--IIIIrrC+;Core
X I I r-r I XITrr-rIIXIrCrrFC- IX o
X I m I rr IrrIrrIrcrIIcIIcXep»
r I I X I rrrIrTIxIITIxITIT I X

X =don't care

Additional single-ended analog signals can be muiti-
Pplexed to the A/D converter by disabling ail the multiplexer
inputs using the expansion control. The additional exter-
nal signals are connected to the comparator input and the
device ground. Additional signal conditioning (i.e.,
prescaling, sample and hold, instrumentation amplifica-
tion, etc.) may also be added between the analog input
signal and the comparator input.

CONVERTER CHARACTERISTICS,

The Converter

The heart of this single chip data acquisition system is its
8-bitanalog-to-digital converter. The converter is designed
to give fast, accurate, and repeatable conversions over a
wide range of temperatures. The converter is partitioned
into 3 major sections: the 256R ladder network, the suc-
cessive approximation register, and the comparator. The
converter’s digital outputs are positive true.

The 256R ladder network approach (Figure 1) was chosen
over the conventional R/2R ladder because of its inherent
monotonicity, which guarantees no missing digital codes.
Monotonicity is particularly important in closed loop feed-
back control systems. A non-monotonic relationship can
cause oscillations that will be catastrophic for the
system. Additionally, the 256R network does not cause
load variations on the reference voltage.

The bottom resistor and the top resistor of the ladder
network in Figure 1 are not the same value as the
remainder of the network. The difference in these
resistors causes the output characteristic to be sym-
metrical with the zero and full-scale points of the transfer
curve. The first output transition occurs when the analog
signal has reached + 1/2 LSB and succeeding output
transitions occur every 1 LSB later up to full-scale.

CONTROLS FROM S.A.R.
1

REF(+) O—l " ‘

1%R

256R

Ed

=
B

B A AA sleA AN s
I vvavvﬁM soee

10
. COMPARATOR
INPUT

REF(=) Ot

FIGURE 1. Resistor Ladder and Switch Tree

21800QvV ‘91800QV



ADC0816, ADC0817

Functional Description (continued)

The successive approximation register (SAR) performs 8 The most important section of the A/D converter is the
iterations to approximate the input voltage. For any SAR comparator. It is this section which is responsible for the
type converter, n-iterations are required for an n-bit ultimate accuracy of the entire converter. It is aisc the
converter. Figure 2 shows a typical example of a 3-bit comparator drift which has the greatest influence on the
converter. In the ADC0816, ADC0817, the approximation repeatability of the device. A chopper-stabilized com-
technique is extended to 8 bits using the 256R network. parator provides the most effective method of satisfying

. all the converter requirements.
The A/D converter's successive approximation register
(SAR) is reset on the positive edge of the start conversion
(SC) pulse. The conversion is begun on the falling edge of
the start conversion pulse. A conversion in process will be
interrupted by receipt of a new start conversion pulse.
Continuous conversion may be accomplished by tying the
end-of-conversion (EOC) output to the SC input. If used in
this mode, an external start conversion pulse should be

The chopper-stabilized comparator converts the DC input
signal into an AC signal. This signal is then fed through a
high gain AC amplifier and has the DC level restored. This
technique limits the drift component of the amplifier since
the drift is a DC component which is not passed by the AC
amplifier. This makes the entire A/D converter extremely
insensitive to temperature, long term drift and input offset

h ; . : rs.
applied after power up. End-of-conversion will go low be- errors
tween 0 and 8 clock pulses after the rising edge of start Figure 4 shows a typical error curve for the ADC0816 as
conversion. measured using the procedures outlined in AN-179.
m INFINITE RESOLYTION
I~ FULLSCALE m PERFECT CONVERTER
110 IDEAL CURVE -4 ERROR=1/21SB
10 +1/2 LSB IDEAL 3-BIT CONVERTER
w 101 w ToTaL_, P
5 S 1 | unaowusteo ™l
(X}
= 100 E 0 ERROR ' | 1 ise
£ o £ ABSOLUTE
T TRAD
E I~ NONLINEARITY = 1/2 LSB s m AECURACY
010 - S0 -1/2 LS8
< NONLINEARITY = ~1/2 LSB < 0 Lnu/:,hs,z“m
001} - 001 ERROR
~=— | ZERO ERROR = ~1/4 LSB
000 - Vin 000 ViN
0/8 1/8 2/8 3/8 4/8 §/8 6/8 1/8 0/8 1/8 2/8 3/8 4/8 5/8 B/6 1/8
ViN AS FRACTION OF FULL-SCALE VIN AS FRACTION OF FULL-SCALE
FIGURE 2. 3-Bit A/D Transfer Curve FIGURE 3. 3-Bit A/D Absclute Accuracy Curve
+1/2 LSB TOTAL UNADJUSTED ERROR REFERENCE LINE
QUANTIZING 1
ERROR -
INPUT OV FULLSCAL
VOLTAGE ™ — — — — — -_-7—-—---_......._..__......____.._.__...__ LALE
~1/2 LSB TOTAL UNADJUSTED ERROR

FIGURE 4. Typical Error Curve
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Connection Diagram

MULTIPLEXER 15}

Timing Diagram

t——m———}

Dual-in-Line Package
1 a
W— e U Jlmz
ING e
38
ING m— 3—7- INO
um—5 ?:xm‘smu CONTROL
:uwT p=—ADD A
ING e e
|Ng_7. -'2- ADDC
8 33
IN10 e = ADD D
N1 e f— ALE
10 ADCO816, 3
IN12 == ADC0817 o 2 M8
"] EX
INTG—] 12 -3
13 8,
EOC—— — z_
HHEL 3-7- ~5
2
L
b= -
UT 4 2% . 4
START =] 50 2
vee =] p— -8 158
m b— REF(-)
REF(+) — f— CLOCK
GND == = ouTPUT
ENABLE
TOP VIEW

START 50% iso%
Ws—>
ALE 50%] 50%
= WALE—
STABLE
ADDRESS m)( )(sw
5 L]
avaLos . V
INPUT STABLE A
_mn
s8]
MULTIPLEXER
out
~—t tg—|
ouTPUT / \
ENABLE
1]
50%
| e it |
TRISTATE
DUTPUTS = o e e s e e e s s s s s e s s S i S — —— ———— ——— — —————— -
FIGURE 5
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ADC0816, ADC0817

Typical Performance Characteristics

15 T 2 T
fg = 1200 kHz TA=85C
1
< s /1/4/ g Ta=25C \
R v = .
= T, = 640 kHz S . N
T :3' / Nl N
£ o S N
" - ‘ " Ta=-40¢C
-1 ¢ = 1200 kHz
-15 | ]
0 1.25 25 375 5 ] 125 25 3.75 5
Vin (V) Vin (V)
FIGURE 6. Comparator ljyvs V|y FIGURE 7. Multiplexer Rgy vs Vi
(Vee=VRer=5V) (Vee = VRer = 5V)

TRI-STATE® Test Circuits and Timing Diagrams

| FTTIR {771 t‘H' CL=10 pF ths CL=50 pF
Vee —t
90%
oUTPUT
T ENABLE ‘ '::"‘
oUTPUT '
enasLe © e . tHe -—
' [ 10k
4 1 1 outeut \ %sn%
- = = GND
tOMv tI'lo ‘oﬂv CL= 10 PF tHO' CL=50 pF
Vee Vee ety
Vee '
QUTPUT 90%
10k ENABLE 50%
GND ) | 10%
OUTPUT
ENABLE e ->| <—10H tHo—=
; L Vee -
I ouTPUT V- 50%
EES— a1
= = VoL 10%

FIGURE 8
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Applications Information
OPERATION
1.0 Ratiometric Conversion

The ADC0816, ADC0817 is designed as a complete Data
Acquisition System (DAS) for ratiometric conversion
systems. In ratiometric systems, the physical variable
being measured is expressed as a percentage of full-scale
which is not necessarily related to an absolute standard.
The voltage input to the ADC0816 is expressed by the
equation

Dx
Dmax — Dmin

Vin  _
Vis— Vz

M

Vin=Input voltage into the ADC0816
Vis = Full-scale voltage

Vz = Zero voltage

Dy = Data point being measured
Dmax = Maximum data limit
Dyin=Minimum data limit

A good example of a ratiometric transducer is a poten-
tiometer used as a position sensor. The position of the
wiper is directly proportional to the output voltage which
is a ratio of the full-scale voltage across it. Since the data
is represented as a proportion of full-scale, reference
requirements are greatly reduced, eliminating a large
source of error and cost for many applications. A major
advantage of the ADC0816, ADC0817 is that the input
voltage range is equal to the supply range so the
transducers can be connected directly across the supply
and their outputs connected directly into the multiplexer
inputs, (Figure 9).

Ratiometric transducers such as potentiometers, strain
gauges, thermistor bridges, pressure transducers, etc.,
are suitable for measuring proportional relationships;
however, many types of measurements must be referred
to an absolute standard such as voltage or current. This
means a system reference must be used which relates
the full-scale voltage to the standard volt. For example, if
Vee = Vrer = 5.12V, then the full-scale range is divided in-
to 256 standard steps. The smallest standard step is 1
LSB which is then 20 mV.

2.0 Resistor Ladder Limitations

The voltages from the resistor ladder are compared to the
selected input 8 times in a conversion. These voltages are
coupled to the comparator via an analog switch tree which
is referenced to the supply. The voltages at the top, center
and bottom of the ladder must be controlled to maintain
proper operation.

The top of the ladder, Ref( + ), should not be more positive
than the supply, and the bottom of the ladder, Ref(—),
should not be more negative than ground. The center of
the ladder voltage must also be near the center of the
supply because the analog switch tree changes from

‘N-channel switches to P-channel switches. These limita-

tions are automatically satisfied in ratiometric systems
and can be easily met in ground referenced systems.

Figure 10 shows a ground.referenced system with a
separate supply and reference. In this system, the supply
must be trimmed to match the reference volitage. For in-
stance, if a 5.12V reference is used, the supply should be
adjusted to the same voltage within 0.1V.

l—-o—o

A

il
=

Vee

REF(+) MSB

In1s

* DIGITAL

i ouUTPUT

: Qgut PROPORTIONAL

° TO ANALCG

* INPUT

L]

tno VIN _ VIN

REF(-) LSB Qout= o= Voo

GND 4.75V <Vgo=VREF =525V

* Ratiometric transducers

ADC0816, 17 ’

FIGURE 9. Ratiometric Conversion System
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Applications Information (continueq)

The ADCO0816 needs less than a milliamp of supply current
so developing the supply from the reference is readily
accomplished. In Figure 11 a ground referenced system is
shown which generates the supply from the reference. The
buffer shown can be an op amp of sufficient drive to
supply the milliamp of supply current and the desired bus
drive, or if a capacitive bus is driven by the outputs a large
capacitor will supply the transient supply current as seen
in Figure 12. The LM301 is overcompensated to insure
stability when loaded by the 10 uF output capacitor.

e

The top and bottom ladder voltages cannot exceed V¢c
and ground, respectively, but they can be symmetrically
less than Vg and greater than ground. The center of the
ladder voitage should always be near the center of the
supply. The sensitivity of the converter can be increased,
(i.e., size of the LSB steps decreased) by using a sym-
metrical reference system. In Figure 13, a 2.5V reference
is symmetrically centered about Vg¢/2 since the same
current flows in identical resistors. This system with a
2.5V reference allows the LSB to be half the size of the
LSB in a 5V reference system.

vee
SUPPLY Vee
MSB
VREF REF(+) DIGITAL
OUTPUT
i} REFERENCED
Oed !n15 out T0
.
vin{o— ¢ GROUND
L]
O Ino
jen REF(-) LB Qour= N
GND VREF
e 4.75V sVoC = VREF $5.25V
ADC0816, 17
FIGURE 10. Ground Referenced
Conversion System Using Trimmed Supply
v+
v Vee
T msB
v - REF(+) DIGITAL OUTPUT
il T Ints gyt REFERENCED TO
o—" GROUND
Vinijo— 3.
O 10
REF(-) LS8 VIN
.l Qout= y—_-
& GND VREF
4.75V sVoc = VREF s5.25V
ADC0816, 17

FIGURE 11. Ground Referenced Conversion System with
Reference Generating V¢ Supply
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Applications Information (continueq)

10-15 Vpg
O

1000 pF

LM3298

@;) - e

P+ 10 uF

== SOLID
TANTALUM
GND

REF(-)

AA
A4
=
w

FIGURE 12. Typical Reference and Supply Circuit

5V
Ra
Vee
. M
¢ 375V Reri+) S8
1N914 "Af Ins
im3e .
* . DIGITAL DUTPUT
a PROPORTIONAL TO
: out ANALOG INPUT
: 1.25V < ViN < 3.75V
1N914 * Ino
125V
BV 1 ReFi-)
2.5V
REFERENCE Rg LsB Ra=Rg
VVV I 6ND * Ratiometric transducers

FIGURE 13. Symmetrically Centered Reference

3.0 Converter Equations

The output code N for an arbitrary input are the integers
within the range:

The transition between adjacent codes N and N +1 is
given by:
@  No_ VNTVeere)

- X 256 + Absolute Accuracy
Vrer(+) — VREF(-)

N 1
ViN =I (VRer(s)— VREF(-))[ZSG + 512]1 Vrue+ VRer(-)

where: V|y = Voltage at comparator input
VRer(+)= Voltage at Ref(+)
VRer(-) = Voltage at Ref(—)
Vrye=Total unadjusted error voltage (typically
VRer(+)+512)

The center of an output code N is given by:

. N
VIN={(VREF(+)_‘VREF(—)) [256}1VTUE + VRer(-) C)

(4)
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Applications Information (continueq)

4.0 Analog Comparator inputs

The dynamic comparator input current is caused by the
periodic switching of on-chip stray capacitances. These
are connected alternately to the output of the resistor lad-
der/switch tree network and to the comparator input as
part of the operation of the chopper stabilized comparator.

The average value of the comparator input current varies
directly with clock frequency and with V,y as shown in
Figure 6.

Typical Application

If no filter capacitors are used at the analog or comparator
inputs and the signal source impedances are low, the
comparator input current should not introduce converter
errors, as the transient created by the capacitance
discharge will die out before the comparator output is
strobed.

If input filter capacitors are desired for noise reduction
and signal conditioning they will tend to average out the
dynamic comparator input current. It will then take on the
characteristics of a DC bias current whose effect can be
predicted conventionally.

500 kHz == CLK

ADDRESS
DECODE

0.000V ~——

(AD4-AD15)*
START
PN ALE
WRITE
ADO—— A
AD1=——B
AD2=—C
AD3 =10

5V SUPPLY
i C EXPAND
Vee

GND

" GROUND =

[ ]
E COMMON 0UT
COMPARATOR  ®

_J INTERRUPT
OE
5.000V == VRgg(s) . EOC INTERRUPT

VREF(-)

2-1p—> 087 MSB
22 [ DBG
2=3 p———sfp- DBS
2~4 P DB4
2-5 p=———p> D83
ADc0816 278 = DB2

) ADC0817  5—7 hfp DB

2-8—> 080 LSB

INTS f=vy 16 )
°
0-5V
ANALOG
INPUT RANGE

INOp— v}y 1

* Address latches needed for 8085 and SC/MP interfacing the ADC0816, 17 to a microprocessor

Microprocessor Interface Table

PROCESSOR READ WRITE INTERRUPT (COMMENT)
8080 MEMR MEMW INTR (Thru RST Circuit)
8085 RD WR INTR (Thru RST Circuit)
Z-80 RD ‘WR INT (Thru RST Circuit, Mode 0)
SCIMP NRDS NWDS SA (Thru Sense A)
6800 VMA-62-RW VMA®2-RW IRQA or IRQB (Thru PIA)
Ordering Information
TEMPERATURE RANGE —40°C to +85°C -55°C to +125°C
Error L_%1/2 Bit Unadjusted ADC0816CCN ADC0816CCJ ADCO0816CJ
+ 1 Bit Unadjusted ADCO0817CCN

Package Outline

N40A Molded DIP

J40A Hermetic DIP| J40A Hermetic DIP

5-66




National
Semiconductor

Analog-to-Digital Converters

ADC1210, ADC1211 12-Bit CMOS A/D Converters

General Description

The ADC1210, ADC1211 are low power, medium speed,
12-bit successive approximation, analog-to-digital con-
verters. The devices are complete converters requiring
only the application of a reference voltage and a clock
for operation. Included within the device are the succes-
sive approximation logic, CMOS analog switches, pre-
cision laser trimmed thin film R-2R ladder network and
FET input comparator.

The ADC1210 offers 12-bit resolution and 12-bit
accuracy, and the ADC1211 offers 12-bit resolution
with 10-bit accuracy. The inverted .binary outputs are
directly compatible with CMOS logic. The ADC1210,
ADC1211 will operate over a wide supply range, convert
both bipolar and unipolar analog inputs, and operate in
either a continuous conversion mode or logic-controlled

START-STOP conversion mode. The devices are capable
of making a 12-bit conversion in 100 us typ, and can be
connected to convert 10 bits in 30 us.

Both devices are available in military and industrial
temperature ranges.

Features

12-bit resolution

*+1/2 LSB linearity

Single +5V to £15V supply range

100 us 12-bit, 30 us 10-bit conversion rate
CMOS compatible outputs

Bipolar or unipolar analog inputs

200 kS2 analog input impedance

Low cost

Block Diagram

22
VHVRep) O

cLock
START
CONVERSION
COMPLETE

DIGITAL OUTPUTS

Co