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Special Project Title Automatic Safety Brake
Name Mr. Gawee  Nimitpat

Mr. Vasan Thunjitpiyanon
Mr. Somnuk Nimnuan

Special Project Advisor Assistance Prof. Sirisak Tachataveekul
Department Applied Physics
Academic Year 1994

Abstract

A prototype of Automatic Safety Brake (ASB) has been developed to
suit cars running in streets under a heavy traffic condition. The ASB
consists of two important parts, namely ultrasonic transducers and a MCS-51
microcontroller. Ultrasonic waves will be wansmitted from the ultrasonic
transmitter and then reflected back to the ultrasonic receiver within a given
distance. The MCS-51 is wused for controlling the brake, clutch and
accelerator at the given distance in order to avoid accident Test results

show that the system works moderately at typical operating distance 10 metres.
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; DETAIL FOR THIS SYSTEM

; 1. TEMPERATURE = 40" C AS SAME AS Vair = 355 mfs
; 2 LIMIT DISTANCE = S METERS ,COUNTER = 250 d
; 3: FROM 2: Feount = 8875 HERTZ = 103 CYCLES

EQU CLOCK,30H
EQU DELAY,31H
EQU COUNTER,32H
EQU OLDCOUNT,33H
EQU DIFF,34H

EQU FAR,35H

EQU CRUISE,36H
EQU RISE;37TH

EQU NEAR,38H

EQU SUBD,39H

EQU SPDATERK,3AH
EQU SPEED,3BH
EQU SPEEDCNT,3CH
EQU CONVCNT,3DH
EQU DIVIDERO,3EH
EQU DIVIDER1,3FH
EQU MOTOR,0F0H
EQU GETSPEED,0F1H
EQU CLTR,0F2H
EQU OUTPUT,0F3H
EQU SLOW,00H

EQU OFFPEDAL,01H

:TO COUNT ULTRASONIC FOR 40 CYCLES
;USE IN GENERAL DELAY
:COUNTER OF DISTANCE
;COUNTER OF OLD DISTANCE
:SAVE DIFFERENT OF COUNTER
;SAVE DISTANCE TO RUN AGAIN
;SAVE SPEED OF THE FRONT CAR
INCREASE SPEED SLOWLY
;CHECH DISTANCE STOP ACCELERATER
;COUNT SUB-DISTANCE
SAVE SPEED FOR RELEASE BRAKE
;SAVE SPEED OF CAR
;SPEED COUNTER
;CONVERT COUNTER
:SPEED COUNTER OF TIMERO
:SPEED COUNTER OF TIMER1
;CONTROL SPEED MOTOR FROM PORT A
RECEIVE SPEED OF CAR FROM PORT B
;CONTROL ADC FROM PORT C(low)
;CONTROL WORD 8255
.SET WHEN BRAKE
:SET WHEN WAIT FOR RELEASE PEDALS
;COMPLETE



EQU FALL,02H ;SET WHEN DECREASE SPEED
EQU ENERGY,03H SET WHEN STOP ALL PEDALS
EQU BASE,04H ;SET FOR CHECK BASE-TIME

EQU ST_ADC,ACC.1
EQU OPT_EN,ACC.2

SET TO ENABLE ADC
;SET TO RECEIVE DATA FROM ADC

EQU REVERSE,ACC.3 ;REVERSE MOTCR

EQU EOC,ACC4 ;END OF CONVERT ANALOG TO DIGITAL
EQU MAN,ACCS ;CHECK PRESS CLUTCH BY MAN

EQU ACCELERA,P1.0 ;CONTROL ACCLERATER

EQU BRAKE,P1.1 ;CONTROL BRAKE

EQU CLUTCH,P1.2
EQU RECV,P14
EQU TX,P1.6

BQU RX,P1.7

ORG 2200H
START
ORG 2203H

SIMP CNVSPEED

.ORG 220BH

SPDCNT

;CONTROL VALVE CLUTCH

;CLEAR WHEN RECEIVE ULTRA SONIC
;TRANSMIT ULTRASONIC,SELECT CRUISE
;RECEIVE ULTRASONIC

;¥%% SUB ROUTINE OF INTERRUPT 0 **#

;lﬂ*lﬂk’d‘*ﬁ CONVERSE SPEEI) EE LR R LT

CNVSPEED:

CONVL:

MOV CONVCNT#00H

MOV DPIR#CONV3
MOVC A,@A+DPTR
CLlR C

SUBB A,SPEEDCNT



JC CONV2
INC DFTR
INC CONVCNT
SIMP CONV1
CONV2: MOV  A,CONVCNT
MOV  DPTR#CONV4
MOVC A,@A+DPTR
MOV SPEED.A
SIMP CNVSPEED
CONV3: DB 184,138,110,92,79,69,61,55,50,46,43
DB 40,37,35,33,31,29,28,26,25,24,23,00
CONV4: DB 11,15,20,25,30,35,40,45,50,55,60,65
DB 70,75,80,85,90,95,100,105,110,115,120

;¥#* SUB ROUTINE OF TIMER 0 **** FOR BASE-TIME OF SPEED COUNTER
SPDCNT: DINZ DIVIDERO,BACKI

CPL P12

MOV DIVIDERO#03H

INC SPEEDCNT

DINZ DIVIDER1BACKI

SETBE BASE
MOV DIVIDER1,#40
BACKTI: RETI
AR MAIN $HHHHHRRRS
START: MOV SP#67H
MOV IE#83H ;ENABLE INTO,INT1,TFO

SETB ITO



MOV P14#BOH 1.7 = 1 FOR WAIT ULTRASONIC

MOV

MOV
MOVX
SETB

SETB
MOV
MOV
SETB
MOV
MOV

;COMEBACK
;1.6 = 0 FOR START 40 KHz WITH LOGIC 1
;P12 = 0 RELEASE CLUTCH
;P1.1 = 0 RELEASE BRAKE
;P1.0 = 0 RELEASE ACCLERATER
A#BAH ;SET PORT_A,PORT_CL IS O/P
;PORT_B,PORT_CHISI/P
RO#0OUTPUT
@R0OA
SLOW ;CAN SAVE FAR WHEN START
X
BASE
TMOD,#02H
THO,#30
TRO
DIVIDERG,#03H
DIVIDER1,#40

jREERERRAAEE Send_ult ****x*x*%&kx JTART TO SENT ULTRASONIC

SEND _ULT:

TRANSMIT:

L.OOP:

JNB
CLR
SETB
MOV

CPL
MOV
DINZ
DINZ
INC
INC
SETB

BASE,SEND_ULT

BASE

RECY

CLOCK#84D ;SEND 42 KHz FOR 42 CYCLES (1 mS )
TRO

X ;SEND ULTRASONIC PASS P1.6

DELAY #03H ; 2 CYCLES

DELAY,LOOP ; 16 CYCLES

CLOCK,TRANSMIT ;2 CYCLES ,TOTAL 22 CYCLES
SPEEDCNT

SPEEDCNT

TRO



MOV  SEH#20d
MOV  SFH#21d
DINZ SFHmS2
DINZ SEHmS1
ACALL ADC

;DELAY FOR 1 mS BEFORE COUNTER

;**t&!‘*&t** Com DISTAN@ TREEKKKKKKKE

COUNTL:
COUNTZ:

COUNT3:
RECEIVE:

MOV  COUNTER#24D ;COMPENSATE 2 mS ( 24 = 1846 )
MOV  RO#COUNTER

MOV  SUBD#16D

MOV  CRX

JNC  RECEIVE :WAIT ULTRASONIC COME BACK
DINZ SUBD,COUNT2

INC  COUNTER ;1 COUNTER = 104 CYCLE

CINE  @RO#00H,COUNT3

ACALL MORE  JF DISTANCE > 5 Moters THEN MORE
SIMP  SEND_ULT

SIMP  COUNTIL

ACALL GETULTRA

SIMP

SEND _ULT

;*8****** DISTANCE > 5 m ES T T T T ]

MCRE:

MOV
MOV
SUBB
JC

B

SUBB
JNC

OLDCOUNT,#0FFH
A,SPEED ;CHECK SPEED
A,CRUISE
PRESS ;IF SPEED < CRUISE THEN PRESS
FALLRELEASE ;CRUISE < SPEED < CRUISE+20 =>
;RETURN
;P INTERVAL RELEASE
A#20D
RELEASE ;IF SPEED - CRUISE > 10Km/h THEN

;RELEASE



BACKO:
PRESS:

PRESS!L:

ACALL CALM
SETB  ACCELERA
SETB BRAKE
SETB  ENERGY
DINZ  RISE,BACKO
CLR  BRAKE
MOV  DELAY#10D
ACALL DELAY_ oS
MOV A#50D
MOV  RO#MOTOR
MOVX ~ @ROA
MOV DELAY#30D
ACALL DELAY_ oS
ACALL CALM
RET

JNB  BRAKEPRESSI
CLR  BRAKE
MOV  DELAY#10D
ACALL DELAY_ oS
SETB  ACCELERA
CLR  FALL

MOV  RO#MOTOR
MOV A#200D
MOVX @ROA
RET

RELEASE: ACALL CAIM

CLR
SETB

ACCELERA
FALL

;STOP ACCELERATER PEDAL
;SAVE ENERGY OF MAGNETIC CLUTCH
iSAVE ENERGY OF MAGNETIC CLUTCH

INCREASE SPEED EVERY 7 SECONDS

;PRESS ACCELERATER FOR 0.3 SECOND

:DISTANCE > 5 Meters

;200d = SPEED OF ACCELERATER

;RELEASE SPEED



. k&% * * * d
’*ﬁ** *%%% Getultrng ¥**EkkKRhk kX

GETULTRA: MOV A,COUNTER

CLR RECY
JBC OFFPEDALBACKO ;IF PROGRAM HAVE DELAY THEN
;RETURN

CLR C

SUBB A,OLDCOUNT ;A= COUNTER - OLDCOUNT

JNC RUN ;COUNTER > OLDCOUNT THEN RUN

CPL A :DIFE -1 BECAME 0

CINE A #08D,0VERNEAR ;CAN'T BRAKE IF Vabsolute > 20 Km/h
OVERNEAR:JC BRAKEO IF A < 08D THEN GO TC BRAKEO

MOV A,SPEED

SUEB A#20D JIF SPEED < 10 Km/h AND DIFF > 08D

JC BACK MAY BE MAN ACROSS

MOV A#07D ;IF SPEED > 10Km/h THE FRONT CAR

SIMP BRAKEO ;MAY BE HAVE EMERGENCY BRAKE
RIKIKEREREE Ry FRRXRXAKEERCREE

RUN: MOV  OLDCOUNT,COUNTER
CJ'NE": A#09D,O0VERFAR ;CAN'T RUN IF Vrclative < -20 Km/h
OVERFAR: INC  BACK IF DIFF > 8 THEN RETURN
INB  SLOWRUNI

CLR OFFPEDAL ;FOR SURE
CIR SLOW
MOV  A,COUNTER
ADD  A#20D ;20 = 40 om
MOV FARA ;SAVE DISTANCE TO FORWARD AGAIN
AIMP CALM ;STOP PEDALS THEN RETURN
RUN1I: INZ RUN3 ;DIFF > ¢ THEN RUN3
ACALL CAIM ;DIFF = 0

INB BRAKE,RUN2



RUN2:

RUN3:

RUN4:

DINZ

MOV
MOV

MOV A SPEED

CIR C
SUBB A#10D
IJNC RUN2
CLR BRAKE

MOV DELAY#50D
ACALL DELAY o3

SETBE ACCELERA
SETB BRAKE
SETB ENERGY

DEC A

RUN4
ENERGY,RUN4
NEARBACK
MOV NEAR#10D
DIFF,A
A,COUNTER
CLIR C

SUBB AFAR

I BACK
MOV
MOV

FAR,#00H
C.BRAKE

ORL C,CLUTCH
JNC FORWARD
CLR BRAKE
CLR CLUTCH

{DIFF = 0 AFTER CAR WAS BRAKED

;FRONT CAR IS RUNNING
;CAR IS STOPING

iWAIT FOR RELEASE BRAKE COMPLETE
;RETURN AFTER DELAY

;SAVE ENERGY OF MAGNETIC CLUTCH
;SAVE ENERGY OF MAGNETIC CLUTCH

1 <=DIFF <=8

;DIFF = 1
HAVE A LITTLE FAR FOR 20om

:2<=DIFF <=8
;SAVE DIFFERENT COUNTER

;FAR AWAY FOR 40 om TO FORWARD AGAIN

;COUNTER < FAR THEN RETURN

;CAR CAN RUN CONTINOUS AFTER FORWARD

;CHECK BRAKE&CLUTCH BEPORE PRESS
;ACCELERATER

;RELEASE BRAKE
{RELEASE CLUTCH



MOV DELAY #50D

ACALL DELAY_ oS

FORWARD: SETB ACCELERA

BACK

CLR ENERGY
MOV  ADIFF

ADD A#12D
MOV  B#09D
MUL AB

MOV  ROAMOTOR
MOVX @ROA
MOV  NEAR#10D

;RELEASE PEDALS .5 3 BEFOR PRESS
;ACCELERATER
;RETURN AFTER DELAY

JAMPLIFIER Diff.. FROM 12 TO 19
;AMPLIFIER Diff.. FROM 99 TO 171

MOV OLDCOUNT,COUNTER ;SAFE COUNTER AFTER OFFPEDAL

KT RKEKRKE KRR KKkEkk%k
; EXE 2 20 BRAKE %% % KKKKIKkK

BRAKEO:

MOV OLDCOUNT,COUNTER

INZ BRAKE!1
JNB ENERGY,BRAKE!1

ACALL CALM

MOV A,COUNTER
CIR C

SUBB A#75D

JC BRAKE!1
DINZ NEARBACK
CPL. ACCELERA
MOV  ASPEED

CLR C

;DIFF < -1 THEN BRAKE

;DIFF = -1 AFTER DIFF IS NEGATIVE
;THEN BRAKE CONTINOUS

:DIFF = -1 AFTER SAVE ENERGY

;IF DISTANCE < 1.5 m THEN BRAKE

;STOP ACCELERATER FOR 20 am

;RELEASE ACCELERATER

;WHEN CAR RELEASE ACCELERATER , THE
FRONT

IS BRAKED SO PROGRAM MUST

SAFE SPEED



SUBBE A#20D
MOV SPDATBRK,A
RET

;AT FIRST BRAKE

BRAKEL: JNBE  ACCELERABRAKE2

CLR ACCELERA
MOV DELAY#24D

ACALL DELAY _eS
PUSH ACC

MOV  A,SPEED
CLR C
SUBE A#20D

MOV SPDATBRK,A
POP ACC
BRAKEZ2: SETB BRAKE
SETB SLOW
CLR ENERGY
MOV NEAR#10D
ADD A#03D
MOV B#25D
MUL AB
MOV RO#MOTOR
MOVX @RO0,A
MOV  ASPEED

RELEASE ACCELERATER 0.3 Sec BEFORE
‘BRAKE

«(PUSH)SA VE DIFF
;GET SPEED WHEN START BRAKE

;RELEASE BRAKE WHEN SPEED
;DECREASE 10 Km/h

;SAVE SPEED FOR RALEASE BRAKE

A = DIFF

;PRESS BRAKE

;TELL PROGRAM THAT CAR IS BRAKED

;AMPLIFIER Diff.. FROM 3 TO 10D
;AMPLIFIER Diff.. FROM 75 TO 250D

;CONTROL FORCE OF BRAKE

CINE A,SPDATBRK,BRAKE3

BRAKE3: INC BRAKE4
ACALL CAIM
CLR BRAKE
aQrR C

;SPDATBRK - SPEED > 10Km/h



SUBB A#20D

MOV SPDATBRKA

ADD A#20D
BRAKE4: CIR C

SUBB A#20D ;CHECK SPEED TO CONTROL CLUTCH

INC BACK JIF SPEED > 10 Km/h THEN RETURN

SETB CLUTCH JF SPEED < 10 Km/h THEN PRESS CLUTCH
e ,

HERKKKKREREKER Lhkkkkk
’* * S 3] CAIM EEX TR TR T T3

CALM: MOV RO#MOTOR
CLR A
MOVX @ROA ;STOP PEDALS
RET

Rk kRKkkEkERK KhkREKAKKkKEkUKRKK
'* kkkk ADC EXEE ST L2 ST T30

ADC: CLR A :RECEIVE CRUISE SPEED
MOV RO#CLTR '
SETB ST_ADC
MOVX @RO,A
NOP
NOP
CLR ST_ADC
MOVX @ROA
WAIT: MOVX A,@RO
JNB  EOCWAIT
SETB OPT_EN
MOVX @ROA
NOP
NoOP
MOV RO#GETSPEED
MOVX A,@RO



MOVX A,@RO

CPL A

MOV RO#MOTOR
MOVX @R0A
MOV ROACLTR
CLR OPT_EN
MOVX @RO0,A

RET

;*#***#******* Dclay_os LREKKKKKX

DELAY _¢S: MOV SEH#98d

oSl MOV  SPH#45d
oS DINZ  5FH,eS82
DINZ  SEH,eSl

DINZ DELAYDELAY oS
SETB  OFFPEDAL
RET



NIANUIN W



Semiconductor
DAC0808/DAC0807/DAC0806 8-Bit D/A Converters

General Description

The DAC0808 series is an 8-bit monoiithic digital-to-analog ~ MC1508/ vC1408. For higher speed applications, see
cenverter (DAC) featuring a full scale output current settling  DACO80C ¢ ata sheet.

time of 150 ns while dissipating only 33 mW with =5V sup-

piies. No reference curment (lgzF) timming is required for  Features

most applications since the full scale output current is typi- m Relative accuracy: =0.19% error maximum (DAC0808)
cally =1 LSB of 255 izer/ 256. Relative accuracies of bet-
ter than =0.18% assure 8-bit monctonicity and linearity
while zero level output curent of iess than 4 uA provides
8-bit zero accuracy for Iges= 2 mA. The power supply cur-
rents of the DACO808 senres are independent of bit codes,
and exhibits essentially constant device charactenstics over
the entire supply voltage range. High speed muitiplying input slew rate: 8 mA/us
Power supply voltage range: =4.5V to =18V

DAC0808/DAC0807/DAC0806

m Full sc:ile current match: =1 LSB typ

m 7 anc, 3-bit accuracy available (DAC0807, DAC0808)

m Fast settling time: 150 ns typ

m Noninverting digital inputs are TTL and CMCS compati-
ble

The DACO0808 wiil intarface directly with popular TTL, DTL "
or CMOS logic levels. and is a direct repiacement for the Low power consumption: 33 mW & =5V

Block and Connection Diagrams Dual-In-Line Package

U L

b COMPENSATION

Mooas AW

ARAREER o
-

7 1%
GNO ——f = YReF(-)

AANGE

m,,.“i CURRERT SWITCHES J—‘Q—Ag Order Number ) "
HEREEERNI T DACO0808, DAC0807, Vee —1 P YRe-)

1
28 (a00ER ] pAS CIRCUIT }‘—oc-a or DAC0806 0= oaczine I
See NS Package st al <2 SEMIES P s isa

r - Numter J16A, o
I T P/‘ -::u::u: ) O Ve M16A or N16A :
URC Al

Yage

)

| A1—
Vagki-
o t
REFERENCE i
CURRENT Amp

Vee TL/H/568T -1 TeP viEw

Small-Outline Package

Yee =1 —AS LS8
Yo (4)—2 —a7

COMPENSATION — F—AS

16
15

Yoo (=1 14p—A8
13

NC— F—Ad
GND— T1=AS
Yer — 1ob—a2

0 —

TL/H/5687-13

; Top View
| Ordering Information

ACCURACY 1 OPERATING TEMPERATURE | ORDER NUMBERS
| RANGE | JPACKAGE (J16A)" | NPACKAGE (N16A)* ‘SO PACKAGE (M16A)
8-bit | —-55°C<Tao< +125°C | DACO808LJ ‘ MC1508L8| ! {
8-bit | 0°C<STA< +75°C { DAC0808LCJ | MC1408L8 | DACOB08LCN |MC1408P8 | DAC0808LCM
7-bit ! PCSTAS | DAC0807LCJ|MC1408L7 | DACO807LCN| MCMOBP?; DAC0807LCA
6-bit |

{ DAC0806LCJ | MC1408L5 | DACOB06LCN | MC1408P6 | DAC0806LCM

“Note. Devices may be ordered by using erther order number.




E

\

Absolute Maximum Ratings (ot 1)

;f Military/Aerospace specified devices are required,
~ease contact the National Semiconductor Saies
otfice/Distributors for availability and specifications.

power Supply Voltage

Storage Temperature Range

Lead Temp. (Soldering, 10 seconds)
Dual-in-Line Package (Plastic)
Dual-in-Line Package (Ceramic)

—65°Cto +150°C

Vee

Digital Input Voltage, V5-V12
Applied Output Voltage, Vo

+18 Vpc
-18 Vpc
—10Vpcto +18 Vpo
—11Vpcto ~18 Vpgo

reference Current, |44 5/hA :
;efe(enc?e Am?hﬁer Inputs, V14, V15 Vee, Vee =5:ggaslg;iﬂange
power Dissipation (Note 3) 1000 MW
£SD Susceptibility (Note 4) 8D

Electrical Characteristics
Vec = 5V, Vee = —15Vpg, Vaer/R14 = 2 mA, DAC0B08: T = —55°C to + 125°C, DACO808C, DAC0807C, DACOB06C, Ta
= 0°C to +75°C, and all digital inputs at high logic level unless otherwise noted.)

Surface Mount Package
Vapor Phase (60 seconds)
Infrared (15 seconds)

Operating Ratings

260°C
300°C

215°C
220°C

TMIN < Ta < Tmax

T

symbol | Parameter i Conditions | Min | Typ | Max Units
o Relative Accuracy (Error Relative (Figure 4) %
to Full Scale Ig)
DAC0808L (LM1508-8), | =019 %
- DACO0808LC (LM1408-8)
DACO0807LC (LM1408-7), (Note 5) =0.39 %
DACO0806LC (LM1408-6), (Note 5) =0.78 %
Settling Time to Within 14 LS3 Ta=25°C (Note 6), 150 ns
(Inciudes to ) (Figure 5)
3. topL | Propagation Delay Time | Ta = 25°C, (Figure 5) 30 | 100 ns
To | Output Full Scale Current Drift | I =20 | ppm/°C
Digital Input Logic Levels | (Figure 3) i
High Level, Logic “1" I 2 , Voo
Low Level, Logic “0" ] | 0.8 Voe
Digital input Current L (Figure 3) ' |
“ Hian Level | Vin =5V o | 0.040 mA
| Lowlevel | Vi =08V —-0.003 | -0.8 mA
5 | Reference Input Bias Current | (Figure 3) | | -1 | -3 uA
i Output Current Range | (Figure 3) ;
=5V 0 2.0 I 21 mA
=18V, Ta = 25" 0 2.0 | 42 mA
) Output Current 2.000V |
10000, !
(Figure 3) 1.9 199 | 2.1 mA
Output Current, All Bits Low (Figure 3) 0 | 4 uA
Output Voltage Compliance (Note 2) Er £ 0.19%, Tp = 25°C |
es= -5V, Iggr=1mA | —0.55, +0.4 Voc
Vez Below — 10V | -5.0,+04 Voc
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Electrical Characteristics (continued)
(Vcc = 5V, Vee = —15 Vpg, Vagr/R14 = 2 mA, DACO808: T4 = —355°C to + 125°C, DACO808C, |
= 0°C to +75°C, and all digital inputs at high logic level uniess ctherwise noted.)

a
(%]
O
3>
(53}
(@]
~!
O

Symbol Parameter Conditions Min Typ Max
SRiger Reference Current Slew Rate (Figure 6) 4 8 .

Output Current Power Supply —5V < Vge £ —16.5V 0.05 27

Sensitivity

Power Supply Current (All Bits (FigLre 3)

Low) 33
lcc 23 22 mA"
leg =43 -13 mA'

Power Supply Voltage Range Ta = 25°C, (Figure 3) 53
Vee 4.5 5.0 55 Voe:
Vee —45 -15 -16.5 Vm

Power Dissipation =38 -

All Bits Low Veg =5 -5V 3 170 mw
Voo = —15V 106 305 mwa
All Bits High Vee = = -5V 20 MW
Veg = 18V, Vgg = =15V 180 m
Note 1: Absolute Maximum Ratings indicats limrts beyond which camage to the dewvice may occur. DC and AC electrical specications do not adply when >
e cevice beyond 1ts specified operating condmons. 1= =2

Note 2: Range contol is not required.

Note 3: The maximum power dissipation must be derated at eievated temperatures and is dictated by T jmax. 9 a4, and the amosent tamperature, Ta. The mamr{n
aliowabie power cissipabon at any temperature is Pp = (T uax — Ta)/6a Of the numoer gven in the Absoiute Maxmum Ratngs, whichever s iower. For tig =
odewce, T uax = 125°C, and the typical junction-to-ambeant thermal resistance of the duakn-iine J package when the board mounted s 100°C/W. For the duaks
line N pacxage, this number increasas to 175°C/W and for the small outine M package this number is 100°C/W. RS

Note 4: Human bogy model, 100 pF discharged through a 1.5 ki) resistor.

Note 5: All current swriches are tested to guarantee at least 50% of rated cument

Note 6: All bits switched.

Note 7: Pin-out numbers for the DALOBOX represent the dual-in-line pacxage. The small oumine package pinout ciffers from e dual-n-iine pacxage.

Typical Application
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FIGURE 1. = 10V Output Digital to Analog Converter (Note 7) i
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Typlcal Performance Characteristics

Logic Input Current vs
Input Voltage
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Output Current vs Output
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Veg - NEGATIVE POWER SUPPLY (V)
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5V, Veg = —15V, Tp = 25°C, unless otherwise noted

Bit Transfer Characteristics
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Ul 03 1 b 10
f - FREQUENCY (MHz)
TL/H/5687-5

Unless otherwise specified: R14 =
R15 = 1 kQ, C = 15 pF, pin 16 to
Veg; Ry = 500, pin 4 to ground.
Curve A: Large Signal Bandwidth
Method of Figure 7, Vrer = 2 Vp-p
offset 1 V above ground.

Curve B: Small Signal Bandwidth
Method of Figure 7, R = 2509, VRer
= 50 mVp-p offset 200 mV above
ground.

Curve C: Large and Small Signal
Bandwidth Method of Figure 9 (no op
amp, R = 50Q), Rg = 50Q, Ve =
2V, Vg = 100 mVp-p centered at OV.
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FIGURE 2. Equivalent Clrcult of the DACO0808 Series (Note 7)
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Test Circuits

B3 Vi
¢ V| and Iy 2pply to inputs A1-A8,
rice
%J , The resistor tied to pin 15 is to temperature compensate th
1 - .
5 — bias current and may not be necessary for all appiications.
A1 Omd »
ool TR L — (m A2 A4 A5 AB AT A8 )
7 15 A1 = T SR e G S M e o = ]
wo - - 2 4 16 32 64 128 256
oI1GITAL MO-T oAcsace
weuTs | ag o] SERIES where K = Vaer
0 eK =
: Yo R14
ourteuT
anc Ay = 1" if AN is at high level
i An = 0" if Ay is at low level
3 N N
Vee TL/H/5687-6
FIGURE 3. Notation Definitions Test Circuit (Note 7)
~ss
Al
PECECS
P
" 0T0A
A ¢
AS m,‘,:}:{" == 10 1V OUTPUT
——d
a5 | ERROA MAX)
Al
Al
O
use AT AIGATI ALY
Vags * 2 01 uF —
— £aR0R
100 - wen
Al Vo
~e
sy " 17
e o+
—- o
2 o]
(Tl —C— O—{ ocacoees [
counten | o O-% stries [0
O 40_41‘
12
—_——
%3 (81]
nBhell |2
& : —te
. n 4
8 - Ve TL/H/5687-7
FIGURE 4. Relative Accuracy Test Circuit (Note 7)
Vee
A1uF 14y
—d '™ 1av
T dav |
= 2vpe b [ (T
13 | ‘l
5 Lo 4 v CLAMP LEVEL 1 g
-—O——J\M—‘hj . USE Ry TO GXO FOR TURN ~OFF
. | | MEASUREMENT (SEE TEXT)
- 7 s " L V1uF SETTLING TreE | ‘
DACESOS -
x SERIES —L— FOR SETTLING TiME .
it ‘ = vy MEASUREMENT ULL BITS | gera e
= O SwiTCHED LOW T0 MIGH) | Tenzixe ‘
T 0 <50F [ ‘
1% |
—o] |
e - (]
TRAXRSIENT .
oluF 4 1t RESPONSE :;Ln;r.o (11
TNAASA (LOW CAPACITANCE, ~100 mV 1
FAST RECOVERY DIODE) | |
- i it
= e = TL/H/5687-8

FIGURE 5. Transient Response and Settling Time (Note 7)
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Test Circuits (continued)

Vee

DACO0808

FIGURE 6. Reference Current Siew Rate Measurement (Note 7)

Vee

SEE TEXT FOR VALUESOF C

TU/H/5887-11
FIGURE 8. Negative Vger (Note 7)

Application Hints

REFERENCE AMPLIFIER DRIVE AND COMPENSATION

The reference ampiifier provides a voltage at pin 14 for con-
verting the reference voltage to a current, and a turn-around
circuit or current mirror for feeding the ladder. The reference
amplifier input currrent, |4, must always flow into pin 14,
regardless of the set-up method or reference voltage polarity.
Connections for a positive voltage are shown in Figure 7.
The reference voltage source supplies the full current l14.
For bipolar reference signals, as in the multipiying mode,

Al O—
A2 O—
A) O—
A O—
a5 0]
A5 O—
A1 O—

R14 = R1§

3 c
SEE TEXT FOR VALUES OF ¢ 3

Vee
TUH/5687-
FIGURE 7. Positive VRef (Note 7)

DACO802
SERIES

TL/H/5687-
FIGURE 9. Programmable Gain Amplifier or
Digital Attenuator Circuit (Note 7)

R15 can be tied to a negative voltage corresponding to th8;
minimum input level. tis possible to eliminate R15 with Of
a small sacrifice in accuracy and temperature drift. E

The compensation capacitor vaiue must be increased
increases in R14 to maintain proper phase margin; for R14
values of 1, 2.5 and 5 kQ2, minimum capacitor values are. 1558
37 and 75 pF. The capacitor may be tied to either Veg ©
ground, but using Veg increases negative supply rejection:
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Application Hints (continued)

| A negative reference veltage may be used if R14 is ground-
ed and the reference voltage is appiied to R15 as shown in
Figure 8. A high input impedance is the main advantage of
this method. Compensation involves a capacitor to Vez on
pin 18, using the values of the previous paragraph. The neg-
ative reference voltage must be at least 4V above the Veg
supply. Bipolar input signals may be handled by connecting
R14 to a positive reference voltage equa' to the peak posi-
tive input level at pin 15.

When a DC reference voltage is used. czpacitive bypass to
ground is recommended. The 5V logic supply is not recom-
mended as a reference voltage. If a weil'regulated 5V sup-
ply which drives logic is to be used as the reference, R14
should be decoupled by connecting it to 5V through another
resistor and bypassing the junction of the 2 resistors with
0.1 uF to ground. For reference voitages greater than 5V, a
clamp diode is recommended between pin 14 and ground.
If pin 14 is driven by a high impedance such as a transistor
current source, none of the above compensation methods
apply and the amplifier must be heavily compensated, de-
creasing the overall bandwidth.

OUTPUT VOLTAGE RANGE

The voltage on pin 4 is restricted to a range of —0.55 to
0.4V when Vgg = —5V due to the current switching meth-
ods employad in the DACO0808.

The negqative output voltage compliance of the DACO0808 is
extended to —5V where the negative supply voltage is more
negative than —10V. Using a full-scale current of 1.992 mA
and load resistor of 2.5 k2 between pin 4 and ground will
yield a voitage output of 256 levels between 0 and
—4.980V. Floating pin 1 does not affect the converter
speed or power dissipation. However, the value of the load
fesistor determines the switching time due to increased volt-
age swing. Values of Ry up to 500 do not significantly
affect performance, but a 2.5 kQ load increases worst-case
settling time to 1.2 us (when all bits are switched ON). Refer
to the subsequent text section on Settling Time for more
details on output loading.

OUTPUT CURRENT RANGE

The output current maximum rating of 4.2 mA may be used
only for negative supply voltages more negative than —8V,
due to the increased voltage drop across the resistors in the
reference current ampiifier.

ACCURACY

Absoliute accuracy is the measure of each output current
level with respect to its intended value, and is dependent
upon reiative accuracy and fuil-scale current drift. Relative
accuracy is the measure of each output current level as a
fraction of the full-scale current. The relative accuracy of the
DACO0808 is essentially constant with temperature due to

excellent temperature tracking of the monolithic resistor
. The reierence current may crift with temperature,
causing a change in the absolute accuracy of output cur-
rent. However, the DAC0808 has a very low full-scale cur-
rent drift with temperature.

The DACO808 series is guaranteed accurate to within =15,
LSB at a full-scale output current of 1.992 mA. This corre-
sponds to a reference amplifier output current drive to the
ladder network of 2 mA, with the loss of 1 LSB (8 pA) which
is the ladder remainder shunted to ground. The input current
to pin 14 has a guaranteed vaiue of between 1.9 and 2.1
mA, allowing some mismatch in the NPN current source
pair. The accuracy test circuit is shown in Figure 4. The 12-
bit converter is calibrated for a full-scale output current of
1.992 mA. This is an optional step since the DAC0808 accu-
racy is essentially the same between 1.5 and 2.5 mA. Then
the DACO0808 circuits' full-scale current is trimmed to the
same value with R14 so that a zero value appears at the
error amplifier output. The counter is activated and the error
band may be displayed on an oscilloscope, detected by
comparators, or stored in a peak detector.

Two 8-bit D-to-A converters may not be used to construct a
16-bit accuracy D-to-A converter. 16-bit accuracy implies a
total error of =14 of one part in 65,536 or £0.00076%,
which is much more accurate than the =0.019% specifica-
tion provided by the DAC0808.

MULTIPLYING ACCURACY

The DAC0808 may be used in the multiplying mode with
8-bit accuracy when the reference current is varied over a
range of 256:1. If the reference current in the multiplying
mode ranges from 18 pA to 4 mA, the additional error con-
tributions are less than 1.6 pA. This is well within 8-bit accu-
racy when referred to full-scale.

A monotonic converter is one which supplies an increase in
current for each increment in the binary word. Typically, the
DACO0808 is monotonic for all values of reference current
above 0.5 mA. The recommended range for operation with |
a DC reference current is 0.5 to 4 mA. |

SETTLING TIME E
The worst-case switching condition occurs when all bits are
switched ON, which corresponds to a low-to-high transition
for all bits. This time is typically 150 ns for settling to within
=/, LSB, for 8-bit accuracy, and 100 ns to 4 LSB for 7 and
6-bit accuracy. The turn OFF is typically under 100 ns.
These times apply when R € 50002 and Cg < 25 pF.
Extra care must be taken in board layout since this is usually
the dominant factor in satisfactory test results when mea-
suring settling time. Short leads, 100 uF supply bypassing
for low frequencies, and minimum scope lead length are all
mandatory.
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Electrical Characteristics

Converter Specifications: Vrgo

v,
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S
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o i

=
F3
4

Anaiog input Voitage Range |

Veitage, Top of Ladder

i Digital Levels and DC Specifications: 4DC030
. ADCOB0BCCJ, ADCOS0SCCN, ADCO808CCY, ADCOE
-less otherwise noted

— }
Symbol i Parameter j Concitions : Hin . Typ , HMax | Units
ANALOG MULTIPLEXER ! =

OFF Channel Leakage Current

10 | 200 nA
¢ 1.0 - A

OFF Channei Leakage Current
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Typical Performance Charactieristics . Applications Infc
OPERATION
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ipplications Information

PERATION

 RATIOMETRIC CONVERSION

ADC0B08. ADCOBCS is designed as & compiete Data
ion Sysiem (CAS) for rztiometric conversion sys-
raiom variabie baing
fi cai= which
iute standard. The volt-

& gquation

)

the ADCOS08

being measurad
Owmax = Maximum daia iimit

Dy = Minimum data limit

tlom=2-
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oy range iransducers can v
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ANALOG COMPARATOR INPUTS
The dynamic comparator input current is caused by the peri-
on-cnip siray capacitances

nf

n

ihe average value

N = Voltage at compar.

el aile Tl b
CIiOCK

o filter capacitors a

ics of a DC bias current whose

conventionally.

nalog inputs and the
source impeadances are low, the comparator input
reateC by the capacitance discharge will die out be-
comgarator output is strobed.

t can be predicted
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Crdering Information

4 Moided Chip Carr:

—40°C to - 85°C

Sivor =1, LSS Unaojusted ADCOBOECCN
i ADC08028CCN
Package Cutline N28A Moided DIF

V28A Moldad Chi J28A Ceramic CIP

Top

___ Order Number #
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LF353 Wide Bandwidth Dual

lalrals
"_r‘.u!

'L
HPHE

| BI-FET 117

Y
Technology ‘

JFET Input Operational Amplifier

General Description

hiak
nigh s

These devices are low cost, JFET input
peranonai amplifiers with an intemally input offset
voltage (BI-FET lI™ technology). mey require low supply
current yet maintain a large gain bandwidth product and fast
slew rate. In addition, well matched high volta FET

peed
tr
tr

ge 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 ampiifiers may be used in applications such as high
speed integrators, fast D/A converters, sample and hoid
circuits and many other circuits requiring low input offset
voltage, low input bias current, high input impedance, high
siew rate and wide bandwidth. The devices also exhibit low
_noise and offset voltage drift.

Features

m Internally timmed offset voitage 10 mV
m Low input bias current 50pA
& Low input noise voltage 16 nV/yHz
® Low input noise current 0.01 pA/yHz
W Wide gain bandwidth 4 MHz
m High slew rate 13 V/us
m Low supply current 3.6 mA
m High input impedance 10120
m Low total harmonic distortion Ay =10, <0.02%

RL=10k, Vo=20Vp—p, BW=20 Hz-20 kHz

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

Typical Connection

Simplified Schematic

1/2 Dual

INTERNALLY
INTERNALLY TRIMMED

TRIMMED

“Veg O g

Connection Diagrams

Metal Can Package (Top View)

ouTPUT A

INVERTING

INPUT & DL |

NON INVERTING
INPUT &

Order Number LF353H
See NS Package Number H08C

Dual-In-Line Package (Top Viaw)

OUTPUT A — s _ .-

2 7
!NVERTING INPUT A ——s p— QUTRUT R

NON-INVERTING _3

INPUT A

INVERTING INPUT R

5 MONINVERTING
Iyt

Order Number LF353J, LF353M or LF353N
See NS Package Number JOBA, MOSA or NOBE

TUL/H/5649-1

£6€47




LF353

Typical Performance Characteristics (Continued)

Distortion vs Frequency
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jlse Response
Small Signaling Inverting Small Signal Non-Inverting

i

OUTPUT VOLTAGE SWING (50 mV/DIV)

OUTPUT VOLTAGE SWING (60 mV/DIV)

TIME (02 5/DIV) TIME (0.2 .5/01V)

TL/H/5648-4

Large Signal Inverting Large Signal Non-Inverting

§

OUTPUT VOLTAGE SWING (5V/DIV)
OUTPUT VOLTAGE SWING (5V/DIV)

TIME (2 ;:2/D1V) TIME (2 :2/DIV)

TU/H/5648-6 TUH/5648-7

Current Limit (R =

100Q2)

OUTPUT VOLTAGE SWING (1V/D1V)

TIME (5 5/D1V)
TU/H/5643-8

s/ \Pplication Hints
devices are op amps with an internally trimmed input ., Exceeding the negative common-mode limit on either input
voltage and JFET input devices (BI-FET Il). These will force the output to a high state, potentially causing a
8 have large reverse breakdown voltages from gate to reversal of phase to the output. Exceeding the negative
Ce and drain eliminating the need for clamps across the common-mode limit on both inputs will force the amplifier
3. Therefore, large differential input voitages can easily output to a high state. In neither case does a latch occur
mP"}mOdated without a large increase in input current. since raising the input back within the common-mode range
; Maximum ditferential input voltage is independent of again puts the input stage and thus the amplifier in a normal
: SUpply voltages. However, neither of the input voltages operating mode.
g be allowed to exceed the negative supply as this will
e currents to flow which can result in a destroyed

T TR R
Siary ¢
B Sakt hoty

v by st v




LF353

Application Hints (continued)

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.

The ampilifiers will operate with a common-mode input volt-
age equal to the positive supply; however, the gain band-
width and slew rate may be decreased in this condition.
When the negative common-mode voltage swings to within
3V of the negative supply, an increase in input offset voltage
may occur.

Each ampilifier is individually biased by a zener reference
which allows normal circuit operation on =6V power sup-
plies. Supply voltages less than these may result in lower
gain bandwidth and slew rate.

The amplifiers will drive a 2 kQ load resistance to =10V
over the full temperature range of 0°C to +70°C. If the am-
plifier is forced to drive heavier load currents, however, 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 sup-
ply for the integrated circuit never becomes reversed in po-
larity or that the unit is not inadvertently installed backwards
in a socket as an unlimited curent surge through theresuit-

Detailed Schematic

ing forward diode within the IC could cause fusing of i
internal conductcrs and result in a destroyed unit.
Because these amplifiers are JFET rather than MOS|
input op amps they do not require special handling.
As with most amplifiers, care should be taken with
dress, component placement and supply decoupling in i
der to ensure stability. For example, resistors from the
put to an input should be placed with the body close to et
input to minimize “pick-up” and maximize the frequency’g
the feedback pole by minimizing the capacitance from
input to ground. b
A feedback pole is created when the feedback around
amplifier is resistive. The parallel resistance and
tance from the input of the device (usually the inverting
put) to AC ground set the frequency of the pole. In mar
instances the frequency of this pole is much greater t
the expected 3 dB frequency of the ciosed loop gain
consequently there is negligible effect on stability ma
However, if the feedback pole is less than approximatsly
times the expected 3 dB frequency a lead capacitor sho
be placed from the output to the input of the op amp. Th
value of the added capacitor shouid be such that the R
time constant of this capacitor and the resistance it paral
is greater than or equal to the original feedback pole ti
constant. )

Vee O
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cal Applications

GAIN (dB)

14F
l l 11k 100k 1k

Three-Band Active Tone Control
800ST - CUT

0.05
BASS

0.005
1k MID-RANGE
1.6k 100k 16k
Y . J
0.022
)
500k 1.8k

1.8k
L AAA———AAA——————AAA—

TREBLE

o D N Rl
TN A T

.10 \ 1L | y
o A I AN e
.za TR T TINGA LN i
TTT NS g ¢
10 100 1k 10k 100k

FREQUENCY (H2)

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 sterso applications

TU/H/5649-10




Typical Applications (continued)

Improved CMRR Instrumentation Amplifier
Vs

LF353

SEPARATE

2R2 RS
e (T2 )
v R1 R4

/}7 and -é- are separate isclated grounds
Matching of R2's, R4's and R5'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

A1
i
Vin O—AAA—4

/ 1
J R1R2CC1 2

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
Oftfset nulling necessary for accurate DC performance

® Corner frequency (fc) =

g

v
B

»

R



cal Applications (Continued)
A Fourth Order High Pass Butterworth Filter

s .

¥ I 1 [ 1 1
Comer frequency (1) = /=== *3= = VAT R G2 " 27
. " 1 =\ RiRecz 27 ARZCE 2

passband gain (Ho=(1~R4/R3) (1+ R4'/R3’)
o Frststage Q = 1.31
Second stage Q = 0.541
Circuit shown uses ciosest 5% tolerance resistor values for a filter with a comer frequency of 1 kHz and a passband gain of 10.

Ohms to Voits Converter

TL/H/5649-13

AV
V°=R x Ry

Where RiapoeR is the resistance from switch S1 poie to pin 7 of the LF353.

3-55




LM158/LM258/1.M358/LM158A/LM258A/LM358A/LIVI2904

-4 Natichal

&4 Semiconductor

LM158/LM258/LM358, LM158A/LM258A/LM358A,
LM2904 Low Power Dual Operational Amplifiers

General Description

The LM158 series consists of two independent, high gain,

internally frequency compensated operational ampiiiiers
which were designed specifically to operate from a single
power supply over a wide range of voltages. Operation from
split power supplies is also possible and the low power sup-
ply current drain is independent of the magnitude of the
power supply voltage.

Application areas include transducer amplifiers, dc gain
blocks and all the conventional op amp circuits which now
can be more easily implemented in single power supply sys-
tems. For exampie, the LM158 series can be directly ooerat-
ed off of the standard + 5 V¢ power supply voltage which
is used in digital systems and will easily provide the reguired
interiace electronics without requiring the additionai =15
Vpc power supplies.

Unique Characteristics

| ® In the lfinear mode the input common-mode voitage

range includes ground and the output voltage can also
swing to ground, even though operated from only a sin-
gle power suppiy voltage.

The unity gain cross frequency is temperature
comoensated.

The input bias current is also temperature
compensated.

Advantages

® Eliminates need for dual supplies

m Two internally compensated op amps in a singie
package

m Allows directly sensing near GND and Voyt also goes
to GND
Compatible with ail forms of logic
Power drain suitable for battery operation
Pin-out same as LM1558/LM1458 dual operational
amplifier

Features
m Internally frequency compensated for unity gain
B Large dc voltage gain
B Wide bandwidth (unity gain)
(temperature compensated)
Wide power supply range:
Singie supply 3 Vpc to 32 Vpg
or dual supplies =1.5Vpcto =16 Vpg
Very low supply current drain (500 pA)—essentially in-
dependent of supply voltage
Low input biasing current
(temperature compensated)
Low input offset voltage 2 mVpg
and offset current 5 nApc
Input common-mode voltage range includes ground
Differential input voltage range equal to the power sup-
ply voltage
Large output voltage swing 0VpctoVvV™

100 dB
1 MHz

45 nApg

- 1.5 Vpc

Connection Diagrams (oo views)

Metal Can Package

NON-INVERTING
INPUT B

NON-INVERTING
INPUT A

GND
TUH/TT87-1
Order Number LM158AH, LM158H, LM258AH,
LM258H, LM358AH or LM358H
See NS Package Number H08C

QUTPUT A

2
INVERTING INPUT A =

NONANVERTING _ 3

INPUT B
INPUT A INVERTING

NON-INVERTING
INPUT B

TUH/TT8T-2
Order Number LM158J, LM158AJ or LM358J
See NS Package Number JOSA
Order Number LM358M, LM358AM or LM2904M
. See NS Package Number MOBA
Order Number LM358AN, LM358N or LM2904N
See NS Package Number NOSE

Dt T

Absolute Maximum Ratlngs-

EL¥PET TR

ki

, please contact the Natlonal Semiconductor Sales Office/Distributorc for availabllity and specifications.

If Military/Aerospace specified devices are required,
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Input Yoltage Range

“ INPUT YOLTAGE (%Vpc)

Vg

0 15
v* OR Y~ POWER SUPPLY YOLTAGE (Voe)

Voltage Gain

| R, = 20k4 |

20 PN

=
R =2kQ |

8

8

3

LM158/LM258/LM358/LM158A/LM258A/LM358A/L112904

Avor = VOLTAGE GAIN (dB)

10 20
¥ = SUPPLY YOLTAGE (Yoc)

Voltage Follower Pulse
Response

R =20k

VOLTAGE (V)

Yo — Oulrur

N—
<

el INPUT
VOLTAGE (V)

10 2 by
t = TME (us)

Qutput Characteristics
Current Sourcing

L
vl

o

-

[

V4 = OUTPUT VOLTAGE
REFERENCED TO V* (Vge)

”~

1
a
0.

INDEPENDENT OF
LTA = #259C 2
o

il

ot 001 o1
io* = OUTPUT SOURCE CURRENT (mAgc)

Ig = INPUT CURRENT (nAoc)

s, = OUTPUT YOLTAGE (mV) AvoL = YOLTAGE GAIN (dB)

Yo = OUTPUT VOLTAGE (Vyc)

Typical Performance Characteristics

Input Current
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T, = TEMPERATURE (%)

Open Loop Frequency
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Voltage Follower Pulse
Response (Small Signal)

Qutput Characteristics

Current Sinking

10
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& = OUTPUT SINK CURRENT (miqc)

Vo = OUTPUT SWING (Vp_p) CMRR = COMMON-MODE REJECTION RATIO (dB)
Ip = SUPPLY CURRENT DRAIN (mAqc)

lo* = OUTPUT CURRENT (maAgc)

Suppiy Current
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pical Performance Characteristics (continued) (LM2902 oniy)

Input Current
106 ¢

\

~
I

/r. «+25°C

1

Iy ~ INPUT CURRENT (nApc)

0 10 0 30
V™ - SUPPLY VOLTAGE (Voc)

pplication Hints

2 LM158 series are op amps which operate with only a
gle power supply voltage, have true-differential inputs,
1 remain in the linear mode with an input common-mode
tage of 0 Vpc. These amplifiers operate over a wide
ige of power supply voltage with littie change in perform-
ce characteristics. At 25°C amplifier operation is possible
wn to a minimum suppiy voltage of 2.2 Vpc.

scautions should be taken to insure that the power supply
* the integrated circuit naver becomes reversed in polarity
that the unit is not inadvertently installed backwards in a
st socket as an unlimited current surge through the result-
; forward diode within the IC could cause fusing of the
ernal conductors and result in a destroyed unit.

irge differential input voltages can be easily accomodated
id, as input differentia! voltage protection diodes are not
:eded, no large input currents result from large differential
put voltages. The differentiai input voltage may be larger
an V+ without damaging the device. Protection should be
‘ovided to prevent the input voltages from going negative
ore than —0.3 Vpc (at 25°C). An input clamp ciode with a
isistor to the IC input terminal can be used.

0 reduce the power supply current arain, the amplifiers
ave a class A output stage for small signal levels wnich
onverts to class B in a large signal mode. This allows the
mplifiers to both source and sink large output currents.
herefore both NPN ang PNP external current boost tran-
istors can be used to extend the power capability of the
asic amplifiers. The outout voltage needs to raise approxi-
'ately 1 diode drop above ground to bias the on-chip verti-
2l PNP transistor for outout current sinking agolications.

‘or ac applications, where the ioad is capacitively coupled
o the output of the amplifier, a resistor should be used, from
he output of the amplifier to ground to increase the class A
dias current and prevent crossover distortion. Where the
oad is directly coupled. as in dc applications. there is no
“rossover distortion.

Voltage Gain

160 | ]
évo R =20 |
z C ——
3 - Rus 2000 —
o P P
2w
)
>
4 40 i
3
<

° 10 n 3

V" - SUPPLY VOLTAGE (Voc!

Capacitive loads which are applied directly to the output of
the amplifier reduce the loop stability margin. Values of 50
pF can be accomodated using the worst-case non-inverting
unity gain connection. Large closed loop gains or resistive
isoiation should be used if larger load capacitance must be
driven by the amplifier.

The bias network of the LM158 establishes a drain current
which is.independent of the magnitude of the power supply
voltage over the range of 3 Vp¢ to 30 Vpg.

Output short circuits either to ground or to the positive pow-
er supply should be of short time duration. Units can be
destroyed, not as a resuit of the short circuit current causing
metal fusing, but rather due to the large increase in IC chip
dissipation which will cause eventual failure due to exces-
sive function temperatures. Putting direct short-circuits on
more than one amplifier at a time will increase the total IC
power dissipation to destructive levels, if not properly pro-
tected with axternal dissipation limiting resistors in series
with the output leads of the amplifiers. The larger value of
outout source current which is avaiiable at 25°C provides a
larger output current capability at slevated temperatures
(see typical performance characternstcs) than a standard IC
cp amp.

The circuits presented in the section on typical appiications
empnhasize coeration on only a single power supply voltage.
If complementary power suppiies are available, all of the
standard op amp circuits can be used. In general, introduc-
ing a pseudo-ground (a bias voltage reference of V= /2) will
aliow operation above and below this vaiue in single power
supply systems. Many appiication circuits are shown which
take advantage of the wide input common-mode voltage
range whicn includes ground. In mest cases, input biasing is
not required and input voltages which range to ground can
easily be accommodated.
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Typical Single-Supply Applications v- = 5.0vy)

Non-inverting OC Gain (OV Input = CV Outout)

1000

“

172 LM158

<
o
[«2]
N
=
-
2 i

[
P ; -5V ‘— —_———— —
w i
™ | :
= | :
3 | Vo
= | z
wn ! = i
N E
- | o 2
~ | GAIN= 1+ —
=1 GAIN= 1+
= |
W ! = 101 (AS SHOWN)
=
ﬂ | TU/HIT787-6 ¢ Vin (mV)
S |
w | . -
™ DC Summing Amplifier
5 | (ViN's 2 0 Vpc and Vo = 0 Vpc) Power Amplifier
=

R1

v 910k
~N
=
|
S~
)
7S]
-
=
= |

]
4

“Viw O— " WA——

Vo = 0 Vpc for Vin = 0 Vg
Ay = 10

R
100k TL/HITTET-8

Where: Vo = Vy = Vp = V3 = Vy
(Vy = Vz) = (V3 = Vo) tokeep Vg > 0 Vpg

“BI-QUAD" RC Active Bandpass Filter

3-466

R1
100%
| 112 LM158 ——{
{ 2
I 100k
Vin O=—AAA/ +
R4
; 10M
Wi i AAA- 12 LM158
A ‘ A1 c2
L ! 100k 330 pF
i O Vo
*Vin
R7
o 100k X
Q v
; Av £3 —
'[' 10uF
:
Ep = = TU/H/TTSI-
1]
i
i



pical Single-Supply Applications v+ =

Fixed Current Sources

=3
R2 TUH/T787-11
LED Driver
O
20 mA
—
82 ///X’//‘
NSL102
®

TUH/7787-13

Driving TTL

TL/H/7787-15

TUH/IT787-17

5.0 Vpg) (Continued)

Lamp Driver

TUH/TT87-12

Current Monitor

R1* I
0.1 m———
VO
Re
R2
10e -
v
Vo = )
Vo 1A
R3 *(Increase R1 for I, small)
* Vps VT -2y
TUL/H/TT87-14
Pulse Generator
R1
™ IN914
R2
100k IN91S
0.001uF

-

TL/H/7787-16
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| Typical Single-Supply Applications v+ = 5.0 vpc) (Continued)

Squarewave Oscillator Pulse Generator
A1 R1 INg14
100k 20 e
C W

172 LM3s8

- TU/H/7787-18

Low Drift Peak Detector

a

“wIDE CONTRO

LM158/LM258/LM358/LM158A/LM258A/LM358A/LN:2904

Dby i

c
1uF

\
e (POLYCARBONATE OR |
™ POLYETHYLENE) = 2N928°
0.001.F

*hi 3 AT 100 nA
1
‘J— e

W TR

A e

"Af.j'k.

; 3 :
13

E

|
i
;.
i
.‘a =
]
Z |
4
i
g =
i
i
]

HIGH Ziy ; 3
LOW Zoyr =
21 l
=5 =
i "3
>
AUX AMP g =
R INPUT CURRENT & =
M COMPENSATION 2 -
= TUH/TTET-20 =P
| &
a'k"[ ' i
iaé")f High Compliance Current Sink Comparator with Hysteresis £ } =
gt | HBE
) Y O 3 =
. ) é S
“Vin O o S
ESE ¢
| \ O Vo 3 3
L R1 B2
it ) 10k
i “Vagr O 3
B s -3
i 5 5
| TUH/TT8T-2
; e £
f lo = 1 amp/volt Vin 1
-f (Increase Rc for ig small)
i =
1’ = TuHmTsT-21 =
'}
i
f :
3-468 = 2




yical Single-Supply Applications v+ = 5.0 vag) (Continued)

Voitage Controlled Osciilator (VCO)

0.054F
R 1R
100k
v
Ve 1/2 LM358 I l l l
I alk p——O OUTPUT 1
>
R2
51k
50k
1 /\/\/
p
-Q QUTPUT 2
\1 10k
- TL/H/7T787-23
JE CCNTROL VOLTAGE RANGE: 0 Vpg < V¢ < 2 (V* —1.5V pg)
AC Coupled Inverting Amplifier
Ry
100k
WA
Cin A1
10k
E C
9 0 - 3Vep
; | —
Vin Vo
Rg R,
6.2k 10k
' - =
Ry
Ay = = (Asshown, Ay = 10)
"1
10.F
b =g TL/H/TTRT-24
Ground Referencing a Differential input Signal
|
| R1
™
4 p—O Vo
Va
B R4
™
*Vew
| .
I Yo = VR
TUH/TT87-25

R MR A S WA e o
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Typical Single-Supply Applications (v- = 5.0 vpg) (Continued)

AC Coupied Non-inverting Amplifier

R1 R2
100k ™

e e

bt
s o A

Ay = 11 (As Shown)

LM158/LM258/L.M358/LM158A/LM258A/LM358A/1.M2904
lumlg.xuvé-aau.:s -.‘.::».;:\‘.- T

3 TUH/T787-26
|
i
i1 IC[l
! 16k
| Vin
| {CELL HAS O
ACROSS 1T
|
i
i
|
’ H TUH/T787-27
H Bandpass Active Filter -
] -N%
| - i~
: R 5
! 120% S E;
3o
; AAA~ ég_
5 SRR
i = i
: :
| 172 LM358 Vo B3
& fo = 1 kHz
Q=25 e -
K = 2
r 104F T 100k 100k
H
] -
: e -3
TU/HTTST-Bg
|
: :
' 3-470

245




pical Single-Supply Applications v+ = 5.0 vog) (Continued)

High Input Z, DC Ditferential Amplifier

R2
100k
R4
100k
1/2 LM358 Vo
+
For ﬂ = _R_4 (CMRR depends on this TUH/TT87-29
o R2 R3 fresistorratio match)
., . R4 .
Vo=1-3 Va—V4)
As Shown: Vg = 2 (V2 — Vq)
Photo Voltaic-Cell Amplifier Bridge Current Amplifier
Ry *Vaer
™
AN~

1/2 LM358

—O Vo
(CELLHAsOV (2=,
ACROSS IT)

ol
= -‘L_ Ford << tand Ry >> R
= = TUHITT87-30 - Ry [5) A

Vo = Vasz (3] 3

High Input Z Adjustable-Gain
DC Instrumentation Amplifier

R1
100%
VA

R3 R4
100k 100k

GAIN ADJUST
Vo

TU/H/T787-31
IfR1 = R5& R3 = R4 = R6 = R7 (CMRA depends on match)
Vo=1+2 v, - vy
R2

As shown Vg = 101 (Vo — Vy)
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LM158/LM258/LM358/LM158A/LM258A/LM358A/1L.M2904

Typical Single-Supply Applications (v+ = 5.0 vpc) (Continued)

Using Symmetrical Amplifiers to
Reduce Input Current (General Concept)

1/2 LM358 *Vo

2N929°

*hi 3 AT 50 nA Q001.F

172 LM358
-— AUX AMP
A I
1M s INPUT CURRENT
COMPENSATION

gl

Schematic Diagram (gach Ampiiiier)
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"CHING CHARACTERISTICS® (C|_ =50 pF, T4 =25

ot

I 1 ]
i | | |
| Voo i | |
Charasctenistic Symbol | Vdc Min | Typ# | Max | Unit
!
|
ETR ; 1 | I
! { 50 - | oo 180
| | 10 - ! so 20| |
i | s - | % | 80 | i
* | : 1 | 05 i
ns/p=) C = 25 ns | i 50 - ‘ <0 50 | ;
L 2 ns/pFi Cy = 14 n; ! ! 10 - | 20 | e | !
L= 101 ns/pFiC + i0ns : | 15 - | % i 30 |
Deiav Time | term ‘{ | ‘ i ns H
¢~ (038 nJpF'C +61ne ! { 5.0 - i 80 | 120 ; !
« = 10.2C ns/pF i Cy + 3G ns I 10 - | %0 | 6 | i
{1017 ne/pF1 C + 245 ns | ‘ 18 - | 3 | S0 i
wor Ceiay Time | teuL ' E | {‘ : nsg :
=12.38 ns/oFIC + 11 ns ‘ I 50 | - 30 | 60 | 1
- 2 nsipF) C_ =2 ns ' i0 - | 1S | 20 !
* nsioFi C =45 ns I s | - e | 2 i
8
) | i
[ | ! | s
! se | - | o0 i
[ i | = |l so { =0
i { s | - 1 & | 30
i TTHL | i | ns
! i so | - © | 0
’ oo | - 0 | 40 :
J' | 18 - 15 | 30 | |
Time LoteHd | ! ‘ ng 1
aCpFICy <835 ns i | 5.0 = 30 | <0 i i
2318 nuoF)C +305ns ! | i0 - 20 | 80 | 1
05 ne/pFiCyL + 27 ms g | 15 - 3 | 80 | i
= Seay Time 1 WHL i | ns 1
L2 ne/pFiCL +30ns i 5.0 - 40 { 80 !
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10.05 ns/oF) C + 125 ns g 15 - s | 0 | }

3s an incicatior o* the IC's r.otantiai performance

FIGURE 1 — TYPICAL VOLTAGE TRANSFER CHARACTERISTICS versus TEMPERATURE

MC12048UB

Vin INPUT VOLTAGE {Vec)

Vout OUTPUT VOLTAGE (Vile)

MC140508

Vin INPUT VOLTAGE (Voc!




FIGURE 2 — TYPICAL OUTPUT SOURCE CHARACTERISTICS FIGURE 3 = TYPICAL OUTPUT SINK CHARACTERISTICS
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Switched-Capacitor Voltage Converters

General Description

The MAX1044 and ICL7660 are monolithic, CMOS
switched-capacitor voltage converters that invert,
double, divide, or multiply input voltage. They are pin
compatible with the industry-standard ICL7660. Opera-
tion is guaranteed to 10V with no external diode over the
full temperature range. The MAX1044 has a BOOST pin
that raises the oscillator frequency above the audio band
and also reduces external capacitor size.

The MAX1044/ICL7660 combine low gquiescent current
with high efficiency. Oscillator controi circuitry and four
power MOS switches are included on-chip. Applications
include generating a -5V supply from a +5V logic supply
to power analog circuitry. When used as doublers, these
devices generate 6V from a single 3V lithium cell, or 3V
from a single 1.5V alkaline cell. For applications requiring
more power, the MAX660 can deliver up to 100mA with
a voitage drop of less than 0.65V.

Applications
-5V Supply from +5V Logic Supply

Personal Communication Equipment

Op-Amp Power Supolies

EIA/TIA-232E and EIA/TIA-562 Power Supplies
Data-Acquisition Systems

Hand-Held Instruments

Panel Meters

Typicail Operating Circuit

INPUT
| | SUPPLY
| ‘ VOLTAGE

CAP+ Vofp——

MAXLAA
MAX1044
ICL7660

o

CAP-

Vour NEGATIVE
t *— ouTPUT

VOLTAGE

It

+

GND

NEGATIVE VOLTAGE CONVERTER {

Features
4 1.5V to 10.0V Operating Supply Voltage Range
4 95% Min Power-Conversion Efficiency
4 Invert, Double, Divide, or Multiply Input Voltage

¢ BOOST Pin Increases Switching Frequencies
(MAX1044)

4 No-Load Supply Current: 200uA Max at 5V

¢ No External Diode Required for Higher Voltage
Operation

Ordering Information

! PART TEMP. RANGE PIN-PACKAGE
MAX1044CPA 0°’Cto +70°C 8 Plastic DIP
MAX1044CSA 0°’Cto+70°C 8 SO
MAX1044CTV 0°Cto +70°C 8 TO-¢9
MAX1044C/D 0’Cto+70°C Dice*
MAX1044EPA -40°Cto +85°C 8 Plastic DIP
MAX1044ESA -40°C to +85°C 8 SO

| MAX1044ETV -40°Cto +85°C 8 TC-99

Ordering Information continued on last page.
* Contact factory for dice specifications.

Pin Configurations

1
| TOPVIEW
; e = ’__
' (N.CB0OST [ 1] 8| v-
MaAXIAA [—
oee (2] Tiaxipas [7] osC
ono (3] /CL7860 [5]uy
| cap- [4 5 | vour
i
L DIP/SO
V+ AND CASE
)
&
(N.C.)BOOST /7Y Y
MAXIAA
; P (2 MAX1044
ICL7660

)0SC
| \\’\ \.’}L‘I
(5)y

GND(3 ) Vour
CAP-
TO-99

|

L () ARE FOR ICL7660

/K0
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MAX1044/ICL7660

‘Switched-Capacitor Voltage Converters

ABSOLUTE MAXIMUM RATINGS

Supply Voitage (V+ to GND, or GNDtoVouT) ......... 10.5V CERDIP (derate 8.00mW/'C above +70C) ......... y
input Voltage on Pins 1, 6, and 7 TO-99 (derate 6.67mW/°C above +70°C) ... .- ST .

(Note 1) ..., D3VSVINS(V+ +03V) Operating Temperature Ranges: s
LVInputCurrent(Note 1) . ...............ooiiiunn.. 20uA MAX1044C_ _/ICL7660C__................ 0Cto+
Output Short-Circuit Duration (V+ <5.5V) ........ Continuous MAX1044! _ _JICL76601_ _ .. .............. -25° ey
Continuous Power Dissipation (TA = +70°C) MAX1044E_ _/ICL7660E__ .. ............. -40°C to a59

Plastic DIP (derate 9.09mW/C above +70°C) ...... 727mW MAX1044M_ /ICL7660M_ _ ............. -55°C to +1 -'

SO (derate 5.88mW/°'C above +70°C) ............ 471mW Storage Temperature Range . ............. -65°C to +15

Lead Temperature (soldering, 10sec) ..............

Note 1: Connecting any input terminal to voitages greater than V+ or less than ground may cause latchup. Do not appiy any inputs
from sources operating from external supplies before device power-up.

Stresses beyond those listed under ‘Absolute Maximum Ratings* may cause permanent damage to the gevice. These are stress ratings only, and funcig
operation of the device at these or any other conditions beyonc those indicated in the operational sections of the specifications is not impiied. Exom

.|l G o) it ek eBEaaba

absolute maximum rating conditions for extended periods may affect device reljaoiity.
ELECTRICAL CHARACTERISTICS
(Circuit of Figure 1, V+ = 5.0V, LV pin = OV, BOOST pin = open, ILOAD = OmA, Ta = TMIN to TMAX, uniess otherwise noted.)
' MAX1044 f ICL7660 !
. PARAMETER CONDITIONS U
) MIN TYP MAX!| MIN TYP MAX
Ta=+25C 30 200 | 110 175
RL=co. Ta=0"Cto +70°C 200" | 225 %
ins 1 and 7 no connection, A P 1 L]
Supply Current E{/ open " Ta=-40Cto +85°C 200 | 250 PA L
: Ta=-55"Cto +125°C 200 | 250 | t
3 AL = %0, pins 1and 7 = V+ = 3V 10 | ‘ =
Supply Voitage | RL=10kQ, LV open _ ; 3.0 00
Range (Note 1) | RL = 10kQ, LV to GND | 1.5 10 | 15 35 |
TA=325C | 65 100 55 100 |
~ [ Ta=0Cto+70C | 130 | 120 | i
IL = 20mA. fosc = SkHz, = = -
LV open Ta=-40"C to +85°C 130 | 140 | -
TA=-55’Cto +125°C 150 | 150 f
Output Resistance 7 (Note 2) lQ
; g Ta = +25°C 325 | 250 |
o fkﬁ‘f(zh},fx"@g) TA=0"Cto+70°C 325 | 300 |
V+ =2V, IL=3mA, = -40° 5 3
'V 16.GND Ta=-40"Cto+85C 25 | 300 }
l TA =-55'Cto +125°C 400 400 |
! V+ =5V 5 10 !
: Cosc = 1pF, b ;
Oscillator Frequency | LV to GND (Note 3) T, - : kHz
Power Efficiency RL = 5kQ, Ta = +25°C, fosc = SkHz, LV open 95 98 95 98 %
Voitage Conversion Efficiency | Ry = eo, Ta = +25°C, LV open 970 999 ls00 999 %
Osciilator Sink or Pin 1 =0V S | !
Source Current Vosc = 0Vor V+, LV open Pin1=V+ 20 | | BA
. Ve =2V 1.0 g 1.0 | MQ
Oscillator Impedance Ta = +25°C T T T
- V+ =5V i 100 | 100 | kQ

Note 1: The Maxim ICL7660 and MAX 1044 can operate without an external output diode over the full temperature and voitage ranges.
The Maxim ICL76860 can aiso be used with the external output diode DX when replacing the Intersil ICL7660. Tests performed
with DX out of circuit.

Note 2: Maxim ICL7660A and MAX1044 only.

Note 3: fosc is tested with Cosc = 100pF to minimize the effects of test fixture capacitance loading. The 1pF frequency is correlated
to this 100pF test point, and is intended to simulate pin 7's capacitance when the device is plugged into a test socket with no
external capacitor. For this test, the LV pin is connected to GND for comparison to the original manufacturer's device, which
automatically connects this pin to GND for (V+ > 3V).

4-12 LV evid




Switched-Capacitor Voltage Converters

—
------------ o\:»»-«u—«u----»:
8 t Is
———=1800ST V+ - “ < V+
Uewr - oscl——o |
‘ maxim | g YL
Gl maxiosd | ’
w G cee | = § AL
[ Inks W N ‘
3 ) — |
, LY car- Vour |>— i
| | [
! L |
' [ Dxo—eo——o—0
L L Y
| T 0w L
{ " MAX1044 ONLY = =

Agure 1. Maxim ICL7660 and MAX 1044 Test Circuit (C1 and

C2 should be increased to 100uF if Cosc exceeds 10oF).
Note: Dx not required with Maxim ICL7660 or MAX1044.

(R

_ Ordering Information (continued)

PART TEMP. RANGE PIN-PACKAGE

MAX1044MJA -55'Cto +125°C 8 CERDIP™"
| MAX1044MTV -55°Cto +125°C  8T0O-99"" 1
| IcL7660CPA 0'Cto +70'C 8 Plastic DIP }
| ICL7660CSA 0"Cto +70°C 830 {
| ICL7660CTV 0'Cto +70°C 8 T0-99 |
| ICL7660C/D 0'Cto +70°C Dice” i
| ICL7660IPA -20°Cto +85°C 8 Ptastic DIP
| ICL7660ISA -20°C to +85°C 850

ICL7660IJA -20°Cto +85°C 8 CERDIP
| ICL7BB0ITV -20°Ctc +85°C 8T0-99
| ICL7660EPA -40°C to +85°C 8 Plastic DIP
| ICL7660ESA -40°Cto +85°C 8S0
| ICL7660EJA -40°C to +85°C 8 CERDIP
| ICL7660ETV -40°C to +85°C 8 70-29 ,
| ICL7660MTV Order ICL7660AMTV |
| ICL7660AMJA  -55°Cto+125°C 8 CERDIP™ '
| ICL7T660AMTV  -55'Cto+125°C  8T0-99™

* Contact factory for dice specifications.
**Contact factory for availability and processing to MIL-STD-883.

CAP-  Vour |
|
0.076" !
(1.930 mm)
MAX1044

/MK v

0.076"
(1.930 mm)

ICL76860

CAP+

GROUND

Chip Topographies

099.LT1oI/vVOLXVIN

4-12



SE555, SE555C, SA555, NEGSS
PRECISION TIMERS

D1889. SEPTEMBER 1973~REVISED OCTOBER 1988

Timing from Microseconds to Hours
Astable or Monostable Operation
Adjustable Duty Cycle

TTL-Compatible Output Can Sink or
Source Up to 200 mA

® Functionally interchangeable with the

Signetics SE555, SEES5C, SA555, NESS55;
Have Same Pinout

SES55C FROM Tl IS NOT RECOMMENDED
FOR NEW DESIGNS

description

These devices are monglithic timing circuits
capable of producing accurate time delays or
oscillation. In the time-delay or monostable mode
of operation, the timed interval is controiled by
a single external resistor and capacitor network.
In the astable mode of operation, the frequency
and duty cycle may be independently controiled
with two external resistors and a single external
capacitor.

The threshold and trigger levels are normaily
two-thirds and one-third, respectively, of V(.
These levels can be altered by use of the control
voitage terminal. When the trigger input falls
below the trigger level, the flip-flop is set and the
output goes high. If the trigger input is above the
trigger level and the threshold input is above the
threshold level, the flip-flop is reset and the
output is low. The reset input can override al
other inputs and can be used to initiate a new
timing cycle. When the reset input goes low, the
flip-flop is reset and the output goes low.
Whenever the output is low, a low-impedance
path is provided between the discharge terminal
and ground.

The output circuit is capable of sinking or
sourcing current up to 200 mA. Operation is
specified for supplies of 5 to 15 V. With a 5-V
supply, output levels are compatible with TTL
inputs.

The SE555 and SE555C are characterized for
operation over the full military range of —55°C
to 125°C. The SAB55 is characterized for
operation from —40°C to 85 °C, and the NEG55
is characterized for operation from 0°C to 70°C.

SE565, SEEEEC . . . JG PACKAGE
SAB56, NE5ES . . . D, JG, OR P PACKAGE

(TOP VIEW)

ano v UsJ vee

TRIG(J2  7[JDISCH

out(d}s &[] THRES
RESET(]sa 5[] CONT

SE556, SESE6C . . . FK PACKAGE

{TOP VIEW)
=] 15
020 00
20VzZ2>2
3 2
NC NC
TRIG DISCH
NC NC
ouT 15} THRES
NC NC
9 10111213
Qk Q=
25222
g O :

NC —No internal connection

functional block diagram

PRODUCTION BATA documents cantain information
current as of publication dats. Products eonform to
Specifications per the terms of Texss Instruments
Standard warranty, Production grocassing does aot
necassarily include testing of ail parameters.

Vee RESET
CONTROL
2n
1 R1 2
THRESHOLD R 104 -2
outPuT R
S c
< -
sh e
]
©
TRIGGER | @
SR Q.
)( N n
DISCHARGE
GND
Reset can override Trigger, which can override Threshoid.
i Copyright © 1983, Texas Instruments Incorporsted
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SE555, SEB55C, SA555, NE555
PRECISION TIMERS _ A

AVAILABLE OPTIONS FUNCTION TASLE
PACKAGE TRIGGER | THRESHOLD DISCHARGE
ES| UTPUT
Ta Vihras MAX SMALL CHIp CERAMIC | PLASTIC RESET VOLTAGE!| VOLTAGE! o SWITCH
RANGE|{ Vog = 18 V | OUTLINE; CARRIER ow 2114 Low | lrrelevant Irrslevant Low On
D) {FK) (JG) P High | < 1/3 vpp| Irrelevant High ot
o°C High | > 1/3 Vpp| > 2/3 Vpp Low On
to 11.2v NES56D NES55JG | NESGSP As previously
i 1 V
70°C High | > 1/3 Vpo| < 2/3 Vpo established
-40%¢ TVoltage levels shown are nominal.
to 11.2v | sasssD SAG65JG | SA556P 49 s © noming’.
85°C
-56°C -
t0 108 v SES56FK | SES56JG
128°¢C 11.2v SESSBCFK| SE5EE5CJG

The D package is available taped and resiled. Add the suffix R to the device
type {e.g., NESBEDR).

absolute maximum ratings over operating free-air temperature range (unless otherwise noted)

Supply voltage, Vo (See Note 1)..... e e e e 8V
Input voitage (control, reset, threshold, and trigger) . ................... et . Vee
OQutput current .. ... .....c.oiiinineereennnn e e e e +225 mA
Continuous totaFdissipation .................. e see Dissipation Rating Table
Operating free-air temperature range: SE555, SE555C.......... e —~559C to 125°C
SA855....... e e .... —409 to 85°C
NE555 ............... e ... 0°C to 70°C
Storage temperature fANGE . . ... . ... v vt vt ue e e e «++... —85°C o 150°C
Case temperature for 60 seconds: FK package ............... e [ 260°C
Lead temperature 1,6 mm (1/16 inch) from case for 60 seconds: JG package ............ 300°C
Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds: D or P package ........ 260°C
NOTE 1: All voltage vaiues are with respect to network ground terminal, -
0 )
g ) DISSIPATION RATING TABLE
2} =
§: PACKAGE Ta = 25°C D:::E:f Ta = 70°C Ta = 85°C Ta = 128°C
POWER RATING —  POWER RATING POWER RATING  POWER RATING
- ABOVE Ta = 26°C
c [>) 725 mW 5.8 mW/°C 464 mW 377 mW N/A
g FK 1376 mW 11.0 mw/oC 880 mwW 715 mwW 275 mw
- JG (SE585, SES55C) 1050 mW 8.4 mW/°C 672 mW 546 mW 210 mwW
© JG (SAG65, NE555) 826 mW 8.6 mW/°C 528 mW 429 mW N/A
a 4 1060 mwW 8.0 mwW/°C 640 mW - 520 mW N/A
recommended operating conditions
: SEEE5 SEBBEC SABE6 NESE6 UNIT
MIN MAX | MIN MAX [ MIN MAX | MIN MAX
Supply veoitage, Ve 4.5 18 4.5 16 4.5 16 4.5 16 v
Input voitage (control, reset, threshold, and trigger) Vee Vee Vee Vee v
Qutput current +200 +200 +200 +200 mA
Operating free-air temperature, TA -55 125 | -55 126 | —-40 85 0 70 °C

*3
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SE555, SE555C, SA555, NE55S
PRECISION TIMERS

electrical characteristics at 25 °C free-air temperature, VCC = 5 V to 15 V (unless otherwise noted)

SESEE SESE5C, SASHS,
PARAMETER TEST CONDITIONS NES65 UNIT
MIN TYP MAX| MIN TYP MAX
Vee = 15V 9.4 10 10.6 8.8 10 1.2
Threshold voitage level v
v Vee = 5V 2.7 33 4| 2.4 3.3 42
hold t
Threshald curen 30 250 30 260 naA
{see Note 2)
] Vog = 16 V 4.8 5§ 52| 45 5 5.8
it: level
Trigger voltage lave Vee = 5V 145 167 18] 11 187 22| '
Trigger currant Trigger at O V 0.5 0.9 0.5 2 nA
Reset voltage level 0.3 0.7 1 0.3 0.7 1 v
R 5 R 5 .
Reset currant eset at Voc 0.1 04 o1 o04]
Reset at O V ~0.4 -1 -04 -1.5
Disch: itch
ischarge switc 20 100 20 100 nA
off-state current
Control voitage Veg = 15V 9.6 10 10.4 9 10 1 v
{open circuit} Vg = 5V 2.9 3.3 3.8 2.8 3.3 4
loL = 10 mA 0.1 0.18 0.1 0.26
loL = 50 mA 0.4 0.5 0.4 0.76
Vi =18V
Low-lavel output voitage < ° lo = 100 mA 2 22 2 2.8 v
9 loL = 200 mA 2.5 2.5
loL = 5 mA 0.1 0.2 0.t 0.38
- V, =
= cc =5V oL = 8 mA 0.15 0.25 015 0.4
- IoH = - A 13 13 12.76  13.3
) Veg = 15V OH 100 m 3 5
High-level output voltage IoH = —200 mA 12.5 12.5 v
- Vee =58V loH = -100 mA 3 3.3 2.75 3.3
Qutput low, Vee = 18V 10 12 10, 16
No load vVee = 8V 3 5 3 8
Suppi t A
upRly curesm Output high, Vee = 15V 9 10 9 13| ™
No load Ve =6V 2 4 2 S
NOTE 2: This parameter influsnces the maximum vaiue of the timing resistors R and Rg in the circuit of Figura 12. For example, when 2]
Vee = 5V, the maximum value is R = Ry + Rg = 3.4 MQ, and for Vog = 18 V, the maximum value is 10 MQ. g
. -—
operating characteristics, VCC = 5 Vand 15V s
TEST SEG56C, SAEGS, g
PARAMETER conpmionst SE558 NESS5 UNIT LWL
MIN TYP MAX | MIN TYP MAX c—u
Initi ¢ imer, 8 X 1. 1 3 ]
nitial error o Each timer, monostable Ta = 25°C 0.6 5 % o
timing interval* Each timer, astable! 1.5 2.25 7]
Temperature coefficiont Each timer, monostabled Ta = MIN 30 100 50 — ‘%
of timing interval Each timer, astabla | to MAX 90 150
Supply voitage sensitivity Each timer, monostable Tp = 25°C 0.06 0.2 0.1 0.5 %V
of timing intervai Each timer, astable 1 0.18 ; 0.3
Output puise rise time Cp = 156 pF, 100 200 100 300 ns
Qutput puise fall time Ta = 25°C 100 200 100 300
TFor conditions shown as MIN or MAX, use the appropriate value specified under recommended operating conditions.
*Timing interval errar is defined as the difference between the measured value and the average vaiue of a random sample from each process
run. :
8values specitied are for a device in a monastabie circuit similar to Figure 9, with component values as follow: Ra = 2 k2 to 100 kQ,
C = 0.1 4F.
Values specified ara for a devica in an astable circuit similar to Figure 12, with component values as follow: 84 = 1 k@ to 100k, C = 0.1 4F.
’4 4-39
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SEG55, SE555C, SAG55, NEGSS
PRECISION TIMERS

VoL —Low-Level Output Voltage—V

suopoun4 je1oadsg E

OL—Low-Level Output Voltage—V

N & wOo

[ S,

1 2

TYPICAL CHARACTERISTICSt

LOW-LEVEL OUTPUT VOLTAGE

vs

LOW-LEVEL OUTPUT CURRENT

10

LOW-LEVEL OUTPUT VOLTAGE

vs

LOW-LEVEL OUTPUT. CURRENT

Evee = 5 V

T

Fvcc = 10V

L —

to

TA = =55
: |

C

h“\
\\
\\

1
il

1
—

1

T
25

—Ta =

'
M

.

0.7

F
°C

i

i

0.4

0.2

- 0.1

0.07

0.04

VoL—Lew-Levet Qutput Voltage —V

_0.02
- 0.01

a

7 10

20

loL —Low-Level Output Current—mA
FIGURE 1

LOW-LEVEL CUTPUT VOLTAGE

40 70100 1

2 4

7

10

20

40 70100

loL —Low-Level Output Current—mA
FIGURE 2

DROP BETWEEN SUPPLY VOLTAGE AND OUTPGT

vs vs
LOW-LEVEL OUTPUT CURRENT HIGH-LEVEL QUTPUT CURRENT
- v 20— T 1 [ LF
tVee = 1 A= - i i
1.8 ; . e 4‘/,]/ ;
TA - —55°C\ [ = 1.6 I:‘ ; ‘ ' » T
L Ta = 25°C| |! /
L _81e —== T — y
: = 1.2 “ ii ! '
i N g8 Ta =125°C ||’ '
—— T - 25°C g 1.0 = - d
iA -TA: ) AN £ 7 >| 11
TA = 125°Cy 503 43 ;
- J:L | > - B
= 1 08 T
— Soa 1 :
0.2 : T
Ve = 5Vto168V
0 1 L Ll L1
2 4 710 20 40 70100 1 2 4 7 10 20 40 70100
IgL—tow-Level Output Current—mA lon— High-Level Output Current—mA
FIGURE 3 FIGURE 4

TData for temperaturas below 0°C and above 70°C are applicable for SES55 circuits oniy.
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SE555, SE555C, SA555, NE555
PRECISION TIMERS

TYPICAL CHARACTERISTICST

NORMALIZED QOUTPUT PULSE DURATION

Pulse Duration Relative to Value at T4 = 256°C

SUPPLY CURRENT (MONOSTABLE OPERATION)
vSs vs
SUPPLY VOLTAGE SUPPLY VOLTAGE
10 —T—T T 2 1.015
| Qutput low, — 'I' [
No load
N 7 ©1.010
E / o :
| 2
g ] TA = zsogl: 7 3 1.008 /l
- [ b
i : p— 2 1.000 < —
= — - -5 [ 1
g 4 BN et E
@ P \—Ta = 125°C 2 0.995
g 0.890
a
2
o 7 0.988
5 6. 7 8 9 10 11 12 13 14 15 0 5 10 16 20
= Vge—Supply Voitage—V Vcec—Supply Voitage—V
FIGURE 5 FIGURE 6
NORMALIZED OUTPUT PULSE DURATION PROPAGATION DELAY TIME
(MONOSTABLE OPERATION) vs N
- vs LOWEST VOLTAGE LEVEL 3
= FREE-AIR TEMPERATURE OF TRIGGER PULSE i
1.015 T 300 ' g
o ] S
1.010 € 250 b
2 [~
[__E_ TA = -B6°C\ | 3
1.006 "~ 200 — g7/ e
T 3 Ta = 0°C )’\/ | =
1.000 ! 2 150 L 5
_ 2 L 2
~ & T 1~ TaA = 25°C A
0.995 S 100 = —
& — Ta = 70°C
- A //< |A |
0.990 & 50
= L'r," - 125°C
0.985 | ) L]
~75 -50-25 0 25 50 75 100 12§ 0 0.1xVgg 0.2xVee 0.3xVeg 0.4xVeg
TA—Free-Air Temperature— °C Lowest Voitage Level of Trigger Puise
FIGURE 7 FIGURE 8

"Data tor temperatures below 0°C and above 70°C are applicable for SESES circuits only.
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SE555, SEB55C, SAS55, NESES
PRECISION TIMERS

monostable operation

TYPICAL APPLICATION DATA

Ra = 9.1ka
FCL = 0.01 4F
lRL = 1xQ
Ses Figure 9
Vee
5§V to 15 V)
! ! 1 |
4 INPUT VOLTAGE
g
T O HTE TS
RA2 - b [
CONT Vee -3
RESET SR g
DISCH . OUTPUT VOLTAGE
ouT ouUTPUT
7
THRES . / /| A /1
INPUT TRIG / / /
i GND CAPACITOR VOLTAGE
T . T T R I
< = Time—0.1 ms/div

'FIGURE 9. CIRCUIT FOR MONOSTABLE OPEHATION. FIGURE 10. TYPICAL MONOSTABLE WAVEFORMS

suonouny jepadg E

For monostable operation, any of these timers-may be connected as shown in Figure 9. If the output is
low, application of a negative-going puise to the trigger input sets the flip-flop (Q goes low), drives the
output high, and turns off Q1. Capacitor C is then charged through RA until the voltage across the capacitor
reaches the threshold voltage of the threshold input. If the trigger input has returned to a high level, the
output of the threshold comparator will reset the flip-flop (Q goes high}, drive the output low, and discharge
C through Q1.

Monostable operation is initiated when the-
trigger input voitage fails below the trigger
threshold. Once initiated, the sequence ends*
only if the trigger input is high at the end of the
timing interval. Because of the thresholid levei
and saturation voltage of Q1, the output puise
duration is approximately tyw = 1.1 RAC.
Figure 11 is a plot of the time constant for
various values of RA and C. The threshold levels
and charge rates are both directly proportional
to the supply voitage, VcC. The timing interval
is therefore indepandent of the supply voltage,
so long as the supply voltage is constant during
the time interval.

-
o

Wt

3

i
/

-
o
i

N

i

t—Output Puise Duration—s

1

Applying a negative-going trigger pulse

simuitaneously to the reset and trigger terminals 10-5

during the timing interval discharges C and re- 0.001 0.01 0.1 1 10 100
initiates the cycle, commencing on the positive C—Capacitance—uF

edge of the reset pulse. The output is held low

as long as the reset puise is low. To prevent false I; :ﬁﬂﬁ O1IJ v:gzgﬂ: I?:J\:-VSCEE
triggering, when the reset input is not used, it
should be connected to VC(C.

4-42
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SE555, SE555C, SA555, NEGGS
PRECISION TIMERS

TYPICAL APPLICATION DATA

astable operation i
v

cc
5Vt 16V)
0.01 uF
OPEN
L (See =
Ra :: Note A)
1 CONT Vee
‘b
RESET 3R
DISCH
Aa$ OUT —@— OUTPUT
B < THRES
® TRIG
c= GND

NOTE A: Decoupling the control voitage input to ground with a
capacitor may improve operation. This should be
evaiuated for individual applications.

FIGURE 12. CIRCUIT FOR ASTABLE OPERATION

fia - 640
L.Rg = 3 ki
C = 0.18 xF
MRy = 1 k@
See Figure 12

Voltage—1 V/div

‘T“‘LF'
/\\ AN AW

CAPACITOR VOLTAGE
I

Time—0.5 me/div

FIGURE 13. TYPICAL ASTABLE WAVEFORMS

As shown in Figure 12, adding a second resistor, R, to the circuit of Figure 9 and c6nnecting the trigger
input to the threshoid input causes the timer to self-trigger and run as a muitivibrator. The capacitor C
will charge through RA and Rg and then discharge through Rg only. The duty cycle may be controlled,

therefore, by the values of RA and Rp.

This astable connection resuits in capacitor C charging. and discharging betwesen the threshold-voitage
level {=0.67-VCC) and the trigger-voltage level (= 0.33. V(). As in the monostable circuit, charge-and
disriarge times (and therefore the frequency and duty cycle) are independent of the supply voitage.

Figure 13 shows typical waveforms generated during astable operation. The output high-level duration

tH and low-level duration t|, may be calculated as foilows: 2
100k .Q
t4 = 0.693 (RA + Rg) C \ 4.6
W = 0.693 (Rg) C 10k g
. . L
Other useful relationships are shown below. £ \ —
6P K
period = t4 + t = 0.893 (RA + 2Rg)} C N Q
o
o o laa £ 100 P &
frequency Fa + 2RGI C 100 ()
- L Rg ?1
Qutput driver duty cycle = e+t RAA <+ 2Rg 0 10
0 1 H fs iy
utput waveform duty cycie =tH - ‘L= 1 - RA + 2Rg - 1
b ratio = E o =B _
Low-to-high ratio = tH = Ra + Re o1 A
0.001 0.01 0.1 1 10 100
C—Capacitance—ufF
FIGURE 14. FREE-RUNNING FREQUENCY
l
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SE555, SE555C, SA555, NESSS
PRECISION TIMERS

TYPICAL APPLICATION DATA

missing-pulse detector

Vee =6V
FRa = 1 k0
Ve BVt 15 V) | C = 0.1 4F
See Figure 16
[ Ry Ra
INPUT RESET Vg z
. oUTPUT OUTPUT 3 NPUT VOLTAGE
' 1
DISCHARGE g
>
CONTROL THRES- OQUTPUT VOLTAGE
| HOLD /
0.01 uF GND =c ’
I i ot CAPACITOR VOLTAGE
A5T3844 L ll 1 1 1
Time—0.1 ms/div
FIGURE 15. CIRCUIT FOR FIGURE 16. MISSING-PULSE
MISSING-PULSE DETECTOR DETECTOR WAVEFORMS

The circuit shown in Figure 15 may be used to detect a missing puise or?abnormally long spacing between
consecutive pulses in a train of puises. The timing interval of the monostable circuit is continuously
retriggered by the input pulse train as long as the pulse spacing is less-than the timing interval. A longer
puise spacing, missing pulse, or terminated pulse train permits the timing interval to be completed, thereby
generating an output pulse as illustrated in Figure 16.

[RYEN}

n frequency divider
By adjusting the length of the timing cycle, the basic circuit of Figure 9 can be made to operate as a frequency
divider. Figure 17 illustrates a divide-by-3 circuit that makes use of the fact that retriggering cannot accur

172)
ko] during the timing cycle.
@ -
e v 5V
o ce -
8 l-Ra = 1260 0
C = 0.02 yF -

g FRL = 1k0
g See Figure 2
1]
: >
=] 3 INPUT VO
3 3 LTAGE
(7] 5 -

&

= -]
o
>
OUTPUT VOLTAGE
AN LA A
/ / /r /
CAPACITOR VOLTAGE

Time—0.1 ma/div
FIGURE 17. DIVIDE-BY-THREE CIRCUIT WAVEFORMS

Exas RP
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SE555, SE555C, SA555, NES5S
PRECISION TIMERS

TYPICAL APPLICATION DATA

pulse-width modulation

Ra = 3k
Vee 5Vt 15 V) C = 0.02 sF
Ry = 1k
]
r_—. AL RA L~ é« Figure 18
- .
RESET Vee = MODULATION INPUT VOLTAGE
CLOCK ouTPUT OuUTPUT
—— TRIGGER >
INPUT 2
-~
. >
DISCHARGE B CLOCK INPUT VOLTAGE
MODULATION 3
INPUT —— CONTROL THRES- °
(Sea Noto 8) HOLD >
GND ) —
~C I 0
_l_ =L UTPUT VOLTAGE
4
NOTE 8: The modulating signal may be direct or capacitively 1 w Al
coupled to the control terminal. For direct coupling, the CAPACITOR VOLTAGE
effects of modulation source voitage and impedance on e
the bias of the timer should be considered. Time—05 ms/div
FIGURE 18. CIRCUIT FOR PULSE-WIDTH FIGURE 19. PULSE-WIDTH MODULATION
MODULATION N WAVEFORMS

in

The opseration of the timer may be modified by modulating the internal threshold and trigger voltages, which
_is accomplished by applying an external voitage (or current) to the control pin. Figure 18 shows a circuit
“for pulse-width modulation. A continuous input puise train triggers the monostable circuit, and a control

signal modulates the threshold voltage. Figure 19 iliustrates the resuiting output pulse-width moduiation.

While a sine-wave modulation_signal is illustrated, any wave-shape could be used.

oy

/2]
c
=
-
Q
=
-
LL
)
Q
Q0
Q.
(7e)
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SE555, SE555C, SA555, NE555
PRECISION TIMERS

TYPICAL APPLICATION DATA

pulse-position modulation

Vee (5 V0 16 V) Rp = 3k0'
Rg - 500 Q
A R Ry = 1kg
L A See Figure 20 /‘
RESET Voo - | NI
OUTPUT QUTPUT
TRIGGER R T MODULATION IINPUT VOLTAGE 7T ]
s !
DISCHARGE : -
MODULATION Rg é,
INPUT —{ CONTROL THRES- 8
{See Note B) HOLD 3
: GND e OUTPUT VOLTAGE
'-l—' = A 4/1 o I I , A
y vy V
NOTE B: The modulating signal may be direct or capacitively
coupled to the control terminal. For direct coupling, the CAPACITOR VO LT AGE
effects of maodulation source voitage and impedance on : B T s
the bias of the timer should be considered. Time—0.1 ms/div .
FIGURE 20. CIRCUIT FOR PULSE-POSITION FIGURE:=21. PULSE POSITION-MODULATION
MODULATION WAVEFORMS - .

As shown in Figure 20, any of these timers may be used as a p;ulse-position modulator. This application
modulates the threshold voitage, and thereby the time delay, of a free-running oscillator. Figure 21 illustrates
a triangular-wave modulation signal for such a circuit; however, any wave shape couid be used.

4
cn .
k) A
D
Q, ’
)
= .
[ =4
o= |
Q
o
[=]
-
V-]
Texas
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SE555, SEB55C, SA555, NEGSS
PRECISION TIMERS

TYPICAL APPLICATION DATA

sequential timer

vee
o o
@ | Ja) 3, i [ (8) <E | @ 'L
R 33k 4
RESET Ve A RESET  VCC m;.ﬂs Bia RESET  vee | >"C
3) ] |
2 12 oUTPUT
o———2 lrnigeer  OUTPYT 1 P raiceen OUTPVT 1 ! rricaeR
s 0.001 0.001 (7}
piscHaRGe [l F oiscrance [Tl uf DISCHARGE [-—¢
{5) () 1)
CONTROL  yocc ﬂ‘ CONTROL  1ypes. 1] CONTROL  rhpes 3 {
HOLD { HOLD D HOLD
4 GND L. loor L.

o T

— "

i

T

Cc = 14.74F

RC = 100 k2

OUTRUTA Ca=474F ouTPUTB ouTPUTC
Rg = 100 kQ

0.01 GND ca
ST o T
Ca = 10uF
Ra = 100 ks2

[
||H

S closas momentarily at t = 0.

FIGURE 22. SEQUENTIAL TIMER CIRCUIT

Many applications, such as computers, require signals for initializing conditions during start-up. Other
applications; such as test equipment, require activation of test signals in sequence. These timing circuits
may be connected to provide such sequential control. The timers may be used in various combinations
of astable or monostable circuit connections, with or without modulation, for extremely flexible waveform
- control. Figure 22 illustrates a sequencer circuit with possible applications in many systems, and Figure 23
- shows the output waveforms.

See FiTure 22 R
2]
c
. 3 e
I OUTPUT A gy A twA=1.1RACA =
[&]
- 5
1 —1twB '
2 Tu
3 OUTPUTB twB = 1.1 RgCg ‘S
1 [
§ e
S N
s
OUTPUT C "‘r'twc'—; €= 1.1 ReCe
jo——1=0
t—Time—1 y/div

FIGURE 23. SEQUENTIAL TIMER WAVEFORMS
U
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. TRANSDUCER SPECIFICATION : No.9310061

NERAL
ESE SPECIFICATIONS DESCRIBE THE ULTRASONIC TRANSDUCERS

TYPE T42-16 : TRA:N.SHITTER
. R42-16 : RECEIVER

CKAGE OUTLINE

A= 16.2+0:5

\ o e B= 13.0£0.5
¥ ®
= 12.2%40.
A B (( C= 12.2%0.5
s D= 9.2%0.5
c | D] Solder - - 10.0%0.5
. : I (UNIT:nm)

ST CIBRCUIT

(for Transmitter). - )
[FC{BFQ* F{HTUT l=: a foot —[MIC_H1—MA FTHLevel Recorder]

R i
(for Receiver) - THIC | ML Cotp. to EFO.
. [F’C}—{BF0_H{T®. <. a foot ——x -'MA' P-

Level Recorder|

FC :Frequency Counter g TH. :Tweeter ,
BFQ:Beat” Freq. Osc. RL :3.9 KQ
TUT:Transducer Under Test MIC. :Microphone
MA :Measuring Amplifier AEC :Anechoic Chamber
$ el Fig,2 --=----- :
ABACTERISTICS : ’ S
TYPE - .. T42-16 - | R42-16
Center Frequency (KHz) 42.0 £ 1.0 £2.0 + 1.0
Sound Pressure Level
0 dB=0.0J02 uba‘r' 115 dB Min. at 42.0KHz Bk KkKKKEKK KK
Sensitivity at 40.0KHz Kk kkkk kkkx -64.0 dB/V/ubar Min.

fand Width (Kiz) 6.0 KHiz Hi\n./lOS dB 6.0 KHz Min./(-75 dB/V/ ubar)




VIBONMENTAL CHARACTERISTIC

&

5-1 Sound Pressure Level and Sensitivity shall not change by more than 10 dB in the

témperature range of -20°C to +60°C, at a relative humidity of 30%.

A Y

5-2 Sound Pressure Level and Sensitivity. shall not change by more than 6 dB in the

\

humidity range of 10% to 90% at the femperature of 25°C;

3 Stress :*All Sensitivity or Sound Pressure Level shall be within 3 dB of the

specified values after the device is subjected to any o all.of the belows.

g B
- - D

-3-1 Opefation at 95% relative hunidity and 40°C fo;.;doihqpr§{qullow§d by a

normglizition period of 24 hours at 30% and 25°C.

3-2 Storage at -40°C to +100°C for 24 hours followed by a normalization period of an

hour at 25°C.

3-3  Vibration at 10 to, 55z, 1.50m amplitude. 1 minute sweep.

L,Y,Z, 3 each axis for 3 hours.

£y -
3 =

<

-4 Shock : After impact of SdG'isﬁabpiied following. L

I,Y,Z, 3 axis/3 cycle/ each direction.



STRIBUTED BY:

TeL, 272 7001, 222-3921,

TITLE : TRANSDUCERS SPECIFICATION

1.GENERAL

CHOAKCHAI ELECTRONIC SUPPLIES.

SéHAéfPHAT Lrb., PART.
TEL, 221-0432,4221-5384.

NO. 810225

THESE SPECIFICATION DESCRIBE THE ULTRASONIC TRANSDUCERS

TYPE T3C (T40-16) ; TRANSMITTER
R3C (R40-16) ; RECEIVER

2.PAKAGE OUTLINE

v-e—C—'ﬂr(—-D-h

older

(UNIT:m/m)

e Fig.lo——x

3.TEST CIRCUIT

{ For Transmitter )

A=16.
B=13.
c=12.
D= 9.
E=10.
F=21.5

TOLERANCE:0.5

oONvMMNDON

. ]

i
i

PR A ANDATL N S-S SRR I TR T
FCH—{BFOHATUT— a foot —o HiclH—{ MA | {Level Recorder]
WO VHeeoe e e b
RMS B AEC
( For Receiver )
-
Mic HA Comp. to BFO
B . o
< 9 . a foot FOT IL MA }—{ Level Recorder]
PERADS AR LIRET 323 FAr S F X232 R1 )
1 ;
FC : Frequency Counter Tw : Tweeter
BFO: Beat Freq. Osc. R1 : 3.9 K ohm
TUT: Transducer Under Test Mic: Microphone
MA : Measuring Amplifier AEC: Anechoic Chamber
————— Fig.2 ————-
4.CHARACTERISTICS -
Type 73C (T40-16) R3C (R40-16)
Center Frequency (KHz) 40 £ 1 40 * 1
Sound Pressure Level
0 dB=0.0002 ubar 40 KHz = 115 d3 Min. ol
Sensitivity at 40 KHz e -64.0 dB/v/ubar Min.
Band Width 6 KHz Min./ 103 dB 6 KHz Min./1-71dB/v/ubar}
Capacitance (PF) 2400 = 25 % 2400 * 25 %




5. ENVIRONMENTAL CHARACTERISTIC

5-1.

5-3.

Sound Pressure Level and Sensitivity shall
not change by more than 6 dB in the temperature
range of 10 to 40°C, at a relative humidity of

30 %.

Sound Pressure Level and Sensitivity shall
not change by more than 6 dB in the humidity
range of 10 % to 90% at the temperature of 25°C

Stress: All Sensitivity or Scund Pressure
Level shall be within 3 dB of the
specified values after the device is

subjected to any or all of the belows:

Operation at 95 % relative humidity and

40°C for 100 hours, followed by a Normali-

5-3-1.

zation period of 24 hours at 30 % and 25°C

Stdrage at -40 to-+100°C. for 24 hours,
" : .
followed by a Normalization period of an

hou;.ét,ZSOC. R

Vibratioh at 600 to 3,300 Hz, 1.5 mm

amplitude. 1 minute sweep. X.Y.Z. 3 axis.

5-3-4. Shock: after impact of 50G is applied
as following X.Y.Z. 3 axis/3 cycle/each

‘direction.
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x - PREFACE

topics with which he may be unfamiliar. The burden on the student
will be considerably lightened, however, if he has completed courses
in both general electronics and semiconductor electronics before start-
ing his study of operational amplifiers.

Acknowledgment is made to those who have preceded the author
by their development of other books on op-amp technology, and to the
faculty of San Jose City College, who have made many helpful sugges-
tions and criticisms. This book can properly be described as a team
cffort, although the individual members would choose to minimize
the measure of their own contributions. It is appropriate that this text-
book be dedicated as a teaching tool to the instructors and students of
our junior colleges and technical schools.

EpWARD BANNON

1- Basic
Operational
Amplifiers

1.1 GENERAL CONSIDERATIONS

Operational amplifiers (op amps) received their name from de-
signers of first-generation analog computers. An operational amplificr
was a somewhat specialized amplifier section or block in these early
computer systems. Compulers can be classified into two basic cate-
gorics: analog and digital. An analog computer operates on directly
measurable quantities, such as voltages, which represent numbers.
Analog voltages are continuously variable. A digital computer also op-
erates with directly measurable quantities, such as voltages, which rep-
resent numbers. However, digital voltages are constant in value and
are merely switched on or off—digital voltages are not variable. Op
amps are used primarily in analog computers. In addition to the analog
and digital types of computers, a subclassification is termed the hybrid
tvpe of computer. A hybrid computer employs both continuously vari-
able analog voltages and swilched digital voltages. Operational ampli-
fiers are used in hybrid computers. Op amps are also ulilized in other
kinds of clectronic equipment.

During the course of op-amp development, tubes, transistors, and

integrated circuits have been employed. Both hybrid and monolithic
integrated circuits have found application. A hybrid integrated circuit
is an arrangement that consists of one or more IC’s combined with one
or more discrete component parts. A hybrid IC may also consist of a
combination of more than one type of integrated circuit joined into one
integrated component. Again, a monolithic IC consists of elements
_which are formed upon or within a semiconductor substrate with at
least one of the elements formed within the substrate. In other words,
an integrated circuil is a combination of interconnected circuit elements
inseparably associated on or within a continuous substrate.

Today, the monolithic integrated circuit has become the most



2 . BASIC OPFRATIONAL AMPLIFIERS

widely used type of op amp. A typical op amp is illustrated in Figure
1-1. Op-amp IC’s have become comparatively economical and are ap-
plied as building blocks in electronic computers, waveform processors,
active filters, and so on as detailed in following chapters. An op amp is
basically a dc-coupled multistage lincar amplifier. Note that a linear
amplifier has an output waveform amplitude that is directly propor-
tional to its input signal amplitude. An ideal op amp would have in-

P S TR

BASIC APPLICATIONS |, 3

finite input impedance and infinite gain. In 1 1actice, an op amp has
extremely high input impedance; its curren! "viving requirement is
measured in pA (upA). A preferred-type op amp has a voltage gain of
approximately 100,000 times. An output impedance of 150 ohms is typi-
cal. i

Figure 1-2 shows the internal circuit of a widely used op amp.
Note that two inputs are provided. One is called the inverting input,
and the other is called the noninverting input. Together, they form a
differential input arrangement. One input is said to be the complement,
or the inverse, of the other. In other words, if a small positive voltage is
applied to the noninverting (+) input terminal, it will produce a posi-
tive output. On the other hand, if the same small positive voltage is ap-
plied to the inverting (=) input terminal, it will produce a negative
output. Note that if the same voltage were applied to both input ter-
minals at the same time, the output would be zero. If desired, both in-
put terminals can be driven; this is called the differential connection.
Or, one input terminal can be driven and the other input terminal re-
turned to ground; this is called the single-ended connection.

An ideal op amp would have zero output when both input’ter-
minals are at zero potential. However, in practice, the output may not
be exactly zero when both input terminals are at zero potential. This
deviation from zero is called offsel; some op amps provide connections
to an external control which can céfpensdid for offset voltage by apply-
ing suitable bias current to the input transistors. Observe the offsct ter-
minals provided in the configuration of Figure 1-2. Details of external
circuitry are explained in following chapters. Note that an op amp has
single-ended output. The putput section operates in the emitter-fol-

lower mode to provide subbstahtial power at low impedance.

1.2 BASIC APPLICATIONS

In most op-amp applications, only part of the full device gain is
utilized. In other words, negative feedback is provided, as shown in
Figure 1-3(a) and (b). These are examples of basic inverting and nonin-
verting amplifiers. Note that the inclusion of the resistive divider net-
work R,~R; provides negative feedback by channcling part of the out-
put voltage to the inverting input terminal. ‘In turn, the gain of the
amplifier is equal to the sum of R, and R; divided by the value of R,.
Observe that the.inverting input terminal is driven in Figure 1-3(a),
whereas the noninverting input terminal is driven in (b). Next, the volt-
age summer shown in Figure 1-3(c) represents a slight elaboration of
the inverting amplifier arranocemoent T neacidas ae cvitese colio oo
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Inverting
Input
O—
Non-inverting {r
Input
Offset
5000
Offset * T2
o
{a)
v
Power
supply
Inverting
input
Non-inverting Output
input
Power
supply
{c)
V-
Ground O [
~ —

{b)

Fig. 1-2  Typical internal circuitry and symbols for op amps: (a) Internal configu-
ration; (b) Elaborated symbol; (c) Simplificd symbol.
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Fig. 1-3 Basic op-amp applications.

which is the sum of all the input voltages multiplied by the gain of the
op amp. A voltage summer is often used as an(audro mixer.

Next, Figure 1-3(d) depicts the basic voltage- followerarrmgement
The output voltage follows the level of the input voltage precisely. Note
that the load at the output of a voltage follower can draw a large current,
although the input draws almost no current. A voltage follower is a spe-
cial case of a noninverting amplifier in which the gain is unity. It is es-
sentially an impedance transformer. An op-amp differentiator is shown
in Figure 1-3(c). Although its action is analogous to that of a simple RC
differentiating circuit, there is an important distinclion in that an op-

. .

amp differentiator produees an Akt cimeat ot s
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6 , BASIC OPERATIONAL AMPLIFIERS

tive of the input waveform. In other words, the output signal approaches
the true mathematical derivative of the input waveform. As an illustra-
tion, when an op-amp differentiator is driven by a square-wave voltage,
the output consists of extremely narrow pulses. It will be shown later
that extremely narrow pulses are developed because the differentiating
capacitor “sees” an extremely low input impedance to the op amp.

An op-amp integrator is depicted in Figure 1-3(f). Although its
action is analogous to that of a simple RC integrating circuit, there is
an important distinction in that an op-amp integrator produces an out-
put signal which is a precise integral of the input waveform. In other
words, the output signal approaches the true mathematical integral of
the input waveform. For example, when an op-amp integrator is driven
by sharp pulscs, the output consists of a precise square waveform. Note
that op-amp integrators and differentiators perform opposite mathe-
matical operations. As an illustration, if a square-wave voltage is ap-
plied to an op-amp differentiator, and the pulse output from the differ-
entiator is applied to an op-amp integrator, a precise replica of the
original square-wave voltage appears at the output of the integrator.
If you are not fully familiar with the differentiating and integrating
symbols indicated in Figure 1-3 (e) and (f), the following principles
will be helpful:

1. A mathematically exact square wave has zero rise time and zero

fall time; it has perfectly square comers and a perfectly flat top.

2. A mathematically exact impulse waveform has zero width and

infinite amplitude.

3. Thetrue mathematical derivative of a square wave is a sequence

of alternately positive and negative impulse waveforms.

4. The truc mathematical integral of an impulse waveform is a

mathematically exact square wave.

Next, observe the op-amp differential-amplifier arrangement
shown in Figure 1-3(g). This configuration is driven in push-pull and
provides a single-ended output. Since negative feedback is provided,
only part of the maximum available gain is realized. An important ad-
vantage of differential-amplifier operation is that common-mode signal
voltages are cancelled out. As an illustration, when an audio signal
flows through a long line, it may become mixed with hum interference.
Note that if the line picks up stray hum fields, both sides of the line will
develop hum voltage in the same phase. On the other hand, if the line
is being driven by a push-pull audio signal, opposite sides of the line
carry opposite-phase audio driving voltages. In other words, the hum
voltage occurs as a single-ended driving voltage, whereas the audio sig-
nal is provided as a double-ended driving voltage. In this situation, the
hum voltaee ic caid 1n nrenir ae camman. mada febacfamaman T oo

L s
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from previous discussion that common-mode interference voltages will
be cancelled out by a differential amplifier,

1.3 BASIC STABILITY CONSIDERATIONS

Op amps are high-gain devices, ranging up to a voltage gain of
1,000,000 times. Many op amps also have a frequency response from dc
to several MHz. In turn, avoidance of spurious oscillation and consider-
ations of general stability are of basic concern. Op-amp layouts should
be arranged with the inputs well isolated from the output, and input
leads should be kept as short as practical. To minimize the internal im-
pedance (common coupling) that could be troublesome in the power
source, the supply-voltage terminals are often bypassed with a 0.1-uF
capacitor. Another stability consideration of importance is the inherent
phase shift of the internal op-amp circuitry/In other words, as the op-
erating frequency is increased, successive sthcs in an op amp introduce
progressive phase shift from input to output. If this phase shift ap-
proaches 180 degrees before the gain has decreased to unity or less, the
op amp will be unstable and break into oscillation. Therefore, an ex-
ternal phase-shift compensating network may be required, as exempli-
fied by R1-C1 in Figure 1-4(a). This RC coupling introduces a progres-
sive decrease in gain as the operating frequency incrcases. Some op
amps have built-in phase-shift compensating networks, and require no
external stabilizing components to avoid self-oscillation.

1.4 OPERATING CONDITIONS AND
COMPONENT VALUES

Basic op-amp circuitry for various applications is shown in Figure
1-4. The majority of monolithic op-amp IC’s operate from supply volt-
ages of +5 to +15 volits, and —5 to —15 volts. It is sometimes practical
to eliminate one supply-voltage polarity by usmg a resistive voltage
divider to bias the noninverting input, as shown in Figure 1-4(c). An
example of a limiting amplifier (clipper) is depicted in (d). A limiter is
basically an overdriven amplifier; however, an ordinary Class-A am-
plifier does not necessarily operate satisfactorily as a limiter when it is
overdriven. For example, to ensure that both positive and negative sig-
nal peaks are equally clipped, a potentiometer offsct adjustment is re-
quired. Next, observe the comparator arrangement shown in Figure
1-4(c). A comparator haq a umquc funclmn 1( indicates when an input
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Fig. 1-4 Op-amp circuitry in typical applications.

swings from a maximum positive value to a maximum negative value
as the input voltage passes through the reference voltage value. Com-
parators are used in frequency counters, for example, as explained in
greater detail subsequently.

Op amps are used extensively in active filters, as exemplified in
Figure 1~4(f). Note that a passive filter utilizes resistors and capacitors,
for example. On the other hand, an active filter employs RC components
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band-reject (notch) filter action may be provided, as shown in Figure
1~5. In the example of Figure 1-4(f), a twin-T RC network is used in the
negative-feedback loop. This twin-T network is resonant at 1200 Hz
(has practically zero output at 1200 Hz). In turn, the op amp develops
maximum gain at 1200 Hz with progressively reduced gain at higher
frequencies and at lower frequencies. This frequency characteristic
provides bandpass action. In this example, a gain of approximately 40
times is obtained at 1200 Hz. In addition to stepping up the amplitude
of the input signal, amplifier action can provide a highly selective fre-
quency response. This topic is treated in more detail in the following
section.

1.5 BASIC LOW-PASS AND
HIGH-PASS FILTERS

As we know, differentiators and integrators such as depicted in
Figure 1-3(e) and (f) are forms of high-pass and low-pass filters, It is
evident that they are also in the class of aclive filters. As would be an-
ticipated, some active-filter arrangements are more elaborate than
others, and the more complex configurations can provide various ad-
vantages in application and operation. It is instructive to consider the
action of the single-loop feedback, low-pass active filter shown in Fig-
ure 1-6. This is called a single-loop feedback arrangement because
there is only one feedback loop provided. Negative feedback takes
place through the feedback component in (a), and through C, and 10R
in (b). We will find that filter action occurs both in the feedback com-
ponent and in the input component, in this example.

Observe that filter action starts at the input circuitin Figure 1-6(b), -
where the incoming signal flows through a passive RC low-pass filter
section and then into the op amp. Note that if C, were disconnected, the
op amp would merely step up the amplitude of the filter output. How-
ever, with C, present in the feedback loop, additional low-pass filter
action takes place. In other words, C, has decreasing reactance at higher
frequencies, with the result that more negative feedback occurs at
higher frequencies. Therefore, the op amp develops higher gain at

lower frequencies. The result of these combined low-pass filter actions

is to produce a sharper cutoff characteristic than is provided by the
passive RC filter alone.

It is helpful to note the meaning of certain op-amp terms at this
point. With reference to Figure 1-6(a), V, is called the input signal; V,
is called the differential input to the op amp; V, is called the output of
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8. What is the meaning of cach of the following terms?
Ve, Vs yn/V., Vof/Ve, and f;
9. What is the cutoff frequency of the circuit in Fig. 1-7 when R =100k
and C= .01 F? | .
10. What are three advantages of using op amps in filters?
11. What is the center frequency of the filter in Fig. 1-8 when R =10k and
C =159 pF?
12. What is another name for the multiloop feedback-active filter?
13. What are the advantages of a state variable filter?
14, What is the center frequency of the circuit in Fig. 1-10 when R=10k
and C= 100 pF?
15. Why would capacitors be more suspect than resistors when checking a
faulty op amp?
16. List some of the trouble possibilities with a faulty op amp.
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2 - Linear and
Nonlinear
Op-Amp
Applications.

2.1 GENERAL CONSIDERATIONS

It was noted previously that an operational amplifier may be util-
ized in either the linear or the nonlincar mode. Recall that a lincar am-
plifier has an output that varies in direct proportion to the input. On
the other hand, a nonlinear amplifier has an output that does not vary
in direct proportion _to_the input. As an illustration, a Class-A amplifier
operates in the linear mode. However, a logarithmic amplifier operates
in the nonlinear mode. Again, a limiter operates partially in the linear
mode, and partially in the nonlinear mode. It is instructive at this point
to observe how an op amp functions in a linear-nonlinear application,
such as a limiter.

In Figure 2-1 a simple but practical op-amp configuration is
shown. It consists of a differential input stage (Q1 and Q2) with invert-
ing and noninverting inputs. Q3 operates as a constant-current sink to
optimize differential action of Q1 and Q2. Note that QI and Q2 are emit-
ter-coupled viaR1.Ifan inputsignal is applied to the noninverting input,
an amplified signal appears at the collector of Q1 and is fed to the base
of Q4. Again, if an input signal is applied to the inverting input, this
signal is coupled from the emitter of Q2 to the emitter of Q1. In tumn, an
amplified signal appears at the collector of Q1 and is fed to the base of
Q4. Finally, Q4 operates as an emitter follower and provides current
gain at low impedance. Thus, Q1, Q2, and Q4 operate as amplifiers, and
Q3 is included to stabilize differential-amplifier operation.

The op amp in Figure 2-1 is rated for a lincar dynamic output volt-
age range of 2.5 volts, with an open-loop voltage gain of 62 dB. This
means that the output varies in direct proportion to the input, provided
that the input signal amplitude is sufficiently small that the output sig-
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Fig. 2-1 A simple operational-amplifier configuration.

amp is 62 dB, it follows that the input signal amplitude must not exceed
2.5 mV if the linear dynamic range is not to be exceeded. However, sup-
pose that an input signal amplitude of 5 mV is applied. In such a case,
Q1 and Q2 will be driven into nonlinear regions of operation, and the
input signal will not be amplified linearly. Instead, the driving signal
to Q4 will be compressed or clipped on its positive and negative peaks.
Positive-peak cl'ipping results from driving one input transistor into
saturation, and negative-peak clipping results from driving the other
input transistor into saturation. RV

Note in passing that the op amp depicted in Figure 2-1 has an in-
put resistance of approximately 10,000 ohms and an output resistance of
about 10 ohms. As noted previously, an ideal op amp would have no
output offset voltage. In other words, the resting dc output voltage
would have the same value as the resting dc voltage at the input, How-
ever, in a simple arrangement such as Figure 2-1, there is considerable
f:lc offset voltage at the output. That is, when the inverting and the non-
inverting input terminals are grounded through 510-ohm resistors, and
the output terminal works into an open circuit, there is a dc offset volt-
age of —0.5 volt between the output terminal and either of the input ter-
minals. Although this would be a serious problem in some applications,

a large offset voltage is of no concern in arrangements that do not em-
nlov a noeativa_faadhacl lnan
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2.2 APPLICATION NOTES

It is instructive to consider the linear op-amp applications shown
in Figure 2-2. Observe that a subtracter is arranged so that one voltage
is applied to the inverting input of the op amp, and another voltage is
applied to the noninverting input. In turn, the voltages tend to cancel
each other out, and the difference appears as the output voltage ¢,. Note
that the input voltages ¢, and ¢, must have the same polarity. Either dc
or ac input voltages may be utilized; in other words, both ¢, and ¢, may
be dc voltages, or both may he ac voltages. Note that the subtracter will
not function, however, if ¢, is a dc voltage and ¢, is an ac voltage. In case
¢, and ¢, are ac voltages, they must have the same frequency and phase.
That is, if ¢, and ¢, were ac voltages with a random or unknown phase
relation, the amplitude of the output voltage ¢; would have an unknown
relation to the amplitudes of ¢, and ¢,.

Next, consider the adder/subtracter arrangement depicted in Fig-
ure 2-2(b). This will be recognized as a combination of the adder con-
figuration that was explained in Chapter 1, and of the subtracter con-
figuration described above. Note that all four input voltages must have
the same polarity in an adder/subtracter arrangement, Either ac or dc
voltages may be employed. In ac operation, all the input voltages must
have the same frequency and phase. Note also that the operating fre-
quency must not exceed the rated frequency capability of the op amp.
As an illustration, a typical op amp has a rated frequency response from
dc to 50 kHz. If operation were altempted at a frequency greater than

50 kHz, subnormal amplification would result and the balance between .

inverting and noninverting functions would tend to become upset.

It is instructive to consider briefly how voltages add in a resistive
adder circuit. As an illustration, we will observe how voltage ¢, is added
to voltage ¢, in Figure 2-2(b). To reduce the circuit to its essential func-
tional form, refer to Figure 2-3(a). Note that ¢, and ¢, are basically con-
stant-voltage sources; in other words, the internal resistance of these
two sources is considered to be zero. The output voltage ¢, is the drop
across the lower resistor R. Now, let us stipulate that the source ¢, has a
value of zero, and that the source ¢, has a value of E volts. In turn, source
¢, can be replaced by a short-circuit, and we obtain the equivalent cir-
cuit shown in Figure 2-3(b). It is evident by inspcction that the output
voltage will be equal to 1/3E. Next, let us stipulate that source ¢, and
source ¢, each has a value of E volts. In turn, we obtain the equivalent
circuit depicted in Figure 2-3(c). It is apparent that both of the input
currents produce an output voltage drop. Finaily, the output voltage
will be equal to 2/3E. Hint: In case this value is not sclf-evident, the stu-
dent mav annlv Ohm’s law and Kirchhoff’s current law to the circuit.
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Fig. 2-2 Typical linear op-amp applications.

- Next, consider the phase-shifter op-amp arrangement shown in
Flg}uc 2-2(c). This is, in the first analysis, a subtracter configuration in
which the inverting and noninverting inputs are energized through
dividers from the same ac source. However, a variable resistance is in-
cluf:lcd in the divider circuit to the noninverting input. This variable
rcsxstanse provides an adjustable phase shift of the voltage applied to
the noninverting input. Note that the voltage applied to the inverting
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fc)

Fig. 2-3 Example of resistive adder action. (a) Equivalent circuit; (b) Source e,
equal to E, and source e, equal to zero; (c) Source e, and source e, both
equal to E.

input has a fixed phase. In turn, the phase of the output voltage ¢, de-
pends upon the vector difference of the two input voltages. Variation of
the value of r can provide a phase variation range of practically 180°. The
basis of this phase variation is shown in Figure 2-4, This semicircle
diagram depicts the locus of voltage ¢, as the value of r is varied. The
phase angle between ¢, and ¢, is &. Note that when r has a very small
value, & approaches 90°; on the other hand, when r has'a very large
value, & approaches 0°.

It is helpful to observe op-amp characteristics and differential-
amplifier function in somewhat greater detail at this point. With refer-
ence to the subtracter configuration depicted in Figure 2-2(a), inverting-
amplifier and noninverting-amplifier functions are employed. The gain
of the basic inverting-amplifier arrangement was noted in Chapter 1.
It might be supposed that the gain of the basic noninverting-amplifier
arrangement is identical. However, this is not quite correct. Refer to
Figure 2-5. The basic configuration for an inverting amplifier is shown
in Fieure 2-5(a) Acnoted in Chanter 1 the vnltace amnlifiratinn nf the
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Fig. 2-4 Semicircle diagram for series RC circuit, (a) Locus of circuit voltage drops;
(b) Reference circuit.

arrangement is given to a good approximation by the ratio R/R,. In Fig-
ure 2-5(b) an example of an inverting amplifier with a voltage amplifi-
cation of 100 is depicted. Next, the basic configuration for a noninvert-
ing amplifier is shown in Figure 2-4(c). It can be shown that the voltage
amplification of this arrangement is given to a good approximation by
the equation:

A=R*R
R

2-1)

In Figure 2~-4(d) an example of a noninverting amplifier with the
same resistive values as in Figure 2-5(b) is depicted. Note that in this
example the voltage amplification is 101 times. In other words, the non-
inverting arrangement has 1 per cent greater gain than the inverting
arrangement. Thus, a subtracter designed from basic op-amp circuitry
would have an inherent error of 1 per cent, However, note that this
error is casily avoided by driving the noninverting input through a
resistive voltage divider that imposes a 1 per cent loss on the input sig-
nal amplitude.

2.3 INPUT AND OUTPUT RESISTANCE

CHARACTERISTICS

The input resistance and output resistance of an op amp is de-
termined by its internal design. However, the input resistance of an
op-amp stage may be quite different from the input resistance of the
op amp itsclf. Similarly, the oulput resistance of the stage might be dif-
ferent from the output resistance of the op amp itself. In other words,
the input and output circuitry that is employed may be the determining

factor. As an illustration, Figure 2-6 shows the input and feedback sig-
n('ll currente for hacie invortine aocd oot ae ar tore N .

L 2 ST W S N

A

¢l e A b it KL

|
|
il
[
?
3
f
|
|
|

INPUT AND OUTPUT RESISTANCE CHARACTERISTICS . 29

100K
A 1K
Vs O—AAA~ O~
——O Vo
L o
- (o) ib)
Rf 100K
AA- MWV
Ri 1K
v -va -
™" o o
- Cutput -
o— O ¢ A 101
Input

- Ri+ R
A= E

{c) {d)

Inverting and noninverting amplifier arrangements. (a) B’asic inverlir)g
amplifier configuration; (b) Example of stage amplification; (c) Basic
noninverling amplifier configuration; (d) Comparative example of stage
amplification,

Fig. 2-5

tion of a signal voltage V, causes an input current flow I;in Figure 2-6(a).
Since the op amp has extremely high gain, the feedback current l,.ls
almost as large as I, From the viewpoint of input-rcsistzfncc'analysm,
we may assume that I, is equal to I, In tumn, the inverting-input (=)
terminal of the op amp is practically at zero potential. This means that
the inverting-input terminal “looks like”” a ground point to the mpt.lt
signal. Or, the input resistance to the inverting op-amp arrangement is
practically equal to R,. . )

Next, consider the input resistance of the noninverting op-amp
arrangement depicted in Figure 2-6(b). As before, 1, is :.llmost cq.ual to
I;. However, the two currents do not oppose in this amplifier configura-
tion. Therefore, the input resistance to the noninverting op-amp ter-
minal (+) is determined essentially by the internal dcs'ign of th? op amp.
A typical high-performance op amp will present an input resistance of
less than one megohm up to several hundred megohms. No.lc that the
input resistance of an op amp basically denotes the ratio o.f input v?lt-
age to input current. With reference to Figure 2-6(a), the input rcsxs'l-
ance is accordingly cqual to V,/I,. Observe that |, is given by the ratio
of the valtaee dran acrace R. o the resistance of R.. Sinee the sienal volt-
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Fig. 2-6 Analysis of input resistance, (a) Inverting op-amp arrangement; (b) Non-
inverting op-amp arrangement,

age at the inverting terminal of the op amp is practically zero, the volt-
age drop across R, is equal to V,, and the input current [, is equal to
VJ/R;. In tumn, the input resistance is equal to V, divided by V,/R,, or
the input resistance is equal to R,. Next, with reference to Figure 2-6(b),
the input current at the noninverting terminal of the op amp is typi-
cally 2.5 wA at 1V, or the input resistance is equal to 0.4 megohm.
Consider next the output resistance of an op amp, apart from its
load circuitry. Just as variously designed op amps may have inherent
(intrinsic) input resistances as low as several thousand ohms or as high
as several hundred megohms, so do inherent output resistances vary.
As an illustration, a typical high-performance op amp may have an
output resistance of 150 ohms. Another op amp may have an output re-
sistance of 75 ohms. A very simple design might have an output resist-
ance of 10,000 ohms. The comparatively simple design depicted in Fig-
ure 2-7 has a rated output resistance of 160 ohms. Typical op amps can
provide an output voltage swing of 6 volts peak-to-peak. If a reduction
in output-voltage swing is permissible in a particular application, the
output can be taken from a voltage divider connected to the output ter-
minal of the op amp. In turn the output resistance of the op-amp stage
will be less than the inherent output resistance of the op amp itself.

2.4 BASIC NONLINEAR RESPONSES

A typical op amp is rated for a maximum signal-output current of
2'5 r?nlhampcrcs. To protect the op amp from possible damage, a current
limiter or clamper may be built into the output stage. In such a case, the

]
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Fig. 2-7 A simple op-amp configuration with a rated output resistance of 1,600
ohms.

output waveform will be clipped if the output-current demand is ex-
ceeded. Figure 2-8 depicts an example of current clipping, or current
iimiting distortion. Next, consider the effect of voltage clipping distor-
tion. Voltage clipping results from limiting of the maximum output
voltage capability for the op amp. For example, a typical op amp has an
cutput voltage capability approximately one volt less than the power-
supply voltages. In case the op amp is driven beyond its output-voltage
capability, the output waveform will become clipped. Clipping occurs
on both positive and negative peaks, as depicted in Figure 2-8.

As noted previously, it is also possible to overdrive the input sec-
tion of an op amp. The input voltage limits are often determined for
positive inputs by saturation of the input transistors, and for negative
inputs by saturation of the current source transistor. If the positive input
limit is exceeded, the op amp may be damaged. Or, if the input transis-
tors are not damaged, a condition called latch-up or “’stuck at”” response
may occur. For example, if the transistor at the inverting input saturates,
it no longer functions as an inverting amplificr, but provides a current
rath between the input terminal and the basc of the second input tran-
sistor. Thus, the inverting input is changed by overdrive into a nonin-
verting input. Under this condition, the negative-feedback voltage acts
as a positive-feedback voltage, and the output voltage may hold the in-
rut stage in saturation. This is the latch-up type of nonlincar response.

Latch-up response is more likely to occur in a voltage-follower
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Fig. 2-8 Example of current clipping distortion.

feedback. As seen in Figure 2-9(a), the output from the op amp is di-
rectly connected to the inverting input in a voltage follower. If a tran-
sient voltage occurs in the input and momentarily overdrives the input
scction of the op amp, latch-up is almost certain to result. Sometimes a
33-k resistor is connected in series with the feedback loop to limit the
negative-feedback voltage. However, this method of preventing latch-
up results in an increase of offset voltage. A somewhat more sophisti-
cated method of avoiding latch-up in a voltage follower is. depicted in
Figure 2-9(b). A diode clamp D, is utilized to limit the amplitude of
feedback voltage and thereby to prevent the input transistor of the op
amp from going into saturation. Note that an input series resistor R, is
also provided. This resistor might have a value of 10 k, and provides
limiting of input transients without increasing the offset voltage ex-
cessively.

Various other protective circuitry is used in voltage-follower
arrangements, as explained in greater detail subsequently. Note in pass-
ing that the input resistance of a voltage follower is very high, and the
outpul resistance is very low, The voltage gain is practically unity. A
voltage follower is employed for impedance transformation and/or

A2

D1

——0
Output i Output

Input Input

(a) (b)

Fig. 2-9 Latch-up protection in the voltage follower. (a) Basic follower arrange-
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sectional isolation in most applications. A typical input resistance of
30 megohms can be obtained with suitable circuitry, and an input re-
sistance of 15 megohms is provided with circuitry that is optimized for
dc balance. The output impedance provided by a voltage follower is
considerably lower than the output impedance of an emitter follower
because of the extremely high gain of an op amp in comparison to the
gain of a transistor.

2.5 BIAS CURRENT OFFSET
CONSIDERATIONS

In both linear and nonlinear applications, consideration of bias
current offset is generally of basic importance. As noted previously, an
idecal op amp would have zero output voltage when the input voltage is
zero. In practice, however, this may not be the case. The output voltage
that is present when the input voltage is zcro is called the output off-
sct voltage. This output offset voltage, of course, is fed back to the in-
verting input of the op amp through the feedback loop. In turn, the cir-
cuit action may be disturbed. Note that there are two basic causes of
output offset voltage: input bias current and input offset voltage. We
will consider the characteristics of input bias currents and their control
at this point, and then proceed to the problem of input offset voltage
and output offset null adjustment.

All op amps have differential-amplifier input stages. A differen-
tial amplifier is so-called because it amplifies the difference between
two input signals (the signal al the inverting input and the signal at the
noninverting input). With reference to Figure 2-10, the current-source
transistor Q3 provides a practical constant-current supply to transistors
Q1 and Q2. To bricfly review the basic semiconduclor theory that is
involved here, the current that flows from the emitter to the collector of
a transistor is determined by the base bias current times the beta value
of the transistor. Moreover, the value of this emitler-to-collector cur-
rent is practically independent of the emitter-collector voltage. In other
words, the emitter-collector current that flows through Q3 is essentially
constant, because this current depends only on the fixed value of base-
bias current Iy,

Both of the inputs to the differential amplificr have been placed at
ground polential in Figure 2-10. It is evident that one-half of 1.y, will
flow through Q1, and that the other half will flow through Q2. Each of
these currents is related to the base-bias currents of Q1 and Q2. In other
words, I;-q; is equal to beta times Inq, and ¢4 is equal to beta times Ing,.
The base-bias currents lyy, and Iy, are called the input bias currents.
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Fig. 2-10 Basic differential-amplifier configuration with a constant-current source.

Note that the output is taken from the collector of Q2. Now, suppose
that Ipg, and Iy, are both increased by the same amount (Figure 2-11).

This increase is called a common-mode input signal. The common-mode .

signal would cause an increase in Iqqq and Iiq, if Q3 were not present.
However, the presence of Q3 prevents any change in total cufrent.
Therefore, the output of the differential amplifier remains unchanged.
The only change that does occur is an increase in the collector-emitter
voltage of Q3.

To repeat a basic principle, the output of a differential amplifier is
unaffected by application of a common-mode input signal. Next, con-
sider the result of applying a differential-mode input signal (Figure 2~
12). Note that a positive voltage is applied to Input 1, and a negative
voltage is applied to Input 2. In turn, lpq, increases, and Ipq, decreases.
Similarly, I¢q, increases, and I¢q, decreases. Of course, the sum of the
collector currents remains unchanged, because of the constant-current
action of Q3. Since Iy, decreases, the voltage drop across R2 decreases,
and there is a corresponding change in output voltage. In practice, it is
not possible to match the components perfectly and to maintain I¢q,
absolutely constant. A typical op amp will amplify a differential-mode
signal approximately 10,000 times more than it will amplify a common-
mode signal. Thercfore, in the majority of practical applications, it can
be assumed that the op amp does not respond to common-mode signals.

In this discussion of bias-current offset, we will define input bias
currents as those currents that must be supplied at the input terminals
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tig. 2-11 Differential amplifier with a common-mode input signal applied.
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Fe 2-12 Differential-mode input signal applied to amplifier.

of an op amp to provide correct biasing of the differential input-stage
transistors. With reference to Figure 2-13(a), the input bias current
fws through R1 and R2 to the output terminal and thence through the
'~vd to ground. This input bias current develops a voltage drop across
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Fig. 2-13 Input bias-current considerations. (a) Path of input bias current; (b)
Insertion of bias-current balancing resistor.

the op amp. This is a differential input voltage, since there is no corre-
sponding voltage applied at the noninverting terminal. Therefore, the
input bias current is amplified by the op amp, and the resulting output
offsct voltage is given approximately by the equation:

E. =R, (2-2)
where E,, is the output offsct voltage

.1, is the input bias current

* R2 is the ncgative-feedback resistance

As noted previously, the output offset voltage owing to input bias
current through the feedback loop can be cancelled out by insertion of
a suitable resistance between the noninverting input terminal and
ground (R3 in Figure 2-13(b)). The value of R3 is chosen to develop a
voltage drop equal to I,R2. and this required value is given by the equa-
tion:

_RIXR2 ,
RI=Ri+R2 23

where R1 and R2 have the significance indicated in Figure 2-13(a).

It was also noted previously that perfect op amps cannot be de-
signed and manufactured, with the result that even when the input bias
current is cancelled out, there is generally a small output offset voltage
remaining. To bring the output terminal of the op amp to zero poten-
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greater or slightly less than the input bias current at the inverting ter-
minal of the op amp. The difference between these two input bias cur-
rents is called the input offset current. Note that the output offset volt-
age produced by the input offset current is given approximately by the
equation:

En.' = lnnRz (2—4)
where E,, is the output offset voltage

I,. is the input offset current

R2 is the negative-feedback resistance

Next, consider the characteristics of input offset voltage. With ref-
erence to Figure 2~14(a), an input offset voltage is defined as the differ-
ential input voltage that must be applied to the input terminals of an
op amp to bring the output terminal to zero potential. An ideal op amp
would have zero input, offset voltage. In practice, however, the input
offset voltage is not quite zero, owing to tolerances on the internal com-
penents of the op amp. The input offset voltage can be represented as
a small voltage source in series with the noninverting input terminal of
the op amp, as depicted in Figure 2-14(b). in turn, the output offset volt-
age that results from the input offset voltage is given by the equation:

_RI+R2

Ens - Rl X Vng (2"'5)

where E,, is the output offset voltage

V.. is the input offset voltage
R1 is the resistance of the input component

R2 is the resistance of the feedback componeni’

A typical high-performance op amp is rated for a maximum input
as current of 80 nA (8 X 10~* ampere), a maximum input offset current
of 20 nA, and a maximum input offset voltage of 1 mV (10-? volt). Sub-
stitution in the foregoing equations shows that the corresponding out-
rut offsets owing to input bias current and input offset voltage are 0.8
mV and 101 mV, assuming that R1 = 100 ohms, and R2 = 10 k. Since the
output offset voltages are caused by tolerances on different components
in the op amp, the two voltages may have cither polarity (may add or



30 . LINFAR AND NONLINEAR OP-AMP APPLICATIONS

n2
ANV
Input Input - R1
. Output -
I_r{ J o
> |
+
Eos = OVolts "hl
= *Adj. to make Eos = OV - =
(a) (b)

Fig. 2-14 Representation of input offset voltage. (a) Input offset voltage represented
as an external battery; (b) Input offset voltage represented as an internal
battery.

subtract). In case they happen to add, the total output offset voltage
would be 101.8 mV in this example. As a practical application note, this
total output offset would not be regarded as serious. However, if a bal-
ancing resistor is inserted (R3 in Figure 2-13(b)), the value of output
offset voltage owing to bias current can be substantially reduced. As
noted previously, in case the total output offset voltage must be exactly
zero, a null potentiometer is included in the input configuration.

2.6 TROUBLESHOOTING TECHNIQUES

DC voltage and resistance measurements are basic in trouble-
shooting op-amp systems. Some op amp circuits have very high inter-
nal impedance. As an illustration, two amplifier circuits are depicted in
Figure 2-15. One circuit has a gain of 100 times, and the other circuit
has a gain of two times. The low-gain amplifier has some very high in-
ternal impedances. Note thatthe inverting inputis connected to a 5-meg
resistor and a 10-meg resistor. Also, the noninverting input is connected
to a 3.3-meg resistor. Because these input circuits have such a high value
of internal resistance, it would be impossible to measure the input off-
set voltage with a 20,000 ohms-per-volt VOM. A conventional VOM will
load the circuits excessively and the voltage readings will be meaning-
less. Instead, it is necessary to employ a TVM that has an input resist-
ance of at least 10 megohms. For example, an FET multimeter such as
illustrated in Figure 2-16 is suitable.

Note that the instrument shown in Figure 2-16 has a hi-lo ohm-
meter function. When operated in its hi-pwr mode, conventional ohm-
meter action is provided. In other words, the ohmmeter is energized
by a 1.5-volt battery. On the other hand, when the ohmmeter is operated
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10K 10 meq
AN\ AAA/

10052

Gain = 100

-

-

Fig. 2-15  Op-amp circuits with voltages of 100 and of 2.

Fig. 2-16 A hi-lo FET multimeter. (Courtesy, Sencore)

in its lo-pwr mode, the instrument applies a maximum of 0.08 volt
across the circuit undcr test. This feature ensures that semiconductor
junctions will not be “turned on”’ during in-circuit resistance measure-
ments. To understand the advantage of low-voltage ohmmeter testing
in semiconductor circuits, refer to Figure 2-17. This is a simple inverting-

amnlifior canfimieatine T o
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Piezoelectric Transducers

Both the nature and the magnitude of any piezoelectric effect n

a crystalline substance are dependent on the direction of the agp-
plied force or electric field with respect to the crystallographic axes
of the substance. Numerous crystalline materials do exhibt
piezoelectric characteristics to some marked extent, but for all pra~
tical purposes choice is limited to some half dozen “npatural’’ crystzs
and an even more limited range of polycrystalline ceramic materizs
that exhibit piezoelectric characteristics only after polarizing. Tt
word “natural” is used in the sense that both piezoelectric
substances were, and still are in certain cases, cut from the natr
rally occurring substances rather than a synthesized product of the
same chemical formula. Quartz, for instance, is an outstanding ex-
ample of a natural piezoelectric substance, and although the fabricr
tion of piezoelectric plates and elements from natural quartz crystzl
still survives, synthetic quartz crystals may now be produced @
a practical, controlled scale.

DISTORTION AND ELECTRICITY

Basically, the piezoelectric effect isan interrelationship betwest
mechanical distortion and electrical effects peculiar to cerzn
crystalline materials. If such materials are distorted by mechanix
loading, they generate electricity; conversely, if charged with ek
tricity, they undergo a dimensional change. The piezoelectr:
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| dnussum
asmerogen phosphate 45°

£rystal, in other words, is a simple form of transducer for conver-
=rz one form of energy into another, and vice versa.

PLATE ACTION

{\ general analysis of the performance of piezoelectric mate-
ral is usually related to its behavior in plate form. With respect
» tte orientation of a specimer plate with respect to the axes of
= arystal from which it is cut, emphasis may be given to one par-
:.:::.‘.ar “plate” action. Plate action for various piezoelectn'é
schstances is given in Table 7-1.

SELECTION OF MATERIAL

Selection of the piezoelectric element best suited to any par-
;mz'ar duty is only part of the overall problem. The ultimate per-
ixmanceé depends also, to a considerable degree, on the method
x(::ountmg and driving, and to a lesser degree, on the service con-
denas (Table 7-2). It is particularly important that the method of
inchorage and/or the driving mechanism used do not interfere with

Tabie 7-1. Piate Action of Typlcal Plezoelectric Materlals.

Raoslactrical material Cut| Basic plate action Notes

“ocheda salt 0° X | Face shear Action strongest
45° X 1 Length expansion
0° Y | Face shear
45° Y | Length expansion
Dz 0° X| Thickness and Only common cut

length expansion

Armonium 0° Z| Face shear
seyprogen phosphate  45°  Z | Length expanslon

pceassium larirate 0° Z] Thickness and face shear
45° 2} Length expanslon

0° Face shear

Length expansion

NN

L sulphate 0° Y | Thickness and Only common cut
. volume expansion

Al



Table 7-2. Typical Applications of Plate Elements.

Table 7-4. Typical Plezoelectric Applications.

Baglc plate actlon Typlcal applications

Underwater sound transducers
Laminated elements (bending actlon)—
microphones, plckups

Length expanslon

Uitrasonic transducers

Thickness expansion
- Underwater sound transducers

Laminated elements (twisting action}—
microphones and receivers

Face shear

Volume expansion Pressure gauges, hydrophones

Transversa oxpansion  Acceleromelters, vibrators

Pazoelectric material Form(s) of element Typlcal application

the.dimensional changes involved.

Limiting factors for piezoelectric elements are maximum ses
vice temperature and safe valves of relative humidity. Maxim:a
seivice temperatures are given in Table 7-3. Problems with relatr
humidity are only present with a limited number of piezoelecrr
materials, notably Rochelle salt, where the safe range of use is 40-%
percent relative humidity, and dipotassium tartate, the behavix
of which is affected by relative humidities around 70 percent. S
Table 7-4.

CHARGE AND VOLTAGE MODES
Most modern types of piezoelectric transducers are availitie

Table 7-3. Maximum Service Temperatures.

Crystal Temp©C.
Rochelie salt 45
Quarntz 550
Aluminum dihydrogen phosphate 125
Dipotassium tartrate 100
Potassium dihydrogen phosphate 150
Lithium sulphate 75
Barlum titanate 100
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Fucnelie salt Length expander Underwater sound
Thickness expander Plates transducers
Face shear Laminated elements
for microphones,
pickups, receivers,
etc.
Quarx Length expander Plat Underwater sound
Thickness expander 8168 \ransducers
. Ultrasonic
generators
Taumaline Thickness expander Pl Limited application
Volume expanders 8188 pragsure gauges
2arum titanate Thickness expandet Underwater sound
poanzed) Length expander  Plates transducers
Volume expanders Ultrasonic
generators
Anmonium Length expander Alternative to
amycrogen phosphate Thickness expander plateg Rochelle salt
Face shear
Decxassium tartrate  Length expander Frequency controls,
Thickness expander Plates radio filters, etc.
Face shear {malinly)
Forassium Length expander
 anyarogen phosphate Length face shear Plates Fairly low '
piezoelactric
effect
~itusm sulphata Thickness expander Largely underwater
Volume expanders Plates sound use

Pressure gauges.

n echer charge-mode or voltage-mode versions. Charge-mode
Tizsducers require external charge amplifiers and low-noise cable
zmoections. Voltage-mode transducers may incorporate built-in
muroelectronic amplifiers capable of being coupled directly to the
et instrument or analyzer via ordinary coaxial cable.

73
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Electromagnetic Waves:
Ultrasonics and Microwave

Ultrasonic waves are vibrational waves of electromagnetic frequencies that are
above the hearing range of the normal ear. The term includes waves of a fre-
quency of more than 20,000 hertz. The presence of a medium is essential to the
transmission of ultrasonic waves and alimost any material that has clasticity can
propagate ultrasonic waves. This propagation takes the form of a displacement
of successive elements of the medium.

THEORY OF ULTRASONIC WAVE SYSTEMS (See figure 8-1)

A simple sound wave, as it travels outward from its source, loses strength rap-
idly as the distance increases (sce figure 8-1A). This decrease in the strength of
sound waves along a path can be greatly affected by discontinuities within the
path (sec figure 8- 1 B). With an ultrasonic control system, a sound path through
air is established. The strength ol the sound wave at any point along the path is
a function of the distance from the point of origin. The introduction into the
path of any material capable of absorbing soine of the sound energy or reflect-
ing it away from the original path can be measured. This change in the normal
weakening or attenuation of sound along a path can be used to operate elec-
tronic circuitry.

A more thorough study of the properties of sound waves in air will
demonstrate that other factors than distance cause attenuation of sound waves.
Relative humidity effects, temperature effects, and the presence of standing
waves are the major stumbling blocks to this type of a control system. Com-
plicated electronic circuitry can be developed 1o civcumvent most of these prob-
lems. However, this results in a device that is expensive to manufacture, critical
to adjust, and difficult to maintain.
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Figure 8-1 Sound-Wave Propagation (Courtesy, Delavan Electronics, Inc.)

THE TWO-SENSOR ULTRASONIC WAVE CONTROL SYSTEM

There are many ultrasonic wave control systems. Some .are used in an air
medium. Others are used in a media such as water or other liquids. Since it is
impossible to cover all the 1ypesin a single chapter, we shall limit our discussion
to the air medium. '

The two-sensor ultrasonic system operates much like the acoustic howlor
ringing sound heard when the microphone of a public address system is placed
100 close 10 the loudspeakers or when the volume contro! of the public addres:
system is turned up too high (see ligure 8-2A), Because at normal temperatures
the gas molecules in the air are in motion, minute sounds are always presentir.
the atmosphere. Additionally, electrical amplifiers produce some unavoidabiz
electrical noise of their own.

The Two-Sensor Ultrasonic Wave Control Systom 219
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\.Vhen the extremely weak sounds issuing from the loudspeaker because of -
urjavo:dable clectrical noise and random sounds found in the air reach the
microphone, they are converted into electrical cnergy. They are then amplified
by the amplifier and are issued from the loudspcaker' with considerably greater
stre.ngth. These strengthened sound waves traveling to the microphone are
again reamplified and reissued at even greater strength, This process continues
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and in 4 Fraction of 1 second huilds up 1o the Tamiliar how!or ringing. The par-
ticular tone ot frequency of this ringing is determined by the characteristics ot
the amplifier, loudspeaker, and microphone, and to a large extent by the
properties of the acoustic path in the air between the microphone and the
loudspeaker.

In the Sonac system, one sensor is connected to the Sonac amplifier and.
operates essentially us i boudspeaker (see ligure 8-2B). This transmitting sensos
will produce ultrasonic sound wises of the quantity and requency delisered o
it by the amplifier. The other sensor, which we will call the receiving sensor, i
connected to the amplifier as a microphone and will deliver to the amplifier as
electrical energy and ultrasonic sounds reaching its diaphragm. Figurc 8-3 iva
photograph of the two-sensor ultrasonic system.

The ultrasonic sensors are directional in their response to sound waves. il
the transmitting and receiving sensors are positioned facing cach other, and the
path between the two sensors is unobstructed, and the electrical gain in the
amplificr is sufficient to overcome the losses in sound energy across the path
between the two sensors, acoustic Teedback wilt oceur. This, of course, cannui
be heard, because the sensor operates well above the range of human hearing.
This condition of acoustic feedback can oceur only when the clectrical gain ol
the control amplifier is cqual 1o or exceeds the loss in sound strength across th
piath between the sensors,

In « practical operating system, the clectrical gain of the amplifier mus:
be equal (o or exceed the total path loss under any ambicnt environmenta!
condition.

11ie object 1o be detected must be of sufTicient size and be placed in the
acoustic path in such a4 manner as to cause attenuation. Since some ditlusion
and refraction of* sound occurs around the perimeter ol the object to be

Figure B-3 The Two:Sensor Ultrasonic Sensor System (Courtesy. Delavcn
Elecironics, Inc.)

o
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detected, the acoustic shadow Tormed by the object does not continue behindd
l.hc object indefinitely. Locating the receiving sensor as close as mechanically
possible to the object 1o be detected is desirable.

The Two-Sensor Ultrasonic System Installation (See figure 8-4).

The ultrasonic systeni can be used in four basic ways. First, the sensors can be
installed to provide a direct path in which an obstruction between the sensors
breaks the acoustic path, thereby operating a relay (see tigure 8-4A). A relay
may be connected to the desired external function (lighl,‘lm//cl , switch, ctc.)'.
Al}hough ultrasonic waves are transmitted from one sensor 10 the other sensor
at approximately a 507 angle, an object large enough to cover the acli\‘;: area of
the second sensor will break the beam for short path fenpths.

A

i
PUNIIE -

;e
Clitoctive Arec R

DIRECT PATH

A

~ ”a

(o

e

\

M

e

REFECTIVE PATH

B

Figure B-4 Methods of Sensor Installation (Courtesy, Delavan Electronics,
Inc.)
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Sccand, the direct path method can also be used to sense the absence of an
object from the beam. With the object obstructing the beam, the output relay 1
closed. When the object is removed, the acoustic path is completed, which
opens the relay.

The third znd fourth ways in which the sensor can be used are with sensors
located 10 provide a reflective path (see figure 8-4B). As with the direct path,
the reflective beam can also be used in two ways—with the relay open Lo sense
objects or with the relay closed to sense the remonat of ubjects from the beam.

In this method the sound waves emitted from one sensor are reflected
from an object to the second sensor to provide the acoustic path. When the ob-
ject is removed from {he path, the relay is closed. Conversely, when objects
establish a path, this opens the relay.

The sensor uses ultrasonic energy to produce a direct path or a reflective

path.
The Two-Sensor Ultrasonic System Probe (See figure 8-5)

The probe is basically a magnetorestrictive device consisting of a diaphragm,
nickel tube, magnet, and pickup coil.

When energy is supplied to the drive coil, it causes the diaphragm 1o
vibrate. The frequency is determined by the mechanical resonant system withir:
the probe. Electrical energy will then be transferred to the pickup coil if the

Nicxel
Magnetostnctive
* Sitver Braze (Models 01L, 02L.03L) Eloent
Hehare Weld (Stainfess Steel Models, 111, 14L) Speciat
Shietoed
Spacer Lo~ Cagactance
Cable
Draphragm \
Sitver Brua/ N Potuing Dam

Fpoay Potling

Metar Housing
erarmic Bias Magnet

Figure 8-5 The Two-Sensor Ultrasonic System Probe (Courtesy. Delovo~

Flartranicrs Inc )
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diaphragm is hice 1o move in gas. When the diaphragm motion is damped by
noncompressible liquid, no energy is transterred o the pic kup coil. P
Connecting the pickup coil of the probe 1o the input of an amplifier and
the output of the amplifier 10 the drive coil of the probe forms a feedback- I:)o
circuit in which any energy appearing in the output of the probe will be led 12
lhc'amphflc rand there amplificd and then furnished to the input of the probe
This causes vibrations to occur in the diaphragm and furnishes a sighal back I(;
the amplifier for reamplification. 11 the gain of the amplilier is adjusted so as to
exceed the losses within the probe, continuous oscillations wilt be prmiucc&
IT the diaphragm of the probe is exposed 1o i noncotpressible ll\:llcri;ll

that offers greater mechanical resistance 1o the motion ol the diaphragm, the '

u"ansfcr of energy to the pickup coil decreases. This results in a decrease in the
signal fed back into the amplificr and a corresponding decrease in the signal
available from the output of the amplifier. The decreased signal triggers a
voltage-sensitive network that controls the output relay,

Two-Sensor Ultrasonic System Applications

Figure 8-6 illustrates applications of the two-sensor ultrasonic system, Figure
8-6A represents bin level control. Figures 8-6B through 8-6D represent web

MODULAR
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Figure 8-6 Two-Sensor Ulirasonic System Aoplicatians { Courtesv Dolavan
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ble a valid check of accelerometer functioning prior to use. The self-test coil
also allows nulling of the effect of carth's gravity field for low-level acceleration
measurements perpendicular to the earth's surface.

Solid Sensors: .
Crystals, Ceramics,
and Integrated ,’
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THE PIEZOELECTRIC EFFECT

When pressure is applied to an assymetrical crystalline material, the material
produces an electric potential. The primary crystals used in this type of
transducer are quartZ,.Rochelle salt, tourmaline, barium titanate, ammonia
dihydrate phosphate, and lead zirconate. Quartz sensors date back to pioneer-
ing work with ballistic galvanometers at the National Bureau ol Standards dur-
ing World War [,

" The piezoelectric effect is the properly of a crysial exhibited by thé
generation of a voltage when pressure is applied. A force exists between the
atoms of a given material because of the interlaced electronic orbit and mutual
repulsion between charged nuclei. Many clemey s and compounds have atoms
that are assembled in a pattern known as a crystalline siructure. The structure
provides stability and equilibrium to the material. Individual atoms vibrate and
their electrons follow interlacing orbits but stay in their same relative position,
In most crystalline structures, the formation resists change caused by heat, elec-
tricity, pressure, ctc. Some substances, such as tourmaline, Rochelle sali, and
quariz are pressure-sensitive and release electrons when the crystal cubes are
compressed along specific lines or axes. The subject materials are inherently
piezoelectric. That is, under pressure, they will oscillate ar a very specific {re-
quency or generate an clectrical charge and have a stable output for long
periods of time. Other materials are not naturally piezoclectric but can be
transformed into a quasi-piczoelectric crystal by poling. Poling is the momen-
tary application ol a strong direct current..Such is the case with barium titanate
and lead zirconate. These are ceramic materials,
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"A most basic piezoelectric transducer is illustrated in figure S-1. In the figure, : @

quartz with a bean is tied to the supporting base. The crystal and its beam are

“mechanically connected to a pressure-sensing diaphragm which acts as a foree |

-summing device. The diaphragm, in turn, is open to a pressure port. A change
“in pressure causes a mechanical change on the crystal's beam, which causes the

crystal to oscillate at a specific frequency or generate an electrostatic charge |

- signal. This is, of course, extremely fundamental.

"' These devices have high-‘frcqucncy response, are self-generating, and as¢ ‘,

' small and rugged. They are, however, sensitive to temperature changes and
cross-accelerations, have high impedance outputs, and do not recover very
quickly after extreme shock.
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'_"f‘- Figure 5-1 A Fundamental Piezoelectric Transducer (Courtesy, Bell &‘,‘
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'For dynamic pressure, force, and acceleration (vibration or shock) measure-
ments, piezoelectric instruments offer precision combined with ruggedness. Itis

'+ known that both accuracy and performance are closely related to the internal

structural rigidity of transducers, Internal deflections cause errors, both static
7 and dynamic. To generate a useful output signal, crystal transducers rely on the
“piczoelectric effect. When the crystal elements are strained by an external force,

#".displaced electrical chafges accumulate on opposing major surfaces, forming a
¥ Vyolmgc signva’l according to the law of electrostatics. Figure 5-2A diagram-

piezotronics, Inc.)

Figure 5-2 Crystal Dynamics (Courtesy, PCB
" ical char 1e deflection
matically illustrates the displacement of clectrical u‘hdlge due .lo l\d e

of the crystal lattice. The large circles represent silicon atoms an

> g a quartz crystal: .
ones represent oxygen of aq . . e
l‘:)gurc 5-2A illustrates the direct effect where the force s alp]')hed ! ‘gll
. : -¢s perpendicule it. ltis apparent,
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Py same deflection could be accomplished by a tension
producihg a transyerse effect. |
al or reprocessed form, 1s one of the
1
rials. Figure 5-2B shows an X-cut!
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CHAPTER 13
Sounds You cannot Hear

A trawler steams slowly back and forth about a mile
off the coast of England. After a few hours of sailing
this zig-zag course, a marker buoy is thrown over-
board and the ship makes its way back to port. The
wreck of a sunken ship has just been located by the
trawler, which is equipped with soNAR. Later, divers
will be sent down to have a look at the wreck and to
think out ways of raising it from the bottom of the
sea.

“Sonar” is a name put together from the phrase
“SOund NAvigation and Ranging.” It uses high-
frequency sound waves (0 measure ocean depths in
the way that was described on page 00. Besides
locating underwater objects such as sunken ships,
schools of fish, and enemy submarines, sonar is
helpful in navigation. Radar uses short radio waves
to locate objects in air or in space in much the same
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way. But radio waves do not pass through sea water,
while sound waves can do this easily.

Sonar is just one of the many uses that engincers
and scientists have found for ULTRASONIC sound,
which is often called ULTRASOUND. These are names
for sound that is too high in frequency to be heard.
The average person can hear sound waves that range
in frequency from about 20 to 18,000 vibrations per

"second. A dog can hear vibrations as high as 40,000,

and the hearing range of other animals goes even
higher. The waves used in sonar have a [requency of
around 25,000.

For most of the practical uses of ultrasound,
the waves have frequencies from about 20,000 to
1,000,000, although frequencies as high as 10,000,-
000,000 (ten thousand million) have been produced
in laboratories. Ordinary sound waves are usually a
few feet long, but ultrasonic waves are measured in
hundredths of an inch or less. The very short wave
lengths of ultrasounds make a great difference in
what they can do.

Vibrating strings, organ pipes, or loud-speakers are
useless for the production of ultrasounds because
they are much too slow. So special electrical instru-
ments had to be invented. One kind of ultrasound
generator uses a thin slice made from a crystal of a
glass-like mineral called quartz. The slice is held
between two flat pieces of metal connected to a
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The vibrating crystal sends out ultrasonic waves

special radio set. When the electric current surges
back and forth, it makes the crystal vibrate. The sides
of the crystal move in and out like the air in an organ
pipe, but at much higher frequencies. This movement
sets up waves of ultrasound in the air or other
surrounding material.

Ordinary sound waves usually spread out in all
directions, but ultrasonic waves, being much shorter,
can be sent out in a straight beam. This makes it
possible to pack a great amount of sound energy into
a small space. The high frequency also helps toward
putting out more energy.
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SOUNDS YOU CANNOT HEAR

An experimenting scientist attached a thin fibre to
a vibrating quartz crystal. On the end of this fibre he
placed a drop of oil, which was instamly changed into
a little cloud of mist. Snails and small fish could be
killed by putting the vibrating crystal into an
aquarium. These experiments were exciting stunts
when scientists first began to experiment with ultra-
sound about thirty years ago, but the really important
uses came later.

Today, ultrasonic waves are being put to work in
laboratories and in factories. If an ultrasound
generator is placed in a liquid, the waves move the
liquid back and forth hundreds of thousands of times
cach second. This causes materials to mix quickly or
to dissolve in liquids. Paint manufacturers use
ultrasound to do a better job of mixing and blending
colours. The companies that make film for your
camera find that mixing chemicals by the use of
sound waves will produce a more sensitive film.

A new, lightweight type of washing machine uses
ultrasonic waves to get clothes clean. Its special
ultrasound generator is put into a pail of soapy water
containing the soiled clothes. The sound waves drive
the soapsuds back and forth through the cloth so fast
that everything is soon clean. There is also a new kind
of dishwasher that works in much the same way.

A camera company is now using ultrasonic waves
for cleaning lenses. One machine can handle a
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thousand lenses an hour, taking the place of twenty
people using older cleaning methods.

Ultrasonic waves can shake a liquid so fast that
tiny holes form all through it. The liquid is actually
torn apart by this action. Almost as soon as these
holes are made, they fall together again. The result is
a powerful pounding action. In the dairy industry,
this is used for the double purpose of making
homogenized milk and sterilizing it at the same time.
If you look at some raw milk with a microscope, you
find that it is made up of little drops of butter fat
floating around in a watery liquid. In order to make
the milk easier to digest, these fat droplets may be
broken up by forcing the milk through very small
openings. The result is called homogenized milk.
When the ultrasonic method is used, the sound
waves not only break up the droplets but also kill the
germs in the milk by pounding them to pieces.

In a machine shop, ultrasound can be used for
cutting and drilling hard materials. The tool is a
shaped picce of metal attached directly to an ultra-
sonic generator. The part to be cut or engraved is
covered with a scouring paste, and the tip of the
vibrating tool is then touched to the paste at the spot
where the cutting is to be done. The powerful
ultrasonic waves that are set up in the paste will then
rub it back and forth to wear away the material at
that place. The tool itself never touches the work, and
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Ultrasonic flaw detection is used on the components of modern airliners

very little heat is produced. Holes of almost any
l shape can be cut in this way. Even the quartz-crystal

slices used in the ultrasonic generator itsell can be
made by the same method.

A new kind of dentist’s drill works in just this way.
Because there is scarcely any pressure or heat
developed, this drill is practically painless.

A kind of sonar can be used to find hidden cracks
deep inside metal machine parts. A beam of ultra-
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sonic waves sent into such a picce will be reflected
from the far side, and also from any flaw or crack in
the metal. The machine measures how long it takes
the waves to go in and bounce back, and from this it
tells how far they went. If, at a certain place, the
distance turns out to be smaller, the engineers know
that a crack is there. They can even tell exactly how
far it is below the surface. The sound-wave method
takes the place of the X-ray method, and it is safer
and easier to use.

- Further uses of ultrasound are being discovered all
the time. In one of the latest and cleverest, the ultra-
sonic waves act like a microscope that shows
scientists the parts of individual plant or animal cells.
The sample is put in a liquid through which ultrasonic
waves are passing. Then a tiny electrical heat detector
is moved back and forth over the sample. Wherever
the sample is thick, more heat is produced by the
waves. Wherever it is thin, there is less heat. The
electric currents from the detector are sent to a
television circuit; there they show a pattern of each
part of the cell, so that an actual picture of the cell
appears on the screen.
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Demonstrating the Ultrasonic Aid for the Blind in an Indusrria’{ Area
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