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CAPITULO |

ELECTRONICA BASICA

M. en C. Luis M. Hernéndez Ortega *

El objetivo del presente capitulo puede ser dividido en cuatro partes:

a. Revisar los fundamentos sobre los cuales se apoyan las aplicaciones

de la electronica a las comunicaciones.

b. Analizar en forma cualitativa las principales realizaciones de

circuitos electronicos empleados en el procesamiento de sefales.

c. Familiarizar al estudiante con los sistemas integrados disponibles,

con sus aplicaciones y sus limitaciones.

d. Poner en contacto al estudiante con la informacién proporcionada por
los fabricantes y con la contenida en la literatura periddica

especializada.

* Profesor Titular de Electrénica Divisién de Estudios Superiores
Facultad de Ingenieria U.N.A.M.
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1.1 CONCEPTOS

En esta seccion estudiaremos los aspcctos teoricos que definen al aw-iificador,
su modelo en funcidon de elementos ideales de circuitos eléctricos asi coro un
andlisis de los aspectos mas relevantes de los diversos tipos de ampiilicadores.

Hay que seifialar que en esta seccidn no se analizaren aspectos relativos a

potencia o eficiencia de los amplificadores.

T.1.1 FUNCION DEL AMPLIFICADOR

Se acostumbra definir al amplificador come un elemento que proporciona
'lganancia’’ de voltaje o corriente; (Es entonces un transformador elwuvador
un amplificador de voltaje?. Cual es entonces, la esencia de un amp:ificador,

la respuesta es:

GRANANCIA DE @C)’TE&)CJAJ

Teniendo en mente que la funcidn de un amplificador es incrementar un nival

de potencia pasaremos al siguiente tema.

1.7.2 EL AMPL!FICADOR COMO SISTEMA

Una concepcién elemental del amplificador como sistema se muestra en la

figura 1.1.1

Foente -
Sensor comicolada S Salida

o

Li .
Foanle
Inde 92:.xc£,£;1;;“c
-—"'h-&mn-J

Fig. 1.1.1




Para nuestro caso, el sensor y lc fuente controlada podradn ser de voitaje
o corriente, siendo la fuente independiente de voltaje en la mayorfa de los

casos. Podemos entonces considerar cuatro tipos basicos de amplificadores.

TiPO SENSOR FUENTE CONTROLADA
| Voltaje Voitaje
I Voltaje Corriente
(RN Corriente " Corriente
v Corriente Voltaje

Para analizar un amplificador en base a la teoria de circuitos, es necesario
(i) representar tanto el sensor como las fuentes por medio de elementos conocidos
en la teorfa de circuitos, a esta representacidén se ie conoce como MODELADO

DEL AMPLIFIiCADOR.

Los elcmentos ideales seran:

VOLTAJE CORRIENTE
SENSORES .
(K Vi
om0 o1

LA

FUENTES
CONTROLADAS

1 AN,

Fig. 1.1.2
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Las desviaciones de la idealidad estaradn representadas por elemcntos pasivos;

por ejemplo, para frecuencias tales que las partes imaginarias de las

impedancias sean despreciables, el modelo de un amplificador tipo i puede
ser:
A A AL
+ s LI i: L
Qs % m(jmTQ %&
Fuenie de Sensor Luenie €arga
Senal controlada ‘
t“l L3
En este caso
- r‘\. . . |
au = :——-—-—’Us R Llegamos al caso ideal
vfs-ﬁ \"&:
AT = US
ademas:
L= © %t S (7o
L - G+ B, Tendremos

A= Ao = JmV
o sea el caso ideal

de esta misma forma podemos analizar el comportamiento de un amplificador

real.

1.1.3  TEOREMAS BASICOS

En esta seccidOn formularemos algunos teoremas que facilitan granderwntc el

anilisis de circuitos eléctricos que contienen fuuntes controladas (o sea

en terminos de electrénica amplificadores).

A.- OPERACIONES CON FUENTES CONTROLADAS: Es conveniente el tener en

mente las diversas manipulaciones que pueden hacerse sobre una o

S



(varias) fuentes controladas a fin de simplificar el andlisis Ge un
cierto circuito. A fin de ejemplificar este tipo de manipulaciones

consideremos el siguiente circuito.

\}C.C
Ec
C—~ew
El modelo de sefal pequefia estard dado por:
O
'P-s
A
4 C\b U
4 b r% %M -3 e
Vs Re

- | U, ?EE

Ra = R, /R , U= Ve -7

Fig. 1.4.5

Podemos convertir la fuente controlada de corriente a una de voltaje en la

forma usual.

TR

%W\ rb (Vz 'U‘

52-& » 2e

Fig. 1.4.6



Si analizamos las definiciones de las variables encontraremos las siguientes (:)

relaciones:

gn (V;-V,) = @iy
io = ((¢+ 1) iy

pero:

por tanto la definicién de la fuente controlada estard dada por

gm¥Toho R - gnfo Vv

/AAOEE _./MV'.:
Pero esta Oltima ecuacidon puede representarse como un circuito de la forma:

ARE Ao O

- —W M Qﬁ

gm (V,=V,) ¥ 2

4+
M Ve
Y Ao Pe
by
’ Fig. 1.4.7

En esta forma podemos reacomodar el c.rcuito para facilitar ia aplicacion

de ecuaciones de mallas o nodos.

Mas aln,podemos hacer uso de dos hechos:
-Si substituimos por dos fuentes de voltaje identicas una fuente de
voltaje conectada a un circuito en paralelo podemos cortar la rama

central tal como se muestra en la figura 1.4.8.



1 v iy
—O)— * -~
+ N —O—&)—
o—_Q—__m r-—e e%uufale o A__i- !-I_ s
4

A\ .

.__JVVN——q N )
" 2

Fig. 1.4.8

- S, substituimos una fuente de coiriente por dos fuentes cu
ccrriente idénticas en serie podemos conectar el nodo entrc¢ las

dos fuentes a un nodo cualquiera del circuito.

(N
; i f
s
.=
EZ ‘2\ Q /U’Uq 1#4’4 T"L
rrrr
Fig. 1.4.9
Aplicando estas substituciones al circuito de 1a figura 1.4.7 podemos llegar
a transformar substancialmente el circuito.
B.~ TEOREMA DE THEVENIN PARA CinlUITOS ACTIVOS.
Un teorema que merece especial atencién,es el teorema de Theven:r,
\ vya que no puede aplicarse directamente a un circuito que contengs
<:/ fuentes controladas. Un ejemplo es el cdlculo de la impedancia de

salida de un amplificador con TBJ y resistencia en el emisor:

16



Si analizamos aplicando directamente Thevenin obtenemos <:>

lo cual es evidentemente incorrecto. Ahora bien, si reformulamos el

teorema de Thevenin en forma mas general como:

- Podemos substituir un circuite entre dos puntos, por una ruente (i}
de valor igual al voitaje de circuito abierto entre dichos puntos
Yy una resistencia en seric con dicha fuente igual al voltaje de

circuito abierto, dividido por la corriente de corto circuito.

Apiicando lo anterior al circuito de la figura 1.4.10 obtenemos:

n\)CA = Qs h F.»\ , fny Rs << ((w)??:
/‘U5

/(C.C. :((5*'\) (-_“+ ES

or tanto
P ? = T s
0 =

(o)

lo cual, si corresponde a la realidac.

Otros teoremas utiles son:

C.- TEOREMA DE LA SUBSTITUCION O

Una fuente controlada puede ser substituida por una concuctancia

1.3
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siempre y cuando:

- La ganancia de la fuente (A) sea real

La conductancia sea de valor A

El circuito sea lineal

La corriente que fluye a través de la fuente sea positiva con

respecto al voltaje entre ‘las terminales de la fuente.

Lo anterior se ilustra en la figura 1.4.11

. A
A —
Red :
Lineal -"\.r § A Qqu\ua\ea Lincal A mhos
£
Red |+ A oh
Red |+ + : cd ohws

Fig. 1.4.11

TEOREMA DE LA REDUCCION
En una red como la mostrada en la figura 1.1.12a los voltajes en

N1 Yy N2 permanecerdn sin alterarse al remover la fuente controlada

siempre y cuando:

a.- Cada impedancia en Nl y corriente en cada fuente de corriente en

N2 se divida entre 1+A

b.~ Cada impedancia en N2 corriente en cada fuente de corriente en

’Nl se multiplique por 1+A

L.38



A11\‘)4 +
b” % " *_<::> + \
Ny, G+ v | Nz
- 1

Fig. -1.1.12

El dual del teorema aplicard en la figura 1.1.12b.

~



O

1.2. El1 ampllflcador _Eerac1onal

Se denomlna Ampllflcador Operacional a un dispositivo ideal que

cumple las slgulentes caracteristicas:

Un circuito

1.2. l Nomenclatura del Ampllflcador Opcrac10na1.

Ganancia. de voltaje infinita. (Av + o).
Impedancia. de entrada infinito (r; = °°)

~~Impedancia. de salida cero (x> 0).

Ancho de banda infinito :
Excursi6n de voltaje de salida 51metr1co
“con respecto a tierra. .

NYO = 0 5i Vig = 0 o

Entrada dlferen01al _ ‘
que corresponde a estas espec1f1cac10nes es el nostrado

en la flgura 1.2.1.

’ 1‘. évc‘l‘ [

1020“1

A fln‘cb hablar

un mlsmo lenguaje al presentar los aspectos mas sobresallentes del
ampllflcadpr operacional, establecaremos tanto la sxmbologia como
la nomencléﬁura adecuada. El sfmbolo del A.O..se muestra en la fie
gura 1.2.2 y corresponde en sus terminales al circuito de-la- figurd
1.2.1. Elrnémbre que se le da a las entradas A y B‘(No inversora e

Inversora respectlvamente) se puede Justlflcar al anallzar la ecua=

cién 1.2.1.

A

L L



SIMBOLO DEL A. O.

? i
entrada Tnversora o ]

entrada Nolaversora
(o e ———

L

Fig. 1.2.2

Las entradas marcas +V y -V sirven para conectar el circuito &« las

fuentes externas de energia (polarizar el circuito); a continuacién

presentaremos algunas gJefiniciones éstas se encuentran referidas
a la figura 1.2.3
I
Vi o 3o
- ——
Vo
1
VNQ-_.L_'V
Fig. 1.2.3

CORRIENTE DE POLARIZACION I, + I,r es la corriente necesaria pa

1

RS A

ra polarizar los dispositivos de entrada, en el caso mas comfn, un

par acoplado por emisor como se muestra en la figura 1.2.4

V e
4 XTe, $L %Ir_z T___1._._—-_

RCQ 2(. 2 OWRBS
NOAS
F €T
s, Yo
P |
’UN O| G-‘!/
13‘ L f

— \
Mk,y_f \
=1I I =1I
en este caso IBl 1! B2 N
Fig. 1.2.4
OFFSET DE CORRIENTE I - I

OFFSET DE VOLTAJE. Es el voltaje que debe aplicarse a la entra-

da V,, - V_ para que v, = 0 (Este voltaje deberd ser suministrado por C)

N I 0
fuentes con iguales impedancias de salida generalmente 10 k

1.4
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IMPEDANCIA DE ENTRADA Z;, = %17 + Zn

2 .
donde Zp = VI
II YN = Q
2. = vN
N T
N v =0

generalmente se considera ZI = ZN

IMPEDANCIA DE SALIDA

v
Zo = Io
lo} Vo = 0

La razbn de definir Zo para voltajes de salida muy pequefios es con
el fin de minimizar los efectos del sistema interno de proteccibén con
tra exceso de corriente.
RELACION DE RECHAZO DE MODO COMUN: es el cambio en V debido a
un cambio simultaneo en VI Yy VN con VI = VN se denomina CMRR.
FRECUENCIA DE CORTE: Frecuencia a la cual la ganancia de volta-
je es 3db menor que su valor a frecuencia cero fedb

FRECUENCIA DE TRANSICION: frecuencia a la cual Av =1 fr

RAZON MAXIMA DE CAMBIO (Slew Rate): es la madxima variaci6n en el
tiempo de la senal de entrada (dvin } que puede seguir fielmente
dt

V_ . max
o

FRECUENCIA MAXIMA DE SALIDA: Es una combinacién de los paréme-
tros anteriores; por una excursifén simétrica del voltaje de salida

es igual a: fmax = RAZON MAXIMA DE CAMBIO
2l (Voltaje de Saturaciodn)

Cabe hacer notar que los pardmetros que definen la respuéesta del am

plificador operacional en el dominio de la frecuencia no solo depen
den del amplificador en si, sino también de los componentes pasivos

incluidos externamente para compensar el amplificador (ver curvas

caracteristicas en el apéndice A4).

DISMINUCION DE LA EXCURSION MAXIMA (Rcll Off): Este fenbSmeno
consiste en una limitacién (funcién de la frecuencia) a la excursié:
maxima del voltaje de salida o sea que el voltaje de saturacibn dis-

minuye con la frecuencia.

.Existen otros par@metros como son limitaciones miaximas, figuras de

ruido, etc. (ver apéndice A) pero dejaremos su consideracibn para €.

1 12
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Siliconix L1207

JFET
HATA0A
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5|

Inverting inverting
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— e | &

o Vee o
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Darlington
LM iis
SE 531

[y

~ Q
-~ Q;
&
I

|

L—- CHuet 3ust

¢ All values 125 €

NESIT
NES3 Schemane Diagram

SE531 Specifications

Input-bias curreat S0 rA(rau
Input-offset current ZWinA rmav
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CMRR 70 dB {mmy

Bipolars

Regular
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- ] L
00 S0 ant
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s
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T Ry
00 8
— b our
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,10 (24
o
Outout
S frequancy
compensation
| 01)
(-2 14
ol}
R,
1002
",
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4 b -

3709
#AT09 Schematic Diagram

BAT09 Specifications

fnput-biss current 560 nA (max)
Input-ofiset current. 200 nA tmay)
Input resistance 00 KO uayp
Stew 1an 0.25 V, us (typ)
CMRR T dB (nun)




momento de el estudio de aplicacicnes.

kn la figura 1.2.5 se presentan algunocs circuitos tipicos gue nos

muestran el estado del arte en A.0., monoliticos, en estos se pue-
=

den apreciar las relaciones que existen entre los diversos pardme-

tros y el diseno del amplificador.

1.2.3 Aplicaciones del Amplificador Operacional.

Debido a la gran versatilidad y al bajo costo del amplificador
operacional monolitico, se han implementado una gran variedad ce cir
Cuitos en base a amplificadores operacionales, en el apéndice B se
muestra una seleccién de circuitos que de ninguna manera precende
ser exhaustiva, sino mas bien, tiene el objetc de despertar .nguie-
tud respecto al enorme potencial de este circuito. En lo guc res-
ta de esta seccibn se analizardn algunos circuitos bé&sicos uentxro
del campo de la electrdnica directamente relacionado con las comuni-
caciones.,

amplificador inversor: Esta coneccibén se muestra en la figura
i 2.6

Re
-Tﬁ” S
Ve s Ve
Ak ht
Fig. 1.2.6
considerando que si Av+-w Ve T 0 (tierra virtual) y ademds que
ii is’ io (va que 2, +> o),
Podemos afirmar que:
. .V
ig = S
+
Rs Rl
. .V
i, = e}
R2 .
Por lo tanto
vo = Av = RZ
v R +R,
s s 1

)
Lo anterior seri vdlido siempre y cuando:

ii = ii (offset de corriente despreciable)

1.5

(}\



Ayo 2 donde A _ es la ganancia del amplificador en malla abier

() Rg+R; ta a la frecuencia de operacién.
Z_i+w
liR3 =0
R3 = (Rs + Rl) // R2 Para minimizar los efectos del offset de voltaje

Ejercicio: Demostrar que para esta conexién

+ R2 (considerando RS como parte de la fuente de

A+ 1 sefnal)
VO

r =r / %

T
Avo 1

Tim = Ry

En algunos casos se requieren ganancias 1 e impedancias de entrada
grandes, lo cual conduce a valores impracticos par R, por ejemplo
para obtener AV =100y ry, 1M ' se requiere R, 100 M para so-
lucionar este problema se puede recurrir a un circuito como el mostra

do en la figura ] .2.7

O

Fig. 1.2.7
Ry Ry
Ry Rys Rg
R3 = Ry //(R2 + R4//R5)

Para este circuito:
a, = _"2(R4+Rs
AMPLIFICADOR NO INVERSOR: En aplicaciones en las cuales no se

desee la inversifn de fase o0 se requiera alta impedancia de entrada

se puede emplear el circuito mostrado en la figura 1.2.8

RS = Rl//R2 para minimi-~

zar efectos de offset de

corriente.

A = R + R Fi 1..

¥4 1 2 lg' .
Hl




en este amplificador la resistencia de entrada es prédcticamente la
misma del amplificador operacional en si.
Una aplicaci6n importante se tiene para Rl+ ® Y Se conoce como se-

gulidor de voltaje (Av = 1), en este circuito (fig. 1.2.9)

Re
* A, =1
U; - ;i°° Ry = Rg para minimo
= 1 error por offset de co
ar rriente.
B
Fig. 1.2.9

Sus caracteristicas son:

- Mdxima impedancia de entrada

- Maximo ancho de banda
Sin embargo se deben tomar precauciones para no exceder los limites
en el voltaje comlin con respecto a tierra para nc caer en condicién
e encadenamiento por realimentacibn positivo (Latch up) de voltaje
elemental, pero en un buen punto de partida para analizar las deman
cas3 que la aplicacibn impone sobre las caracteristicas del A.O0. asi

como las posibles aplicaciones de este tipo de circuito.

Una combinacibn de ambas configuraciones nos da capacidad para sumar
algebr&icamente diversos voltajes en forma anal6gica por ejemplo el

circuito mostrado en la figura 1.2.10

R

9, &___W‘

¥s
AN——
R
LVF) °"—N\’ \
B3 <>
W4 _NV—-)‘V/ Mo
Bu ’j”

Wy

Re

Fig. 1.2.10



en este caso

Vo ==vy Bs v, B5 4y Ri//Ry + Ry R;//R, .
Ry R, R, /7R, Rg/7R, 7R,
+ v, Rl//22/+ Rg  R.//Rq
1//Ry  Rg//R3HR,

Cabe hacer notar que las impedancias para las entradas inversoras y
no inversoras son diferentes.

COMPARADOR DE VOLTAJE: En esta aplicacién hacemos uso de la al
ta gananciaen malla abierta de un A.0., para realizar una aproxima
cibn a la caracteristica ideal del comparador de voltaje mostrada
en la figura 1.2.11, esta grdfica corresponde a un comparador

Vret Vs
Fig V. 2.01

Una posible realizacién de un comparador se muestra en la figura
{.2.12 , en la cual la no linealidad se obtiene debido a la alta ga

nancia del A.O.

. zsz |
J ANA ¥ Vo

+ Qs‘ A

O , - 5 o

rvL Vee ¢ ar & v R., =R

sl s2

Fig. 1.2.12

La curva de transferencia de este circuito sera



erk
Qg VT V2
. .. . D o-
N6tese que el voltaje de salida estd limitado mediante un dioco Z
h ] > 3 - '6n
ner, para evitar que no excurslone entre los limites de saturacil
del A.O. Cabe hacer gque este circuito funcionar4d en forma adecuada

soli si el A.O. tiene limitacibn interna de corriente.

Aungue en el mercado existen circuitos construidos "ex-profesc" co-
mo comparadores, en muchas aplicaciones sobre todo de baja frecuen-
cia el A.0. puede desempenar un buen papel si observamos las siguien

tes reglas:

- Minimizar offset de voltaje y de corriente y tiempo de
. respuesta.

- Proporcioconar una sobre excitacibén al comandar el compa-
rador.

- Escoger un A.0O. sin ccmpensacibn interna de frecuencia.

- Reducir la capacitancia parésita, tanto en Dl COMoO entre
terminales.

Es evidente que el material presentado no es exhaustivo en lo gue
se refiere a la presentacidén de las potencialidades del A.0. como
amplificador, sugerimos consultar el Apéndice B donde se comentan
aplicaciones de otro tipo de A.0., asi como las referencias especial

mente los editados por Burr y Brown y Harris Semiconductors.
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1.3 Osciladores

1.3.1 Fundamentos tebricos: La base para el andlisis sencillo de
osciladores construidos en base a amplificadores operacionales se

encuentra en la teoria de sistemas realimentados. Para el caso de

sistemas electrb6nicos convencionales un modelo ideal seria como el

mostrado en la figura 1.3.1

. N Se Pls) (
S‘- QCs) " Av 50
SRR

RCs)
TCs)

Figura 1.3.1

En este modelo:

P(s), Q(s), R(s) y T(s) son polinomios en S (s=jw) AD u AR son
amplificadores ideales unilaterales si Ap 0 tendremos realimenta-
cibn negativa, si Ap 0 tendremos realimentacifén positiva.

La expresidn que relaciona Si (s) y Sc(s) estar& dada poi:

54 (s) = AD P(s)
Si(s) Q(s) ec. 1.3.1
1+ A_A. P(s) R(s)
R'D 5(s) T(s)

Debemos estar conscientes que el sistema caracterizado por 1la
ecuacibn 1.3.1 es una representacidén idealizada de un amplificador
real, no el amplificador o sistema electrfnico que tenemos entre manos,
el cual carecer& de alguno de los elementos mostrados en la figura -
1.3.1 y estard integrado por bloques que no corresponderdn a la des
cripci6n ideal de los mismos, sin embargo la representacibén ideali-
zada nos ayudard a establccer criterios sencillos para el discno,
asi como a visualizar racionalmente los efectos que sobre la respucs
ta prevista tendrdn las desviaciones de la idealidad de los elemen-

tos constituyentes del sistema.

Osciladores: Una forma intuitiva de considerar un oscilador nos -

llevaria a pensarlo como un sistema que tiene como salida una sefial

! i o Yo'



senoidal estable en amplitud y en frecuencia, y cuya entrada es nu-
la. Es evidente que dicho sistema es irrealizable, sin embargo, si

consideramos el denominador de la ecuacibn 1.3.1 podemos obsezvar -

que si:
A_A P(s) R(s)
D -1 ec. 1.3.2
Y e Te)
entonces S,(s) »
§; (s)
Como s = jw lo anterior solo se cumplir& para ciertos va.ores de

W, que mediante una seleccidn adecuada pueden ser reducidos a uno so
lo. Lo senalado en la ecuacién 1.3.2 se denomina criterio de - - -
Barkhausen para osciladores.

Antes de proceder al andlisis de circuitos electrbnicos gue cum-
plan con este criterio pasaremos a plantear algunos problemas de or-
den préctico inherentes a la implemcntacidén del sistema: ’

a) Es imposible mantener en forma estable un sistema que cumpla

con la ecuacidn 1.3.2 en forma exacta, esto se ilustra en la
figura 1.3.2 mediante la representacibén del lugar geométrico

de las rva\ceS (root Locus)
, \w

)
Estabilidad Inestabilidad

hY4
A
0

-

N/,
A
<0

Oscilacién estable.

‘§/////’ _Figura 1.3.2

P, Y P, muestran la localizacibébn de los polos del sistema

(valores que satisfacen el criterio de Barkhausen) para os-
cilacidén estable, debido a que tanto , como jw dependen de
parédmetros del sistema (resistencia, capacitancia, ganancia,
etc.) y éstos se ven afectados por condiciones ambientales,
es prdcticamente imposible el mantenerlos con =0 lo cual a
su vez llevari a nuestro sistema a no oscilar o a hacerlo en
forma destructiva. La solucibén mas comlnmente empleada es

sit@ar los polos cong>0 e introducir en el circuito(normal-

i b2

O
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@

mente estd pfesente) una no-linealidad que limite (sature).
La amplitud de la senal de salida; lo dificil serd el. hacer-
10 sin que se introduzca distorsibn apreciable en la senal
de salida.

b) Dado que el mecanismo de arranque del oscilador serd la pre
sencia de seilales generadas internamente en los dispositivos
(ruido), la naturaleza de las funciones de S debe ser tal due
proporcione buena selectividad para reducir la distorsifén ar

ménica total, lo anterior se ilustra en la flgura 1.3.3

|
W Ut jo? /\/\ ;o
ot |

P4

< |
e\

iy
A

Figura 1.3.3
c) Deberd buscarse una mixima estabilidad en los componentes
que fijan tanto la amplitud como la frecuencia de oscilaci6n.

1.3.2 Aplicaciones: En esta seccibn analizaremos los pasos segui-

dos para llegar a la realizacibn pré&ctica de un oscilador co:struido
en base a un amplificador Operacional. Comenzaremos por analizar un
circuito denominado oscilador por puente de Wien, el cual se muestra
en la figura 1.3.4. Nuestro primer objetivo sera el determiiar el
valor de A necesario para que el circuito oscile

e

Eg _L
M Cy
g_J T Ve 4 AN? A'UC —O'U
L—4F—q' é% °
Ce

Figura 1.3.4

Suponiendo el amplificador ideal:

= Aye

vV, =V 2 donde:



1 Jwey
R 1 )
) Z, = 2 jwe o = Ry '
R, + 1 . jWR‘Zcz;:‘i' 1
jWCz
Si Rg =R, =R yCy =Cy=C

(o}
(jwRC +°1) (R+ 1 + R )
’ D -.jwc FWRC+1
= v R

o , :
jwr?c + R + JwrCtl . ¢
< JjwC
= V4 1
R+2 + j(wRC - _1)
weC

Analizando el circuito como un sistema realimentado obtenemos lo

mostrado en la figura 1.3.5

Z2
?\‘ﬂ‘ ?2

. Figura 1.3.5

© ' De acuerdo con el ériterio de Barkhausen tendremos osciliacibn

cuando:
- RAZy - g - ‘ -
Z1+¥Z, -
O sea cuando 3
A I_:Bfﬁﬁa =R j;c/+kl+?wRC

Suponiendo 1 + JWRC # 0
AR = R(1 +,jWRC) + ii%%%g + R

_ S T
= 3R + jwR'C we

igualando partes reales e imaginarias

para la parte Real AR = 3 R



A =3

para la parte imaginaria

= wR%c - 1_
0 = WR™C wC
w2R2C2 =1

RC 2IIRC

La realizaci6n de este oscilador es muy sencilla y se muestra en 1

W =

la figura 1.3.6

SKLL
- 4ke 4
”L ﬁNﬁ -
g 341 )
;t//’///’f Ve
n
‘ WA
; i VK& o uF £ = 1.6KH,
Ik - o.bMF

;E; Figura 1.3.6

El potencifmetro deberd ajustarse para obtener midxima purcza de
la senal.

Un problema de este circuito es la necesidad de efectuar ajustes
en el potencibmetro, para evitar ¢l problema se puede substicu.r la
resistencia variable por una combinacibén de datos y resistencias co-
mo la mostrada en la figura‘l.3.7, en este circuito, el valcs de la
resistencia entre los puntos A y B variard dependiendo del voltaje

Napp tal como se muestra en la grédfica

B I

P—AWW—

71
:
NPN i

L__;Q___/\/t'/v——i .

Figura 1.3.7



Podemos inclusive alterar los puntos en los cuales cambia el
valor de la resistencia y por tanto controlar la amplitud dei Vol-

taje de Salida. !

Otra manera de limitar la amplitud de salida y hacer més esta-

ble el oscilador es mediante un JFET conectado como resistencia va-

riable tal como se muestra en la figura 1.3.8

RS
g, —
A\~

,f!:“‘__j,___ *

Vo

¥ 6

N
Y

. .

Figura 1.3.8

Cz:)l‘; Bz
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1.4 Filtros Activos.

1.4.1 Introduccién: La teorfa de los filtros activos tambiéa se

apoya en la teoria de sistemas, mas ain, es la misma teoria mediante
la cual se estudia el comportamiento en el dominio de la frecuencia
de circuitos R-L-C, no es por tanto, nada "nuevo" dentro del campo
técnico. La novedad del filtro activo se basa en los siguientes he
chos:

a) Se dispone de buenas aproximaciones al Amplificador ideal a

muy bajo costo.

b} Es dificil trabajar con inductores a bajas frecuencias.

c) Es mas barato trabajar resistencias y capacitores que con

inductores en circuitos integrados hibridos.

d) Los filtros pasivos de"alto orden" producen en general gran

atenuacibn de la senal.

En resumen: Mediante el empleo de Amplificadores, resistencias y
capacitores se pueden implementar redes selectivas que en c@ertos ca
sos son mas econfmicas y flexibles que los filtros tradicionales.

A continuacibn presentaremos los principales tipos de redes selec
tivas implementada mediante algGn tipo de red activa. Esta presenta-
cién tiene el fin de ilustrar los principios bésicos de la sintetiza-
cién de filtros mediante elementos activos. Para un andlisis mas ex-
haustivo referimos al lector a las referencias incluidas al final de

la seccibn.

1.4.2 Filtros Paso Bajas: Un filtro activo paso bajas presenta la

siguiente caracteristica

A
A .
' 2~ caraeridiey \deat
ORAA —| — - -~
ar caractencticy real
Randa_ fo Bk ¥
-— 355 rchezo | Fig. 1.4.1

La caracteristica mostrada en la figura 1.4.1 puede aproximarse

1. 26



mediante una funcibn de segundo orden de la forma:

 H(s) = A ec. 1.4.1

: +
Lo azs + alS 1

Una realizacibn de esta funcibn (Debida a Sallen y Key) se muestra

en la figura 1.4.2

Fig. 1.:.2
Los paré@metros de la ecuacidn 1l.4.1 correspondientes al circuitc
mostrado en la figﬁra 1.4.2 son:

A=1+ =2

Dependiendo de la posicidén de los polos del sistema en el plano
complejo podemos detener diferentes tipos de respuesta en el dominio
de la frecuencia; por ejemplo una caracteristica de Bando de paso
plana se obtiene si los polos estan en un circulo en el semplano iz-
quierdo (Filtro Butierworth) cuya caracteristica se muestra para n=2
y n=4¢

A §

ol Y

Fig. 1.4.3

O



Zjemplos de Graficas empleadas para la obtencifn de
correspondientes a Rl’RZ' R3,Cl Yy C, se encuentran en el apéndice -

O

los valores

(graficas tomadas del libro "Manual of Active Filter Design" por J.

L. Hilburn y D.E. Johnson Ed. Mc.Graw Hill).

Otra realizacibn de una caracteristica Maximamente plana es la

mostrada en la figura 1.4.4

Para este circuito:

_ R R
Cl = "1 +2
2 RlewC
O C2= 2
(R1 + Rz)wc

1l en la banda de
paso.

Av=

Fig. 1.4.4

R1 Y R2 se escogerén en funcién de las caracteristicas del ampli-

ficador operacional.

Otra caracteristica comin en filtros es la de Chebyshev, gue pre-

senta mejores caracteristicas de corte.
Buttherworth) pero a costa de tener una banda de paso con rizado.

(M mayor que en el tipo - -

La

gr&fica de este tipo de filtro se muestra en la figura 1.4.5

H{jw)
K
03k
. k
H(jw) =
2.2 w
v e Cy ﬁé

L?

— e ey = -
» .

Icenal de m2sdo (wmedido endb)

Fig. 1.4.5

donde € <= una constante relacionada con el rizado y Cn es un polino-

mio de Chbyshev de primera clase y orden n (ver ejemplo de curvas pa
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re disefic en el apéndice C). Finalmente, un filtro cuya variaci®a
ae fase es lineal con la frecuencia puede obtenerse si en la figura

1.4.4 hacemos:
S U . - 3
1 3 Rlewc 2 (Rl * Rz?wc

En el apéndice C se presentan familias para calcular los valores

de los elementos en funcidén de los paré@metros del circuito.

1.4.3 Filtro paso Altas: La caracteristica de éste se muestra en la

figura 1.4.7

Banda
o de ol Banda de Pago
fechazo

-
2- carcac\er stica ce:
OAA oo . FLsvica c’o\

:42——- Cacacleristica 1deal

Fig. 1.4.7
también en este tipo de filtros tendremos los casos de respuesta -
Butterworth, Chbyschev y fase lineal siendo 1las configuraciones las

duales de la seccién 1.4.2.
La funcibén de transferencia estari dada por (caso de segundo or

den) . 5
H(s) = 2+aAz+a
S 1 o
La realizacién de Sallen y Key es:

AN

°

Lol ]
<
A

Fig. 1.4.8

Para la realizacid6n de la figura 1.4.8
A=1+ g ‘
R

-



O

1 2 - Ry
R2C RlR3C

b = m—io—
RlRZC

En z1 apéndice C se muestran las f6rmulas para el cdlculo de los
elementos asi como ejemplos de las gr&ficas auxiliares mencionadas
en la seccibn 1.4.2.

Otra realizacién de la caracteristica Butterworth se muestra en

la figura 1.4.9

3
—A\DN .
C, C2 -
. o l——1 M Yo
s hd
niv Ra

Fig. 1.4.9
Este circuito funcionar& también para el caso de respuesta de
cambio de fase lineal con las mismas f6rmulas que corresponden a
la figura 1.4.4. '

1.4.4 TIiltros Pasa Banda: Este tipo de circuitos permiten el paso

de senales comprendidas entre dos frecuencias dadas, tal como se -
muestra en la figura 1.4.10. Existen esencialmente dos técnicas pa
ra la realizacibn de estos filtros, dependiendo del ancho de la ban
da de paso.

A . :
O3FA |- e i aneannn

‘ .

|

|

3 ; =y
B:?;\da fA %c ('1_3_’ &Z.-;da '?
rechazo Bsnda e Paso techa o

Fig. 1.4.10
51 B = fE - fA es grande podemos conectar en cascada dos filtros
2n la forma mostrada en la figura 1.4.10.



Vv-
S““"‘""

—T

Si B es pequerpio,

centrado en fc Una

taria dada por:
H(s)

Para este caso A

Q

La realizacién de esta funcibn, propuesta por Kerwin
figura 1.4.12, esta realizacibn es adecuada para

5€ muestra en la
Q < 4.

1f- i : 7 x :
iltro Paso | filtro Paso
Bajas g . Altas F———m»
£. = %y 1 £, = £, ~J Vo
Fig. 1.4.11

la solucién serd& un circuito de tipo resonante

aproximacién de segundo orden para este caso es

- ks
T2
s +Bs+w
=E
B
\
= _c
B vidad del £iltro)

c—= Y
T ] 3%
77
_ A 2 . 2
K= Re We T RZCH?
B = 4-A A =1+ R}
RC R,

rara obtener filtros con Q > 5 podemos recurrir a un ci:cuito :

Fig.

Y

Ve

o

1.4.12

mGltiple realimentacién como el mostrado en la figura 1.4.13

C
'T—'\{ ]
é"’c
E\ C (
4 i -
1) L o
+ 4%
=e. 3
7707 Fig. 1.4.13

y huelsman

(Q factor de merito gue indica la selecti-



En este circuito existird un defasamiento de 180°entre v, Y v,
debido a la conexibn inversora del A.0. los pardmetros del circuito

est&n dados por:

K== 1 B= 2
‘ Rlc R3C
wi=_1 1+ __
R3C R1 R2

Existe una gran variedad de realizaciones aparte de las presen-
tadas como son filtros de variable de estado de realimentacidén posi-
tiva, bicuadréticos etc. Sin embargo aunque no han sido presentados
en este curso, el disenador interesado puede referirse a la literatu-
ra especializada para encontrar la teoria adecuada a estas y otras
aplicaciones de redes RC en conjuncién con A.O.

Finalmente, en el apéndice B hemos incluido otros circuitos y
sus correspondientes férmulas de diseno, sugerimos estudien y traten
de realizar algunos de estos circuitos a fin de ganar familiaridad
con nuevas configuraciones y con las limitaciones que éstas imponen

sobre los elementos activos empleados.



1.5 Circuitos Digitale..

Existen aplicaciones en las cuales por necedidad o convenicncic oo

AL

niero en comunicaciocnes tiene que tomar en cuenta algin procedimiantc o
les digitales en su sistema; es nuestra intencidn en esta parce del cagsic
el sefalar las principales caracteristicas tanto de las familias comc de
nos elementos de dichas familias que scn de especial importancia en lcs s

mas de comunicaciones.

1.5.1 COMPARACION DE FAMILIAS LOGICAS:

A.,— Puntos de Comparacion, Existe una inTinida.i .. Gl

si tomamos en cuenta los de cada uno de los integrantes de una ciertc 7 .mil

ldgica, sin embargo existen algunos que son especialmente relevantes e. d

fio global del sistema cuyo disefio se esté considerando.

Los paréametros de comparacidn mas aceptados son:

a.— Consumo de potencia: Dado lo extensivo que puecc war

sistema digital, es muy importante el consumo de potercis

cada uno de los elementos que lo integran, ya gue afccunrd

ist

[@

ise-—

TS

g2 -

granaemente el diseno de otros subsistemas, por egempic, fuen-
te de poder, Bastidor e incluso el local en gue se instale el _
equipo,

b.- Fanout: Nos indica cuantos elementos 1légicos purcen co-—
nectarse a la salida de cada uno de dichos elementos. Lsio es
si un elemento tiene Fanout de 10, se podrén conectar 0 sle--—
mentos de la misma familia a su salida.

C.- Margen de Ruido: Es una medida de la inmunidaa de los —-
miembros de la familia a sefales erpureas, este par® . Iro pul
de ser de capital importancia en ambientes electricome nte rui-
dosos electricamente hablando.

d.- Velocidad y :Retraso de propagacion: Son dos pain.netiros_ <:>

intimamente relacionados gue nos dan ildea de la rapice. con ——



‘gue cambia el estado 16gico a la salida de un elemento, con —

respecto a la variacién en su salida.

Otros clementos de juicio ‘que puedenvayUdér a seleccionar la familia 16
gica adecuada pueden ser:

- disponibiliaéd en el mercado

- variedad de elementos ]

, ';F(aenSidad“Qé élemeﬁtos'indiViduales por "paquete"
- .Pompatibigﬁqad con las fuentes de poder disponibles en el
sistema

‘= Rango de .operacidn con respecto a variaciones ambientales
- ﬁ§eci1iez de manejo etc...

Pes

B.~ Familias Ldgicas

Las familias mas comunes son:

¢ . TIL -Légica +  Transistor-transitor-
ECL Ldégica. Acoplado por Emisor
CMOS 'Légica MOS  Complemetaria
DTLZX”Lééicav Transistor—diodo
RTL LéQiqa Resistencia-transistor

WTL L6gica  De Alto Nivel
De estas familias las mas empleadas son las tres primeras. -
/Cabeihacer nofar‘que existe gran variedad de elementos prove—
nientes de la tecnoldgica 05 (metal oxido semicoqduppoy), pe-
ro dado que su uso es especilizado, en circuitos de'altg deﬁéi
dad (L.S.I.), comé son, memorias, microprocesadores etc., no —

los analizaremos como. "familia ldgica".

PR

C.~ Comparacién entre familias ldégicas

TTL

Circuito basico - AND

Fanout tipico - 10

34

e a
[
4



Polarizacidn - 5V + 10%

Margen de ruida - Bueno IV <:>
Costo - Bajo
Disponibilidad - Amplia

En lo que respecta a la velocidaa y consumo e potencia, tene-

mos que diferenciar entre “subfamilias" T T L

Consumao por retraso Frecuencia
compuerta por mexLni
compuerta ce operacidn
T T L Standar 12mYi 10 nS 35 Wiz
T T L Alta Velocidad 22mV/ 6 nS 50 ¥z
T T L Schottky 19mW 3 nS 125 V'1z
TTL baja potencia TmW 33 nS 3 VAz
T T L Schottky baja potencia ZmV 9 nS 45 Mz
El circuito de una compuerta NAND TTL Standar sc muestra cn la Tijura - <:>
4k ek %\30&
—
(o

I

ﬁ; ICQ\ fiz. L:;
c=AB [
E; LK

Fig. 1.5.1

CW0S

‘
att——

Circuito bésico NAND & NDA



El circuito tfpico de un inversor CW0S se mugstraen e figura 1.5.2

[ |
v

-Fanout tipico
Polarizacidn

_Margen de ruido

/7 A

Costo e,

Disponibilidad

Consumo por compuerta ,

1
A

Retrazo por compuerta. -

Frecuencia mdxima de
Operacidn ‘

'

$

S0

3 a 1BV _ L

muy bueno 30 a 45’70'; de la
polarizacidn

mediano. ‘

) p‘édueﬁ'a‘
0.01 mWW estdtico:

1 mi 4 MHZ
70 nS
S‘MHZ

- H

ng

MOS. canal. P

_ Figura 1.5.2

Circuito bdsico
Fanout. tipico
Polarizacidn
Margen: de ruido:
Costor
' Disponibilidad
GénsumOrpor compuerta.
Aetraso por compuerta

Frecuencia maxima: de -
operacidn

OR y NER"

25 {10’ en lds de: mas: altar velocidzdy.

5.2V + 10%
pobré g.sv

Alxo

Casi nula:

22 @ 60 mW mas Tav carge.
4 a 1 nSey

70 a: 408. NHZ



1'5.3

T

>
220 °

245 %‘q? ’ ,i,,_P _?.:
l O —\.
1

.

C=A+B

3
é’-“‘*’}~ Oz A+3
1

Fig. 1.5.

Las restantes familias 1ldgicas son de popularidad decreciente ¢ 2.:c..ca

excepto HTL cuya alta inmunidad al ruido (% S V) la hace muy descable on cir-
cuitos industriales de control.

1.9.2 DEFINICION DE LOS ELFEMENTOS LOGICOS.

A continuacidén presentamos un resumen de las definiciones de los ol ———~

mentos mas empleados en comunicaciones

El circuito tipico de una compuert:, OR y NOR se muesira en la firura —

O



A.- COMPUERTAS -

oy . . —

'S il tMiB O L 10 - TA3LA DE U INGMBRE Y-
tVERDAD FUNCION

AN

AAamB 1) .

LA A T o WBgics)
11 % Y g A o+
T Ya 0 1 " oR
. C -1 0 . '
- 150 0 "{(o "‘yl?”é_gi:covnegado)
. 10 Cm KB
60 0 AND
1 0
1o 0 fty 1gico)
(A I © =N
\, ’ 0 1 INAND
1.1 {by. "égico .ncgado)
. i.o 0 1 e B E
P10 v =R B

0 0 “iExelusive OR

fo 18gico exclusive)
vyt

= 3)
-
-—nbd

o

o
S

T , T 10 € = (A * R3
R - . L =AOB

0 1 “ HINVERSOR

170 ' o . B=F




Teorema de Morgan: Un teorema que es especialmente dtil para schstitulce

compuertas AND por OR y viceversa es el teorema de Norgan, el cual pare cos va

riables indica que

g —

AsB = A+B8

5.~ Circuitos Biestables son elementos cuya szlic - no depende uni amen-—

te del estado actual de las variables de entrada, sino también del esta

do anterior del circuito, o sea que en cierta forma tienen "memcr a", a

continuacidn presentamos las tablas de verdad de los blcstables ('Lip._

Flops) mas usuales.

a.- Biestable J-K Flanco positovo (preset y clear)

H

P C CLK J K q integracdo tipic

L H X X X H 7470

H L X X X L

L L X X X inestable

H H ¢ L L Qq

H H t H L H

H H t L H L

H H § H H Toggle (comsia —c est = con CLK)
H H L X X Qo

indica indiferencia al estado ldgico presente en esa entruda

indica cambio en la transicidén O --1 de la variable légica presente
en la terminal

equivale a"1"*

equivale a Q"

b.- Biestable J-K Maestro-Esclavc (preset)

p CIK J K Q irlcgraco tipico
L X X X H
H I L L Q v
H - H L H
H L H L
I i .
H FW H H Toggle



indica que J y K deben permanecer constantes durante el peric o al-
to de la variable, y que la salida cambiard con el flanco de caida -
de 1 a 0 de dicha variable

¢.- Biestables RS Maestro esclavo (prest y clear)
P C ClK S R Q integrado tipico
L H X X X H
H L X X X L 724 L N
L L X X X inestable
H H M L L Qo
H H Sy H L H
H Ho == L H L
H H N H indeterminada

d.~ Biestable tipo D flanco positivo (preset y clear)

CIK 0 Q

H integrado tipico
L 74 74
inestable

H

L

QD

I I * ¢ T

I T I rCrrr o
r > ¥ x x X

X M I X X X

Existen otros tipos de circuitos biestales, sin embargo su operacién es

similar a los descritos anteriormente.

C.- Registros de corrimiento

Un registro de corrimientos es una serie encadenada de biestales - - -
(<, RS 6 D) tal que un nivel ldégico presentado a la entrada de ragistrc
es transferido de un biestable a otro de acuerdo a 1las variaciores dal

reloj tal como se muest a en la figura 1.5.4
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Implementacidén de un registro de corrimiento(74164)
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d? indica que la entrada sera activada en ia transicion
1«0 del nivel 1ldégico correspondiente
La aplicacion de regisiros de corrimiento como el ﬁostradc,
va desde itransformaciones Serie < Paralelo de palabras digl
tales ,nasta memorias de acceso seriado de 16 Kbits realize

das en tecnologia il0S.

1.4



1.6 CONVIRTIDORES

\.6.1 OPERACION ELEMENTAL DE UN SISTEMA ELECTRONICO
El concepto general de un sistema electronico corresponde al diagrama e

bloques que se muestra en la figura 1.G.1.

l Informacion f"_%_ Procesamiento | Accidn )
|

4 }

‘ —

! . — ' Ilndica un flujo que
Yo e Procesamiento adibandiie i o

puede o0 no existir

Figura 1.G.1.

En este diagrama se presenta la siguiente idea: El mu.co §fisico nos proporciona
la informacidén necesaria para poder decidir el curso de accidén mas adecuaco,
esta accion puede o no generar modificaciocnes a la informacion originai, en
a’gunos casos (sistema retroalimentado) esta modificacidon a la informacidn
original deberd tomarse en cuenta para modificar el curso de accidn. Lo

anterior puede aclararse mediante un ejemplo.

Ejemplo 1.6.1. Si se desca un sistema que permita conocer la altura a la cua.
se encuentra un avior, podemos obtener la informacidn de altura a partir de

la presiOn atmosférica absoluta, hacer que esta presidn varie la resistividac
de un cicrto solido, detectar cste cambio transformandolo a un voliaje
mcdiante un puente de¢ wheatstone, convertir este voltaje a corriente y
finalmente darle significadoc fisico meaiante un galvanomeiro y una escaia

<:> convenientemente graduada;

1.42
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Figura 1.6.2

Podemos dividir el sistema en tres grandes bloques

1= Captacidn de la informacidon y codificacién de ésta en la variacidn de un
parametro eléctrico.

2= Procesamiento del parametro eléctrico y transformaciones de éste a otros
parametros.

3= Decodificacidon de la informacion en forma Gtil al usuario (o al sistema

dependiente del sistema en cuestién).

Nos interesa a nosotros la codificacidén y las transformagiones que esta

codificacion experimenta como parte de la operacion del sistema.

1.5.2- CODIFICACION DE INFORMACION EN SENALES ELECTRICAS

Nos centraremos en el estudio de las alternativas que existen para couivicar
una cierta informacion, obtenida mediante un transductor adecuado, en una

sefial eléctrica, de modo tal, que su procesamiento posterior sea lo mas
eficiente posible. '

Se presentan a primera vista tres alternativas (1):

= Codificar la sefal mediante la variacidon de la magnitud dei parametro
electrico (carga, corriente o voltaje), por ejemplo la seial de AN
(amplitud modulada) empleada en radiodifuséras; a esta forma de

{. 43



codificacion se le denomina Analbdgica, hay que hacer ¢nfasis en que la - <:>

informacion estd contenida en la magnitud del parametro eléctrico como se

muestra en la figura 1.6.3

4

o :3 SENALES CODIFICADAS ANALOGICAMENTE
! A A PN
; ’ /.‘ “ ’. v— ‘.\ ‘.' Iﬁ ('\ll ?“ E]\ ;-\E \n -.‘
'1, z'. o ".__._‘.'-}3”;;_,._
! N i v
Salida de un ¢ Corriente circulando para una

H 3 . na =Rl i)
micrciono de cristal ante (serai de A4,

3

M J'L,—Lﬂjv

Salida de un detector de video CCD

(Charge conpled devices)

Figura 1.6.3

2- Codificar en la relacidn temporal existente entre dos caracteristicas
cualquiera de la seial eléctrica; por ejemplo: Frecuencia de la senal,
Ancho de un pulso, posicidn de un pulso etc. Es evidente que en este
tipo de codificacidn, al no intervenir la magnitud de- la variable, es

menos sensible al efecto aditivo del ruido.

SENALES CODIFICADAS TEMPORALMENTE

A. &
J\ \ i v a5
] VY \\J \. ¢ U L

Corriente en una antena l Salida de un modulador PP M <:>

( schal deFM)

[ SO,




(:) 3- Codificar la sefal digitalmente o sea asigndndole un ndmero, ya sca este
mediante el nimero de veces que 'una cierta seiial discreta se encucntre
prescnte en un. intervalo de tiempo dado, o directamente como una cifra
(generalmente expresada en forma binaria) ya sea esta en forma serie

' (n digitos en una linea) o en paralelo (n lTneas); este tipo dc
codificacion es la que posee mayor inmunidad al ruido, siempre y cuando
su amplitud no sea comparable a la sefial deseada; mas aln, este tipo de
codificacidén es suceptible de ser procesada a fin de anadir sedundancia

con el fin de poder recuperar informacidn perdida en proceso de

transmision

SENALES CODIFICADAS DIGITALMENTE
bms = bit menos significativo

Uy BMS = bit mas significativo

REshial iy

palabra digital serie de cuairo bits

A
l pa.abra digital paralela

=

. o-
W -(1 -‘-

iy 2

. |Figura 1.£.5.
L K_L.,. o )

\ r 3

de cuatr6 bits
s
oS
1. € =
8.6.3 CONVERTIDORES DE TIPO DE CODIFICACION
Al plantear un sistema electrénico de$de el punto de vista de la adquisicidn,
procesamﬁento y presentacidn o utilizacién de la informacidn acerca de un

. - - ! . . . -
<:\ cierto fenpmeno fisico, nos encontramos entre la necesidad de incluir varios
/ i

tipos de'codificacién; por ejemplo, para adquirir informacion la codificacicn



analég{cg{es la mas ususal (debido a que la mayor parte de los tran.:
codificaﬁ la variable fisica en forma analégica (2,2), sin embargo'péra <:>
procesamicntos que involucran una extensa manipulacidén de la informacidn, ia
codificacion digital es la solucidn mas adecuada. A continuacidn se precscntar
ejemplos en el cual se muestran los cambios de codificacion que una informacion

sufre al pasar por un cierto sistema electrdnico de medicidén y uno de ccatrol.

b=~

Ejemplo 1.6.2 Medidor de intensidad luminosa, L_ ool

"n

P
[

intensidad ! Celda ! voltaje {_&onvertidor frec. ] -
: i convpuerta L.

}
| . 1 . v
fotovoltaica f—(Analégicaf\ voltaje a | (temporal) | L
| :
i

Luminosa

frecuencia i

1
H
f
i
¢

e A ——— e

| | PAwsgRA | \
DISPLAY I PomnLcio C e
H NP OTTh
NUMERZ\Co = tc“”QDQLz .
l (viainL J {uiaTAaL)
[ —
Ejemplo 1.6.3 Control dugnta] de Pusic.:dn Angular &)
Consola | . . ; e - .-
Palabra paralelo_|convertidor | voltaje. vololje MOTor | LS540
de {digital) digital Janaldgico sumadorr analdgico; '
Control g glte ¥ s ' ai S I :
analdgico | ‘ , r———-ﬂ :
{ voltaje | i ’
LS ! Potenciometro L .
anaidgico —

| O

Ab

jo.



-

En este ejmplo el sumador puede ser digital y el potenciametro substituirse

<:> por una rueda codificada, realizando en este caso la conversion digital

analégica antes del servo motor.

§. 6.4 SISTEMAS CONVERTIDORES DE TIPO DE COD!FICACION
En la seccidn V.6.3se pone de manifiesto la necesidad de realizar conversiones
de tipo de codificacion en la mayoria de los sistemas electrdnicos, en este
capitulo analizaremos los tipos mas usuales de convertidores de codificacion,

sin tomar en cuenta los convertidores que trabajan en un mismo tipo o dominio

de codificacion por ejemplo:

forriente a voltaje
Palabra serie a palabra paralelo
Carga a voltaje

etc.

A.~ CONVERTIDORES ANALOG!ICO TEMPORAL

<:> Para analizar este tipo de convertidores partiremos de una codificacidn
analdgica comdn: Magnitud del voltaje entre dos puntos; 1los sistemas mas
sencillos serian:
.l  CONVERTIDOR VOLTAJE A FRECUENCIA
Este sistema conocido también como VCO (""Wolitaje Controlled Osciiator')
gencrard una forma de onda cuya frecucncia esta relacionada lincalmente con
el voltaje que aparece en su puesto de entrada; una configuracidn empleada
a menudo para lograr este propdsito se muestra en la figura .\ 6.6 -
CONVERTIDOR VOLTAJE A FRECUENCIA
v ‘-’.‘ o 'l
L )‘;’7; ] i
e ,‘\ —~ T
Ve \ —
o~ o CL._.-—-L___.‘ Cu’(l‘\’{s\) ! /UO
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Las formas de onda para Vin = Vin (1)

i

7

Ara

se muestran & continuacion <:>

A
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T e
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L

Figura .¢. "

cl circuito mostrado en la figura, es .uy sencillo de analizar desde ¢l punto
de vista intuitivo, sin embargo cs dificil de implementar debido al iaterruptor ,
Jna realizacion practica se encuentra en el circui.e gencrador de funciones

566 | 5>e1 cual emplea dos fuentes de corriente

O
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En este caso V¢ serd una onda triangular y no un diente de sierra. Cabe

hacer notar que en este caso el problema relacionado con las grancdes corrientes,

que debe manejar el interruptor debido ¢ ia carga reactiva,se eliminan al

descargar el capacitar mediante una fuente de corriente y no corto circuitando

éste. En la figura }|.6.% se muestran caracteristicas tipicas correspondientes

a este circuito (5) .

B 'Or«c.
Qu\s'\‘huuq b ""'\N‘m&g
il ‘
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) {
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/ | '
| ko ; J -~
0.\ ) v 7 © - 4 S
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Mormahiaeda | l 7€ Vot
Figura 1.6.% Cowtrol

A .2 CONVERTIDOR VOLTAJE - ANCHO DE PULSO

El objeto de este circuito es trasladar la informacidn ¢-atenida ca ¢

magnitud de un cierto voltaje al ancho de un cierto pulso de voltaje ¢

corriente, de amplitud constante. En su forma mas elemental este convertidor

debera constar de los siguientes sistemas:
Un sistema que nos permita tomar muestras de la sefal analdgica vy

a=-

i
mantenerlas (independientes de las variaciones de la seiial analdgica)

<:> .



hasta terminar el proceso de conversion. <:>

2

b= Un generador de rampa que nos relacione amplitudes de voltaje y tiempo

en forma lineal.

c- Un comparador que determine el instante en el cual la rampa de reirerencia
y la entrada analdgica son iguales, para generar la onda de saiida y

controlan el sistema.

A continuacidn se muestra en la figura .¢. 10 la forma de realizar un circuito
72 este tipo.
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Este tipo de convertidor puede también realizarse generando una rampa variable
(funcién de Vin) y una referencia fija, posteriormente analizaremos este

circuito como parte de convertidores mas complejos.

Cabe hacer notar que en el proceso de conversidon analdgica temporal existe
siempre una frecuencia maxima de Vin para un sisteﬂa‘cRQvertidor dado

esto es obvio en el sistema mostrado en la figura \.é.u% en el cual, debida

a la presencia del muestreador, cualgquier variacién (informacidn) que se
presente cuando el interruptor S estd abierto (condicidén de mantenimiento) sera

ignorada.

B~ CONVERTIDORES TEMPORAL - DIGITAL

La operacidn de este tipo de convertidores es quizd la mas directa ya guc en
esencia involucra Unicamente la cuantizacidn de un cierto intervalo de i.and0
o de el nimero de eventos que ocurren en un intervalo dado de tiempo. Tomamas
por ejemplo la medicion digital de la velocidad angular de un motor de

combustidn interna del cual conocemos los siguientes hechos:

a~ Existen pulsos de alto voltaje que ocurren en el final del ciclo ca
compresidn de cada pistdn.
b- El ciclo de compresidon ocurre en cada pistdn a la mitad de la frezucncia

correspondiente a la velocidad angular del motor (ciclo de cuatrc tiempes)

c- Se requiere contar con informacidn acerca del funcionamiento del moisr
cada segundo, en forma numérica.

'
‘

lto

[J]

Podemos entonces afirmar que un sensor de voltaje colocado en la l{nea de
voltaje del distribuidor a la bujfa contendrd informacidn relativa a la
velocidad angular de! motor codificada en forma temporal, por tanto bastara

un convertidor de codificacidn para obtcner la informacidn en la forma Jdeseada,

un sistema que realiza este propdsito se encuentra en la figura \.&-1
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La funcidn del relo] ‘generador de pulsos de 1 seg. de duracidn; es '. e

inicializar el contador a ceros al principio de cada ciclo y habilite - 1z
memoria para cambiar los datos contenidos en ella al final de cada ci.’'c. <:>
La memoria presentara al indicador ei resultado de la conversion eteciuzca

en el ciclo anterior, decodificada numéricamente en la forma adecuacs.

.

\

Si invertimos las entradas del reloj vy la sefial codificada temporalne. <«

podemos contar con un convertidor de modulacién por ancho de puiso « :ha.
digital, haciendo que el contador cuantifique el niGmero de pulsos ¢ 2.¢j
que llegan al contador durante el pencdo "alto' del pulso que conticr- 'z

informacién.
< .-

CONVERTIDORES DIGITAL - ANALOGICO
£l propésfto de un convertidor digital analdgico es el de generar une
‘corriente o un voltaje proporcional a Qna palabra digita: goncraine.te
alimentada en paralelo al convertidor.; Un diagrama de blogues muy
simplificado de un convertidor de este tipo de muestra en la figura 2.2
La funcidn de los interruptores S], Szﬂ...

Sn es conectar ai suna.c s
analdgico | 2. la i-esimd referencia si el i-esimo digito binaric s <:>

1 légico ‘(este 1 '"18gico' corresponde a un voltaje predeterminado ¢ ¢\

1,82



sistema) permanecer abierto, si el i-esimo digito binario es 0; :n el
ejemplo mostrado la palabra digital es 1011 siendo el digito (bit) mas

significativo (BMS) el de la extrema izquiera y e}l bit menos significativo
(bms) el de la extrema derecha; en este caso el voltaje ansldgico resultance

sera igual a:

o
\ 2t
$SY e
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r z R |
12 e Se "
oV e e —
° [ 7 ! 2
- , ! 5 Vo T
i :ﬁi Py , \
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Figura \l|.6.12

A continuacion iremos detallando los circuitos précticos para realizar las
funciones de interruptor y de referencias pesadas de acuerdo al c¢bdigo

empleado en la palabra digital (en este articulo nos centraremos en el €aso

de codificacidn binaria).

c.i INTERRUPTORES ELECTRONICOS

El realizar la funcidn de un interruptor controlado pur algin parametro
cxterno enzforma no electromecdnica (por ejemplo relevadores) es un problema
dificil para el cual existe un gran nimerc de soluciones(6é ). En términos

generales podemos pensar en dos grandes categorfas en funcidn de la sefial

eiéctrica a gontrolar en:



Interruptores de corriente <:>
Interruptores de volitaje

de acuerdo a la posicidn del interruptor con respecto a la carga cn:

Interruptores cn serie
Interruptores en paralelo

interruptores compuestos serie-paraielo

En cada caso hay también que considerar el grado de aislamiento eléctiico
que existe entre los puestos de entrada, salida y control. En la figura
.6.13 se muestran algunos ejemplos a fin de ayudar a aclarar los concetos

expuestos anteriormente.

EJEMPLOS DE TIPOS DE INTERRUPTORES
Figora L6 13

DI AGRAMA DESCRIPCION REALIZACION
I Interruptor de voltaje Transistor bipoiar en. <:>
, . y corriente tre limites de corte
-f- 4
O . . .
g ! < B, Tipo serie paralelo Yy saturacion.
- . ] _
- i (poco aislamiento en
. gererall.
e Interruptor de corrien Transistor MOS (buen
e
=+ te aislamiento enure puef
v . .
- R Tipo serie to dc control y otros
( puertos),
Interruptor de voitaje Fotodiodo y To.5trans
] T Tipo paralelo sistor. buen o slg==-
,((:> \§ R. ' miento entre ¢ puc sty
‘ ) de control y o0.i0os =---
‘ puectos )
; (e L Interruptor de Par diferencia’ rcali :
i ' \\ ' —_—
A C%? ' T ii-EL corriente tipo serie- zado con trans stores
paralelo bipolares

1 A2/



C.2 REFERENCIAS DE VOLTAJE O CORRIENTE.
En esta parte del presente articulo no se incluyen los circuitos electrdnicos
emplecados para larcalizacion de referencias estables de voltaje o corricente,
sino la forma de obtcner una serie de voltajes o corrientes pesacdas e '
acuerdo a un cierto co6digo sin tener quc recurvir mas>quc a una sola recferenc,a
gencral, si el lector se encuentra intercsado en este tema puede consuliar la
referecncia? . A primera vista, la forma mas sencilla de obtener un juego
de valores de voltaje en base a una »0la referencia se muestra en ia 1iguia
cn este circuito se muestra una combinacion de resistencias y

ampiificadores operacicnales (§) que realizan la funcidn requerida.

- V"‘°(§’ BM S 2%
. '] 41\/\/'\‘ %
- T
) ';:;r (_”2 i
! = _A
T
7T s% i
‘ %
| o L
'L 2" i

Fiq o rr.)A 6. 14
Este tipo de convertidor tendrad una salida para una palabra digital de -

bits b,, b,, b bn (bl-«’ans; bn-»-bms) dada por:

l’ 2' 3:...

/U- =3 .l _]_ .--+
o Vref (b] 7 * b, 7 bn

1
7"

¢2]

correspcndiente a la salida dada por el convertidor de la tTigura £.3.1.

wl

principal inconveniente que presenta este tipo de codificadores es e
requerir resistencias de presicion.en un amplio rango de valores, por c_ ampio,
vara el caso de un convertidor con entrada de 10 bits (n= 10) existe taa
diferencia de tres Ordenes de magnitud entre Ry 2nR, esto presenta graves
problemas al‘tomar en cuenta variaciones de temperatura y restriccioncs
tecnolégicas para su realizacidn integrada, ya sea esta en forma monolitica

o hibrida (9) Un arreglc que soiuciona el problema de dispersior de

t
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valores resistivos se basa en la red escalera que se muestra en la Tigura

Leas (6) denominada Red R-2R

S
l ‘ D] - \,\| \ ,V\J———vz Y 0
; > th L 515 ‘ Vo
L IR o TR L o
2R :'*/- I’ A é N ?gc:ﬁr
e %

Figura V.6.15

En este arreglo los nodos N,, N

i Nn se encuentran conectados al

g e

potencial de referencia o a tierra (potencial cero) dependiendo del valor
del bit asignado a dicho nodo o sea que

Si bi =0 VNE = 0

Si b, =1 v

i N Vref

La operacidén de esta red se puede visualizar facilmente mediante un ejemp.o:

Supongamos que en la red mostrada en ia figura (.6.1S b, =1, b 5

bq = 0, o0 sea la palabra digital 1000 ... 0, tal como se muestra en .3

figura 1.6.16
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el circuito puede reducirse al mostraco en la figura \.6.1% donde Foli e.e

puede verse que Vo = %-\/re;
Zr
—\\— °
4 l> No
\ . o
‘/rcx-é SO,
N <= r!
L |
-
Figura \.6.13

Si ahora la palabra digital cambia & ¢.5) .. el circuito

. G, equ. . cnte
al de la figura \.(.1S para estas condiciones queda como el mostrado - ‘'a-
figura 1.6.18

2.
A/ )
on

{
TLR;;

Figura |.6.(8

- .
L= N}

. . 1 . ..
'ara este caso la salida Vo = g-\V%ef. Podemos continuar en forma sim:]

¢l andlisis obteniendo para el caso general la siguiente expresibn

2 1 1 ]
'3-(—2- b'+70- b2+... A

Vo = SORVA

-t

e

Generalmente a la salida se coloca un amplificador operacional a i Se

impedir que las variaciones en el circuito externo afecten a la red

decodi ficadora.



m

xisten una gran variedad adicional de circuit{os Gue r&aiizan esdce Jipo oo
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linites dados por el enfoque del presente articulo. Finalmente ¢i 1é

1.6.19, se muestra un circuito convertidor Digital - Ana

put

este caso la escalera R-2R ha s.do modificada ligeramente a i

-

proporcionar una mas facil realizacién.
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Figors 6.9
"En este ejemplo:

Vo = VRer -——?—5- (

Q b, + ﬁ- b, + ... >

1
2 2 n 7

¢ analisis de la red decodificadora no se¢ altera ya que para un 3plificaue”
oparacional Vx = 0; hay que hacer notar Gue la escalera Gecoditi .ocora no

proporciona estrictamente un voltaje, Sino una coirricnic 4 _ dadua o0

A \VVref r 1
Lo (5b, +¥gby+ oo b))

'

que es convertida a voltaje mediante la combinacibn de Ry de

1
i

amplificador operacional.

| O
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D~ CONVERTIDORES ANALOGICO-DIGITALES

£l proceso de cuantificar la magnitud de una sedal elécirica (genc "almente
un voltaje) puede ser realizado en dos formas, una directg o sea sii. ningun
otro tipo de conversidn intermedio, y otra indirecta, pasando de !a
codificacidn anaidgica a la temporal y de la temporal a la digital, en esta
seccidn centraremos nuestro enfoque en la conversidn directa, Ya GuC :0S
sistemas mas usuales de conversidn indirecta, como son 10s de pend.enie

simple o doble etc. son combinaciones de los sistemas vistos en las

seccion-s .A y B (4)

D, CONVERTIDOR ANALOGI CO-DIGITAL EN PARALELO

Al atacar el problema de la conversidn Analdgico-Digital en ferua cirecta,

la primera {dea que se prescnta es 1a de conecctar el voltaje cuyo o oi

numérico se desea conocer a un nimero M.de comparadores, cada uno Ju ¢ i0S

\

v
conectado a su vez a un voltaje de rererenc:a\/i tal que \&_‘*‘73 T M=

. Ve \ . .
ve#l = =— donde WV (\+ = ) es el rango maximo de entrada, A= 0, 1. Z...M

M

Y o 0 wun sistema de este tipo se muestra en la figura |[.6.20

CONVERTIDOR ANALOGICO DIGITAL EN PARALELO
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Algunos aspectos importantes concernientes a la operacidn del circuito son

los siguientes:

N

>~



a- Lste es ) tipo de convertidor mas rdpido que existe, Ya gue ¢
cncuentra limitado dnicamente por la velocidad @ rospuesta (¢ 10S
comparadores y por el retraso causado por el arreglo de circuitos

16gicos que constituyen el codificador.

b~ La salida digital es valida permanentemente,siendo su variac 6a en

el tiempo practicamente la misma que la variacion ce

c= E]l nimero de comparadores asi como la comple]idad en la obterncidn
PR . . 0
préctica de los potenciales d. referencia crece como 2 dcnce n
cs el nimero de digitos que se desean a la salida (sc trata dei

caso binario), lo cual hace que este tipo de convertidor sca poco

Jsado cuando nY 4,

In resumen, excepto en casos en 1os cuales la resolucion del convert: dor
~ca de pequefia importancia y sc requicra una gran velocidag de convers.idn,

este sistema ¢s dc poco interés practico.

D.2 CONVERT!IDORES ANALOGICO-DIGITAL EN SERIE

Este tipo de convertidores ¢s ¢l mas empleado en la actualidad, ya juc ¢
comproimiso plantcado ¢ntre costo, velocidad de operacion y comple)idoa do
rcalicacion conduce en casi todos los casos al empleo de csta soluci..
Actuailmente la tecnologia ofrece una gran variedad de convertidores 0 waic
tipo, incluso algunos emplean procecsadores para el control dci provy o
conversidén. En este articulo presentaremos tres tipos de convertico ™ s or ~

serie, que representan diferentes tendencias en el disefo y diterent..

¢}
1
(¢
v
-
¥

*

caractceristicas de operacidn; estos tres tipos de convertid
embargo una caracteristica en coman: fTorman un sistema do ma
{retroalimentado) con un convertidor Digital-Analdgico cn la malia .

rcalimentacidn. A continuacibn presentaremos los principios @& opcre. &

de cada uno Jdc estos tres tipos:

a= Convertidor Analbgico-Digital sorie elemental: Este circuiic cusa

su operacidén en la generacidn de una referencia variable en . lienyc,
esta variacidn consiste en un incremento, descreto, peridd:zoc w2 la

forma mostrada en la figura (.¢£.24

1.60



VOLTAJE DE REFERENCIA PARA UN CONVERTIUOR ELEMENTAL
ANALOGICO DIGITAL MODO SERIE

ch v

Figura l.6.21

En ta figura: AV-— —

donde Vz es el rango maximo del coavurtidor.

Una forma practica de generar a un costo razonable y con una precision

O adecuada la forma de onda mostrada en la figura .6.2\ es mediantc un contador
binario y un convertidor Digital-Analdgico, tai como se muestra en ¢l sistema
de la figura 1.6.22; este circuito es semejantc en su operacion al mostrado

en la figura \.6.i1p

CONVERTIDOR ELEMENTAL ANALOGICO-DIGITAL

MODO SERIE
o e
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A o - 1
AT r—‘y | |
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i Vc"“" ‘/\/‘3“"

- £l contador sc hab’lita si —

- La Memoria cambia su contenido si Ve =07

- €1 interruptor S en A si Ve =) " enBsi Ve = “o”

- El contador se forza a cero en todas las salidas si V¢ =0"

La operacidon del convertidor serd la siguiente:
W,
- inicialmente Ve = Me= V| esto implica que la entrada (+) del

comparador estd a Vin y la entrada(-) a cero.

- Para t=0 se forzaVes= 1", por tanto el contacor comienza & aceptar

los pulsos de reloj, y por tanto\/DA se incrementa.

- M pulsos de reloj después (M < 2") Vea > Via H=O\) lo cual hace

XY ” .
que V.= O , por tanto, la memoria toma el nuevo valor.

Hacemos Y e=''0" con lo que el muestrador toma un nuevo valor y se

forza 4 DA =0

Podemos destacar que en lo que se refiere a rapidez, este es un convertidor
zumamente lento, ya que en el peor de los casos el tiempo de conversion
(Vinz Mect ) serd igual a 2" ciclos de reloj, por otra parte, el tiempo
de conversidon es variable y requiere de un muestrador como apoyo para rca
la conversidn, sin embargo su constiuccidn es muy simpie, Y si i1as variaciones
de la variable Vi , no son demasiado ripidas se pueden obtener grances
resoluciones, limitadas Unicamente por la capacidad del convertidor

Digital~Analdgico.

CONVERTID0R SEGUIDOR: Una variante del convertidor modo serie, se muestra

en la figura L.€.23 (‘\)

1.62
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E1l funcionamiento del circuito es como sigue

Si h/in > \/ DA V= ny por tanto el reloj incrementa el contacor

si Vin <V DA ' \/c= ""0'" por tanto el reloj decrementa el contauor

Este convertidor tiene dos modos de operacion bien definidos:

. ) . \ | |
a- Si 1V|n-\/w;,\ > s<\/\c:- ‘2—,, (k es una constante gue nos da el
rango maximo del convertidor) el convertidor se comporta similsraenr e

al que opera en modo serie)

\
b~ osi {Vin -\/DA\ N KV\‘QQ A la salida digital es siempre
vilida (sin tomar en cuenta el b.m.s.) y por tanto presenta
exteriormente las mismas caracteristicas que el convertidor modo

paralefo.

Una vez que el convertidor se encuentra operando en el modo b se mantendrd cn

-
el siempre y cuando la rapidez de cambio no sea mayor que la maxima del voltaje (;)
\/DA fijada principalmente por el reioj del sistema, en otras palabras el

sistema tiene un cierto 'slew rate' similar al de un emplificador opcracional.

. N A\ s Y Vreck
0 sea, que para cuantizar sefales tales que S->% % —
emplear este convertidor para tener la scencillez de un convertidor serie

pPOCCiios

combinada con las ventajas de un convertidor paralelo (cisponibilidaag

inmediata de la sedal digital, operacidn asinciona y ausencia de un muestrcado -,

CONVERTIDOR ANALOGICO-DIGITAL POR AFROXIMACIONES SUCESIVAS:

En si, cste tipo de convertidor, pertenece a una categoria dc sist

C

mas que
requiere una cieria l6gica para su funcionomiento; la 16gica de este sistema

es suficientemente simple como para poderse implementar mediante 156gica
alambrada (''Hard ware'') pero sienta los principios de operacidn dc convertidor.
cuya eficiencia depende de)l algoritmo implementado, que con el advenimiento

de los microprocesadores puede ser tan complejo cowO se requiera.

164



51 zlgoritmo de la aproximacidn scucesiva sé Muesivra & contlli-
nuacidn en la figura L ¢.24

ALGORITIO DE LA APROXIMACION SUCESIVA

— . ! |
jVanog VM\'—‘— \)..'\'\UJ'\ AL Gt e
C——— s e e - N
<
¢ ' .
. y ] l-
/\ \Jb“'.— \"‘:’\‘" v W \-\\l” AN
w7 V\\ NQ
i A VM‘L( . T
/ i
R ey
‘\."» L' ‘;1‘ / T\.’o = VN T
L= w1 - tisd
lxi= 220 4 e )
i

-

Supongamos ‘que la referencia variablile se quierc reulisur o

diante un convertidor Digitcl-Analdgico, el dicgcrama resul-
tunte quedaria para ua convertidor de 4 VOlts COmO S¢ mues—
tra en la Jigura t.e.2s ; en csta figura se pueden. observar

las sigaientes caracteristiicas de operacidn:

- Para modificar la relerencia en cualculer €aso, 048-
- - - - im0y e
va con cambiar un oiw

- Del resuliado de la comparacidn se elimina o el bl
ariadido en el paso anterior 0 se &liade uno & ia pa.

‘bra digital.

; 1.65
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Aungue aparentcmense difdil de realizor, el sistoua < -
:: ser facilmente convertidc ¢n vase & registros de corrliien~

a
to y biestaLles (10); en la figura \.6.26 se muestra .
( 20

y—

[Ty
(S9N N
curto que realiza el algorivmo indicado en la {figura
W\ .
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figura \.¢.26

1 la operacidén de este sistema hay que tener en cueaia 1o

siguiente:

= E1 ciclo de conversidn es siempre constanve i ual

©

n ciclos de reloj

~

1

A1)

- La salida Digital ser

vclida uniceanenvte cuandio 1

sefial de fin de conversidén se encuaiire en ¢l est

O ‘ do Nl"

1.6
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TABLAS CONPARATIVAS DE CARACTLRISTICAS
OPERACIONALLS TANTO CONMERCIALES CONO MILITARZ

DE ANPLIFICADORE:S

S

Comparison ol popular micgrated circuit operational amphhcr paramelers

Maximum Maximum Aaximmm
wmput-offser mput-ofiset Tymeal tpni-offset
current roltage Tyvpreal wniy qain roltage
o (n/A) {(mV) slew rate bandwidth drift
Device (a1 25°C) (ar 25°C) {(V/nsec) (Mils) (V7 Q)
I MIOIA 20 2 0.5 | I3
NLYRT 500 S 05 1 15
I MIOSA 04 05 0.1 05 N
HANT25A 40 0s (3 005 0.05 !
J1AT40 0.01 20 6.0 | 5
SNG2088 0.3 0.075 25.0 3 06
HA2900 0.1 0 060 2.5 3 06
4250 : S 4 0.i6 025
* Typical
Comparison of co:ﬁlncrcnanl-gr:xdc devices
Offset” Bias® Slew® Supply?
voliage current rate Bandwidih® current
Device (mY) (nA) (V/j15€c) (MHz) (mA)
LM3lo 75 1.0 40 20 5.5
LM302 15 30 20 10 5.5
MC1456 10 30 2.5 1 1.5
HAT1SC 7.5 1500 20 10 10
[.M308 7.5 1.0 0.3 1 0.8
LM308A 0.5 7.0 03 - 1 0.8
LMIOIA 7.5 250 06 1 3.0
HAT41C 60 500 0.0 I 3.0
T

° Maximum at 25"C,
* Typicai at 25'C.

Compating perfoimance of nmluary gride integrated cucuit operational amiplifiers

in the voltage-follower connection

Oftser® B Slew® Supplyt
voltuge curient Hale Bundwidih® Ccunnont
Derice {mV) (nA) {V/jisee) (Mils) {mA)
LMI10 6.0 10 40 20 55
LM102 1.5 160 10 10 55
MC1556 60 30 25 1 135
HATLS 1.5 4000 20 10 70
LMI10Y 3.0 3 0.3 | 06
LMIOBA 1.0 3 0.3 l 06
LLMIOIA 3.0 100 06 1 30
HAT4) 60 1500 0.6 1 3.0
“ Maximum jor —55°C < T, < 125°C.
5 Maximum at 25°C.
Typical ut 25°C, 1 ca $
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DESCRIPTION

The LM1G1IA and LM301A are high performance opera-
tional amplifiers featuring high gain, short circuit pro-
tection, simphfied compensation and excellent temperature
stability.

FEATURES

°
®
@

]
<]

SHORT CIRCUIT PROTECTION

OFFSET VOLTAGE NULL CAPABILITY
LARGE COMMON-MODE AND DIFFERENTIAL
VOLTAGE RANGES

LOW POWER CONSUMPTION

NG LATCH UP

ABSCLUTE MAXIMUM RATINGS

Supply Voltage LMI01A 122V
LM301A | +18Vv
Power Dissipation {Note 1} 500mW
Differentiai Input Voitage 130V
Input Voltage (Note 2) 15V
Output Short Circuit Duration Indefinite
Opcrating Temperature Range LMI1G1A -55°C 10 125°C
LM301A 0°C to 70°C
Storage Temperature Range -65°C to 150°C
Lead Temperature (Soldering, 60 sec.) 300°C
NOTES
1. Absolute maximum ratuing holds for sll packagos. The maximum

junction temperature is 150°C for tho LM101A and 100°C for
the LM301A For oporation at elovated temperstures, dorate
according to appropriate thormal rosistances given under pack-
age information

For supply voltages less than t15V, the asbsolute maximum
Input voliege Is equai to tho supply voltags.

EQUIVALENT CIRCUIT

e brars et ()

@ arter e AR Oeed

PiN CONFIGURATIONS

A & F PACKAGE (Top View)

%j
OUUUuUoy

14

PENPO B LN -

NC

NC

Fraq Comp /Offsat Null
fnvert ang Input
Noninverting tnput
V-

NC

NC

Oftsot Mull

Output

vt

Frag Comp.

NC

NC

ORDER PART NOS
LMI101AN-14/LMICIAN-14

LMI101AD/LM301AD

G PACKAGE

annn
uiuuu

-

SvaNoUsLN -

NC
Bal/Comp
tnput
Input

v

Bal
Output
v

Comp

NC

ORDER PART NOS,
LMI101AF/LM3GIAF

T PACKAGE

TNOODWN -

Freg Comp/Of:set Null
fnvarting Input
Noninverting inaug

V-

Cffsor Nuil

Output

v*

Frea. Comp.

ORDER PART NOS.
LMI10TAH/LM301ANH

V PACKAGE

1
L-+]

Spupups

NI BEON -

Freq Comp /Ofisot Nul
Inverting Input
Nontnverting input

NE

Offsot Nuli

Cutput

V'Q'

Frog. Comp.

ORDLA PART NO.
LM30IAN

16
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oYL LD B LVITUTA/SUTA — HIGH PERFORMAI

17

GPERATIONAL AVPL!

=3

[OFa
LMI1GIA
ELECTRICAL CHARACTERISTICS (-55°C<TA<125°C, 15V Vg <420V and Cy = 30pF unless otherw.se specified.)
PARAMETER CONDITIONS MIN TYP MAX T uwits
Input Qftset Voitage Ta © 25°C, Rg < 50k 07 20 | mvo
Input Offsct Current Ta=25%C 1.5 10 nA
Input Btas Current TA =25 30 75 nA
input Resistance* TaA=25°C 1.5 4 M0
Supply Current Ta™25°C. Vg= 120V 18 3.0 mA
Large Signat Voltage L 25°C, Vg = 115V
Gan Vout = 10V, R >2kA 50 160 vimv
Input Offset Voltage Rg < 50k 3.0 mV
Average Temperature
Coellicient of Input 30 15 . WV
Offset Voitage
Input Qffset Current 20 nA
T i
AVQ!?QB Temperature 25°C< Ta< 125°C 001 01 i nA/°C ]
Corfiicient of tnput c<T 25°%C 00 i o
Oftset Current 55 C<Tp< 2 02 i nAlC
input 81as Current 100 ; nA
Supply Current Ta = +125°C, Vg = 120V 12 25 f mA |
L arge Signal Voltage Vg =15V, Voyr = £10V ! i
Gan R > 2kl 25 ; Vimv.
t
Ve =215V, R = 10k} $12 114 | v
| S LA N
Qutpui Voltage Swing Ay = 2kR 410 a3 , v
. i
Input Voltage Range Vg = £20V 115 ! v f
' |
Common Moda Rg < 50kN 80 96 " b
Rejection Ratio i
Supply Voltage i .
Roetion Rt Rg < 50k92 80 96 L
LM301A
ELECTRICAL CHARACTERISTICS (0°C<TA<7O°C, t6V, < Vg < 115V and Cq = 30pF unless otherwiu. spocified.)
PARAMETER CONDITIONS MIN TVe MAX T anT
- - =
input Dffset Voltage Ta = 25"°C, Rg<50kA 2.0 75 | mv
input Oiset Curront Ta™ 25°C 3 50. ! na ;
input Bras Currant Ta=25°C 70 250 | A i
input Hesistance Ta™ 25°C 0.5 2 ! Ml !
Supply Currant Ta= 25°C, VS = 315V t 18 30 ; MA
Large Signal Voltage Tac® 25°C, Vg = 115V ; VimV !
Gain Vout = £10V; R >2kn ’ 100 .
Input Offset Voltage Ag < 50k§ 10 ' v
' Il
Average Temperature ; ) . .
Coefficrent of Input 6.0 ‘ 30 ; TR v
Offset Voltage I ;
input Offset Current 70 ) Rl
Average Temperature o ° , 1o
Coefficient of Input g§0c<<TTA<<2;QCC g g; 8 g ' ' 'JE:
Offset Current A A . : ’- ;
input Bias Current 300 ' W
K )
Large Signa! Vollage Vg=1t15V, Vg1 *® t10V ! 15 ; N k
Gatn R > 2k | i ) ;
Ve = £15V, Ry = 10kf ’ €12 114 : v :
1 S LA S ‘ !
Outeut Voltage Swing R =20 . +10 13 i v g
Input Vohtage Range Vg =115V 212 l \Y ;
|
Common Morle . ! !
Rajection Ratio Rg < 50kf1 70 90 : as i
Supply Voltage ? . '
Rejeclion Ratio Rg < 50k 70 936 g i
i
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SIGNETICS s LM101A/301A — HIGH PERFORMANCE OPERATIONAL

TYPICAL CHARACTERISTIC CURVES

INPUT VOLTAGE RANGE
VERSUS SUPPLY VOLTAGE

LM107A

QUTPUT SWING VERSUS
SUPPLY VOLTAGE

VOLTAGE GAIN VERSUS
SUPPLY VOLTAGE
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SIGNETICS = LM101A/307A — HIGH PERFCRMANCE GPERATIONAL ANPLIFI
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TYPICAL CHARACTERISTIC CURVES (Cont'd.)

VOLTAGE GAIN
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SIGNETICS  LM101A/301A — HIGH PERFORMANCE OPERATIONAL AVPLIFIER

TYPICAL CHARACTERISTIC CURVES (Cont'd.)
- SINGLE POLE COMPENSATION

OPEN LOOP FREQUENCY LARGE SIGNAL FREQUENCY VOLTAGE FOLLOWNER
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SIGNETICS = LM101A/301A — HiGH PERFORMANCE CPERATICNAL AMPLIFIER

TYPICAL APPLICATICNS (Pin numbers shown refer to T or V package only)

FAST SUMMING AMPLIFIER

Cy 3of

€y 1500F
Power Bandwidth 250kHz

Small Signal Bandwidth. 3.6MHz
Siow Rate” 10V/us

LOW FREQUENCY SQUARE WAVE
GENERATOR

LOW 110 DANCE
oureut
CLAMPED
oureut

Ot a2v

]
s
A
%or szv

*Adjust C4 for frequency

PRACTICAL DIFFERENTIATOR

FREE-RUNNING MULTIVIBRATOR

1

I

2nR2C'

1 VIN O—AAA—| 4
1 -——
" 2nR,C,
1
=
2nR2C2
'c<'“<1

unity gein

Ay 16w

—O Yout

*Chosen for osciiletion at 100Hz2

Ay 10oa L Ry 100802
Vin
[13Y

PULSE WIDTH MODULATOR

Vour
CIOITAL 04
VOLTMEVER I
— S0kl

o01%

5051 0 1%

GAIN TEST CIiRCUIT

5011
e am AAA,— ey
Nyt
v W (IR
Noe sV
—QVin

002

50 Sof

Icof, B O% 1::
p

TOLFRAN + OF ALL UN-
{ MARKED ¢SISTORSISIN

1

A
VO
Vour

3
. VN %10

VOLTAGE COMPARATOR FOR
DRIVING RTL LOGIC OR HIGH
CURRENT DRIVER

ourrur

NPUTS Oy 2222

INVERTING AVIPLIFIER
WITH BALANCING CIRCUIT

t
L
G
N

Cr
b4

tMav he rero or enust to paraitsl combinotion
of Ry ond Ry for minimum offset.

FAST VOLTAGE FO..OWER

Power Bandwidth 15kHz
Slew Ratae. 1V/us

b e
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DESCRIPTION PiN CONFIGURATION

The 531 s @ fast slewing high performance operational am-
phtfier which retains D C. performance equal to the best
general purpose types while providing far superior large
signal A.C performance. A umque input stage design allows
the amphifier to have alarge signal response nearly identical
touts small signal response The amphifier can be compensated
for truly neghgible overshoot with a single capacitor, In
apphications where fast setthng and superior large signal
bandwidths are requu ed, the amplifier out performs conven-
tional designs which have much better small signal response.
Adso, because the small signal response is not extended, no
special precautions need be taken with circuit board layout
to achieve stabiltty. The high gain, simple compensation and
excellent stabdity of this amphfier allow its use in a wide
variety of instrumentatioi applications.

FEATURES

® 35V/usec SLEW RATE AT UNITY GAIN

© PIN FOR PIN REPLACEMENT FOR uA709, uA748
OR LM101

© COMPENSATED WITH A SINGLE CAPACITOR

's SAME LOW DRIFT OFFSET NULL CIRCUITRY AS
uA7al

o SMALL SIGNAL BANDWIDTH 1 MHz

© LARGE SIGNAL BANDWIDTH 500KHz

® TRUE OP AMP D.C. CHARACTERISTICS MAIKE THE
531 THE IDEAL ANSWER TO ALL SLEW RATE LIM-
ITED OPERATIONAL AMPLIFIER APPLICATIONS.

NOTES

1. Raunn apphes for case temperatures to 125 °C, derate linaarly at
6 SmW/°C for amuiont temperatures sbove +76°C

2. For supply voltages tess than 15V, (ho absoluta maximum inpast
voltage is equal to the supply voltege.

3. Shortcircuit may bo to ground or either supply. Rating auplies
to +125°C case temperature or +75°C ambiant temperatura

ABSOLUTE MAXIMUM RATINGS

Supply Voliage 22V
Internal Power Dissipation {Note 1} 300mwW
Differential Input Voltage +i5v
Common Mode Input Voltage (Note 2) + 15V
Voltage Between Offset Nuli and V™ 0.5V

Operating Temperature Range

0°Cto +70°C
<65°C to +125°C

NES3Y
SES31

-65°C to +150°C
300°C
Indefinite

Storage Temperature Range
Lead Temperature (Solder, 60 sec.)
Output Short Circuit Durauion (Note 3)

T PACKAGE
{Top View)

© e -

Do~ :

Offsar Null
Inverting input
Noninverting input
v

Otfsot Nuil
Output

vt

Freq Comp

ORDER PART NOS.
SESIIT/NESIIT

| V PACKAGE
l
|
i
|
1
‘g ) e 3
2 - 17 a.
== ot :
o] By ..
8.

Offsat Nul
inverting Ivpuy
Noninverta g input
v-

Otfsot Nut

Output

VO-

Freq. Con &

ORDER PART NO. NE531V

TEST CIRCUITS

OFFSET NULL CIRCUIT

tour

!
i

l{;»-
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SIGNETICS 2 531 — HIGH SLEW RAT

m

OPERATIONAL AMPLIFIER

GENFRAL ELECTRICAL CHARACTERISTICS iVg=z.0V, Ty m 25°C Unicss Giherwise Speaifica,

—
NESIU[ ™ pnnameter CONDITIONS MiN TP | NAX | Uit
] input Otfyer Voltage Rg < 10K81 20 [ mv .
! tnput Offser Cutrent 50 200 na |
toaput Goas Current o4 L] uh i
input Resistance 20 Ml '
tnput Voltage Rangs 10 Vot
Common Mode Rejrction Ratio Rg « tOK1 ' 0 100 du |
Suninly Voltage Rejectron Ratio Ag « 10K11 16 150 uvvo
! Larar Signal Voitage Gan RL 2 2KS2 VOUT 10V 20.000 ' 60 000 !
P Outrnat Resstance 5 i1 :
' Supply Cureent 5% 10 | mA '
Powir Consumption 165 0 i’ my ;
Full Power Bandwrdth 500 p KMr
Sritl ng Time 1% Ay =1,V e 110V 5 e 1
| Settl ng Time  01% Ay e sl Vi st 10V 25 ) wree !
Largr Signal Overshoot Ay et Vot iuv ? . !
Smali Signal Overshoot Ay ® o1 vy = 000mV - i * !
: Smat! Signal Risetime Ay et Ve 400mV 200 ‘ LI :
5 The Following Apply for i |
L ocuTacsioc . i l
! Input Oftyer Voliage Ag « 10x11 14 mv ,
tnput Otiset Current Tact0C . 200 oA ¥
Ta-0C 300 AN
Input Bias Currant ‘I’A =470 C '5 uA g
i Ta-0C 20 L
Large Signal Voliage Gain AL # 2K6L, Vgyy = 10V 15.000 I
Qutput Vo'llage Swing LIl gt 10 ) | Vany |
Stew Rate Ay * 100 k) Viwy |
Ay =10 R V' !
Ay * 1inon nverting) 30 Vi,
Ay~ T Dinverting) 35 Viu !
Suppiy Current Ta=+10°C 45 55 ma i
—
SES3N | PARAMETER CONDITIONS MIN TVP max | ouve s
taput Oftsel Vottage Rg <10KN 20 50 ; m\
input Otfsat Current 30 200 ¥ X
Input Bras Current Joo 500 e !
Inpat Resistance l (SN i
Input Vattage Range +10 ! Vo !
Lacge Signal Voltage Gaim AL 7 KN, Vg7 = " 10V 50,000 100,000 i :
Output Hesntance % l . !
Supyty Current 55 70 i e :
Power Contumprion 165 0o ' " l
Ful Power Bandwidth P 500 i "
Serinag Time 1% Ay =1,V =0V 15 i .o
Setiing Time Q1% Ay =),V ye 10V 5 ! o
La e Signat Overshoot Ay =t Ve nav 2 ‘
Small Signal Rusetime Ay st V) m 8 umV 300 ! :
Sl Signat Overshoot Ay s 11 Vin* 400mVv 3 N
Slew Aate Ay = 100 5 ' Vo ,
Ay = 10 35 oy
' Ay * 1 {non tverting) 30 ; LN ;
! Ay =1 (inverting) s bV
i The tollowing aopty for ! :
<55 L Toe125C E '
Input Otfier Voltage RS <€ 10K 1! 6 ” "t !
tnput Otlses Current Ta™* 129’ C 200 I A ‘
Ta-55¢C | 500 P!
tnoutl Bias Current Ta"*125C | $00 o )
Tae-55C 15 o
Common Mode Rejection Rano Ag & 10K12 70 90 o
Suppty Voltage Rejection Astio Ag » 10K41 0 150 vy
Large Signal Voltage Garn R\. e K1, VOUT * 10V 5 000
Quiput Voltage Swing LI { st 10 1) v
Sunpty Current L 135°C 4% 595 nA g
—
NOTYTES

All AT paramelric tasting is performod using the conditions of tho 1ronsiang responso tost circuit, daye 1,




SIGNETICS @ 531 — HIGH SLEV RATE OPCERATIONAL AW "LIFEA

TYPICAL PERFORMANCE CHARACTERISTICS (Vg = 15V, Tp = +25°C unless otnerwise noted)

@,

INPUT OFFSET
CURRENT AS A FUNCTION
OF AMBIENT TEMPERATURE
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POWER CONSUMPTION AS A
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OQUTPUT VOLTAGE SWING AS A
FUNCTION OF SUPPLY VOLTAGE
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SIGNETICS @ 531 — HIGH SLEW RATE CPERATICNAL AMPLIFIER

TYPICAL CHARACTERISTIC CURVES (Cont'd.)

UNITY GAN
INVERTING AMPLIFIER
LARGE SIGNAL RESPONSE

VOLTAGE FOLLOWER
LARGE SIGNAL RESPONSE

VOLTAGE FOLLOWER
TRANSIENT RESPONSE

T 1 o
Lo P”ﬁ‘[}our
‘10 i - o 1" - 200 .-
- !
> i ‘In.r 5 Sl s
I ol —i 3 T 200 | ——— / 1 . 1
w ! 1
Y | Y / ' 'bb'.;‘; ',;;
- ! i < T
g, e 1 A gm_ St 1 oL g
L3 i ' H
2 | ! . ' J'Vm - 600mv 5
=y N — [ 2 vo}——d- L L
8 P 3 ! 3
, ! { o i
S RS S T S R v RS
| i | 1 1
! ' '
N { . " N
© 300 1000 1500 2000 2500 3000 1800 © O 600 000 800 1000 1200 1400

TIME — nerc g — acs
.

OPEN LOCP PHASE RESPONSE AND VILTAGE
GAIN AS A FUNCTION OF FREGUZNCY

CLOSED LOOP NON-INVERTING VOLTAGE
GAIN AS A FUNCTION OF FREQUENCY

i

60

YOLTAGE GAIN — 48
.
3

.
-
o

L

N
A.-lm-ooc:-mo|.‘r _
' N~
LD
10K 100K 1" 0¥

!

FACGUENCY — M1

1?20

[ r I Ce = 100pF
”» - . $—— 112
I l I +
ot Toam j ! 1
4 + t t —_— R
NN ]
o w0 : 4 j o
w \ i | ! ! '
x 75 — ) a
2 ! : 1 i ’
8 w0 \ . (e PHASE] 5
z N N
g 105 l 4;._ S 0
7o —_— 4 a
S i \
160 i -
t
165 N p—t 4 32
!
v l \_ I
] 10 100 w 106 100K w 100

FACQUENCY — Hr

WOLTAGE GAIN ——- d8

L. _

TYPICAL APPLICATIONS

3 POLE ACTIVE LOW PASS FILTER BUTTERWORTH MAXIMALLY FLAT RESPONSE"
RESPONSE OF 3-POLE ACTiVE
BUTTERWORTH
MAXIMALLY FLAT FILTER

1y 1KHE
—0

ATTENUATION — d8
. .

IR

!

FREQUENCY — Mg

*Reofarence — EON Dec. 15, 1970
Simplify 3-Pole Active Firiter Design

A. Paul Brokow
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SIGNETICS & 5371 — HIGH SLEW RATE OPERATIONAL AMPLIFI

U

T

TYPICAL APPLICATIONS (Cont'd.)

HIGH SPEED INVERTER (10MHz Bandwidth)

¢
1
'
'
H
|

il PULSE RESPONSE

L1
" ! HiGH SPEED INVERTER
10% 30oF . o
N QA At - v .'
3K 831 O our ( ¢
I—NW—-]/ [ S {,'V‘Qn e ) ]
— st 4 H {
! = v g { !
& & T e .
maar i E !
a4
2C0nsoc/DHY
v-
FAST SETTLING VOLTAGE FOLLOWER
LARGE SIGNAL RESPONSE
VOLTAGE FOLLOWER
N A
Tooer z 7 A
ot 2\ A ; i
b L —oour SR S VIR A ;o
o= oow v/ f
Py Vo
1§ \_“\‘ ; \_.ll," l
0.6u3/0IV [ = 500KHz
PRECISION RECTIFIERS
(s) HALF WAVE {b) FULL WAVE
l.oi( Ak )
1000F ‘_"'
10X i
1% Qe




SIGNETICS = 531 — HIGH SLEW RATE OPERATICNAL AMPLIFIER

TYPICAL APPLICATIONS {Cont'd.)

AC MILLIVOLTMETER

wo—j}

100K

SAMVPLE AND HOLD

-Q OUTPUT
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LINEAR INTEGRATED CIRCUITS
DESCRIPTION. PIN CONFIGURATION
f if-
The 533 15 a ligh performance operational amplifier specif T PACKAGE
wcally designed for applications requiring iow power con- {Top View)

sumption or reduced supply voltage. The 533 features single
capacitor compensation, input and output protection and 1§
nin compatible with the uA709, uA748, and LM 101,

FEATURES

o LESS THAN 100uW POWER DISSIPATION

e LOW INPUT OFFSET VOLTAGE

o LOW INPUT BIAS AND OFFSET CURRENTS

e HIGH COMMON MODE AND POWER SUPPLY
REJECTION RATIOS

¢ EXCELLENT TEMPERATURE STABILITY

e NO LATCH UP

ABSOLUTE MAXIMUM RATINGS

Supply Voitage 13V
Oifferential input Voltage 15V
Input Voitage tVg
Operating Temperature Range SE533  -55°C to +125°C

NE533 0°C to 70°C
Lead Temperature (Solder, 60 sec) 300°C
Qutput Short Circuit Duration (Note 1) Indefinite

t. Shortcircuit may be to ground or cither supply. Rating spplies
10 +125°C cose temperature or +75 °C smbiont temperatura.

PULSE RESPONSE TEST CIRCUIT

Ve

FIGURE ©

2

1. CToumpensation

2. Inverting input

3. Noninverting Input
4, v=

6. Gompensation

6, Outpet

7. v*

8. Rser

CRDER PART NOS,

SEB3IT/NESIIT ;
i
V PACKAGE
; (Top View)
|
'
|
{
|
i
1. Compensation
) 2, lInverting input
% ‘: e D‘ 3. Noninverting Input
] 2] ] a, v-
6, Compansation
3[: :l° 6. Output
i +
a s ;. v
* Pser

ORDER PART NOS.
SEBIIV/NESIIV

NOTE
RSET astablishas internal biasing of the amplifier to aliow for a wide
rango of supply vuitages Racommended values of RSET”'“ 3omf2
st V, = $3V or 15mil ot V; $£15V. Conouls graphs for intermediate
volues



SIGNETICS ® 33 — MICROPOWER OPERATIONAL AMPLIFS

-
ER

ELECTRICAL CHARACTERISTICS (NOTE 1)

PARAMETER CONDITIONS NES33 $2533 } UNiTo i
) ! '
: | !
‘ ~
\ MIN. [ TYP. | MAX. ] MIN. | TYP, | MAA. ' |
Input Qffset Voltage Vg = 13V, and £15, Rg = 100K 3 P VA
Input Offset Voltago Vg = *3V,and £15V, Rg=100K,T 4 =25C 1 2 05 f mv -
]
Input Bras Current Vg =13V, ,and 115V 30 3 ‘ nAi ]
Input Bras Current Vg =13Vv,and 115V, T, = 25°C 5 10 2 10 ; nA !
iaput Offset Current Vg =:3V,and 15V 10 H T '
Input Offser Current Vg =t3V,and 115V, Tp =25°C 1 5 05 Lt nA |
Input Resistance Vg = 13V, and 116V 15 5 i | w2 5
|
trput Resistance Vg =13V,and t15V, Ty = 25°C 30 60 30 i 60 : m{e i
Input Voitage Range Vg =43V +1 50 t1.50 ! i iov |
Input Voltage Range Vg = $15V 110 +10 ; ; \4 {
Larqe Signal Vollage } ' ;
e Vg =13V, R 320k 0, Vg, @ 110V 10 10 1 vimv
Large Signal Volt Ve =13V, R, 520kQ2,V =¢10V,
8rge J1gna age S . L ‘n out 12 15 16 20 CVIimVo
Gain Ta=25C ; '
Lar.» Signai Voitage v . . ;
Gan VS =115V, RL »50k 8, Vo, @ £10V 25 25 vimv :
Large Signal Voltage Ve =215V, Ry 50k, V =210V, |
9e Sig 9 §TtISV. Ry out 40 60 50 70 vimv |
Gamn Ta® 25°C i
] !
h i i
Output Short Circurt Vg = 13V, $15V, T, = 25°C 6 6 | oma |
Current ‘
i
Common Mode Rejection .
VS =33V, Rs< 100k 2 74 80 af !
Ratio '
Comman Mode Rejection o
Vs =13V, Rs< 100k §1, TA =25C 84 105 90 100 dB
Rato
. .
* Common Mode Rejection
Vg = 115V, Rg< 100k N2 84 80 dB
. Rateo H
Comman Mode Rejection |, o v15v, Rg< 100kn. To=25°C | 80 110 100 | 120 | g8
Ratio
|
Power Supply Rejection | 13v 10 115V, Rg <100k 2 100 o uviv |
Ratio
Power Supply Rejection Vg =t3Viot IEV.HS < lOOkn,TA"Zﬁ'C 20 50 10 - BVIV
Ratio Ta=25°C :
Supply Current Vs e 3V V0= ov 20 [Ty ¥
Supply Current Vg = t15V Vo= OV 50 o wA
Power Dissipation Vg = 13V Vo= 0oV 120 e oW
Power Dissipation VS = ¢16V Vo= OV 156 e mw
i e e e
TRANSIENT RESPONSE (Sce Figure 1)
Ruse Time Vg = 13V, R_ = 20k,C, = 100pF 2 12 s
Overshoot Vin = 10mV.cs 0 05uf 10 10 v
Slew Rate Ta™ 25°C 5 5 Vs
Rise Time VS = $15V, RL°50k. Ce” 100pF 1 1 ARl
Overshoot Vin = 20V, Cc = 0 OSuf 10 0
Slew Rate Tp=25%C 30 30 © ot e
] —— ._i
NOTE 1. Specifications apply for the tull tempareturg renge unioss othorwise steted. For vs * 13V R gy 3.9mﬂ. for Vs r15v R [N

.t

O



SIGNETICS & 533 — MICROPOWER GPERATIC:. . e

TYPICAL CHARACTERISTIC CURVES

i
a!

INPUT BIAS-AND OFFSET LARGE SIGNAL GI'"4 LOOP
CURRENTS AS FUNCTIONS VOLTAGL GAIN AS.A VOLTAGE GAINAS A4 FUNCTION
OF AMBIENT TEMPERATURE FUNCTION OF FREQUENCY OF AMBIENT TEMPERATURE
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SIGNETCIS & 533 ~ MICROPOWER OPERATIONAL AMPLIFIER

TYPICAL CHARACTERISTIC CURVES (Cont'd.)
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H o _-75—7':}"\."‘:\ :.i'\f J ~r TALL :"'A ¥ I Wi ATARS r;‘:":.g iy = 5Th .’:—;:4
SRR ey FET (NPUT OPERATIONAL auiPiliic| L9210
O LINEAR INTEGRATED CIRCUITS
DESCRIPTION . "PIN CONFIGURATION ‘ P
The 536 Is a special purpose. h:ghx pcrformance opcrauonal - ) . T PACKAGE : i
amphfmr unlu..mg a FET input ‘stage for extremely high B (Top View)

input unpedance and low mput current

The device features internal:compensation, standard pmout
wide dufferennal and ccmmon: mode: input voltage range,
high- slew rate and: hlgh output d. e capabllltv. L

k.E/—\TURES e e et T

o

[*]

INPUT AND.OUTPUT PROTECTION
OFFSET NULE CAPABILITY
INTERNALLY COMPENSATED:
6V/usec SLEW RATE

. STANDARD PINOUT

' MHz UNITY GAIN BANDWIDTH

ABSOLUTE MAXIMUM RAT!NG
Supply Voltage

Dhiferential IpputhltagevBange N
Common Made Input Voitage Range
Power Dlsmpahon (Note 1)
Operating Temperature Range

@ 9 o @

]

SUS36T
: - Cr NE536T

Stomge'Tcmpcrature Range’

Lead Temperature (Solder, 60" sec)

5pA INPUT BIAS CURRENT ~ LT

22V
+30V
iVs
500mW

-55°C.t0 485°C
0°C to +70°C
-65°C to +150° C

306°C
lndehmte

Quiput Short Circuit-Ouratianr(Note 2)

NOTES: .

1 Rating nun“l!! for casc temperatures to +26 C dovato linearly ot
6 SnW/"C for umbnom r(_mucrnturcs nbovo 76 °c.

2' Short cucum may-he'to gréind or mlher supply. Rating applies

to 0!2 °C casa. tumpcramru ov +76°C ambient tampevaluvo
EQUIVALENT CIRCUIT
- ov*
RS . i -]- Q3.
NVIARYING -
VIR -y
w1 o—)':ro._ o, bad L %
. n, S Py
a5 > 31
) GUTPUT
C Ayy t

.g,_
|
-

, | .
N -1
- C N
L ’
o a 1y >
w3 'f s 3 "
: o

. Offset Null
Yavarting input
Non-inverting input
v E
OHsot Null :
Qutput

RVE I

NC

ORDER PART NOS. SE636T/NESI6T

TEST CIRCUITS

i

VOLTAGE FOLLOWER. CIRCUIT

R OFFSET-NULL CIRCUIT

3




SIGNETICS @ SUS3G/NES36 — FET OPERATIONAL AMPL

H
()

ELECTRICAL CHARACTERISTICS (SU536: #6V < Vg < +20V, NES526. Vg = 115V unless otherwise noted.)

PARAMETER TEST CONDITIONS SU536 NES3D T ! UNITS ;,
. tAiN TYP MAX | MIN TYP | MAax | :
INPUT CHARACTERISITICS ! ,’
Large Signal Voltage Gan @ +25°C VS =115V, VOUT . 10V 50 100 50 100 Lv/mv
Over Temperature Range RL > 2k§) 50 100 \ 25 100 I VimV
input Otfsel Voltage @ +25°C 75 20 30 90 | mV
Over Temperature Range 75 30 30 iln.__lv
vs Temperature {drft) 20 30 | L uVvi'C
vs Common Mode Voltage ; »
(CMRR) Vin = 110V, Rg < 10k§2 70 80 64 80 ' yB
vs Power Supply (PSR R} Note |, Rg < 10k§2 50 150 100 300 wVIV
tnput Current @ 425 C s 30 30 100 ' pA
' Over Temperature Range Eirther Input }__250 | 3000 i ;DA
vs Temperature (drift) Typ Doubles Every 10°C ;
input Otfset Current @ +25°C 5 ! 5 | DA ;
Over Temperature (drift) :
input Impedance
Drfferentral Resistance Ta = +25°C 1014 1014 0
Otferennial Capacitance Ta =425°C 6 6 , PF
Input Noise (0.1Hz — 100kHz) !
Voltage Noise ' 20 20 ' LVrms
Common Mode Voltage Range Vg= '15V £10 (BB 10 (AR 'V
OUTPUT CHARACTERISTICS |
Qutput Current Vg = 115V 5 5 ] mA
Open Loop Output impedance 100 100 L
Outpul Voltage Swing ’ Vg = 15V, R = 2k 110 £12 110 £10 v
Vg = +15V, R » 10k £12 113 112 £13 v !
Short Circurt Current Vg = *15V, Ta=+425'C 17 17 Vi
FREQUENCY AND TRANSIENT !
‘RESPONSC o
Gan Bandwidth Product Vg = 15V, Ta = +25°C, 1 i LA
‘ A =100 L
Unity Gan Freauency Vg = t15V, Tp = +25°C 1 1 LAt
Full Power Bandwidth Vg = 15V, T = 425"V 100 100 | nHz |
Stew Rate ' |
v Inver tor ' ' Vg " 115V, Tp = 425°C, A = -} 6 G \Vous
M Eallower Vg = 15V, Tp = 425'C, A= +1 G G CVins
o ‘ ‘ 1
POWER SUPPLY REQUINEMENT : B
Power Supply Range 16 120 6 118 | v !
Qurescent Supply Current Vg = 20V, VourT = 0V, f }
o Ta=+25'C 45 55 Pma
' Vg = 15V, VoyTt = 0V, i : ]
Ta = +25°C 60 | 80 mA |
Ommgoyn‘l»l.'(_vwhr:t_lSuTvlmuon \;s * Y16V, VoyuTt -0V, 1 ‘ 1,
o \ Ta = #25°C l 180 180 g i

Parameters are tested over temperature range unless otherwise noted.

NOTE ! SUS536 Vg~ 'GV to 20V
NESJI6 Vg =~ 6V 10 115V

186



SiGNETICS o 536 —~ FET OGPERATIONAL Al#LiFleA

TYPICAL CHARACTERISTIC CURVES

OPEN LOOP VOLTAGE GAIN INPUT VOLTAGE NOISE AS A
QFD AS A FUNCTION OF SUPPLY VOLTAGE o FUNCTION GF FREQUENCY
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SIGNETICS & 536 — FET OPERATIONAL AMPL

TYPICAL CHARACTERISTIC CURVES (Cont'd.)

OPEN LOOP VOLTAGE GAIN AS A
FUNCTION OF SUPPLY VOLTAGE
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e S 0000

H

voltago is equal to the supply voltage
3. Short circeuit may bo to ground of oither supply. Rating opplios to
+125°C caso wmpur.num of +7&°C nmblent mmporn(uru

EQUIVALENT CIRCUIT - 5

ORDER PART NO. MA741CV

petuiyesiamioraiiie el e L R
[ Iﬁ ,ﬁlij;%!%b“{ (‘.AI ﬂﬁ:%.:rl ?‘{f,m : &i,; H
D‘_m-’b b Bl ks ek SRRy Rl
Elazt:] 70 3
iy RTCORAYE Il
: LINERR INTEGRATED CIRCHTS
DESCRIPTION PiN CONFIGURATIONS
The uA741 is a lugh performance operational amplifier with - g !
high open loop gain, internal compcnsanon high common A PACKAGE l
mode range and exceptional temperature; stability. The (Top V"""{;? .
HATAY s short-cicuit, protected and allows for nullmg of ! o
fiset “ . . CoEr {3 R 1. NC
offsct vo ageqw . . s ,[: D",‘ 2. NC )
FEATURES 'E ju 2 S,L'_S(::,:u‘:"
INTERNAL FREOUENCY COMPENSATION O] T - 5. Non-inv. input
SHORT CIRCUIT PROTECTION .. ? - - 6. v-
OFFSET VOLTAGE NULL CAPABILITY { (O D.‘ 7. NC
- EXCELLENT TEMPERATURE STABILITY e i o Ovisct vl
"“HIGH INPUT VOLTAGE RANGE Ju [Je 5 Ottent
NO LATCH-UP o o 11, v*
- . ‘ - 12, NC
ABSOLUTE MAXIMUM RATINGS - gn [ N
a4
UAT41C HAT4T . e
Supply Voltage +18V . 422V ORDER PART NO. UA741CA
Internal Power . T PACKAGE.:. -
Dissipation (Note'1) 500mW 500mW
Differeptial input Voltage #30V . ...t . 230V 1. Offset Null
_Input Voltage (Note 2) 15V.. 15V 2. 1nverting Input
Voltage between Offset ' . g 3. Non-Inverting Input
- . + .4, V™ i
Null~a(nd Y +0.5V +0.5V 5 Offsot Null
Operating Temperature 3 S:ml" '
Range 0°C to +70°C  -55°C to +125°C 8. NC
Storage Temperature S o o ORDER PART NOS. UAT41T/UATAICT
Range -65Cto+150°C -65Cto+150 C" ; —;
V PACKAGE o X
Lead Tbmpcrature ) oo . '
(Solder, 60 sec) _300°C 300°C O [Je - offsernun v
Output Short Circuit Indefmite Indefinite Ca ) mE § I'V"o""‘_'l"n':l“‘.npm .
Duration {Note 3) , H>—l~ ) oyoniny: tneut .
Notes ’: J ) G, OffsevNull - '
. RAating applics t nsa tomporatu 125°C, dorato linoarl G, utpu
! 6.5 .:‘mV‘{’/‘P(?fg: n‘l:hcu l||‘::\l“‘:)l)l’ll‘lurfoﬁs! '001\030 + /Jg o finear V o .C j!' E; 8.:”,) ! L , \
2. For supply voitagoes luss than £15V, tho absolute muulmum lnput B NC ° o !

s

INVERT

NON INVEATING
» INPUT -

}—oorsssr NULL

“10
5082

-
v
07
Qg 0y Oy
| OFFSEY
o NULL
o— t—0 5
1 '
Ry ¢ M2 | R3 ¢ Ra,
m)t 60kt k€ E‘m




SIGNETICS » uA741 — HIGH PERFORMANCE OPERATIONAL AMPLIFIER

ELECTRICAL CHARACTERISTICS {Vg = £15V, T4 = 25"C unless otnerwise speciid)

1 T i ' ff—\
. PARAMETER i MIN. [ TYP. | MAX. | UNITS | TEST CONDITW .S ‘ \J
MAZA1IC
Input Offset Voliage 20 { 6.0 hv l Rg < 10x02
Inpaut Offset Current 20 200 nA
Input Bias Current 80 ’ 500 nA ’
Input Resistance 03 2.0 : MQ i
input Capacihinee *1.4 i pF !
Offset Voltage Aryustment Range 15 ; Ny !
! Input Voltage Range +12 13 i \Y% '
Cemmon MNode Rejection Ratio 70 ] 90 ‘ ] . T5 o oRn2
Supily Voltace Tejection Ratio ‘ 10 - 150 uVIVv hg < 10k ‘
Large-Signal Vel yge Gain 20,000 200,000 R ™ 2082, Vg e 5 210V ;
Qutput Voltage S ving 2 114 v R 10h02 .
$10 13 v R > 2k82 3
Output Resistance 75 §2 i
Outnut Short-Circurt Current 25 mA '
Supply Current 14 28 ma :
Power Consumption 50 85 mw ;
Transent Response {unity gain) Vin =20mV, R =2x02,C < 109pF
Risetime 0.3 us
Oveishoot 50 ' %
Slew Rate 0.5 Vius Ry > 2k ‘
The followsng specifications apply 5
for 0°C < T, = +70°C l'
i input Offset Volinge 7.5 my
| Input Oftset Current 300 nA !
‘ Input Bias Current 800 nA ]
. Large Sanal Valtage Gain 15,000 I R 22k, Vg, =1i0V %
Output Voltage Swing 110 113 Y ’1 Ry = 2xQ2 I
J
HATS ;’
i
input Offset Voltage 1.0 5.0 mv Rg < 10k . C)
Input Offwet Current 10 200 nA !
fnput Bras Current 80 500 nA i
Input Resistance 03 2.0 M i
Input Capacitance 14 pl i
Offset Voltage Adjustment Range 15 mvV !
Large Signal Voltage Gain 50,000 200,000 R > 2ks2, Vg 0 = 10V 1
Qutput Hewistance 75 aQ {
Qutpirt Short Circurt Current 25 mA \
Suppty Current 1.4 28 mA '
Power Consumption 50 85 mWw l
Transicnt Response (unity gain) Vin = 20mV, R =2k, c_ < 100pF
Risctime 03 HS
Overshoot 50 %
Slew Rate 0.5 V/us R >2kn2
The foliowing specifications apply 1
for -65"C - A% +125°C ) i
Input Offset Voltage 1.0 60 myVv Rg « 10n82
Input Olfset Current 70 200 nA TaA=4125'C
. 20 500 nA Ta=-55C
Input Bias Current 0.03 05 MA Ta=t12bC i
03 15 HA Ta®-55°C
Input Voltage Range 12 +13 A%
Common Node Rejection Ratio 70 90 dB Rg ~ 1082
Supply Voitage Retection Ratio 10 150 uVviv RS s TORS2 ;
Large-Signal Voltage Gain 25,000 R » 282, Vg o = 20V H
Cl)utppl Voltage Swing *12 *14 \% R » 10r82
{ ’ 10 *13 v R > 282 !
i Supply Current 3 1.5 25 mA Ta = +125°C !
: 2.0 3.3 mA Ta==55C |
Power Consumption 45 75 mw Ta=+1207C |
45 100 mw Tp=-55"C i
< ‘1
. | O
]
L

PR o BN



SIGNETICS = pA74% — HIGH PERFORMANIE OPERATICNAL A PLirlEs

TYPICAL CHARACTERISTIC CURVES
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SIGNCETICS & #nA741 — HIGH PERFORMANCE OPEAATIONAL AMPLIFIES

TYPICAL CHARACTERISTIC CURVES (Cont'd.)
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1. INTRODUCCION

Con el terming amphificador operazional, se designe
en un principio a aquelios dispositivos que se ajustan
lo mejor posible a un clerto concepto idcal que <2
puede definir como un amphficador que cumple los
siguientes requisitos:

— Impedancia de entrada infinita

— impedancia de salida nula

— Ganancia diferencial de voltaje infinita
— Ganancia comun de voltaje nula.

Aunque antes su empleo se hmité al caripo de las
computadoras analdgicas, es en la actuahdad uno du
los bloques mas utiles con que cuenta e diseftador
de sistemas electronicos analogices: se f.ede decir
que el amplificador operacional surge en 1947, con
el trabajo de Ragazzini (ref 1).

El objeto del presente articulo no es sefia ar algunas
aplicaciones dei amphficador operacional pues son
tantas que se requieren textos completos para listar
algunas de ellas (refs 2 y 3), mas bien ¢ trata de
presentar las principales caracteristicas de os diferen:
tes tipos de amplificadores operacionales «uc existen
actuaimente en el mercado; explicar el poique (cuali-
tativamente) de sus limitaciones y, por ulti 10, presen-
tar el panorama que se abre ante el diseicJor de sio-
temas debido a la inclusién de macromodc.os de am-
plificadores operacionales como parte de 0s siumula-
dores digitales de circuitos eleciromcos.

Actualmente, no todos los ampiificadores cperaciona-
les se ajustan al modelo 1dea! presentado al principio
de este articulo, ya que existen en el mercado circui-
tos cuya transconductancia es variable, por eemplo
el CA3060 de RCA (ref 4), cuyo modelo se¢ muesira
enia fig 1.1-b y el I{M3900 (ref 5) de Nat.onal Semi-
conductors, que podria definirse como un amplifica-
dor diferencial de corriente, comunmente GenonrinNagon
amplgfncador operacional de Norton (fig 1.1-c).
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2, CGIHFIGURACIONES TIPICAS SIMPLIFICADAS
2.1 Etapa de entrada

Se centrard la atencion en la etapa de entrada, ya gue
en clia residen las caracteristicas que distinguen entre
si los diversos Lupos de amplificadores opcracionales.

2.1.1 Amplificador operacional de voltaje

€l aircuito que tradicionalmente se emplea para llevar
a la practica este tipo de amplificador es el par aco-
plado por emisor, polarizado mediante una fuente de
corniente, realizada por medio de un espejo de co-
rriente. En la fig 2 1 se muestra esta etapa; Q1 y O»
constituyen el par acoplado por emisor y O, y Q4 (co-
nectado como doido), la fuente de corriente.

Jna de las limitaciones de esta configuracion es que,
para su correcto funcionamiento, requiere que los tran-
sistores que integran el par acoplado por emisor po-
scan iguales caracteristicas (ocurre algo similar con
el par de transistores que componen la fuente de co-
rriente); st se realiza el circuito en forma monolitica,
se puede obtener dicha igualdad de caracteristicas:
por otra, parte, si se anahiza la polarizacion mediante
fuente de corriente, se vera que esta depende de re-
lacones adimensionales de resistencias, lo cual faci-
hta fijar los puntos de operacién de los transistores
dentro de limites aceptabies de variacién (ref 6).

O

Esta configuracion de entrada ¢s faciimente modifica
ble, para satisfacer especificaciones mas estrictas, por
eiemplo: para altas impedancias de entrada, Qv y
aucden ser sustituidas por conexiones tipo Darlingtc .
o mediante Darlington hibrido con entrada por JIET,
con lo cual se nucden obtener impedancias de enirada
del orden de 10% ohmios; si ¢l problenia es la respuest
en ei dominio de la frecuencia, O, ¥y (: pucden sust
tuirse por un cascodo, etc.
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] O
1 °-Vge
fig 2.1



) 1.2  Amphiicador operacional de transconductancia ©° + V.-

] J
. . == <
i'ste tipo de ampliticador operacional basa su funcio-
namiento en la caracteristica de dependencia lineal Vo
de la transconductancia de pequefa senal en un TBJ ]
cen fa corriente de colector (ref 7), o sea que se puede 1 !
J.

cambiar la transconductancia equivaiente del par di- |
ferencial variandc externamente su corniente de pola- Vo O ;
nzacion; la soiucion mas comunmente empleada se 2
muestra en la fig 2.2, donde si se considera ia ganan-
cta de corriente (B) del transistor )y muy grande,
la coruiente que fluya por (i y (). serd esencialmente le
/2. Un analisis mas detallado puede encontrarse en

el Manual de aphcacion del CA3060 (ref 4). 0 =Y zi

: Fig 2.
2.1.3 Amplificador operacional de Norton 922

+Vee

En cste tipo de amplificador operacional se pretende j .
=uplear una senail diferencial de corriente para con- L B Vil )
wolar la sahida del dispositivo. Una configuracidon em- e
sleada para salisfacer este propdsito usa el concepto - All-1,)

de "‘espejo de corriente’’ y se muestra en la fig 2.3. P —

: 7
O ” *
Se puede apreciar que la comparacion de corrienfes se , “2 W

efectua en el nodo A, donde la corriente /, se resta a

la corriente /,; esta es una de las principales limita-

ciones del disgositivo, ya que forzosamente /, > /i ’J
nuevamenie se remite al lector interesado en profun- - Zd
dizar en este tipo de amplificadores a las notas de

aplicacion del fabricante, en este casc National Semi- Fig 23 ‘
conductors (ref 5) en el capitulo referente al LM3900,

Vee
2.2° Etapa intermedia
ray aspectos sumamenie importantes dentro del di- \] 2;‘
sedo de amplificadores operacionales; como el de con- ‘ N , e — v
vertir la sahda diferenciai del par acoplado por emisor . _l 0
a salida comdin. P =
H

Onviamente existe la sclucién trivial consistente en
to.nar la sahda entre elguno de los colectores del par
y ¢l nodo de referencia, esta solucion adolece del de-
iacto’ de reducir la ganancia a la mitad, io cual es un

2iave problema en un circwito con el que se desean i i
wener altes niveles de ganancia. El problema puede 7 ¢ ¢

resolverse mediante una conliguracion denominada

.mphiicador polanzado por diodos (ref 7), que se

wuestra en la hig 2.4, ' Fig 2.4



St en esta ~onfiguracidon se sustituyen las fuentes ¢, e
¢ por io. colectorcs de Oy y Q. de la fig 2.1, se pue-
den obtener salidas comunes a partir de etapas con
salida ciierencial de corriente. Analizando el ampiifi-
cador se ilega a:

-~

Vn:szlif'

. . 2 Vee
ademas, como Vee, = Vcc_, = ———— + Vbe +

Ry /. ..
-+ —%— evidentecmente los puntos de operacion no

dependeran de los pardmetros de los dispositives ac-
1ivos empleados, esto estabiliza al dispositivo con res-
pecto a variaciones de dichos parametros de fabrica-
cion. Es claro que existen muchas otras configuracio-
nes que proporcionan ganancia de voltaje; sin embar-
go, estas son amplamente conocidas y no requieren
de una nueva prescntacion; cabe mencionar en este
punio que existen también configuraciones como la
celda de Gilbert (ref 8), cuyo principai objetivo es la
ganancia de corriente; dicha configuracién se muestra
en ia fig 2.5.

un anahisis del circuito (ref 9) muestra que

[_
O sea que la ganancia de la celda puede escogerse
1
seleccionando la relacion . en forma adecuada;
B

mads ain, excepto on la polarizacidn de las fuentes de
corriente, no se ecrmiplean resistencias, o cual simpli-
nica el aiseio en forma monolitica (ref 6),

2.3 «ttapa de saliaa

Esta es la etapa que constituye el acoplamiento con los
demas circuitos del sistema; sus caracteristicas dge-
penden, por tanto, de las del modelo tedrico que se
desee emplear. En caso de amplificadores operaciona-
ies convencionales, csta etapa consta de algun arregio
en tipo AH; un problema interesante de diseno en
¢stos circurtos son las redes de cambio de mivel de

i>.C. nccesarias paia garantizar que habra O voltios

A la sanda para O voltios a la entrada. Lo anterior se
consigue, generalmente, como se muestra en Ia fig 2.6
en forma simpiificada, En este circuito, que esenciai-
mente es un emisor seguidor, la polarizacion del tran-
sistor (0, se logra mediante la fuente de corrniente (s,
Q. Dado que la impedancia que presenta dicha fuente
de corriente es mucho mayor que la resistencia R, no
t.abrd atenuacion de seial, pero si una caida de voltaje
proporcional a la corriente de operacién IE .

____.@M __
(23]
—o—
-
1N
N
[43]
TR
Z/

Fig 295




£n tal caso, el transistor Q, es la etapa de potencia
(clase A) con caracteristica de baja impedancia de
sailda. Hasta aqui se han mostrado, en forma simpli-
iicada, aigunas de las etapas que integran un ampli-
hicador operacional, teniendo en mente fundamental- -
mente motivar al estudio mas profundo y sobre todo

a3 su aplicacion,

- 3. DESVIACIONES DEL MODELO IDEAL

" £n esta seccion se presentan las principales desvia-
. cones que t.ene el amplificador operacional con res-
pecto a un modclo ideal. Es evidente que también en

1 . .
este caso existe la necesidad de un estudio mas pro-
wndo y del anahisis de la configuracion especifica en.

. cuastion para descubrir-ia raiz de las himitaciones; sin

embargo, esto cada vez es mas sencillo; debido a la
presencia de simuladores y lo serd ain mas en lo - ’
futuro, cuando la prmcsra! preocupacién respecto a o
es:as no idealidades seta caracterizarlas adecuada-

. mente para cuantificar los parametros de los- modeios

’

. implantados en ducho smuladores

A contmuacnén se hace un-analisis . somero de las si-
guientes no idealhidades de _seguncjo orden

O B W e

i

Siew rate

Offset

Tiempo de transicién
Ancho de banda

Ruido

3;1 Slew rate

Si se exmta':‘un:ampliflcador"’bdéracuona’l con una fun- .- -
i ciéncion escalén K u(r) de varios voltios'y tiempo de '

subiia io bastante rapido (del orden de pico-segun-
dos) se aprecia que la* respuesta del amplmcador no
“sigue’’ a'la entrada mmeduatamente (ref 9)., Esto es,
lasdenvada del voitaje de sahda con’ respecto al; tsem- .
po, es fmcta S o

v,

R v
N At

Vit




De acueruo con ia definicion anterior . Q

(“/_'(1)

= Slew rate

ot

1V (r

(0 = x > |deal

dt
(I‘l_'(l)
o —=> entie 0.5 V/usvy 2000 V/uv —> Real
{

Dividiendo al amplificador operacronal en 3 etapas.
exaclamente como se planted su estructura, se tiene

Cec 7=
[ -
+ o
<
-0
Etapa de salica
clase A-B
=tapa de ganancia
Etapa de entrada
diferencial

Fig 32
Para eviiar que el amplificador operacional oscile Ia es mucho mayor debido al antes mencionado efcei
etapa de ganancia debe estar fuertemente compen- Miller.
sada (ref 2); esto se logra aprovechando el efecto
Miller, el cual puede verse como un efecto integrativo
(ret 2). Debido al condensador C,. de compensacion, Suponicndo nuevamente que se exci'e ¢f amplificad
son despreciables las capacitancias parasitas de esta operacional con una tuncion escaldn, y asumiendo Gt
etapa de ganancia, de la etapa de entrada diferencial, la etapa de salida clase A8 reprocuce tielmenie
y ae la etapa de salida clase AB, comparadas con la sen’fal inyectada por la etapa intermauia de gananci.
sapacitancia C. de compensacion cuyo valor aparente del amplificador operacional, se tiene

Ic Cc

G

!
Pi

—
— =7

—

v

Vo (t)
Vi(t)
Fig. 3.3. Modelo para determinar el Slew rate asu-
miendo condiciones iniciales = 0. Esto es, C, descar: Q
gado ‘ ;
dV (1) le j

(Il C:‘c :



=1 debldo a que la impedancia de entrada de la
etapa gje ganancia’ es bastante mayor que la impedan-
" ca de’ sallda de la etapa de entrada diferencial’

.

j avu 1

LN dt . C\'

{ Esto es, conociendo, el valor ‘del condensador de com-
. pensacion de la etapa de ganancia C, Y, ei valor de la
gcomen.e entre las.-etapas de ganancia'y de entrada,
i1, es pos:ble determunar el Slew rate de un amplifica-
i dor operac;onal ‘
P.,ra ver:fncar este resultado, se analizard el caso de!
,‘A 741, ei cual tieng, - '

Ce = 30 pf tipico; - 1 = 15 uA tipicamente.

dVu(th 15 x 10°
dr T 30 x 1o

; Slew rate = = 0.5 V/us.

53.2 Oifset de voltaje 2 la entrada

. Se denomina. asi al. voltaje diferencial que es necesario
. apiicar para lograr que el voltaje de salida sea de cero
.voitios. La especificacion tipica para el offset de vol-
ta;e dada por el fabncante esta referida a cero voi-
"lios de entrada en modo comun, y para valores nomi-
~nales de fufznte de poder. El valor ideal de offset de

voltaje es cero voltios; el walor real gira sivededd,

de cero voltios, siendo generalmente ge = 2 mv.

Para instrumentacién ~donde se requncre megicicn de
Da;os mveles de comente directa, un error de voltaje
como el ¢ orrespondnente al offsd gpacaria compicta-
mente el nivel a medir,

. A continuacién se estudia. el.prooiema que trae con-

s-go el off set-ae, voltaje en un umabrador simpie como
el mostrado en la fig 3.4.

,Sup()ncase que Vi(t) =:0; esio implicaria. que el vol-

taje de salida V(1) = 0,, pero anahzando la ec 3.2.1
setlene Lo o S

Vat) = Vo -+ ——C-:-J Vo di

Vi) =0

£stas ecuaciones implican que el voitaje de salida
h(t) tendra un valor inicial en ¢ = O correspondiente
ai voltaje de ofiset y a partir de ese-instante empezars
a integrar V. hasta Hegar a un hmlte *+= V. COrrespoi.-
d.ente al voltaje de saturacidn de salica del ampiifi-

" cador operacional- (fig 3.5).

C

? > 1

'Fig 3.5 ,:Requesta Ge un-integrador re'al con entrada cero
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3.3 Tiempo ge transicion

Es el tiempn que tarda ia respuesta de un amplifica dor
operac:onal en manicnerse entre 0.1 y 0.01 por cicnto
de su vaor hinal, En muchas aplicaciones del amplifi-
cador operacional, dicho parametro es muy importante.

£i trempo de transicion puede dividirse en dos perio-
dos arstintos: el primero esta limitado por'el Slew rate
del ampiificador y cs el tiempo en el cual el voitaje
de sahda cambia de su valor oniginal a la vecindad
de un nuevo vaior La segunda parte es el iempo de
asentamiento, 0 sea el periodo en que el voltaje de
salina alcanza un valor razonablemente cercano (0.1
0 G.01 por ciento) a su valor final.

LOS vaiores relacionacos con et tiem, s Lo ransicior
son dados por el facricante con ei ara ' licador rcn
1300 en ganancia unitaria nNo INversora, om0 s& mues
tra en la fig 3.6.

3.4 Ancho de banda con ganancia unitana

Dentro ce la region lineal del ampiilicador operacia
nal, la ganancia de voligje diferencial (ocrece cuand,
la frecuencia se increments. Junto cor ei margen oo
iase, el ancho de banda con gananc.a uniana es i,
forma mas comun (ref 4) de especuic.t la respuest:
en frecuencia de un amplificador operucional,

Un anahsis de la fig 3 7 muesira que 1o frecuencia i
a ia cual la ganancia es unitana viene dada por

Vi v i
.e ‘-___{
v, | |
L e | — ! N, TN . R
i |
f I I
- i |
Lot | |
l | .
te 1 !
. tg & tiempo de Gsea amiento
te & tierpo de trans cion
Fig 3.6 tiempo de transicion '
|
l li'— i
— J -
Te |+ + | AVi3
s '+
Vi ROR U VlzJ},V‘Z O W2 Viz | \Vis é Vo
SmuVi [ —
gmzVie -
— , L
7

Etapa de entrada

Etapa de ganancia

Etapc dge salida

Fig. 3.7. Modelo para calcular frecuencia de corte
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considerando unicaimente G,
Gmy Gm,

We = ("02 // ra)A

vonsiderando unicamente C,
. Asumiendo que
) 1

’ (rao [/ ra) » T

1
Cz Gmz (roa // ra) We

{ror // riz) »

0 cual se satisface en cualquier tipo de amphficador
operacional,

la tecnologia actual en la fabricacion de circuitos
ntegrados es capaz de producir transistores NPN
i{ref 10) con una frecuencia de transicion f, dei orden
"de 600-800 MHz: Por otra parte, los transistores PNP
"producidos con la misma tecnologia, tienen una fre-
-tuencia de transicion f, del orden de 2:5 MHz, lo cual
185 una muy seria limitacién para lograr un ancho de
‘banda en amplificadores operacionaies mdas alld de
1 MHz.

35 Ruido

Por ruido se entiende aquelias corrientes o vollajes
’quo se generan dentro de los mismos dispositivos
~(transistores, resistencias, etc) que constituyen el cir-
“tuito electronico; la naturaleza del fenomeno es esto-
‘cistica (ref 13), por tanto, en lo que respecta a su
estuaio se prefiere analizar el valor medio cuadratico
de este tipo de senal, ya que entonces se pueden
hacer comparaciones en términos de niveles de po-
“tencia Independientemente de la clasificacion que se
haga del ruido con base en sus caracteristicas, desde
el punto de vista probabilistico, puede clasificarse de
acuerdo con la naturaleza fisica del fenomeno en:

.1 Ruwido térmico: Causado por la agitacidn molecular

hasta una frecuencia de 10'' Hz, depende hnealmente
de la temperatura absoluta.

O 2 Ruido discreto: Es causado por el flujo de portado-

res de caiga (electrones, iones o huecos) a3 traves de

. una regién carente de estos cuando se presentan las

siguientes condiciones:

— &l flujo de los portadores es un fendmeno cuanticc
y aleatorio

— El tiempo de transito de los portacores a través
de la regién vacia, es mucho menor que el periogo
de variacion de las senales externas aplicadas ai
dispositivo

— La probabilidad de que un portador atraviese lz

region vacia es independienie de lo gue ocurra cor
otros portadores.

Zste tipo de ruido se presenta on junturas PN pola
r1izadas en inversa y depende ool vaior medio de s
corriente que circula por el JiLpositivo, siempre y
cuando la frecuencia de analisis sea menor que la de-
cima parte del inverso del periods del tiempo de tran-
sito del portador a traves de la regidn vacia.

3. Ruido de parpadeo: Estd asociado con un fiuo de
corriente directa a través del dispositivo y tiene una
densidad espectral de la forma

4. Ruido de rafaga: Se debe principalmente a la exis-
tencia de niveles de trampa en la rezidn prohibida,
depende de 1 4- .

5. Ruido de avalancha: Causado por los mecanismos
de ruptura de una juntura PN en inversa; este ruido
estd asociado con las siguientes caracieristicas:

-— Flujo de C.D.
— Amphitud mucho mayor que el ruido discreto
— Distribuciéon de amplitudes no gaussianas,

De los 5 tipos de ruido mencionados solo ios Gos pr.-
meros son predecibles tedricamente con cierta exac-
titud; los otros deberan medirse experimentalmentc
en el laboratorio.

Como. auxiliar de diseno, los fabricantes de amphin.-
cadores operacionales generalmente proporcionan gra-
ficas de nivei’de ruido di® o v contra irccuencia, To
mando en cuenta que el amphificador operacional es
un filtro paso ba;as, se puede estimar una frecuencia
central, determinar el valor de «/* obteniendo asi fucn-
tes equivalentes que puedan considerarse ¢omo exis-
tentes a la entrada del modelo del amplificador ooe-
raconal, y asi calcular la magnitud de este compo-
nente: indeseable a la salida.



4, MODE.OS DE AMPLIFICAGORES OPERACIONALES

Los simuladores d.nitales de circuitos electronicos han
tenido gran aceptacion entre los ingenicros discna-
dores de circuitos Su wuso se ha extendido grande-
mente hasta el diseho de subsistemas de circuitos
integrados y al diseno en gran escala. Desafortuna-
damente, el proposito fundamental de estos simuiado-
res no era el de cubrir estas areas, ya que un simu-
lador digital realiza, en forma iterativa, el analisis de
un circurto (ref 12). y como cada iteracion requiere

de un analisis compieto de circuito, el tiempo de °

computacidon (por el cual se paga. y en algunos €asos
resulta caro) requenido para el analisis de un subsis-
tema con circustos integrados, seria prohibitivo y poco
eficiente.

4.1 MODELOS ELCZMENTALES
Considérose el modclo mostrado en la fig 4.1, el cual

representa en su forma mas elemental un amplificacor
operacional de voitaje. por ejemplo el uAd 741,

R, = Escomda arbitrariamente = 1K
Rim = Resistencia de entrada
R, = Resistenciz de salida
A. = Ganancia cn malla abierta para C.D.
J. = Ancho de banda con ganancia unitaria
€ o= —

21IR ],

Como es »wvidente, en un modelo tan ejemental los
parametros nternos del amplificador operacional o
intervienen directamente. En este ¢aso, el probiema
consiste con tratar al amphificador operaciona! como
una red de dos pucrtos para poder obtener fa mayor
informacion posibic, por ejemplo: R, R., A, f.

Con ¢l modeio mostrado en la fig 4.1 y la informacion
oblenida se alimenta a un programa de computadora,
simuiador de circuitos electronicos, el cual nos dara
como respuesta un chagrama de polos y ceros. un
craprama de Bode en mapnitud y fase y el ancho de
banda con panancia unitana; no es posibie obtener
mas informacidn, ya que los pardmetros internos del
amplificador no van inchudos en el modelo.

Evidentemente la faile estriba en el modelo y no en
el simulador, mas si lo que se pretende ¢s ver el am-
pificador opearacional como un clemento de circuito,
seria necesario caracterizarlo de manera mis come
pleta.

+
’ Yin Rin<, Cb(ﬁl—)vm

O -
i
|
‘}.Ro Vo
! o -

Fig. 4.1. Modelo elemenial de un ampiificador operacionai.



O © 42 MACROMODELOS

ci objetivo dei macromodelo es obtener un modelo lo
mas real posible de un circurto integrado o una frac-
cion de el. a fin de reducir significativamente la com-
piepdad del circurto. para poder simularlo en menor
Hempo, Y a menor costo para utihizarlo en circuitos
integrados a gran ¢scala 0 en subsistemas con cir-
cwitos integrados.

~Un macromodelo del amplificador operacional ICL
3741 se muestra en la tig 4 2 (ref 11). Dicho macro-
moagelo en comparacion con el circuito real del ICL
§741 representa una reduccion considerable de nodos
y ramas y ademds una aproximacion bastante buena
de 10s parametiros de mayor interés, por ejemplo ca-
racteristicas de enirada y salida, ganancias en modo
comun y en modo diferencial, respuesta en {recuencis,
offset de voitaje y corriente, polarizacion, Slew rate,
excursion de voitaje a la salida y himitacién de co-
mente a la salida por cortocircuito. Ademas, el ma-
cromodelo tiene la ventaja de que reduce aproxima-
damente 80 uniones PN a udnicamente 8 uniones PN
para una mas rapida convergencia en ei proceso

El circuito de la fig 4.2 que represertc el macromo
delo cumple con la estruciura basica ce un amp.ail-
cador operacional, esto es, etapa de enatrada, elaos
intermedia de ganancia y etapa de salida.

La etapa de entrada consiste en dos transistores iGea-
les (), y (J: asociados con fuenties de corriente y cie-
mentos pasivos. Reproduce tas linealidacies y no hinea-
lidades necesarias para represeniar las caracteristicas
en modo comun y en modo diferencial del amplifica.
aor operacional. El capacitor C, se usa para intregucir
efectos de segundo orden en el Siew ra.e y el capacitor
C, en el cambio de fase, ai aumentar ias frecuencia.

La ganancia de voltaje en mode cemun y en modo G-
ferencial del amphificador operacional v.ene dada por
los elementos de la etdpa intermedia de ganancia,
Gem Gu, Ry, G, y R

La etapa de salida provee de la resistencia apropiada
tanto de A.C. como de D.C., Dy, D., K., G,, simuian
el efecto de maxima cornente de saiiia en cortocir-
cuito. Los elementos Da, V., D V., 56 circuitos re-
cortadores para limitar la maxima excurs.on de volia;c

erativo. . a la salida.
_]I__Vc
l
tos
(-] Vb C2 5
3 XRp b =0 Vo
(tjo %70 Z&Dz \ D4
Gava] Gbvb LA
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' ﬁch
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Ztapa de entrada

Etapa intermedia de ganancia

tGpa de salida

ﬁig 4.2 Macromodelo del amplificador operacional iCL 8741.
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AN APPLICATIONS GUIDE FOR
OPERATIONAL AMPLIFIERS

INTRODUCTION

The general utihity of the operational amp!.fier «s
derwed from the fact that it s intended for use in
a feedback loop whose feeagback praperties deter
mine the feed-forward characteristics of the amph-
fer and loop combination To swit it for this
ucage, the ideal operational amphifier would have
infinite 1nput impedance, zero output impedance,
+, inite gain and an ooernloop 3dB po'nt at
infinite frequency rolling off at 6 dB per octave
Unfartunately, the unit cost—-In quantity —would
also b2 infinite

intensive development of the operational amph
fier, particularly v integrated form, hes y cided
crrcuits which are quite cocd engiresring apuroat-
mohons of the adeat for finie cost Quuntily prices
for the best contemporary integrated armp'fiers
are low compared wath transistor prices of five
y2ars 230 The low cost and high quality of tnes2
amplifiers allows the implementaton of eaquid
ment and systems functions  impractical with
discrete components An example 15 the low fre-
quency funcuen gonerator which may use 19 to
20 operational amphfiers i geaneration, wase
shaping, tniggering and phase lecd ing

he availabrhty of the low cost integ 1ted amph
fier makes it mandatory that systems and eguip
ments eqgincers be farnihiar  vath operational
amplihier appiizations This pager vall prasent
amplifier usages rarging from the simple unity gnn
bulfer to refatizely complex g2nerator and veave
shaping circnts The ¢oareral tneory of onerztional
amplificrs 1s natvathin the scope of ths paper ond
many excellert references are avatsble in the
Wersture 1.2.3.4 Tre apuroach will be shaded
o0 ord te proruett aonhibizr pares Sters v M te
discasscd @ W oy effe o Uy fueis Lo
applicat.on reswictiuns wit be cutlined

Tre applicatinns discuserd wall b arrunygd in
order of incraarg complexity in hive citegor mo
simpte arrohfyors, oporetional circurts tranugu e
aminibers vz SNpws ond g rlrators, cad poder
it e, s shouaan e
rrost part anterncily comyg

g ple s The

Gt ate fuey

February 1962

sated so frequency stabilization components are
not shown, however, other amphfiers may ba used
to achieve greater operating specd tn Many circuits
as will be show.n 1n the text. Amphifier parameter
definitions are contained 1n Appandix |

THE INVERTING AMPLIFIER

The basic operatignal amohfier cirewit 3 shovwva n
Figure 1 This circuit gives clesed foop gan of
R2/R1 when this rauc 1s small comnared wath the
amplfier cpan-isop ga n and, as the name «mphes,
s an wverting cucu't  The mmput impedarce s
equal to Rt The ciosed loop bandwidth i: equal
to the unity gain frequency divided by ane plus
the clos-d o, gain

The only cautisns to b obsorved are that R3
should be chosen to b2 equat te the naraliel com
bination of R1 ane R2 to. minimize the otfset volt-
age error due to bias current and that there vall c2
an offset voltasz at the amplifier output equatl to
ctSied-loop gan times the offsct voltage at the
amphifier input

R2
Your® gy V¥
. Rl Rt &2

FO8 Yinew 1V ECIQR OLE
— TOINPLT BIAS CUFPENT

FIGLEL Y Tt & 0

Oftset v9ltage at e inputof an cperationa! amah
fior 45 comprisad of two companents, thase com-
ponents ere iZentufied in spraitying the arpnfier
as nput efivt volten and apput B1as curre ot
The ingat oruet wol vgt e foves ‘o0 a partzutar

anpltter b o v« La0an dur 10 nput

O

bras currant 15 depe-.dant on the circut configu
ration used For mimirur offset voitage at the
amplifier 1aput without citcurt adjustment the
saurze resistance for both .npLts shodld be equat
In this case the mawmum ot*set voltage would be
the algebraic sum aof amphifrer affs2t Loltage and
the voltage drgn acress the saurce rasistance diue
to offset current A nphf 20 offset voltage s the
predommnart 2reor 150 o0 )W soLrce resstanies
and offset cu-rent causes t=2 man 2rror for high
SOLPC2 2530300 es

tn ngh ~carce 1o55ta 70 30rheatony ofset Lole
aye at thz amubbor output may oo aggastad by
adiusuryg the value of R3 a~d using the Lanation in
veltage drop acrnss 1t as an input offset voltage
trm

Ofiset voltage at the amplifier output 15 not as
tmportant in AC coupled pphications Here the
enly considaration s that any offs2t voltag: at the
aatout recduces tre peak to paak hnwar output
sarrg of the grrphifier

The gain frequency charactesistic of the amplitier
and 115 feadback network must b2 such that osail
lation does not occur To ™22t this condston, the
phase shift throogh armphfier and feedhack
retwork must rever exceed 18G7 fcor any fre
Grency v.here the garn of the amp'ifiar and s
feedback network s greator than unily  In
oractical ancticattons, the phase sh.it should not
adoroach 180° sinze this s the situztion of con
Ot anal stabeaty Uh.oously the @ ost cnitical case
cecurs when the attenuation of the feagack ret
WQrk 5 2ero

Amplifiers vohich are not internatly comoensated
may be used to achi2se increased performance in
creuts where feedhazk retwork attengation s
~ign As an example, the LATI01 may be cperated
at unity Gain in the iverting amolifer circart with
a 15 pF compeisalirg capacitor, s nea the feedaack
retors has an stizruztion of & d3 0 shilz ot
requires 30 oF 1n the non inverting Jnity g €on
naztion wher2 the fesdoack network hos a0
attenuation § ree armobfiee slonyrate s darardent
_m compansghian  the LAMIQY sics rate in the
verting Jnity goir conrection weil be teace tat
tor the non 1nverting conrect cn and e mverting
gain of ten connecton wali yield gizvon umes U2
slow rate of the nononvertng unity G L™ o
t.on The compansatian trad- off o 3 particu's.
connaction s staib ty v27sus band siding farye
va'urs of 0 L vttt a3nmamter M4 grear-r

stability and 1o ver banc. dtt 2.8 wit2 vory

Tre precading discocsion of otfsot voltage, bies
carrent and stabilty s 2pphicanlz to moest amph
frar aoohications and will be rete gnced n tater
secticny A maere complete treetmw it s cotained
n Relcrine 4

THE NON INVERTING AMPLIFIEN

Figute 2 shows a high input impedarce ron
nvertirg circut This crzust gres a closed toop
Ga n eGual to the ratig of the sum of R1 and R2 to
A1 and 4 closed toop 3 B bandsdrh evual to the
amphifier ¢ty gun freguency dradad by the
closzd loap garn

Tre prirary differences betwesza this conrec o0
ard th2 'peerning cirguit ar? tnat the ouiput is rot
inverted and that the input wrp2dance  .ery rgh
and 15 equal 10 the ¢ Herenrot anput pmpadance
muitiphed b, f.ep gan {Op2n loop gan:/Cos -
oo gun it In DC caonled anchcaticns gy
impedance 1s rot as important as input current and
1ts voltage drop across the source resistance

Applications cautions ate tha same for this arole
fier as for the nverting amphhier with ¢ne
exception The amphifier output vaoll go into s2°
ration it the «oput 1s ai'owed to ficat Thismay »
important 1f the amphiter must be switcned fron
source to scurce The compensation trade off dis
cussed for the nverting amplifier 5 also vahid for
this connaecnion

v
= R RIeAg ey

$30Y WMLUMEIR0K D
TTINPUT R1AS CUARREN

u

1

FIGURE 2 Non lnvertirg Amolier

THE UNITY GAIN BUFFER

Th2 gty cain buffer 15 shown un FguraZ iz
circuit g .es th2 highest mput impedance ¢ ay
operatonal ammpithics crcunt Input impzdanca s
eg.a' to e differental wpput 1mnedsnze maly
plhed by t e onenlicto can, sn parelizivth con
men ~ace npatimptdarce Thz gainerror of th
circuit 15 equal to o raniprecat cf the avnc' i
002 1220 610 67 10 the common Moz roxchon,
whche 2r s fess

a3, e
FCAM WM M %323 T
TONZLTY 25 Tyaseh”

FIGURE 3 Unty Gawn Sutfer Q




t impadance 15 a m-sQﬂ.g cocneept i 1 DC
ved un ty gan buffer Bi3s current for tha
hifier will be supplied by the source resistance
will cause an errot at the amplifier input doe
Is voltuge drop across the source resistance
e this is the case 3 low bras current amphifier
as the LH1026 shou!d be chosen as a unity
buffer when working from high source res's
2 Bias current compensalion techniGuas are
sssed 10 Reference §

cauncns to b2 observed 1in aoolying this e r
are thr2e the amohifier must be comee. sated
uity gain operation, the output swirg of the
lifier may be limited by the amphifier common
te range, and some amptifiers exhibit a latch up
fe when the amphifier common mode range 15
reded The LH101 may be used in this circust
v none of these problems or, lor faster opera-
I, the LM 102 may be chosen.

v Y
Yo v q'\il R
§ Ry Al A2 A} At
= FORMINIMLY OFFSET EQAQA
OUE TOI%PUT BIASCLRRAENT
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Ut E & Sum timy, Araphifier

WMING AMPLIFIER

- sumnung amphifier, a3 special case of the in
tng amphifier, s shown in Figure 4 The cireunt
s an nverted output which s equal to the
ghted algzbrarc sum of all three inputs The
. of any nput of this circuit 1s equal to the
o of the appropriate input resister to the feed
< resistor, R4 Amplitier bandwid*h may te
ulated as i the tnverting amphifier stonn in
sre 1 by assarmung the 1nbut resistor to b the
el comination of R1, R2, and R3 Aopplca
 cautiong are the same as for the irverung
silfier. If an uncomrpensated anphifier 15 usad
ipansatcn 15 calculated on the baws of thus
Gvadth as 15 discussed in the sacthion deseribnng
simple imerting amplifier

Cadvintegs of Uar corcurt 15 that thore g ne
rEotna bateeen irnuts and noerations sucn ds
g endweignted ooe 2y arr oLl vt

; easly
E DIFFERENCE AMPLIFIER

 diffcrence ampidier i the cornplerert of the
wning armyhifier and allows e subtrs nur of
 voltiges or, as 3 8,Ccinl cose, the ¢ 2edingn

SRR Bl THT IV, TON (300 £ O T LA LA WAl SRR o TR

13 shown n Frgure 5 and 15 ueful as 3 comouta:
tionat anpl fier, in ~ 3k, 3 a different al to sirg'e-
eoded €ONL27s o 00 L0 r2ectirg 3 comT.on mode
signal

L

&1' a4 A2
as Vict o7 R A
[ LIRS IFTE L PR
L3
= Yoot gy Vp VY
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P3R4 W OFFSET £3320
OLE FO . RPUT A3 CLOAENT

FIGURE S5 DiHarence Amplifier

Crrcuit bandadty may te calcutated in the same
manner as for tm2 in.e-t.ag amphher, but inout
impedance s someshal mzre complicated Input
irapedance for th2 tAd 1nfuts 1S NOT necessarny
equal nverting inout impesance s the same as for
the nvertirg amolfer of Figure ! and the
non inverting inout wrcedance s the sum of R3
and R4 Ga:n for 2itner snputsthe rato of R1T to
R2 for the soczcial case of a differential input
single end2d output where R1 = R3 and R2 = R4
The gereral expression for gan is gnen in the
figure Compensaticn should b2 chosen on the
basis of amphif.er bancvdn

Care .ot b2 2,20 2ed 10 applving ths L -
since input 1mpenancss are not equal for minimum
bias current ecror.

DIFFERENTIATOR

The differentiator 15 shown 1in Figure 6 and, as the
name gmples, s used to perform the mathematica!
operation of cffz-zatiziion The form shown s
not the praztical *orm, 1 15 a true differentiator
and s extremely suscestit'e to high frzauency
nGise since AC ga.nncreasss at tre rate of 543 per
octa.e In acdition, the fe2apack netwerk of the
di¥ferentaor, RZC1, 1s an RC tlow pass filter
which contr.batzs €0° phase stuft to the locp ard
~iay caJse staohity problems even with an ampn
her vshich 15 coTpeneated for unity Gain
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FIGURE 7 Practicat Dvffarantiator

A practicat differanticior s shown in Figure 7
Hare both the stability and nc.se proH'erme are cor-
eacted by addition of two additicnal omponents
R1 and C2 R2 a~d C2 torm 2 6 dB per octave
high frequency roi! oft in the rezdback network
and R1C1T torm a 6 92 oer octave roll off network
in the nput netvork for a total high frequency
roit off of 12 dB ser ocrave to raduce the effect of
nigh frequency inout and amolifier no.se In addi
ton RICI and R2C2 torm ‘23d ratvnorks in the
f2edback toop which, ¢ olaced o2tov the ampl.fier
umity gain frequensy, orovice 90° phase '=ad to
compensate the 20 £nase 'ag of R2C1 and ore
vant looo nstability A gan freguency plot s
shown in Figure 8 for clanty
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FIGURE 8 Differentator Freguency Rispoase

INTEGRATOR

The integrator 1s shaw~ in Fige-e 9 and performs
the mathemsatical operation of niscrztior Thes

——————— g,

———————y

:

F3a N W WLFFSET ERRTR
SVE TL v uT BIAS TUARCNT

FIGUPE S Iategrator

-

Coelit g essenually a low pass bils th a fre
guancy response dacreasing 3t 6 dB per octase An
amplitude frecuency p'ot s shown in F.gure 10
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FIGURE 10 !ntegrator Froquency Response

The circust must be provided with an externg!
mathod of estabishing imitial conditions This 1s
shown wn the figure as S, When S, 15 1n
posiion T the amphifier 1s connected in unity gain
and capacitor C1 s dischargad, setuing an inital
condition of zero volts \When Sy 15 in position 2,
the amplifier 15 connected as an integrator and s
output walt char~g2 in accordance vith a constant
times the Unie integral of (ne inputvortaye

The cattions to b2 ooserned vath this circust are
two  the amp:’s«‘ner Js2a should georerally be
stabilized for unity gain operation and R2 must
equal R1 for runimum error due to bias current

SIMPLE LOW PASS FILTER

The simple tow.-pass fiiter 15 shown in Figura 11
This crcuit has a 6 d8 oer octave rotl off after a
closed locn 3 d8 point defined by f, Gain triow
this corner freauercy is cafined by the rauo of R3
to R1 Trne arcuit mav pe considerad 3s an AC
ntagrator at freguanc es well abo.e fo howeser,
the ume dorain responss 1s that of a singlz AC
rather than an intagral

°
FIGURE 11 Si~zi2 Low Pzss Falter

R2 should b2 chosen equal to the parallel com
pinghon of R1 and RJ3 to mrmnvze errory du2 tn
bias cu cent The armphifier should be compens_t- U
tor un.t, 230 37 an nteeng'ly contpene t2d at o
tier can be2 used
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FIGURE 12 Lo Pass Fulser SQasporss

A gain freguency plot of circuit response 1s shown
in Figure 12 to illustrate the difference between
this circuit and the true integrator.

THE CURRENT-TO-VOLTAGE CONVERTER

Current may be measured in two ways with an
operational amphfier The current may be con
verted 1nto a volitage with a resistor and then
amplified or the current may be injected directly
into a summing node Converting wnto voltage s
undesirable for two reasons first, an impedance s
inserted into tha measuring line causing an error
second, amphifier offset voltage 1s also amphitied
with a subsequent loss of accuracy The use of a
current to-voltage transducer avoids buth of these
problems

The cJrrent to voltage transducer 1s shown in Fig-
ure Y3 The input current o3 ferd directty into 2
summ ng node and the amohdier outont voltag?
changes to extract the same current from the sum-
ming noce threugh R1. The scale factor of this

= Vour® L R?

. FIGURPE 13 Current to Voltuge Convertor

circuit s R1 volts per amp The only conversion
ecrcr tn this circuit s b L. venich s summed
alg=*, awcally wath 1y

This bastc circut s us2ful for many anplications
other Uterr CLITEAL Mguserannnt THas sfLoen Sy o
photuge!t emnphifier i e fullocing s ceon

The only design constramnts are that scele factors
must te chosen (o minumize errors doo o bias
curreat and since voltage gnn and sourer imped
ance are oft.n indeterminate (s wath photonrtls}
the amphificr /7 N\t~ conpentated for unity cun
oty Ve(\>v tech v, for bres curre ot

Comp.~autiLn gz conter e Rebiroree 9

FIGURE 124 amztfier for Phatoconductive Cell

PHOTOCELL AMPLIFIERS

Amphtiers for chotoconductive, photediode and
photovoltaic cells are snown in Figures 14, 15, and
16 respzctively

All photcgenerators display some voitage deoerd-
ence of both sgeed and hincarity 1t 1s cbvious that
the current through a photoconductive celi will
not display sirict proportionality to incident iight
it the cell term.nal voltage is allowed to vary with
cell conductance Somewshat less obvtous s tha
fact that photodiode leakage and photovolta ¢ cell
mnterpal losses are aso functions of terminal volt
age The curre~t tovoltage converter neatly sida-
steps gress hnearity problems by fixing a constant
termingl voltzg? fero 1 the case of photovoltac
cel's ara a fixzd bias voltage in the case of photo-
conCucions or gratidadss

daur

Your=f1Y

FIGURE 15 Phouxicde Amphifser

Photodatactor so—2d 18 optimized by onerating
into a fixed lox load imprdarce Currzntly avail
able phosc.clrzc d2mctors show rezonase timesan
the mpercsecond rang? at eero load impedance ard
photccond ciars, e en though slow, are materiatly
faster 3t lowr 1023 resistances

L}

FICURE 12 Fis R L

The feegback rewistance, R1, 15 dupznd-nt on o'
sensitivity and shound be chosen for ettier nage,
mum gynamic range or for a des red scale facior
R2 s efactize in the ca.r of photovolta.c celis or
of photodiodes 1t 15 nat regud 0 the wa.e of
photoconductive cel's, 1t should be chowen to
mininyze bias current orror over the gperaung
rang2

PRECISION CURRENT SOURCE
The precis'cn current scurce .5 s%o&n n F 3

ur2s 17 and 10 Tnwe contigurat.ans snoan wall son',
Qr source conventicnal currant respact J.",

FIGURE 17 Precision Currznt Sink

Cauton must be exercsrd in aop'yiny thase
crrcurts The voltag: conshiance of a2 source ex
tends from BVeea of the external transistor to
approximarely 1 volt more nogatne than Vi, The
compliance of the current sink 1s the same in the
positve directron

Tne impedance of these current generalors 's
essentially infimite for svatl currents and they are
2ccurate so fong as V. 1s Tuch greater than Vg
and 15 1s much greater than b,

The source angd sirk wlustrated in Figures 17 and
18 Ls2 an FET todrive 3 bipolar 0uDUt transistor
It 1y poss'ble to wse a Qirlington connection n
pltace of the FET bipolar combination in cases

" i__l
!

FICURE 18 Precision Curry nt Sogrce

w Rt LT o tput curtent as g .
rent of tha Qarlington mput would Ay oo v &
sigmticant error,

The ampufiers ussd must bSe compensated for
unity gain and additiona! co.pensation may be
requirad depending on inud reactance and ecternal

transistor parameters,

FIGURE 13a Positiva Voltags Raferencs
ADJUSTABLE VGLTAGE REFERENCES -

Adjustable voitage reference circurts are shown in
Figures 19 and 20 The two circudts shown have
different areas of apphcicility The hasc
difference betweszn the twa 5 that Figure 19 illus-
trates a voltage source wrich prevides a velwog:
greater than the reference diode while Figure 20
thusirates a voltzgpe sourcs «ohich prsodes avoit-
age lower than tha refererce dicdz The fiaras
show both positive and negative volt

3
ace
age

FIGURE 190 MNeg:ter Volte o2 S.fererca

High pracisisn cvandad 12 JUee et ot s
of the circust of Figure 15 require that ¢

of adjustmznt of Yoy b2 rzstncted Wrea s s
dora, RY may te chesen to provicds optmum
zener cuore~t for momimum 23nar TC Somce 17 s

Teorang2

+
not a function of V', referenc? TC vl b2 0

dependmntof V



ot 1, vour
nagri 2

(133

*tGURE 2Ca. Posttive Voltage Referenca

eﬂ—l

n Vaur
A L]

8y

IGURE 2Us MNagatve Vaitz,? Referency

The circust of Figure 20 :1s suited for hugh precision
sxtendec temoerature service 1f V. is reasonably
onstant sinze I is dependent on ¥ R1, R2 R3,
ird R4 are cnasen to provide the procer Iz for
niaarum T C and to minimize errors due to by,
Tne circurts shovn shoutd both be compensaten
or unity gan operauon or o large caoacitine
cads are eapected, should be overcomprnsatad
Dutput noise may he reduced in both circurts by

y pass rg the amplificr input

o

ircuits shown employ 2 singl» pover supsply,

thyt comrion rode rarge he con
e in chaosng an amohifier 130 these anphica
an, B othe cormon mode runge requiren.ects are
roexcess 6 to2 cepabihily of the a nbfher, (o
32 el supphics may be uued The U101 may b2

; 3 SLIP ST PR coe )0

THE RESET STASILIZED ANMPLIFIER

Veve rnez, stasttived gmalhtfiee 1y 3 fogem of
$or
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cop tot otad acphtar and s sy oen e B
e 7Y Ay duan e g e VLosan taterd
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FIGURE 21 Rezet Stabihized A=ghfier

The connection 15 uszu! (1 e'iminating errors due
to offset voltage a~¢ hias currant The outous of
this cucult 15 @ pu's2 ~hoe2 amphituc2 s equal to
Vin Operar on may be saczrsicod by considerning
the two conditicrs ¢0 ~2520nding to the desition
of Sy \When S; 1511 positior 2 e amplifier s
connected N 12 unity gain corrscpon and the
voltage at the c:toue wh b2 2gual 1o the sum of
the input offset veitzgz 2rd the drop azross R2
due 1o nput bias corrert The voitzgz at thaan
verting Input wi'l be equal to mnput offset voltage
Capacitor C1 will gnarge to tne sum of nput offset
voltage and V,y througn R1 When C1 s chargzd,
no current flovs trrousn re sourca resistance and

15 than changad to sositzn 1 The wo te32 storad
on Clusinserss ~ tng outcat and invarting
mput of the arplif.er and th2 cutpat of the amph
frer chang=s by V. to ma.-ta n the aTabfier wput

at the ingut offser woltzge Tre ocutput then
changes from (Vge =1, R2} ro V, + 1 ,R2V as
S, is€changec fo= poston2 to postion 1
Amphitier bias currznr s scophiza threugh R2 from
tre ouiput of tne .~c.foror frem C2 nen Sy s
tn pusition 2 ana ooiet cn Vresoecinel, 33 serves
0 raduca the ¢ffier et the ampndier outout if tre
amplifier must ac v~ s Preet rarge oraf it
isdesred to DC coupiz 2 zmolifier

An adbuenct adva-
Input resistance |
capacitor Ct 2op0:n
errors due 70 tus
Lme  sgEnt n
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FIGURE 22 Analog Multiphsr

THE ANALOG MULTIPLIER

A simple embcdiment of the analog multipher s
shown n Figure 22 This circuit circumvents many
of th2 problems assocrated with the log anuiog cir
cuit and provides three quadrant analog muitiphica
tion v.hich s refatively temperature insensitive and
which 15 not subject to the pias current errors
whizn niague most muitiphers

Circuit operation may re understood by consider-
ing A2 as a controlled gain amphfier, amolifying
V5, whose gain is dezendent on the ratio of the
resistance of PC2 to RS anc by considering Al as a
conral amphficr which estabhisnes the resistance
0! PC2 as 3 furncticn a1 Vy In this 2y 1t s sean
that Vgoyr 1s a function of both vV and V,

A1, the contral amplifier, provides drive for the
lamo, L1, When an inout voltagz, V,, is presant,
L1 15 drivert by Al unul the current t2 the sum
ming Jurction from the nejanve supply througn
PC1 's ecual 1o the current 1o the summing junc
ton from V, tnhrough RY Sace th2 negstwz
suoply voltaca is fixe J thes forces the -25.5%37 2e of
PC1 w0 a valus uroporuional to 81 and 1o thz r3110
of Vi to V7 L1 alsn illuminzted PC2 and, +f th2
photoconauctors are matched, causes PC2 to haqz
3 reystence equel to PCH

A2, the controlied g2 amphifier acts as an invert
ing amphifier whose garn 1s equsl to the 1a* 2 nf the
resstanze of P22 to PSS Hf RZ 5 - e o 20
the crocuct of R srd VT otne - 0
sirply the progeet of V, and V, BS muy be
scalec in powers of ten 0 provida any reaurred
outout scale facior

PC1 ana PC2 should 5: matchad for bast rochang
aver tempeiatura snce *he T2 of resstance 13
retated to resstance maicn for cells of the sare
geormety Small mismuitnes way be comtensaiod
by virying the valee of @5 as a seo'e factor ad,ust
mant The photorandusti.e calls should refeve

.
enual dlurmirotion fro~ L1, 4 convement metnod

15 to mournt the cehis in holes v an aluminum
block 2nd to mount the famp mudway betwesn
them This mounting method provides controlled
spacing and also orovides a tharmal br.dge betveen
the two cells to reduce differences in cell tempera-
ture  This tecnn sue may be extended to the Lse
of FET's or or~er devices 10 meet special risis
tance or enviroament fequirements

Tha circuit as sHSmn gives an (nvertirg cJtput
whos2 magnitud? 15 egual 1o ore-tenth the product
of the w0 analcg inputs Inout Vs restriciad o
positive values, but V, may assumme both positive
and negatre values This circutt is restricted 1o o
fraquercy operation by the lamo time constant

R2 and R4 are chosen to mintmize errors due 10
input offsct current as outhned in the section
daescriing the photczell amphfier R3 s includad
to reduca (0 rush current when first trning on the
tamp, L1

THE FULL WAVE RECTIFIER
AND AVERAGING FILTER

The circur” shown an Figure 23 15 the heart of an
averaga reicing, ros calibrated AC voltmeter As
sno. n, * 5 a recufier and averaging filter Dele
tcn of C2rermoves woe averagmg tunction and pro
vides a crecision full wave rectiforr, and deletion of
C1 provic’2s an aoselute value gonerator

[ . Tty way bz uncersteod by follo.ang
v _wal parh for negative and then for positive
inputs For negatne sigroels the outbut of smoh
fiee AT 15 clarped 1o <07V %, D1 ard disery
¢ osuTIniing 001Nt of A2 by D¢ A2

FO2F TS LNy, M
I I T L T U
e 11 R A
For pesiie inpats AV opcratos as Ve .
her connactad o e A2 suma o
renstor RS Amolifiec AT U ¢ AR .
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FIGURE 23 Full Vare Ractificr and Averaging Filter

feedback resistor, RS A1l gain acc.rzzy s not
affected by D2 sinca 12 s inside the ‘2eznacx loop
Positve current enters the AZ s.—~.ng pont
through resistor, R 1, and negative curra=~" 15 drar
from the A2 summing pont throush -25.57¢7, RS
Since the voltages across R1 and R35 are 2243l and
opposite, ard R5 s on2 half the value of R, the
et input current at the AL summing ooint s scual
to and opoosite from the current thrso
amplifier A2 operates as a summing in.2rier wth
unity gain, again giving 3 positive outo.t,

sinilar to the Simple Low Pass Filzzr ooz
descibed The time constant R2C2 ¢=o3
coosen to be much targer than tte —ammum
cenod ol the 1rput voltage which 15 10 22 a.er
aged

Capacitor C1 oy be deteted (Finec e tisto b
uszd as an ansolute va'lue ganaroice

done, the crrouit outpat walt ba rz Coise
absoiute vaiue of the inout voltage

s Leurrent

5> TIE WAVE OSCilLLATGRH
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The Viien Bridge oscillator 1s widzly used and takes
advantage of the fact rthar the pnase ot the velrace
across the paraltel brarch of a seres a3nd a parallel
RC network corneciad » series, s the sama2 as the
phase of the acolizd vel-age across the nwo ret
works 2t one oarucular frecuency and that the
phrasa 'ags wath increasiry frequency and leads
vaith decressing frequerey Yoher this network—
the Yen Bridge-is used as a positive fe2aback ele-
ment around 2n amphfiar, ascrllaton occurs at the
frequency at which o2 ghase saft s zero Addi
tonel negative ‘eedback s providad to set tocp
§3n e umty 2t the ua'zton freuieme, To
stabihze the frequancy of oscillavion, and to
reduce harmonic distort.on

VoLr 18 Y.,
2

e
b
H

z
o

FIQUTE 2o yaen Endy £

stored in €4 provides bras 1o Q1, Rk determines
amplifier gain C3 s 2 tow frequency ronl off
capacitor in *he feedback retwork and prevents
offset voltage angd otiset currert errors from being
multiphed by amplifier gain

Distoruon s d:itermin2a by amnlifier open foop
gain a~d by tha response ume of the nagative feed-
back iocp filter R5 ana C4 A tradz 0ff 1s neces
sary 1n deterining amohtude stabihzaton trme
constant and csaillaror distortion R4 15 chosan to
adust the negatse facd=ack 1oop s0 that the FET
18 ¢o2rated 3t 5 53l negalve gate bias Tha arr
cutt sn0./N provicas ept mum values for a genaral-
purpose osctlator

TRIANGLE-WAVE GENERATOR

A constant amobtude triangular-wave gererator 1§
shown in Figure 25 Trmis circuit orovides a vanable
frequency triargu'ar wave whose amphitugde 15 Iin-
dependent of frequency

NTEGRATIA

TRAESATL 2 CETECTLS

FIGURE 25 Triangular Va.c Gererator

The generator emhod.es an integrator 2s 3 romp
generator and a thresho d detector with hvsteriss
as areset crrcust Tnantegrator has been describad
N a previous sAction and requires no further
explanetion The threshold detecter 1s mimular to a
ScarmttTrigrar 0 tnat 11 45 3 latch cecuitwth a
large doad zore This function is implemenzzd by
usirg positve festback around an orerztional
amohfer YWner the amobifier output s 10 eithar
the positt.e or nagatwe saturarad state the pos
tive feeobeck netv or< provides a welone ar o L
nenanserting anput which s detarn ved by e

atrenuaton of the feed haul focs ar @ - e wmas
aon Joltage of (re 2o’ - oo
fier to changz statas, th2 voitaye % 1°: oot

the 2ol fizr must b cauled 1o chanee colanty by

et d oo T I% Eaviad of

e anph! ar oLt ot

tnrest oid ce2lactar ir the positve

2ITLI0E DUL T uL Se Jiu0n valtuge o5 apphad 1o
e 1Nttt St g unetion trough e com

bieao « RL ane 7 saus g 3 currenr f 0 tHo

The ntegrator then gererates a nigalie GL ng
ramp nth arate of 17/C1 volts per second Lot ts
oulput efiusls the negative tnip point of the tue,
hold da2tecter The threshold detecior then
chinges to the negative cutput state and supphies a
negat .o current, 17, at the integrater summing
oot The integrates nmow generates a positive
qo'ng ramp witn a rate of |7 'C1 volts per srcand
untb 1ts autput ecguils the positive trip pont of
the tnresnold detaetor where the detector aga.n
changes cuput state and the cycle repeats

Triang tar Lava fregusncy s datermired by R3,
R31and C1 and tha positive and ragatne saturation
voltages of the amohfier Al Amphtude 5 de.er
meined by the rano of RS to the combination of
R1 and R2 and the threshold datector saturat on
voltages Positive and negative ramp rates are equal
and positive and nzgative peavs are equal if the
cetector Fas equal cositive and negative saturation
voltages The outsetwaveform may be offset with
resoect to groand oF the invertung nout of the
threshatd datector, AT, s offset wath rescect to
groung

The gererator may be made independent of
temperature and supply voltage f the dorector i
clamped wmth matched zener diodas as sho.«n in
Figure 26 o

”
The snregrator should be compensatad for umity
gain ang the detector may be compenscted of
power supoly 1mpedance causes oscillation during
s ransition tume The currant inta the mitagrator
should be jarge with respect to |y, for maome-
symmelry, and offs2t voltage should ba smaltiw b
sesct 10 Voyr peak
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FIGURE 27. Tracking Power Supply

Power supply operation may be understood by
considering first the positive regutator. The posi-
tive regulator comparas the voliage at the wiper of
R4 to the voltage reference, D2. T=e diffzrance
batween these two voltages s the input Joltage for
the amphifier and since R3, R4, and RS form a
negative feadback loop, tre amdlfier curput volt-
age changes n such a way as [0 mMinnmuze this
differance. The wvoltage reference current 1s
supphied from the amolifier cutout to increase
power supoly line requlation This allows the regu-
lator to operate from supplias with larze npols
voltages. Regulating the reference current in this
way reguires a separate source of current for
supply start-up. Resistor R1 and ciod2 D1 provide
this start-up current D1 cdecounles the reference
string from the amphfier output during start-up
and R1 supplies the start up current from the un-
regulatad positive supply After startup, the low
amphifier output impedance recuces refarence cur-
rent vanations due to the current through R1.

The negative regulator is s.np'y a8 uruty Gain -
verter with 1rput resistor, RE, and feedback
resister, R?

*
The amplifiers must be compensatad for un'ty sain
oparation

The power stpply may bte maodula 22 oy inecting
current into the waper of R4 In tns oo the
output voltage e . ard
oppostte at the positive 370 nage™s & Gutdyts Tro

variatiens it e

reference

PROGRAMMABLE BENCH POWER SUPPLY

The complete power supply shown in Figure 281
a programmable positive and negatve power
swipoly. The requiator sect.on of the supply com-
prises two voltage followers whase nput is pro-
vided by the voltage droo acrcss a reference
res:stor of a precision current source.
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FIGURE 27 tow Pov.er Suzoly for Integrated
Cicurt Tust rg
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Programming sansitraty of the cositve and rec
thve suoply 1s 1V 10800 of resistors 86 a~d R12
respectively. The outout voitage of the pomitee
regulator may be varied from aoorowimately ~2V
13 =38V with respect o grourd and e regative
regul3Tor 0UTOUL va.tage mav e vaned from =38V
10 OV with respect to greund Since LH 131 amohi-
fiers are used, the supoles are innerently shert cir-
cuit proof This curreat himiting faature a'so serves
10 Orotect a tast Crcwet of this supply 1S used In
integrated crrcwnt tasting

Internally compensated amolfers may be used in
this apel.cation if the expected casacitive loading
s smatt If targe capacitie loads are expected, an

externgily compensated ampifiar shou'd be used
and the ampiiliar should be overcomoersatsd for
3ddinonal stabid.ty Power supply noise may be
recuced by byoassing the amphfier irputs to

ground with capecitors in the 0 110 10 :F range.

CONCLUSIONS

The foregoing circuits are diastratve cf the versa
tility of the ntegrated op2rational amphifier and
provide 3 quide 12 a number of useful apphicaticas
The cautions roted in gach section will shox the
mor2 common pitfalls encountered it amplifier
usage

APPENDIX 1
DEFINITION OF TERMS

Input Offset Voltager Tratvoltage ~hucn must be
acoled betwe2n ™2 nout i2rminals through two
agual rasistances 10 obtan Zero QuIpUI vaNLIe

Input Offset Current The difference in tre cur-
ranis 110 the two inout termnals when the out
put s at zero

tnput Bras Current: The average of the tweo ingut
currents

Input Voltage Range Tre range of voltsges on
the input terminats for wrich the amplifier
oparates within sgec.ficatons

Common Mode Rejection Ratio The rato of the
inzut voltage range 10 the De2ak to-pezk change In
mput offsat valtage o or thisrange

tnput Resistance. The ratio of the change in input
voltage to the charjze »n ndut currert 0n either
nput with the otner goundced

Supply Current: The current required from the
power suocly to operate the amphfier with no
133d and the output at zero

Output Voltage Swing: The peak outout wcltage
saing, referred to zaero, that can be obtained
without cipping

Large Signal Voltage Gain: The ratio of the out-
put vo!tage swing to the change in input voltage
required to drive the outzut from zaro to this valt
age

=3

Power Supply Rejection: The ratio of tre change
in 1rout offset voltage to the charge in power
sLpcty voltage procucing it.

Slew Rare: The internaliy-himited rate of charge
In cutrut voltage with a larg2 ampiitude step func-
tion apphed '.:ﬁne inpat.
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THE LM3900-A NEW CURRENT-DIFFERENCING

QUAD OF :INPUT AMPLIFIERS

1.0 AN INTRODUCTION TO THE NEW
"NORTON" AMP]HFIER

The LM3300 reoresents a departure from con-
ventional amphber designs  Instead ol using
a stangarg transistor ditferential amphifier at
tho 1nput. the non-inverting 1input function has
been achieved by making use ot a “current-
mirror” to “murror” the non-inverting 1nput
current about ground and then to extract this
current from that which s entering the nvert-
nganput terminal Wheoreas the conventional
op amp diflerences mmput voitages, this amphi-
tier cifferences mnput currents and therelore
the name ‘Norton Amp has been usod to indi-
caie this new lype of operation Many biasing
advantages are reahzed when operating with
only a single power supply voltage The fact
that currents can be passed between the input
terminals allows some unusual applications
It axternal, large valued input resistors are used
(to convart from input voitages 1o nput cur-
rents) most of the standard op amp apphcations
can be realized

Many industnat eloctronic control systems are
designed that operate off ol only a single
power supply voltage The conventional inte-
grated-circunt pporahona| amphtier (IC op amp)
15 typically designed for spht power supplies
{1 15 Vpc ) and suflers trom a poor output voli-
age swing and a rather large minimum
common-mode input voltage range (approxi-
matoly + 2 Ve ) when used tn a single power
supply apphication In additton, some of the
parfarmance characternstics of these op amps
could be sacrliced—especiaily in lavor of re-
duced costs

To meot the ncads of the designers of low-cost,
single-power-supply control systems, 8 new
intgrnally compensated amplifier has been
dosigned that operates over a power supply
voltage range of +4 Vpc 10 36 Vpc with small
changes 1n performance characteristics and
provides an oulput peak-to-peak voltage swing
that 13 only 1V less than the magnitude of
the power supply voltage Four of these ampli-
fic(s have buen fabricaled on a singla chip and
are provided in the standard 14-pin dual-in-hne
package

The cost, apphcation and performance advan-
tages of this new quad amplilier wilt guaran-
tco it a place i many single power supply
electronic systems  Many of the "housckeep-
ing" apphcations which are now handled by
standard IC op amps can also be handied by
this , "Norton! ampliier operating oft the
exi.ﬂing 15 Voc powor supphes

e

1.1 Basic Gan Stage

The gan stage 1s basically a single common-
emitter amphtier By making use ¢t curre 1t
source loads a large voltage gawn has been
achieved which 15 very constant over temper-
ature changes  The output voltage has a large
dynamic range. from essantally ground to one
Vge less than the power supply voltage The
output stage i1s brased class A tor small signais
but converts to class B to increase the load
current which can be “absorbed” by the ampti-
fier under large signal cendiions  Power sup-
ply current drain 158 essentiaily ndependent of
the power supply voltage and rnipple on the
supply hne 15 also rejected A very small
input biasing current allows high 1mpedance
feeaback elements to be used and even lower
“elfective ' input biasing currents can be real-
1zed by using one of the amphifiers to supply
essentially all of the btias curren's for the
other amphhers by making use of the ' matcn-
g’ which exists between the 4 amphliers
which are on the same IC chip (see Figure 84)

The simplast inverting amphher 1s the common-
emitter stage |f a current source 1s usecd in
place of a load resistor. a large open-loop
gain can be obtained even at low power-supply
voltages This basic stage (Figure 1) 1s used
for the amplitier

FIGURE V. Bosc Gomn Stago

All of the voltage gawn 1s provided by the gain
transistor, Qy. and an output emitter-follower
transistor, Q,. serves to isolate the load imped-
ance from the high impedance that exists at the
collector of the gain transistor. Q, Closed-icop
stabiily s guaranteed by an on-chip capacitor
C-3 pF, which provides the single dominant
open-ioop pole  The outpul emitter-tollower
18 biased for ciass-A opgration by the current
source iy

This basic stago can provide an adequate opan-
loop voltage gatn (70 dB) and has the desired
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rge Qulpul v2itage swing capcazilily A ¢s-
::sn:age of thus circuit 1s that the DC input
jrrent, 1, . 1S '@7Ge as it 15 essentially equal
the rawimum output current, Igyr . divided
/ 5‘-’ For example tor an output current
ipability of 10 MmA the input current wou'd dbe
least 1 A (assuming 32 = 10%) It would pe
sirable o further recuce this by adcing an
:aitional transistor to achieve an overall 33
quction Unfortunately f a transisior s
tded at the output {by making Q, a Darhing-
A pair) the paak-to-peak output voltage swing
culd te somewhat reduced and it Q; were
ade a Carlington oair the DC input voltage
vel would pe urdesirably doubled

o overcome these problems, a lateral PNP
ansistor has oeen adced as shown in Fig-
re 2 This connection neither reduces the
stput voltage swing nor rarses the DC input
sltage but does prowide the adaiional gain
at was needed to reduce the input current

IGURE 2 Adding 2 PNP Tranustor to the Basic Gain
Stage

otice that the coliactor of this PNP transister,
'y ts connected directly to the output terminal
his “"bootstraps’ the output impedance of Q,
nd therefore reduces the loading at the high-
1pedance collector of the gai~ transistor, QJ

1 addition, the coltector-base junchion of tre
NP transis'sr.bacomes foreard blased undser a
rgi-signal negative Qutput voitage swing con-
tion  The cesign ot tus device has allowed
y 1o convent to a veruical PNP transistor dur-
g tnis gperaung mode waich causes the out-
Jt t9 change from the class A bias to a class
cutput stage Thus allows the amphhier 2
nk more current than that provided by the
irrent sgurce |, (13 mA) under large signal
nditicns

2 Obtaining a Non inverting Input Furction

ne circurt of Figure 2 has only the in.ert-
3 'nput A gereral purpose amplihier reguires
/0 input termunals 1o obtain both an verting
¢ a non-inverung gqut In converntional
) amp designs an differential ampiificr
‘gvides these requniad npuls  The output

voltage then depends upon the dilerence (or
error) batazen the two input voltages An
input common-mode v2itage range specihica-
tion exists and, baswicaly, input voitages are
compared

For crreurt simpucity and case? of apphicaton
in single powar SLERly Systems anch-it g
input can te provqaded by adding a stanagard IC
current-murrgr™ circunt directly across the in-
verting Input terrminal, as shown in Figure 3

FIGURE 1. Adding a Current Mirror to Achwve 2 P on-
mnverting tnput

This operates in the curren! mode as now
input currents are compared or differenced
{this can be thought cof as a Norion differential
amplfier) There 1s essentaily no mnput
commaon-moce voltage range directly at the
input terminals (as both 1nputs will bias at one
diode drop above ground) but if the input volt-
ages are cunverted to currents (by use of input
resistors), there 1s then no limut to the common-
mcde 1nput voltage range  This s espectally
useful In high-voltage comparator applications
By making use of the input resistors to convert
input voltages to mput currents, all of the
standard op amp apphcations can be realized
Many acditional apphcations are easily
achieved esnecially when operating with only
a single power supply voltage This results
trom the bu'lt-in voitage biasing that exists
at both inputs (each nput biases at ~ Vge}
and adc:itional resistors are not required to pro-
vide 2 su‘able ccmmon-mode input OC bias-
ing voitage level Further, input summing can
be performed at the relatively lcw 'mpedance
level of the input d.0de of the current-murror
circuit i

13 The Complete Single supply Amplifier

The circurt schematic tor a single amplifier
stage 1s shown in Figure 4a) Due to the circut
simphictty four w2 aophifiers can te fabr-
ceted ¢~ a znj - chz Cne common biasing
circuttis usad for all of the individual amplitiers

A new symbo! tor ‘his seton” amphd ar 3
shown in Figure 42} This 1s racommrzrdded 10
avoid using the standard 0p 2mp symboi as the
basic operation 1s difterent The current spurce
symbal Behween the nputs imphes this rew
current-mode of operation In agdiion 1t

‘@) Cooae Scaears

Rk Yeo VORTSY deptes oot

FIGURE 4. The Amplifier Stage

signifies that current 1s removed frem the (-)
input terrminat  Also the current arrow on the
(=)} minput lead is used to incicate that thus
functiors as a current input  The use of this
symbol 1s helpful in understancing the opera-
tion of the application circuits 2ana aiso in ¢omng
additionat design work wath the LM3820

The bias reference for the PNP current source
Vp which biases Q,. 1s designed to cause the
upfer current source (207 .2} o change with
temperature to gnhe first order cerrpensation
for the {5 vanations of the NPN output transis-
tor Q, The bas reference for the NPN pull-
dewn’® current sink Vo (which bases Q) s
designed to siabilize this currenl (13 mA) to
reduce the vanation when the temperature is
changed Thus provides a mere constant pull-
down capabiity for the amplifier Over the
197 “yature range  The trarsistor Qg pro-
Qi\)'he class B acton which ewsts under

large signal operating conditions

The perrormance charactenstics ¢f eash ampl-

fer stage are summar.zed below

Power-supply voltage range 410 J8Ypcor
2210 218 Vpe
£ 1s current drain per amphiher

stage 13 mAgc
Opan lgop
Voitage gain (R = 10k) . 70 ¢8
Unity-gain trequency 235 Mt

Phase margin
inout resistance

Outout resistance .. . B AL
Qutput voltage swing Ve - 1) Voo
Input bias current 30 rApc
Slewrate . . .. ... .... 0S5V us

As the Dias Currents are alt d2rived from diods
forward voltage drops there 1s only a small
changa n bias current magnitude as th2 power-
supply voltage 1s varied The open-idop an
changes aniy siightly over the complaie powar
supply voitage range and 1s essentially ince-
pendent of temperature changas Tre open-
loop frequency response 1s compared with the
“741° op amp n Figure 5 The higher unity-
gain crossover frequency Is seen to proviga an
agditional 10 dB of gawn for ail frequencies
greater than 1 kHz
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FIGURE 5. Open-loop Gain Characteristics

The complete schematc diagram ot the
LM3300 1s snown 10 Figure 6 Tne one res's-
tor Rg. establishes the power corsump*iar of
the circuit as 1t cortrols the conductian of
transistor Q.5 The emitter current of Q5 s
used to bias the NPN output class-A biasing
current sources and tne ccilector current of
Qg 1s the reference for the PNP current so irce
of each amplifier

The biasing crct s inibially  started by
Qup Q30 and CRg  After stast-up 15 achigved
Q,q goes OFF and the current flow thrgugh
the reference diodes CRg CR-» ang CRg s
dapendent only of Ve \Rg - Ry This guar-
antees that the power supply current drain 1
essentially indepandant of the magnitu te of the
power supply voltage

The input clamp for negative voltayes s pro-
vided by the multi-emitter NPN transister Q,,

2Z|
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FIGURE 6. Schematic Diagram of the LM3900

‘One of tre enutters Gf this transisicr goes 1o
each of .the npJt tertunals
vohtage for tne oase of Qg 15 D15, 222 oy Rg

griele i Tote BN asdrsumaley Vge 2

Tre

20 INTRODUCTION TO APPLICAT!
OF THE LM3900

Lice tre standard IC cp amp the L3230 tas a
wide ranze of apchcatiors ‘A nesa acoroach
must be izsen 1D "esxgn circu with ths
‘Noron arciifier ans the ob,act 2f s G0t s

tc ooresen® @ .anety of use’u! circus tc'ndicate
rgw convanianal ang Lumaue nsa 2oshizatens
can be Zesigned-—especially akzs operzung
v.ith only a sirgle paower suppiy votage

_To ungerstand the operation =i *~g LMEST

w2 widl campare 1t vath !‘"ﬂ ~<rz ‘zTuhar
_standard IC op amp  Wh ccarzng. on a
smr-la sower supply vo nvace, tre. TuavTIUM 16~

a,
oLt common-moce voltage-range of 2 sizrgare
c:J amp hmuts ‘he sTallest salve of woltage

‘-. V2 tne amph er 'espor\c to &

ingut siznzl in acamon tre .ty wolage
witt 1ot swing complerely frem groung to the
ocwer supply voltage he cutcet veltage
cepends upon the aifferenge cetn
voltages and a biaas current mys
‘e betroanouls A simplifies 3
1T op amp operanng e
DGAer suoply s shown in Figurs )
and {-) nouts gc anly to current s3urzes and
terefsre are tree tS be biases < -z =, 3t
ary voltaga valuas which arz « *-:1 *ma ingut
‘common-made volage range  Tne curren:
-scafces at the input termiears 157 zrs Ig”
ceprgzent the bas currents wricnh —ssioe
1 of tve wnput tre i

¢ ed 0 ,both

op amp {¥as2 currents) The cutput circuit 1s
modeles as an actve vo'age source which
CEPEnGs Loan tne ngen-1o0p gamn of the amph-

fer A, and the cdiferznce which exsis be-
tween the mput voltages (V7 -V7)
. - -
i1 ’
T
v 'Y
— ureLT
L1
¥ N

FIGURE 7.

An Egutvalent Circuit of a Standard IC
op Ao
. -
An equwalent circuit for the “Norton™ zmgh-

fizr 1s snoven 10 Figure 8 Tne (=) and ()
trpus ae both clampged by ciodes 0 force
them i¢ te’ ore-cicde drop above ground——
always' They are not frez 'o move ard the
nput common-moze /cltage range directly
at these nput term rals is very smail—a few
fiundred mV centered about 03 Vpe This is

2TAT

FIGURE 8 An Ecursalant Circurt-of the “Norton”™

Amptd er

why eaternal veltages mus® te hrst converted
to currents {using r2sis'ors) belore being ap-
phied to tne npurs—end '5 the basis !or the

~wmnratlh e B S et 4 e e~ e

W.th external input resistors—ihere 1s no it

D{c‘:urrenl—mpde {or Norton) type of cperaticn

to the ‘input common-mode voltage range

The dicde shown across the {-) inpat actually
€xis's 2s a diode 1n the cucuit and the dode
acress the (-} input is used 10 madal the base-
ermiter junchicn of tne trans:stor which exists
at this input.
Only the (-} input must be supphed with a
DC biasing current 1g  The («) tnput couples
only to the (-) input and then to extract from
thes (-) anput termenal the same-current {A,
the mirror gain 1§ approximateiy egual to 1)
which 1s entered (by the externai circuitry)
into the {-) input terminal  This operation
s descnbed as a “curént-mirrar” as the cur-
rent enterning the (-} :put s ‘mirrored’ or
“reflected”™ about ground and s then extracted
trom the (-} input There 1s a maximum or
near saturation vatue ot current which the
“rnirror” at the (-} input car handgle. This 1s
histed on the data sheet as maximum mirror
current and ranges from approximately 6 mA
at25°Cto 33 ma at 70°C

«

This fact that the (+) input current modulates or
effects the {-) mnput current causes this ampli-
tier to pass currents between the input terrmu-
nals and is-the basis for many new application
cwcunts—:;pec«ally whﬂn operating with only a
smgle power suppiy voltage

The output 18 modeled as an aclive voltage
source which also depends upcn the open-10op
voitage gain A, but only the (-} wrput veltage
V7~ (not the differential input voltage) Finally
the out put voltage of the LANI3S00 can swing
from essenbally ground {-30 mV1 ¢ within ore
Vgs cf the power supply voltage

S, s T, [N

As an example of the use of the eguralent
crrcunt of the LM3330, the AC coupled inverni-
ing amplifier ¢t Figure Sa will ke ana'yzed
Figure 9b shows 'the compiete equivalent cir-
cuit which, for convenience "can ba separated
nto a biesing eguivalent crrcuit’ (Figure 10)
and an AC equivatent circunt (Figure 11)  From
the Masing model of Figure 10 we find the
output guiescent voltage V, is

P

< vg = Vg e g vt Ry m
and \
-
B vt o v
L. 3] 7))
Ry
where
. o - = g
VD = VD = OSVDC
g = INPUT buas current (30 nA}
and
v¥ = Power su.oly valtag:

It (2) 15 subsituted into (1) ’C‘j

+ +
v ~ Vg

Vo - VD—' (IB *

1 Uy the LUT528 Earosort Sarcart

FIGURE 9 Applying the LM3500 Equrvatent Circuit

FIGURE 11 AC Equwazlant Circunt

which Is an exact expression for \.'o




S "2 SeCoTI 'R LSUd s, goThnales ‘VO\\
Thoans ot slg T3 W' up a2 car sm-
&y (3) 2 prowice @ more usalul desgn

Ry

v = .

o= A 3
A3 (3)

fsirg (4 f Ry = 2R, we find

. R +
< N2 .V R
Vo= R, ¥V ° 7 - (3

~

Wb ch shows that the output s easily biased
o one-half of the power sucply voltage by
is:ng V' as a biasing reference at the (<) mnput

'he AC equivalent circuit of Figure 11 1s the
are as that which would result if a standard
C o0 amp ware usad with the (=) .nput grounc-
3 Tre closed-locp voitage gain A, ., 1sgnen
Y

\'¢ R

— o 2

= — = - = [}
AL = Vin A, (6)
I;: A‘;z;:n-:lr\::\\ &

- -

The dasign procedure ‘ar an AC couplad invert-
rg amghhier usirg the LM3300 s thece'ore to
hrst select Ry C,y Rz and Coas with a s7and-
ard 1C op amp ang then ‘o simply aac Ry =
23, as a final basing consiceration  Otrer
>.as 13 techn gues are prasented in tne foi-
cwing szcr.ens of this note  For the swiching
sircult apphcations the basing mozzt of Fig-
Jre 10 1s adequate to predict Circwit oceration

A'though the LM32CC has four indzpendent
ymothiers, the use of the label  «LM3900
vili be shortzned 0 simiply "LM38CQ for the
ipphcatign drawings contaired 1n this note

10 DESIGNING AC AMPLIFIERS

‘e LM3IZI0 readily lends itsef to use as an
\C ampiitier because the output can be 5ased
> any ¢esired OC level withun the rarge of tne
wtput veitage swirg ard the AC gain s inde-
endert of the biasing retwork  In 2cdition,
~e single power supply requirgment makas the
M3SCO atiractive fof any iow frequency gam
cplicaton  For lowest noise gercrmance, the
-) ingut snould Be grouncad (Figore 92) and

~e outout At then bias at «Vge ~ithoug

je LM5300 s not suitable 35 an Liira low roise

ing poe-amp 1t (s useful in moit other
e

9, cancns Thersstriction to anty snun' feed-
zck Zauses a smail input imzeca”
ucary which Can be loaced can ©
ws icw 1vput i ecddnce  The noise
~rowrach wsue'd resuit from the

sput resestor hetids gt selal
2,52 ard ngn :,,\/r'cc'aﬂcl

ML rLad

e Tra-s-

3.1 Single Power Suply Biasing

The LM3300 can te biased «n several different
w3ys The circut in Figure 12 1s a stancard
inverting AC ampittier which has been biased

FIGURE 12. Invarting AC Amplifier Using Single-supply
Biasing

from the same power supply which 15 used to
operate the amphfier (The design of this am-
piifier has been presented in the preJigus sec-
tion) Notice that if AC ripple voltages are
present on the V' power supply hine they will
couple to the output with 3 ‘'gain of 1,2
To ehiminate this, one source of ripple futered

- s~ — -wsitzge can be provided and then used for

many amphheo‘s This 15 shown in the next

section

.32 A Nc- nverting Amplifier

The amphtier 1n Figure 13 shows both a non-
inverting AC amplifier and a second method for
DC biasing  Once again the AC gain of the
amplifier 1s set by the ratio of feedback res's-
tor to input rasistar The small signal imped-
ance of the dicde at the (-} input skould be
adced to the value of Ry when calculating gan,
as shown in Figure 13

o T2 CTaER
svr ey

FIGURE 13 Noninvesting AC Amplifer Us rg Voltaga
Refarence Bianng

By making Ry = Ry Voo wiil be equal 10 the
reforencs VoIt e w3 apphsd *o the ress-
tor P, The fitced Vi refarence spown can
also be used tar o Per amphfir

3.3 “N Vge™ Biwsing

A third techague ¢f ou'nut DO brasing s best
descriced as tre N Vg menod  This tech-
nique 's shown 1n Figure 14 and 15 most useful
with inverting AC ampl.hier apphcations The

FIGURE 14. tnverting AC Amphfier Using N V3E
Bizsing

input bias voitage (Vae )3t the inverting input
estaplishes @ current through resister Ra to
ground This current must come from the oul-
put of the amphlier Therefore Vo must nse
to a level which will cause this current to flow
through R; The bias voitage, Vo may be cal-
culated from the ratio of Ry to Ry as follows

R2
Vooe = Vel ¢ -

When NVge brasing s amoloyed values forre-
sistors R, and Ry are first established and then
resistor R4 ts added to provide the desiwred DC
output vollage

For a design exampie (Figure 13),aZin= 1M
and A, = 10 are required

Select Ry = M

Calculate Ry = ARy = 10M

o
To bias the output voitage at 75 Vpc R, 18

found as
R, 10M
R, - - B m———
3
Vo . 15 _
v.. .5
Vge o
.
or
R, = 680x§2 .

34 Biasing Using a Negative Supply

If a negative pONEr suncly 15 available the cir-
cuit of Figure 15 ¢an 22 used The DC tias ng
O cursent, 1, 15 gs'ushel Dy th e negatne supply
voltage via B3 and provides a very stable out-

T eamant panttor thr ampllict

FIGURE 15 Nagative Supply Bianing

2.5 Obtaining High Input Impedance and Hizh
Gan

For the AC amphfiers which have been pre-
sented. a designer 1s able 10 obtain either high
gain or high input impedgance with wery iitile
difficulty The apphication which requires both
and stll empioys only one amphher pres2r's 3
new problem This can be achieved by the use
ef a circunt similar to the one shown in Fig-
ure 16 When the A, from the input 10 point A

L1} ne

<
A\
FIGURE 16. A High Z|p High Gain Investing £C
Amplifier

s unity (Ry = Ry} the A ol the compicte
stage wil! be set by the voltage divigar noind X
compesed of A, Ry and Cy  As the value of
Rg is decreased, the A, of the stags woli ap-
proach the AC open 100p hmit of the amahhizr
Tre wsertion of capacior C, a'lows the DT
bas to be controlled by the seres comoina-
ton of Ry and R, wath no eftect from Ry
Therefore, R, may be saiected to obiain tne
desired output DC brasing level using any of
the methoas whicn haye teen aistussad Th2
circut 10 F guc 1€ has an inpat impseance of
10 and a gaun of 100

36 An Amplifiar with 2 DC Gain Control

A DC gain controt can be added to &n anuih-
fier as shown 1t Figure 17 f‘@ cutput ot tha
ampliier 1s kepl from bcng L:-r‘. W0 TtUra-
non as the DC gamn contiol 15 vared by pro-
ViZirg @ rrremaTy Rexe o cemt - -

71T
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FIGURE 17. An Amplifier with a DC Gawn Control

rawrem gan CR2 18 OFF and both the cur-
an* =rough Ry and Ry enter the (-} mnput and
a_s2 t~2 cuiput of the amplitier to S1as at ao-
rcx —agely Q€ VT For mymum 330 CR,
s ON and only the currart through R, enters
“e =)' 1mput 1O hias the outlput at approxt-
~ateily 3 VT The procer outout bias for large
wooot signal accomocation 1s providged for the
~axiTem gain sttuaticn The DC gain control
ot 'ang-:-s from QVpe for mimimum gain to
€ss tran 10V e for maximum gamn

} 7 A Line-recewver Amphifier

A hng-racewver amphfrar 1s shown in Figure 18
e _s2 of both arputs cancels out common-

cizagrs The e silerrinated oy Rpine
ind the farger irput wmpedance of the amplifier
vitl ryt 2flect tnis marched Ioading

FIGURE 18 A Lino recaiver Amphfier

0 DESIGNING DC AMPLIFIERS

s:igr of OC amchfiers using the LM3300
G bz mor2 cfloult than the design of
oabiers  Thase adhcuitias cCour anen
ngoa

P Tl s>l D0 zmipufes which ¢t cperate
o Gy @ ST DOwEr SLEERly valtane ata yer
fQurTE 20 TLTUL /20252 Ahach goes 10 zEro
215 Q873 3135 will accent 'nput vortegss of
ero Lwots DC To accomoalish this the incwls
LY Le Diesed o tne lrzar region (Ve )
M CConpor s gnzs ol zaro vtis and the cut-
Ltoroet we o mosed ff coetahion 1o ozctual
outn e et Jagapy L resured Treentore

the orodiem Lecomszs one of determining wra*
type of netwsrd s necessary to prov.de an
cutput vol*age (V) exuar to zero wnen tne
Irput voliage M4} s eaual to zaro {Se2
also sechor 1015 adding a Osffzrental Input
Stage )

We will start with a careful esaluation of wha!
actually ta<es oplace a: the amphfier npuls
The murror circust ¢emancs that the current
flow ng.nt0 the positr.2 iInput (<) be equaled by
a current How.n3 inio the negative 1nput (-)
The differerce teracan tne current cemandad
ard the curr2-t £-5..22d Dy an exierral sodrce
must fiow n the feedoack circuit  The output
voltage 1s then force to seek the level regquired
to cause this anount of current to tlow if in
the steacy state condition Vg = V4 = 0, the
ampbfier will ¢gerate 1n the desired manner
This conditton can be estabhished by the use
of ccmmon-mode tiasing at the inputs

4.1 Using Common-mode Biasing for Vijy =
0 Vpc

Common-mode biasing i1s achreved by placing
equal resistors batween the amphfier input
terminals ang the supply voltage (V). as
shown in Figure 13 When V,,,1s set to 0 voits

’
v Va ~ Ve
a
I
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L3] 3 ce ‘
Led ¥ L} ay
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FIGURE 19. A DC Amphfier Employing Common-
mods Biaung

the circu't can be moceled as shown in F.g-
ure 20 wnere

REQ' =R, P,
A =R, R
-{)7 7 &
ard
RJ = Ra

Bzcasse U wocurrent moor :nmancs
two current sLu ces LT €523 U Qurrgnt e

thie ter, 20el'ert font'0rS MUt

@

$-0%
.
:

FIGURE 20 An ideal Circunt Model of a DL Amplif er
with Zero Input Voltage

If this 1s true bdoth R, and Rg must hawe 3
voliage drop of G5 volt across them, wmich
forces Vg to go to Vo min (Vsav)

4.2 Adding an Qutput Diode for Vg = 0 Vp¢

For many apolications a Vo wun ©f 100 mV may
not be acceciabie To overcome trus orodlem
a diode can te added between tha cutput of the
amphfier and the output termiral (Figure 21)
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v
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FIGURE 21 A Non-inverturg OC Ampif ar w th Zero
Volts Ouiput for Zaro Vaolts rput

The tunction of the c.ode s 10 provide

level shuft which will a'low Vg 10 g0 to ground
With a load impecarce (8) conrsciad
Vo becomes a function of the .oi*ag= d .
formed by the series connecucn of Ry an2 Ry

0.5 R_L.
1tR, = 100R then V , = =
4 L O MiN 1018,
ot Vo MIN & SmVDc .

An offset vs'tage adjustment can oe added &s
shown (Ry) 10 adjust Vg *to OVge #ith Vg -
0 Voh

The vo
Ward e Ut ino c.ode ane
gure 22 Wnic ‘re ¢ode graa
2 c;erahcn around C
vo'tage dro tre diode will reduc
peak outpu 152 s#ing of tha stage oy ap-
proaimziely 05 volt

morches th

"YJ
™

0
LR
A
[

vinea using a OC amnhf Lr s o T

t a2
Frgure 2t tha foad WDCuehT. 3N0A2 oo larg

ergugh to avoid exzess vaiy Ig7 ™\ he as ph
fier  The value of R, .u;yq\ agrncanity
reduced by opacing the ciode with an NPN
transistor.

NG 0103t AT CoTeul

Yo~V

FIGURE 22 Voltage Transter Function for 3 DC
Amphitier with a Voltage Gain of 10

4.3 A DC Coupled Power Amphifier (I <
3 Amos)

The LM3320 may be used as a pcwer arrphfier
by the acdition of a Darlinglon par at the
cutput  The circuit shown in Figure 23 can
dehver in excess of 3 amps to the lcad when
the transistors are properly mounted on he2t
SInks

g
&1

AAA,

wste

-

ST

1200

VWA~ v
%

w

FIGURE 23 A DC Power Amptfisr

44 Ground Referencing a Differenual Voltage

The circuit 1n Figure 24 employs the LM3300 0
greund referance a DC diflerential mput W olt-
age Current ty is largar than cuirent I3 by a

FIGURE 29 Siand Referrncimy a Dirforent of Inpot
DT Veo'uoge
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R1
L= >R,
P3 <
- .v‘—:)
3"
R3
Vo—.‘
d 1, =
2 R
3
2re
3 E V__ aterar mout trTunal of the LM3300

3c

nce the input currant marror demands that

(7%
3

el
o]

e - ——,

ve equation

—_— T e

“utiag in from the abc

1 °Vp - 3 {2)

] R R R

Vo » Voo

o} R
~2 r25i5'Crs are hept arze fto mimize foadirg
emorha 19 M0 res'stors wPhich 27e snown on
e figuse an error ex's*s at smalt values of Vy
.2 'c tre input Has current at the (-) input
o s,mohety *his has be2er ngglect2d n the
-cs* cascniotion  Statier B .alugs reduce
e sgrcartage error Cr *he 033 urient can be
o'ad 9, an adccmanz' ampht or (see Sec-
07T

-~ argner oparatan tn2 4 fferential input voit-
e Tust be hmutsd to De ~hin the outpul
e ¢ :re amplifier and the
ceater than 3 volt

g 1nput vollage
o't 1o -13 volts
vait  supcply
s oas showr

'O t=

5 A Unmity Gain Buffer Amplifier

dier w2 gzm of one s the
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FIGURE 25 A Metwork to Invert and to Ground

Roferenca a Negative DT Differetial
trput Voltage

voltags mist be greater than one Vg but 'ess
than the maxumum output swng Common-
mecde biasi~3 can be added to extend Viy to
0 Vpe 1 desimeg

Ve e

FIGURE 26 A Un:itygain DC Buffar Amplifier

6.0 DESIGNING VOLTAGE REGULATORS

Many ve'tage regulators can be cesigned which
make use 3t *~2 rasic avpliter of the LAM3300
The sirmplest s smown in Figure 273 where orly
a Zener 21532 and a rasisior are adced  The
voitagz a' "ne (=) input (one Vg = 05 Vpge)
appears 2¢recss R ard therefore a resistor va'ue
of 5137 &' cause agproximate'y 1 mA of bias
cure2nt 10 e draan chrough the Zener This
Diasing 5 Lsed 0 reduce the norse output of
the Zerer as 're 20 nA nput current is t0Q
small for orzper Zerer tiasing  To coroer-
sate tor 2 cos.ove temperature coefficerr of
gotional resistor can be adae
1 to introcduce an arbitrary num-

factive Vgeg drops into the ex-
utput voltage  The negate
iclent of these diodes will
@

output CLr.

adaed

» Trvara wol —goma w

©Con B

@ Rewg Vo & Pa Drwimg
Tomarw st Lamperss 1

FIGURE 27 Simpla Velraga Reguiators

The DC ou'put voltage can be ingrazsed and
sl prase~ve the temperature compersathon of

Figura T7o by add ~3 res 500y Ry and H, as

s=own i Figure 274
phsted wihout tre -=ded transistor Q,

A5 2:0can he actdiocm-

T~e

unreguiaied input voltage whech 1s appied to
oin 14 o the LM3SC0 (and to the collector of
i used) must always exceea the regulated
DC ouput vo'rage &y aporoumztely 1V when
the ur:tis notcurrent boost2d ar approamately
when the NPN curianal Lossh'ng trans stor .5

G,

e

C

51 Reducing the Input output Voltage

The use of an external PNP transistor will re
duce the requ red (V, - You1) 10 a low tentns
of a volt  This will depend on tre saturah.on
charactenistics of tre eaternal transisior at the
Cperating curren level The corout
Figure 28 uses tre L\I3200 1o suosiv Base drive
ta the PNP transistor  Tre resisiors P, and 8,
are used to a'lca the output of the amphler
o turn OFF th2 NP transistor i 1s moarar:
that £in 11 of {ne LM3300 be tea to the Yy
lire to al'ow ttus OFF control to proparn, opnr-
ate  lLarger vCitages are permessable (f the
base-emutter junction of Q, 1s prevented from
eniering a breardown by a shunting aiode for
example), but smaller voitages will not allow
the output of the amplitier to raise enough 10
give the OFF controt

shown 1n

The resistor Ry 1s used to supoly the required
bras currert for the amputier and Ry 13 again
used to thas the Zener diode  Cue 1D a ‘arger
gain acarpenszion cacacryr Cq 1srequived
Temperature compensation could be adued as
was shown i F gure 275

FIGURE 28 Reducing IV — Vour!

6.2 Prowiding High Input Voltage Protection

One of the fcur amphfiers can be used to regu-
tate the supply hne for the complete packag
(pn 14) to provde pro‘action against larg
input voltage coandiions  and o aZdit-on, 1o
supply current to an external i2ad  This circunt
1s shown 1n Figure 29 The regu'aizd output
voltage s the sum of the Zzm2r viitage CR,
and the Ve of the invertirg oyl termoana.

Agan fTmoartt vm comrpety L

e
2

I}
)

ed as i F.gure 279 Tre secor 2 Zzrer CA,
15 a 'ow to'era~ce component which simply
senves as a CC izvel shift 1o allow the outout
voltage of the a--atifier to control the con-
duction of the ex=c-~3l trarssror Q, This
Zener vcitage shou'd 22 approvmately one-

poshien the DC
EaaV -

outpyt vol'ege tovel of the am anyroe
imate‘y 1in the center of e (‘UIC fangs

[s
(]
«)
“w
[#]
-

<



'.'*W‘

<4

FIGURE 29 High V,y Protection and Self-reguiation

e gwe curent for Gy 15 suscoled viaR,

Tmeba
a g ke

H
T-2 ravm.um current throush [, sro
medicidTAas

-V, -V

o~ Vag!

L Vinvax
wax A,

.
« -

TS increase the raumum alicwes mput valt-
3ge. reculs 1ng Ou'Tur ripsle o 10 reduce the
Wiy - Veur! recuwiremerts of cmis circut the
cornzctior des=tabed i the  rext secuion 1s
“2zommenzed

St TETN st e - L T

§3 Hizh Irput Voitage Protzcuion and Low
Wiy - Vouri

Tre circur shown in Frgu-s 30 bas sicaily adds
cr2 acdrional transistor 10 tre ¢ rouitof Fig-
ure 28 ..Drova e perforpance 11 this
curt ooth transistcrs (Qy ang Qj) z5s50rb any
gh unput voltagss »ard trerefore reed Q9 be
*1gn voltaze cev.Ces) without any increases 1n
current {as with Ry of F gure 29) The resis-
tor Ry (of “'gure 30) provides a  start-up
currentinto the case 0t Qg
¢ LWy M : T
*3 ;.‘§ J Lkl |
4 ; ‘ :.;: ‘
. { =

- @

a

|)-w—§—
i pl L——-—-«:'w—- .

H
i

FITURL 33 A bagS Vs Fritertes Leow (Vg ~
Vour ) Requizror

- » P

) A e mpu! cen~ecuon is'shyan a0 tus regu-
are {iFe * yo2 on Frgure 2% coLls also be ysed)

1 cortol the OC ourpyt Zenerss
cizsed Az Ry {3 aoprormialcoyy 1 mty The

r\['~r~r

resis'ars Ry and Fg orovide gain (nen-imveriing)
to aticw establishing \.’O at any cesied voltage
larger than V;  Tempe-aiure compersation of
either s.gn {+TC) can be cotained by shunting a
res:stor from ethar the (+) input to grourd (to
azd - TC 10 Vy) or from the (-) input to
grcurd (1o ac2 - TG o Vo) Touncersiard this,
nouce tnat the ressidr R, from the (=) input to
Grounc wui aid -N Vge to Vg where

Thss then also acas

SISior at 'ne {+) 1nout
3 Cos.thve 'e"me‘a ure change at the odgtsut 0

provce ‘ne cesred lemperaiure correchion
The a3ced tansistor Q,. also increases the
gain {wnich reduces the output impedance} and
¢ a power device 15 used for Q, large load
currents (amps) can te supphed. This regula-
tor also supsles the oowar to the other three

amphitiars ¢t tne LM3S3G

5.4 Reducing Input Voltage Dependence and
. . - Adding Short-cxrcu:t Protecnon '

To r="u:e npste 'eec:h'ou h and m'\ul vouta
dﬂpencance drodes can be c"d’d as shown ia
Figure 31 ’J,d'op~out tha slart circuit arce

\
C31-€31 283 s

%i‘.

FIGURE 31 Reducing Vs Dependencs

Snont-zircuit pro-

stari-up has tean azhieved
asshoann Frigure 32

tec*i37 can ais? te addesz a

FIGUFE 32 Adding Shant circur: Current Limiting

The crivcar resistor of Qg aill hmet the mag)-
mum current 9 G 1o iV, - 2V 56 ) Rg

60 DESIGNING RC ACTIVE FILTERS

Recent work 1in RC actna fit2rs has shown that
the performance characiznstics of multipie-
amphifier filtars are relatively Nsansitive to the
tolecance cf the RC components used This
makes.tha performance, of thase hilters eas:2r to
conrol v produchien runs clnmany .casss
where gain «s reaced 11 2 system design 12 1S
now relatively easy o also get ftrequency
Se-ectinaty

T“e eas.s of acine fiters 13 a gz n stage and

therefere a3 multspte amphhier :.xoc: ct s a
valuab!c— acdihen to thus eppcauon area
When aaditionai amplfiars are avatdable, tess
component seleclion ard trimming is needed as
the performance of the fiter is iess disturbed
by the tolerance and temparature dnfts of the
passive ccmponanss

The cassive cempere~'s do ccrrrol the per-
formance of l.., filter ana for tn.s r2asan car-
hon camposit'gn resisiors a2 useful mawnly for
room ‘emperaiure breadnsarding or for final
tnmm ng of the more stable meat fikm or were-
~ound resistors. Capacitors present meore of 2
proplem in range of values ava.dabie tolerarce
and staothity (w.th temperature frequency,
voitage and time). For example the disk
ceramic type of capacitars are generally not
suited to actwe filler appiications cue to thair
retatively poor performance

Tre impedance !z.el of the passne comes-
neats can be scaled without.{thearatically} »f-
fecing the filter charatierstics In an act.
circuit f the re~|5:or values become too s'na!l
(<10 ki) an excess,»e loadmg may b2 placed
the output of tne amplifier which w:li reauce
gann or actualiy excead eithar the ﬂu'put cur-
rent or the package d.ssioaticn czpanihittes of
the amolhifier This can eas.y oe cnecked by
catculating (or noticirg) the 'mpeazance wmch
1s prasentad to the cutput termunal of the am-
phtier at the h.gnest gperating frequency A
secend hmit sets tha upper range of xrnpeuam,e
levels this 15 due to the OC bias currénis
(=30 nA} and the input impedance of actual
-amphfiers  The solut.on to this problem s to
recuce the impescznce ‘evals of thz pissne
compon2nts {S10 ML) In garasal better pet-
formance S obtaimed 'with relatvely 'ow pas-
st.e componert impedance levels ang in f
which do not demand rrgh gain b 26 O 1Q xS
and high freguency (1) ~7 kiH2) s ~ultaneousty

A measure of the ef! c‘.s of changes in the
vaiues of the passive comporents on tha filrer
parformance nas cean gnen oy
funchors Tnese assum infimte
garr anz re'als the fereec 0

sensitivity
arrchher

ame‘cr of the Hiter
') Q ©rgom e
fFarticu's” ZessIve ©
tons which are sme

= U
Nega‘ne s.¢ My'y mea \.ncreaSb in the
valua of a .2 cemg ﬂ:m\___/leas a dacrease
in that titer o2rtors ance charactanstic As an
example, f a pandpass hlter Listag the fojlow-

ing sensitavity factor

This states that it Cy were 1o increase by 15,
the center freluency -, worild dacroass o,
035% Senatwity tunghions are taguizz: -
the refare~ce nstad a* the end of =
angd mll thera'are not be inclugod nere

.

A trief 100k &* low pass, high pass and 23rc-
pass ‘hiters 'wil indicate how the LM3I9CO cah
be applied in these areas A recommencad lex}
{which provided these circusts) 1s * Qcerational
Amphfiers’. Tchay Grasme, and Husisman
McGraw Hill 1871,

\

6.1 Biasing the Amplifiers

Acti.e filters can be easily operated off of a
single power supply when using these mulig

single supply amplitiers The general -tezn-
n:que 1S o use the (+) input to aczcomphsh the
brasing function  The power supply voltage
V* ‘s used as the DC reference to bias tha
output valtage of each amplifier at aporox:-
mately V*/2 As shcwn in Frgure 33 unce-
stred AC compcnents on the power supply ine
may have to be removed (by a futer capacitor

* Sanyfoma Mwf e Prar S,

T

* S nloms Way Men foen

FIGURE 33 Biasrg Comsiderations

Eigurs A%b) to xaen S5 hitsr mutn Yz of th s
noise  One fuizred UC reference cun gone-i oy
be used for aid o.’ tne amphfizrs as [hg[g 'S

essentally no signal feadback o this bias point

In the hlter cwcuits prﬂscn!cd bere all anph-
frers will be trased at V%2 to allow the maw-
mum AC vol'aas swing 'or ary ginen OC powr

Sugoly vaoitle” The irpess 'o thasr foo0e
Aat alsa re assus ej at a DC Javel ¢f . 2
(10 17 25e wiv b are cdirect coupied)

T




A High Pass Active Filter

1

Stat by selecting C, = 3C0 pf ang then trom
eguatsn (1)

sm3te a-cufier hgh pass RC acthee hlter R, = !
shown in Fgure 3 Trs circut s easily 10 16282157 (310 '0 13
sed LE~g 1m2 tY irput of re LYME) The
s3eor Ry €3N be simply mate edual 0 By Ry = 177k}
g a2 bas refererce of VT 2 wilt esaznsn the .
ot O ooint 2t thus value (VT 2) The nput and from egquaticn (2)
cacacrn2'y coucled (Cy) a73 rere are R, = —. 0¥
2
r ~a furine ' B
sretare ~o furiper DC 2'asing 0rod.2ms B0 132100
o Ry =159 ie
and trom 25.aton (3)
€
C,s —=C
2 ' 1
Now we see that the value of Ry 15 quite large,
but the other components took acceptable Here
1s where impedance scaling comes in Ve can
reduce R, to the more cenvenient vaiue of
10 MO whichs a factor of 1591 Reducing R,
by this same scaling factor gives
12.7 210°
R, a 720 e 11k
NEW 159
—~ . _ FIGURE 34 A High Pass Actrve Filter and the capacitors are similarly reduced n
impedance as
SRt T A e T T T T A e s e

C, = C; ard choose a com.2me”1 s'arung

en
a, - b {1
Q w C‘ (ANO - 1)
Ry = 9 . T (2)
-
¢ i
B c
o, = (3
27

aulput ce ey

¢, " EreTe = {1591 (3001 oF
( 17 %% 3)NEW

c = 477 pF

NEW

To corc ~*e tha design R, is made equal to
Py 113 Moy and a Veer 0f V72 15 Lsed to
bas the output for large signal accomodation

Capacitar values should pe adjusted to use
sfanddrc valued ccmponents by usng tmpad-
ance scahng as a wider rang2 of siandard
resistor vawss 1s generally avarable

6.3 A Low Pass Acuve Filter

A stngie amphifier low pass hlter 1s shown in
Figure 35 Tne resistor R, 15 usaed to set the

FICJURF 3, A Lo~ Pt A uve Filter

. - wdattor va oy

FESISIC S VL T L L2002

The dasign o0

Grven Hao G anG = 2- 1

n

Tefind R, 3, Ry Ry C+ 3n2Cy
Let C, te aconvervent w32

then

where X 1§ 3 constantwh.on car D2 wsec o éc-
! 213

Just cc~ gonert vatles Qf 212722 A
K=1 Cy=Cy targer.2..z3 2" Kcao L2 usad
to reduca R, and Ry at thz exoerse ot 2 larger
vaiue for C,
R
R, = —2. (5)
LI
o
. acting + ”1
Ry = * \ 1. 6)
20 . C, K
and
A, = . M
3 LJJ2C ZR 1X)
(3
As a design example
Require Hg = 1.
Q =1,
3
ard i = lu.H:(L:.}C = 528 x 107 rcs)

Start by selecung C, = 300 pF and K = 1 50
C, s also 300 pF (equation 2}

Now from egquation (3)

R, = ! Pz e

20116 28 x 10M 132 107"

R, = 105vEL

2
Then from equatio~ (N

a A, = 1Y
Ry = Ay = 10G Wl

and finatly from equation (7]

AL 3 e

3
(6282 1057 (3« 1C

B 194
FIJ 266

To select Ry we 235.m2 '~z DCirput fe.el s
> DC ooutpit ¢f thes ter s 12

Tne and
= 7 Voe T3 G255 ‘nz crrcur 2F
vrgre 36 Noucet ~t R, = T et us rot oray

2 ¥

- 0

o

NS

FIGURE 36 Bianing the Low Pasa Filter

equal rasistor values (R, and Ry) but simplidias
the OC bias carcuaton as |; = 15 and we nase
a DC amphihier wath a gain of -1 (so f 're CC
iInput voutage inCradses 1 Vpz ne oulcat w0it-
ags decreases 1 Vog ) The resistors R, anc P,
ace in parallal s that the circud simphties '
that shown in = gure 37 w™ere the actu i resrs-
tance values nave teen addad The resistor Ry
15 given by

or, using values
R, -2 (‘i@

a *2&5&):‘:15\'53
2

FIGURE 37 Biasing Equrvalent Curcu t

64 A Single ampl.fier BRandpae, Active Frlte,

Given Hy Qarze, -2-f Q

Totins Ry Ry Fy R, Cyanc C

8wy

L




I

TF

F

. 5
{2250 - 1]1625 510345141573
= 22,00
EGL3Uc 1°7)
- R, = 2:,:'
T weBx10d 5101079
Ay = 31302
e ‘/hf’,v' Liz3 7 oLus G eTuzlit 8
P, =2t

IGURE & A One Op Amp Bandoexs Filzer
= Cj and salect a corven et sta-ing
FJ—- . '8)
Yoy w6y
R, = Q (9)
< 2 ) ..
120° -~ 4ol & &y
-
Q
Ay = -‘c 110)
%o &y
R, = 2:\3’.‘:rVHE; = V {i1)

e h0=| -
Q=5

‘ f

o = VRHzILI,

Dy s2'izhrg

C| - C2 = 5100F

w3 ng 23uaten 1y
5

R|= =

2 =
1

15700,

anZ Using equz’ on (G

6.28x 10511512 10"

65 A Two-xmpidier Bandpass Acuve Futer

To allow hxgl’\-‘" Q {peiwzen 10 ard 30} and
higher gait® 2 two amcnfér hl'er 1s reguired’
This crcurt s~own o Figure 39 uses oriy two
cazaciors . s sumelar iC e previcus single
amptfier cmc,,a:s ciriuit and.ine adgad am-
phtisr sLosiias a coantic 'es amount ¢of 2ositn
feed:va:' "9 Improse e resgense cnaracter-
(et
the q-.:.pt.t voltage of tne ampliters at V* 2.

FIGURE 39. A Two Op Amp Bandpass Filter

Again Rg1s simply chosen as twice R4 ana Ry
must be setectad after Ry ana R, have teen
assigned va.ues The ces:ign grocedure 1s as
follows

Given Qardf,
To tind Ry through Py an? C, and Ca
Let C; = Czand choose a convenient starting

value and choose a value for K to reduce the
spread cf element values cr to osumize sen-

< ¥ ‘
Sittvity (1 5 (o lev_lo;
Then a
R, =R, * R .= (12)
1 4 6 ¢
o 1 .
. .
[4e]
R, = R (13)
2 Voa-u
R, .
R, = . (14)
T2
Q° -1 - 2K » UKQ
ard
R, = KA, (15)
Ho - = " G
o
As a des13m mazmple

Pequie Q = 25 ars fg = *rriz
Sctent c, - €y - L y7 B
ard Aoe 3

e r251510r5 Ry an3 Ra are us24 to bias

Dl

!

fram equation (12)

e R, = R

L) I

R (z= = 0B 110 1)
RI = .‘.OKQ

and from equat.on (13)

Ry = (40 x 10% 20390

{2 - 1]

R, = 6182

2
and from eguation {14)
3

R 20 = 10

1252 -1 - 23+ 1
aizs)

PRl

And R, is gtven by equation (15)

R, = 3(40 {1 = 120402,

and the gain 1s cbtained from 2g.aven {16)

N 25 (3) = 15.23:3)

To preperly bias the first amplifier

Rg = 2R, = 8082

and the second ampnfierisbiasew -7 Rz Notice
that the outputs of both ampufiers will be at
V*/2 Theretore Rg and R, can D2 paraileled
and

a 2R, 1} R.)

8 ]
or “ .

1201 1120 = 10°

160 -

Ag = 2 > 592

These vaiues o the closest stardard resistor
values, have teen adcdea to Figure 33

6.6 A Thres-amplifier Band;;ass Active Filter

To reduce @ ser*smv'»:y o elemant vanaton
even funtner or 10 provige mighar C Q >
a three aTp ter Darzpass i
This circust Fugure 42
Iiterature on RC actve t
used 0N ana’'og co~purers
of three ampitfiers it oi*an
" ¢ostly—espezially for 1ow Q a
muttate Emanfices of 2 LR
very usufst CosCui” 1 Ras CTeev
Quad as 1t can produce a

which 15 ‘Quad  — radic 0 bc:n numerator
and densmina‘cr {10 gi.2 tn2 S} A newer
reahization tachnique ‘0' s type of hiter s

the second-dzgree s°7
Qutouts can oz tass
grve 1o £
cnaracten

Regurre fo * 1xMzandQ = 50,

‘To find C‘, C2 ana R' theoug™ RS

Choose C; = €, = 330pF

and 2=‘“R2 R3=350~!3 :de' + 18002

FIGURE 40. The “Biquad’ RC Active Bandpass
Fdter

The bandpass fiiter 1s shown i1n Figure 40 and
the design procecure s

Given Qandf,
To smpify Ler C; = C;and choose a con-

vemant siarting \aise anz aiso et 2R, - R,z
R3 and choase a convenient startng value

Then.
Ry = Rj120 - 1), tn
Rg = Ry - ! , (18)
w. C
o 1
and for biasing the amphfiers we require
as > F\B = 2R5 (13)
Thehmtd-band ganis
- R
Hy = i (20
A,

As a design example,

Tren trom 2qu s 24 ' 7,

: e

Ry = 18218 |2 1)
1750}

Ry =

From equation (18],
R_ s ﬁ] e
(27 x 1091332109

R, = 433401
And fu gy

ese 010y

=D

o




~ eLuahcn (OO0 the mITEITI L@ ) 4s 27 examp e using A, = 2809 for the LM390D
a3)  Tre value of Rg s mgh a3 can o2 we can estmal2 the maomem freguency
grag by scaling only R, wrc.gh Ry &y me where a Og = 50 would be reasonad'e as
or 17810 giv2
3150 x 103 e} ~y Y 'D 27234 103
,52,33.,“, = 200\ =z.|=1uo~. L2 22510 (,__ ).0_5
17 s 510
or ¢
5 P .19
Ry = 178:10° , you) '
178 there’sre
ne ~earest 5°: s*ancard) have 'p =191,

Again using <alta of the LM3300 f, = 1 ¥Hz
so thus voper frequency imit 1s aporoximately
2 kHz for the assumed Q  of 50 As.ind:cated
0 eguaton (28) the value ol O, can actaally

Conclustons

F e 1EIT L e e 22 1T 20 MY OT e L C Thomas paperi
thier suggasias reahizalion @zt Ques tor Ko~~~
v filters had passive comporant sensiivity
TNV WS varied 3s Q or avar G2 Tae
Ceac crrewt Fas raducec e £rodiems with

passwe Lomoerants (sersitivity furchiors
1 or 12} and rece~tiy tr2 ~zrirontions ot
» amclifier on the pertormance of tne fiter

Desigring for large passband gain aiso in-
creases filter depéfcency on the characianstcs
of the amplhier and finalty s.gnat to noisz ralio
can .suzlly be improved by taking gain in an
input RC active filter (agan see L C Thomas

: perg Inves® Jaed  An excallant trgamest paper)

ra Siquad Part @ — Sore Pracveal Qesign

nsigeraticns LT The—as 2T Trarsac-

"5 on Circuit Thezry Vot C7-"8 N 3 May Somewna* largsr Qs can te achiesed by add-
"1y mas mrdhoatsc tte bmats moos2z By fhe ing more fiter sechons in either @ synchron-
2racterstics of the amanler 5y s70aing ‘rat ously tured cascade (fitars tuned to same cen-
 Cesign vansz of © (Qo) will g tizr from the ter frequescy ard taking advantage of the
L3l maasured valus of QiCL) by the given bandw:idin shninxage tactor wrich results from
2".9nship the ser.es connechon) or as a standard muttinle

paie fiter Ail of the convenuonal filters can

a 3y a1y »e realized and selection 1s based upon ali of
- {

tre perfcrmance rzguirements wnich the asph-
caton demangs  The cost advantages cf the
LM3300 the relatively targ2 pancwigih ang the
ease of operaticn on a single power Ssupoly
voi‘age maxe this pracduct a1 excelient buiid-
ing olock for RC active filters

q.2rcy .2} ca@ e
e~ £g* 2t arphher charecterstics When 70 DESIGNING WAVEFORM GENERATORS
“zrs sipruzenty from G- excessive de-

173 45 Inci-
viens of an Tre multple amphtiers of the LM39300 can be

ws2d to elsly gererate a wie vanety of wave-

203 onotte ol frzgaenic, cargs P U0
vzitage contrnied oscihators (VCO's) are
poscib’s znd 37e prasented in secuon 89
cging P .se locked Louns ang Voitage Co
Al trofled Oscrlzters * In additinn poswer ¢
13t0rs {such 35 nose ma<ers £Ic ) are preser:
1 sechion 12113 Ihe saveterm genora
[ [ ahich ' oosopes 02w 3 sechien
cs {2 . ..

2 ynity-gain zross frequency of the '.\13%00 exceed the vaiue of Q45 (Q enhancement) ang ~
¢ 5 MHz whicn s aporowrmaléy threz tmes as expect2d the hiter can even prowvide its
tofa 747 oparpy The performance of the own input (oscrllating)  Excess phase shiit in
onfiar dces L~ ne pe-crranca of the the hugh trequency charactensucs of the amphi-
e His*onica'ly C actw2 filers starac fizr typrcally cause unexpected oscillations
o little concern for trese przzticzl proslems Phase ccmpensation can be used in the Bi-
e s2ns tvity funcions wer2 3 3.g stes for- Quad netwark to reduce this problem (see
R o

7.3 A Sinewave Oscil'ator

Tre cesgn of a simena.2 ascila or presss
problems in both Aol s stER ity (an

deetabel tyy and oulpur wa,2:2rm purty (T 3)
It an AC pardpacs “iteris vsad as a bgn G
resonator far the 2scilator Sroed e can co-
fain an ou'put wawgiarm Lh locw drstortcn
and ehmwsate the orobem OF reat.e centar
frequency drift which ewis 3 «f *he actva f or
were ussd simpy 1904
s2parate asciiator

VG
0

A sinewave oscihater wren s tased ca this
principie 1s srown n Frgure 21 Tre twe-

amphifier RC active filter 1s used as 1t reguires
only two capacillors ang provides en overajl
non-inverting phase craractenstic  1f we acd
a2 nen-inverung  gan controtled  awphlier
around the hiter we cbtain the desred 0sC1ia-
tor configuration  Fiagtty the sitewave oulipul
voitage s sansed and regu'atag as ine averzge
value 1s compared 0 a DC reterence voltaga
Vaee Dby use of 3 differz~al averaging circuit
It can be shown that wen “he values selected
for Ryg and R,g fratio of 25+ 1) that thare 1s
first orcer temperature compensation for CR,
and the internal input droc'as cof the IC amph-
fier whnich s usad for the ¢ higrance averager
Furtrer this also prevsdes a simpla way to
reguiate and to precict trz majzmiuce of the
QutpJt sinewave as

which s essentialiy indegencant of Dot tem-
peraiure and the mignitude of v
plv voltage (if Vg 1s cerved from a stct'e

a1 l
~ e
v ot B enpp 1]
FIGURE 42 A Squsrewave Oscillator

cavacitor Cy  alternately charges and gis-
charges {via R,) bebaveen the voltage hmits
which are established by the resistors R, 8,
and R, This combination produces a Schm -
Trngger circwr and the agerausn can bs uncsr
stood oy nouicing that when the output 15 iow
(@and 1f we reglect whe current tow throuzh
Ry the resistor R, (IM) will cause the trigger
to fire when the current through this resistor
equals the current which enters the (=} nput
(via Rj) This guves a hning voitage of approxt-
mately Ry/(R3) V* 1or V%3)  The other ingp
point when tha oulput voltage s high 15 ap-
proximately [2(R; Ryl V* as Ry = A, or
2/3{V*y  Therefors the voltage across the ca-
pacitor Cy wilt be the first cne-Faif of an ev-
porential wavetorm be*waen trese voltnga mp
hmits and will hase good symTietr, a g be s
senua'ly indece dent of the magnuude of the
powsar supply voltage It an unsymmetrical

sguarewave 's desirad the trip paints car be
shifted to prcduce any desired mark 'space
ratio

AT ATNEFNLTER

LRSI Y
e
TRY 31 ¥, b0

FICURD 281 £ Sirxvzve Cuoelztor O
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73 Puhe GenergQ

The sguarawava
1fried 1D crov.de
rate hroits of 0 te
x20t 1n mungd 3s !hl; HTals e a:nu/ el pro—
duce a n3rcw fuls2 when oozraing.at a s:gh
_powsar sLoply voitzge tevat For 2xample with
2 =13 Voo 2Car susoy the ns2 bme L, 10

charge 13Vis geen Ty

a

- 15V . 13V
' Sew Rate 0.5V pses

L, = 30 Hses

The scnamatc of a cu'se g2~erator s shown in
Figura &3 A ¢iode has t2en azlad CR,
al'ow s22arating he charga path o Cqyvi2 Ry)

\FlGURE 43 A Pulse Generator

e 2217 (via Ry Tme circunt

3 assu~e frst inat the out-
sUsadened iaw (@73 ae will
nt flow through Rgl The

vona;e 22"c53 Cq 8 high ang the magmtude of
the Z'scrarge current it=*gugh Ryl 15 given by

“Vee
] =
D-scarge 7
R2
Tag su--2mt 15 sargar ran thar entsnng -the
to}IrELt AN s 5.20 oy
TV = Ve
'R = =2
. 3 R3

Tre ex2ess curre nt gntenng the {-) mput term-
:e creEn (G 2 low
icn} This condi-

At s bhe e culbut Loliage will swiich to a
high state Vgu, and tre current entenng tne
{=) nput wall increass 0

Also CRygces ONandtnecapacitor, Cy charges
w12 Ry. Scme of-trus charge current 1s diverizd
via Pz to grouna (the (-} input is at VcEgar
cunng tis imi2n.al as the current marror s
damancing rmzre ‘current tnan *he (-) inout

‘erAnnal 220 orev.d2r The high trip voliage
Vi s grven by
>
VH = “M sz or
v - Ve |, Vou, = Ve
v, = + Ry. (2)
R R
3 4

A cesign proceads by first choosing the trip
soints for ine voitage across Cy  The rasistors
R3 and R4 are us2d only for this tnp voitage
caqtrol  The resistor Ay affects the cischarge
time {tne long ntervai) and ‘also coth of the
tnp voltages so thisgesis'or is determined first
from the requxred tulse repetition 1requency
(PRF) The value of Ry 15 determined by the
RC expenential ‘cischarge from Vy, to V,_ as
this time interval T‘ con"ols the PRF (T, =
1 PARFY  1f ve s',rx with: thn equatnon tor the
BC discharge we nave

_h
. R,C
VL-Vﬂe 21
or
v T
in ta -V
no BG
or
v
T, " RC, in 8 (3)
v
L

To przuide a isw Suty cycle pulse tran we sel-
ect small saluss for toth V, ana Vi (such as
Y anc 1.5V &~7 choose a starting salue !or

C, Tnen Ryis gnzn by
T,
Ry = ———— (4)
v
CIE" H
v
-
“ L ]
f Ry from 2y s 40t in the range of approxi-

ma'" ty 105 W2 e 1 MY Zrcose another value
r tlae £guation (1) can be usec to fog
.a've o0 Ry 10 provice tre Vi which wes
~ Simitariy equation (2) allows

P.o < Finally Ry s determined
Gy the reny be vadth 1PV as the canac- -
Q. Cy crgee fiom Yo Yy oy Ry

This RC crharging 1s gwen by (neglecting the
loacing due o A,

-~ R,C
o Vi T Vg, - vrlr—e TET
or -
~ . Vh
T2 = —R’C‘Ln ! = e———— I and finally
-V .
O [»]
T
R, = 2 (51
Yh
—Ciin 1~
Voui Vo

where Tz 1s the pulse width cesired and Vg
1s the forward voltage drop across CR,

As a dasign examgle

Raguired  'Provide a 100, pulse every 1 ms
The power supply woltage 1s +15 Vg

10 Startby choosing V| = L5V

‘and -
a VH 3.0v

20 Find R, frem equation (3) assuming C, =

50 Find R, from eguation (;’.O

4

A - 10 .
Voo LB 3
(142 -o07
A = 10%
1 —ln 1 - —l
135
4
A= 20 L 39500
@252

These values {t0 the nearest 5% stancard) have
been added to Frgure 43

7.4 Tnangle Waveform Generator

Tnangle waveforms are’ usually generated by
an integrator which receives first a posttive DC
input vo'iage then a negatve OC input voitage
The LM39CO easity provides this operation in a
system which operatss with only a single power
supply voltage by making use of the currant
‘mirror which exists at the («) input This allows
the generation of a tnangle wavelorm without
requinng a negative DC input voitage

The schematic dizagram of a tniangle waveform
generator 1s shown in Figure 44 One amphtier

0.01,F. .
A. = 1073
2
: 1082, 132, '
5
G il ey eore)
0632

30 Find Ry from equation (1)

+
Vv -V )R
R BE 2.

; 3
: v,
A (15 - 0.5) 142 x10°
5o Bz 08 1atx107

is

Ry = 1.39M0

40 Find Ry trom eguation (2).
. &

(=3 =

4
{122 - 051 -
Rg * 3 5 -05
1.42x 10°  “139x 10°

R, + 132 M0

QeCuint2c

SIWWITT CRiG.3
FIGURE 44. A Trang'e Waveform Gencrator

15 dbmg the in*egration by operating first with
the current through Ry, tJ produce the'negative
autput vo'ta3z slope, and then when the output
of the:second amo'ifier (the Schmutt-Triggar) s
highrthecurrent through Ry causes the output
voliage to increase It Ry = 2A,, the output
waveform wil' have gaod symme'r;  The tim-
ing for one-hel? 03 1F 2 p2oad (T-2) 1s gnen by

r.
2

Ry = 2f; Vge I1sthe

whore we havoe assurad
(-} irnpat (35 vof) and AVs

DC voltage at the
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eleztirg R.and /"y T a

troniad by trerato of 2R, g o
7, = 16 Ry 2 posoie ramid seatouT resuits
2 f Ry = 10 |, a regat.s 127D S524100TN
v ke aD'amsd AZan e saw rzte hmus of
 amplif 2¢ (O SV s} wul It n2
raca ume and he rgr2ass
Jati.e going cutout wilt
Ce for 2 pose 1armd S5aa03IT Awaveiorm

orov'ce a gated saAlsith aane
s shown in Frgure 33 can ze o
> 457a) 3 posItne ra~— o s GgEmer

1ting the current | wWTiCnos 2030 TG ine i
ut Raset s prpl.rdec via [ a~2 CF, w2zrs
from lpadirg 3' ne f-) Infut Zuring ‘ne

eep nteryal Trus w B

. o
soerax 270
e e

TTTanys

i generate a regali.e ramp frzm

v

Vo wnn
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FIGURE 45 Gatoed Sawtooth Generators

751 Generating 2 Very Slow Sawtooth

Waveform

5
’

Tre L3300 can kte used to generate a very
50w Saw~iooth waveform wnich can te used to
generai@ lorg time delay intervals  The circut
IS snTan o Figure 48 and uses four amonfiers
Ax- T LTIt otIcadedtoingreass ire g3
cf tne 'nlggrdtor and the oulout 1s the desira
very siza sawteoth waseform Amp 3 su%2d 1o
€xacly sucply the bas current o Ao 1

o,

s Sa e iy s

agz of Amp 2 (1hs o'
linear range to 1nsure th
rancn)

which *icws through
of Amp 3 and causss
¢rop by s émoLTl

as now the current flow IFrougY P s rolerger
adequaste to supply the tnput currant ot Aorp )

Tne net result 1s that th's same current [ s
drawn from capactter C, 273 causes the cutput
voltage of Amp 2 to saeep siowiy Fesive Asa
result of the high impecdarce vaiugs usec the
PC cemporent beard usad for this Crrcut m
first e ¢'saned and then clazd wiih Sins
n.ober to eiminata the effecis of lea<zge cur-

5

[

O
]
W 2.

rents across the surace of reprard T e OC
leakag2 curreris of the caracitar C, must
e 1T nA charg:mg

also be smaii compared 2
current For exampl2 an 3s5.'2080 r@sstance
of 100.0C0 MO w.ll leak 01 rA with 10 Vz¢
across the capacitor angd ihs l22<age ragcy
increases at higher temperztures  [electrc
polarization of the cieiel ¢ maie~ ai may ~ot
cause problems f the cuicuit 1s not rapiadly
cycled. The resistor Rg, and the cacacitor, Gy
can be scaled to provice oihar Lés.C sweed
rates For the values shown on Figure 36 *he
10 nA current @ano tre 1.7 Ca303C173r £5°8T0sT
a sweep ra'e of 100 sec/velt The reset centre!
pulse (Amp 3 (=) inpul) ca.sss Amp 3o Go
the positve output satwa’on siz'e and tre
10 M (R,) gwves a reset rat2 of 07 s2cvolt
The resistor R, prevents a iarge Cischarge
current of C, from overdrn =g the (=) wapJatand
overloading the input clamp cev.ce  Foriarger
charging Currents a resis'cr Zoacar c€an te
placed from the output of A~ 40 g-cundand
.RB can he t-om this tap go ~f creclly e the
(-) mput of Amp

9]

76 Strcasz Waesform Gerzrators

A starrcase generalor can e rezh:
plying puises to an integra*cr Cirzuit
3200 aiso 21 Se uved 4t
.G’ a3 & Cifteren 2
g2<h trasiaiticn of the inpu*
astepanthe output wa e'orm
input cyc'e) This s shownin Fu
pulses of current arag tha i
currents of the imput carzce

w
[5%
r

l
v}
<
(8]

V

current, g, enterstne (=) ir. oz B
-ch\g':und ard 1s Cievnar > e -ianput
r/ Letarne currant iy T oo, A

ah
T
dvérf[:! rye anput CRy A

causes a s'eo onthaoL'pur s

: —_—
S D e -2 m T
'-D—{(—-'v'vv—o-od -
'] S
~ = ACE TRl T

FIGURE 47. Pumpig rthe Staircasa Vi, | iput
Ditterentiaror

FIGURE 48 A Froe Running Staircase Generator

Amp 1 provices the 1mout culsos which

Tuntr
up’ the starrcase va resistor Ry {(seasecunn 73
for the design of this pulse generator) Amp 2

does the integrate and hold furchon and aso
saoplies the outout staircase waveform Amps
3 and 4 provide poth a compare and a one-s-at
multivinrator furction (see the sechion on Digi-
tat Sna Switcn.ng Circuits for the ces'gn of this
dua! function one-shot) Resisrar R s used 1o
samp'e the starrcase output voltage ani o
compare 1t with the power supdly volleys (VY
via Rz  When ine outoul excezds approx-
mately 50% of V7 tra conrection of Amps J ard
4 cause a 100 sec reset pulse 10 be gererated
This 1s couriad to the integrator (Amp 2} va
R, and causes tne s$°a17casa ou'put voitage 12
ta't to approxeTately zero volts The next pu
cut of Amp 1 then star's a new stepping cyc

o

@

77 A Pulse Counter ard 2 Vo'tage Vaneabi:
Pitep Coomtie

and Saitchim
Intzeval caty
fier can be
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2
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A $I3rcas2 wav2form Wit Lrst stes Lo 2~ d
t~e8n §laps 20wn § DrowgEd 2y tme

s=2wn in Figure 43 Annplt pulse garerator

o
> —‘M————:,{;
LT

the GIwn Cur

ang e staircs

half tre vsius
§*aircasa sisZs CowN
point of Amp 2 Tr2 oulput /2

tre Schart-Trigger

80 DESIGNING PHASE LOCKED LOCPS
AND VOLTAGE CONTROLLED
OSCILLATCRS

81 Vaolwzge Conunizd Oscillztors {VCE)

o 2 s ot - e s e
- 5 IoToIge o1 s d

S . rl tE rerses fp

many 143N ons the req . unzandy of the
transiae cnaralicrisac (frequzngy cut to DOC
voi'age 'n) cerends upon the applicatien  For
low cis'ortion camedutaticn of an F'4 signal
a nigh dagree of hireanty 1s necessary whereas
3 trzzking L'ter apo.icaton wouid not require

this perlormance in the YCO

A VCO circurtis shawn in Frgure 50 Only two
arpiters are required one s used to int2grate
t~2 OC mcut control voitage Ve and the other
15 connzcted as a8 Schrutt-ingger which mori-
tors ™2 cutou® of the integrator  Tne *rgger
cucuit 15 used o conirol the clamp trans:sior
Q, When Q, s conducting the input current,
Iy 1s shuntad tc ground  Dunng this ene-halt
cycCle the input current, Iy causes the outputl
voitage cf the integra‘tor to ramp down At the
mimimum point of the tnangle wavetorm {(out-
put 1V t~2 Schmutt circut changes state and
transistor Q; goes OFF  The current 1, s
exactly twice the value of 1, (R, = R, 2) such
that a crarge currern! {which 1s equa! to the
magaiiuce of the aischarge current) is drawn
through the canacitor C to provide the in-
creas.~g peron of the tnangular waveform
{cutp.t 1)

FIGURE 50 A Voltage Contrclled Oscillator

The outsut trequency for a given DC input
conire! voltage depends on the tnip voltages of
the Scnritt crrcut (Vyy and V) and the com-
pcnents Ay and Cy (as Ry = P1/2) The time 0
ramp davn from Vyy tc Vo corresponds 1o cne-

tre geriod (T) ! the outpu! trequz-cy and
founc Dy s*arting viin the basic equa-
ticn ol 1n2 integratsr

o
n
2
o
- M

«
4
'
)
'
~
a

as 1y 15 a constant (tor a given value of Ve )
#hCN s G.en Oy

/7 Saguation (1) simplhiias o

\—\
- ",
{ - — - {2t}
.3\/0 c [
or
[
> S I {3
At <

Now the time. At to sweep from Vy to Vi
becomes

v, -Vv.ic
At -—H—-—L———or

- L *

Therefore, once Vy, Vi Ry anc C are fixed in
value, the output trequency { .s a linzar tunc-
ton of |, (as deswred for a YCO)

The circuit shown n Figure 30 wll require

sirad  Two commen-mods iro Lt
tors can be addad as showr in
allew four = faun forve = 0 !
these resistors are a factor ot 10

tha
their corresponging resisier (7, ¢r Ryt a large
control frequancy ra*%o can ze reahized  Actu-
ally Ve could range outs Ze e sucply vollage
it of V* and this crrcust wai sl tuaction

preperly

FIGURE 51  Adding Input Comimgn mode Earsnyg
Ranustiors

The output freqguaracy ¢! ‘s 2vct can ba
acreased by reoucng '
SO0 of tne tnan

g

SLh Of M

A bl as 1 2lcea w
CutbUl wi.2'nrm axe '
e LMIED3 W0 3Y s Note L ne outout o
the Schmitt circuit m3s o move p only cra
Vge 10 bring tne c.avo fansistor Q, ON arg
theretore ou'put sfea rate of this circuit is not
a himat

Tan the (- EI"\C_‘,'JIJ' Swe

2215 e ra*: g,

J

,
Fa

To improne t~2 "°mpera!u'e siabiily ot the
VCO a PNP zruttar foflossr can be usad o
gme 2pproximai2 comoetsalon o e Vge
at the inputs o tne amoiter (sze Figura 32;
Finally 1o imprewe the mark 'O $Dace ratio As-
curacy Q.2r tampar2’ure ana ai lon ccnltod
voitages aa azd tardl amohtier can be a4Zed
such that bath re‘erence currents are apphiadto

FIGURE 52. PReducing Temparature Drift

tre s3T2 type of nnvertirg) otz 0f the LAM-
3900 Tne circy.’ to azcomplish tnis 13 SHoan
within dotted lires in Figure 33

FIGOGRE 55 ¢ ~ironng Mak-Space Ratio

82 Fhase Coorpe-ctor

A basC prase cooarater s shown Figure 54
This circur pro, ©-5 2 guise-vi2tnh modu'ataa
oulput voltage w

Vo' wmch rmost D2
fiared 10 oot

tilrer cam Dootho
2

FL3) Tn

[
]
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grees

= e ey

3 A Complete Phase-locked Loop

pnase-locked 192p tan Be reanizc with thrs
the amph fxers as shoan n Figure 85
s a center frequency of apo-ox rmately 3

increase the 'och ’a";e DC G3'fo can he
Hy 2

a
awngnfer of ng LM3EIC B¢

LIS I

84 Conclusions

Cne LM23300 pacxage {4 ampl!2rs) can ¢ro-
wvida all ot *ne operations necessary 1o mase a
crasz-iocked locg Iracaiion aVCO s agan-
e-ally usaful comporent tor other sys'em
archications

90 DESIGNING DIGITAL AND SWITCHING
CIRCUITS

T-2 2mpifers of trs L’.'-E““D can b2 Ouwer-
agriver 33 used to groqace a large numbder of
low speed digstal ard switching crcuit appiica-
tions for control systers which cperate off of
‘ngle power sucply voitages largsr than the
standard -5 Vpe cigstat imit  The large volt-
age swing and sicaer speed are both advan-
tages for most indusinal control systems  Each
ampufier of the LM3330 can be thougnt of as
‘a super transmstar’ with a & of 1000600
(25 rA 1npat current anc 25 mA oulput current)
anrd with a non-invert.rg 'nput feature  In ag-
hien tre active puli-up and pull-down which
exists at ine output will supply largar currents
than the simple resistor puil-uos whch are
used in d.gital logic gates  Finajly the low
input curfef'bs al'ow uming crrcurts which mime-
mize ihe cansacitor va'ues as larga impedance
levets can be used with tre LM39C0

91 An "NR" GATE

Ar CR gi'e zanterza’ 137 By the crcuit shown
n Figure 36 A resistor 1150 RO from V' to the
(=) mput keeps tne cutsut of the amplfier in a
'o.v vaitage saturaisc siate ‘or ali inputs A, B
and C at OV If any one of the input signals
warz to gc Nigh (=V7) ne current fiow througn
the 73 x2irput resistor will cause the amiphifier
to switcn t2 the posihie2 cutout saturahion sta’
(Vg = V') The currznt isss through the O\h:'
nout 1e5.5°0rs (wWhicn have an input in the low
veitage  siz'e) reoresents an ssigrhcart
amzunt of t~e total inout currant whieh 15 pro-
vided by the at leas! e hgh var'age input
NMare tnan three inputs can e OR ed if desived

vnR '

1 e g
n i
5 D rarg

FIGURT 56 'An QR Gate

92 An "AND” Gat:

A thieg mput AMD g2'2 s
Tris gat2 requires 3't oz
oréer to Fave soticiae

(+) input to causs the o ,J' °

switch h.gn Trz acditien of Ry causss a sme
ler curreni to entar tha (=) "zt Afan Co'y th
of the t~pu’s 3a hGh 1A *wd mnut A
woLld Aot require a resis.or as Ag)  More ina

£ Qr—AAN— [N Y 14

FIGURE 57. An "AND™ Gate

three inputs becomes i cu’t witn thus resistor

sJmmung aporoach as he (=) input s too closa

to having the necessany cu~-ent to switch just
n107 to the lastinput ¢2ng hign For a larger

fan-in an input dioce netaork (simyvar to DTL)

1s recommenced as shown in Ficure 58  Inter-
change the inputs for a NAND gate

v

ML IJEF

.
[
+
e
'

AL D026 AT SR (2L

FIGURE €8 A targe Fanin "AND"” Gate

93 A Bi-stable Multiibrator

A b.-stab’s mulliasrat
fip-tiop} can be rzalz=2 2
Pcsidne f~"—e”bacx 1s Dni‘

fooL
a
-

noasvmznronous RS
canan Figure 58

esis*cr R,

ve pulse a'

osET g._.w(_v—l\

S

FIGURE €2 A Buisraite YWalne brator

SR A (T
ard 3@ rese’ DLt Lap sl sl e gy NV
Put to essentiarly 0V
9.4 Trgger Flip Flops
Trigger fhp floos are usefur to @, - an nput

freguency a3 2ach inputl pulse will cause e
outout of a trigger fip fico to crange sive
Again due 10 {re acserce of 3 ¢ic cxrg sezhal
1nput this s ’Sr an asy~c™ranous o C 3ochc -

ton A Crcut »TuCN uses Sy one amio far
1s shown in F.gure B0  Sizerning of the g Her-
entiated pesibve mput tngger s prowidas by
the diode CR2 For a iow output voltage siate,

oo < r s “‘:""3
<y
e - ~ ® = b
--&-K—-?—Mn.—q—J»v«-—.__—-<

L %
o 3 — N
FIGURE 68. A Trigger Flip Fiop

CR2 shunts the trigger away from the (-} 1nput
and resistor A3 couples this positive input tnig-
ger to the (+) rmcut terminal - Thus causes the
output 13 switc® = 3~ The h gn voltage sulput
stale row «22ps CR2 OFF and the smader valve
of (Rg = Rg) compared witn Ry causes a larger
positive 1Input 'rmger e ke counted 1o tha {-)
input which cavses the output 10 swich to the
low voltags siate

FIGURE 61 A Two-amphficr Trig:ar Flip Flop

A second thacse Mip Bop c2an L2 maZi anCh
consists of *wo 2cafiers - 2 afzo 02 T 3
compbrnientasy ou'Cat This Clnnecrian s
shoanin Fiyure 39

95 BMonostablz Muluvdrzeors (O shots)

Ncoostabl, metoabrarers coa b2 O e "3

onc or two cf tae ampihins of tre LM3ED
In adaicn the cutput can b2 des.gnad to oo




951 A Twoamolifier One-shot

W o 0

LT L

v

Tag s

va iV

vt

A LT
-

FIGURE 83 A One shot Multvibrator with an Input
Comparator

resistors Py and Rg of amplhifier 1 provide the
Inouts to 3@ comzarator and as shown annput
s:zal Vigy 1S compared with the supp'y volt-
2 YT “Tme output vcitage of amphfier 115
rma'ly 1na hign voltage state ard will fall
a~c imit 2ie the ganeraton of tr2 suout pulse
#m2n Wiy 13 Rg Ry V' or approvrately E0%- of
VT To keep iy from distush iy tha rpu'se
ot as reguired it V., fald ro ess
-

pricr to the tarminatcn of
-

'=grefore trus causes no problems

853 A One-amplifier One shot (Posiuve Pulse)

me-shSt ercut can te real'zed using only
:

. 7

TP Y SV WYY S
e

-

FIGURE &% A Creqar gt o One-hat 1Pevtiie
Quiput!

eyt Fry

c-rerming oszi'lators
2 20l imv2l nas tesn
mMust D2 ga2rearaled o ra-
3 This goubiz turcnoe 13
e crcut of Figure 63 The

1

g oo 2

Cw-_é:cnes Bach 1O the QuUreslian’ s.a
c.oce CRy 1isusegiscal cwaramcre-ing

<

854 A Oneamplifizr One-snot {Negauvs Pulse)

FIGURE 65 A One-amplifier Creshat {Negativa
Output}

The sum cf the curren®s through R, and Ry
k22ps the {-) input at e3sartally ground Tous
causes Vg 0 b2 0 the Sgr w3'lizge sl A
- .
2

affers~*ated  negatne  ngger  wave'orm

¢

causss the outoLt 10 Sw ST L0 he low voil2ge
state  T-2 larg2 Vol c

viges rzat curretl v a
lcw unid Cy 15 grgcra
V719 s tme 8

It tne By Cqp nework were mo.ed to th2
InpUt CETMINS tte Cirtott W Tigger on 3
Iy
t

~* 320 £Ostne

popy
[olra s

96 Comparators

961 A Comparator for Positive nput Vel o3

FIGy-

LOTICY st T Lo
LC e p e ag
ere 0

to satsty oot e
input voltagas and
of tre ampther

b2 Bias current reqQuirer 201

AR THE T
VI *

FIGURE 67 A Non mimvarung Low valtage Camgaratar

863 A Power Cownparator

Wheas usec anwnchicn we'h a3 externat

in o
transisicr thus oower Comp2ratar sl crile
fasl

123ds which require more currant than tre IC
archher 1s caoas.2 of sLCZi, ng  Fguie 538

sPowss a -

capaz e cf Zreving 2 T2V

e

Yay.

A Nrsanyeet g Po se Conparator
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D UErenT e Le e ou'oul woll swatch 1o the
1TUE VAN Vg hogh the currant demand- - ;
5 y "N@ Trrorisircrezsed by a iixed amcount v
4s a rasyuit the iy required 1o sw ich the l °f\ }J
Ut ancressss (s same amount  Therefore B o o -
A ICD DCMIs 372 Zotermingg By selecung '
“IT3 o aTIn Wl oes actsh tre reguired cur- g

3 wrout wot2zes Referonce

.

STezureart iy are Lt by

|2=v°'“"_°
FIGURE 9. A Movra Precrsa Comparator Rp =

R .

FIGURE 71, Fuxed Current Sources
2 Current established Ly Vage at their.ernt-
inpat ¢f ampither 1 wll caus2 trars.s’cr
to adjust the value of Vi o suozly th
r2nt Trus vatue of Va will cause an 2gua
rent 10 flow 1IN0 the non-invertrg npat @
olhifer 2 Ths current correszonds more

3y azustrg the values of Rg R., and R
e swirzhing vatues of Vg may be set to any The resis'or =, ¢a~ £2 us2
23 lectcr currert of Qy 2tner a

1 mA refarerce Ja'L2

n
b
v

P oo

n2 non-in.erung Scamiit-Trigger works in the

Tty 10 the reference current of amplifer 1 $2ma w3y gxcept tha* *he input voitags i1s ap-

cled o tre (-l input The range of Vi may be 10 1.2 A Voltage Vznable Current Source

, w27y iarge aran compared with the operating B REISTING TEWO(ANTL3E ST 28y,

:.He'Le.r:;z:r(\Om(put stage \,3'1 a‘so bﬂe fddec votage of tra ap‘—.phher
e LM3800 (see 3acton 1016 ang the ra- ~ . An a aka
T o N el o - A voltage vanakle current seurce 15 shown an FIGURE 73. Fixed Current Sinks
ARG CIICUK €an provice 3 prelisien Comgar- Figure 72 Tre transconcacta=c2 s =11 R,) as
rercudt

the voltaga gain from 2 npLt tgrminal 1o the
14

10.0 SCME SPECIAL CIRCUIT APPLICATIONS emuter of Q, 's -1 For a Vi = 0 Vpe the 1014 A Voltage Vanable Current Sink [
output current 1s ess2nually z2r¢ mA DC  The .
resisiors R, a~d Atg2 mat me a—phe A voltasa vara=ie A1 sink 15 sh F '
: ~ ‘tagz varazie ; N3 shown in Fig- -
Sehmirt-Triqeers T-is section contamns vanous soecial circuils fier can turn OFF trarss'cr Q, e CUrtEn’ SIPk 13 SN0 nn 10 Fig o
m 952 e en o . ure 74 The output current s 1 mA par volt of
anch €3 nct it the order of things or which v {as R PN " &
- » . <
ars ore-of-3-\.nd type of azphcations in (@S g niland the gains -1 This
. circuit provi@es agpproximately 0 mA culput
currentfor Viy = 0 Vpe
10 1 Current Sources and Sinks . bR )

amonfiers of the L\MI900 can be used in

< 'segcs which regulate the current in
extzrnal PNP trarsistors to provide current
¢ [T sTurces or 1n ex*ernal NN trans'stors 0 pro-

ViZ2 CJdrrerty sin«s Trese can oe mulhip2
RS SILTCES Sr sing'e sQurces wnich are fixec in -
va ua o 23 vatage vanania % =
p —————
_—AN’—,L l 1N 14 AE A/ oo 6 FIGUIRE T2 4 VWolexgn Co-eroh 2 Co-m2-t Sounes
\E/ . < /_-v__g 3 i i LS AP Ca Wi ENt WD ailE
EUPVSED SRS ) source s p!owc‘.eh"by 1013 A Fixed Current St |
~ trence voiag i
s NIT RLEE g s Rybynz ' FIGURZ 74 A Wo z32Cz vl * € 0+,
Jatve ‘ecd-
FIGURE 70 Stmurt Tugems drop across
2n2is the eqattar
if we reglect the
for e inLzrung Leed e oothe (=jinput via i tempe o
eV S R Rl Tt i {3z Ay ard e base curran 35 Ve ¢ ’
- RS Tt TL U Zstessaf v 3o CovaZiage of mEoasd Ut rztastor M
. //3 AN NS 0 eancatiaby ths samic te~ ot R L
I SIS Pocun Ul e eolietor of Q, Wwe crout T eTala, e )




FIGURE 75 An AC Ampuaber Coerating with
=15 Ve

Watm Ry = Ry Vg will bias at acprox.mately
3 Vpe 1© 324 3 maxmum ouput eClage
sem3  As oin Ths commen to 2 four of the

~c= a2 the same? "acka"-‘- e

1022 A DC Amohfi: Cparatry with
=15 Vpe Power Supplies

a CTC amphfier s ™
i

o]
that the & power sugyp
tracwng e Vee =
] D'asmg czn b
wa s*ar oy tust ¢2nzg
Foyt rgiuCing the sta
&n oin Figura 79 ”'"1=p-z:R3'=4=
nd <hze 3 -Vgg  men the qurrent
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FIGL DL 70 L Fasangfue 190 Type 5 L
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Dlas.ng
2 noyt
dnac

c2ac

FIGURE 77 A DC Armplifier Operating with 15 Ve

Tris s a stardard nve~ing DC amplhier con-
nazt2n Tra(etimoulcs e|.=c.'-=.y at ground
arg *re 2aEsirg stIwnon Fgure 76 s used 1o
taxg zas2 3¢ OC 'e.2'5 2t thainputs

10.3 Tachometers

Nany culse av2ragng tachometers can te built
using e LMISCD Irputs can be voltage
JuSeS  Cormnt the difterentracad
tra~sitcns o T-2 CC output
v2i3age can be wilh increas-
Ing irpat .re:u e groportienal
10 rwece tre 1n suancy ooub-
) nd can al:o be
ne su™ 91 the G-
trequanc.es Due o
e migh gan of the
wnzhion 1s hinear nelaesgn
¢t the amphifier

the s—au
LM32CT ¢
the sa-_rat

1031 A Basic Tachometer
rg nztacrk s adcsd from the
QuiZ.t '3 cre ‘=) oLt 'me Basic tacromater
2 uis2 Apats wilt
37 S10Wr 0N
Lise causes a
¢ Ne2giecting

13
hel

(8]
[

ST
14 !
oD

- To.rce
%t L;';;' T 'E30

’

FIGURE 7B. A Basic Tachomater

a signal s appl.ed to the (-) input to pre.ent
loaa ng dunng the !ow voltlage s'a'e of this
input signat

10.3.2 Extending Voyr (Minimum! to Ground

The output voltage of e crcurt of Figura 78
does not go o ground level but nas @ miarmum
value which 1s eguat to the Vg: of the (-) input
{05 Vpe )} If it15 cesired that tne cutput volt-

go exactly to ground tne crrcuit of F g-
ure 79 can be us2d  Now wunt Vg = 0 Voc.
Vo = CVpe due to tre acditon of the common-
mode Diasrg ras.stors (182 w1l The diods

CR, alizws the ou*put 1o GO
the outout :=snr.: @
vide a OC pain fo
the R of the avzrazing natwora)

To raduce the ngpie ¢n *ne CTC o
the circuit of Figur2 83 ¢t b
v{ -
t

neely doub'e e

are not rajuirel

rzeced Trnesceoer
age tho ¢narre 2”

of the inzu™ S0 o4c,

used o o 2N

culzes anc W L
a0

fordal ST

ats (o an-
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& opede= 0 less it Operating

3 3
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WA e iDLt s,
o

currant 21 C L !
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FIGURE 82 A Frequency Deubling Tacnomerer

104 A Squarmng Amphifier

A sguanng 3T phtier which incergo-ates s.™m-
metrical hwsteresis above ang Teiow tng 1210
cutput state {for noise imTLnily) as often
neeced to amchiy the low levat su. a3 whizh
ar2 provegar by wanat e 21.Ctan s

In adaton 2hign fealong, 7

characrerns=c) s desrrable oen o reduce tme

ratural voitaa2 culduo 3t hagn frequerc 2s and

to also hilter rgn trecL2nCy gLt noisa Sisturs-

ances A smote circail swhigh aceosphstes

this function 1§ shownan Figure 31 Tne input
[ g

FIGURE Bt A Sjquann, Am, i wath bogsten

voMtage 15 Comvarted W nput Curre s

'
the mc.;( resetors B Coo—ar-moada oy

15 proadss oy Rgy anz Ry Fmativ £oscoe
. - a ~ - hd
feednach in, 13 provzed o, =, T o
ar 3Zufc? IN BT2CES AL T
shtois mout el
Yo ra s DI T
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anoat tre Terl ol inout are cortaten L 2

positve fredaTe resinton By ant Bgy ardny




Werentiating CaDactor can causs2 the
1 sme LAI3300 o swing bewgw ground
the incut clamp cireut Agan

:

FIGURE B2, A Differentator Ciurcuit

sing 1s orovidsd by Rz, and Ra, The feeg-

ck resisior R, 5 cre-hall the valve of Ry
Te

the gans * 2 2 0J4iputvoitage Al b as
VT2 amicn thereTy allows Hoin 2 £osit.e
3 a2 negali.® s»103 AD0ve &G telow 173 ias
Mt The - stor Ryy keepcs 'm2 nega‘lL.e
ing isdlatrl rom the (=) snput tarmingl anc
r2fcre DO NpuUls remain Diaced a' ~Vge

& A Difference Integrator

ass of many 2t
T2 using

OO

N B

w I
oA 2 [
Y v eedhon
e
v

FIGURE "3 A Cilicr. 2o dnr | “ur

107 A Low Dnft Sampie and Hold Circuit

In sawmple ard Foid apphcations a very low
inout ©asing currsnt s required  This 1S usu-
ally achevad by using @ FET transistor or a
special low irput curre~tIC op amp The exist-
a~ce of many ratched zmponhiirs un the same

5 FANTA e s e
2 LMOP20 10 oY CE SO

package allcas e

1mterestirg niput bBy2sing Cuf-
rent agyns

10 7.1 Readucing the “Etfective” lnput Biasing

Current

Ore ampli‘ier can te used to bias one or more
azditonal amohfiers as shown in Figure 84

N e
—

O—¢

| 43037 & weeacrar

n 9 13 IERA

LR H

AUTILLIARY AMS $3A
e SASg avwr 1

FIGURE 84 Reducing Iy “Effective”™ to 2are

The nput t2rminal of Amo 1 will only need to
supply the sigral current f the OC tiasing cur-
rent lg, s acourately supched via Ry  Tre
adjustmen R, allows a zeroing of 1 etffec-
tiee Sut simsly omitiing Ry and leting Ry =
R, {ang -elyng on ampifer symmetry} can
cause g to be less than Ig.10
3 rAY Trs as ws2lul in circut apohcations
sLeh as sz2mp'e and he'd where small vaives of

la ef'zctve are cesirac’e

P 7 NP

grzglive

107.2 A Low Dnft Ramp and Hold Circuit

Tra rput current redeclicn technmique of the
crewrcus secton giltas @ refalnzly smp's
o zrd hod ortu 2 et wen can be
ran s Lo s dLun o alicaes o remar at
any ez T o DT ley 'na hold mede
Trs s 85 swnan Figure 85 1f ootninputs ara
e I Vye tzorcathicnaroic mode Rawsirg
raryr

tput voltage to
~3 on wheeh

torctior iz

IR
a SR

N .~ e g e

IR NG

I

FIGURE 85 A Low<drnift Ramp and Mold Circuit

10.2.3 Sample-hold and Compare with New
+Vin

An examople of using tre crcut of the previous
section 1S shown tn Figure 86 where clarping
transistaors @, ane Q,, put the crcuitin a hold
mode whean they are griven ON - When OFF the
output voltage of Ammp 1 can ramp 2ither up or
down as nesged tc guarante2 tnat the ouiout
voltage of Amp 1 1s equal to tha DC input
voltage ahich s applied to Amp 3 Pesistor
Ry orovic=s a fixed down ramp currant wihie

15 palanced or conirel'ad va the comparaior
Amp 3 and the resis'ar R4 When Cy and Qg
are CFF a feedtacs locp guarantzes that Vg,
(from Amp 1) 1s egual 0 -V, {1z Amo 3)
Amplifier 2 1s used to suppiy the «nput Dasing
current to Amp 1

7Y |
‘ |
- S
- I R %
i
i
!
|
I i
= .
@D —_ A A

FIGURE 86 Sampla hold and Corrpare with Naw
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It a power amphiiar were aval
amptters cou'd fzed the singie
power ampldier For acdio min
fiers arp simulatneous'y achve
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FIGURE 83 A Lcw Fregaency Mmxer
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1512715 censtantiy 1al ~g Con ago-

'2313°Cr Ry atiows 2 mimmum DC

S* 3Cross ™2 casachlor and e
Ry, €an be szlected 1o grovCe
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1311 Pawer Cucuits

Tz a—o f2egfrre LM3IAD0 will scurce a ~awu-
oM ezt ! appronmalely 10 mA anz aal
stnk mar mym  currents  of
80 mA

anprox'rzely
t c.ergdren gt tre (=) wnput) e
Srive~ 1o a saturalsd state o racuc
C2 C353.2:L°N SOME 1nlErastng cowar cir-
c2 r2aiized These maxmum valuss
of curre~® 3-2 1, pical values for the urie opera-

=g 2° 25-C and trarefcre have to e 2a-rated

for r2haz 2 2osration For tully saocreg opear-
o1 hers can be paraltered o in¢cr2ase
!
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FIGUIE 90 Si~ing 20 to 30 mA Loads

10112 Lairrs an?/or Belay Brivers { €303 mA)

TR L I
PYSRCATEENY:

T e s w13 oy

(

FIGURE 91 Bcostirg to 300 mA Loads

10.11 3 Positive Feedback Oscillators

H the LM3300 s brased into the active region
and a rescrant crcuit 18 cornected from the
outout to trhe (+1 input a posrtive ‘e2adack os-
ci'ator rasul's A doaver for a prezeelectric
transducer {a warring tyce of noise makar) s
shown i Figure 92 Tne res.ctors Ry and R,
b1as the output voltage at V© 2 ard %eep the
amplther active Large currents can be entered
into the (-) inpul and negauve curreris (or
currents cut of this terminal) are proviced by
the epi-substrate cwoc2 of the IC fabrication
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W eonaeema
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LILLU W

t
larze r2ga‘n2 noutl Cu
ampthers vl be c.siort
fultiple soungs may te
usitg 1wo ar mare ra
binations tut tis nas
ther Yy 0-termupal RC a1
resonators can te cornected in this orcuit 1o
produce an c3zdalor

b
0

10121 A Hgh Voltage fnverting Ampitier

A unverting amz'er atnNad outour vollage
SWINg 170 2538ntliy O Ype to -100 Voe
shcanan fgure 93 The transisior G, M.
Be a high breaklown Czuice as it wal ~a.e trae
tull HY supply azross it Tha brasing resistor
Ry 15 usad o cerrer ire transier charaz arst ¢
and the gamn s the raltd o Ry 10 Ry Tha sad
r25i510r R can 2e ncreasad ot cesred to
reguce tha MY curre-t drain

FIGURE 93 A H:igh Voltage tnverting Ar ! frer

10.12 2 A High Voltage Noninverung Amphifier

A hgh wveltaze non-n.ertng amphfier s shown
in Figure @3 Comimcn-mode Saasing r25is797s

FIGURE 94 A Hizh Volto ;= fieanvirning Am, uf e

(Pplarcusestoaiow Vin "o 30203V o T
outaut vohige Vg willpoteTraoi Lot s
due t2 Pl DJ' should €O ' 2t
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10 14 Temperatere Sensing

Tre L\'3230 can be ysad to monitor the junc-
non temperaiure of the maonolithic chip as
shown in Figure 97(a) Amp 1 will ganerate an
culpu*  vol*age which can be cesigned to
uncargd a large negative tempgerature change
by g:isign of Ry and R, The second amplifier
cczares this .err erature ceperngent voitage
wit™ 1me power supply veliage and goes high
at a ses.gred maumam T, of the IC

TosIasy CIwrzanica

a T NIWMTIR

4
= 7/ <$ cauban.n®

[
\
{

LIS 100 T WAL L LR I £8 14

10.15 A "Piogrammahle Unyunctien™

It a dicce 1s acded to the Schrett-trigger a
~programmable unyuncaen  furctios can be
obtatned as shown .n Figure S2 For a loa
input vortage the output voltage of *he LM3IZ0
1s high and CRl1s OFF  When thenput voitage
nses to the nigh tnp Woitage n

to essentially OV and CRl g

the input capacrtor C

e autput ‘a's
ces ON to discharge
The ‘ow trip voitage

FIGURE 88 A “Programmable Unyunction™

must be larger than approximarely 1V to guar-
antee that the forward drop of CRI added to the
output voitage of the LM33CO will be less thad
the low tnp voltage The drscharge current ¢an
be increased by using smaller values for R to
provide pull down currents larger than the
13 mA bias current scurce The trip vol'ages
of the Schrmitt-Trigger are des.gned as shown in
section 97

>

10.16 Adding a Differential lrﬂ‘but Stage

A differential amptifier can be added to the
Input of the LM39C0 as shown in Figure g9

FIGURE 99 Adding a Differential Input Stage

This will 17¢reasa the ga.n a~¢ reduce *he o
set voltage Fregquenrcy €OMCLna3tI0n Can g
addad as showrn  The BVggg mitof tranoo”
transis’ors must nd* B2 exgeadag curnng aia-g2
ciffzrannal inout condition of C0Cas ¢nd nCut
hrmiting resisiors shculd be aclac to resirc
the irput voie3e whichis apphed to the basas
of Gy and O,to Vo

The Ingul cOMTON-Made \oi'age rang» 4do2s
not go exachy to ground as a few tenins of 2
volt are needed to guarantee that O, ar T wil
not sﬂu'a'e anc caus2 a ghase crange (2ns a
rasut e nput curesnts will o2
smail but could be recuced furiner o gel a2
by using FETS for Qy 2~d Q; This circud ¢
also te operatad off of £15 Vo suppi




GUIA PiRA EL USO DE LAS GRAFICAS DE LA PAG. T.141 a I.146

Una vez detefminado el tipo*@e:flltro a useryasi conoc los ‘pura

metros conéspondientes,el=pfocedLMiento a2 seguir seré;

-Proponer un valor de capacitanéia y determinar el valor
correspondiente del pdrametro K( pg. 1. 141)

-uocal;aar las gréficas correspondzen»es al. tlpo de filiro
deseado(. pgs. 1.142 a L.146).

~Obtenecr de la grdfica corfespohdiente.los valores de 1 s
resisﬁencﬁas V ) «

~51 los 'valores de reéistehcias'éhqéhtfados en el paso antg
rior hd son adecuados con reépécto al A.0. 0 con respecto

al resto del circuito( P. ej; causan impedancias de entrada

Pag

muy bajas) regresamos al paso inicial o cambiamos de c¢ox if 5

guracxén.
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| ow-1Pass

1 bransker function

wl
H(s) = -

T a2
s 4 Awy + oy

3. Cucuil configuration:
i

3. Cuioll frcqucncy‘:

- 1 - - . .
. ' "1
« e emTE

T RJEE

7 74, Damping factor:

: Y
(= s

5. Stabibity funcl‘mns:_

S APPENDIX T
Design Criteria for Sccond-Graes Active Filters!!

Thgh-Pass
1. Transfer function”

32

I{s) =
(s) »

2. Cuount configuration:

- 2
+ 20wy + wy

\p

3. CutolT lrequency: . .

(171}

4, Damping factor:

5. Stabily funcnons:

. Aay C (AR AC, 1AC @) Awy  (AC {
(O et Tiad Rl S ) vy Cc -2
it R 2 2C, Wy 2
b) A ! é_C‘ AC, (b) Ag = .I(.Af_{_' a

( { 2\ C, { 2\R

6. Componcent values:

R

&l
o/ C,

\

(‘) !
{¢)cC,

¢ =

WOECEL Russell, UDesign Active Biliens w

i

0. Componcnt valucs:

!

li
=
2 e
< |
N

e e
=
~

b 1 ess b lleat,™ Plectroes, June 7, 1971
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Band Pass A u. Component valucs:
1. Transfer function: N
R= V2
K o,/ Q)s . oC
sy = st ((:;?QT\ Fwd \/‘;
o o R, =.~(4- - —Q--)R, = (K = DR,

2. Circuit configuration:

‘ Band Pass'B

.- - . Transfer l'unction'
, I3
Vi " M) = ,, u)O/Q)s
\ 2.4 ((IJ"/Qj\ + (1)0
2. Circuit configuration: . , .
3. Center frequency
o 27 .
Ny = =-—
°RC
4, Quality factor und centes frequency gain! 3. Center [requency:
. )
A2 . o ny = —
Q= \[ : Y RC
s K _ /
KR 4. Quahty factor and center frequency gamn:
Ky = c— ; ) "
S - K ' o por
where , \ IR Q '_"\i"_ K
R, K
= l‘ - —— ° Eope— ’,
LR, | Ka=yly
L ’ /x s K . :\»
5. Stability functions: “hu}" . ' R
A : . N
. — ,AK . L K=14+ -=
s o . Ry
Aw AR A( N
T,,'J: = —\/2( % ) 5. Stability funcuions:
u .
AQ AR, AR, y ¢ AN
() ‘= = (2420 - I)( R«‘ -7 ) @) S (AR AC
H i m, R C
AKy oo o (2840 — AQ" AR, AR
(€) 0= (3.540( by 20 O AR: _ )
Koo 3.540 — M (b}, o 2Q - )\ kTR

[9%)

(AR AR, © Z\{xﬁ.’ Q(’Q - 1) . (A.\,_ _ _A_”_RQ\,__);
R, R, K 30 -1 R, " Ry



6 Component valucs:

]
R=- _
w,C
| »
Ry= (25 JR = (K = ik,

Band-Reject

. Twansfer function:

2

3?4 (7

His) = - Soeo =
) 3%+ (wo/Oh + g

2. Circuit conliguration:

L1,
Mé Tc
I 2K

’
‘()IH

-
z I
ey
.
=
=

3. Cunter frequency:
Wy

4. Qualuy factor:

Awg AC>
+ =
Wy C

AQ_(AR, AR>
0 \R, R

I

(d

(b)

6. Componcnt values:

Al-Cuss (360°)

1. Transier function.

82 — {wo/Qh + 0}

St

H{s) = .
sk g/ Qs +

2. Circuit configuiation

(g
(L]

"—”—"'—{ K

N
Lor

ab
3. Center frequency:
Wy = ~—

4. Qualuity factor:

5. Siability functions:
(AR
\R

Aw (ARl

+ AC
C
ARY

- %)

6. Componcent valucs:

R,

1. 149
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Aiime-savin approach to active filter design works for both
Nign and iow values of Q; tihe method uses a multiple-feedback
nework winese performance is close to the theoretical ideal
b‘/ Ferrel G S:rcmior, Univeorsity ol Wisconsin, Madison, Wis.
o The process o, designing a filter is often long and wiere  w, = 270, (Z,
iuxmm demanding much fortitude and slide-tule duty Q =1/ ()
o lhc ongmc(. But now there is a slep-hy- stcp a = 1/Q (43)
technique for desigming sccond-order active bandpass I = afA| (5)
fltcis that saves nime, conseives engincering cfiort, Figure 2 shows the filter’s magniude a.d phase

and 1s easy to wderstand. Unhke other filter design
methods, this one can be used for both high-Q and
ow-Q circuils,

At least three difrerent aclive networks can pcrform
the bandpass function. They aie the bridged-T, the
twin-T and the multiple-feedback filters. The first
two have only one {eedback path, while the third has
two. That additional path gives the multiple-feedback
active handpass [ilter (Fig. 1) scveral distinet ad-
vanlages,

For exampie, ot nses fewer components, And sts
sesponse appioaches that of an ideal second-order
padpass filter because its operational amplifier oper-
ates with neatly mfinite gain. Morcover, its output
inpedance, which i ‘\pxc.llly 200 to 300 ohms, is
really the output nnpedance of the op amp used. This
means that severad filters can be cascaded without
evtieme Joading problems between stages. s also
an ampiovement on the other two active bandpass
filters, which usualiy have a nominal output imped-
ance of 1 Kilohm

The muitiple-feedback network is particulaily useful
i phasessensitive bandpass systems when precisc
compromises must be made belween frequency sclee-
tivity and phase-shitt sensitivity, Difficulty in achicv-
mg veiy lngh vadues of Qs the single major draw-

/1).1c ol the cicnt. The maximum Q that can be
achieved is approaumaltely 20. Whea civeuit Q is very
m;Jl, he shunl tesistance, Ra, must be low in value.
This seveiely attenuates the input signai, and taxcs
the amphfici and {eedback path.

Because of it superior perfoimance, the multiple-

£ ieedback filier is the hest arenit model for a simpli-

ficd desizn poceduie, The fivst step is to consider the
vollage Gansier funclion for an ideal sccond-order
bandpass filter with a —3-dn bandwidth of B Iz, a
center ficquency of f, 11z, and a midband veltage gain

* of A, The transfer function has the well-known gen-

cral form:

v o Jnle) Huwos
(o) = is) T B awes 4w (1)

characteristics as a function of norimaiscl f equency,
witli Q as a third parameter. As can be ren, both the
magmitude selectivity and the phase-shit seasitivity
increase for higher values of Q. Besides Lelping to
visuahize filter u,sp()ns(- the graph can be used to
determine Q when bandwidth is unknown but ire-
quency rejection and phise shift are specaied with
respect to some cenler frcqucncy.

INow comnsider the muitiple-fecdback act.ve band-
pass flter. When operating i the inveitin :r..)dc with
munite gan, ats voltage transfer fnn(.hon i~

j]z ('ﬁ)
}'11 (S)

1

= (s/RC/ s 4 [s(Cy + Co) /iy ()

+ [(Ry + Ra)/IGRBR 00

Tnst mspecting Fqs, 1 and 6 shows five ¢
vawes to be deteinuned wath only
stants, Equating the two transfer fm-um..\
my for corn,spondmg cocliicients to obtain . now set
ol equations does not hielp either, There wre st dve
un~xnowns and only thice equations. The G NER Lo
cedure, therefore, must begin with an assi aed rela-
tonship between selected components wid, procecd
{from there.

v 0nen
1 1 .
Lhice aawn con-

Wl SO

Let Req repiesent the paraiiel combinat.on of R,
and Rg:

Rea = Rie/ (R, )
Scetung Inq. 1 equal to Eq. 6 and cquating; the co-
clicients of like terms yields:

’:v‘ql)\'ICICZ - ]/woe '\\‘\;)

Heo (O 4 C) = /e, (0

Realtao/Ry = 1 Jag 0

Any numerieal values salisfying Bas. 8, 9 aad 10 aie
HY 1(:((])(.(1)]0 solution. A simple step-bv-<top pioee-
dure can e used to determune the compon sids and is
vahd for ail values of Q.

since filter bandwidth, center ficqueney
band voltage gain arc known desited specdications,
Q van be fmmd using the relationship o i%. 2. Then

Sl s h
AN -
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e dacqaaii, O s AP A20 et Be clieched so
Wi e conponents aee eai--for example, the ce-
Canuss e pasdve ananbeis
he nequaidy s e, the capacitors are assigned
vaiies and the resstors are comipated, Set G, eqnal
to Cowd choose aa appiopiiate capaaitance value for
Cy “this valae shoald be somie standaid capacitance
that wail yicld ievistances i the order of kilohms. The
Hghit resistors help to hold noise down and maintain
cucuit staluhiy

Neat, solve for w, a and I with Tgs. 2, 4 and 5,
sespecively. Now Ry can be determined using Eqgs. §
and 10

Ri = 1/Hawol (11)

=
|

=

i
! - t
r‘““W\r—*f“—ﬁ |
t" L Ca f
! ' i Rz r €2
| ; | |

NP ——

1. Basic network. This active bandposs RC filter
provides two feedback paths via Ry and C; for precise
trade-ofi conirol between gain response and phase shift.

The circuit also keeps component count low, When Ra
15 very lurge compared to Ry, it con be omitted altogether,

Re, can be compated foom s, 4 and 9
Req = 1/QC = Cwe (12,
Using Fe. 7, it is a simiple mader to detesina .
i = RR/(B— Reg) o {13)

The final component, Ry, is found by daviai 2 8. 9
into iSq. 5 and appiying 1iq. 4

() * (\ ' . (: N
HJ = -~"—<~(%1»(—1 2)—' == ;1\nll31 1 -t ;(Zi Ty

Standwrd mpedancesscding  welimiques Ly oe
used Lo nonmabize (he compuied CompPonce Viiugs.
One way is to maluply all capacdances i duade
all iesistances by the same uuinciical {actor

If the incquality, Q > / A,./2, does 1o hod,
sciect reasonable (in the order of xiloluns) viones fo
#, and Ry and caleulate the capacdance vidae.. Tae
resistunice chosen for By <hould aclude 100 cuipue
inpedance of the pievious stage. Now R, van be
found using Eq. 7. To mmimize the nnadeer o0 ¢o
pouenls, Ry can be made ambimtely e w0
Re, = R,.

The final resistor value, Ry, can be conpa Vil

Eqs. 4, 8, 9, and 10.
R = HQR/(1 — QRea/HRy)
From LEq. 9,
C: = IR/ ReqRawo
Dividing Eq. 10 into Eq. 8§ yiclds C,
Ch = 1/111R w6

-

2. Rilter curves. Mugiitude and phase responses of an ideal second-order bendpass filter show efiect of G un
network voltage iransier function. High Q gives good frequency scicctivity at 1he expense of phase sensiiivity.
Low Q means lorge bandwidth and critical phase response. Curves can be used for the muitiple-feedback active

filter since s performance approximates the ideal.
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3. High Q. Filter w.ih Q of 10, 16-hertz Landwidth, center frequency of 160 Hz, ana gain of 34
decibels 1s designed by selecting the some standard capaciance for C; and Ca and then calcuiating resistanc &
with handy plug-in furmulos. Filter requires only six components, including op amp.

; -
i v
| ;
i —
i |
i ! i [Ao] = 4008
e , I
N . R
- 1
- GUsF 160k ;
| ! N
iy ! '2 ! ]
i AP~ + [ ;
| )
] LGk L ipF FAIRCHILD t
! ! JATAY A o
o S l poT
| ‘ﬁ‘ oLk . (
| ' o ,
l i | L
L \
e :
- L
.
. / 4. low Q. Five-component filter, which has Q of 1 and gainof 40 decibels, rolis off at rale of 20 63 por accade and

keeps phase shift within 10° about the center frequency. Resistor Ry is not needed since it 1s “infinitely large”
compared to Ry Mtwork 1s designed by choosing Ry and then computing capacitances.

This proceduie will in general give uncqual, non- Luuits established by the condivon:

standid capacitanee values for G, and Cu. TU i< belter e .
to pick standand capacitor values that are close to the / (‘.,' Aol <0< A
computed figgnes, and thea sedeteinnne the 1esistors N GG v ey

dom Fes, 11 teough 14, Sinee standard resistor val-
ues are goaduated o small steps, it is not difficult to - The sccond design appoach, however, oiters a dis-
C sclect resistors that will do the job. tinet advantage over the first—it inhunnzes compo-
Soisctunes there is an intermediate range of Q val- neat count by allowing R to be inlinge, A few e
I s for which aithier of the two design pr()ccdnrcs will  amples will hielp to dllustiate the teclindque

, work. IYor this case, the quality ratio falls within the Iirst, suppose the problem is to design o banGpass
vl'
/
/ \ 152
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5. Intermediate Q. Two filier designs give the same
guin response {C) Though arrived at iy dnaermg
methods, either \ valid, but one (A) uses six
components, the other (B only five Filter gain s
5dB, center frequrncy 15 200 Hz, and Q is S.
For this case, the G vaiue s mrcrmediotea’
f
hlter with a midband voitage ganof 50 (34 dn), a
center fiequency ol 160 11, and a 3 118 bandwidih of
I6 Mz, :

Tlas filter 1equiies a Q of 10 (1()(” 16). The condi-

tion, Q@ > /! A,,‘/.‘, 15 satisfied sincc
10> V50/2 = 5
Find the other needed constants:

|
[
L
i‘.
o= alAdf = [Aa]/Q = 50/10 = &
!

1

. e el a N

v

- N - . I

T s P R R R R VIV SN (S RV I I
Asaae O = O = 01 e
aad
D e 1D, = 2k
A’,,. = 1/‘.\'(/' :‘ ‘;\}u‘n = 'n‘\/’(’“.:
.\‘: = 111[\,, /(/: (93 1 (P! ) HuLyo
A;J [\0 1(1\1 -t (:]/ :1 - ‘/()J‘\(

o completed design and sts gaaaaesgone o0 hiow

-
I

TR

Laae second probiem s to desoinoa boad, s Lk
that bas armdband voltase gaa o0 o0h 70 A3 A
cenier mequency of 100 Tz, anc 30 soecin & e
withoo Hlowever, the cucal nivst movade wi leise 20

(SN AN

oenlldu

H .
i L

db ov fiequency iejectinng one docae oo,

; ; , ‘
ficcpiency, aad hold phase slaio oo N

i
it

105 change m e conter ooy 2
'1’]1(- sain and phase plets of Wy 2 w00 0 e
fillor must ive Q =2 110 525y (icsC a v oo 1C-

(ua.cnents, The othar constanls ace,

1= 1ALG = 16D
w, = f.’rrx‘.r, == (28 l'.ui/h

Yy

The check, Q > /A, 2 does ot hoo ecanse
I <500 Tt now uecessary o esinnate
Ry wnd Ry, Let By = 1 k0 and I, ,

iy == 1 k. Conipule e .other cowponents.

NHWY i()i'
s Y

ty

== 0

Coalep T

3 HOR, O, L
Iy = e =2 e mee - e AV ERTET
1= Quleg/1Te =/
o R, i
('2 an - = S =R 1 58[1)
1{”,“,0),, i\ﬂun

/iR jw, = 0.0159 ur

Standardize the capacitor values letnng
pF and Cy == 1 o, then adjust the 1es15001s,

1
¥

C; = 0.01

I’:l = 1/E{C}(.)(, = 1 .)0 ING
o= HOIC F+ O ey = 108K
h M \ R
i{: == ]‘:1“‘\”, \.\1‘“' l\..)”: 250 x4 .
H »
(\ hica s “infnie’” com vaed to o
o= PALTIG(L - /0 = i al

Frone dalinstiates the filer aad iy Zaon cunn

For athud protiern, desise a finces with @ v and
1
voitaze gain of 30 (293 nB), a coaivn e oy ol
200 oz, and a Q of 5. Here the snternedide < (osi,
0 5 - - AT g fon hollh des o 9ro-
Ve 12, < Q< WAL holds for bolh des, oopro
1 T 3 A 1 e ‘
ceduaes, so that both yield vaiid sesults, whnon ol iy
mies st o compare,
it chioose ©f = Co = U1 ¥ Taca sobve o
Ry = 333k, B, == 7070, B, == 2k waue o, =
SO ke From this the desagn o g 3.0 resuids
Now ry (e other moredine Lot Ry = 5 A5 o
Ry == o, This tequaes aaal B = 80 w0, 8 -2 633
1

ak, wnd Gy StanGatGase the CapeCnds

vidiios by scliiay C; == G 1 ot wnee Go == 3022 7

(1.‘\)..()1) /u‘

Conipute the resistances 33 = 133 RIOW,, = 1.31
kD, 1y =+ w, and Ry = 222 k{1 The filer thi i oSS
15 Shown Fxg. o5l

The gain response (Fig. 5C) {or cachi of those Litows
is Jdmtlcal. -
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Resonator modei allows active filter sections to be treaied as
common components, side-stepping design detals that bog down anaiysis;
the model emiploys a simulated inductance that remains inherently 103

oy Randy Brandt, miagrated Electronics Inc , Los Gatos, Cairt

O Actuve thers make powhlc the realization of mex-
pensive Tugh-Q networks at low {tequencies Passive fil-
(e, on the other hand. tead to become cosily, lossy,
and unwicldy 1 paysical size when large indudtances
daie uqmrgd. Sinee active hilters mmulau mductance,
extremicly large vwialaes can be realized while holding
down filter cost, e, and size. Furthenmore, the ever-
decicasing price of today’s monolithic operational am-
phiter. the heart of any active filter, 1s constantly im-
proving the attractiveness of building an active, rather
thaa passive, hlte

Liowever, because of the proliferation of active filter
analysis techiniques, only a core of {ull-tinie design spe-
ciaists can diflerentiate between the ments of various
approacties and scleet the optimum solution The occa-
ssonal filter designer lindsat casier to build a passive cir-
cuit, despite the advantages of the active approach

But a basic building block, called the active resona-
tor, allows even the occastonal filter designer to handle
an active filter as an ordmary circuit component. This
active resonator model 1s common o all active filter sce-
tons It consists of a tuned RLC circuit for-resonance
and an op amp for the necessary gain and solation.

Modeling the active resonator

An active filtes sechion, regatdless of how many am-
phificis it contaias, s the fundamental repetitive poraion
of o complete active filter, Generaliy, the active tilter
sechion can perlosm as a filter itself of be cascaded to ie-
alize hugher-ovder filter fanctions The teum “active
1esonatoi” as sunply another tabel for active filter see-
son With varving degiees of difliculty, any active lilker
can be reduced to active iesonator form.

Because of s vty and simphiaiy, a sound choice
for demwonstictng how (0 form an active resonator
mudel s the popular iquad acuive Glter, Thus gilter s
parbicuiarly noted for ats imsensiivily 10 vanauons an
component values, When 1t has three ampliicrs, as
shown i big, i{a), the biquad filter provides both iow-
pass and handpass outputs By adding a fourth sum-
ming amphficr, the circuit can supply a high-pass, all-
pass, or noteh output.!

The nctwork’s transfer function between its band-
pass output, (Vojap, and its Jow-pass output, (Vo)ip, is
that of a non-inverung integrator:

(Vo /(Yo = 1SR
wherc s s the Laplaceivaniable, Feedback currentis:

{
!

{‘ 4 /;‘)’L/

'

o= (Vour/Re = (V)up /SRR
Solving for the equivalent mipedance
these two cquaiions gives.,

7,], = (Vu)lu'/l[ = BR'R;C'
showing Z;, to beinduciive w nature Tac.elur
ficrs Aa and Ay, and fecdback resicior 1
placed with the equivalentinductance

L =RRC {
connccted in a negative feedback loop wround amphi,
Ay Now the genceral form of the active resonaor can be
drawn as depicted n Fig 1(b).

Identifying equivaicnt inductance L s tiie Aoy 1o de-
riving the acuive resonator moael Once Lo deined i

the 100D wiii

CLoampli-
can be ore-

icrms of eaisting components «n an acuve ihnaei seclon,
Ry
: WA » {
_,___“_.—_ 1
R, 082 ‘
A ———t e AAA— L
1 vc
A, ! "'—'h‘—T
V.-wv—J-—}\ 10 k0 ' } :
+ i !
BANGPASS COW TASY |
{e) QUTPUT (Vylgp GUTPUT Ve
L=FR'RE
YV,
c-c, !
1 4
1 =
Rg = Ry }
f,
V, ~—— At
l A e Ve
: +
! L
{b} -

1. Resonator mooel. Biquad hmer secliona) cano s @dules o -
tiva resonator model (b) by replacing amphliers A
equivaient induclance L This simutates L with nON-1avering i,

tor in negativg teedback loap, but other fechoiues can b uo o
Very high but lossless inductances ¢an be realized Sangle-acip

(esonalor Can be lredated as compleie liter section

and Ay

0

Elescironics, i 2o 9



G e e oo seich v e usod torepeesent that

B 4 H .
Peti botine o e T secinos

NSice Loav hoown o e dueg-amiphiics dicuad nai-

Wb, D can o bandaied o a

sipgle-amphicr arcun
oty complendy and the
on s over-ali hlier tequirements
Wit o bera unduly concerned witly the detaids of each

1 PR T . LS
VRN Toduees RHTHRS ul-

S ABCT O Cobehiitie

s \ulm..
Por o o e alteronduct n*cd‘ Tomay be simulated
I SCY Gl \\.u\ by usng ddicrent non Svering integia-
(s I e fecdback ioop arownd an operational
amphiier T O course, any other technigque for simu-
Liting astabic tndndance s also suitable for the biguad
networa or whaicver filter secton s being modeled as
A0 active resonaior,
Boaduse Lo o simetated,
AN et

iy ndudtance can be veey
comain absoaitely ossless it deas amiphi-
Avdouchiided operationad awimpdil ers are
Hicunons, praciial op amps can approdach tae adead so
tha induciance Lostays virtaally pure (Gossiess) This
lrug whchoved into the sumimimg juncuon s
AR OTuLT o n...yn.xudc wess than tire amplificr open-loop
TIRIN and wien the giun of the fcedback
op s e eronnh © prevent open-loop tolloil from
aiteciine desirean
Fresclore, asaunung that joop gan and amphifier in-
patbsped e e \mhuuxlly l.lrgc. the only doswy cle-
ment i the network s the paradled resistor, Koy Ttwan be
the Q-seting resisior, ¢even though ie
pioduct of R,C really detcrnunes the 3-decibei pand-
width, and both the RoC and the LC products establish
the Q of the aciive resonator

[RTE S

s aie usca

feNislailce

“‘H}""U-\H\ (S

cooaided as

Maiching tae fransier function

The tanstc iuncthion of the resonator’s tuned arcast
must be wdentcdl o that of ws passive counterparl, For
the ente resonctor ol ity 1{h)

Vo/ V= SIRC(SH 45/ RyCHI/LC)

Analysiag this funchion in the complex s-piane yicids
dhe graph of Tie, 2(a). The tocation of the compiex-con-
Jug ate pair of poles iy deternined by the roots of e
denenunator, winde the postions of iwo lransmission
seron ooty o aie aumerdfor) are dxed at frequeacies of
sero and by

Tius wncans that the oginthimic magnitude response
Bas a oaad pass draractenstic with a shape as nlustiaied
m Faes 20y e vope of cach curve n the vicinily of
resonadid Begueney Los adunction of Q. The stope away
frond resondance is eveatually 6 ds per octave because of
the zeros that are located at cero and inhaty.

The transier tancuon of a passive pi mxHu RLC nci-
woik cain be wiitien as ‘

Gy = We/{ FAes +wb) ;
where hos the attenuanion factor of (A netwerk, and
de = @, /Q Companing the u)glhu;h'» of G(vy 1o the
coctheients of' V7V, {or the acuve rcsm ator yiclds:

w, = 1/(LC)17? ! (2)
and. s

dw = 1/R,CorQ = w,RyC : (3
and- ;

h=1/RC 1

The magnitude response of G{s) reajhes a maximum
dw = w, and the 3-di banawidth is diternunced by the

i
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2. Aesonalor response, CharaCionsie LEhAVIGE U1« L2 1 Lo 70r

15 adenacal 1o that of tuned [LC circun Pole-zera, 'ty wuchiaes

Daadpass nature of resonalor transfer funcuon—ie e (4G Cusn-

ples-conugate poles and two zeros Mognitode i i voCion 6
Wl tunGhon

nas on Q near

fixed by radian cenler IreQuency o, Whne vesion Tift
of QO Siope
resonance and ihen becomes a constant value

of resonalor magnitude responce (D) G,

Aw coclticient of s an the denominator, Al w = re-
$p008e Muginitude becomes:

Al = /7w

s
o

01 EhC aclive resonaton, e respoense e, tude at
i~ found by sabstitutiag b = /R, Cana de = /10
s Last equanion Then.
/\((C.,) = Rt_w/‘l{, \""'
Since the impedance, at resondaace o 4 narnadic,

tuncd 1C aetwork with fossloss mdactons - ahaatic. ane
cluscd-icop gam of the active vesoaatoe o L oseianes o
sy cqual 1o a tesistance rabo Tac acine soesoaaior
then, has all the properties of a }m:.xhci I WUV
aind can be desenbed m famnhar taon

Loy identiued

NS A THSER VR MG AT

ooesigning wilh ke resonalos

!

The placement of poles and seiov a0 e vow e

dequeney plane fuily detacs e Shapc o e e
sponse, PUllnermoie, e iocalons 0F Licse Jont
Jeios gie detcimacd saaciv by the QLo e, of e

And wnce
coapicie

traastor funcaon (0 A o, JiC Ao Lol Ll
aclive resondaior,
0w be designed,

in general, filter dosign wath ctber

N U

aclive Bhier o+ 0 woras can

i T Sussve
SCCHOPS Iy @ dlicr o) \)Jl.lhhu" HIs O Ve
pand of freguencies for a given sl \,{xpcu.'c....m» T
Gusiginer usu.ﬂiy CIYN PR .,y SCalUillty (RTOLIN waies o7

~
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C wporopniaie low-pass approximauon function for
translorming 1o a second-order bandpass funchion nas a
single par of conplex-conjugate poles in the iell-hand
s-planc To trand'orm fourth-order functions, the trans-
formation equations for the second-order funchions are
used twice

Transforming‘e 1ch low-pass complex-conjugate pole
(a) into s bandp ss cquivalent requires six paramelers,
the over-all G o the bandpass filter at s center fre-
quency (Q)), the Candpass conter frequency (1), and the
tedt and imaginae s parnis of the two Iow-pass poles
! Since the veciors drawn from the ongin (o the poles in
(a) are defined iy terms of O and {,, it s convenient 10
wnte the transtorms with Q and f, as dependent van-
agies As snown .n {b), the low-pass compicx-conjugate
poie paw Liansionns 1nio the bandpass plane as two pars
of compicx-cony.nale poies and Iwo pairs of zeros

The bandpass pole Qs are identical, and the center fre-
quencies are qeomelncally symmetnical about the cenfer
irequency of the gver-ali iller Tne zero paws are localed
aiw = 0and. ~ 00, thereby establishing the bandpass

& jw
LOW PASS
X
| <
Qesec' 0 4
&::T-J——w 0 Kr
H o
S~ 3
=\ Y 4
|
|
i >°
X
(a)

e |

choracter Further, tor cach nar of compiv-Com, 4,508
poies and each pair of zeres, inere 15 a hller 385500 Win
G and 1, given by the Q and {, of ine iransioinng puie
pa

The bandpass Q transformation for a low-pass come-
plex-con;ugate pole pair can be wnilen as

Q. = [4 oy (YA Bry — 16y o+ 16} 7%

[z
8y 2

Here, ys delinnd as’
y - (ResQ )¢
where Re s the reai part of the low-pass poi. pair, ana Q,
15 e cutofl-frequency G And ris celined a7+
r = 1 + (Im/Re):
whaore Im s tineaimaginary part of tne low-piin po.w pair
The t, transformation 1s ;
G =[Oy + (QuFy = 1)1,
(fu')'.’ = fn/(opyvz + (Op:y" 1)”:]
winere (1,), and (1.'); are the resonant frequnng o of the
bandpass tiller sechions, and {, 1s the rescaar * irequency
ot the low-pass lilter.

BANDPASS

00usic
LeRO

Orsec' Q

ay

by using a computer program o find the mathematical
function that most closely approaximates s ieguite-
meats, Indomg o ne may select any one or a combina-
ton ol woli-known funcuons av Butterwoith,
Chebyshiey, o Bewel.

Gace the luncuon or funcuons are chosen, the de-
signer deades o the order of the filter, based on char-
acteistios such as shape, nunmium stopband aticnua-
bon, wasmmung passband ripple, group delay, and
phasc tesponse The order of a filier funchon fives the
nuiber of sections necded for a given response, And
the coctlicients of the fiter’s charactenstic equation de-
emine how cach sectionas to be tuned for Q and 1,

As an oxample, a typieal fourth-order bandpass fil-
tei-the type brequently used e low-speed teiephone
data communications  systems--illustrates designing
with the acuve resonator. Suppose the specibications
are o center lequency () of 2,025 herta an over-all
passaad mam [Afw,)] of 200 (46 di). a 3-di bandwidih
(A1) of 400 ti7. a mouimum stopband attenuation
(Anin) 08 60 dis at a lower cutoil frequency (6,) of 1,270

sudh

H

. /.

Hzo o maxium passband BppIe (A oy al i
guometrical sy munetry.
Faistothe filter type and funcuon oract e 0ast i
the spedilicanons must be found, Fo g das cae band-
dith at -60) ¢ Q) 1y compaicd Foom aat o
wadth at =60 dn (Al paied . |
and lower (1) fiequenaes aboui zeomictie Mo,
foo= L2740, = (202971270 = 3500w
Then. For this case.
My =0 -0, = 35601270 = 22901~
And the center-frequeney Q (Q. ) oithe entut s,
Q. = I,/A = 21257400 = 532
Shape tactor Lo is deterniimed new
0= M/ = 2.290/460 = S 13

The desizin step that follows often imvoi os e 1 aas-
formation of a normalized hiter funcnon i e o e

ey, plane. Adter tanstonmm and deneiiearoney
this tancton, the desipaer can tine caci foscoa hew
particutar Q and cutoll {frequency Tablies © ansi
fancuons are usually writien 1or fow-pass fos cionis so
tat reabizing other filler 1ypes equiies aeastoning
e low-pass funcuion into the desired tunvian,

/56



l'\l.\“ LIS von raldcd vadue o Qo and \]uu!lul Ves
VD \,,,,,, aind AL

4 toucih-order

and pabinficd Glicr gatat shows i
Cachvshey SUTHERWH the e
"‘u.rc.m‘m:. ihe
coentaazed coclicacainy of the low-mass Clhichyahiev fune-

GOl e atable of tow- pm C luh)\mv poly-
vt P o appic ot O 1 diand an order of four,
the iiter's dhanaciensac CYUALION IS ZIVEDT as]

IS T (N RO SARGH T AN+ 1.01654+0.789)
Soivang Foi the 1oois o () yields:

Sy e = 0200 '_1.05_]. spage = -0 808 10.3()()_j

dhese Jow-pass roots contan two complex-
conpugate pole panise which  transform (see panel,
"Bandpass tansivimations™) anto bandpass equivalents
of four complex-conjugate pole pans and cight zeios.
Sinve there are four pairs ot poles, four active resona-
tors are needed Lo atiam the requirements,

e ISPy

can i SN Dandwadth, ana appic e

ound o

Finding resonaior components

From the low-pass-to-bandpass transiorm equations
i the paiceis the vidaes of Q and [, can be computed for
Cach resonaton i the bandpass hiter. Low-pass roots sy

o~ . -»,7
syogee 2

N

—~ -~ I i
I S DS SN L O PO

PPackaged oClve TCLOGEIOT, AV De O
I oproduct anms ront oo toan U040 o s A
! aimost reduce aciive Inler Guiighn 10 g fon L
| sistoir selechon Some manulactunas oo oo
P INES Of achivi resoNalors a5 UiV Lal i i ;
v the crrcut ranchion s tie saime i
! The larger suppiuis mciie Becamal o ol
{ inc ., Fullerton, Cahf, Datel Sysicran L. S
Mass . Kinctic Technology i, Santi o o ot

Optical Electionics Ing . Tucuon Arig ang T 208 -
conducior aivision, Lawndaie, Cahf
A standarg farnny of hybnd microoss o oive
resonalors also s offered by intenrouicdg oG
inc . principally for use i sucho N LuGau wa aoii-
cations In large quantiies, ihay range in ot e Fom
apout 35 1o 58 !

Frgure 3(a) shows the Blter cond caration

usig the active

bandpass

resondator represcatadon bo-houid b

and s chatacienze the In\( 1wo resonalors. remembered that the resonator imodel cigiovs aa
Qp=253.(1), = 2350 1z cqmivalent mductance reguinng Madicad saiation
Qu = 233.(L. = 1.925 tiz. and that each resonator sechon aceoadiy conicr e o three
waitic sy and sy characterize the last two resonaters: AMPHIcEs ane assoudled Chicuiy as aoted e )
Q,=00,(i); = 2135112 for the mput resonator Onee tie coniponcais wor the
@y =00, = 212012 resonators are known, those reuthred 1o conpicie cail
. !
‘ |
| © '
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3. From modecl lo design. Fourlij«mdor banapass tlter (a) s ﬂprescmco by four cascaded resonators Cach reL,onaion Wity o wineia el
i
inductance, aclually requires thice amplibiers (b), making 12 op am >s necessary for entire biter Compoarent vaiues can be .0ung onve

and |, arg known for cach resonatir Capacilor values are assigned loncompumhon convenience M, principaly aeicimines (0 ¢ resonaior
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4. Rcady-nfado resonators. Active hiler design is considerably simplified by using packaged resonators inat are avalabie 1o 2 numUsr o
filenng tunctions Those in this diagram are biquad networks connected to reabize bandpass filter of Fig 3 Only threc compor unis must oo
added to cach package—R, for gain adjustment, Ry 10 tix resonator Q, ana R 1o sci resonant frequency

nticr section can be found.

To keep the analysis simple (neglecting the input im-
pedance of practical operational amplifiers), a conve-
nient vahlue s caosen for capacitor C. Generaily, C
should vary between 800 and 1,000 picotaiads for re-
sistor values 1o tenniin reasonable. By leting € = 1,000
proand computiay the radian center frequency (w, =
271,) for cach iesoaator, L can be found from Eq. 2:

L= /e, *C )

The value of tesisior Rq is determined with Eq. 3:

l(\) = Q/(C,,C
Since there are foru tesonators and the over-all required
gain 18 200, then cach iesonator must provide a gain of
S0, Fiq. 4 becomes,

A(wy) = Ry/IR, = 50
which can be solved for input resistor R,

R, = Ry/50

Aitar thie component values for the four resonators
aire computed, die other components needed to sunuiaie
mductance L can be tound, Agam, the value of 1,000 pie
15 chosen o wipacitor C o simpidly the caleulations.
iecdback resiston Reis set equal to resistor R”:

R, =R =R
50 that Lq. | can be used to find R:

R = (L/C")l/'.’

Active 1esonaors, however, are avarlable as standard
products from scveral manufacturers, as noted n the

4.

pancl, *Ofi-the-shelfl resonators ™ These parnaged cive
cuas often reduce the final desiga sicp o ¢l ovsing re-
sistor values, once Q and 1, are hnown

FForanstaace, the jtaR 1760 resonator {ront taie
Electromices 15 a biquad netwoik that can de v ot
resonator sections i thie tourth-auder baad)duass 1
design example. Compoancnts C, L, R, 200 I aee coms
puted as belore; of these, oaly Ry awe Ry
for the actual blter impicmentation, .
Fiv 4. None of these component vaiues
those already caleulated.

Neat, tie Minternal”™ resonaiorn pats dre Lrad i cs
dition 1o seting C7 = 1,000 pl, R assipae
10 klohims for coavenience, and then &g 1
foom Eq. 1

Re= L/R'C
Toeresulitag values of Re e noted inthe e Wi
12 AR 1700 resonator s tsed to bund an L ctive e
i, clivetively sets resonaton Q, and R, el lvely sos
resonator 1,

PRTINE
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Abstract— Ouiput noise spectral deasity and total 1ms oulput noise
of tilters with operational amplifiers can be determined by means of

tronsforiation of passive part of the tilter under the condition that the

noae oded of the operational amphlier is known. This problem can be

solved through sequeatial calcuintion of spot noise faciors for cascaded

pasane and active parts of the transformed filter without {vedback. [n
iy paper, thus approach is used for comparison and discussion of
dynamic range of low-pass op-amp filiers wiih posiave and ncgative
fecdbuch.,

INIRODUCTION

SIGNAL-TO-INOISE RATIO and tae dynamic
4 range of the Liter 15 deterninea through iis. output
noise spectrai density and the rms noise voltage vaiue.
The noise performance of cach- filter can be anaiyzed
directly as indicated by the formula [1], [2]

i

E j'[:,/(jw)lzij,nz(u)) + IE "Tu,i(jw)lzvl,nz(w) '
i ° =]

I=
(D

where T,(yw), T,(yw) are transfer functions from a noisc
current and noise voitage gencrators having efficiency i
and o, respectively. '

The nwethod shown

e i
h

Vnzuut(“)) =

in [ 2] introduces some simplification

to calcuiations given by (1). Some typical transfer functions .

T{s) and a list of intcgrals for the filters undcr constderation
can be Tormuiated. ) '

The concept of adjoint network [3] can also be used for
calculation 72,
noise investigation of active filters s developed. In com-
parison with two methods mentioned above, this method
gives a systemulic nowse facter characterization for cvery
filter scction and for overail filicr network as well, Other
noise characicristics for active filters can be casilly obtained

based on noise facior deternunation,
|

iL \().w /\cnw AND P/\S?W[ SLCTIONS
The

amphifier

stationary 50Urces wmhm the operational
may be nepiesented by sthe equivalent circuit
as shown n Mg, | {Il conlans a naise free active element
witn three noise Sq»urccs appc.mn'ci: at the mput Noise
cihiciency of cach scurce determines ‘the noise reststance of
the op-amp denotied as r, and ns noise conductances
denoted as g,,.9.,- If the op-amp m(h a fecedback locp
has a gain valuc K; its noisc mouc:g:un be represenicd as

! |
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(w). Both approaches make the evaluation
oi ilter noise a duilicuit task In this paper a new method for

"and for the circuit ol Fig. 2(b)
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shown in Fig. 2(a) and (b). The equivaleal . o
K, and the noise conductaace G, for face ino .ses o

voliage coniruiléd voltage sources using v -c.o s <o O
eapressed for the circwit of Fig. 2(a) as i0wuvs 4] (e

Appendix):

P ' ; , 3
Ny = o Rr + gnn[‘r

Gn = S’nz - (::Q
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g 30 Equvalent cacuatsin a chian of passive -active (wo-ports from

a noise tactor £ cquality point of vicw,

Both formulas (25 aad (3) include the infiuence of noisc duc
to op-amp as weii as the noise generated througlh external
icsistors R, R,R,.

The intraductioin o7 7, Garr a2 d0 not climinate the pos-
siplity of coasdde.anr the flicker noise by thus mcihod.
These equivalent ooisy clements can be regarded as the
frequency dependeint values up to their corner frequencics
Jen/,, according te lodowing formulas

4

/
7 '\i + j—"’—), fork = 1,2
f

~
|

n = Fay /\I‘ +

I = 4)
where 70,90, Genoic constant valucs of noise resistance
and conductances, respectively, for higher frequencies
where no Micher noise can be observed.

If the amipiificr works as the nth scction of the chain-like
nciwork siiown in Fig. 3, then the noise facior is given by
the formula

R ..(n-l;lz

" “oul

Reziir? " Rezf !

oul “out

FO =1 +

(5a)

thcrc "= denoies the output impedance of (n ~ 1)th

//
4

passive section counected to the voltage amplifier. The real
part of ihat impedance Re 2071 s treated here as the
inteinal source resistance. Applying expressions (2) and (3)
{or the formula (52), the noise lactor can be obtamed for
the circuit of Fig. 2(a)

l.‘(n) — Rn + Rr -+ Gn :r(\lllnl-l) + [(rlz (5'0)
- Re zin- 1}
“out
and for the circuit of Fig. 2(b)
F(n) = ] o Rn -+ Rn -+ Gnlz((v’\'ll-” + Ralz. (SC)
Re 2o )

Lach passive noisy subnetwork occuriing ia the Fig. 3
has the noise factos £ given by the inverse of its available
power gain G, [ 5]

1
; FO = (62)
- (n
/ G
// Expression (6a) can be rewnitien in the form
FO o+ 2,1 Re 24, (6b)
| Tz, ™1 Rezlis

for + = 1,2,-"+,n = 1, where T jw) and z,,? denote
C’,voh:xgc frequency response and open-circusicd input
s .

impedance of the sth section, respectively.
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The structure of the acuve fhiler wii & SinZic voaaac-
controlled voliage source (VCVS) considerct aedce is shaov i
i Fig. 4{a). Tius neiwork configuiating can be ransformed
1o 1s quasi-cquivalent noise factor neiwork wiihoui feed-
back which is shown in Fig. 4(b) 4], Thw aliows ihe
determination of the noisc factor us.ip well-Anown [Friis
formula

Fermg y 000 ;
LA Rl
=2 E——E (;',7{’)
PSR

where /s the noise factor of the overndl net s o X wilnoul
fecdback., The passive network can incn DC Lealed as a
chain-hke conacction of # — 1 subiacaworas
fuctors FY for i=1,2,---

uth active clement wilhi AROWN ROISC Tav N 5

discussed above the overall noise facior j.ven o, formuia
{7) can be calculated using capression (0d). . uc JosLit 43S
the form

NnGise

with

Wil

JH = i, el ine

S Ghie case

h F=F0. @, . g ®)

Then using the formulas (5), {6b), (8), the nowe Lsier can
be casidy found afier division of the (ransio: .cu JCIWOTK
without feedback inio a convement sequa . 0 Passine
sccions ternunated by a noisy VCVS anipi oo wased on
the (6b) or on a noise lactor definiaog, - M vaes for
widely used passive scctions can be rravay o
Some of them are summarizea 1n Table 7 oy
ton that these sections are driven frone

with a series impedance z, = R,
necessary for fuithes calculations asuig (3, « w0y
onuited 1 Table | Jor staplicity.
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It should be noted that tae Fvidue of v oo s ol
final goal of aciive illter ivesiigaiion s, Foviluc
MONC INLCIeSUNG NICastics can be {found, + L 0.ed -oaid
NOISE Tactor, sigRdi-lo-101se Tdflo, Vuld. L i 80T

oSy, 1y FINS Viue aad dynamic rangev ol v ndee o

certain ouiput signal devel Is accepicd Voo Lo ad e
voltdge transier function of the ins 3stigaive dowy siCw b oo

taken into account.

1V. CALCULATION OF 1L QUIPUT Nunst «ovin AN

DYNAMIC RANGL FOR SOML LOW-7A5S a0 o e
The pracuical op-amps uscd i [HCT ysiadssy T
pnite gain bandwidth (G3) value. FHenee w0 SGEC WG
ideal voltage transier function magnidud. [ Jywy] of L
fulter takes a nowideal form [ T'(jw),
| 0o
e -

1T ()| = T

where T,(5) is the transfer function with iRty depiae.
scro and pole positions compared Lo Thed Cuwii i Dosige
gwven by T{s). Frequency f7is a s-di ¥y
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resaiting from the finite GB value of the op-amp ¢4 can be
ap;.roximated as

GB