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IN
S

T
R

U
C

T
IO

N
S

 

R
ead

 th
e In

stru
ctio

n
s to

 k
n
o
w

 h
o
w

 y
o
u

 can
 b

etter u
se th

is w
o
rk

. K
n
o
w

 h
o
w

 it is o
rgan

iz
ed

 an
d

 w
h
ich

n
av

igatio
n

 to
o
ls are av

ailab
le. S

ee h
o
w

 y
o
u

 can
 co

m
p

lem
en

t th
e stu

d
y

 w
ith

 th
e sim

u
latio

n
 o

f so
m

e o
f

th
e circu

its p
resen

ted
 h

ere.

 

IN
D

E
X

 

S
ee th

e tab
le o

f co
n
ten

ts o
f th

is w
o

rk
. T

h
e tab

le is o
rgan

iz
ed

 th
ro

u
gh

 a p
o
p

 d
o

w
n

 m
en

u
 rev

ealed
 w

h
en

y
o
u

 p
lace th

e cu
rso

r o
v
er th

e titles. T
h
ro

u
gh

 th
e In

d
ex y

o
u

 can
 d

irectly
 access each

 o
n

e o
f th

e sectio
n
s

an
d
 exercises o

f th
is w

o
rk

.

 

A
N

N
E

X
E

S
 

T
h
e
 m

ain
 text o

f th
is

 w
o
rk

 is
 en

h
an

ced
 w

ith
 sev

eral co
m

p
lem

en
tary

 texts, in
 o

rd
er to

 h
elp

 th
e
 read

er

ab
o
u

t m
atters n

o
t d

irectly
 stu

d
ied

 h
ere. T

h
ese are m

atters w
h

ich
 are su

p
p

o
sed

 to
 b

e stu
d
ied

 b
efo

re o
r

later. T
h
ro

u
gh

 th
e m

ain
 text th

ere are sev
eral lin

k
s to

 th
ese texts b

u
t y

o
u

 can
 also

 access th
em

 th
ro

u
gh

th
e tab

le o
f A

n
n
exes, o

rgan
iz

ed
 in

 a sim
ilar w

ay
 as th

e m
ain

 In
d
ex.

 

1
. In

tro
d

u
ctio

n

O
p

eratio
n
al am

p
lifiers

 (O
p

A
m

p
s)

 w
ith

 n
egativ

e
 feed

b
ack

 allo
w

 h
igh

ly
 v

ersatile
 realisatio

n
s, in

p
articu

lar h
igh

ly
 stab

ilised
 gain

 am
p

lifiers. In
 fact, to

d
ay

’s am
p

lifiers are m
o
stly

 u
tilised

 w
ith

 feed
b
ack

.
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T
ak

e
 th

e
 exam

p
le

 d
ep

icted
 in

 fig. 1
. T

h
is

 in
v
ertin

g
 am

p
lifier h

as
 a

v
o
ltage gain

, v
o  / v

i , v
ery

 ap
p

ro
xim

ately
 eq

u
al to

 –
R

2  / R
1 . T

o
 m

ak
e

th
is q

u
an

tity
 a reaso

n
ab

le ap
p

ro
xim

atio
n

 it is sim
p

ly
 req

u
ired

 a v
ery

h
igh

 o
p

en
 lo

o
p

 gain
 (i.e., A

 >
>

 R
2

 / R
1 , alth

o
u
gh

 it
 m

ay
 v

ary

sign
ifican

tly
), a

 h
igh

 in
p

u
t
 resistan

ce
 (R

i  A
 >

>
 R

2 ), an
d

 a
 sm

all

o
u
tp

u
t resistan

ce
 (R

o  <
<

 R
2 ). (N

o
te: A

, R
i  a

n
d

 R
o
 a

re
 th

e
 O

p
A

m
p

eq
u
iv

a
len

t m
o
d
el p

a
ra

m
eters)

fig
. 1

 - In
v

ertin
g

 m
o

n
tag

e

T
ak

in
g th

e b
asic B

JT
s o

r F
E

T
s am

p
lify

in
g co

n
figu

ratio
n
s as referen

ce, a n
atu

ral q
u
estio

n
 arises: H

o
w

 to

rea
lise a

n
 a

m
p
lifier to

 a
tta

in
 su

ch
 g

o
a
ls (i.e., th

a
t sh

o
w

s su
fficien

tly h
ig

h
 g

a
in

, h
ig

h
 in

p
u
t resista

n
ce, a

n
d

sm
a

ll o
u
tp

u
t resista

n
ce)?

F
ro

m
 th

e set o
f b

asic sin
gle tran

sisto
r am

p
lifiers, th

e

B
JT

’s
 co

m
m

o
n

 em
itter

 (C
E

)
 to

p
o
lo

gy
 [o

r
 F

E
T

’s

co
m

m
o
n

 
so

u
rce

 
(C

S
)]

 
is

 
th

e
 
co

n
figu

ratio
n

 
th

at

sim
u

ltan
eo

u
sly

 allo
w

s
 th

e
 h

igh
est v

o
ltage

 gain
 w

ith

a R
i  n

o
t to

o
 sm

all.

T
h
u

s, th
e
 am

p
lifier ab

o
v
e
 co

u
ld

 b
e
 realised

 w
ith

 a

sin
gle tran

sisto
r as in

d
icated

 in
 fig. 2

.

R
esisto

rs
 R

2
 an

d
 R

1
 d

efin
e

 th
e

 gain
. B

y
 d

irect

an
aly

sis, it can
 easily

 b
e sh

o
w

n
 th

at th
e gain

 is giv
en

b
y

 v
o  / v

i  @
 -9

,1
 (v

erify
 it as

 an
 exercise), w

h
ich

 is

reaso
n
ab

ly
 clo

se to
 - R

2  / R
1  =

 - 1
0
.

fig
. 2

 - C
o

m
m

o
n

 em
itter co

n
fig

u
ratio

n

N
ev

erth
eless, it is n

o
to

rio
u
s th

at th
e C

E
 co

n
figu

ratio
n
, b

y
 itself, d

o
es n

o
t b

rin
g to

geth
er th

e co
n
d
itio

n
s

to
 a satisfacto

ry
 O

p
A

m
p

 ch
aracteristics.

F
o
r exam

p
le, it d

o
es n

o
t im

p
lem

en
t a d

ifferen
tial in

p
u
t (co

n
seq

u
en

tly
, th

e C
E

 am
p

lifier d
o

es n
o
t allo

w

th
e n

o
n
-in

v
ertin

g im
p

lem
en

tatio
n
), it h

as a relativ
ely

 sm
all in

p
u
t resistan

ce an
d

 a h
igh

 o
u
tp

u
t resistan

ce

(R
i  @

 r
p

 an
d
 R

o
 @

 1
0

0
 kW

 // 1
0
 kW

).
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In
sertin

g
 a

 resisto
r b

etw
een

 th
e
 em

itter term
in

al an
d

 gro
u
n
d

 w
ill b

o
o
st th

e
 in

p
u
t resistan

ce. Y
et, th

is

p
ro

ced
u
re

 red
u
ces

 th
e
 gain

 (an
d

 in
creases

 th
e
 o

u
tp

u
t resistan

ce, alth
o
u
gh

 m
argin

ally
). A

ltern
ativ

ely
,

F
E

T
s can

 b
e u

sed
 at th

e in
p

u
t - at th

e co
st o

f lo
w

er g
m

 an
d

 co
n
seq

u
en

tly
 lo

w
er gain

s. N
o
n
eth

eless, n
o

ju
gglin

g w
ill co

n
fer a sy

m
m

etrical d
ifferen

tial in
p

u
t to

 th
e C

E
 to

p
o
lo

gy
.

T
h
e

 so
lu

tio
n

 reso
rts

 to
 a

 co
m

p
o

sed
 im

p
lem

en
tatio

n
 (w

ith
 m

o
re

 th
an

 o
n
e

 tran
sisto

r)
 to

 o
b
tain

 a

d
ifferen

tial in
p

u
t called

 th
e d

ifferen
tial p

air.

N
o
te, h

o
w

ev
er, th

at o
th

er O
p

A
m

p
 ch

aracteristics sh
o
u
ld

 b
e search

ed
 fo

r, su
ch

 as: v
ery

 h
igh

 gain
, h

igh

in
p

u
t an

d
 lo

w
 o

u
tp

u
t resistan

ce, lo
w

 v
o
ltage an

d
 cu

rren
t o

ffsets. S
im

u
ltan

eo
u
sly

, o
n
e sh

o
u
ld

 n
o
t lo

o
se

site fo
r o

th
er ch

aracteristic im
p

ro
v
em

en
ts, su

ch
 as b

an
d
 w

id
th

 an
d
 m

axim
u
m

 slew
-rate.

2
. D

iffe
re

n
tia

l p
a

ir

C
o
n

sid
er fig. 3

 settin
g

 w
h
ere

 a
 d

ifferen
tial p

air is

im
p

lem
en

ted
 w

ith
 tw

o
 B

JT
s.

If, v
B

1  =
 v

B
2  =

 v
C

M
 (co

m
m

o
n

 m
o

d
e

 v
o
ltage), th

e

v
o
ltages v

C
1  an

d
 v

C
2  w

ill n
o
t ch

an
ge ev

en
 w

h
en

 v
C

M

v
aries

 (w
ith

in
 certain

 lim
its

 set b
y

 th
e
 n

eed
 to

 k
eep

th
e tran

sisto
rs in

 activ
e m

o
d
e).

O
n

 th
e o

th
er h

an
d
, if v

B
1
 ¹

 v
B

2 , th
e v

o
ltages v

C
1  an

d

v
C

2  w
ill n

o
 lo

n
ger b

e eq
u
al.

T
h
u

s, w
e m

ay
 say

 th
at th

e d
ifferen

tial p
air (id

eally
)

resp
o
n
d
s

 
to

 
d
ifferen

tial
 

sign
als

 
(i.e.,

 
th

e
 

in
p

u
t

v
o
ltage

 d
ifferen

ce)
 an

d
 rejects

 th
e

 co
m

m
o

n
 m

o
d
e,

i.e., d
o
es n

o
t react to

 id
en

tical sign
als at b

o
th

 in
p

u
ts.

fig
. 3

 –
 B

ip
o

lar d
ifferen

tial p
air

 

2
.1

. C
u

rre
n

t v
a

ria
tio
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2
.1

.1
. B

J
T

T
h
e to

tal em
itter cu

rren
t is k

ep
t co

n
stan

t b
y

 th
e cu

rren
t so

u
rce I. T

h
erefo

re, w
h
en

 th
e in

p
u
t d

ifferen
tial

v
o
ltage v

D
 =

 v
B

2  –
 v

B
1  ch

an
ges in

 tim
e, so

m
e o

f th
e cu

rren
t o

f a giv
en

 tran
sisto

r w
ill b

e tran
sferred

 to

th
e o

th
er. T

h
is ch

an
ge in

 tran
sisto

r cu
rren

t w
ith

 in
p

u
t d

ifferen
tial v

ariatio
n
 can

 b
e o

b
serv

ed
 in

 fig. 4
.

T
h
e

 exp
ressio

n
 fo

r th
e

 cu
rren

t can
 b

e

fo
u
n

d
 to

 b
e:

T
h
e

 
d
ifferen

tial
 

p
air

 
o
p

eratio
n

 
is

ap
p

ro
xim

ately
 

lin
ear

 
fo

r
 

sm
all

d
ifferen

tial
 

in
p

u
t

 
v
o
ltages.

 
T

h
is

co
rresp

o
n
d
s

 to
 a

 regio
n

 in
 th

e
 grap

h

w
h
ere

 
th

e
 

exp
o
n
en

tial
 

exh
ib

its
 

an

ap
p

ro
xim

ate lin
ear b

eh
av

io
u
r. In

 fact, it

can
 

b
e

 
sh

o
w

n
 

th
at

 
fo

r

v
D

 =
 V

T
 @

 2
5
 m

V
,

 
th

e
 

gain
 

ch
an

ges

ab
o
u

t 2
0
%

.

fig
. 4

 –
 B

JT
 d

ifferen
tial p

air cu
rren

ts

O
n

 th
e o

th
er h

an
d
, a ±

1
0
0
 m

V
 in

p
u

t d
ifferen

tial v
o
ltage is en

o
u
gh

 fo
r alm

o
st all th

e cu
rren

t to
 b

e d
raw

n

b
y

 o
n
e o

f th
e tran

sisto
rs.
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T
h
e

 
b
asic

 
sch

em
atic

 
is

 
sim

ilar
 

to
 

a
 

b
ip

o
lar

d
ifferen

tial p
air

 an
d

 is
 sh

o
w

n
 in

 fig. 5
 (JF

E
T

exam
p

le).

T
h
e

 an
aly

sis
 is

 v
ery

 sim
ilar

 to
 th

e
 d

ifferen
tial

b
ip

o
lar case. H

av
in

g in
 m

in
d
 th

at:

n
am

in
g             

an
d
 m

ak
in

g       

w
e get:

fig
. 5

 –
 JF

E
T

 d
ifferen

tial p
air

T
h
is

 cu
rren

t ch
an

ges
 as

 a
 fu

n
ctio

n
 o

f v
id

an
d

 
is

 
sh

o
w

n
 
in

 
fig.

 
6
.
 
T

h
e

 
F

E
T

’s

p
aram

eters
 u

sed
 in

 th
is

 exam
p

le
 is

 also

sh
o
w

n
 o

n
 th

e grap
h
.

T
h
e

 
m

ain
 

rem
ark

s,
 

relativ
ely

 
to

 
th

e

b
ip

o
lar d

ifferen
tial p

air, are, o
n

 o
n
e h

an
d
,

th
e

 larger v
id

 v
alu

e
 sp

read
, an

d
, o

n
 th

e

o
th

er
 
h
an

d
,
 
th

e
 
sm

aller
 
ch

aracteristics

slo
p

e aro
u
n
d
 th

e o
rigin

.

fig
. 6

 –
 JF

E
T

 d
ifferen

tial p
air cu

rren
ts

T
h
e M

O
S
F

E
T

 d
ifferen

tial p
air an

aly
sis (see fig. 7

, w
h
ere it is sh

o
w

n
 a M

O
S
F

E
T

 d
ifferen

tial p
air w

ith

en
h
an

cem
en

t M
O

S
F

E
T

S
 –

 ch
an

n
el n

) is n
o
t o

n
ly

 sim
ilar to

 a JF
E

T
, b

u
t also

 th
e sam

e co
n
clu

sio
n
s are

d
riv

en
.
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In
 fact, th

e
 M

O
S
F

E
T

 cu
rren

t fu
n
ctio

n
 is

 th
e
 sam

e

o
f th

e
 JF

E
T

, h
o
w

ev
er is

 co
m

m
o
n

ly
 w

ritten
 in

 a

d
ifferen

t fo
rm

 as:

C
o
n

seq
u
en

tly
, th

e
 cu

rren
t v

ersu
s

 v
d

 is
 th

e
 sam

e,

h
o
w

ev
er w

ith
 a d

ifferen
t fo

rm
:

fig
. 7

 –
 M

O
S

F
E

T
 d

ifferen
tial p

air

2
.2

. S
m

a
ll sig

n
a

l o
p

e
ra

tio
n

T
ak

e th
e B

JT
 d

ifferen
tial p

air as referen
ce. If aro

u
n
d
 v

D
 =

 0
 w

e fin
d
:

            w
e get           

A
n
 altern

ativ
e p

o
in

t o
f v

iew
 to

 get th
e sam

e resu
lt is to

 o
b
serv

e fig. 8
 sch

em
atic fo

r sm
all sign

als.

T
h
e
 in

p
u
t d

ifferen
tial resistan

ce
 is

 R
id  =

 2
 r

p

, b
ecau

se
 lo

o
k
in

g
 in

to
 th

e
 b

ase
 o

f an
y

 tran
sisto

r w
e
 see

r
p

 +
 (1

+
b

) r
e  =

 2
r
p

 .
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H
av

in
g in

 m
in

d
, fo

r exam
p

le, th
at:

fo
r th

e th
ree p

o
ssib

le o
u
tp

u
ts th

e fo
llo

w
in

g d
ifferen

tial gain
s resu

lt:

fig
. 8

 –
 S

m
all sig

n
al o

p
eratio

n

T
h
is

 last gain
 co

rresp
o
n
d
s
 to

 an
 am

p
lifier w

ith
 d

ifferen
tial sign

als

b
o
th

 at th
e in

p
u
t an

d
 o

u
tp

u
t (fig. 9

).

T
h
ere is an

o
th

er w
ay

 to
 lo

o
k
 in

to
 th

is p
ro

b
lem

:

If w
e co

n
sid

er th
e am

p
lifier as an

 id
eal d

ifferen
tial am

p
lifier (w

h
ere

essen
tially

 th
e

 co
m

m
o
n

 m
o
d
e

 gain
 is

 n
u
ll), acco

rd
in

g
 to

 fig. 1
0

circu
it, th

e resp
o
n
se to

 a sign
al v

i  can
 b

e an
aly

sed
 w

ith
 th

e b
ase o

f

T
2  co

n
n
ected

 to
 gro

u
n

d
: T

h
e co

llecto
r o

f T
2  d

o
es n

o
t in

flu
en

ce T
1 .

T
h
is

 last tran
sisto

r is
 in

 co
m

m
o
n

 em
itter co

n
figu

ratio
n

 w
ith

 an

em
itter

 resistan
ce

 R
E

 eq
u
al to

 r
e2  =

 1
/g

m
2 . T

h
en

, th
e

 gain
 is

ap
p

ro
xim

ately
:

H
o
w

ev
er, if th

e o
th

er o
u
tp

u
t is in

ten
d
ed

, it is en
o
u
gh

 to
 th

in
k

 th
at

b
o
th

 
co

llecto
r

 
cu

rren
ts

 
(sign

al)
 

are
 

n
ecessarily

 
eq

u
al,

 
an

d
,

co
n
seq

u
en

tly
, th

e gain
 w

ill b
e sy

m
m

etric o
f th

e in
d
icated

 ab
o
v

e.

fig
. 9

 –
 D

ifferen
tial in

p
u

t an
d

o
u

tp
u

t am
p

lifier
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N
o
n

eth
eless, it

 is
 called

 th
e

 atten
tio

n
 u

p
o
n

 th
e

 fact
 th

at
 th

is

co
n
figu

ratio
n

 co
rresp

o
n
d
s

 to
 a

 v
arian

t
 o

f
 a

 circu
it

 k
n
o
w

n
 as

ca
sco

d
e th

at it w
ill b

e stu
d
ied

 ah
ead

.

fig
. 1

0
 –

 A
ltern

ativ
e m

eth
o

d
 fo

r

ev
alu

atin
g

 th
e d

ifferen
tial

p
air g

ain

E
x
e

rcise
 1

: If in
 fig

. 3
 sch

em
a
tic, em

itter
 resisto

rs
 a

re
 in

serted
, a

s
 o

b
serv

ed
 in

 fig
. 1

1
,

fin
d
 th

e g
a
in

 a
n

d
 th

e d
ifferen

tia
l in

p
u
t resista

n
ce.

fig
. 1

1
 –

 D
ifferen

tial p
air w

ith
 em

itter resistan
ces

A
n

sw
e

r

S
o
lu

tio
n

 

A
 sm

all sign
al an

aly
sis can

 also
 b

e d
o
n
e tak

in
g th

e eq
u
iv

alen
ce b

etw
een

 th
e d

ifferen
tial p

air an
d

 th
e C

E

co
n
figu

ratio
n
.

E
v
en

 assu
m

in
g
 th

at th
e
 b

iasin
g
 so

u
rce

 is
 n

o
t id

eal (see
 fig. 1

2
), in

 rigo
ro

u
s
 term

s
 an

d
 in

 d
ifferen

tial

o
p

eratio
n
, i.e., v

B
1  =

 v
d  / 2

 an
d

 v
B

2  =
 - v

d  / 2
, th

e co
m

m
o
n

 n
o

d
e at th

e em
itters can

 b
e rep

resen
ted

 b
y

 a

v
irtu

al gro
u
n
d
, w

h
ere a tran

sisto
r “

gets” a +
 v

d  / 2
 sign

al an
d

 th
e o

th
er a - v

d  / 2
. T

h
u
s, each

 tran
sisto

r is

eq
u
iv

alen
t to

 a C
E

 co
n

figu
ratio

n
 w

ith
 a gro

u
n

d
ed

 em
itter, as sh

o
w

n
 in

 fig. 1
3
.
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F
ro

m
 fig. 1

3
 w

e get:

o
r, if tran

sisto
r’s

 r
o

 can
n
o
t b

e

ign
o

red
:

S
in

ce A
d

1  =
 v

c1  / v
d  it resu

lts:

      
fig

. 1
2

 –
 N

o
n

 id
eal b

iasin
g

 so
u

rce              fig
. 1

3
 –

 E
q

u
iv

alen
t C

E
 m

o
n

tag
e

     an
d

, n
atu

rally
,           A

d
2  =

 - A
d

1    e   A
d

d  =
 2

  A
d

1 .

A
 sim

ilar an
aly

sis can
 b

e p
erfo

rm
ed

 o
n

 a F
E

T
 d

ifferen
tial p

air. T
h
e so

le relev
an

t d
ifferen

ce is th
e lin

ear

o
p

eratio
n

 sp
an

 w
h
ich

 is sign
ifican

tly
 b

igger in
 a F

E
T

 d
ifferen

tial p
air. It m

ay
 reach

 so
m

e v
o
lts w

h
ile a

b
ip

o
lar p

air is restricted
 aro

u
n
d
 ±

 2
5
 m

V
.

T
h
u

s, w
e get:

   ,            
       an

d
        

If it is n
o
t p

o
ssib

le to
 ign

o
re r

o , w
e h

av
e to

 ch
an

ge R
D

 b
y

 th
e p

arallel R
D

 // r
o .

2
.3

. C
o

m
m

o
n

 m
o

d
e

 o
p

e
ra

tio
n

T
h
e co

m
m

o
n
 m

o
d
e o

p
eratio

n
 is illu

strated
 in

 fig. 1
4
.

D
u
e to

 sy
m

m
etry

 an
d

 to
 th

e eq
u
ality

 v
B

1  =
 v

B
2 , h

alf circu
it an

aly
sis is su

fficien
t, as sh

o
w

n
 in

 fig. 1
5

(n
o
te

 th
a
t, fo

r
 co

m
m

o
n

 m
o
d
e
 sig

n
a
ls, resisto

r
 R

 ca
n

 b
e
 su

b
stitu

ted
 b

y
 tw

o
 2

R
 resisto

rs, in
 p

a
ra

llel,

w
h
ich

 a
llo

w
s u

s th
e a

n
a
lysis o

f ea
ch

 tra
n
sisto

r in
 sep

a
ra

te).
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fig

. 1
4

 –
 C

o
m

m
o

n
 m

o
d

e o
p

eratio
n

                  fig
. 1

5
 –

 C
o

m
m

o
n

 m
o

d
e eq

u
iv

alen
t

C
E

 m
o

n
tag

e

If R
C

 «
 r

o , w
e get:

   an
d
 b

y
 an

alo
gy

   
   an

d
    

T
h
e co

m
m

o
n
 m

o
d
e rejectio

n
 ratio

 is, b
y

 d
efin

itio
n
,

su
ch

 th
at, fo

r each
 u

n
iq

u
e o

u
tp

u
t (v

c1  o
r v

c2 ), w
e get      

.
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F
o
r th

e
 d

ifferen
tial o

u
tp

u
t C

M
R

R
 =

 ¥
, o

b
v
io

u
sly

excep
t th

e case w
h
ere th

e sy
m

m
etry

 is n
o
t p

erfect.

V
erify

 
th

at,
 

fo
r

 
exam

p
le,

 
if

 
R

C
1  =

 R
C

 
an

d

R
C

2  =
 R

C
 +

 D
 R

C
, w

e get:

F
ig. 1

6
 illu

strates a co
m

m
o
n

 m
o
d
e in

p
u
t resistan

ce

d
efin

itio
n
.

C
o
n

sid
erin

g o
n
ly

 h
alf-circu

it, th
e resistan

ce seen
 b

y

v
C

M
 is 2

 R
iC

M
 .

fig
. 1

6
 –

 C
o

m
m

o
n

 m
o

d
e in

p
u

t resistan
ce

E
x
e

rcise
 2

: S
h

o
w

 th
a
t

a
n
d

 exp
la

in
 w

h
y
 in

 th
is

 co
n

text (w
h
ere

 R
 is

 g
en

era
lly

 v
ery

 h
ig

h
) it m

a
k

es
 sen

se
 n

o
t to

fo
rg

et r
m

 , in
 g

en
era

l ig
n
o
red

 fo
r b

ein
g
 v

ery h
ig

h
.

S
o
lu

tio
n

 

2
.4

. O
p

e
ra

tio
n

 w
ith

 a
rb

itra
ry

 in
p

u
t v

o
lta

g
e

s
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It
 is

 co
n
v
en

ien
t

 at
 th

is
 stage

 to
 (re)in

tro
d
u
ce

 th
e

 in
p

u
t

 sign
als

d
eco

m
p

o
sitio

n
 issu

e, v
B

1  an
d
 v

B
2 , in

to
 tw

o
 n

ew
 v

ariab
les:

v
D

 =
 v

B
1  –

 v
B

2  an
d
 v

C
M

 =
 (v

B
1  +

 v
B

2 )/2
 (fig. 1

7
).

E
v
id

en
tly

, th
is co

n
v
ey

s in
to

 v
B

1  =
 v

C
M

 +
 v

D
 /2

 an
d

 v
B

2  =
 v

C
M

 –
 v

D

/2
. L

et v
1  an

d
 v

2  b
e th

e sign
al co

m
p

o
n
en

ts o
f v

B
1  an

d
 v

B
2 . In

 gen
eral,

th
e d

ifferen
tial p

air in
p

u
t v

o
ltages, v

1  an
d

 v
2 , co

rresp
o
n
d
s n

eith
er to

a d
ifferen

tial n
o
r to

 a co
m

m
o
n
 m

o
d
e.

fig
. 1

7
 –

 In
p

u
t sig

n
als

F
ro

m
 w

h
at w

as said
 ab

o
v
e, w

e h
av

e:

             an
d
             

T
h
e o

u
tp

u
t can

 b
e exp

ressed
 as v

o  =
 A

1
 v

1  +
 A

2 v
2  as lo

n
g as th

e sign
als m

agn
itu

d
e is su

ch
 th

at lin
ear

o
p

eratio
n
 can

 b
e co

n
sid

ered
, w

h
ich

 can
 fu

rth
er b

e m
an

ip
u
lated

 in
to

:      

W
e w

ill h
av

e th
en

   A
d  =

 (A
1  –

 A
2 )/2

     an
d
     A

cm
 =

 A
1  +

 A
2 .

R
ew

ritin
g v

o  exp
ressio

n
 w

e get:

(w
h
ere C

M
R

R
 is exp

ressed
 in

 n
o
n
-lo

garith
m

ic fo
rm

) w
h
ich

 th
en

 sh
o
w

s th
at, if th

e C
M

R
R

 is su
fficien

tly

h
igh

, th
e o

u
tp

u
t sign

al d
ep

en
d
s so

lely
 o

n
 th

e in
p

u
t d

ifferen
tial co

m
p

o
n

en
t.

B
ecau

se th
e d

esirab
le o

p
eratio

n
 is p

recisely
 th

is, th
e term

co
n
stitu

tes th
e erro

r o
f th

e d
ifferen

tial circu
it m

o
d
el.

2
.5

. O
th

e
r n

o
n

-id
e

a
l ch

a
ra

cte
ristics
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2
.5

.1
. In

p
u

t o
ffse

t v
o

lta
g

e

If th
e d

ifferen
tial p

air is p
erfectly

 sy
m

m
etric, w

ith
 th

e o
u
tp

u
t v

o
ltage tak

en
 b

etw
een

 th
e tw

o
 co

llecto
rs

(o
r tw

o
 d

rain
s) an

d
 co

n
n
ectin

g
 b

o
th

 in
p

u
ts

 to
 th

e
 gro

u
n
d
, th

en
 v

O
 =

 0
. B

ecau
se

 p
erfect sy

m
m

etry
 is

im
p

o
ssib

le, in
 fact v

O
 ¹ 0

 is v
erified

.

T
h
u

s, an
 in

p
u
t o

ffset v
o
ltage can

 b
e d

efin
ed

 as:

T
h
e
 asy

m
m

etry
 can

 resu
lt fro

m
 th

e
 lo

ad
 resisto

r an
d
/o

r, tran
sisto

r ch
aracteristics

 d
issim

ilitu
d

e. If th
e

lo
ad

 resisto
rs d

iffer b
y

 D
R

C
 (o

r D
R

D
), th

at is, if

    o
r     

resu
lts fo

r th
e B

JT
 p

air:       

an
d
 fo

r a M
O

S
F

E
T

 p
air:    

T
h
e
 relev

an
t tran

sisto
r ch

aracteristics
 resp

o
n
sib

le
 fo

r in
p

u
t o

ffset v
o
ltage, are

 th
e
 rev

erse
 satu

ratio
n

cu
rren

t IS
 fo

r th
e
 B

JT
 case, an

d
 th

e
 K

 facto
r (o

r ID
S

S ) an
d

 th
e
 th

resh
o
ld

 v
o
ltage

 V
t  (o

r V
P
) fo

r F
E

T
s

case.

T
h
u

s, fo
r a B

JT
 p

air, th
e o

ffset resu
lt is:

an
d
 fo

r a M
O

S
F

E
T

 p
air:    an

d
     

     resp
ectiv

ely
.
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2
.5

.2
. B

ia
s cu

rre
n

t a
n

d
 in

p
u

t o
ffse

t cu
rre

n
t

G
iv

en
 
its

 
v
ery

 
sm

all
 
v
alu

es,
 
in

p
u
t

 
cu

rren
ts

 
are

 
n
o
n
-relev

an
t

 
fo

r
 th

e
 
F

E
T

s
 
d

ifferen
tial

 
p

airs.

C
o
n

seq
u
en

tly
 w

e w
ill o

n
ly

 co
n
sid

er th
e case o

f a B
JT

 d
ifferen

tial p
air.

In
 a sy

m
m

etric p
air, th

e in
p

u
t cu

rren
ts at rest are eq

u
al to

:

T
h
is co

m
m

o
n

 v
alu

e is called
 th

e in
p

u
t b

ias cu
rren

t (IB
). D

u
e to

 th
e in

ev
itab

le in
p

u
t asy

m
m

etry
, th

e b
ias

cu
rren

ts are in
 fact d

ifferen
t. T

h
is d

ifferen
ce is called

 in
p

u
t o

ffset cu
rren

t.

In
 p

articu
lar, if tran

sisto
r gain

s b
 d

iffer b
y

 D
b

, th
e o

ffset is:

U
p

 to
 h

ere
 w

e
 h

av
e
 in

d
icated

 a
 sy

m
b
o
lic

 cu
rren

t so
u
rce

 to
 b

ias
 th

e
 d

ifferen
tial p

air. It m
aters

 n
o
w

 to

see h
o
w

 can
 th

at cu
rren

t so
u
rce b

e realised
.

D
iscrete circu

its are go
in

g to
 b

e d
istin

gu
ish

ed
 fro

m
 in

tegrated
 cu

rren
t so

u
rce circu

its.

 

3
. B

ia
s circu

its fo
r d

iffe
re

n
tia

l p
a

irs

3
.1

. D
iscre

te
 circu

its
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A
 
d

iscrete
 
co

m
p

o
n
en

t
 
ty

p
ical

 
co

n
stan

t
 
cu

rren
t

 
so

u
rce

 
(C

C
S
)

realisatio
n
 is illu

strated
 in

 fig. 1
8
 fo

r a B
JT

 case.

A
 p

ractical exam
p

le
 w

ill allo
w

 u
s
 an

 easier ro
u
ter to

 ev
alu

ate
 an

d

p
ro

ject C
C

S
 circu

it.

W
e
 w

ill assu
m

e
 V

B
B
 =

 1
2
 V

 an
d

 –
V

E
E
 =

 -1
2

 V
, an

d
 th

at IC
 =

 1
 m

A

is
 

n
eed

ed
.

 
S
u
p

p
o
se

 
th

at
 

th
e

 
tran

sisto
r

 
h
as

 
a

 
b

 =
 1

0
0

 
an

d

V
A
 =

 1
0
0
 V

.

T
ak

in
g V

B
 =

 -8
 V

, fo
r IE

 @
 1

 m
A

, resu
lts R

3  =
 3

.3
 kW

.

T
h
en

, assu
m

in
g IB

 @
 0

, w
e get:

fig
. 1

8
 –

 D
iscrete d

ifferen
tial p

air

               b
ias circu

it

     an
d
    R

1  =
 5

 R
2

C
h
o

o
sin

g a cu
rren

t at R
1  an

d
 R

2  as b
ein

g ap
p

ro
xim

ately
 1

0
%

 o
f IC

, (so
 th

at IB
 can

 b
e n

eglected
) w

e get:

     th
en

    R
2  =

 4
0
 kW

    an
d
    R

1  =
 2

0
0
 kW

.

E
x
e

rcise
 3

: F
in

d
 th

e so
u
rce o

u
tp

u
t resista

n
ce, R

, h
a
v

in
g

 in
 m

in
d

 th
e v

a
lu

e o
f r

o  a
n
d

 th
a
t

th
e tra

n
sisto

r h
a
s a

n
 em

itter resisto
r R

3 .

A
n

sw
e

r

S
o
lu

tio
n

 

3
.2

. In
te

g
ra

te
d

 circu
its

T
h
e resisto

r v
alu

es req
u
ired

 b
y

 th
e p

rev
io

u
s settin

g are im
p

ractical fo
r in

tegrated
 circu

its. O
n

 th
e o

th
er

h
an

d
, go

o
d

 m
atch

in
g
 tran

sisto
rs

 are
 easy

 an
d

 eco
n
o

m
ic

 to
 fab

ricate. F
u
rth

erm
o
re, in

tegrated
 circu

its
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u
sin

g exclu
siv

ely
 M

O
S
 tech

n
o
lo

gy
 (in

 p
articu

lar C
M

O
S
) really

 excu
se th

e u
se o

f resisto
rs.

T
h
is

 w
ay

, a
 co

m
m

o
n

 tech
n
iq

u
e
 u

tilised
 in

 in
tegrated

 circu
its

 to
 realise

C
C

S
 is

 th
e
 cu

rren
t m

irro
r. T

h
e
 b

asic
 cu

rren
t m

irro
r w

ith
 M

O
S
F

E
T

 is

sh
o
w

n
 in

 fig. 1
9
.

If b
o

th
 tran

sisto
rs

 are
 exactly

 m
atch

ed
, an

d
 sin

ce
 V

G
S
 is

 th
e
 sam

e
 fo

r

b
o
th

 tran
sisto

rs, th
eir cu

rren
ts w

ill b
e eq

u
al. In

 fact, tak
in

g in
to

 acco
u
n

t

th
e

 
ch

an
n
el

 
len

gth
 

m
o
d
u
latio

n
,

 
th

is
 

eq
u
ality

 
is

 
o
n
ly

 
v
erified

 
if

V
D

S
2  =

 V
D

S
1  =

 V
G

S . T
h
is

 w
ay

, th
e
 m

irro
r’s

 o
u
tp

u
t resistan

ce, r
o

2 , is
 a

q
u
ality

 p
aram

eter.

If b
o

th
 th

resh
o
ld

 v
o
ltages are th

e sam
e, b

u
t d

ifferen
t K

 facto
rs are u

sed
,

th
en

fig
. 1

9
 –

 M
O

S
F

E
T

 b
asic

               cu
rren

t m
irro

r

     an
d
     

resu
lts in

:

T
h
is exp

ressio
n

 sh
o
w

s th
at ratio

s d
ifferen

t fro
m

 th
e u

n
it tran

sfer cu
rren

t IO
 / IR

E
F

 ratio
 are attain

ed
 b

y

a sim
p

le actu
atio

n
 o

v
er th

e tran
sisto

rs’ geo
m

etry
.

T
h
e

 b
asic

 B
JT

 cu
rren

t m
irro

r co
n

figu
ratio

n
 is

 sh
o

w
n

 in
 fig. 2

0
,

w
h
ere:

A
ssu

m
in

g
 T

1  º
 T

2 , n
eglectin

g
 th

e
 effects

 o
f b

 an
d

 r
o , an

d
 sin

ce

V
B

E
1  =

 V
B

E
2 , resu

lts IO
 =

 IR
E

F
 .
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fig
. 2

0
 –

 B
JT

 b
asic cu

rren
t

m
irro

r

If th
e effect o

f b
 is tak

en
 in

to
 acco

u
n
t, it is easily

 v
erified

 th
at:

w
h
ich

 sh
o
w

s th
at th

e erro
r is m

ad
e sm

aller w
ith

 b
igger b

.

S
im

u
ltan

eo
u
sly

, w
h
en

 u
sed

 as
 a

 C
C

S
 th

e
 circu

it’s
 o

u
tp

u
t resistan

ce
 is

 o
n
ly

 r
o , a

 v
alu

e
 th

at can
 b

e

in
su

fficien
tly

 h
igh

. H
en

ce, th
e m

o
d

ificatio
n
s u

su
ally

 m
ad

e to
 th

e b
asic cu

rren
t m

irro
r aim

 to
 o

v
erco

m
e

th
e lim

itatio
n
s resu

ltin
g fro

m
 fin

ite b
 an

d
 r

o .

T
h
e u

se o
f an

 extra tran
sisto

r (T
3 , in

 fig. 2
1

) o
r th

e u
se o

f W
ilso

n
 an

d
 W

id
lar co

n
figu

ratio
n
s, sh

o
w

n
 in

figs. 2
2
 an

d
 2

3
 resp

ectiv
ely

, are w
ay

s to
 im

p
ro

v
e th

e referred
 ch

aracteristics.

fig
. 2

1
 –

 B
ase cu

rren
t co

m
p

en
satio

n

cu
rren

t m
irro

r         

fig
. 2

2
 –

 W
ilso

n
’s m

irro
r

fig
. 2

3
 –

 W
id

lar’s so
u

rce
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E
x
e

rcise
 4

: F
in

d
 Io  a

n
d
/o

r R
o  fo

r th
e fo

llo
w

in
g
 co

n
fig

u
ra

tio
n
s:

a
) fig

. 2
1

b
) fig

. 2
2

c) fig
. 2

3
.

A
n

sw
e

r

S
o
lu

tio
n

 

T
h
e
 cu

rren
t m

irro
rs

 o
u
tp

u
t resistan

ce
 m

ad
e
 w

ith
 M

O
S

 can
 also

 b
e
 in

creased
 u

sin
g
 W

ilso
n

 o
r casco

d
e

co
n
figu

ratio
n
s.

 

4
. Im

p
ro

v
in

g
 th

e
 b

a
n

d
w

id
th

R
ecall th

at th
e am

p
lifier b

an
d
w

id
th

 refers to
 th

e freq
u
en

cy
 ran

ge w
ith

in
 w

h
ich

 th
e gain

 rem
ain

s alm
o
st

co
n
stan

t. W
e
 call (lo

w
er an

d
 u

p
p

er) cu
t-o

ff freq
u
en

cies
 to

 th
o
se ran

ge
 lim

its. T
h
e
 criterio

n
 u

tilised
 to

d
efin

e th
ese freq

u
en

cies co
rresp

o
n
d

s to
 th

e m
easu

re o
f th

e p
o

in
t w

h
ere th

e m
axim

u
m

 gain
 d

ecreases b
y

3
 d

B
, i.e., ab

o
u
t 3

0
%

 gain
 v

alu
e

 d
ecrease

 (3
 d

B
 m

ean
s

 h
alv

in
g

 th
e

 electric
 p

o
w

er, w
h
ich

 fro
m

 th
e

v
o
ltage p

o
in

t o
f v

iew
 co

rresp
o
n
d
s to

 1
 / 

  @
 0

.7
0

7
).

A
t th

e lo
w

er lim
it, i.e., at lo

w
 freq

u
en

cies, cap
acitiv

e co
u
p

lin
g u

tilisatio
n

 is resp
o
n
sib

le fo
r th

e gain
. S

o
,

w
h
en

 d
irect co

u
p

lin
g is u

sed
, su

ch
 as w

ith
 in

tegrated
 O

p
A

m
p

s, u
su

ally
 th

ere is n
o

 gain
 d

ecrease at lo
w

freq
u

en
cies, acco

rd
in

gly
 th

e lo
w

er cu
t-o

ff freq
u
en

cy
 is z

ero
.

H
o
w

ev
er, at

 h
igh

 freq
u
en

cies, d
u

e
 to

 tran
sisto

r’s
 in

trin
sic

 cap
acitiv

e
 effect

 th
e

 gain
 d

ecrease
 is

u
n
av

o
id

ab
le. O

th
erw

ise in
fin

ite freq
u
en

cies w
o
u
ld

 im
p

ly
 electro

n
s (o

r o
th

er carriers, su
ch

 as h
o
les in

 p

ty
p

e
 sem

ico
n
d
u
cto

rs) in
fin

ite
 acceleratio

n
s, an

d
 th

erefo
re

 in
fin

ite
 fo

rces
 w

o
u
ld

 b
e
 p

resen
t, w

h
ich

 are
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o
b
v
io

u
sly

 im
p

o
ssib

le
 in

 N
atu

re. T
h
e

 u
p

p
er cu

t-o
ff freq

u
en

cy
 d

ep
en

d
s

 n
o
t o

n
ly

 o
n

 th
e

 tran
sisto

rs

ch
aracteristics an

d
 q

u
iescen

t p
o
in

t b
u
t as w

ell o
n
 th

e ch
o
sen

 circu
it co

n
figu

ratio
n
.

T
h
en

, in
 a d

irect co
u
p

lin
g am

p
lifier, th

e b
an

d
w

id
th

 co
in

cid
es w

ith
 th

e u
p

p
er cu

t-o
ff freq

u
en

cy
.

4
.1

. C
E

 co
n

fig
u

ra
tio

n
 b

a
n

d
w

id
th

T
h
e C

E
 b

eh
av

io
u
r at h

igh
 freq

u
en

cies is o
f sp

ecial in
terest to

 stu
d
y

 th
e d

ifferen
tial p

air, b
ecau

se, as w
e

h
av

e
 seen

 b
efo

re, th
e
 d

ifferen
tial p

air is
 so

m
eh

o
w

 eq
u
iv

alen
t to

 a
 C

E
 m

o
n
tage. F

ro
m

 th
e
 th

ree
 b

asic

co
n
figu

ratio
n
s, it is

 p
recisely

 th
e
 C

E
 th

at h
as

 th
e
 sm

allest b
an

d
w

id
th

, i.e., it h
as

 th
e
 sm

allest u
p

p
er

cu
t-o

ff freq
u
en

cy
.

T
h
e

 reaso
n

 fo
r th

is
 p

o
o
rer b

eh
av

io
u
r at h

igh
 freq

u
en

cies
 can

 easily
 b

e
 fo

u
n

d
 th

ro
u
gh

 a
 sim

p
lified

an
aly

sis
 o

f th
e
 h

igh
 freq

u
en

cy
 eq

u
iv

alen
t circu

it o
f fig. 2

4
, w

h
ere

 r
o
 w

as
 ign

o
red

 an
d
, fo

r th
e
 sak

e
 o

f

sim
p

licity
, w

e h
av

e also
 o

m
itted

 th
e b

ase b
iasin

g m
esh

.

fig
. 2

4
 - C

E
 h

ig
h

 freq
u

en
cy

 eq
u

iv
alen

t circu
it
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P
art o

f th
e
 an

sw
er, in

d
icated

 in
 E

xercise
 5

, can
 b

e
 o

b
tain

ed
 in

 a
 sim

p
lified

 m
an

n
er w

ith
 th

e
 h

elp
 o

f

M
iller’s th

eo
rem

 to
 th

e C
m

 cap
acito

r, co
n
sid

erin
g th

e m
id

b
an

d
 gain

 v
alu

e (A
M

F
 ).
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In
d
eed

, o
b
serv

in
g fig. 2

5
, o

n
e can

 n
o
tice th

at th
e gain

, in

sp
ite

 d
ecreasin

g
 w

ith
 freq

u
en

cy
, little

 d
iffers

 fro
m

 th
e

m
id

b
an

d
 v

alu
e in

 th
e v

icin
ity

 o
f th

e first p
o
le. T

h
erefo

re,

th
is v

alu
e can

 b
e u

sed
 to

 giv
e an

 ap
p

ro
xim

ate v
alu

e o
f th

e

first p
o
le freq

u
en

cy
. O

n
 th

e o
th

er h
an

d
, it sh

o
u
ld

 b
e clear

th
at it is

 an
 ab

su
rd

 to
 u

se
 th

e
 m

id
b
an

d
 v

alu
e
 fo

r h
igh

er

freq
u

en
cies.

fig
. 2

5
 –

 M
id

b
an

d
 g

ain
 an

d
 first p

o
le

T
h
u

s, th
e resu

ltin
g sch

em
atic (fig. 2

6
) is v

alid
 o

n
ly

 to
 d

eterm
in

e th
e b

an
d
w

id
th

 (w
H

 @
 w

p
1 ), an

d
 n

o
t

th
e freq

u
en

cy
 resp

o
n
se in

 to
tal. B

esid
es, it is n

o
to

rio
u
s th

at th
e z

ero
 d

isap
p

ears in
 th

is an
aly

sis.

F
ro

m
 fig. 2

6
 w

e get

   ,        
         an

d
      

T
h
e K

 v
alu

e is easily
 o

b
tain

ed
:

       

S
in

ce it is a large n
egativ

e v
alu

e,

resu
lts:

   an
d
   

fig
. 2

6
 –

 H
F

 eq
u

iv
alen

t circu
it o

f th
e C

E
 m

o
n

tag
e sim

p
lified

 b
y

ap
p

licatio
n

 o
f M

iller’s th
eo

rem
                          

T
h
en

, th
e tim

e co
n
stan

ts asso
ciated

 w
ith

 b
o
th

 in
d
ep

en
d
en

t cap
acito

rs are:

      an
d
      

      w
ith
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an
d
 co

rresp
o
n
d
in

g p
o
les        

         an
d
          

S
in

ce in
 gen

eral, w
1  <

<
 w

2 , th
e b

an
d
 lim

it m
ay

 b
e co

n
sid

ered
 co

in
cid

en
t w

ith
 w

1  :

O
n

 th
e
 o

th
er h

an
d
, th

e
 m

id
d
le-freq

u
en

cy
 gain

 ap
p

ro
xim

atio
n

 u
sed

 d
o
es n

o
t allo

w
 th

e
 id

en
tificatio

n
 o

f

w
2  as th

e seco
n
d
 p

o
le o

f th
e o

rigin
al circu

it.

A
 m

o
re a

ccu
ra

te estim
a
tio

n
 fo

r th
e first p

o
le a

n
d

 a
lso

 fo
r th

e seco
n
d

 o
n
e ca

n
 b

e o
b
ta

in
ed

, a
lth

o
u
g
h

 m
o
re

o
n
ero

u
sly, u

sin
g
 th

e tim
e co

n
sta

n
ts m

eth
o
d
.

N
o
te, as

 referen
ce, th

at
 C

p

 an
d

 C
m

 h
av

e
 ty

p
ical v

alu
es

 in
 th

e
 o

rd
er

 o
f
 ten

s
 an

d
 u

n
ities

 o
f
 p

F
,

resp
ectiv

ely
. B

esid
es

 th
e
 fact th

at C
m

 is
 sm

all, its
 actu

al co
n
trib

u
tio

n
 is

 large
 b

ecau
se

 th
e
 cap

acito
r

v
alu

e is m
u
ltip

lied
 b

y
 th

e co
n
figu

ratio
n
 gain

. T
h
is is k

n
o
w

n
 as th

e M
iller m

u
ltip

licativ
e effect.

L
et u

s
 m

ak
e
 a

 referen
ce

 to
 th

e
 z

ero
. In

 fig. 2
4

 sch
em

atic, th
e
 o

u
tp

u
t v

o
ltage

 is
 an

n
u
lled

 w
h
en

 th
e
 C

m

cap
acito

r cu
rren

t is eq
u
al to

 th
e cu

rren
t so

u
rce cu

rren
t, i.e., w

h
en

 th
e cu

rren
t in

 R
C

 is z
ero

. T
h
en

,

T
h
is is th

e freq
u
en

cy
 o

f th
e z

ero
, w

h
ich

 co
in

cid
es w

ith
 th

e calcu
lated

 v
alu

e in
 E

xercise 5
. H

o
w

ev
er, o

n
e

sh
o
u

ld
 n

o
te th

at, giv
en

 th
e cap

acito
r v

alu
es an

d
 assu

m
in

g g
m

 in
 th

e o
rd

er o
f 1

0
0

 m
A

/V
, th

e z
ero

 w
ill b

e

situ
ated

 at a
 freq

u
en

cy
 m

u
ch

 h
igh

er th
an

 th
e
 p

o
les. A

t th
e
 p

resen
t p

o
in

t th
is

 d
o
es

 n
o
t seem

 o
f great
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im
p

o
rtan

ce h
o
w

ev
er, atten

tio
n

 sh
o

u
ld

 b
e called

 u
p

o
n

 th
e fact th

at th
e z

ero
 is lo

cated
 o

n
 th

e righ
t h

an
d

sid
e o

f th
e S

 p
lan

e (it is real an
d

 p
o

sitiv
e). U

n
exp

ected
ly

, th
is z

ero
 in

tro
d
u
ces a p

h
ase d

elay
 an

d
 n

o
t a

d
elay

 ad
v
an

ce. In
 th

is p
ersp

ectiv
e b

eh
av

es as a p
o
le o

n
 th

e left h
an

d
 sid

e o
f th

e S
 p

lan
e.

In
 th

e co
m

m
o
n

 b
ase an

d
 co

m
m

o
n

 co
llecto

r co
n
figu

ratio
n
s th

e M
iller m

u
ltip

licativ
e effect d

o
es n

o
t exist.

T
h
e
 last h

as
 th

e
 C

p

 cap
acito

r b
etw

een
 tw

o
 n

o
d
es

 w
ith

 sligh
tly

 less
 th

an
 o

n
e
 p

o
sitiv

e
 gain

, an
d

 th
e

fo
rm

er h
as

 b
o
th

 cap
acito

rs
 to

 gro
u

n
d
: th

e
 M

iller effect is
 th

en
 o

u
t o

f th
e
 q

u
estio

n
. In

 th
is

 w
ay

, b
o
th

co
n
figu

ratio
n
s p

resen
t m

u
ch

 h
igh

er u
p

p
er cu

t-o
ff freq

u
en

cies. It is k
n
o

w
n

 th
at in

 a giv
en

 co
n
figu

ratio
n

th
e gain

 b
an

d
w

id
th

 p
ro

d
u
ct is ap

p
ro

xim
ately

 co
n
stan

t - if th
e gain

 in
creases th

e b
an

d
w

id
th

 d
im

in
ish

es.

F
ro

m
 all co

n
sid

ered
 co

n
figu

ratio
n
s, o

n
ly

 th
e C

E
 co

n
figu

ratio
n

 sh
o
w

s b
o
th

 b
igger th

an
 o

n
e cu

rren
t an

d

v
o
ltage

 gain
s. T

h
e
 C

C
 co

n
figu

ratio
n

 h
as

 u
n

it v
o
ltage

 gain
 an

d
 B

C
 h

as
 a

 u
n
it cu

rren
t gain

. T
h
u
s, in

 a

certain
 w

ay
, it is “

n
atu

ral” th
at th

e existen
ce o

f tw
o
 large gain

s m
ak

e th
e b

an
d
w

id
th

 d
im

in
ish

.

F
ro

m
 th

is
 an

aly
sis

 resu
lts

 a
 relativ

ely
 p

o
o
r h

igh
 freq

u
en

cy
 b

eh
av

io
u
r fo

r th
e
 C

E
 co

n
figu

ratio
n

 (th
u
s,

also
 fo

r th
e d

ifferen
tial p

air), w
h
ich

 n
eed

s to
 b

e im
p

ro
v
ed

.

O
n
e co

n
figu

ratio
n
 w

ith
 a C

E
 eq

u
iv

alen
t v

o
ltage gain

 b
u
t larger b

an
d
w

id
th

 is th
e casco

d
e p

air.
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fig
. 2
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 - C

E
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B
 casco

d
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ias circu

it; (b
) sm

all sig
n

al eq
u

iv
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t circu
it

L
o
w

 freq
u
en

cy
 an

aly
sis o

f fig. 2
7
 sch
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w
h
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at an

 eq
u
iv
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t C

E
 v

o  / v
i  gain

 can
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e b
u
ilt w

ith
 an

 eq
u
al tran

sisto
r b

iased
 at th

e sam
e

D
C

 o
p

eratin
g p

o
in

t.

H
o
w

ev
er a d

ifferen
ce is in
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o
u
r o

f th
e casco

d
e co

n
figu

ratio
n
.

In
 fact, a

 large
 R

C
 is
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o
p

ted
 w

h
en

 a
 large

 gain
 is

 n
eed

ed
. If R

C
 is
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tly
 large, th

e
 r
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>
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C
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p

ro
xim
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n
 m

ay
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If R
C

 >
>

 r
o , th

e m
axim

u
m

 gain
 is giv

en
 b

y
 –

 g
m

 r
o .

T
o

 exam
in

e
 w

h
at

 tak
es

 p
lace

 w
ith

 th
e

casco
d
e

 co
n
figu

ratio
n

, let
 u

s
 d

eterm
in

e

G
m

 an
d

 R
o

 relativ
ely

 to
 th

e
 eq

u
iv

alen
t

m
o
d

el o
f fig. 2

7
 (a) an

d
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ted

 in
 fig.

2
8
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C
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fig
. 2

9
 - E

v
alu

atio
n

 o
f o

u
tp

u
t resistan

ce R
o ; (a) D

eactiv
atin

g
 th

e in
d

ep
en

d
en

t so
u

rces; (b
) C
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it sim

p
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n

A
 d

eactiv
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n
 co

n
d
itio

n
 w

as im
p

o
sed

 to
 th

e in
d
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en
d
en

t so
u

rces in
 fig. 2
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g
m

1  v
p

1

 cu
rren

t
 so

u
rce. G

iv
en

 th
at

 r
o

1  >
>

 r
p

2

 , th
en

 th
e

 p
arallel is

 ap
p

ro
xim

ately
 r

p
2

 . F
in

ally
,

ap
p

ly
in

g
 th

e
 T

h
év

en
in

’s
 th

eo
rem

 resu
lts

 in
 fig. 2

9
 (b

) sch
em

atic, w
h
ere

 th
e

 o
u
tp

u
t resistan

ce
 can

im
m

ed
iately

 b
e fo

u
n
d
 to

 b
e:

w
h
ere it w

as co
n
sid

ered
 r

o  =
 r

o
1  =

 r
o

2  (eq
u

al tran
sisto

rs w
ith

 th
e sam

e o
p

eratin
g p

o
in

t). T
h
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r th

e

v
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ltage gain

 w
e get:
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H
en

ce th
e m

axim
u
m

 gain
 v

alu
e w

ill b
e –

 g
m

 b
 r

o  , w
h

ich
 is co

n
sid

erab
ly

 larger th
an

 th
e co

m
m

o
n

 em
itter

gain
.

A
s m

en
tio

n
ed

 ab
o
v
e, th

e casco
d
e b

an
d
w

id
th

 is larger th
an

 th
e eq

u
iv

alen
t co

m
m

o
n

 em
itter. L

et u
s ch

eck

w
h
y

 w
ith

 a sim
p

lified
 q

u
alitativ

e an
aly

sis.

T
h
e casco

d
e seco

n
d

 stage is a co
m

m
o
n

 b
ase am

p
lifier, w

h
ich

 freq
u
en

cy
 resp

o
n
se is v

ery
 go

o
d
. S

o
, it is

th
e
 first stage, a

 co
m

m
o
n

 em
itter, th

at w
ill p

rim
arily

 co
n
d
itio

n
 th

e
 h

igh
 freq

u
en

cy
 resp

o
n
se. T

h
e
 C

E

lo
w

er cu
t o

ff freq
u
en

cy
 resu

lts fro
m

 th
e M

iller m
u
ltip

licativ
e effect o

v
er th

e C
m

1  cap
acito

r. H
o
w

ev
er,

b
ecau

se th
e first stage lo

ad
 is th

e seco
n
d

 stage lo
w

 in
p

u
t resistan

ce (r
e ), th

e M
iller m

u
ltip

licativ
e facto

r

w
ill b

e so
lely

:

T
h
is w

ay
, th

e u
p

p
er cu

t-o
ff freq

u
en

cy
 o

f th
e circu

it w
ill b

e co
n
sid

erab
ly

 larger th
an

 th
e u

p
p

er cu
t-o

ff

freq
u

en
cy

 o
f a C

E
.
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fig
. 3

0
 - C

E
-C

B
 co

m
p

lem
en

tary
 casco

d
e; (a) B

ias circu
it; (b

) S
m

all sig
n

al eq
u

iv
alen

t circu
it

T
h
is co

n
figu

ratio
n

 u
tiliz

es a n
p
n

 an
d

 p
n
p

 tran
sisto

rs, w
h
ich

 sign
als eq

u
iv

alen
t m

o
d
el is th

e sam
e as last

co
n
figu

ratio
n

 (th
e n

o
n

-co
m

p
lem

en
tary

 tran
sisto

r casco
d
e). H

en
ce, th

e sch
em

atic o
f figs. 2

8
 e 2

9
 ap

p
ly

h
ere.

R
ecall th

e
 fact th

at n
o

th
in

g
 ch

an
ges

 in
 term

s
 o

f sign
al fu

n
ctio

n
ality

 w
h
ich

ev
er th

e
 tran

sisto
r is

 p
n
p

 o
r

n
p
n
. T

h
e so

le ch
an

ge relates w
ith

 th
e n

eed
 fo

r a d
c cu

rren
t to

 so
u
rce th

e co
llecto

r o
f T

1  an
d

 th
e em

itter

o
f T

2
 sim

u
ltan

eo
u
sly

. T
h
e
 ch

an
ge

 to
 th

e
 sign

al circu
it p

aram
eters

 is
 m

in
im

al an
d

 n
egligib

le
 sin

ce
 th

e

resistan
ce

 asso
ciated

 w
ith

 th
e
 cu

rren
t so

u
rce

 is
 gen

erally
 m

u
ch

 larger th
an

 r
e2

 w
ith

 w
h
ich

 w
ill b

e
 in

p
arallel to

 gro
u
n
d
. H

o
w

ev
er it m

ay
 h

ap
p

en
 th

at IE
1  ¹ IE

2
 w

h
ich

 can
 lead

 to
 d

ifferen
t p

aram
eters

 fo
r

b
o
th

 tran
sisto

rs.

R
egard

in
g ev

ery
th

in
g else, all th

e rem
in

d
in

g sign
al an

aly
sis is th

en
 still v

alid
.

T
h
is co

n
figu

ratio
n

 p
resen

ts an
o
th

er ad
v
an

tage o
f great in

terest to
 th

e m
u
ltistage am

p
lifiers arch

itectu
re,

su
ch

 as
 th

e
 case

 o
f O

p
A

m
p

s: th
e
 d

isp
lacem

en
t lev

el b
etw

een
 th

e
 in

p
u
t an

d
 o

u
tp

u
t, o

b
serv

ed
 in

 th
e

can
o

n
ical casco

d
e, can

 b
e an

n
u
lled

. In
 fact, th

is last p
resen

ts a d
isp

lacem
en

t lev
el o

f:

 ,     w
h
ile th

e co
m

p
lem
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tary
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d
e is so

lely
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4
.4

. C
C

-C
B

 co
m

p
le

m
e

n
ta

ry
 ca

sco
d

e

T
h
is co

n
figu

ratio
n

 u
tiliz

es a n
p
n

 an
d

 p
n
p

 tran
sisto

rs, w
h
ich

sign
als eq

u
iv

alen
t m

o
d

el is rep
resen

ted
 in

 fig. 3
1
.

A
ssu

m
in

g
 tran

sisto
rs

 w
ith

 id
en

tical ch
aracteristics, b

iased

at th
e sam

e static o
p

eratin
g p

o
in

t, th
e an

aly
sis lead

s to
:

    fig
. 3

1
 –

 C
C

-C
B

 co
m

p
lem

en
tary

 casco
d

e –

             sm
all sig

n
al eq

u
iv

alen
t circu

it

th
en

    
,      th

at is, th
e

 gain
 is

 p
o
sitiv

e
 (n

o
n
-in

v
ertin

g
 circu

it) w
ith

 h
alf a

 v
alu

e
 o

f th
e

C
E

-C
B

 casco
d
e gain

.

H
o
w

ev
er, n

o
te th

at in
 co

m
p

en
satio

n
 th

e in
p

u
t resistan

ce d
o
u
b

les th
e C

E
-C

B
 casco

d
e in

p
u
t resistan

ce

v
alu

e: 
 .

L
et u

s calcu
late n

o
w

 th
e m

axim
u
m

 gain
 p

o
ssib

le. T
h
e G

m
 calcu

latio
n
 is triv

ial an
d
 lead

s to
:      

.

F
ig. 3

2
 w

ill b
e u

tilised
 fo

r th
e R

o  calcu
latio

n
. T

w
o

 essen
tial step

s to
 fin

d
 th

e o
u
tp

u
t resistan

ce o
f fig. 3

1

circu
it, u

sin
g th

e circu
it tran

sfo
rm

atio
n
s m

eth
o
d
, are rep

resen
ted

 in
 fig. 3

2
. It is assu

m
ed

 th
at th

e so
u
rce

resistan
ce, R

s , is
 n

egligib
le

 in
 face

 to
 r

p
1

 . If th
is

 is
 n

o
t tru

e, r
p

1

 n
eed

s
 to

 b
e
 rep

laced
 b

y
 R

s  +
 r

p
1

 ,

w
h
ich

 w
ill resu

lt in
 a sligh

tly
 larger o

u
tp

u
t resistan

ce. T
h
u
s, th

e v
alu

e fo
u
n
d

 b
ello

w
 sh
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u
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u
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fig
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v
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u
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o ; (a) D

eactiv
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g
 th

e in
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it sim

p
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gain
.

C
o
n
cern

in
g
 b

an
d
w

id
th

, o
n
e
 m

igh
t ev

alu
ate

 it in
 a

sim
p

le w
ay

. N
o
te th

at cap
acito

r C
m

1  is co
n

n
ected

to
 th

e gro
u
n
d
, as w

ell as C
p

2  an
d
 C

m
2  (see fig. 3

3
).

O
n

 th
e

 o
th

er h
an

d
, cap

acito
r C

p
1

 co
n
n
ects

 tw
o

n
o
d
es w

ith
 a gain

 th
at can

 easily
 b

e fo
u
n
d
 to

 b
e ½

.
fig

. 3
3

 –
 C

ap
acities in

 th
e C

C
-C

B
 m

o
n

tag
e

T
h
is gain

 is in
d
ep

en
d

en
t o

f freq
u
en

cy
 an

d
 m

ean
s th

at th
e
 M

iller’s
 th

eo
rem
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 b
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 ap

p
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u
t th

e u
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 th
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 th
e ap

p
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n
 to

 th
e m
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b
an
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 gain

. In
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ay
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th
e fo
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w

in
g fig. 3
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 sch
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 m
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 C
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 an
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 o
th
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 tw
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 in
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en
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en
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h
ich

tim
e co
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d
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 co
rresp

o
n
d
in

g
 p

o
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 w
ill b
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 d
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est freq
u
en

cy
, is
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d
ep

en
d
en

t o
n

 circu
it p

aram
eters. H

o
w

ev
er, it is n

o
to

rio
u
s th

at an
y

 o
f th

em
 o

ccu
r at a h

igh
er freq

u
en

cy

th
an

 th
e co

m
m

o
n
 em

itter an
d
 ev

en
 h

igh
er th

an
 th

e C
E

-C
B

 co
n

figu
ratio

n
.

O
n
e

 m
igh

t reach
 th

is
 co

n
clu

sio
n

 q
u
alitativ

ely
. In

 reality
, th

e
 C

C
-C

B
 co

n
figu

ratio
n

 is
 m

ad
e

 o
f tw

o

stages, b
o
th

 w
ith

 v
ery

 go
o
d

 h
igh

 freq
u
en

cy
 resp

o
n
ses. In

 p
articu

lar, th
e first stage, a co

m
m

o
n

 co
llecto

r,

h
as a u

p
p

er cu
t-o

ff freq
u
en

cy
 larger th

an
 th

e lo
w

-gain
 co

m
m

o
n

 em
itter, su

ch
 as th

e case o
f th

e C
E

-C
B

casco
d
e. E

q
u
ally

 th
e seco

n
d
 stage is a co

m
m

o
n
 b

ase w
ith

 a v
ery

 h
igh

 cu
t-o

ff freq
u
en

cy
.

4
.5

. C
a

sco
d

e
 d

iffe
re

n
tia

l p
a

ir

T
h
e

 go
o
d

 freq
u
en

cy
 resp

o
n
se

 p
ro

p
erties

 fo
u
n
d

 in
 a

 co
m

p
lem

en
tary

 casco
d
e

 are
 u

tiliz
ed

 in
 th

e

d
ifferen

tial p
air casco

d
e, w

h
ich

 sch
em

atic can
 b

e seen
 in

 fig. 3
5
. T

h
is co

n
figu

ratio
n

 is u
sed

 as an
 in

p
u
t

stage, e.g, in
 th

e 7
4
1
 O

p
A

m
p

.

fig
. 3

5
 - D

ifferen
tial casco

d
e p

air; (a) S
im

p
lified

 b
ias circu

it; (b
) S

m
all sig

n
al eq

u
iv

alen
t circu

it
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T
o
 fin

d
 th

e v
o
ltage gain

 n
o
te th

at:

       th
en

          

an
d

 fro
m

 w
h
ich

 w
e co

n
clu

d
e th

at th
e gain

 is h
alf o

f th
at o

n
e fo

u
n
d

 in
 a sim

p
le d

ifferen
tial p

air. O
n

 th
e

o
th

er h
an

d
 th

e in
p

u
t resistan

ce is d
o

u
b
le:     

.

T
h
e u

se o
f a casco

d
e d

ifferen
tial p

air im
p

ro
v
es th

e gen
eral ch

aracteristics o
f th

e p
air, alth

o
u
gh

 it seem
s

to
 red

u
ce th

e gain
. N

o
te, h

o
w

ev
er, th

at th
e m

axim
u
m

 gain
 lim

it is th
e sam

e o
f a sim

p
le d

ifferen
tial p

air.

T
h
is d

iscu
ssio

n
 ab

o
u
t th

e gain
 raises a q

u
estio

n
 ab

o
u

t th
e gain

 allo
w

ed
 b

y
 th

e d
ifferen

tial p
air an

d
 if it

is su
fficien

t to
 attain

 th
e ty

p
ical v

alu
es p

resen
ted

 b
y

 a gen
eral p

u
rp

o
se O

p
A

m
p

.

 

5
. M

a
x

im
isin

g
 th

e
 d

iffe
re

n
tia

l p
a

ir v
o

lta
g

e
 g

a
in

C
o
n

sid
er th

e
 sim

p
le

 d
ifferen

tial p
air w

ith
 sin

gle
 o

u
tp

u
t (fig. 3

6
) as

referen
ce.

T
h
e o

p
en

 circu
it d

ifferen
tial gain

, as seen
 b

efo
re is:

T
h
e

 u
se

 o
f
 large

 v
alu

e
 p

assiv
e

 resisto
rs

 are
 n

o
t
 p

ractical so
, in

gen
eral, R

C
 <

<
 r

o , th
en

:

      fig
. 3

6
 –

 E
v

alu
atio

n
 o

f th
e b

asic

               d
ifferen

tial p
air g

ain

5
.1

. D
iffe

re
n

tia
l p

a
ir w

ith
 a

 sim
p

le
 a

ctiv
e

 lo
a

d
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T
h
e
 gain

 can
 b

e
 co

n
sid

erab
ly

 in
creased

 if an
 activ

e
 lo

ad
 is

 u
sed

in
stead

 o
f a p

assiv
e o

n
e, i.e., a cu

rren
t so

u
rce setu

p
 w

ith
 o

u
tp

u
t

resistan
ce R

o  , w
h
ich

, as seen
 b

efo
re, can

 b
e sev

eral tim
es larger

th
an

 r
o  (fig. 3

7
).

T
h
e an

aly
sis lead

s to
 a gain

 v
alu

e o
f:

T
h
u

s, fo
r exam

p
le, if R

o  =
 4

 r
o , w

e get:

     fig
. 3

7
 –

 S
m

all sig
n

al eq
u

iv
alen

t circu
it

                fo
r th

e d
ifferen

tial p
air w

ith

sin
g

le activ
e lo

ad
 

5
.2

. D
iffe

re
n

tia
l p

a
ir w

ith
 cu

rre
n

t m
irro

r a
ctiv

e
 lo

a
d

A
 larger v

alu
e fo

r th
e gain

 can
 b

e o
b
tain

ed
 if a cu

rren
t m

irro
r is

u
sed

 as lo
ad

, lik
e fig. 3

8
 sh

o
w

s.

T
h
e m

irro
r effect lead

s to
:

an
d

 if r
o

2  =
 r

o
4  =

 r
o  co

m
es:    

    w
h
ich

 is larger th
an

w
h
at can

 b
e fo

u
n
d
 w

ith
 a sim

p
le activ

e lo
ad

.

T
h
is

 v
alu

e
 can

 b
e
 fu

rth
er im

p
ro

v
ed

 u
sin

g
 a

 m
irro

r w
ith

 h
igh

er

o
u
tp

u
t resistan

ce (fig. 3
9
).

     fig
. 3

8
 –

 S
m

all sig
n

al eq
u

iv
alen

t circu
it
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fo
r

                 th
e d

ifferen
tial p

air w
ith

 cu
rren

t

m
irro

r activ
e lo

ad
       

fig
. 3

9
 - D

ifferen
tial p

air w
ith

 cu
rren

t m
irro

r activ
e lo

ad
; (a) sy

m
m

etric W
id

lar's m
irro

r;

(b
) b

ase cu
rren

t co
m

p
en

satio
n

 cu
rren

t m
irro

r                                             

E
ith

er u
sin

g th
e W

id
lar’s sy

m
m

etric m
irro

r (fig. 3
9

 (a)), o
r th

e b
ase cu

rren
t co

m
p

en
satio

n
 m

irro
r (fig. 3

9

(b
)), w

e get:

b
ein

g r
o

2  =
 r

o
4  =

 r
o , b

ecau
se R

o
4  >

 r
o  , th

en
:       

F
o
r exam

p
le, if R

o
4  =

 4
 r

o  , th
en

:    

H
en

ce, w
e m

ay
 co

n
clu

d
e th

at th
e o

p
en

 circu
it m

axim
u
m

 gain
 (it lo

w
ers w

ith
 th

e lo
ad

), is in
 th

e o
rd

er o
f

g
m

 r
o  / 2

 (it m
igh

t o
n
ly

 b
e sligh

tly
 larger). S

in
ce

th
en

, fo
r exam

p
le, if w

e co
n
sid

er V
A

 =
 1

0
0
 V

, co
m

es:       
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A
lth

o
u
gh

 it m
igh

t b
e raised

 b
y

 a sm
all am

o
u

n
t, th

is v
alu

e is w
ell b

ello
w

 th
e u

su
al ten

s o
r h

u
n
d
red

s o
f

th
o
u

san
d
s gain

 v
alu

es ch
aracteristics o

f O
p

A
m

p
s.

E
v
en

 in
d
ep

en
d
en

tly
 o

f o
th

er co
n
sid

eratio
n
s, su

ch
 as th

e o
n
es relativ

e to
 th

e o
u
tp

u
t resistan

ce, it is clear

th
at a d

ifferen
tial p

air is in
su

fficien
t to

 realiz
e an

 am
p

lifier w
ith

 O
p

A
m

p
 lik

e ch
aracteristics. A

 seco
n
d

stage (at least) is n
eed

ed
 to

 attain
 th

e d
esired

 gain
 lev

el.

T
h
e
 seco

n
d

 stage
 n

eed
s
 to

 h
av

e
 a

 reaso
n
ab

le
 large

 v
alu

e
 o

f gain
 (at least so

m
e
 ten

s) an
d

 a
 large

 in
p

u
t

resistan
ce to

 av
o
id

 gain
 d

egrad
atio

n
 o

f th
e first stage am

p
lifier. A

 lo
w

 o
u
tp

u
t resistan

ce, as it is req
u
ired

b
y

 an
 O

p
A

m
p

 stru
ctu

re, is
 also

 d
esirab

le. N
o
te

 h
o
w

ev
er th

at th
is

 stage
 d

o
es

 n
o
t n

eed
 to

 h
av

e
 a

d
ifferen

tial in
p

u
t.

5
.3

. O
n

e
 C

M
O

S
 d

iffe
re

n
tia

l p
a

ir w
ith

 a
ctiv

e
 lo

a
d

F
ig. 4

0
 sh

o
w

s
 an

 exam
p

le
 o

f a
 C

M
O

S
 d

ifferen
tial p

air w
ith

activ
e lo

ad
.

T
h
e
 o

u
tp

u
t d

c
 v

o
ltage

 is, n
o
rm

ally
, estab

lish
ed

 b
y

 th
e
 n

ext

stage as can
 b

e seen
 in

 th
e O

p
A

m
p

 in
tern

al circu
its.

T
h
e

 circu
it

 is
 an

alo
go

u
s

 to
 th

e
 b

ip
o
lar

 v
ersio

n
. T

h
u
s, th

e

cu
rren

t sign
al is:        w

h
ere        

T
h
e o

u
tp

u
t v

o
ltage is:              

W
ith

            
             fig

. 4
0

 - C
M

O
S

 d
ifferen

tial p
air w

ith

activ
e lo

ad
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th
e v

o
ltage gain

 co
m

es:             

T
o

 get h
igh

 gain
s, o

n
e
 d

ifferen
tial casco

d
e
 an

d
 o

n
e
 casco

d
e
 cu

rren
t m

irro
r can

 b
e
 u

sed
. H

o
w

ev
er, th

is

lo
w

ers th
e o

u
tp

u
t sign

al excu
rsio

n
 p

o
ssib

le.

 T
h
e
 u

se
 o

f F
E

T
s
 is

 sp
ecially

 in
terestin

g
 b

ecau
se

 o
f th

e
 v

ery
 h

igh
 in

p
u
t resistan

ces
 th

at is
 allo

w
ed

 to

get. T
h
e o

ffset v
o
ltage is in

 th
e sam

e o
rd

er (so
m

e m
iliv

o
lts) o

f th
e b

ip
o
lar d

ifferen
tial p

airs b
u
t, th

e b
ias

cu
rren

ts at th
e in

p
u
t are m

u
ch

 sm
aller th

an
 w

h
at is p

o
ssib

le to
 m

ak
e w

ith
 b

ip
o
lar tran

sisto
rs.

T
h
e
 m

ajo
r F

E
T

s
 in

co
n
v
en

ien
ce

 is
 th

e
 lo

w
 tran

sco
n

d
u
ctan

ce
 an

d
, co

n
seq

u
en

tly
, th

e
 lo

w
er larger gain

p
o
ssib

le.

N
o
w

ad
ay

s, in
tegrated

 O
p

A
m

p
s are fab

ricated
 u

sin
g C

M
O

S
 tech

n
o
lo

gy
. T

h
e gen

eral ch
aracteristics are

go
o
d

 an
d
 v

ery
 lo

w
 p

o
w

er v
o
ltages (1

 V
!) can

 b
e u

sed
 w

ith
 v

ery
 lo

w
 p

o
w

er co
n
su

m
p

tio
n
.
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. H

ig
h

 v
o

lta
g

e
 g

a
in

 a
n

d
 in

p
u

t re
sista

n
ce

 sta
g

e
s

6
.1

. T
h

e
 D

a
rlin

g
to

n
 p

a
ir –

 C
C

-C
C

 co
n

fig
u

ra
tio

n
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L
et’s co

n
sid

er th
e circu

it o
f fig. 4

1
, w

h
ere th

e b
iasin

g co
m

p
o

n
en

ts

are o
m

itted
.

If w
e su

p
p

o
se th

at T
1  º

 T
2  an

d
 th

at th
ey

 are eq
u
ally

 b
iased

, let’s

co
m

p
u
te th

e v
o
ltage gain

 an
d
 in

p
u
t resistan

ce:

             fig
. 4

1
 - S

im
p

lified
 sch

em
atic o

f

                          th
e D

arlin
g

to
n

 p
air      

th
at lead

s to
                           

If b
 »

 2
, w

e h
av

e:               

an
d
 if g

m
 R

E
 >

>
 1

, w
e m

ay
 w

rite th
e ap

p
ro

xim
ate v

alu
e o

f A
v :           

w
h
ich

 is th
e sam

e exp
ressio

n
 w

e get fo
r th

e sin
gle tran

sisto
r em

itter fo
llo

w
er.

B
u
t th

e in
p

u
t resistan

ce, if b
 >

>
 1

 an
d

 R
E
 >

>
 1

1
/g

m
 is:     

     m
u
ch

 larger th
an

 th
e v

alu
e b

R
E
, th

at is th
e ap

p
ro

xim
ate v

alu
e w

e get fo
r a sin

gle tran
sisto

r.

In
 th

e sam
e w

ay
, th

e sh
o
rt-circu

it cu
rren

t gain
 is (b

 +
1
) 2 m

u
ch

 larger th
an

 (b
 +

1
) th

at th
e sin

gle stage
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h
as.

F
in

ally
, th

e o
u
tp

u
t resistan

ce is th
e sam

e in
 b

o
th

 cases (1
/g

m
), if th

e first b
ase is co

n
n
ected

 to
 gro

u
n

d
.

P
ro

b
ab

ly
, th

e
 m

o
st in

terestin
g

 resu
lt is

 th
at th

e
 tw

o
 tran

sisto
r m

o
n
tage

 can
 b

e
 seen

 as
 o

n
e

 o
n
ly

tran
sisto

r w
h
ere

 th
e
 th

ree
 term

in
als

 (B
, C

, E
) are

 resp
ectiv

ely
, th

e
 first b

ase, b
o
th

 co
llecto

rs
 an

d
 th

e

seco
n
d

 em
itter an

d
 d

isp
lay

s
 a

 large
 cu

rren
t gain

, ty
p

ically
 b

 2. H
o
w

ev
er, th

is
 is

 n
o
t co

m
p

letely
 tru

e

b
ecau

se
 in

 gen
eral th

e
 tw

o
 tran

sisto
rs

 are
 v

ery
 d

ifferen
t b

ein
g
 co

m
m

o
n

 th
at th

e
 first is

 a
 h

igh
 b

 sm
all

sign
al tran

sisto
r w

h
ile th

e seco
n
d
 is a lo

w
 b

 p
o
w

er tran
sisto

r.

6
.2

. C
o

m
m

o
n

 E
m

itte
r D

a
rlin

g
to

n
 co

n
fig

u
ra

tio
n

In
 sp

ite o
f w

h
at h

as ju
st b

een
 said

, w
e w

ill ad
m

it, fo
r th

e sak
e

o
f

 
sim

p
licity

,
 

th
at

 
b
o
th

 
tran

sisto
rs

 
h
av

e
 

th
e

 
sam

e

ch
aracteristics

 an
d

 b
iasin

g
 p

o
in

t. T
h
en

, let’s
 co

n
sid

er
 th

e

sch
em

atic o
f fig. 4

2
.

In
p

u
t resistan

ce:   

V
o
ltage gain

:

                    
       fig

. 4
2

 - S
m

all sig
n

al eq
u

iv
alen

t circu
it o

f

C
E

                     D
arlin

g
to

n
 co

n
fig

u
ratio

n
      

an
d
        

W
e m

ay
 co

n
clu

d
e th

at th
is circu

it h
as ap

p
ro

xim
ately

 th
e sam

e v
o
ltage gain

 as a sim
p

le C
E

, b
u
t a m

u
ch
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larger in
p

u
t resistan

ce (b
 tim

es larger).

H
o
w

ev
er, as th

e in
tern

al o
u
p

u
t resistan

ce is h
alv

ed
 (r

o  / 2
), th

e m
axim

u
m

 p
o
ssib

le gain
 is sm

aller th
an

w
h
at w

e can
 get w

ith
 o

n
e o

n
ly

 tran
sisto

r.

T
h
erefo

re, th
is

 circu
it

 h
as

 th
e

 req
u
ired

 ch
aracteristics

 fo
r
 th

e
 in

term
ed

iate
 stage

 o
f
 an

 O
p

A
m

p
.

H
o
w

ev
er, th

e h
igh

 freq
u
en

cy
 resp

o
n
se is d

eficien
t. In

 fact, C
m

 o
f T

1  is su
b
ject to

 a v
ery

 stro
n
g M

iller

effect.

6
.3

. C
C

-C
E

 co
n

fig
u

ra
tio

n

F
ig. 4

3
 rep

resen
ts

 th
e
 C

C
-C

E
 circu

it an
d

 its
 sm

all sign
al eq

u
iv

alen
t. T

h
is

 is
 v

ery
 sim

ilar to
 th

e
 circu

it

w
e ju

st an
aly

sed
 (th

e D
arlin

gto
n
 m

o
n
tage) excep

t fo
r th

e fact th
at th

e tw
o
 co

llecto
rs are n

o
t co

n
n
ected

.

fig
. 4

3
 - C

C
-E

C
 co

n
fig

u
ratio

n
; (a) sim

p
lified

 sch
em

atic; (b
) sm

all sig
n

al eq
u

iv
alen

t circu
it

A
gain

, fo
r th

e sak
e o

f sim
p

licity
, w

e w
ill ad

m
it th

at T
1  an

d
 T

2  are eq
u
al an

d
 eq

u
ally

 b
iased

.
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In
p

u
t resistan

ce:         

V
o
ltage gain

:

                                  

an
d
                             

T
h
is circu

it p
resen

ts th
e
 sam

e
 gain

 an
d

 in
p

u
t resistan

ce
 as th

e
 C

E
 D

arlin
gto

n
 tran

sisto
r. H

o
w

ev
er th

e

m
axim

u
m

 v
o
ltage gain

 is tw
ice as large, sin

ce th
e o

u
tp

u
t resistan

ce (r
o ) is d

o
u
b
led

.

T
h
o

u
gh

, th
e
 m

o
st sign

ifican
t ch

an
ge

 co
n
cern

s
 th

e
 b

an
d
w

id
th

. A
s
 th

e
 first stage

 (C
E

) h
as

 a
 go

o
d

 h
igh

freq
u

en
cy

 resp
o
n
se, as

 w
e
 h

av
e
 seen

 b
efo

re, an
d

 th
e
 M

iller effect u
p

o
n

 C
m

 o
f th

e
 seco

n
d

 tran
sisto

r

d
o
es

 n
o
t lim

it m
u
ch

 sin
ce

 it is
 ch

arged
 b

y
 th

e
 lo

w
 o

u
tp

u
t resistan

ce
 o

f th
e

 em
itter fo

llo
w

er th
e

freq
u

en
cy

 b
eh

av
io

u
r o

f th
e circu

it is q
u
ite go

o
d
.

T
h
is is w

h
y

 th
is m

o
n
tage is q

u
ite co

m
m

o
n
 in

 th
e in

term
ed

iate stage o
f gen

eral p
u
rp

o
se O

p
A

m
p

s.

W
e h

av
e b

een
 referrin

g to
 th

e co
m

m
o
n

 co
n
figu

ratio
n
s o

f gen
eral p

u
rp

o
se O

p
A

m
p

s. In
 gen

eral th
ey

 still

h
av

e a last stage th
at sh

o
u
ld

 satisfy
 tw

o
 req

u
irem

en
ts: to

 h
av

e a h
igh

 in
p

u
t resistan

ce n
o
t to

 d
egrad

e th
e

v
o
ltage gain

 o
f p

rev
io

u
s stages an

d
 h

av
e a lo

w
 o

u
tp

u
t resistan

ce to
 b

e ab
le to

 d
riv

e th
e o

u
tp

u
t lo

ad
. T

h
e

v
o
ltage

 gain
 d

o
es

 n
o
t n

eed
 to

 b
e
 h

igh
, sin

ce
 th

e
 tw

o
 p

rev
io

u
s
 stages

 are
 ab

le
 to

 p
ro

v
id

e
 it. T

h
erefo

re,

th
ese are th

e ch
aracteristics w

e exp
ect to

 fin
d

 in
 an

 em
itter fo

llo
w

er circu
it.
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T
h
e b

asic em
itter fo

llo
w

er p
resen

ts th
e ch

aracteristics w
e h

av
e p

rev
io

u
sly

 referred
 to

 as b
ein

g d
esirab

le

fo
r an

 o
u
tp

u
t stage

 b
u

t h
as

 a
 serio

u
s
 d

raw
b

ack
: it h

as
 a

 v
ery

 lo
w

 efficien
cy

 w
h
ich

 is
 im

p
o
rtan

t w
h
en

w
e are d

ealin
g w

ith
 p

o
w

er stages.

In
 fact, th

e
 activ

e
 d

ev
ices

 in
 th

is
 circu

it, as
 in

 all th
e
 o

th
ers

 th
at w

e
 h

av
e
 stu

d
ied

 so
 far, are

 alw
ay

s

activ
e
 fo

r th
e
 w

h
o
le

 excu
rsio

n
 o

f th
e
 in

p
u
t sign

al (th
e
 w

h
o
le

 p
erio

d
, if th

e
 sign

al is
 p

erio
d
ic): th

is
 is

w
h
at w

e
 call th

e
 C

lass
 A

 b
eh

av
io

u
r (as

 o
p

p
o
sin

g
 o

th
er situ

atio
n
s
 in

 w
h
ich

 th
e
 d

ev
ices

 can
 b

e
 cu

t-o
ff

d
u
rin

g p
art o

f th
e p

erio
d
).

C
lass A

 h
as th

e ad
v
an

tage o
f p

resen
tin

g th
e sm

allest d
isto

rtio
n
 b

u
t its m

axim
u
m

 efficien
cy

 is o
n
ly

 2
5
%

,

as w
e w

ill see later o
n

, alth
o
u
gh

 in
 certain

 sp
ecial co

n
figu

ratio
n

s it can
 b

e im
p

ro
v

ed
 u

p
 to

 5
0
%

.

T
h
is

 lo
w

 efficien
cy

 is
 v

ery
 in

co
n
v

en
ien

t fo
r th

e
 o

u
tp

u
t stage

 in
 p

o
w

er am
p

s
 o

n
ce

 th
e
 m

ain
 p

o
w

er

d
issip

atio
n
 is p

recisely
 in

 th
e o

u
tp

u
t stage.

T
h
is

 is
 w

h
y

 th
e
 o

u
tp

u
t stages

 are
 n

o
rm

ally
 p

ro
jected

 to
 w

o
rk

 in
 C

lass
 B

 w
h
ere

 th
e
 tran

sisto
rs

 are

activ
e, fo

r a sin
u
so

id
al sign

al, d
u
rin

g h
alf p

erio
d
. T

h
is en

ab
les th

e efficien
cy

 to
 b

e in
creased

 to
 a v

alu
e

clo
se to

 7
8
.5

%
 (p

/ 4
 ´

 1
0
0
%

).

N
atu

rally
, a

 circu
it w

ith
 o

n
ly

 o
n
e
 tran

sisto
r w

o
rk

in
g
 in

 class
 B

 w
o
u
ld

 in
crease

 th
e
 d

isto
rtio

n
 in

 su
ch

w
ay

 th
at it w

o
u
ld

 b
e m

o
re o

r less u
seless. W

e w
ill see h

o
w

 to
 m

in
im

iz
e th

e d
isto

rtio
n
.

T
h
e tran

sisto
rs can

 still fu
n
ctio

n
 in

 o
th

er classes o
f w

h
ich

 w
e sh

all n
o
w

 refer tw
o
:

C
lass

 A
B

 is
 ch

aracterised
 b

y
 k

eep
in

g
 th

e
 d

ev
ices

 activ
e

 fo
r
 m

o
re

 th
an

 h
alf

 th
e

 p
erio

d
 (in

sin
u
so

id
al regim

e).

In
 C

lass
 C

 th
e
 d

ev
ices

 are
 activ

e
 fo

r less
 th

an
 h

alf th
e
 p

erio
d
. N

atu
rally

, d
isto

rtio
n

 is
 v

ery
 h

igh

b
u
t efficien

cy
 can

 reach
 m

o
re

 th
an

 9
0
%

. T
h

erefo
re, th

is
 is

 o
n
ly

 in
terestin

g
 w

h
en

 ap
p

lied
 in

n
arro

w
 b

an
d
 am

p
lifiers, th

at is
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U
sin

g
 a

 lo
ad

 im
p

ed
an

ce
 tu

n
ed

 fo
r

 cen
tral freq

u
en

cy
, it

 is
 p

o
ssib

le
 to

 red
u
ce

 d
isto

rtio
n

co
n
sid

erab
ly

. A
 ty

p
ical ap

p
licatio

n
 o

f
 th

is
 ty

p
e

 o
f
 tech

n
iq

u
e

 is
 in

 p
o
w

er
 rad

io
-freq

u
en

cy

am
p

lifiers.

7
.1

. V
o

lta
g

e
 fo

llo
w

e
r co

m
p

le
m

e
n

ta
ry

 p
a

ir

T
h
e

 ty
p

ical co
n
figu

ratio
n

 u
sed

 in
 O

p
A

m
p

 o
u
tp

u
t stages

 is
 a

v
o
ltage

 
fo

llo
w

er
 
p

air
 
th

at
 
u
ses

 
co

m
p

lem
en

tary
 
tran

sisto
rs,

sy
m

m
etrically

 co
n
n
ected

.

E
ach

 tran
sisto

r w
o
rk

s in
 class B

 b
u

t th
e w

ay
 th

ey
 are co

n
n
ected

assu
res th

at th
ere is a co

n
tin

u
o
u
s cu

rren
t flo

w
 in

 th
e lo

ad
.

A
lth

o
u
gh

 th
is

 co
n
figu

ratio
n

 m
ay

 ap
p

ear w
ith

 sligh
t d

ifferen
ces,

th
e sch

em
atic sh

o
w

n
 in

 fig.4
4
 is v

ery
 ty

p
ical.

T
o

 u
n
d
erstan

d
 h

o
w

 th
is

 circu
it w

o
rk

s, w
e

 w
ill start w

ith
 an

id
ealiz

ed
 v

ersio
n
 fo

r th
e co

m
p

o
n
en

ts.

       fig
. 4

4
 –

 T
y

p
ical sch

em
atic o

f th
e

v
o

ltag
e

                       fo
llo

w
er co

m
p

lem
en

tary

p
air      

7
.1

.1
. Id

e
a
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a

tio
n
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L
et’s co

n
sid

er th
e circu

it d
ep

icted
 in

 fig. 4
5

 w
h
ere T

1  an
d

 T
2  are

id
en

tical, excep
t fo

r th
e fact th

at o
n

e is n
p
n
 an

d
 th

e o
th

er p
n
p
.

W
e sh

all su
p

p
o
se th

at th
e co

n
tin

u
o

u
s v

alu
e V

I  o
f v

I  is su
ch

 th
at

V
O

 =
 0

 an
d

 th
at th

e
 tran

sfer ch
aracteristics

 o
f b

o
th

 tran
sisto

rs

are id
en

tical (see fig.4
6

).

W
h
en

 v
i  =

 0
 b

o
th

 tran
sisto

rs
 are

 cu
t-o

ff
 (ic1  =

 ic2  =
 0

)
 an

d

th
erefo

re iO
 =

 io =
 0

 an
d
 v

O
 =

 v
o  =

 0
.

       fig
. 4

5
 –

 Id
ealized

 sch
em

atic o
f th

e

v
o

ltag
e

                       fo
llo

w
er co

m
p

lem
en

tary

p
air      

S
in

ce
 iO

 =
 iC

1  –
 iC

2
 a

 cu
rren

t w
ill alw

ay
s
 flo

w
 in

 th
e
 lo

ad
.

P
ro

v
id

ed
 th

at n
o
n
e
 o

f th
e
 tran

sisto
rs

 go
es

 to
 satu

ratio
n
, th

e

o
u
tp

u
t w

ill b
e a rep

lica o
f th

e in
p

u
t.

B
earin

g
 

in
 

m
in

d
 

th
at 

 
 

 
an

d
 

,    b
o
th

 v
o
ltages

 w
ill h

av
e

 a
 sin

u
so

id
al

v
ariatio

n
 id

en
tical to

 v
O

 aro
u
n
d
 th

e m
ean

 v
alu

e V
C

C
.

F
ig. 4

7
 sh

o
w

s th
e relev

an
t v

o
ltage an

d
 cu

rren
t w

av
efo

rm
s.

                       fig
. 4

6
 –

 R
eal an

d
 id

eal

tran
sisto

r

                                       tran
sfer

ch
aracteristics 
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fig
. 4

7
 –

 V
o

ltag
e an

d
 cu

rren
t w

av
efo

rm
s o

f th
e v

o
ltag

e fo
llo

w
er co

m
p

lem
en

tary
 p

air

It is th
u
s clear th

at th
is sp

ecial co
n

figu
ratio

n
 w

ill allo
w

, in
 th

e id
eal case, th

at th
e circu

it b
eh

av
es lik

e a

v
o
ltage

 fo
llo

w
er, alth

o
u
gh

 each
 tran

sisto
r is

 in
 C

lass
 B

, b
ein

g
 cu

t-o
ff fo

r h
alf o

f th
e
 cy

cle. D
u
e
 to

 th
e
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altern
ate co

n
d
u
ctio

n
 o

f th
e tran

sisto
rs, th

is co
n
figu

ratio
n
 is also

 k
n
o
w

n
 as p

u
sh

-p
u
ll.

7
.1

.2
. C

ircu
it b

e
h

a
v

io
u

r w
ith

 re
a

l co
m

p
o

n
e

n
ts

F
o
r th

e real circu
it th

e situ
atio

n
 is d

ifferen
t: it is n

ecessary
 th

at v
B

E
 gets ab

o
v
e a certain

 v
alu

e V
g  (ab

o
u
t

0
.5

5
 V

 fo
r lo

w
 p

o
w

er S
i tran

sisto
rs) so

 th
at th

e co
llecto

r cu
rren

t b
eco

m
es sign

ifican
t.

W
e sh

all tak
e, to

 m
ak

e th
e an

aly
sis sim

p
ler, a p

iece-w
ise ap

p
ro

xim
atio

n
 to

 th
e ch

aracteristic, as sh
o
w

n

in
 fig. 4

8
.

U
n
d

er th
ese

 co
n
d
itio

n
s, th

e
 tran

sfer ch
aracteristic

 o
f th

e
 fo

llo
w

er p
air w

ill h
av

e
 a

 d
ead

 z
o
n
e
 as

 in
 fig.

4
9
.

fig
. 4

8
 –

 P
iece-w

ise ap
ro

x
im

atio
n

 to
 th

e tran
sfer

ch
aracteristic o

f a tran
sisto

r    

fig
. 4

9
 –

 T
ran

sfer ch
aracteristic o

f th
e v

o
ltag

e

fo
llo

w
er co

m
p

lem
en

tary
 p

air

A
s

 a
 co

n
seq

u
en

ce, u
n

d
er a

 sin
u
so

id
al regim

e, th
e

 o
u
tp

u
t w

ill n
o
t b

e
 a

 sin
e

 w
av

e, h
av

in
g

 a
 stro

n
g

d
isto

rtio
n
 aro

u
n
d
 z

ero
, k

n
o
w

n
 as th

e cro
sso

v
er d

isto
rtio

n
 (fig. 5

0
).
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fig
. 5

0
 - C

ro
sso

v
er d

isto
rtio

n
 in

 th
e v

o
ltag

e fo
llo

w
er co

m
p

lem
en

tary
 p

air

In
 o

rd
er to

 red
u
ce it, b

o
th

 tran
sisto

rs sh
o
u
ld

 b
e at cu

t-in
 fo

r a z
ero

 v
o
ltage in

p
u
t. T

o
 b

e p
recise, in

 th
is

situ
atio

n
 th

e
 tran

sisto
rs

 are
 in

 C
lass

 A
B

 b
u
t so

 clo
se

 to
 class

 B
 th

at th
e
 efficien

cy
 is

 o
n
ly

 sligh
tly

sm
aller th

an
 in

 class B
.

7
.1

.3
. C

o
m

p
e

n
sa

tin
g

 th
e

 cro
sso

v
e

r d
isto

rtio
n
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T
h
ere

 is
 a

 n
u
m

b
er o

f p
o
ssib

le
 so

lu
tio

n
s
 to

 b
ias

 th
e
 fo

llo
w

er

p
air at cu

t-in
. O

n
e
 o

f th
e
 m

o
re

 p
o

p
u
lar an

d
 v

ersatile
 o

n
es

 is

th
e so

 called
 V

B
E
 m

u
ltip

lier (fig. 5
1
).

If th
e
 b

ase
 cu

rren
t o

f T
3
 is

 m
u
ch

 sm
aller th

an
 th

e
 cu

rren
t in

R
1  an

d
 R

2 ,

T
h
ro

u
gh

 th
e
 ch

o
ice

 o
f R

1
 an

d
 R

2
 w

e
 can

 o
b
tain

 th
e
 d

esired

v
alu

e fo
r V

.

     fig
. 5

1
 - V

B
E

 m
u

ltip
lier

E
x
e

rcise
 7

: E
v

a
lu

a
te th

e v
a

lu
es o

f V
B

E
 a

n
d

 IC
  fo

r tra
n
sisto

rs T
1  a

n
d

 T
2  in

 th
e circu

it o
f

fig
. 5

1
, if yo

u
 h

a
v

e
 I =

 2
0
0

 m
A

, b
 =

 2
0
0
, Is3  =

 1
0
 –

1
4 A

, Is1  =
 Is2  =

 3´
 1

0
 –

1
4 A

, a
n
d

R
1  =

 R
2  =

 7
.5

 kW
.

A
n

sw
e

r

S
o
lu

tio
n
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A
 d

ifferen
t v

ersio
n

 o
f th

e
 V

B
E

 m
u

ltip
lier, freq

u
en

t in
 IC

 O
p

A
m

p

circu
its (n

am
ely

 in
 th

e v
ery

 co
m

m
o

n
 7

4
1
) is d

ep
icted

 in
 fig. 5

2
.

     fig
. 5

2
 - A

n
o

th
er V

B
E

 m
u

ltip
lier

7
.1

.4
. U

n
d

e
rsta

n
d

in
g

 th
e

 V
B
E

 m
u

ltip
lie

r

W
e h

av
e seen

 th
at th

e ro
le o

f th
e V

B
E

 am
p

lifier is to
 su

p
ly

 th
e b

iaisin
g v

o
ltage to

 th
e o

u
tp

u
t tran

sisto
r

p
air, i.e. th

e ro
le o

f a co
n
stan

t v
o
ltage so

u
rce. T

h
is ro

le is b
etter p

lay
ed

 if th
e resistan

ce seen
 b

etw
een

th
e m

u
ltip

lier term
in

als is v
ery

 sm
all. T

h
is m

ean
s th

at, fro
m

 a sign
al p

o
in

t o
f v

iew
, th

e tw
o

 b
ases are

sh
o
rt-circu

ited
.

L
et’s n

o
w

 co
m

p
u
te its v

alu
e fo

r th
e circu

it o
f fig. 5

1
. T

h
e eq

u
iv

alen
t circu

it to
 co

m
p

u
te th

e resistan
ce

v
alu

e is giv
en

 in
 fig. 5

3
.
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 D
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fig
. 5

3
 - E

v
alu

atio
n

 o
f th

e V
B

E
 m

u
ltip

lier o
u

tp
u

t resistan
ce

T
h
e v

alu
e o

f th
e resistan

ce is

an
d

 its ev
alu

atio
n

 is left as an
 exercise. W

ith
 th

e v
alu

es giv
en

 fo
r E

xercise 7
 th

e resu
lt is R

o
 @

 4
3
2

 W
.

T
h
is is a sm

all v
alu

e w
h
en

 co
m

p
ared

 w
ith

 r
p

 fo
r tran

sisto
rs T

1  an
d
 T

2 .

E
x
e

rcise
 8

: C
o
m

p
u
te

 th
e
 v

a
lu

e
 o

f th
e
 resista

n
ce

 seen
 b

etw
een

 th
e
 term

in
a
ls

 o
f th

e
 V

B
E

m
u
ltip

lier fro
m

 fig
. 5

2
, if b

 =
 2

0
0
, IC

4  =
 1

6
 m

A
, IC

3  =
 1

6
0

 m
A

 a
n
d

 R
 =

 4
0

 kW
 , u

sin
g

th
e sim

p
lified

 p
  m

o
d
el fo

r th
e tra

n
sisto

rs.

A
n

sw
e

r

S
o
lu

tio
n

S
o
, it is an

 accep
tab

le ap
p

ro
xim

atio
n

 to
 co

n
sid

er th
e V

B
E

 m
u
ltip

lier as an
 id

eal co
n
stan

t v
o
ltage so

u
rce

an
d

 th
e v

o
ltage fo

llo
w

er p
air b

eh
av

es lik
e a sim

p
le em

itter fo
llo

w
er an

d
 so

 its v
o
ltage gain

 A
v  @

 1
 an

d

R
i  =

 r
p

 +
 (b

 +
 1

) R
L
.

In
 fact, th

e
 situ

atio
n

 d
ep

arts
 fro

m
 th

is
 id

eal resu
lt m

ain
ly

 b
ecau

se
 th

e
 o

u
tp

u
t stage

 h
as

 freq
u
en

tly
 to

h
an

d
le

 large
 sign

als
 w

h
ich

 m
ean

s
 th

at b
o
th

 th
e
 v

o
ltage

 gain
 an

d
 th

e
 in

p
u
t resistan

ce
 v

ary
 sign

ifican
tly

alo
n

g th
e sign

al sw
in

g, b
ecau

se b
o
th

 r
p

 an
d
 b

 are a fu
n
ctio

n
 o

f th
e co

llecto
r cu

rren
t.
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H
o
w

ev
er, as th

e in
p

u
t resistan

ce v
ariatio

n
 affects th

e v
o
ltage gain

 o
f th

e p
reced

in
g stage in

 th
e in

v
erse

sen
se, th

e ch
an

ge o
f r

p

 is fairly
 co

m
p

en
sated

; th
ere rem

ain
s th

e v
ariatio

n
 o

f b
 b

u
t th

is is n
o
rm

ally
 m

u
ch

less sign
ifican

t.

C
ascad

in
g th

e th
ree stages th

at w
e h

av
e an

aly
sed

 (th
e d

ifferen
tial p

air, th
e h

igh
 v

o
ltage gain

 stage –
 e.g.

C
C

-C
E

 –
 an

d
 th

e
 v

o
ltage

 co
m

p
lem

en
tary

 p
air, w

e
 o

b
tain

 a
 co

m
p

lete
 am

p
lifier th

at h
as

 th
e
 n

ecessary

ch
aracteristics to

 b
u
ild

 an
 O

p
A

m
p

 (fig. 5
4
).

fig
. 5

4
 - B

lo
ck

 d
iag

ram
 o

f an
 am

p
lifier o

f th
e O

p
A

m
p

 ty
p

e

H
o
w

ev
er, o

n
e o

f th
e ch

aracteristics th
at w

e h
av

e o
n

ly
 scratch

ed
 is th

e in
p

u
t resistan

ce th
at sh

o
u
ld

 b
e

h
igh

 fo
r each

 stage th
at w

e an
aly

sed
. In

 th
e fo

llo
w

in
g ch

ap
ter w

e w
ill go

 fu
rth

er in
 th

is resp
ect.

 

8
. G

e
ttin

g
 a

 h
ig

h
 in

p
u

t im
p

e
d

a
n

ce

L
et u

s start b
y

 rev
iew

in
g so

m
e b

asic tran
sisto

r co
n
figu

ratio
n
s th

at can
 lead

 to
 h

igh
 in

p
u
t im

p
ed

an
ce.

T
h
e

 B
JT

 C
E

 as
 w

ell as
 th

e
 F

E
T

 C
G

 co
n
figu

ratio
n

s
 are

 to
 b

e
 exclu

d
ed

, d
u
e

 to
 th

e
 fact th

at R
i  is

in
ev

itab
ly

 lo
w

 (@
 1

/g
m

).

In
 th

e rem
ain

in
g co

n
figu

ratio
n
s, w

h
en

 th
ere is th

e gate o
f an

 F
E

T
 as in

p
u
t term

in
al, R

i  is v
ery

 h
igh

 b
u
t,

d
u
e to

 a sm
aller g

m
, th

e F
E

T
s, in

 gen
eral, d

isp
lay

 a sm
aller gain

.

T
h
e C

C
 co

n
figu

ratio
n

 p
resen

ts a h
igh

 in
p

u
t resistan

ce b
u
t a u

n
it v

o
ltage gain

. T
h
erefo

re, w
h
en

ev
er w

e

n
eed

 a h
igh

er v
o
ltage gain

 it is freq
u

en
tly

 asso
ciated

 to
 a C

E
.
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T
h
e C

E
 co

n
figu

ratio
n

 w
ith

 an
 em

itter resisto
r h

as also
 a h

igh
er R

i  an
d

 a m
o
d
erate v

o
ltage gain

 an
d

 it is

so
m

etim
es

 a
 u

sefu
l m

o
n
tage

 w
h
en

 th
e

 circu
it

 req
u
irem

en
ts

 are
 n

o
t
 v

ery
 d

em
an

d
in

g. A
m

o
n
g

 th
e

co
n
figu

ratio
n
s

 w
e

 h
av

e
 b

een
 seein

g
 to

 b
eh

av
e

 as
 in

p
u
t

 stages
 w

ith
 m

o
d
erate

 gain
, in

 th
e

 C
E

co
n
figu

ratio
n
, R

i  eq
u
als

 r
p

. H
av

in
g
 a

 d
ifferen

tial p
air in

creases
 it to

 2
 rp

 an
d

 ev
en

 w
ith

 a
 d

ifferen
tial

casco
d
e it is at m

o
st 4

 rp
 . Is th

is en
o
u
gh

?

8
.1

. T
h

e
 C

E
 in

p
u

t re
sista

n
ce

T
h
e v

alu
e o

f r
p

 is

w
h
ich

 m
ean

s
 th

at its
 v

alu
e
 d

ep
en

d
s
 u

p
o
n

 th
e
 co

llecto
r cu

rren
t. If w

e
 k

eep
 IC

 lo
w

 en
o
u
gh

, r
p

 can
 b

e

fairly
 h

igh
.

L
et’s tak

e as an
 exam

p
le b

 =
 2

0
0
 an

d
 IC

 =
 1

0
 m

A
, an

d
 w

e w
ill h

av
e:

If w
e h

av
e a d

ifferen
tial p

air in
 w

h
ich

 b
o
th

 tran
sisto

rs h
av

e th
e ab

o
v
e static v

alu
es, R

id  =
 1

 M
W

.

W
e
 sh

o
u
ld

 b
ear in

 m
in

d
 th

at w
e
 h

av
e
 alw

ay
s
 ign

o
red

 rm
. T

h
at can

 b
e
 d

o
n
e
 if R

L
 is

 n
o
t v

ery
 large.

H
o
w

ev
er, if w

e
 w

an
t to

 h
av

e
 v

ery
 h

igh
 v

o
ltage

 gain
, R

L
 m

ay
 b

e
 v

ery
 large

 an
d

 rm
 m

ay
 h

av
e
 to

 b
e

co
n
sid

ered
. T

ak
e th

e exam
p

le o
f fig. 5

5
 to

 ev
alu

ate R
i .
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fig
. 5

5
 - E

v
alu

atio
n

 o
f th

e co
m

m
o

n
 em

itter in
p

u
t resistan

ce

T
h
e v

alu
e w

e get is                  

w
h
ich

 is left to
 b

e o
b
tain

ed
 as an

 exercise. In
 an

y
 case              

b
ecau

se g
m

 R
’L

 is h
igh

. In
d
eed

, if fo
r in

stan
ce IC

 =
 1

0
 m

A
, V

A
 =

 1
0

0
 V

, b
 =

 2
0
0

 an
d

 R
L

 is h
igh

, clo
se

to
 r

o , g
m

 R
’L

 =
 2

0
0
0
.

T
h
en

                  

It can
 b

e sh
o
w

n
 th

at r
m

 ³
 b

 r
o  an

d
 fo

r m
o
d
ern

 IC
 B

JT
s, r

m

 @
 1

0
 b

 ro .

T
ak

in
g again

, fo
r sim

p
licity

, R
L
 =

 r
o , w

e get:

         an
d
 so

,               
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H
o
w

ev
er, fo

r th
e m

in
im

u
m

 v
alu

e o
f r

m

, i.e., r
m

 =
 b

 ro , w
e get:

         an
d
               

W
e m

ay
 co

n
clu

d
e th

at w
h
en

 w
e h

av
e a v

ery
 h

igh
 gain

, th
e M

iller effect o
v
er r

m

 m
ay

 red
u

ce th
e in

p
u
t

resistan
ce b

y
 an

 ap
p

reciab
le am

o
u
n

t.

It sh
o
u
ld

 b
e
 stressed

, h
o
w

ev
er, th

at th
is

 effect is
 n

o
t p

resen
t in

 o
th

er co
n
figu

ratio
n
s, n

am
ely

 in
 th

e

casco
d
e.

8
.2

. D
e

cre
a

sin
g

 th
e

 in
p

u
t re

sista
n

ce
 o

f th
e

 e
m

itte
r fo

llo
w

e
r d

u
e

 to
 th

e
 b

a
se

 b
ia

sin
g

       re
sisto

rs

T
h
e

 to
p

ic
 th

at
 w

e
 w

ill n
o
w

 d
iscu

ss
 is

 n
o
t
 m

u
ch

 relev
an

t
 in

in
tegrated

 O
p

A
m

p
s, w

h
ere

 th
e

 b
iasin

g
 sch

em
e

 is
 n

o
rm

ally

o
b
tain

ed
 w

ith
 cu

rren
t so

u
rces

 an
d

 cu
rren

t m
irro

rs. In
 d

iscrete

circu
its, h

o
w

ev
er, circu

its
 are

 co
m

m
o
n
ly

 b
iased

 th
ro

u
gh

 v
o
ltage

d
iv

id
ers.

L
et’s co

n
sid

er th
e circu

it in
 fig. 5

6
, w

h
ere T

 is a sim
p

le tran
sisto

r

b
u
t w

h
ich

, in
 o

th
er circu

its, m
igh

t b
e a D

arlin
gto

n
 co

n
figu

ratio
n
.

     fig
. 5

6
 - F

o
llo

w
er em

itter in
p

u
t resistan

ce

T
h
e tran

sisto
r in

p
u
t resistan

ce, R
iT

 , is        

an
d

 m
ay

 b
e

 v
ery

 h
igh

. F
o
r
 in

stan
ce, if

 b
 =

 1
0
0

, IC
 =

 1
 m

A
 an

d
 R

E
 =

 1
0

 kW
, w

e
 w

ill h
av

e:    
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H
o
w

ev
er, th

e “
real” in

p
u
t resistan

ce fo
r th

e circu
it is:       

w
h
ich

 m
ean

s th
at to

 h
av

e R
i  @

 R
iT

 , w
e h

av
e to

 ch
o

o
se R

B
 >

>
 R

iT
 . If, fo

r in
stan

ce, R
B
 =

 1
0
 M

W
, R

1

an
d
 R

2  h
ad

 to
 b

e extrem
ely

 large an
d

 th
e T

h
év

en
in

 v
o

ltage

w
o
u

ld
 h

av
e q

u
ite an

 u
n
u
su

al v
alu

e!

L
et’s

 n
o
w

 co
n
sid

er th
e
 circu

it o
f fig. 5

7
(a) as

 w
ell as, in

 fig. 5
7
(b

), its
 sm

all sign
al eq

u
iv

alen
t, w

h
ere

R
B
 =

 R
1  // R

2 .

fig
. 5

7
 - F

o
llo

w
er em

itter w
ith

 b
o

o
tstrap

 efect; (a) sim
p

lified
 sch

em
atic;

(b
) sm

all sig
n

al eq
u

iv
alen

t                                                  
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A
p

p
ly

in
g

 th
e

 M
iller’s

 th
eo

rem
 to

 R
3

 w
e

get th
e
 resu

lt d
ep

icted
 in

 fig. 5
8
, w

h
ere

 A
v

is
 th

e
 v

o
ltage

 gain
, sligh

tly
 sm

aller
 th

an

o
n
e, i.e., 

.

T
h
erefo

re 
 

 
 

w
ill

 
b
e

v
ery

 h
igh

 an
d
 R

i  @
 R

iT
.

    fig
. 5

8
 - A

p
p

ly
in

g
 th

e M
iller’s th

eo
rem

 to
 th

e fig
. 5

7
 (b

) sch
em

atic

T
h
is effect, w

h
en

 A
v  ®

 +
1
, is k

n
o
w

n
 as b

o
o

tstra
p
.

It sh
o
u
ld

 also
 b

e n
o
ted

 th
at th

e v
alu

e o
f th

e gain
 an

d
 th

e in
p

u
t resisto

r sh
o
u
ld

 tak
e in

to
 acco

u
n
t th

at th
e

effectiv
e em

itter lo
ad

 is n
o
t o

n
ly

 R
E
, b

u
t also

 R
B

 an
d

 
. T

h
is last v

alu
e is also

v
ery

 h
igh

 an
d
 ... n

egativ
e!

L
et’s

 n
o
w

 recall th
at w

h
en

 w
e
 h

av
e
 th

e
 p

arallel o
f R

, a
 fin

ite
 an

d
 p

o
sitiv

e
 resistan

ce, w
ith

 R
’, w

h
ich

m
ay

 v
ary

 fro
m

 ‑¥
 to

 +
¥

, its v
alu

e v
aries acco

rd
in

g to
 fig. 5

9
.
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fig
. 5

9
 - V

ariatio
n

 o
f th

e p
arallel o

f a p
o

sitiv
e an

d
 fin

ite resistan
ce w

ith
 an

 arb
itrary

 o
n

e

S
o
, as

 R
E
 // R

B
 h

as
 n

o
rm

ally
 a

 m
o
d

erate
 v

alu
e, its

 p
arallel w

ith
 a

 v
ery

 h
igh

 n
egativ

e
 resistan

ce
 is

 o
n
ly

sligh
tly

 larger th
an

 R
E

 // R
B
 .

W
e
 sh

o
u
ld

 also
 n

o
te

 th
at p

o
sitiv

e
 an

d
 n

egativ
e
 resistan

ce
 is

 q
u
ite

 n
o
rm

al if w
e
 are

 talk
in

g
 o

f d
y

n
am

ic

v
alu

es
 o

r im
p

ed
an

ce
 in

stead
 o

f resistan
ce. A

n
 in

fin
ite

 im
p

ed
an

ce
 is

 o
b
tain

ed
, fo

r in
stan

ce, w
ith

 a

p
arallel reso

n
an

t L
 / C

 circu
it, w

h
ich

 is an
 illu

stratio
n

 o
f th

is if w
e tak

e Z
 in

stead
 o

f R
.

B
y

 b
o
o
tstra

p
p
in

g
 th

e b
iasin

g resisto
rs w

e ach
iev

e a v
ery

 h
igh

 in
p

u
t resistan

ce, sim
ilar to

 th
e o

n
e w

e see

at te b
ase o

f th
e em

itter fo
llo

w
er.
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It is
 in

terestin
g
 to

 see
 h

o
w

 far can
 w

e
 go

 in

in
creasin

g
 th

e
 in

p
u
t
 resistan

ce. If
 R

E
 is

 th
e

em
itter resisto

r, w
e h

av
e th

e circu
it o

f fig. 6
0

.

W
e can

 th
en

 w
rite

           

w
h
ere

 it can
 b

e
 seen

 th
at r

m

 p
u
ts

 a
 lim

it to

th
e m

axim
u
m

 v
alu

e o
f th

e in
p

u
t resistan

ce.

    fig
. 6

0
 –

 In
p

u
t resistan

ce o
f a co

m
m

o
n

 co
llecto

r w
ith

b
o

o
tstrap

 effect                               

F
ro

m
 th

e p
reced

in
g an

aly
sis w

e can
 d

raw
 a n

u
m

b
er o

f co
n
clu

sio
n
s co

n
cern

in
g th

e p
ro

ced
u
re to

 ad
o
p

t to

ach
iev

e a h
igh

 resistan
ce at th

e d
ifferen

tial in
p

u
t o

f an
 am

p
lifier w

ith
 a ty

p
ical O

p
A

m
p

 stru
ctu

re:

U
sin

g B
JT

s at th
e in

p
u
t stage, to

 ach
iev

e a h
igh

 in
p

u
t resistan

ce w
e sh

o
u

ld
 u

se v
ery

 lo
w

 b
iasin

g

cu
rren

ts. In
 th

e 7
4
1
 O

p
A

m
p

, th
is v

alu
e is ap

p
ro

xim
ately

 1
0
 m

A
.

T
h
e
 u

se
 o

f sm
all em

itter resisto
rs

 also
 in

creases
 th

e
 in

p
u
t resistan

ce, b
u
t it red

u
ces

 th
e
 v

o
ltage

gain
. H

o
w

ev
er in

 p
recisio

n
 O

p
A

m
p

s, w
h
ich

 n
o

rm
ally

 h
av

e a seco
n
d

 d
ifferen

tial am
p

lifier, th
e u

se

o
f em

itter resisto
rs

 is
 q

u
ite

 co
m

m
o
n
. A

n
o
th

er altern
ativ

e
 is

 to
 u

se
 D

arlin
gto

n
 co

n
figu

ratio
n
s
 at

th
e in

p
u
t b

u
t it h

arm
s th

e b
an

d
w

id
th

.
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A
 sim

ilar so
lu

tio
n

 is u
sed

 in
 th

e seco
n

d

d
ifferen

tial
 

stage
 

o
f

 
p

recisio
n

O
p

A
m

p
s, an

d
 it co

n
sists

 o
f attack

in
g

it
 w

ith
 em

itter
 fo

llo
w

ers
 w

ith
 activ

e

lo
ad

s (fig. 6
1
).

T
h
is

 
w

ay
 

w
e

 
get

 
a

 
h
igh

 
in

p
u

t

resistan
ce

 
as

 
w

ell
 

as
 

a
 

b
ro

ad

b
an

d
w

id
th

.

F
in

ally
, u

sin
g

 F
E

T
s

 in
stead

 o
f
 B

JT
s

p
ro

v
id

es
 

a
 

m
u
ch

 
h
igh

er
 

in
p

u
t

resistan
ce

 an
d

 it is
 co

m
m

o
n

 th
at ev

en

in
 b

ip
o
lar tech

n
o
lo

gy
, to

 h
av

e
 JF

E
T

s

at th
e in

p
u
t o

f th
e O

p
A

m
p

.

    fig
. 6

1
 - E

x
am

p
le o

f a seco
n

d
 d

ifferen
tial stag

e u
sed

 in

p
recisio

n
 O

p
A

m
p

s                              

9
. A

n
a

ly
sis o

f a
 ty

p
ica

l th
re

e
 sta

g
e

 O
p

A
m

p
 (m

A
7

4
1

)

O
n
e
 o

f th
e
 m

o
st ty

p
ical th

ree
 stage

 b
ip

o
lar O

p
A

m
p

s
 is

 certain
ly

 th
e
 m

A
7
4
1

 d
ev

elo
p

ed
 b

y
 F

airch
ild

b
u
t p

ro
d
u
ced

, to
d
ay

, b
y

 a large n
u

m
b
er o

f d
ifferen

t b
ran

d
s. It is a gen

eral-p
u
rp

o
se h

igh
 gain

 O
p

A
m

p
,

u
sefu

l fo
r lo

w
 freq

u
en

cy
 ap

p
licatio

n
s.

Its in
tern

al arch
itectu

re d
isp

lay
s m

o
st o

f th
e co

n
v
en

tio
n
al IC

 stages th
at w

e h
av

e b
een

 stu
d
y

in
g.

T
h
e
 first stage

 is
 a

 d
ifferen

tial p
air u

sin
g
 co

m
p

lem
en

tary
 casco

d
e
 m

o
n
tages

 (T
1
 to

 T
4 ) h

av
in

g
 as

 an

activ
e lo

ad
 a n

p
n
 cu

rren
t m

irro
r w

ith
 b

ase cu
rren

t co
m

p
en

satio
n
 (T

5  to
 T

7 ).
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fig
. 6

2
 –

 In
tern

al sch
em

atic o
f th

e m
A

7
4

1
 O

p
A

m
p

T
h
e C

C
-C

B
 casco

d
e co

n
figu

ratio
n
 p

ro
v
id

es a large b
an

d
w

id
th

 w
ith

 sm
all in

p
u
t cap

acitan
ce.

T
h
e
 in

p
u
t resistan

ce
 is

 also
 h

igh
er (ap

p
ro

xim
ately

 th
e
 d

o
u
b
le) th

an
 w

h
at w

o
u

ld
 resu

lt fro
m

 a
 sim

p
le

d
ifferen

tial p
air w

ith
 id

en
tical b

ias cu
rren

ts.T
h
e in

term
ed

iate stage u
ses a C

C
-C

E
 m

o
n
tage (T

1
6  to

 T
1

7 )

h
av

in
g h

igh
 in

p
u
t resistan

ce, h
igh

 gain
 an

d
 a go

o
d

 freq
u
en

cy
 resp

o
n
se. T

h
e 3

0
 p

F
 cap

acito
r co

n
n
ected

b
etw

een
 in

p
u
t an

d
 o

u
tp

u
t o

f th
is

 stage
 p

ro
v
id

es, as
 w

ill b
e

 seen
 later o

n
, a

 M
iller (p

o
le

 sp
littin

g)

co
m

p
en

satio
n
, gu

aran
ty

in
g an

 u
n
co

n
d
itio

n
al stab

ility
.
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T
h
e
 o

u
tp

u
t stage

 h
as

 th
e
 ad

eq
u
ate

 h
igh

 in
p

u
t resistan

ce
 an

d
 lo

w
 o

u
tp

u
t o

n
e
 as

 w
ell as

 go
o
d

 cu
rren

t

so
u
rce an

d
 sin

k
 cap

acity
.

In
 th

is w
ay

, th
e fu

n
d
am

en
tal cell o

f th
is stage is th

e em
itter fo

llo
w

er co
m

p
lem

en
tary

 p
air (T

1
4  to

 T
2

0 )

w
ith

 cro
sso

v
er d

isto
rtio

n
 co

m
p

en
satio

n
 (T

1
8 , T

1
9
 an

d
 R

1
0 ). T

h
is

 stage
 is

 p
reced

ed
 b

y
 an

o
th

er sin
gle

tran
sisto

r C
E

 (T
2

3 ) th
at is u

sed
 as a b

u
ffer b

etw
een

 th
e seco

n
d

 an
d
 th

e o
u
tp

u
t stages.

C
ircu

it b
ias cu

rren
ts are, as u

su
al, p

ro
v
id

ed
 b

y
 a set o

f cu
rren

t m
irro

r co
n
figu

ratio
n
s. T

1
1 , T

1
2  an

d
 R

5

estab
lish

 th
e v

alu
e o

f th
e cu

rren
t th

at is m
irro

red
 b

y
 T

1
0 . T

h
e co

n
n
ectio

n
 to

 th
e b

ase o
f T

3  an
d

 T
4  an

d

th
e T

8 -T
9  m

irro
r, estab

lish
 th

e cu
rren

ts in
 th

e d
ifferen

tial p
air th

ro
u
gh

 a feed
b
ack

 lo
o
p

.

T
h
e referen

ce cu
rren

t is also
 m

irro
red

 fro
m

 T
1

2  to
 th

e d
o
u
b
le co

llecto
r tran

sisto
r T

1
3  w

h
ich

 can
 b

e seen

as tw
o
 in

d
ep

en
d
en

t tran
sisto

rs T
1

3
A

 an
d
 T

1
3

B
.

T
h
e
 7

4
1

 O
p

A
m

p
 h

as
 still a

 set o
f extra

 tran
sisto

rs
 (T

1
5 , T

2
1 , T

2
2
 an

d
 T

2
4 ) th

e
 ro

le
 o

f w
h
ich

 is
 to

p
ro

tect th
e d

ev
ice fro

m
 d

am
agin

g o
u

tp
u
t sh

o
rt circu

its.

T
erm

in
al A

 an
d

 B
 are

 u
sed

 fo
r o

ffset co
m

p
en

satio
n

, b
y

 m
ean

s
 o

f a
 1

0
 k W

 p
o
ten

tio
m

eter co
n
n
ected

b
etw

een
 A

 an
d
 B

 an
d
 th

e m
id

d
le p

o
in

t co
n
n
ected

 to
 

.

In
 th

e rem
ain

in
g an

aly
sis, w

e w
ill tak

e, fo
r all th

e tran
sisto

rs (excep
t T

2
1 , T

2
2  an

d
 T

2
4  th

at h
av

e a th
ree

tim
es larger area), IS  =

 1
0

-1
4A

.

T
h
e to

tal area o
f T

3  is still th
e sam

e b
u
t sp

lit u
n
ev

en
ly

 b
etw

een
 th

e tw
o

 co
m

p
o
n
en

ts: th
ree fo

u
rth

s to

T
1

3
B

 an
d
 th

e rem
ain

in
g fo

u
rth

 to
 T

1
3

A
. T

h
erefo

re

IS
1

3
A

 =
 0

.2
5
 ´

 1
0

-1
4 A

      an
d
      IS

1
3

B
 =

 0
.7

5
 ´

 1
0

-1
4 A

.

F
u
rth

erm
o
re, w

e w
ill tak

e, fo
r n

p
n
 tran

sisto
rs,
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                            b
 =

 2
0
0
     an

d
      V

A
 =

 1
2
5
 V

an
d
 fo

r p
n
p

                            b
 =

 5
0
     an

d
       V

A
 =

 5
0
 V

F
in

ally
 b

o
th

 fo
r D

C
 an

d
 A

C
 an

aly
sis, alth

o
u
gh

 w
e
 o

n
ly

 lo
o

k
 at th

e
 in

tern
al circu

it, w
e
 w

ill alw
ay

s

ad
m

it th
at a n

egativ
e feed

b
ack

 lo
o
p

 is clo
sed

 so
 th

at th
e D

C
 o

u
tp

u
t v

o
ltage is essen

tially
 z

ero
 an

d
 all

th
e tran

sisto
rs are in

 th
e activ

e regio
n
.

9
.1

. D
C

 a
n

a
ly

sis

L
et th

e su
p

p
ly

 v
o
ltages b

e ±
 1

5
 V

 an
d

 b
o
th

 in
p

u
ts co

n
n
ected

to
 gro

u
n
d
.

F
ro

m
 fig. 6

3

     an
d
    I1

1  =
 IR

E
F
 .

w
h
ich

 resu
lts in

S
y

m
m

etrically
   IC

1  =
 IC

2  =
 I   an

d
 as b

N
 >

>
 1

 w
e h

av
e:

    fig
. 6

3
 - R

eferen
ce cu

rren
t

M
u
ltistage

 D
iff

e
re

n
tial A

m
p
lifi

e
rs

h
ttp

://p
agin

as.fe
.u

p
.p

t/%
7
E

ff
f/e

B
o
o
k
/M

D
A

/M
D

A
.h

tm
l

6
3
 o

f 7
3

0
9
/3

0
/2

0
0
8
 1

1
:1

4
 P

M



F
ro

m
 fig. 6

4
 w

e m
ay

 co
n
clu

d
e    I9

 @
 I8

 @
 2

I

an
d
       

an
d
 fin

ally
    I1  =

 I2
 @

 I3  =
 I4  =

 9
.5

 m
A

.

T
ran

sisto
rs

 T
1

 to
 T

4 , T
8

 an
d

 T
9

 estab
lish

 a
 n

egativ
e

 feed
b

ack

lo
o
p

 th
at stab

ilises I to
 a v

alu
e ap

p
ro

xim
ately

 eq
u
al to

 I1
0  / 2

. In

fact, if fo
r so

m
e reaso

n
 I in

creases, w
e’ll su

ccessiv
ely

 h
av

e

          I
8   

  Þ
    I9   

  an
d
 as I1

0  h
as a co

n
stan

t v
alu

e

          I
B

3  =
 I

B
4   

  Þ
    I3  =

 I4  =
 I1  =

 I2  =
 I  

 fig
. 6

4
 - B

ias cu
rren

t o
f th

e d
ifferen

tial p
air

T
h
e

 cu
rren

ts
 in

 th
e

 m
irro

r th
at lo

ad
s

 th
e

 d
ifferen

tial

p
air

 are
 I5  @

 I6  @
 I, as

 can
 b

e
 seen

 in
 fig. 6

5
 an

d

d
isregard

in
g b

o
th

 IB
1

6  an
d
 IB

7 .

O
n
 th

e o
th

er h
an

d
:

     

w
h
ere

  T
h
is sh

o
w

s th
at IB

7  is in
d
eed

 v
ery

 sm
all.

           fig
. 6

5
 - C

u
rren

ts in
 th

e m
irro

r
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L
et’s n

o
w

 an
aly

se th
e seco

n
d
 stage (fig. 6

6
).

Ign
o

rin
g IB

2
3 ,

w
e h

av
e     I1

7
 @

 I1
3

B

an
d
 as       I1

3
A
 +

 I1
3

B
 =

 IR
E

F
     an

d
    IS

B
 =

 3
 ´

 IS
A

,

                 I1
3

B
 @

 0
.7

5
 IR

E
F
 =

 5
5
0
 m

A
 =

 I1
7     th

e resu
lt o

f w
h
ich

 is

an
d
        

A
gain

, acco
rd

in
g to

 o
u

r ap
p

ro
xim

atio
n
s, w

e h
av

e IB
1

6  <
<

 I.
      fig

. 6
6

 - C
u

rren
ts in

 th
e seco

n
d

stag
e
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F
in

ally
, let’s

 see
 th

e
 cu

rren
ts

 in
 th

e
 o

u
tp

u
t stage

 (fig. 6
7

w
h
ere, b

ecau
se

 o
f
 th

eir
 v

ery
 sm

all v
alu

e, w
e

 ign
o

red
 th

e

resisto
rs R

6  e R
7 ).

If
 IB

1
4

 an
d

 IB
2

0
 are

 ap
p

ro
xim

ately
 z

ero
 w

e
 w

ill h
av

e

I2
3  @

 0
.2

5
 IR

E
F
 =

 1
8
0

 m
A

, an
d

 th
erefo

re
 IB

2
3  =

 3
.6

 m
A

,

w
h
ich

 is really
 m

u
ch

 sm
aller th

an
 I1

7  =
 5

5
0
 m

A
.

F
ro

m
        

w
e get      

      an
d

V
B

E
1

8  =
 5

8
8
 m

V
,   I1

8  =
 1

6
5
 m

A
,   IR

1
0  =

 1
4
.7

 m
A

   an
d

I1
9  =

 1
5
.5

 m
A

.
      fig

. 6
7

 - C
u

rren
ts in

 th
e o

u
tp

u
t stag

e

T
h
en

           

an
d
 th

e p
o
ten

tial b
etw

een
 th

e b
ase T

1
4  an

d
 o

f T
2

0  is         V
B

B
 =

 0
.5

8
8
 +

 0
.5

2
9
 =

 1
.1

1
7
 V

A
s             

w
e can

 see th
at            I1

4  =
 I2

0  =
 1

5
2
 m

A
.

9
.2

. S
m

a
ll sig

n
a

l a
n

a
ly

sis
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In
 th

e sm
all sign

al an
aly

sis w
e w

ill ev
alu

ate th
e d

ifferen
tial v

o
ltage gain

, th
e in

p
u
t d

ifferen
tial resistan

ce

as
 w

ell as
 th

e
 o

u
tp

u
t resistan

ce. T
o

 co
m

p
u
te

 th
e
 gain

 w
e
 su

p
p

o
se

 th
at th

e
 O

p
A

m
p

 is
 lo

ad
ed

 w
ith

R
L
 =

 2
 kW

, sin
ce th

is is th
e u

su
al situ

atio
n
 fo

r th
e gain

 sp
ecificatio

n
 in

 th
e d

ata sh
eets.

F
ig. 6

8
 sh

o
w

s th
e eq

u
iv

alen
t circu

it fo
r lo

w
 freq

u
en

cy
 sm

all sign
als w

h
ere th

e activ
e lo

ad
 effect o

f th
e

cu
rren

t m
irro

r, o
n
 th

e d
ifferen

tial p
air, is rep

resen
ted

 b
y

 a co
n

tro
lled

 so
u
rce v

d  / 4
 r

e .

fig
. 6

8
 –

 S
m

all sig
n

al eq
u

iv
alen

t circu
it o

f th
e m

A
7

4
1

 O
p

A
m

p

L
et’s

 also
 rem

ark
 th

at th
e
 fo

llo
w

er p
air is

 rep
resen

ted
 b

y
 a

 C
C

 co
n
figu

ratio
n

 in
 w

h
ich

 th
e
 tran

sisto
r

lab
elled

 T
1

4
,2

0  rep
resen

ts th
e co

rresp
o
n
d
in

g set o
f tran

sisto
rs, w

h
ich

 is a fairly
 accu

rate ap
p

ro
xim

atio
n
.

H
o
w

ev
er, th

e fo
llo

w
er p

air h
as to

 co
p

e w
ith

 large sign
als an

d
 th

erefo
re its gain

 v
aries alo

n
g th

e cy
cle.

M
o
reo

v
er th

e
 fact th

at o
n
e

 o
f th

e
 tran

sisto
rs

 is
 an

 n
p
n

 w
h
ile

 th
e

 o
th

er is
 a

 p
n
p

, is
 a

 reaso
n

 fo
r

asy
m

m
etry

. L
et’s an

aly
se h

o
w

 m
u
ch

 th
e gain

 m
ay

 v
ary

:
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If w
e h

av
e IC

 =
 5

 m
A

, th
en

 r
o

1
4  =

 2
5
 kW

, r
o

2
0  =

 1
0
 kW

 an
d
 r

e  =
 5

 W
, fo

r b
o
th

 tran
sisto

rs, w
e get

A
1

4  =
 0

.9
9
7
      an

d
       A

2
0  =

 0
.9

9
7

W
h
ilst fo

r IC
 =

 1
5
0
 m

A
, w

ith
 r

o
1

4  =
 8

3
3
 kW

, r
o

2
0  =

 3
3
3
 kW

 an
d

 r
e  =

 1
6
7
 W

, fo
r b

o
th

 tran
sisto

rs, th
e

resu
lt w

ill b
e

A
1

4  =
 0

.9
2
3
      an

d
       A

2
0  =

 0
.9

2
3

A
s w

e can
 see, tak

in
g A

1
4

,2
0  @

 1
 is still a go

o
d
 ap

p
ro

xim
atio

n
.

T
2

3
 is

 an
 em

itter fo
llo

w
er th

at resp
o
n
d
s
 o

n
ly

 to
 sm

all sign
als, b

u
t w

ith
 a

 v
ary

in
g
 lo

ad
. T

h
e
 lo

ad
 m

ay

v
ary

 as fo
llo

w
s:

                             R
i2

0  =
 8

5
 kW

  -  T
2

0  h
av

in
g a co

llecto
r cu

rren
t IC

 =
 5

 m
A

an
d

                             R
i1

4  =
 4

3
5
 kW

  -  T
1

4  w
ith

 IC
 =

 1
5

0
 m

A
.

A
s R

o
1

3
A
 =

 r
o

1
3

A
 =

 2
7

8
 kW

, r
o

2
3  =

 2
7
8
 kW

 an
d
 r

e2
3  =

 1
3
9
 W

, w
e’ll h

av
e

T
h
erefo

re,

                             R
i1

4
,2

0  =
 8

5
 kW

        w
ill resu

lt in
        A

2
3  =

 0
.9

9
7

w
h
ile fo

r

                             R
i1

4
,2

0  =
 4

3
5
 kW

        lead
s to

        A
2

3  =
 0

.9
9
9
.
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A
gain

 A
2

3  @
 1

 is a go
o
d
 ap

p
ro

xim
atio

n
.

T
h
e lim

itin
g situ

atio
n
s are

                                            R
i2

3  =
 5

1
 (1

3
9
+

1
3
9
k
//8

5
k

) =
 2

.7
0
 M

W

an
d

                                            R
i2

3  =
 5

1
 (1

3
9
+

1
3
9
k
//4

3
5

k
) =

 5
.4

0
 M

W

L
et’s tak

e th
e sm

allest v
alu

e th
at so

m
eh

o
w

 co
m

p
en

sates fo
r th

e u
n
it gain

 ap
p

ro
xim

atio
n
.

F
o
r T

1
7 , th

at is a C
E

 w
ith

 em
itter resistan

ce co
n
figu

ratio
n
,

w
h
ere          R

o
1

3
B
 =

 r
o

1
3

B
 =

 9
0
.9

 kW
          an

d
          r

e1
7  =

 4
5
 W

.

T
o
 co

m
p

u
te th

e resistan
ce R

o
1

7 , w
e n

eed
 th

e resistan
ce R

o
1

6  an
d
, to

 co
m

p
u
te th

is o
n
e, R

o
4  an

d
 R

o
6 .

T
o

 co
m

p
u
te

 R
o

4 , th
e
 b

ase
 n

o
d
e
 o

f T
3
 an

d
 T

4
 is

 co
n

sid
ered

 as
 a

 v
irtu

al gro
u
n
d
. T

h
is

 is
 o

n
ly

 p
o
ssib

le

o
n
ce th

e d
ifferen

tial gain
 is b

ein
g co

n
sid

ered
.

S
o
, tak

in
g
 in

to
 acco

u
n

t th
at          g

m
4
 =

 3
8

0
 m

A
/V

,          r
p

4

 =
 1

3
2

 kW
          an

d
          r

o
4
 =

 5
.2

6

M
W

,

fig. 6
9
 sh

o
w

s h
o
w

, b
y

 step
w

ise circu
it tran

sfo
rm

atio
n
s, w

e get:

                                            R
o

4  =
 5

M
2
6
+

5
M

1
3
+

2
k
5
7

 @
 1

0
.4

 M
W
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fig
. 6

9
 - E

v
alu

atio
n

 o
f th

e o
u

tp
u

t resistan
ce R

o
4

T
h
e v

alu
e o

f R
o

6  can
 again

 b
e ev

alu
ated

 in
 th

e sam
e w

ay
. In

 fact, th
e b

ase circu
it resistan

ce o
f T

6 , i.e.

th
e
 resistan

ce
 o

f th
e
 extern

al circu
it is

 o
n
ly

 1
9

 W
 (co

m
p
u
te

 th
is

 v
a
lu

e
 a

s
 a

n
 exercise), w

h
ich

 is
 v

ery

sm
all w

h
en

 co
m

p
ared

 to
 rp

6
 . S

o
, sin

ce        g
m

6  =
 3

8
0

 m
A

/V
,          rp

6
 =

 5
2
6

 kW
          an

d
          r

o
6

=
 1

3
.2

 M
W

,

it resu
lts th

at

                               R
o

6  =
 1

8
.2

 M
W

.

W
e can

 n
o
w

 co
m

p
u
te R

o
1

6 , w
h
ich

 is th
e o

u
tp

u
t resistan

ce o
f a C

C
, w

ith
 a b

ase resistan
ce R

o
4  // R

o
6  an

d

rp
1
6

 =
 3

0
9
 kW

:

F
in

ally
, to

 co
m

p
u
te R

o
1

7 , tak
in

g in
to

 acco
u
n

t th
at

                             g
m

1
7  =

 2
2
 m

A
/V

,          rp
1
7
 =

 9
.0

9
 kW

          an
d
          r

o
1

7  =
 2

2
7
 kW

,
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an
d

 th
at th

e
 b

ase
 resistan

ce
 is

 é
 R

o
1

6  // 5
0
k

 =
 1

9
.9

 kW
, fig. 7

0
 sh

o
w

s
 h

o
w

, again
 b

y
 step

w
ise

 circu
it

tran
sfo

rm
atio

n
s, w

e get:

                                            R
o

1
7  =

 1
0
0
+

1
5
7
k

+
2
2
7
k
 =

 3
8
4
 kW

fig
. 7

0
 - E

v
alu

atio
n

 o
f th

e o
u

tp
u

t resistan
ce R

o
1

7

T
h
erefo

re          A
1

7  =
 -4

9
3
 V

/V
.

W
e also

 w
an

t to
 get th

e v
alu

e o
f

                               R
i1

7  =
 9

k
0
9
+

2
0

1´
1
0
0
 =

 2
9
.2

 kW

T
1

6
 is

 a
 C

C
 m

o
n
tage, b

u
t as

 th
e
 co

llecto
r cu

rren
t is

 v
ery

 sm
all, w

ill d
isp

lay
 a

 h
igh

 v
alu

e
 fo

r r
e . W

e

sh
o
u

ld
 m

ak
e su

re th
at th

e v
alu

e d
o
esn

’t d
ep

art v
ery

 m
u
ch

 fro
m

 u
n
ity

:
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w
h
ere                 r

o
1

6  =
 7

.7
2
 M

W
            an

d
            r

e1
6  =

 1
.5

4
 kW

,

th
erefo

re            A
1

6  =
 0

.9
2
3
.

T
h
e in

p
u
t resistan

ce is:

                               R
i1

6  =
 2

0
1
 [1

k
5

4
+

(7
M

7
2

//5
0
k
//2

9
k
2
)] =

 4
.0

0
 M

W

F
in

ally
, fo

r th
e d

ifferen
tial p

air w
e h

av
e:

w
h
ere          r

e  =
 2

.6
3
 kW

          (ap
p

ro
xim

ately
 co

m
m

o
n
 to

 T
1  –

 T
4 ).

It resu
lts th

at            A
1  =

 -4
7
4
 V

/V

an
d
 fin

ally

                               A
d  =

 -4
7
4
 ´

 0
.9

2
3
 ´

 (-4
9
3

) =
 -2

1
6

 0
0
0
 V

/V
.

T
o
 co

m
p

u
te R

id  is triv
ial. R

ep
o
rtin

g to
 fig. 6

8
, w

e can
 see th

at

                               R
id  =

 4
 (b

N
 +

 1
) r

e  =
 2

.1
 M

W
.

O
n

 th
e o

th
er h

an
d
, co

m
p

u
tin

g R
o , i.e., th

e o
u
tp

u
t resistan

ce o
f th

e co
m

p
lem

en
tary

 sy
m

m
etry

 fo
llo

w
er

p
air, can

 o
n
ly

 b
e
 o

b
tain

ed
 as

 an
 av

erage
 v

alu
e. In

 fact, as
 th

e
 co

m
p

lem
en

tary
 p

air w
o
rk

s
 w

ith
 large

sign
als

 th
e

 o
u
tp

u
t resistan

ce
 w

ill d
ep

en
d

 u
p

o
n

 w
h

ich
 tran

sisto
r is

 co
n
d
u
ctin

g
 as

 w
ell as

 u
p

o
n

 its

cu
rren

t.
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If T
2

0  is su
p

p
ly

in
g th

e cu
rren

t

w
h
ere                  

A
s r

o
1

8  is v
ery

 sm
all co

m
p

ared
 to

 r
o

1
3

A
 (2

7
8
 kW

), w
e w

ill h
av

e

                               R
o  =

 r
e2

0  +
 3

4
 +

 2
7

T
h
e v

alu
e o

f r
e2

0  d
ep

en
d
s critically

 o
n
 th

e cu
rren

t.

F
o
r            IC

 =
 1

5
0
 m

A
            r

e  =
 1

6
7
 W

w
h
ile fo

r        IC
 =

 5
 m

A
            r

e  =
 5

 W
, as seen

 ab
o

v
e.

T
h
erefo

re, th
e v

alu
e can

 v
ary

 b
etw

een
 6

6
 an

d
 2

2
8
 W

. T
h
e d

ata sh
eets sp

ecify
 th

e v
alu

e 7
5
 W

.
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