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P
E

N
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IX
B
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o

la
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C
o

m
p

a
ti

b
le

Io
n

-I
m

p
la

n
te

d
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E
T

P
r
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c
e
s
s

1
8
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R
E
F
E
R
E
N
C
E
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1
9
3

'»
.,

C
H
A
P
T
E
R

1

I
N
T
R
O
D
U
C
T
I
O
N

F
r
e
q
u
e
n
c
y

s
e
l
e
c
t
i
v
e

c
i
r
c
u
i
t
s

a
r
e

w
i
d
e
l
y

u
s
e
d

i
n

c
o
m

m
u
n
i
c
a
t
i
o
n

a
n
d

c
o
n
t
r
o
l

s
y
s
t
e
m
s
.

I
n

m
a
n
y

a
p
p
l
i
c
a
t
i
o
n
s
,

t
h
e
s
e

f
i
l
t
e
r
s

m
u
s
t

c
u
t

o
f
f

s
h
a
r
p
l
y

a
n
d

m
u
s
t

h
a
v
e

s
m
a
l
l

p
a
s
s
b
a
n
d

r
i
p
p
l
e
.

T
h
e
s
e

t
i
g
h
t

s
p
e
c
i
f
i
c
a
t
i
o
n
s

c
a
n

o
n
l
y

b
e

m
e
t

w
i
t
h

p
r
e
c
i
s
i
o
n

h
i
g
h
-
o
r
d
e
r

f
i
l
t
e
r
s
.

O
n
e

t
y
p
i
c
a
l

e
x
a
m
p
l
e

i
s

t
h
e

c
h
a
n
n
e
l

b
a
n
k

v
o
i
c
e
-
f
r
e
q
u
e
n
c
y

l
o
w
p
a
s
s

f
i
l
t
e
r
s

i
n

t
e
l
e
p
h
o
n
e

c
o
m
m
u
n
i
c
a
t
i
o
n

s
y
s
t
e
m
s

[
1
]
.

I
f

m
o
n
o
l
i
t
h
i
c

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t

t
e
c
h
n
o
l
o
g
y

i
s

t
o

b
e

u
s
e
d

t
o

i
n
t
e
g
r
a
t
e

f
u
n
c
t
i
o
n
a
l

s
y
s
t
e
m
s
,

i
t

i
s

i
m
p
o
r
t
a
n
t

t
o

d
e
v
e
l
o
p

t
e
c
h
n
i
q
u
e
s

t
o

e
f
f
i
c
i
e
n
t
l
y

i
m
p
l
e
m
e
n
t

t
h
e
s
e

f
i
l
t
e
r
s
.

O
n
e

a
p
p
r
o
a
c
h

f
o
r

r
e
a
l
i
z
i
n
g

p
r
e
c
i
s
i
o
n

h
i
g
h
-
o
r
d
e
r

f
i
l
t
e
r
s

i
s

t
o

u
s
e

t
h
e

d
i
g
i
t
a
l

f
i
l
t
e
r
i
n
g

t
e
c
h
n
i
q
u
e
.

S
o

f
a
r
,

t
h
e
r
e

h
a
s

b
e
e
n

l
i
t
t
l
e

s
u
c
c
e
s
s

i
n

t
h
i
s

a
p
p
r
o
a
c
h
.

T
h
e

m
a
j
o
r

r
e
a
s
o
n
s

a
r
e

a
s

f
o
l
l
o
w
s
.

S
i
n
c
e

t
h
e

i
n
p
u
t

s
i
g
n
a
l

i
s

a
n
a
l
o
g

i
n

n
a
t
u
r
e
,

i
t

h
a
s

t
o

b
e

f
i
r
s
t

c
o
n
v
e
r
t
e
d

i
n
t
o

a
f
i
n
i
t
e

d
i
g
i
t
a
l

w
o
r
d

b
y

u
s
i
n
g

a
n

a
n
a
l
o
g
-
t
o
-
d
i
g
i
t
a
l

c
o
n
v
e
r
t
e
r

(
A
D
C
)
.

H
a
v

i
n
g

p
r
o
c
e
s
s
e
d

t
h
e

s
i
g
n
a
l
,

t
h
e

d
i
g
i
t
a
l

o
u
t
p
u
t

h
a
s

t
o

b
e

c
o
n
v
e
r
t
e
d

b
a
c
k

t
o

a
n
a
l
o
g

f
o
r
m

w
i
t
h

t
h
e

u
s
e

o
f

a
d
i
g
i
t
a
l
-

t
o
-
a
n
a
l
o
g
-
c
o
n
v
e
r
t
e
r

(
D
A
C
)
.

W
i
t
h

t
h
i
s

d
i
g
i
t
a
l

f
i
l
t
e
r

s
y
s

t
e
m
,

i
n

o
r
d
e
r

t
o

a
c
h
i
e
v
e

a
d
y
n
a
m
i
c

r
a
n
g
e

o
f

7
0

d
B
,

A
D
C

a
n
d

D
A
C

o
f

(
a
p
p
r
o
x
i
m
a
t
e
l
y
)

1
2

b
i
t

a
c
c
u
r
a
c
y

a
r
e

r
e
q
u
i
r
e
d
.

C
u
r
r
e
n
t
l
y
,

i
t

i
s

s
t
i
l
l

d
i
f
f
i
c
u
l
t

t
o

r
e
a
l
i
z
e

a
f
u
l
l
y



>
;

'

i
n
t
e
g
r
a
t
e
d

d
i
g
i
t
a
l

f
i
l
t
e
r

s
y
s
t
e
m
w
i
t
h

A
D
C

a
n
d
D
A
C
o
f

s
u
c
h

a
c
c
u
r
a
c
y
o
n

t
h
e

s
a
m
e

c
h
i
p
,

b
e
c
a
u
s
e

t
h
e

r
e
q
u
i
r
e
d

s
i
l
i
c
o
n

a
r
e
a

w
i
l
l

b
e

p
r
o
h
i
b
i
t
i
v
e
l
y

l
a
r
g
e

[
2
]
.

S
a
m
p
l
e
d
-
d
a
t
a

a
n
a
l
o
g

f
i
l
t
e
r

s
y
s
t
e
m
s

a
r
e

a
t
t
r
a
c
t
i
v
e

b
e
c
a
u
s
e

b
y

p
r
o
c
e
s
s
i
n
g

t
h
e

i
n
p
u
t

a
n
a
l
o
g

s
i
g
n
a
l

d
i
r
e
c
t
l
y

(
i
n
s
t
e
a
d

o
f

q
u
a
n
t
i
z
i
n
g

t
h
e

s
i
g
n
a
l

t
o

a
d
i
g
i
t
a
l

w
o
r
d

f
i
r
s
t
)
,

t
h
e

p
r
o
b
l
e
m

a
s
s
o
c
i
a
t
e
d

w
i
t
h

r
e
a
l
i
z
i
n
g

h
i
g
h

a
c
c
u

ra
cy

A
D
C

a
n
d

D
A
C

h
a
s

b
e
e
n

e
l
i
m
i
n
a
t
e
d
.

O
n
e

p
r
o
m
i
s
i
n
g

s
a
m
p
l
e
d
-
d
a
t
a

a
p
p
r
o
a
c
h

u
s
e
s

c
h
a
r
g
e

t
r
a
n
s
f
e
r

d
e
v
i
c
e
s

(C
TD
)

t
o

i
m
p
l
e
m
e
n
t

t
r
a
n
s
v
e
r
s
a
l

f
i
l
t
e
r
s

[3
],

(
4
)
.

H
o
w
e
v
e
r
,

t
h
e
s
e

C
T
D

t
r
a
n
s
v
e
r
s
a
l

f
i
l
t
e
r
s
g
e
n
e
r
a
l
l
y

s
u
f
f
e
r

a
l
a
r
g
e

i
n
s
e
r
t
i
o
n

l
o
s
s
(
t
y
p
i
c
a
l
l
y

2
0
d
B
)
.

I
n
o
r
d
e
r
t
o
o
b
t
a
i
n

f
i
l
t
e
r

d
y
n
a
m
i
c

r
a
n
g
e
s

i
n
e
x
c
e
s
s
o
f
7
0

dB
,

a
l
o
w
n
o
i
s
e
o
u
t
p
u
t
a
m
p
l
i
f
i
e
r

i
s

r
e
q
u
i
r
e
d

[5
].

W
i
t
h

c
u
r
r
e
n
t
l
y

e
x
i
s
t
i
n
g

i
n
t
e
g
r
a
t
e
d

M
O
S

o
p
e
r
a
t
i
o
n
a
l

a
m
p
l
i
f
i
e
r
s
,

i
t

i
s

d
i
f
f
i
c
u
l
t

t
o

a
c
h
i
e
v
e

t
h
e

re
qu
ir
ed

l
e
v
e
l

o
f

n
o
i
s
e

p
e
r
f
o
r
m
a
n
c
e
.

A
n
o
t
h
e
r

p
r
o
m
i
s
i
n
g

t
e
c
h
n
i
q
u
e

i
s
t
h
e

s
w
i
t
c
h
e
d

c
a
p
a
c
i
t
o
r

s
a
m
p
l
e
d
-
d
a
t
a

f
i
l
t
e
r
s

[
6
]
,
[
7
]
.

I
t
h
a
s
b
e
e
n
s
h
o
w
n
t
h
a
t
t
h
i
s
a
p
p
r
o
a
c
h
c
a
n
a
c
h
i
e
v
e

a
d
y
n
a
m
i
c

ra
ng
e

o
f

a
b
o
u
t

8
0

dB
.

H
o
w
e
v
e
r
,

b
o
t
h

t
h
e

MO
S

s
w
i
t
c
h
e
d
c
a
p
a
c
i
t
o
r

f
i
l
t
e
r
t
e
c
h
n
i
q
u
e
a
n
d

t
h
e

C
T
D

t
r
a
n
s
v
e
r

s
a
l

f
i
l
t
e
r

a
p
p
r
o
a
c
h

s
u
f
f
e
r

f
r
o
m

t
h
e

f
a
c
t

t
h
a
t

t
h
e
y

a
r
e

s
a
m
p
l
e
d
-
d
a
t
a

s
y
s
t
e
m
s

w
h
i
c
h

r
e
q
u
i
r
e

c
o
n
t
i
n
u
o
u
s
-
t
i
m
e

p
r
e
-

f
i
l
t
e
r
s

t
o

m
i
n
i
m
i
z
e

t
h
e

a
l
i
a
s
i
n
g

e
f
f
e
c
t
s
.

I
n
s
o
m
e

a
p
p
l
i

c
a
t
i
o
n
s
,

i
t
i
s

i
m
p
o
r
t
a
n
t
t
o

h
a
v
e
a

c
o
n
t
i
n
u
o
u
s
-
t
i
m
e

a
n
a
l
o
g

f
i
l
t
e
r
s

w
h
i
c
h

h
a
v
e

n
o

s
u
c
h

d
r
a
w
b
a
c
k
.

C
o
n
v
e
n
t
i
o
n
a
l
l
y
,

c
o
n
t
i
n
u
o
u
s
-
t
i
m
e

a
n
a
l
o
g

f
i
l
t
e
r
s

(i
n

»
.
k

th
e

au
di
o

fr
eq
ue
nc
y

ra
ng
e)

ar
e

re
al
iz
ed

b
y

ca
sc
ad
in
g

s
e
v
e
r
a
l

l
o
w

o
r
d
e
r

a
c
t
i
v
e
-
R
C

f
i
l
t
e
r

s
e
c
t
i
o
n
s

[
8
]
,
[
9
]
.

T
h
i
s

ap
pr
oa
ch

ty
pi
ca
ll
y

re
qu
ir
es

a
co
mb
in
at
io
n

o
f

th
e

mo
no
l

it
hi
c

t
e
c
h
n
o
l
o
g
y

t
o

re
al
iz
e

op
er
at
io
na
l

am
pl
if
ie
rs
,

a
n
d

t
h
i
n

f
i
l
m

t
e
c
h
n
o
l
o
g
y
t
o

r
e
a
l
i
z
e
c
a
p
a
c
i
t
o
r
s
a
n
d
r
e
s
i
s
t
o
r
s
.

In
a
d
d
i
t
i
o
n
,

t
h
i
s

t
e
c
h
n
i
q
u
e

o
f
t
e
n

re
qu
ir
es

p
r
e
c
i
s
i
o
n

e
x
t
e
r
n
a
l

t
r
i
m
m
i
n
g

i
n

o
r
d
e
r

t
o

a
c
h
i
e
v
e

t
h
e

d
e
s
i
r
e
d

fr
e

qu
en
cy

re
sp
on
se
.

Fr
om

th
e
st
an
dp
oi
nt

o
f
in
cr
ea
si
ng

re
li
a

bi
li
ty
,

re
du
ci
ng

ph
ys
ic
al

si
ze

an
d

ma
nu
fa
ct
ur
in
g

co
st
s,

it

i
s

d
e
s
i
r
a
b
l
e

t
o

d
e
v
e
l
o
p

t
e
c
h
n
i
q
u
e
s

o
f

i
n
t
e
g
r
a
t
i
n
g

t
h
e

en
ti
re

pr
ec
is
io
n

hi
gh
-o
rd
er

an
al
og

fi
lt
er
,

an
d

pr
ef
er
ab
ly

w
i
t
h
o
u
t
a
n
y
e
x
t
e
r
n
a
l
t
r
i
m
m
i
n
g
o
p
e
r
a
t
i
o
n
s
.

U
n
t
i
l

no
w,

t
h
e
r
e
h
a
s
b
e
e
n
l
i
t
t
l
e
s
u
c
c
e
s
s
i
n
r
e
a
l
i
z
i
n
g

s
u
c
h

a
c
o
n
t
i
n
u
o
u
s
-
t
i
m
e
,

m
o
n
o
l
i
t
h
i
c

a
n
a
l
o
g

f
i
l
t
e
r
.

O
n
e

o
f

t
h
e

r
e
a
s
o
n
s

i
s

t
h
a
t

i
t

i
s
d
i
f
f
i
c
u
l
t

t
o

p
r
e
c
i
s
e
l
y
c
o
n
t
r
o
l

t
h
e
a
b
s
o
l
u
t
e
v
a
l
u
e
s

o
f

m
o
n
o
l
i
t
h
i
c

c
o
m
p
o
n
e
n
t
s

l
i
k
e
c
a
p
a
c
i

t
o
r
s
,

r
e
s
i
s
t
o
r
s
a
n
d

c
u
r
r
e
n
t

s
o
u
r
c
e
s
.

T
h
e
s
e

c
o
m
p
o
n
e
n
t
s
m
a
y

v
a
r
y
w
i
t
h

p
r
o
c
e
s
s
a
n
d
t
e
m
p
e
r
a
t
u
r
e
.

A
n
o
t
h
e
r

re
as
on

i
s
t
h
a
t

i
t

i
s

d
i
f
f
i
c
u
l
t

t
o

e
f
f
i
c
i
e
n
t
l
y

r
e
a
l
i
z
e

l
o
n
g

R
C

t
i
m
e

c
o
n

st
an
ts

(w
hi
ch

a
r
e

re
qu
ir
ed

fo
r

l
o
w
f
r
e
q
u
e
n
c
y

op
er
at
io
ns
)

u
s
i
n
g

c
o
n
v
e
n
t
i
o
n
a
l

m
o
n
o
l
i
t
h
i
c

t
e
c
h
n
i
q
u
e
s
.

Th
e

ob
je
ct
iv
es

o
f

th
is

re
se
ar
ch

is
t
o

in
ve
st
ig
at
e

me
th
od
s
o
f
ov
er
co
mi
ng

th
e
ab
ov
e
di
ff
ic
ul
ti
es
,

an
d
t
o
st
ud
y

th
e

te
ch
ni
qu
es

fo
r

re
al
iz
in
g

hi
gh
-o
rd
er
,

co
nt
in
uo
us
-t
im
e,

m
o
n
o
l
i
t
h
i
c

a
n
a
l
o
g

f
i
l
t
e
r
s
.



T
h
e

r
e
s
u
l
t
s

o
f

t
h
i
s

w
o
r
k

h
a
v
e

s
h
o
w
n

t
h
a
t

a
h
i
g
h
-

or
de
r,

c
o
n
t
i
n
u
o
u
s
-
t
i
m
e
,

a
n
a
l
o
g

fi
lt
er

c
a
n
b
e
r
e
a
l
i
z
e
d
.

I
t

h
a
s
a
w
i
d
e

d
y
n
a
m
i
c

r
a
n
g
e

(
g
r
e
a
t
e
r

t
h
a
n
8
0

dB
),

a
n
d
h
a
s
l
o
w

po
we
r

d
i
s
s
i
p
a
t
i
o
n

[1
0]
,
11
1]
.

Al
so
,

i
t
c
a
n
b
e
i
m
p
l
e
m
e
n
t
e
d

i
n

a
s
m
a
l
l

s
i
l
i
c
o
n

a
r
e
a

w
i
t
h

n
o

e
x
t
e
r
n
a
l

t
r
i
m
m
i
n
g

n
e
e
d
e
d
.

Th
is

t
e
c
h
n
i
q
u
e

h
a
s
b
e
e
n
d
e
m
o
n
s
t
r
a
t
e
d

w
i
t
h
t
h
e
r
e
a
l
i
z
a
t
i
o
n

o
f

a
f
i
f
t
h
-
o
r
d
e
r

8
k
H
z

C
h
e
b
y
s
h
e
v

l
o
w
p
a
s
s

f
i
l
t
e
r

w
i
t
h

a

p
a
s
s
b
a
n
d

ri
pp
le

o
f

0.
1

d
B

u
s
i
n
g

a
s
t
a
n
d
a
r
d

b
i
p
o
l
a
r

c
o
m
p
a

t
i
b
l
e

i
o
n
-
i
m
p
l
a
n
t
e
d

J
F
E
T

t
e
c
h
n
o
l
o
g
y

[
1
2
]
,
[
1
3
]
.

E
x
c
e
l
l
e
n
t

a
g
r
e
e
m
e
n
t

b
e
t
w
e
e
n
t
h
e
e
x
p
e
r
i
m
e
n
t
a
l

a
n
d
d
e
s
i
g
n
e
d

v
a
l
u
e
s

h
a
s

b
e
e
n

o
b
t
a
i
n
e
d
.

T
h
e

n
e
x
t

c
h
a
p
t
e
r

d
e
s
c
r
i
b
e
s

t
h
e

t
w
o

b
a
s
i
c

h
i
g
h
-
o
r
d
e
r

f
i
l
t
e
r
r
e
a
l
i
z
a
t
i
o
n
a
p
p
r
o
a
c
h
e
s
,

n
a
m
e
l
y
,

t
h
e

c
a
s
c
a
d
e

a
n
d

t
h
e

d
i
r
e
c
t

(
n
o
n
-
c
a
s
c
a
d
e
)

a
p
p
r
o
a
c
h
e
s
.

C
h
a
p
t
e
r

3
d
e
s
c
r
i
b
e
s

a
c
l
a
s
s

o
f

f
i
l
t
e
r
s

w
h
i
c
h

u
s
e
s

i
n
t
e
g
r
a
t
o
r
s

a
s

b
a
s
i
c

e
l
e
m
e
n
t
s
.

T
h
e

a
d
v
a
n
t
a
g
e
s

a
n
d
d
i
s
a
d

va
nt
ag
es

o
f

tw
o

hi
gh
-o
rd
er

fi
lt
er

r
e
a
l
i
z
a
t
i
o
n

t
e
c
h
n
i
q
u
e
s

u
s
i
n
g

i
n
t
e
g
r
a
t
o
r
s
a
s
b
u
i
l
d
i
n
g

b
l
o
c
k
s

a
r
e
d
i
s
c
u
s
s
e
d
.

C
h
a
p
t
e
r

4
d
e
s
c
r
i
b
e
s

t
h
e

b
a
s
i
c

s
t
r
u
c
t
u
r
e

o
f

a
m
o
n
o
l

it
hi
c

in
te
gr
at
or

w
h
i
c
h

ca
n

be
e
f
f
i
c
i
e
n
t
l
y

re
al
iz
ed

i
n
a

s
m
a
l
l

s
i
l
i
c
o
n

a
r
e
a
.

A
t
e
c
h
n
i
q
u
e

o
f

s
t
a
b
i
l
i
z
i
n
g

t
h
e

b
a
n
d
w
i
d
t
h
s

o
f

t
h
e

i
n
t
e
g
r
a
t
o
r
s
,

a
n
d
t
h
u
s
t
h
e

b
a
n
d
w
i
d
t
h

o
f

t
h
e

f
i
l
t
e
r
,

i
s

p
r
e
s
e
n
t
e
d
.

I
n

C
h
a
p
t
e
r

5,
p
r
a
c
t
i
c
a
l

d
e
s
i
g
n

c
o
n
s
i
d
e
r
a
t
i
o
n
s

o
f

m
o
n
o
l
i
t
h
i
c

i
n
t
e
g
r
a
t
o
r
s

a
n
d

m
o
n
o
l
i
t
h
i
c

h
i
g
h
-
o
r
d
e
r

a
n
a
l
o
g

f
i
l
t
e
r
s

a
r
e

d
i
s
c
u
s
s
e
d

i
n

d
e
t
a
i
l
.

C
h
a
p
t
e
r

6
d
e
s
c
r
i
b
e
s

t
h
e

p
e
r
f
o
r
m
a
n
c
e

o
f

a
m
o
n
o
l
i
t
h
i
c

i
n
t
e
g
r
a
t
o
r

w
h
i
c
h

h
a
s

b
e
e
n

d
e
s
i
g
n
e
d

a
n
d

f
a
b
r
i
c
a
t
e
d

i
n

t
h
e

I
.
C
.

L
a
b
o
r
a
t
o
r
y

o
f

t
h
e

U
n
i
v
e
r
s
i
t
y

o
f

C
a
l
i
f
o
r
n
i
a
,

B
e
r
k
e
l
e
y
.

T
h
e
s
e

i
n
t
e
g
r
a
t
o
r
s

h
a
v
e

b
e
e
n

u
s
e
d

t
o

c
o
n
s
t
r
u
c
t

a
c
o
m
p
l
e
t
e

f
i
f
t
h
-
o
r
d
e
r

l
o
w
p
a
s
s

f
i
l
t
e
r

u
s
i
n
g

t
h
e

t
e
c
h
n
i
q
u
e
s

d
e
s
c
r
i
b
e
d

i
n
C
h
a
p
t
e
r

4
.

T
h
e

p
e
r
f
o
r
m
a
n
c
e

o
f

t
h
e

f
i
l
t
e
r

i
s

e
v
a
l
u
a
t
e
d
.

C
h
a
p
t
e
r

7
g
i
v
e
s

t
h
e

s
u
m
m
a
r
y

a
n
d

c
o
n
c
l
u
s
i
o
n
s

o
f

t
h
i
s

r
e
s
e
a
r
c
h
.
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f

,
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C
H
A
P
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R

2

H
I
G
H

O
R
D
E
R

F
I
L
T
E
R

R
E
A
L
I
Z
A
T
I
O
N

T
E
C
H
N
I
Q
U
E
S

2
.
1
.

I
n
t
r
o
d
u
c
t
i
o
n

T
h

e
re

is
a

w
id

e
v
a

r
ie

ty
o

f
h

ig
h

-o
r
d

e
r

fi
lt

e
r

te
c
h

n
iq

u
e
s

a
v
a

il
a

b
le

to
f
i
l
t
e
r

d
e
s
ig

n
e
r
s
.

T
h

e
s
e

te
c
h

n
iq

u
e
s

in

g
e
n

e
r
a

l
c
a

n
b

e
c
la

s
s
if

ie
d

in
to

tw
o

m
a

in
c
a

te
g

o
r
ie

s
,

n
a

m
e
ly

,
th

e
c
a

s
c
a

d
e

a
p

p
r
o

a
c
h

w
h

ic
h

im
p

le
m

e
n

ts
a

g
iv

e
n

tr
a

n
s
fe

r
fu

n
c
ti

o
n

b
y

c
a

s
c
a

d
in

g
a

n
u

m
b

e
r

o
f

fi
r
s
t-

o
r
d

e
r

a
n

d

s
e
c
o

n
d

-o
r
d

e
r

s
e
c
ti

o
n

s
,

a
n

d
th

e
d

ir
e
c
t

a
p

p
r
o

a
c
h

w
h

ic
h

r
e
a

l

i
z
e
s

th
e

e
n

t
i
r
e

t
r
a

n
s
f
e
r

f
u

n
c
t
i
o

n
i
n

o
n

e
c
i
r
c
u

i
t
.

In
th

is
c
h

a
p

te
r
,

w
e

w
il

l
g

iv
e

a
g

e
n

e
r
a

l
r
e
v
ie

w
o

f
th

e

h
ig

h
-o

r
d

e
r

fi
lt

e
r

r
e
a

li
z
a

ti
o

n
te

c
h

n
iq

u
e
s
.

F
ir

s
t,

w
e

w
il

l

d
is

c
u

s
s

th
e

r
e
a

li
z
a

ti
o

n
o

f
lo

w
-o

r
d

e
r

f
i
l
t
e
r
s

u
s
in

g

a
c
ti

v
e
-R

C
fi

lt
e
r

te
c
h

n
iq

u
e
s
.

T
h

e
s
e

lo
w

-o
r
d

e
r

s
e
c
ti

o
n

s
a

r
e

fr
e
q

u
e
n

tl
y

u
se

d
in

th
e

c
a

s
c
a

d
e

r
e
a

li
z
a

ti
o

n
o

f
h

ig
h

-o
r
d

e
r

fi
lt

e
r
s
.

N
e
x
t,

w
e

w
il

l
d

is
c
u

s
s

d
if

fe
r
e
n

t
te

c
h

n
iq

u
e
s

o
f

im
p

le
m

e
n

ti
n

g
h

ig
h

-o
r
d

e
r

fi
lt

e
r
s

u
s
in

g
th

e
d

ir
e
c
t

a
p

p
ro

a
c
h

.

W
e

w
il

l
d

e
s
c
r
ib

e
th

e
w

e
ll

k
n

o
w

n
d

o
u

b
ly

-t
e
r
m

in
a

te
d

p
a

s
s
iv

e
-l

a
d

d
e
r

n
e
tw

o
r
k
s
.

T
h

e
se

n
e
tw

o
rk

s
a

re
v
e
r
y

in
s
e
n

s
i

ti
v
e

to
c
o

m
p

o
n

e
n

t
v
a

r
ia

ti
o

n
in

th
e

p
a

ss
b

a
n

d
,

a
n

d
in

fa
c
t

h
a

s
ze

ro
s
e
n

s
it

iv
it

y
w

h
en

th
e

p
o

w
er

is
m

a
tc

h
e
d

b
e
tw

e
e
n

th
e

s
o

u
r
c
e

a
n

d
th

e
lo

a
d

.
B

e
c
a

u
s
e

o
f

th
is

u
n

iq
u

e
p

r
o

p
e
r
ty

,

th
e
y

h
a

v
e

b
ro

u
g

h
t

a
b

o
u

t
m

a
n

y
in

te
r
e
s
ti

n
g

in
d

u
c
to

r
le

s
s

a
c
ti

v
e
-R

C
f
i
l
t
e
r
s

s
u

c
h

a
s

th
e

s
im

u
la

te
d

in
d

u
c
ta

n
c
e
,

th
e

*
.1

fr
e
q

u
e
n

c
y
-d

e
p

e
n

d
e
n

t-
n

e
g

a
ti

v
e
-r

e
si

st
a

n
c
e

(F
D

N
R

)
an

d
th

e

a
n

a
lo

g
-c

o
m

p
u

te
r-

ty
p

e
fi

lt
e
r
s
.

F
in

a
ll

y
,

w
e

w
il

l
d

is
c
u

s
s

so
m

e
o

f
th

e
s
e

in
d

u
c
to

r
le

s
s

a
c
ti

v
e
-
R

C
f
i
l
t
e
r
s
.

T
h

e
s
e

fi
lt

e
r
s

a
re

im
p

o
rt

a
n

t
b

e
c
a

u
se

th
e
y

c
a

n
b

e
r
e
a

li
z
e
d

u
si

n
g

m
o

n
o

li
th

ic
in

te
g

r
a

te
d

c
ir

c
u

it
te

c
h

n
o

lo
g

y
.

2
.2

.
C

a
s
c
a

d
e

A
p

p
r
o

a
c
h

T
h

e
c
a

s
c
a

d
e

r
e
a

li
z
a

ti
o

n
o

f
h

ig
h

-o
r
d

e
r

fi
lt

e
r
s

a
r
e

im
p

le
m

e
n

te
d

b
y

c
a

sc
a

d
in

g
s
e
v
e
r
a

l
fi

r
s
t-

o
r
d

e
r

a
n

d
se

c
o

n
d

-

o
rd

e
r

s
ta

g
e
s
.

E
a

ch
o

f
th

e
s
e
c
o

n
d

-o
r
d

e
r

s
e
c
ti

o
n

s

c
o

r
r
e
s
p

o
n

d
s

to
th

e
r
e
a

li
z
a

ti
o

n
o

f
a

p
a

ir
o

f
c
o

m
p

le
x

p
o

le
s
,

w
h

il
e

e
a

c
h

o
f

th
e

fi
r
s
t-

o
r
d

e
r

s
e
c
ti

o
n

s
c
o

r
r
e
s
p

o
n

d
s

to
th

e

r
e
a

li
z
a

ti
o

n
o

f
a

r
e
a

l
p

o
le

in
th

e
s
-
p

la
n

e
.

T
h

e
fi

r
s
t-

o
r
d

e
r

s
e
c
ti

o
n

s
c
a

n
b

e
r
e
a

li
z
e
d

u
s
in

g
s
im

p
le

le
a

d
o

r
la

g
p

a
s
s
iv

e
n

e
tw

o
r
k
s
,

a
n

d
w

il
l

n
o

t
b

e
d

is
c
u

s
s
e
d

h
e
r
e
.

T
h

e
s
e
c
o

n
d

-o
r
d

e
r

s
e
c
ti

o
n

s
a

r
e

ty
p

ic
a

ll
y

d
e
s
ig

n
e
d

to

h
a

v
e

v
e
r
y

h
ig

h
in

p
u

t
im

p
e
d

a
n

c
e

a
n

d
v
e
r
y

lo
w

o
u

tp
u

t

im
p

e
d

a
n

c
e

so
a

s
to

a
ll

o
w

c
a

s
c
a

d
e

c
o

n
n

e
c
ti

o
n

w
it

h
o

u
t

a
n

y

a
d

d
it

io
n

a
l

b
u

ff
e
r

a
m

p
li

fi
e
r
.

A
c
ti

v
e
-R

C
fi

lt
e
r
s

a
r
e

m
o

s
t

s
u

it
a

b
le

fo
r

th
is

ty
p

e
o

f
a

p
p

li
c
a

ti
o

n
,

a
n

d
th

u
s

a
r
e

fr
e

q
u

e
n

tl
y

u
se

d
fo

r
r
e
a

li
z
in

g
se

c
o

n
d

-o
rd

e
r

fi
lt

e
r
s
.

W
e

w
il

l

b
r
ie

fl
y

d
is

c
u

s
s

th
e

se
c
o

n
d

-o
rd

e
r

a
c
ti

v
e
-R

C
fi

lt
e
r
s

a
c
c
o

rd

in
g

to
th

e
n

u
m

b
er

o
f

a
m

p
li

fi
e
r
s

n
e
e
d

e
d

in
th

e
c
ir

c
u

it

r
e
a

l
i
z
a

t
i
o

n
.



2
.2

.1
.

S
in

g
le

a
m

p
li

fi
e
r

F
il

te
rs

M
an

y
ci

rc
u

it
co

nf
ig

ur
at

io
ns

ha
ve

be
en

su
gg

es
te

d
fo

r

re
al

iz
in

g
se

co
nd

-o
rd

er
se

ct
io

n
us

in
g

ac
tiv

e-
R

C
te

ch
ni

qu
es

(1
4]

-[
18

].
H

ow
ev

er
,

m
os

t
of

th
e

kn
ow

n
si

ng
le

am
pl

if
ie

r

fi
lt

e
r

re
al

iz
at

io
n

s
ca

n
be

c
la

ss
if

ie
d

in
to

tw
o

m
aj

or

ca
te

go
ri

es
[1

9]
,

na
m

el
y,

ne
ga

ti
ve

fe
ed

ba
ck

(N
F)

an
d

po
si

ti
v

e
fe

ed
ba

ck
(P

F)
ty

p
es

,
as

sh
ow

n
sc

h
em

at
ic

al
ly

in
F

ig
u

re

2.
1.

In
th

is
fi

gu
re

,
n1

#
n2

an
d

n3
ar

e
pa

ss
iv

e
RC

ne
t

w
or

ks
.

In
g

en
er

al
,

th
e

ty
pe

of
RC

fe
ed

ba
ck

ne
tw

or
ks

d
et

er
m

in
es

th
e

tr
a
n

sf
e
r

fu
n

ct
io

n
an

d
th

e
se

n
si

ti
v

it
y

p
ro

p
er

ti
es

o
f

th
e

re
su

lt
in

g
ac

ti
v

e
fi

lt
e
r.

Fi
gu

re
2.

2
sh

ow
s

a
fe

w
ex

am
pl

es
of

th
e

si
n

g
le

am
pl

if

ie
r

fi
lt

e
rs

.
C

ir
cu

it
(a

)
is

a
lo

w
pa

ss
w

h
il

e
c
ir

c
u

it
(b

)
is

a
ba

nd
pa

ss
re

al
iz

at
io

n
of

th
e

m
ul

ti
pl

e
fe

ed
ba

ck
ty

pe
[1

4]
.

Th
e

hi
gh

pa
ss

re
al

iz
at

io
n

,
as

sh
ow

n
in

ci
rc

u
it

(c
)

is
of

th
e

po
le

-z
er

o
ca

nc
el

la
ti

on
ty

pe
[1

7]
an

d
ci

rc
u

it
(d

)
is

th
e

fa
m

il
ia

r
S

al
le

n
an

d
K

ey
NF

ba
nd

pa
ss

re
a
li

z
a
ti

o
n

[1
6

].

C
ir

cu
it

(e
)

is
a

si
n

g
le

am
p

li
fi

er
re

al
iz

at
io

n
o

f
bi

qu
ad

c
ir

c
u

it
[1

8]
us

in
g

tw
in

-T
st

ru
ct

u
re

to
im

pl
em

en
t

th
e

RC

ne
tw

or
k

n
.

T
he

se
c
ir

c
u

it
s,

(a
)

to
(e

)
,

ca
n

be
c
la

ss
if

ie
d

un
de

r
th

e
HF

co
n

fi
g

u
ra

ti
o

n
.

C
ir

cu
it

(f
)

is
a

bi
qu

ad
c
ir

cu
it

us
in

g
PF

co
nf

ig
ur

at
io

n,
in

w
hi

ch
th

e
pa

ss
iv

e
fe

ed
ba

ck

ne
tw

or
k

n
is

a
la

d
d

er
ne

tw
or

k.
A

g
en

er
al

co
m

pa
ri

so
n

o
f

th
e

s
e
n

s
it

iv
it

ie
s

o
f

th
es

e
c
ir

c
u

it
s

ca
n

be
fo

un
d

in
re

fe
r

en
ce

[1
9]

.
In

g
en

er
al

,
th

e
ch

oi
ce

of
w

hi
ch

si
n

g
le

am
pl

if

ie
r

fi
lt

e
r

to
us

e
is

u
su

al
ly

de
te

rm
in

ed
by

th
e

tr
ad

eo
ff

s

«
u

(
b
) I
N

r2
-
(k
-D
rj

V
W

i
v

-—
O

O
U
T

O
U
T

Fi
gu
re

2.
1

(a
)

A
ge
ne
ra
l

si
tt
gl
e-
as
up
li
fi
ar

ne
ga
ti
ve

fe
ed
bn
ek

(
N
F
)
c
o
n
f
i
g
u
r
a
t
i
o
n
,

(b
)

A
ge
ne
ra
l

si
ng
le
-a
mp
li
fi
er

po
si
ti
ve

fe
ed
ba
ck

(P
F)

c
o
n
f
i
g
u
r
a
t
i
o
n
.

"
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(a
)

IN

c
O

y
O

U
T

(b
)

•o
O

v
O

U
T

(c
)

o
—

—
—

O
O

U
T

Fi
gu
re

2.
2

Ex
am
pl
es

of
si
ng
le
-a
mp
li
fi
er

fi
lt
er
s:

(a
)

lo
wp
as
s

fi
lt
er
,

(b
)

ba
nd
pa
ss

fi
lt
er
,

(c
)

h
i
g
h
p
a
s
s

fi
lt
er
.

1
0

»
'.

*

(d
)

IO
C

O
U

T

(e
)

fC

R
/a

J
H

*
-^

&
x

^
n

-t
o O

U
T

(
f)

•^

J
>

A
-
«

o
.

i
-
O O

U
T

-c
rc

3

Fi
gu
re

2.
2

(c
on
t'
d)

(d
)

Sa
ll
en

an
d

Ke
y

ba
nd
pa
ss

fi
lt
er

(e
)

bi
qu
ad

ci
rc
ui
t
us
in
g

NF
co
nf
ig
ur
at
io
n

(f
)

bi
qu
ad

ci
rc
ui
t

us
in
g
PF

co
nf
ig
ur
at
io
n

i
i



am
on

g
th

e
se

n
si

ti
v
it

ie
s

o
f

uj
an

d
Q,

th
e

re
qu

ir
ed

nu
m

be
r

o
f

p
a

ss
iv

e
el

em
en

ts
an

d
th

e
sp

re
ad

in
va

lu
es

o
f

th
e

p
a

ss
iv

e

e
l
e
m

e
n

t
s
.

2
.2

.2
.

M
u

lt
ip

le
A

m
p

li
fi

e
r

F
il

te
r
s

T
h

e
re

a
re

v
a

ri
o

u
s

w
a

ys
o

f
r
e
a

li
z
in

g
se

c
o

n
d

-o
rd

e
r

se
c

ti
o

n
us

in
g

m
u

lt
ip

le
o

p
er

a
ti

o
n

a
l

a
m

p
li

fi
er

s.
A

d
et

a
il

ed

co
m

pa
ri

so
n

o
f

15
m

u
lt

ip
le

a
m

p
li

fi
er

fi
lt

e
rs

ca
n

be
fo

un
d

in
re

fe
re

n
c
e

[2
0

].
In

th
is

s
e
c
ti

o
n

,
w

e
w

il
l

d
is

c
u

ss
o

n
e

o
f

th
e

m
o

st
im

p
o

rt
a

n
t

an
d

fr
e
q

u
e
n

tl
y

u
se

d
m

u
lt

ip
le

a
m

p
li

f

ie
r

fi
lt

e
r
s
,

n
a

m
el

y,
th

e
se

co
n

d
-o

rd
er

st
a

te
v
a

ri
a

b
le

c
ir

c
u

i
t
.

T
h

is
s
ta

te
v
a

ri
a

b
le

fi
lt

e
r

ca
n

b
e

u
se

d
to

r
e
a

li
z
e

a

g
en

er
a

l
b

iq
u

a
d

ra
ti

c
tr

a
n

sf
e
r

fu
n

ct
io

n
o

f
th

e
fo

rm

H
(s

)
F

(
s
)

(
2

.1
)

w
he

re
s

is
th

e
co

m
pl

ex
fr

eq
ue

nc
y

va
ri

a
b

le
,

uu
Q

an
d

Q

c
h

a
ra

c
te

ri
ze

th
e

p
a

ir
o

f
co

m
p

le
x

p
o

le
s,

an
d

F
(s

)
is

a

po
ly

no
m

ia
l

o
f

or
de

r
<

2
de

te
rm

in
in

g
th

e
ty

pe
o

f
fi

lt
e
r

f
u

n
c
t
i
o

n
.

T
he

c
ir

c
u

it
sh

ow
n

in
F

ig
u

re
2

.3
ca

n
be

u
se

d
to

re
a

l

iz
e

a
bi

qu
ad

tr
a

n
sf

e
r

fu
n

ct
io

n
[2

1
].

It
re

q
u

ir
es

tw
o

in
te

g
ra

to
rs

an
d

on
e

su
m

m
er

.
B

y
ta

ki
n

g
th

e
o

u
tp

u
ts

a
t

d
if

fe
re

n
t

n
o

d
e
s,

o
n

e
ca

n
o

b
ta

in
a

h
ig

h
p

a
ss

,
a

lo
w

p
a

ss
an

d
a

1
2

1
3

L
v
W

F
ig

u
re

2
.3

A
se

co
nd

o
rd

er
st

a
te

-v
a

ri
a

b
le

c
ir

c
u

it
.

«.
.-

«r
'
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b
a
n
d
p
a
s
s

t
r
a
n
s
f
e
r

f
u
n
c
t
i
o
n
s
.

T
h
e

t
r
a
n
s
f
e
r

f
u
n
c
t
i
o
n
s

o
f

t
h
i
s

c
i
r
c
u
i
t

a
r
e

g
i
v
e
n

b
y

t
h
e

f
o
l
l
o
w
i
n
g

e
x
p
r
e
s
s
i
o
n
s
:

L
P

(s
)

H
P
(
s
)

=

B
P

(s
)

=

1+
R

6/
R

5
TW

7W
~A

W
l^

I
,2

+
1+

IV
R

5
s

+
1+

R
4/

R
3

R1
C1

1
+

R
c
/R

e

1+
R3
/R
4

_2
.
^
7
*
5

1
S

1+
R4
/R
3
R7
C7

1
+

R
C

/R
.

I+
R

T
R

^

s
+

R5
R1

R2
C1

C2

R
5R

1R
2C

1C
2

*
F

i
2

H
-R

6/
R

s
!

R6

(
2

.2
)

(
2

.3
)

(
2

.4
)

E
q

u
a
ti

o
n

s
(2

.2
),

(2
.3

),
(2

.4
)

c
o

rr
e
sp

o
n

d
to

th
e

se
c
o

n
d

-o
rd

e
r

lo
w

p
a
ss

,
h

ig
h

p
a
ss

,
an

d
b

a
n

d
p

a
ss

f
il

te
r
s

re
s
p

e
c
ti

v
e
ly

.
If

a
n

a
d

d
it

io
n

a
l

su
m

m
er

is
u

se
d

,
o

n
e

c
a
n

o
b

ta
in

a
n

a
ll

-p
a
s
s

f
il

te
r
,

a
b

a
n

d
re

je
c
t

f
il

te
r
,

a
s

w
e
ll

a
s

a
n

y
o

th
e
r

s
e
c
o

n
d

-o
rd

e
r

f
il

te
r
.

T
h

e
s
ta

te
v

a
r
ia

b
le

r
e
a
li

z
a
ti

o
n

i
s
,

in
g

e
n

e
r
a
l,

le
s
s

s
e
n

s
it

iv
e

to
e
le

m
e
n

t
v

a
ri

a
ti

o
n

th
a
n

a
s
in

g
le

a
m

p
li

fi
e
r

r
e
a
li

z
a
ti

o
n

.
F

o
r

th
a
t

re
a
s
o

n
,

i
t

is
so

m
e
ti

m
e
s

u
se

d
fo

r

h
ig

h
Q

b
an

d
p

as
s

a
p

p
li

c
a
ti

o
n

s.
A

ls
o

,
th

is
ty

p
e

o
f

fi
lt

e
rs

re
q

u
ir

e
s

re
la

ti
v

e
ly

lo
w

p
e
rf

o
rm

a
n

c
e

a
m

p
li

fi
e
rs

.
T

he

1
4

sp
re

ad
s

o
f

co
m

po
ne

nt
v

a
lu

e
s

ca
n

be
sm

a
ll

e
r

an
d

th
e

p
o

st
-

ad
ju

st
m

en
t

(o
r

tu
ni

ng
)

ca
n

be
do

ne
e
a
si

ly
.

H
ow

ev
er

,
th

e

m
aj

or
d

is
ad

v
an

ta
g

e
o

f
th

is
ty

p
e

o
f

fi
lt

e
rs

is
th

a
t

it

re
q

u
ir

e
s

th
re

e
o

p
e
ra

ti
o

n
a
l

a
m

p
li

fi
e
rs

.

2
.3

.
D

ir
e
c
t

(n
o

n
-c

a
s
c
a
d

e
)

A
p

p
ro

a
c
h

T
he

ca
sc

ad
e

ap
p

ro
ac

h
to

th
e

re
a
li

z
a
ti

o
n

o
f

h
ig

h
-o

rd
e
r

tr
a
n

s
fe

r
fu

n
c
ti

o
n

s
h

a
s

th
e

m
a
jo

r
a
p

p
e
a
l

o
f

s
im

p
li

c
it

y
.

H
ow

ev
er

,
th

is
ap

p
ro

ac
h

h
as

th
e

d
is

a
d

v
a
n

ta
g

e
th

a
t

ty
p

ic
a
ll

y

it
re

q
u

ir
e
s

n
ar

ro
w

er
co

m
po

ne
nt

to
le

ra
n

c
e
s

th
an

so
m

e
d

ir
e
c
t

re
a
li

z
a
ti

o
n

s
su

c
h

a
s

th
e

d
o

u
b

ly
-t

e
rm

in
a
te

d
p

a
ss

iv
e

la
d

d
e
r

n
e
tw

o
rk

s
.

T
h

e
d

if
fe

re
n

c
e

in
th

e
re

q
u

ir
e
d

to
le

ra
n

c
e
s

c
a
n

be
q

u
it

e
si

g
n

if
ic

a
n

t
in

h
ig

h
-o

rd
er

c
a
se

s,
as

w
il

l
be

d
is

c
u

s
s
e
d

in
C

h
a
p

te
r

3
.

In
th

is
s
e
c
ti

o
n

,
w

e
w

il
l

d
e
sc

ri
b

e
th

e
d

o
u

b
ly

-

te
rm

in
at

ed
p

a
ss

iv
e
-l

a
d

d
e
r

n
et

w
o

rk
s,

a
s

w
el

l
as

so
m

e
in

d
u

c

to
rl

e
s
s

a
c
ti

v
e
-R

C
f
il

te
r
s

w
h

ic
h

u
se

th
e

d
ir

e
c
t

a
p

p
ro

a
c
h

to

im
p

le
m

en
t

h
ig

h
-o

rd
e
r

tr
a
n

s
fe

r
fu

n
c
ti

o
n

s
.

2
.3

.1
.

D
o

u
b

ly
-T

e
rm

in
a
te

d
R

L
C

L
a
d

d
e
r

N
et

w
o

rk
s

T
h

er
e

a
re

m
an

y
c
la

ss
e
s

o
f

p
a
ss

iv
e

fi
lt

e
rs

w
hi

ch
u

se
s

th
e

d
ir

e
c
t

im
p

le
m

en
ta

ti
o

n
ap

p
ro

ac
h

,
th

e
m

o
st

im
p

o
rt

an
t

o
f

w
hi

ch
is

th
e

d
o

u
b

ly
-t

er
m

in
at

ed
la

d
d

e
r

n
et

w
o

rk
s.

'
A

la
d

d
e
r

ne
tw

or
k

is
co

m
po

se
d

o
f

el
em

en
ts

co
n

n
ec

te
d

a
lt

e
rn

a
te

ly
in

s
e
ri

e
s

an
d

in
p

a
ra

ll
e
l

a
s

sh
o

w
n

in
F

ig
u

re
2

.4
.

1
5



V

L
l

Z3

+ VI
N

h
\

—

J
L

F
ig

u
re

2
.4

A
la

d
d

e
r

n
e
tw

o
rk

.

n
-
l

9
o

4-

O
U

T

4
O

1
6

T
he

d
o

u
b

ly
-t

e
rm

in
a

te
d

p
a

ss
iv

e
R

L
C

la
d

d
e
r

n
e
tw

o
rk

s
m

a
y

b
e

u
se

d
to

r
e
a

li
z
e

tr
a

n
s
fe

r
fu

n
c
ti

o
n

s
w

it
h

le
ft

-
h

a
lf

p
la

n
e

p
o

le
s

an
d

im
a

g
in

a
ry

a
x
is

ze
ro

s.
T

he
la

d
d

er
n

et
w

o
rk

s
w

h
ic

h

r
e
a

li
z
e

lo
w

p
a

ss
,

h
ig

h
p

a
ss

,
b

a
n

d
p

a
ss

a
n

d
b

a
n

d
re

je
c
t

fi
lt

e
r
s

a
re

sh
o

w
n

in
F

ig
u

re
s

2
.5

a
n

d
2

.6
.

T
ra

n
sm

is
si

o
n

ze
ro

s
m

a
y

b
e

im
p

le
m

e
n

te
d

b
y

th
e

p
ro

p
e
r

c
h

o
ic

e
o

f
L

C
im

p
e
d

a
n

c
e
s

in

th
e

s
e
r
ie

s
a

n
d

s
h

u
n

t
a

rm
s

o
f

th
e

la
d

d
e
r
.

F
o

r
in

s
ta

n
c
e
,

th
e

lo
w

p
a

ss
fi

lt
e
r

o
f

F
ig

u
re

2
.5

c
a

n
b

e
m

o
d

if
ie

d
to

in
c
lu

d
e

tw
o

p
a

ir
s

o
f

tr
a

n
s
m

is
s
io

n
z
e
r
o

s
b

y
s
im

p
ly

a
d

d
in

g

tw
o

sh
un

t
ca

p
a

ci
to

rs
C_

an
d

C
^,

as
sh

ow
n

in
F

ig
ur

e
2

.7
.

T
h

e
d

e
s
ig

n
o

f
th

e
d

o
u

b
ly

-t
e
r
m

in
a

te
d

R
L

C
la

d
d

e
r

fi
lt

e
r
s

h
a

s

b
e
e
n

d
e
s
c
r
ib

e
d

e
x
te

n
s
iv

e
ly

in
v
a

r
io

u
s

p
u

b
li

c
a

ti
o

n
s

[
2

2
]
.

O
ne

u
n

iq
u

e
p

r
o

p
e
r
ty

o
f

th
e

d
o

u
b

ly
-t

e
r
m

in
a

te
d

R
L

C

la
d

d
e
r

n
e
tw

o
r
k

i
s

th
a

t
i
t

is
v
e
r
y

in
s
e
n

s
it

iv
e

to
c
o

m
p

o
n

e
n

t

v
a

r
ia

ti
o

n
s

in
th

e
p

a
ss

b
a

n
d

.
L

e
t

u
s

e
x
a

m
in

e
th

e
s
e
n

s
i

ti
v
it

y
o

f
th

e
lo

w
p

a
ss

fi
lt

e
r

sh
o

w
n

in
F

ig
u

re
2

.5
.

In
th

is

n
e
tw

o
r
k
,

th
e

v
a

lu
e
s

o
f

R
_

a
n

d
R

.
a

re
c
h

o
se

n
su

c
h

th
a

t
m

a
x

im
um

p
o

w
er

is
tr

a
n

s
fe

r
r
e
d

fr
o

m
th

e
so

u
rc

e
to

th
e

lo
a

d
w

h
en

a
ll

r
e
a

c
ti

v
e

c
o

m
p

o
n

e
n

t
v
a

lu
e
s

a
re

e
x
a

c
tl

y
a

s
d

e
s
ig

n
e
d

.

U
n

d
e
r

th
is

c
o

n
d

it
io

n
,

i
t

i
s

c
le

a
r

th
a

t
a

n
y

r
e
a

c
ti

v
e

e
le

m
e
n

t
v
a

lu
e

c
h

a
n

g
e
s
,

e
it

h
e
r

u
p

o
r

d
o

w
n

,
c
a

n
o

n
ly

c
a

u
se

th
e

p
o

w
er

tr
a

n
s
fe

r
r
e
d

to
th

e
lo

a
d

to
d

e
c
re

a
se

(o
r

V
to

d
e
c
r
e
a

s
e
).

T
h

u
s

th
e

q
u

a
d

r
a

ti
c

c
u

r
v
e

o
f

F
ig

u
re

2
.8

is

o
b

ta
in

e
d

.
In

fa
c
t,

a
s

se
e
n

in
F

ig
u

re
2

.8
,

in
th

e
n

e
ig

h

b
o

rh
o

o
d

o
f

th
e
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c
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u
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h
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e
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=
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c
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c
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p
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n
e
n
t
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u
e
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A
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et
ch

o
f
t
h
e
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it
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L
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l
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d
d
e
r

f
i
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e
r
.
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im
um

p
o

w
er

tr
a

n
s
fe

r
c
o

n
d

it
io

n
o

c
c
u

r
s
,

th
is

d
o

u
b

ly
-

te
rm

in
a

te
d

p
a

s
s
iv

e
-l

a
d

d
e
r

n
e
tw

o
rk

h
a

s
ze

ro
s
e
n

s
it

iv
it

y

(
i.

e
.

=
T

7"
~~

u
)
.

T
h

is
u

n
iq

u
e

p
r
o

p
e
r
ty

h
a

s
m

a
d

e
«*

*•
IX

cx
cl

c*
.

th
e
s
e

d
o

u
b

ly
-t

e
r
m

in
a

te
d

n
e
tw

o
rk

s
v
e
r
y

p
o

p
u

la
r
,

a
n

d
h

a
s

b
ro

u
g

h
t

a
b

o
u

t
m

a
n

y
im

p
o

rt
a

n
t

in
d

u
c
to

r
le

s
s

a
c
ti

v
e
-R

C

f
i
l
t
e
r
s

w
h

ic
h

a
r
e

d
e
r
iv

e
d

fr
o

m
t
h

i
s

la
d

d
e
r

n
e
tw

o
r
k
.

2
.3

.2
.

S
im

u
la

te
d

I
n

d
u

c
ta

n
c
e

M
e
th

o
d

O
ne

d
ra

w
b

a
c
k

o
f

th
e

d
o

u
b

ly
-t

e
r
m

in
a

te
d

R
L

C
n

e
tw

o
r
k
s

is

th
a

t
fo

r
lo

w
fr

e
q

u
e
n

c
y

o
p

e
r
a

ti
o

n
s
,

su
c
h

a
s

in
a

u
d

io
a

p
p

li

c
a

ti
o

n
s
,

in
d

u
c
to

r
s

o
f

r
e
la

ti
v
e
ly

la
r
g

e
v
a

lu
e
s

a
re

n
e
e
d

e
d

.

T
h

e
se

in
d

u
c
to

r
s

a
re

b
u

lk
y

a
n

d
e
x
p

e
n

s
iv

e
to

m
a

n
u

fa
c
tu

r
e
.

T
h

u
s

th
e
s
e

n
e
tw

o
r
k
s

c
a

n
n

o
t

b
e

e
ff

e
c
ti

v
e
ly

r
e
a

li
z
e
d

.
O

ne

w
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o
f

o
v
e
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o
m

in
g

th
is

p
ro

b
le

m
is

to
re

p
la

c
e

e
a

c
h

in
d

u
c
to

r

in
th

e
p

a
s
s
iv

e
d

o
u

b
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e
r
m

in
a

te
d

la
d

d
e
r

n
e
tw

o
rk

s
b

y
a

s
im

u
la

te
d

in
d

u
c
to

r
o

r
G
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to
r

c
ir

c
u

it
.
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th
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w

a
y
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th
e
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o

u
b

ly
-t

e
rm
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a

te
d

la
d

d
e
r

n
e
tw

o
rk

s
c
a

n
b

e
r
e
a

li
z
e
d

w
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n
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y
in

d
u

c
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p
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p
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c
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c
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c
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c
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b
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=
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h
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an
d

th
us
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h
e
si
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d
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,

L,
i
s
eq
ua
l

to

L
=

C
lR

lR
2

(
2

.6
)

T
h

is
si

m
u

la
te

d
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d
u
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a

n
ce

te
ch

n
iq

u
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u
si

n
g
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ed
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d

u
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o
r
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ir

c
u

it
o
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F

ig
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e
2
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,

is
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a

tt
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c
ti

v
e
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r
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a
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n
g
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gh
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ss

fi
lt

e
rs

w
it

h
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o

a
ti

n
g
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d

u
ct

o
rs

.
F
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in
F

ig
ur

e
2.

10
,

th
e

fi
ft

h
-o

rd
er

do
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ly
-t

er
m

in
at

ed
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gh

pa
ss

fi
lt

e
r

w
it

h
tw

o
p

a
ir

s
o
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tr
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n
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o

n
ze

ro
s
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o
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o
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nd
ed
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T
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c
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n
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d

ir
e
c
tl

y
re
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ed
by

th
e

c
ir

c
u

it
sh
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n
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F

ig

u
r
e

2
.9

.

P
re

se
n

tl
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it
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s
ti
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n

o
t

p
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c
ti

c
a

l
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si
m

u
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te
a

fl
o

a
ti

n
g
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an
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w
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h
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od
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a

b
il

it
y
,

si
m

p
ly

be
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e

th
e

c
ir

c
u

it
is

q
u

it
e
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m

p
le

x.
F

or
th

is
re

a
so

n
,

fi
lt

e
r
s

w
hi

ch
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n
ta
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fl

o
a

ti
n

g
in

d
u
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o

rs
,

su
ch
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m

o
st

o
f

th
e

lo
w
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ss
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d

so
m

e
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lt
e
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,
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nn
ot
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y

r
e
a
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z
e
d
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c
h
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.
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h
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,

on
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e
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te
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u

e.
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c
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c
a

l
c
ir

c
u

it
th

e
o

r
y
.

A
lt

h
o

u
g

h
th

e
s
c
a

li
n

g
fa

c
to

r
is

u
su

a
ll

y
a

p
o

s
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e

r
e
a

l
c
o

n
s
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n
t,

i
t

c
a

n
b

e
ta

k
e
n

to
b

e
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m

p
le

x
o

r
fr

e
q

u
e
n

c
y

d
e
p

e
n

d
e
n

t
[
2

4
]
,

F
o

r
e
x
a

m
p

le
,

a
l
l

co
m

p
o

n
e
n

ts
o

f
th

e
p

a
s
s
iv

e
R

L
C

n
e
tw

o
r
k

c
a

n
b

e
s
c
a

le
d

b
y

a
fr

e

q
u

e
n

c
y

d
e
p

e
n

d
e
n

t
s
c
a

li
n

g
fa

c
to

r
,

1
/s

,
a

s
sh

o
w

n
in

F
ig

u
re

2
.1

1
.

In
th

is
F

ig
u

r
e
,

i
t

is
s
e
e
n

th
a

t
a

n
in

d
u

c
to

r
o

f
L

h
e
n

r
ie

s
is

r
e
p

la
c
e
d

b
y

a
r
e
s
is

to
r

o
f

L
o

h
m

s,
a

r
e
s
is

to
r

o
f

R
o

h
m

s
is

r
e
p

la
c
e
d

b
y

a
c
a

p
a

c
it

o
r

w
it

h
1

/R
fa

r
a

d
s
,

a
n

d
a

c
a

p
a

c
it

o
r

w
it

h
C

fa
ra

d
s

is
r
e
p

la
c
e
d

b
y

a
fr

e
q

u
e
n

c
y
-

d
e
p

e
n

d
e
n

t-
n

e
g

a
ti

v
e
-r

e
s
is

ta
n

c
e

(F
D

N
R

,
a

ls
o

kn
o

w
n

a
s

s
u

p
e
r
-

c
a

p
a

c
it

o
r
)

w
it

h
an

im
p

e
d

a
n

c
e

o
f

1
/s

C
.

T
h

u
s

b
y

h
a

v
in

g

th
is

1
/s

im
p

e
d

a
n

c
e

s
c
a

li
n

g
,

a
ll

th
e

in
d

u
c
to

r
s

h
a

v
e

b
e
e
n

e
li

m
in

a
te

d
.

H
o

w
e
v
e
r
,

w
e

h
a

v
e

in
tr

o
d

u
c
e
d

a
d

d
it

io
n

a
l

F
D

N
R

e
l
e
m

e
n

t
s
.

O
ne

c
ir

c
u

it
w

h
ic

h
r
e
a

li
z
e
s

a
g

ro
u

n
d

e
d

F
D

N
R

is
sh

o
w

n

in
F

ig
u

re
2

.1
2

.
In

th
is

c
ir

c
u

it
,

th
e

im
p

e
d

a
n

c
e

lo
o

k
in

g

b
e
tw

e
e
n

te
r
m

in
a

l
1

a
n

d
g

ro
u

n
d

is
g

iv
e
n

b
y

z
.

=
i
n

(s
zR

1C
1C

2)

a
n

d
h

e
n

c
e
,

th
e

F
D

N
R

v
a

lu
e
,

E
,

i
s

e
q

u
a

l
to

E
-

R
lC

lC
2

(
2

.7
)

(
2

.8
)

T
h
i
s

F
D
N
R

m
e
t
h
o
d
,

u
s
i
n
g

t
h
e

g
r
o
u
n
d
e
d

F
D
N
R

c
i
r
c
u
i
t

o
f

F
i
g
u
r
e

2
.
1
2
,

i
s
b
e
s
t

f
o
r

r
e
a
l
i
z
i
n
g

l
o
w
p
a
s
s

f
i
l
t
e
r
s

w
i
t
h

n
o
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^
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*
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|
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.1

1
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h
e

e
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e
c
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o
f
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a
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g
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e
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a
n
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o
f

R
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C
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o

m
p
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E=
R^

C,
C

1
2

^
>

F
ig

u
re

2
.1

2
R

ea
li

za
ti

o
n

o
f

a
gr

ou
nd

ed
FD

N
R.

2
8

fl
o

a
ti

n
g

c
a

p
a

c
it

o
rs

.
A

s
sh

o
w

n
in

F
ig

u
re

2
.1

3
(a

),
th

e

fi
ft

h
-o

r
d

e
r

d
o

u
b

ly
-t

e
r
m

in
a

te
d

lo
w

p
a

ss
fi

lt
e
r

w
it

h
tw

o

p
a

ir
s

o
f

tr
a

n
s
m

is
s
io

n
z
e
r
o

s
r
e
q

u
ir

e
s

o
n

ly
tw

o
g

ro
u

n
d

e
d

c
a

p
a

c
it

o
r
s
.

B
y

a
p

p
ly

in
g

th
e

1
/s

tr
a

n
s
fo

r
m

a
ti

o
n

to
th

is

lo
w

p
a

ss
fi

lt
e
r
,

th
e

r
e
s
u

lt
in

g
c
ir

c
u

it
is

sh
o

w
n

in
F

ig
u

re

2
.1

3
(b

).
T

h
is

c
ir

c
u

it
c
o

n
s
is

ts
o

f
tw

o
c
a

p
a

c
it

o
r
s
,

fi
v
e

r
e
s
is

to
r
s

a
n

d
tw

o
F

D
N

R
e
le

m
e
n

ts
.

T
h

e
se

g
ro

u
n

d
e
d

F
D

N
R

e
le

m
e
n

ts
c
a

n
b

e
d

ir
e
c
tl

y
r
e
p

la
c
e
d

b
y

th
e

c
ir

c
u

it
o

f
F

ig
u

re

2
.1

2
.

P
r
e
s
e
n

tl
y
,

i
t

is
s
t
i
l
l

d
if

fi
c
u

lt
to

s
im

u
la

te
fl

o
a

ti
n

g

F
D

N
R

e
le

m
e
n

t
w

it
h

g
o

o
d

s
ta

b
il

it
y
.

B
e
c
a

u
se

o
f

th
is

,

fi
lt

e
r
s

w
h

ic
h

c
o

n
ta

in
fl

o
a

ti
n

g
c
a

p
a

c
it

o
r
s

s
u

c
h

a
s

m
o

s
t

o
f

th
e

h
ig

h
p

a
s
s

a
n

d
so

m
e

b
a

n
d

p
a

ss
fi

lt
e
r
s

c
a

n
n

o
t

b
e

e
ff

e
c

ti
v
e
ly

r
e
a

li
z
e
d

u
s
in

g
th

is
te

c
h

n
iq

u
e
.

I
t

is
in

te
r
e
s
ti

n
g

to
n

o
te

th
a

t
w

h
il

e
th

e
s
im

u
la

te
d

in
d

u
c
ta

n
c
e

te
c
h

n
iq

u
e

c
a

n
b

e
e
ff
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ie

n
tl

y
u

s
e
d

to
r
e
a

li
z
e

h
ig

h
p

a
s
s

fi
lt

e
r
s
,

th
e

FD
N

R
te

c
h

n
iq

u
e

c
a

n
b

e
e
ff

ic
ie

n
tl

y

u
s
e
d

to
r
e
a

li
z
e

lo
w

p
a

s
s

f
i
l
t
e
r
s
.

T
o

r
e
a

li
z
e

b
a

n
d

p
a

s
s

o
r

b
a

n
d

r
e
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c
t

fi
lt

e
r
s
,

a
c
o

m
b

in
a

ti
o

n
o

f
th

e
s
e

tw
o

te
c
h

n
iq

u
e
s

m
a

y
b

e
u

s
e
d
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2

5
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.
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.
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g
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p
u
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r
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y
p
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F

il
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r
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A
n

a
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g
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o
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p
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o

r
s
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a

c
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p
r
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a
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b
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p

p
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e
d
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e
a
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e
r
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m
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.
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s
e
c
ti
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n
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w

e

w
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l
d

e
s
c
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e
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o
b

a
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w
a
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o

f
r
e
a

li
z
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g
th

e
a

n
a

lo
g

-
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p
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.
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re
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sh

ow
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e
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om
th
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g
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a
l
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ow

gr
ap

h,
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e
c
ir
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u

it
w
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im
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em
en
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er
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nc
ti
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re
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.
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re
st

in
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at
e

va
ri

ab
le

ci
rc

u
it

d
es

cr
ib

ed
in

se
ct

io
n

2
.2

.2
is

a
c
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r
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be
su

it
a

b
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r
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p
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ra
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e
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d
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e
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at
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C
H
A
P
T
E
R

3

F
I
L
T
E
R
S

U
T
I
L
I
Z
I
N
G

I
N
T
E
G
R
A
T
O
R
S

A
S

B
U
I
L
D
I
N
G

B
L
O
C
K
S

3
.
1
.

I
n
t
r
o
d
u
c
t
i
o
n

I
n

t
h
i
s

c
h
a
p
t
e
r
,

w
e

w
i
l
l

d
i
s
c
u
s
s

a
s
p
e
c
i
a
l

c
l
a
s
s

o
f

f
i
l
t
e
r
s

w
h
i
c
h

u
s
e
s

i
n
t
e
g
r
a
t
o
r
s

a
s

b
u
i
l
d
i
n
g

b
l
o
c
k
s
.

T
h
i
s

c
l
a
s
s

o
f

f
i
l
t
e
r
s

c
a
n

b
e

u
s
e
d

t
o

r
e
a
l
i
z
e

a
v
a
r
i
e
t
y

o
f

f
i
l
t
e
r

s
y
s
t
e
m
s
,

s
u
c
h

a
s

l
o
w
p
a
s
s
,

h
i
g
h
p
a
s
s
,

b
a
n
d
p
a
s
s

a
n
d

b
a
n
d
r
e
j
e
c
t

f
i
l
t
e
r
s
.

T
h
i
s

c
l
a
s
s

o
f

f
i
l
t
e
r
s

i
s

i
m
p
o
r
t
a
n
t

b
e
c
a
u
s
e

p
r
e
c
i
s
i
o
n

i
n
t
e
g
r
a
t
o
r
s

c
a
n

b
e

r
e
a
d
i
l
y

r
e
a
l
i
z
e
d

u
s
i
n
g

I
n
t
e
g
r
a
t
e
d

C
i
r
c
u
i
t

t
e
c
h
n
o
l
o
g
y
.

F
i
r
s
t
,

w
e

w
i
l
l

d
i
s
c
u
s
s

h
o
w

i
n
t
e
g
r
a
t
o
r
s

c
a
n

b
e

u
s
e
d

t
o

r
e
a
l
i
z
e

v
a
r
i
o
u
s

t
y
p
e
s

o
f

l
o
w
-
o
r
d
e
r

f
i
l
t
e
r

s
t
a
g
e
s
.

T
h
e
s
e

l
o
w
-
o
r
d
e
r

s
e
c
t
i
o
n
s

c
a
n

b
e

u
s
e
d

t
o

r
e
a
l
i
z
e

h
i
g
h
-
o
r
d
e
r

f
i
l
t
e
r
s
u
s
i
n
g

t
h
e
c
a
s
c
a
d
e

a
p
p
r
o
a
c
h
.

I
n

p
a
r
t
i
c
u
l
a
r
,
,
w
e

w
i
l
l

a
n
a
l
y
s
e

t
h
e

s
e
n
s
i
t
i
v
i
t
y
o
f

a
f
i
f
t
h
-
o
r
d
e
r

l
o
w
p
a
s
s

f
i
l
t
e
r

w
h
i
c
h

u
s
e
s

t
h
i
s

t
e
c
h
n
i
q
u
e
.

N
e
x
t
,

w
e

w
i
l
l

d
e
r
i
v
e

t
h
e

a
n
a
l
o
g
-
c
o
m
p
u
t
e
r
-
t
y
p
e

f
i
l
t
e
r

f
r
o
m

a
d
o
u
b
l
y
-
t
e
r
m
i
n
a
t
e
d

p
a
s
s
i
v
e
-
l
a
d
d
e
r

n
e
t
w
o
r
k

(i
.e
.

d
i
r
e
c
t
a
p
p
r
o
a
c
h
)
.

T
h
e

s
e
n
s
i

t
i
v
i
t
y
b
e
h
a
v
i
o
r
o
f
t
h
i
s
f
i
l
t
e
r
i
s
t
h
e
n
a
n
a
l
y
s
e
d
.

F
i
n
a
l
l
y
,

t
h
e

a
d
v
a
n
t
a
g
e
s

a
n
d

d
i
s
a
d
v
a
n
t
a
g
e
s

o
f

t
h
e
s
e

t
w
o

h
i
g
h
-
o
r
d
e
r

f
i
l
t
e
r

r
e
a
l
i
z
a
t
i
o
n

a
p
p
r
o
a
c
h
e
s

a
r
e

c
o
m
p
a
r
e
d
.

I
n

t
h
i
s

c
h
a
p
t
e
r
,

t
h
e

d
e
s
i
g
n

o
f

l
o
w
p
a
s
s

f
i
l
t
e
r
s

w
i
l
l

b
e

e
m
p
h
a
s
i
z
e
d
.

R
e
a
l
i
z
a
t
i
o
n

o
f

o
t
h
e
r

t
r
a
n
s
f
e
r

f
u
n
c
t
i
o
n
s

3
6
-

c
a
n

b
e

e
a
s
i
l
y

i
m
p
l
e
m
e
n
t
e
d

u
s
i
n
g

t
h
e

s
a
m
e

p
r
i
n
c
i
p
l
e
.

3
.
2
.

H
i
g
h
-
O
r
d
e
r

F
i
l
t
e
r
s

b
y

C
a
s
c
a
d
e

A
p
p
r
o
a
c
h

T
h
e

c
a
s
c
a
d
e

r
e
a
l
i
z
a
t
i
o
n

o
f

h
i
g
h
-
o
r
d
e
r

f
i
l
t
e
r
s

c
a
n

b
e

i
m
p
l
e
m
e
n
t
e
d

w
i
t
h

s
e
v
e
r
a
l

f
i
r
s
t
-
o
r
d
e
r

a
n
d

s
e
c
o
n
d
-
o
r
d
e
r

s
t
a
g
e
s
.

T
h
e

f
i
r
s
t
-
o
r
d
e
r

a
n
d

s
e
c
o
n
d
-
o
r
d
e
r

f
i
l
t
e
r
s
,

w
h
i
c
h

u
s
e

i
n
t
e
g
r
a
t
o
r
s

a
s

b
a
s
i
c

e
l
e
m
e
n
t
s
,

w
i
l
l

b
e

d
e
s
c
r
i
b
e
d
.

3
.
2
.
1
.

F
i
r
s
t
-
O
r
d
e
r

F
i
l
t
e
r
s

T
h
e

f
i
r
s
t
-
o
r
d
e
r

p
a
s
s
i
v
e

l
o
w
p
a
s
s

f
i
l
t
e
r

i
s

s
h
o
w
n

i
n

F
i
g
u
r
e

3
.
1
(
a
)
.

B
y

i
n
s
p
e
c
t
i
o
n
,

t
h
e

t
r
a
n
s
f
e
r

f
u
n
c
t
i
o
n

o
f

t
h
i
s

c
i
r
c
u
i
t

i
s

g
i
v
e
n

b
y

H
(
s
)

V
.

S
R
C

+
1

i
n

(
3
.
1
)

a
n
d

t
h
e

t
i
m
e

c
o
n
s
t
a
n
t
o
f

t
h
i
s
'
c
i
r
c
u
i
t

i
s

R
C
.

T
h
i
s

p
a
s
s
i
v
e

f
i
l
t
e
r

c
a
n

b
e

e
q
u
i
v
a
l
e
n
t
l
y

r
e
a
l
i
z
e
d

u
s
i
n
g

a
n

i
n
t
e
g
r
a
t
o
r

s
h
o
w
n

i
n

F
i
g
u
r
e

3
.
1
(
b
)
.

T
h
e

t
r
a
n
s
f
e
r

f
u
n
c
t
i
o
n

o
f

t
h
i
s

c
i
r
c
u
i
t

i
s

g
i
v
e
n

b
y

H
(
s
)

''"
K

*1
(
3
.
2
)

w
h

er
e

ui
is

th
e

g
a

in
-c

o
n

st
a

n
t

o
f

th
e

in
te

g
r
a

to
r
.
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pa
r

in
g

e
q

u
a

ti
o

n
s

(3
.1
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w

it
h

(3
.2
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i
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o
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c
e
d
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a
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e
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.
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=

1/
RC

).
H

ow
ev

er
,

to
re

al
iz

e
a

fi
rs

t-
o
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d
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l
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er
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b
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b
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c
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c
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u
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i
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c
o
n
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c
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c
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c
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b
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e
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u
i
r
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c
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c
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n
t
e
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r
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h
i
c
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b
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c
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c
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c
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b
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c
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c
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b
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c
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c
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c
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b
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4
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n
t
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r
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o
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q
u
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r
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m
e
n
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r
e
c
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s
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o
n
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n
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c
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at
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ra
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c
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b
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at
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at
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e

ga
in
-c
on
st
an
t

of
th
e

in
te
gr
at
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.
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at
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re
la

ti
ve
ly

sm
al
l

ga
in
-c
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re
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.
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al
iz
ed

by
ba
se

di
ff
us
io
n

wh
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•
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.
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al
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.
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at
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at
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ic
al
ly

10
to

20
%)
,

an
d

th
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r
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m/
°C

)
[2
8]
.

He
nc
e

th
e

7
5



7
6

O
U

T

Fi
gu

re
4.

1
A

si
m

pl
e

RC
di

ff
er

en
ti

al
in

pu
t-
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c
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n
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c
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r
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f
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e

m
on

ol

it
h

ic
in
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n
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n
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c
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c
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ra
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b
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c
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c
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.
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d
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=
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n
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d

e
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ze

s
a

sm
al

l
va

lu
e

of

tr
an

sc
on

du
ct

an
ce

is
sh

ow
n

in
F

ig
ur

e
4.

3.
In
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ra

ti
o

of
Gn

to
C

c,
w

hi
le

th
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ra
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p
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c
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c
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c
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c
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c
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o
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c
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c
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c
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,
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e
b
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si

n
g

cu
rr

en
t

so
u
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e,

Ig
,

ca
n

be

va
ri

ed
.

B
y

va
ry

in
g

Ig
,

th
e

Gf
fl

o
f

th
e

in
p

u
t

st
a

g
e

is
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an
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d.
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en
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,
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va
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in
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V
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e
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s
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f
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e
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c
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e

c
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b

e
u
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c
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e
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c
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c
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c
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c
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p
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p
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c
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c
h
i
e
v
e

a
c
c
u
r
a
t
e

f
i
l
t
e
r

r
e
s
p
o
n
s
e
s
,

a
s

d
i
s
c
u
s
s
e
d

i
n

s
e
c
t
i
o
n

5
.
2
.
1
.

5
.
3
.
2
.

B
i
p
o
l
a
r

v
e
r
s
u
s
J
F
E
T

Ty
pi
ca
ll
y,

to
re
al
iz
e

a
lo
w

fr
eq
ue
nc
y

fi
lt
er
,

in
te
gr
at
or
s
of

re
la
ti
ve
ly

sm
al
l
ga
in
-c
on
st
an
ts

ar
e

ne
ed
ed
.

Fo
r

in
st
an
ce
,

t
o

re
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c
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b
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r
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e
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c
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b
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c
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b
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p
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.
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b
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c
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p
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p
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c
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c
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c
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c
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c
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r
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d
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b
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p
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i
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r
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h
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preferred

over
the

bipolar
circuits,

a
n
d
w
i
l
l

t
h
u
s
b
e

u
s
e
d
t
o
r
e
a
l
i
z
e
m
o
n
o
l
i
t
h
i
c

i
n
t
e
g
r
a
t
o
r
.

5
.
3
.
3
.

T
r
a
n
s
c
o
n
d
u
c
t
a
n
c
e

R
e
d
u
c
t
i
o
n
T
e
c
h
n
i
q
u
e
s

I
n
t
h
i
s
s
e
c
t
i
o
n
,

w
e

will
d
e
s
c
r
i
b
e

s
o
m
e
c
i
r
c
u
i
t

t
e
c
h

niques
which

can
be

used
to

reduce
the

transconductance
of

a
G
„

s
t
a
g
e
,

m

The
basic

approach
to

Gm
reduction

is
shown

in
Figure

5.17
[31].

In
this

circuit,
a
multiple

drain
structure

o
f

JFET,
which

can
be

easily
realized

in
integrated

circuit

form,
is

used
to

split
the

drain
current

in
such

a
way

that
part

o
f
the

output
current

is
diverted

to
the

ground.

A
s
a

result,
t
h
e
G

o
f
t
h
e
c
i
r
c
u
i
t

i
s
r
e
d
u
c
e
d

b
y
a

factor
m

of
1
_
.

However,
care

should
be

taken
to

ensure
that

the
circuit

is
not

bandlimited
b
y
the

'mirror'
pole.

This

will
occur

if
the

biasing
current

through
Q3

is
too

small.

One
variation

o
f

this
basic

technique
is

shown
in

Figure
5.18.

In
this

circuit,
one

of
the

JFET
drain

current
is

fed
into

transistor
Q3

instead
of

the
ground.

In
this

way,
the

'mirror'
pole

will
be

broadbanded.
How

ever,
the

emitter
areas

of
Q3

and
Q4

have
to

be
ratioed

1
1
6

1
1
7

-
V
,E
E

Figure
5.17

Basic
G

reduction
technique

using
multiple

drain
JFETs.
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,
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u
r
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t
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n

d
r
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n

c
u
r
r
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n
t
,

V
i
s

t
h
e

p
i
n
c
h
-
o
f
f

v
o
l
t
a
g
e

o
f

t
h
e

J
F
E
T
.

F
o
r

s
m
a
l
l

i
n
p
u
t

s
i
g
n
a
l
,

e
q
u
a
t
i
o
n

(
5
.
1
2
)

c
a
n

b
e

a
p
p
r
o
x
i
m
a
t
e
d

b
y

t
h
e

f
o
l
l
o
w
i
n
g

e
x
p
r
e
s
s
i
o
n
:

Jo
:

a
n

d
t
h

u
s

V
21

I
V

d
s
s

s
i
n

G
«=

m

VP

V

(
5
.
1
3
)

(
5
.
1
4
)

R
e
f
e
r
r
i
n
g

t
o

e
q
u
a
t
i
o
n

(
5
.
1
4
)
,

t
o

r
e
a
l
i
z
e

a
s
m
a
l
l

v
a
l
u
e

o
f

G
,

w
e

w
o
u
l
d

l
i
k
e

V
t
o

b
e

l
a
r
g
e
,

a
n
d

I
I
.
.

t
o

m
p

s
d

s
s

be
sm

a
ll

.
A

ss
um

in
g

V
=

4
.0

v
o

lt
s

an
d

I_
«s

s
=

Is
,

th
en

to

r
e
a
li

z
e

a
G

_
o

f
1

m
ic

ro
-m

h
o

,
a

b
ia

s
in

g
c
u

rr
e
n

t
o

f
3

uA
is

n
e
e
d

e
d

.
A

t
th

is
c
u

rr
e
n

t
le

v
e
l,

g
o

o
d

fr
e
q

u
e
n

c
y

re
s
p

o
n

s
e

is

e
x

p
e
c
te

d
.

A
ls

o
,

th
is

c
ir

c
u

it
is

n
o

t
s
le

w
-l

im
it

e
d

,
a
s

a

p
o

w
e
r

b
a
n

d
w

id
th

o
f

9
k

H
z

h
a
s

b
e
e
n

o
b

ta
in

e
d

.
A

p
lo

t
o

f

o
u

tp
u

t
c
u

rr
e
n

t
v

e
rs

u
s

in
p

u
t

v
o

lt
a
g

e
u

s
in

g
e
q

u
a
ti

o
n

(5
.1

2
)

is
sh

o
w

n
in

F
ig

u
re

5
.1

6
.

N
o

ti
c
e

th
a
t

th
e

m
ax

im
u

m
in

p
u

t

v
o

lt
ag

e
ra

ng
e

o
f

th
is

c
ir

c
u

it
is

in
th

e
o

rd
er

o
f

V
p.

S
in

c
e

V
is

ty
p

ic
a
ll

y
a

fe
w

v
o

lt
s
,

th
u

s
th

is
c
ir

c
u

it
h

a
s

a

w
id

e
in

p
u

t
v

o
lt

a
g

e
ra

n
g

e
.

A
n

o
th

e
r

a
tt

r
a
c
ti

v
e

fe
a
tu

re
o

f

th
is

c
ir

c
u

it
is

th
a
t

i
t

is
v

e
ry

s
im

p
le

,
a
n

d
th

u
s

th
e

c
h

ip

a
re

a
re

q
u

ir
e
d

to
im

p
le

m
en

t
th

is
c
ir

c
u

it
is

s
m

a
ll

.

1
1
4

Fi
gu
re

5.
16

Ou
tp
ut

cu
rr
eu
t
a
s
a
fu
nc
ti
on

o
f
di
ff
er
en
ti
al

i
n
p
u
t
v
o
l
t
a
g
e
.

1
1
5



F
ig

ur
e

5
.1

8
A

va
ri

a
ti

o
n

o
f

6
re

d
u

ct
io

n
te

ch
n

iq
u

e:
th

is
c
ir

c
u

it

m
a

in
ta

in
s

h
ig

h
c
u

rr
e
n

t
o

n
d

io
d

e
s
id

e
,

th
e
re

b
y

b
ro

a
d

b
a

cd
ln

g
th

e
m

ir
ro

r
p

o
le

.

1
1

8

a
c
c
u

r
a

te
ly

,
o

th
e
r
w

is
e

o
ff

s
e
t

w
il

l
d

e
g

ra
d

e
.

A
n

o
th

e
r

v
a

r
ia

ti
o

n
is

sh
o

w
n

in
F

ig
u

re
5

.1
9

.
In

th
is

c
ir

c
u

it
,

th
e

d
r
a

in
s

o
f

th
e

JF
E

T
s

a
r
e

c
r
o

s
s
-c

o
u

p
le

d
in

su
c
h

a
w

a
y

th
a

t
th

e
A

C
s
ig

n
a

l
is

c
a

n
c
e
ll

e
d

in
th

e
m

ir
r
o

r
c
ir

c
u

it
,

w
h

il
e

th
e

D
C

re
m

a
in

s
c
o

m
p

le
te

ly
b

a
la

n
c
e
d

.
In

th
is

w
a

y,
th

e
m

ir
ro

r
p

o
le

is
v
ir

tu
a

ll
y

e
li

m
in

a
te

d
.

T
h

e
d

ra
w

b
a

c
k

o
f

t
h

i
s

c
i
r
c
u

i
t

i
s

th
a

t
th

e
u

n
c
o

r
r
e
la

te
d

n
o

is
e

c
u

r
r
e
n

ts
fr

o
m

th
e

tw
o

J
F

E
T

's
a

d
d

r
a

th
e
r

th
a

n
s
u

b
tr

a
c
t

a
t

th
e

in
p

u
t

to
th

e
m

ir
r
o

r
,

th
e
r
e
b

y
d

e
g

ra
d

in
g

th
e

n
o

is
e

p
e
r

fo
r
m

a
n

c
e
.

T
h

e
c
ir

c
u

it
sh

o
w

n
in

F
ig

u
re

5
.2

0
is

a
n

o
th

e
r

v
a

r
ia

ti
o

n
.

In
t
h

i
s

c
i
r
c
u

i
t
,

th
e

d
r
a

in
s

o
f

th
e

J
F

E
T

's
a

r
e

cr
o

ss
-c

o
u

p
le

d
in

su
ch

a
w

ay
th

a
t

th
e

Gm
o

f
th

e
a

m
p

li
fi

e
r

.
.

,-
*•

(m
+

n+
1)

(n
+

1
)

"
.

,
.

_
is

r
e
d

u
c
e
d

b
y

a
fa

c
to

r
o

f
-

.
.

T
h

is
c
ir

c
u

it
c
a

n
•*

l—
m

n

b
e

u
se

d
to

re
d

u
c
e

G
b

y
a

la
r
g

e
fa

c
to

r
,

u
s
in

g
o

n
ly

s
im

p
le

a
re

a
ra

ti
o

s.
F

or
ex

a
m

p
le

,
if

n
=

l.
5

an
d

m
=

0.
5,

th
en

th
e

Gm

is
r
e
d

u
c
e
d

b
y

a
fa

c
to

r
o

f
3

0
.

In
g

e
n

e
r
a

l,
th

e
a

c
c
u

ra
c
y

o
f

th
e

G
o

f
th

e
s
e

c
ir

c
u

it
s

a
re

s
tr

o
n

g
ly

d
e
p

e
n

d
e
n

t
o

n
th

e
a

re
a

r
a

ti
o

s
o

f
th

e
tr

a
n

s
is

to
r
s
.

T
h

u
s

to
a

c
h

ie
v
e

a
c
c
u

r
a

te
m

a
tc

h
in

g
o

f
G

,
v
e
r
y

p
r
e

c
i
s
e

a
r
e
a

r
a

t
i
o

s
w

i
l
l

b
e

n
e
e
d

e
d

.

5
.3

.4
.

M
a

tc
h

in
g

o
f

T
r
a

n
s
c
o

n
d

u
c
ta

n
c
e
s

In
th

is
s
e
c
ti

o
n

,
w

e
w

il
l

c
o

n
s
id

e
r

th
e

m
a

tc
h

in
g

o
f

th
e

1
1

9
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A
va
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n
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G
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n
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c
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e
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i
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e
l
i
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n
a
t
e
s
a
l
l
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e
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e
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C
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1
2
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+
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O
U
T

l
-
«
n

(
m
+
n
+
1
)
(
n
+
1
)

Fi
gu
re

5.
20

Th
is

ci
rc
ui
t
ca
n

be
us
ed

to
re
du
ce

G^
by

a
la
rg
e

fa
ct
or

u
s
i
n
g
o
n
l
y
s
i
m
p
l
e
a
r
e
a
ra
ti
os
.
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t
r
a
n
s
c
o
n
d
u
c
t
a
n
c
e
s
.

A
s

d
e
s
c
r
i
b
e
d

e
a
r
l
i
e
r
,

t
h
e

G
_

o
f

t
h
e

m

a
m
p
l
i
f
i
e
r

c
a
n

b
e

a
p
p
r
o
x
i
m
a
t
e
d

b
y

e
q
u
a
t
i
o
n

(
5
.
1
4
)
.

A
s

s
e
e
n

i
n

t
h
i
s

e
q
u
a
t
i
o
n
,

t
o

a
c
h
i
e
v
e

a
n

a
c
c
u
r
a
t
e

G
m
a
t
c
h
i
n
g
,

w
e

m

n
e
e
d

t
o

h
a
v
e

a
c
c
u
r
a
t
e

m
a
t
c
h
i
n
g

o
f

I
j
„
„
,

V
„

a
n
d

I
„
.

'
d
s
s
'

p
s

I
t

h
a
s

b
e
e
n

f
o
u
n
d

e
x
p
e
r
i
m
e
n
t
a
l
l
y

t
h
a
t

t
h
e

r
a
t
i
o

o
f

V*
d7

s
is

a
p

p
r
o

x
im

a
te

ly
a

c
o

n
s
ta

n
t.

T
h

is
c
o

n
s
ta

n
t

is
p

ro

p
o

r
ti

o
n

a
l

to
th

e
r
a

ti
o

o
f

Z
/L

o
f

JF
E

T
[
3

3
]
.

B
y

a
ss

u
m

in
g

V^
y
—

-
K
t
,

eq
ua
ti
on

(5
.1
4)

ca
n
b
e
wr
it
te
n

a
s

G
_

Z
K
^

(
5
.
1
5
)

T
h
u
s

t
o

a
c
h
i
e
v
e

a
c
c
u
r
a
t
e

m
a
t
c
h
i
n
g

o
f

t
h
e

G
,

w
e

n
e
e
d

t
o

m

ha
ve

ac
cu
ra
te

ma
tc
hi
ng

o
f

Z/
L

an
d

Is
«

Th
e

ra
ti
o
o
f
Z/
L

is

d
e
t
e
r
m
i
n
e
d

b
y

t
h
e

a
r
e
a

o
f

t
h
e

J
F
E
T
w
h
i
c
h

c
a
n

b
e

a
c
c
u
r
a
t
e
l
y

d
e
f
i
n
e
d
.

H
o
w
e
v
e
r
,

t
h
e

m
a
t
c
h
i
n
g

o
f

I
d
e
p
e
n
d
s

o
n

t
h
e

m
a
t
c
h
i
n
g

o
f

c
u
r
r
e
n
t

s
o
u
r
c
e
s
,

a
n
d

t
h
u
s

d
e
p
e
n
d
s

o
n

t
h
e

m
a
t
c
h
i
n
g

o
f

J
F
E
T

t
r
a
n
s
i
s
t
o
r
s
.

I
n

o
r
d
e
r

t
o

o
b
t
a
i
n

a
c
c
u
r
a
t
e

m
a
t
c
h
i
n
g

o
f

t
h
e

J
F
E
T

t
r
a
n
s
i
s
t
o
r
s
,

a
b
i
p
o
l
a
r

c
o
m
p
a
t
i
b
l
e

i
o
n
-
i
m
p
l
a
n
t
e
d

J
F
E
T

p
r
o
c
e
s
s

h
a
s

b
e
e
n

u
s
e
d
.

I
n

t
h
i
s

p
r
o

ce
ss
,

th
e

ma
tc
hi
ng

of
I,
js
s

o
f

th
e

io
n-
im
pl
an
te
d

JF
ET

t
r
a
n
s
i
s
t
o
r
s

w
a
s

f
o
u
n
d

t
o

b
e

b
e
t
t
e
r

t
h
a
n

o
n
e

p
e
r
c
e
n
t

[
3
4
]
.

T
h
i
s

e
x
c
e
l
l
e
n
t

m
a
t
c
h
i
n
g

o
f

t
h
e

i
o
n
-
i
m
p
l
a
n
t
e
d

J
F
E
T

t
r
a
n
s
i
s

t
o
r
s

i
s

a
k
e
y

f
a
c
t
o
r

i
n

t
h
e

r
e
a
l
i
z
a
t
i
o
n

o
f

a
c
c
u
r
a
t
e

t
r
a
n

s
c
o
n
d
u
c
t
a
n
c
e
s
.

T
o

f
u
r
t
h
e
r

e
n
s
u
r
e

a
c
c
u
r
a
t
e

G
m
a
t
c
h
i
n
g
,

a
l
l

t
h
e

G
_

m
m

1
2
2

s
ta

g
e
s

o
f

th
e

in
te

g
r
a

to
r
s

a
r
e

d
e
s
ig

n
e
d

to
b

e
id

e
n

ti
c
a

l

(n
o

te
:

d
if

fe
r
e
n

t
g

a
in

-c
o

n
s
ta

n
ts

o
f

in
te

g
r
a

to
r
s

c
a

n
b

e

a
c
h

ie
v
e
d

b
y

s
c
a

li
n

g
th

e
r
a

ti
o

s
o

f
th

e
in

te
g

r
a

ti
n

g
c
a

p
a

c
i

to
r
s
)
.

A
ls

o
,

th
e

G
r
e
d

u
c
ti

o
n

te
c
h

n
iq

u
e
s

d
e
s
c
r
ib

e
d

in

s
e
c
ti

o
n

5
.3

.3
w

il
l

n
o

t
b

e
u
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d

in
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e
d

e
s
ig

n
.

T
h

is
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b
e
c
a

u
s
e

w
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h
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e
s
e
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c
h

n
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u
e
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,

r
e
la

ti
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r
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a
n

s
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to
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s
w

il
l

b
e
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e
e
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e
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r
d

e
r
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c
h
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v
e

a
c
c
u

r
a

te
m

a
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h
in

g

m

5
.3
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.
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g
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a
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a
c
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in
di
ca
te
s

th
at

sq
ua
re

w
a
v
e

c
o
n
s
i
s
t
s

o
f

t
h
e

o
d
d

h
a
r
m
o
n
i
c
s

a
s

d
e
s
c
r
i
b
e
d

b
y

t
h
e

f
o
l
l
o
w
i
n
g

e
x
p
r
e
s
s
i
o
n
:

v
=

*£.
|s
in
(u
jt
)+
is
in
(3
uj
t)
+^
si
n(
5u
jt
)+

..
.

(5
.2
5)

A
t
ou
tp
ut

no
de

V
,
th
e

fu
nd
am
en
ta
l

fr
eq
ue
nc
y

is
mu
lt
ip
li
ed

fa
ct
or

of
Q
wh
il
e

th
e

nt
h

ha
rm
on
ic

is
mu
lt
ip
li
ed

by
a

ap
pr
ox
im
at
el
y

[3
8]
.
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e
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ve
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i-

b
y

a

f
a
c
t
o
r

o
f

n
'
-
l

t
u
d
e

o
f

t
h
e

t
h
i
r
d

h
a
r
m
o
n
i
c
,

w
i
t
h

r
e
s
p
e
c
t

t
o

t
h
e
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f
u
n
d
a
m
e
n
t
a
l
,

i
s
th
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c
h
a
n
g
e
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1
/
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(f
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m

e
q
u
a
t
i
o
n

5.
25
)

t
o

H
*^

i=
H

4
->

2*0
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(
5
.
2
6
)

a
n
d

t
h
e

f
i
f
t
h

h
a
r
m
o
n
i
c

i
s

c
h
a
n
g
e
d

f
r
o
m

1
/
5

t
o

H
^

°
5«
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nr

~>
0*6
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-

etc
(
5
.
2
7
)

T
h
e

t
o
t
a
l
-
h
a
r
m
o
n
i
c
-
d
i
s
t
o
r
t
i
o
n

(
T
H
D
)

i
s

t
h
u
s

f
o
u
n
d

t
o

b
e

l
e
s
s

t
h
a
n

3
%
.

H
e
n
c
e
,

t
h
e

s
q
u
a
r
e

w
a
v
e

b
e
c
o
m
e
s

a
f
a
i
r
l
y

go
od

si
ne

wa
ve

a
t

V2
.

Ho
we
ve
r,

i
f

th
e

ou
tp
ut

wa
ve
fo
rm

i
s

ta
ke
n

fr
om

V^
,

t
h
e
n

t
h
e

T
H
D

o
f

t
h
e

w
a
v
e
f
o
r
m

w
i
l
l

b
e

e
v
e
n

l
o
w
e
r
.

D
u
e

t
o

th
e

pr
es
en
ce

of
an

in
te
gr
at
or

be
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ee
n

V2
an
d

V3
,

th
e

ha
r

m
o
n
i
c
s
o
f

t
h
e

w
a
v
e
f
o
r
m
a
r
e

f
u
r
t
h
e
r

r
e
d
u
c
e
d
b
y
a

f
a
c
t
o
r
o
f

—
.

T
h
u
s

t
h
e

t
h
i
r
d

h
a
r
m
o
n
i
c

a
t

V
,

i
s

r
e
d
u
c
e
d

t
o

n
3

£x
2.
08
%
=
jX
2.
08
%
—
>

0.
69
%

T
h
e

f
i
f
t
h

h
a
r
m
o
n
i
c

i
s

r
e
d
u
c
e
d

t
o

1x
0.
69
%
=
4x
0.
69
%
—
>

0.
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%,

et
c.

n
5

an
d

th
e

TH
D

at
V3

is
fo
un
d

to
be

le
ss

th
an

1%
.

(
5
.
2
8
)

(
5
.
2
9
)

1
5
6

Si
nc
e

th
e

TH
D

at
V3

is
lo
we
r

th
an

th
at

at
V2
,

it
is

mo
re

de
si
ra
bl
e

to
ta
ke

th
e

ou
tp
ut

fr
om

V3
.

Th
e

le
ss

th
an

1
%

o
f

T
H
D
w
i
l
l

h
a
v
e

n
e
g
l
i
g
i
b
l
e

e
f
f
e
c
t
s

o
n

t
h
e

o
p
e
r
a
t
i
n
g

f
r
e
q
u
e
n
c
y

o
f

t
h
e

o
s
c
i
l
l
a
t
o
r
.

5
.
5
.

P
h
a
s
e

C
o
m
p
a
r
a
t
o
r

O
n
e

o
t
h
e
r

c
o
m
p
o
n
e
n
t

n
e
e
d
e
d

f
o
r

r
e
a
l
i
z
i
n
g

a
c
o
m
p
l
e
t
e

f
i
l
t
e
r

s
y
s
t
e
m

i
s
t
h
e

p
h
a
s
e

c
o
m
p
a
r
a
t
o
r

(
o
r

p
h
a
s
e
d
e
t
e
c
t
o
r
)
.

M
o
n
o
l
i
t
h
i
c
p
h
a
s
e
d
e
t
e
c
t
o
r
s

h
a
v
e

b
e
e
n

w
i
d
e
l
y

u
s
e
d

i
n

r
e
a
l

iz
in
g

m
o
n
o
l
i
t
h
i
c

P
L
L
'
s
s
u
c
h
a
s
t
h
e
5
6
0
/
5
6
1
/
5
6
2
s
e
r
i
e
s
c
i
r

c
u
i
t
s
. I
n

t
h
i
s

s
e
c
t
i
o
n
,

t
h
e

o
p
e
r
a
t
i
o
n
s

o
f

t
h
i
s

p
h
a
s
e

d
e
t
e
c

t
o
r

c
i
r
c
u
i
t

w
i
l
l

b
e

b
r
i
e
f
l
y

d
i
s
c
u
s
s
e
d

[
3
2
]
.

T
h
e

m
o
n
o
l

i
t
h
i
c

p
h
a
s
e
d
e
t
e
c
t
o
r

c
i
r
c
u
i
t

i
s

b
a
s
e
d

o
n

t
h
e

G
i
l
b
e
r
t

m
u
l

t
i
p
l
i
e
r

s
h
o
w
n

i
n

F
i
g
u
r
e

5
.
3
7
.

T
h
i
s

c
i
r
c
u
i
t

m
a
y

b
e

u
s
e
d

fo
r

th
re
e

ty
pe
s

o
f

ap
pl
ic
at
io
ns
.

Wh
en

Vj
an
d

V
2

ar
e

s
m
a
l
l
,

t
h
e

c
i
r
c
u
i
t

b
e
h
a
v
e
s

a
s

a
n

a
n
a
l
o
g

m
u
l
t
i
p
l
i
e
r
.

W
h
e
n

V2
is

sm
al
l

an
d

V^
is

la
rg
e

(i
.e
.

la
rg
e

co
mp
ar
ed

to
2V
T)
,

t
h
e
n

t
h
e

c
i
r
c
u
i
t

a
c
t
s

a
s

a
m
o
d
u
l
a
t
o
r
.

H
o
w
e
v
e
r
,

w
h
e
n

b
o
t
h

t
h
e

V
-

a
n
d

V
,

a
r
e

l
a
r
g
e
,

t
h
e
n

t
h
e

c
i
r
c
u
i
t

b
e
h
a
v
e
s

a
s

a

p
h
a
s
e
d
e
t
e
c
t
o
r
.

F
o
r
o
u
r

a
p
p
l
i
c
a
t
i
o
n
,
w
e

a
r
e

i
n
t
e
r
e
s
t
e
d
i
n

r
e
a
l
i
z
i
n
g

p
h
a
s
e
d
e
t
e
c
t
i
o
n
,

a
n
d

t
h
u
s

r
e
q
u
i
r
e
s

t
h
e

m
a
g
n
i

tu
de
s
o
f
bo
th

Vx
an
d
V
2

to
be

la
rg
e.
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t
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th
e
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pu
t
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o
f
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an
d
V
2
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h
o
w
n

i
n

F
i
g
u
r
e

5
.
3
8
(
a
)

a
n
d

5
.
3
8
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b
)
.
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c
a
s
e
,
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h
e

o
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*
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t
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u
t

4
7

T
^

u
)t

Fi
gu
re

5.
38

Ty
pi
ca
l

in
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t
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d
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r
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d
e
t
e
c
t
o
r
.
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gn
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ar
e
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e

so
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l

th
e
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or
s
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e
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t
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e
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ng
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sw
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es
.

Th
e

re
su
lt
in
g
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ut
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ve
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sh
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n
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re

5.
38
(c
).

Th
e

ou
tp
ut

wa
ve
fo
rm

co
ns
is
ts

of
a

DC
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mp
on
en
t

an
d
a
co
mp
on
en
t

at
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e

th
e

in
co
mi
ng

fr
eq
ue
nc
y.

As
su
mi
ng

th
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th
e
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gh
er

fr
eq
ue
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y
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mp
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en
t

ca
n
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lt
er
ed

ou
t,

th
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th
e

DC
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m
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ne
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ve
n

by
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a
v

g
=
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-

/
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)d
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i„
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J
o

=
-

±
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1
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2
)
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e
A
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e
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n
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5.

38
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).

w
r
i
t
e
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-
"
H

W
^

^
E

e
H

Ib
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^1
*

(5
.3

0
)

H
e
n

c
e

w
e

c
a

n

(5
.3

1
)

T
he

V
ve

rs
us
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e
re
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ti

o
n
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be

d
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eq
ua

ti
on

d
v
y

(5
.3

1
)
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p

lo
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e
d

in
F
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ur

e
5
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9

.

T
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e
d
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n
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m
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a
t
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e
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p

u
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w
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or

m
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w
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e
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w
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e.
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,
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e
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t

si
g
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l
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it
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e
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e
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w
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es
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r
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n

t.
T

he
m

u
lt
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e
r

w
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l
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m
p
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on

e
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a
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e
o
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a
t

th
e
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o

ss
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g
o

f
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e
w

a
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=
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m

po
ne
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e

o
u
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t
A

V
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6
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h
a
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d
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r
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c
e
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e
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d
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r
e
n

c
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A
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E
S
U
L
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S

6
.
1
.

I
n
t
r
o
d
u
c
t
i
o
n

P
r
a
c
t
i
c
a
l

c
o
n
s
i
d
e
r
a
t
i
o
n
s

f
o
r

t
h
e

d
e
s
i
g
n

o
f

a
n

a
c
t
i
v
e
-
l
a
d
d
e
r

f
i
l
t
e
r

h
a
s

b
e
e
n

d
e
s
c
r
i
b
e
d

i
n

C
h
a
p
t
e
r

5
.

Co
mp
ut
er

si
mu
la
ti
on

ha
s

sh
ow
n

th
at

it
is

po
ss
ib
le

to

im
pl
em
en
t

th
is

fi
lt
er

on
a

si
ng
le

I.
C.

ch
ip
.

Fo
r

ex
pe
ri

m
e
n
t
a
l

e
v
i
d
e
n
c
e

o
f

th
is
,

t
h
e
i
n
t
e
g
r
a
t
o
r

o
f

F
i
g
u
r
e

5
.
2
7
h
a
s

b
e
e
n

fa
br
ic
at
ed

a
s
a
n
i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
a
t

th
e

U
n
i
v
e
r
s
i
t
y

o
f

Ca
li
fo
rn
ia
,

Be
rk
el
ey
.

A
co
mp
le
te

fi
ft
h-
or
de
r

ac
ti
ve
-

la
dd
er

fi
lt
er

s
y
s
t
e
m

wa
s

th
en

c
o
n
s
t
r
u
c
t
e
d

us
in
g

th
es
e

pr
e

c
i
s
i
o
n

m
o
n
o
l
i
t
h
i
c

i
n
t
e
g
r
a
t
o
r
s

a
s

b
u
i
l
d
i
n
g

b
l
o
c
k
s
.

T
h
e

m
e
a
s
u
r
e
m
e
n
t
s

p
e
r
f
o
r
m
e
d

o
n

th
is

e
x
p
e
r
i
m
e
n
t
a
l

fi
lt
er

s
y
s
t
e
m

a
n
d

t
h
e

r
e
s
u
l
t
s
o
b
t
a
i
n
e
d

w
i
l
l

b
e

d
e
s
c
r
i
b
e
d
.
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2.
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pe
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me
nt
al

I.
C.

De
sc
ri
pt
io
n

A
ph
ot
og
ra
ph

o
f

th
e

ex
pe
ri
me
nt
al

I.
C.

ch
ip
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sh
ow
n

in
Fi
gu
re

6.
1.

Th
e

ov
er
al
l

ch
ip

si
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is
90

x
10
0

mi
ls

in
cl
ud
in
g

th
e

pa
ds
.

A
10

ur
n
mi
ni
mu
m

fe
at
ur
e

si
ze

an
d
a
5

ur
n
mi
ni
mu
m

al
ig
nm
en
t

to
le
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nc
e

we
re
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ed
.

In
th
is

ch
ip
,

th
er
e

ar
e

tw
o

id
en
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ca
l

in
te
gr
at
or
s

wi
th

ea
ch

re
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ed

in

a
si
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n
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ea

of
35
0

mi
l2
.

Al
so
,

th
er
e

ar
e

se
ve
n

ra
ti
oe
d

MO
S
ca
pa
ci
to
rs

o
f
va
lu
es

ra
ng
in
g

fr
om

15
to

30
pF
.

Th
es
e

ca
pa
ci
to
rs

wi
ll

be
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re
al
iz
e

in
te
gr
at
or
s
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th

1
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2
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)
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.)

s
e
v
e
n

r
a
t
i
o
e
d

M
O
S

c
a
p
a
c
i
t
o
r
s

'
i
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g
ra

to
r

t
1

In
te

g
ra

to
r

S
2

Fi
gu

re
6-

1
(a

)
A
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og
ra

ph
cf

th
e

ex
pe

rim
en

ta
l

(b
)

T
he

la
y

o
u

t
bl

oc
k
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ra
m

of
(a

).
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d
if

f
e
r
e
n

t
g

a
in

-
c
o

n
s
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n
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.

A
b

ip
o

la
r

co
m
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ti

bl
e

io
n-

im
pl

an
te

d
JF

E
T

p
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ce
ss
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s

b
ee

n
u

se
d

.
T

he
p

ro
ce

ss
is

si
m

il
a
r

to
a

st
a
n

d
a
rd

b
ip

o
la

r

p
ro

ce
ss

,
w

it
h

th
e

ad
d

it
io

n
o

f
tw

o
io

n
-i

m
p

la
n

ta
ti

o
n

st
e
p

s.

T
he

fi
rs

t
im

p
la

n
t

(b
o

ro
n

)
is

us
ed

to
c
re

a
te

th
e

c
h

a
n

n
e
l,

w
h

il
e

th
e

se
co

n
d

im
p

la
n

t
(p

h
o

sp
h

o
ro

u
s)

is
u

se
d

to
re

a
li

z
e

th
e

to
p

g
at

e
o

f
th

e
JF

E
T

tr
a
n

si
st

o
rs

.
T

he
JF

E
T

p
in

ch
-o

ff

v
o

lt
a
g

e
is

d
e
si

g
n

e
d

to
be

4
v

o
lt

s
.

D
ur

in
g

th
e

fa
b

ri
ca

ti
o

n
p

ro
ce

ss
,

th
e

n
bu

ri
ed

la
y

er

st
ep

,
w

hi
ch

is
ty

p
ic

al
ly

us
ed

to
re

du
ce

th
e

co
ll

ec
to

r
an

d

g
at

e
re

si
st

an
ce

s,
w

as
in

te
n

ti
o

n
al

ly
o

m
it

te
d

.
T

hi
s

is
po

s

si
b

le
b

ec
au

se
th

e
m

o
n

o
li

th
ic

in
te

g
ra

to
r

w
il

l
be

o
p

er
at

ed

a
t

lo
w

fr
eq

u
en

cy
w

he
re

th
e

e
ff

e
c
ts

o
f

c
o

ll
e
c
to

r
an

d
g
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