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l
i
c
o
n

ch
ip
.

Co
nv
en
ti
on
al

ac
ti
ve

fi
lt
er
s

[4
0]

[4
1]

em
pl
oy

a
co
mb
in
at
io
n

of
th
e

mo
no
li
th
ic

bi
po
la
r

te
ch
no
lo
gy

to
re
al
iz
e

op
er
at
io
na
l

am
pl
if
ie
rs
,

an
d

th
in

fi
lm

te
ch
no
lo
gy

to
re
al
iz
e
ca
pa
ci
to
rs

an
d

re
si
st
or
s.

Ex
te
rn
al

la
se
r

tr
im
mi
ng

is
us
ed

to
ac
hi
ev
e

th
e

de
si
re
d

fr
eq
ue
nc
y

re
sp
on
se
.

Wh
il
e

be
in
g
a

si
gn
if
ic
an
t

ad
va
nc
e

ov
er

di
sc
re
te

co
mp
on
en
t

pa
ss
iv
e

fi
lt
er
s,

th
es
e

ac
ti
ve

fi
lt
er
s
do

no
t

fu
lf
il
l

th
e
ab
ov
e
re
qu
ir
em
en
ts

an
d

ar
e

no
t

ap
pr
op
ri
at
e

fo
r

la
rg
e

sc
al
e

in
te
gr
at
io
n

of
an
al
og
-d
ig
it
al

su
bs
ys
te
ms

a
n
d

s
y
s
t
e
m
s
.

Di
gi
ta
l

fi
lt
er
in
g

te
ch
ni
qu
es

ar
e

st
il
l

un
at
tr
ac
ti
ve

fo
r

th
es
e

ap
pl
ic
at
io
ns

be
ca
us
e
an
al
og
-t
o-
di
gi
ta
l

(A
/D
)

an
d
di
gi
ta
l-
to
-a
na
lo
g

(D
/A
)

co
nv
er
si
on
s

ne
ed

to
be

pe
rf
or
me
d
wi
th

12
to

14
bi
t

ac
cu
ra
cy
,

an
d/
or

hi
gh

sp
ee
d,

in
or
de
r

to
ac
hi
ev
e
a
re
as
on
ab
le

dy
na
mi
c

ra
ng
e.

Cu
rr
en
tl
y

it
is

di
ff
ic
ul
t

to
re
al
iz
e
a

fu
ll
y

in
te
gr
at
ed

di
gi
ta
l

fi
lt
er

in
co
rp
or
at
in
g

A/
D

an
d
D/
A
co
nv
er
si
on
s
wi
th

th
e
ne
ce
ss
ar
y

sp
ee
d

or

ac
cu
ra
cy

al
l

on
th
e

on
e
mo
no
Ht
hi
c

ch
ip
.



An
al
og

sa
mp
le
d-
da
ta

fi
lt
er
s

do
no
t

re
qu
ir
e

th
es
e

hi
«h

ac
cu
ra
cy

A/
D
an
d
D/
A
co
nv
er
te
rs

be
ca
us
e

th
ey

pr
oc
es
s

th
e

in
pu
t
an
al
og

si
gn
al

di
re
ct
ly

an
d

el
im
in
at
e

th
e

pr
ob
le
ms

of
si
gn
al

qu
an
ti
za
ti
on
.

Th
e

us
e

of
ch
an
ge
-t
ra
ns
fe
r-
de
vi
ce
s

(C
TD
s)

to
im
pl
em
en
t

tr
an
sv
er
sa
l

fi
lt
er
s

[3
]

[4
2]

ha
d

be
en

th
e
mo
st

pr
om
is
in
g
ap
pr
oa
ch

fo
r
mo
no
li
th
ic

fi
lt
er
s

up

un
ti
l

th
e

co
mm
en
ce
me
nt

of
th
e
wo
rk

co
nt
ai
ne
d

in
th
is

di
ss
er
ta
ti
on
.

Ho
we
ve
r,

si
nc
e
CT
D

tr
an
sv
er
sa
l

fi
lt
er
s

ha
ve

on
ly

ze
ro
s

of
tr
an
sm
is
si
on

(n
o

po
le
s)

in
th
ei
r

tr
an
sf
er

fu
nc
ti
on
,

th
ey

ar
e

re
la
ti
ve
ly

in
ef
fi
ci
en
t

in
th
ei
r

us
e
of

si
li
co
n
ar
ea

wh
en

im
pl
em
en
ti
ng

si
mp
le

fr
eq
ue
nc
y

re
sp
on
se
s

wi
th

hi
gh
Q
or

sh
ar
p

tr
an
si
ti
on
s

in
ma
gn
it
ud
e.

CT
Ds

ha
ve
a
da
rk

cu
rr
en
t

wh
ic
h

ca
us
es

a
de
cr
ea
se

in
dy
na
mi
c

ra
ng
e

an
d
a
dc

of
fs
et

wh
ic
h

at
hi
gh

te
mp
er
at
ur
es

an
d
lo
w
fr
eq
ue
nc
ie
s

(b
el
ow

50
0

Hz
)

be
co
me
s
a
li
mi
ta
ti
on

on

th
ei
r

pe
rf
or
ma
nc
e.

Al
so

sp
li
t-
el
ec
tr
od
e
CT
D

tr
an
sv
er
sa
l

fi
lt
er
s

ha
ve

a
su
bs
ta
nt
ia
l
in
se
rt
io
n

lo
ss

du
e

to
th
e

si
gn
al

se
ns
in
g

te
ch
ni
qu
e
wh
ic
h

am
ou
nt
s

to
20
-3
0
dB

in
ty
pi
ca
l

fi
lt
er
s.

Th
is

lo
ss

re
su
lt
s

in
a

de
gr
ad
at
io
n

in
si
gn
al
-t
o-
no
is
e

ra
ti
o

of
a

fu
ll
y

in
te
gr
at
ed

fi
lt
er

by

th
at

sa
me

fa
ct
or
,

co
mp
ar
ed

to
a
ze
ro
-i
ns
er
ti
on

lo
ss

fi
lt
er
.

Th
e

ob
je
ct
iv
e

of
th
is

re
se
ar
ch

ha
s

be
en

to
in
ve
st
ig
at
e
wh
et
he
r

an
al
og

sa
mp
le
d-
da
ta

re
cu
rs
iv
e

fi
lt
er
s

ca
n

be
fu
ll
y

in
te
gr
at
ed

ef
fi
ci
en
tl
y

in
MO
S

te
ch
no
lo
gy
.

An
al
og

sa
mp
le
d-
da
ta

re
cu
rs
iv
e

fi
lt
er
s

ha
ve

be
en

de
sc
ri
be
d

pr
ev
io
us
ly
;

bu
t

th
es
e

em
pl
oy
ed

ma
ny

of
f-
ch
ip

pr
ec
is
io
n

co
mp
on
en
ts

[4
3]

[4
4]

[4
5]
.

Th
e

re
su
lt
s

of
th
is

wo
rk

ha
ve

sh
ow
n

th
at

mo
no
li
th
ic

re
cu
rs
iv
e

fi
lt
er
s

ca
n

be
im
pl
em
en
te
d

us
in
g
an
al
og

sa
mp
le
d-
da
ta

te
ch
ni
qu
es

wh
ic
h

do
no
t
ha
ve

th
e
ab
ov
e
di
sa
dv
an
ta
ge
s.

Pr
ec
is
e

fr
eq
ue
nc
y

re
sp
on
se
s

ar
e

ac
hi
ev
ab
le

wi
th
ou
t

ex
te
rn
al

tr
im
mi
ng
,

an
d

ar
e

co
nt
ro
ll
ed

si
mp
ly

by

ra
ti
oe
d

MO
S

ca
pa
ci
to
rs

"s
wi
tc
he
d"

un
de
r

th
e
co
nt
ro
l

of
a
si
ng
le

pr
ec
is
e

sy
st
em

cl
oc
k.

Th
e

ou
tp
ut

si
gn
al

vo
lt
ag
e

in
th
es
e

re
cu
rs
iv
e

fi
lt
er
s

ca
n

b
e
se
ns
ed

di
re
ct
ly
,

in
st
ea
d
o
f
ca
pa
ci
ti
ve
ly

a
s
wi
th

CT
Ds
,

re
su
lt
in
g

in

a
la
rg
er

si
gn
al

an
d

th
us

si
gn
if
ic
an
tl
y

re
la
xi
ng

th
e
re
qu
ir
em
en
ts

on
th
e

no
is
e

pe
rf
or
ma
nc
e

of
th
e
am
pl
if
ie
rs
.

Th
e

in
he
re
nt
ly

sm
al
l

le
ak
ag
e

cu
rr
en
t
a
t
cr
it
ic
al

no
de
s
i
n
th
es
e

fi
lt
er
s

me
an
s

th
at

th
is

fi
lt
er
in
g

te
ch
ni
qu
e
ca
n
b
e
us
ed

a
t
lo
w

fr
eq
ue
nc
ie
s.

Ch
ap
te
r
2
of

th
is

di
ss
er
ta
ti
on

de
sc
ri
be
s

th
e

no
ve
l
wa
y

of
ac
hi
ev
in
g

th
e

fu
nc
ti
on
s

re
qu
ir
ed

to
do

an
al
og

sa
mp
le
d-
da
ta

re
cu
rs
iv
e

fi
lt
er
in
g

us
in
g
on
ly

an
al
og

sw
it
ch
es
,

ca
pa
ci
to
rs

an
d

re
la
ti
ve
ly

lo
w
pe
rf
or
ma
nc
e

op
er
at
io
na
l

am
pl
if
ie
rs
.

It
wi
ll

be
se
en

th
at

MO
S

te
ch
no
lo
gy

is
pa
rt
ic
ul
ar
ly

we
ll

su
it
ed

fo
r

im
pl
em
en
ti
ng

th
es
e

fi
lt
er
s

fo
r

th
e

fo
ll
ow
in
g

re
as
on
s:

th
e
hi
gh

de
ns
it
y
of

MO
S

co
mp
on
en
ts

(e
.g
.

MO
S

op
er
at
io
na
l

am
pl
if
ie
rs

ca
n

b
e
3-
5

ti
me
s

sm
al
le
r

th
an

th
ei
r
bi
po
la
r

co
un
te
rp
ar
ts
);

th
e
hi
gh

pr
ec
is
io
n

an
d

st
ab
il
it
y
wi
th

wh
ic
h

fi
lt
er

co
ef
fi
ci
en
ts

ca
n

be
de
ri
ve
d

us
in
g

ra
ti
os

of
ca
pa
ci
to
r

va
lu
es
;

an
d

th
e
es
se
nt
ia
ll
y

id
ea
l
ch
ar
ac
te
ri
st
ic
s

of
MO
SF
ET

sw
it
ch
es
.

In
th
is

ch
ap
te
r

th
e
bi
qu
ad
ra
ti
c

se
ct
io
n

(2
po
le
s

an
d
2

ze
ro
s)

is
re
al
iz
ed

a
s
a

ge
ne
ra
l

pu
rp
os
e
bu
il
di
ng

bl
oc
k

fo
r

se
co
nd

an
d

hi
gh
er

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

f
i
l
t
e
r
s
.

Ch
ap
te
r
3
go
es

in
to

th
e
wa
ys

of
de
si
gn
in
g

lo
wp
as
s,

ba
nd
pa
ss
,

an
d

hi
gh
pa
ss

fi
lt
er
s

us
in
g

th
e
sw
it
ch
ed
-c
ap
ac
it
or

an
al
og

sa
mp
le
d-
da
ta

bi
qu
ad
ra
ti
c

se
ct
io
n.

Co
ns
id
er
at
io
n

is
al
so

gi
ve
n

to
th
e

pr
ac
ti
ca
l

as
pe
ct
s

of
th
e
in
te
gr
at
ed

ci
rc
ui
t

im
pl
en
ie
nt
io
n.

Th
e

de
si
gn

of
th
e

ba
si
c

co
mp
on
en
ts

fo
r
a

fu
ll
y

in
te
gr
at
ed

pr
ot
ot
yp
e

fi
lt
er

in
si
ng
le
-c
ha
nn
el

al
um
in
um

ga
te

MO
S

te
ch
no
lo
gy

is
pr
es
en
te
d

in

Ch
ap
te
r

4.
Th
is

in
cl
ud
es

ra
ti
oe
d

ca
pa
ci
to
rs

ha
vi
ng

ma
xi
mu
m

pr
ec
is
io
n

wi
th
ou
t

tr
im
mi
ng
,

an
d
a
hi
gh

ga
in
,

lo
w

po
we
r,

sm
al
l

ar
ea

MO
S

op
er
at
io
na
l

a
m
p
l
i
f
i
e
r
.



C
h
a
p
t
e
r

5
c
o
n
t
a
i
n
s

r
e
s
u
l
t
s

f
r
o
m
a

f
u
l
l
y

i
n
t
e
g
r
a
t
e
d

b
i
q
u
a
d
r
a
t
i
c

sa
mp
le
d-
da
ta

pr
ot
ot
yp
e

fi
lt
er
.

Th
is
-
ci
rc
ui
t

co
ul
d
b
e
e
l
e
c
t
r
i
c
a
l
l
y

pr
og
ra
mm
ed

t
o
pr
ov
id
e
a
hi
gh

Q(
Q=
19
)

lo
wp
as
s,

ba
nd
pa
ss

o
r
hi
gh
pa
ss

f
r
e
q
u
e
n
c
y

r
e
s
p
o
n
s
e
.

Ch
ap
te
r
6

pr
es
en
ts

t
h
e
co
nc
lu
si
on
s
o
f

th
is

re
se
ar
ch

wo
rk
.

C
H
A
P
T
E
R

2

T
H
E
S
W
I
T
C
H
E
D
-
C
A
P
A
C
I
T
O
R
A
N
A
L
O
G
S
A
M
P
L
E
D
-
D
A
T
A
R
E
C
U
R
S
I
V
E
F
I
L
T
E
R

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

Th
e

de
si
gn

an
d
an
al
ys
is

of
sw
it
ch
ed
-c
ap
ac
it
or

an
al
og

sa
mp
le
d-
da
ta

re
cu
rs
iv
e

fi
lt
er
s
ma
ke
s
u
s
e
o
f
th
e

la
rg
e

bo
dy

o
f
di
sc
re
te

ti
me

si
gn
al

pr
oc
es
si
ng

th
eo
ry

th
at

ha
s

be
en

ap
pl
ie
d

to
di
gi
ta
l

fi
lt
er
s

[1
,2
],

an
d

mo
re

re
ce
nt
ly

to
ch
ar
ge

tr
an
sf
er

de
vi
ce

fi
lt
er
s

[3
].

Th
is

ch
ap
te
r
sh
ow
s

ho
w

th
e

fu
nc
ti
on
s
ne
ce
ss
ar
y

fo
r

an
al
og

di
sc
re
te
-t
im
e

(s
am
pl
ed
-d
at
a)

si
gn
al

pr
oc
es
si
ng

(f
il
te
ri
ng
)

ca
n

be
im
pl
em
en
te
d

in
a
mo
no
li
th
ic

fo
rm

by
me
an
s

of
ra
ti
oe
d

sw
it
ch
ed

MO
S

ca
pa
ci
to
rs

an
d
op
er
at
io
na
l

am
pl
if
ie
rs
.

Th
es
e

fu
nc
ti
on

bl
oc
ks

ar
e

th
en

co
nn
ec
te
d

to
ge
th
er

t
o
re
al
iz
e
a
se
co
nd

or
de
r

tr
an
sf
er

fu
nc
ti
on

th
at

ca
n
ha
ve

bo
th

po
le
s

an
d

ze
ro
s

(a
ge
ne
ra
l

bi
qu
ad
ra
ti
c

tr
an
sf
er

fu
nc
ti
on
).

Th
re
e

di
ff
er
en
t
wa
ys

of
co
nf
ig
ur
in
g

th
e
sw
it
ch
ed
-c
ap
ac
it
or
s

an
d

op
er
at
io
na
l

am
pl
if
ie
rs

to
si
mu
la
te

th
e

di
re
ct
-

fo
rm

se
co
nd
-o
rd
er

re
cu
rs
iv
e

se
ct
io
n
ar
e

pr
es
en
te
d

an
d

di
sc
us
se
d

to
ge
th
er

wi
th

th
e

pr
ac
ti
ca
l
as
pe
ct
s

of
th
is

sw
it
ch
ed
-c
ap
ac
it
or

re
cu
rs
iv
e

fi
lt
er
.

2
.
1

S
a
m
p
l
e
d
-
D
a
t
a
/
D
i
s
c
r
e
t
e
-
T
i
m
e

F
i
l
t
e
r
i
n
g

Th
e

fi
rs
t

st
ep

in
di
sc
re
te
-t
im
e

fi
lt
er
in
g

is
th
e
sa
mp
li
ng

of
a

co
nt
in
uo
us
-t
im
e

in
pu
t
wa
ve
fo
rm

at
a
ra
te

gr
ea
te
r

th
an

th
e

Ny
qu
is
t

ra
te

of
tw
ic
e

th
e
hi
gh
es
t

fr
eq
ue
nc
y

in
th
e
si
gn
al
.

If
th
e
or
ig
in
al

si
gn
al

is
no
t
ap
pr
op
ri
at
el
y

ba
nd
li
ro
it
ed
,

lo
wp
as
s

fi
lt
er
in
g

pr
io
r

to
sa
mp
li
ng

i
s
n
e
e
d
e
d
t
o
p
r
e
v
e
n
t
a
l
i
a
s
i
n
g
.

Mu
ch

of
th
e
li
te
ra
tu
re

on
di
gi
ta
l

si
gn
al

pr
oc
es
si
ng

is
ac
tu
al
ly

ap
pl
ic
ab
le

to
di
sc
re
te
-t
im
e

(s
am
pl
ed
-d
at
a)

si
gn
al

pr
oc
es
si
ng

wi
th
ou
t

qu
an
ti
za
ti
on

of
th
e
si
gn
al

am
pl
it
ud
es
.

Th
er
ef
or
e

it
wi
ll

be
ca
ll
ed

up
on

fr
ee
ly

in
th
e
de
sc
ri
pt
io
n

an
d
an
al
ys
is

of
th
e

sa
mp
le
d-
da
ta



sw
it
ch
ed
-c
ap
ac
it
or

fi
lt
er
in
g

co
nc
ep
ts

pr
es
en
te
d

in
th
is

di
ss
er
ta
ti
on
.

Th
e

ge
ne
ra
l

fo
rm

fo
r

th
e

tr
an
sf
er

fu
nc
ti
on

of
a

re
cu
rs
iv
e

fi
lt
er

o
f
Nt
h
or
de
r
i
n
th
e
us
ua
l

z-
tr
an
sf
or
m
no
ta
ti
on

is
:

n
_±

£
V

,
-
1
,

i
=
0

H(
z

*)
=

1
+
£

6t
z

,
i
=
l

2
.
1

-
1

w
h
e
r
e

z
i
s

t
h
e
u
n
i
t

d
e
l
a
y
o
p
e
r
a
t
o
r
.

Th
e

ro
ot
s

of
th
e

po
ly
no
mi
al

in
th
e
nu
me
ra
to
r
pr
ov
id
e

th
e

ze
ro
s

of
th
e

tr
an
sf
er

fu
nc
ti
on

an
d

th
e

ro
ot
s

of
th
e
de
no
mi
na
to
r

it
s

po
le
s.

Un
le
ss

th
e
nu
me
ra
to
r

po
ly
no
mi
al

is
ex
ac
tl
y

di
vs
ib
le

by
th
e
de
no
mi
na
to
r

po
ly
no
mi
al
,

eq
ua
ti
on

2.
1

ha
s

an
im
pu
ls
e
re
sp
on
se

of
in
fi
ni
te

du
ra
ti
on

an
d

is
cl
as
si
fi
ed

as
a
In
fi
ni
te

Im
pu
ls
e
Re
sp
on
se

(I
IR
)

fi
lt
er
.

Tr
an
sv
er
sa
l

fi
lt
er
s,

wh
ic
h

ar
e
a

su
bs
et

of
re
cu
rs
iv
e

fi
lt
er
s,

wh
er
e

al
l

Bt
=

0,
ar
e
Fi
ni
te

Im
pu
ls
e
Re
sp
on
se

Fi
lt
er
s.

A
gr
ea
t

va
ri
et
y

of
st
ru
ct
ur
al

re
al
iz
at
io
ns

of
eq
ua
ti
on

2.
1

is

po
ss
ib
le
.

Th
re
e

ca
no
ni
ca
l

fo
rm
s

ar
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r
si
mp
li
ci
ty

a
hi
gh

sa
mp
li
ng

ra
te

wo
ul
d
b
e
pr
ef
er
re
d.

Th
er
ef
or
e

th
e

fi
lt
er

de
si
gn

wi
ll

us
e

th
e

hi
gh
es
t

sa
mp
li
ng

ra
te

po
ss
ib
le

wh
il
e

st
il
l

ma
in
ta
in
in
g

th
e
co
nt
ro
l

re
qu
ir
ed

o
n

th
e

fi
lt
er
's

re
sp
on
se
.

If
th
e

sa
mp
li
ng

ra
te

is
lo
w

th
en

th
e

fi
lt
er

ca
n

be
mu
lt
ip
le
xe
d

re
ad
il
y

by
ad
di
ng

on
e

ex
tr
a

ca
pa
ci
to
r

(w
it
h

it
s

ow
n

se
ri
es

sw
it
ch
)

in

pa
ra
ll
el

wi
th

th
e

fe
ed
ba
ck

ca
pa
ci
to
rs

fo
r

th
e
mu
lt
ip
le
xe
d

ch
an
ne
l.

Th
e
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nu
mb
er

of
mu
lt
ip
le
xe
d

fi
lt
er

ch
an
ne
ls

(N
)

is
de
te
rm
in
ed

by
th
e
un
it
y

ga
in

se
tt
li
ng

ti
me

to
0.
1%

(x
)
an
d

th
e
sa
mp
li
ng

ra
te

(f
g)
;

N
»

4
f

x
s

a

2
.
2
0

(v
)

Ma
sk

pr
og
ra
mm
ab
le

o
r
el
ec
tr
ic
al
ly

pr
og
ra
mm
ab
le

fi
lt
er
s

ar
e

ef
fi
ci
en
tl
y

re
al
iz
ed

wi
th

th
is

se
co
nd

or
de
r

se
ct
io
n

du
e

to
th
e

fa
ct

th
at

th
e
ca
pa
ci
to
r

ra
ti
os

ar
e

re
la
ti
ve
ly

sm
al
l

an
d
mi
ni
mu
m
ca
pa
ci
ta
nc
e

va
lu
es

ca
n

be
qu
it
e

sm
al
l

(0
.5

->
1.
0

pf
).

Th
e

do
ub
le

po
ly
si
li
co
n

ga
te

NM
OS

te
ch
no
lo
gy

wi
th

EP
RO
M

ce
ll

av
ai
la
bl
e

[2
6]

is
an

at
tr
ac
ti
ve

pr
oc
es
s

fo
r

im
pl
em
en
ti
ng

th
es
e
sw
it
ch
ed
-c
ap
ac
it
or

sa
mp
le
d

da
ta

re
cu
rs
iv
e

fi
lt
er
s.

Th
is

te
ch
no
lo
gy

pr
ov
id
es

ca
pa
ci
to
rs

wi
th

th
er
ma
ll
y

gr
ow
n

ox
id
e
be
tw
ee
n

po
ly

I
an
d

II
la
ye
rs
,
wi
th

en
ha
nc
em
en
t
an
d
de
pl
et
io
n

tr
an
si
st
or
s

a
v
a
i
l
a
b
l
e
f
o
r
t
h
e
a
m
p
l
i
f
i
e
r
d
e
s
i
g
n
.

2.
3.
3

Th
e
Tw
o

Am
pl
if
ie
r

Se
co
nd

Or
de
r

(b
an
dp
as
s)

Se
ct
io
n

A
se
co
nd

or
de
r
ba
nd
pa
ss

fi
lt
er

ca
n

be
im
pl
em
en
te
d
wi
th

sw
it
ch
ed
-

ca
pa
ci
to
rs

an
d
ju
st

tw
o

am
pl
if
ie
rs
.

Th
e

tr
ad
e-
of
fs

in
vo
lv
ed

wi
ll

be

d
i
s
c
u
s
s
e
d

l
a
t
e
r

i
n

t
h
i
s

s
e
c
t
i
o
n
.

Ig
no
ri
ng

th
e

fa
ct

th
at

it
is

un
de
si
ra
bl
e

to
sw
it
ch

th
e

in
pu
t

ca
pa
ci
to
rs

be
tw
ee
n
a
vo
lt
ag
e

so
ur
ce

an
d

th
e
am
pl
if
ie
r

in
ve
rt
in
g

in
pu
ts
,

be
ca
us
e

th
e

pa
ra
si
ti
c
ju
nc
ti
on

ca
pa
ci
to
rs

wi
ll

af
fe
ct

th
e

ch
ar
ge

mu
lt
ip
li
er

pe
rf
or
ma
nc
e,

th
e

ci
rc
ui
t

sh
ow
n

in
Fi
gu
re

2.
14

co
ul
d

be
us
ed

to
re
al
iz
e
a
mu
lt
ip
ly

an
d

de
la
y.

Th
is

ci
rc
ui
t

do
es

no
t

ha
ve

th
e

fe
ed
ba
ck

sw
it
ch

th
at

wa
s

us
ed

to
re
mo
ve

th
e

ch
ar
ge

fr
om

th
e
fe
ed
ba
ck

ca
pa
ci
to
r.

Th
e

ch
ar
ge

is
su
bt
ra
ct
ed

of
f

in
st
ea
d
wi
th

th
e
sw
it
ch
ed
-

ca
pa
ci
to
r
C
.

Th
is

me
an
s

th
at

th
e
ci
rc
ui
t

fu
nc
ti
on
s

wi
th
a

tw
o

ph
as
e

cl
oc
k

as
fo
ll
ow
s;

as
su
me

t
=
nT

at
th
e

en
d

of
"t
^,

3
8

*.
*.

*
v

V>
1

T
1

>
n
—
i

n

©

O
U
T

Fi
gu
re

2.
lU
:

Mu
lt
ip
li
ca
ti
on

el
em
en
t
wi
th

a
un
it

o
f

de
la
y
(
z

).
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A
t

t
h
e

e
n
d

o
f

-C
lV
IN
(n
T)

\
-

C2
V0
UT
(n
T)

QC
2
"

C2
V0
UT
(n
T)

At
th
e

en
d

of
<t>

2
(t

=
nT
+

2)
:

\
"

C2V
0UT

(nT
)
+

ClV
IN(

nT)
"

C2V
0UT

(nT
)

'C
2V
0U
T(
nT
+

2>

if
C2
=

C2
th
en

Qc
-
C
^
C
n
T
)
-
C2
VQ
UT
(n
T
+

2)

A
t

t
h
e

e
n
d

o
f

$
.

(
t
=
n
T
+
T
)
:

\
"

-C
iV
iN
<«
T+
T)

5c2
=

ClV
IN

(nT
)

=
C2

V0
UT

(nT
+T

)
T

h
u

s

2
.2

1

I
N

2

I
f
no
de

1
i
n
Fi
gu
re

2.
14

i
s
co
nn
ec
te
d
t
o
gr
ou
nd

a
n
d
V

i
s
ap
pl
ie
d

t
o

n
o
d
e

2
t
h
e
n

t
h
e

t
r
a
n
s
f
e
r

f
u
n
c
t
i
o
n

i
s
:

O
U
T

'i
n

2
.
2
2

Tw
o
o
f
th
es
e
mu
lt
ip
ly

a
n
d
de
la
y

el
em
en
ts

ca
n
b
e
co
nf
ig
ur
ed

ve
ry

ea
si
ly

to
fo
rm

a
se
co
nd

or
de
r

ba
nd
pa
ss

se
ct
io
n.

Th
is

is
sh
ow
n
i
n

Fi
gu
re

2.
15
(a
).

Sw
it
ch
ed
-c
ap
ac
it
or
s

C2
an
d

C2
^

ca
n

be
co
mb
in
ed

in
to

on
e
sw
it
ch
ed
-c
ap
ac
it
or
.

Th
en

th
e

ci
rc
ui
t

si
mp
li
fi
es

t
o
th
at

sh
ow
n
i
n

F
i
g
u
r
e

2.
15
(b
).

Th
e

tw
o
am
pl
if
ie
r

se
co
nd

or
de
r

sw
it
ch
ed
-c
ap
ac
it
or

ba
nd
pa
ss

fi
lt
er

i
s
at
tr
ac
ti
ve

fr
om

th
e

po
in
t
o
f
vi
ew

th
at

i
t
re
qu
ir
es

on
ly

tw
o

am
pl
if
ie
rs

an
d

it
op
er
at
es

un
de
r

tw
o

ph
as
e

cl
oc
k

co
nt
ro
l.

Ho
we
ve
r,

th
e

4
0

4
1



4
2

L
-^

L
^
L

ac
cu
ra
cy

of
th
e
fe
ed
ba
ck

an
d

fe
ed
fo
rw
ar
d

si
gn
al

mu
lt
ip
li
ca
ti
on
s

fo
r

th
e

se
co
nd

or
de
r

se
ct
io
n
wi
ll

no
t
b
e
a
s
go
od

a
s
th
e

th
re
e
am
pl
if
ie
r

re
al
iz
at
io
n,

du
e
t
o
t
h
e
pr
es
en
ce

o
f
th
e
pa
ra
si
ti
c
j
u
n
c
t
i
o
n
ca
pa
ci
ta
nc
e

o
n
th
e
ca
pa
ci
to
r

pl
at
es

th
at

ar
c

be
in
g
sw
it
ch
ed

be
tw
ee
n
a

si
gn
al

no
de

(a
mp
li
fi
er

ou
tp
ut

or
in
pu
t

vo
lt
ag
e

so
ur
ce
)

an
d
a
n
am
pl
if
ie
r

in
ve
rt
in
g

in
pu
t.

Th
e
no
nl
in
ea
r

ju
nc
ti
on

ca
pa
ci
ta
nc
e

wi
ll

co
nt
ri
bu
te

t
o
di
st
or
ti
on

a
n
d
ca
pa
ci
ta
nc
e

ra
ti
o

er
ro
r.

I
t
c
a
n
on
ly

b
e
mi
ni
mi
ze
d

by
ma
ki
ng

th
e
ca
pa
ci
to
r

mu
ch

la
rg
er

th
an

th
e

pa
ra
si
ti
c
C

—
ho
w
mu
ch

la
rg
er

de
pe
nd
s
o
n

th
e
ac
cu
ra
cy

de
si
re
d.

A
f
i
n
a
l
l
i
m
i
t
a
t
i
o
n
o
f

t
h
e
t
w
o
a
m
p
l
i
f
i
e
r

s
e
c
o
n
d
o
r
d
e
r

s
e
c
t
i
o
n

i
s

th
at

on
ly

ba
nd
pa
ss

(b
iq
ua
d)

an
d

lo
wp
as
s

tr
an
sf
er

fu
nc
ti
on
s

ca
n

be

im
pl
em
en
te
d.

It
is

no
t

th
e
ge
ne
ra
l

se
co
nd

or
de
r

bi
qu
ad
ra
ti
c

bl
oc
k

ca
pa
bl
e

of
re
al
iz
in
g

lo
wp
as
s,

ba
nd
pa
ss

or
hl
gh
pa
ss

re
sp
on
se
s

si
mp
ly

by

ch
an
gi
ng

th
e
ca
pa
ci
to
r

ra
ti
os

an
d

th
e
ph
as
in
g
of

th
e

sw
it
ch
es
.

Th
es
e

ca
n
b
e
re
al
iz
ed

wi
th

th
e

th
re
e
am
pl
if
ie
r
se
ct
io
n
de
sc
ri
be
d

pr
ev
io
us
ly
.

Th
e

tw
o
am
pl
if
ie
r

sw
it
ch
ed
-c
ap
ac
it
or

bi
qu
ad

ci
rc
ui
t

re
al
iz
es

th
e

t
r
a
n
s
f
e
r

f
u
n
c
t
i
o
n
:

-
1

H
(
z

)
•=
-

-
1

-
2

1+
Bj
^z

+B
2z

2
.
2
3

4
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C
H
A
P
T
E
R

3

D
E
S
I
G
N

C
O
N
S
I
D
E
R
A
T
I
O
N
S

F
O
R

A
N
A
L
O
G

S
A
M
P
L
E
D
-
D
A
T
A

R
E
C
U
R
S
I
V
E

F
I
L
T
E
R
S

U
S
I
N
G

T
H
E

S
W
I
T
C
H
E
D
-
C
A
P
A
C
I
T
O
R

S
E
C
O
N
D

O
R
D
E
R

S
E
C
T
I
O
N

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

T
h
e

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

s
e
c
o
n
d

o
r
d
e
r

s
e
c
t
i
o
n

d
e
s
c
r
i
b
e
d

i
n

S
e
c
t
i
o
n

2
.
3
.
2
c
a
n

r
e
a
l
i
z
e

h
i
g
h

o
r

l
o
w
Q

f
i
l
t
e
r
s

h
a
v
i
n
g

s
e
c
o
n
d

o
r
d
e
r

l
o
w
p
a
s
s
,

b
a
n
d
p
a
s
s
,

o
r

h
l
g
h
p
a
s
s

f
r
e
q
u
e
n
c
y
c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
.

T
h
e

t
r
a
n
s
f
e
r
f
u
n
c
t
i
o
n

o
f

s
u
c
h

f
i
l
t
e
r
s

i
n
v
o
l
v
e

t
h
e

g
e
n
e
r
a
l

b
i
q
u
a
d
r
a
t
i
c

f
o
r
m
:

l+
Bj
^z

+8
2z

3
.
1

Th
e

ma
gn
it
ud
e

an
d

si
gn

of
th
e

co
ef
fi
ci
en
ts

a0
,

a
,
a

an
d

B1
,

B-

d
e
t
e
r
m
i
n
e
t
h
e
p
o
s
i
t
i
o
n
s
(
c
o
m
p
l
e
x
o
r

r
e
a
l
)
o
f

t
h
e
p
o
l
e
s
a
n
d

z
e
r
o
s

r
e
s
p
e
c
t
i
v
e
l
y

i
n

t
h
e

f
r
e
q
u
e
n
c
y
p
l
a
n
e
.

T
h
e

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

f
i
l
t
e
r

c
i
r
c
u
i
t
d
e
s
c
r
i
b
e
d

i
n

S
e
c
t
i
o
n

2
.
3
.
2

a
l
l
o
w
s

c
o
m
p
l
e
t
e

f
r
e
e
d
o
m

i
n

t
h
e

c
h
o
i
c
e
o
f
m
a
g
n
i
t
u
d
e

a
n
d

s
i
g
n

f
o
r

t
h
e
s
e

c
o
e
f
f
i
c
i
e
n
t
s
.

I
f
t
h
e
z
e
r
o
(
s
)

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

h
i
g
h
e
r
t
h
a
n
t
h
e
p
o
l
e
s
t
h
e

f
i
l
t
e
r
r
e
s
p
o
n
s
e
w
i
l
l

b
e
l
o
w
p
a
s
s
.

I
f

t
h
e
r
e
i
s
o
n
l
y
o
n
e

z
e
r
o
a
t

z
e
r
o

fr
eq
ue
nc
y

(o
cc
ur
s

fo
r

an
=

1.
0,

a
=
-

1.
0)

th
en

th
e

fi
lt
er

is
ba
nd
pa
ss
.

I
f
t
h
e
z
e
r
o
s
a
r
e
a
t

f
r
e
q
u
e
n
c
i
e
s

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

h
a
s
a

s
e
c
o
n
d
o
r
d
e
r
h
l
g
h
p
a
s
s

r
e
s
p
o
n
s
e
.

T
h
e
d
e
s
i
g
n
o
f
e
a
c
h
o
f
t
h
e
s
e

fi
lt
er
s

is
pr
es
en
te
d
i
n
Se
ct
io
n

3.
3.

Ex
pe
ri
me
nt
al

re
su
lt
s

fo
r
a

fu
ll
y

m
o
n
o
l
i
t
h
i
c
r
e
a
l
i
z
a
t
i
o
n
o
f
e
a
c
h
o
f

t
h
e
s
e
f
i
l
t
e
r
s
a
r
e

g
i
v
e
n

i
n
C
h
a
p
t
e
r

5
.

T
h
r
o
u
g
h
o
u
t

t
h
e
r
e
s
t
o
f
t
h
i
s
c
h
a
p
t
e
r
c
o
n
s
i
d
e
r
a
t
i
o
n
w
i
l
l
b
e
g
i
v
e
n
t
o
t
h
e

va
ri
ou
s

a
s
p
e
c
t
s
o
f
u
s
i
n
g
a
n
a
n
a
l
o
g

s
a
m
p
l
e
d

r
e
c
u
r
s
i
v
e

fi
lt
er

t
o
i
m
p
l
e

m
e
n
t
s
e
c
o
n
d
a
n
d
h
i
g
h
e
r
o
r
d
e
r
f
i
l
t
e
r
s
.

T
h
e
s
e
a
s
p
e
c
t
s
w
i
l
l

i
n
c
l
u
d
e

4
4

so
me

an
al
ys
is

of
th
e
se
ns
it
iv
it
y

an
d

ac
cu
ra
cy

re
qu
ir
em
en
ts

fo
r

th
e

ca
pa
ci
to
r

ra
ti
os
.

Th
e

ef
fe
ct
s

of
no
ni
de
al
it
ie
s

in
th
e

sw
it
ch
ed
-c
ap
ac
i

to
r
ci
rc
ui
t

on
th
e

pe
rf
or
ma
nc
e

of
th
e

fi
lt
er
,

ar
e

pr
es
en
te
d

In
th
e
la
st

s
e
c
t
i
o
n

o
f

t
h
i
s

c
h
a
p
t
e
r
.

3.
1

Sa
mp
le
d-
Da
ta

(D
is
cr
et
e-
Ti
me
)

Fi
lt
er

De
si
gn

Fr
om

th
e
An
al
og

P
r
o
t
o
t
y
p
e
U
s
i
n
g

F
r
e
q
u
e
n
c
y

P
l
a
n
e

M
a
p
p
i
n
g
T
r
a
n
s
f
o
r
m
a
t
i
o
n
s

Th
e

tr
ad
it
io
na
l

ap
pr
oa
ch

to
th
e

de
si
gn

o
f
di
sc
re
te
-t
im
e

re
cu
rs
iv
e

fi
lt
er
s

(I
nf
in
it
e

Im
pu
ls
e

Re
sp
on
se
)

in
vo
lv
es

th
e

tr
an
sf
or
ma
ti
on

of
a
n

an
al
og

co
nt
in
uo
us

ti
me

fi
lt
er

in
to

a
di
sc
re
te

ti
me

fi
lt
er

me
et
in
g

pr
e

sc
ri
be
d

sp
ec
if
ic
at
io
ns

[1
1]
.

Th
is

ap
pr
oa
ch

i
s
re
as
on
ab
le

i
n
th
os
e

c
a
s
e
s
w
h
e
r
e
o
n
e
c
a
n
t
a
k
e
a
d
v
a
n
t
a
g
e
o
f
a
n
a
l
o
g
d
e
s
i
g
n
s

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

te
rm
s
o
f
fo
rm
ul
as

o
r
a
v
a
i
l
a
b
l
e
d
e
s
i
g
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n
-
l
)

T

I
n
te
rm
s
o
f
th
e
un
it

de
la
y
op
er
at
or

th
is

co
rr
es
po
nd
s

to
:

-
1

1
-
z 1
_

1
-
s
T

3
.
8
a

3
.
8
b

5
3



F
o
r

s
=

jf
l

1

Z
"

1-
jf
iT

w
h
i
c
h

c
a
n

b
e

w
r
i
t
t
e
n

a
s
:

2
"

2[
1+

l=
jO
T]

-
1
,

Iu
+e
j2

ta
n

(O
T)
,

T
h
i
s

d
e
s
c
r
i
b
e
s

a
c
i
r
c
l
e

w
h
o
s
e

c
e
n
t
e
r

i
s

a
t

z
«•

•_
-
a
n
d

r
a
d
i
u
s

i
s

-r
.

Th
is

m
a
p
p
i
n
g
i
s
sh
ow
n
i
n
Fi
gu
re

3.
5.

I
t
c
a
n
b
e
s
e
e
n
th
at

ex
ce
pt

fo
r

ex
tr
em
el
y

sm
al
l
va
lu
es

o
f
O
T

(h
ig
h
sa
mp
li
ng

ra
te

w
i
t
h
r
e
s
p
e
c
t

t
o
t
h
e

fr
eq
ue
nc
y
o
f
in
te
re
st
),

th
e

im
ag
e
o
f
th
e

jf
i
ax
is

i
n
th
e
s

pl
an
e
i
s
of
f

t
h
e
u
n
i
t
c
i
r
c
l
e

i
n
t
h
e
z

pl
an
e.

T
h
u
s
t
h
e
s
a
m
p
l
e
d
-
d
a
t
a

f
i
l
t
e
r
w
i
l
l

a
c
c
u
r
a
t
e
l
y
a
p
p
r
o
x
i
m
a
t
e
t
h
e
a
n
a
l
o
g

fi
lt
er

o
n
l
y
w
h
e
n
t
h
e
s
a
m
p
l
i
n
g

f
r
e
q
u
e
n
c
y

(—
)

i
s
v
e
r
y
h
i
g
h
.

A
n
in
te
gr
at
or

us
in
g

th
e
"s
er
ie
s
sw
it
ch
ed
-c
ap
ac
it
or
"

re
si
st
or

in
tr
o

du
ce
d
i
n
th
e

pa
pe
r
b
y
Ca
ve
s
e
t
al
.

[1
4]

i
s
eq
ui
va
le
nt

t
o
th
e

ba
ck
wa
rd

d
i
f
f
e
r
e
n
c
e
s
t
r
a
n
s
f
o
r
m
a
t
i
o
n
.

W
h
e
n
t
h
e
s
a
m
p
l
i
n
g
r
a
t
e

i
s
n
o
t
h
i
g
h

i
n

re
la
ti
on

to
th
e

fr
eq
ue
nc
ie
s
o
f
in
te
re
st

ph
as
e

le
ad

i
s
ob
se
rv
ed

i
n
th
e

sw
it
ch
ed

ca
pa
ci
to
r

in
te
gr
at
or
s.

Th
is

ph
as
e

sh
if
t

ge
ts

wo
rs
e
a
t
lo
we
r

sa
mp
li
ng

ra
te
s

be
ca
us
e

th
e
ma
pp
in
g
wi
th

th
e
ba
ck
wa
rd

di
ff
er
en
ce
s

(r
ep
la
ce

me
nt

o
f
—

wi
th

—
—
r
)

pl
ac
es

th
e
po
le
s

fu
rt
he
r

aw
ay

fr
om

t
h
e
un
it

ci
rc
le

s
,

-
1

1
-
z

in
th
e
z

pl
an
e.

On
ly

wh
en

th
e
sa
mp
li
ng

ra
te

i
s
hi
gh

wi
ll

th
e

sa
mp
le
d-
da
ta

1
T

fi
lt
er

b
a
s
e
d
u
p
o
n

•=•
**

—
=
—
7

a
c
c
u
r
a
t
e
l
y
a
p
p
r
o
x
i
m
a
t
e

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

s
,

-
1

1
-
z

i
n
ga
in

r
e
s
p
o
n
s
e
a
n
d
s
e
n
s
i
t
i
v
i
t
y

pe
rf
or
ma
nc
e.

A
n
a
l
t
e
r
n
a
t
i
v
e

a
p
p
r
o
x
i
m
a
t
i
o
n
t
o
t
h
e
d
e
r
i
v
a
t
i
v
e

i
s
a

fo
rw
ar
d

di
ff
er
en
ce
.

Wh
en

us
in
g

fo
rw
ar
d
di
ff
er
en
ce
s
o
n
e
m
a
k
e
s

th
e

re
pl
ac
em
en
t:

5
4

S-
pl

an
e

Z
-p

la
ne

—
,

—
*

-
„

^
«"

"
»•

»

•
N

/
\

/
//

//
7

/\
/ 1

V
//

//
/}

1
\

\
y
/
/
j
/
i

\
4

t
/

\
*7

'
s

/s
*

»
>

•*
•

.
^

-
1

Im
ag

e
of

S=
in

Fi
gu
re

3.
5:

Ma
pp
in
g
o
f
t
h
e
s-
pl
an
e
t
o
t
h
e
z-
pl
an
e

c
o
r
r
e
s
p
o
n
d
i
n
g
t
o
t
h
e
f
i
r
s
t
b
a
c
k
w
a
r
d

d
i
f
f
e
r
e
n
c
e
a
p
p
r
o
x
i
m
a
t
i
o
n
t
o
t
h
e
d
e
r
i

v
a
t
i
v
e

f
u
n
c
t
i
o
n
.

5
5



d
y

«>
y
(n

+
l)

-y
(n

)
d

t
T

w
h

ic
h

c
o

r
r
e
s
p

o
n

d
s

to

z
-
1

S
T

o
r

z
"

1
+

s
T

3
.9

a

3
.9

b

F
o

r
s

=
jQ

,
z

=
1

+
jf

lT
.

H
e
r
e

t
h
e
m
a
p
p
i
n
g

o
f

t
h
e

jf
t
a
x
i
s

i
n

t
h
e

s
p
l
a
n
e

t
o

t
h
e
z

p
l
a
n
e

a
m
o
u
n
t
s

t
o
a

s
i
m
p
l
e

s
h
i
f
t
o
f
t
h
e
o
r
i
g
i
n
t
o
z
-
1
,
0

(
s
e
e
F
i
g
u
r
e

3
.
6
)
.

H
o
w
e
v
e
r
d
e
p
e
n
d
i
n
g

o
n

h
o
w
l
o
w
t
h
e
s
a
m
p
l
i
n
g
r
a
t
e

i
s

i
n
r
e
l
a
t
i
o
n
t
o

t
h
e

f
r
e
q
u
e
n
c
i
e
s

o
f

i
n
t
e
r
e
s
t
,

t
h
e
f
o
r
w
a
r
d

d
i
f
f
e
r
e
n
c
e
s
t
r
a
n
s
f
o
r
m
a
t
i
o
n
w
i
l
l

s
h
i
f
t
t
h
e
p
o
l
e
s

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

i
n
t
h
e
z

p
l
a
n
e
a
n
d

c
a
n
e
v
e
n

p
l
a
c
e
t
h
e
m
i
n
t
h
e
u
n
s
t
a
b
l
e
r
e
g
i
o
n
o
u
t
s
i
d
e

t
h
e
u
n
i
t

c
i
r
c
l
e
.

S
a
m
p
l
e
d
-

1
T

z
da
ta

in
te
gr
at
or
s

ba
se
d

up
on

fo
rw
ar
d
di
ff
er
en
ce
s
(
—

•**•
—j
-)
,
wi
ll

1
-
z

i
n
t
r
o
d
u
c
e

a
p
h
a
s
e

l
a
g
.

T
o

m
i
n
i
m
i
z
e

t
h
e

a
m
o
u
n
t

o
f

p
h
a
s
e

l
a
g

O
T

s
h
o
u
l
d
b
e
a
s
s
m
a
l
l
a
s

p
o
s
s
i
b
l
e
.

T
h
e
"
p
a
r
a
l
l
e
l

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

r
e
s
i
s
t
o
r
w
h
e
n
u
s
e
d
i
n
a
n
i
n
t
e
g
r
a
t
o
r
a
s
i
n
H
o
s
t
i
c
k
a

e
t
a
l
.

[1
3]

i
s

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

f
o
r
w
a
r
d
d
i
f
f
e
r
e
n
c
e
s
t
r
a
n
s
f
o
r
m
a
t
i
o
n
.

A
l
l
s
t
o
t
a
n
d
J
a
c
o
b
s
e
t
a
l
.

[
1
5
,
1
6
]
i
n

t
h
e
i
r
w
o
r
k

o
n

s
w
i
t
c
h
e
d
-
c
a
p
a

c
i
t
o
r
l
a
d
d
e
r
f
i
l
t
e
r
s

i
d
e
n
t
i
f
y
t
h
e
p
h
a
s
e
s
h
i
f
t
(l
ag
)

p
r
o
b
l
e
m
e
n
c
o
u
n
t
e
r
e
d

w
h
e
n
us
in
g

th
e

sw
it
ch
ed
-c
ap
ac
it
or

i
n
t
e
g
r
a
t
o
r
e
q
u
i
v
a
l
e
n
t
t
o
b
a
c
k
w
a
r
d

d
i
f
f
e
r
e
n
c
e
s
.

T
h
e

s
o
l
u
t
i
o
n
d
e
s
c
r
i
b
e
d
b
y
B
r
u
t
o
n

[
3
3
]
a
n
d
u
s
e
d

i
n

t
h
e

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

la
dd
er

fi
lt
er
s

a
m
o
u
n
t
s

t
o
a
c
a
s
c
a
d
e
o
f
o
n
e
b
a
c
k
w
a
r
d

d
i
f
f
e
r
e
n
c
e
s

i
n
t
e
g
r
a
t
o
r
w
i
t
h
o
n
e
f
o
r
w
a
r
d

d
i
f
f
e
r
e
n
c
e
s

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

l
e
a
p
-
f
r
o
g

pa
th
,

s
u
c
h
th
at

t
h
e
p
h
a
s
e
l
a
g
a
n
d
l
e
a
d
f
r
o
m
e
a
c
h
w
i
l
l
c
o
m
p
e
n
s
a
t
e

o
n
e
a
n
o
t
h
e
r
a
n
d

t
h
u
s
r
e
d
u
c
e
t
h
e
p
h
a
s
e
s
h
i
f
t

p
r
o
b
l
e
m
.

T
h
i
s

I
m
p
r
o
v
e
m
e
n
t

5
6

Z
pl

an
e

Fi
gu
re

3.
6:

Fo
rw
ar
d
di
ff
er
en
ce
s
ma
pp
in
g
of

th
e

s-
pl
an
e

jf
l
a
x
i
s
t
o
t
h
e
z
-
p
l
a
n
e
.

5
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wi
ll

st
il
l

on
ly

be
ac
cu
ra
te

fo
r
a
hi
gh

sa
mp
li
ng

ra
te

(O
T

sm
al
l)
;

ho
w

ev
er

th
e

ac
cu
ra
cy

at
a

gi
ve
n

hi
gh

sa
mp
li
ng

ra
te

wi
ll

be
mu
ch

be
tt
er

th
an

if
th
is

te
ch
ni
qu
e
wa
s

no
t

em
pl
oy
ed
.

3.
2

Se
ns
it
iv
it
y

an
d
Ac
cu
ra
cy

Co
ns
id
er
at
io
ns

Th
e

im
po
rt
an
t

qu
es
ti
on

to
be

as
ke
d
wh
en

re
al
iz
in
g
a

fi
lt
er

wi
th

th
e
se
co
nd

or
de
r

sw
it
ch
ed
-c
ap
ac
it
or

sa
mp
le
d-
da
ta

re
cu
rs
iv
e

fo
rm
,

is

wh
at

ar
e

th
e
ac
cu
ra
cy

re
qu
ir
em
en
ts

fo
r

th
e

co
ef
fi
ci
en
ts

(c
ap
ac
it
or

ra
ti
os
).

Co
ef
fi
ci
en
t

er
ro
r

ca
us
es

th
e

po
le
s

to
mo
ve

th
us

ch
an
gi
ng

th
e

3
dB

ba
nd
wi
dt
h

(Q
)

an
d

th
e

ce
nt
er

fr
eq
ue
nc
y

(i
oQ
).

Fr
om

Eq
ua
ti
on

3.
3:

1
-1
,
°1

^
=

-
c
o
s

(
—
—
)

T
2/
b\

c
o
s

(
)

2/
62

I
n

B
o

3
.
1
0
a

3
.
1
0
b

5
8

Ac
cu
ra
cy

re
qu
ir
em
en
ts

ca
n
be

ca
lc
ul
at
ed

fr
om

th
e
se
ns
it
iv
it
y

fu
nc

ti
on
s

fo
r

th
e

fi
lt
er
.

De
ri
ve
d

fr
om

Eq
ua
ti
on
s

3.
10
a

an
d

b,
th
e

se
co
nd

or
de
r
ba
nd
pa
ss

fi
lt
er

ha
s

th
e

fo
ll
ow
in
g
se
ns
it
iv
it
ie
s

to
ce
nt
er

fr
e-

q
u
e
n
c
y

a
n
d
Q
:

(1
)

Se
ns
it
iv
it
y

of
ce
nt
er

fr
eq
ue
nc
y

to
Bx

an
d

B2
:

c~
0

1
3.
11
a

s
a

°
2

-2
(^
T)
2

3
.
1
1
b

ST
)<

*T
he

co
ef
fi
ci
en
ts

de
te
rm
in
in
g

th
e

po
le
s

ar
e

mo
re

se
ns
it
iv
e

th
an

th
e

co
e

ff
ic
ie
nt
s

de
te
rm
in
in
g

th
e

ze
ro
s

be
ca
us
e

fe
ed
ba
ck

co
nt
ro
ls

th
e

po
le

l
o
c
a
t
i
o
n
s
.

(2
)

Se
ns
it
iv
it
y

of
Q

to
Bx

an
d

Sj
,:

SQ
=
-J
=

Bl
(u,

0T)
2

1
1

+
-4
r

.
„.
.
2

w
_
T

(a
)Q
T)

0

3
.
1
1
c

3
.
l
i
d

Fo
r

hi
gh

Q
fi
lt
er
s
uu

is
on
ly

co
nt
ro
ll
ed

by
B^

an
d
Q

is
co
nt
ro
ll
ed

by
B2
. Fr

om
Eq
ua
ti
on
s

3:
ll
a,
b,
c,
d

it
ca
n

be
se
en

th
at

th
e

se
ns
it
iv
it
y

of

th
e

fi
lt
er

re
sp
on
se

(w
_,

Q)
de
cr
ea
se
s

as
wJ
T

in
cr
ea
se
s.

Fo
r

co
ef
fi

ci
en
ts

th
at

ca
n
on
ly

b
e
re
al
iz
ed

wi
th

a
fi
ni
te

li
mi
t
o
n
th
ei
r
ac
hi
ev
ab
le

ac
cu
ra
cy
,

it
is

de
si
ra
bl
e

to
ch
oo
se

th
e
sa
mp
li
ng

fr
eq
ue
nc
y

(f
g
=
^)

as

cl
os
e

to
to

a
s
pr
ac
ti
ca
bl
e
wi
th
ou
t

pu
tt
in
g

st
ri
ng
en
t

re
je
ct
io
n

re
qu
ir
e

m
e
n
t
s
o
n
t
h
e
a
n
t
i
-
a
l
i
a
s
p
r
e
f
i
l
t
e
r
.

Wh
il
e
a
lo
w
sa
mp
li
ng

ra
te

sw
it
ch
ed
-c
ap
ac
it
or

fi
lt
er

ma
y

re
qu
ir
e
a

mo
re

co
mp
le
x
an
ti
-a
li
as

fi
lt
er

th
an

a
hi
gh

sa
mp
li
ng

ra
te

on
e,

pr
ov
id
ed

th
e
an
ti
-a
li
as

fi
lt
er

ca
n
b
e
in
te
gr
at
ed

o
n
ch
ip

(p
er
ha
ps

wi
th

th
e

ad
di
ti
on

of
a

fe
w
no
n-
pr
ec
is
io
n

ex
te
rn
al

co
mp
on
en
ts
)

th
er
e

is
n
o
ma
jo
r

di
sa
dv
an
ta
ge

to
th
e
ap
pr
oa
ch
,

as
su
mi
ng

th
e
de
si
gn

me
et
s

th
e

re
qu
ir
ed

sp
ec
if
ic
at
io
ns
.

Th
e

lo
w

sa
mp
li
ng

ra
te

de
si
gn

ha
s

th
e
ad
va
nt
ag
e

th
at

it
ca
n

be
mu
lt
ip
le
xe
d,

mo
re

so
th
an

a
hi
gh

sa
mp
li
ng

ra
te

on
e
wh
er
e

th
e

se
tt
li
ng

ti
me

of
th
e

am
pl
if
ie
r
mi
gh
t

be
ju
st

a
li
tt
le

le
ss

th
an

t
h
e
c
l
o
c
k
i
n
g

t
i
m
e
i
n
t
e
r
v
a
l
.

T
o
un
de
rs
ta
nd

th
e

tr
ad
e-
of
fs

in
vo
lv
ed

i
n
th
e
de
si
gn

o
f
a
sw
it
ch
ed
-

ca
pa
ci
to
r

fi
lt
er

wi
th

th
e

se
co
nd

or
de
r

se
ct
io
n,

co
ns
id
er

th
e

fo
ll
ow
in
g

de
si
gn

fo
r
ap
pl
ic
at
io
n
in

to
uc
h

to
ne

fi
lt
er

ne
tw
or
ks

[1
7]
;
a
se
co
nd
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or
de
r

ba
nd
pa
ss

fi
lt
er

ha
vi
ng

fQ
=

69
7

Hz
+

0.
5%

an
d
Q
-

18
+

1.
Th
is

fi
lt
er

is
a

pr
ec
is
io
n

fi
lt
er
;

it
ha
s
ve
ry

ti
gh
t

to
le
ra
nc
es

on
it
s
Q

an
d

ce
nt
er

fr
eq
ue
nc
y.

Ta
bl
e
I
do
cu
me
nt
s

th
e

fe
ed
ba
ck

co
ef
fi
ci
en
ts

an
d

th
ei
r
ac
cu
ra
cy

re
qu
ir
em
en
ts

fo
r

th
e

se
co
nd

or
de
r
se
ct
io
n

to
me
et

th
is

ba
nd
pa
ss

fi
lt
er

de
si
gn

sp
ec
if
ic
at
io
n.

De
si
gn
s

ba
se
d

on
4

kH
z
an
d
8

kH
z

sa
mp
li
ng

fr
eq
ue
nc
y

ar
e

gi
ve
n.

Th
e

im
pu
ls
e

in
va
ri
an
t

de
si
gn
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pu
t)
.

Th
e

re
as
on
s

ar
e

th
e

sa
me

a
s
th
os
e
pr
es
en
te
d

in

Se
ct
io
n

2.
2.
2.
C

fo
r

th
e
mu
lt
ip
ly

an
d

de
la
y

ci
rc
ui
t

(F
ig
ur
e

2.
7)
.

In

si
li
co
n

ga
te

NM
OS

(w
it
h
3
0

fi
-c
m
su
bs
tr
at
e)

th
es
e

pa
ra
si
ti
c
ju
nc
ti
on

ca
pa
ci
ta
nc
es

ar
e

in
th
e

or
de
r
of

10
fF

fo
r

ty
pi
ca
l

si
gn
al

no
de

ju
nc
ti
on
s.

In
me
ta
l

ga
te

NM
OS

th
is

ca
pa
ci
ta
nc
e

ca
n

be
up

to
te
n

ti
me
s

la
rg
er
.

Th
is

pr
es
en
ts

no
li
mi
ta
ti
on

on
th
e

th
re
e
am
pl
if
ie
r

sw
it
ch
ed
-c
ap
ac
it
or

r
e
c
u
r
s
i
v
e

f
i
l
t
e
r
.



C
H
A
P
T
E
R

4

DE
SI
GN

O
F
T
H
E
C
O
M
P
O
N
E
N
T
S

I
N
A

FU
LL
Y

I
N
T
E
G
R
A
T
E
D

S
W
I
T
C
H
E
D
-
C
A
P
A
C
I
T
O
R
R
E
C
U
R
S
I
V
E
F
I
L
T
E
R

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

A
fu
ll
y

in
te
gr
at
ed

sw
it
ch
ed
-c
ap
ac
it
or

se
co
nd

or
de
r

re
cu
rs
iv
e

fi
lt
er

wa
s

fa
br
ic
at
ed

in
th
e

ER
L

in
te
gr
at
ed

ci
rc
ui
ts

la
bo
ra
to
ry

us
in
g
a

fo
ur

ma
sk

si
ng
le

ch
an
ne
l

(e
nh
an
ce
me
nt
)

al
um
in
um

ga
te

NM
OS

pr
oc
es
s

(a
pp
en
di
x

A)
.

Th
is

ch
ip

in
cl
ud
ed

al
l

el
em
en
ts

il
lu
st
ra
te
d

in
th
e

fu
ll

ci
rc
ui
t

di
ag
ra
m

of
fi
gu
re

2.
13
,

in
cl
ud
in
g

th
e

sa
mp
le

an
d

ho
ld

am
pl
if
ie
r.

Se
ct
io
n

on
e

of
th
e
ch
ap
te
r

de
sc
ri
be
s

th
e
pr
ec
is
io
n

ra
ti
oe
d

ca
pa
ci
to
r

la
yo
ut
,

wh
il
e

se
ct
io
n

tw
o

go
es

in
to

th
e
de
si
gn

of
th
e
NM
OS

am
pl
if
ie
r

th
at

us
es

si
ng
le

ch
an
ne
l

en
ha
nc
em
en
t

tr
an
si
st
or
s.

Si
nc
e

ma
ny

am
pl
i

fi
er
s

ar
e

in
te
gr
at
ed

on
th
e
on
e

ch
ip

in
th
es
e

fi
lt
er
s,

th
e
am
pl
if
ie
r

de
si
gn

wa
s

fo
cu
se
d

on
it

ha
vi
ng

sm
al
l

ar
ea
,

lo
w

po
we
r,

hi
gh

ga
in
,

an
d

fa
st

tr
an
si
en
t

pe
rf
or
ma
nc
e.

It
s
pe
rf
or
ma
nc
e
wa
s

to
be

in
se
ns
it
iv
e

to

pr
oc
es
si
ng

pa
ra
me
te
rs
.

Se
ct
io
n

th
re
e
de
sc
ri
be
s

th
e
ci
rc
ui
t

em
pl
oy
ed

fo
r
mi
ni
mi
zi
ng

th
e
cl
oc
k

fe
ed
th
ro
ug
h-
in
du
ce
d

DC
of
fs
et

pr
es
en
t

at

e
a
c
h
a
m
p
l
i
f
i
e
r
o
u
t
p
u
t
.

4.
1

De
si
gn

of
Pr
ec
is
io
n
No
n-
Bi
na
ry

Ca
pa
ci
to
r

Ra
ti
os

Th
e

ra
ti
oe
d

MO
S

ca
pa
ci
to
rs

ar
e

im
pl
em
en
te
d

in
me
ta
l

ga
te

NM
OS

as
il
lu
st
ra
te
d

in
Fi
gu
re

4.
1(
a)
,
wi
th

th
er
ma
ll
y

gr
ow
n
ox
id
e

be
tw
ee
n

me
ta
l

an
d
he
av
il
y
do
pe
d

si
li
co
n.

Th
is

di
ag
ra
m
al
so

sh
ow
s

th
e
am
pl
if
ie
r

co
nn
ec
te
d

in
a
sw
it
ch
ed
-c
ap
ac
it
or

ci
rc
ui
t.

No
te

th
at

th
e

in
ve
rt
in
g

in
pu
t

ha
s

no
pa
th

fo
r

le
ak
ag
e

cu
rr
en
t

ot
he
r

th
an

th
e
mi
ni
mu
m

si
ze

so
ur
ce

di
ff
us
io
n

of
th
e

fe
ed
ba
ck

sw
it
ch
.

Th
e

lo
w

im
pe
da
nc
e

ou
tp
ut

of

th
e
am
pl
if
ie
r
dr
iv
es

th
e

n+
di
ff
us
io
n

si
de

of
th
e

ca
pa
ci
to
r

an
d

th
us

1
1
3

M
E
T
A
L

Fi
gu
re

U.
l.
a:

Ra
ti
oe
d
ca
pa
ci
to
rs

im
pl
em
en
te
d

in
me
ta
l

g
a
t
e
N
M
O
S
t
e
c
h
n
o
l
o
g
y
.

O
U
T

M
E
T
A
L

P
O
L
Y

S
i Fi

gu
re

U.
l.
b:

F.
aM
oe
d

ca
pa
ci
to
rs

im
pl
em
en
te
d

in
do
ub
le

po
ly
si
li
co
n

ga
te

NM
OS

te
ch
no
lo
gy
.

1
1
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t
h
e
p
a
r
a
s
i
t
i
c

j
u
n
c
t
i
o
n
c
a
p
a
c
i
t
a
n
c
e
,

f
r
o
m
t
h
e
d
i
f
f
u
s
i
o
n

p
l
a
t
e
o
f
t
h
e

c
a
p
a
c
i
t
o
r
t
o
s
u
b
s
t
r
a
t
e
,
h
a
s
n
o

a
d
v
e
r
s
e
e
f
f
e
c
t
o
n

t
h
e
s
w
i
t
c
h
e
d
-
c
a
p
a
c
i

t
o
r
c
i
r
c
u
i
t
o
p
e
r
a
t
i
o
n
.

W
i
t
h
d
o
u
b
l
e
p
o
l
y
s
i
l
i
c
o
n
N
M
O
S
(
e
n
h
a
n
c
e
m
e
n
t

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

t
r
a
n
s
i
s

t
o
r
s
)
t
h
e
c
a
p
a
c
i
t
o
r
s
c
a
n
b
e
r
e
a
l
i
z
e
d
w
i
t
h

t
h
e
r
m
a
l
l
y
g
r
o
w
n
o
x
i
d
e

be
tw
ee
n

th
e

tw
o

la
ye
rs

o
f
he
av
il
y
do
pe
d

po
ly
si
li
co
n

[2
6]
.

T
h
i
s

s
t
r
u
c
t
u
r
e
i
s
s
h
o
w
n
i
n
F
i
g
u
r
e
4
.
1
(
b
)
.

O
n
c
e
a
g
a
i
n

t
h
e
c
o
n
n
e
c
t
i
o
n
o
f

t
h
e

a
m
p
l
i
f
i
e
r
i
s

i
n
d
i
c
a
t
e
d
.

W
i
t
h
e
a
c
h
o
f

t
h
e
s
e

p
r
o
c
e
s
s
e
s

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

i
s
e
q
u
a
l

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

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

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

T
h
i
s

i
s
b
e
c
a
u
s
e

th
e

pe
rm
it
ti
vi
ty

of
th
e

in
su
la
to
r,

eQ
,
an
d

th
e

in
su
la
to
r

th
ic
kn
es
s

tQ
X

ar
e
ve
ry

un
if
or
m
i
n
th
es
e

st
an
da
rd

MO
S

pr
oc
es
se
s

ha
vi
ng

a
th
er
ma
ll
y

g
r
o
w
n
o
x
i
d
e
d
i
e
l
e
c
t
r
i
c
.

D
e
p
o
s
i
t
e
d

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

e
x
h
i
b
i
t
d
i
e
l
e
c

t
r
i
c
r
e
l
a
x
a
t
i
o
n
e
f
f
e
c
t
s
w
h
i
c
h
c
a
n

s
e
r
i
o
u
s
l
y
l
i
m
i
t
c
a
p
a
c
i
t
o
r
r
a
t
i
o

a
c
c
u
r
a
c
y
.

I
n
e
i
t
h
e
r
o
f

t
h
e
M
O
S
p
r
o
c
e
s
s
e
s
d
e
s
c
r
i
b
e
d
t
h
e
c
a
p
a
c
i
t
a
n
c
e
r
a
t
i
o

i
s
so
le
ly

co
nt
ro
ll
ed

b
y
th
e
a
r
e
a
ra
ti
o

de
fi
ne
d
o
n
o
n
e
ma
sk
;

t
h
e
m
e
t
a
l

ma
sk

i
n
me
ta
l

ga
te

NM
OS
,

an
d

th
e
se
co
nd

po
ly
si
li
co
n
ma
sk

i
n
th
e
do
ub
le

po
ly
si
li
co
n

NM
OS
.

Sp
ec
ia
l

pr
ec
au
ti
on
s
i
n
th
e
la
yo
ut

o
f
th
is

ma
sk

co
nt
ri
bu
te

si
gn
if
ic
an
tl
y

to
th
e
ma
in
te
na
nc
e
o
f
ac
cu
ra
te

ca
pa
ci
ta
nc
e

ra
ti
os
,

in
se
ns
it
iv
e
t
o
pr
oc
es
si
ng

va
ri
ab
le
s

li
ke

di
ff
er
en
t

e
t
c
h
i
n
g

c
o
n
d
i
t
i
o
n
s

f
r
o
m
w
a
f
e
r
t
o
w
a
f
e
r
,

f
r
o
m
d
i
e
t
o
di
e,

a
n
d
f
r
o
m
o
n
e
c
a
p
a
c
i
t
o
r

ed
ge

wi
th
in

a
di
e

to
an
ot
he
r.

Th
e

wa
fe
r

to
wa
fe
r

"e
dg
e
un
ce
rt
ai
nt
y"

a
r
i
s
e
s
f
r
o
m
v
a
r
i
a
t
i
o
n
s

i
n
t
h
e
a
m
o
u
n
t
o
f
e
t
c
h
i
n
g

n
e
e
d
e
d

t
o
e
t
c
h
t
h
r
o
u
g
h

th
e

me
ta
l
o
r
po
ly
si
li
co
n

th
ic
kn
es
s.

Si
nc
e

th
e
me
ta
l

an
d

po
ly
si
li
co
n

ar
e

de
po
si
te
d

fi
lm
s

th
ei
r

th
ic
kn
es
s
i
s
no
t

ac
cu
ra
te
ly

co
nt
ro
ll
ed
,

e.
g.

1
1
5

pe
rh
ap
s

on
ly

to
+

30
%
o
n
a

1.
0
u
m
fi
lm

th
ic
kn
es
s.

Th
e

di
e

to
di
e
an
d

wi
th
in

o
n
e
d
i
e
ca
pa
ci
to
r

ed
ge

va
ri
at
io
ns

ar
is
e

fr
om

pr
ox
im
it
y

ch
an
ge
s

i
n
t
h
e
c
h
e
m
i
c
a
l

e
t
c
h
a
n
t
'
s

r
a
t
e
o
f
r
e
a
c
t
i
o
n
,

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

ch
em
ic
al

et
ch
an
t

i
s
ex
ha
us
te
d

mo
re

qu
ic
kl
y

t
h
a
n
i
n
an
ot
he
r.

I
f
pl
as
ma

et
ch
in
g

is
us
ed
,

th
is

se
co
nd

so
ur
ce

o
f
ed
ge

va
ri
at
io
n

is
gr
ea
tl
y

re
du
ce
d.

T
h
e
m
a
s
k
w
o
r
k
i
n
g

pl
at
e

it
se
lf

h
a
s
a

s
o
u
r
c
e
o
f
e
d
g
e
s
h
i
f
t
d
u
e

t
o
v
a
r
i
a
t
i
o
n

i
n

e
m
u
l
s
i
o
n

t
h
i
c
k
n
e
s
s

a
n
d

d
e
v
e
l
o
p
m
e
n
t

t
i
m
e
.

T
h
e
sp
ec
ia
l

pr
ec
au
ti
on
s

em
pl
oy
ed

i
n
th
e

la
yo
ut

o
f
t
h
e
ra
ti
oe
d

ca
pa
ci
to
rs

a
r
e
t
h
e
fo
ll
ow
in
g

[1
8]
.

Al
(i
)

T
h
e
t
w
o
c
a
p
a
c
i
t
o
r
s
'

a
r
e
a
r
a
t
i
o
—

m
u
s
t
e
q
u
a
l
t
h
e
t
w
o
c
a
p
a
c
i
-

p
A
2

to
rs
'

pe
ri
me
te
r

ra
ti
o
—

i
n
or
de
r

th
at

th
ey

b
e
in
se
ns
it
iv
e
t
o
th
e
e
d
g
e

P
2

s
h
i
f
t
a
r
i
s
i
n
g
f
r
o
m
e
t
c
h
a
n
t
u
n
d
e
r
c
u
t
t
i
n
g
a
n
d
c
h
a
n
g
e
s
i
n
t
h
e
m
a
s
k

di
me
ns
io
ns
.

In
th
e

ca
se

of
no
n-
bi
na
ry

ra
ti
os
,

A.
an
d
A2

ar
e
no
t

m
u
l
t
i
p
l
e
s

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

(i
i)

T
h
e
la
yo
ut

o
f
th
e

ca
pa
ci
to
rs

sh
ou
ld

b
e
su
ch

th
at

ea
ch

ed
ge

i
n
th
e
pa
tt
er
n

ar
ea

ha
s

th
e

sa
me

sp
ac
in
g
t
o
a

su
rr
ou
nd
in
g

pa
tt
er
n

ed
ge
.

I
n
su
ch

a
la
yo
ut

ev
er
y

ca
pa
ci
to
r

wi
ll
"
sh
ow

a
un
if
or
m
et
ch
in
g

fr
on
t
t
o

t
h
e

e
t
c
h
a
n
t
.

(i
ii
)

T
o
e
l
i
m
i
n
a
t
e

t
h
e
e
f
f
e
c
t
o
f
l
o
n
g
r
a
n
g
e
ox
id
e

g
r
a
d
i
e
n
t
s

t
h
e

ca
pa
ci
to
rs

sh
ou
ld

b
e
la
id

ou
t
wi
th

a
co
mm
on

ce
nt
ro
id

pa
tt
er
n.

Ex
pe
ri

me
nt
al
ly
,

ox
id
e

gr
ad
ie
nt
s

of
10
-1
00

pp
m/
mi
l

ha
ve

be
en

ob
se
rv
ed

[1
8]
.

(i
v)

Th
e

ca
pa
ci
to
r

la
yo
ut

sh
ou
ld

b
e
in
se
ns
it
iv
e
t
o
ma
sk

mi
sa
li
gn

m
e
n
t
.

Fi
gu
re

4.
2

sh
ow
s
a

ge
om
et
ri
c

pa
tt
er
n

th
at

co
ul
d
b
e
ei
th
er

th
e

me
ta
l
o
r
t
h
e
se
co
nd

po
ly

ma
sk
.

I
t
s
a
t
i
s
f
i
e
s

th
e

la
yo
ut

pr
ec
au
ti
on
s

(i
)
t
o
(i
v)
.

I
f
do
ub
le

po
ly
si
li
co
n

NM
OS

te
ch
no
lo
gy

is
us
ed

th
e

1
1
6
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PE
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ET
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AR
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2
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PE
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M
ET

ER
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R2
d
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M

IN
IM

U
M

F
E

A
T

U
R

E
SI

Z
E

1
1

7

Fi
gu
re

U.
2:

La
yo
ut

co
nf
ig
ur
at
io
n

fo
r

pr
ec
is
io
n
ra
ti
oe
d

MO
S

ca
pa
ci
to
rs

(m
et
al

or
th
e

se
co
nd

po
ly

pa
tt
er
n)
.

in
te
rc
on
ne
ct
io
n
o
f
th
e

po
ly

II
pl
at
e
o
f

th
e
ca
pa
ci
to
r
i
s
do
ne

wi
th

a

me
ta
l

la
ye
r.

Th
es
e

ca
pa
ci
to
rs

ar
e

th
en

al
ig
nm
en
t

in
se
ns
it
iv
e.

If
me
ta
l

ov
er

n+
di
ff
us
io
n

(m
et
al

ga
te

NM
OS
)

is
us
ed

fo
r
re
al
iz
in
g

th
e

ca
pa
ci
to
rs
,

th
en

in
te
rc
on
ne
ct
in
g
me
ta
l

"s
tu
bs
"

fo
rm

th
e
co
mm
on

no
de
.

Fi
gu
re

4
.
3

il
lu
st
ra
te
s
t
h
e
c
o
m
p
l
e
t
e

la
yo
ut

o
f

tw
o

ra
ti
oe
d
M
O
S
ca
pa
ci
to
rs
,

co
ns
tr
uc

te
d
wi
th

me
ta
l

ga
te

NM
OS
.

Th
ey

sa
ti
sf
y

pr
ec
au
ti
on
s

(i
)
t
o

(i
v)

a
s
mu
ch

a
s
po
ss
ib
le
,

wi
th
in

th
e

re
st
ra
in
ts

of
in
te
rc
on
ne
ct

re
qu
ir
em
en
ts
.

Th
e

ca
pa
ci
ta
nc
e

is
de
fi
ne
d

by
th
e
me
ta
l

ed
ge

ac
ro
ss

it
s
wi
dt
h

"D
"

an
d

th
e

th
in

ox
id
e

ed
ge

a
t
th
e

en
ds

o
f
it
s

"L
"

di
me
ns
io
n

(m
et
al

ov
er
la
ps

th
ic
k

ox
id
e)
.

T
h
e
c
a
p
a
c
i
t
a
n
c
e
s

re
ma
in

co
ns
ta
nt

a
s
lo
ng

a
s

th
e
me
ta
l
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u
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R
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cu
ra
cy
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th
e

fi
lt
er
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nt
er

fr
eq
ue
nc
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nd
wi
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h
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nt
er
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eq
ue
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ie
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73
0

Hz
an
d
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wi
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z

sa
mp
li
ng

ra
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we
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in
ed
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su
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in
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an
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9
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d
a

st
an
da
rd
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at
io
n
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e
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h
va
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ed
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er

a
ra
ng
e
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to
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an
d
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e
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l
Q
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s

1
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it
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va
ri
at
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e
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eq
ue
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y
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se
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su
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s
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t
ba
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to
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an
sf
er

fu
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on
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ef
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ci
en
t
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ra
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ou
t
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nc
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th
e

po
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in
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ef
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en
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an
d
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e
de
te
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ed
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th
e
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lt
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ca
ti
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o
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an
d

th
re
e
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ra
ti
oe
d

ca
pa
ci
to
rs
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ca
pa
ci
to
r

ra
ti
o
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be
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e
0.
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%

st
an
da
rd

de
vi
at
io
n
ra
ng
e
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cu
ra
cy
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su
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io
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n
th
e
ra
ti
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fo
rm
in
g
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co
ef
fi
ci
en
t.

Th
e

er
ro
r

in
th
e
me
an

va
lu
e
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ce
nt
er

fr
eq
ue
nc
y

an
d
Q

ca
n

be

co
rr
ec
te
d

by
tr
im
mi
ng

th
e
ca
pa
ci
to
r

ra
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o
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s

on
th
e

ma
sk
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th
is

te
st

ch
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lt
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th
e
Q
ac
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ev
ed
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s
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os
e

to
th
e
de
si
gn

va
lu
e

of
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,
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e

th
e
ce
nt
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ue
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y
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s
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t
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aw
ay

fr
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e
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lu
e
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e
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n
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e
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r
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th
e
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lu
e
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e
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e

ra
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o
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rm
in
g
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th
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if
ie
r
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ra
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d
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ou
t

1.
3%
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r

th
an
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ne
ed
ed

to
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.

Th
is

sa
mp
le
d-
da
ta

fi
lt
er
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wa
s

ca
pa
bl
e
of

op
er
at
in
g
wi
th

a
pa
ss
-

ba
nd

ce
nt
er
ed
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w
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th
e
1

to
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re
gi
on
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to
th
e
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ce
ll
en
t

lo
w

le
ak
ag
e

pr
op
er
ty
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an
d

as
hi
gh
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7
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z
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im
it
ed

by
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pl
if
ie
r
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li
ng
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si
mp
ly
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va
ry
in
g

th
e

cl
oc
k

fr
eq
ue
nc
y.

5
.
4
.
3

D
y
n
a
m
i
c
R
a
n
g
e
P
e
r
f
o
r
m
a
n
c
e

A
.

N
o
i
s
e

Th
e
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of
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is
e
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s
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e
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ed
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to
r
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lt
er
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1
8
0

ou
tp
ut

no
is
e
wa
s

co
ns
id
er
ed

in
Se
ct
io
n

3.
5.
2.
A.

Ex
pe
ri
me
nt
al
ly

th
e

no
is
e

wa
s

me
as
ur
ed

ov
er

th
e

fr
eq
ue
nc
y

ba
nd

fr
om

0
He
rt
z

ou
t

to
ha
lf

th
e
sa
mp
li
ng

ra
te

(4
kH
z)
.

Fi
gu
re

5.
14
(a
)

sh
ow
s

th
e

no
is
e

sp
ec
tr
um
,

on
a
li
ne
ar

sc
al
e,

ou
t

to
4

kH
z

(h
al
f

th
e
sa
mp
li
ng

ra
te
).

It
ca
n

be

se
en

th
at

th
e
sw
it
ch
ed
-c
ap
ac
it
or

fi
lt
er

ba
nd
li
mi
ts

th
e

no
is
e

ab
ou
t

it
s

ce
nt
er

fr
eq
ue
nc
y.

Al
so
,

be
ca
us
e

of
th
e

hi
gh

Q
na
tu
re

of
th
is

fi
lt
er
,

t
h
e
n
o
i
s
e

h
a
s
b
e
e
n

a
m
p
l
i
f
i
e
d
.

Th
e

RM
S

no
is
e

wa
s
me
as
ur
ed

wi
th

a
n

RM
S

vo
lt
me
te
r

an
d
a

fi
lt
er

be
fo
re

it
to

ba
nd
li
mi
t

th
e

no
is
e

to
th
os
e

fr
eq
ue
nc
ie
s

le
ss

th
an

th
e

on
e

ha
lf

of
th
e
sa
mp
li
ng

ra
te
.

Th
e

me
as
ur
ed

ou
tp
ut

RM
S

no
is
e

wa
s

fo
un
d

to

be
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to
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mV
ov
er

th
e

sa
mp
le

of
fo
ur

mo
no
li
th
ic

fi
lt
er
s.

Th
is

wa
s

me
as
ur
ed

fo
r

th
e

lo
wp
as
s

re
sp
on
se

sh
ow
n

in
Fi
gu
re

5.
14
(b
)
-

th
e

no
is
e

sp
ec
tr
um

is
su
pe
ri
mp
os
ed

on
a

li
ne
ar

sc
al
e.

Th
is

re
su
lt

ag
re
es

wi
th

th
e

ca
lc
ul
at
io
n

of
th
e

fi
lt
er

no
is
e

th
at

wa
s

gi
ve
n

in
Se
ct
io
n

3.
5.
2.
A.

Si
nc
e

th
e
am
pl
if
ie
rs

ar
e
co
nt
ri
bu
ti
ng

be
tw
ee
n

th
re
e

an
d

fo
ur

ti
me
s

mo
re

no
is
e

th
at

th
e

sw
it
ch
es
,

an
im
pr
ov
em
en
t

in
th
is

no
is
e

pe
rf
or
ma
nc
e

wo
ul
d

be
ac
hi
ev
ed

by
us
in
g
a

lo
we
r

no
is
e
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pl
if
ie
r.

Fo
r

ex
am
pl
e

an

am
pl
if
ie
r

wi
th

10
uV

of
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S

in
pu
t

no
is
e

(0
to

50
kH
z)

wo
ul
d

re
du
ce

th
e

no
is
e

by
ab
ou
t

10
dB
.

Al
so

si
nc
e

th
e

sw
it
ch
ed
-c
ap
ac
it
or

fi
lt
er

is
ba
nd
-

li
mi
ti
ng

th
e
am
pl
if
ie
r

no
is
e

po
we
r

de
ns
it
y,

wh
ic
h

is
do
mi
na
nt
ly
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f

no
is
e
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nd
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e
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er

fr
eq
ue
nc
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io
n
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e
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f

no
is
e
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rn
er

fr
eq
ue
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y
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e
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er
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l
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d
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e
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of
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is
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ta
l

ha
rm
on
ic

di
st
or
ti
on

(T
HD
)

fo
r

an
ou
tp
ut

si
gn
al

of
4.
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0

0
0

H
z

1
6

0
0

2
0
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:
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ed

no
is
e

sp
ec
tr
um

at
th
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e
d
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i
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a
d
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i
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i
l
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w
i
t
h
t
h
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i
n
p
u
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n
n
e
c
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o
u
n
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i
l
t
e
r
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u
t
p
u
t
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is
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w
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s
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n
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u
p
e
r
i
m
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o
s
e
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.
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+
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2
V
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th
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a
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e
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mu
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d

be
ac
hi
ev
ed

by
us
in
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n
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h
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t
e
c
h
n
o
l
o
g
i
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a
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a
n
g
e
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e

me
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d
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n
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e
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e
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s
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s
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n
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e
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l
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mi
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ra
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e
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r
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e
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0
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e
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m
vo
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r
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D
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ib
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d

in
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s
A
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d
B
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is
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n.
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e
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th
e
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g
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ra
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at
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d.
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ra
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d
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S
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d
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S

am
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re
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e
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is
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n
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h
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er
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at
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d
de
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y
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).
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e
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em
en
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da
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e
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er
,
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ng

th
e
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l
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ra
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c
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,
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s
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at
ed
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MO
S
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.
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e

fi
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er
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at
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at
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Q
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lt
er
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th

ve
ry

pr
ec
is
e
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nt
ro
l

of
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e

cr
it
ic
al

fr
eq
ue
nc
ie
s,

ca
n

be
re
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ed

in
st
an
da
rd

MO
S

te
ch
no
lo
gy

wi
th
ou
t

th
e
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e

of
ex
te
rn
al

tr
im
mi
ng
.

Th
e

ra
ti
o-
ma
tc
hi
ng

of
ca
pa
ci
to
rs

wa
s
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un
d

to
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hi
ev
e
a
0.
12
%

st
an
da
rd

de
vi
at
io
n.

Th
e

ab
il
it
y

to
pr
og
ra
m

th
e

fi
lt
er

to
pr
od
uc
e

di
ff
er
en
t

fr
eq
ue
nc
y

re
sp
on
se
s
wa
s
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so

de
mo
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tr
at
ed
.

Th
is

wa
s

do
ne

si
mp
ly

by
sw
it
ch
in
g

in
di
ff
er
en
t

ca
pa
ci
to
r

ra
ti
os

fo
r

th
e

fi
lt
er

co
ef
fi
ci
en
ts
.

Th
e

bi
qu
ad
ra
ti
c

se
ct
io
n

re
al
iz
ed

is
a
ba
si
c

bu
il
di
ng

bl
oc
k

fo
r

hi
gh
er

or
de
r

fi
lt
er
s.

Th
e

ar
ea

pe
r
se
ct
io
n
wh
en

in
te
gr
at
ed

wi
th

do
ub
le

po
ly
si
li
co
n

gat
e

te
ch
no
lo
gy

is
ar
ou
nd

200
0

mil
s2.

Co
mp
ar
ed

wi
th

ot
he
r

al
te
rn
at
iv
e

lo
w
se
ns
it
iv
it
y

st
ru
ct
ur
es

[1
3]

[1
5]
,

th
is

ap
pr
oa
ch

ha
s

th
e

fo
ll
ow
in
g

ad
va
nt
ag
es
:

(1
)

Hi
gh
Q
re
so
na
nc
es

ma
y

be
ac
hi
ev
ed

in
sm
al
l

si
li
co
n

ar
ea

be
ca
us
e

th
e

ca
pa
ci
to
r

ra
ti
os

fo
rm
in
g

th
e
co
ef
fi
ci
en
ts

ha
ve

an
up
pe
r

li
mi
t

of
2,

an
d

th
e
mi
ni
mu
m

si
ze

ca
pa
ci
to
r

ca
n

be
sm
al
l

--
th
er
e

is
no

pa
ra
si
ti
c

ca
pa
ci
ta
nc
e

to
su
pp
re
ss
.

(2)
Wh
il
e

th
e

fi
lt
er

se
ns
it
iv
it
y

to
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SESSION XIII: MOS SAMPLED DATA SIGNAL PROCESSING

THPM13.5: Analog NMOS Sampted-Data Recursive Filter*

Ian A. Young. David A. Hodges and Paul R. Gray
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Berkeley, CA

MONOLITHIC INTEGRATION of precision audio frequency
filters has been a difficult objective to reach. Active RC filters
usingnumerous off-chip precision RC elements have been in
use for years'. Transversal filters using CCD or BBD approaches
occupy very largesilicon areaswhen fully integrated with all
peripheral circuits2. Fully integrated digital Alters require
precision linear A/D coders and also require a largesiliconarea .
Analogsampled-data recursive filters have been described
previously, but these employed many off-chip precision
components ' .

This paper will describe the design of a fully-integrated
NMOS analog sampled-data recursive bandpass filter, and
discuss experimental results for the critical elements and for
partiallyintegrated feasibility models in both metal-gateand
silicon-gate NMOS technologies.

A block diagram for the canonic form of a second-order
recursive fdter is shown in Figure 1 (a). The transpose
equivalent form of Figure 1 (6) is simpler to realize in this
case. The latter has been implemented as an analogsampled-
data system, as shown in Figure 2. Multiplier coefficients are
realized using precision-ratioed integrated capacitors and
integrated operational amplifiers. For instance, the feedback
coefficient &> is determined by the ratio of input capacitance
Cb>C to integrating capacitance C at the left in Figure 2. This
integrating multiplier also provides a time delay with period
and precision determined by a system clock. Four equal,
nonoverlapping clock phases control the operation of the
complete second-order section. Multiple subscripts on phase

'Research sponsored by the National Science Foundation
Grant ENG73-O4184-A01.

'.Mitra. S.K.. Editor. "Active Induetorless Filters". IEEE
Pre**; 1911.

2Hewes. C.R.. "A Self-Contained 800Stage CCD Transversal
Filter", Proe. Int'L Conf. on the Application of Charge-Coupled
Device*, p. 309-318; 1975.

3Edwards. G.P., et al., "A MOS LSI Double Second-Order
Digital Filter Circuit". ISSCC Dlgeit of Technical Paper*, p. 20-
21; Feb.. 1975.

Smith, D.A., et a)., "Programmable Bandpass Filter and
Tone Generator Using Bucket-Brigade Delay Lines". IEEE Tram.
Comm. 22. 7. p. 921-925; July. 1974.

Mattern. J. and Lampe, D.R., "A Reprogrammable Filter
Bank Using CCD Discrete Analog Signal Processing", /£££
Jour. SolldState Circuit* SC-tl. 1. p. 88-92; Feb.. 1976.

Tsividis. Y. and Gray. P.R.. "An Integrated NMOS Opera
tional Amplifier with Internal Compensation". IEEE Jour.
SolldState Circuits. SCI 1. 6. Dec.. 1976.

McCreary, J. L. and Gray. P.R.. "All-MOS Charge Redistri
bution Analog-to-Digital Conversion Techniques — Part 1".
IEEE Jour, of Solid-State Circuit* SC-10. 6. p. 371-379; Dec.,
1975.
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labels indicate switches which must remain closed during each
of several phases.

In the narrowband approximation, center frequency (q is
determined primarily by a 0f| while bandwidth orQis primarily
a function C6>. Thesensitivity of fg to Ofj isapproximately
(271 fQ/fa)~2rwhile the sensitivity ofQto Oij is approximately
Q/(2Trf0/fa). Asanexample, consider a filter requiring
f0 =697 Hz ±0.5% and Q=18±1: assume an 8 kHz sample
rate. Inthisexample 0^ and Cr^ each mustbecontrolled to
within ±0.17%.

The NMOSoperationalamplifierused is shown in Figure 3.
It hashighergainand lower power consumption than a
previously-reported design6. Open-loop gain of2000 was
required to minimizecoefficienterror due to amplifier gain
variations. Internal compensation is achievedwith a 7-pF
capacitor; feedforward isexploitedto enhance stability. A
shunt-shunt feedback output stage providesa low output
impedance.

Measured parameters for a NMOSmetal-gate enhancement-
only version of this amplifierincludegain of 2000;settling
time to 0.5% fora 2-V step and 20 pFload,8 /is; and 16-mW
power consumption from a 15-V supply.

Formaximum precision, ratioed capacitors weredesigned
with common-centroid geometry, nearly constant area/
perimeter ratios, andconstant metal or polysilicon etch width.
These precautions minimize the effects of oxide thickness
gradients, and of variations in resistrxposure and etch undercut .
The geometriesevident in Figures 4 and 5 permit realizationof
capacitor pairs, triples,or quadsof arbitrary ratios; only a
single mask level need be modified to changecapacitorratios.
Preliminary datashow ratio accuracy on the orderof 0.1%.

Experimental measurements on a discrete-component
breadboard confirmed all essential features of filter performance.
bias circuit

^C*" 4j"' ^Lm4 w'JT
Iplil W3~]r

13

Ml2Hf^fe id«o L-C-12 hD"« h[«

X
boot aias- i

•lOV

FIGURE 3 — Schematic of operational amplifier. A single
bias circuit is shared by all amplifiers in the filter. Amplifier

die areais about 500 mil in metal-gate NMOS.
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FIGURE 1 - Second-order recursive filler in two equivalent

forms. Multiplier coefficients CCand grange fromabout ±0.5
to ± 2 for useful filters.

T~

fl|C

r- •Ah-it-<-tf •JrlU-X- •i^^' '|t..P»T

^ r*»
MiiLri"L» a DELfli MULTIPLY 8 DELAY sum a hold

FIGURE 2 - Analog sampled-data realization of the filter of
Figure I (b). A fourphase clock operates switches. In some
cases the sample/hold function can be integrated with the

multipliers.

FIGURE 4 - Metal-gate NMOS circuit including one opera
tional amplifier plus all capacitors and analog switches for

one second-order section. Overall chip size 64 by 65 mils.

FIGURE 5 - Double-poly silicon-gate NMOS circuit includ
ing all elements for thefilter of Figure 2.Overall chip size HO

by 90 mils.(Courtesy of American Microsystems. Inc.)

DIGEST OF TECHNICAL PAPERS
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AN IMPROVED SWITCHED-CAPACITOR

INTEGRATOR

Indexing terms: Integrating circuits, Switched networks

A novel switched-capacitor integrator is described which
results in the mapping of the analogue frequency axis directly
on the unit circle of the r-plane. The circuit requires one extra
capacitor and additional switches. It makes the design much
easier and doubles the effective sampling rate.

Recently, there has been great interest in the realisation of
analogue filters using switched and fixed capacitors and active
elements.1 "3 The basic building block of these filters is the
integrator shown in Fig. I. Assuming that the time constants

M-

\
I V

v0ut

1945/11

Fig. 1 Basic switched capacitor integrator

formed by d and the resistances of its charging and discharg
ing circuits are much smaller than the switching period T, the
output voltage of the circuit satisfies the difference equation1

Q vout [nT\ = C2 vout [(« - 1)T) - Q vin [(« - 1)T\

corresponding to a transfer function

*7n(z)

c,

Ci 1 -z

(1)

(2)

For radian frequencies satisfying co<\}T, on the unit circle in
the z plane z = ei"T *- 1+/w7\ and H{z) s -(C,/C2)//cjr.
Hence, the circuit response approximates that of an integrator
for low analogue frequencies.

For higher frequencies, the approximation becomes poor.
In fact, the mappings-+z - 1 which is implicit in the transfer
function (eqn. 2) transforms the j£l axis of the analogue
5-plane into a vertical line going through the z = 1 point in ihe
z plane, rather than into the unit circle.4 Hence, analogue
filter responses (other than very-low-frequency lowpass ones)

287
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will become distorted when switched-capacitor integrators
replace the analogue ones. Thus, an active filter circuit, such as
the well-known leapfrog circuit,5 willnot automatically trans
form into an equivalent sampled-data filter simply by replacing
all integrators.

«-£

ri

f9t5>fl

Fig.2 Switched capacitorintegrator which resultsin doubled sampling
rate and the bilinear transformation

Next, some modifications of the circuit of Fig. I are
described which overcome this difficulty. Consider the circuit
shown in Fig. 2. If the switches are in the positions indicated
during the period (n-l)T to nT, then qx grows from
qx \{n - 1)7*1 =0 to q^nf) =Qv,„(nT), while q\ decreases
from q\ [(/» - 1)T\ = C, v,„ ((« - I)T\ to q\(nT) =0. Both
changes decrease <?2 by these same amounts. Hence,

qiinT) - q2 [(n - 1)T\ = Cjvom(nT) - C,vow [(n - 1)T)

= -dv,I(»n-c,»,(li(«-i)n <3>

results. Duringthe time nT< t < (« + 1)7", the switchesarein
their other positionsand the capacitors change roles. Clearly,
eqn. 3 remains valid.

Using r-transformation,eqn. 3 gives the transfer function

//(*) =
Vou,{2)

Vin(z)
(4)

Since the circuit is to function as an integrator, the relation,
implied by eqn. 4, between the analogue complex frequency
variable s and the sampled-data variable z becomes the familiar
bilinear transformation4

2 I -:"'

T 1 +*"'
(5)

F.qn. 5 maps the/n axisof the s plane on the unit circle in the
z plane; the radian frequencies are related by fi772 =
tan(cj772). Hence, for low-frequency lowpass filters (cj < 1/f),
the linearity error is proportional to (w7*)\ rather than (w7*)J
as for the approximation represented by eqn. 2. More
importantly, since the w and 12 axes are mapped onto each
other, any analogue filter response will essentially preserve its
character; e.g. an analogue bandpass filter will become a
sampled-signal bandpass filter,of the same passband ripple and
stopband loss. etc. The effects of aliasing and the nonlincarily
ol the £l-oj mapping must, of course, still be considered. How
ever, thcie is no need to prewarp the poles and zeros of the

'q?

c1 C2

^ -^y -j

\

St!7J

Fig. 3 Alternative realisationof the circuit of Fig. 2

288

analogue filter, or to optimise iterativcly the sampled-signal
circuit. Also, the sampling rate is effectively doubled.

The price paid for the improved performance and ease of
design is, of course, the additional capacitor, and extra
switches, each corresponding to two m.o.s.f.e.t.s in integrated
realisation. It is conjectured that the sensitivity of a leapfrog-
type filter designed using the modified structure is lower than
that of one constructed from the integrators of Fig. I, since
the correspondence with the doubly-terminated LC filter is
better preserved in the new structure.

Other circuits can be constructed which satisfy eqn. 3, and
hence act as sampled-signal integrators. One such circuit is
illustrated in Fig. 3. Here, the two capacitors take turns in
charging and discharging Ci{vin{nT)+ vin [(n - 1)71} hi'0 Q-

Simpler circuits, usingonly one switched capacitor Ct, arc
also possible, if asymmetric clock pulses and/or unequal
sampling intervals can be tolerated.
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SWITCHED-CAPACITOR FILTER SECTIONS IMPLEMENTING THE BILINEAR TRANSFORMATION

* t tt
I. A. Young , E. K. Simonyi and G. C. Temes

ABSTRACT

Some novel switched-capacitor filter sections
are proposed that can implement analog sampled-
data filters based upon the bilinear transformation
from analog active filters. A two-input-single-
output switched-capacitor circuit is presented
which can function either as a lossless summing
integrator, or as a lossless difference Integrator
with an extra output term. As an application, a
low sensitivity filter section using this circuit
is described. Also switched-capacitor circuits
are presented for the realization of a difference
integrator and a lossy sum Integrator, which are
the only components needed for the realization of
the sampled-data version of a multifeedback active
filter.

I. INTRODUCTION

In a recent letter [1], a single-input inte
grator containing switches, capacitors and an
operational amplifier was described. Its transfer
function could be obtained from that of an ideal

analog integrator via the bilinear transformation
s = (2/T)(z-l)/(z+l); hence, (using Bruton's
definition2) it is a lossless integrator. This
transformation has also been the basis of other

recent work^>^»^.

In this paper a related circuit is first given
which extends the basic function of the circuit
given in reference [1], to summing and subtracting

integration. This is followed by a description
of some new switched-capacitor integrator circuits
that are useful in the low-sensitivity multi-
feedback ("leapfrog") filter configuration6, namely
a differential integrator for its internal stages,
and lossy integrators for the first and last
stages. All these circuits possess the important
advantage that their transfer functions relate
to those of their analog models via the bilinear
transformation. Hence the frequency axes of the
analog filter model and the derived sampled-data
circuit are exactly mapped onto each other.

II. LOSSLESS SWITCHED-CAPACITOR INTEGRATOR CIRCUITS

Consider the circuit of Fig. 1. The basic
equations relating the charges and voltages before
and after the operation of the switches are

and

q,(n-1) C1[v+(n-l) -v,(n-l)]

qx(n) = C1tv1(n)-v+(n)]

qj(n-l) = C1[v+(n-l)-v1(n-l)]

q{(n) C1[v2(n)-v+(n)]

q2(n-l) = C2[vo(n-l)-v+(n-l)]

q2(n) » C2[vo(n)-v+(n)].

From Fig. 1, clearly also

q2(n) -q2(n-l) -q^n-1) -q^n) + qj(n-l) - q|(n).

(3)

(1)

(2)
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Substituting from (1) and (2) into (3), and
taking the z-transform, gives

V_(z)
C, ,x -11 1+z

'2 1-z

_j_ [V1(z)+V2(z)]

Cl 1+z"1+[2^^^+UV (z).
C2 1-z"1 +

For v = 0, (4) gives

Cl 1+z-1V (z) •> -T^i^ tV1(z)+V,(z)],
° C2 1+z X 1 2

(4)

(5)

corresponding to the transfer function of a loss
less summing integrator. For v = v., (4) becomes

C, ,A -i
V (z) --iiS-T [V,(z)-V.(z)] +V (z). (6)
° C2 1-z"1 2 * Z
Hence, now the output voltage is the discrete
equivalent of the integral of (Vj-V^» plus the
input V». As an example application of the latter

circuit, Fig. 2a illustrates how this circuit can
be utilized as a building block in the low-
sensitivity second-order filter section realizing

OUt m 1 Z /y\

Vin s^bj^bjbj
The second stage of the section in Fig. 2b corres
ponds to the case when v = v. = 0. Then the

circuit of Fig. 1 reverts to the single-input
integrator discussed in Ref. 1.

A delay free loop can arise when using
this integrator based on the bilinear transforma
tion. A sample and hold isthen required at the
filter's input to avoid the input signal feeding
directly through to the output.

III. SWITCHED-CAPACITOR FILTER SECTIONS FOR

MULTIFEEDBACK ACTIVE FILTERS

Fig. 3a illustrates the realization of the
differential integrator. At time (n-l)T, the
stored charges are

q^n-1) = C1[v1(n-l)-v+(n-l)]

q^(n-l) - C1[v2(n-l)-v_(n-l)]

q2(n-l) = C2[v_(n-l)-vo(n-l)]

q2(n-l) - C2v+(n-l).

At time nT, the charges become

qx(n) ° C1[v2(n)-v_(n)]

q[M = C1tv1(n)-v+(n)]

q,(n) = C.(v (n)-v (n)]
2 2-0

q2(n) = C2v+(n).

For ideal operational amplifier performance,
v «• v ; also, the input currents of the amplifier

(8)

(9)

are zero. Hence, due to the conservation of
charge,

q2(n) - q2(n-l) = q^n) - q^n-1)

q£(n) - q2(n-l) = qj(n) - qj(n-l).

Combining the above relations and using
z-transformation, the result

V (z)
Cl 1+z"1
'2 1-z

r [V1(z)-V2(z)]

(10)

(11)

is obtained. Clearly, (11) is the discrete-time
version of the input/output relation of a difference
integrator. Leakage current from the inverting
input node of the amplifier, can present a practical
problem with this circuit.

Figure 3b illustrates an alternative realization
for the difference integrator. It can be analyzed
in the same manner as the circuit of Fig. 3a, and
turns out to have the same transfer function. Its
leakage characteristics, however, are expected to
be better.

Figure A shows the circuit needed for the input
and output stages of the multiloop-feedback filter.
The analog circuit which it models has the transfer
function

V_(s)
V1(s)+V2(s)

S+S-
(12)

where s_ > 0. Using the bilinear transformation
(12) is transformed into

1+z"1V (z) = k,[V.(z)+V,(z)] (13)
0 2 12 1_(i_d)z l

where d- (s0T)/(l+s0T/2) >0. Next, it will be
shown that this is the input/output relation of the
circuit of Fig. 4.

At time (n-l)T (i.e., one clock interval T
before the situation shown in Fig. 4), the stored
charges are

q^n-1) - C1[v_(n-l)-v2(n-l)]

qj(n-l) ° C1tv_(n-l)-v1(n-l)]

q2(n-l) = C2[v_(n-l)-vo(n-l)]

q3(n-l) - d •C2vo(n-l)

q^(n-l) = 0.

After the switches change their positions to
that shown in Fig. 4, the charges become

(14)

212



qi(n) " c1tvi(n)'v-(n>]

qi(n) ' c1lv2(n)_v-<n)1
. q2(n) =C2[v_(n)-vo(n)] (15)

q3(n) - 0

q3(n-l) - vQ(n).

Conservation of charge requires that

q2(n) - q2(n-l) - q^n) - q.^-1) + q[M -qJCn-1)

- q3(n) + q3(n-l) C16)

Substituting from (14) and (.15) into (16) and
using z-transformation (13) is obtained, with
k2 = -Cl/c2.

It is important to note that a "leapfrog"
filter built using the building blocks of Figs. 3
and 4 will be insensitive to variations of the

capacitances for two different reasons: first,
because the circuit models a doubly-terminated
reactance two-port, and secondly, because only the
ratios of the capacitance affect the transfer
function. Hence, such a filter will be a prime
candidate for integrated realizations, as pointed
out (for different switched-capacitor filters) by
previous authors'>8.
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Fig. 1. Sum/difference integrator.

•^Vout(s)

Fig. 2a. Block diagram of a second-order filter section.
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Fig. 2b. Circuit diagram; a± » b^T.2, a2 = b2T/2.

"Fig. 3a. Difference integrator.

V-o

V, o

Fig. 3b. Difference integrator.

v,

1)^ o—6-

Fig. 4. Lossy sum integrator.
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