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c
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N
oise
S
ou
rces
in
a
S
C
D
elta-S
igm
a
M
od
u
lator

M
ism
atch
-in
d
u
ced
n
oise

T
h
erm
al
N
oise

T
h
erm
al
an
d


icker
n
oise
on
th
e
referen
ce
voltage

N
oise
in
d
u
ced
by
n
on
lin
earities
in
th
e
referen
ce
voltage
b
u
�
er

S
u
b
strate-cou
p
led
n
oise

S
h
ap
er

M
ism
atch

U
n
it-E
lem

D
ith
er/N
oise

G
en
erator

In
ten
tion
ally

in
jected
n
oise

a
(t)

S
am
p
le/H
old

C
ircu
it

S
w
itch
ed
-C
ap
acitor

F
ilter

N
oise
In
d
u
ced
by
clo
ck
jitter

T
h
erm
al
n
oise

(F
licker
n
oise)

S
u
b
strate-cou
p
led
n
oise

T
h
erm
al
N
oise

F
licker
N
oise

N
oise
in
d
u
ced
by
circu
it
n
on
lin
earities

S
u
b
strate-cou
p
led
n
oise

Q
u
an
tization
\N
oise"

(in
d
u
ced
by
n
on
lin
earity)

D
A
C

d
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D
C

F
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N
od
es
th
at
are
S
en
sitive
to
Im
p
erfection
s

S
econ
d
-ord
er
su
p
p
ression

F
irst-ord
er
su
p
p
ression

N
o
su
p
p
ression

�

T
o
enable
m
eaningful
com
parisons,
all
errors
w
ill
b
e
referred
to
the
input

�

T
he
m
odulator's
sensitivity
to
errors
spans
from
\severe"
to
\negligible"

!
A
ny
errors,
including
noise,
in
e(k
)
w
ill
adversely
a�
ect
the
p
erform
ance

!
G
enerating
and
subtracting
g
(k
)
from
a
(k
)
is
a
very
critical
process

✔

E
rrors
that
occur
in
subsequent
stages
of
the
loop
�
lter
are
of
less
concern,

as
they
are
suppressed
by
the
gain
from
e(k
)
to
the
resp
ective
node

✔

T
he
p
erform
ance
is
virtually
insensitive
to
errors
that
occur
in
the
prop
osed

feed-forw
ard
signal
path
(except
w
hen
the
O
S
R
is
extrem
ely
low
)

L
arge
Q
-n
oise
com
p
on
en
t

su
p
p
ressed
b
y
a
h
u
ge
factor

A
D
C

D
A
C

d
(k
)

a
(k
)

R

R

R

e(k
)

g
(k
)
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B

M
ism
atch
-in
d
u
ced
"n
oise"
(N
M

)

Q
u
an
tization
"n
oise"
(N
Q
)

T
h
erm
al
n
oise
(N
T
)

C
lo
ck
jitter
in
d
u
ced
n
oise
(N
J )

f

f
N

=
f
S
=2

P
S
D

F
licker
N
oise
(N
F
)

P
ow
er
S
p
ectral
D
en
sity
of
th
e
M
ain
N
oise
S
ou
rces

�
SN �

B
=

S

(N
Q
)B
+
(N
T
)B
+
(N
F
)B
+
(N
J )B
+
(N
M
)B

�

F
or
S
C
im
plem
entations,
(N
T
)B
is
inversely
prop
ortional
to p
O
S
R�
C
e
�

!
T
he
p
ow
er
consum
ption
is
generally
determ
ined
by
(N
T
)B

!
L
ow
p
ow
er
consum
ption:
(N
Q
)B
+
(N
F
)B
+
(N
J )B
+
(N
M
)B
<
(N
T
)B

!
W
hen
idle
tones
are
exp
ected,
w
e
w
ant:
(N
Q
)B
+
(N
M
)B
<
(N
T
)B �
20
dB
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N
oise
C
om
p
on
ents
m
ay
D
ep
en
d
on
th
e
In
p
u
t
S
ign
al

S
=[
d
B
]

0
d
B

U
sefu
l
R
an
ge

M
in
.
S
p
eci�cation

S
N
R
B

D
y
n
am
ic
R
an
ge

(N
T
+
N
F
)

B

S

S
=[
d
B
]

S
ign
al
L
evels
(d
B
)

�

N
T

and
N
F

are
generally
(but
not
alw
ays)
indep
endent
of
the
signal
level
S

✘

R
educing
N
T

by
3
dB
generally
im
plies
doubling
the
p
ow
er
consum
ption

✔

N
F

can
often
b
e
reduced
by
using
C
hopp
er
and/or
C
D
S
techniques

!
N
Q

is
strongly
signal-dep
endent
for
high
signal
levels
S
(stability
issue)

!
N
J
dep
ends
on
the
derivative
of
the
signal
w
ith
resp
ect
to
tim
e

✘

N
J
is
critical
for
m
odulators
based
on
a
continuous-tim
e
feedback
signal

(N
J
)

B

(N
M
)
B

(N
Q
)

B
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N
o
ise
S
o
u
r
c
e
in
S
C

D
e
lta
-S
ig
m
a
M
o
d
u
la
to
r
s

✔

G
eneral
O
verview
of
N
oise
S
ources
in
D
elta-S
igm
a
M
odulators

�

T
herm
al
N
oise

F
licker
N
oise
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D
S
,
C
hopp
er
T
echniques)

C
lock
Jitter
Induced
N
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(D
T
and
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S
ystem
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Q
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N
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(Q
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R
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M
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N
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O
u
tlin
e
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P
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V
n (t)

V
n (k
)

X
! (t)

1

1+
j�2
��f��
B
W

W
h
en
S
am
p
lin
g
a
S
in
gle-P
ole
N
oise
S
ign
al

�

X
! (t)
is
a
theoretical
w
hite
noise
signal
w
ith
in�
nite
bandw
idth,
constant

p
ow
er
sp
ectral
density
P
S
D
X
! ,
and
hence
has
in�
nite
p
ow
er

�

V
n (t)
is
a
�
ltered
version
of
X
! (t)
using
a
single-p
ole
low
-pass
�
lter
w
ith

tim
e
constant
�
B
W

and
0dB
gain
in
the
pass
band

P
S
D
V
n (
t) (f
)
=
P
S
D
X
!

�jH
(f
)j 2
=

P
S
D
X
!

1
+
(2
�
f
�
B
W )
2

�

T
he
p
ow
er
of
V
n (t)
is
�
nite,
w
hich
w
e
can
calculate
as
follow
s

[V
n (t)] 2r
m

s

= Z
1

0

P
S
D
V
n (
t) (f
)df
= Z
1

0

P
S
D
X
!

1
+
(2
�
f
�
B
W )
2 df
=
P
S
D
X
!

4
�
B
W

�

T
his
is
a
key
result,
w
hich
w
ill
b
e
used
rep
eatedly
in
this
lecture

Id
eal

S
am
p
lin
g

C
ircu
it

N
oiseless
F
ilter
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�
=
P
S
D
X
!

4
�
B
W

p
d
ff
V
n (t)g
=
p
d
ff
V
n (k
)g

V
n (t)

W
h
en
S
am
p
lin
g
a
S
in
gle-P
ole
N
oise
S
ign
al

?

W
hy
is
it
that
the
p
df
V
n (k
)
is
exactly
the
sam
e
as
the
p
df
of
V
n (t)?

V
n (t)

V
n (k
)

X
! (t)

1

1+
j�2
��f��
B
W

!
W
hen
the
sam
pling
p
eriod
T
S

is
substantially
greater
(10x)
than
�
B
W

there

is
virtually
no
correlation
b
etw
een
one
sam
ple
of
V
n (k
)
and
the
next,
and

th
erefore
(in
that
case)
P
S
D
V
n (
k
) (f
)
is
essentially
constant

P
S
D
V
n (
k
)
=
[V
n (t)] 2r
m

s

f
S

=

P
S
D
X
!

4
�
B
W

�
f
S

and

V
n (k
)
2
N �
0
; P
S
D
X
!

4
�
B
W �

+
�

�
�

P
S
D
V
n (t)

log(f
)

�
20
d
B
/d
ec

1
2
�
�

P
S
D
V
n (k
)

f
S

log(f
)

P
S
D
X
!

P
S
D
X

!

4
�
�f
S

Id
eal

S
am
p
lin
g

C
ircu
it

N
oiseless
F
ilter
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f
s

f
s

E
xam
p
le
D
erivin
g
th
e
F
am
ou
s
\kT
/C
"
R
esu
lt

S
am
p
lin
g

In
stan
ce

V
c (t)

V
c (k
)

R

C

R

C

�

T
he
therm
alnoise
com
p
onent
for
the
resistor
is
describ
ed
by
P
S
D
R

=
4k
T
R

�

V
c (t)
is
a
�
rst-order
low
-pass
�
ltered
version
of
the
therm
al
noise

{

T
he
�
lter's
tim
e
constant
is
�
B
W

=
R
�
C

{

T
he
P
S
D
of
V
c (t)
at
low
frequencies
is
4k
T
R

�

U
tilizing
the
results
w
e
have
derrived,
w
e
can
now
�
nd
very
easily

[V
c (t)] 2rm
s
=
P
S
D
V
c (t) (f
=
0)

4�
B
W

=
4k
T
R

4R
C

=
k
TC

�

A
ssum
ing
T
S �
10�R
C
,
w
e
know
that
V
c (k
)
and
V
c (k
+
1)
are
uncorrelated,

and
hence

[V
c (k
)] 2rm
s
=
[V
c (t)] 2rm
s
=
k
TC

and

P
S
D
V
c (k
)
=

k
T

C
f
S
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V
ss

T
h
erm
al
N
oise
in
O
p
eration
al
A
m
p
li�ers

�

A
ll
transistors
contribute
to
the
input-referred
therm
al
noise

!
W
hen
designed
for
low
-noise,
the
di�
-pair
transistors
should
dom
inate

!
In
that
case,
the
input-referred
noise's
P
S
D
w
ill
b
e
approxim
ately
16
k
T

3
g
m

✘

L
ow
noise
generally
im
plies
high
p
ow
er
consum
ption
(b
ecause
g
m

/
I
d )

�

Y
ou
can
use
S
P
IC
E
to
determ
ine
the
input-referred
noise
level
of
your
opam
p

in
a
continuous-tim
e
con�
guration,
e.g.,
a
unity-gain
con�
guration

!
T
he
objective
is
to
determ
ine
the
noise
w
hen
used
in
a
S
C
D
S
M
application

g
m

g
m

V
d
i�

V
ou
t

A
ssu
m
ed

N
oiseless

4
k
T �
2=3

g
m

+
2=3

g
m �

A
(f
)

f

f
g
b
w

16k
T

3g
m
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C
2

e(k
)

V

V
d (k
)

�
1

V

V
a (k
)

�
2

V

V
a (k
)

R
sw
4

V

V
d (k
)

C
1

R
sw
3

V
�d

R
sw
2

C
2

C
1

V
c1

R
sw
1

C
lock
P
h
ase
�
1

C
lock
P
h
ase
�
2

C
2

16
k
T

3
g
m

T
h
erm
al
N
oise
in
th
e
In
p
u
t
S
tage
of
a
S
C
D
S
M

�
2

�

T
he
calculations
are
derived
m
ost
e�
ectively
by
�
rst
focusing
on
e(k
)

�
e(k
)
is
the
charge
pulse
signal
b
eing
integrated
V
o
u
t (k
)
=

1C
2 � P

ki=
0
e(i)

�

T
he
desired/signal
com
p
onent
in
e(k
)
is
e
s (k
)
=
C
1 �[V
a (k
)�
V
d (k
)]

�

O
nce
w
e
have
calculated
the
therm
alnoise
com
p
onent
e �(k
)
in
e(k
),
w
e
m
ay

refer
it
back
to
the
input
signal
as
follow
s

S
N
R
=

[V
a (k
)]
r
m

s

e
�(k
)=C
1

�
1

C
1

V
c1
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V

R
sw
2

C
2

V
a (k
)

C
1

V
c1

R
sw
1

C
lock
P
h
ase
�
1

T
h
erm
al
N
oise
A
n
alysis
{
C
lock
P
h
ase
�
1

�

N
om
inally,
the
voltage
signal
V
a (k
)
is

stored
on
the
capacitor
C
1

�

T
herm
al
noise
due
to
resistance
in

the
sw
itches
w
ill
unavoidably
cause

stochastic
variations
in
V
c1 (k
)�
V
a (k
)

�

D
eterm
inistic
e�
ects,
such
as
non-stochastic
charge
injection,
should
b
e

counted
as
o�
set
contributions,
and
not
as
noise
contributions

�

N
oise
stored
as
voltage/charge
on
capacitor
C
1
w
ill
cause
a
charge
transfer

e(k
)
in
the
sam
e
m
anner
as
charge
transfer
caused
by
the
input
signal
V
a (k
)

�e �sw
1
,sw
2 �

2rm
s
=
4k
T
R
�
C
21

4�
B
W

=
4k
T
R
C
21

4R
C
1

=
k
T
C
1 ;
w
here
R
=
R
sw
1 +
R
sw
2

!
A
lternatively,
w
e
m
ay
express
the
result
in
the
voltage
dom
ain

[V
n
1 (k
)] 2rm
s
=
[V
c1 (t)�
V
a (k
)] 2rm
s
=
P
S
D
(0)

4�
B
W

=
4k
T
(R
sw
1
+
R
sw
2 )

4C
1 (R
sw
1
+
R
sw
2 )
=
k
TC

1
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R
sw
4

V

V
d (k
)

C
1

R
sw
3

V
�d

C
lock
P
h
ase
�
2

C
2

16
k
T

3
g
m

T
h
erm
al
N
oise
A
n
alysis
{
C
lock
P
h
ase
�
2

�

T
here
is
a
lot
going
on
in
phase
�
2 ,

so
w
e
w
ill
cover
it
piecem
eal

�

It
is
necessary
to
�
rst
consider
the

continuous-tim
e
dynam
ics
of
e(t)

�

T
he
tim
e
constant
�
B
W

by
w
hich
the
system
settles
is
determ
ined
by
the

bandw
idth
of
the
opam
p
and
the
feeback
factor
�

!
T
here
is
not
a
fundam
ental
relationship
b
etw
een
�
B
W

and
the
noises'
P
S
D

!
D
o
not
blindly
assum
e
that
all
noise
contributions
are
the
form
k
T
=C

�

�
B
W

can
b
e
determ
ined
quite
easily
using
S
P
IC
E
(plot
the
current
dd

t (e(t)))

�

F
or
any
design,
how
ever,
you
have
an
apriori
know
ledge
of
the
value
of
�
B
W

!
T
he
system
m
ust
settle
to
N
bits
of
precision
w
ithin
1
of
q
clock
phases

1�
B
W �
N
�ln(2)�q�
f
S

(add
som
e
m
argin
for
slew
ing
etc.)

e(t)
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C
1

C
2

16
k
T

3
g
m

T
h
erm
al
N
oise
A
n
alysis
{
O
p
am
p

�

B
ased
on
the
(very
reasonable)
assum
ption
that
you
have
designed
the
system

to
have
a
�
rst-order
settling
b
ehavior
(characterized
by
�
B
W )
w
e
�
nd
that

!
e(t)
com
prises
a
stochastic
com
p
onent
w
hich
e�
ectively
is
a
�
rst-order

low
-pass
�
ltered
w
hite
noise
signal
having
a
total
p
ow
er
of

[e �A
M
P (t)] 2rm
s
=
P
S
D
e
,A
M
P

4�
B
W

=
C
21 �P
S
D
A
M
P

4�
B
W

'
C
21 �40k
T
f
S

g
m

�

G
iven
that
the
system
settles
fully
�
B
W '
1

30
f
S

w
e
deduce
that
there
is
virtually

no
correlation
b
etw
een
one
sam
ple
of
e �(t)
and
the
next,
and
hence
w
e

conclude
that
e �A
M
P (k
)
is
a
w
hite
noise
signal
e �A
M
P (k
)2
N n
0;
C
21 �P
S
D
A
M
P

4
�
B
W

o

!
D
o
not
use
a
opam
p
that
is
faster
than
necessary!
signi�
cant
noise
p
enalty

�

U
se
continuous-tim
e
sim
ulations
to
�
nd/estim
ate

the
param
eters
�
B
W '
1

30
f
S

and
P
S
D
A
M
P '
16
k
T

3
g
m

�

T
w
o-stage
opam
ps,e.g.,do
not
have
a
fundam
en-

tal
relationship
b
etw
een
g
m

and
�
B
W

(optim
ize)

e(t)
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C
1

V
�d

V

V
d (k
)

C
2

T
h
erm
al
N
oise
A
n
alysis
{
V
oltage
R
eferen
ce

�

A
sim
ilar
m
ethod
can
b
e
used
to
estim
ate
the

therm
al
noise
contribution
from

the
reference

voltage
bu�
er
(used
to
im
plem
ent
the
D
A
C
)

�

T
he
referenece
voltage
bu�
er
can
b
e
designed
in
several
di�
erent
w
ays,
and

the
noise
characteristics
m
ay
b
e
very
di�
erent

!
A
fast
voltage
reference
bu�
er
facilitates
full
integration,
but
care
m
ust

b
e
taken
to
assure
prop
er
\single-p
ole"
settling

[e �(k
)] 2rm
s
=
C
21 �P
S
D
R
E
F

4
�
B
W

!
S
om
e
designs
use
a
slow
reference-voltage
am
pli�
er
driving
a
large
external

capacitor
(then
the
bandw
idth
of
e �(t)
is
not
determ
ined
by
opam
p)

�

If
the
dynam
ics
of
the
noise
com
p
onent
induced
in
e(t)
by
the
reference

voltage
bu�
er
do
not
m
eet
the
assum
ptions
for
the
previously
derrived
result:

!
use
S
P
IC
E
to
estim
ate
the
P
S
D
of
the
induced
noise
signal
e �(t)

[e �(k
)B
] 2rm
s
= Z

fA
P
S
D
e �(t) df

w
here
fA
are
the
\aliasing"
frequencies

e(t)
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R
sw
4

C
1

R
sw
3

C
2

T
h
erm
al
N
oise
A
n
alysis
{
S
w
itch
es
3
an
d
4

�

T
his
situation
is
p
otentially
very
deceiving

�

T
he
induced
noise's
P
S
D
at
low
frequencies
is

P
S
D
e �(t)
=
C
21 �
4k
T
(R
sw
3
+
R
sw
4 )

�

T
he
bandw
idth
can
b
e
estim
ated
in
the
m
anner
describ
ed
earlier:
�
B
W '
T
S

30

�

W
e
m
ay
thus
(correctly)
estim
ate
that
[e(t)] 2rm
s
=
P
S
D
e(t)

4
�
B
W

'
k
T
C
1 �
30
C
1 R

T
S

✔

B
y
choosing
R
sw
3 +
R
sw
4
suÆ
ciently
sm
all,w
e
can
achieve
[e(t)] 2rm
s �
k
T
C
1

✘

T
he
result
is
valid
only
in
steady
state
w
hen
the
sw
itches
are
closed

!
D
uring
the
on-to-o�
transition,
the
carriers
are
\slow
ly"
(on
a
fS
tim
e
scale)

di�
using
aw
ay
from
the
inverted
M
O
S
F
E
T
channel

!
T
he
sw
itches'
im
p
edance
and
P
S
D
is
thus
increased
gradually,
and
the

system
's
bandw
idth
w
ill
eventually
b
e
lim
ited
by
the
sw
itches'
im
p
edance

[e(k
)] 2rm
s
=

lim
t!
k
T
s �

P
S
D
e(t)

4�
B
W �
=
4k
T
C
21 (R

sw
3
+
R
sw
4 )

4C
1 (R
sw
3
+
R
sw
4 )

=
k
T
C
1

e(t)
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C
2

e(k
)

V

V
d (k
)

�
1

V

V
a (k
)

�
2

�
2

�
1

C
1

V
c1

�

T
he
signal
com
p
onent
com
prised
in
e(k
)
is
e
s (k
)
=
C
1 �(V
a (k
)�
V
d (k
))

�

T
he
cum
m
ulative
w
hite
noise
com
p
onent
com
prised
in
e(k
)
is

[e �(k
)] 2rm
s
=
k
T
C
1
+
C
21 �
P
S
D
A
M
P

4�
B
W

+
C
21 �
P
S
D
R
E
F

4�
B
W

+
k
T
C
1

✔

O
nly
a
fraction

1
O
S
R

of
the
p
ow
er
in
[e �(k
)] 2rm
s
is
located
in
the
signalband

�

T
he
signal-band
S
N
R
can
thus
b
e
calculated
as

S
N
R
B
=
[V
a (k
)]rm
s

[e �(k
)]
rm
s

C
1 p
O
S
R

=

[V
a (k
)]rm
s

q
2
k
T

C
1 O
S
R
+
P
S
D
A
M
P +
P
S
D
R
E
F

4
�
B
W

O
S
R

'

[V
a (k
)]rm
s

r
k
T

O
S
R � �

2C
1
+

8

3�g
m
�
B
W �

�

N
ote
that
g
m ��
B
W

is
a
capacitance.
T
ypically q
3
k
T

O
S
R�C
1
<
(N
T
)B
< q
5
k
T

O
S
R�C
1

T
h
erm
al
N
oise
A
n
alysis
{
S
u
m
m
ary
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N
o
ise
S
o
u
r
c
e
in
S
C

D
e
lta
-S
ig
m
a
M
o
d
u
la
to
r
s

✔

G
eneral
O
verview
of
N
oise
S
ources
in
D
elta-S
igm
a
M
odulators

✔

T
herm
al
N
oise

�

F
licker
N
oise
(C
D
S
,
C
hopp
er
T
echniques)

C
lock
Jitter
Induced
N
oise
(D
T
and
C
T
S
ystem
s)

Q
uantization
N
oise
(Q
uick
R
eview
)

M
ism
atch-Induced
N
oise

O
u
tlin
e
{
P
rogress
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V

V
�
2

�
2

�
1

N
F

�
1

V
c1

e(k
)

C
1

C
2

V
a (k
)

V
d (k
)

F
licker
N
oise
-
A
P
rob
lem
in
C
M
O
S

�

W
e
m
ay
calculate
the
charge
b
eing
integrated
as

e(k
)
=
�
C
1 ��
V
c1 (k
)
=
C
1 �([V
a (k
)�
0]�
[V
d (k
)�
N
F
(k
)])

=
C
1 �([V
a (k
)�
V
d (k
)]+
[N
F
(k
)�
0])

✘

F
licker
noise
enters
the
system
in
the
sam
e
w
ay
as
V
a (k
)

✘

R
educing
N
F

m
ay
b
e
exp
ensive
in
term
s
of
p
ow
er
and/or
chip
area

�

Ideally,
the
voltage
variation
on
the
capacitor's
right-hand
side
w
ould
b
e
zero

!
W
e
can
obtain
this
b
ehavior
by
replacing
0
by
N
F
(k
),
or
vice
versa

�

N
F

is
low
-frequency
noise:
N
F
(k
)'
N
F
(k
+
1)
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�
2

e(k
)

C
2

N
F �

1

C
H

�
1

V

V
d (k
)

V

V
a (k
)

�
2

�
1

V
c1C

1

C
orrelated
D
ou
b
le
S
am
p
lin
g
(C
D
S
)
T
ech
n
iqu
es

�

T
his
basic
C
D
S
schem
e
w
as
originally
prop
osed
by
K
.
N
agaraj

\S
C
C
ircuits
w
ith
reduced
sensitivity
to
�
nite
am
pli�
er
gain,"
P
ro
c.
for
IE
E
E
Int.
S
ym
p.
for
C
ircuits
and
S
ystem
s,
pp.
618{621,
1986

�

E
ssentially,
C
H

stores
the
o�
set
and


icker
noise
com
p
onent

e(k
)
=
C
1
� �[V
a (k
)
�

V
d (k
)]+
(N
F
(k
)
�

N
F
(k
�

12 )) �

✔

B
ecause
N
F

is
low
-frequency
noise,
w
e
have
(N
F
(k
)
�

N
F
(k
�

12 ))
'

0

�

T
he
p
ow
er
consum
ption
is
increased

✘

T
he
opam
p's
therm
al
noise
is
sam
pled
tw
ice
(sam
e
for
all
C
D
S
schem
es)

✘

C
H

should
b
e
signi�
cantly
larger
than
C
1

to
m
inim
ize
the
noise
p
enalty

✘

C
D
S
top
ologies
do
not
supp
ort
double-sam
pling
op
eration

✔

C
ertain
C
D
S
schem
es
have
substantial
advantages
for
highly
nonlinear
opam
ps

\Jesp
er
S
teensgaard,
"N
onlinearities
in
S
C
D
elta-S
igm
a
A
/D
C
onverters,"
IE
E
E
Int.
C
onf.
on
E
lec.
C
ircuits
S
yst.
pp.
355,
S
ep
t.
1998.
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V

V
d (k
)

V

V
a (k
)

C
h
op
p
er
S
u
p
p
ression
of
F
licker
N
oise

�

C
hopping
techniques
are
b
est
know
n
for
their
use
in
continuous-tim
e
circuits

!
T
his
is
surprising
b
ecause
such
techniques
are
id
e
a
l
for
S
C
circuits

✔

S
im
ply
\rotate"
the
di�
.
opam
p
in
every
clock
p
eriod:
�
x

=
1
for
k
even

✔

T
here
is
no
therm
al
noise
p
enalty

✔

A
high
sam
pling
frequency
can
b
e
achieved
(double
sam
pling
is
also
feasible)

✔

N
F

is
m
odulated
to
f
S =2;
it
is
�
ltered
out
in
the
decim
ation
process

�

A
lthough
�
rst
published
in
1981,
it
has
not
b
een
used
\w
idely"
until
recently

K
.
H
sieh,
P
.
G
ray,
D
.
S
enderow
ich,
and
D
.
M
esserschm
itt,
IE
E
E
Journal
of
S
olid-S
tate
C
ircuits,
vol.
S
C
-16,
pp.
708{715,
D
ec.
1981

C
.
W
ang,
R
.
C
astello,
and
P
.
G
ray,
IE
E
E
Journal
of
S
olid-S
tate
C
ircuits,
vol.
S
C
-21,
pp.
57{64,
F
eb.
1986

T
.
B
urger
an
d
Q
iuting
H
uang.,
IE
E
E
S
olid-S
tate
C
ircuit
C
onference,
D
igest
of
T
ech.
P
ap
ers
vol.
44,
pp.
44-45,
F
eb.
2001

�
2

�
1

�
1

�
1

�
2

�
1

N
F

�
2

�
2

e(k
)

e(k
)

�
x

�
x

�
x

�
x

�
x

�
x

�
x

�
x
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N
o
ise
S
o
u
r
c
e
in
S
C

D
e
lta
-S
ig
m
a
M
o
d
u
la
to
r
s

✔

G
eneral
O
verview
of
N
oise
S
ources
in
D
elta-S
igm
a
M
odulators

✔

T
herm
al
N
oise

✔

F
licker
N
oise
(C
D
S
,
C
hopp
er
T
echniques)

�

C
lock
Jitter
Induced
N
oise
(D
T
and
C
T
S
ystem
s)

Q
uantization
N
oise
(Q
uick
R
eview
)

M
ism
atch-Induced
N
oise

O
u
tlin
e
{
P
rogress
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A
D
C

H
(z)

D
A
C

L
P
F

f
S

C
lock
Jitter
In
d
u
ced
N
oise
in
D
T
M
od
u
lators

d
(k
)

�

D
iscrete-tim
e
(D
T
)
signal
processing
is
im
plem
ented
by
sequence
m
achines

!
S
equence
m
achines
can
b
e
either
analog,
digital,
or
b
oth

!
T
he
signal
is
a
seq
u
en
ce
of
values
w
ith
no
inherent
correlation
w
ith
tim
e

✔

H
ence,
only
the
sam
pling
process
is
sensitive
to
clock
jitter

�

T
o
avoid
aliasin
g
errors,
w
e
need
to
�
lter
a
C
T
signal
prior
to
sam
pling
it

!
T
he
anti-aliasing
�
lter's
com
plexity
is
inversely
related
to
the
O
S
R

✘

T
he
anti-aliasing
�
lter
m
ust
as
linear
and
low
-noise
as
the
m
odulator

!
O
S
R
s
of
less
than
10
are
generally
not
very
practical
(any
S
C
/S
I
circuit)

S
eq
u
en
ce
M
ach
in
e

a
(k
)

2
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f
S

F
f
a
0(k
)g

f
S

P
S
D
f�
T
(k
)g

f
S

F
f
N
J (k
)g

W
h
en
S
am
p
lin
g
a
S
ign
al
{
B
road
b
an
d
Jitter

�

T
he
processing
of
a
(k
)
assum
es
that
a
(t)
is
sam
pled
uniform
ly
(circles)

�

A
sm
all
uncertainty
(jitter)
in
w
hen
each
sam
ple
is
taken
m
ay
b
e
m
odeled
as

an
additive
error
(tangent
approxim
ation
is
not
valid
for
large
�
T
(k
))

N
J (k
)
=
dd

t
[a
(k�T
s )]��
T
(k
)

from
sam
p
le
to
sam
p
le

from
sam
p
le
to
sam
p
le

N
J (k
)
is
n
ot
correlated

�
T
(k
)
is
n
ot
correlated

T
s

T
s

T
s

T
s

�
T
(1)

�
T
(2)

�
T
(3)

�
T
(4)

�
T
(5)

a
0(k
)

a
(k
)

a
(t)

N
J
(k
)

�
T
(k
)

dd
t
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E
stim
atin
g
th
e
P
ow
er
of
N
J (
k
)

�

T
he
system
is
m
ost
sensitive
to
clock
jitter
w
henj
dd

t a
(t)j
is
large

�

W
e
w
ill
thus
consider
a
tone
at
the
edge
of
the
base
band:

[N
J (k
)]rm
s

=

�
A
0 �
2�

f
S

2O
S
R
�sin �
2�
�
f
S

2O
S
R
�t ��

rm
s �[�
T
(k
)]rm
s

=

A
0
p

2
�
�

O
S
R
�
[�
T
(k
)]rm
s

T
s

w
h
ere
typ
.

10
�
5
<x

ta
l

[�
T
(k
)]rm
s

T
s

<rela
x
10
�
2

✔

C
alculating
the
in-band
signal-to-noise
ratio,
w
e
�
nd
(indep
endent
of
A
0 )

(S
N
R
)
B

=

A
0 = p
2

[N
J (k
)]rm
s = p
O
S
R
=

p
O
S
R
3

�

�

T
s

[�
T
(k
)]rm
s

>ty
p
. 100
d
B

✘

It
is
quite
a
di�
erent
story
for
band-pass
m
odulators

T
s

T
s

T
s

T
s

�
T
(1)

�
T
(2)

�
T
(3)

�
T
(4)

�
T
(5)

a
0(k
)

a
(k
)

a
(t)

N
J
(k
)

�
T
(k
)

dd
t
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A
D
C

d
(k
)

D
A
C

H
(s)

g
(t)

f
S

D
T
/C
T
con
version

(Im
p
u
lse
R
esp
on
se)

(C
u
rren
t-m
o
d
e
D
A
C
)

f
S

a
(t)

e(t)

g
(t)

N
J
(t)

C
lock
Jitter
In
d
u
ced
N
oise
in
C
T
M
od
u
lators

�

E
rrors
induced
by
clock
jitter
w
ill
occur
only
in
the
D
T
/C
T
/D
T
interfaces

✔

E
rrors
induced
in
the
S
/H
process
w
ill
b
e
suppressed
by
N
T
F
(z)

✘

E
rrors
caused
by
the
feedback
D
A
C
w
ill
not
b
e
suppressed

[N
J (t)] 2rm
s
=

lim
T
!

1

12
T R

T�
T
N
2J (t)d
t
=
[K
d
a
c
�

�
d
(k
)] 2rm
s
� h
�
T
(k
)

T
S

i
2rm

s

�
T
(2
)
>
0

�
T
(3
)
<
0

�
T
(4
)
>
0

�
T
(5
)
<
0

�
T
(6
)
<
0

�
T
(1
)
>
0 T

S

T
S

T
S

T
S

T
S
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�jg
(t)jF
S C

lock
Jitter
In
d
u
ced
N
oise
in
C
T
M
od
u
lators

�

K
d
a
c ��
d
(k
)
w
illb
e
an
integer
num
b
er
of
g
L
S
B

w
here
for
an
N
-level
quantizer

(N
�
1)�g
L
S
B

=
2�jg
(t)jF
S

�

L
et
�
=
ja
(t)j
F
S

jg
(t)j
F
S

and
��g
L
S
B

=
[K
d
a
c ��
d
(k
)]rm
s
for
a
(t)
=
0;
and
w
e
�
nd

(D
R
)B
=

ja
(t)jF
S

p
2

[ N
J
(t)]
rm
s

p
O
S
R

=

��
N
�
1

2

�
g
L
S
B

p
2

��g
L
S
B

p
O
S
R � h

�
T
(k
)

T
S

i
rm
s

=
�� �
(N
�
1)� q
O
S
R

8

� h
T
S

�
T
(k
) i
rm
s

�

F
or
a
conservatively
designed
m
odulator
H
1
=
1:5
w
e
have
�
'
�'
1

�

F
or
an
aggressively
designed
m
odulator
��
1
and
�
<
1,you
w
illneed
either

a
very
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m
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N
o
ise
S
o
u
r
c
e
in
S
C

D
e
lta
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ig
m
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M
o
d
u
la
to
r
s

✔

G
eneral
O
verview
of
N
oise
S
ources
in
D
elta-S
igm
a
M
odulators

✔

T
herm
al
N
oise

✔

F
licker
N
oise
(C
D
S
,
C
hopp
er
T
echniques)

✔

C
lock
Jitter
Induced
N
oise
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T
and
C
T
S
ystem
s)
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uantization
N
oise
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u
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P
S
D

Q
u
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n
tiza
tio
n
"
n
o
ise"
(N
Q
)

N
M

N
T

N
J

N
F

f

f
N

B

�

A
ssum
ing

P
S
D
n
(k
)

is
b
ounded

(system
m
ust
b
e
m
ade
stable),
all

w
e
need
is
a
loop
�
lter
w
ith
very

high
gain
in
the
signal
band

�

T
radeo�
b
etw
een
suppression
of

(N
Q
)B
and
the
m
axim
um

input

am
plitude
{
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R
an
d
om
izin
g
M
ism
atch
E
rrors

�

S
upp
ose
w
e,
for
each
new
value
d
(k
),
encode
the
signal
into
a
sum
of
four

single-bit
signals,
b
1 (k
),
b
2 (k
),
b
3 (k
),
and
b
4 (k
)

�

If,
e.g.,
w
e
random
ly
p
erm
ute
a
therm
om
eter-encoded
represenation
of
d
(k
)

and
w
e
use
all
p
erm
utations
w
ith
the
sam
e
frequency,
w
e
m
ay
conclude

b
i (k
)
=
d
(k
)

4

+
q
i (k
);w
here
q
i (k
)
are
non-auto-correlated
random
signals

✔

H
ence,
e
m
(k
)
=
a
(k
)

K
d
a
c �
d
(k
)
= P
4i=

1
�
K
d
a
c
;i

K
d
a
c

�
q
i (k
)
is
a
random
signal
w
ith

uniform
p
ow
er
sp
ectral
density

!
T
he
p
ow
er
of
e
m
(k
)
is
signal-dep
endent;
it
is
m
axim
um
for
sm
allinput
signals

S
C
-D
A
C

a
(k
)

b
1 (k
)

b
2 (k
)

b
3 (k
)

b
4 (k
)

d
(k
)

D
igital
E
n
cod
er

d
(k
)
=
b
1 (k
)
+
b
2 (k
)
+
b
3 (k
)
+
b
4 (k
)

b
i
2
f
�
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�
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1;0;1;2g
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H
ow
R
an
d
om
ization
C
ircu
m
vents
H
arm
on
ic
D
istortion

�

T
he
input
signal
is
decom
p
osed
into
subsignals:
d
(k
)
=
b
1 (k
)
+
b
2 (k
)

�

T
he
quantization
signals
cancel
each
other:
q
1 (k
)
=
�
q
2 (k
)

�

A
sm
allD
A
C
gain
m
ism
atch
is
acceptable:
a
(k
)
=
K
1 +
K
2

2

�d
(k
)+
(K
1
�

K
2 )
�q
1 (k
)

�

T
he
D
/A
conversions
m
ust
b
e
linear

✔

T
his
is
feasible
b
ecause
the
basis
signals
b
1 (k
)
and
b
2 (k
)
are
1-bit
signals
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)
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T
h
e
F
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n
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am
ental
P
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cip
le
in
M
ism
atch
-S
h
ap
in
g

�

M
ism
atch-shaping
encoders
are
generalized
�
�
m
odulators: P
i q
i (k
)
=
0

�

T
he
m
ism
atch-induced
error
is
suppressed
by
tw
o
factors

!
O
nly
a
relatively
sm
all
fraction
of
q
i (k
)
leaks
to
the
output,
say
0:1%

!
W
hen
prop
erly
shap
ed,
only
a
sm
all
fraction
of
the
p
ow
er
in
q
1 (k
)
w
ill
b
e

in
the
signal
band,
say
1%

!
T
he
factor
by
w
hich
errors
are
suppressed
is
thus:
10 �
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=
10 �
5
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C
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�

T
he
total
p
ow
er
of
e(k
)
is
the
sam
e
as
for
random
izing
D
A
C
s

!
T
he
resolution
(num
b
er
N
of
elem
ents)
is
of
little
im
p
ortance

✔

T
he
noise
is
shap
ed;
the
S
N
R
increases
signi�
cantly
w
ith
the
O
S
R

!
50
dB
im
provem
ent
at
O
S
R
=
100
(dithered
encoder)

!
F
igures
are
based
on
�
to
t
=
1%
(standard
deviation
of
totalD
A
C
capacitance)
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S
R

d
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=
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P
erform
an
ce
C
om
p
arison

�

S
p
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and
yield
resulting
from
various
encoding
schem
es
�
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=
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=
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=

1
6

R

=
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=
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F
irst-O
rd
er
M
ism
atch
-S
h
ap
in
g
is
G
en
erally
P
referab
le

�

S
econd-order
algorithm
s
have
b
een
develop
ed: P
P

q
i (k
)
b
ounded

✔

T
hey
are
characterized
by
a
b
etter
suppression
of
e(k
)
at
low
frequencies

✘

H
ow
ever,
they
barely
shap
e
the
quantization
noise
at
higher
frequencies

✘

T
hey
are
also
characterized
by
a
higher
circuit
com
plexity

�

F
irst-order
algorithm
s
are
preferable
for
O
S
R
�
25

✔

U
p
to
30
dB
(20
dB
)
suppression
m
ay
b
e
obtained
at
O
S
R
=
10

✘

B
ew
are
of
idle
tones!

N
orm
alized
P
S
D

F
raction
of
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th
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an
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d
B

d
B

N
orm
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econ
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econ
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