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T
hey

needonly
one

am
plifierpercom

plex
pole

pair.
C

om
paredto

integrator-connectedtopologies(at
least

one
am

plifierper
pole),

they
consum

elesspow
er,buttheirpole

quality
factoris

also
m

ore
sensitive

to
variationsof

the
passive

com
ponentvaluesand

the
am

plifiergain.
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T
he

m
ain

problem
w

ith
M

O
S

F
E

T–C
S

A
B

s
is

the
hard

distortion
introducedby

the
M

O
S

F
E

T
resistorsw

hich
lim

its
the

m
inim

um
supplyvoltage.
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��|�~
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F
irst,w

e
presentan

analyticaldiscussionof
how

to
choosethe

analoguesignalground
to

m
axim

isethe
S

N
R

w
ithoutchanging

the
T

H
D

.
S

econd,w
e

show
thata

charge-pum
pfrom

the
literature

can
be

m
adeself-oscillatingand

can
then

be
usedto

decreasethe
T

H
D

of
a

M
O

S
F

E
T–C

S
A

B
considerably.
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M
61

and
M

63
are

cascodetransistorsw
hosegatesare

connected
to

m
id-rail.

In
ourprocess,V

T
0

n §

V
T

0
p §

V
T

0 §

0.85V
.T

hus
the

m
axim

um
signalsw

ing
suchthatthe

signalatZ
is

notclipped
becom

es¨

V
T

0 .
T

he
voltage

m
argin

available
to

accom
m

odate
the

saturationvoltage
V

dsat of
both

transistorsin,
e.g.,M

63
is

V
dd© 2 ª

V
T

0 §

0.8V
for

V
dd §

3.3V
and

V
T

0 §

0.85V
.

M
oving

the
bias

voltage
closerto

the
rails

by
a

voltage«

V
increasesthe

voltage
sw

ing
to¨

(V
T

0

¬
«

V
)

and
decreasesthe

voltagem
argin

w
ithin

the
cascodesto

V
m §

V
dd© 2 ª

V
T

0 ª«

V
.If

the
distribution

ofthe
voltagem

argin
betw

eenthe
m

ain
transistor

and
the

cascodetransistorrem
ainsthe

sam
e,V

dsatm
ain

decreases
by

a
factorof

k §

V
dd© 2 ª

V
T

0

V
dd© 2 ª

V
T

0 ª«

V
.

(1)

To
achieve

this,both
transistorsare

m
ade

w
ider

by
a

factor
of

k
2.

H
ow

ever,
the

speedof
the

C
C

C
S

dependson
the

ratio
g

m© C
gs §

c ­

V
dsat© L

2
ofthe

m
ain

transistor,w
herec

is
a

design-
independentquantity.

To
m

aintain
the

sam
espeed,w

e
needto

scale
the

length
of

the
m

ain
transistorby

1© ®

k
and

its
drain

currentID
by®

k.
It

then
follo

w
s

from
g

m §

2
ID© V

dsat thatg
m

becom
esk

3¯ 2
tim

eslarger.
F

inally,the
R

M
S

ofthe
noisecurrent

is
proportionalto®

g
m

and
increasesby

a
factorofk

3¯ 4.
T

his
can

now
be

com
paredto

the
increaseofthe

voltagesw
ing,

k °§
«

V¬

V
T

0

V
T

0
.

(2)

T
he

S
N

R
is

scaledby
k °© k

3¯ 4.
T

he
optim

um«

V
is:

d

d«

V

k °k
3¯ 4 §

0 §±
«

V §

27
V

dd ª

V
T

0
.

(3)

In
ourexam

ple,«

V §

0.09V
,

w
hich

is
notquite

the
analogue

ground
used

in
our

C
C

C
S

.
H

ow
ever,

a
num

ericalevaluation
show

s
thatonly

0.1
dB

of
S

N
R

is
lostby

connectingthe
cascode

transistors’gatesto
analogueground,w

hich
by

no
m

eansjustifies
using

a
biasvoltagegenerator.

²zuyxzt³�¥y
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T
his

filter
is

derived
from

an
active-R

C
S

allen-and-Key
low

passfilter
by

replacingthe
resistorsby

M
O

S
F

E
T

soperatingin
the

linearregion.T
he

passive
network

is
connectedto

a
balanced-signalcurrent-controlled

currentsource(orcurrentconveyor)w
ith

gain ª

2,suchthatm
ostofthe

even-orderharm
onicdistortion

is
cancelledw

hen
the

signaldifference
is

taken
atthe

output.

N
ote:

T
ransistorsw

ith
box

gatesare
actuallysim

ple
cascodes.

ii1
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C

C
S µ

C
12

R
13
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V
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R
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C
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V
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V
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M
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M
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M
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M
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B

n

V
B

p

B
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O
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K
D
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G

R
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M
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F
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H
E

C
C

C
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B
IA

S
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U
IT

M
13

agndM
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M
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V
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n

V
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p
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X
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M
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V
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M
33

M
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M
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M
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M
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M
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M
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M
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V
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C
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C
U
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C
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E
M

A
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H
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C
C

C
S
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L
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C
IR

C
U

IT

capacitordim
ensions

nom
inalcapacitance

C
[1–2]2

46.3º

28» m
1.13pF

C
[1–2]4

7.4º

28» m
0.19pF

m
ain

transistors
cascodetransistors

M
[1–6]1

45º

1.8» m
95º

0.6» m
M

81
14º

0.6» m
—

M
91

45º

1.8» m
95º

0.6» m
M

[1–2]2
120º

0.6» mº

2
—

M
13

87º

1.8» m
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0.6» m
M

[2–8]3
70º

1.8» m
140º

0.6» m
M

93
87º
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R
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C
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R
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P
S

fragreplacem
ents

V
node

V
node

V
node

(a) I [A](b) I [A](c) gm [A/V]

M
O

S
F

E
T

resistorpinch-off.
S

olid:
V

C §

4.6V
.

D
ashed:V

C §

3.3V
.

(a)D
C

currentthroughthe
tw

o
balancedpaths.(b)D

ifferenceof
thesecurrents.(c)

S
lopeofthe

difference(i.e.localtransconductance).
V

erticallines:
pinch-off

voltagesof
the

M
O

S
F

E
T

resistors.
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V
C

C
0

M
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M
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P
S

fragreplacem
ents

V
node

(a)I
[A

]
(b)

I
[A

]
(c)

g
m

[A
/V

]Tw
o-stagecharge

pum
p

w
ith

70-M
H

z
oscillator.
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S
im

ulatedoutputcurrentspectrum
for

a
2-M

H
z,

10» A
(atthe

output)signaland
a

5-m
V,

90-M
H

z
controlvoltageripple.0

dB
denote0.5

nA
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P
S

fragreplacem
ents

V
in

V
in

fp

Ã
qp Ä VC

P
ole

frequency
fp ,pole

quality
factorq

p
and

charge-
pum

p
outputvoltage

V
C

for
differentcharge-pum

p
supply

voltagesV
in .

O
n

ourchip,V
in

is
an

external
voltage.

In
a

real-world
application,it

w
ould

be
generatedby

an
on-chip

tuning
circuit.
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M
easurem

entM
ethod:F

irst,
fp

w
as

m
easuredfor

every
V

in .
T

hen
a

pow
ersw

eepw
ith

a
signalat

fp© 5
w

as
m

ade,and
the

totalharm
onicdistortion

w
as

calculatedfrom
the

resultingtransfercharacteristic.

N
ote

thatthis
m

ethodneglectseven-orderharm
onic

distortion.
T

his
does,how

ever,
notm

atter,
since

odd-orderdistortion
dom

inatesin
the

outputsignalof
ourfilters,asw

asshow
n

atIS
C

A
S

1999.T
he

m
ethod

also
generatesartifactsfor

low
inputcurrents.

N
ote

also
thatw

e
could

notm
easureup

to
V

in §

3.3V
becausethe

m
axim

um
possibleoutputcurrentofthe

V
–Iconverteron

the
chip

is
lim

ited
to

180» A
.

²¢vyÁ
Â��w  t½
uvx¤ ½
rr

6.4
6.6

6.8
7

7.2
7.4

7.6
7.8

x 10
7

10
−

9

10
−

8

10
−

7

10
−

6

10
−

5

10
−

4

10
−

3

P
S

fragreplacem
ents

F
requency

Spectrum

1450kH
z

1900kH
z

1800kH
z

3600kH
z

7200kH
z

M
easuredoutputspectrum

for
V

in §

3.3V
and

a
very

stronginputsignalatfive
differentfrequencies.T

he
spectrahave

beenscaledsuchthatthey
can

be
show

n
in

one
coordinatesystem

.A
com

parisonofthis
figure

to
the

sim
ulationshow

s
that the

clock
fed

throughthe
substrateis

strongerthan
the

clock
fed

through
the

gatesofthe
M

O
S

F
E

T
resistors.
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F
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1800kH
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7200kH
zLayoutofV

–Iconverter(a),C
C

C
S

(b),M
O

S
F

E
T–C

network
(c),and

charge
pum

p
(d).
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w
ithoutpum

p
w

ith
pum

p
P

ole
F

requency
24

M
H

z
22–36M

H
z

P
ole

Q
3

2.9–2.3
P

ow
erconsum

ption
12.4m

W
15.9m

W

¬

28
%

C
hip

area
0.12m

m
2

0.11m
m

2

ª

8
%

S
F

D
R

32
dB

50
dB

¬

18
dB

C
om

parisonof
the

M
O

S
F

E
T–C

biquad
(w

ithoutpum
p)in

our
IS

C
A

S
1999

paperand
the

charge-pum
p-

controlledbiquad(w
ith

pum
p)presentedhere.

T
he

m
ain

reasonfor
the

am
azingim

provem
entis

that3.3
V

are
alreadythe

low
estpossiblesupplyvoltagefor

the
filter

in
ourIS

C
A

S
1999

paperif
the

analoguegroundis
chosenin

the
m

iddle
betw

eenthe
rails.


