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8 Amplifiers III – Special amplifiers

Part 8.A—Transconductor elements

Ideal transconductor

We want that the output current should be given by

But we also (unlike the operational amplifier in open-loop configuration) want that the circuit
should work in a wide input voltage range. The input and output impedances should be infinite
large. At the input side, this is “easily” achieved by using CMOS gates. At the output side, we will
however have problems with the limited output impedance and this is also a limiting factor on per-
formance. In Fig. 8.1 we illustrate the transconductor and its ideal transfer function. Using the

notation in the figure, we have that

 and , hence

Improvement of linearity and CMOS transconductors

Naturally, there are several different ways to implement the transconductor. Basically, one can use
an OTA but then one must be very careful with the voltage swings and the DC levels of the input
signals.

One way is to linearize the circuit by using a MOS transistor in its linear region, as is illustrated
by figures 15.21-23, 25 in the Johns&Martin book (Chapter 15.3).

The transconductor as integrator

In Fig. 8.2 we show four differential transconductance-C integrator configurations. The first (a)
illustrates the functional view of the Gm-C integrator. The output currents are given by the
transconductance times the input voltage. Then the output voltage is given by the voltage gener-
ated by the current through the capacitor. We have that

 and , hence

The second figure (b) shows the real case implementation. The bottom-plate of the capacitor will
be “closest” to the substrate and will therefore also create a large capacitance between the output
wire and ground. This parasitic capacitance can be very large. A way to work around this is shown
in (c) where we use “controlled” parasitic cancelling, hence we use two capacitors and let
both transconductor outputs be connected to a bottom-plate. However, still the parasitic can be
large and the best way to work around the problem is to use the configuration in (d). However,

I out Gm Vin⋅=

Figure 8.1: Transconductor and its ideal transfer function.

Gm

ip(t)

vp(t)

vn(t)

in(t)

Vin

Iout

Vin vp vn–= I out i p in–= i p in–( ) Gm vp vn–( )⋅=

Vout I out
1

sC
------⋅= I out Vin Gm⋅= Vout

1
s
---

Gm

C
------- Vin⋅ ⋅=

C 2⁄( )



S
w

itc
h

e
s 

a
n

d
 T

ra
ck

&
H

o
ld

T
S

E
I3

0
A

N
T

IK
a

n
d

T
S

T
E

8
0

A
T

IK

86
D

ep
ar

tm
en

t o
f E

le
ct

ric
al

 E
ng

in
ee

rin
g,

 L
in

kö
pi

ng
s 

un
iv

er
si

te
t

th
is

co
nf

ig
ur

at
io

n
re

qu
ire

s
la

rg
er

ca
pa

ci
to

rs
in

or
de

r
to

m
ai

nt
ai

n
th

e
sa

m
e

in
te

gr
at

or
ra

tio
. (

O
ne

 c
an

 a
ls

o 
de

cr
ea

se
 th

e 
tr

an
sc

on
du

ct
an

ce
 v

al
ue

.)

P
ar

t 8
.B

—
S

w
itc

he
s 

an
d 

T
ra

ck
&

H
ol

d

S
om

e
im

po
rt

an
t

bu
ild

in
g

bl
oc

ks
ar

e
th

e
sw

itc
he

s
an

d
tr

ac
k&

ho
ld

/s
am

pl
e&

ho
ld

.
F

or
hi

gh
-a

cc
u-

ra
cy

 A
/D

 c
on

ve
rt

er
s 

th
e 

tr
ac

k&
ho

ld
 is

 u
na

vo
id

ab
le

.

T
he

tr
ac

k&
ho

ld
ci

rc
ui

t
in

its
si

m
pl

es
t

sh
ap

e
is

sh
ow

n
in

F
ig

.
8.

3
(a

).
H

ow
ev

er
,

th
is

ci
rc

ui
t

do
es

no
th

av
e

an
y

dr
iv

in
g

ca
pa

bi
lit

y
an

d
a

bu
ffe

r(
b)

is
m

os
tly

ne
ed

ed
.I

n
(c

)w
e

us
e

a
tr

an
sm

is
si

on
ga

te
(P

M
O

S
an

d
N

M
O

S
tr

an
si

st
or

)
in

or
de

r
to

re
du

ce
th

e
re

si
st

an
ce

th
ro

ug
h

th
e

sw
itc

h.
U

si
ng

a
tr

an
s-

m
is

si
on

 g
at

e 
al

so
 r

ed
uc

es
 th

e 
si

gn
al

-d
ep

en
de

nt
 s

w
itc

hi
ng

 ti
m

e 
in

st
an

t o
f t

he
 s

w
itc

h.

T
he

ph
en

om
en

a
re

fe
rr

ed
to

as
cl

oc
k

fe
ed

th
ro

ug
h

(C
F

T
)

is
re

du
ce

d
by

us
in

g
a

du
m

m
y

sw
itc

h
as

ill
us

tr
at

ed
 in

 F
ig

. 8
.3

 (
d)

.

F
ig

ur
e 

8.
2:

D
iff

er
en

tia
lt

ra
ns

co
nd

uc
ta

nc
e-

C
in

te
gr

at
or

co
nf

ig
ur

at
io

ns
.(

a)
F

un
ct

io
na

lv
ie

w
,(

b)
re

a
l-

ca
se

in
d

ic
a

tin
g

b
o

tt
o

m
-p

la
te

,
(c

)
“c

o
n

tr
o

lle
d

”
p

a
ra

si
tic

s,
a

n
d

(d
)

p
a

ra
si

tic
in

se
ns

iti
ve

G
m

G
m

(a
)

(b
)

(c
)

(d
)

G
m

G
m

C C

C
/2

C
/2

2C 2C

G
m

C⁄
(

)
G

m

F
ig

ur
e 

8.
3:

S
am

pl
in

g
sw

itc
he

s.
(a

)
si

m
pl

e
sw

itc
h,

(b
)

sa
m

pl
in

g
sw

itc
h

w
ith

bu
ffe

r,
(c

)
du

m
m

y
tr

an
si

st
or

 to
 r

ed
uc

e 
ch

ar
ge

 in
je

ct
io

n,
 a

nd
 (

d)
 tr

an
sm

is
si

on
 g

at
e 

im
pl

em
en

ta
tio

n.

V
sw

V
o

u
t

V
in

C
M

V
sw

V
o

u
t

V
in

C
M

V
sw

V
o

u
t

V
in

C
M

1

V
sw

V
o

u
t

V
in

C

N

PV
sw

V
sw

V
sw

M
2

T
S

T
E

8
0

 A
T

IK
 a

n
d

 T
S

E
I3

0
 A

N
T

IK
L

e
ct

u
re

8
—

A
m

p
lif

ie
rs

II
I–

S
p

e
ci

a
la

m
p

lif
ie

rs

D
ep

ar
tm

en
t o

f E
le

ct
ric

al
 E

ng
in

ee
rin

g,
 L

in
kö

pi
ng

s 
un

iv
er

si
te

t
87

B
an

dw
id

th
 o

f s
im

pl
e 

T
ra

ck
&

H
ol

d

T
he

T
&

H
sh

ow
n

in
F

ig
.8

.3
(a

)
w

ill
su

ffe
r

fr
om

th
e

no
nl

in
ea

r
re

si
st

an
ce

an
d

th
e

ch
ar

ge
in

je
ct

io
n

of
th

e
sw

itc
h

tr
an

si
st

or
.T

he
sw

itc
h

vo
lta

ge
m

us
tb

e
hi

gh
co

m
pa

re
d

to
th

e
in

pu
ta

nd
ou

tp
ut

vo
lta

ge
s.

T
he

tr
an

si
st

or
op

er
at

es
in

its
lin

ea
r

re
gi

on
an

d
th

er
ef

or
e,

w
e

ha
ve

th
at

th
e

re
si

st
an

ce
is

ap
pr

ox
im

at
el

y

T
he

n 
th

e 
ba

nd
w

id
th

 o
f t

he
 s

w
itc

h 
is

 g
iv

en
 b

y

In
or

de
r

to
in

cr
ea

se
th

e
ba

nd
w

id
th

w
e

ca
n

ch
oo

se
to

in
cr

ea
se

th
e

sw
itc

h
vo

lta
ge

an
d

re
du

ce
th

e
in

pu
t

D
C

vo
lta

ge
as

w
el

la
s

re
du

ci
ng

th
e

tr
an

si
st

or
si

ze
as

pe
ct

ra
tio

.
A

no
th

er
ap

pr
oa

ch
is

to
us

e 
th

e 
tr

an
sm

is
si

on
 g

at
e 

as
 il

lu
st

ra
te

d 
in

 F
ig

. 8
.3

 (
c)

 w
he

re
 th

e 
re

si
st

an
ce

 is
 h

al
fe

d.

In
du

ce
d 

ch
an

ne
l c

ha
rg

e 
th

ro
ug

h 
cl

oc
k 

fe
ed

th
ro

ug
h 

(C
F

T
)

A
no

th
er

is
su

e
is

th
e

in
du

ce
d

ch
ar

ge
w

he
n

th
e

sw
itc

h
is

tu
rn

in
g

on
an

d
of

f.
T

he
dr

ai
n-

ga
te

(o
r

so
ur

ce
-g

at
e)

ca
pa

ci
ta

nc
e

w
ill

th
ro

ug
h

th
e

ra
pi

d
ch

an
ge

of
th

e
sw

itc
h

si
gn

al
ad

d/
re

m
ov

e
ch

ar
ge

fr
om

th
e

sa
m

pl
e

ca
pa

ci
ta

nc
e

an
d

he
nc

e
no

t
yi

el
d

th
e

tr
ue

ou
tp

ut
vo

lta
ge

.
T

hi
s

ef
fe

ct
s

ar
e

ill
us

-
tr

at
ed

 in
 F

ig
. 8

.4

T
he

 m
aj

or
 c

on
tr

ib
ut

io
n 

to
 th

is
 c

ha
rg

e 
is

 g
iv

en
 b

y

an
d

it
flo

w
s

on
to

th
e

sa
m

pl
e

ca
pa

ci
ta

nc
e

an
d

he
nc

e
th

e
in

du
ce

d
ad

di
tio

na
lv

ol
ta

ge
(s

ig
n

is
de

pe
n-

de
nt

 o
n 

sl
op

e 
of

 s
w

itc
h 

si
gn

al
) 

is
 g

iv
en

 b
y

N
at

ur
al

ly
,w

e
w

an
tt

o
ke

ep
th

is
vo

lta
ge

as
lo

w
as

po
ss

ib
le

an
d

th
er

ef
or

e
w

e
ca

n
re

du
ce

an
d/

or
in

cr
ea

se
th

e
sa

m
pl

e
ca

pa
ci

ta
nc

e.
T

hi
s

w
ill

ho
w

ev
er

m
ak

e
th

e
sw

itc
h

sl
ow

er
.W

e
ca

n
re

du
ce

bu
to

nc
e

ag
ai

n,
th

is
in

cr
ea

se
s

th
e

re
si

st
an

ce
.B

y
re

du
ci

ng
w

e
ga

in
bo

th
in

C
F

T
an

d
ba

nd
w

id
th

.

T
he

C
F

T
ca

n
be

re
du

ce
d

by
us

in
g

a
du

m
m

y
sw

itc
h

as
ill

us
tr

at
ed

in
F

ig
.8

.3
(d

).
T

he
du

m
m

y
ne

ed
to

be
ha

lf
th

e
si

ze
of

th
e

sw
itc

h
tr

an
si

st
or

an
d

it
m

us
tb

e
sw

itc
he

d
in

co
un

te
r-

ph
as

e.
T

he
n

fr
om

 th
e 

sw
itc

h 
w

ill
 b

e 
ab

so
rb

ed
 b

y 
th

e 
du

m
m

y 
tr

an
si

st
or

 (
F

ig
. 8

.5
) 

an
d 

th
e 

C
F

T
 is

 c
an

ce
lle

d.

V
s

w

R
o

n
1

α
V

G
S

V
T

–
(

)
V

D
S

–
(

)
⋅

----
----

----
----

----
----

----
----

----
----

----
----

----
----

-
1

α
V

G
V

T
–

V
D

–
(

)
⋅

----
----

----
----

----
----

----
----

----
----

----
---

1
α

V
s

w
V

T
–

V
in

–
(

)
⋅

----
----

----
----

----
----

----
----

----
----

----
----

-
=

=
=

ω
-3

dB
p 1

1
R

o
n

C⋅
----

----
----

----
-

α C----
V

s
w

V
T

–
V

in
–

(
)

⋅
=

=
=

V
s

w

F
ig

ur
e 

8.
4:

C
F

T
in

a
sw

itc
h

w
ith

(a
)c

ap
ac

iti
ve

co
up

lin
g

an
d

(b
)i

nf
lu

en
ce

on
th

e
ou

tp
ut

si
gn

al
.

V
sw

V
o

u
t

V
in

C
M

∆
Q

o
u

t

C
g

s

2----
----

V
e

ff
⋅

C
o

x
W

L
V

s
w

V
T

–
V

in
–

(
)

⋅
⋅

2
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

=
=

∆
V

o
u

t

∆
Q

o
u

t

C
----

----
----

--
C

o
x

W
L

V
s

w
V

T
–

V
in

–
(

)
⋅

⋅
2

C⋅
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

=
=

V
e

ff
W

L

∆
Q

o
u

t



Comparator TSEI30 ANTIK and TSTE80 ATIK

88 Department of Electrical Engineering, Linköpings universitet

Another issue is the signal-dependent sampling instant. The switch operates differently dependent
on the input signal level.

However, to reach better performance, an active track&hold is most likely preferrable.

Part 8.C—Comparator

Ideal comparator

The ideal comparator as illustrated in Fig. 8.6 shall only give two output values; high or low. The

input signal is compared to a reference value.

The input impedance of the comparator should be infinite and the output impedance should be
zero. The comparator must also have a very high slew rate. The gain does/must/should not have
to be linear.

If the comparator is not ideal, we may have problems like meta-stability as the input signal is close
to the reference voltage and the output is not driven to the supplies but stuck at a value in-between
which cannot be detected as neither high nor low.

OP amp as comparator

The OP amp can be used as a comparator (Fig. 8.7) but not for high performance applications.
This is mainly due to the requirements on the offset voltage, settling speed and slew rate.

Assume that the comparator should be able to detect a least significant bit (LSB) and return 0 or
. For a 14-bit application the comparator needs to be able to detect variations in the order of

. In a 3-V application, this is equal to approximately 0.18 mV.

Notice that the settling time constant of a circuit with a dominant pole, is given by
. Now, if we consider the OP/OTA, we have mostly designed it for a dominant pole

at low frequencies, since the DC gain is very high. We have that

Figure 8.5: Channel charge flowing “into” the dummy switch.
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Figure 8.6: Ideal comparator and its transfer function.
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And hence the comparator using an OP will be slow. Instead we may want to increase the domi-
nant pole with maintained unity-gain frequency to the cost of lower gain. This can practically be
achieved by increasing the current through the circuit in order to also increase the slew rate. To
compensate for the loss of gain, we use a multi-stage comparator (or cascaded comparators).

Cascaded comparators

The settling time constant must be reduced and the gain should be maintained. Assume that we
can us a number of cascaded comparators as is illustrated in Fig. 8.8. Each comparator has a dom-

inant pole and a small-signal transfer function given by

When cascading  comparators, the total transfer function is given by

We assume that the comparators are approximately identical and we have that

where is the DC gain of one comparator and is the dominant pole. We see that the domi-
nant pole for the multi-stage comparator is times lower than for one of the single-stage com-
parators.

Figure 8.7: OP as comparator.
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Figure 8.8: Cascaded comparators.
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