
N
oise

D
esign
objective:
low
-noise
am
pli�
cation.
P
roblem
:
m
in.
noise

and
m
ax.
p
ow
er
d
o

n
o
t
go
hand
in
hand!
(w
hy?)

N
eed
design
m
ethodology
for
a
com
prom
ise
b
etw
een
the
tw
o.

T
rade-o�
s:
noise,
stability,
gain.

G
aA
s
M
E
S
F
E
T
s
generally
have
b
etter
noise
p
erform
ance
than
S
i

B
JT
s
(at
high
frequencies),
but
m
any
new
devices
com
p
ete.

P
roblem
:
low
noise
m
eans
low
current)
not
good
for
gain!

M
any
sources
of
noise:
1)
Johnson
and
2)
shot
noise.
T
he
�
rst

one
dom
inates
in
resistors
and
is
present
even
w
hen
there
is
no

current.
S
hot
noise
associated
w
ith
current

ow
and
is
prop
or-

tional
to
current.
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S
om
e
basic
concepts
and
prop
erties:

�vn
=

lim
T
!
1

1T
Z
t
1
+
T

t
1

v
n (t)d
t
=
0

(1)

�v
2n
=

lim
T
!
1

1T
Z
t
1
+
T

t
1

[v
n (t)] 2d
t
=

const.
=
v
2n

;r
m
s

(2)

O
ften
w
e
break
up
a
\device"
into
noiseless
part
+
noise
source.

see
�
g.
K
1
for
resistor.
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In
am
ps:
no
source
on
input
but
som
e
sm
all
output
voltage

(p
ow
er)
can
b
e
m
easured)
am
p
noise
p
ow
er.

R
esistor
on
input
produces
additional
noise
on
output
since
the

noise
com
ing
from
resistor
is
am
pli�
ed.
T
otal
noise
p
ow
er
=

am
pli�
ed
noise
input
p
ow
er
+
noise
output
p
ow
er
produced
by

the
am
p.

Input
need
not
b
e
a
resistor
but
w
e
can
alw
ays
�
nd
an
\equivalent"

resistor
that
w
ill
produce
the
sam
e
noise
p
ow
er
(or
voltage).
(see

�
g.
K
.2).
N
oise
tem
p
erature
T
s .

R
M
S
value
of
noise
voltage
produced
by
a
resistor
over
a
frequency

range
f
H

�
f
L

=
B
is:
V
n
=
p

k
T
B
R
N
.
B
=
bandw
idth,
k
=

B
oltzm
ann
const.,
T
=
(noise)
tem
p
erature
(K
).
�
g.
4.2.1
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�
dep
ends
only
on
B
,
not
on
frequency
itself;
if
B
is
the
sam
e,

f
does
not
m
atter)
\w
hite
noise".

� p
T
dep
endence)
to
reduce
noise
op
erate
at
low
er
T
-s

H
ow
m
uch
p
ow
er
is
generated?
M
ax.
available
p
ow
er
from
the

resistor
P
N

=

V
2N

4R
N

=
k
T
B

(3)

E
xam
ple:
R
N

=
2M


,
T
=
290
K
,
B
=
5
kH
z)
V
N

=
12:6�
V
,

P
N

=
19:9�10
�
1
8W
.

N
ote:
P
N

does
not
dep
end
on
value
of
R
N

but
only
on
T
and
B
.
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F
igure
of
m
erit
for
am
ps?
N
O
IS
E
F
IG
U
R
E
(F
or
N
F
)
often
used.

D
e�
nition:

F
=

total
avail.
noise
P
at
am
p.
output

avail.
noise
P
at
am
p.
output
due
to
R
N

=

P
N
o

P
N
i G
A

(4)

recall
the
de�
nition
of
G
A

G
A

=
P
A
V
N

P
A
V
S

=
P
avail.
from
netw
ork

P
avail.
from
source

(5)

using
di�
erent
notation:
G
A

=
P
S
o =P
S
i
to
rew
rite
eq.
for
F

F
=
P
S
i =P
N
i

P
S
o =P
N
o
=

avail.
S
/N
ratio
at
input

avail.
S
/N
ratio
at
output

(6)

F
m
easures
how
m
uch
noise
is
contributed
by
am
p
itself
(not

m
uch
can
b
e
done
ab
out
the
noise
that
is
already
on
input!)
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P
N
0

has
tw
o
com
p
onents:
one
from
input,
the
other
due
to
in-

ternal
noise
from
am
p)
these
add
up.

F
=

P
N
0

P
N
i G
A

=
P
N
1
+
P
N
i G
A

P
N
i G
A

=
1
+

P
N
1

P
N
i G
A

(7)

rem
em
b
er:
P
N
1

contains
contrib.
from
am
p
alone
and
does
not

dep
end
on
w
hat
is
on
input.

A
lso
note
that
second
part
is
reduced
by
increasing
G
A

(P
N
i
=

k
T
B
);
problem
arises
if
P
N
1

increases
as
G
A

is
increased.

W
e
can
also
w
rite
(de�
ne
T
e
=
P
N
1 =(k
B
G
A
)):

P
N
0
=
G
A
P
N
i +
P
N
1
=
G
A
k
T
s B
+
k
T
e B
G
A )
F
=
1+
T
e

T
s (8)

w
here
T
e
is
e�
ective
input
noise
tem
p
erature
(see
�
g.
K
.3).
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W
hat
is
the
b
est
value
of
F
?
If
input
signal
is
am
pli�
ed,
then

m
agnitude
of
noise
signal
increases
as
w
ell.
H
ow
ever,
if
no
new

noise
is
added,
S
/N
ratio
on
input
and
output
are
the
sam
e)
F

=
1
or
F
=
0
dB
.
T
his
does
not
happ
en
so
F
increases)
F
>
0

dB
.

T
w
o
stage
am
pli�
er
noise
�
gure

(sketch
the
�
gure)
G
A
-s
are
available
p
oser
gains
at
each
stage;

P
N
1 ;P
N
2
are
noise
p
ow
ers
caused
by
internalam
pl.
noise.
W
hat's

the
total
noise
p
ow
er?

P
N
o
;to
t
=
G
A
2 (G
A
1 P
N
i +
P
N
1 )
+
P
N
2

(9)

F
=

P
N
o
;to
t

P
N
i G
A
1 G
A
2

=
1+

P
N
1

G
A
1 P
N
i

P
N
2

P
N
i G
A
1 G
A
2

=
F
1 +
F
2 �
1

G
A
1

(10)
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w
here
F
1
=
1
+

P
N
1

P
N
i G
A
1 ;
F
2
=
1
+

P
N
2

P
N
i G
A
2

(11)

O
bviously,
F
1 ;F
2
are
noise
�
gures
for
each
am
p
stage
separately.

F
of
2nd
stage
r
e
d
u
c
e
d

by
G
A
1 )
nice
to
have
high
gain
in

input
stage!

D
esign
trade-o�
:
it
m
ay
not
alw
ays
b
e
b
est
to
m
inim
ize
1st
stage

noise
if
that
results
in
large
reduction
of
p
ow
er
gain
since
that

m
ay
increase
the
contribution
from
the
second
part.

G
eneral
conclusion:
there
is
alw
ays
a
com
prom
ise
b
etw
een
gain

and
noise!
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Is
it
b
etter
to
put
am
p1
�
rst
or
am
p2?
T
he
overall
noise
�
gure
F

for
the
tw
o
cases
is:

F
1
2
=
F
1
+
F
2 �
1

G
A
1

;F
2
1
=
F
2
+
F
1 �
1

G
A
2

(12)

W
e
require
F
1
2
<
F
2
1

(i.e.
that
1st
am
p
should
go
�
rst))

F
1 �
1

1�
1=G
A
1 (=
M
1 )
<

F
2 �
1

1�
1=G
A
2 (=
M
2 )

(13)

w
here
M
1 ;M
2

are
n
o
is
e

m

e
a
s
u
r
e
s
for
tw
o
am
pli�
ers.
)
if

M
1
<
M
2

than
am
p1
goes
�
rst.
F
or
identical
am
pli�
ers:

F
=
F
1 +
F
2 �
1

G
A
1

+
F
3 �
1

G
A
1 G
A
2 +
:::
=
1+

F
1 �
1

1�
1=G
A
1

=
1+
M
1 (14)
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N
oise
�
gure
of
a
tw
o-p
ort
am
p
can
b
e
expressed
as:

F
=
F
m
in
+
r
n

g
s jY
s �
Y
0 j
2

(15)

w
here
r
n
=
R
N
=Z
0

is
equiv.
norm
alized
noise
resistance
of
the

tw
o-p
ort,
Y
s

=
g
s
+
jb
s
is
source
adm
ittance,
Y
0

=
g
0
+
jb
0

is
source
adm
ittance
that
results
in
m
inim
um
noise
�
gure
F
m
in .

A
fter
expressing
Y
S ;Y
0

in
term
s
of
their
�
-s

F
=
F
m
in
+

4r
n j�
s �
�
0 j
2

(1�
j�
s j
2)j1
+
�
0 j
2

(16)
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N
oise
param
eters
F
m
in ;r
n ;�
0
are
given
by
transistor
m
anufactur-

ers.
T
hey
are
determ
ined
by:

�
source
re
.
coe�
.
is
varied
(using
tuner
on
input
term
inals)

until
m
in.
F
is
observed
in
noise-�
gure
m
eter.

�
disconnect
am
p
and
�
nd
the
source
re
.
coe�
.
(�
s
=
�
0

�
r
n
determ
ined
w
hen
�
s
=
0
(how
is
that
done?)

r
n
=
(F
�
s
=
0 �
F
m
in ) j1
+
�
0 j
2

4j�
0 j
2

(17)

F
m
in
is
function
of
op
erating
current
and
frequency!
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(tim
e
p
erm
itting
derive
eqs.
for
noise
circles)

N
oise
�
gure
param
eter
(for
a
given
noise
�
gure
F
i )

N
i
=
j�
s �
�
0 j
2

1�
j�
s j
2

=
F
i �
F
m
in

4r
n

j1
+
�
0 j
2

(18)

w
hich,
after
som
e
m
anipulation
leads
to

������� �
s �
�
0

1
+
N
i ������� 2
=
N
2i
+
N
i (1�
j�
0 j
2)

(1
+
N
i )
2

(19)

w
hich
represents
circles
w
ith
N
i
as
param
eter:

center:
C
F
i
=

�
0

1
+
N
i ;
radius:
R
F
i

=
rN

2i
+
N
i (1�
j�
0 j
2)

1
+
N
i

(20)
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F
or
F
=
F
m
in )
N
i
=
0;C
F
m

in

=
�
0 ;R
F
m

in

=
0,
i.e.
circle
at
�
0

w
ith
zero
radius.
C
enters
of
other
circles
are
on
line
from
origin

to
�
0

(but
<
j�
0 j).

T
ypical
set
of
const.
noise
�
gure
circles
in
�
g.
4.3.2.
F
m
in
=
3

dB
obtained
w
hen
�
s
=
�
0
=
0:58
6
138
�.

F
or
unilateral
case
design
sim
ple
since
const.
gain
circles
can
b
e

draw
n
in
the
�
s
plane
and
trade-o�
directly
analyzed.
A
s
show
n

in
F
ig.
4.3.3,
m
ax.
gain
and
m
in.
noise
�
gure
are
obtained
for

di�
erent
�
s .

E
xam
ple
4.3.1

�
�
�
�
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U
nilateral
case

G
s
constant
gain
circles
draw
n
directly
in
the
S
-chart
w
ith
noise

�
gure
circles
(sketch
the
block
diagram
for
am
p).
R
em
em
b
er

G
T
U

=

1�
j�
s j
2

j1�
S
1
1 �
s j
2 jS
2
1 j
2

1�
j�
L j
2

j1�
S
2
2 �
L j
2

(21)

or
G
T
U

=
G
S �
G
0 �G
L .
F
or
general
analysis
w
riteG
S ;G
L

as

G
i
=

1�
j�
i j
2

j1�
S
ii �
i j
2

(22)

w
ith
radius
R
i
=

p
1�
g
i (1�
jS
ii j
2)

1�
jS
ii j
2(1�
g
i )

(23)
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�
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d
i
=

rU
2c
+
V
2c

=

g
i jS
ii j

1�
jS
ii j
2(1�
g
i )

(24)

F
or
exam
ple,
looking
at
�
g.
4.3.3,
G
s
;m
a
x
=
3
dB
is
obtained
for

�
s
=
0:7
6
110
�
(originally
obtained
by
conjug.
m
atching
of
S
1
1 ).

N
oise
�
gure
circles
draw
n
according
to
the
form
ulas
for
N
i
and

C
F
i .

A
t
�
s
that
produces
F
m
in ,
G
s
is
actually
less
than
zero
dB
!
If
w
e

still
w
ant
som
e
gain
on
input,
F
m
ust
b
e
increased.
If
m
ax.
gain

is
desired,
then
only
F
>
4
dB
can
b
e
obtained.
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B
ilateral
case

E
xam
ple
4.3.1.

C
alc.
�
=
0:41
6
111
�;k
=
1:012.
U
nconditionally
stable,
but

just
barely.
A
lso,
not
unilateral!

U
sing
som
e
program
like
U
M
-M
A
A
D
get
the
table:

dB

C
enter

radius

2.6
0:45
6
166
�

0.18

2.7
0:43
6
166
�

0.25

2.8
0:43
6
166
�

0.31

2.9
0:43
6
166
�

0.35

3.0
0:43
6
166
�

0.39
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F
or
(relatively
large
changes
in
�
s ,
noise
�
gure
does
not
change

all
that
m
uch.
E
.g.
F
=
2:6
dB
circle
(0.1
dB
increase
from

F
m
in
=
2:5
dB
)
results
in
�
s
change
of
0.2
(see
table)

O
n
the
output:
design
for
m
ax.
p
ow
er
(gain))
�
L

=
�
�O

U
T
.

W
hat
to
do
on
input?F
rom
the
design
requirem
ent
w
e
have
to

m
inim
ize
F)
�
s
=
�
0
=
0:475
6
166
�.

W
ith
�
s

determ
ined,
�
nd
out
�
O
U
T

and
then
�
L

=
�
�O

U
T

=

0:844
6
70:4
�.
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P
lug
�
s ;�
L ;�
I
N
;�
O
U
T

into
form
ulas
for
G
A
;G
p

G
P

=

1

1�
j�
I
N j
2 jS
2
1 j
2

1�
j�
L j
2

j1�
S
2
2 �
L j
2

=
f
(�
L ;[S
])

(25)

G
A

=

1�
j�
s j
2

j1�
S
1
1 �
s j
2 jS
2
1 j
2

1

1�
j�
L j
2

=
f
(�
s ;[S
])

(26)

)
G
A

=
11
dB
,
G
P

=
12:7
dB
.
B
ecause
of
conj.
m
atch
on

output)
G
T

=
G
A
.

N
ext
step:
design
the
m
atching
netw
orks!
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�
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G
oing
to
�
s
=
0:475
6
166
�
starting
from
origin
(source
is
50
O
hm
)

)
Z
s
=
0:36
+
j0:14
and
Y
s
=
2:8�
j0:8.
U
se
�
=4
transf.
to

get
0.3
from
0.
T
hen
add
som
e
reactance/susceptance
to
get
to

Z
s .

R
eal
part:
Z
0 (�
=4)
=

r50�50=2:8�
30

.

Im
aginary
part:
add
the
-j0.8
part.
B
y
using
short
circuited
stub

of
�
=8
length,
shunt
susceptance
is�
jY
0 )
�Y

0

=
0:8)
Y
0

=

0:8=50)
Z
0
=
62:5


T
o
�
nd
lengths:
need
�
.
F
requency
f=
4
G
H
z.)
�
0
=
c=f
=
7:5

cm
.
F
or
�
=4
line
Z
0

=
30

.
F
rom
�
gures
W
/h
>
1.
T
o
use

eq.
for
�
f
f ,
W
/h
m
ust
b
e
found
for
given
Z
0 )
(after
calc.

A
=
0.742,
B
=
13.2)
W
/h
=
6.17
.
W
hich
leads
to
�
f
f
=
1:97
and

�
=
5:34cm
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O
utput
m
atching
netw
ork:
transform
Z
L
=
50

to
�
L
=
0:844
6
70
�.

a)
soldering
area
provided
by
a
tr.
line
w
ith
Z
0
=
50

.

b)
T
he
rest
of
the
m
atching
netw
ork
is
split
up
in
order
to
provide

som
e
tuning
capability,
e.g.
by
changing
the
w
idth
of
O
-C
stub

(i.e.
its
Z
0 )
or
by
changing
the
length
of
the
short
circuited
stub.

S
how
�
g.
4.3.5.

H
ow
m
uch
could
w
e
get
out
in
term
s
of
gain?
C
alc.
G
T
;m
a
x
=
15

dB
.
S
ince
w
e
calculated
G
A

=
G
T

=
11
dB
,
som
e
gain
w
as
sac-

ri�
ced
to
get
the
m
inim
um
noise
�
gure.
R
eason:
not
conjugately

m
atched
sim
ultaneously
on
input
and
output.

S
how
�
g.
4.36
and
4.3.7.
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N
ote:

�
high
S
W
R
on
input

�
good
gain
at
4
G
H
z

�
m
inim
um
noise
�
gure

S
W
R
is
another
(p
ossible)
constraint
in
addition
to
F
,
gain
and

output
p
ow
er.
F
or
trade-o�
s,
see
ex.
4.3.2
and
F
ig.
4.3.9
(note

that
am
p
is
unconditionally
stable
w
hich
allow
s
calculation
of

�
M
s a
n
d
�
M
L ).
F
ig.
4.3.8b
has
tabulated
values
for
m
atching,

V
S
W
R
(in),
gain
and
F
.
F
or
V
S
W
R
<
1:8)
F
increased
by
0.25

dB
and
gain
reduced
by
0.5
dB
.
F
inal
design
in
F
ig.
4.3.8c.

A
dditional
com
plication:
if
p
otentially
unstable,
stability
m
ust
b
e

checked.
A
nother
exam
ple:
4.3.2.
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T
hree
bias
p
oints
(Q
):
m
inim
um
noise
�
gure,
linear
p
ow
er
output,

m
axim
um
gain.
(explain
nam
es!)

F
or
com
prom
ise
b
etw
een
noise
and
gain,
use
linear
p
ow
er
out-

put
p
oint.
C
alculate
m
atching
and
p
erform
ance
for
three
de-

signs:
M
inim
um
F
,
m
ax.
gain,
m
ax.
output
p
ow
er.
(�
g.
4.3.9)

W
hat
happ
ens
as
input
changes
from
�
o
p
t
to
�
m
s ?
F
ig.
4.3.10

show
s
that
for
straight
line.
T
he
p
oint
chosen
is
around
m
id-w
ay:

V
S
W
R
=
2.238,
G
A

=
10:55dB
,
F
=
3.14
dB
.
F
or
results
see
�
g.

4.3.11
and
4.3.12
.
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P
otentially
unstable
case:
ex.
4.3.4.

F
irst
�
nd
G
M
S
G

=
27:27
(14.36dB
).
C
onstruct
stability
circle(s),

gain
circles
and
noise
circles
(�
g.
4.3.13a).
F
or
F
m
in )
G
A

=

8:9d
B
,
and
V
S
W
R
(in)=
9.
Im
provem
ents?
G
et
m
ore
gain
at
the

exp
ense
of
F
,
say
pt.
a
gives
10.5
dB
of
gain,
but
F
=
1dB
.
N
ow

V
S
W
R
(in)
=
6.41
(w
hat
ab
out
V
S
W
R
(out)?).
T
o
reduce
V
S
W
R

further,
sacri�
ce
som
e
V
S
W
R
on
output,
but
also
increase
gain

G
A

(w
hy?).
C
onst.
V
S
W
R
(out)
circles
help
choose
�
L .
P
ick
up,

say
pt.
c
(�
g.
4.3.13))
V
S
W
R
(in)=
3.71.
(no
info
on
G
T
given;

w
hy?).
F
ig.
4.3.13c,d
for
�
nal
results
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E
x.
4.3.5
illustrates
design
using
G
p
instead
of
G
A

and
for
sp
ec-

i�
ed
V
S
W
R
(in).
O
bviously,
som
e
trial
and
error
procedure
re-

quired!

N
ote
on
m
ultistage
am
p:
m
inim
izing
M
(noise
m
easure)
is
re-

quired.
A
s
long
as
G
A

is
large,
m
inim
izing
each
stage
F
(how
?)

w
ill
m
inim
ize
overall
F
.
If
that
is
not
the
case,
then
som
e
guess-

w
ork
is
necessary
(unconditionally
stable
case):
1)
plot
�
o
p
t
and

�
M
S

on
S
-chart,
2)
break
it
up
w
ith
3-4
p
oints,
3)
C
alculate
M
,

G
A

and
V
S
W
R
(in)
at
those
p
oints,
4)
select
a
p
oint
that
gives

the
b
est
com
prom
ise.

In
the
end:
use
com
puter
for
optim
ization.
S
ee
app
endix
C
A
D
4.
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C
alculating
overall
G
A

and
F
?
E
x.
4.3.6.

F
or
G
A

sum
up
the
gains
of
every
stage
(in
dB
).

F
or
F
,
take
into
account
the
gain
of
previous
stages,
e.g.:

F
L
N
A

=
F
1
+
F
2 �
1

G
A
1

+

F
3 �
1

G
A
1 G
A
2

(27)

S
ince
there
is
plenty
of
gain,
only
the
�
rst
stage
in
uences
the

�
nal
F
!
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