
O
p
erating
and
available
p
ow
er
gain
circles

O
p
erating
p
ow
er
gain

G
P
=

P
L

P
I
N

=
p
ow
er
delivered
to
load

p
ow
er
input
to
netw
ork

(1)

and
it
is
indep
endent
of
source
im
p
edance.

D
esign
procedure
is
sim
ple
for
b
oth
unconditionally
stable
and

p
otentially
unstable
transistors.

U
nconditionally
stable
bilateral
case:

G
P
=

1

1�
j�
I
N j jS
2
1 j
2

1�
j�
L j
2

j1�
S
2
2 �
L j
2

(2)

�
�
�
�
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v
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G
P
=
jS
2
1 j
2

�1�
j�
L j
2 �

0@1�
����� S

1
1 �
�
�
L

1
�
S
2
2
�
L ����� 2 1Aj1�
S
2
2 �
L j
2

=
jS
2
1 j
2g

p

(3)

g
p
=

1�
j�
L j
2

1�
jS
1
1 j
2
+
j�
L j
2(jS

2
2 j
2�
j�j
2)�
2R
e(�
L C
2 )

(4)

C
2

=
S
2
2 �
�
S
�1

1

(5)

G
P
;g
p
functions
only
of
[S
];�
L .
P
rocedure
for
obtaining
const.

gain
circles
as
b
efore.
F
inal
result:

�
C
ircle
radius:

R
p
=

�1�
2K
jS
1
2 S
2
1 jg
p
+
jS
1
2 S
2
1 j
2g
2p �
1=
2

j1
+
g
p (jS
2
2 j
2�
j�j
2)j

(6)
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�
distance
from
origin:

d
p
=

g
p jC
�2 j

j1
+
g
p (jS
2
2 j
2�
j�j
2)j

(7)

�
A
ngle:
g
p
is
a
real
num
b
er.
L
ooking
at
expr.
for
center
of
the

circle
(eqs.
not
given),
the
direction
(angle)
of
the
centers

w
ill
b
e
determ
ined
by
C
�2 .

C
p
=

g
p C
�2

1
+
g
p (jS
2
2 j
2�
j�j
2)

(8)

A
s
our
intuition
tells
us,
g
p
w
ill
have
its
m
ax.
for
R
p
=
0)

g
2p;m

a
x jS
1
2 S
2
1 j
2�
2K
jS
1
2 S
2
1 jg
p;m
a
x
+
1
=
0

(9)

g
p;m
a
x
=

1
jS
1
2 S
2
1 j(K
�
p

K
2�
1)

(10)

�
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�
�

M
icro
w
av
e
C
ircu
it
D
esig
n
I

c
B
.
P
ejcin
ov
ic

3

��



M
ic
r
o
w
a
v
e
tr
a
n
sisto
r
a
m
p
li�
e
r
d
e
sig
n

)
G
P
;m
a
x
=
jS
2
1 j

jS
1
2 j (K
�
p

K
2�
1)

(11)

G
iven
G
P
w
e
select
�
L
from
constant
op
erating
p
ow
er
gain
circles.

In
order
to
get
m
ax.
G
P
,�
L
is
selected
at
distance
w
here
g
p;m
a
x
=

G
P
;m
a
x =jS
2
1 j
2,
i.e.
calculate
G
P
;m
a
x
from
eq.
11,
�
nd
g
p;m
a
x
=

G
P
;m
a
x =jS
2
1 j
2,
and
plug
it
into
eq.
for
d
p
(eq.
7).
Intersection
of

that
w
ith
direction
of
C
�2
gives
�
L
for
G
P
;m
a
x .

M
ax.
output
p
ow
er
obtained
if
input
is
conj.
m
atched,
i.e.
�
s
=

�
�I

N
;
in
this
case
the
input
p
ow
er
is
equalto
m
ax.
available
p
ow
er

from
source)
G
T
;m
a
x
=
G
P
;m
a
x .
N
ote
that
values
of
�
s ;�
L
that

give
G
P
;m
a
x
are
identical
to
�
M
s ;�
M
L .

�
�
�
�
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P
rocedure

�
S
p
ecify
G
P
;
radius,
center
and
angle
are
given
in
eqs.
ab
ove.

�
S
elect
the
desired
�
L

�
F
or
given
�
L

m
ax.
output
p
ow
er
is
obtained
by
conjugate

m
atching
on
input,
i.e.
w
ith

�
s
=
�
�I

N

=
S
1
1
+
S
1
2 S
2
1 �
L

1�
S
2
2 �
L

(12)

T
his
value
of
�
s
produces
the
transducer
gain
G
T

=
G
P

(if

G
P
=
G
P
;m
a
x
is
sp
eci�
ed
at
the
b
eginning,
G
T
w
ill
b
e
equal

to
G
P
;m
a
x .)

�
�
�
�
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E
xam
ple
3.8.1.
D
esign
for
G
p
=
9dB
.

�jS
2
1 j
2

=
4:235
or
6.27
dB
.
g
p
=
G
p =jS
2
1 j
2

=
1:875.
K
;�
;C
2

calculated
b
efore
(ex.
3.7.1)

�
calculate
R
p
=
0:431
and
C
p
=
0:508
6
103:9
�.

�
select
som
e
�
L
p
oint,
say
pt.
A
w
here
�
L
=
0:36
6
47:5
�
(note

the
resistance!)

�
calculate
�
s
from
know
n
�
L )
�
s
=
0:629
6
175
�

S
am
e
procedure
can
b
e
used
to
�
nd
G
p;m
a
x
(for
sim
ultaneous

conjugate
m
atching))
di�
erent
circle
(actually
p
oint):
g
p;m
a
x
=

3:24,
R
p;m
a
x
=
0,
C
p;m
a
x
=
0:718
6
103:9
�.

T
his
leads
to
values
for
�
L
;m
a
x
=
0:718
6
103:9
�.
U
se
it
to
�
nd

�
s;m
a
x
=
0:762
6
177
�)
sam
e
as
�
M
s ;�
M
L
from
b
efore.

�
�
�
�
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C
onstant
available
p
ow
er
gain
circles

G
A
=
P
A
V
N

P
A
V
S

=
P
avail.
from
netw
ork

P
avail.
from
source

(13)

G
A
=

1�
j�
s j
2

j1�
S
1
1 �
s j
2 jS
2
1 j
2

1

1�
j�
O
U
T j
2

(14)

D
erivation
analogous
to
op
erating
p
ow
er
gain
case:
exchange
1!

2,
2!
1,
L
!
S
.

g
a
=

G
A

jS
2
1 j
2

C
1

=
S
1
1 �
�
S
�2

2

(15)
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R
a
=

�1�
2K
jS
1
2 S
2
1 jg
a
+
jS
1
2 S
2
1 j
2g
2a �
1=
2

j1
+
g
a (jS
1
1 j
2�
j�j
2)j

(16)

C
a
=

g
a C
�1

1
+
g
p (jS
2
2 j
2�
j�j
2)

(17)

B
y
plotting
const.
available
gain
circles
a
�
s
can
b
e
picked
up
to

produce
desired
G
A
.
W
ith
�
s
know
n,
m
ax.
p
ow
er
on
output
is

obtained
for
conjugate
m
atched
load
so
that

�
L
=
�
�O

U
T
=

0B@S
2
2
+
S
1
2 S
2
1 �
s

1�
S
1
1 �
s 1CA

�

(18)

F
or
�
L
=
�
�O

U
T )
G
T
=
G
A
.

�
�
�
�
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P
otentially
unstable
bilateral
case

W
e
have
to
w
orry
ab
out
stability!
P
rocedure
is
still
the
sam
e:

�
sp
ecify
G
p
and
draw
const.
op
erating
gain
circles.
(calc.

R
p ;C
p )

�
draw
output
stability
circle
(calc.
r
L ;C
L ;
rem
em
b
er
that
they

give
�
L -s
for
w
hichj�
I
N j
=
1)

�
choose
�
L
in
stable
region
(stay
aw
ay
from
circle)

�
draw
input
stability
circles
(calc.
r
s ;C
s ).

�
calculate
�
I
N

and
see
if
�
s
=
�
�I

N

is
in
the
stable
region

�
if
�
s
is
not
in
stable
region,
or
is
too
close
to
stability
circle:

a)
select
�
s
arbitrarily,
b)
select
new
G
p ,
c)
try
di�
erent
�
L

�
�
�
�

M
icro
w
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e
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�
s ;�
L
should
b
e
aw
ay
from
the
stability
circles
to
avoid
oscilla-

tions
during
tuning
or
due
to
variations
of
param
eters.

E
xam
ple
3.8.2.
D
esign
for
10
dB
.

�
stability:
K
=
0:4
<
1)
p
otentially
unstable.
G
M
S
G

=
31

=
14.9
dB
.

�
calc.
const.
gain
circles:
R
p
=
0:473;C
p
=
0:57
6
97
�

�
output
stability
circle:
r
L
=
0:34;C
L
=
1:18
6
97
�;
note
that

C
L
and
C
p
are
on
the
sam
e
line;
obvious
from
their
eqs.

�
stability
region:
sincejS
1
1 j
<
1,
stable
region
includes
origin.

�
�
�
�

M
icro
w
a
v
e
C
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it
D
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n
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v
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p
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�
select
�
L
som
ew
here
on
const.
gain
circle.
(di�
erent
choices

p
ossible:
m
ax.
resistance,
m
in.
S
W
R
etc).
pt
A
has
�
L

=

01: 6
97
�

�
on
input:
�
s
=
�
�O

U
T
=
0:52
6
179
�;
is
it
stable?

�
input
stability
circle:
r
s
=
1;C
s
=
1:67
6
171
�.
S
incejS
2
2 j
<

1,
origin
is
in
stable
region)
�
s
is
stable
p
oint.
(construct

these
on
S
-chart).

�
�
�
�

M
icro
w
a
v
e
C
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D
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n
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c
B
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Y
et
another
m
ethod
for
am
pli�
er
design

M
.L
.
E
dw
ards
et
al.,
\A
D
eterm
inistic
A
pproach
for
D
esigning

C
onditionally
S
table
A
m
pli�
ers,"
IE
E
E
M
T
T
,
vol.
43,
no.
7,

pp.
1567{1575,
1995.

B
asic
problem
:
input
and
output
treated
separately
even
though

each
a�
ects
the
other.
F
ig.
1
for
basic
procedure
for
the
m
ethods

discussed
so
far:

1.
P
ick
a
\suitable"
source
re
ection
coe�
cient
�
s

2.
design
input
m
atching
netw
ork

3.
calculate
�
O
U
T
and
take
�
L
=
�
�O

U
T

4.
is
�
L
in
stable
region?

�
�
�
�

M
icro
w
a
v
e
C
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D
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n
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c
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W
hat
to
do
if
�
L
is
not
stable?

1.
accept
the
give
�
L
and
design
the
O
M
N

2.
change
�
L
to
b
e
stable
but
\close"
to
�
�O

U
T

3.
change
�
s
and
hop
e
that
new
�
L
w
ill
b
e
stable

P
roblem
s:
p
ossibly
unstable
(1)
and
iterative
(2,3).

D
istinction:
stability
on
input
and
output
separated.
)
circuit

can
b
e
output
stable
(j�
O
U
T j
<
1)
but
input
unstable
(j�
I
N j
>
1)

and
vice-versa.

D
e�
nition:
J
o
in
tly

sta
b
le
I/O
circuits
are
those
that
have

j�
O
U
T
(�
s )j
<
1
a
n
d
j�
I
N
(�
�O

U
T
(�
s ))j
<
1.

�
�
�
�

M
icro
w
a
v
e
C
ircu
it
D
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v
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p
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Idea:
If
stable/unstable
region
of
�
L
plane
could
b
e
represented

in
the
�
s
plane,
than
w
e
could
devise
a
non-iterative
schem
e
for

picking
�
s
and
�
L .
(note:
�
L

is
really
function
of
�
s
since
w
e

assum
e
�
s
=
�
�O

U
T
).
R
ecall:

�
I
N

=
f
(�
L )
=
S
1
1 �
�
�
L

1�
S
2
2 �
L

(19)

�
O
U
T
=
g
(�
s )
=
S
2
2 �
�
�
s

1�
S
1
1 �
s

(20)

S
im
ilar
eqs.
can
b
e
obtained
for
�
L
(from
(19)),
and
�
s
(from

(20)
).

�
�
�
�

M
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w
a
v
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p
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D
e�
ne:

1.
O
u
tp
u
t
sta
ble
regio
n
in
th
e
so
u
rce
p
la
n
e
w
here

j�
O
U
T
(�
s )j
<
1
(=
input
stability
circle),
and

2.
in
p
u
t
sta
ble
regio
n
in
th
e
so
u
rce
p
la
n
e
w
here

�
I
N
(j�
�O

U
T
(�
s ))j
<

1
(=
output
stability
circle,
but
in
�
s

plane).

F
or
(1),
see
�
g.
2
(tw
o
cases:
D
1

>
0
and
D
1

<
0,
w
here
D
1

dep
ends
only
on
S
-m
atrix).

S
ection
III
of
the
pap
er
show
s
thatjkj
<
1
if
a
n
d
o
n
ly
if
stability

circle
intersects
the
unit
circle.
W
hy
is
that
im
p
ortant?

�
�
�
�

M
icro
w
a
v
e
C
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D
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c
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v
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p
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F
orjkj
<
1,
stability
circle
intersects
the
unit
circle
in
tw
o
p
oints

that
are
c
o
m
m
o
n
to
a
ll
a
v
a
ila
b
le
g
a
in
c
ir
c
le
s
w
hich
are

called
invariant
p
oints.
)
geom
etric
relationship
b
etw
een
the

stability
circle,the
gain
circle
and
the
unit
circle
can
b
e
determ
ined

solely
by
com
paring
the
centers
of
the
circles.

T
he
invariant
(intersection)
p
oints
are
given
by

�
�s
=
B
1 �

r4jC
1 j
2�
B
21

2C
1

(21)

B
ut,
w
hat
can
w
e
learn
ab
out
the
gain
g
a
(G
A
=
g
a jS
2
1 j
2j)
from

all
this?

�
�
�
�

M
icro
w
a
v
e
C
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c
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p
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B
ecause
of
the
discussion
ab
ove,
only
the
p
osition
of
the
center

(and
they
are
allon
one
line)
m
atters.
H
ow
does
g
a
change
along

this
line
�
s
=
x
^c
s ?
B
ased
on
the
derivative
and
som
e
reasoning

)
the
gain
function
g
a
is
a
m
o
n
o
to
n
ic
function
of
x
w
henever

jkj
<
1.
S
ee
�
g.
3
for
illustration.
F
orj�
s j
=
1)
g
a
=
0,
and

g
a !
1
w
hen
�
s
is
on
stability
circle.

N
ot
very
useful,
unless
w
e
can
show
input
stable
region
in
the

source
plane.

T
hrough
equations
(section
V
)
it
is
show
n
that
the
center
of
this

circle
is
on
the
sam
e
line
as
available
gains
and
that
it
intersects

the
invariant
p
oints!
)
in
p
u
t
sta
b
le
b
o
u
n
d
a
r
y

in

th
e

so
u
r
c
e
p
la
n
e
is
a
n
a
v
a
ila
b
le
g
a
in
c
ir
c
le
.

�
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�
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T
he
gain
that
corresp
onds
to
this
b
oundary
(IS
)
is
:

g
is
=

2k

jS
1
2 S
2
1 j )
G
I
S
=
2k

������� S
2
1

S
1
2 ������� =
2k
M
S
G

(22)

Q
uestion:
w
hen/if
is
this
g
is
upp
er
b
ound
for
the
available
gain?

T
here
is
a
m
ax.
of
available
gain
w
hen
source
im
p
edance
�
s
is

required
to
b
e
passive
and
jo
in
tly
sta
b
le
,
called
m
ax.
jointly

stable
available
gain.

T
he
analysis
requires
exam
ination
of
di�
erent
com
bination
of

these
circles:
see
T
able
1.
T
w
o
obvious
requirem
ents:j�
s j
<
1

(passive
source
region)
and
j�
O
U
T
(�
s )j
<
1
(output
stable
re-

gion).
F
orj�
I
N
(�
�O

U
T
(�
s ))j
<

1
(input
stable
region)
stable

region
can
b
e
either
inside
or
outside
the
g
I
S
circle.

�
�
�
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D
i�
erent
cases
in
F
igs.
4
{
8.
C
ase
I
in
som
e
detail.

C
onclusion:
w
hen
0
<
k
<
1
then
the
jointly
stable
region
over-

laps
w
ith
the
U
S
C
,
i.e.
�
s
from
the
overlapping
region
result
in

an
output
w
hose
conjugate
m
atch
is
located
on
the
stable
side
of

the
load
stability
circle.
A
lso,
the
gain
is
lim
ited
to
G
I
S .

F
or�
1
<
k
<
0
no
passive
source
im
p
edance
w
ill
result
in
joint

stability.

F
or
0
<
k
<
1)
the
m
axim
um
available
gain
for
jointly
stable

source
im
p
edances
is
G
I
S
=
2k
M
S
G
(=
G
M
S
M
).

S
im
ilar
reasoning
can
b
e
extended
to
op
erating
p
ow
er
gain
(source

exchanged
w
ith
load).

E
xam
ple
of
design
for
6
G
H
z
am
pli�
er
w
ith
conditionally
stable

transistor.
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