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c
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y
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p
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n
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r
t
i
o
n
o
f

t
h
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S
i
m
u
l
a
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C
o
m
p
a
r
i
s
o
n
o
f
N
u
m
b
e
r
o
f

It
er
at
io
ns

in
t
h
e
N
e
w
t
o
n
-

Ra
ph
so
n'
s

Me
th
od

fo
r
d
c
O
p
e
r
a
t
i
n
g

An
al
ys
is

w
h
e
n

t
h
e
J
u
n
c
t
i
o
n

I
n
i
t
i
a
l
i
z
i
n
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S
c
h
e
m
e
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a
n
d
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N
o
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s
e
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i
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c
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R
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c
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R
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L
i
n
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e
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L
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s
t

S
t
r
u
c
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u
r
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o
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I
n
d
u
c
t
o
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9
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A
4
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5

L
i
n
k
e
d

Li
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S
t
r
u
c
t
u
r
e

f
o
r
Mu
tu
al

I
n
d
u
c
t
o
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A
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L
i
n
k
e
d
L
i
s
t
S
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r
u
c
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u
r
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r
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o
l
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o
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t
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o
l
l
e
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u
r
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n
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S
o
u
r
c
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A
4
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L
i
n
k
e
d
L
i
s
t

S
t
r
u
c
t
u
r
e
f
o
r
N
o
n
-
L
i
n
e
a
r

V
o
l
t
a
g
e
C
o
n

t
r
o
l
l
e
d

C
u
r
r
e
n
t

S
o
u
r
c
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Li
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c
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h
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c
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T
-
S
P
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C
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h
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c
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J
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-
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P
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S
t
r
u
c
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u
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to
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S
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r
u
c
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r
e

fo
r

Th
er
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l

Pa
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te
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A
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L
i
n
k
e
d
L
i
s
t
S
t
r
u
c
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o
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Z
e
n
e
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i
o
d
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i
n
T
-
S
P
I
C
E
2
A
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o
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e
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P
a
g
e

A4
.1
6

Li
nk
ed

Li
st

St
ru
ct
ur
e
o
f
BJ
T
Mo
de
l

31
4

A4
.1
7

Li
nk
ed

Li
st

St
ru
ct
ur
e
of

dc
An
al
ys
is

Ou
tp
ut

Va
ri
ab
le
.
.
31
6

C
H
A
P
T
E
R

1

I
N
T
R
O
D
U
C
T
I
O
N

T
h
e
u
s
e
o
f

e
l
e
c
t
r
o
n
i
c
c
i
r
c
u
i
t
s
i
m
u
l
a
t
i
o
n
p
r
o
g
r
a
m
s
h
a
s

b
e
c
o
m
e

w
i
d
e
s
p
r
e
a
d

in
t
h
e
p
a
s
t
d
e
c
a
d
e
o
r

so
.

T
h
e
m
a
j
o
r
r
e
a
s
o
n
s

f
o
r
t
h
e
c
o
n

t
i
n
u
e
d

d
e
v
e
l
o
p
m
e
n
t

o
f
s
u
c
h
p
r
o
g
r
a
m
s

a
r
e
t
h
r
e
e
f
o
l
d
.

F
i
r
s
t
,

i
n
m
a
n
y

c
a
s
e
s
,

t
h
e
p
e
r
f
o
r
m
a
n
c
e
o
f

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
s
i
n
m
o
n
o
l
i
t
h
i
c
f
o
r
m
c
a
n

n
o
t
b
e
s
i
m
u
l
a
t
e
d
w
i
t
h
s
u
f
f
i
c
i
e
n
t

a
c
c
u
r
a
c
y

b
y
b
r
e
a
d
-
b
o
a
r
d
i
n
g
o
f

t
h
e

c
i
r
c
u
i
t
.

T
h
i
s

i
s
l
a
r
g
e
l
y
d
u
e

t
o
p
a
r
a
s
i
t
i
c
c
o
m
p
o
n
e
n
t
s

i
n
h
e
r
e
n
t

i
n

i
n
t
e
g
r
a
t
e
d
c
i
r
c
u
i
t
s
w
h
i
c
h
c
a
n
n
o
t
b
e
a
c
c
u
r
a
t
e
l
y

m
o
d
e
l
e
d
w
i
t
h
d
i
s
c
r
e
t
e

c
o
m
p
o
n
e
n
t
s
.

Se
co
nd
,

a
s
t
h
e
re
su
lt

o
f
e
x
t
e
n
s
i
v
e

r
e
s
e
a
r
c
h
e
f
f
o
r
t
w
h
i
c
h

r
e
s
u
l
t
e
d

i
n
b
e
t
t
e
r
u
n
d
e
r
s
t
a
n
d
i
n
g
o
f

h
o
w
s
e
m
i
c
o
n
d
u
c
t
o
r
d
e
v
i
c
e
s
w
o
r
k
,

i
t
h
a
s
b
e
c
o
m
e
p
o
s
s
i
b
l
e
t
o
m
a
t
h
e
m
a
t
i
c
a
l
l
y
m
o
d
e
l

t
h
e
d
e
v
i
c
e
s
q
u
i
t
e

a
c
c
u
r
a
t
e
l
y
a
n
d
r
e
l
i
a
b
l
y
.

T
h
i
r
d
,

w
i
t
h
t
h
e
r
e
d
u
c
t
i
o
n

i
n
t
h
e
c
o
s
t
o
f

s
i
m
u
l
a
t
i
o
n

t
h
e
t
i
m
e
p
e
r
i
o
d

i
n
v
o
l
v
e
d

i
n
t
h
e
d
e
s
i
g
n
c
y
c
l
e
o
f

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
s

c
a
n
b
e
s
h
o
r
t
e
n
e
d
.

T
h
e
s
i
m
u
l
a
t
i
o
n

p
r
o
g
r
a
m
s

s
u
c
h
a
s
S
P
I
C
E
2

[1
]

ha
ve

m
a
d
e

s
i
g
n
i
f
i
c
a
n
t

c
o
n
t
r
i
b
u
t
i
o
n
a
s
a

re
li
ab
le
,

a
c
c
u
r
a
t
e
a
n
d

e
f
f
i
c
i
e
n
t
v
e
h
i
c
l
e

i
n
t
h
e
d
e
s
i
g
n
o
f

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
s
.

T
h
e
s
i
m
u
l
a
t
i
o
n

p
r
o
g
r
a
m
s

d
e
v
e
l
o
p
e
d

t
o
da
te

ha
ve

h
a
d
o
n
e
m
a
j
o
r

l
i
m
i
t
a
t
i
o
n

a
s
a
d
e
s
i
g
n

to
ol

i
n
t
h
a
t
t
h
e
y
d
i
d
n
o
t

t
a
k
e
i
n
t
o
c
o
n
s
i
d
e
r
a

t
i
o
n
t
h
e
e
f
f
e
c
t
o
f

t
e
m
p
e
r
a
t
u
r
e
v
a
r
i
a
t
i
o
n
o
n

t
h
e
t
o
p
s
u
r
f
a
c
e
o
f

t
h
e

ch
ip
s

d
u
e
t
o

in
te
rn
al

he
at

d
i
s
s
i
p
a
t
i
o
n
o
f

th
e

ci
rc
ui
ts
.

In
de
ed
,

th
e

l
o
c
a
l
i
z
e
d

p
o
w
e
r

d
i
s
s
i
p
a
t
i
o
n

w
i
t
h
i
n
t
h
e
e
l
e
m
e
n
t
s

o
f

t
h
e
c
i
r
c
u
i
t

c
a
u
s
e

c
h
i
p

t
e
m
p
e
r
a
t
u
r
e

g
r
a
d
i
e
n
t
s

an
d

va
ri
at
io
ns

w
h
i
c
h

s
t
r
o
n
g
l
y

a
f
f
e
c
t

th
e

p
e
r
f
o
r
m
a
n
c
e
o
f
t
h
e
c
i
r
c
u
i
t
s
,

p
a
r
t
i
c
u
l
a
r
l
y

in
ca
se
s
w
h
e
r
e
v
e
r
y
hi
gh

0
?
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H
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P
E
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O
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I
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T
H
E

P
R
E
S
E
N
C
E

O
F

E
L
E
C
T
R
O
-
T
H
E
R
M
A
L

I
N
T
E
R
A
C
T
I
O
N
S

b
y

K
i
y
o
s
h
i

F
u
k
a
h
o
r
i

A
B
S
T
R
A
C
T

T
h
i
s

r
e
s
e
a
r
c
h

e
f
f
o
r
t

h
a
s

b
e
e
n

d
i
r
e
c
t
e
d

t
o
w
a
r
d

t
h
e
d
e
v
e
l
o
p
m
e
n
t

o
f
a
n
e
f
f
i
c
i
e
n
t
a
n
d
a
c
c
u
r
a
t
e
c
o
m
p
u
t
e
r
s
i
m
u
l
a
t
i
o
n
p
r
o
g
r
a
m
w
h
i
c
h

p
r
e

d
i
c
t
s
t
h
e
d
c
a
n
d

t
r
a
n
s
i
e
n
t

p
e
r
f
o
r
m
a
n
c
e
o
f

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
s

i
n
t
h
e

p
r
e
s
e
n
c
e
o
f
e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

i
n
t
e
r
a
c
t
i
o
n
s
o
n

t
h
e
m
o
n
o
l
i
t
h
i
c

d
i
e
.

F
i
r
s
t
,

a
n
e
f
f
i
c
i
e
n
t
a
n
d
e
f
f
e
c
t
i
v
e
l
u
m
p
e
d
m
o
d
e
l
i
n
g
o
f
t
h
e

d
i
e
-

p
a
c
k
a
g
e

s
t
r
u
c
t
u
r
e

is
d
e
v
e
l
o
p
e
d
w
h
i
c
h
c
a
n
a
c
c
u
r
a
t
e
l
y

r
e
p
r
e
s
e
n
t

t
h
e

th
er
ma
l

b
e
h
a
v
i
o
r
o
f
a
w
i
d
e
v
a
r
i
e
t
y
o
f
c
o
m
m
o
n
l
y

u
s
e
d

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t

d
i
e
-
p
a
c
k
a
g
e

c
o
m
b
i
n
a
t
i
o
n
s
.

S
e
c
o
n
d
,

t
h
e
m
a
t
h
e
m
a
t
i
c
a
l

f
o
r
m
u
l
a
t
i
o
n

o
f

t
h
e
c
o
u
p
l
e
d
e
l
e
c
t
r
o

th
er
ma
l

s
y
s
t
e
m

is
ca
rr
ie
d
o
u
t
a
n
d
t
w
o
a
l
g
o
r
i
t
h
m
s

us
ef
ul

fo
r

t
h
e
s
o
l
u

ti
on

o
f
t
h
e
s
y
s
t
e
m
a
r
e
d
e
v
e
l
o
p
e
d
.

T
h
e
a
d
v
a
n
t
a
g
e
s

a
n
d
d
i
s
a
d
v
a
n
t
a
g
e
s

o
f

th
e

tw
o
a
l
g
o
r
i
t
h
m
s
a
r
e

i
n
v
e
s
t
i
g
a
t
e
d

u
n
d
e
r

bo
th

d
c
a
n
d
t
r
a
n
s
i
e
n
t

c
o
n
d
i
t
i
o
n
s
.

Th
ir
d,

a
c
o
m
p
u
t
e
r

p
r
o
g
r
a
m
c
a
l
l
e
d

T
-
S
P
I
C
E

ha
s

be
en

d
e
v
e
l
o
p
e
d

a
n
d
us
ed

t
o
p
r
e
d
i
c
t

th
e

p
e
r
f
o
r
m
a
n
c
e
o
f
a

g
r
o
u
p
o
f
m
o
n
o
l
i
t
h
i
c
o
p
e
r
a

ti
on
al

a
m
p
l
i
f
i
e
r
s
,

vo
lt
ag
e

re
gu
la
to
rs
,

t
e
m
p
e
r
a
t
u
r
e

s
t
a
b
i
l
i
z
e
d

s
u
b

st
ra
te

s
y
s
t
e
m
s
.

C
o
m
p
a
r
i
s
o
n

is
m
a
d
e
b
e
t
w
e
e
n

t
h
e
e
x
p
e
r
i
m
e
n
t
a
l
l
y
o
b
s
e
r
v
e
d

a
n
d
t
h
e
s
i
m
u
l
a
t
e
d

p
e
r
f
o
r
m
a
n
c
e
s

o
f

t
h
e
s
e
c
i
r
c
u
i
t
s
.

E
x
p
e
r
i
m
e
n
t
a
l

a
g
r
e
e

m
e
n
t
i
n
a
l
l
c
a
s
e
s

is
g
o
o
d
.

a
c
c
u
r
a
c
y

is
re
qu
ir
ed

o
r
w
h
e
r
e

la
rg
e

po
we
r

d
i
s
s
i
p
a
t
i
o
n

oc
cu
rs

o
n
a

ch
ip
.

In
th
es
e
t
w
o
ty
pe
s
o
f
ci
rc
ui
ts
,

th
e
c
a
p
a
b
i
l
i
t
y
o
f

s
i
m
u
l
t
a
n
e
o
u
s
l
y

si
mu

la
ti
ng

bo
th

th
er
ma
l

an
d

el
ec
tr
ic
al

be
ha
vi
or

be
co
me
s

es
se
nt
ia
l.

In
fa
ct
,

i
n
s
o
m
e
c
l
a
s
s
e
s

o
f

c
i
r
c
u
i
t
s
,

t
h
e

s
i
m
u
l
a
t
i
o
n

o
f

e
l
e
c
t
r
i
c
a
l

e
f
f
e
c
t
s

o
n
l
y

be
co
me
s

me
an
in
gl
es
s

be
ca
us
e

th
e

pr
op
er

pe
rf
or
ma
nc
e
o
f

th
e

ci
rc
ui
ts

de
pe
nd
s

up
on

th
e

ac
tu
al

el
ec
tr
o-
th
er
ma
l

in
te
ra
ct
io
ns
.

Al
th
ou
gh

th
e

e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

i
n
t
e
r
a
c
t
i
o
n
s

a
r
e
n
o
t
o
f

i
m
p
o
r
t
a
n
c
e

i
n
e
v
e
r
y
n
e
w
m
o
n
o

li
th
ic

ci
rc
ui
t

de
si
gn
,

th
e

fr
eq
ue
nc
y
o
f
ca
se
s

in
wh
ic
h

th
ei
r

in
fl
ue
nc
e

mu
st

b
e
c
o
n
s
i
d
e
r
e
d

is
c
o
n
s
t
a
n
t
l
y

i
n
c
r
e
a
s
i
n
g

b
e
c
a
u
s
e
o
f
t
h
e
r
e
q
u
i
r
e
m
e
n
t
s

fo
r

in
cr
ea
si
ng

pr
ec
is
io
n
o
n

th
e
o
n
e
ha
nd
,

a
n
d
fo
r

in
cr
ea
si
ng

po
we
r

le
ve
ls
,

o
n
t
h
e
o
t
h
e
r
,

in
a
n
a
l
o
g
i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
s
.

P
r
e
v
i
o
u
s

w
o
r
k

o
n

e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

c
i
r
c
u
i
t
s

h
a
s

b
e
e
n

c
o
n
c
e
n
t
r
a
t
e
d

o
n

th
e

re
la
ti
on
sh
ip

be
tw
ee
n

th
e

tw
o-
di
me
ns
io
na
l

ge
om
et
ri
ca
l

la
yo
ut

o
f

t
h
e
d
i
s
t
r
i
b
u
t
e
d

h
e
a
t
s
o
u
r
c
e
s

a
n
d
t
e
m
p
e
r
a
t
u
r
e

s
e
n
s
o
r
s
,

a
n
d
t
h
e

re
su
lt
in
g

th
er
ma
l

fr
eq
ue
nc
y

le
sp
on
se
.

In
re
ce
nt

wo
rk

[2
],

th
e
he
ad
er

w-
3

re
pr
es
en
te
d

as
a

re
ct
an
gu
la
r

bl
oc
k
un
de
r

th
e

di
e

an
d
a

fi
ni
te

F
o
u
r
i
e
r

t
r
a
n
s
f
o
r
m

s
o
l
u
t
i
o
n

o
f

t
h
e

h
e
a
t

f
l
o
w

e
q
u
a
t
i
o
n

kv
2T
=

pc
£ dt

(
1
-
D

w
h
e
r
e

k
is

th
e

th
er
ma
l

c
o
n
d
u
c
t
i
v
i
t
y
o
f
t
h
e
ma
te
ri
al

a
n
d
p
c

is
th
e

sp
ec
if
ic

he
at
,

wa
s

ca
rr
ie
d

ou
t

in
bo
th

th
e

si
li
co
n

an
d

th
e

he
ad
er
.

A
co
mp
ut
er

pr
og
ra
m

[3
]

ha
s

be
en

wr
it
te
n
wh
ic
h

pe
rf
or
ms

th
is

c
a
l
c
u
l
a
t
i
o
n
.

Ho
we
ve
r,

th
e

pr
og
ra
m
w
a
s
o
f

li
mi
te
d

u
s
e
f
u
l
n
e
s
s

b
e
c
a
u
s
e

o
f

th
e

fo
ll
ow
in
g

li
mi
ta
ti
on
s

[4
]:

1.
T
h
e

f
i
n
i
t
e
t
r
a
n
s
f
o
r
m
s
o
l
u
t
i
o
n

is
f
e
a
s
i
b
l
e
o
n
l
y

f
o
r
s
i
m
p
l
e
r
e
c

ta
ng
ul
ar

di
e

st
ru
ct
ur
es

wi
th

un
if
or
m
bo
un
da
ry

co
nd
it
io
ns
.

Th
us
,

a
c
c
u
r
a
t
e

re
pr
es
en
ta
ti
on

o
f

th
e
e
f
f
e
c
t
s

o
f

b
o
n
d
i
n
g

wi
re
s,

a
n
d

th
e



ef
fe
ct
s
o
f
t
h
e
th
er
ma
l

b
e
h
a
v
i
o
r
o
f
a

la
rg
e

h
e
a
d
e
r
a
r
e
c
u
m
b
e
r
s
o
m
e
.

Th
is

is
pa
rt
ic
ul
ar
ly

im
po
rt
an
t

in
th
e
an
al
ys
is

of
th
er
ma
l

sh
ut

do
wn

ci
rc
ui
ts
,
wh
er
e

th
e

th
er
ma
l

be
ha
vi
or

o
f

th
e

he
ad
er
-h
ea
ts

in
k

c
o
m
b
i
n
a
t
i
o
n

pl
ay
s
a
n

im
po
rt
an
t

ro
le
.

2.
Th
e

an
al
ys
is

of
th
e

ci
rc
ui
t

to
de
te
rm
in
e

th
e

de
pe
nd
en
ce

of
th
e

pa
ra
me
te
r
of

in
te
re
st

on
th
e

te
mp
er
at
ur
e
of

ea
ch

ci
rc
ui
t

el
em
en
t

mu
st

be
ca
rr
ie
d

ou
t

by
ha
nd
,

an
d

th
is

in
fo
rm
at
io
n

in
se
rt
ed

in
to

th
e

pr
og
ra
m.

Th
is

pr
oc
es
s

be
co
me
s

ve
ry

la
bo
ri
ou
s

fo
r
ci
rc
ui
ts

co
nt
ai
ni
ng

a
se
ns
or

ci
rc
ui
t

wh
ic
h

co
ns
is
ts

o
f
ma
ny

te
mp
er
at
ur
e-

s
e
n
s
i
t
i
v
e

e
l
e
m
e
n
t
s
.

3.
Th
e

ap
pr
oa
ch

re
st
s

on
as
su
mp
ti
on
s

of
li
ne
ar
it
y

bo
th

in
th
e
el
ec

tr
on
ic

an
d

th
er
ma
l

pa
rt
s
o
f

th
e
ci
rc
ui
t.

Th
us

a
pi
ec
ew
is
e

li
ne
ar

ap
pr
oa
ch

mu
st

be
us
ed

fo
r
a

no
nl
in
ea
r

ca
se

su
ch

as
th
er
ma
l

sh
ut
do
wn

c
i
r
c
u
i
t
s
.

As
a

re
su
lt

o
f

th
es
e

li
mi
ta
ti
on
s,

n
o
ge
ne
ra
l

s
i
m
u
l
a
t
i
o
n

to
ol

ha
s
c
o
m
e

in
to

wi
de

us
e

in
th
e

de
si
gn

o
f
el
ec
tr
o-
th
er
ma
l

ci
rc
ui
ts
.

If
fu
ll

ad
va
nt
ag
e

is
to

be
ta
ke
n
of

th
e
de
si
gn

de
gr
ee
s

of
fr
ee
do
m
of
fe
re
d,

th
en

a
mo
re

po
we
rf
ul

s
i
m
u
l
a
t
o
r

is
ne
ed
ed
.

T
h
e

r
e
s
e
a
r
c
h

e
f
f
o
r
t
d
e
s
c
r
i
b
e
d

i
n
t
h
i
s
d
i
s
s
e
r
t
a
t
i
o
n
h
a
s
b
e
e
n

di
re
ct
ed

to
wa
rd

th
e
de
ve
lo
pm
en
t
o
f

mo
re

po
we
rf
ul

g
e
n
e
r
a
l
-
p
u
r
p
o
s
e

e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

s
i
m
u
l
a
t
o
r
w
i
t
h
t
h
e
f
o
l
l
o
w
i
n
g

o
b
j
e
c
t
i
v
e
s

in
mi
nd
:

a)
It

mu
st

be
ca
pa
bl
e
o
f
ac
cu
ra
te
ly

mo
de
li
ng

th
e

th
er
ma
l

be
ha
vi
or

o
f

ch
ip
-p
ac
ka
ge

st
ru
ct
ur
e

un
de
r
d
c
an
d

tr
an
si
en
t

co
nd
it
io
ns
.

b)
Th
e

th
er
ma
l

pa
ra
me
te
rs

wh
ic
h

mu
st

be
sp
ec
if
ie
d

by
th
e

us
er

fo
r

us
e

in
th
e

pr
og
ra
m

mu
st

be
ei
th
er

ea
si
ly

me
as
ur
ed

o
r
ca
lc
ul
at
ed
.

c)
Th
e

te
mp
er
at
ur
e

se
ns
it
iv
it
y
o
f
el
ec
tr
ic
al

ci
rc
ui
t

el
em
en
ts

w
i
t
h
i
n

th
e

in
te
gr
at
ed

ci
rc
ui
t

mu
st

b
e
ac
cu
ra
te
ly

mo
de
le
d

in
th
e

pr
og
ra
m.

4
.

d)
T
h
e
ca
pa
bi
li
ty

fo
r

si
mu
la
ti
ng

th
e
di
ff
er
en
t

as
pe
ct
s
o
f
el
ec
tr
on
ic

ci
rc
ui
t

be
ha
vi
or

mu
st

be
si
mi
la
r

to
th
at

o
f

th
e
ex
is
ti
ng

pr
og
ra
ms
.

e)
Th
e

pr
og
ra
m
sh
ou
ld

be
ca
pa
bl
e

of
si
mu
la
ti
ng

su
ch

an
am
ol
ie
s
a
s
di
e-

a
t
t
a
c
h

vo
id
s,

fl
ip

c
h
i
p
a
t
t
a
c
h

bo
nd
in
g,

et
c.

In
Ch
ap
te
r
2
o
f

th
is

d
i
s
s
e
r
t
a
t
i
o
n
,

th
e

i
m
p
o
r
t
a
n
c
e
o
f
e
l
e
c
t
r
o

th
er
ma
l

in
te
ra
ct
io
n

is
il
lu
st
ra
te
d

in
tw
o
cl
as
se
s
o
f
ci
rc
ui
ts
,
o
n
e

in

wh
ic
h

th
e

th
er
ma
l

in
te
ra
ct
io
n
de
gr
ad
es

th
e

pe
rf
or
ma
nc
e
o
f

in
te
gr
at
ed

c
i
r
c
u
i
t
,

a
n
d
t
h
e
o
t
h
e
r

i
n
w
h
i
c
h

t
h
e

t
h
e
r
m
a
l

i
n
t
e
r
a
c
t
i
o
n

is
u
t
i
l
i
z
e
d

as
de
si
gn

de
gr
ee

of
fr
ee
do
m

to
en
ha
nc
e

th
e

pe
rf
or
ma
nc
e

of
ce
rt
ai
n

ty
pe
s

o
f

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
s
.

In
Ch
ap
te
r

3,
th
e

lu
mp
ed

mo
de
li
ng

o
f
d
i
e
-
p
a
c
k
a
g
e

st
ru
ct
ur
e

fo
r

ty
pi
ca
l

in
te
gr
at
ed

ci
rc
ui
ts

is
d
e
v
e
l
o
p
e
d

fr
om

t
h
e
ge
ne
ra
l

he
at

fl
ow

eq
ua
ti
on
.

A
ge
ne
ra
li
za
ti
on

o
f
sy
mm
et
ri
ca
l

fi
ni
te

di
ff
er
en
ce

ap
pr
ox
i

m
a
t
i
o
n

is
e
m
p
l
o
y
e
d

fo
r
a
n
e
f
f
i
c
i
e
n
t
a
n
d
a
c
c
u
r
a
t
e

r
e
p
r
e
s
e
n
t
a
t
i
o
n
o
f
t
h
e

d
i
e
-
p
a
c
k
a
g
e

s
t
r
u
c
t
u
r
e
.

In
Ch
ap
te
r

4,
th
e
eq
ua
ti
on
s

go
ve
rn
in
g

th
e
co
up
le
d

el
ec
tr
o

th
er
ma
l

sy
st
em

ar
e

fo
rm
ul
at
ed

an
d

tw
o

nu
me
ri
ca
l

me
th
od
s

re
la
ti
ng

to

t.
ie

s
o
l
u
t
i
o
n
o
f
t
h
e
s
y
s
t
e
m
a
r
e
p
r
e
s
e
n
t
e
d
.

T
h
e
f
i
r
s
t
m
e
t
h
o
d

i
n
v
o
l
v
e
s

th
e

us
e
o
f

th
e

Ne
wt
on
-R
ap
hs
on
's

me
th
od

t
o
th
e
co
up
le
d

sy
st
em

as
a

w
h
o
l
e
.

T
h
e
s
e
c
o
n
d

m
e
t
h
o
d

u
s
e
s
t
h
e
N
e
w
t
o
n
-
R
a
p
h
s
o
n
'
s

m
e
t
h
o
d
fo
r

t
h
e

so
lu
ti
on

of
el
ec
tr
ic
al

sy
st
em
,

bu
t

fu
nc
ti
on
al

it
er
at
io
n

is
em
pl
oy
ed

be
tw
ee
n

th
e
el
ec
tr
ic
al

an
d

th
er
ma
l

sy
st
em
s

un
ti
l

co
nv
er
ge
nc
e

is

ob
ta
in
ed
.

Th
e

tw
o

me
th
od
s

ar
e
an
al
yz
ed

an
d

co
mp
ar
ed

in
de
ta
il
,

an
d

th
e

ad
va
nt
ag
es

an
d
di
sa
dv
an
ta
ge
s

an
d

th
ei
r

re
sp
ec
ti
ve

ap
pl
ic
ab
il
it
ie
s

a
r
e

p
r
e
s
e
n
t
e
d
.

Al
so
,

t
h
e
a
p
p
l
i
c
a
t
i
o
n
o
f

th
e

t
w
o
m
e
t
h
o
d
s

fo
r

th
e

so
lu

ti
on

o
f

th
e
co
up
le
d

sy
st
em

un
de
r

tr
an
si
en
t

co
nd
it
io
n

is
pr
es
en
te
d.

In
Ch
ap
te
r

5,
th
e

s
i
m
u
l
a
t
i
o
n

re
su
lt
s
a
r
e
c
o
m
p
a
r
e
d

t
o
th
os
e

9
'•*



IP

ex
pe
ri
me
nt
al
ly

ob
se
rv
ed
.

It
is

sh
ow
n

th
at

th
e

ag
re
em
en
t

is
ve
ry

go
od
,

T
h
e

r
e
l
a
t
i
v
e

m
e
r
i
t
s

o
f

t
h
e

t
w
o

m
e
t
h
o
d
s

a
r
e

c
o
n
c
l
u
d
e
d

f
r
o
m

t
h
e

r
e
s
u
l
t

o
f

s
e
v
e
r
a
l

s
i
m
u
l
a
t
i
o
n
s
.

In
Ch
ap
te
r

6,
th
e

su
mm
ar
y
o
f

th
is

re
se
ar
ch

is
gi
ve
n

an
d

r
e
c
o
m
m
e
n
d
a
t
i
o
n
s

fo
r

fu
rt
he
r
w
o
r
k
a
r
e
g
i
v
e
n

a
l
o
n
g
w
i
t
h
s
o
m
e

id
ea
s
o
n

h
o
w

t
o

i
m
p
l
e
m
e
n
t

t
h
e
m
.

In
t
h
e
ap
pe
nd
ic
es
,

th
e

s
p
e
c
i
f
i
c
s
o
f
t
h
e
p
r
o
g
r
a
m
a
r
e
d
e
s
c
r
i
b
e
d

i
n

d
e
t
a
i
l
.

C
H
A
P
T
E
R

2

T
H
E

S
I
G
N
I
F
I
C
A
N
C
E

O
F

E
L
E
C
T
R
O
-
T
H
E
R
M
A
L

I
N
T
E
R
A
C
T
I
O
N
S

I
N

I
N
T
E
G
R
A
T
E
D

C
I
R
C
U
I
T
S

2
-
1
.

I
n
t
r
o
d
u
c
t
i
o
n

T
h
e
e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

i
n
t
e
r
a
c
t
i
o
n
s

a
r
i
s
e
f
r
o
m
t
h
e
t
e
m
p
e
r
a
t
u
r
e

v
a
r
i
a
t
i
o
n
s
I
n
t
h
e
d
i
e
-
p
a
c
k
a
g
e
s
t
r
u
c
t
u
r
e
.

In
t
h
i
s
c
h
a
p
t
e
r
,
t
h
e
t
e
m

p
e
r
a
t
u
r
e

d
e
p
e
n
d
e
n
c
e
o
f

s
o
m
e
o
f

t
h
e

i
m
p
o
r
t
a
n
t

b
u
l
k
p
r
o
p
e
r
t
i
e
s

a
r
e
f
i
r
s
t

d
i
s
c
u
s
s
e
d
.

T
h
e
n

t
h
e

s
i
g
n
i
f
i
c
a
n
c
e

o
f

e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

i
n
t
e
r
a
c
t
i
o
n
s

a
r
i
s
i
n
g

f
r
o
m

t
h
i
s
d
e
p
e
n
d
e
n
c
e

a
r
e

d
e
m
o
n
s
t
r
a
t
e
d

i
n
t
w
o
d
i
f
f
e
r
e
n
t

c
l
a
s
s
e
s

o
f

i
n
t
e
g
r
a
t
e
d
c
i
r
c
u
i
t
s
.

I
n
o
n
e
c
l
a
s
s
o
f

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
s
,

t
h
e
e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

i
n
t
e
r
a
c
t
i
o
n

c
a
u
s
e
s

t
h
e
d
e
g
r
a
d
a
t
i
o
n
o
f
c
i
r
c
u
i
t

p
e
r
f
o
r
m
a
n
c
e
w
h
i
l
e

in
t
h
e

o
t
h
e
r
c
l
a
s
s
o
f

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
s
,
t
h
e
e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

i
n
t
e
r
a
c
t
i
o
n

is
u
t
i
l
i
z
e
d

t
o

im
pr
ov
e

t
h
e
p
e
r
f
o
r
m
a
n
c
e
o
f

i
n
t
e
g
r
a
t
e
d

ci
rc
ui
ts
.

A
f
e
w

e
x
a
m
p
l
e
s
o
f
c
i
r
c
u
i
t

p
e
r
f
o
r
m
a
n
c
e

a
r
e
g
i
v
e
n

f
o
r
b
o
t
h
c
l
a
s
s
e
s

o
f

in
te

g
r
a
t
e
d

c
i
r
c
u
i
t
s
.

2-
2.

T
e
m
p
e
r
a
t
u
r
e
d
e
p
e
n
d
e
n
c
e
o
f

b
u
l
k
p
r
o
p
e
r
t
i
e
s

S
i
n
c
e
t
h
e

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
s
a
r
e

t
y
p
i
c
a
l
l
y
b
u
i
l
t
o
n

s
i
l
i
c
o
n

s
u
b
s
t
r
a
t
e
s
,
s
o
m
e
o
f

t
h
e
p
r
o
p
e
r
t
i
e
s
o
f

s
i
l
i
c
o
n
w
h
o
s
e

t
e
m
p
e
r
a
t
u
r
e

d
e
p
e
n
d
e
n
c
e
s

p
l
a
y

i
m
p
o
r
t
a
n
t

r
o
l
e
s

i
n
t
h
e
p
e
r
f
o
r
m
a
n
c
e

o
f

i
n
t
e
g
r
a
t
e
d

c
i
r

c
u
i
t
s

a
r
e

b
r
i
e
f
l
y
m
e
n
t
i
o
n
e
d

i
n
t
h
i
s
s
e
c
t
i
o
n
.

2
-
2
-
1
.

I
n
t
r
i
n
s
i
c

c
a
r
r
i
e
r

c
o
n
c
e
n
t
r
a
t
i
o
n

O
n
e
o
f

t
h
e
m
o
s
t

i
m
p
o
r
t
a
n
t

t
e
m
p
e
r
a
t
u
r
e

d
e
p
e
n
d
e
n
t

b
u
l
k

p
r
o
p
e
r
t
i
e
s



o
f

s
i
l
i
c
o
n

is
t
h
a
t
o
f

i
n
t
r
i
n
s
i
c

c
a
r
r
i
e
r
c
o
n
c
e
n
t
r
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R

[9
].

Wh
en

R(
T)

is
ex
pa
nd
ed

ab
ou
t

t
h
e
o
p
e
r
a
t
i
n
g
t
e
m
p
e
r
a
t
u
r
e
T

,
w
e

g
e
t

R(T
)
=

R(T
q)
+

£
T

°
2
dT
2

o

(t
-

t
r

+
.

o

T
o

-r
<t
o»
"+
rT
Tt
!t

o

(
T
-
T
)
+

o

f
w
e

d
e
f
i
n
e

T
h
e
n
,

Y
n

=
1

d
R

'R
"
r
T
T
T
d
T

o

R(
T)
-

R(
To
)[
l
+
Yr
(T
-

Tq
)]

(2
-2
0)

(2
-2
1)

(
2
-
2
2
)

1
6
.

f
o
r

s
m
a
l
l

t
e
m
p
e
r
a
t
u
r
e
v
a
r
i
a
t
i
o
n
.

Ty
pi
ca
ll
y,

yr
is

ob
ta
in
ed

em
pi
ri
ca
ll
y

an
d

us
ed

in
pl
ac
e
of

n

t
o
s
p
e
c
i
f
y

t
h
e
t
e
m
p
e
r
a
t
u
r
e

c
o
e
f
f
i
c
i
e
n
c
e
o
f

R.

Ty
pi
ca
l

va
lu
es

of
yR

fo
r

se
ve
ra
l

ty
pe
s
of

re
si
st
or
s

ar
e

gi
ve
n

in
T
a
b
l
e

2-
1,

Fi
g.

2.
4,

Fi
g.

2.
5.

2
-
2
-
3
.

B
r
e
a
k
d
o
w
n
v
o
l
t
a
g
e

Wh
en

a
s
u
f
f
i
c
i
e
n
t
l
y

hi
gh

fi
el
d

is
a
p
p
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te
mp
er
at
ur
e

st
ab
il
iz
ed

su
bs
tr
at
e

sy
st
em

[1
3]
,

sh
ow
n

in
Fi
g.

2.
14
.

T
h
e
o
b
j
e
c
t
i
v
e
o
f

th
e

t
e
m
p
e
r
a
t
u
r
e

s
t
a
b
i
l
i
z
a
t
i
o
n

s
y
s
t
e
m

is
t
o
ho
ld

th
e

c
h
i
p

t
e
m
p
e
r
a
t
u
r
e
c
o
n
s
t
a
n
t
a
t

a
n

e
l
e
v
a
t
e
d

v
a
l
u
e

i
n
d
e
p
e
n
d
e
n
t
o
f

t
h
e



du
e

to
O

^Q
^.

Q
^

F
i
g
.

2
.
1
3

A
c
t
u
a
l

d
c

t
r
a
n
s
f
e
r

c
u
r
v
e

u
n
d
e
r

l
o
a
d
e
d

c
o
n
d
i
t
i
o
n

3
3

-

H
eo

te
r

T
ra

ns
is

to
r

D
if

fe
re

nt
ia

l
A

m
pl

if
ie

r R
ef

er
en

ce
V

ol
ta

ge

Te
m

pe
ra

tu
re

Se
ns

it
iv

e
D

io
d

e

(F
ee

db
ac

k
Se

ns
or

)

/In
su

la
tin

g
/.

Su
bs

tr
at

e

Ci
rc

ui
try

wh
os

e
pe

rfo
rm

an
ce

's
to

be
st

ab
il

iz
ed

(P
rim

ar
y

Se
ns

or
)

F
i
g
.

2
.
1
4
.

E
x
a
m
p
l
e

T
S
S

s
y
s
t
e
m

3
4

.



3
5
.

v
a
r
i
a
t
i
o
n
s

In
a
m
b
i
e
n
t

t
e
m
p
e
r
a
t
u
r
e
s
o

th
at

t
h
e
e
f
f
e
c
t
i
v
e

t
e
m
p
e
r
a
t
u
r
e

s
e
n
s
i
t
i
v
i
t
y
o
f
t
h
e
c
i
r
c
u
i
t
r
y
o
n
t
h
e
c
h
i
p

is
r
e
d
u
c
e
d

b
e
l
o
w
t
h
a
t
o
f
a
n

u
n
s
t
a
b
l
l
i
z
e
d

c
h
i
p
.

T
h
e

s
t
a
b
i
l
i
z
a
t
i
o
n

is
a
c
c
o
m
p
l
i
s
h
e
d
b
y

i
n
c
l
u
d
i
n
g

t
e
m
p
e
r
a
t
u
r
e

s
e
n
s
o
r
,

r
e
f
e
r
e
n
c
e

s
o
u
r
c
e
,

e
r
r
o
r
a
m
p
l
i
f
i
e
r
,

a
n
d
c
o
n
t
r
o
l
l
e
d

h
e
a
t
s
o
u
r
c
e
o
n

t
h
e
c
h
i
p

i
t
s
e
l
f
a
n
d
b
y

i
s
o
l
a
t
i
n
g

t
h
e
c
h
i
p
f
r
o
m

I
t
s

s
u
r
r
o
u
n
d
i
n
g

e
n
v
i
r
o
n
m
e
n
t
a
s

sh
ow
n

in
Fi
g.

2.
14
.

T
y
p
i
c
a
l
l
y

t
h
e
t
e
m

p
e
r
a
t
u
r
e

s
e
n
s
o
r
c
o
n
s
i
s
t
s

o
f
a
d
i
o
d
e
w
h
i
c
h
s
e
n
s
e
s
t
h
e
t
e
m
p
e
r
a
t
u
r
e
o
f

t
h
e
d
i
e
b
y
t
h
e
c
h
a
n
g
e
i
n

it
s

f
o
r
w
a
r
d

v
o
l
t
a
g
e
d
r
o
p
a
s
m
e
n
t
i
o
n
e
d
e
a
r
l
i
e
r

in
th
is

c
h
a
p
t
e
r
.

R
e
f
e
r
e
n
c
e

s
o
u
r
c
e

is
m
a
d
e
o
f
e
i
t
h
e
r
b
a
n
d
g
a
p
c
i
r

cu
it
ry

[1
4]

o
r
a
di
od
e
co
mp
en
sa
te
d

ze
ne
r.

Th
e

fo
rm
er

us
es

th
e

n
e
g
a
t
i
v
e

t
e
m
p
e
r
a
t
u
r
e

c
o
e
f
f
i
c
i
e
n
t
o
f
e
m
i
t
t
e
r
b
a
s
e
j
u
n
c
t
i
o
n
v
o
l
t
a
g
e
j
n

c
o
n
j
u
n
c
t
i
o
n
w
i
t
h
t
h
e
p
o
s
i
t
i
v
e

t
e
m
p
e
r
a
t
u
r
e
c
o
e
f
f
i
c
i
e
n
t

d
e
v
e
l
o
p
e
d

i
n
t
h
e

e
m
i
t
t
e
r
-
b
a
s
e
v
o
l
t
a
g
e
d
i
f
f
e
r
e
n
t
i
a
l

o
f

t
w
o
t
r
a
n
s
i
s
t
o
r
s
o
p
e
r
a
t
i
n
g
a
t

d
i
f
f
e
r
e
n
t

c
u
r
r
e
n
t
d
e
n
s
i
t
i
e
s
t
o
m
a
k
e
a

z
e
r
o
t
e
m
p
e
r
a
t
u
r
e
c
o
e
f
f
i
c
i
e
n
t

r
e
f
e
r
e
n
c
e
,

a
s
s
h
o
w
n

i
n
Fi
g.

2
.
1
5
.

T
h
e

l
a
t
t
e
r
m
a
k
e
s
u
s
e
o
f

t
h
e

po
si

ti
ve

t
e
m
p
e
r
a
t
u
r
e
c
o
e
f
f
i
c
i
e
n
t
o
f
b
r
e
a
k
d
o
w
n

v
o
l
t
a
g
e
o
f
z
e
n
e
r
d
i
o
d
e
a
n
d

th
e
n
e
g
a
t
i
v
e
t
e
m
p
e
r
a
t
u
r
e

co
ef
fi
ci
en
t
o
f
di
od
e
a
s
sh
ow
n

in
Fi
g.

2.
16
.

A
n

i
m
p
o
r
t
a
n
t

c
o
n
s
i
d
e
r
a
t
i
o
n

i
n
t
h
e

l
a
y
o
u
t

o
f

s
u
c
h
c
i
r
c
u
i
t
s

i
s

t
h
a
t
w
h
e
n

t
h
e
a
m
b
i
e
n
t
t
e
m
p
e
r
a
t
u
r
e

v
a
r
i
e
s
,

t
h
e
p
o
w
e
r
d
i
s
s
i
p
a
t
i
o
n

i
n
t
h
e

c
o
n
t
r
o
l
l
e
d

h
e
a
t
s
o
u
r
c
e
m
a
y

v
a
r
y
.

A
s
a

r
e
s
u
l
t

t
e
m
p
e
r
a
t
u
r
e
g
r
a
d
i
e
n
t
s

a
c
r
o
s
s
t
h
e
s
u
r
f
a
c
e
o
f

t
h
e
c
h
i
p
v
a
r
y
a
s

t
h
e
a
m
b
i
e
n
t
t
e
m
p
e
r
a
t
u
r
e
c
h
a
n
g
e
s
.

T
h
e
s
e
v
a
r
y
i
n
g
g
r
a
d
i
e
n
t
s

w
o
u
l
d

in
g
e
n
e
r
a
l

c
a
u
s
e
a
n
o
n
-
u
n
i
f
o
r
m

t
e
m

p
e
r
a
t
u
r
e

d
i
s
t
r
i
b
u
t
i
o
n

a
m
o
n
g
de
vi
ce
s,

fo
r

e
x
a
m
p
l
e
,

m
a
k
i
n
g

u
p
t
h
e

r
e
f
e
r
e
n
c
e

so
ur
ce
s.

C
o
n
s
e
q
u
e
n
t
l
y
,

t
h
e
p
e
r
f
o
r
m
a
n
c
e
o
f
t
h
e
c
i
r
c
u
i
t
r
y

w
h
o
s
e
p
e
r
f
o
r
m
a
n
c
e

is
t
o
b
e
s
t
a
b
i
l
i
z
e
d
c
a
n
b
e
s
e
v
e
r
e
l
y

d
e
g
r
a
d
e
d

a
n
d

c
a
u
s
e

t
h
e
s
e
n
s
i
t
i
v
i
t
y

o
f

th
at

c
i
r
c
u
i
t
r
y

t
o
b
e
m
u
c
h

l
a
r
g
e
r

t
h
a
n
o
t
h
e
r

w
i
s
e

e
x
p
e
c
t
e
d
.

F
i
g
.

2
.
1
5

B
a
n
d
G
a
p

R
e
f
e
r
e
n
c
e

S
o
u
r
c
e

3
6
.



t
o

+

vo
-

vd
(o
)
+

vz
(o
)

M
y
,
+y
2)
(t
-t
o)

If
Y,
+
Y2
-

0,
Vq

*
f(
T)

S
L

z
s
^_

V
V

0
1

+
V

T
-T

»>
+ V
-
V

(0
)
+
Y,
(T

-
T
)

Z
Z

L
O

F
i
g
.

2
.
1
6

D
i
o
d
e
c
o
m
p
e
n
s
a
t
e
d
z
e
n
e
r
v
o
l
t
a
g
e

r
e
f
e
r
e
n
c
e
s
o
u
r
c
e

3
7
.

3
8
.

2
-
4
-
2
.

T
h
e
r
m
a
l

s
h
u
t
d
o
w
n

c
i
r
c
u
i
t

A
n
o
t
h
e
r
e
x
a
m
p
l
e
o
f
t
h
e

u
s
e
o
f
e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

i
n
t
e
r
a
c
t
i
o
n

t
o

i
m

p
r
o
v
e
c
i
r
c
u
i
t

p
e
r
f
o
r
m
a
n
c
e
i
s
t
h
e
t
h
e
r
m
a
l

s
h
u
t
d
o
w
n
c
i
r
c
u
i
t

f
o
r
p
o
w
e
r

v
o
l
t
a
g
e

r
e
g
u
l
a
t
o
r
s

a
n
d
p
o
w
e
r
a
m
p
l
i
f
i
e
r
s

[1
5]
.

T
h
e
s
e
c
i
r
c
u
i
t
s

m
u
s
t

u
s
u
a
l
l
y
w
i
t
h
s
t
a
n
d

lo
ad

f
a
u
l
t
s
,

s
u
c
h
a
s

s
h
o
r
t
c
i
r
c
u
i
t
s
,
w
h
i
c
h
c
a
u
s
e
a
n

i
n
t
e
r
n
a
l

p
o
w
e
r
d
i
s
s
i
p
a
t
i
o
n
o
f
t
w
o
t
o
t
h
r
e
e
t
i
m
e
s
t
h
e

r
a
t
e
d
p
o
w
e
r
o
u
t

pu
t.

U
n
l
e
s
s
t
h
e
p
a
c
k
a
g
e

i
s
c
a
p
a
b
l
e
o
f
d
i
s
s
i
p
a
t
i
n
g
t
h
i
s
a
m
o
u
n
t
o
f

p
o
w
e
r
,

t
h
e
r
e
s
u
l
t
i
s
e
x
c
e
s
s
i
v
e
c
h
i
p
t
e
m
p
e
r
a
t
u
r
e
a
n
d
d
e
v
i
c
e
f
a
i
l
u
r
e
.

T
h
e

p
a
c
k
a
g
e
d
i
s
s
i
p
a
t
i
o
n
r
e
q
u
i
r
e
m
e
n
t
s
,

a
n
d

h
e
n
c
e
c
o
s
t
,
c
a
n

b
e
g
r
e
a
t
l
y

a
l
l
e
v
i
a
t
e
d

b
y

i
n
c
l
u
d
i
n
g
a
c
i
r
c
u
i
t

wh
ic
h,

w
h
e
n
t
h
e
c
h
i
p
t
e
m
p
e
r
a
t
u
r
e

e
x
c
e
e
d
s

a
s
e
t

m
a
x
i
m
u
m

v
a
l
u
e
,

l
i
m
i
t
s
t
h
e

o
u
t
p
u
t

c
u
r
r
e
n
t

o
f

t
h
e

c
i
r
c
u
i
t

a
v
o
i
d
i
n
g
c
a
t
a
s
t
r
o
p
h
e
f
a
i
l
u
r
e
.

A
s
i
m
p
l
i
f
i
e
d

s
c
h
e
m
a
t
i
c
o
f

s
u
c
h
a
c
i
r

c
u
i
t
c
o
n
t
a
i
n
e
d

i
n
t
h
e

u
A
7
8
0
5

1
5
w
a
t
t
m
o
n
o
l
i
t
h
i
c

v
o
l
t
a
g
e
r
e
g
u
l
a
t
o
r

[1
6]

i
s
s
h
o
w
n

In
Fi
g.

2
.
1
7
.

A
s
t
h
e
t
e
m
p
e
r
a
t
u
r
e
o
f

t
h
e
d
i
e

r
i
s
e
s
,

t
h
e

v
o
l
t
a
g
e
d
r
o
p
a
c
r
o
s
s

t
h
e
t
w
o

d
i
o
d
e
s

i
n
s
e
r
i
e
s
d
e
c
r
e
a
s
e
s
,

t
h
e
r
e
b
y

f
u
r
t
h
e
r
f
o
r
w
a
r
d
-
b
i
a
s
i
n
g

t
h
e
t
r
a
n
s
i
s
t
o
r
.

A
t

s
o
m
e
t
h
r
e
s
h
o
l
d
t
e
m
p
e
r
a
t
u
r
e
Q
.

wi
ll

t
u
r
n
o
n
,

d
i
v
e
r
t
i
n
g
t
h
e
c
u
r
r
e
n
t
f
r
o
m
t
h
e
p
o
w
e
r
t
r
a
n
s
i
s
t
o
r
Q
_
.

In
a
t
t
e
m
p
t
i
n
g
t
o
a
r
r
i
v
e
a
t
a
n
o
p
t
i
m
u
m
s
h
u
t
d
o
w
n

c
i
r
c
u
i
t
a
n
d

la
yo
ut
,

t
h
e
p
r
o
b
l
e
m

i
s
e
n
c
o
u
n
t
e
r
e
d

th
at
,

w
h
e
n
t
h
e
c
i
r
c
u
i
t

is
a
c
t
i
v
a
t
e
d
,

a
f
e
e
d
b
a
c
k

l
o
o
p
i
s
c
l
o
s
e
d
w
h
i
c
h

i
n
c
l
u
d
e
s

t
h
e
t
h
e
r
m
a
l

p
a
t
h
f
r
o
m
t
h
e

o
u
t
p
u
t
p
o
w
e
r
t
r
a
n
s
i
s
t
o
r
t
o
t
h
e
t
h
e
r
m
a
l

s
e
n
s
o
r
.

S
i
n
c
e
t
h
e
t
h
e
r
m
a
l

c
a
p
a
c
i
t
a
n
c
e
o
f
t
h
e
ch
ip

is
d
i
s
t
r
i
b
u
t
e
d
,

t
h
i
s
th
er
ma
l

t
r
a
n
s
f
e
r

fu
nc
ti
on

i
s

i
r
r
a
t
i
o
n
a
l

a
n
d
wi
ll

h
a
v
e

l
a
r
g
e

p
h
a
s
e
s
h
i
f
t
a
t
h
i
g
h
f
r
e
q
u
e
n
c
i
e
s
,

d
e
p
e
n
d
i
n
g
o
n
t
h
e
s
e
p
a
r
a
t
i
o
n
o
f

h
e
a
t
s
o
u
r
c
e
a
n
d
t
e
m
p
e
r
a
t
u
r
e
s
e
n
s
o
r
.

F
r
o
m
a
n
a
p
p
l
i
c
a
t
i
o
n

p
o
i
n
t
o
f

v
i
e
w
,

t
h
e

l
o
o
p
m
u
s
t

b
e
s
t
a
b
l
e
a
s
t
h
e
o
u
t

p
u
t

c
u
r
r
e
n
t

i
s

l
i
m
i
t
e
d
.

F
u
r
t
h
e
r
,

l
o
c
a
l
i
z
e
d

d
i
s
s
i
p
a
t
i
o
n

o
f

1
5
w
a
t
t
s



T
em

pe
ra

tu
re

se
ns

it
iv

e
ci

rc
ui

t

E
rr

or
am

pl
if

ie
r

I5
0°

C
T

3
9

.

O
U

T

Fi
g.

2.
17
.

S
i
m
p
l
i
f
i
e
d
s
c
h
e
m
a
t
i
c

o
f

ua
7
8
0
5
1
5
w
a
t
t

m
o
n
o
l
i
t
h
i
c

v
o
l
t
a
g
e

r
e
g
u
l
a
t
o
r
.

.<
*

4
0
.

o
r

m
o
r
e
c
a
n
c
a
u
s
e

t
e
m
p
e
r
a
t
u
r
e
d
i
f
f
e
r
e
n
c
e
o
f

1
0
°
C
-
5
0
°
C
a
c
r
o
s
s

t
h
e
d
i
e
.

T
h
u
s

t
h
e
t
e
m
p
e
r
a
t
u
r
e
s
e
n
s
o
r

i
s
n
o
t
a
t

t
h
e
s
a
m
e
t
e
m
p
e
r
a
t
u
r
e
a
s

t
h
e

po
we
r

t
r
a
n
s
i
s
t
o
r
s
.

Th
is

mu
st

b
e

ta
ke
n

in
to

a
c
c
o
u
n
t

in
s
e
t
t
i
n
g

th
e

t
e
m
p
e
r
a
t
u
r
e
t
h
r
e
s
h
o
l
d
.

Ot
he
r

ap
pl
ic
at
io
ns

o
f
el
ec
tr
o-
th
er
ma
l

in
te
ra
ct
io
ns

t
o

im
pr
ov
e

c
i
r
c
u
i
t
p
e
r
f
o
r
m
a
n
c
e

i
n
c
l
u
d
e
t
h
e
r
m
a
l

s
h
u
t
d
o
w
n
c
i
r
c
u
i
t
s

f
o
r
e
l
e
c
t
r
o

th
er
ma
l

m
u
l
t
i
-
v
i
b
r
a
t
o
r
s

a
n
d
e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

l
o
w
fr
eq
ue
nc
y

fi
lt
er
s
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c
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ra
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ra
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e

th
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ra
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te
r
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ed
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ck
ag
e
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ru
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ur
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mp
ti
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e
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de
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d
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ns
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e
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mp
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ed
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al
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de
l
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in
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en

th
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te
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en
ce
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at
io
n

o
f
th
e
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ow
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a
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ed
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o
f
th
e
di
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e
st
ru
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e
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re
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le
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ra
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at
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c
k
a
g
e

s
t
r
u
c
t
u
r
e
s

Th
er
e

ar
e

th
re
e

ty
pe
s

of
we
ll
-e
st
ab
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at
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ra
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ra
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c
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al
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e
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ag
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er
ma
l

co
nt
ac
t.
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c
k
a
g
e

d
i
c
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c
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i
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h
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c
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c
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b
u
t
i
o
n
o
n
t
h
e
t
o
p

s
u
r
f
a
c
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b
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c
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e
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c
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c
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c
i
r
c
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p
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i
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e
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.
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p
l
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i
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c
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p
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p
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b
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y
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e
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r
i
c
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l
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i
n
i
t
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d
i
f
f
e
r
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c
e
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p
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o
a
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i
t
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t
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s
e
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c
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p
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c
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e
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x
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p
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r
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p
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t
a
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o
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o
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r
u
c
t
u
r
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u
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p
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c
h
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o
t
h
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l
u
m
p
e
d
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e
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i
n
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c
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r
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c
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b
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3.
3(
a)
.

E
a
c
h
s
u
b
r
e
g
i
o
n

c
a
n
b
e
r
e
p
r
e
s
e
n
t
e
d
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a
s
e
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o
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s
i
x
t
h
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r
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i
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c
i
t
o
r

a
s
wi
ll

b
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u
b
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3.
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sh
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Fi
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3(
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r

th
is

su
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u
g
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e
c
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c
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e
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c
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p
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b
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c
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b
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c
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=
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*
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*
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A
t
t
h
i
s
p
o
i
n
t
w
e

c
a
n
c
o
n
s
t
r
u
c
t

a
n
a
n
a
l
o
g
m
o
d
e
l
f
o
r
t
h
e

t
h
e
r
m
a
l
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y
s
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e
m
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n
w
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i
c
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c
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r
r
e
n
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o
l
t
a
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a
n
d
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c
o
n
d
u
c
t
a
n
c
e
i
n
e
l
e
c
t
r
i
c
a
l
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y
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e
m
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r
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e
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o
n
d
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o
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o
w
e
r
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e
m
p
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r
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t
u
r
e
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a
n
d

t
h
e
r
m
a
l

c
o
n
d
u
c
t
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n
c
e
.
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n
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n
e
c
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n
e
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s
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y
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e
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o
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h
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t
t
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c
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c
e

G_
H

is
gi
ve
n

by

a
n
d

GT
H
=
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p
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S
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l
a
r
l
y
,

w
e
c
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n
c
a
l
c
u
l
a
t
e

t
h
e
r
m
a
l
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o
n
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u
c
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c
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r

d
i
r
e
c
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c
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b
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c
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h
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h
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(T
.
-

T.
)/
Rf
l.

i
n

o
u
t

i
n

.L
.

A
i

A
i

i
=
l

£j
v°

*C>
T
d
V

(3
-2
7)

w
h
e
r
e

T
.

i
s
t
h
e

t
e
m
p
e
r
a
t
u
r
e

o
f

t
h
e

n
o
d
e

A
,

R.
.

is
th
e

th
er
ma
l

re
si
st
an
ce

b
e
t
w
e
e
n

no
de

A
an
d

it
s
a
d
j
a
c
e
n
t

n
o
d
e

i,



N
is

t
h
e

to
ta
l

n
u
m
b
e
r
o
f

n
o
d
e
s
c
o
n
n
e
c
t
e
d

t
o
n
o
d
e

A.

I
f
w
e

a
s
s
u
m
e

t
h
a
t

T
=

T
=

c
o
n
s
t
a
n
t

A

w
i
t
h
i
n

t
h
i
s
v
o
l
u
m
e

e
l
e
m
e
n
t
,

t
h
e
n

T
h
e
r
e
f
o
r
e

P.
-
P

,.
=

pc
V
£

i
n

o
u
t

d
t

CT
H
=

pc
V

6
1
.

(3
-2
8)

(3
-2
9)

Th
e

re
su
lt
in
g

eq
ui
va
le
nt

ci
rc
ui
t

em
pl
oy
in
g
as
ym
me
tr
ic
al

ap
pr
oa
ch

fo
r

th
e
ex
am
pl
e
of

Fi
g.

3-
9(
a)

is
sh
ow
n

in
Fi
g.

3.
9(
b)
.

Th
e

id
en
ti
ca
l

th
er
ma
l

ne
tw
or
k

is
fo
rm
ed

fo
r

th
e

po
rt
io
n
o
f

th
e

he
ad
er

di
re
ct
ly

un
de
rn
ea
th

t
h
e
di
e.

In
a
d
d
i
t
i
o
n
t
o
th
es
e

th
er
ma
l

no
de
s,

se
ve
ra
l

ad
di
ti
on
al

no
de
s

ar
e

cr
ea
te
d

al
on
g

th
e
ou
ts
id
e

ed
ge
s
o
f
th
e

re
ct
an
gu
la
r

he
ad
er

as
sh
ow
n

in
Fi
g.

3.
9(
a)
.

Ob
vi
ou
sl
y

th
e
de
ns
it
y

of
th
er
ma
l

no
de
s

in
th
e

he
ad
er

re
gi
on

no
t
di
re
ct
ly

un
de
rn
ea
th

th
e

di
e

is
sp
ar
se
.

Ho
w

ev
er

th
is

ar
ra
ng
em
en
t

is
ad
eq
ua
te

to
mo
de
l

th
e

th
er
ma
l

be
ha
vi
or

of
th
e

re
gi
on

re
mo
te

fr
om

th
e
ac
ti
ve

de
vi
ce

lo
ca
ti
on
s.

A
ty
pi
ca
l

su
br
eg
io
n

o
f

th
e
di
e-
he
ad
er

sa
nd
wi
ch

is
sh
ow
n

in
Fi
g.

3.
10
.

Th
e

re
si
st
an
ce

le
ad
in
g

to
th
e
am
bi
en
t

re
pr
es
en
ts

a
po
rt
io
n

of
th
e

ju
nc
ti
on
-t
o-
am
bi
en
t

th
er
ma
l

re
si
st
an
ce
.

Ea
ch

su
br
eg
io
n

ha
s
on
e

th
er
ma
l

re
si
st
an
ce

le
ad
in
g

to
th
e
am
bi
en
t

an
d

it
s
co
nd
uc
ta
nc
e

is
sc
al
ed

ac
co
rd
in
g

to
th
e

bo
tt
om

ar
ea

of
th
e

su
br
eg
io
n.

Th
er
ef
or
e

th
e

va
lu
es

of
th
es
e

re
si
st
an
ce
s

mu
st

be
ob
ta
in
ed

nu
me
ri
ca
ll
y

so
as

to
ad
ju
st

th
e

to
ta
l

ju
nc
ti
on

to
am
bi
en
t

th
er
ma
l

re
si
st
an
ce

to
a
us
er
-s
pe
ci
fi
ed

va
lu
e.

In
th
e

pr
og
ra
m
de
ve
lo
pe
d

th
e

te
mp
er
at
ur
e

is
ca
lc
ul
at
ed

tw
ic
e

on
th
e

to
p
su
rf
ac
e

of
th
e

ch
ip

at

d
e
v
i
c
e

l
o
c
a
t
i
o
n

s
u
b
r
e
g
i
o
n

d
i
e

6
2
,

h
e
a
d
e
r

Fi
g.

3
.
9

(a
)

ex
am
pl
e
o
f
a
s
y
m

m
e
t
r
i
c
a
l

n
e
t
w
o
r
k

(b
)

lu
mp
ed

mo
de
l

fo
r

a
s
u
b
r
e
g
i
o
n



6
3

.

A
p

o
rt

io
n

o
f

ju
n

c
ti

o
n

to
a

m
b

ie
n

t
th

e
r
m

a
l

r
e
s
is

ta
n

c
e

T
AM

B

Fi
g.

3
.
1
0

A
ty
pi
ca
l

s
u
b
r
e
g
i
o
n
o
f
t
h
e
d
i
e
-
h
e
a
d
e
r

s
a
n
d
w
i
c
h

6
4

.

tw
o
di
ff
er
en
t

se
ts

o
f

th
is

in
te
rf
ac
e
co
nd
uc
ta
nc
e,

1.
5G
_„

an
d

2.
0G
_.
,

T
H

T
H

wh
er
e

G_
H

is
th
e
us
er
-s
pe
ci
fi
ed

ju
nc
ti
on
-t
o-
am
bl
en
t

th
er
ma
l

co
nd
uc

ta
nc
e.

(T
ha
t

Is
,

th
e

th
er
ma
l

co
nd
uc
ta
nc
e
of

1.
5G
_U

an
d

2.
0G
-,

ar
e

T
n

T
H

d
i
s
t
r
i
b
u
t
e
d
o
v
e
r
t
h
e
b
o
t
t
o
m
s
u
r
f
a
c
e
o
f

th
e

he
ad
er
,

in
p
r
o
p
o
r
t
i
o
n
t
o

t
h
e
b
o
t
t
o
m
a
r
e
a
.
)

T
h
e

fi
na
l

v
a
l
u
e
o
f

t
h
i
s

i
n
t
e
r
f
a
c
e
c
o
n
d
u
c
t
a
n
c
e

is

l
i
n
e
a
r
l
y

i
n
t
e
r
p
o
l
a
t
e
d
.

If
t
h
e
e
x
a
c
t
v
a
l
u
e

Is
d
e
s
i
r
e
d

s
e
v
e
r
a
l

it
er
a

t
i
o
n
s

wi
ll

b
e
n
e
c
e
s
s
a
r
y
.

Tw
o

th
er
ma
l

ne
tw
or
k

fo
rm
at
io
n

al
go
ri
th
ms

we
re

w
r
i
t
t
e
n

to
im
pl
e

me
nt

th
is

ap
pr
oa
ch
.

Th
e

fi
rs
t

a
l
g
o
r
i
t
h
m

fo
rm
s
a

tr
ia
ng
ul
ar

th
er
ma
l

n
e
t
w
o
r
k

f
o
r
m
a
t
i
o
n
a
t
t
h
e
e
x
p
e
n
s
e
o
f

la
rg
e

th
er
ma
l

n
o
d
e

co
un
t.

T
h
e

s
e
c
o
n
d

a
l
g
o
r
i
t
h
m

f
o
r
m
s
t
h
e
n
e
t
w
o
r
k

i
n
a

d
i
f
f
e
r
e
n
t

m
a
n
n
e
r

f
r
o
m

t
h
a
t
o
f

t
h
e
fi
rs
t

a
l
g
o
r
i
t
h
m

t
y
p
i
c
a
l
l
y

r
e
s
u
l
t
i
n
g

in
s
m
a
l
l
e
r

th
er
ma
l

n
o
d
e
co
un
t.

H
o
w
e
v
e
r
,

t
h
i
s
a
l
g
o
r
i
t
h
m
d
o
e
s
n
o
t
a
l
w
a
y
s

c
o
m
p
l
e
t
e

t
h
e
n
e
t
w
o
r
k

f
o
r
m
a
t
i
o
n

s
u
c
c
e
s
s
f
u
l
l
y
.

T
o
e
n
s
u
r
e

it
s
s
u
c
c
e
s
s

s
o
m
e
e
x
t
r
a
d
a
t
a
m
u
s
t
b
e
e
n
t
e
r
e
d
.

T
h
e
fi
rs
t
a
l
g
o
r
i
t
h
m
wa
s

in
co
rp
or
at
ed

in
to

pr
og
ra
ms

T
-
S
P
I
C
E
2
A

an
d

T-
iP
IC
E2
B.

Th
e

se
co
nd

al
go
ri
th
m

Is
se
pa
ra
te
ly

wr
it
te
n

In
th
e

pr
og
ra
m

T-
SP
IC
E2
C.

(T
-S
PI
CE
2A

an
d
T-
SP
IC
E2
B

ar
e

In
tr
od
uc
ed

in
th
e

ne
xt

ch
ap

te
r.

Fo
r
t
h
e
de
ta
il

o
f

th
e
t
w
o
a
l
g
o
r
i
t
h
m
s
s
e
e
A
p
p
e
n
d
i
x

3.
)

Si
nc
e

th
e

de
vi
ce
s

ar
e

no
t
al
wa
ys

lo
ca
te
d
s
o
as

to
fo
rm

a
ne
tw
or
k
o
f
tr
ia
ng
le
s

w
h
o
s
e

in
ne
r
an
gl
es

a
r
e
al
l

le
ss

th
an

9
0
de
gr
ee
s,

so
me

ad
di
ti
on
al

no
de
s

h
a
v
e
t
o
b
e
c
r
e
a
t
e
d

t
o
e
n
s
u
r
e

th
is

r
e
q
u
i
r
e
m
e
n
t

is
me
t.

In
a
d
d
i
t
i
o
n

t
o

th
is
,
a

pr
op
er

ma
tc
hi
ng

o
f
bo
un
da
ry

co
nd
it
io
ns

ar
ou
nd

th
e
ed
ge
s
o
f
th
e

re
ct
an
gu
la
r

st
ru
ct
ur
e

re
qu
ir
es

th
at

mo
re

no
de
s

be
cr
ea
te
d

al
on
g

th
e

ou
ts
id
e

ed
ge
s.

Du
e

to
th
es
e
di
ff
ic
ul
ti
es
,

th
e
al
go
ri
th
ms

ty
pi
ca
ll
y

c
r
e
a
t
e

t
h
r
e
e

t
o

f
i
v
e

t
i
m
e
s

t
h
e

n
u
m
b
e
r

o
f

t
o
t
a
l

d
e
v
i
c
e

l
o
c
a
t
i
o
n
s

f
o
r

ea
ch

la
ye
r.

No
te

th
at

th
er
e

do
es

no
t

ex
is
t
a
un
iq
ue

wa
y
o
f

fo
rm
in
g

th
er
ma
l

ne
tw
or
ks
..

Al
th
ou
gh

th
is

is
co
ns
id
er
ab
ly

be
tt
er



6
5
.

th
an

th
e

sy
mm
et
ri
ca
l

fi
ni
te

ap
pr
ox
im
at
io
n

me
th
od
,

mo
re

im
pr
ov
em
en
t

ca
n

b
e
m
a
d
e
.

T
h
e

t
o
t
a
l

n
u
m
b
e
r
o
f

n
o
d
e
s
c
r
e
a
t
e
d
o
n

t
h
e
h
e
a
d
e
r

l
a
y
e
r
I
s

sl
ig
ht
ly

gr
ea
te
r

th
an

th
at

fo
r
ch
ip

pl
an
e.

Th
re
e

im
po
rt
an
t

li
mi
ta
ti
on
s

ar
is
e

fr
om

th
is

mo
de
li
ng

ap
pr
oa
ch

[1
2]

Th
e

fi
rs
t

is
th
at

in
ci
rc
ui
ts

w
h
i
c
h

c
o
n
t
a
i
n
o
n
l
y
a

fe
w
c
i
r
c
u
i
t

e
l
e
m
e
n
t
s

wh
ic
h
ar
e
wi
de
ly

sp
ac
ed

ph
ys
ic
al
ly
,

th
e

th
er
ma
l

mo
de
l

wi
ll

no
t
co
nt
ai
n

en
ou
gh

th
er
ma
l

no
de
s

to
pr
ed
ic
t
ac
cu
ra
te
ly

th
e
ch
ip

te
mp
er
at
ur
e

di
s

tr
ib
ut
io
n.

To
av
oi
d

th
is

pr
ob
le
m,

th
e
us
er

mu
st

in
tr
od
uc
e
ad
di
ti
on
al

no
de
s

to
in
su
re

th
at

no
po
in
t
o
n
th
e

su
rf
ac
e
o
f

th
e
ch
ip

is
se
pa
ra
te
d

fr
om

it
s
ad
ja
ce
nt

no
de

by
mo
re

th
an

Al
wh
er
e

Al
is

to
be

ch
os
en

co
n

si
st
en
t
wi
th

th
e
ac
cu
ra
cy

de
si
re
d.

Th
is

po
in
t

wi
ll

be
di
sc
us
se
d

mo
re

i
n
d
e
t
a
i
l

i
n

t
h
e

n
e
x
t

s
e
c
t
i
o
n
.

A
se
co
nd

im
po
rt
an
t

li
mi
ta
ti
on

is
th
at

th
e

he
at

so
ur
ce
s
a
r
e

re
pr
es
en
te
d

as
po
in
t

so
ur
ce
s,

an
d

th
e

te
mp
er
at
ur
e

se
ns
it
iv
it
y
of

an
y

el
em
en
t

is
lo
ca
li
ze
d
a
t
on
e

po
in
t.

De
vi
ce

st
ru
ct
ur
es

ar
e
of
te
n

e
n
c
o
u
n
t
e
r
e
d
w
h
i
c
h
a
r
e
d
i
s
t
r
i
b
u
t
e
d
o
v
e
r
a

l
a
r
g
e
a
r
e
a
,

la
rg
e

r
e
s
i
s
t
o
r
s

an
d

po
we
r

re
si
st
or
s

be
in
g

th
e
be
st

ex
am
pl
es
.

Th
es
e

st
ru
ct
ur
es

ca
n

be

ac
cu
ra
te
ly

mo
de
le
d

by
th
e

us
er

of
th
e

pr
og
ra
m

by
re
pr
es
en
ti
ng

th
em

as

be
in
g

co
mp
os
ed

of
a

nu
mb
er

of
in
di
vi
du
al

de
vi
ce
s

co
nn
ec
te
d

In
pa
ra
ll
el

or
se
ri
es

as
ap
pr
op
ri
at
e.

Ea
ch

of
th
e

in
di
vi
du
al

de
vi
ce
s

ha
s
a

di
f

fe
re
nt

ph
ys
ic
al

lo
ca
ti
on
.

Su
ch

an
ap
pr
oa
ch

is
pa
rt
ic
ul
ar
ly

im
po
rt
an
t

in
th
e

mo
de
li
ng

of
po
we
r

tr
an
si
st
or
s
wh
er
e

no
nu
ni
fo
rm

cu
rr
en
t

di
s

tr
ib
ut
io
n

in
th
e
de
vi
ce

is
a
n

im
po
rt
an
t

th
er
ma
l

ef
fe
ct
.

A
th
ir
d

im
po
rt
an
t

li
mi
ta
ti
on

is
th
at

si
nc
e

th
e

th
er
ma
l

no
de
s

ar
e
se
pa
ra
te
d

by
a
di
st
an
ce

on
th
e
or
de
r

of
th
e
el
ec
tr
ic
al

de
vi
ce

se
pa
ra
ti
on
,

th
er
ma
l

ph
en
om
en
on

wh
ic
h

ta
ke

pl
ac
e
ov
er

di
st
an
ce
s

sh
or
te
r

th
an

th
is

ar
e

no
t

we
ll

mo
de
le
d.

Th
us
,

fo
r

ex
am
pl
e,

ce
rt
ai
n

se
lf
-

6
6
.

h
e
a
t
i
n
g

e
f
f
e
c
t
s
w
h
i
c
h
o
c
c
u
r
i
n
ve
ry

sm
al
l

g
e
o
m
e
t
r
y
d
e
v
i
c
e
s

o
p
e
r
a
t
e
d

a
t
hi
gh

po
we
r

d
e
n
s
i
t
i
e
s
w
i
t
h
sh
or
t

pu
ls
e
w
i
d
t
h
s

wi
ll

no
t
b
e
a
c
c
u
r
a
t
e
l
y

pr
ed
ic
te
d.

Su
ch

p
h
e
n
o
m
e
n
o
n

de
pe
nd

h
e
a
v
i
l
y
o
n
t
h
e
t
e
m
p
e
r
a
t
u
r
e

di
st
ri

b
u
t
i
o
n

w
i
t
h

a
f
e
w

t
e
n
s
o
f

m
i
c
r
o
n
s

o
f

t
h
e

d
e
v
i
c
e

i
n
t
h
e

v
e
r
t
i
c
a
l

a
n
d

h
o
r
i
z
o
n
t
a
l

d
i
r
e
c
t
i
o
n
s
.

T
h
e
r
m
a
l

c
a
p
a
c
i
t
a
n
c
e
a
s
s
o
c
i
a
t
e
d
w
i
t
h
t
h
e
d
i
e
-
p
a
c
k
a
g
e

s
t
r
u
c
t
u
r
e

o
t
h
e
r

t
h
a
n
t
h
o
s
e
a
l
r
e
a
d
y
m
e
n
t
i
o
n
e
d
c
a
n

b
e

i
n
c
l
u
d
e
d

i
n
a

l
u
m
p
e
d
f
o
r
m

a
r
o
u
n
d
t
h
e
o
u
t
s
i
d
e
e
d
g
e
s
o
f
t
h
e
h
e
a
d
e
r
.

H
o
w
e
v
e
r

t
h
i
s
w
a
s
n
o
t
d
o
n
e
i
n

a
n
a
c
t
u
a
l

a
n
a
l
y
s
i
s
o
f
t
h
e
p
r
o
g
r
a
m
d
u
e
t
o
t
h
e
f
o
l
l
o
w
i
n
g

re
as
on
s:

(1
)

In
m
o
s
t
c
a
s
e
s

t
h
e
th
er
ma
l

t
i
m
e
c
o
n
s
t
a
n
t

a
s
s
o
c
i
a
t
e
d
w
i
t
h

th
is

p
o
r

t
i
o
n
o
f

t
h
e
s
t
r
u
c
t
u
r
e

i
s
v
e
r
y

l
a
r
g
e
a
n
d

t
h
e
d
e
t
a
i
l
s
o
f

t
h
e
r
m
a
l

b
e
h
a
v
i
o
r

i
n

t
h
i
s

o
r
d
e
r
o
f

t
i
m
e

s
c
a
l
e

i
s

o
f

n
o

i
n
t
e
r
e
s
t
.

(2
)

W
h
e
n
w
i
d
e
l
y
s
e
p
a
r
a
t
e
d

t
i
m
e
c
o
n
s
t
a
n
t
s

a
r
e

i
n
v
o
l
v
e
d

i
n
t
h
e
t
r
a
n
s
i
e
n
t

a
n
a
l
y
s
i
s
,

t
h
e
c
o
s
t
o
f
c
o
m
p
u
t
a
t
i
o
n

b
e
c
o
m
e
s

e
x
c
e
s
s
i
v
e
.

T
h
i
s

is

p
a
r
t
i
c
u
l
a
r
l
y

t
r
u
e

In
t
h
e

li
gh
t
o
f
t
h
e
fa
ct

t
h
a
t
t
h
e
r
a
t
i
o
o
f
t
h
e

'
s
m
a
l
l
e
s
t
e
l
e
c
t
r
i
c
a
l

t
i
m
e
c
o
n
s
t
a
n
t
a
n
d

t
h
e

l
a
r
g
e
s
t
t
h
e
r
m
a
l

t
i
m
e

c
o
n
s
t
a
n
t

c
o
u
l
d
b
e
a
s

l
a
r
g
e
a
s

1
0

.

I
f
o
n
e

i
s

i
n
t
e
r
e
s
t
e
d

i
n

t
h
e

t
h
e
r
m
a
l

b
e
h
a
v
i
o
r

i
n

t
h
e

t
i
m
e

s
c
a
l
e

o
f

t
h
e
r
m
a
l

t
i
m
e
c
o
n
s
t
a
n
t
e
n
e
r
g
y
s
t
o
r
a
g
e
e
l
e
m
e
n
t
s
o
f

t
h
e
s
y
s
t
e
m
,

o
n
e

c
a
n
s
i
m
p
l
y

n
e
g
l
e
c
t

t
h
e
e
l
e
c
t
r
i
c
a
l

e
n
e
r
g
y

s
t
o
r
a
g
e

e
l
e
m
e
n
t
s
.

T
h
e
e
f
f
e
c
t
s
o
f

b
o
n
d
i
n
g
w
i
r
e
s
a
n
d
v
o
i
d
s
a
r
e
n
o
t

i
n
c
l
u
d
e
d

i
n
t
h
e

p
r
e
s
e
n
t

p
r
o
g
r
a
m
b
u
t
g
r
o
u
n
d
w
o
r
k
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o
u
t
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s
u
c
h
a
w
a
y

th
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t
h
e
i
r

i
n
c
l
u
s
i
o
n
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s
t
r
a
i
g
h
t
f
o
r
w
a
r
d
.

3-
5.

E
r
r
o
r

a
n
a
l
y
s
i
s
o
f

th
e

f
i
n
i
t
e

d
i
f
f
e
r
e
n
c
e

a
p
p
r
o
x
i
m
a
t
i
o
n

T
h
e
e
r
r
o
r

i
n
t
r
o
d
u
c
e
d

b
y
t
h
e
f
i
n
i
t
e

d
i
f
f
e
r
e
n
c
e

a
p
p
r
o
x
i
m
a
t
i
o
n

i
n
t
h
r
e
e
-
d
i
m
e
n
s
i
o
n
a
l

c
a
s
e
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i
n
g
e
n
e
r
a
l

d
i
f
f
i
c
u
l
t
t
o
e
v
a
l
u
a
t
e
.

W
e
w
i
l
l
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h
i
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n
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i
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o
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p
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m
b
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n
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re
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e
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e
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v
e
r
t
i
c
a
l
d
i
r
e
c
t
i
o
n
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i
s
l
i
n
e
a
r
.

T
h
a
t
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,

=
c
o
n
s
t
a
n
t
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-3
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X
t
z
y
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C
o
n
s
t
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t

Th
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a
s
s
u
m
p
t
i
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n
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r
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b
l
e

b
e
c
a
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s
e
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s
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l
i
c
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n
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h
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g
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h
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r
m
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l
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n
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c
t
i
v
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t
y

m
a
t
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r
i
a
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a
n
d
u
s
u
a
l
l
y
v
e
r
y

t
h
i
n
.

A
n
y
h
e
a
t
g
e
n
e
r
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o
n
t
h
e
t
o
p
s
u
r
f
a
c
e
o
f
t
h
e
c
h
i
p
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f
l
o
w
m
a
i
n
l
y
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d
i
r
e
c
t
i
o
n
.

O
b
v
i
o
u
s
l
y
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t
h
e
h
e
a
t
g
e
n
e
r
a
t
e
d

is
u
n
i
f
o
r
m
o
v
e
r
t
h
e
e
n
t
i
r
e

s
u
r
f
a
c
e
o
f

th
e

ch
ip
,

th
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is
a
c
o
r
r
e
c
t
a
s
s
u
m
p
t
i
o
n

a
s
i
d
e
f
r
o
m
s
l
i
g
h
t

d
e
v
i
a
t
i
o
n

a
r
o
u
n
d

t
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e
e
d
g
e
s
o
f
t
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e
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.

T
h
e
v
a
l
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d
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t
y
o
f

t
h
i
s
a
s
s
u
m
p
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m
a
y
b
e
v
i
o
l
a
t
e
d

i
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(1
)

t
h
e
he
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s
o
u
r
c
e
o
n
t
h
e
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o
p
s
u
r
f
a
c
e
o
f
t
h
e
c
h
i
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n
a
r
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o
w
l
y
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o
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f
i
n
e
d
i
n
a
n
a
r
e
a
s
m
a
l
l
e
r
c
o
m
p
a
r
e
d
t
o
m
e
s
h
s
i
z
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;

(2
)

th
e

he
ad
er

ma
te
ri
al

Is
ma
de

o
f
a

ma
te
ri
al

o
f

hi
gh

th
er
ma
l

c
o
n
d
u
c

t
i
v
i
t
y
.

Wi
th

th
is

a
s
s
u
m
p
t
i
o
n

t
h
e
e
r
r
o
r
a
n
a
l
y
s
i
s

Is
m
a
d
e
e
s
s
e
n
t
i
a
l
l
y

t
w
o

d
i
m
e
n
s
i
o
n
a
l
.

Fi
rs
t
w
e
c
a
l
c
u
l
a
t
e

t
h
e
e
r
r
o
r

in
t
e
m
p
e
r
a
t
u
r
e

i
n
t
r
o
d
u
c
e
d

b
y
t
h
e

f
i
n
i
t
e
d
i
f
f
e
r
e
n
c
e
a
p
p
r
o
x
i
m
a
t
i
o
n
.

L
e
t
u
s
a
s
s
u
m
e

t
h
a
t
t
h
e
t
e
m
p
e
r
a
t
u
r
e

di
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ve
n
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T(
x,

y,
z)
.

Re
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g
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g.

3.
8,
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oo
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th
e
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in
t
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"
a
s

th
e
or
ig
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o
f
X
a
n
d
Y
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r

c
o
o
r
d
i
n
a
t
e
s
a
n
d
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t

th
e

li
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s
e
g
m
e
n
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B
b
e
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e
X
ax
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.
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w
e
T
a
y
l
o
r

e
x
p
a
n
d

t
h
e
t
e
m
p
e
r
a
t
u
r
e

d
i
s
t
r
i
b
u
t
i
o
n
T
al
on
g

X
ax
is

ab
ou
t

t
h
e
or
ig
in
,
w
e
o
b
t
a
i
n

x
+

T(
x,

0,
0)
=

T(
0,

0,
0)
+|

J
X
s
y
«
z
a
0

J.
A

2!
dx
2

"
d
x
3

x3
+

x
=
y
=
z
=
0

6$
.

x
=
y
=
2
=
0

(3
-3
1)

Th
e

ex
ac
t

te
mp
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ur
e
di
ff
er
en
ce

(T
»J
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Ar
T

be
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n
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o

no
de
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=
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a
n
d
x
=
x
-

i
s
g
i
v
e
n
b
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V
E
X
A
C
T
"

TA
"
TB
°
T
<
V

0'
0)
"
T
(
V

°'
0)

~
d
T

°
"

d
7
I

A
'
d3
T

1
x
=
y
=
z
=
0

d
x

w
h
e
r
e

A
x
•

x
_
-
x
.
,
a
n
d
w
e

u
s
e
d

t
h
e

f
a
c
t
t
h
a
t

h
-

x2

x
=
y
=
z
=
0

Ax
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~
4
~

T
h
e
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te
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ff
er
en
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a
p
p
r
o
x
i
m
a
t
i
o
n
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ve
s,
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Eq
.

(3
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7)

(3
-3
2)
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PR
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I
x.
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-^

A
x

(3
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3)

X
s
y
s
z
o
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T
h
e
r
e
f
o
r
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t
h
e

f
i
r
s
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o
r
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e
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o
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W
a
p
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o
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N
o
w

w
e

c
a
l
c
u
l
a
t
e

t
h
e

e
r
r
o
r

i
n
h
e
a
t

f
l
o
w
.

L
e
t

u
s

f
i
r
s
t

d
e
f
i
n
e

f(y
.

z)
.
£1

x
=
0

(3
-3
5)

Th
en
,

th
e

ex
ac
t

am
ou
nt

of
he
at

fl
ow

(p
AB
)E
XA
CT

fr
om

no
de
A

to
no
de
B

is
g
i
v
e
n
b
y

^
E
X
A
C
T
-
V

J
f(y

'
z)
dy
dz

(3
-3
6)

z
l
y
l

If
w
e
Ta
yl
or

ex
pa
nd

f
in

t
h
e
y
a
n
d
z
di
re
ct
io
ns

ab
ou
t

th
e
o
r
i
g
i
n
w
e

o
b
t
a
i
n
, f(y

.z
)=
f(
o,

o)
+(

y|
i|
+2
f|
)+
i(
,2
14

'
'

•
3
y

+
z
2

A 3z
2
*
^
I
,3
3f
|
.
-
2

33
f

)
+
y
r
(
—
+

3y
z
—
2
—

>
ay
*1

3y
3z

+
3y
z2
j£
j)
+
.
.

3y
3z

I

+
2
y
z

>
2f

3
y
3
z (3
-3
7)

w
h
e
r
e

al
l

t
h
e
d
e
r
i
v
a
t
i
v
e
s

a
r
e
e
v
a
l
u
a
t
e
d
a
t
y
=
z
=

0.
Th
us

w
e
ob
ta
in
,

z)
dy
dz

=
-k
{f
(0
,

0)
Ay
Az

(
P

)
v
A
B
'
E
X
A
C
T
=-

Jf
2H

v.
zi

yi

2
3
y

y2.
z,

+i
|i

Y
i

z2
Ay
]

+
1(
1
y3
£
1

2<
3y

3y2
y2

.
,

2f
y2
z2

Y
i

Y
i

Z
i

2
2

+
iz

3
4

3
3Z
2

1

Ay
]

)
+

z
.

1
'
1

7
0
.

(3
-3
8)

wh
er
e

Az
=

z2
-

Zj
,

Ay
=

y2
-

y^

No
w

if
w
e
us
e

th
e
as
su
mp
ti
on

Eq
.

(3
~3
0)
,

th
e

th
ir
d,

fi
ft
h

an
d

si
xt
h

te
rm
s
o
n
t
h
e
.
r
i
g
h
t
-
h
a
n
d

si
de

va
ni
sh
.

O
b
v
i
o
u
s
l
y

if
"
O
"

is
t
h
e
m
i
d
p
o
i
n
t

o
f
t
h
e

li
ne

se
gm
en
t

z.
Z-
,

t
h
e
th
ir
d
a
n
d
fi
ft
h

te
rm
s

va
ni
sh

in
de
pe
nd
en
t

o
f

th
e

as
su
mp
ti
on

Eq
.

(3
~3
0)
.

If
w
e

fu
rt
he
r

as
su
me

th
at

"
0
"

is
th
e

mi
dp
oi
nt

of
Yi
Y2
»

th
en

th
e

se
co
nd

te
rm

al
so

va
ni
sh
es
.

In
ge
ne
ra
l,

th
is

wi
ll

no
t

be
th
e

ca
se
.

Ho
we
ve
r,

fo
r

mo
st

ca
se
s,

|y
.|

=
|y
.|

an
d

th
us

th
e

se
co
nd

te
rm

w
h
e
n
e
v
a
l
u
a
t
e
d

wi
ll

b
e
sm
al
l.

In
a
d
d
i
t
i
o
n
t
o
th
is
,

th
e

fo
ur
th

te
rm

is
ma
xi
mi
ze
d
wh
en

we
se
t

|y
.|

=
|y
.|
.

Fo
r

th
es
e

re
as
on
s

we
le
t

|y
j|
=

|y
2|

in
Eq
.

(3
~3
8)

to
ob
ta
in

<P
AB
)E
XA
CT
--
kl
f«
'-
0>
""
+^
r£
ri

]
+

(3
-3
9)

1

Th
e

fi
ni
te

di
ff
er
en
ce

ap
pr
ox
im
at
io
n
o
n

th
e
ot
he
r

ha
nd

gi
ve
s

fr
om

Eq
.

(3
-1
8)

(P
AB
,A
PP
R0
X"
-k
l^
lo
Ay
Az
-c
os
o-
-k
l7

A
y
A
z

x
=
y
=
z
=
0

=
-k
f(
0,

0
)
A
y
A
z

(3
-4
0)

T
h
e
r
e
f
o
r
e

t
h
e
f
i
r
s
t

o
r
d
e
r
e
r
r
o
r
A
P
.
-

is
g
i
v
e
n
b
y
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us
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e
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%
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s
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e

sq
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o
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si
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c
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c
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r
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at
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a

pe
r

ce
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ag
e

er
ro
r

in
te
mp
er
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ur
e
di
st
ri
bu
ti
on

be
ca
us
e

po
we
r

di
ss
ip
at
io
n

wi
th
in

el
em
en
ts

o
n

th
e

to
p
su
rf
ac
e
o
f

th
e
ch
ip

Is
t
o
a

fi
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t
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de
r

di
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at
ed

by
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e
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no
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l
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an
d
a
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ry
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e.

Th
us
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e
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r
di
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at
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n

Is
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n
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ra
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ly
.

Ad
di
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th
er
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l

no
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cr
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d
on

th
e

to
p

su
rf
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e
of

th
e
ch
ip

do
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t

ne
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ss
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il
y

ad
d

to
th
e

to
ta
l

nu
mb
er

o
f
th
er
ma
l

no
de
s

fo
r

ac
tu
al

an
al
ys
is
.

In
an

ac
tu
al

an
al
ys
is
,

re
fe
rr
in
g

to
Fi
g.

3.
11
,

on
e

ca
n

fi
rs
t

ig
no
re

th
e

th
er
ma
l

re
si
st
an
ce
s

R.
fr
om

th
e

to
p
su
rf
ac
e
of

th
e

ch
ip

to
th
e

he
at

so
ur
ce

an
d

so
lv
e

fo
r

th
e

te
mp
er
at
ur
e

T.
,

at
no
de

A'
.

In
or
de
r

to
ob
ta
in

th
e
co
rr
ec
t

de
vi
ce

te
mp
er
at
ur
e

T.
,

on
e
on
ly

ne
ed
s

to
ad
d

th
e

te
mp
er
at
ur
e
dr
op

ac
ro
ss

th
e

re
si
st
or

R.
,

th
at

is

TA
"

TA
+

RA
P0

Th
is

sc
he
me

wo
rk
s

we
ll

wi
th

th
e

fu
nc
ti
on
al

it
er
at
io
n.

(S
ee

th
e

ne
xt

ch
ap
te
r.
)

Ho
we
ve
r,

it
ca
us
es

so
me

di
ff
ic
ul
ty

in
co
nv
er
ge
nc
e

in
th
e

N
e
w
t
o
n
-
R
a
p
h
s
o
n

m
e
t
h
o
d
.

I
n
a
d
d
i
t
i
o
n

t
o

t
h
i
s

,«
Sj



Fi
g.

3
.
1
1

O
n
e
m
e
t
h
o
d

t
o
s
u
p
p
r
e
s
s

t
h
e
c
r
e
a
t
i
o
n

o
f

a
n

e
x
t
r
a

n
o
d
e
w
h
e
n

t
h
e

n
o
d
e

is
c
h
o
s
e
n

in
t
h
e
m
i
d
d
l
e
o
f

th
e

s
u
b
r
e
g
i
o
n

7
3
.

7
4
.

ex
tr
a

la
ye
r
of

no
de
s

fr
om

a
vi
ew

po
in
t
of

ec
on
om
ic
al

us
e
o
f
co
mp
ut
er

ti
me
.

Th
us

in
th
e

pr
og
ra
m
de
ve
lo
pe
d,

a
no
de

is
ch
os
en

on
th
e

to
p

su
r

fa
ce

of
th
e

ch
ip
.

Wi
th

a
no
de

ch
os
en

on
a

to
p
su
rf
ac
e
of

th
e

ch
ip
,

th
e

sa
me

pr
oc
ed
ur
e

ca
n

be
fo
ll
ow
ed

to
ob
ta
in

th
e
sa
me

re
su
lt

as
gi
ve
n

by
Eq
.

(3
~4
4)

fo
r

th
e

pe
rc
en
ta
ge

er
ro
r

in
te
mp
er
at
ur
e

di
st
ri
bu
ti
on
.

Th
is

is
d
u
e
t
o
t
h
e
a
s
s
u
m
p
t
i
o
n
o
f

Eq
.

(3
~3
0)
.

Th
e
er
ro
r

an
al
ys
is

ma
de

in
th
is

se
ct
io
n

is
es
se
nt
ia
ll
y
2

1/
2

di
me
ns
io
na
l

in
a

se
ns
e

th
at

th
e

t
e
m
p
e
r
a
t
u
r
e
d
i
s
t
r
i
b
u
t
i
o
n

in
z
d
i
r
e
c

ti
on

is
co
ns
tr
ai
ne
d

by
th
e
as
su
mp
ti
on

o
f

Eq
.

(3
~3
0)
.

Th
er
ef
or
e

th
e

de
pe
nd
en
ce

of
(A
R)
*
on

me
sh

si
ze

as
Ax

,
Ay

wi
ll

no
t

be
co
rr
ec
t

if

th
is

as
su
mp
ti
on

is
vi
ol
at
ed
.

In
su
ch

ca
se
s,

th
e
de
pe
nd
en
ce

o
f

(A
R)
.

wi
ll

in
vo
lv
e

li
ne
ar

re
la
ti
on

wi
th

Ax
,

Ay
,

Az
.

Th
us

fo
r
a

pa
rt
ic
ul
ar

di
e-
pa
ck
ag
e

st
ru
ct
ur
e

in
wh
ic
h

Eq
.

(3
~3
0)

ca
nn
ot

be
as
su
me
d,

on
e

mu
st

cr
ea
te

a
n
ex
tr
a

la
ye
r
o
f
no
de
s
o
n

th
e

to
p

su
rf
ac
e
o
f
th
e

ch
ip

to
ob
ta
in

a
mo
re

ac
cu
ra
te

re
su
lt
.

Fo
r

ma
ny

in
te
gr
at
ed

ci
rc
ui
ts
,

Eq
.

(3
~3
0)

is

r
e
a
s
o
n
a
b
l
e
a
n
d

th
e
c
o
m
p
a
r
i
s
o
n
o
f
t
h
e
t
w
o
th
er
ma
l

n
e
t
w
o
r
k
s
d
i
d
no
t
s
h
o
w

an
y
di
ff
er
en
ce

in
th
e

re
sp
on
se

o
f
ma
ny

in
te
gr
at
ed

ci
rc
ui
t

pe
rf
or
ma
nc
es

a-
ii
de

fr
om

th
e

sm
al
l

fi
xe
d

am
ou
nt

of
dc

sh
if
t

in
te
mp
er
at
ur
e

di
st
ri
bu

t
i
o
n
.
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T
H
E

M
A
T
H
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M
A
T
I
C
A
L

F
O
R
M
U
L
A
T
I
O
N

A
N
D

N
U
M
E
R
I
C
A
L

M
E
T
H
O
D
S

7
5
.

4
-
1
.

I
n
t
r
o
d
u
c
t
i
o
n

Wi
th

th
e
de
ve
lo
pm
en
t
o
f
a
ci
rc
ui
t

mo
de
l

fo
r

th
e
di
e-
pa
ck
ag
e

s
t
r
u
c
t
u
r
e
,

t
h
e

n
e
x
t

t
a
s
k

i
s
t
o
c
o
m
b
i
n
e

t
h
i
s
w
i
t
h

t
h
e

e
l
e
c
t
r
i
c
a
l

sy
st
em

an
d

fo
rm
ul
at
e
a
ma
th
em
at
ic
al

de
sc
ri
pt
io
n
o
f
th
e
co
up
le
d

sy
st
em
.

In
th
is

c
h
a
p
t
e
r
,

t
h
e
t
e
c
h
n
i
q
u
e

f
o
r
e
q
u
a
t
i
o
n

f
o
r
m
u
l
a
t
i
o
n
o
f
t
h
e

e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

s
y
s
t
e
m

is
p
r
e
s
e
n
t
e
d

f
i
r
s
t

a
n
d
t
w
o
n
u
m
e
r
i
c
a
l

m
e
t
h
o
d
s

pe
rt
in
en
t
t
o
th
e
so
lu
ti
on

o
f
t
h
e
e
q
u
a
t
i
o
n
s
a
r
e

In
ve
st
ig
at
ed
.

Ad
va
n

t
a
g
e
s
a
n
d
d
i
s
a
d
v
a
n
t
a
g
e
s

a
s
s
o
c
i
a
t
e
d
w
i
t
h

t
h
e
t
w
o
m
e
t
h
o
d
s
a
r
e
a
l
s
o

g
i
v
e
n
.

4-
2.

Ge
ne
ra
l

fo
rm
ul
at
io
n
o
f
th
e
co
up
le
d

sy
st
em

T
h
e
c
o
u
p
l
e
d

s
y
s
t
e
m
m
u
s
t
b
e
m
o
d
e
l
e
d

s
u
b
j
e
c
t

t
o
t
h
r
e
e

b
a
s
i
c

la
ws
:

Ki
rc
ho
ff
's

vo
lt
ag
e

la
w

(K
VL
),

Ki
rc
ho
ff
's

cu
rr
en
t

la
w

(K
CL
),

an
d

th
e
el
em
en
t

la
w

(b
ra
nc
h
ch
ar
ac
te
ri
st
ic
).

Th
e

fi
rs
t

tw
o

la
ws

KV
L,

KC
L

a
r
e
li
ne
ar

a
l
g
e
b
r
a
i
c

co
ns
tr
ai
nt
s
o
n

br
an
ch

vo
lt
ag
es

(
t
e
m
p
e
r
a
t
u
r
e
s

fo
r

th
e

th
er
ma
l

sy
st
em
)

an
d

cu
rr
en
t

(h
ea
t

fl
ow

in
th
er
ma
l

sy
st
em
)

ar
is
in
g

f
r
o
m
t
h
e
i
n
t
e
r
c
o
n
n
e
c
t
i
o
n
o
f

b
r
a
n
c
h
e
s

a
n
d
a
r
e

i
n
d
e
p
e
n
d
e
n
t
o
f

t
h
e
b
r
a
n
c
h

c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
.

Th
us
,

th
ey

im
pl
y
a

to
po
lo
gi
ca
l

li
ne
ar

s
y
s
t
e
m
o
f

eq
ua
ti
on
s

[2
0]
:

A
x
=
0

(4
-1
)

w
h
e
r
e
t
h
e
m
a
t
r
i
x
A
c
o
n
t
a
i
n
s

c
o
e
f
f
i
c
i
e
n
t
s

t
h
a
t
a
r
e
+
1
,
-
1
,
0
a
n
d
x

is

th
e

v
e
c
t
o
r
c
o
n
s
i
s
t
i
n
g
o
f

b
o
t
h
e
l
e
c
t
r
i
c
a
l
^
a
n
d
'
t
h
e
r
m
a
l

v
a
r
i
a
b
l
e
s
.

7
6
.

T
h
e

t
h
i
r
d
c
o
n
s
t
r
a
i
n
t

t
h
a
t
e
a
c
h

b
r
a
n
c
h

r
e
l
a
t
i
o
n

b
e

s
a
t
i
s
f
i
e
d

a
t
ea
ch

In
st
an
t
o
f
ti
me

im
pl
ie
s
a
sy
st
em

o
f
al
ge
br
ai
c

di
ff
er
en
ti
al

e
q
u
a
t
i
o
n
s
o
f
t
h
e
fo
rm
,

B(
x,

x,
t)
=

[B
j(
x,

x,
t)
,

B2
(x
,

x,
t)

]
(4
-2
)

wh
er
e
x

is
th
e

ti
me

de
ri
va
ti
ve

o
f
x

an
d
B
ar
e

In
ge
ne
ra
l

no
n-
li
ne
ar

fu
nc
ti
on
s
o
f

x,
x,

t.
Co
mb
in
in
g

Eq
.

(4
-1
)

wi
th

Eq
.

(4
-2
),

w
e
ob
ta
in

F(
x,

x,
t)

=
0

(4
-3
)

Th
is

is
th
e
mo
st

ge
ne
ra
l

fo
rm

o
f
eq
ua
ti
on
s

de
sc
ri
bi
ng

th
e
co
up
le
d

sy
st
em
,

an
d

Eq
.

(4
-3
)

mu
st

be
so
lv
ed

un
de
r

dc
,

tr
an
si
en
t

an
d
a
c
co
n

d
i
t
i
o
n
s
.

On
e

ca
n

fo
rm
ul
at
e

th
e
co
up
le
d

sy
st
em

mo
re

sp
ec
if
ic
al
ly

so
as

t
o
at
ta
ch

a
mo
re

ph
ys
ic
al

i
n
t
e
r
p
r
e
t
a
t
i
o
n
t
o
t
h
e
eq
ua
ti
on
s.

T
h
e
e
l
e
c

tr
ic
al

sy
st
em

mu
st

ha
ve

KV
L

an
d

KC
L

sa
ti
sf
ie
d

in
de
pe
nd
en
t
o
f

th
e

th
er
ma
l

be
ha
vi
or

o
f
t
h
e
c
o
u
p
l
e
d

sy
st
em
.

Th
us
,
w
e
c
a
n
w
r
i
t
e

A
'
x

(4
-4
)

wh
er
e
x

is
no
w
a
ve
ct
or

co
ns
is
ti
ng

o
f
el
ec
tr
ic
al

br
an
ch

vo
lt
ag
es

an
d

cu
rr
en
ts

on
ly
.

Th
e

th
ir
d

co
ns
tr
ai
nt

gi
ve
s
a
sy
st
em

o
f
al
ge
br
ai
c

d
i
f
f
e
r
e
n
t
i
a
l

e
q
u
a
t
i
o
n
s

o
f

t
h
e
f
o
r
m

B'
(x
,

x,
T,

T,
t)

=
0

(4
-5
)

w
h
e
r
e
T

is
a
v
e
c
t
o
r
o
f

t
h
e
r
m
a
l

v
a
r
i
a
b
l
e
s
.

If
t
h
e
n
u
m
b
e
r
o
f
e
l
e
c
t
r
i
c
a
l

br
an
ch
es

is
eq
ua
l

to
N£
,

Eq
.

(4
-4
)

an
d

Eq
.

(4
-5
)

ea
ch

gi
ve

N_
nu
mb
er

of
eq
ua
ti
on
s.

Th
us
,

wh
en

Eq
.

(4
-4
)

an
d

Eq
.

(4
-5
)

ar
e

co
mb
in
ed

to
fo
rm



7
7
.

F,
(x
,

x,
T,

T,
t)
»
0

(4
-6
)

it
wi
ll

i
n
v
o
l
v
e
2
N
_
d
i
f
f
e
r
e
n
t
i
a
l

e
q
u
a
t
i
o
n
s
.

F.
is

a
n
o
n
-
l
i
n
e
a
r

o
p
e
r
a
t
o
r

o
n

x
,

x
,

T
,

T
,

t
.

S
i
m
i
l
a
r
l
y
f
o
r
t
h
e
t
h
e
r
m
a
l

s
y
s
t
e
m
,

w
e

c
a
n
w
r
i
t
e

t
o
s
a
t
i
s
f
y

KV
L,

K
C
L

A
"
T
=
0

(4
-7
)

a
n
d
t
o
s
a
t
i
s
f
y
t
h
e

t
h
i
r
d

c
o
n
s
t
r
a
i
n
t

B"
(x
,

x,
T,

T,
t)

=
0

(4
-8
)

If
th
e

nu
mb
er

o
f

th
er
ma
l

br
an
ch
es

is
eq
ua
l

t
o

N_
,

th
en
,

wh
en

Eq
.

(4
-7
)

an
d

Eq
.

(4
-8
)

a
r
e
co
mb
in
ed

w
e
ha
ve

2
N
_
di
ff
er
en
ti
al

eq
ua
ti
on
s:

H,
(x
,

x,
T,

T,
t)
=
0

(4
-9
)

H.
i
s
a

n
o
n
-
l
i
n
e
a
r
o
p
e
r
a
t
o
r
o
n

x
,
x
,
T
,

T
,

t
.

T
h
u
s
,

w
e

h
a
v
e
d
e
r
i
v
e
d
a
n
o
t
h
e
r
f
o
r
m
o
f
e
q
u
a
t
i
o
n
s
d
e
s
c
r
i
b
i
n
g
t
h
e
c
o
u
p
l
e
d

s
y
s
t
e
m
:

F^
x,

x,
T,

T,
t)
=
0

(
4
-
1
0
a
)

ij(
x,

x,
T,

T,
t)
=
0

(
4
-
1
0
b
)

Wh
en

a
pa
rt
ic
ul
ar

in
te
gr
at
io
n
me
th
od

is
em
pl
oy
ed
,

Eq
.

(4
-1
0)

re
du
ce
s

t
o

F(
x,

T)
=
0

(4
-1

la
)

H(
x,

T)
=
0

(4
-l
lb
)

w
h
e
r
e

F
a
n
d

H
a
r
e

n
o
n
-
l
i
n
e
a
r
o
p
e
r
a
t
o
r
s

o
n

x
,

x
,

T
,

T
,

t
.

W
e

ca
n

fu
rt
he
r

si
mp
li
fy

Eq
.

(4
-1
0b
)

fr
om

th
e

ac
tu
al

ph
ys
ic
al

mo
de
l

d
e
v
e
l
o
p
e
d
i
n
C
h
a
p
t
e
r

3-
T
h
e
r
e

is
o
n
e

t
h
e
r
m
a
l

c
a
p
a
c
i
t
o
r

7
8
.

a
s
s
o
c
i
a
t
e
d
w
i
t
h
e
v
e
r
y
n
o
d
e
a
s
s
h
o
w
n

in
Fi
g.

4.
1.

Th
us
,

if
w
e

a
s
s
u
m
e

th
at

th
e

th
er
ma
l

c
a
p
a
c
i
t
o
r
s

an
d

re
si
st
or
s
a
r
e

li
ne
ar

w
i
t
h
t
e
m
p
e
r
a
t
u
r
e

a
n
d

in
de
pe
nd
en
t
o
f
el
ec
tr
ic
al

va
ri
ab
le
s,

th
en

w
e
c
a
n
wr
it
e,

fo
r

e
a
c
h

c
a
p
a
c
i
t
o
r

c
u
r
r
e
n
t
,

b
y

i
n
s
p
e
c
t
i
o
n
,

d
T
.

CT
H-
df

=P
!<
*.

T>
"

I
W
T
,

~
V

i
-

-
i
k
v

i
(4
-1
2)

w
h
e
r
e

Y.
.

is
t
h
e
th
er
ma
l

c
o
n
d
u
c
t
a
n
c
e

b
e
t
w
e
e
n

n
o
d
e
i
a
n
d

k,

T.
a
n
d

T.
a
r
e
t
h
e
n
o
d
e
t
e
m
p
e
r
a
t
u
r
e
s

a
t
n
o
d
e

i
a
n
d

k,
a
n
d

P.
is

t
h
e
p
o
w
e
r
g
e
n
e
r
a
t
e
d
a
t
n
o
d
e

i.

Th
us
,

if
th
e

nu
mb
er

o
f
no
n-
da
tu
m

th
er
ma
l

no
de
s

is
eq
ua
l

t
o

N_
,

th
en

Eq
.

(4
-1
2)

su
gg
es
ts

NT
se
t
of

di
ff
er
en
ti
al

eq
ua
ti
on
s,

an
d

th
ey

a
r
e

e
x
p
r
e
s
s
e
d

a
s

T
-
YT
HT

+
P(
x,

T)
(4
-1
3)

w
h
e
r
e

Y_
„

is
th
er
ma
l

a
d
m
i
t
t
a
n
c
e
m
a
t
r
i
x
a
n
d
P

in
di
ca
te
s

th
e
d
e
p
e
n
d
e
n
c
e

o
f

p
o
w
e
r
d
i
s
s
i
p
a
t
i
o
n
o
n

x
a
n
d
T
.

Th
us
,

th
e
al
te
rn
at
e

fo
rm

o
f
eq
ua
ti
on
s

th
at

de
sc
ri
be

th
e

sy
st
em

i
s

Fj
tx
,

x,
T,

T,
t)
»
0

(4
-l
4a
)

T
-

yt
hT
+

P(
x,

T)
(
4
-
l
4
b
)

A
l
t
h
o
u
g
h
w
e

ha
ve

e
l
a
b
o
r
a
t
e
d
o
n
t
h
e
f
o
r
m
u
l
a
t
i
o
n
o
f

th
e

c
o
u
p
l
e
d

s
y
s
t
e
m

i
n
a
g
e
n
e
r
a
l

m
a
n
n
e
r
,

i
n
p
r
a
c
t
i
c
e
,

t
h
e
s
y
s
t
e
m
e
q
u
a
t
i
o
n
s
a
r
e

n
e
v
e
r

f
o
r
m
u
l
a
t
e
d

in
t
h
e
fo
rm

o
f
s
t
a
t
e

v
a
r
i
a
b
l
e

a
s

i
n

Eq
.

(4
-1
4)
.

In
st
ea
d,

a
s
w
e

sh
al
l

s
e
e

la
te
r,

t
h
e
b
r
a
n
c
h

r
e
l
a
t
i
o
n
s

a
r
e
r
e
p
l
a
c
e
d

b
y



Fi
g.

4.
1

A
t
h
e
r
m
a
l

l
u
m
p
e
d
m
o
d
e
l

a
s
s
o
c
i
a
t
e
d
w
i
t
h

a
n
o
d
e

7
9
.

8
0
.

a
n
e
q
u
i
v
a
l
e
n
t

s
y
s
t
e
m
o
f

li
ne
ar

e
q
u
a
t
i
o
n
s

a
t
e
a
c
h

i
t
e
r
a
t
i
o
n

in
a
d
c

an
al
ys
is
,

an
d
a
t
ea
ch

it
er
at
io
n
o
f
ea
ch

ti
me

po
in
t

in
a

tr
an
si
en
t

an
al
ys
is
.

Wh
en

th
is

is
do
ne
,

an
d

th
e
mo
di
fi
ed

no
da
l

an
al
ys
is

me
th
od

o
f
e
q
u
a
t
i
o
n

fo
rm
ul
at
io
n

is
em
pl
oy
ed
,

th
e

ge
ne
ra
l

e
x
p
r
e
s
s
i
o
n

fo
r

th
e

c
o
u
p
l
e
d

s
y
s
t
e
m

r
e
d
u
c
e
s

t
o
a

l
i
n
e
a
r
s
y
s
t
e
m
o
f
e
q
u
a
t
i
o
n
s

A
x

(4
-1
5)

w
h
e
r
e
x

is
t
h
e
v
e
c
t
o
r
o
f
u
n
k
n
o
w
n

v
a
r
i
a
b
l
e

a
n
d
j

is
t
h
e
e
x
c
i
t
a
t
i
o
n

v
e
c
t
o
r
o
f

t
h
e
s
y
s
t
e
m
.

T
h
e
d
i
m
e
n
s
i
o
n

o
f

t
h
e
m
a
t
r
i
x
A

is
r
e
l
a
t
e
d

t
o
t
h
e

to
ta
l

n
u
m
b
e
r
o
f
el
ec
tr
ic
al

no
de
s,

th
er
ma
l

no
de
s,

in
du
ct
or
s,

in
de
pe
nd
en
t

vo
lt
ag
e

so
ur
ce
s,

te
mp
er
at
ur
e

so
ur
ce
s

an
d

te
mp
er
at
ur
e
co
nt
ro
ll
ed

vo
lt
ag
e

so
ur
ce
s.

(A
ty
pi
ca
l

ex
am
pl
e
o
f
te
mp
er
at
ur
e
co
nt
ro
ll
ed

vo
lt
ag
e

so
ur
ce
s

is
a

z
e
n
e
r
d
i
o
d
e
.
)

I
n
t
h
e
n
e
x
t
t
w
o
s
e
c
t
i
o
n
s
,

t
w
o
m
e
t
h
o
d
s

r
e
l
e
v
a
n
t

t
o
t
h
e
s
o
l
u
t
i
o
n

o
f

Eq
.

(4
-1
4)

a
r
e
pr
es
en
te
d.

4-
3.

N
e
w
t
o
n
-
R
a
p
h
s
o
n
'
s

m
e
t
h
o
d

4-
3-
1.

Ge
ne
ra
l

d
e
s
c
r
i
p
t
i
o
n

T
h
e
fi
rs
t

me
th
od

pr
op
os
ed

is
th
e

N
e
w
t
o
n
-
R
a
p
h
s
o
n

me
th
od

a
p
p
l
i
e
d

t
o
t
h
e
e
n
t
i
r
e
c
o
u
p
l
e
d
s
y
s
t
e
m
.

A
n
y
e
l
e
c
t
r
i
c
a
l

b
r
a
n
c
h

r
e
l
a
t
i
o
n
s
c
a
n

b
e
w
r
i
t
t
e
n

a
s

f(
x,

T)
=
0

(4
-1
6)

wh
er
e
w
e
as
su
me
d

th
at

th
e

br
an
ch

re
la
ti
on
s

de
pe
nd

o
n
br
an
ch

vo
lt
ag
e

an
d

it
s

te
mp
er
at
ur
e

an
d
d
o
no
t

d
i
r
e
c
t
l
y

de
pe
nd

up
on

th
e

ac
tu
al

he
at

f
l
o
w
.

Th
e

st
ra
ig
ht
fo
rw
ar
d

ap
pl
ic
at
io
n
o
f

th
e

Ne
wt
on
-R
ap
hs
on

al
go
ri
th
m



8
1

t
o

i
n
d
i
v
i
d
u
a
l

b
r
a
n
c
h
e
s

r
e
s
u
l
t
s

i
n
a
n

i
t
e
r
a
t
i
o
n

s
c
h
e
m
e
a
s

fo
ll
ow
s;

n+
1

n
_
,
3
f

x
=

x
+

— d
X

,
n+
1

n»
.
3
f

(x
-
x
)
+
w

3
f

w
h
e
r
e
n
c
o
r
r
e
s
p
o
n
d
s

t
o
i
t
e
r
a
t
i
o
n

c
o
u
n
t

a
n
d

•=
—

n
+
1

<f

3
f

'
3
T

Tn
)

(4
-1
7)

a
r
e

t
h
e

p
a
r
t
i
a
l

de
ri
va
ti
ve
s
o
f
f
wi
th

re
sp
ec
t

to
x
an
d

T,
ev
al
ua
te
d
a
t

th
e

nt
h

it
er
a

ti
on
s.

Th
e

re
su
lt
in
g
ad
mi
tt
an
ce

ma
tr
ix

wi
ll

ta
ke

a
fo
rm

a
s
sh
ow
n

in

8
'

Fi
g.

4.
2,

wh
er
e

th
e
el
em
en
ts

in
th
e

su
bm
at
ri
x
-
^
ar
e

te
mp
er
at
ur
e

co
n

tr
ol
le
d

cu
rr
en
t

so
ur
ce
s

c
o
r
r
e
s
p
o
n
d
i
n
g

t
o

th
e
ef
fe
ct
s
o
f
te
mp
er
at
ur
e

o
n

th
e

el
ec
tr
ic
al

pe
rf
or
ma
nc
e
o
f
th
e
ci
rc
ui
t

an
d

th
e
el
em
en
ts

in

3
P

—
-

a
r
e
e
l
e
c
t
r
i
c
a
l
l
y

c
o
n
t
r
o
l
l
e
d

p
o
w
e
r

s
o
u
r
c
e
s
w
h
i
c
h

i
n
d
i
c
a
t
e

t
h
e

3
v de
pe
nd
en
ce

of
po
we
r

di
ss
ip
at
io
n

in
th
e
ci
rc
ui
t

on
th
e

el
ec
tr
ic
al

no
de

v
o
l
t
a
g
e
s
. On
ce

th
e

li
ne
ar
iz
at
io
n

pr
oc
es
s

is
co
mp
le
te
d,

a
n
d
th
e

up
da
te

lo
gi
c

em
pl
oy
ed

to
li
mi
t

po
we
r,

te
mp
er
at
ur
e,

vo
lt
ag
e,

an
d

cu
rr
en
t

e
x
c
u
r
s
i
o
n
s

fr
om

o
n
e

it
er
at
io
n
t
o
t
h
e
ne
xt
,

t
h
e
N
e
w
t
o
n
-
R
a
p
h
s
o
n

m
e
t
h
o
d

pr
oc
ee
ds

in
a
st
ra
ig
ht
fo
rw
ar
d

ma
nn
er
.

Th
is

it
er
at
io
n

sc
he
me

is

il
lu
st
ra
te
d

in
Fi
g.

4.
2.

On
e

of
th
e

pr
og
ra
ms

de
ve
lo
pe
d

em
pl
oy
s

th
e

Ne
wt
on
-R
ap
hs
on

me
th
od
,

an
d

th
is

pr
og
ra
m

is
ca
ll
ed

T-
SP
IC
E2
B.

4-
3-
2.

Br
an
ch

re
la
ti
on
s

in
th
e
el
ec
tr
o-
th
er
ma
l

sy
st
em

Un
li
ke

an
el
ec
tr
ic
al

sy
st
em
,

th
e

co
up
le
d

sy
st
em

re
qu
ir
es

a
fe
w

ad
di
ti
on
al

ty
pe
s

of
br
an
ch

el
em
en
ts
.

Ba
si
ca
ll
y,

th
e

fo
ll
ow
in
g

th
re
e

di
ff
er
en
t

br
an
ch

re
la
ti
on
s

ar
e
en
co
un
te
re
d

in
ty
pi
ca
l

el
ec
tr
o-
th
er
ma
l

s
y
s
t
e
m
s
.

(1
)

Cu
rr
en
t

de
fi
ne
d

el
em
en
ts

wh
ic
h

de
pe
nd

o
n

bo
th

it
s

te
rm
in
al

v
o
l
t
a
g
e
,

V,
a
n
d

t
e
m
p
e
r
a
t
u
r
e
,

T
.

'
V

/
V

B
R

A
N

C
H

L
IN

E
/1

K
IZ

A
T

I0
N

n
.

r,
d

l

r
T

H

v

V T

L
IN

E
A

R
E

Q
U

A
T

IO
N

SO
L

U
T

IO
N

(L
.U

.
D

E
C

O
M

P
O

SI
TI

O
N

)
A

N
D

SO
LV

E

M
O

C
O

K
JV

?

Y
E

S

D
C

S
O

L
U

T
IO

N

F
ig

.
4

.2

F
lo

w
g

ra
p

h
fo

r
th

e
N

ew
to

n
-R

a
p

h
so

n
's

m
et

h
o

d

8
2
.



83
-

I
»

f(
V,

T)
(4
-1
8)

Fo
r

th
is

e
l
e
m
e
n
t
,

t
h
e
b
r
a
n
c
h

l
i
n
e
a
r
i
z
a
t
i
o
n
e
m
p
l
o
y
i
n
g

N
e
w
t
o
n
-
R
a
p
h
s
o
n

m
e
t
h
o
d
g
i
v
e
s
t
h
e
f
o
l
l
o
w
i
n
g

i
t
e
r
a
t
i
o
n

s
c
h
e
m
e
:

,"+
»
=
ln
*f
£|

(x
n+
1
-x
°)

+|
i|

(T
n+
1
-T
n)

'
n

'
n

w
h
e
r
e

=
i
+
i
l

o
3
V

n
+
l

3
f

3
T

rn
+l

I
-

in
-|

£
o

3
V

v"
-

if
.

T
n

3
T

'
n

'
n

(4
-1
9)

a
n
d

n
c
o
r
r
e
s
p
o
n
d
s

t
o

I
t
e
r
a
t
i
o
n
c
o
u
n
t
.

T
h
e
e
q
u
i
v
a
l
e
n
t

c
i
r
c
u
i
t

mo
de
l

f
o
r
th
is

e
l
e
m
e
n
t

is
s
h
o
w
n
i
n
Fi
g.

3
f

4.
3.

In
Fi
g.

4.
3,

I
is

a
co
ns
ta
nt

cu
rr
en
t

so
ur
ce
,

•?
=

-
n
+
1

,
T

I
s

a

t
e
m
p
e
r
a
t
u
r
e

d
e
p
e
n
d
e
n
t
c
u
r
r
e
n
t

s
o
u
r
c
e
,

G
is

a
n
e
q
u
i
v
a
l
e
n
t
c
o
n
d
u
c
t
a
n
c
e

o
f

t
h
e

e
l
e
m
e
n
t
.

A
go
od

e
x
a
m
p
l
e
o
f

th
is

ty
pe

o
f
e
l
e
m
e
n
t

is
a
d
i
o
d
e
w
h
o
s
e
vo
lt
ag
e,

c
u
r
r
e
n
t
a
n
d

te
mp
er
at
ur
e,

r
e
l
a
t
i
o
n
s
h
i
p

is
g
i
v
e
n
b
y

T3
e-
Eg
/k
T

qV
D/
kT
.
>

d
o

w
h
e
r
e
I

is
a
c
o
n
s
t
a
n
t
,

E
g

is
e
n
e
r
g
y
g
a
p
o
f
t
h
e
s
i
l
i
c
o
n
,

a
n
d
k

is
a

B
o
l
t
z
m
a
n
n
'
s

c
o
n
s
t
a
n
t
.

(2
)

Vo
lt
ag
e

de
fi
ne
d

el
em
en
t
wh
ic
h

de
pe
nd
s

up
on

bo
th

it
s

br
an
ch

c
u
r
r
e
n
t
,

I,
a
n
d
t
e
m
p
e
r
a
t
u
r
e
,

T. V
=

f(
l,

T)
(4
-2
0)

n
+
1

Fi
g.

4
.
3

E
q
u
i
v
a
l
e
n
t
c
i
r
c
u
i
t

m
o
d
e
l

f
o
r
a

c
u
r
r
e
n
t

d
e
f
i
n
e
d

e
l
e
m
e
n
t

8
4
.



8
5
.

A
si
mi
la
r

pr
oc
ed
ur
e
t
o

(1
)

gi
ve
s

th
e

fo
ll
ow
in
g

re
la
ti
on

an
d

it
s
el
em
en
t

mo
de
l

a
s
sh
ow
n

in
Fi
g.

4.
4.

w
h
e
r
e

vn
+l

o
V

+
It

V
o

31

V
=

v"
-
—

o
V

31

,n
+l

3
f

1
+

3T

,n
3f
.

"
3
T

Pn
+1

(4
-2
1)

In
Fi
g.

4.
4,

V
is
a
co
ns
ta
nt

vo
lt
ag
e

so
ur
ce
,

T

pe
ra
tu
re

d
e
p
e
n
d
e
n
t

vo
lt
ag
e

so
ur
ce
,

R
is

a
n
e
q
u
i
v
a
l
e
n
t

r
e
s
i
s
t
a
n
c
e
o
f

t
h
e

e
l
e
m
e
n
t
.

A
g
o
o
d
e
x
a
m
p
l
e
o
f

th
is

t
y
p
e
o
f
e
l
e
m
e
n
t

Is
a

z
e
n
e
r
d
i
o
d
e
w
h
o
s
e

v
o
l
t
a
g
e
V

a
n
d

t
e
m
p
e
r
a
t
u
r
e
,

T
,

is
g
i
v
e
n
b
y

3
f

-
n
+
1

.
T

i
s

a
t
e
m
-

V
(T
)
»
V

+
T
C
*
(
T
-
T
)
+

I
.
R

z
z

o
z

z
o

w
h
e
r
e
V

is
a
v
o
l
t
a
g
e

dr
op

a
c
r
o
s
s

t
h
e
z
e
n
e
r
a
t
a

no
mi
na
l

t
e
m
p
e
r
a
t
u
r
e

o

T
,
T
C

is
t
h
e
t
e
m
p
e
r
a
t
u
r
e

c
o
e
f
f
i
c
i
e
n
t
,

I
is

t
h
e
c
u
r
r
e
n
t

th
ro
ug
h

t
h
e

o
z

z
e
n
e
r
,

a
n
d

R
is

it
s

s
e
r
i
e
s

r
e
s
i
s
t
a
n
c
e
.

(3
)

T
h
e
r
m
a
l
-
c
u
r
r
e
n
t

d
e
f
i
n
e
d

e
l
e
m
e
n
t
w
h
i
c
h
d
e
p
e
n
d
s

u
p
o
n

it
s

b
r
a
n
c
h

v
o
l
t
a
g
e
,

V,
a
n
d
t
e
m
p
e
r
a
t
u
r
e
,

T
.

In
th
is

p
a
r
t
i
c
u
l
a
r

e
l
e
m
e
n
t
,

w
e
c
a
n
w
r
i
t
e
:

P
=

f(
V,

T)
(4
-2
2)

T
h
e
r
e

a
r
e

t
w
o
d
i
f
f
e
r
e
n
t

k
i
n
d
s

o
f

t
h
e
r
m
a
l
-
c
u
r
r
e
n
t

d
e
f
i
n
e
d

e
l
e
m
e
n
t
s
.

O
n
e

is
t
h
e
h
e
a
t
s
o
u
r
c
e
w
h
e
r
e
T

is
t
h
e
t
e
m
p
e
r
a
t
u
r
e
o
f

t
h
e

el
em
en
t

ge
ne
ra
ti
ng

he
at
.

Th
e
ot
he
r

is
th
e

th
er
ma
l

re
si
st
or
,

wh
er
e
T

is
th
e

t
e
m
p
e
r
a
t
u
r
e

d
i
f
f
e
r
e
n
c
e

b
e
t
w
e
e
n

t
w
o
th
er
ma
l

no
de
s.

T
h
e
he
at

.
n
+
1

I

•
>
•

V

+

n
+
1

Fi
g.

4
.
4

C
i
r
c
u
i
t
m
o
d
e
l
f
o
r
a
v
o
l
t
a
g
e
d
e
f
i
n
e
d
e
l
e
m
e
n
t

8
6
.
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7
.

fl
ow

t
h
r
o
u
g
h

it
is

d
e
f
i
n
e
d

b
y
t
h
e
t
e
m
p
e
r
a
t
u
r
e
d
i
f
f
e
r
e
n
c
e

a
c
r
o
s
s

t
h
e

t
h
e
r
m
a
l

r
e
s
i
s
t
o
r
.

F
o
r
t
h
e

f
i
r
s
t
k
i
n
d
,
w
e

h
a
v
e

w
h
e
r
e

pn+
1

=
p

+1
£

o
3
V

vn
+l

3f
|

_n
+l

3
T

n
'
n

P
=P
n-
|u
-

o
3
V

Vn
-

if
.

3
T

(4
-2
3)

T
h
e
e
l
e
m
e
n
t

mo
de
l

is
sh
ow
n

in
Fi
g.

4.
5.

In
Fi
g.

4.
5,

I
Is

o

a
c
o
n
s
t
a
n
t

h
e
a
t

s
o
u
r
c
e
,

-
is

a
n
e
q
u
i
v
a
l
e
n
t
t
h
e
r
m
a
l

r
e
s
i
s
t
a
n
c
e

3
f

s
h
u
n
t
i
n
g

t
h
e
t
h
e
r
m
a
l

n
o
d
e
t
o
t
h
e
g
r
o
u
n
d
,

tt
t

-
n
+
1

.
.,
.

T
i
s
a

v
o
l
t
a
g
e

d
e
p
e
n
d
e
n
t
h
e
a
t
s
o
u
r
c
e
a
n
d

i
t
i
n
d
i
c
a
t
e
s

t
h
e
e
f
f
e
c
t
o
f

e
l
e
c
t
r
i
c
a
l

n
o
d
a
l

v
o
l
t
a
g
e
o
n

p
o
w
e
r
d
i
s
s
i
p
a
t
i
o
n
.

A
g
o
o
d
e
x
a
m
p
l
e
o
f

t
h
i
s
k
i
n
d
o
f
e
l
e
m
e
n
t

i
s
p
o
w
e
r
d
i
s
s
i
p
a
t
e
d

i
n
a
d
i
o
d
e
w
h
o
s
e

r
e
l
a
t
i
o
n
s
h
i
p

i
s
g
i
v
e
n

b
e
l
o
w
:

P
.
-
v
.
-
,
T3
e-
Eg
/k
T(
eq
Vd
/k
T
_

]}
d

d
o

d

F
o
r
t
h
e
s
e
c
o
n
d
k
i
n
d
,

w
e

h
a
v
e

P
=

f(
T)

W
e

c
a
n

w
r
i
t
e

(4
-2
4)

Pn
+1

-
Pn

+
if
.

"
3
T

(T
->
-

T»>
-

P„
♦
{f

Tn
+I

(4
-2
5)

w
h
e
r
e

P
=

Pn
-
|I

o
3
T

Fi
g.

4
.
5

Ci
rc
ui
t

mo
de
l

fo
r
a
cu
rr
en
t

de
fi
ne
d

el
em
en
t

th
at

de
pe
nd
s
o
n

v
o
l
t
a
g
e
a
n
d
t
e
m
p
e
r
a
t
u
r
e

8
8
.



8
9
.

T
h
e
e
l
e
m
e
n
t

mo
de
l

is
s
h
o
w
n

in
Fi
g.

4.
6.

If
i
n
p
a
r
t
i
c
u
l
a
r
,

t
h
e
h
e
a
t
f
l
o
w
t
h
r
o
u
g
h

t
h
e
r
e
s
i
s
t
o
r

is
l
i
n
e
a
r

wi
th

te
mp
er
at
ur
e

di
ff
er
en
ce
,

th
en

Eq
.

(4
-2
5)

re
du
ce
s

t
o

pn
+l

a
GJ
n+
l

w
h
e
r
e

G
i
s
a

c
o
n
s
t
a
n
t

l
i
n
e
a
r

t
h
e
r
m
a
l

c
o
n
d
u
c
t
a
n
c
e
.

T
h
e

e
l
e
m
e
n
t

m
o
d
e
l

al
so

re
du
ce
s

t
o
th
at

sh
ow
n

in
Fi
g.

4.
7.

4-
3-
3.

U
p
d
a
t
e

lo
gi
c

T
h
e
s
t
r
a
i
g
h
t
f
o
r
w
a
r
d
a
p
p
l
i
c
a
t
i
o
n
o
f

th
e

N
e
w
t
o
n
-
R
a
p
h
s
o
n

a
l
g
o
r
i
t
h
m

re
su
lt
s

in
nu
me
ri
ca
l

c
o
n
v
e
r
g
e
n
c
e

pr
ob
le
ms

in
ty
pi
ca
l

e
l
e
c
t
r
o
n
i
c

c
i
r
c
u
i
t

w
h
e
n

th
e

i
t
e
r
a
t
e
s
o
l
u
t
i
o
n

is
n
o
t
s
u
f
f
i
c
i
e
n
t
l
y

c
l
o
s
e
t
o
a
c
o
r
r
e
c
t

s
o
l
u

ti
on
.

Th
es
e

pr
ob
le
ms

oc
cu
r

du
e

to
nu
me
ri
ca
l

ov
er
fl
ow

an
d/
or

nu
me
ri
ca
l

o
s
c
i
l
l
a
t
i
o
n
s
.

I
n
t
h
e
pa
st
,

b
a
s
i
c
a
l
l
y
t
h
r
e
e
d
i
f
f
e
r
e
n
t

a
l
g
o
r
i
t
h
m
s

h
a
v
e

be
en

em
pl
oy
ed

to
el
im
in
at
e

th
es
e

pr
ob
le
ms

[1
].

In
th
e
ca
se

o
f
el
ec
tr
o

th
er
ma
l

s
i
m
u
l
a
t
i
o
n
,

t
h
e
p
r
o
b
l
e
m
s

a
r
e
m
o
r
e
c
o
m
p
l
i
c
a
t
e
d

b
e
c
a
u
s
e
a
s
c
h
e
m
e

mu
st

b
e
d
e
v
e
l
o
p
e
d

s
o
a
s
t
o
p
r
o
p
e
r
l
y

li
mi
t
n
o
t
o
n
l
y
v
o
l
t
a
g
e
s

a
n
d
c
u
r

re
nt
s

bu
t
al
so

te
mp
er
at
ur
es

an
d

he
at

fl
ow
.

In
th
e
p
r
o
g
r
a
m
T-
SP
IC
E2
B,

a
mo
di
fi
ed

v
e
r
s
i
o
n
o
f

s
i
m
p
l
e

l
i
m
i
t
i
n
g

p
r
o
c
e
s
s
w
i
t
h
a
l
t
e
r
n
a
t
i
n
g

ba
se
s

h
a
s
b
e
e
n
e
m
p
l
o
y
e
d

a
s

f
o
l
l
o
w
s
:

Fi
rs
t,

f
o
r
a

g
i
v
e
n
T

a
n
d
a
n

i
t
e
r
a
t
e

s
o
l
u
t
i
o
n
T

.,
t
h
e
n
e
w

«
n

m
t
i

te
mp
er
at
ur
es

T
ar
e

up
da
te
d

ac
co
rd
in
g

to
a

si
mp
le

cr
it
er
io
n

in
wh
ic
h

th
ei
r

t
e
m
p
e
r
a
t
u
r
e

e
x
c
u
r
s
i
o
n

is
l
i
m
i
t
e
d

t
o
±
A
T
w
h
i
c
h
c
a
n
b
e
u
s
e
r
-

sp
ec
if
ie
d
o
r
de
fa
ul
te
d
a
t

1°
C.

T
h
e
fl
ow

ch
ar
t

fo
r

th
is

t
e
m
p
e
r
a
t
u
r
e

U
n
i
t
i
n
g

al
go
ri
th
m

is
sh
ow
n

in
Fi
g.

4.
8.

Se
co
nd
ly
,

n
o
n
-
l
i
n
e
a
r

e
l
e
m
e
n
t
s

mu
st

b
e

tr
ea
te
d

pr
op
er
ly
.

Fo
r

a
b
i
p
o
l
a
r

t
r
a
n
s
i
s
t
o
r
,

fo
r
e
x
a
m
p
l
e
,

t
h
e
q
u
e
s
t
i
o
n

is
t
h
e
f
o
l
l
o
w
i
n
g
:

K
n

r\

Fi
g.

4
.
6

C
i
r
c
u
i
t

m
o
d
e
l

f
o
r

a
n
o
n
-
l
i
n
e
a
r

t
h
e
r
m
a
l

r
e
s
i
s
t
o
r

J
V
H

«
>
•

n
+
i

T
<

b* Fi
g.

4
.
7

C
i
r
c
u
i
t

m
o
d
e
l

f
o
r

a
l
i
n
e
a
r

t
h
e
r
m
a
l

r
e
s
i
s
t
o
r

9
0
.
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v
1

N
O

t
f

w
o

(
T"

*
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Ta
)

_.
w

H
^-

yn
tl

\
/

Y
e
s

-r
i.

-r
-T

T
"*

'«
T

V
^T

\
'

,

(T
"*1

<
T«

H«
)

A
/0

Y
e
s

-T
a

m
b

C
O

M
P

L
E

T
E

Fi
g.

4.
8

F
l
o
w
c
h
a
r
t
f
o
r
t
h
e
t
e
m
p
e
r
a
t
u
r
e

l
i
m
i
t
i
n
g

a
l
g
o
r
i
t
h
m

9
2
.

Gi
ve
n

(V
BE
n,

1^
",

VB
Cn
,

ICB
(.n

,
Pn
)

an
d

It
er
at
e

so
lu
ti
on

^B
En
+1
'

'c
BE
n+
1'

VB
Cn
+1
,

iC
BC
n+
1.

Pn
+1
),

ho
w

sh
al
l

we
be
st

ch
oo
se

(V
Be
"+
1'

VB
c"
+1
'

'c
Be
"+
1'

'c
BC
n+
1'

P"
+,
)

SO
th
at

th
e

ne
Xt

it
er
at
e

SO
,U
"

ti
on

be
as

ne
ar
ly

cl
os
e

to
th
e
co
rr
ec
t

so
lu
ti
on

as
po
ss
ib
le
?

IC
B-

an
d

'c
BC

ar
e

tn
at

P°
rt
:'
on

°f
tn
e
co
ll
ec
to
r

cu
rr
en
t

du
e

to
ba
se

to
em
it
te
r,

V-
-,

ba
se

to
co
ll
ec
to
r

V-
c

ju
nc
ti
on

vo
lt
ag
es

re
sp
ec
ti
ve
ly
.

P
is

th
e

p
o
w
e
r
d
i
s
s
i
p
a
t
i
o
n
o
f

t
h
e
d
e
v
i
c
e
a
n
d

n
is

a
n

i
t
e
r
a
t
e
c
o
u
n
t
.

F
i
r
s
t
,

t
w
o

j
u
n
c
t
i
o
n

v
o
l
t
a
g
e
s
,

V_
_,

V
_
_
a
r
e
u
p
d
a
t
e
d

i
n
d
i
v
i
d
u
a
l
l
y
a
c
c
o
r
d
i
n
g

t
o
t
h
e

ru
le

a
s

in
di
ca
te
d

in
th
e

fl
ow

ch
ar
t
o
f

Fi
g.

4.
9.

Ba
si
ca
ll
y

in
th
is

sc
he
me
,

th
e
ju
nc
ti
on

vo
lt
ag
e

ex
cu
rs
io
ns

o
f

fo
rw
ar
d

(r
ev
er
se
d)

bi
as
ed

j
u
n
c
t
i
o
n
f
r
o
m
o
n
e

i
t
e
r
a
t
i
o
n

t
o
t
h
e
n
e
x
t

i
s
l
i
m
i
t
e
d
t
o
a
n
e
m
p
i
r
i
c
a
l

fa
ct
or

of
2V
_(
V_
L|
M)
.

V_
is

th
e

th
er
ma
l

vo
lt
ag
e

at
te
mp
er
at
ur
e

T,
an
d

gi
ve
n

by
kT
/q
.

Vf
i|
|H

is
a
us
er
-s
pe
ci
fi
ab
le

co
ns
ta
nt
.

O
n
e
s
i
g
n
i
f
i
c
a
n
t
d
i
f
f
e
r
e
n
c
e

i
n
t
h
i
s
u
p
d
a
t
e

l
o
g
i
c
i
s
t
h
e

i
n
t
r
o

du
ct
io
n

of
VR
L|

(d
ef
au
lt
ed

at
on
e

vo
lt
)

wh
ic
h

is
us
ed

to
li
mi
t

th
e

e
x
c
u
r
s
i
o
n

i
n
t
h
e
r
e
v
e
r
s
e

b
i
a
s
e
d
j
u
n
c
t
i
o
n
v
o
l
t
a
g
e
.

T
h
i
s
b
e
c
o
m
e
s
n
e
c
e
s

s
a
r
y
d
u
e
t
o
t
h
e
f
a
c
t

t
h
a
t
a

l
a
r
g
e
e
x
c
u
r
s
i
o
n

i
n
r
e
v
e
r
s
e

b
i
a
s
e
d

j
u
n
c
t
i
o
n

v
o
l
t
a
g
e
,

f
o
r
e
x
a
m
p
l
e
,

c
o
u
l
d

r
e
s
u
l
t

i
n
a

l
a
r
g
e

i
n
c
r
e
a
s
e

in
p
o
w
e
r
d
i
s

s
i
p
a
t
i
o
n
o
f

a
b
i
p
o
l
a
r
t
r
a
n
s
i
s
t
o
r
.

F
o
r
a
n
e
l
e
c
t
r
i
c
a
l
c
i
r
c
u
i
t
a
l
o
n
e
,

it
w
a
s

n
o
t
n
e
c
e
s
s
a
r
y

b
e
c
a
u
s
e
t
h
e
r
e
v
e
r
s
e
b
i
a
s
e
d
j
u
n
c
t
i
o
n
v
o
l
t
a
g
e
,

h
o
w

e
v
e
r

l
a
r
g
e
,

d
i
d
n
o
t
c
h
a
n
g
e
t
h
e
c
u
r
r
e
n
t
s
w
i
t
h
i
n

t
h
e
c
i
r
c
u
i
t
v
e
r
y

m
u
c
h
.

Af
te
r

V-
E

an
d

V_
-

ha
ve

be
en

ch
os
en

ac
co
rd
in
g

to
th
e

fl
ow

c
h
a
r
t
o
f

Fi
g.

4.
10
,

a
n
e
w
po
we
r
d
i
s
s
i
p
a
t
i
o
n

is
c
o
m
p
u
t
e
d

a
s

pn
+1

=
v

n+
,.
i"
+J

+
V

n+
1
I

n+
I

VB
E

B
+

VC
E

''
c



9
3

.

Y
E

S

(\L
-V

«\
<2

V
r)

N
O

?
i
s

Vn
+,
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<
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r/l
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*
v

Y
E

S
C*

«
>

/o
^o

—
—

^
A

/O
V
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a
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U
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Y
E
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H
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<

0
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o
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VW
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S
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O
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W
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i

M
O

V
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W
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V
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*
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W
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n
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=
V
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K
E

T
U

K
A

/

R
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7U
K
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Fi
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4
.
9

Fl
ow

c
h
a
r
t
o
f
j
u
n
c
t
i
o
n

v
o
l
t
a
g
e

l
i
m
i
t
i
n
g
a
l
g
o
r
i
t
h
m

9*
».

T
h
e
n
e
w
po
we
r
d
i
s
s
i
p
a
t
i
o
n

is
li
mi
te
d

t
o

le
ss

th
an

fo
ur

ti
me
s

t
h
e
po
we
r

di
ss
ip
at
io
n

at
th
e

pr
ev
io
us

it
er
at
io
n

an
d

V_
E,

V„
c

ar
e

re
co
mp
ut
ed

ac
co
rd
in
g

to
th
e

fo
ll
ow
in
g

ru
le

sh
ow
n

in
Fi
g.

4.
10
.

T
h
e
c
o
n
v
e
r
g
e
n
c
e

in
t
h
e
N
e
w
t
o
n
-
R
a
p
h
s
o
n

i
t
e
r
a
t
i
o
n
s
c
a
n
b
e
g
r
e
a
t
l
y

f
a
c
i
l
i
t
a
t
e
d

w
h
e
n

t
h
e
e
l
e
c
t
r
i
c
a
l

c
i
r
c
u
i
t

is
i
n
d
i
v
i
d
u
a
l
l
y

s
o
l
v
e
d
,
a
n
d

th
e

re
su
lt
in
g

no
da
l

vo
lt
ag
es

ar
e

us
ed

a
s
a
n

in
it
ia
l

gu
es
s
o
f

al
l

th
e

ju
nc
ti
on

vo
lt
ag
es

fo
r

al
l

no
n-
li
ne
ar

el
em
en
ts

at
th
e
on
se
t
o
f

th
e

it
er
at
io
n

pr
oc
es
s
o
f

th
e
el
ec
tr
o-
th
er
ma
l

sy
st
em
.

Th
is

j
u
n
c
t
i
o
n

in
i

ti
al
iz
in
g

sc
he
me

re
su
lt
s

in
a

la
rg
e

sa
vi
ng

in
th
e

co
st

o
f
si
mu
la
ti
on

a
s
w
i
l
l

b
e

p
r
e
s
e
n
t
e
d
i
n
C
h
a
p
t
e
r
5
.

Th
e

sa
me

co
nv
er
ge
nc
e

cr
it
er
io
n

as
in

SP
IC
E2

[1
]
wa
s

us
ed

to

d
e
t
e
r
m
i
n
e

if
t
h
e

i
t
e
r
a
t
i
v
e

s
e
q
u
e
n
c
e
o
f

s
o
l
u
t
i
o
n
s

h
a
s
c
o
n
v
e
r
g
e
d
,

a
n
d

i
s
r
e
w
r
i
t
t
e
n
h
e
r
e

f
o
r
c
o
m
p
l
e
t
e
n
e
s
s
.

F
o
r

a
l
l

t
h
e

c
u
r
r
e
n
t

d
e
f
i
n
e
d

b
r
a
n
c
h
e
s

l'
n+
1
"
U

<e
a
+

er
.M
in
{|
ln
+]
|
.
|«
J}

a
n
d
f
o
r
al
l

t
h
e
v
o
l
t
a
g
e

d
e
f
i
n
e
d

b
r
a
n
c
h
e
s

lV
n+
l
"
VJ

<e
a
+

er
.M
in
{|
Vn
+1
|.

|v
j)

-
1
2

wi
th

ea
=

10
an
d
e
r
=

0.
1%
,

an
d

Mi
n[
x.
,

x_
]

=
th
e

sm
al
le
r
o
f

x.
an
d

No
s
e
p
a
r
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c
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c
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at
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an
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c
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e
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e
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i
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4
.
1
0

F
l
o
w
c
h
a
r
t
o
f

j
u
n
c
t
i
o
n
v
o
l
t
a
g
e
l
i
m
i
t
i
n
g

a
l
g
o
r
i
t
h
m
t
o

l
i
m
i
t

p
o
w
e
r
d
i
s
s
i
p
a
t
i
o
n

9
5
.

9
6
.

(m
ic
ro
se
co
nd
s)

an
d

th
er
ma
l

ti
me

co
ns
ta
nt
s

(m
il
li
se
co
nd
s)
.

In
or
de
r

t
o
co
pe

wi
th

th
is

pr
ob
le
m,

a
st
if
fl
y

st
ab
le

Tr
ap
ez
oi
da
l

in
te
gr
at
io
n

t
e
c
h
n
i
q
u
e
w
i
t
h
a
u
t
o
m
a
t
i
c

t
i
m
e
s
t
e
p

co
nt
ro
l

h
a
s
b
e
e
n
c
h
o
s
e
n

f
o
r
t
r
a
n
s
i
e
n
t

an
al
ys
is
.

Th
e

im
pl
ic
it

se
co
nd
-o
rd
er

Tr
ap
ez
oi
da
l

a
l
g
o
r
i
t
h
m

us
es

th
e

f
o
l
l
o
w
i
n
g

r
u
l
e

t
o
c
o
m
p
u
t
e

x
..

f
r
o
m
x

.
3

n
+
1

n

V
l
=

Xn
+
"f

(*
n+
l
+
V

(4
-2
7)

w
h
e
r
e

n
c
o
r
r
e
s
p
o
n
d
s
t
o
t
i
m
e
p
o
i
n
t
a
n
d
h

t
h
e

t
i
m
e
s
t
e
p

f
r
o
m
n

t
o
n
+

I.
n

Th
e

tr
un
ca
ti
on

er
ro
r

as
so
ci
at
ed

wi
th

th
is

in
te
gr
at
io
n

te
ch
ni
qu
e

is
g
i
v
e
n

b
y

h
lA

12
dt

3
(4
-2
8)

w
h
e
r
e

£
i
s
s
o
m
e
w
h
e
r
e

b
e
t
w
e
e
n

t
a
n
d

t
.
.
.

n
n
+
1

In
SP
IC
E2
,

in
or
de
r
t
o
av
oi
d

th
e

nu
me
ri
ca
l

os
ci
ll
at
io
n

pr
ob
le
m

of
te
n

en
co
un
te
re
d

in
th
e
Tr
ap
ez
oi
da
l

In
te
gr
at
io
n

me
th
od
,

th
e

ti
me

st
ep

w
a
s

a
d
j
u
s
t
e
d
s
u
c
h
t
h
a
t

lo
ca
l

t
r
u
n
c
a
t
i
o
n
e
r
r
o
r

Is
m
a
i
n
t
a
i
n
e
d
w
i
t
h
i
n

a

c
e
r
t
a
i
n

a
m
o
u
n
t
.

Th
is

is
do
ne

a
s
fo
ll
ow
s

[1
]:

n
+
1

j/
E

r|
V

;

,
-
3

w
h
e
r
e

e
r

=
1
0

r
e
l
a
t
i
v
e

e
r
r
o
r

t
o
l
e
r
a
n
c
e

-
2

Er
a

-
1

0
a

b
s
o

lu
te

to
le

r
a

n
c
e

c
a

D
D

2(
t

)
-

D
D

,(
t)

n
n

-1
n

-
2

(4
-2
9)
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X

X
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X

.
n
+
1

n
n

n
-
1

h
h

.

n
n
-
1

9
7
.

T
h
e

i
d
e
n
t
i
c
a
l

m
e
t
h
o
d

w
a
s

c
a
r
r
i
e
d

o
n

t
o

T
-
S
P
I
C
E
.

If
t
h
e
e
n
e
r
g
y
s
t
o
r
a
g
e
e
l
e
m
e
n
t
h
a
s
a

t
e
m
p
e
r
a
t
u
r
e
d
e
p
e
n
d
e
n
c
e
,

b
r
a
n
c
h

l
i
n
e
a
r
i
z
a
t
i
o
n
e
m
p
l
o
y
i
n
g

t
h
e
N
e
w
t
o
n
-
R
a
p
h
s
o
n

m
e
t
h
o
d
w
o
u
l
d
t
a
k
e

a
f
o
r
m
s
l
i
g
h
t
l
y
d
i
f
f
e
r
e
n
t

f
r
o
m
t
h
o
s
e
i
n
v
o
l
v
i
n
g

e
l
e
c
t
r
i
c
a
l
d
e
p
e
n
d
e
n
c
e

o
n
l
y
.

If
,

f
o
r
e
x
a
m
p
l
e
,

c
h
a
r
g
e
q
o
n
a
c
a
p
a
c
i
t
o
r

p
l
a
t
e

is
a

f
u
n
c
t
i
o
n

o
f

it
s

t
e
r
m
i
n
a
l

v
o
l
t
a
g
e
a
s
we
ll

a
s

it
s

t
e
m
p
e
r
a
t
u
r
e
,

w
e

c
a
n
w
r
i
t
e

q
"

f(
V,

T)

T
h
e
T
r
a
p
e
z
o
i
d
a
l

I
n
t
e
g
r
a
t
i
o
n
a
l
g
o
r
i
t
h
m

g
i
v
e
s

'n
+1
=
q
n
+
"
T
(
%
+
<
W

»
q
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-
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+
i

.)
H
n

2
x
n

n
+
1
'

S
o

lv
in

g
E

q.
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-3
2

)
fo

r
i

.,
w

e
g

et

<
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l
•

q
.

n
+

l
h

M
n+

1

(
4
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3
0
)

(4
-3
1)
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-3
2)

)
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-3
3
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T
h
e

la
st

t
e
r
m

in
th
e

p
a
r
e
n
t
h
e
s
i
s
a
b
o
v
e

is
k
n
o
w
n
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r
o
m
t
h
e
p
r
e
v
i
o
u
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i
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e
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in
t

s
o
l
u
t
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n
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n
d
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o
n
s
t
a
n
t
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S
i
n
c
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q
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n
c
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n
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f
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n
d
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Eq
.
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in
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ne
ra
l
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u
a
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w
e
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.
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w
e
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in
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1

3V
m

n
+
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w
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+
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+
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1
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h
3
T
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1
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+
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h

3
T

m
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1
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+
1

-
m
+
l

n
+
1

w
h
e
r
e

m
c
o
r
r
e
s
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o
n
d
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o

N
e
w
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o
n
-
R
a
p
h
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o
n

i
t
e
r
a
t
i
o
n

c
o
u
n
t
,

a
n
d

I
=
I

(q
m

-
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o

h
vq
n+
l

3V
vm n
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1

m
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•
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+
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Th
e
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de
l
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r

Eq
.
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ow
n
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Fi
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4.
11
.

O
b
v
i
o
u
s
l
y
f
o
r
t
h
e
r
m
a
l

c
a
p
a
c
i
t
o
r
s
,

i
c
o
r
r
e
s
p
o
n
d
s
t
o
t
h
e
h
e
a
t

f
l
o
w
P
a
n
d
q
c
o
r
r
e
s
p
o
n
d
s
t
o

t
h
e
r
m
a
l

e
n
e
r
g
y
.

C
l
e
a
r
l
y
t
h
e
t
r
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n
s
i
e
n
t

a
n
a
l
y
s
i
s
h
a
s
b
e
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n

r
e
d
u
c
e
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o
d
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n
a
l
y
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s
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y
m
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o
f
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r
a
p
e
z
o
i
d
a
l

I
n
t
e
g
r
a
t
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o
n
m
e
t
h
o
d
.

Th
e

ci
rc
ui
t

mo
de
l

fo
r
a

si
mp
le

ci
rc
ui
t

sh
ow
n

in
Fi
g.

4.
12
(a
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co
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ai
ni
ng

no
n-
li
ne
ar

el
em
en
t

(d
io
de
),

no
n-
li
ne
ar

el
ec
tr
ic
al

ca
pa
ci
to
r

t
h
a
t
d
e
p
e
n
d
s

o
n

t
e
r
m
i
n
a
l
v
o
l
t
a
g
e

a
n
d

t
e
m
p
e
r
a
t
u
r
e
,

n
o
n
-
l
i
n
e
a
r

t
h
e
r
m
a
l

re
si
st
or

an
d
a

li
ne
ar

th
er
ma
l

c
a
p
a
c
i
t
o
r

is
sh
ow
n

in
Fi
g.

4.
12
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(c
)

Fi
g.

4.
12

(a
)
a
si
mp
le

ex
am
pl
e

ci
rc
ui
t

(b
)

e
q
u
i
v
a
l
e
n
t

ci
rc
ui
t

(c
)

th
e

re
su
lt
in
g

a
d
m
i
t
t
a
n
c
e
ma
tr
ix

V
\

V
2

T
,

1
0
1
.

o

-I
c»

-U
s

-
f| <*. Vs '4

M
B

\
)

1
0
2
.

Sh
ow
n

in
Fi
g.

4.
12
(c
)

is
th
e
el
ec
tr
o-
th
er
ma
l

ad
mi
tt
an
ce

ma
tr
ix

fo
r

th
is

c
i
r
c
u
i
t
.

4
-
3
-
5
.

C
o
m
p
u
t
a
t
i
o
n
a
l

e
f
f
o
r
t

i
n
v
o
l
v
e
d

i
n
t
h
e
N
e
w
t
o
n
-
R
a
p
h
s
o
n

a
l
g
o
r
i
t
h
m

T
h
e
u
s
e
o
f

N
e
w
t
o
n
-
R
a
p
h
s
o
n

a
l
g
o
r
i
t
h
m
a
p
p
e
a
r
s
a
t
t
r
a
c
t
i
v
e

i
n
t
h
a
t

it
wo
ul
d

al
wa
ys

co
nv
er
ge

a
s

lo
ng

a
s
o
n
e
c
a
n
st
ar
t

s
u
f
f
i
c
i
e
n
t
l
y

c
l
o
s
e

t
o
t
h
e
c
o
r
r
e
c
t
s
o
l
u
t
i
o
n
.

W
i
t
h
t
h
e
a
d
o
p
t
i
o
n
o
f

p
r
o
p
e
r

u
p
d
a
t
e
l
o
g
i
c
a
s

d
e
s
c
r
i
b
e
d

in
4
-
3
-
3
,

i
n
d
e
e
d

t
h
e
a
l
g
o
r
i
t
h
m
d
o
e
s
s
h
o
w
v
e
r
y
g
o
o
d
c
o
n
v
e
r

ge
nc
e

pr
op
er
ti
es
.

Ho
we
ve
r,

th
e
c
o
m
p
u
t
a
t
i
o
n
a
l

ef
fo
rt

in
vo
lv
ed

in
th
is

m
e
t
h
o
d

i
s
q
u
i
t
e

l
a
r
g
e
.

Na
ge
l

[1
]

re
po
rt
ed

th
at

fo
r

ty
pi
ca
l

In
te
gr
at
ed

ci
rc
ui
ts
,

(1
)

1
0
^

2
0
%
o
f
t
h
e
c
o
m
p
u
t
a
t
i
o
n
a
l

c
o
s
t
o
f
a
n
a
l
y
s
i
s

p
o
r
t
i
o
n
o
f
s
i
m
u

la
ti
on
,

u
s
i
n
g
H
a
r
k
o
w
i
t
z

s
p
a
r
s
e
m
a
t
r
i
x
t
e
c
h
n
i
q
u
e

is
e
x
p
e
n
d
e
d

f
o
r

t
h
e
L
U
d
e
c
o
m
p
o
s
i
t
i
o
n
o
f

t
h
e
m
a
t
r
i
x
a
n
d
t
h
e

re
st

f
o
r
t
h
e

l
o
a
d
i
n
g

(t
ha
t

is
,

th
e
ev
al
ua
ti
on

o
f
ma
tr
ix

co
ef
fi
ci
en
ts
).

1
2
4

(2
)

T
h
e
c
o
s
t
o
f
a
n
a
l
y
s
i
s

p
o
r
t
i
o
n
o
f
s
i
m
u
l
a
t
i
o
n

i
n
c
r
e
a
s
e
s

N

(E
q.

4-
36
),

w
h
e
r
e

N
is

th
e
d
i
m
e
n
s
i
o
n
o
f

th
e

ma
tr
ix
.

A
s
s
u
m
e

th
at

f
o
r
a

g
i
v
e
n

c
i
r
c
u
i
t

t
h
e
n
u
m
b
e
r
o
f
e
l
e
c
t
r
i
c
a
l

n
o
d
e
s

is
N
_

a
n
d

t
h
a
t
t
h
r
e
e
t
i
m
e
s
a
s
m
a
n
y

t
h
e
r
m
a
l

n
o
d
e
s
a
s
e
l
e
c
t
r
i
c
a
l

n
o
d
e
s
a
r
e

ge
ne
ra
te
d

fo
r

ea
ch

la
ye
r
o
f

th
er
ma
l

ne
tw
or
k.

If
w
e
as
su
me

th
at

th
e

p
r
o
p
o
r
t
i
o
n
o
f
c
o
m
p
u
t
a
t
i
o
n
a
l

co
st

fo
r

L
U
d
e
c
o
m
p
o
s
i
t
i
o
n

a
n
d
l
o
a
d
i
n
g

is

m
a
i
n
t
a
i
n
e
d

i
n
t
h
e
s
o
l
u
t
i
o
n
p
r
o
c
e
s
s
o
f

t
h
e
e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

a
d
m
i
t
t
a
n
c
e

m
a
t
r
i
x
,

th
en

th
e

co
st

o
f
s
i
m
u
l
a
t
i
o
n

f
o
r
e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

s
y
s
t
e
m
w
i
l
l

be
,

u
s
i
n
g

th
is

e
m
p
i
r
i
c
a
l

f
o
r
m
u
l
a
,

1
.
2
4

(7
NE
)

(N
E)

T7
24
"

I
2
4

^
=
7

=
1
0

t
i
m
e
s
a
s

e
x
p
e
n
s
i
v
e
a
s

t
h
e
e
l
e
c
t
r
i
c
a
l

c
i
r
c
u
i
t

a
l
o
n
e
.

T
h
e

a
s
s
u
m
p
t
i
o
n

a
b
o
v
e

m
a
y

n
o
t

b
e
e
x
a
c
t
l
y

c
o
r
r
e
c
t

b
e
c
a
u
s
e



1
0
3
.

th
e
co
mp
ut
at
io
na
l

ef
fo
rt

sp
en
t

fo
r

th
e

lo
ad
in
g
of

th
e
el
ec
tr
o-
th
er
ma
l

ma
tr
ix

ma
y

no
t

in
cr
ea
se

in
pr
op
or
ti
on

to
th
e
di
me
ns
io
n
o
f
th
e

ma
tr
ix
.

In
re
al
it
y,

th
e
co
st

in
cr
ea
se
s

at
le
as
t

as
mu
ch

as
th
e

si
mp
le

ca
lc
u

la
ti
on

ab
ov
e

su
gg
es
ts
.

Th
er
e

ar
e

tw
o
ba
si
c

re
as
on
s

fo
r

th
is
.

Fi
rs
t,

fo
r

ty
pi
ca
l

in
te
gr
at
ed

ci
rc
ui
ts
,

th
e

nu
mb
er

o
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Fig. 5.13

Observed and computer predicted output voltage waveform for two

versions of the LMl40d In response to a 1.5A output current step.
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b
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c
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l
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l
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v
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.
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c
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b
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c
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i
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pe
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p
r
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re
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.
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0.
4,

03
,

Q6
,

Q7
,

an
d

Q_
8
wa
s

pl
ac
ed

al
on
g
a
n

is
o

th
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e

re
su
lt
in
g
si
mu
la
te
d

an
d

ex
pe
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at
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re
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i
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c
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p
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b
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h
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i
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re
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re
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at
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it
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.
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ra
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re
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it
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at
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.
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em
en
ts

ha
ve

be
en

re
mo
ve
d

fr
om

th
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re
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e
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ra
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at
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at
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ra
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at
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ra
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at
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at
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s.

Th
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ra
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at
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at
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at
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re
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re
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at
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re
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p
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b
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.
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c
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b
e
l
e
d
.

T
h
e
d
a
r
k

l
i
n
e
s
o
n

t
h
e
p
h
o
t
o
g
r
a
p
h
a
r
e

T
S
P
I
C
E
p
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p
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p
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r
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i
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c
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p
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c
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p
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p
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c
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e
r
o
w
i
t
h
s
o
m
e
s
t
a
t
i
s
t
i
c
a
l

d
e
v
i
a
t
i
o
n

a
b
o
u
t

t
h
i
s

n
o
m
i
n
a
l
v
a
l
u
e

f
r
o
m
u
n
i
t

t
o
u
n
i
t
.

T
h
e

a
m
o
u
n
t

o
f

t
e
m
p
e
r
a
t
u
r
e

v
a
r
i
a
t
i
o
n
a
t

t
h
e
z
e
n
e
r
a
n
d
c
o
m
p
e
n
s
a
t
i
n
g
d
i
o
d
e
w
i
l
l
d
e
t
e
r
m
i
n
e

t
h
e

a
m
o
u
n
t
o
f
d
e
v
i
a
t
i
o
n

f
r
o
m
z
e
r
o
t
e
m
p
e
r
a
t
u
r
e
c
o
e
f
f
i
c
i
e
n
t

i
n
a
s
a
m
p
l
e
o
f

s
t
a
b
i
l
i
z
e
d

u
n
i
t
s
.

T
h
u
s
t
h
e
e
f
f
e
c
t
o
f
m
o
v
i
n
g
t
h
e
z
e
n
e
r
a
n
d
t
h
e
c
o
m

p
e
n
s
a
t
i
n
g

di
od
es

c
l
o
s
e
r
t
o
t
h
e
h
e
a
t
e
r
w
o
u
l
d
b
e
t
o
ti
gh
te
n
t
h
e
d
i
s
t
r
i
b
u

ti
on

o
f
o
b
s
e
r
v
e
d
T
C
s

in
s
t
a
b
i
l
i
z
e
d

u
n
i
t
s
,

w
i
t
h
o
u
t

a
f
f
e
c
t
i
n
g

t
h
e
n
o
m
i
n
a
l

v
a
l
u
e
o
f
z
e
r
o
t
e
m
p
e
r
a
t
u
r
e

c
o
e
f
f
i
c
i
e
n
t
.

F
o
r
t
h
i
s
c
i
r
c
u
i
t
,

t
h
e
N
e
w
t
o
n
-
R
a
p
h
s
o
n

m
e
t
h
o
d
d
i
d
c
o
n
v
e
r
g
e
b
u
t

t
h
e
m
o
d
i
f
i
e
d
f
u
n
c
t
i
o
n
a
l

i
t
e
r
a
t
i
o
n

m
e
t
h
o
d
f
a
i
l
e
d
t
o
c
o
n
v
e
r
g
e
.

T
h
i
s

r
e
s
u
l
t

i
s
i
n
a
c
c
o
r
d
a
n
c
e
w
i
t
h

t
h
e
e
a
r
l
i
e
r
p
r
e
d
i
c
t
i
o
n
t
h
a
t
i
n
a

c
i
r
c
u
i
t

w
h
e
r
e
a

s
t
r
o
n
g

t
h
e
r
m
a
l

i
n
t
e
r
a
c
t
i
o
n
o
c
c
u
r
s
,

t
h
e
m
o
d
i
f
i
e
d

f
u
n
c
t
i
o
n
a
l



TA
M

B

-5
5

°
O

7
0

°
C

-5
°
C

Q
I3

D
l

Q
4

Fi
g.

5
.
1
8

D
i
e

p
h
o
t
o
g
r
a
p
h
o
f

t
h
e

L
M
1
9
9
s
h
o
w
i
n
g

l
i
n
e
s

o
f

c
o
n
s
t
a
n
t

t
e
m
p
e
r
a
t
u
r
e
.

T
h
e

i
n
d
i
c
a
t
e
d

t
e
m
p
e
r
a
t
u
r
e
s

o
n

t
h
e

i
s
o

t
h
e
r
m
s
a
r
e

t
h
e
v
a
r
i
a
t
i
o
n

i
n
t
e
m
p
e
r
a
t
u
r
e
e
x
p
e
r
i
e
n
c
e
d

b
y

p
o
i
n
t
s

o
n

th
e

li
ne

f
o
r
a
n
a
m
b
i
e
n
t
c
h
a
n
g
e
f
r
o
m
-
4
0
°
C
t
o

7
0
°
C
.

1
5

1
.

1
5
2
.

it
er
at
io
n

wi
ll

fa
il

to
co
nv
er
ge
.

Th
e

re
as
on

fo
r

th
e
co
nv
er
ge
nc
e

fa
il
ur
e
o
f

th
e

mo
di
fi
ed

fu
nc
ti
on
al

it
er
at
io
n

me
th
od

ca
n

be
de
du
ce
d

fr
om

th
e

ac
tu
al

op
er
at
in
g

po
in
t

of
th
e
ci
rc
ui
t

ob
ta
in
ed

by
th
e

Ne
wt
on
-

Ra
ph
so
n

me
th
od
.

Re
fe
rr
in
g

to
Fi
g.

5.
17
,

th
e
se
ns
or

0J
3

st
ab
il
iz
es

at

10
5°
C,

Vg
E
=
0.
51
4V
,
I
=
0.
4

ma
.

No
w

if
th
e

te
mp
er
at
ur
e

of
QJ
3

ch
an
ge
s

by
-1
°C
,

th
en

th
e

ba
se

cu
rr
en
t

of
th
e

dr
iv
er

tr
an
si
st
or

Q1
2

in
cr
ea
se
s

by
(0
.4

ma
)

(8%
)

=
32

ua
.

Co
rr
es
po
nd
in
gl
y

th
e

po
we
r

di
s

si
pa
ti
on

o
f

th
e

he
at
er

in
cr
ea
se
s

by
ro
ug
hl
y

Al
=

VC
£.
AI
B.
8

=
9.
6
wa
tt
s,

w
h
e
r
e
V
„

is
th
e
co
ll
ec
to
r

to
em
it
te
r

vo
lt
ag
e,

Al
is

th
e

in
cr
ea
se

in
co
ll
ec
to
r

cu
rr
en
t,

2
c
~

B^
wn
er
e
6

is
th
e
cu
rr
en
t

ga
in

of
th
e

tr
an
si
st
or
s.

Fo
r

th
is

pa
rt
ic
ul
ar

di
e

pa
ck
ag
e

st
ru
ct
ur
e,

th
e
ju
nc
ti
on

to

™b
ie
nt

th
er
ma
l

re
si
st
an
ce

is
20
0°
C/
W.

Th
us

th
is

in
cr
ea
se

in
po
we
r

di
ss
ip
at
io
n

wo
ul
d

ra
is
e

th
e
ch
ip

te
mp
er
at
ur
e

by
ab
ou
t

19
20
°C
.

Th
us

th
e

in
cr
em
en
ta
l

th
er
ma
l

lo
op

ga
in

at
th
is

op
er
at
in
g

co
nd
it
io
n

is

19
20
.

As
me
nt
io
ne
d

ea
rl
ie
r

if
th
er
ma
l

lo
op

ga
in

is
gr
ea
te
r

th
an

on
e,

th
en

th
e
mo
di
fi
ed

fu
nc
ti
on
al

it
er
at
io
n

wo
ul
d

no
t

co
nv
er
ge
.

Ta
bl
e

5-
1

li
st
s

th
e

CP
U

ti
me

re
qu
ir
ed

on
CD
C

64
00

by
th
e

Ne
wt
on
-R
ap
hs
on

me
th
od
.

Ta
bl
e

5.
2

sh
ow
s

th
e
co
mp
ar
is
on

in
th
e

nu
mb
er

of
it
er
at
io
n

wh
en

th
e
ju
nc
ti
on

in
it
ia
li
zi
ng

sc
he
me

is
an
d

is
no
t

us
ed
.

In
th
is

cl
as
s

of
ci
rc
ui
ts

ho
we
ve
r

th
er
e

is
no

sa
vi
ng

in
it
er
at
io
n

nu
mb
er

an
d

in
fa
ct

on
e

is
be
tt
er

of
f

no
t

em
pl
oy
in
g

th
e
ju
nc
ti
on

in
it
i

a
l
i
z
i
n
g

s
c
h
e
m
e
.



C
H
A
P
T
E
R

6

C
O
N
C
L
U
S
I
O
N

1
5
3
.

6-
1.

S
u
m
m
a
r
y

T
h
e
o
b
j
e
c
t
i
v
e
s
o
f

t
h
i
s
d
i
s
s
e
r
t
a
t
i
o
n

h
a
v
e
b
e
e
n
a
c
c
o
m
p
l
i
s
h
e
d
a
s

f
o
l
l
o
w
s
:

(1
)
A
ne
w

ge
ne
ra
l

pu
rp
os
e
el
ec
tr
o-
th
er
ma
l

pr
og
ra
m

th
at

pr
ed
ic
ts

th
e

d
c
a
n
d

t
r
a
n
s
i
e
n
t

p
e
r
f
o
r
m
a
n
c
e
o
f

i
n
t
e
g
r
a
t
e
d
c
i
r
c
u
i
t
s

i
n
t
h
e
p
r
e
s
e
n
c
e

o
f
e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

i
n
t
e
r
a
c
t
i
o
n
s
o
n

t
h
e

i
n
t
e
g
r
a
t
e
d

c
i
r
c
u
i
t
d
i
e
h
a
s

b
e
e
n
d
e
v
e
l
o
p
e
d
.

(2
)
T
w
o
as
so
ci
at
ed

nu
me
ri
ca
l

me
th
od
s

ha
ve

be
en

de
ve
lo
pe
d

an
d

in
ve
st
i

ga
te
d.

It
h
a
s
be
en

m
a
t
h
e
m
a
t
i
c
a
l
l
y

p
r
o
v
e
n
a
n
d
c
l
e
a
r
l
y
d
e
m
o
n
s
t
r
a
t
e
d

t
h
a
t
t
h
e
c
o
m
b
i
n
e
d

u
s
e
o
f

t
h
e
t
w
o
m
e
t
h
o
d
s

is
n
e
c
e
s
s
a
r
y
f
o
r
t
h
e

e
c
o
n
o
m
i
c
a
l

s
i
m
u
l
a
t
i
o
n
o
f
e
l
e
c
t
r
o
-
t
h
e
r
m
a
l

b
e
h
a
v
i
o
r
d
e
p
e
n
d
i
n
g
u
p
o
n

t
h
e
p
a
r
t
i
c
u
l
a
r
a
p
p
l
i
c
a
t
i
o
n
.

(3
)
A
n
ac
cu
ra
te

ph
ys
ic
al

mo
de
l
o
f
th
e
di
e

pa
ck
ag
e
st
ru
ct
ur
e

ha
s

be
en

d
e
v
e
l
o
p
e
d
.

(4
)

Th
e
as
ym
me
tr
ic
al

fi
ni
te

di
ff
er
en
ce

me
th
od

ha
s

be
en

in
tr
od
uc
ed

t
o

f
o
r
m
a

l
u
m
p
e
d
t
h
e
r
m
a
l

n
e
t
w
o
r
k
t
h
a
t
r
e
p
r
e
s
e
n
t
s

t
h
e
t
h
e
r
m
a
l

b
e
h
a
v
i
o
r

o
f
t
h
e
d
i
e

p
a
c
k
a
g
e

s
t
r
u
c
t
u
r
e
a
c
c
u
r
a
t
e
l
y
a
n
d
e
f
f
i
c
i
e
n
t
l
y
.

T
h
i
s

r
e
s
u
l
t
e
d

i
n
a
s
i
g
n
i
f
i
c
a
n
t

r
e
d
u
c
t
i
o
n

o
f

t
h
e
r
m
a
l

n
o
d
e
s
c
o
m
p
a
r
e
d
t
o

a
s
t
r
a
i
g
h
t
f
o
r
w
a
r
d
f
i
n
i
t
e
d
i
f
f
e
r
e
n
c
e

m
e
t
h
o
d
.

(5
)

Th
e

pr
og
ra
m

is
wr
it
te
n

in
su
ch

a
w
a
y
th
at

th
e
si
mu
la
ti
on

o
f

su
ch

a
n
a
m
o
l
i
e
s

a
s
d
i
e
-
a
t
t
a
c
h

v
o
i
d
s
,

f
l
i
p
c
h
i
p
a
t
t
a
c
h
b
o
n
d
i
n
g
,

e
t
c
.
,

c
o
u
l
d
b
e
e
a
s
i
l
y
a
d
o
p
t
e
d

i
n
a

l
u
m
p
e
d
f
o
r
m
.

15
4.

6
-
2
.

R
e
c
o
m
m
e
n
d
a
t
i
o
n

f
o
r

f
u
r
t
h
e
r

w
o
r
k

F
u
r
t
h
e
r

r
e
s
e
a
r
c
h

s
h
o
u
l
d

c
o
n
c
e
n
t
r
a
t
e

f
i
r
s
t

i
n
t
w
o
a
r
e
a
s
.

O
n
e

wo
ul
d

be
th
e
de
ve
lo
pm
en
t
o
f
mo
re

ef
fi
ci
en
t

al
go
ri
th
ms

t
o
re
du
ce

th
e

c
o
s
t
o
f

s
i
m
u
l
a
t
i
o
n
.

T
h
e

o
t
h
e
r

i
s
t
o
e
x
t
e
n
d

t
h
e

u
s
e
f
u
l
n
e
s
s
o
f

t
h
e

p
r
o
g
r
a
m
b
y

i
n
c
l
u
d
i
n
g

t
h
e
s
i
m
u
l
a
t
i
o
n
c
a
p
a
b
i
l
i
t
i
e
s

o
t
h
e
r
t
h
a
n
t
h
o
s
e

a
l
r
e
a
d
y

d
o
n
e

i
n
t
h
i
s

r
e
s
e
a
r
c
h
.

Fo
r
t
h
e
fi
rs
t

c
a
t
e
g
o
r
y

th
e

fo
ll
ow
in
g
m
a
y
b
e
su
gg
es
te
d:

(1
)

Th
e

de
ve
lo
pm
en
t
o
f
a
n
al
go
ri
th
m

th
at

wo
ul
d

ge
ne
ra
te

a
lu
mp
ed

mo
de
l

fo
r

th
e
di
e

pa
ck
ag
e

st
ru
ct
ur
e
wi
th

ef
fi
ci
en
cy

an
d

ac
cu
ra
cy

ye
t
wi
th

f
e
w
e
r

n
u
m
b
e
r
o
f

t
h
e
r
m
a
l

n
o
d
e
s
.

(2
)
T
h
e
de
ve
lo
pm
en
t
o
f

pr
op
er

cr
it
er
ia

in
mo
di
fi
ed

fu
nc
ti
on
al

it
er
at
io
n

fo
r

s
k
i
p
p
i
n
g

t
h
e
t
r
a
n
s
i
e
n
t

a
n
a
l
y
s
i
s
o
f
s
l
o
w
l
y

c
h
a
n
g
i
n
g

th
er
ma
l

b
e
h
a
v
i
o
r
w
h
i
l
e
t
h
e
f
a
s
t
c
h
a
n
g
i
n
g
e
l
e
c
t
r
i
c
a
l

v
a
r
i
a
b
l
e
s

s
e
t
t
l
e
d
o
w
n
.

(3
)

Th
e
de
ve
lo
pm
en
t
o
f
a

sc
he
me

fo
r
co
nt
ro
ll
in
g

th
e

st
ep

si
ze

in
th
e

t
r
a
n
s
i
e
n
t
a
n
a
l
y
s
i
s
u
s
i
n
g
t
h
e
m
o
d
i
f
i
e
d
f
u
n
c
t
i
o
n
a
l

i
t
e
r
a
t
i
o
n

s
o
a
s

t
o
a
s
s
u
r
e
c
o
n
v
e
r
g
e
n
c
e
a
n
d
a
c
c
u
r
a
c
y
a
s
m
e
n
t
i
o
n
e
d

i
n
C
h
a
p
t
e
r

4.

F
o
r
t
h
e
s
e
c
o
n
d

c
a
t
e
g
o
r
y
,

t
h
e
f
o
l
l
o
w
i
n
g

a
d
d
i
t
i
o
n
a
l

f
e
a
t
u
r
e
s

w
o
u
l
d
b
e
g
e
n
e
r
a
l
l
y
u
s
e
f
u
l
:

(1
)

th
e

sm
al
l-
si
gn
al

a
c
an
al
ys
is

(2
)

P
o
l
e
-
z
e
r
o
c
a
l
c
u
l
a
t
i
o
n

(3
)

Th
er
ma
l

di
st
or
ti
on

an
al
ys
is

T
h
e
sm
al
l-
si
gn
al

a
c
a
n
a
l
y
s
i
s
c
a
n
b
e
d
o
n
e

in
a

s
t
r
a
i
g
h
t
f
o
r
w
a
r
d

m
a
n
n
e
r
.

T
h
i
s
w
o
u
l
d

i
n
v
o
l
v
e

l
i
n
e
a
r
i
z
i
n
g

b
o
t
h
t
h
e
e
l
e
c
t
r
i
c
a
l

a
n
d

t
h
e
r
m
a
l

e
l
e
m
e
n
t
s

ab
ou
t

s
o
m
e
o
p
e
r
a
t
i
n
g

po
in
t

in
t
h
e
sa
me

ma
nn
er

a
s

in
C
h
a
p
t
e
r

4.
Th
e

po
le
-z
er
o
an
al
ys
is

wi
ll

pr
ov
id
e

in
va
lu
ab
le

da
ta

fo
r

th
e
de
si
gn

o
f
el
ec
tr
o-
th
er
ma
l

fi
lt
er
s.

T
h
e

th
er
ma
l

d
i
s
t
o
r
t
i
o
n
m
a
y
be
co
me

v
e
r
y

i
m
p
o
r
t
a
n
t

in
a
d
e
s
i
g
n
o
f

hi
gh

q
u
a
l
i
t
y

l
o
w
f
r
e
q
u
e
n
c
y

a
m
p
l
i
f
i
e
r
.

T
h
e



1
5
5
*

th
er
ma
l

d
i
s
t
o
r
t
i
o
n

a
n
a
l
y
s
i
s
m
a
y
b
e
c
a
r
r
i
e
d
o
u
t
u
s
i
n
g
a

p
e
r
t
u
r
b
a
t
i
o
n

-

m
e
t
h
o
d
a
s

fo
l
lo
ws

[2
5]

:_

a)
Fi
rs
t
ap
pl
y
a
n
el
ec
tr
ic
al

ex
ci
ta
ti
on

o
f
fr
eq
ue
nc
y
t
o
th
e
el
ec
tr
ic
al

n
e
t
w
o
r
k
a
n
d
o
b
t
a
i
n
t
h
e
r
e
s
u
l
t
i
n
g

sm
al
l

s
i
g
n
a
l

r
e
s
p
o
n
s
e
x

a
t

to
.

_
a

o

In
a
m
o
r
e
m
a
t
h
e
m
a
t
i
c
a
l

f
o
r
m
,

w
e

s
t
a
r
t
f
r
o
m

x
=

f(
x,

T)
+

g(
t)

T
=
H
T
+

P(
x,

T)

T
a

yl
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USER*S GUIDE FOR T-SPICE

s??s zjisss®*'•swKfaTiwwsua?i?&"iStr,ji,«xT ssaswH.^
o0T<.„;-?:;5is^^HSs;*?Hf 3a?"iiSf?!??sgMiMjSsiJo55 fhi"gsjk*-2°25i-s' »•»THE COMPLEXITY OF THE CIRCUIT to K atiiiT^iifk0??0.^-™* PROGRAM ON TMe SIZE OR
IN MEMORY. THE AMOUNT OF MEMORY aPAeFM»Fout2i»i8.X2AJ.Sh.L^£B8SARY °*TA "TSIZE OF TME CIRCUIT AND TM? TOTAL NuSSeS^'TMW.K? £JKS&*J,9S D*«BNDS ON THE
P^AVfs^STRO^

POINT DC TRANSFER CURVE ANALYSIS I1F tmJ FiI»JJ ™.l3.5ft5H» ES* "AMPLE A SO



TH?02?ioS^JiEeS?S0?OR IW?tKHffiK8.5iT«5 2! TM«6 "°GRAMS,
AUXILLIARY PROGRaV T-SPICE2C ?S AVAILABlE* "^"^"ElE"* AVAILABLE ANTHE END OF THIS MANUAL. AVAILABLE. SEE THE DESCRIPTION OF T-SPICE2C AT

•KENEvIr'tVtVrmJnQLOGY T-SPICE ISN5S2oe?TT«Be~E°6RAM$ ***= THE SAME FORMAT.
SJSf^Tro^A? Sfws5IIII.cS?hIS^
?t^f"Snd^^
V*IR*S GUIDE SHOULD BE USEo5?THtSJtSOFCI5J55»TH€2M-AL 0AT* wSlSB. THISINPUT FORMAT THAT IS UNIQUE TOT-SPICE^s'SIsSlBED^ERE?6 P°*T,0N 0F ™*

ELEMENT CARD

CHIP 52^ES1D^T**^^ ™AT TLe»e»T ,S CONSIDERED OFF
•♦♦♦♦RESISTORS

GENERAL FORM: RXX Nl N2 VAL TC«TCI X-Xl Y-Vl
example: ri , z 100K rCmlm x,l2.5 r,13#5

REs!lTOR\S!ATIONTAS%ISiSSED,|S5M^H^ XAN0 * INDICATE THECHIP. THE VALUE OFSTSPlgSflTSR0MASTSEFbN?f!0Ne0; SSnpKr? E'KSK".
ir T•v5^,rrrKEDiji5gE!c:-o*Tc*,T-2r-o»»
IP TC IS NOT SPECIFIED, OEFAULT IS TC-0.0

♦••**ZENER DIODES

GENERAL FORM: ZXX Nl M9 wai •*

" 81 X.A3 ttcc:JS1 kk.0 ;:n.s

?HETZESERNDIODESr V'0E6-C* X MD V INDICATE THE DEVICE LOCATION OF
.= ^VAt<T»rvA»-I2T.0)*TC*IT-27.01
IF TC IS NOT SPECIFIED, DEFAULT IS TC«0.0

«****BJT

EXAMPLE F0RW! 2?5 2C 2° Ne *"*"e *«EA X-Xl Y-YIEXAMPLE . 013 ♦ 3 I MOON 2.S X«23.5 Y-16.2

X ANO Y INDICATE THE DEVICE LOCATION.

JFET, DIODE, AND MO3 DEVICES ARE NOT TREATED AS VET IN T-SPICE.

♦•♦♦*BJT MOOEL

FOLLoSsTC,AN° RE ARE CONSIDERe° TEMPERATURE DEPENDENT AND MOOELLEO AS

i5T!?*Tf <pT'N|*EXP|-EG/KTI
RCf JMRCI27.0)*! 1.0*TGIC*CT-2T*0I>
SfiI.,*RB<2T««»*I»«0*TCIB«fT-InOI>
PE<T)-QE(27.0)*<1.0*TC1E*(T-2tJo)»

fSiTTEr'S^SISTAN^fI *R?^Tf?P|RM!iSS^C2f£!:,C,eNTS 0F TKE COLLECTOR, BASEINdJpENDENtIST IS IN DEG-c! UN4PECIF|e0» TMEY *«e CONSIDERED TEMPERATURE

••***»THPML CARD

THIS CARO SPECIFIED THE THERMAL DATA REGARDING THE DIE/PACKAGE STRUCTURE.
GENERAL FORMJ .THRMAL LX-VALl LV»VAL2 LXHDR«VAL3 LVHDA.VaL4 AOaWAi a -B0-VAL6 KS.VAL7 I^VlltWiZlKn^tt^^ZVi* g



EXAMPLE:«-X-50LY.SOAO-IOBO-IOKS-.00223KH-.00045GH-.Ol
♦TCS-27.OE-9TCK-27.0e-9LXHDRo200.0LYHOR.200.0

^Zul^ii^Tc^o'lZTHE^JlMSEr"1^60-™E°™"PARAMETERSAPE

AOX:LBOy::TVHELf^CTKHN?^ST0HPS&l'TSttSiS&'tWj*N°*«""«T,ONS<M,L. lkhdr.lyhor:the^fngthoftheSecTaSSSliS1headerinxandydirections
tI^Vcm^pV0^^<mw,deg-c-mil,
GHIJUNCTIONTO!»mS|B5f'tm^MaFcSSSScTJScFlJ*?„JoV^"'»/<0eC-«-«<L^I

*****.OCCAPO

T-SPICEALLOWSTHEAMBIENTTEMPERATURETOBEVARIED.

^aSp^P.'"0''"'mS$T*MB™fN™AXTDELTA FXAMPLE:.OCTAMB-5010010

T?mpEr5toS|fNAOFi-?/M?olL?AT?;PTSr^EIN°EG"C-^AXIST
OCTRANSFERC^VfCOMPUTATION*OFO^ItTSE!.*1!..2752,N0BG'C'>0«™E BACKCONFIGURATIONMUSTBEUSED*THISTs^MPM?Pt,IFIIftS/*NEGATIVEFEED- OPERATIONALAMPLIFIERSSUFFERFRHMt5b1Sa.ESS52IL*L8£CAUSEMOST
CONSEQUENTLYTHEOUTPUTBECOMESSSiT?2?AH«Sef08ACKEFFECTSAND INPUTVOLTAGE.RECOMESMULTI-VALUEDFUNCTIONOFDIFFERENTIAL

TMAXISTHEFINAL

***»*.PRINT/.PLOTCARO

EKiXffc.™":-o212tS?T^?EV<Nl>VCNI.N2IT«NANEl,NAME2> EXAMPLE:.PRINTDCV<1>V{2,4)T(6|t02)T(ZI,R2)

PRTYPFISTHETYPE0*THEANALYSISCOCORTRAN)

•**•*.THANCARD

i?„IHFTRANSIENTANALYSISOFAELECTRO-THERMALINTERACTIONSITI<
HR.SN2LrRECOMMENOEOTHATALLTHEELECTRICALENERGYSTORAGEeJemInTSbf REMOVEOFROMTHEINPUT.THEINCLUSIONWILLRESULTINAVERYP»f2If*/P
^TA^fS-PLACE^NTH^S^I^r-1?™2^IR?^T«ANSIENTRJehKiS2IVE

THANT„ETHERMALTIMECONSTANTSWILLIIMeXingTIsS?CS"At-LBR

»t»»6,QOT!QNCAPO

OPTIONEFPfCT

ln2°v'XX.,S™EANIENTROOMTEMPERATURE.DEFAULTIS27.0DEG-C.
OFV?CfT^E'S-KMUfDERATINGTEMPCRATUREOf'IlLT*" DEVICFS.INSOMECASESTHESPECIFICATIONHELPSTHE
NUMERICALCONVERGENCE.THESPECIFICATIONISCRITICALFOR
!fM^RAZ°*ESTABILIZEDSUBSTRATECIRCUITS.INGENERAL

—riSSTH?TMXEIEMSSMAp0.ERD^IsIpItIONEFR^TANYSIe'viSf^A
ISKIP-N;Mi^'J^.1°NSPECIFICATIONDOESNOTHAVEANYEFFECTON

T-SPICE2A.INT-SPICE28IFN-1THEJUNCTIONiNfTtiiiJtkir



IOBUGI-N

IDBUG2-N

I0BUG3-N

IDRUGA-N
I00UG9-N

IDRUG6-N

tOBUGTciN

IDBUGB-N

nlJ?°^ -2^e? BV T~SPICE2Co CONSEQUENTLY THIS ADDITIONAL
?«CQ«i£n221AI> !E *"? IMI THERMAL NETWORK FORMATION ROUTINEIS SKIPPED. IP N»0 THE THERMAL NETWORK FORMATION
SI^IuLT Is'nIo^ T-SP,CH2A'AN0 B«»"- >f cSllEoInO USED.
Jf,„2£i. T£f-P52GRAM WlLL »*«INT OUT THE THE PROCESS OF
THERMAL NETWORK FORMATION.
l^-H*1 TM€ PROGRAM WILL PRINT OUT THE FINAL STEPS OFTHERMAL NETWORK FORMATION PROCESS. »i*»"» w
In«?SLoTiJS SRS52AM POINTS OUT THE ACTUAL EVALUATION
PROCESS OF THERMAL RESISTANCES AND CAPACITANCES.
IF N-1 THE PROGRAM PRINTS OUT THE PROCESS OF SETUP.
IF N-1 THe PROGRAM PRINTS OUT THE SOLUTION OF CIRCUIT
AFTER EVERY ITERATION.
IF N-1 THE PROGRAM PRINTS OUT THE SOLUTION AFTER EVERY
FUNCTIONAL ITERATION (APPLICABLE ONLY TO T-SPICE2A)
IF N-1 THE PROGRAM PRINTS OUT THE SOLUTION AT THE
END OF EVERY DC POINT OR TIME POINT.
IF N-1 THE PROGRAM PRINTS OUT THE LINEARIZED BJT
PARAMETER AT EVERY ITERATION,,

APPENDIX A: EXAMPLE DATA DECK

THE FOLLOWING DECK DETERMINES THE OC TRANSFER CURVE OF A SIMPLE ACTIVE
LOAD OIFPERENTIAL AMPLIFIER AS THE AMBIENT TEMPERATURE IS VARIED FROM 30
OEGRFE-C TO 100 DEGREE-C OITH TEMPERATURE STeP OF 10 OEGREE-C

SIMPLE ACTIVE LOAD DIFFERENTIAL AMPLIFIER
01
02
03
34

RL
11
OS
IEE 3 0

3 MOON
3 MODN
6 MOOP
M etoON
100K
7.3 TC-3.0E-03
500. 0

2.0M

X-10.0
K-30.0
X<*30o0
X»22o0

X-40.0

VolOoO
Y0IO0O
Yo30e0
Y»22»0

Y-18.666

VCC 6 0 19.0
•MODEL MOON NPN BF°100.0 IS-l.E-IS V/ 100o
• MOOEL MOOP PNP BF-lOOe IS-1.E-1B VA°'.OoO
VIN 2 0 0.0
oPR I NT OC V(71
.PLOT DC V(7>
.PLOT OC TI01.Q2I
•OC TAMB 30 100 10
.OP

•THRML LX-AO. LV-40. AO-10. BO-lOo KS»o00223 KHa.0002 GH-.01
♦•TCS-27.7E-9 TCH»30.0P-09 LXHORalOOe LVHOR=100©
.OPTION ACCT TROPM-27.0 TOPa28oO PDMAK=«o2 |DBUG7<3l
• END

THE FOLLOWING OECK DETERMINES THE DC TRANSFER CURVE OF A COMMERCIALLY
™!V»ABL.r T4t OPERATIONAL AMPLIFIER. NOTICE THAT IGRID IS NOT SPECIFIED IN THE
OPTION CARD. THUS THE ROUTINE BUILT IN TO T-SPICB2A,B WILL BE USED.

OC
0 110 13 MOON
02 10 2 A MOON
0 3 ? 11 3 MOOP
0* 9 II 4 MODP
05 3 6 7 MOON
06 9 6 A MOON
07 23 3 6 MOON
0B4 10 10 2 3 MOOP

TRANSFER CURVE OF FAIRCHILD 7*1
X-37.5
X-34.3
X=32.8
X-26.0
K-39.2
XaAB.O
Ka32»S
X-13..0

YaSoO
V-8.

Y°12.8
V»|2o8

Y0I60S
Yal6oS

Y°22oS
YoBcS



0«*B 10 10 23 MODP .8 X-26.0 Y«6,5
09A 11 IS 23 MOOP •* X-32.5 Y-6.5
ORB It 10 23 MOOP .6 X-26.0 Y-6.5
0 10 II 12 14 MOON X-39.2 Y-22.B
Oil 12 12 24 MOON X-45.0 Y-2B.0
012 13 13 23 MODP X-B.O Y-6.5
013A 13 13 23 MODI X-B.O Y-12.8
013B 17 13 23 MOD2 X-8.0 V-I2.B
014 23 IT 20 MOOA X-13.0 Y-47.0
015A 17 20 21 MOON .33 X-32.5 Y-3B.0
013B 17 20 21 MOON .63 X-26.0 Y-3B.0
016 23 9 16 MOON X-37.5 Y-2B.0
017A 13 16 23 MOON .33 X-45.0 Y-26.0
017B IS 16 23 MOON .63 X-41.0 Y-28.0
Q18A 17 16 19 MOON .73 X-32.5 V-31.3
0 1 SB 17 IB 19 MOON .23 X-26.0 V-31.3
019A 17 IT jft MOON .63 X-26.0 Y-31.3
019B 17 IT !« MOON .36 X-32.5 Y-31.3
020 24 19 22 MOOP X-41.0 V-47.0
021 26 22 21 MOOP X-26.0 Y-47.0
Q22 9 26 24 MOON X-41.0 Y-38.0
023A 24 13 9 M003 X-37.5 Y-38.0
023B 24 15 19 M0D4 X-37.5 Y-31.3
Q24A 26 26 24 MOON .25 X-32.5 Y-38.0
024B 26 26 24 MOON .73 X-32.5 Y-47.0
Rl 7 24 IK
R2 6 2* 30K
R3 8 24 IK
R4 14 24 3K
R3 13 12 39K
RA 20 21 27
07 21 22 22.0
Ofi 2? 24 100.0
R9 16 24 30K
RIO IB 19 4OK
Rll 26 34 50K
RFB1 21 2 100K
Pe$2 2 30 50.0
RL 21 0 1.0K
VI Nl 1 0 0*0
VCC 23 0 13.0
VEE 24 0 -13.0
VIN 0 30 -8M
•MOO^L MOON NPN !S«l»E-!4 VA-100
.MOOF.L MOOP PNP IS-1.E-14 VA-75.0
• MODEL MODI PNP IS-2.23F-1? VA-75
•MOOFL MC02 PNP IS-.9E-15 VA-75.
.MOOFL MOOl PNP IS-.0063F-13 VA-75

.MQOEL M004 PNP IS-.79E-13 VA-75

.MOOEL MOOA NPN IS-1.E-1A VA-100 Bf-»200
,-tmpml LX-35 LY-35 AO-10 80-10 KS»2.23E-03 KH-4.BE-04 GH-l.E-02
♦TCS*.02 TCH-.02 LXHOR-llO LYHOR-110
.°«INT OC VC2) VC2I»
.PRINT OC T(01,Q2) T(03,Q4| T(0B,06)
,»LOT OC V(2> (-.4M,.4M) V(21)
.PLOT OC T(Q1,Q2> T(Q3,04> T< 06,06)
•OC VIN -8M 6.4M .AM
•OPTION ACCT IDBUG7al P0MAX-.15
• ENO

THE FOLLOWING DECK DETERMINES THE TRANSIENT RESPONSE OF A COMMONLY USEO
VOlTAGF REGULATOR. NOTICE IN THIS CASE IGRID-1 IS SPECIFIED IN THE OPTION
CARO, THE PORTION OF INPUT DATA FOLLOWING .END CARD IS OBTAINED BY RUNNING
r-SPlrf2C.

TRANSIENT ANALYSIS OF VOLTAGE REGULATOR NATIONAL NEWTON-RAPHSON
01 3 ? 4 MOON 2.25 X-5.00 V-16.8
02 4 S « MOON 2.0 X-12.2 Y-14,6
03 T 6 0 MOON 6*0 X-20.0 Y-11.3
04 4 7 10 MQON 6.0 X-26.0 Y-11.30
03 9 10 11 MOON 7.0 X-35.6 Y-11.3
06 17 2 8 MOON 2.25 X-51.0 V-10.0
">7 12 9 13 MOON 2.25 X-40.8 Y-11.3
09 12 13 O MOON 2.23 X-43.3 Y-11.3
09 14 14 0 MOON 2.23 X-46.0 Y-6
0 10 0 12 15 MOOVP 6«15 X-62.0 V-27.3
Oil. 16 3 I MODLP 3.0 X«30o7 Y-21.0
012 3 3 1 MODLP 3.0 X-46.4 Y-21.0
315 1 16 IT MOON 17.5 X-77.4 Y-42.0
01601 1 17 10 MOON 18.0 X-9.3 Y-42.0
0 1603 1 17 20 MOON 18.0 X-IS. 8 Y-42.0
01605 I 17 ?2 MQON 18.0 X-22.5 Y-42.0
0160' 1 17 24 MOON 18.0 X-29.0 Y-42.0
-1609 1 17 26 MOON 18.0 X-35.6 Y-42.0
01611 1 «T 4j MOON 18.0 X-Sl.O Y-42.0
0 1613 1 17 30 MOON !8. 0 X-57, ? Y-42.0
01615 I 17 32 MOON IH.O X-64.1 Y-42.0
0 1617 i JT 34 MOON 18.0 X /0.8 Y-42.0
=>! 3 A 30K X»10.0 Y-21.0
«2 4 5 1.9K X-7.S Y-11.0
c3 5 7 ?6,0 X-16«4 Y-11.0
=>* ft 0 1.2K K-20.5 Y-B.S
'"5 10 0 12.1K X-39.0 V-7.0



R6 I I 0 IK
R7 B 9 17.7K
R8 13 14 4K
»9 15 12 4K
RIO 16 15 850
RI5 17 2 2K
R1601 18
R1603 20
R1605 22
R1607 24
RI609 26
R1611 26
R1613 30
PI615 32
R16I7 34
R18 2 0 2.67K

l%i£»Lvsra?s ;*,:::&i;.%-:fss."sss xr.i?s esusvarsi :ce::s s?::i
;',2c^3MOOVP PNP 8F"*° IS"l*SE-»9 «B-100 RC-100 RE-270 VA-80 PB-.65 ME-.3 PC-.5
IOUT 2 0 PULSEUM 1.5 OUS lOUS lOUS 1OMS 20MS)
•PRINT TRAN V<2) VI8.9I VI11I *««»»
*«5!NI TRAN v<af*> *<*> VC7,10» V<10,11) VI2.8) VI9.13I VI131
:~l,?TT^KNv^i?5i,;,,a^/?rv,T!?:•o '̂ *t-«.«?"?Jos:ss!s*,s4;3j, T,o..a„
•PLOT TRAN T<03» TI02) T<02,a3>
I?r2n ToSSsTlS2i°3> TI0A'03j T<08.03> T<07,03) TC08,03) TI06.03)
tJ?oM^-»L2r°S bl"58 A0"T fl0»»00 KS-.00223 KH-O.OOBOO GH».02857
♦TCS-27.7E-9 TCH-56,336-9 LXHOR-600.0 LYMDR-500.0
•OPTION ACCT POMAX-2.0 IDBUG7-1 IGRIO-1
• ENO

26
38
39

40
41

42
43
44

45
46
47

48
49

SO

3.5
3.S
3.3
3.5
3.3
3.S
3.S
3.5
3.3

68

I.36000E+01
2.90000E*01
4.3S000E«01
S.7S00O£*01
7.08000E+01
6.60000E*0I
8.60000E+01
6.90000E*01
6.30000E+01
5.60000E+01
l.58000£*-01
2.28000E+01
3.20000E+01

51 4«00000E*01
52 i.oooooe»oi
53 1.77000P*01
54 3.8000CE*01
55 3.00000E«-01
36 Sa45000E*01
57 7.08000E+01
38 6.22000E*01
59 6.20000E+OI
60 4«790OOE*0t
61 4.20000E+01
62 3.S7000E+0I
63 2*83000E»01
64 2*07000fi*0l
63 1.64000E4-01
66 1.22000E+01
67 U73000£*01
68 3«34000E+OI
69 4.13000E+01
70 4.26000E+01
71 4«60000E*01
72 s.60oooe*oi
73 9.90000E+00
74 0.
75 0.
76 0.
77 2.00000E+00
78 0*
79 7.20000E+00
80 1*60000E*0I
81 2.00000E+01
82 3. OOOOOE^Ol
83 4.02000E+0I
84 4.60000E+0I
83 6.00000S+01
86 7.30000E+01
87 8.33081E+OI
88 8.60000E*01

1 74 2 76 3
1 1 84 12 «? 13
21 41 22 40 23

6 S 5 5 ft
7 5 3 6 3
6 6 6 6 6
6 •634
3 5 4 5 3
3 5 7 7 6
6 6 6 6 6

X-36.0
X- 28. 0
X-46.0
X-53.5
x-ss.o
X-25,0
X-9.3
X-15.8
X-22.5
X-29.0
X-35.6
X-51.0
X-S7.S
X-64.1
X-70.8
X-69.0

5.80000E+01
S.BOOOOE+OI
5.80000E4-01
S«80000E + 0l
S.80000E*01
3.87000E4-01
2.00000E+01
0.
0.
0.

3.60000E+01
3*38000E*0l
3.60000E+01

3.40000E+0
3.00000€*0f
2.88000E+01
3.00000E+01
2.60000E+01
2.6S000E+01
2.73000S + 01
2.08000E+01
1.42000E»01
1.S9000E+01
I.70000E+01
U77000E + 01
l*43000E+0l
1.62000E+01
1.62000E+0I
8.50000E+00
8.20000E + 00
7.S0000E+00
3.90000E+00
6.20000E+00
1.90000E+00
2. oo oooe* oo
3.61000E+01
3.80000£«-01
3.00000E*0l
1.60000E+01
l»OOOOOE*Ol
1.00000E*01
0.
Oo
Oe
0.
0.
0.
7o50000E*00
1.58000E+01
3.20143E+01
3.20I43E«01

76 4 76 5
46 14 48 IS
39 24 36 26

3 8 5 6
6 7 9 6
3 6 6 6
3 3 5 6
3 4 6 6
7 * 6 6
6 6 7 5

Y-4.7
Y-7.0
Y-6.0
Y-16.0
Y-20.0
V-26.6
Y-42.0
Y-42.0
Y-42.0
Y-42.0
T«42.0
V-42.0
Y-42.0
Y-42.0
Y-42.0
V-6.7

34
35
37

8
4
5
4

6
6
6

6
16
26

79
44
74

7

IT
80
88

6
18

81
43

9
19

82
36

to
20



7 6 6 4 6 4 6 3
« •t 5 3 6 6 5 3

65 23 53 32 22 75
23 66 22 79 77
24 67 68 66 23
7 25 81 24 C7

2B 26 70 69 6 68
69 6 66 83 82
25 68 82 4 61
71 70 29 27 72
60 31 27 88 10 59
9 31 56 89 58

63 64 62 84 83 50 49
13 73 74 38 37
14 48 73 12 36
13 49 48 13 38 39
16 50 49 14 39
51 30 17 IS 39 40
55 31 56 16 16 40 41
36 17 30 19 41
30 IB 57 20 41 42
57 19 33 42
46 65 59 86 45 35

1 23 2 78 77 76
66 3 66 1 2 22
25 4 64 67 3 65
68 63 7 4 24 64
28 62 5 68 63

a 29 60 72 9 85
M 62 29 26 3 70
61 28 70 8 27 60
58 36 18 57 19
60 32 9 58 10 56
60 61 54 31 55
57 20 87 43 42 36
77 79 78
45 21 86 44
33 42 43
38 12 74
12 13 14 39 37
14 38 15 16 40
16 39 17 41
17 40 18 19 42
19 41 20 33 36
33 87 68 36
35 86 57 87 8*
21 46 35
72 85 47 21 45

71 72 84 46
49 53 52 14 73 13
50 1 1 53 IS 46 14
34 1 1 51 49 16 IS
35 34 17 30 16
48 53 1 73 73
1 1 64 63 49 1 48 52
62 1 1 61 32 SS 51 50
31 32 54 56 61 17
31 55 10 38 17 30 18
38 30 86 19 44 20 33
39 10 56 66 30 57
85 9 10 56 21 86
27 29 61 32 31 9
62 26 29 60 94 32
61 28 26 63 1 1 54
62 26 68 26 64 11
25 24 63 1 1 65 53
64 24 3 33 23 1
3 67 80 23 2 79
4 81 24 3 60 66

26 3 6 63 26 82 7
70 5 6 83 71

m 28 29 69 71 8
83 69 70 8 72 84 47
8 27 71 47 85 46

48 52 75 13 12 74
73 75 12 37
52 1 22 73 76 74

22 77 75 76
22 2 79 76 78 34
77 76 34

66 80 2 77 34
81 67 66 79
7 82 4 67 80

68 6 83 7 81
69 6 82 71 84
83 71 47

72 2'» 9 46 59 21
21 «9 ? 8 57 35 44
44 1 1 33 4:« 88
44 97 43

87



T-SPICE2C IS AN AUXILIARY PROGRAM ANO FORMS A THERMAL NETWORK IN A
MANNER QUITE OIFFERENT FROM THE ROUTINE IN T-SPICE 2 A AND T-SPICE26* THE
TOTAL NUMBER OF THERMAL NODES CREATED BY THIS PROGRAM IS TYPICALLY SMALLER
THAN THAT OF T-SPICE2A ANO T-SPICE2B. IN ORDER TO USE T-SPICE2C A USER MUST
ENTER THE NUMBER OF EXTRA THERMAL NODES ANO THEIR LOCATIONS THAT ARE CREATED
BY THE USER IN SUCH A WAY THAT NONE OF THE INNER ANGLES OF TRIANGLES IN THE
ASYMMETRICAL TRIANGULAR THERMAL NETWORK ARE OBTUSE* THE RESULTING DATA IS
PUNCHED INTO CAROS. THE PUNCHED DECK MUST BE PLACEO AFTER THE .END CARO IN
T-SPICE2A OR T-SPICE2B AND IGRID-1 MUST BE SPECIFIED IN THE OPTION CARO FOR
ACTUAL ANALYSIS* THE SEQUENCE OF THE ORIGINAL INPUT DECK MUST NOT BE CHANGED
BECAUSE THE THREE PROGRAMS DEFINE THE THERMAL NODE NUMBER OF ALL THE DEVICES
ON THE CHIP IN A SEOUENCE IN WHICH THE INPUT OECR HAS BEEN READ tN. THE
ADDITIONAL DATA MUST BE ENTERED IN A FIKEO FORMAT AS SHOWN BELOW. FOR AN
INSTRUCTION ON HOW TO FORM THIS TRIANGULAR THERMAL NETWORK SEE THE ERL REPORT*

THE FOLLOWING IS AN EXAMPLE ON THE USE OF T-SPICE2C. NOTICE THE PART OF
INPUT OATA FOLLOWING .END CARD IS THE ADDITIONAL INFORMATION NECESSARY TO
CREATE A THERMAL NETWORK* THE FIRST CARO FOLLOWING .END CARO DEFINES THE
NUMBER OF ADDITIONAL NODES CREATEO BY A USER* THE REMAINING DATA ARE USEO TO
DEFINE THE LOCATIONS OF THOSE USER CREATED THERMAL NODES LOCATIONS. THUS THE
NUMBER OP THESE CAPOS MUST BE EQUAL TO WHAT IS SPECIFIED 8V THE FIRST CARO
FOLLOWING *END*

TRANSIENT ANALYSIS OF VOLTAGE REGULATOR NATIONAL NEWTON-RAPHSON
Ql 3 2 4 MOON 2.2 3
02 4 3 6 MOON 2*0
03 7 6 0 MOON 6*0
04 6 7 10 MOON 6.0
05 9 10 11 MOON 7*0
06 17 2 8 MOON 2.25
07 12 9 13 MOON 2.23
03 12 13 0 MOON 2*25
09 14 14 0 MOON 2.25
010 0 12 15 MODVP 6*15
Oil 16 3 1 MODLP 3*0
012 3 3 1 MODLP 3.0
015 1 16 17 MGON 17*3
0 1601 1 17 16 MOON 16*0
Q1603 1 17 20 MOON 18.0
01609 1 17 22 MOON 18.0
01607 1 17 24 MOON 18.0
01609 I 17 26 MOON 18*0
01611 1 17 2B MOON 18.0
01613 1 17 30 MOON 18*0
01615 1 17 32 MOON 18*0

X-3.00 Y-16.6
X-12.2 V-14*6
X-20.0 Y- 1 1.3
X-26.0 V-U.30
K»35.6 Y»l 1.3
X-SWO V-10.0
X-40.8 Y-11.3
X-4J.3 Y-11.3

X-46.0 V-6
X-62.0 Y-27.3
X-S0«7 Y-21.0
X-46.4 Y-21.0
X-77.4 Y-42.0
X-9.3 Y-42.0-
X-18.8 Y-42.0
X-22.3 Y-42.0
X-29.0 Y-42.0
X-35.6 Y-42.0
X-51.0 Y-42.0
X- 57* 5 Y-42.0
X-64.1 Y-42.0

Q1617 1 17 34 MODN 18.0 X»70.8 Y-42.0
Rl 3 4 30K X-10.0 Y-21.0
P2 4 5 I.9K X-7,5 Y»11*0
R3 5 7 26*0 X-16.4 Y-11.0
R4 6 0 1 .2K X-20.5 Y-6.5
R5 10 0 12.IK X-39.0 Y»7*0
R6 1 I 0 IK X«38*0 Y-4.7
»7 8 9 17.7K X-26.0 Y-7.0
4 8 13 14 4K X-48.0 Y-6.0
R9 15 12 4K X-83.9 Y-16o0
RIO 16 IS 850 X-56.0 Y-20.0
R15 17 2 2K X-29.0 Y-26.5
R1601 18 2 3*5 X-9.3 Y-42.0
R1603 20 2 3*5 X-IS08 Y-42.0
R160S 22 2 3.5 X-22.8 Y-42.0
R1607 24 2 3.5 X-29.0 Y-42.0
R1609 26 2 3*5 X-35.6 Y-42.0
P1611 28 2 3.5 X-61.0 Y-42.0
R1613 30 2 3.3 X-S7.S Y-42.0
R16I5 32 2 3.5 X-64.1 Y-42.0
RI617 34 2 3.3 X-70.8 Y-42.0
»18 2 0 2.67K X-69. 0 Y-6.7
VCC I 0 10
•MODEL MOON NPN BF-lOO IS-1*E-1S RB-300 RC-260 VA-200 PE-.65 ME-.5 fC«»S MC-*3
•MODEL MODLP PNP BF-15 IS-1.5E-1S RB-200 RC-29 RE-270 VA-80 PE-.69 ME-.3 PC-.5

•MOOEL MOOVP PNP BF-50 IS-l.SE-18 RB-100 RC«100 RE-270 VA-80 PE-.63 ME-.3 PC-«5
»• MC-.3
IOUT 2 0 PULSE! IM 1*3 OUS 10US 10US 10MS 20MS)
.PRINT TRAN V(21 V(8,91 Villi
.PRINT TRAN V(5,6> V(6> V<7,10) V(10,lll V(2,8> V(9,13) VI131
.PRINT TRAN T(Q3> T(02,Q31 TJQ4,Q3) T(05,Q3) T(07,Q3) TCQ8,Q3) T (06,03)
.PLOT TR4N V<2I V(9) V(7» V < 1 1 >
•PLOT TRAN TIQ3I TI021 T{Q2,Q3»
•PLOT T«AN T<Q2.03l T(04,03) T<05,03) T<Q7,Q3> T<Q8,03I T(Q6,Q3>
•TRAN I00US IONS
•THRML LX-86 LY-58 A0=7 80-100 KS-.00223 KH-0.00600 GH-.02857
♦TCS-27.7E-9 TCH-36.33E-9 LXHOR-500.0 LYHDR-800.0
•OPTION ACCT POMAX-2.0 I08UG7-1 IGRID-1
• FNO
49

♦l.580E*0l*5»BOOE^Ol
♦2.900E*01*5.800E*01
• A. 3 306*01+5. 90O£*01
♦3.T50E»01*5.800E*0l

♦7.0eOE»01*5.600E*01

+ 8.600E*01*-3*870E«-01
• A.AOOF^Ol ♦7-O00E+01



*6«900E*01 *0
*6.300E*01*0
*5*600E*01*0
♦l.580F*01*3

+2.2806+01*3
+ 3.200E*01+3
♦4.000E+01+3
+1.000E+01 +3
+I.770E+01+2
♦3*8006+01+3

+ S.000E + 01+2
♦5.450E+01+2

♦7*0606+01+2
+6.2206+01+2
+6*2006+01+1
♦ 4#790E+0l + l
♦4.200E+01+1
+3.570E+01 ♦!
♦2.8306 + 01 + 1
♦2.070E+0I+ 1
+ U640F+0! + 1
+1*2206+01 + 8
♦I.7306*01+8
+3.34 06*01*7
♦4.1 306*01 *3
*4. 260F* 01*6
+4*600E«01*I
♦5.6006*01 *2
*9.9006*00*3
♦0*0006*00+3
+0*0006*00*3
*0*0006*00+l
♦2*0006*00*1
+0*0006*00*1
+7*2006+00+0
♦ 1*6006+01+0
♦2*0006+01+0
♦3.0006+014-0
♦4.0206+01+0
♦4.600E+01+0
♦ 6.000E +01*7
♦7.300E+01+1

• 00 0F*OO
•0006*00
•0006*00
•600E+01
•3806+01
•600E+CI
•400E+01
•0006*01
.3806 + 01
•OOOE+Ol
•600E+01
• 6306+01
•730F+01
•OSOE+OI
•4206+0 1
•S90E+01
•700E+01
•770E+0I
• 430E«-0l
•6206+01
•620F+0I
•3006+00
•200F*00
• 5006+00
•9006+00
•2006+00
•9006+00
•0006*00
•6106*01
•8006+0 1
• 0006 + 01
•6006+01
•0006+01
• 0006 + 01
•0006+00
•0006+00
•OOOE+OO
•OOOE+OO
• OOOE + OO
•OOOE+OO
•SOOE+00
•380E+01

THE FOLLOWING SHOWS THE RESULTANT PUNCHED DECK. IN ORDER TO ACTUALLY
SIMULATE THE CIRCUIT PERFORMANCE THIS PUNCHED DECK MUST BE ATTACHED TO THE
ORIGINAL INPUT DECK FOLLOWING *ENO CARD IN EITHER T-SPICE2A OR T-SPICE28.
^GU^ToSEM^VVonISGE^I^ 0ECK "» USE° M™E ^AMPLE2ClgCUITS0FCEvgLTAGE

26 86
3ft 1.58000E«-01 5.80 0006*01
39 2.900006+01 5.80000E*0I
40 4.35000E+01 5,800008*01
a I 3.730006+01 3. 80000E*01
42 7.080006+01 3.800006*01
A 1 3.600COE+01 3.8700OE*01
44 8.600006*01 2.000006*01
43 6.90000E«-01 0.
46 6.30000E*01 0*
47 3*600006*01 0.
Aft t.38000E*01 3.60000E*01
49 2.280006+01 3.38000E*01
«0 3.200006+01 3.60000E*01
31 4,000006*01 3.40000E + 01
32 1.000006+01 3.000006+01
33 I.77OOOE+Ol 2.S8000E+01
54 3.800006*01 3*OOOOOE*01
55 5.00000E+01 2.60000E+01
56 3.43000E+01 2*6S000E*01
37 7#08000E+0l 2.73000E+01
58 6.22000E+01 2.08000E*01
59 6*200006+01 1.42000E*01
60 4,790006+01 1.590006*01
61 4*200006+01 1.70000E*01
62 3*57000E*01 I.77000E*01
63 2.83000E+01 1.43000E*01
64 2.07000E+01 1.620006*01
6f. 1.64000E*01 l.62000£*01
66 l.22000E*01 8.50000E*00
67 t.730006+01 8,20000E*00
68 3.34000E*01 7.50000E*00
69 4.13000E+01 3.900006*00
70 4.260006*01 6.20000E+00
71 4.600006*01 t.90000E*00
72 5*60000E*01 2.00000E*00
73 9. 00006*00 3,610006*01
74 0. 3.800006*01
7« 0. 3.000006*01
76 0. 1.60000E*01
77 2*000006*JO 1,00000fc*01
76 0. 1. Cv, JC0E*0l
79 7.20000E*00 0.
ftO 1*600006*01 0.
tl 2.000006*01 0.
62 3«0OOOOE*0l 0.



83 4,•020006+01 0*
84 4,•60000E+01 0*
85 6 .000006*01 7* 500006+00
86 7,•300006+01 1* 960006+01
87 8 •330616+01 3* 201436+01
88 8 •600006+01 3* 201436+01

1 74 2 75 3 76 4 78 5 34 6 79 7 80 8 81 9 82 10 8
1 1 84 12 47 13 46 14 46 15 35 16 44 17 88 18 43 19 36 20 4

21 41 22 40 23 39 24 38 25 37 26 74
6 5 5 5 6 5 5 5 6 5
7 5 5 6 5 6 7 5 6 4

6 6 6 6 6 5 6 6 6 5
6 5 6 3 4 3 3 5 5 4

5 5' 4 5 .1 5 4 6 6 6
3 5 7 7 6 7 8 6 6 6

6 6 6 6 6 6 6 7 5 6

7 6 6 4 6 4 6 3 5 4

3 5 5 3 6 6 5 3

65 23 S3 52 22 73

23 66 22 79 77
24 87 65 66 23

7 25 81 24 67

23 26 70 69 6 68

69 •; 68 83 82

23 66 82 4 81
71 70 29 27 7?

60 31 27 as 10 59

9 31 56 59 SB
63 64 62 54 63 50 49

13 73 74 38 37
14 48 73 12 38

IS 49 48 13 38 39

16 30 49 14 39

51 30 17 15 39 40
59 51 56 16 18 40 41

56 17 30 19 41

30 18 57 20 41 42
57 19 33 42
46 85 59 86 45 35

1 23 2 78 77 76

65 3 66 1 2 22

25 4 64 67 3 65

68 63 7 4 24 64

26 62 5 68 63
8 29 60 72 9 85

61 62 29 26 5 70
61 28 70 8 27 60
58 56 16 57 19

60 32 9 55 10 56

60 61 54 31 53
5"» 20 87 43 42 36

77 79 78

45 21 86 44

33 42 43
38 12 74

12 13 14 39 37

1 4 38 15 . 16 40

\e 39 17 41
17 40 18 19 42

19 41 20 33 36

33 87 88 36

33 86 57 87 88

21 46 35

72 85 47 21 45
71 72 84 46
49 53 52 14 73 13

10 1 1 53 15 48 14

34 1 1 M 49 16 15

33 34 17 30 16
48 33 1 73 73

I 1 *4 65 49 1 48 52

6? 1 1 61 32 95 SI 50

31 32 54 56 61 17

31 55 to 58 17 30 18

58 30 86 19 44 20 33

59 10 56 86 30 57

35 9 10 56 21 86

2T 29 61 32 31 9

62 28 29 60 54 32

61 28 26 63 1 1 54

*2 26 68 23 64 I 1

23 24 63 11 65 53
64 24 3 53 23 1

3 67 80 23 ? 79
4 81 24 3 80 66

26 a 6 63 25 82 7

70 fi 6 83 71
? 28 ?R 69 71 8

33 69 7C 3 72 84 47

8 27 71 47 85 46

48 52 75 13 12 74

73 75 12 37

32 1 22 73 76 74

22 7T 75 78

22 2 79 76 78 34

77 76 34

87



-Z
Z

l

c
a

t
!/

>
m

n
i
n x

o
m

•
n

r
xi

m
r

-<
-<

rn
x

>
m

r»
i/

>

D
Z

»
2

O
Z

O
o

o
h

> •
(
A

X
<

/)
>

C
H

X z <
o in

fl
-o

m
»

(A
3D

"
O

H
O

X
Z

ff
l

<
/>

z
~

H
(3

3
~

o
r
t
i

H
ID

T
10

>
o

*
3D z
~

•<
< ID

-
0

9
T

O
iA

0
~

C
D

-I
r
-
<

m s
o

U
D

»
>

~
r

w
~

-*
"

n
z
o

(
I
D Z

D
m

»
>

O
*

X m

P
P

M
^
0

>
9

9
0

»
O

>
»

»
n

g
i
<

0
(
d

s
,
-
'»

O
U

l
f
l
M

S
a>

O
c
a

S
«

«
l<

0
-4

«
-9

9
lN

>
-4

o

»
U

lD
P

O
O

)
9

U
O

I
Q

)
4

>
|N

u
»

9
M

»
W

»
S

O
S

S
U

S
9

—
S

S
O

S

•
S

U
M

C
B

O
B

O
B

b
l

3
B

U
<

0
P

~
Q

p

O
N

A
P
P
E
N
D
I
X

2

B
E
N
C
H

M
A
R
K

C
I
R
C
U
I
T
S

In
or
de
r

to
fa
mi
li
ar
iz
e

th
e

us
er

wi
th

th
e

us
e

of
T-
SP
IC
E,

se
ve
ra
l

be
nc
h

ma
rk

ci
rc
ui
ts

a
r
e

li
st
ed

in
th
is

ap
pe
nd
ix
.

A2
-I
.

S
i
m
p
l
e

d
i
f
f
e
r
e
n
t
i
a
l

a
c
t
i
v
e

lo
ad

a
m
p
l
i
f
i
e
r

T
h
e
fo
ll
ow
in
g
d
e
c
k
sh
ow
n

be
lo
w

pe
rf
or
ms

a
d
c
t
r
a
n
s
f
e
r

c
u
r
v
e

an
al
ys
is

a
n
d
d
c
o
p
e
r
a
t
i
n
g

po
in
t

a
n
a
l
y
s
i
s
o
f
a

si
mp
le

d
i
f
f
e
r
e
n
t
i
a
l

ac
ti
ve

lo
ad

am
pl
if
ie
r
wh
os
e

ci
rc
ui
t

sc
he
ma
ti
c

is
sh
ow
n

in
Fi
g.

A2
.1
.

1
7

8
.



o
OO

r-fc-Q-w^—fe
DU

tn

H2Z
^

LTT

o

OC IA

IjrgW-fe

©

©

A

©

ui £
U> o

•H *

"0~k

A SIMPLE DIFFERENTIAL ACTIVE LOAD AMPLIFIER
x»io.
X»30.
X=30.
X»I0.
X = 22*

V»10.
V»10.
Y»30.
V»30.
Vn22.

Y» 18.666Xs40.

DC TRANSFER CU»VE OF
01 4 2 3 MODN
02 5 0 3 MODN
0 3 4 4 6 MOOP
04 5 4 6 MOOP
05 6 S 7 MOON

RL y 0 100K
Zl 6 8 7*3 TC=3.E-•03
PS 8 0 500.
166 3 0 2*0M
VCC 6 0 15.0
.MODEL MOON NPN BF«100 IS<*1.E-1S VA«100.
•MODEL MODP PNP BF&100 IS»loE-15 VA°SO«
VIN 2 0 0.0
•PLOT OC VC7) V<9)
•PRINT DC V<71 V(5)
.PLOT OC TCQ1) TI02I TfQl,Q2)
•OC VIN -10M 10M .SM
•THRML LXs40 LY=40 A0M0 B0«10 KS»*00223 KH«.0002 GH«.01
+TCS»27.7E-9 TCH»30.E-09 LXHDRslOO LYHDRnlOO
•OPTION ACCT TRO0M«27.0 TOPx»28.0 PDMAX».2
• OP
• END



.**.!*"****!!***". _" J*N ^•^••••••••••••••••♦••••••••••T-sPiee 2A •«*••***«•.••••••.,*•,..•••••• „,,0:l. ...•••♦

OC TNANSrtn CU'»VE OF A SIKPLE DIFFERENTIA!. ACTIVE LOAD AMPLIFIER

DC "TlMNSFFBCUnveS TEMPE&ATURE ." " 27.000 DEC C

••••••••••••.••••^•••••••••.•^•^••••••^

. ...VIN yi7l .VLI31

-i.nooE-04 j.i7<>/;-07 -t.ooir-oi
-9.000r-Cl _ J»|9«5-07 -<S.012C-0I
-9.0J0».-0J 3.2I2F-07 "-0.902I--OI "
-ft.*-COc-C.» J.?»7c-07 -i.7|PF-0t
-fl.OOOK-0.1 I. J0««:-07 -4.CM7E-01
-?.!>00E-0J ... . . J.902E-07 O.OC^-OZ
-7.000E-03 <*.0«»4F.-0I 7.320f-0l~
-6.soor-oj «.ii2E-oi i.a«oc»oo
-A.OOOE-OJ I .J*?? »00 2*0276*00
-5.S00C-03 2*014E*0Q 2.t>7?E *0Q
-S.OOOIT-OJ ?.720E»00 J.3I3T«00""
-4.SOO*.-01 J..10riE»00 3.91f,r»00
»«.000r-0i 3.*>O0S*00 4.S95F*00
-J.'jOOt-CJ 1.C2JE«0Q =>.231f »00
-J.OOOr-0! 5.?'..0=«00 ft.06tSE»00 ~
-?.500f-0J 5.««*<:*00 6.50IF»00
-2.000t-0J 6.SI3?*00 7.tl^R»00
-I. SOOt-0 1 7. | !«»= ♦ 00 _ 7. 76 IF* 00
-i.ooor-oi 7.7>>iR»oo *".jM7r*oo —
-s.ooor.-o* n.)n«r»oo m.oiif»oo
0. «>.00«E*00 9.*32F»00
s.oo3»;-04 •;.<•<;ie«oo i,o?sf»oi
I.OOOC-03 l.0?4F»0| I.CU7r»01 —
I.OOJr.-OJ l.0*1E«0l l.l4Hr*0l
2.00i;f:-C.l l.l«>>E*OI t.20')E»OI
2.T.09E-0 3 |.?0*F. »0| l,2?0F*0|
J.OOOF-OI l.?r.7F»0l l.JJtrtOI
1.500(--0J I.3^7C»0I l.J<.|f»OI
4.000C-01 l..l«7F»0t t.4tlF*0l

.4.5001-03 l.4?or«01 l.404c»0l
3.900f-01 l.4?IR»0l 1.4*71 »0I
5.'jOOc-OJ l.42M=»OI 1.4flO?*0l
6.ooot;-o.« i.A>sr«oi i.AooFtni
6.009t-03 |.4?».C»0I_ |,A9C"»0I
7.0001.-0.1 t.«?7«.oi ' i.osiiroi ""
7.bOO«--CJ l.*?7£»0l 1.4O|F»0t
fl.0001-01 l.4?7*-»0l l.49<M. »0l

. o.soo^-oj i.4?ee«oi i,4o?f«oi
v.ooor-oj i.4?HF»oi i.49?r*oi—
O.500F-01 l.42f|F.»0l I.493P40I
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•••• BIPOLAR JUNCTION TRANSISTOR OPERATING POINTS

UI Q* _ UJ 04 09.

NUOIL MljON NOON MOIIP MOOP MOON
ONCHlO ONCHIP ONCHIP IINTHIP ONCHIP

10 H.6IE-0A «. I lf-06 "-9.A90-O6 - 9.' I 4(!-06 " ». 46C-0T

• C S.B4E-04 9.99C-04 -9.fAF.-04 -I.0OE-03 0.92C-0B

"«t .692 .692 ' -.694 -.694 .629'

VbC -14.306 -4,03) U. '4.67J -9.367

vce "T*.99i« io.72S~ -."694 -3.36r 9.~9.6
AfTAOC 114.300 101.629 100.000 IOO.Jft4 103.372

T£«P-C " "" 3U.63S 39.610 J9.3I3 3«.4|7~- 39.122
• ATTS .019 .010 .001 .009 .001

S* 3.6tE-02 S.7|f>0? ~ 3.«Af-02 "~3.72E-02 J.3IE-03

«pl 3.I2E«03 2.96«-»03 2.79F*0I 2.93E»0J J.IAC»04_
"u i.i«-t*oa i.ioe»o6 s.i*r*04~~9.4»r»6A i.idf»oo

CPI 0. 0. 0. O. 0.

cxu O. 0. 0. 0. 0.

0ITA4C 114.279 109.602 99.946 109.100 109.344

'» 9.6iE*|T"_9.90e'il T 9.70e»l » 9.93FM T ~S.27E»I6~

• ••• /filER OtOOCS OPERAMNG POINTS ' '" ""'

11
ONCmIP

VOLTS 77)46"

AMPS l.!>3t-02

TEMP-C 42.109

•AIT5 I.I2E-0I

• ••• BIPOLAR'JUNCTION'TRANSISTOR OPERATING PO|M]

OI-. <>2 03 . 04 09 '_
MOOEL ",i0N. Hpr>" NOOP MOOP MOONONCMIP ONCHIP ONCMIP ONCMIP SScHlP
' U 6 .61 E-06 9. I 11-06 ~-9. A9F-06" - 9.~l4E-06 6. 46C-07
,C 9.64C-04 9.99E-04 -9.c5F.-04 -1.00E-03 0.92E-03
"Ht '•*•* .692 -.694 -.'694" .629

-""V- - .I'*'*06 "«••« 0. A.673 -9.367
VCC "14.9911 Ifl'.Hi':'"• -.094 -9.367 5.996~~"
«fT*OC II4.J06 109.629 100.000 100.3*4 109.372
U-P-C 35.638 "39.610 39.319 30.417 39.i22
•**" .019^ .010 .001 .009 .001
5" J.6fE-02 lT7|E-02"^3.«»ie-02 "3.72E-02 ~3. .IE-03
""I J.I2C*03 2.96**03 2.T9F.03 2.93E»0J 3.186*04
"" i.i*t.09 i.ioE*o9 "9.Mr*04 ~6.4>fVo4""i.iwfVbY—
c"> °- 0.^ 0. O. o.
c"u " «• " " o. o". o. - o.
0«T»*C 1.4.279 109.602 99.946 109.J00 109.344
' r 3.63F»l7 ~9.90E*W~3~. T0C*l t ' 9.9)E«|7 " 9.27E«I6

•••• ZfNEO DI00"rs~0PERTfTNC~P0'lN»S

n
ONCHIP

vo«. rs 7.346

tap) I.Mt-Oi

t Ki. - - •;..U9
.

i«IIS 1. 12*-01



••••• O JAN 77 •••••»••••♦••• T-«,P|Cf PA •♦••••••••••♦• 14120:14

OC TBAtiStCH CURVE OF 4 SIMPLE OIFFFRINTIAL ACTIvC LOAO AMPLIFIER

b«ML SIGNAL* It 14S SOLUTION TFMPFRATURE •" 27.0000tG C

•9.007 IF -16

V.OC««il >00

II MPl'-AIUfli

.tiuoe VQLTAGL.

- A . 9 I B If - 0 I

/.634*1 *00

NOnC VQLIAGF NODt

I 41 |.4J06E*0I I SI

1 1 1 J.ft/. Jfll »UI 21 1. 96 1 01 .01 11

1 ». 1 • ,;io*ji tui 7 1 i. rvui • oi nl

< III 1. «/4 »' .01 l/l 4 . llv'il IOI 1 31

1 16 t 1*97971 4Q| If 1 t. ill 1 »» IOI in)

1 <• 1 1 j. V| V'f • 01 2/1 1. 76 t„l «ol .Ml

1 VM l.ii JO'I iol 27> t. voo ii * oi 2HI

1 Jl 1 1.M02I »0I J2I 1. 6'>/bl .01 111

1 1CI J./MIMOl ' J7I ' J.U6 /2» *0I 38)

1411 ].tJ024F .01 421 3.77Jj3t»0l 431

1 46 1 1.4||4tt0l ' 471 - 1. 107M-'* 61 49)

1 311 J. 294 II .01 *i2l J.19041*01 931

1 36 1 " 3. 3Cj'.f. *OI nsn J.JftlOC*Ol"~ ~ S.-l

lEMI'f RAIURf NOOL

1.9 JIM. 01 I 4 1

1.9.' 701 • 01 I 9 1

4 .On-101 *0I 114 1

J.dllirMOl I 191

l.n494f.01 124 1

3.62Mfc*0| ( 201

l.OJOJf.Ol ( 341

l.7J97L-*0l I J9I

3..'r.02L*0| | 44 1

'3.»i27E»0l ( 49)

3.3AtJ7E«0l ( 341

1.3579E*0I" " C 591

4MUICNT TCMPERATUPFIOf C.-C I

iZtQIS

TOTAL POMFR DISSIPATION ON CHIP

I.A4E-0IKATTS

vn»T«r.r couftce cuprcnts

IlkHi C<Jl>HtNT

vrr -I.TJHE-O?

VI* -0.602E-06

l(il*L »-,J»f « DISSIPATION Or T Hfc ENTIRE CIPUIT 2.62E-01 MA TT S

•••• MSISTORS OPFBATING POINTS

PL
OTfm|P

p«,

6fcm|p'

Vfi.H 9.004 7.634

»«PS o.OOt'-OS I.53E-02

On-HS l.00f<03 9.00**02

Tl«*-C 2'.OOO' ~27.000

»»TIS 0.1IE-04 I.I7E-0I

VOLTAGE

9.S327I.00

TLMftNATuRl

1.M4 I 71 .01

i.HArsii «oi

3.ni> nr»oi

). 0 17JI »ot

J.M.'60C>0 I

I. 7242t *0I

J . 18 J.' I • 0 I

J.6-<34C*0 I

3.3734F *0I

1.4 7B0f »0I

3.3'JHJL »0t

2.7I44E.0I

N00E vJlT4GL

I M I ,»000t «CI

TE«Pc»*4Tk;Rt

1 91 ^ .9124* • w I

C IOI i *a jot • Ot

1 IM i. A3J«)t • 01

1 201 i Bt»73£ iOI

1 Jtl i 75I0E • 01

1 J0( 3.643IE • J 1

I 331 3 roue t CI

( 401 J 7 i 1 • l • Jl

1 43) j.«:<6t • 31

( 301 j 4 | 4 Jf •01

« 9! 1 3 2*20* • C 1

( 601 2 'aoot 01



Si-Mi nSIFR EX5;af CIT'1J ACTIONAL ITCRAT.ON
PL 5 A IK

PS 2 3 IOK X=30.0 V=30.0
VCC 5 0 20.0
ViN 2 0 OULSEdO.O 1*0 OUS tOOUS lOOUS 20MS 30MSI

rPL0?2T5ZS"v|IfH"3°*?"9 LXHOR»»00. LYHDR.100
•PLOT TRAN T(OX)
•TPAN lOOUS 10MS
• END
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•••♦• ft J4N 77 ••••••••••..„ T-«Plr. »» ... —

T--.C INVERT^ fAAMPle CIRCUIT rU7.CT,CNAL .^RATION

•NMI4L T„ANS,rNT SOLUT.CN " .ENPFRATURE V" "^OObOEO c

f 21

...VPlta r.r,

l*OOOOF«OI

»»ori*?.

1 3)

V1LTAQC

9.2IB2F-0I

NOOf?

« *l

. _. vpl.tact;

3*307AE*00

_ .. N0Of£

( ai

VOLTAGE

2.0000C*0|

NOSE VOLTAGE

NflOl

1 II

( 61

" f III

1 161

« fit

1 26 1

1 311

1 J6I

T*.««Pf P4TUPP

3.27o*c*0l

3.21097 »0I

l*2r>2ll.»0l "

J. 17637 11)1

.«./«/ |7).«|

2.»'I07E»0I

J.01961*01

2. 70001*01

NOOt

* ""*»)

e 7»

«*lp|

i m

i t?>

l 27)

"•'# Stfl •

TCMPLRATURir

I..1I77C*0I

3.25977:* 0|

1.21031 *0|

I.I 72*11 *0I

J.20231 »0I

J*0*I9F*0I

2.49097-*0I

Nooe

" ( 3) *

I ai

r i3»

1 10)

( 2J» '

1 2BI

1 331 -

reMPCRATuR*

~3.2234F»0I

3.27V9F*0I

J.2ff34t *0I

)»20591} IOI

2. 900671 ♦ 01 --

3.04l9t»0l

~3.0447H»0I

NUftE

1 41

« 9»

t 141

< 191

( 24)

( 291

< J4|

TrNPtHATUR!

'3.2270E*0l

J.2603F*0I

3.I697E*0I

3*?365C*0I

i.04isr*oi

2.9917C»0l

3.0422E*0I

NOOL

f 91

( IOI

f 191

f 20)

f 29)

I 10 1

1 391

TEHPFRATURE

3.240SE»OI

3.2A27F*0t

)*I670C*OI

3.I999C*C|

3.04IOE *0I

3.044 IE *0l

2.706SE»0I

AMOUNT TCKPERATURFIOFn-C)

27.000

VOLTAGl SfJUMCC CUPPrNTS

N»Ni ci»<-nrNT

vcc

"VlN

-l.7nr-02

>9.07iif-fl« -

TOTAL POMER DISSIPATION ON CHIP
""-6.54IT-02l.ATTs _ ' "

TOTAL .PO%l.n -PI5SIPA.TlON.yf_lHC.fA.TIR6 CI.RMItJ.IJE-OlMH,.

- ••♦♦--RESISTQBS BPCRAMMG J>QINT.S

VOLTS

4HPS

OHMS

TtlP-C

•ATT$'

PL
OFCHIP

RS
ONCHIP

16.612 9.070~

1.661-02 9.Oet-04

t.oor»o3 i.oop»o4~

27.000 32.796

2.76i-oi •T.Y.ie'-os"
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s

g.

Xx31.0
Xs26*0
X*31*0

Yb4.0

X«30.0
X»37*0

Y«2*0
Ys2.0

Y«4.0

V-ll.O
Y«lt*C

FXAK*PLC "»41
01 10 0 2 MOON
n? IC I 3 MOON
0 3 5 4 ? MOOP
04 A A 3 MOOP Xs22.0
14 4 C • 3'J
R411 4 II 100MFG
0 7 10 5 7 MOON
05 5 7 8 MOON
04 6 7 9 MOON
01 A 11 IK
92 7 11 SOK
93 o 11 IK
OB 10 6 12 MOON
P4 12 11 50K
017 13 12 11 MOON
I 14 14 0 .3M
Q13A 14 14 10 MOOP
013P 13 14 10 MnOP
013C 15 14 10 MOOP .75
0 21 If IS 1* MOON
032 16 If 17 MOON
0*>3 11 11 IT MOOP
014 1C 15 18 MOON
020 11 17 18 MQOP
PL 1A 0 IK
VIN 1 19 0.0
VCC 10 0 15
vee 11 0 -is
Pc2 IP 1 10OK
per, l 10 «0
.THRML LXaSO LY=40 A0 = 10 30*10 KS=*00223 KH=.0002 6H=*01
♦TCS=27.0F-9 TCH=30.E-9 LXMOR'100. LYHDR=100.
•MOOEL MOON NPN BF=100 VA»lOO
.MODEL MOOP PNP BF=100 V*»50
.PRINT DC VCI8) VfII
.oqinT OC TC01VQ2) ">"(03,04| T<Q5«06)
.PLOT OC VMA) V(l)
.PLOT DC T(01,02) Tf03.04) T(QS.06)
•OC VTN -10M 10M 1M
•OPTION ACCT PDMAXs*2 IDBU67»l
• END

X=39*0 Y=19.0

X»3.0
Xt>3*0
X»3»0

Ysll.O
Y«11.0
Y»11.0

X=26«0
X=10.0

Xo39.0 Y»35«,0

Y»1P.0
Y = 35*0

Vec +IS-*

Fig. A2.3

Simplified 741 op. amp.



•SPICE 2A •*•••*•**•••••••••»«***•«*•••• |4!2r.
EXAMPLE 74|

OC TRANS|*tR~CURVE~S'
'TEMPERATURE • 27.000 OEG C

.-.••♦•*•••••♦••♦•♦•••♦••^••4••*•«♦♦•*♦***»l»**Si*MttM**.*!.m*>MtM.M.M,M ♦...* *

VIN ...

-I.OOOE-02
.-9.SO0C-03
-9.000«r-CJ
-71.S0OP-03
-n.ooor-03

--'.50OC-0J
-7.0001-01
-6.S0QE-03
-7..000K-CJ

--5.S00E-03
-5.000C-C3
-A.tOOF-OJ
-4.000E-0J

.-J.500E-0J
-J.OOOF-OJ
-2.50OE-03
-2.000C-0I
-i.soor.-oj
-i.ooor-o.i
-J..90QE-04

0.

_ 5.000C-04
i.ooor-03
I.SOOF-03
2.000C-03

. *.*00*-C3 _
J.OOOC-O.) ~
J.«soor-os
4.000C-03

.. «O00»:-0l
f.0C0l'-03 "
S.OOOT -0 J
e..ooor--oi
<!.Sr>0C-O3 _
7.OO0C-OJ
7.soor>o j
n.ocor-oj

. 'I.SOOC-GJ
'•.0007--03
9.S00C-03

..v.iia.1. ...yiil

3.I7PE-03
.2.7.79E-03
2. IBIt-03"
I.6B3T.-Q3
I.I66E-03
«»907Er04.
l.997l?-04

>l.94fE-04
•s.iooe-os
.SofTACrOS
l.*0|P-04-
I.977.F-04
2.3207-04
2.4H7FT04_
2.4 7IF-04"
2.292E-04
I.977C-04
•527r-04
_5#>JE-05

2.7>l IP-OS
-S.432E-03

_rli4lt»F-04
-2.23MF-0A
-2.95WF-04
-3.5<2r-04
-4.04CC-04
-».36 7r-04
-4.517.r-04
-*.«ijr-04
-a,jjrr-04
-3.H97r-04
-3.22IE-04
-2.23fE-OA
-9,|10F-OS

H. IZOt-O-i
-4.2QIF-04
-9,2HPr-04
-I,42Or-03
-l.92Hf.-03
-2.42BR-03

-I.J7>2£«P|
.-I.36ie*0l
-l.?ClC»0l
-I.JME»OI
-I.J7 0C*0|
-I.JV'EtOI
-l.35BE*0l
-l..U7<**0l
-I.2081*01
rl.ORCIi*OI
-9.696«»00
-«.561F»00
-7.f|0£*00
jto.47ee»oo.
-S.4fl2C.00
-4.M7C»00
-3.ftll£»00
r2**707-*00
-|.76SP*00
-9.2I0E-0I
-»>.4 705-02
. 7.407«=-oi.

i.s7f>e»co
2.*1?E*00
3.31IE«00

. 4.2161**00
S.I«iOt*00~
*.IIAE*0C
T. II 7<?»0C
0. 1*7": *00
•>.244F*r>o ~
i *or<r.*oi
I . I5f>€»0l

.l.?t4C*0l
i.«ioF*or"
I.4|7E«0I
I . 4 | 7f£ » 01

.I.*!7^*01_
l.4|7t»0l
1.4176*01

~,

TO
o
TO



r*»wte 74i

-I.0007-02
-9.S00C-03.
-'.OOOL-OJ
-A.9001-03
-n.ooor.-o3
-7.300C-03.
-7.000F-03
-0.»OOC-0)
•a.oone-o.i
-3.J.00C-CJ .
-S.OOOC-01
-4.400R-03
-••OOOfc-OI
-J.S00C-03.
-J.OOOF-OJ
-7.900F-01
-7.000E-03
-I.SOOt-01.
-I.0001-03
•9.QO0t-D4

0.
S.0007-04
I.OOOC-OJ
I.S00C-9J
2.0007-03

.2.7001-03 .
>.ooofc-oj
J.'.OOR-Oi
4.ooor-oj

.4.*00C-OJ.
0.0007-03
S.^00F-03
6.000C-OJ
6.S00C-0J.
7.000C-OJ
T.soor-03
o.oooc-oj

. fl.SOOL-03..
9.oooe-o>
9.600C-0I

"oc~To"anW en -tij**iS~

-4.I09C.
74.1015-
-o.ies?.
-4.I99E-
-4.I44C
r4.l30S:
-4.I0IE-
-3.003E.
-2.14*6-
r9.20tC-

9.H44C.

I.IIOE'
-I.342S-

I. 3721!.
1.224*-
9.?l»7«-
4.A2HC-

-9.«77t.

-A.O»«E-
-I.A3rJF-

-2.S31E-
-J.168C-
-4.0-77C-
-4.700C-
-9.170C-
-S.4HJE-
-6.7-302-
-s.r.9«i:-
rS.J»4e.-
-4.r^'»7i.
-4.I26E-
-3.0f>0«-
-i.6j<»e-
2.oone-

-1. Mltt-
-i.isne-
M.I50E-
-I.141*-
-I.132E-

-nasi... -ttoai.

4.60BE-02
4.6I2C-02.
4.007E-Q2
4.609C-02
4.60QE-02
4.£02e-02.
4.S79E-02
4.I9SE-02
2.06U-02
4.I6RC?03.
7.04IP-0.1
I.A29*-02
2.I27C-02
2.33<K!-02.
2.20AE-02
I.9A3F-02
I.472E-02
7.6S9l'-03.
l.b7«r-03
l.?67t-0?
2.61900?
4.240E-02.
9.040002
7.2S9O02
0.4S7C-02
9.409?-02_
I.007O0I
l.04 3EtOI
I.04SO0I

l.P0"Eroi_
9.267O02
7.OAIE-02
ft.093002
3.947O02
I.II9O0.1
2.61*007
2.C40E-02
2.642r-02
2.642O02
2.642002

•02 -7.42SC-02
02: S7.4I9C-02
•07 -7.3977-02
•02 -7. 1477:-02
'02 -7.373F-02
02 s7.392E?02
02 -7..103B-02
02 -6.7l2e-02
02 -3.4661-02
03_=9.334CrOJ
OS 9.4*0C-OJ -
01 2.30I4-02 -
02 3.I621-02 -
02 3.600C-:02 -
023.65IF-02 -
02 3.343C-02 -
OJ 2.73S72-02 -
01 I.Amp-02 _s
0« 6.ST0i:-0J
03 -7.624E-03
02 -2.37AF/-0Z
02 -3.999Er02_
02 -S.462E-02
02 -6.7IBC-02
02 -7.7Ssn-02
02_-.a.»^4e-o«.
02 -9.07l.r-02
02 -9.304G-02
02 -9.2I3T-02
02 rj.7991-02..
02 -7.072E-02
07 -6.94IC-02
02 -4.63AE-02
02_r.2. Illfr02_
0.1 I.I44F-Q2
03 -I.929C-02
02 -I.59AF-02
O2__z.I.350EtO2_
02 -I.94 2C-02
02 -1.933S-02

u

'YCMPERATURr 27.000 OCC C'
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OC "RANSFFR CURVE OF FA
01 10 1 3 MOON
02 10 2 A MOON
03 ? 11 3 MOOP
04 9 11 4 MOOP
0*5 *F 6 7 MOON
Qft 9 ft p, MQON

Q7 2 3 5 6 MOON
OB A 10 10 23 MOOP .2
08B 10 10 23 MOOP *8
QOA ll 10 23 MOOP *4
098 11 10 23 MOOP *6
010 11 12 14 MOON
Oil 12 12 24 MOON
012 17 13 2 3 MOOP
013A 15 13 23 MODI
013B 17 13 23 M002
014 23 17 20 MOOA
Ol«5A 17 20 21 MOON .35
015B If 20 21 MOON .65
016 ?3 9 16 MOON
017A 15 16 25 MOON .35
01T9 15 16 25 MOON .6?
018A 17 18 lO MOON .75
018R l? IB 19 MOON .25
019A 17 1-7 18 MOON .65
Q19« 17 17 18 MOON .35
020 24 19 22 MOOP
021 26 22 21 MOOP
022 *3 2* 24 MOON
Q23A ?& I6; O MOO?
023*? 24 lc 19 M004
024A 26 26 24 MOON *25
024B ?6 ?6 24 MOON *75
Rl 7 24 IK
02 6 24 «0K
°3 8 24 IK
P4 14 24 3K
R5 13 12 39K
R6 20 21 27
»7 21 2? 22.0
»B 2? 24 100.0
P9 If 24 50K
RIO 19 19 4OK
Rll zr- ?4 C0K
PFB1 ?l 2 100K
RffB2 2 30 ?0*C
PL 21 0 loOK

TR^HILO 741
X=37.5
X=34.5
X=32.5
X = ..6.0
X=39*2
X=45.0
X=32*S
X=13,0
X»26.0
X=32.5
X*26.0
X»39.2

X=45.0

Xs41*0
X = 37*5
X=37.5
X»32.5
X=32.5

Y = 8*0
Y=8.

Y=12.8
Y=12.8

Y=16.5
Y=16.5

Y=22.«5
Y=6.5
Y=6.»
Y=6.5
Y = 6.S
Ys22.S

Y=28.0
X=8.0 Y=6.5

X =8.0 Y=12.8
X=8.0 Ys.2.8
X=13.0 Y=47.0

Xs32.5 Y»38.0
X=26.0 Y=38«0

X=37.5 Y=28.0
X=45.0 Y=2B.O

X=41.0 Y«28.C
X=32.5 Y=31*3

X=26*0 Y=31*3
X=26.0 Y=31.3

Xs32.5 Y=31.3
X341.0 Y=47.0

X=26*0 Y=47.0
Y=38.0
Y=38.0
Y=31.3
Y=38»0
Y»47.0
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vrr si r ic#o

v-'- ?4 0 -la«C
vin 0 3C -*M

• MODEL MfON NPN IS=UF-1* VA«100
• M'OFL MCOP PNP !S=WF.-t4 VAcTf.O
.MPOFL MODI PVP IS=2#2«5F-1S VA»75
•MOOFL MC02 PNP IS=«9F-15 VA*7S«
• MOOR. M003 PNP IS».0063E-13 VA»7S
oMOPFL M0O4 PNP IS»o79E-l5 VA»75
•MODEL MOHA NPN IS=1.F-14 VA*100 BF»200
•I^^ML>Xi<?5 LY=55 A0»10 «30«10 KS»2«23E-03 KM»4.SE-04 GH«l«E-02
• TC«? =,02 TCH»,02 LXHDR«UO LYHDR«1I0
• PRINT OC V<2» VC21)
•PRINT OC T(Q1.02) T(Q3TQ4) T(Q5.Q6>
t°lOT DC V<2» <-.4Mt.AM> V<21|
oPLCT OC T(0i,Q2) T(Q3,04) TCQ5.06I
• OC VIN -ff* 6*4M »AM
•OPTION ACCT I0BUG7s| P0MAX*.l5
• «=?N0

»"i ij. A2*4

Complete schematic of fk\ operational ampii?
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OC TRAMS'tR CURVE OF FAtRCHILO 7*1

6C~fR"ANSPW'CURvfilT

-0.O0OF-03
_-T.600e-.OJ_
-7.200f-03
-a.aooe-oj
-6.400C-03

.-6.000E-0J.
•S.bOOE-03
-s.?ooe-o3
-*.4005-03
-4.40O_.-03_
-•.OOOF-OJ
~3.60Of-0J
-'J.?00F-0 J
-a.iooe-oj
-?.*0O6-Oi
--•.ccoe-o.
- 1 .t>oo*-03
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-04 «.202C»00

•04 ?.Aoof.«oo~
-OS n.AI7C*00
•OS 9.44«F»00
-.01 |.029f*0|_
-OS I.IISP*6.
•Of> I.Sr07C*0l
•OS I.290C40I

-04
-04

"04_
•04
-04

C

g
I
4)
>

10

<a

4J

3 •

o <t
CM

K- Ul

o U

*J a.
i_ «/>
<0 i

a t-

(0 K
(0

in L.

•^ O)
o

cn t_

c a

* §

•SPICfl 2A

TeMPCRATUtt? • 27.000 JE6 C



?!

i ij .1

I li

s.

I I

L I

^««4J4 4«4«««V*4*«4«4«MIIMchn«|>«l««(<M_>B«(t
..I I I,1=1 I I ill I I I I II 111 • • III • i Til I I i'l I I til III

«ftO>N«vhM»»uo.a««^lvtll<'a<lSC,•l••»«|ao«l»lll««l«
* • -•••»••.•«•»•••_!•»»-» •••>.. ••••••••••

•"—4 4 ->—••—-•••-"vul———•»•«———*r»->r»A. C-—-—0-4 <9">rt«I j I l|l I I Ijl I I l|l

ooooooooouoo^vOQuvu
I.I I i i,l I i Hi i I hi ( i ill I I
bU.j'Simlr--f_i«l«>i'_-lloiiiJunw Ui__ki*>
nsuoa.oonrneauoncooo kvonor
noo'jaoioduuaoouoaiico *oaocoouc«nooniopoc>
OwlM«.«0*,MT«OONT<0<|IMOO 'OtllV t,t>« <t<V«0 4 |11<lO|

i i i i i.i i • i'i i i i i i i i.i i i : , », • »«

1 J«4«l"i>»«H«mi»i14«4«i
UQOWOOOOOUOOCOOO
i • I i:i I i I i I I • I I i I

>aoit.og»o(
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OCTR -M5FER'~CURV E»"

•fl.000F.-0J
-7.600E-0J
-7.200F-03
-6.O00.-0J
-6.400E-03
-6.000C.-03
-5.600--0J
-S.200F.-03
-4.«.00_-03
-4.400C-03
-4.000F.-OJ
-3.600E-03
-3.200C-0J
-2.e00<.-03
-2.400t.-0J
-z.ooor-oj
"1.6006-03
-t.200F.-0J
-e.ooo'.-o*
-4.000*-04

0*
4.000S-04

ft.OOOE-O-t
1.200E-03
i.oooe-oj

.2.000E-OJ
-•*60?-03
2.(1006-03
3.200E-03
3.60O*?-0I
4.000C-OJ
4.4006.-03
4.600F.-03
S.2O0E-0J
&.600E-0J
e.oooc-oj
6.400E-03

_-.<«_.-..

-0.tJ6F.-0J
-4.04IE-C3
-7.O49C-01
-7.739E-0J
-5.967C-0J
_7««09l;-04

6.S19F-01
I.IJ0R-02
I.SI3R-02
l.ftOOE-O?

-S.OIOE-02'
2.124E-02
2. ISJF-02

_2..0O«E-02
• •wr-oz'
1.7396-02
I.4 19E-0?
l.06?i.-02

*6.0flW-03
B.i_i7E-04

-3.2S7E-03
I.I67E-02
~;7-|E-0?
2.24SE-02
2.67IF-02
'3.0I9C-02
3.-283C-02
3.46Sl>02
3.*i6IF-02
3.SA4E-02
3.47II.-0*
3.27er-02
2.983E-02
2.S73t-02
z."04 9sr-or
1.394C-02
6.0B2E-03
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m^s:rtir analysis of voltage regulator national newton-raphson
•ji J ? A moon 2.25
'..' * 5 ft MOON 2*0
03 7 A 0 MOON 6.0
04 a 7 10 MOON 6*0
05 9 10 11 MOON 7.0
06 17 2 8 MOON 2.25
0 7 12 9 13 MOON 2.25
08 12 13 0 MOON 2*25
00 14 14 0 MOON 2.26
010 O 12 15 MODVP 6*15
Oil 16 3 1 MOOLP 3*0
012 3 3 1 MOOLP 3*0
Q13 1 16 17 MOON 17.5
01601 1 17 18 MOON 1S«0
01603 1 17 20 MOON 18*0
01605 1 17 22 MOON 18*0

1 17 24 MOON 18.0
1 17 26 MOON 18*0

_ 1 17 28 MOON 18.0
01613 1 17 30 MOON 18.0
OlftIS 1 17 32 MOON 18*0
01617 1 17 34 MOON 1ft.0
"34 30K

4 5 I.9K
5 7 26,0
6 0 1.2K

P5 10 0 12«IK
R6 11 0 IK
R7 8 9 17,7K
*8 13 14 4K
P9 19 12 4K
O10 16 15 850
"19 17 2 2K

2 3*5
3*5
3.5
3.5
3.5
3a5
3.5
3.5
3.5

X-S.00
X-12.2
X-20.0
X-26.0
XOS.6
x-si.o
X-40«8
X-43.3
X-48*0
X-62.0
X-50.7
X-46.4
X-77.4
X-9.3
X-15.8
X-22.S
X-29.0
X-38-6
X-31.0
X-S7.5
X-64.1
X >70.8
X-10.0
X-7,5
X-16.4
X-20.5
X«39.0
X*38*0
X-25.0
X-48.0
X-53.5
X-SS.O
X»25.0
X-9.3
X-1S.8
X-22.S
X-29.0
X-35*6
X-51.0
X-57.S
X-64.1
X>70«8
X°69«0

Y-16.8

V-14.6
V-ll.3
Y-11.30
Y-11.3

Va 10.0
Y»11.3
Y-11.3
V-6
V-27.3
Y-21.0
V-21.0
V-42.0
V-42.0
V-42.0
Y>42.0
V-42.0
V-42.0
V-42..0
Y-42.0
Y-42.0
Y-42.0
Y-2U0
Y-11.0
Y-11.0
V-8.5
Y-7.0
V-4.7
Y-7.0
Y-6,0
Y-16.0
Y-20,0
Y-26.S
Y-42.0
Y-42.0
Y-42.0
Y-42.0
V-42.0
Y-42.0
V-42.0
Y-42.0
Y-42.0
V-6.7

01607
Q1609
0161 1

Rl
R2
R3
PA

R1601 18
R160 3 20
O160S 22
R1607 24
R1609 26
01611 28
R1613 30
RI615 32
R1617 34
RIB 2 0 2.67K
VCC 1 0 10
• MOOEL MOON NPN BF-IOO IS=1<
•MOOEL MOOLP PNP BF-15 IS=1,
♦ MC«.3

E-15 RB-300 RC-260 VA-200 PE-.6S ME-.S PC* .5 MC-_a
•5E-15 RB-200 RC-2S RE-270 vS«50 PE-.65 ME-lS icHl

♦M22-^3M°DVP PNP BF"50 ,s">«st-»* «B-100 RC-100 RE-270 VA-80 PE-.65 ME-.3 PC—5
^-T-.S °_.PU«-SEI1M |.S OUS IOUS 10US 10MS 20MS1
•PRINT TRAN Vf2) V(8,9) Vf 11 1
•PRINT TRAN V(5,6) V<6> V(7.10) V(lO.ll) VI2.8I VC9.131 VI151

:°^rrl^\v^vi,l\auv,\hri''a, *««•«»?«-?.•-} '<«b.'_» t<o*.03.
.PLOT TRAN TIQ3I T<02» T(02,Q3)
•*?r"n I9;!3sTlS24°3> T<04'03> T!QS,Q3l TC07,Q31 TCQ8.Q3, T<06.03 I
♦T«!IL,7L7=Ba6 V).__!__A22J BO-100 KS-.00223 KM-0.00800 GM-.02857
IJ_S?_7,7E~9 T<>**S»«33E-9 LXHOR-S00«0 LYH0R-500.0

•OPTION ACCT POMAX-2.0 I08UG7-1 IGRIO-1
. e NO

26

38
i«>

AO

*l
42

43
A4

45

46
A7

48

49
50
31
52
53
54

55
56
57
58
59
60
*!
62

63
6A

65
66
67
69
A9

70

88

1«58000E»01
2.90000E4-01
4.35000E401
5« 7500064>01
7.0A000E*01
8* 6000064-01
8.60000E9-01
6*900006 4-01
*.300006*01
9*6000064-01
1*S8000E*01
?«2S000E*01
3.200006*01
4*0000064-01
t *0000064-01
I.77000E+01
3.800006+01
5.0000064-01
5.4500064-01
7.0800064-01
6.220006*01
6.200006*01
4.790006*01
4.200006*01
3.570006*0 1
2* 63000E4>01
2.070006*0 1
I.640006*01
1.220006*01
1.730006*0 1
3. 34000F*0l
4.130006*01
4.260006*01

5.800006*01
5.800006*01
5.800006*01
5. 80000€*01
5.800006*01
3.870006*01
2.000006*01
0.
0.
0.

3.600006*01
3.3800064-01
3.6000064-01
3.40000E4-01
3.000006*01
2.380006*01
3.000006*01
2 .60000 E 4-01
2.650006*01
2.7300064-01
2«08000E4>01
1.420006*01
1.590006*01
1.700006*01
1.770006*01
1.430006*01
1*62000£«-01
1.62000F401
8« 50000ft ♦ 00
8.20000E400
7.50000F+00
3*900006 + 00
6«20000F*00



71 4,300006+01 1,900006*00
f 5,600006*01 ?.OOOOOE+OO
?3 9.900006*00 3.61000F*01
7* 0. 3.800006*01
75 0. 3.000006*01
7A 0. 1.600006*01
77 2.000006*00 1.000006*01
78 0. 1.000006*01
79 7,200006*00 0.
80 1.600006*01 0.
81 2.000006*01 0.
52 3.000006*01 0.
63 4,020006*01 0.
84 4,600006*01 0,
85 6.000006*01 7.500006*00
8ft 7.300006*01 1.580006*01
*7 8.330816*01 3.201436*01
88 8.600006*0 1 3.201436*01

! I_ _ 72 3 76 4 78 5 34 6 79 7 80 8 81 9 82 10
! _? I? _T 1? ,® I4 *5 »5 « »« ♦♦ !• «« IB 43 19 36 2011

21 41 22 40 23 39 24 38 25 37 26 74
6555655565
7556567564
6666656665
65*3433554
5545354666
5577678666
6666666756
7664646384
55536653

63 23 53 52 22 75
23 66 22 79 77
24 67 65 66 23
7 25 81 24 67

28 26 70 69 6 68
69 5 68 83 82
25 68 82 4 81
71 70 29 27 72
60 31 27 85 10 59
9 31 56 59 58

63 64 62 54 53 50 49
13 73 74 38 37
14 46 73 12 38
15 49 48 13 38 39
16 50 49 14 39
51 50 17 15 39 40
55 «l 56 16 18 40 41
56 17 30 19 41

30 18 57 20 41 42
57 19 33 42
46 85 59 86 45 35

1 23 2 75 77 76
6S 3 66 1 2 22
25 4 64 67 3 65
68 63 7 4 24 64
28 62 5 68 63
ft ?9 60 72 9 85

61 62 29 26 5 70
61 28 70 8 27 60
58 56 18 37 19
60 32 9 55 10 56
60 61 54 31 55
57 20 87 43 42 36
77 79 78
45 21 86 44

33 42 43
38 12 74

12 13 14 39 37
14 38 15 16 40
16 39 17 41
17 40 18 19 42
19 41 20 33 36
33 87 88 36
35 86 57 87 88
21 46 35
72 85 47 21 45
71 72 84 46
49 53 52 14 73 13
50 1 1 53 15 48 14
54 1 1 51 49 16 15
55 54 17 50 16
48 •3 1 75 73
t 1 ft4 65 49 1 48 52
62 1 1 61 32 35 51 SO
31 32 34 56 51 17
11 53 to 58 17 30 18
58 30 eft 19 44 20 33
59 10 56 86 30 37
85 <J 10 58 21 86
27 29 61 32 31 9
62 28 29 60 54 32
61 28 26 63 11 54

62 26 68 25 64 1 1
25 24 63 11 65 53
64 24 3 53 23 1
3 67 80 23 2 79

87

83

42



SO
CM

CM 4 81 24 3 80 66
26 5 6 63 25 82 7
70 5 6 83 71
5 28 29 69 71 8

83 69 70 8 72 84 47
a 27 71 47 85 46
48 52 75 13 12 74
73 75 12 37
52 1 22 73 76 74

22 77 75 78
22 2 79 76 78 34
77 76 34
66 80 2 77 34
81 67 66 79

7 82 4 67 80
68 6 83 7 81
69 6 82 71 84
83 71 47

72 27 9 46 59 21
21 59 58 57 35 44
44 57 33 43 88
44 87 43

AWV—I

< —
CM X
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Examples of first order check

a>
-*" Vv

271. 272.

check starts. The basic objective of the second order check is to form

an asymmetrical thermal network for every rectangle without creating

nodes around the edges of the rectangle. If a node is created around

the edges of the rectangle then it affects the thermal network of the

adjacent rectangle which it shares the line segment containing the node

created. The overlay tries to first complete this triangular thermal

network for a rectangle without creating nodes around the outside edges

of the rectangle. In this process, a few nodes interior to the rec

tangle may be created. If a node is created on the outside edges, then

it goes back to the first order check and this process is repeated until

every rectangle has its own triangular network in accordance with the

requirement. The subroutines FRMTRI and INDTRI are devoted to the second

order check. When the second order treatment is finished it goes to

the final linkage formation step.

The overlay returns to the main program with six tables labeled

IPNTX, IPNTY, NOFFTH, IURTH, LINKTH and IPERIM. Nth entry into IPNTX

and IPNTY tables give X and Y coordinates of node N. Nth entry into

NOFFTH gives the number of nodes connected to node N. Tables IURTH,

LINKTH contain data regarding node connections and these data are stored

in a linked list bead structure in NODPLC array. N0DPLC(IURTH+N)(-IPTR)

is a pointer to LINKTH table and NODPLC(LINKTH+IPTR+1)(=N1) is a node

connected to node N. NODPLC(LINKTH-HPTR) is another pointer to the

next bead. If IPTR = 0, it indicates the end of the bead. Table

IPERIM gives all the nodes on the edges of the chip sequentially,

starting from the lower left corner in a counterclockwise direction.

The number of entries, IPRM in IPERIM table is equal to the number of

nodes along the outside edges plus one, and

.*•_-_• £»*
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NODPLC(I PERIM+l) = NODPLC(I PERIM+IPRM)

A3-5. The RCVGRD overlay

This overlay simply reads in data concerning the asymmetrical

network previously formed and available in punched form and reconstructs

the six tables mentioned in FRMGDI, 2, 3, -» overlays.

A3-6. The FRMGTH overlay

This overlay calculates the values of all the thermal resis

tances and capacitors for both chip and header as shown in Chapter 3.

A3-7- The SETUP overlay

In T-SPICE2A, the SETUP overlay with the flag 'INTL' set at

1 or 2 establishes the integer pointer structure for the thermal or

electrical circuit respectively.

In T-SPICE2B, the SETUP overlay with the flag 'INTL' set at

-I, 0, +1 establishes the integer pointer structure for the thermal,

electrical, and overall electro-thermal circuits, respectively.

A3-8. The JAGTH overlay

The JAGTH routine is the control routine for the overlay. It

calculates the chip temperature for a unit power input on the top sur

face of the chip with two sets of thermal conductances 1.5 GH and 2.0

GH distributed from the bottom surface of the header to the ambient,

where GH is the user-specified junction to ambient conductance. From

these two results the header to ambient thermal resistance is linearly

interpolated to give user-specified junction to ambient thermal resis

tance.

A3-9. The THLOAD overlay

This overlay calculates all the admittance-matrix coefficients

associated with the thermal resistances and their locations in the

matrix. The matrix coefficients and their locations are stored in

NDTPC and NTHVAL tables respectively. The content of these two tables

is copied into the Y-matrix later when the actual analysis begins and

the loading of admittance matrix becomes necessary at every iteration.

A3-I0. The DCTRAN overlay

This overlay in T-SPICE2A is different from that in T-SPICE2B.

First the DCTRAN overlay as implemented in T-SPICE2A is presented and

then the DCTRAN as implemented in T-SPICE2B is presented.

A3-10-1. The DCTRAN overlay in T-SPICE2A

The DCTRAN overlay is the control routine and performs the dc

operating analysis, the transient initial conditions analysis, dc

transfer curve analysis and transient analysis. It consists of the

following subroutines: DCTRAN, TRUNC, TERR, SORUPD, LUDCMP, FITER8 ,

ITER8 , CHKCON, UPDPWR, UPDVAL, LMTPWR, DCDCMP, DCSOL, LOAD, COPYTH,

INTGR8 and BJT.

In dc transfer curve analysis as shown in Fig. A3.10, the pro

gram first updates source values at time zero and does the LU decompo

sition of the thermal admittance matrix through the subroutine call

to LUDCMP. The LU decomposed Y-matrix is stored in the LVNTH table

and later used during the loading of the thermal matrix. The INITF

flag is then set to two. The subroutine FITER8 is called to actually

obtain the first point solution. If the solution does functionally

converge, the values of the specified output variables are stored in
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Fig. A3.10

dc transfer curve analysis employing modified functional method
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central memory. If the solution does not functionally converge, then

the warning statement is printed out and the analysis proceeds to store

the last result of the solution. Then the variable source is incre

mented and the INITF flag is set to six. This process continues until

the required number of dc transfer curve points has been computed.

The dc operating point analysis as shown in Fig. 3A.11 is less

complicated than the dc transfer curve.analysis. It proceeds in the

same manner as in the dc transfer curve analysis and after the solution

is converged the INITF flag is set to four. Then the device model

routine BJT is called to compute the linearized, small-signal value

of the non-linear capacitors in the device model.

The initial transient point analysis is almost identical to

the dc operating point analysis and shown in Fig. 3A.12. The only dif

ference is that in the initial transient point analysis, the linearized

capacitances are not computed after the solution converges.

The transient analysis loop is shown in Fig. A3.13. Since the

time-zero solution has been computed by the initial transient point

analysis, it first stores the values of the output variables. After

the proper time step is chosen, the thermal admittance matrix is decom

posed by the subroutine LUDCMP. The decomposed matrix is stored in

the LVNTH table and the first time point solution is obtained by calling

the subroutine FITER8 with the INITF flag set equal to five. If the

time point does not functionally converge, the time step is reduced

by a factor of 8 and the time point is re-attempted. If the time point

does converge, then the subroutine TRUNC is called twice with the INTL

flag set to one and two, to calculate the smallest time step from both

electrical and thermal circuits respectively. The smaller of the two



\gj

277.

for number sequence only

No

Terminate

I

Initialize

\f

TIME = 0, $

{

Call SORUPD

IDCDCM = 2

Call LUDCMP

IDCDCM •= 1

Call FITER8

Converged?

Yes

INITF - -4

__.

Call BJT

Call OVTPVT

Return

3

Fig. A3.II

Flow chart of dc operating point analysis employing modified

functional method

278.



t

Ini tialize

v

Time -=• 9, tfi

c

Call SORUPD

i-
IDCDCM = 2

Call LUDCMP

IDCDCM =• 2

INITF = 2

Call FITER8

Converged?

vj. No"
Terminate

Return

>
Yes

Call OVTPVT

Fig. A3.12

Flow chart of initial transient analysis employing modified

functional method

*s f'i

279-

4 I
Initialize

. Yes

INTL = 1

Call TRUNC
*.

TIME = 9, iji
DELTA = TSTEP

INITF - 5

_

INTL = 2

Call TRUNC
*_ -«-£-

Store outputs
_

f Error OK? i
_

Nof Finished? .-•

Yes _

> L. , ., /
' -*

___/

tj- No
/

DELTA = DELTA/8

Adjust DELTA to
fi t break pts.

nr-*-—~ s -

*

'DELTA too small? j
Update time

n.

1 (̂
/

I Yes

•_

Terminate

.. J
Call SORUPD

*

Returnf INITF = 5 h
•

_

INITF *=- 6 \

IDCDCM » 2

Call LUDCMP

*_

IDCDCM =. 1

Call ITER8

•_

[ Converged? ) «•>*

-_*__

280.

Fig. A3.13

Flow chart of transient analysis employing modified functional method

*:»_.

J



*r_3i

<iU
281

is chosen as a next time step. As long as the chosen time step is

greater than 90 per cent of the present time step, then the time point

is accepted and the output variables are stored. Otherwise, the time

point is rejected and re-attempted with the smaller time step. The

LU decomposition is necessary prior to each call to FITER8 because

the thermal admittance matrix coefficients vary with the size of the

time step chosen.

All four of the analysis procedures in the DCTRAN overlay use

the subroutines FITER8 , ITER8 , LUDCMP, and LOAD.

The subroutine FITER8 as shown in Fig. A3.1*4 calls ITER8 with

the INTL flag set to one and two alternately until both the electrical

and thermal solutions converge functionally. ITNUM that indicates the

number of functional iterations is first set to zero and the subroutine

UPDVAL is called to update the non-linear device parameters according

to guess temperatures. The integer pointer structure for the electrical

system stored in the table IUR1, IUC1, and I0DR1 are copied onto the

IUR, IUC, and I0RDER tables. The subroutine ITER8 is called with INTL

=1 and it returns with the solution of the electrical nodal voltages.

The subroutine CHKCON next checks for the functional convergence between

the current functional iterate solution and the previous iterate solu

tion with respect to the electrical nodal voltage, temperatures, and

electrical currents through all the non-linear electrical elements.

If the functional convergence is obtained, it returns to the subroutine

DCTRAN. Otherwise, the subroutine UPDPWR is called and the new power

dissipation vector is created according to the latest electrical solu

tion and the integer pointer structure for the thermal system stored

in the tables IUR2, IUC2, and I0DR2 are copied onto the IUR, IUC, and
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___

Call UPDVAL

Recover IUR, IUC, IODER
and allocate LVN, LVNIMI
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Fig. A3.1*4
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lORDER tables. The subroutine ITER8 is called with INTL=2, and it

returns with the nodal temperature solution. This process continues

until the functional convergence is obtained.

The flow graph of ITER8 is slightly different from that in

SPICE 2 and shown in Fig. A3.15. When the flag IDCDCM is equal to one,

it indicates that the LU decomposition of the thermal admittance matrix

has been performed previously and the decomposed matrix is stored in

the LVNTH table. Thus the call to DCDCMP is skipped.

The flow graph of LOAD is shown in Fig. A3.16. When the flag?

INTL=1 and IDCDCM=2, they indicate that the thermal admittance matrix

is to be loaded and LU decomposed. In this case, the excitation vector

will not be loaded since it is not needed for LU decomposition. When

the flag IDCDCM=1, it indicates that the LU decomposition of the thermal

admittance matrix has been performed and LU decomposed matrix is avail

able in LVNTH table. Thus the content of the LVNTH table is copied

onto the LVN table and the excitation vector is also loaded. If the

flag INTL-=2, it indicates that the electrical admittance matrix is to

be loaded.

The flow graph of LUDCMP is given in Fig. A3.17. The function

of this routine is to perform LU decomposition for the thermal admit

tance matrix and store the LU decomposed matrix in the LVNTH table.

To this end, it first copies the integer pointer structure for the

thermal system stored in the IUR1 , IUCI, and I0DR1 tables into the IUR,

IUC, and lORDER tables. Then with the flag INTL-1, the subroutine LOAD

is called and then the thermal admittance matrix is LU decomposed

through the subroutine DCDCMP. The LU decomposed matrix is stored in

the LVNTH table.
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thermal network successfully. In order to insure the success of the

thermal network formation, the user must first create his own tri

angular thermal network making sure that all the interior angles of

triangles are less than 90 degrees, and enter these extra node loca

tions as a part of input data.

The flow graph of T-SPICE2C is shown in Fig. A3.19. The pro

gram works in the following way. It first chooses a node A on a chip

plane and another node B closest to it. Then it checks if there exists

a node with which A and B can create a triangle without inflicting any

difficulty. Node C in Fig. A3.20(a) is acceptable but node C in Fig.

A3.20(b) is not because of the presence of a node D.

If no appropriate node exists, then the program creates a node

C and forms a triangle ABC. Now at this point the three nodes A, B,

and C are considered to form a perimeter which will eventually be

expanded until it coincides with the outside edges of the rectangular

chip. Thus we can make a perimeter table whose entries are sequentially

A, B, C, and back to A.

The next step is to find a node for every line segment along

the perimeter, which lies within the region defined by two straight

lines drawn perpendicular to the line segment at two ends and closest

to that line segment as shown in Fig. A3.21. A line segment which has

the closest node is then chosen and the line segment and its closest

node D are used to form a triangle, ABD. If no such nodes exist, an

appropriate node D is created to form a triangle with one of the line

segments along the perimeter. At the end of this process the perimeter

table will be expanded to cover this node. Fig. A3.22 shows a case

of this example.

Pick a node "A" in the

vicinity of the middle
of the chip

Choose a node "B"

closest to "A"

Does a node "C"

exist such that *->ABC

can be formed?

Does a node "D"

exist that 1ies

above the perimeter?

/

Yes
y

Form triangle

4r<-

Update the perimeter
table

'Is the thenr.cl net
work complete?

No

Is there a node

along the perimeter
at which outer angle
Js <I80°?

Yes

Find or create a node

so as to make this

angle >180°

Create an appropriate
node

Punch the data

Fig. A3.19

Flow chart of thermal network formation in T-SPICE2C
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TABLE A-4.2

The Linked List Structure of Resistors in T-SPICE2B

ID = I

LOC + 0: next-pointer

+ I: LOCV

+ 2: nl

+ 3: n2

+ A: (nl, n2)

+ 5: (n2, nl)

+ 6: (nl, NT)

+ 7= (n2, NT)

+ 8: (NT, nl)

+ 9: (NT, n2)

+10: Lxi offset

+11: INDT

> +12: NT

LOCV + 0: element name

+ 1: r(T nom)

+ 2: TC

+ 3: X Loc

+ -4: Y Loc

298.

A-4-2. Capacitors

In T-SPICE2A, all the electrical capacitors are stored in the

linked list under ID (identification number) = 2, while the thermal

capacitors are stored under ID - 13. In T-SPICE2B both the electrical

and thermal capacitors are stored under ID = 2. The linked list

structure for capacitors under ID = 2 are identical in both T-SPICE2A

and T-SPICE2B and shown in Table A-4.3.

TABLE A-4.3

The Linked List Structure for Capacitors

ID = 2

LOC + 0: next-pointer

+ 1: LOCV

+ 2: nl

+ 3: n2

• + -4: (nl, n2)

+ 5: (n2, nl)

+ 6: Lxi offset

LOCV + 0: element name

+ 1: computed element
value

Lxi +0: q (capacitor)

+ 1: i (capacitor)
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A-4-3- Inductors

The linked list structure for inductors is identical in both

T-SPICE2A and T-SPICE2B and is shown in Table A-4.-4.

TABLE A**.-4

Linked List Structure for Inductors

ID = 3

LOC + 0: next-pointer

+ I: LOCV

+ 2: nl

+ 3: n2

+ -4: IBR

+ 5: (nl, IBR)

+ 6: (n2, IBR)

+ 7: (IBR, nl)

+ 8: (IBR, n2)

+ 9: Lxi offset

LOCV + 0: element name

+ 1: computed value

Lxi + 0: phi (inductor)

+ 1: V (inductor)

300.

A*4-*4. Mutual inductors

The linked list structure for mutual inductors in both T-SPICE2A

and T-SPICE2B is shown in Table A-4.5.

TABLE A-4.5

Linked List Structure for Mutual Inductors

ID = -4

LOC + 0: next-pointer

+ 1: LOCV

+ 2: ptr(Ll)

+ 3: ptr(L2

+ -4: (Ll, L2)

+ 5: (L2, Ll)

LOCV + 0: element name

+ 1: va1ue

_=_# **__r
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A-4-5* Voltage controlled current source

The linked list structure for voltage controlled current source

in both T-SPICE2A and T-SPICE2B is shown in Table A-4.6.

TABLE A-4.6

Linked List Structure for Voltage Controlled Current Source

ID = 5

LOC + 0: next-pointer

+ I: LOCV

+ 2: nl

+ 3: n2

+ *4: n3

+ 5: n-4

+ 6: (nl, n3)

+ 7: (nl, n-4)

+ 8: (n2, n3)

+ 9: (n2, n-4)

LOCV + 0

+ 1

+ 2

element name

value

delay

302.

A-4-6. Non-linear voltage controlled current source

The linked list structure for non-1inear voltage controlled

current source in both T-SPICE2A and T-SPICE2C is shown in Table A-4.7*

TABLE A-4.7

Linked List Structure for Non-Linear Voltage Controlled Current Source

ID = 6

LOC + 0: next-pointer

+ 1: LOCV

+ 2: nl

+ 3: n2

+ -4: n3

+ 5: n-4

+ 6: (nl, n3)

+ 7: (nl, n-4)

+ 8: (n2, n3)

+ 9: (n2, n-4)

+10: NPAR

+11: Lxi offset

LOCV + 0

+ 1

+ 2

element name

Pi

P2

+21: p21

Lxi + 0

+ 1

+ 2

V old

G eq

i old
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A-4-9. BJT

The linked list structures of BJT in T-SPICE2A and T-SPICE2B

are shown in Table A-4.10 and Table A-4.ll respectively.

TABLE A-4.10

The Linked List Structure of BJT in T-SPICE2A

ID = 10

LOC + 0: next -pointer

+ 1: LOCV

+ 2: nc

+ 3: nb

+ -4: ne

+ 5: nc'

+ 6: nb'

+ 7: ne1

+ 8: mp

+ 9: off

+10: (nc, nc')

+11: (nb, nb')

+12: (ne, ne')

+13- (nc' nc)

+1-4: (nc', nb')

+15: (nc1, ne')

+16: (nb1, nb)

+17: (nb', nc)

+18: (nb', ne')

LOCV + 0: element name

+ 1: area factor

+2: X Loc

+ 3: Y Loc

+ k: T

+5: ls(T)

+ 6: RB(T)

+ 7: RC(T)

+ 8: RE(T)

+ 9: VT

+10: PWR

Lxi + 0: Vbe

+ 1: Vbc

+ 2: ic

+ 3: ib

+ •4:
9PI

+ 5: g
mu

+ 6: g__

+ 19: (ne1, ne)

+ 20: (ne1, nc')

+ 21: (ne', nb1)

+ 22: Lxi offset

+ 23: INDT

+ 2*4: NT

•^

+ 7: 9o

+ 8: g(cbe)

+ 9: 1(cbe)

+10: g(cbc)

+11 : i(cbc)

+12: g(ccs)

+13 = i(ccs)

306.

Comments:

(1) ls(T) is the saturation current at the current iterate temperature T.

(2) RB(T), RC(T), RE(T) are extrinsic base, collector and emmiter resis

tances at the current iterate temperature T.

TABLE A-4.ll

The Linked List Structure of BJT in T-SPICE2B

ID = 10

LOC + 0: next-pointer

+ 1: LOCV

+ 2: nc

+ 3: nb

+ -4: ne

+ 5: nc1

+ 6: nb'

+ 7: ne'

+ 8: mp

+ 9: off

+10: (nc, nc')

LOCV + 0: element name

+ 1: area factor

+ 2: X Loc *VBEINL'

+ 3: Y Loc ^vbcinl'

Lxi + 0: Vbe

+ 1: Vbc

+ 2: ic

+ 3: ib

+ k:
9P1

+ 5: 9-,,



+11: (nb, nb')

+ 12: (ne, ne')

+13: (nc1, nc)

+ 1*4: (nc', nb')

+ .15: (nc', ne')

+ 16: (nb', nb)

+ 17: (nb', nc)

+ 18: (nb1, ne')

+ 19: (ne', ne)

+ 20: (ne1, nc')

+ 21: (ne', nc')

+22: (nc', NT)

+ 23: (nb1, NT)

+ 2-4: (ne1, NT)

+ 25: (NT, nc1)

+ 26: (NT, nb')

+ 27: (NT, ne')

+ 28: Lxi offset

+ 29: INDT

+30: NT

Comments:

(1) The contents of LOCV + 2, 3 are changed to initial base-to-emitter

and base-to-collector or junction voltage guesses after the junc

tion initializing scheme.

(2) Notations in linearized BJT model as used in T-SPICE2B are defined

in the following:

The integral charge model proposed by Gummel and Poon [27] for

£

+ 6: g
mo

+ 7: g
3o

+ 8: g(cbe)

+ 9: i(cbe)

+10: g(cbc)

+11: i(cbc)

+12: c(ccs)

+13: i(ccs)

+1*4: dIF/dT

+15: dIBl/dT

+16: dlB2/dT

+17: T

+18: CBEQB

+19: CBCQB

+20: dICl/dT

+21: dlC2/dT

+22: dP/dVbe

+23: dP/dVce

+2-4: dP/dT

307. 308.

an intrinsic BJT and adapted to T-SPICE may be characterized by the fol

lowing equations:

lc = (CBE - CBC)/QB - CBC/BR - CBCN

lB •= CBE/BF + C8C/BR + CBCN

where CBE - lg.[exp(qV__/kT) - 1] if forward biased,

- (•s-/VT-,-Vg_ '^ reverse biased.

CBEN = C2ls.[exp(qVB_/nekT) - 1] if forward biased,

= ^2's^neVT^*VBE '^ reverse biased.

CBC = ls.[exp(qVBC/kT) - 1] if forward biased,

= (Ig/Vj) if reverse biased.

CBCN - cZ,-ls-exP^vBC'/nckT) " 'J if forward biased,

= (C.. L/n v-) .V_c if reverse biased,

collector current

base current

ideal forward current gain

ideal reverse current gain

B

BF

BR

V__: base-to-emitter junction voltage

Vgf.: base=to-col lector junction voltage

k: Boltzman's constant

T: temperature in degrees K

saturation curren.

forward non-ideal base current coefficient

reverse non-ideal base current coefficient

non-ideal base-to-emitter emission coefficient

S \r '/*•
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where P=VBE.IB+VCE.IC

A-4-10. ThermaI capacitors

In T-SPICE2A, thermal capacitors are treated differently from

electrical capacitors, while in T-SPICE2B both are stored under ID =

2. Thermal capacitors in T-SPICE2A are grouped under ID = 13 and its

linked list structure is shown in Table A-4.12.

TABLE A-4.12

Linked List Structure of Thermal Capacitors

LOC + 0: next-pointer

+ 1: NT

+ 2: Lxi offset

Comment:

(1) Since all the thermal capacitors have one node-at ground, only one

node needs to be specified.

A-4-11. Thermal parameters

All the thermal parameters are stored under ID - 15 and are

shown in Table A-4.13.

.vj> llvj
••=-*<'

LOCV + 0: element name

+ 1: value

15

TABLE A-4.13

Linked List Structure for Thermal Parameters

LOC + 0: LOCV + 0:

+ 1: LOCV + 1: LX

+ 2: LY

+ 3: A<|>

+ -4: BO

+ 5: KS

+ 6: KH

+7: TCS

+ 8: TCH

+ 9: GH

+10: CXHDR

+11: CYHDR

Comment:

(1) For the meanings of the notations, see Appendix I.

<___J7 f/V
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A-4-12. Zener diode

The linked list structures of zener diodes in T-SPICE2A and

T-SPICE2B are shown in Tables A-4.1*4 and A-4.15, respectively.

TABLE A-4.1-4

Linked List Structure of Zener Diode In T-SPICE2A

ID = 18

LOC + 0: next-pointer

+ I: LOCV

+ 2: nl

+ 3: n2

+ -4: IBR

+ 5: (nl, IBR)

+ 6: (n2, IBR)

+ 7: (IBR, nl)

+ 8: (IBR, n2)

+ 9: INDT

+10: NT

Comments:

(1) Value (T nom) is the zener voltage at nominal temperature (27°C).

(2) Value (T) is the zener voltage at the current iterate temperature T.

LOCV + 0: element name

+ 1: value (T nom)

+ 2: TC

+ 3: X Loc

+ *4: Y Loc

+ 5: T

+ 6: Value (T)

+ 7: PWR

,r#
W
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TABLE A-4.15

Linked List Structure of Zener Diode in T-SPICE2B

ID = 18

LOC + 0: next-pointer

+ I: LOCV

+ 2: nl

+ 3: n2

+ -4: IBR

+ 5: (nl, IBR)

+ 6: (n2, IBR)

+ 7: (IBR, nl)

+ 8: (IBR, n2)

+ 9: INDT

+10: NT

A-4-13. BJT model

The linked list structure of BJT model for both T-SPICE2A and

T-SPICE2B is shown in Table A-4.16.

TABLE A-4.16

Linked List Structure of BJT Model

ID = 22

LOC + 0

+ 1

+ 2

next-pointer

LOCV

model type

LOCV + 0: element name

+ 1: Value (T nom)

+ 2: TC

+ 3: X Loc

+ ki Y Loc

LOCV + 0

+ 1

+ 2

+ 3

model name

BF

BR

IS
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+ -4: RB

+ 5: RC

+ 6: RE

+ 7: VA

+ 8: VB

+ 9: IK

+10: C2

+11: NE

+12: IKR

+13: C-4

+1-4: NC

+15: TF

+16: TR

+17: CCS

+18: CJE

+19: PE

+20: ME

+21: CJC

+22: PC

+23: MC

+2*4: EG

+25: PT

+26: KF

+27: AF

+28: TCIC

+29: TCIB

+30: TCIE

315. 316.

Comments:

(I) TCIC, TCIB, TCIE are the temperature coefficients of the extrinsic

collector, base, and emitter resistances.

A-4-1-4. .PRINT/.PLOT

The linked list structures for elements defined under ID - 3'

through -42 are identical to that of SPICE 2. The linked lists repre

sented by ID - -43, -4-4 are added for temperature outputs under dc and

transient simulations. The linked structure of dc analysis output is

shown in Table A-V.17.

TABLE A**. 17

Linked List Structure of dc Analysis Output Variable

ID = k3

LOC + 0: next-pointer LOCV + 0: variable name

+ 1 : LOCV

+ 2: Namel(NI)

+ 3: Name2(N2)

+ *4: ISEQ.

+ 5: unused

Comments:

(1) Name 1 and Name 2 are the names of the devices whose temperature

difference is the desired output. The names are changed to cor

responding thermal node numbers Nl and N2 in the subroutine DEFTHN.

(2) The linked list entries for ID = *4-4 are exactly the same as for

ID = 1»3 except that the output variables are for transient.

0s/M..^f r»

V*-



APPENDIX 5

LIST OF THE T-SPICE PROGRAM

Persons who wish to obtain the T-SPICE program should write

to the Electronics Research Laboratory, University of California,

Berkeley, California 9**720. The laboratory charges only a nominal

handling charge for any of the programs that it has available.

317.
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