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ABSTRACT

Many topologica approaches to symbolic network analysis have been proposed in the
literature, but none are implemented ultimately as a simulator for large network anaysis
due to their complexity and exponentially increasing number of terms. A novel
methodology adopted in this paper uses a graph reduction approach based on a set of
graph reduction rules developed recently. A Binary Decision Diagram (BDD) is used in
the implementation of the symbolic circuit ssimulator described in this thesis. With
sharing and other manipulations of BDD, high simulation and evaluation performance is
achieved.

The thesisis organized as follows. A brief introduction to symbolic analysisisin Chapter
1. The graph reduction rules and corresponding algorithms are presented in Chapter 2.
Implementation details on the symbolic simulator are discussed in Chapter 3.
Experimental results are reported in Chapter 4. In Chapter 5, approximate circuit analysis
approaches are introduced. Conclusions and future work are reported in Chapter 6.

The simulator in this thesis is probably the first one ever capable of analyzing large
analog circuits directly from the circuit topology.

KEYWORDS: Symbolic Analysis, Binary Decision Diagram, Graph
Reduction, Heuristic Ordering
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Fig.9 Graph Reduction Decision Diagram (GRDD)
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HashTreel D() HashTreel D()

unsigned int HashTreelD(int SubNumEdge, int SubNumVertex)

{
return (((unsigned int )SubNumVertex - 1) * NumGraphEdge

+ (unsigned int) SubNumEdge - 1) % Prime_Number;

HashTreelD
Hash() Hash() ID

unsigned Hash (unsigned inti)  // generating the hashIDs

{
for(j = 0; j < SubNumEdge; j ++)
{
if edge j is not self-loop
result += (one node of edge j) ™ (the other node of edge j);
}
return ((result ~ i) %A _Prime_Number);
}
Hash() ID
compare() hashlD
hashlD

int compare(graph g1, graph g2) // g1 and g2 are two graphs with same hashiD.
{

- 34 -



for(j = 0; j < num of the edges; j ++)

{
if(edge j of g1 !=edge j of g2)
return (&gl - &g2);  // return when gl and g2 are not identical
}

return O;

12

unique(]
] Reduced graph

—
Catue p 26hed
value

> sign

e, & [} e
— ViVl ... il

V2,[V2,[ ... 2,

« Dinary
collision
chain

Use the number of the ‘

Edges and vertices of a sub-graph to calculate “i”
Hash Edge Array to calculate an integer and save the
sub-graph in uniqueli]

000000 |—-|OOOOO|-§|Q)|N|I—‘

=]
!

12
Fig.12 Reduced Graph Hashing Schemes

324 GRDD

GRDD 3
GRDD
GRDD GRDD

GRDD
HashTreel D() hashiD  Hash() compare()
hashiD GRDD
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unsigned tpddnode::HashTreel D()

{
return ((((unsigned)pL Tree) * ((unsigned)pRTree))) % TPDD_PRIME;

unsigned Hash(unsigned i)

{
int value = ((((int)pL Graph << 3) + ((int)pRGraph << 15)) * (~symblndex));
return (value” i) % TPDD_PRIME;

integer Compare(sddnode * p, sddnode* n)

{
if (p->index !'= n->index or p->pL Graph !'= n->pRGraph
or p->pRGraph != n->pRGraph)

return (p - n);

}
return O;

13 GRDD
GRDD
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3.2.6 GRDD
Gl, G2 A1[n[2] A2[n][2]
j*1 Ailj[1] G j+1 n
G2 Gl G2
Stepl. Z[n), Z[i1=-1¢(

Step2. for (i=0;1<n;i++)
{ if(Z[AL][0]] ==-1)
Z[AL[i][0]] = A2[i][O];
else
Gl G2 }
Step3. for (i=0;i<n;i++)

Step3

AIlII0]

1=0,1, ...

{ if(Z[AL[i][1]] I=-1 && Z[AT[i][1]] == Z[AZ[i][1]])

continue;
else
Gl G2 }
Stepd. G1 G2

Step4

GRDD

GRDD
GRDD

Gi
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, N-1)

GRDD

— 40 -



3.3

GRDD
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GRDD Reduction
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Heuristic Ordering

4.2

GRDD Evaluation

34

eval(vertex) = eval(vertex->left) * V(symbol) *signl(vertex)
+ eval(vertex->rigth) * signO(vertex)



vertex GRDD eval (vertex) vertex
vertex->|eft vertex 1- vertex->right
vertex O- signl  sign0 1- 0-
V(symbol) GRDD vertex

V(G) ==>G

V(Z) ==>Z'(RORY LY@ M*freg*L)™?
V(Y) ==>Y (C>Cs>j(2*[]*freq*C))

V(Source) ==> Gain

T(vertex) = EvaluateTermNum(vertex->left) + EvaluateTermNum(vertex->right)
vertex GRDD T(vertex) vertex
vertex->|eft vertex 1- vertex->right
vertex O0- T0)=0 0 0 T@
=1 1 1

3.6 Strategies for Efficiency

3.6.1 Lumping Parallel Branches

GRDD
19



regard as one edge

w regard as one symbol

19
Fig.19 Example for Lumping Parallel Branches

4.3
3.6.2 Early Disconnectivity Detection
GRDD
0
20 1
2
1 0 21 9 5
3 5 3
= -1
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Fig.20 Example for Isolation Node
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b) The graph with valid edge
E-g V=5 EA <V —1 (b) grap g
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The graph isdisconnected

21
Fig.3-11 Example for Available Edge Counting
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Fig. 25 #3725 amplifier

[ Ne)

Fig.26 Small Signal Model for #3741 ang #@725
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Fig. 27 MOSopamp Amplifier
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Cgd
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—

Cdb

Go

Csb

Chg

=]

og MOSopamp

Fig. 28 Small Signal Model for MOS0pamp

2 #Edge #Edge lump
#Node #Symb
#Term |GRDD|
Time Memory
|GRDD|
#Term
#Edge | #Edge lump | #Node | #Symb | #Term |GRDD| | Time Memory
RC Filter 23 22 11 17 13 420 0.1s 10.756MB
BandpassFilter 1 | 29 29 14 25 9296 117 0.1s 10.664MB
Bandpass Filter2 | 72 68 33 54 190,231,338 | 497 0.1s 11.676MB
uaril 160 103 24 81 1.39%+14 31887 | 1.9s 34.78MB
Lai725 166 120 31 81 5.09e+17 53420 22.6s 358.7MB
MOSopamp 182 90 14 65 2.93e+09 154452 | 4.3s 84.52MB
2
Table.2 Performance of the Simulator
20-30

[3]

[4]

[6]

[7]
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Fig. 34 RC Ladder Circuit

L25 25 L50 50 L75 75 L100 100
Time 1 0.4s 4.2s 17.7s N/A
Time 2 0.2s 0.4s 0.5s 0.7s
#Terms 2.71let+t14 5.41et+28 1.08e+43 2.14e+57
|GRDD| 228 453 678 903
3RC

Table.3 Simulation Results for RC Ladder Circuits under Different Symbol Order.

4.3
4 3.2 33 GRDD
GRDD
GRDD
GRD
GRDD GRDD
MOSopamp 81652 147337 334423 154452
Laral 209005 35870 85815 31887
Lal25 4928831 858184 1753944 53420
4 GRDD
Table.4 Statistics for GRDD Sharing and Reduction
5 3.6
Time #Symb |GRDD| #Terms
0.2s 51 2877 131,812
0.1s 22 696 1077
0.1s 22 696 1077
5




Table.5 Statistics of Strategies for Efficiency
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[43]

H(S) = N(S, Py Pr) +as+..+a,s’
D(s, Py P) By +BS+...+D,s"
P q
N a0+als+...+a_s;’
H(S): IEI(S! pl""’ pm) — p -
D(s, Py P) by +bS+...4+b.s®
q
p<p,g=q
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5.1

511 Approximate After Computation, AAC

[43]
H(s) = N(S, Piseey Pp)  Bo T &S+t a,s’
D(s, pysess Pp) by +BS+...+ by S* (5.1)
root splitting
f(s)=a,+as+..+a,,s"" +a;s" S,
|, < sy < sy << S| << o <5 S, s, =-a,,/a,
512 Approximate During Computation, ADC

35

- 58 —



H(s)

H(s,G,,...G,,C,,..C.)

35
Fig.35 Process for Approximation During Computation

51.3 Decomposition Approach

5.2

(GRDD)

521

[44]
(Sequence-of-expression  SOE)
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(Flat-nonhierarchical-expression, FNE)

S S-

T(s)

_N(s) _at+as+..+a,s’
D(s) b,+bs+..+b,s’

a |b ZZ(H pj)

by 8.8y,
GRDD

522 S- (S-Expanded)

GRDD
(5.4) 36

~ C;sR™

1
T(S)=—=
®) X Cs(R*+C,s)+C,sR™

SOE

(5.2)

(5.3)

GRDD
GRDD

(5.4)

(GRDD)
SOE
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(b)

36 GRDD
Fig.36 A circuit and its GRDD

FNE
(5.4) FNE
l .
> N[i]s'
T(s)=5t——

> Dlis

D[1]=C,R*+C,R
D[2] =C,C,
N[1]=C,R™

N[i] D[i]

GRDD
[45]

(5.5)
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GRDD
37

Sign0

S- GRDD S-

FNE  (5.5)

N[]

D[1]

37 S-

GRDD

GRDD

S- GRDD

D[2]

Fig.37 S-Expanded GRDD

S- GRDD
V
0- GRDD
0- 38(b)
\% R C
38(c)
V.Childl
Signl V.Signl

R C L V.Childl
V.Signl  V.SignO

L

0-
0-

Sign0

V.Child0

V.Child0

V.Sign0
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sign: sigho

(b)

(©
38 GRDD
Fig.38 GRDD Splitting
GRDD |GRDD]| GRDD
O(m|GRDD]) GRDD m|GRDD)]|
B.GRDD S-
GRDD GRDD
\
> plils’
i (5.6)
P[] 0 V.Child1
V.Child0 P1 PO V.Symbol \
\
if Vis 1- terminal, P[0] = 1;
else if V is O-terminal, P[0] = 0;

else if V.Symbol isGor Zor,

P[] =V * P1[i] * V.Signl + PO[i] * V.SignO0;
else if V.Symbol is C,
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P[i] = V * P1[i + 1] * V.Sign1 + PO[i] * V.Sign0;

else if V.Symbol is L,

P[i] =V * P1[i - 1] * V.Sign1 + PO[i] * V.Sign0;

Pli] S- GRDD
V.Symbol Signl  V.Signl Sign0  V.Sign0 1- 0-
POKIG=1i,i+1,i-1; k=i,i+1,i-1 V.Symbol
GRDD  S- S-
|GRDD| GRDD
GRDD S- S-
O((k+1)m|GRDD|) S- GRDD (k+1)m|GRDD|
m
5.3
S GRDD
GRDD FNE
A S
GRDD S
GRDD 39(@) (b) Har25

GRDD

k

P1[j]

GRDD

GRDD

- 64 —



J | .A““hlll _,

(@ war2s (b) 1@a725

Fig.39 Distribution of the Numbers of the Product Terms for each Coefficient in the

Transfer Function of 4@725
B.
S GRDD
0-5 S
400 (b) @725
1a725
29 0-4

par2s 30 (29+1)

25

GRDD
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Mag(dh)

uar2h frequency response

ua725 frequency response
T

(@

Fig.40 Approximate Analysis o

C GRDD
S GRDD

GRDD

GRDD

(b)

3.5

GRDD

S
S FNE 6 GRDD &
7 S GRDD HSpice
1000
S GRDD HSpice 3
S GRDD S
ckt name |GRDD| Split |GRDD|
MOSopamp 55992 86928 638714 12
ua741 31887 42088 452610 22
uar2s 53420 58796 1172667 29
ckt name GRDD GRDD CGROD S Total Memory

66

T T
m— c-prder 29
mmmm gorder 24
s-order 19 4
s-order 14
"E soorderd
s-order 4 ||
T ) S S SR, I SRS S ,
H =
; k=4
R e 4 X
2 au
o -
H =
] - - -
. . Sereenrrararnreennnny T
: e
m— c-order 29 HH]
e S 7 A0 wmmn L T e S =kl R 3
s-order 19 B
: s-order 14 -
B e ] L B B e S SR -
-
s-order 4 - V_._.‘--
. ]
100 i -200 i ! L L
o 2z 4
10 10 10 i il 10* 0° 0° 10
frequency(Hz) frequency(Hz)



MOSopamp 2.5s 0.1s 4.3s 123.31M
uar4l 1.6s <0.1s 1.5s 92.75M
uar25 28.9s 0.1s 1.7s 458.06M

6 GRDD S-

Table.6 Performance for S-Expanded GRDD
_ GRDD S GRDD
ckt name Hspice

MOSopamp 0.14s 34.0s 0.04s
uar4l 0.18s 19.9s 0.05s
uar25 0.18s 32.1s 0.05s

7GRDD  Hspice

Table.7 Comparison of Numerical Analysis between GRDD and HSpice
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6.1
20-30
HSpice
6.2
3
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matrix algebra tableau Binet-Cauchy

[47]
1 0 ¢
3 0
a b
‘z—bc
0 )
3 0
a b
‘ ‘ =g(a—-be'c)=as—bc
2
a b
=ag—hc — -bc
e—>0 c ¢
2
0
A B .
=|A|p-cAB|
C D (3a)
A B .
=|DjA-BDC|
0 A D
3

stamp
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kirchhoff

ZI+YU =0
ZY
1" =1,
U’ =[u,
E
5 z
VCVS CCCS
U, =21
I, =YU,
U =E Ul =0
l,=F,1;U;=0
I, =G, U;,1;=0
U =H;l,,U;=0
U,=01,=0
SPICE
NO
. =Z7U.

(4)
U
...... le]
...... Uel
212
Y
VCCS CCVS
Z (5a)
Y (5b)
VCVS (5¢)
CCCS (5d)
VCCS (56)
CCVS (5f)
NU (59)
(NO NU) VCVS
Z Y (5a)
R L Z
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_ Z
Ei’j_
0 VCVS
J CCCs
_GIJ]
0 VCCS
j CCVS
1]
0 Nullor

(6)

(6b)

(6c)

(6d)

(6e)

(6f)

(69)
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O T
D

Nullor

E.

ivj

Y -

&H.

ivj

CCVS

O &
>0
0
1 Nullor
-&'F
-1 CCCSs
gleiyj
-1 CCVS
CC VS
VC CS
0 ¢
VS

i<j

Nullor

(6d")

Cotree t
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A A,
B. B U, 0
Zoy Yoo Yo Zp |Y,
Zoy Yo Yo Zw]| L @
A=[A Al A B=[B, B]
5 [1] A B det| A |2 £1,
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e @ @
[Za) Ly }{ I, } N [Y(l) Yo i||:Ut:| 0
Loy Zay || Yo Yu Y. ®
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Loy Zu 0 e v
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5
(Gause Elimination)
1 -1
v2 vl
v2
0
+1[1]
1 -1 1
Laplace
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-1 Step3 sign*=-1
2.25
det A xdet A,
-1) A A
Step2 Open
Sign Short V1, Vo
Vi< Vo
V2 V1 V2
sign*= -1
E., ¢ 'H VS
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cs ek, G Stend

VS VS sign*= -1



(Admittance)

(Resistance)

(Voltage control voltage source, VCVS)
(Current control voltage source, CCVYS)
(Voltage control current source, VCCYS)
(Current control current source, CCCS)
(Nullor)

(Nullator)

(Norator)

(incidence matrix)

(reduced incidence matrix)

(major)

(Complementary minor)
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