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ABSTRACT

A SYMBOLIC APPROACH TO THE SIGNAL INTEGRITY OF
MULTI-COUPLED RLC TREE CIRCUITS WITH APPLICATION

ABSTRACT

Since the minimum feature size of interconnect in integrated circuit (IC)
scales down rapidly, parasitic inductance, capactive and inductive coupling
issues are becoming more and more important; however, they are critical for
signal integrity (SI) analysis in the contemporary IC design. The signal
characterisitics of tree-structured circuits can be described by high order
voltage moments which can be computed recursively using numerical or
symbolic algorithms. The symbolic moment calculator is based on mement
decision diagram (MDD) which can represent the recursive moment
comptataion process effectively by taking the advantage of data sharing in the
decision diagram.

This paper first introduces the model of interconnect and the significance
of signal integrity analysis. After briefly introducing several classical model
order reduction algorithms, we proposed a moment calculation principle for
multi-coupled RLC tree-structured circuits based on circuits’ topology, which
i1s derived from moment match algorithms. Then, taking capacitive and
inductive coupling into consideration, this paper proposed a symbolic
moement calculator for multi-coupled RLC tree-structured circuits by using
source splitting technique. This algorithm represented and memorized the
recursive moment computation formulas by a computation diagram named
the MDD, which has a simple structure and improves repeatedly moment
computation efficiency. In this paper, we also proposed a symbolic
interconnect simulator suitable for variational analysis as an alternative to the
numerical computation. In particular, the new methodology is used for

cariational crosstalk analysis.
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ABSTRACT

KEYWORDS: Moment, Moment Decision Diagram, Model Order

Reduction, Symbolic, Capacitive Coupling, Inductive Coupling, Signal
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Fig. 3 Plate capacitor model of interconnect
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Table 1 The ideal characteristics of interconnect proportional scaling

W H t 1/3 1/8
L 1/S 1
C LW /t 1/8 1
R L/WH S S?
RC L* / Ht 1 S’
1

50%
S. =0.94
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1/8,
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Fig 20 The moment model of distributed coupled RLC interconnects
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Fig. 21 The equivalent RC-tree circuit
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Fig. 22 The C-tree for the circuit in Fig 3.1
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R! BDD R, “Else” “0”

23 le- “Then” “Else”

Fig. 23 A moment decision diagram (MDD). A solid pointer from node RJI- denotes a Then edge

and a dashed pointer from node R} denotes an Else edge.
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Fig. 24 The moment calculator
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Fig. 25 The moment dicision diagram of coupled RLC-tree circuit

3.2
3.2.1
C++ MATLAB MDD
SPICE MDD
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Fig. 26 Structure of symbolic simulator
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Node Edge Standard Template
Library, STL map Map
Key/Value Key map
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wap<string, Modelist *> m RdjList;

typedef struct Hodelist |

string nodelNams :
Nodelist *nextlHode;
} HodeList;

m_AdjList Key

map
map<string, Edge *> m_EdgeMap

typedef struct Edge |
string edgeName ;
int edgeType:|
double walue;
int index;
int outPut ;

} Edge:

m_EdgeMap

edgeType

index

-

Value

£ wsa for MOR
£E oubpat noda

Node

Edge edgeName

value

outPut
Edge

(1.2)

R

(1,0)

(20,0)

27 m_EdgeMap

Fig. 27 Diagram of m_EdgeMap structure

map

map<string, Edge *> m_LEdgeMap;

m_LEdgeMap
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Fig. 28 Diagram of m_AdjList and m_LEdgeMap structure

map

map<string, doubler m CoefMap;
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(L13,L23)
29 m_CoefMap
Fig. 29 Diagram of m_CoefMap structure
RootNode
voltage

47



typedef struct CircuitTree |
double woltage:
string RootNode ;
CTres *cTresRoot;
int fanowtlNum;
int rlcFlag:
int coupledFlag;

} CircuitTree:;

typedef struct CircuitTreelist |
CircuitTrese *civcuitTree;
CircuitTreselist *nextCircuitTree;
} CircuitTreelist:;

323
MDD
RLC RC
rValue
coupledCList
BDD rBDDTree

typedef struct CTree |
double rfalue;
CTree *firstChild:;
CTree *nextiibling:
Coupledflist *coupledCList:
MatualIlist *mutuwalIList;
FEDLTres *rEDDTree;

} CTree;
BDD
cEdge BDD “Then”
rightChild

typedef struct RBEDDTree |
Edge *1Edge;
Edge *cEdge;
CTree *leftChild:
EEDDTres *rightChild:;
int wisited:

} REDDTree;

CircuitTreeList

RootNode
nodel rEdge

node2 nodel node2
0

£ nurnbar of the fanouk
A8 For RO wniE, 1Y for REC unit
S8 Fer ne couplad, Y17 for coupled

BDD CTree
firstChild

nextSibling

mutuallList

£ couplad capacitance Nzt
£ mutual induchor st

1Edge
leftChild BDD “Else”
visited
MDD
nodel RootNode
nodel
IEdge nodel

0 node2
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CTree

0 cEdge RLC
CTree BDD RBDDTree
coupledCList mutuallList
nodel node2  node3 1
q node q tree q rbddtree node3
BDD
324
k MDD
k
CTreeCalculate_Coupled(tree i, node j, order k)
{
if( n',- =¢)
return;
else {
CTreeCalculate_Coupled(, n\'s first child, k );
CTreeCalculate_Coupled(i, nij's brother, k);
ml_ij k)= Cj mCE (k=1)+ c,i;::cij C, (mcE (k=-1)— M, (k —1)j+ . ch%ofnij G mCIi (k=1)
}
}
CTree
BDD (RBDDTree) 3.2 3.5
k
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AlINodeNMC_Coupled(tree i, node j, order k)

{
if(n} = ¢)
return;
else {
if(R; — "Then"){
me, (k)= R}mLij (k) - Uijij (k) - Z | M;mun(k)
M,']EML'J-
} .
if(R; — "Else" ){
R =R} — "Else"
mc% (k)+ = mLij (k)
} .
AlINodeNMC_Coupled (i, nj's brother, k);
AlINodeNMC_Coupled (i, ni's first child, k );
}
}
N RLC k
0 k-1

NMC_Coupled ()

{
for each order j from 0 to k {
foreach T' €T do{
CTreeCalculate_Coupled(i, Root(i), j);
AlINodeNMC_Coupled(i, Root(i), j);
}
}
}
2
RLC RICE™

RLC
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4.1

MATLAB

RLC

No. of
RLC

10
100
1000
10000

100000

(Crosstalk)
VLSI
3
3
10 r=1mQ,I=InH,c=1pF
2
2 RLC
Table 2 Test results of RLC-tree circuits with 10 fanouts
Time of Netlist Time of Time of Time of Model
Parsing (s) MDD Moment Order Reduction (s)
Conformation (s) Evaluating (s)
0 0 0.015 0
0.047 0.016 0.015 0
0.312 0.141 0.015 0
3.531 1.719 0.11 0.046
132.594 19.828 1.344 0.5
10 r=1mQ,c=1pF RC
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3RC

Table 3 Test results of RC-tree circuits with 10 fanouts

No. of RC Time of Netlist Time of Time of Time of Model
Parsing (s) MDD Moment Order Reduction (s)
Conformation (s) Evaluating (s)
10 0.015 0 0 0
100 0.047 0.015 0 0
1000 0.187 0.11 0.015 0
10000 2.328 1.172 0.11 0.031
100000 108.454 13.312 1.283 0.422
10
r=ImQ,l=InH,c=1pF,cc=0.1pF,k=0.9 RLC
4
4 RLC

Table 4 Test results of coupled RLC-tree circuits

No. of Time of Netlist Time of Time of Time of Model
RLCin RLC Parsing (s) MDD Moment Order Reduction (s)
ladder Conformation (s) Evaluating (s)
10 0.016 0 0 0
100 0.094 0.047 0 0
1000 0.86 0.484 0.031 0.015
10000 17.657 5.437 0.328 0.157
100000 2070.42 60.781 3.328 1.609
4 4
sensitivity
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RICE[24] [25, 28]
k k-1

0
MDD
MDD 20000 RLC

5 4

r=ImQ,l=InH,c=1pF
5 RLC

Table 5 Test results of RLC-tree circuits with different maximum fanouts

Max Time of Netlist Time of Time of Time of Model
No.of Fanouts Parsing (s) MDD Moment Order Reduction (s)
Conformation (s) Evaluating (s)
50 32.563 3.578 0.25 0.078
100 32.531 3.609 0.235 0.093
500 32.625 3.562 0.641 0.078
1000 32.625 3.563 2.343 0.079
3000 32.61 3.562 5.453 0.078
5000 34.031 3.578 10.984 0.078
RLC v
r=5.3571ImQ
| =0.6138nH ¢ =0.1420pF R, =500 C_=IpF
100  RLC
cc=0.0155pF

30
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Fig. 32 Variational waveforms with respect to the driving resistance
32 K=0.1 C =1pF
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4.3

Fig. 34 Waveforms resulting from variational inductive coupling
34 Ry =50Q C, =1pF
cc=0.0155pF -0.9 0.9
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