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On-Chip Interconnect Modeling by Wire Duplication

Guoan Zhong, Sudent Member, IEEE, Cheng-Kok Koh, Member, |EEE, and Kaushik Roy, Fellow, IEEE

Abstract The authors present a novel wire duplication-based
interconnect modeling technique. The proposed modeling tech-
nique exploits the sparsity of the L= matrix, where L is the
inductance matrix, and constructs a sparse and stable equivalent
circuit by windowing theoriginal inductance matrix. Theresulting
circuit model is sparse and exhibits the same stability property
as the K method. Numerical results show that the proposed wire
duplication model has high accuracy and is more efficient than
many existing techniques.

Index Terms Circuit, inductance, interconnect, modeling.

I. INTRODUCTION

ITH the continual increase of clock frequency and

global interconnect length and decrease of signal tran-
sition time, accurate modeling of inductance effects becomes
increasingly more important. The partia inductance matrix
L obtained from the PEEC model [1] is extremely large and
dense. Direct simulation of the full L matrix is very time
consuming and memory consuming. To make the simulation
more efficient, sparsification of L and L~ matrixes has been
considered in [2] [7].

One sparsification approach isto discard the mutual coupling
termsthat are below some threshold. However, the resulting in-
ductance matrix may not be positive definite and that leadsto an
unstable circuit. The shift-truncate method proposed in [2] and
[3] can guarantee that the generated sparse inductance matrix is
positive definite. However, the accuracy is not satisfactory [4],
[5].

In [4], the locality of L—! is demonstrated. Hence, the L1
matrix can be easily sparsified by dropping small entries while
keeping the stability. Thus, modeling the inductance with the
truncated L —' matrix (denoted by L~!) instead of the L ma-
trix can reduce the number of coupling elements and speed up
the simulation. In [5], a new circuit element K, which is de-
fined as the inverse of inductance, isintroduced and is incorpo-
rated in a simulation tool (known as the K method). To avoid
the K element in simulation, the truncated Z,—! matrix can be
inverted to obtain anew inductance matrix (denoted by £). Ast
is also adense matrix, direct ssmulation of L (referred to as the
L method) is not efficient. In [6], sparsification on the L matrix
(known as the double-inverse inductance model) is performed.
Essentially, the double-inverse inductance model requires two
approximation (sparsification) steps. In [7], the sparse induc-
tance matrix is calculated directly by using exponential poten-
tials and matrix inversions are avoided.
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It is expensive to calculate L~ by direct inversion for large
circuits. Thus, as an approximate method, the windowing tech-
nique, is often used to calculate the L= [5], [7], [8]. Although
the result is not exact, it is still denoted by £~ in this paper. In
practical applications, local extractions are preferred for better
efficiency. Nevertheless, for the ease of presentation, direct ma-
trix inversion is used to calculate the L~ matrix for all the nu-
merical examplesin this paper.

In this paper, we present anovel interconnect modeling tech-
nique based on wire duplication. This technique is motivated
by the mathematical property that only a subset of the entries of
the L matrix is required to reconstruct the L ~! matrix. Conse-
quently, we can construct a circuit that is equivalent to the L =1
matrix out of the subset of L by wire duplication. Itisphysically
equivalent to the K model. However, it uses inductancesin the
simulation and avoids the need for new simulators. Compared
with the double-inverse inductance model, it avoids the need
for a second approximation step. Furthermore, we can apply the
wire duplication technique to the original inductance matrix L
directly. Thewireduplication model using original inductanceis
sparse and exhibits the same stability property asthe K method
[4], [5]. Numerical results show that the proposed wire duplica-
tion model has high accuracy and is more efficient than many
existing techniques.

We use the following notation in the paper.
original partial inductance matrix;

-1 inverse of L;

! truncated L~ or the K matrix vialocal extraction;
inverse of L=1;
method that uses L instead of L in the simulation;
wire duplication model using the L matrix;
wire duplication model using the original induc-
tance matrix L.

Il. MATHEMATICAL BACKGROUND

In this section, we present the mathematical property that
the L matrix contains redundant information. Consequently, we
may useonly aportion of L to reconstruct thet. ~* matrix, which
is the key to the proposed wire duplication method. The theo-
rems and the proofs behind the mathematical property are given
in the Appendix.

For one layer of parallel structures, thet ! matrix is banded;
for more general structures, such asmultilayer, L ~! isageneral
sparse matrix. First, we consider the smple casethat L ! isa
banded matrix to illustrate the idea of wire duplication. General
cases are discussed in Section V1.

Let A bean N x N band matrix with bandwidth equal to
2b+1,and B = A~!. Wetake the intersection of rowsi — b to
1+ b and columnsi — b to 7+ b of B to form asubmatrix. Then,
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the center row and center column of theinverse of the submatrix
are identical to the 7th row and sth column of the A matrix

A(iyi—b: i4+b)=(B(i—b: i+b,i—b:i+b)"" (b+1,:)
A(i=b:i+b,i)=B(i—b:i+b,i—b:i+b) " (;,b+1).(1)

Here, we use the following notation: A(7 : j,m : n) refersto
the submatrix at the intersection of rows to 5 and columns m
ton of A; A(:,m) refersto column rn and A(i, :) refersto row
i; A(:,m : n) refers to columns from m to n and A(% : j,:)
refers to rows from ¢ to j. The index of the matrix begins at 1.
Ifi—b<lori+b> N,weuselor N instead.

We illustrate the mathematical property using a layout of
seven parale and aigned wires. The wire length is 100 pum,
and the cross section is 0.5x 1 um. The separation between the
wiresis 0.5 um. The L matrix and itsinverse (L~ matrix) are

L=10"1"
r10.8 851 7.22 6.45 590 547 5.137
851 10.8 851 7.22 6.45 5.90 b5.47
7.22 851 10.8 851 7.22 6.45 590
x | 6.45 7.22 851 10.8 851 7.22 6.45| H
590 6.45 7.22 851 10.8 851 7.22
5.47 590 6.45 7.22 851 10.8 8.51
15.13 5.47 5.90 6.45 7.22 851 10.8]
Lt =10
r 2.54 —1.68 —0.13 —0.12 —0.08 —0.06 —0.117
~1.68 3.65 —1.60 —0.05 —0.07 —0.04 —0.06
—0.13 —=1.60 3.65 —1.60 —0.05 —0.07 —0.08
X [—0.12 —0.05 —1.60 3.66 —1.60 —0.05 —0.12| H !
—0.08 —0.07 —0.05 —1.60 3.65 —1.60 —0.13
—0.06 —0.04 —0.07 —0.05 —1.60 3.65 —1.68
—0.11 —0.06 —0.08 —0.12 —0.13 —1.68 2.54]

If we drop the small off-diagonal termsin L.—!, we obtain aband
matrix L =1 with bandwidth 3

L=t=10"
- 2.54 —1.68 1
—1.68 3.65 —1.60
—1.60 3.65 —1.60
X —1.60 3.66 —1.60
—1.60 3.65 —1.60
—1.60 3.65 —1.68
—1.68 2.54.

If weinvert the L~ matrix, we obtain the L matrix

L=10""
r6.73
4.20
2.49
x | 1.48
0.90
0.57
L 0.38

4.20
6.32
3.75
2.23
1.35
0.86
0.57

2.49
3.75
5.92
3.52
213
1.35
0.90

1.48
2.23
3.52
5.81
3.52
2.23
1.48

0.90
1.35
213
3.52
5.92
3.75
2.49

0.57
0.86
1.35
2.23
3.75
6.32
4.20

0.38 7
0.57
0.90
1.48 | H.
2.49
4.20
6.73 ]

Although L isafull dense matrix, we know from (1) that we
can reconstruct the £ ~! matrix from only the bold entriesin the
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L matrix. Here, we illustrate how we can reconstruct the first
and third rows (columns) of the L ~! matrix.
To obtain the first row and column of the L~ matrix, we use
the (1:2,1:2) window of L
o4 on aal11 L | 6.73 0 4.20
I=t(1:2,1:2)=10""x [4.20 630 | H

Inverting [, we obtain

2.54

—1.68

-1 _ 10
7 =10 X{ 2.70

—1.68} -1
whose first row and column correspond to the first row and
column of the £ =" matrix.

Similarly, for thethird row and column of the L. = matrix, we
use the (2:4,2:4) window of L

6.32 3.75 2.23
I=1(2:4,2:4)=10"" x [3.75 592 3.52| H
2.23 3.52 5.81
2.53 —1.60 —0.00
71 =10""%x | -1.60 365 —-1.60| H %
—0.00 —-1.60  2.69

Thus, the central band (with bandwidth 46+ 1) of theL matrix
contains al the information in the L ~! matrix.

I1l. WIRE DUPLICATION MODEL

In the previous section, we have demonstrated that the infor-
mation of L~ is contained in a portion of the L matrix. The
next step isto build an equivalent circuit out of these entries and
ignore the remaining entries. Again, we show only the case that
L~! is abanded matrix for simplicity.

Equation (2), shown at the bottom of the next page, describes
the magnetic couplings between the wires in the single-layer
layout example in the previous section with the L ! matrix,
where V;;. and I, refer to the voltage drop due to the inductance
and the current in the wire k, respectively.

We can rewrite (2) in terms of the L matrix, as shown in the
equation at bottom of the next page.

Now, we will show how an equivalent circuit can be con-
structed out of the windows of the L matrix. For example, if
we take the window corresponding to the (2:4,2:4) submatrix of
the L matrix and apply it to wires 2, 3, and 4, we have

Via 6.32 3.75 2.23 [ 1,
Vis| =107 | 3.75 5.92 3.52 = I3 3
Via 2.23 3.52 5.81 2

or

g |2 2.53 —1.60 —0.007] [V

7 I;| =101 | —160 365 —1.60| |Vi5|. (4
I, —-0.00 —1.60 2.69| | Vi

Among the three circuit equations for I, I3, and I, in (4),
only the following equation:

Ly

= 101%(~1.60Vi5 + 3.65Vj3 — 1.60V}4) (5)
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Fig. 1. Modeling of wire 3.

matches that in (2). Hence, we can model wire 3 correctly, pro-
vided that V;» and V4 are correct. However, the equations for
13 and 1 in (4) do not match those in (2), i.e., wires 2 and 4
are not correctly modeled. Thus, their voltages V;» and V4 are
incorrect. To provide a remedy to this problem, we can model
these two wires correctly somewhere else and use the correct
V12 and Vj4 values for the modeling of wire 3 here.

Fig. 1 shows the modeling of signal 3. In this figure, the
symbol ¢ stands for voltage controlled voltage source (VCVS)
element. The two VCV Ss provide the correct voltages for Lo
and L,. Theinputs of the VCV Ss come from the correct model -
ingsof L, and L4. Since L, and L4 here are controlled by their
corresponding correct modelings, they are just dummy copies.
We call such copiesdummy wiresand draw themin dashed lines.
In contrast, if awireis correctly modeled, we call it areal wire
and draw it in solid lines. Here, wire 3 isarea wire and wires
2 and 4 are dummy wires. The real wire and the dummy wires
form a group. The total number of wiresin a group is called
the group size or window size. Fig. 1 shows such agroup, which
modelswire 3 correctly. Similarly, we can construct agroup that
includesdummy copiesof wire 1 and wire 3to model wire 2 cor-
rectly. In the group that models wire 4 correctly, dummy copies
of wire3and wire5 areincluded. Real wires2 and 4 inthesetwo
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groups provide the correct voltages V;» and V4 for the VCV Ss
inFig. 1.

In general, only one wire is correctly modeled in one group;
so N groups are needed for N wires in the smulation. There
are 2b dummy wiresand onereal wirein each group if the band-
width of L=! is2b + 1 (the groups at the two ends are special
cases).

In each group, every pair of wires (including both real and
dummy ones) is inductively coupled, and there is no inductive
coupling among groups. Let L be the partial inductance matrix
for the wire duplication model, then L is block diagonal and
each block correspondsto one group of wires, L~ isalso block
diagonal. If we remove the rows for dummy wiresin L=! and
utilize the fact that dummy wires have the same voltages as the
corresponding real wires, we get back the L = matrix. Thus, the
wire duplication model is physically equivalent to the K model.
If the corresponding K model is stable, the wire duplication
method is also stable.

We use HSPICE to verify the correctness of this wire dupli-
cation model. We refer to the wire duplication model using the
L matrix as the WD /L model. Two sets of simulation are car-
ried out: one set usesthefull L matrix (the L method), the other
uses the WD /L model. They produce exactly the same results
(see Section VI for details). Thisisexpected, asthey are physi-
cally equivalent. Sincethet method and K method [4] are also
physically equivalent, the simulation result of the WD /L model
should be the same as that of the K’ method [4] as well.

IV. OPTIMIZING THE GROUP SIZE

In the wire duplication model described in the previous sec-
tion, thereare 2b + 1 wiresin each group (lessthan 2b at the two
ends). There are dtogether about NV - (2b+ 1) - b inductive cou-
plings, whereasthefull inductance matrix contains N-(N —1) /2
couplings. If b < N, the wire duplication technique will pro-
duce an equivalent circuit of asmaller size.

ik r 254 —1.68 11V
I, -1.68 3.65 —1.60 Via
FRRE —-1.60  3.65 —1.60 Vis
— |1, | =10 —1.60 3.66 —1.60 Via 2
dt | 1. 160 3.65 —1.60 Vis
Is —-1.60 3.65 —1.68| | Vig
L I L -1.68 2541 LVj7.
T Vi1 r6.73 4.20 249 148 090 0.57 0.387 ik
Via 420 6.32 3.75 223 135 0.86 0.57 I,
Vis 249 3.75 592 352 213 135 090 | , |3
Via | =107 | 148 223 352 581 352 223 148 | — | I,
Vis 090 135 213 352 592 375 249| % Is
Vig 0.57 0.86 1.35 2.23 3.75 6.32 4.20 Is
L Vi7 L0.38 0.57 0.90 148 249 4.20 6.73. L I
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Fig. 2. Modeling of wires 1 and 2.

There are two methods to reduce the circuit size even further.
The first method merges the groups at the ends. The following
window captures the modeling of wire 2:

6.73 4.20 2.49

I=t(1:3,1:3)=10"" {420 632 3.75| H

2.49 3.75 5.92
254 -1.68 0.00
I7'=10°|-168 365 -160| H .
0.00 —1.60 2.70

We can seethat wire 1isalso correctly modeled. It meansthat
wires 1 and 2 can share one group, asshownin Fig. 2. Similarly,
wires N — 1 and N can share one group.

Such an improvement is marginal; the second method, which
uses larger windows, can achieve more reduction. For example,
if we use awindow of size 4, for the (1:4,1:4) window, the cor-
responding matrixes are

6.73 4.20 2.49 1.48
i ial11 |420 632 375 223
P=L(1:4,1:4)=10 249 375 592 352|17
148 223 3.52 5.81
254 —1.68 0.00 —0.00
1,10 |-168 365 —1.60 —0.00]| .,
=10 000 —1.60 365 —1.60| 7 -
—0.00 —0.00 —1.60  2.69

In this case, wires 1, 2, and 3 are correctly modeled in this
group with a dummy copy of wire 4.

With larger windows, fewer groups are needed to model all
the wires. However, thisreduction is achieved at the expense of
more couplings within each group; the number of couplingsin
each group increases quadratically with the window size. We
discuss the tradeoff in the remainder of this section.

For simplicity, we assume that all the groups are of the same
size, B. The number of wires commonly found in two adjacent
groups should be 2b. Let n be the number of groups needed.
Then

N —-2b

B-2b ©)
The number of total wiresused is B - n; the number of total

couplings is (B - (B — 1)/2)n. The purpose of this study is

to build an equivalent circuit with a smaller size. It includes

both wires and the coupling elements. As arough estimate, we
use B? - n/2 asthe circuit size and try to minimize it. We can

n-B-2b(n—1)=N=n=
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easily concludethat (B? - n)/2 = (B?(N — 2b)/2(B — 2b)) is
minimized when

B =4b )

and the minimal value of B2 - n/2 is

2
<B2'"> — 4B(N — 2b). ®)

For the circuit example in Section V11, we set the bandwidth
of L' tobeb5,i.e., b = 2, and perform wire duplication simula-
tionsfor different window sizes (5 12). Theruntimesare shown
inFig. 3. We can seethat the circuit obtained with awindow size
of 8, which is4b, hasthe smallest run time. That coincides with
our estimation.

Although the circuit sizes at different window sizes are dif-
ferent, all theresulting circuitsareall physically equivalent. The
simulation results for al of them are exactly the same.

When B = 4b, there are about (46 — 1)(N — 2b) inductive
couplings and 2(N — 2b) wires (N — 4b of them are dummy
wires). Note that the K method has about b - N couplings and
requires no dummy wires. Therefore, the wire duplication tech-
nique uses about four times couplings required in the K method
and an additional N — 2b dummy wires. This is the price that
we pay for RLC simulation instead of RKC simulation.

V. WIRE DUPLICATION USING L MATRIX

In the previous sections, we use the L matrix, which is ob-
tained by two matrix inversions, in the wire duplication model.
It turns out that we can use the original inductance matrix L di-
rectly inthe modeling to avoid matrix inversions. Werefer to the
wire duplication model using the . matrix as the WD/L model.

With the windowed L matrix, we can obtain the exact £ ="
matrix and build the WD /L model. The use of the windowed L
matrix is based on a strict mathematical property. That mathe-
matical property can also explain the validity of using the win-
dowed L matrix to acertain extent, since L' isalmost asparse
matrix. It also validates the use of local inversionsto extract the
L=t matrix.

In the following, we will construct the equivalent K matrix
for WD/L and show some properties of thismodel. Let L bethe
partial inductance matrix for thewire duplication model. Both L
and L= are block diagonal and each block is for one group. If
weremovetherowsfor dummy wiresin L~' and utilize thefact
that dummy wires have the same voltages as the corresponding
real wires to align the remaining rows, we will get the equiv-
aent K matrix. Note that these are essentially the same steps
for the local extractions of the K matrix in the K’ moddl [4],
[5], [8]. Thus, if the corresponding windows in WD/L and the
K model are the same, the equivalent K matrix for WD/L is
exactly the same as the K matrix from the local extractions. In
thoselocal extractions, there isan additional step to symmetrize
the resulting K matrix by lettingt ! = (K + K7)/2, where
KT isthe transpose of the K matrix [8], [9]. As (K + KT)/2
and K have the same definiteness, WD/L exhibits the same sta-
bility property as the K’ model.

Recall that the simple truncation method also uses a portion
of the original inductance matrix to model the interconnects.
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Fig. 3. Simulation times for different window sizes.

But, thetwo methods are radically different. The key difference
isthat in the WD/L method, dummy wires are added and con-
trolled by VCV Selements. Thus, it exploitsthe sparsity of L1,
whereas simple truncation tries to exploit the sparsity of L ma-
trix, it is not accurate and may not be stable. In the previous
example, the simple truncation method that captures the same
inductance terms as the wire duplication method has negative
eigenvalues. It is not as accurate as the wire duplication model
even when it is stable.

VI. GENERAL SPARSE MATRIX

When multilayer structures are considered, the L ~! matrixes
are no longer banded. Instead, they are more like general sparse
matrixes. For those kinds of structure, we have the following
conclusion.

Let A bean N x N symmetric sparse matrix, and B =
A~ For the rth row (column) of the A matrix, only the en-
triesiy, is, - - -, i, @renONZero, the rest are zeroes. We take the
intersection of rowsiy, is, - -+, i, and columnsiy, io, « -+, iy tO
formasubmatrix. If thereexistsp, 1 < p < m suchthati, = r,
then the pth row and column of the inverse of the submatrix is
equal to the rth row and column of A (omitting the zero entries
in the latter)

A(T7 :) = (B ([i17i27 T 7im]))_1 (pv :)

A(/T> = (B([L17L2Lm]>>_1 </p) (9)

Here, the notation B([i1, 72, -, %x]) refersto the principle

submatrix at theintersection of rows1, i, - - -, 7,,, and columns
i17i2,~'~,im of B.

This conclusion is just a specia case of the Theorem 2 in
the Appendix. Thus, for the case that L ~! is a general sparse
matrix, we can also use aportion of the L to reconstruct thet. ~*
matrix. We illustrate this mathematical property using alayout
with three layers of parallel wires. There are five wiresin each

layer. The wire length is 100 um, and the cross section is 1x 1
um. Theseparation between thewiresis1 ym and the separation
between the layers is 3 um. The L matrix and itsinverse (L1
matrix) are as shown in the equation at the bottom of the next
page.

If we drop the small off-diagona termsin L~!, we obtain a
sparse matrix, L=!; if we invert the L = matrix, we obtain the
L matrix. The L= matrix and the L matrix are shown at the
bottom of page 1527.

Here, weillustrate how we can reconstruct the L. ~* matrix by
using a portion of the L matrix.

To obtain the first row and column of the L = matrix, we use
the[1,2,6,7] principle submatrix of L (the bold entriesin L)

0.68 0.36 0.24 0.21
0.36 0.65 0.21 0.22
— _ —10
P=L([1,2,6,7) =10 0.24 0.21 0.67 0.36 .
0.21 0.22 0.36 0.64
Inverting [, we obtain
224 -1.08 -0.41 -0.12
—-1.08 232 -0.14 -0.36
-1 _ 10 —1
=10 —-0.41 -0.14 2.25 —-1.08 "
-0.12 -036 —1.08 2.33

whose first row and column correspond to the first row and
column of the £~ matrix.

Similarly, for the eighth row and column of the L =! matrix,
we use the ([2,3,4,7,8,9,12,13,14]) principle submatrix of L.
Thefifth row and column of itsinverse correspond to the eighth
row and column of the L= matrix. The submatrix and its in-
verse are shown at the bottom of page 1528.

We have shown that the L ~! matrix can be reconstructed by
aportion of the L matrix when L~ is a general sparse matrix.
Similarly, we can build the equivalent wire duplication circuit
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model, optimize the group size, and apply the method to the
original inductance, just as we do when L~ is banded.

VII. EXPERIMENT RESULTS
A. Single Layer

We demonstrate the wire duplication technique on a buswith
128 signals. Shields are inserted after every four signals. The
wire length is 1 mm, the cross section is 1x 1 um, and the sep-
aration between wiresis 1 um. The wires are divided into five
segments along the length. The driver resistanceis 30 €2 and the
load capacitance is 40 fF. The wire capacitances are extracted
based on theinterconnect structure. HSPICE isused for thesim-
ulation and the ACCURATE option is set.

Different simulation techniques are studied: the full matrix
method, thet method, WD /L, WD/L, simpletruncation, shift-
truncate [2], [3], and the double-inverse inductance model [6],
[7]. Because Ksim [5] is not available to us, we cannot per-
form the K method directly. Instead, we use the L method,
whichisphysically equivalent to the K method. (Notethat thet

|IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 22, NO. 11, NOVEMBER 2003

method is different from the double-inverse inductance model.)
The bandwidth of L ! is5 (b = 2), and the window size for
wire duplication is 8(= 4b).

A 1V 20 ps ramp input is applied to the first signal, and the
rest are quiet. Thewaveformsfor thefirst, second, and third sig-
nals are shown in Figs. 4, 5, and 6, respectively. In each figure,
results from the L method and the wire duplication methods
are shown on the left; and results from the shift-truncate and
double-inverse methods are shown on the right. As areference,
the result from full matrix modeling appears in both plots. The
simple truncation method is not stable and not shown.

The first conclusion we can draw from these figures is that
WD/L is physically eguivaent to the L method. These two
methods match exactly on all figures. We can al so seethat WD/L
is more accurate than WD/L. Although both of them match
very well with the full matrix method, the results of using the
original matrix are closer.

In the double-inverse method [6], [7], the same cutoff per-
centage is used for the L~! matrix and the L matrix. Both the
double-inverse method with 2.2% cutoff and the shift-truncate

L =10"1"%
r1.02 0.72 0.59 0.51 0.46 0.59
0.72 1.02 0.72 0.59 0.51 0.57
0.59 0.72 1.02 0.72 0.59 0.52
0.51 0.59 0.72 1.02 0.72 0.48
0.46 051 0.59 0.72 1.02 0.44
0.59 057 0.52 048 0.44 1.02
0.57 059 0.57 0.52 0.48 0.72
0.52 0.57 0.59 0.57 0.52 0.59
0.48 0.52 0.57 0.59 0.57 0.51
0.44 048 0.52 0.57 0.59 0.46
0.46 0.45 0.44 0.42 0.40 0.59
0.45 0.46 0.45 044 0.42 0.57
0.44 0.45 0.46 0.45 0.44 0.52
0.42 0.44 0.45 0.46 0.45 0.48
L0.40 0.42 0.44 0.45 0.46 0.44
L' =10
r2.24 —1.08 —0.09 —0.06 —0.06 —0.41 —0.12
—-1.08 2.81 —1.03 —0.06 —0.06 —0.14 —0.19
—0.09 —1.03 2.81 —1.03 —0.09 —0.04 —0.10
—0.06 —0.06 —1.03 2.81 —1.08 —0.01 —0.02
—0.06 —0.06 —0.09 —1.08 2.24 —0.02 —0.00
—0.41 —0.14 —0.04 —0.01 —0.02 2.39 —0.99
—0.12 —0.19 —0.10 —0.02 —0.00 —0.99 2.88
—0.03 —0.10 —0.19 —0.10 —0.03 —0.02 —0.97
—0.00 —0.02 —0.10 —0.19 —0.12 —0.01 —0.02
—0.02 —0.01 —0.04 —0.14 —0.41 —0.01 —0.01
—0.09 —0.02 —0.01 —0.01 —0.02 —0.41 —0.12
—0.02 —0.00 —0.00 —0.00 —0.01 —0.14 —0.19
—0.01 —0.00 0.00 —0.00 —0.01 —0.04 —0.10
—0.01 —0.00 —0.00 —0.00 —0.02 —0.01 —0.02
[-0.02 —0.01 —0.01 —0.02 —0.09 —0.02 —0.00
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—0.03 —-0.00
—0.10 —0.02
—0.19 —-0.10
—0.10 —-0.19
—0.03 —-0.12
—0.02 —-0.01
—0.97 —0.02

—0.97
—0.02 —0.99
—0.03 —-0.00
—0.10 —0.02
—-0.19 —-0.10
—0.10 —-0.19
—0.03 —-0.12

0.57
0.59
0.57
0.52
0.48
0.72
1.02
0.72
0.59
0.51
0.57
0.59
0.57
0.52
0.48

0.52
0.57
0.59
0.57
0.52
0.59
0.72
1.02
0.72
0.59
0.52
0.57
0.59
0.57
0.52

0.48
0.52
0.57
0.59
0.57
0.51
0.59
0.72
1.02
0.72
0.48
0.52
0.57
0.59
0.57

0.44
0.48
0.52
0.57
0.59
0.46
0.51
0.59
0.72
1.02
0.44
0.48
0.52
0.57
0.59

0.46
0.45
0.44
0.42
0.40
0.59
0.57
0.52
0.48
0.44
1.02
0.72
0.59
0.51
0.46

0.45
0.46
0.45
0.44
0.42
0.57
0.59
0.57
0.52
0.48
0.72
1.02
0.72
0.59
0.51

0.44
0.45
0.46
0.45
0.44
0.52
0.57
0.59
0.57
0.52
0.59
0.72
1.02
0.72
0.59

0.42
0.44
0.45
0.46
0.45
0.48
0.52
0.57
0.59
0.57
0.51
0.59
0.72
1.02
0.72

0.401
0.42
0.44
0.45
0.46
0.44
0.48
0.52
0.57
0.59
0.46
0.51
0.59
0.72
1.02 4

—0.02
—0.01
—0.04
-0.14
—0.41
—0.01
—0.01
—0.02
—-0.99

2.39
—0.02
—0.01
—0.04
-0.14
—0.41

—-0.09
—0.02
—0.01
—0.01
—0.02
—-0.41
—0.12
—0.03
—0.00
—0.02

2.24
—1.08
—-0.09
—0.06
—0.06

—0.02
—0.00
—0.00
—0.00
—0.01
—-0.14
—0.19
—0.10
—0.02
—0.01
—1.08

2.81
—1.03
—0.06
—0.06

—0.01
—0.00

0.00
—0.00
—0.01
—0.04
—0.10
-0.19
—0.10
—0.04
—0.09
—1.03

2.81
—1.03
—0.09

—0.01
—0.00
—0.00
—0.00
—0.02
—0.01
—0.02
—0.10
-0.19
—0.14
—0.06
—0.06
—1.03

2.81
—1.08

—0.027
—0.01
—0.01
—0.02
—0.09
—0.02
—0.00
—0.03
—0.12
—0.41
—0.06
—0.06
—0.09
—1.08
2.24]

2.88 —0.97
2.88
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Fig. 4. Simulation results for signal 1.
L™1=10""x
r 2.24 —1.08 —0.41 —-0.12 W
—1.08 2.81 —1.03 —0.14 -0.19 —-0.10
—1.03 2.81 —1.03 —0.10 —-0.19 -0.10
—1.03 2.81 —1.08 —0.10 —0.19 -0.14
—1.08 2.24 —-0.12 —-0.41
—0.41 —-0.14 2.39 —0.99 —-0.41 —-0.14
—0.12 —0.19 —-0.10 —-0.99 2.88 —0.97 —-0.12 —0.19 —0.10
—0.10 —0.19 —0.10 —-0.97 2.88 —0.97 —0.10 —0.19 —0.10 H!
—0.10 —0.19 —0.12 —-0.97 2.88 —0.99 —0.10 —-0.19 —0.12
—0.14 —0.41 —-0.99 2.39 —0.14 —0.41
—0.41 —-0.12 2.24 —1.08
—0.14 -0.19 —0.10 —1.08 2.81 —1.03
—0.10 —0.19 —-0.10 —-1.03 2.81 —1.03
—0.10 —0.19 —-0.14 —1.03 2.81 —1.08
L —0.12 —0.41 —1.08 2.24]
L=10"1"x

r0.68 0.36 0.20 0.12 0.07 0.24 0.21 0.14 0.10 0.07 0.10 0.10 0.08 0.06 0.057
0.36 0.65 0.33 0.19 0.12 0.21 0.22 0.18 0.14 0.10 0.10 0.10 0.09 0.08 0.06
0.20 0.33 0.62 0.33 0.20 0.15 0.18 0.20 0.18 0.15 0.08 0.09 0.09 0.09 0.08
0.12 0.19 0.33 0.65 0.36 0.10 0.14 0.18 0.22 0.21 0.06 0.08 0.09 0.10 0.10
0.07 0.12 0.20 0.36 0.68 0.07 0.10 0.14 0.21 0.24 0.05 0.06 0.08 0.10 0.10
0.24 0.21 0.15 0.10 0.07 0.67 0.36 0.21 0.13 0.09 0.24 0.21 0.15 0.10 0.07
0.21 0.22 0.18 0.14 0.10 0.36 0.64 0.33 0.20 0.13 0.21 0.22 0.18 0.14 0.10
0.14 0.18 0.20 0.18 0.14 0.21 0.33 0.62 0.33 0.21 0.14 0.18 0.20 0.18 0.14 | H
0.10 0.14 0.18 0.22 0.21 0.13 0.20 0.33 0.64 0.36 0.10 0.14 0.18 0.22 0.21
0.07 0.10 0.15 0.21 0.24 0.09 0.13 0.21 0.36 0.67 0.07 0.10 0.15 0.21 0.24
0.10 0.10 0.08 0.06 0.05 0.24 0.21 0.14 0.10 0.07 0.68 0.36 0.20 0.12 0.07
0.10 0.10 0.09 0.08 0.06 0.21 0.22 0.18 0.14 0.10 0.36 0.65 0.33 0.19 0.12
0.08 0.09 0.09 0.09 0.08 0.15 0.18 0.20 0.18 0.15 0.20 0.33 0.62 0.33 0.20
0.06 0.08 0.09 0.10 0.10 0.10 0.14 0.18 0.22 0.21 0.12 0.19 0.33 0.65 0.36
L 0.05 0.06 0.08 0.10 0.10 0.07 0.10 0.14 0.21 0.24 0.07 0.12 0.20 0.36 0.68]
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Fig. 5. Simulation results for signal 2.
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Fig. 6. Simulation results for signal 3.

Voltage (V}

0.1

|IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 22, NO. 11, NOVEMBER 2003

Full
Double Inverse (1% cutof
Double In\mg; .532% cutof

Matrix

Truncation -~

L
2e-11

Time (s)

1e-10

nverse |

il
Double Inverse (1% cutof
Double I e
s Shift-Truncation -~

Full Matrix

2.2% ct

Time (s)

1e-10

1=L([2,3,4,7,8,9,12,13,14])

r0.65 0.33 0.19 022 0.18 0.14 0.10 0.09 0.087
0.33 0.62 0.33 0.18 0.20 0.18 0.09 0.09 0.09
0.19 0.33 0.65 0.14 0.18 0.22 0.08 0.09 0.10
0.22 0.18 0.14 0.64 0.33 020 022 0.18 0.14
=101 [ 0.18 020 0.18 0.33 0.62 0.33 0.18 0.20 0.18| H

0.14 0.18 0.22 020 0.33 0.64 0.14 0.18 0.22
0.10 0.09 0.08 0.22 0.18 0.14 065 0.33 0.19
0.09 0.09 0.09 0.18 0.20 0.18 0.33 0.62 0.33
L0.08 0.09 0.10 0.14 0.18 0.22 0.19 0.33 0.65]
- 224 —1.03 0.00 —0.40 —-0.10 —0.00 —0.05 0.00 —0.00 T
-1.03 281 -1.03 —0.10 —-0.19 -0.10 —0.00 —0.00 0.00
—0.00 —1.03 224 —0.00 —0.10 —0.40 —0.00 0.00 —0.05
—0.40 —0.10 0.00 239 —-097 —0.00 -0.40 -—0.10 —0.00

7' =10 | -0.10 -0.19 -0.10 -0.97 288 —-097 -0.10 —-0.19 -0.10| H !
—0.00 —0.10 —0.40 0.00 —0.97 239  0.00 —0.10 —0.40
—0.05 0.00 —0.00 —0.40 —0.10 —0.00 224 —-1.03 —0.00
—0.00 —0.00 0.00 —0.10 -0.19 -0.10 -1.03 2.81 —1.03
L 0.00 —0.00 —0.05 0.00 —0.10 —0.40 —0.00 -1.03 2.24 |

method have asimilar number of mutual inductancesasthewire  cutoff has about twice as many mutual inductances. We can see

duplication methods, while the double-inverse method with 1%

that they perform worse than WD/L.
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TABLE |
RUN TIME AND MEMORY USAGE
Method Memory(MB) | Run Time(s)

full L matrix 812.3 471 x 10°

L method 230.2 1.55 x 10°
double-inverse (1% cutoff) 97.1 893
double-inverse (2.2% cutott) 44.3 359
shift-truncate 38.5 286
wire duplication 15.3 113

Fig. 7. Three-layer interconnect structure.

Table | lists the memory and time usage for different
methods. Both WD/L and WD/L methods use the same
amount of time and memory. It is clear that the wire duplication
methods are faster and require less memory even than the
shift-truncate method and the double-inverse method (2.2%
cutoff), despite the fact that their circuit sizes are actually larger
(due to the additional dummy wires).

B. Multiple Layers

Next, we demonstrate the wire duplication technique on a
three-layer bus structure with 32 signals on each layer (Fig. 7).
Shields are inserted after every four signals. The wire length is
1 mm, thecrosssectionis 1x 1 um, and the separation between
wiresis 1 um. The separation between two layersis 3 um. The
wires are divided into five segments along the length. Thedriver
resistanceis 30 €2 and the load capacitance is 40 fF.

Thefull matrix method, thet method, WD /L, WD/L, simple
truncation, shift-truncate [2], [3], and the double-inverse induc-
tance model [6], [7] are applied to this structure. To get thet. —*
from L~1, the width of the coupling window in the horizontal
direction is set to be five; vertical couplings are also included.
The cross-sectiona view of the coupling window is shown in
Fig. 8. In the wire duplication simulation, the group size in the
horizontal direction is seven.

A 1V 20 ps ramp input is applied to the first signal of the
middle layer, and the rest are quiet. The waveforms for the first
signal of the top layer and the first and second signals of the
middle layer are shown in Figs. 9 11, respectively.

Similarly, we can see that WD/L is equivalent to the L
method. In the double-inverse method [6], [7], the same cutoff
percentage is used for the L~ matrix and the L matrix. Both
the double-inverse method with 1.8% cutoff and the shift-trun-
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Fig. 8. Cross-sectional view of the coupling window for three-layer
interconnect structure.

cate method have a similar number of mutual inductances as
the wire duplication methods, while the double-inverse method
with 1% cutoff has about twice as many mutual inductances.
We can see that they perform worse than WD/L.

Table Il lists the memory and time usage for different
methods. Again, both WD /L and WD/L methods use the same
amount of time and memory, and they arefaster and requireless
memory than the shift-truncate method and the double-inverse
method.

In these two sets of examples, forward couplings are not in-
cluded in the wire duplication simulations. The forward cou-
plingisalsotruncated inthet method and all the double-inverse
methods. If needed, the forward couplings can be incorporated
in the wire duplication model in the same way the lateral cou-
plingsand thevertical couplingsare (Theorem 2). Fig. 12 shows
thewaveform for the second signal in the middlelayer when two
nearest forward couplings areincluded for each wire segment in
the WD/L model. For comparison, the results from the full ma-
trix model and WD/L without forward coupling are also shown.
We can seethat including the forward couplings makeslittle dif-
ference in accuracy in these examples.

VIIl. SUMMARY AND CONCLUSION

In this paper, we propose a new interconnect modeling tech-
nique wire duplication. With this technique, we can generate
stable, sparse, and yet accurate inductance models for on-chip
interconnects. It uses avery small portion of the original induc-
tancematrix L and discardstherest. Thewire duplication model
using the double-inverse inductance is physically equivalent to
the K method. However, we exploit the sparsity of L~! by using
inductancesin the ssmulation. Although it isnot as sparse asthe
K simulation, it avoids using the new circuit element K. The
wire duplication model can be applied to the original inductance
directly and the matrix inversionsare avoided. Thewireduplica-
tion model using the original inductance has the same stability
as the K method.

A common theme in the K method, double-inverse induc-
tance model, and the wire duplication model isthat they all ex-
ploit the sparsity of L—' by windowed inductance matrix. The
K method and the double-inverse inductance model do it at the
inductance extraction level, while the wire duplication model
does it at the simulation level. The wire duplication model has
the following advantages:
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Fig. 9. Simulation results for signal 1 on the top layer.

Fig. 10. Simulation results for signal 1 on the middle layer.
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4e-11 6e-11
Time (s)

8e-11 1e-10

Fig. 11. Simulation results for signal 2 on the middle layer.

RUN TIME AND MEMORY USAGE

TABLE 11

Method Memory(MB) | Run Time(s)
full L matrix 383.2 1.88 x 10°
. method 102.2 1.05 x 103
double-inverse (1% cutott) 62.2 467
double-inverse (1.8% cutotf) 56.7 347
shift-truncate 63.1 462
wire duplication 47.2 295
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It is compatible with most of the existing simulators; we
use inductance in the smulation.

It is compatible with existing inductance extractors, we
use the origina inductance.

APPENDIX

Theorem 1: Suppose A isan X n nonsingular matrix and
B istheinverse of A. M, isthe submatrix of A formed by the
intersection of rows iy, 4o, - - -, 4, @nd columns 71, jo, - -, Jm-
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