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Abstract—In this paper, a new capacitance extraction method matrix equation. Though the compressed storage technique
called the dimension-reduction technique (DRT) is presented gnd some efficient algorithms may be applied, the solving

for three-dimensional (3-D) very large-scale integration (VLSI ol 4 : :
interconnects. The DRgl' co)nver%/s a gomplex 3-D gproblerrs into )a process is still time consuming and requires huge memory. The

series of cascading simple two-dimensional (2-D) problems. Eachintegral-equation methods, such as the method of moments
2-D problem is solved separately, thus we can choose the most(MoM) [5], [6], and the boundary-element method (BEM)
efficient method according to the arrangement of conductors. [7], [8], divide the surfaces of conductors and the interfaces
We have used the DRT to extract the capacitance matrix of f dielectric | int h d lead t tivel
multilayered and multiconductor crossovers, bends, vias with of dielectric layers 'r_‘ 0 meshes and [ead 1o a comparatively
signal lines, and open-end. The results are in close agreement with smaller, but full matrix. When the numbers of conductors and
those of Ansoft's SPICELINK and the Massachusetts Institute of dielectric layers increase, the analysis procedure will also be
Technolgy's (MIT) FastCap, but the computing time and memory {4 costly in terms of computing time and memory needs.
size used by the DRT are several (even ten) times less than those Until | ial | h as TMA's Raphael
used by SPICELINK and FastCap. ntil now, several commercial tools such as s Raphae
(based on the FDM), Ansoft's SPICELINK (based on the
FEM) and the Massachusetts Institute of Technolgy’s (MIT)
FastCap (based on the multipole accelerated BEM) are avail-
able to calculate the capacitance matrix of various intercon-
I. INTRODUCTION nects. It is well known that most VLSI interconnects have

stratified structures and every layer is homogeneous along the
high-speed very large-scale integration (VLSI) syste irectipn p_erpendicular to 'Fhe interfaces of the layers (dgnoted
and a decrease in the feature size of the interconnects &g direction). However, it seems that the tools mentioned
packages of VLSI circuit chips, the resultant signal delafPoVe have neglected this fact. In this paper, we present a new
crosstalk, distortion and reflection may degrade the syst&@Pacitance extraction method [called the dimension-reduction
performance. Analysis of these negative effects has becomd&ginique (DRT)] to take full advantage of this fact. According
important as the circuit design. This has increased the interésthe method of separation of variables, the three-dimensional
in efficient methods for calculating electrical parameters ¢8-D) Laplace equation defined in each layer can be reduced
the interconnects and packages. to a two-dimensional (2-D) Helmholtz equation defined on the
Many numerical methods have been applied to extraotoss section of the layer because the layer is homogeneous
the electrical parameters of the interconnects and packagdeng the z-direction. Therefore, the original 3-D problem
These methods can be generally classified into two categorigsconverted into a series of cascading 2-D problems. Each
integral-equation methods and differential-equation methodsD problem can be solved separately, thus we can choose
The differential-equation methods, such as the finite-elemeRe most efficient method for each problem according to the
method (FEM) [1], finite-difference method (FDM) [2], [4], arrangement of the conductors. More importantly, it is very
and measured equation of invariance (MEI) [3], [4], divide agasy to obtain the analytical solutions of 2-D problems in

interconnect cell into meshes and lead to a large-scale Sp3{sg, jayers such as the pure dielectric layers and the layers

with parallel signal lines. Therefore, the domain that has to
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Fig. 1. An example of layout.

Fig. 3. Crossover with open-end and its decomposition.

TABLE |
VALIDATION OF DECOMPOSING CONCEPT (L1 = 6w). C'1(1,1) =
2.33x 1073 pF, ¢1(1,2) = —0.298 x 1073 pF

L2 0.5w w 2w 3w 4w 5w

(105,0 oF) | 0192 | 0273 | 0430 | 0.585 | 0.735 | 0.741
: (fg_(ﬁ’;l):) 194 | 180 | 147 | 116 | 0835 | 0453
(160—(%&) ~0.305| —0.304 | —0.300| —0.300| —0.281 |—0.198
(ffr(gl,’;;) 2324 | 2333 | 2.330 | 2.330 | 2.305 | 1.935
error % 0.25 0.13 0.0 0.0 1.07 16.95
(ffr(gl,;;) —0.305| —0.304 | —0.300| —0.300| —0.281 [—0.198

error % 2.35 2.01 0.67 0.67 5.7 33.56

into five cells with magnetic walls; these cells are classified
as crossover and open-end. The width and thickness of each
conductor are equal and are denotedvashe length of every
conductor isl3w, the thickness and relative dielectric constant
of every dielectric layer ar@ and 3.9, respectively. First, we
compute the capacitance matrix by taking the whole structure
as one piece. The matrix is denoted[&4], and its elements
are shown in Table I. Next, we calculate the capacitance of
open-endCy and the capacitance matrix of crossoveér.|

()] separately. The capacitance matrix of the whole structure is
Fig. 2. Some typical interconnect structures. (a) Multiconductor crossonbtained by the following formula:

(b) Open-end. (c) Via with signal lines. (d) Bends. (e) Crossover with bend.
(f) Gap. (g) Multilayered multiconductor lines.

_ Cc(17 1) +200 CC(lv 2)
2= [ .21 e+ P
II. THE PRINCIPLE OF DRT
Up to now, the feature size of VLSI interconnects is far

small in comparison Wlth thg operatlon Wavelength. Ther?'rthe distance between the edge of the conductor and the end
_fore, the static assu_mpuon IS _vahd_. A simple example f the open-end, and.2 stands for the distance between the
interconnect layout is shown in Fig. 1. To be mentioneg,ynetic wall and the end of the open-end, as shown in Fig. 3.

later, we assume that the whole interconnect system can|pg opyious that the error caused by the magnetic walls is less
decomposed into a lot of simple cells with magnetic walls anflan 506 when 5w < L2 < 4uw.

analyzed individually, and these cells can be classified into awe will use a typical 3-D multilayer and multiconductor
limited number of typical structures, such as those shown jiiterconnect structure, as shown in Fig. 4, to illustrate the
Fig. 2. principle of the DRT. Along the interfaces of dielectric layers,
We will use an example to validate the above decomposittge whole structure is cut into slipes, as shown in Fig. 4. In the
concept. A combined structure in Fig. 3 can be decompos& slice, the potential functiop(® satisfies the 3-D Laplace

The elements ofC2] are shown in Table |, wherBl stands
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whereT,(,f)(a:, y) and Lﬁ,?(z) satisfy the following equations,
- respectively,

i . 272(1) 2r(7) ] ]
— O Tl (a@yr) =0 (7a)

Lot plise

oLy
In - 07 (.’L’, y) € F]\l (7b)

TW=0, (zr,y)el?

= i ‘
5: F aQL(W) ) )
- 1 (a8N2LD =0, 8
=== W /4 o~ OSPL ®
P R ) The solution of (7) is called mode functions. The general
- solution of (8) is
L{)(2)
Fig. 4. A 3-D int t and slices. i i i) . i i
(o] Interconnect anad slices B {A,gn) COSh(O(,gn)z) + B,(n) snlh(o(gn)z), Oégn) # 0
o (@) (2) (1) _
equation Ao’z Bt am =0
2 4(3) 2 (%) 2 54 ©)
260 920 9240 . . _ N .
+ + =0. (2) whereAl?) and B are the undetermined coefficients. Substi-

ox? Oy? 022 . : )
tuting the mode functions, and (4), (6), and (9) into (3c) and

From Fig. 4, it is obvious that each slice is homogeneog8d), and making the inner product of each side of (3c) with
along thez-direction. It should be noted that every slice ishe mode functions, we can obtain a system of linear equations
surrounded by magnetic walls. Thus, the boundary conditiogBout ASY and BSY by utilizing the orthogonal property of
can be expressed as (3a)—(3d), shown at the bottom of thisde functions. The potential functions in every slice and
page, where/?) refers to the voltage on thgth conductor, then the capacitance matrix can be readily retrieved from the
and 7 is the unit vector normal to the magnetic walll?)  solutions of these equations.
refers to the sides of thgth conductor,I'y, refers to the  Therefore, the crux of the whole problem has become how to
magnetic walls. The condition (3a) will be absent if the slicefficiently solve Helmholtz equation (7). In the pure dielectric
is a pure dielectric layer. Deno# ™ (x, y, V.¥)) as a linear layer, such as the first and fifth layer in Fig. 4, the mode

function of z, v, and VC(J), and let functions and eigenvalues have the analytical expressions as
¢D =@ L WO (g, gy, VO, (4) T (x, y) = cos <@) cos <w> (10a)
If there exists such a functio” @ (z, y, V) that function 2 2
P (z, y, 2) satisfies al) IW\/<p; 1) + <q; 1) (10b)
P (z, y, z) =0, Zi1 <2< Z;, (x,y) €TY) (5a) p=12 -, NM;

() 2 =
Wy 2) =0, Zi1 L 2=Z Zi, (z,y) €'y (5b) ¢=12 -, NM,
on m=p+(qg—1)NM,
and Laplace equation (2), then from the method of separation i=1,5

of variables, the general solution ¢f?(z, 3, z) is
where NM, and NM, are the truncated numbers of the

Nz, y, 2) = Z T (z, y)L)(2) (6) mode functions along the- and y-directions, anda and b
m=1 are the distance between the magnetic walls alongathe
(/)(Z)(‘Tv Y, Z) :‘/6(1)7 Zi—l S z S Zi7 (‘Tv y) S ng) (3a)
9P 2
W =0, Zi1 < z< Zi, (l’, y) SN (3b)
d® = pli+D)
g AUt z=12; (3¢c)
€

9, T
(/)(1)(‘1'7 Y, ZO) =0
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Fig. 5. Cross section of the typical layers of crossovers in Fig. 2(a). (a) Dielectric layey-dipgction signal-line layer. (c)-direction signal-line layer.

and y-directions, respectively. For the slice with irregulamto slices. There are three kinds of slices:
conductors (such as the fourth layer in Fig. 4), we will choose 1) pure dielectric layers;

suitable numerical methods, such as the FDM, to solve (7).2) layer with y-direction signal lines;
The discretized form of (7) can be reduced to the following 3) |ayer with z-direction signal lines.

eigenvalue equation: Their cross sections are shown in Fig. 5, whéfg and N,
[S|T = \T (11) are the number of the signal lines alomg and y-directions,

where A = (a{)? is the eigenvalueT is the eigenvector "eSPectively. The functior? @ (x, y, V<_:(j)) in (4) can be
consisting of the potential value at each mesh node, [8ihd gasﬂy obtained. For the layer with thedirection signal lines,

is a sparse matrix resulted from the finite-difference (F[ﬁs is
equations at each mesh node. This equation can be solved %V(i) e)
some standard subroutines, such as the Lanczos method. An (w, V")
the general solution of potential functions can be expressed as Vw(l), Q
(3). The field matching process is almost the same as that of Y=Y-1,2 () G-1 (=1
i i - - aov (Vac - Vac ) + Vac ’ Qj
analytical mode functions.

SX;
In summary, the DRT consists of the following four steps: (V) Q
1) partitioning the complex interconnects into simple cells v Nt (12)
with magnetic walls;

2) along the interfaces of the dielectric layers, cutting the i . . . .
stratified structure of each cell into slices; where V") is the voltage on theth signal line,5.; is the

3) finding the function(z, ¢, ‘/c(])) in (4), following distance betweenth and (j — 1)th line. For the layer with

the well-known method of separation of the variables, ré-direction signal lines W) (z, y, Vi) takes the similar

ducing the 3-D Laplace equation (2) into 2-D Helmholt2°"™" _ _ _
equation (7) and solving the Helmhotz equation in the The mode functions and eigenvalues in every layer can then

cross section of every slice separately: be expressed analytically; for the pure dielectric layers, they

4) matching the potential of each slice at the interfaces afte (10), and for the layer witirdirection signal lines, they are
solving the linear matrix equation about the unknown W
T35, y)

coefficients.
The field-matching process is the same as that of the mode- = cos <M>ggi>(y), i=1,2, -+, Ny+1
matching technique [9], so we will omit the details of this a
step. The first and the second steps are fixed and can be easily (13a)
implemented for all kinds of structures, while the third and p =1,2,---, NM,
fourth_ steps may need some more explanation. In Section III,q - 1,2, .-, NMZY,)
we will present further details about them. i1
m =p+(q—1VNM,+> NMNMP
lll. THE APPLICATION OF THE DRT ( ) ; ¢

In this section, we will use the DRT to analyze several g(i)(u)

. . . . . q -
typical interconnect structures, shown in Fig. 2. Since these . (q— 0.5)my
structures are surrounded by magnetic walls, we only need to cos ——— i=1
perform the second, third, and fourth steps cited in Section II. Y1

- — o e T oy, sy

A. Multiconductor Crossover in Multilayered Dielectric Media SX;

The structure of the multiconductor crossover is shown in cos (= 0.5)m(y — b)7 i=N,+1
Fig. 2(a). Based upon the DRT concept, the structure is cut \ b—yn,,2
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Fig. 6. Cross section of typical layers of the via with signal lines in Fig. 2(c). (a) Top signal line. (b) Bottom signal line. (c) Via.

aﬁ,’j?i) the central processing unit (CPU) time and memory needs are
¢ 2 N 881 s and 58.551 Mb, respectively.
) (55)
T + =1
a Y11 o . . . . . .
. . B. Via with Signal Lines in Multilayered Dielectric Media
=< 7 \/<p — 1) + < q ) , 2<i< N, The structure of a via with signal lines is shown in Fig. 2(c).
@ SXi The cross sections of three consecutive slices with conductor
—1\2 — 05 \2 are shown in Fig. 6. ’
7 \/<p - ) + <bq y - ) ; i=N,+1 For these three slices, the functidi(z, y, V) in (4) is
\ —YN,,2

13 ) .
(13¢) WO (e, y, VD) =1 (16)

where NM, and NMy) are the truncated numbers of the

mode functions along- and y-directions in the domaii;, g5 the DRT can be applicable to every slice of the whole
shown in Fig. 5(c), wherd: is the sequence number of thescryre. Since the cross sections in Fig. 6 are irregular,
layer with z-direction signal lines. Exchangingandy, anda e can only obtain the discrete mode functions of these
andb, we can obtain the mode functions and eigenvalues in Qg o5 by solving (7) numerically. The mode functions in pure
layer with they-direction signal lines. Substituting the modgjie|ectric slices are the same as (10). Substituting all these
functions of every layer into (6) and matching the potential @t e functions into (6) and taking the field-matching step, we
the interfaces, we can obtain the capacitance matrix. o optain the capacitance. The algorithm can be used for the
The algorithm can be used to analyze crossover with ali.iangular via as well as the cases that the signal lines take
arbitrary number of lines embedded in an arbitrary number gfj,o, shapes (such as a straight line with the pad on top of
dielectric layers. The crossover chosen for analysis is modelggd via).
as: 1) the number of- andy-direction lines are two; 2) the v il use the via in Fig. 2(c) as the numerical example.
width, thickness, and the length of each line are 1, 1, aath8 ¢ \yhole structure can be cut into five slices and is symmetric
respectively; 3) the number of dielectric layers is five; 4) thg) e planeT” — 77, shown in Fig. 6, so we only have to
relative dielectric constant and thickness of each layer is %ﬂalyze half of the structure. The top and bottom ground
and1 um, respectively; and 5) the crossover is separated fr%nes are separated from the via byrh. The length, width,
the top and bottom ground planes byuin. The truncated 5ng thickness of the two signal lines are 6.4, 1.6, andr,
number of mode functions in every layer is 21 21. The | egpeciively. The radius and height of the via is 0.2 apar3
capacitance matrix Is respectively. The distance between the center of the via and
1.536 —0.407 —-0.173 —0.173 the edge of the signal lines is O:8n. The relative dielectric
—0.407 1.535 —-0.173 -0.173 x 10~3pF cpnstant of every Igyer is 2.5. The capacitance, computing
-0.173 -0.173 1.535 —0.407 ' time, and memory size of the DRT and SPICELINK are shown
—0.173 -0.173 —-0.407 1.535 in Table Il, whereM1, M2, and M3 refer to the truncated
(14) number of mode functions in the slices with a top and bottom

S _ signal line, the slice with the via, and the pure dielectric slices,
The computing time is 87 s with a SUN SPARC 20 workggpectively.

station and the memory requirement is 2 Mb. We have usedsjnce the relative convergence problem is common in the
Ansoft's SPICELINK to calculate the same structure. Thﬁode—matching method, we have performed a convergence
calculated results are study to see if the DRT will encounter this problem. The curve
1.53 —0.398 —-0.188 —0.196 is shown in Fig. 7, wher@d/1 equalsM2 and the ratio ofA/1
—0.398 1.52 —0.187 —-0.195 x 10~3pF to M3 is taken as a variable. From Fig. 7, we can see that
—0.188 —0.187 147 -0.373 the DRT suffers little from the relative convergence problem.
-0.196 -0.195 -0.373 1.51 Also from Fig. 7, we can see that the result is accurate enough
(15) when the mode number in every slice is around 50.

[C]=

[C]=
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TABLE I in Fig. 8), the first equation in (3c) can be written as
THE CAPACITANCE OF VIA WITH THE SIGNAL LINES

V1 2 /3 |CapacitandeCPU time [ Memory Z[ASL) COSh(O‘g)Zl) + BT%) 81nh(a£,];)Z1)]T,(,3)(a:, y)
: ! s in 10~3 pF| in secondd size in Mb m
40 40 49 1.416 85 0.961 V(k)7 on thekth conductor
50 50 49 1.447 86 0.961 =< _ ] (18)
60 60 49 1.430 93 0.961 balis J), otherwise
SpiceLink 1.486 570 54.496

where (¢, ) refers to the mesh number of the node on the
dielectric interface. Taking the inner product of both sides of

14 et — (18) with the mode functions in the pure dielectric slice, we
1.2 ﬁ\j@ obtain
0 < 314D cosh(afpZ1) + BY sinb(a(p 21)]
g osf ] ey (1)
_',.f_“. 06k — M1/M3=05 | A ' <Trn (J}, y)? Tn (J}, y)>
C ) . - . .
%0_4 L M1/M3=1 J = <V(k)a Tr(Ll)(xa y)>+z Z d)d(zv J)Trgl)(xza yJ)ASZJa
o —— M1/M3=2 i=1 j=1
021 1 n=1,2--- (19)
0.0 : . .
20 40 60 80 100

where (z;, y,) refers to the position of the mesh notle ;)
and AS,; is the area surrounding the mesh noge j).
Fig. 7. Convergence study for the structure in Fig. 6. Equation (19) is a linear matrix equation aboalﬁ), B,(,?,
and,. To obtain unique solutions, we have to use the second
equation in (3c). However, the mode functions in the slice with

M3

4z bends are unknown, and we cannot take the inner product of
, ‘ both sides with these unknown mode functions. Therefore, we
3 v 1 "‘ will use the “point-matching technique” instead. The second
i 5 equation in (3c) is valid only on the discrete mesh nodes.
7 & RARE Replacing the differential along the-direction in the slice
o node (i) with the bends with difference, the second equation in (3c) for
: - the node(s, j) at the dielectric interface is expressed as
Fi . . . . . (/)1 - (/)2 _ 3 (V.. ) _
ig. 8. Side view of the multiconductor bends in Fig. 2(d). €9 I = €1 By ¢ (a:z, Yjs B = Zl) (20)

] ) . ) . . where¢; and ¢, are the potential values at node 1 and 2,

C. Multiconductor Bends in Multilayered Dielectric Media  ghown in dashed-line circle of Fig. 8, ahdis the discretizing

The multiconductor bends are shown in Fig. 2(d). Unfortistep along the:-direction. Combining (19) and (20), we can
nately, for the slice with the conductors, the linear functioobtain a matrix equation abouts, BS, and $,,, &,.
W@ (z, y, Vf”) in (4) does not exist. Therefore, we have t&imilarly, for the interfacez = Z,, we can obtain a matrix
use numerical methods to discretize the Laplace equation &juation aboutAﬁ,?;), B,(,f’), and ¢,, ¢;,. Solving these two
in this slice. The side view of the bends with the FD mesfmatrix equations simultaneously, we can obtain the potential
nodes is shown in Fig. 8. The discretized equation (2) can ipeeach slice, and the capacitance matrix can also be readily

written as retrieved.
_ The multiconductor bends to be analyzed here is modeled
by as: 1) the number of bends is three; 2) the bends are supported
519 | =V (17) by a layer of dielectric substrate above the bottom ground

plane; 3) the thickness and relative dielectric constant of the
dielectric layer are 22m and 3.9, respectively, and the bends
_ _ are separated from the top ground plane by a dielectric layer
where vectorp, and ¢, consists of the potential values at thevhose thickness and relative dielectric constant azen2and
nodes on the top and bottom interfaces of the slice with bends45s; 4) the thickness and width of the conductors are 1 and
¢;, consists of the potential values at the nodes between the .m, respectively; 5) the distance between the conductor is
top and bottom interfaces, arld refers to the voltage at the 1.5 um; and 6) the distance between the magnetic walls along

b

nodes on the surfaces of the bends. the z- and y-directions are 27:m. Computed results are
The general solutions in the pure dielectric slice are shown

in (6), where the mode functions are still (10). The field- 1.140  —0.303  —0.00616 3

matching process for the bends is different from the standardC1 = | —0.303 1.870  —0.441 | x 10~°pF. (21)

mode-matching technique. On the interface at Z; (shown —0.00616  —0.441 2.500
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The computing time is 212 s with the SUN SPARC 28lice is treated separately. Taking the DRT as an algorithm
workstation and memory requirement is 5.8 Mb. The numb&amework, we can develop many hybrid algorithms.

of mode functions in the dielectric layers is 26 25. We
have used the software Ansoft MAXWELL SPICELINK to
calculate the same structure, and the computed results are [y

1.140  —0.304 —0.00223
[C]=| —0.304 1.990 —0.461 | x 1073pF. (22) ©@
—0.00223 —0461  2.580
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