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A LinearTime ComplexValued Eigenvalue
Solver for FulWave Analysis of Larg&cale
On-Chip Interconnect Structures

Jongwon Lee, Venkataramanan Balakmnih,Senior Member, IEEEChengKok Koh, Senior

Member, IEEEand Dan J

Abgractd This paper proposes a lineatime complexvalued
eigenvalue solver for solving largescale onchip interconnect
problems. The fast eigenvalue solution is achieved by eigenvalue
clustering, fast system reduction with negligible computational
cost, ard fast linear-time solution of the reduced system.

Numerical and experimental results are presented to demonstrate .

the accuracy and efficiency of the proposed method.

Index Term® Eigenvalue solver, orchip interconnects, fulk
wave analysis, frequency dmain, finite element methods.

I. INTRODUCTION

WITH continued breakthrough in processing technolog
interconnectdesign has become one of the biggest
challenges irthe designot odaydés and n
integrated circuitsOver the pasfew decadesthe modeling of
on-chip interconnect has experienced a series of transition
from lumped capacitance (C), lumped resistance and

capacitance (RC), distributed RC, to distributed resistanc

inductance, and capacitance (RLC) models. As the clo
frequencyof microprocessors entered the glugartz egime,
full-wave models have become increasingly ingutt since it
is necessary to analyze the chip response to héemtivat are
up to 5 times the clock dquency.In particular, fulwave
based analysis can beused to characterize global
electromagnetic coupling through the commobssate and
power delivery network

However, orchip interconnect structures present many

modeling challenges to electromagnetic analysis [1]. The
challenges include large prebh size, large number of non
uniform dielectric stacks with strong nomiformity, large
number of norideal conductors, the presence of silico
substrate, highkgskewed aspect ratios, etc. In recent year
both partial differential equation (PDE) basemlutons and

integral equation (IE) based solutions have been developecho

address these challengesl|?].
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Among these techniques, the frequedoynain eigavalue
based method in [16] is particularly geared towardsviale
modeling of largescale orchip interconnect structure3he
original wave propagation problem involves a very large
number of unknownsN, in a 3D computational ainain.
Formulated as generalized eigenvalue problethe technique
in [16] partially addressed the owplexity issue bysesking the
solutiors of only a few 2D interconnect structureseach
involving only M (<<N) urknowns in either thex-y or y-z
plane ¥ is the stack growth direction) These solutions are
then postprocessed to obtain the stibn of the original 3D
problem through an orchip modematching technique. The
procedure is rigorouandentails no apprxmation. Take the
testchip interconnecin [22] for example,M is 6678 whileN
0.1 million In another example [22M is 222k whileN is
3§6 neillion. enerati.on

While thé complexiEy iS greatly reduced with the
construction of M-parameter modslin [16], the problem of

sﬁnding the solution of the associated modeling problem

g)(M) complexity remains open. The computational leogtk
IS the solution of a generalized eiyalue prdolem. Efficiert
algorithms such as ARPACK [18till require O(M?) sbrage
and operations due to dense mat@ctor multipliations. The
main contribution of this paper is afgorithm that provides a
solution to the generalized eigenvalue peoiblwith O(M)
complexity, thus péng the way for the fullvave simulation
of large scalé/LSI circuits. TheO(M) complexityis achieved
by the development of a directatrix solver of linear
complexity in the process @éfrnoldi iteration.

In Section II, wegive a brief overview of the freqoey-
main eigenvaluebased method for fulvave modéng of

a6

onchip interconnects. In Section 1, we present the proposed

lineartime eigenvalue solver. In Section IVumerical and
experimental results are given tonatenstrate the accacy and
efficiency of the proposed solver. Section V relates to our
nclusion.

IIl. REVIEWOFTHE FREQUENCY-DOMAIN

EIGENVALUE-BASEDMETHOD

J. Lee, V. Balakrishnan, C. K. Koh, and D. Jiao are with the School of Recognizing that although &D onchip interconnect
Electrical aad Computer Engineering, Purdue University, 465 Northwestergircture mayconsist of a very Iarge number afrcuit
Avenue, West Lafayette, IN 47907, USA (phone: -488-5240; fax: 765 . .
4943371: email: djiao@purdue.edu elements,_ the number of ques that can be propagateq in this

structure is orders of magtide smaller, drequencydomain
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eigewvaluebased methowvas developed in [16pr full-wave absence of the lines in that layer, whereas value 1 deaotes
modeling of largescale threalimensional on-chip presence. If the M5, M3, and Mines are alignedilong z-
interconnect stictures. This method involves a number of direction the tothnumber of structure seeds is onlyi2., the
important steps as tined below. number of unique-y cross sections is only. ®ne efers to the
presence of all of the M5, M3, and Mines. The other
denotes their l@ence.The structure seeds are repeated in
different lengths along thiengitudinal direction, constructing
the entire structure. The aforementioned scheme of
segmentation and identification of structure seedsally
applies to interconects with viasln general, the number of
seeds is orders of maitude smaller than th@umber of
segments.

A. Segmentation of the interconnect structure

A 3D interconnect structurss sliced into segments. Each
segment has a constant cross section. The segioant
direction, i.e., thdongitudinal direction, is absen from thex-,
y-, and z-directions to minimize the number ohknowns in
the transverse cross section. This is because thevérap
cross section is numerically solved while the loujital
direction is analytically preessed in thdrequencydomain
eigenvaluebasedmethod.

C. An Eigenvaluebased Solution

B. Identification of the Structure Seeds In light of the fact that the electrical properties of

. intercanects are intrinsic in nature irrespective of the
After the segmentation, a set of structure seeds are

idenified. A structure seed is a unique cross seciitake a excitation we castruct an eigenvaldbased method for the

. ) analysis of an interconnect @tture. Inside the interconnect
typical Manhattastype bus structure made six metal lgers o .
. . ) ; . structure, the electric fiel& satisfies the s®nd-order vector
as an exampie, its top view, end view (crossectional view),

and side vieware shown in Fig. 1Without loss of generality, wave equation

B 3(m' PE) k& | w/mEso ir (1)
subject to cejtain boundary cgnditions such as
B E Don ,GhE(C BD)30o0F,, )

In (1), m, e, ands denote the relative permeability, relative
permittivity, and conductivity respectivelyW is the
computational domain which is the cross section of a structure
seed including both dielectric and conducting regid@ass the
boundary wherghe Dirichlet boundary condition is applied,
G is the boundary where the Neumann boundary condition is
applied. A finite element analysis of the bedary value
problem defined in (1) and (2) results in thelldwing
generalized eigenvalue problem

A0 0 FB,B, o

[V 0
%) 0 LE, Yy kO ngthz Uq
in which the eigenvalie correspond to the propagation
constantsg, and the eigenvectors characterize the transverse
electric field e, and longitudinal electric fiele,. MatricesA

andB arecomplex-valued due to the penetration of fields into
onchip condators. The entries ok andB are given by

, ©)

~ o 1 - _
Att,ij = nW[nz—{ tD N3|} { to N?} : QNi NJ’ 1d ¢
) Ko 117
Fig. 1.A 3D interconnect structurga) Top view. Bui =) 1 N, d W
(b) End view. (c) Side viewFrom[16]) (d) 3D ! WFF :

(4)

view.

IV 1, .
Bui = aniNi oBd , B, V_V_,;;It P, d O,

assuming the bus is segmented alardjrection. This results
in a large number of gments in a largscale orchip 1 )
structure. However, the mber of uniquecross sectios is B,.i= ﬁw[ljl,?{ E?Xi} {O: ﬂ kg__r € j}de, W

only a few. For a typical bus stture shown in Fig. 1, the

number of strature seeds is only eighEach structure seed Wwhere & denotes the complex permittivity that accounts for
can be represented by three digits, fomaple, 101.The first, conductivity,N represents theedge basis function [J@ised to
secoml, and third digits correspond twthogonal layersvl5,  expand the transverse fieldis the node basis fation used to
M3, and M1 respdively. For each digit, value 0 denotes theexpand the longitudinal one, ard is the computional
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domain. MatricesA andB are sparse and of siZgM). The number of

eigenvalues that can make a difference in the finalisol is

. . . generally much less thaw, i.e., the number of nales that can

D. An OI’-}ChIp ModeMatchln.g 'Ijechrnque propagate in an eahip structure is gemally much less than

Once (3 is solved, the electric field in easegmencan be M. The number of propagation modefa single stripline for
obtained as example,is only 1 when the electric size of the structure is
_ g2 z small althoughthe crosssection size can be very large. The
E gl[amem(’“ ye hed x Y €. G cutoff frequencies of higherorder modes are so far away from

which is a superposition of all of the forward and backwart® cutoff frequency of the dominant mode that the higher
propagation modes that can be supported by the structureQ"#er modes are atteated quickly. When the size is increased
should be noted that ttefield in (5) has all three comgments  ©F the frequency isitreased, more modes can be propagated.
E. E,, andE,. The unknown coefficient§},and by, in (5) are But the number of propaon modes is _stlll much less than
detemined by imposinghe following continuity condition at M. As a resultthe compting need here is to find selected

each jurtion that separates region 1 from region 2 eigenpairs of the large sparsearix system shown ing),
Ky K, whereK is the number of sigridant modes.
A X (X Y) = 8 XSmd X% V), The Arnoldi iteration 18] is particularly suited for this
= m & (6) computing task. Consider a standard eigenvpioblem
fa K Gx=/x. (10
%hlm‘]lm'z(x’ y)_ma;/z”"]mz(x W A k-step Anoldi process generates an orthonormal basis

where K; and K, are the numberfomodes in region 1 and {vj}f 1of the Krylov subspace ,(v,G) spanned by
=

region 2, respectively, and . o _
v;, Gv,,3 ,G¥'v,, whee v, is an initial unit norm vector. The

= " Gm? o @?
Xm = &€ et (7) projected matrix os onto £, (v,,G) is represented by &3 k
— - OmZ z . . . .
Ny = ge** - e, 1 For2, upper Hessenberg matrid, , the Ritz pairs of which can be
and usedto approximate the eigenpairs®f The algoritim of the
J. = jweim N i or 2. (8) k-step Arr_loldi process shown as below
' Algorithm: Thek-step Arnoldi process
Testing (6) with appropriate functions results Kt K,) 1. V1=V1/||V1||

equations at the junction. @bining ths set of equations at

2.forji=1, Rdo ¢é,
each junction with the loading conditions, the unknown J d

> 21.w=Gv ;
coefficients U,and by, canbe determined, hencesolving the W=V, _ i
field anywhere inside the interconnect structure 22.fori=1, pdo €, (1)
h=vw
w=w -hy
I1l. PROPOSEDLINEAR-TIME EIGENVALUE SOLVER
, 231, =Wy o =Wy
Eqgn. (3) can be compactly writtes L ) A oy .
Ax = /Bx. 9) The complexity ofthis algorithmis O(Mk?) if G is sparse.
Im Im 1
Z-plane W-plane
-z
W=—-
l+z
0 |b a = "=
e —
a>b>1
(a) (b)

Fig. 2. A mapping of the eigenvalues framplane tow plane.



6840 Lee 4

However, in our problemG is dense ecause it is equal to Manhatan geometrydiscretization withrectangular elements
B'A and B! is dense, as can be seen from [3)erdore the isindeed nafral.

complexity of a straightforward implementation of the Arnoldi In Fig. 3, we plot a mesh to explain the unknown drdg
process is O(MK2+M? #M2K), where the O(M?®) schemg. There is an unknown associated W!th each edge,
. . which is denoted as an edge unknowrhefe is also an
complexity acounts for te generation ofG, and the unknown associated with each node, which is denoted as a
O(M?K) complexity accounts for the dense matriwvector node unknownWe discretize the computationabrdain into
multiplication operationsAs a resultthe cost of step 2.ln N, segments along and N, segments alonyg. We denote the

(11) can dominate the totalomputationalexpense.The key

contribution in this papessithe reduction of this computation N+t

to O(M). We will first reduce the systematnix from 2D to Y Y Y \ Y Y v

1D, then solve the reduced systeand ecover other g ' 3 v y

unknowns. Threeefficient algorithms will be developed to 3 P I

accomplish thesevo tasks withO(M) complexity. 'h# Y Y Y Y Y X
2 Y A 4 y Y Y Y

A. Eigenvalue Clustering 1 2 3 3 N, +1

If the conductors are perfect, i.e., fields do not penetrate into . .
conductors, the real part of the eigenvalues of (3) is bounded Fig. 3. Mesh and Ordering.
between the minimum and maximum relativerrpigtivity.  Y-direction edge unknowns &g x-direction edge unknowns as
Since the conductors are lossy in a reathip environment, €. andz-direction node unknowns & We then first ordee,
the real part is in fact bounded in a largegion, but still is of line 1 {-orientated)g, on line 1; and along we proceed to
bounded as shown in Fig. 2(a). Howe, the imaginary part € between line 1 and line Z, of line 2,e, on line 2, and so
can be widely scattered in complex plane due to the conducfsl- By doing so, we gerste a banded matrix formed by
loss induced attenuation that is dotated by complicage Submatrics in all segmentsThe sib-matrix in eachx-segment
coupling from surrounding wires. This hinders the fastthe region formed between two vertical linesan be
convergence of anArnoldi process. To overcome this represented as:
problem, we trasform (9) to

A'x=/"B'xX, (12) & € & G LSia
where :y Q, D, E,
A'=B -A,B' B At/ -7 (13) -
L/ DT | T F
By doing so, we cluster the eigenvalues that areiraily S I i i (15)
scattered in the shaded region shown in Fig. 2(a) toaided
region shown in Fig. 2(b). Moreover, by shiftinvert € i+q ET ET C.
operation we furthertransform {2) to Sz i) : : !
(A tB')'ls'x =1 X, (14) Each sukmatrix overlaps with its neighbors throughatrix
/-t Q andC. Although the overall matrix formed by suhatrices

in which ¢ is an initial guess of6 , whi ch i s dg the foffi M@ is b bahded matrixcomputation that
the propagation constants of typical -cip interconnect involves a banded matrbemains expensive when the size is
structures. Thus, the magnitude of the eigenvalues that arelafge. To overcomethis prdolem, we first eliminate althe
physical interest becomes the maximum ormed hence the edge unknowns between lines, i.e., ibontal &-orientated)
convergence of the Arnoldi process is furthereebited. edge unknownsEliminating these unknowns is equivalent to

the following blockmatrix qperation:
- S1NT = T
B. Reduction from 2D to 1lnes in Complexity Much Less A,=Q DT'D".B, E DIF, (16)
Than O(M) C:i,r :BiT;’ Dlr :(;I IT--TT-lli:T‘
In (9), both A and B are sparse matricesHowever,their The righthand of (14) needs to be updated also in the
sparse pattemnare not amenable for direct use in oureduction process as follows:

computtional techniqueAs established in {3 all the edge b, =h, -DT b,

unknowns are mered first and node unknowns are ordered ' — 17)
next. The reditant matrix(A6/B9 in (14)involves four block bs, =hs R TH,

submatrices each of which has its own sparsedtgan that It is apparent from (16that in order to eliminate all the

cannot be exploiteceadily. Therfore, we will transformA&  horizontalunknowns, ondasto fill in matricesQ, T, C, D, E,
tBO to a banded matrix by permuting the ordering of thandF for each segment. In addition, one has to watalDT"
underlying variables. Fther regularity of structure can be'D', DT'F, and F'T'F for each segment. Theequired
realized by discretizing the comptibnal domain into computtional cost can be very high when the number of
rectangular elements. Since typicatamip interconnects have segments is largdt turns out that such corgational cost is
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negligible because the matrices involved exhibit thefong  in{u} and{v} @ = 1). In addtion, matrixD is sparse. Hence

properties: ART 2
a) Matrix D is the same for all the segments. the cost oDT™D scalesaso( Ny) '
b) MatricesF andD are corelated:F = D' Performance Analysis: The time complexity and space

c) Matrix Q is equal to matrixC in each segment

complexity of theaforementioned schemare both O(NZ).
d) Matrix T is linearly proportional to the segment

Since the directioly is the stack growth directior\ dictates

length
e) Matrix T only needs to be formeand inverted for the discretization of the stack. This number is gelgmauch
each unique structure seed. less thanM. For example, the interconnect systems of 90nm

technology nodeinvolve only 89 metal layers. Hence,

Alth h th tri ti ienilar to th in[17 . .
ough these matrix properties aienilar to those in [17], gmpared to O(M), the cost of O(NZ)is negligible.

the underlying reasons for them are quite different since tff

matrices in [17] involved 3D structures. Furthermore,the cost does not grow with the problem size
As an immediate result of the aforemtiened factors, the within each generationas the stack is fixed for each

computational cost aéliminating all the horizontalnknowns geneation.

is reduced tothat of solving DTD" for each strature seed.

The dimension of matrix is N, +1. WhenT is large the

C. SolvingReduced Systemaitix in O(M) Complexity

The reduced system matrix forms a block tridiagonatim

space complexity. The otion of T"'D" costsO(Nj’)aIso, of order (2N,+1)(N, #), which can be denoted

factorization could cosO(Nj) in both time complexity and

which is expensive. Here we will reduce the complexitjz)ys:tri(xLN o Ya ) Here eaclX,,Y, i c NN, B

to 2). . + . .
o(N;) Thus Si CWMN D &% DD with N +1diagonalblocks

A careful examination ol reveals that it is a tridgonal f sjze 2N, +1 each. Since the righhand side of (14

matrix. As can be seen from Fig. 3, each horizontal ed%?1 hi ) ¢ i
unknown oty has crosstalk with its upper and lower neighbor§"'9es at each iteration step of an Amoldi process, we are
pecifically interested in its direct solutiorSimilar to

among all the horizontal unknowns. The inverse of ﬁ,d_ I , | h al lthat describ
tridiagonal matrix belongs to the class bferarchically [rdiagonal matrices, legant theoretical resulthat describe

semiseparable matriceSor a symmetric tridiagonal matrix of 1€ |n\:e_rsers;]3 of kt))llocllzttrlqc;agonall ma;tl_c)gstﬁmst F_otr a
ordern, there exist two sequees{u},{v},i=1, 23 nsuch symmetricnm® nirblock triciagonaf matrbs, there existwo

sequences of m3 mmaticedU },{V;}, such that for

that [20]
o , j2i,(S'1)_, UV, Thus
auv u\v, uv 3 yy ( i
R AVTAVTAVICRR TV - UNARVAARE- I VAVAR:
T =&V, uv, L3 uyy ¢ (18) S_lzgzuj uyv’ 3 UanTg (20)
x C
a4 4 4 6 4 4 4 6 4 g
¢ %/nj vul 3 uv'o

v, wv uy3
¢t T B ¥ While theoretically elgant, the comutation of parameters
Denoting T as tri(a,,.-b,,). the sequences {u.}and V,} is beset by numerical problems for even modest

{u}.{v}.i=1,23 ncan be generated iB(n) operations as sizedproblems. The root cause of such an instéilis that

below: {u}andV,} scale exponentially with increasing prem
b2, . size. Here,we will adopta variant of the ratitbased approach
d,=a, d =3 d+ , B rEL3 LD which is numerically stablg21]:
" U =RU.,, Vi, ¥S, i E23 N
_1 b . -1,
MEg M Mg 23 .0, a9 RNV R, X, ¥R, )Y 28 N (D)

-1 T -1
SNX = YNXXNX+1’ Si :Yi(xi 1 S| ll-Yi 1) i ,\E 1’3- ’1

2
c=a, ¢= f—,i 28 n,
i-1

As can be seen from (21), the computational cost of mbtgi
H 3

=ty ey i1 {u}andV}is O(N,N).

CaVn i Since {U,} and V., } constitute a compact represaiftn of

Although the inverse of a tridiagonalatrix is dense, withn®  the inverse of a block tridiagonal matrix, the matrix vector
entries it can be compactly represented by1 parameters multiplication can be performed in an efficient way. For

example,S b can be conducted in the following nmeer:
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U, (Vb +Vib, ¥ 3b, Wib, 3% k)

In (22), for clarity, only the upper triangular part is shown. Thean
underlined terms are those that can be incrementafiypm Fig. 5. As
computed from the previous step if one starts from the lagkpected, for
row. As a result, for each rowhdre is only one matrix e®r this
multiplication that needs to be calculated. The same is true f@wolving 2e
perfect
conductors, all

) ] ) the eigenvalas
Performance Analysis:With the aforementioed scheme, the 56 distributed

3 U,(V;b,+V3b, ¥ b, 3V R ) proposed :
lineartime
3 U,(Vib,+V]b, 8V ) (22) eigenvalue 3
solver extracted  zas
300 égenvalues = V 4
T I=]
3 3 Uy, Va,by, accurately as g

the lower triangular part. Thus, the cost for coting S''b is
O(N,N?).

apat from each other horizontallyhe frequency of ierest
wasl GHz.The

be seen s /

25

example

3 35 4
Eigenvalues from Matlab

those generated by Matlab.

Fig. 5. Eigenvalues simulated by the
proposed method in comparison witr

time complexity of step 2.1 in (11) i®(N, N2+ kN, N).

Although the
with{U,} andV;} , which are 2N, +1 matrices of sizé\?,

inverse of S is a dense

S'*can be stored ir0(N,N;) memory, while a traditional
technique would required( NZNZ) memory. In terms oM,

the compugtional complexity isO(MN? + kMN, ). As N, is

much less thaM and the number of dominant eigenvalues,
is small, O(MN? +kMN,) °Q M) . Similarly, the space

matrix,

between the minimum and maximum relative permittivity.
this simulation, the number of Arnoldi iterations vedlesen as
320. The value of was chosen as 3.5. The overall CPU time
of the poposed solver was shown to be 1.5 timesefagian
that of Mdlab, or more specifically ARPACK [18 a stateof-
the-art largescale sparse eigenvalue solver, for eighres
computation. For a fair comparison, we providedtl&da with
the same and required it to compute only 300 eigelues.

With the accuracy and efficiency of the proposed eigenvalue
solver validated, we simulated a tekip interconnect
example which was of 3@@n width [22]. It involved a 16mm
wide strip in M2 layer, one ground plane in M1 layer, and one

complexty is O( MN, ) O(M).

IV. NUMERICAL RESULTS

To evaluate the pernfmance of the proposed linetime
eigenvalue solverm number of orchip interconnect staures
were simulated, of whictwo wereobtained from the test chip
reported in [22] and two weatficially created.

First, an interconnect structure as shown in Fig.wéas
simulated. The dimensions of thegucturewere set accaliing

» h=0.27m e=4
» h=0.5"m e=3
» h=0.5"m e=4
h=0.6m e=2.5
) W =100mm "

Fig. 4. An interconnect example of 300 wires.

to typical on-chip geometrical dimensionskour dieletric
layers were involved. The thicknesses of the dielectric layers,
from batom to top, were respectively Ondn, 0.5mm, 0.5mm,

and 0.2mm. The relative permittivies were 2.4, 3, and 4
respectively. On the top of théirst, second, and third
dielectric layers, 100 interconnect wires were placed, and
hencein total 300 interconnect wiregere nvolved in this test
structure Each wirewas 0.4975mm wide and 0.4975 mm

1 T T T T

o
©
T

o
o

——Measured
O This Solver

o
'S

|S11] and [S12|

S12 and S12 Phase (Degrees)

Freq (GHz)

(b)
Fig. 6. Simulation of a testhip interconnect. (a)-S
parameter magnitude. (byf&rameter phase.
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ground plane in M3 layerThis strip was 5@m to the M2 substrateThe farends of the two center wires in M2 were left
returns at the left and right hand sides. The strip wasr@000 open. The $parameters at the neands of the two M2 wires
long. The reference ground is located at the bottonMaf were extracted by using the proposedeevaluesolver and
The Sparameters were extracted by the proposed Hitieser
eigenvalue solver athe nearend and the faend of the M2
center wireand compared with meareddata. As can be seen
clearly from Fig. 6, there is an extnt agreement.

We also compare the complex eigenvaludsaeted by the

H BEH B BN BB E

H B B I =

3500
3000 | —— Measured 5
O This Solver . o . .
2500 Fig. 9. A testchip interconnect(Crosssectional view).
2000 compared with the measured data. Very goodeageat can
S be observed as can be seen from Fig. 10. In Fig. 11, the total
© 1500 : ;
CPU time cost by the proposed eigenvalue solver at one
1000 frequency point is plot against that of a conventional Arroldi
based eigenvalue solver; the advantage of tbpgsed solver
500 is evident.
0 : . . : In the last example, we simulated a suite ofchip
0 10 20 30 40 50

interconnect structures containing from 3 wires to 192 wires.
The structures were discretized with up to 250Kknowns.
Fig. 12(a) shows thelecompositiontime, i.e., the time for
evaluating (A &B 6')in (14), of the proposed eigenvalue
proposed solver at different frequency peimith measured solver as a function of the number okanowns, and Fig. 12(b)
propagation costants, as shown in Fig. 7, which again revealshows the time copiexity of evaluating the denswatrix

an excellent ageenent. In Fig. 8, we plot the total CPU timemultiplication in step 2.1 of ()1 In both fgures, linear

of the proposed ieartime eigenvalue solver at one frequencycomplexity can be luserved.

Freq (GHz)

Fig. 7. Complex propagation constant simulated by
proposed method in comparison with mead data.

Total CPU Time
0.03

=@ Conventional —— Measured

. B O This Sol H
3,000 This Solver /I 0.025 is Solver

. 0.02
T 2,000
Q —
g 1,500 A N 0.015
» n
= 1,000 A
E 0.01
< 500 |
=
= 0 . . . 0.005
0 10,000 20,000 30,000
Number of Unknowns 00 5 1’0 1’5 2’0 2’5 30
. i A ) Freq (GHz)
Fig. 8. Total CPU time compé&onfor a testchip
interconnect structure. | : :
—— Measured ||

200

O This Solver

point in comparison with that of a convemté Arnoldi-based
eigenvalue solver. The proposed solver clearly outperforms a
conventional solver, and its linear complexity can bgeoved.

The third example is testchip interconnect structure as
shown in Fig. 9. The structure was 2@@0long, consisting of
11 inhomogeneousyars. It involves 12 parallel returns in M1
and M3 layers, respectively. These returns werenirO@ide
and Im apart. They were shorted to the ground at the near _opl
and the far end. Two wires were placed in thetereof M2.

100

o

-100

S12 Phase (Degrees)

5 10 15 20 25 30 35 40

One was of ILmm width, and the other was of 2r@# width. Freq (GH2)
The spacing between these two wires was®.0The distance _ _ _ o
to M2 returns at the left and right hand sides was i IThe Fig. 10. Simulation of a testhip interconnect.

reference ground is located at the bottom tioé silicon (a) IS12|. (b) S12 Phase (Degrees).
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Total CPU Time
90,000 + =& Conventional
80,000 1 | _g—This Solver )
70,000 - :
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Fig. 12. Simulation of a suite of echip interconnects
consisting of 3 wires to 192 wires. (&he CPU cost
for evaluating(A &tB 6%)(b) The CPU cost for evadting
(A &B 6 )Bx.

V. CONCLUSIONS

A lineartime complexvalued eigenvalue solver was devel
oped to solve largscale orchip interconnect problems.
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