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Abstract: Spectral domain analysis (SDA) is presented for solving complex

propagation constant of on-chip multi-layer interconnects. As SDA is a full

wave solution and is usually computational expensive, a novel bell-shaped

window function is introduced to speed up the integral equation (IE). This

novel bell-shaped window function has low-pass-filter feature in the spectral

domain. Also it has simple closed-form formula which favorites the computational

. . . / . .
complexity. Based on this window's special feature research, a new accelerating

algorithm is derived to speed up the SDA integration. Both the accuracy and

the speed of the proposed algorithm are proved to be very promising.

Key words: spectral domain analysis (SDA) ; transmission line or interconnect;

substrate loss; windows function; low-pass-filter window

0 Introduction

The design of high performance IC systems
requires accurate high frequency analysis of
interconnects. Frequency dependence analysis of
interconnect or transmission line, especially the
on-chip interconnect with substrate loss plays an
important role in the chip signal integrity. In the
silicon-based chip design, due to the loss
substrate’ s collecting and redistributing of the
digital switching noise, mixed signal chip design
faces serious challenge. Spectral domain analysis
or approach (SDA), which is a standard full-
wave method™, is proposed here to do the on-
chip interconnect analysis. However, the
traditional SDA is very time-consuming due to

the infinity integration of the system matrix’s

Received by: 2010-01-10; Revised by: 2011-12-05.

entries in the spectral domain (SD). To

overcome this difficulty, new numerical
technique is needed to speed up SDA. Window
function accelerated techniques are widely used
in the signal processing and other applications.
In fact, the concept of using window accelerated
technique to speed up the integration itself is not
a new one, but how to compose the appropriate
window function, how to derive the acceleration
algorithm is a very creative process in the SDA.
In Lits. [2,3], a 2-dimensional low-pass-filter
window (LPFW) is successfully used to speed
up the layered Green' s function calculation.
Here, this paper will introduce another new
1-dimensional LPFW and derive its spectral
closed-form formulation. Based on this new

window, a novel accelerating algorithm will be
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traditional SDA

integration calculation. The approach used here

derived to speed up the
is also useful for other applications, e. g. » how

to determine the earthquake destructive
capability for its first few arrived shocking waves

during the rupture.
1 SDA and its problems

1.1 SDA introduction

Fig. 1 shows the considering problem which
is a multi-layered interconnects’ cross section.
Interconnect width is noted as "W”, while its

thickness is noted as "t”.

Each dielectric layer is
defined as homogenous and is specified by &,y
6;.. For a real silicon on-chip interconnect, it
usually consists of a ground plane with a few
hundred micron-meters thick loss substrate layer
and then a very thin oxide layer which separates
the first metal layer and the loss substrate. Here
(EM)

propagates in the x direction and a factor e

assuming the electromagnetic wave

jut—ijk x
is suppressed in the later formula derivation.
Complex propagation constant (k,=f—ja) is the
solved object which represents the EM wave
speed and also its attenuation information. With
the Green's function’ s taking care of the
substrate, layered dielectric and ground plane's
effects, the integration equation can be
generated only on the metal interconnect strip
surface. The electric field on the metal strip

. ~ !
surface can be expressed in terms of Green s

function as

Substrate z
Ground plane ¥

Fig. 1  Cross section of the multi-layered interconnect

E:JG-Jdr’ (1

Where G is the multi-layer electric field Dyadic

Green' s function; J is the current distribution

on the metal strip, which can be expressed in

terms of the basis functions of J.;» J,, they are
N—1

J. = chj.‘[i

=0

(2)

M—1

jy: ZDJJw'

i=0

Metal strip with 7 thickness of t can be

considered as a complex resistive thin film with

the effective surface resistance Z,. On the strip
surface, the boundary condition is

nX E= nX(ZD (3)

Following the SDA

domain",

standard procedure in
spectral multiplying the each
current basic function J., J, at both sides of
Eq. (3);

corresponding support of the basic function of

doing the integration in the
Jus J,s and transferring the integration into
spectral domain, then system equation is arrived

as follows:
( \

Z, 7.,
7 2

D;)T is the current expansion
Z. 7.,
Z

(Ciw
{ Jzo (1)
D,

where C= (G,

coefficient in Eq. (2). Z= { ] is the

e < yy

system matrix and its sub-matrix Z. yy

(Z% .y and its entry is obtained as:

71 — j Gl (e ok Ty (h) T (BB, (5)

—co

Where p» g= x, y. Dyadic Green's function Gg
can be obtained in SD by potential Green' s
functions®*. For the diagonal terms in the
system matrix, matrix entry in Eq. (5) needs to

be updated to consider the metal loss,

Zi = 7 —fiZsf(,j(ky)fpi(k})dky (6
Complex propagation constant k,= K, =f—jais
obtained by solving

Iz]=o (7
Usually Eq. (7) can be solved with Newton-
Raphson iteration. Current distribution C =
(C; D)7 on the strip can be determined in a
least square sense from Eq. (4) after K, is
obtained.
1.2 SDA problems
SDA is a full wave solution in which almost

all the EM issues in interconnect are considered
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and therefore, it is a very accurate approach.
Also as the operation is done in the spectral
the

calculation in the spatial domain is avoided.

domain, complicate Green' s function
However, SDA faces a serious challenge. It is
calculate the

(5), (6).

This can be explained as follows. Usually, basis

extremely time-consuming to

infinity integration shown in Egs.

functions in Eq. (2) are given as:

1/W; y11<| y |< y?:
J.n-(y> - .

03 otherwise

) (8)
J,(y — Sin QG+ Dry/W)

ris yi=yitri, =+ L)/
2, =L —1)/2, Lb=0, IN=W/2, i=1;1, —
b 'dy, d,2=0.5W({1—bm/(1—bY), i=0,1,
«,N—1, j=0,1,, M— 1. W is the strip

width, 6>1 is the non-uniform discretization

where y;,= vy, —

factor. In spectral domain, ]m_n’ Jy can be
obtained as:
7 4 .
JaiCky) = Wk\,cos kyy;sin k,r; D)
Ty Cky :fj[m P+Q—J.(| P—QD]
(10)

Where J, is the zero order Bessel function, P=
0.5Wk,, Q=(j+1)=n. Egs. (9), (10) show
that J.» fw oscillate fastly and decay slowly.
Also Gm usually varies fastly and decays slowly
higher

number of layers. As J., JNyj and G‘m are all

especially at frequency with bigger
slowly decaying and fastly oscillating functions,
this leads to the longer integration interval with
densely sampling points in the integration of Eq.
(5) and Eq.

very expensive.

(6) which makes the calculation
That is the main issue SDA

faces.
2 Window function and its fast
algorithm
2.1 Motivation
To speed up Egs. (5), (6), one can
shorten the integral interval or reduce the

sampling points’ number. This paper is focusing
on how to shorten the integral interval. A new

: . 14 /s .
window function named "w" is designed to do so.

If "w” decays very fast, and if "w” multiples the
integral kernel in Eqs. (5), (6), then the new
integral kernel should decay fast because the "w”
decays fast. To reach this goal the "w” must
decay very fast in the spectral domain, and in
the mathematical point of view, "w” must have a
compact supporting and must be very smooth in
the spatial domain, so its spectral domain (SD)
component is a low-pass-filter window (LPFW)
and decays fast. LPFW indicates that the low
filtered the

integration while the high spectral components

spectral components are in
are phased out.

Applying theorem

F=g® f= J, 2k fCh)e v dE,
and keeping this in mind to change Eq. (5) as
the following:

Zi @ w:J Z5, (k. sky) (ke dk, (11)

If w decays very fast, then the integral interval
in the right side of Eq. (11) will be shortened
the left side of Eq.
(5),

convolution of Zi, with the window of "w”. To

dramatically. However,
(11) is not ZY as stated in Eq. but a
recover the value of Zi from the convolution,
Taylor series are used in the left side of Eq.
(11) to expand Zj at some fixed points as
follows:
zzq®w~J(zg,<y0>+7d(233;y“”<y—yo>) X
(12)
The second term in the integral of Eq. (12)

w(t— ydr

can be chosen symmetrically and is 0, so one can
finally obtain the following:

Zi, & wa~ M, Zj, (13
Combining Eq. (11) and Eq. (13) to get the
fast algorithm:

€
M,

2, = [ ZhCk k) Wk, ()

Where M, = Jw( o dz is called the first order

moment of "w”, which is the integrated area
under the curve of "w”.
2.2 Window function

How to construct the appropriate "w” is the

key point to make sure the fast algorithm' s
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success. According to the required properties of
"w”, design it as:
w(y) = {[1—(31/11)2]"'; | v |<.a (15)
03 otherwise
Where m is the order of "w”, a is the compact
support of "w”. Its SD component, w, can be
derived as:

sin d

cos d
~ Jéla( FERRT ); m=1
’w(ky) SN )
{%(322(1 sin d—%cos d); m= 2
(16)
where d = k,a and w's first moment is derived
as:
4a/3; m=1
M) = { 17
16a/15; m= 2

2.3 Fast algorithm

The fast algorithm Eq. (14) requires ZI,
but there is only ZY, in Eq. (5), so here Z! is
used as an example to show how to derive the
fast algorithm. In Eq. (5), after doing some

derivation one can get

Zijx = <(F}Erjfj’j;ri> - %2(71)h35; (18)

k=0
Where
gi = | Gr Levwar, = | ga(persat
v
(19)
and k=0,1,2,++,7.
Yij() = lj\l Jrl,; Yijl = lj\l +[/i}1
Yz’ﬂ:lﬂl_[m;Y,j:s:[ju_[, (20)
Yij4 = lj + Lis YiiS = l,‘ — Ly
YijG =1L — b Yiﬂ =L+

To speed up Eq. (19), applying Eq. (11) and
denoting y=Y;r» g(y) =g (Y;r)» one has

g(y) @ wly) = ZJ E‘i}’k(K,o s ky) ;U(ky) X

0

cos(k,y)dk, 2D
For the left side in Eq. (21), there is

g(y) Q) wly) = J‘:‘g(l‘)w(y— odx= g(y M,

(22)
Combining Eq. (21) with Eq. (22), the fast
algorithm for g(y) = gy (Y ) can be finally

derived as follows:

g(y) ~ LJ‘ T (Kao» by) (k) cos(kyy)dE,
M() 0

(23)

Similar to Z% , other entries in Eqgs. (5)-(6)
also can be accelerated by the window-based

algorithm.
3 Numerical experiments

Check window "w” itself first. Fig. 2 shows
the window function both in the spatial and
spectral domain. One can see that in the spatial
domain it is very smooth. The bigger the m in
Eq. (15) is, the smoother the window function
in the spatial domain is. In this sense, naming m
as the order of the window function, cases where
m>>1 are referred to the higher order window
functions. Also from Fig. 2 one can see that if
the order is high, the window' s spectral
component %(ky) in Eq. (16) will be more
complicated and decay faster. Decaying fast is
the preferred feature, but too complicated w(k,)
is not wanted because it will slow down the
calculating speed in Eq. (14). So in this study,
many m values are tried, but only m=1, 2, 3
are used in the final calculation. The distribution

of the window function in both domains in Fig. 2

shows that "w” is well constructed with a very
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(a) spatial domain

(b) spectral domain

Fig. 2

Window functions
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deep descent feature in the higher spectral
domain. The bigger the order m 1is, the
smoother "w” is and the faster w decays.

(23),

determines the fast algorithm's gain respective

Shown in Eq. W s decaying
to the traditional SDA. When focusing on the
speed gain by using window-based acceleration,
define the gain ratio as

X=L,/L, 24)
where L, and L, are the integration interval of k,
used in Eq. (19) and Eq. (23) respectively.
Tab. 1 shows the speedup behaviors when "w” is
used to accelerate the integrations. From Tab. 1
and other experiments, it is found that 10-100
times of speedup ratio can be achieved by using

. . . n 4 .
this window function of "w” with accuracy loss

within 1%.

Tab.1 Speedup comparison (Speedup Z7,: Case 2
in Fig. 3 is used here with f =1 GHz, K,
= 107.6—328.8, N=4, M=5, b=2.0
in Eq. (8. Widows' order m = 1, for
window wy, a = 0.3d,; for w,, a =
0.15d,, d, is defined in Eq. (8))

ky/106 Speedup ratio (AZiL./Zi.)/%

Eq. (23)
Eq. (19) —— wy wy w) wy

w) wy
720 2.117%102 9.6 11,0 23 20  0.080  0.083
7 2.088X10% 7.7 8.7 27 24 —0.070 —0.014
2 9.763%X10' 4.8 5.3 20 19 —0.030  0.032
7% 6.960x 10" 8.7 7.7 8 9 0,00l  0.057
7!l 2.011x10% 5.8 8.7 34 23  0.770  0.640
7%1.933%102 4.8 11,0 40 18 —0.330 —0.280
7% 1.257x107 3.8 6.7 33 19 0.190 —0.071
72 2.059X107 4.8 8.7 43 24 0.860  0.740
7% 1.943X10° 9.6 11,0 20 18 —0.960 —0.940

T

The study of complex propagation constant
K, is also shown here after the new fast SDA
algorithm is developed. For K, is the most
important parameter of a transmission line or an
on-chip interconnect. The fast algorithm is first
validated by comparing it to the closed-formulas
Then, for the

multilayer cases, the new fast SDA algorithm

of microstrip special case.

results are compared to the results obtained by
IE3D!,

resultst™.

also compared to the measurement
All the comparison shows the new

fast algorithm works very well.  After

validation, the on-chip interconnect studying
with the new fast SDA algorithm focuses on
Fig. 3

different cases’ K, studying. Case 1 has no

CMOS interconnect lines. shows 5

substrate loss, dielectric and oxide layer
thicknesses are Hy = 47 pm, H, = 1. 5 pm
respectively. Interconnect is made of aluminum
with cross section as 13 pm X 2 pum; Compared
to Case 1, the only change in Case 2 is that it
has substrate loss, substrate conductivity ¢=10
S/m; Case 3 is the same as Case 1, but the
interconnect width W is cut by half in which W
=6.5 pm; Case 4 is the same as Case 3 but with
substrate loss; case 5 is the same as Case 4, but
the oxide layer thickness is doubled as H, =3
pm. Fig. 3 sheds very interesting lights on the
loss substrate’ s impacting on the signal
propagation: Substrate loss is much bigger than
the metal loss itself in this case, but if the
interconnect is far away from substrate, the
substrate loss will be reduced dramatically. On

the other hand, substrate loss also has impact on

180 P Case 1
1601 :Sase %
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(b) image part
Fig. 3 Propagation constant K, comparison of

CMOS on-chip interconnect
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the signal phase velocity, heavier substrate loss
forms slower wave propagation on interconnect

confirms the expectations.
4 Conclusion

A novel low-pass-filter window function

(LPFW) is constructed to shorten the infinity

integral interval in the traditional SDA
calculation of on-chip interconnect or MMIC
transmission line. ~ Without sacrificing the

accuracy. the speedup ratio can be up to 100
times in most numerical experiment cases. The
proposed window-based acceleration method in
the integration can be widely used due to its
general outline in principle. Finally, from the
engineering point of view, as w (k,) closed-
formulation is explicitly known, so when
applying Eq. (23) to the numerical integration,
user can control the integration accuracy by

adjusting the window's compact support easily

and therefore it is good for robust coding
development.
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