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Abstract— Lossy silicon substrate has significant effects on the capture the inductance loss due to the formation of eddy cur-
already complicated interconnect modeling issue. To accoti for ~ rents. Although several works have been proposed to resolve
the substrate loss, traditional electromagnetic methodsra often  this issue by constructing three dimensional linear sabestr
computationally prohibitive for large scale VLSI geometries. Models [7]-{9], most of these approaches employ a numerical
In this paper, we present EPEEC (Eidy-current-aware Partial finite differenp_e based method by spatiglly discretizing_rgda
Equivalent Element Circuit) which extends the traditional PEEC volume of silicon bulk and hence will lead to equivalent

model to consider substrate eddy current loss based on conmgt CIrCUItS_ prohibitive in size. -
. . o . o In this paper, we propose an accurate and efficient method
image theory and skin and proximity effects by discretizaton of

) ) to extend the PEEC model to consider the substrate eddy
conductors. To deal with even larger scale of |nter.cor_1ne(?13m.a current loss based on the complex image theory [10], which
enhance EPEEC model to use reluctance by equipping it With a5 heen recently used in RFIC regime to accurately capture
an advanced windowing algorithm to further reduce the model |ine impedances of microstrips [11]-[13] on lossy silicabs
size and runtime. Detail comparisons with state-of-the-artools strates. Comp|ex image theory generates interconnectisode
such as FastHenry and Momentum demonstrate that EPEEC is based on the configuration of substrate structure instead of

within 1% accuracy while providing over 100X speedup. discretizing the substrate and hence can result in very aotp
models for interconnects.
|. INTRODUCTION To deal with millions of interconnects and their images, we

enhance the extended PEEC model to use reluctance element
Due to the proliferation of mixed analog-digital system anglith an extended window searching reluctance extraction
radio frequency integrated circuit (RFIC), the developmegigorithm. Finally, since this new model, EPEEC, includes
of efficient interconnect models for such a system is magutual resistances and reluctances, in order to be apfgicab
difficult because of the lossy nature of the silicon substrato general circuit simulators, SPICE compatible models for
In particular, the creation of eddy currents in the condcti mytual resistance and reluctance are also provided. Detail
silicon substrate can lead to significant interconnectdtetice comparisons with state-of-the-art tools such as FastHandy

loss. An interconnect system analysis without considetti®y Momentum demonstrate that EPEEC is within 1% accuracy
lossy substrate effect will result in an over-designed weitw hile providing over 100X speedup.

and waste chip resources.
With the increasing clock frequency and integration densit Il. SUBSTRATE EDDY CURRENT
intentional and unintentional inductance effects gralguade. Eddy current in the substrate is caused by time varying

PEEC method [1] has been widely adopted to extract lingagnetic fields. If a time varying magnetic flux densiby

parameters for on-chip interconnetcs. However, since PEECi qyced in the substrate by currents in interconnects, an
model assumes current return paths at infinity, extremelyactric fieldE is produced:

dense partial inductance matrices are usually generatezhwh

dramatically increases both model size and simulatioriment v xE = _0By (1)

For this reason, various inductance sparsification techesiq ot

have been introduced to alleviate this problem [2]-[4]. Ihhe electric fieldE can be expressed in terms of the vector

particular, the reluctance-based method [5] [6] has been pmagnetic potentiaA by:

posed. Since reluctance has higher degree of locality aimil A

to capacitance, only a small number of neighbors need to be E = -5 (2)

considered, and hence reluctance matrix for circuit sitiaria

is very sparse compared to partial inductance matrix.
Moreover, the traditional PEEC approach does not ta

the substrate loss effect into consideration and henceotann J = oE 3)

This electric field in turn establishes a current flowing
l:é\gcording to the Ohm'’s law:



Substituting Eq. (3) into Eq. (2) leads to: components of the magnetic flux density will be:

A A
J = 7088_75 (4) B;, = aa—yt = / [T'e" — T"e "] keos(kx)dk
Since these induced currents will produce another magnetch 78At _ / [T/eky T T//efky]ksin(k:c)dk (11)
field according to Ampere’s Law: ox
UxB = uJ (5) The first part of Eq. (11) containing the exponential factor

_ _ e*¥ corresponds to the field caused by the filament, while the
By using the fact that the vectors, J, andB are solenoidal, second part containing the facter*” corresponds to the field
we gety-A =0, v-J =0, v-B = 0. Applying the vector produced by the eddy currents.

identityy x (v x F) = v(v - F) — v?F, we obtain: From basic EM theory, the magnetic flux density caused by
F2A = —ud ©6) a current filament is given by: o
Substitute Eq. (4) into Eq. (6), we can obtain that: By(r,y) = % g (12)
VA — o= 0A  _ (7) where in this case = [2?+ (y —h)?]'/2. And we can express
ot its z andy components in converging Fourier integrals:
Eq. (7) is the diffusion equation for the magnetic vector il y—h il
otential in a medium subject to a time varying magnetic fiel@3,, = -2~ 7 "~ _ L/ —kly=hleos (k) dk
p | ying mag ¥ o E =R 2r e cos(kx)
Ill. COMPLEX IMAGE THEORY wil T wil

. _ = == [ e M sin(ka)dk (13)
For frequencies up to a few Giga Hertz, the wavelength 21 22 + (y — h) 2m
of the magnetic fields far exceeds a typical die’s dimension.Comparing Egs. (13) with the first parts of the right hand
Thus we can make magneto-quasi-static approximations. Thides of Egs. (11), it follows that:
implies that no charge accumulation on the surface of the
substrate and interconnects, and hence currents will flow T'(k) =
parallel to the horizontal plane.

y

il ek
2k

Substituting Eq. (14) into Egs. (9) and noticing that for
y — 400, the field must vanishA,(x,y) can be written as:

(14)

-

il e—kly—h|

. Ay(x,y) = D

In order to determine other coefficierit¥’, S’, S, and B
in Egs. (9), we need to apply the boundary conditions at the
medium interfaces:

Boundary aty = 0

+T"e ™) cos(kx)dk  (15)

Substrate o, 4,

e ~ —fe— =

Fig. 1. Line Current Parallel to Substrate

Thus only the z-component of the vector potential exists and®
the problem becomes two dimensional. Since regions above 1 1

and below the substrate have zero conductivity, from Eq. (7) Biy = By and %Bm - EBS” (16)

we can obtain magnetic vector potential diffusion equation

different regions.

1
V2A(z,y) =0 Above Substrate By = By and —Bg, = %Bbx (17)

s
2 — .. 28 (@y) ithi e}
VQAS(x’y) HsGs™ a1 Within Substrate  (8) We interest in the solution of the region above substrate.
V2Ap(z,y) =0 Below Substrate

After applying those boundary conditions, we have four un-
By applying the method of separation variables and noticikgrowns and four boundary conditions, thus we can obtain that
the symmetry of the fields with respect to theaxis, it can

» Boundary aty = —¢

be shown that general solutions of Egs. (8) are: t(z,y) =
/’LlI efk‘yfhl kdefk(y‘kh‘kd)

fo [T'(k)e*v + T" (k)e=*]cos(kx)dk — [ (—— — Q(k)e*"————)cos(kx)dk (18)

fo [ e‘“’ + 8" (k)e~%|cos(kx)dk  (9) 2m K K

=/, B kycos(k:c)dk where:
Where C, = Mﬂ‘gl]z&qt

Hoq — Hs
p =\ jwpsos q=(k*+p*)'/? (10) o) = Hoa(CL=1) —pek(Cr+ 1) (19)

In the region0 < y < h, sinceB = v x A and only p0q(Cr = 1) + psk(Cr +1)
the z component of the vector potentials exists, thend y According to complex image theory, the first term in Eq.



(18) is due to the physical line current located;at h. While  with n conductors is given by:
the second term can be attributed to an image line current
located aty = —(h + d), if Q(k)e*® can be approximated L(heys) = Lyreespace = Limage (22)
by one. Expanding)(k)e* into Taylor series ak = 0 and L ;,...pac. is the inductance matrix of physical conductors in
ignoring high order terms, we obtain that this requirement free spaceL;.¢. is the mutual inductance matrix between
satisfied if physical and image conductors. The calculationIof, ..
pstanh(pt) depends on the effective complex distancey, thusL(h.y )
2/17 (20)  will be frequency and process parameters dependent.

wherep is given by Eq. (10). Thus the eddy current effect To optain line parameters,.the complex inductance matrix
in the lossy substrate can be replaced by an image currERf! P€ interpreted as follows:

d =

located at the complex distaneé+ h below the substrate L(w) = Real[L(hesy)] (23)
surface. Alternatively, an image ground plane can be placed
atd/2 + h below the physical current filament. and

R(w) = —wImag[L(hefy)] + Rpc (24)

IV. EXTENDED PEEC MODEL
For interconnects within metal layérwhich has a distance yvhereL(w) and R(.w) are the f_requency. depen_dent .partlal
i inductance and resistance matrix respectivBly is a diag-
dyr; above the substrate, the lossy silicon substrate effect can . : . . )
. . . onal matrix including DC resistances of the physical filatsen
be approximated by placing a complex image plane bel

. . . : ¥can be seen thaR(w) contains off diagonal terms which
metal layeri at an effective complex distance; ;.. If we

denote the thickness of oxide and silicon bulkhas andhg; represent mutual resistances.
respectively, by using Eq. (20), the effective complexatise

of metal layeri is given by: V. SPICE MPATIBLE RELUCTANCE-BASED MODEL

pstanh(phs;) (21)
Lop In the previous section, we present how to obtain par-

Since for every metal layer of the on-chip conductor systefig! inductance matrixZ.(w) and resistance matri(w) by
only the first termdys; in Eq. (21) is different, a common USiNg complex image theory. Howevelr(w) and _R(Cf’) are
complex image plane is shared by all metal layers. Based ®ffremely dense due to the globe effect of partial induaanc
the method of image, the common complex image plane cgAUPling. Therefore, a more practical modeling approach is
be substituted by image conductors which are at a distarfi@Fessary to obtain circuit model of manageable size.
2h’iff below the physical conductors in metal layer i. Reluctance based methods have been extensively used re-
Besides the lossy substrate effect, as the frequency g6€8tly because reluctance has better locality than indoeta
high, the current in a physical conductor is no longer evenhhe partial reluctance matrix K is defined as the inverse ef th
distributed, which leads to significant changes in resesanPartial inductance matrixC. In stead of directly calculating
and inductance values. In order to obtain wide band accura@grtial inductance matrix and inverting it to obtain pdrtia
those effects, namely skin effect and proximity effectpalg’eluctance matrix, most existing reluctance extractioolsto
need to be modeled. For capturing both skin and proximiffe based on window selection algorithms, such as [15].
effects, conductors have to be discretized into filamentasso Those window algorithms can be easily extended to included
to account for the non-uniform distribution of current viith image conductors: apply one of these algorithms to select
conductors [14]. physical conductors in a small window; if a physical segment
The extended PEEC model, which is shown in Fig. 2, i§ selected, its image will also be included.
obtained by the application of complex image theory and theOur frequency dependent reluctance-based interconnect
discretization of both the physical and image conductais inmodel, EPEEC, is based on the combination of the extended
filaments. PEEC and the above window selection algorithm. For each
conductor, we calculate the smdlw) and R(w) for con-
ductors within a small window after proper discretization
according to conductor skin depth. Then the sniglb) for
this conductor group is inverted to obtain the smAl(w)
matrix. The final circuit model is assembled by using those
small K (w) and R(w) matrices.

: Since EPEEC includes mutual resistances and reluctances,
image Conductors - in order to avoid significant modifications on general simula

héff = dpi + hox +

Effective
Complex
Distance

_ tion tools, we need to consider their SPICE compatible mxdel
Fig. 2. Extended PEEC model which can be obtained from their branch equations respec-

The complex inductance matrix for the conductor systetively. The branch equation of self and mutual resistanses i



given by The waveforms of extended PEEC at different frequencies
are shown in Fig. 4.(a) compared to PEEC. Also the responses
in Fig. 4.(b) demonstrate that EPEEC has much smaller model
size while maintaining less than 3% error compared to the

inductance-based enhanced PEEC model.

Vi=> Rylj=Ruli+ Y Ryl (25)
j=1 j=lj#
where R;; is self resistance anf;; is the mutual resistance
betweenk;; and R;;. Eq. (25) can be rewritten as
R;;
= (Rily)
j=lj#i 77

If we view R;;I; as the voltage drop across the self
resistanceR;;, V; is then equal to the sum of the voltage drop .
on a self resistanc®;; and serially connected voltage control
voltage sources (VCVS). These VCVSs are controlled by
voltages on other self resistances which originally havéualu
resistances wittRR;;. Therefore, Eq. (26) can be used to con-
struct SPICE compatible model for mutual resistances, kwhic

n

Vi= Ryl + (26)
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Fig. 4. The Enhanced PEEC vs. EPEEC

VIl. CONCLUSION

is shown in Figure 3.(a), Wheﬂé‘f‘cvs = Z;‘L:Lj# Q_ZVJ’J" A new reluctance-based interconnect model EPEEC con-
n n n n sidering the loss substrate effect is presented in this rpape
R UK. It's obtained by combining an enhanced PEEC model with
R:s = . K k" an extended window-based reluctance extraction algorithm
Vievs Vievs Extensive simulation results demonstrate that EPEEC has
n n n n extremely high accuracy and significantly small model size.

] ] J ]

(@) (b)

Fi% 3. SPICE Compatible Madel for (a) mutual resistanceréijctance [1]
PICE compatible model for reluctance can be derived by

similar method. It includes a self inductanték;; and serial [2]
n K;;

VCVSs, whereVifoy g = = 3200 2 2 Vis: 3]

VI. EXPERIMENTAL RESULTS

Extensive experimental results are reported to show the df
ficiency and accuracy of our new interconnect model EPEE

To validate the new modeling approaches and to illustrate

the accuracy, we first compare the inductance values comhputi]

by the enhanced PEEC model with FastHenry [14] and a more,

rigorous full wave EM analysis tool, HP-Momentum. Under
TABLE 1
INDUCTANCE VALUE COMPARISION

(8]

Frequency
(GHz)

HP
Momentum

FastHenry

EPEEC

Value (pH)

Error
(%)

Time (s)

Value (pH)

Error
(%)

Time (s)

5

81.1102

87.5368

7.923

558.1

81.1167

0.008

<1

10

76.8060

85.8109

11.72

569.2

76.4245

0.496

<1

15

74.0398

84.7232

14.42

588.3

73.5964

0.599

<1

El

[10]
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