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Enhanced Skin Effect for Partial-Element
Equivalent-Circuit (PEEC) Models

Karen M. Coperich, Albert E. RuehliFellow, IEEE and Andreas CangellariBellow, IEEE

Abstract—In this paper, a skin-effect modeling approach is
presented that is suitable for all frequency regimes of interest and
therefore is most appropriate for transient interconnect analysis.
Yet, the new formulation lends itself to a model that can be
abstracted for use in conjunction with surface integral and finite
difference-based electromagnetic tools for interconnect modeling.
While a volume filament technique is not computationally feasible
at high frequencies, where a fine discretization is necessary, the
formulation that is presented avoids this difficulty by carefully
casting the behavior of a conductor into the form of a global sur-
face impedance, thus requiring fewer unknowns. Several examples
illustrating the ability of the proposed model to accurately capture
proximity and skin-effect behaviors will be shown. Interconnect
resistance and inductance per-unit-length results are given and
compared with those obtained using different models.

Index Terms—nterconnects, transmission lines.
Fig. 1. Single conductive bar.

I. INTRODUCTION . L .
a large number of discretizations is necessary to capture the

HE COMPLEXITY and the speed of electronic packageskin-effect behavior at high frequencies.
require the use of accurate electromagnetic modeling forTo motivate our approach, we consider the example geometry
effective high-speed interconnect design. Clock rates of seveshbwn in Fig. 1 with a three-dimensional bar above a finite-size
hundred megahertz and rise times on the order of 100 ps at ¢heund plane. In such a problem, several sources of skin effect
printed circuit board level are common today. The high end afe involved. The skin effect along the thickness of the plane
the spectra of some of the associated time waveforms may axd the barZ}, andZ;, will occur at the highest frequencies.
tend into the gigahertz range. This makes the use of accuratéf the skin depths at the maximum spectral frequency is
skin-effect models necessary. Availability of complete skin-eémaller than the discretization[as is the case for the current
fect models is especially important for accurate loss and distribution in the conductor cross section of Fig. 2(a)], then a
persion calculations in transient simulations where the currantlume filament model may be too computationally costly for
is uniformly distributed over the cross section during the flakin-effect modeling. For cases such as this, a surface-based
portions of the signal, while a surface-like current distributiomethod for skin-effect modeling is more cost effective than
exists during signal switching. As a result, several skin-effeat volume-based method. However, the traditional surface
models are in use today for different applications. Some of tivapedance representatiodf, = (1 + j/sé), is effectively a
early research work on skin-effect modeling was by the alocal planar approximation. Currents at lower frequencies that
thors of [1] and [2]. A much-explored area is a frequency d@ermeate the conductor, like that shown in Fig. 2(b), are not
main skin-effect model for transmission line modeling of inaccurately modeled by this surface impedance. Itis also evident
terconnects. Recent advances in this area, presented in [3] finch Fig. 2 that such a local surface impedance model is not
[4], include surface formulation models based on Green’s firstiitable for the accurate modeling of the effects of corners.
identity. Here, we are concentrating on improving techniquesTo address these modeling limitations, this paper pursues an
for the partial-element equivalent-circuit (PEEC) models [5] fasipproach that captures the frequency- and spatial-dependent be-
both the frequency and the time domains. Also, model order teavior of the current distribution inside the conductors through
duction (MOR) techniques have been employed in [6] for irthe replacement of the high-frequency accurate local surface
ductance-resistandd.p, R)PEEC volume filament models in impedance model with a broadband global surface impedance
order to make the method more computationally attractive wh@®SI) model. Sections Il and 1l present the development of the
global surface impedance model and its validation. Once the
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Fig. 2. (a) Volume mesh: Inaccurately models the high frequency current distribution. (b) Local surface impedance model on a surface me &y imacaisat
the low frequency current distribution.
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Fig. 3. (a) Original PEEC mesh of a perfect electric conductor involving only surface unknowns. (b) Improved PEEC mesh of a lossy conductor.

inductance per-unit-length are computed using the new modglantities in the cross section that must be solved for, as shown
and how they compare with results from other methods. Sen-Fig. 3(a).
tion VI will state the future directions of this work already un- In the improved PEEC model, the cross-section of the lossy
derway. conductor is separated into a finite-difference (internal) model,
with unknowns at each of thet” locations, while the surface
Il. THE PROPOSEDMODEL cells constitute the external model, at each of wierfodes, as

For simplicity, consider the bar conductor shown in Fig. t?tg\llvir:wltr;rl:r:gl- igag.el;o;:g}foimgr'|cé§i\|7rllg_,i_tr}$;e)z ds‘fr?af:\;l;:jznzs

Assuming that the current is flowing in the longitudinal direc—A two-dimensional (2-D) central difference approximation of
tion, the electric fieldE has only thez-componentt’ = ZE.. bp

The equation governing the fields inside the conductor is ttt1r(]ae .Laplacul':\n opferator apphe'd at. internal boundary (geIk”) h
Helmholtz equation IS given be_ ow a tgr SubStIt.U.'[IOH in (1). For a corner cell, the
operator will contain an additionalE. /9n term while analysis
O?E.(z,y) O°E.(z,y) of an exclusively internal cell (such as céJl & + 1) in Fig. 3)
+

922 I spoE.(z,y) =0 (1)  will only contain values of adjacent neighbafs

A1, (k1) &1

wheres = jw is the complex frequency andands are the con- |:E"j+l, LT 2B  HE }
ductor’s permeability and conductivity, respectively. The goal of h?

improving lossy conductor models for the PEEC technique will 1 (E., ., —E.,, OF,
be achieved by deriving a global surface impedance that pre- + ha hus ~ on 5 —spok, , =0.
serves the physics of the interior of tlessyconductor while )

treating the unknown quantities of interest in the same manner
as is done for the case ofperfectelectric conductor. Namely, The interior unknowns are the valuesBf at the N nodes,
surface quantities are the only unknowns; there are no filameny, , , which are contained in th& x 1 vector E. The surface
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unknowns are the quantiti€®£/dn)|,, on each cellim = 20 um

1,..., M. TheM x 1 vectorU contains thesd/ surface cell = { h"jj‘E Ti o

derivatives. We can write the resultant systenmoequations, 9 : o v

each similar to (2), in a state variable form Sl e T O ail's —Nl‘:fs—’
(G+ sCYE = BU 3 @ ®)

whereG is an N x N sparse matrix resulting from the dis-Fig- 4. (a) A semi-infinite bulk conductor. (b) A conductive bar with finite
crete approximation ok’2, while the entries of the diagonal Width and thickness
matrix C, alsoN x N, are(—ou). The input selector matrix

B_filled with ones and zeros and of dimensiaNsx M. in- such as bends, where the surface current density has more than

troduces the surface cell quantities, such(@& /on)|s, that one components. Such cases will be considered in forthcoming

are adjacent to internal cells lying on the conductor bounda??_f_’re]rs]; lowi f matri i indicates th
(such as cel{y, k) in Fig. 3) as forcing terms for the system(s), e following sequence of matrix equations Indicates the way

Since our goal is to avoid the computational expense of a v<t)rll—e eigendecomposition analysis of the T“amx G can _be
umetric method, we do not want to actually find the eIectriESed to cast the elementsfin a computationally convenient,

field or current density at each of the interior nodes. Instea‘fﬁl?sed'fcrm’ and frequency dependent expression

a transfer function betweeq the discrete valueg oft the sur- Z— _ SNLT [C (CilG n sI)] -1 B
face boundary and an equivalent surface current density (to be 1
. . . . T —1 —1
described later) is desired. These surface valuds.addre iso- Z=—sul" (CT'G+sl) "C™'B. (7)

lated from the vectoE by an output selector matrik”, filled
with ones and zeros and of dimensiavisx N, which chooses
the interior boundary cells adjacent to thé surface cells to
render

Introducing the eigendecompositia®, G = TAT !, where
A is the diagonal matrix containing the eigenvalue<6f-G
we have

Z = —sul” (TAT™* +sTTY) " C'B
Z = —spul"T(A+sI)'T7'C™'B.
For example, the field at interior celf, k), E-, , , is approxi- Let: Q = — uITT and R=T"'C'B ®)
mately equal tav. |z at surface celB.
On the surface of the conductor, the tangential magnetic field
H, isrelated t@E. /dn through Maxwell's equatiory x F, =

Esurface = LTE == LT (G —+ SC)_l Bl] (4)

-1
—jwB,, which leads to Z=sQ(A+sl) "R 9)
.
] Qi B
aaE‘ = —suH,. (5) Z;,(s) =s Z S—i——AJ (10)
n el nn

Recognizing thatd; has the units of a surface current den- The pole/residue representation of the elementsZois

sity, we can replacéf, by an equivalent surface current densityeadily apparent from the expression in (10), a useful form
J =n x Hit = J .2 thus,(OF. /On) = —sp.J.. The vector for including the GSI model into time-domain simulators.
U in (4) can now be replaced by a vector of surface currehts, Thus, over a cross section of a given interconnect, the surface
Thus, an impedance matrix relationship is established betwegipedance matri¥ represents the interior regions of a PEEC
the electric field at thel/ surface cells and the equivalent surmodel in a straightforward and efficient manner, where the
face currents on these cells equivalent surface currents can be directly incorporated into a

Fstace & —spLT @+ sC)’l BJ—7J. ©6) PEEC modeling scheme.

z [ll. GLOBAL SURFACE IMPEDANCE (GSI) RESULTS

Matrices L, G, C, and B are frequency-independent and For a conducting half-space, as shown in Fig. 4(a), the sur-
need only be computeshceafter the mesh discretization¥,1 face impedance is well known to &, = ((1 + j)/s6). On
and N2, are chosen based on the maximum frequency of ithe other hand, the corners of a bar with finite dimensions, such
terest. The matrix surface impedance relationship (6) coupks in Fig. 4(b), alter this behavior. However, for high enough
together the tangential electric and magnetic fields along a givieaquencies, and if the number of thickness divisions, N2, is
cross section of the conducting bar. If the cross section of thieosen large enough, the center surface cell indicated in Fig. 4,
bar is changing along the axis of the bar, a GSI must be ddeng the width of the bar, will exhibit approximately the sur-
veloped for each different cross section. Clearly, the approf&ce impedance behavior of an infinitely wide conducting plane.
mation is made here that the electromagnetic field penetratibhus, as an initial test of the GSI model Fig. 5 was generated in
inside the lossy conductor is dominated by the cross-sectiooadler to verify the accuracy of the model in this limiting case.
geometry of the conductor, and thus a cross-sectional GSI moltehddition to model validation, the results displayed in Fig. 5
suffices. While such an approximation is expected to be a gosldow that the finite difference cell thickness is sufficiently small
one for long interconnect structures, it needs to be re-evaluagtbugh to model the skin effectif< (1/2)éy, .. . With this dis-
for short interconnect segments or interconnect discontinuitie®tization guideline in mind, we proceed next to the numerical
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demonstration of the frequency dependent GSI representation x10”°
of a cross-sectional geometry.

The sample geometry used for the remainder of this section 3 11\1';3_’5“0"5‘@
is a 20um x 5 um copper conductor withVvli = 20 and N2;11 0000
N2 = 5, as shown in Fig. 6. The “coupling” between sur- 21 N2=21 xoxx

face elements, or the lack thereof, is most noticeably visible
in the 2-D magnitude plots ofZ;;| in Figs. 6 and 7. For a
fixed frequency, each of these plots displays the magnitude of
the M2 possible mutual and self-surface cell impedance values.
The bright (white) spots along the diagonal, on all three plots,
indicate large self-impedances and interactions at the corner
cells: 20-21, 25-26, and 45-46. For the high-frequency case
(Fig. 7), the self-impedance term is the largest, as expected (no-
tice the brightdiagonalcells). However, the low-frequency be-
havior displayed in Fig. 6 is noticeably different. The self-terms
are not dominant; the thru-coupling is just as prominent bey 5. validation of the proposed model versus analytical expression for the
tween cells on opposite sides of the conductor including adfaface resistance of a semi-infinite conducting space.

cent corners. Notice theff-diagonalbrightness between cells

a) [¢: 6-15 andj: 31-40] and b){: 17—29 andj: 17-29]. The
plot of the mid-frequency surface impedances in Fig. 7 illu
trates the less-than obvious transition between uniform volu

Resistance (kOhm per unit length anq width)

Frequency (GHz)

actualvalue of the current throughout a conductor’s cross-sec-

?fon, the entire domain of interest and system of conductors and
L ) "WRlectrics, such as the one in Fig. 9, must be incorporated into
current distribution and surface-like currents. the solution. This section describes a technique that incorporates

. It |s.|mportant to remember that for the generation of the%ﬁe GSI models into an electric field integral equation (EFIE)
intensity plots, the same mesh and therefore the same Sys}quulation of the exterior problem

eigenvalues are used_, only the variable= " jw = :727rf Once again, for the purposes of this paper, it is assumed that
changes. The results illustrate that a global surface |mpedar}(1:e. : .

. . the interconnect structure of interest involves a set of parallel
was formulated in such a way as to capture #patial and

I onductors which poses a constant cross-sectional geometry.
frequencyariations of a lossy conductor as well as separate the

co ; . : urthermore, the interconnect length is much longer than the
interior conductor from its surroundings. The computational g g

! : ) cross-sectional dimensions. Consequently, a quasi-TEM trans-
benefits of a surface formulation have been previously stated. A 9 Y. a4

closer look at the advantages of an interior—exteriorformulaticgrr]llssmn line model is appropriate. The EFIE that will be de-

is now in order. The fact that a wire cross section can be chgﬁprd will be used to extract the per-unit-length inductance

acterized, for a range of frequencies, with matrid&, G, C, an:nrs;istance matrices of the interconnect as functions of fre-
and B, independent of the surroundmg geometry, Ignds ItséJI]UThe longitudinal electric field just outside each of the surface
to the development of component libraries. For a given techundariesE* can be written as
nology, a set of conductor descriptions would be available, for surface?
all frequencies less thaf)..x, independent of their location in a
PCB or interconnect structure. This library feature is illustrated
in Fig. 8 for a system of conductors embedded in a multilayer Es‘tuface
board. Additionally, this GSI representation is one that is
amenable to inclusion within both surface integral and finit8ince none of the examples in this paper is influenced by an
difference-based methods. This abstraction of the conducimpressed field Fincident s set equal to zero; this term is in-
behavior from its surroundings and method of computatiasiuded in (11) for the sake of completeness. The fields just
is extremely advantageous for modularity and portability @futside the surface boundary are determined flgffeior =
the model to other circuit, interconnect, and electromagneticjw A, —d¢/dz, whereA = A2 andg are the magnetic vector
simulation tools. In the section that follows, the GSI that hasd electric scalar potential, respectively. Just inside the surface
just been developed will be used in conjunction with a formoundary of each conductdt,_ .. .. is related to the tangential
lation of the exterior problem in order to determine circuit-likenagnetic field through the previously developed GSI ma#ix,
quantities for interconnect structures. for the specific conductor.
Let Esurface aNd Eexierior denote vectors that contain the
values of the electric field&__ ., .. and ESxterier respectively,
IV. | MPLEMENTATION OE GSI IN THE ELECTRIC FIELD at each of the cells on each of theconductors. LefM{; be the
INTEGRAL EQUATION (EFIE) number of surface cells on thiéh conductor; then, the length
of each one of the vectorBrface AN Eoxterior 1S No =
The global surface impedance that was developed in the pE{‘zl M;. The continuity condition of the tangential electric
vious sections is a relative quantity: it is the ratio between tiield, £, . = E* . atall points on each conductor sur-
electric field at the equivalent surface boundary and the equfece requires thablsyrface = Fexterior- SiNCe the interior re-
alent surface current that induces it. In order to determine tg®n of each conductor is described by a different GSI matrix,

— ngterior + E‘i:/ncident' (11)
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Fig. 6. (a) Example geometry and (ij| at Low Frequency: 79.1 MHz.
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Fig. 7. |Zij| as a function of frequency.

Reusable GSI Z, a block diagonal impedance matriZ,, is defined that con-
| Library Elements | tains each of the global surface impedances previously derived
for each of the conductors

’% Z(k:l) 0
Zs = . (12)
Z(k=K)

Fig. 8. GSl library elements (one GSI per layer). 0
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Fig. 9. Cross-sectional view of a system of lossy conductors.

In the following, an integral equation for the tangential eledntegral equation. The relevant mathematical development is
tric field exterior to the conductor cross sections is derived. Letmmarized in the following:

J. denote the equivalent surface electric current on the con- a) Esurtace = Feoxterior

ductor cross sections. The vector potentiais expressed in Miese
terms of these surface currents as follows: b) J*=1) = ,]](’“:K) -1
K -
D=L [ IOGHD @ iElp - A ang J
k=1 - k Myzx
(13) JRAK) _ Z JOHE) _ g (16)

Using the surface cells from paftas pulse basis functions, z Y J o
J. on conductor: can be approximated a&*) = > g =t
where each constadﬁk) has finite support only over the width a)Zsd = —jwA, — ¢/
of surface cellj on conductof. This simplifies (13) to Zsd = Znpoid — 04/ 0%

i Aﬁ": J(k) " / H® X Ly 01'><J\41 e 01 p1x

k=1j=1 cell j on ) = - = =

conductor k L O1xan o Oixug -1 iy
(wviElp—pj)) 4. (14) v
Using the method of moments with point testing at the center 0
of every surface cell on every conductor yields the following J=|: a7
system of equations: 1
—jwA = Znomd (15) _ J

whereA contains the vector potential response at each test point Ocar 1)
“i.” The interactions between celfg, j) found in Zy,\ are [ZMoM — Z 4] :
approxmated in the same fashion as in Harrington [7]. _}’_/ ToMgex1)

To complete the development of the matrix equation that 14 0 _9¢
describes the tangential electric field on the exterior of the _ 97 |jrc
discretized surfaces of the conductor cross sections, the term O(nvex1)
9¢/9z must be included. For the 2-D problem of interest it
is well known thatd¢/dz is constant for each conductor [3].

If 9¢/0% is arbitrarily specified for each conductor, it serves - 0 ) (18)

as a potential difference per-unit-length, i.e., a voltage source, :
which drives the problem. Alternatively, one may choose to 1
constrain the net current that flows through each conductor|n (18), there are(Ne + K) unknowns. The extra

This essentially implies the use of a current source, in whigdt equations are provided by constraint b) in (16).
cased¢/dz is an additional unknown to be determined. Fory) ... j(K-1) JE 0 — Ourrc |07

reasons that will be discussed later, the latter approach is usggls completes the djevelopm(;rg]two% the system of equations
- k=K M, k=h

More specn‘lcally,JZ(’ Y= Yl g = 1for one needed for the calculation of the equivalent surface currents

conductor, and/*7#7) = Zj\fkf”( .](k;”‘) 0 for all other on the surfaces of the cross sections of the conductors. If the

conductors. Imposing the contmuny of the tangential electrgpecific field distributions within a conductor are desired, they
and magnetic fields at the conductor surface leads to the desicad be found using the original internal models from Section |l
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Fig. 10. Demonstration of the skin-effect behavior of a lossy (isolate

V. RESULTS

Proximity and
Skin-Effect Behaviors It is important to realize that since both the interior and
[ exterior of the conductor are rigorously modeled and the proper
fl ] boundary conditions are enforced, both local (internal) and
. global (external) electrical effects are modeled accurately. In
Fig. 10, a single GSI matrix is used to determine the current

[ ' distributions for both a single and coupled two-line geometry.
Column one illustrates how the current density exhibits a sur-
face like distribution when the skin-effect behavior is dominant.

'''''' If the sameGSI model for each cross section is then used in the
two-conductor case of column two, the preferential crowding

Skin-Effect Behavior

: e 8f the current on the side next to the other conductor caused by
conductor and lossy conductors in close proximity.

Resistance (mohm/m)

Fig. 11.

Fig. 12.

the proximity effect (a global phenomenon) is clearly visible
along with the skin-effect behavior.
2 . Transmission line-type quantities such as resistance and in-
| ductance per unit length are easily computed from field and cur-
- rent quantities as follows:
r 4.62 mm /

16

: 2
—> / 2P // dslJ-|

Bl 4:62mm / R= T

12l (copper) / / dsJ.

N
| AT
08 [ L _ 4W'rn _ RE {/ ds ij } (19)
107 10° 10° Tt o 2
// dsJ,

Frequency (GHz)

Resistance of isolated square wire. The results that follow can be compared with the results pre-
sented in Tsuk and Kong [3]. Their work is benchmarked along
with results that exclusively use either surface or volume based

Do ahazRe techniques. All of the results in this section were generated by

s selecting/V1 and N2 to meet the discretization condition that

—H— ] was validated in Section Ik < (1/2)é, . Depending on the

i resources available, a memory storage limit will be reached as

| ] fmax Of @ frequency response is increased. However, nonuni-

form gridding or formulation in terms of entire domain basis
functions can be used to address this problem. When comparing
our results to results from the literature, it is important to em-
phasize the primary attribute of the GSI model. The fact that the

GSI representation avoids the development of a system of cou-

pled integral equations allows for repeated use of a conductor

(cross section) without introducing new models for each occur-

g

R/Rde

T ST

Thickness (T)
<>

Width (W) 1

0 1 2 3 4 5 6 7 8
P (normalized frequency)

Normalized resistance versus normalized frequéney,/2uo f A,

for various conductor aspect ratios. rence (see Fig. 8). Thus, the number of surface cells needed

and the equivalent surface currents found.Jin The entire
procedure is summarized below.

1)

I

1)

V)

for the development of a GSI becomes a secondary issue. In
fact, if full domain basis functions are used, especially those
that mimic the singular behavior of the surface current-density
at conductor edges, a GSI can be generated in a very efficient
For each conductor cross section, compute the GSI nfashion, independent of the discretization size chosen for the ex-
trix in the form of (10), if it does not already exist interior problem.

the library of conductor cross sections. Our first example is the isolated copper conductor of Fig. 11.
Incorporate the multiconductor GSI representationhe conductivity throughout its square cross section is=

Zs, in the electromagnetic solver of choice for the.72E7 (£2-m)~*. Using 20 divisions per side, our results shown

exterior problem. in Fig. 11 are nearly identical to the results in [3] (not shown).
Solve for the equivalent surface currents on the croS® illustrate the accuracy of our GSI model, independent of a
sections of the coupled conductors. conductor’s aspect ratio, the thickness of the conductor used in

Compute resistance and inductance per-unit-lenglig. 11 was varied in order to simulate the conductor aspect ra-
(p.u.l.) as described in the following section. One catios presented in Fig. 12. Although it was not necessary to do so,
also determine the interior electric field = ZJ. the ratio, N1/N2, between the number of divisions along the
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VI. CONCLUSIONS AND FUTURE WORK

In summary, a GSI was developed which accurately and effi-
ciently models the quasistatic electromagnetic behavior of a 2-D
lossy conductor. Since the interior of the conductor cross section
is discretized and incorporated into the formulation of the GSI
model, it eliminates the need for a high-frequency volume fila-
ment approach. The modification was shown to accurately cap-

Fig. 13. Cross-sectional geometries of a two-conductor system where onéltl}fe the spat|al and frequency dependent behaviors associated

the conductors is used as the return path.

1000

- CASE 1
CASE 2

R mohm/m

L

10° 10°%

Frequency (GHz)

0.0001

Fig. 14. Per-unit-length resistance of the two-conductor lines of Fig. 13.

700

——CASE 1

eo L cAse2] |

ce.

500 -

400 |- .

Inductance (nH/m)

200

10° 10°

Frequency (GHz)

0.0001

Fig. 15. Per-unit-length inductance of the two-conductor lines of Fig. 13.

conductor’s width and thickness (respectively) were scaled to

equal each specifigh )idth/(T")hickness ratio. While the con-
ductivity was held constant at= 5.72E7 (22-m)~!, each curve
was normalized to th&dc value for each specifiéV /T ratio.

with boththe skin and proximity effects. More significantly, the
GSI matrix Z is compatible with both integral equation-based
and finite method-based modeling of interconnect structures for
the purposes of global signal integrity and interference analysis.
This is possible due to the abstraction of the GSI model from
its physical and computational settings. The GSI representa-
tion is also conducive to building a library of conductor element
models where the GSI serves as a rigorous surface impedance
description of the conductor interior. The pole-residue form of
the elements of the GSI matrix is directly compatible with the re-
cursive convolution schemes commonly used for the purpose of
a computationally efficient description of frequency-dependent
effects. The cost of using the GSI model in transient simulations
is directly related to the number of poles used in the pole-zero
representation. This cost can be controlled by utilizing model
order-reduction techniques [9].
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