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A PEEC with a New Capacitance Model for Circuit
Simulation of Interconnects and
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Abstract—n this paper, a modified partial-element equiv- of models of interconnect and packaging structures to perform
alent-circuit (PEEC) model, ie., L, A4, R, e5)PEEC, is a larger scale analysis. Since the interconnect and packaging
el Jehlrt afcl bt 2 521 o stuctures n modem highvspeed IC systems normally are
circuit, gre given to model a three-din?ensionalgstructure. Unlike f:omplex thrge-dmensmnal (3-D) strut':tures,. e>.(gept the long
the original (L,, P, R, <;)PEEC model, the definition of vector iNterconnection lines between the discontinuities, and the
potential A with integral form and the Lorentz gaugeare used in €lectric and magnetic characters exist simultaneously for these
expanding the basic integral equation instead of the definition of structures, the traditional quasi-static-based lumped-circuit
the scalar potential with integral form. This can directly leadto  simulating models, which contain only the single capacitance
the state equations, and the capacitance extraction can be replacedOr single inductance, are no longer reasonable [2]. In this case,

by the calculation of the divergence ofA, which is analytical. For full-wave models such as the finite-difference time-domain
analysis of most interconnect and packaging problems, generally

containing complex dielectric structures, the new model can save (FDTD) method [3]-[5] and transmission-line matrix (TLM)
a large part of computing time. The validity of the new model is method [6] can be used to model these structures. However, for

verified by the analysis in time and frequency domain with several |arge-scale IC systems that contain many components, it will
examples of typical interconnect and packaging structures, and pq yery time consuming to accurately model all of them by the
the results with this new method agree well with those of other - . L

papers. full-wave metths. As another choice, an equivalent circuit or
o _ a network, consider the self and mutual effects are set up at

Lolrr;?]f; ;Jg;?gtégra;fgecggﬂgﬁc')r;]tserconned and packaging,  first, then fit the parameter of every element from the results

' ’ ' of the full-wave analysis [3], [4] or measurements [7] In both

of the above ways, extracting the network parameters to fit the

|. INTRODUCTION equivalent circuit is still time consuming. As a compromise

. . . . .of the quasi-static and full-wave model, the partial-element

HE operating frequency of high-speed integrated cwcw?é ivalent-circuit (PEEC) [8]-[10] model can be a good

(IC) has increased very fastin the past several years, & oice for many interconnect and packaging problems. It can
is approaching gigahertz range. Meanwhile, the system scals Y P gng p '

and integration density in modern IC’s are also growing quick se much less computing time to give good accuracy due to

with the appearance of some new packaging technologies s éHactmg the parameter using quasi-static model, meanwhile

as the multichip module (MCM). As a result, in the design of gonsidering bqth the electric and .magnetig interactior)s. .lt
high-performance IC system, problems caused by interconn'gcf"lsf c_?_nvenlelznttrf]or;éEEEg to (?el msetr.'igd '?rtlo pttr1er cwcwtt
and packaging structures such as dispersion, crosstalk, %de S. 10 apply the ~ Model, partition n€ Interconnec
packaging effects need to be properly solved. Therefore SR packaging structures into inductive and capacitive cells,

ulation of the electromagnetic performance of these structu % N [9] at first, then c.alcullatéd s a}nd C's of the?e pa”"'?"
is required [1]-[8]. To model the interconnect and packagir ements from the quasi-static solution of Maxwell's equations.

structures, typically the geometric structure is subdivided in ter_tha_lt, connect these ele_me_nts tog_ether to form a equivalent
|1]r8wt, finally analyze the circuit consisting of these elements

subsections that can be modeled by quasi-electrostatic % a general circuit simulation tool. e SPICE. to get the
quasi-magnetostatic analysis tools, which ignore the coupli genet 00l, €.9., , 10 get.
e-domain or frequency-domain solutions. In the original

between the electric and magnetic fields, then extract tH L
equivalent capacitance and inductance of these subsectipbny P’. R, e)PEEC model, the scglar potential is expanded
e integral form, thus th€ matrix needs to be extracted.

o generate an equivalent circuit that can be dealt with byrli%owever the calculation @f’s in complex dielectric structures
circuit simulator. Thus, the electrical analysis of the geometr] ’ P

structures can be done in the same way of circuit simulatidﬁ.stf:gu“’ and it is also time consuming for a complicated

These equivalent circuits can also be inserted into other kin%h%nthis paper, a modified, IR JPEEC modelis intro
’ s Ly Ll O f -

duced. Starting from the integral expansion of vector potential
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the divergence of the vector potentj@l/vith an analytical form,  For all the inductive cells, (3) can be rewritten as

and in this calculation, many data 6fs can be reused. In the d

new model, a set of state equations instead of an equivalent cir- [L] — [I] = [T[¢] + [R][1] (5)

cuit are used to describe the geometric structure, which is suit-

able for the large-scale system reduction through the Padé #pwhich L;; = L,,;; are the entries of part|al inductance matrix

prox|ma’[|0n via Lanczos (PVL) process. of all the inductive Ce”S[I] [Il, IQ, s ]T is the vector
In Section Il, the L,, A R, e;)PEEC model will be of inductive branch currents, whilg] is the vector of node

described in detail. In Section IlI, four circuits of differentootentials[T’] reflects the connective relationship between the

kinds are analyzed as examples by the new model to shb@des and current$R] = diag(R.;) gives the re5|stance Of

that the (,, A, R, ¢)PEEC model agrees well with theevery branch. Left-multiplying both sides of (3) bl]~",

(Lp, P, R, e;)PEEC model and it is accurate and efficient ifan get

analyzing the interconnect and packaging structures. d ) )
o 1= [Tl + (L] (R (6)
II. THEORY .
If we analyze the system through state equations, (6) are those
The PEEC model is based on the equation for the unknowns of inductive branch currents. However, for the
9 . . state equations for the node potentials, we do not use the integral
~% A(7, t) — V(7 t) = E(7, t) (1) form of the scalar potential and the conservation of the charge

equation like in the original PEEC model. We know that in (2),

where A is the vector magnetic potentials apdis the scalar (4), and the Lorentz gauge

electric potentials. Using the definition of

V-A= — UEQE S 8_<p

5t (1)

Oy G B @ whi T - - :
ar J, |7 =7 v!h|ch concerd andfp, if and only |f two of the f[hrge are given,

A andg can be uniguely determined. This indicates that the
and discretize (1) through the Galerkin approach, féf aon- state equations @f’s can be obtained from the Lorentz gauge.
ductor system, it leads to the following equation: In order to get these state equations, we start from Lorentz gauge

(2) and (7). Atfirst, an integral form solution &f - A should be

d found. In the following derivation, the dielectric is equivalent to
Ryilyi + Z Z Lpi, ymk at [Iwk(tnk)} =%+ ~ %=  some currents in the free-space environment, that is to say the
k=1 n=1 source of the electromagnetic field is the total current instead of
®)  the conductor current [11]. If we add and subteagd £ /dt) in
the Maxwell equation fof Vx H = JC +¢(e,.—1) OE /9t +
€0 BE/at, we will have the formula of the total current

K Ny

wherey = z, y, z, N is the total number of cells in the
direction on conductok, +(¢), and—(¢) are the index of the

nodes or capacitive cells connected to inductive cdlhe way L. OF

of cell partitioning is shown in [9, Figs. 1 and 2]. Equation (3) J = J + (oe, — €0) Ty (8)
shows the volt-ampere relationship along an inductive cell. In

the (L,, P, R, e;)PEEC modely is next expanded by where.J€ is the conductor current, and the remainder of the

equations is the equivalent polarization current due to the di-

1 (™) d 4) electric. From the Maxwell's equations agd Lorentz gauge in
dme f, 7= free space, we can get the wave equatiod afs follows:
then from (3), the discrete approximation of the electric-field 97 A _ 2 OF
integral equation with/ andq as unknowns can be obtained as VA= peo G = —nd7 — pleosr —c0) o (9)
follows [9]: Taking the divergence of two sides of (9), it leads to
K N, -
9%(V - A)
2
K My ) 6 =-V- (ufc) V- u(eoe, — 50) OF (10)
= Z Z ank(trnk |:ppmk — PPk :| at
k=1 m=1

Similar to (2), the solution oV - A can then be written in an

wherepp’'s are so-called potential coefficients. Following thdntegral form as

above equation, and with the discrete version of the conservation I v.J
of charge equation, an equivalent circuit implementing the rela- V-A=
tionship in (3) can be resulted. Utilizing circuit simulators such

as SPICE on that circuit can then do the time- or frequency-dgguation (11) should be expanded as in the approach of solving
main analysis. integral equations. This will mak¥ - A a linear function of

. (11)

dr o |7 =7
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According to (2),2 at a point of field domain can be approxi-
mately written as a linear combination bf with coefficients
that can be analytically calculated. Combined with (M),ff
associate to the divergence of polarization current can finally be
converted into a linear combination 6%.

To the conductor currents] - A associates to which part of
the sources can be calculated in the following way. Integrate
VA= >, (0A,/9v) over the cell that shifted half the size
from the inductive cell and with a node as its center (assuming
Fig. 1. Grid scheme for the discretization'ef- A. the whole cell has the same potential, and for convenience, we

also call these shift size cells the “capacitive” cells), on every
V - J. In order to get the state equation fgis, i.e., a proper direction we have
expression o - A, V- Jis required to be a linear function of

- S iy dA
I's. From the Maxwell’'s equatioV x H = ¢ (9E/dt) + JC, / / a—,yw dyda, = (Ayy — Ay )ay (15)
and using the vector identify x V x A = V(V - A) — V24, _ _
we have wherea,, is the cross sectiomd,,, A._ are the value ofi,, at

. . two ends of the capacitive cell, or the two centers of the adja-
aE 1 7 j _ f (12) cent forward and backward inductive cells, and they can be the
ot e ' average value on this two cells as follows:

Note thatV - (9 E/t) = (9p/dt) = :Vfc, wethenfinally 7 ) — Z g / / L duy, dv2/12wa2 (16)
Er Juy Ju,
k 2 ke

have the following expression &f - ./, which is a function of 4 ax |7 =7
A:
. Noticing the expansion of thepartial inductance [12]
> = oL Ly = (p/dmaraz) [ [ ((Iy - 12)/|F — 7]) dvidvs, and
L T_v.JC e oL p21 H 192) J,, Ju 142 10V2
VT =V T4V - (eco) ot that the vector potentiafl has the same direction as the current,
=v. . 2v2ipv. Loy, 2y(v. 4). (13) Wwehave
pe e pe _

Ay =" IiLpo/love,. 17)

The right-hand side of (13) can be divided into two parts: the
divergence of conductor curreft - J¢, and the rest, the di- S . . .
vergence of polarization current. Correspondingly,4 is also For the simplicity of expression, all the mductwe cell§ are as-

divided into two parts associate to the two parts of sources, flmed to have the same size, then the final expression can be

spectively, and they will be calculated in different ways. The papptained as follows:

k

of V- A that originated by the polarization current can be calcu- ZL Ty . Z L, I

lated directly from (11). In order to do that, all the differential in g I o 15 e - e

(13) should be replaced by finite difference. Due to the identityy, — " heo V-A=-— Z e 12 ’
v

V x V x A =V(V-A)— V24, we can see that the divergence
of polarization curren¥ - (eo/jie) VZA—V - (eo/ue) V(V - A) (18)

is zero in the uniform dielectric area. Thus, the integral in (13)/e can see that in (18) when calculating the divergencd,of
only needed to be evaluated on the interface of two differegiost of the results af,,.;; can be reused to save the computing
media and the volume integral can be converted into a surfagfie. We now have the complete expression of the divergence
integral. As a two-dimensional (2-D) case example, followings the vector potential on every node. For all the nodes, the ex-
the grid scheme shown in Fig. 1, [V - (eo/ne) VPA =V - pression 0B /dt can be written as

—.

(eo/pe) V(V - A)] dv' /|7 — | can be discretized as

d
= [l = [M]] (19)
/ F(A) ds' /|7 7| (14a) dt
s which can be used as the state equations for the unknowns of
s node potentials. Combining (19) with (6), the state equations

and the value off(A) is shown in (14b), at the bottom of this
page, wherel = (1/e,1) — (1/e;2), subscripts denote the
number of nodes and components of vector potential. The inte- d |¢]| 0 M %
gral area is along the interface of two different dielectric media. dt {I} o {L_IT L_IR} { } )

for all the unknowns are obtained as follows:

(20)

—.

1 1 1 1 1 1 1 1
f(A)=¢o KAQy—i—KAsy—KAOy—ZKAly—ZKAgy—ZKA4y—Z KAGy—ZKAlm—i—Z KAgm—i—Z KA4.7:—ZKA6.7:

/i

(14b)
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Sincey and./ have been discretized/dt has been replaced 1.0 1
by d/dt. When the (,, P, R, ¢;)PEEC is used in the prob- Siy
lems including complex dielectric media, the computation of
potential coefficient:ppj is quite time consuming because the
process contains many times of matrix inversion and multiplica-
tion. Compared with the original one, when the modified model
is used, as described above, all the calculation needed for the di-
vergence otd is analytical and there is no matrix computation
at all. These calculations are numerically equivalent to the ex- _
traction of capacitance parameters by the total charge Green’s g
function method, and they use almost the same integral. There- 0.2 = S

fore, the accuracy of the modified model will not be decreased L i i
in comparison with the ,,, P, R, «;)PEEC if they use the 8 10 12 14 16 18 20
same partition form. In the derivation above, the retardation Frequency (GHz)

time in the propagation of the electromagnetic field is ignored (@)

for convenience. According to the typical size of the intercon- 0.0
nect and packaging structure in modern IC systems this is rea-
sonable. For a complete model, the retardation can be intro-
duced similarly, as in thel(,, P, R, €7, 7)PEEC model. The
(Lp, E, R, e4)PEEC model gives a set of state equations to

this method
- -x- - Kirschning et al[12]
- -o- - Hill and Tripathi[13]

o
[>]
1

Magnitude

<
~
%

]
(=]
[4)]

L

6

—o— Hill and Tripathi[13]

describe the geometric structures instead of an equivalent cir- z“ 1.0 -~ - Kirschning et al[12]
cuit, which has an advantage in the hierarchical electromagnetic ¢ this method
modeling of interconnect and packaging structure [8]. These é? s

£ 1.5 0

equations can be easily combined with the equations describing
other parts as a module to form a system that represents the
whole structure. This system has the suitable form for large- 2.0+
scale system reduction through the PVL process.

T N T T T I T T

8 10 12 14 16 18 20
Frequency (GHz)

[ll. EXAMPLES AND RESULTS )
In this section, several circuits and structures are analyzedtigs 2. S-parameter of right-angle bend. (a) MagnitudeSaf andS:.. (b)
examples by thell,, A, R, ¢;)PEEC model described in Sec-""ase 05 andSe.
tion Il. The structures in these examples are often encountered in ) .
IC interconnects and packages. For convenience, all the trans- Microstrip Pad
mission lines are assumed to have zero thickness, but there is
no difficulty to handle the conductors with finite thickness. The 3.3m _I_
conductor currents are also assumed to be invariable along the m X\
cross section of the lines, except at the bend or discontinuity. In
most of the interconnect and packaging structures in high-speed
IC systems, this assumption is obviously correct. It also should 3 Smmen| e Via lra‘;“end
be mentioned that, in order to compare our results with those .
from references, we use the first two example circuits with large 1-6mm§
size relative to a typical interconnect and packaging structure. Lémm § A - -
Although in current frequency of the signal, the interconnection &~34  w| |- 7y
and packaging effects are still considerable for these structures. Side View
The first example is a right-angle bend in the microstrip line.
The width of the microstrip is 0.635 mm, the height of th€ig. 3. The geometry of the cylindrical via.
substrate is 0.635 mm, and the permittivity of the substrate is
9.8. The scattering parameters are calculated over the banis@.2 mm, the pad diameter is 3.9 mm, and the width of the con-
8-20 GHz. The magnitude and phases of the scattering parareeting microstrip is 3.3 mm. The dielectric slab has the thick-
eters from this method are shown in Fig. 2 compared with tmess of 3.2 mm, and its permittivity is 3.4. There is a ground
results from [13] and [14]. The bend modeled here is in a opgtane in the center of the slab, and it has a circular cutout with
structure, as in [13], thus, the curves$fi show some differ- the diameter of 3.9 mm for the via. Part of the ground plane
ence at higher frequencies. that is near the cutout is divided and modeled. The remainder is
The second example is a cylindrical via the same as in [4}ill regarded as an infinite large ground plane. Fig. 4 shows the
which is shown in Fig. 3. The via diameter is 0.7 mm, its lengtbomparison ofS1; | and|.S2; | between this paper and [4].

Top View
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(a) 1
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ol Fig. 5. Geometry of the 12-lead TAB structure.
2
a 1.1 —r T T
T 4 .
3 —— This method
= S FDTD i
=]
é‘) - — - Measurements lead 15
= 8fF E < ged v e input
m S
o
-10 | T g
o
>
12 | " 1 N 1 1 N
0 2 4 6 8 10
Frequency (GHz)
(b) .
4
:29[4;1 A comparison of: (g)S11]| and (b)|S21 | from this method to the results Time (ns)
(@
0.010
The third example analyzed is a 48-lead tape automat 0.008 |
bonding (TAB) interconnect structure [7]. For simplicity, lead 5

only the 12 leads at one side of the chip are considered. T o006 - TTtT lead 17
geometry of it is shown in Fig. 5. We also assume that tt
coupling between the leads on different sides of the chip ~
negligible. At the inner side, lines have the width of 4 mil ani’;" 402
the space between two adjacent lines is 8 mil. At the outer sic @

the values of the two parameter are 8 and 16 mil, respectivt § 0.000
The lines are embedded on a polyimide layer of 2-mil thic
and withe, = 3.6. In the analysis, we ground lead 2, 4, 6
8, 10, and 12, and both ends of other leads are terminated 0.004
5042 resistance. Although the structure is relatively comple:

the retardation time between cells is neglected because -0.006 - ; : "1
the relatively small size. In the second example, for the sar Time (ns)

reason, the retardation time is also neglected. Lead 3 is exci

by a trapezoidal pulse with the rise, roof, and fall times of 0.5, (b)

1, and 0.5 ns, respectively. The waveform at lead 15 is shown

in Fig. 6(a). Fig. 6(b) shows the waveform at leads 5 and 17rig. 6. Time-domain waveform at: (a) leads 15, (b) 5, and 17.

0.004

-0.002
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Fig. 7. Configuration of the fourth example circuit.
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is needed, however, the coefficients in this combination can be
analytically calculated. It should also be mentioned that when
obtaining the discretized formulation of the Lorentz gauge, i.e.,
the state equations for potential unknowns, most of the partial
inductance results can be reused to save the computing time.
From various examples, it can be seen that the new model has
the same flexibility and accuracy as the,( P, R, ¢;)PEEC
model, and it is also very compatible to various system analysis
tools.

1.0 [ — - input [1]
! circuit simulation
0.8 4 / without reduction

- - -~ circuit simulation
with reduction

(2]

(3]

Voltage (V)

[4]

©
N
1

(3]

o
o
1

T T
0.10 0.15 0.20

Time (ns)

T
0.00 0.05 0.25

(6]

Fig. 8. Output waveform of example 4. 7
(8l
The last example will show the usage of the modified PEEC
model in the hierarchical electromagnetic modeling. The geom-
etry of the circuit is shown in Fig. 7, and is two transmission [9]
lines connected by a simple via. The width of the lines is 20
um, ! = 80 um, L = 1 mm. The diameter of the via column
is 16 um, the height of the column is @m, and the lower line
is 7 um over the ground plane. The dielectric substrate has the
permittivity of 3.9. The via is modeled by the modified PEEC [
model while the two transmissions line is modeled by the 2-012)
model. The whole system is reduced through the PVL process.
Fig. 8 shows the output waveform through the structure. It caf’l
be seen that, because of the very small size, the effect of discon-
tinuity is not considerable. (14]

IV. CONCLUSION

A(L,, A, R, e;)PEEC model is introduced in this paper. In
this model, the integral-form definition of the vector magnetic
and scalar electric potentials are replaced by the definition of
the vector potential and Lorentz gauge in discretizing the ba:
integral equation of the PEEC model. To model a geometi
structure that is partitioned into cells, a set of state equatic
for all the currents and node potentials on these cells are gi
instead of an equivalent circuit. Through this process, the co
putation of the capacitance parameter in the complex dielect

media structure, which is time consuming, is avoided. As tt Q"_ ) X
|

replacement, calculation &f - A as alinear combination dts
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