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Abstract—The partial element equivalent circuit (PEEC)
method provides an electromagnetic model of interconnections
and packaging structures in terms of standard circuit elements.
The surface-based PEEC (S-PEEC) formulation can reduce the
number of unknowns compared to the standard volume-based
PEEC (V-PEEC) method. This reduction is of particular use in the
case of high-speed circuits and high-switching power electronics,
where the bandwidth extends from low frequencies to the GHz
range. In this article, the S-PEEC formulation is revised and cast
in a matrix form. The main novelty is that the interaction integrals
involving the curl of the magnetic and electric vector potentials
are computed through the Taylor series expansion of the full-wave
Green’s function, leading to analytical forms that are rigorously
derived. Therefore, the numerical integration is avoided, with a
consequent reduction of the computation time. The proposed for-
mulas are studied in terms of the frequency, size of the mesh,
and distance between the basis function domains. Three examples
are presented, confirming the accuracy of the proposed method
compared to the V-PEEC method and surface-based numerical
methods from literature.

Index Terms—Green’s function, partial element equivalent
circuit (PEEC) method, Taylor-series expansion.

I. INTRODUCTION

ENERAL circuit models of integrated circuit layouts and
G interconnections in a wide frequency range are critical to
accurately predict circuit performance that could be degraded
due to skin and proximity effects. The extraction of parasitics is
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particularly relevant in high-frequency applications that involve
the design of integrated circuits and on-chip and package in-
terconnections, as well as in-power electronics applications. An
accurate impedance extraction can be performed by using pow-
erful numerical engines based on the finite element method [1],
which resort to the meshing of the entire volume of the modeling
domain and approximating the electromagnetic fields on this
volume mesh. On the other hand, methods based on integral
equations such as method of moments (MoM) and partial ele-
ment equivalent circuit (PEEC) method [2]-[4] adopt a volu-
metric mesh based on the concept of the Green’s function, and
hence, differently from the FEM-based modeling, avoid the use
of absorbing boundary conditions to approximate unbounded
media. The PEEC method based on the volume equivalence prin-
ciple is called volume-based PEEC (V-PEEC) [5]-[8], whereas
the PEEC method based on the surface-equivalence principle is
called surface-based PEEC (S-PEEC) [9]-[13]. Both of them
can convert a multiconductor electromagnetic (EM) problem
into a circuit-domain problem. However, the S-PEEC performs
an electromagnetic computation only at the surface and not
within the whole volume of the modeling domain. The surface
formulation is particularly relevant for electrically thick objects,
for which the V-PEEC formulation requires a large number of
unknowns to correctly capture skin and proximity effects across
awide frequency range. S-PEEC models were first developed for
conductors with surface impedance approximations [14], [15].
However, this approximation cannot be applied to dielectrics
and it is valid only at higher frequencies, for which the conduc-
tor cross-sectional dimensions are larger than the skin-depth.
In [16], an S-PEEC formulation for modeling arbitrarily shaped
3-D composite conductor and dielectric structures was presented
as a systematic extension to the existing V-PEEC solvers. The
proposed approach is based on the surface equivalence princi-
ple [17] and the so-called PMCHWT formulation [18], where
both electric and magnetic field surface integral equations are
used. This leads to electric and magnetic circuits which are
coupled by mutual cross-couplings. The interaction integrals
involve the full-wave Green’s function in both the surrounding
medium (e.g., air) and the modeling media including conduc-
tors, dielectrics, and/or magnetics, which support the surface
electric and magnetic currents and charges. Special care has to
be taken for the computational complexity and computational
accuracy of the integrals [9]. In fact, the numerical computation
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of these integrals is particularly challenging due to singularities
and is time-consuming, especially for highly oscillating func-
tions, which appear in the case of good conductors and a wide
modeling bandwidth ranging from very low frequencies up
to tens of GHz. Significant contributions have been proposed
for the efficient computation of these integrals over triangular
mesh [13], [19]-[22] in the framework of the MoM. A surface
integral formulation using triangular mesh was proposed in [13]
showing its advantage over the volume-based EM modeling.
Conversely to the MoM, the PEEC formulation uses an orthog-
onal mesh. A boundary-integral-element (BIE) method using a
differential surface admittance operator and an equivalent circuit
derivation similar to the PEEC method was proposed in [12] for
impedance extraction of 3-D interconnects using a rectangular
cuboid mesh, which is an orthogonal mesh. The computation
of dense matrices representing the interaction between basis-
functions was based on the static Green’s function, and the
computational complexity of the interaction-integrals was not
discussed in the article. In [23], simplified PEEC-based inte-
gral equations were obtained under the quasi-static assumption
leading to a substantial reduction of the size of the subcircuits
describing dielectrics. In[10], [11], the surface equivalent princi-
ple in the PEEC-based modeling framework with the full-wave
Green’s function was used to model rectangular multilayered
structures. An accurate method to handle the singularity occur-
ring in the interaction integrals is described in [24]. However,
the integration is to be performed numerically.

In the PEEC formulation, orthogonal mesh (often referred
as Manhattan-type mesh [8]) allows analytical calculation of
the PEEC integrals [8], [25]. This can significantly reduce the
computational complexity and makes the PEEC method attrac-
tive for fast and accurate EM modeling, which in turn can be
used in optimization routines. Therefore, an orthogonal mesh
is a preferable choice whenever geometrical simplifications are
justified, which is the case for various engineering modeling
tasks. In the context of the S-PEEC formulation employing
rectangular surface mesh, the interaction integrals have been
typically computed numerically and the analytical computation
of these integrals has not been addressed in literature so far to
the authors’ best knowledge. The main focus of this article is the
analytical computation of the interactions integrals occurring
in the S-PEEC method. Accordingly, this article proposes a
solution to avoid slow numerical calculation of the integrals
involved in the S-PEEC formulation, which leads toward a com-
putationally efficient S-PEEC modeling approach. In particular,
analytical formulas for calculating the integrals occurring in
the S-PEEC formulation based on the orthogonal surface mesh
are presented. They are obtained by using the Taylor series
expansion of the exponential term appearing in the Green’s
function. It is to be remarked that the fields of applicability of
the proposed analytical formulas include the parasitic extraction
of power electronic circuits, multilayered circuit boards [11],
transmission lines [26], and 3-D on-chip interconnects [27], [28]
where the orthogonal mesh is well suited.

The rest of this article is organized as follows. Section II
briefly summarizes the S-PEEC formulation. Equations are re-
organized in a matrix form and integrals to be computed are
defined. In Section III, the analytical formulas for the surface
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interaction integrals are presented. The range of applicability
and the speed-up of the proposed formulas are discussed in Sec-
tion I'V and three numerical examples are presented pointing out
the accuracy achieved. Finally, Section V concludes this article.

II. SURFACE PEEC FORMULATION

Given a 3D object, it is assumed that the surface separating
the internal from the external problem is uniquely identified. The
first region, named regiony, is the portion of the space limited
by the surface of a closed 3-D object, and it is related to the
internal problem. The second region, named regions, is related
to the external problem [17], [29]. The electric and magnetic
fields in the two regions 1 and 2 can be written as

Es(r) = — jwA;a(r) — VO] 5(r)+

1
— VU x Fi5(r) (1a)
€1,2
Hlyg(r) = — ijLQ(T) — V(I)TQ(’I’)+
1
+ —V X ALQ(’I”) (lb)
H1,2
where
ALQ(’I") = ,LLLQ/ GLQ(’I’,’I’/)Jst ('I",)dSI (221)
s
Fis(r) = 51,2/ Gio(r, v )M, ,(r")ds' (2b)
s
1
¥o0) = — [ Gualrras, (s (o
€12 Js '
1
DV(r) = — [ Gia(r,v")ql! (7')ds. (2d)
K12 Js ’
The Green’s function G 2(7, ') reads
1 e—ibBralr—r]
Gi2(r,7') = 3

ar Jr—v]
where

B12 = w11 2612 (€))

where p;,€;,1 = 1, 2, are the complex permeability and permit-
tivity of the two regions. In the following, the dependence on
jw of the various matrices is omitted for the sake of simplicity.

Denoting with ES"¢(r), H"*(r), EY"(r), and H"(r) the
incident electric and magnetic fields in region; and regions,
respectively, the surface equivalence principle enforces the fol-
lowing boundary conditions:

n x {El(r) + E{”C(r)} =7 x |:E2(’I")+

v Eé”c(r)} (5a)
reS
7 X [Hl(r) + Hﬁ”c(r)} _Ax [Hz(r)+
n H;mm] (5b)
resS
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The electric and magnetic fields in (5) are expressed in terms
of magnetic and electric vector and scalar potentials (2). They
are referred to as surface-electric field integral equation (s-
EFIE) and surface-magnetic field integral equation (s-MFIE),
respectively. The continuity equations for the electric current
and magnetic densities read as

V'Jsl,Q(T) =
V.M, ,(r) =

— jwgg, ,(r) (62)

— jwql (). (6b)

The equivalent electrical and magnetic current densities on two
sides of the same surface are related by

JIs,(r) = —=Js, (1) M, (r) = —Mj, (r). (7

From (6) and (7), it is evident that similar boundary conditions
hold for the electrical and magnetic surface charge densities

5, (r) = —q5, (1) a5 (r) = —¢(r). (8)

The surface S is meshed using two dual grids, referred in the
following as “primal” and “dual” grids, for electric/magnetic
currents and electric/magnetic charges, respectively. The electric
and magnetic quantities are expanded using pulse basis function

be(r){gx

where i, is the unit vector indicating the current orientation on
surface Sy, where / indicates the /th surface element. wy is the
width of the /th elementary surface orthogonal to the direction
in which the currents J,, and M, flow.

Similarly, the basis functions used to expand the charge den-
sities are

ifre S,
otherwise

9

1 .
_J= ifre S,
pe (r) { 0 otherwise

where Sy is the area of the /th elementary surface where charges
Q7 and Q" are located.

Such choice of the basis functions assumes uniform electri-
cal/magnetic current and charge densities over the elementary
patches of the two grids:

(10)

I, M,
Jeo = =5 My =—* (11a)
Wy Wy
Qs Qy
So= 25 = 11b
qé[ S[’ qa Y4 S[ ( )

where the weights I, and M, represent the electric/magnetic
current flowing on the surface .S, with orientation as defined by
ug and Q™" represents the surface electric and magnetic surface
charge on the generic patch of the mesh.

Then, the Galerkin testing process is applied. To this aim, the
following inner products are computed for each term of the s-
EFIE/s-MFIE (5) and the continuity equations (6), respectively:

<f<r>,bk<r>>:i[&ﬂr)oak(r)ds, k=1.N?

Wy
(12a)

<g<r>,pj(r>>:/ g(r) -y (r)ds, j=1---N¢ (12b)

S
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where N? and N¢ are the number of patches in the two grids.
Using expressions (la) and (1b), the tested s-EFIE and s-
MFIE are

o= [ { Bye(r) = B+ As(r) — A

+V [cb‘;(r) - @;(r)] + (13a)

+ |:€11VXF1(’P) — %V X FQ('I"):|} . ﬁk(r)ds

o-o- [ { )~ HP )| e | Fatr) < o)
+V [qfln(r) - @gﬂ(r)] +

1 1 N
- [MVXAI(T) - MVxAz(r)]} Uy (r)ds
(13b)

for 7+ =1,..., NP, where the testing functions are assumed
identical to the basis functions. Since the surface mesh for
electrical and magnetization currents is the dual of that for
electric and magnetic charges, we denote as HY and K¢ the
matrices computed by integrating the Green’s function (3) and
its curl in (13) over the currents pertinent domains of the primal
grid, respectively. We denote as H? the integrals referred to
the surface electrical and magnetic charges computed on the
elementary patches of the dual grid.

The generic element k, ¢ of the matrices H and K is computed

as
1 [e—3B12lr—7'|
C _ A~
HE 0 = g [ [ )
wy, (r) dsds’ (14a)
] F emiBralr—r|
C _ A~
K5a000 = g [, 7 S )
- k ¢ L
wy, (r) dsds’
(14b)

with £,/ = 1--- NP. By applying the Galerkin’s testing proce-
dure to (2¢) and (2d), the corresponding matrix form reads

4)32 Tz HQ2Q1 2 = PizQiz (152)
e, = —H,Q, = PLQ7, (15b)
where the £, /th entry of H?,Q is
k, 0) eﬂlmr‘dd 16
12( 47TS]€S¢/ /S[ ‘T’— S S ( )

with k, £ =1--- N4,
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The primal and dual surfaces are meshed using a Manhattan-
type (rectangular) mesh. Manhattan-type meshes have become
popular in the V-PEEC formulation because they allow obtaining
analytical formulas of partial elements, namely partial induc-
tances and coefficients of potentials [5], [6] under the quasi-static
assumption. In the V-PEEC formulation in [25], [30], Taylor’s
expansion of the full-wave Green’s function with analytical
formulas has been used. In this article, a similar approach is
followed.

Analytical formulas for the calculation of partial elements
in the V-PEEC formulation including the full-wave Green’s
function have been handled by means of the Taylor’s expansion
in [25], [30].

In the following, each patch is uniquely associated with anode
in an equivalent circuit network, and touching patches that share
the same node have the same (unique) potential. The continuity
of the potential across touching patches and the conservation
of the charge are enforced with a reduction matrix T acting on
@75 and Q7" as follows:

(I)(e,m) T‘I)(le;n) (17a)
(16 ,m) TTQ(e ,m) (17b)
~(e.m _ -1
B (e ) A -
=P57Q%". (17¢)

where the “tilde” denotes the reduced potentials and charges.
Hence, the electric and magnetic charges can be related to the
electric and magnetic potentials as

(T7Ri

Olem)

~ (e, m)
1,2 = )(I)IQ =
»(e,m ~(e m)
= [Pl7] 8"

By using the Galerkin’s testing process and assuming constant
basis functions over the elementary domains, the continuity
equations (6) for the external and internal problems of both the
electric and magnetic charges are rewritten as

(18)

-1 (e
AT 4 jw [Pﬂ 3\~ I, (19a)
ATI+ [f’(e)ri(e)— I 19b
Jw 2 2 s ( )
“ATM + j [f’(’")}f 3" = 0 19
Jw 1 1T = (19¢)
ATM + [P(’”)] Tl 0 ]

Jw 5 = (19d)

where A is the connectivity matrix [8] and I, is the electric
current sources vector. Depending on the frequency of interest,
the surface impedance approximation guarantees reasonable
accuracy [31]. Given a generic conductor body, if the cross-
sectional dimensions of the conductor are much larger than the
effective skin depth for the defined frequency, i.e., the skin-
effect is well developed, the surface impedance approximation
is a valid assumption [16]. However, such a model is typically
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accurate enough only at relatively high frequencies (above tens
of MHz). The resulting model can be expressed in the time
domain by approximating the surface impedance in a rational
form in the complex plane [32]. If the dimension of the conductor
and the operating frequency do not allow assuming the surface
impedance approximation, the conductor can be modeled as a
dielectric object with a complex permittivity given by

s )

where ¢’ is the real part of the permittivity of the surrounding
dielectric.
Finally, using integrals (14) and (16), (13) can be rewritten as

(20)

JWLSI+ KM + A®| — Ad, = V¢ (2la)

~KI+jwL"M +A®; —A®, = VI (2lb)
where matrices Ly, L7, K are

Ly = mHY + poHY (22a)

L7 =g HY + e, HY (22b)

K = K{ + K¢ (22¢)

and the right-hand-side terms represent the excitations voltages
1

Vi = — [E{(r) — EY(r)] - @y (r)ds (23a)
Wi Sk
1 : _ .
Vi =— [Hﬁ"c(r) - Hé”c(r)} ~dg(r)ds  (23b)
Wi Sk
withk =1,..., NP,

Finally, a matrix block-elimination of (21) and (19) allows
rewriting the equations in terms of the electric currents I and
electric potentials ®¢ of the exterior problem

ng A I B V:Wl
AT jwCs| | @S| | I

where C¢ = [P$]™! and where the impedance matrix Z™
and V™ represent the equivalent surface impedance and the
equivalent voltage source taking into account both the electric
and magnetic surface phenomena, and are defined as

(24)

P
ZS" = jwLf + KTK + A 2 AT (25a)
em € m ﬁg
Ve = Ve 4+ KTV + Aj—wlé (25b)
1 -1
—laym = DM | pm T
T = [WLP A (P1 + P ) A } (25¢)

The system matrix (24) has a circuit interpretation, as depicted
in Fig. 1.

III. ANALYTICAL COMPUTATIONS

Equation (14) requires the solution of two types of integrals

YeIBlr=rl

o L

——————dSds’ (26a)

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on August 15,2021 at 06:34:48 UTC from IEEE Xplore. Restrictions apply.



MURRO et al.: EFFICIENT COMPUTATION OF PARTIAL ELEMENTS IN THE FULL-WAVE SURFACE-PEEC METHOD

€
1k

e
1ok

JWZk 1

€
1 13 k

e
L

Fig. 1. Equivalent circuit model of the S-PEEC formulation (24) and (25) for
a simple problem comprising two branches and three nodes.

/ - )e JBlr—'|
s —

Integral (16) can be regarded as the scalar case of integral (26a).

In [25], the Green’s function was computed by using its
Taylor expansion that was then used to compute the integral
(26a) in an efficient and accurate way, avoiding to resort to the
computationally time-demanding numerical integration. In the
following, we focus on the computation of integral (26b).

Under the assumption of a Manhattan-type mesh, from (26b),
six transfer functions hy, ., hi, ., bk, ,» Pk, > bk, .. and By, |
can be defined as follows:

——————dsds’. (26b)

z,@? z,y’ z,y° x,z”?

e IBR(z.y,2,2,'y,2)

//,32Rzy,zx Y, z )d5d8+

Py o
— e IBR(=, y,zyr,’y-,’Z’)d g
/ s«ayR:vyyzw y )
hkz,a:
foru— [#,0,0]
—e Jﬁ’R(wyzw v,z )d >
/ S,az R(z,y,z,x,/y, 2 sast
Ry
T, = 9 e IBR(z.y,2,3/y/2)
e +Z// ¢ ds'ds
, 0z R(z,y, 2,2, y, ')
Y.
fora = [0, g, 0]
O e iBR(z,y,z,z,y,2")
ds'd
//ﬁnyy,zw e o
hkzz
—e iBR(z,y,z,z,y, 2 )d/d
+y///axl%ycy,zac Tyt 2 5 as
hk‘y,z
foru = [0,0, Z]
where
R(z,y,z,2)y)2) =/ (z —2/)2+ (y — )2 + (z — 2)%

27
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Note that only one transfer function, e.g., iy, . ,is tobe computed
because the solutions for the remaining transfer functions are
obtained by a suitable change of variable.

First, hy, , is rewritten in the equivalent form as
9 efjﬁ R(z,y,z,x,'y,/2")— Rcc]
hi, . = ¢ IR / / ds'ds
! .’17 ' Ys 2, .’17, ya )
(28)

being R.. the center-to-center distance between the two
surfaces.

Then, the term ¢ 7° [#@w.map ) Rec] in (28) is approxi-
mated with its third-order Taylor’s expansion (29)

eijﬁé(m’y"z’x’/y”z,) = 1 - jﬁé(x7 y’ Z7 x7/ y?’ Z/)+

1 ~
)%+ jgﬂ?’R(x, y, 2,2,y ')
(29)

1 .
- 552R($>y7 vav/yvl Z/

where R(,CE, Y, %, $7/ y7l zl) = R(l‘, Yz, l’,/ yvl Z/) - Rcc~
Finally, using the approximation (29) in (28), and after some
algebraic manipulations, the Ay, , can be written as

hy, . =~ e PR [h?jz + jBhES Rect
v (g g )
. 1 1 o 1 o
#3502 R 22 )] o)
where
1
Qs _ — ds'd 31
Fy.z A’ S’ 8$R($ay72,$a'y7/2/) o ( a)
1o}
h? = —// —R(z,y, 2,2y, 2')ds'ds (31b)
Y,z S ’ 3x

0
h = —// 3 —R(z,y,2,xy 2)ds'ds.  (3lc)
S r O

The analytical solution for integrals in (31) is provided in
the next section for a simple geometrical configuration of two
surfaces in the space. In fact, the solution for other geometrical
configuration can be simply derived by a suitable change of
variable.

A. Analytical Solution for hy,, ,: Case 1

The analytical solution for the first cases is derived using
two surfaces S and S’ lying on the x — y plane, where the
surface S is defined by four vertices (x1,y1,21), (Z2,Y1,21)s
(z1,y2,21), and (29, Y2, 21) withzy < x9 and y1 < ya, and the
surface S’ by the vertices (3, y3, 23), (24, Y3, 23), (3, Y4, 23),
and (x4,y4,23) with 23 < 24 and y3 < y4. In this case, the
analytical solution for hQ , defined in (31a), is given by

4
1)i+j+m+n Z -
k=1

2 2 4 4

hen. =222 (

i=1 j=1 m=3n=3

(32)
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where
Sz S
Y1 = 8,8, arctan (szbl?/> (33a)
Y2 = — 8;8y arctanh (%) (33b)
1
v = = 5(s5 = s2)log (s, + ) (33¢)
1
Ya = §SIR (33d)
and
R=\/s2+s2+s2 (34a)
Sy = Tj — T (34b)
Sy =Yj —Yn (340)
s, =21 — 23. (34d)

By using the same definition in (34), the analytical solutions for

hzz _,in (31b), and hgjz, in (31c), are derived
2 2 4 4 o 4
hzjz _ Z Z Z Z (_1)2+j+m+n Z'Yk (35)
i=1 j=1 m=3 n=3 k=1
where
1 a:
Y= — gsysg arctan (Zj;j) (36a)
1
V2 =5 —(sy + 65252 — 3s2)log (s, + R) (36b)
1
s = gSwsy(sy +3s7) log (sy + R) (36¢)
1
74:24( 252 +35 — 552)R. (36d)
2 4 4
hzjz _ ZZ Z Z (_ z+]+m+n 3512/ (37)

i=1 j=1m=3n=3

B. Analytical Solution for hy, _: Case 2

In case 2, a surface S lying on the  — y plane and a surface
S’ lying on the z — x plane are considered. The surface S' is
defined by four vertices (z1,y1,21), (2,91, 21)s (Z1,Y2,21),
and (22, Y2, z1) With 21 < z and y; < ys. Similarly, four ver-
tices (73, Y3, 23), (T4,Y3, 23), (¥3,Y3, 24), and (24, y3, z4) with
r3 < x4 and zd < z4 represent the surface S’. The analytical
solution for h ,in (31a), is derived as

2 2 4 4 o 6
=D D 2 D (T Y Ty (39)
i=1 j=1 m=3 n=3 k=1
where
m = — 8y8.10g(sy + R) (39a)
Y2 = — 8z8;10g (sy + R) (39b)
Y3 = — szsylog (s. + R) (39¢)
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1 21
V4 = 532 arctan (Z:é) (39d)
1 rez
Y5 = 553 arctan (s ;) (39e)
1, sysz
Y6 = 5530 arctan (39f)
and where
R=\/s2 + 52 + s2 (40a)
Sy = Tj — Ty (40b)
Sy =Yj — Y3 (40¢)
Sy = 21 — Zn. (40d)

By using the same definition in (40), the analytical solutions for

h"2 ,in (31b), and for h03 , defined in (31c¢), are given by (41)
and (43)
4 4 ‘ 7
TR 9) 90 DD WD DTS
i=1 j=1 m=3n=3 k=1
where
1
Y= ZsmsyszR (42a)
= — i54 arctan Szy (42b)
A DR SR
= — is arctan [ 2222 (42¢)
BT TN s,R
B 1y SyS,
Y= = 5% arctan <51R> (42d)
1
w5 = ésysz (s + s ) log (s + R) (42¢)
1
Y6 = gsmsz (s + s ) log (s, + R) (42f)
1
V7 = =SySy (s +s )1og (s +R). (42g)

6
2 2 4 4 ) 1
h = g gmz:: nz:: 1)ttt gsisysz. (43)

C. Analytical Solution for hy,, ,: Case 3

The analytical solution for hy, . is provided by using an
example of a surface S defined by four vertices (1,1, 21),
(z2,v1,21), (%1, Y2, 21),and (22, Y2, 21) Withz, < z9andy; <
Y2, and a surface S’ defined by vertices (3, y3, 23), (23, Y4, 23),
(23,Y3,24), and (z3, Y4, 24) With y3 < y4 and z5 < z4. In a
similar way as in the previous cases, the analytical solutions
for hQS hg? and hg? , from (31), are defined by (44), (47)
and (49) respectlvely

4 4

DI I

i=1 j=1m=3n=3

(44)

4
z+ I+m+n
! E Yk
k=1
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where
Sy S
Y1 = SuSy arctan (;; BZ’> (452)
Y2 = — 8y, arctanh (%’) (45b)
1, 5
= =g - Dlos(stR) @5
1
Ny = iszR (45d)
and where
R= \/W (46a)
S, = &; — Bg (46b)
=Y — Um (46¢)
5. =2 — 2. (46d)
2 4 4 ] 6
TTE5 7 35 D WEIL L) DRNNT
i=1 j=1m=3n=3 k=1
where
1 z
"= 353 s, arctan (;) (48a)
= — 1535 arctan | 222 (48b)
Y2 = 372y sz R
1
1o = wsyse (52 4 352) og (s, + ) (450)
1 4
%= (=3sy 4 6535 +5,) log (s. + R) (48d)
1 9 2 2
Vs = ﬂszR@sz — 35y + 5s3) (48¢)
2 1 3
Y6 = S35ySz T 63y5z- (481)
2 2 4 4 1
h03 — 7,+]+m+n z- 49
» ; gm: z 25 s (49)

D. Analytical Solution for hy,, .: Case 4

In this last case, two surfaces S and S’ lie on the yy — z plane.
The surface S is defined by the vertices (x1, y1, 21), (21, Y2, 21),
(.I‘l, Y1, 22), and (.1‘1, Yo, 22) with y; < y2 and 21 < 2o, and
the surface S’ by (l‘3, Y3, 2’3), (333, Y4, 2’3), (l‘g, Y3, 24), and
(3, Y4, 24) Wwithyz < y4 and z3 < z4. In this case, the analytical
solution for hQ _ isdefined by (50). By using the same definition

in (52), the analytlcal solutions for h02 and hoi _ from (31),
are derived as (53) and (55). . B
2 2 4 4 o 4
B =220 0 D (T e 50)
i=1 j=1 m=3n=3 k=1
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where
Y1 = 8y8, arctan Sy 5= (51a)

52 4 52 + 52
Yo = 848, arctanh [ ————— (51b)
Sy
V3 = S5z 10g (sz + /52 + 52 + sg) (5lc)
\/m (51d)
and where
R=/s%+s)+ 52 (52a)
So =T — T3 (52b)
Sy = Yi — Um (52¢)
;=2 — zn (52d)
2 4 4 o 4
Pip. =222 2 2 (G Y e 53)
i=1 j=1 m=3 n=3 k=1
where
845
Y1 = — 85,52 arctan (siR) (54a)
1 2
72 = 58asa(sy =8 2)log (s. + R) (54b)
1
V3 = 5 8asy(s: — 55)1og (sy + R) (54¢)
1
Y= — gsm(si + 52— 2s2)R. (54d)
2 4 4 o .

hz?:z = ZZ Z Z (—1)1+j+m+’ﬂ 2313553 (55)

E. Tips for Integrals Evaluation

In this section, the solution for the singularities of all the
analytical formulas in Section III is presented. In particular, the

singularity of type = log (\/ 2 +y?+ 22> is solved by using
the following limit:

(56)

lim {x log(\/x2 +y?+ 22>} =0.
z—0

The function z2tan~ ( 2+ - 2) is evaluated as
Y24z

x|x|arctan2 | ——£—— |, where the function arctan? is de-
|z|\/ 22 +y2+22

fined by (57), with tan~!(¢) representing the inverse tangent of
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q computed in the range [ /2, 7/2].

tan~! (%) ifm>0
<k> tan_l(ﬁ)—i—ﬂ fk>0&m<0
arctan2 | — | = m ) .
m tan’l(%)—ﬂ ifk<0&m<0

ithk>0&m=0
(57)

SIE

A detailed description of for solving this type of singularity can
be found in [30].

IV. NUMERICAL RESULTS

Formula (30) for hy, , is validated with numerical examples.

The analytic evaluation of thySz, hgjz, and hzi.z , as derived in
Sections III-A-III-D, is further improved by using a technique
proposed in [33], increasing the calculation accuracy when
dealing with surfaces characterized by large aspect ratios, e.g.,
length much higher than width. The reader is referred to [33] for
all the details. This technique allows the suppression of one or
more dimensions of integration, alleviating the computational
complexity. The analytical solution for simpler double folded
integrals (resulting from the applied technique) can be easily
obtained from the solutions of the surface—surface integrals
provided in Sections III-A-III-D by performing one or more
derivatives with respect to the variables belonging to the sup-
pressed dimensions of the integration.

A. Evaluation of the Range of Applicability

The evaluation of A, _, in (30), is performed in the frequency
range [100 Hz — 1 THz| sampled by 12 logarithmically spaced
frequency points for two square surfaces with the same area. The
distance between the nearest edges of the surfaces is varied in
the range [0 — 1] m for a total of 31 geometrical configurations.
Additionally, the tests are performed for the edge size of the
surfaces in the range from 1 pum to 1 mm. The integral (30) is
compared in two different ways.

1) TAYLOR: The integrals are computed using the derived
analytical formulas provided in Sections III-A-III-D by
adopting the strategy proposed in [33];

2) NUMERICAL: The integral computation is based on the
adaptive numerical Gaussian integration described in [34]
with a relative threshold error of 1076,

All the computations have been performed using Matlab,
and the integral computed with the two different approaches
are precompiled as MEX files [35]. The CPU times for the
calculation of hg, . are summarized in Table I, emphasizing
the speed-up achieved by the TAYLOR approach. In particular,
the speed-up is computed as the ratio between the CPU time
required for computing the integrals using the NUMERICAL
method and the CPU time spent for computing the same
integrals when using the derived analytical formulas, i.e., the
TAYLOR method. From Table I, it is evident the TAYLOR
method outperforms the NUMERICAL method.
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TABLE I
CPU TIMES REQUIRED FOR CALCULATING THE INTEGRALS BASED ON THE
TAYLOR AND NUMERICAL APPROACHES FOR THE DESCRIBED TEST CASES
OF 31 GEOMETRICAL CONFIGURATIONS EVALUATED IN THE FREQUENCY
RANGE BETWEEN 10 Hz AND 1 THz AT 12 FREQUENCY SAMPLES

edge length
1 pm 10 pm 100 pm 1 mm
NUMERICAL
time 70 s 81 s 93 s 114 s
TAYLOR time < 10 ms < 10 ms < 10 ms < 10 ms
SPEED-UP 8.7-10"x | 9.3-10"x [ 9.6-10"x [ 1.2-10°x
¢ er<io” 10" <err<107 % 107<err<10*
10*<err<10" X err>10"
L s 10'2 ety
E,‘ P000000000000000000000¢ F S000400400400¢
1010[0 P000000000000000000000¢ 1010’ GEEOETAN004004000009
P 0000000000000 00000000 : GEEOETAN00400400400%
,_108 e 1500006000000000000000¢ 11 ' LEEL AR X2 2222 2222 2222 3
N 3¢ P0000000000000000000008 N T e 000004004004008
E]O"’ i 0000000000000000000000 ElOG i PEEOEE0000000000000)
S~ ¢ 00000000000000000000003 SEEOEENN000000000400)
s POIIPIOP000000000000 00 4 SEEOEENN000000000400)
10 F‘ P000000000000000000000 10 ' LR TR 22222222222 3
102 I 0400000000000 00000000 102 i GEEOETAG00400400000%
PO S——— A 10 RS S0P SRR
0 10°  5:10*% 3102 10° 0 105 5:10* 3102 10°
d[m d[m
Ipm [m] 10 pm [m]
(a) (b
1012{— ——————————————————— 102 1
104 semsmssssmssmnnmmnmEmcsERs 1YY TOR ks n ek kbR ke kR AR KA H KR 4K
10 E Py *re00e 10 }
—1n8 snenieene seree0ed 108 se0000000
N10° § snenseene se00000 w10 E 1000000000
= enenieene se00000 E 1000000000
6} 106}
10 enenneene eoveered LU be00000000
a1 tnenieene se0000e 41 1000000000
10 snenneene se00000 10 { 4000000000
{ tnenneene se00000 1000000000 P
2k 2}
10 N S 107 e S Rt
0 10°  5:10*% 3102 10° 0 10° 510% 3102 10°
d[m d[m
100 pm (m] 1 mm [m]
(©) (d)
Fig. 2. Error evaluation for the transfer function hy,, _, defined in (30), for

different surface sizes and for the external problem for the internal problem:
(a) 1 um, (b) 10 pm, (c) 100 pm, (d) 1 mm.

The accuracy of the proposed closed formulas are defined by
the following relative error:

¢ = |hrayrLor — hnumericaLl/|bvumErIc ALl (58)

The relative errors of the hy,, , computation for the external
problem and internal problems are shown in Figs. 2 and 3,
respectively. For the external problem, for a larger edge size of
the surfaces, the accuracy of analytical formulas is decreasing
at higher frequencies, due to the Taylor’s expansion of the ex-
ponential term. However, the elementary mesh cells in practical
applications are typically much smaller at higher frequencies,
i.e., above 1 GHz, which is required to accurately capture the
high-frequency effects. A similar behavior is shown also for the
internal problem of conductors, but the TAYLOR approach fails
at lower frequencies. Hence, the numerical integration for the
internal problem is required in all the cases in which the error is
higher than 0.1 % as reported in Fig. 3. The analytical solution
of integrals occurring in the internal problems of conductors is
under investigation and the results will be presented in forth-
coming publications. It is important to point out that all the
considerations made for hgysz are valid also for the coefficients
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Fig. 3. Error evaluation for the transfer function hky_z, defined in (30), for

different surface sizes and for the internal problem for the internal problem:
(a) 1 pm, (b) 10 pm, (c) 100 pm, (d) 1 mm.

€0.2— //‘
E 04 o
Y021 2
-02' 60.2 2l y [mm]
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Fig. 4. Test example: a single copper bar.

of H and P matrices because they have an error similar to that
reported in Figs. 2 and 3.

In the first example, a single copper bar is used to demonstrate
the differences between S-PEEC and V-PEEC modeling. In par-
ticular, the FEM method requires to define a return path for the
current, which would impact the modeling results. Therefore, the
results were compared to low frequency ANSY'S Q3D simulator,
specialized for the extraction of partial inductances, resistances,
and capacitances. Then, two more examples are taken from the
literature in order to compare the proposed S-PEEC method
with the other surface-based numerical techniques from litera-
ture mainly in terms of accuracy. In all the examples, a direct
LU-based solver is used.

B. Single Copper Bar Example

In this example, a copper bar of size 0.5 x 0.5 X 5 mm is
considered. The geometry is depicted in Fig. 4 where the blue
line represents the lumped current port. The ports are modeled
as equipotential squares of 1.8 mm? centered around the red
dots in Fig. 4. The port impedance, evaluated through different
methods, is shown in Fig. 5, where
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—3D-PEEC-UNIFORM
----- 3D-PEEC-NON-UNIFORM

o ]
107 ... 3D-PEEC-NON-UNIFORM-2
+ S-PEEC
a1
& 10
S+
10°
104 10° 106 107 108 10°
fHz]
3.5 [[__3D_PEEC-UNIFORM
----- 3D-PEEC-NON-UNIFORM
----- 3D-PEEC-NON-UNIFORM-2
« S-PEEC
----- QS Q3D
T 3
E)
~
25 . - : :
10t 108 10° 107 108 10°
S Hz]
Fig. 5. Port impedance for the single copper bar example.

1) 3D-PEEC-UNIFORM denotes the full-wave volumetric
PEEC solution obtained with a uniform mesh resulting in
1275 nodes and 4680 inductive branches;

2) 3D-PEEC-NON-UNIFORM denotes the full-wave volu-
metric PEEC solution obtained with a nonuniform mesh
resulting in 2989 nodes and 14 400 inductive branches in
which the smallest element size is 1 pm;

3) 3D-PEEC-NON-UNIFORM-2 denotes the full-wave vol-
umetric PEEC solution obtained with a nonuniform mesh
resulting in 7381 nodes and 31 360 inductive branches in
which the smallest element size is again 1 pm;

4) S-PEEC denotes the full-wave surface PEEC solution
obtained with a uniform mesh resulting in 834 nodes and
2256 surfaces; and

5) QS Q3D denotes the quasi-static R-L solution obtained
with the commercial software ANSYS Q3D Extractor.

From Fig. 5, it can be seen that the S-PEEC method achieves

a high accurate result with a reduced number of unknowns
compared to the various volumetric PEEC solvers. However, the
S-PEEC requires further investigation: 1) in terms of accuracy
at lower frequencies, when the E field and the H field have a
divergence-free and a curl-free part that scale differently leading
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Fig. 6. Test example: Rectangular copper loop (all dimensions are in pm).
10°
107
2
=10°
[}
(a7
103
=——3D-PEEC-UNIFORM
e S-PEEC
x BIE
10+ : : A
10° 107 108 10° 10"
EO'OS F
<
=
= 3D-PEEC-UNIFORM
¢ S-PEEC
0.15 x BIE
108 107 10° 10° 1010
S [Hz]
Fig. 7. Port impedance for the rectangular copper loop example comparing

the full-wave volumetric PEEC solution, the proposed full-wave surface PEEC
solution, and the results obtained with the technique presented in [12].

to large numerical error when one part dominates the other one;
2) the numerical integration, required to fill the coefficients for
the internal problem in which the Taylor expansion approach
cannot be used as reported in Fig. 3, is extremely slow. Both
challenges will be addressed in the future work based on a
specialized technique for solving the surface—surface integrals
in a faster semi-analytical fashion.

C. Rectangular Loop Example

In this example, a rectangular copper loop is considered in or-
der to compare the accuracy of the developed S-PEEC modeling
approach to the boundary integral method presented in [12]. The
rectangular copper loop is depicted in Fig. 6, where the blue line
represents a lumped current port. The port impedance, evaluated
through different methods, is shown in Fig. 7, where
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Fig. 8. Test example: Two-port inductor. The dimensions are as follows: s =
1.25, 7 =25,t=1,h=1.75,01 = 102.5,¢5 = 77.5,¢3 = 52.5, ¢4 = 10,
U5 = 23.75, bg = 22.5, and £7 = 10.5 (all dimensions are in pm).

1) 3D-PEEC-UNIFORM denotes the full-wave volumetric
PEEC solution obtained with a uniform mesh resulting in
370 nodes and 1144 inductive branches;
2) S-PEEC denotes the full-wave surface PEEC solution
obtained with a uniform mesh resulting in 364 nodes and
1064 surfaces; and
3) BIE (boundary integral equation) denotes the full-wave
solution obtained with the technique proposed in [12].
The S-PEEC has a comparable accuracy with respect to the
3D-PEEC-UNIFORM and the BIE, as can be seen in Fig. 7. As
the numerical integration used for the internal modeling domain
slows down the computational speed as previously mentioned,
the PEEC mesh was optimized for the maximum frequency of
10 GHz in order to speed up the calculation.

D. Two-Port Inductor Example

As third example, with the aim to directly compare the
accuracy of the developed S-PEEC modeling approach to the
surface integral formulation presented in [9], a two-port inductor
is investigated. Its geometry is shown in Fig. 8 where the dashed
blue lines represent the lumped current ports.

The scattering parameters, with a reference impedance of
502, are evaluated by means of three different methods.
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Fig. 9. Port impedance for the rectangular copper loop example comparing

the full-wave volumetric PEEC solution, the proposed full-wave surface PEEC
solution, and the results obtained with the technique presented in [9].

1) 3D-PEEC-UNIFORM denotes the full-wave volumetric
PEEC solution obtained with a uniform mesh resulting in
222 nodes and 696 inductive branches.

2) S-PEEC denotes the full-wave surface PEEC solution
obtained with a uniform mesh resulting in 220 nodes and
728 surfaces.

3) SIF (surface integral formulation) denotes the full-wave
solution obtained with the technique proposed in [9].

The results are shown in Fig. 9 , demonstrating a satisfactory

agreement between all the methods.

V. CONCLUSION

In this article, analytical formulas for the computation of the
interaction integrals occurring in the S-PEEC formulation have
been proposed. Based on the Taylor expansion of the Green’s
function, analytical formulas are derived for the coefficients of
the resulting expansion up to the third order. Their range of
applicability to preserve the accuracy is discussed in terms of
frequency, size of the mesh, and distances. Impressive speed-ups
have been found in the computation of partial elements as a
consequence of the analytical forms. Three test cases taken from
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the literature have been presented, confirming the accuracy of
the proposed approach compared to other methods. The main
focus of the present article has been the accuracy and the
computational efficiency of the interaction integrals.

REFERENCES

[1] J. L. Volakis, A. Chatterjee, and L. C. Kempel, Finite Element Method
Electromagnetics: Antennas, Microwave Circuits, and Scattering Applica-
tions, Ser. IEEE Press Series on Electromagnetic Wave Theory, Hoboken,
NJ, USA: Wiley, 1998.

[2] M. Al-Qedra, J. Aronsson, and V. Okhmatovski, “A novel skin-effect
based surface impedance formulation for broadband modeling of 3-D
interconnects with electric field integral equation,” IEEE Trans. Microw.
Theory Techn., vol. 58, no. 12, pp. 3872-3881, Dec. 2010.

[3] S. Omar and D. Jiao, “A new volume integral formulation for broadband
3-D circuit extraction in inhomogeneous materials with and without exter-
nal electromagnetic fields,” IEEE Trans. Microw. Theory Techn., vol. 61,
no. 12, pp. 4302-4312, Dec. 2013.

[4] F. Sheikh Hosseini Lori, A. Menshov, R. Gholami, J. B. Mojolagbe,
and V. I. Okhmatovski, “Novel single-source surface integral equation
for scattering problems by 3-D dielectric objects,” IEEE Trans. Antennas
Propag., vol. 66, no. 2, pp. 797-807, Feb. 2018.

[5] A. E. Ruehli, “Inductance calculations in a complex integrated circuit
environment,” IBM J. Res. Dev., vol. 16, no. 5, pp. 470—481, Sep. 1972.

[6] A. E. Ruehli and P. A. Brennan, “Efficient capacitance calculations for
three-dimensional multiconductor systems,” IEEE Trans. Microw. Theory
Techn., vol. 21, no. 2, pp. 76-82, Feb. 1973.

[71 A. E. Ruehli, “Equivalent circuit models for three dimensional multicon-
ductor systems,” IEEE Trans. Microw. Theory Techn., vol. MTT- 22, no. 3,
pp. 216-221, Mar. 1974.

[8]1 A.E.Ruehli, G. Antonini, and L. Jiang, Circuit Oriented Electromagnetic
Modeling Using the PEEC Techniques. Hoboken, New Jersey: Wiley-IEEE
Press, 2017.

[9]1 U.R. Patel, S. Sharma, S. Yang, S. V. Hum, and P. Triverio, “Full-wave
electromagnetic characterization of 3-D interconnects using a surface
integral formulation,” in Proc. IEEE 26th Conf. Elect. Perform. Electron.
Packag. Syst., Oct. 2017, pp. 1-3.

[10] X. Sun, T. Huang, L. Ye, Y. Sun, S. Jin, and J. Fan, “Analyzing multiple
vias in a parallel-plate pair based on a nonorthogonal PEEC method,” I[EEE
Trans. Electromagn. Compat., vol. 61, no. 5, pp. 1602-1611, Oct. 2019.

[11] L. Ye et al., “Modeling stripline with slotted ground plane in multilay-
ered circuit board using PEEC formulation,” /EEE Trans. Electromagn.
Compat., vol. 62, no. 1, pp. 280-284, Feb. 2020.

[12] M. Huynen et al., “Entire domain basis function expansion of the dif-
ferential surface admittance for efficient broadband characterization of
lossy interconnects,” IEEE Trans. Microw. Theory Techn., vol. 68, no. 4,
pp. 1217-1233, Apr. 2020.

[13] J. Peeters, 1. Bogaert, and D. De Zutter, “Calculation of MoM interaction
integrals in highly conductive media,” IEEE Trans. Antennas Propag.,
vol. 60, no. 2, pp. 930-940, Feb. 2012.

[14] A. Rong, A. C. Cangellaris, and L. Dong, “Comprehensive broad-
band electromagnetic modeling of on-chip interconnects with a surface
discretization-based generalized PEEC model,” in Proc. Elect. Perform.
Elect. Packag., Oct. 2003, pp. 367-370.

[15] Y. Wang, V. Jandhyala, and C. J. R. Shi, “Coupled electromagnetic-
circuit simulation of arbitrarily-shaped conducting structures,” in /[EEE
10th Topical Meeting Elect. Perform. Electron. Packag., Oct. 2001,
pp. 233-236.

[16] D. Gope, A. E. Ruehli, C. Yang, and V. Jandhyala, “(s)PEEC: Time-
and frequency-domain surface formulation for modeling conductors and
dielectrics in combined circuit electromagnetic simulations,” IEEE Trans.
Microw. Theory Techn., vol. 54, no. 6, pp. 2453-2464, Jun. 2006.

[17] C. A.Balanis, Advanced Engineering Electromagnetics. New York, USA:
John Wiley and Sons, 1989.

[18] A.Poggio and E. Miller, “Computer Techniques for Electromagnetics,” in
Integral Equation Solutions for Three Dimensional Scattering Problems
New York, NY, USA: Pergamon, 1973.

[19] S. Seppo Jdrvenpdd, M. Taskinen, and P. Ylid-Oijala, “Singularity ex-
traction technique for integral equation methods with higher order basis
functions on plane triangles and tetrahedra,” Int. J. Numer. Methods Eng.,
vol. 58, no. 8, pp. 1149-1165, Oct. 2003.

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on August 15,2021 at 06:34:48 UTC from IEEE Xplore. Restrictions apply.



1200

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 63, NO. 4, AUGUST 2021

S. Chakraborty and V. Jandhyala, “Evaluation of Green’s function integrals
in conducting media,” [EEE Trans. Antennas Propag., vol. 52, no. 12,
pp. 3357-3363, Dec. 2004.

S. Chakraborty and V. Jandhyala, “Surface-based broadband
electromagnetic-circuit simulation of lossy conductors,” [EE Proc.
Microw. Antennas Propag., vol. 153, no. 2, pp. 191-198, Apr. 2006.

M. Taskinen, “On the fully analytical integration of singular double in-
tegrals arising from the integral equation methods,” in CEM’11 Comput.
Electromagn. Int. Workshop, Aug. 2011, pp. 13-18.

Y. Jiang and K. Wu, “Quasi-static surface-PEEC modeling of electromag-
netic problem with finite dielectrics,” IEEE Trans. Microw. Theory Techn.,
vol. 67, no. 2, pp. 565-576, Feb. 2019.

H. Wang and J. Fan, “Modeling local via structures using innovative PEEC
formulation based on cavity Green’s functions with wave port excita-
tion,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 5, pp. 1748-1757,
May 2013.

L. Lombardi, G. Antonini, and A. E. Ruehli, “Analytical evaluation of par-
tial elements using a retarded taylor series expansion of the Green’s func-
tion,” IEEE Trans. Microw. Theory Techn., vol. 66, no. 5, pp. 2116-2127,
May 2018.

C. Wollenberg and A. Gurisch, “Analysis of 3-d interconnect structures
with PEEC using SPICE,” IEEE Trans. Electromagn. Compat., vol. 41,
no. 4, pp. 412—417, Nov. 1999.

P.J. Restle, A. E. Ruehli, S. G. Walker, and G. Papadopoulos, “Full-wave
PEEC time-domain method for the modeling of on-chip interconnects,”
1EEE Trans. Comput.-Aided Design Integr. Circuits Syst., vol. 20, no. 7,
pp. 877-886, Jul. 2001.

L. Lombardi, D. Romano, and G. Antonini, “Partial element equivalent
circuit method modeling of silicon interconnects,” IEEE Trans. Microw.
Theory Techn., vol. 65, no. 12, pp. 4794-4801, Dec. 2017.

K. M. Chen, “A mathematical formulation of the equivalence principle,”
1IEEE Trans. Microw. Theory Techn., vol. 37, no. 10, pp. 1576-1581,
Oct. 1989.

L. Lombardi, D. Romano, and G. Antonini, “Analytical formula for the
magnetic-to-electric field coupling of magnetization in the partial element
equivalent circuit method,” IEEE Trans. Magn., vol. 54, no. 10, pp. 1-12,
Oct. 2018.

A. W. Glisson, “Electromagnetic scattering by arbitrarily shaped surfaces
with impedance boundary conditions,” Radio Sci., vol. 27, no. 11, pp.
935-943, 1992.

B. Gustavsen and A. Semlyen, “Rational approximation of frequency
domain responses by vector fitting,” IEEE Trans. Power Appl. Syst.,vol. 14,
no. 3, pp. 1052-1061, Jul. 1999.

1. Kovacevic-Badstuebner, D. Romano, L. Lombardi, U. Grossner, J.
Ekman, and G. Antonini, “Accurate calculation of partial inductances for
the orthogonal PEEC formulation,” IEEE Trans. Electromagn. Compat.,
early access, May 11, 2020, doi: 10.1109/TEMC.2020.2986933.

M. Lucido, M. D. Migliore, and D. Pinchera, “A new analytically regulariz-
ing method for the analysis of the scattering by a hollow finite-length PEC
circular cylinder,” Prog. Electromagn. Res. B, vol. 70, no. 7, pp. 55-71,
2016.

MATLAB version 9.8.0.1417392 (R2020a). Natick, MA, USA: The Math-
works, Inc., 2020.

Francesca Di Murro received the Laurea degree
in telecommunications engineering, and the Ph.D.
degree in electrical engineering and information from
the University of Cassino and Southern Lazio, in
2010 and 2016, respectively, where she has studied
the applications of semi-analytical methods for the
analysis of electromagnetic scattering. In 2019, she
was a Research Fellow with the University of Lulea,
and in 2020 at the University of L’ Aquila. Her current
research interests include the field of scattering and
integral equations.

)\

>

I 2

Daniele Romano was born in Campobasso, Italy, in
1984. He received the Laurea degree in computer
science and automation engineering in 2012, and
the Ph.D. degree in industrial engineering, computer
science, and economics in 2018, both from the Uni-
versity of L’ Aquila, Italy.

Since 2012, he has been with the UAq EMC Lab-
oratory, University of L’Aquila, focusing on EMC
modeling and analysis, algorithm engineering, and
speed-up techniques applied to EMC problems.

Maria De Lauretis (Senior Member, IEEE) received
the ML.E. degree in computer science and automa-
tion engineering from the University of L’Aquila,
L’Aquila, Italy, in 2012, and the Ph.D. degree in
industrial electronics from the Lulea University of
Technology, Luled, Sweden, in 2018.

She is currently a Postdoctoral Fellow with the
Computer Science, Electrical and Space Depart-
ment, Luled University of Technology. Her re-
search interests include multiconductor transmission
lines, electromagnetic structure modeling, and power
converters.

Ivana Kovacevic-Badstuebner (Member, IEEE) re-
ceived the Ph.D. degree in in electrical engineering
from ETH Zurich, Switzerland, in 2012.

From 2008 to 2015, she was with the Power Elec-
tronics Systems (PES) Laboratory, ETH Zurich. In
March 2016, she joined the Advanced Power Semi-
conductor (APS) Laboratory at ETH Zurich. Her re-
search interests include novel packaging technologies
for SiC power devices, the optimization of power
module layout with respect to electromagnetic inter-
ference, and multidomain modeling of power semi-

conductor devices and their modules.

Luigi Lombardi received the Laurea degree (M.D.)
in electronic engineering and the Ph.D. in industrial
engineering, computer science, and economics, both
cum laude, from the University of L’ Aquila, L’ Aquila,
Italy, in 2015 and 2019, respectively.

In early 2018, he was a Visiting Researcher with
the Department of Electronics, Carleton University,
Ottawa, ON, Canada. Since November 2018, he has
been working as a Design Engineer with the Non
Volatile Memory Design Team, Micron Semiconduc-
tor, Avezzano, Italy.

Ulrike Grossner received the Dipl.-Phys. and the Dr.
rer. nat. degree from the Friedrich-Schiller University,
Jena, Germany, in 1997 and 2000, respectively.

In 2014, she was a Full Professor with ETH Zurich,
Switzerland, where she established the Advanced
Power Semiconductor Laboratory (APS), working on
devices and packaging for advanced power semicon-
ductors.

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on August 15,2021 at 06:34:48 UTC from IEEE Xplore. Restrictions apply.


https://dx.doi.org/10.1109/TEMC.2020.2986933

MURRO et al.: EFFICIENT COMPUTATION OF PARTIAL ELEMENTS IN THE FULL-WAVE SURFACE-PEEC METHOD 1201

Jonas Ekman (Member, IEEE) was born in Boden,
Sweden, in 1972. He received the Ph.D. degree in
electrical engineering from the Lulea University of
Technology, Sweden, in 2003.

From 2003 to 2007, he was a Researcher with the
Lulea University of Technology. During 2005 and
2006, he did his postdoctoral research in full-wave,
time domain, and PEEC modeling at the EMC Lab-
oratory, University of L’Aquila, Italy. In 2014, he
was appointed Professor with the Lulea University
of Technology. His research interests include compu-
tational electromagnetics, in particular, the use of the PEEC method for realistic
electromagnetic modeling.

Fabrizio Frezza (Senior Member, IEEE) received the
Laurea degree (cum laude) in electronic engineering,
and the doctorate degree in applied electromagnet-
ics and electrophysical sciences from “La Sapienza”
University of Rome, Italy, in 1985 and 1991, respec-
tively.

In 1986, he joined the Department of Electronics of
the same University, where he was Researcher from
1990 to 1998, temporary Professor of Electromag-
netic Fields from 1994 to 1998, Associate Professor
from 1998 to 2004, and he has been a Full Professor of
Electromagnetic Fields since 2005. His research activity has concerned guiding
structures, antennas, and resonators for microwaves and millimeter waves,
numerical methods, scattering, optical propagation, plasma heating, anisotropic
media, artificial materials and metamaterials, and cultural-heritage applications.

Prof. Frezza is a Member of Sigma Xi and Senior Member OSA.

Giulio Antonini (Senior Member, IEEE) received
the laurea degree (cum laude) from the University
of L’Aquila, L’ Aquila, Italy, in 1994 and the Ph.D.
degree from the University of Rome “La Sapienza,”
in 1998, both in electrical engineering.

Since 1998, he has been with the UAq EMC Lab-
oratory, University of L’Aquila, where he is cur-
rently a Professor. He has coauthored the book Cir-
cuit Oriented Electromagnetic Modeling Using the
PEEC Techniques (Wiley-IEEE Press, 2017). His
research interests include the field of computational
electromagnetics.

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on August 15,2021 at 06:34:48 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


