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Abstract—The aim of this article is to efficiently and accurately
calculate the integrals of the full-wave (FW) partial element equiv-
alent circuit (PEEC) method. The accuracy of the analytical formu-
las calculated by the standard precision can be compromised when
using nonuniform mesh to properly model the high-frequency ef-
fects. The numerical errors can be avoided by using a high-precision
arithmetic, i.e., higher number of digits, however, at the expense
of significantly higher computation time. This article presents an
analytical approach for calculating the FW-PEEC interaction in-
tegrals of two elementary volumes/surfaces based on the Taylor
expansion, which allows a high computational speed preserving
the accuracy with a relative error of less than 0.1%. The proposed
solution is verified compared to the high-precision arithmetic and
the standard Gaussian integration for two examples of strip lines.
Moreover, it is shown that the accuracy of FW-PEEC integrals can
affect the convergence of an iterative PEEC matrix solver.

Index Terms—Adaptive integration, electric field, integral
equations, numerical integration, partial element equivalent circuit
(PEEC) method, Taylor series expansion.

I. INTRODUCTION

LECTROMAGNETICS modeling has received increasing
E interest in recent decades due to its ability to predict the
electromagnetic performance of an electronic system in an early
design phase much before the realization of a physical proto-
type. For this purpose, consequently, the numerical solution of
Maxwell’s equations has acquired increasing importance and has
become a powerful tool for designers. Many methods have de-
veloped over the years, such as the finite-difference time-domain
technique [1], the finite-element method [2], the method of
moments [3], and the partial element equivalent circuit (PEEC)
method [4], [5], [6], [7].
Nowadays, the most challenging objective is the development
of a method that is accurate from the very low frequencies,
including dc, to the highest frequencies that can easily reach
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the tens of gigahertz. Among the methods listed above, the
PEEC method is different as it can transform an electromagnetic
problem into a circuit model, in which the circuit parameters
model the dissipative phenomena and electromagnetic coupling.
The latter are known as partial inductances and potential coef-
ficients [7]. Since the PEEC method is based on the principle
of volume equivalence, the currents and charges are assumed
to radiate in the background medium, and therefore, free-space
Green’s function has to be considered. If the quasi-static assump-
tion can be done, for electrically small problems (e.g., involving
low frequencies and/or geometrically small structures), Green’s
function simplifies and the partial elements become frequency
independent. If an orthogonal mesh is used, analytical formulas
are available for both partial inductances L,, and coefficients
of potential P [7]. However, the existing analytical formulas
are affected by significant numerical errors for certain PEEC
structural mesh necessary to model the skin and proximity
effects with higher accuracy. In [8], a systematic strategy to
select a proper analytical formula depending on the dimensions
and positions of two elementary volumes is proposed for the ac-
curate computation of partial inductances under the quasi-static
hypothesis.

When the quasi-static hypothesis is not valid longer, full-wave
Green’s function has to be considered. In this case, the calcula-
tion of the partial elements modeling the magnetic and electric
field couplings, L, and P, respectively, is normally carried
out by using numerical integration, which, however, is very
computationally expensive. This limitation can be overcome by
using Taylor expansion, as presented in [9]. Nevertheless, similar
numerical issues can also be found in the full-wave calculation
of the partial elements based on Taylor expansion. The aim
of this article is to define a multifunction strategy that allows
preserving the accuracy in the calculation of the coefficients of
Taylor expansion of the partial elements as the frequency, size,
and distance between the domains vary. An orthogonal mesh is
assumed in this article.

The rest of this article is organized as follows. Section II sum-
marizes the problems in the computation of integrals involved
in the mutual partial inductance between two elementary paral-
lelepipeds and the conditions to be used to set a correct strategy
preserving the accuracy of the quasi-static partial inductance.
The details of the computation of the Taylor series expansion
coefficients, for different domains, e.g., volumes, surfaces, and
lines, are given in Section III along with the strategy proposed
to switch from one to another analytical formula in the different
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scenarios. The range of applicability is described in Section IV
along with an example. Finally, Section V concludes this article.

II. MUTUAL PARTIAL INDUCTANCE COMPUTATION

In the quasi-static PEEC method, the magnetic field coupling
between two elementary volumes 7 and j carrying uniform
currents is described by the partial inductance, which requires
the computation of the following double-folded volume integral:

/ / —dV;dV; (1)

where R = ||R; — R;||is the distance between two points inside
the two cells, and S; and S; are the cross sections normal to
the current directions of two volumes 7 and j, respectively.
When the quasi-static hypothesis is not satisfied, the full-wave
computation is required. In this case, the coefficients (1) must
consider the retardation through the exponential term, as shown

in the following equation:
/ / e IPRqV;aV; 2)
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where 3 = 27 f/io€0.

In[9], itis shown how it is possible to compute the coefficients
(2) by resorting to the Taylor series expansion of the exponential
term. In particular, the most efficient expansions reported in [9]

work as described in the following. The double-folded integral

If,FVZ) in (2) is rewritten into an equivalent form as follows:
IéFVZ) / / ¢ IB(R—Recc) *JﬁRde dv; (3)

where R.. is the center-to-center distance between the two
volumes. Then, the term e~/ is approximated with its Taylor
expansion, and it is moved out the integral, leading to
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where R = R — R,..
By performing some trivial algebraic manipulations, it fol-

dv;dv;
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where
/ / —dV;dV; (62)
Y = / / 1dV;dv; = V;V; (6b)
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7% = / / RdV;dV; (6¢)
v Jv,

% = / / R*dV;dV;. (6d)
v Jv,

Integrals in (6) are frequency independent, and hence, they are
computed only once and then used to compute a full-wave co-
efficient at any frequency. The analytical formulas for integrals
(6), in the case of orthogonal volumes, are provided in [9] and
[10]. The case of nonorthogonal volumes can be handled in two
ways, in addition to the brute-force numerical integration.

1) The coefficients of Taylor expansion are computed once
at the beginning and reused at different frequencies.

2) As a second option, a fine orthogonal mesh is used to ap-
proximate the nonorthogonal objects. Thus, the number of
elementary unknowns can be very high. Such an approach
is usually used in conjunction with an iterative method, in
which the matrix—vector products are accelerated, e.g., via
fast Fourier transform (FFT) [11], [12], [13], [14].

A. Problems in the Analytical Evaluation of Integrals (6)

Let us consider the following example, also presented in [§]
for the quasi-static case. In particular, it considers two volumetric
cells arranged as follows.
1) The dimensions of the first cell are 5,1 = 10 um, 5,1 =
4 mm, s,1; = 0.8 um.

2) The dimensions of the second cell are 5,5 = 1 pum, 5,9 =
10 um, and s,2 = sy /k, where k ranges from 10%to 1,
i.e., szo varies in the range from 1 ym to 1 m.

3) The distance between the cells in z, y, and z directions
is Az = 5,1 - h, where h ranges from 1072 to 10°, Ay =
0, and Az = 0, i.e., the minimum distance between cells
Rpin varies between 0.1 ym and 1 m.

For all these geometrical configurations, the computation of
integrals in (6) is performed in the standard double-precision
arithmetic by using the analytical solution provided in [9] and
[10], while the reference values are computed using the Sym-
bolic MATLAB Toolbox [15] (with at least 32 digits). The result
of such test is reported in Fig. 1 .

In particular, for orthogonal volumes, when integrals (6)
are computed in double precision, some numerical errors oc-
cur [16], [17]. More recently, Kovacevic-Badstuebner et al. [8]
have proposed a technique that solves definitively the numerical

problems related to the analytical computation of Ifgf ),
The behavior of this approach has been summarized in Ap-
pendix A for completeness.

III. IMPROVED INTEGRAL (6) EVALUATION

The novelty of this article is to extend the technique presented
in [8] for the computation of integrals L(,O%,) and Iq(,og;) (6). To
this aim, the closed-form solutions for these integrals when

suppressing one or more dimensions at the time are needed.
Similarly to the definitions made in (13), for 72 and 7!°%)

v—v vV—U
)

we will have: surface—volume I(OQ) and Z\°) | surface—surface

S—v°

7% and 7', line-volume I(OQ) and Iéfi), point—volume
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Fig. 1. Closed-form solution evaluation error for the integrals defined in (6) when the double-precision arithmetic is used for their computation. (a) Ifgf ).
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and II()‘EJ), line—surface Iéfzs) and Ié

%) and 7%, line-line Z,°7 and Z°%
I;‘i?, and point—point Il(fp) and Ilg‘i), respectively.

The closed-form solutions for all these integrals, that represent
the major novelty introduced in this article, are provided in
Appendix B for the sake of readability.

, point—surface

2)

, point—line I[(fi / and

A. Improved Ié'iz‘)/ and T, (

03)
v—

v Evaluation

The strategy introduced in [8] (summarized in Appendix A for
IﬁQS)) can be applied to the integrals I,g‘i) and Z\°®), defined in

(6), by exploiting the formulas defined in Figs. 12—15. The main
difference with Ié?f ) described in [8] relies on the choice of
the thresholds €1, €3, €3, and €4 required by the algorithm for the

suppression reported in Fig. 11, while condition; (14a) for Iffi%}

and 71°%

v—v

is calculated following the same derivation procedure

7(@9)

as applied to . In particular, we have the following.

1) The correct evaluation of Ié?f ) is obtained with the
thresholds €3 = 1073, €5 =5 x 1073, €3 = 1073, and
€4 =3x107L.

The same thresholds used for Ié?

Iffv) . This is due to the fact that each analytical
solution of the integrals for I,E?f ), that can be found in [8]
and [17], defined in (13), has a similar counterpart in the
solution of the integrals for 150_21]), given in [9] and Figs.
12—15, in the sense that there are similar summations of
terms having the same exponential values. This is also
confirmed by the similar error map that can be observed
in Fig. 1(a) and (b). Moreover, condition; (14a) in this
case is the following:

s)

2) » are used also for the

integral

dn12,max

condition; = V1V,
Rmin

< €1. @)

Finally, for integral I,EO_?’U) , from Fig. 1(c), it can be ob-
served that more relaxed thresholds of suppression can be
used since its computation fails for higher values of sizes
and distances. Experimentally, by running a very large set

3)

of test cases, the best thresholds found for the suppression
strategy are the following: e; = 1074, e =3 x 1074,
€3 = 1073, and €4 = 3 x 10~'. Furthermore, condition;
(14a) in this case reads

condition; = 2V} ‘/an12,max < €]. (8)

Hence, by applying the proposed technique to the same exam-
ple of Section II-A, with the reported choice of thresholds, we
obtain the results summarized in Fig. 2, where, also in this case,
the reference values are computed using the Symbolic MATLAB
Toolbox [15] (with at least 32 digits).

As seen, applying the proposed strategy for the computation of
integrals (6) leads to very low errors. This allows us to conclude
that the evaluation of (5) is affected now only by the Taylor
expansion truncation of the exponential term and not by the
digits of precision used in the evaluation of integrals (6).

IV. NUMERICAL TESTS
A. Evaluation of the Range of Applicability

The range of applicability of the proposed formulas when
using the double- or quadruple-precision arithmetic is analyzed
by calculating the integral (5) for different volumes sizes and
distances. In particular, the distance between two cubic volumes
is varied in the range from O to 1 m leading to 30 geometrical
configurations. Such distance is calculated between the two
nearest edges of the two volumes. In addition, the tests are
performed for the edge size of the two volumes ranging from
10 pm to 1 mm. In the presented analysis, the integrals are
computed based on five different approaches.

1) Numerical: The integral I,(,F,VZ) in (2) is calculated through
the adaptive numerical integration of MATLAB with an
error threshold set to 10~9. In particular, the integration
is performed with the Gauss—Kronrod quadrature for-
mula [18], where the adaptive strategy is implemented
with seven evaluation Gauss points and 15 evaluation
Kronrod points.
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Fig. 2.
proposed strategy. (a) Ifgf ), (b) 1'1(}321)) ©) Il()ﬁ))

2) Double Taylor: The integral ISX? in computed as reported
in (5) by computing the integrals (6) by using the double-
precision arithmetic.

Quad Taylor: The integral ISU,VZ) in computed as re-
ported in (5) by computing the integrals (6) by using the
quadruple-precision arithmetic (at least 32 digits).
Suppression Taylor: The integral Ifiwv) in computed as
reported in (5) by computing the integrals (6) by using
the double-precision arithmetic together with the proposed
suppression strategy, as reported in Section III.

Proposed Taylor: It works like Suppression Taylor with
the difference that the integral If,}i‘? is approximated as

3)

4)

5)

TN o~ () e PR )
when the following condition is satisfied:
Ree > 50 df> o (10)
max an — .
e = DHma 10 305max

In (10), co denotes the speed of light in free space, f
denotes the frequency, and sp,x denotes the largest value
between the lengths, the widths, and the thickness of the
two bars, for which L()F, V:? is computed. Clearly, the integral
LE‘:M in (9) is computed by adopting the suppression strat-
egy given in [8]. Finally, the validity of the approximation
(9), along with the condition (10), has been proven by
running a large number of numerical tests.

The CPU times required for these methods are summarized
in Table I along with the details of the frequency range and
frequency samples for each case. Their computation has been
carried out in MATLAB on a PC equipped with two physical
processors operating at 3.46 GHz. From Table I, it is evident that
the use of Taylor expansion with the double-precision arithmetic
is extremely advantageous in terms of performances, while an
accurate numerical integration is prohibitive.The accuracy of the
Double Taylor, Quad Taylor, Suppression Taylor, and Proposed
Taylor approaches is defined by a relative error computed as

_ |hTAYLOR| - |hNUMERlCAL|

(1)

| ANUMERICAL |

Closed-form solution evaluation error for the integrals defined in (6) when the double-precision arithmetic is used for their computation together with the

TABLE I
CPU TIME REQUIRED FOR CALCULATING THE INTEGRALS BASED ON THE
TAYLOR AND NUMERICAL APPROACHES FOR THE DESCRIBED TEST CASES OF
30 GEOMETRICAL CONFIGURATIONS

edge length
10 pm | 100 pm [ 1 mm
Frequency range A B C
Frequency samples # 12 10 8
CPU time—NUMERICAL 17 h 16 h 18 h
CPU time—QUAD 5 m 4 m 3 m
CPU time—DOUBLE <20ms | <17ms | < 15 ms
CPU time—SUPPRESSION || <40 ms | <35ms | <30 ms
CPU time—PROPOSED <40ms | <35 ms | <30 ms

Frequency range: A: 10 MHz to 1 THz, B: 10 MHz to 100 GHz, and C: 10 MHz
to 15 GHz.

where the numerical reference solution hnuymericar is computed
with the MATLAB adaptive integration with a relative error
threshold set to 10~9. The relative errors for Double Taylor, Quad
Taylor, Suppression Taylor, and Proposed Taylor methods are
shown in Figs. 3— 5 for the described test cases. In this analysis,
the maximum frequency fi.x has been chosen according with
the A /30 criterion; in particular, we have

_c
30fmax

where the same notation of (10) has been used.

As can be clearly seen from Figs. 3(d), 4(d), and 5(d), the
proposed strategy always guarantees an error below 0.1%. Fur-
thermore, it is evident that the Quad Taylor approach can be used
as a reference method if the /30 criterion (12) is satisfied.

The following examples demonstrate how the calculation of
L, and P matrices influences the calculated vectors of currents
and potentials. These coefficients are computed in C++, and
more specifically, they are computed in parallel on seven threads
in order to accelerate all the simulations.

Smax < (12)

B. Example 1: Coplanar Stripline Example

As the first example, a coplanar stripline structure described
in Fig. 6 is modeled. The conductive ground, the lines, and the
plate above the structure are made of copper. In addition, the
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Fig. 3.  Error evaluation for the cubic volume case with an edge of 10um. (a) Quad Taylor. (b) Double Taylor. (¢) Suppression Taylor. (d) Proposed Taylor.
¢ 0 <e<107M 1007 <e<1077 « 1077<e<107 1074 <e<107? x €>1072
1011% 1011 { 1011 % XXXXXXX y 1011 W rrrrrrrrrr y
. j 101 -~ 10 IRNORRRE SR () RO
:N 9} 0000“0000000001 E g} * * % :E g} LXd EEOKEER KK KK EN 9} e EEOKKERERES
— 10 t PO 00000000000 — 10 t * % — 10 t EEOKEER KK KX — 10 t EEOKEEEEEAS
= 1] estisstessissto ST - =] - T . 4
Lo JOOOOONOOO0000H 107 o [0 10 S DO i 1T (4 S R i
0 1074 102 10° 0 1074 1072 0 104 1072 10° 0 104 1072 10°
d [m] d [m] d [m] d [m]
(@ (b) © (@
Fig. 4.  Error evaluation for the cubic volumes case with an edge of 100pm. (a) Quad Taylor. (b) Double Taylor. (c) Suppression Taylor. (d) Proposed Taylor.
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Fig. 5.  Error evaluation for the cubic volumes case with an edge of 1 mm. (a) Quad Taylor. (b) Double Taylor. (c) Suppression Taylor. (d) Proposed Taylor.

The PEEC analysis has been performed from 100 MHz to
5 GHz by using a nonuniform mesh (with minimum mesh size
of 0.4 ym and maximum mesh size of 1.5 mm in each direction)
resulting in 25 680 PEEC inductive branches and 8688 capacitive
surfaces.

The CPU time and relative error for the double-folded in-
tegrals used to fill L, and P matrices (2)—(6) are summa-
rized in Table II showing that the use of quadruple-precision
computation leads to a high computation time, while the pro-
posed solution shows a drastic reduction in the computation

13 mm . .. .
times. In addition, the Proposed Taylor approach is also faster
Fig. 6. Second modeling example: a coplanar stripline structure where the  than the Double Taylor, since, when several integration dimen-

thickness of the dielectric is 2.7 mm and the thickness of all the conductors is
50pm. Finally, s = 2 mm and w = 1 mm.

lines are embedded into a dielectric with relative permittivity
€, = 4. All the geometrical details are given in Fig. 6.

sions are suppressed, the derived closed formula evaluation re-
quires less operations than the standard volume—volume integral
solution.

The choice of the integrals used to fill L, and P matrices
by the Proposed Taylor method, between the developed closed
formulas given in Appendix B, is summarized in Table III. In
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TABLE II

CPU TIME AND RELATIVE ERROR FOR THE DOUBLE-FOLDED INTEGRALS
USED TO FILL L, AND P MATRICES (2)—(6) FOR THE COPLANAR
STRIPLINE EXAMPLE

CPU time relative error
QUAD [ DOUBLE | PROP || DOUBLE | _ PROP
75 [ 23 12's 9s || 1.4x10-3 | 3.9x10-8
7(°% 23 h 12's 10s || 1.1x10~* | 4.1x10-8
7Y 1l 24m 5s 5s || 3.1x10°7 | 2.8x10-10
799 1 104 194s | 88s 6.9 1.2x10~7
7% [ 104 196s | 96s 0.8 1.2x10~7
7% 1 102 m 17 19s || 5.3x10~% | 5.7x10~°

Abbreviations: m: minutes, h: hours, d: days, QUAD: Quad Taylor, DOUBLE: Double
Taylor, PROP: Proposed Taylor.

TABLE III

SELECTED CLOSED FORMULAS, IN PERCENTAGE, TO FILL L;, AND P
MATRICES (6), WITH THE PROPOSED TAYLOR METHOD, FOR THE COPLANAR
STRIPLINES EXAMPLE

L, P
CE R El AT G R G
% % % %
Ip—p 0 0 <1 <1
Ip—» <1 0 1.3 <1
Tp—s <1 0 2.5 <1
Ip—v <1 0 — —
) <1 <1 9.3 <1
Ty_s 5.8 <1 40.9 12.6
To_ 3 <1 — —
Ts—_s 36.2 <1 45.8 85.9
Ts—v 38.5 12 — —
Tv_v 16.3 86.4 — —

this example, the approximation (9) is practically unused since
less than 1% of coefficients are corrected with it, and hence, the
accuracy is reached by only applying the suppression strategy
introduced in Section III.

In the next step, the accuracy in the computation of currents
and voltages between a node of the structures and all the other
nodes is evaluated for the Double Taylor and Proposed Taylor
approaches. The errors are computed by using (11) and presented
in Fig. 7. In this case, Fig. 7 demonstrates how the errors in
L, matrix influence the calculation of the current distribution,
while the error on voltage distribution is less influent for the
same reasoning given in [8].

In any case, the errors of the current distributions have a
significant impact on the postprocessing step to calculate elec-
tromagnetic fields.

C. Example 2: Microstrip Line Example

As the second example, a microstrip line structure described
in Fig. 8 is modeled. The conductors are made of copper (con-
ductivity 0 = 5.8 X 107), while the dielectric substrate is made
of the standard FR4 material (¢, = 4.2 and tand = 0.02).

The PEEC analysis has been performed from 500 MHz to
5 GHz by using an orthogonal mesh approach, in which all
the structures are discretized into voxels (that are practically
rectangular bars) having all the same sizes. The sizes of the
voxels along the z, y, and z axes are s, = 84um, s, = 384um,

1225
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Fig. 7. e-errors of the current and voltage vectors for the coplanar stripline
example.

Fig. 8.  Geometry of the microstrip line example. Geometrical parameters:
s1 =0.35,s2 = 0.32,w = 0.33,£ = 50,h = 0.2, 71 = 0.04,and 72 = 0.02
(all the dimensions are in millimeters).

and s, = 10pm, respectively. In particular, the mesh is achieved
through a rectangular grid having N, = 20, N, = 140, and
N, = 26, where N, N, and N are the number of voxels along
the z, y, and z axes, respectively, resulting in 186 288 inductive
branches, 18 864 capacitive surfaces, and 61 600 nodes. Since
the mesh is made by a regular 3-D grid in which all the voxels
have the same size, we can use an iterative solver in which the
matrix—vector products can be accelerated through the FFT [11],
[12], [13], [14]. In particular, we use the generalized minimal
residual method (GMRES) iterative solver, as described in detail
in [11], with the threshold of convergence set to 10~* and
with the maximum number of iterations set to 3000. Since the
matrix—vector products are performed via FFT, it follows that
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TABLE IV
CPU TIME AND RELATIVE ERROR FOR THE DOUBLE-FOLDED INTEGRALS USED
TO FILL THE ROWS OF L;, AND P MATRICES (2)—(6) FOR THE MICROSTRIP
LINE EXAMPLE

CPU time relative error
QUAD | DOUBLE | PROP || DOUBLE | PROP
9 T 12m | <1ims | <1ms 0.01 3x10~7
7 [l 12m | <ims | <1ms 0.04 6.5x10~7
7Y 1 33s | <ims | <1ms || 1.9x10°7 | 1.9x10°7
TR T 10m | <1ms | <1ms 0.1 2.9x10~7
72 1 1om | <1ims | <1ms 0.3 7x10~7
7(°3) 2%s | <lms | <lms | 1.8x10-7 | 1.8x10~7

Abbreviations: m: minutes, h: hours, QUAD: Quad Taylor, DOUBLE: Double Taylor,
and PROP: Proposed Taylor.

TABLE V

SELECTED CLOSED FORMULAS, IN PERCENTAGE, TO FILL L, AND P
MATRICES (6), WITH THE PROPOSED TAYLOR METHOD, FOR THE MICROSTRIP
LINE EXAMPLE

P L,
90 ) | 1) | 289 ) | )

% % % %
o p 13 0 0 0
Ty s 35.1 0 0 0
Tp s 0 0 0 0
To v - = = -
Ty¢ 38.4 31 65.3 0
Ty s 16 174 0 0
Ty = - 0 0
To s 6.2 69.5 30 32
Ty = - 0 0
Ty_v - = 17 63

just one matrix row needs to be computed and stored to build
the circulant tensors required for the matrix—vector products
involving the matrices L, and P [12].

The CPU time and relative error for the double-folded in-
tegrals used to fill the rows of L, and P matrices (2)—(6) are
summarized in Table IV showing that the use of the quadruple-
precision computation leads to a high computation time, while
the double-precision computations are extremely fast (since, in
this example, just few matrix rows are computed to build the
circulant tensors).

The choice of the integrals used to fill L, and P matrices by
the Proposed Taylor method is summarized in Table V, where the
notation is the same as used for Table III. Also, in this example,
the approximation (9) is practically unused since less than 1%
of coefficients are fixed by (9).

In addition, the scattering parameters are shown in Fig. 9.
As can be clearly seen, the proposed solution shows a very
good agreement with the Quad Taylor method, while the Double
Taylor method leads to less accurate results at high frequency.

Finally, the number of GMRES iterations is shown in Fig. 10,
in which it can be noted that the Quad Taylor method and the
proposed method perform the same number of iterations, while
the Double Taylor method exhibits a higher number of iterations
reaching also the limit of 3000 iterations at high frequency
without satisfying the 10~ threshold used for the convergence
criterion.

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 65, NO. 4, AUGUST 2023

——QUAD TAYLOR
....... DOUBLE TAYLOR
- - -PROPOSED TAYLOR
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) : : : ‘
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Fig. 9. Scattering parameters for the microstrip line example.
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Fig. 10.  Number of GMRES iterations for the microstrip line example.

Clearly, from this results, it is evident that an inaccurate subset
of L, and P coefficients has a negative impact on the conver-
gence of an iterative method, which worsens with increasing
frequency. This is a strong limitation because the use of an
iterative method is strictly needed to solve problems with a large
number of unknowns that appear for practical examples of 3-D
circuit layouts.

V. CONCLUSION

In this article, the accuracy of PEEC electromagnetic models
at high frequency has been significantly improved by exploiting
and extending strategy for selecting the right analytical formula
depending on the dimensions and positions of the two PEEC
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elementary volumes/surfaces. This allows the computation of
the interaction integrals with a relative error of less than 1%,
avoiding the numerical integration and the quadruple-precision
arithmetic. A provided set of analytical formulas, required by
the technique, can also be useful to any other numerical method
requiring double-folded volume or surface integrations of free-
space Green’s function over rectangular domains. Finally, the
numerical results show that significant speedup is achieved
while preserving the accuracy of the solution. In addition, the
last example also highlights that inaccurate mutual coefficient
computation can compromise the convergence of an iterative
solver required to solve large computational problems.

APPENDIX A

Improved Ié?g) Evaluation
T(@5)

v—v

In [8], starting from the six-variable-folded integral

a set of Iq(ffi? formulas was developed by suppressing one

or more dimensions at the time, which leads to nine spe-
QS QS

A 799,

QS)

—5

, surface—surface
QS
A

point—surface 799 tine-line Iégs), point-line IZ(JC_QS), and

cial cases (13): surface—volume

line—volume Ié?vs )

, point—volume , line—surface Ié

p—s
point—point IZE‘:?,;S ) ,where v, s, £, and p stand for volume, surface,
line, and point, respectively

0 - T4
0,0, - TL99)
(@S
’ Iéfv )
(@)
A

Cirlim
il imlin
Cinlimls - T
Ciljmlinli - TS0
7(Q3)

¢
(QS)
I

799 ~ (13)

Ejkgjméikéim .

ejkgjmgjnelkglm

Ciilimlinlinlimbin - T2S)

The algorithm needed to switch between the various formulas
in (13) is given in [8] and reported in the following for complete-
ness. By defining the following e-condition:

d max
condition; = Vﬂ@% € (14a)
COHditiOHQ(Sm) = Sni/Rmin < €2 (14b)

conditions($y,;) = Spi/Max(Sy;, Syi, Szi) < €3 (14¢)

conditions = condition; and (condition, or conditions)

(14d)

the algorithm reported in Fig. 11 can be applied to understand
what dimension must be suppressed for a volume.
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Procedure: Reduce-Volume-Integral-Order

1 IHPUt: Sxis Syis Szis dn12,max’ va VvQ’ Rmin7€1—4
2 a = Min(s,;,5y,5;)
3 b= max(sm,syi,szi)
4 ¢ = mean(sy;,Syi,S52i)
5 if conditionA(a)

6 Suppress a
7
8
9

//n=2: Vol — Surf
if (b/Rmin < E4)
if conditionA(c)
Suppress ¢ //n=1: Surf — Lin
10 end
11 if conditionA(b)
12 Suppress b //n=0: Lin — Pnt
13 end
14 end
15 end
Fig. 11.  Reducing the volume (three-fold) integral for the volume cell % to

either zero-fold, one-fold or two-fold integral depending on the cell dimensions
and the distance to the other cell.

APPENDIX B

Closed Formulas for Integrals quiz& and If}o_?"),

The analytical solutions is the integrals Iq(fi%)) and Iq(,(i?’v) (6)
are summarized in Figs. 12—15. It is important to underline that
only the closed-form solutions are given, while all the algebraic
steps performed to achieve them are skipped due to the lack of

space.
APPENDIX C

Tips for Integral Evaluation

The evaluation of the integrals given in Figs. 12-15
must be performed as follows. The singularity of type

z log (\/xQ +1y2 + z2) is solved using
lim {x log(x/x2 +y?+ 22)} =0.
z—0

15)

Function z2tan~! ( yz

zy/a2+y2+22

where the function arctan2

> is evaluated as

x|x|arctan2 <

yz
|z|\/ 22 +y2+22 ’

is defined by
tan~! (%) , ifm >0
tan' (£) + 7, ifk>0andm <0
arctan2 (Z) =qtan ' (E) -7, ifk<Oandm <0
ET if k>0andm =20
—3 ifk<O0andm=0
(16)

with tan~!(q) representing the inverse tangent of ¢ computed
in the range [—m/2, 7 /2]
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Fig. 12.  Analytical formulas for point-point I;'?p) and
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Poy
°

P11 = (x1,y1,21) ; Po1 = (x3,¥3,23)

1—1(,0_213 = \/(901 —23)2 + (y1 — y3)? + (21 — 23)?

Zz()of; = (z1 —23)% + (y1 — y3)* + (21 — 23)°

(a)

z
T
Y
Poy Pao

P11 = (z1,y1, 21)
P = (13,y3,23) ; Po2 = (24,y3,23)

4
Zl()ofe) = Z(—l)(k+1)1/2 {SQCR—&- (SZ + 52) log(ss + R)]

4
I;SD—BZ) = Z(—l)(kJrl) {1/352 + sx(sz + sﬁ)}

where s; = x1 — 2, Sy = y1 — Y3, 5z = 21 — 23 and R = /52 + 52 + 52

k=3

k=3

<
I
&

Poy Pao
— o
Py Pra
— o

P11 = (z1,y1,21) ; P2 = (22,1, 21)
P = (x3,y3,23) ; Po2 = (24,y3,23)

(b)
4 2 )
7072 = 3OS ST ()R Dy s =1/3(1/252 — 52— s2)R
i=1k=3 h=1

7o) =3 i(—l)“‘*’“*“{l/umsi |2 603+ }

where s; = x; — 2, y=y1 —ys, 52 =21 — 23 and R = /52 + 52 + 52

Yo = 1/251(55 + 52)log(sz + R)

i=1k=3

(©)

z
x
Yy Py
Pag
P13 Pro
—

Py = (x1,y1,21) ; Pi2 = (x2,y1,21)
Po1 = (23,93,23) ; Pa2 = (v3,y3,24)

4 4
7%) =375 ST (=)D, g = —1/8s.(s2 — 1/65% — 52 R)

s
: Sz SzSz
=1/3s3 |arctan | == | — arctan
" / Y (Sy ) ( syR ):|

Igi? =33 (-plitnty {1/35152(53 +3s2 + sﬁ)}

where s; = x; — 3, sy =y1 — Y3, 52 =21 — 2n and R = /52 + 52 + 52

3) log (se + R) ; 73 =1/6sq (s2 + 333) log (sz + R)

I("?)

P—p°

(d

line-point II(:QZ) and II(:BZ) and line-line Iéfi) and Iéfiz) integrals, where 71 < 2, 73 < x4 and

z3 < z4.(a) Analytical formulas for the point-point integrals. (b) Analytical formulas for the point-line integrals. (c) Analytical formulas for the parallel line-line
integrals. (d) Analytical formulas for the orthogonal line-line integrals.
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z
k
x 7] = Z Z Z( DTy, 5 g1 =1/3sy(s2 +1/65; — sz R)
y k=3 m=3 h=1
Pop Py Y2 = —1/6sz (si + 382) log (sy + R) ; 3= —1/6sy (si + 382) log (s + R)
v4 = —1/3s3arctan (s—y) : 5 = 1/3s3arctan (SISy)
Sz sz R
Pa3 Poy
Pil Z(Os) Z Z (—1)(tm) [1/35x5y(5§ + 53 + 335):|

Py = (21,91, 21) k=3m=3

Py = (23,y3,23) ; Pe2 = (%4,y3,23)
Py3 = (23,Y4,23) ; Paa = (24,Ya,23) where sz = T1 — @, Sy = Y1 — Ym, Sz =21 — 22 and R = ,/s2 +5121 + 52

(a)
z
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Yo =1/2 (1/3SIS + S2SySs )log (sz + R) i v3 = 1/3sys3arctan (sy/s5)
Y4 =1/4(1/6s% + 5252 —1/252) log (sy + R) ; v5 = —1/3szs5arctan (ﬂ)
Pa3 Py szR
Py Pro 2. A d
“ Z) = 3030 30 (0 [1/2)20, (2 4+ 25 +652)
i=1k=3m=3

P11 = (z1,y1,21) ; Pi2 = (z2,y1,21)
Poy = (v3,y3,23) ; Pe2 = (24,93,23)
where s; = ®; — Tk, Sy = Y1 — Ym, Sz = 21 — 23 andR:‘/sg-i-sg-i-sg

Po3 = (v3,Y4,23) ; Poa = (24,94,23)

(b)
< (on) 2 4 4 8
o _ j+k+m
. ZEE % v op wRILECH
j=1k=3m=3 h=1
Y
Py Poo 1 =—-1/(12)s arctan( )
= —1/(12)s*arctan ; = —1/(12)s%arctan S=y
Y2 = SzR ;Y3 = z SZR
Paz Paa Y4 = 1/6szsy (s2 + s )log (s:+R) ;5 v5=1/12(s 4—33) arctan (sy /sz)
P Y6 = 1/6sys: ( + s )10g(sr + R) ; 7 =1/6szs: (s + s )log(sy + R)
12

v8 = —1/(18) (5/2szsy +835, — 5/2sisy) +1/4szsys-R

P (03) L v j+k 22 2
24735 = Z Z Z Z(_l)(]+ +m) |:1/3828y82(sx + sy + Sz):|

j=1k=3m=3 h—1
P11 = (z1,91,21) ; Pi2 = (21,91, 22)
Py = (x3,y3,23) ; P2 = (%4,y3,23

(3,3, 23) ; (4,3, 23) where s; = 1 — Tk, Sy = Y1 — Ym, sz:Zj—zgandR:,/s%—&-sz—I—sg

Po3 = (v3,Y4,23) ; Poa = (24,y4,23)

©

Fig. 13.  Analytical formulas for point-surface Z (0 2) and 74° 3) and line-surface Z, (o i) and Z, (o 3; ) integrals, where T1 < x2, 21 < 22, 3 < T4, and Y3 < y4.
(a) Analytical formulas for the point—surface mtegrals (b) Analytlcal formulas for the parallel lme surface integrals. (¢) Analytical formulas for the orthogonal

line—surface integrals.
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Fig. 14.  Analytical formulas for point-volume Z,, (02) and 7 (03) and line—volume Z, (02) and I, (03) integrals, where y1 < yo2, T3 < T4, Y3 < Y4, and 23 < 24.

(a) Analytical formulas for the point—volume 1ntegral§ (b) Analytlcal formulas for the Tine— volume integrals.
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Fig. 15.  Analytical formulas for the surface—volume integrals Iéoz> and I§03) where 1 < x2,y1 < Y2, 23 < T4, Y3 < Y4, and 23 < z4.



ROMANO et al.: OPTIMIZED ANALYTICAL COMPUTATION OF PARTIAL ELEMENTS USING A RETARDED TAYLOR SERIES EXPANSION 1231

[1]

[2]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

REFERENCES

K. S. Yee, “Numerical solution of initial boundary value problems in-
volving Maxwell’s equations in isotropic media,” IEEE Trans. Antennas
Propag., vol. AP-14, no. 5, pp. 302-307, May 1966.

J. M. Jin, The Finite Element Method in Electromagnetics, 3rd ed. Hobo-
ken, NJ, USA: Wiley/IEEE Press, 2014.

R. F. Harrington, Field Computation by Moment Methods. Malabar, FL,
USA: Krieger, 1982.

A. E. Ruehli, “Inductance calculations in a complex integrated circuit
environment,” IBM J. Res. Dev., vol. 16, no. 5, pp. 470481, Sep. 1972.
A. E. Ruehli and P. A. Brennan, “Efficient capacitance calculations for
three-dimensional multiconductor systems,” IEEE Trans. Microw. Theory
Techn., vol. MTT-21, no. 2, pp. 76-82, Feb. 1973.

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.

A. E. Ruehli, G. Antonini, and L. Jiang, Circuit Oriented Electromagnetic
Modeling Using the PEEC Techniques. Hoboken, NJ, USA: Wiley/IEEE
Press, 2017.

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.,
vol. 63, no. 1, pp. 82-92, Feb. 2021.

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. Hoer and C. Love, “Exact inductance equations for rectangular conduc-
tors with applications to more complicated geometries,” J. Res. Nat. Bur.
Standards—C. Eng. Instrum., vol. 69, no. C, pp. 127-137, 1965.

D. Romano, I. Kovacevic-Badstuebner, G. Antonini, and U. Grossner,
“Efficient PEEC iterative solver for power electronic applications,” [EEE
Trans. Electromagn. Compat., vol. 65, no. 2, pp. 546-554, Apr. 2023.

R. Torchio, F. Lucchini, J.-L. Schanen, O. Chadebec, and G. Meunier,
“FFT-PEEC: A fast tool from cad to power electronics simulations,” JEEE
Trans. Power Electron., vol. 37, no. 1, pp. 700-713, Jan. 2022.

M. Wang, C. Qian, J. K. White, and A. C. Yucel, “VoxCap: FFT-accelerated
and tucker-enhanced capacitance extraction simulator for voxelized struc-
tures,” IEEE Trans. Microw. Theory Techn., vol. 68,no. 12, pp. 5154-5168,
Dec. 2020.

C. Qian and A. C. Yucel, “On the compression of translation operator ten-
sors in FMM-FFT-accelerated SIE simulators via tensor decompositions,”
IEEE Trans. Antennas Propag., vol. 69, no. 6, pp. 3359-3370, Jun. 2021.
MATLAB, version 9.11.0.1873467 (R2021b), The MathWorks Inc., Natick,
MA, USA, 2021.

G. Zhong and C.-K. Koh, “Exact closed-form formula for partial mutual
inductances of rectangular conductors,” IEEE Trans. Circuits Syst. I,
Fundam. Theory Appl., vol. 50, no. 10, pp. 1349-1352, Oct. 2003.

Z. Song, F. Duval, D. Su, and A. Louis, “Stable partial inductance cal-
culation for partial element equivalent circuit modeling,” Appl. Comput.
Electromagn. Soc. J., vol. 25, no. 9, pp. 738-749, 2010.

D. P. Laurie, “Calculation of Gauss-Kronrod quadrature rules,” Math.
Comput., vol. 66, no. 219, pp. 1133-1145, Jul. 1997.

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

Since 2012, he has been with the UAq EMC Labo-
ratory, University of L’ Aquila, where he is currently
a Researcher. His research interests include electro-
magnetic compatibility (EMC) modeling and analy-
sis, algorithm engineering, and speedup techniques
applied to EMC problems.

Ivana Kovacevic-Badstuebner (Senior Member,
IEEE) received the Ph.D. degree in electrical engi-
neering from ETH Ziirich, Ziirich, Switzerland, in
2012.

From 2008 to 2015, she was with the Power Elec-
tronics Systems Laboratory, ETH Ziirich, where she
focused on the prediction of electromagnetic behavior

" of power electronics systems based on the developed

l IR numerical techniques and the lifetime modeling of

" ) 7 / ‘ power semiconductor modules. In March 2016, she

joined the Advanced Power Semiconductor Labora-

tory, ETH Ziirich. Her research interests include novel packaging technologies

for SiC power devices, the optimization of power module layout with respect

to electromagnetic interference, and multidomain modeling of power semicon-
ductor devices and their modules.

Ulrike Grossner (Member, IEEE) received the Dipl.-
Phys. and Dr.rer.nat. degrees from Friedrich-Schiller-
University Jena, Jena, Germany, in 1997 and 2000,
respectively.

In 2014, she became a Full Professor with ETH
Ziirich, Ziirich, Switzerland, where she established
the Advanced Power Semiconductor Laboratory,
working on devices and packaging for advanced
power semiconductors.

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

Since 1998, he has been with the UAq EMC Labo-
ratory, University of L’ Aquila, where he is currently
a Professor. He has authored more than 300 papers
in international journals and conferences. He has
coauthored the book titled Circuit Oriented Elec-
tromagnetic Modeling Using the PEEC Techniques
(Hoboken, NJ, USA: Wiley/IEEE Press, 2017). His research interests include
computational electromagnetics.

Open Access funding provided by ‘Universita degli Studi dell’ Aquila’ within the CRUI CARE Agreement




<<
  /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 true
  /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 true
  /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


