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A New Method Exploiting Partial Image Expansion
to Include Substrate and Ground in Dipole-Based
Near-Field Models
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Abstract—This work introduces a novel method to include the
passive structure of a printed circuit board into an infinitesimal
dipole model that is reconstructed from near-field measurement
data. Specifically, the proposed approach enables the construction
of equivalent models that include dipole sources, substrate, and
perfect electric conductor plane. The electromagnetic near-fields
of the infinitesimal dipoles in this configuration are estimated
through an adaptation of the partial image expansion technique.
The proposed method has the capability to provide accurate results
for a wide variety of configurations. Furthermore, it can be easily
incorporated into existing dipole array optimization workflows
with minimal added computational complexity.

Index Terms—Infinitesimal dipole model, method of images,
near-field scanning, printed circuit boards (PCB), radiated fields.

|. INTRODUCTION

EAR-FIELD techniques are gaining increasing attention
for electromagnetic compatibility (EMC) precompliance
and compliance assessment. As demonstrated by [1], near-field
probes can function as measurement instruments to identify ra-
diated emissions, or asinjection toolsfor immunity examination
infrequency [2], [3] andtimedomain [4]. Specifically, near-field
probes are widely employed to map the field distribution above
aprinted circuit board (PCB) to identify emission sources[3].
Data-driven radiation model sthat are based on near-field mea-
surements are extremely valuable for early-stage EMC design
and the subsequent testing. These models can be particularly
useful when dealing with devices with limited internal space,
where PCBsareclosely stacked and near-fiel d coupling between
the PCB parts is the main cause for interference. Small satel-
lites, commonly referred to as CubeSats, are examples of such
devices.
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In the EMC sector, the most prevalent approach involves
constructing an equivalent radiated emission model of thedevice
under test (DUT). In particular, the infinitesimal dipole model,
which is grounded in multipole expansion theory, stands out as
thepreferred choice[5], [6]. Thismethod representsthe emitting
sources with an array of infinitesimal dipoles, such that the
emitted fields of the model coincide with measurements at the
measurement points.

From an EMC modeling view point, a PCB can be seen as
consisting of the following three main parts: 1) the radiating
elements, 2) thedielectric substrate, and 3) theground plane. The
radiated emissions from such a configuration can be adequately
approximated by an array of infinitesimal dipolesin free space.
For example, this basic equivalent model, which solely consists
of the dipole sources, is effective for predicting near-field to
far-field radiation patterns. Nonetheless, the prevalent approach
incorporates also the ground plane into the equivalent model,
representing it as a perfect electric conductor (PEC) plane.
This alows for any fringing and scattering effects from the
ground to beincluded in the solution when the equivalent model
is simulated by a commercial solver. In this setup, the fields
generated by dipole sources are estimated by employing the
method of images and the dipole array is optimized using these
field expressions [7], [8]. For simplicity, the equivalent model
made up of dipole sources and conductor plane is hereafter
referred to as PEC model.

While the PEC model is generally effective, there has been
some interest in extending it to include the PCB dielectric
substrate. This approach was first introduced in [9] and termed
the dipole-dielectric conducting plane (DDC) model. The ra-
tionale for incorporating the substrate is twofold. On the one
hand, dielectric properties should beincluded asthey are crucial
for device performance [10]. On the other hand, including the
substrate increases model versatility. Notably, the PEC model
performspoorly when placed in aclosed environment, wherethe
lack of substrate causes a nonnegligible shift of the resonance
frequencies. This issue has been comprehensively addressed
in[11], where, conversely, the DDC model demonstrated robust
performance even in such conditions. Furthermore, the equiv-
alent sources in a DDC model are more likely to accurately
represent the true physical sources on the PCB, as they do not
need to account for the dielectric’s scattering effects.
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Despite these advantages, the DDC model has seen limited
diffusion in the literature, while the PEC model remains the
standard. Thiscanlargely beattributed to thelack of closed-form
solutions for the electromagnetic (EM) fields generated by a
dipole in a heterogeneous environment that includes a PEC
plane, substrate, and air [12]. This leads many researchers and
engineers to opt for the more tractable PEC model, despite
its limitations. In their study [9], the authors addressed this
challenge by devel oping exact analytical solutionsexploiting the
structure’s natural symmetry in cylindrical coordinates. How-
ever, they also pointed out numerical issues, such as stability
problems related to improper integrals with ill-conditioned ker-
nel functions. Moreover, their solutions are restricted to flat
dipoleslying in the xy-plane, limiting the applicability for con-
figurationsthat should ideally include both flat magnetic dipoles
and normal electric dipoles [13]. An alternative approach, in-
troduced in [10], employs an effective permittivity constant
eeff inavirtual uniform medium to facilitate field estimations.
Whileeasier toimplement, this strategy introduces an additional
variable into the optimization process. Furthermore, the opti-
mized e« iSsonly applicable to specific dipole arrangements and
probe heights.

In this work, a novel approach based on the “partial image
expansion” method is presented. Thismethod ensuresagood es-
timation of the EM near-fiel dsradiated by dipolesourcessituated
over a PEC-backed substrate, thus supplying new constituting
equations to the DDC model. Notably, the method maintains
its accuracy regardless of the dipol€e's distance from the sub-
strate or its orientation and it is applicable to both electric and
magnetic dipoles. The primary aim of this article isto simplify
the construction of the DDC model, a goal that is achieved by
demonstrating that the application of partial image expansion
allows for straightforward recalibration of the Green's matrix.
This can be readily incorporated into existing optimization and
search algorithms that are designed for constructing equivalent
dipolearrays. Findly, it isshown that no lossin accuracy occurs
when transitioning from a PEC model to the new DDC model.

The rest of this article is organized as follows. In Section 11,
the basic principles of partial image expansion for estimating
the position and intensity of the image dipoles are presented. In
Section 11, the procedure is extended to secondary-field pre-
diction, i.e., H field of electric dipoles and E field of magnetic
dipoles. Section 1V explains how the proposed method can be
integrated in a typical dipole optimization procedure. In Sec-
tion V, the method is validated versus full-wave simulation and
compared versuspreviousapproaches. Application examplesare
presentedin Section VI and compared with thereferencemaodels.
Finally, Section VIl concludes the article.

II. ADAPTED PARTIAL IMAGE EXPANSION

In order to build the infinitesimal dipole model, multiple
measurements are usually taken with near-field probes on aflat
plane over the DUT. EM fields are commonly measured in the
reactive near field where they are mostly nonradiating. I nstead,
the field energy is stored in pockets close to the surface of the
device and only a negligible portion isradiated away. It follows
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Fig. 1. Static electric flux density at a boundary. (a) Classica represen-
tation. (b) Deconstruction of the electric flux density outside the substrate.
(c) Equivalent setup with incident, reflected, and transmitted components.

that the EM fields in this region resemble the behavior of static
fields. Hence, a quasi-static approximation can be entertained,
which enables the E and H fields to be considered independent
of one another, i.e., mutual interactions can be neglected.

Under the quasi-static hypothesis, the “partial image ex-
pansion” method firstly expounded in [14] is here adapted to
infinitesimal dipole sources. The method isbased onthefield de-
composition in incident, reflected, and transmitted components.
Hence, the following section will preliminary demonstrate how
aunique set of these components can be introduced to represent
anarbitrary static field in the presence of aboundary (seeFig. 1).
Then, an alternative approach (w.r.t. [14]) will be introduced to
determine the images of an arbitrary volume current source,
resulting in simple expressions for the image positions and
amplitudes of an arbitrary infinitesimal dipole.

A. Preliminary Considerations

The objective of this section is to show that there exists a
unique equivalent representation based on incident, reflected,
and transmitted componentsfor an arbitrary static field. Without
loss of generality, the electric flux density will be considered in



1880

the following, but the results easily extend to the other field
quantities.

Starting from the classical representation of the electric flux
density at theboundary between air and adielectric, seeFig. 1(a),
the external field can be decomposed into the sum of two
constituting components, the first of the two being parallel to
it. Thisisshown in Fig. 1(b), where the external field vector is
substituted by the composition of the incident field, Dj.., and
the reflected field, Dy. As long as the only constraint is that
the transmitted field, Dy in Fig. 1(b), is parallel to the incident
field, Dinc, thereisan infinite number of field pairs decomposing
the incident field. In order for the pair to be unique, an extra
constraint on the conservation of thetotal field is enforced, as

[Dinc|| = (| Det|| + || Dy @

where ||.|| denotes vector magnitude.

Typically, when considering the EM waves, therefl ected com-
ponent isdirected away from the boundary surfacein opposition
to the incident wave. However, because the permittivity of the
substrateisgenerally larger thantheair permittivity, thereflected
field Dy is pointing toward the surface boundary rather than
back outward [see Fig. 1(b)]. In order to preserve the analogy
with the EM waves, the opposite reference system is chosen
with areflection vector pointing outward. Given this choice, the
reflection coefficient, defined as

I' = |[Drt[|/|| Dincl| )
will assume negative values. It follows from (1) and (2)
[1Du|| = (1 = I)|| Dincl|- ®3)

Given that the incident and transmitted components are par-
alel by design of the external field decomposition, from (1) and
(3) and the boundary conditions of static fields, one can follow
the procedure in [14] to obtain

9inc = otr = erf (4)

€1 — €2
r=——= 5
T e ©)

where ¢; isthe permittivity of the external medium (usually air)
and e, the permittivity of the substrate, while Oinc, 6y, and Oy
denotetheincidence, transmission, and reflection angles, respec-
tively. Equation (5) can be easily rewritten for the magnetic flux
density, by simply replacing the dielectric permittivity constant
with the magnetic permeability one. In many applications, the
substrate does not exhibit magnetic properties, therefore, the
reflection coefficient T" for the magnetic flux density is usually
null.

B. Image Position and Amplitude

Starting from the field decomposition presented in the previ-
ous section [14], a novel approach for the derivation of image
amplitude and position is here presented.

Let us consider the case of an arbitrary infinitesimal source
over a substrate with a PEC ground backing. Applying the
decomposition described in Section I1-A and considering that
the PEC surface has a reflection coefficient of —1, the emitted
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Fig. 2. Equivalent configurations. (a) Single flux line interacting with the
substrate, (b) bounce diagram for the single flux line. Here, the intensity of
the flux component is calculated after every reflection, and (c) equivalent
configuration with image sources in a uniform medium.

field can be represented asin Fig. 2(a). At each interaction with
the boundary, the refl ected and transmitted field components are
evaluated by using the properties of the reflection coefficient.
Theresultsaresummarized andillustrated inthebouncediagram
inFig. 2(b). Asthereflected field components are al paralel, a
uniform space with multiple image sources can be constructed
such that the total field above the dielectric is the same as in
Fig. 2(b). Thisis shown in Fig. 2(c). In order for the setup in
Fig. 2(c) to be a valid equivalent of the one in Fig. 2(a), the
position and amplitude of each image should be independent of
the particular field line considered from the source, i.e., image
positions and values should be independent of the incidence
angle. The expressions of image position and amplitude derived
in the following will prove such a property.

1) Image Position: The positions of the partial images are
determined using some simple trigonometry. Indeed, if & isthe
height of thearbitrary sourceabovethedielectric[see: Fig. 2(c)],
the isosceles triangle AB’B resultsin

Lp-g=Lag=h (6)

where Lx _y indicates the distance between points X and Y.
Therefore, the position of the first image is set to —h below
the interface surface. Also, the triangles B'C'K’ and BCK are
similar and Lg ¢ and Lg_ g are equal by construction. It
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Fig. 3. Random electric dipole array and random magnetic dipole array. The
value of the moments are reported in Table .

follows that

LBC: :LBLK/ =2d (7)

where d is the thickness of the dielectric. Accordingly, the
distance between thefirst and second image is equal to 2 d, that
is twice the thickness of the board. The same procedure can be
applied for al subsequent reflections, so that each new imageis
placed at a distance 2 d from the previous. Hence, the position
ry, Of the nth image in the expansion can be written as

rm=—h—2n-d (8

withn =0,1,....

2) Image Amplitude: Amplitudes of theimages are set equal
to the amplitudes of the reflected field component in Fig. 2(b).
Indeed, the original field is recovered by summing the incident
component with al reflections (as a consequence of the defini-
tion of I' with the original D,.). Therefore, the amplitude of the
nth image can be cast as

Qo="Tp
Qn=-T""1(1-1%p ©)

where p is an arbitrary volume current density, i.e., the original
source, and @; isthe volume current density of the ith image.

The values in Fig. 2(b) are obtained by the following con-
siderations. First, at the boundary with a PEC material, the
field is completely reflected [14], [15]. Second, it follows from
(5) that the reflection coefficient of the field incident to the
boundary from inside the substrate is —I'. Equation (9) isin
genera applicable to an arbitrary volume density charge p and
the application to infinitesimal dipoles is straightforward [15].
Also, the above procedure easily extends to the magnetic flux
density vector.

To validate the proposed model, the obtained field prediction
is compared versus the prediction obtained by the commer-
cial solver HFSS [16]. A substrate with thickness 0.4 mm of
FR4 epoxy material (e, = 4.4) and backed with a PEC plane
is considered. The substrate size is set to 100 x 100 cm. An
arbitrary dipole array is considered for electric and magnetic
dipoles as shown in Fig. 3. The dipole height over the substrate
surface is set to 3 mm. Indeed, it is necessary to introduce a
gap between the dipoles and the substrate surface in order to
retain the radiation properties of infinitesimal dipoles. Thefield
isacquired at 3 cm from the substrate. The magnitude and phase
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TABLE|
DIPOLE MOMENTS

Magnitude (X m)  Phase (degrees)

8.54 x 10~ 7 48
2.55 x 10~7 13
3.00 x 10~7 63
1.22 x 106 52
7.39 x 10~7 13
7.62 x 1077 20
6.39 x 10~7 82
1.55 x 107 14
8.86 x 10~7 2
8.11 x 10~ 7 54

of dipole momentsat 1 GHz are chosen at random and collected
in Table I, with unitsin V/m and A/m for electric and magnetic
dipoles, respectively. In practice, the contribution of the image
sources becomes negligible after the first 7 or 8 terms. In the
following, all partial image expansions are truncated after 15
terms for good measure. The comparison between full-wave
simulation (HFSS) and the proposed infinitesimal dipole model
demonstrates an accurate reconstruction of thefield distribution.
A 2-D plot of the field's numerical estimation versus HFSS
simulation result is shown in Fig. 4 and a detailed view for y
=0mmisgivenin Fig. 5to alow amore direct comparison.

I1l. SECONDARY FIELD PREDICTION

In the previous section, the accuracy of the partial image
method in predicting the primary field emitted by infinitesimal
dipoles was proven, where “primary field” refersto the E field
of electric dipoles and H field of magnetic dipoles. In this
section, a methodology ensuring a good estimate of also the
secondary field (i.e., H field of electric dipoles and E field
of magnetic dipoles) will be presented. Indeed, knowledge of
the secondary field may contribute to development of accurate
dipole equivalent models. For instance, in[9], the magnetic field
of flat electric dipoleswas used to reproduce the target tangential
H field. More in generd, if the equivalent dipole includes both
electric and magnetic dipoles, the overall magnetic and electric
field is given by the superposition of the main and secondary
field components.

In the previous section, the primary fields were estimated as
if the secondary fields were not present. In the same way, here,
also the secondary fields are estimated assuming no influence
from the primary fields. Thisleadsto a partial image expansion
similar to that in Section Il in which the role of the electric
permittivity e and magnetic permeability ;. is swapped in the
definition of the reflection coefficient

- (e1 — €2) / (1 + €2) for magnetic dipoles
" (1 = 12) / (1 + 1) for electric dipoles

However, the secondary fields predicted by this approach
poorly compare to HFSS simulations, since the above assump-
tion is too simplistic for secondary field prediction. Hence, to
achieve a better prediction, a certain degree of dependence, de-
noted as¢ inthefollowing, needsto be considered. Thevalueof &
canrangefrom¢ = 0to& = 1, which denotetotal independence
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Fig.4. Comparison of HFSS simulation (HFSS) and the numerical estimation
(EST) of the primary fields emitted by the random dipole array in Fig. 3.
(a) E field emitted by the random array of electric dipolesin Fig. 3. (b) H field
emitted by the random array of magnetic dipolesin Fig. 3.

and full dependence, respectively, of the secondary field. The
case £ = 0 corresponds to the abovementioned assumption of
independence of the secondary field from the primary field; see
(10). Inthecase¢ = 1, thesecondary field isfully determined by
the primary field (evenif it does not influenceit). To investigate
this latter case, we enforce Maxwell's equations for lossless
media, i.e.,

1
E == —V X H
Jwe
1
H=-—VxE (12)
Jwp

where w isthe angular frequency.
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Fig.5. Comparison of HFSS simulation (HFSS) and the numerical estimation
(EST) of the primary fields emitted by the random dipole array in Fig. 3. (a) E
field emissions (random array of electric dipoles) in the x direction, for y = 0.
(b) H field emissions (random array of magnetic dipoles) in the x direction, for
y=0mm.

The optimum value of £ can be searched for empirically by
interpolating between the previous extreme cases (10) and (11).
Taking a magnetic dipole as an example, the estimated electric
field can be written as

E = Eijna+ & - [Egep — Eind (12)

where Ejnq denotesthe el ectric field estimated according to (10),
i.e, & = 0; and Eye is the electric field estimated according to
(11),ie,£=1.

It can be observed empirically, that the interpolation coeffi-
cient depends on the dipole orientation. A good approximation
of the secondary field was found by setting £ = 0.5 for flat
dipoles(parallel to PCB planes) and ¢ = 0.95 for normal dipoles
(perpendicular to PCB planes). These values were tested for
different substrate material and thickness as well as different
heights from the board surface and a range of frequencies up to
10 GHz. In all cases, field predictions were affected by a small
relative error (under 5% with respect to the field maximum).
Thanks to field duality, the same interpolation coefficients are
valid for both E and H dipoles.

The comparison between secondary-field prediction obtained
by the proposed model and by HFSS simulation is shown in
Figs. 6 and 7. For the HFSS simulation, magnetic dipoles were
model ed asincident Hertzian-dipole wavesin the points of inter-
est, whereas el ectric dipoles were represented by flat rectangles
set to PEC boundary and excited by a current source [17].

IV. INTEGRATION INTO DIPOLE MODELING WORKFLOWS

Thedevel oped method can besimply integrated into thework-
flow for equivalent dipole array reconstruction. First, closed-
form expressionsfor the EM fields generated by aninfinitesimal
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Fig.6. Comparison of HFSS simulation (HFSS) and the numerical estimation
(EST) of the secondary fields emitted by the random dipole array in Fig. 3:
(a) E field emitted by the random array of magnetic dipolesin Fig. 3, (b) H field
emitted by the random array of electric dipolesin Fig. 3.

dipolein uniform mediashould be considered [12]. Establishing
alinear relationship between the dipole moments and the resul -
tant EM field values is possible by fixing the dipole position
and orientation [18]. In practice, thefield isevaluated at discrete
points, yielding a matrix representation of the field

F=G -M. (13)

Here, F represents the field values (either E or H) at the points
of interest, M isthe dipole moments, and G isthe Green Matrix
for auniform space.

Then, toincorporatethe PEC-backed substrateinto themodel,
the EM fieldsgenerated by the dipol e sourcesare estimated using
the methods developed above. For each term in the expansion,
an expression akin to (13) is obtained

F® =G® . M® fork=0,1,....K (14)
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=0mm.

where M(%) denotes the kth dipole moments, G (%) isthe Green
Matrix for uniform space of the dipoles of the kth term, F(¥) is
thefield contribution of the kth term, and K is the total number
of terms considered in the expansion. Dipole moments M (%) are
proportional to the source moments asin (9), hence

F® :QkG(’f).MforkZO,l,...,K. (15)

By the superposition principle, the contributions of each term
are summed to obtain an equivalent formulation of (13)

F=G M (16)

where G is defined as the sum of al Q,G* terms and is a
near-field approximation for the Green Matrix of the nonuni-
form medium under consideration. Importantly, the expansion’s
imagedipoles’ positionsand orientationsareintrinsically tied to
the corresponding attributes of their originating dipole sources.
Consequently, when optimizing the configuration of the dipoles,
the only parameters required for consideration are the position
and orientation of theinitial dipoles. In other words, both G and
G are dependent on these same parameters. Hence, integrating
the proposed model into a traditional source reconstruction
workflow, todirectly includetheeffectsof thesubstrateand PEC,
only requires the replacement of (13) with (16). The process
can further be adapted to accommodate secondary dipolefields,
given that the equations outlined in Section 111 also result in a
partial image expansion, with the only modification being to the
respective dipole moments.

V. CoMPARISON WITH OTHER MODELING APPROACHES

In this section, the proposed method is compared with two
other approachespresentintheliterature: 1) thetraditional image
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Fig. 8. Comparison between different dipole models and HFSS simulation in

different configurations. (a) Flat dipole at 20 m above the surface. (b) Vertica
dipole at 20 um above the surface. (c) Flat dipole at 1 cm above the surface. (d)
Normal dipole at 1 mm above the surface.

method 2) and the effective permittivity method. Thetraditional
image model only considers the PEC plane and neglects the
presence of the substrate. This results in a single dipole image
placed symmetrically with respect to the PEC plane. In addition
to considering the PEC plane, the effective permittivity method
replacesthe actual nonhomogeneous medium (substrateand air)
with a homogeneous medium exhibiting an equivalent permit-
tivity eer [10]. The value of the equivalent permittivity e IS
dynamically determined together with dipole orientation and
amplitude by a global search algorithm [10].

In order to compare the three approaches, a single dipole is
considered, placed at the center of a substrate with thickness
5.4 mm of FR4 epoxy material. A dipole moment of 1 x 10~°
V - misconsidered at afrequency of 1 GHz for different heights
and orientationsof thedipole. The obtained resultsare compared
versus HFSS simulation, taken as reference solution, in Fig. 8.
Eachrow of Fig. 8 containsthreesubplots, theleftmost compares
E field predictions along the z direction, the middle plot and the
rightmost compare E fields predictions along the y direction
at two different heights above the board: z = 1mm and z =
lem. Since for the effective permittivity method, the choice
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(b)
Fig. 9. (a) Original reference fixture and (b) equivalent DDC model.
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Fig. 10. Simple Strip Structure. Fieldmap comparison between the HFSS

reference model (REF) and the DDC model (DDC) at 6 mm height.

of eg introduces an extra degree of freedom, the permittivity
parameter used for the simulations was tuned so as to perfectly
predict the electric field at = = 1cm of a flat electric dipole
set at 20 um from the surface. This setup is the one analyzed
in Fig. 8(a) and indeed a perfect match is shown between the
effective permittivity model and the HFSS simulation.

The comparison shows that the proposed method, based on
partial image expansion, yieldspredictionsin appreciable agree-
ment with HFSS simulation in all test cases. The procedure
employing the effective permittivity [ 10] assuresaperfect match
in the test case for which ey istuned [see Fig. 8(a)], but it does
not retain the same accuracy in the other cases. As a matter of
fact, e« ishighly correlated to dipole orientation, and therefore,
the determination of e is necessarily an integral part of the
dipol e optimization algorithm. Eventually, it isworth noting that
if the inspection height is relatively close to the dipole source,
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(b)

Fig. 12. Bent strip terminating in a patch. (a) HFSS model. (b) Equivalent
dipole array at 1 mm above the substrate surface. E . : electric dipoles oriented
along z, H,.: magnetic dipoles oriented along x; H,,: magnetic dipoles oriented
aongy.

also the traditional image method (neglecting the substrate) can
yield good field approximation; see Fig. 8(c) and (d), most likely
because the direct component of the field is dominant at this
height and the substrate effect is less evident.

VI. APPLICATION EXAMPLES

In this section, the devel oped technique will be implemented
in two test cases. First, a single trace with 1 mm width on a
PCB is considered [see Fig. 9(a)] and developed in the HFSS.
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Fig. 13. Fieldmap comparison between the HFSS reference model (REF) and
the DDC model (DDC) at 1.2 cm height.
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Fig. 14. Comparison between HFSS reference model (REF) and the DDC
model (DDC) at 1.2cm height at y = Omm.

The equivaent dipole model is built considering the presence
of a PEC-backed substrate with the following characteristics:
substrate material FR4 epoxy (e, = 4.4), substrate thickness
0.7 mm, null tracethickness (constructed as PEC sheetinHFSS),
PCB dimensions 10 cm x 3cm. E and H fieldsare sampled on a
measurement plane 5 mm above the substrate surface. The DDC
model is built by placing normal electric dipoles and tangential
magnetic dipoles above the dielectric in place of the trace, as
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shown in Fig. 9(b). For this smple case, the positions of the
dipolesare chosen by inspecting the original structure as shown,
e.g.,in[[19], Figs.6and 8]. Finally, the Green matrix isobtained
following the procedure described in Section IV and the optimal
dipole moments are determined via its pseudoinverse [7], [13].
Theoriginal structure and equivalent model fields are compared
inFigs. 10and 11 showing agood agreement. Asamorecomplex
example, abent strip-line ending with apatch is considered [see
Fig. 12(a)] with the following properties: length 8cm, a strip
width of 9cm, patch size of 1em x 1.2cm and an FR4 epoxy
substrate with permittivity ¢, = 4.4, thickness 2.4 cm and size
9cm x 8.1cm. The z component of the electric field and the
tangential components of the magnetic field are measured on
a plane 1 cm from the dielectric surface. By anayzing these
field components, an optimal array of dipoles is selected as
shown in Fig. 12(b). For this application, a custom method was
employed to find optimal positions and orientations. However,
itisworth mentioning that partial image expansion can beeasily
integrated in the same way into any other technique used in the
literature, such as differential evolution algorithms [20], [21],
[22], quantum particle swarm optimization [23], [24], image
processing techniques[25], iterativetechniques|[26], or methods
based on neural networks [27]. Finally, the dipole moments are
obtained again by calculating the pseudoinverse of the Green
matrix. Alternatively, if no phase information is available, the
Levenberg—Marquardt algorithm or other nonlinear optimiza-
tion methods can be employed [28], [29]. The original reference
model and the equivalent DDC model are compared at a height
of 1.2 cm. The comparison is illustrated in Figs. 13 and 14,
showing an excellent agreement.

These application examples and relative figures confirm the
effectivenessof theapproach for the creation of anaccurate DDC
model.

VI1l. CONCLUSION

Inthiswork, aversatile dipole-based model exploiting partial
image expansion has been introduced. The proposed methodol -
ogy has been proven to generate accurate predictions of both the
primary and secondary fields radiated by infinitesimal dipoles
placed over a PEC-backed substrate. Furthermore, the model
remains accurate for both electric and magnetic dipoles irre-
spective of their orientation and height above the substrate.

The practical application of this method requires merely that
the substrate surface and PEC planefall within the reactive near
field region of the dipole source, a condition generally easily
sati sfied in constructing dipole models. Thislenient requirement
broadens the method applicability across various scenarios,
augmenting its practical utility. Also, the ease of integrating
the partial image expansion method into traditional source re-
construction workflows enhances its utility, asit can be directly
incorporated by simply updating the Green’ sfunction matrix. To
prove the effectiveness of the proposed method, two application
examples have been presented: 1) a simple flat trace and 2) a
bent trace terminating in apatch. The results prove the accuracy
of the proposed approach in building DDC models for different
boards with different properties.
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The proposed methodology provides a straightforward so-
Iution to incorporate the passive components of a PCB in the
equivalent model, which in turn enables more complex simula-
tion.

REFERENCES

[1] E.-X. Liu, W.-J. Zhao, B. Wang, S. Gao, and X.-C. Wei, “Near-field
scanning and itsEM C applications,” in Proc. EEE Int. Symp. Electromagn.
Compat. Signal/Power Integrity, 2017, pp. 327-332.

[2] X.Wu, F. Grassi, G. Spadacini, S. A. Pignari, U. Paoletti, and |. Hoda,
“Investigation of semi-rigid coaxial test probes as RF injection devices for
immunity tests at PCB level,” IEEE Access, vol. 8, pp. 147919-147929,
2020.

[3] D. Baudry, C. Arcambal, A. Louis, B. Mazari, and P. Eudeline, “Appli-
cations of the near-field techniques in EMC investigations,” |EEE Trans.
Electromagn. Compat., vol. 49, no. 3, pp. 485493, Aug. 2007.

[4] X.Wu, F. Grassi, G. Spadacini, S. A. Pignari, U. Paoletti, and |. Hoda,
“Test design methodol ogy for time-domain immunity investigations using
electric near-field probes,” |EEE Trans. Electromagn. Compat., vol. 64,
no. 3, pp. 603-612, Jun. 2022.

[5] S. M. Mikki and A. A. Kishk, “Theory and applications of infinitesimal
dipolemodelsfor computational electromagnetics,” | EEE Trans. Antennas
Propag., val. 55, no. 5, pp. 1325-1337, May 2007.

[6] I.V.Lindell, Methodsfor Electromagnetic Field Analysis. New York, NY,
USA: Oxford Univ. Press, 1992.

[7] D.W.P Thomeas, C. Obiekezie, and X. Tong, “ Equivalent dipole model s of
electromagnetic emissions from near-field scanning,” |EEE Electromagn.
Compat. Mag., vol. 4, no. 3, pp. 74-78, 3rd Quarter 2015.

[8] Y. Vives-Gilabert, C. Arcambal, A. Louis, F. de Daran, P. Eudeline, and B.
Mazari, “Modeling magnetic radiations of electronic circuits using near-
field scanning method,” | EEE Trans. Electromagn. Compat., vol. 49, no. 2,
pp. 391400, May 2007.

[9] X. Tong, D. W. P. Thomas, A. Nothofer, P. Sewell, and C. Christopou-

los, “Modeling electromagnetic emissions from printed circuit boards in

closed environments using equivalent dipoles,” | EEE Trans. Electromagn.

Compat., vol. 52, no. 2, pp. 462-470, May 2010.

A. Ramanujan, Z. Riah, A. Louis, and B. Mazari, “Modeling the electro-

magnetic radiation of passive microwave components using a near-field

scanning method,” |EEE Trans. Electromagn. Compat., vol. 52, no. 4,

pp. 1056-1059, Nov. 2010.

X. Tong, “Simplified equivalent modelling of electromagnetic emissions

from printed circuit boards,” Thesis (University of Nottingham) (PhD),

University of Nottingham, 2010.

J. Kong, Electromagnetic Wave Theory, Ser. A. Wiley-Interscience Publi-

cation. New York, NY, USA: Wiley, 1986.

Z.Yu, J. A. Mix, S. Sgjuyighe, K. P. Slattery, and J. Fan, “An improved

dipole-moment model based on near-field scanning for characterizing

near-field coupling and far-field radiation from an IC,” IEEE Trans.

Electromagn. Compat., vol. 55, no. 1, pp. 97108, Feb. 2013.

P. Silvester, “Tem wave properties of microstrip transmission lines,” in

Proc. Inst. Elect. Eng., vol. 115, no. 1, pp. 43-48, 1968.

D. M. Pozar, Microwave Engineering. Hoboken, NJ, USA: Wiley, 2011.

“HFSS (High Frequency Structure Simulator) From ANSY'S,” [Online].

Available: https:.//www.ansys.com/products/el ectronics/ansys- hfss

P.F. Lopez, A. Ramanujan, Y. V. Gilabert, C. Arcambal, A. Louis, and B.

Mazari, “A radiated emission model compatible to a commercial electro-

magnetic simulation tool,” in Proc. 20th Int. Zurich Sympo. Electromagn.

Compat., 2009, pp. 369-372.

G. Lientschnig, “Multiple magnetic dipole modeling coupled with a ge-

netic algorithm,” in Proc. ESA Workshop Aerosp., May 2012, pp. 2-8.

B. Wang, E.-X. Liu, W.-J. Zhao, and C. E. Png, “Reconstruction of

equivalent emission sources for PCBs from near-field scanning using

a differential evolution algorithm,” |EEE Trans. Electromagn. Compat.,

vol. 60, no. 6, pp. 1670-1677, Dec. 2018.

J.Li, X.-C. Wei, L. Gao, and Y.-F. Shu, “ An effective equivalent radiation

source based on near-field scanning for electromagnetic interference es-

timation,” in Proc. Asia-Pacific Int. Symp. Electromagn. Compat., 2017,

pp. 315-317.

T.-H. Song, X.-C. Wei, J-J. Ju, W.-T. Liang, and R.X.-K. Gao, “An

effective EM| source reconstruction method based on phaseless near-field

and dynamic differential evolution,” IEEE Trans. Electromagn. Compat.,

val. 64, no. 5, pp. 15061513, Oct. 2022.

(10

(11]
[12]

(13]

(14]

[19]
(16]

[17]

(18]

[19]

[20]

[21]


https://www.ansys.com/products/electronics/ansys-hfss

MONOPOLI et a.: NEW METHOD EXPLOITING PARTIAL IMAGE EXPANSION

[22] W.-J.Zhao, E.-X. Liu,B.Wang, S.-P. Gao, and C. E. Png, “ Differential evo-
lutionary optimization of an equivalent dipole model for electromagnetic
emission analysis,” |EEE Trans. Electromagn. Compat., vol. 60, no. 6,
pp. 1635-1639, Dec. 2018.

S. Mikki and A. Kishk, “Quantum particle swarm optimization for
electromagnetics” |EEE Trans. Antennas Propag., vol. 54, no. 10,
pp. 2764-2775, Oct. 2006.

F-P. Xiang, E.-P. Li, X.-C. Wei, and J.-M. Jin, “A particle swarm
optimization-based approach for predicting maximum radiated emission
from PCBSwith dominant radiators,” | EEE Trans. Electromagn. Compat.,
val. 57, no. 5, pp. 1197-1205, Oct. 2015.

Y. Vives-Gilabert, C. Arcambal, A. Louis, P. Eudeline, and B. Mazari,
“Modeling magnetic emissions combining image processing and an opti-
mization algorithm,” |EEE Trans. Electromagn. Compat., vol. 51, no. 4,
pp. 909-918, Nov. 2009.

C. Wu, Z. Sun, Q. Huang, Y. Wang, J. Fan, and J. Zhou, “A method
to extract physical dipoles for radiating source characterization and near
field coupling estimation,” in Proc. | EEE Int. Symp. Electromagn. Compat.
Signal Power Integr., 2019, pp. 580-583.

Y.-F. Shu, X.-C. Wei, J. Fan, R. Yang, and Y.-B. Yang, “An equivalent
dipole model hybrid with artificial neural network for electromagnetic
interferenceprediction,” |EEE Trans. Microw. Theory Techn., vol. 67, no. 5,
pp. 1790-1797, May 2019.

A. Ramanujan, Z. Riah, A. Louis, and B. Mazari, “Computational opti-
mizations towards an accurate and rapid electromagnetic emission mod-
eling,” Prog. Electromagn. Res. B, vol. 27, pp. 365-384, 2011.

W.-J. Zhao et a., “An effective and efficient approach for radiated
emission prediction based on amplitude-only near-field measurements,”
|EEE Trans. Electromagn. Compat., vol. 54, no. 5, pp. 1186-1189, Oct.
2012.

[23]

[24]

[29]

[26]

[27]

(28]

[29]

Tomas Monopoli received the double M.Sc. degrees
(cum laude) in electrical engineering from the Uni-
versity of Politecnico di Milano, Milan, Italy and
Politecnico di Torino, Turin, Italy, in 2020. He is
currently working toward the Ph.D. degreein electri-
cal engineering with the Department of Electronics,
Information and Bioengineering, Politecnico di Mi-
lano.

In 2021, he was a Research Fellow with the Eu-
ropean Space Agency (ESA), ESA/ESTEC, Noord-
wijk, the Netherlands. His research interests include
rediated emission testing, near field measurements, near-field probes, machine
learning, and deep learning applied to EMC modeling.

Xinglong Wu (Member |EEE) received the double
M.Sc. degreesfrom Xi’ an Jiaotong University, Xi’ an,
China and Politecnico di Milano, Milan, Italy, in
2015, and the Ph.D. degree (summacum laude) from
Politecnico di Milano, in 2019, all in electrical engi-
y neering.
& He is currently an Assistant Professor with the
Department of Electronics, Information and Bioengi-
= neering, Politecnico di Milano. From March 2017
to June 2017, he was a Visiting Scientist with the
Electromagnetics Group, Department of Information
Technology, Ghent University, Ghent, Belgium. From 2019 to 2020, he was a
Postdoctoral Research Fellow with Politecnico di Milano. Hisresearch interests
includedistributed parameter circuit modeling, statistical techniquesfor electro-
magnetic compatibility (EMC), experimental procedures and setups for EMC
testing, power electronics EMC, and system-level EMC.
Dr. Wu was the recipient of the International Union of Radio Science (URSI)
Young Scientist Award from the 2020 URS| General Assembly and Scientific
Symposium.

1887

Flavia Grassi (Senior Member, |EEE) received the
Laurea (M.Sc.) and Ph.D. degreesin electrical engi-
neering from Politecnico di Milano, Milan, Italy, in
2002 and 2006, respectively.

Sheis currently a Full Professor with the Depart-
ment of Electronics, Information and Bioengineering,
Politecnico di Milano. From 2008 to 2009, she was a
Research Fellow with the European Space Agency
(ESA), ESA/ESTEC, Noordwijk, the Netherlands.
Her research interests include theoretical and ex-
perimental characterization of EM interference via
lumped and distributed circuit modeling, characterization and development of
measurement proceduresand setupsfor EM C assessment of avionic, automotive,
and power systems, and statistical techniques, EMC, and coexistence issues in
power systems.

Dr. Grass was the recipient of the International Union of Radio Science
(URSI) Young Scientist Award in 2008, and |EEE Young Scientist Award at
the 2016 Asia-Pacific Int. Symposium on EMC (APEMC), IEEE EMC Society
2016 and 2021 Transactions Prize Paper Award, and the Best Symposi um Paper
Award at the 2015 and 2018 APEMC.

Sergio Amedeo Pignari (Fellow, | EEE) received the
Laurea (M.Sc.) and Ph.D. degrees in electronic en-
gineering from Politecnico di Torino, Turin, Italy, in
1988 and 1993, respectively.

From 1991 to 1998, he was an Assistant Professor
with the Department of Electronics, Politecnico di
Torino. In 1998, he joined Politecnico di Milano,
Milan, Italy, where he is currently a Full Professor
of circuit theory and electromagnetic compatibility
(EMC) with the Department of Electronics, Infor-
mation, and Bioengineering. He served as the Chair
for the B.Sc. and M.Sc. Study Programmes in electrical engineering, term
(2015-2020). He has authored or coauthored more than 220 papers published in
international journalsand conference proceedings. Hisresearch interestsinclude
EMC and includefield-to-wire coupling and crosstalk, conducted immunity and
emissions in multiwire structures, statistical techniques for EMC prediction,
experimental procedures and setups for EMC testing, aerospace, automotive,
energy, and railway industry sectors.

Dr. Pignari was a corecipient of the 2005, 2016, and 2021 IEEE EMC
Society Transactions Prize Paper Award, and therecipient of |EEE EMC Society
Technical Achievement Award in 2011. He is currently an Associate Editor
for |IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY. From 2010
to 2015, he served as IEEE EMC Society Chapter Coordinator. From 2007
to 2009, he was the Chair of |IEEE Italy Section EMC Society Chapter. He
served as the Italian URSI Officer for Commission E (Electromagnetic Noise
and Interference), term (2015-2018).

Dr. Pignari has been the Technical Program Chair of the ESA Workshop on
Aerospace EM C since 2009, and amember of the Technical Program Committee
of the Asia Pacific Int. Symp. on EMC since 2010.

Johannes Wolf (Senior Member, | EEE) received the
diploma(M.Sc.) and Ph.D. degreesin electrical engi-
neering from the University of Technology, Dresden,
Germany, in 1988 and 1994, respectively.

Since March 2022, he is working as a Senior
Advisor European Space Technology Center (ES-
TEC), with the European Space Agency (ESA) in
Noordwijk, Netherlands. From 1989 to 1994, he was
Assistant Professor at the I nstitute of Automatic Con-
trol at Dresden University of Technology, Dresden,
Germany. From 1994 - 1996 he worked as member of
the EM C workgroup in the Institute of Automatic Control at Dresden University
of Technology. In 1996 he joined EMC Baden, Baden, Switzerland, where he
worked as consulting EMC engineer. 1999 he joined Kayser-Threde GmbH,
Munich, Germany, as a System Engineer, working on several projects for the
ESA. Since2001, he hasbeenwiththe EM C section of the Electrical Department,
ESTEC, ESA, Noordwijk, the Netherlands and providing EMC support to
projects from Science, Earth observation, Navigation, human spaceflight, and
robotic exploration as well as for Launchers. Since 2014, he has been the Head
of the EMC section. His research interests include EMC, in particular ESD,
powerline communication (on dc lines), experimental procedures, and setups
for EMC testing.

Open Access funding provided by ‘ Politecnico di Milano’ 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


