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An Efficient 1-D Periodic Boundary Integral
Equation Technique to Analyze Radiation onto
Straight and Meandering Microstrip Lines

Dries Vande Ginste Member, IEEE Hendrik Rogiet, Senior Member, IEEEDani¢l De Zuttet, Fellow, IEEE

Abstract— A modeling technique to analyze the radiation onto Many structures reside in a layered dielectric background
arbitrary 1-D periodic metallizations residing on a microstrip  medium. Hence, layered medium periodic Green’s func-
substrate is presented. In particular, straight and meandéng tions and BIE-MoM based solution schemes leveraging these

lines are being studied. The method is based on a boundaryG s functi f icular i Unf
integral equation (BIE), more specifically on a mixed potenial reen’s functions are of particular interest. Unfortuhate

integral equation (MPIE), that is solved by means of the Metiod Cumbersome Sommerfeld-type integrals then have to be dealt
of Moments (MoM). A plane wave excites the microstrip struc- with, leading to a time-consuming numerical evaluation of

ture, and according to the Floquet-Bloch theorem, the analyis the layered medium Green’s functions. The evaluation of the
can be restricted to one single unit cell. Thereto, the MPIE rast Sommerfeld-integrals is a challenging research topic.14] [

be constructed using the pertinent 1-D periodic layered meidm . . . .
Green's functions. Here. these Green’s functions are obtaed &N efficient sum of inverse Fourier transforms is constuaicte

in closed form by invoking the Perfectly Matched Layer (PML)-  to tackle the Sommerfeld-integrals. In [15] a novel apglaa
paradigm. The proposed method is applied to assess the radian  of the Perfectly Matched Layer (PML) has been presented.

onto (i) a semi-infinite plate, (i) a straight microstrip line, and Whereas the PML was originally conceived to serve as an
(iii) a serpentine delay line. These three types of exampledearly  gpsorhing boundary condition to terminate the simulation
illustrate and validate the method. Also, its efficiency, copared domain in finite element and finite difference based full-
to a previously developed fast microstrip analysis technige, is : .
demonstrated. wave solvers, in [15] the PML is used to constratbsed-
Index Terms— Green’s function, periodic structure, Perfectly form expres_sions of Igyered medium.Green’s funf:tions. Apart
Matched Layer, electromagnetic radiation, integral equaton, [TOM @ rapid evaluation of the pertinent Green's functions,
Method of Moments, microstrip structure, meandering lines these closed-from expressions can also be used, for example
to construct Fast Multipole Methods [16]-[18]. In [19] the
PML-paradigm was applied to conceive 3-D layered medium
1-D periodic Green’s functions. As the PML-based periodic
Frequency selective surfaces [1], [2], metamaterials [3{reen’s functions can be constructed in an elegant andaiatur
electromagnetic bandgap and defected ground structutes jday, it is very beneficial to implement them within a BIE-
[5], leaky wave antennas [6], antenna arrays [7], and wirB84oM scheme. This technique has been successfully applied
medium screens [8] are some typical examples of structuias[12] to analyze the scattering and radiation from/by 1-D
that can exhibit a one-dimensional (1-D), a two-dimendionperiodic microstrip antenna arrays. However, the techmiqu
(2-D), or a three-dimensional (3-D) periodicity. Also, aD1- presented in [12] can only be applied to antenna arrays as
periodic meandering character of interconnect structaegs a completely arbitrary shape of the metallization withireon
be exploited (or introduced) to make them stretchable [8hit cell was not allowed. In contrast, the method presented
or to use them as delay lines [10]. Often, techniques to this paper allows to rapidly evaluate the current dengity
analyze the electromagnetic properties of periodic stinest arbitrary 1-D periodic microstrip metallizations, illungdted by
with an infinite extent are based on the Floquet-Bloch thaorea plane wave. In particular, lines with a 1-D periodicityclsu
allowing to consider one single representative unit celhé®v as serpentine delay lines [10], are considered. The asalysi
constructing boundary integral equation (BIE) techniquiles of such structures is of specific importance to assess pessib
pertinentperiodic Green’s function of the background mediunelectromagnetic interference (EMI) issues.
under consideration needs to be computed in order to deterThis paper is organized as follows. In Section Il the for-
mine the unknown fields or current distributions within thisnalism is presented. The PML-paradigm and the periodic
unit cell. Upon knowledge of the Green'’s function, the BIESreen’s functions resulting from it are briefly revisiteddahe
can be solved by the Method of Moments (MoM) [11]. Arimplementation of the PML-based Green'’s functions in a BIE-
overview of techniques is provided in [12]. Additionally, aMoM scheme is presented. Special attention is devoted to the
new interesting method based on fast periodic interpaiatioconstruction of the MoM in order to allow a continuous cutren
is reported in [13]. flow across the unit cell's borders. The formalism is valdht
and illustrated in Section Il by considering the radiatmmto
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In the sequel, all sources and fields are assumed to wigh V = 8—x+ a y. The pertinent 1-D periodic Green'’s
time-harmonic with angular frequency and time dependen- funct|onster(p|p) and GV (p|p’) will be discussed later
ciese/“! are suppressed. Also, transverse:teestrictions of (see Section II-C). The MPIE (1) is solved by the MoM.

vectorsv are denotedr = v,% + v,y = —2 x [z x Vv]; here Thereto, the metallization is approximated by a rectilinea

X, y, andz are unit Cartesian vectors. mesh, as indicated in Fig. 2 (where the depicted metalliza-
tion My, is chosen to be a rectangle of lengthand
Il. DESCRIPTION OF THE TECHNIQUE width w). The unknown current density(p) is expanded
A. Geometry ;o Muem edgei 0 mr ‘
’ A LT SN 4

O__/
x =mb =(m+1)b
Fig. 2: Discretization of the metallization within the:th
unit cell into a rectilinear mesh and some corresponding
vector rooftop basis functions. In this example, the mizil|
tion M., is a rectangle of length and widthw.
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Fig. 1: A 1-D periodic microstrip structure, i.e. a meandgri iNto & set ofz- and y-oriented vector rooftop basis func-
line, illuminated by a plane wavEF"W. tions [20]. The supporl/; of each basis function comprises
two patches) ;" and MJr that are joined by the mesh’s

Consider the microstrip geometry of Fig. 1. It consists of &1 €dge. As indicated in Fig. 2, three cases can be distin-
substrate of thickness, relative permittivitye,, and relative 9uished:
permeability;,, that resides on a perfect electrically conduct- 1) the edge is an-oriented edge (e.g., edgein Fig. 2);
ing (PEC) ground plate. At the substrate-air interface d, a ~ 2) the edge is g-oriented edge that does not reside on the

PEC metallizationM is placed. This metallization exhibits a bordersz = mb or z = (m + 1)b of the unit cell (e.g.,
1-D periodicity with periodb along thez-direction. Themth edgek in Fig. 2);

unit cell is denoted e, = {p = 2X +yy +dz: mb< z < 3) the edge is a-oriented edge that resides on the bor-
(m+1)b, —oo < y < oo}, m € Z. In contrast to our previous derz = (m+1)b of the unit cell (e.g., edggin Fig. 2).
work [12], which On|y allowed the ana|ysi5 of antenna arrays In this case, it is noticed that, within this unit Ce", the
here the metallization extends across the borders of thte uni  support)/;~ for the falling part of the vector rooftop
cells, allowing a continuous current flow in thedirection. A function does not reside next to the suppbff".

plane waveE"*W (r = ax+yy+22) = Eoe %ok jlluminates Edges residing on the border= mb have to be neglected,
the structure. Hereky, = w/c is the free-space wavenumberi.€. no basis function should be introduced for these edges,
with ¢ = 1/,/eofto the speed of light in vacuum. The unitas otherwise the matrix system (see further) would become
vectork = — sinf cos % — sinfsin ¢y — cos 0z determines overdetermined. This is because it is required that theeotirr

the plane wave’s spherical angles of incideficand ¢. density is periodic, apart from a phase differegcas follows:
J(p+b%) = J(p)e’”, )
B. 1-D periodic BIE-MoM Formalism with

Due to the plane wave, an incident fiell (r) is present, _ .
which induces an unknown current densifi{p) on the ¥ = ~bkosinb cos g. )
metallization. In turn, a scattered fielé*(r) is produced. A The property (2) is a direct consequence of the FloguetiBloc
BIE, and more specifically a mixed potential integral equrati theorem. To enforce this property, first, the suppuditof the
(MPIE), is now constructed by demanding that the tot&poftop basis functions corresponding to edges that reside
tangential electric field, i.eB*(r) = E(r) + E*(r), vanishes the borderz = (m + 1)b consists of a first cell/;" that
at the metallizationMyc , = M N Syc.m that resides within is adjacent to this border (rising flank of the function) and

the mth unit cell: a second cellM,” that is adjacent to the border = mb
y (falling flank of the function) (see Fig. 2). Next, assumihgtt
E'(p) = Jw/ G5 (plp") I (p') dp’ there areN edges after discretization of the metallization, the
Muc,m unknown current density is expanded as follows:

- _V// Mae fper (Ple(V"- 3061 d (p) :ZN:IJW?“(;)). (4)
j=1

Vp € Muc,m 1)
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For edges that are not on the border= (m + 1)b, in The semi-infinite layer of air above the microstrip substriat
the above expansion (4) the basis functi(wﬁcr(p) are the terminated by a PEC plate placed at@mplexdistancez =
classic well-known rooftop basis functions. For edges thdt+ D (Fig. 3). It can be shown [15] that a proper choice
are on the border: = (m + 1)b, the falling flank of the
rooftop function (e.g., with suppoft/,” in Fig. 2) is subjected

to a phase shift so that the requirement (2) is fulfilled. A
similar procedure was applied in [21] to develop a 2-D hybrid
finite-element (FE)/BIE solver for periodic absorbers. For
completeness, note that this procedure can also be applied
using Rao-Wilton-Glisson (RWG) basis functions, as désati

in [14]. Inserting (4) into the MPIE (1) and applying a Galierk
testing procedure [22] results in @ x N linear system in

the unknown expansion coefficients, j =1,..., N: Z jy
V:ZI (5) d||€ry M X
The N-vector V, with elementsV;, ¢ = 1,..., N, and the PEC
N x N matrix Z, with elementsZ;;, i« = 1,...,N, j = Fig. 3: A 1-D periodic configuration of point sources on the
., N, are given by: substrate-air interface = d. The air-filled half-space is closed
by a PEC-backed PML at complex distariBe
// E'(p) - W™ (p) dp, (6)

of D leads to a so-called PML-closed waveguide that very
Zi; = jw // / G (plp') (WP (p) - W' (p')) dp' dp closely mimics the behavior of the original, open waveguide
' JJ as the original modal spectrum is now replaced kgyistrete

1 per Ny . per set of TE- and TM-polarized modes of the PML-closed

iw // / Gy (plp)(V - () substrate. Consequently, the Green’s functions of the PML-

“, . per closed waveguide have the interesting property that they ca

X (V2-wi™(p) dp"dp- (7)o ritten as analytical sums of transverse electric (TE) an

The linear system (5) can be solved by means of direct $ansverse magnetic (TM) PML-modes. As such, the following
iterative schemes. expressions for the pertinent spatial 3-D Greens functwn f

a 1-D periodic grid of point sources are obtained:

er S eI HE (BreaAm)
Gi - _Z Z MTE B ZEn) ) (10)

C. 1-D periodic Green’s functions

Upon knowledge of the 1-D periodic layered medium
Green'’s functiong’’)™ (p|p") andGY™ (p|p’) for the magnetic
vector potential and for the electric scalar potential eesp per

n=1m=-—oo

JW i Z _meH (5TEnAm)

tively, the MoM system (5) is fully determined. Unfortuniste GV ele) = — Brg. M E(BrE..)
the computation of these Green’s functions is rather cumber L0 400 iy (@)
some and time-consuming when applying a classic procedure. _J Z Z ¢ 5 Hy T(ﬂTN1=”Am)7
As stated in [14], such a procedure involves an inverse Eouri 264 = Bin M M(Brm,n)
Transform of a discrete sum of Floquet modes, as follows: (12)
oo whereA,, = \/(z — 2’ —mb)? + (y — y/)? and with
Gy (plp') = e I )/Gpcr *jky(y*y')dk
R B MTE(B) _ d 1 _ cot Y1d
®) fopr sin® yid  popr v
D 1 cot oD
with —— - : (12)
o sin” oD Ho7Yo
= % 4 %Tm 9) MTM(E) = €0€r c03t Y1d 26?6261 -
71 1S
This series (8) converts the well-known spectral Green’s €0 cotvoD €D (13)
- ~per ~per . - _|- R
functions G\ (&, k) and GV (€, k) (see [23]) into spatial B 2 sin? 7oD

Green’s functionsZ)™ (p|p’) and G} (p|p’). No analytical
expressions are available for (8). This is due to the presenghere, = /k§ — 5% and 1 = /kge ., — 2. In (10)

of the semi-infinite layer of aic > d (Fig. 1). This layer cor- and (11), HOQ)( ) is the zeroth-order Hankel function of the
responds to a continuous set of radiation modes in the modatond kind. Although the summations over the modes
spectrum of the microstrip substrate, necessitating tme-cuin (10) and (11) have an infinite extent, because of the fact
bersome, numerical evaluation of Sommerfeld-integrad§{2 that the modal propagation constarigy ,, and Sy, are
[26]. Here, we adopt the PML-paradigm [15], which is def@ilelocated in the fourth quadrant of the complex plane, only a
in [19] for 1-D periodic layered medium Green’s functionslimited set of these modes needs to be retained. In all exesmpl
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presented below (Section IIl), less than 100 modes are us#t magnitude of the:- and they-oriented current densities

It was explained in [16] that these modes come in thrég shown along the cross-sectien= (m + 1/2)b = 2.5 mm.
flavors, which exhibit different behavior. The choice of th&he results are explained as follows. Given the perpenalicul
PML-parameters, i.e., the choice of the complex thickr2ss incidence of the plane wave, the situation can be considered
has to be appropriate to provide sufficient damping of thes a pure 2-D situation, i.e. there is no variation along the
modal fields inside the PML for each of these modes. Thedimension. In this case, Maxwell's equations can be split
influence of D was also discussed in [27], along with arnto a TE- and a TM-part w.r.t. the-axis. This was clearly
indicator of the quality of this choice. For large the series described in [29], where the corresponding 2-D PEC plate was
in (10) and (11) converge at a rate proportionabtd* ©*24=  simulated. The results obtained here with the periodic BIE-
with C; a constant. Hence, given this exponential decay asvioM are exactly the same as those presented in [29]: (i) For
function of n and provided that the distana®,, is not too the z-oriented current (corresponding to a 2-D TM-solution)
small, these are fast converging series. For small for small the plane wave is completely reflected at the nearly infipitel
distances\,,,, however, a combination of techniques — suclarge PEC plate. Hence, apart from some expected edgesffect
as Poisson summation, Shank’s acceleration, and/or Ewald; = 0 andy = 10\, the magnitude of the induced currents
splitting — has to be applied to improve the convergence. équals twice the incident-component of the magnetic field,

rigorous description of these techniques is outside th@esca.e. |J,| = 2\/;:2 % =53 mTA, (ii) The y-oriented currents

of this work, but they are described in detail in [19] andan pe explained as the currents that correspond to the
the references therein. In summary, it has been shown thi\_wave that is excited inside the parallel-plate wavegui
the PML-paradigm allows computing layered medium Greengnsisting of the PEC ground plate and the PEC metallization

functions, and 1-D periodic layered medium Green’s fumsio fjjieq with a dielectric. The wavelength of the TEM-wave then
in particular, in a very efficient and elegant way, this intcast equalshriy = A = Ao/+/é = 8.77 mm. This wavelength

to more classical Sommerfeld-approaches. In this papethéo picely corresponds to the number of oscillations observed i
first time, the PML-based approach is adopted to constrygk y-oriented current.

a 1-D periodic BIE-MoM for the analysis of straight and

meandering microstrip lines. 0 300
0.6
[1l. N UMERICAL EXAMPLES 0 0 04
The 1-D periodic BIE-MoM technique is now validated and 200 200 §
illustrated by considering representative (applicatieram- g )
ples. First, the currents induced on a large semi-infinit€ PE & 15 L 0 ga‘
plate are studied, leading to a validation of the techni@ee- = ko)
ond, the radiation onto a straight microstrip line is modele ' B 02 @
It is shown that, for straight lines, the peribdas no signifi- o

=y
o

|| [MA/m]
y [mm]

cant influence. Third, a serpentine delay line is investidat
and compared to another efficient BIE-MoM technique for
large, but finite structures, showing excellent agreemedt a ’ lx Z[m?n] ! xz[m?n] !
demonstrating the efficiency of the new periodic technique. (a) Magnitude (b) Phase
All computations are performed using a Linux-based 64-bit . . S
AMD Opteron 2350 computer with 32 GB of RAM runningF'g' 4: x-oriented current.denS|.tym on th_e semi-infinite plate
at 2 GHz. A BiCGstab iterative scheme [28] was used to solve (perpendicular illumination).

linear system (5).

o B N W » O O N ® ©

0
0 1

5 5

In the next example, the same substrate and metallization
are used, but the plane wave now impinges obliquely. The
A. Semi-infinite plate angles of incidence are chosen as follows:= 30° and

As a first example a large PEC plate is considered. Te= 0°, and hence, the plane wave is definedfas" (r) =
metallization within one unit celln = 0 is shown in Fig. 2 (@&4—&— %i)eiko(%”@@ Y. This situation can no longer
with b = 5 mm andw = 300 mm. So, the length of the be decomposed into a 2-D TM- and TE-problem. There will
plate along the/-dimension is 10 free-space wavelengifjs= be a strong coupling between the and y-oriented currents,

27 /ko. The plate has an infinite extent along thexis. The as can be seen in Figs. 7 and 8, and also in Fig. 9 where
metallization resides on a PEC-backed non-magnetic sibstra cross-section is made along= (m + 1/2)b = 2.5 mm.

of thicknessd = 3.17 mm and with relative permittivitg,, = It is observed from Figs. 7 and 8 that there is no variation
11.7. The PEC plate is illuminated by a plane wai€" (r) = of the current density’s magnitude along thelimension, as

(X + y)eikoz % i.e. under perpendicular incidenae £ 0°), expected. There is, however, a variation of its phase. This
and with an angular frequency of = 2710 GHz. The current is clearly illustrated in Fig. 10, where the phase of the
density on this PEC plate, induced by the plane wave, amd they-oriented current density is shown along the cross-
computed using the technique described in Section Il. TBectiony = 5\ = 17.1A; = 150 mm. This phase varies
magnitude and the phase of the and they-oriented current linearly betweent = 0 andz = b (from 0.57 rad to 1.09 rad
densities are shown in Figs. 4 and 5 respectively. In Fig.fér J,, and from 0.97 rad to 1.49 rad fok,). Using (3), it
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Fig. 5: y-oriented current density, on the semi-infinite plate (&) Magnitude (b) Phase
(perpendicular illumination). Fig. 7: z-oriented current density, on the semi-infinite plate
(oblique illumination).
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Fig. 6: Magnitude of ther- and they-oriented current density ot Z[m?n] ‘8 ot Z[m?n] ‘8
alongxz = (m + 1/2)b = 2.5 mm on the semi-infinite plate (a) Magnitude (b) Phase

(perpendicular illumination). ) ) ) S
Fig. 8:y-oriented current density, on the semi-infinite plate

(oblique illumination).
is validated that this phase variation of 0.52 rad is in perfe
agreement with the predicted valuewof= —b kg sin 6 cos ¢ =

—0.52.
The results obtained for this semi-infinite plate validdte t 1z ——
proposed 1-D periodic BIE-MoM technique. = |J;
Q 10
B. Straight microstrip line i E‘ .
As an important but simple application example, we con-< E
sider a straight microstrip line residing on the same sabstr © 6
as presented above in Section IlI-A. The metallization inith 3 % |a
the unit cell is also the one shown in Fig. 2, but now, 2 G .f
the width is much smaller, i.ew = 4.5 mm. Again, the %U ]
plane waveEFW(r) = (L% + y — La)eihoGrtda X 5
with angular frequencyw = 2710 GHz impinges upon the
structure. Although the geometry is invariant wa-axis, the 0

excitation exhibits a variation of the phase, and hence, thi et y/E}\O e s e m
situation cannot be decomposed into a pure 2-D TM- and TE-

problem (there is a coupling between the and y-oriented Fig. 9: Magnitude of the:- and they-oriented Cl_Jrre_nt. density
currents). For a periodl= 10 mm, the magnitude of the- and alongz = (m +1/2)b = 2.5 mm on the semi-infinite plate
y-oriented current density along the cross-sectioa b/2 = (oblique illumination).

5 mm is presented in Fig. 11. As explained above (Section IlI-
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Fig. 12: Phase of the- and they-oriented current density
alongy = 2.25 mm on the straight microstrip line.
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Fig. 10: Phase of the- and they-oriented current density

alongy = 5 = 17.1A; = 150 mm on the semi-infinite plate the magnitude of the current densities is calculated asvist
(oblique illumination). w w

f |J;Ct (brCf/27 Y, d)| dy - j |J¥ar(b/27 Y, d)| dy

51 (b) = 2 2 ’

. - . . J 12 (bret /2, y, )| dy
A), there is no variation of the magnitude of the current dgns 0
along thez-direction, but there is, however, a linear variation (14)

of its phase. This is clearly illustrated in Fig. 12, where th jr— % var
phase of ther- and they-oriented current density is shown g |75 (bret /2,y )] dy g |7y (b/2,y, d)] dy

5,(b) =

along the cross-section= 2.25 mm. The phase varies linearly “v W )
betweenz = 0 andz = b (from 0.06 rad to 1.11 rad fas,, g|Jg§e (bret/2,y,d)| dy
and from 0.30 rad to 1.35 rad fof,). Using (3), it is validated (15)

that this phase variation of 1.05 rad is in perfect agreement
with the predicted value of = —bkg sinfcos¢ = —1.05.  Where Ji* (byer/2,y,d)| and J;* (bee/2,y, d)| are the refer-
ence results presented in Fig. 11, and wift* (b/2,y, d)]

and J;*(b/2,y,d)| the current densities obtained for the

120 same microstrip configuration, but using another valueler t

- periodb. The relative errors (14) and (15) are shown in Fig. 13.
S It is observed that reducing the peribgields the same result,
= at least, within a margin of error that is smaller tha61%.
z E ol Hence, apart from using this result as a validation, it i® als
£ < clear that for straight configurations, it is beneficial tketa
ks £ o small, as this reduces the number of unknowhi the MoM.
g ?) Note, however, that when the number of discretization cells
25 . along thez-direction becomes too small, say less than three,
57© this methods breaks down. In the above casebfer 1 mm,
g o there are four discretization cells along thelirection.
E _‘Jar|
S S 17y C. Serpentine delay line
0 0.5 1 15 2 25 3 35 4 4.5
y [mm] The last application example, presented in this section, is

Fig. 11: Magnitude of the- and they-oriented current density the serpentine delay line configuration shown in Fig. 1. The
alongz = b/2 = 5 mm on the straight microstrip line. PEC metallization within one unit cell, indicating all did¢al

dimensions, is shown in Fig. 14. This metallization resides

on top of a PEC-backed, non-magnetic, lossy substrate of

thicknessd = 1.5 mm, relative permittivitye, = 4.3, and

Besides demonstrating, a.0., the linear phase variatitimeof l0ss tangentand = 0.02. A similar serpentine delay line

current density, another interesting way to validate théhoe Wwas proposed in [10], where its signal integrity properties
is proposed next, using the microstrip example. We simulaiere studied. Here, we evaluate the effects of radiation ont
the same microstrip configuration, but now for ten differerihe serpentine delay line at an angular frequencyvot=
values of the period, i.e. forb varying from 10 mm to 1 mm 2720 GHz by letting a plane wav&™"(r) = (x +y —
in steps of 1 mm. Taking the result of Fig. 11, whére=  /2z)e/fo(Go+3u+%2) Y obliquely impinge upon itf = 45°
b.et = 10 mm, as a reference result, the relative error betweand¢ = 45°). The magnitude of the- andy-oriented current
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10

— 0 in Figs. 15(a) and 16(a). In contrast, although the matrix-
o 8, (b) vector multiplications are hugely accelerated by the SVD-
| | PML-MLFMA, it takes 5.57 seconds to perform one matrix-
vector multiplication in the iterative solution scheme thizve

the results presented in Fig. 15(b) and 16(b). This speed-up
factor of 10.20 is significant and it is of course thanks to
the fact that the number of unknowns in the periodic BIE-
MoM scheme is rather small, as only one representative unit
cell needs to be considered. More specifically, there were
N = 3770 unknowns in the 1-D periodic BIE-MoM scheme
andN = 26383 ~ 7-3770 in the SVD-PML-MLFMA scheme.

Relative error

Fig. 13: Relative error on the magnitude of the and the

y-oriented current density on the straight microstrip lioe d 50 50
varying periodb, compared to the situation with= 10 mm. 6oL 45 6oL 45
| ‘ 40 40
‘ ‘ 50¢ 50}
W - r- 135 135
| w | = =
| L | — 40r 130 £ _ 400 130 €
! ! S < E <
E 15E E 25 E
30} - 30 -
= 120 =3 = 120 &
' ' 20r 15 20r 15
s/2 L 5/2
MW SLW LY 10 10
] ] 10t 10t
5 5
0 0 0 0
0 5 30 35
x [mm] z [mm]
L (a) Periodic BIE-MoM (b) SVD-PML-MLFMA
0 -+ - -
0 b Fig. 15: Magnitude of ther-oriented current density on (a) a

. - ) . _ unit cell of the serpentine delay line, computed using the 1-
Flg. 14: Metallization of the s_erpentlne delay line withhmet periodic BIE-MoM technique, and (b) the center unit cell of
unit cell m = 0. The geometrical parameters are as followsg finjte length serpentine delay line consisting of sevein u

b=9 mm, W =67 mm,w =3 mm, ands = 1.5 mm. cells, computed using the SVD-PML-MLFMA [18].

As the analysis can be restricted to one single unit cell,
density induced on the unit cell's metallization is shown ithe technique presented here allows a rapid evaluationeof th
Figs. 15(a) and 16(a) respectively. To obtain this restk, tdistributed currents induced on (multiconductor) trarssioin
1-D periodic BIE-MoM, presented in this paper, is used. Faihes, such as straight microstrip lines, coupled micipstr
comparison, a finite serpentine line consisting of seven ulhes, serpentine delay lines, etc. The results can be used f
cells and illuminated by the same plane wave, is simulat@grther analysis purposes. Using the Baum-Liu-Tesche JBLT
using the SVD-PML-MLFMA technique [18]. This techniqueequation, which was first introduced in [30], for describing
was especially conceived to rapidly analyze large, finite, (multiconductor) transmission lines, the voltages andents
nontperiodic structures residing on microstrip substrates. htloads connected to the lines can be estimated. Also, onju
Figs. 15(b) and 16(b) the magnitude of the and they- tion with advanced EMI analysis techniques for plane wave
oriented induced current density that flows within the centexcitation [31], or even for near-zone illumination [324rche
unit cell (i.e. the fourth unit cell) is shown. There is annvestigated. The (application) examples given abovedaisi
excellent agreement with the results obtained by the neWe presented technique but represent idealized sceparios
1-D periodic BIE-MoM. Of course, increasing the numbeiising perfect terminations and plane-wave illuminatiohe T
of unit cells in the SVD-PML-MLFMA further increases theextension of the technique to non-perfect terminationshef t
accuracy. The convergence rate as a function of the numhges and finite-sized electromagnetic sources is definiél
of periods depends on the convergence rate of the series ([(h@rest to the EMC/EMI community.
and (11), as presented in Section II-C. Furthermore, itsake
only 0.55 seconds to perform one matrix-vector multiplica- IV. CONCLUSIONS
tion in the iterative solution of the linear system (5) using An MPIE is constructed to model the current density in-
the 1-D periodic BIE-MoM, leading to the results presenteduced on 1-D periodic metallizations residing on a micipstr



50
45

40

still

y [mm]

(1]

(2]

(31

0
0

30
x [mm]
(b) SVD-PML-MLFMA

5 35
2z [mm]

(a) Periodic BIE-MoM [4]

Fig. 16: Magnitude of thei-oriented current density on (a) a
unit cell of the serpentine delay line, computed using thHe 1-
periodic BIE-MoM technique, and (b) the center unit cell of
the finite length serpentine delay line consisting of seveih u
cells, computed using the SVD-PML-MLFMA [18].

(5]
(6]

(7]
substrate. The periodic structure can be analyzed by merely
considering one single representative unit cell, this icoac
dance with the Floquet-Bloch theorem. Thereto, the pattine
1-D periodic layered medium Green’s functions have to bé&l
used. Here, we obtain these Green’s function in closed form
by invoking the PML-paradigm. The MPIE is solved by meang9]
of the MoM. Special attention is devoted to basis functions
residing adjacent to the borders of the unit cell, as a cantis |1
current flow across these borders should be guaranteeduwitho
destroying the periodicity.

The theory is illustrated by simulating the induced curremti]
density onto three different metallizations, illuminatbg
plane waves, and residing on microstrip substrates. Ret,
radiation onto a semi-infinite PEC plate is considered. For a
perpendicular incidence of the plane wave, it is demoreﬂlrat[ 3
that this situation can be decomposed into a pure 2-D ™
and TE-problem, and the results obtained with the new 1-D
periodic BIE-MoM are compared with results from literaturel14l
For oblique illumination, it is demonstrated that the phase
of the current density varies linearly within the unit cell,
as expected from the Floquet-Bloch theorem. Second, thel
radiation onto a straight microstrip line is modeled. Initidd
to observing a linear phase variation within the unit celisi [16]
also shown, by varying the peridd that only a small section
of the microstrip line, making up one unit cell, needs to be
considered without loosing accuracy (and with a considerapi7]
gain in simulation speed). Third, a serpentine delay line
is studied. These structures have already been the subject
of signal integrity studies, but of course, determinatidn ¢18]
their susceptibility to electromagnetic radiation is ofuef
importance. The current density induced onto such a line,
which is illuminated by a plane wave obliquely impinging

[12]

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY

upon it, is accurately simulated and compared to the previ-
ously developed (and validated) SVD-PML-MLFMA, showing
excellent agreement. Although this SVD-PML-MLFMA was
especially constructed to rapidly assess the radiatiomlange
but finite microstrip structures, the 1-D periodic BIE-MoB! i

faster, as only a single unit cell needs to be considlere
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