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Abstract—A continuous counterpart of the Spatial Images tech- convergent. Another type of spatial-domain approach uses a
nique is proposed for the computation of the multilayered baed  discrete set of auxiliary point sources to impose boundary
Green’s functions and, for the first time, of their derivatives. ~,ditions on the potentials along discrete points on théca

The method employs a set of auxiliary linear distribution of - . . .
sources to effectively impose the potential boundary contions contour [12], [13]. This technique is able to efficiently gz

along the whole cavity contour. The imposition of these boutary ~ Microwave shielded circuits but its stability strongly eéepls
conditions leads for the first time to a set of integral equattns on the adequate selection of the auxiliary sources position

(IEs), on the unknown distributions of the auxiliary sources, as discussed in [13]. Besides, its discrete nature limies th

which are solved by applying a method of moments approach. accuracy of the computed Green’s functions.
A convergence/efficiency study, related to the test and basi

functions choice, is then presented and discussed. The tethue This paper presents the continuous counterpart of the
is combined with the use of dynamic ground planes generating discrete spatial-domain technique presented in [12], ,[13]
mirror basis functions which completely remove any singula . . . ”
instability. Finally, the computed Green'’s functions are ncluded partlpularlzed to the computatlon of the re_‘CtangL'Iar boxed
into a mixed potentiaj IE formulation for the accurate and multllayel‘ed Green’s functions and, for the first time, teith
very fast analysis of practical multilayered shielded cirwits. The associated derivatives. The continuous nature of the igaln
proposed technique does not suffer from any convergence i#s increases the accuracy that can be obtained in the Green’s
and it is extremely competitive in terms of accuracy and effiency functions computation, with respect to other implementai
as compared to other methods known to the authors. based on discrete sources [12], [13]. Specifically, artiiyra

Index Terms—Green's functions, Method of Moments (MoM),  small errors in the Green’s functions computation can be
Integral Equations (IEs), Boxed circuits, Microwave filters. achieved. A refinement in the technique, which exploits the

decoupling of ther andy-dyadic components of the Green'’s
I. INTRODUCTION functions in rectangular boxes, contributes to furtherriowg

HE ACCURATE and fast analysis of boxed multilaythe method efficiency.

ered circuits is required in the current design of many nqteaq of discrete auxiliary point sources as in [13], the
monolithic microwave integrated circuits (MMICs). The use, .o nsed continuous method uses a set of auxiliary linear
of closed cavities provides physical support to microwavggiption of sources to impose potentials boundary éond

dev_ices, immunity agai_nst electromagn_etic_ interfereranes o along the whole cavity contour. After applying bouryda
avoids unwanted radiation. However, shielding enclosalss conditions, a set of IEs, on the unknown values of the auyilia

introduces additional effects that must rigorously be talkéo sources, is obtained. The IE problem is then solved by using

account [1.]'. _— ) the MoM [3]. A rigorous study about the impact of the test and
One efficient possibility for the analysis of these boxeff,qjs functions choice on the Green's functions convergenc
devices is to employ the integral equation (IE) technique [2g then presented and discussed, showing a trade-off betwee
solved by the method of moments (MoM) [3]. The IE method ., -4cy (using roof-top basis/test functions) and spesidg
can be formulated ellther in the spectral [4], [5], [6], [&] b_r _point-matching basis/test functions). The concept of dyica
in the spatial domain [9], [10], [11]. The spectral domain i§,4,ng planes [14] is applied to the basis functions, geimeya
usually very efficient, but it presents important CONVeXgen o pasis functions which completely solves any singula
problems when the dimensions of the cells employed &,4tion. Finally, the proposed theory is included intoiaed
discretize the printed circuits are very smgll as Compa_r?)%tential IE approach (MPIE) [2] and it is applied to the
to thg enclosure. Although some very efficient acceleratlgj{mlysiS of practical shielded microwave circuits, witanar
techniques have been proposed 1@r printed structures [8], mneta| patches printed at the dielectric interfaces. Tweldbi
the analysis oD metalizations still represents and mterestlngmcmstrip filters are then analyzed and compared against
challenge. On the other hand, the spatial domain usualiier approaches and with measurements, showing excellent
expresses the boxed multilayered Green's functions indergyy eement. A careful comparative study demonstrates that
of infinite sums of spatial images, which are very slowly,o hron0sed method is extremely competitive as compared
LTechnical University of Cartagena, Campus Muralla del Mar sarta- With other IE techniques known to the authors, avoiding any
gena, E-30202, Spain, E-mail: jsebastigpmez@ono.com convergence problems.
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Fig. 1: An auxiliary linear distribution of source€’{ ; and C, ;) is combined with two auxiliary ground planes to analyze
a multilayered rectangular enclosure. Mirror linear sesrowith respect to the ground planes, appear from the atiget

of linear sources. Potential boundary conditions are themerically imposed along the non-covered cavity walls, anel
perfectly imposed along the covered walls. The dimensidnth® cavity are60240 mm, and it is composed df layers:

a dielectric layer ., = 2.2 of thickness3.17 mm), and an air layer3(0 mm height). The source is placed at the position
(—25,-5,3.14) mm. O is the coordinates origin and cavity center.

Il. GROUNDED MOM-BASED SPATIAL TECHNIQUE enclosure are recovered with the standard convolutiogiate
This section first carefully derives the grounded Momon the relevant sources of the problem
based formulation. Then,,the mgthod is _ext_e-nded to obtain Gv,... (7,7 ) =So [Gv(p)]Jr
the n-order boxed Green’s functions derivatives. Later, the )
location and definition of test and basis functions are céisef / So[Gv(p)] Q(F")OF, 1)
analyzed. o
Giﬁ.ect (F, 77(),0) =S [GA} 7 0+

=

D(rhor', 2

44

A. Theoretical Overview ~
i Vervi / S, [GA}

Let us consider a multilayered rectangular cavity, which is

excited by a point source. The first task is to obtain the GseeﬂvhereQ(F’) andD(7’) are the auxiliary set of linear charges
functions related to an infinite multilayered medium. Thignq dipoles, respectively. AlsaS{) denotes the zero-th order
is easily accomplished using the Sommerfeld transformatigommerfeld transformation, applied to the spectral domain
[15] applied to the corresponding spectral domain Greenigeen's functions for a specific soura’ and observer point
functions (=) [16]. (7) locations. Note that a similar expression can easily be
The next step is to introduce a set of auxiliary distribusionyerived for ay-oriented source dipole.
of linear sources. These sources are located surroundeng thTpe auxiliary linear sources are combined with the use of
cavity under analysis (following the contow” shown in  gynamic ground planes, a concept introduced in [14]. This
Fig. 1). Here, the term linear is employed to emphasize thgfows to completely remove any singular instability proed
a continuous distribution of sources (such H3 wires) is py the point source when it is placed close to a cavity wall.
used, instead of discrete punctual sources as was the caspd%wmg this approach, ground planes are located alorg th
[12],[13]. The auxiliary linear sources are applied to Cartep ¢josest walls to the point source, as shown in Fig. 2. Thigdea
both, the electric scalar and the magnetic vector potential g the generation of mirror auxiliary linear sources, which
each case, the physical nature of the auxiliary linear urGmposes perfect boundary conditions on the two coveredswall
corresponds to the potential under analysis (charge for thenis way, accuracy is preserved for all positions of therse
electric scalar potential and dipole currents for the mag“epoint. Furthermore, efficiency is highly improved, becatree
vector potential). If the height of the cavity is electrigdarge, yajyes associated to the mirror distribution of sourcesimn
a set of discrete rings of auxiliary linear sources may be usgom pasic electromagnetic theory [14], [18].

[13], [17]. The unknown auxiliary distribution of sourcea  The poundary condition that must fulfill the electric scalar
then computed to impose, in conjunction with the Or'g'”eﬂotential along the cavity walls is

point source, the boundary conditions on the lateral wélls.
nally, the Green’s functions inside the multilayered ragiaar Gv,... (7,7 00)lc = 0. 3)
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TABLE I: Signs which must be applied to the auxiliary sources

¢ Quidian2y Quadrant 1 Quadrant 23 Galrant 1 as a function of the quadrants (defined by the ground planes)
o o : where the original point source and the auxiliary sources ar
AR A S S NN o located.
: * 1k . . *k :
: : : Auxiliary source quadrant [g]
:_ngq_ram_ai gtiagfgm_fl_: :‘.q“‘fdﬁ?ﬂtf‘i 9‘13’152”‘.9.: Source quad.[ Quad. 1 | Quad. 2 | Quad. 3 | Quad. 4
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1 + +
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' '
Quadrant 3 % Quadrant 4 s i_gugq_ram}: Quadrant 4

where the suffix, andv denote horizontal and vertical walls,
respectively. Note that boundary conditions are decouatet
Fig. 2: Dynamic position of the auxiliary ground planes as fhey can be imposed separately on each wall, leading to two
function of the point source location. The new planes positi systems of equations witB 4 ¢ unknowns (whereB , ¢ is the
defines the quadrant where the cavity under analysis is@lacg,mber of basis function related to the wallwith 5’: h,v)

The set of auxiliary linear sources is placed in the samgsiead of one system &fB, ¢ unknowns, as formulated in
quadrant as the cavity, whereas mirror linear sources apPPRRY). This is possible because anoriented dipole can not

in all other quadrants. create ay-oriented potential component inside a rectangular
cavity, an vice-versa [18]. Introducing th@%® component
(Eqg. 4) into Eg. 8 and Eq. 9, two IEs are obtained. In order

In order to obtain the values of the auxiliary set of lineag, apply the MoM, the auxiliary linear distribution of dipes
charges,Q(7’), this last equation is combined with Eq. 1;q expanded as

The resulting equation has the form of an IE [2], which can

(c) Cavity at third quadrant.  (d) Cavity at fourth quadrant.

be solved by the MoM [3]. For this purpogg”’) is expanded . R Bae . 4 B A
as a sum of basis functions as DF) =Y > Y apm y PE (oo 95l (™),
m=1¢=h,v k=1 g=1

R By 4

= = m— (8)
QU= DY akm D P (o0 ) (7), (4) wherea?’¢ is the weight associated to ttkebasis function,
m=lk=1 9=t placed at them ring, associated to the-dipole source and
where 2 is the total number of rings3y is the total number imposed on the wall, and PZ (7 o, 9) (see Table ) is the
of basis functionsf{;""" (") is the basis function numbér,  sign associated to each auxiliary source, as a functioneof th
placed on the ringn, related to the scalar electric potentiajuadrant where it is defined.
(V), and located on any (horizontal or vertical) direction Introducing Eq. 10 into the two IEs, a standard MoM
a within the g quadrant (withg = 1,2,3,4), and ax,» technique yields to two systems of linear equations. Oneg th
is the weight associated to this basis function. Note thatage solved, the weights of the basis functions are recoyered
specific weighty. .., is associated to a particular basis functioand thez-component of the magnetic vector potential can be
(k,m), but also to all its mirror basis functions (placed in alexpressed as shown in Eq. 11. In the case that the source is
quadrantsg = 1...4). The adequate sign of each mirror basigriented along the-axis, a similar formulation can easily be
function [Pg,, (7}, 9)] depends on the quadrants of the poinderived.
source and the mirror images, and it is given in Table I.
Introducing Eq. 6 into the IE, a standard MoM technique _ h .
yields to a system of linear equations. After solving theteys B+ Calculation of the N order GF derivatives
the weights of the basis functions(,,) are recovered. The proposed formulation allows the easy computation of
This allows to express the electric scalar potential insitee the boxed Green’s functions spatial derivatives of order
multilayered rectangular enclosure as shown in Eq. 7. without requiring an additional computational effort. Blee
In order to compute thexz-component of the magneticderivatives may be useful, for instance, during the contmria
vector potential dyadic Green’s function, the two boundawf the fields in the vicinity of microstrip discontinuities m

conditions to impose are the analysis of finite size dielectric objects with surface f
. _o 5 mulations. For this purpose, derivatives are taken on Eqd7 a
Aree (T 70,0)lCn = 0, ©6) Eq. 11 over the source-observer spatial distapce (7—7"|),

oGL (7,70 0)
ox

leading to the expressions shown in Eq. 13 and Eq. 14. The

= 7
e, =0, 0 main advantage of this approach is that basis functions and
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GV, (T, 70 0) = ZSO [Gv] ;/0 Pay (To,0,9) + Z Zak,m Z/ So[Gv]|s Pay(760,9) ‘g/j]Z,’;’L(F’)GF’ (5)
g=1 g m=1 k=1 g=1 g
4 B - R Ba.e ~ .
G (F700) = D So[Gal 7y PEL (o009 + 3 tﬁiEZﬁj&Kh}wﬂz@ﬂmwﬂﬂﬁﬁﬁw”<%
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Physical condition at Combination of two half basis

their associated weights are independent®f @nd are not  ,5undplane reinforced functionsto model the cormer
affected by the derivative. This means that there is no ne
to reformulate the problem for this specific case. On theroth 005
hand, the only term in the expressions which is affected by t 0.4}
(p) derivative is the Sommerfeld transformation. Specificall 45|
it is known that the derivative of thév-order Sommerfeld
transformation is related to theV(+ 1)-order Sommerfeld
transformation [15], as follows

0.02-

0.01F

Y axis [m]
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Pl _ gt 10) ool
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This property has been employed in Eq. 13 and Eq. 14. Final _ X as [

note that the spatial derivatives related to ther y-directions Fig. 3: Example of basis functions (rooftops) definition for

can easily be obtained from these equations, simply by usifig ¢\, computation. The auxiliary linear charge continuity is

the chain's rule of the derivative. enforced at the corner using two interconnected half-ogft
(which makes a unique basis function), meanwhile zero galue

C. Proper Termination of Test and Basis Functions of the charges are enforced at the ground planes.

The use of auxiliary ground planes requires a proper defi-
nition and termination of the basis functions employed ia tr Independent half Independent half
problem. After that, test functions are located along the-no
covered walls of the cavity following similar ideas.

In the case of the electric scalar potential, the auxiliai
charge must be zero at the ground planes. This condition
enforced by terminating the mesh with an entire basis foncti 0.03r

padioyuias aue|d punosd
1e uonIpuod |edisAyd

0.05-

0.04

uopounysiseq
Jeyuspuadapu]

Besides, the sharp corner on the auxiliary sources (coiftour £ ooz ; T
in Fig. 1) is handled by employing two half-basis functions & o1} b Originl Source : Eg
which are interconnected, creating a unique basis funct@mn ol +++Linear Sources : Hh
enforce continuity of the charge at the corner. This prooedt o1l g = Cavily Contour : 3 %
is similar as the usually employed in the IE MoM for the : %g
modeling of junctions in the metalizations [19]. An exampl % i i

1 L L | | | L L L
. . . . . -0.03 -0.02 -0.01 0 001 002 003 0.04 005
of this implementation is shown in Fig. 3. X axis [m]

In the case of the magnetic vector potential, produced
an x-oriented source dipole, a zero value must be physical
imposed for the auxiliary current at the-oriented ground

g. 4. Example of basis functions (rooftops) definition for
e G%* computation. A zero value of the potential is forced

. ) . at thez-oriented plane by terminating the mesh with a entire
plane, whereas it does not vanish at theriented ground P y 9

. . " basis function. Any value of the potential is allowed at the
plane [20]. This is modeled by using an additional half'ig'asbriented plane by inserting there a half-rooftop. The coise
function attached to thg-oriented plane, and by terminating

: . . . : modeled using two isolated half-rooftops (not intercorieé
the mesh with an entire basis function on theriented plane. g s ( X

Furthermore, note in Fig. 4 that two independent half-basis

functions have been employed to treat the corner. These two

half-basis functions are not interconnected, because efcrhat the source is g-oriented dipole, an implementation dual
them is referred to a different boundary condition and agapli {©© the proposed for the-source is employed.

into a different IE. However, the presence of these two half _ . _

roof-top functions at the corner is important, since theeor D- Basis/Test Functions Choice

distribution will in general not be zero at the corner. An The selection of different basis/test functions provides a
example of this implementation is shown in Fig. 4. In the caseade-off between accuracy and speed in the boxed Green’s



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, SPHEL ISSUE IMS 2010 5

"GV, (1570 0) 5 1| . S - . . s
S =Y Saa[Ov] [, Poy(Foog) + D0 D ok Y / Sn-1[GV][L, Pay (7o 9) FEna (707
P g=1 o m=1 k=1 g=17C;

(11)
oIGE . (T 0) = 1 "
rg;nv , :ZS"*l[GA] Fg,gpéA(rng’gH
g=1
R Bae 4 =
, RIG - am 2 o
SN S A > [ SealGalll P oo o) s 0 (12)
m=1¢=hv k=1 g=1"C4

functions computation. Three possible choices are predent
and discussed below.

The first option is to use point matching [3]. In this case,
the auxiliary linear sources are reduced to spatial images,
similar to these introduced in [14], which impose boundary
conditions at discrete points on the cavity walls. The main
drawback, as in any point-matching technique, is that iddea
to ill-conditioned system of equations when the number of

Error commited on Gv computation

unknowns increases. This greatly limits the accuracy of the —_—1bf\A
computed Green’s functions. On the other hand, this approac = ==2bf\A
is extremely efficient, because all contour integrals adeiced
to a single point evaluation of the function. —10bf\2
The second option uses linear roof-tops as test functions V2 Vi va

and Dirac-deltas as basis functions (spatial images). This Perimeter of the non-covered cavity walls
ph_0|ce presents a tradg ,Oﬁ between accuracy and speed,r_twy 5: Error committed in the imposition of th&,, boundary
it is not free of instabilities. Accuracy is improved becaus

bound diti . d he whol ) ) conditions (Eq. 5) af GHz along the non-covered walls of
oundary condition are imposed on the whole cavity perimetg, . cavity shown in Fig. 1, when different numbers of basis

averaged on each cell. However, ill-conditioned problersea ¢ . iins (rooftops) pen are employedVy denotes theX -
in the systems of equations when the number of discrq}g

: - ][tex of the cavity, as indicated in Fig. 1.
sources increases. In terms of efficiency, the presence o
discrete sources reduces the double contour integral te one
dimensional integrals, leading to an efficient Green'’s fioms
computation.
The third and last option uses linear roof-top test and ba:
functions. This approach is very accurate and free of |l

con_d|t|c_)ned situations. Sp_emﬂcal_ly, the error commltm the boundary conditions imposition. On the other hand, &f th
arbltr.arlly be reduced ,by increasing the pumber of b"’,ls’S/teauxiliary sources are located very far away from the walis, t
functions [3]. The main drawback of this approach_ IS th_"#umber of unknowns required to achieve a required precision
double contour mtggrals mus_t be evaluatgd_ when IMPOSIZreases, because the auxiliary sources lose effectigene
the boundar()j/ cqr;]dlﬁons, Ieadm_g to less efflcr:ent comjat representing the fine details of the cavity. Numerical itssul
as compared with the two previous approaches. have shown that values af, and d, within the range of
0.2X0-2)¢ provide good convergence rates using a limited
[I1. N UMERICAL VALIDATION number of test/basis functions. In the following examptks,

This section presents numerical results to validate the pRpxiliary linear sources are always located at the distnce
posed technique. For this purpose, the structure showndin= dy = 1.5A.
Fig. 1 is analyzed. The point source is placed at the positionThe proposed method allows to exactly know the error
(—25,-5,3.14) mm. The location of the auxiliary linear committed on the Green’s functions computation. This can
sources is an important parameter to be considered. Inaginteasily be done by evaluating the fulfillment of the boundary
to the approach presented in [13], the impact of this locati@onditions along the cavity contour. Since the use of aaili
on the method accuracy is very limited, because the propoggdund planes imposes perfect boundary conditions on the
approach is singular-free and the method does not havectivered walls, only the error committed on the two remaining
compensate for the singular behavior of the original saurogalls must be examined. For the electric scalar potenti, t
Therefore, the method is inherently stable as a function efror is obtained by evaluating Eg. 5 along the two non-
the location of the auxiliary sources. In spite of this, theovered walls. In the case of the magnetic vector potential,

number of unknowns required to obtain a desired precision
Zries. If the auxiliary sources are located very close ® th
“avity walls, their associated singular behavior may dagra
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100 ¢ = Point Matching 10" ¢ — Ppoint Matching
= = = Combination of Point Matching and Rooftops = = = Combination of Point Matching and Rooftops
B REIEE Rooftops 10t 1 == Rooftops

Max. error commited on GV computation
Max. error commited on GXX computation

Number of basis functions per A Number of basis functions per A

Fig. 6: Maximum error committed in the imposition of theFig. 8: Maximum error committed in the imposition of the
Gy boundary conditions aT GHz on the cavity shown in G%* boundary conditions &0 GHz on the cavity shown in
Fig. 1 versus the number and type of basis/test functions pég. 1 versus the number and type of basis/test functions per
A employed. A employed.

10° | case of point matching, lower convergence rates are found
due to its behavior inside IEs [3]. The use of combined
roof-tops and delta Dirac test/basis functions improves th
convergence rates. Note that these two approaches lead to
ill-conditioned situations when the number of basis fuorsi
increases more. Finally, the use of linear roof-tops ashast
functions presents the best convergence rates, thanksto th
use of continuous auxiliary sources. We have verified that
the use of500 basis/test functions provides an error within

Error commited on G computation

2
——0.5bf\A the precision of the computer along the complete perimeter,
= = =1bf\A . L
‘‘‘‘‘ 2bf\A showing that the method is inherently stable.
3bf\A Second, the error committed on th&}* computation is
V2 _ Vi _ V4 considered. In this case, the frequency is se2GoGHz in
Perimeter of the non-covered cavity walls order to fully appreciate the influence of the lateral walls

Fig. 7: Error committed on the imposition of ti&” boundary ©on this potential. Fig. 7 shows the error along the cavity
conditions (Egs. 8 and 9) &) GHz along the non-coveredcontour when different numbers of basis functions (roof-
walls of the cavity shown in Fig. 1, when different numbertPps) are employed. Finally, in Fig. 8 a comparison of the

of basis functions (rooftops) per are employedVy denotes Maximum error committed, depending on the number and
the X vertex of the cavity, as indicated in Fig. 1. type of test/basis functions, is presented. The analydisesie

results leads to the same conclusions as given foGthease,
and confirms the effectiveness of the proposed approach.
Note that the accuracy of the technique also depends on the
the error is obtained by computing Eq. 8 for the non-cover@gcuracy of the method employed to compute the Sommerfeld
horizontal wall and Eq. 9 for the non-covered vertical whil. transformation [15]. Therefore, it is important to avoidags
all cases, an ideal situation will provide a zero value fax thin these transformations, which may accumulate and prapaga
relevant condition along the whole cavity perimeter. towards the Green’s functions. This occurs in Fig. 8, where
First, the error committed in the'y, computation at the the error of10~* on the G%* computation is fixed by the
frequency of7 GHz is examined. The error is presented fomaximum error while calculating .
several numbers of basis functions peffig. 5). In this case,
linear rooftop test/basis functions have been employed. AdV: ANALYSIS OF MULTILAYERED SHIELDED CIRCUITS
can be observed in the figure, the error is small with just In this section, the proposed spatial technique is applied
one basis function pek, and decreases fast as the numbeo the fast analysis of practical multilayered shieldeduis.
of basis functions is increased. This demonstrates that ther this purpose, the method has efficiently been includex in
method is rapidly convergent, requiring a few number of asi MPIE formulation [2], following the acceleration techog
functions to obtain very low errors. In Fig. 6 the maximummtroduced in [13]. Theptwo shielded microstrip filters are
error (computed over the whole cavity perimeter) is presgnttaken from the literature and are analyzed by the proposed
for different types and number of basis/test functions.He t technique. The obtained results are compared, in terms of
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Fig. 10: Results for the bandpass filter shown in Fig.
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Fig. 11: Boxed microstrip bandpass filter of fourth ordesdxh
on coupled line sections, reproduced from [11].

cells employed to discretize the printed circuits are venpals

as compared with the enclosure. In this case, the number of
modes required to achieve convergence is very high, and ther
is not a clear rule to truncate the infinite summations. On
the other hand, the use of the spatial domain formulation
for this type of analysis is not practical, due to the high
computational cost that requires the calculation of maytired
boxed Green'’s functions [5] [6] [7].

The first filter under consideration is shown in Fig. 9 [21].
The results of the analysis employing the proposed spatial
technique, and a spectral approach [11] are presented in
Fig. 10. Measured data is included as validation. Note that a
extraordinary agreement between the two completely differ
methods has been obtained. This structure is speciallgwliffi
to be handled by the spatial method, because it has a thick
gubstrate and it requires two rings of auxiliary linear sest

analyzed using the proposed spatial approach and validafegareful study about the efficiency of the two methods, as a
by the spectral method presented in [11].

TABLE II:

function of the number of discretization cells, is presdrite
Table Il. As can be observed, the proposed spatial technique
completely converges usirybasis functions pek, indepen-
dently of the mesh. As expected, the spectral method regjuire

Comparison of the time (per frequency point) required by the higher number of modes to converge as the mesh density

proposed spatial method and a spectral technique [11] ®r {ficreases. In terms of efficiency, the proposed spatial ageth
analysis of the filter shown in Fig. 9.

Proposed Spatial Method | Spectral Method [11]

Mesh Time per f. p. | Bfper X\ | Time per f. p. | Modes
45 cells 0.108 sec 3.0 0.075 sec 2500
90 cells 0.312 sec 3.0 0.665 sec 2500
135 cells 0.604 sec 3.0 1.903 sec 3500
180 cells 1.012 sec 3.0 3.909 sec 3500

is able to compete against the spectral approach in all cases
For low mesh density, the spectral approach is slightlyefast
because it converges summing up a low number of modes.
However, as the mesh density increases, the spatial approac
becomes more and more efficient (even two and three times
faster). This is because an increase in the mesh density only
affects the size of the MoM matrix, but it does not affect to
the speed in the calculation of the Green’s functions.

accuracy and efficiency, against a spectral domain approaciThe second filter considered is shown in Fig. 11 [11]. The
[11] and against measurements. Note that the comparison hesults of the analysis are presented in Fig. 12, where agmain
been carried out exactly in the same conditions, includirgxtraordinary agreement has been found between the prpose
computer (Pentium V2.5 GHz, 2 Gb RAM), mesh, and spatial technique and the spectral approach [11]. Thiststre

integration points.

is specially difficult to be handled by the spectral method,

In the literature, the analysis of shielded microwave filtebecause it has a large box as compared with the size of the
have mainly been performed in the spectral domain [9], [1Qdrinted circuits. Table Il presents a careful study relate
[11]. This formulation is usually very efficient, but has samthe efficiency and convergence of both techniques. Aga@, th
important convergence problems when the dimension of theoposed spatial method converges in all cases using3just
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—_—S, Proposed Spatial Method

Scattering Parameters (dB)

- 821 Proposed Spatial Method

Mirror linear sources appear with respect to the planes,
perfectly imposing boundary conditions on the two covered
walls. On the other two walls, a numerical imposition of thes
conditions has led to a set of integral equations. A converge
study, related to the test and basis functions choice, has
been presented and discussed. Finally, the computed Green’
functions have been included into an MPIE formulation, for
the accurate and very fast analysis of practical multilester
shielded circuits. A rigorous comparative between diffel&
methods has demonstrated that the proposed method is ideal
for the analysis, design and optimization of shielded disgu

v ‘:c' S, Spectral Method
4 == S, Spectral Method
501 x S, Measurements
v S,, Measurements
9 9.‘2 9.‘4 9.‘6 9.8 10 102 104 106 1[;,8 1‘1

Frequency (Ghz)

in terms of convergence, accuracy and efficiency.
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TABLE I

Comparison of the time (per frequency point) required by théll
proposed spatial method and a spectral technique [11] &or th
analysis of the filter shown in Fig. 11. 2]

Proposed Spatial Method | Spectral Method [11] 3]
Mesh Timeper f.p. | Bfper A\ | Timeper f. p. | Modes
38 cells 0.072 sec 3.0 0.160 sec 20000 [4]
76 cells 0.184 sec 3.0 1.209 sec 22500
114 cells 0.328 sec 3.0 9.570 sec 40000
152 cells 0.512 sec 3.0 18.591 sec 50000 [5]

basis functions pen. On the contrary, the convergence of[g
the spectral method directly depends on the size of the mesh,
requiring a very large number of modes in all cases. In ter ]
of efficiency, the proposed spatial technique is always muc
faster than the spectral approach. For low mesh densities,
even though both techniques are quite competitive, théad;pat[s]
method is more than two times faster. The efficiency distance
between the two methods increases with the mesh density,
being the spatial technique more thé#ntimes faster than the [9]
spectral approach for the case of a very dense mesh.

Finally, it is important to remark that the proposed spatial
technique provides a stable and systematic approach to difl
ciently analyze any shielded microwave device. As a difieee
with the spectral domain approach, the proposed method is
able to obtain convergent results for any cavity and printé’dl]
circuit sizes. Consequently, the proposed technique is an
excellent candidate to be integrated into a CAD tool, for the
fast analysis and efficient optimization of practical sthésd (12]
multilayered printed circuits.

V. CONCLUSIONS [13]

A grounded MoM-based spatial domain technique has been
presented for the Green’s functions analysis of multilager

with the Project TEC2007-67630-C03-02.

REFERENCES

L. P. Dunleavy and P. B. Katehi, “Shielding effects in muistrip dis-
continuities,”|[EEE Transactions on Microwave Theory and Techniques,
vol. 36, no. 12, pp. 1767-1774, December 1988.

J. R. Mosig, Integral Equation Technique. New York: Wiley Inter-
science Publication, 1989.

R. F. Harrington,Field Computation by Moment Methods. New York:
The MacMillan Company, 1968.

R. H. Jansen, “The spectral-domain approach for micveniategrated
circuits,” |IEEE Transactions on Microwave Theory and Techniques,
vol. 33, p. 10431056, October 1985.

L. P. Dunleavy and P. B. Katehi, “A generalized method fama-
lyzing shielded thin microstrip discontinuities|EEE Transactions on
Microwave Theory and Techniques, vol. 36, no. 12, pp. 1758-1766,
December 1988.

M.-J. Park and S. Nam, “Rapid calculation of the Greenisction in the
shielded planar structuredEEE Microwave and Guided Wave Letters,
vol. 7, no. 10, pp. 326-328, October 1997.

A. Alvarez Melcon and J. R. Mosig, “Two techniques for the éffit
numerical calculation of the Green's functions for plandrekled
circuits and antennas/EEE Transactions on Microwave Theory and
Techniques, vol. 48, no. 9, pp. 1492-1504, September 2000.

J. L. Tsalamengas and G. Fikioris, “Rapidly convergipgcatral-domain
analysis of rectangularly shielded layered microstriedi\l EEE Trans-
actions on Microwave Theory and Techniques, vol. 51, no. 6, pp. 1729—
1734, June 2005.

C. J. Railton and S. A. Meade, “Fast rigorous analysis loielsled
planar filters,”|EEE Transactions on Microwave Theory and Techniques,
vol. 40, no. 5, pp. 978-985, May 1992.

G. V. Eleftheriades, J. R. Mosig, and M. Guglielmi, “Asfaintegral
equation technique for shielded planar circuits defined amuniform
meshes,”|EEE Transactions on Microwave Theory and Techniques,
vol. 44, no. 12, pp. 2293-2296, December 1996.

A. Alvarez Melcon, J. R. Mosig, and M. Guglielmi, “Efficient @A
of boxed microwave circuits based on arbitrary rectangelaments,”
|EEE Transactions on Microwave Theory and Techniques, vol. 47, no. 7,
pp. 1045-1058, July 1999.

F. D. Quesada Pereira, P. Vera Castejon, D. CafeterRejoie, J. Pascual
Garcia, and AAlvarez Melcon, “Numerical evaluation of the Green'’s
functions for cylindrical enclosures/EEE Transactions on Microwave
Theory and Techniques, vol. 53, no. 1, pp. 94-105, January 2005.

J. S. Gomez-Diaz, M. Martinez-Mendoza, F. J. P&eler, F. D.
Quesada-Pereira, and Alvarez-Melcon, “Practical Implementation of
the Spatial Images Technique for the Analysis of Shilededtilyered
Printed Circuits,”|EEE Transactions on Microwave Theory and Tech-
niques, vol. 56, no. 1, pp. 131-141, January 2008.

rectangular enclosures. The technique combines the use1ef J. S. Gomez-Diaz, M. Garcia-Vigueras, D. Cafietbévaque, F. D.

auxiliary ground planes, which cover two walls of the cavity
with a set of auxiliary linear distribution of sources emysd
to impose the boundary conditions along the cavity contour.

Quesada-Pereira, and Alvarez-Melcon, “Use of Ground Planes within
the Spatial Images Technique: Application to the Analy$iRectangu-
lar Multilayered Shielded Enclosures,” iREE International Microwave
Symposium, Anaheim, California, USA, 23-28 May 2010.



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, SPHEL ISSUE IMS 2010

[15] K. Michalski, “Extrapolation methods for Sommerfeldtegral tails,”
|IEEE Transactions on Antennas and Propagation, vol. 46, no. 10, pp.
1405-1418, October 1998.

[16] T. Itoh, Numerical Techniques for Microwave and Millimeter-Wave
Passive Structures.  Wiley-Interscience, 1989.

[17] F.D. Quesada Pereira, P. Vera Castejon, J. L. GomazeTo, D. Cafete
Rebenaque, J. Pascual Garcia, andANarez Melcon, “Analysis of
microstrip to circular waveguide transitions by a new spaimages
method,”Microwave and Optical Technology Letters, vol. 45, pp. 563—
568, June 2005.

[18] C. A. Balanis,Advanced Engineering Electromagnetics. John Wiley
and Sons, 1989.

[19] B. Kolundzija and A. Djordjevic, Eds.Electromagnetic Modeling of
Composite Metallic and Dielectric Sructures.  Artech House Publishers,
2002.

[20] C. A. Balanis,Antenna Theory: Analysis and Design. 3rd Edition. John
Wiley and Sons, 2005.

[21] M. Martinez-Mendoza, J. S. Gomez-Diaz, D. CafRRébenaque, and
A. Alvarez-Melcon, “Design of Dual-Bandpass Hybrid Wavetpii
Microstrip Microwave Filters,1EEE Transactions on Microwave Theory
and Techniques, vol. 56, no. 12, pp. 2913-2920, December 2008.



