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Analysis of Multilayered Printed Frequency Selective
Surfaces by the MoM/BI-RME Method

Maurizio Bozzj Member, IEEEand Luca PerregrinMember, IEEE

Abstract—This paper presents an efficient method for the anal- o incident
ysis of printed periodic structures, consisting of a multilayered - wave arbitrarily shaped
array of metal patches in a stratified dielectric medium, illumi- (0,¢) metal patches
nated by a uniform plane-wave. These structures are widely used Y
as frequency selective surfaces and mirrors. The analysis is based 7 —
on the solution of an integral equation by the method of moments o/
(MoM) with entire-domain basis functions. The basis functions il et
are calculated numerically by the boundary integral-resonant _ i
mode expansion (BI-RME) method. The patches may have an . /ﬁ/__;; gl
arbitrary shape, and both metal conductivity and dielectric losses — —
are considered. Some examples are reported to show the accuracy =
and rapidity of the proposed method.

multilayered
dielectric medium

Index Terms—Coupling integrals, entire domain basis functions,

frequency selective surfaces, integral equation. Fig. 1. Frequency selective surface consisting of a periodic array of metal

patches with an arbitrary shape. The patches are located on different layers and
embedded in a stratified dielectric medium.

|. INTRODUCTION
LANAR arrays of metal patches printed on a dielectria—hese functions are the electric modal vectors of a waveguide

substrate have been widely used as frequency selecﬂ_\’)éh magr)etic-wgll boundary condition and Wit,h a Cross-sec-
surfaces (FSSs) in the microwave and millimeter-wave rHON coincident with the shape of the patch, which correspond
gion [1]-[3]. They find a variety of applications, includingto_ the magnetic moda_l_vectors of a wavggwde with _elec-
quasioptical filters, antenna radomes, subreflectors for muiffiic-Wall boundary condition. Whenever possible, the choice of

frequency reflector antennas, and polarizers. The transmissjSHire-domain basis functions is particularly convenient, since

and reflection performance of such structures depends on {ﬁ\é! tens of functions are usually negded for a suitable represen-
ion of the unknown current density. Consequently, their use

shape and size of the metal patches, the periodicity of t q ficient imol ) th laorith
array, the thickness and the dielectric characteristics of tadS t0 @ very efficientimplementation of the MoM algorithm.

substrate. FSSs with patches located on two or more layers g,%/ertheless, these functions are available in analytical form
including a stratified dielectric medium (Fig. 1) have been al"Y N the case of regular shapes. In a number of particular
proposed, with the aim of achieving better performance [1, C}#S€S (€.9., cross, tripole, Jerusalem cross) a suitable set of
3]. Moreover, printed periodic structures backed by a met%tpemallzeq basis functions can b_e fouqd [9]. I_n the general
sheet have been used as mirrors [4], [5] and represent the b5ase of arbitrary shapes, subdomain basis functions (roof-tops)
elements for the design of reflectarrays [6], [7] are typically adopted: they are linear functions defined on a
Many methods were adopted for the analysis of FSSs wﬁﬂ‘a", rectangulqr or triangular_ portion of the domain. Such
patches on a dielectric substrate. Among them, the mddfictions are suitable to any kind of patch shape, but usually

common technique is based on the formulation of an integlrgf"my hundred; functions are.needed [9], and this leads to
equation, which is solved by the method of moments (MoM rge MoM matrix problems. This problem becomes even more
M:ritical when considering multilayered FSS, since in this case

the electric current density on the metal patches is an unknoffig basis functions are defined on more patches. A partial
quantity, which is expressed as a combination of basis furg2ution, however, can be found with the method presented
tions. The choice of the basis functions is a key-point for tHB [4],' t_)y dividing _thg structur_e mto many elementary _bIOCkS
implementation of an efficient algorithm, since a large numb&PnS'St',ng of 'peI’IOdIC metal'llzz?ltlons betyveen two 'dlfferent
of basis functions leads to large matrix problems. In the caSiglectric media. The transmission/reflection properties of the
of regular shapes (rectangular or circular), entire-domain bakigS &€ thus obtained by cascading the generalized scattering
functions can be adopted, which span the entire domain of {RgUices of each elementary block.

patch and satisfy the boundary conditions on its contour [ng Ifheeci/ln;m vV\\/li(tahp(;gE?esfj%ge:gvlf;;;gfoljrrfztri?)’nzadsg‘?ngg g;]eal;_se

bitrarily shaped domains. In the case of unconventional shapes,

Manuscript received May 31, 2002; revised December 24, 2002. the proper set of basis functions is efficiently calculated by the
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wherea andb are the dimensions of the elementary cell (Fig. 2),

periodic a is the skew angle (Fig. 1). Moreovat) andy} are eigensolu-
T boundaries tions of the Laplace equation with periodic boundary condition
b RN o__ T o__ Y 6
B \ Therefore, the FSS performance can be easily obtained from
a matricesT andR, defined as
\ : 7\0 }N gr 71 pl-T g1 T
=z _'trans _ |: i i :| _:nc (7)
gtIrIans TH ! TH ! giInIc
Fig. 2. Elementary cell of the FSS shown in Fig. 1. i \_?r’_/ )
, . . : EL.1 [RY RIMUIY[EL
and was applied to the analysis of the FSSs consisting of thin l crefl | [ 1 H_H} [ e (8)
[11] or thick perforated metal screens [12], and of boxed mi- Exly R R Efe

crostrip circuits [13]. R
In this paper, we apply the MoM/BI-RME method to the anal-

ysis of printed periodic structures (Fig. 1), consisting of a mult¥

layered array of metal patches in a stratified dielectric mediufianSmitted electric field, respectively, and the superscipts
gH indicate the TNjo mode and Tk, modes in the case of

possibly grounded by a conductive sheet. The patches may ha)é e -
an arbitrary shape. Losses in both the dielectric medium and §fiaue incidence, and the TEMand TEM, modes in the case
conductors are accounted for. of normal incidence.

here €., Ewen, and &,.ne are the incident, reflected, and

B. Application of the MoM

II. MoM/BI-RME METHOD . . _ I
) ) ] A widely used approach for the analysis of printed periodic
The analysis of printed FSSs is performed under the hypoldtryctures is based on the formulation of an electric field inte-
esis of a multilayered infinite array of metal patches embeddggh| equation, which is then solved by the MoM [1, Ch. 2]. This
in a stratified dielectric medium. Patches on different layers mayethod is briefly described in this section, both for sake of com-
have different shapes but must have the same periodicity. Thepfsteness and with the aim of introducing quantities useful for
cident field at the frequeney is a uniform plane wave traveling the discussion to follow.
along an arbitrary directior( $), shown in Fig. 1. Under these | et us consider a unit cell comprising a total Bfmetallic
hypotheses, the analysis of the whole structure reduces to fagches arbitrarily located at the interfaces of the stratified di-
investigation of the unit cell with periodic boundary conditiong|ectric medium includingV layers (Fig. 2). The analysis is
(Fig. 2). based on the solution of the followirt? integral equations

A. Transmission and Reflection Coefficients

An arbitrarily polarized incident plane wave can be expressed
as the combination of the two fundamental Floquet modes:

P
£ (x, y)+2/ Gz, y, 2n, 7'y, ) - T, ) dS’
p=175

:Zgj;‘:(x, y) (n=1,....,P;u=11I) (9)

€60 = —Vxoo/koo (TMgo mode) (1) Oobtained by enforcing the boundary condition on the surfaces
El = —Vxoo X @-/Koo (TEgo mode) of all patches. In (9)£#¢ is the transverse component of the
so-called “excitation field” on thexth patch (i.e., the electric
in the case of oblique incidencé & 0), or field at the location of theth patch, in the absence of all patches
. [4]), Z, is the “sheet impedance” of the metallizations, in-
&) =-Vxy (TEM, mode) @ dicates the surface of theh patch,z, is the longitudinal co-
g!? = VXY (TEM, mode) ordinate of thepth patch,J/' is the (unknown) current density

] o . onS,. Finally, G is the dyadic Green’s function which relates
in the case of normal incidencé & 0). The scalar potentials e transverse electric delta current densitgin 3/, z,) to the
Xxrs are eigenfunctions of the Helmholtz equation with periodi¢,nsverse electric field i, y, 2.), given by [14]

boundary condition, and,, = /k2 + k;g are the corre-

sponding eigenvalues, and are given by Gz, y, zn, 2", Y, 2p) = Z Vin (zn, zp)fm(x./ NE- (2, y)
Xrs = _ﬁ eI (ke 2tky, y) ©) (10)
_a - where&,, denotes the transverse electric modal vector of the
ks,, =kosinbcosd + —- (4)  mth Floquet mode (TE, TM, or TEM), the asterisk denotes the
s 21 complex conjugate, and function$, are determined by con-

k,  =kqsin@si —_ =
Yra osinfsin g+ b atan o

®) sidering the equivalent modal transmission lines for the layered



2832 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 10, OCTOBER 2003

medium in the periodic cell. Note that, for sake of simplicity, £. Entire-Domain Basis Functions

single subscriptn is used in the following to indicate the or- A key feature of the present approach is the use of entire-do-

dered Floquet modes. , _ _main basis functions, i.e., functions which span the entire do-
Equation (9) is solved by applying the MoM in the GaIerk@nam g

28 » and are tangent to its bounda®y, (like the current
form. The unknown current density' is represented through a4ensit

. S . yfp“). More specifically, we consider as basis functions
Set ofV, basis functions;, ; defined on theth patch, namely o ojectric modal vectors of a waveguide with a cross-section

Sy, bounded by magnetic walls. These modal vectors refers to
T™M (€}, ), TE € ,), and, in the case of a multiply connected
surfaceS,, TEM (é;?J) modes. They can be defined in terms of
scalar potentials

2

y = I‘iié’p,i (p=1,...,P) (11)
1

i

where¢ ', are unknown coefficients.
By substituting (11) in (9) and testing the integral equations L VY,

—/ _
by using as test functior, ;, for each frequency we obtain €pyi = Uz X ,% ; (18)
\va
AL ... ALp ... ALP xL1 xIL1 é';)/L _ T/IP v (19)
S : : : Fp,i
Aml . Amp ... AmP || XLr XILp &y =—i. x Vi (20)
I Pp o ip L p owllp where the pair§y, ;, s, ;} and{!” ;. k!’ ;} are the eigensolu-
ADT e ADP L AT X" IX1 ' 1 tions of the homogeneous Helmholtz equation in the dorfigin
B> B™ with Dirichelet and Neumann boundary condition, respectively.

: : In the case ofV-times connected surfaces, we have- 1 basis
= | BLr BLr (12) functions of the type (20), which are obtained by solving the
: : Laplace equation fap? ; with the boundary conditiont) ; = 1
BLP BILP on an internal contour anqd‘p)’i = 0 elsewhere.
When considering arbitrarily shaped patches, the entire-do-
where main basis functions must be determined numerically. The
efficiency of the numerical method used for their calculation
A?]ﬂ’ _ Z Vi (2ns 2) / & i(z,y) ,gm(% y)dS is of parar_npunt importance, §ince it pragtically determines the
— Js, overall efficiency of the algorithm. For this reason, we use the
- S e e BI-RME method, which permits the calculation of some tens
/S @i, y) - En (), y')dS" + Zsbi; (13)  of eigensolutions of the Helmoltz equation—and, therefore,

P of basis functions (18) and (19)—in a very short computing
BP = / e iz, y') - _;ﬁte(:c', y')dS’ (14) time (few seconds on a standard PC). Essentially, the BI-RME

Sp method is a modified Bl method (BIM), which permits to
X =6, (15) transform the Helmoltz equation into a linear eigenvalue

problem [10, Ch. 5]. The solution of this problem yields, in a
where¢ is the Kronecker symbol. Once unknowgls; have single shot, all the eigenvalue$ ; andx! ; up to a prescribed
been calculated, the transmission and reflection coefficients (Blue k..., and the corresponding eigenfunctiom]’,,i/anp
and (8) can be obtained, following the lines of [8], through thgndy)!’ ; over the boundarys, (9/9n,, is the outward normal
following expressions: derivative ondS,). From these boundary values, potentials

1, ; andyy ; can be calculated on the whole domaip and

- - P Ny o therefore the basis functions can be obtained through (18) and
T =6, T + Z V(2N 2p) Zf};,i / Epi- EMAS (19).
p=1 =1 % In the case of multiply-connected domains, the solution of the
(16) Laplace equation by the standard BIM described in [15] pro-
. = videsaqu, ,/0n, 0ndS,, and, finally, the basis functions (20).
/ Cp,i €M dS As an example, Fig. 3 shows some basis functighs and
€, ; in the case of a multiply-connected arbitrary domain, cal-
(17)  cuiated by the BI-RME method.

P Np
RHFY = (5/U/Rflr’/ + Z VH(O'/ Zp) Z g]’;,i
o i=1

P

wherep, v = |, I, and 7" and R, are the transmission
and reflection coefficient of the Floquet mode across the mul
layered dielectric medium in the absence of the metal patchesThe calculation of the MoM matrices (13) and (14) involves
Expressions (16) and (17) can be easily extended to the refléfte coupling coefficients

tion and transmission contribution of the fundamental Floquet
mode to higher order modes: in this case, supersgnipfers to . %

the considered upper mode. / €p,i(T) - € () dS (21)

E—' Coupling Integrals

P
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Fig. 4. FSS consisting of cross-shaped patches on a dielectric substrate:

Fig. 3. Some of the first entire-domain vector basis functions used &) Side and front view of the unit cell and (b) reflection performance calculated
representing the electric current density on a multiply-connected patch witf%the MoM/BI-RME method (solid line) compared with simulations reported

rounded cross shape.

between theth basis function on thgth patch and the:th Flo-

quet modal vector. Their evaluation can be directly performed| @y, LENdS = " ) an o X
P

in the literature (markers).

1 [ 19} }pOL

(27)

by a surface integration. However, such integration is atime cori-,”

suming task, especially in cases of basis functions determinef e,

- E0dS =0 (28)

by a Bl method, since it requires an additional numerical effort s

for evaluating the basis functions in many points within the in-/
Sy

tegration domairs),.

By applying the Green’s identity and the properties of the o o
modal vectors used as basis functions (see [12, Appendix]), coy- €p,i - € 7, 4S5 =0

—=// 5 dS _ /, / 1/// aXm dg

pl

(29)

—

(30)

pling integrals (21) can be transformed from surface to line in-

tegrals. In particular, we have

/e*'p,i-s”;;dszo (22)
S,
- - 8Xm
/Spe;’,i.gindS—k . / U
(23)
/ &, Erds =0 (24)
S

= S 1% K * 9 ,
/Seia,i'gﬁldkg:m/ Xom ap dé (25)
p,t\ P,

1
=/ gl/* dS
e Enas =g

p

v aXm = dt (26)

whered/dt,, is the derivative along the boundary, namely in the
direction oft, = i, x i,.

The evident advantage of this transformation comes from the
possibility of calculating the coupling integrals by a one-dimen-
sional numerical integration Furthermore, the contour integrals
involve dyy, ;/dn,, 41 ;, anddi) ;/On, which are obtained
as the basic output of the BI- RME analysis. For this reason, the
use of the BI-RME method leads to a dramatic computational
advantage.

Finally, it is worthy observing that, in cases whe@ =
k2, expression (23) and (25) are not applicable. Recently, we
found a solution to this problem, deriving alternative line-inte-
gral expressions, which are applicable also in the cases where
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Fig. 6. FSS comprising two centered square loops on a dielectric substrate:
(b) (a) side and front view of the unit cell and (b) transmission performance
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calculated by the MoM/BI-RME method (solid line) compared with

Fig. 5. Study of the convergence for the free-standing FSS in Fig. 4 whefeasurements (markers) for different dimensiéi$ the inner loop (dielectric
varying the number of basis function (with 1150 Floquet modes) and the numighstant:, = 3).

of Floquet modes (with 20 basis functions).

k3 ; = k2, [16]. By applying this procedure in the case of Flo- M.

guet modes, we obtain

. fi” . . aX
—'/l 8/* dS _ P, " m dg
/S p,i k2 ( + k ) 1/

p

(31)

/ é" -'gll*dS: 1 / )2* 4 ;Ldg
JS bt " K’/ (1)L+k ) manp .

P b,

Functiony,, is a modified scalar potential, defined as

SO (k) E)(0/2) o [
Xm e sS1nc ok

Vab

0) (33)
whereo = k,, x + k,,,y andsinc(a) = sin(ra)/7a. MOI’e-
overk = n;,' , when using iny,, in (31), whereas: = &/
when using iny,, in (32).

yn )

V ALIDATION EXAMPLES

The MoM/BI-RME method described in the previous Section
was implemented in a computer code in Fortran language, run-
ning on PC Windows platform. In this Section, some examples
are reported, to validate the MoM/BI-RME method and to show
the performance of the implemented computer code.

The first example refers to a periodic array of cross-shaped
patches in a square grid [17], whose geometry is sketched in
Fig. 4(a). The FSS is illuminated by a uniform plane wave
incident from the normal direction. Different values of the
dielectric constant, of the substrate were considered in the
analysis. By using the MoM/BI-RME method, the convergence
was achieved with 20 entire-domain basis functions and 1150
Floquet modes. The overall CPU time for the calculation of
the frequency response in 100 frequency points was 9 s on
a PC Pentium 4 @ 1.7 GHz (6 s for the calculation of the
basis functions, and 0.03 s for each frequency point). The

Whenx andk,,, are very different, expressions (31) and (32MloM/BI-RME results show and excellent agreement with the
still hold true, but their use is less convenient than (23) amsimulations reported in [17] [Fig. 4(b)]. In the case of the

(25) from a computational point of view, due to the higher confree-standing FSS, a convergence study of the MoM/BI-RME
plexity of the integrand function. Thus, the use of (23) and (2B)ethod is also reported. The FSS was analyzed, varying the
should be preferred. number of basis functions with a fixed number of Floquet
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) ) ®) ) Fig. 8. Periodic array of rectangular patches on a grounded multilayered
Fig. 7. Double layer FSS with dogbone-shaped patches with metal losggsiectric medium: (a) side and front view of the unit cell and (b) reflection
(Zs = 0.3331 + 0.008 88 2/L]): (a) side and front view of the unit cell and coefficient of the fundamental mode versus frequency.

(b) power transmission of the FSS for different values of the spacing between
the layers (dielectric constant = 3.8).
the two layers. The MoM/BI-RME results are compared with

modes [Fig. 5(a)], and varying the number of Floquet modegnulations reported in [4], where the structure is analyzed by
with a fixed number of basis functions [Fig. 5(b)]. using the MoM with subdomain basis functions, and exhibit a

The second example refers to a more complex structuvery good agreement. The convergence of the MoM/BI-RME
which comprises two, multiply-connected patches per unit cefhethod was obtained with 19 entire-domain basis functions on
It consists of a square grid of two centered square loops locagsth metallization and 570 Floquet modes. It is worthy ob-
on a dielectric substrate [Fig. 6(a)] [18]. The incident fielderving that a 28 42 grid discretization was employed in [4],
is a uniform plane wave incident from the normal directiomesulting in more than 120 rooftop basis functions. The overall
Analyzes were performed by considering different dimensio®&PU time for the calculation of the frequency response in 100
d of the inner loop. The convergence of the analysis by tlieequency points was 9 s on a PC Pentium 4 @ 1.7 GHz.
MoM/BI-RME method was obtained by using 22 basis func- The last example refers to a reflection grating, firstly pre-
tions and about 2000 Floquet modes. The symmetry of teented in[20], which suppresses the reflected wave of the funda-
metal patches were exploited in the calculation of the basisental mode, and maximizes the contribution to the first upper
functions. The overall CPU time for the calculation of thenode. It consists of an array of rectangular patches on a strat-
frequency response in 100 frequency points was 15 s on a H€&d dielectric substrate backed with a metal plane [Fig. 8(a)],
Pentium 4 @ 1.7 GHz. As shown in Fig. 6(b), the simulatiofluminated by a plane wave with oblique incidende=£ 30°,
results obtained by the MoM/BI-RME method are in very good = 0°). The MoM/BI-RME method can be applied to the
agreement with measurements reported in [18]. analysis of reflection gratings by modifyifig,, (z,, z,) in the

The third example refers to a FSS with metal patches lexpression of the Green’s function (10). The analysis by the
cated on two levels [Fig. 7(a)], firstly presented in [19]. ThéMoM/BI-RME method was performed with 17 basis functions
patches have a dogbone shape and present a finite resistigitg 880 Floquet modes. Fig. 8(b) reports the comparison be-
Zs = 0.3331 4+ 7 0.00888 Q/0O0. The FSS is illuminated by tween the MoM/BI-RME results and the simulation data re-
a uniform plane wave, vertically polarized and incident fromorted in [4]. The overall CPU time for the calculation of the
the normal direction. Fig 7(b) reports the power transmission fséquency response in 100 frequency points was 15 s on a PC
the structure for two different values of the spacihbetween Pentium 4 @ 1.7 GHz.
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shaped metal patches in a multilayered dielectric medium. On

electrical characteristics of frequency selective surfadéleg¢tromagn,.
vol. 17, no. 1, pp. 41-68, Jan.—Feb. 1997.

the one hand, the efficiency of the method depends on the usgs] R. J. Langley and E. A. Parker, “Double square FSS's and their equiva-
of entire-domain basis functions in the MoM for representing __ lent circuit,” Electron. Lett, vol. 19, no. 17, pp. 675-677, Aug. 1983.

the unknown current density on the patches; on the other hanH,g]

T. R. Schimert, A. J. Brouns, C. H. Chan, and R. Mittra, “Investigation
of millimeter-wave scattering from frequency selective surfadé&EE

it is due to the very fast calculation of these functions by the  Trans. Microwave Theory Tegtvol. 39, pp. 315-322, Feb. 1991.
BI-RME method. Moreover, we reported new line-integral ex-[20] F. S. Johansson, “Frequency-scanned Gratings consisting of

pressions for the evaluation of coupling integrals, which are par-

photo-etched arrays|EEE Trans. Antennas Propagatol. AP-37, pp.
996-1002, Aug. 1989.

ticularly convenient when used in conjunction with the BI-RME
method (as well as with any other Bl method). A set of exam-
ples showed the efficiency of the MoM/BI-RME method in the
analysis of different classes of structures, including a periodic

array of patches with a ground plane, which represents the be<i~
element in the design of reflectarrays.
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