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Scattering From Frequency Selective Surfaces:
An Efficient Set of V-Dipole Basis Functions

Soren PoulserMember, IEEE

Abstract—In this paper, a novel set of V-dipole basis functionsis current distribution on each FSS screen simultaneously; Jf
introduced. These basis functions are used to approximate the in- N, .../ N,, are the number of unknowns on screen 1, screen

duced surface current density on an infinite, plane frequency selec-s%' ..., and screem, respectively, then the full-wave moment

tive surface (FSS). The elements of the FSS are supposed to consi L S 9
of straight sections and bends. Two groups of elements which the method solution involves a matrix withVy + Ny + - - - + Ny

present V-dipole basis functions can be applied to are identified, €lements. Thus, to get acceptable computer run time, it is
namely, the center connected elements and the loop-type elementsextremely important that only a few number of unknowns on

Using the established spectral Galerkin method, where the method egch FSS screen are required to get adequate results. Hence, it
of moment (MoM) procedure is carried out in the spectral domain, 5 reasonable to require that a few number of basis functions

we determine the reflection and transmission coefficients of the . . .
FSS. The convergence of the solution is demonstrated both for ex- approximate the induced surface current density well, even for

isting bases and the present V-dipole basis functions. It is found COMplex element geometries.
that the double infinite Floquet sum diverges when existing, discon- ~ The concept of relative convergence was introduced by Mittra

tinuous, basis funct_ions are used, but that convergence is obtained [8] for the particular case of the mode-matching formulation of
for the present basis functions. Therefore, care needs to be exer-4 pifrcated waveguide junction problem. Mittra found that un-
cised, and it would seem discontinuous bases should be avoided. . . .

less the correct ratio of the number of modes is taken in the two
regions, a correct solution cannot be obtained as the number
of modes approaches infinity [8]. Convergence aspects of the
FSS solutions have many similarities, and the concept of rela-
I. INTRODUCTION tive convergence has been used for the FSS analysis as well [9],
[;lé)_]. However, Weblet al[11] found no evidence for the exis-

N this paper, we use an established method, sometimest p lai h for the FSS |
ferred to as thepectral Galerkin methofd ], to calculate the ence of a relative convergence phenomenon for the anal-
sis in general. Instead, they showed that one should rely on

reflection and transmission coefficients of an infinite, plane fre. .
solute convergence, where a sufficiently large number of sat-

guency selective surface (FSS). In the spectral Galerkin meth8§; . . .
the formulation is carried out in the spectral domain, where t actory basis functions are used together with a large number
! ﬁpproaching infinity) included Flogquet modes [11].

convolution in the integral equation is reduced to an algebr .

relation. The incident plane wave induces an electric surfa eWet?betfal.[lt_l] fqugq that tr;eLFItoqu_(ft sun; cor(rjetshpc:?glng 0

current at the conducting parts of the FSS (magnetic curre pulse function 1S divergent. Later, it was found that the basis
functions should fulfill a continuity condition [12]; otherwise,

are used for slot FSSs). To determine this current density, it double infinit Py tmod dina to a di
expanded in entire domain basis functions, with unknown cyfie double infinite sum of Floquet modes corresponding to a dis-

rent coefficients. The current coefficients are then determingantlnuous baS|sfun_ct|on is divergent. Since the Floquet sum is
from a linear system of equations, and obtained by imposiﬁj ergent, the resultis strongly dependent of how many Floquet

the boundary condition at the conducting surface. Once the s odes that are included. Therefore, care needs to be exercised

face current density is known, the scattered fields are easily %‘-d it would seem discontinuous bases should be avoided.

tained. More details on the spectral Galerkin method are foundThe main objective of the pre;sent \/.-dlpole.ba3|s functions
elsewhere [1]-[3]. Is that absolute convergence is obtained, since the Floquet
$ymMs are convergent. We simply include Flogquet modes until

In practical FSS applications, such as low observab Al A h d icallv. T th
radomes, two or more layered FSSs are often needed to ob Q _rloquet sum has converged humericatly. 10 sum up, the
ipole basis functions are introduced for two reasons:

required bandwidth, etc. Moreover, due to mechanical requiré- . . .
ments, and for scan independence, the FSSs are often embeddedEfficiency: Only a few number of basis functions are re-
in a dielectric media. Multilayered FSSs are analyzed by either quired to obtain adequate solutions. .

the scattering matrix method [4]-[7] or a full-wave moment ~ ConvergenceThey yield convergent Floquet sums, in con-

method [2]. The full-wave moment method determines the trast to discontinuous bases. _ _
In Section Il, we define the V-dipole basis functions, and

. . o R,rovide tools for the assembly of the FSS element. The ele-
Manuscript received October 10, 2000; revised December 12, 2001. This . . . . . .
work was supported by a Grant from the Defence Materiel Administration &]em’ which consists of stralght sections and bends, is eaS”y as-
Sweden (FMV). sembled by moving and rotating generic basis functions, called
The author was with the Department of Electroscience, Lund Institute ﬂﬁe straight section and circular current basis functions, respec-

Index Terms—Continuity of basis functions, frequency selective
surfaces (FSS), relative convergence, spectral Galerkin method.

Technology, 221 00 Lund, Sweden, he is now with Chelton Applied Compogs- . . .
ites, 341 23 Ljungby, Sweden (e-mail: soren.poulsen@acab.se). ts!vely. We dem.ons.trate the efficiency of t.he V-dlpol_e basis func-
Digital Object Identifier 10.1109/TAP.2003.809064 tions by considering two FSS arrays, i.e., the tripole and the
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hexagonal loop array. Regarding the tripole array, calculatec Yy Y

transmission and reflection coefficients are compared with mea g
sured ones, and excellent agreement is found. When it comes 1 ¢
the hexagonal loop element, we compare predicted reflectior
with results obtained by the period method of moment (PMM)

e

T, L v

8
»
RS
4
8

program [13]-[15]. PMM was developed at tB&ectroScience > W
Laboratory, The Ohio State University. A=
Finally, we demonstrate the convergence of the solution wher
existing and the present basis functions are used.
Il. METHODS Fig. 1. Support of the generic straight section basis functions and the circular

current basis function. The dots at the origins are the insertion points.

A. Generic Basis Functions

The element, whether it is a center connected or a loop typ@ere S, := {peR?:0< p< W0 < arccosz/p <
element, is divided into straight sections and bends. In this se¢- > 0}, wherep := |p|. Here,v is the angle of the bend. The
tion, we define the generic basis functions that are applied to #gpport of the generic straight section basis functions and the
straight sections and the bends of the element. The approachiisular current basis function is shown in Fig. 1, where also the
to let the amplitude vary at the straight sections, while it is cogurrent lines of the basis functions are illustrated. Notice that
stant at the bends. Therefore, we introduce the lefigilhich  the circular current basis function easily can be generalized to
for center connected elements equals the length of the V-dipalever a circular ring rather than a disk.
that is, L/2 is the length of the arms. On the other hand, for
loop-type elementd, is the total length of the loop. Moreover,B. Tools for the Assembly

we letz, andz. define the start and the end points, respec- gy moying, reflecting, and rotating the generic basis func-
tively, of the straight section. Thus, by making an appropriag,s i e., the generic straight section basis functions and the
choice ofz, andz., the straight section starts and ends at SPgjrcylar current basis function, the element is assembled. The
cific amplitudes. , _ _ , translation, reflection, and rotation is performed by dyadics in
To this end, the straight section functions are defined as o spatial domain but may as well be performed in the spec-
pmx p=172 tral domain. In fact, it is most efficient to compute the Fourier
L’ T transform of the generic basis functions and then translate, re-
and flect, and rotate the basis functions in the spectral domain.
pra _ The basis functiofj(p) is simply movedAz unit lengths in
o cos =, p=20,2.4,... . . . . . .
Ip(TTe,Te) =9 . pF1)ra 13 the z direction andAy unit lengths in they direction by sub-
ST P Loy tractingAp := #Axz + §Ay from its argument ag(p — Ap).
wherez, < z < .. Outside the intervak, < z < ., The dyadicR, := I, cos¢ + J,sin ¢ performs a rotation by
the straight section functions vanish. The functigfisare ap- an anglep in the right-hand direction around theaxis. HereJ
plied to center c_onnected elements, and they are zeroal s the unit dyadic, whild, := 24 + 7 is the two-dimensional
andz = L (which turns out to be the endpoints of the StI’IRZ_D) unit dyadic. The dyadi@ is defined 3572 = % x 72_

considered). On the other hand, the functighsire applied to We havedet R, — 1, and moreoverR,! — R,~!, whereR,!
loop elements. Since the start and end point are equal for Ioogsdﬁ _ d d)t th, i dd)' ¢ %th d =¢
Jp(;0, L) do not necessarily vanish:at= 0 andz = L. How- na Iy enote the transpose and inverse of the dyajic

o o7 : of. - . respectively. The basis functigiip) is rotated by an angl¢ in
ever,j, (0;0, L) = j, (L0, L). Notice that{j; (z:;0, L) };Zo Is the right-hand direction around theaxis as
acomplete setof < z < L.

We introduce the generic straight section basis functions as = (=t
Rd) *] R¢ P ).

j;'(:v;zs./ze) := sin

3

j;;ho(p; T, Te) 1= :f?j;'_’o(.’li;xs,.’lje), pES; (1)

whereS, == {p: 25 <z < 2.,—W < y < 0}. Outside Finally,we introduce the dyadi, := I -2, which performs
the regionS,, j°(p; ., z.) vanishes. Throughout this papera reflection in thg a=0 plane. We havéet S, = —1, and
p = Zx + jy is a point (or vector) in they plane (the plane moreoverS, = S, = S, . The basis functiof(p) is reflected
of the FSS). We assume that the width of the straight sectipnther - & = 0 plane as

is small so that it is a good approximation to assume that the _

currentis directed along the straight section only. Moreover, the u3(Su - p).
current is approximated to be constant over the width, that is,
we do not take the edge condition, which says that the current
component parallel to an edge is singular, into account. '

Atthe bends, we apply the circular current basis function de-Generally, it is not sufficient that the center-connected ele-
fined by ment is covered by basis functions, since it is also necessary

that the basis functions used are able to approximate the induced
p€S. (2) currentin the frequency range considered. This is not all bad

|

Center-Connected Elements

e . . ~1/2
§°(prv) = (=dy + ) (2 +4°) 77,
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Fig. 2. Open set§,, S, and.S;, and the current lines of the V-dipole basis

functions. Fig. 3. Geometry of the tripole.

since the one who is forced to define the basis function strutbe V-dipole basis functions for the tripole geometry are de-
ture will gain physical insight into how the scatterers operatBned as

In this paper, we consider the tripole to show how the V-dipole ir(p) =13, (p— Ap;120°)

basis functions are adapted to a center connected element. How- - = 4 (=t

ever, the V-dipole basis functions can be adapted to any center 3p(p) = Razoe - 3, <R120° 'p>
connected element; see [16] for a general approach, where the 5 — L (=t

key is to recognize the tree structure of the element. Jp(p) = R_1200 - 4, <R1zoo 'P)

The tripole considered here is divided into V-dipoles. Each _

V-dipole consists of two linear arms (straight sections) andvéhereR, is the rotation dyadic defined above, and the shift of

bend (circular current). The-dipole basis functiong, (p;v) origin is defined as\p := W/2(i + j tan(r/2 — v/2)). The

are defined on the open sefs (defined below) as shift of origin is necessary because the tripole element is cen-
tered about the origin, while the generic V-dipole basis func-

. tions are not. So far, one of the tripole arms are parallel tg/the

¥ (R—goo 'P) ,  PES axis, that is, the anglg of Fig. 3 has not been introduced yet.

Hence, as a last step, we rotate the tripole element by an éngle

J = . =t . . . . .
j; (p;v) := ¢ Risgo - §° (RISOO - p; v) , pES in the right-hand direction around theaxis. Moreover, we use
. ., the following enumeration of the basis functions, i.e., the index
Rooo o .7L/2 L (Rgoo_v p) pESs is mod 3:
) Ry - j! (ﬁt- ) —1,4,7
Wher8j27L/2(p) — j;(p—l—:fL/ZO,L/Z), andjll;/ZfL(p) — v J(p+2)/3 v P P y &y 1
.+ ~ - p— _t
iy (p+2L/2;L/2,L),p > 1. The open sets,, are illustrated . N B T . —95
in Fig. 2. Specifically, we have 3p(P) Gy \ e P ) P S s
= R —t
Rw-];’,/g,(Rw-p)./ p=3,6,...

L
S1:=2peR?: - W<az<0, 0<y< = L -
! {p v IS5 } where the angle of rotation is illustrated in Fig. 3.

At the arms of the tripole, i.e., &; U S3, the basis func-
tions forp = 1,2,3 are identical with the standard cosine basis
functions, e.g., given by Vardaxoglou and Parker [17]. These
and basis functions approximate the surface current at the first reso-

nance. However, &, the V-dipole basis functions correspond
_ to circular currents of constant amplitude, like the wedge basis
S3 1= {Rf'v “Sy-pip€ 51} : functions given by Imbraile, Galindo—Israel, and Rahmat-Samii
[18]. The basis functiong, (p), forp = 4,5, and 6, are intended
The angle of the V-dipole basis functions is in the intefvat  to approximate the surface current at the second resonance, and
v < 180°. The V-dipole basis functions can be adapted to a spiese basis functions are identical with the standard sine basis
cific element geometry by moving and rotating the basis funfunctions [17], [19]. Higher values aof give repeatedly three
tions in thexy plane and, of course, by adjusting the angle even (cosine) and three odd (sine) basis functions of higher and

The V-dipole basis functions,(4), can easily be generalizedhigher order.
have more than one bend, which is necessary for more advanced
element geometries, e.g., the anchor element. To illustrate e Eléments of Loop Type
approach, the V-dipole basis functions are now adapted to thén Section II-C, the approach for center-connected elements
tripole geometry given by Fig. 3. First, we set= 120°. The was to divide the element into several V-dipoles and locate one
tripole is divided into three V-dipoles, where each V-dipole corbasis function, or several basis functions, on each V-dipole, by
sists of two tripole arms, connected at the center of the tripolaoving and rotating the basis function in theplane. However,

SQ:

{pG[R€2:0<p<VV7 v<arccos£<7r, y<0}
p
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1% (n — 1)60° in the right-hand direction around theaxis. More-
over, to obtain continuity of current from one segment to the
next segment, the amplitude of the circular current basis func-
tion atp,, is j,(£n-1;0, L). This requirement of continuity is
necessary, else the double infinite sum of Floquet modes, oc-

> T curring as matrix elements in the spectral Galerkin method [1],
will not converge [11], [12]. If the requirement of continuity is
not provided, the current along the strip senses a termination of

the conductor [18]. To sum up, at the bends, we apply

%)

{3

4

6
= =t
| | - T LD S AUSRINAY AR (AR ET ST R
Fig. 4. Coordinate, measuring the distance around the loop, is illustrated to el
the left, while the insertion poings,, are depicted to the right.

Notice that the amplitude is constant at the bends and that the
h vzing the | ¢ | ¢ his sliah mplitude and direction of the current at the bends are given
when analyzing the loop-typ€ elements our approach Is siig ythe factorj; (¢,—1;0, L), which can be either negative, zero,

different. W(_e follow the |.dea of Aetal.[19], but in this Paper . positive. Hence, for the hexagonal loop we use the V-dipole
the current is bent continuously at the corners, by the urcul@

current basis function (2). asis functions
In the master’s thesis of Akerberg [20], the V-dipole basis Jp(p) = 3,(p) +3,(p), p=0,1,2,... (6)
functions were applied to the tripole loop. Without loss of gen-
erality, we demonstrate the approach on the hexagonal loop %‘?'Spatial Fourier Transform
ment. The hexagonal element is divided into straight sections ) , ,
and bends according to Fig. 4. We introduce a coordidiate 1€ Fourier transform operatdt is defined as
along the loop, measuring the distance around the loop from an . . N —ipT =
origin taken at the point, in Fig. 4. Hence/ is in the interval Flilp)}(r) = ./jo(p)e 7 dwdy = §(r)
0 </ < L,whereL is the total length of the loop, i.e., thener

. X ; where 7 is the spectral variable. The basis functig is
circumference of the loop. We introduce the coordinates P 9p)

movedAz unit lengths in the: direction andAy unit lengths
nL in they direction by subtractind\p := 2Axz + gAy from its

by = 6 i = 0,1,...,6 argument ag(p — Ap). The Fourier transform of the translated
around the loop. As before, we move and rotate the genet?i{fl:SIS function is easily obtained as‘ )
straight section basis functions (1) so that they are adapted to Flilp—Ap)}(1) = e 2P T4(r). (7

the geometry of the loop. The generic straight section ba:

i o .
functionj;(p; 0,1) is divided into six parts a;ig(p; s ), ?\/F'oreover, we have also seen that it is convenient to rotate the

wheren = 1,2,...,6. Each of these parts are then rotated a[%asis functions. Apcordiqg to (3), th? ba;is functyép) is ro-
moved to their location on the loop. First, we define the trange}tid by a_nfangl¢ in the right-hand direction around theaxis

lated straight section basis functiofjs, (p) as asR, ~j(ﬁ¢', - p). Itis straightforward to show that the Fourier
’ transform of the rotated basis function is given as

Jpn(@) =3P+ ln_1;ln1,4n), n=12,...,6. _ . —
F R-j(R ~p>}T:R-j<R -T>. (8)
These basis functions have support in the regichz < L /6, { v ? ™) v ¢

—W <y < 0. The basis functiong; , (p) are then easily ro- Notice that (8) is also valid for reflection dyadics as well. The
tated by (3). Since the rotation is performed around:tlais, ~Fourier transform of the generic straight section and the circular

one corner of the straight section remains at the origin. Thi§rrent basis functions are given in the Appendix.
corner is called the insertion point. After an appropriate rota-

tion by (3), the straight sectigij.,, (p) is translated in the plane IIl. RESULTS

so that the insertion point is located at the pgipt where the _ .
pointsp, are defined ag, := @p; cos(30° + (n — 1)60°) + The spectral Galerkin method [1], the presented V-dipole

gp: sin(30° + (n — 1)60°). Here,p; is the radius of the circle basis functions, and the rotation dyadig were implemented

which circumscribes the inner hexagon: see Fig. 4. The straidht™ortran 90. The numerical integrations (see the Appendix)

section basis function which is insertedgtis rotatedy,, := Were performed by thiMSL Math/Library, using the adaptive
1n60° +90° in the right-hand direction around thexis. To sum gengrgl routine QDAG. All computations were made in double
up, at the straight sections, we apply precision.

®) FSSs comprised of tripoles have been studied extensively in
the last two decades [17], [19], [21]-[23]. The basis functions

At the bends, we apply the circular current basis functiamsed have the standard cosinusoidal and sinusoidal forms, with

(2). The circular current basis function g is rotateds,, := the requirement that the current should be zero at the ends of the

6 _ . A. Tripole Array
i)=Y Ry, dom (an (p— pn)>
n=1
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2.5 mm

Ref. 17 Ref. 19 Present 4.6 mm

Fig. 5. Current lines of the different types of tripole bases intended to
approximate the induced surface current density at the first resonance. In all
three cases, the current is zero at the ends of the tripole arms and has unit [ — > T
amplitude at the center of the tripole.

0.15 mm

tripole arms. The sine basis functions, introduced to approxi-

mate the surface current denSIty atthe Second re_sonan(_:e’ Vaﬂ'gSIg Eequilateral triangular lattice. The length and width of the tripole arms
also at the center of the tripole. The cosine basis functions arer, = 2.5 andiv’ = 0.15 mm, respectively.

intended to approximate the current at the first fundamental res-

onance. The cosine basis function of Vardaxoglou and Parkgfect of including more basis functions has been investigated,
[17] covers one arm of the tripole, and has unit amplitude at th@t no significant change of the results was found. However, if
center. On the other hand, the cosine basis function aétAal. g |arger frequency band is considered, e.g., a frequency band
[19] covers two arms of the tripole (i.e., it covers a V-dipolelincluding the second resonance, more basis functions have to
and the current changes direction on a line at the center of h&included in order to get adequate results. MoreovérF&s
tripole; see Fig. 5. quet modes are included, i.e., the double infinite sums of Floquet

Riggs and Smith [24] use a singular expansion method (SEMbdes (occurring as matrix entries) are truncated over a square,
onasingle tripole to obtain a set of very efficient basis functionge
However, the drawback of their method is that they have to re- i
calculate the SEM modes for each set of parameters (the length - = al al
of the tripole arms, etc.). Since this recalculation is rather time Z Z 's truncated as Z Z ©)
consuming, the SEM is not practical in all applications.

The existing cosine basis functions do not apply to thghereN = 16. This truncation is determined by adding Floquet
necessary continuity condition of entire domain basis functionsodes until the result does not change, see also Fig. 11. Notice
[12], and thus, the cosine basis functions are unsuitable witrat the approach is to find out when the matrix elements con-
the spectral Galerkin method. Numerically, this shows up whagrge, rather than determining an optimal truncation according
we try to find an appropriate truncation of the double infinitéo the phenomenon of relative convergence [11]. The substrate
sum of Floquet modes corresponding to a cosine basis functigntaken into account by a full wave approach [25], [26]. The
since this sum is divergent. Therefore, the result is strongigsult is shown in Fig. 7. The dashed curve is calculated by the
dependent of how many Floquet modes that are included ($¥¢M program [13], with five PWS current modes (piecewise
Section 1I-C). sinusoidal) taken into account. With five modes, PMM predicts

We consider an FSS comprised of an infinite array of tripoleg|so the second resonance, although it is not included in the fre-
where the arms of the tripoles have the lengths- 2.5 mm, quency range considered. Essentially the same result was ob-
and the widthd¥ = 0.15 mm. The tripoles are arranged on ariained when including only two current modes in PMM (two
equilateral triangular lattice, with the side 4.6 mm; see Fig. BWS modes bended at the center of the tripole). From Fig. 7
The angle of rotation igy = —30°, see Fig. 3. Moreover, the it is concluded that the agreement between the results obtained
tripoles are printed on a substrate, 0.037 mm thick, with3. by the V-dipole basis functions and PMM is extremely good.

This geometry has also been studied by Vardaxoglou ahi§). 7 shows that adequate results can be obtained witwa
Parker [17], and they have measured the transmission agapdbasis functions. However, generally, more basis functions
number of frequencies at the Ku, K, and Ka band (12.4hould be included.

40 GHz). The transmission is measured for parallel polariza-

tion, and the angles of incidence are giventby= 45° and B- Hexagonal Loop Array

¢ = 90°, wheref is measured from the normal of the FSS, i.e., Asasecond example, we consider an array of hexagonal loop
the z axis, such thaf = 0° corresponds to normal incidenceelements. The inner radiys and the widthi? of the loop are
Furthermore, the anglgé is measured from the axis toward illustrated in Fig. 4. The radiug, = 5 mm, and the width of
they axis. the loop isW = 0.866 mm. The loops are arranged on an equi-

We calculate the transmission and compare our computedlaeral triangular lattice with the side 12 mm; see Fig. 6 for a
sults with Vardaxoglou and Parker's measured ones. The cosimilar lattice.
putations are performed with the spectral Galerkin method [1] The angles of incidence are choserfas 30° and¢ = 0°.
and with 2 V-dipole basis functions taken into account, namelfhe incident field is parallel polarized. Moreovéz,x 10+ 1)?
j1(p) andj,(p). Hence, the matrix in the linear system of equa-loquet modes and 10 V-dipole basis functions for the hexag-
tions, for the induced surface current, has the size22 The onal loop (6) were included. This truncation was achieved so

m=—o00 n=—00 m=—Nn=—N
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dB

o W/

| | 0 =45°
=90°
—-20 M ¢
| | e————= Ref. 17
— Present t = 0.037 mm
- — — — PMM
Y I S S | GHz
10 20 30 40

Fig. 7. Predicted and measured transmission for parallel polarization. The dots correspond to measured transmission [17], while the dastwd putee is
by the PMM program [13]. The solid curve is computed with 2 V-dipole basis functions. The angle of incidénce4s°.

that inclusion of more modes (Floquet and current) will only dB

have a negligeable impact on the result. The result is shown 0
in Fig. 8, where the black dots are computed by the hybrid _9 Y N
FEM/MoM approach [27]. As depicted in the figure, the FSS 7 \
. . . A\
is in resonance at approximately 10 GHz. At this frequency, the —4 / \
total length of the loop is one wavelength, thatlis= A\, where _6 //
Ao is the free space wavelength. The resonance at 10 GHz is the // Q\
first fundamental resonance of the FSS. -8 '/ \
We compare the predicted reflection with the results obtained 19 / 6 = 30° O
by a different approach [27], based on a hybrid FEM/MoM for- / $=0°
mulation for thick screens. The small deviation in the results, —12 I/ O O |
showing up as a small shift in frequency (0.1 GHz), can be due —14
to the fact that transversal current is neglected in the V-dipole 16 — Ref. 26
basis functions, while in the hybrid method, a complete set of 9 — Present
modes is used [27]. Moreover, the V-dipole basis functions do —18 —# — — — PMM
not satisfy the edge condition which requires that the current _o, I/  — —— — GHz
component parallel to an edge is singular. The effect of reducing 0 2 4 6 8 10 12 14 16 18 20

the width of the loop tdV = 0.433 mm, while the radiug; is

unaltered. has been investigated It was found that the deviatiﬁﬁ' 8. Predicted reflection of hexagonal loop array for parallel polarization.
! ) he dotted curve corresponds to reflection coefficients computed by a hybrid

seen as a frequency shift of 0.1 GHz, still remained. MoM/FEM method [27], while the dashed curve is computed by PMM [13]. The
The dashed curve in Fig. 8 is computed by the PMM prograsnlid curve is computed by 10 V-dipole basis functions. The angle of incidence

[13], with 12 current modes (piecewise sinusoidal). In generéﬂ,w-

not only for the elements considered here, good agreement is,

found between results obtained by PMM and the V-dipole badl&in basis functions [12]. The main drawback of discontinuous
functions. basis is that the resonance frequency obtained from the MoM

procedure is strongly dependent on how many Floquet modes
are taken into account. The main objective of this section is to
illustrate this fact. Therefore, we consider the tripole array of
In Section 1lI-A, we noticed that the discontinuous cosinkig. 6. We calculate the reflection coefficient for parallel po-
basis functions proposed by other authors [17], [19] (see Fig. Brization (see Fig. 7 where the transmission coefficient is de-
do not apply to the necessary continuity condition of entire dpicted) using the present V-dipole basis functions and existing

C. Convergence of the Solution



546 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 51, NO. 3, MARCH 2003

Present ——————— Present Scattering matrix
— — — Ref 17 No substrate — — — Ref. 17 -3
----- Ref. 19 —-—-— Ref. 19 t = 0.037 mm
GHz GHz
32 7 T 32 7 P
3 < g 3 / g
o 30 = ’ =1 30 7 P
Q N—— = Q -
=] g _ 1 -
g - R e
a;; 28 ts 28 Z = 4
g . = .
g / E A
2 26 2 26
= / 2 /
24 UL N 24 N
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40

Fig. 10. Same case as in Fig. 9, but here the FSS is supported by a dielectric
Fig. 9. Resonance frequency versus the number of Floquet modes includaBstrate. The effect of the substrate is computed by the scattering matrix
for the tripole array of Fig. 6 but without the dielectric substrate. The angles gpproach [4].
incidence ar@ = 45° and¢ = 90°.

bases [17], [19], see Fig. 5. In all cases, three basis functions are ——— Present Full wave
used. We include more and more Floquet modes and examine — — — Ref 17
how the result converges. First, we examine the convergence @ | —-—-— Ref. 19
for a free standing FSS without substrate. In Fig. 9, the reso- gz
nance frequency of the tripole array is plotted as a function of 32 7
the number of Floquet modes included, i.e., as a functiaN of /
see (9). It is concluded that convergence is obtained when the §30 / L
present V-dipole basis functions are used, since the resonance g
frequency does not change far > 6. Generally, when contin- g‘f & P
uous bases are used, we simply include Floquet modes until the'g 28 ~_
result does not change [12], which means that in this case we
choseN > 6. On the other hand, when discontinuous bases are
used, we are forced to include an optimal number of Floquet
modes, that is, not too many and not too few Floquet modes. ,

For instance, when using the cosine base of [19], from Fig. 9, 24 5 10 15 20 25 30 35 40 N

it is concluded that it is necessary to include ab@WN + 1)

Floguet modes, wher® = 13, otherwise the obtained resultsrig. 11. Same case asin Fig. 10, but here the effect of the substrate is computed
will not be adequate. This means that when discontinuous baRe#e full wave approach [25].

are used, we need a rule of thumb in order to adequately estab-

lish the truncation paramete¥. quency converges t§, = 27 GHz as the number of Floquet

We now investigate the convergence when the FSS is supedes approaches infinity. Hence, the resonance frequency is
ported by a substrate. In Fig. 10, the substrate is taken into a@duced 8.5% when the substrate is introduced; see Fig. 9. When
count by the scattering matrix approach [4]. We include Floquesing the scattering matrix approach (see Fig. 10) the resonance
waves (plane waves) up to order 4, i.e., the size of the schkquency was reduced 3% only. It is found that the discrep-
tering matrices is 162 162. Again, absolute convergence isncy, 8.5% compared to 3% reduction, is reduced when more
found for the present base. In fact, the convergence results Blequet waves (plane waves) are included. However, that would
similar to the ones obtained for the free standing FSS. Thisrequire larger scattering matrices, and due to computer limi-
not surprising, since in the scattering matrix approach, we fittsttions, we have not been able to investigate the effect of in-
calculate the scattering matrices for the free-standing FSS ahading more Floquet waves. The size of the scattering matrices
substrate, respectively, and then the scattering matrix of the cias2(2M + 1)2 x 2(2M + 1), where M is the index of the
caded structure is obtained by simple matrix algebra. Howeveighest order Floquet wave included. This poor convergence of
when using the full wave method [25], [26], the current distrithe scattering matrix approach can be avoided by letting a part
bution found by the method of moments is calculated with thef the substrate support the FSS, such that the evanescent waves
substrate present. Hence, the convergence of the double infinétdiated from the FSS are suppressed in the supporting substrate
Floquet sums is affected by the actual substrate. In Fig. 11, {i¢
convergence is shown when the full wave method is used. ConNumerous methods have been used to analyze FSSs. Itis im-
vergence is found for the present base, and the resonance ffi@tant to notice that the convergence results given here is valid

t = 0.037 mm

26 Tt

Resonanc
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for the spectral Galerkin method [1] and that they are not necegherer = 27 cos ¢ + g7 sin . We substitute€ = ¢ — ¢ and
sarily true for other methods, for instance the equivalent circuibtice that

method. sin(§ + p) =sincosp + cossin g
cos(§ + p) = cos{ cos ¢ — sin € sin .

IV. CONCLUSION The result is

In this paper, an efficient set of V-dipole basis functions was w o
. . . . ~C AL . .
introduced. Their application to center connected and loop-typej (7;v) = / pdp/ dé{z(sin € cos p — cosEsin )
elements was demonstrated. The elements of these two groups 0 v

are the far most interesting when it comes to practical applica- + fj(cosé cos @ + sin sin p) pe T O%E

tions. Combinations, e.g., a tripole inside a hexagonal loop, can g gd o . iprcose
be treated as well. The element was divided into straight sections = / pdp / de{7sing + geoséle

and bends, and by simple translation and rotation, the so-called . 0 . ‘f%'" . . .

generic straight section basis functions and the circular currdfi€re7 := & cos g+ g sinp andyp := —i sin p+4 cos . TWo

basis function were positioned to cover the element. The tratfiiegrals gz (r; v) andjg (r; v)can be identified, such that
Iatl_on and rotation can bg performed either in the spatial domain i (T30) = 775 (130) + w@(,r; v).
or in the spectral domain.

First, we considered the tripole element, which was dividethe integralj¢(7; v) can be performed in closed form
into three V-dipoles. Excellent agreement between predicted
and measured transmission was found, even when only two of (t;0) := / pdp/ d€ sin Ee 1T 08 &
the present V-dipole basis functions were taken into account. 1y

— 2

Regarding the hexagonal loop element, we compared our pre- — )
dicted results with results obtained by PMM [13] and a hyb”ﬂ/here Ty(f) = (e—lwr cosé _ 1)/T cosé. The integral
FEM/MoM approach [27]. je(r;v) is defined as
The present basis functions do not satisfy the edge condmd‘h
which requires that the current component parallel to an edge is SelN W d v d —iprcosE
singular. One reason for why this edge condition was not intro- Jp(miv) /0 pap L_v Leosée '

duced is that in the case of center connected elements, the %

erform the integration overand get
gular edge would occur at the interior of the element, i.e., at the P 9 o g

edge of the circular current basis function, since the nonstraight };('r; v)
boundary of the sef; is not located at an edge of the element;
. . — ;W,T_e—IYVTroqE
see Fig. 2. However, for loop-type elements, the edge condition 2/ t
does not cause such problems, and itis expected that basis func- Y cos€ _ 1
tions with correct edge behavior improve the convergence [28]. _|_6—_> de.
Finally, we noticed that absolute convergence of the MoM so- cos§

lution was obtained when continuous bases are used. HoweWéris integral is performed by numerical integration. Notice that
when discontinuous bases are used, the MoM solution does ti@ Fourier transform of the basis functions can be computed
converge as the number of Floquet modes are increased. In faot] stored once in the beginning of the computation. Finally, the
we found that the double infinite Floquet sum diverges whefourier transform of the generic straight section basis functions
discontinuous bases are used. Therefore, care needs to be g’)lte?(p; zs,z.) [see (1)] is easily expressed in closed form.
cised, and it would seem discontinuous bases should be avoided.
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