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Abstract—Analysis of frequency selective surface with gridded square
element using accurate integral equation technique is considered in
this paper. An improved subsectional current approximation model
is proposed. Two more terms of basis function, the downward half
triangle (DHT) term and the upward half triangle (UHT) term, besides
the commonly adopted rooftop function, are included to expand the
induced current. The additional terms are used to account for the
effect of the induced currents at the corners of the outer square of
the unit cell. Green’s functions are derived by using spectral domain
immittance approach and the incident fields are derived by using the
z-directed potential. The computed results are in good agreement with
the measured results.
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1. INTRODUCTION

The technology of frequency selective surfaces (FSSs) [1-6] has a long
history of development. Over the past few decades, FSSs have found
numerous applications in both the commercial and military sectors
to provide multiple frequency band operation. An example in our
daily life is the screen door of a microwave oven. It consists of a
periodic array of metallic holes and is designed to reflect microwave
energies at 2.45 GHz while allowing light to pass through. Extensive
analytic research [6-17] has been performed to predict the reflection
and transmission properties of FSSs. The gridded square FSS [1, 5, 11]
is proposed to give closer reflection/transmission band ratios between
1.3 to 2.1 compared to > 2.5 for the single square FSS. Previously, it
has been analyzed with the equivalent circuit model (ECM) [5, 11]. But
the ECM cannot accurately model the effects caused by the dielectric
substrate and superstrate. The accurate integral equation technique
[1-4, 6, 10, 12, 14] with rooftop basis functions [18] has been used to
analyze many kinds of FSS embedded in dielectrics. It is observed
that the previous subsectional current approximation model assumes
that the induced current vanishes at the edges of the unit cell of FSSs.
However, the induced current does not vanish at the corners of the unit
cell for FSS with gridded square element. Therefore, the model has to
be modified.

In this paper, an improved subsectional current approximation
model is proposed to analyze the frequency response of FSS with grid-
ded square element. T'wo more terms of basis function, the downward
half triangle (DHT) term and the upward half triangle (UHT) term,
besides the commonly adopted rooftop function, are included to ex-
pand the induced current. Accurate integral equation technique with
Galerkin’s method is used to predict the reflection and transmission
properties. The predicted results are in good agreement with the mea-
sured results.

2. FORMULATION OF THE INTEGRAL EQUATIONS

The configuration of the multilayered FSS with gridded square ele-
ment is depicted in Fig. 1. There are M conducting screens within
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Figure 1. A multilayered FSS with gridded square element.

the N-layer stratified medium. &;, p;, t; are the permittivity, perme-
ability, and the thickness of the ith layer respectively. The incident
field will induce currents on the conducting surfaces, which, in turn, ra-
diate scattered fields. The induced currents on each of the conducting
surfaces are related to the incident fields by the equation
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Gé,(;)’l(] )(am, Br) are the spectral Green’s functions which will be de-
rived shortly. The superscript (i) and [(j) correspond to the layer
number of the 4th and jth conducting surface respectively.
E;”f(l) (z,y) and E;”l‘éz) (z,y) are the incident electric field on the ith
conducting surface in the presence of the dielectric structure but with
all conducting patches removed.
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Expand the induced current in the form
JI(z,y) ZI Byi(z (2)

Z Byi(z,y) (3)

where M; and Nj are the total number of basis functions for the
induced currents on each screen in x and y direction respectively,
Byi(x,y) and By(x,y) are the ith basis function in = and y direction
respectively.

One gets
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the superscript 1" stands for matrix transpose.
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Using Galerkin’s method [19], one gets

0 rIw (k;nc’ kz’nc) E;%c

25: EE: [ Oﬁn?ﬂn) ﬁf:(oinhﬁn>]

M=—00 N=—00

'FM%%)%M%%}
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where
T,
T, = T,
T,
Ti(e. ) = [T (. B) -+ Thy (. 0)]

the superscript + stands for matrix conjugate transpose.

Eq. (5) can be solved to determine the unknown expansion coeffi-
cients of the induced current by either direct matrix method or other
iterative method such as conjugate gradient method. After determin-
ing the induced current, the reflection and transmission coefficients for
each of the Floquet modes can be expressed as

{ﬂn[ E2 o, Bn) + 5mn} Um [Eyo(am,ﬁnHE 5mn}}
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EY}, and E. are the spectral domain electric field reflected at z = 0
and transmitted at z = hj, respectively in the presence of the dielectric
structure but with all conducting patches removed.

3. SUBSECTIONAL MODEL FOR CURRENT
APPROXIMATION

Rooftop basis function has been chosen to approximate the distribution
of the induced current on FSS screens, i.e.,

Bwi<$7 y) = Rzpq(wa y) (10)
Byz‘(ﬂ%y) = Rypq(xvy) (11)
where
Ripg(2,y) = Re(r — pAz,y —qAy) p=1,N, q¢=0,N,
Rypg(z,y) = Ry(x — pAz,y — qAy) p=0,N, ¢=1,N,
R:c<377 y) = Az(x)H:n<y) Ry(x7 3/) = Hy(x)Ay(y)
1—|z|/Az |z| < Az _ 1 0<y<Ay
A, I, (y) =
(z) = { 0 elsewhere () {O elsewhere
_[1 0<z<Ax _[1-lyl/Ay |yl <Ay
11 = A —
y(ac) { 0 elsewhere y(y) {O elsewhere
Ax =a/(N;+1) Ay =0b/(Ny+1)

N, and N, are the total number of subsections for the unit cell in x
and y direction respectively.

It is observed that the above model assumes that the induced current
vanishes at the edges of the unit cell of FSSs. However, the induced
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current does not vanish at the corners of the unit cell for FSS with
gridded square element. Therefore, the above model has to be modified
to account for the induced at the corners.

Two more terms, the downward half triangle (DHT) term and the
upward half triangle (UHT) term, are included to expand the induced
current for FSS with gridded square element

Ms—1
Ji(z,y) Z[ Bai(z,y)+ > I DHT (2, y)

M2 1
+ Z IV U HT (2, y) (12)
Ms—1 '
Z Byi(z,y)+ > I DHT(2,y)
=0
Mz 1
UHT,j
+ > 1 UHT () (13)
where
DHT,i(x,y) = We(x) Ay (2)I,(y — iAy)
DHTyi(z,y) = y(z — iAz)Wy(y) Ay (y)
UHTi(x,y) = Wa(z — NyAx)Ag[z — (N + 1) Azx]Il (y — iAy)
UHTyi(x,y) = Hy(z — iAz)Wy(y — NyAy)Ayly — (N, + 1)Ay]
1 <z <A 1 <y <A
Wx(x)z{ 0szs Az Wy(y):{ O<y=<Ay

0 elsewhere 0 elsewhere

M, is the total number of DHT/UHT terms which depends on the
width of the gridded square Wi .

The downward half triangle terms in Egs. (12) and (13) are used to
represent the corner current at the left /bottom corner of the unit cell,
while the upward half triangle terms are used to represent the corner
current at the right/top corner of the unit cell.

According to the Floquet’s theorem [20] for periodic structures, the
following condition must be imposed

IxUZHT,j _ jki"cpIQgHT,j (14)
;HT,] gky pI£HT,] (15)
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Figure 2. Equivalent transmission line model.

The basis function matrix and test function matrix in Eq. (5) should
be modified accordingly.

4. SPECTRAL GREEN’S FUNCTION

In this section, the spectral Green’s functions in Eq. (1) relating the

current on the screen at the jth interface (between the jth and (5 +

1)th layer) and the scattered field at the ith interface are derived.
By the spectral-domain immittance approach [21, 22], one gets

[@f{&(aﬁ) @fz;,(a,m]
Gie(o, B)  Gyyla, B)
ZTEi gin2 g 4 ZTM:3 cos? § (ZTM’U — ZTE’”) cos 0 sin ¢

I N A (16)
(ZTM’” — ZTE’”> cosfsin® ZTMijigin29 4+ ZTE cos?

where
cos = a/+/a? + (32 sinf = 3/v/ a2+ 32

Therefore, to derive the Green’s function, one needs to derive Z in
Eq. (16). Consider the situation depicted in Fig. 2 and its transmission
line equivalent model. According to the theory of transmission lines
[23], the input admittance looking downward for case (a) is

Yy + Y coth~t

Y., —
e 0 Yy coth~t + Yy,

(17)

where

7=¢M+@—&m%

By successively using of Eq. (17), the input admittance looking down-
ward for case (b) is obtained

Y02 + Y1/ cothyats
2 Yoo coth oty + Y

Yin = Yo (18)
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Figure 3. Relation between the current and the scattered field at
different location.

where
1/01 + YL coth ’Yltl
Y =

= Y01
Yo1 coth vty + Y7, (19)
Yi = \/042 + 52 - 57‘i/1'rikg

The TE and TM case characteristic admittance of a medium are de-
fined as follows

Vit = —y/jwp Y§M = —jwe/y

The input admittance looking upward can similarly be obtained.

Therefore, the input impedance that relates the current on the
screen at the jth interface and the scattered field at the same interface
due to this current is then

ZTMITES 1 [ (Yt + Vi) (20)
where Yiorom and Yi,, represent the input admittance looking down-
ward and upward from the jth interface respectively. The superscript
e corresponds to the TM case, and the superscript A corresponds to
the TE case.

On the other hand, when the scattered field is evaluated at a dis-
tance t away from the current source as depicted in Fig. 3, one needs
to modify Eq. (20) to obtain the impedance ZTM/TE,(G-1)j  In Fig. 3,
Y7 (j—1) is the input admittance looking upward from the top surface,
that is, it includes all layers above the (j—1)th interface. It is obtained
by successively using Eq. (18). To transfer the impedance to that at
the (j — 1)th interface, one needs to multiply Eq. (20) by the factor

Y(J_l)’] = YE),j/ (Yb] COSh’}/jtj + YL(j—l) Sinh’yjtj) (21)

tran

Therefore o
7 TM/TE,(j—1)j _ }Q%i:{(J—l)JZTM/TE,jj (22)
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Figure 4. Incident fields.

By successively using Eq. (22), one obtains the impedance ZTM/TE,ij
as
e/h,(I-1)l . .
H Y;Eran 1<
ZTM/TE i o ZTM/TE,]_] = Z+1 (23)

h,(I-1)I . .
Hth«ﬁn i> ]

Substituting Eq. (23) into Eq. (16), one finally obtains the spectral
Green’s functions relating the current on the screen at the jth interface
and the scattered field at the ith interface.

5. INCIDENT FIELDS

The incident fields for TE and TM polarizations can be derived by
using the z-directed potential . The incident field is calculated in
the presence of the dielectric structures but with all conducting patches
removed. A general configuration is depicted in Fig. 4. The potential
of each region is defined as follows:

wgvM TE ]aoxe]ﬂoyeyoz 4 Re]aoxejﬂoye Yoz (24)
YTMTE _ gjaoweifoy () eM% 4 Chpe %) (25)
ng TE _ edaoz oifoy (CN1€VN + Cpnoe N7 ) (26)

2/}]7\"[]—\‘;[1TE Te]aozejﬂoyevoz (27)
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where

ag =k Bo=ky qo=/ad+ B — ki = jkocosf

To enforce the continuity of the tangential electric and magnetic
fields at the dielectric interfaces, we use the following equations:
TE case

Ex _ _81/JTE _ 8¢TE (28)
y Y Oz
Ho_ L82¢TE _ LOQIZ)TE (29)
T jwp 0x0z Y jwp 0yoz
TM case
8’¢TM 8¢TM

H, = — H =
Oy v ox (30)
B 1 a2wTM - 1 82¢TM (31)

T jwe 0x0z Y jwe Oydz
The following equations are obtained
1+ R=C11+Cho (32)
(1 - R) = g—ll (C11 — Cha) (33)
Cire "M 4 Cipe™M = Cigre7 7+ 4 Ciyy gt (34)
2—i (Cﬂe*%hi - C¢2€%’hi) = gi+11 (Ci+1,167%“hi - Ci+1,26%“hi)
i rit
i=1,2,...,N—1 (35)
Cn1e WY o Clyae'n N = Tem10hw (36)
gN (C’Nle_”’NhN — Cpnoe'~ hN) = Trype Yohw (37)
rN

where & = p, and &, = ¢, for TE and TM incidence respectively.
In matrix form, it is

A-x=b (38)
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where
T
x=[R Cn Ci2 -+ COn1 Cn2 T]
b=[-1 — 0 -~ 0 0 0
All =1 A12 =1 A13 =1
A21 = =7 A22 — _71/67“1 A23 — 71/57’1
Yok _ vihi
Agiz12i =€ Agis1oisr =€
Azit12i42 = — e Virths A2it12i+3 = eVitihi
Vi g=yihi Vi yihi
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fri gri
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A2i+2,2i+2 = —Le Yit1hi A2i+2,2i+3 — i+ efyH_th
Erit1 ri+l
1=1,2,...,N—-1
Aonp1on = eIV AaNt1oN41 = €N
—oh IN _—~.h
AsNtraN42 = —eT O AoNy2oN = e Inhn
§7‘N
In h
AoNjooNy1 = ———€ NN
er
—voh
Agito2i4e = —yoe 10N

Eq. (38) is solved numerically to determine the values of all the coef-
ficients in Eqgs. (24)—(27). The incident field is subsequently obtained.

6. NUMERICAL AND EXPERIMENTAL RESULTS

In this section, we present some numerical results and compare them
with the measured results.

Two single screen FSS with gridded square element printed on a
0.021 mm Mylar substrate with relative permittivity of about 3.0 is
designed, analyzed and measured. The parameters of the FSS are
shown in Table 1. The predicted and measured resonance frequencies
are shown in Table 2 and the frequency response is shown in Fig. 5
and Fig. 6.

For comparison, the previous model is also applied to predict the
frequency response of the above FSSs. The resonance frequencies are
shown in Table 2 and the frequency response for (45°,1°) incidence
is shown in Fig. 7 and Fig. 8. It is observed that the transmission
resonance frequencies are unable to be predicted by the previous model.
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Table 1. Dimension parameters of designed FSSs.

No.

w1 (mm)

d(mm) | w2 (mm) | g (mm)

Designed 0.4

2.4 0.2 0.6

Manufactured 0.38

2.5 0.2 0.56

Designed 0.2

4.0 0.2 0.4

Manufactured 0.18

4.1 0.22 0.38

0.425

5.525 0.85 0.425

Reflection(dB)

o
3
]
2
H
H
9

Traosmission(dB)

&
g
3
2
S 40
4 <
TE Incideace M TM Incidence
50
40
604
T T T 70 Y T T T T
20 i) 50 80 100 20 i) 50 80 100
Frequency(GHz) Frequency(GHz)
0
10
20 )
k]
304 2
a0 H
‘ H
TE Incidence 2 TM Incideace
504 i =
]
60 i
60 i
70 -0 T v T
) 7y ) B 50 2 Al 60 80 150
Frequency(GHz) Frequency(GHz)

Figure 5. Frequency response of FFS #1.
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Figure 6. Frequency response of FFS #2.
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Table 2. Predicted and measured resonance frequencies of FSSs in

Table 1.

No. Tansmission Frequency (GHz)

Refelection Frequency (GHz)

Ours | Previous | Measured | ECM

Ours | Previous | Measured | ECM

1 27.6 missed 26.8 27.0

40.4 40.7 40.4 39.1

14.7 missed 13.4 13.4

21.4 21.3 20.8 20.4

3 7.9 missed - -

14.8 15.0 - -

g g
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CERL 45° TE Incideace o 40 45° TM Locideace
» Current Model ol Current Model
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Figure 7. Frequency response of FF'S #1 predicted by previous model.
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Figure 8. Frequency response of FFS #2 predicted by previous model.
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Figure 9. Current distribution over unit cell of FSS #1.
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model.
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Figure 11. Frequency response of F'SS #b5.

The distribution of induced current over the unit cell of FSS #1 at
resonance frequencies is depicted in Fig. 9. The distribution obtained
using the previous model is shown in Fig. 10. It can be seen that great
discrepancy exists between them which results in the difference of the
predicted frequency response. The third example is one FSS embedded
in dielectric medium with dielectric constant 2.2. Both the superstrate
and substrate are 0.889 mm thick. The dimension parameters and
the predicted resonance frequencies are also shown in Table 1 and 2
respectively. The frequency response for (30°,1°) incidence is shown
in Fig. 11.

7. CONCLUSIONS

In this paper, An improved subsectional current approximation model
is proposed to analyze FSS with gridded square element by accurate
integral equation technique. Two more terms of basis function, the
downward half triangle (DHT) term and the upward half triangle
(UHT) term, besides the commonly adopted rooftop function, are in-
cluded to expand the induced current. Green’s functions are derived by
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using spectral domain immittance approach and the incident fields are
derived by using the z-directed potential. Numerical and experimen-
tal results are presented. Good agreement between the predicted and
measured results is obtained.
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