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A thick-screen frequency selective surface (FSS) has not only a broad bandwidth but also the advantages of
overcoming the multilayer F'SS shortcoming of complex structure and low transmittance of centre frequency due to the
cascade of FSSs, and this means it could potentially be applied in a stealth curved streamlined radome. However, there
is an unsteadiness of centre frequency in a wide range of incident angles and another unsteadiness of polarization in
a big incident angle. In order to solve these problems, in this paper we provide a novel four-legged loaded element
thick-screen F'SS. The structure is analysed and simulated using the mode matching method and moment method. The
centre frequency, the transmittance of centre frequency, and bandwidth of the structure are investigated when some
parameters including the polarization at a big incident angle and the incident angles of TE & TM waves are changed.
The novel four-legged loaded element thick-screen F'SS has better transmission properties with a better steadiness of
polarization and incident angle independence. The novel structure of the four-legged loaded element thick-screen FSS
provides a valuable reference for their application in a stealth curved streamlined radome.
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1. Introduction

In the radome designs of aircraft, missiles, satel-
lites, and ships, the frequency selective surface (FSS)
with frequency filter characteristics is used to control
the transmission of an electromagnetic wave because
the FSS can reduce the radar cross section (RCS)
of radar antenna systems!’) and ensure the target-
weapons have a stealthy performance. However, few
publications report on its valuable data because of
its important military applications. Now the num-
ber of researchers studying FSS are increasing, and
a lot of research work has been done and different
shapes have been simulated.?~7) Because the thick-
screen frequency selective surface (FSS) has not only
a broad bandwidth but also the advantage of over-
coming the multilayer F'SS shortcomings of a complex
structure and low transmittance of centre frequency,
owing to the cascade of FSSs, it has a potential ap-
plication in the stealth curved streamlined radome.
In recent years, researchers have paid more and more
attention to the thick-screen FSS. So far, there have

been few academic articles dealing with this subject
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because of its military purposes. Bjorn et al.l8 anal-
ysed and simulated the transmission performances of
circle and hexagon thick-screen FSS structures using
the mode matching method. Fang et al.[%'° anal-
ysed and simulated a circular aperture thick-screen
FSS structure transmission performance with the di-
electric using the mode matching method and the mo-
ment method. Tang et al. analysed and simulated
a dielectric-metal-loaded thick-screen FSS having a
circular aperture element!*!l and a novel Y element
thick-screen FSS with a stable performance!’? using
the mode matching method and the moment method.
In the aforementioned thick-screen F'SS, there exists a
centre frequency drift in a wide range of incident an-
gles, and the stable performance of polarization in a
big incident angle was not investigated. To solve these
problems, a novel structure of a four-legged loaded ele-
ment thick-screen F'SS as shown in Fig. 1 is designed in
this paper. The novel structure has pass-band prop-
erties with a better performance of polarization in-
dependence and incident angle independence, and it
provides a valuable reference for its application in the

stealth curved streamlined radome.
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Fig. 1. The novel structure of a four-legged loaded element thick-screen FSS (a) regular triangle arrays (z—y plane),

(b) square arrays (z—y plane), (c) square arrays (y—z plane).

2. Model and theoretical analysis

Figure 2 shows an equivalent model of the novel
four-legged loaded element thick-screen FSS. There
are three waveguide layers (B, C, D) and three di-
electric layers (A, F, J...) in the model. In Fig. 2,
S0 §6) S6) are interfaces between two dielectric
layers; S and S are the interfaces respectively
between a waveguide layer and a dielectric layer; S(?)

and S®) are the interfaces respectively between two

waveguide layers; zg, 21, 22, 23, 24, 25, and zg are
the coordinates of the interfaces respectively between
two layers on the z axis. If the scattering coeflicient
matrixes in a waveguide layer, a dielectric layer, an in-
terface between two dielectric layers, an interface be-
tween two waveguide layers, and an interface between
a waveguide layer and a dielectric layer can be com-
puted respectively, and the transmission properties of
the novel four-legged loaded element thick-screen FSS

can be studied.
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Fig. 2. Equivalent model of the novel four-legged loaded element thick-screen F'SS.

2.1. Scattering coefficient matrixes in a

waveguide layer

When the electromagnetic wave passes through
the B waveguide layer, the following relationships of

scattering coefficients exist on each side of the area:

B, (z2) = Te'Fn(2=21)BY (),

B (22) = Ie‘ikZ”(ZQ_Zl)B;L(Zl),

vn

(1)
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which can be represented in the matrix form by

lB_(m)] _ [ 0 E’(z — 21)1 lBJr(Zl)} @)
Bt(z) E(z5 — 1) 0 B~ ()]

where

Eb

vn,v’'n’

(8vwr Onnr = /E%vn(xvy) : E%*v,n/(:c,y)dacdy).

(Z) = eikznz(svv’(snn/v

Similarly, when the electromagnetic wave passes
through waveguide layers C' and D, the scattering co-
efficient matrixes on each side of the area are written

respectively as

it
C™(23)

D~ (23)
D (z4)

where

l 0
EC(Zg - 22) 0

0
Ed(2’4 - 2’3) 0

Etc)n,v’n’ (Z) = eikz"z(svv’(snn’a
(51’@/5””’ = /E’%vn(x7 y) ’ E%*v/n’(xv y)d(Edy),
Egn,v/n’ (Z) = eikznz§vv/6nn’a

(51)1)’57”1,' = /E’ﬁl"vn (1', y) : E(Tijuln/(z, y)d:l?dy) .

2.2. Scattering coefficient matrixes in a
dielectric layer
When the electromagnetic wave passes through

dielectric layer A, the following relationships of scat-
tering coeflicients exist on each side of the area:

Aulen) =Tt o)
A;Ln(zl) = Ieii’ymn(miZO)A;zn(zO)v

which can be represented in the matrix form as

[A_(Zo)] _ [ 0 E*(z — ZO)HAJF(ZO)] (6)
At(z)| | B (21 — %) 0 A= (z)]|
where

a i z
mn,m’n’(z) = e'Tmn 5mm’5nn/7

(BB = [ B ) B .9 daly).

Similarly, when the electromagnetic wave passes
through waveguide layers F', J, etc., the scattering
coefficients matrixes on each side of the area will be
obtained.

2.3. Scattering coefficient matrixes at
the interface between two dielectric
layers

In order to compute the scattering coefficient ma-

trix between dielectric layer F' and dielectric layer J,

firstly, the fields in the layers are expanded using the
Floquet theorem as follows:

ivf 2 — —ivf 2
El(x,y,2) = Y (fihne M + fi e ) RE, L (2,y), (2 < 25), (7)
Ilmn
i ind 2 — —ivf 2
Hf(2,y,2) =Y (it e — fi o™ me )T (2,y), (2 < 25), (8)
lmn
Ej(@,9,2) = D (ihun @7 + G €75 ) Ry (2.9), (2> 25), (9)
lmn
H(2,,2) = D (Gfun © 7% = g €007 ) Ty (2,9), (2> 25). (10)
Ilmn
Then, let z = z5 at the interface between two | = Z (St (25) + Jp () Ry (,),
layers. So the boundary conditions ensure that the Imn
magnetic fields and the tangential electric fields are (z,y € K), (13)
continuous on the entire interface K of the two layers. n _ 7
The boundary conditions are defined as Z (Ern (25) = Fpp (25)) T (2, 9)
. . lmn
EJ - E K), (11 :
A = 3 Ui (35) = Ti (250 T @20),
HT(xayVZE')) :HT(IE,y,Z5), (IE,yGK). (12) lmn
Because (z,y € K). (14)

+ + +i~f + 4 dind
F‘lmn(2> = flmne I’Ym"Z7 Jlmn(z) = Jiran € 1'Ymnz7
we obtain

> (Ffan(25) + Fip (35)) B (,9)

lmn

The inner products are taken between Eq. (13) and
T and between Eq. (14) and R, Fi-
nally, the scattering coefficient matrix between dielec-

m’/n’’ m'n’*

tric layer F' and dielectric layer J is obtained as fol-
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lows:
F(za] _ s S%";)] lw(zs)] (15)
J*(25) S5 S8 | [T (25)
where

ST =~ (T +W'T W) (T W W),
SS =T/ +WiT W) T W,

S5 =2(T7 + W T W) T tw,

S5 =(T7 +W*T! - 'wh) YT —W*T! W),

=
lmn
"o
(5ll’5mm/5nn’ = fR%mn(x,y) . R%,(«;mn(:r,y)d:zzdy, Y
is an admittance matrix).

Similarly, in the presence of many dielectric lay-
ers, the scattering coefficient matrix between two di-
electric layers will be obtained.

I/Vlm'rz,l’ﬂ%"rz’ = 5ll’6mm’5nn’7

2.4. Scattering coefficient matrixes on
an interface between a dielectric

including layer and a waveguide layer
I . . .
T _ Yimn 56 5 To compute the scattering coefficient matrixes on
Imn,!m'n’ — WO9mm'Onn’, . . .
’ o an interface between a dielectric layer and a waveg-
i len . uide layer, firstly, the fields in dielectric layer A are
Tinn i = o 01 Ormm: O expanded using the Floquet theorem as follows:

Ef(r,y.2) = Y (07" + a0 007 Ry (), (2 < 21), (16)

lmn
H(,y,2) =Y (afh,, €% —aj,,, e ) Ty, (2,y), (2 < 21), (17)

lmn

while the fields in waveguide B are expanded using waveguide modes as
Bi(a,y,2) = Y (b ™" by, e ) BY (2y), (2> 2), (18)
vn

H.(z,y,2) = Z (b, eiktnz bon e_ikZ"Z)Hé’«m(a:,y), (z > z1). (19)

vn
Then, let z = z; at the interface between two layers. So the boundary conditions ensure that the magnetic
fields are continuous on the aperture {2, while the tangential electric fields are continuous on the entire interface
I between the two layers. The boundary conditions are defined as

Eg“(xvyazl)7 (J},y € ‘Q)a

Ef(x,y,z1) = (20)
! 0, (z,y € 1\12),
H%(xayvzl) :H%(x,y,zl)(x,y S “Q) (21)
Because
A (2) = af,, eEm B (2) = b, e R,
we obtain
Z (B;"n(zﬁ + Bv_n(zl))E%vn(aj’y)’ (:my € Q)’
Y (A (21) + A (20) By (1, y) = § o7 (22)
Ilmn 0, ({E,y S I\Q),
Z (Al-tnn(zl) - A;zn(zl))T%lmn(‘T7y) = Z (Bjn(zl) - B;?L(Zl))Hg“vn(‘r’y)? (Ia Yy e Q) (23)
Imn vn

and between Eq. (33) and Eé’:;,n,. Finally,
the scattering coefficient matrix between dielectric layer F' and dielectric layer J is obtained as follows:

[A—w ls@ SS)] [Aﬂzl)]

The inner products are taken between Eq. (32) and T%,

m/n’»

(24)

Bt (z) S$Y 8% | [ B (=)

where
S%i) = _(P + GtQ*_lG*)—l(P _ GtQ*_lG*), S§;) — 2(P T GtQ*_lG*)_th,
S =2Q" + G PTG G, S =@+ @ PG Q- G'P'GY),
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including
Yy N5 . yb*
l/ I ! b
P)lmn U'm/'n’ — ;n 6ll’6mm’6nn’a Gvn,l’m’n’ = ;}n L (ET'un . Ral“['m’n/)ds7 Qvn,v’n’ = T;m 51.1’0'5711'7,'7
0 0 0

(Y is an admittance matrix, 6 mm:Onn' = [ Ry (®,Y) - Ry (@,9) A2y, Gppdpn = [ Eb (z,y) -

E’?:;)’n/ (x? y) dlEdy) .
Similarly, the scattering coefficient matrix between dielectric layer F' and waveguide layer D will be obtained

as follows:
D (z)] [s1) sty
F*(z) IS

+(Z4)] 25
F(e) | (25)

where

1 4 1 4 1
511 = Séz)v S%z) = 551)7 Sé 512 ) Séz) = S£1)'

2.5. Scattering coefficient matrixes on an interface between two waveguide layers

In order to compute the scattering coefficient matrix between waveguide layer B and waveguide layer C,
firstly, the fields in the layers are expanded using waveguide modes as follows:

El(,y,2) =Y (b, e + by, e T EL (0,y), (2 < 22), (26)
HY\(x,y,2) = Z (b, en® — by, e TR HE, (0,y), (2 < 22), (27)
E5(x,y,2) = Z (ch e 4 e e TR BS (2,y), (2> 2), (28)
Hi(x,y,2) = Z (chein® — e e A HE, (2,y), (2> 2). (29)

vn
Then, let z = z at the interface between two layers. So the boundary conditions ensure that the tangential
magnetic fields are continuous on the junction IV, while the tangential electric fields are continuous on the entire
interface M between the two layers. The boundary conditions are defined as

E%(‘Tvysz)’ (xvy € N)a

Ep(z,y,2) = (30)
' 0, (2.y € M\N),
H%(:E,y,zg) :Hic“v (l’,y,ZQ)(IL',yGN). (31)
Because
By (2) = b, e Hens, O (2) = e, oF 1,
we obtain
. b > (Cinle) + Con) Bunlon)s (a9 € N),
Z (an(ZQ) + an(z2))ETvn (l‘, y) = vn (32)
vn 03 (x’ y G M\N)7
Y (Blu(z2) = Byn(z2)) Hy(,9) = Y (Ch(22) = Cppy(22) He oy (2,y), (2,5 € N). (33)
The inner products are taken between Eq. (32) ‘where
and HY. , ., and between Eq. (33) and ES., ,. Fi- Sﬁ) = —(U*+ViUe v LUt - viuT v,

2 P T
nally, the scattering coefficient matrix between waveg- S£2) = 2(Ub +Viue v ) v,
S5 =2U + VUiV vy,
Séi) — (Uc* + V*Ubflvt)fl(Uc* _ V*Ubflvt),

uide layer B and waveguide layer C is obtained as

B~ (z2) | _
C™(22)

follows:
©2) o) including

5117 512 1 l +(Z2)] (34) v

S SE | € (22) Ut = ~2-0u S
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o
c _ Yvn 5.8
vn,v'n! o vv’Onn’,
Y, .
_ ~wv'n c b
an,v’n’ = o (ETvn 'RTv’n’)dS’
2

(Y is an admittance matrix, 8yy 0pn = [ E$,, (2,9) -
Ef.,., (z,y)dzdy).

Similarly, the scattering coefficient matrix be-
tween waveguide layer C' and waveguide layer D will
be obtained as follows:

[cwzs)] _ [s%? s%?] [cws)} 35)
D*() ] S5 85 [ [ D7) |

where
SiY =85, S5 =S5, S5 =51, S5 =817

After the scattering coefficient matrixes in the
layers and their interfaces are computed, the scat-
tering coefficients matrix of the equivalent model of
the novel four-legged loaded element thick-screen F'SS
will be obtained according to the cascade theory. The
transmission characteristics of the novel thick-screen
FSS will be analysed through solving the matrix of
the equivalent model.

In the above discussion, A*, B*, C*, D* F=*,
and J* are the unknown coefficient matrixes. Rpymn
and Ty, are the coefficients of reflection and trans-
mission, respectively, and they are in the vector forms
of the Floquet wave; R},,..,,, and T, .., are their
conjugate complex numbers; R and T are in the short
a, b, ¢, and d are superscripts of various
layers. If subscript | = 1, there is the TE-Floquet
mode; if [ = 2, there is the TM-Floquet mode. If
m = n = 0, there is a dominant mode of Floquet;

forms.

if m # 0 or n # 0, there is a higher order mode of
Floquet. Er,, and Hr,, are the electric fields and
magnetic fields, respectively; and they are in the vec-
tor forms of waveguide modes; E7,,, and H7, , are
their conjugate complex numbers; E and H are in
their short forms. If subscript v = 0, there is the po-
larized wave of TEM; if v = 1, there is a polarized
wave of TE; if v = 2, there is the polarized wave of
TM. n = 1,2,3,...,400. The k is the propagation
constant of an incident plane wave, y is the propaga-
tion constant of the Floquet wave, and 7 is the wave
impedance in free space.

3. Numerical demonstrations

In order to study the transmission performance
of the novel four-legged loaded element thick-screen
FSS, the structure is designed as shown in Fig. 1,

where L = 12.88 mm, h = 6.25 mm, g = 1.25 mm,
d=0.38 mm, m = 1.00 mm, s = 1.5 mm, a — 0.

3.1. Angle independence of the novel ele-

ment FSS in the incident plane wave
of TE

In the incident plane wave of TE, let 8 = 0°, 30°,
60°, respectively. Figures 3 and 4 show the simulation
curves. Table 1 shows calculation data.

For the case of regular triangle arrays, when 6
varies from 0° to 30°, the centre frequency fy drifts
from 0.01 GHz upward, the bandwidth W at —3 dB
reduces by 0.15 GHz, the transmittance 1" of the cen-
tre frequency increases by 0.07 dB; when 6 varies
from 0° to 60°, the centre frequency fy also drifts
0.01 GHz upward, the bandwidth W at —3 dB re-
duces by 0.60 GHz, and the transmittance T of centre
frequency reduces by 0.13 dB.

For the case of square arrays, when 6 varies from
0° to 30°, the centre frequency fy does not drift, the
bandwidth W at —3 dB reduces by 0.15 GHz, the
transmittance T" of centre frequency does not change;
when 6 varies from 0° to 60°, the centre frequency fy
does not drift either, the bandwidth W at —3 dB re-
duces by 0.55 GHz, and the transmittance 71" of the
centre frequency reduces by 0.52 dB.

Therefore, when the incident plane wave of TE is
at various angles, regular triangle arrays and square
arrays of the novel element have the same tendencies:
the centre frequency changes a little bit with the in-
crease of the incident angles; there is a better angle in-
dependence; the bandwidth and transmittance of the
centre frequency will decrease with the increase of the
incident angle and there is a better transmittance of
centre frequency in the two arrays.

The physical mechanism of this phenomenon is as
follows. The insertion phase delay is short in the novel
four-legged loaded element thick-screen FSS, and the
interval of elements in the arrays is small, so that the
grating lobe will be produced in a long time; a plate
element is placed in an aperture element, so that the
distance between two conductors is reduced and the
capacitance is increased, thus a strong resonance can
be produced at a lower frequency and there is a small
mismatch loss; the problem of cross polarization can
be solved by symmetrically loading; the coupling be-
tween two layers can reach a maximum through ap-
propriately adjusting the positions of the mix elements
in combination with the plate and aperture elements,
so there is an incident angle independence and a small
offset of the centre frequency.
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Fig. 3. Angle independences of the novel element FSS in
the incident plane wave of TE at three different incident
angles for the case of regular triangle arrays.
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w —100
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= —15t
—920k =TE, §=0°
+TE, 6=20°
— 257 *TE, 6=60°

S 8 9 10 11 12 13 14
f/GHz
Fig. 4. Angle independences of the novel element FSS in

the incident plane wave of TE at three different incident
angles for the case of square arrays.

Table 1. Transmission properties of the novel element
FSS in various arrays (TE).

Arrays 0/(°) fo/GHz W/GHz T/dB

0 10.50 0.96 —0.30

Regular triangle 30 10.51 0.81 —0.23
60 10.51 0.36  —0.43

0 10.51 0.96 —0.29

Square 30 10.51 0.81 —0.29

60 10.51 0.41 —0.81

3.2. Angle independence of the novel ele-
ment F'SS in the incident plane wave
of TM

In the incident plane wave of TM, let 8§ = 0°, 30°,
60°, respectively. Figures 5 and 6 show the simulation
curves. Table 2 shows the calculation results.

For the case of regular triangle arrays, when 6
varies from 0° to 30°, the centre frequency fy does
not drift, the bandwidth W at —3 dB increases by
0.04 GHz, the transmittance T of the centre frequency
increases by 0.01 dB; when 6 varies from 0° to 60°,

the centre frequency fy drifts 0.10 GHz upward, the
bandwidth W at —3 dB increases by 0.82 GHz, and
the transmittance T of the centre frequency is reduced
by 0.09 dB.

0
-5
~1

o 10

2

= —15

=TM, 0=0°
+TM, 0=230°
*TM, 0=60°

L L L L L

5 6 7 8 9 10 11 12 13 14
f/GHz

Fig. 5. Angle independences of the novel element FSS in
the incident plane wave of TM at three different incident
angles for the case of regular triangle arrays.

f/GHz

Fig. 6. Angle independences of the novel element FSS in
the incident plane wave of TM at three different incident
angles for the case of square arrays.

Table 2. Transmission properties of the novel element
FSS in various arrays (TM).

Arrays 0/(°) fo/GHz W/GHz T/dB

0 10.69 0.99 —0.14

Regular triangle 30 10.69 1.03 —0.13
60 10.79 1.81 —0.23

0 10.32 0.97 —0.28

Square 30 10.32 1.07 -0.13

60 10.32 1.59 —0.11

For the case of square arrays, when 6 varies from
0° to 30°, the centre frequency fy does not drift,
the bandwidth W at —3 dB increases by 0.10 GHz,
the transmittance T of centre frequency increases by
0.15 dB; when 6 varies from 0° to 60°, the centre fre-
quency fo does not drift either, the bandwidth W at
—3 dB increases by 0.62 GHz, and the transmittance
T of the centre frequency increases by 0.17 dB.
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Therefore, when the incident plane wave of TM
is at various incident angles, the tendency of regular
triangle arrays is as follows. i) The centre frequency
and the bandwidth increase a little with the increase
of incident angle. ii) The transmittance of the centre
frequency will be changed with a tiny fluctuation; the
tendency of square arrays is that the bandwidth and
the transmittance of the centre frequency increase a
little with the increase of incident angle. There is a
better steadinesses of polarization and incident angle
independence in the two arrays. The physical mecha-
nism of this phenomenon is similar to that shown in
Subsection 3.1.

4. Conclusion

The key factors of application in stealth curved
streamlined radomes are polarization independence
and incident angle independence. So in this paper,
the novel structure of a four-legged loaded element
thick-screen FSS is designed. The structure is anal-
ysed and simulated using the mode matching method
and moment method. The results show that there
are better transmission performances in the cases of
When 6

varies from 0° to 60°, there is a small offset of the

regular triangle arrays and square arrays.

centre frequency ranging from 0.01 GHz to 0.10 GHz.
When the polarization changes from TE to TM at
0 = 60°, there are two small offsets of the centre fre-
quency which are 0.19 GHz and 0.10 GHz in the cases
of the regular triangle and square arrays, respectively.
The novel structure of the four-legged loaded element
thick-screen F'SS has passband properties with better
performances of polarization independence and inci-

dent angle independence, and it provides a valuable
reference for its application in stealth curved stream-
lined radomes.
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