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Abstract: [ Objectives ] Focusing on the shortcomings of limited band selection and poor control effectiveness of the
current multi-band frequency selective surface (FSS), this paper designs a multi-passband frequency selection
surface based on the transmission zero insertion method. [ Methods | The FSS consists of two layers of the same
combined structure and a loop patch structure. It has multiple transmission zeros and can control the pass/stopbands
independently by adjusting physical parameters. The equivalent circuit model (ECM) is established according to the
physical structure of FSS through the ECM method. The full-wave simulation and ECM calculation results can be
well fitted. [ Results ] The simulation results show that the designed tri-passband FSS can form passbands in the C,
X, and Ku bands. The zero points on both sides of a passband form steep edges and a high-frequency stopband. The
stopband enhances out-of-band selection performance. [ Conclusions] The operating frequency band sees fine
polarization stability and angular stability, and the pass/stopbands have a high level of independence.
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0 Introduction

A frequency selective surface (FSS) is a periodic
structure formed by a periodic arrangement of the
same elements along one-dimensional or two-di-
mensional directions. FSSs can select electromag-
netic waves of a specific frequency, thus controlling
their transmission or reflection. As spatial filters,
FSSs have been widely used in controlling electro-
magnetic compatibility and electromagnetic charac-
teristics of motion platforms such as ships and air-
crafts. With the deepening of research, multi-band
and multi-passband FSSs have gradually become re-
search hotspots. Multi-band selection can be real-
ized by means of fractal elements, composite ele-
ments, and complementary elements. Specifically,
fractal elements realize multi-band filtering by
forming resonance zones corresponding to different
frequency bands through self-similar fractal itera-
tion. Composite elements realize multi-band filter-
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ing by arranging conductors of different sizes in a
period. Complementary elements realize multi-band
filtering through geometric structural complementa-
tion and strong interlayer coupling between conduc-
tors close to each other.

Core requirements of multi-band FSSs include
good and stable filtering characteristics and high
controllability of pass/stopbands. However, more
pass/stopbands complicate frequency response even
more, resulting in worse stability and controllabili-
ty. Therefore, scholars have put forward various so-
lutions to such a problem. In terms of composite el-
ements, Salehi et al.['"2 proposed a dual-passband
FSS with angular and polarization stability by using
square grids and a hybrid resonator. In addition, on
the basis of transmission pole-zero control, they fur-
ther proposed an FSS with a higher-order response
and studied technologies for multi-band application
of such higher-order FSSs . By optimizing an im-
proved dual square-loop structure, Sivasamy et al. [
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proposed a dual-band FSS for shielding GSM
bands. This structure not only realizes dual-band
bandstop but also has excellent angular and polar-
ization stability. Complementary elements have
been widely used due to their low profiles and high-
er-order filtering response. Wang et al. [ proposed
a dual-layer compact FSS based on a square com-
plementary structure, realizing tri-band bandpass fil-
tering. Li et al.® proposed a tri-passband FSS com-
bining a convoluted structure with a complementary
element, featuring a low profile and a high degree
of miniaturization. Based on a cascade connection
between a Jerusalem-cross array and a combined ap-
erture structure, through dual-band bandpass filter-
ing formed by strong coupling between the two,
Payne et al.[’l designed a miniaturized, super low-
profile, and highly-selective dual-passband FSS.
Moreover, research has also been carried out in
terms of fractal elements and composite elements.
Majidzadeh et al. ®! proposed a new combined FSS,
which can realize multi-band and ultra-wideband
filtering. Song et al. 1 proposed a new tri-passband
FSS working in Ku, K, and Ka bands. Palange etal. ['%
designed a tri-band bandstop FSS using a fractal
structure. Ferreira et al. "proposed a dual-band
narrow-stopband FSS based on specific combina-
tions of multiple semicircles, with good angular and
polarization stability. By arranging two bandstop
structures in the same period, Hussein et al. "’ de-
signed a dual-band bandpass FSS working in the Ka
band, with high transmissivity and selectivity at the
same time. In addition, some scholars have integrat-
ed the above ideas. Wang et al. ['¥ proposed a dual-
stopband FSS based on a convoluted structure and a
composite element, with incident-angle stability of
0°-60° under TE and TM polarization.

Most of the methods proposed at present only
aim for a single demand, applicable to specific sce-
narios. However, in practical engineering applica-
tions, multi-band FSSs often need to work in a large
incident-angle range and take into account both po-
larization modes, and each pass/stopband needs to
meet its own performance requirements. Therefore,
good controllability is required. In view of the
above problems, this paper designed dual/tri-pass-
band FSSs based on transmission zero insertion and
equivalent circuit model (ECM) and analyzed them
in detail.

1 Pass/stop-band control based on
transmission zero insertion

From structural and functional points of view,

FSSs are mainly divided into two types: one being
of a transmissive structure (aperture) with bandpass
characteristics and the other being of a reflective
structure (patch) with bandstop characteristics. In
the case of resonance, the two types form transmis-
sion passbands and stopbands respectively. The so-
called transmission zero insertion is explained as
follows: resonance frequency and interaction of
transmissive and reflective structures in the same el-
ement are adjusted by reasonably configuring their
physical size and spatial relationship. Thus, trans-
mission zeros can be introduced into a wide pass-
band to segment it into two or more narrow pass-
bands. Specifically, the transmissive structure pro-
vides a wide transmission passband and the reflec-
tive structure provides zeros, jointly forming multi-
band bandpass filtering response.

The simplest element of transmission zero inser-
tion is a cascade of a transmissive structure and a re-
flective structure. Its ECM is shown in Fig. 1. Ac-
cording to ECM analysis, the transmissive structure
can be equivalent to a parallel branch composed of
capacitor C, and inductor L; the reflective structure
can be equivalent to a series branch composed of ca-
pacitor C, and inductor L,; the thin dielectric layer
between the two structures is equivalent to a short
transmission line with a thickness of ¢ and imped-
ance of Z, = ZD/\/S—,.; the semi-infinite free space
on both sides of the FSS is equivalent to two semi-
infinite transmission lines with an impedance of Z,.
In the figure, Z; and Z are impedance of the paral-
lel and series branches, respectively.

Z Zn Zy

Fig. 1 Equivalent circuit model of the transmission zero

insertion structure

Input admittance of the dual-layer cascaded FSS
is as follows:
Zy+ (1 +Zy) Zp +jtanyt (2Zx+7Z,)

ZoZnZy + [ ZoZn (Zg+Zo) tan 'yt (1)
where Y, is input admittance; Z, is the impedance

Ym =

of free space; y is the equivalent propagation con-
stant of the dielectric layer and for low-loss media,
y = 2m\/¢e, /4, Here, ¢, is the dielectric constant of

the dielectric layer and 4, is the wavelength of an
electromagnetic wave in the free space.
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As assumed, the transmissive structure has a
wide and flat passband, while the reflective struc-
ture has a narrow and steep stopband. Due to geo-
metrical complementation between the transmissive
and reflective structures, a strong mutual coupling
will be formed when the two are connected in paral-
lel. A smaller interlayer spacing leads to stronger
mutual coupling. The mutual coupling will influ-
ence the resonant frequency of both transmissive
and reflective structures, moving resonance-pro-
duced passbands and stopbands towards low fre-
quency. Moreover, a stronger coupling field results
in a greater influence on the structure. At present,
the interlayer coupling of a complementary struc-
ture cannot be modeled by equivalent circuits.
Therefore, qualitative analysis is carried out to ex-
plain the working principle of the transmission-ze-
ro-insertion based structure. It is assumed that the
transmissive structure in the cascade connection has
a passband of [f], f;;] centered at £, with the highest
transmissivity and flatness in a range of [f',, /']
According to this, the geometric size of the reflec-
tive structure is adjusted to make the structure reso-
nant right in this range. In such a case, the stopband
of the reflective structure has a central frequency of
fi, with £, € [/, f'y]. In the case of t much less than
the wavelength, it can be considered that tanyz = 0.

Affected by interlayer coupling, at the frequency
fi, the reflective structure is in a resonant state,
while the transmissive structure has not yet formed
a complete resonance. In such a case, Zz=0. As
tanyt=0, we have Y,;=o and input impedance Z,,=0.
At this time, the whole cascade structure is in a
state of total reflection. It is assumed that the trans-
missivity of the transmissive structure in [f'}, /'] is
approximate to 1 and that the transmissive branch
has an almost unchanged transmission coefficient,
with its Z; changing at an approximate zero rate.
Due to the narrow and steep stopband of the reflec-
tive structure, the transmission coefficient changes
sharply near f;, and meanwhile Z, changes at a high
rate. Therefore, when frequency gradually increases
or decreases from f|, Z, increases rapidly. The corre-
sponding relationship is as follows:

Zrmoo, Zp >0, Zp < Zr (2)

In such a case, Y, is close to zero and Z,, is close
to infinity. By analysis, there is a pole on both sides
of the transmission zero at f;; moreover, a narrower
stopband of the reflective structure results in sharp-
er changes in Z; at the edges of the stopband and
steeper sidebands of f;.

When frequency increases or decreases, far away

from [f, fi;], we have
Z,~0,Z, =~ (3)

At this time, Z,, = 0, and the ECM is in a state of
total reflection.

According to the above analysis, the ECM in
Fig. 1 has two transmission passbands and one zero
between the two passbands, showing dual-band
bandpass filtering characteristics, and transition
bands on both sides of the zero are narrow. The
above conclusions can also be extended to the case
of multiple reflective structures with their zeros not
close to each other. Therefore, by pass/stopband
control based on transmission zero insertion, dual-
band or multiband bandpass filtering response can
be obtained. In addition, transmission passbands
and stopbands can be adjusted by controlling the
resonant frequency of transmissive and reflective
structures.

2 Design of multi-passband FSSs

2.1 Dual/tri-passband FSSs

Figs. 2-3 show dual-passband and tri-passband
FSSs based on transmission zero insertion, respec-
tively. Hexagonal elements with good symmetry
and compact arrangement are selected to ensure an-
gular stability of FSSs. The dual-passband FSS con-
sists of three conductor layers and two thin dielec-
tric layers. Specifically, the two FSS1 layers have
exactly the same physical size, each consisting of a
grid and a loop patch located in the grid. The grid
has an inner side of L,, and the patch has inner and
outer sides of L, and L;, respectively. FSS2 has a
loop patch with inner and outer sides of L, and Ls,
respectively. An element has a side length of P. Fill-
ers between conductor layers are media with ¢, of
2.2 and loss tangent of 0.001, which have a thick-
ness of . An FSS3 of the tri-passband FSS is ob-
tained by loading an additional patch inside the
loop patch of an FSS1. In order to ensure angular
stability, miniaturized cross-shaped loop patches are
selected, with a long edge of L, a short edge of L,
and strip width of w,. Table 1 lists the physical di-

t

NN

2 L, FSSI FSS2 FSSI
(a) FSS1 (b) FSS2 (c) FSS interlayer structure
Fig. 2 Dual-passband FSS structure diagram
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FSS3 FSS2 FSS3
(a) FSS1 (b) FSS2 (c) FSS interlayer structure

Fig.3 Tri-passband FSS structure diagram

P

Table 1 Physical parameters of dual/tri-passband FSSs
pljll::;i:?;r Value/mm plzlr]:rili:?elr Value/mm
P 5.16 Ls 3.50
L 5.04 L 4.38
L, 3.61 L, 0.97
Ly 331 wy 0.41
L, 4.19 t 1.20

mensions of the two FSSs.

Fig. 4 shows transmission curves of dual/tri-pass-
band FSSs and dual-passband FSS1-cascaded struc-
ture in the case of vertical incidence. In the figure,

Zero 1-Zero 4 are four transmission zeros, respec-

tively.
—— FSS1-cascaded
0~ —— Dual-passband FSS
—— Tri-passband FSS

-5 L
£ Passband 2.,
g -15 assbant £ pssband 3
5 Passband 1
£ -20 |
Q
3
2-25¢
.2
Z-30 |
= Zero 3 Zero 4
£ 35 L . s
=1
&
£ —40 L s

Zero 1 Zero 2 -,
—45 - e ‘\\ ( .7 .
-50 L L I L (II} L L L )y
25 50 7.5 100 12.5 15.0 17.5 20.0 22.5 25.0
Frequency/GHz

Fig. 4 Transmission curves of dual/tri-passband FSSs and
FSS1-cascaded structure

Cascading of the two FSS1 elements forms a
wide passband witharange (-1dB)of7.07-11.40 GHz
and two high-frequency zeros, with a stopband be-
ing formed between the zeros. This not only pro-
vides a passband wide enough for transmission zero
insertion but also improves the out-of-band cutoff
performance of the high-frequency end. Resonance
of'the loop patch of FSS2 produces Zero 1 at9.05 GHz
in the passband, segmenting the wide passband.
Passband 1 at low frequency is relatively smooth,
and the transition band is wide. Passband 2 at high
frequency is between zeros, with steep cut-off

zones on both sides, showing good selection perfor-
mance. Zero 3 at high frequency in Passband 2 is
formed by loop patches inside FSS1.

After loading of the cross-shaped loop patch,
Passband 3 is formed at high frequency, with a
range (-1 dB) of 14.56-16.51 GHz. Individual sim-
ulation of the cross-shaped loop patch shows that
the resonant frequency of the patch is Zero 2. Simi-
lar to Passband 2, Passband 3 is also between zeros.
Therefore, Passband 3 has steep sidebands, and a
wide stopband is also formed at high frequency. Ze-
ro 4 is located on the high-frequency side of Zero 2,
jointly formed by the cross-shaped loop patches of
FSS3 and the loop patch of FSS2. It together with
Zero 2 forms a wide stopband extending to 23.75 GHz,
effectively suppressing high-frequency grating
lobes. It can be seen that the tri-passband FSS re-
tains high in-band flatness and good selection per-
formance. Moreover, due to the insignificant influ-
ence of Passband 3 on frequency and bandwidth of
low-frequency passbands, the tri-passband FSS has
good inter-band independence and thus a low diffi-
culty of optimization. Its performance parameters
are shown in Table 2.

Table 2 Performance parameters of tri-passband FSS

Passband range(-1 dB)/GHz Bandwidth/GHz
Passband 1 5.94~7.24 1.30
Passband 2 9.95~11.22 1.27
Passband 3 14.56~16.51 1.95

2.2 Analysis based on ECM

The ECM method is an approximation method
that uses lumped circuits for FSS description and
equivalent transformation, which can better analyze
the filtering characteristics of FSSs. This method
has been widely used due to its good applicability.
Fig. 5 shows ECMs of the dual/tri-passband FSSs.

An FSS1 in the dual-passband FSS is a hexagon
of gridded square-loop structure ¥, According to
the equivalent circuit theory, a grid can be equiva-
lent to inductor L,; the loop patch loaded in the grid
can be equivalent to a series branch that is com-
posed of inductor L, and capacitor C,, in parallel
with L,; the patch of FSS2 can be equivalent to a se-
ries branch composed of inductor L,, and capacitor
Cy; media between conductor layers can be equiva-
lent to short transmission lines with a length of ¢
and impedance of Z, = Z, \/?, In the tri-passband

FSS, a loaded cross-shaped loop patch is equivalent
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(b) ECM of tri-passband FSS
Fig. 5 ECM of dual/tri-passband FSSs

to a series branch composed of inductor L', and ca-
pacitor C"',.

The formation of Passband 3 can be analyzed in
terms of equivalent circuits by referring to Refer-
ence [15]. The series branches composed of C, and
L,, as well as C'; and L', resonate at Zero 1 and Ze-
ro 2, respectively. In the case of frequency lower
than the resonant frequency, the series branches
show capacitive reactance, while in the case of fre-
quency higher than the resonant frequency, they
show inductive reactance. Therefore, when the fre-
quency is between Zero 1 and Zero 2, the two
branches are in inductive and capacitive states re-
spectively, forming an LC parallel resonator and
then Passband 3.

Due to the use of hexagonal elements, parameters
of equivalent components cannot be accurately cal-
culated by empirical formulas. Therefore, parame-
ters of reactance components were obtained by par-
ticle swarm optimization based on ECMs, as listed
in Table 3. In combination with the circuit forms
and the parameters of reactance components, ECM
transmission curves were calculated through Matlab
and then compared with full-wave simulation re-
sults, as shown in Fig. 6. As can be seen from the
figure, ECM curves of dual/tri-passband FSSs are
in good agreement with full-wave simulation re-
sults, both having basically the same passbands and
stopbands. The difference mainly lies in the number
and frequency of zeros, and it is more obvious at
high frequency. In the case of a thin dielectric layer,
mutual coupling between adjacent conductor layers
shifts the working frequency of each structure,
while the ECM in Fig. 5 ignores interlayer cou-
pling. This is the main reason for the difference be-
tween the ECM curves and the full-wave simulation

results. However, the multi-band bandpass filtering
in this paper is formed by the independent operation
of various structures in elements. Interlayer mutual
coupling is only the interference in the case of a
thin dielectric layer, and thus it can be ignored in an-
alyzing filtering characteristics. The consistency be-
tween the ECM curves and the full-wave simulation
results proves the effectiveness of the ECM method.

Table 3 ECM parameters of dual/tri-passband FSSs

Equivalent component Value
LyH 3.79x10"
LyH 4.71x10"
LH 3.25x10°
CF 3.40x10
CyF 2.50%10
Lyv/H 1.00x10™
Cu/F 3.10x10

Full-wave simulation Full-wave simulation
(dual-passband FSS) (tri-passband FSS)

——— ECM(dual-passband FSS)———ECM(tri-passband FSS)

=25}

Transmission coefficient/dB

=30 }+
-35 F

7 IR | I N N || A .
0 25 50 7.510.0 12,5 15.0 17.5 20.0 22.5 25.0
Frequency/GHz

Fig. 6 Transmission curves of dual/tri-passband FSSs from
full-wave and ECM simulation

It should be noted that, although it is theoretical-
ly feasible to form more high-frequency passbands
by loading more reflective structures resonating at
high frequency, there is an upper limit on the num-
ber of passbands. A high-frequency grating lobe (al-
so known as spurious resonance) formed by Pass-
band 1 is located at high frequency. In the case of
oblique incidence, the grating-lobe frequency gradu-
ally decreases with the increase in the incident an-
gle. This will seriously worsen the transmission ef-
fects of high-frequency passbands formed by reflec-
tive structures. Therefore, when FSSs need to work
under oblique incidence or in a wide incident-angle
range, the number of passbands that can be formed
by the method in this paper is limited.



36 CHINESE JOURNAL OF SHIP RESEARCH,VOL.15, NO.5, OCT. 2020

3 Simulation analysis

Fig. 7 shows transmission curves of tri-passband
FSSs with changed L, and L, respectively, in the
case of vertical incidence. Fig. 8 shows the trans-
mission curves of tri-passband FSSs in the case of

incident angles between 0° and 45°.
0~
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Fig. 7 Variation of tri-passband FSSs transmission coefficients

with respect to L,, and L
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Frequency/GHz
(b) TM polarization mode

Fig. 8 Variation of transmission coefficients of tri-passband
FSSs with respect to the incident angle

The frequency of Zero 1 is controlled by the size
of the hexagonal loop in the FSS2. When L, de-
creases, Zero 1 moves to the high-frequency end.
As a result, the central frequency of Passband 1 and
Passband 2 increases accordingly, with their band-
width being increased and decreased respectively.
The frequency range of Passband 3 is controlled by
the size of the cross-shaped loop patch in an FSS3.
When L, decreases, Zero 2 and Passband 3 move to
the high-frequency end at the same time, gradually
widening Passband 3. Moreover, when Passband 3
changes with L, the insertion loss in the passband
remains basically unchanged.

In the case of oblique incidence, transmission
curves under different polarization modes have
good conformability and wide common passbands.
As a high-frequency passband is closer to a high-
frequency grating lobe than a low-frequency pass-
band, with the increase in the incident angle, when
grating-lobe frequency moves to the low-frequency
end, Passband 3 is less stable than Passband 1 and
Passband 2. In the case of an incident angle of 45°,
all passbands can still maintain common bandwidth
under different polarization. This proves good angu-
lar and polarization stability of the tri-passband
FSS.

4 Conclusion

In this paper, based on transmission zero inser-
tion, dual/tri-passband frequency selection was real-
ized through a combination of bandstop and band-
pass structures in the same layer and different lay-
ers. In addition, the principle of this method was an-
alyzed based on the ECM method, suitable for an
incidence range of 0° —-45° and two polarization
modes. Specifically, a tri-passband FSS has pass-
bands in the C, X, and Ku bands, as well as multi-
ple zeros between the passbands. The zeros form
transmission cutoff effects on both sides of the pass-
bands, effectively shortening transition bands and
improving selection performance. Zeros at high fre-
quency form a wide stopband, effectively suppress-
ing a high-frequency grating lobe. Simulation re-
sults show that FSSs proposed in this paper have an-
gular and polarization stability in a range of 0°-45°
and can independently control pass/stopbands.
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