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Abstract — In order to meet the requirements for multi-
band communication, a dual-band passband frequency
selective surface (FSS) with low-profile and high selec-
tivity at its higher passband is proposed in this paper.
The proposed FSS is a three-layer structure. An arc-cross
patch (ACP) and four quarter-circular patches (QCP) are
introduced on the outer layers to produce two transmis-
sion nulls of the higher passband, which result in high
selectivity of higher passband. The inductively comple-
mentary structure on the middle layer is introduced to
manipulate the coupling between layers which contribute
to the low-profile and angular stability. The segmental
study method is used to establish the equivalent circuit
model (ECM) and analyze its mechanism. The proposed
dual-band FSS, whose high selectivity was verified by
experiment, is low-profile and shows good polarization
insensitivity and angular stability. A feasible FSS design
solution is provided for dual-band communication.

Index Terms — Complementary structure, dual-band, fre-
quency selective surfaces, high selectivity, low-profile.

L. INTRODUCTION

Frequency selective surfaces (FSSs) are two-
dimensional periodic structures which can control the
propagation of electromagnetic waves and are widely
used in antenna [1]], radome [2]], satellite communication
[3], electromagnetic shielding [4], and so on. With the
development of communication technology, the demands
of multi-band communication systems have increased.
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Therefore, the study of FSSs that meet the application
requirements of multi-band communication systems is of
great significance [5][6].

In previous studies, various techniques have been
proposed to develop multiband performance. In [7],
a dual-band 3D FSS with close band spacing were
designed based on SCW structure. One modified
parallel-plate waveguide propagation path and one SCW
propagation path are responsible for dual passband, and
the counteraction between them contributes to transmis-
sion zeros, resulting in a high selectivity of 2.65 at the
higher passband. Nevertheless, its thickness is 0.1454 9,
where Ao refers to the free-space wavelength corre-
sponding to the center frequency of the lower pass-
band. In [8], based on an interlaced grid arrangement,
a 3D dual-band FSS with large band ratio is proposed.
Grating structures form higher passbands, and the addi-
tional wire-grid polarizers form the lower passband. It
has poor selectivity. Its thickness is 0.139A ¢, and its
upper passband response is not stable when the inci-
dent angle increases to 40°. In [9], the proposed unit
cell is evolved from a cross-shaped structure surrounded
by an inductive grid. Diagonal feed networks are pro-
posed to accomplish the dc bias, and different transmis-
sion poles are produced by soldering different varactors
to diagonal units. It is angular stable, and its thickness is
only 0.007A ;9. However, it shows poor selectivity, and
lumped elements would introduce large insertion loss.
Cascaded FSSs is the most popular approach to design
multi-band FSSs [[10][11]. The FSS proposed in [10] is
a three-layer structure. One metallic cross-shaped grid
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layer is sandwiched by two metallic layers with a split
ring-shaped slot. The slots in the outer layer are respon-
sible for the lower passband, and the three-layer FSS
forms a second order hybrid resonator at higher band-
pass. Its thickness is 0.017A ¢ and its SF value is 2.14
at higher passband. In [11]], a frequency-selective rasor-
ber is presented. The lossy layer is a combination of a
loop with loaded resistors and three folded loops, and
the FSS layer consists of double hexagon loop slots.
Its two transmission poles are generated by two paral-
lel LC circuits. Its thickness is 0.16A4 1y and its SF value
is 2.71 at higher passband. The performance of the FSSs
in the above literatures are compared with this work in
Table [Tl

In this paper, a novel dual-band passband FSS with
low-profile and high selectivity at higher passband is
presented. The lower passband has one transmission
pole whereas the higher passband has two transmis-
sion poles. Its thickness is reduced to 0.015A¢ and
the performance of selectivity is improved to 1.85. The
structure consists of three metallic layers and two thin
dielectric substrates. An arc-cross patch (ACP) and four
quarter-circular patches (QCP) are introduced in the
outer layer to generate two transmission nulls which
are the key factors in forming fast roll-off character-
istics of the higher passband. A complementary struc-
ture of the outer layer is introduced in the middle layer
to regulate the coupling between layers, which plays
an important role in forming the low-profile and angu-
lar stability. The proposed FSS, which is insensitive to
polarization, can be a potential candidate for multiband
applications.

Table 1: Comparison of this work with previously
reported FSS

FSS | fi0 & f20 | Angular | Thickness SF
(GHz) Stability (A10)

] 1.43/2.09 60° 0.007 7.5/
2022 9.72

(8] 2.5/15.5 40° 0.139 6.0/
2022 5.0
[0 6.1/10.1 30° 0.16 2.86/
2019 2.71

5.46/7.15 45° 0.145 12.6/
2019 2.65
[10] 3.2/6.7 45° 0.017 5.71/
2018 2.14
This | 8.4/13.7 45° 0.015 4.28/
work 1.85

SF = % is the property of roll-off, where BW _304p

refers to the bandwidth of -30 dB passband and BW _s ;5
refers to the bandwidth of -3 dB passband [12].
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I1. DUAL-BAND FSS DESIGN AND CIRCUIT
ANALYSIS
A. Design description

Figure [T] shows the proposed dual-band bandpass
FSS structure which consists of three metallic layers sep-
arated from one another by two thin dielectric substrates.
The unit cell of the top and bottom layers consists of
an ACP at the center with four QCP (forming circular
patches in a periodic array) present at each corner. The
unit cell of the middle layer is the complementary struc-
ture of the outer layers.

The relative permittivity of the two thin substrates
is 2.2 (ignoring its loss tangent in simulation) and the
optimized thickness of them is d = 0.35 mm. Other opti-
mized dimensional parameters of the unit cell are given
as follows: D, = Dy = 10 mm, r; = 3.4 mm, w; = 1.0
mm, rg = 3.5 mm, and wg = 1.0 mm.

D, D,
(b) (c)

Fig. 1. FSS geometry: (a) 3D view of a 2x2 array, (b)
unit cell of the top and bottom layers, and (c) unit cell of
the middle layer.

B. Circuit analysis and mechanism

To better understand the operation of this structure,
its ECM is shown in Fig. 2] (a). The ACP and QCP in
the top and bottom layers can be modeled as a paral-
lel of two series LC resonators (L;-C; and L,-C,) [13].
The metallic wire in the middle layer acts as a shunt
inductance L. The magnetic coupling between outer lay-
ers and middle layer is taken into account. The coupling
changes the values of self-inductance into L/, L/, and
L,/. The semi-infinite free space on both sides of the FSS
is represented by intrinsic wave impedance Zy = 377 Q.
The two dielectric substrate layers can be modeled as the
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same short piece of transmission line whose characteris-
tic impedance is Z¢c = Zy/+/€,. Its equivalent circuit is
a series inductor L7 and shunt capacitor C7, which is
shown in Fig. 2] (b).

Two hybrid LC resonators are coupled to one
another by inductor L,, after converting the T-network
composed of inductors Ly and L/ into a w-network com-
posed of L, and L/, as shown in Fig. 2] (c).

The segmental study method is used to analyze its
mechanism. At the lower passband, the parallel Ly/-Cr
resonators are the dominant resonant mechanism, and
the filter can be reduced to two parallel resonators, as
shown in Fig. 2] (d). The equivalent impedance Z; of
the proposed FSS working at lower passband can be
expressed as:

L L (d)

Fig. 2. ECM of the proposed FSS (a) with transmission
lines, (b) using series inductor Ly and shunt capacitor
Cr instead of transmission lines, (c) after converting the
T-network into a w-network, and (d) equivalent circuit at
its lower passband.

1
Zy= 1
= et ) M

. !
JoLy

Thus, one transmission pole f,.—1 can be obtained
when Z; goes to infinity, which means that the FSS
would transmit the EM wave at that frequency value.
Based on this analysis, the transmission pole at the lower
passband can be expressed as:

1

fpalefl :7,~
Zﬂ\/LTCT

A second order coupled-resonator bandpass filter
with inductive coupling shown in Fig. 2] (c) is responsi-
ble for the higher passband. The impedance of the hybrid
LC resonator as shown in the shaded area in Fig. |Z| (c)is:

(@)

T — Z1/22/Z3 T (3)

2,25+2,2y+2,Z,
Here, Z’l s Z/z, and Z; are:

! ! 1

Z, = joL,+—— 4
1 =1 1+ij17 @
/ / 1

Z, = JOL,+——— 5
2 J 2+ij2, ( )

1

Z JoCr oLy (6)

The equivalent impedance Zg of the proposed FSS
working at higher passband can be expressed as [14]:

1

Zy= N

1, 1 -
Z T Zi oL,

For the hybrid LC resonator, if the series resonator
L/-C; resonates, a transmission zero will be formed
at fu—1. Similarly, another transmission zero will be
formed at f,,;;_» when the series resonator L,/-Cy res-
onates. The EM wave would be reflected by the pro-
posed FSS at these two resonant frequencies which can
be expressed as:

1
Judi-1 = ———, (8)
27'L'\/L,1C1
1
Sauii—2 = &)

27,/ L,Cs

Two transmission poles would be formed when Zgy
goes to infinite [15]], and expressed as:

—b—Vb*—4ac

fpote—2 = B Pa— (10)
—b+vb%2—4ac

fpole—3 = ———F——, 1D

2a
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where the variables a, b, and c are expressed as:
a=3L,LCL,C,LyCr, (12)

b= —2[Lyn (L/TCILIZC2+L/TC2L/1C1 +L\CI Ly Cr
+L’ZCZL’TCT+L’1C1L’262) 2L L CILG, (13)
c=2L; (L’l c +L’2c2) YL, (L’Tcl LG

FLrCr+LiClHLC ) (14)

fnullfl and fnu1172 located outside fp01672 and fp()l€73
could regulate the fast roll-off characteristics of side-

bands at higher passband.

The simplified ECMs shown in Figs. E] (c) and (d)
are good approximations for us to understand its mecha-
nism which has been validated in the Agilent Advanced
Design System (ADS) research presented in Section
IIA.

III. SIMULATION RESULTS

A. Normal incidence

Simulations are conducted with the structure param-
eters provided in Section ITIA by using CST Microwave
Studio. Figure [3| presents the simulated S;;. The struc-
ture is polarization insensitive. The proposed FSS
exhibits dual-band bandpass response with lower pass-
band (Sz; > -3 dB) from 7.17 GHz to 9.71 GHz,
and higher passband (Sy; > -3 dB) from 12.8 GHz to
14.5 GHz. The lower passband exhibits the first-order
response, and its transmission pole exists at 8.4 GHz.
Meanwhile, the higher passband exhibits second-order
response with a sharp roll-off at sidebands, and its two
peaks exist at 13.25 GHz and 14.1 GHz between which
a valley exists at 13.7 GHz.

The segmental study method is used to analyze the
ECMs of the proposed FSS by the ADS. The ECM

-10
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Transmission/dB

[— CST-TE-0°
[—tp— CST-TM-0°

-50 1 —de— ADS

-60 T T T T T T

Frequency/GHz

Fig. 3. Transmission characteristics of the proposed dual-
band FSS.

ACES JOURNAL, Vol. 39, No. 06, June 2024

shown in Fig. [] (c) characterizes the higher passband
of the proposed FSS from about 11 GHz to 15.5 GHz.
The ECM shown in Fig. |2| (d) characterizes the lower
passband of the proposed FSS before about 11 GHz. The
values of L7/ and Cr could influence the quality factor
of the two passband simultaneously, hence the values of
L7/ and Cr in Figs. Q] (c) and (d) should be the same.

The optimized values of the circuit parameters in
Figs.[2] (¢) and (d) are Ly/ = 2.276 nH, C7 = 0.155 pF,
L7 =995 nH, Ly’ = 25.6 nH, C; = 0.0175 pF, C; =
0.0043 pF, and L,, = 2.96 nH. That Cr is larger than
theoretical value is attributed to the strong electric field
located at the gap between the metallic patches. The cir-
cuit simulation result of S is also presented in Fig.
and a good match is found with full-wave simulation.
There is some discrepancy around 11-12 GHz, because
11-12 GHz is the critical range between two ECMs. The
discrepancy is a little larger after 15.5 GHz, but it is out-
side the working band. The discrepancy of lower trans-
mission null between ADS and CST is 0.15 GHz, and
that of higher transmission null is 0.09 GHz. These dis-
crepancies mean that these circuit parameters need finer
optimization, and our circuit models need improvements.
However, the ECMs in Figs. [2| (c) and (d) are sufficient
to explain the mechanism of the proposed FSS.

B. Oblique incidence

The calculated Sy of the proposed FSS to the angle
of incidence is shown in Fig. 4 Figure [ (a) shows the
frequency response of the FSS for TE polarization. As
the angle of incidence increases, the bandwidth of the
two passbands does not considerably change, but the
band ripple of the higher passband increases. For the
TM incidence as shown in Fig. 4 (b), the bandwidth of
the higher passband increases and the passband ripple
decreases, as the angle of incidence increases.
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Fig. 4. Calculated transmission coefficients of the pro-
posed FSS for different incidence angles: (a) TE polar-
ization and (b) TM polarization.

The lower passband shows better angular stability
with incidence angle variation than the higher passband.
The frequency response of the proposed FSS is relatively
stable at 45° for both TE and TM polarizations.



As the angle of incidence varies, the variations
observed in the bandwidth of the structure can be
attributed to the change of wave impedance, which in
turn will change the loaded quality factor of the coupled
resonators [[16]. For TE incidence, the wave impedance
changes as Z/cos0. The quality factor Qg of the hybrid
resonators shown in Fig. 2] (c) increases for large inci-
dence angles. The bandwidth corresponding to each
transmission pole of the higher passband is reduced
and consequently the passband ripple is increased. For
TM incidence, the wave impedance changes as Z/cos0.
Therefore, that Qg decreases for large incidence angles
results in the broadening of the FSS bandwidth.

IV. EXPERIMENTAL VERIFICATION

A prototype of the proposed FSS with 400x400
array was fabricated with the printed circuit board tech-
nique. The substrate is FABM220 with a relative permit-
tivity of 2.2 and a loss tangent of 0.001 and the thickness
that the supplier can provide is 0.254 mm. Other struc-
ture parameters of the prototype unit cell are the same as
that given in Section ITA.

To improve alignment accuracy, the top and middle
layers were printed on both sides of the substrate. The
bottom layer was printed on one side of another sub-
strate. Meanwhile, five asymmetric location holes were
drawn on the four edges of each board. They were used
to improve alignment accuracy when the two boards are
bonded together by a layer of EVA glue with a thickness
of 0.045 mm, a dielectric constant of 3, and a loss tangent
of 0.005. Hence, the physical dimensions of the proto-
type are 405 mm x 405 mm X 0.553 mm (0.015A 1p).

The free space measurement technique was used to
measure Sy;. An Agilent N5224A vector analyzer and
three pairs of horn antennas covering 6-18 GHz were
used to measure the proposed prototype. The experimen-
tal setup and the fabricated FSS prototype are shown in
Fig.

The performance of the proposed FSS has been ver-
ified experimentally under oblique incident wave. The
measured and simulated transmission coefficients are
plotted, derived from the simulation in Figs. [f] (a-d).

Fig. 5. FSS sample and measurement setup.
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Fig. 6. Measured transmission coefficients of the FSS
sample under (a)-(c) TE polarization and (d)-(f) TM
polarization.

They show good agreement with the simulated ones.
There is a slight downshift for the lower transmission
null whose maximum deviation is 0.25 GHz compared
with simulation. The lower passband, whose maximum
deviation of -3 dB bandwidth is 0.3 GHz, is a little
broader than the simulated one. The deviations may be
caused by a machining error of ACP and an alignment
error between the two boards during bonding.

V. CONCLUSION

In this paper, a new dual-band FSS structure with
low-profile and high selectivity at upper passband is pre-
sented. The segmental study method and equivalent cir-
cuit approach is used to establish its ECM and analyze
its filtering mechanism. Two parallel LC resonators are
responsible for the lower passband, whereas two hybrid
LC resonators are series inductively coupled via L, at
the higher passband. A prototype of the proposed dual-
band FSS has been fabricated and its performance has
been verified through experiment. The proposed low-
profile FSS with high selectivity has potential applica-
tions in designing low-frequency devices for dual-band
communication.
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