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Abstract ─ A frequency selective surface which can 
provide up to 4 passbands will be proposed. The 
passbands are nearly independent so it simplifies the 
design procedure. The base of the design is according to 
frequency reuse in cellular communications which there 
are N different frequencies in one cluster. The array 
cells in this FSS are hexagons and the resonators on top 
and bottom of each cell are aperture loops. As the 
elements and cells are in the most geometrical 
symmetry, stability about polarization and angle of 
incidence is in the good state. As some examples, a 
dual-band, a triple-band and a quad-band FSS are 
simulated with CST software. The results are in good 
agreement with theoretical calculations. 

Index Terms ─ Aperture loop, cluster size, dual-band 
FSS, frequency selective surface (FSS), quad-band 
FSS, triple-band FSS. 

I. INTRODUCTION 
In many communicational systems we need to 

design frequency selective surfaces with more than one 
passband [1] such as dual-band, triple-band [1]-[2] and 
even quad-band [3] structures. In these multiband FSSs, 
it is hard to design the whole structure entirely and it is 
valuable to have a procedure which passbands can be 
designed independently and separately in it [4], after 
that whole structure is constructed by adding these 
independent designs [1]. 

To have the most stable frequency response for a 
bandpass FSS, the best choice is circular aperture, for 
its geometrical symmetry [5]. Also, to select the array 
cells, a good choice is hexagon because it is nearly 
similar to a circle and compatible with aperture loop 
and it can cover surface perfectly. By using hexagonal 
array cells, a honeycomb structure is raised which can 
be related to cellular communications. Keep in mind 
that in those systems, for frequency reuse, it is routine 
that the centre frequencies are selected deferent from 
each other and some clusters are constructed [6]. In the 
next section, a short introduction of this concept is 
proposed; however, one of the possible cases is the 

cluster size of 4. The configuration of cells in this 
cluster size is shown in Fig. 1.

Fig. 1. Cluster size of 4. 

If the resonant frequency of circular aperture 
available in each cluster is selected according to Fig. 2,
a multiband FSS with four passbands can be 
implemented. If two or three passbands are needed, 
three or two apertures can be selected the same,
respectively. So by this configuration, a FSS with 2, 3 
or 4 passbands is designed. Modularity of passbands 
cause to simplify multiband designing, so preliminary 
design is simple to do. Then final optimization will be 
completed by some tuning of the geometrical 
parameters. 

Fig. 2. Geometry of a multiband FSS. 
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II. DESIGN 
The resonant frequency of a circular aperture can 

be estimated by the approximate equation in (1), which 
was only suitable for the calculating the resonant 
frequency of conventional aperture type FSS [7]: 

1.2
2 ( )2

r
eff

cf wr� �
�

	
, (1) 

c is speed of light in free space. εeff for thin substrate, 
can be calculated from equation (2) [8]: 
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N is an exponential factor, this parameter varies for 
different cell shapes, here, it is 2.2, x is: 
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where λ0 is free space wavelength and t is thickness of 
substrate. 

Which c is the speed of light in free space, r is the 
inner radius and w is the width of aperture. For the 
design of multiband FSS, the centre frequency of each 
band is independently designed with a circular 
resonator with fr according to equation (1). This 
aperture exists on top and bottom of substrate. There 
are some coupling effects that vary a little resonant 
frequency that in the final tuning frequency response 
can be optimized. 

In cellular communication, cluster size, N, is 
selected according to how many frequencies are 
needed. This number is equal to (4) [6]: 

2 2N i j ij� 	 	 . (4) 
Here i and j are positive integers or zero and 

i ≥ j. According to Fig. 3, i and j are shift parameters, 
means move i cells from centre of a reference cell along 
any of the sides of hexagons, turn anticlockwise by 60̊

and then move j cells along this direction, leads to the 
same frequency as the reference [6]. Any value of N
given by this relationship produce clusters which cover 
the whole surface with N independent fr. Some 
examples of different N are shown in Fig. 4. 

In cellular system N=7 is the preferable number to 
design. In our purpose for multiband FSS, N=4 is 
sufficient and good choice. 

For FSS with rectangular cells periodicity is along 
two perpendicular axes but for a FSS with honeycomb 
structure elements arranged periodically along 
coordinates that enclose the 60̊ angle [9]. To prevent 
making grating lobes, the distance between elements 
along two coordinates should be smaller than / 2!
[10]. 

Fig. 3. Geometry of a multi-band FSS. 

Fig. 4. Some cluster sizes: (a) N=3, (b) N=4, and (c) 
N=7.

III. SIMULATED RESULTS 
In the previous section it is shown that 2, 3 or 4 

passbands with the proposed FSS can be achieved. In 
this section, three examples proposed for dual-band, 
triple-band and quad-band FSS. 

A. Design for dual-band FSS 
According to the notes and relationship mentioned 

in the previous section, and for the geometry of Fig. 2,
the geometrical parameters of a dual-band FSS are 
described in Table 1. As it is mentioned in the previous 
section to achieve two passbands, two resonators should 
be selected similar. The dielectric constant and height 
for substrate is 2.65 and 1.5 mm.

Table 1: Geometrical parameters for dual-band FSS
Parameter Value (mm) Parameter Value (mm)

r1 3 w2 0.55
r2 3.25 w3 0.55
r3 3.25 w4 0.44
r4 3 a 9.5
w1 0.44 p 16.45

According to ri and wi (i=1,4) and equation (1), the 
resonant frequencies can be listed as Table 2. 
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Table 2: Calculated resonant frequencies for dual-band FSS 
Resonant Frequency Value (GHz)

f1 11.06
f2 12.11

The transmission and reflection coefficient of 
simulated FSS is shown in Fig. 5. There are two 
passbands in frequencies which are calculated with 
equation (1). 
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Fig. 5. Transmission and reflection coefficient for dual-
band FSS.

B. Design for triple-band FSS 
The geometrical parameters of a triple-band FSS 

are described in Table 3. In addition, dielectric constant 
and height for substrate is fixed in all three examples. 
Again, two resonators are selected the same. 

Table 3: Geometrical parameters for triple-band FSS 
Parameter Value (mm) Parameter Value (mm)

r1 2.7 w2 0.44
r2 3.15 w3 0.44
r3 3.15 w4 0.44
r4 3.6 a 10
w1 0.44 p 17.3

Again with these new ri and wi, three resonant 
frequencies are calculated according to Table 4. 

Table 4: Calculated resonant frequencies for triple-band FSS
Resonant Frequency Value (GHz)

f1 10.21
f2 11.57
f3 13.35

The transmission and reflection coefficient of simulated 
triple-band FSS is shown in Fig. 6. As it is clear from 
this figure, three passbands which are obtained from 
simulation are compatible with calculated ones. 
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Fig. 6. Transmission and reflection coefficient for 
triple-band FSS.

C. Design for quad-band FSS 
The geometrical parameters for a quad-band FSS 

are listed in Table 5. 

Table 5: Geometrical parameters for quad-band FSS 
Parameter Value (mm) Parameter Value (mm)

r1 2.7 w2 0.49
r2 3.0 w3 0.5
r3 3.3 w4 0.44
r4 3.6 a 10
w1 0.4 p 17.32

For this new configuration, four resonant 
frequencies are calculated with equation (1). Table 6 
shows these resonances. 

Table 6: Calculated resonant frequencies for quad-band FSS
Resonant Frequency Value (GHz)

f1 10.21
f2 10.98
f3 12.01
f4 13.45

In Fig. 7, the transmission and reflection 
coefficient of simulated FSS is represented. Four 
separate passbands are obtained in this figure, which 
except for third resonance, the others are in good 
agreement with calculations. 
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Fig. 7. Transmission and reflection coefficient for quad-
band FSS.

IV. CONCLUSION 
Multiband FSS based on aperture loop and 

hexagonal cells was proposed, which can produce up to 
four passbands. The transmission bands are designed 
separately and independently, so the design procedure 
can be simple to do. Three examples, dual-band, triple-
band and quad-band FSS, were simulated to show how 
this passbands can be achieved.

REFERENCES 
[1] G. Q. Lou, et. al., “Triband frequency selective 

surface with periodic cell perturbation,” IEEE
Microw. and Wireless Components Lett., vol. 17, 
no. 6, Jun. 2007. 

[2] J. Huang, T. K. Wu, and S. W. Lee, “Tri-band 
frequency selective surface with circular ring 
elements,” IEEE Trans. Antennas Propag., vol. 
42, no. 2, Feb. 1994. 

[3] T. K. Wu, “Four-band frequency selective surface 
with double square loop patch elements,” IEEE
Trans. Antennas Propag., vol. 42, no. 12, Feb. 
1994.

[4] G. Q. Luo, W. Hong, H. J. Tang, J. X. Chen, and 
L. L. Sun, “Triband frequency selective surface 

with periodic cell perturbation,” IEEE Microw. 
Wireless Compon. Lett., vol. 17, no. 6, Jun. 2007.

[5] E. A Parker and S. M. A. Hamdy, “Rings as 

elements for frequency selective surfaces,”
Electronics Letters, vol. 17, no. 17, Aug. 1981. 

[6] J. D. Parsons, The Mobile Radio Propagation 
Channel, 2nd edition, John Wiley and Sons, New 
York, 2000. 

[7] G. Q. Luo, W. Hong, Q. H. Lai, K. Wu, and L. L. 
Sun, “Design and experimental verification of 
compact frequency selective surface with quasi 
elliptic bandpass response,” IEEE Trans. Microw. 
Theory and Tech., vol. 55, no. 12, Dec. 2007. 

[8] F. Costa, A. Monorchia, and G. Manara, “An 

equivalent circuit model of frequency selective 

surfaces embedded within dielectric layers,”

Antennas and Propagation Society International 
Symposium (APSURSI), Jun. 2009. 

[9] C. C. Chen, “Scattering by a two-dimensional 
periodic array of conducting plates,” IEEE Trans. 
Antennas Propag., vol. 18, no. 5, pp. 660-665, 
Sep. 1970. 

[10] R. Mitra, C. H. Chan, and T. Cwik, “Techniques 

for analyzing frequency selective surfaces - a 
review,” Proceedings of the IEEE, vol. 76, no. 12, 
Dec. 1988. 

Mehran Shamaei was born in 
1984 and received the B.S. and 
M.S. degrees from the Amirkabir 
University of Technology (Tehran 
Polytechnic), Tehran, Iran, in 2008 
and 2010, respectively, all in 
Electrical Engineering. He is 
currently working toward the Ph.D. 

degree at the same university. His research interests 
include frequency selective surfaces and reflect array 
antennas. 

Reza Sarraf Shirazi was born in 
Yazd, Iran in 1958. He received the 
Ph.D. degrees in Electrical 
Engineering from Amirkabir 
University of Technology (Tehran 
Polytechnic), Tehran, Iran in 2006. 
His main research interests are 
numerical Electromagnetics and 

radio wave propagation. He is currently an Assistant 
Professor with the Electrical Engineering Department, 
Amirkabir University of Technology. He has published 
several papers in the refereed journals and international 
conferences. 

Gholamrreza Moradi was born in 
Shahriar, Iran in 1966. He received 
the Ph.D. degree in Electrical 
Engineering from Amirkabir 
University of Technology (Tehran 
Polytechnic), Tehran, Iran in 2002. 
His main research interests are 
numerical Electromagnetics, 

antennas, active microwave and mm-wave circuits and 
systems. He is currently an Associate Professor with the 
Electrical Engineering Department, Amirkabir 
University of Technology. He has published several 
papers in the refereed journals and international 
conferences. 

1082 ACES JOURNAL, Vol. 30, No. 10, October 2015


