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Design of angular and polarization stable
modified circular ring frequency selective
surface for satellite communication system
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In this paper, a simple synthesis technique to obtain the geometrical parameters of the modified circular ring for angular and
polarizations (perpendicular and parallel) stable frequency selective surface (FSS) has been discussed. The geometrical para-
meters of the modified circular ring FSS structure have been achieved using the proposed synthesis technique, which is based
on the equivalent circuit (EC) approach. In addition to this, the numerical analysis is also discussed to determine the values of
EC parameters, which depends on the basic system level characteristics such as frequency of operation and reflection/trans-
mission coefficients. The analytical results are supported using the full-wave three-dimensional electromagnetic (EM) simu-
lators such as CST Microwave Studio and Ansoft HFSS. The sensitivity of the structure to the perpendicular and parallel
polarized EM wave up to 508 angle-of-incidences (AOIs) has been discussed. The stability over different AOI is attributed
to the appropriate thickness of the structure with its small unit-cell dimensions. We have also fabricated and experimentally
tested the proposed FSS structure.
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I . I N T R O D U C T I O N

Frequency selective surface (FSS) is an array of periodically
arranged metallic patches or slots printed on the dielectric
substrate, which can be thought of spatial microwave filters
with transfer functions defined in three-dimensional space
(frequency, angle-of-incidence (AOI), and polarization of
the incident wave) and used for various applications such as
dichroic mirrors in large reflection antennas for radio-
astronomy/satellite communication systems, spatial filtering/
shielding, design of radomes, and wireless security [1, 2].
However, unlike the microwave filters, the frequency response
of the FSS structures is not only the function of frequency but
also the function of AOI and polarization of the electromag-
netic (EM) wave. Earlier, various topologies of the FSS struc-
tures have been designed and analyzed, which are used in one
or another form as the spatial filters to improve the purity of
the incident wave in the communication systems [3].

Recently, the demand of miniaturized FSS structures has
been increased because such type of structures avoids the
high-order resonance frequencies, which are undesirable in

various applications [4–6]. Apart from the miniaturization,
the angular stability of FSS structure is also very important
parameter which has to be satisfied over the wide range of
the operating AOI. The angular stability of FSS structure is
improved with the reduction in the size of unit-cell and this
concept has been used for designing the miniaturized struc-
ture [7]. In addition to the angular stability, the bandwidth
of the structure is also increased with the reduction in the peri-
odicity of the unit-cell [8]. On this way, the unit-cell size has
been used to control the angular stability and the bandwidth
of the structure. Among the existing topologies, the classical
circular ring FSS structure is the most appropriate angular
stable structure [1]. However, there are several approaches
for the analysis of the FSS structure such as modal
(method-of-moment), equivalent circuit (EC), and iterative
approach [9].

In this paper, we have employed the EC approach for the
numerical analysis of inductive and capacitive behavior of the
conducting circular loop as well as gap between the two adjacent
loops and the equivalent lumped parameters of the proposed
FSS structure is obtained. The analysis of FSS structure
depends on the geometrical parameters like periodicity (p) of
the loop, loop dimension (d), width of the loop strip (w) and
gap between the two adjacent loops (g). Recently, in the
present paper, we have reported a novel synthesis technique
for single square loop FSS (SSLFSS) [10], which has been
extended to obtain the geometrical parameters of the proposed
modified circular ring FSS structure. In addition to this, the
effect of the wide range of AOI as well as perpendicular
and parallel polarized wave over the reflection/transmission
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frequency response has been discussed. The remainder of paper
is organized as follows. Section II discusses the generalized
simple synthesis approach, which provides the optimized geo-
metrical parameters of the SSLFSS structure and reduces the
number of iterations in order to achieve the desired frequency
response. Section III discusses the problem statement regarding
the classical FSS structures (square loop and circular ring) and
explores the need to propose a modified circular ring FSS struc-
ture. Section IV discusses the numerical analysis of the proposed
modified circular ring FSS structure. Section V discusses and
compares the simulation results of the proposed FSS structure
through different techniques such as finite element and finite
integral with the results obtained through numerical analysis.
The angular stability and the bandwidth control of the proposed
modified circular ring FSS structure have been discussed in
Section VI. Section VII discusses the measured frequency
response. Finally, Section VIII concludes the work.

I I . G E N E R A L I Z E D S Y N T H E S I S
A P P R O A C H

We have analyzed the proposed modified circular ring FSS
structure through EC technique among various numerical
techniques because it provides simpler, rapid, and accurate
frequency response. We have discussed the synthesis tech-
nique to achieve the geometrical parameters of the SSLFSS
structure, which has been shown in Fig. 1.

In the synthesis approach, the width of conducting strip and
inter-element gap has been interpreted in terms of its EC and
provide the normalized mathematical expressions of its asso-
ciated inductance and capacitance [11]. On the multiplication
of these two normalized mathematical equations shown in
block 4 of Fig. 1, we have achieved the resonance criteria. In
addition to this, ideally for the reflective FSS structure, the
value of the vr

2LC must be equal to unity at the resonance fre-
quency (vr

2 ¼ 1/LC) therefore, the expression for the resonant
criteria has been modified as shown in Fig. 1. To simplify the
synthesis technique of the FSS structure, we have considered
the loosely packed array of FSS structure with negligible
width of the conducting patch (w) of the unit-cell element
and inter-element gap (g) between the unit-cell elements as
compared with twice of the periodicity (p). We have obtained
the geometrical parameters (p, w, d) of the SSLFSS unit-cell
through this synthesis technique for S-band, which are as
follows: p ¼ 85.02 mm, d ¼ 25.02 mm, and w ¼ 1 mm. In
this entire synthesis, we have also considered the effect of the
dielectric substrate, therefore, the right hand side of the equa-
tion shown in block 8 of Fig. 1 is multiplied by the effective
dielectric permittivity. The geometrical parameters obtained
through the generalized synthesis approach have been vali-
dated through the commercially available simulators such as
CST Microwave Studio as well as Ansoft HFSS and results
are comparable in terms of the frequency response.

I I I . P R O B L E M F O R M U L A T I O N

In Section II, we have discussed a simple synthesis technique,
which has been used to obtain the geometrical parameters of
the SSLFSS structure. However, the angular as well as polariza-
tion stability is the prime issue of the FSS structures, which
needs to be discussed for this proposed model. The circular
ring FSS structure is more angular stable as compared with
the square loop FSS structure due to the rotational symmetry
[1]. Therefore, we have performed the structure transform-
ation and designed the circular ring FSS structure for the
same values of the periodicity (p), loop size (d), and width
of the conducting strip (w), which have been obtained
through the synthesis technique of the SSLFSS structure. For
the same value of the p, d, and w, the resonance frequency
of single square loop and circular ring FSS structures are
related as follows.

PSL/CCir = K , (1)

fr2/fr1 = K , (2)

where PSL, CCir, fr1, and fr2 are the perimeter of the single
square loop, circumference of the circular ring, resonance fre-
quency of the single square loop, and resonance frequency of
the circular ring FSS structure, respectively. From equations
(1) and (2), it is illustrated that the resonance frequency of clas-
sical circular ring FSS structure is greater than that of SSLFSS
structure, which has also been validated through commercial
simulators such as CST Microwave Studio and Ansoft HFSS
as discussed in [12] because for the same values of the p, w,
and d, the circumference of the circular ring unit-cell is
small as compared with the perimeter of the square loop
unit-cell FSS structure. In addition to this, the ratio of perim-
eter of square loop (PSL) to the circumference of circular ringFig. 1. The generalized synthesis approach for the SSLFSS structure.
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(Ccir) is approximately equal to the ratio of the resonant fre-
quency of the circular ring to that of the square loop.
Moreover, for the square loop FSS array, the effect of the inter-
element gap capacitance is more significant in comparison
with that of the circular ring FSS as the distance between the
adjacent loops (g ¼ m) in square loop FSS array is always
fixed (shown in Fig. 2(a)), whereas in the circular ring FSS
array, the distance between adjacent cells (g ¼ m) increases
when moves between +908 with respect to the line crossing
the 08 through the center (shown in Fig. 2(b)). In other
words, the resonance frequency of the classical circular ring
FSS structure mainly depends upon its inductance. For the sig-
nificant implementation of the synthesis technique, we need to
reduce the resonance frequency of a circular ring FSS structure
up to the desired value, which is equal to that of the SSLFSS
structure, which has been achieved through increasing the
size of circular ring FSS structure. However, with the increase
of the effective size of the circular ring FSS, the value of peri-
odicity (p) need to be increased, which reduces the angular sta-
bility of the structure and affects its miniaturization [7].

To control this limitation and to achieve better angular sta-
bility as compared with other reported structures [7, 13–16],
the classical circular ring FSS has been modified into the pro-
posed modified circular ring FSS structure as shown in Fig. 3
with the same values of p, d, and w as that of the SSLFSS struc-
ture. The proposed modified circular ring FSS structure

consists of metallic patch of the aluminum foil with electrical
conductivity (s) ¼ 3.8 × 107 S/m as well as magnetic perme-
ability (m) ¼ 1.2566 × 1026 H/m and is placed on the Teflon
substrate with relative dielectric permittivity 2.1 and loss
tangent (d) 0.002. The thickness of dielectric substrate (h)
and metallic conductor (t) for S-band has been computed,
which is 10.00 and 0.01 mm, respectively. However, to
reduce the resonance frequency, the four pairs of parallel
straight conductors have been incorporated in the classical cir-
cular ring FSS as shown in Fig. 3.

I V . N U M E R I C A L A N A L Y S I S O F
P R O P O S E D M O D I F I E D C I R C U L A R
R I N G F S S

For the classical circular ring FSS structure, the value of
inductance is given as [11]:

L1(nH) = 1.257 × 10−6.a ln
a

w + t

( )
+ 0.078

[ ]
.Kg , (3)

where a is the mean-radius of circular ring, w is the width of the
conducting strip, t is the thickness of the conducting strip and
Kg is the correction factor, which indicates the height of the sub-
strate from the ground plane. In general, equation (3) is used to
obtain the value of the microstrip inductance above the
grounded substrate and on the other hand, in FSS structures,
the ground plane beneath the substrate is not used. Therefore,
the correction factor Kg which provides the effect of the electric
field between the microstrip structure and the ground plane, is
set equal to the unity [11]. In addition to this, the capacitance of
the classical circular ring FSS structure is given as:

C = 1
(2pfr2)2L1

. (4)

In equation (4), C is the capacitance of the unit-cell of the
classical circular ring FSS structure. For a classical circular ring
FSS structure, the value of fr2 is obtained using equations
(1)2(2) and the value of C is extracted by substituting the
value of L1 from equation (3) into (4). As, it has already
been discussed that the values of p, w, and d are same in

Fig. 2. The array of (a) single square loop and (b) classical circular ring FSS structure.

Fig. 3. The proposed modified circular ring FSS structure.

polarization stable modified circular ring fss 901

https://doi.org/10.1017/S1759078715000331 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078715000331


both the FSS structures (classical circular ring and proposed
modified circular ring), which indicates that the gap capaci-
tance is approximately same and the value of C obtained
using equation (4) has also been used as the gap capacitance
of the proposed modified circular ring FSS structure as
shown in Fig. 3. Further, the downshift in the resonance fre-
quency of the FSS structure as shown in Fig. 3 is controlled
by varying the value of l (internally extended length of the par-
allel straight conductor), which influence the total inductance
of the proposed modified circular ring FSS structure with its
associated inductance L2, which is given as:

L2(nH) = 4× 10−4l ln
l

w + t

( )
+ 1.193 + 0.333

w + t
l

( )[ ]
Kg

(5)

Therefore, the total inductance (L) of the proposed modified
circular ring FSS structure is the sum of L1 and L2. For any value
of l except zero, L . L1 and the resonance frequency of the pro-
posed modified circular ring FSS structure is decreased without
affecting the other parameters and it is given as:

fMR = 1

2p
����
LC

√ , (6)

where L ¼ L1 + L2 and fMR is the resonance frequency of the
proposed modified circular ring FSS structure. With the
decrease in resonance frequency, the wavelength l in compari-
son with l ¼ 0 is increased and due to the ratio of period-to-the
wavelength (p/l) is decreased and the angular stability of the
FSS has been increased [1].

V . F R E Q U E N C Y R E S P O N S E O F
M O D I F I E D C I R C U L A R R I N G F S S
S T R U C T U R E

To examine the proposed synthesis technique, and to meet the
specific requirement of resonance frequency at 3 GHz, the pro-
posed FSS structure has been analyzed through EC technique
and simulated through CST Microwave Studio as well as
Ansoft HFSS in this section. At 3 GHz, the values of p, d, and
w are 85.02, 25.02, and 1 mm, respectively, for the SSLFSS
structure which has been obtained through the generalized syn-
thesis approach discussed in Section II. Further, in order to
avoid the grating lobes in the desired operating frequency
band, the periodicity is considered as half of the free-space
wavelength at the frequency of operation. Therefore, the geo-
metrical parameters of the SSLFSS structure at 3 GHz are com-
puted as: p ¼ 42.51 mm, d ¼ 25.02 mm, and w ¼ 1 mm. Using
these geometrical parameters, the circular ring FSS structure
resonate at 3.69, 3.672, and 3.70 GHz through analytically,
CST Microwave Studio and Ansoft HFSS, respectively, which
justified the theory discussed in Section III. However, for the
implementation of the synthesis technique on the circular
ring FSS structure, the structure must resonate at the same fre-
quency as that of the SSLFSS structure, which has been achieved
through increasing the dimensions such as periodicity and loop
size of the circular ring FSS structure.

With the increase in the value of periodicity, the angular sen-
sitivity and compactness of the FSS structure is affected [1]. As
in the entire analysis, we have assumed that the value of

capacitance approximately remain same, which has been
obtained using equation (4). Therefore, to resonate the classical
circular ring FSS structure at lower frequency such as at 3 GHz
without changing the periodicity and loop size, there is need to
increase the value of inductance, which is achieved through the
proposed modified circular ring FSS structure as shown in Fig. 3.
When l¼ 0, the proposed FSS structure is represented as a clas-
sical circular ring FSS structure and in this case, the associated
inductance L1 and capacitance (C) is obtained using equations
(3) and (4), respectively as well as the value of resonance fre-
quency has been computed through equations (1) and (2). In
this case, the analytical value of the resonance frequency is
3.69 GHz and the corresponding value of the inductance L1

and capacitance (C) is 38.49 nH and 48.38 fF, respectively.
For any other values (except zero) of l, the inductance L2

associated with the internally extended length of the four
pairs of parallel straight conductors is obtained using equation
(5) and on this way the total inductance L is the sum of L1 and
L2, and the resonance frequency is obtained by equation (6).
For different values of l, the values of total inductance L and
C have been analytically computed as shown in Table 1.
Further, with the increase of the l as shown in Fig. 3, the res-
onance frequency shifts towards the intended frequency. The
frequency response of the S-parameters, which is obtained
through CST Microwave Studio and Ansoft HFSS for the pro-
posed FSS structure as shown in Fig. 3, has been demonstrated
in Figs 4(a) and 4(b), respectively.

Further, the proposed FSS structure has been simulated
using CST Microwave Studio and Ansoft HFSS, which are
based on the finite integral technique and finite element
method to support the analytical frequency response at
normal incidence of EM wave as shown in Figs 4(a) and
4(b), respectively. Table 1 and Fig. 4 have demonstrated that
the proposed modified circular ring FSS structure with intern-
ally extended length (l) ¼ 5.6 mm provides close agreement
with the intended frequency in terms of the reflection as
well as transmission frequency response. Therefore, the geo-
metrical parameters of the proposed modified circular ring
FSS structure at 3 GHz are obtained as: p ¼ 42.51 mm, d ¼
25.02 mm, w ¼ 1 mm, and l ¼ 5.6 mm.

V I . A N G U L A R A N D P O L A R I Z A T I O N
S T A B I L I T Y O F M O D I F I E D F S S
S T R U C T U R E

Due to the internal elongation of length (l) in the proposed
FSS structure as shown in Fig. 3, the resonance frequency as
well as p/l is reduced which significantly enhance the
angular stability of the structure. To illustrate this effect, the

Table 1. The effect of l on the resonant frequency at 3 GHz of the pro-
posed FSS structure.

l (mm) L (nH) C ( fF) Analytical
fMR (GHz)

CST MWS
fMR (GHz)

Ansoft HFSS
fMR (GHz)

0 38.49 48.38 3.69 3.672 3.70
3.2 45.13 48.38 3.41 3.384 3.40
4.0 48.76 48.38 3.27 3.252 3.30
4.8 51.75 48.38 3.18 3.132 3.20
5.6 55.45 48.38 3.07 3.000 3.00
6.0 56.89 48.38 3.05 2.940 3.00
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proposed modified circular ring FSS structure with length
(l) ¼ 5.6 mm is clear from Table 1, which has been simulated
for the perpendicular as well as parallel polarized wave inci-
dence up to 508 AOI. However, the polarization effect on
the performance of proposed FSS structure through CST
Microwave Studio and Ansoft HFSS has been shown in
Figs 5(a) and 5(b), respectively.

For the perpendicular polarized wave incidence up to 508,
the resonance frequency downshift with 3.30 and 3.00% with
reference to the normal incidence, which is achieved using
CST Microwave Studio (shown in Fig. 5(a)) and Ansoft HFSS
(shown in Fig. 5(b)), respectively. This angular stability has
been achieved by considering the smaller value of the period-
icity as well as appropriate dielectric profile for the FSS struc-
ture, which provide the significant effect on the associated L
and C. In addition to this, the percentage decrease in 3-dB
reflection as well as transmission bandwidth for perpendicular
polarized wave incidence up to 508 is 3.15% (shown in Fig. 5(a))
and 3.28% (shown in Fig. 5(b)) using CST Microwave Studio
and Ansoft HFSS, respectively as compared with that of the
normal incidence. Further, the fractional bandwidth (FBW)

of the proposed FSS structure for 08, 108, 308, and 508 are
28.87, 28.47, 28.45, and 28.91%, respectively, through CST
Microwave Studio and 29, 28.95, 28.79, and 28.94%, respective-
ly, through the Ansoft HFSS. It is important to note that the
FBW is greater than 28% even at the 508 of AOI.

Moreover, for the parallel polarized wave incidence up to 508,
the 1.07 and 0.66% downshift in the resonant frequency has
been achieved through CST Microwave Studio (shown in
Fig. 6(a)) and Ansoft HFSS (shown in Fig. 6(b)), respectively
as compared with that of the normal incidence. In addition to
this, the percentage decrease in 3-dB reflection as well as trans-
mission bandwidth for parallel polarized wave incidence nor-
mally and at 508 AOI is 3.21 and 2.64% using CST
Microwave Studio and Ansoft HFSS, respectively. Further, the
FBW of the proposed FSS structure for 08, 108, 308, and 508
are 23.73, 23.41, 23.00, and 23.24%, respectively, with CST
Microwave Studio and 23.98, 24.0, 23.82, and 23.52%, with
Ansoft HFSS, respectively. From the EC point of view, the pro-
posed modified circular ring FSS structure as shown in Fig. 3 has
been represented by a single series LC circuit, which is shunted
across a transmission line of impedance Zo, where Zo is the

Fig. 4. The simulated frequency response of proposed structure as predicted in Fig. 3 over the transmission and reflection coefficients for various values of l using
the (a) CST Microwave Studio and (b) Ansoft HFSS.

polarization stable modified circular ring fss 903

https://doi.org/10.1017/S1759078715000331 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078715000331


characteristic impedance of free-space and is equal to the 377 V.
However, with the increase of the AOI as 08, 108, 308, and 508,
the value of inductance decreases as 55.45, 54.60, 48.02, and
35.64 nH, respectively, due to increase in the value of Zo

which results the increase in the out-of-band rejection level
and decreases the 3-dB reflection as well as transmission band-
width and provides the narrow bandwidth as shown in Figs 5
and 6. In addition to this, Figs 5 and 6 have demonstrated
that compared with the perpendicular polarization there is sig-
nificantly small variations in the frequency response character-
istics of the parallel polarization because it lies on the
symmetrical configuration of the FSS structure. Moreover, the
percentage deviation of the resonant frequency of the proposed
modified FSS structure is compared with that of the other
reported literature as illustrated in Table 2.

V I I . E X P E R I M E N T A L V A L I D A T I O N

To validate the synthesis technique, based on the available
infrastructure, the proposed modified circular ring bandpass

FSS structure in X-band has been fabricated and tested. The
free space measurement setup with the two X-band horn
antennas, which are used as reference antennas, has been
shown in Fig. 7. The FSS structure fabricated on a single
sided copper clad substrate of 18 × 18 cm2 (using the conven-
tional chemical processing) is placed between the two X-band
horn antennas and illuminated with the plane waves gener-
ated by the transmitting horn antenna, which is normal to
the FSS structure. A distance of 50 cm between the horn
antennas and FSS structure is fixed to guarantee the operation
in the far-field region [17, 18]. The transmitted waves through
the FSS structure have been collected by the receiving horn
antenna and the vector network analyzer (VNA) is used to
measure the reflection as well as transmission characteristics.
The structure parameters (in mm) are given in Table 3, which
has been obtained using the proposed synthesis technique.

For the comparison, the proposed FSS structure has been
simulated in CST Microwave Studio and Ansoft HFSS in 8–
12.5 GHz range and the measured as well as simulated response
is shown in Fig. 8. From Fig. 8, it is observed that the proposed
FSS structure resonates at 10.691 and 10.70 GHz through CST

Fig. 5. The simulated reflection/transmission frequency response of the proposed FSS structure for perpendicular polarized wave incident at different AOI using
(a) CST Microwave Studio and (b) Ansoft HFSS.
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Microwave Studio and Ansoft HFSS, whereas in the measured
result it resonates at 10.69 GHz, which provides the significantly
comparable frequency response and demonstrates the practical-
ity of the proposed FSS structure. Moreover, in the simulation,
the 210 dB impedance bandwidth extends from 10.094 to
11.081 GHz and 10.229 to 11.18 GHz through CST
Microwave Studio and Ansoft HFSS, respectively against the
measured value of 10.37–10.96 GHz. The narrow bandwidth
in the measured response as compared with the simulated

response is due to the following factors: (a) diffractions from
the edge of the finite FSS panel, (b) machining precision, and
(c) the measured conditions. At resonance, S11 in measured
result is 224.15 dB against simulated value 226.33 and
226.85 dB through CST microwave Studio and Ansoft HFSS,
respectively.

Fig. 6. The simulated reflection/transmission frequency response of the proposed FSS structure for parallel polarized wave incident at different AOI using (a) CST
Microwave Studio and (b) Ansoft HFSS.

Table 2. Comparison of the percentage frequency deviation of the pro-
posed FSS structure with that of other reported literature.

FSS structure % deviation of fr

FSS structure in [7] 16.6
FSS structure in [13] 10
FSS structure in [14] 7
FSS structure in [15] 5.95
FSS structure in [16] 5.45
Proposed FSS structure 3 (TE incidence) and

0.66 (TM incidence)
Fig. 7. The schematic of the experimental setup using VNA.
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V I I I . C O N C L U S I O N

In this paper, the generalized synthesis approach of a modified
circular ring FSS structure has been discussed with the high
degree of the angular as well as polarization stability. The ana-
lytical and simulation results have revealed that the proposed
structure is highly angular as well as polarization stable with
3.12 and 0.66% minimum shift in the resonant frequency
for the perpendicular and parallel polarized, respectively
which is significantly small. Depending upon the available
infrastructure, we have also performed the experimental valid-
ation of the proposed modified circular ring FSS structure at
X-band and the measured frequency response is comparable
with the simulation response, which ensures the practicality
of the proposed modified circular ring FSS structure.
Further, the significant improvement in the angular stability
for future communication system is still an important issue
which can be yielded by using two layer/multilayer FSS struc-
ture of the proposed modified circular ring.
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