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ABSTRACT In this paper, two planar Frequency Selective Surfaces (FSS) with dissimilar configurations
along with monopole antenna exhibiting dual-band response at 3 GHz and 5.5 GHz is presented. One of
the surfaces with two reflectors is reflective at 5.5 GHz and transmissive at 3 GHz, whereas the response
is opposite for the FSS in another flat reflector. Accordingly the antenna exhibits directive radiation at both
the frequencies, however in two opposite directions. Unit cell of the FSS at 3 GHz is on the order of λg/11,
leading to low-profile design.With different orientations of the reflectors, beamwidths at 3 GHz and 5.5 GHz
are different leading to different peak gains of 7.1 dBi and 12.2 dBi respectively. The composite antenna-FSS
with a dimension on the order of 1.1λ× 1.1λ× 0.2λ exhibits diverse beam radiation. The radiation at 3 GHz
can be used in applications involving wide coverage area, whereas at 5.5 GHz the antenna can be used in
applications involving smaller beamwidths such as satellite communication, Ground Penetrating Radar etc.

INDEX TERMS Dual-band antenna, frequency selective surface, planar reflector, beam diversity.

I. INTRODUCTION
Antenna diversity can be realized in terms of polarization
diversity, pattern diversity, spatial diversity and transmitter/
receiver diversity. Antenna diversity in shape and beamwidth
of radiation pattern are effective in reducing multi-path inter-
ference leading to reliable wireless link, exhibiting multiple
modes of operation in mobile applications etc. and thus
gaining significant attention [5]–[10]. Adaptive patterns of
such antennas exhibit higher gain in a certain direction for
enhanced signal strength [1]–[4] and radiation with wide
beamwidth and adequate gain [11]–[14] in other direction
leading to multi-directional radiation. Diversity in radia-
tion can be implemented using two or more closely spaced
antenna elements with different patterns. The implementation
of pattern diversity often needs the use of arrays for radar
applications and long distance communication. However
certain applications such as indoor communication does not
need much higher gain and thus the purpose can be solved
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with few antenna elements with various patterns. Several
methods have been incorporated till date for achieving pattern
diversity in antennas [15], [25]–[27]. In general, pattern diver-
sity is achieved by co-locating more antenna elements with
different radiation patterns. A dual-port diversity antenna was
developed by Sifat et al. [4] integrating a monopole and a
suspended patch exhibiting broadside radiation as well as
conical radiation pattern at different frequency. Sun et al.
proposed [15] a mono-cone antenna exhibiting pattern diver-
sity characteristics. The ground of the microstrip antenna
was used as a top loading of the mono-cone antenna leading
to a large profile and complex design. The design strategy
was improved with the advent of periodic structures such as
electromagnetic bandgap structure (EBG), partially reflective
surfaces (PRS) and frequency selective surfaces (FSS) with
or without active elements in performance enhancement of
various antennas [16]–[23]. So et al. proposed the design of
a directional triple band antenna by incorporating three FSS-
based screens designed to be reflective only at the desired
frequency while passing the signals at other frequencies [20].
Edalati and Denidni developed an antenna offering
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omni-directional radiation with a reconfigurable beamwidth
using PIN diode based PRS [22]. Krishnamoorthy et al. pro-
posed the design of a pattern diversity antenna, using quarter
mode substrate integrated waveguide sub-array exhibiting
both broadside radiation with 7.2 dBi gain and conical radia-
tion with 5.1 dBi gain [24].

The proposed design in the paper uses two different config-
urations of FSS for achieving diversity in beamwidth of the
radiation from a dual band monopole antenna. The novelty of
the proposed design lies in the integration of two different
and simple planar and non-planar FSS reflectors with the
wire monopole antenna for achieving narrow beam as well
as wide beam directional radiation. Earlier monopole antenna
with only a corner reflector FSS was proposed [35] to achieve
directional and omni-directional radiation. However the FSS
used in corner reflector affected the impedance matching
as well as omni-directional radiation of the antenna in the
lower frequency band which was undesired. In the proposed
design, the FSS in the corner reflector is a dual layer FSS that
overcome the above mentioned drawback of the design by
improving impedance matching of the antenna in the lower
band. Another design was proposed [36] with a curved FSS
reflector in order to achieve wide coverage area by increasing
antenna beamwidth. However the overall area of the structure
was of the order of 2λ × 2λ in comparison to the proposed
design in this paper with dimension of 1.1λ×1.1λ. Thus
the antenna-FSS presented in this paper is more compact
compared to the previous works.

In section II design of the dual-band monopole antenna is
discussed followed by section III that describes the design
and characteristics of the two FSS reflectors. Section III deals
with the description of the antenna with the two FSS screens
wherein it is discussed about how pattern diversity is achieved
with high gain narrow beam radiation in one direction and
moderate gain wide beam radiation in the other.

II. DUAL-BAND ANTENNA
A simple dual-band antenna with two closely-spaced rigid
monopole wires is designed to achieve directional radiation
by using a frequency selective corner reflector based on FSS
in one band; and omni-directional radiation, in the other band.
The quarter wave monopole antennas consist of metallic
wires having lengths of 13.3 mm (L1) and 24 mm (L2)
for achieving resonances at 5.5 GHz and 3 GHz, respec-
tively, with an inter-element spacing of 6 mm (d1), as shown
in Fig. 1 (a).

The individual antenna elements are connected by a metal-
lic wire of length d1, which is fed for excitation. A circular
ground plane is used with a diameter of 110 mm, which is
close to the resonating wavelength corresponding to 3 GHz.
A FR4 substrate with relative permittivity (εr) of 4.4 and
thickness of 0.8 mm, is chosen as the substrate.

III. FSS-BASED PLANAR REFLECTORS
Two FSS reflector screens of different shapes have been
considered for the present design as exhibited in Fig. 1(b).

FIGURE 1. Dual-band monopole antenna with dual-layer FSS-based
corner reflector (5 × 6) operating at 5.5 GHz and planar FSS (9 × 15)
operating at 3 GHz.

One of the screens is designed to be reflective at 3 GHz and
transmissive at 5.5 GHz, whereas the other is designed to be
reflective at 5.5 GHz and transmissive at 3 GHz.

A. FREQUENCY SELECTIVE FLAT REFLECTOR
The unit cell of the frequency selective flat reflector designed
to achieve bandstop response at 3 GHz is shown in Fig. 2(a)
along with its dimensions. A meander line shaped patch type
FSS is chosen, as because at 3 GHz, the half wavelength
(50 mm) or quarter wavelength (25 mm) value is sufficiently
large leading to large size of the patch if loop or cross shaped
patch shape is chosen. Conventional FSS unit cells such as
dipole, cross dipole, solid square patch have dimensions on
the order of half-wavelength. Thus few unit cells can be
accommodated in the array. In the unit cell with meander
line element [27]–[30] the current path length is made larger
(Fig. 2(b)) within a smaller area (6.35 mm × 6.35 mm for
the proposed design) thereby reducing the unit cell dimension
(0.1λg × 0.1λg where λg is guided wavelength) compared to
the conventional unit cells at 3 GHz.

The dimensions of unit cell of the flat FSS are listed in
Table 1. Arlon AD320 is chosen as the substrate having
dielectric constant εr = 3.2 and loss tangent of 0.002. The
dimension (6.35 mm × 6.35 mm) is of the order of 0.1λg
with respect to guided wavelength at 3 GHz. An array of 9×
15 elements of the FSS is designed and incorporated in the
antenna above the ground plane at a spacing of df mm from

30428 VOLUME 10, 2022



A. Chatterjee et al.: Planar FSS Based Dual-Band Wire Monopole Antenna for Multi-Directional Radiation

FIGURE 2. (a) Dimensions of unit cell of the flat FSS operating at 3 GHz
(All dimensions in millimeters). (b) Surface current distribution (A/m) on
the unit cell at 3 GHz.

TABLE 1. Dimensions of unit cell of flat FSS (3 GHz).

the longer monopole. The spacing is varied later in order to
achieve adequate gain in both the frequency bands.

The characteristics of the flat shaped FSS are plotted in
Fig. 3 and the corresponding phase responses are plotted in
Fig. 4. The FSS used presents a property of transmission
lower than −10 dB at 2.7-3.3 GHz frequency band with res-
onance at 3.01 GHz, and a bandwidth of 20%. Transmission
coefficients of the FSS for different incidence angles of the
plane wave (theta) in the TE plane (XZ) are also included
in Fig. 3. The angular stability of the design above 45◦ is
evident from the plot. The reflection level is close to 0 dB
in the frequency band. The reflection phase variation with
frequency is linear in the operating band as evident from
Fig. 4 and the phase is around 180◦ at 3 GHz. A perfectly
conducting surface also exhibits a reflection phase of 180◦

however over all frequencies. Thus the FSS behaves like a
partially reflective surface near 3 GHz, whereas near 5.5 GHz
it becomes transparent to the waves incident on it, as because
the transmission is close to 0 dB at 5.5 GHzwith the reflection
level below −10 dB.

B. FREQUENCY SELECTIVE CORNER REFLECTOR
A frequency selective corner reflector is designed using FSS
as shown in Fig. 1(b) that can reflect signals at 5.5 GHz while
keeping its transmissive nature at 3 GHz. The unit cell of the
FSS is shown in the Fig. 5. The top layer of the unit cell in the
corner reflector is designed with the shape of a square patch
loaded with split ring slot in order to incorporate the com-
bined effect of square patch and square loop. Square patch

FIGURE 3. Simulated transmission coefficients of the planar FSS for
normal and oblique incidence of plane wave and reflection coefficient.

FIGURE 4. Simulated transmission and reflection phase of the planar FSS
for normal incidence of plane wave.

FIGURE 5. Unit cells of the dual-layer FSS-based corner reflector
(All dimensions in millimeters).

shaped FSS exhibits wideband response [31] whereas loop
shaped FSS exhibits compact unit cell dimension on the order
of quarter wavelength and better angular stability [32]–[34].
The split ring is chosen instead of simple square loop
for the purpose of fine tuning of the resonating frequency
by changing the gap in the split ring. The patch area is
10.5 mm × 10.5 mm which is close to λg/4. The cross grid
in the bottom layer is added in order to achieve a passband
at 3 GHz with a phase of zero degree so that the antenna
radiation at 3 GHz is not affected by the corner reflector.
The reason being, the spacing between the FSS-based cor-
ner reflector and the antenna is less than half-wavelength
value at 3 GHz that causes impedance mismatch of the
antenna at 3 GHz whereas the flat FSS screen being at a
distance larger than half-wavelength value at 5.5 GHz does
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TABLE 2. Dimensions of unit cell of the dual-layer FSS (5.5 GHz).

FIGURE 6. Simulated transmission coefficients (S21) of the FSS for
different angles (theta) of incident plane wave in the Transverse Electric
plane and reflection coefficient (S11).

FIGURE 7. Surface current distribution (A/m) on the unit cell of the
dual-layer FSS at 5.5 GHz.

not causes significant impedance mismatch at this frequency.
The dimensions of the unit cells for upper and lower FSS
layers for the corner reflector are listed in Table 2.

Simulated transmission and reflection coefficients of the
FSS are plotted in Fig. 6 and the corresponding phase
responses are plotted in Fig. 8. As evident from the plot
the FSS exhibits a transmission zero at 5.5 GHz leading to
reflection close to 0 dB, and a transmission pole at 3 GHz
leading to transmission close to 0 dB.

The FSS exhibits transmission below −10 dB reference
level in 4-8 GHz leading to a bandwidth of 73% and it
provides transmission above −3 dB in 2.6-3.4 GHz with a
3 dB bandwidth of 26%. The angular stability of the FSS can
be observed from Fig. 6 that plots transmission response of
the dual-layer FSS for various incidence angles (theta). It is
evident that the FSS exhibits adequate angular stability even
above 45◦. The reflection at 5.5 GHz can also be realized
from the surface current distribution on the dual-layer FSS as
shown in Fig. 7. The current is primarily excited surrounding
the slot. The phase of the FSS to be used in corner reflec-
tor is close to zero at 3 GHz which lowers the antenna’s

impedance mismatch further down owing to the influence
of FSS loading as evident from Fig. 8. Frequency selective
reflector exhibits the property of a high impedance surface
in its operating frequency band. The inductive and capacitive
parts of the impedancemay vary, however, smaller inductance
and high capacitive reactance lead to wide bandwidth. Such
reflector when placed close to the antenna element affects the
impedance of the antenna element too. Such impedance load-
ing affects the antenna impedance bandwidth near 5.5 GHz.
Such effect is also observed at 3GHzwhere the antenna offers
adequate impedance bandwidth with the FSS screen.

FIGURE 8. Simulated transmission and reflection phase response of the
dual-layer FSS.

IV. ANTENNA WITH FSS-BASED REFLECTORS
The frequency selective corner reflector and flat reflector
are placed surrounding the monopole opposite to each other
above the antenna substrate as shown in the top view of
the antenna in Fig. 1(a). In the present design, the use of
wire monopole makes it possible to place non-planar reflec-
tors such as corner reflector above the substrate opposite to
ground plane of the antenna. With such structure, a desired
beamwidth and gain of the antenna can be achieved by chang-
ing the angle between the reflecting surfaces in the corner
reflector. Moreover, placing the corner reflector above the
substrate opposite to antenna ground plane is easier and it
helps in keeping a specific angle (here 90◦) for the corner
reflector in addition to offering rigidity of the design. On the
other hand, such advantage cannot be achieved in case of
printed antenna as it does not have a larger and rigid ground
plane with substrate. The corner reflector is placed at a dis-
tance dc = 34 mm from the shorter monopole (operating at
5.5 GHz) whereas the planar meander line FSS is placed at
a distance df = 27 mm from the longer monopole (oper-
ating at 3 GHz). In the proposed design, the gap between
monopole and corner reflector vertex is chosen to keep a
half-wavelength (at 5.5 GHz) spacing between the shorter
monopole (L2) and each FSS in the corner reflector. This
would make the overall phase shift of the fields reflected by
the two FSSs to 0◦ (desired for constructive interference of
the fields) as each FSS adds a phase shift of 180◦ to the
fields. Hence such design methodology is adopted for the
proposed design in the present manuscript. On the other hand,
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FIGURE 9. Fabricated prototypes of the FSS layers and Antenna and FSS.

the planar FSS operating at 3 GHz is placed at a spacing
of λ/4 from the antenna as the surface adds a phase shift
near 180◦ and by doing so the surface exhibits constructive
interference of the signals radiated by the antenna leading
to gain enhancement at 3 GHz. Thus, the two frequency
selective reflectors, when used along with each other make a
triangle surrounding the antenna. Moreover the gap between
the two surfaces is kept owing to the individual spacing of
the FSSs from the antenna under consideration as explained
above. A further extension of such design by elongating the
FSSs in the corner reflector to minimize the gap would lead
to non-functioning of the unit cells at the edges – hence such
design is also avoided.

Fabricated prototypes of the FSS screens in the flat and
corner reflectors as well as that of the antenna-FSS composite
structure are shown in the Fig. 9. The antenna with planar FSS
in the form of meander line is simulated using ANSYS make
HFSS v19.0 for studying the variation of reflection coeffi-
cient (S11) with change in operating frequency. The reflection
coefficients of the antenna with flat FSS only are shown in
Fig. 10(a) and (b) for variation in antenna-FSS spacing and
FSS array size respectively. It can be seen from Fig. 10 (a) that

FIGURE 10. Simulated reflection coefficients (S11) for the antenna with
the meander line FSS only for (a) different values of spacing ‘df’ and
(b) different size of the FSS array.

FIGURE 11. Simulated and measured reflection coefficients (S11) for the
antenna with both the reflectors.

with the introduction of FSS the resonating frequencies are
shifted due to impedance loading. The FSS reflector is a
high impedance surface and thus when placed close to the
antenna affects the impedance matching according to the
surface reflection phase. The reflector has a reflection phase
close to zero at 3 GHz. As a result the antenna impedance
matching is not affected significantly by the variation in
antenna-reflector spacing in the 3 GHz frequency band. The
resonating frequency of the antenna in the 5.5 GHz band
has a small shift with the variation in antenna-FSS spacing
because of the fact that the reflector has a phase much beyond
zero near 5.5 GHz that affects the impedance matching of the
monopole antenna element in this band.
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In order to keep the spacing close to the quarter-wavelength
value at 3 GHz (i.e. 25 mm), df is chosen as 27 mm. The
effect of variation in the FSS array size, on the antenna S11
is also studied and the results are shown in Fig. 10(b). The
variation in array size increases the number of unit cells in
the reflector. Additional unit cells get excited by the fields
in the antenna radiation leading to flow of surface current on
them. Such unit cells also become reflective in the operating
band (here 3 GHz). However it does not change the property
of the high impedance surface such as reflector phase. Thus
an increase in the size of the FSS panel does not change the
antenna impedance matching and reflection coefficient by
a significant amount. To maintain the height of the planar
FSS close to that of the corner reflector, a 9 × 15 array is
chosen. Simulated and measured S11 of the antenna with both
the FSS screens, are shown in Fig. 11. The antenna exhibits
wide impedance bandwidth near 5.5 GHz due to the cor-
ner reflector, whereas the impedance matching is improved
near 3 GHz due to the inductive grid shaped FSS layer on
the back side of the corner reflector screens. In its operating
band the FSS reflector exhibits a phase near 180◦ as evident
from Fig. 8. As a result the high impedance surface exhibits
a change in the impedance matching of the antenna near
5.5 GHz thereby increasing the −10 dB bandwidth of the
antenna-FSS composite structure. The inductive grids exhibit
a transmission pole near 3 GHz as shown in Fig. 6. With
the transmission pole the FSS exhibits a phase around zero
degree at 3 GHz (Fig. 8) that in turn prevents the degradation
of impedance matching of the antenna at this frequency.

The antenna’s radiation pattern in terms of its simulated
values and measured values including and excluding FSS
screens are plotted are shown in Fig. 12 for 3 GHz and in
Fig. 13 for 5.5 GHz. Both co-polar and cross-polar com-
ponents are plotted. For better understanding, the co-polar
patterns of the antenna with only the planar FSS screen,
is included in the plot.

It can be seen from Fig. 12(a) that with the introduction
of the planar FSS, the antenna radiation becomes direc-
tive in the XY plane, whereas the beamwidth gets reduced
from 102◦ to 78◦ with the addition of the corner reflector,
as confirmed by the measurement. The corner reflector being
transparent at 3 GHz, lead to constructive interference of the
waves radiated towards phi = 180◦ (negative x direction).
The radiation in the XZ plane is maximum near theta = 67◦.
The Front-to-Back ratio (F/B) is improved more with the
corner reflector as compared to planar FSS with meander
lines.

The cross-polarization level of the antenna at 3 GHz
becomes more with the corner reflector due to the square
grids. The possible reason is that the grids are independent of
horizontal and vertical polarization and adds to the radiation
in orthogonal polarization plane. The radiation plots in the
Fig. 13(a) and (b) reveals that, with the flat FSS, the antenna
keeps omni-directional radiation in the XY and XZ plane but
with a small amount of variation (4 dB) in the XY plane,
whereas the radiation becomes highly directive with the

FIGURE 12. Simulated and measured radiation patterns of the antenna
with and without FSS screens at 3 GHz.

TABLE 3. Characteristics of the antenna with and without FSS-based flat
and corner reflectors.

addition of corner reflector, as confirmed by the mea-
surement. The corner reflector does not affect the cross-
polarization level at 5.5 GHz, as the split ring shaped slot
loaded patch in the corner reflector, is polarization depen-
dent and its response changes in the plane of orthogonal
polarization.

The variation of antenna gain with frequency in the
4.5-6.5 GHz bandwith andwithout FSS, are shown in Fig. 14.
Simulation and measurement results are plotted. It can be
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TABLE 4. Comparison of proposed antenna performance with the existing designs.

FIGURE 13. Simulated and measured radiation patterns of the antenna
with and without FSS screens at 5.5 GHz.

observed that the corner reflector based on FSS in the pro-
posed design also improves the antenna gain by 8-10 dB
and the operation is unaffected by the planar FSS. Three-
dimensional gain plots of the composite structure at 3 GHz
and 5.5 GHz are shown in Fig. 15(a) and (b) respectively.
As evident, the proposed antenna exhibits directive radiation
at 3 GHz as well as at 5.5 GHz but with different beamwidth
and directivity.

Simulated and measured parameters of the antenna such as
impedance bandwidth (−10 dB), beamwidth (3 dB), are listed
in the Table 3. In terms of beamwidth, peak gain and F/B
ratio, the corner reflector exhibits more directive radiation at

FIGURE 14. Simulated and measured gain of antenna with and without
the FSS-based corner reflector (5 × 6) and the flat FSS reflector (9 × 15)
for dc = 34 mm and df = 27 mm.

5.5 GHz with higher gain compared to the radiation at 3 GHz
with moderate gain due to flat shape of the FSS.

The antenna beamwidth at 3 GHz can be varied by chang-
ing the shape of the FSS reflector. Such design can be
achieved by using flexible dielectric substrate of dielectric
constant close to that of the substrate being used for the
FSS at 3 GHz. The substrate material need to be ultra thin
and polymer can be used for this purpose. The FSS reflec-
tor designed on such flexible substrate may be bent with a
specific curvature. Variation in beamwidth of the antenna-
reflector structure may be achieved by varying radius of
curvature of the surface. Variation in beamwidth of antenna
radiation at 5.5 GHz can be obtained by changing the angle of
the corner reflector that in turn changes the number of images.
This leads to variation of field strength of the antenna in the
far field resulting in beamwidth variation.

Table 4 enlists a comparative study of the parametric values
of the proposed antenna along with other similar structures
available in literature. The proposed design achieves directive
radiation in both the bands, with different beamwidths. The
difference in gain of the proposed design and the others is due
to the difference in beamwidths. The present design achieves
more beamwidth in the first and second band with suitable
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FIGURE 15. Simulated three-dimensional radiation plots of the antenna
with the FSS-based flat (9 × 15) and corner reflectors (5 × 6) for
dc = 34 mm and df = 27 mm.

gains, compared to others except [22]. The proposed antenna
with the FSS-based flat and corner reflectors, exhibits more
3 dB gain bandwidth in both the bands, compared to all other
works in the Table. In terms of dimension the design is low
profile compared to others.

V. CONCLUSION
The use of frequency selective corner reflector and flat
reflector for achieving diverse beam radiation in a dual-band
monopole antenna is studied in the present design. Unlike the
FSS amalgamated in the corner reflector exhibiting reflective
response at 5.5 GHz and transmissive response at 3 GHz, the
same used in case of flat reflector exhibits opposite response.
Accordingly the antenna exhibits directive radiation at both
the frequencies, however in two opposite directions. Unit cell
of the FSS at 3 GHz is of the order of λg/11, leading to low-
profile design. The antenna exhibits both wide beamwidth
at 3 GHz and narrow beamwidth at 5.5 GHz with high gain
in the range of about 8-14 dBi by using different orientations
of the reflectors. The proposed antenna is basically a proto-
type which can be further deployed for satellite communi-
cation, Ground Penetrating Radar (GPR), and other applica-
tions if made of suitable materials like Al-Mg-Alloy, carbon
fiber reinforced plastic material or Invar/Titanium/fiber glass-
epoxy. Moreover the proposed antenna can be enclosed in
a hypothetical cube of dimension 110 × 110 × 59 mm3

(1.1λ × 1.1λ × 0.2λ) thereby reflecting compatibility to
be fitted in a small space. Thus the antenna can be used in
applications such as satellite communication, GPR etc. owing
to its physical viability and mechanical stability.
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