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Abstract– This paper proposes a frequency/polarization reconfigurable antenna (RA) incorporating Frequency Selective
Surface (FSS) to achieve dual-band and similar high-gain characteristics. The proposed RA-FSS design using 4 PIN Diodes
can produce reconfigurability between circular polarization (CP) at 1.8 GHz and linear polarization (LP) at 2.45 GHz. The
fabricated prototype shows good CP performance at 1.8 GHz while the measured peak broadside gains are about 7.2 dBi
at 1.8 GHz and 8.5 dBi at 2.45 GHz when PIN diode ON and OFF, respectively.
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1 Introduction

Reconfigurable antenna (RA) has attracted a lot of
research attention nowadays [1, 2]. By using active
components such as PIN Diode, Varactor Diode, RF-
MEMS, etc., the antenna can adjust its characteristics
namely operating frequency [3], polarization [4], radi-
ation pattern [5], etc. Two operating modes, ON and
OFF, of PIN Diode, can be changed alternatively with
fast speed and create a wide range of modifications
for frequency and polarization reconfigurable antenna,
which are their well-known advantages. Frequency RA
can significantly reduce the number of antennas in a
system that supports multiple protocols such as GSM,
GPS, WiFi, etc. by easily switching between operating
frequencies. In addition, polarization RA, especially
when alternates linear and circular polarization, can
improve signal quality in a non-ideal environment and
system capacity. One disadvantage of RA is the DC
bias line, which is used to control active components.
The resistors required for bias circuits and internal ones
existing in active components create power loss in the
antenna and thus, reduce the radiation efficiency in RA
compared to conventional ones. Therefore, we intro-
duce a frequency selective surface (FSS) as a solution
for radiation efficiency improvement.

Since first introduced in 1956 by G. V. Trentini [6],
FSS has been studied extensively over the years [7–
9]. One of the most interesting features of FSS is gain
enhancement when it combines with Fabry - Perot

Cavity (FPC) which can be very useful for reconfig-
urable antenna (RA). As it exhibits many advantages
in gain and efficiency, a combination of FSS, FPC, and
RA, which suffer from power loss in active components
and DC bias line, is necessary for this type of antenna.
Different types of implementations of FSS can be found
in [10, 11]. In [10], a dual layer of FSS is used to
support the dual-band slot antenna for gain improve-
ment in both bands. While it showed 14.9 dBi and 14.0
dBi in 2.4 GHz and 5 GHz respectively, the height
of the antenna, however, is greatly increased by the
implementation of the dual layer. In [11], the authors
presented only a single layer FSS and create a Fabry
- Perot cavity with dual polarization (horizontal and
vertical) patch antenna surrounding with metasurface.
Despite the great gain performance of 17.6 dBi and
19 dBi at 8.45 and 9.8 GHz respectively, the design
suffers from its large size (3.7λ × 3.7λ at 8.45 GHz).
Recently, many researchers are focusing on reconfig-
urable metasurface, which will use numerous active
components [12]. However, the structure’s complexity
may become its drawback.

In this paper, we propose a reconfigurable microstrip
patch antenna operating in two different modes, i.e.,
circular polarization at 1.8 GHz and linear polarization
at 2.45 GHz, and incorporating an FSS structure for gain
enhancement. The proposed design aims to achieve
similar gains at both bands so that a large number of
devices working at both bands can cover the shadow
area and provide pervasive communications [13, 14].
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Fig. 1. Design of RA-FSS antenna (a) Front view and (b) Top view of the RA 

radiator. (Lp1 = Wp1 = 35, Lp2 = Wp2 = 52.5, Yf = 8.5, Ym = 4.5, Xcut = 6.5, Ycut = 

7, ts = 1.6, dair = 1.6, H = 70). (Unit: mm) 
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Fig. 2. Equivalent circuit of PIN Diode (a) Mode ON (b) Mode OFF. 
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Fig. 2. Equivalent circuit of PIN Diode (a) Mode ON (b) Mode OFF. 

(b)

Figure 1. Design of RA-FSS antenna (a) Front view and (b) Top view
of the RA radiator. (Lp1 = Wp1 = 35, Lp2 =Wp2 = 52.5, Yf = 8.5, Ym =
4.5, Xcut = 6.5, Ycut = 7, ts = 1.6, dair = 1.6, H = 70). (Unit: mm)
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Figure 2. Equivalent circuit of PIN Diode (a) Mode ON (b) Mode
OFF.

The structure of the paper is as follows. Section 2
describes the structure and analysis of the proposed
antenna. Section 3 will show the comparison of simu-
lation and measurement results. Lastly, section 4 is the
conclusion of the antenna design.

2 Antenna Design and Analysis

2.1 Dual Ring Reconfigurable Antenna

The main radiator is a polarization and frequency
reconfigurable microstrip patch antenna designed on
a 1.6 mm FR-4 substrate. In the RA design, 4 PIN
Diodes connect the inner square patch and outer ring
having its center slightly offset for impedance matching
(Figure 1). PIN Diode has two operating modes: mode
ON which connects the inner patch and outer ring,
and mode OFF isolating them. Each mode is simulated
separately by using PIN diode’s equivalent circuit of the
corresponding mode (Figure 2). An air gap is inserted
between FR-4 substrate and ground plane to improve
the gain performance of the proposed antenna [15].
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become its drawback.   

In this paper, we propose a reconfigurable microstrip patch 

antenna operating in two different modes, i.e., circular 
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incorporating with an FSS structure for gain enhancement. The 

proposed design aims to achieve similar gain at both bands so 

that a large number of devices working at both bands can cover 

the shadow area and provide pervasive communications [13, 

14]. The structure of the paper is as follows. Section II describes 

the structure and analysis of the proposed antenna. Section III 

will show the comparison of simulation and measurement 
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design. 
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Figure 3. Parameter sweep of dair (a) |S11|, (b) Axial Ratio, (c)
Efficiency, and (d) Broadside gain.

As illustrated in Figure 3, a parameter sweep of the
said air gap dair is performed. It is noted that this
parameter affects greatly both bands due to the change
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Figure 4. (a) FSS unit cell, (b) Simulation model, (c) S-parameters. (p = 25, a1 = 17.5, a2 = 7.4, g1 = 0.2, g2 = 1, g3 = 0.2, H = 70). (Unit: mm)

of effective permittivity according to formula (1) [16]:

ϵeff =
ϵr1ts + ϵr2dair

ts + dair
, (1)

where ϵr1 and ϵr2 the relative permittivity of the FR-
4 substrate and air respectively (ϵr1 = 4.3, ϵr2 = 1).
Within only a step size of 0.4 mm from 1.2 mm to
2.0 mm, the operating frequency changes greatly in
all performance (i.e., S11, AR, Gain, and Efficiency). It
should be noted that each band can be tuned separately
based on formula (2) [17]

f =
c

2L√ϵeff
, (2)

where c is the light velocity in free space and the value
of parameter L depends on the operating mode of PIN
Diode. For instance, when PIN Diode is OFF, the coaxial
cable only feeds the inner patch and thus, the value of
parameter L is Lp1. The same can be concluded in the
case of mode ON, which connects the inner patch and
outer ring, meaning that the value of Lp2 should be
used in formula (2). It can be noted the frequency shift
in both bands is not similar. When values of dair are 1.2,
1.6 and 2.0, ϵeff are 2.9, 2.7 and 2.5 respectively. It should
be noted that the effect of dair is different for each band
despite sharing the same value of effective dielectric
constant. According to (2), the resonant frequency will
depend on both ϵeff and L whose value is higher in
ON state than OFF state. As a result, the change in
resonant frequency in the lower band will be larger than

the higher one. According to the results in Figure 3, the
parameter dair is fixed at 1.6 mm to achieve the resonant
frequency for GSM (1.8 GHz) and WiFi (2.45 GHz).

2.2 FSS Unit Cell

The other part of the proposed design is an FSS array.
The superstrate also uses FR-4 as material and is placed
over the ground plane at a distance of H to form a
Fabry-Perot cavity. Because of the dual-band operation
of the RA, the FSS array is designed to support both
1.8 GHz and 2.45 GHz for gain enhancement. In the
proposed FSS design, the array is characterized by a
unit cell that has a dual ring on the bottom side and a
single ring on the top side (Figure 4(a)). The ring on the
top layer acting as a resistive element [18] along with
the dual ring on the bottom layer creates a wideband
FSS to cover both bands. Each unit cell is duplicated
over the same periodicity p in the x- and y-direction
forming a 9 × 9 array.

The performance of the FSS unit cell is simulated us-
ing the model in Figure 4(b). Fabry - Perot Cavity mode
is based on in-phase bouncing between the FSS array
(superstrate) and the ground plane. In other words, the
ground plane acts as a mirror that reflects the incoming
wave. Therefore, to extract only the properties of the
unit cell, the ground plane is removed and a mirrored
model of the unit cell is added to imitate the bouncing
behavior. According to Figure 4(c), using only the dual
ring on the bottom layer can only support antenna
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Figure 5. Parameter sweep of H (n = 8) (a) |S11|, (b) Axial Ratio (AR), (c) Efficiency, (d) Gain.

performance at 2.45 GHz by having low reflection (i.e.,
S11) and high transmission (i.e., S21). With the addition
of a resistive FSS ring on the top layer, the bandwidth
of the FSS array is greatly enhanced and thus, suitable
to improve gain at both 1.8 GHz and 2.45 GHz.

2.3 Reconfigurable Antenna and FSS Array

The RA-FSS with two important parameters, i.e.,
the cavity length H and the number of unit cells n,
should be chosen carefully to obtain similar high gain
characteristics in both bands. It is essential to note that
since this is a dual-band antenna which is contradict to
single operating frequency of the conventional Fabry -
Perot cavity, the cavity length H will provide the best
results in the medium value.

As shown in Figure 5, this parameter does not affect
S11 and AR as greatly as gain performance. While S11
and AR present slight changes, gain performance is
varied greatly between values. Though H = 75 mm
gives a better gain in 2.45 GHz which is inversely in
1.8 GHz, cavity distance H = 70 mm is chosen as the
optimal value for the best performance in both bands.

The other important design parameter is the number
of unit cells n. Similar to the cavity length H, the num-
ber of unit cells n strongly affects gain performance,
especially the lower band of 1.8 GHz. From simulation
results in Figure 6(d), n = 9 is shown to be the saturated

value of the parameter since n = 10 does not show any
improvement, and thus an FSS array of 9 × 9 unit cells
is chosen in the final design.

From the above-observed results, it can be seen that
the cavity length H and the number of unit cells n
should be carefully chosen not only to improve the gain
but also to achieve the similar high-gain characteristic
at both frequency bands, i.e., 1.8 GHz and 2.45 GHz.

Figure 7 shows surface current distributions in both
terms of direction and power at 2.45 GHz for linear
polarization. Compared to 0◦ state, there is little power
at 90◦, 270◦ while the direction of current is opposite
at 180◦. This distribution presents a full cycle of a
sinusoid wave and proves that the proposed antenna
has linear polarization despite the non-ideal value of
AR, which is about 10 dB. On the other hand, when
PIN Diode is ON, the proposed antenna exhibits CP
at 1.8 GHz, which is illustrated in Figure 8. Within a
quarter of a full cycle, i.e., 90◦, surface current rotates
counter-clockwise, which is an indication of right-hand
CP radiation.

Figure 9 shows the simulated co- and cross-
polarization pattern of the proposed antenna. In both
cases with and without FSS, simulation results illustrate
a clear distinction between co- and cross-polarization.
Specifically, a difference of about 12 dB is found on both
states of PIN Diodes.
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Fig. 6. Parameter sweep of number of unit cell n (a) |S11|, (b) Axial Ratio 

(AR), (c) Efficiency, (d) Gain. 
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Fig. 7. Surface current distribution of the proposed antenna when PIN 

Diode is OFF at 2.45 GHz at (a) 00 and (b) 1800 to verify linear 

polarization. 
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Figure 7. Surface current distribution of the proposed antenna when PIN Diode is OFF at 2.45 GHz at (a) 0◦ and (b) 180◦ to verify linear
polarization.

that reflects the incoming wave. Therefore, to extract only the 

properties of the unit cell, the ground plane is removed and a  

mirrored model of the unit cell is added to imitate the bouncing 

behavior. According to Fig. 4(c), using only the dual ring on the 

bottom layer can only support antenna performance at 2.45 GHz 

by having low reflection (i.e., |S11|) and high transmission (i.e., 

|S21|). With the addition of a resistive FSS ring on the top layer, 

the bandwidth of the FSS array is greatly enhanced and thus, 

suitable to improve gain at both 1.8 GHz and 2.45 GHz. 

 

C. Reconfigurable Antenna and FSS array. 

The RA-FSS with two important parameters, i.e., the cavity 

length H and the number of unit cells n, should be chosen 

carefully to obtain similar high gain characteristics in both 

bands. It is essential to note that since this is a dual-band 

antenna which is contradict to single operating frequency of the 

conventional Fabry-Perot cavity, the cavity length H will 

provide the best results in the medium value. 

As shown in Fig. 5, this parameter does not affect |S11| and 

AR as great as gain performance. While |S11| and AR present 

slight changes, gain performance is varied greatly between 

values. Though H = 75 mm gives a better gain in 2.45 GHz 

which is inversely in 1.8 GHz, cavity distance H = 70 mm is 

chosen as the optimal value for the best performance in both 
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The other important design parameter is the number of unit 

cell n. Similar to the cavity length H, the number of unit cells n 

strongly affects gain performance, especially the lower band of  

1.8 GHz. From simulation results in Fig. 6(d), n = 9 is shown to 

be the saturated value of the parameter since n = 10 does not 

show any improvement, and thus an FSS array of 9 x 9 unit cells 

is chosen in the final design.  

From the above-observed results, it can be seen that the 

cavity length H and the number of unit cell n should be carefully 

chosen not only to improve the gain but also to achieve the 

similar high-gain characteristic at both frequency bands, i.e., 

1.8 GHz and 2.45 GHz.  
Fig. 7 shows surface current distributions in both terms of 

direction and power at 2.45 GHz for linear polarization. 

Compared to 00 state, there is little power at 900, 2700 while the 

direction of current is opposite at 1800. This distribution 

presents a full cycle of a sinusoid wave and proves that the 

proposed antenna has linear polarization despite the non-ideal 

value of AR, which is about 10 dB. On the other hand, when 

PIN Diode is ON, the proposed antenna exhibits CP at 1.8 GHz, 

which is illustrated in Fig. 8. Within a quarter of a full cycle, 

i.e., 900, surface current rotates counter-clockwise, which is an 

indication of right-hand CP radiation.  

Fig. 9 shows the simulated co- and cross-polarization pattern 

of the proposed antenna. In both cases with and without FSS, 

simulation results illustrate a clear distinction between co- and 

cross-polarization. Specifically, a difference of about 12 dB is 

found on both states of PIN Diodes. 

 

III. SIMULATION AND MEASUREMENT RESULTS 

The prototype of the RA-FSS antenna is fabricated using PIN 

Diode MADP-042305-130600 and RF inductor 

LQW04CA60NK00D as seen in Fig. 10. Overall, it can be seen 

in Fig. 11 that a good agreement was found between the 

simulation and measurement. 
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Fig. 8. Surface current distribution of the proposed antenna when PIN 
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Fig. 9. Simulated Co- and Cross-polarization patterns of antenna (a) Mode 

ON at 1.8 GHz (b) Mode OFF at 2.45 GHz. 
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Fig. 9. Simulated Co- and Cross-polarization patterns of antenna (a) Mode 
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Figure 8. Surface current distribution of the proposed antenna when PIN Diode is ON at 1.8 GHz at (a) 0◦ and (b) 90◦ to verify circular
polarization.
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Diode is ON at 1.8 GHz at (a) 00 and (b) 900 to verify circular polarization. 
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Fig. 9. Simulated Co- and Cross-polarization patterns of antenna (a) Mode 

ON at 1.8 GHz (b) Mode OFF at 2.45 GHz. 
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Figure 9. Simulated Co- and Cross-polarization patterns of antenna
(a) Mode ON at 1.8 GHz (b) Mode OFF at 2.45 GHz.

 
Measured resonant frequencies of mode ON (1.8 GHz) are 

slightly higher than the simulated one while those of mode OFF 

(2.45 GHz) are slightly lower, as seen in Fig. 11 (a). 

Nevertheless, |S11| of better than -10 dB is still maintained for 

both 1.8 GHz and 2.45 GHz bands. For the CP performance, 

however, the presence of FSS creates a slight frequency shift of 

about 0.01 GHz in simulated AR performance. Fortunately, as 

seen in Fig. 11(b), the measured AR at 1.8 GHz still achieves 

about 3 dB to guarantee the CP characteristic. Finally, the 

comparison between the simulated and measured broadside 

gain is illustrated in Fig. 11(c). Compared to a single microstrip 

antenna, the proposed design shows an improvement of about 

2.2 dB at 1.8 GHz and about 1.8 dB at 2.4 GHz. The measured 

peak gain, which achieves a similar value goal of 7.2 dBi and 

8.5 dBi. The measured peak gains, which achieve similar value 

goals of 7.2 dBi and 8.5 dBi are comparable to the simulated 

ones of 7.6 dBi and 8.8 dBi at 1.8 GHz and 2.45 GHz, 

respectively. It is noted that the simulated radiation efficiencies 

are about 50.6% when diode ON (1.8 GHz) and about 66% 

when diode OFF (2.45 GHz).  

Fig. 12 compares the simulated and measured radiation 

patterns of the proposed RA-FSS antenna at two operating 

frequencies, which is obtained by MegiQ RMS-0704 

measurement system. It can be seen that the measured and 

simulated radiation patterns are similar where the side-lobe-

level (SLL) and front-to-back (FB) ratio of the simulation are 

slightly better than the measurement. The reduced radiation 

efficiency, and consequently the antenna gain, is attributed to 

the low-cost and high-loss FR-4 substrate and in addition to the 

switching losses seen by PIN diodes. 
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Fig. 10. Fabricated antenna (a) Front view (b) Top view of the RA radiator. 
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Fig. 11. Comparison of simulation and measurement results (a) |S11|, (b) AR 

when PIN Diodes are ON, (c) Broadside gain. 
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Fig. 12. Simulated and measured radiation pattern of the proposed RA-FSS 

antenna at two modes (a) Mode ON at 1.8GHz, (b) Mode OFF at 2.45 GHz. 
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Fig. 10. Fabricated antenna (a) Front view (b) Top view of the RA radiator. 
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Fig. 11. Comparison of simulation and measurement results (a) |S11|, (b) AR 

when PIN Diodes are ON, (c) Broadside gain. 
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(b) 

Fig. 12. Simulated and measured radiation pattern of the proposed RA-FSS 

antenna at two modes (a) Mode ON at 1.8GHz, (b) Mode OFF at 2.45 GHz. 

(b)

Figure 10. Fabricated antenna (a) Front view (b) Top view of the RA
radiator.

3 Simulation and Measurement Results

The prototype of the RA-FSS antenna is fabricated us-
ing PIN Diode MADP-042305-130600 and RF inductor
LQW04CA60NK00D as seen in Figure 10. Overall, it can
be seen in Figure 11 that a good agreement was found
between the simulation and measurement.
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1.6 1.8 2.0 2.2 2.62.4

Frequency (GHz)

|S
1

1
| 
(d

B
)

Sim Mea
-30

-25

-20

-15

-10

-5

0

ON – with FSS 

OFF – with FSS

 

(a) 

Frequency (GHz)

A
x

ia
l 

R
a

ti
o

 (
d

B
)

0

3

6

9

12

15

1.7 1.74 1.78 1.82 1.91.86

Sim. Mea.

with FSS

w/o FSS

Mode ON

 
(b) 

Frequency (GHz)

B
ro

a
d

si
d

e 
G

a
in

 (
d

B
i)

2
1.7 1.9 2.1 2.3 2.5

10

4

6

8

OFF – Mea.

ON – Mea.

ON – Sim.

OFF – Sim.

With FSS

Without FSS 

(Sim.)

 
(c) 

Fig. 11. Comparison of simulation and measurement results (a) |S11|, (b) AR 

when PIN Diodes are ON, (c) Broadside gain. 
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Fig. 12. Simulated and measured radiation pattern of the proposed RA-FSS 

antenna at two modes (a) Mode ON at 1.8GHz, (b) Mode OFF at 2.45 GHz. 
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Measured resonant frequencies of mode ON (1.8
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is still maintained for both 1.8 GHz and 2.45 GHz
bands. For the CP performance, however, the presence
of FSS creates a slight frequency shift of about 0.01 GHz
in simulated AR performance. Fortunately, as seen in
Figure 11(b), the measured AR at 1.8 GHz still achieves
about 3 dB to guarantee the CP characteristic. Finally,
the comparison between the simulated and measured
broadside gain is illustrated in Figure 11(c). Compared
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(b)

Figure 12. Simulated and measured radiation pattern of the proposed
RA-FSS antenna at two modes (a) Mode ON at 1.8GHz, (b) Mode OFF
at 2.45 GHz.

to a single microstrip antenna, the proposed design
shows an improvement of about 2.2 dB at 1.8 GHz
and about 1.8 dB at 2.4 GHz. The measured peak gain
achieves a similar value goal of 7.2 dBi and 8.5 dBi. The
measured peak gains, which achieve similar value goals
of 7.2 dBi and 8.5 dBi are comparable to the simulated
ones of 7.6 dBi and 8.8 dBi at 1.8 GHz and 2.45 GHz,
respectively. It is noted that the simulated radiation
efficiencies are about 50.6 % when diode ON (1.8 GHz)
and about 66% when diode OFF (2.45 GHz).

Figure 12 compares the simulated and measured
radiation patterns of the proposed RA-FSS antenna
at two operating frequencies, which are obtained by
MegiQ RMS-0704 measurement system. It can be seen
that the measured and simulated radiation patterns are
similar where the side-lobe-level (SLL) and front-to-
back (FB) ratio of the simulation are slightly better than
the measurement. The reduced radiation efficiency, and
consequently the antenna gain, is attributed to the low-
cost and high-loss FR-4 substrate and in addition to the
switching losses seen by PIN diodes.

FPC design can also be evaluated by using aperture
efficiency. According to [19], antenna aperture efficiency
can be calculated based on Gmax as follow

Gmax = (
4π

λ2
0
)AeffE f (3)

with Aeff is effective area (225 × 225 mm2) and E f is

radiation efficiency. According to (3), Gmax at 1.8 GHz
and 2.45 GHz are 11.45 and 28 dBi which account for
63% and 32% respectively. The low aperture efficiency
in the higher band is due to the requirement of similar
gain in both bands while using the same area as the
lower band.

4 Conclusion

A frequency/polarization reconfigurable antenna incor-
porating FSS (RA-FSS) to achieve dual-band and similar
high-gain characteristics at 1.8 GHz and 2.45 GHz
is presented. Comparison between measurement and
simulation results shows a good agreement in |S11|, AR,
and broadside gain performance. The proposed RA-FSS
can exhibit the dual-band operation, linear/circular po-
larization reconfigurability, and similar high-gain char-
acteristics while having an overall dimension of about
1.3λ × 1.3λ × 0.43λ (at 1.8 GHz). It can be concluded
that the proposed RA-FSS antenna is not only suitable
for GSM (1.8 GHz) and WiFi (2.45 GHz) applications
but also suitable to be installed to reduce shadow
area and provide reliable communications thanks to its
similar high-gain characteristic.
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