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Abstract—The incorporation of Electromagnetic Band Gap (EBG) unit cells, a type of metamaterials,
with a dual band array antenna is proposed. By configuring the band gap of EBG cells accordingly, the
pattern of the array antenna is successfully reconfigured at lower band of 2.4 GHz while maintaining the
pattern at higher band of 5.8 GHz. Three pattern directions have been achieved: initial radiation
pattern, 349-degree shift and 11-degree shift of the H-field. The array antenna is also frequency
reconfigurable by suppressing the radiation pattern of the antenna in four different EBG cells
configurations. In pattern shifting mode, the realized gain of the antenna is satisfactorily maintained
and is comparable with the standalone of dual band array antenna with the range of gains from 5.08 dBi
to 6.14 dBi and 7.83 dBi at 5.8 GHz.

1. INTRODUCTION

Metamaterial is applied in science and engineering and is an engineered artificial material which consists
of composite structure to display the unique the characteristic of material not found in nature [1]. The
unique behaviour of metamaterial is implemented in optical and electronics field [2]. In microwave
engineering, metamaterial is a material artificially designed to exhibit unique characteristics at resonant
frequencies [3].

EBG cells are High Impedance Surface (HIS) [4] metamaterial which forbid or suppress the
propagation of Electromagnetic Wave (EMW) at its band gap. The band gap is the bandwidth (BW)
of the EBG cells which suppresses the designated EMW frequencies while allowing other frequencies to
pass through it. EBG cells can be applied as a filter to rejecting unwanted frequency range, reducing
mutual coupling (MC) between the antenna elements, as a frequency selector, and in amplifiers and
couplers application [5, 6].

Reconfigurable antenna is a type of antenna that is capable of changing its operating frequency,
pattern, polarization, and beam to fulfil the dynamic requirement of Wireless Communication Services
(WCS) [7]. In [8], reconfigurable pattern is achieved by implementing slotted structures and diodes at
the radiating element of the antenna. However, the slotted structure at the radiating part degrades the
antenna gain performance to −6.03 dBi and −4.88 dBi at ON and OFF states of the diode, respectively.

In this paper, a frequency and pattern reconfigurable antenna with the use of EBG cells unit
cells is proposed. By manipulating the state of EBG cells located at various optimized positions of the
antenna, the antenna achieves 3 different modes of pattern reconfigurability. By suppressing the pattern
at the selected frequency, the antenna has also achieved frequency reconfiguration. This is done without
embedding any reconfigurable component to the antenna radiating parts, transmission line or feeding
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network as in the conventional design of pattern reconfigurable antenna. To the best of our knowledge,
there is no analysis has been done by employing a minimal number of EBG unit cells to achieve both
pattern and frequency reconfigurations in an array antenna design. Different cases of copper and diode
as switches are studied. The gain at both frequencies is relatively high in consideration of the number of
radiating elements used. With pattern shift at the lower band, the antenna pattern can be reconfigured
to direct the receiver at significant distance at 2.4 GHz while maintaining the pattern at 5.8 GHz.
The proposed antenna found potential applications in WiMAX, Wi-Fi and other Industrial, Scientific
and Medical (ISM) applications. Apart from that, the use of pattern reconfigurability contributes to
energy saving as the pattern can be directed to the intended receiver. Frequency reconfigurability of
the antenna reduces the interference with other existing wireless communication services (WCS) by
alternately operating at the selected frequency. This potentially maintains the quality of the WCS in a
dynamic environment.

2. EBG UNIT CELL AND ARRAY ANTENNA DESIGN

The array antenna and EBG unit cells are designed on a inexpensive Flame Retardant (Fr4) substrate
with substrate thickness, copper thickness and dielectric constant of 1.6 mm, 0.035 mm, and 4.39,
respectively. Full wave simulation in Computer Simulation Technology (CST) software is used to
simulate and optimize the proposed structure. A square-shaped EBG cell is a conventional shape
of EBG cell structure of which the initial dimension can be approximated from Equations (1)–(4) [9–
12]. λr is the wavelength of the operating frequency, with the dielectric constant εr of the material (Fr4)
taken into account, and c is the speed of light in free space. The initial dimension of the conventional
unit cell of EBG cells is halve of the λr. L and C are the inductive and capacitive characteristics of
the EBG cells surfaces. μo and μr are the permeabilities of air and material, respectively, while g is
the spacing gap between the unit cells. h and w are the thickness of the substrate and width of the
EBG cells unit cell, respectively. EBG cell is a High Impedance Surface (HIS) which suppresses the
propagation of Electromagnetic Wave (EMW) from passing through it with high resistance.
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A unit cell of EBG cells consists of a circular patch and ring with vias as shown in Fig. 1(a). Vias is
the shorting pin, a metal conductor which connects the EBG unit cell with the ground layer. Figs. 1(b)
and 1(c) show the front and back views of the two EBG unit cells, respectively. As shown in Fig. 1(b),
the largest dimension, d (in mm) of the EBG unit cell of 8.75 mm (0.11λr) at 2.31 GHz is smaller than
the reported EBG unit cell in [9, 10, 13–15] as tabulated in Table 1. Comparison in terms of d and λr is
more practical as different structures operate at different frequencies with different dielectric constants
which are dependent on the material used. As shown in Fig. 1(c) the removal of connection of copper
layer at the red region at S0 and S1 configures the “OFF” and “ON” states of the EBG cells. Suspended
Transmission Line (STL) method with 50 Ohm transmission line and SMA ports on top substrate layer
as shown in Fig. 1(d) is used to examine the band gap characteristic, S21 of the EBG unit cell located
at the bottom substrate layer. S21 is power transfer from port 1 to port 2 and expressed in decibel
(dB) scale. −20 dB is taken as the bandwidth of the EBG cells. S0S1 = 00 and S0S1 = 11 exhibit band
gaps at 2.4 and 5.8 GHz respectively as shown in Fig. 2(a). It is also shown by Fig. 2(a) that at least
2 unit cells of EBG cells are needed to display a significant EBG cells bandgap which is wider than the
use of single unit cell of EBG cells at 2.4 GHz band especially at 5.8 GHz where the S21 bandwidth is
twice of the bandwidth of the single EBG unit cell. Fig. 2(b) shows the extracted band gap, S21 based
on 2 EBG unit cells. The proposed EBG unit cell is also implemented in frequency reconfigurability of
single radiating patch antenna [16] and array antenna [17].
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Table 1. The size comparison of EBG unit cells.

Source εr flowest (GHz) λr (mm)
Largest Dimensions
of EBG cell, d (mm)

d
λr

Proposed EBG Unit cell 4.39 2.31 79.05 8.75 0.11
[9] 4.4 5.74 31.81 15.00 0.47
[13] 4.4 0.70 127.59 26.10 0.20
[14] 2.2 2.45 96.74 27.83 0.29
[15] 16.0 2.87 35.83 12.00 0.33
[10] 4.6 1.91 93.80 14.50 0.15

  
(a) (b) (c) (d)

Figure 1. (a) An EBG unit cell, (b) front view and (c) back side view of two EBG unit cells on single
layer substrate. (c) 3-Dimensional (3D) diagram of suspended transmission line method which is used
to analyze the band gap, S21 of EBG unit cells. Dimensions: ra = 2.5 mm, rb = 3.0 mm, rc = 4.0 mm
and rd = 1.25 mm.

(a) (b)

Figure 2. (a) The simulated band gap, S21 performance comparison between 1 and 2 EBG cells. The
simulated (b) band gap of 2-unit cells.

3. DUAL BAND ARRAY ANTENNA DESIGN WITHOUT EBG CELLS

The array antenna on dual substrate layers is initially designed prior to the incorporation of EBG cells to
the antenna. A single band microstrip patch antenna is designed as shown in Figs. 3(a)–(c). The initial
dimensions of the radiating patch are approximated based on the equations in [18]. Subsequently, e the
single band antennas which independently operate at 2.4 GHz and 5.8 GHz are combined to construct a
dual-band array antenna with transmission feeding network as shown in Fig. 3(d). Figs. 4(a) and 4(b)
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(a) (b) (c) (d)

Figure 3. (a) The front, (b) back and (c) 3-dimensional exploded view of a single band antenna which
operates at either 2.4 GHz or 5.8 GHz. Each of the single band antenna is optimized to construct the
entire (d) array antenna with transmission feeding network. Dimensions of 2.4 GHz single band antenna:
Lf = 18.27 mm, Lp = 28.90 mm, Ls = Ws = 70.00 mm, Wp = 20.00 mm, and Y 1 = 10.50 mm.
Dimensions of 5.8 GHz single band antenna: Lf = 18.27 mm, Lp = 11.25 mm, Ls = Ws = 70.00 mm,
Wp = 15.00 mm, and Y 1 = 2.88 mm.

(a) (b)

Figure 4. The simulated reflection coefficient, S11 of the dual band array antenna at (a) lower band
of 2.4 GHz and (b) upper band of 5.8 GHz.

show that the dual-band array antenna operates at 2.4 GHz and 5.8 GHz band respectively. The realized
gains of the stand-alone antenna are 6.214 dBi and 8.461 dBi at 2.4 GHz and 5.8 GHz, respectively.

4. DUAL BAND ARRAY ANTENNA DESIGN WITH EBG CELLS (IDEAL)

Figure 5(a) shows the array antenna on top substrate while Figure 5(b) shows the EBG cells located at
designated positions on the front side of the bottom substrate layer. The EBG unit cell positions are
optimized by simulation, and they located underneath the transmission feeding network. Fig. 5(c) shows
the back side of the bottom substrate layer containing the coaxial port (in red) to the antenna. In an
ideal case, the “ON” and “OFF” of EBG cells are facilitated by connection and removal of copper strips,
respectively. Table 2 shows the configuration (Conf.) of various EBG cells, and each operates at either
lower band only (2.4 GHz) or upper band only (5.8 GHz) which achieves frequency reconfiguration. In
frequency reconfiguration mode, EBG cells are reconfigured to suppresses the EMW at a frequency
from propagating through to the corresponding transmission feeding network while allowing EMW at
another frequency to propagate through feeding network for the antenna element to radiate. Pattern
reconfiguration at 2.4 GHz is achieved by alternately manipulating EBG cells ON and OFF states at
EBG 2 and EBG 3 to create shifting in pattern, θ. +θ is shifting of pattern at an angle while −θ is
shifting of pattern in the opposite direction. Antenna initial non-reconfigured pattern is labeled as Conf.
A. The pattern at 5.8 GHz is not reconfigured. In pattern reconfiguration mode at 2.4 GHz, the EBG
cells are reconfigured to suppress the EMW at 2.4 GHz, so the EMW alternately propagates at either
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(a)

(b)

(c)

Figure 5. (a) The exploded 3-Dimensional view of the entire structure of dual band array antenna
incorporated with EBG unit cells on dual Fr4 layers. The (b) front and (b) back view of the EBG unit
cells which are located at bottom substrate layers.

Table 2. Various configuration EBG cells to facilitate reconfigurable in pattern of the dual band array
antenna.

Conf. Frequency Reconf. (GHz)

EBG cells Conf.
(0 = OFF)
(1 = ON) Changes In Pattern (θ)

EBG 1 EBG 2 EBG 3
S0 S1 S0 S1 S0 S1

A
2.4 (lower band only)

1 1 1 1 1 1 No Changes
B 1 1 0 0 1 1 −θ

C 1 1 1 1 0 0 +θ

D 5.8 (Upper band Only) 0 0 0 0 0 0 No changes

side of the transmission feeding network which subsequently connects to the antenna radiating elements.
Therefore, reconfigurable pattern is achieved by either turning ON or OFF the feeding network causing
the antenna element to radiate and vice versa, respectively.

5. DUAL BAND ARRAY ANTENNA WITH EBG CELLS (ACTIVE)

In Section 4, the pattern and frequency reconfigurability of the antenna is realized using copper strips
which are considered as the ideal case which involves no active components. However, in practical design,
a reconfigurable antenna requires active components, so the antenna can be reconfigured electronically
for the convenience of the user. In Section 5, active design of the antenna is shown with diode as
switches, 100 pF capacitors and 100 nH inductors as shown in Figs. 6(a), 6(b) and 6(c), respectively.
Fig. 6(d) shows all the components available with biasing network and slits. PIN diode BAR 50-02 V
is used for the switches. Some losses in performance in active design are expected as compared to the
ideal case because the ideal case uses copper as perfect switches for ON and OFF, and no lumped
components are used. In contrast, the loss factor is contributed by the diodes, lumped components as
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(a) (b) (c) (d)

Figure 6. The position of (a) diodes in the EBG cells, and the lumped elements of (b) inductor and (c)
capacitor in the EBG cells biasing network at the bottom substrate layer. (d) Is the total components
with biasing lines.

(a) (b) (c) (d)

Figure 7. Equivalent circuit of diode in (a) On and (b) Off state for the diode for below 4 GHz.
Equivalent circuit of diode in (b) On and (c) Off state for the diode for above 4 GHz.

well as the overall biasing network. Figs. 7(a) and 7(b) show the diode equivalent circuit for OFF and
ON conditions at two operating characteristics which are below 4 GHz and above 4GHz. Diode acts as
shorting element in ON states and as insulating element with high resistance at OFF states.

6. RESULT AND DISCUSSION

Figures 8(a) and 8(b) show the reflection coefficient S11 results for all ideal and active cases that operate
in conf. A, B and C at lower and upper bands, respectively. In these conf. A, B, and C, the antenna is
operated at lower band only. Based on Fig. 8(a), the best S11 for both ideal and active cases is achieved
when the antenna operates in conf. A where the antenna pattern is not shifted to any directions. In
conf. B and C, S11 of the antenna experiences degradation in S11 performance. The alternate of ON and
OFF of EBG 2 and EBG 3 creates some impedance mismatch which is actually used to realize pattern
reconfiguration. However, despite the mismatch the antenna still satisfactorily yields high realized gain
as tabulated in Table 3 which is comparable to the antenna in conf. A with good S11 performance and
the stand-alone dual-band array antenna which have realized gain of 6.214 dBi at 2.4 GHz. EBG cells
suppress the propagation of wave at area of EBG 2 while allowing the propagation of wave at EBG 3
to shift pattern to one side, and vice versa, for the shift of the pattern to the opposite side. In contrast,
based on Fig. 8(b), at 5.8 GHz, the propagation of wave is totally suppressed, thus the antenna operation
at 5.8 GHz is successfully turned OFF with negative realized gains in Table 3.

Figures 9(a) and 9(b) show the S11 results for ideal and active cases of the antenna operating in
conf. D at lower and upper bands, respectively. Antenna operates at upper band only for conf. D. Based
on Fig. 9(b), the antenna is successfully operated at 5.8 GHz for both ideal and active cases. In Fig.
9(b) and from Table 3, the antenna exhibits S11 of −8.85 dB. The S11 is a result of reflection coefficient
at the main coaxial port to the antenna and not to the individual antenna radiating elements. Although
based on S11, the operating frequency is not entirely turned OFF, the radiation pattern of the antenna
at 2.4 GHz is significantly suppressed by 92% from 6.139 dBi to 0.521 dBi. In this condition, the antenna
barely radiates at 2.4 GHz and is considered as turned OFF.

Figures 10(a) and 10(b) are the simulated ideal case for antenna that operates in conf. A, B, C at
(a) H-field and (b) E-field respectively at 2.4 GHz. Pattern reconfiguration is achieved at H-field as
desired while pattern is successfully maintained for E-field. From Figs. 11(a), 11(b) and 11(c), the active
cases successfully achieve similar pattern reconfiguration to the ideal case while all E-field patterns are
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(a) (b)

Figure 8. Simulated reflection coefficient, S11 for ideal and active case at (a) lower band 2.4 GHz and
(b) upper band 5.8 GHz. The antenna operates at lower band only in conf. A, B and C.

Table 3. Antenna performances: simulated realized gain and pattern shifting.

Conf. Frequency operation
Frequencies

(GHz)

Simulated
Realized

Gain (dBi)
S11 (dB) Pattern

Shift (◦)

A Low band only 2.4
5.8

6.139
−3.801

−11.80
−2.19

0
-

B Low band only
2.4
5.8

5.071
−3.328

−8.47
−2.35

349
-

C Low band only 2.4
5.8

5.084
−3.577

−8.48
−2.34

11
-

D High band only
2.4
5.8

0.521
7.833

−8.85
−20.07

-
-

(a) (b)

Figure 9. Simulated reflection coefficient, S11 for ideal and active case at (a) lower band 2.4 GHz and
(b) upper band 5.8 GHz. The antenna operates at upper band only in conf. D.

maintained as shown in Fig. 12.
Figures 13(a) and 13(b) show the simulated ideal and active cases for antenna operated in conf. D

at (a) H-field and (b) E-field respectively at 5.8 GHz. There are no significant changes to the antenna
pattern at H-field with slight changes in E-field patterns. Table 3 tabulates the overall performance of
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(a) (b)

Figure 10. Simulated ideal case at (a) H-field and (b) E-field pattern for antenna operates in conf.
A, B, and C.

(a) (b) (c)

Figure 11. Pattern comparison for ideal and active case at H-field for antenna operates in conf. (a)
A, (b) B and (c) C.

Figure 12. Pattern comparison for ideal and active case at E-field for antenna operates in conf. A, B
and C.
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(a) (b)

Figure 13. Pattern comparison for ideal and active case at (a) H-field and (b) E-field for antenna
operates in conf. D.

the dual-band array antenna with frequency and pattern reconfiguration. The realized gain at 2.4 GHz
is satisfactorily maintained and suppressed at 5.8 GHz when the antenna operates at lower band only.
Pattern shift is observed with 11◦ of variations. The realized gain at 5.8 GHz is satisfactorily maintained
and effectively suppressed at 2.4 GHz when the antenna operates at upper band only.

7. CONCLUSION

A Frequency and Pattern Reconfigurable array antenna using EBG cells is proposed. A minimal number
of six EBG unit cells is used to suppress the propagation of wave at the designated frequencies. With
EBG cells, the pattern at 2.4 GHz can be manipulated in three directions while the pattern fixed at
5.8 GHz remains unchanged. The use of EBG unit cells only achieves pattern reconfigurability, but also
realizes frequency reconfigurability with significant suppression of radiation pattern by EBG cells at
either 2.4 GHz or 5.8 GHz operating frequency. Therefore, the EBG cells-incorporated array antenna is
a pattern and frequency reconfigurable antenna. The antenna is suitable for various operating services
such as WiMAX, and WiFi application and in dynamic wireless communication service where the
operating frequency and pattern reconfiguration antenna is desired.
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