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A new triple band EBG unit cell with compact size has been designed, fabricated, and tested. The proposed EBG unit cell is based on a
square mushroom-like EBG (M-EBG) structure with an interdigital coplanar waveguide (ICPW). With this technique, the size of the
proposed ICPW-EBG structure has been reduced from A/2 to 1/4 compared with the conventional M-EBG unit cell dimension,
which is 18 x 18 mm?. The proposed unit cell was designed in order to respond for three frequency bands at 1.8 GHz, 2.45 GHz, and
3.7 GHz. An array of 10 x 10 unit cell was also designed as a reflector with an overall dimension of 181.8 x 181.8 mm?. The dipole
antennas were implemented over the designed reflector with a short distance of /8 to radiate electromagnetic wave. The simulation
results showed that the ICPW-EBG reflector can improve directivity of the dipole antenna to be 9.12dB at 1.8 GHz, 9.02dB at
2.45 GHz, and 8.40 dB at 3.7 GHz. The measurement directivities agreed well with simulation results including 8.72 dB at 1.8 GHz,
8.56 dB at 2.4 GHz, and 8.1 dB at 3.7 GHz. This is the first design of triple band EBG unit cell with 50% size reduction compared with
the conventional structure at the same frequency. The designed ICPW-EBG reflector with dipole antenna results in the triple band
operation, low-profile and high gain suitable for modern wireless communication systems.

1. Introduction

Development and design of telecommunication equipment
in this modern era must respond to the need of users. Most
mobile equipment must be designed for use of multifre-
quency bands including LTE, WLAN, WiMax, and Blue-
tooth. Likewise, an antenna, one of the major
communication equipment, needs not only to operate for
multiple frequencies but also to have low profile, compact
size, and high gain. However, design of an antenna having all
these features is very complex. There are many techniques to
design an antenna to operate with multifrequency band, low
profile, small size, and high gain. One of the popular
techniques is to design the antenna with artificial material,

which is not found in nature, called metamaterial having
negative refractive index property, or left-hand material
(LHM), theoretically discussed by V.G. Veselago in 1968 [1].
LHM has negative refractive index corresponding to neg-
ative relative dielectric permittivity and negative relative
magnetic permeability values. The permittivity and per-
meability characteristics are the macroscopic responses of
homogeneous medium when applying electromagnetic
fields [2]. LHMs can be applied with electromagnetic devices
in microwave and terahertz frequency bands such as an-
tenna, balun, transmission line, and coupler component [3].
Especially, with the negative refractive index of LHMs, the
antenna can improve their characteristics of antenna gain,
wideband, and multiband [4]. The LHMs are divided into


mailto:tonkmutnb@hotmail.com
https://orcid.org/0000-0003-3907-7999
https://orcid.org/0000-0002-4620-6413
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/2856807

electromagnetic bandgap (EBG), single-negative (SNG),
double-negative (DNG) materials, etc. [5]. From three types
of LHMs, EBG can be designed on a variety of structures
when applying to an antenna, resulting in low profile, im-
proved directivity, and wideband operation [6-8]. EBG can
be classified into three groups conforming to its geometric
configuration: (1) one-dimension transmission lines, (2)
two-dimension planar surface, and (3) three-dimension
volumetric structures. Using the second geometry, the
mushroom-like EBG (M-EBG) is commonly used due to
uncomplicated structure and ease of analysis and design for
several applications [9]. The M-EBG structure is composed
of a patch, via hold, substrate, and ground plane. It has two
superior characteristics of surface wave suppression and in-
phase plane-wave reflection [10].

In the published research study of EBG applied to im-
prove antenna characteristics [11], the comparative analysis of
3 different types of planar EBG was presented. The first one is
EBG fractal structure using a simple square patch of 10 mm,
resulting in a band gap from 8 GHz to 15 GHz. The second is
fork type of square patch 10 mm with a band gap from
7.7GHz to 15GHz. The third is spiral-shaped EBG with
square patch of 10 mm dimension, which does not respond to
—10 dB band gap. The number of unit cells in an array was also
studied. It was found that increasing the number of unit cells
could increase the band gap range to the lower frequency
region. It was also concluded that the fork type structure gives
better performances with a wider band gap. However, all
structures of unit cells have large sizes of about A/2 and it
could not independently control the harmonic frequency
bands. The second published research study in [12] proposed
the uniplanar compact EBG (UC-EBG) and UC-EBG in-
corporated with interdigital structure called ID-UC-EBG,
both having square patch EBG dimensions equal to 7.3 mm.
Even though the fringe capacitances on the proposed EBG
structures could compress the unit cell sizes to less than 1/2,
they are still large. Also, the harmonic frequency bands could
not be controlled and the structures with two layers are very
complicated. In [13], the novel design of two triple band EBGs
was presented. The first type is the double slotted type EBG
(DSTEBG), in which the microstrip unit cell size is larger
compared to the conventional one. It is found that the stop
band shifts to the lower frequency side due to increase of
capacitance. The gap between the EBG unit cells results in the
stop band shifted to the higher frequency. The proposed
DSTEBG can operate in three bands with the first band of
2.42-2.95GHz, the second band of 5.82-6.30 GHz, and the
third band of 8.72-9.28 GHz. The second type is triple side
slotted EBG (TSSEBG), in which the slot width is increased,
resulting in the second and third bands shifting towards the
side of lower frequency due to increase of inductance. The
proposed TSSEBG can operate with the first band of
4.29-4.65 GHz, the second band of 5.56-6.28 GHz, and the
third band of 7.60-7.94 GHz. Even though the proposed EBG
can control three frequency bands when increasing the gap
between EBG unit cells, the size is still large.

Normally, the EBG unit cells are designed on the
microstrip structure and analyzed by using a circuit model of
the transmission line to obtain cell size at the desired
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resonant frequency [14]. However, the research in [15-17]
used coplanar waveguide (CPW) structure to design EBG
unit cells because of advantages like low dispersion, small
size, and simple realization due to etching on one side and
broadband performance [18]. For further size reduction,
several techniques have been proposed such as uniplanar
compact electromagnetic band gap (UC-EBG), slot-strip
EBG structure, interdigital structure, and Hilbert curve
structure [19-21]. To design the EBG structure, the inter-
digital technique is very pliable and effective for size re-
duction. The interdigital structure can increase capacitance
value and decrease quality factor causing the compact sizes
[22-26]. From the drawbacks of all research studies men-
tioned above, this research proposes a design of the new
compact EBG unit cell, capable of controlling three fre-
quency bands, modified from the M-EBG unit cell. The
coplanar waveguide structure and interdigital technique
have been employed to create the EBG for size reduction due
to slow wave structure [27, 28] and low profile with high gain
antenna [29, 30]. This new EBG is called the interdigital
coplanar waveguide electromagnetic bandgap (ICPW-EBG).
After that, the ICPW-EBG array is also designed to be a
reflector used with dipole antennas for improved directivity
at triple band frequency applied for LTE, WLAN, and
WiMax [31].

2. Design of ICPW-EBG and Applications

The triple band ICPW-EBG reflector consists of two parts
including EBG unit cell and array of unit cells. To design the
triple band EBG unit cell, the interdigital coplanar wave-
guide structure is applied on the patch of M-EBG for
minimizing size and controlling the resonance frequency as
desired. The second part of the design is the ICPW-EBG
array being used as an antenna reflector. The ICPW-EBG
structure is qualified for disposal of surface wave on the
surface of reflector, having only plane wave propagation
reinforced with the propagation pattern of the source an-
tenna. With the in-phase plane-wave reflection, the EBG
reflector results in a low profile antenna. In this section, the
triple band ICPW-EBG unit cell will be designed for LTE
(1.8 GHz), WLAN (2.45 GHz), and WiMax (3.7 GHz) [31]. It
is designed on FR-4 PCB with ¢, of 4.4, loss tangent of 0.03,
and substrate height of 1.6 mm with CST studio program.
Then the ICPW-EBG array as a reflector will be imple-
mented and applied for dipole antennas.

2.1. Triple Band ICPW-EBG Unit Cell. This section proposes
the design of the compact triple band EBG unit cell. From
the advantages of CPW structure, it was applied on a square
patch of M-EBG, due to connectivity of the capacitor at the
end of the proposed structure causing slow wave effect [27].
The CPW structure used in this design has a ground plane at
bottom and semi grounds on top and operates in odd mode.
In Figure 1, C; is the capacitance between transmission line
and semi ground, C; is the capacitance when the electrical
field exists only in a dielectric layer and may be found from
the corresponding couple strip line geometry, C, is the
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FIGURE 1: Structure of CPW with ground plane and all capacitive effects.

parallel plate capacitance between semi ground and trans-
mission line to ground plane, and Cy is the fringe capaci-
tance. Normally, the values of C; and C; have very small
impact on the design to achieve the fundamental frequency
resonance. The total capacitance of CPW (Ccpw) is very
important and its value can be written in (1), where C is the
speed of light, A is the width of transmission line, B is the
width of transmission line to semi ground, and Cy, is the
capacitance of the transmission line:

Cepw = C;+Ci+C, +Cy, (1)
when
C, Eorpp
VE

C = >

! (CZt) _Cg
0.02 1
C, :ﬂln[c th(— —)] 0.65¢ ¢ 002vE 5
B/h €

(2)

From the basic structure of CPW with ground plane, it
is found that the capacitance between transmission line
and semi ground (C;) has more effect on the resonance
frequencies. In order to control the second and third
harmonic frequencies, the value of C; must be varied
instead of C, because it is easier. Then, the interdigital
technique has been applied together with CPW to in-
crease C; as the proposed structure shown in Figure 2. It
can be seen that there is a finger between the transmission
line and the semi ground. The gap and the impedance of
the finger between both sides will cause a significant
increase in C; Considering the equivalence circuit in
Figure 2, the transmission line is divided into three parts
composed of Z,, Z,, and Z. corresponding to the
propagation constants f3,, 5, and f.. From interdigital
techniques, the inductance (jX ;) is less than the ca-
pacitance (—jXc), so the C;=C;+C, has a significant
effect on the transmission line. R; and R, are the losses in
transmission line. In the case of Z,=Z7;,=Z. the total
impedance (Z;) can be found in (3), where R is the ratio of
unequal impedance in transmission line. The admittance
Y, can be written as in (4).
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FiGure 2: The equivalence circuit of ICPW-EBG unit cell.
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From the interdigital connection with CPW trans-
mission line, whether the impedance is equal to the step
impedance, the C; is connected to the end of transmission
line. It has a significant impact on the electrical lengths of
transmission line, as shown in (5) and (6), when L, is the
total length of the interdigital part, Ly is the length of the
finger, and # is the number of fingers. The C; has a very
significant effect on the electrical length of the funda-
mental frequency (fy) and the third resonance (f,), while
the second resonance (f;) will have a little effect on
electrical length.

1
= 2 -1 >
e an <”foztct)
6, =27 - 2tan” ' (nf,Zc,), (5)
1
= 2 -1 >
box an <7szztct)
e +1
C = (rLt)Lf (e +1)[0.1(n—3) +0.11],
(6)
when 1, = \/(4/€,), k = (Z,/Z,), L, = popt,h,
We, (1
C, =Mcosh_l<g>. (7)
s g

It can be explained that C; value can control the fundamental
and third resonance frequencies, while the combination of C;
and step-impedance transmission line section can control the
second resonance frequency. Furthermore, increasing capacitive
value at the end of transmission line with interdigital technique
leads to slow wave at transmission line, resulting in unit cell size
reduction from A/2 to 1/4. Based on the ICPW design, the next
step is to design a pin on the ICPW structure. Location and size
of the pin were optimized. When arranging two unit cells as
shown in Figure 3(a), the capacitive (C,) is found and the in-
ductance (L,) arises due to the pins and ground plane. The
equivalence circuit of the ICPW-EBG unit cell is shown in
Figure 3(b). The values of L, and C, are used to calculate the
bandwidth according to (7) and (8). When a is the unit cell range
with gap g being the gap width, W is the unit cell width, & is the
thickness of substrate, and 7, is the free space impedance.
Therefore, the design equation is changed from (5) to (9) that
adds C, into this equation. It is concluded that C, has been taken
into account resulting in the change of electrical lengths as
shown in (9) and that C, and C, have more effect on the
resonance frequencies of the ICPW-EBG unit cell as mentioned.
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FIGURE 3: (a) The structure of ICPW-EBG unit cell and capacitance in array EBG. (b) Equivalence circuit of ICPW-EBG unit cell.

The capacitance causes a narrow bandwidth at the
resonance frequency. To cover the required bandwidth of
the resonance frequency with phase angle of 0 to 90 de-
grees, one technique commonly used is to increase the
substrate thickness. In our design, the FR-4 substrate was
employed. The design will determine the transmission line
of the ICPW-EBG unit cell with 50 ohm impedance and
phase of 0-90 degrees at the fundamental frequency of
1.8 GHz. The phases at the second and third resonance
frequencies of 2.45 GHz and 3.7 GHz can be controlled by
varying the capacitance with interdigital technique. The
structure and dimension of the proposed unit cell are
shown in Figure 4 and Table 1. To get the required
bandwidth, the resonance frequencies must be shifted to
1.94 GHz, 3.2GHz, and 4.4 GHz, respectively. Figure 5
shows the simulation results of phase diagram. The S
curve covers the bandwidth with phase of 0-90 degrees for
all frequency bands including 1.66 GHz-1.92GHz for
1.8 GHz band, 2.16 GHz-2.97 GHz for 2.45 GHz band, and
3.43 GHz-3.98 GHz for 3.7 GHz. The simulation of dis-
persion diagram is also shown in Figure 6. It can be seen
that the bandgap had the lower band frequency at fre-
quency of 1.71 GHz, the upper band frequency at 3.75 GHz,
and the center band frequency at 2.73 GHz, covering the
designed operating frequency. In addition, the size of
ICPW unit cell is reduced from A/2 to A/4 by the slow wave
effect within the structure. Figure 7 shows the comparison

of dimension of ICPW-EBG unit cell and ordinary M-EBG
unit cell at the same frequency of 1.8 GHz.

BW = — \E (8)
o VC
1

6 = 2t 71 T A S o~ N bl

w0 o (ﬂfOZa (Ct + Ca))
6, = 2n—-2tan ' (nf,Z,(C, +C,)), 9)

ot ML

o= ()

The simulations of E-field and H-field on the ICPW-EBG
structure were performed. The results will be used for
alignment of the antenna plane corresponding with the
ICPW-EBG array plane for maximum efficiency. The sim-
ulation results are shown in Figures 8(a) and 8(b), where the
E-field has significant impact on the interdigital section of
structure at all resonance frequencies, while the H-field has
very small impact. Therefore, the antenna must be placed on
Y-axis or parallel with the interdigital period. Based on the
simulation result in Figure 9, there is no current density on
the patch of ICPW-EBG unit cell. This means that the
ICPW-EBG structure has only plane wave propagation and
eliminates surface wave.
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FI1GURE 4: The geometry of ICPW-EBG unit cell.

2.2. Array of ICPW-EBG Unit Cells with Dipole. The 10x10
ICPW-EBG unit cells were arranged as an array with the gap
between the unit cells of 1.8 mm. The total area of the array is
181.80 x 181.80 mm? as shown in Figure 10. This proposed
array will be used as an antenna reflector, so the size of array
must cover the antenna size. From simulation, it is found
that the E field is parallel along the Y axis of the interdigital
structure. The current density passes through the band gap at
1.8 GHz, 2.45 GHz, and 3.7 GHz, as shown in Figure 11. It
does not affect the ICPW structure, so it can be used as a
reflector for the antenna with wave propagation at three
desired frequencies. With small unit cell size, the array of
10 x 10 unit cells as a reflector is also very small. In addition,
with surface wave suppression and in-phase plane-wave
reflection, it can enhance the directivity of dipole antenna
when applying with compact ICPW-EBG reflector, working
as a high-gain directional antenna.

Then the dipole antenna is designed as the electro-
magnetic radiating source to be used with the ICPW-EBG
reflector. It is designed from a copper pipe with 3.46 mm
(W;) diameter and 0.46 mm (T) thickness. Figure 12
shows the dipole diagram and parameters designed at

TaBLE 1: ICPW-EBG unit cell parameter and dimension.

Parameters Dimension (mm)
L, 18.00
L, 16.20
Ly 6.48
L, 2.16
G 0.54
W, 18.00
W, 16.20
W3 1.08
Wy 2.16
P 0.6

three frequencies of 1.8 GHz, 2.45 GHz, and 3.7 GHz. The
antenna lengths of all dipoles at the three frequencies are
0.471o, with their sizes optimized, resulting in all di-
mensions in Table 2.

From the previous ICPW-EBG array and dipole antenna
design, this section will present the simulation results of the
dipole antenna with ICPW-EBG reflector in order to observe
the performances of ICPW-EBG on the dipole antenna. The
dipole antenna was placed above ICPW-EBG reflector acting
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F1GURE 8: The simulation results of ICPW-EBG unit cell at 1.8 GHz, 2.45 GHz, and 3.7 GHz. (a) Electric field results. (b) Magnetic field results.
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TaBLE 2: Dipole antenna dimension.
. Dimension (mm)
Dipole parameters
f=18GHz f=2.45GHz f=3.7GHz
Ly 32.50 22.00 13.80
L, 68.00 47.00 29.60
Gy 3.00 2.50 2.00
W, 3.46 3.46 3.46
T 0.46 0.46 0.46
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F1GURE 13: The simulation radiation pattern and insertion loss of dipole antenna within ICPW-EBG reflector: (a) 1.8 GHz, (b) 2.45 GHz, and

(¢) 3.7 GHz.

as an electromagnetic source radiating to the reflector. By
adjusting the distance between the antenna and the reflector,
the distance of about A/8 results in the phase difference
between antenna and reflector of about 0 degree because the
ICPW-EBG reflector has a characteristic of an artificial
magnetic conductor. In this case, the dipole is aligned along
the y axis because the current line direction and E-field plane
conform to that direction. Because the capacitive value has a

significant impact on the E-field, it can increase the highest
antenna gain. Also, the in-phase between the antenna and
reflector makes the maximum gain at the designed fre-
quency. The simulation results of the proposed structure of
the dipole antenna and the ICPW-EBG reflector at all fre-
quencies are shown in Figures 13(a)-13(c). At frequency of
1.8 GHz, the distance of A/8 is about 20.81 mm, the simu-
lation results show that the resonance frequency is shifted to
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TaBLE 3: Comparison of the presented antenna with reference EBG unit cell and antennas.

Reference

No. of bands (structure

Unit cell size

No. of unit

Measurement

. 3 o
number shaped) Freq.(GHz) (mm?) Overall size (mm) cell array IBW (%) gain (dB)
1 (fractal) 11.35 11x11x1.6 77X 77 % 1.6 7.3 -
(11] 1 (fork like) 11.5 16x16x 1.6 112x112x1.6 7x7 7.0
1 (spiral) 1.95 10x10x1.6 70x70x 1.6 0.3
[12] 1(ID-UC) 2.35 7.3%x7.3%xL5 14.6 x36.5x 1.5 2x5 46 -
3 (double slotted) 2.42-2.95 5%x5x2.74 15x15x%x2.74 3x3 19.70
5.82-6.30 7.80
[13] 8.27-9.28 6.20
3 (triple side slotted) 4.29-4.65 5x5x%x2.74 15x15x2.74 3x3 8.00
5.56-6.28 10.38
7.90-7.94 4.30
2.50-5.30 78.95 -
[16] 2 (slot ant. fed by CPW)  [7'c 1=0 76x61x0508  76x93x0.508 1 1879 )
[20] I (interdigital and 2.44-2.51 7x81x4.3 28.3%44.8x 4.3 3x4 3.04 7.0
inductive strip)
4 (slot ant. with spiral 21.312—_22'603 ﬁgg ;(9)5
[23] stub and interdigital ’ ’ 23.25x27.5x1.6  2325x40x1.6 1 ’ ’
CPW feed) 3.54-3.95 10.94 2.16
© 5.10-5.32 4.21 2.36
1 (interdigital cap.
[25] Joaded slot) 2.45 16.3x3.9 16.3%3.9 1 18.7 2.075
1 (square patch AMC
[29] substrate and PRS 14.0 45%x4.5x%x1.13 150 x150x11.3 32x32 >30 19.0
superstrate)
2 (EBG with circular 3.53-3.87 8.9 6.71
[30] slot) 435-469 4.8x3.0x1.27 33x21x1.27 4x6 759 458
1.8 2.45 40.64
ICPW-EBG 3 (ICPW) 18 x18x3.2 181.8 x181.8 x 24.2 10x10 30.72 8.72 8.56 8.10
proposed 3.7
43.82
1.722GHz, the -10dB bandwidth is 287.0 MHz shifted to 2.317 GHz, the -10 dB bandwidth is 8,667.0 MHz

(1.622-1.909 GHz), and directivity is 9.12dB. At frequency
of 2.45GHz, the distance of A/8 is about 15.30 mm, the
simulation results show that the resonance frequency is

(2.252-3.1187 GHz), and the directivity is 9.02 dB. At fre-
quency of 3.78 GHz, the distance of A/8 is about 10.13 mm,
the -10 dB bandwidth is 1,060.0 MHz (2.891-3.9512 GHz),
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FIGURE 16: The created geometry of ICPW-EBG reflector and dipole antenna on the antenna gain measurement.

and the directivity is 8.4 dB. Although the resonance fre-
quencies are shifted, the frequency bandwidths still cover the
usable frequency bands.

The simulated current densities of dipole antenna affecting
ICPW-EBG reflector are shown in Figures 14(a)-14(c). It was
found that the current density flows in the gap between ICPW-
EBG unit cell, but does not have current flow on the structure of
ICPW-EBG unit cell. At the resonant frequency, it has a strong
current density, which can be explained that when applying
ICPW-EBG unit cell with an antenna, ICPW-EBG rejects the
surface wave and has only the propagation wave that is
complement to the propagation wave of the antenna.

This causes the antenna to have a higher directivity.
Figures 15(a)-15(c) show simulation results of the observed

surface current responses. It is found that at all frequencies
there is no surface current. It is clearly seen that ICPW-EBG
can eliminate the surface wave to be just an extra propa-
gation wave to the antenna.

From the simulation results of ICPW-EBG reflector
driven with dipole antennas, the ICPW-EBG structure can
increase directivity of the dipole antennas and perform with
directional pattern. The antenna directivities are improved
to be 9.12dB at 1.8 GHz, 9.02 dB at 2.45 GHz, and 8.40 dB at
3.7 GHz. The distance between antenna and reflector is
reduced from A/4 to A/8. The ICPW-EBG can control the
responses for three frequency bands. With small ICPW-EBG
unit cell dimension of 1/4, arranging the ICPW-EBG with
10x10 cells makes the overall size of the ICPW-EBG reflector
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FiGURE 17: The S11 measurement results of dipole antenna with ICPW-EBG: (a) 1.8 GHz, (b) 2.45 GHz, and (c) 3.7 GHz.

very compact. In conclusion, ICPW-EBG is simple and
compact in structure and easy to design. In Table 3, the
performance of the proposed ICPW-EBG antenna is com-
pared with unit cell design and antenna design with the
previous reference. The results of the measurement will be
presented in the next section.

3. Measurement Results

In this part, the measurement of return losses and radiation
patterns will be performed at three resonance frequencies. The
structure of the proposed antenna was implemented as shown
in Figure 16. For only dipole antenna, the measured band-
widths (higher 10 dB return loss) of 550 MHz (1.6-2.15 GHz)

at 1.8GHz, 530 MHz (2.25-2.78 GHz) at 2.45GHz, and
620 MHz (3.33-3.95GHz) at 3.7 GHz were found. For the
dipole with the proposed ICPW-EBG reflector, the measured
bandwidths of 760 MHz (1.49-2.25 GHz) at 1.8 GHz, 750 MHz
(2.10-2.85 GHz) at 2.45GHz, and 710 MHz (3.24-3.95 GHz)
at 3.7 GHz were found. The measured results are shown in
Figure 17. In addition, the measurement of radiation patterns
was done as the results are shown in Figure 18. It is found that
the antenna has directional radiation, where the antenna gains
at the 1.8 GHz, 2.45 GHz, and 3.7 GHz frequencies are 8.72 dB,
8.56 dB, and 8.1 dB, respectively. It can be seen that the gains of
the proposed antenna are higher compared with the dipole
with PEC reflector. Also, the measured results agree very well
with simulation results.
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FiGure 18: The radiation pattern measurement results. (a) E-plane at 1.8 GHz 2.45 GHz and 3.7 GHz. (b) H-plane at 1.8 GHz 2.45 GHz and

3.7 GHz.

4. Conclusion

The new EBG unit cell with ICPW structure was proposed.
The slow wave effect on the proposed structure could reduce
the size of unit cell from A/2 to A/4 and can control the
second and third resonance responses. The array of ICPW-
EBG unit cells was formed with the dimension
181.8 x 181.8 mm. Moreover, the distance between the dipole
antenna and the ICPW-EBG reflector was reduced from the
normal distance of A/4 to A/8, resulting in a low profile
system. In addition, the ICPW-EBG reflector could increase
the antenna gain at the frequencies 1.8 GHz, 2.45 GHz, and
3.7 GHz to be 8.72dB, 8.56 dB, and 8.1 dB, respectively. The
radiation patterns at three frequencies are directional. Also,
the measured bandwidths of the proposed antenna were
760 MHz, 750 MHz, and 710 MHz at 1.8 GHz, 2.45 GHz, and
3.7 GHz frequency bands, respectively.
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