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11.1  INTRODUCTION

High-performance applications in wireless communication systems require an
advanced form of electromagnetic materials. The development of “metamaterials”
with unique features has recently gained great attention from the researchers [1].
Metamaterials are used in many fields such as optics, nanoscience, material science,
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and antenna engineering. These materials have special characteristics that do not exist
in naturally occurring materials. Hence, designing metamaterials with unique char-
acteristics and using them in several antenna applications is an interesting concept
for researchers. The concept of photonic crystals was introduced by Yablonovitch in
solid-state physics [2]. The photonic crystals with a forbidden band gap are used in
optics and solid-state physics. Therefore, the term photonic band gap (PBG) of the
optics is used as electromagnetic band gap in the microwave domain. EBG struc-
tures are classified as a special type of metamaterial and can be defined as periodic
or non-periodic structures that prevent or help the transmission of electromagnetic
waves in a specific band of frequency [3,4]. EBG structures have many names in the
literature, including left-handed materials, soft and hard surfaces, double-negative
materials, negative refractive index materials, high-impedance surfaces (HIS), mag-
netomaterials, and artificial magnetic conductors (AMC) [5]. They are categorized
into three groups: (i) three-dimensional volumetric structures, for example woodpile
structure, (ii) two-dimensional planar structures, for example mushroom-like EBG
structure, and (iii) one-dimensional transmission lines, such as holes in the ground
plane. The EBG unit cell has a single band gap; however, a periodic arrangement of
EBG structures can have multiple band gaps. In addition to the band gap feature,
EBG structures also have some other important characteristics such as AMC and
HIS [6]. For example, for both TE and TM polarizations, the two-dimensional EBG
structures show a high-impedance surface. And when a wave strikes the EBG sur-
face, 0° reflection phase is obtained and the EBG surface behaves as an AMC. These
special features of EBG structures lead to a broad range of applications in microwave
and antenna engineering [7,8].

In this chapter, we discuss the recent advancements in patch antenna design using
EBG structures. These structures help improve the gain and bandwidth of the patch
antennas. They are also used to reduce mutual coupling and to obtain band-rejec-
tion characteristics in ultra-wideband (UWB) antennas. A number of techniques to
improve the gain and bandwidth, to achieve multi-band characteristics, to reduce
mutual coupling, and to obtain multiple band-notch characteristics using compact
EBG structures are also discussed later in this chapter. Finally, some real-life appli-
cations of EBG structure-integrated patch antennas, such as RFID and wearable
electronics, are summarized.

11.2 EBG STRUCTURES AND THEIR PROPERTIES

An EBG structure is made up of metallic patches, ground plane, dielectric materials,
and vias that connect patches to the ground plane [6]. From inductance and capacitance,
the notch resonance frequency of an EBG cell can be determined using eq. (11.1):

f‘¥ 11.1
5= ondIC (Ll

where f, represents the operating frequency of the EBG structure. This operating
frequency can be varied by varying the inductance and capacitance. The values of
inductor L and capacitor C are evaluated using the given formula [6—8]
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where W, g, h, u,, and ¢, are the width of the patch, the gap between two EBG struc-
tures, the substrate height, the permeability and permittivity of free space, respec-
tively. The EBG structures’ band gap can be evaluated by three methods, i.e., reflection
phase, dispersion diagram, and the transmission characteristics calculated by sus-
pended line method. Reflection phase characteristics of an EBG unit cell are used to
predict the electromagnetic nature of the surface. For perfect electric conductor (PEC)
and perfect magnetic conductor (PMC) ground planes, the reflection phase is 180°
and 0°, respectively [9]. However, the PMC does not occur in the environment. For an
EBG ground plane, the reflection phase varies from +180° to —180° with increasing
frequency. The frequency range between +90° and —90° generally overlaps the band
gap of an EBG structure [10]. Figure 11.1a indicates the reflection phase. The disper-
sion diagram, which is calculated using Eigenmode solver, is used to obtain the band
gap of periodic EBG structures. The plot of phase constant and resonant frequency is
referred to as the dispersion diagram [11]. Figure 11.1b illustrates the dispersion dia-
gram. In the transmission characteristics method, the band gap is calculated by replac-
ing the PEC ground plane with the EBG array. Figure 11.1c indicates the transmission
loss. Transmission losses less than —15 dB are generally considered as the band gap
of the EBG structure [12]. The transmission characteristics and reflection phase are
enough for calculating the band gap of an EBG structure. From the transmission char-
acteristics and reflection phase, the AMC at 0° and the surface wave band gap of the
EBG structure can be easily recognized [13]. The dispersion diagram consumes more
memory and time, but gives more information on band gap.

11.3 EBG STRUCTURES IN PATCH ANTENNA DESIGN

For wireless communication application, patch antenna are mostly preferred due
to its low profile and low cost with high performance. The patch antennas have
major benefits such as ease of installation, low cost, low profile, and integration
with printed circuits. Some of the drawbacks of patch antennas are low efficiency,
low power, high Q, surface wave excitation, and narrow bandwidth [15]. The unique
features of the EBG structure are found useful to overcome the drawbacks of a patch
antenna. The EBG structure helps in gain and bandwidth improvement [16—19].
In general, an EBG patch antenna produces a plane radiation profile, fewer side
lobes, and a good antenna efficiency compared to a normal patch antenna. The EBG
structure also ensures low interference to the adjacent elements and acts as a shield-
ing material between the antenna and the communication system user. Further, the
EBG structure has also been used in MIMO [20-22] systems and array antennas
to alleviate the mutual coupling [23] effect. The application of EBG structures in
patch antennas is a smart research area; however, some problems arise as two dif-
ferent structures are combined together to achieve enhanced performance. Some
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FIGURE 11.1 Different methods for calculating the band gap: (a) reflection phase methods
(b), dispersion diagram methods, and (c) transmission characteristics methods [14].

new designs and their applications to enhance the performance of patch antennas
are discussed in this chapter.

11.3.1 BANDWIDTH IMPROVEMENT IN PATCH ANTENNAS
UsING EBG STRUCTURES

For wireless communication systems, the mostly preferred antenna is the patch
antenna. Generally, the conventional patch antenna has narrow bandwidth because
of the PEC material in the ground plane. To achieve a wide bandwidth, the research-
ers have done intensive research and suggested a number of EBG structures. A wide
band of 3-35 GHz is achieved by placing a periodic structure of circular and square
EBG patch around the half-circular monopole antenna [24]. By inserting the conven-
tional mushroom-type EBG structures on either side of the feed line, the impedance
bandwidth is increased by 0.1 GHz as compared to the monopole UWB antenna. A
good improvement in bandwidth is obtained by etching dummy EBG patterns on the
feed line [25] as shown in Figure 11.2.

The EBG array is inserted on a substrate with a height of 0.4 mm and a dielectric
constant of 2.33. The patch size is 8§ mm X 6.3 mm, resulting in an operating frequency
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FIGURE 11.2 (a) Magnified view of feed line and (b) magnified view of EBG pattern [25]
(c) S11 parameters Vs frequency.

of 14.8 GHz. Eight rows of dummy EBG structures are etched on the patch feed line
with a gap of 5.8 mm in between two patches. The test data show the improvement
in the bandwidth of over 0.381 GHz. In [26], Fabry—Perot (FP) antennas were inte-
grated with EBG metamaterials for getting 4.92% impedance bandwidth and 10.7
dB gain simultaneously [27]. From Figure 11.3, it can be seen that using a trapezoi-
dal ground plane in combination with a uniplanar EBG structure [28] increases the
bandwidth and also improves the radiation characteristics of a monopole antenna. By
changing the width of an EBG structure, one can vary its operating frequency. The
total volume of the antenna is 100X 75x0.762 mm? including eight EBG cells. A
conventional mushroom-type EBG structure was modified by inserting multiple vias
to increase the band gap for noise suppression [29,30]. As shown in Figure 11.4, four
vias are optimized to achieve a wider band gap and it is termed as ground surface
perturbation lattice (GSPL) [31]. Figure 11.5 illustrates a lotus flower patch attached
to a wide transmission line with an EBG ground plane to increase the bandwidth of
the antenna. A slanted ground plane with an EBG structure was used to enhance the
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FIGURE 11.4 (a) Side view of GSPL structure; (b) GSPL structure. (¢) Two-dimensional
EBG structure [31].

bandwidth of the elliptical and rectangular monopole antennas [32]. In the literature,
to enhance the bandwidth, a multilayer EBG structure [33] was also used. Monopole
antennas of different shapes such as elliptical [34] and semi-circular [35] were sug-
gested for enhancing the bandwidth. Further, the bandwidth of an UWB antenna can
be improved by using EBG structures with a monopole antenna. Thus, in Table 11.1,
some of the EBG structure approaches are described for bandwidth improvement.

11.3.2  GAIN IMPROVEMENT USING EBG STRUCTURES

With the arrival of new wireless communication services, the demand for ultra-wide-
band with low cost and compact size is increasing tremendously. The main draw-
backs of printed antennas are low gain and low radiation efficiency because of the
propagation of the surface wave. If an antenna is placed over a PEC ground plane
such as copper or gold, it starts radiating into space. Additionally, it also produces
currents that move along the sheet. These currents are also called surface waves
and propagate to an edge of the antenna surface and cause multi-path interference.
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FIGURE 11.5 (a) Lotus-shaped antenna with an EBG ground plane, (b) IS;;| of lotus-shaped
antenna with partial ground plane, (c) IS, of lotus-shaped antenna with EBG ground plane [32].

A number of approaches to increase the gain of patch antennas using EBG struc-
tures have been proposed. In these approaches, the EBG structure is designed in
a way that its band gap and antenna resonant frequency band overlap. As a result,
the surface waves cannot propagate along the substrate and the amount of radiating
power increases. In order to improve gain, the EBG structure can be placed in two
ways — the first is by placing the EBG structure around the patch antenna, which is
[36] termed simply as the EBG structure, and the second is by replacing the ground
plane with the EBG structure which is called AMC [37]. A double-rhomboid bow
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TABLE 11.1

Bandwidth Enhancement Using Different EBG Approaches

S. No. EBG Approach Reason Reference

1. EBG pattern on the feed line  Bandwidth is improved due to impedance [25]
matching

2. Multilayer EBG structure Merging multiple bands into one wide band gap [30,36]

3. Symmetric placement of EBG Bandwidth enhancement due to the different [28]

structure around the patch resonant frequencies

4. Multiple-via EBG structure By increasing inductance, reflection phase [32]
behavior gives much wider bandwidth

5. EBG ground plane To couple between the patch and EBG-AMC [24,27,33,34]

resonance frequencies

B2BE AMC

FIGURE 11.6 (a) EBG structure; (b) antenna with AMC array [38].

tie-slot antenna [38] was presented with an end-to-end E-shaped EBG surface for
gain improvement at the W-band, as shown in Figure 11.6. This EBG surface behaves
as a reflective surface that helps to improve the gain of the on-chip antenna. To pre-
vent the losses due to waves entering into the lossy silicon substrate, an AMC array
surface is placed beneath the patch. In another interesting study, a low-temperature
co-fired ceramic (LTCC) patch antenna’s gain was improved using a Sievenpiper
EBG structure [39]. This LTCC was designed to resonate at 60 GHz on a DuPont™
Greentape™ 9K7 (¢,~7.0) of 5 mm thickness.

The two-element LTCC patch array was combined together with the Sievenpiper
EBG structure to eliminate surface waves. As a result, around 4 dBi of gain enhance-
ment and 8 dB of reduction in side lobe level were obtained, as shown in Figure 11.7.
The design of eight-element MIMO antennas for 5G applications such as smartwatch
and dongle [35] is presented in Figure 11.8. To improve gain and efficiency, an EBG
surface was used as a ground plane. The upper layer of the substrate has eight MIMO
antennas [36—40], whereas the bottom layer is composed of an EBG ground plane.
The gain and antenna efficiency obtained were 8.732 dB and 92.7% at the resonant
frequency, respectively.

Another study was performed [40] by changing the vias® positions in different pat-
terns in the EBG ground surface, as presented in Figure 11.9a—d, and it was found



Advances in Patch Antenna Design 371

Coupling slot =% = ‘Grounding and shielding vias

B e - mw s ZIRERD

Gain and Directivity (dBi)

50 51 52 53 54 55 56 57T 58 S0 60 61 62 B3 54 85
Frequency (GHz)
——teamined Curechvity with EBG Struclure
——Simulated Directrvity weth EBG- Stru clure
==haasured Gain with EBG Struchure
== Simislated Gain with EBG Structure
==Simuslated Gan wio EBG Structure

(a) (b)

Stripline feed network |

FIGURE 11.7 (a) 2X?2 patch array; (b) gain and directivity versus frequency of the 2x2
patch array [39].

Substrate: Rogers,
RT 5880,e=2.2
(b6 se=q] I8 o
Substrate Size:
31.2x31.2x 1.57 mm?
3 8 4

LS b8 : : x

(a)

k-" A antenna
3 Qs‘gfslrale
~=

BIA

(b)

FIGURE 11.8 (a) Top and bottom views of an eight-element MIMO antenna with EBG
ground plane [35]; (b) 3D view of cylindrically projected EBG planes [40].

that the antenna gain and efficiency were improved by 14.1 dB and 107.2%, respec-
tively. Besides improving gain and directivity, the EBG superstrate also obtains dual-
band dual-polarization [41-43] and suppresses the grating lobes in array antennas.
Different EBG structures [42—-48] were discussed based on the position of the EBG
structure, such as below the patch and around the patch, to improve the overall per-
formance of the antenna. In [49], a slotted EBG structure was used to improve the
gain and to reduce the radar cross section (RCS) of a patch antenna. This slotted EBG
structure was made of arrays of mushroom-type structure with rectangular slots on
the patch. From the tested results, it was observed that the gain improved by 2.5 dB
and RCS reduced to 4.3 dB as compared to the conventional patch antenna. Thus, few
EBG structure approaches are discussed in Table 11.2 to improve patch antenna gain.

11.3.3 MutuaL CourLiNG RebucTtioN UsING EBG STRUCTURES

Mutual coupling between antenna elements is due to the propagation of surface
waves, and it affects the overall performance of the antenna. In case of a patch
antenna, the E-plane coupling is stronger than the H-plane coupling. Several
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TABLE 11.2

Gain Enhancement Using Different EBG Structure Approaches

S. No. EBG Structure Approach Reason Reference

1. EBG structure placed around the — Surface wave suppression results in [38,42,44,47,48]
patch improved gain

2. EBG structure ground plane AMC property is utilized as a reflector  [35,40,49]

3. Superstrate EBG structure layer ~ Multiple reflections in cavity result in [50,51]
above the patch antenna performance enhancement

methods were discussed and applied to reduce the mutual coupling between the
MIMO system and antenna array, which include defected ground plane, decoupling
strips, and neutralization line. For the MIMO system, it is desirable to have a mutual
coupling of less than 15 dB, the envelope correlation coefficient (ECC) should be
less than 0.5, and the total active reflection coefficient (TARC) should be less than
0 dB. The ECC is used to measure the correlation between radiation patterns of
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MIMO antennas. The TARC is similar to return loss, but also considers the effect of
mutual coupling. In [52], the mutual coupling was reduced by using two fractal uni-
planar compact EBG structures and three cross-slots in between the patch arrays, as
shown in Figure 11.10. By placing the two rows of fractal uniplanar compact EBG
structure on the top layer, the mutual coupling was reduced 13 dB. Moreover, etching
three cross-slots on the ground plane further improves the reduction in the mutual
coupling. In [53], the conventional uniplanar compact EBG structure was modified
by inserting rectangular slots. The modified EBG is shown in Figure 11.11a. Two-
element MIMO antennas [53] were designed in a way that one element is positioned
in front of the other. The introduction of the modified EBG array amid the two
patches eliminated the propagation of surface waves. A parallel connection of L and
C with series L and C connections formed a narrow band-stop filter. Because of the
parallel inductance connections, the overall inductance decreased, and due to the
parallel capacitance connections, the overall capacitance increased. These parallel
connections aided in reducing the isolation by increasing the quality factor. The

relation, given in eq. (11.4),
C
0=n, 3 (11.4)

Another investigation accomplished in [54] considered the planar compact EBG
structure. To achieve better mutual coupling reduction, the planar EBG structure is
placed in three different arrangements as shown in Figure.11.12. The planar compact
EBG structure was fabricated using an FR4 substrate with a height of 1.6 mm and
an overall dimension of 5.05x6.52 mm?. The operating frequency of the antenna
was nearly 5.6 GHz, which is at the WLAN band. In [56], a split EBG structure
was placed amid the patch elements and the mutual coupling was decreased by 28
and 45 dB at 3.49 and 4.788 GHz, respectively. The split EBG structure is illus-
trated in Figure 11.13. In [55], miniaturized two-layer EBG structures were studied
for decreasing the mutual coupling between UWB monopoles. These EBG structures
contained slits in the ground plane, and as the number of slits increased, the electro-
magnetic coupling reduced. Figure 11.14 shows the variation in the mutual coupling
with the number of slits in the ground plane. Table 11.3 shows the different EBG
structures discussed in the literature to reduce the mutual coupling..
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FIGURE 11.12 (a) Planar compact EBG structure; (b) mutual coupling of EBG structure
array in three different arrangements [54].
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TABLE 11.3
Mutual Coupling Reduction by Using Different EBG Structures
Mutual Dielectric Height

S No. Type of EBG Structure Coupling Constant (¢,) (mm) Reference
1. Fractal uniplanar compact EBG -37dB 2.65 1 [52]

structure
2. Modified EBG structure -70 dB 4.4 1.6 [53]
3. Planar compact EBG structure —28 dB 4.8 1.6 [54]
4. Double-layer EBG structure —-22dB 4.5 1.55 [55]
5. Split EBG structure —44 dB 4.4 1.2 [56]
6. Uniplanar compact EBG structure —-28 dB 10.2 1.27 [59]
7. EM band gap metamaterial —-37dB 4.3 1.6 [60]
8. Uniconductor EBG structure —46 dB 4.4 1.6 [61]
9. Tunable double-layer EBG structure —45 dB 4.5 1.55 [62]

11.3.4 BaND-NotcH OPERATION IN PATcH ANTENNAS USING EBG STRUCTURES

In April 2002, FCC unbound the frequency range that lies from 3.1 to 10.6 GHz and
this band is termed as UWB. Some narrowband communication systems (WiMAX,
WLAN, and X-band) also work within this range, which produces interference. Many
different design methods have been presented in the literature to avoid interference.
The methods such as etching slots and using stubs and resonators, such as capacitively
loaded loop and electric ring, disturb the radiation pattern because of discontinuities in
the radiating elements. This problem can be solved by using the band-rejection char-
acteristics of EBG structures. By inserting the EBG structure near the feed line of the
UWRB antenna, the interference of narrowband communication can be discarded [57].
In the literature [S8], various designs of EBG structures have been presented to obtain
band-notch characteristics. A swastika-type EBG structure [63] was used to achieve
single-band-notch characteristics with a band gap of 7.5-11.1 GHz. In [64], by placing
the EBG structures near feed line, three notches at WiMAX (3.5 GHz) and WLAN
(5.2/5.8 GHz) bands are achieved. Mushroom-type EBG structures with vias at center
[65] and edge-located mushroom-type EBG structures [65—68] are some structures
presented by the researchers. A uniplanar EBG structure and two mushroom-type
EBG structures [70] were placed near the feed line of the monopole antenna to have
triple-band-rejection characteristics. A hexagonal-shaped c-slot mushroom-type EBG
structure [66] was used to achieve band-notch function for X-band satellite commu-
nication systems (6.7-7.7 GHz). In [71], four EBG structures were placed close to the
feed line to attain dual-band-notch characteristics [72], as shown in Figure 11.15a.
The patch antenna and EBG structure were fabricated on a cheap FR4 substrate of
dimensions 58 x45 % 1.6 mm?. Figure 11.15b indicates the VSWR of an UWB MIMO
antenna. In another interesting study [74], a circular monopole antenna [75-77] with
two mushroom-type EBG structures was used to obtain band-notch characteristics for
WLAN and WiMAX. Moreover, 34% of compactness was also achieved by etching
an L-shaped slot on the EBG surface.
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FIGURE 11.15 (a) Band-notched UWB MIMO antenna; (b) VSWR plot [71].
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Figure 11.16a shows a circular monopole antenna with two modified EBG struc-
tures. This modified EBG structure contains two L-shaped slots with an edge-located
via (ELV) that achieve two notched bands. So, in this, a single EBG structure is
used to obtain dual-band-notch characteristics. A dual-band-notched MIMO antenna
obtains notches in WiMAX band (3.3-3.6 GHz) and WLAN band (5-6 GHz), as
presented in Figure 11.16b. A triple-band-notched UWB MIMO antenna [70] was
realized by using three EBG structures. Figure 11.17 indicates the band-notched
antenna. The designed antenna avoids the interference from WiMAX band ranging
from 3.3 to 3.6 GHz, WLAN band ranging from 5 to 6 GHz, and the X-band for sat-
ellite communication systems ranging from 7.2 to 8.4 GHz. Another modified EBG
structure connected with the feed line was used to reject the interference from nar-
rowband communication systems [73]. This modified EBG structure also rejects are
for WiMAX, WLAN, and X-band satellite communication system.

This single EBG structure rejects are for WiMAX, WLAN, and X-band satel-
lite communication systems. Figure 11.18a displays the band-notched UWB antenna.
The antenna and EBG structure are designed using a FR4 substrate with a height of
1 mm, a dielectric constant of 4.4, and an overall dimension of 30.5x26x 1 mm?
and 8x5.95 mm?, respectively. A pentagonal printed UWB monopole antenna hav-
ing three notched bands is shown in Figure 11.19a. Two slots are inserted in the
EBG structure to attain multiple band rejection. The dimension of the EBG struc-
ture is 9.4 x4.5 mm?. Figure 11.19b indicates the VSWR of the band-notched UWB
antenna. Thus, Table 11.4 shows several cases of different EBG structures for achiev-
ing band-notch characteristics.

11.3.5 DuaL-BAND AND MuLTI-BAND CHARACTERISTICS
UsING EBG STRUCTURES

In the previous section, numerous EBG structures were discussed to improve band-
width and gain, to reduce mutual coupling, and to obtain band-notch characteristics.
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FIGURE 11.17  (a) Triple-band-notched UWB MIMO antenna; (b) VSWR plot [70].

The motivation of this section is to study the idea of multi-band operation in patch
antennas using EBG structures. The resonant frequency of EBG structures can be
calculated using a distributed lumped network. Using this distributed lumped net-
work, the researchers have designed numerous EBG structures to obtain dual-band
and multi-band characteristics in patch antennas.

In [79], dual-band characteristics were obtained by placing pinwheel-shaped slot
EBG structure periodically around the antenna. The antenna combined with peri-
odical EBG structures resonated at 4.9 and 5.4 GHz. The tested result also showed
a bandwidth improvement of 41% and 25.4% at low frequency and high frequency,



380 Printed Antennas

¥ [ Top metal

[ Bottom metal

X

@ Copper hole

12 —— Simulated—Pro

111 = = =Measured—Pro
B - Simulated—Ref

10

g

VSWR
=
1

Frequency (GHz)
(b)

FIGURE 11.18 (a) Band-notched UWB antenna; (b) VSWR of triple-band-notched UWB
MIMO antenna [73].



Advances in Patch Antenna Design 381

=====rgference UWB
= notched UWB

VSWR
(4]

FREQUENCY (GHz)
(b)
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TABLE 11.4
Band-Notch Characteristics by Using Different EBG Structures

Notched Band

S. No. No. of Notches Type of EBG Structure (GHz) Size (mm?) Reference
1. Single-notched Mushroom EBG structures 5.36-6.34 6.25%6.25 [22]
band
2. Triple-notched Mushroom EBG structures 6.7-1.7 3.9%3.9 [66]
band and two split ring resonators
3. Dual-notched band Mushroom EBG structures 3.3-3.6 9.25%9.25 [76]
5-6 6.1x6.1
4, Dual-notched band DG-CEBG 3.3-3.6 5%5 [77]
5-6 3%x3
5. Dual-notched band  Uniplanar EBG structures 3.45-3.9 5.2%x5.2 [78]
with a n-shaped slot
6. Triple-notched Uniplanar EBG structure 3.3-3.6 15x15 [79]
band Mushroom EBG structure 5-6 9.25%9.25
7.1-7.9 5.6%X5.6

respectively. Figure 11.20 illustrates the H-shaped MPA with pinwheel-shaped slot
EBG structures and the VSWR of three different cases. Another study performed
in [80] presented a polarization-dependent EBG structure, as presented in Figure
11.21. This EBG structure behaves as a reflector of a dual-band dipole antenna. This
reflector transforms the linearly polarized wave into a circularly polarized wave [80].
The tested antenna attained impedance bandwidths and axial ratio bandwidths of
13.4% and 3.2% and 2.4% and 3.5%, respectively. Another dual-polarized dual-band
patch antenna was designed by loading a modified mushroom-type EBG unit cell
[81], as presented in Figure 11.22. A square slot was etched from the radiating patch
antenna, and the modified mushroom unit cell was placed at the slot to attain triple-
band characteristics [82]. A new interesting study was performed in which the PEC
ground plane was replaced by an EBG surface to obtain dual-band characteristics.
The dual-polarized dual-band patch antenna and its simulated and tested results are
presented in Figure 11.23. Thus, Table 11.5 lists several cases of EBG structures for
obtaining multi-band/dual-band characteristics of patch antennas.

11.3.6 A Low-ProriLe MPA UsING EBG STRUCTURES

In wireless communication systems, the dimension of the patch antenna depends on
the resonating frequency. In this condition, it is a challenge to design the smallest pos-
sible antenna at low frequency. If the total thickness of the antenna is less than one-
tenth of the operating wavelength, then the antenna is called a low-profile antenna.
The mutual coupling effect of the nearby ground plane degrades the overall per-
formance. In [81], the performance of an MPA was examined by placing three differ-
ent ground planes, namely PEC, PMC, and EBG, with the same height. When PEC
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TABLE 11.5
Multi-Band/Dual-Band Characteristics by Using Different EBG Structures

S. No. Type of EBG Structure

1.

Dual-band EBG
structure

Pinwheel-shaped EBG
structure

Modified mushroom-like
unit cell

Spiral conductor EBG
structure

Uniplanar EBG structure

Resonating Band without

EBG Structure (GHz)

2.265-2.563 and 5.434-6.061 2.062-2.453 and

4.85-4.96 and 5.20-5.52

2.21-2.29 and 2.45-2.5

2.12-3.35 and 6.01-7.16

1.7-5.63 and 9.9-11.36

Resonating Band with

EBG Structure (GHz) Reference
[33]

5.765-6.343

4.82-4.97 and 5.31-5.72 [79]

2.21-2.29, 2.34-2.39 and [81]
2.5-2.55

2.12-2.98, 5.24-5.80 and [82]
6.05-7.77

1.5-5.63 and 9.52-13.06 [83]
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FIGURE 11.23 (a) Multi-band patch antenna; (b) return loss plot [82].

materials such as copper and gold are used as the ground plane, the return loss is —3.7
dB. The reason is that the PEC surface has a reflection phase of 180° and the image
current has the opposite direction to that of the printed antenna. The reversal image
current cancels the radiation from the printed antenna, resulting in poor return loss.
When the ground plane is a PMC, the reflection phase is 0°. But the strong mutual
coupling between the patch and image current results in a mismatch between the
50-Q transmission lines [82]. Only if a proper impedance transformer is used, a good
return loss can be obtained. Moreover, the PMC is an ideal surface and does not
occur in the environment. However, when the ground plane is replaced by an EBG
surface, the reflection phase varies from —180° to +180° and results in constructive
interference of image current and radiation from the printed antenna [83—85]. The
best return loss of —30 dB is obtained by the printed antenna over the EBG ground
plane. From the above discussion, it is observed that the EBG ground plane has the
desired features to design low-profile antennas. In [86], a dual-band, low-profile
antenna with mushroom-like structures loaded with circular slots was described and
is shown in Figure 11.24a. From Figure 24b, we can observe that the first resonating
frequency shifts toward the right in case of EBG-CS that leads to compact size at low
frequency. By using an EBG-CS superstrate, a low-profile antenna was achieved. In
another study, a printed slot antenna placed above an AMC plane was used to obtain
a low-profile, wideband antenna [87]. The radiating slots are shown in Figure 11.25a,
with three unequal arms that are etched for widening the impedance bandwidth.
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FIGURE 11.24 (a) Dual-band antenna with mushroom-like structures loaded with circular
slots; (b) return loss of three different cases [86].

By placing an AMC [88,89] array as the ground plane, the radiation pattern was
improved. Using an AMC with a printed antenna resulted in 62.82% compactness
in size, a bandwidth improvement of 41%, and a perfect impedance matching. In
[90-92] EBG structures that can generate adjustable bandgaps. The EBG structures
can be placed as AMC in modern electronic products and potentially cover multiple
frequency bands of wireless communications. Similarly, in [93], an AMC array was
placed as a ground plane underneath a dual-wideband circularly polarized [80,94]
antenna to achieve a low-profile antenna.

Two barbed-shape and bow tie dipoles printed on FR4 substrates are presented in
Figure 11.26. To obtain an antenna with a higher broadside gain and a low profile, the
ground plane was replaced by a square-shaped cavity plane. Finally, the cavity was
modified to a pyramid-shaped cavity and it was found out that the inclination angle
should be around 45° to further improve the gain, particularly in the high-frequency
band. Figure 11.27a—c illustrates the high-gain reconfigurable antenna and a com-
parison of three different ground planes.
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11.4 REAL-LIFE APPLICATIONS OF EBG PATCH ANTENNAS
11.4.1 HicH-PrecisioN GPS

High-precision positioning can be achieved by combining global navigation satellite
systems (GNSS) such as GPS and Galileo [97-99]. By using this system, survey-
ors can make measurements with sub-centimeter accuracy. In order to acquire such
accurateness, some precautions are required to shield the antenna from false signals.
The conventional approaches such as choke rings provide a good performance [100].
But, choke rings are generally very huge and expensive. Nowadays, EBG structures
are used while maintaining good antenna performance.

A Galileo antenna on an EBG substrate is illustrated in Figure 11.28a. To achieve
best gain for GPS applications, the dimension of the EBG structures is optimized. It is
observed that with the combination of EBG substrate and patch antenna, an axial ratio
of 2 dB is achieved. The axial ratio value for choke rings is 1 dB, which implies that the
EBG patch has a better performance. Similarly, the patch and Koch fractal EBG struc-
ture [98] are shown Figure 11.28b. The tested results show the significant improvement
in axial ratio bandwidth, which fits the requirement of GPS applications (Figure 11.29).

11.4.2 WEARABLE ELECTRONICS

Wearable electronic systems are technology that finds applications in many fields
that include military, telemedicine, sports, and tracking. In [101], the jean fabric was
used as a substrate having a dielectric constant of 1.7 with a thickness of 1 mm. As
shown in Figure 11.29, the design consisted of a fractal monopole patch antenna with
an EBG surface. This fractal antenna resonates at 1,800 MHz and 2.45 GHz for GSM
and ISM applications, respectively. The antenna is placed over a 3 X3 EBG array
of size 150% 150 mm?. Figure 11.27 illustrates the fractal-based monopole patch
antenna with an EBG surface. Another researcher used a Pellon fabric substrate
[102] with a dielectric constant of 1. The designed antenna consisted of a coplanar
waveguide (CPW)-fed monopole antenna with an AMC array of 4 X 6 units, with the
overall size of 102 X 68 mm?.

TABLE 11.6
Low-Profile Patch Antennas by Using Different EBG Structures
Dimension  Height Resonating
S.No. Type of EBG Structure (cm3) (mm) Frequency Band Reference
1. EBG-CS 1.65 3 Two bands (3.5 and 4.5) [86]
2. Miniaturized EBG 4.2 0.7 One band (2.4) [88]
structure
3. Square Sierpinski fractal 10.24 1.6 Three narrow bands at [87]
EBG structure 2.4,3.5,and 4.6 GHz
. Uniplanar EBG structure 46.4 8 One band (1.25-29) [95]
5. Modified EBG structure 94.8 7.9 Two bands [93]

(2-3 and 3.8-6.3)
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(b)

FIGURE 11.28 (a) Galileo antenna on an EBG ground plane [100]; (b) circularly polarized
patch antenna with fractal HIS [102].

FIGURE 11.29 (a) Dual-band wearable fractal-based monopole patch antenna [101]; (b) the
fabricated monopole antenna with an artificial magnetic conductor as a ground plane [102].

11.4.3 RADIO FREQUENCY IDENTIFICATION (RFID) SysteEms

RFID systems have been used since World War II, and the demand for RFID sys-
tems is rapidly growing in both business and daily life. Currently, the RFID system
is used in many applications such as hospitals and healthcare, passports, stores, and
people identification. One of the biggest challenges associated with RFID systems is
the long-range operation capability [103-106]. In [107], a CPW-fed bow tie antenna
was mounted over an AMC. The AMCs reduce the backward radiation that results in
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Dipole-AMC
combination
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FIGURE 11.30 (a) CPW-fed bow tie antenna mounted over an AMC [107]; (b) dipole
AMC [108].

—t

FIGURE 11.31 EBG checkerboard ground plane [109].

improved gain and directivity of the overall system. The antenna was fabricated using
an ARLON 25 N substrate with a thickness of 0.7 mm and a relative permittivity of
3.3. Figure 11.30a illustrates the bow tie antenna over an AMC. This structure helps
in the enhancement of gain by 2.53 and 1.86 dB at 5.8 and 6.4 GHz, respectively. In
[108], a dipole antenna over an AMC was designed to improve the overall perfor-
mance. From the tested results, it was observed that the dipole with a balun AMC
achieved an improvement of 2.9 dBi as compared to the dipole without balun AMC.

11.4.4 RADAR SYSTEMS

To reduce the radar cross section, the reflection phase property of the EBG structures
is used to change the direction of the fields that are scattered by a radar target. This
change in direction of the scattered fields is achieved by using checkerboard EBG
structures and results in a wider frequency band RCS reduction. Figure 11.31 shows
the checkerboard EBG surface which is a combination of two EBG structures.
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11.5 CONCLUSION

The EBG structures have greatly attracted researchers because of their unique and
desirable properties. This chapter stated how the integration of EBG structures
and patch antennas improves the overall performance of the antenna systems. The
recent advancements of patch antenna design using EBG structures were included.
Different EBG approaches to improve gain and bandwidth were discussed. The band
gap property of EBG structures has been found useful to eliminate the surface wave
propagation to reduce the mutual coupling and to achieve band-notch characteristics.
Real-life applications of EBG structures, such as RFID, wearable electronics, and
radar systems, were also included. A number of recent publications proved that the
EBG technology eliminates the drawbacks of patch antenna and is most preferable
for the modern-day wireless communication systems.
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