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Abstract
In this work, a dual-band dual circularly polarized coplanar waveguide (CPW)-fed mon-
opole antenna is presented. The antenna consists of the modified ground plane, and two 
rectangular-shaped radiators, which are located on the two sides of the monopole. The 
radiating patches are loaded with metamaterial dependent electromagnetic band-gap struc-
tures for obtaining wider impedance bandwidth and broad axial ratio characteristics. The 
proposed antenna features impedance bandwidth of 97.4% (1–2.9 GHz) in the first band 
and 61.36% (3.05–5.75  GHz) in the second band, covering applications of ISM-band 
(2.4–2.48  GHz), Wi-MAX (2.5–2.69  GHz, 3.4–3.69  GHz), and WLAN (2.4–2.48  GHz, 
5.15–5.35 GHz). The antenna also features dual circular polarization with 3-dB axial ratio 
bandwidth of 33.8% (1.35–1.9 GHz) and 35.7% (3.1–4.45 GHz), in the first and second 
bands, respectively. The first band shows right-hand circular polarization, whereas the sec-
ond band exhibits left-hand circular polarization.
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1 Introduction

Recently, the electromagnetic band-gap (EBG)-based patch antennas are receiving sig-
nificant attention of the researchers, as they prevent the propagation of unwanted surface-
waves (within a specific frequency band) and zero-phase reflection of the incident plane 
wave. These two features enable a researcher to design compact antennas, without com-
promising the antenna radiation performance. EBG was first investigated by E Yablono-
vitch and S. John, in 1987 [1], as a periodic arrangement of metal patches [2]. Usually, 
the EBG structures are printed on the ground plane, and they are short-circuited through 
the metal patches and the ground plane. High impedance surface (HIS) is a type of EBG 
structure, without any short circuit connection between the metal patches and the ground 
plane [3–6]. A microstrip patch antenna with small size, simple fabrication without any 
vias, and dual-band characteristics was presented in [3]. In [4], the EBG surface performed 
like a periodically loaded capacitor or inductor, which, in turn, used as a band-pass filter. 
In [5], using Fabry–Perot (FP) cavity antenna, the dielectric phase correcting structures 
were designed to increase gain, directivity, aperture efficiency, and reduce side lobes lev-
els. A compact-sized EBG structure for millimetre-waves was reported in [6]. It showed 
wide band-gap of around 60 GHz, reduction in the size of the unit cell, and mutual cou-
pling reduction in the antenna arrays. In [7], the reflection phase characteristic of the 
mushroom-like EBG structure was presented, where the EBG was used to change polariza-
tion (linearly to circularly) of the incident wave. A 3-dB axial ratio bandwidth (ARBW) 
of 19.9% (2.81–3.43  GHz) was achieved. Likewise, in [8], a low-profile linearly polar-
ized dipole antenna features impedance bandwidth of 24% (3.25–4.14 GHz) and ARBW 
of 5.6% (3.45–3.65 GHz). Introduction of a diagonally placed slot at a slanting of 45° in 
a square like metallic patch embedded on metamaterial substrate for producing circular 
polarization was reported in Ref. [9], with impedance bandwidth of 14% (2.08–2.4 GHz) 
and ARBW of 10.6% (2.179–2.42 GHz). A circularly polarized patch antenna composed 
of artificial ground structure with rectangular unit cells was presented in Ref. [10], where 
impedance bandwidth of 48.6% (4.52–7.52  GHz) and ARBW of 20.4% (5.4–6.63  GHz) 
was reported. A dual-mode patch antenna based on EBG structure was proposed in Ref. 
[11], the antenna resonates at 1.34 GHz, 1.91 GHz, and 2.38 GHz, and illustrated ARBW 
of 1% (2.375–2.4  GHz). A compact self-polarizing FP cavity antenna was presented in 
[12], which can change linear polarization (at 45°) to circular polarization. It showed an 
impedance bandwidth of 1.12% (2.49–2.52 GHz) and ARBW of 1.9% (2.51–2.56 GHz).

Introduction of a transversely located slot at an inclination of 42° on the ground sur-
face and supported by an array of rectangular formed metallic unit cells for produc-
ing circular polarization was presented in [13], with an impedance bandwidth of 33.7% 
(4.20–5.90 GHz) and ARBW of 16.5% (4.90–5.90 GHz). Loading of a slot with slanting 
of 53° and supported by U-shaped slotted rectangular EBG array for generating circular 
polarization was demonstrated in [14], with impedance bandwidth of 34.6% (2.82–4 GHz) 
and ARBW of 6.8% (3.135–3.354  GHz). A circular ring-shaped slot antenna with EBG 
structure was proposed for wireless body wearable applications [15], which showed 
an impedance bandwidth of 14.63% (2.28–2.64  GHz) and the front-to-back ratio (FBR) 
of 17  dB. An antenna with a curtailed square patch and supported by rectangular slot-
ted circular like EBG metasurface was proposed in Ref. [16], with an impedance band-
width of 37% (5.07–7.3 GHz) and ARBW of 5.9% (5.24–5.56 GHz). A patch array with 
compact EBG structure was presented in Ref. [17], which showed an impedance band-
width of 3.03% (5.51–5.68 GHz). A two-element multiple-input-multiple-output (MIMO) 
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antenna with fractal-formed EBG array to minimize the mutual coupling was reported, 
with an impedance bandwidth of 5.04% (5.8–6.1 GHz) [18]. A compact size broadband 
antenna with EBG structures was proposed in Ref. [19], offers an impedance bandwidth 
of 24.4% (2.67–3.412 GHz). A MIMO antenna with small size uniplanar EBG was pro-
posed for broadband characteristics [20], which achieves an impedance bandwidth of 
133% (3.6–17.9 GHz). Carving out of a 45° turn round rectangular like slot in the mid-
dle of a radiating element with EBG for generating circular polarization was reported in 
Ref. [21]. It showed an impedance bandwidth of 5.3% (2.349–2.477 GH) and ARBW of 
1.23% (2.4269–2.477  GHz). A microstrip monopole antenna composed of uniplanar 
compact EBG structure was proposed in Ref. [22], where impedance bandwidth of 16% 
(2.3–2.7  GHz) and cross-polarization suppression was achieved. However, the above-
reported antennas with EBG are difficult to manufacture due to their multi-layered and via 
holes geometry, large size and weight, and limited ARBW.

A rectangular-like patch with truncated slots and defected surface, loaded with engraved 
circular like EBG configuration, was presented in Ref. [23]. It demonstrated an impedance 
bandwidth of 73.29% (4.97–10.72 GHz) and ARBW of 13.66% (7.5–8.6 GHz). An english 
alphabet T-like radiating patch loaded with EBG configuration was presented in Ref. [24], 
which showed an impedance bandwidth of 2.09% (3.496–3.57 GHz). A circularly polar-
ized antenna with slanting feeding in a rectangular like radiating patch, slotted ground sur-
face, and rectangular ring metasurface unit cells was presented in Ref. [25]. It showed first 
impedance bandwidth of 3.17% (1.55–1.6  GHz), second impedance bandwidth of 2.6% 
(2.3–2.36 GHz), and ARBW of 3.17% (1.55–1.6 GHz).

In this paper, a coplanar waveguide (CPW)-fed dual-band dual circularly polarized mon-
opole antenna with EBG structure-dependent metamaterial is presented. The antenna con-
sists of a monopole and two rectangular-shaped radiating elements located on each side of 
the monopole. The two rectangular patches are loaded with EBG structures. In the antenna, 
an inverted U-shaped stub and a quasi-C-shaped open-loop stub are introduced to achieve 
wider axial ratio and impedance bandwidths. The measured results show that impedance 
bandwidths of 97.4% (1–2.9 GHz) and 61.36% (3.05–5.75 GHz) are obtained in the first 
and second bands, respectively. In the first band, 3-dB ARBW of 33.8% (1.35–1.9 GHz) 
is achieved, whereas, in the second band, the ARBW is 37.9% (3.1–4.55 GHz). The lower 
band shows RHCP, while the upper band exhibits LHCP behaviour.

The paper is organized as follows: Sect.  2 describes the EBG metamaterial unit cell 
and its band-gap characteristics. The evolution of the proposed antenna is presented in the 
Sect. 3. The antenna layout and results are explained in Sect. 4, and a conclusion is pre-
sented in Sect. 5.

2  Characterization of the EBG Metamaterial Unit Cell

Metamaterials are synthetic crafted materials with unique electromagnetic traits, portrayed 
by unit cells much lower than the wavelength of incident radiation. Metamaterials display 
attributes of backward-wave transmission, yielding a negative refractive index, as originally 
theorized by V. Veselago [26]. Early implementation of such negative refractive index con-
cept employing large sized periodic arrays of fine wires and split ring resonators [27]. The 
two-dimensional metamaterial EBG structure detailed in Ref. [28] was attained through 
the periodic loading of a planar network of imprinted transmission lines with series con-
necting capacitors and shunt connected inductors structured in a twin-transmission lines 
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(high-pass) arrangement. A metamaterial-built EBG configuration proposed in Ref. [29] 
was composed of interdigitated capacitive conductive elements along with stub inductive 
bridged elements backed by ground surface for generating a bandgap of 4.3–6.8 GHz. A 
miniaturized EBG configuration was reported in Ref. [30], with series connected inter-dig-
itized capacitances and shunt connected stub inductances, for obtaining a bandgap from 2.4 
to 6 GHz. In [31], three resonances at frequencies of 2.4 GHz, 3.6 GHz, and 5 GHz were 
achieved by integrating two different sections of metamaterial-formed EBG structures. An 
EBG configuration was composed of amalgamating interdigitated series elements along 
with rectangular like slits in Ref. [32]. This configuration exhibits a broad bandgap from 
3.4 to 6.2 GHz, but it is unable to provide resonance at 2.4 GHz. An EBG configuration 
along with loading of interdigitated conducting capacitor elements to obtain a bandgap 
from 1.5 to 3.5 GHz was presented in Ref. [33].

EBG structures are artificially created periodic arrangements that either facilitate or 
impede the propagation of electromagnetic waves across a specified spectrum, regardless of 
incident angles or polarization modes. These structures typically consist of metallic stubs 
or slotted conducting/insulating materials. One of the key advantages of EBG configura-
tions lies in their capability to mitigate the impact of surface wave current. Surface waves 
tend to degrade antenna performance by reducing gain and efficiency, increasing cross-
polarization and end-fire radiation, and fostering overall poor antenna performance [34, 
35]. Furthermore, surface waves improve coupling between adjoining antenna elements 
within an antenna array. However, combining of EBG configurations with the antenna/filter 
helps in suppressing surface waves, thereby enhancing antenna functionality by elevating 
gain and reducing backward radiations [36].

A study presented in Ref. [37] introduced an EBG array possessing mushroom-like ele-
ments, comprising of a ground surface, metallic stub patches, and shorted metallic vias. 
This EBG array configuration demonstrated stop band attributes, effectively preventing the 
propagation of surface waves. The functionality of the EBG configuration was elucidated 
using an LC equivalent circuit, serving as an electrical stop band filter to inhibit surface 
wave propagation [38]. The flow of current through the shorted vias results in the genera-
tion of the inductor (L), while the gap between adjoining patches yields the capacitor (C). 
The values of inductor and capacitor for an EBG configuration, with parameters such as 
patch width (W), gap width (g), substrate thickness (h), and dielectric constant (�r ), can be 
computed using Eqs. (1)–(4) [39].

In free space, the permeability (µ0) and permittivity (ε0) are given as,
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0
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The layout of the unit cell is shown in Fig. 1a and b. The unit cell is printed on FR-4 
epoxy substrate (relative permittivity = 4.4 and loss tangent = 0.024) of dimensions 
WU × LU × h. ANSYS HFSS tool is used to perform the simulations of the proposed unit 
cell and the antenna. The working of an EBG unit cell can be explained by an LC equiva-
lent circuit, whose time period is small as compared to the operating wavelength [40]. As 
shown in Fig. 1a and b, the inductor (L) is established by the rectangular-shaped conduc-
tor strips, and capacitance (C) is established by the spacing between the two neighbour-
ing strips. The band-gap characteristics are dependent on the permittivity, dimensions, and 
periodicity of the substrate material [41]. The dispersion diagram of the EBG unit cell is 
shown in Fig. 1c, where the surface wave phase variations from Γ to X, X to M, and M to Γ 
(called Brillouin zone) for mode 1 and mode 2 are presented. The distance between mode 
1 and mode 2 is called the bandgap region, which is about 1.1 GHz (2.7–3.8 GHz) in the 
proposed unit cell.

Fig. 1  Metamaterial unit cell: a feed-sided, b front-sided, c dispersion diagram
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The proposed radiating patch is presented in Fig. 2a, which consists of five EBG unit 
cells. Out of five, three unit cells (shown in Fig. 1b) are printed at the lower edge of the 
antenna, and two unit cells (shown in Fig. 1a) are printed at the top side of the antenna. The 
proposed EBG-based radiator, which is printed on the FR-4 epoxy substrate, acts as a para-
sitic element in the proposed antenna. The return loss and axial ratio characteristics of the 
radiating patch are illustrated in Fig. 2b. The radiator shows linearly polarized behaviour at 
frequencies 2.4 and 5 GHz.

3  Evolution of the Proposed Antenna

The design steps of the proposed CPW-fed antenna are illustrated in Fig. 3a–h. The cor-
responding return loss and axial ratio characteristics are compared in Fig. 4a–d. Initially, a 
traditional rectangular like CPW-fed monopole antenna 1 is designed, as shown in Fig. 3a, 
which produces the resonant mode at 0.9  GHz with an impedance bandwidth of 38.2% 
(0.72–1.06 GHz). The hybrid mode principal resonance frequency is estimated by Ref. [42, 
43],

where the fringe field depth Δleff  is equivalent to the substrate thickness (h = 1.6  mm), 
LEbg1 = 28.2 mm and WEbg1 = 21 mm are the length and width of the conventional rectan-
gular formed CPW-fed monopole antenna 1, respectively. The length of conventional rec-
tangular monopole CPW-fed antenna is (Lres = 80.6 mm) , and the principal resonance fre-
quency is calculated as,

where �r is the dielectric constant of the substrate material. It displays that the traditional 
CPW-built rectangular formed monopole antenna 1 generates impedance bandwidth 

(5)Lres = 2LEbg1 +WEbg1 + 2Δleff

(6)fr =
c

2Lres
√

�r

Fig. 2  Radiating element of the proposed antenna: a schematic, b simulated return loss and axial ratio char-
acteristics
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Fig. 3  EBG-based proposed 
monopole antenna: a antenna 
1, b antenna 2, c antenna 3, d 
antenna 4, e antenna 5, f antenna 
6, g antenna 7, h antenna 8
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(− 10 dB) of 38.2% (0.72–1.06 GHz) with resonance frequency at 0.9 GHz and it is sub-
stantiated with simulated resonant frequency of 0.9 GHz, as shown in Fig. 4a.

Achieving circular polarization in the conventional monopole antenna 1 is very chal-
lenging due to the radiation cancellation in horizontal direction, as shown in Fig. 5a and 
b. It is observed that the surface current distributions propagating along the two pairs of 
ground planes in antenna 1 at (0.9 and 1.05 GHz) are equal in magnitude and opposite in 
phase. Hence, the radiation in the horizontal direction along the two pairs of ground planes 
are cancelled as they are opposite in direction. Therefore, antenna 1 generates linear polari-
zation, as displayed in Fig. 4c.

In order to generate a second resonance, an EBG-based patch is inserted in place of 
traditional rectangular antenna 1, shown in Fig. 3a, which resonates at 0.9 and 5 GHz and 
it is validated with reflection coefficients displayed in Fig. 2b. From Fig.  5c and d, it is 
observed that the surface current distributions along the ground plane (at frequencies 0.9 
and 5.07 GHz) are equal in magnitude and opposite in phase. Since the current vectors are 
in opposite direction, the radiation in the horizontal direction gets cancel out. Therefore, 
the antenna 2 generates linearly polarized waves and it obtains − 10 dB impedance band-
width improvements of 54.1% (0.62–1.08 GHz) at lower band and at higher band it gener-
ates 19.3% (4.58–5.56 GHz), as depicted in Fig. 4a. For circular polarization, the electric 
field of a plane wave must have two orthogonal components with equal magnitude and 

Fig. 4  EBG MTL-based antenna design steps comparison: a return loss for antenna 1–4, b return loss for 
antenna 5–8, c axial ratio for antenna 1–4, d axial ratio for antenna 5–8
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90° out of phase. Therefore, the technique of achieving circular polarization by introduc-
ing stub/strip in [44, 45] is implemented in antenna 3. Figure 3b is joined to the horizon-
tal rectangular strip/stub to achieve two electric field orthogonal components. In antenna 
3, as shown in Fig.  3(c), circular polarization is obtained at 1.35  GHz (1.3–1.39  GHz) 
and at 3.7  GHz (3.6–3.8  GHz). The corresponding impedance bandwidths are 60.9% 
(0.65–1.22 GHz) and 20% (4.5–5.5 GHz).

To achieve the new resonant frequency of 2 GHz, the EBG structure located vertically 
in Fig. 3c is shifted and placed just above the rectangular horizontal line (with a gap of 
0.5 mm) (antenna 4), as shown in Fig. 3d. The shifting of frequency from lower band of 
0.9  GHz to higher band of 2  GHz is due to the reduction in length of the antenna (by 
shifting the EBG metamaterial structure). The antenna 4 exhibits impedance bandwidth of 
63.4% (1.4–2.7 GHz) at 2.05 GHz and 28% (4.3–5.7 GHz) at 5 GHz. It also offers larger 
3-dB ARBW of 11.3% (1.25–1.4 GHz) and 9.9% (3.35–3.7 GHz). For generating a new 
resonant frequency, additional metallic strips/stubs are introduced in the presented antenna 
design [46, 47]. A horizontal rectangular strip of length 0.5  mm and width of 3.2  mm, 
and a rectangular strip of length 5.7 mm and width of 3.2 mm, are integrated in the left 

Fig. 5  Simulated surface current distribution at a 0.9 GHz, b 1.05 GHz, c 0.9 GHz, d 5 GHz
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side and top of a vertical rectangular-like monopole antenna [48], resulting in antenna con-
figuration 5, as shown in Fig. 3e. It achieves enhancement in impedance bandwidth with 
67.3% (1.25–2.72 GHz) and 40.9% (3.4–5.15 GHz). Also, it obtains 3-dB ARBW of 15.4% 
(1.5–1.75 GHz) and 16.6% (3.3–3.9 GHz), as illustrated in Fig. 4d.

In antenna 6, as shown in Fig.  3f, a second EBG configuration acting as a parasitic 
element is introduced in the left side of the rectangular monopole antenna for bandwidth 
enhancement [49, 50]. A further bandwidth improvement is achieved by making the right 
sided ground surface asymmetrical with a shorter length (20–18.5 mm) in comparison to 
the left sided ground surface [51, 52], as shown in Fig. 6b. Figure 3f shows that antenna 6 
increases impedance bandwidth by 83.5% (1.13–2.75 GHz) and 43.3% (3.35–5.2 GHz). It 
also improves 3-dB ARBW by 21.5% (1.45–1.8 GH) and 23.4% (3.25–4.1 GHz), as shown 
in Fig. 4d.

To achieve impedance matching in the proposed antenna, an inverted U-shaped stub (of 
dimensions 11.5 mm × 6.95 mm) is introduced at a distance of 1.9 mm from the vertical 
radiator (antenna 7) [46], as shown in Fig. 3g. The antenna 7 shows 3-dB ARBW of 27.6% 
(1.45–1.85) GHz and 29.3% (3.2–4.3 GHz). Also, it demonstrates enhancement in imped-
ance bandwidths of 88.6% (1.08–2.8 GHz) and 53.9% (3.14–5.46 GHz), as displayed in 
Fig. 4d. The final antenna design is obtained by introducing an inverted quasi-C shaped 
open loop stub in the upper surface [53–56], which covers the upper portion of the antenna, 
as shown in Fig. 3h. The stub is capacitively coupled by the below located vertical mono-
pole radiator due to the electromagnetic interaction between them. Therefore, the inverted 

Fig. 6  Surface current distribution of the proposed antenna at 1.57  GHz: a 0°, b 90°, c 180°, d 270°, e 
direction of current (RHCP)
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C-shaped metallic stub behaves like a parasitic stub, which is able to transmit the radiated 
power after receiving the radiated power from the antenna, and this leads to dual-mode10-
dB return-loss bandwidths of 97.4% (1–2.9 GHz) and 61.36% (3.05–5.75 GHz). Further, 
it features 3-dB ARBW of 33.8% (1.35–1.9 GHz) and 35.7% (3.1–4.45 GHz). Table 1 dis-
plays the improvement in the performance attributes in evolution of the proposed antenna.

Figure 6 shows surface wave current distribution of the proposed EBG-based CPW-fed 
monopole antenna at frequency 1.57 GHz for phases 0°, 90°, 180°, and 270°. It is observed 
from Fig. 6a that at 0°, the surface current direction is primarily in + y-direction. At 90°, 
the direction of the current is mainly in –x-direction, as shown in Fig.  6b. At 180° and 
270°, shown in Fig. 6c and d, the direction of the current is in –y-direction and + x-direc-
tion, respectively. Since the current is rotating in an anti-clockwise direction, as displayed 
in Fig. 6e, hence, RHCP is obtained.

Similarly, the surface current distribution at frequency 3.65  GHz for phases 0°, 90°, 
180°, and 270° is depicted in Fig. 7. It is observed from Fig. 7a that at 0°, the direction of 
surface current is primarily in + x-direction. At 90°, as shown in Fig. 7b, the direction of 
the current is mainly in –y-direction. At 180° and 270° phases, shown in Fig. 7c and d, the 
direction of current is in –x-direction and + y-direction, respectively. Since the current is 
rotating in a clockwise direction as shown in Fig. 7e, hence, LHCP is obtained. Figure 8 
also verifies the RHCP and LHCP patterns at 1.57 and 3.65 GHz, respectively.

4  Results and Discussion

The geometry of the proposed CPW-fed monopole antenna is illustrated in Fig.  9a. The 
dimensions of the design parameters are shown in Table 2. The monopole antenna consists 
of two EBG metamaterial-based parasitic elements, inverted quasi-C-shaped open-loop 
stub, and inverted U-shaped stub integrated with the partial ground plane. The overall size 
of the proposed CPW-fed antenna is W × L × h (63 mm × 75 mm × 1.6 mm). The fabricated 
prototype of the CPW-fed monopole antenna is shown in Fig. 9b. The prototype of the pro-
posed antenna in an anechoic chamber is shown in Fig. 9c, and its experimental measure-
ment is shown in Fig. 9d.

Two EBG metamaterial-based radiators (shown in Fig.  2a), located horizontally and 
vertically, are used as parasitic elements in the proposed monopole antenna. The distance 
between the parasitically coupled radiators and the feed line is 0.5 mm. A parasitic element 
is a tuned circuit, which does not have its own feeding and is dependent on some other 
system. In the proposed antenna, the radiated energy from the monopole is coupled to the 
EBG-based radiators, which, in turn, sets up a magnetic field. The magnitude and phase of 
the induced voltage depend on the length of the parasitic element, and spacing between the 
feeder and driven element. Furthermore, an inverted C-shaped open-loop slot is introduced 
at the top of the antenna to improve −10 dB impedance bandwidth and 3-dB ARBW.

Figure 10 shows the simulated and measured return loss and axial ratio characteristics 
of the proposed EBG metamaterial-based CPW-fed monopole antenna. It is noticed from 
Fig. 10a that the antenna provides dual-band performance with measured impedance band-
widths of 76.54% (1.25–2.8  GHz) and 61.36% (3.05–5.75  GHz). Further, the measured 
and simulated axial ratio performance characteristics are shown in Fig. 10b. The measured 
ARBWs in the two bands are 28.57% (1.35–1.8 GHz) (RHCP) and 37.9% (3.1–4.55 GHz) 
(LHCP). The simulated results are in agreement with the measured results, except a little 
variation in the second band, which is due to fabrication tolerance.
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Fig. 7  Surface current distribution of the proposed antenna at 3.65  GHz: a 0°, b 90°, c 180°, d 270°, e 
direction of current (LHCP)

Fig. 8  Circular polarization 
characteristics at frequencies 
1.57 GHz (RHCP) and 3.65 GHz 
(LHCP)
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The simulated and measured gain plots of the designed EBG-based CPW-fed antenna 
are shown in Fig. 11a. The simulated gain varies from 1.1 to 4 dB and measured gain 
varies from 0.8 to 3.7 dB. Table 1 shows that the proposed antenna design improves its 
impedance bandwidth and ARBW only by including additional strip/stub elements. Fur-
thermore, Fig. 11b shows a comparison of gain with and without adding stub elements, 
and it is clear that the gain only increases when additional stub elements are added to 

Fig. 9  Proposed CPW-fed monopole antenna: a layout, b fabricated prototype, c in an anechoic chamber, d 
measurement
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the antenna. The simulated efficiency varies from 75 to 96.5%, as shown in Fig.  11c, 
and measured efficiency varies from 71.5 to 92.5%.

Figure  12 shows the simulated and measured radiation patterns (in XOZ-plane and 
YOZ-plane) of the EBG-based CPW-fed antenna at frequencies 1.45 GHz, 3.63 GHz, and 
4.34 GHz. The cross-polarization level is 15 dB down with respect to the direction of max-
imum radiation. The EBG-based monopole antenna radiates RHCP waves at 1.45 GHz and 
LHCP waves at 3.63 and 4.34 GHz.

Table 3 presents a comparison of the proposed EBG-based CPW-fed circularly polar-
ized monopole antenna with other EBG-based antennas [7–25] reported in the literature. 
The proposed antenna offers several advantages over these reported designs, including 
dual-band operation, lower antenna height, smaller number of unit cells, superior radiation 
efficiency, simple geometry without any via holes, compact size, light weight, and easily 
integrable with microwave integrated circuits (MICs) due to its uniplanar design. The key 
advantages of the designed antenna are as follows:

• In comparison to other communicated EBG-built single band antennas [7–25], the pro-
posed antenna provides dual resonating bands, and a broader impedance bandwidth and 
larger ARBW.

• Unlike the previously reported antennas [7–25], the proposed antenna offers dual circu-
lar polarization, which encounters the fading effect and polarization mismatch losses.

• In contrast to other reported EBG-formed antenna structures [7–16, 19] and [21–25], 
the suggested antenna has smaller antenna height. Also, the proposed antenna requires 
a smaller number of EBG unit cells.

• Unlike the previously reported EBG-based antennas [8–16, 19, 21–25], the presented 
antenna offers single layered configuration. Though the antennas in [17, 18, and 20] 
showed single layer, but they need more antenna elements due to MIMO configuration 
and requires complicated slotted EBG structures with shorted vias.

• The presented antenna provides greater radiation efficiency in contrast to other reported 
antenna configurations [7–25].

• The proposed antenna operates at the widely used ISM (2.4–2.48  GHz) and WLAN 
bands (2.4–2.48  GHz and 5.15–5.35  GHz). Also, the presented antenna achieves a 

Table 2  Design values of the EBG MTM-based CPW-fed monopole antenna

Parameter Dimensions 
(mm)

Parameter Dimension 
(mm)

Parameter Dimension 
(mm)

Parameter Dimen-
sion 
(mm)

LAnt 75 L1 20 G3 2.82 LS2 8.1
WAnt 63 W1 29.29 G4 2.52 Ls3 4.4
LMono 61.7 L2 18.55 LEbg1 28.2 GS 3.2
WMono 3.2 W2 29.20 WEBG1 21
SMono 3.7 LR 11.5 LEBG2 21
WHor1 29.31 WR 6.95 WEBG2 28.2
WHor2 5.7 GR 3.95 WS 60
G1 3.2 G2 1.9 LS1 26.5
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broad bandwidth due to the CPW feed, and is easier to unite with RF circuits due to its 
single metallic layer configuration.

• Unlike previous antenna configurations, which depend on complicated patch and 
ground planes, the proposed antenna employs slots and stub elements.

Fig. 10  Simulated and measured 
results of the EBG-based CPW-
fed monopole antenna: a  S11, b 
axial ratio
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Fig. 11  Simulated and measured 
results of the EBG-based CPW-
fed monopole antenna: a gain, b 
gain with additional strips/stubs, 
c antenna efficiency
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Fig. 12  Simulated and measured radiation patterns of the proposed antenna in various planes at a 
1.45 GHz, b 3.63 GHz, c 4.34 GHz
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5  Conclusion

An EBG metamaterial-based CPW-fed dual circularly polarized monopole antenna is pre-
sented. The measured results show that the proposed antenna features impedance band-
width of 97.4% (1–2.9  GHz) in the first band covering ISM (2.4–2.4835  GHz), Wi-MAX 
(2.5–2.69  GHz), and WLAN (2.4–2.48  GHz) applications. The impedance bandwidth in 
the second band is 61.36% (3.05–5.75  GHz), which covers Wi-MAX (3.4–3.69  GHz) and 
WLAN (5.15–5.35 GHz) bands. In addition, the proposed antenna offers dual circular polari-
zation with ARBW of 33.8% (1.35–1.9  GHz, RHCP) and 37.9% (3.1–4.55  GHz, LHCP). 
The designed antenna could be suitable for GPS (1.26–1.3  GHz), amateur satellite uplink 
(1.26–1.27 GHz), satellite radio (2.32–2.36 GHz), multimedia broadcasting (2.6 GHz), Blue-
tooth (2.4–2.48 GHz), WLAN (2.41–2.48 GHz, 5.15–5.25 GHz, 5.25–5.35 GHz), Wi–MAX 
(2.5–2.69 GHz), and personal digital cellular applications (1.429–1.441 GHz, 1.453–1.465 G
Hz,1.477–1.489 GHz, 1.502–1.513 GHz).
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