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Abstract. In this paper, a novel tri-band low-cost antenna
covering the desired frequencies is presented. The archi-
tecture is formed by a printed dipole coupled by a split-
ring within an electromagnetic bandgap (EBG) structure
for high radiation gains. The printed dipole is placed be-
neath two dielectric superstrates, and the coupling split-
ring is placed on its top. The proposed antenna is excited
by the printed dipole with a coaxial connector. It is placed
in the middle cavity formed by two dielectric superstrates
and a metal reflector as the simple EBG structure. The
simulation results show three resonant frequencies at 1.42,
2.39 and 5.40 GHz respectively, with uni-directional radia-
tion patterns and high gains enhanced by the EBG struc-
ture. Experimental measurements over an antenna proto-
type validate the results of reflection coefficients and ra-
diation patterns. It is found that the gains are 8.50, 6.00
and 8.10dBi at 1.42, 2.39 and 5.00 GHz respectively,
which are sufficient for L-band and WiFi applications. In
addition, simulation and measurement results are in good
agreement.

Keywords
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1. Introduction

Future mobile communications will be formed by
three-dimensional (3-D) wireless networks hybridized by
ground mobile networks of 4G/5G (4th Generation/5th
Generation), non-terrestrial networks (NTN), and satellites.
They will be used to form the internet and provide high-
speed data transmission. Multi-band antennas simultane-
ously accommodating these frequency bands are most
desired for easy implementation, cost reduction and relia-
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bility enhancement due to the fact that the mutual interfer-
ences can be adequately treated in advance.

In the past, many multi-band antenna designs have
been pursued in wireless applications. In [1], a multi-band
antenna was proposed in the configuration of an antenna
array that consists of two antenna elements in low and high
bands, operating in 690-960 MHz and 1.70-2.70 GHz
respectively, for base station applications [1]. However, the
structure of the proposed antenna is complicated by using
the array technique. The tri-band antenna is introduced for
UAV (Unmanned Aerial Vehicle) applications with omni-
direction and horizontal polarization. The antenna structure
consists of a folded patch inside a metal box with a vertical
slot, which can operate in the frequency ranges of 840.50
to 845 MHz, 1430-1444 MHz and 2408-2440 MHz, re-
spectively. However, it provides a low gain around
2-5 dBi [2]. In [3], asymmetrically barbed dipole antennas
are introduced as tri-band antennas with circular polariza-
tion for GPS (Global Positioning System) applications,
where the operating frequency ranges are 1.131 to
1.312 GHz, 1.369-1.421 GHz and 1.543-1.610 GHz. The
antenna is in the inverted pyramidal cavity and provides
a uni-directional radiation pattern with an antenna gain of
around 7-8 dBic. However, its antenna structure is compli-
cated. In [4], a multi-band antenna is formed by integrating
a feeding monopole with five slot-loaded microstrips and
an SRR (Split Ring Resonator) element to produce five
frequency bands. On the other hand, the SRR was also
used to form a loaded Koch star fractal antenna with five
frequency resonances [5]. These demonstrated that the
SRR elements could be loaded to generate multi-resonant
frequencies. However, they usually radiate low antenna
gains, which will be improved significantly in this paper.
As a result, multi-band antennas can be integrated into
multi-band systems.

This paper presents a novel tri-band split-ring coupled
antenna with a pair of electromagnetic bandgap (EBG)
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superstrates to enhance antenna gains for modern wireless Antenna o Size
.. . . Description
communications. This antenna structure consists of Parameter (mm)
a prmted .dlpole pllaced beneath a dlellecFrlc substrate. This D The diameter of the split-ring antenna 124
printed dipole excites the antenna radiation through a cou- - —
pling split-ring placed on the top of a dielectric substrate. d The diameter of'a small split-ring antenna 88
The split-ring coupled antenna is placed in the middle & The gap of the split-ring antenna 16
cavity formed by two dielectric superstrates and a metal @ The gap of a small split-ring antenna 20
reflector as the simple EBG structure for gain enhance- - —
. . t The thickness of the split-ring antenna 6
ment. The proposed antenna can achieve three operational
frequency bands at 1.38, 2.45 and 5.50 GHz with high h The thickness of a small split-ring antenna 5
radiation gains (6—8 dBi) and uni-directional radiation dl The length of the dipole 33
patterns. . .
tq The thickness of the dipole 4
The novelty of this wor.k can be summarized as fol- o The gap of the dipole 4
lows. The creation of the tri-bands employs electromag- . —
netically coupling mechanisms of parasitic elements, where G The distance between the dielectric superstrate 62
.. and the reflector
both split rings and EBG structure serve as the external
parasitic elements for multi-band creation. The simple low- G The distance between two dielectric superstrates | 53
cost EBG structure assists in producing an additional low- o The total width of the dielectric substrate and 180
frequency L-band resonance and enhancing the radiation reflector
gain at high frequencies. The resulting beamwidths are . The total length of the dielectric substrate and 150
shown to be broad by 70-90 degrees at low frequencies reflector

and narrow by 20 degrees at high frequencies. Note that
traditional designs require large antenna structures and
have difficulty enhancing gains by forming antenna arrays.

The rest of this paper is organized as follows. Sec-
tion 2 presents the proposed antenna structure. Parametric
studies and full-wave simulation results are illustrated in
Sec. 3. In addition, Section 4 provides measurement re-
sults. Finally, conclusions are given in Sec. 5.

2. Antenna Structure

2.1 Antenna Architecture

The proposed structure of the tri-band split-ring cou-
pled antenna embedded in the simple low-cost EBG struc-
ture is illustrated in Fig. 1, where its structure consists of
two FR4 dielectric superstrates (1.60 mm in thickness) and
a metal reflector. The antenna’s main body is implemented
on an FR4 dielectric substrate (&= 4.30, tan 6= 0.02 and
thickness of 1.60 mm) inside the EBG structure, where & is
its dielectric constant and tan ¢ is its loss tangent. On the
top surface of the FR4 substrate, a double SRR [6], [7] is
implemented by two concentric microstrip rings, as shown
in Fig. 1(a), where the open sections of the inner and outer
rings face to the opposite directions. They may form two
resonances in conjunction with the essential dipole feeding
implemented on the bottom face of the FR4 substrate, as
shown in Fig. 1(b). The formation of the antenna body with
the EBG structure is demonstrated in Fig. 1(c).

Note that, the EBG structure has two rectangular die-
lectric superstrates on the top and a ground plane below the
proposed antenna. The actual feeding is a coaxial feed at
the bottom of this FR4 substrate to excite the dipole
feeding structure. These feeding and radiating structures are

Tab. 1. Geometric parameters of split-ring coupled antenna

with EBG.
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Fig. 1. The structure of the tri-band split-ring coupled antenna

within the EBG structure.
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placed in the air cavity formed by the EBG structure, as
shown in Fig. 1(c), where the separation distances are
labeled. They were achieved by parametric fine-tuning.
The three EBG plates are rectangular with a side of
180 mm. The prospective 3-D view in Fig. 1(d) shows the
resulting antenna architecture for easy understanding. De-
tailed geometric parameters are labeled in Fig. 1 and sum-
marized in Tab. 1. The values listed are the final designed
parameters obtained from the optimized full-wave simula-
tions for experimental measurement validation. Additional-
ly, Figure 1(e) illustrates the equivalent circuit of the pro-
posed antenna. In [8], the authors proposed the synthesis of
the equivalent circuit of each type of split-ring coupled
antenna. The proposed antenna can be divided into three
main components; i.e., dipole antenna, split-ring coupled
antenna, and EBG superstrates. The equivalent circuit of
the dipole antenna consists of a series RLC circuit (L4, Cq,
and Ry), where that of the split-ring coupled antenna com-
prises an LC resonator circuit (Ls and Cs), with a coupling
coefficient of M;. Note that the equivalent circuit of the
EBG superstrate includes a parallel RLC circuit (L., Ce, and
R.) with a coupling coefficient of M,.

2.2 Operational Mechanism

The operational mechanisms of this tri-band antenna
are interpreted in the following discussion. In this design,
the SRR element is the major element for the multiple
frequency resonances. Note that SRR elements were initial-
ly introduced as the forming elements in [6] to realize a Mu
negative (MNG: p-negative) material or a left-handed (LH)
material. They are generally referred to as artificial materi-
als or metamaterials. The nonconventional natures of the
SRR material make it suitable to serve as an effective para-
sitic element on the top of the feeding dipole, as shown in
Fig. 1, to produce multiple resonances. This integration can
have three frequency resonances, as pointed out in [4], [5].
In [4], a multi-band antenna is formed by integrating
a feeding monopole with five slot-loaded microstrips and
an SRR element to produce five frequency bands. On the
other hand, the SRR was also used to form a loaded Koch
star fractal antenna with five frequency resonances [5].
These demonstrated that the SRR elements could be loaded
to generate multi-resonance frequencies. However, they
radiate low antenna gains, which will be improved in this

paper.

The gain enhancement is performed by incorporating
the SRR-loaded dipole antenna within the EBG structure.
The two EBG dielectric superstrates, separated by a dis-
tance of G», are placed on the top of the antenna with
a separation distance of G1/2. The metal reflector is put
below the antenna at a distance of G away from the first
dielectric superstrate, as shown in Fig. 1(c). The EBG
superstrates form a resonant cavity to enable the antenna to
radiate uni-directional patterns and improve the antenna
gain. The superstrate structures have been used to improve
the antenna gain and bandwidth, as found in [9], [10], [11].
The criteria for using EBG superstrates have been dis-

cussed in detail in [12], [13]. The EBG structures of loss-
less periodic multilayers were analytically studied by
a conjugate characteristic-impedance transmission line
(CCITL) model. The study shows that a proper number of
unit cells of EBG structures can provide better directivity [12].

3. Parametric Studies and Full-Wave
Simulation Results
Parametric studies were performed using CST Mi-

crowave Studio [14] to exhibit basic behaviors of the tri-
band split-ring coupled antenna embedded in the EBG
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Fig. 2. Simulated [Sy;| of the split-ring coupled antenna with
a dipole feed.
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Fig. 3. Simulated radiation patterns of the split-ring coupled
antenna with a dipole feed at 2.45 GHz and 5.25 GHz
without incorporating the EBG superstrates.
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structure. Note that the SRR on the FR4 dielectric substrate
coupling with the dipole feed is the major radiator of the
proposed antenna. Their dimensions will influence the
essential characteristics of resonances and will be exam-
ined thoroughly.

Figure 2 shows the plot of |Si;| of the split-ring
coupled antenna with the dipole feed versus frequency,
where two resonances are shown for the frequency bands
of 2.24-2.56 GHz and 4.60-6.00 GHz, respectively. The
radiation patterns at 2.45 GHz and 5.25 GHz are shown in
Figs. 3(a) and (b) respectively, where uni-directional
patterns with small antenna gains of 4.00 dBi and 4.52 dBi
are shown.

Next, the split-ring coupled antenna’s dipole feed
length (dI) is increased from 30 to 40 mm for a parametric
study. The simulated results of |S;i| are shown in Fig. 4,
where the length of the dipole directly determines the two
resonance frequencies. It is found that the resonant fre-
quencies shift to lower values as the length increases.

Next, one considers the effects of the split-ring’s di-
ameter. The inner split-ring’s diameter () is 30 mm, while
the outer split-ring antenna diameter (D) varies from 110 to
150 mm. The widths of the circular microstrips remain
unaltered. The simulated curves of |Sy;| are shown in Fig. 5
(a), where it is seen that the resonance frequencies remain
unchanged except for their levels. This behavior indicates
that this parameter changes the input impedance to alter the
matching at the resonant frequencies. A tradeoff between
high and low-frequency resonances should be considered.

In contrast, the inner ring’s diameter (d) brings more
impact on the resonant frequencies. In the examination, d
varies from 50 to 90 mm while D is set to 150 mm. Fig-
ure 5(b) depicts the effects of simulated |S;i| on both reso-
nance frequencies. It is seen that a proper value of d at
70 mm can produce two resonance frequencies at 1.89 and
4.24 GHz, respectively. These two studies show that
a double split-ring coupling to a dipole feed can have two
resonant frequencies.

The gaps of the split-rings’ two opposite open sec-
tions, g1, and g», are examined in Fig. 6(a) and (b), respec-
tively. It is seen that the gap (g1) of the outer split-ring does
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Fig. 4. Simulated |S;| of the split-ring coupled antenna versus
dipole feed length (d/) for excitation.
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not significantly alter the nature of |S;;| when it varies from
8 to 20 mm. On the other hand, the gap (g») of the inner
split-ring has some impact on the resonant frequencies
when it varies from 8 to 20 mm. In these cases, a smaller g,
shifts the resonant frequencies to the lower sides, caused
by the influence of impedance matching.

The third resonance is introduced by inserting the
split-ring antenna structure into the cavity formed by the
EBG superstrates. It is noted that the incorporation of the
EBG superstrates will also alter the positions of the first
two resonant frequencies due to the interactions between
the antenna and the EBG superstrates. The basic properties
of antenna radiation embedded in EBG structures have
been studied in [12] by placing a Hertzian dipole, as shown
in Fig. 7. For the proposed antenna in this paper, the EBG
structure consists of four layers (N=4) superstrates in
a unit cell, which is terminated by a perfect electric con-
ductor (PEC) (Zs= 0 Q).

Figure 8 shows the dispersion diagram of this EBG
structure, estimated by using (8) in [12], for the frequency
range from 1 to 8 GHz, where the EBG parameters in
Fig. 2 are employed, and the observation angle of antenna
radiation is at ¢=90° and 6= 45°, where ¢ and 6 are the
azimuth and elevation angles, respectively. The dispersion
diagrams are shown in Fig. 8 for both TE (Transverse
Electric) and TM (Transverse Magnetic) modes existing in
the EBG structure in Fig. 7 [12], which overlap in this
case. In Fig. 8, Iy is the total length of each unit cell
(u=hL+bL+5+1L) and fc is the effective propagation
constant of the CCITL to model the unit cell. In this study,

ly=1.6 mm : &,=43,1,=1 3
A —_
/3=53.0 mm e,=Lu,=1 g
¥ 5
L=1.6mm [ £,=43p,=1 |2
0 e, =Lu, =1 |&
I, =62.0 mm - !
% Source Antenna v
, PEC

Fig. 7. EBG structure configuration [12].
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the operating frequencies of 1.42, 2.39 and 5.00 GHz are in
the passbands of PB1, PB2 and PB3 respectively, as
expected. Note that PBi and SBi in Fig. 8 denote the ith
passband and stopband in the frequency range of interest,
respectively.

The coupled split-ring antenna with a dipole feed is
sandwiched by the EBG structures at the center, as shown
in Fig. 1(c). It is seen that these EBG structures produce
a low-frequency resonance while shifting the original two
resonances to higher frequencies. As shown in Fig. 5(a)
and (b), the resonant frequencies were near 1.89 GHz and
4.24 GHz, now shifting to 2.39 GHz and 5.40 GHz.
The resonant frequency produced by the EBG coupling is

L0 15 20 25 30 35 40 45 50 55 60
Frequency (GHz)

Fig. 9. Simulated |S;)| of the split-ring coupled antenna with
the dipole feed in the cavity formed by the EBG
superstrates.
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Fig. 10. Simulated current distributions of the split-ring
coupled antenna with the dipole feed in the cavity
formed by the EBG superstrates.
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1.42 GHz. These three resonant frequencies at 1.42, 2.39,
and 5.40 GHz are well shown in Fig. 9. To understand the
radiation mechanisms of the proposed antenna better, the
current distributions are shown in Fig. 10(a)—(c) at these
three resonant frequencies. It is seen that the dominant
current contributions are on the dipole and are coupled to
the SRR structure for multi-band resonances.

The radiation patterns of the fine-tuned antenna incor-
porating the EBG superstrates are shown in Fig. 11(a)—(c)
for 1.42, 2.39, and 5.40 GHz, respectively. It is seen that all
three patterns exhibit uni-directional patterns with high an-
tenna gains. They are 8.50, 6.00, and 8.10 dBi at 1.42, 2.39,
and 5.40 GHz, respectively. It is noted that the dipole nature
results in null fields along the y-axis direction, consistent
with the dipole’s orientation, as shown in Fig. 11(a). The
front-back gain ratio is roughly 8.00 dB to make the radia-
tion uni-directional.
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Fig. 11. Simulated radiation patterns of the split-ring coupled
antenna with a dipole feed in the cavity formed by the
EBG superstrate at 1.42,2.39, and 5.40 GHz in (a)—(c),
respectively.

Radiation Efficiency (%)

Freq. (GHz) 1.42 2.39 5.40
Without EBG 95.80 95.50 91.62
With EBG 93.24 93.56 90.16

Tab. 2. Radiation efficiency comparison of the split-ring
coupled antenna with and without the EBG structures.

10.0 T 100
I
95fF-—————--- + . 90
90:;7_:.%/-"1'7 80
85F-mretmmmp-——-¥21 70 3
= - | ®
g 80f-—————--~ bommmmmme 60 =
~ =
E75f---mmmm b ‘ ‘ 50 &
5 I | | §’
TOf-——————- ro——————— To——————- ity 40 &
I I I =
65F--—----- e dommmoo- dmmmm oo 30 R
6.0 fmmmmmm 20
55f=mmmmmmm pommmmm Tommm - qmmmmmm o 10
| | |
h I I
0
5‘(%430 1.35 1.40 1.45 1.50
Frequency (GHz)
(a) at 1.42 GHz band
10.0 T T T T T T 100
I I I I I I
9.5 bwemmdmmahonnlooodo AT oo H 90
I I I i i T
) A Rt s o
I I I I I I =
85fF-=-—==T---T-A—F-——1-—-T-——F——"——- 70
- A Y S g
B 80— —-lm——A———t -l —A———t - —F At 60 =
= I I I I I I 2
R s L et et U SR R SR
) A R S N S SR DU B ! a0 2
R 1 =
6.5F——————4-———f———l——HA-——t——— ! 30 ©
I I I I I I I <
60F———e— L a1 | 20
I I I I I I I
I I I I I I I
SSfTT T T T T T T T T T T T T T [ 10
I I I I I I I I I
5.0 0
240 241 242 243 244 245 246 247 248 249 250
Frequency (GHz)
(b) at 2.39 GHz band
10.0 T T T T T
| | | | |
L] I A i S
R R R e
I I I I I I I I I
85F—=====7-=-r-x-r--3---T1---r---—-1---|70 g
I g
= 8.0 Tt ——— I -+ -
g I I \ I 60 E
(S S R S O NP PR N A S J 2
:7'5 I [ I I I I | 50 =X
‘= I I I I I I I
R e e e o Rt Bl e e e i 405
| | | | | | | | |
65— — oAb ]30 @
I I I I I I I I I <
I S Y EOSN U PR EUp EU DU
6.0 I I I I I I I I I 20
I I I I I I I I I
S5p——=—-7---r-- - --Tr--—r~—a---1---|10
I I I I I I I I I
5.0, 0
50 51 52 53 54 55 56 57 58 59 60
Frequency (GHz)
(c) at 5.40 GHz band

Fig. 12. Simulated gain and total efficiency versus frequency of
the proposed antenna at 1.42, 2.39, and 5.40 GHz
bands in (a)—(c), respectively.

On the other hand, the radiation patterns at the two
higher frequency bands in Fig. 11(b) and (c) can be com-
pared to those in Fig. 3(a) and (b) to exhibit the effective-
ness of the EBG superstrates in altering the antenna gains
and directivities, respectively. First, it is seen that the radia-
tion patterns under the incorporation of EBG superstrates
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are more directional because of the existence of the ground
reflector. On the x-y plane, the patterns are much smoother
with reduced levels of ripples. In terms of gain enhance-
ment, they are increased from 4.00 and 4.52 dBi in
Fig. 3(a) and (b) to 6.00 and 8.10 dBi, indicating 2.00 and
3.58 dB improvements for the two frequency bands, re-
spectively.

In addition, the radiation efficiencies of the split-ring
coupled antenna with and without the EBG structures are
shown in Tab. 2. The radiation efficiencies of the proposed
antenna with the EBG are 93.24% at 1.42 GHz, 93.56% at
2.39 GHz, and 96.16% at 5.40 GHz, respectively, which
are slightly smaller than those for the case without the
EBG, respectively. The proposed antenna architecture's
simulated gain and total efficiency versus frequency are
shown in Fig. 12(a)—(c) at 1.42, 2.39, and 5.40 GHz bands,
respectively. It is seen that the total efficiency is more than
60% in all frequency bands, and the antenna gains are more
than 7.00 dBi.

4. Measurement Results

The proposed split-ring coupled antenna with a dipole
feed incorporating the EBG structure is fabricated for
measurement validation as shown in Fig. 13. The compo-
nents were manufactured separately and then assembled by
hand. In particular, all substrates are integrated using thin
plastic pillars with screws to fasten them on the two alter-
native corners. Note that these pillars may cause some
interferences at high frequencies, which are small at the
low-frequency band.

The measured |S1i| is shown in Fig. 14, where the
achieved frequency bands are at 1.32-1.50, 2.10-2.80 and
4.90-5.20 GHz respectively, based on the —10 dB thresh-
old of |S1i|. These resonant frequencies deviate slightly
from the simulation results by about 8%, where the general
trend remains the same. Note that there are two resonances
nearby to form a broader bandwidth than the simulated one
at the 2.40 GHz band. These deviations are attributed to the
complete feeding structure and extra plastic pillars support-
ing the split-ring coupled antenna, which has yet to be
incorporated into the simulations. The radiation patterns
with co- and cross-polarizations are also measured at three
resonant frequencies of 1.42, 2.39 and 5.00 GHz as shown
in Fig. 15(a)—(c), respectively. These measurement patterns
are compared to those obtained from the simulations to
show their consistency. It is found that they are in good
agreement. In addition, the measured antenna gains are
8.00, 4.50, and 7.00 dBi at 1.42, 2.39 and 5.00 GHz, re-
spectively. Compared to the simulation results, the gain at
1.42 GHz is consistent. The measurement has roughly
0.50, 1.50, and 1.10 dB losses attributed to the connector
and cable losses in the measurement setup at the two higher
frequencies. In these cases, the connector loss is nearly
0.80 dB. The plastic pillars may also cause some dif-
fraction destructions. It is found that the resulting antenna

(b) The complete split-ring coupled antenna

Fig. 13. Prototype of the split-ring coupled antenna with a di-
pole feed in the cavity formed by the EBG super-
strates. In (a), the two dielectric substrates are removed
to show the split-ring coupled antenna architecture,
while (b) shows the complete prototype.
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Fig. 15. Measured radiation patterns of the split-ring coupled
antenna with dipole feed in EBG at 1.42, 2.39, and
5.00 GHz in (a)—(c), respectively.

beamwidths on the xz-plane at 1.42, 2.39 and 5.00 GHz
bands are 70, 90 and 20 degrees, respectively.

Finally, the proposed antenna is also compared to
some recent works in the literature on multi-band antenna
designs in [1], [2], [3] as shown in Tab. 3. It is found that
the proposed antenna yields three operating frequencies
with wide frequency bandwidth and high antenna gains.

Ant. Type Size (mm?) Freq. (GHz) |Gain (dBi)
300 x 300 x 45
in the low band 0.69-0.96 8.25
[1] Antenna array and and and
140 x 140 x 22 1.70-2.70 1.16
in the high band
0.840-0.845,

Folded patch with

. 57.7x117%x29.6] 1.430-1.444, | 2.00-5.00
a vertical slot

and 2.408-2.440

(2]

Asymmetrically 1.131-1.312, g
[3] barbed dipole 62 x 62 x 40 1.369-1.421, 7'233?0';)0
antennas and 1.543-1.610
This Split-ring coupled 1.32-1.52,
lk antenna with the | 180 x 180 x 115] 2.10-2.80, and | 6.00-8.00
WOkl EBG structure 4.90-5.20

Tab. 3. Comparison of multi-band antennas and the proposed
antenna.

5. Conclusions

A split-ring coupled antenna embedded in the EBG
structure is developed to produce a novel tri-band low-cost
antenna with high gain radiation. The SRR and EBG struc-
ture coupling effects produce tri-band resonances, where
the EBG structure additionally enhances the antenna gains.
From measured results, the proposed antenna has three
resonant frequencies at 1.42, 2.39 and 5.00 GHz with the
uni-directional radiation patterns for wireless communica-
tions in L-band and Wi-Fi. In addition, simulation and
measurement results are in good agreement for validating
the design concept.
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