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ABSTRACT A broadband, low-profile, compact, and cost-effective antenna consisting of a printed dipole
loaded with split-ring resonators (SRRs) is presented. The antenna consists of two identical printed SRRs,
each enclosing an arm of a printed dipole element. Each SRR and the center-fed half-wavelength dipole
element are printed on the top and bottom sides of a thin dielectric substrate. The dipole is excited by a coaxial
feed, while the SRRs are electromagnetically coupled to the dipole. The dipole, in conjunctionwith the SRRs,
generates three resonant modes with stable omnidirectional radiation patterns. These resonances interact to
provide broadband characteristics, that is, a measured impedance bandwidth covering 1.32–2.46 GHz for
a reflection coefficient of less than −10 dB. The functionalities, mechanisms, and modes of operation of
the composite antenna structure are discussed in relation to both the dipole and the SRRs. A prototype is
fabricated and measured in order to validate the antenna design. It is computationally and experimentally
confirmed that the antenna demonstrates broadband characteristics as well as a stable gain with non-
deteriorating omnidirectional radiation patterns. The compact antenna, which has the overall dimensions
of 9.6 mm × 74.4 mm × 0.508 mm (0.06λ× 0.469λ× 0.0032λ at 1.895 GHz), has a measured fractional
bandwidth of 60.31%, an omnidirectional radiation pattern with a gain greater than 1.8 dBi, and a radiation
efficiency greater than 88% within a broad impedance bandwidth. The compact size, simple structure, and
stable radiation properties of the antenna render it suitable for many wireless communication applications.

INDEX TERMS Broadband antennas, compact, composite antennas, dipole antennas, omnidirectional
radiation pattern, split-ring resonator (SRR).

I. INTRODUCTION
The rapid development of wireless communication systems
and the associated applications in recent years has neces-
sitated the design of antennas that are able to meet the
persistent requirements of current wireless communication
applications. The antennas used for such applications are
characterized by a wide operating bandwidth, compact size,
low cost, and low profile. It is feasible to meet each of
these antenna requirements independently; however, merg-
ing them within a single antenna design remains a great
challenge [1]. Hence, antenna designers and engineers have
developed different techniques to meet these antenna require-
ments [2]–[6]. The use of printed antennas is a practicable
approach due to their simple structure and miniature size

allowing for easy integration into small devices. In the case
of some printed antenna designs, such as dipole antennas and
coplanar waveguide-fed monopole antennas [7]–[9], broad-
band characteristics are generated using composite structures
of dipoles and monopole-like radiators. However, some of
these antennas are too large in geometric terms, which ren-
ders them unsuitable for use in small devices, particularly
at very low frequencies. In an attempt to develop wide-
band antennas, the concept of multi-resonance has been uti-
lized and multi-resonant microstrip patch antennas have been
designed [10]–[11]. However, [10] and [11] provide more
complexity in geometry but less impedance bandwidth due
to the nature of microstrip structure. Another category of
antenna design that is widely used in wireless systems is
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the loop antenna. Several loops and loop-dipoles have been
reported to achieve wideband characteristics [1], [12]–[14].
A small broadband antenna composed of a dual-meander
folded loop and a disk-loaded monopole has been designed,
although it was found to feature limited and thus inapplicable
bandwidth for current broadband systems [14]. The dual-
band composite loop-dipole used in [15] exhibited a large
bandwidth, but it also involved complicated geometry, includ-
ing a two-layer substrate, which increased the difficulty of
fabrication and reduced the cost effectiveness. The design
of a wideband antenna with stable omnidirectional radiation
patterns using the theory of characteristic modes is presented
in [16]. The antenna is composed of a dipole and single loop
to generate two resonant modes with stable radiation patterns.

In order to meet the design requirements, low-profile and
compact split-ring resonators (SRRs) have been widely used
to develop electrically small antennas (ESAs). The poten-
tial for the miniaturization of SRRs, as well as their abil-
ity to produce strong electromagnetic resonance, yields a
viable technique with which antenna designers and engi-
neers can overcome the problems detailed above [17]. SRRs
have been designed to realize dual-band operation and pro-
vide a low-profile, compact structure [18]–[20]. However,
the reduction in the electrical size results in an increase in
the Q-factor, which in turn leads to an undesired reduction in
bandwidth [17]. In addition, although the antennas described
above exhibit good performance characteristics, they remain
inadequate in terms of either the bandwidth, profile, cost,
or compactness.

A challenging issue faced by antenna designers and engi-
neers in the design of composite antennas loaded with SRRs
concerns the production of stable and non-deteriorating radi-
ation patterns, particularly at high frequencies [17]–[23].
In [17], a triple-band ESA was constructed by integrat-
ing three concentric and co-directional SRRs with different
dimensions. The constructed antenna offered only limited
bandwidth and a very low peak gain. A dual-frequency
printed dipole loaded with SRRs was found to offer dipolar
radiation patterns with low cross-polarization. However, that
antenna suffered from a narrow bandwidth [19]. A uniplanar
dual-band compound loop antenna for wireless local area net-
work/WiMAX applications was found to provide dual-band
operation with a stable gain and high radiation efficiency.
Yet, the antenna’s impedance bandwidth was insufficient for
many modern broadband applications [22]. Moreover, a mul-
timode, wideband printed loop antenna based on degraded
SRRs was demonstrated to have broadband characteristics as
well as high radiation efficiency. However, the large overall
antenna dimensions were found to impede device miniatur-
ization when compared with other designs [23]. In addition,
all the above-mentioned SRR antennas suffered from a com-
mon drawback, namely unstable and deteriorating radiation
patterns, especially with increasing frequency.

Motivated by the difficulty of designing a cost-effective
antenna with a wide bandwidth, compact size, and low
profile, a compact broadband dipole antenna loaded with

SRRs is proposed. The proposed antenna provides stable
and uniform dipole-like radiation patterns, which maintain
almost the same shape within a wide impedance bandwidth.
The antenna consists of a printed dipole coupled to two
identical SRRs. The antenna operates in three modes, and
it exhibits broadband properties at a compact size. The
design achieves a measured−10 dB impedance bandwidth of
1.32–2.46 GHz (60.31%) at a center frequency of 1.895 GHz,
and its overall dimensions are 9.6 mm × 74.4 mm ×
0.508 mm (0.06λ× 0.469λ× 0.0032λ at 1.895 GHz).

The remainder of this paper is organized as follows.
In Section II, the proposed antenna configuration is explained
in detail, and the antenna’s operating modes and radia-
tion mechanism are discussed. In Section III, a comprehen-
sive parametric study of the crucial design parameters is
described. In Section IV, the results of experiments intended
to verify and validate the proposed antenna design are pre-
sented, and the antenna’s performance characteristics are
described. Finally, in Section V, we present our conclusion.

FIGURE 1. Geometry of the printed dipole loaded with SRRs: (a) side view
and (b) top view.

II. ANTENNA DESIGN AND OPERATIONAL PRINCIPLES
A. ANTENNA GEOMETRY
The geometry of the proposed dipole antenna loaded with
SRRs is illustrated in Fig. 1. The center-fed half-wavelength
dipole is printed on the top and bottom sides of a thin
dielectric substrate. The utilized substrate is a Rogers
RO5880 material (εr = 2.2, tanδ = 0.0009, and h =
0.508 mm). Two SRRs are designed to each encircle an arm
of the dipole on both sides of the substrate. The slit on each
SRR is located on the opposite side with respect to the origin.
The antenna is excited by a coaxial cable with a characteristic
impedance of 50 �. The outer conductor of the coaxial line
is connected to the bottom arm of the dipole, while the inner
conductor of the coaxial line extends through the substrate
so that it is connected to the top arm of the dipole [24].
The antenna was initially characterized computationally via
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ANSYS HFSS in order to obtain a low profile, a compact
size, and broadband characteristics at a center frequency of
approximately 1.9 GHz. The optimized design parameters for
the antenna are as follows: e = 17.3 mm, Wl = 9.6 mm,
gap= 3 mm, Ld = 34.7 mm,Wd = 3.7 mm, h = 0.508 mm,
Ws = 2 mm, Gp = 12.2 mm, Ls = 74.4 mm, and Ll =
54.5 mm, d = 0.5 mm.

FIGURE 2. Configurations of the dipole antenna loaded with SRRs:
(a) Antenna 1, (b) Antenna 2, and (c) Antenna 3.

FIGURE 3. Reflection coefficient of the dipole antenna loaded with SRRs
for the different antenna configurations.

B. ANTENNA OPERATING MODES AND
RADIATION MECHANISM
The proposed antenna generates three resonant modes. The
different modes can be understood in terms of the three con-
figurations illustrated in Fig. 2. In Fig. 2(a), Ant. 1 contains
a single radiating element, namely a conventional dipole.
Ant. 2 is comprised of two elements, that is, a dipole and
a single SRR on only one side of the substrate, as shown
in Fig. 2(b). Ant. 3 is the proposed antenna configuration,
which consists of a dipole and two SRRs, as seen in Fig. 2(c).
As shown in Fig. 3, Ant. 1 produces a single mode, which
originates from the single radiating half-wavelength ele-
ment. Further, Ant. 2 produces two modes. The first of
these modes is the dipole operating at a half-wavelength,

while the additional mode results from the introduction of
a single SRR, which resonates in order to produce the sec-
ond mode at a higher frequency. The SRR resonates at a
high frequency because its resonant length is shorter than
that of the dipole. Ant. 3 is the proposed antenna structure.
In this configuration, three resonantmodes are generated. The
intermediate-frequency resonance corresponds to the dipole
mode (i.e., second mode), while the other two modes occur
because both SRRs resonate in unison so as to produce res-
onances at both low and high frequencies. More specifically,
the first mode occurs because the entire lengths of both
SRRs resonate in unison as a dipole in order to produce
a low-frequency resonance (1.42 GHz). This occurs at a
low frequency due to the long resonant lengths provided by
the SRRs. At a high frequency (2.33 GHz), the third mode
results from the partial excitation of the SRRs. This partial
excitation of both SRRs is noticeable as high currents within
the area wherein the SRRs overlap (Fig. 3). In this mode,
only the overlapping regions of both SRRs resonate at a half-
wavelength. The area in which the SRRs overlap is crucial
in terms of controlling the effective resonant length and,
therefore, the interaction between the SRRs in this mode. The
three modes interact in tandem with each other to produce a
wide impedance bandwidth.

SRRs are generally composed of two metallic concentric
and coupled rings with slits on opposite ends. This config-
uration was first proposed by Pendry et al. [25] in 1999 to
construct a negative permeability medium. The physical
mechanism of SRRs can be described as follows. When the
rings are excited by an external time-varying magnetic field
in the axial direction, an electromotive force is generated
around the rings, which in turn generates a current in the
rings [20]. SRRs are very important in relation to the design
of electrically small antennas [26], [27]. Onemajor advantage
of the SRR is its ability to effectively couple to other radiating
elements and produce strong resonances from strong electro-
magnetic interactions.

To ensure the effective operation of the SRRs, gaps (slits)
are located in optimal positions on the SRRs in order to
facilitate efficient coupling to the dipole and produce the
desired linear polarization of the antenna. The principle
behind the mechanism can be understood in terms of the
surface current distribution of the proposed antenna. The
surface current distributions at the resonant frequencies of
1.42, 1.8, and 2.33 GHz are studied, as shown in Fig. 4.
Fig. 4(a) shows that strong currents are concentrated along
the entire lengths of both SRRs at 1.42 GHz. Conse-
quently, both SRRs are fully excited and thus radiate as the
arms of a dipole with a half-wavelength resonant length.
Hence, the antenna resonates at a low frequency. Further-
more, at the intermediate-frequency resonance of 1.8 GHz,
a slightly weaker current distribution pattern can easily
be seen on the SRRs when compared to that seen at
1.42 GHz, as shown in Fig. 4(b). The currents accumulate to
a greater degree on the dipole and excite it to radiate. The
dipole then resonates at a half-wavelength to produce the

VOLUME 6, 2018 49539



K. E. Kedze et al.: Compact Broadband Omnidirectional Radiation Pattern Printed Dipole Antenna

FIGURE 4. Surface current distribution on the dipole loaded with SRRs:
(a) 1.42 GHz, (b) 1.8 GHz, and (c) 2.33 GHz.

intermediate-frequency resonance. At a high frequency
of 2.33 GHz, the SRRs are strongly coupled to the dipole,
with strong currents being seen on the overlapping regions of
the two SRRs, as shown in Fig. 4(c).

Outside the overlapping regions, the current decays rapidly
due to the presence of the slit, which acts as an open circuit.
The strong current constantly circulates around the overlap-
ping regions of the SRRs, thereby exciting them to radiate at a
half-wavelength and generate the high-frequency mode. The
position of the gap determines the length of the SRR through
which the current circulates. Hence, the above-mentioned
three resonances interact considerably to yield wide band-
width characteristics. From the demonstrated symmetric cur-
rent distribution on both the dipole and SRRs, the antenna
produces a dipole-like omnidirectional 3-D radiation pat-
tern with good symmetricity and nearly constant HPBWs of
approximately 76◦± 4◦ on both the xz- and xy-planes within
the impedance bandwidth. The pattern retains its shapewithin
the antenna bandwidth and it is illustrated in Fig. 5.

FIGURE 5. Simulated 3-D total gain pattern of the dipole loaded with
SRRs: (a) 1.42 GHz, (b) 1.8 GHz, and (c) 2.33 GHz.

The antenna’s resonant lengths are useful in developing
approximate formulas for the estimation of the frequency
of each resonance. The dipole is designed to resonate at
half-wavelengths with resonant lengths equal to twice the
length (Ld ) of each dipole arm. Therefore, the resonant
frequency of the dipole (fd ) can be deduced as

fd ≈
c

2√εeff (2Ld )
(1)

where c represents the speed of light in free space and

εeff ≈
1+ εr

2
(2)

where εr represents the dielectric constant of the substrate.
Low-frequency resonance arises from the entire lengths of
both SRRs oscillating at half-wavelengths to the dipole. The
low-frequency resonance (fL) can be estimated as

fL ≈
c

2√εeff (Ls)
(3)

High-frequency resonance arises from the overlapping area
where the high currents circulate and, consequently, the res-
onant frequency (fH ) can be estimated as

fH ≈
c

2√εeff
[(
Ll − Gp

)
−WL

] (4)

III. PARAMETRIC STUDY
The impact of the principal antenna design parameters on the
antenna’s performancewas investigated. First, the response of
the antenna was noted when all the design parameters were
fixed at their optimal values. Second, during the parametric
study, only one design parameter was varied at a time.

A. EFFECT OF THE DIPOLE PARAMETERS
The main parameters of the dipole are the length and the
width. The effect of the dipole’s length is shown in Fig. 6.
A parametric study of the dipole’s length clearly shows that
the dipole is responsible for the intermediate-frequency reso-
nance. When the dipole’s length is increased or decreased,
the SRRs’ lengths remain the same, as do the overlap-
ping regions of the two SRRs. A decrease in the dipole’s
resonant length causes a shift to the right in the antenna
impedance curve, whereas the other two resonant points
remain unaffected, meaning that they do not move from their
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FIGURE 6. Reflection coefficient of the dipole antenna loaded with SRRs
for various dipole lengths (Ld ).

FIGURE 7. Reflection coefficient of the dipole antenna loaded with SRRs
for various dipole widths ( Wd ).

resonant frequencies. The movement of the intermediate-
frequency resonance that occurs following a change in the
dipole’s length confirms that the dipole generates this mode.
At 34.7 mm, the dipole provides the optimal resonant length
for the other two resonances to interact and, consequently,
generate a broad bandwidth.

When the dipole’s width is varied from 3.2 to 4.2 mm,
the coupling between the dipole and the SRRs varies. As the
width increases, the coupling decreases. In the case of a small
dipole width, the dipole becomes over coupled to the SRRs,
whereas in the case of a large dipole width, it becomes
under coupled. Accordingly, there is an optimal dipole-SRR
separation point at which critical coupling occurs between
the two elements. Therefore, the dipole’s width is significant
in terms of controlling the coupling between the dipole and
the SRRs. This response has a greater impact at high frequen-
cies than at low frequencies. Thus, the dipole’s width is essen-
tial in relation to impedance matching at high frequencies,
as demonstrated in Fig. 7.

B. EFFECT OF THE SRR PARAMETERS
The SRR has three major parameters. First, the length of
the SRR is significant in terms of determining the antenna’s

FIGURE 8. Reflection coefficient of the dipole antenna loaded with SRRs
for various SRR lengths (Ll ).

FIGURE 9. Reflection coefficient of the dipole antenna loaded with SRRs
for various SRR widths (Wl ).

operational frequencies, as shown in Fig. 8. The length of
the SRR was increased horizontally away from the center
of the antenna with no change in the overlapping regions
of the SRRs. As the resonant length increased, a predictable
response was observed, namely a shift in the lowest resonance
point to lower frequencies. Only the low-frequency mode
moved. Indeed, the other two high-resonance points main-
tained their positions, thereby providing further evidence
that both SRRs are responsible for the lowest-frequency
resonance. Second, Fig. 9 shows the effects of the SRR’s
width (Wl). This parameter controls the level of interaction
between the dipole and the SRRs. As the Wl increases,
the coupling decreases. The dipole’s width and the SRR’s
width have similar effects on the interaction (or coupling)
between the dipole and the SRRs. Fig. 10 shows the effect
of the SRR’s stripline width, which affects the coupling at
both low and high frequencies. These two resonance points
are generated by the SRRs. Moreover, at an SRR stripline
width of 2 mm, both the high and low frequencies are well
matched. This parameter is essential in terms of matching
both the lower and higher frequencies of the antenna.

The area of overlap between the two SRRs, as represented
by 2e, significantly affects the antenna’s radiation modes.
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FIGURE 10. Reflection coefficient of the dipole antenna loaded with
SRRs for various SRR stripline widths he (Ws).

FIGURE 11. Reflection coefficient of the dipole antenna loaded with SRRs
for various overlap lengths between the SRRs (2e).

Fig. 11 shows the response of the antenna when the over-
lapping region of the SRRs is varied. The response to vari-
ations in this area of overlap provides further evidence of the
simultaneous operation of both SRRs in order to generate the
first and third modes. At an overlap length of less than 9 mm,
the antenna only operates in the dipole mode, thereby gen-
erating a single resonance. The dipole and the SRRs are not
effectively coupled to each other. Yet, as the overlap length
increases, the coupling between the dipole element and the
SRRs increases. At an overlap length of greater than 10 mm,
the coupling becomes strong enough to excite both SRRs so
as to generate two additional resonances.

Moreover, at the optimal overlap distance of 17.3 mm, the
interaction between the SRRs reaches its maximum level, and
both SRRs become strongly coupled to the dipole. The SRRs
operate in unison as the arms of the dipole in order to produce
the low- and high-frequency modes.

The position of the SRR gap is one of the most crit-
ical design parameters, because it not only significantly
affects the impedancematching, but also influences the cross-
polarization level of the antenna. The antenna responds differ-
ently depending on the position of the gap. When the gap on
the SRR is close to the center of the antenna (Gp = 34.2 mm,
Fig. 12), the antenna does not resonate within the desired

FIGURE 12. Reflection coefficient of the dipole antenna loaded with SRRs
for various SRR gap positions (Gp).

FIGURE 13. Fabricated sample of the proposed antenna with a balun:
(a) top view and (b) three-dimensional view.

frequency ranges, which results in poor impedance matching.
This configuration produces very high cross-polarization.
Furthermore, as the position of the gap (Gp) moves away
from the center of the antenna toward a point halfway along
the SRR (Gp = 23.2 mm, Fig. 12), the antenna responds
differently. This configuration generates two resonances with
high cross-polarization. When the Gp is located far from the
center of the antenna (Gp = 12.2 mm, Fig. 12), the optimal
antenna characteristics are obtained. The cross-polarization
becomes very small, while symmetrical radiation patterns
are produced with broadband impedance matching. Hence,
the positioning of the gap can be used to minimize cross-
polarization while matching the antenna.

IV. EXPERIMENTAL RESULTS
A rigid 50-� coaxial cable with balun is used to feed the
fabricated antenna, as shown in Fig. 13. The balun is designed

49542 VOLUME 6, 2018



K. E. Kedze et al.: Compact Broadband Omnidirectional Radiation Pattern Printed Dipole Antenna

to operate at a quarter-wavelength. The inner conductor of the
coaxial cable is soldered to the top arm of the dipole, and
the outer conductor of the coaxial cable is soldered to the
bottom arm of the dipole. The balun extends along the coaxial
cable; it is soldered to the outer conductor at the bottom of the
balun to eliminate the common mode current flowing on the
outer conductor of the coaxial cable, and to avoid radiation
pattern distortion, especially at high frequencies. The antenna
has overall dimensions of 9.6 mm × 74.4 mm × 0.508 mm
(0.06λ× 0.469λ× 0.0032λ at 1.895 GHz) as well as a broad
impedance bandwidth. The prototype’s reflection coefficient
was measured using an Agilent N5230A network analyzer
and a 3.5 mm coaxial calibration standard (GCS35M). The
far-field measurements were made in a full anechoic cham-
ber with the dimensions of 15.2 m (W) × 7.9 m (L) ×
7.9 m (H) at the RFID/USN Center, Incheon, Korea. Dur-
ing the radiation pattern measurement procedure, a standard
wideband horn antenna was used for transmitting, while the
proposed antenna was used for receiving. The transmitter and
the receiver were separated by a distance of 10 m. The horn
antenna was fixed, while the proposed dipole antenna loaded
with SRRs was rotated from −180◦ to 180◦ at a scan angle
of 1◦ and a speed of 3◦ s−1.

FIGURE 14. Measured and simulated reflection coefficient values.

Fig. 14 shows the measured and simulated reflection coef-
ficients of the fabricated antenna. Minute disparities were
observed between the measurements and the HFSS simula-
tion which could be associated with misalignment or with
inconsistencies during the antenna fabrication process. How-
ever, both results establish that the prototype exhibited wide-
band operation. As shown in Fig. 14, themeasured impedance
bandwidth at a reflection coefficient of less than −10 dB is
1.32–2.46 GHz (60.31%), while the simulated bandwidth is
1.38–2.41 GHz (54.35%).

The radiation patterns and broadside gain of the fabricated
prototype at different frequencies were measured, and they
are shown in Figs. 15 and 16, respectively. The antenna
generates good broadside dipole-like radiation patterns, with
a symmetrical profile and negligible fluctuations in gain
within the entire impedance bandwidth. The radiation pat-
terns are almost constant and show little or no deterioration

FIGURE 15. Measured and simulated radiation patterns of the dipole
antenna loaded with SRRs: (a) 1.42 GHz, (b) 1.8 GHz, and (c) 2.33 GHz.

FIGURE 16. Measured and simulated broadside gain of the dipole
antenna loaded with SRRs.

with increasing frequency. The cross-polarization is 14 dB
less than the co-polarization in both the x–z and y–z planes
within the impedance bandwidth of the antenna. The radiation
patterns are fairly symmetrical in both the x–z and y–z planes.
The measurement results indicate some ripples in the radia-
tion patterns. These ripples are attributed to the effects of the
foam rack and tapes employed in the pattern measurement
setup.
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TABLE 1. Performance comparison of the proposed antenna with other
antenna designs.

At 1.42 GHz, the measurements showed a half-power
beamwidth (HPBW) of 64.26◦ in the y–z plane and a broad-
side gain of 1.9 dBi. At 1.8 GHz, the prototype yielded a
measured HPBW of 66.38◦ in the y–z plane and a broadside
gain of 1.85 dBi. Further, at 2.33 GHz, the measurements
indicated a HPBW of 54.48◦ in the y–z plane and a broadside
gain of 2.0 dBi. Fig. 16 compares the simulated and mea-
sured broadside gains of the fabricated antenna. The antenna
gain increased steadily, before reaching a maximum value
of 2.1 dBi at 2.14 GHz. The measurements indicated a peak
gain of 2.1 dBi and high radiation efficiency of> 88% across
the operational bandwidth. Table I compares the performance
of the proposed antenna to that of other antenna designs
featuring SRRs described in the literature.

V. CONCLUSION
A broadband, compact, low-profile dipole antenna loaded
with two SRRs is presented in this paper. Each radiating
element makes a noticeable contribution to the generation of
three resonances. As a result, the proposed antenna exhibits
broadband characteristics. A distinguishing feature of the
proposed antenna is its compactness and low profile when
compared with similar designs featuring SRRs. The antenna
also offers stable, symmetrical, and non-deteriorating omni-
directional radiation patterns, which give it an advantage
over its counterparts. The experimental and simulated results
demonstrate good performance characteristics, namely a
wide bandwidth, stable gain, symmetric radiation patterns,
and high radiation efficiency.

These properties, when combined with its low profile, light
weight, and compact size, render the proposed antenna a

potential candidate for use in many modern wireless com-
munication systems, especially for the Internet of Things
and in wearable applications. The proposed antenna provides
broadband qualities, and further bandwidth enhancement
through other techniques provides opportunities for addi-
tional research. Another potential research avenue is increas-
ing antenna flexibility by employing 3-D printing techniques
to make the antenna an even more suitable candidate for the
Internet of Things and in wearable applications.
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