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ABSTRACT In this paper, the design of a wideband high-gain low-profile linearly polarized antenna is
presented. The design objectives were achieved by encircling a folded strip around a planar radiating element
on the top substrate with corner-cut parasitic patches on the bottom substrate placed above the ground
plane. A half-wavelength printed dipole utilized as a radiating element was employed to generate linearly
polarized radiation. The contributions of the folded strips and parasitic patches are significant factors in
enhancing the bandwidth by producing extra resonance and phase compensation. The experiments and
full-wave electromagnetic simulations have provided a platform for the analysis, validation, and verification
of the antenna design. The antenna structure has the overall dimensions of 120 mm× 120 mm× 16.3 mm
(0.69λo × 0.69λo × 0.094λo at 1.74 GHz), and it demonstrated satisfactory measured performance charac-
teristics with a−10-dB impedance bandwidth of 1.39–2.09 GHz (40.22%), a broadside gain of 6.1–8.2 dBi,
and a radiation efficiency >88% within the impedance bandwidth.

INDEX TERMS Folded strip, low-profile antenna, parasitic patch, planar antenna, printed dipole, wideband.

I. INTRODUCTION
A horizontally positioned dipole above a perfect electric
conducting ground plane at a small fraction of the operating
wavelength has gained significant interest for low-profile
antenna designs. It is well known that a dipole antenna is hor-
izontally positioned at a quarter wavelength distance above a
ground plane or perfect electric conductor (PEC) to accom-
plish high broadside gain through in-phase reflection [1].
However, when a dipole is placed horizontally over a PEC
ground plane, an image current exists that is out of phase to
that of the radiating dipole. As the distance between the dipole
and the PEC ground plane approaches zero, the total radiated
far electric field diminishes in all directions because the direct
and image currents tend to cancel out each other [2]. Fur-
thermore, with the close spacing of two current elements (the
dipole’s source and image current) that are nearly 180◦ out of
phase, there is a substantial increase in the reactive energy
surrounding the dipole, resulting in a substantial decrease
in the dipole’s operating bandwidth. Ultimately, a narrow
bandwidth is the main factor that limits performance when

a dipole element is closely spaced to a highly conducting
ground plane [3].

To overcome this problem of antenna performance degra-
dation, several approaches have been developed. One
approach applies the principle behind artificial surfaces such
as electromagnetic bandgaps (EBGs) and artificial magnetic
conductors (AMCs) [4]–[7]. The reflection phase of an EBG
surface can, in general, vary from −180◦ to +180◦, which
makes the EBGmore versatile and unique [8]. These surfaces
can be employed to manipulate or control the phases of
the reflected fields for dipoles in proximity to the ground
plane [9]–[18]. An impedance bandwidth of 16% with a
peak gain of 6.7 dBi was recorded for a dipole at a height
of 0.07λo above an EBG ground plane [16]. Another result
achieved a bandwidth of 0.07% and a peak gain of 5.2 dBi at
a height of 0.05λo when the dipole was placed upon a split
ring resonator-based ground plane surface [2].

Other approaches have produced considerable results for
a dipole horizontally placed above the ground plane. These
approaches improve the impedance matching of the antenna
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by reconfiguring the antenna structure to alter its radiation
resistance and thereby improve the radiation properties [19].
For instance, a VSWR <3 bandwidth of 2.2% was achieved
with a thin wire dipole and a folded arm radiator above the
ground plane [20]. A notable achievement was lately recog-
nized whereby through the phase compensation mechanism
with a parasitic strip, an impedance bandwidth of 0.6%, a gain
of 7.8 dBi, and an efficiency of 74%were attained for a dipole
horizontally placed in proximity above the ground plane at a
low profile [21]. Nevertheless, these antenna structures can be
generalized as having limited impedance bandwidth capabili-
ties. Most recently, another significant performance improve-
ment was attained at a low profile by inserting a circular
parasitic patch, which was divided into four equal segments
by two orthogonal slots, between a planar dipole element and
the ground plane [22]. The parasitic patches were inserted
to achieve profile miniaturization and bandwidth enhance-
ment. The antenna was characterized with an |S11| < −10 dB
bandwidth of 1.465–1.740 GHz (17.2%), a broadside gain
of 8.5–8.8 dBi, and a radiation efficiency >96% at a height
of 0.087λo.
Ultra wideband (UWB) monopoles have provided broad

bandwidths. Nonetheless, UWBmonopoles fall short in some
applications requiring low-profile, high-gain, and broadside
radiation patterns [23]–[26]. Magneto-electric dipoles have
certain advantages, such as a wide bandwidth, high direc-
tivity, low cross-polarization, and low back lobe radiation.
Yet, noticeable shortcomings of the magneto-electric dipole
are its high-profile structure and large ground plane size,
which might render it inappropriate for applications where a
low profile and small size structure are required [27]–[36].
Recently, a bandwidth-enhanced cavity-backed magneto-
electric dipole achieved a broad bandwidth of 88% for a
S11 ≤ −15 dB. However, the antenna had a large ground
plane coupled with a high profile of 0.36λo [32]. A com-
pact magneto-electric dipole for the LTE femtocell base sta-
tion was proposed to achieve a bandwidth of 65.7% for a
S11 ≤ −10 dB, but its profile of 0.20λo is an impedi-
ment in extremely low-profile applications [34]. On the other
hand, a low profile magneto-electric dipole with a ground
plane size of 1λo× 1λo achieved a bandwidth of 28.2%
for a VSWR≤2 with a profile of 0.097λo; nevertheless,
its limited bandwidth may inadequate for several wideband
applications [35].

This paper expands on [37] and presents details of a
wideband low-profile antenna with a folded strip encircling
a planar radiating element and corner-cut parasitic patches
above the ground plane. The patches are used to improve
the impedance matching and control the phase interaction
between the dipole and the ground plane that are in prox-
imity, while the folded strips above the parasitic patches
are significant for bandwidth improvement. The fabricated
antenna achieves a measured −10 dB impedance bandwidth
of 1.39–2.09 GHz (40.22% with respect to the center fre-
quency of 1.74 GHz) and a peak gain of 8.2 dBi with overall

dimensions of 120 mm × 120 mm × 16.3 mm (0.69λo ×
0.69λo × 0.094λo at 1.74 GHz).
The remainder of this paper is structured as follows.

In Section II, a guideline of the antenna design procedure is
presented, which is followed by explanations of the antenna
operational modes, radiation mechanisms, and an illustra-
tion of the antenna performance characteristics. Section III
describes the response of the antenna when there is a variation
in each of its parameters. The experimental setup and mea-
surement results are discussed in Section IV, and in Section V
conclusions are drawn.

II. ANTENNA GEOMETRY AND PERFORMANCE
The geometry of the proposed antenna is shown in Fig. 1.
The antenna configuration is composed of a printed dipole
element, folded strips, parasitic patches, a ground plane, and

FIGURE 1. Geometry of the antenna: (a) side view, (b) top view,
and (c) extended view of folded strip and dipole.
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a coaxial feed. The dipoles and folded strips are printed
on the top and bottom sides of substrate 2, and the printed
parasitic patches are printed on the top side of substrate 1.
Both substrates are made of Rogers RO4003 material and are
identical with εr = 3.38, tanδ = 0.0027, and h1 = h2 =
0.8128 mm, and are horizontally placed in proximity above
the ground plane. The parasitic patches are formed by divid-
ing a circular patch with two perpendicular slots into four
identical patches. Two isosceles right triangle subtractions
weremade at the edges of each of the four patches. The folded
strips are designed to encircle the dipoles in a loop configu-
ration with one side completely open. The folded strips are
placed on both sides of substrate 2, making sure the strips
overlap considerably. The single center-fed printed dipole is
excited through a coaxial line with a characteristic impedance
of 50 �. The outer conductor of the coaxial line is connected
to the bottom arm of the dipole. The inner conductor of
the coaxial line extends through substrate 2 and connects to
the top half of the dipole [38]. The antenna attained a low
profile and a broadband characteristic at a center frequency of
approximately 1.76 GHz as characterized by ANSYS HFSS
software. The antenna’s optimum design parameters are as
follows: W = 120 mm, Hf = 12.7 mm, C = 12mm,
Ha = 2 mm, Rp = 60 mm, S = 5.2 mm, Ld = 35 mm,
Wd = 4.3 mm, h1 = h2 = 0.8128 mm, H = 16.3 mm,
Ws = 0.5 mm, Wl = 11.2 mm, Ls = 36.1 mm, e = 4.1 mm.
The proposed design attains a low profile with an overall

antenna height of 0.094λo, which is substantially less than the
optimum spacing (0.25λ) for a dipole above the ground plane.
This is feasible through the insertion of the parasitic patches
that minimize the effects of the reflected fields and image
currents from the ground plane while enabling the dipole and
folded strips to radiate efficiently. By reducing the spacing
(antenna height) between the dipole element and the ground
plane, the radiated fields and out-of-phase reflected fields
converge destructively, and consequently degrade antenna
bandwidth performance. Accordingly, the parasitic patches
on the lower substrate are crucial to compensate for the out-
of-phase reflected fields and diminish the effects of destruc-
tive interference [21].

The parasitic patches, while performing phase compensa-
tion, are also active in generating resonance that improves the
impedance bandwidth. The contribution of the folded strips
is noticeable in bandwidth improvement. The involvement
of the folded strip generates additional resonance at high
frequencies that widen the antenna impedance bandwidth.
The folded strips are encircled around the dipole to provide a
wide area for electromagnetic interactions between the dipole
and the folded strips and to increase the coupling between
both elements. Both folded strips are overlapped together
to act as a half-wavelength antenna, like arms of a dipole.
The overlapping is a prerequisite for both folded strips to be
sufficiently excited and hence resonate at high frequencies.

To thoroughly understand the role of the corner-cut par-
asitic patches and folded strips in bandwidth enhancement,
detailed structural comparison of the antenna in four different

FIGURE 2. (a) Different configurations of the dipole antenna and (b) |S11|

values of the dipole antenna for the different antenna configurations.

configurations was performed, as shown in Fig. 2(a). Ant. 1 is
a single dipole antenna without parasitic patches. Ant. 2 is
a single dipole antenna with parasitic patches as presented
in [22]. Ant. 3 is a single dipole with the corner-cut para-
sitic patches. Ant. 4 is the proposed antenna design consist-
ing of a dipole with folded strips and corner-cut parasitic
patches. All four antennas have the same configurations in
height (0.094λo), overall size, substrate thickness, and type.
As shown in Fig. 2(b), Ant. 1 produces single resonance
from the dipole element with very poor impedance matching.
Ant. 2 generates two resonances in its reflection coefficient
profiles: one from the parasitic patches and the other from the
dipole. The resonance from the patches is clearly noticeable,
whereas that of the dipole is directly adjacent and merges
to that of the parasitic patches because of under-coupling.
Ant. 3 generates two noticeable resonances in its reflection
coefficient profile. The first resonance is patch resonance
whereas the corner-cut parasitic patches enable the dipole and
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slot to be effectively coupled together, which consequently
improves the bandwidth. Hence, the corner-cut parasitic
patches widen the bandwidth of the antenna. Ant. 4 produces
three distinguishable resonances. The first resonance occurs
at 1.5 GHz and is generated by the parasitic patches. The
dipole produces the second resonance at 1.8 GHz, and the
third resonance at 2.02 GHz is a product of the folded strip.
The three resonances mutually interact to produce a broad
impedance bandwidth at a low profile. As shown in Fig. 2(b),
the proposed design with an overall size of 120 mm ×
120 mm × 16.3 mm yielded a simulated |S11| < −10 dB
impedance bandwidth of 1.44–2.08 GHz (36.36%) with three
minimum points at 1.5, 1.8, and 2.02 GHz. Consequently,
the antenna achieves profile miniaturization with significant
bandwidth improvements compared to other designs of the
dipole in proximity to the ground plane.

FIGURE 3. Surface current distributions on the parasitic
patches: (a) 1.5 GHz, (b) 1.8 GHz, and (c) 2.02 GHz.

In order to comprehend the mechanism behind the three
resonances, the current distribution on the parasitic patches,
dipole, and folded strips are shown in Figs. 3 and 4. With
the dipole and folded strips at proximity with the ground
plane, there is an increase in reactive energy in the near field
that results in an increased mutual coupling. The parasitic
patches minimize the effects of mutual coupling from the
ground plane and create an environment for the effective
electromagnetic coupling between dipole and folded strips.
Fig. 3 shows the current distribution of the parasitic patches
at different frequency points. The intensity of the current
on the patches at 1.5 GHz is higher than that of the other
two resonant points. At 1.8 GHz and 2.02 GHz, the current
intensity drops rapidly, particularly at 2.02 GHz, confirming
the patches to be resonating at the low frequency of 1.5 GHz.

The surface current distributions of the dipole and folded
strip at three frequency points are shown in Fig. 4.
At 1.5 GHz, neither the dipole nor the folded strips exhibit
strong currents, indicating that the parasitic patches alone res-
onate. A close observation at 1.8 GHz shows the dipole with a
large proportion of strong current as compared to the patches
and folded strips. The assembled currents on the dipole pro-
vide evidence of the dipole responsible for the intermediate
frequency resonance at 1.8 GHz. Furthermore, at 2.02 GHz,
it is clear from the current distribution that the folded strips

FIGURE 4. Surface current distributions on the dipole and folded
strips: (a) 1.5 GHz, (b) 1.8 GHz, and (c) 2.02 GHz.

are responsible for this resonance. Heavy currents assemble
on the folded strips exciting it to resonate at 2.02 GHz. At this
resonant point of 2.02 GHz, neither the dipole nor the patches
are excited. The currents are less intense, and they do not
contribute to the high-frequency resonance. By observation,
the scales in Figs. 3 and 4 are different because the current
densities on the dipole and folded strips are much higher than
on those of the patches. The reason being that the patches
have a large surface area compared to the dipole and the
folded strips.

III. PARAMETRIC STUDY
To achieve the antenna’s optimum performance and to illus-
trate the effects of each parameter on the antenna charac-
teristics, parametric investigations were performed on the
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FIGURE 5. |S11| values of the dipole antenna for different dipole
lengths (Ld ).

antenna’s design parameters. The antenna’s responses were
recorded after varying one parameter at a time from the
optimized results.

The principal design parameters of the dipole are its length
and width. As shown in Fig. 5, the effect of the dipole length
can be observed by carefully examining the movement of the
intermediate resonance as the dipole length changes. As the
dipole length decreases, the intermediate resonance shifts to
the right in the antenna reflection coefficient curve, because
the resonant length changes and produces corresponding
movements of the intermediate frequency resonance. This
confirms that the dipole is responsible for the intermediate
frequency resonance.

FIGURE 6. |S11| values of the dipole antenna for different dipole
widths (Wd ).

Fig. 6 shows the effects of dipole width on the antenna’s
performance. This parameter controls coupling between the
dipole and the folded strips. For small dipole widths, coupling
decreases, and for large dipole widths, coupling increases.
The effect is significant at high frequencies where the dipole
and folded strips resonate. At an optimum width of 4.3 mm,
both elements are critically coupled, and their resonances
interact to provide broad bandwidth at the high antenna
frequencies.

FIGURE 7. |S11| values of the dipole antenna for different sizes of
parasitic patches (Rp).

Fig. 7 shows the reflection coefficient values of the antenna
for different sizes of the parasitic patch. The patch size
directly influences the low- and high-frequency resonances
of the antenna. A change in the patch size moves the low-
frequency resonance connoting that the patch is responsible
for this resonance. As the patch size decreases, the first
resonance moves to the right towards high frequencies while
for large patch size it shifts towards low frequencies. In addi-
tion, the high-frequency resonance is affected by changes in
patch size. As patch size reduces or for small patch size,
the coupling between the folded strips and the parasitic
patches significantly deteriorates and consequently causes
the third or high frequency resonance to diminish and even-
tually disappears.

FIGURE 8. |S11| values of the dipole antenna for different parasitic patch
separation values (S).

The separation between the patches (S) acts as a slot within
the antenna. This S, also known as slot size (Fig. 1(b)), has
an effect similar to that of the dipole width. Because the slot
works in conjunction with the dipole, it therefore influences
the effectiveness of the coupling between the dipole and the
folded strips. As shown in Fig. 8, for small patch separation,
the dipole and folded strips are strongly coupled, and for large
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patch separation, the coupling is reduced. The slot size has an
important role in the impedance matching of the antenna.

FIGURE 9. |S11| values of the dipole antenna for different folded strip
lengths (Ls).

The folded strips have two design parameters: folded strip
length (Ls) and width of the folded strips (Wl). From Fig. 9,
more evidence is provided to validate the folded strip for
the high-frequency resonance. An increase in folded strip
length affects only the third resonance because the patch size
and length of the dipole stay the same. Fig. 10 shows the
effect of width of the folded strips on the coupling. This
parameter influences the interaction between the dipole and
folded strips. Accordingly, changes in this parameter is sig-
nificant in controlling coupling. Consequently, their effects
are important to the antenna impedance matching.

FIGURE 10. |S11| values of the dipole antenna for different folded strip
widths (Wl ).

Another significant parameter with a tremendous influ-
ence on the third resonance is the length of overlap (2e)
between the folded strips. Both folded strips overlap con-
siderably together to act as arms of a dipole and to radiate
at a half wavelength. Therefore, the proportion of overlap-
ping of both folded strips becomes a significant parameter
to ensure that both strips are efficiently coupled together
as a dipole. As shown in Fig. 11, the overlapping lengths
increase as e increases. When the lengths of both folded strips

FIGURE 11. |S11| values of the dipole antenna for different folded strip
overlap lengths (e).

completely overlap together (2e = Ls), both strips become
over-coupled, and the high-frequency resonance diminishes.
When e decreases, the coupling decreases and approaches
critical coupling at a proper overlap length. At this point, both
folded strips effectively resonate at high frequencies.

FIGURE 12. |S11| values of the dipole antenna for different sizes of
corner cut (C).

The corner cut in the parasitic patch is crucial in increasing
coupling and widening the antenna impedance bandwidth.
Fig. 12 illustrates the significant role the corner cut plays in
improving the antenna’s impedance bandwidth. Bandwidth
increases with increments in the corner cut (C). The corner
cut effectively couples the dipole to the underside slot and to
the folded strips at the same time. This allows both elements
to be critically coupled and resonate efficiently. The ground
plane sizeW has significant consequences on antenna perfor-
mance. The size of the ground plane affects both the gain and
front-to-back ratio, but has minimal effects on the impedance
bandwidth. With a larger ground plane, the antenna generates
almost the same impedance bandwidth with a more improved
gain and front-to-back ratio.

IV. EXPERIMENTAL RESULTS
A fabricated sample of the proposed antenna is shown
in Fig. 13. An Agilent N5230A network analyzer and
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FIGURE 13. Fabricated sample of the proposed antenna: (a) top view and
(b) 3D view.

a 3.5-mm coaxial calibration standard GCS35M were used
to measure the antenna’s reflection coefficient. Far-field
measurements were carried out at the RFID/USN Center,
Incheon, Korea. A full anechoic chamberwith a size of 15.2m
(W)×7.9 m (L)×7.9 m (H) and an Agilent E8362B network
analyzer were used in pattern measurement. The proposed
antenna was used for reception and a standard wideband horn
antenna for transmission. A transmission distance of 10 m
was established between both antennas. With a scan angle
of 1◦ and a speed of 3◦/s, the designed antenna was rotated
from −180◦ to 180◦ while keeping the horn antenna fixed.

FIGURE 14. Measured and simulated |S11| values.

Fig. 14 shows the measured and simulated reflection
coefficients for the fabricated antenna. There exist minute

FIGURE 15. Simulated and measured broadside gain with radiation
efficiency of the dipole antenna loaded with parasitic patches and folded
strips.

FIGURE 16. Simulated and measured normalized radiation patterns of
the single dipole antenna loaded with parasitic patches and folded
strips: (a) 1.5 GHz, (b) 1.8 GHz, and (c) 2.02 GHz.

disparities between the measurements and the HFSS simula-
tion, which could be a consequence of a slight alignment error
during the fabrication. As shown in Fig. 14, the measured
impedance bandwidth for |S11| < −10 dB is 1.39–2.09 GHz
(40.22%), and the simulated bandwidth is 1.44–2.08 GHz
(36.36%).
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TABLE 1. Performance comparison of the proposed antenna with other
antenna designs.

The broadside gain and radiation patterns of the fabricated
prototype at different frequencies were measured and are
shown in Figs. 15 and 16. Fig. 15 shows the comparison
between the simulated and measured broadside gain and radi-
ation efficiency of the fabricated antenna. The measurements
resulted in a peak gain of 8.2 dBi and high radiation efficiency
of >88% across the operational bandwidth.

The radiation patterns with a high front-to-back ratio
were quite symmetric in both the x–z and y–z planes.
At 1.5 GHz, the measurements resulted in a broadside gain
of 7.71 dBi; HPBWs of 79.9◦ and 66.07◦ in the x-z and
y-z planes, respectively; and a front-to-back ratio of 11.23 dB.
At 1.8 GHz, the prototype yielded a measured broadside gain
of 8.22 dBi; HPBWs of 58.63◦ and 60.93◦ in the x-z and
y-z planes, respectively; and a front-to-back ratio of 12.3 dB.
At 2.02 GHz, the measurements indicated a broadside gain
of 6.92 dBi; HPBWs of 45.76◦ and 55.31◦ in the x–z and
y-z planes, respectively; and a front-to-back ratio of 8.73 dB.

Table 1 compares the performance of the proposed antenna
to that of the other low-profile antenna designs described in
the literature.

V. CONCLUSION
A method for improving the impedance bandwidth of a
low-profile planar radiating element placed horizontally in
proximity above the ground plane is presented. The antenna
comprises a dipole, folded strips, and four parasitic patches
with a corner cut at each edge. The effects of the folded
strips are significant in increasing the impedance bandwidth
by producing additional resonance. The parasitic patches are
functional in phase compensation while improving the band-
width by resonating at low frequency. The corner cut on the
parasitic patches enhances coupling and expands the usable
bandwidth. With radiating elements very close to the ground
plane with a spacing of 0.094λo, the antenna yields excellent
performance. The increase in bandwidth resulting from the
folded strips and parasitic patches was computationally and
experimentally verified, which validates the antenna design.
The proposed antenna design is simple and easy to imple-
ment, especially when considering the notable bandwidth
improvement, particularly at a low profile.
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