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A compact hybrid-mode antenna is proposed for sub-6GHz communication. +e proposed antenna is composed of a slotted
rectangular patch, a feeding dipole, and a balun. +ree modes are sequentially excited in a shared patch to achieve a compact size.
A prototype antenna with a major size of 0.48 λ0 × 0.31 λ0 × 0.16 λ0 (λ0 is the wavelength in the free space at the center of the
operating frequency band) is fabricated and measured. +e measured results demonstrate an impedance bandwidth of 56.87%
from 2.97GHz to 5.33GHz and an average gain of approximately 8.00 dBi with 1 dB variation in the operating frequency band of
3.0–5.0 GHz. +e proposed antenna can be an element for microbase stations in sub-6GHz communication.

1. Introduction

With the rapid development of wireless communication
systems, the demands for high-speed and low-latency data
services have increased exponentially. Fifth-generation (5G)
communication enables higher coverage and a larger ca-
pacity to support new deployment scenarios such as 3D
video, ultrahigh-definition screens, and industry automation
[1]. To standardize 5G implementation for new radio (NR)
development, the 3GPP divided bands into low, mid, and
high frequencies. Midband frequencies, from 2GHz to
24GHz, are conducive to supporting coverage, capacity,
mobility, and high data rates through the larger 5G band-
width channels [2]. +erefore, microbase stations need to be
densely deployed for ubiquitous access. To meet the re-
quirements, the antenna element needs to be of low cost,
light weight, and broadband and needs to have high gain, a
stable radiation pattern, low cross polarization, large front-
to-back ratio, and small gain variation over the whole op-
erating frequency band. For example, an indoor femtocell is
required for high data rate service for a small number of
users as a hot spot.

For a simple narrowband system with a single resonance,
the impedance bandwidth can be accurately estimated by its

quality Q-factor via an inverse proportionality relation [3]. In
the case of a dipole array above a ground plane, more than half
of the energy is stored between the radiator and the ground
plane [4]; therefore, the impedance bandwidth is directly
proportional to the antenna profile. Increasing the thickness of
the substrate is beneficial for broadening the impedance
bandwidth of the antenna, but a thick substrate may increase
loss because of the excitation of the surface wave. Fortunately,
the antenna bandwidth is not limited by its Q-factor when the
antenna has multiple resonances [5]. +e superposition of just
two modes allows multiple resonances and wideband response
if the modes are properly combined [6].

A magnetic-electric (ME) dipole is considered to en-
hance the bandwidth and smooth the radiation pattern by
combining two orthogonally placed complementary dipoles,
i.e., an electric dipole and a magnetic dipole. +e former can
be treated as a series resonance, while the latter is repre-
sented as a parallel resonance [7]. Shared-aperture tech-
nology is desired to make patch antennas compact and light
[8]. +rough mode hybridization, adjacent modes were
sequentially excited in the band of interest [9, 10]. +ese
hybrid-mode antennas have the merits of low profile, broad
bandwidth, and stable radiation pattern, but the structures
are complicated and costly.
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+e slotting technique is a way to change the field
distribution of a conventional patch antenna, which leads to
bandwidth enhancement. +rough the control of the di-
mensions of the strips and the slots, dual modes, i.e., the
TM10 mode and antiphase TM20 mode, were excited and
coupled to increase the operating bandwidth [11]. Fed by an
L-shaped probe, the conventional patch with a U-shaped slot
introduced a capacitance in parallel with the probe to create
an additional resonance [12]. With a profile of 0.25 λ0 (λ0 is
the wavelength in the free space at the center of the operating
frequency band), a differentially driven H-slot patch with an
L-plate feeding method could generate a third resonance
with a wide impedance bandwidth of 115% [13]. Moreover, a
differentially driven microstrip patch antenna with a
bandwidth of approximately 55% and a profile of 0.06 λ0 was
proposed by incorporating a resonant mode of the slot into
the TM10 and TM12 modes of the patch resonator [14].

+is paper is an extension of a conference paper [15],
wherein the three modes of the patch/dipole/slot are se-
quentially excited and shared in one radiator to achieve a
compact size. A proper balun [16] is designed differentially to
excite the feeding dipole and provide more flexibility for
impedance matching in the band of interest. Similar to [17],
the proposed antenna aims to reduce the complexity and cost
of the hybrid-mode antennas [9, 10]. In addition to sup-
pressing the spurious radiation from the balun such as in [17],
here, a slot mode is excited in the band of interest to improve
the radiation stability. +e remainder of this paper is orga-
nized as follows. +e configuration and operation of the
proposed hybrid-mode antenna are described and analyzed in
Section 2. Section 3 presents the simulated and measured
results. Finally, conclusions are drawn in Section 4.

2. Antenna Design and Analysis

2.1. Antenna Structure. +e geometry of the proposed hy-
brid-mode antenna is presented in Figure 1. +e antenna is
composed of three substrates. A slotted rectangular patch is
printed on the lower side of the top substrate, which is used
to enhance the impedance bandwidth. +e fundamental
mode of the slot can be excited by increasing the length of
the slot. Similar to the inverted microstrip line feed for a
cavity-backed slot antenna [18], an inverted feeding dipole is
placed on the upper side of the top substrate to excite the
patch as well as to ease the assembly. Radiation is emitted at
the end of the dipole. Here, the slot and dipole share the
same radiator with the patch to achieve a compact size.

An integrated balun is sandwiched between the top and
bottom substrates, which can excite the balanced mode by
making use of the coupling between the microstrip line printed
on one side of the substrate and the slot etched on the other side
of the substrate [16]. Similarly, the broadband balun can
transform the impedance andmatch the 50Ω single-ended feed
by adjusting the balun slot [19].+e balun profile can provide an
additional resonance for broadening the matching bandwidth.

+e three substrates are low-cost FR4 materials with a
relative permittivity of 4.40 and a loss tangent of 0.02.+e size of
the top substrate is 50mm× 50mm and that of the bottom
substrate is 100mm× 100mm. +e thickness of the top and

bottom substrates is 1.60mm, while the thickness of the sub-
strate of the balun is 0.40mm. +e other dimensions of the
proposed antenna are detailed in Table 1. It is noted that there
are four nonplated through holes (NPTHs) in the top substrate
as well as the bottom substrate for assembly. +ere are eight
plating through holes (PTHs) in the bottom substrate to ease the
soldering of the two ground planes of the balun and antenna.

2.2. Operating Principle. +rough proper integration of the
slotted patch, dipole, and balun, five resonances can be excited.
A parametric study is conducted in Figure 2. Since the two
resonances from the balun slot and balun profile do not
participate in radiation, they are placed as the first and fifth
modes, respectively. Because the dipole is placed near the
slotted patch, the radiation is low due to the effect of the nearby
conductor [20]. +e dipole mode is, therefore, placed in the
third resonance to achieve a stable gain in the band of interest.
An increase in the slot length shifts the resonance of the patch
mode to a lower frequency region. Hence, the resonance of the
patch is placed as the secondmode, and the slotmode is placed
in the fourth resonance. To achieve a stable gain variation, the
higher-order mode of the patch should be removed from the
band of interest. +erefore, the second, third, and fourth
resonances are mainly determined by the patch, dipole, and
slot, respectively. +e first and fifth resonances are dominated
by the balun slot and balun profile, respectively.

+e evolution of the proposed antenna in terms of |S11 |
is studied in Figure 3. To demonstrate the radiationmodes of
the proposed antenna, we examine the electric field distri-
butions near the major radiator, which are shown in Fig-
ure 4. At 3.0GHz, the electric field is mainly concentrated
near the patch.+e electric field appears near the two ends of
the dipole at 3.6GHz. +e electric field can be observed on
the slot at 4.8GHz. +erefore, it is obvious that among the
operating frequency bands, the lower frequency is deter-
mined by the patch mode, the middle frequency is governed
by the dipole mode, and the higher frequency is dominated
by the slot mode. Additionally, the polarization is main-
tained for the three modes (y-polarized), and stable radiation
patterns can be anticipated as well.

3. Results and Discussion

A prototype of the proposed hybrid-mode antenna was
fabricated and tested. +e photograph is shown in Figure 5.
Nylon screws are used to support the frame.

Figure 6 illustrates the simulated and measured reflection
coefficients and peak realized gains versus frequency. +e op-
erating frequency band of this antenna covers 3.0 to 5.0GHz
with a center frequency of 4.0GHz. +e simulated 10-dB im-
pedance bandwidth is 53.79%, covering 2.99GHz to 5.19GHz,
whereas the measured value is 56.87%, ranging from 2.97GHz
to 5.33GHz.+e simulated peak realized gain is 8.60±0.47dBi,
whereas the measured gain is 8.00±0.50dBi. +e slight dis-
crepancy between the simulated and measured gains is mainly
due to the increased loss in the substrate material.

For the simulated radiation efficiency in the operating
band, the maximum value is 90.00% at 4.6GHz, while the
minimum value is 78.10% at 3.0GHz. +e radiation patterns
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Figure 1: Geometry of the proposed antenna: (a) perspective view, (b) the radiator, (c) the balun structure, and (d) side view.

Table 1: Dimensions of the proposed antenna.

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)
L1 23.0 L2 29.0 L3 23.0
L4 8.8 L5 13.6 L6 9.8
L7 3.8 L8 3.0 L9 3.5
L10 4.0 L11 9.0 L12 10.4
W1 36.0 W2 3.0 W3 0.8
W4 1.0 W5 10.0 W6 8.0
W7 2.0 W8 0.5 W9 0.5
Gap 0.6 h 1.6 H 12.0
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of the proposed hybrid-mode antenna are displayed in
Figure 7. In general, the proposed antenna can maintain
stable radiation patterns over the operating frequency band.
+e simulated half-power beam widths (HPBWs) at
3.0GHz, 3.6GHz, and 4.8GHz are 60.58°, 63.46°, and 66.92°
in the xoz-plane and 67.12°, 71.96°, and 69.03° in the yoz-
plane, respectively. +e measured values are 64.08°, 61.84°,
and 67.07° in the xoz-plane and 68.36°, 67.62°, and 71.50° in
the yoz-plane, respectively. +e simulated crosspolarizations

are −26.93 dB, −32.09 dB, and −30.85 dB at 3.0GHz,
3.6GHz, and 4.8GHz, whereas the measured values are
−22.00 dB, −20.89 dB, and −20.06 dB, respectively. +e
discrepancy between the simulated and measured cross-
polarization can be attributed to assembly and measurement
errors.

A comparison between the proposed antenna and
previous bandwidth enhanced antennas is presented in
Table 2. Although the profile is higher than that in [11, 14],
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Figure 2: Parametric study of the input impedance (real part in the left column and imaginary part in the right column): (a) the effects of the
patch length (L1), dipole length (L3), and slot length (L2) and (b) the effects of the balun slot (L12) and balun profile (L4).
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Figure 4: Electric field distributions of the proposed antenna: (a) 3.0GHz, (b) 3.6GHz, and (c) 4.8GHz.
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Figure 5: Photograph of the antenna prototype: (a) top view and (b) side view.
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Figure 6: +e simulated and measured reflection coefficients and peak realized gains of the proposed antenna.
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Figure 7: Continued.
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the proposed antenna has more stable radiation patterns
for steady coverage. Compared with [17], the radiation
stability in terms of gain and pattern is improved by the
proper balun design and an additional resonance provided
in the band of interest. Moreover, the projection area is
reduced from 0.90 λ0 × 0.78 λ0 to 0.48 λ0 × 0.31 λ0. +e
performance of the proposed antenna is competitive with
[21], but the profile in [21] is high. +e profile in [22] is
very low, but it is a sacrifice of the bandwidth and the
realized gain.

4. Conclusions

In this paper, a compact slotted patch fed by a dipole is
designed to sequentially excite the patch mode, dipole mode,
and slot mode in the band of interest. Measurements from
the antenna prototype demonstrate that the proposed an-
tenna features an impedance bandwidth of 56.87% in a
compact size. An average antenna gain of 8.00 dBi with 1 dB
variation is achieved while the HPBWs are maintained over
the operating band of 3.0 to 5.0GHz. +e shape variation
together with the balun design is beneficial for antenna size
reduction. +e single polarization antenna can be a part of a
dual-polarized subarray for macrobase stations, where the

alternating polarization scheme may yield higher through-
put gains [23]. +e proposed compact antenna may dem-
onstrate competitive performance for linearly polarized sub-
6GHz base station applications, either for ubiquitous access
in rural areas or indoor femtocell scenarios.
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Figure 7: Simulated and measured radiation patterns of the proposed antenna: (a) 3.0GHz, (b) 3.6GHz, and (c) 4.8GHz.

Table 2: Comparison with bandwidth enhanced antennas.

Ref. Size of major radiator
(λ0 × λ0 × λ0)

Bandwidth
(%)

Realized gain
(dBi) Crosspolarization Front-to-back ratio

(dB)
HPBW (°)#

xoz yoz
[14] 1.04× 0.81× 0.06 55.00 7.50± 2.50 −19.20 12.50 46.34 59.46
[17] 0.90× 0.78× 0.13 67.50 8.40± 1.10 −28.50 36.50 55.70 43.30
[21] 0.45× 0.45× 0.24 57.78 8.20± 0.80 −20.00 30.00 62.50 61.80
[22] 1.12× 0.40× 0.03 15.20 4.90± 1.90 −18.00 13.20 N/A N/A
+is
work∗ 0.48× 0.31× 0.16 56.87 8.00± 0.50 −20.48 24.24 60.23 66.31

#the values of the HPBWs are at the center of the operating frequency band; ∗the radiation performance is extracted from the operating frequency band of
3.0–5.0GHz.
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