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ABSTRACT In this work, a millimeter-wave wideband wide beamwidth modified angled dipole antenna is
proposed for 5G millimeter-wave(mmW) IoT applications. The modified angled dipole antenna which has a
dipole arm that is bent once more perpendicular to the ground plane compared to the existing angled dipole
is proposed to improve not only the beamwidth but also the S1; bandwidth. The image current is formed in
the direction perpendicular to the ground by the dipole arm bent to be orthogonal to the ground. Because
only the E-field in the direction perpendicular to the ground can be formed by the boundary condition, the
E-field radiated from the proposed antenna can be radiated along the ground plane, and thus the E-plane
beamwidth is widened, and the H-plane beamwidth can be widened. The measured -10 dB S;; bandwidth is
5 GHz(=17.8%) ranging from 25.7 GHz to 30.7 GHz, and the measured HPBW is 160° &5 ° and 310°£+10°
for the E-plane and H-plane, respectively. To verify whether the proposed antenna is practically applied to
5G IoT applications, the beamforming IC was connected to the proposed antenna array, and the E-plane
beam-forming radiation pattern was measured. Although it was applied only to the -90 °© < 8 < 90 ° range,
the -3 dB E-plane beamwidth was 130°, ensuring wide coverage.

INDEX TERMS Dipole antenna, angled dipole, beamwidth, bandwidth, millimeter-wave (mmW).

I. INTRODUCTION humans by more than threefold [4]. These applications are

Compare to that conventional communication networks,
the next generation (5G) network is expected to pro-
vide significantly improved performance such as increased
capacity thanks to the millimeter-wave (mm-Wave) 5G
spectrum [1], [2]. Moreover, the combination of the fifth-
generation (5G) communication and the Internet of Things
(IoT) have started to wirelessly connect people, data, pro-
cesses, and infrastructure with high data rates and low latency
[3]. Cisco Systems recently reported that 29.3 billion net-
worked IoT devices will operate by 2023, outnumbering
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expected to be crucial in the development of the IoT industry
as they support wireless high-speed connections between
devices.

However, different from the designing antennas for 4G
applications, increasing the operating frequency would
bring several issues and challenges in the antenna design
concepts for the 5G mobile devices which need new
techniques [5], [6], [7], [8], [9], [10], [11].

In order to utilize the mmW frequency, a beam-forming
technique should be used to cover the severe path loss.
In general, since the beamwidth of an antenna is lim-
ited by the beamwidth of an individual antenna, it is
essential to design an antenna element having a wide
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Narrow Coverage

Wide Coverage

FIGURE 1. Two possible scenarios in 5G mmW loT applications.
(a) narrow coverage and (b) wide coverage.

(b)

FIGURE 2. Geometry of proposed antenna. (a) 3-D view and (b) top view
The parameter dimensions in millimeters are Ly = 22.5, Wy = 15,

HA =0.38, Lw~| =1.98, sz =0.8, GSG =0.3, WD =0.2, LWD = 1.2 and
GD = 0.'05-

beamwidth so as to cover all randomly located mobile
terminals.

Among the wireless technologies in the mmW band,
antenna-in-package (AiP) technology [12], [13], [14], [15],
[16], [17] that enables communication in various mobile
environments is important. AiPs for millimeter-wave (mmW)
mobile devices generally consider a structure consisting of
antennas revealing broadside radiation and end-fire radia-
tion [17]. In case of handheld mobile device, such as a
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FIGURE 3. The (a) current distribution and (b) E-field distribution of the
proposed antenna.
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FIGURE 4. Geometry of the (a) original dipole antenna, (b) angled dipole
antenna and (c) proposed modified angled dipole antenna.

Proposed

p]
/

LN
NN
jEELA RV
-25- = Dipole |

—e— Angled

|—— Proposed|
-30 T
25 26 27 28 29 30
Freq [GHz]

%

S11(dB)
o

FIGURE 5. S;; of the dipole antenna, angled dipole antenna and
proposed modified angled dipole antenna.

smartphone, the radiation conditions of the device could
be changed depending on the user’s posture and environ-
ment. Therefore, wider coverage of AiPs are preferable.
Fig. 1 indicates two possible scenarios in 5G millimeter-
wave JoT applications. Compared to an antenna with a narrow
beamwidth, an antenna with a wide beamwidth has a much
wider coverage, so it can communicate with much more IoT
devices. In that point, AiPs must be located on all sides of
the device to have wide coverage. Generally, broadside anten-
nas in AiPs typically consist of a micro-strip patch antenna
structure [18], [19], [20], [21] located on the top layer of the
substrate such as E-shaped structure [18], [19], [20], [21],
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E-plane(dBi)

FIGURE 6. Normalized (a) E-plane and (b) H-plane radiation pattern of
the dipole antenna, angled antenna and proposed modified angled dipole
antenna.
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FIGURE 7. Simulated end-fire directivity of the dipole antenna, angled
antenna and proposed modified angled dipole antenna.

U-slot structure [22], [23], [24], [25], L-probe structure [26],
[27], [28] and parasitic patch [24], [29], [30]. That’s because
the micro-strip patch antenna is a typical planar antenna that
radiate broadside wave and this type is most commonly used
thanks to its simple structure and low manufacturing cost and
moderate radiation performance. The end-fire antennas for
the AiP are typically consist of dipole antenna [31], [32], [33]
thanks to the planar structure. This type of antenna com-
monly has a ground shield reflector, which is the back-
side of the radiator, to focus the beam to the front of the
antenna. However, this conventional structure is basically
suffer from limited beamwidth around +45°, and this leads
to the limited scanning range due to the limited antenna
element. In [34], [35], [36], [37], [38], and [39], to improve
the beamwidth performance of the dipole antenna, angled
type dipole antenna is proposed. The E-plane beamwidth is
broaden to £65°. However, in order to further expand the
coverage for practical use in actual beam-forming, an antenna
having a wider beam-width of the E- and H-plane is
essential.

In this work, modified angled dipole antenna which has
dipole arm which is bent once more perpendicular to the
ground plane compared to the existing angled dipole is pro-
posed to improve not only the beamwidth but also S| band-
width. The proposed antenna is designed to cover the 28 GHz
5G n257 band (26.5 GHz - 29.5 GHz). Section II describes
the design procedure of the proposed antenna, and Section 111
presents the measurements of the antenna.
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TABLE 1. Comparison table of the proposed dipole antenna with a
reference structure.

Type S BW 3-dB E-Plane 3-dB H-Plane
(%, GHz-GHz) Beamwidth (°) Beamwidth (°)
Dipole 8.7%, 25.9-28.3 76° 228°
(64° ~140°) (-24° ~ 204°)
Angled 5.9%, 26.3-27.9 126° 258°
(16° ~142°) (-36° ~ 222°)
Proposed 13%, 25.6-29.4 176° 286°
(-4°~172°) (-56° ~ 230°)
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FIGURE 8. Simulated S;; of the proposed antenna by sweeping (a) Ly
and (b) Ly;.
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FIGURE 9. Simulated directivity the proposed antenna by sweeping Ggg.

Il. ANTENNA DESIGN
In this work, wideband wide beamwidth dipole antenna is
presented to cover the 5SG n257 millimeter wave frequency
band for actual use. Fig. 3 shows the geometry of proposed
antenna. In this study, a Taconic TLY-5 substrate with a
thickness of 0.38 mm, a dielectric permittivity (¢;) of 2.2, and
a metal thickness (t) of 18um was chosen. As the antenna
will be measured through a ground-signal-ground (G-S-G)
probe, the antenna is fed through the ground-backed coplanar
waveguide (GCPW). The antenna was designed using the 3-D
full-wave electromagnetic solver. Compared to the angled
dipole antenna, the proposed antenna is designed to bend the
dipole arm once more to be perpendicular to the ground plane.
By doing so, itis possible to secure the advantage of widening
the E- and H-plane beamwidths and S1; bandwidth compared
to the existing dipole antenna and the angled dipole antenna.
The proposed antenna will be measured using the GCPW
to coaxial transition, and the Lo length of the antenna was
secured to 20mm or more so that the radiation pattern is not
affected as much as possible by the transition made of metal.
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FIGURE 11. The antenna radiation pattern measurement setup. (a) front
side, (b) back side.

Through holes connecting top metal plate and bottom metal
plate are placed in the ground plate around the signal line so
that the signal wave does not flow between the top metal and
the ground metal. The length of the dipole(=2(Lw + Lw2))
is set to 5.5 mm (= 0.65Af), and space between ground
plane and dipole arm (= Lwp + Lw2 + Gsg) is set to
2.3mm(= 0.2349) to optimize the radiation pattern, where A
is the free space wavelength at the 28 GHz frequency. Fig. 2
shows the current distribution and the E-field distribution of
the proposed antenna. In the case of a conventional dipole
antenna, since the current distribution is formed to be parallel
to the ground, an E-field parallel to the ground cannot be
formed. Therefore, E-plane and H-plane radiation patterns
are limited by the ground plane because radio waves cannot
radiate in the direction of the ground plane.

In the case of an angled dipole, it is possible to not only
radiate in the end-fire direction by bending the dipole arm
at an acute angle, but also in the diagonal direction. There-
fore, it is possible to secure a wider beam width than the
existing dipole antenna. Nevertheless, since there is a parallel
current to the ground, the E-field does not exist near the
ground, so the beam widths of the E-plane and H-plane
are also limited by the ground plane. Therefore, for a wide
beamwidth, additional structures need to be studied so as not
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to be constrained by the ground plane. However, in case of the
proposed antenna, image current is formed in the direction
perpendicular to the ground by the dipole arm bent to be
orthogonal to the ground. Because only the E-field in the
direction perpendicular to the ground can be formed by the
boundary condition, the E-field radiated from the proposed
antenna can be radiated along the ground plane, and thus the
E-plane beamwidth is widened, and the H -plane beamwidth
can be widened. In addition, the image current formed in
the ground and the dipole arm erected perpendicular to the
ground form an additional resonant frequency, so that the
bandwidth of Sy is also be widen. In fact, it can be seen that
the image current flows perpendicular to the ground in the
same direction as the current flowing through the dipole arm.
In addition, it can be confirmed that the E-field radiated from
the proposed antenna is radiated along the ground.

Fig. 4 shows the geometry of the original dipole antenna,
angled dipole antenna and the proposed modified angled
dipole antenna. In order to compare the performance of the
actual proposed antenna with that of the existing antenna,
the reference structure of the existing antenna was designed,
and the Sy; performance and the radiation pattern perfor-
mance were compared. Fig. 5 shows the S;; of the dipole
antenna, angled dipole antenna and proposed modified angled
dipole antenna. The original dipole antenna shows 8.7% S
bandwidth covering 25.9 to 28.3 GHz frequency and the
angled dipole antenna shows 5.9% Si; bandwidth ranging
from 26.3 GHz to 27.9 GHz frequency. The angled dipole
and original dipole have only one resonance frequency gener-
ated by the dipole arm, showing narrowband characteristics.
In addition, in the case of the angled dipole, the beamwidth
increases, but the S;; bandwidth is narrower than that of
the original dipole because the radiated wave cannot prop-
agate to the outside and is stored due to the angle of the
antenna is narrow. But the proposed modified angled dipole
antenna shows 13% fractional bandwidth covering 25.6 GHz
to 29.4 GHz frequency band. The proposed antenna shows
wide bandwidth compared to that of the reference structure
because it reveals two resonance frequencies.

Fig. 6 shows the normalized E-plane radiation pattern of
the dipole antenna, angled antenna, and proposed modified
angled dipole antenna. The E-plane beamwidth is 76°, 126°
and 176°, respectively for original dipole, angled dipole and
the proposed antenna. The H-plane beamwidth is 228°, 258°
and 286°, respectively for original dipole, angled dipole and
the proposed antenna. As mentioned above, since the E-field
radiated from the dipole arm arranged perpendicular to the
ground of the proposed antenna is radiated along the ground,
an E-plane beamwidth close to 180° can be obtained. Since
the H-plane also covers 286°, it can be seen that the proposed
antenna covers at least the hemisphere.

Fig. 7 shows the simulated end-fire directivity of the dipole
antenna, angled antenna and proposed modified angled dipole
antenna. In the case of the angled dipole, the directivity in
the end-fire direction is lower than in the case of the dipole,
and in the case of the proposed dipole, the directivity is
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FIGURE 12. Simulated and measured S;; of the proposed antenna.
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FIGURE 13. Simulated and measured end-fire gain of the proposed
antenna.

lower than in the case of the angled dipole. The reduction in
directivity is more prominent in the higher resonance region
of the proposed dipole(=28.4 GHz), and in this frequency
band, the field due to vertical resonance is radiated along the
ground and the radiation width becomes wider, so it can be
confirmed that the directivity comes out lower.

Fig. 8 shows the simulated Sy; of the proposed antenna
by sweeping Lwi and Lwj. By controlling the Ly, the
overall resonance frequencies are controlled, and the lower
resonance frequency is controlled by controlling the L.
If Lw> is adjusted, the length of the image current in the
ground is also adjusted, so it can be seen that the low res-
onance frequency is controlled by the length of the image
current. By adjusting Ly, not only the length of the original
dipole arm but also the length of the image current increases,
so overall resonant frequencies are controlled by L. The
optimized Lw; and Ly values were selected to maximize
the bandwidth of the proposed antenna. Table 1 shows the
comparison table of the proposed dipole antenna with refer-
ence structure. It is clearly shown that the proposed modi-
fied angled structure reveals not only wide S;; bandwidth
but also wide E- and H-plane beamwidth compared to the
reference structure. Since the proposed antenna shows a wide
beamwidth that covers the hemisphere, it can be widely used
to obtain wide coverage in the 5G n257 millimeter wave
frequency band.
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FIGURE 14. Simulated and measured radiation pattern of the proposed
antenna. (a) 27-GHz E-plane, (b) 27-GHz H-plane, (c) 28-GHz E-plane
(d) 28 GHz H-plane, (e) 29-GHz E-plane and (f) 29-GHz H-plane.

TABLE 2. Simulated and measured performance of the proposed dipole
antenna.

Parameter Simulated Measured
Real. Gain (dBi) -1 dBi 0.7 dBi
S11 BW(%) 14.6 % 30.0 %*
(GHz-GHz) (25.6-29.4) (25.7-34.7)
E-plane HPBW (°) 176° 160° £5°
H-plane HPBW (°) 286° 310° £+ 10°
*.9dB S, BW.

Fig. 9 shows the simulated directivity the proposed antenna
by sweeping Gsg. As Ggsg increases, the directivity of the
antenna increases, which corresponds to a decrease in beam
width. This is actually because the farther the distance
between the arm of the antenna and the ground, the less
effective the radiated field travels to the ground.

Ill. ANTENNA MEASUREMENT
Fig. 10 shows the fabricated antenna. The proposed antenna
was measured within 25 GHz — 30 GHz frequency band,
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T. H. Jang et al.: Wideband Wide Beam-Width Modified Angled Dipole Antenna

IEEE Access

B>

Phase Power
Shifter Amplifier

(@ (b)

FIGURE 15. The (a) schematic and (b) micrograph of the fabricated
beamforming AiP module using proposed antenna.
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FIGURE 16. Simulated S-parameters of the proposed array antenna.
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FIGURE 17. The antenna radiation pattern measurement setup for
beamforming AiP.

and the return loss was measured by a probing GSG probe
connected to a vector network analyzer (VNA). Fig. 11 shows
the antenna radiation pattern measurement setup. The antenna
is measured in the anechoic chamber. The radiation of the
fabricated antenna was measured using the coaxial connector
for feeding, and the AUT(antenna under test) performance
(realized gain, radiation pattern, cross-polarization, etc.) was
calculated and derived by measuring the proximity electric
field in the near-field region of the AUT. Fig. 12 shows the
simulated and measured Sy; of the proposed antenna. The
simulated -10 dB St bandwidth is 3.8 GHz(=14.2%) ranging
from 25.6 GHz to 29.4 GHz, and the measured -10 dB Sy

VOLUME 11, 2023

TABLE 3. Comparison table of the wide beamwidth dipole antenna.

Real. Gain S BW(%) E-plane H-plane
(GHz-GHz) HPBW (°) | HPBW (%)
[34] 2.5 dBi 26.9 % 110° 240°
(20.0-26.2)
[35] 5.8 dBi 36.2 % 66° 152°
(26.5-38.2)
[36] 5.3 dBi 81.1 % 111° 103°
(3.3-7.8)
[37] 6.2 dBi 24.9 % 87° N/A
(0.4-0.51)
This -0.7 dBi 30.0 %* 160° +5° | 310°+ 10°
work | @ 28 GHz (25.7-34.7)
*-9dB S;; BW.

bandwidth is 5 GHz(=17.8%) ranging from 25.7 GHz to
30.7 GHz. When comparing the simulation and measure-
ment results, the measured high resonant frequency is down
shifted as much as 1.2 GHz from the simulated resonant
frequency corresponds to 29.6 GHz. This is presumed to be
the result of Ggg value being produced differently from the
simulation(Gsg = 0.45mm).

Fig. 13 shows the simulated and measured end-fire gain of
the proposed antenna. Since the proposed antenna maximizes
the beamwidth, the gain in the end-fire direction is around
0 dBi. The deviation between the simulated and measured
gain is within 1.3 dB. Fig. 14 shows the simulated and mea-
sured radiation pattern of the proposed antenna. The radiation
pattern is measured at 27 GHz, 28 GHz and 29 GHz, respec-
tively. The measured HPBW is 160° 4 5° and 310° & 10°
for the E-plane and H-plane, respectively. The difference
between measured and simulated gain is as low as 1.1 dB,
and it is presumed to be the result of radio waves radiated
from the antenna being reflected from surrounding structures
(adapter, coaxial cable ...). The cross-polarization level is
at least lower than -13 dBi. From the results, the proposed
antenna successfully covers 5G n257 band while revealing
wide beamwidth. Based on the simulated and measured data,
the Table 2 summarize the simulated and measured perfor-
mance of the proposed dipole antenna.

Fig. 15 shows the micrograph of the fabricated antenna
in a package(AiP) module. The IC is fabricated in 0.15-um
GaAs pHEMT process. Each beamforming IC was arranged
for each channel and connected through an off-chip power
divider. The presented antenna in package is fabricated for
transmitting operation.

The power is divided into 4 parts by the Wilkinson power
splitter, the phase of the channel is adjusted by the phase
shifter in each channel, and finally amplified by the power
amplifier and connected to the antenna. The power divider
was manufactured using a Taconic TLY-5 board. The area
of the overall beamforming IC is 3700x9504m?. In order to
verify the actual beamforming characteristics, a 1 x 4 dipole
antenna was manufactured and packaged with a beamform-
ing IC. For the AiP, the bias lines are connected to the
chip through bond-wires to operate the beamforming IC.
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FIGURE 18. The simulated and measured E-plane beam-forming radiation pattern for the proposed antenna in package at 28 GHz.

The radiation pattern is measured in -90 °© < 8 < 90 ° range
because the sidelobe is high in other areas.

Fig. 16. shows the simulated S-parameters of the pro-
posed array antenna. Although interference between antennas
occurs, isolation is managed to less than -18 dB within a given
band, and S1; is managed to less than -8.9 dB at most, which
causes a maximum reduction of only 0.58 dB in efficiency by
impedance matching.

Fig. 17 shows the antenna radiation pattern measurement
setup for beamforming AiP. The antenna array was also mea-
sured in an anechoic chamber.

Fig. 18 shows the simulated and measured E-plane beam-
forming radiation pattern for the proposed antenna in package
at 28 GHz. Although the usable range is set to -90 ° <
B < 90°, the 3-dB coverable range of the proposed AiP is
130 ° ranging from -66 ° to 64 °. It was confirmed that
the beam-forming characteristics agree well with the sim-
ulation for the usable range of -90 ° < g < 90 °. From
the simulated and measured radiation pattern, it can be seen
that cross-polarization and sidelobe level are higher than
the simulation because this is presumed to be an effect
caused by the reflection or refracting of the wave radiated
from the antenna by the surrounding evaluation board or the
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other electrical components. This also may caused by the
misalignment of the measurement setup or the dimensions
of the fabricated antenna being slightly different from that
of the simulated one. Table 3 shows the comparison table of
the wide beamwidth dipole antenna. The proposed antenna
shows the widest E-plane and H-plane beamwidth among the
reported dipole antenna.

IV. CONCLUSION
Millimeter-wave wideband wide beamwidth modified angled

dipole antenna is proposed for 5G mmW IoT applications.
The modified angled dipole antenna which has a dipole arm
which is bent once more perpendicular to the ground plane
compared to the existing angled dipole is proposed to improve
beamwidth as well as the bandwidth. The measured -10 dB
S11 bandwidth is 5 GHz(=17.8%) ranging from 25.7 GHz
to 30.7 GHz, and the measured HPBW is 150° £+5 ° and
310°£10° for the E-plane and H-plane, respectively. To ver-
ify whether the proposed antenna is practically applied to
5G IoT applications, the beamforming IC was connected to
the proposed antenna array, and the beamforming radiation
pattern was verified.
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