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Featured Application: 28 GHz 5G mobile terminal communication.

Abstract: A quasi-Yagi slotted array antenna with fan-beam characteristics is proposed for 28 GHz
5G mobile terminals. The antenna is composed of a 1 × 8 slot antenna array with directors to enhance
the half-power beamwidth (HPBW). The proposed antenna has a fan-beam radiation pattern with a
simulated HPBW of 256.72◦ and a peak gain of 11.16 dBi. In addition, the proposed antenna covers
±48◦ using a beam steering mechanism. Mutual coupling reduction is achieved by inserting slits
between the adjacent slot radiators on the ground plane. The simulated −10 dB reflection coefficient
bandwidth of the proposed antenna is 1.79 GHz (27.03–28.82 GHz), and the mutual coupling between
each of the slot radiators is lower than −25.02 dB over the 28 GHz target band (27.5–28.35 GHz).
To investigate the effect of a human body in a practical environment, the power density was considered
to estimate the electromagnetic exposure with a simplified skin model. The measured results were in
good agreement with the simulated ones and demonstrated that the proposed antenna could be used
for 5G mobile terminals.

Keywords: fifth generation (5G); millimeter-wave; phased array; power density; fan-beam

1. Introduction

Millimeter-wave (mm-wave) array antennas have been widely studied for 28 GHz 5G mobile
terminals [1–3]. The mm-wave band has been considered for 5G communication due to its increased
channel bandwidth for higher data rate services [4]. In mm-wave communications, a high gain with
beam-forming capability is required to compensate for the high free-space path loss due to atmospheric
absorption [5]. Since the high gain can be obtained by using a directional beam, the mm-wave
array antenna should have beam steering characteristics with a proper radiation pattern to have
wide communication coverage. Therefore, a phased array antenna with beam steering characteristics
is necessary to realize mm-wave communications [6]. Beam steering with a fan-beam pattern is
an effective way to achieve wide beam coverage. The number of antennas to achieve wide beam
coverage can be minimized by using a phased array antenna with a fan-beam pattern. Wide half-power
beamwidth (HPBW) is needed to minimize the shaded area along the ±x direction and hemispheric
beam coverage that is required in mobile communications can be achieved by fan-beam steering along
the ±y direction, as shown in Figure 1a,b [2,3]. Fan-beam antennas were reported for mm-wave 5G
applications in [2,3,7–11]. In [3], a 1 × 8 phased array antenna with enhanced HPBW using air-hole
slots was proposed for 28 GHz 5G mobile applications. The array antenna has a fan-beam pattern
with a HPBW of 219◦ with a peak gain of 11.15 dBi, and it has ±45◦ beam steering characteristics.
Despite its great performance, the phased array antenna proposed in [3] is composed of electric dipole
antennas. Radiation performance of the electric-type antenna is sensitive to the human body and this
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characteristic is not appropriate in mobile terminal applications [12]. In [7], the proposed antenna
was constructed in a substrate-integrated waveguide (SIW) cavity structure to radiate the fan-beam of
133◦ HPBW. However, the cost of fabricating the SIW structures is prohibitive. In [8], a 1 × 4 SIW open
ended array antenna was proposed. The proposed antenna has a fan-beam pattern with a HPBW of
180◦. However, the antenna is composed of multilayer PCB boards with the SIW technique, and this
manufacturing complexity leads to an increase in cost. In [9], a 16 × 1 mesh grid array was proposed
for 28 GHz 5G cellular applications. The array antenna has a fan-beam characteristic of 109◦ HPBW
with a maximum gain of 10.9 dBi. However, this beamwidth performance is not wide enough for the
beam coverage required by 5G applications. In [10], a 1 × 8 slotted array antenna with an artificial
magnetic conductor (AMC) reflector was proposed for hemispherical beam-coverage in 5G mm-wave
applications. The AMC-backed slotted array antenna has a fan-beam pattern with a HPBW of 142◦ with
a peak gain of 11.8 dBi. However, the separation distance of 1.9 mm (≈0.31 λ at 28 GHz) is required
between the radiator and the AMC surface, and the overall size is not suitable for mounting on mobile
terminals. In [11], a 4 × 1 Vivaldi antenna array was proposed for 5G mobile terminals. The proposed
end-fire antenna array has a fan-beam characteristic with a HPBW of 165◦ in the elevation plane.
However, design complexity is increased due to the multi-layer structure composed of a 10-layer PCB
and shorting vias.

Figure 1. Fan-beam radiation pattern and hemispheric beam coverage: (a) fan-beam radiation pattern,
and (b) hemispheric beam coverage required in 5G mobile terminals.

In this paper, a quasi-Yagi slotted array antenna with fan-beam characteristics is proposed for
28 GHz 5G mobile terminal applications. The antenna consists of a 1 × 8 slot antenna array and
directors to achieve wide fan-beam characteristic. Slits are employed between adjacent slot radiators to
yield high isolation characteristics by suppressing the flow of the surface current on the ground plane
and surface waves on the substrate. To demonstrate the antenna performance near the human body in
a practical environment, the power density was simulated to estimate the electromagnetic exposure
with a simplified skin phantom at 28 GHz.

2. Antenna Design and Performance

2.1. Single Slot Radiator Design and Performance

Figure 2a,b shows the geometry of a single slot radiator without and with a director, respectively.
Enhancement of the beamwidth along the ±x direction of the array antenna can be achieved by
utilizing radiators which radiate strongly in the ±x direction such as a slot antenna. In addition,
the magnetic-type antenna, such as a slot antenna, is less sensitive to the human body effect as
compared to other antennas [12,13]. However, since the main beam of the slot antenna is formed
perpendicular to the slotted aperture (±x direction in Figure 2a), a director is added to increase the gain
in the +z direction. Without a director, the gain in the +z direction of the array antenna will be greatly
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reduced. This will be discussed in the next paragraph in detail. As a result, a quasi-Yagi slot antenna
was adopted as a radiator for the proposed array antenna. As shown in Figure 2, a slotted aperture
is inserted on the ground plane which is made of an Arlon/AD430 substrate (εr = 4.3, tan δ = 0.003)
with a thickness of 0.2 mm, and a microstrip feeding line is printed on the opposite side of the
substrate. The length and width of the slotted aperture are optimized for operating at the 28 GHz band
(27.5–28.35 GHz) [14]. As shown in Figure 2b, a director is added with the optimized distance to the
slot antenna to reinforce the radiated field toward the director. The detailed optimization procedure of
the antenna with the director will be discussed in the next subsection. Figure 2d shows the simulated
reflection coefficient (S11) results of the antenna with and without the director. The simulated -10 dB
S11 bandwidths of the antenna with and without the director are 2.89 GHz (26.66–29.55 GHz) and
2.84 GHz (26.54–29.38 GHz), respectively. Despite the fact that the resonance frequency of the antenna
with the director is shifted slightly towards the higher frequency side, the simulated −10 dB S11 fully
covers the target band. Figure 2e shows the simulated radiation patterns of the antenna with and
without the director. The gains in the +z direction with and without the director are 1.08 and −1.02 dBi,
respectively. However, the gains in the −z direction in both cases remain almost the same.

Figure 2. Single slot radiator: (a) without a director, (b) with a director, (c) side view, (d) simulated
reflection coefficients, and (e) simulated radiation patterns at 28 GHz.

2.2. 1 × 2 Array Antenna Design and Performance

For designing antenna arrays, mutual coupling between radiators should be considered for good
antenna performance. As shown in Figure 3a, we designed a 1 × 2 array antenna composed of basic
slot radiators to investigate mutual coupling (S21) between the radiators. The center-to-center spacing
is 5.35 mm (0.5 λ at 28 GHz). The surface current on the ground plane between the adjacent radiators
flows from port 1 to port 2, which is indicated by a dotted red square in Figure 3b, and this current
flow results in high mutual coupling.
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Figure 3. A 1 × 2 array antenna without directors: (a) top view, and (b) simulated surface current
distribution at 28 GHz.

To mitigate the effect of the surface current, as shown in Figure 4a, we inserted a slit (Slit 1) in the
middle of two slots. Figure 4c shows the simulated results of S11 and S21 with various lengths of Slit 1
(h1). In this case, the width of Slit 1 (w1) is the same as the width of the slot radiator (w1 = 0.3 mm).
The best performance of S11 at 28 GHz is achieved when h1 is 2.4 mm. Without Slit 1 (h1 = 0 mm),
the simulated S21 is lower than −11.96 dB over the target band. However, when h1 becomes longer
than 2.4 mm, S21 converges to below −15 dB over the target band. Figure 4d shows the simulated
results of S11 and S21 with various w1. In this case, h1 is fixed at 2.4 mm. The best performance of S11 is
achieved when w1 is 0.3 mm, and the variation of w1 has little effect on the performance of S21.

Figure 4. Cont.
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Figure 4. Parameter studies of the dimension of Slit 1: (a) antenna structure with Slit 1, (b) simulated
surface current distribution at 28 GHz (when h1 = 2.4 mm and w1 = 0.3 mm), (c) simulated results of
the reflection coefficient and mutual coupling with various lengths (h1) of Slit 1 (w1 is fixed at 0.3 mm),
and (d) simulated results of the reflection coefficient and mutual coupling with various widths (w1) of
Slit 1 (h1 is fixed at 2.4 mm).

Therefore, we considered that the optimized dimension of Slit 1 is 2.4 × 0.3 mm. As a result,
by inserting the optimized Slit 1, most of the surface current on the ground plane between the radiators
is blocked, which is indicated by the solid black square in Figure 4b.

As shown in Figure 5a, we inserted another slit (Slit 2), maintaining Slit 1, to enhance the
impedance matching by disturbing the surface current concentrated at the edge of the ground plane,
which is indicated by the dotted blue rectangles in Figure 4b. In addition, inserting Slit 2 contributes to
reduce the mutual coupling when the directors are added. This will be discussed in a later paragraph.
Figure 5b shows the simulated results of S11 and S21 with various lengths of Slit 2 (h2). In this case,
the width of Slit 2 (w2) is the same as the width of Slit 1 (w2 = 0.3 mm). The best impedance matching
at 28 GHz is achieved when h2 is 0.6 mm. Figure 5c shows the simulated results of S11 and S21 with
various values of w2. In this case, h2 is fixed at 0.6 mm. The best performance of S11 is achieved when
w2 is wider than 0.2 mm, and the performances of S21 are almost same regardless of the variation of w2.
Therefore, we considered that the optimized dimension of Slit 2 is 0.6 × 0.3 mm.

Figure 5. Cont.
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Figure 5. Parameter studies of the dimension of Slit 2 (dimension of Slit 1 is fixed): (a) antenna structure
with Slit 1 and Slit 2, (b) simulated results of the reflection coefficient and mutual coupling with various
lengths (h2) of Slit 2 (w2 is fixed at 0.3 mm), and (c) simulated results of the reflection coefficient and
mutual coupling with various widths (w2) of Slit 2 (h2 is fixed at 0.6 mm).

As shown in Figure 6, directors are added to the 1 × 2 array antenna with optimized slits to
reinforce the radiated field toward the director. Figure 7a shows the simulated results of S11 and S21

with various distances between slot aperture and the director (d). In this case, the length of the director
(l) is fixed at 2.7 mm (≈0.52 λg). When d is 1.6 mm (≈0.31 λg), although the S11 performance is not the
best, the S21 performance is the most stable in the target band. The simulated S21 is lower than −19 dB
over the target band when d is 1.6 mm. Also, the simulated radiation pattern with d of 1.6 mm is stable,
as shown in Figure 7b. If the distance is too close or too far, such as d is 1.2 mm (≈0.23 λg) or 2.2 mm
(≈0.43 λg), the radiation pattern deteriorates.

Figure 6. The 1 × 2 array antenna with directors and optimized slits.

Figure 7. Parameter studies of the distance between the slot aperture and the director (l is fixed at 2.7
mm): (a) simulated results of the reflection coefficient and mutual coupling with various distances (d),
and (b) simulated radiation patterns with various distances (d) in the xz plane at 28 GHz.
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The length (l) of the director is also an important factor for the quasi-Yagi antenna. Figure 8a
shows the simulated results of S11 and S21 with various l. In this case, d is fixed at 1.6 mm. When l
is 2.7 mm (≈0.52 λg), the S21 performance is the most stable in the target band. Also, the simulated
radiation pattern with l of 2.7 mm is stable, as shown in Figure 8b. If l is longer than 2.7 mm,
the radiation pattern deteriorates. Therefore, we considered that the optimized length and distance of
director are 2.7 and 1.6 mm, respectively.
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The effects of the slits on the mutual coupling and radiation performance become more apparent
when considered together with the director. The surface current flows from port 1 to port 2 in a 1 × 2
array antenna without slits as shown in Figure 9b. The surface current is concentrated at the edge of
the ground plane, which is indicated by a dotted red circle in Figure 9b.

Figure 9. The 1 × 2 array antenna without slits: (a) top view, (b) simulated surface current distribution
at 28 GHz, and (c) simulated E-field distribution in the E-plane at 28 GHz.

To mitigate the effect of the surface current, as shown in Figure 10a, we inserted an optimized slit
(Slit 1) at that position. By inserting Slit 1, most of the surface current on the ground plane between the
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radiators is blocked, which is indicated by the solid black square in Figure 10b. However, the flow of
the surface current on the substrate between adjacent directors still exists, and this current contributes
to increase the mutual coupling. Electromagnetic coupling occurs between the directors and the surface
current concentrated at the edge of the ground plane, which is indicated by the solid blue square in
Figure 10b, thereby generating mutual coupling between electromagnetic waves propagating in the
+z direction. This mutual coupling between the propagating electromagnetic waves is described as
the surface current on the substrate, which is indicated as a dotted red circle in Figure 10b. Therefore,
we inserted optimized slits (Slit 2) on the edge of the ground plane to disturb the flow of the surface
current, as shown in Figure 11a,b. The mutual coupling on the substrate between the directors is
reduced due to the weakened electromagnetic coupling by disturbing the flow of the surface current
at the edge of the ground plane. The mutual coupling reduction can be shown by the simulated
E-field distribution in the E-plane (xy plane) at 28 GHz. As shown in Figure 9c, without the slits,
the mutual coupling is mainly due to the propagation of the surface wave along the y direction from
port 1 to port 2. By inserting only Slit 1, the surface wave propagation between the radiators is
suppressed, as shown in Figure 10c. In Figure 11c, the surface wave propagation is further suppressed
by inserting both Slit 1 and Slit 2. Figure 12a shows the simulated S11 and S21 of the 1 × 2 array
antenna with directors considering the slits. The simulated −10 dB S11 of all the cases cover the target
band. The simulated S21 of the antenna without the slits is lower than −11.85 dB over the target band.
However, the simulated S21 of the antenna with only Slit 1 is lower than −15.91 dB over the target
band. In the case of the antenna with both Slit 1 and Slit 2, the simulated S21 is lower than −19 dB over
the target band. Figure 12b shows the simulated radiation patterns of the antenna with and without
the slits. The simulated gains of the antenna without slits, with only Slit 1, and with both Slit 1 and Slit
2 in the +z direction are 1.12, 2.48 and 5.02 dBi, respectively. However, the gains in the −z direction in
all cases remain almost the same, around 0.98 dBi. Therefore, the slits contribute to reduce the mutual
coupling and enhance the radiation performance.
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Figure 11. The 1 × 2 array antenna with Slit 1 and Slit 2: (a) top view, (b) simulated surface current
distribution at 28 GHz, and (c) simulated E-field distribution in the E-plane at 28 GHz.

Figure 12. Simulated performances of the 1 × 2 array antenna with directors considering slits: (a) with
S-parameters, and (b) showing the radiation patterns in the xz plane at 28 GHz.

2.3. 1 × 8 Array Antenna Design and Performance

Figure 13 shows the structures and simulated results of the 1 × 8 array antenna with and without
directors. The array antenna is located at the top side of the ground plane with dimensions of
150 × 70 mm, to verify the antenna performance on a typical mobile terminal. The substrate material
and detailed antenna structures are identical to those of the single and 1 × 2 array cases, except for the
size of the ground plane. Figure 13c shows the simulated S-parameters of the array antenna with the
directors in free space. The simulated −10 dB reflection coefficients (S11–S88) cover the frequency band
from 27.03 to 28.82 GHz. The proposed antenna has a low mutual coupling characteristic of lower than
−25.02 dB within the target band due to the inserted slits. The simulated radiation patterns at 28 GHz
are illustrated in Figure 13d. The simulated peak gain of the antenna without the directors is formed
around from −90◦ to −120◦ and from +90◦ to +120◦ in the xz plane since the electromagnetic wave is
radiated perpendicular to the slotted aperture. Therefore, the directors are added to compensate for
the reduced gain in the +z direction. The simulated gains of the array antenna with and without the
directors in the +z direction are 11.16 and 7.09 dBi, respectively. The proposed array antenna with the
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directors has a very wide HPBW of 256.72◦ in the xz plane and a side-lobe level (SLL) of −13.06 dB
in the yz plane. The simulated front-to-back ratio (FBR) of the array antenna with the directors is
12.71 dB. Figure 13e shows the simulated beam steering performance of the 1 × 8 array antenna with
the directors in the yz plane. At 28 GHz, the proposed array antenna covers up to ±48◦ by using
the linear phase progression with uniform amplitude between elements. The reference to define the
maximum beam steering angle is the SLL of −10 dB [15]. In this range, all of the simulated peak gains
are higher than 11.09 dBi.

Figure 13. The 1 × 8 array antenna: (a) without directors, (b) with directors, (c) with simulated
S-parameters with directors, (d) showing simulated radiation patterns at 28 GHz, and (e) showing
simulated beam steering performances in the yz plane at 28 GHz, with directors.

2.4. Analysis of Human Body Effect

At mm-wave frequencies, since most of the energy is absorbed within a short distance from the
skin, the power density is used as a basic restriction in RF exposure to the human body, instead of the
specific absorption rate (SAR) [16]. Currently, the World Health Organization (WHO) recommends a
standard established by the International Commission on Non-Ionizing Radiation Protection (ICNIRP).
In addition, South Korea adopted the WHO recommended standard [17]. Therefore, in this paper,
the RF exposure standard established by the ICNIRP was used [18]. According to the standard,
in 10–300 GHz frequency band, the spatial power density averaged over any 1 and 20 cm2 on the
reference plane shall not exceed 200 and 10 W/m2, respectively. The spatial-average power density
can be calculated using the Poynting vector, as shown in Equation (1) [19–21]. Figure 14a shows
the evaluation model of the power density. The power density is assessed over an averaging area
A, which is perpendicular to the unit vector n̂, with a separation distance h away from the antenna.
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As shown in Figure 14b, the power density of the proposed 1 × 8 array antenna is simulated with
A = 1 cm2 and h = 10 mm by using the Fields Calculator of the HFSS software [22]. Assuming that the
mobile terminal is located at a distance of 10 mm away from the head in talk mode, the separation
distance h was determined to be 10 mm [23]. The simulated spatial-average power density of the
proposed array antenna is 138.53 W/m2 with 20 dBm input power at each lumped port [19].

S =
1

2A

∫
A

Re[
→

E ×
→

H
∗

]·n̂dA [W/m2] (1)

Figure 14. Simulation of the power density: (a) simulation setup, and (b) power density simulation of
the proposed 1 × 8 array antenna.

To investigate the impacts of the human body on the antenna performance at 28 GHz, S-parameters
and radiation patterns of the proposed 1 × 8 array antenna with a simplified skin phantom were
simulated as in Figure 15. As we mentioned, since skin penetration depth of the energy is less than
2 mm at 15 GHz and less than 1 mm at 30 GHz [16], a simplified skin phantom of 2 mm thickness with
a relative dielectric constant of 16.6 and conductivity of 25.8 S/m at 28 GHz was used [24]. Since a
full human body phantom model is very time-consuming to analyze in the simulation software,
a simplified skin layer was introduced. The dimensions of the phantom are 28 × 70 mm and this size
is enough to cover the radiators. As shown in Figure 15a, the simulations were performed using a
simplified skin phantom spaced vertically from the antenna with the gap distance of g. A slot antenna
is complementary to a planar electric dipole and is called a magnetic-type antenna since the electric
source J on the planar electric dipole is replaced by the magnetic source M on the slot antenna by
Babinet’s principle [25]. In Equation (2), Z is the intrinsic impedance of the surrounding medium (air),
and Z1 and Z2 are the input impedances of the two complementary antennas (slot and planar electric
dipole), respectively. The slot antenna has a constant impedance of 60πΩ (in air) that is independent of
frequency since Z1 is equal to Z2 for ideal complimentary structures [12,13]. In other words, when the
slot antenna operates in free space, the variation of the input impedance of the slot antenna is less
sensitive even if an object is present around the antenna. Simulated S-parameters when g = 5, 10,
and 20 mm are shown in Figure 15c–e. The simulated reflection coefficients of all cases fully cover
the target band. However, the mutual coupling levels are slightly degraded due to the existence of
the skin phantom. In free space, the mutual coupling is lower than −25.02 dB within the target band,
but when there was a phantom, it became lower than −21.02 dB when g = 5 mm. The important point
is that even though the phantom is present around the proposed antenna, it still has a low mutual
coupling characteristic of lower than −20 dB. Figure 15b shows the simulated radiation patterns in the
xz plane for various g values. As the phantom approaches closer to the antenna, the radiation pattern
in the direction of the phantom (+x direction; θ = 90◦) is deteriorated compared to the case without the
phantom. However, the radiation performance of the other parts remains almost the same. Therefore,
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it is considered that the radiation performance of the magnetic-type antenna is less sensitive to the
presence of the human body compared to electric-type antennas.

Figure 15. The 1 × 8 array antenna with a simplified skin phantom: (a) simulation setup, (b) simulated
radiation patterns in the xz plane for various g values at 28 GHz, (c) simulated S-parameters when
g = 5 mm, (d) simulated S-parameters when g = 10 mm, and (e) simulated S-parameters when g = 20 mm.

Z1Z2 = Z2/4 (2)

2.5. Effect of an RF Connector and a Feeding Network

To investigate the effects of an RF connector and a feeding network on the antenna performance in
actual antenna fabrication and measurement, simulations using the connector model and the feeding
network should be carried out. Since the connector is an electrically large structure at 28 GHz, the full
ground plane with the dimensions of 150 × 70 mm with the feeding network and the connector is
very time-consuming to analyze using the simulation software. Therefore, as shown in Figure 16a,b,
a modified ground plane with the dimensions of 31 × 70 mm was considered. The connector model
was based on the datasheet for a 2.92 mm end-launch connector [26]. The only difference between
Figure 16a,b is an excitation type. As shown in Figure 16a, the proposed array antenna was excited
by the feeding network and a lumped port is located at the end of the feeding network. However,
as shown in Figure 16b, the lumped port at the end of the feeding network was substituted by the
connector. Figure 16c,d shows comparisons of simulated S11 values and radiation patterns for two
different excitation types. The simulated −10 dB S11 bandwidth of the proposed array antenna with the
feeding network and the lumped port excitation is 1.58 GHz (27.06–28.64 GHz). The simulated −10 dB
S11 bandwidth of the proposed array antenna with the feeding network and the connector excitation is
1.59 GHz (26.79–28.38 GHz). Therefore, the proposed antenna covers the target band regardless of
the excitation type. The simulated radiation patterns according to the excitation types are similar to
each other, as shown in Figure 16d. In addition, the modified ground plane size has little effect on the
antenna radiation performance.
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Figure 16. Performance comparison for different excitation types: (a) modified structure with a lumped
port, (b) modified structure with a connector, (c) simulated reflection coefficients, and (d) simulated
radiation patterns at 28 GHz.

3. Experimental Results

Figure 17 shows the fabricated prototypes of the proposed 1 × 8 array antenna. Figure 17a shows
a fabricated array antenna with a 0◦ beam steering angle. Figure 17b shows a fabricated antenna with a
fixed beam steering angle. Fixed microstrip line delays in the feeding network are employed to achieve
a beam steering angle of −30◦. The bottom sides of each case are the same as shown in Figure 17c.

Figure 17. Photographs of fabricated antennas: (a) top side of the 1 × 8 array antenna with a 0◦ beam
steering angle, (b) top side of the 1 × 8 array antenna with a fixed beam steering angle, and (c) bottom
side of the 1 × 8 array antenna.
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The measurement setup in an anechoic chamber is shown in Figure 18a. The proposed antenna is
located on the jig and it is rotating during the measurement. The measurement result is inaccurate
between 90◦ and 270◦ due to the influence of the jig and other structures. Therefore, we measured
the radiation patterns in the yz plane only between +90◦ and −90◦ as shown in Figure 18b. However,
the radiation pattern in the xz plane was measured between +150◦ and −150◦ to verify the fan-beam
performance as shown in Figure 18c.

Figure 18. Measurement setup: (a) measurement setup in an anechoic chamber, (b) measurement setup
for the yz plane radiation pattern, and (c) measurement setup for the xz plane radiation pattern.

Figure 19a shows the measured and simulated S11 with a connector and feeding networks,
and there exists a reasonable agreement between the results. Discrepancies between the simulated
and measurement results may be caused by fabrication errors. Figure 19c shows the measured and
simulated radiation patterns at 28 GHz for a 0◦ beam steering angle with a connector and feeding
network. The simulated and measured gains at 0◦ are 10.7 and 9.7 dBi, respectively. The simulated
FBR is 15.5 dB and there is no measured FBR result due to the limitations in the rotating angle of
measurement facility. The simulated HPBW with a connector and feeding network is 162.3◦ as shown in
Figure 19c. However, the measured radiation pattern in the xz plane between 60◦ and 120◦ is drastically
deteriorated due to the influence of the RF cable and metal structures. As shown in Figure 19c, in the
case of measuring radiation patterns between 60◦ and 120◦, the jig is rotating toward the +150◦ direction
and the electromagnetic wave radiated from the fixed reference antenna is affected by the RF cable and
metal structures which are electrically large at the 28 GHz band. However, the rest of the measured
radiation pattern in the xz plane is similar to the simulated one. Figure 19d shows the simulated and
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measured beam steering performance at 28 GHz. In the simulation, the peak gain of 10.52 dBi is located
at −30◦ in the yz plane with a SLL of −10.9 dB. However, the measured peak gain of 9.33 dBi is located
at −19◦ in the yz plane with a SLL of −10.5 dB. Discrepancies between the simulated and measurement
results may be caused by bending of the substrate as shown in Figure 19b. The 0.2 mm thick substrate
is so thin that it is easily bent and this affects the beam steering performance significantly. However,
the measured and simulated results are in good agreement except for the beam peak location.

Figure 19. Simulated and measured performances of the 1 × 8 array antenna: (a) simulated and
measured reflection coefficients with the connector, (b) bending of the substrate, (c) radiation patterns
at 28 GHz with a 0◦ beam steering angle, and (d) radiation patterns at 28 GHz with a fixed beam
steering angle.



Appl. Sci. 2020, 10, 7686 16 of 17

Table 1 demonstrates the comparison on the performance of the proposed quasi-Yagi slotted array
antenna and other state-of-the-art fan-beam antenna for mm-wave 5G applications. As indicated,
the proposed antenna has the merit of a wider beamwidth.

Table 1. Comparison with the state-of-the-art fan-beam antennas for mm-wave 5G applications.

Structure Target Frequency
(GHz)

Gain
(dBi) HPBW

[2] 1 × 8 slotted array 28 16.92 116◦

[3] 1 × 8 dipole array
with air hole slots 28 11.15 219◦

[7] 4 × 1 SIW cavity array 28 12.6 133◦

[9] 16 × 1 mesh grid array 28 10.9 109◦

[10] 1 × 8 slotted array with
AMC reflector 28 11.8 142◦

[11] 4 × 1 Vivaldi antenna array 28 9.46 165◦

This work 1 × 8 quasi-Yagi slotted array 28 11.16 256.72◦

4. Conclusions

In this paper, a quasi-Yagi slotted array antenna is proposed. The proposed antenna has fan-beam
radiation characteristics for wide beam coverage with beam steering capability. The very wide HPBW
of 256.72◦ with a peak gain of 11.16 dBi is achieved by a slot antenna array with directors. Low mutual
coupling characteristics are achieved by inserting slits on the ground plane to suppress the flow of
the surface current and surface wave. To account for the effect of the human body on the antenna
performance, a simulation was conducted with a simplified skin phantom with various separation
distances. The proposed antenna shows stable performance near the human phantom since the
antenna is a magnetic type. The proposed antenna satisfies the RF EMF exposure limit established
by ICNIRP. Therefore, the proposed 1 × 8 array antenna is a good candidate for 28 GHz 5G mobile
terminal applications.
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