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ABSTRACT A compact low-profile phased array antenna unit with unidirectional hemispherical
beam-coverage for 5G mm-wave applications is proposed in this paper. A four-subarray configuration is
used for the proposed structure to achieve unidirectional hemispherical coverage in the boresight direction
normal to the substrate. An artificial magnetic conductor (AMC)-backed slot antenna array with an optimal
separation distance of 1.9 mm (= 0.31 X at 28 GHz) is proposed as a subarray. The proposed antenna has
increased H-plane beamwidth with the measured peak gain of 11.62 dBi and provides the desired wide
inclined beam pattern in the elevation plane. The proposed antenna also offers steered beams over the range
within £45° in the azimuth plane. The hemispherical-coverage, phased array antenna unit composed of the
four designed subarrays has overall dimensions of 80.8 mm x 80.8 mm x 2.4 mm. The coverage efficiencies
of the proposed phased array antenna unit are 0.82, 0.71, and 0.61 for threshold gains of 5 dBi, 8 dBi, and
10 dBi, respectively, where the maximum solid angle is 27 steradians.

INDEX TERMS 5G mm-wave, phased array antenna, hemispherical coverage, artificial magnetic conductor

backed slot antenna, coverage enhancement.

I. INTRODUCTION

With the explosive growth of mobile data traffic over the
last few years, the demands for higher data-rate services
have risen sharply. To cope with this growing need, fifth-
generation (5G) mobile communication that promises a data
rate of several gigabits per second and which tolerates
millisecond latency was envisioned [1], [2]. A key technology
that allows for the evolution of data speed and network
capacity on 5G systems is the use of millimeter-wave
(mm-wave) bands with large spectrum resources. Recently,
four frequency bands, including the 26 GHz, 28 GHz, and
39 GHz bands in frequency range 2 (FR2), have been
arranged for 5G new radio (NR) in the 3GPP 5G specification
(Release 15) [3]. However, these mm-wave bands suffer
from relatively severe propagation losses which impair
communication performance [4]. Hence, array antennas
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with a high gain are required to mitigate the propagation
attenuation. Since a high gain leads to a narrow radiation
beamwidth and thus limits the angular coverage, directional
phased array antennas having an electrical beam-steering
capability are usually proposed for implementation at both
the base station and mobile device [5], [6]. Even though the
basic issue of angular coverage can be mitigated by steering
the beam, it remains challenging to achieve a sufficiently
wide angular coverage using one phased array. An exception
is the application of a macro cell base station as in [7]
and [8], which has no restriction on space and the number
of antenna elements. According to [9]-[12], regardless of
the radiating element type, single 4 x 1 and 8 x 1 uniform
linear arrays (ULAs) have spatial coverage efficiencies,
as defined by [10], under 25% and 50%, respectively, for
Gy, > 8 dBi, where Gy, represents the threshold antenna
gain. Several studies have been carried out to improve the
spatial coverage efficiency by arranging multiple subarrays,
each of which mainly consists of ULAs, within one phased
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array antenna unit. In [13]-[15], techniques in which three
subarrays were mounted on different sides of the edge region
of a printed circuit board (PCB) were reported. In [16], three
slot subarrays were implemented on the same plane of the
metallic chassis to utilize the surface wave excited on the
metal plate. Moreover, reconfigurable phased array units with
a combination of broadside and end-fire radiations [17]-[19]
and controlled pin-diodes [20] have been presented. These
studies have effectively improved spatial coverage efficiency
by achieving 360° spherical beam-coverage, and therefore
they are promising candidate techniques for mm-wave 5G
mobile handsets.

-Cell Base Station

ke Infrastructure

FIGURE 1. Several representative mm-wave 5G wireless service
applications requiring the hemispherical beam-coverage: (a) the
vehicle-to-infrastructure communication and (b) the indoor access point.

Nevertheless, the coverage issue has remained for some
scenarios in mm-wave 5G wireless services, such as vehicle-
to-infrastructure (V2I)/high-speed train (HST)/air-to-ground
(A2G) communications [21]-[24], indoor access points
(AP) [25], and small-cell base transmit systems (BTS) [26]
shown in Fig. 1. Since there is no need for back radiation in
those specific applications, 180° unidirectional hemispheri-
cal beam-coverage is preferred to 360° spherical coverage.
However, the coverage range of phased array units with
a specific subarray or reconfigurable configurations cannot
be varied freely. If adopting the subarray configurations
presented in previous work [13]-[15], [17]-[20] designed
for mobile handsets, the desired complete unidirectional
broadside hemispherical coverage is difficult to achieve. This
is because, due to structural limitations, the unnecessary back
radiation is included outside of hemispherical area when
using three subarrays. In addition, the boresight direction of
the hemispherical coverage area of those phased array units is
parallel to the antenna substrate instead of normal to it. This
gives phased array antenna units a high-profile, making them
difficult to integrate with the systems for the aformentioned
mm-wave applications.

In this paper, to address this issue, we propose a compact
low-profile phased array antenna unit with the desired
unidirectional hemispherical beam-coverage for the afore-
mentioned 5G mm-wave applications. The design concept of
the proposed phased array antenna unit is shown in Fig. 2.
Four subarrays are shown to be composed of the phased array
unit, and each subarray is designed to cover a quarter of
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FIGURE 2. Design concept diagram of the proposed hemispherical
beam-coverage phased array antenna unit composed of four subarrays.

the upper hemisphere with moderate-high gain. Therefore,
one subarray has 90° coverage for both the elevation and
azimuth planes. For this, the beam is steered over the range
within £45° in the azimuth plane, and the wide inclined beam
is formed over the range of 0°-90° in the elevation plane,
where the maximum gain will appear in the vicinity of 45°
in the 6 angle. In addition, a good front-to-back ratio (FBR)
and isolations between elements are needed for the antenna
design.

This paper is organized into four sections. The theoretical
analysis of the subarray design, a performance assessment
using full-wave electromagnetic simulation software, and
experimental proof is presented in Section II. The overall
design and performance of the proposed hemispherical
beam-coverage phased array antenna unit are presented in
Section III. The conclusion is discussed in Section VI.

Il. SUBARRAY DESIGN
Based on the design concept described in Section I, the key
design considerations to be satisfied for each subarray are
summarized as follows.

A. High Gain and Unidirectional Radiation

(Gmax = 10 dBi and FBR > 10 dB)

B. Quarter-Hemispherical Coverage

(ne = 0.7 for Gy, > 8 dBi)

a. Steered Beam for Azimuth (for —45° > ¢ > +45°)

b. Wide Inclined Beam for Elevation (for 0° > 6 > +90°)

C. Compact and Low-Profile Structure

D. Good Reflection Coefficients and Mutual Couplings

(< —10 dB over the targeted band of 28 GHz — 29 GHz)

For a subarray design that meets those requirements
simultaneously, we devise an AMC-backed slot antenna array
with an optimal separation distance between the AMC surface
and the antenna elements. In this chapter, we deal with
the subarray design in stages. We first describe the antenna
element design in Section IIA and then provide the array
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design in Section IIB. The theoretical analysis, the design
configuration, and the results are also included in those
sections. The overall phased array unit will be discussed in

detail in the next chapter.
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FIGURE 3. Radiation field patterns: (a) slot in an infinite sheet and (b) of
complementary dipole antenna.

A. ANTENNA ELEMENT DESIGN

1) SLOT ANTENNA

It was demonstrated by Booker [27] that an ideal thin slot
inserted into a perfectly conducting sheet of infinite extent
and a complementary dipole antenna have the same radiation
pattern but with interchanged E- and H-fields, as shown
in Fig. 3 [28]. When the half-wavelength slot inserted into the
infinite flat sheet is positioned on the xy-plane at z = 0 and is
in the x-direction as in Fig. 3(a), the electric field patterns at
far-field observation points are denoted as

cos(m/2cosf) o
E@)=A[—————], for$p=0 (D
sin &
E@®) = A, for ¢ =90° 2)

where A is a constant [29]. The ideal A/2 slot antenna with
infinite sheet dimensions has an omnidirectional radiation
pattern which is nondirectional in the yz-plane (E-plane)
and bidirectional in the xz-plane (H-plane) [30]. On the
other hand, in the case that the slot antenna has finite sheet
dimensions, the radiated fields are generated from not only
the slot aperture, but also the left and right sides parallel to
the slot. The E-plane electric-field pattern of the slot antenna
with finite sheet dimensions is theoretically represented at
far-field observations by [28]

|Egp(0)| ~ \/1 + 4bcos Bd cos(Bdsin6), forg = 90°

3

where the subscript EP stands for element pattern, b is the
amplitude constant of each image field generated from both
sides parallel to the slot aperture, 8 is the wave number at
28 GHz, and d is the distance between the slot aperture and
the sides [29]. Contrary to the ideal slot antenna, the designed
slot antenna with finite sheet dimensions has a bidirectional
pattern in the yz-plane (E-plane) and a quasi-nondirectional
pattern in the xz-plane (H-plane) [31].
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FIGURE 4. Designed slot antenna element with finite sheet dimensions:

(a) the 3-D configuration and the normalized (b) E-plane and (c) H-plane
gain patterns and (d) the reflection coefficient.

The 3-D configuration of the designed slot antenna with
finite sheet dimensions is presented in Fig. 4(a). The designed
slot antenna was implemented on an ARLON/ADA430 sub-
strate with a dielectric constant (g,) of 4.3, a loss tangent
(8) of 0.003, and a thickness of 0.2 mm. On the top side of
the substrate, the 50 Q2 microstrip (MS)- line of which the
initial part is in contact with the ideal lumped port is placed
to feed the slot aperture. The A4/2 slot cut in a conducting
sheet with a size of about 1 Aé is disposed on the bottom side
of the substrate, where A, is the guide wavelength on the 50
MS-line at 28 GHz (i.e., 6 mm). The design parameters are
set as Lsg = 5.625 mm, [y = 3.15 mm, wg = 0.32 mm, and
wy = 0.36 mm. The normalized gain patterns of the designed
slot antenna are shown in Figs. 4(b) and (c). The theoretical
result for the E-plane pattern in Fig. 4(b) is calculated based
on Eq. (3).

The simulated results were obtained using ANSYS/HFSS
software [32]. The simulated results coincide with theoretical
results (see Fig. 4(b)). The simulated maximum gain and
half-power beam width (HPBW) are 4.67 dBi and 75.6°,
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respectively. The designed slot antenna element has a
reflection coefficient of less than —10 dB over the frequency
range of 27.9 GHz-30 GHz, as shown in Fig. 4(d).
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Images

N
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FIGURE 5. Radiation and field patterns and equivalent sources of the
finite slot antennas: (a) with and (b) without the magnetic conductor
reflector.

2) AMC-BACKED SLOT ANTENNA

In this subsection, we discuss the structure in which a
magnetic conductor is disposed below the slot antenna based
on theoretical analysis. Ultimately, we will demonstrate
how the proposed AMC-backed phased array could meet
the required specifications for the subarray design in the
next section. The configurations, radiation pattern, electric
field distributions, and equivalent sources for a slot antenna
without the AMC surface are given in Fig. 5(a). In terms
of the generated E-field vectors which rotate on the xz-
plane, the equivalent magnetic dipole source can be regarded
to lie on the y-axis (see the black arrow in Fig. 5(a)).
However, in terms of the formed radiation pattern, which
is omnidirectional, the equivalent magnetic dipole source is
considered to be in the direction of the x-axis (see the light
gray arrow in Fig. 5(a)). From these perspectives, in the case
where the magnetic conductor is placed below the designed
slot antenna, the virtual sources (images) would be formed as
in Fig. 5(b). That is, the images lie in a horizontal position
with a 180° polarity difference relative to the sources (i.e.,
having a reflection coefficient (Rj) of —1), which is based
on image theory [33]. Thus, from the perspective of the
radiation pattern, we can replace the designed magnetic-
conductor-backed slot antenna with the simple and equivalent
analytical problem depicted in Fig. 6. The equivalent
problem consists of real and virtual A/2 horizontal magnetic
dipole sources and an infinite magnetic conductor sheet, and
each source has separation distance (k) from the magnetic
conductor. Here, A is the wavelength at 28 GHz. The
total electric fields of this equivalent problem at far-field
observations are represented by the sum of the direct and
reflected electric field components by real and virtual dipole
sources, respectively. Thus, the total E-fields are denoted by

t _ pd
@_Q+%
Tk {cos[(n /2) - sin @ sin ¢]

B 2mr V1 —sin? 0 sin® ¢
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FIGURE 6. Analytical problem equivalent to the
magnetic-conductor-backed slot antenna in terms of the radiation
pattern.

-(2jsin(khcos 0)), z>0 4)
Ef/, =0,z<0 ©)
where
gl — _.Ime_jk” cos[(r/2) cos Y ] ©)
v 2mr; sin ¥
I,e k2 2
En?; — Ry me {cos[(n./ ) cos 1//2]}
27y sin yrp
Tue %2 cos[(/2) cos Y]
= . } (7
21y sin )
cosy = 4y -a, =sinfsing )

singy = /1 —cos?yr = /1 —sin26singp  (9)
For far-field observations

ry >~ r—hcosé,
rp >~ r 4+ hcos6@ forphase variations (10)
rn xXrmnXr,

01 ~ 6, ~ 6 foramplitude variations an

Here, I,, is the magnetic current, k is the wavenumber at
28 GHz [33], [34]. Equation (4) takes the form of the product
of the single element pattern of the A/2 magnetic dipole and
the factor, depending on the allocation of real and image
sources. Thus, the key design parameter for optimizing the
pattern shape without deformation of the element pattern is
the distance h.

The normalized gain patterns calculated based on Eq. (4)
for the yz- and xz-planes (i.e., the H- and E- planes) using
different & values are presented in Fig. 7. In both planes,
when = 0.25 A, the peak relative gain arises in the
boresight direction (i.e., 8 = 0°). As h increases within
the range from A/4 to A/2, the gain pattern progressively
spreads to both sides and the power at 6 = 0° gradually
decreases. When h = 0.44 A, the peak gain appears at
0 = =45° and a null appears at & = 0°. The calculated
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FIGURE 7. Normalized gain patterns calculated based on Eq. (4) using
different h values in the (a) yz- and (b) xz-planes.

beamwidths in the E-plane for the threshold normalized gain
of —5 dBi are 88°, 96°, 98°, and 98°, respectively, when
h = 0.25 X, 033 A, 0.36 A, and 0.4 A. On the other hand,
the calculated values in the H -plane are 136°, 148°, 152°, and
154°, respectively, for those 4 values. The beamwidths in the
yz-plane are on average 52.5° wider than those in the xz-plane,
so the elements were designed to be arranged along the y-axis
to provide better spatial coverage efficiency. Consequently,
the optimized value for the design parameter A is 0.4 A,
where the widest beamwidth and a moderate gain at 6 = 0°
appear. The maximum relative gain arises at & = £37° in
this case. Thus, if eliminating half of the H-plane pattern
appropriately, the presented AMC-backed slot antenna would
meet the required wide inclined elevation beam. This will be
dealt with more specifically in the section IIB.

The unit cell configuration of the designed AMC surface
is illustrated in Fig. 8(a). The Jerusalem Cross (JC)-shape,
with its advantages in size and angular stability, is applied
to the AMC design [35]. The designed AMC unit cell is
implemented on a Taconic TLY substrate with a dielectric
constant (g,) of 2.2 and a loss tangent (§) of 0.0009, and
dimensions of 5.625 mm x 5.625 mm x 0.127 mm. Here,
the JC-shaped conductor is implemented on the top side of
the substrate, while the bottom side is totally covered by the
conductor sheet. To act as a good magnetic conductor around
28 GHz, the design parameters are set as I = 2.54 mm,
L = 0.24 mm, w; = 0.33 mm, and wp = 2.23 mm. The
simulation set-up for evaluating the responses of the AMC
surface composed of the designed AMC unit cells is given
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magnitude and phase of the reflection coefficient.
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in Fig. 8(b). To be able to assume an infinite arrangement of
the AMC unit cells, the front and back sides of the box marked
with the red line were set to the perfect magnetic conductor
boundary, and the left and right sides were set to the perfect
electric conductor (PEC) boundary. The top side was set to
the wave port [36]. The full-wave electromagnetic simulation
results are given in Fig. 8(c). As a result, the reflection phase
of the designed AMC surface is 0° at 28.3 GHz, +90° at
27.47 GHz, and —90° at 29.12 GHz. Thus, the operating
bandwidth of the designed AMC surface is 1.65 GHz (i.e.,
6% bandwidth). The magnitude of the reflection coefficient
is less than —1.5 dB over the overall frequency band.

Antenna array

V4
Antenna array
m———
h;
AMC surface

A

FIGURE 9. Configuration of the designed AMC-backed slot antenna array.

B. ANTENNA ARRAY DESIGN

The 3-D configuration of the designed AMC backed slot
antenna array is presented in Fig. 9. The designed array
consists of the slot array with eight-elements and the AMC
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surface with 3 x 13 unit cells. The antenna elements are
uniformly spaced with an electrical length of A/2 along
the y-axis. In this case, the separation distance between
the array and the AMC surface is set to hy. The overall
dimensions of the designed AMC-backed antenna array are
10.5 mm x 455 mm x 2.2 mm. For simplicity of the
expression for the electric field, it is assumed that the AMC
surface has infinite dimensions and perfect reflection. Thus,
the analytical electric field pattern of the designed array can
be represented by

M=8
Ep©) = Ely - (3 |An] PnFm500)  for = 90°
m=1
(12)
where
Y = (m — 0.5(M + 1))d; (13)

Here, Ef// denotes the electric field of the single antenna
element defined by Eq. (4), which is identical for each
element in the array. The number of the array elements is
denoted by M, and A,, and ¢,, represent the magnitude
and phase of the input voltage excited to the m-th antenna
element, respectively. The function y,, denotes the position
of m-th antenna element on the y-axis, while d; represents
the distance between the elements and, here, is set to be A/2.

To verify our theoretical analysis and to evaluate the
performance of the array, several simulation results are
presented. The simulated gain patterns in the xz-plane for
different &y values are presented in Fig. 10(a). It is noted that
in the xz-plane, the radiation pattern of the designed array
has the same shape as that of the single element. That is,
with regard to the theoretical analysis shown in Fig. 7(b),
similar trends are seen in Fig. 10(a). When h, = 0.18 A
or 0.22 A, the designed structure provides boresight patterns
with a maximum gain of 13.6 dBi and beamwidth of 124°
for the 8 dBi threshold gain. As & increases, as in the case
of the theoretical analysis in Fig. 7(b), the main beam in the
xz-plane spreads to both sides. Consequently, when hy, =
0.31 A, the optimized xz-plane gain pattern with a maximum
gain of 11.8 dBi and a beamwidth of 150° is obtained. The
simulated FBR is 13.92 dB in this case. The simulated gain
patterns in the yz-plane are presented in Fig. 10(b). The array
beam patterns for scan angles (65) of 0°, 10°, 20°, 30°, and
40° were plotted by controlling the phase difference between
two signals excited to adjacent antenna elements (d¢,, =
®m+1 — Pm), as shown in Table 1, where the excited signals
have a linearly progressive phase distribution. The amplitude
of each signal is set to a constant of 4-1. In Fig. 10(b), the peak
gains are higher than 10 dBi and the side-lobe levels (SLLs)
are less than —10 dB for all scan angles.

Synthesizing the beam patterns for opposite scan angles
(i.e., —40°, —30°, —20°, and —10°) is straightforward. Thus,
this beam-steering property is enough to meet the azimuth
coverage requirement in the range from —45° to +45°.
The simulated S-parameters are given in Fig. 11, where the
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FIGURE 10. Simulated gain patterns of the designed AMC-backed slot

antenna array at 28 GHz: (a) in the xz-plane for different h, values, and
(b) in the yz-plane for different beam scan angles (6s).

TABLE 1. Phase difference between adjacent elements for beam scan
angles.

Phase Phase
Scar(l (;A)ngle difference Scar(l(;%)ngle difference
i () ‘ (df)
0° —0° -10° 0°
10° —60° —20° 60°
200 ~80° —30° 80°
30° ~100° —40° 100°
40° —120°

reflection coefficients and the mutual couplings are plotted
in Figs. 11(a) and (b), respectively. The simulated —10 dB
S11 and S77 bandwidths are 1.64 GHz (27.85-29.49 GHz)
and 1.18 GHz (27.96-29.14 GHz), respectively, which are
the best and worst cases among the reflection coefficients.
As shown in the reflection coefficients, extra resonances at
frequencies higher than the slot antenna’s resonant frequency
of 28.3 GHz appear. A similar phenomenon was observed
in [37]-[40]. Because of the presence of an AMC surface,
the effective thickness of the substrate becomes larger,
which causes the input reactance to be more capacitive [37].
The capacitive effect occurs over the frequency ranges of
28.64 GHz — 29.12 GHz and 29.6 GHz — 32 GHz in the
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FIGURE 11. (a) Simulated reflection coefficients of the designed
AMC-backed slot antenna array and the mutual couplings when using (b)
AMC, and (c) PEC reflectors.
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FIGURE 12. Photographs of the fabricated subarray prototype: (a) 3-D
view, (b) feed networks with and without delay lines, and (c) the
fabricated AMC reflector.

simulation result of the input reactance. The reason for this
extra resonance especially at the higher frequencies is that
the AMC surface becomes capacitive at frequencies higher
than its resonant frequency of 28.3 GHz, as shown in Fig. 8.
The capacitive AMC surface can store electric energy to
compensate for the magnetic energy stored in the near field of
the slot antenna element’s source [38]. Therefore, additional
zero reactance is produced at higher frequencies by loading
the AMC surface. The simulated mutual couplings from
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FIGURE 13. Experiment set-up for measuring the gain pattern and the
reflection coefficient of the fabricated subarray prototype.
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FIGURE 14. Comparison of measured and simulated results from the
fabricated subarray prototype for the gain patterns at 28 GHz in (a) the
xz-plane and (b) the yz-plane, and (c) the reflection coefficients.
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port #1 to all other ports of the designed AMC backed
array (i.e., Sa1, S31...581) are less than —10 dB. If using
a perfect electric conductor (PEC) reflector instead of the
AMC reflector in the proposed array design, Sy exceeds
—10 dB, as shown in Fig. 11(c). The reason why the mutual
couplings with the AMC reflector are higher than those with
the PEC reflector is that the AMC surface suppresses the
excited surface waves between antenna elements owing to
its high surface impedance property, unlike the PEC surface,
as described in [41], [42]. The calculated radiation efficiency
coefficient of the designed array is 0.77 at 28 GHz, despite
using the AMC reflector.

To verify the simulation results and to evaluate the per-
formances for the designed subarray antenna, we fabricated
and measured an antenna prototype. Photographs of 3-D
and top views for the fabricated subarray prototype are
shown in Fig. 12(a). In the proposed design, the slots are
implemented on the ground plate which is positioned on the
bottom side of the upper substrate in the prototype, and the
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ml |

Short via

FIGURE 15. The overall structure of the proposed hemispherical-coverage
phased array antenna unit, (b) the interconnection configuration of the
mounted phase shifter chip, and (c) the dynamic link co-simulation
environment of Ansys’s HFSS and Designer for imitating chip properties
through behavior models.

microstrip coupled feed lines are printed on the top side of
the substrate. Additionally, a feed network, which consists of
seven two-way T-junction power dividers, is included in the
upper substrate of the prototype to properly feed all of the
antenna elements in the array (see Fig. 12(a)). This extends
the dimension of the upper substrate of the prototype to the
negative x-direction, which reduces the gains at the half side
of the xz-plane; this indicates the reason for employing the
four-subarray configuration in which each subarray covers
one quarter of the hemispherical area, in the proposed
phased array unit instead of the two-subarray configuration.
To further assess the beam-steering performance, fixed
microstrip line delays for synthesizing the beam with a
specific scan angle (here, 6, = 30°) are employed in the
feed network as in [6], [43]-[45] (see Fig. 12(b)). Southwest
Microwave’s end-launch 2.92 mm K-type connector was
equipped for measurement. A photograph of the fabricated
AMC reflector prototype is shown in Fig. 12(c). The
experiment set-ups for measuring the gain pattern and the
reflection coefficient are presented in Fig. 13. Keysight’s
E8362B network analyzer and MTG’s near-field scanner
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FIGURE 16. System block diagrams for (a) switched analog beamforming
and (b) hybrid analog and digital beamforming.

with a standard open-ended waveguide probe were used for
measurement inside an anechoic chamber at the national
IT industry promotion agency, Incheon, South Korea. The
measured gain patterns of the fabricated prototype are given
in Figs. 14(a) and (b). These patterns were compared to
the simulated results which were conducted again while
including the added feed network. In the measured xz-plane
gain pattern, the peak gain is 11.62 dBi which arises at 8 =
+34° (see Fig. 14(a)). Over the positive 6 angle ranges of 0°
— 62° and 0° — 90° in the xz-plane, the gains were above the
8 dBi and 1 dBi threshold levels, respectively. As pointed
out earlier, the gains over the negative 6 angle range of
—180° — 0° are reduced due to obstructing the reflected
wave from the AMC surface by the addition of the feed
network in the prototype design. The measured and simulated
results agree well. In the measured yz-plane gain pattern,
the peak gains were 10.6 dBi and 10.3 dBi for the 0° and 30°
beam scans, respectively. As a result, it can be seen that the
synthesized array beam pattern of the fabricated prototype is
well-formed in the yz-plane, and that the measured result also
agrees well with the simulation. The measured and simulated
reflection coefficients of the designed subarray are presented
in Fig. 14(c) and are less than —10 dB over the targeted
frequency range of 28 GHz — 29 GHz.

Ill. HEMISPHERICAL COVERAGE PHASED ARRAY UNIT

In this section, the overall structure of the proposed
hemispherical-coverage phased array antenna unit based on
the subarray design is introduced, and its performance is
evaluated. As shown in Fig. 15(a), the proposed phased array
unit consists of four identical designed subarrays, which
intuitively matches the design concept diagram depicted
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FIGURE 17. The gain patterns for different beam scan angles with intervals of 10° for each subarray in the proposed hemispherical-coverage phased
array unit at 28 GHz: (a) subarray A, (b) subarray B, (c) subarray C, (d) subarray D, and (e) the legend.

in Fig. 2. The dimensions of the overall structure are 80.8 mm
x 80.8 mm x 2.4 mm. In this structure, for implementation
of more practical beamforming, 5-bit CMOS phase shifters
(Triquint’s TGP-2100 [46]) are assumed to be included
instead of the fixed delay lines, as in [47]. The added
phase shifters act as an analog-beamformer (ABF) in each
subarray, together with the power dividers. Radio-frequency
front-end (RFFE) circuits such as a power amplifier (PA)
and a low-noise amplifier (LNA) were not included in the
ABF structure because our main focus is on the angular
beam-coverage. Of course, state of the art ABFs, which
include RFFEs, phase shifters, and power dividers in one
packaged chip, such as NXP’s MMW-9002-KC [48] and
Analog Devices’ ADMV-4801/4821 [49], [50] can also be
utilized instead of the current ABF. The expanded top and

VOLUME 8, 2020

cross-sectional views for one of the mounted phase shifter
chips are illustrated in Fig. 15(b). A chip having dimensions
of 1.88 mm x 0.75 mm x 0.1 mm is interconnected
with the microstrip lines in the ABF using gold bonding
wires and shorting vias, which follows the JEDEC 4-point
standard [51]. The distance between adjacent termination
edges of the microstrip line and the chip is 0.1 mm, and the
length of the bonding wires is 0.45 mm. The wire inductance
calculated using Ansys’ Q3D extractor [52] is 0.17 nH at
28 GHz, and the interconnection loss is calculated to be
0.4 dB at that frequency. However, information on the layout
schematic of the commercial chip is not open to the public.
To address this, behavior models for imitating the phase
shift properties of the chip were utilized. For convenience,
the internal loss property of the chip, which is —6 dB, was not
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FIGURE 18. Total scan pattern of the proposed compact low-profile
hemispherical-coverage phased array antenna unit consisting of four
subarrays at 28 GHz.

considered because it can be compensated by amplifiers in
practical systems. Hence, each attenuator in Fig. 15(c) is set
to be a non-activated non-model component. In using of the
behavior models, dynamic link co-simulation was performed,
which connects the electromagnetic solver, HFSS, with
the RF circuit simulator, Ansys’ Designer [53]. On the
co-simulation schematic, the behavior models are positioned
between each pair of lumped ports (Port I; and Port O;)
of the HFSS model, as shown in Figs. 15(b) and (c). The
solved HFSS model, the phase shifter components, and the
signal source are included in the co-simulation schematic
for one subarray. The system integration example of the
proposed phased array unit (PAU) for beamforming is given
in Fig. 16. In general, digital processors, analog-to-digital
converters (ADCs), digital-to- analog converters (DACs),
up/down converters with RF switches for the time division
duplex (TDD), and PAUs including ABFs compose the
overall 5G mm-wave system [54], [55]. In the case of fully
analog systems that support one data stream instantaneously,
the subarrays in the proposed phased array unit can be
implemented in such that they can be switched using a SP4T
switch (see Fig. 16(a)). In the case of analog-digital hybrid
systems that can provide multi-data streams at the same
time, the subarrays can be directly connected to the up/down
converters (see Fig. 16(b)).

For each subarray of the proposed phased array unit,
the gain patterns generated by different beam scans ranging
from —40° to +40° with an interval of 10° are presented
in Fig. 17. Here, the phase difference d¢,, is set to have a
step of 22.5°, which is the available resolution in 5-bit phase
shifters. For all beam scans, the simulated maximum gains
of each subarray are higher than 12.4 dBi. Additionally, the
FBRs of each subarray are less than —10 dB for most of the
beam scans except for the £40° case. Moreover, it is seen that
all of the designed subarrays cover each quarter of the upper
hemisphere with moderate gains. The total scan pattern for
the proposed phased array unit is shown in Fig. 18, which
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FIGURE 19. Coverage efficiencies of the proposed compact low-profile

hemispherical-coverage phased array antenna unit consisting of four

subarrays and the patch phased array antenna unit with the same
subarray configuration and feed network at 28 GHz.

refers to the pattern extracted to the highest gain at every
angular distribution point (6, ¢) among all array patterns
with different beam scans [10]. As a result, the proposed
phased array unit could cover almost the entire area of the
upper hemisphere with proper gains. The calculated coverage
efficiency (7.) is presented in Fig. 19, and is defined as

Coverage Solid Angle

_ 14
7= Maximum Solid Angle cain (1

where the coverage solid angle is calculated using the total
scan pattern higher than a certain gain, and the maximum
solid angle is 27 steradians because a hemisphere is chosen.
The coverage efficiencies of the proposed phased array
antenna unit for threshold gains of 5 dBi, 8 dBi, and 10 dBi are
0.82,0.71, and 0.61, respectively, which is increased by 0.04,
0.09, and 0.13, respectively, over the phased array antenna
unit constructed for comparison consisting of patch antenna
elements introduced in [56] which have a gain of 6 dBi and
the same subarray configuration and feed network.

IV. CONCLUSION

In this paper, we propose a compact low-profile phased
array antenna unit with unidirectional hemispherical
beam-coverage for 5G mm-wave applications such as
V2I/HST/A2G communications, wireless APs, and small-cell
BTSs. We devised the four subarray configuration to achieve
unidirectional hemispherical coverage in the boresight
direction normal to the structure, and described the design
considerations for each subarray. Here, each subarray is
required to have a steerable beam over a range within +45°
in the azimuth plane, and a wide inclined beam with a 90°
beamwidth in the elevation plane.

We propose an AMC-backed slot antenna array with
eight elements as a solution for the subarray design.
By choosing the optimal distance between the AMC sur-
face and the antenna elements, the elevation beamwidth
of the proposed array is enlarged by 20% compared to

VOLUME 8, 2020



J. Bang, J. Choi: Compact Hemispherical Beam-Coverage Phased Array Antenna Unit

IEEE Access

the non-optimized case. To verify the simulation results,
we fabricated a prototype for the proposed subarray and
performed measurements. It was shown that the simulated
and measured results agree well with each other with few
errors. The fabricated subarray prototype has a peak gain
of 11.62 dBi and a gain above 8 dBi over the positive 6 angles
of 0°-62° in the measured xz-plane. For the 30° beam scan,
the measured yz-plane gain pattern is well formed.

Finally, we present the overall structure of the proposed
compact low-profile hemispherical-coverage phased array
antenna unit consisting of four subarrays. The dimensions
of the overall structure are 80.8 mm x 80.8 mm x 2.4
mm. In this structure, commercial 5-bit CMOS phase shifters
are included for more practical beam-steering achieved
by performing dynamic link co-simulation. As a result,
the coverage efficiencies of the proposed phased array
antenna unit for the threshold gains of 5 dBi, 8 dBi, and 10 dBi
are 0.82, 0.71, and 0.61, respectively, which is increased by
0.04, 0.09, and 0.13, respectively over the conventional patch
phased array antenna unit. Moreover, the proposed array
unit is proven to be compact and low-profile and to have
high gains, enlarged elevation beamwidths, good scattering
parameters, FBRs, and a beam-steering property.
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