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A Compact High-Isolation Wideband Three-Sector Linear Array

Sheng Wu™, Lidong Chi

Abstract— A compact and highly isolated three-sector linear array is
proposed targeting point-to-point or point-to-multipoint data communi-
cation in Central Business District (CBD) and residential subdivision
applications. It features wide bandwidth, high isolation among the units,
low wind load, and low manufacturing and installation costs within
the 400-500 MHz band. The driving element of the array unit is a
wideband high-efficiency electromagnetic structure (WHEMS) applied
in combination with the metal rods as passive elements for isolation
purposes. The parasitic rod, shared by the adjacent units, decouples the
mutual coupling by reducing the distance, which realizes not only the
high isolation capability but also reduced size. The beamwidth and the
front-to-back ratio of the antenna are controlled by the combined effect
of the metal rods and the bent of the active element. The impedance
bandwidth of the antenna is 380-670 MHz (55%), and the H-plane half-
power beamwidth (HPBW) is more than 70° in the 380-520 MHz. The
front-to-back ratio is more than 19 dB and the gain is 8.2 + 0.4 dBi in
400-500 MHz. The isolation is greater than 36 dB with unit spacing less
than 0.2 in 380-670 MHz.

Index Terms— Array, common metal rods, compact, high isolation.

I. INTRODUCTION

With the rapid development of long-term evolution (LTE) and
5G, people are demanding higher communication quality and speed,
thus the Global System for Mobile Communications (GSM) tech-
nology may be soon abandoned. As a consequence, the 400 MHz
GSM working band will become an idle band. Compared with the
millimeter-wave bands, the 400 MHz GSM frequency range has
the advantages of low attenuation, strong diffraction ability, and
long propagation distance. The Third Generation Partnership Project
(3GPP) has specified the GSM 450 MHz as the band 31 for LTE [1],
which can be used for broadband communication in suburban and
rural areas and for wireless communication in smart grids [2], [3].
In IoT applications, ISM 433 MHz is used for long-range radio
(LoRa) technology [4], [5]. In the future, the 400-500 MHz interval
will still play an important role in LTE, IoT, and even 5G applications.

There are applications of vertically polarized antennas in outdoor
signal coverage and wireless data transmission [6]-[8]. The main
application scenarios include point-to-point or point-to-multipoint
data communication in Central Business District (CBD) and resi-
dential subdivision applications. The electrical size of the antenna is
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relatively large in this frequency band, thus it should be maintained as
small as possible for applications in densely populated urban areas for
reducing its visual impact and for maintenance considerations. The
mutual coupling between units is an important aspect that needs to
be solved for keeping low the overall antenna profile while achieving
a reasonable isolation level among the array units. In suburban areas,
larger unit spacing means larger towers to support the antenna.

Mutual coupling induced in the radiating element can severely
degrade the output signal-to-noise ratio of the adaptive array antenna
and the convergence of the array signal processing algorithms [9].
Mutual coupling in transmitter array antennas affects not only the
radiated power but also the power receiving capability [10]. Such
coupling cannot be reduced by increasing the distance among units
due to space constraints. The reduction of the coupling current
and the improvement of the port isolation are of great importance
in antenna arrays for achieving a compact structure. The work
in [11] compensated the existing coupling by connecting the antennas
through neutralization lines in order to reduce the coupling problem
of dual antenna units. Etched slits [12] and isolation slots [13]
are also used to suppress surface waves on the ground plane,
whereas an electromagnetic bandgap (EBG) substrate helps to reduce
the coupling by reducing surface waves on the thick substrate of
the microstrip antenna. In [14] and [15], a decoupling network is
designed to connect the two ports for improving the port isolation.
Moreover, with the development of massive multiple-input-multiple-
output (MIMO) technologies, additional techniques are proposed such
as the one in [16] where array-antenna decoupling surfaces (ADSs)
are implemented to solve the decoupling problem of large array
antennas, where ADS relies on the diffracted wave cancellation
to minimize the coupling waves. So far, most of the decoupling
techniques require the design of a separate decoupling structure.

Recently a directional antenna, based on a wideband high-
efficiency electromagnetic structure (WHEMS), has been proposed
as the driving element [17]-[22]; it achieves a wideband high gain
with good radiation performance, thus being suitable for LTE and IoT
applications [18], [19]. Moreover, it is suitable for base station appli-
cations since it is able to reduce wind resistance making advantage
of metal rod reflectors instead of planar reflectors. The directional
antenna for Wi-Fi dual-band proposed by Chi er al. [20] achieves a
consistent H-plane dual-band beamwidth and, in the operating band,
the antenna has a stable H-plane beamwidth of 66°-71°, which can
be used for Wi-Fi applications. However, the design employs a metal
reflector plate and a bent slot-loop antenna to control the beamwidth,
and it is not used within an array. Therefore, the work in [20],
although in principle it is suitable for designing array antennas, it has
the disadvantages of using a metal plate reflector that increases the
wind load of the antenna. Moreover, the induced currents generated
on its surface also decrease the isolation of the antenna when applied
within an array design.

In this communication, a linear array with compact structure, high
isolation, and wide bandwidth from 400 to 500 MHz is proposed to
be suitable for point-to-point or point-to-multipoint data communi-
cations. Moreover, the proposed WHEMS driving element, together
with the decoupling solution offers the potential to design parasitic
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Fig. 1. Proposed antenna unit (with support rod). (a) Dimensions are in mm.
(b) Three-dimensional model.

elements that can be used for dual-polarization decoupling to achieve
a compact design also for dual-polarization base station antennas.
The proposed design requires encapsulating in a waterproof housing
only the WHEMS, thus it offers low wind load compared to other
designs [20]. The beamwidth and front-to-back ratio of the units are
controlled by the structure of metal rods and by a bent slot-loop
antenna. The bent driving element not only reduces the size of the
antenna, but also reduces the distance from the reflector to the driving
element itself. By keeping in mind the objective of a compact design,
the reflector spacing of adjacent units tends to reduce, thus each
radiator affects the radiation patterns of adjacent units. To overcome
this limitation, a design scheme based on common metal rods is
proposed. The common metal rod and the two adjacent units have
a small spacing with strong mutual coupling, which can regulate
the coupling current on each array unit and achieve decoupling. This
scheme not only reduces the coupling between units, but also reduces
the number of required metal rods, thus allowing more efficient
element utilization than other decoupling methods.

In Section II, the design method of the array unit is introduced to
describe the current model of the driving element and the role of the
voltage balun. In Section III, the array design principle is introduced,
and the decoupling principle of shared metal rods is analyzed in
detail and verified by parametric analysis. In Section IV, simulated
and measured results are analyzed to compare the performance of
this design with other sector antennas. In Section V, a summary is
presented.

II. ANTENNA UNIT

The array unit is mainly composed of four parts: the radiating
element made by the folded structure, metal rods, the balun, and the
coaxial line, whose radius in mm is shown in Fig. 1. The thickness of
the folded planar element is 2 mm, whereas the radius of the metal rod
reflectors is 23 mm for rodl, 15 mm for rod2, and 40 mm for rod3.

The current of the driving element is abstracted and its current
distribution in the left half is shown in Fig. 2(a), where iy indi-
cates the current on the folded portion of the structure of length /o,
[ is the length of i1, /3 is the length of i3, and /4 is the length of i4.
The total length [ =11 +2-1p +2 13 + 2 -4 denotes the perimeter
on both sides of the slot. The lengths {; = 0.225/, I, = 0.1234,
I3 = 0.1944, and /4 = 0.0684 are calculated at 450 MHz. In order
to reduce the impact of the bend, the point B of the bend should be
near the minimum point of the current. Thus, the sum of /; and two
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Fig. 2. Current analysis. (a) Current model. (b) Current equivalent model.

(b)

Fig. 3. Sector array. (a) Model for simulation. (b) Physical model.

times of /> provides a total length of almost half wavelength, and / is
almost one wavelength, such that the current is zero at point B. The
current can be decomposed to obtain the equivalent radiating model
as shown in Fig. 2(b) [20]. According to this equivalent model, the
radiating structure can be simply analyzed as three parallel dipoles.
The metal rod reflector has a relevant reflection effect on the dipoles
such that three vertical rods rodl, rod2, and rod3 are used to tune
the radiation performance of the antenna. Among them, rodl is the
main mechanical support structure, since it employs a metal rod with
a large radius; from an EM point of view, it acts mainly at reflecting
the field generated by the current in the middle part of the antenna.

Both rodl and rod2 have the effect of suppressing the back lobe,
where rod2 is part of the antenna unit. Rod3 is located on both sides
of the antenna unit, reflecting the field generated by the current on
both folded sides of the driving element. All reflecting rods and the
length of the folded portion of the radiating structure bend can be
adjusted to tune the beamwidth and the front-to-back ratio of the
overall antenna.

This design uses a coaxial line for feeding the radiating structure;
there will be a non-zero current flowing on the outer surface of
the coaxial line outer shield, which leads to an unbalanced feeding
point and, as a consequence, such common-mode current affects the
radiation performance of the antenna. A voltage balun can reduce the
unbalanced current, thus it is included in the design.

III. ARRAYS AND DECOUPLING
A. Array Design

The antenna unit proposed and described in Section II is employed
to realize a linear array of three units, as the one shown in Fig. 3(a).
Aluminum alloy is used for the antenna structure to reduce the weight
of the overall array antenna. The physical model is fabricated by
cutting, bending, and welding all-metal structures that make up the
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Fig. 4. Decoupling schematic.

array. The last welding step is preferred with respect to screwing
to maximize the strength of the overall structure and avoid any
additional metal parts that may affect the radiation performance.
By bending the driving element, the dimension in the XOY plane
can be reduced, thus a more compact structure can be achieved. The
manufactured array, when placed inside the measurement chamber,
is shown in Fig. 3(b). When the three radiating units are mounted
together to realize the array, the limited horizontal spacing among the
units introduces a detrimental effect on the radiation performances
of each unit due to the mutual coupling. Moreover, the metal rods
also affect the radiation performance of the adjacent units. In order to
achieve a compact design, and to minimize the coupling effect among
the three units, the design is refined by employing common metal rods
between adjacent units, also targeting a reduction of the total number
of metal rods. The coupling current on the common metal rods affects
both adjacent units; however, such coupling current on the metal rods
can be used to suppress the coupling current between two units, thus
improving the isolation between adjacent array elements.

B. Decoupling Principle

The smaller the spacing, the larger the mutual coupling of units will
be, with the current coupling being mainly generated by the adjacent
units. The active structure in each array element is symmetric, and its
current distribution is also symmetric, thus only the current coupling
of one adjacent unit will be analyzed herein. According to the
equivalent model in Fig. 2(b) of the radiating structure in Fig. 2(a),
half of the unit can be modeled by a dipole and its parasitic element,
as shown in Fig. 4, where dipoles 1 and 2 represent the right half of
a left unit, dipoles 4 and 5 represent the left half of the antenna on
its adjacent (right) unit, and 3 represents the common metal rod. The
currents /1 and I satisfy (1), whereas currents /4 and /5 satisfy (2),

according to [18]
1
I = I .=
b 1/ cos (a) 2)

1
Iy =1 =)
4 5cos(a) 2)

The calculation of the mutual impedance enables a qualita-
tive analysis of the coupling current. The impedance equation is

€y

@
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established by combining the current and impedance as in (3), where
Zij denotes the self-impedance of the ith element, Zjj denotes the
mutual impedance between the ith element and the jth element.
i denotes the current in the ith element, U is the excitation voltage
of element 1, and Us is the excitation voltage of element 5.

The relationship between /1 and /5 is obtained by simplifying
(1) and (2) into (3), as shown at the bottom of the page, as in (4),
shown at the bottom of the page. /1 and I5 interact with each other
through the self-impedance and mutual impedance of the antenna
unit and the common metal rod. From (4), it can be seen that the
parameters Z33 and Zp3 associated with the common metal rod
become important factors affecting /1 and /5. Adjusting the length
of the common metal rod can change the self-impedance Z33, and
adjusting the distance between the metal rod and the antenna can
change the mutual impedances Zij3 and Z3j. For sake of brevity,
by considering only the effect of /1 on I3, the expressions of I3
as function of /7 is shown in (5) where 7;, is the phase of mutual
impedance and 7y is the phase of self-impedance [23]. The phase
of /3 is the function of both 7,; and 7y. By adjusting the length &
of the common metal rod, the phase term 7y of the self-impedance
can be modified; whereas the phase 7, of the mutual impedance
can be adjusted by varying the distance d, according to Fig. 3(a).
The definition { = 7 — 7, 4+ 79 can be used to better highlight the
impact of the common rod. When ¢ > 0, the phase of I3 exceeds
that of /; and the common metal rod behaves as a reflector. The
fields generated by /1 and I3 are inverted on adjacent units, thus the
coupling becomes weaker, and the isolation is enhanced. However,
when ¢ > 0, the phase of /3 lags behind that of /1, thus the common
metal rod behaves like a director. The fields generated by /; and I3
are isotropic on adjacent units, thus leading to enhanced coupling
and reduced isolation. The parametric study of the length 4 and the
spacing d of the common metal rods described in the next paragraph
help to optimize the design by maximizing the obtained decoupling
level for the specific band of interest. However, when the length of
the parasitic element is greater than 0.54, it is inductive and acts as
a reflector; when its length is less than 0.54, it is capacitive and acts
as a director. Rodl, rod2, and rod3 all need to behave as reflectors,
so their lengths need to be greater than one-half wavelength. At a
final design stage, their specific lengths can be further optimized to
meet the target specs

_hZis _ 1 IZl3|ef”'" _ 1 1213 j(z—tm+1)
Z33 |Z33] e/ 70 |Z33]

I = ®)

C. Parametric Study

According to the decoupling principle of the common metal rod,
the parameters d and h are important parameters that can be tuned
accordingly to minimize the coupling, where & denotes the length
of rod3, and d denotes the distance between the centers of rod3 and
rodl. A parameter analysis is carried out to investigate the effects
of these two factors, & and d, on the isolation between units of the

U, Z11 Zi2
0 Zy1 ZI»
0 |={231 Zn
0 Zay Zg

Us Zs1 Zs

Z33 [Zz] + Zycos (- 1/2)] — 723 [231 + Zzpcos (- 1/2)]

Z1i3 Zis Zis |y
Zy3 Zog  Zos b
Z33 234 Z35 I3 3)
243 Za4  Zss Iy
Zsy Zsy Zss | LTS
C))

Is=1

773 [Z35 + Z34 cos(w - 1/2)] — 733 [225 + Zp4 cos(w - 1/2)]
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radius. Rod analysis; (d) gain; (e) HPBW; (f) radiation pattern at 450 MHz.

array. The S-parameters between the excitation port of units 1 and 2
are shown in Fig. 5(a) and (b). In Fig. 5(a), the value 7 = 630 mm is
kept fixed while varying d, whereas the analysis shown in Fig. 5(b)
sets d = 240 mm and a variable 4. When rod3 does not exist, the
antenna isolation is greater than —25 dB; when / = 630 mm and
d = 240 mm, the antenna isolation is greater than 36 dB, with the
isolation being greater than 40 dB in the 400-500 MHz. When d is
too small, its effect due to the mutual impedance between the units
is too small, thus the effect on the coupling is small.

As shown in Fig. 6(a), metal planes of the same length are used
instead of the common metal rod while removing other metal rods
to further investigate the isolation effect of the metal rod structure.
The width a of the metal plane is parametrically studied as shown
in Fig. 6(b). The isolation effect of the metal rod structure can be
achieved when a is greater than 300 mm, and its width is 6.5 times
of the rod3. When « is equal to 100 mm, the isolation level is only
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better than 15 dB, thus the neighboring units will generate a large
unacceptable interference level.

Further analysis is carried out for clarifying the impact of the
rod3 radius on the isolation level in Fig. 6(c), as well as the
impact of the rods on the overall antenna performances as shown in
Fig. 6(d)—(f). In terms of rod3 radius, a trade-off between isolation
level and weight should be achieved, thus the value of 23 mm
is used in the final design. Moreover, the results in Fig. 6(d)—(f)
demonstrate the effectiveness of rod3 in terms of gain, half-power
beamwidth (HPBW), and back-lobe suppression, whereas rodl and
rod2 have a similar impact on the radiation performances. Rodl is
always vertical and at a fixed position, whereas rod2 can be rotated
with the WHEMS as an entire unit in the case that the main lobe in the
vertical direction should be tilted when this design is applied to base
station applications. If a relatively large tilt angle is required, rod2 can
be moved farther from rodl to avoid their mechanical interference
without degrading any of the antenna performances.

Further analysis is carried out to demonstrate the flexibility of the
proposed design for controlling the beamwidth amplitude. The folded
portion of the WHEMS is characterized by a 90° angle; it is bent such
that the angle is increased by 6, as shown in Fig. 7(a). The analysis
is limited to @ = 40° to keep the isolation level below —30 dB. The
vertical beamwidth, instead, can be easily reduced for applications to
base stations by vertically stacking more than one of the proposed
units [24]. This will inherently lead to a gain increase, thus making
the proposed design suitable for base station applications.
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IV. SIMULATION AND REAL TESTING

The measured and simulated S-parameters are shown in Fig. 8.
From Fig. 8(a), it can be seen that the measured bandwidth is wider
than the simulated one, and the range of measured |S;1| < —10 dB
is 380-670 MHz (55%). From Fig. 8(b)—(d), it can be seen that the
measured and simulated curves of Sj2, S13, and Sp3 are very close
to each other, as expected due to the symmetry of the structure. The
antenna isolation is greater than 36 dB in the full bandwidth identified
above (380-670 MHz), as a consequence of the optimization of the
common rod position and length from the parametric analysis in
Section III-C. Moreover, the isolation is greater than 40 dB in the
400-500 MHz operating band, such that the influence of adjacent
antennas can be completely neglected. The designed antenna achieves
high isolation in a compact structure, and it is able to reduce the
mutual interference between units. As can be seen from Table I,
the present design achieves higher isolation in a smaller grouping
radius (r) compared with the antenna in [25].

The test of patterns was performed in the anechoic chamber,
comparing the simulation and test results at 400, 450, and 500 MHz,
as shown in Fig. 9. The simulated and experimental results of each

Fig. 10. (a) Gain. (b) Efficiency.
TABLE 11
LOW-FREQUENCY ANTENNA APPLICATIONS
Ref Bandwidth  Gain H/E plane F/B ratio
) (MHz) (dBi) HPBW (dB)
[6] 400-480 6 85°/120° 15
[7] 470-520 9 65°/60° 18
[8] 403-430 8.1 105°/65 16
This work  400-500 8 75°/72° 19

unit tested in the array agree well with each other. The H-plane
HPBW of the antenna units are all greater than 70°, and the E-plane
HPBW of the antenna units are greater than 69°. The antenna
simulation front-to-back ratio is greater than 20 dB (the worst value
from the experimental test is found for the 450 MHz, to be 19.7 dB).
The high front-to-back ratio can reduce the interference of the
back lobe to other antennas. This work has the advantages of wide
bandwidth and high front-to-back ratio compared with other solutions
for 400-500 MHz vertical polarization antennas reported in Table II.
The simulated cross-polarization is very low in this design, the cross-
polarization is lower than —38 dB, and the polarization purity is
more than 46 dB. As shown in Fig. 10(a), the simulated gain of the
antenna is 8.15 £ 0.12 dBi in 400-500 MHz, whereas the measured
gain is 8.2 £ 0.4 dBi. As shown in Fig. 10(b), the simulated and
measured efficiency is close to 100%. This design uses an all-metal
design, no dielectric loss, low metal loss, good voltage standing wave
ratio (VSWR), and low return loss, thus, the antenna is characterized
by high efficiency.

V. CONCLUSION

A three-sector linear array antenna for 400-500 MHz is proposed
with common metal rod reflectors to decouple adjacent units. The
specific design proposed combines the effect of the common rod
and the bent of the driving element such that the mutual coupling is
minimized by reducing the distance of the common rod from the array
center, thus reducing the overall array size. The antenna uses bent
driving elements and metal rods to achieve a compact design, thus
reducing wind load and manufacturing costs, since only the WHEMS
driving element may be required to be encapsulated into a waterproof
housing. The design of the array unit and sector array is described
in detail, and the decoupling principle of the metal rod structure
is analyzed by an extensive parametric analysis. The experimental
results, in good agreement with the predicted performances by full-
wave simulations, show that the S7j is less than —10 dB in the
range of 380-670 MHz (55%). The H-plane HPBW is greater than
70°, with a front-to-back ratio greater than 19 dB. The isolation is
greater than 40 dB, and a stable gain of 8.2 £ 0.4 dBi is obtained
in the 400-500 MHz. The array adopts an all-metal structure, with
unit spacing less than 0.2, low wind load, and high isolation, and
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can be used for CBD data communication and residential subdivision
applications. The proposed decoupling method has the potential to be
implemented into the design of dual-polarized decoupling parasitic
elements, which helps to achieve a compact design for low-frequency
dual-polarized base station antennas.
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