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5G Indoor Base Station Application: Low Profile Broadband
Horizontally Polarized Omnidirectional Antenna

Shihao Wu and Feng Shang”

Abstract—In this paper, a low profile horizontally polarized wideband omnidirectional antenna is
presented, which consists of a simple single-layer dielectric substrate planar printing structure. The
bottom of the substrate is loaded with six Vivaldi slits to achieve omnidirectional radiation. An equal-
amplitude 1 : 6 power-division network is printed on the top of the substrate to provide a uniform feed.
In addition, rectangular slots etched on each radiation element conduce to the enhancement of high-
frequency gain and improvement of impedance matching. The antenna has 58.8% impedance bandwidth
(2.8-5.13 GHz, VSWR < 2) and low profile height of 0.009\ i, and it is convenient to fix under the
ceiling of buildings and could radiate well in indoor place. The radiation mode in the whole operating
frequency band is stable, and the cross-polarization is less than —20dB, which completely covers the
5G NR-n77/78/79 band.

1. INTRODUCTION

Today’s mobile communication technology is developing rapidly. The spectrum division is increasingly
intensive, and the demand for traffic and data services continues to increase. The high frequency
communication gradually takes over the dominant position, which leads to the problem of attenuation
and loss. As an important component in communication system, indoor base station antenna can
play a role in power compensation to a large extent. Especially in 5G communication, indoor base
station antennas with wide band and small size characteristics are indispensable. Omnidirectional
antenna is the most common type of indoor communication, which has been widely studied because
it can effectively reduce blind area and provide 360° signal coverage. Besides, horizontally polarized
(HP) omnidirectional antennas receive higher power indoors than vertically polarized omnidirectional
antennas [1]. HP omnidirectional radiation approximates a magnetic dipole (vertical magnetic current),
that is, a ring current in the azimuth plane. The electrically small ring antenna is the most direct
design method, which has the working mode of magnetic dipole, but the small radiation area leads
to poor impedance matching [2]. Although increasing the loop size can improve the impedance, the
uneven distribution of loop current makes it impossible to achieve omnidirectional radiation. Alford ring
antenna was first proposed in 1940 [3], which better solved this contradiction. Subsequently, modified
HP omnidirectional antennas are designed based on the Alford ring structure [4-6], but they have a
very narrow bandwidth. In [7], the technology of combining electrically small ring and Alford ring can
effectively increase the bandwidth, achieving 4.08% and 14.37% bandwidths, respectively, which is still
relatively narrow. In [8], a wider bandwidth of 27.4% was obtained by using a printed coupled ring
structure.

Compared with the ring structure, dipole antenna has better design freedom, so it has attracted
much attention in the research of omnidirectional antenna. In [9], three broadband dipole elements
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constitute an array to achieve HP omnidirectional radiation, but the few elements will cause
discontinuity of the electric field surface and lead to poor omnidirectional property. For this reason, [10]
adopts twelve dipole units for design, which requires a 1 : 12 power division feed network, thus increasing
the design complexity. In order to achieve a wide band in a simple structure, in [11,12] parasitic
elements are loaded around the ring dipole, but they have the disadvantages of low gain and large
cross-polarization at high frequencies respectively. Thereafter, [13] and [14] enhance the horizontal
gain by loading I-shaped structure (ISS) and placing epsilon-negative metamaterial above the antenna,
respectively, but the bandwidth of both is narrow. Some novel designs of horizontally polarized
antennas [15,16] are also proposed in the subsequent reports, but they all have the disadvantage of
high profile. In [17], a slotted rectangular patch and defective ground are used to realize HP radiation,
and the antenna profile is greatly reduced. However, due to its narrow band, it could not be well applied
in the design of base station antenna.

Recently, the design method of broadband HP omnidirectional antennas using slit array has been
studied [18-20]. In this communication, Vivaldi array is used as the basic structure to design a wideband
low profile HP omnidirectional antenna that can be applied to 5G indoor communication. In the
following part, the working principle and design process of the proposed antenna are introduced in
detail. Finally, a prototype antenna is made, and its performance is demonstrated.

2. BASIC MECHANISM

Tapered slot antenna (or Vivaldi antenna) was first proposed by Gibson in 1979 [21]. It is a kind of
traveling wave slot antenna with an exponential conical profile. It has been widely studied because of
its characteristics of easy integration in plane and wide band.

A common Vivaldi antenna consists of microstrip feeders, tapered slots, and transition structures.
The feeder is often placed across a trough line on the ground. The trough line connects the feeder and
tapered slot to play a transitional role, and the electric field energy is radiated through the tapered slot.
The antenna as a whole can be identified as a nonuniform conical transmission line [22]. Figure 1 shows
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Figure 1. Geometric structure of Vivaldi antenna unit.
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Figure 2. The equivalent circuit model of Vivaldi antenna unit.
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the structure diagram of the Vivaldi antenna unit, and its equivalent circuit model is given in Figure 2.

According to the description in [23], Z., and Z.s represent the characteristic impedance of
microstrip feeders and slot lines; Ly is the inductance at the slot end; X' and X" are the stub
reactance of feeders and slot lines; the equivalent inductance introduced by short pin is represented
by jX,,; and Z;, is the input impedance of microstrip and slot lines. For the convenience of analysis,
assume that Z;, = Z.s, then the input reflection coefficient of the antenna can be obtained:

Rs - Zcm +J (XTZ:LL +Xs)

I, = .
" Rs 4 Zem + j (X + X)

(1)

where R; and X, can be expressed as:

2inZ
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It can be seen from the above formula that X and X are the main factors affecting the input reflection
coefficient. This means that the wide band characteristics can be achieved if the feed structure and slot
size are properly selected.

In addition, [24] points out that the high dielectric substrate will scatter the surface waves
propagating along the antenna, resulting in spurious radiation effect. In contrast, the use of a substrate
with low dielectric can effectively reduce the dielectric discontinuity at the end of the Vivaldi antenna
and maximize the radiation of the antenna [25]. In the following part, the specific structure and design
process of the proposed antenna will be introduced in detail.

3. ANTENNA CONFIGURATION

The structure diagram of the proposed antenna is shown in Figure 3, in which circular FABME is used
as the dielectric substrate with a thickness of 1 mm and a dielectric constant of 2.2. Six Vivaldi arrays
loaded with rectangular slots are printed on the bottom of the substrate as radiators, with each cell
radiating in the direction of the opening at the edge. A 1 : 6 power-split feed network is printed on
the top of the substrate to excite the radiation element, and the feed point is located at the geometric
center of the antenna. Detailed parameter dimensions are listed in Table 1.

Table 1. Parameters of the proposed antenna.

Parameter | Value(mm) | Parameter | Value (mm) | Parameter | Value (mm)
R1 1.5 R2 2.4 w1 14.5
W2 0.3 A 8 deg pt 4.9
Rgs 1.8 GW 86 L1 9.9
L2 26.1 L3 11 k 0.9

S 0.6

The exponential tapered profile of the Vivaldi unit is determined by the radian r and the two points
A (x1, y1) and B (z2, y2) at the front and the rear, which allows a large degree of design freedom. The
function expression of tapered curve can be obtained by equation as follows [26]:
Yy = Ce™+Cy (4)
Y2 — Y1
Cr = oo orer (5)
y1e"™? — yge™™!

Cop= (6)

erTT2 — eTT1
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Figure 3. The overall structure of the proposed HP antenna.

where 7 is the opening rate or radian of the tapered curve. After determining the radian of the slit, Cy
and C5 can be calculated using the coordinates of the starting point and ending point. The values of
these two parameters will directly affect the electrical size of the Vivaldi antenna unit. In this design,
the radian r = 0.1 then the corresponding C; = 0.25 and Cy = —0.92.

The left side of Figure 4 shows the schematic diagram of the 1 : 6 power distribution feed network
of the antenna. A 502 coaxial cable is fed at the center of the circular patch as the input port, and the
fan-shaped balun is connected to the input end of the antenna through a matching transmission line.
The feed network in this design has equal amplitude and is in phase, so the structure of each branch
is exactly the same, which can be obtained by rotation copy. In order to facilitate design analysis, the
equivalent circuit under one of the branches is given on the right side of Figure 4. Considering that
the coaxial line of 50§2 is connected by six branch microstrip lines in parallel, the input impedance
Zin, = 30082. The impedance Z; of the designed fan-shaped balun is 682, so the impedance of the
matching transmission line can be calculated as Z,, = v/ Z;n X Zp &~ 1432 according to the impedance
transformation formula, and the length of the transmission line is about A,/4.
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Figure 4. Power division feed network diagram and equivalent circuit.
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4. EVOLUTION OF ANTENNA

In order to better analyze the influence of antenna structure on performance, several antenna models in
the design process are given in Figure 5. Ant. 1 is the original structure, and the radiation unit consists
of only four Vivaldi arrays, which are excited by a 1 : 4 power division network. Ant. 2 increases the
number of radiation slits in the original structure to six, which are accordingly excited by a 1 : 6 power
splitter. Then, based on Ant. 2, corrugated rectangular slots are introduced on both sides of each
radiation slit to form the proposed antenna.

Ant.1 Ant.2 Proposed

Figure 5. The design evolution of the proposed antenna.

Firstly, the 3D radiation patterns of Ant. 1 and Ant. 2 operating at 3.3 GHz, 4 GHz, and 4.8 GHz
are compared, as shown in Figure 6(a) and Figure 6(b). Ant. 1 has a good omnidirectional mode at the
low frequency of 3.3 GHz, but the omnidirectional characteristic deteriorates gradually with the increase
of frequency. At 4 GHz, the radiation pattern shows a significant ripple in the azimuth plane. When
operating at 4.8 GHz, the radiation mode appears to split and distort.

Compared with Ant. 1, Ant. 2 shows stable radiation mode and excellent omnidirectional property
at medium and low frequencies. Only slight ripple occurs at 4.8 GHz at high frequencies, but it can
remain in omnidirectional mode. It is not difficult to know that the more the number of radiation slits

Fhi sy
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Figure 6. The radiation patterns of Ant. 1 and Ant. 2 at 3.3 GHz, 4 GHz and 4.8 GHz respectively.
(a) Ant. 1 with four radiation slits. (b) Ant. 2 with six radiation slits.
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is, the better the omnidirectional performance of the antenna is, but it will also complicate the feeding
structure, which is disadvantageous to the physical manufacturing. Therefore, in order to balance this
point, six radiation slits were selected for design.

By observing the input impedance in Figure 7, it is found that the radiation resistance of Ant. 2
at high frequency is small, while the reactance value is large, so the impedance matching is not good.
In order to improve the impedance characteristics, a corrugated rectangular slot structure is loaded.
On the one hand, it plays the role of inductive reactance. It can be seen that the resistance value of
the proposed antenna at high frequency increases and approaches 50 ohms, and at the same time, the
imaginary part of the impedance is close to 0, which means that the impedance matching of the antenna
at high frequency is improved.

On the other hand, as shown in Figure 8, the current at the edge of the patch flows along the
rectangular slot, extending the current path and increasing the electric length, which is beneficial for
maintaining the miniaturization of the antenna.

Moreover, the rectangular slot structure can further enhance the radiation performance of the
antenna. Figure 9 compares the realized gains of the antenna before and after loading the rectangular
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Figure 8. Vector current distribution on both
sides of a rectangular corrugated slot.

Figure 7. The influence of corrugated rectangu-
lar slot on input impedance.
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Figure 9. Realized gain curves with and without
loaded corrugated slots.
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Figure 10. Comparison of VSWR in Ant. 1,
Ant. 2 and proposed.
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slot. At mid and low frequencies, the realized gain flattens out, while at 4.3 GHz, it starts to show a
clear upward trend, and the average gain of the proposed antenna is enhanced by about 1.2dB in the
high frequency band compared to Ant. 2.

Figure 10 shows the comparison of the voltage standing wave ratios (VSWRs) of these three antenna
models. Except for the structural changes, the other parameters remain the same. It can be found that
Ant. 1 has the narrowest impedance bandwidth, and the resonant points are at 2.7 GHz and 4.6 GHz. In
Ant. 2, the impedance bandwidth is significantly broadened, especially between 2.98 GHz and 4.36 GHz.

Bottom view

Figure 11. The prototype of the antenna and the measurement scene in the vector network analyzer
and microwave anechoic chamber.
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Figure 12. Comparison of simulation and measurement results of VSWR and realized gain.
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Figure 13. Simulation and measurement of radiation patterns of the proposed antenna. (a) 3.3 GHz.
(b) 4GHz. (c) 4.8 GHz. (d) 5 GHz.
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In addition, the resonant frequency moves to high frequency, which is caused by the reduction of the
overall size of the antenna radiation patch due to the introduction of multiple radiation slits. In
order to further expand the bandwidth at high frequencies, the proposed antenna is loaded with a
corrugated structure composed of rectangular slots to achieve a wide impedance bandwidth of 59.6%
with VSWR < 2.

5. SIMULATION AND EXPERIMENTAL RESULTS

In order to further verify the design, a prototype antenna was fabricated, and measurements were
carried out. Figure 11 shows the actual model and test scenario of the proposed antenna. E5063A
vector network analyzer was used to test the voltage standing wave coefficient, and the antenna gain
and far-field radiation pattern were measured in a microwave anechoic chamber. Figure 12 depicts
the measurement results of voltage standing wave coefficient and gain. Compared with the simulation
results, they are basically consistent.

The measured impedance bandwidth is 58.8% (2.8-5.13 GHz), and the peak gain varies between
0.6 and 3.7 dBi.

Figure 13 shows the radiation pattern of the proposed antenna operating at 3.3 GHz, 4 GHz,
4.8 GHz, and 5 GHz, respectively, with stable radiation patterns. Omnidirectional coverage is achieved in
the horizontal plane, with slight ripple at the higher frequency, which is caused by the uneven radiation
power due to the gain increase. If the antenna is regarded as six planar horn radiating elements, then
in the case of the same size, the gain will increase, and the beam will be narrower as the frequency
increases, resulting in a decrease in coverage roundness. However, in the overall direction, the minimum
gain is also greater than —0.43 dBi, and the omnidirectional radiation can be well carried out. The
maximum unroundness is about 4.5dB. At the same time, the cross polarizations of horizontal plane
and vertical plane are less than —20dB and —15dB. In addition, Table 2 also lists the comparison
between some previous research works and the design of this paper.

Table 2. Comparison of the proposed antenna with the reference antennas.

Ref. | Bandwidth (%) | Gain (dBi) | Dimension (A3, )
8] 27.4 1.4 0.50 x 0.50 x 0.02
[13] 19 1.8 0.77 x 0.77 x 0.05
[14] 9.3 2.99 1.85 x 1.85 x 0.08
[15] 18.1 0.98-2.04 | 0.48 x 0.48 x 0.19
[16] 5.32/20.56 ~ 2 0.18 x 0.08 x 0.20
[17] 5.51 2.3 0.32 x 0.32 x 0.006
Prop. 58.8% 0.6-3.7 | 0.80 x 0.80 x 0.009

6. CONCLUSION

In this paper, a wideband HP omnidirectional antenna is proposed to achieve an omnidirectional
radiation pattern by forming an array of six Vivaldi slit elements as radiators. A simple 1 : 6 power
division network is used for feeding. All structures are printed on the front and back sides of a single
dielectric substrate, giving it the advantage of a low profile, while also helping to reduce design costs
and have ease of fabrication. The proposed antenna has a VSWR < 2 in the 2.78-5.13 GHz range and
achieves 58.8% broadband characteristics. It can fully cover 5G NR-n77/78/79 frequency band, which
can be used as a candidate for 5G indoor micro-base station.
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