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Abstract: Horizontally-polarized antennas are usually used in the system of polarization
diversity to improve the performance of communication chain and its reliability. Furthermore,
the bandwidth of the antenna openly governs the rates of data communication. In order to
meet the engineering requirements of high rates for data transmission and multi-band
communication, the antenna bandwidth of the communication system needs to be further
increased. In this paper we present the scheme of an omnidirectional loop antenna for
horizontally-polarized systems. The research status of the horizontally-polarized
omnidirectional antenna, and the working principle and radiation characteristics of the small
loop antenna are elaborated in detail. The field expression of the loop antenna is deduced
from the wave equation, and the characteristics of the far-field and the near-field of the loop
antenna are analyzed. On the basis of theoretical analysis, a practical loop antenna is
researched and developed for the demands of wireless communication engineering
applications. Moreover, we present the related loop antenna technology and how to
implement it. The radiation pattern of the antenna is obtained through computer simulations.
Our empirical results show that the small loop antenna based on capacitive loading can
realize the radiation characteristics of the horizontal polarization omnidirectional pattern. The
small loop antenna has the advantages of small size and easy portability, and the small loop
antenna operating in the resonant state has a high Q value, which gives it better frequency
selectivity. The design and research of this paper have important reference significance for
the engineering design and application of the VHF band horizontally-polarized
omnidirectional antenna.

Keywords: horizontal polarization; loop antenna; omnidirectional radiation pattern; very-
high-frequency (VHF)

1. Introduction

Antenna plays a very important role in over-the-horizon communication. The following is a
brief description of the position and role of antennas in over-the-horizon communication:

Signal transmission and reception: Antennas are key components in wireless
communication systems, which are responsible for radiating electromagnetic waves
generated by transmitters into space and receiving signals from long distances. In over-the-
horizon communication, antennas need to achieve high gain and low sidelobe at low
elevation to optimize signal transmission and reception.
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Improve the communication distance: over-the-horizon communication usually requires
signal transmission over a longer distance, and the performance of the antenna directly
affects the distance of the communication. The high performance antenna can reduce the
attenuation and distortion of the signal during transmission, thus extending the
communication distance.

Anti-interference ability: In over-the-horizon communication, the signal may be affected by
various interfering factors, such as multipath effects, atmospheric noise, electromagnetic
interference, etc. The antenna design can be optimized for these interference factors,
improve the anti-interference ability of the signal, and ensure the stability and reliability of
communication.

Multi-function integration: With the continuous development of communication technology,
modern antennas not only need to meet the basic signal transmission and reception
functions, but also need to integrate a variety of functions, such as beamforming,
polarization control and so on. The realization of these functions depends on advanced
antenna design.

In short, antenna plays a very important role in over-the-horizon communication. They not
only directly affect the performance and stability of the communication system, but also
determine the practical application range and effect of over-the-horizon communication.

Meteor trail communication is to carry out meteor burst communication through ionized
meteor trail reflection and scattered radio waves. It has the characteristics of anti-
interference, not easy to be intercepted, and single-hop communication distance. For a
variety of applications where operating at ranges less than 500 km is necessary, meteor
scatter is taken into consideration. Over-the-horizon communication can overcome the
influence of the curvature of the earth, and the communication distance can reach thousands
of kilometres. The communication distance can be increased by increasing the antenna ‘s
low elevation angle gain. High gain Yagi antenna or log-periodic antenna arrays at the
reception and broadcaster have remained the standard antenna arrangement for meteor
burst communication. This arrangement has been proved to perform well at distances more
than 700 km, however, it might not be the best at close ranges. Meteor trails are a dispersive
medium that can theoretically reflect radio waves from 20 MHz to 110 MHz. However, when
the frequency is higher than 60 MHz, the multipath effect becomes obvious and the
transmission loss increases rapidly with the frequency, while the low-end frequency
threshold is mainly determined by the physical size of the antenna, atmospheric noise,
ionospheric attenuation and galactic noise [1]. In practical applications, the frequency band
of 35 MHz to 60 MHz is commonly utilized. The center frequency of the antenna in this paper
is 45 MHz, and the operating frequency band is 40 MHz~50 MHz.

The characteristics of this system require the omnidirectional horizontally-polarized
antenna to have as high gain as possible at low elevation angles, which is conducive to a
longer communication distance. Generally, omnidirectional antennas play an important role
in wireless communication systems due to their 360° full-angle coverage. In addition, in
order to increase the reliability of the communication chain, horizontally-polarized antennas
are frequently employed in polarization diversity systems, and the antenna's bandwidth
directly affects the data rate of transmission. According to state-of-the-art research, the
system with horizontally-polarized antennas at both the transmitter and receiver can obtain
an average of 10 dB more power than the system with vertically-polarized antennas at both
the transmitter and receiver, which can increase the communication range more effectively
[2],[11]. Therefore, it is of great practical significance to study the horizontally-polarized
omnidirectional antenna. As a radio wave transceiver, the energy radiated by the antenna
usually varies with the location. In the horizontal direction, the energy of the omnidirectional
antenna does not change with the direction and presents an mode of uniform distribution.
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The energy distribution in the orthogonal direction varies with the position. Generally, the
lobe width is opposite to the gain change. Because of its uniform radiation characteristics in
the horizontal direction, omnidirectional antennas are generally installed in the center of the
required signal coverage. When the time-varying law and form of the electric field vector of
the wave transmitted by the omnidirectional antenna satisfy the linear polarization condition,
and the direction is parallel to the ground, it is called an omnidirectional horizontally-
polarized antenna. The research and design of broadband omnidirectional horizontally-
polarized antenna have practical value and profound significance. Therefore, in order to
meet the requirements of the high data rates and performance of state-of-the-art multi-band
communication systems, the bandwidth of the antenna is expected to be further improved.

The vertical polarization approximates the radiation of an electric dipole, and the horizontal
polarization approximates the radiation of a magnetic dipole. Generally, the realization of
vertically-polarized omnidirectional antennas is easier, and there are monopole antennas,
biconical antennas and other forms [3]. Since magnetic dipoles do not exist, horizontally-
polarized omnidirectional antennas need to be realized by arrays. Common types include
cylindrical slot arrays [3], cylindrical microstrip arrays [4], [5], turnstile antenna [3], and Alford
ring antenna, etc. [3].There are not many horizontally-polarized antennas and most of the
omnidirectional antennas are vertically-polarized antennas.

As we know, the traditional implementation structure of the omnidirectional horizontally-
polarized antenna is a small loop antenna [12]. However, due to small resistance and large
reactance characteristics of the small loop antenna, impedance matching becomes a difficult
and tedious activity. Therefore, on the basis of considering impedance matching and
omnidirectional radiation characteristics at the same time, in 2006, Lin et al. studied and
designed a new type of Alford-type loop antenna (with a bandwidth of 3.4%). The energy of
the H surface is uniformly radiated [13]. In 2009, Ahn et al. designed a dual-frequency de-
omnidirectional horizontally-polarized antenna (with a bandwidth of about 10%) using a
wing-shaped structure, which does not require an external impedance matching circuit and
has a simple structure. The disadvantage of these two methods is that the operating
frequency range is narrow [14]. In 2014, Chin et al. combined the concept of the turnstile
electric field with traditional slot dipoles. The authors used coplanar waveguides for feeding
to achieve an omnidirectional horizontally-polarized radiation pattern with a gain of 2.5 dB -
3.4 dB and an operating bandwidth of 15.4% (2.4 GHz - 2.8 GHz). The tested radiation
efficiency in the bandwidth is greater than 73% [15]. In 2014, Wang et al. designed a high-
gain broadband omnidirectional horizontally-polarized antenna. The antenna array consists
of four elements and a circular four-way power divider. Each element contains four pairs of
sector dipoles and a broadband bar [16]. The measured data shows that it has obtained
39.4% of the working bandwidth (1.62 GHz - 2.43 GHz), the peak gain within the working
bandwidth is 6.4 dB - 7.2 dB, and the radiation efficiency is 88%, but its profile is as high as
390 mm. In addition, some new technologies have been adopted. For example, in 2015, the
omnidirectional horizontally-polarized antenna designed by Zhang et al. contains four pairs
of dipoles [17]. The band parallel line achieves the purpose of balanced conversion from the
coaxial feeder to the antenna, while adding a reflector. The operating bandwidth of the
antenna is 39.6% (1.82 GHz - 2.72 GHz). In 2016, Zhou et al. designed and discussed three
types of antenna arrays, including 3, 4, and 5 array element dipoles, respectively [18]. The
feed network structure is simple and easy to match to the dipole elements. At the same time,
the crossover structure is adopted to reduce the crossover. The three antenna arrays work
at 1.7-2.7 GHz, covering the DCS 1800, WiFi 2700, and 4G-LTE frequency bands, and the
reflection coefficient within the bandwidth is lower than -15 dB. Zhang et al. designed a new
structure for the antenna design. The proposed structure consists of four array element
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dipoles, one arm of the dipole adopts a coupling structure, the feed structure is added with
square perturbation, and the operating bandwidth is 51% (1.6 GHz - 2.72 GHz) [19]. In order
to further widen the bandwidth, Xiuzhang Cai et al. used planar folded dipoles to form a
square antenna array, and designed a broadband feed network with a balun [20]. The
structure of the folded dipole enables broadband to be achieved in a small size. In operation,
the measured impedance bandwidth reaches 53.2% (1.19GHz~2GHz), the azimuth pattern
out-of-roundness is less than 2 dB at 1.2 GHz ~ 1.9 GHz, and increases to 2.8 dB at 2 GHz,
with stable peaks in the bandwidth The gain is about 1.2 dB and the polarization purity is
greater than 20 dB, however the disadvantage is that the profile is as high as 26.7 mm.
ZeDong Wang et al. designed an antenna array by means of mutual coupling [21]. The array
element is a sector-shaped printed dipole, and also includes a broadband feed network,
sector-shaped parasitic, and a guiding element. Due to the strong coupling effect and
impedance matching layer, the steering element is used to increase the gain of the
horizontal plane, and the results show that it achieves a 70.2% (1.7 GHz~3.54 GH2z)
impedance bandwidth and good isotropic radiation characteristics, where the pattern in the
1.7 GHz~3.2 GHz range is not circular. The disadvantage is that the size is 0.85 AL x 0.85
AL x 0.01 AL (AL is the wavelength corresponding to the lowest operating frequency) [6], [7],
8], [9].[10].

A loop antenna is an important type of antenna, which is widely used in wireless
communication systems. There are two types of loop antennas: electric large loops and
electric small loops. The conductor length and ring size of the electrically large ring are
comparable to the wavelength, and the conductor length and the largest linear dimension of
the ring perimeter of the electrically small ring antenna are very small compared to the
wavelength. The small electric loop antenna with a small ring perimeter can be regarded as
a magnetic dipole [25], and the radiation pattern is the same as that of an ideal magnetic
dipole, that is, the radiation pattern of the main plane of the ring antenna is omnidirectional,
and the zero point appears on the axis perpendicular to the ring plane [24]. The fundamental
limitation of electrically small loop antennas determines the restrictive relationship between
antenna size and bandwidth, and the development of wireless communication technology
requires the realization of broadband miniaturization of antennas [26]. Therefore, how to
reduce the size of the antenna while ensuring the broadband characteristics of the antenna
and improve the radiation of the antenna efficiency has become the focus of research on
horizontally-polarized omnidirectional electrically small loop antennas at this stage [22].At
the same time, simplifying the structure of the antenna as much as possible is also a
direction that needs to be solved in the future [23].

The major contributions of this article are as follows: (i) the design of a novel horizontally-
polarized omnidirectional loop antenna is proposed; (i) the horizontally-polarized
omnidirectional antenna and its working principle and radiation characteristics of the small
loop antenna are elaborated; (iii) the field expression of the loop antenna is deduced from
the wave equation, and the characteristics of the far-field and the near-field of the loop
antenna are analyzed; (iv) a practical small loop antenna is studied on the basis of
theoretical analysis for the engineering requirements of wireless communication
applications.

This paper is organized as follows. The research status of horizontally-polarized
omnidirectional antennas are presented in Section I. The detailed antenna design and its
operational theory are discussed in detail in Section Il. The model of antenna is analyzed
and the antenna radiation characteristic is discussed in detail, and simulation results are
presented in Section Il. The simulation results show that the proposed design is practical for
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the miniaturized horizontally-polarized omnidirectional antenna. The conclusion of this paper
is given in Section lIl.

2. Design of Horizontally-polarized Loop Antenna with Omnidirectional Patterns
2.1. Loop antenna basic theory
The infinitesimal loop current can be equivalent to an ideal magnetic current source.
Similarly, for a loop antenna with a small circumference used in practice, assuming that the
wire is very thin, a small loop antenna is placed on the XOY plane, as shown in Figure 1.
The current along the loop antenna can be seen as uniformly distributed, that is given by
Equation 1:

v 1

I .
where "°is a constant.

Figure 1. Loop antenna schematic diagram.

From the solution of the current source vector wave equation in electromagnetic field
theory:

—jkR
R

Integrating in spherical coordinates:
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where R is the distance from a point on the loop antenna to the observation point, r is the
radial coordinate of the observation point, k=2pi/A, dI' is an infinitesimal segment of the
antenna, and a is the radius of the loop antenna, 0 is the elevation angle,® is the azimuth

angle. According to the relationship:
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Substitute A into Equation (4) to obtain H , and then obtain E from Equation (5), the
zero components of the electric field and the magnetic field are respectively as follows [7]:
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Therefore, the radiation field area of the antenna can be divided into two areas: (i) the far-
field area; and (ii) the near-field area according to the value of kr:

1. Far-field (kr>>1)

u ka)’l,e” ™ . 7Sle M .

Ho z—%sme:—o—zsme (10)
4r AT

ur 2 — jkr — jkr

Ey anS|n0=n”SIO—ZES|n0 (11)
r AT

u wu u u

Hr:H¢:Er:E9:0 (12)

2, .
where S =7a° s the geometric area of the loop antenna. It can be seen from the above
three equations that the magnetic field only has a component in the 0 direction, and the

radiation field is zero on the axis of the loop antenna (9 =0°), and the pattern shows a shape
as shown in Figure 8.

2. Near-field (kr <<1)

u 2 — Jkr

Hr = alo—e3cos¢9 (13)

2r

un a2| e—jkr
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¢ 4r3 ( )

w u u
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In the near-field region (kr << 1), the two components of the magnetic field are in phase in
time, while for the electric field, their time phase is 90° out of phase. Therefore, the average
power (the real power) is zero, and the energy is in the electric and magnetic fields as well
as the field exchange with the source without radiation. Thus, the near-field region is also
called the induction field region. The small loop antenna working in the near-field area is also
called an induction coil, which transmits signals by inducing an alternating current on the coil
through the magnetic field in the near-field area [27].

2.2 Loop antenna model
The FEKO is an electromagnetic simulation software based on the integral algorithm. It
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has unique advantages in the analysis of electrically small antennas. It is not only convenient
to build antenna models but also has fast simulation speed and accurate results. This paper
also uses the FEKO application software to establish the antenna model shown in Figure 2.

Figure 2. Loop antenna model.

The meshing of the antenna model is shown in Figure 3.

Figure 3. Loop antenna meshing.

After simulation optimization, the side length of the small loop antenna is 0.7 meters, the
diameter of the loop is 18 mm, and the antenna conductor material is a copper tube with a
diameter of 18mm. The transmitting power of the antenna is 2 kilowatts.

A capacitor is loaded on the loop antenna, and the distance between the two parallel
plates of the capacitor can be adjusted. The spacing between the two capacitor plates can
be manually adjusted. The longer the distance, the higher the antenna resonance frequency
[28].

When the resonant frequency is adjusted to the specified operating frequency, if the
voltage standing wave ratio (VSWR) is high, such as greater than 2, the position where the
metal rod at the bottom of the loop is connected can be adjusted. By sliding the position of
the metal rod, the voltage standing wave ratio (VSWR) can be adjusted, however, generally
speaking, the resonant frequency will not be changed.

2.3 Free Space Antenna Radiation characteristic
A reactive element is loaded on the loop antenna to cancel the reactive part, thus
increasing the radiation resistance and thereby the radiation efficiency of the antenna can be
greatly improved. When the circumference of the loop antenna exceeds 0.1A, the current
cannot be considered to be uniformly distributed along the loop antenna, and the non-
uniform current distribution has a great influence on the antenna performance [30].
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Therefore, the current on the loop antenna is generally expanded into a Fourier series for
analysis:

1(¢) = |0+22m:|ncosn¢
n (16)

The small loop antennas are generally inductive, which is very important for loop antenna
design. In the design of the small loop antenna, the loop antenna is equivalent to an
inductance, and a resonant circuit is formed by loading reactance elements such as
capacitors to make the loop antenna resonate.

Figure 4. Loop antenna far-field radiation.

A,

¥

Figure 5. The gain(IEEE) of the proposed loop antenna (3D radiation pattern).
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Figure 6. The realized gain of the proposed loop antenna (3D radiation pattern).

The antenna is a horizontally polarized omnidirectional antenna with radiation pattern
characteristics similar to that of a monopole antenna. The technical performance
specifications of gain greater than 0dB and return loss S11 less than -10dB are achieved in
the operating frequency of 40MHz-50MHz.

Far field

Theta [deg]

Total Roalised gain (Frequency = 45 MHZ Phi = 0 deg) - VHF_fing_antenna_GRSM_optimum

Figure 7. The realized Gain of loop antenna (phi=0 degree plane).

It can be seen that the loop antenna can achieve a horizontally-polarized omnidirectional
pattern in the far-field (modeling shown as in Figure 4), like a magnetic dipole antenna, as
shown in Figure 5, Figure 6 and Figure 7. Figure 5 is the total gain of loop antenna. Figure 6
is the realized gain of loop antenna. Figure 7 is loop antenna radiation pattern [29]. Figure 8
is the VSWR of the loop antenna. It can be seen from the simulation results that the small
loop antenna has a good voltage standing wave ratio and excellent radiation characteristics.
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Figure 8. The VSWR of loop antenna.

2.4 Antenna radiation characteristic in the installed state
The carrier platform has a certain degree of influence on the radiation characteristics of
loop antenna. Loop Antenna mounted on the carrier platform is shown as Figure 9. The
distortion of the loop antenna pattern is particularly obvious. The loop antenna is placed at a
position of 1 meter on the carrier platform so as to mitigate the adverse effect of the carrier
platform. The specification of antenna gain roundness is deteriorated by the effect of the
carrier platform.

Figure 9. Loop antenna mounted on the carrier platform.
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Figure 10. Loop antenna computing.

42 45

Frequency [MHz]

Figure 11. The VSWR of the loop antenna without

matching network.

o

Impesance (kO]

0 E [ € 44 45

Frequency [MHz]

45 ar
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Figure 12. The real part of the loop antenna impedance.
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Figure 13. The imaginary part of the loop antenna impedance.
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Loop Antenna Matching circuit
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.ENDS GeneralNetwork1

.ENDS

Your Inputs Outputs

Z,: 50 Q L1: 152.382 nH

Fo: 45 MHz C1: 103.590 pF
Output: Single-Ended Z1: 15.80-j19.80Q
Input: Series Complex Load C2: 1.015nF

RL 159 O L2: 120.753 nH

Xi: -19.8 Q L1
152.382 nH 21

C12-103.580 pF 15.90 -
1980 0

c2

1.015nF 71
L2 3120753 nH 15.90 -
j19.800

Figure 14. Loop antenna matching network.

The carrier platform has great influence on the VSWR of the loop antenna. The VSWR of
the loop antenna without matching network is shown as Figure 11. The real part of the loop
antenna impedance is shown as Figure 12. Imaginary part of the loop antenna impedance is
shown as Figure 13.

Figure 14 shows antenna impedance matching range result at frequency 45 MHz. The
specific content of the SPICE model file is as follows in Figure 14.

By loading the impedance matching network, the impedance of the antenna is matched to

the characteristic impedance of the system, 50 ohms. When the center frequency is 45 MHz,
L1=152.382 nH, C1=103.59 pF. The modeling of loading the impedance matching network in

FEKO is shown in the Figure 15.
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GeneralNetworkl

Figure 15. Model of loading matching network in FEKO.

The VSWR after loading the impedance matching network is shown in the Figure 16.

VEWR

450 [
Frequency [Miz]

Figure 16. The VSWR of the loop antenna.

The simulated radiation patterns at 45 MHz are depicted in Figure 17.

Reaisad gair [d8i]

Far field
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Figure 17. Loop antenna gain mounted on the carrier.
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Figure 18. Loop antenna realized gain mounted on the carrier.

The simulated 3D radiation patterns of the loop antenna mounted on the carrier at 45 MHz
are depicted in Figure 18.

Far field

—

2 e |

30 60 a0 120 150 180 210 240 270 300 330 E:
Phi [dag)

Tatsl Gain [aBi] (Frequency = 45 MHZ; Theta = 90 deg) - liop_antenna_withground_matching

Figure 19. Gain roundness in horizontal cut plane of O degree elevation angle.

Far field
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Phi [deg]

Total Reaiised gain [dBi] (Frequency = 45 MHz: Theta = 85 deq) - kop_antanna_witiground_maiching

Figure 20. Gain roundness in horizontal cut plane of 5 degree elevation angle.
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Figure 21. Gain roundness in horizontal cut plane of 10 degree elevation angle.
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Figure 22. Gain roundness in horizontal cut plane of 45 degree elevation angle.

As observed in Figure 19 ~ Figure 22, gain roundness in horizontal cut plane at each
elevation angle is less than 4.5 dB. Moreover, the loop antenna is significantly small,
achieves omnidirectional patterns, and matches impedance at VHF band. Over the
frequency spectrum, the omnidirectional radiation patterns with small gain fluctuations are
possible. The loop antenna shows good omnidirectional characteristics in the operating
frequency band.

Figure 23. The photo of loop antenna.
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3. Conclusions and Future Work

This paper presents a loop antenna with horizontal polarization omnidirectional pattern in
azimuthal plane. The loop antenna is easy to fabricate and has low profile, compact size,
and low cost. The design method of capacitive loading and the impedance matching network
is also used in the loop antenna design. Simulation results prove that the projected antenna
covers the frequency band from 40 MHz to 50 MHz while the reflection coefficient were
observed less than -15 dB. In horizontal plane, the design of the loop antenna shows good
omnidirectional characteristics. Moreover, in horizontal plane the gain variations are less
than 4.5 dB over the whole frequency band. The horizontal polarization omnidirectional
radiation patterns are obtained for VHF band applications, which are suitable for Meteor
Burst Communication in aircraft or vehicles.
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