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ABSTRACT: Due to the presence of finite ground, the radiation pattern of a monopole antenna will upwarp, thereby affecting the com-
munication quality in the horizontal direction. Loading parasitic metal pillar elements near monopole antenna is a common beam control
method. In this paper, an inverted monopole antenna is used as the source antenna to analyze the effect and band of beam upwarping sup-
pression in wide band. The working principle and parameter analysis of elements are also discussed. This antenna can achieve 1-24° of
suppression from 360 to 570 MHz. At the same time, keeping the un-roundness almost unchanged, the horizontal plane gain is increased
by 0.53-1.74 dB. The omnidirectional pattern is improved, which provides a valuable candidate for vehicle communication.

1. INTRODUCTION

s well known, antenna serves as a terminal for transmitting
Aand receiving electromagnetic waves. Depending on spe-
cific requirements, users can select antennas that operate within
the desired band and offer varying radiation characteristics. For
instance, in vehicle communication, monopole antenna is often
used as vehicle antenna because of its omnidirectional radia-
tion characteristics [1,2]. However, due to the limitations by
the shape and size of the mounting carrier, the upwarping of the
beam and the distortion of the radiation pattern will appear [3—
7].

According to the theoretical analysis, the radiation character-
istics of monopole antenna can be attributed to the interaction
between the space wave radiated by the antenna and the surface
wave induced on the ground [4]. On the one hand, by changing
the ground and loading the structures on the ground plane, the
surface wave can be adjusted to improve the radiation charac-
teristics. In order to reduce the edge diffraction of the ground
plane and restrain the deterioration of the radiation pattern, re-
sistance and absorbing materials are loaded on the ground plane
[8,9]. The upwarping of the beam is suppressed by loading
a resonant slot on the ground [10, 11]. In [12, 13], mushroom
structures and ring EBG structures are loaded on the ground sur-
face to realize the regulation of surface waves and smooth the
radiation direction pattern of the monopole antenna. Loading
ring dielectric structures and ring EBG structures to improve
the un-roundness of monopole antenna placed off-center has
been studied [14, 15]. In work [16], mushroom structures are
uniformly loaded to the ground surface of a double conical an-
tenna. This approach effectively suppresses the upwarping of
the beam by the properties of the mushroom structure outside
the bandgap. The above researches have realized the regulation
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of surface waves, but the theoretical analysis and machining are
more complicated.

On the other hand, adjusting the space wave can realize beam
regulation effectively. A classical method of regulating space
wave is loading parasitic metal pillar elements near the source
antenna (SA). In [17], it is proposed for the first time to real-
ize directional beam control by loading parasitic metal pillar
elements near SA to form a parasitic array, that is the clas-
sic Yagi antenna structure. Since then, the researchers have
conducted a more in-depth analysis of parasitic array working
principles [18-22]. In addition, the omnidirectional radiation
pattern is improved by loading parasitic elements around the
monopole antenna uniformly [23]. On this basis, the direc-
tional beam can be realized in the horizontal plane by loading
adjustable impedance on the parasitic element [24-29]. Com-
pared with the surface wave control method, the loading struc-
ture and theoretical analysis method are simpler. However, in
previous studies, the antenna with narrow operating band is
mainly used as SA, and the operation band of elements on the
wide band is rarely introduced.

In order to study the suppression effect of parasitic metal
pillar elements in wide band, an inverted conical antenna with
wide operating bandwidth is used as the SA in this paper. Atthe
same time, the effect and band of elements on beam upwarp-
ing suppression are analyzed under different numbers, sizes,
and loading positions, so as to obtain better horizontal radia-
tion characteristics in wide band.

2. ANTENNA DESIGN AND OPERATING PRINCIPLE

2.1. Antenna Configuration

The configuration of the proposed antenna is shown in Fig. 1.
The overall structure of the antenna is mainly composed of three
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FIGURE 1. (a) Configuration of the proposed antenna. (b) The structure of inverted conical antenna.

parts: SA, ground plane, and parasitic metal pillar element. The
SA is an inverted conical monopole antenna covering 250 to
530 MHz with top loading and slots.

The loaded parasitic metal pillar elements play the role of
controlling the space wave. By uniformly loading elements in
aring pattern, it can suppress beam upwarping while improving
omnidirectional radiation of the antenna in the horizontal plane.
The geometric parameters of the proposed antenna are mainly
given in Table 1.

TABLE 1. Parameters of the proposed antenna.

parameters | values | parameters | values
h 100 mm P 120 mm
h1 180 mm 1 180 mm
rr 500 mm d 10 mm
I 70 mm l2 80 mm
I3 70 mm In 50 mm
w1 15 mm Wa 15 mm
w3 15 mm Wy 25 mm
w Smm

2.2. The Operating Principle of Parasitic Metal Pillar Elements

The parasitic metal pillar element can guide the space wave ra-
diated by SA towards the horizontal plane. For better analysis,
as described in [5], the derivation of the formula is given here
when the ground is infinite

E = FEsa+ Ep

i=1

moo . —jkr
IsaFsa+mIpFp - ZGZ(ACOSQP—%))] ¢

= IgaFsa

1+ mBozeiuws(w—w»} K

i=1

A =2mpsinf/A
B =Fp/Fsa ()
C=1p/lsa

Is 4 is the current on SA radiation, Ip the induced current on
the element, and m the number of elements. Fp and Fls4 are
the coefficients related to the size and shape of the elements and
SA. The influence of the ground on radiation can be discussed
as equivalent to the SA of the mirror and elements of the mirror.
The series in (1) can be expanded as follows [30]

= o)
i=1

A3)
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When m is big enough
Jo(A4) > Jn(A) 4
In this case, the series of (1) can be written as
E =IsaFsa[l + mBCJy (A)].e % /r )

It can be found that improving radiation can be achieved by
changing m, A, B, and C. m and B cannot change without
altering the antenna structure. It is obvious that the perfor-
mance of the antenna depends on C, which is a complex num-
ber. When the phase on Ip is behind that on Ig 4, radiation en-
hancement can be achieved. C' depends on the self-impedance
and mutual impedance of all components. It can be written here
as [23]

Vsa =IsaZsa+mipZig
0=1IsaZis+1IpZay (6)
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FIGURE 2. (a) Elevation angle and value of peak gain for the antennas with different m. (b) Gain and un-roundness on horizon plane of antennas

with different m.

Zy1 is the self-impedance of elements, Z;s the mutual
impedance between elements and SA, and if i#j, Z;; is the
mutual impedance between elements. In previous studies [31],
a half wavelength dipole antenna was used as SA, when m = 1
and p = A/4 in the horizontal plane

e—jkr

E = IgaFsa [1+m|B\echeiL%“’]. ®)

r

The classic conclusion can be drawn that when element is in-
ductive, it acts as a reflector, reflecting space wave. When el-
ement is capacitive, it acts as a director, guiding space waves.
In this article, it can be understood that when the element is in-
ductive relative to SA, it can reflect space wave, causing the
antenna beam to warp more significantly. However, when the
parasitic element is capacitive relative to SA, it can play a role
in suppressing the upwarping of the beam. By controlling the
impedance changes of elements, it is possible to control the
band that suppresses beam upwarping.

It should be emphasized that when h < ), it can make
|Zai| > |Z1s] and |B| = 0, which cannot achieve the effect
of space wave regulation. This also leads to the fact that tuning
parameters can hardly change the lowest frequency point that
has the effect of suppressing beam warping. The above formula
can provide theoretical support for subsequent analysis.

2.3. The Effect of the Number of Parasitic Metal Pillar Elements
(m)

As can be seen from Figs. 2 and 3, the effect of suppressing
beam upwarping becomes increasingly apparent, and the gain
in the horizontal plane also becomes stronger with the increase
of m. However, the smaller m in the horizontal plane makes
the un-roundness increase significantly, resulting in distortion
of the radiation pattern obviously in high frequency, as shown
in Fig. 3. It can be thought that when m is small, the elements
play the role of directional beam regulation.

Combined with (1) and (4), the series in (1) cannot be ig-
nored, and its impact becomes more pronounced as the fre-
quency increases. So when m is smaller, the gain on the hori-
zontal plane is more obviously affected by angle ¢ at high fre-
quency.

Combined with the increase of m in Fig. 4, the impedance
characteristics become significantly worse. It can be concluded
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FIGURE 3. The reflection coefficients with different m.

that in order to obtain a better suppression effect of beam up-
warping in wide band, it is necessary to load as many elements
as possible under the condition of guaranteeing the impedance
characteristics.

2.4. The Effect of the Loading Position of Parasitic Metal Pillar
Elements (rp)

When the parasitic metal pillar element acts as a director, it
can guide the space wave and suppress the upwarping of the
beam. 7p is an important factor. As shown in Figs. 5 and 6,
by reducing rp, the effect of beam upwarping suppression can
be enhanced, and the operating band can be broadened. This
is because the closer the distance is between the SA and ele-
ments, the stronger the regulation effect is on the space wave.
Combining (5) and (7), it can be observed that as the distance
between the two approaches, the mutual impedance between
SA and parasitic elements increases, where | B| is significantly
enhanced, and the suppression effect of beam warping is signif-
icantly enhanced. In addition, the decrease in rp increases the
highest frequency value of the Bessel function term in the posi-
tive range in (5), that is, the highest frequency point in the band
that plays a role in suppressing beam warping. The reduction
of rp causes a decrease in p, thereby resulting in an increase in
the capacitance interval. If other variables remain constant, the
field strength in the horizontal plane can be enhanced.

By observing Fig. 7, it can be found that as the distance
between the SA and elements becomes closer, the impedance
characteristics will deteriorate significantly. The rp should be
selected while ensuring that the impedance characteristics meet
the required design requirements.
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FIGURE 4. (a) Elevation angle and value of peak gain for the antennas with different rp. (b) Gain and un-roundness on horizon plane of antennas

with different rp.
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FIGURE 5. The reflection coefficients with different rp.
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FIGURE 6. (a) Elevation angle and value of peak gain for the antennas with different h. (b) Gain and un-roundness on horizon plane of antennas with

different h.

2.5. The Effect of the Size of Parasitic Metal Pillar Elements
(h, d)

Changing the size of the parasitic metal pillar element can af-
fect the effect and band of suppressing the upwarping of the
beam. As illustrated in Figs. 8 and 9, with the increase of h,
the inhibition effect of beam upwarping becomes more obvi-
ous. At the same time, it also significantly narrows the band
that effectively suppresses beam upwarping.

Combining (2) and (5), it can be observed that as h increases,
Fp increases, leading to omnidirectional radiation enhance-
ment. However, the increase of h causes the resonance point
of elements to shift towards lower frequency, resulting in the

highest frequency point that suppresses beam upwarping mov-
ing towards lower frequencies. Thus, the effective bandwidth
is narrowed.

From (2), (5), and (7), it can be seen that as d increases,
Zan decreases, which enhances the radiation on the horizontal
plane. The growth of d also shifts the resonant frequency of the
component towards higher frequencies, thereby expanding the
bandwidth that plays a role in suppressing beam warping. The
trend in Fig. 7 confirms the correctness of the theoretical anal-
ysis. Fig. 8 shows the trend of impedance characteristics under
different h and d. In the design, the influence of h and d should
be considered comprehensively to obtain better suppression of
beam upwarping in wide band.
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FIGURE 7. (a) Elevation angle and value of peak gain for the antennas with different d. (b) Gain and un-roundness on horizon plane of antennas with
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FIGURE 9. Photographs of (a) the proposed antenna and (b) the test site.

3. MEASUREMENT RESULTS AND DISCUSSION

Based on the above-mentioned analysis, the antenna is fabri-
cated, which is shown in Fig. 9(a). Parasitic metal pillar ele-
ments are designed to be detachable. The antennas are mea-
sured and compared before and after loading the elements.

In Fig. 10, the impedance bandwidths before and after load-
ing the elements are 250-520 MHz and 210-540 MHz. Com-
pared to the simulation results, the measured bandwidth is no-
ticeably narrower. External interference may lead to this devi-
ation.

The radiation characteristics of the antennas are tested in out-
door field, as shown in Fig. 9(b). In order to clarify the ef-
fect and band of components on beam regulation, we present
the main beam in the vertical plane and the radiation patterns
of the horizontal plane at three frequency points, as depicted

in Fig. 11. It can be observed that the beam upwarping is
suppressed, and the omnidirectional radiation is enhanced af-
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FIGURE 10. Simulated and measured |S11]| of the antenna before and
after loading elements.
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FIGURE 11. Simulated and measured radiation patterns of the antenna before and after loading elements. (a) 410 MHz, vertical plane. (b) 410 MHz,
horizontal plane. (c) 450 MHz, vertical plane. (d) 450 MHz, horizontal plane. (e) 410 MHz, vertical plane. (f) 510 MHz, horizontal plane.

TABLE 2. Suppression effects of the proposed antenna.

Angle of suppression Operating band Gain on horizon improving .

name . Method to suppress the beam upwarping
) (MHz) (dB)

[25] 40 13.5% (1450-1660) — skirt ground + parasitic metal pillar element
[26] 20 4% (980-1020) 1.6 skirt ground
[16] 4-8 25.4% (480-620) — loading mushroom structure on ground
Sim 124 45.2% (360-570) 0.53-1.74 parasitic metal pillar element
Meas 5-25 23.7% (410-520) 0.42-2.21 parasitic metal pillar element

ter loading elements, but there are discrepancies between the
measured and simulation data. Taking Figs. 11(e) and (f) as an
example, at 510 MHz, the simulation values for the maximum
radiation direction before and after loading are 40° and 60°,
respectively, while the measured values are 35° and 60°. The
deviation of the measured radiation pattern may be caused by
the error caused by the placement and rotation of the antenna
to bemeasured. In addition, the horizontal gains of simulation
and measurement are enhanced after loading the element. How-
ever, due to the electromagnetic energy of the outdoor field, the
horizontal plane pattern is distorted.

Table 2 summarizes the comparison of beam upwarping sup-
pression effects between references and simulation and mea-
sured data in wide band. It can be found that the proposed
antenna has better suppression effect in wide band. The dif-
ference between the simulation and measurement is due to the
limitation and influence of the outdoor environment. The cor-
ner spacing of the receiving antenna is relatively large, making
it difficult to exhibit weak beam warping suppression effects
in the low band. In the high frequency band, the impedance
characteristics deteriorate, resulting in distortion of the radia-
tion pattern. However, it can still be proven that the suppres-
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sion effect of loading parasitic metal pillar element is much im-
proved in wide band.

4. CONCLUSION

This paper presents simulated and measured results for the sup-
pression of beam upwarping by the parasitic metal pillar ele-
ment loaded near the inverted monopole antenna as SA in the
wide band. The working principle and parameter analysis of the
elements are discussed. Simulation results show that the pro-
posed antenna achieves 1-24° suppression of beam upwarping
from 360 to 570 MHz. In addition, the horizontal gain is in-
creased by 0.53—1.74 dB without worsening the un-roundness.
Although there are differences, the measured results can still
prove the role of the elements. Therefore, this design improves
the omnidirectional radiation on horizontal plane which offers
application potential in vehicle communication.
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