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In order to facilitate the integration of the offshore surface antenna and reduce the manufacturing cost, the resonance
shortening length and omnidirectional radiation performance of a centrally loaded whip antenna are analyzed. By calculating
the impedance characteristics of each part of the midload whip antenna, the shortened length of the antenna in the resonance
state is obtained; the superimposed field strength of the midload whip antenna to the far field is calculated and its radiation
performance is analyzed; the simulation is carried out by using FEKO electromagnetic simulation software. Through the field
test, the reflection coefficient and resonant frequency of the antenna before and after shortening are compared, and the
directivity of the midload whip antenna and the traditional whip antenna is compared. The simulation and experimental results
show that under the preset frequency of 75 MHz, the reflection coefficient of the shortened midload whip antenna decreases by
4.414dB and 19.09 dB, respectively. The optimal operating frequency is about 68.6 MHz-79.4 MHz, and the bandwidth is
10.8 MHz. Compared with the traditional whip antenna, the midload whip antenna at the radiation null point receives a larger

field strength.

1. Introduction

Offshore surface antennas mostly use whip antennas or a
combined array of whip antennas. In order to make the
whip antenna easy to integrate and reduce the material
cost, the physical length of the antenna is reduced based
on the resonant length of the ideal monopole antenna,
which can effectively solve the problem of antenna
miniaturization [1]. At the same time, since the advantage
of the whip antenna is that it has omnidirectionality in the
horizontal direction, but the radiation performance in the
parallel antenna direction has great limitations, so on the
premise of realizing the miniaturization of the antenna
that increase the omnidirectionality of the antenna in the
half space on the sea surface can establish a better
communication system to increase reliability [2]. Under
normal circumstances, the antenna height of the offshore
communication device cannot be very high. To realize the
miniaturization of the antenna while keeping the ideal

resonant frequency unchanged, the essence is to increase
the effective height of the antenna [3]. Adding a top load,
although the top load can effectively reduce the physical
height of the antenna, the current is almost at the node
position. The top load does not directly participate in
radiation. In order to improve this situation, the middle
loading is appropriately used in this paper [4]. However,
in engineering applications, no matter whether the ra-
diator is loaded at the top or the middle, it will affect the
current distribution of the antenna and make the antenna
deviate from the ideal resonance state [5]. In order to solve
this problem, the length of the midload whip antenna
needs to be shortened, which can also solve the radiation
blind area problem of the traditional whip antenna. In this
paper, the structure of the antenna is analyzed and the
shortened length of the whip antenna loaded in the middle
is quantified, which provides a theoretical basis for the
parameter adjustment of the whip antenna in engineering
applications [6].
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2. Optimization of the Midload Whip Antenna

2.1. Calculation of Resonance Shortening Length. In the case
of dealing with the resonance matching of the whip antenna,
the top loading method is often used to widen the cross
section of the end of the antenna, so as to achieve the effect of
miniaturization of the antenna. However, for the whip
antenna on the sea surface, it is usually required to have an
omnidirectional radiation performance in all directions [7].
At this time, if top loading is adopted, although there is a
certain current in the loading part, the current value is small,
and it is difficult to achieve omnidirectionality [8]. The
purpose of the antenna is that when the middle loading is
adopted, the middle loading body of the antenna has a
certain energy, which can well compensate for the lack of
directivity of the whip antenna [9]. Since the middle loading
body separates a part of the current of the top antenna, and
the whip antenna itself has a certain radius, it will generate
end-face capacitance, so it is necessary to shorten a part of
the length of the whip antenna, so that the antenna is in a
resonant state at the original frequency.

In order to calculate the effect of the middle loading on
the resonant length of the whip antenna, the structure of the
antenna needs to be analyzed. Figure 1 shows a schematic
diagram of the middle loading whip antenna.

As shown in Figure 1, the antenna is divided into three
parts: the first part is the part from the intersection point M
of the loading part to the top of the antenna, the length is [,
and the radius is r; and the second part is the part from the
intersection point M of the loading part to the feeding point
0, the length is I, and the radius is r,. The third part is the
part of the loaded radiator, the length of the radiator is [, and
the radius is r,.

1
Zn(Zo®1) = 20 00y~ cos ) [(Sh(z"d)

According to the radiation segment theory of the an-
tenna, @ = R/2Z is the attenuation constant of the antenna,

ﬁzZﬂ//\\/l/Z[l +1/1+ (RM27Z,)*] is the phase shift

constant, where R =2R./I(1-sin(2pl)/2B]) and R, =
12.35 (47/A)**.

Part 1 of the antenna and its mirror image can be
regarded as a lossy uniform double transmission line, so the
average characteristic impedance of part 1 of the antenna is
as follows:

1 (k1 2z
Zy = E le 3 120 ln(z>dz
_ 60@(@) _l_zln(z_lz) . 1).
r L T

Among them, z is the distance from the antenna unit
element dz to the feeding point 0. Substituting the average
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FIGURE 1: Schematic diagram of the middle loading whip antenna.

First, the input impedance of each part of the antenna
should be analyzed.

According to the transmission line theory, it is well
known that the characteristic impedance of a uniform dual
transmission line is given by [10].

D
Zy=120In —, (1)
a

where D is the distance between the uniform double
transmission lines and a is the wire radius of the uniform
double line. For a symmetric element with a single side
length I and a radius g, its input impedance Z;, can be
regarded as a function of the antenna characteristic im-
pedance Z,, the antenna radius a, and the antenna single
arm length [, that is [11],

- %sin(zﬁl) - j(%sh(Zcxl) + sin(zﬁl)))]. (2)

characteristic impedance Z;,, wire radius r; and antenna
length I, of part 1 of the antenna into formula (2), the input
impedance of part 1 can be obtained as Z;, (Z;,7;,1;).

Similarly, the average characteristic impedance of the
antenna part 2 can be obtained, but different from the
antenna part 1, its integral range for the antenna is 0 ~ [,,
which can obtain as follows:

1 (k1 2z 21
Zyp=+ | =-1201n( = |dz = ZZ)-1). 4
02 L JIOZ 0 n(r1 )dz 60(ln< ”1) ) (4)

Similarly, part 3 can be regarded as an elevated
monopole antenna, forming a standard uniform dual
transmission line with a distance 2I, from its mirrored part,
and the average characteristic impedance of the loaded part
is as follows:

Zy; = 60 ln<2—lz>. (5)

ry
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We substitute this into formula (2) as well, and the input
impedance of the three parts can be obtained as
Zin3 (Zo3> 705 Ly)-

The input impedance of point M can be regarded as the
parallel connection of part 1 and part 3, the antenna of part 2
can be regarded as a uniform lossy dual transmission line
[12], and its termination is connected to the total input
impedance Z; 5, of point M. The equivalent circuit is shown
in Figure 2.

Total input impedance at point M is as follows

= Zin3(ZOI>r1’ll) “Zins (Zo3’7’0)lo).
" Zins (Zos 1 1h) + Zins (Zo3s 705 k)

zZ (6)

At this time, the total input impedance of the antenna at
the feeding point 0 can be obtained [13].

7o Zinm + Zopth[(e + jB)1] )

" Zog + Zinth (o + jBo)L]

If the midload antenna is in a resonant state, the reac-
tance part of the antenna needs to be zeroed, that is, the
imaginary part of Z; , is Im(Z;,,) = 0. At this time, the
resonance length at the frequency f, can be obtained. We
explain that when the impedance part Im(Z;, ) = 0 of the
total input impedance at the feeding point 0, the length Al =
Ao/4 — 1, — I, that needs to be shortened can be expressed as
Al = {1o/4~1, = 1,|Im(Z;,,) = 0}; then, this part should be
shortened by Al due to the current and impedance distri-
bution of the antenna.

2.2. Radiation Field Strength Calculation. The polar coor-
dinate system as shown in Figure 3 is established, and the
antenna is also divided into part 1, part 2, and part 3.

Part 1 of the antenna is mainly used to adjust the res-
onant frequency of the antenna, so that the antenna can have
a smaller reflection coefficient when it operates at the preset
frequency and can also radiate energy together with part 2.
Part 3 is mainly used to improve the radiation null problem
of whip antenna and increase the omnidirectionality of
antenna.

Let the current I1(0) at the antenna feed point 0, the
current at point M is approximately expressed as follows:

2 (A
(M) = I(O)sin[): (40 - lz)]. (8)

b ,6011 e—errMOr
1= A r

The field strength contribution of antenna part 2 to this
point is as follows:

. b, . 2w j2m/Agzcost .
- sin sin 7~ (I, + 1, — 2)e’ %% dz + sin
L 0

Lo 11> 1)

Zin3(Zoz 100 lp)

FIGURE 2: Equivalent circuit diagram of the mid-load whip
antenna.
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FIGURE 3: Schematic diagram of far-field radiation of the midload
whip antenna.

At this time, the input current of part 1 is as follows:

Zins (Zos> o> lo)

I = I(M). 9)
Y Zio (Zon i h) + Zins (Zos o0 Do)
The input current of part 3 is as follows:
Zi1(Zopr 151
12 ml( (UELS! 1) I(M) (10)

- Zin1 (Zop 11 1) + Zins (Zo3s 705 k)

The field strength contribution of the antenna part 1 to a
certain point P (r, ¢, 0) in the far field can be approximately
calculated as follows:

-2 27 i21/AyzcosO
sin — (I, +1, + z)e!"* % dz ). (11)
() Ao

601 (0) e /2o Lo 2 , ‘
E,=j (0)e . sinJ sin =2 (1, —|z| )= esbqz
Ay r a0, A

_.60I(0) cos (27/Al, cos 8) — cos(27/Ayl,) o P2rlher
R sin 6 '

(12)



The field strength contribution of antenna part 3 to this
point is as follows:

6012 e j2mldgr
Ey=j—22
37 Ao r
e j2mig (r+21,) Iy 21
+—————co0s QI sin —
r 0 Ao

Therefore, it can be concluded that the superimposed
field strength of the midload whip antenna to a certain point
in the far field is as follows::

E(r,9,0) = E, + E, + E;. (14)

The magnitude of the superimposed field strength can
effectively reflect the omnidirectionality of the midload whip
antenna in the far field and solve the radiation blind area
problem of the traditional whip antenna.

3. Simulation

In order to verify the accuracy of the calculation, the res-
onance length of the midload whip antenna is confirmed.
FEKO electromagnetic simulation software is used for
simulation calculation. Figure 4 shows a simulation diagram
of a midload whip antenna. The antenna adopts a copper
conductor, which makes it work at 75 MHz, its radius is
3mm, and the ideal resonance length is 1 m. The middle
loading body is also made of a copper conductor with a
radius of 3 mm and a length of 20 cm. Considering that the
current distribution of the loading body cannot be too small,
and if it is too low, the radiation performance will be lost due
to the mirror effect, so it is loaded on the antenna 0.5 m away
from the feeding point. We calculate the resonant length of
the whip antenna to be shortened and compare the direc-
tivity of the centrally loaded whip antenna with the tradi-
tional whip antenna. It can be obtained by calculation that if
the midload whip antenna is to be in a resonant state, its
length should be shortened by Al = 6.94 cm. Figure 5 shows
a comparison of the reflection coefficients of the shortened
and nonshortened midload whip antenna. Because the re-
lationship between the reflection coefficient R and the
return loss R; is R (dB) = —R; (dB), the energy consumed
by the antenna due to the matching problem is equal to the
energy reflected from the antenna [14].

It can be seen that when the length of the whip antenna
loaded in the middle is not shortened, its resonant frequency
is 69.97 MHz, and the reflection coefficient is —12.606 dB. At
this time, if it works at the ideal resonant frequency of
75MHz, its reflection coefficient is about —8 dB. Compared
with the reflection coefficient of —12.606 dB, there is a large
mismatch loss of about 4.606dB; when the antenna is
shortened by 6.94 cm, the resonance frequency of the an-
tenna rises to 74.52MHz and the reflection coefficient is
—12.417 dB, which is basically equal to the ideal resonance
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b 2m , -
cos QJ sin T (ZO _|Z|)el2n/)tozsm6dz
0 0

(13)

<lo _ |Z|j2n//10 (z+21,)sin 9>ej2n//102c050dz.

frequency. This shows that shortening the antenna after
theoretical calculation can better make the antenna close to
the resonance state at the preset frequency and has a smaller
reflection coeflicient than when the antenna is not short-
ened. To a certain extent, the correctness of the above
calculation derivation is verified.

Figure 6 shows the comparison of the directivity of the
midload whip antenna and the traditional whip antenna.
Because the pattern of the whip antenna is symmetrical, the
XOZ plane (¢ =0°180°0 € [-90°,90°]) is intercepted,
which is representative.

It can be seen that the closer the traditional whip antenna
is to 8 = 0°, the worse its directivity is, and it can hardly work
when receiving or transmitting signals. When it is loaded in
the middle, the middle loading body radiates energy out-
ward, which can not only maintain the good directivity of
the original whip antenna in other directions but also reduce
the blind area of the traditional whip antenna to a certain
extent. This shows that the directivity of the whip antenna
loaded in the middle is better than that of the traditional
whip antenna, which is in good agreement with the theo-
retical derivation.

4. Field Test

In order to better verify the theoretical derivation and
simulation results, the shortening effect and radiation per-
formance of the midload antenna will be tested. Figure 7
shows an experimental diagram of the reflection coeflicient
test of the self-made midload whip antenna. In order to be
consistent with the simulation experiments, the radius of the
conductor is 3 mm, the preset frequency is 75 MHz, and the
initial length of the whip antenna is 1 m, which is the ideal
resonance length. The middle loading body has a radius of
3 mm and a length of 20 cm and is loaded at a position 0.5 m
away from the antenna feeding point. The bottom of the
antenna is placed in the salt water that simulates the seawater
environment prepared in the figure, and a network analyzer
is used to collect data on the resonant frequency and re-
flection coeflicient of the antenna. First, we measure the
parameters of the antenna without shortening, and the
measurement results are shown in Figure 8.

It can be seen that its resonant frequency is 67.19 MHz,
the reflection coefficient is —25.62dB, and its reflection
coefficient is about —5.35dB at the preset frequency of
75MHz. The operating frequency is about 68.6
MHz-79.4 MHz and the bandwidth is 10.8 MHz.
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FIGURE 4: Simulation diagram of the midload whip antenna.
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FIGURE 5: Comparison of reflection coefficients of shortened and
nonshortened midload whip antennas.

Then, we test the parameters of the antenna shortened by
6.94 cm, and the measurement results are shown in Figure 9.

It can be seen that its resonant frequency is 74.35 MHz,
the reflection coefficient is —26.02dB, and its reflection
coeflicient is —24.44 dB at the preset frequency of 75 MHz.

It can be seen from the experimental results that the
resonant frequency of the nonshortened midload whip
antenna has a large deviation from the ideal resonant fre-
quency, and the reflection coeflicient is large at the preset
frequency. After the antenna is shortened, the resonant
frequency of the antenna gradually approaches the ideal
resonant frequency and the reflection coeflicient at the preset
frequency decreases accordingly. At 75 MHz, the reflection
coefficient of the shortened antenna is improved by 19.09 dB

180

—— mid-load whip antenna

- -~ traditional whip antenna

FIGURE 6: Directivity comparison between the midload whip an-
tenna and the traditional whip antenna.

whip antenna

1 ZH ol
™ middle loaded
conductor

FIGURE 7: Experimental diagram of the reflection coefficient test of
the self-made midload whip antenna.

compared with the nonshortened antenna. This shows that
shortening the antenna to a certain length changes the
impedance distribution of the antenna, which is also in high
consistency with the theoretical calculation and simulation
experiments and further proves the correctness of the
derivation process.

The omnidirectional test of the antenna is carried out in
the external field, and the test is carried out by loading the
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FIGURe 8: Resonant frequency and reflection coefficient of the
midload whip antenna without shortening.
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FIGURE 9: Resonant frequency and reflection coefficient of the
midload whip antenna with shortening.

TaBLE 1: Comparison of field strengths received by receivers at
different distances.

Distance Midload whip Traditional whip
(meters) antenna (mV/m) antenna (mV/m)
10 36.14 8.32
20 28.26 6.54
30 17.63 3.21

whip antenna in the middle and the traditional whip antenna
in the direction 6 = 0° (because theoretically, this direction is
the radiation blind area of the traditional whip antenna),
because the directivity cannot be obtained well. Therefore,
the receiving field strength of the far field is used to indirectly
prove the radiation capability of the antenna. The directions
of 10m, 20m, and 30 m were selected for testing. The ex-
perimental results are shown in Table 1.
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Obviously, the centrally loaded whip antenna solves the
radiation blind area problem of the traditional whip an-
tenna. Theoretically, in the blind area, the signal transmitted
by the traditional whip antenna should not be received, but
the receiver may still receive a very small signal due to the
diffraction ability of electromagnetic waves.

5. Conclusions

This paper solves the difference between the ideal resonant
length and the actual resonant length of a midload whip
antenna at the ideal operating frequency. In engineering, this
error is mainly achieved by direct measurement and no
literature has disclosed this method to calculate the length of
shortening. Second, the middle loading body not only re-
alizes the miniaturization of the whip antenna but also solves
the blind area problem of the whip antenna to a certain
extent, which is the omnidirectionality especially required
for the offshore antenna. The article analyzes the antenna
from three aspects: calculation, simulation, and field test.
The results all show that the shortening of the midload
antenna is beneficial to reduce the reflection coefficient of
the antenna, make the antenna resonant frequency closer to
the preset frequency, and avoid large energy loss. The
simulation and experimental results show that under the
preset frequency of 75 MHz, the reflection coefficient of the
shortened midload whip antenna decreases by 4.414 dB and
19.09 dB, respectively. Compared with the traditional whip
antenna, the simulation gain of the midload whip antenna at
the radiation null point is increased to —26.7 dBi. At the
same time, it provides a certain omnidirectionality for the
whip antenna and provides a theoretical basis for the design
and radiation analysis of the offshore surface antenna.
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