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Abstract — The hybrid-mode model (HMM) combining
monopole and dipole radiation modes can provide near-
hemispherical coverage but has a high profile. To reduce
the profile of HMM, a modified HMM is presented in
this paper using a dipole radiator and a magnetic current
loop radiator. Based on the modified model, a low-profile
on-board antenna is proposed. When the side length of
the ground is infinite, the 3-dB beamwidths in the xz
plane and yz plane of the proposed antenna are both 180°.
When the side length of the ground is finite, the proposed
antenna can provide a near-hemispherical field-of-
view coverage. The design example demonstrates the
practicability of the modified HMM and the proposed
antenna can be used in wide-angle scanning arrays and
rich-multipath communication systems.

Index Terms — Broad beam, hemispherical coverage,
hybrid modes, low profile, wide-angle scanning.

I. INTRODUCTION

The hybrid-mode model (HMM) combining
monopole radiation mode and dipole radiation mode
is a traditional and popular method to obtain near-
hemispherical field-of-view coverage [1], [2]. The dipole
model and monopole mode can provide horizontally
polarized patterns and vertically polarized patterns [3]-
[5], respectively. The peaks and nulls of the HMM can be
controlled by adjusting the monopole height and dipole
length. Therefore, the HMM is possible to achieve a near
hemispherical field-of-view coverage [1], [2]. Recently,
the hemispherical coverage was also obtained using half-
loop antennas [6], [7], which can be considered as the
transformation of HMM.

In wide-angle scanning arrays, the HMM has been
used to design broad-beam elements. In [8], [9], two
parasitic monopoles with reactive loads were placed
near a driving dipole to broaden the E-plane pattern of
dipole antennas. In [10]-[12], the dipole-mode radiator
surrounded by monopoles was used to achieve near-
hemispherical coverage for wide-angle scanning phased
arrays. In wireless communication systems, a single
antenna with dipole radiation mode and monopole
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radiation mode can provide antenna diversity and improve
system reliability in rich multipath environments [13],
[14]. In radio astronomy systems (RAS), the HMM
with near-hemispherical field-of-view coverage and
polarization discrimination capability is particularly
important [15], [16]. To use HMM antenna in RAS, a
theoretical sensitivity analysis of HMM antennas was
proposed in [17] and [18]. In addition, the HMM has
been used to simplify hemispherical two-dimensional
angular space null steering [19].

Although the HMM has been extensively
investigated and widely used in several applications, the
high profile of monopole radiator is an existing problem
to this model and the mentioned HMM antennas have a
profile of approximately A/4, where A is the wavelength
corresponding to center operation frequency. To reduce
the profile, the HMM is modified in this paper by using
a dipole radiator and a magnetic current loop (MCL)
radiator. The radiation patterns of MCL and dipole can
cover the low elevation area and high elevation area,
respectively. Therefore, a near-hemispherical coverage
can be obtained by optimizing the weights of the two
radiation modes. Based on the modified hybrid-mode
model (MHMM), a low-profile on-board antenna with
near-hemispherical field-of-view coverage is proposed.
When the side length of the ground is infinite, the 3-dB
beamwidths in the xz plane and yz plane of the proposed
hybrid-mode antenna are both 180°. The design example
demonstrates the practicability of the MHMM and the
proposed antenna can be used in wide-angle scanning
arrays and radio astronomy systems.

I1. LOW-PROFILE ANTENNA WITH NEAR-
HEMISPHERICAL COVERAGE

A. Low-profile hybrid-mode model

To lower the profile of HMM, a substitute with a
similar radiation pattern of monopole radiator should
be found firstly. According to [20] and [21], MCL has a
monopole-like radiation pattern. Therefore, the MCL is
used to replace the monopole radiator in this paper. The
radiation pattern of MCL is shown in Fig. 1. The models
are simulated by CST Microwave Studio. Because CST
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software has no magnetic currents, the MCL on an
electric wall is represented with an electric current loop
with a radius of A/40 placed on an infinite magnetic wall
in the simulation, i.e., the complementary structure of
MCL. The distance between the loop and the magnetic
wall is M40, where A is the free-space wavelength. From
Fig. 1, we can see that the pattern of MCL and that
of monopole are very similar. Therefore, a low-profile
MHMM with near-hemispherical pattern may be obtained
if the MCL and dipole can be excited at the same time.
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Fig. 1. Dipole, monopole, and magnetic current loop on
an infinite electric wall and their radiation patterns. The
models are simulated by CST Microwave Studio.

B. Antenna with near-hemispherical coverage

Based on the MHMM combining a dipole radiator
and a MCL radiator, a microstrip on-board antenna at
L band is proposed to provide a near-hemispherical
pattern. Geometry of the proposed antenna is shown
in Fig. 2 and its optimum dimensions are marked in
the figure. This antenna is composed of two kinds of
dielectric substrates and three layers of copper patches.
The top substrate has a thickness of 4 mm and a relative
dielectric constant of 2.65; the bottom substrate has a
thickness of 1.6 mm and a relative dielectric constant of
4.4. A narrow rectangular patch and a circular patch are
printed on the top and bottom substrates. The narrow
patch can provide a radiation similar to a dipole on an
electric wall. The circular patch with opened edge is fed
from the center and the electric field is from the patch to
the ground, therefore, the edge of the circular patch can
be equivalent to a MCL radiator. The two patches are
connected with a copper via and fed from the backside
with a 50-Q coaxial probe. The whole dimension of the
radiation patches is approximately 0.2Ax0.1Ax0.03A.
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Fig. 2. Geometry of the hybrid-mode antenna. The color
brown represents copper material. The dimensions are
optimized by CST.

According to the boundary condition, the radiation
pattern of MCL radiator, similar to monopole, can cover
to the ground plane only when the ground is infinite. As
aresult, the HMM, as well as the MHMM, can potentially
provide a hemispherical coverage only when the ground
is infinite. To eliminate the effect of ground, the ground
is set to be infinite when optimizing parameters. The
simulated reflection coefficient of the proposed antenna
with an infinite ground is shown in Fig. 3. The simulated
band with S11 below -10 dB includes 1.6 GHz, which is
the desired operating frequency.
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Fig. 3. Simulated reflection coefficient of the hybrid-
mode antenna with an infinite ground.

For the hemispherical-pattern antenna, radiation on
each direction should be equal. However, the exact
condition is difficult to practically use in the numerically
calculation. To simplify the hemispherical-pattern
condition, a five-equal-points condition is used to
optimize the radiation pattern. The five key control
points of a hemispherical pattern are (6=90°, ¢=90°),
(6=90°, ¢=180°), (6=90°, ¢=270°), (6=90°, »=0°), and
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(6=0°), respectively. Because the five-equal-points
condition is a necessary but not sufficient condition for
the hemispherical pattern, the radiation pattern should
be checked after optimization. The simulated radiation
patterns at 1.6 GHz of the proposed antenna with an
infinite ground are shown in Fig. 4. When the ground is
infinite, the 3-dB beamwidths in the xz plane and yz
plane are both 180° and the pattern fluctuation in the
xy plane is less than 5 dB. In the design process, we
consider a hemispherical pattern is obtained when the
3-dB beamwidths in both xz plane and yz plane are 180°.
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Fig. 4. Simulated patterns at 1.6 GHz of the hybrid-mode
antenna with an infinite ground.

From the principle of the MHMM, the dipole can
cover the high-elevation area and the MCL can cover the
low-elevation area. A near-hemispherical coverage may
obtained only when the appropriate weight factors of the
two Kkinds of radiations are satisfied. For the proposed
hybrid-mode antenna, the weight factor can be adjusted
by structure parameters. Next, the effect of the length
| of the narrow rectangular patch is analyzed as an
example, as shown in Fig. 5 and Fig. 6.

The simulated patterns at 1.6 GHz in the xz plane
of the proposed hybrid-mode antenna corresponding to
different length I are shown in Fig. 5. From these figures,
we can see that the ¢ component can cover the high-
elevation area and the  component can cover the low-
elevation area. The polarization discrimination capability
is particularly important to rich multipath environments
[13], [14]. When the length | increases, the radiation of
@ component is strengthened and the radiation of 6
component is weakened. When | is less than 27 mm, the
radiation maximum of # component is larger than ¢
component and the sum radiation pattern has a
depression around 0°. When | is more than 27 mm, the
radiation maximum of 6 component is smaller than ¢
component and sum radiation pattern has a narrow
broadside pattern. When |=27 mm, the two components
have similar radiation maximums and a broad coverage
of the sum radiation is obtained.
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Fig. 5. Simulated patterns at 1.6 GHz in the xz plane
corresponding to different length | of the narrow
rectangular patch: (a) ¢ component, (b) & component,
and (c) vector sum of the two components. The unit of
lis mm.

The simulated patterns at 1.6 GHz in the yz plane
of the proposed hybrid-mode antenna corresponding to
different length I are shown in Fig. 6. The radiation of
@ component is much larger than ¢ component. The
low cross polarization radiation in the yz plane of the
MHMM antenna is similar to that of the monopole
radiator in HMM, which indicates that the MCL will
not cause cross polarization in the H-plane of dipoles
[8], [9]. This phenomenon is appropriate for wide-angle
scanning arrays. When 1=27 mm, a 180° coverage of
6 component is obtained. Therefore, the radiations of



the proposed antenna can be controlled by adjusting
structure parameters to realize a near-hemispherical
coverage.
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Fig. 6. Simulated patterns at 1.6 GHz in the yz plane
corresponding to different length | of the narrow
rectangular patch. The unit of | is mm.

The above discussions are under the circumstance
of infinite ground. The performances of the proposed
hybrid-mode antenna with finite ground are shown in
the following. Two prototypes of the proposed antenna,
with Lg=A and Lg=4A respectively, are fabricated. Two
photographs of unassembled and assembled antenna
with Lg=A are shown in Fig. 7.
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Fig. 7. Photographs of the hybrid-mode antenna with
Lg=A: (a) unassembled antenna and (b) assembled antenna.
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The simulated and measured reflection coefficients
of the proposed antenna are shown in Fig. 8. From Fig.
8, we can see that the resonant frequency changes little
with Lg. The ground size has little effect on the resonant
frequency in both simulated results and the measured
results. The simulated and measured bands with Siq
below -10 dB both include 1.6 GHz. The measured
resonant frequency has a little move toward the high
frequency because of the machining error, which includes
the soldering error, the assembled error, and parameters
error of practical substrate.
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Fig. 8. Simulated and measured reflection coefficients of
the hybrid-mode antenna when Lg=A and Lg=4A. The
resonant frequency changes little with L.

The far-field radiation pattern is measured in a
microwave anechoic chamber. The simulated and
measured radiation patterns of the proposed antenna
with different Lq are shown in Fig. 9. When Ly is A, the
simulated 3-dB beamwidth in the xz plane is 128° and
the measured one is 130°; the simulated 3-dB beamwidth
in the yz plane is 147° and the measured one is 140°.
When Lg=4A, the simulated 3-dB beamwidth in the
xz plane is 152° and the measured one is 161°; the
simulated 3-dB beamwidth in the yz plane is 175° and
the measured one is 172°. The 3-dB beamwidths in the
xz plane and yz plane both increase with Lq. From the
simulated and measured results, we can also see that
when Lg=4A, the side lobe level is significantly lower
than that in the case of Lg=A. The proposed antenna has
a broad beam and can provide a near-hemispherical
coverage with a finite ground.

The measured efficiencies and peak gains of the
proposed antenna are shown in Fig. 10. When Lg=A and
Lg=42, the measured efficiencies are both more than 60%
in the frequency band of 1.59 GHz-1.62 GHz. The peak
gain in the case of Lg=A is a little higher than that in the
case of Lg=4A because the radiation beam is broader
when Lg=4).
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Fig. 9. Simulated and measured: (a) xz plane patterns and
(b) yz plane patterns at 1.6 GHz of the hybrid-mode
antenna. The 3-dB beamwidths in the xz plane and yz
plane both increase with L.
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Fig. 10. Measured efficiencies and peak gains of the
hybrid-mode antenna when Lg=A and Lg=4\. The peak
gain in the case of Lg=A is a little higher than that in the
case of Lg=4A because the radiation beam is broader
when Lg=4A.

I11. CONCLUSION
In this paper, a low-profile hybrid-mode model is
proposed to obtain a near-hemispherical coverage. Based

ACES JOURNAL, Vol. 32, No. 9, September 2017

on this model, an on-board antenna is designed. When
the side length of the ground is infinite, the 3-dB
beamwidths in the xz plane and yz plane are both 180°.
When the side length of the ground is finite, the proposed
antenna can provide a near-hemispherical coverage.
The design example demonstrates the practicability of
the proposed model and the proposed antenna can be
used in wide-angle scanning arrays and rich-multipath
communication systems.
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