
1242
IEICE TRANS. ELECTRON., VOL.E82–C, NO.7 JULY 1999

PAPER Special Issue on Microwave and Millimeter-Wave Technology

Investigations of Radiation Characteristics of a Circularly

Polarized Conical Beam Spherical Slot Array Antenna∗

Chuwong PHONGCHAROENPANICH†, Student Member,
Monai KRAIRIKSH†a), Nonmember, and Jun-ichi TAKADA††, Member

SUMMARY This paper presents the radiation characteris-
tics of a circularly polarized conical beam spherical slot array
antenna for applying to the mobile satellite communication sub-
scriber. The structure of the antenna is easy to fabricate i.e., a
ring of perpendicular slot pairs cut on an outer surface of a con-
centric conducting spherical cavity enclosed by the conducting
conical surface with the simple feeding structure, and a linear
electric probe excited at the center of the inner surface of the
cavity. Radiation fields of a spherical slot array antenna are cal-
culated by superposing the patterns of all the slots. From the
numerical results of the radiation pattern, in both elevational
and azimuthal planes, it is obvious that the conical beam is re-
alized. The elevational beam direction is low, which is suitable
for installing in the land mobile subscriber unit located far from
the equator. The tracking system is not necessary because the
azimuthal pattern is omnidirectional. Directivity of the antenna
for various spherical radii and angles of slot positions are illus-
trated as the guidelines for the design. Experimental results are
in good agreement with the predictions.
key words: spherical slot array antenna, mobile satellite an-

tenna, conical beam, circular polarization

1. Introduction

At present, mobile communication using stationary
satellite becomes very popular. Therefore, the inves-
tigations of the conical beam antenna are of interest.
It has been widely used for the low bit rate or low
gain over temperature ratio (G/T) land mobile satel-
lite communication subscriber and broadcasting service
[1], [2] in addition to the wireless Local Area Network
(LAN) base station [3]. For the land mobile satellite
communication subscriber, the antenna is required to
radiate right-hand circular polarization with the gain
of 6.6± 0.9 dBi and the axial ratio less than 2.5 dB [1].
In addition, for the wireless LAN counterpart, the gain
of 4.2 dBi is desired [3]. Several types of the conical
beam antenna are investigated in literature such as he-
lical [4] and microstrip [5] antennas. The disadvantage
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of those antennas is the difficulty in fabrication because
the power divider and the feeding structure are sepa-
rated. Recently, the radial line slot antenna (RLSA),
which is the circular array of slot pairs cut on the top
plate of the radial line waveguide, was developed to
radiate circularly polarized conical beam pattern [6],
[7]. The merit of that antenna belongs to its simple
structure since the power divider and the feeding cir-
cuit are integrated into a single structure. However, it
was found that the elevational beam direction is rel-
atively high (about 30◦ from broadside direction). In
some applications such as the land mobile subscriber
unit located far from the equator, the elevation angle
must be lowered. Takada, et al. [8], [9] proposed to
feed the radial line slot array antenna by the rotating
mode generator, but this effort was achieved at some ex-
penses of gain degradation and more complicated feed-
ing structure. The authors [10] proposed the so-called
circularly polarized conical beam spherical slot array
antenna which provides the pattern in elevation plane
directs toward a low angle direction. This antenna is
easy to fabricate i.e., a ring of perpendicular slot pairs
cut on an outer surface of the concentric conducting
spherical cavity enclosed by the conducting conical sur-
face. The feeding structure is simple, a linear electric
probe excited at the inner surface of the cavity and inte-
grated with the power divider. However, the significant
drawback of [10] is that the conical beam radiation is
not completely realized due to the very deep nulls oc-
cured in the azimuthal pattern, since the higher order
mode in the cavity is utilized to excite the slot pairs.
This paper presents the radiation characteristics of a
circularly polarized conical beam spherical slot array
antenna to achieve the completely conical beam radi-
ation. The cavity is fed at the center so that axially
symmetrical mode is generated. The formulations of
the radiation fields of the spherical slot array antenna
are derived as the superposition of the fields from indi-
vidual slot elements. The numerical results appear to
be the conical beam radiation pattern i.e., the elevation
pattern possesses the null in broadside direction and
the azimuthal pattern is omnidirectional. Additionally,
the elevational beam direction toward the geostationary
satellite is relatively low which is suitable for applying
to the land mobile subscriber unit located far from the
equator. Contour plot of directivity for various spher-
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ical radii and angles of slot positions are shown as the
guidelines for the design of the cavity dimensions and
slot arrangements. To eliminate the grating lobes in or-
der to achieve the omnidirectional pattern in azimuthal
plane, the azimuthal spacing of the slot pairs must be
fixed to be less than one wavelength. This value affects
on the grating lobes, and it is fixed throughout the pa-
per. Discussions on the discretization of the spherical
radii and angles of slot positions are included to fix the
azimuthal spacing of slot pairs. Experimental results
are also presented to verify conical beam radiation and
are in good agreement with the theoretical ones.

2. Antenna Structure

The structure of a circularly polarized conical beam
spherical slot array antenna consists of a number of
perpendicular slot pairs cut on an outer surface of a
concentric conducting spherical cavity enclosed by the
conducting conical surface. The slots in a pair are ex-
cited with orthogonal phases to provide the circularly
polarized radiation. These slots are arranged as a ring
along an azimuthal circumference of the spherical sur-
face at the positions that the adjacent pairs are in phase
to form a conical beam. Figure 1(a) shows the local co-
ordinate of the individual slot element. Figure 1(b)
shows the top view of the circularly polarized conical
beam spherical slot array antenna. The slot length and
width are l and α, respectively. Each slot in a pair is
separated, along an elevation plane (dθ), at the distance
so that the phase quadrature is obtained [11]. The az-
imuthal spacing between each slot pair is denoted by
sφ. The bottom and perspective views of the antenna
are shown in Figs. 1(c) and (d), respectively. One of
the slots in a pair is oriented at 45◦ counterclockwise
with the horizontal line of the spherical surface whereas
the perpendicular counterpart is oriented at an angle of
135◦. The cross-section view of the antenna is shown in
Fig. 1(e). The inner and outer radii of the concentric
conducting spherical cavity are Ra and Rb, respectively,
and this cavity is enclosed by the conducting conical
surface at an angle θc. The excitation probe is located
at the center of the inner surface of the cavity (Ra ≤
R ≤ Rb, θ = 0◦, φ = 0◦). The center of each slot pair
is located at an angle θs. Each slot in a pair is offset
from the position in opposite direction so that phase
quadrature between these slots is obtained.

3. Theory

The radiation fields of a circularly polarized conical
beam spherical slot array antenna are formulated in
this section. The radiation patterns of the spherical
slot array antenna are determined from the combina-
tion of the slots in the pairs, and these slot pairs are
arranged as the spherical array, subsequently. Let us
consider the slot which is located at the local coordi-

Fig. 1 A circularly polarized conical beam spherical slot array
antenna. (a) local coordinates of the individual slot element, (b)
top view, (c) bottom view, (d) perspective view, (e) cross-section
view.

nate (Rb,ξ,ζ) as shown in Fig. 1(a). The radiation pat-
tern of a slot on a spherical conductor surface can be
derived by solving the electromagnetic boundary value
problem. The aperture field distribution along the slot
is reasonably assumed to be sinusoidal to simplify in
calculation. The radiation fields can be expressed by
the summation of eigenfunctions in the spherical cood-
inates as follows [12]:
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The coefficients are given as follows:
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where h(2)n (·) denotes the spherical Hankel function of
the second kind of order n, and Pmn (·) denotes the asso-
ciated Legendre function of order (n,m). The primed
bracket designates for the derivative of the function in
the bracket with respect to the argument (kRb). To
provide the right-hand circular polarization, two per-
pendicular slots are placed at the distance along the
elevation plane of dθ to achieve the phase quadrature
excitation. One of the slots in a pair is oriented at γ1,
and the other one is at an angle γ2 counterclockwise
with respect to the horizontal line of the spherical sur-
face. Let us consider N slot pairs which are arranged as
a ring along the circumference of the spherical surface
and these slot pairs are excited in the co-phase to make
the null appear at the broadside direction in elevation
plane. The radiation fields of the spherical slot array
antenna can be written as the combination of the field
from the total number of slots which are arranged to
form the circularly polarized conical beam as [13]–[17]

E(θ, φ) =
N∑
j=1

[ 2∑
i=1

f(Rb, ξij , ζij)ej(kRb cos ξij+ψi)

]
(6)

and
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−fζ(Rb, ξij , ζij) [cos γi + sin γi] ζ̂ij ,

(7)

where ξ̂ij and ζ̂ij are unit vectors along the slot local
coodinates, respectively, and ψi is the phase of the slot
number i. It is noted that the phase difference of the
two slots (ψ1−ψ2) is assumed to be 90◦. Additionally,

to express the term of source point (Rb, ξij , ζij) as the
term of the observation point (R, θ, φ), the help of these
coordinate transformations are used:
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where Ro is the position vectors of the observation
point, Rsi is the position vectors of the location of slot
number i, αi is the elevation angle of the slot number
i, and βij is the azimuthal angle of slot number i in the
slot pair number j, respectively.

4. Numerical Results

4.1 Radiation Pattern

To illustrate the radiation pattern of a circularly po-
larized conical beam spherical slot array antenna, let
us demonstrate a model of the slot array oriented at
an angle of slot position (θs) of 40◦ on the spherical
cavity of the radius (Rb) 1.43λ and the azimuthal spac-
ing (sφ) is 0.481λ. It can be seen that the elevational
radiation pattern possesses the null in the broadside
direction and the beam peak is about 60◦ as shown in
Fig. 2 by the solid line. Figure 3 shows the azimuthal
radiation pattern at θ = 60◦ by the solid line. It is
evident that the omnidirectional radiation is obtained.
The directivity of this antenna is about 6.5 dBi.

4.2 Elevation Angle and Directivity

The contour of directivity as a function of the angle
of slot pair position (θs) and the spherical radius (Rb)
are shown in Figs. 4 and 5, respectively. These contours
are plotted in case of the azimuthal spacing is fixed and
equal to 0.481λ. Other design parameters are listed in
Table 1. By this way, to design a circularly polarized
conical beam spherical slot array antenna for a specified
directivity, the angle of slot pair position (θs) and the
spherical radius (Rb) can be determined by using Figs.
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Fig. 2 Elevational radiation pattern.

Fig. 3 Azimuthal radiation pattern at θ = 60◦.

4 and 5, respectively. Figure 4 shows the contour of
directivity when Rb is fixed at 1.43λ. From this graph,
we can observe that the antenna provides a 7 dBi di-
rectivity at an angle (θ) of 53◦ when the angle of slot
pair position is at 42◦. For example, when the desired
directivity is 6 dBi, an appropriate angle (θ) of 60◦ at
an angle of slot pair position (θs) less than 40◦ can be
chosen. Figure 5 shows the contour of directivity when
θs equals 40◦. If one chooses the spherical radius equal
to λ, a 5 dBi directivity can be obtained at an angle
around 40◦ to 60◦. However, when the azimuthal spac-
ing is fixed, the angle of slot position (θs) and spherical
radius (Rb) can not be arbitrarily varied because the
number of slot pairs should be discrete value as the in-
teger. Practically, these parameters (θs, Rb) must be
chosen according to the discrete value of the slot pair
number as shown by using the dashed grid lines in Figs.
4 and 5, respectively. Accordingly, the directivity in a
particular direction can be designed from these con-
tours of directivity.

Fig. 4 Contour of directivity as a function of the angle of slot
pair position (Rb = 1.43λ).

Fig. 5 Contour of directivity as a function of the spherical
radius (θs = 40◦).

Table 1 Antenna parameters used in the model.

Slot length (l) 5.00 cm (0.5 λ)
Slot width (α) 1.74 mm (0.0174 λ)
Outer spherical radius (Rb) 14.30 cm (1.43 λ)
Inner spherical radius (Ra) 12.70 cm (1.27 λ)
Shorted conical angle (θc) 67.34◦

Center of slot pair angle (θs) 40.00◦

Azimuthal spacing between
slot pair (sφ) 4.81 cm (0.481 λ)
Elevation distance between
each slot in a pair (dθ) 2.20 cm (0.22 λ)

Number of slot pair (N) 12

5. Experiment

To verify the conical beam radiation, the experiment
was set up at the frequency of 3 GHz (available equip-
ment) to measure the elevational and azimuthal radia-
tion patterns. The dimensions of the circularly polar-
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ized conical beam spherical slot array antenna which
is used in the model are summarized in Table 1. The
antenna fabricated consists of two parts of conductor;
the outer spherical conductor with a number of slots
cut on it and the inner surface with the ring of the
shorted conical conductor. The metal plates of those
two parts are projected from the spherical prototype,
and they are duplicated to the curve surface by com-
pressing with the mold. The slots on outer spherical
surface are cut by using the computer-numerically con-
trolled machine. The tolerance of the machine used to
fabricate is ±0.1µm. The probe of the length 1.6 cm,
made of the conductor is connected via N-type connec-
tor to feed the antenna at the center of the cavity.

The outdoor field test was done at the deck of
the campus building, and the far-field range of 2 m
is used. A 10-turn helix with the axial ratio of 0.4 dB
was employed to transmit a right-hand circularly po-
larized wave, and the antenna under test was rotated
to receive the transmitted wave at 10◦ per step. The
experimental results of radiation pattern in elevation
plane is plotted and compared with the calculation as
shown in Fig. 2 by the circles. From this comparison,
we saw that these patterns are in good agreement i.e.,
they yield the null appears in the broadside direction,
and the beam peak is about 60◦. There are some errors
according to the diffraction at the edge of the cavity,
the imperfectness of fabrication and the test-site situa-
tions. Figure 3 shows the azimuthal pattern of the an-
tenna at the elevational beam peak direction (60◦). The
theoretical and experimental results are illustrated by
using the solid line and the circles, respectively. These
results agree very well and are completely omnidirec-
tional. The axial ratio has been measured by using the
circular component method [18] and found to be rather
high, the level being around 4 dB (cross-polarization
discrimination equals 13 dB). This may be because the
radiated field is rather linear in polarization since the
phase quadrature of the slots is assumed.

6. Conclusions

The radiation characteristics of a new type antenna, a
circularly polarized conical beam spherical slot array
antenna is investigated in this paper. The structure of
the antenna is simple, and suitable for the mass pro-
duction by using the numerically controlled machine.
The numerical study on the radiation pattern is car-
ried out, the conical beam radiation can be obtained,
the elevation pattern directs toward the geostationary
satellite and makes the null appear in the broadside di-
rection and the radiation pattern in azimuthal plane is
completely omnidirectional. The elevational beam di-
rection is relatively low which is suitable for applying
to the land mobile satellite communication subscriber
unit located far from the equator. It is evident that the
elevational beam direction depends on the spherical ra-

dius and angle of slot position. The omnidirectional
pattern in azimuthal plane can be achieved when the
azimuthal spacing is less than one wavelength. The
phase quadrature excitation of the slots in a pair is
assumed in this paper. To realize this condition, the
structure including the length and the position of slots
should be optimized taking account of the slot coupling
which is under investigation.
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