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Abstract. In the fifth-generation (5G) mobile system, new
millimeter-wave technologies such as small cell size and
multibeam operation are introduced at the base station.
Currently, the hybrid beam forming array antennas are
developed for beam steering operations. However, the
array antenna configuration has drawback of increased
feed circuit loss and antenna gain reduction. Moreover,
many modulation/demodulation circuits increase the an-
tenna price. The reflector antenna is another option for
multi beam operations that has high gain and small feeder
loss. The problem of the reflector antenna is how to
achieve good multi beam radiation patterns. Previously,
reflector shaping method of the dual reflector antenna was
proposed. However, previous method can’t apply for good
multi beam designing. In this paper, modification to the
reflector shaping method using equivalent parabola re-
flector and equivalent circle reflector method is proposed
to achieve a good multi beam radiation patterns. First, the
equivalent parabola and circle equation is implemented in
the reflector shaping algorithms. Second, a Matrix Labor-
atory (MATLAB) program is developed in order to obtain
the main and sub reflector shapes. The accuracy of
MATLAB program is ensured from the obtained ray path
results, aperture distribution and radiation pattern. In the
final step, multi beam performance is validated using an
electromagnetic simulator, FEKO. Through comparison of
the equivalent parabola with the equivalent circle reflec-
tors, an antenna efficiency of 67.6% is obtained and better
multi beam radiation patterns are demonstrated using the
equivalent circle reflector. Therefore, the usefulness of the
newly developed shaping method employing equivalent
circle reflector is ensured.
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1. Introduction

Nowadays, 5G mobile systems are rapidly developed
to achieve fast rate transmission, low latency, extremely
high traffic volume density, super-dense connections and
improved spectral energy, as well as cost efficiencies [1-5].
With the introduction of 5G, the radio technology has new
features such as millimeter wave operation, small cell size
and multi beam base station antenna to meet the massive
Multi-Input-Multi-Output (MIMO) requirement [2], [3].
For this purpose, the hybrid beam forming array antenna
(employing the digital beam forming technology (DBF))
has been developed to be used at base stations in the urban
areas as shown in Fig. 1(a). In the case of large number of
array element, feeding circuit loss will be increased and the
antenna gain will be decreased. Moreover, large number of
modulation/demodulation circuits attached at the array
elements will increase the antenna price. So, the hybrid
beam forming array antenna will be suitable at the high
population area such as the urban area. For the rural areas
where less population and less beams are required, a lower-
cost solution of high gain antenna will be suitable. The
reflector type antenna has a feature of low loss and
achieving high gain. The multi beam radiation patterns can
be casily achieved by placing many feed horns as shown in
Fig. 1(b). However, the antenna design method of achiev-
ing good multi beam radiation patterns was not made clear.

Previous well known antenna design method was the
reflector shaping technique that was developed to achieve
high gain at the on-focus feed of the dual-reflector antenna
[6]. Through the reflector shaping, the constant phase and
adequate amplitude distributions were achieved on the
antenna aperture plane.

The reflector shaping method was composed of three
differential equations. The two differential equations were
for the reflection condition on the main and sub reflectors.
The third differential equation represents electrical power
conservation law from the feed to the antenna aperture
plane. These simultaneous three differential equations were
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(a) Digital Beam Forming (DBF) antenna for base
stations and (b) the proposed reflector antenna system
for base stations.

Fig. 1.

solved numerically at the given parameters of horn radia-
tion pattern and the target aperture distribution [6]. Alt-
hough the target aperture distribution was obtained, ability
for multi beam performance was not expected.

For the purpose of achieving good multi beam radia-
tion patterns, the spherical reflector antenna was proposed.
Due to the symmetrical structure around the spherical cen-
ter, good multi beam radiation pattern were obtained by
employing off-focus feeds [7]. However, the spherical
aberration degrades the phase distribution on the aperture
plane and thus causes serious reduction in antenna gain. If
the previously developed reflector shaping method can be
applied to the spherical reflector structure, the constant
phase can be achieved on the spherical reflector con-
figuration.

In this paper, the modification of reflector shaping
method is proposed in order to mitigate phase aberration of
the spherical reflector antenna. The idea of modifying the
reflector shaping method comes from the equivalent pa-
rabola concept of the Cassegrain dual reflector antenna in
[8]. During modification, first, the third differential equa-
tion is replaced by the equivalent parabola equation. Based
on the successful replacement, the equivalent circle equa-
tion is applied for the third equation. Second, in order to

ensure the accuracy of the proposed method, the reflector
shaping program is developed using MATLAB software.
By the developed program, the expected pencil beam width
and high gain can be achieved through the proposed equiv-
alent concepts. Through the ray tracing results, the de-
signed reflector shapes, aperture distribution and radiation
pattern can be obtained and thus, the reliability and accu-
racy of the technique are ensured. In order to validate the
designed antenna, a full-wave electromagnetic analysis is
obtained by FEKO simulator. It is shown that the excellent
multibeam and moderate antenna gain can be achieved by
the proposed antenna.

2. Reflector Shaping Equations

The modification processes are done based on the
conventional reflector shaping method. The equivalent
parabola and circle reflector concepts are employed during
the modification of equations and it is explained in this
section.

2.1 Conventional Shaping Method

The configuration and parameters that are related to
the conventional reflector shaping method are shown in
Figs. 2(a) and (b), respectively. The dual reflector shaping
method was formed by three differential equations com-
posed of two differential equations for the main and sub
reflectors and another differential equation that expresses
electric power conservation between a feed radiation and
aperture distribution. Two reflection equations and one
electric power conservation equation are expressed as
follows [6].

a) Reflection law on the sub reflector

The reflection condition on the sub reflector surface is
given by the next equation. Here, 7 is the ray length from
the feed to the sub reflector, 4 is feed angle and ¢ is the
reflected ray angle on the sub reflector.

+
-~y (1)

deo 2

b) Reflection law on the main reflector

All reflected rays from the main reflector are set par-
allel to the horizontal axis. Afterwards, plane waves are
produced in front of the main reflector. The constant phase
distribution is achieved on the aperture plane. The reflec-
tion condition on main reflector surface can be determined
by the next equation.

= n-—.
de dé 2 ()
c) Electric power conservation

The relation of electric power conservation can be
written as:
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ax _E(0)]"Ei (x)dx 3
40 (x)[" E2(0)do

where EPZ(Q) is an electric field intensity of the feed
antenna and £,°(x) is the aperture distribution.

d) Equality of ray path length

The differential equations (1) and (2) are expressed
by a variable 6. In solving differential equations with
a variable 6, ¢should be expressed by 6. The following
constant equation for the electrical path length (Z,) is used
to obtain the relation of #and ¢.

L=+ Ru=fs  Ru )
sing,, tang,
The relation for fand ¢is given by the equation.
x=1[sing+rsind )

where /; is ray length from the sub reflector to the main
reflector.

The three simultaneous differential equations com-
posed of (1), (2) and (3) can be solved by using MATLAB
software.

e) Epz (0) and E,’(x) expressions

The radiation pattern of the feed antenna is given in
a simplified form as shown by (6) [6]:

E; (6)=cos’(8). (6)

Here, the g-value is selected to achieve the main reflector
edge level of —10 dB.

The amplitude distribution of E/(x) and Ep2(0) play
a key role in dual reflector shaping. According to the law
of energy conservation, the relation between E,(x) and
Ep2(9) can be written as [6]:

AGE; (0) = AxE] (x) (N

where Ax is the ray spacing at the aperture plane and 46 is
the ray spacing of the feed.

2.2 Modification of Reflector Shaping
Method by the Equivalent Parabola
Reflector

The dual reflector antenna configuration of Fig. 2
(Cassegrain antenna) can be replaced by the equivalent
parabola shown in Fig. 3. By using x-coordinate equation
at the equivalent parabola, dx/dé of (3) will be replaced by
a new equation.

In Fig. 3, the equivalent parabola represented by the
dashed line at a certain distance f. from the feed can
achieve the equivalent electric performance as the dual
reflector. For a given feed angle 6, the radial coordinates x
of the equivalent parabola is expressed by the next equation:

X Ry Zp)

N

Main Reflector

~
(x, z) ; Aperture
Xo N 2 dx plane
\ I Ed*(x)

/
Sub Reflector

(b)

Fig.2. (a) Structural parameters and (b) relation between
angle and electric power of the conventional reflector
shaping method.
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Fig. 3. Equivalent parabola shaping method.
2f sind
y = 2esiné ®)

l+cos6’

The differential form of (8) can be expressed as
follows:

ﬂzzfe{( sing®  cosd } 2 (9

=+ =
do 1+c0s6’)2 1+cos® 1+cos@

where f, indicates the equivalent parabolic focal length.
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Therefore, the electric power conservation of (3) can
be replaced by (9). The new set of differential equations
represented by (1), (2) and (9) become the modified ver-
sion of the dual reflector shaping equations. These three
simultaneous differential equations are expressed by one
variable 6. So, the solution can be obtained by using
MATLAB software. By the equivalent parabola shaping
method, the result of reflector is expected to be a Casse-
grain reflector antenna.

The f. value can be expressed in terms of eccentricity
value e as follows [9]:

e+1

fi=—. (10)

e—1

The eccentricity e is expressed as follows:
Sm(M]
= —2 N
Sin(Mj
2
2.3 Modification of Reflector Shaping

Method by the Equivalent Circle
Reflector

an

Based on the successful modification of reflector
shaping method by the equivalent parabola reflector, the
equivalent parabola equation can be further improved. In
reference to the purpose of designing a spherical reflector,
an equivalent circle reflector is considered.

The equivalent circle reflector concept is shown in
Fig. 4. By this concept, the main and sub reflectors are
supposed to be replaced by the equivalent circle reflector
which is shown by the dashed line. The radius of the circle
reflector is denoted as f.. On the equivalent circle reflector,
the relation of x and 8 is expressed by the next equation:

x = f,siné. (12)
The differential form of (12) is written as follows:
& _ f.cos@ (13)
deo
where f; is given by the next expression:
_ R (14)
¢ sind

In this case, Equation (13) is used to replace the
electric power conservation in (3). The new set of
differential equations that are composed of (1), (2) and (13)
is the modified version of the dual reflector shaping
equations. These three simultaneous differential equations
are expressed by one variable # and it can be solved by
using MATLAB software. The result of reflector is
expected similar to the spherical reflector by using the
equivalent circle shaping method.

Equivalent circle

:3:"::\\\ x =f,sin (6)

Sub Reflector

fc

Main Reflector 1

Fig. 4. Equivalent circle shaping method.

3. MATLAB Program

In order to solve the three simultaneous differential
equations, a computation program was developed using
Matrix Laboratory (MATLAB) software. The concept of
the developed MATLAB program is shown in Fig. 5. In
the MATLAB program, many designed results such as de-
signed reflector shapes, ray tracing, aperture distribution
and radiation pattern are shown. The program is developed
in the following manner. Firstly, the initial values of an-
tenna structure are set. The second step is to calculate re-
flector surfaces based on the three equations. The third step
is drawing calculation results such as reflector shapes, ray
racing, aperture distribution and radiation pattern.

3.1 Conventional Reflector Shaping Method

The purpose of developing a MATLAB program for
the conventional reflector shaping method is to ensure the
accuracy of the developed program. Based on the structural
parameters as shown in Fig. 2(a), the initial calculation
parameters are shown in Tab. 1. The diameter of the main
reflector can be calculated by the next equation [10]:

&:4tan(&) (15)
f 2

Here f is the focal length and @y, is the main reflector
angle.

The feed radiation pattern is shown in Fig. 6. The ¢-
value of the feed pattern EPZ(G) given by (6) is determined
to achieve the sub reflector edge level of —10 dB. The g-
value is set to be 37 for the feed angle 6; of 20 degree.

For the aperture distribution £,/(x), Equation (16) is

used:
Ej(x){l.l—[iﬂ . (16)
xmax

Here, xp.x is the maximum position of the main reflector.
The parameter p determines the strength of the aperture
distribution taper.
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Fig. 5. Function of developed MATLAB program.
Parameters Value Unit 1 . Aperture distribution
Frequency (Freq.) 28 GHz
Diameter of main reflector (Dy) 300 mm
Diameter of sub reflector (Ds) 60 mm 0.5
Main reflector focal length (f) 120 mm _
Main reflector angle () 70 degree %
Distance between focus point and feed (@) | 93.3 mm 0
Feed angle (&) 20 degree E
Tab. 1. Initial parameters for conventional reflector shaping 05
method.
= 1 i | ‘ } ;
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Fig. 6. Feed pattern of Epz 0). -20
The aperture distributions of p=0 and p=1 are ”s ' .
shown in Fig. 7(a) and (b), respectively. p = 0 achieves the “s0 100 50 0 50 100 150
uniform aperture distribution that is suitable for checking Radial Position x [mm]
the program accuracy by comparing the theoretical value. (®)
. . 1 1 1 1 2 =
By using Epz(g) and Edz(x) of Fig. 6, the reflector Fig. 7. ;l;)l;;é?elnure distribution of £, (x) for (a) p =0 and

shapes are designed by the developed MATLAB program.
Reflector shapes for p =0 and p = 1 are shown in Figs. 8(a)
and (b), respectively. The ray tracing result shows that all

rays in front of the main reflector become parallel to the
horizontal axis. The parallel characteristics mean that the
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constant phase distribution is achieved on the aperture
plane. From the ray separation of Fig. 8(a), it can be
observed that the ray separation at the reflector edge
becomes very narrow compared to the reflector center.

The ray separation change depends on the energy
conservation law in (7). In order to compensate the power
reduction of Epz(é)), the ray separation (Ax) becomes
narrow till the reflector edge. In the case of Fig. 8(b), in
order to achieve the sharp taper of Fig. 7(b) from the loose
taper of Fig. 6, the ray separation at the edge becomes
sparse compared to the reflector center. From the ray
tracing results, the adequateness of the developed
MATLAB program is ensured.

The radiation pattern can be calculated by the next
equation [9]:
E(6)=27[ ™ E,(x), (kxsin@)dr.  (I7)
Here, &k is the wave number and J, indicates the Bessel
function of the first kind.

The calculated radiation patterns for p =0 and p =1
are shown in Fig. 8. The dotted and the solid lines corre-
spond to the value of p = 0 and p = 1, respectively. It can
be observed that the first side lobe level (SLL) of the uni-
form aperture distribution is —17.5 dB that agrees with the
theoretical value of —17.6 dB [9]. The SLL of the tapered
distribution is —24.4 dB that agrees with the theoretical
value of —24.6 dB [9].

As a result, from the ray tracing results and radiation
results, the performance of the developed MATLAB
program is verified to be accurate.

3.2 Proposed Reflector Shaping Method by
Equivalent Parabola
In order to ensure the adequateness of the proposed
equivalent parabola method, the designed results by the

developed MATLAB program are examined. The struc-
tural parameters of Fig. 3 structure are shown in Tab. 2.
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Fig. 8. Radiation patterns for p = 0 (dotted) and p = 1 (solid).

Parameters Value Unit
Frequency (Freq.) 28 GHz
Diameter of main reflector (D) 300 mm
Diameter of sub reflector (Ds) 80 mm
Equivalent parabola focal length (/) 280 mm
Focal length (f) 160.8 mm
Main reflector angle (¢m) 50 degree
Feed position (d) 58 mm
Distance between focus point and feed (o) | 102.8 mm
Feed angle (Ov) 30 degree
Tab. 2. Structural parameters of the equivalent parabola
method.
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Fig. 9. Feed radiation pattern of E,%(6).
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Aperture distribution, Ed(x)
»

12 L . " . |
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radial position,x [mm]

Fig. 10. The aperture illumination distribution E2(x).

The feed radiation pattern Epz(ﬁ) as shown in Fig. 9
given by (6) is determined to achieve the sub reflector edge
level of —10 dB. For 6;= 30 degree, ¢ becomes 16.

The aperture distribution E(x) is determined by
E,(6) that is shown (7):

E;(x)zE;(e)jx_‘g:cos(e)q(lmose). (18)

The obtained aperture distribution is shown in Fig. 10.

The designed reflector shapes and ray tracing results
are shown in Fig. 11. It can be observed that all rays be-
come parallel to the z-axis after reflection on the main re-
flector. The parallel rays mean that uniform phase distribu-
tion is achieved on the antenna aperture plane as the ray
separation becomes constant. The ray separation change
depends on the energy conservation law in (7). In this case,
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Fig. 11. The ray tracing result of equivalent parabola method.

as the tapering of Fig. 10 and Fig. 11 becomes almost sim-
ilar where Ax is similar to A6 which is constant. From the
ray tracing results as shown in Fig. 11, the adequateness of
the reflector shaping method is shown.

Next, the reflector shapes are examined. By the equiv-
alent parabola reflector method, the Cassegrain antenna is
designed. In the Cassegrain antenna case, the main reflector
surface point (x,z) is given by the next equation [9], [11]:

X =4f (19)

The hyperbola sub reflector structure is shown in
Fig. 12. By the eccentricity value e, the sub reflector shape
becomes hyperbola or ellipse as shown by (20) [9], [11]:

¢ {> 1 hyperbola
b

(20)
<lellipse

The hyperbola sub reflector surface (x;, z;) is expressed by
(1) [9], [11]:
2z’ x?

S S

» oAb
From Tab. 2, fis 160.8 mm and ¢ = a/2 is 51.4 mm
while b variable is set to be 13.9 mm. Table 3 shows the
comparison results of the designed and theoretical coordi-
nates. It can be observed that the designed main and sub
reflectors agree with the parabola and hyperbola, respec-
tively. It is concluded that the Cassegrain antenna is de-
signed accurately by the equivalent parabola reflector
method.

—1. @1)

Figure 13 demonstrates the radiation pattern of
the designed dual reflector antenna. It shows that the SLL is

Fig. 12. Hyperbola sub reflector structure.
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Fig. 13. 2-D radiation pattern of the equivalent parabola.

—24.5dB and the half power beam width (HPBW) is
2.7 degree. By taking into account the aperture distribution
of Fig. 10 that has the edge level of —10.5 dB, the first side
lobe level is adequate.

3.3 Proposed Reflector Shaping Method by
Equivalent Circle

In the previous subsection, the equivalent parabola
equation can be applied successfully to the conventional
reflector shaping method. From the result, the Cassegrain
antenna that has a parabolic main reflector is achieved.

In this sub section, the parabola equation is replaced
by the equivalent circle equation and applied to the con-
ventional reflector shaping method. The designed main
reflector shape is expected to be similar to the spherical
reflector. Table 4 lists the initial calculation parameters for
MATLAB program based on the Fig. 4.

0 Main Reflector (mm) Sub Reflector (mm)
(deg) Designed Theoretical Parabola Designed Theoretical Hyperbola
X Zn X Zn X Z, X Zs
30 150 35 150 35 40 127.3 40 127.3
20 98.8 15.2 98.9 15.2 24.4 124.9 24.3 124.8
10 49 3.7 49 3.7 11.6 123.7 11.5 123.7
0 0 0 0 0 0 123.3 0 123.3

Tab. 3. Comparison results between designed and theoretical coordinates.
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Parameters Value Unit

Frequency (Freq.) 28 GHz

Diameter of main reflector (Dy) 300 mm

Diameter of sub reflector (Ds) 80 mm

Equivalent parabola focal length (1) 300 mm
Main reflector angle ($m) 50 degree

Feed position (d) 34.4 mm

Distance between focus point and feed (a) | 69.3 mm
Feed angle (6p) 30 degree

Tab. 4. Initial parameters of the equivalent circle method.

-6

Horn Feed Radiation,Ep(theta)

-30 -20 -10 0 10 20 30

Feed angle 0, [degree]
Fig. 14. Feed pattern of E,%(0) for equivalent circle.

In Fig. 14, the feed radiation pattern is shown. The
radiation pattern is determined to achieve the sub reflector
edge level of —10 dB at &= 30 degree. The ¢ value of (6)
becomes 16.

By using the electric power conservation relation
between EPZ(H) and E;(x) of (7) and applying the relation
of (13), the aperture distribution can be expressed by (22):

E2(x)= E2(0) 32 = cos(0)". (22)
dx

The obtained aperture distribution is shown in
Fig. 15. The edge level becomes —9.37 dB. By comparing
the Fig. 15 result with the equivalent parabola case of

Fig. 10, the edge level of the equivalent circle case is
increased 1 dB than the equivalent parabola case.

Aperture distribution, Ed(x)

-150 -100 -50 0 50 100 150
radial position,x [mm]

Fig. 15. The aperture distribution E/(x) of the equivalent
circle.

The ray tracing result is shown in Fig. 16. When com-
paring reflector shapes with Fig. 11 result, a slight differ-
ence is observed at the sub reflector shapes. The ray sepa-
rations Ax on the antenna aperture become almost constant
since the designed step angle A# is constant.

The comparison of the main reflector shape and the
spherical reflector shape is shown in Tab. 5. At the reflec-
tor edge of x,,= 150 mm, z,, values of the designed shape
and the sphere become 40.2 and 35.6 mm. The difference
is avery small value of 4.6 mm. At x,=103.8 mm and
51.8 mm, z, values become the same. So, the designed
main reflector is very similar to the spherical reflector. In
order to make clear the difference of the main reflector
shapes, the ray tracing results at the focal region are com-
pared in Fig. 17. In the case of Fig. 17(a), the focal region
rays converge at the focus point. However, in the case of
the spherical reflector case shown in Fig. 17(b), the focal
region rays do not converge at one point [12]. By checking
the focal region rays, the difference of reflectors are clear.
As a conclusion of this section, the proposed equivalent
circle method can achieve semi spherical main reflector
that has a constant phase distribution on the aperture plane.
Therefore, high gain and good multibeam radiation pat-
terns are expected.

The radiation pattern of the equivalent circle reflector
is shown in Fig. 18. The SLL and the beamwidth are
—20.8 dB and 2.4 degree, respectively. In comparison with
Fig. 13 of the equivalent parabola case, the SLL is increased
around 4 dB. The increase in the SLL depends on the incre-

Main Reflector (mm) Sub Reflector (mm)
( d(:g) Designed Spherical Shape Designed
Xin Z Xin Zn X, Z,
30 150 40.2 150 35.6 40 103.7
20 | 103.8 | 18.5 | 103.7 18.5 24.6 101.1
10 | 51.8 16.5 51.7 16.5 11.4 99.5
0 0 0 0 0 0 99

Tab. 5. Comparison results between main reflector shape and
the spherical shape.

200

150 |

100 |

50 t

Radial Position x [mm)]
o

50 0 50 100 150 200 250 300
Longitudinal Position zZlmm]

Fig. 16. The ray tracing of the equivalent circle.
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ment of aperture edge level shown in Fig. 15 as compared
to Fig. 10. Then, in the equivalent circle case, an antenna
gain increase is expected.
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Fig. 17. The aperture distribution of E/(x) for (a) p =0 and
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Fig. 18. Radiation pattern of the equivalent circle reflector.

4. Antenna Structure of
Electromagnetic Simulation

4.1 Simulation Parameters

In order to obtain accurate radiation characteristics,
such as antenna gain and multibeam radiation patterns of
the equivalent parabola and circle reflectors, electromag-
netic simulations are conducted by using a commercial
software of FEKO. The simulation parameters are shown
in Tab. 6 based on the structure of Fig. 19. As the main pa-
rameters, diameters of main and sub reflectors are 300 mm
and 80 mm, respectively. The frequency is 28 GHz.

4.2 Feed Horn

The feed horn size is shown in Tab. 6. In Fig. 20(a)
and (b), the structure of the feed horn antenna and the
radiation pattern are shown, respectively. The radiation
pattern indicates that the edge level of the sub reflector
becomes —10 dB. On the other side, Figure 20(c) shows
that the horn antenna return loss S;; is —30.9 dB at 28 GHz.
It gives evidence that the simulated horn antenna is
working well.

Feed Horn

Fig. 19. Dual reflector structure.

Parameters Value I Unit
Simulator FEKO
Method PO
Frequency (Freq.) 28 GHz
Diameter of main reflector (Dy) 300 mm
Diameter of sub reflector (Ds) 80 mm
The maximum feed angle (6y) 30 degree
Rectangular waveguide width of feed horn (ww) 7.5 mm
Rectangular waveguide length of feed horn (w/) 9 mm
Rectangular waveguide height of feed horn (w#h) 6 mm
Flare width of feed horn (fiw) 21 mm
Flare length of feed horn (4/) 20 mm
Flare height of feed horn (h/) 19 mm

Tab. 6. Electromagnetic simulation parameters.
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Fig. 20. (a) Structure, (b) the radiation pattern and (c) the return
loss S;; of the feed horn

5. Simulation Results of Multibeam
Radiation Patterns

5.1 Feed Position for Multibeam

In multibeam calculation, the feed position should be
determined at the objective beam direction. The relation of
the feed angle 6 and beam direction angle 6y are shown in
Fig. 21. The ratio of 83 to 6 is called the beam deviation
factor (BDF) as given by (23) [8].

2
14036 Py
0 4/

BDF = (23)

B
o 1+ Dy
41

A X
Equivalent Ref. |
Off-set feed k
__fe !
! dx, RS 4
Origin | (0. " Sessan !
______'—_I ””””””””””””””””””””” F_ ____________::EEEEl ==
<> eB I | Z

Fig. 21. Off-set feed position of the equivalent reflector.

Here, Dy is the main reflector diameter and f;, is the focal
length of the equivalent reflector [8].

Then, the displaced feed position (dxs, dz;) for the g
beam direction is given as follows:

6,
dx, = f. sin| —2—|,
§ o (BDF)
7]
dzg = fi — CqCOS(Bl;Fj.

5.2 Multibeam Radiation Patterns of the
Equivalent Parabola Method

24)

(25)

Feed positions for beam angles g are shown in
Tab. 7. Here, foq is given by f.=280 mm of Tab. 2. The
displaced feed positions and the radiation patterns for the
beam angles of 0, 5, 10 and 15 degrees of the equivalent
parabola method are shown in Figs. 22(a), (b), (¢) and (d),
respectively. It shows that the co-polarized components of
the simulated designs which are represented by black solid
line gradually reduce in accordance with the increase of the
radiation angle and the beam widths increase in the off-axis
beams. The cross-polarized components which are shown
by the black dash line are —47.175 dB, —47 dB, —46.35 dB
and —46 dB below the main beams of 0, 5, 10 and 15 de-
grees, respectively.

Figure 23 presents the return loss S); of the equivalent
parabola method for the beam angles of 0, 5, 10 and 15
degrees. Overall, it shows good return loss. Table 8 sum-
marizes the simulated results of the equivalent parabola
method in term of —10 dB beam width, the return loss S,
gain and efficiency. Meanwhile, multibeam radiation
patterns are shown in Fig. 24. It is found that the beam shape

Beam angle Feed position (mm)
Op (degree) Xs Zs
0 0 0
5 25 59
10 52 62
15 77 66

Tab.7. Beam angle and off focus feed position of the
equivalent parabola method.
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degradation is rather fast for beam shift angle. At 15 degree
beam shift angle, —10 dB beam width becomes 1.7 times
larger than the center beam case. The reductions of gain
and efficiency become 1.8 dB and 22%, respectively.

Total Gain [dBi]
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Fig. 22. Feed positions and radiation patterns for (a) On- axis,
(b) 5 degree, (c) 10 degree and (d) 15 degree beams of
the equivalent parabola method.
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Fig. 23. The return loss S}, of the equivalent parabola method.
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Fig. 24. Multibeam radiation patterns of the equivalent
parabola method.

af;aen;., Beamwidth (deg) o 2§”GHZ Gain | Efficiency
Gew) | 3B | -10aB aB) (dBi) (%)
0 265 | 473 34 37 646
5 35 6.7 3444 365 575
10 36 716 27 362 537
5 438 82 29.68 352 027

Tab. 8. Beamwidth, S);, gain and efficiency of the equivalent
parabola method.

5.3 Multibeam Radiation Patterns of the
Equivalent Circle Method

Table 9 summarizes the feed positions for beam
angles 0 of the equivalent circle method. Here, fq is given
by f. =300 mm as shown in Tab. 4. Figures 25(a), (b), (c)
and (d) present the radiation patterns of the equivalent
circle dual reflector antenna when the beam is scanned by
0, 5, 10 and 15 degrees, respectively. It is apparent that low
levels of cross-polarization are obtained at 0 to 15 degrees
beam scanning considered in this design. On the other side,
the co-polarization of its electric field shows a smooth
degradation in beam width.

Feed Position (mm)
Beam angle 6 (degree)
Xs Zs
0 0 0
5 23 35.5
10 46 38.5
15 69 43.5

Tab.9. Beam angle and off focus feed position of the
equivalent circle method.
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Fig. 25. Feed positions and radiation patterns for (a) On- axis,

(b) 5 degree, (c) 10 degree, and (d) 15 degree beams of
the equivalent circle method.

Figure 26 shows a plot of the return loss S, versus
frequency for this design where it is lower than —29 dB.
The simulation results of the off-set feed equivalent circle
dual reflector are summarized in Tab. 10. In addition, Fig-
ure 27 shows the multibeam radiation patterns for the
equivalent circle method. The envelope of each beam grad-
ually reduces in accordance with the increase of the radia-
tion angle and the beam widths increase in the off-axis
beams. It is clearly observed that the gain reduction at the
15 degrees off beam position is 1.2 dB, thus the efficiency
is 16%. One interesting finding is a smooth degradation in
gain that was found in the off axis feed configuration. This
reduction is nearly related to the increment in the beam
width of 1.4 times. It is interesting to note that these results
show the proposed methods in this study can be adopted in
designing circle dual reflector antenna configuration.
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Fig. 26. The return loss S; of the equivalent circle method.
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Fig. 27. Multibeam radiation patterns of the equivalent circle

method.
af;li n; Beamwidth (deg) at Zglé}Hz Gain Efficiency
B 2 (1)
(deg) -3dB | -10dB (dB) (dBi) (%)
0 2.6 4.64 =35 372 67.6
5 34 5.4 -33.8 36.9 63.1
10 35 6 -33.6 36.8 61.6
15 4.5 6.7 -29.3 36 51.3

Tab. 10. Beamwidth, Sj;, gain and efficiency of the equivalent
circle method.
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5.4 Comparisons of Multibeam
Characteristics between Equivalent
Parabola and Circle Methods

Changes in antenna gain and beam shape for
multibeam radiation patterns as shown in Figs. 23 and 26
are observed numerically. First, antenna gain comparisons
are shown in Fig. 28. The remarkable thing is that the gains
of the equivalent circle case become higher than the equiv-
alent parabola case. Moreover, gain degradation for beam
angle shift becomes smaller in the equivalent circle case.

As for the change in beam shape for multi beam oper-
ation, the associated beam widths at —3dB and —10dB
levels are shown in Fig. 29. At —3dB beam width, any
differences between the equivalent parabola and circle are
not clear. At —10 dB beam width, significant differences
are observed. In the equivalent circle case, the beam width
changes from 4.6 deg to 6.7 deg for beam directions of
0 deg to 15 deg, respectively. The beam width expansion
rate becomes 1.45. In the equivalent parabola case, the
beam width changes from 4.7 deg to 8.2 deg for beam
directions of 0 deg to 15 deg, respectively. The beam width
expansion rate becomes 1.74. It is clarified that the beam
shape change is suppressed to 1.45 of the equivalent circle
case from 1.74 of the equivalent parabola case. It can be
observed that by applying the equivalent circle equation to
the conventional reflector shaping method, the gain
reduction and beam shape degradation are reduced as
compared to the equivalent parabola equation case.

Table 11 summarizes a comparison which is drawn
between the results of the proposed dual reflectors in this
paper and previous works on multibeam array antenna at
frequency of 28 GHz [3-5] in order to demonstrate the
potential of the proposed equivalent methods in this paper.
It can be observed that the proposed equivalent parabola
and circle reflectors are able to provide good performances
compared to previous multibeam array antennas in terms of
S1; and gain. The proposed reflectors based on the equiva-
lent parabola and circle shaping methods have a slight
maximum gain drop compared to others.

375

w
=
n
L
¥

---&-- Equivalent Parabola

Gain (dB)

™

=N
L

L ]

---@---Equivalent Circle

355 A

A

0 5 10 15 20
Beam Angle (Deg.)

Fig. 28. Gain variation with changing the off beam angle for
the equivalent parabola and circle dual reflectors.
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Fig. 29. Beam width change of the equivalent parabola and
circle reflectors.

S Maximum | Minimum

Reference at 28 GHz gain gain

(dB) (dBi) (dBi)
[3] -15 16 11
[4] -14 15.2 9.2

[5] -16 244 20.9

The proposed equivalent 34 37 350

parabola reflector
The pr.oposed equivalent 35 372 36
circle reflector

Tab. 11. Beamwidth, S;, gain and efficiency of the equivalent
circle method.

6. Conclusion

New reflector shaping methods using the equivalent
parabola equation and the equivalent circle equation are
proposed. First, reflector shape design program was devel-
oped by MATLAB software for conventional shaping
method to ensure the reliability of the program perfor-
mance. Next, the conventional shaping program was modi-
fied for the equivalent parabola and circle reflectors. The
calculated ray tracing results, reflector shapes, aperture
distributions and radiation patterns of the three reflector
shaping methods have shown the accuracy of the MATLAB
program. Moreover, comparisons of the MATLAB results
with electromagnetic simulation results were done and
good agreement has been obtained. The off-beam charac-
teristics of equivalent parabola and circle dual reflectors
were investigated through FEKO simulator. In the equiva-
lent circle case, high aperture efficiency of 67.6% has been
achieved. As for multibeam characteristics, gain reduction
at 15 degree beam was small, which is only 1.2 dB. Small
beam shape change ratio of 1.45 was also achieved. In the
equivalent parabola case, aperture efficiency is 64.6%. As
for multibeam characteristics, the gain reduction at 15 de-
gree beam is 1.8 dB and the beam shape change ratio is
1.74. For all parameter values of aperture efficiency, beam
gain reduction and beam shape change, the equivalent
circle reflector becomes superior. As a result, it is ensured
that high gain and good multibeam radiation patterns can
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be achieved by applying the equivalent circle equation to
the conventional reflector shaping method.
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