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Abstract—Precise contoured beam is very important in 
designing antenna system for satellite broadcasting application. 
Through accurate contoured beam design, constant signal and 
optimum beam performance can be achieved throughout the 
region. For the case of Malaysia, two separate contoured beams 
for the peninsular and Borneo regions must be obtained. In this 
paper, a lightweight non-symmetrical array feed structure is 
designed to illuminate a single parabolic reflector. For this 
structure, calculation of the exact positions of radiating element 
on a widely distributed feed area is the most critical aspect in 
achieving an optimum contoured beam. Therefore, an accurate 
two-dimensional caustic locus graph is used to determine the 
position of the array elements on the radiating patch. 
Optimization of amplitude excitations of each element is 
performed to ensure less than -3dB variation along the edge of 
coverage (EOC). The performance of the multi-element 
asymmetrical patch feed integrated with parabolic reflector 
system are analyzed and verified through MOM-based FEKO 
solver.  

Keywords—Reflector antennas; satellite antennas; array feeds; 
ray tracing; geometrical optics   

I.  INTRODUCTION 
Parabolic antennas are known for their high performance, 

ease of installation and simple structure. These antennas are 
widely used on satellites and ground stations that require high 
gain application. In broadcasting scenario, the needs for more 
compact and economical earth stations on user terminals have 
increased the performance requirements of satellite, especially 
in terms of the transmit power and data rates [1]. Therefore, 
antennas with narrow beamwidths are requested for their 
ability to support high data rates while maintaining low 
satellite power. However, in order to form a large satellite 
footprint that can cover the requested region, antenna system 
that can generate either multiple narrow beams or an 
optimized contoured beam shall be accurately designed [2, 3]. 
In the case of typical multi beam antenna (MBA) system, a 

large footprint can be simultaneously formed by employing 
multiple feed horns. Recently, due to the ease of fabrication, 
design flexibility and lightweight, microstrip array feeds are 
used to replace the feed horns. Through both techniques, 
higher gain and wider coverage are achieved at the same time 
[3-6]. However, among the main issues raised with regards to 
the microstrip design are the lower gain and the broader 
beamwidth characteristic as compared to the conventional 
horn structure, especially to produce non-symmetrical or 
contoured beam pattern. 

Many studies have been performed to determine the 
optimum feed positions of the reflector [7-9] yet, in those 
studies; the relation of two-dimensional and precise feed 
locations to the incoming beam direction was not clarified. 
The substantial changes of caustics with respect to focal length 
to diameter ratio (F/D) were not clearly shown by any 
formulation or curves. Moreover, only limited cases of F/D 
were observed. Large F/D (more than 1) is more desirable in 
space application due to its high scanning ability and less 
aperture blockage. Therefore, the results presented in those 
works were inadequate to be used for designing contoured 
beam for Malaysia.   

Authors have developed a ray tracing program in 
MATLAB to evaluate the optimum feed position of a 
parabolic reflector for various F/D [10]. In the tool, a precise 
caustic model with an accurate caustic locus equation and 
useful design charts have been developed for universal F/D 
values that can be used to design flexible non-symmetrical 
beam shape [11]. In this paper, microstrip array feed has been 
designed to illuminate a single reflector to produce beam 
shape of Malaysia region as shown in Figure 1. The positions 
of each feed element are determined accurately through the 
caustic modeling technique. The -3dB EOC gain along the 
contoured beam is obtained through optimization of excitation 
coefficients that is observed through magnetic field intensity 
of the radiating surfaces.   
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II. RELATIONSHIP OF FEED POINTS AND RADIATED BEAMS 
Figure 2 shows the focal spot F1 and F2, the incident plane 

wave W2 and the radiated beams. In the ray tracing program, 
for the incoming plane wave from θB2 direction, all rays 
illuminating the parabolic reflector were taken into account. 
After the reflection, all rays concentrated in one point and a 
caustic was formed. The locus of caustics was expected to be 
on a curved line. In the radiation pattern calculation, shifted 
beam direction (B1) is produced for the off-focus feed (F1). 
From an expression of the antenna aperture phase change in 
feed displacement of dx, the equation of the beam deviation 
factor (BDF) was derived [12], as shown in (1). 
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 This equation is very convenient for actual antennas 
having arbitral F/D value. However, the feed positions are 
limited to one-dimensional displacement. In this paper, the 
positions of feed elements are determined by using a universal 
design curve, known as locus of caustic. Thus, by using this 
technique, the application of (1) is improved due to the more 
accurate two-dimensional caustic locus. 

III. CAUSTIC LOCUS 
 Ray tracing method was performed in [11] for various 
configurations (F/D ≥ 1) and incident angles based on the 
concept of geometrical optic (GO). From the behaviors of 
reflected rays in focal region, the two-dimensional off-axis 
displacements were obtained as shown in Figure 3. The 
variables were normalized against focal length F to 
demonstrate the universal change with respect to any incident 
direction θin. Based on the calculated results and analysis, 
caustics were approximated by a locus equation (2), where 
S(x, z) represents the distance from the center of the reflector 
to the focal spot or caustic. 

inFcosθz)S(x, =    (2)  

From excellent agreements of all curves, it is recognized that 
the locus is determined by Equation (2). Thus, the method of 
determining the best feed positions is clarified. It is observed 
from Figure 3 that the relation is universal and valid for any 
antenna dimensions, thus to support the statement, the results 
obtained in the analysis are applied for the actual design of 
contoured beam for Malaysia shown in section IV. 

 

IV. ANTENNA DESIGN FOR MALAYSIA CONTOURED BEAM 
Figure 4 shows the relation between a feed position and its 

radiated beam, with the respective axis configurations as 
modeled in FEKO. To ensure efficient illumination, it is 
important to obtain the feed pattern of about 10 dB down in 
the direction of the rim for both sides of the reflector. Such 
configuration shall produce 2θm beamwidth at -10 dB edge 
level. Based on the diagram, the reference points of the beam 

Figure 3. Universal two-dimensional caustic locus 
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(B1 to B11) are represented by a specific point on far-field 
plane, denoted by azimuth and elevation coordinates (AZ, 
EL). In order to calculate the lateral feed displacement Δy and 
Δz, equation (1) is used for AZ and EL direction respectively, 
and to determine caustic movement in x-coordinate, equation 
(2) is used. Throughout the calculation, the incident beam 
angles θin for each far-field point are measured with respect to 
the x-axis. In this design, reflector diameter of 122λ is used 
and F/D of 1.5 is chosen based on the practicability and good 
scanning performance as compared to small F/D. The caustic 
behavior for this configuration is shown in Figure 5.    

 In designing microstrip array feed, caustic spots are 
computed based on the reference points shown in Figure 1. 
Each patch element, measured 0.33λ for both sides is designed 
on a polytetrafluoroethylene (PTFE) substrate having 
dielectric constant of εr = 2.6, thickness h = 1.2 mm and tan δ 
= 0.0018. Figure 6 and 7 show the corresponding feed 
elements, arranged together with additional elements within 
the respective boundary in FEKO. The randomly-distributed 
elements are added to the original configuration to ensure 
sufficient -3dB illumination across the EOC, low loss and high 
efficiency characteristics. The inter-element spacing, denoted 
as d0, d1 and d2 are chosen in between the range of 0.5 λ to 

 

 
0.8 λ to reduce mutual coupling effects.  

V. OPTIMIZATION OF EXCITATION ELEMENTS 
Excitation coefficient of each element is optimized through 

amplitude adjustment to obtain uniform radiation throughout 
the coverage areas. Here, in-phase amplitude excitations, Ai 
are assigned from 0.3 to 1.3 V to obtain uniform contoured 
beam within less than 3dB gain variation with respect to Gmax 
along EOC. The phase excitations are kept to default value 0°. 
Based on the Ai distribution, all elements located at the edge 
are assigned to maximum Ai value; meanwhile, to achieve 
broader -3dB beam width, the middle elements are assigned to 
minimum Ai value (0.3 V) and the adjacent elements are 
excited at ~0.8 V. This technique is performed to reduce gain 
variation between the far elements with the middle elements, 
which are expected to have the highest gain level. The final 
antenna design produced two contoured beams, as shown in 
Figure 8 and 9 respectively. 

The microstrip element behaves as a perfect electric 
conductor at the surface; therefore, the E-field intensity is zero 
at the patch surface. Thus, in order to examine the behavior of 
induced currents at each element, the characteristics of H-field 
are observed. Figure 10 and 11 demonstrate the distributions 
of magnetic field (H-field) intensity for both feeds. Figure 12 
and 13 show the numerical data of the output H-field intensity. 
Ideally, Ai and H-field intensity shall give similar pattern/ 
trajectory; however, this condition is impossible to be 

Figure 7. Arrangement of 27 radiating elements with the corresponding 
beam points for East Malaysia (we = 128 mm and le = 111 mm)
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Figure 6. Arrangement of 18 radiating elements with the corresponding
beam points for West Malaysia (ww = 60 mm and lw = 117.44 mm) 

Figure 5. Two-dimensional caustic position for F/D =1.5 
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achieved in practical design due to other factors such as 

mutual coupling and grating lobes. Therefore, theoretically, 
the behaviors of the resultant magnetic currents are expected 
to be slightly different from the assigned input Ai.  

As observed from both figures, the induced current at each 
element is proportional to the input Ai. The H-field data 
behaves in similar manner as the Ai. There are only slight 
variations in the pattern, which are possibly caused by mutual 
coupling. Based on the comparison between these data, the   
correct relation is achieved. The optimization of contour 

through amplitude-only excitation seems successful in 
concentrating the energy towards the EOC. Table I shows the 
simulation parameters of the design, as simulated in FEKO. 
As shown in Table I, East and West beam are simulated 
separately to reduce the computation time and memory usage. 
However, if both were simulated simultaneously, the effects of 
mutual coupling between both beams are expected.   

  
 

 

Figure 13. Comparison between magnetic field intensity and input amplitude
excitation for East Malaysia beam design 
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Figure 12. Comparison between magnetic field intensity and input amplitude
excitation for West Malaysia beam design 

Element number 

H-
field 

intensi
ty 

(dBA/
m) 

A
mp
lit
ud
e, 
Ai

H-field intensity Amplitude, Ai

Figure 11. Magnetic field distributions on the microstrip surface for East
Malaysia beam design 
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Figure 9. The contoured beam of East Malaysia  
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Figure 8. The contoured beam of West Malaysia  
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TABLE I.  SIMULATION PARAMETERS OF ARRAY-FED PARABOLIC 
DESIGN FOR MALAYSIA CONTOURED BEAM 

Items Parameters Details 
Parabolic 
reflector 

Diameter, D 122λ 
Focal length, F 183λ 

Mesh size λ/2 
Microstrip 
array feed 

Patch dimension 0.33 λ x 0.33λ 
(single) 

Mesh size λ/20 
 

VI. CONCLUSION 
Two separate contoured beams were produced for 

Malaysia region by using parabolic reflector as the main 
antenna structure and microstrip array as the feeding elements. 
The locations of all feeds were accurately determined through 
caustic spot, calculated by using caustic locus derived in 
previous work. In the feed design, multi-element microstrip 
arrays were constructed on a PTFE substrate, and were 
arranged according to the desired beam areas on earth.  The 
complexity of the design was due to the need to assign 
amplitude excitation coefficients in order to produce the 
desired -3 dB EOC results. After several series of amplitude 
optimization and simulations, contoured beams having 
sufficient beam width and gain for West and East Malaysia 
coverage was produced. Furthermore, based on the evaluation 
of magnetic field intensity, the optimization technique was 
accurate in producing the desired contours. Accuracy of 
caustic curve was also verified through 3D electromagnetic 
simulation in FEKO.  
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