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ABSTRACT In this paper, we propose a method to derive an optimal gain mask to enhance the aperture 

efficiency of phased array-fed reflectors (PAFRs). The optimal gain mask is obtained to uniformly illuminate 

the offset reflector’s surface. The optimal gain mask is derived based on the square of the distances from the 

feed antenna to each point on the offset reflector surface. To generate a feed pattern similar to the optimal 

gain mask, a 4 × 8 array antenna is used as the feed antenna. Using this array antenna, beam synthesis is 

applied through the superposition of array patterns sampled at 1 intervals in both θ and . In addition, to 

achieve sidelobe suppression, quadratic taper function is applied to the derived optimal gain mask. We then 

illuminate the reflector using three feed patterns: a synthesized beam based on the proposed mask, a 

synthesized beam following a cosecant-squared mask, and a single horn antenna pattern. In this case, the same 

quadratic tapering order of N = 0.5 is applied to both the proposed gain mask and the cosecant-squared mask. 

The proposed method shows a bore-sight gain of 48.2 dBi and a sidelobe level (SLL) of −39.0 dB, 

representing improvements compared with the results obtained using the cosecant-squared-based pattern 

(47.5 dBi and −35.8 dB) and the horn antenna pattern (47.8 dBi and −34.0 dB). These results demonstrate 

that the proposed gain mask and beam synthesis method are effective in achieving high aperture efficiency 

and sidelobe suppression performance. 

INDEX TERMS PAFR, offset reflector antenna, beam synthesis, aperture efficiency, phased array antenna. 

 

I. INTRODUCTION 

Modern satellites are utilized in various RF applications, 

including mobile communications [1], military tactical 

communications [2], and signal intelligence (SIGINT) [3]. In 

these systems, high-gain antennas are required to compensate 

for the path loss caused by the long distance between satellites 

and Earth stations [4], [5]. Accordingly, reflector antennas are 

generally used because they have high-gain characteristics 

through large-diameter reflectors, such as Cassegrain 

reflectors, front-feed reflectors, and offset reflectors [6], [7], 

[8]. In particular, offset reflector antennas are widely 

employed because they can effectively minimize structural 

blockage and simplify mechanical structures [9]. To transport 

these large-diameter reflector antennas to operational altitudes, 

they should be mounted on a launch vehicle, which has strict 

constraints on payload volume and weight [10], [11]. 

Therefore, it is necessary to enhance the aperture efficiency of 

a limited-size reflector to achieve high-gain performance. 

Moreover, effective sidelobe suppression is required to 

mitigate undesired interference and improve the signal-to-

interference ratio (SIR) [12]. To address these issues, several 

studies have focused on designing matched feeds with an 

optimized beamwidth to minimize spillover [13], [14]. These 

studies have enhanced aperture efficiency through beamwidth 

optimization but there are limits to improving the efficiency of 

an offset reflector using a single antenna due to the asymmetric 

geometry of the reflector [15]. Subsequently, research has 

reported the use of a phased array-fed reflector (PAFR) system 

to achieve high aperture efficiency of the offset reflector, 

enabling more uniform illumination over their asymmetric 

geometry [16]. In PAFR systems, conjugate-field matching 

(CFM) provides an optimal solution for maximizing the gain 

[17], [18]. However, it requires full-wave simulations for each 

excitation port, which significantly increases computational 

complexity, particularly for large-scale reflector systems [19]. 

To avoid computational complexity, mask-based beam 

synthesis approaches for feeders have been studied [20]. This 

study demonstrated that synthesizing a cosecant-squared beam 

pattern in the feed’s elevation direction can achieve an 

aperture efficiency of up to 60% of the PAFR. In addition, 
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studies have been conducted to analyze the main lobe gain and 

sidelobe suppression performance of reflectors based on the 

current distribution over the surface [21], [22], [23] However, 

these studies have not proposed an optimal gain mask that 

maximizes aperture efficiency by precisely accounting for the 

asymmetric geometry of offset reflectors, nor have they used 

a beam synthesizing method to obtain such a pattern. 

Furthermore, limited research has been done in applying taper 

functions to the derived optimal gain mask and quantitatively 

evaluating the trade-off between the main lobe gain and the 

sidelobe level (SLL) as a function of edge taper strength.  

In this paper, we propose a method to derive the optimal 

gain mask necessary to maximize the aperture efficiency of 

PAFR. The optimal gain mask is obtained to provide uniform 

illumination on the offset reflector surface; thus, it is 

determined based on the square of the distances from the feed 

antenna to each point on the offset reflector surface. To 

achieve a feed pattern resembling the optimal gain mask, a 4 

× 8-phased array feed (PAF) is utilized. Beam synthesis is 

performed by the superposition of array patterns steered in 

each direction and weighted according to the corresponding 

mask value. The mask is sampled at 1 increments in both θ 

and . Since the sampling density decreases as θ increases, a 

sin(θ) is applied as a weighting factor to compensate for the 

non-uniform sampling density. In addition, a quadratic taper 

function is applied to the gain mask to suppress the sidelobes 

of the reflector’s radiation pattern. We then illuminate the 

reflector using three feed patterns: a synthesized beam 

following the proposed mask, a synthesized beam following a 

cosecant-squared mask, and a single horn antenna pattern. The 

proposed mask achieves enhanced aperture efficiency and an 

SLL compared with the results obtained using the cosecant-

squared-based pattern and the horn antenna pattern. In 

addition, to analyze the performance with edge tapering, we 

conducted simulations by applying a quadratic taper function 

to the gain mask. The proposed feed pattern also achieves 

higher reflector aperture efficiency and lower SLL than the 

cosecant-squared-based pattern and the single horn antenna 

pattern.  

The paper is organized as follows. In Section II, we describe 

the geometry of the PAFR and the derivation process of the 

gain mask of the feed antenna. In Section III, the beam 

synthesis method is used to approximate the gain mask, and a 

taper function is applied to suppress the SLL. In Section IV, 

full-wave simulations validate the proposed method by 

comparing gain and sidelobe performance with reference 

methods.  

 
II. FEEDER OPTIMAL GAIN MASK DERIVATION 

Figure 1 illustrates the geometry of an offset reflector antenna 

and a method for enhancing the effective illumination area of 

the reflector. The surface of the offset reflector is designed by 

applying the parabolic equation with a focal length of F [24], 

which has a diameter of D and an offset angle of ψ, as shown 

in Figure 1(a). In this configuration, when the feed antenna is 

located at the focal point of the parabolic surface, the field 

reflected by the surface has an equal-phase distribution across 

the aperture, resulting in constructive interference along the 

bore-sight [25]. In an offset reflector antenna, the reflector 

exhibits edge-to-edge angles θVer and θHor in the vertical and 

horizontal planes with respect to the focal point. Accordingly, 

the feed pattern must be designed considering θVer and θHor to 

enhance the reflector’s aperture efficiency. Figure 1(b) 

illustrates the effective reflection area of the offset reflector 

according to feed antenna type. The offset reflector antenna 

has different distances from the focal point to the low- and 

high-elevation edges, denoted by dl and du, where dl is smaller 

than du. The larger path length du results in a greater reduction 

in field magnitude relative to that for dl [26]. In this geometry, 

a single-feed antenna is limited in compensating for the 

magnitude difference, which reduces the effective reflection 

area and consequently degrades aperture efficiency. To 

overcome this limitation, PAF can be employed as the feed, 

which generates a synthesized pattern that accounts for 

asymmetric geometry. By shaping the feed pattern to provide 

a higher gain toward the longer paths and a lower gain toward 

the shorter paths, a larger effective reflection area can be 

achieved compared to a single-feed antenna. 

 

(a) 

 

 

(b) 

FIGURE 1. The geometry of the offset reflector antenna and the 
effective reflection area. (a) Geometry of the circular offset 
reflector antenna. (b) Phased array feed (PAF) to improve the 
effective reflection area.  

 

Figure 2 shows the method for deriving the optimal gain mask 

that maximizes the aperture efficiency of the offset reflector. 

The proposed method ensures uniform surface current 

distribution by accounting for the distance between the feed 
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antenna and each point of the reflector surface. To calculate 

these distances, a local coordinate system is defined such that 

the feed bore-sight is equal to the local z-axis (ẑ), as shown in 

Figure 2(a). Here, the x-axis of the local coordinate system (x̂) 

is aligned parallel to the y-axis of the global coordinate system. 

Here, vlocal denotes the local unit vector pointing in the (θl, l) 

direction with respect to the feed. The distance from the feed 

to each point on the reflector surface is calculated using the 

following equations (1)-(4) [27]: 

 

  

(1) 

 

 

(2) 

 
 (3) 

 

 

(4) 

  
(5) 

 

where MRot represents the rotation matrix to transform vlocal 

into the global coordinate vector. The α denotes the elevation 

angle of the feed bore-sight, defined as the tilt angle of the 

local z-axis. Here, the bore-sight direction angle ( = ψ + 

Ver/2) is the bisector of the 𝑃𝐹𝑃𝑙
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   and 𝑃𝐹𝑃𝑢

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗. The unit vector 

vlocal is defined in the local coordinate system, directed from 

the feed to the reflector surface, where θl
 and l denote its θ 

and  direction in the local spherical coordinates, respectively. 

The Pglobal(xp, yp, zp), representing the global position vector on 

the parabola surface in the (θl, l) direction, is then obtained 

by transforming vlocal into the global coordinate system, while 

OPF
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   indicates the feed position in the global coordinates, and 

r represents the distance along the unit vector MRot
T · vlocal 

from the feed toward the reflector surface. Parameter r can be 

determined by substituting Pglobal(xp, yp, zp) into the parabolic 

equation in the global coordinates, as shown in equation (5). 

The positive solution of r corresponds to the feed-to-reflector 

distance in the (θl, l) direction, which is defined as R(θl, l). 

In addition, to determine the required beamwidth of the feed, 

Ver should be calculated, and for this, the coordinate values 

of Pl(xl, yl, zl) and Pu(xu, yu, zu) need to be derived. The lower 

edge coordinate Pl can be determined by using equations (6), 

and (7). 

 ( )( , , ) sin( ), 0, cos( )l l l l F Fl l
P x y z P P F P P = −  (6) 

  
(7) 

 

The upper edge coordinate Pu(xu, yu, zu) can be determined by 

using equations (8), and (9): 

 

 

(8) 

 

 

 

(9) 

 

where zu can be obtained by substituting (xu, 0, zu) in the 

parabolic equation (4). The coordinate xu is determined as the 

positive solution that satisfies 𝑃𝑙𝑃𝑢
̅̅ ̅̅ ̅  = D on the parabolic 

surface. Consequently, the Ver is calculated as the angle 

between the vectors 𝑃𝐹𝑃𝑙
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   and 𝑃𝐹𝑃𝑢

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ as the following equation: 

 

 
 

(10) 

 

Following this procedure, equations (1)-(10), we can obtain a 

normalized gain mask G(θl, ϕl) proportional to R2(θl, l), as 

represented in Figure 2(b). Since the radiated power from the 

feed attenuates proportionally to the square of the distance, a 

feed radiation pattern proportional to R2(θl, l) can provide 

uniform illumination across the reflector surface. This mask is 

derived for the case of offset angle ψ = 0°, reflector diameter 

D = 10 m, focal length F = 6 m, and edge-to-edge angles (Ver 

= 76 Hor = 76). For computational convenience in beam 

synthesis, we apply the approximation  Ver ≃ Hor [28], so the 

horizontal edge-to-edge angle subtended at the feed can also 

be considered as 76° The origin (0, 0) of the uv-plot 

corresponds to the bore-sight of the feed antenna. With PFPl
̅̅ ̅̅ ̅̅  

= 6 m and PFPu
̅̅ ̅̅ ̅̅  = 9.6 m, the required gain toward the upper 

edge is confirmed to be approximately 4 dB higher than that 

toward the lower edge.  
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(a) 

 
(b) 

FIGURE 2. Derivation of an optimal gain mask. (a) Definition of 
the global and local coordinates of the offset reflector antenna. 
(b) Derived optimal gain mask.  

 

III. BEAM SYNTHESIS AND EDGE TAPERING 

Figure 3 shows the proposed beam synthesis method for 

obtaining a desired feed pattern by combining array patterns. 

To generate a synthesized beam pattern based on the derived 

optimal gain mask, a planar array antenna is required, as 

shown in Figure 3(a). The broadside direction of the PAF is 

oriented along the 𝒛̂ direction of the local coordinate system 

that was also illustrated in Figure 2(a). This antenna consists 

of an M × N array, with element spacings of dx and dy along 

the x̂-axis and ŷ-axis, respectively. Array patterns are then 

generated for each (θ, ϕ) direction. Here, the array pattern 

shown in the figure is presented as an example of one of the 

array patterns generated to synthesize a pattern similar to the 

gain mask. To generate each array pattern, the complex 

signal (amplitude and phase) required for each array element 

is calculated using equations (11)-(13).  
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Where w(θ′, ϕ′) denotes the steering weight applied to the M × 

N planar array elements to steer the array pattern toward (θ′, 

ϕ′), and k is the wavenumber. The array pattern 

corresponding to this steering weight is calculated as follows: 

 

 
( sin( )cos( ) sin( )sin( ))

( , ) ( , )

1 1

( , ) m n
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   
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+

   

= =

=   (14)  

 

where F(θ′, ϕ′) denotes the array pattern obtained when the 

corresponding weight w(θ′, ϕ′) is applied as the input excitation. 

w(θ′, ϕ′)(m, n) represents the steering weight of an element 

located at the mth position along the x̂-axis and nth position 

along the ŷ -axis. In the spherical coordinate, employing 

uniform angular steps (Δθ, Δϕ) over (θ, ϕ) results in fewer 

array patterns per unit area at a larger θ. For example, with 

two elevation angles θ1 (small) and θ2 (large), the sampling 

density along each elevation is proportional to 1/(2πsin1) 

and 1/(2πsin2), respectively. To synthesize a beam pattern 

that conforms to the required mask, sin(θ′) is applied as a 

weighting factor to compensate for the non-uniform 

sampling density. Subsequently, using the superposition of 

array patterns, a beam pattern that resembles the desired 

mask can be synthesized, as shown in Figure 3(b) [29], [30]. 

The weight applied to each array element for beam synthesis 

is calculated using the following equations:  

 

 Ver /2 360

( , )

1 1

sin( ) ( , )synw G w


 
 

  


 

 =  = 

  =    (15)  

 

where wsyn denotes the synthesized weight applied to the 

uniform planar array (UPA) elements. The array patterns are 

generated for all (θ′, ϕ′) directions within the edge-to-edge 

beamwidth at 1° intervals in both θ and ϕ. The weighting 

factor sin(θ′) is applied to compensate for non-uniform 

sampling density. Here, G(θ′, ϕ′) is the gain mask, while w(θ′, 

ϕ′) denotes the steering weight obtained from equation (11). 

Applying the synthesized weight, the synthesized far-field 

pattern can then be calculated as follows: 

 ( sin( )cos( ) sin( )sin( ))

1 1

( , ) m n

M N
jk x y

syn syn

m n

F w m n e
   +

= =

=   (16)  

 

Fsyn denotes the synthesized pattern obtained when the 

synthesized weight wsyn is applied as the excitation, and the 

wsyn(m, n) is the synthesized weight of the (m, n) antenna 

element obtained from equation (15).  

Figure 4 shows the patterns synthesized by applying taper 

function to the gain mask G(θ′, ϕ′). A tapered feed pattern is 
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required to suppress the edge currents that generate the 

sidelobes in the PAFR. The taper function is designed such 

that the gain decreases as the angular distance from the feed 

center increases, and it is expressed as follows:  

 

 2

Ver

( ) 1
/ 2

N

T





  
 = −  
   

 (17)  

 

where T() is a quadratic edge taper function whose 

magnitude decreases as  increases from the beam center 

toward the angular edge. Here, N is the taper order that 

determines the degree of tapering and Ver is the edge-to-edge 

beamwidth from the feed toward the reflector, as calculated 

in equation (10). By applying the quadratic taper function to 

the gain mask G(θ′, ϕ′), the resulting synthesized PAF weight 

is expressed as follows: 

 

 Ver /2 360
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where wT denotes the weight for the M×N array used to 

generate the synthesized pattern with tapering. The 

synthesized pattern obtained using the weight wT is given as 

follows: 

 
( sin( )cos( ) sin( )sin( ))

.

1 1

( , ) m n

M N
jk x y

syn T T

m n
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= =
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Fsyn.T represents the synthesized pattern with the taper 

applied to the gain mask. wT(m, n) is the complex excitation 

applied to the (m, n)-th element of the PAF. Using the 

equation (19), we can derive the synthesized pattern for the 

case where M = 4, N = 8, and dx = dy = λ/2. By applying taper 

orders of N = 0, 0.5, and 1.0, the corresponding synthesized 

patterns can be obtained, as shown in Figures 4(a), (b), and 

(c), respectively. Each antenna element pattern is assumed to 

be an ideal isotropic pattern. Since θVer is 76°, the beam is 

synthesized up to θ = 38° along the mask. The radiation 

patterns in the zx-plane for different taper orders N are shown 

in Figure 4(d) with the gain mask. For N = 0, the normalized 

gains at the upper and lower edges are −5.5 dB and −9.5 dB, 

showing that the gain in the upper edge direction is 4 dB 

higher than that toward the lower edge, which is in good 

agreement with the mask. When N increases to 0.5, the 

normalized gains to the edge are reduced to −9.5 dB and 

−13.3 dB, and for N = 1.0, they decrease to −12.2 dB and 

−15.1 dB, respectively. Therefore, increasing the value of N 

effectively decreases the gain of the synthesized PAF beam 

pattern to the reflector’s edge. When the three patterns 

generated for taper orders N = 0, 0.5, and 1.0 are used to 

illuminate the offset reflector (D = 10 m, F = 6 m, and ψ = 

0°), the resulting aperture efficiencies are 82.2%, 80.6%, and 

78.1%, respectively.  

 

 
(a)  

 
(b)  

FIGURE 3. Proposed beam synthesis method. (a) Array pattern 
generation and differential sampling density. (b) Superposition 
of array patterns with gain mask weighting.  

 

 
(a) 
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(b) 

 

(c) 

 

(d) 

FIGURE 4. PAF pattern with quadratic taper function. (a) PAF 
pattern with N = 0. (b) PAF pattern with N = 0.5. (c) PAF pattern 
with N = 1.0. (d) Synthesized PAF patterns and gain mask in zx-
plane. 

IV. ANALYSIS 

Figure 5 shows the simulation setup for the PAFR. Since the 

optimal gain mask illustrated in Figure 2(b) shows an 

asymmetric beam pattern in the vertical direction, 8 elements 

are arranged vertically to provide greater degrees of freedom 

(DoF) and pattern representation capability compared to the 

horizontal direction [31]. The feed antenna is designed as a 4 

× 8 PAF operating at 3 GHz (S-band), a frequency widely used 

in satellite communication systems. The patch antenna is 

implemented on a 1.6 mm Taconic RF-35 substrate (εr = 3.5, 

tanδ = 0.0018), and the array element spacing is set to 0.5λ. 

Table 1 presents the simulation setup parameters of the offset 

reflector. The reflector diameter is set to D = 10 m, the focal 

length is set to F = 6 m, and the offset angle is set to ψ = 0°. 

The reflector is modeled as an ideal PEC surface, and the feed 

bore-sight angle (bore-sight) is oriented at 38°, corresponding to 

half of the edge-to-edge angle of 76°. 

 

 

  

FIGURE 5. Geometry of the offset reflector antenna in the 
simulation setup. 

 

TABLE 1. Offset reflector geometric parameters. 
 

Parameters Diameter 
Focal 

point 

Offset 

angle ψ 

Reflector 

surface 

material 
bore-sight 

Values 10 m 6 m 0˚ PEC 38˚ 

 

Since it is difficult to realize the optimal mask G(θ, ϕ) in 

Figure 2(b) using a practical antenna pattern, the beam 

synthesis method is applied to generate a pattern that 

approximates the optimal mask. The resulting synthesized 

pattern is shown in Figure 6. Using the proposed method, the 

synthesized pattern with a taper order of N = 0.5 is shown in 

Figure 6(a). The input weights used to generate the proposed 

pattern are calculated using equation (17), and the 

corresponding complex values are presented in Table 2. The 

complex vector applied to the antenna element located at (m, 

n) is presented in terms of the normalized amplitude (V/m) and 

phase (degree). Then the synthesized pattern of the PAF is 

obtained using the full-wave simulation with the Time 

Domain Solver in CST Studio Suite [32]. The realized gains 

at the upper and lower edges are 4.9 dBi and 1.4 dBi, 
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respectively, showing a difference of approximately 3.5 dB. 

This shows good agreement with the 4 dB gain difference 

between the upper and lower edges of the gain mask. 

Additionally, the synthesized pattern of the PAF using the 

cosecant-squared mask and the conventional horn antenna’s 

pattern are shown in Figures 6(b) and 6(c), respectively. The 

pattern in Figure 6(b) is synthesized using a flat-top mask 

along the x-axis (u-cut) and a cosecant-squared mask along the 

y-axis (v-cut), with the same quadratic taper function applied 

to both masks. The synthesized pattern derived from the 

cosecant-squared mask has a rectangular shape that does not 

match the circular aperture area, thus increasing spillover loss. 

The horn consists of a rectangular waveguide section and a 

flared aperture section. The rectangular waveguide section has 

a cross-sectional size of 58 mm × 35 mm, while the flared 

aperture has an aperture size of 125 mm × 120 mm. The height 

of the waveguide section is designed to be 50 mm, and the 

height of the flare is designed to be 100 mm. The waveguide 

horn exhibits a bore-sight gain of 12.1 dBi. The gain at the 

reflector edge is 1.1 dBi in the horizontal (u-plane) and 5.3 dBi 

in the vertical plane (v-plane), corresponding to edge taper 

levels of 11.0 dB and 6.8 dB, respectively [33]. Consequently, 

the horn cannot provide uniform illumination for the offset 

reflector, which has an asymmetric structure. These three feed 

antenna patterns are presented with the gain mask in the zx-

plane (asymmetric plane) in Figure 6(d). Radiation patterns (in 

zx-plane and zy-plane) obtained when illuminating the offset 

reflector with these three different feed patterns are shown in 

Figure 6(e) and Figure 6(f), respectively. The synthesized far-

field patterns of the PAF are extracted and used as the feed 

source in CST’s Integral Solver to obtain the far-field patterns 

of the reflector fed by PAF. When the reflector is illuminated 

using the proposed feed pattern, the bore-sight gain shows 

48.2 dBi (corresponding to an aperture efficiency of 77.1%), 

while the SLL is −39.0 dB. These results demonstrate that the 

proposed method provides superior main lobe gain and 

sidelobe suppression performance compared with the results 

of the cosecant-squared mask (gain: 47.5 dBi, aperture Effi.: 

65.6%, SLL: −35.8 dB) and a conventional horn antenna (gain: 

47.8 dBi, aperture Effi.: 70.0%, SLL: −34.0 dB). Herein, the 

aperture efficiencies are calculated using the projected 

aperture of the reflector in the bore-sight direction [34]. 

Additionally, we evaluate the performance variation for 

different offset angle (ψ) cases using the proposed method. For 

an ψ of 10°, the reflector achieves a bore-sight gain of 47.8 

dBi (aperture Effi. 74.6%), with an SLL of −39.9 dB. When 

the ψ is increased to 20°, a bore-sight gain is 47.7 dBi (aperture 

Effi. 75.3%), with an SLL of −44.7 dB. These results show 

that the proposed method maintains an aperture efficiency 

above 70% for all ψ cases while effectively suppressing the 

sidelobe level. The resulting aperture efficiency with the 

proposed method shows a degradation of approximately 3% 

compared to that obtained when the reflector is illuminated by 

the synthesized pattern based on the isotropic element patterns 

shown in Figure 4. 

 

 

 
(a)  

 

  
(b) 

 

 
(c) 
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(d) 

        

 
(e) 

 
(f) 

 

FIGURE 6. Feed antenna patterns and reflector patterns. (a) uv-
plot of the proposed PAF pattern with N = 0.5. (b) uv-plot of the 
cosecant-squared mask based synthesized pattern. (c) uv-plot 
of the conventional horn antenna. (d) Radiation patterns of the 

feed antennas in the zx-plane. (e) PAFR radiation patterns in zx-
plane. (f) PAFR radiation patterns in zy-plane. 

 

TABLE 2. Complex signals of the 4 ×  8 PAF antenna. 
 

Amplitude (V/m) ∠ Phase (degree)  

m 

0.02∠
−140˚ 

0.1∠−

180˚ 
0.03∠

65˚ 
0.28∠

4˚ 
0.28∠

−4˚ 
0.03∠
−65˚ 

0.1∠1

80˚ 
0.02∠
140˚ 

0.06∠
−163˚ 

0.1∠

˚ 
0.33∠

13˚ 
1.00∠

3˚ 
1.00∠

−3˚ 
0.33∠
−13˚ 

0.1∠−

˚ 

0.06∠
˚ 

0.06∠
−163˚ 

0.1∠

˚ 
0.33∠

13˚ 
1.00∠

3˚ 
1.00∠

−3˚ 
0.33∠
−13˚ 

0.1∠−

˚ 

0.06∠
˚ 

0.02∠
−140˚ 

0.1∠−

180˚ 
0.03∠

65˚ 
0.28∠

4˚ 
0.28∠

−4˚ 
0.03∠
−65˚ 

0.1∠1

80˚ 
0.02∠
140˚ 

 n 

 

Figure 7 shows the performance of the PAFR when the 

quadratic edge tapering is applied to the proposed mask. We 

sweep the quadratic edge taper order (N) and compare the 

radiation patterns of the PAFR in the zx-plane and zy-plane, as 

shown in Figure 7(a) and Figure 7(b), respectively. As the N 

increases, the aperture efficiency decreases while the SLL 

increases, showing a trade-off between the two characteristics. 

Figure 7(c) summarizes the results of the PAFR aperture 

efficiencies and the SLLs obtained by the proposed method 

and cosecant-squared mask method for different values of N. 

At N = 0 (without edge tapering), the aperture efficiencies of 

the reflector obtained by the proposed and the cosecant-

squared-based methods are 78.9% and 65.6% respectively, 

with SLLs of −35.2 dB and −32.0 dB. At N = 1.0 (with strong 

edge tapering), the reflector’s aperture efficiencies are 74.9% 

and 62.6% respectively, and the SLLs are −42.2 dB and −40.0 

dB, respectively. Furthermore, for all values of N from 0 to 1, 

the reflector radiation pattern obtained with the proposed 

method exhibits higher aperture efficiency and SLL compared 

with the cosecant-squared method.  

Table 3 summarizes the comparison between the proposed 

gain mask-based method and the CFM-based method, which 

is considered a state-of-the-art approach for gain 

maximization in PAFR [17], [18]. The CFM-based method 

achieves a bore-sight gain of 48.4 dBi (aperture Effi. 81.5%), 

with an SLL of −31.3 dB. However, since the basic CFM does 

not control the sidelobe level, an additional constrained 

optimization algorithm is required for SLL suppression. 

Moreover, the CFM-based method requires port-by-port full-

wave EM simulations to determine the excitation weights of 

the PAF. Our proposed method achieves a bore-sight gain of 

48.2 dBi (aperture Effi. 77.1%) and SLL of −39.0 dB, 

improving the SLL by approximately 7.7 dB compared with 

the CFM-based method. Furthermore, the sidelobe 

suppression can be controlled through the taper order N. As 

the proposed gain mask and excitation weights are derived 

directly from the geometry of reflector, full-wave simulations 

are not required for weight derivation. These results show that 

the proposed method is computationally efficient while 

maintaining high aperture efficiency and enhanced SLL 

suppression performance. 
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TABLE 3. Comparison between the proposed gain mask-based method and 
CFM. 
 

Method 

Gain 

(Aperture 

Effi.) 

SLL 
SLL 

controllability 

EM 

simulation 

required  

CFM 
48.4 dBi 

(81.5%) 
−31.3 dB 

Limited; 

constrained 

optimization 

required 

Yes 

Proposed 

method 

48.2 dBi 

(77.1%) 
−39.0 dB 

Controlled 

through taper 

order N 

No 

 

 
(a) 

 
(b) 

 

(c) 

FIGURE 7. Aperture efficiencies and SLLs with differential 
tapering orders. (a) PAFR far-field pattern in zx-plane for N = 0, 
N = 0.5, and N = 1.0, based on the proposed method. (b) PAFR 
far-field pattern in zy-plane. (c) Comparison of PAFR aperture 
efficiencies and SLLs with the proposed method and the 
cosecant-squared mask method. 

V. CONCLUSION 

In this paper, we proposed a method to derive the optimal 

gain mask to enhance the aperture efficiency of a PAFR 

antenna. The optimal gain mask was obtained to uniformly 

illuminate the offset reflector’s surface. The optimal gain 

mask was derived based on the square of the distances from 

the feed antenna to each point on the offset reflector surface. 

To generate a feed pattern similar to the optimal gain mask, a 

4 × 8 array antenna was used as the feed antenna. Using this 

array antenna, beam synthesis was applied through the 

superposition of array patterns sampled at 1 intervals in both 

θ and . In addition, to achieve sidelobe suppression, quadratic 

taper function was applied to the derived optimal gain mask. 

We then illuminated the reflector using three feed patterns: a 

synthesized beam based on the proposed mask, a synthesized 

beam following a cosecant-squared mask, and a single horn 

antenna pattern. In this case, the same quadratic tapering order 

of N = 0.5 was applied to both the proposed mask and the 

cosecant-squared mask. The gain mask-based method showed 

a bore-sight gain of 48.2 dBi and an SLL of −39.0 dB, 

representing improvements compared with the results 

obtained using the cosecant-squared-based pattern (47.5 dBi 

and −35.8 dB) and the horn antenna pattern (47.8 dBi and 

−34.0 dB). These results demonstrated that the proposed gain 

mask and beam synthesis method are effective in achieving 

high aperture efficiency and sidelobe suppression 

performance. 
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