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Abstract—Lens antennas are considered promising antenna 
structures for next-generation communication systems due to 
their high radiation characteristics, low Side-Lobe Level 
(SLL), and ability to generate multiple beams. In this paper, 
the authors propose using the modified Polyphenylene Ether 
(PPE) lens antenna with Matching Layers (MLs) applied to 
both the inner and outer surfaces of four lens structures: 
hyperbolic, plano-convex, Abbe sine condition, and straight-
line condition. Through the analysis and evaluation of the 
simulation results, it can be observed that the proposed lens 
antenna structures with matching layers exhibit high gain 
values, superior to those of lens antenna structures without 
matching layers. The maximum gain of the lens antenna with 
the Abbe sine condition is 27.83 dBi, while the maximum gain 
values of the plano-convex, hyperbolic, and straight-line lens 
antennas are 27.82 dBi, 27.73 dBi, and 27.74 dBi, respectively. 
Additionally, in this paper, the authors set up multiple feed 
horns along a defined trajectory. The results show that the 
lens antenna with matching layers is capable of generating 
multiple beams, with a maximum gain of 22.77 dBi at an 
incident angle of 45°. 
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I. INTRODUCTION 

Wireless communication has advanced rapidly over the 
past few decades. The progression from 1G to 4G has 
significantly transformed our perception of the world and 
interactions with others. However, as wireless connections 
proliferate and users demand higher data rates and lower 
latency, researchers and manufacturers have developed a 
new communication system called 5G [1–3]. 

One of the key challenges in high-frequency 
communication systems lies in the design and 
development of transmitters and receivers, where antennas 
play a vital role. Unlike traditional antennas used in 4G and 
earlier generations, 5G antennas must exhibit high 
directionality to minimize space loss, support the 

generation of multiple beams, and enable real-time beam 
steering and beamforming [4]. 

The fifth-generation mobile system is being developed 
worldwide [1−3]. Key features of 5G in radio wave 
technology include millimeter wave frequencies, small-sized 
cells, and Multiple Input Multiple Output (MIMO) systems 
[5, 6]. This new technology enables 5G antennas to achieve 
low latency, path loss, multi-beam capabilities, beam 
scanning, broadband, and a stable radiation pattern. In 
massive MIMO, the base station antenna assigns a dedicated 
access line and corresponding radio beam to each user [7, 8]. 

Therefore, the base station antenna must have a multi-
beam radiation pattern. Utilizing millimeter wave technology 
reduces the size of the base station antenna to approximately 
30 cm, leading to the proposal of various antenna types, 
including reflector antennas, phased arrays, and dielectric lens 
antennas. For reflector antennas, bifocal dual reflectors and 
reflect arrays are suggested for multi-beam applications [9, 
10]. Phased array antennas are combined with meta surface 
lenses to enhance angular scanning range, broadband 
capabilities, and multi-beam functionality [11−18]. 

Consequently, a lens antenna with a specialized structure, 
free from feed element blockages, shows great promise for 
5G mobile communication systems. It facilitates the 
generation of multiple beams and enables beam steering 
with high directivity [19–27]. 

In dielectric lens antenna applications, selecting the right 
relative permittivity for the lens material is crucial. This 
factor significantly affects the antenna’s radiation 
characteristics. Dense materials like Mica, modified PPE, 
and Silicon improve energy transmission through the lens. 
They also enhance the antenna's front-to-back radiation ratio. 
However, using dense dielectric materials can cause 
reflections at the interface between the air and the dielectric 
layer. These reflections may negatively impact input 
impedance [28−30]. As a result, they can reduce gain, distort 
the beam, and increase side-lobe levels, all of which degrade 
antenna performance. ML techniques are applied to mitigate 
these issues and improve the efficiency and performance of 
lens antennas in communication systems [31, 32]. 

This study proposes a PPE dielectric lens antenna 
structure with two Matching Layers (MLs). These layers 
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are applied to both the inner and outer surfaces of the lens. 
The multi-beam capability of the lens antenna with this 
proposed structure is also evaluated. 

The paper is organized into five sections. Section II 
discusses lens reflection, while Section III presents models 
of lens antenna structures with matching layers and their 
multi-beam capability. Section IV provides the simulation 
results and their evaluation, and Section V presents the 
conclusion of the study. 

II. REFLECTION OF A LENS 

When electromagnetic waves interact with an object, 
their energy is divided into three fundamental forms: 
reflection, transmission, and absorption. The proportions 
of these energy types are governed by the dielectric 
properties of the material. The complex permittivity 
constant is described by the following equation: 

𝜀 ൌ 𝜀 ′ െ 𝑗𝜀″             (1) 

The real part 𝜀 ′ of the complex permittivity constant is 
called the dielectric constant, representing the material’s 
ability to store electrical energy. The imaginary part 𝜀″ is 
known as the loss factor, indicating the energy loss within 
the material due to the electric field. Reflection loss refers 
to the portion of energy reflected back to the source or in 
an undesired direction. In lens antennas, reflection occurs 
at the interface between the lens material and air. 
Reflection loss is caused by the change or mismatch in 
dielectric properties between the lens material and air. 
Reflection loss depends on the angle of incidence of the 
wave at the lens-air interface. Increasing the angle of 
incidence raises the reflection coefficient, and when the 
rays reach the critical angle, total reflection occurs. 

Dielectric lens antennas are made from materials with 
high electron density, such as Mica and modified 
polyphenylene ether (modified-PPE). These materials 
enhance energy transmission efficiency through the lens 
and improve the antenna's front-to-back radiation ratio. 
However, using high electron density dielectric materials 
can cause reflections on the lens surface. These reflections 
occur between the air layer and the dielectric layer of the 
lens. As a result, they can significantly affect the input 
impedance of the feed [28, 29]. They also impact the lens 
antenna’s performance by reducing gain, distorting the 
beam, and increasing side-lobe levels. These undesirable 
effects may limit the effectiveness of matching layers [30, 
31]. The matching layer is a dielectric layer applied to the 
surface of the lens. It acts as an intermediary between the 
air medium and the dielectric material of the lens. Fig. 1 
shows the position of the matching layer applied to the 
dielectric layer of the lens. Accordingly, region 1 
represents the air, region 2 is the matching layer, region 3 
is the dielectric material, and region 4 is the ML. Here, ijr  

is the energy reflection coefficient at the interface between 
regions i and j; 12r  and 23r  are the reflection coefficients 

at the interfaces between regions 1 and 2 and regions 2 and 
3, respectively. The energy reflection coefficient is 
determined by the equations [33]: 
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where, 2k ML   , with ML  being the wavelength in 

the ML medium. If ML  lies between 1 and r , then 12 23r r  

is positive, causing R to change as a function of the ML 
thickness (d). Therefore, R reaches its minimum value 
when 4MLd   and becomes zero when 12 23r r , which 

point ML  the geometric mean of 1 and r or 

1ML r   . 

 
(a)                                                         (b) 

 
(c) 

Fig. 1. The structure of the lens antenna with and without the ML, (a). 
Dielectric lens without ML, (b). Dielectric lens with MLs, (c) A slide 
section of lens with MLs. 

The thickness of the ML is determined by the following 
Eq. (4): 

4 4
ML

ML

d
n

 
          (4) 

where λ is the wavelength in free space, and 𝑛ெ௅ is the 
refractive index of the ML. Under these conditions, all 
energy is transmitted from medium 1 into medium 2, with 
no energy reflected at the surface. 

 
Fig. 2. Power reflection coefficients. 

Fig. 2 illustrates the effect of the matching layer’s 
thickness and dielectric constant on the energy reflection 
coefficient of the lens antenna. The results show that the 
reflection coefficient reaches its minimum when the 
dielectric constant of the Matching Layer (ML) is the 
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geometric mean of the two media: air and the lens material. 
This occurs when the ML thickness is a quarter-
wavelength in the ML medium. The reflection coefficient 
becomes zero when the lens surface is flat, as represented 
by the solid black line with square markers. However, 
when the dielectric constant of the ML differs from the 

geometric mean of 1  and r ( 1ML r   ), the energy 

reflection coefficient reaches a minimum when 
4MLd  , but it cannot completely eliminate the 

reflected energy. 

III. LENS ANTENNA STRUCTURE 

The lens antenna structure models used in this paper are 
of the external feed lens antenna type, as shown in Fig. 3. 
That is, the feed does not directly contact the lens and is 
placed at the focal point, at a distance F from the lens. The 
lens has a circular structure that rotates around the 
radiation axis Oz (optical axis) and has a diameter D. The 
ratio between the diameter D and the distance F of the lens 
is set to one (F/D = 1). The thickness of the lens (T) is the 
largest dimension of the lens along the antenna's radiation 
direction, measured from the inner to the outer radiation 
surface of the lens. 

 
Fig. 3. Lens antenna structure with matching layers. 

The refractive index of the lens is given by the Eq. (5): 

r rn               (5) 

where εr is the relative permittivity, and μr is the relative 
permeability of the lens material. 

This study proposes using quarter-wavelength matching 
layers on both the front and rear surfaces of four types of 
lenses. These lenses include Hyperbolic, Plano-Convex, 
Abbe sine condition, and Straight-line condition. 
Additionally, an off-axis radiation source is positioned 
along a specified trajectory to generate multiple beams for 
the proposed lens antenna structures. Dielectric materials 
used for lenses are typically selected based on their relative 
permittivity (εr), which generally ranges from 1.2 to 12. 
Low-permittivity materials, such as Teflon (εr = 2.2) is 
commonly material, have a low dielectric electron density 
but exhibit limited energy transmission from the front to 
the back of the lens. In contrast, high-permittivity 
materials, such as Silicon (εr = 11.9) and Alumina (εr = 

9.2), provide high energy transmission capabilities but are 
significantly affected by surface reflections. Therefore, in 
this study, modified polyphenylene ether (εr = 5.34, μr = 1, 
tanδ = 0.0081) is chosen as the lens material due to its 
moderate dielectric electron density, good energy 
transmission properties. 

A. Feed for Lens Antennas 

In this study, the horn antenna serves as a wide−angle 
radiation source for the lens antenna. The graph showing 
the reflection coefficient S11 of the horn antenna is 
presented in Fig. 4. The horn antenna is designed to 
operate in the N257 band, which ranges from 26.50 GHz 
to 29.50 GHz, with a center frequency of 28 GHz, a 
frequency range designated for 5G mobile communication. 
The horn antenna has a maximum gain of 15.15 dBi and is 
capable of directing over 90% of the radiated energy into 
the lens when its phase center is positioned at the lens’s 
focal point. 

 

Fig. 4. Reflection coefficient of the horn antenna in the N257 band. 

B. Lens Structures 

1)  Hyperbolic lens structure 
The hyperbolic lens features a refractive surface with a 

distinct structure. Its inner surface is curved, while the 
outer surface remains flat. The inner curved surface 
follows a hyperbolic shape (S1) and is defined by the 
following Eq. (6) [34, 35]. 

( 1)

cos 1

n F
r

n 





    (6) 

In this equation, r is the distance from the focal point to 
the curved surface of the lens. The focal point of the lens 
is placed at the phase center of the horn antenna. F is the 
distance from the focal point to the apex of the lens (the 
apex is the point where the inner curve of the lens 
intersects the radiation axis Oz). θ is the angle formed by 
the ray from the focal point to the curved surface of the 
lens and the radiation axis Oz. x is the distance from any 
point on the open surface to the Oz axis, and is given by 
the equation x = rsin(θ). From Eq. (6), x is expressed in the 
following forms:  
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 By applying Eqs. (6−8), the inner curved surface and 
the structure of the hyperbolic lens can be determined, as 
shown in Fig. 5. 

 
Fig. 5. Hyperbolic lens structure. 

2) Plano-convex lens structure 
Fig. 6 shows the structure of the dielectric lens with a 

plano-convex shape. The inner surface (S1) is flat, while 
the outer surface (S2) is convex. The outer surface of the 
lens is defined by the coordinates (F, x1), where z1 = F (the 
focal length of the lens). The convex surface S2 is 
described by the coordinates (z2, x2), as detailed in [36]. 
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Fig. 6. Plano-Convex lens structure. 

3) Abbe sine condition lens structure 
The lens, designed according to the Abbe sine condition, 

is a bi-convex lens with a circular structure around the Oz 
axis, as shown in Fig. 7. The two surfaces of the lens are 
defined using the ray tracing method. This method 
involves calculating factors such as the angle of refraction 
and the path of the wave ray from the radiation source to 

the lens aperture [35, 37, 38]. The inner curved surface of 
the lens (S1) is described by Eq. (11). 
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cos( ) 1

dr rn

d n

 
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


 
  (11) 

In this equation, θ′ is the angle formed by the refracted 
ray after the curved surface S1 and the radiation axis. 

The structure of the outer surface (S2) of the lens is 
determined based on the Eq. (12): 
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d n d
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Fig .7. Abbe sine condition lens structure. 

To satisfy the Abbe sine condition, the wave rays from 
the radiation source and the wave rays extending from the 
lens aperture intersect at a point on a circular arc with a 
radius of  fc , represented by the red dashed curve in Fig. 7. 
The circular arc in the xOz plane is defined by the 
following Eq. (13): 

cosc

dx
f

d



   (13) 

By simultaneously solving the three differential Eqs. 
(11−13), we can determine the structure of the inner and outer 
surfaces of the lens that satisfies the Abbe sine condition. 

4) Straight-line condition lens structure 

 
Fig. 8. Straight-line condition lens structure. 

Similar to the Abbe sine condition lens, the Straight-line 
condition lens is a bi-convex lens with a circular structure 
around the Oz axis. Its two curved surfaces are defined by 
Eqs. (11−12). To satisfy the straight-line condition, the 
lens structure must meet a specific requirement. The rays 
from the radiation source and those extending from the 
lens aperture must intersect at a point on a straight-line. 
This line is located at a distance of fT from the focal point, 
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as shown by the red dashed line in Fig. 8. The value of fT 
is determined by the following Eq. (14). 

2cos
Tfdx

d 
    (14) 

IV. RESULT AND DISCUSSION 

The study utilizes the advanced electromagnetic field 
calculation software Ansys HFSS to model, simulate, and 
compute the lens antenna structure with the proposed 
designs. Additionally, the authors apply the Finite 
Element-Based Spatial Analysis Technique (FEBI) in 
combination with the adaptive mesh refinement algorithm 
and the Multi-Level Fast Multipole Method (MLFMM) to 
improve computation time and result accuracy. The 
structural parameters of the lens and the simulation 
methods used for the calculations are presented in Table I. 

TABLE I. SIMULATION PARAMETERS AND METHOD 

Computer 
configuration 

and 
simulation 
software 

CPU 
Intel (R) 3.32 

GHz 

RAM 128 GB 

Software 
MATLAB, 

Ansys HFSS 

Simulation methods 
FEBI, 

MLFMM 

The 
structural 

parameters of 
the lens 

F Focal length (mm) 100 
D Diameter lens (mm) 100 

r  
Relative permittivity 5.34 

r  
Relative permeability 1 

ML
 

Relative permittivity 
of matching layer 5.34  

tan  Dielectric loss tangent 0.0081 

f Frequency (GHz) 28 

Using the advanced electromagnetic field calculation 
software Ansys HFSS, the authors model the structures 
and compute the radiation characteristics of the 
modified-PPE lens antenna. This design incorporates a 
matching reflection layer applied to both the inner and 
outer surfaces of the lens and evaluated across four 
different lens types. The simulation results and detailed 
analyses are presented as follows. 

A. Simulation Results 

1) Radiation pattern 
Fig. 9 illustrates the differences in the radiation patterns 

of lens antennas with different structural configurations. 
Three scenarios are considered: (1) two Matching Layers 
(MLs) applied to both the inner and outer surfaces of the 
lens, (2) a single ML applied to the inner surface, and (3) 
no ML applied. The results clearly show that lens antennas 
with MLs exhibit superior radiation patterns compared to 
those without MLs. 

Specifically, in the case without an ML, the lens 
antenna with the Abbe sine condition structure achieves 
a maximum gain of 26.18 dBi. Meanwhile, the 

maximum gain values for lens antennas with plano-
convex, hyperbolic shape, and straight-line condition 
structures are 26.00 dBi, 25.95 dBi, and 25.57 dBi, 
respectively. In contrast, when an ML is applied to the 
inner surface of the lens, the maximum gain of all lens 
antenna configurations is significantly improved. 
Notably, the maximum gain of the lens antenna with the 
straight-line condition structure increases the most, by 
1.42 dB, from 25.57 dBi to 26.99 dBi. Furthermore, 
when two MLs are applied to both the inner and outer 
surfaces of the lens, the maximum gain of the lens 
antennas increases further. This highlights the crucial 
role of matching layers in enhancing the radiation 
efficiency of dielectric lens antennas. The maximum 
gain values of PPE lens antennas with Abbe sine 
condition, plano-convex, straight-line condition, and 
hyperbolic structures are 27.83 dBi, 27.82 dBi, 27.74 
dBi, and 27.73 dBi, respectively. 

 
     (a)                                                  (b) 

 
     (c)                                                   (d) 

Fig. 9. Straight-line condition lens; Radiation patterns of PPE lens 
antennas with and without matching layers; (a). Hyperbol lens, (b). Plano-
convex lens, (c). Abbe sine condition lens, (d). Straight-line condition 
lens. 

 

Fig. 10. Variation in maximum gain and side-lobe level. 

The variation in the maximum gain and side-lobe level 
with and without the ML for different lens configurations 
is shown in Fig. 10. From the graph, it can be observed that 
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applying the ML to the lens reduces the side-lobe level in 
all cases. The most significant reduction occurs in the lens 
antenna with the straight-line condition, decreasing by 4 
dB, from −23.56 dB to −27.56 dB. This is followed by the 
plano-convex, hyperbolic, and Abbe sine structures, which 
exhibit reductions of 3.84 dB, 3.4 dB, and 2.86 dB, 
respectively. However, the side-lobe level of the lens 
antenna with the Abbe sine condition consistently remains 
lower than −28.10 dB. 

2) The electromagnetic field distributions on the xOz plane 

Fig. 11 illustrates the electromagnetic field distribution 
of the lens antenna with four different lens structures. Two 
scenarios are considered: (1) without a Matching Layer 
(ML) and (2) with two MLs applied to both the inner and 
outer surfaces of the lens, on the xOz plane. The diagram 
shows that, without an ML, the electromagnetic field 
distribution between the lens and the radiation source is 
rough. In some cases, the field is completely canceled out 
before reaching the lens. The spherical wave from the 
radiation source and the planar wave behind the lens 
become indistinct due to partial energy reflection, which 
causes wave interference. In contrast, when two MLs are 
applied, the field distribution becomes smoother and more 
uniform. The planar wave behind the lens is also more 
clearly visible. These results demonstrate the effectiveness 
of MLs in enhancing the radiation characteristics of the 
lens antenna. 

 
           (a)                                            (b) 

 
             (c)                                             (d) 

Fig. 11. The electromagnetic field distributions of lens antennas with and 
without MLs; (a). Hyperbol lens, (b). Plano-convex lens, (c). Abbe sine 
condition lens, (d). Straight-line condition lens. 

B. The multi-beam PPE lens antenna with MLs 

1) The multi-beam lens antenna structure 
In this section, a lens antenna with Matching Layers 

(MLs) applied to both the inner and outer surfaces is 
proposed. Multiple feed horns are used to evaluate the 
antenna's ability to generate multi-beam. Fig. 12 illustrates 
the structure of the multi-beam lens antenna. The feed 
horns are arranged along a circular arc with a diameter 
equal to the lens's focal length (R = F). Each feed horn 
directs its emission toward the lens at an incident angle of 

α. The incident angles are set to α = 0°, α = 15°, α = 30°, 
and α = 45°, with a step size of 15°. 

 
Fig. 12. The multi-beam lens antenna structure. 

Four lens antenna structure models, including 
hyperbolic, Abbe sine condition, plano-convex, and 
straight-line condition, with two MLs applied, have been 
modeled and simulated using the electromagnetic field 
calculation software Ansys HFSS, with the feed horns 
placed along the trajectory R = F. The simulation results 
are analyzed, evaluated, and presented as follows: 

2) Simulation results 
a) The radiation patterns of the multi-beam lens antennas 

 
     (a)                                                     (b) 

 
(c)                                                  (d) 

Fig. 13. The radiation pattern of the multi-beam PPE lens antenna; (a). 
Hyperbol lens, (b). Plano-convex lens, (c). Abbe sine condition lens, (d). 
Straight-line condition lens. 

The radiation pattern of the four PPE lens antenna types, 
with radiation angles ranging from 0° to 45°, is shown in 
Fig. 13. When the feed horns are positioned along the same 
trajectory (R = F) with varying incident angles, the Abbe 
sine condition lens consistently achieves the highest 
maximum gain among the four structures. However, this 
gain decreases as the incident angle (α) increases. When 
the feed horn is placed at the focal point of the lens (α = 
0°), the Abbe sine condition lens antenna reaches a 
maximum gain of 27.83 dBi. In comparison, the straight-
line, plano-convex, and hyperbolic lens antennas achieve 
gains of 27.74 dBi, 27.82 dBi, and 27.73 dBi, respectively. 
At an incident angle of 45°, the Abbe sine condition lens 
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maintains a maximum gain of 22.77 dBi, which is 1.06 dB 
higher than the hyperbolic lens. The plano-convex and 
straight-line lens antennas achieve maximum gains of 
21.96 dBi and 21.88 dBi, respectively. 

b) A comparison graph of gain and SLL for the 4 types 
of lenses 

The variation in side-lobe level and maximum gain is 
shown in Fig. 14. As the incident angle (α) increases, the 
side-lobe level of the lens antenna rises. This change 
becomes more noticeable when the feed horn is set at α = 
30° and α = 45°. Among the different lens structures, the 
Abbe sine condition lens maintains the lowest side-lobe 
level at −9.43 dB.  Additionally, this study evaluates the 
multi-beam capability of lens antennas with different 
structural configurations. The evaluation is based on 
parameters such as Half-Power Beamwidth (HPBW) and 
the deviation angle (θs) of the wave exiting the lens 
aperture relative to the radiation axis (Oz). Detailed results 
are presented in Table II. 

 
Fig. 14. The change in the radiation characteristics of the lens 

antenna as α varies. 

 

c) Comparison ruselts 
Table III compares the results of this study with 

previous research on lens antennas for multi-beam 
generation at the 28 GHz band. The comparison focuses 
on incidence angles of α = 0° and α = 30°. The table shows 
that lens antenna structures (Abbe Sine, Straight-line, 
Hyperbolic) with two Matching Layers (MLs) achieve 
higher gain when the feed horns are placed at the focal 
point (α = 0°) or at an off-focus position (α = 300). 
Additionally, these structures exhibit a lower side-lobe 
level than those reported in studies [20, 25−27, 37, 38]. 
These findings highlight the effectiveness of the proposed 
lens antenna design. 

V. CONCLUSION 

Using MATLAB software and Ansys HFSS 
electromagnetic field simulation software, the authors 
have performed the calculation, design, and simulation of 
four lens antenna structures with hyperbolic, plano-convex, 
Abbe sine, and straight-line conditions; each applied with 
matching layers. Through the analysis and evaluation of 
the simulation results, it can be observed that the proposed 
lens antenna structures, with matching layers applied to 
both the inner and outer surfaces of the lens, exhibit higher 
gain values compared to those of lens antenna structures 
without matching layers. The maximum gain of the 
straight-line condition lens antenna increased by 2.17 dB, 
while the maximum gains of the plano-convex, hyperbolic, 
and Abbe sine lens antennas were 1.82 dB, 1.78 dB, and 
1.65 dB, respectively. In addition, in this paper, the authors 
place multiple feed horns along a defined trajectory. The 
results show that the lens antenna with matching layers is 
capable of generating multiple beams, with a maximum 
gain of 22.77 dBi at an incident angle of 45°. The results 
of this paper provide a foundation for researchers, 
manufacturers, and developers to apply appropriate lens 
antenna structures for base station antenna systems in next-
generation mobile communications. 

TABLE II. SIMULATION RESULTS 

  
  
α 

(deg.) 

Hyperbolic lens Plano-convex lens Abbe sine condition lens Straight-line condition lens 

Gain 
(dBi) 

SLL 
(dB) 

HPBW 
(deg.) 

θs 
(deg.) 

Gain 
(dBi) 

SLL 
(dB) 

HPBW 
(deg.) 

θs 
(deg.) 

Gain 
(dBi) 

SLL 
(dB) 

HPBW 
(deg.) 

θs 
(deg.) 

Gain 
(dBi) 

SLL 
(dB) 

HPBW 
(deg.) 

θs 
(deg.) 

Without 
ML 

0 25.95 −23.28 7.3 0 26 −23.99 7.29 0 26.18 −25.24 7.35 0 25.57 −23.56 7.34 0 

15 25.66 −20.34 7.43 13.3 25.98 −23.66 7.39 13.7 26.21 −22.62 7.34 14 25.81 −22.79 7.38 13.6 

30 25.06 −13.95 8.03 26.5 25.46 −18.67 7.92 27.3 25.62 −18.16 7.95 27.8 25.42 −16.27 7.94 27 

45 21.54 −5.69 14.77 40.1 22.85 −3.75 12.55 40.3 23.05 −4.7 11.06 39.9 21.84 −3.27 11.99 40.4 

1 ML 

0 27.02 −26.01 7.19 0 26.99 −26.87 7.17 0 27.06 −27 7.2 0 26.99 −26.16 7.16 0 

15 26.72 −22.18 7.29 13.3 26.94 −25.00 7.21 13.7 27.05 −21.11 7.21 14.00 26.92 −24.58 7.28 13.7 

30 25.83 −14.33 8 26.7 26.21 −20.37 8.08 27.4 26.25 −18.34 7.92 27.8 26.19 −21.13 7.92 27.2 

45 21.76 −5.39 15.31 40.7 21.87 −2.51 18.42 40.1 22.07 −5.29 9.92 39.9 21.82 −1.85 17.65 40.5 

2 MLs 

0 27.73 −26.68 7.1 0 27.82 −27.83 7.08 0 27.83 −28.1 7.07 0 27.74 −27.56 7.06 0 

15 27.57 −21.98 7.12 13.3 27.79 −26.04 7.13 13.6 27.83 −26.46 7.11 13.9 27.73 −24.74 7.15 13.5 

30 26.38 −13.84 8.1 26.5 26.81 −21.23 7.93 27.1 26.83 −18.44 7.96 27.4 26.72 −21.7 7.97 26.9 

45 21.71 −4.76 15.16 41.3 21.96 −2.05 18.41 39.9 22.77 −4.65 11.13 38.3 21.88 −7.14 18.07 21.88 
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TABLE III. COMPARISON RESULTS 

Ref. 
Freq. 
(GHz) 

α 
(deg.) 

Abbe sine lens Straight-line lens Hyperbolic lens 
Coplanar cylindrical 

lens 
Rotma lens Planar lens 

Gain 
(dBi) 

SLL 
(dB) 

Gain 
(dBi) 

SLL 
(dB) 

Gain 
(dBi) 

SLL 
(dB) 

Gain 
(dBi) 

SLL (dB) 
Gain 
(dBi) 

SLL 
(dB) 

Gain 
(dBi) 

SLL 
(dB) 

[20] 28 
0° 27.25 −23.18 27.48 −25.10 26.93 −21.68       

30° 25.14 −20.5 25.5 −20.54 25.11 −18.67       

[25] 28 
0°       21.24 −18.59     

30°       20.99 −8.33     

[26] 28.5 
0°         18.5    

30°         17.00    

[27] 26 
0°           22.2 −14.77 

25°           20.06 −8.00 

[37] 28 
0° 27.77  27.69          

30° 26.92  26.41          

[38] 28 
0° 27.48            

30° 25.54 −11.65           

This 
work 

28 
0° 27.83 −28.10 27.74 −27.56 27.73 −26.68       

30° 26.83 −18.44 26.72 −21.7 26.38 −13.84       
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