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Abstract ─ Placing dielectric lens structures into an 
antenna's aperture has proven to be one of the most 
reliable methods of enhancing its gain. However, the 
selected material and the prototyping method usually 
limit their fabrication process. With the advances in 
3D printing technology and their applications, the 
microwave designs that were either impractical or 
impossible in the past to manufacture using traditional 
methods, are now feasible. Herein, a novel prototyping 
method by using 3D-printer technology for low-cost, 
broadband, and high gain dielectric lens designs has been 
presented. Firstly, the elliptical lens design has been 
modeled in the 3D EM simulation environment. Then 
fused deposition modeling based 3D-printing method 
has been used for the fabrication of the dielectric lens. 
The measured results of the 3D printed antenna show 
that the lens antenna has a realized gain of 17 to 20.5 dBi 
over 8-12 GHz. Moreover, the comparison of the 
prototyped antenna with its counterpart dielectric lens 
antenna in the literature has indicated that the proposed 
method is more efficient, more beneficial, and has a 
lower cost. 

Index Terms ─ 3D Printer, Lens Antenna, Dielectric 
Lens, Broadband, Novel Prototyping Methods. 

I. INTRODUCTION
One of the essential components in wireless 

communication systems is antenna stages with high gain 
characteristics. Although Antenna Arrays are a standard 
solution for high gain performance, it is known that 
increasing the array element directivity also increases the 
complexity of its design, decreases its efficiency, and 
leads to a higher level of loss in the feeding network. On 
the other hand, dielectric lens structures, having the 
ability to focus the incoming electromagnetic waves, 
provide another solution for high gain performance. 

Dielectric lens antennas are not only free from the 
disadvantages of Antenna Arrays but also advantageous 
due to their low loss and wide operation band. Moreover, 
these designs have been used in a vast range of 
applications such as millimeter wave, automotive radar, 
satellite or indoor communications [1-8], beamforming, 
and generation of multiple beams [9-10]. However, some 
of the most commonly used dielectric lens structures 
such as Luneburg, Einstein, dielectric rod, and Fresnel 
lens are usually optical or quasi-optical, and they have 
a 3D design structure that makes them difficult to 
manufacture by using dielectric materials.  

With the advances in 3D printing technology, the 
application areas of these devices continue to expand. 
One of the most recent applications of 3D printing 
technology is the prototyping of microwave designs such 
as Antennas [11-13]. Due to being fast, highly accurate, 
and their ability to print even the most complex 
structures which would become either impractical or 
high cost using traditional prototyping methods, the 
usage of 3D printing technology has become more 
prevalent in microwave design prototyping field [14-20]. 

In this paper, the design and realization of a 
modified elliptical lens antenna for X band applications 
by using 3D printing technology has been presented. To 
this aim, first, elliptical lens design has been modeled in 
the 3D EM simulation environment. Then, the optimally 
designed elliptical lens model has been prototyped by 
using 3D printing technology. The measurements and 
the simulations show that the proposed prototyped 
elliptical lens antenna has a desirable performance where 
it achieves a gain level of 17 to 20.5 dBi over the 
operation band of 8-12 GHz. Moreover, when it is 
compared with its counterpart in literature, it is found 
that the proposed method is more efficient, has a lower 
cost, and it is an effective method for prototyping 
dielectric lens structures with 3D properties.  
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II. DESIGN AND SIMULATION OF
DIELECTRIC LENS ANTENNA

One of the most commonly used antenna types is a 
waveguide horn antenna. Although they have relatively 
good gain characteristics, they are limited by their 
dimensions as they must have a specific size with 
respect to the wavelength of their operating frequency. 
Otherwise, they would have efficiency problems. One of 
the solutions to go beyond this limitation and improve 
their performance is to place a dielectric lens structure 
into their aperture. 

In this section, an elliptical lens antenna is designed 
for X band applications. The elliptical dielectric structure 
is a modified version of the lens design in [21-22], where 
the endpoint of the structure is trimmed to increase the 
performance of the antenna in the X band. The design 
of the Modified Elliptical Dielectric Lens Antenna 
(MEDLA) is given in Fig. 1. The primary design 
considerations of the proposed antenna can be named as 
follows:  

(i) Gain performance of the antenna can be
increased/decreased by increasing/decreasing the 
dielectric diameter of the ellipsoid.  

(ii) The operating frequency can be increased/
decreased by decreasing/increasing all dimensions of the 
model. 

(iii) Same phenomena can also be said for the
dielectric permittivity of the lens material, which plays 
an essential role in the performance characteristic of the 
design. 

Furthermore, by adding additional matching layers, 
the reflections at the antenna surface can be reduced at 
the expanse of increasing the manufacturing cost. 

Fig. 1. Schematic of MEDLA. 

The variation of Directivity and S11 performances of 
the MEDLA concerning its design parameters are given 
in Table 1 and Fig. 2. 

Table 1: Parametric analyses of design parameters of 
MEDLA given as (S11/Directivity) 

Parameters 
(mm) 

Frequency GHz 
8 10 12 

L1

50 -13.6/18.9 -17.9/20.1 -19.2/21
70 -14.1/18.9 -17.7/20.2 -19.7/21
90 -3/19.1 -5.3/20.2 -20.5/21.4

L2

80 -6.5/16.8 -9/18.8 -10.7/19
100 -14.1/18.9 -17.1/20.2 -19.7/21.1
120 -7.6/17.8 -8.6/19 -9.1/18.1

W1 

50 -14.1/19 -18/20.3 -19.4/21
70 -14.1/18.9 -17.8/20.2 -19.8/21.1
90 -14.8/19.1 -17.8/20.3 -20.6/21.1

W2 

10 -15/18.9 -17.8/20.2 -19.8/21.1
20 -14.1/18.9 -17.7/20.3 -19.8/21.2
30 -13/18.9 -18/20.3 -20.8/21.2

W3 

60 -6.5/18.8 -8.7/20.2 -9/20.6
80 -14.1/18.9 -17.7/20.2 -19.7/21.4

100 -6.1/18.5 -8.9/19.9 -12.7/21.4

   (a) 

   (b) 

Fig. 2. Simulated performance of: (a) return loss and (b) 
Directivity; for variant dielectric constant values. 
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As can be seen from Table 1 and Fig. 2, each design 
parameter has a unique effect on the performance 
response of MEDLA design. Thus, the determination  
of optimal design parameters of antennas geometrical 
and material parameters can be considered as a multi-
objective, multivariable optimization problem. The design 
parameters of MEDLA can be taken as input variables of 
the optimization process, and the performance measures 
of MEDLA, such as S11 and directivity, are taken as 
outputs or objectives of the optimization problems. In 
Table 2, optimization variables and their upper and lower 
constants are presented. 
 
Table 2: Constraints of the variables 
Parameter Constraint Parameter Constraint 

w1 (mm) 50~90 L1 (mm) 50~90 
w2 (mm) 10~30 L2 (mm) 80~100 
w3 (mm) 60~100 εr 1.2~2.7 

 
In our design process, two metaheuristic 

optimization algorithm that had shown great potential in 
design optimization of microwave stages; (1) Honey Bee 
Mating Optimization (HBMO) [23-24], (2) Differential 
Evolutionary Algorithm (DEA) [25-26], are being  
used in a hybrid combination of Global (HBMO) and 
Local (DEA) search tool for finding the optimal design 
parameters of MEDLA. HBMO algorithm has the 
capability of searching in ample variables space, which 
makes it an excellent global optimizer. However, the 
design optimization of an antenna requires a fine-tuning 
of design parameters for achieving the ideal performance. 
For this mean, the DEA optimization method had been 
used to do a local search around the optimal values 
obtained by HBMO. Both of the algorithms had been 
coded in MATLAB environment that can simultaneously 
work alongside CST simulator [27]. Based on the 
designer's hardware capabilities, this process can be 
accelerated via the use of parallel processing methods for 
reducing the total time required. The cost function that  
is given in Eq (1) is being used for guiding the hybrid 
search of HBMO and DEA. The total cost is calculated 
based on the candidate solution's directivity and S11 
values at each desired frequency:  

 
12GHz

1 2

8GHz 11

Cost
( ) ( )

i

i
f i

C C
Directivity f S f=

= +∑ , (1) 

where, C is weighted constrained determined by the user 
(Here in C1=0.9, C2= 0.3, which is determined with trial 
and error method), i is the index of the candidate solution 
in search space. In Table 3, the optimal design 
parameters of MEDLA have been presented. 
 
Table 3: Parameters of MEDLA in (mm) 

W1 70 L1 67.5 
W2 20 L2 95.8 
W3 84 εr 2.5 

III. 3D MANUFACTURING AND 
EXPERIMENTAL RESULTS OF MEDLA 

In this section, the CEL Robox® Micro 
manufacturing platform using PLA material "PLA 
Filament - Polar White RBX-PLA-WH002" is employed 
for carrying out the prototyping of the MEDLA designed 
in Section II. One of the advantages of 3D printers is 
their ability to adjust the infill rate of the printed material 
within the structure, which is used by many for creating 
a design with lower weight values. In addition, making 
use of this advantage, it is possible to adjust the dielectric 
properties of the 3D printed structure by increasing or 
decreasing the infill rate of the design as it is given  
in Table 4 [28-29]. By using the Eq (2) obtained via 
regression methods from data in Table 4, the infill rate 
of the MEDLA is chosen as 70%, which would provide 
a dielectric constant value of 2.5: 

 6 3 6.421.3 10 0.0374 0.217r x x x
x

ε −= − + + + , (2) 

where x indicates the infill rate in %. 
 
Table 4: Dielectrıc constant value of PLA with respect to 
the infill rate [28] 
Infill Rate % Dielectric Constant rε  Loss Tangent 

18 1.24 0.002 
33 1.6 0.004 
73 2.53 0.006 

100 2.72 0.008 
           

The 3D printed MEDLA design is presented in  
Fig. 3. The measurement results are obtained using the 
measurement setup given [30-31]. A Network Analyzer 
with a measurement bandwidth of 9 kHz to 13.5 GHz, and 
two identical antennas "Rohde—Schwarz RS Zvl13 and 
LB8180 0.8 to 18 GHz" have been used for measurement 
of the 3D printed Dielectric Lens antenna. 
 

 
(a)                                        (b) 

 
Fig. 3. Dielectric lens antenna and feed network: (a) side 
view and (b) top view. 
 

The measured return loss characteristics are given in 
Fig. 4. It can be observed in Fig. 4 that placing the 3D 
printed elliptical lens structure into the aperture of the 
waveguide does not have any distortive effects on the S11 
characteristics of the system, and the design achieves 
return loss characteristics of less than -10 dB over the 
operation band of 8-12 GHz. In addition, it should also 
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be noted that the main reason for the difference between 
the simulated and the measured S11 characteristics is that 
the simulations were carried out by assuming an ideal 
waveguide, whereas non-ideal real waveguides are used 
for the measurements. 

 

 
 
Fig. 4. The measured return loss of MEDLA. 
 

The radiation patterns of the 3D printed MEDLA 
and the comparison of the maximum gain values 
between the simulations and the measurements are given 
in Fig. 5 and Table 5, respectively. It can be concluded 
from the measurement results shown here that the 3D 
printed MEDLA structure increases the directivity of the 
waveguide up to 11 dB over the operation band of 8-12 
GHz. 

 

 
    (a) 

 
    (b) 

 
    (c) 
 
Fig. 5. Measured and simulated radiation patterns of the 
MEDLA at: (a) 8 GHz, (b) 10 GHz, and (c) 12 GHz. 
 
Table 5: Maximum hgain (dB) comparison between 
simulation and measurement 

f GHz) 
MEDLA Waveguide 

Simulated Measured 
8 18.7 17.1 7.9 
9 19.8 18.2 8.2 

10 20.7 19.8 8.7 
11 21.5 20.5 9 
12 21.8 20.3 8.9 

 
Furthermore, a gain (dB) comparison of the proposed 

MEDLA design with similar works in literature [32-35] 
is given in Table 6. As can be seen from the comparison 
table, the proposed antenna design achieves a high 
wideband gain performance compared to the counterpart 
designs in [32,34], where designs have much larger 
sizes. In cases of [33, 35] where the designs have much 
smaller sizes, the gain performance is almost half [35], 
or much lesser [35] than of the proposed MEDLA 
design. Thus, it can be said that the proposed MEDLA 
module achieves a more desirable Gain vs. Volume 
performance within the requested operating frequency 
compared to its counterpart designs. 
 
Table 6: Comparison of gain (dB) of typical dielectric 
loaded antenna modules 

 Size 
(mm) 

Volume 
cm3 

Operation Mand (GHz) 
8 9 10 11 12 

Here 163.3x70x84 960.2 17.1 18.2 19.8 20.5 20.3 
[32] 279x244x159 10824 16 18 14.8 17 15 
[33] 85.x30.8x15.9 41.62 8.5 9 9 9 10 
[34] 90.7x210x210 4013 --- --- 17 --- --- 
[35] 87.4x59.3x80 414.6 14 15.5 16.5 15 17 

 
VII. CONCLUSION 

Herein, a modified elliptical lens antenna was 
designed for X band applications and realized by using 
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3D printing technology. The optimally designed elliptical 
lens model was prototyped by using 3D printing 
technology, and then its simulated and measured 
performance were compared. The results were found to 
be desirable, where the proposed prototyped elliptical 
lens antenna achieves a gain level of 17 to 20.5 dBi 
over the operation band of 8-12 GHz. In addition, 
the comparison of the prototyped antenna with its 
counterpart dielectric lens antenna in literature proved 
that the proposed method is more efficient, has a lower 
cost, and it is an effective method for prototyping 
dielectric lens structures with 3D properties. Thanks to 
the unique manufacturing capability of 3D printers and 
varying permittivity values of materials concerning their 
infill rates, it is possible to have elliptical or non-uniform 
geometrical designs for dielectric lens stages with 
multiple layers with different dielectric constant values. 
Furthermore, with recent developments in 3D printing 
materials such as conductive filaments, the design of 
multi-material-lens stages can also be achieved. 
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