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ABSTRACT This paper reports on the design and three-dimensional (3D) integration of low-cost, low-loss

and easy-to-fabricate 3D-printed integrated lens antennas (ILAs) for 5G broadbandwireless communications

in the 28 GHz frequency range. The ILA designs consist of an extended hemispherical lens, fed by two

different types of source antennas, a substrate integrated waveguide (SIW) slot antenna array and amicrostrip

patch antenna (MPA) array. Results from comprehensive parametric analyses of the infill pattern and density

of the 3D printed dielectric lenses are also intensively investigated and characterized for their electromagnetic

properties, e.g., electric-field distribution. The ILAs are fabricated using polylactic acid (PLA) as the fused

deposition modelling (FDM) polymer with an optimized infill density of 50%, which speeds up prototyping

time and decreases the relative permittivity, dielectric loss, manufacturing cost, and overall mass of the

lens. These features are illustrated through experimental verification and characterization of at least three

samples. From the measurement results, the ILAs achieve a fractional bandwidth of 10.7%, ranging from

26.5 to 29.4 GHzwith a maximum gain of 15.6 dBi at boresight and half power beam-width of approximately

58◦ and 75◦ in the E and H planes, respectively.

INDEX TERMS 5G, integrated lens antennas, 3D printed, millimeter-wave antennas, microstrip patch

antennas (MPA), substrate integrated waveguide (SIW).

I. INTRODUCTION

Future fifth-generation (5G) wireless communication

systems are expected to enhance reliability and drastically

increase data rates to an ever-growing number of mobile

users and Internet-of-Things (IoT) devices [1]. To address this

increase in telecommunication traffic requirements, portions

of the underusedmillimeter-wave spectrum have been offered

by regulators and used by service operators worldwide for

fixed wireless access [2]. Candidate bands include 28 GHz,

38 GHz, 39 GHz, as well as 26 GHz, recently recommended

by the United Kingdom’s regulatory body, Ofcom [2].

However, millimeter-wave communication systems have

limited range due to higher path loss and atmospheric atten-

uation and absorption [2]. This drawback has motivated

the research to develop efficient and high-gain antennas,

especially in the Ka band for 5G mobile communication.

Currently, several solutions have been proposed to address
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this issue of limited range due to higher path loss at

millimeter-wave frequencies [3], [4]. A particularly attrac-

tive and cost-effective method is gain enhancement using

dielectric lenses, placed on top of source antennas such as

microstrip patch antennas (MPAs) or substrate integrated

waveguide (SIW) slot antennas [5]–[7]. These are also

known as integrated lens antennas (ILAs). The dielectric lens

increases the directivity of the source antenna by transform-

ing the spherical wave front of the radiated wave into a planar

one [5], [8]. MPAs and SIW slot antennas are preferable for

source antennas, due to the ease of their fabrication, straight-

forward integration with other planar circuits, low mass, and

low profile [9]–[11].

3D printed lens antennas are already extensively used in

the upper millimeter-wave frequency region, as evidenced

by recent research, reported in [12]–[14]. A waveguide fed

3D printed lens antenna for the 60 GHz millimeter-wave

Industrial, Scientific and Medical (ISM) band is presented

in [4]. Industrial poly-jet 3D printingwas used tomanufacture

the hemispherical lens, which provided gain enhancement

VOLUME 7, 2019
This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ 102467

https://orcid.org/0000-0003-2832-531X
https://orcid.org/0000-0001-6730-0057
https://orcid.org/0000-0003-1522-2071
https://orcid.org/0000-0003-1981-2618


B. T. Malik et al.: Antenna Gain Enhancement by Using Low-Infill 3D-Printed Dielectric Lens Antennas

of the source antenna. Another 3D printed ‘‘meta-lens’’ is

proposed in [7] for gain enhancement at Ka band. The lens

provided gain improvement of 7.5 dB at 32.5 GHz.

Recently, a combination of 3D printed dielectric lens

and dielectric polarizers have also been reported for polar-

ization conversion, in addition to gain enhancement at

millimeter-wave frequencies [15], [16]. The drawbacks of

these polarizers are fabrication complexity, lower gain

enhancement, and more losses when compared to a

stand-alone dielectric lens. The polarizers also increase the

overall footprint of the antenna.

Most of the dielectric lens antennas reported in the litera-

ture have high manufacturing cost and excessive weight due

to the use of expensive and dense dielectric materials such as

quartz, in addition to costly fabrication techniques [17], [18].

Furthermore, gain improvement due to the addition of these

lenses is not always quantified and reported in these works.

The use of commercially-available 3D printers for the

quick and cost-effective prototyping of dielectric lens anten-

nas has recently increased rapidly [8]. However, most

reported results use industry-grade printers such as Stratasys
TMor slower and more expensive fabrication techniques such

as stereolithography (SLA) [8], [17]. Dielectric lenses fab-

ricated through desktop 3D printers using fused deposition

modelling (FDM) technology tend to be printed as solid

objects (100% infill density), which increases the cost and

weight of ILAs and decreases the radiation efficiency due to

the high dielectric losses of FDM materials [6], [19]–[21].

In this work, the design and implementation of low-cost,

low-loss, easy to fabricate and integrate dielectric lens anten-

nas at 28 GHz are reported. The fabrication process fea-

tures commercially available desktop 3D printer, CEL Robox

RBX02-DM, using standard FDM process. The ILAs were

fabricated with a reduced infill percentage of 50%, which

speeds up prototyping time, and simultaneously decreases

dielectric loss, manufacturing cost and weight. At the same

time, the lens antennas provide considerable gain enhance-

ment of 6 dB, for two different types of source antennas - a

2x1 MPA array and a SIW slot antenna array. These were

jointly designed and optimized to operate over the cluster

of 5G candidate bands around 28 GHz. A parametric analysis

on infill density and infill pattern of dielectric lenses and free

space dielectric characterization of Polylactic Acid (PLA)

with reduced infill densities have also been experimentally

verified and are presented.

II. DIELECTRIC CHARACTERIZATION OF PLA HAVING

DIFFERENT INFILL DENSITIES

To accurately design and simulate the 3D printed dielectric

lens antennas with reduced infill density, the effect on the

complex relative permittivity of the 3D printed samples needs

to be quantified. For this purpose, three PLA samples with

dimensions of 50 x 50 x 25 mm3 were fabricated using

25%, 50%, and 75% infill density. The resulting fabrication

parameters of these samples are summarized in Table 1.

TABLE 1. Effect of infill density on the fabrication parameters.

FIGURE 1. Free space measurement setup for dielectric characterization
of PLA samples having different infill densities.

The Keysight TechnologiesTM85071 free-space measure-

ment software was used to measure the dielectric properties

of the PLA samples having different infill densities over the

frequency range of 26 - 32 GHz. Fig. 1 shows the mea-

surement setup for the complex relative permittivity, with

results from the free-space measurements given in Fig. 2(a)

and Fig. 2(b). Two standard gain Ka-band horn antennas

were used for transmission and reception of signals through

PLA samples for dielectric measurements. Each sample was

measured 3-4 times from different sides and using different

distances, i.e. 25-40 cm, between the antennas to minimize

the measurement error due to the anisotropic nature of PLA

samples.

Measured results show that the relative permittivity and

dielectric loss linearly decrease with a reduction in the infill

density of PLA samples from 100% to 25%. The values of

dielectric constant and loss tangent for different infill densi-

ties at 28 GHz are given in Table 1. Reduction of infill density

also shows a clear impact on the fabrication time, weight and

production cost, as summarized in Table 1.

III. IMPACT OF INFILL PATTERN AND INFILL DENSITY

ON 3D PRINTED DIELECTRIC LENS

An extensive set of simulations, using Ansys HFSSTM, was

carried out to analyze the effects of infill pattern and infill

density on the radiation properties of the 3D printed dielec-

tric lenses. Three different types of infill pattern (rectilinear,

triangle and honeycomb) with different infill densities (25%,

50% and 75%) were studied in the analyses. Figs. 3(a), 3(b),

and 3(c) show the surface current distributions at the top of
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FIGURE 2. (a). Dielectric constant and (b). Loss tangent of PLA samples
having different infill densities from 26 GHz to 32 GHz, measured using
the Keysight Technologies 85071E material characterization suite.

FIGURE 3. Infill patterns with surface current distribution on top of 3D
printed dielectric lens, (a). Honeycomb, (b). Triangle, (c). Rectilinea.

the dielectric lens at 28 GHz for the three different infill

patterns, respectively. It is evident that the dielectric lens with

a rectilinear infill pattern has the strongest surface current

density due to less inhomogeneity in its structure as compared

TABLE 2. Effect of infill pattern on the antenna parameters.

FIGURE 4. Impact of different infill pattern of dielectric lens on the
reflection coefficien.

FIGURE 5. Impact of different Infill patterns of dielectric lens on
Radiation Pattern.

to the other two patterns. Table 2 summarizes the simulated

antenna parameters for the different infill patterns.

Fig. 4 and Fig. 5 depict the impact of the different infill

patterns on the performance of the dielectric lenses in terms

of reflection coefficient and radiation pattern, respectively.

Rectilinear infill pattern shows the best impedance matching

with return loss of less than 50 dB as compared to 30 dB and

45 dB for triangle and honeycomb infill patters, respectively.
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FIGURE 6. Radiation pattern of ILAs at 28 GHz for different infill densities
of dielectric lens materials (a). SIW (b). MPA.

FIGURE 7. Return loss of ILAs for different infill densities of dielectric
lens materials (a). SIW (b). MPA.

FIGURE 8. (a) Gain and (b) Radiation efficiency for different infill density
of dielectric lens material for H/R = 0.3 at 28 GH.

The peak realized gain is approximately constant for all three

types of infill patterns, however the rectilinear one exhibits

the best results in terms of radiation efficiency and side lobe

levels (SLLs), as summarized in Table 2.

The performance of the 3D printed dielectric lenses is

affected by the infill density in a similar way to the infill

pattern. The density can be varied to tailor the effective

relative permittivity and loss tangent of the PLA - air mixture.

The impact of infill density on both gain and return loss is

shown in Fig. 6(a) and Fig. 7(a) for the SIW slot antenna and

Fig. 6(b) & Fig. 7(b) for the MPA array. It is also summarized

in Fig. 8, for a fixed ratio of lens height to lens radius.

It is evident that the gain is directly proportional to the infill

density, whereas radiation efficiency is inversely proportional

as shown in Fig. 8(a) and Fig. 8(b), respectively.

After analyzing the results of the parametric study, it is

concluded that the gain of ILAs is directly related to the infill

density of the lens dielectric material. However, the impact

of infill density on gain enhancement needs to be weighed

against the impact on other parameters, such as cost, weight

and prototyping time. The decision to use 50% for subsequent

experimental validation is therefore a trade-off between the

gain enhancement on one hand, and the bandwidth, cost,

weight, and prototyping time on the other. These factors must

be considered in the design of ILAs. All these findings sug-

gest that in-depth studies on infill patterns and infill density

are necessary for design and development of dielectric lens

antennas using 3D printing technology.

IV. DESIGN OF SOURCE ANTENNAS

Two different antenna arrays were selected to be used as

source antennas for the proposed ILAs, to demonstrate the

applicability of the design and fabrication process to dif-

ferent scenarios. Both antennas were fabricated in-house at

the University of Leeds, using modern PCB fabrication tech-

niques. The substrate used in both cases was the low-loss

RT/DuroidTM5880 with relative permittivity εr = 2.2 and

thickness of 0.787 mm.

A. SIW SLOT ANTENNA

The SIW slot antenna array consists of three SIW cavities,

designed according to [22] to support the TE102 mode at

the center frequency of 28 GHz. The resonant frequency for

TEm0n mode of rectangular SIW cavity is given as:

fmn0 =
c0

2π
√

µrεr

√

(

mπ

weff

)2

+
(

nπ

leff

)2

(1)

The width and length of the SIW cavity can be calculated

by using equations (2) and (3):

weff = w−
d2

0.95p
(2)

leff = l −
d2

0.95p
(3)

The diameter of the via holes and the distance between

the two adjacent via holes of SIW should satisfy the condi-

tions [23]:

d <
λg

5
p < 2d (4)

where m and n are the mode numbers, weff and leff are the

effective width and length of the SIW cavity respectively, d

is the diameter of via holes and p is the distance between

two adjacent via holes, c0 is the speed of light in vacuum,

µr and εr are the relative permeability and permittivity of the

substrate material respectively.

The TE102 mode was chosen to support two radiating

slots in order to increase the base gain of the SIW slot

antenna [11], [24]. The E-field distribution for the TE102

cavity mode is shown in Fig. 9(b). In the top metal wall of

each cavity, two T-shaped slots are etched over the position

of maximum E-field, offset from each other to compen-

sate the 1800 phase difference between the two adjacent
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FIGURE 9. (a). SIW cavities and (b). E-field distribution for TE102 mode
inside the SIW cavities.

FIGURE 10. Integrated Lens Antennas fed by SIW slot antenna and MPA
array (a). SIW slot antenna (b). MPA Array (c). Side symmetric view of
dielectric lens (d). Simulation model of ILAs.

E-field peaks. Their linear dimensions and positions were

optimized using the commercially available 3DEM simulator

Ansys HFSSTM, with the final structure shown in Fig. 10(a).

The initial dimensions of the radiating slots were determined

as follows [23]:

ls =
λ0√

2(εr + 1)
(5)

ws ≤
ls

10
(6)

TABLE 3. Final values of design parameters.

Amicrostrip line in combination with a SIW power divider

is used to feed the SIW cavities and to facilitate connection

to test and measurement equipment through a Southwest

Microwave 2.4 mm end-launch connector.

B. MICROSTRIP PATCH ANTENNA ARRAY

The second antenna used as a source radiator for the dielectric

lens was a simple 2x1 MPA array, again designed for a

center frequency of 28 GHz. A microstrip transmission line

is used as the feeding network and to connect to the test and

measurement equipment, similarly to the SIW slot antenna

array. An illustration of the MPA array, together with the

physical layout parameters, is show n in Fig. 10(b).

The initial dimensions of the individual patches were

determined using standard design method given in [25],

before subsequent optimization in Ansys HFSSTM. The

center-to-center distance was specified to be λ0/2 at 28 GHz,

in order to minimize the grating lobes [26].

V. 3D PRINTED DIELECTRIC LENS DESIGN

It has been previously established that dielectric lenses

provide an effective way to increase the directivity of a

source antenna by reshaping the spherical wave front into

a planar one [8], [17]. There are several different types of

dielectric lenses [8], and in this paper an extended length

hemispherical lens was chosen, due to its straightforward

design. An extended hemispherical lens is fully defined by

the parameters dome radius R, base diameter D = 2R, and

base height H [13], which are illustrated in Fig. 10(c).

A parametric analysis of the effect of R and H on antenna

directivity is reported in [12], showing that increasing the

base height H to radius R ratio increases the directivity of

antenna but after a certain value of R/H the directivity starts

decreasing. Using these insights, together with the design

process described in [18] and [27], the initial values for the

lenses were selected and simulation models created, as illus-

trated in Fig. 10(d). Full-wave EM simulation in the commer-

cially available software package Ansys HFSSTMwas then

used to optimize the lens parameters for high gain, low return

loss, and low side lobe levels (SLLs). The final dimensions

are listed in Table 3 for the two ILAs fed by SIW and MPA

arrays at 28 GHz.

A. DIELECTRIC LENS FABRICATION

The lenses were fabricated using the commercially available

desktop 3D printer (CELRobox RBX02-DM) using the fused

deposition modeling (FDM) technique with a vertical layer
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FIGURE 11. Fabricated prototypes of ILAs (a). Source antennas
(b). 3D printed dielectric lens on top of source antennas.

resolution of 0.1 mm. The material used was PLA (Polylactic

Acid). The reason for choosing PLA is that it is made up of

organic materials, so it is safer, easier and more convenient

to use for 3D printing as compared to ABS (acrylonitrile

butadiene styrene). PLA also has a slightly lower relative

permittivity when compared to ABS, which is seen as an

advantage, since using a high εr material for a dielectric lens

has the drawback of excessive internal wave reflections [13].

The lenses were designed, simulated and fabricated using a

50% infill, i.e. only 50% of the internal volume of the lenses

is made up of PLA. The infill pattern used was rectilinear

one, which gives the best results as compared to triangle

and honeycomb infill pattern as discussed in Section III.

The geometry of the lens designed in HFSS was exported

as a Stereolithographic (STL) format and then imported into

3D-printing slicing and G-code generating software for man-

ual adjustment of the infill density to tailor the permittivity

and loss tangent accordingly.

B. LENS ANTENNA INTEGRATION

The integration of 3D printed dielectric lenses on top of

source antennas is also a crucial task as well after fabrication

of source antennas and dielectric lens antenna individually.

A parametric analysis has already been done to optimize the

exact position of dielectric lens on top of source antennas. For

this purpose, a sliding channel was designed at the base of

lenses to easily and accurately integrate and align the source

antennas with the 3D printed dielectric lenses as shown in

Fig 10(c). The advantage of using a sliding channel was

not only the good alignment between the lens and source

antenna, but also the avoidance of any adhesive material used

to combine the dielectric lens and source antenna that might

affect the gain enhancement and radiation patterns of ILAs.

VI. EXPERIMENTAL RESULTS

Several samples of each source antenna, i.e. SIW slot array

and 2x1 MPA array, were fabricated and tested, with typical

best results presented and discussed here. Photographs of

these source antennas, both individually and after integration

with the dielectric lenses are shown in Fig. 11(a) and 11(b).

The return loss and the E-plane and H -plane radiation

patterns for both antennas, with and without lenses, were

measured using the high-frequency measurement facilities at

FIGURE 12. S-parameters of SIW slot antenna (a). Without dielectric lens
(b). With dielectric lens.

FIGURE 13. Radiation pattern of SIW slot antenna without dielectric lens
at 28 GHz (a). E-plane (b). H-plane.

the University of Leeds. A Keysight N5247 PNA-X was used

for the S11 measurement, with a 1-port mechanical Short,

Open, Load (SOL) calibration to bring the reference plane

up to the coaxial connector. A Keysight E8361C PNA was

used to measure the radiation patterns in a far-field anechoic

chamber, using a 20 dBi WR-28 standard gain pyramidal

horn antenna as a transmit antenna. The gain at boresight of

the proposed antenna was determined using the gain transfer

method [28], with two 20 dBi WR-28 reference pyramidal

horns used to establish a baseline. These measurements were

then compared to the simulation results obtained from Ansys

HFSSTM, using the Finite Element Method.

One such comparison for the SIW slot array antenna is

presented in Figs. 12-14. A good overall agreement between

predicted and measured performance in terms of return loss

and radiation pattern is observed in either case, i.e. with

and without the dielectric lens mounted on top of the source

antenna. The antenna exhibits a wide bandwidth of 2.8 GHz

at -10 dB return loss level, from 26.6 GHz to 29.4 GHz, cov-

ering most 5G candidate frequency bands. The benefit of the

dielectric lens is clearly evidenced by comparing Fig. 13 and

Fig. 14. The full-width at half-maximum (FWHM) decreases

from 1150 and 1320 for the E and H planes, respectively,

to 580 and 750. At the same time, the gain at the centre

frequency of 28 GHz is increased from 9.8 dBi to 15.6 dBi.

A similar comparison is shown in Figs. 15-17 for the

2x1MPA array. Likewise, this antenna design exhibits a wide

bandwidth at -10 dB return loss level, spanning the 28 GHz

5G frequency band. However, the gain enhancement in this

case is lower, from 8.9 dBi to 12.4 dBi. The increase in direc-

tivity is again demonstrated by the reduction in the FWHM

at 28 GHz, from 1290/1450 to 900/1220 for the E/H plane,
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FIGURE 14. Radiation pattern of SIW slot antenna with dielectric lens at
28 GHz (a). E-plane (b). H-plane.

FIGURE 15. S-parameters of MPA array (a). Without dielectric lens
(b). With dielectric lens.

FIGURE 16. Radiation pattern of MPA array without dielectric lens at
28 GHz (a). E-plane (b). H-plane.

FIGURE 17. Radiation pattern of MPA array with dielectric lens at 28 GHz
(a). E-plane (b). H-plane.

respectively. Finally, Fig. 18 demonstrates that the achieved

broadband gain is relatively flat over the frequency band of

interest, 15.5 ± 0.5 dBi for the SIW ILA and 12 ± 0.5 dBi

for the MPA ILA.

A summary of the obtained results for the antennas

designed and developed in this paper is given in Table 4.

At the same time, a comparison on several key metrics with

previously published results for dielectric lens antennas at

FIGURE 18. Measured gain vs frequency of MPA and SIW with dielectric
lens antennas for H/R = 0.3.

TABLE 4. ILAs performance comparison at 28 GHz.

similar frequency ranges is presented in Table 5, showing

that our dielectric lenses compare favorably in terms of gain,

side lobe levels, weight and cost with those produced using

more expensive fabrication methods and high-cost and dense

dielectric materials.

VII. DISCUSSION AND APPLICATIONS

The reason for using two types of source antennas is to

investigate and compare the performance of the proposed low

infill 3D printed dielectric lenses for two different scenarios

in terms of bandwidth, gain and efficiency. Antennas most

commonly used as source antennas under dielectric lenses

are the MPAs and SIW slot antennas, due to the ease of

their fabrication, straightforward integration with other cir-

cuits, low mass and low profile. Dielectric lenses with SIW

slot antennas have high bandwidth, gain and efficiency as

compared to dielectric lens with MPA. SIW slot antenna

have better impedance matching with dielectric lens when

we compare the reflection coefficient of SIW slot antenna

and MPA after integration with 3D printed dielectric lens

in Fig. 12(b) and Fig. 15(b) respectively. In other words, SIW

source antennas have more directional radiation pattern and

achieve more gain enhancement after integration with dielec-

tric lens as compared toMPAs. Therefore, ILAs with SIW are

a promising candidate for 5Gmobile communications. On the

other hand, dielectric lenses with MPAs are more suitable

for phased array and beam steering applications due to their

straightforward integration with phase shifters, unlike SIW.
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TABLE 5. Comparison of the proposed ILAs with other ILAs reported in open literature.

FIGURE 19. Application in Sensor Interrogation using Unmanned Aerial Vehicles.

In our proposed research work we have used low cost 3D

printing technology to fabricate low infill dielectric lenses

which are efficient, light weight and straightforward to proto-

type and integrate with source antennas. The ILAs presented

in this paper exhibit highly directional radiation patterns

with correspondingly high gain, as well as low side lobe

levels. Such lens antennas have already been successfully

used in several industrial applications for gain enhancement

and improving the directionality of the radiation pattern of a

source antenna. One such application has been demonstrated

in [29], where a hemispherical dielectric lens was integrated

on top of a 122 GHz radar front end. The inclusion of this

lens has led to a reported improvement in the directionality

of the main beam from ±30◦ FWHM to ±4◦ FWHM, with

a corresponding increase in detection range from 10 m to

100 m.

SIW-fed dielectric lens antennas for satellite commu-

nication systems at K/Ka band were presented in [6]

and [30]. The basic purpose of using the dielectric lens is to

improve the radiation properties source antenna. A wideband

circularly-polarized lens antenna is proposed for the 77 GHz

automobile radar system [16]. In this case, a hyperbolic lens

is fed by a rectangular horn antenna to increase the directivity

and decrease the side lobe levels of source antenna for more

accurate detection of the target by the radar system.

Finally, lens antennas can have potential applications in

unmanned aerial vehicles (UAVs) for high-speed, point-to-

point communication with sensor nodes. Using ILAs in this

scenario offers several advantages and benefits. One of them

is retaining a small footprint while providing a 6 dB gain

enhancement. An equivalent increase obtained using a larger

array would require a quadrupling of the number of array

elements and corresponding occupied area, which may not

always be practical. The gain enhancement also provides

flexibility from the point of view of the communication link

budget. Either the transmitter power can be reduced, which

will translate directly to decreased battery usage, or the dis-

tance between the UAV and the sensor node can be doubled.
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UAVs are known to lose aerodynamic stability and expend

more energy when hovering at low altitudes due to the ground

effect, therefore this increased distance will improve their

flight time as well. In addition to this, the narrower antenna

beam would allow the UAV to establish a link with a single

node, without causing interference to adjacent ones. These

concepts are illustrated in Fig. 19 and will be a subject of

a future study by the authors for smart city infrastructure

monitoring.

VIII. CONCLUSION

In this paper we have presented a simple, low-cost method of

design and fabrication for dielectric lens antennas for wireless

communication at millimeter-wave frequencies. The impact

of the infill pattern of the 3D-printed dielectric lens on the

performance of ILAs and dielectric characterization of 3D-

printed PLA samples with varying infill densities have been

presented for the frequency range 26-32 GHz. Results for two

different types of antennas, usable in different scenarios, are

analyzed, and compared. The use of commercially available

3D printing technology with low infill density for the rapid

prototyping of highly-efficient dielectric lens antennas is

demonstrated. Excellent agreement between simulation and

measurement results has been demonstrated.
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