
3D-Printed D-Band Lens Antenna with Gratings 

Matching Layer for Sensing Applications 
 

Marta Arias Campo1, Wolfgang Wischmann1, Peter Uhlig1, Oliver Litschke1, Simona Bruni1 

1 IMST GmbH, Kamp-Lintfort, Germany, arias@imst.de 

  

 

Abstract— Dielectric lens antennas represent a high-
performance, cost-effective solution to provide wideband high 

gain at sub-THz frequencies. However, in particular in sensing 
applications, multiple reflections in the interface between the 
lens and air cause false echoes which may lower the dynamic 

range and accuracy of the system. In this paper, we present a 
low-cost polypropylene FFF (Fused Filament Fabrication) 3D 
printed matching layer solution working at 110−170 GHz, 

implemented on the surface of an elliptical lens. The false echo 
power level is reduced in more than 20 dB, keeping the 
wideband gain (>30 dB) over the whole frequency band. 

Index Terms— mm-wave, sub-THz, lens antenna, matching 

layer, dielectric gratings, FFF 3D printing, leaky-wave feed, 

FMCW radar, wideband communications. 

I.  INTRODUCTION: LENS ANTENNAS FOR SENSING 

APPLICATIONS 

Sub-THz systems are gaining popularity to be used in 

mass-market applications, such as high-resolution radar [1] 

or high-speed communications [2], thanks to the availability 

of large bandwidth. Sub-THz radar systems are some steps 

ahead and already a reality, finding applications in many 

industries, such as hot rolling mills for steel strip fabrication 

[3] or plastic extrusion production processes [4]. Monitoring 

in-line production by means of radar measurements reduces 

waste considerably, increasing the production yield. The use 

of dielectric lens antennas in these systems allows 

generating high gain with a compact antenna size, and at a 

lower cost than e.g. horn antennas [5]. However, lens 

antennas suffer from multiple reflections [6], which in case 

of radar systems generate false echoes which decrease the 

measurement accuracy or even prevent the identification of 

certain targets. For instance, the monitoring of plastic 

extrusion processes (i.e. pipe wall thickness and diameter 

measurements) is based on echo detections. The first echo 

comes when the pulse hits the first pipe interface (air-

plastic), the second when it hits the second interface 

(plastic-air), and then it repeats on the opposite side of the 

pipe. In this configuration, also secondary reflections are 

crucial and the false echo can interfere with the signal 

reflected from the target, affecting the complete 

measurement. Although low-permittivity lens antennas have 

been proposed to mitigate this problem, false echoes are still 

visible in the measured signal [5].  

Many matching layer solutions have been presented in the 

literature. However, not many examples are available at  

 

Fig. 1. a) Fabricated lens antenna prototype. b) Lens 3D geometry with a 

detail of the rectangular gratings on the lens surface and matching pin on 
the lens bottom side. The leaky-wave cavity is also visible on the bottom, 

which is fed by a tapered waveguide, described in [13]. 

sub-THz frequencies (100−300 GHz). Homogeneous 

matching layers are usually proposed in silicon lenses [7], 

[8]. This choice brings an additional production step, raising 

the prototype price. The high eccentricity in plastic lens 

with low permittivity and the lack of suitable materials with 

the required permittivity (��~1.5), encumbers the 

implementation of this homogeneous approach. Dielectric 

corrugations have been as well proposed as an alternative, in 

several geometries, materials and fabrication processes: 

silicon lens with pyramidal gratings using laser ablation [9], 

3D-printed plastic squared holes [10], and at lower 

frequencies (60 GHz) 3D-printed alumina [11] or Polylactic 

acid (PLA) [12] in 1D-rectangular shape. 3D-printed 

solutions are especially attractive, as they render a low-cost 

solution in a one-step process. However, the materials 

which are normally proposed present high dielectric loss 

[10], [12] or are costly [11]. 

In this work, a low cost and easy to produce matching 

layer solution to minimize false echoes in radar system is 

presented. The matching structure used is based on 

dielectric gratings with the geometry presented in [11], 

using polypropylene material (PP), at D-band frequencies 

(110−170 GHz). This low-cost plastic is suitable to be used 

in high-frequency applications, as it presents a very low 

dielectric loss. Standard FFF 3D printing is used to fabricate 

the lens and the matching structures. 3D printing fabrication 

enables producing smaller features with larger aspect ratio 

than milling processes, especially for soft plastics. The 

combination of standard 3D printing with the chosen PP 

material results in a high-performance, low-cost, affordable 
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solution. The performance of the PP lens with the gratings 

will be compared with the one reached with the High 

Density Polyethylene (HDPE) lens presented in [13], from 

which the waveguide lens feed structure is reused in this 

work. 

II. 3D-PRINTING MATERIAL AND GRATINGS 

CHARACTERIZATION 

The material and corrugations have been characterized as 

a first step, in order to use the extracted parameters in the 

final lens design. The first electromagnetic characterization 

of the material and gratings has been realized at 55–95 GHz, 

due to the availability of measurement equipment, and in 

order to prove the usability in different radar frequency 

bands. Nevertheless, the grating period and width has been 

maintained equal to the geometry optimized for 140 GHz, 

and only the grating height has been scaled so that the 

optimum performance can be measured at 55−95 GHz (Fig. 

2a). In this way, the grating production is also validated for 

D-band. 

A. 3D-Printing Material 

The dielectric permittivity of the printed material is 

usually lower than the one of the solid material (�� = 2.2 in 

case of PP), as the relative material volume does not reach 

100%, and depends on the process parameters. An accurate 

evaluation of the material properties, in particular its 

dielectric permittivity (��), is crucial to calculate the correct 

lens profile and thus obtain the desired antenna gain. In 

high-gain lenses, even small errors in the estimation of the 

material �� can lead to large phase errors, lowering 

significantly their directivity. In order to estimate the �� and 

dielectric loss in the 3D-printed PP material, a slab with 16 

mm thickness and 5 cm of diameter has been printed and 

characterized by means of quasi-optical free-space 

measurements, using two lens antennas as probes. The 

estimated parameters for the printed PP are  �� = 2 and 

tan 
 = 1� − 3.  

The low �� of PP material is already a good starting point 

to minimize the reflection in the lens-air surface (−15.3 dB 

reflection for a flat surface), which leads to a more 

wideband minimization of the lens internal reflections. 

Besides, the low �� in combination with a leaky-wave feed 

enables high aperture efficiency over a wide band [13]. 

B. Gratings Design and Characterization in Planar Slab 

The design of the grating has been done taking into 

account the quantization intrinsic to the FFF 3D-printing 

process. The chosen grating geometry is 1D-rectangular, as 

proposed in [11] (Fig. 1b). This structure can be modelled as 

a homogeneous anisotropic medium [14]. The gratings layer 

geometry is chosen so that the effective permittivity equals 

√2 for the chosen polarization direction, with a height of 

ℎ = ��/(4√2), where �� is the wavelength of the center 

frequency in free space. The designed geometry parameters 

are shown in Fig. 2a. This geometry has been chosen, as it 

achieves the highest effective permittivity contrast for a 

certain minimum dielectric wall thickness. The grating 

width (400 µm) is chosen to be a multiple of the nozzle 

diameter (200 µm). This width, in combination with a 

spacing of 600 µm between gratings, results in the desired 

effective permittivity for the polarization parallel to the 

gratings (Fig. 2a). The resulting period for the gratings (1 

mm) has been proven to be sufficiently small for the 

targeted frequency range (110−170 GHz), as shown in 

Section III.  

In order to validate the performance of the 3D-printed 

gratings, a cylindrical slab with the grating structure printed 

on one side has been fabricated, with 16 mm thickness and 3 

cm diameter (Fig. 2b). As already mentioned, the grating 

height has been scaled to be characterized at 55−95 GHz 

(ℎ = 800 ��). The gratings geometry has been measured 

using a 3D laser profilometer. Fig. 2c and d show the 

results, with a good agreement with the designed gratings 

height and slightly larger width (420-500 µm). 

Nevertheless, the low �� makes the gratings robust against 

tolerances, and therefore despite the larger grating width, 

still a low reflection in the surface (<20 dB) should be 

reached. 

 

Fig. 2. a) Representation of the FFF 3D-printed gratings geometry for 80 

and 140 GHz, showing the printed filaments. Only the number of 3D 
printed layers changes between the two frequency bands. b) 3D printed PP 

slab with corrugations at 80 GHz. c) 3D profile measurements of the 

fabricated gratings. d) 2D profile. 

The reflection in the air-gratings surface has been 

estimated by placing the sample in front of a horn antenna, 

and measuring the reflected signal coming from the sample 
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surface. The time-gated results are shown in Fig. 3, where 

the measurements for the surface with corrugations aligned 

and orthogonal to the polarization have been compared to 

the one of the flat PP surface. The reflections have been 

calibrated with the one of a metallic plate in the same 

location as the sample surface. Measured results show a 

more reduced reflection for the polarization orthogonal to 

the gratings. This can be explained with the wider fabricated 

gratings (450-500 µm instead of 400 µm) and by 

considering a higher effective permittivity in the dielectric-

filled parts of the gratings (��~2.2) as in the 3D-printed slab 

(��~2).  

 

Fig. 3. Time-gated reflection of dielectric grating structure (� =1 mm, 

ℎ =800 µm, � =400 µm), oriented perpendicularly (⊥) and paralell (∥) to 
the polarization, compared to a flat 3D-printed surface. The ideal reflection 

for the flat surface is plotted in dashed line. The reflections are normalized 
with the one of a metal plate. Measurements performed with horn antenna.  

C. Gratings Characterization in Elliptical Lens at W-Band 

In order to perform a first validation of the 3D-printing 

fabrication process of the matching gratings, a lens 

prototype with gratings has been produced at 80 GHz, with 

36 mm diameter. The lens is fed with a waveguide-based 

leaky-wave feed, which is extensively described in [15], 

[16]. The false echo reduction has been validated by 

measuring the reflection in the antenna input when placing a 

metallic plate in front of the lens at 35.5 cm distance. 

Results have been compared with a 3D-printed PP lens 

without corrugations, and a PP lens fabricated with a milling 

process. Ideally, only the reflection of the plate should be 

seen in the time-domain results. However, when multiple 

reflections in the lens are present, a series of false echoes 

can be seen after the desired reflection. Measurement results 

in Fig. 4 show approximately 14 dB reduction of the first 

false echo for the PP with gratings layer with respect to a 

3D-printed lens without gratings, and 16 dB when 

comparing the milled PP lens (smoother surface). Similar 

false echo reduction is reached when aligning the gratings 

orthogonally or parallel to the polarization. This result 

leaves some room for optimization in the fabricated 

structure, as ideally one of the polarizations should show 

better performance due to the gratings anisotropic behavior. 

It should be noted that reflection coming from the metal 

plate (target) is lower in the milled lens. This is because the 

same lens geometry has been used as in the 3D printed 

lenses, even though the milled material is characterized by a 

higher �� = 2.2. This causes phase errors which lead to a 

lower lens directivity. 

 

Fig. 4. Measured reflection coefficient of antenna with metal plate at 355 

mm distance for the W-band lenses. Hanning window applied to results in 
frequency domain (65-95 GHz). The arrows point to the reflections in the 

lens feed, lens-air interface and target, as displayed on the figure on the 

right. The false echo generated by the lens multiple reflections is also 
visible. 

III. D-BAND LENS ANTENNA DESIGN AND SIMULATIONS 

After validating the reduction of false echoes by means of 

the fabricated gratings at W-band, the suitability of the FFF 

3D-printing process will be demonstrated with a lens design 

at D-band. An elliptical lens prototype with 35mm diameter 

has been designed and fabricated at D-band. In this section, 

simulation results are shown for the 3D-printed PP lens 

antenna with gratings, and compared with the ones of: 1) a 

HDPE lens without gratings [13], 2) a PP lens without 

gratings and 3) a PP lens with a homogeneous matching 

layer. All lenses are fed with a waveguide-based leaky wave 

feed with an air cavity, using the split-block described in 

[13]. Simulations have been performed with the full-wave 

3D EM solver EMPIRE XPU [17]. 

After characterizing the effective permittivity of the 3D-

printed PP material, the lens truncation angle has been set to 

� = 44°, and the lens focus positioned at the feed phase 

center, which is estimated to be 1.6 mm below the feed 

ground plane. In order to enhance the feed matching, a 

squared dielectric pin with 975 µm side and 300 µm height 

has been placed on the leaky-wave cavity (Fig. 1b). This pin 

does not affect the feed radiation significantly, preserving 

the lens directivity. The corrugations in the lens have been 

built by oversizing the lens in a constant width and creating 

slots orthogonal to the lens focal plane along the whole 

surface, as shown in Fig. 1. The gratings height has been set 

to ℎ = 420 ��, considering that 800 µm height showed the 

best measured performance at ~74 GHz. 

The geometry of the fabricated prototype has been 

mechanically characterized with the laser profilometer (Fig. 

5). On the lens top side, results show as well a good 

agreement in the gratings height, but wider geometry. On 

the lens side, the gratings height is lower as the designed 

value (~300 µm). This could be calibrated in later designs. 

 

65 70 75 80 85 90 95

Frequency (GHz)

-40

-30

-20

-10

0

Flat

  

s1
1

 (
d

B
)



Nevertheless, the impact of the reflection in this area is 

lower, thanks to the tapered lens illumination. 

 

Fig. 5. Profile measurements for the D-band lens prototype (gratings � =1 

mm, ℎ =420 µm, � =400 µm). a) 3D profile of lens top side and b) lens 
side. c) cut along the lens center. 

A. Reflection coefficient 

The reflection coefficient of the antenna radiating in free 

space has been simulated and is shown in Fig. 6. Results for 

the PP with and without corrugations are shown, where the 

multiple reflection reduction is clearly visible. The matching 

has been enhanced with respect to the HDPE design in [13], 

thanks to the lens lower �� and by introducing a dielectric 

pin on the bottom side of the lens, on top of the feeding 

waveguide (Fig. 1b). Fig. 6a shows as well the time gated 

reflections of the waveguide-lens interface and the lens-air 

interface, shown in time domain in Fig. 6b. The reduction of 

the multiple reflections in the lens-air interface is here as 

well clear. Fig. 6b shows the time domain reflection 

coefficient for the PP lens with a �/4 homogeneous 

matching layer (ML), with the same behavior as the solution 

with gratings.  

B. Radiation patterns 

The simulated radiation patterns at 140 GHz are shown in 

Fig. 7a. Results are compared with the lens without 

corrugations, showing slightly lower side-lobe levels and 

cross-polar. Fig. 7b shows the antenna directivity over 

frequency. The lens with corrugations achieves almost the 

same result as the lens with a homogeneous matching layer 

(only ~0.2 dB difference in the higher frequencies). The 

directivity is improved with respect to the antenna without 

corrugations, thanks to the reduction of reflections loss. The 

dielectric loss in the lens is lower than 0.4 dB in the whole 

bandwidth. 

 

Fig. 6. Reflection coefficient of different lens antennas radiating in free 

space. a) Frequency domain results. Solid: non-gated, dashed: reflection at 

waveguide feed time gated (0-0.2ns), dotted: reflection at lens-air interface 
time gated (0.2-0.65 ns). b) Time domain (Hanning window applied to 

results in frequency domain). The arrows point to the reflections in the lens 

feed and lens-air interface, as indicated in the figure on the right. 

C. Multiple Reflections Reduction in Radar Measurement 

In order to validate the reduction of false echoes in radar 

measurements thanks to the gratings in the lens, a 

simulation has been performed with a metallic plate in front 

of the lens antenna, at 10 cm distance. Results in time 

domain are shown in Fig. 8. More than 20 dB reduction of 

the first false echo is reached for the PP with gratings layer, 

with respect to the HDPE lens in [13]. The reduction is very 

similar to the one obtained with a homogeneous matching 

layer.  

Measurements for the S-parameters and radiation patterns 

measurements of the fabricated antenna prototype at D-band 

are scheduled and will be presented in the conference. 
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Fig. 7. a) Radiation patterns at 140 GHz. Solid lines: PP lens with 
corrugations. Dashed lines: PP lens without corrugations. b) Directivity 

over frequency for PP lenses with and without corrugations, and with an 

ideal homogeneous matching layer (ML) with constant height. 

 

Fig. 8. Time domain reflection coefficient of antenna with metal plate at 

100 mm distance. Hanning window applied to results in frequency domain. 
The arrows point to the reflections in the lens feed, lens-air interface, and 

target, as indicated in the figure on the right. The false echo generated by 

the lens multiple reflections is also visible. 

CONCLUSION 

In this contribution, a low-cost easy to produce lens 

solution with dielectric gratings is proposed at D-band (110-

170 GHz) to reduce false echoes in radar measurements 

with lens antennas. Standard FFF 3D-printing is used to 

fabricate the lens in Polypropylene material. The validation 

of the fabrication accuracy has been carried out at W-band, 

showing promising results. A prototype at D-band has been 

fabricated and characterized mechanically, reaching 

sufficient precision. S-parameter and far-field measurements 

of the antenna prototype at D-band are scheduled and will 

be presented in the conference. 
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