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Abstract

A 3D printed K-band horn antenna with a planar GRIN

(gradient index of refraction) lens is reported. The horn an-

tenna has elliptically flared sidewalls that are 3D printed us-

ing polylactic acid (PLA) and covered in copper tape. The

planar GRIN lens models the phase delay profile of a spher-

ical Luneburg lens, with a gain increase of 5 dB or better

across the 18 GHz to 28 GHz band and is printed using

ECO-ABS. By moving a dielectric cylinder with εr = 2.4

on the inner surface of the lens, a beam-steering angle of

±5° is demonstrated.

1 Introduction

Additive manufacturing has allowed for rapid prototyping

of topologies that are difficult or costly to manufacture

through conventional methods. This has been demonstrated

at microwave and mm-wave frequencies for the fabrica-

tion of antennas [1, 2], lenses [3], and other waveguide

components [4]. To aid in the design of 3D printed mi-

crowave components the electrical properties of commonly

used polymers were measured in [5] and the effects of sur-

face roughness of conductive printing materials were shown

in [6]. However, printing with non-conductive materials is

attractive as it is more readily available, less expensive, and

easier to operate than metal 3D printing. To make conduc-

tive components while printing in plastic conductive fila-

ment can be used [7], conductive ink can be applied while

printing [2], parts can be spray coated and electro-plated af-

ter printing [1], or printed parts can be covered with metal-

lic tape [8].

Lenses are used to increase the gain of antennas and al-

low for beam-steering [3, 9]. Typically, spherical Luneb-

urg lenses have been fabricated by nesting shells of mate-

rials with different dielectric constants [10] or by milling

multiple holes through a uniform material to change per-

mittivity [11]. 3D printing allows for a lens to be printed

out of single material by varying the density of the mate-

rial to achieve the desired permittivity profile [3]. Using

this technique complex lens topologies can be printed to

create the desired phase-delay for optimal beam-forming,

referred to as gradient index of refection (GRIN) lenses.

GRIN lenses have been implemented inside the aperture of

horn antennas [1] or outside the aperture as planar struc-

tures [12]. Lensed antennas can also be used for beam-

steering by varying the permittivity profile along the radi-

ation path. This has been seen by mechanically rotating

lenses [11] or by adding dielectric fluid to regions of a lens

to vary the propagation velocity [9].

This work proposes a 3D printed WR-42 horn antenna that

covers 18 GHz to 28 GHz. It is printed from PLA (poly-

lactic acid), is coated on the inside with copper tape and

is assembled with joints at the corners of the waveguide.

The radiation pattern of this horn is enhanced using a 3D

printed GRIN lens based on the permittivity profile of a

Luneburg lens, printed with the ECO-ABS filament. Axial

beam-stabilization is examined using a PETG (polyethy-

lene terephthalate glycol) 3D printed cylinder to emulate

the movement of a mineral oil droplet. It is known that ax-

ial vibrations can cause link loss in long-range wireless sys-

tems that use high gain antennas, as the transmitted beam

points away from the target. A fluid droplet could passively

move in the opposite direction of the perturbation relative

to the lens to cancel it. Here the PETG cylinder is manually

moved to show the beam-steering compensation effect.

2 Horn and Lens Design and Fabrication

The design of this horn was done in three parts: the design

of a WR-42 (10.7 mm by 4.3 mm) horn antenna that could

be 3D printed and metalized using adhesive backed copper

foil, the design of the GRIN lens, and the design of a pock-

eted GRIN lens with a PETG cylinder for beam-steering.

All portions of this design were simulated in ANSYS HFSS

and the models for the permittivity of the material used in

the lens was measured in [5].

The horn antenna consists of a WR-42 waveguide with

flares following an elliptical contour seen in Fig. 1. The

contours from the ~E and ~H walls of the waveguide were

chosen to give an equal beam-width in both the ~E and ~H ra-

diation cut planes. The horn walls were modeled as smooth

copper surfaces.

The GRIN lens was designed to have the same phase de-

lay profile as a Luneburg lens and be radially symmetric.
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Figure 1. Model of the horn antenna and GRIN lens showing the

dimensions of each and the radiation pattern cut planes relative to

the shape of the horn

The GRIN lens is cylindrical, with a uniform permittivity

throughout the height of the lens. This was modeled in

HFSS as concentric nested cylinders with varied dielectric

constants and a thickness of 2 mm. The dimensions of the

GRIN lens are seen in Fig. 1 with the largest dielectric con-

stant being εr = 2.7, which is the relative permittivity of

Dremel ECO-ABS (a modified PLA).

To see the beam-steering effect that could be observed by

moving a homogenous piece of a dielectric material, a

PETG (εr = 2.4) cylinder was added to the horn side of

the lens. The PETG cylinder had a diameter of 25 mm

and a thickness of 5 mm. PETG was chosen because its

relative permittivity is similar to that of mineral oil. The

second GRIN lens used for beam-steering was made thin-

ner (by 2 mm) so that the delay through the cylinder and

the thinner lens at boresight was like that of the GRIN lens.

Here beam-steering was seen by moving the cylinder away

from the center of the lens. This movement of the dielectric

cylinder represents the action of an oil droplet that could be

allowed to move on the inner surface of the lens to coun-

teract any axial vibrations of the antenna, as the oil droplet

would move in the opposite direction of the antenna by in-

ertia. This steers the beam opposite the direction of per-

turbation to cancel it. To realize this with oil, additional

layers of dielectric material would be needed to contain the

droplet and aid in keeping the droplet’s neutral state in the

center of the lens. This work uses a solid dielectric cylinder

to emulate this effect.

Fabrication – The horn is fed with an off the shelf coaxial

to WR-42 waveguide launcher (Pasternak PE9878) and was

3D printed using PLA on a Dremel 3D45 3D printer. The

horn was printed in four sections so that the joints between

each section were in the corners of the waveguide and the

copper tape could easily be applied to the inner surface of

the horn. The wider ~E-field (Fig. 2(a)) walls of the waveg-

uide had a threaded flange to attach the launcher. Both walls

had a groove to receive the thinner ~H-field walls (Fig. 2(b))

(a) (b)

(c) (d)

Figure 2. Segments of the 3D printed WR-42 horn antenna cov-

ered in copper tape. (a) ~E wall of the horn, (b) ~H wall of the

horn, (c) the assembled horn connected to the WR-42 waveguide

launcher. (d) CAD exploded view showing the how the horn walls

connect

between them. The assembled horn was held together by

the launcher as seen in Fig. 2(c), Fig. 2(d) shows the joints

in detail.

The permittivity of the GRIN lens was varied by changing

the volumetric fill of each unit cell as seen in Fig. 3(a). The

lens was printed with 2 mm by 2 mm unit cells to match

the shell thickness in the simulated lens. To get a lower

permittivity than could be printed with the 2 mm by 2 mm

unit cell, a larger unit cell of 4 mm by 4 mm was used at the

edges of the lens.

The PETG cylinder in Fig. 3 (b,c) was adhered to the pock-

eted lens using a piece of thin, double-sided PDMS (poly-

dimethylsiloxane) adhesive, ARseal 90880. The full setup

is seen in Fig. 3(d) where the lens is supported at the desired

offset distance using a mount that is printed out of PETG

with posts at the corners of the waveguide to not shadow

the lens or horn in the principal radiation cut planes.

3 Measured Results

Measured input reflection data was taken using an Anritsu

MS4644B vector network analyzer and radiation pattern

data was collected using the anechoic chamber at Queen’s

University. Fig. 4 shows the measured and simulated in-

put reflection for the horn measured through the WR-42

launcher for the horn and the horn with the lens from

18 GHz to 28 GHz. The horn without the lens saw an input
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Figure 3. (a) 3D printed GRIN lens, (b) Pocketed GRIN lens with

a PETG cylinder located on the horn side of the lens at the center

of the lens, (c) PETG cylinder offset to the side of the lens by

12.5 mm, (d) Horn and full thickness lens on the horn antenna

with WR-42 launcher and lens support

reflection better than -13 dB across the band. The addition

of the lens increased the reflected power, while remaining

below -10 dB.

Fig. 5 shows the measured and simulated peak realized gain

and peak directivity across the band for the horn with no

lens. Here the measured and simulated peak directivity for

the horn are similar across the band, but the measured peak

realized gain is lower than what was simulated. This de-

crease in gain is likely attributed to the surface roughness

of the copper tape on the 3D printed horn that can be seen

in Fig. 2.

Fig. 6 shows the measured peak realized gain for the horn,

horn and lens, and the steering setups with the pocketed

lens. Here the lens contributes a minimum of 5 dB gain

increase over the horn across the band. The pocketed

lens, and the steering cases where the cylinder was moved

showed very similar levels of peak gain.

Radiation patterns at two frequencies are shown in in Fig. 7

for the horn, horn and lens, and the horn with the pocket

lens with the PETG cylinder in the center of the lens. The

beam-forming characteristics of the lens can be seen, as

well as the impact of the pocketed lens with the cylinder

at the center. The delay through the outer edge of the thin-

ner lens is less that that of the full GRIN lens. Regardless,

the beam-forming characteristics are similar for the main

lobe, with a slightly larger side-lobe response around the

first null.

Next the measured beam-steering is shown across the band

for the pocketed lens when the PETG cylinder is moved.
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Figure 4. Measured and simulated input reflection for the (a)

horn, and (b) horn and lens
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Figure 5. Measured and simulated peak realized gain and direc-

tivity for the horn showing the impact of the surface roughness in

the copper tape

For each setup shown in Fig. 8 the cylinder was moved from

the center of the lens in the listed direction by the radius

of the cylinder (12.5 mm). The beam-steering is consis-

tent across the band in all directions at ± 5°. The radiation

patterns demonstrating this steering are included in Fig. 9.

For simplicity, co-polarization radiation patterns are only

shown in the direction of steering. The peak gain for each

of the steered beams is comparable to the centered cylinder.

4 Conclusion

This work showed the design of a 3D printed horn with

a GRIN lens that covered 18 GHz to 28 GHz. This GRIN

lens gave a gain increase of more than 5 dB across the band.

The beam-steering GRIN lens and PETG cylinder showed

a method for counteracting axial perturbations for narrow

beamwidth antennas by providing ± 5° of beam-steering.
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Figure 6. Measured peak realized gain for the horn, horn and

lens, and the positive and negative directions from boresight in

the Ê and Ĥ field cut directions and the centered cylinder “C” all

with the PETG cylinder on the pocketed lens
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(d) ~E-plane at 25 GHz

Figure 7. Measured realized gain radiation patterns at various

frequencies in the two principal radiation cuts for the horn, horn

and lens, and horn and pocketed lens with the PETG cylinder at

the center of the lens (“C”)
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Figure 8. Measured beam steering for the perturbation of the

PETG cylinder
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Figure 9. Measured realized gain radiation patterns at various

frequencies showing the beam-steering for the perturbation of the

PETG cylinder. Each pattern is in the plane corresponding to the

direction of beam-steering


