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Abstract: A novel flat beam steering prototype based on the specific arrangement of a cylindrical
unit cell is designed, manufactured and tested. The wideband and broad scanning capability is
demonstrated at the Ku-band. We have considered two configurations, first with circular rings (CR)
of the defined permittivity values for respective radial distance from the center of the aperture, second
with cylindrical rods that shall be placed on a respective CR, which mimics the defined permittivity.
The structure is generated from Vero CMYK full color wax, which utilizes the Multijet 3D printing
method. The proposed prototype is designed in the operating frequency of 12 GHz (λ = 25 mm)
and separation distance between the two parallel plates are maintained at 12.5 mm (0.5λ) for the
TE10 mode of operation. The diameter of the two parallel plates and the proposed structure is of
100 mm (4λ) where the radius of cylinders varies from 0.5 to 3.5 mm and corresponding relative
permittivity varies from 0.6687 to 2.4395. The overall height of the structure is 12.5 mm and is placed
between two parallel plates. The minimum separation distance is maintained between the proposed
structure and the feed WR-75 waveguide. Irises effect is performed to obtain impedance matching in
the operating frequency bands. Beam steering of the radiated waves is observed for relative rotation
angles of 0◦, 30◦, 45◦, 75◦ and 90◦ of the WR-75 waveguide along the edge of parallel plates. The
overall proposed system weighs 179 g, which signifies the light weight characteristics. Moreover, the
proposed structure shows low return loss over 10 GHz to 15 GHz operating frequency band.

Keywords: parallel plate; wide band steering; microwave communication; 3D printing

1. Introduction

Antennae designed to exhibit multiple beam coverage over sizable angular range and
over a wide band is needed in satellite communication. Mostly, electrical beam steering
is realized through the use of phased array, reflector and switching network [1]. The
transformation optics concept is investigated to design a beam steering lens [2,3] and a
similar approach for deviation of the beam is shown by the reflectlive array surface [4]
and transmit array structure [5], which are relatively larger in dimension and are costly in
manufacturing. The Ku-band frequency of operation has been the interest in research fields
especially to analyze the signal attenuation levels [6,7]. In order to have effective radio wave
propagation, low profile flat Luneburg lens of multilayer gradient index metamaterials is
studied in [8], which requires the materials which have permittivities of higher values that
will increase the cost of lens fabrication. Most recently, Luneburg lenses have been the choice
of interest [9], where 3D printing is used for the design of lenses however the lens shows
higher profile and complexity in the design concept. In order to make lower profile and light
weight Luneburg lens, flat Luneburg lens concept has been proposed. The transformation
of point excitation on the circumference into a directional beam that ultimately steers the
radiated beam direction is depicted by the Luneburg lens. To realize such lens behavior,

Appl. Sci. 2022, 12, 6074. https://doi.org/10.3390/app12126074 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12126074
https://doi.org/10.3390/app12126074
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-4556-3590
https://orcid.org/0000-0002-6390-0896
https://orcid.org/0000-0002-3681-0086
https://doi.org/10.3390/app12126074
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12126074?type=check_update&version=2


Appl. Sci. 2022, 12, 6074 2 of 12

several approaches are studied as defined printed circuit board patches [10], patches with
step change in waveguide [11], meandering crossed microstrip lines with variation in their
widths [12], periodic structure of metallic post [13], air filled cylindrical modified parallel
plate [14], parallel plates filled with polymer material [15], dielectric slab of concentric
rings which shows various permittivity values [16], cylindrical lens sandwiched between
two parallel plates made from Teflon material [17], modified Luneburg lens antenna with
two identical machined parallel metal plates of planar slot radiator as a feed source [18],
cylindrical Luneburg lens obtained through hole drilling process [19] and parallel plates
with epoxy posts in between that are fed by an E-shaped patch [20]. Focusing on these
aspects, this article proposes a 3D printable structure that is kept in between the two parallel
plates with fundamental separation distance of a half wavelength. Additive manufacturing
(AM) shows vast design freedom for complex geometrical structures, which are preferred to
traditional micromachining due to the advantages such as low cost, light weight and ability
to revise a design quickly [21–24]. The recent works on 3D printed Luneburg lens antenna
and antenna performance, as suggested in [25,26], are helpful to understand the microwave
dielectric properties of antenna structure. In this article, the approach is described to
place 3D printable cylindrical posts for defined radial distance from center that shall show
the method to steer the radiated beam direction. Section 2, describes the concept for the
cylindrical unit cell of various diameters, which correspond particular relative permittivity
values. Similarly, Section 3, highlights the facts about design procedure and the placement
of cylindrical units’ cells. Additionally, Section 4, points the results and discussion thus
obtained as well as comparison with other design aspects. Finally, Section 5, concludes the
article with concluding remarks.

2. Concept of Unit Cell

The two-port network as shown in Figure 1 is analyzed to figure out the overall
antenna prototype. The cylinder of defined radius, r, which varies from 0.5 mm to 3.5 mm
is supported by the base of 7.5 mm × 7.5 mm × 1.5 mm. The length and breadth of the base
is slightly less than (λ/3), whereas thickness (0.06λ) is comparatively thin. Two parallel
plates are kept above and bellow this structure so we have considered the perfect electrical
conductor metal plate above and bellow the cylindrical unit cell whose dimension is 7.5
mm × 7.5 mm × 1 mm. The designed frequency of 12 GHz (λ = 25 mm) is considered.
The reflection coefficient is denoted by sigma (σ), whereas the transmission coefficient
is indicated by tau (τ). The different permittivity values are generated by using one
material that is based on the radius of cylindrical rods. The change in relative radius of
these cylindrical rods generates respective transmission and reflection coefficient values,
which are used to find permittivity. A calculation or a library from Computer Simulation
Technology (CST) software were used where one simply finds the relativity permittivity.

Figure 1. Cylindrical unit cell with perfect electrical conductor.
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Relative Permittivity of Designed Cylindrical Unit Cell

The successive change in the radius of cylinder determines the corresponding value of
relative permittivity whose value extends from a minimum of 0.6687 to maximum of 2.4395.
Figure 2 depicts the value of obtained relative permittivity, which highlights the fact that a
decrease in radius of the cylinder corresponds to a decreased relative permittivity whereas
an increase in its radius shows increased permittivity. The dimension of the cylindrical
unit cell varies as 0.5, 1, 1.5, 2, 2.5, 3 and 3.5 mm in radius while height is kept constant
at 11 mm (0.44λ). The choice of a particular cylindrical unit cell depends on the required
permittivity values of seven different circular rings, which is based on the Luneburg lens
principle. The relative permittivity (ε) can be calculated as [27],

ε(r/D) = 2 − (r/D)2 (1)

where, ε is the permittivity, r is the relative radial distance from the center of the cylindrical
plat, D is the diameter of the parallel plates.

Figure 2. Relative permittivity distribution against the radius of cylinders.

3. Design of Proposed Structure

The design of proposed prototype is based on concentric annular rings with different
permittivity values that are calculated from the Luneburg lens formula [28]. The defined
seven circular rings (CR) are first generated from this formula. Then, according to their
values the respective cylindrical rods are kept. The parallel plates are of 100 mm (4λ)
in diameter and are placed 12.5 mm (0.5λ) apart to each other, which will maintain the
fundamental TE10 mode of operation.

3.1. Flat Luneburg Lens Concept

Figure 3 shows the designed flat Luneburg lens of seven different circular rings with
radial distances of 3.75 mm, 11.25 mm, 18.75 mm, 26.25 mm, 33.75 mm, 41.25 mm and
48.75 mm from the center of the aperture that have different permittivity values of 1.99,
1.95, 1.86, 1.72, 1.54, 1.32 and 1.05, respectively. The uniform thickness of 12.5 mm (0.5λ) is
maintained for all circular rings and are held by the base of the diameter 100 mm (4λ).
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Figure 3. Flat concentric circular seven different rings.

3.2. Placement of Cylindrical Units Based on Radial Distance

As described previously in Section 3.1, the respective cylindrical rods are placed for
defined circular rings. In total, there are seven different rounds which are indicated by
seven different colors as Round 1, Round 2, Round 4, Round 5, Round 6 and Round 7,
where the cylindrical rods have the permittivity values varying as of 1.99, 1.95, 1.86, 1.72,
1.54, 1.32 and 1.05, respectively. This extends from the center towards the edge where
the diameter of cylindrical rods is greater within the center region where as its radius
gets decreased toward the edge. For seven different rounds of Round 1, Round 2, Round
4, Round 5, Round 6 and Round 7 the respective cylindrical rods radii are 3.5 mm, 3.5
mm, 2.5 mm, 2.5 mm, 2.5 mm, 2 mm and 1.5 mm. Similarly, the number of cylindrical
rods in Round 1, Round 2, Round 4, Round 5, Round 6 and Round 7 are respectively 1,
4, 16, 24, 32, 51 and 175. The cylindrical rods have a uniform height of 11 mm where the
base is 1.5 mm in thickness. The diameter of the base is 100 mm, which is the same as of
the two parallel plate’s diameters. The regions of the respective circular rings depend on
the Luneburg lens principle. The number of cylindrical rods is adjusted in the analytical
form so that adjacent cylinders does not overlap to each other. The cylinder height is
kept constant to maintain a fixed gap between two parallel plates, which determines the
thickness of the considered plates that operate in TE10 mode. Figure 4 shows the respective
cylindrical rods arrangement with a feed of the WR-75 waveguide along with its direction
of rotation. The rotation of WR-75 is in the counter clockwise direction for 0◦, 30◦, 45◦, 75◦

and 90◦ angles.



Appl. Sci. 2022, 12, 6074 5 of 12

Figure 4. Arrangement of cylindrical rods in defined seven circular rings.

4. Results and Discussion

Waveguide WR-75 is used as a feed source with iris effect that shows matching
behavior within the frequency band of operation from 10 GHz to 15 GHz. The extra metal
plate is designed with the internal dimension of 15 mm × 7.5 mm that is kept at the
mouth of the waveguide. The angular rotation of 0◦, 30◦, 45◦, 75◦ and 90◦ are maintained
with anticlockwise rotation that shows the beam steering characteristics as described in
further sections. We have considered the simulation mesh as cells per wavelength values to
maintain the simulation resolution. The Model and Background are set to four and cells
per maximum model box edge have a Model of 10 and Background of 1, which shows that
the numerical convergence has been reached for the obtained simulation results. Similarly,
the waveguide port boundary condition is considered to obtain the simulated values.

4.1. Radiation Patterns Obtained with Rings

The simulated steering pattern as resulted with the defined seven circular rings for
10 GHz, 11 GHz, 12 GHz, 13 GHz, 14 GHz and 15 GHz are shown in Figure 5a–f for various
angles of rotation of the WR-75 waveguide. This figure shows the drop in value of the peak
main beam from 11.9 dB, 11.2 dB, 10.8 dB, 10.6 dB and 10.1 dB for 0◦, 30◦, 45◦, 75◦ and 90◦

angles of rotation of the waveguide, respectively, in the 12 GHz design frequency. This
might be due to the increase in side lobe label of −11.2 dB, −8.4 dB, −8.1 dB, −9.2 dB and
−8.3 dB for WR-75 waveguide angle of rotation of 0◦, 30◦, 45◦, 75◦ and 90◦, respectively.
As observed, the main beam deviated to the average elevation angle (θ) value of 0◦, 32◦,
48◦, 79◦ and 93◦ for counter clockwise rotation angles (ψ) for WR-75 of 0◦, 30◦, 45◦, 75◦ and
90◦, respectively.
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(a) (b)

(c) (d)

(e) (f)

Figure 5. (a–f) Simulated steered radiated beam for circular rings pattern in 10 GHz, 11 GHz, 12 GHz,
13 GHz, 14 GHz and 15 GHz frequencies.

4.2. Radiation Patterns Obtained with Placement of Cylindrical Rods

The simulated radiation patterns thus obtained after keeping cylindrical rods for
10 GHz, 11 GHz, 12 GHz, 13 GHz, 14 GHz and 15 GHz are shown in Figure 6a–f in various
angles of rotations as of 0◦, 30◦, 45◦, 75◦ and 90◦ for WR-75 waveguide. As observed,
a relative decrease in the peak value is noted this might be due to the arrangement of
cylindrical rods. Additionally, the main beam is deviated to the average elevation angle (θ)
of 0◦, 32◦, 48◦, 79◦ and 94◦ for a counter clockwise rotation angle (ψ) for WR-75 of 0◦, 30◦,
45◦, 75◦ and 90◦, respectively.
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(a) (b)

(c) (d)

(e) (f)

Figure 6. (a–f) Simulated steered radiated beam obtained after the placement of cylindrical rods in 10
GHz, 11 GHz, 12 GHz, 13 GHz, 14 GHz and 15 GHz frequencies.

In order to verify the concept, we have fabricated the proposed prototype through a
Stratasys J750 3D printer using VERO CMYK material, whose permittivity (εr) is 2.8 and
loss tangent (tanδ) is 0.124, as described in [23]. The beam deviation has been observed
for five different rotation angles of the waveguide. To verity our proof of concept, we
have considered two rotation angles namely 0◦, 30◦, 45◦ in the measurement scenario
whose radiation plots are shown in Figure 7. The radiation plots are well matched for the
required 10 to 15 GHz frequencies range except at the corner frequencies. Especially at
10 and 15 GHz frequencies, there is a slight deviation in the peak values, as noticed in
Figure 7a,f respectively, which might be due to the frequency limitation and alignment of
WR-75 waveguide to the gap of parallel plates. However, these slight variations have no
effect on the measured results for other frequencies of interest. During the experimental
setup, the fixed gap is maintained between the two parallel plates through a 3D printed
prototype. The WR-75 waveguide is maintained across the edge of parallel plates for fixed
values of rotation angles through paper tapes. These experimental results are modeled and
numerically solved through a Nearfield Systems Incorporated 2000 antenna measurement
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system by noting the Amplitude, in dB, versus Azimuth, in degrees. The measurement of
the proposed prototype inserted between two parallel plates is performed in NSI-700S-50
spherical near-field measurement system at the Australian Antenna Measurement Facility.
The experimental setup is shown in Figure 8.

(a) (b)

(c) (d)

(e) (f)

Figure 7. (a–f) Simulated and measured steered radiated beam obtained after rotation of feed
waveguide in 10 GHz, 11 GHz, 12 GHz, 13 GHz, 14 GHz and 15 GHz frequencies.
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Figure 8. Measurement system setup in anechoic chamber. Attached index figures shows fabricated
prototype and assembled system with parallel plates and waveguide.

4.3. Characteristic Plots and Comparison Table

The simulated pattern of peak directivity and gain plots as well as the side lobe level
variation after the placement of cylindrical rods in defined circular ring regions are shown
in Figure 9a,b, respectively. As noticed, in the design operation frequency of 12 GHz,
simulated peak directivity and gain values are 11.9, 11.2, 10.8, 10.6, 10.1 dBi and 11.7, 10.9,
10.4, 10.3, 9.87 dBi, respectively for 0◦, 30◦, 45◦, 75◦ and 90◦ of WR-75 waveguide counter
clockwise direction, which shows the decreasing trend in its values. Similarly, side lobe
levels are −11.2 dB, −8.4 dB, −8.1.6 dB, −9.2 dB and −8.3 dB for the rotation of the WR-75
waveguide in 0◦, 30◦, 45◦, 75◦ and 90◦ in the counter clockwise direction.

In addition, we have plotted the measured directivity and gain plots against the
simulated values for 0◦, 45◦ angles of rotation of WR-75 waveguide, which is shown
in Figure 10a. This figure highlights the matching trends for simulated and measured
directivity and gain patterns. The measured values of directivity and gain in 0◦ condition
at 11, 12 and 14 GHz are 11.5, 11.01 dBi; 12.5, 12.08 dBi; and 12.6, 12.33 dBi, respectively.
Similarly measured directivity and gain values in 45◦ condition at 11, 12 and 14 GHz are
10.84, 10.56 dBi; 11.16, 10.98 dBi; and 12.23, 11.59 dBi, respectively. Interestingly, these are
comparable to the simulated values and are less than 3dB in difference between directivity
and gain margin. This signifies the lower loss behavior of the material under consideration.
Similarly, Figure 10b shows the simulated and measured return loss plot for rotation angles
of 0◦, 30◦, 45◦, 75◦ and 90◦ for WR-75 waveguide. This plot signifies the matching of
proposed antenna structure throughout the operating frequency band where its values are
less than 2.2, expect for the measured 75◦ case which might be due to the arrangement of
cylinders within the defined circular regions of the proposed prototype.

Moreover, we have analyzed the cross polarization values for both 0◦, 45◦ angles of
rotation of WR-75 waveguide, which are shown in Figure 11a,b. In the 0◦ angles of rotation
case, the observed cross polarization values are below −7 dBi where as in the 45◦ case, its
values are below -12 dBi. However, most of the values lie in between −15 dBi to −35 dBi,
which signifies the better matching behavior in operating frequency ranging from 10 GHz
to 15 GHz with respect to lower cross polarization with the minimum loss of signals at the
receiver end.
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(a) (b)

Figure 9. (a) Distribution of simulated peak directivity and gain values. (b) Side lobe levels plot in 10
GHz, 11 GHz, 12 GHz, 13 GHz, 14 GHz and 15 GHz frequencies.

(a) (b)

Figure 10. (a) Distribution of simulated and measured peak directivity and gain values for 0◦, 45◦

angles of rotation of WR-75 waveguide. (b) Simulated and measured voltage standing wave ratio
(VSWR) plots for 0◦, 30◦, 45◦, 75◦ and 90◦ angles of rotation of the WR-75 waveguide.

(a) (b)

Figure 11. Noted cross polarized values, (a) 0◦ (b) 45◦ angles of rotation of WR-75 waveguide.

Similarly, the comparison of proposed antenna prototype with other structures is
shown in Table 1. This shows the proposed antenna prototype gives wideband beam
deviation that is observed across the frequency range from 10 GHz to 15 GHz. Additionally,
the side lobe levels are lower than −6 dB for operating Ku-band frequency range, and the
proposed prototype is 100 mm in diameter, which is comparatively smaller as compared
with other proposed antenna structures. The design goal of proposed structure is to
show beam deviating characteristics from 10 GHz to 15 GHz maintaining higher values
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of directivity and gain margins, as obtained from the 3D printed prototype that is light
in weight of 179 g. This signifies the importance of the proposed 3D printed structure
fabricated from Multijet 3D printing process.

Table 1. Comparison of proposed antenna structure.

Ref. Peak Gain
(dBi)

Peak Directivity
(dBi)

Bandwidth
(GHz)

Side Lobe Level
(dB)

Dimension
(mm)

Fabrication
Method

[11] 14 12.5
(in 13 GHz)

12.5 to 13.5 n/a 151.2 (6.3 λ) Printed circular
patches

[13] 20 n/a 26 to 40 −14 50 (4.33 λ) Metallic
posts

[16] 14.5
(in 36.5 GHz)

n/a 35 to 40 less than −9 60 (7 λ) Teflon

[19]
14.6 (in 23.5 GHz)
16.3 (in 26 GHz)
16.1 (in 28 GHz)

n/a 23.5 to 28
−11.9 (in 23 GHz)
−12.5 (in 26 GHz)
−12.1 (in 28 GHz)

300 (23.49 λ) Vero Clear

[20] 12.5 n/a 3.8 to 4.4 n/a 360 (4.56 λ) Epoxy posts

Proposed 12.7
(in 14 GHz)

14.7
(in 13 GHz)

10 to 15 less than −6 100 (3.33 λ) Multijet
3D printing

5. Conclusions

In this study, we have presented the use of additive manufacturing techniques for
steering the beam direction. The use of parallel plates eventually decreased the profile of
the Luneburg lens and the respective arrangement of cylindrical rods shows the steering
characteristics, as shown from 10 GHz to 15 GHz. The measured directivity and gain values
are relatively higher which are of around 14.7 and 12.7 dBi. The parallel plate structure
has been excited in the dominant mode of TE10 with reasonably good results in radiation
patterns with lower side lobe levels and less cross polarization values that are of below
−6 dB and −15 dBi, respectively. The weight of the overall proposed system is about 179 g,
which shows the systems are light in weight. Similarly, the simulated and measured VSWR
plots are less than 2.2 over the frequency of interest. This signifies the matching over the
operating frequency range that cover the Ku-band region.
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