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A promising 3D-printed design.

igh-gain multibeam antennas are indispensable compo-

nents in high-speed satellite communication (SatCom)

systems. They have the ability to produce multiple direc-

tive beams that can cover a predefined angular range.
Among different multibeam antennas, gradient-index (GRIN)
flat lenses serve as a promising technology to realize multibeam
radiation with their advantages of low profile, easy installation,
low cost, high efficiency, and a wide beam coverage. This article
describes the recent advances in GRIN lens antennas. In partic-
ular, this article presents a novel 3D-printed multibeam GRIN
lens antenna. The design offers a broad 2D angular coverage
of +45° It maintains a scanning loss of less than 2.4 dB and
sidelobe levels (SLLs) below —10 dB. The antenna also achieves
a high aperture efficiency of up to 60% across the 12-15-GHz
frequency band.
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INTRODUCTION

High-gain multibeam antennas have emerged as key enablers
in modern SatCom systems, meeting the increasing demand
for high-capacity, reliable, and adaptable connectivity solutions.
These antennas enable satellite systems to serve multiple users
simultaneously, each located in different geographic areas,
which is critical for ensuring seamless coverage across large and
often remote regions. The ability to focus energy into multiple
narrow beams allows for efficient use of frequency resources,
which is essential for managing the increasingly congested radio
spectrum in modern SatCom systems. This efficiency directly
contributes to higher data transmission rates, improved network
capacity, and reduced interference.

In the context of SatCom, high-gain multibeam antennas are
vital for facilitating long-range communications with wide spa-
tial coverage, supporting diverse industrial applications, such as
telecommunications, broadcasting, and disaster recovery. Addi-
tionally, multibeam antennas are crucial for the next generation
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of satellite networks, particularly those involving low-Earth orbit
(LEO) constellations, where their ability to dynamically switch
between beams improves network responsiveness and service
continuity. As satellite networks evolve, especially with the inte-
gration of LEO and medium-Earth orbit constellations, high-
gain multibeam antennas will continue to play an essential role
in ensuring high performance, minimal latency, and optimal
spectrum utilization across global communication networks [1].

Typical methods to produce multiple directive beams
include circuit-type beamforming networks [2], [3], [4], such
as the Butler matrix [5], [6], [7], Blass matrix [8], [9], Nolen
matrix [10], [11], and generalized joined coupler matrix [12],
[13]. Additionally, quasi-optical multibeam antenna systems
[14], including reflectors [15], [16], metasurface structures [17],
[18], transmitarrays [19], [20], reflectarrays [21], [22], and differ-
ent types of lenses [23], [24], are also employed. Among these
technologies, lens antennas are emerging as a promising solu-
tion for high-gain multibeam radiation owing to their favorable
features, such as a broad field of view, a wide bandwidth, and a
simple feeding network.

Lenses, like reflectors, are a type of aperture antenna whose
gain increases with the aperture’s effective area. They can elimi-
nate aperture blockage and allow control over the electromag-
netic wave propagation. This can be achieved by using shaped
structures [25], [26], [27] or by adjusting the refractive index dis-
tribution [28]. Homogeneous lenses use a single dielectric mate-
rial with a shaped surface. By contrast, inhomogeneous lenses
have a nonuniform refractive index distribution [29], [30], [31].

Lens antennas are traditionally used to enhance antenna
gains by transforming spherical wavefronts into planar ones.
Recently, they have attracted significant commercial interest,
particularly for beam scanning and multibeam applications.
Multiple beams can be concurrently generated through the
integration of lenses with multiple feeding antenna elements
[32]. Beam-scanning and multibeam lens antennas have been
explored using various types of lenses. These include traditional
spherical Luneburg lenses as well as their transformed, com-
pressed, and flat shapes combined with feed arrays [33], [34].
Other types involve integrated lens antennas made of shaped
dielectrics with multiple feed elements [35], [36]. Profiled and
flat lenses using solid dielectric materials or GRIN structures
have also been investigated [37], [38], [39].

This renewed focus is driven by advancements in compact
lens design and the development of artificial dielectrics and
metamaterials [34], [40], which has facilitated the manufacture
of lenses [37], [40], making them more accessible for practical
use. Over the last decade, numerous 3D-printed lens designs
have been reported in the literature [40], [43], [44], [45], [46].
While these designs inherently feature spherical configurations
that enable high-gain performance and well-formed multibeam
coverage, their bulky structure complicates their integration
with communication platforms. Therefore, planar 3D-printed
lenses with more degrees of design freedom have attracted sig-
nificant attention and been well examined [47].

In this article, the recent advancements of planar GRIN
lenses are discussed. These lenses are similar to other
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beam-collimation antennas, such as Fresnel zone plate lenses
[48], [49], [50], superstrate and metasurfaces [51] as well as
transmitarrays [52], [53], [54], except that the GRIN lens follows
the optical rules enabling larger bandwidths and higher efficien-
cies [55]. The GRIN profile of the lens is determined by analyz-
ing the ray path through the lens medium.

In the following sections, the operating mechanism of GRIN
lenses is described, and some of the reported GRIN lens anten-
nas are reviewed. A flat GRIN lens with a low scanning loss
and a high aperture efficiency is introduced. The lens design
is based on the bifocal analysis method. The flat lens is used
to realize 2D wide-angle multibeam radiation. In comparison
to bulky spherical lenses, the proposed flat lens design has a
smaller weight. It can be integrated with planar platforms with-
out protruding from the surface, meeting aerodynamic require-
ments for airborne or spaceborne systems. The aperture of the
lens can be implemented using low-cost technologies, such as
printed circuit board (PCB) or 3D printing. The multibeam
antenna prototype is tested with good agreement between the
simulated and measured results.

THE GRIN LENS

The analytical refractive index profile of the GRIN lens is
reported in [56] and is shown in Figure 1. Because of the
desired plane wavefront at the exit of the lens, the two differ-
ent ray paths, which travel through free space and the lens with
radial refractive index values, respectively, should have equal
phase delays. The condition is given by

S nds = nd = (P=F) (1)
where P1 is an arbitrary incident point on the lens for the
wave with an incident angle of 6, P: is the corresponding
exit point on the output aperture, nma is the refractive index
at the center of the lens, n is the refractive index of a generic
point in the lens, and P is the focal distance of point Pi.
Assuming that the refractive index varies linearly between Py
and P», and the lens is thin, one can obtain the expression for
n in terms of 0 [56]:

d

f( 2—%sin29)= n%—sin%0 <nmu%—sece+ 1>. 2)
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FIGURE 1. GRIN lens profile with ray path through the lens.
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The GRIN profile is determined based on the values of
focal length F, thickness d, and diameter 2a. The ratio F/a
corresponds to the gain and the scan angle, and the d/a ratio
determines the refractive index and nunas. In particular, a larger
a corresponds to higher gains, and a smaller F/a ratio would
allow lower profile designs with some compromise to the radia-
tion performance [57]. One of the drawbacks of GRIN flat
lenses is their limitation in implementation of the continuously
graded index variation, which is required to achieve a high aper-
ture efficiency. Usually, a discrete graded index profile can be
realized. However, this will lead to a phase error, resulting in a
lower aperture efficiency.

A closed-form solution is reported for radial GRIN lenses
with a novel formulation to reduce the phase error of the lens
profile [57]. The geometry of the lens is shown in Figure 2. The
feed is positioned at a distance F from the lens, characterized
by a refractive index profile n(p). The formulation is based on
the nonlinear integral equation representing the equalization of
all of the optical ray-path lengths. The equation of the ray path
is calculated by integrating along p, which is a generic radius.
Since pin is arbitrary, one can substitute pi with p. Based on
this method, the refractive index distribution of the lens can
be calculated from (3), where the value of ¢ (the parameter to
be optimized) is found from a least mean-square optimization

FIGURE 2. Geometry of the lens and geometrical
parameters [57].

method. This method can achieve a refractive index profile
of the lens that results in a high aperture efficiency in a large
bandwidth with negligible phase error at the output interface
for a vast range of F and d. It allows the design of thick lenses
of low numa without matching layers as well as very thin lenses
of high refractive index with the use of matching layers to avoid
mismatch. This design can realize an aperture efficiency of up
to 80% considering the optimum F and d values:

F-JF+p*\ 0?
n(p):\/<nnm+ d )+0F2+p2'

A flat-layered collapsible GRIN lens antenna operating at

3)

the Ku band is reported in [58], where the lens’s graded index
is implemented by multilayer microstrip closed square-ring
units of variable sizes distributed on both sides of thin planar
dielectric substrates. The lens GRIN profile follows (2). The
main contribution of the work is the air gap between adjacent
dielectric layers, which allows the lens to be stowed and com-
pressed, resulting in a low profile, and then deployed to an
operational configuration once the air separation is fixed. The
final lens prototype has a diameter of 51 at 13.5 GHz, a height
of collapsed and operational arrangement equal to 0.1924 and
0.924, respectively, and a gain of 22.5 dBi for the boresight
beam with the SLL below —18.8 dB. The unit cell, as shown
in Figure 3(a), is a square-ring patch printed on dielectric
substrates. This fabricated lens in the storage configuration is
shown in Figure 3(b).

As mentioned earlier, GRIN lenses can also radiate multiple
beams. The multibeam performance of a wideband flat GRIN
lens antenna is investigated in [59]. An array of five waveguides
is placed at the focal plane of a 3D-printed perforated flat lens
operating between 45 and 110 GHz. Five beams are generated
covering an azimuthal elevation range of +30° with realized
gains of 17-20 dBi corresponding to an aperture efficiency of
19%-36%. The SLL is below —5 dB at beams pointing to the
widest angles. The geometry of the flat lens-based multibeam
antenna system is shown in Figure 4. Different beams are
created by switching the array elements in the xy plane. The
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FIGURE 3. (a) Unit cell employed for the GRIN lens design. (b) Folded lens when collapsed (stored) [58].
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fabricated 3D-printed lens prototype features holes with a
diameter of 1 mm. The hole-to-hole spacing (s) varies across
four distinct layers, with a d/s ratio ranging from 0.58 to 0.81.

A practical implementation of a dielectric flat lens antenna
is presented in [60]. The final lens prototype is obtained with
1200 carbide drilling of 0.2- and 0.5-mm-diameter holes on
Rogers TMM6 substrate making up a discrete GRIN profile
of six layers. A WR-15 rectangular waveguide is used to effi-
ciently illuminate the lens, achieving a 14.8-dB edge taper in
the H-plane. It is positioned in an array along the x direction,
with a 2-mm step from rho = § mm to rho = 8 mm, enabling a
beam-scanning range of +48° (as shown in Figure 5, rho is the
feed offset from the focus along the x direction). H-plane radia-
tion patterns are plotted in Figure 5 for two different frequen-
cies. The gain ranges from 13.7 to 18.3 dB at 60 GHz with SLLs
better than —7 dB and from 15.4 to 18.9 dB at 77 GHz with
SLLs better than —3.5 dB. The aperture efficiency is between
9.5% to 27.5%. 1t is seen that the lens antenna performance is
deteriorated at large scanning angles, resulting in high SLLs and
low aperture efficiencies. A multibeam performance of this lens
antenna can be obtained by placing several feeds as an array
along the focal plane of the lens.

Recently, a compact low-cost 3D-printed dielectric perfo-
rated flat GRIN lens with integrated dual-circular polarizer
at the W band was reported in [61]. The geometry of the lens,

WRD45110
Radiating Array

(a)

integrated polarizer, and feed is given in Figure 6(a). Beam
scanning of the lens antenna is achieved by displacing a square
waveguide feed on the focal plane of the lens, as sketched in
Figure 6(b). The corresponding radiated beams cover a scan
range of £30° in both the azimuth and elevation planes. The
measured directivity values change from 23.5 to 23.8 dB, and
the aperture efficiency for a broadside beam stays between
90.32% and 57.34%.

The aforementioned GRIN lenses enable multibeam perfor-
mance by placing multiple feeds along a straight feed trajectory
or mechanical beam scanning by sliding a feed antenna along
a straight trajectory. As a result, at wider scanning angles, the
beam deteriorates noticeably because of spillover losses or
higher errors occurring in the refractive index profile. A method
to enhance the beam-scanning performance of flat lens anten-
nas is proposed in [62], where a set of feed-correction lenslets
(FCL) is used to radiate squint beams toward the lens center to
improve the scan collimation by reducing the spillover losses.
As a result, a wider beam range of £ 53" with a peak aperture
efficiency of 74% at 18 GHz and a scan loss of less than 5.5 dB
is achieved. This concept is shown in Figure 7, where translated
feed positions for ports 1-5 are also shown and the GRIN pro-
file of the FCLs for feed position 5 is provided. However, it is
very challenging to achieve a 2D multibeam design because of
the large volume of the FCL-assisted horns. Even for the 1D
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FIGURE 4. (a) lllustration of the switched lens-based multibeam antenna system. (b) Simulated model and 3D-printed

prototype of the five-layer perforated flat lens [59].
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FIGURE 5. H-plane radiation patterns for different feeding positions (a) 60 GHz and (b) 77 GHz [60].
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multibeam design, there is less flexibility on the control of the
crossover of multiple beams as physically two adjacent horns
cannot be overlapped.

In [63], the authors proposed a GRIN variation to design a
multifocal lens that enables 2D beam scanning over a wide field
of view with low scan losses and high aperture efficiencies. The
lens configuration is given in Figure 8.

New methods based on bifocal analysis are found to deter-
mine the refractive index profile of the lens as well as the feed
positions along a circular feed locus to enable independent
wide-angle multibeam radiation. A 2D multibeam GRIN lens
has been successfully developed. It is fed by 13 feed anten-
nas, each consisting of a 2 x 2 patch array. These feeds are
positioned along the focal planes in the xz and yz planes. Wide-
angle multibeam radiation has been obtained with a beam
coverage of around +45° in both the xz and yz planes. The
3D geometry of the feed is implemented for a better scanning
performance. Although the feeds are along a circular feed locus
leading to a larger focal area, the lens itself has a flat structure,
which uses less material and has a lighter weight compared to
spherical Luneburg lenses with their bulky and heavy struc-
tures. The lens aperture is designed using multilayer meta-
surfaces. The required refractive index profile of the lens is
obtained by

h GRIN Lens

Square

Waveguide
S

Port;,

(a)

/l%+r2(1—cos¢osinﬁ)2—lo )
d/cos B

n (T, ¢1) = Nmax —

where f is the maximal radiation angle (in this case +45°),
and lo is the focal length for the feed at this angle. The
minimum refractive index on the edge of the lens is 1, i.e.,
n(a, + 7/2) = 1, and the constant nma is calculated as

\/l%+a2—lo

M = 14 d/cosB - (5)

Based on the theory reported in [63], here we present the
design and fabrication of a multibeam GRIN lens antenna with
a considerable improvement in the oblique beams. Because of
the similar lens diameters and feed antennas, this work pres-
ents a similar performance in terms of gain and bandwidth.
However, it develops an all-dielectric unit cell, enabling the lens
implementation using 3D-printing technology. The all-dielectric
design of the lens offers advantages that allow the entire struc-
ture to be seamlessly integrated into a single 3D printing, result-
ing in simplified manufacturing. It also provides a lower cost
and a lower scanning loss compared to lenses designed using
PCB technology. More details of the design are given in the
following section.

3D-PRINTED 2D MULTIBEAM FLAT
GRIN LENS

In this section, a 3D-printed flat
GRIN lens antenna with a diameter
of 2a =110 mm (5A0) and a thick-
ness of d=22mm (1Ao) operat-
ing from 12 to 15 GHz is presented,
where Ao is the wavelength in free
space at 13.5 GHz.

3D-PRINTED 2D MULTIBEAM FLAT
GRIN LENS DESIGN

The required refractive index distri-

Polarizer
Lens

'\\
Focal Plane

l ¢ bution of the GRIN lens is obtained
using (4). The lens aperture is divided
into six radial sections and 36 azi-

Axis muthal sectors. This segmentation
helps achieve an approximately linear
phase across the lens aperture. The
desired phase distribution is deter-

Ay 6)y0

mined by an arc of the circular feed
locus. This enables the generation of
oblique beams at extreme scanning
angles (in this case, +45°). Once the
GRIN profile and the corresponding

(b)

FIGURE 6. (a) Geometry of dual-circular polarizer GRIN flat lens with integrated
polarizer fed by a square waveguide feed. (b) Coordinate system for feed

displacements along lens focal plane [61].

focal point for the maximum radiation
beam are determined, the optimal
focal length for the boresight beam
is found by adjusting the feed posi-
tion along the z-axis to minimize the
phase error on the aperture.
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The calculated required refractive index of the lens is given
in Figure 9(a) with a variation range from 1 to the maximum
(Nmax) of 1.4 corresponding to the center of the lens. This range
ensures low reflections across the entire lens surface. The GRIN
profile is realized by the formation of different densities of a
single 3D-printed material (VeroClear) with a dielectric con-
stant of €, = 2.7 at the design frequency band. A cubic inserted
with four connecting rods, forming a lattice unit cell with a
periodicity of p = 4.58 mm (0.220), is simulated in the Ansys
high-frequency structure simulator (HFSS) for this lens design
[64]. The schematic of the unit cell is shown in Figure 9(b). The
effective refractive index is calculated based on the effective

medium theory [65], and the results match the filling ratio of
the dielectric. By changing the length of the insert, the refrac-
tive index can be varied. The corresponding required size of the
3D-printed cube for the desired effective refractive index distri-
bution is plotted in Figure 9(b). Note that the presented unit cell
meets the needs in terms of dispersion for the intended operat-
ing bandwidth, which is from 12 to 15 GHz. For wider band lens
designs, an all-dielectric 3D-printed material with a different
volume percentage of the dielectric material in nanoscale pat-
terns can be used.
To demonstrate the multibeam performance of the lens,
an array of 2 X 2 patches is used as the feed antenna of the
lens. The feed (patch subarray) con-
sists of two square substrates with the
same side length of 28 mm separated

Improved
Collimation ZE 8 by a spacer with a thickness of 1 mm.
rad) | __\with FCL —— Without FOL . Both substrate materials are Rogers
RT/duroid 5880 with a thickness of
6 0.787 mm (e, = 2.2, tan$ = 0.0009).
5 Details of the feed antenna design can
. W be found in [63] with some modifica-
0_28° Aperture Lens 4 tions on the dimensions to fit into this
Reduced () D=101.6 mm 3 new lens antenna. The feed antenna
Spillover T 2 and dielectric lens are simulated in the
N ) = Ansys HFSS. The patch feed configura-
Translated Petzval Surface ! tion is shown in Figure 10(a). The lens
Phase Center - e consists of five similar layers of subwave-
""""" === - length unit cells, making a thickness

Horn Phase
Center

Offset Feed Horn >
Position #5 | |

l#5 #4  #3  #2 #1J
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FIGURE 7. FCL concept [62]. w: with; w/o: without.

Flat Feed Surface

Center Feed Horn
Position #1

of 1A¢. The focal length of the lens for
the feed at the center of the circular
arc is 80 mm (3.6 Ao), corresponding
to the boresight beam. A schematic of
the 2D GRIN lens antenna structure
is shown in Figure 10(b). The dielectric
flat lens and patch arrays are mounted
on a fixture for measurement purposes.
The lens radius is 55 mm (2.510). The

P, is the exit point of the ray from lens center O.

Iy is the focal length of O.

t; is the curvilinear abscissa along the ray path from Oto P;.
P, is an arbitrary incident point on the lens at a radius r.

P5 is the corresponding exit point on the output aperture.

rps and rpy are the radii at points Pz and Py, respectively.
lis the focal distance of P..

tis the curvilinear abscissa along the ray path from P, to Ps.
n(p) is the refractive index related to a generic radius p.

FIGURE 8. Configuration of multibeam lens with GRIN variation along both radial and azimuthal angle ¢1 directions (different
colors on the lens aperture represent varied refractive indices) [63].
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FIGURE 9. GRIN lens refractive index. (a) Calculated radial refractive index distribution. (Please note that the refractive index
distribution of the lens is varying along both the radial and azimuthal directions.) (b) The effective refractive index of the unit

cell for the normal incident. The unit cell period is 4.58 mm.
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FIGURE 10. Configuration of the multibeam lens antenna. (a) Schematic of the patch feed (a side view and an exploded view
are shown). (b) Schematic of the 2D multibeam GRIN lens antenna (a top view of the lens and a perspective view of the patch

subarray are shown). SMA: SubMiniature version of A.

FIGURE 11. Prototype of the feed antenna in a fixture
mounted in the anechoic chamber.

overall system’s dimensions including the jig are 250 mm in
width and 230 mm in length. This fixture primarily serves as a
supporting structure without influencing the lens performance.

MEASURED RESULTS OF THE 3D-PRINTED 2D MULTIBEAM

FLAT GRIN LENS

To verify the simulation results of the lens antenna, a prototype
of the design is fabricated and measured in an anechoic cham-
ber. First, several prototypes of the patch feed are fabricated
to realize the multibeam lens antenna. A prototype of the feed
mounted in the anechoic chamber is given in Figure 11. The
simulated and measured feed antenna results are shown in
Figure 12. The S-parameters of only one single port are given
because all four ports are identical. It is seen that the simulated
and measured results agree well. The —10-dB input reflection
coefficient bandwidth is 25.8% from 11.8 to 15.3 GHz. The port
isolation is better than —18 dB across the band from 12 to 15
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FIGURE 12. Simulated and measured results of the feed antenna. (a) Reflection coefficients and port isolations for port 1 versus
frequency. (b) Simulated and measured normalized radiation patterns at 13.5 GHz. Co-pol: copolarized; X-pol: cross-polarized.

GHz. Figure 12(b) shows the simulated and measured copolar-
ized and cross-polarized radiation patterns of the feed antenna
along the E-plane and H-plane at 13.5 GHz. The peak realized
gain is 13.4 dBi. The 10-dB beamwidths for both the E-plane
and H-plane radiation patterns are about 70° with a cross-polar-
ization level remaining below —30 dB at 13.5 GHz.

Alens is 3D printed based on the different sizes of dielectric
cubes to achieve the desired GRIN profile. Thirteen feed array
antennas are placed on the circular locus in both the xz plane
and yz plane to realize the 2D multibeam performance of the
lens antenna. It is to be noted that diagonal beam steering of
the lens antenna in all different azimuthal cutting planes is pos-
sible by placing more feeds along the diagonal line of the lens. A
3D-printed fixture made of polymer is used to hold the lens and
feeds in the correct position and mount the whole configuration
on the test range. The lens is extended on four sides to accom-
modate it in the fixture. The whole configuration of the 2D
GRIN lens antenna, the antenna prototype mounted in the test
fixture, and the lens antenna under test are shown in Figure 13.

The reflection coefficients and port isolations of the lens
antenna are measured using an Agilent Network Analyzer
N5225A, and the results stay below —10 dB across the band,
which demonstrates that the lens does not have much effect on
the return loss of the feeding arrays. The radiation patterns of
the multibeam lens antenna in the scanning planes are plotted
in Figure 14. The simulated and measured radiation patterns
are in good agreement. The radiation patterns are stable across
the band. The plots show that the GRIN lens antenna enables
a 2D angular coverage with a 90’ scanning range and a scan
loss of less than 2.4 dB across the band. Seven beams are gener-
ated in each plane. The pattern intersects at about —3.5 dB. The
SLLs stay below —10 dB across the band for all of the angles.
The measured peak realized gain is obtained by using gain com-
parison techniques.

IEEE ANTENNAS & PROPAGATION MAGAZINE

3D-Printed GRIN Lens

Patch Arrays
(b)

FIGURE 13. Photographs of antenna measurement. (a)
The prototype in the anechoic chamber. (b) Fabricated
prototype. AUT: antenna under test.

The simulated and measured peak realized gains across
the frequency band for the beams in the xz plane are given in
Figure 15. The results for the yz plane are not shown for brev-
ity. This work presents a similar performance in terms of gain
and bandwidth compared with our previous work [63]. The
beam-scanning losses in the operating band are 0.4-1.8 dB and
0.7-2.4 dB in the xz and yz planes, respectively. This is almost
1.5 dB less than the results reported in [63]. The aperture effi-
ciency is between 35% and 60% from 12 to 15 GHz for all of the
angles. The lowest value corresponds to the gain drop at 15 GHz
due to the limited bandwidth of the feed. The measured cross-
polarization levels stay below —30 dB over the entire range for
all of the beams across the band. The patterns are not shown
here for conciseness.

A comparison of the radiation performance of the pro-
posed multibeam flat GRIN lens with other reported flat lens
designs is presented in Table 1. The lenses in [59], [66], and
[67] have relatively small scanning ranges and low aperture
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efficiencies that are below 40%. On the other hand, the
designs in [60] and [62] achieve a wider scanning range, but
they suffer from high scanning losses. In addition, the lens in
[60] has a low aperture efficiency of below 30%. A flat GRIN
lens with a high aperture efficiency and a wide scanning
range is reported in [63]. The proposed design in this work
demonstrates a comparable scanning range and an aperture

xz Plane

Normalized Radiation Pattern (dB)

Normalized Radiation Pattern (dB)

Normalized Radiation Pattern (dB)

—
Q
=

(c)

efficiency as compared to [63], but it has smaller scanning
losses and lower SLLs.

FUTURE CHALLENGES

The deployment of multibeam GRIN lens antennas for SatCom
represents a promising era of connectivity, yet several chal-
lenges exist, demanding innovative solutions to unlock their
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FIGURE 14. Simulated (solid lines) and measured (dashed lines) normalized radiation patterns of the multibeam lens antenna

at (a) 12 GHz, (b) 13.5 GHz, and (c) 15 GHz.
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TABLE 1. COMPARISON WITH OTHER REPORTED DESIGNS.

Ref. Frequency (GHz)  Technology
[59] 45-110 3D-printed SLA
[60] 60-77 CNC machine
Rogers TMM6
[62] 12-18 PCB Rogers
AD250, AD350, TC600
[63] 12-15 PCB Rogers 4003
[66] 26.6-30 PCB Rogers 4003
[67] 12-18 3D-printed PLA
This work 12-15 3D-printed ABS

SLL (dB) Scan Loss (dB) Beam Range Aperture Efficiency (%)
-5 8 +30° 19-36

-3.5 46 +48° 9.5-27.6

-14 5.5 +53° 21-74

-75 34 +46° 22-66.4

-18.4 3.7 +27° <24.5

-n 0.5 +15 22-49

-10 24 +45° 35-60

SLA: stereolithography; PLA: polylactic acid; ABS: acrylonitrile butadiene styrene; CNC: computer numerical control.

full potential. Traditionally, flat multibeam GRIN lens anten-
nas face limitations in their ability to achieve wide scanning
angles while maintaining high efficiencies and low SLLs. One
key aspect of overcoming this challenge lies in optimizing the
design of the GRIN lens structure itself. By carefully tailoring
the refractive index profile and geometry of the lens, antenna
engineers can mitigate aberrations and achieve a wider field of
view without sacrificing key performance metrics [41]. Addition-
ally, advancements in metamaterials offer promising solutions
for enhancing the gain and the efficiency of the GRIN lenses
through the design of artificial dielectrics that allow low reflec-
tion and insertion losses [66].

Another key challenge is achieving a compact design, mak-
ing it essential to minimize both the lens thickness and focal
length. A shorter focal length can lead to significant phase and
amplitude errors, potentially compromising the gain and the
efficiency. Thus, there exists a tradeoff between the size and the
performance of lens antennas.

Continuous beam scanning and tracking represent another
frontier in enhancing the performance of SatCom systems. Devel-
oping seamless tracking capabilities is essential to ensure unin-
terrupted communication and optimized resource allocation in
dynamic environments [42]. Finally, there is always a need to
establish cost-effective methods for fabricating lenses with high
precision. While 3D printing demonstrates considerable poten-
tial, the technology and materials to produce high-performance
GRIN lenses are currently in the process of development.

The design of flat multibeam GRIN lens antennas for Sat-
Com faces significant challenges. Addressing these challenges
demands collaborative efforts from researchers, engineers, and
industry stakeholders to push the boundaries of innovation in
SatCom technology.

CONCLUSIONS

Technology advances for different flat GRIN lens antennas
are discussed in this article. In particular, a multibeam GRIN
lens antenna with a wide angular coverage and a high aperture
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FIGURE 15. Simulated and measured peak realized gains
across the frequency band.

efficiency at the Ku band operating from 12 to 15 GHz is
presented. The feed elements are placed on two circular feed
trajectories creating 13 beams covering from —45" to +45 in
two planes allowing a 2D angular coverage. The measured peak
realized gain is 22 dBi. The developed lens antenna is suitable
for applications in which high-gain multibeam antennas are
demanded.
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