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Multibeam Graded Dielectric Lens Antenna From Multimaterial 3-D Printing

Henry Giddens

Abstract—Modern communication systems will require antennas with
adaptive functionality that are able to modify their performance based
on the requirements of the channel. For example, mobile ad hoc networks
need directive antennas that are able to radiate in any direction across the
360° azimuth plane. Conformal antennas that can be simply operated to
have multifunctional performance characteristics are therefore of interest.
In this communication, we present a gradient-index lens antenna designed
to radiate with a 45° beamwidth across eight different sectors. When fed
by a simple switched feeding network, the lens is able to provide 360°
azimuth coverage in 45° segments. Further analysis of the radiation
patterns shows how two distinct multibeam patterns can be produced
from simple feed networks and simultaneous excitation of each feeding
element. The proposed lens is fabricated by multimaterial 3-D printing.
The final lens radiates with a gain of 8.5 dBi when a single sector
is excited, and with a maximum gain of 5.9 dBi in multibeam mode.
Finally, it is shown how the lens can also radiate omnidirectionally when
optimized phase and amplitude weightings are applied to each port.

Index Terms—3-D printing, additive manufacturing, lens antennas,
multifunctional radiation patterns.

I. INTRODUCTION

Recent advances in modern communications systems, such as the
rapid development of software-defined radios, will require antennas
with multifunctionality that are able to operate in ever-changing
wireless channels [1], [2]. For example, next-generation mobile ad
hoc network (MANET) radios for military use will require directional
antennas to overcome current performance limitations which restrict
the range of the radio link and are significantly affected by self-
interference [3]-[5]. Such antennas, when placed on mobile terminals,
require radiation pattern diversity as they must be able to communi-
cate with a terminal in any direction at a single point in time. The
ability to dynamically modify the radiation pattern of an antenna
positioned on the mobile terminal would enable communication with
multiple users while mitigating interference effects from unwanted
users or multipath scatterers. In such systems, there is a requirement
for antennas with the ability to dynamically adapt their radiation
patterns with respect to the instantaneous requirements of the com-
munication system. Recent research has focused on new antenna
architectures with 360° steerable and switchable beams [6]-[10],
which complement traditional techniques such as electronically steer-
able passive array radiator (ESPAR) antennas [11] and switched and
full phased arrays [12], [13].

Lens antennas are a particularly useful approach for generating
optimized radiation patterns. Lenses with multiple focal points and
beam steering ability have long been of interest [14], [15], however,
in recent years, a number of novel lenses have been developed and
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realized practically [16]-[22], including multibeam collimators which
can be realized by near-zero index metamaterials [18]-[20], and a
flat aperture Luneburg lens with beam steering capability [21]. Inte-
grated lens antennas with directly coupled feeds provide an advanta-
geous solution to feeding the lens, delivering high directivity, good
aperture efficiency, and low sidelobe levels which are particularly
important for highly directive beams at millimeter-wave (mm-wave)
frequencies, although the integrated feeding structure can limit the
operational bandwidth [23]. Antenna lenses can be designed from all-
dielectric media via quasi-conformal coordinate transformations [17].

In order to achieve graded-index (GRIN) material profiles prac-
tically, ceramic composites with customizable dielectric constants
have been developed and integrated within the profile of such
GRIN devices [21], [22]. However, this technique requires time and
specialized resources and is unsuitable for rapid prototyping. Using
the effective-medium theory, GRIN materials have been realized by
including subwavelength air gap intrusions within a host material in
order to lower the effective dielectric constant. The method has been
demonstrated to work effectively in electromagnetic (EM) devices,
such as Luneburg lenses, where the dielectric profile is required to
vary radially so that the lens can be fed from any direction [24].
More recently, 3-D printing has emerged as an attractive additive
manufacturing process for antennas designed at microwave and mm-
wave frequencies as it allows engineers to design and fabricate
antennas with finely detailed features [24]. 3-D printing also offers
the possibility to achieve effective GRIN profiles, where a unit cell
volume is only partially filled with the 3-D filament, the rest of
the volume occupied by air. In such a case, the overall permittivity
of the unit cell is lower than that of the 3-D filament and by
increasing the filling factor of the air gap within the unit cell, 3-D
GRIN materials can easily be realized [16], [24], [25]. Filament
materials with high dielectric constants are now available, making
the realization of new antennas possible [16], [26], [27].

In this communication, a multifunctional eight-segment graded-
dielectric lens antenna is presented. Using a distributed and isolated
monopole feed network with one port per segment, a TO-inspired
graded index lens is designed to shape the radiation from each
segment to a 45° half-power beamwidth. The lens is able to radiate
with a distinct multibeam radiation pattern when the ports are fed
simultaneously with simple phase weighting. Furthermore, the lens
can radiate omnidirectionally with less than 3 dB ripple in the
H-plane pattern when phase and amplitude to each port is controlled.
The proposed application for such an antenna is a mobile terminal
in a MANET radio which must isolate radiation to terminals in
a particular direction, mitigating interference from other sources.
In such a system, the antenna may also be required to radiate
omnidirectionally in order to locate the relevant terminals.

II. DESIGN OF A 2-D EIGHT-SEGMENT ALL-DIELECTRIC LENS
ANTENNA

The basic function of an antenna lens is to alter the propagation
path length from a source located at the focal point (or feed position)
so that the phase front of the EM wave emerging from the lens is
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Fig. 1.
GRIN lens overlaid with the outline of an octagonal sector. (c¢) Discretized
permittivity values of a lens sector. (d) Radiation patterns from original
hyperbolic lens, GRIN lens, and waveguide port on its own.

aligned. Here, a GRIN lens was designed using a quasi-conformal
coordinate transformation to convert a hyperbolic lens on to a flat
surface. The entire media incorporating the lens was modified in
order to lie within a single sector of an octagon. Fig. 1(a) shows
the diagram of the hyperbolic lens designed to produce a 45° half-
power beamwidth from a point source located at the focal length f.
The initial hyperbolic lens had a relative permittivity of 4, radius of
curvature of 100 mm, and a width of w = 75 mm. The focal point
was at a position of f = 33 mm. These parameters are important
in ensuring the lens is correctly illuminated by the source and in
effectively determining the performance of the lens [28]. The well-
known quasi-conformal mapping technique was then used to modify
the geometry of the hyperbolic lens, creating a flat aperture with
a reduced overall footprint, resulting in a graded-dielectric material
profile, which is shown in Fig. 1(b). The transformed space was
expanded by a factor of 1.15 to ensure that the background medium
around the focal point had a relative permittivity close to 1. Fig. 1(b)
is overlaid with the outline of a sector representing (1/8)th of an
octagon, where the internal angle is equal to 45°. In order to minimize
the effects arising from the areas where ¢, < 1, the outline of this
sector was set to overlay the lens by a slightly smaller width than
the limits of the original lens. The permittivity map of Fig. 1(b)
was discretized into the different values displayed in Fig. 1(c). This
was done by selecting different areas where the permittivity values
differed by less than 12.5% and then selecting the average value for
that sector. All values less than 1.3 set equal to 1. At the edge of
the lens, the maximum permittivity was 3.6 and at the center of the
lens this reduced to a value of 1. The transformed GRIN lens had an
aperture width of w’ = 86 mm, which was reduced to 70 mm after
discretization. The length of the discretized lens was 84 mm.

III. RADIATION PATTERN ANALYSIS OF AN OCTAGONAL
MULTIFUNCTIONAL LENS ANTENNA

A parametric sweep was run to determine the dimensions of the
hyperbolic lens required to radiate with a beamwidth of 45° at the
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Fig. 2. (a) Full octagonal graded dielectric lens with eight individual
segments—the feed points are shown in green. (b) 2-D radiation patterns
from each segment at 5.8 GHz.
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Fig. 3. Radiation patterns of the 2-D eight-sector lens with multiport
excitation. (a) Antiphase excitation. (b) Equal-phase excitation.

target frequency of 5.8 GHz. The initial simulations were performed
in a quasi-2-D scenario, with electrical boundary conditions terminat-
ing the simulation space in the £ z-directions, and perfectly matched
layer (PML) boundaries in the x- and y-directions. A waveguide
port with a width of 20 mm was placed at the focal point. Fig. 1(d)
shows the 2-D far-field radiation patterns of the hyperbolic and GRIN
lenses and the waveguide port alone. As can be seen, a main beam
with half-power beamwidth of 45° is produced by both lenses. An
improvement in the normalized gain of 3.2 dBi is achieved by both
lenses when compared to the radiation from the port alone.

The GRIN lens segment shown in Fig. 1(c) was rotated through 45°
and copied seven times to form a full octagonal lens able to switch
between different beams covering the entire 360° azimuth plane.
Each segment of the octagonal lens was excited with a separate feed.
The waveguide ports from the previous simulations were replaced
with a point source positioned at the focal point. Each segment was
isolated from its neighbors by four reflectors with an interelement
spacing of 8 mm. The reflecting elements had a diameter of 3 mm.
The full octagonal lens is shown in Fig. 2(a). The lens had x-y
dimensions of 172 mm x 172 mm and an aperture width of 70 mm
for each segment. The radiation patterns of each segment are shown
in Fig. 2(b). Each segment lens produced a pattern with a half-power
beamwidth of 50°, with adjacent beams crossing over at the —1.5 dB
level at an angle of 22.5°. The sidelobe levels were always less than
10 dB below the main beam maximum with very little backward
radiation due to the isolation provided by the reflector elements.

The octagonal lens is also able to act as a multibeam antenna
with eight directive beams. The crossover points of two adjacent
radiation patterns are located at a 22.5° offset with respect to the
center of each segment. At these points, the phase of the radiated
fields from two adjacent feed points is equal. When adjacent ports are
fed in simultaneous antiphase, the electric fields propagating in these
directions completely cancel each other out. The resulting radiation
pattern is a multibeam profile with directive beams emerging from
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each of the eight lens segments, as shown in Fig. 3(a). Each beam has
a half-power beamwidth of 20° and are separated by zero-field nulls.
When all eight elements are excited with equal phase and amplitude,
the directive beam pattern from Fig. 3(a) can effectively be rotated by
22.5° as the electric fields in the off-axis directions combine in-phase
to form a maximum. Fig. 3(b) shows the radiation patterns when each
port is fed in equal phase and amplitude. The nulls separating adjacent
beams are around 8 dB below the maximum level of the main beam.
One of the drawbacks of phased antenna arrays is achieving
the required phase and amplitude weightings required to each of
the antenna elements, due to complexity, cost, power consumption,
and system losses. Here, however, the different radiation pattern
combinations presented can be achieved through simple switched
feeding networks. The individual sector patterns require only a single
port to be activated at once which can easily be achieved with
an 8-1 RF switch. The multibeam patterns require all elements
to be fed simultaneously with either equal phase or a 180° phase
shift to adjacent ports, which can be achieved through common RF
techniques such as delay-line phase shifters or rat-race couplers.

IV. 3-D PRINTED GRADED-DIELECTRIC INFILL PATTERNS

3-D printing can be used to fabricate graded dielectric materials
due to the ability to control the fill-factor ratio of filament to
air gap intrusions. A number of methods exist for estimating the
effective dielectric constant of such a medium, such as the Maxwell—
Garnett relationship, the arithmetic mean, and the harmonic mean.
The realized values are, however, dependent on the size and structure
of the unit cell, which can be designed to achieve specific isotropic
or anisotropic permittivity values [16], [24], [25]. Any 3-D printed
structure can be printed with a specific fill-factor using default slicing
patterns such as rectilinear grids or a hexagonal honeycomb lattice,
which also allows effective permittivity values to be generated. The
advantage of using default slicing patterns to vary the infill ratio of
3-D printed parts lie in the fact that models are far easier to design
and fabricate when compared to customized unit-cell patterns.

In fused deposition modeling (FDM) 3-D printer technology,
filament is extruded through a heated nozzle with a fixed diameter.
The extrusion width of the filament is, therefore, defined by the size of
the nozzle. The unit-cell size of automatically generated infill patterns
increase as the fill-factor ratio of filament to air is reduced (i.e., the
air gap intrusions become larger). A hexagonal honeycomb pattern
was chosen as the basis for controlling the fill-factor ratio of the 3-D
printed lens. Fig. 4 shows the honeycomb infill pattern with three
different filling factors. The filament is represented by the blue lines
which have a thickness of 0.4 mm. The first pattern has a filling factor
of 20%, for the center pattern it is 37%, and for the final pattern it
is 66%.

The relationship between the unit-cell pattern and fill factor
and the effective dielectric constant was determined through full-
wave simulations. The hexagonal pattern was generated computa-
tionally for a number of different filling factor ratios between 0%
and 100%. The pattern was extruded in the z-direction, and the
effective permittivity was extracted using the S-parameter retrieval
method [29], with Floquet ports and unit-cell boundary conditions
terminating the simulation space. Prior to the modeling, the dielectric
permittivity of two different filaments, a standard white acryloni-
trile butadiene styrene (ABS) from Verbatim and ABS-400 filament
from PREPERM [27], were characterized using a Keysight 85072A
10-GHz split cylinder resonator. The standard ABS had a permittivity
of 2.69 and ABS-400 had a permittivity of 3.99, with measured loss
tangents of 0.002 and 0.0015, respectively. The extracted effective
permittivities of different filling ratios for the two filaments are shown
in Fig. 5. As can be seen, the effective permittivity lies within the

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 68, NO. 9, SEPTEMBER 2020

0 3 6 9 12 0 3 6 9 12 0 3 6 9 12

Fig. 4. Different filling factors of the hexagonal unit-cell pattern auto-
generated from slicing software. From left to right, the filling factor ratio
of filament (blue) to air (white) is 20%, 37%, and 66%.
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Fig. 5. Effective permittivity of the hexagonal unit-cell pattern at 5.8 GHz

with varying filling factor and two different host permittivities. The shaded
region shows the bounds calculated by the arithmetic mean and Maxwell—-
Garnett relationship.

TABLE I

REQUIRED FILL FACTOR FOR ACHIEVING DIFFERENT EFFECTIVE PERMIT-
TIVITIES OF THE OCTAGONAL LENS

Effective €, Filament Fill Factor
3.6 ABS-400 87%
3.1 ABS-400 75%
2.7 ABS 100%
2.3 ABS 80%
1.9 ABS 60%
1.6 ABS 35%
1.3 ABS 25%

boundaries of the Maxwell-Garnett and arithmetic mean. The lowest
achievable permittivity from the ABS-400 filament was 1.6 when the
filling factor ratio of plastic to air was 0.25, while for the standard
ABS it was equivalent to 1.3. In order to achieve the full range
of permittivity values required for the discretized octagonal lens
(ranging from 1.3 to 3.6), both filaments are required. The fill factor
and host filaments required for achieving the effective permittivities
of the discretized lens [Fig. 1(c)] are displayed in Table I.

V. FABRICATION, MODELING, AND CHARACTERIZATION OF 3-D
PRINTED OCTAGONAL MULTIBEAM LENS

In order to verify that the proposed lens was suitable for realistic
antenna applications, a full 3-D antenna model was built and sim-
ulated. The permittivity map and reflector elements were extruded
along the z-direction to a height of 25 mm and placed on an octagonal
PEC ground plane with a width and length of 180 mm. At each of the
feed points, a (1/4) monopole was positioned which were fed from
50 Q coaxial lines beneath the ground plane. All other dimensions
and material values were the same as the 2-D simulations. The full
3-D model can be seen in Fig. 6(a).

For fabrication, the model of the 3-D lens was split into different
parts based on the effective permittivity profile, and two separate
printing jobs were then created based on the host filament require-
ments of the different parts. The inner section of the lens, which was
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Fig. 6. Full 3-D antenna structure. (a) CAD model of 3-D lens.
(b) Photograph of 3-D printed lens prototype with embedded feeding structure
positioned on a metallic ground plane.
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Fig. 7. Input response of each of the feeding monopoles of the octagonal
GRIN lens. The dark gray line shows the simulated data and colored lines
represent measured data of each port.
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Fig. 8. Measured and simulated E- and H-plane radiation patterns of a single
sector of the octagonal GRIN lens at 5.8 GHz.

printed with a standard ABS filament, contained six different sectors
with fill factor ranging from 100% to 25% covering permittivity
values of 2.7 down to 1.3. Using the open source slicing software,
Slic3r (v1.30), the model was prepared with an appropriate infill
density settings for each of the model parts. The same steps were
repeated for the second part of the model requiring the ABS400
filament. The GRIN lens was then printed using an Original Prusa
i3 MK3 3-D printer with a 0.4 mm diameter nozzle. The printed
structure is shown in Fig. 6(b). SMA connectors were soldered to
the rear side of an octagonal copper ground plane in the feed point
positions. Strips of wire with a length of 13 mm were attached to
the connectors to form the monopole feeds. The reflecting elements
with a diameter of 3 mm were 3-D printed using the standard ABS
filament and coated with silver-plated copper shielding spray coat
(sheet resistance, Ry = 0.77 Q/sq), and then hand-painted with
Electrolube silver conductive paint (R; = 0.03 Q/sq) to ensure high
conductivity throughout.

The simulated and measured input response of each of the eight-
element-feed lens is shown in Fig. 7. The input elements are matched
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Fig. 9. Measured and simulated H-plane radiation patterns of the multibeam
octagonal GRIN lens at 5.8 GHz with antiphase and equal phase excitation.

to a return loss of below —10 dB between 5.8 and 6 GHz, and
agree well with the simulated results. The mutual coupling between
ports was the strongest for adjacent ports, at a value of —16 dB
at a center frequency of 5.9 GHz, demonstrating a good isolation
between feeding points due to the reflector elements. The H- and
E-plane radiation patterns of a single sector are displayed in Fig. 8.
The measured H-plane patterns have an —3 dB beamwidth of £23°
and fall to a —20 dB null at an angle of £55°. Sidelobes appear at
£70° with a strength 10 dB below the maximum. The back lobe has
a signal strength which is 10 dB below the maximum. In the E-plane,
the beam is tilted slightly upward of the horizon, and the power level
is above —3 dB for angles of 100° < @ < 55°. The cross-polar
patterns are not shown in Fig. 8, however, the maximum measured
cross polar power level was 15 dB below the copolar maximum,
confirming that a strong vertically polarized field is radiated by the
monopole feeding elements. As can be seen, the measured data agree
well with the simulations. The maximum gain of the antenna for
single-segment excitation, which was measured by comparing to a
standard gain horn antenna, was 8.5 dBi.

The H-plane multibeam radiation patterns were measured using a
24-port Rohde and Schwarz ZNBT-8 vector network analyzer. The
transmission response between a polarized feeding horn antenna and
each of the eight ports of the lens was measured simultaneously as
the antenna under test was rotated through 360°. The resulting fields
were summed together with antiphase and equal phase applied to
adjacent ports. The measured and simulated patterns from the 3-D
model are displayed in Fig. 9. In the measured data, there is a slight
variation in the maximum normalized power of each beam by up to
3 dB which is due to the misalignment of the lens above the axis of
rotation in the anechoic chamber. The maximum measured gain of
the multibeam antenna for antiphase excitation was 4.9 and 5.9 dBi
for equal-phase excitation.

VI. OPERATING AS AN OMNIDIRECTIONAL RADIATOR

The previous analysis of the proposed antenna focused on its
radiation pattern performance when the eight-element-feed array was
excited either individually or with phase weighting profiles that could
be realized through simple feeding networks. However, modern radio
terminals have the ability to excite large antenna arrays with phase
and amplitude weighting to each individual port, typically for beam-
steerable arrays. Here, the proposed antenna was designed to operate
with a switched directional pattern which can be used in MANET
radios where a mobile terminal may need to isolate a target in a
particular direction. However, such an antenna may also be required
to radiate omnidirectionally at a given moment in order to determine
the direction of the required targets. By applying the appropriate
phase and amplitude weightings to each port, it is possible to generate
an omnidirectional pattern from the octagonal lens.
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Fig. 10. Omnidirectional radiation patterns. (a) H-plane patterns with target
power levels of above & 8722;3 dB calculated using (1)—(3). (b) 3-D pattern
from full-wave simulations using the port weighting of Table II.

TABLE II

AMPLITUDE AND PHASE WEIGHTING TO PRODUCE OMNIDIRECTIONAL
RADIATION PATTERN—SIMULATIONS (S) AND MEASUREMENTS (M)

[ Port | 1 2 3 4 5 6 7 8 |
s A[100 049 024 059 091 055 009 046
B o 127 94 6 -73 1 -155  -70
v A 100 023 087 025 099 034 099 0.3
Bl 0 <110 -14 225 46 178 -16  -110

Using both the simulated and measured H-plane patterns, the
amplitude and phase weighting for each of the eight ports in order
for the antenna to produce an omnidirectional radiation pattern
were determined through particle swarm optimization. The objective
function was defined as

2
obj = min (/() |Erotal(9) — Etarget|d¢) M

where E; ;4 is the total radiation pattern obtained from summing the
radiation patterns of each individual element and E, with amplitude
and phase weightings A, and f,, respectively

Eroral = A1€PTE | (¢) ...+ ... AgePS Eg(). @)

In order to minimize the H-plane ripple, the value of E;,;,; used in
the objective function was modified according to 3, where Erqrger =
0.7071. The swarm size was set to 50 and the optimization was
terminated after 50 stall iterations

Ero1al(@)(Etoral($) > Etarget) = Etrarget- 3)

Fig. 10(a) shows the H-plane radiation patterns of Eyqrger and
the optimized E;,;q; result computed using (1) to (3). The H-plane
pattern of E;,;4; is omnidirectional with all power levels above
the —3 dB limit set by Etarger, that is, there is a less than 50%
variation in the magnitude of the radiated power level. The optimized
amplitude and phase weightings are shown in Table II. In order to
confirm the omnidirectional performance of the radiation pattern, the
A; and B, values from Table II were applied to the ports of the full-
wave 3-D antenna model with simultaneous excitation. Fig. 10(b)
shows the 3-D patterns that are generally omnidirectional and have a
maximum directivity of 3.9 dBi. Finally, the omnidirectional H-plane
pattern was also calculated from the measured patterns of each port
as previously described. The particle swarm optimization was rerun
using the measured data after each pattern was normalized to its
maximum power level. The resulting omnidirectional pattern is shown
in Fig. 10(a) where it can be seen that a similar omnidirectional
performance is obtained to the simulated patterns. The resulting
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amplitude and phase weightings applied to the measured patterns
are listed in Table II.

VII. CONCLUSION

In summary, this communication has presented the application of a
graded-dielectric lens antenna fed by a switched monopole feed array
to achieve pattern diversity over 360° in azimuth at 5.8 GHz. It was
shown how the lens can radiate with multiple equally spaced beams
when excited with the appropriate phase. The lens was also able to
radiate with an omnidirectional pattern, despite the directive nature of
each individual sector. The lens was fabricated using multimaterial
3-D printing and the effective medium theory to achieve a graded
dielectric profile from 3.6 down to 1.3. The proposed antenna would
be suitable for application in a MANET radio to be mounted on a
mobile terminal when directive beams are required for interference
mitigation and targeted communications.

ACKNOWLEDGMENT

The authors would like to thank Marcus Walden, Thomas Rouse,
and Simon Bates from Plextek for their input and support.

REFERENCES

[1] A. Alexiou and M. Haardt, “Smart antenna technologies for future
wireless systems: Trends and challenges,” IEEE Commun. Mag., vol. 42,
no. 9, pp. 90-97, Sep. 2004.

[2] Y. Tawk, J. Constantine, and C. Christodoulou, Antenna Design for
Cognitive Radio (Antennas and Electromagnetics Analysis Library).
Norwood, MA, USA: Artech House, 2016.

[3] T. Rouse, S. McLaughlin, and H. Haas, “Coverage-capacity analysis of

opportunity driven multiple access (ODMA) in UTRA TDD,” in Proc.

2nd Int. Conf. 3G Mobile Commun. Technol., Mar. 2001, pp. 252-256.

S. Yang and J. Wu, “Efficient broadcasting using network coding and

directional antennas in MANETS,” IEEE Trans. Parallel Distrib. Syst.,

vol. 21, no. 2, pp. 148-161, Feb. 2010.

[5] S. Razak and N. B. Abu-Ghazaleh, “Self-interference in multi-hop
wireless chains: Geometric analysis and performance study,” in Ad-
hoc, Mobile and Wireless Networks. Berlin, Germany: Springer, 2008,
pp. 58-71.

[6] L. Ge, K. M. Luk, and S. Chen, “360° beam-steering reconfigurable
wideband substrate integrated waveguide horn antenna,” IEEE Trans.
Antennas Propag., vol. 64, no. 12, pp. 5005-5011, Dec. 2016.

[71 C. Gu et al., “3-D coverage beam-scanning antenna using feed array

and active frequency-selective surface,” IEEE Trans. Antennas Propag.,

vol. 65, no. 11, pp. 5862-5870, Nov. 2017.

Y. Yang and X. Zhu, “A wideband reconfigurable antenna with 360°

beam steering for 802.11ac WLAN applications,” IEEE Trans. Antennas

Propag., vol. 66, no. 2, pp. 600-608, Feb. 2018.

[9] L. Han, G. Cheng, G. Han, R. Ma, and W. Zhang, “Electronically beam-
steering antenna with active frequency-selective surface,” IEEE Antennas
Wireless Propag. Lett., vol. 18, no. 1, pp. 108-112, Jan. 2019.

[10] M. S. Alam, Y. Wang, N. Nguyen-Trong, and A. Abbosh, “Compact
circular reconfigurable antenna for high directivity and 360° beam
scanning,” IEEE Antennas Wireless Propag. Lett., vol. 17, no. 8,
pp. 1492-1496, Aug. 2018.

[11] H. Kawakami and T. Ohira, “Electrically steerable passive array radiator
(ESPAR) antennas,” [EEE Antennas Propag. Mag., vol. 47, no. 2,
pp- 43-50, Apr. 2005.

[12] P. Ioannides and C. A. Balanis, “Uniform circular and rectangular
arrays for adaptive beamforming applications,” IEEE Antennas Wireless
Propag. Lett., vol. 4, pp. 351-354, 2005.

[13] N. J. G. Fonseca, “Design and implementation of a closed cylindrical
BFN-fed circular array antenna for multiple-beam coverage in azimuth,”
IEEE Trans. Antennas Propag., vol. 60, no. 2, pp. 863-869, Feb. 2012.

[14] A. S. Gutman, “Modified luneberg lens,” J. Appl. Phys., vol. 25, no. 7,
pp. 855-859, Jul. 1954.

[15] R. Clapp, “Extending the R-2R lens to 360°," IEEE Trans. Antennas
Propag., vol. 32, no. 7, pp. 661-671, Jul. 1984.

[16] D. Isakov, C. J. Stevens, F. Castles, and P. S. Grant, “3D-printed high
dielectric contrast gradient index flat lens for a directive antenna with
reduced dimensions,” Adv. Mater. Technol., vol. 1, no. 6, Sep. 2016,
Art. no. 1600072, doi: 10.1002/admt.201600072.

[4

=

[8

[t}


http://dx.doi.org/10.1002/admt.201600072

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 68, NO. 9, SEPTEMBER 2020

[17]

(18]

[19]

[20]

[21]

[22]

[23]

O. Quevedo-Teruel et al., “Transformation optics for antennas: Why
limit the bandwidth with metamaterials?” Sci. Rep., vol. 3, no. 1,
p. 1903, Dec. 2013.

Q. Wu et al., “Transformation optics inspired multibeam lens antennas
for broadband directive radiation,” IEEE Trans. Antennas Propag.,
vol. 61, no. 12, pp. 5910-5922, Dec. 2013.

Z. H. Jiang, M. D. Gregory, and D. H. Werner, “Broadband high
directivity multibeam emission through transformation optics-enabled
metamaterial lenses,” IEEE Trans. Antennas Propag., vol. 60, no. 11,
pp. 5063-5074, Nov. 2012.

Z. H. Jiang, M. D. Gregory, and D. H. Werner, “Experimental demon-
stration of a broadband transformation optics lens for highly directive
multibeam emission,” Phys. Rev. B, Condens. Matter, vol. 84, no. 16,
Oct. 2011, Art. no. 165111.

C. Mateo-Segura, A. Dyke, H. Dyke, S. Haq, and Y. Hao, “Flat luneburg
lens via transformation optics for directive antenna applications,” IEEE
Trans. Antennas Propag., vol. 62, no. 4, pp. 1945-1953, Apr. 2014.

R. Yang, W. Tang, and Y. Hao, “A broadband zone plate lens from
transformation optics,” Opt. Express, vol. 19, no. 13, pp. 12348-12355,
Jun. 2011.

L. Xue and V. Fusco, “Patch fed planar dielectric slab extended hemi-
elliptical lens antenna,” IEEE Trans. Antennas Propag., vol. 56, no. 3,
pp. 661-666, Mar. 2008.

[24]

[25]

[26]

[27]

(28]

[29]

6837

H. F. Ma and T. J. Cui, “Three-dimensional broadband and broad-
angle transformation-optics lens,” Nature Commun., vol. 1, no. 1, p. 124,
Dec. 2010.

Z. Larimore, S. Jensen, P. Parsons, B. Good, K. Smith, and
M. Mirotznik, “Use of space-filling curves for additive manufactur-
ing of three dimensionally varying graded dielectric structures using
fused deposition modeling,” Additive Manuf., vol. 15, pp. 48-56,
May 2017.

F. Castles et al., “Microwave dielectric characterisation of 3D-printed
BaTiO3/ABS polymer composites,” Sci. Rep., vol. 6, no. 1, p. 22714,
Sep. 2016.

PREPERM—Filaments for 3D Printing. Accessed: Nov. 1, 2019.
[Online].  Available:  https://web.archive.org/web/20190111123238/
https://www.preperm.com/products/stock-shapes/

A. V. Boriskin, R. Sauleau, and A. I. Nosich, “Performance of
hemielliptic dielectric lens antennas with optimal edge illumina-
tion,” IEEE Trans. Antennas Propag., vol. 57, no. 7, pp. 2193-2198,
Jul. 2009.

X. Chen, T. M. Grzegorczyk, B.-I. Wu, J. Pacheco, and
J. A. Kong, “Robust method to retrieve the constitutive effective
parameters of metamaterials,” Phys. Rev. E, Stat. Phys. Plasmas
Fluids Relat. Interdiscip. Top., vol. 70, no. 1, Jul. 2004,
Art. no. 016608.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


