This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2020.2978280, IEEE

Transactions on Antennas and Propagation

X wave radiator implemented with 3D printed
metamaterials
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Abstract—A radiator is presented, capable of generating
paraxial X waves over a 50% fractional bandwidth (7.5 — 12.5
GHz) in its radiative near field. X waves are localized pulses
formed by the superposition of Bessel beams with a common
cone angle. Quasiconformal transformation optics, a 2D variant
of transformation optics, is employed to find the inhomogeneous,
isotropic dielectric constant profile needed to convert the radia-
tion of a monopole into a paraxial Bessel beam. An impedance
matching layer is applied to reduce reflections at the air-dielectric
interface of the device. The transformation and impedance
matching regions are implemented using rotationally symmetric
metamaterial unit cells that yield a spatially varying effective
dielectric constant. The resulting design is fabricated through 3D
printing, by combining parts made from three low-loss dielectric
filaments. The device is experimentally measured, and shows good
agreement with simulations. Its ability to generate paraxial X
waves when excited by a broadband pulse is verified.

Index Terms—metamaterials, effective dielectric constant,
Bessel beam, nondiffracting beams, radiative near field, 3D
printing

I. INTRODUCTION

OCALIZED waves have received significant attention by

researchers in recent years, especially since the intro-
duction of Bessel beams [1], [2]]. Bessel beams are exact,
superluminal solutions to the Helmholtz equation that do not
diffract as they propagate. They can be seen as the result of
the interference of all plane waves forming a common angle,
called the cone angle, with the propagation axis. Although
ideal Bessel beams require infinite energy, truncated Bessel
beams are practically realizable. Such beams maintain their
nondiffractive properties within a finite range of distances.

X waves are one class of Bessel pulses [3]. They are
formed by a frequency spectrum of Bessel beams possessing a
common cone angle. X waves are appealing because they prop-
agate without suffering from diffraction (spatial spreading)
or dispersion (temporal spreading) within their nondiffracting
range. These properties make X waves prime candidates for
use in imaging [4]], tissue characterization [5], communications
[6], nondestructive evaluation of materials [7]], and focusing
(8]
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X waves are difficult to generate at microwave frequen-
cies, which partially explains the lack of relevant practical
demonstrations in literature. A device generating X waves
should exhibit little or no dispersion (dependence of cone
angle on frequency) over an appreciable bandwidth. The cost
of broadband sources is also an impeding factor. Should these
hurdles be overcome, there is high potential for microwave
X waves in heating [9]], medicine [[10]], microscopy [11]], high
power electromagnetic pulses [12]], or ground penetrating radar
applications [13].

A device capable of generating X waves at microwave
frequencies was presented recently by the authors [[14], [15].
Based on geometrical optics, the device converts the radiation
from an electrically small monopole into Bessel beams with
nearly constant cone angle between 18 and 30 GHz. In earlier
research, a parabolic dish was used to verify the superluminal-
ity of X Waves [[16]]. A radial waveguide loaded with radiating
slots [17] as well as leaky wave antennas [18], [19] have
also been suggested as potential ways to excite X Waves at
microwave and millimeter wave frequencies. However, these
devices exhibit more pronounced dispersion. Here, a new
device is presented, that can emit paraxial Bessel beams
and X waves between 7.5 and 12.5 GHz. It is designed us-
ing quasiconformal transformation optics (QCTO) [20], [21],
implemented with metamaterials, and fabricated through 3D
printing. Preliminary results on the design methodology were
reported in [22], [23].

Transformation electromagnetics provides arbitrary control
of electromagnetic fields through control of constitutive ma-
terial parameters (permittivity and permeability) as functions
of space (inhomogeneity) and direction (anisotropy) [24],
[25]. QCTO is a 2D method of manipulating fields that only
requires control of permittivity as a function of space [20].
Permeability, which is more difficult to control, is constant,
while both permittivity and permeability are isotropic. This
technique is used here to design a 3D device that possesses
rotational symmetry about the Zz-axis, and as a result can be
reduced to a 2D problem [21].

An exponentially tapered impedance matching layer (IML)
is added to the permittivity profile obtained from QCTO to
reduce reflections at the interface with air [26]. The com-
bined permittivity profile is implemented using rotationally
symmetric metamaterial unit cells which are homogenized
and modeled with effective permittivities [27]. The resulting
device is fabricated through 3D printing, which is an additive
manufacturing technique [28]. In this work, the device is
partitioned into three parts, and three filaments of different
permittivity values are used to realize the required permittivity
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profile of the parts. The parts are later assembled to form the
device. Metamaterial structures requiring multiple filaments
can be potentially fabricated in a single run [29].

The design of the tranformation region based on QCTO,
together with the design of the IML, is presented in Sec.
The validity of the design is verified by comparing the electric
field generated by this structure to that of an ideal Bessel
aperture, computed using a full wave solver. The metamaterial
implementation of the radiator using rotationally symmetric
unit cells is outlined in Sec. along with the corresponding
simulation results. In Sec. the fabrication procedure and
the challenges associated with it are explained. Measurement
results from a fabricated prototype are also given, showing
good agreement to those expected from simulation. Sec. [V]
showcases the device’s ability to generate X waves in its
radiative near field when excited with a uniform spectrum
pulse between 7.5 and 12.5 GHz. Finally, Sec. presents
concluding remarks.

II. DESIGN OF X WAVE RADIATOR

Consider an electrically small monopole radiating in a
conical region with apex angle ; and relative permittivity €,1,
as shown in Fig. [T(a). The monopole is situated at the apex
of the cone, which is bounded by perfect electric conductor
(PEC) shown in orange. The monopole is formed by extending
the inner conductor of the coaxial cable feeding it by length p,
which, together with 6, and €,1, controls the input impedance
of the device. The coaxial cable has inner radius p;,, and outer
radius poys, as shown in the inset of Fig. [[(a). The generated
electric field has p and z components, whereas the magnetic
field only has a ¢ component. This field will be converted into
a TM Bessel beam.

The equiphase surfaces of the fields emitted by the
monopole will be approximately spheres centered at the origin.
Two such surfaces are chosen for the analysis that follows,
one having radius r;, and one having radius r,,: (see Fig.
[[(a)). The region between the two spheres constitutes the
original region and is expressed in terms of (p, ¢, z) cylindrical
coordinates.

The transformed region using (p’,¢’,z’) coordinates is
shown in Fig. [I{b). The parameters for the coaxial cable and
monopole comprising the feed are kept the same. This region
possesses a flat surface at z/ = 7.y, and is truncated to a
maximum radius of p,,.,. The truncation ensures that the
permittivity profile obtained from QCTO at a later step will not
contain unrealizably small permittivity values. The apex angle
is still 61, but the region in Fig. [I(b) has an inhomogeneous
relative permittivity e.2(p’, 2’).

The two regions presented in Fig. [[(a) and (b) should behave
similarly, meaning that the flat surface in the transformed
region should constitute an equiphase surface. Because of the
problem’s cylindrical symmetry about the z-axis, this results
in the generation of a paraxial Bessel beam. Moreover, this
symmetry means that these 3D regions can be treated as 2D
surfaces, and analyzed using QCTO [21].

The purpose of the transformation is to simply convert the
spherical wavefronts into flat ones, the interference of which
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Fig. 1. (a) The original region, comprising a coaxially fed monopole radiating
in a conical region of homogeneous permittivity €,1, and bounded by a
spherical surface at 7 = ro4¢. (b) The transformed region, utilizing the same
feeding mechanism, having an inhomogeneous permittivity ey2(p’, 2’) and
bounded by a flat surface at 2z’ = 7out.
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Fig. 2. (a) Original, and (b) transformed regions in 2D, used in QCTO.

creates the Bessel beam. The chosen transformation is not a
radical one by design. A simple transformation means that the
range of values in €.2(p’, 2’) is small. This leads to a trans-
formed region that can be realized with commercially available
filaments suitable for 3D printing. More exotic transformations
(such as an exponential or hyperbolic transition) require more
extreme values of €.2(p’,2"), which may not be compatible
with the chosen manufacturing technique.

Fig.[2fa) and (b) show the original and transformed regions
in 2D, respectively. In these figures, the mesh for the two
regions is also shown. The mesh is obtained by solving
Laplace’s equation in each region, subject to appropriate
boundary conditions [21]. First, Neumann boundary condi-
tions are applied on edges 1 and 3, and Dirichlet boundary
conditions on edges 2 and 4. The edge numbers are shown
in red. After solving Laplace’s equation, a contour plot of the
solution’s amplitude yields the isocentric curves in Fig. [2[a).
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TABLE I
VALUES OF DESIGN VARIABLES
Design variable Value
Pin 0.455 mm
Pout 1.485 mm
p 11.3 mm
01 25°
Tin 12 mm
Tout 120 mm
Pmaz 49.5 mm
t 9 mm
€r1 5.4
€r2 2.90 - 7.36

(a) Rel. perm. of transformed region, €,5 (b) Rel. perm. including the IML
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Fig. 3. The relative permittivity profile of the transformed region (a) before,
and (b) after the application of the IML.

Then the straight, spokes-like curves in Fig. 2(a) are obtained
by applying Dirichlet boundary condition on edges 1 and 3,
and Neumann boundary conditions on edges 2 and 4. Similar
boundary conditions are applied on the transformed region.

Using the design equations originally presented in [20] and
in a more compact way in [21]], the relative permittivity profile
of the transformed region is calculated as

€r1

) a1 "
where
o’ 9y
J(p, 7)) = l e, 5’1 )
dp 0z

is the Jacobian matrix of the transformation from the original
region shown in Fig. fa) to the transformed region of Fig.
2(b).

The resulting permittivity profile, shown in Fig. [Ba), is
smooth, and agrees with intuition from gradient index optics,
where rays bend towards regions of higher permittivity. The
relative permittivity of the original region, €., was chosen
so that the relative permittivity of the transformed region is
nondispersive and falls within a range that can be realized
through 3D printing. The overall dimensions were also decided
on based upon fabrication capabilities and constraints. Table[l]
summarizes the design variables and their values.

The next step in the design process is to apply an impedance
matching layer (IML) of thickness ¢ to the transformed re-
gion to minimize reflections caused by the high contrast of
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Fig. 4. |E.| (in V/m) emitted by the permittivity profile of Fig. b) at (a)
7.5, (b) 10, and (c) 12.5 GHz, respectively. (d-f) |E.| emitted by an ideal
Bessel aperture at the same three frequencies for comparison.

refractive indices at the flat interface (assuming the device
is surrounded by air). An exponential taper was selected for
the IML instead of a quarter wavelength transformer [30].
The IML is thicker, but provides an impedance match over
a broader bandwidth. Its dielectric constant is

GT,IML (pl7 Z/) = €9 (p/7 ,rout)e_ln(ETz (ply”'out))(z/_"'out)/t, (3)

where €,2(p’, rout) is the dielectric constant at the interface,
as calculated from QCTO [30].

The final dielectric constant profile, comprising the trans-
formed region and the IML, is shown in 2D in Fig. 3[b).
The radiator possessing this permittivity profile was simulated
at three frequencies, 7.5, 10, and 12.5 GHz, in the axially
symmetric solver of COMSOL Multiplhysics. The amplitude
of the longitudinal (Z’-directed) electric fields in the region
over the radiator are shown in Fig. f(a-c) when a voltage
of 1 V excites the coaxial cable. The cone angles of the
emitted beams are § = 18°, 14°, and 11°, respectively. The
nondiffracting range of the beams, calculated as pj,q.cotd,
is 152, 199, and 255 mm from the aperture, respectively. In
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Fig. 5. The reflection coefficient of the radiator having the permittivity profile
of Fig. Ekb) (blue), the reflection coefficient of the radiator implemented with
metamaterial unit cells (orange), and the reflection coefficient of the fabricated

prototype (Fig. [T2) (yellow).

order to achieve a smaller cone angle, which would result in
a larger nondiffracting range, an electrically larger aperture is
required. A larger aperture can produce a beam with narrower
beamwidth, allowing the peak to approach broadside.

For comparison, the field generated from ideal Bessel aper-
tures with these cone angles is investigated. The aperture has
tangential electric field profile given by

E,(p") < Ji(kosindp'), p" < pma, “4)

where kg is the free space wavenumber and is placed at the
same 2z’ as the aperture of the radiator (2 = 1oyt +t = 129
mm). The resulting z’-directed electric field amplitudes are
shown in Fig. @{d-f) at the same three frequencies. Although
not identical, the field profiles appear quite similar, and agree
in terms of range.

The reflection coefficient of the radiator including the IML
is shown in Fig. 5] in blue. The shape of this curve is dictated
largely by the reflection coefficient of the monopole, while
the rest of the radiator contributes the small scale ripple. A
broadband match is observed.

IIT. METAMATERIAL IMPLEMENTATION

The permittivity profile of Fig. B[a) is implemented using
the 2D metamaterial unit cell shown in Fig. ﬂa), which was
studied in [27]. It consists of a square of side d made from a
material with dielectric constant €, g7, from which a square
of side a has been removed. When swept about the Z'-axis,
it results in circular channels with square cross sections. By
changing the dielectric constant of the material, €, prr,, and
parameter a, a large range of effective dielectric constants can
be achieved with dimensions suitable for 3D printing.

The materials used should exhibit good electromagnetic
properties (namely, be low-loss) and possess a controlled
dielectric constant. PREPERM® filaments offered by PRE-
MIX fulfill these criteria and are used here. Specifically,
filaments with €, pr;, = 4.4, 6.4, and 10 are used. Their loss
tangent is tand = 0.004.

The effective dielectric constant is found by simulating the
unit cell of Fig. [Bfa) in COMSOL. The unit cell size is set

(a) Unit cell

(c) Filament selection
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Fig. 6. (a) Unit cell used to implement the permittivity profile obtained from
QCTO. (b) The effective dielectric constant of this unit cell as a function
of parameter a for different values of €, prr. (c) The model developed to
determine which filament should be used to implement a required effective
dielectric constant.
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Fig. 7. (a) Using the permittivity profile of Fig. E[a) and the model of Fig.
@c), the filament to be used at each point of the radiator is determined. (b)
Knowing which filament will be used, the value of parameter a is determined
using the appropriate homogenization curve in Fig. [§]b).

to d = 1.5 mm. The effective dielectric constant of the unit
cell as a function of parameter a is plotted in Fig. [(b) for the
three filaments.

This unit cell has a uniaxial permittivity tensor with equal
values in the p’- and Z’- directions and a different one in the ¢'-
direction. Since the fields emitted by the monopole are always
polarized in plane with the unit cell, only the p’ and z’-directed
permittivity is relevant.

The model of Fig. [fc) is used to decide which filament
should be used depending on the effective dielectric constant
needed. It is based on fabrication constraints imposed by 3D
printing on the value of parameter a. This parameter must
be kept between 0.2 and 0.7 mm. For example, to achieve
€ro = D at a specific point of the radiator, the ¢, pr;, = 6.4
filament should be used according to Fig. [6fc). From the
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homogenization curves of Fig. [f(b), a = 0.46 mm is the
appropriate value to achieve €, = 5 with the the €, pr7, = 6.4
filament. In this way, the filament permittivity, €, 7z, and
parameter a were determined for the entire device. Their
values are given in Fig. [7(a) and (b), respectively.
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Fig. 8. (a) Unit cell used to implement the IML portion of Fig. E[b). (b)
Effective dielectric constant of this unit cell (using &, pr;, = 6.4) as a
function of parameter b through simulation in COMSOL. (c) Distribution
of parameter b in the IML, based on this model and Fig. E[b).

Applying the same procedure for the IML would result in
very large values for a (close to d, even if a filament with
erFrr = 3 were to be used), which could not be fabricated
through 3D printing. As a result, a different approach is
developed to implement the IML.

Specifically, the unit cell of Fig. [8f(a) is used to implement
the IML, which may be considered as a simplified version of
the unit cells in [29]). It consists of a rectangle with dimensions
b x d, made of filament with dielectric constant €, 77, = 6.4.
The unit cell size is 3d x d. By changing parameter b, the
effective permittivity of the unit cell can be tuned, as shown
in Fig. [8[b). Implementing the IML portion of the permittivity
profile (Fig. [B(b)) using the curve in Fig. [§(b) results in the
distribution for parameter b shown in Fig. [§[c).

Fig. 9. The rotationally symmetric metamaterial implementation of the QCTO
and IML regions of the radiator. Dark blue: €, pr;, = 4.4, light blue:
Er,FIL = E&€r,IML = 6.4, yellOWZ Er,FIL = 10.

The design resulting from the metamaterial implementation
of the QCTO and IML regions is presented in Fig. 0] Each
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Fig. 10. |E.| (in V/m) obtained by simulating the radiator that is imple-

mented with metamaterial unit cells at (a) 7.5, (b) 10, and (¢) 12.5 GHz,
respectively.

filament is represented by a different color: dark blue -
Er,FIL = 4.4, light blue - Er,FIL = 6.4, yellow -Er,FIL = 10.
This radiator design is simulated in the axially symmetric
solver of COMSOL at the same three frequencies: 7.5, 10,
and 12.5 GHz. The results, shown in Fig. [T0] agree with the
ones obtained using the inhomogeneous permittivity profile
(Fig.B{a-c)), justifying the metamaterial design procedure. The
reflection coefficient of the metamaterial implementation is
also obtained through COMSOL simulations, and is presented
in Fig. [f] in orange.
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Fig. 11. Cone angle of the radiator implemented using metamaterial unit cells
as a function of frequency.

In simulation, the cone angle of the Bessel beam generated
by the radiator is also investigated. Specifically, Fig. [I1]
presents the cone angle as a function of frequency between 7.5
and 12.5 GHz. Any practical device will have a dependence of
cone angle on frequency. The radiator presented in this paper
exhibits a variation of 7° between 7.5 and 12.5 GHz, or 0.14°
per % bandwidth. Bulkier radiators exhibit a smaller variation
(2° between 18 and 30 GHz or 0.04° per % bandwidth ),
while planar ones exhibit larger variation (12° between 18
and 20 GHz, or 1.14° per % bandwidth [19])). A larger cone
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Fig. 12. Fabricated prototype of the metamaterial implementation of the
radiator, obtained through 3D printing.

angle dispersion degrades the confinement of the X wave pulse
emitted by the radiator, since different frequency components
will travel at different velocities (v o 1/cos@) [17].

IV. MEASUREMENT RESULTS

The metamaterial radiator was fabricated through 3D print-
ing, using PREPERM® filaments. Each part of the transformed
region was manufactured using the appropriate filament (Fig.
[7(a)) and distribution of parameter a (Fig. [7(b)). The IML was
also 3D printed using €, 7, = 6.4, and the distribution of
parameter b shown in Fig. [§[c). A cross section of the design
is shown in Fig.

The €, pr, = 4.4 parts were printed using the Makerbot
Replicator 2X 3D printer, while the €, ;7 = 6.4 and €, pr7, =
10 parts were printed using the Voxel8 3D printer. All parts
were then glued together using acetone. The monopole feeding
the device was made from RG402 coaxial cable, and copper
foil (BM®1126) was applied to the exterior of the device
to form the conductive cladding. The fabricated prototype is
shown in Fig. [I2}

The fabrication of the parts, as well as their assembly into
one structure proved quite challenging:

e Due to the complexity and size of the €, pr;, = 6.4 part,
its printing had to be further subdivided into four smaller
printing jobs, as shown in Fig. [0]

o Some of the parts exhibited a bow due to the variation
of temperature within the 3D printing chamber. A com-
bination of sanding and lathing of the affected surfaces
was necessary to flatten the parts so that they would be
flush upon assembly.

o Great care was taken to minimize the air gaps between
the parts. However, due to the tight fit between some of
the parts and the hardness of the material, some air gaps
between parts could not be avoided.

o Inserting the electrically small monopole vertically into
the 3D printed region was challenging.

The longitudinal (Z’-directed) electric field was measured in
the region over the radiator (1601 frequency points between 5
and 15 GHz). An electrically-small monopole surrounded by
absorber and attached to a 3D translation stage was used as
a probe. Both the radiator and the probe were connected to a

—
_—-absorbirg Matefial

Fig. 13. Measurement setup used to scan the z’-directed electric field emitted
by the radiator.

Fig. 14. The plane on which the longitudinal electric field is measured in the
region over the radiator.

vector network analyzer that was used to measure the signal
transmitted between the two. A picture of the measurement
setup is shown in Fig. [[3] A schematic of the area in which
the fields are measured is shown in Fig. [T4]

The normalized fields along the (z’ — Z’) plane, simulated
using COMSOL, are shown at 7.5, 10, and 12.5 GHz in Fig.
[[3(a), (c), and (e), respectively. The experimentally measured
fields along this plane at the same three frequencies are shown
in Fig. @b), (d), and (f). The measurement results agree well
with those from simulation. Small discrepancies start to appear
at higher frequencies, where the unintenional features of the
3D printing process become more prominent and begin to
degrade the radiator’s performance. The nondiffracting range
extends to 2z’ = 0.28 m at 7.5 GHz and to 2’ = 0.38 m at
12.5 GHz.

The reflection coefficient of the fabricated prototype is
shown in Fig. [ in yellow. The discrepancy between the
measured reflection coefficient and the one expected from
simulation is attributed to the assembly process of the proto-
type. Significant effort was placed in minimizing the air gaps
between parts, which can cause reflections. However, it was
not possible to completely eliminate them.
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Fig. 15. The longitudinal (z’-directed) electric field in the region over the
radiator: (a) simulation and (b) measurement results at 7.5 GHz, (¢) simulation
and (d) measurement results at 10 GHz, (e) simulation and (f) measurement
results at 12.5 GHz.

(a) [e5™|? - t=4.000 ns (b) |eMeas|2 - t=4.000 ns

320 320

280 280

S 240 240

200 200

Z' (mm)
.
Z' (mm)
.

-60 -30 0 30 60 -60 -30 0 30 60
2’ (mm) 2 (mm)
(c) |eSim|? - t=4.150 ns (d) |eMeas|? - t=4.150 ns

320 320

280 280

(mm

(mm)

240 ® 240

200 200
-60 -30 0 30 60 -60 -30 0 30 60
2’ (mm)

(f) |eMeas|? - £=4.300 ns

2’ (mm)
(e) |edim? - t=4.300 ns

320

280

240

Z' (mm)
Do
(=1
o

-60 -30 0 30 60
2’ (mm)

(h) [eee? - t=4.450 ns

280

(mm

240

200

-60 -30 0 30 60 -60 -30 0 30 60
2’ (mm) 2’ (mm)

[

0 0.2 0.4 0.6 0.8 1

Fig. 16. The intensity of the longitudinal (Z’-directed) electric field in the
region over the radiator as a function of space and time when excited with
a uniform spectrum pulse (7.5 — 12.5 GHz): using (a) simulation and (b)
measurement results at 4 ns, (¢) simulation and (d) measurement results at
4.15 ns, (e) simulation and (f) measurement results at 4.3 ns, (g) simulation
and (h) measurement results at 4.45 ns.
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V. GENERATION OF X WAVES

X waves are pulses consisting of a spectrum of monochro-
matic Bessel beams exhibiting the same cone angle, 6. Assum-
ing a uniform spectrum, the waveform (longitudinal electric
field in this case) of an ideal X wave is given as a function
of time, ¢, and cylindrical coordinates, (p, z), by [1]]

Wmax

Ez(p,z,t):/ Jo(wsindp/cy)el@t=eos0z/c0) g, - (5)

where Jj is the zeroth order Bessel function of the first kind,
w 1is the angular frequency, and ¢y is the speed of light.

The time domain response of the radiator to a uniform
spectrum pulse can be calculated as

min

2m12.5GHz

>

w;=277.5GHz

E. (2,2 t) = E. (2,2 w;)el (6)

where E,(2',2',w;) is the simulated or measured value of
E,, which depends on spatial coordinates and frequency. The
longitudinal electric field produced by the radiator, F,, is that
of an apodized Bessel beam.

Fig. a), (c), (e), and (g) present the intensity of the
X wave produced by the radiator in simulation. Fig. [T6[b),
(d), (f), and (h) present the intensity of the measured X
wave produced by the radiator. Each plot has been normalized
between 0 and 1 for ease of comparison. Close agreement is
observed between the X wave based on simulation data and the
one based on measured data. The measured X wave exhibits
more prominent secondary lobes and tail. However, the shapes
of the two pulses largely agree with each other.

VI. CONCLUSION

In this paper, a Bessel beam radiator using a metamaterial
region to bend the rays of an electric monopole was presented.
The design procedure, based on quasiconformal transformation
optics, was outlined, and verified through simulation results.
A design procedure based on metamaterial synthesis was em-
ployed to implement the device using rotationally symmetric
unit cells. Simulation results confirmed the validity of this
approach. Experimental results from a fabricated prototype
were presented, showing good agreement with those obtained
through simulation. Using simulation and experimental data,
it was shown that the device is capable of generating X waves
in its radiative near field.

The progress reported here, combined with other recent
advancements in the field of X waves, pave the way for many
exciting applications. From imaging to communications, and
from heating to high power electromagnetic pulses, X waves
are prime candidates for applications that requires highly
localized microwave pulses.

Finally, 3D printing has already been established as a
manufacturing technique for lenses over the past decade. This
work demonstrates how 3D printing can also be employed to
fabricate interesting near field devices that are directly fed.
The incorporation of the feed in the printed part contributes
to the reduction of the size of the device. Future advancements
in available filament materials and the capabilities of 3D

printers will solidify the ubiquitousness of 3D printing in
electromagnetic design.
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