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ABSTRACT This paper presents a method for synthesizing metallic horns capable of radiating highly
localized electromagnetic pulses, known as X-waves. The proposed method is based on a mode-matching
framework for shaped horns. The aperture field distribution required to generate X-waves is synthesized by
mode conversion. The near-field horns generated by this method are full-metal structures radiating X-waves
in a wide range of frequencies with low dispersion. The obtained structures may be scaled to any frequency
range, and they are particularly suited to millimeter and sub-millimeter wave applications. We validate the
concept by presenting a horn capable of radiating X-waves over a 44% fractional bandwidth (FBW) with a
5◦ dispersion of the axicon angle. Capabilities and limitations of this design procedure and the synthesized
launchers are demonstrated, discussed, and compared with other state-of-the-art solutions.

INDEX TERMS Bessel beams, mode-matching, near-field focusing, non-diffractive waves, X-waves.

I. INTRODUCTION
In past decades, Bessel beams have received large attention
by the physics and engineering communities. Among their
applications in optics and in microwave engineering, one
finds medical imaging [1], wireless power transfer [2], and
electron microscopy [3], to name a few. Ideal Bessel beams,
which were introduced in 1987 by Durnin [4], are exact
solutions of the Helmholtz equation that do not suffer from
diffractive spreading while propagating. They are defined as
follows

9(ρ, φ, z, t) = Jn(χρ)einφei(kzz−ωt), (1)

where 9 denotes a solution of the scalar Helmholtz wave
equation, ω is the angular frequency, and (χ, kz) are the
radial and longitudinal components of the wave vector Ek ,

respectively, such that
∣∣∣Ek∣∣∣2 = χ2

+ k2z = (ω/c)2. In turn,
Jn(χρ) stands for the standard Bessel function of the first kind
and n-th order, with n an integer number. The variables ρ, φ
and z are the cylindrical coordinates, with z being the assumed
direction of propagation. Theoretically, ideal Bessel beams

The associate editor coordinating the review of this manuscript and

approving it for publication was Vittorio Degli-Esposti .

require infinite energy for their realization, namely, infinite
radiating apertures. However, finite apertures can generate
truncated Bessel beams which resist diffraction effects over
a limited distance known as the ‘‘non-diffractive’’ range,
limited by the axicon angle θ =arctan(χ/kz).
In the literature, various methods have been reported for

the generation of Bessel beams. In optics, some of the
methods used include holography [5], axicon lenses [6],
[7], and plasmonic metasurfaces [8]. In the microwave and
millimeter-wave regimes, some of the adopted approaches
encompass radial line slot antennas (RLSA) [9], [10], [11],
leaky radial waveguides [12], [13], [14], metasurfaces [15],
and loop antennas in a circular waveguide [16].

The polychromatic superposition of Bessel beams creates
X-waves, which consist of electromagnetic pulses that resist
diffraction and remain confined in both the transversal and
longitudinal directions as they propagate up to a certain dis-
tance, after which they experience diffraction. Ideal X-waves
are defined by the expression [17]

χ (ρ, z, t) =
∫
∞

−∞

J0[χ(ω)ρ]e−ikz(ω)zeiωtdω, (2)

where J0 is the Bessel function of the first kind and 0-th
order. Some of the reported practical applications of X-waves
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include secure short-range wireless communication [18] and
biomedical ultrasound imaging [19].

Just like their monochromatic Bessel counterpart, the syn-
thesis of ideal X-waves requires infinite apertures. In other
terms, finite apertures can radiate truncated X-waves over
limited frequency bands. We will refer to the finite frequency
band in which truncated X-waves are generated as the oper-
ating frequency band, and to its ratio to the central frequency
of the band as the fractional bandwidth (FBW). Unlike for
Bessel beams, there exist only a few experimental demon-
strations of X-wave generation in literature. This is due to
inherent difficulties in realizing Bessel beam launchers with
low-dispersive axicon angles θ over a wide frequency band.
The first realization of X-waves was done in acoustics [20],
followed by other proofs of concept in optics [21], [22].

The first experimental demonstration of X-waves in the
microwave frequency range (from 19 to 29 GHz) was
reported in 2018 [23]. The presented launcher consists of
a CNC-milled dielectric lens surrounded by a copper tape
fed by a coaxial cable. The launcher is capable of radiating
X-waves over a 42% FBW with a 2◦ dispersion of the axicon
angle θ . Despite these excellent characteristics, the use of
dielectrics in [23] renders this realization lossy at higher
frequencies. A similar demonstration of X-waves has been
reported in [24], where the launcher uses a 3D printed dielec-
tric metamaterial instead of the dielectric lens. This prototype
can radiate X-waves over a 50% FBWwith a 7◦ dispersion of
the axicon angle θ . As in [23], the use of dielectrics can make
such a solution lossy in the millimeter and sub-millimeter
wave regimes. The use of a radial parallel-plate waveguide
antennawas also proposed for generatingX-waves and exper-
imentally validated in [25]. The main drawback of [25] is the
dispersive nature of radial launchers (24◦ for a 22% FBW).
Capabilities of RLSA launchers based on Bessel and Hankel
aperture distribution to radiate X-waves were theoretically
analyzed in [26]. The drawback of [26] is, as in [25], the high
dispersion of the axicon angle in RLSA launchers.

In this paper, we present a solution to generate X-waves by
metallic horns.Metallic horns are a very common solution for
transmitting radio waves due to their wide bandwidth, radi-
ation characteristics, and simple construction and excitation.
An overview of metallic horns and their applications, from
their historical beginnings to current research activities, can
be found in [27]. In previous decades, many techniques have
been proposed to improve the performance of metallic horns.
One of the most common approaches includes modifying
the metallic profile of the horn by introducing corrugations
[28], [29]. Some excellent characteristics of corrugated horns
have been reported, such as dual-band operation [30], high
Gaussicity and a very low sidelobe level (up to -60 dB) [31],
large bandwidth [32], and dual-polarization [33].

To avoid the manufacturing issues of corrugated horns,
Granet et al. proposed in 2004 smooth-walled spline-profiled
metallic horns [34]. Such horns are designed by optimizing
their profile to match the far-field to a specified radiation pat-
tern. Excellent characteristics of spline-profiled horns have

also been reported, such as low cross-polarization [35], multi-
band operation [36], low sidelobe level [37], and high Gaus-
sicity at THz frequencies [38], [39]. Performance of such
antennas can be further improved by, for instance, integrating
a dielectric lens [40], [41].

In this contribution, we optimize the shape of a smooth
profile horn to generate X-waves in the near field. More
precisely, the goal is to shape the profile to convert an axisym-
metric mode at the input into an axisymmetric mode at the
aperture capable of radiating X-waves. The design procedure
is based on an ad-hoc mode-matching framework. Such horns
are broadband, low-dispersive, do not require dielectrics or
focusing elements to generate X-waves, and are scalable
to any frequency range, making them particularly suited to
millimeter and sub-millimeter wave applications [42]

The paper is organized as follows: Sections II and III
present, respectively, the numerical formulation and the prac-
tical implementation of the proposed technique. Section IV
presents an example of a transvere electric (TE) X-wave
launcher with 44% FBW and 5◦ dispersion of the axicon
angle generated by the proposedmethod. The capabilities and
limitations of the presented procedure and related launchers
are discussed in Section V and compared to other state-
of-the-art launchers. Section VI demonstrates the capabil-
ity of this technique to generate transverse magnetic (TM )
X-wave launchers. To conclude, final remarks are reported in
Section VII.

II. DESIGN CRITERIA
It has been shown in [43] that TE0n and TM0n modal field dis-
tributions in circular waveguides correspond to azimuthally
and radially polarized truncated Bessel beams. Without loss
of generality, in the following sections we will focus on
TE0n modal field distributions in circular waveguides. The
proposed methodology can also be applied to TM0n field
distributions, as discussed in Section VI.

The non-diffractive range of truncated Bessel beams is
limited by the axicon angle θ = arctan(χ/kz) and given by
the expression

zmax = a

√(
k
χ

)2

− 1, (3)

where a is the radius of the aperture and k is the mag-
nitude of the wave vector Ek . From (3), it is clear that
larger non-diffractive ranges correspond to smaller transverse
propagation constants/axicon angles and larger apertures, as
skecthed in Fig. 1.

Therefore, once the radiating aperture has been fixed,
the problem of designing Bessel beam launchers with large
non-diffractive ranges reduces to synthesizing TE0nmodes on
circular apertures with smaller values of the axicon angle θ .
Additionally, for TE0n modes χ = χ0n = x ′0n/a, where x

′

0n is
the zero of the derivative of the Bessel function of the corre-
spondingmode. It is thus clear that lower-ordermodes require
smaller apertures for achieving the same non-diffractive dis-
tance compared to higher-order modes.
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FIGURE 1. Graphic representation of the non-diffractive range
(a) Decomposition of the wave vector Ek , (b) Non-diffractive range defined
by the aperture (red line) and the axicon angle θ .

Superposing truncated Bessel beams over a limited range
of frequencies leads to the generation of truncated X-waves,
as long as θ is low-dispersive. In [17], the criteria for synthe-
sizing well-confined X-waves is defined by a ‘‘confinement
factor’’, given by

Cz,ρ =
j0,1

πm2 cos2 θ1ω
< 1, (4)

where j0,1 = 2.4048 identifies the first zero of the J0 function,
m = a/λ0 is the normalized aperture radius in terms of
wavelengths and 1ω = 1ω/ω0 is the fractional operative
Bessel beams bandwidth. The distance up to which such
truncated X-waves resist diffraction effects corresponds to
the non-diffractive range zmax at the central frequency of the
observed frequency band 1ω.
To summarize, the problem of synthesizing X-waves

reduces to synthesizing TE0n modes on circular apertures
sufficiently large and over a sufficiently wide frequency range
to satisfy (7) with a low-dispersive axicon angle θ in the entire
frequency band. For instance, one can verify using (7) that an
aperture with a radius of a = 3λ and an axicon angle of θ =
20◦ requires at least 10% of fractional bandwidth.Wewill use
this criteria as a practical guideline for synthesizing X-wave
launchers, as demonstrated in the following sections.

III. DESIGN PROCEDURE
For synthesizing a field distribution capable of radiating
X-waves, we have resorted to a known property: an axisym-
metric TE0n mode at the junction of two circular waveguides
of different radii will excite only the other axisymmetric
TE0m modes, with n and m being arbitrary integer numbers
[44]. Applying this property, the design procedure consists
in creating a structure which converts a TE01 mode at the
input, which we assume we can generate correctly, to another
TE0m mode at the aperture, while satisfying the previously
defined criteria for radiatingX-waves. A simple way to obtain
a circular TE0m mode consists of a series of monotonically
increasing constant waveguide sections, which we convert to
a continuous profile.

To simplify and accelerate the design process, we devel-
oped an in-house mode-matching tool [44] for calculating
the scattering matrix S, near-field, and far-field radiation of
metallic horns with azimuthal symmetry. The tool approxi-
mates continuous antenna structures as a series of electrically
short and concatenated cylindrical waveguides, with cylinder
radii changing on each waveguide section. We choose the

FIGURE 2. Approximation of a circular metallic continuous structure with
a series of small depth cylinders.

length of the cylindrical waveguide electrically small (typi-
cally less than λ/10) to assume that the resulting structure is
continuous, as sketched in Fig. 2. Approximating the struc-
ture in such a way allows one to analyze it with a standard
modematching procedure [44].Wematch the transverse field
distribution at each discontinuity of the horn and cascade it
section by section. This way, we can compute the aperture
field distribution for a given profile, and consequentially
the near and far-field distributions of the resulting structure.
In this analysis, we assume that the structure includes a
perfectly conducting infinite ground plane. Since the E-field
vanishes on such a ground plane and is negligible beyond,
we can assume that the E-field becomes zero beyond the
radiating aperture. This modal approach is much faster than
other full-wavemethods (e. g. finite elements or finite integral
technique [45]) and, despite the adopted approximations,
the obtained results are in very good agreement with such
methods.

In the following, we will assume that only the higher-order
TE01 mode is present in the input circular waveguide. One
can guarantee this behavior using well-known mode convert-
ers, e.g., [46]–[48], to transform the fundamental mode of a
rectangular waveguide to a TE01 circular waveguide mode.
The Marié converter in [46] offers excellent performance
in terms of purity of the output TE01 mode, while being
well-matched over a large band of frequencies. This mode
converter is made of metal, allowing flexibility in terms of
the operating frequency range. Inherent drawbacks of the
Marié mode converter are its electrical length, which can be
a potential problem if used at lower frequencies, and its geo-
metrical complexity. However, it has been shown that these
limitations can be conveniently overcome by using additive
manufacturing [48].

The targeted TE0n field distribution can be chosen arbitrar-
ily. As mentioned before, larger non-diffractive ranges can
be achieved by using either larger apertures or by smaller
transverse propagation constants. Therefore, it is generally
convenient to design an electrically smaller antenna and target
the field distribution of a lower-order mode (TE01 or TE02)
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on its aperture. In particular, we optimize the depths and radii
of multiple waveguide sections to couple the aperture field
distribution to the field distribution of a TE01 or a TE02 mode.
More precisely, we require S21 > 0.92 between the incident
TE01 mode and the targeted output TE01 or TE02 mode at each
frequency point (85% of power coupling). Such constraint
proved to be sufficient for the effective radiation of Bessel
beams/X-waves. The second goal of the optimization was
to match the synthesized horn to the input TE01 mode. The
targeted value of the input reflection coefficient is S11 ≤
−15 dB. We also impose a design constraint on the Marié
mode converter in the optimization routine, requiring that
the output radius of the mode converter (input of the horn)
guarantees the TE02 mode in cutoff, so only the TE01 mode
can propagate. Due to the large number of optimization vari-
ables, we used the interior-point method in the optimization
procedure to minimize the following cost function

Fc =
∑
f

Serror21 (f )+W
∑
f

Serror11 (f ), (5)

where Serror21 (f ) and Serror11 (f ) are distances between the
achieved and targeted S parameters (L1 norm) at the fre-
quency point f andW is the weight coefficient used to control
the priority of the factors. The polynomial complexity of the
interior point method makes it a more appropriate choice for
this type of large-scale non-linear optimization problems in
comparison with other similar methods (e. g. simplex).

The initial structure has a conical profile with prescribed
length and input and output radii. The input radius is initially
fixed to be smaller than rTE02 , where rTE02 is the small-
est radius that supports a propagating TE02 mode at the
highest in-band frequency. In turn, the output radius a is
calculated using (3) to provide the targeted non-diffractive
range zmax . The initial length of the horn is related to the
targeted non-diffractive range and possible starting values are
provided in Section V. Then, the conical profile is approx-
imated as a series of monotonically increasing waveguide
sections. Eachwaveguide section is defined by 2 optimization
variables: its depth and radius. Typically, the number of used
sections N should be greater than L/λ0, where L is the length
of the horn. The optimization procedure then modifies the
structure by tuning the 2N optimization variables until the
value of the cost function (5) is zero. One iteration cycle of
the optimization process consists in the following consecutive
steps:
• Generate the profile of the structure by defining depths
and radii of cascading waveguide sections,

• Calculate the S11 of the structure for the TE01 mode at
the input,

• Calculate the coupling between the incident TE01 mode
and the targeted output TE01 or TE02 modes,

• Calculate the value of the cost function using (5),
• If the goal value of the cost function is not satisfied
(Fc > 0), the profile of the structure is modified by
changing the 2N variables according to the used opti-
mization algorithm and the cycle is repeated. If the

FIGURE 3. Dimensions of the realized profile in terms of wavelenght at
the central frequency. Inset: Synthesized metal horn.

goal value of the cost function is satisfied (Fc = 0),
the optimization procedure stops.

IV. NUMERICAL VALIDATION
The design procedure was validated by synthesizing a TE02
launcher capable of radiating Bessel beams over a 44% of
fractional bandwidth. Fig. 3 presents the exact dimensions of
the realized profile and the synthesized metal horn. Since the
launchers designed by the procedure are full-metal structures,
they may be scaled to any frequency range. Therefore, all
results in this and the following sections will be in terms of
free-space wavelengths λ0 at the central frequency f0 of the
operating frequency range.

The input radius of the launcher is r0 = 0.91λ0, which
satisfies the aforementioned design constraint of the Marié
mode converter, requiring that the TE02 mode is in cutoff in
the entire frequency range. The radius of the aperture is a ≈
5.1λ0, which corresponds to zmax ≈ 23λ0 of non-diffractive
range at the central frequency and 12◦ axicon angle θ at the
central frequency with 5◦ dispersion in the operating band-
width. The total length of the launcher is around 12.72λ0,
and consists of 20 waveguide sections, with depths varying
between 0.36 and 2.18λ0, which we convert to a continuous
profile shown in of Fig. 3. This number of sections proved
to be sufficient in this particular case. The used optimization
procedure was the one described in Section III, with total
optimization time being around 10 minutes. The optimization
was performed on an Intel Xeon 2.6 GHz dual-core CPU
with 128 GB RAM. The confinement factor of the launcher
(7) is around 0.08, allowing the radiation of well-confined
pulses. The widths of the generated pulse in transversal and
longitudinal directions, which correspond to the null-to-null
distance of the amplitude profile over the axes, are Sρ =
3.72λ0 and Sz = 4.7λ0, respectively. The pulse widths were
evaluated using following expressions [17]

Sρ =
2j0,1c
ω0 sin θ

, (6)

Sz =
4πc

1ω cos θ
. (7)
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FIGURE 4. Calculated (a)-(c) and simulated (CST) (d)-(f) normalized Ey in the x0z plane normalized to the wavelength at the central
frequency within the non-diffractive range at (a) and (d) f = 0.78f0, (b) and (e) f = f0, (c) and (f) f = 1.22f0.

FIGURE 5. Normalized Ey along the x-axis at the central frequency at (a) z = 9.2λ0, (b) z = 13.8λ0 and (c) z = 18.4λ0.

Finally, the S11 of the launcher is below -20 dB in the entire
frequency range.

Next, we compare the performance of the X-wave
launcher with full-wave simulations. First, we demonstrate
the non-diffractive behavior of the structure. Fig. 4 presents
the absolute value of the y component of the electric field
(Ey) in the x0z plane at three frequency points corresponding
to the central frequency f0 and the edges of the operating
band, 0.78f0 and 1.22f0. The results in Figs. 4 (a)-(c) have
been obtained with our mode-matching tool, while those
in Figs. 4 (d)-(f) are CST Microwave Studio results [45].
The edges of the operating band correspond to frequency
points in which the required coupling to the TE02 mode
is not satisfied and the resulting radiated field distributions
do not resemble Bessel beams anymore. Fig. 5 presents a

comparison of the Ey along the x-axis at 9.2, 13.8, and 18.4λ0
above the aperture of the launcher at the central frequency.
Figs. 4 and 5 demonstrate the non-diffractive behavior of the
launcher in the prescribed range of frequencies. The excellent
agreement between the results obtained with our numerical
tool and CST’s time domain solver in Fig. 5 validates the
tool. Fig. 6 presents the instantaneous intensity of the pulse
(i. e. longitudinal component of the H -field), confirming the
capability of the launcher to radiate well-confined X-waves
and thus also validating the design procedure.

V. PERFORMANCE GUIDELINES
In order to determine the capabilities and limitations of the
mode-converting procedure, we have synthesized X-wave
launchers with TE01 and TE02 aperture field distributions.
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FIGURE 6. Calculated (a)-(c) and simulated (CST) (d)-(f) normalized instantaneous intensity of Hz in the x0z plane normalized to the
wavelength at the central frequency within the non-diffractive range at (a) and (d) t = tmax , (b) and (e) t = tmax + 3/f0, (c) and
(f) t = tmax + 6/f0. tmax is the moment in time in which the intensity of the pulse is at its maximum value. The video from which (a)-(c)
were extracted can be seen in the supplementary material of the paper.

We have considered specified values of non-diffractive range
and a set of FBW for the synthesized launchers, while
the input radius is fixed to support the propagation of a
TE01 mode. In particular, we synthesized launchers with
non-diffractive ranges spanning from 6 to 60 λ0 with 11,
22, 33, and 44% FBW (with the same central frequency),
with a fixed input radius r0 = 0.91λ0. The 44% FBW
corresponds to the maximum value which we were able to
achieve using the proposed optimization procedure. Since
we are interested in determining the limits of this design
technique, we modified the optimization routine to force the
synthesized launchers to be as short as possible. We repeated
the optimization routine several times for every specified
value of the non-diffractive range to find the corresponding
minimal length of the launcher, and the obtained values are
displayed in Fig. 7.

From Fig. 7, one can note some important properties of
the mode-converting procedure. Firstly, it is clear that to
achieve longer non-diffractive ranges for the generated Bessel
beams/X-waves, longer launchers are required. A pecu-
liar property appears from Fig. 7: the ratio between the
non-diffractive range and the minimal length of the launcher
capable of radiating such a beam is almost linear. Longer
launchers are also required to generate Bessel beams in a
larger frequency band. Additionally, we can achieve the same
non-diffractive range of the generated beam with a signifi-
cantly smaller launcher by synthesizing a lower-order TE0n

FIGURE 7. Ratio between the non-diffractive range and the minimal
length of the launcher required for its generation in terms of wavelenght
at the central frequency.

mode field distribution at the aperture. Finally, we were not
able to achieve sufficient coupling to the TE02 for lower
values of the non-diffractive range for 44% of FBW. This is
most likely because the corresponding aperture radii become
closer to the cutoff of the TE02 mode at the lower end of
the frequency band, making it difficult to achieve the suf-
ficient coupling to the TE02 mode without distorting field
distributions at the higher end of the band.
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FIGURE 8. Long-range Bessel beam launcher. (a) Exact dimensions of the
profile capable of radiating a long-range Bessel beam in terms of
wavelength. (b) Normalized Ey of the launcher in the x0z plane
normalized to the wavelength within the non-diffractive range.

Notwithstanding this limitation, the results in Fig. 7 can be
readily used to define the starting profile for the optimization
in Section III. Moreover, these results demonstrate that the
procedure is flexible in terms of the operating frequency band
and also in terms of performances of the generated launchers.
One can also note that, other than the trade-off between
the size of the launcher and the achieved non-diffractive
range, the method has no particular limitations in terms of
the achievable non-diffractive range of the generated Bessel
beam/X-wave.

To validate this claim, we synthesized a launcher capable
of radiating a Bessel beam with the TE01 field distribution at
the aperture with a 13000λ0 of non-diffractive range (kρ/k =
0.0068) at a single frequency point. Fig. 8 presents the exact
dimensions of the profile and its Ey field distribution in the
x0z plane. In this particular case, the computational process
was too demanding to apply the procedure on a range of

TABLE 1. Tabular comparison of X-wave launchers.

frequencies, since the length of the launcher is around 1250λ0
and its radius is around 90λ0. However, based on previous
results, we can assume that, other than computational issues,
there should be no particular difficulties in synthesizing an
X-wave launcher with such and even larger non-diffractive
ranges. It is worth noting that structures of this size cannot
be analyzed using other full-wave methods with available
computational resources. It is also clear that the fabrica-
tion of such a device can only be attempted for quite short
wavelengths.

To provide a better understanding of the capabilities of
the proposed launchers, we compare the capabilities of the
launcher from Section III to other solutions used to generate
X-waves: a dielectric lens filling a standard horn antenna
[23], a dielectric metamaterial filling a standard horn antenna
[24], a radial parallel-plate waveguide antenna [25], and
RLSA launchers [26]. Solutions [23] and [24] show good
behavior in terms of FBW and the dispersion of the axicon
angle θ . More precisely [23] has a 42% of FBW and 2◦

dispersion of θ , and [24] has a 50% of FBW and 7◦ dispersion
of θ . On the other hand, the advantage of [25] and [26] is that
the launchers are low-profile structures. However, their draw-
back is the dispersive nature of radial launchers, particularly
[25] has a 24◦ dispersion of θ in 22% of FBW, and [26] has
a 35◦ dispersion of θ in 33% of FBW.

In comparison with the other solutions, horns generated
by our approach show good performance in terms of FBW
and dispersion of θ (the horn given in Section IV has 44%
of FBW with 5◦ of dispersion). Unlike other solutions,
the generated horns are full-metal structures, overcoming
the problems related to dielectric lenses at higher frequen-
cies. Table 1 presents a comparison of the performance of
the aforementioned launchers, as presented in the literature.
The main drawback of our procedure is that the resulting
structure (a cascade of the Marié mode converter and the
horn) can be considered electrically large, especially if longer
non-diffractive ranges are required. Although this might pose
a size issue if the launchers are used at lower frequencies,
the converter in [47] can help to render the TE01 launcher
more compact.

VI. GENERATING TM X-WAVES
Finally, we discuss the capability of the described procedure
to synthesize TM X-wave launchers. Intuitively, one may
assume that the problem for TM X-wave launchers is iden-
tical to the problem for TE X-wave launchers: synthesizing
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FIGURE 9. Distortion of a TM X-wave generated by a metallic horn
antenna. (a) Normalized instantaneous intensity of Hz in the x0z plane
normalized to the wavelength at the central frequency of a TE X-wave
with 44% of FBW within the non-diffractive range (b) Normalized
instantaneous intensity of Ez along the x0z plane normalized to the
wavelength at the central frequency of a TM X-wave with 44% of FBW
within the non-diffractive range in the same time slot t . The videos from
which the pictures were extracted can be seen in the supplementary
material of the paper.

metal horns with aperture field distributions matching TM0n
modes of circular waveguides in a range of frequencies so that
(7) is satisfied. However, this is not the case. The resulting
radiated field distribution of such an aperture distribution
indeed resembles X-wave distributions discussed in previous
sections. On the other hand, it is heavily distorted compared
to TE X-waves, as sketched in Fig. 9. This is most likely
because TM0n E field distributions in waveguides have much
stronger edge components, resulting in high diffraction.

It is well-known that modal field distributions in metal
waveguides and perfect magnetic conductor (PMC) waveg-
uides are dual: field distributions of TE modes in metal
waveguides match the TM field distributions in PMC, and
vice versa. For instance, we can use the same horns used

FIGURE 10. Corrugated profile of the TM02 launcher. Inset: Dimensions of
the used corrugations in terms of wavelength. κ corresponds to the
correction factor found in [29].

FIGURE 11. Calculated normalized instantaneous intensity of Ez along
the x0z plane normalized to the wavelength at the central frequency for a
horn antenna with PMC boundaries within the non-diffractive range in
t = tmax . The video from which the picture was extracted can be seen in
the supplementary material of the paper.

for synthesizing TE X-waves, with PMC replacing the metal
walls of the horn, and feed them with, for instance, a TM01
mode using the mode-converter presented in Section IV-A
of [49]. For demonstration purposes, we replaced the metal
walls of the horn radiating a TE02 X-wave from Section IV
with corrugations to simulate PMC and fed the structure
with a TM01 mode. Corrugations were designed according
to [29] and the realized corrugated profile and normalized
dimensions of these corrugations are shown in Fig. 10.

The expected performance of the TM launcher designed
with an ideal PMC is identical to the performance of the TE
launcher. However, since we use corrugations instead of an
ideal PMC, small aberrations are expected. Fig. 11 presents
the instantaneous intensity of the Ez in a time slot tmax
in which the intensity of the pulse is at its maximum
value. Comparing Fig. 11 to Fig. 6(d) it is evident that
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FIGURE 12. Comparison of the normalized Ey component of the TM02
launcher with the normalized Hy component of the TE02 launcher at
z = 9.1λ0.

the performance of the two launchers is nearly identical.
In Fig. 12, by duality, we compare the Ez field profile of the
TM02 launcher to the Hz field profile of the TE02 launcher
along the x-axis 9.1λ0 above the aperture at a single frequency
point. The excellent agreement of the profiles verifies thatTM
X-wave launchers synthesized by replacing the metal walls
of TE X-wave launchers with PMC indeed have identical
performance as their TE counterparts.

VII. CONCLUSION
In this paper, a novel method for synthesizingX-wave launch-
ers by circular metallic horns has been presented. X-waves
are radiated by an axisymmetric TE (or TM ) field distribu-
tion on an electrically large aperture. The method has been
implemented using an ad-hoc tool based on mode-matching
framework. Launchers generated by the design procedure
are full-metal horns, that present a low dispersion over a
wide frequency range (more than 40% of FBW). We pre-
sented an example of a horn with 5◦ of dispersion of the
axicon angle θ in a 44% of FBW. We have also demon-
strated that the procedure can synthetize Bessel launchers
with arbitrary non-diffractive ranges. In particular, we pro-
posed a Bessel beam launcher of 13000λ of non-diffractive
range. Moreover, we have shown that the ratio between the
non-diffractive range of the beam and the minimal length of
the launcher capable of radiating such a beam is almost linear.
The designed launchers do not require dielectric material or
focusing elements to radiate X-waves and are also scalable
at any frequency, making them particularly suited to the
millimeter and submillimeter wave regimes. The proposed
method and generated tool pave the way for many practical
applications of X-waves in the submillimeter bands, such as
imaging and near-field wireless communications.
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