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ABSTRACT

Open stopband (OSB) mitigation techniques are commonly used to improve the far-field radiating properties of leaky-wave antennas based
on periodic structures. Recently, leaky waves have been proposed to focus energy in the near field through Bessel beams. However, the focus-
ing character of Bessel beams is notably limited to a maximum distance known as the nondiffractive range. In this work, an OSB mitigation
technique is originally exploited to significantly extend the nondiffractive range of a Bessel beam generated by a leaky-wave launcher in the
microwave/millimeter-wave range. A comprehensive analysis of this device is presented, comparing the performance of the proposed
launcher with the typical structure of a leaky-wave Bessel-beam launcher where the OSB is not suppressed. Theoretical results, corroborated
by full-wave simulations, demonstrate that the proposed device achieves an impressive nondiffractive range of about 25 m. The latter, at
30 GHz, approximately corresponds to 2500 wavelengths (in vacuum) and to 50 times the aperture diameter which is about 50 cm. These
results look particularly attractive for, e.g., near-field communications and wireless power transfer applications, where focusing energy in
narrow regions and over large distances is a key factor.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0253371

Any kind of wave naturally spreads its energy progressively in all
directions during propagation due to diffraction.” For this reason,
efforts have been made to focus the transmitted power of the wave in
specific directions both in the acoustic”* and electromagnetic’
regime. In particular, a focused electromagnetic beam is crucial to
avoid transmitting power in undesired areas in many practical scenar-
ios, such as secure communications,'”'" radiative near-field wireless
power transmission, '~ and imaging,'*

In this context, Bessel beams (BBs)—propagation-invariant
cylindrical-wave solutions of the Helmholtz equation with focusing
and self-healing features'*'°—have gained significance. However, in
practice, the intriguing BB properties are theoretically maintained only
up to a finite distance, commonly known as the nondiffractive range.'”
It is thus essential to maximize the covered distance across all fre-
quency bands to fully harness the potential of BBs in real-world
applications.

Although BBs have been preliminarily studied in optics in the
1980s,"” the growing need in focusing EM energy at lower frequencies
has renewed research in this area. As a result, the last decade has

seen an exponential growth of works exploring both theoretical and
experimental aspects of BBs in the microwave/millimeter-wave
domain.'” In these frequency ranges, a planar, cost-effective, single-
feeder, and easy-to-fabricate solution is given by leaky-wave BB
launchers. In particular, wideband BB launchers'® are preferable with
respect to their resonant counterparts® for achieving a higher nondif-
fractive range znqr, due to their inherently larger radiating apertures. In
fact, the value of zyg, scales linearly with the aperture radius p,,. By
exploiting a ray-optics approximation,* these two quantities are more
precisely connected, through the so-called axicon angle 0y, by the
equation Zygr = py,cot 0y.

The axicon angle represents the pointing direction of the rays
emerging from the BB aperture with respect to the vertical z axis (see
Fig. 1). The closer the rays align with the broadside direction, implying
that the axicon angle approaches zero, the larger the nondiffractive
range. As reported in the literature,”'® the 0 value in leaky-wave
launchers is related to the complex radial wavenumber k, = f — jo,
with ff and o being the so-called leaky phase and attenuation constants,
respectively. Since one typically has that 6, = arcsin(fi/ky) (with ko
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FIG. 1. Front and top view of the proposed wideband BB launcher based on a dou-
ble asymmetric strip, with a pictorial representation of the excited E; field distribu-
tion. While different green areas represent the different dielectric permittivities of the
coaxial cable and of the grounded dielectric slab, light blue and gray colors are
associated with vacuum and metal, respectively.

being the vacuum wavenumber), the nondiffractive range can be
enhanced by reducing the radial phase constant as much as possible,
while keeping the o value sufficiently small, but not vanishing."” '

However, in conventional wideband BB launchers, when f tends
to zero, the value of o changes rapidly: first, it exhibits a highly peaked
behavior due to an accumulation of reactive energy, and then drops to
zero at the broadside frequency.”” This behavior is attributed to the
open stopband (OSB) phenomenon, which arises from the coupling
between a pair of oppositely directed spatial harmonics. Different tech-
niques were investigated to mitigate or suppress the OSB, thereby
improving the far-field radiating properties of 1D leaky-wave anten-
nas.””*° In particular, a longitudinal asymmetry design principle was
applzi_ed25 using two similar but unequal discontinuities inside the unit
cell.”

In this work, an OSB mitigation technique has been originally
exploited in a 2D, radially periodic, leaky-wave radiating device to
improve the near-field properties of the generated beam. In particular,
a radial unit cell with a double asymmetric discontinuity has been con-
sidered to extend as much as possible the nondiffractive range of a BB.
In order to prove the effectiveness of the proposed design, we compare
this structure with a typical wideband BB launcher'® based on a single
discontinuity where the OSB is present. A comprehensive Bloch analy-
sis of the two unit cells is performed using the transfer-matrix method
to compute the real and imaginary parts of the relevant leaky wave-
number.”* " It is shown that the BB launcher based on the double-
discontinuity configuration is able to generate a BB distribution over
an impressively long range. With an aperture radius of 24.18 cm, the
maximum nondiffractive distance around 30 GHz reaches nearly
25m, namely, 50 times the aperture diameter and 250079, with
Ap = 1cm being the vacuum wavelength at the central frequency
fo = 30GHz. The leaky-wave theoretical results are compared with
full-wave simulations, showing a remarkable agreement between the
two approaches.

The analysis starts with the design of the wideband BB launchers
and the evaluation of their performance through the leaky-wave the-
ory.”’ The structures considered in this work are radially periodic
leaky-wave radiators constituted by a grounded dielectric slab (with
relative permittivity ¢ = 3.02, negligible losses, and thickness
h =1.4mm) with an annular metal strip grating on top realized
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through standard photolithography” or printed-circuit-board"®
processes. As a consequence, the device performance is strictly related
to the leaky phase and attenuation constants.”” The main innovative
contribution of this work is the use of an asymmetric double-strip
unit cell able to mitigate the OSB” to enhance the z,4 value: the
OSB mitigation is indeed a crucial feature for the generation of
long-nondiffractive-range BB since it allows to achieve a non
vanishing, sufficiently small, leakage constant o as the leaky phase con-
stant § — 0.

In order to assess the effectiveness of the OSB mitigation in
terms of nondiffractive-range enhancement, the Bloch analysis of
the constituent unit cell is performed using the transfer-matrix
method.”* " To this end, the linearized 1D counterpart of the struc-
ture has been considered.'®”" Two different case studies are analyzed:
the first unit cell has two asymmetric strips of width w; = 1.07 mm
and w, = 0.86 mm separated by a distance s = 2mm (see Fig. 1),
whereas the second unit cell has a single strip of width w, = wy + w;
(see Fig. 2). In both cases, the period is equal to p = 7.8 mm.

For this analysis, two waveguide ports with a height of 5.6/, are
defined along the periodicity direction. Perfect magnetic boundaries
are assigned along y (see insets in Fig. 2) so that a TM mode propa-
gates along the structure. For both cases, transfer matrix of the single
unit cell is extracted with CST full-wave simulations by multiplying
the transfer matrix obtained simulating N = 8 unit cells with the
inverse of the one of N = 7 unit cells.”” Additional unit cells in the
CST simulation may introduce numerical noise with a possible nega-
tive impact on the accuracy of the results.”

The results of the Bloch analysis of the single-strip symmetric
unit cell are reported with green curves in Fig. 2. For convenience,
both phase and attenuation constants are normalized with respect to
the vacuum wavenumber ko and indicated as i = fi/k, and
& = o/ko, respectively. The previously described OSB effect can be
clearly seen both in the perturbation of  and in the null of & at the
broadside frequency of 30.4 GHz. In contrast, the dispersion curves for
the proposed double-strip asymmetric unit cell, shown as black curves
in the same figure for comparison, exhibiAt a mitigated OSB effect, evi-
dent as a minor perturbation in both f and & near the broadside
frequency.

Once the dispersion curves of the leaky phase and attenuation
constants are retrieved, it is possible to theoretically evaluate the per-
formance of the proposed BB launcher. In uniform radiating apertures,
the BB nondiffractive range is given by the well-known ray-optics
approximation z,g, = papcotGO.5 However, the actual nondiffractive
range of a leaky-wave BB slightly differs from the ideal one since it is
affected by the exponentially damped aperture-field profile. In particu-
lrja,dl?‘) indicating the normalized aperture radius as p,, = pa,/ /0, it

Inv2 Inv2 .

Zndr —2= > — <akKl,
W _ MPap  TPap 1
Ziy = Inv3 (1)
Zndrs o< ——< 1.
TP ap

It is worth noting that while the upper limit & < 1 is required for a
physically meaningful leaky wave, the switching condition between the

two zy, definitions, & = In v/2/(np,,), is imposed to avoid nonphysi-

. 19
cal cases for which 21V > z,4,.
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FIG. 2. Bloch analysis of the single-strip symmetric (green curves) and double-strip asymmetric [black curves in (a) and (b)] unit cells. Leaky (a) phase, 8, and (b) attenuation,
&, constants normalized with respect to the vacuum wavenumber k; are reported vs frequency f. (c) Colormap of the leaky-wave nondiffractive range (z*") as a function of the

normalized leaky phase, £, and attenuation,

ndr

&, constants. The white and green dashed lines represent the synthesized 5 and & values as the frequency varies (f increases in

the arrow direction) for the double- and single-strip unit-cell configurations, respectively. Three interesting frequency points fy, fi,, and fg: (see their definitions in the main text)
are here marked. As a reference, the unit-cell representation of each considered case is linked to the corresponding curve in a color-code manner.

The axicon angle 0y is commonly evaluated in leaky-wave BB
launchers through the normalized leaky phase constant by exploiting
the simple ray-optics approximation: 0y = arcsinfs.'**" However, in
this work, since f§ tends to zero for maximizing z,4r, the contribution
of the normalized leaky attenuation constant is nonnegligible and it
has to be considered for evaluating the leaky-wave pointing angle

through™
0y = arcsiny/ ﬁ a2, (2)

At this point, given p,, = 24.18 cm, the nondiffractive range ZWofa
generic leaky-wave BB launcher can be computed through (1) with the
Zndr evaluation by means of the definition of the axicon angle in (2). As
shown in Fig. 2(c), the nondiffractive range reaches its maximum value
of about 25m (approximately 50 times the aperture diameter and
2500 /) for the considered case study of a double-strip unit cell when
both /8 and & & are small and nonvanishing. It is worthwhile to point out
that, when | [f | < & [see black region in Fig. 2(c)], we are working in
the reactive regime of the propagating leaky wave (see’* for further
details), and thus, we do not consider the possibility to properly gener-
ate a BB.

The considered single- and double-strip unit-cell configurations
are able to excite a leaky mode whose frequency-dispersive behavior is
represented by the green and white curves shown in Fig. 2(c), respec-
tively. These latter are displayed starting from the minimum consid-
ered frequency fi, =27GHz in the region where an backward
cylindrical leaky wave is achieved (# < 0 and & > 0). From a closer
inspection of Fig. 2(c), the importance of the OSB suppression is clear:
the double-strip unit-cell configuration admits a leaky wavenumber
with simultaneously low and flat values for  and & and, in turn, very
high nondiffractive-range values. Conversely, the single-strip unit cell,
due to the OSB effect, shows large and rapidly changing & values when
B — 0, thus preventing the generation of a BB over a wide spatial
region (the green dashed curve mainly falls in the black, reactive region
with \/3| < @). In this case, the best workmg condition is at the fre-
quency fo = 28.6 GHz, where |B| ~ &, with f = —0.084 and
& = 0.081, corresponding to z-} = 0.34 m. The same B is obtained at
the same working frequency for the double-strip case with a much

lower attenuation constant (& = 0.006) thanks to the OSB mitigation;
in this manner, a zLY =z, = 2.87m is achieved, which clearly
shows the detrimental effect of large & values in the generation of long
nondiffractive ranges. It is, however, important to note that the attenu-
ation constant value also affects the radiation efficiency of the BB
launcher through the formula 5, = 1 — ¢ *™#»/% *° Therefore, a
large aperture radius in terms of wavelengths (here Pap = 24.184) is
needed as the o value decreases to reach a sufficiently high radiation
efficiency (here 17, ~ 85%).

Another interesting working point is the frequency
Jadr = 29.79 GHz (where f = —0.01 and & = 0.006, for the double-
strip unit cell), for which the maximum nondiffractive range of
Zndr =~ 25 m is obtained by the proposed wideband BB launcher, a per-
formance that would be unattainable without mitigating the OSB. The

condition for which the same f is synthe51zed by the single-strip unit
cell falls in the reactive region (viz., || < &) at fuar = 30.39 GHz with
o = 0.018. It is worthwhile to point out that the proposed double-
strip unit cell is only a case study able to show the importance of sup-
pressing the OSB phenomenon for enhancing the z,4 value.
Therefore, larger nondiffractive ranges could be obtained with an opti-
mized unit-cell configuration.

In order to corroborate the above-mentioned generation of a BB
over a wide nondiffractive region, the near-field evaluation of the
device has been addressed and is reported in Fig. 3. The direct deriva-
tion of the electromagnetic-field distribution from the full-wave solver
would have been computationally expensive due to the very large
extension of the spatial domain. For this reason, the simulation of a
3D model of the device has been applied to compute the full-wave
aperture-field distribution. As is well known, once the tangential
aperture-field profile is derived, the equivalence theorem can be
applied to find the equivalent electric and magnetic surface currents
on the aperture plane.”” At that point, the near-field distribution is
computed through the Huygens-Fresnel radiation integral (see, e.g.,
Ref. 20 for the field-evaluation procedure).

As shown in Fig. 1, a simple coaxial cable penetrating the ground
plane of the structure is considered for the proper generation of the BB
at microwave/millimeter-wave frequencies (in the terahertz range, one
should make use of a mode converter due to the lack of coaxial feeders
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FIG. 3. Colormap in dB of the electric-field radial component—normalized with respect to its maximum—obtained through the radiation integral of the (a) leaky-wave and (b)
full-wave aperture-field distributions for the double-strip unit-cell configuration at f = 4. The full-wave evaluation of the same field component is shown for the case of a (c)
double- and (d) single-strip unit cell at f = f, (the leaky-wave nondiffractive range is represented through a white dashed line).

at such high frequencies’). This source is able to excite a transverse-
magnetic (TM) polarized field. While the dielectric permittivity & =
2.1 and the dimensions of the coaxial cable conductors
(D, =0.99mm and d. = 0.31 mm—see Fig. 1) are standard, the
diameter of a metallic matching disk D,, = 5.38 mm and the penetra-
tion level of the coaxial cable h, = 1.32 mm in the grounded dielectric
slab (drilled at the center with a diameter D.—see Fig. 1) are tuned for
matching purposes. The S;; parameter obtained through a full-wave
simulation of the double-strip configuration is reported in absolute
value (in dB) in Fig. 4, showing a very good impedance matching over
the entire frequency band. By using the same feeding scheme for the

0 i yA—
Single w
5 Double /
o -10
=)
% -15
-25 >

27 28 29 30 31 32 33
f (GHz)

FIG. 4. |S11|(dB) parameter vs frequency f of the proposed long-nondiffractive-
range double-strip BB launcher (black solid line—inset on the bottom right corner)
and the conventional single-strip BB launcher (green solid line—inset on the top
right corner).

single-strip configuration of the wideband BB launcher, a strong mis-
match appears around 30.4 GHz. As one can infer from Figs. 2(a) and
2(b), this effect is due to the presence of the OSB because, exactly at
this frequency, ff and « vanish and, thus, there is an almost total reflec-
tion of the propagating wave.”*” Therefore, it is clear that the OSB
mitigation is important not only to simultaneously have a small and
nonvanishing value of & as § — 0, but also to avoid matching issues.

As shown in previous works,"” a vertical electric dipole (VED) is
an accurate model of the above-mentioned coaxial feeders; thus, the
total aperture-field distribution is suitably approximated by the azi-
muthally symmetric, TM-polarized, leaky-wave contribution.”® By
considering the leaky-wave aperture field for wideband BB launchers'*
with the leaky phase and attenuation constants in Fig. 2, the theoretical
near-field distribution can be computed through the equivalence prin-
ciple and the Huygens-Fresnel radiation integral.”"

The results reported in Figs. 3(a) and 3(b) are the near-field dis-
tributions of the proposed double-strip wideband BB launcher at
f = fadr» obtained through the radiation integral of the leaky-wave and
full-wave aperture-field profiles, respectively. The excellent agreement
(with a mean absolute percent error of less than 3%) corroborates both
the validity of the leaky-wave analysis through a full-wave simulation
and the correct generation of the above-mentioned BB with
Zndr =~ 25m through an aperture radius p,, = 24.18 cm. Figure 3(c)
shows the simulated field distribution for the launcher with double-
strip unit cells at fi, = 28.62 GHz, where § = —0.084 and & = 0.006.
As discussed above, this phase-constant value corresponds to the theo-
retically “best” working condition for the single-strip unit-cell configu-
ration. Therefore, in Fig. 3(d), the BB generated at f = f;, by the
launcher with the typical single-strip unit cell is reported for
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comparison. As expected, a leaky-wave nondiffractive range of only
34 cm [white dashed line in Fig. 3(d)] is reached in this case. With the
same f3, a nondiffractive range znq, = 2.87 m [see white dashed line in
Fig. 3(c)] is achieved thanks to the OSB mitigation provided by the
double-strip configuration. Therefore, the importance of the OSB sup-
pression in leaky-wave BB launchers is again clearly visible by a direct
comparison of the electric-field distributions in Figs. 3(c) and 3(d).

In conclusion, this work has demonstrated the critical role of
open-stopband mitigation in extending the nondiffractive range of
leaky-wave wideband Bessel-beam launchers. In particular, this objec-
tive has been addressed through the design of an asymmetric double-
strip radial unit cell for the annular metal strip grating constituting the
radiating aperture of the device, given by a simple grounded dielectric
substrate fed by a coaxial probe. The theoretical leaky-wave design
remarkably agrees with full-wave simulations, confirming the possibil-
ity of generating a Bessel beam over extremely long distances. In par-
ticular, with an aperture radius of about 25 cm, a nondiffractive range
of approximately 25 m has been achieved—equivalent to 50 times the
aperture diameter and 2500 vacuum wavelengths. These findings high-
light the potential of Bessel beams for innovative and practical
millimeter-wave applications, setting the stage for new advancements
in the area of long-distance energy focusing.
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