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Abstract

This paper presents a robust high data-rate link using two
broadband Bessel beam launchers in the sub-THz range.
The carrier is generated by photomixing and photonically
modulated, achieving an error-free link at 15.5 Gb/s with
QPSK modulation format has been achieved in an offline
configuration. Bit Error Rate curves at 2.75 Gb/s are mea-
sured to demonstrate the resilience of Bessel beams in the
presence of an opaque metallic obstacle in the line of sight.

1 Introduction

Bessel beams, introduced by Durnin in 1987 [1], are ex-
act solutions of the Helmholtz equation and appear to defy
one of the fundamental laws of physics: diffraction. How-
ever, the realization of truly non diffractive beams would
need an infinitely large aperture and, since Bessel beams
are not square integrable functions, an infinite amount of
energy. Fortunately, one can generate truncated or tapered
Bessel distributions, which exhibit non diffractive behav-
ior within a limited range referred to as the non diffractive
range (NDR).

Bessel beams have primarily been investigated in optics and
applied to areas such as optical tweezers [2], laser machin-
ing [3], or even ultrasound imaging [4]. They are typically
generated using an axicon lens fed by a Gaussian beam.
Their non-diffractive property can be understood through
ray optics, as they do not produce a focal point like tra-
ditional lenses but instead create a line-shaped focus. In
addition to their non diffractive properties, these beams can
reconstruct themselves after passing through a shadow re-
gion caused by an obstructing opaque metallic obstacle.

Due to the constant increase in the data rates required for
short-range connections for Wireless Personal Area Net-
works (WPANSs), kiosk downloading, future data centers
[5], and wireless energy transfer [6, 7], millimeter-wave
Bessel beams [8—11] are garnering growing interest. At
microwave and millimeter-wave frequencies, Bessel beam
launchers based on conventional lenses either experience

spillover losses due to their limited electrical size or be-
come excessively bulky. The solutions based on metasur-
faces use radial waveguides and artificial surfaces, provid-
ing compact structures [8§—12]. However, their resonant or
dispersive properties imply a relatively limited bandwidth,
generally less than 20%. We propose a relatively compact
Bessel beam former based on a W-band spline-curved horn
with a 33% relative bandwidth, ranging from 75 GHz to 105
GHz. This non-diffractive source is then used to establish
high-speed near-field connections resilient to obstructions.

This paper is structured as follows: Section 2 compre-
hensively describes our broadband W-band Bessel-beam
launcher. Section 3 details the microwave photonics link
setup employed for our link demonstrations. In Section
4 we experimentally demonstrate the self-healing property
by featuring Bit Error Rate (BER) measurements both with
and without an opaque metallic obstacle obstructing the
LOS. Finally, Section V draws the conclusions.

2 Bessel beam launcher

The non-diffractive Bessel beams are generated by means
of a spline-profile horn, which presents a circular radiating
aperture with radius r of 15 mm (4.5, with Ay being the
free space wavelength at the central operating frequency of
90 GHz).

The non-diffractive behavior [9] is obtained by synthesizing
the higher-order TE, transverse electric mode of a circular
aperture [13]. Thus, the tangential aperture field reads as:

Ey = EokonJy (kep) 1)

with Ey being an arbitrary complex-valued constant, and kg
and 7 the free space wavenumber and impedance, respec-
tively. J; (+) is the Bessel function of first kind and first order
and k. stands for the radial wavenumber of the generated
Bessel beam. The radial wavenumber . is fixed to jj»/r =
0.25ko, where j,, is the m-th root of J,(-) (ji» = 7.016
in our case). The value of k. yields a Bessel beam with a
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Figure 1. (a) Internal shape of the horn as well as the modal
amplitudes at the input of the rectangular WR-10 waveg-
uide and at the output of the circular waveguides. (b) Pic-
ture of the Bessel beam former. (c) Spline-profile section of
the transmitter, circular markers determine the position of
control points; p’ represents the radial coordinate. (d) Am-
plitude of the electric field |[Ey| measured in the xoz plane
at 90 GHz.

small axicon angle 6y (6y = arcsin(k./kg) ~ 15°) and, thus,
a moderate non-diffractive range zm,x given by [1]:
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The structure adopted to obtain the TE(, field distribution
consists of two parts: a Marié mode converter and a spline-
profile horn. The inset in Fig. 1(a) shows our Marié trans-
ducer [14, 15], which transforms the TE ¢y mode of a stan-
dard WR-10 rectangular waveguide into the higher-order
TEy, circular waveguide mode. The Marié section provides
the desired azimuthal symmetry at the input of the spline
horn. As for the spline horn, it synthesizes the TEq, distri-
bution over the radiating aperture in the 75-105 GHz band.
The design relies on a optimization procedure [16], which
is based on an in-house mode-matching tool and aims at
converting the TEy; mode of an input circular waveguide
with radius p;, = 2.92 mm to the targeted TEp, mode. To
that end, the cubical spline profile is modified at each iter-
ation by tuning the position of 7 control points defined in
Fig. 1(c). The launcher has been fabricated using Selec-
tive Laser Melting (SLM) technology and AlSilOMg pow-
der material. Fig. 1(b) shows one of the realized launchers
with insets that zoom in on both the WR-10 input waveg-
uide and the output of the Marié converter.
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Figure 2. (a) Normalized electric field magnitude Ej in
the xoz plane measured at 90 GHz with a metallic obsta-
cle in the LOS located at d = 9.6 mm (b) Coherent opto-
electronic detection scheme. ECL: External Cavity Laser,
DSB: Double Side Band, EDFA: Erbium Doped Fiber Am-
plifier, OSA: Optical Spectrum Analyser, Pol. Ctrl: Polar-
ization Controler, AWG : Arbitrary Waveform Generator,
NDR: Non Diffractive Range, SHM: Mixer, LO: Local Os-
cillator.

The non diffractive range zmax =60mm, as obtained from
(2), has been experimentally verified at 90 GHz by mea-
suring the electric-field magnitude |Ey| in the xoz (see
Fig. 1(d)).

3 Coherent near-field transmission setup

The sub-THz carrier can be generated either through an
electronic approach, by up-conversion [17], or through a
heterogeneous approach using optoelectronics to convert a
waveform in the optical domain to the desired mm-wave
frequency [18]. The latter approach was chosen for our
near-field link due to the numerous advantages and flexibil-
ity in frequency selection offered by photonic technologies.

Figure 2(b) illustrates the transmission scheme adopted to
achieve a coherent communication using a QPSK wave-
form at W-band. Two external-cavity lasers (ECL) are first
used to generate two optical carriers at f]; = 193 THz and
f12 = 193.09 THz, respectively. ECL1 is then modulated
using a QPSK waveform. Finally, these two optical carriers
are injected into a wideband THz photo-mixing transmitter
from TOPTICA Photonics, which comprises a bowtie an-
tenna driven by a PIN photodiode and placed at the focus
of a hyper-hemispherical silicon lens [19].

The carrier is coupled into the Bessel beam former Tx us-



‘ }
_launchers nbslacle 'i - /

‘4l

J 40 GHz IQ
‘!IEII, "

DCpholo \ -,f'.k- TN
current ‘

Figure 3. Pictures of the setup used for the BER measure-
ments. Upper left: Zoom into the two Bessel beam launch-
ers in the presence of a metallic obstacle.

Vi

ing a 20 dBi conical horn. The near-field link is established
between two identical Bessel beam formers, as shown in
Fig. 3. After being received by the second horn, the 90 GHz
signal is down-converted to an intermediate frequency (IF)
using a sub-harmonic mixer (VDI WR10 SHM) pumped at
fL.o=41.5GHz. The signal is then detected and recorded
by an oscilloscope at a central frequency of 7GHz for of-
fline IF demodulation.

4 Link measurements results

To illustrate the self-healing characteristic of the generated
Bessel beams over the bandwidth of interest in a realistic
scenario, we have compared the BER at 2.75 Gb/s while
varying the distance between two Bessel-beam launchers,
both with and without an opaque obstacle obstructing the
Line Of Sight (LOS). The obstacle consists of a circu-
lar metallic patch with diameter ap = 7 mm and thickness
t = 0.42 mm. The patch is axially aligned with the spline
horn at a distance d = 9.6 mm from its aperture, using a thin
dielectric thread and a 4-axis micropositioner (see Fig.3).
The Bessel beam is expected to reconstruct itself after pass-
ing through a shadow depth zp,in, calculated using [20]:

Zmin = (a0/2) cot 6. 3)

For the selected obstacle, the estimation of the shadow
depth using (3) yields zyin = 13.67 mm at 90 GHz, a value
experimentally confirmed by the measurements of the elec-
tric field magnitude E,, as shown in Fig. 2(a).

In the absence of an obstacle, error-free transmission was
achieved in the range of 15 mm < s < 115 mm. When an
obstacle was placed at d = 9.6 mm, error-free transmission
was obtained in the range of 25 mm < s < 115 mm, which
is in agreement with the previous case with an offset corre-
sponding to slightly less than the shadow region. The BER
curves in Fig. 4 can be divided into three regions. In the
first few millimeters, i.e., 0 mm < s < 15 mm, the BER
is mostly limited by the presence of strong standing waves
extinguishing the sub-mm carrier. At greater separations,
s > 35 mm, the standing wave effect becomes negligible
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Figure 4. BER as a function of the separation s of the
Bessel launchers using QPSK modulation format at 2.75
Gb/s. The red curves represents the BER w/o obstacle in
the LOS and the yellow curve with an obstacle placed at
d = 9.6 mm from the Tx Bessel launcher. The NDR is set
at 60 mm and z,,;, +d at 23 mm.

(less than 1 dB in our bandwidth of interest), until reach-
ing the best Signal-to-Noise Ratio (SNR) at a distance of
50 mm. Beyond the NDR, which extends to approximately
60 mm at 90 GHz, the signal diminishes until the SNR be-
comes too low for reliable demodulation.

To further demonstrate the capability of our Bessel-beam
launchers in achieving high data rates in near-field links,
we placed the two Bessel-beam launchers at a distance
s = 60 mm. This configuration was selected to optimize
the transmitted power from the transmitter (Tx) to the re-
ceiver (Rx), achieving an estimated transmission coefficient
(1S21], measured from the WR-10 input of launcher #1 to
the WR10 output of launcher #2) higher than —4 dB across
the entire bandwidth of interest. In this configuration, we
successfully achieved a net data bitrate of 15.5 Gb/s us-
ing QPSK modulation by employing an advanced demod-
ulation algorithm capable of compensating for the substan-
tial power variations stemming from the TOPTICA mod-
ule. Fig.5(a) shows the retrieved constellation, which corre-
sponds to an Error Vector Magnitude of 18.7%. The associ-
ated normalized Power Spectrum Density (PSD) is depicted
in orange in Fig. 5(b) with an SNR of 25 dB. The wave-
form bandwidth of 8 GHz reflects the spectral efficiency of
1.8 bits/Hz associated with the utilized modulation format.

We must emphasize that the achievable data rate with our
Bessel beam formers can easily surpass the reported 15.5
Gb/s. Although the Toptica module can transmit up to 1.2
THz, the strong variations in emitted power over the fre-
quency significantly impact the performance of the link, as
illustrated by the dashed gray curve in Fig. 5(b), represent-
ing the normalized power variations of the Toptica trans-
mitter in the considered frequency band.

5 Conclusion

This study demonstrates the robustness of millimeter-wave
Bessel beams against strongly diffracting obstacles, con-
firming their ability to provide high throughput and reliabil-
ity. Using two wideband transmitters from our laboratory,
we illustrated the resilience of obstructed Bessel beams by
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Figure 5. (a) Constellation diagram of QPSK waveform
at 15.5 Gb/s. (b) Orange curve : Associated normalized
Power Spectrum Density of the received QPSK waveform.
Grey dotted curve: Measured emitted power of the Toptica
Tx photo-mixer reported at IF frequencies (0-20 GHz).

a 7 mm metallic obstacle at a distance of 9.6 mm, analyz-
ing the BER at 2.75 Gb/s with and without the obstacle.
An offline QPSK link at 15.5 Gb/s (BER < 1077) was es-
tablished, highlighting the potential of sub-millimeter-wave
Bessel beams to address challenges in near-field communi-
cations and pave the way for practical applications in high-
speed wireless communication systems.
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