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Abstract—The sixth-generation (6G) of wireless communica-
tions is expected to utilize (sub) terahertz (THz) frequencies
in fulfilling the ambitious goals of very high data rates, ultra-
low latency, and high density of interconnected devices. To
combat the very high path losses at these frequencies, large
antenna array apertures are required. However, due to the
very large far-field distance of these arrays, the conventional
assumptions of beamforming are compromised in most limits
of wireless communications. Thus, it is necessary to engineer
new wavefronts that are valid in the near field. This paper
presents early results which indicate that Bessel beams, with a
well-defined, non-diffracting propagating wavefront in the near-
field, have promising applications in the next generation of
wireless standards. Numerical results and their interpretations
are provided to highlight that Bessel beams can perform better
in near-field communication scenarios than canonical spherical
and plane wave models. In addition, experimental results of a
communication link at THz frequencies with Bessel beams are
presented to further validate these as a contender for the “ideal”
wavefront in 6G wireless standards.

Index Terms—Terahertz communications; 6G; Bessel beams;
Axicon;

I. INTRODUCTION

The development of the sixth generation (6G) of wireless
standards endeavors to reach tremendous milestones compared
to the preceding wireless generations [1]-[3]. One nearly
unanimously accepted goal for 6G standards is the ability to
support wireless data rates reaching up to the 1 terabit-per-
second (Tbps) mark. To sustain such data rates, new spectral
resources are required to complement the microwave and
millimeter (mmWave) bands that have been utilized in the
fifth generation (5G) standards. While the free space optical
(FSO) bands, operating in the infrared regime, provide a nearly
boundless bandwidth [4], the very high path losses, health and
safety concerns, and lack of dexterous and small devices make
their utilization in ubiquitous wireless standards unfeasible [5].

In between the mmWave and FSO bands lies the terahertz
(THz) band, defined as 0.1-10 THz [6]. The THz band provides
a much larger bandwidth than the mmWave and microwave
bands, without the safety concerns or the very high path
losses of the FSO bands. THz-band communications have
been investigated as one of the most promising breakthrough
technologies for enabling the next generation of wireless stan-
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dards [7], and several breakthrough developments in device
technology have begun closing the so-called THz technology
gap [8].

Nonetheless, the limited output power of small on-chip
sources, the high path losses (as compared to the RF bands),
and the susceptibility of THz communications to blockage still
present pressing challenges in developing THz-band commu-
nications. The path loss includes the absorption loss and the
spreading loss. The frequency selective absorption loss divides
the THz-band into multi-GHz wide transmission windows.
Thus its effect can be neglected if systems operate in a
frequency band that avoids the absorption lines, many of which
can still provide several GHz of contiguous bandwidth [9].
The spreading loss is proportional to the size of the antenna.
As the high frequencies of the THz band constitute small
(sub-millimeter) wavelengths, the size of the antennas and
the corresponding received power density for typical antenna
designs decreases [10]. This loss is further aggravated when
therer is low transmit power, as is often the case with most
THz communication systems [11].

Many envision using antenna arrays to generate high-gain,
directional beams for THz-links to compensate for this high
path loss [12]. In antenna arrays, multiple radiating elements
are utilized to create an EM superposition that can concentrate
the energy into a narrow beam [10]. The narrower the beam,
the larger the gain, or directivity, of the array. Owing to the
very small wavelengths of THz frequencies, antenna arrays
of many elements can still have a small physical size. For
example, at 1 THz, a 10 cm planar array would provide a
gain of 55 dB. Furthermore, the deployment of extremely
large (few meters) intelligent reflecting surfaces (IRSs) is also
expected to help sustain smart and efficient non-line-of-sight
(NLoS) links, reducing the blockage problem [13]. Indeed,
many works have shown that with high gains from many-
element (yet physically small) arrays, multi-meter-long THz
links are feasible, supporting high-rate, reliable transmission.

However, such studies are often conducted under two major
assumptions: a) far-field operation of the array, and b) narrow-
band communications. These assumptions are challenged at
THz frequencies.More specifically, far-field operation cannot
be considered valid for most scenarios unless the electrical
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Fig. 1: The far-field assumption assumes that the angle of the point
of interest from every element of the array is equal. Thus, 6_y; ~
On =~ 6y, where 0y is the orientation from the centre of the array.
Then, the corresponding path lengths, and subsequent phase delays,
are thus linear values dependent on the central angle 6. In the far-
field region, the maximum phase discrepancy from this simplification
is 7/8 and the assumption is considered valid

size and, therefore, the gain of the array is extremely limited.
Thus high-gain THz arrays will often operate in the near field,
where wavefront propagation is spherical [10] and traditional
beamforming is no longer ideal. While near-field signal pro-
cessing is being investigated both through beam focusing and
customized radiation patterns using metasurfaces [14], [15],
the question remains: does the manifestation of near-field
communications in the (sub-)THz band necessarily constitute
a problem, or can we, through an EM perspective, exploit
radiation mechanisms to our benefit?

In this paper, we present Bessel beams as a promising solu-
tion for near-field THz band communications. First, in Sec. I,
we revisit the near-field phenomenon and its likelihood in THz
communications as a result of the link budget requirements.
We expand upon the different radiating regimes and operation
of an array in Sec. III. We also explain a simple method of
generating Bessel beams which allows us to experimentally
validate their exciting properties. We present our results in
Sec. IV and conclude our paper in Sec. V.

II. PHYSICS OF NEAR-FIELD PROPAGATION

In this section, we explain the superposition principle that
governs radiation from a large aperture and the corresponding
near and far-field that are generated. We go on to explain why
the near-field is so large in high-data-rate THz communica-
tions.

A. The Superposition Principle
An array acts as a large aperture device, in which each of the
radiating elements radiates an EM signal. The superposition of
these signals then describes the amplitude of the EM signal as
generated by an array aperture. For an array in the x/y plane,
centered at Z = 0, the resultant EM signal is given as [16]:
Az = - [ algn,0) ZPERIUE ge gy (1)
JxN v 2

T1

where the size of the array is x = &; y = 7. The wave vector r;
specifies the position vector, or propagation of the EM signal,

from the origin (0, 0, 0), and the angle v captures the deviation
of the position vector from the transverse Z-axis. We notice
that the complex amplitude A(x, y, z) is related to the complex
amplitude A(&, 7, 0), or that the entire propagation is governed
by the relation between the currents on the radiating elements.
For a given distribution of sources across the array aperture,
the individual EM signals add constructively at a position
vector 7y if the time delay, Jt, between the path lengths of
the EM signals is an integer multiple of the period of the
signal. Thus, the time delay can be approximated as a phase
delay d¢ = 27 fdt, where f is the signal frequency.

B. The Near-field Region

It is clear from the above discussion that every phase delay
for a source on the array must be calculated as a relative
phase delay compared to a central, or reference source. As
an example in Fig. 1, the array has 2M + 1 elements, and the
relative phases are all decided per the central element located
at the origin. Then, based on the orientation of the position
vector of the reference receiving point, every element has an
individual path length that must be calculated and transformed
into a subsequent phase delay for coherent superposition of the
radiation.

However, as highlighted in Fig. 1, we notice that as the
reference point is moved farther away from the array, the
discrepancy in the angles decreases. Indeed, if the reference
point is infinitely far away from the array, we can consider the
same angle connecting the reference point with each element
of the array. We thus define the far-field region as the distance
beyond which we can safely assume the reference point to be
far enough away from the array such that there are no severe
discrepancies in the assumed and actual path lengths. In this
case, the phase delays can be derived by assuming the same
angle from the broadside across all the array elements. Indeed,
the maximum discrepancy in these phase delays is then limited
to /8 [10], and array processing is significantly simplified by
assuming the plane wave model.

For an array of side length D;, operating at a design
wavelength of A, the boundary of the far-field Dyy is then
given by by [10]:

Dy > 2L 2
= )
If the receiving device is also an array, with a side length
of D5 such as in a multiple-input, multiple-output (MIMO)
system, the far-field boundary is extended to:

2(D1 + D2)2

D¢y >
= \

3)

It is worth noting that the boundary is thus dependent only
on the electrical aperture and not the actual size of the device.
When the link distance is less than the far-field boundary, the
fundamental regime of operation is the near-field. Within the
near-field, the radiating characteristics become more complex.
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C. The Massive Near-field Region of THz Communications

For THz communications, devices will often be operating
in this near-field region due to the high-gain, and therefore
large antenna aperture dimensions, required by the path loss.
We recall that a high signal-to-noise ratio (SNR) is desirable
for low bit error rate (BER) and high data rate communica-
tions [17]. For reliable communications, the BER must be kept
below a certain threshold. This BER threshold will corespond
to a certain energy per bit, Fj, to the noise spectral density
Ny, or E, /Ny threshold. Thus, for a given channel bit-rate f3
and a bandwidth B, the SNR must satisfy [17]:

SNR > 10log;, (%g) + NF, 4)
where IV F' accounts for the noise factor during demodulation
prior to processing.

To achieve this desired SNR, the received power Prx must
satisfy

Prx > SNRyin + NoB. )]

However, for a given transmitter power Prx, the received
power is determined by:

Prx = Prx — PL 4 Gsys, (6)

where PL is the distance-dependent path loss, and Gy, is the
combined gain of the system from the transmitter, receiver and
(if present) any IRSs. The path loss over the link distance R
from the Tx-Rx channel consists of the spreading loss and the
absorption loss, and if an absorption-free transmission window
is chosen, then the spreading loss dominates,

2
PL =~ 10log;, (@) , @)
and increases as the wavelength decreases.

Thus, for higher spreading loss, we require a higher system
gain. The gain G of a device is the effective measure of how
concentrated the radiated power is in a given direction. The
solid radiation angle €2, of a device with linear (not dB) gain

G, is found as [10]: )

us
Q= Gy ®)

assuming the directivity and gain to be equal. At the same

time, we observe that for a square, planar array with a side
length L, we have [10]:

A\ 2 /2.782)\?
o= (5) (T7) g

and thus, we need a minimum side length to guarantee the
desired gain. Therefore, for the required gain G, the side
length L must satisfy:

L> (2;2) (2.782\/51).

Thus, using (2) we see that the far-field distance of this device
would be [10]:

(10)
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Fig. 2: Size of an array (area) and the corresponding gain. The cutouts
indicate the far-field values at these sizes. Designs are at 130 GHz

carrier.

where, once again, the gain is a linear expression. Thus,
we notice that as the required absorption loss increases,
the required gain and thus the corresponding near-field zone
increases substantially.

We present the relation between the gain and near-field
distance in Fig. 2. We observe that the large size of the planar,
square array that satisfies the gain requirement also increases
the corresponding far-field distance, which is presented at
certain key values. Furthermore, as the gain is a non-linear
relation to the area of the device, we need a substantial increase
in the size, and therefore the far-field distance, to continue to
provide for a larger gain.

ITII. POSSIBLE NEAR-FIELD SOLUTIONS

In this section, we discuss some of the fundamental beam
shapes that can be generated by an array and the corresponding
required wavefronts.

A. Beamforming vs. Beam Focusing

In the far-field, beamforming is often the preferred method
of achieving high power gains from antenna arrays. Here, the
electric field from (1) is expressed towards a direction specified
through spherical coordinates (6, ¢). The required phases, as
described in Sec. II-A, are then found and applied to the array
elements in the form of a codebook across the array C(P)
given by [10]:

C(P) = —k(dsin(Ax cos ¢ + Aysin¢)), (12)

with d as the separation between the elements. An increase in
Ax or Ay signifies the particular element of the array that the
codebook is applicable to.

As shown in Fig. 3(a), when the aperture is large, beam-
forming plane wave approximation results in the beam not
yet being “formed" for quite some distance. Thus in order to
achieve a high gain in the region close to the array (i.e. in
the near field), the codebook must be calculated considering

1,2 A the precise location coordinates of each antenna element and
Dy = 27 = ﬁ2.7822Gl, (I1)  the receiving point. This approach is known as beam focusing,
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Fig. 3: Different radiation profiles from an array: a) beamforming is compromised in a large aperture, for which the ideal operation (with
a smaller aperture) is shown in b), with the inset providing a zoomed perspective on the radiation; c¢) beamfocusing; and d) Bessel beams.
The side by side insets in b), c), d) showcase the beam intensity and phase profile respectively. Black arrows indicate wavefront direction

and the color bar indicates phase in radians.

and in this case, we must use a quadratic phase which captures
the phase from a spherical wave generated by the transmitter
array within the near-field, as shown in Fig. 3(c). The result
is the beam focusing at a particular spot in space rather than
in a given direction. The required codebook C/(¢) is then:

C(®) = etibm (13)

providing an exact conjugate of the individual path distance
from each element to the RX, with the convergence at a
specific spot [10]. The resolution (beam-spot) F' governed by
the Abbe limit [18], which in an aperture of size R is:

F =1.02\/(R/2). (14)

We observe that beam focusing is equivalent to beamforming
if we assume the focusing point to be at infinity - effectively,
beyond the near-field and in the far-field, the focused beam
spot is equivalent to a beamwidth, and the plane wave ap-
proximation is sufficient for determining the phases required.

Clearly, beam focusing requires precise location coordi-
nates, and thus the demands on channel estimation are quite
high, even for micro-mobility scenarios. These requirements
lead us to explore an alternative solution.

B. Bessel Beams in the Near-field

With the likelihood of a massive near-field in THz com-
munications and the fact that the simplest spherical model
comes with inbuilt limitations on location and propagation,
we identify other beam shapes that are possible in the near-
field. Notably, Bessel beams, first introduced by Durnin et. al
in [19], possess a beam profile B(z,y, z) given as:

B(z,y,2) = Ji(kr /22 + y?)exp(jkzz)exp(jltan”" (y/z)), (15)

where the wavevector k has the radial and transverse compo-
nents k, and k, respectively, satisfying k2 + k2 = k2. J;(-) is
the [-order Bessel function, and the intensity of such a beam
remains independent of the distance of propagation. Thus,
within the propagation distance of the Bessel beam in the
near-field, the beam does not experience spreading losses. The
characteristic beam profile is seen in Fig. 3(d), with the insets
showing the non-diffracting beam intensity. The wavefront of
such beams is similar to plane waves traveling inwards on a
cone; for a cone angle 6, the codebook that satisfies a Bessel
beam generation is given as:

C(P) = kv/22 + y?sin(6).

The zero-order Bessel with [ = 0 has a bright central spot,
with multiple concentric rings around it, which are all in phase.
Thus, the power transmitted to a receiver depends on the
number of concentric rings that can be captured by it. The
relation between the central spot size is determined by the
zeros of the Bessel function, which thus depends on the radial
wavevector k.

While true Bessel beams, which maintain a diffraction-free
profile regardless of the propagation distance, require infinite
power [19] a finite aperture produces a finite distance quasi-
Bessel beam. As shown in Fig. 4(a), for a finite aperture of 2R,
the maximum distance of propagation Z,,,, is found as [20]:

R
tan(0)’

(16)

Zmaz = (17)

in which 6 is the cone angle.

C. Generation of a Bessel Beam through an Axicon

As shown in Fig. 4(a), a Bessel beam can be gener-
ated through an array, with the phase difference given by
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Fig. 4: Bessel Beam Generation: a) An Array that creates a Bessel with a cone angle 6 can be mimicked by; b) an Axicon that receives a
collimated Gaussian beam of the same aperture size. The Axicon angle v must be matched to the relation of the cone angle and the refractive

index 7.

(16). At the same time, as shown in Fig. 4(b), the same
is possible through a custom-designed lens, or axicon. This
axicon has a pyramid-shaped thickness, which imparts the
conical phase [21]. For an axicon with refractive index 7, the
equivalent relation between the axicon opening angle v and
the cone angle 6 of the Bessel, is given as:

0 =tan™" ((n— 1)), (18)

assuming that the axicon and the array have the same aperture.
The axicon must receive a planar Gaussian beam at the
incident side. For this, the radiation from a horn antenna can be
collimated through the utilization of a lens, i.e., the utilization
of a horn-lens antenna.

IV. EXPERIMENTAL VALIDATION

In this section, we present our results to indicate the
efficiency and requirement of Bessel beams in (sub) THz
communications for realizing 6G and beyond key performance
indicators.

A. Experimental Set-up

Using the TeraNova testbed [22], we generate single-
carrier information signals at an intermediate frequency (IF)
in MATLAB with a variety of badnwidths and modualtion
orders. These digital IF signals are converted to analog signals
using a Keysight arbiitrary waveform generator. The result is
upconverted to a carrier frequency of 130 GHz with a custom-
designed front-end from Virginia Diodes (VDI). The signal

Fig. 5: Experimental Testbed in which the Axicon is mounted directly
atop the horn-lens antenna, seen on the left.

then travels through a 40 dBi lens antenna that generates a
collimated Gaussian beam, functioning as the front portion
of the setup explained in Fig. 4(b). A 3-D printed axicon
of the same size as the lens, 11.8 cm, is attached to the
front of the lens to transform the information-bearing Gaussian
beam into a Bessel beam. The axicon material is Polylactic
acid (PLA), with a refractive index of approximately 1.6 at
130 GHz frequency, and very low material losses.

The receiver is placed 40 cm away from the transmitter
and uses a 21 dBi antenna to capture the signal at the non-
diffracting region of the Bessel beam. The signal is downcon-
verted to an IF before a Keysight Digital Storage Oscilloscope
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General

Link Distance, h 40 cm
Transmitted power, Py 7.5 dBm
Transmitter antenna gain, G, 40 dBi
Receiver antenna gain, Grg 21 dBi

TABLE I: System parameters

Bandwidth [ Modulation Order [ Bit Rate [ Bessel BER ]
5 GHz 16 10 Gbps <2.08e-4
5 GHz 64 15 Gbps <1.3889¢-4
5 GHz 256 20 Gbps 4.1667¢-4
20 GHz 16 40 Gbps <2.08e-4
20 GHz 64 60 Gbps 0.0131
20 GHz 256 80 Gbps 0.0833

TABLE II: Performance of Information-Bearing Bessel Beams at
130 GHz

(DSO) digitizes and stores the IF signal. The In-Phase and
Quadrature (IQ) symbols as well as the originally transmitted
bitstream are then retrieved.

B. Multi-Gbps Links with THz Bessel Beams

The achieved bit rates and BERs are shown in Table II,
and the received IQ constellations are shown in Fig. 6(a-
if, for different signal bandwidth and modulation order. For
higher-order QAM modulations, the bit rate increases but
the error probability also increases. Similarly, utilizing more
bandwidth enables higher bit rates, but can lead to a higher
error probability. Nonetheless, we see that Bessel beams can
achieve 40 Gbps with 20 GHz of bandwidth and a 16-
QAM modulation scheme in single-carrier near-field sub-THz
communications.

V. CONCLUSIONS

In this paper, we emphasized the importance of correctly de-
termining the radiating regime of devices that can be expected
to provide high data rate communications in the next genera-
tion of wireless standards. With the likelihood of the near-field,
the conventional plane wave model becomes invalid, and the
spherical wave model is inefficient. Exploiting other near-field
designs, such as Bessel beam-generating conical wavefronts,
can provide robust communication links. We highlighted how
Bessel beams can be generated both through arrays as well as
lens-like Axicons. Our results highlight both the massive near-
field region of (sub) THz-communications, as well as the first
multi-Gbps link at these frequencies through Bessel beams.
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Fig. 6: Received IQ constellations of information-bearing bessel beams
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