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Abstract—Terahertz (THz) band communications is envisioned
as a key technology for future wireless standards. Substantial
progress has been made in this field, with advances in hardware
design, channel models, and signal processing. High-rate back-
haul links operating at sub-THz frequencies have been experi-
mentally demonstrated. However, there are inherent challenges
in making the next great leap for adopting the THz band in
widespread communication systems, such as cellular access and
wireless local area networks. Primarily, such systems have to
be both: (i) wideband, to maintain desired data rate and sensing
resolution; and, more importantly, (ii) operate in the massive near
field of the high-gain devices required to overcome the propaga-
tion losses. In this article, it is first explained why the state-of-the-
art techniques from lower frequencies, including millimeter-wave,
cannot be simply repurposed to realize THz band communication
systems. Then, a vision of wavefront engineering is presented
to address these shortfalls. Further, it is illustrated how novel
implementations of specific wavefronts, such as Bessel beams
and Airy beams, offer attractive advantages in creating THz
links over state-of-the-art far-field beamforming and near-field
beamfocusing techniques. The paper ends by discussing novel
problems and challenges in this new and exciting research area.

Index Terms—Terahertz Communications; 6G; Wavefront En-
gineering; Bessel beams; Near field; Orbital Angular Momentum

I. INTRODUCTION

HE terahertz (THz) band (0.3-3 THz) has been heav-
Tily investigated by the scientific community over the
past decades for wireless sensing and communications. With
developments relating to device technology, new waveform
modulations, signal processing techniques, and robust digital
back-ends, the so-called “THz technology gap” is slowly
closing [1]. However, the open question that remains is how
to design a practical THz band communication system that
delivers on the promises of the next generations of wireless
networks, which are tentatively marked as 1 terabit-per-second
(Tbps) data rate, 0.1 ms latency, and “10~2" reliability [1].

Here, Shannon’s capacity gives us major metrics to work
with. More specifically, the channel capacity depends on:
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(i) the available bandwidth, (ii) the received signal-to-noise
ratio (SNR), and (iii) the spatial reuse factor. While the
THz band provides massive available bandwidth for ultra-
broadband modulations, the corresponding noise power, crip-
pling path losses, and the fact that THz signals are easily
obstructed by everyday objects can have devastating conse-
quences on the SNR, leading to link breakage. The THz
channel is also low rank, making many un-correlated multiple-
input-multiple-output (MIMO) links unlikely [2]. These prob-
lems have thus spurred significant research efforts [1], [3], [4].

To this end, in addition to the utilization of very high
gain antenna arrays [5], intelligent reflecting surfaces (IRSs)
are expected to support THz links [3]. The main goal with
these devices is to utilize beamforming theory to increase the
radiation gain, spatial multiplexing capability, and robustness
of reconfigurable links including non-line-of-sight (NLoS) ca-
pability around obstacles. The very small wavelengths at THz
frequencies result in such high-gain devices being relatively
compact but having a massive near-field region. Thus, in
most practical setups, the conventional far-field beamforming
assumptions of the microwave, and to a large extent, the
millimeter-wave (mmWave) bands, do not hold [5], [6].

Here, we observe that the properties of a beam generated
from an aperture are completely defined by the phase and,
in some cases, amplitude distribution of the electric field at
the aperture itself. Thus, the knowledge of the wavefront,
i.e., the imaginary line that connects all the points of a wave
with the same phase, is enough to completely characterize
the beam [7]. However, exploring the concept of wavefront
engineering at THz frequencies to generate beams that have
well-defined propagation characteristics in the near-field is
a significant task, much more complicated than canonical
phased array beamforming. Aside from near-field beamfo-
cusing which utilizes a lens-like approach from the optical
domain, other wavefronts and corresponding beams have also
been explored, primarily for imaging and sensing purposes [8],
[9]. The THz band however provides a Goldilocks zone for a
novel implementation of such wavefronts in realizing efficient
communication links as well.

In this paper, we present a vision for THz wavefront
engineering to realize practical THz band communications by
utilizing wavefronts that can operate in the near field, mitigate
the blockage problem, and guarantee multiple un-correlated
channels matching perfect MIMO expectations, without the
need of advanced signal processing algorithms or active relays.
The present tutorial should boost further research in the grow-
ing area of combining electromagnetics and communications



for physical layer design in 6G and beyond wireless systems.

II. THE INHERENT PROBLEM OF THZ COMMUNICATIONS

Modern radio communications have been, for the most part,
explored and developed under two major postulations: (i) the
far-field assumption; and (ii) the narrow-band assumption.
Prospective ultra-high data rate THz systems contradict both
these assumptions.

A. Near field vs. Far field

The small wavelengths of THz signals result in small
radiating elements. Thus, even moderately sized physical de-
vices (up to a few cm) can pack many radiating elements,
providing a high gain for overcoming large path losses. At the
same time, this results in large electrical apertures (ratio of
physical size to signal wavelength). The relative phase delays
and signal strengths of the radiation from the elements of
such apertures are configured such that their electromagnetic
(EM) superposition creates the desired beam profile, such as
concentrating the power in the desired spot/direction.

Under the far-field assumption, the resultant superimposed
beam has a uniform phase across its cross-section, effectively
like a plane wave. However, as the near-field region of an array
increases exponentially with its physical size and linearly with
the frequency, the far field Fraunhofer distance for practical
THz communication links can easily be hundreds of meters
away from the transmitter [5]. Hence, many prospective THz
use cases will operate in the near field, as illustrated in Fig. 1.

B. Wideband and MIMO issues

The second fundamental assumption that does not always
hold at THz frequencies is the narrow-band assumption. Fol-
lowing it, the bandwidth of the signal is considered negligibly
small compared to the central frequency; the entire signal can
be approximated as a single “wave" at this design frequency.

However, one of the key motivations in exploring new
spectrum is to achieve extremely high data rates and sensing
resolution by harnessing tens or even hundreds of gigahertz
(GHz) of the spectrum. Thus, the narrow-band assumption may
not hold, and the same phase delay across the array elements
no longer provides a uniform time delay across the signal
bandwidth when moving away from a central frequency. This
effect is also present in mmWave communications but becomes
more profound in wider-band THz systems [1].

Exploitation of MIMO techniques such as spatial multiplex-
ing is one way to address the wideband-related difficulties
without compromising on the desired capacity. However, the
sub 6 GHz MIMO point-to-point spatial multiplexing methods
that rely on rich multipath may not be viable in THz channels.
Specifically, preliminary THz MIMO studies indicate that only
a few dominant paths of communication exist in the THz
channel, and are strongly correlated, thus making the THz
channel strongly Rician, low rank, and sparse [2]. Further
still, communication devices would still require an advanced
THz MIMO architecture with powerful back-end processing
for processing the independent streams accurately, naturally
increasing the system complexity and costs even further [1].

C. Blockage of the THz signal

Another inherent limitation of THz propagation is that THz
signals are easily blocked by many objects in the environ-
ment, including building walls, furniture, and even parts of
the human body. Today, the default approaches to mitigate
blockage obstructions are: (i) applying IRSs to extend the
coverage and engineer NLoS paths [3]; and (ii) exploiting THz
multi-connectivity solutions [1]. Both approaches are feasible
but come with an increased system design complexity.

III. WAVEFRONT ENGINEERING
TO CONQUER THE THZ CHANNEL

Here, we introduce the vision of utilizing novel wavefronts
to realize robust THz communications. The discussed THz
wavefronts are illustrated in Fig. 2 and their key features are
summarized in Table I.

A. Wavefront Generation

The Huygens-Fresnel principle shows that the character-
istics of a generated beam are completely defined by the
phase and amplitude distribution of the electric field at the
radiating aperture [7]. Therefore, to generate any of the beams,
all that is required is the corresponding wavefront which
can be engineered by a specific phase profile. In addition to
implementing this through an array, the same is also possi-
ble through custom-designed lenses, or in reflection through
the utilization of reflectarrays and metasurfaces. A more in-
depth discussion of these different design implementations is
presented in Sec V.

B. Beamfocusing and beamforming

Beamfocusing and beamforming are two canonical, interre-
lated wave types in the near field and far field, respectively.
With beamfocusing, a transmitting array is configured with
a lens-like quadratic phase profile to focus the signal at a
particular focal point, at which point the wavefront converges
to a singularity [6]. Beam intensity is maximum at this
focal point, and the Abbe limit, which dictates the resolution
capability of the array, gives the resultant beam spot size.

Beamforming is the far-field extension of beamfocusing,
such that the focal point is, effectively, moved to infinity
— the quadratic phase becomes a constant, uniform phase
and the wavefront becomes planar, resulting in a beam that
diverges in the far-field due to limited aperture size. Both
beams have their limitations. Beamfocusing is focused at a
given point, thus requiring perfect CSI and mobility tracking,
while beamforming is valid only in the far field. Neither of
these has any strong resilience to blockage.

C. Bessel beams

When discussing the candidate solutions for near-field THz
systems, one of the solutions constitutes a beam intensity pro-
file given by a zeroth-order Bessel function, giving these their
name — “Bessel beams" [8]. A radially symmetric linear phase
creates this Beam profile, resulting in a conical wavefront.
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Fig. 1: Near-field and far-field 6G-grade sub-THz prospective use cases (300 GHz carrier and a 10-15 cm aperture at the larger unit or the
base station) and beyond-6G true THz setups (1 THz carrier and a 25-cm aperture at the base station for increased coverage).

TABLE I: Comparison between different wavefront candidates for THz communications

Type Phase profile Beam profile Self-healing OAM Self-accelerating
Near field Far field

Beamforming  Planar Undefined Gaussian X J X

Beamfocusing  Quadratic Point Undefined X X X

Bessel beams  Conical Bessel Annular ‘/ J X

Airy beams Exponential Airy Undefined J J J

As illustrated in Fig. 2, the zero-order Bessel beam profile
has a central bright spot along the cone axis, with multiple
concentric rings around it, which are interference patterns
created from the interference of plane waves from the opposite
sides of this central axis. Bessel beams are exact solutions
to Maxwell’s equations with a constant beam intensity. Thus,
as the wave propagates, the beam profile remains invariant
(no spreading losses). The phase and total power within the
central spot and all the concentric rings are the same, with
much greater intensity in the central spot. However, for a finite
aperture and power, the propagation distance over which a
practical Bessel beam retains its properties is limited. Some
of the major design considerations for Bessel beams are that,
for a given aperture size, the angle of the conical wavefront
directly affects the resultant diameter of the central spot, the
number of rings, and the maximum propagation distance.
Further, the electrical size of the aperture also factors into
these considerations and all can be customized. For example,
a particular design constraint is that Bessel beams generated
from the same aperture but with a larger number of rings
theoretically lead to better self-healing capabilities, while a
smaller number of rings and a wider central bright spot leads
to greater propagation distance [8].

Bessel beams propagate in the near field, a feature absent
in both beamforming (not valid in the near field) and beamfo-
cusing (does not propagate but converges at a focal point). In
addition, as Bessel beams can be understood to be the interfer-
ence pattern of plane waves traveling inwards on a cone, they
are resilient to blockage; even if some of the waves are blocked
by an obstruction, the remaining waves still reconstruct the
interference pattern and help regenerate the Bessel beam after
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Fig. 2: Wavefront engineering for creating wireless THz links, in
which the beam profiles can significantly deviate from the Gaussian.

the obstruction; hence these are also referred to as self-healing
beams [10]. These properties make Bessel beams a promising
wavefront candidate for THz communications.

D. Curved and Airy beams

While Bessel beams can “plow” through an obstacle, there
is another class of beams that can completely circumvent
blockage by following a curved trajectory. When viewed in
the transverse direction, the beams appear to have acceleration



without any external energy — giving them the name of self-
accelerating beams. Such beams have been recently demon-
strated in EM applications [9], where the beam profile can be
described with the Airy function. The resultant Airy-like beam
is a subset of self-accelerating beams, with the cross-sectional
intensity illustrated in Fig. 2.

Using the concept of caustics from ray optics, an arbitrary
curve can be generated from a large input aperture where the
local required phase, and subsequent wavefront, are found
using tangents of the curve extended to the aperture. A
particular design consideration of these beams is that greater
beam curvature requires both a steeper phase progression
across the array aperture as well as a larger aperture size. In
THz wireless communications, their ability to follow almost
any curved, or convex, path makes them very promising to
avoid signal blockage. In addition, accelerating beams also
have the potential to change the angle of arrival at the receiver
side, making them useful during beam alignment.

E. OAM — A New Feature

Certain wavefronts possess new properties which open the
door to new communication strategies. The most widely re-
searched and explored among these is orbital angular momen-
tum (OAM), a property of light first demonstrated in [11]. A
beam that has OAM manifests a spiral phase in the transverse
direction, resulting in a helical wavefront with a zero-intensity
vortex in the center, as shown in Fig. 2.

Beams with distinct OAM modes are always orthogonal to
each other, and the resulting cross-correlation is guaranteed to
be zero. Therefore, OAM mode multiplexing can be utilized to
create simultaneous uncorrelated data streams [4]. Gaussian,
Bessel, and Airy beams can all be customized to carry OAM
by adding a spiral phase on top of the existing beam profile.
Thus, in the near field, Bessel beams with OAM further
augment the attractive features of Bessel beams [10].

FE. Receiver Performance and Operation

Employing wavefront engineering at the transmitter and
exploiting the properties of the discussed beams can truncate
some of the more significant drawbacks of the THz channel,
such as the near-field effect, blockage, and wideband-related
difficulties. Ultimately, the objective is to provide greater
signal power available at the receiver, thereby improving the
SNR and performance metrics.

Here, we note that during near-field operation, both the
magnitude of the signal reaching the receiver and its coherent
reception at the receiver becomes important. For example,
with beamfocusing, if the receiver is not at the focal spot
but slightly closer to the transmitter, the incident power is
spread over an arc. Hence, the phase is non-uniform across
the receiver cross-section. The receiver must then be able
to accommodate the required delay and sum method for
coherently adding such a non-uniform power profile [6].

With THz Bessel beams, the entire Bessel intensity pattern
has the same phase, thereby making the receiver operation
similar to that within far-field beamforming [7]. With THz
Airy beams, the receiver should be tuned to be coherent
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Fig. 3: Improved radiation gain with wavefront engineering.
towards the incident angle defined by the curve of the Airy
beam (similar to the far-field beamsteering direction of arrival).

When required to demultiplex multiple OAM modes, the
receiver must employ a large enough aperture with a specific
phase-based diffraction grating that exploits the principle of
zero cross-correlation in OAM modes for ease of demulti-
plexing [12]. Nonetheless, the fundamental principles remain
the same; more power received coherently allows for greater
SNR and performance metrics.

IV. THZ WAVEFRONTS: A BENCHMARK STUDY

In this section, we present a numerical study illustrating how
the described wavefronts and beams can quantitatively assist
in mitigating the challenges of THz band communications. We
consider a planar array of a side length of 25 cm operating at
1 THz and designed with a typical half-wavelength spacing of
elements. The nominal gain of such an array is 70 dBi, which
can help sustain local area, multi-GHz wide links.

A. Improved Radiation Gain

The effective normalized radiation gain is a key measure of
how accurately an applied phase profile at the array construc-
tively superimposes the waves from each of the array elements
at a given evaluation point, and linearly affects the derived
directivity of the array, with a maximum value of 1. Both
the received power and the SNR at the receiver are linearly
proportional to the effective normalized radiation gain.

In Fig. 3, we present this normalized radiation gain under
the application of Bessel beams, beamfocusing, and beam-
forming, all designed to steer in the broadside direction of
the array. The peculiar beam profile of Airy beams cannot
be grouped with the other beam shapes, since the Airy beam
follows a curved trajectory. Nonetheless, for the path specified
during wave generation, the Airy beam will have an intensity
maximum along that curve. The diameter of the central spot
of the Bessel is set to 20 mm, which, given the aperture size,
results in a maximum propagation distance of 23 m.

It is observed from Fig. 3 that under beamforming the
normalized gain is notably crippled at distances of up to
20 m, which are typical ranges for prospective indoor THz
WLAN:S. In contrast, the near field validity of Bessel beams
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results in a significantly improved radiation gain for the same
settings. Arbitrarily, the focal point of beamfocusing is set to
the distance where the normalized gain with the Bessel beam
is maximized (at 13.5 m). The corresponding curves intersect
at that point. However, even small deviations from this focal
point (i.e., due to mobility) result in the efficiency of beamfo-
cusing reducing rapidly and much faster than the Bessel curve.
Hence, in the absence of a perfectly updating CSI (impractical
in many setups), sustaining acceptable performance for mobile
THz systems with beamfocusing is unlikely. The improvement
in beamforming will be slightly faster for smaller apertures or
lower frequencies since, in both cases, the electrical size of
the aperture decreases. However, these changes simultaneously
lead to a reduced aperture gain that challenges coverage and
capacity. The qualitative system behavior remains the same:
THz Bessel beams are more efficient for shorter distances (up
to several tens of meters), while THz beamforming is more
efficient for longer links closer to the far-field region.

B. Blockage Mitigation

The potential of wavefront engineering in mitigating the
impact of obstacles to THz signal propagation is illustrated in
Fig. 4. The wave is steered in the broadside and encounters
an obstacle that is 10% the size of the aperture, except in the
case of the Airy-like beam which curves around a much larger,
indefinitely extending obstacle. This also highlights additional
possibilities in blockage mitigation with THz Airy beams.

With beamforming, the radiation intensity behind the obsta-
cle is significantly diluted and the wave is blocked. However,
other cases show certain resilience to blockage. With beam-
focusing, the radiation from the portion of the aperture not
blocked by the obstacle can still converge to focus at the

desired focal point. However, this is not technically “self-
healing”, as the focal spot had not yet been formed; were
the obstacle closer to the focal point, the blockage would be
severe. In contrast, the self-healing nature of Bessel beams
reforms the beam beyond the obstacle and the radiation
intensity is almost unaffected. The performance of the Airy-
like beam also remains impervious to the blockage since the
beam can be designed to curve around this obstruction.

C. Increased System Capacity

The exploitation of wavefronts that carry OAM, such as
higher-order Bessel beams in the near field, allows the creation
of perfect parallel orthogonal channels. In Fig. 5, we show
the required bandwidth to achieve a point-to-point 1 Tbps
wireless link for different OAM configurations and various
orders of quadrature amplitude modulation (QAM), assuming
no distortions on the spiral phase for illustrative purposes.
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Fig. 5: Required bandwidth for a 1 Tbps link capacity with OAM-
Multiplexing enabled.

It is observed from Fig. 5 that the demand on the bandwidth
can be significantly reduced when both OAM and higher-order
modulations are used. For example, utilizing 32 beams, each
with a distinct OAM mode, the required bandwidth is less than
10 GHz, even with 16-QAM. This can be further reduced down
to 3 GHz with a more sophisticated 1024-QAM modulation.
The latter could not only facilitate the spectrum utilization and
the co-existence of prospective THz links with other services
(i.e., the Earth exploration satellites) but also allows to avoid
certain wideband-specific challenges discussed earlier.

V. RESEARCH CHALLENGES AND OPPORTUNITIES

The efficient harnessing of novel wavefronts and their at-
tractive properties within widespread 6G and beyond scenarios
is a wide research area with many open challenges:

1) Near-field THz channel: The work should start with
a better understanding of the near-field THz channel itself.
Solving Maxwell’s equations numerically for all the possible
THz channel configurations is computationally extensive in
many setups. Hence, there is a need to develop THz-specific
channel models or approximations for near-field propagation
in target setups, such as indoor and outdoor wireless access.



These could not only account for the equivalent path loss in
the near field but also scattering and reflection effects from
possible complex propagation environments in the near field.

2) Near-field THz sensing: Adding sensing capabilities to
wireless access systems is today considered one of the major
innovations toward 6G. Nonetheless, the peculiarities of near-
field propagation demand updating the relevant metrics and
models. In addition, the discussed wavefronts (and other coun-
terparts) have been previously utilized in sensing and imaging
applications in the optical domain. When it comes to THz
imaging and sensing, as well as the promising research topic
of joint communications and sensing (JCS), the applicability
and impact of wavefront engineering must be explored with
the specifics of the underlying beam profile taken into account.
Here, an interesting research problem is the fact that one of
the important metrics in sensing, i.e., the radar cross-section
(RCS) is, strictly speaking, defined in a far-field sense. While
recent findings on near-field RCS utilizing the spherical wave
model are summarized in [13], evaluating the effectiveness of
the developed near-field model for the other wavefronts is a
pressing task. Further, in the advent that the model is not valid
ubiquitously, developing a general solution that captures the
significant complexity of these beams for near-field RCS could
be a promising research avenue.

3) Wavefront Distortions in Ultra-broadband THz Links:
One of the fundamental expectations in practical THz systems
is enabling broadband communications. Wavefront engineer-
ing is a narrow-band technique: a targeted feature of a wave-
front does not extend uniformly across a large bandwidth, as
the same phase delay does not generate the same time delay
that truly governs wave propagation, superposition, and final
beam shape. True time delay lines can be utilized to counter
this problem through a frequency-dependent phase profile
that makes the time delay uniform. However, the required
architecture is more complex [7].

Here, OAM multiplexing can help boost the system ca-
pacity, matching optimal (uncorrelated) MIMO. In addition,
OAM multiplexing/demultiplexing is less demanding from a
signal processing perspective compared to THz MIMO, since,
as mentioned in Sec. III-F, the receiver only needs the correct
phase profile across its aperture. Nonetheless, if the signal’s
bandwidth within the OAM mode is large enough, the gener-
ated OAM modes are no longer pure and can lead to crosstalk
or interference between multiplexed OAM streams. Therefore,
further advances are needed to properly characterize these new
performance-complexity trade-offs, such as by characterizing
and quantifying this spillover effect.

4) Mobile THz systems: Mobility is one of the principal
challenges when it comes to operating in practical, everyday
scenarios. Both Bessel and Airy beams propagate in the near
field, and thus the application of beamsteering techniques from
the far field is also valid here. However, it has been shown
that OAM-carrying beams, when steered, have a spillover
effect that results in crosstalk (interference) with neighbor-
ing OAM modes. Additionally, to apply both steering and
wave-generating phase profiles, the phase shifters need to
be significantly complex; 4-bit (16-level) phase shifters are
usually sufficient for almost all applications [7], specifying the

phase resolution threshold. On the positive side, the blockage
mitigation capabilities may relax certain mobility-related re-
quirements such as the degree of THz multi-connectivity [1].

5) Interference Modeling: Most, if not all, studies on
interference modeling for mmWave and THz communications
assume plane waves [14]. Thus, the results and observations
from prior studies on interference in THz networks must be
revisited to account for the wavefront specific properties.These
findings would be of paramount importance for efficient fre-
quency and space reuse, medium access control (MAC), and
resource allocation in prospective multi-user THz networks.

6) Mechanisms to Generate Wavefronts: The generation
and detection of custom wavefronts can be achieved with a
lower complexity of the digital backends preceding the array
apertures. Particularly, holographic beamforming architectures
may significantly reduce the power consumption and cost
in developing large-scale arrays [15]. Moreover, the extreme
scalability of IRSs can constitute large intelligent surfaces
(LISs), which can extend the applicability of these wavefronts
to large-scale cellular deployments.

This setup, however, depends on the accuracy of the phase-
shifting elements (as discussed above) and the spatial resolu-
tion of the array [3]. Utilizing a metasurface approach with
sub-wavelength radiating elements could increase the spatial
resolution [3]. Nonetheless, the radiation response of such
metasurfaces is dependent on the mutual coupling between
these densely packed elements; accurately applying the phase
profile for a desired wavefront is challenging.

Clearly, for dynamic wavefront customization, the utiliza-
tion of lenses and non-reconfigurable dielectrics will prove
insufficient. However, the significant recent advances in re-
configurable arrays for THz communications indicate that
dynamic and advanced wavefront engineering will be possible
in the 6G and beyond landscape for improved mobility.

7) Energy Efficiency: The energy cost of THz communica-
tions is still a significant challenge, primarily due to the lack
of efficient THz radiation generation in comparison to power
generation at lower frequencies. In addition to significant
advances in device technology [1], wavefront engineering can
also be a potential solution since the beam energy can be
better focused towards the intended directions. The substantial
energy challenge of blockages can be addressed by leveraging
the self-healing and self-accelerating properties of Bessel and
Airy beams. Still, comparative research is required to identify
which of the beams to use to address this problem.

VI. CONCLUSION

With continuous growth in user demands, the THz band is
envisioned to be explored for both high-rate data exchange and
high-precision sensing in next-generation wireless systems.
However, the dogmas of conventional RF systems from the
microwave and mmWave bands cannot hold infinitely for
higher frequencies. Particularly, the THz physical layer must
have a symbiosis of communication and wave theory. Here,
the design of novel custom THz wavefronts discussed in this
article is one of the key enablers for efficient practical THz
communication systems that will constitute an inherent part of
the 6G and beyond-6G landscapes.
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