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OPPORTUNITIES IN THE NETWORKING LANDSCAPE

Near-Field ISAC for THz Wireless Systems

Fan Zhang @, Tiangi Mao @, Mingkun Li €, Meng Hua

ABSTRACT

Sixth-generation (6G) wireless networks are
expected not only to provide high-speed con-
nectivity but also to support reliable sensing
capabilities, giving rise to the integrated sensing
and communication (ISAC) paradigm. To enable
higher data rates and more accurate sensing, ter-
ahertz (THz) systems empowered by extremely
large multiple-input-multiple-output (XL-MIMO)
technology are envisioned as key enablers for
future ISAC systems. Owing to the substantial
increase in both effective array aperture and car-
rier frequency, a considerable portion of future
ISAC applications is anticipated to fall within the
near-field coverage region, instead of the con-
ventional far-field. However, most existing ISAC
techniques are designed under the far-field planar
wave assumption, struggling to accommodate the
unique characteristics of THz near-field propaga-
tion. To motivate future research into near-field
ISAC research, we systematically investigate the
characteristics of THz near-field propagation and
explore its potential to facilitate ISAC systems.
Specifically, we analyze three fundamental charac
teristics of THz near-field propagation and review
state-of-the-art techniques that exploit these fea-
tures to boost both communication and sensing
performance. To further harness the angular-range
coupling effect, we zoom into a particularly inter-
esting approach to near-field sensing based on
wavenumber domain. Besides, to exploit the
beam squint effect, an ISAC resource allocation
framework is introduced to support integrated
multi-angle sensing and multi-user communica-
tion. Finally, we outline promising directions for
future research in this emerging area.

INTRODUCTION

Driven by a wide range of emerging applications,
such as virtual reality, smart cities, and the low-al-
titude economy, there is an increasing demand
for wireless networks that not only ensure seam-
less connectivity but also provide high-resolution
sensing capabilities [1]. To meet these demands
using existing network infrastructure, integrated
sensing and communication (ISAC) has emerged
as a promising paradigm for sixth-generation
(6G) networks [2]. By combining sensing and
communication functionalities within a unified
hardware framework, ISAC offers an innovative
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approach to enhancing spectrum efficiency
while simultaneously reducing hardware com-
plexity and cost [3].

With the explosive growth in mobile devices
and data traffic, the terahertz (THz) spectrum
is being actively explored to deliver substantial
capacity gains. Meanwhile, the ultra-high carrier
frequency and broad bandwidth offered by the
THz band enable fine-grained resolution in both
velocity and range estimation. As a result, THz-en-
abled ISAC systems have garnered considerable
attention from both industry and academia [4],
[5]. To overcome the severe path loss inherent at
THz frequencies and to achieve ultra-high spatial
resolution, such THz-enabled systems are typically
equipped with extremely large multiple-input-mul-
tiple-output (XL-MIMO) technology capable of
forming highly directional beams, benefiting both
communication data rates and angle estimation
for sensing [6].

By employing XL-MIMO empowered THz sys-
tems in ISAC applications, the substantial increase
in both array aperture and carrier frequency
leads to an extended Rayleigh distance, which
commonly defines the boundary between the
near-field and far-field regions [7]. In the near-field
region, the conventional planar wave assumption
fails to accurately model spherical wave propaga-
tion, thereby giving rise to new characteristics in
THz signal behavior [8]. In this paper, we focus
on three key features of THz near-field channels
and signal propagation, namely the angular-range
coupling, the near-field beam squint, and the flex-
ible near-field beam controllability, respectively.
Conventional ISAC techniques based on the pla-
nar wave assumption, such as channel estimation,
precoding, and range-angle sensing, exhibit per-
formance limitations in THz near-field scenarios,
struggling to approach optimal communication
and sensing performance.

Although the unique characteristics of THz
near-field propagation pose challenges to existing
ISAC techniques, they also open up new oppor-
tunities for enhancing dual-function performance
through innovative approaches [10]. Against this
backdrop, we systematically explore the effects of
THz near-field propagation and investigate how
these phenomena can be harnessed in ISAC sys-
tems. Furthermore, we invoke several interesting
methods tailored for next-generation 6G ISAC
systems operating in the near-field region. The
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main contributions of this paper are summarized

as follows:

+ The fundamental principles of three key
characteristics of THz near-field propagation
are analyzed, and a comprehensive review
of state-of-the-art technologies leveraging
these features to enhance both communica-
tion and sensing performance is provided.

+ We highlight a near-field sensing technique
based on the wavenumber domain, enabling
accurate range estimation without requiring
precise timing synchronization between the
transmitter and receiver.

+ We explore a resource allocation frame-
work for ISAC that leverages near-field beam
squint to enable both multi-directional sens-
ing and efficient communication.

* Finally, we present an in-depth discussion of
open research challenges and future direc-
tions for THz near-field ISAC design.

KEY FEATURES OF THZ NEAR-FIELD PROPAGATION

A typical XL-MIMO empowered THz ISAC sys-
tem is illustrated in Fig. 1, where a base station
(BS) forms directional beams for downlink data
transmission to users (UEs), while simultaneously
sending probing signals for sensing tasks. Char-
acterized by wide bandwidth, ultra-high carrier
frequency, and large antenna aperture, such sys-
tems offer a variety of intrinsic advantages. From
the communication standpoint, the expanded
bandwidth significantly increases the achievable
data rate according to Shannon’s capacity for-
mula. From the sensing perspective, the large
bandwidth improves range resolution by refining
delay-domain accuracy, while the ultra-high carrier
frequency boosts velocity estimation accuracy
by amplifying Doppler shifts. Additionally, the
deployment of large-scale antenna arrays facil-
itates accurate angle estimation, owing to their
superior spatial resolution.

However, these advantages cannot be fully
realized by directly adopting existing ISAC

techniques developed for the far-field scenar-
ios, as THz systems empowered by XL-MIMO
exhibit unique characteristics that require tai-
lored system designs. One of the most critical
distinctions lies in the extended Rayleigh dis-
tance, which causes a considerable portion of
ISAC UEs and targets to reside in the near-field
region. In this regime, the planar wave approx-
imation becomes invalid, making it necessary
to reevaluate propagation models and system
strategies. This calls for a comprehensive inves-
tigation into the characteristics of THz near-field
channels and their implications for ISAC design.
In this section, we identify and analyze three key
features of THz near-field propagation, which are
the angular-range coupling, the near-field beam
squint, and the flexible near-field beam controlla-
bility, respectively. For each feature, we elaborate
on its physical principles and discuss the limita-
tions of existing technologies in addressing these
phenomena.

ANGULAR-RANGE CoUPLING
Consider an ISAC system operating at carrier
frequency f. with a uniform linear array (ULA)
consisting of N antennas. Let a = [a(0), a(1), ...,
a(N-1)]T denote the antenna array response vec
tor, where a(n) denotes the response coefficient
on the n-th antenna written as

aln) = e j2nfe T2 +t3 =2tt,co80 (1)

Here, T and 6 denote the delay and angle of
arrival (AoA) of the UE/target relative to the ULA
center, respectively. t, is the propagation time
from the n-th antenna to the array center, given by

_ (n=1-(N=1/2)d

t, , where d is the antenna spacing

C
and c is the light speed. When the UE/target is
in the far-field region, that is, 7> t,, a(n) can be
approximated as
a(n) = e~2nf(t-t, cos 9)/

(2)
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which corresponds to the conventional far-field
planar wave model. A key distinction between
(1) and (2) lies in the structure of the exponential
term. In (1), the delay 7 and antenna position t,
are intertwined in a multiplicative cross-product,
whereas in (2), T and t, appear as independent
additive components. This difference becomes
evident when transforming the response into the
angular domain via a discrete Fourier transform
(DFT). In the far-field model as (2), the angular
representation is largely invariant with respect
to the delay 7. In contrast, for near-field array
response represented by (1), its angular-do-
main representation is dependent of . Figure
2(a) illustrates how the angular representation of
the near-field channel changes with the BS-UE
distance. As the range increases, noticeable vari-
ations in the angular-domain representation can
be observed, which gives rise to the phenom-
enon referred to as the angle-range coupling
effect.

Due to this coupling, the angular domain rep-
resentation of near-field channel no longer exhibits
favorable sparsity. As a result, existing angle-do-
main-based channel estimation techniques suffer
from main-lobe diffusion, as illustrated in Fig. 2(b),
which impairs their ability to accurately cap-
ture the power of dominant paths and leads to
increased estimation errors. Furthermore, DFT-
based precoding schemes suffer from energy
leakage due to the mismatch between codebooks
and channel structures, resulting in degraded per-
formance [71].

NEAR-FIELD BEAM SQUINT

Due to the large bandwidth available in THz
bands, the array response at each frequency point
cannot be approximated by that of the center fre-
quency. Consequently, the beamforming patterns
vary across different frequency points, leading to
the phenomenon known as beam squint [4].
Consider orthogonal frequency division multi-
plexing (OFDM) as an example, which is a widely
adopted multi-subcarrier waveform. Suppose

there are a total of M + 1 subcarriers and the
center frequency is f.. The frequency of the m-th

subcarrier is given by fc+(m—%)Af, where

Af denotes the subcarrier spacing. The array
response at the n-th antenna for the m-th subcar-
rier denoted as a,(n) can be expressed as

—j2n[1}+[m—M]Af}lrz+t,2, —27t,cos0
ap(n)=e 2 . 3

When employing the DFT codebook for beam-
forming in the far-field region, each subcarrier’s
beam points toward a slightly different angle, as
presented in Fig. 2(c), making the energy deviate
from the desired UE/target position. The conse-
quent loss in beamforming gain results in severe
degradation of communication capacity and
reduced accuracy in target detection.

In the near-field region, the phenomenon of
beam squint becomes even more intricate. Beams
associated with different subcarriers diverge not
only in angle but also in range, as shown in Fig.
2(d). To illustrate this distance-dependent beam
squint effect, we consider a commonly used
polar-domain codebook, which is designed to
form a beam focused at a specific point (r, ) in
the near field, where r denotes the distance from
the antenna array and 0 represents the AoA. Due
to the beam squint effect, when this codebook is
applied to a wideband system, only the beam gen-
erated at the center frequency accurately aligns
with (r, 0), while the beams associated with other
subcarriers increasingly deviate in both angle
and range. For instance, consider a user or target
located at (60°, 10 m), the near-field beam squint
effect can lead to an approximate 7° angular devi-
ation and 6 m range deviation when operating at
a carrier frequency of 300 GHz with a bandwidth
of 30 GHz [5].

The focal points of beams formed by different
subcarriers trace a continuous spatial curve, with
the starting point and ending point correspond-
ing to the focal points of the lowest and highest
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frequency subcarriers, respectively. We refer to
this curve as the near-field beam squint trajectory.
Most existing studies regard the near-field beam
squint effect as a detrimental phenomenon and
have proposed various compensation techniques
for ISAC system design, such as subcarrier-depen-
dent (SD) based phase shift networks and true
time delay (TD) techniques. Nevertheless, the
near-field beam squint effect also offers a unique
opportunity for multi-target sensing across multi-
ple directions. By precisely controlling the beam
squint trajectory, it is possible to simultaneously
sense multiple potential target locations without
the need for frequent beam switching. This oppor-
tunity will be elaborated in detail in the section
“Advances in ISAC Technologies Enabled by THz
Near-Field Features.”

FLEXIBLE NEAR-FIELD BEAM CONTROLLABILITY

According to the Huygens-Fresnel principle, the
shape of a radiated beam is fundamentally deter-
mined by the spatial distribution of the electric
field’s phase and amplitude across the radiating
aperture [11]. In the far-field region, the phase
shift across receiving array antenna elements
aligns with a linear relationship. As a result, the
superposition of signals from different antenna
elements gives rise to a well-collimated Gaussian
beam directed along a single direction, as illus-
trated in Fig. 2(d).

In contrast, in the near-field region, where the
observation plane is relatively close to the antenna
aperture, the individual phase contributions of
each array element become more pronounced.
This spatial phase sensitivity enables a new degree
of freedom. By precisely manipulating the phase
profile at the source, it becomes possible to
synthesize a wide variety of beam shapes and pat-
terns. This property opens up new opportunities
for precise beam shaping and spatially flexible
communication and sensing in near-field systems.
Particular opportunities arise with spot beams
allowing extreme beam focusing in both range
and angle and curved beams allowing NLOS prop-
agation around objects. Meanwhile, thanks to the
extremely short wavelengths of THz signals, the
radiating elements can be made very compact,
enabling even moderately sized antenna panels to
accommodate a large number of elements. This
high element density enables fine-grained control
over the phase across the aperture, enabling the
generation of phase profiles that closely approx-
imate continuous fields. Such high-resolution
beam control significantly enhances the flexibility
of beamforming in the near-field region, enabling
the realization of various non-Gaussian beam pat-
terns that are unattainable in conventional far-field
systems.

As shown in Fig. 2(e), Bessel beams and airy
beams are typical non-Gaussian THz beams in the
near field. The Bessel beam exhibits a pronounced
power drop in a specific direction, which enables
the majority of the energy to reach the UE even
in the presence of small obstacles. Meanwhile,
the inherent energy asymmetry of the airy beam
enables it to propagate along a curved trajec-
tory. This property facilitates the circumvention
of large obstacles, thereby mitigating the signal
blockages that are common in THz bands. Owing
to their distinctive propagation characteristics,

these non-conventional beam shapes offer prom-
ising advantages for imaging and sensing tasks
[12]. A more detailed discussion of their applica-
tions will be presented in the section “Advances
in ISAC Technologies Enabled by THz Near-Field
Features.”

ADVANCES IN ISAC TECHNOLOGIES ENABLED BY THz
NEAR-FIELD FEATURES

In this section, we review state-of-the-art ISAC
techniques that leverage the unique properties of
THz near-field propagation. Building upon these
insights, we zoom into two emerging methodolo-
gies aimed at enhancing ISAC performance.

EXPLOITING ANGULAR-RANGE COUPLING FOR ENHANCED ISAC
PERFORMANCE

Beam Focusing: Because of the angular-range
coupling characteristics inherent in THz near-
field propagation, the beam pattern becomes
range-dependent. This spatial dependency allows
the receiver to distinguish different signals in both
angular and distance domains, thereby enhanc-
ing the signal multiplexing gain by increasing the
spatial degrees of freedom (DoFs). To fully exploit
the spatial DoFs, beam focusing is proposed to
concentrate the radiated energy at specific spatial
locations [3].

Various precoding architectures have been
proposed to achieve the beam focusing technol-
ogy, including fully digital architectures, hybrid
phase-shifter-based precoders, and dynamic
metasurface antenna (DMA) architectures.
Fully-digital architectures provide the most flex-
ible signal processing capabilities, achieving the
highest data rate at the cost of high hardware
overhead. Hybrid architectures, which combine
both digital and analog signal processing, offer
a practical compromise by reducing the num-
ber of required radio frequency (RF) chains and
lowering implementation overhead. DMA archi-
tectures employ radiating metamaterial elements
to realize reconfigurable antennas of low cost
and power consumption. Owing to their ability to
support sub-wavelength element spacing, DMAs
can pack a higher density of elements within a
given aperture, thereby enabling highly focused
beamforming in single-user scenarios [7]. Nev-
ertheless, the achievable switching speed may
limit the agility of reconfigurable antenna-based
systems, especially when the channel coherence
time is short. It imposes constraints on the update
frequency of beam patterns, which may affect sys-
tem performance if not carefully accounted for.

By employing beam focusing in ISAC appli-
cations, both communication capacity and
sensing accuracy can be enhanced by increas-
ing the signal-to-noise ratio (SNR) at the receiver.
Finally, beam focusing has the ability to guarantee
the security of signals from eavesdropping from
other directions.

Near-Field Localization: In far-field scenarios,
target localization is usually performed by the BS,
which estimates the target’s angle through beam
sweeping and determines the range by calculat-
ing the delay between the transmitted signal and
its echo. However, such monostatic ISAC archi-
tectures suffer from severe interference between
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the transmitter and receiver, as the reflected
echo signal can be easily masked by the much
stronger transmitted waveform. An alternative is
multi-BS cooperative localization, which mitigates
such interference but requires highly accurate syn-
chronization among participating BSs, thereby
introducing significant implementation challenges.

The angular-range coupling effect in THz
near-field systems offers a novel approach to
target localization. Specifically, once the chan-
nel state information is obtained, both the range
and angle of the target can be inferred directly
from the channel estimation results. Consider a
typical localization scenario where the target is
a communication UE located in the near-field
region, equipped with a single omnidirectional
antenna, and the BS is equipped with a large
antenna array, such as a ULA or uniform planar
array (UPA). The UE transmits a reference sig-
nal, which is received by the BS to extract the
channel information. As demonstrated in [8], the
range and angle can be jointly estimated from
the received signal using the MUSIC algorithm.
However, to accurately determine the target’s
three-dimensional (3D) position, the conven-
tional MUSIC algorithm must be extended to
a 3D search, resulting in significantly increased
computational complexity.

To address this issue, a low-complexity near-
field ranging method can be conceived based
on the wavenumber domain. The core concept
of wavenumber domain transformation lies in
approximating a spherical wavefront as a summa-
tion of planar waves. The wavenumber-domain
channel is constructed by sampling the channel
response over a set of directional wavenumber
vectors. The power-concentrated regions in this
domain correspond to the directions of users.
Owing to the angle-range effect, the distance
information is encoded within these directional
components. As a result, the wavenumber-do-
main representation naturally enables joint
estimation of angle and range from a unified
spatial signature [9]. As illustrated in Fig. 3, the
transformed signal yields a correlation matrix in
which significant (non-zero) coefficients are con-
centrated within a circular region. The position
of this circle indicates the direction of target,
while its radius corresponds to the range of tar-
get. It can be observed from Fig. 3 that as the
target moves farther away, the radius of the cir-
cle decreases. This one-to-one mapping between
target distance and radius enables accurate and
efficient localization.

Compared to conventional sensing techniques
such as time-of-arrival (ToA) estimation and AoA
estimation based on beamforming, the wavenum-
ber domain provides a unified framework for angle
and range estimation, which leverages existing
communication reference signals without requir-
ing dedicated sensing waveforms. Meanwhile, it
mitigates the need for precise synchronization and
delay estimation. However, it is worth noting that
the wavenumber-domain sensing is inherently tai-
lored for near-field scenarios. In the far-field region,
the range information becomes inaccessible,
resulting in significant estimation errors. Overall,
it introduces a promising new paradigm for the
development of low-complexity and high-accuracy
localization in future near-field ISAC systems.
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FIGURE 3. The correlation matrix at the receiving end under different distances,
where d denotes the distance between BS and target.

BEAM SQUINT ASSISTED ISAC SYSTEMS

Integrated Multi-Angle Sensing and Multi-
User Communication: The near-field beam squint
effect naturally provides directional frequency
multiplexing for sensing and communications.
As beams generated by different subcarriers are
directed toward distinct spatial locations, it could
simultaneously serve multiple UEs and multi-angle
sensing to support large-scale Internet of Things
(loT).

The key to effectively leveraging the beam
squint effect in ISAC applications lies in the pre-
cise control of beam directions across different
subcarriers [13]. A widely adopted solution is the
delay-phase array architecture, as illustrated in Fig.
4. In this architecture, the TD element introduces
a frequency-dependent phase shift that varies lin-
early across subcarriers, while the phase shifter
(PS) provides a constant phase offset across the
entire bandwidth. By cascading TD and PS ele-
ments for each antenna path, the overall beam
squint pattern can be flexibly adjusted to match
the desired beamforming profile. For a given
beamforming profile, the corresponding TD coef-
ficient and phase offset can be determined by
formulating a beam error minimization problem
and solving it using the least squares method [10].

Building upon the aforementioned architec-
ture, a beam squint assisted framework can be
conceived to integrate target sensing and multi-
user communication, as illustrated in Fig. 4. Firstly,
frequency resources and the power budget are
allocated based on the requirements of com-
munications and sensing systems, dividing the
subcarriers into communication and sensing sub-
carriers. Specifically, the subcarrier assignment
and power allocation can be formulated as an
optimization problem to maximize the sum data
rate while ensuring the required sensing range
and accuracy. The communication subcarriers
can be further partitioned among users based
on their individual demands. After modulation
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with communication symbols, the communication
subcarriers are processed by the communication
RF chain, TD network, and PS, directing each
subcarrier toward its intended user. Meanwhile,
the sensing subcarriers are routed through a
dedicated sensing RF chain, TD network, and PS
to form beams that align with the predicted tra-
jectory of potential target locations. In order to
enhance sensing accuracy, prior target location
information is utilized for trajectory prediction via
Kalman filtering, and the delay and phase coef-
ficients are dynamically adjusted based on the
predicted results. The proposed ISAC framework
can be extended to a multi-RF chain architec-
ture, which is typically employed in XL-MIMO
systems. As the number of RF chains increases,
the digital precoding design becomes more flexi-
ble, enabling the resultant beam pattern to more
closely approximate the ideal one. However, this
also increases the dimensionality of the precoding
matrix, leading to higher computational complex-
ity. It is also feasible to share a common RF chain
between communication and sensing subsystems
to reduce hardware cost, this may compromise
beamforming flexibility and introduce mismatches
between the desired and actual beam patterns.
Figure 5 compares the angular estimation per-
formance of the beam squint assisted scheme
against existing benchmarks under different SNR
levels, where the target is assumed to locate along
an arc segment between (60°, 20 m) and (80°,
20 m). The root mean square error (RMSE) is uti-
lized as the performance metric. The sensing-only
scheme serves as the performance lower bound,
as it dedicates all subcarriers exclusively to radar

sensing without supporting simultaneous commu-
nication. The conventional scheme, where the BS
emits probing signals sequentially across differ-
ent directions, suffers from high beam sweeping
overhead. Although it offers reasonable sensing
performance, the requirement for frequent beam
switching introduces latency and power consump-
tion issues, especially in fast-varying environments.
In contrast, the beam squint-assisted scheme
leverages the frequency-dependent spatial disper-
sion to sense multiple directions simultaneously
in a single time slot. This significantly reduces the
beam switching burden and enables low-latency,
high-resolution sensing. As observed in Fig. 5,
this scheme outperforms the conventional coun-
terpart in terms of RMSE across all SNR levels.
Moreover, as SNR increases, its sensing perfor-
mance asymptotically approaches that of the
sensing-only scheme, demonstrating its effective-
ness in high-SNR scenarios. Meanwhile, simulation
results indicate that the beam squint assisted
scheme is capable of achieving up to 95% of the
optimal communication data rate, while its sens-
ing performance asymptotically approaches that
of the sensing-only scheme as the SNR increases.

LEVERAGING FLEXIBLE NEAR-FIELD BEAMS IN ISAC

Beam Manipulation for Obstacle Avoidance:
Highly directional beams are susceptible to block-
age caused by user mobility and environmental
dynamics, which poses significant challenges for
the deployment of THz systems in indoor wire-
less communication scenarios. Fortunately, when
both users and obstacles are located within
the near-field region of the BS, advanced beam
manipulation techniques can be leveraged to
dynamically steer beams around obstructions,
thereby facilitating reliable connectivity.

The Bessel beam presents a promising solution
for circumventing relatively small obstacles, whose
amplitude distribution follows a Bessel function.
A key characteristic of THz Bessel beams is their
self-healing property. When partially obstructed,
the beam can reconstruct its original pattern
beyond the obstruction, which highlights the
superiority of Bessel beams over conventional
Gaussian beams. While Bessel beams perform
well against minor obstructions, their effectiveness
diminishes in the presence of larger obstacles.
In such scenarios, airy beams demonstrate supe-
rior performance due to their distinctive property
of self-acceleration. By imposing a cubic phase
profile added with an auxiliary quadratic phase
component at the radiating aperture, the resultant
airy beam naturally follows a curved parabolic
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trajectory that enables it to bypass obstacles. The
curved propagation trajectory is not attributed
to local dynamics from the beam’s main lobe.
It arises from the constructive interference of
caustics, which are collections of light rays that
tangentially intersect the intended trajectory and
guide the beam along its bending path. Such
airy beams have been experimentally generated
through passive lenses by applying the cubic
phase modulation [11]. Beyond obstacle avoid-
ance, the unique propagation characteristics of
Bessel and airy beams also play a crucial role in
enhancing physical layer security, as they enable
the transmitted signals from the BS to effectively
circumvent potential eavesdroppers and reach the
intended receiver [14].

Near-Field Imaging and Environment Sensing:
The high degree of beam controllability enabled by
near-field THz technologies lays a solid foundation
for advanced THz imaging and deep environmental
sensing. By superimposing multiple complex electric
fields corresponding to separate focal points, it is
possible to generate multi-focal beams that simulta-
neously focus energy on several regions of interest
across the surface of target. This multi-focus capabil-
ity significantly accelerates the scanning process and
improves spatial resolution in THz imaging. Addition-
ally, the extended focal depth beam can concentrate
energy along a focal line spanning the target’s depth
dimension. Such beams enable the extraction of
two-dimensional characteristics, including target
thickness and internal structural features [15]. These
capabilities hold great promise for emerging appli-
cations such as high-precision 3D mapping and
environment reconstruction.

For clarity, all the aforementioned techniques
are summarized in Table 1, including their key
features exploited, advantages, and potential
applications.

OPEN CHALLENGES AND FUTURE DIRECTIONS

In this section, we outline several open challenges
and corresponding research opportunities in THz
near-field ISAC systems.

Waveform Design: In conventional far-field
ISAC systems where range estimation relies on the
echo delay derivation, a long-standing challenge
in ISAC waveform design is maintaining desirable
auto-correlation characteristics in the presence of
randomized communication symbols. In contrast,
near-field ISAC approaches can leverage channel
state information for range estimation. The core
challenge of ISAC waveform design may devi-
ate from the conflict between auto-correlation
property and randomness, and focus on fully har-
nessing the angular-range coupling effect inherent
in near-field propagation. Therefore, new theoret-
ical frameworks and design methodologies are
required for the next-generation ISAC waveform.

Unified Far-Field and Near-Field ISAC: In the
far-field region, angular-domain beamforming
techniques are widely used for both data transmis-
sion and target sensing. In contrast, the near-field
region benefits from beam-focusing and other
flexible beam pattern designs enabled by precise
phase control. However, angular-domain beam-
forming suffers from power dispersion in near-field
channels, while many near-field beam patterns are
unattainable in the far-field. These limitations high-
light the need for unified ISAC strategies, where

Techniques Features Exploited Advantages

Applications

Beam focusing Angular-Range Coupling

Near-field localization Angular-Range Coupling

synchronization
Integrated multi-angle sensing and

. L Near-Field Beam Squint
multi-user communication

Flexible Near-Field Beam

Beam manipulation "
anpuato Controllability

Nearfeldimaging Controlbilty scanning

Increasing the spatial DoFs

No need for precise

Low beam switching overhead

Ability to shape curved beam

Flexible Near-Field Beam Extending the dimensions of

- Signal multiplexing
- Physical layer security

- Low-complexity
ranging

- Large-scale loT

- Obstacle avoidance

- Physical layer security

- 3D mapping
- Environment
reconstruction

TABLE1 Leveraging the unique features of THz near-field propagation: state-of-

the-art.

a single framework, waveform, or hardware can
seamlessly operate in both near-field and far-field
regions without separate designs. Future research
should investigate unified codebook designs,
advanced precoding techniques, and sensing algo-
rithms that are adaptable to both regions.

Hardware Implementation: The excessive
power consumption is a non-negligible challenge
for THz XL-MIMO system implementation. While
XL-MIMO can theoretically improve array gain,
the increased number of RF chains and high-
speed DACs/ADCs substantially raise circuit-level
power consumption, especially in fully digital
architectures. Furthermore, to fully leverage the
unique features of THz near-field channels, beam
patterns must be precisely manipulated, which
also poses challenges for hardware implementa-
tion. For instance, achieving fine-grained control
over range and angular resolution in beam squint-
based systems requires TD elements that provide
consistent delay responses across wide frequency
bands, which imposes substantial complexity on
hardware implementation. Besides, the beam
manipulation relies on phase control of electric
field across the radiating aperture, which is typ-
ically realized through passive lenses. However,
each customized lens supports only one spe-
cific beam pattern and lacks reconfigurability. To
address this issue, reconfigurable intelligent sur-
faces have emerged as a promising alternative,
which allows for the realization of various beam
manipulation goals, but at the cost of high com-
plexity. The trade-off between reconfigurability
and implementation complexity remains a critical
problem requiring further investigation.

CONCLUSION

In this article, we investigated the unique features
and potential of XL-MIMO empowered THz ISAC
systems. We provided a comprehensive survey of
existing technologies that leverage these features
to improve the performance of dual-function
systems. In addition, we zoomed into an inter-
esting near-field sensing approach based on the
wavenumber domain, along with a beam squint
assisted ISAC resource allocation framework. Sim-
ulation results demonstrate that the framework
achieves high-resolution angle estimation with low
overhead while simultaneously supporting high-
rate data transmission. Finally, we outlined several
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open challenges in waveform design, hardware
implementation, and unified near/far-field ISAC
strategies, offering promising directions for future
research.
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The fundamental principles of three key characteristics of THz near-field propagation are analyzed, and
a comprehensive review of state-of-the-art technologies leveraging these features to enhance both
communication and sensing performance is provided.

We highlight a near-field sensing technique based on the wavenumber domain, enabling accurate

range estimation without requiring precise timing synchronization between the transmitter and
receiver.

Simulation results demonstrate that the framework achieves high-resolution angle estimation with low
overhead while simultaneously supporting high-rate data transmission.
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