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Abstract—The far-field channel model has historically been
used in wireless communications due to the simplicity of mathe-
matical modeling and convenience for algorithm design. With the
need for high data rates, low latency, and ubiquitous connectivity
in the sixth generation (6G) of communication systems, new
technology enablers such as extremely large antenna arrays
(ELAAs), reconfigurable intelligent surfaces (RISs), and dis-
tributed multiple-input-multiple-output (D-MIMO) systems will
be adopted. These enablers not only aim to improve commu-
nication services but also have an impact on localization and
sensing (L&S), which are expected to be fundamentally built-
in functionalities in future wireless systems. Despite appearing
in different scenarios and supporting different frequency bands,
such enablers share the so-called near-field (NF) features, which
will provide extra geometric information conducive to L&S. In
this work, we describe the NF features, namely, the spherical
wave model, spatial non-stationarity, and beam squint effect. Af-
ter discussing how L&S see NF differently from communication,
the opportunities and open research challenges are provided.

Index Terms—Localization, sensing, near field, ELAA, RIS,
D-MIMO, 6G.

I. INTRODUCTION

The sixth generation (6G) systems are expected to support
immense throughput, ultra-massive communications with high
connection density [1]. The wide bandwidths in the mmWave
and sub-THz bands can be leveraged to meet the high data
rates and low latency requirements for communications. In
this context, extremely large antenna arrays (ELAAs) can
be used to combat the high propagation losses. Moreover,
technologies such as reconfigurable intelligent surfaces (RISs)
and distributed MIMO (D-MIMO) are also under research
for omnipresent connectivity and extended coverage. In ad-
dition to their benefits from the communications perspective,
these technologies also offer unprecedented opportunities for
localization and sensing (L&S), constituting the core functions
of 6G networks.

L&S are defined as the state estimation (e.g., position,
orientation, and velocity estimation) of the connected devices
(i.e., localization of user equipments (UEs)) and passive targets
(i.e., radar-like monostatic or device-free bistatic/multistatic
sensing of passive objects) in a global frame of reference.
In addition to the high delay resolution (inverse of the band-
width) provided by the wideband signals, the large apertures

This paper is partially supported by the Vinnova BSGPOS Project under
Grant 2022-01640, the European Union under the Italian National Recovery
and Resilience Plan (NRRP) of NextGenerationEU, partnership on “Telecom-
munications of the Future” (PE00000001 - program “RESTART”), and by the
EU Horizon project TIMES (Grant no. 101096307).

of ELAAs and RISs provide unparalleled angular resolution
(signal wavelength divided by the physical array aperture size),
which directly improves the L&S performance. Moreover, by
acting as extra anchor nodes, RISs can support and enable
various (and sometimes extremely challenging) scenarios, such
as single-input single-output (SISO) [2] and out-of-coverage
systems [3]. As for D-MIMO, the spatial diversity and the
exploitation of phase-coherence can significantly boost L&S
performance [4]. The advent of these technologies increases
the likelihood of encountering near-field (NF) scenarios, em-
phasizing the necessity for accurate NF models and algorithms
to fulfill the requirements of communication, localization, and
sensing in 6G systems.

There are three features that make the NF scenario distinct,
namely, spherical wave model (SWM), spatial non-stationarity
(SNS), and beam squint effect (BSE). In particular, the validity
of the plane wave approximation is violated when the commu-
nication distance is short and the antenna arrays are electrically
large (i.e., with respect to the wavelength) [2]. In this case, the
SWM (or wavefront curvature) has to be taken into account.
In addition, due to NF scattering, local fading, and blockages,
different antenna elements observe the signal propagation from
the same source differently, thus resulting in a SNS across the
array [5], [6]. Finally, when such arrays operate with wide
bandwidths and frequency-independent phase shifters, the BSE
causes different signal frequency components to be focused
towards different areas [7].

When ignoring these features and adopting conventional
far-field (FF) processing, model mismatch happens, causing
significant performance degradation, especially when the SNR
is high [8]. On the other hand, the NF features, when correctly
accounted for, can be harnessed to improve communication
and L&S performance. For example, significant efforts have
been invested in NF communications, as evidenced by studies
highlighting its benefits in mitigating co-channel interference
and improving spectral efficiency [1], [9]. For L&S, NF
features have also been exploited, e.g., SWM to support
narrowband systems [4] and line-of-sight (LOS)-blocked sce-
narios [2], and SNS for blockage detection [6]. However, an
overview of the NF L&S opportunities (e.g., reduced hardware
and extended coverage) and challenges (e.g., high model
complexity, calibration processes, and performance-cost trade-
offs) is still lacking.

This work focuses on the discussion of NF L&S supported
by ELAAs, RISs, and phase-coherent D-MIMO, as shown
in Fig. 1. Before delving into L&S, we will briefly describe
NF features, and summarize the opportunities and challenges
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Fig. 1. TIllustration of NF L&S in an indoor (airport terminal) scenario. L&S services can be provided with ELAAs, RIS, and phase-coherent D-MIMO. In
the NF, features such as SWM and SNS become prominent. With large bandwidths, the BSE manifests itself as misfocusing. Phase coherence makes the
D-MIMO system function as a spatially distributed antenna array (a special form of ELAA).

brought to communications. Then, from the L&S perspective,
we elaborate on the opportunities by listing several enabling
scenarios in the NF with ELAA, RIS, and D-MIMO tech-
nologies. The open research challenges will also be discussed,
followed by the conclusion of this work.

II. NEAR-FIELD CHANNEL FEATURES

This section provides a recap of the three main features of
NF systems (i.e., the SWM, SNS, and BSE) and their effects
on communications. Detailed discussions of the effect of these
features on L&S will be provided in the later sections.

A. Spherical Wave Model

One of the major distinguishing features of NF propagation
conditions is the spherical wavefront, characterized by the
SWM. In standard FF conditions (in general, beyond the
Fraunhofer distance), phase variations across the receiving
array depend only on the source angle with respect to the
array. In contrast, in the NF, the phase across the array
depends on the source location (i.e., coupled angle and
distance information). This provides communications with
multiple access capabilities where UEs at the same angle but
different distances can be served without inter-UE interference
(i.e., beamfocusing) [1]. In addition, multiple data streams
can be exchanged in a single LOS channel to improve the
overall spectral efficiency. A small beamfocusing area can
also mitigate interference and protect privacy at the expense
of increased channel estimation complexity.

B. Spatial Non-Stationarity

The SNS occurs in the NF because different regions of large
arrays see different propagation paths [5]. Different from the
FF assumption, where the whole array receives signals from
a specific path with the same amplitude and angle-dependent
phase profile, the channel gains need to be characterized at
the antenna level (or subarray level) instead of the array
level to account for the SNS. In the NF regime, non-isotropic
scattering of spatially extended targets renders the SNS effect
more prominent [10]. This is caused by angle-dependent
scattering and self-occlusion of the individual scatterers that
compose the target, inducing varying, often nearly random and
highly fluctuating phases and amplitudes across the array.

In addition to the environment, imperfect manufacturing
(i.e., non-isotropic radiation patterns) and element failures in
large arrays also contribute to the SNS. The SNS does not
adversely impact communications since the channel is viewed
in an aggregated form by the transmitter-receiver couple.
Indeed, the overall spectral efficiency of the system can be
improved due to the rich propagation paths experienced by
the large array.

C. Beam Squint Effect

The BSE is caused by analog phase shifters that apply the
same phase shift for signals at different frequencies. When the
signal bandwidth is large, the fixed antenna spacing induces
frequency-dependent phase shifts across the array, causing the
BSE. In the FF, the BSE results in the split beams for different
subcarriers in different directions rather than the intended one.
In contrast to the split beams in the FF, the NF scenario BSE
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Fig. 2. Ilustration of NF channel features and normalized signal power measurements at different locations (f. = 30 GHz system with 4 GHz bandwidth).
In each scenario, a half-wavelength spaced ELAA is beamforming to two UEs, located at p = [1.928, 2.298]Tm (angle-of-departure 0p = 50°) and
q = [2.898, —0.777]Tm (g = —15°), both are 3 m away from the array center. The received signal power is normalized by the amplitude of the channel
gain and the number of antennas (scaled from 0 to 1). Due to the BSE, the focused locations of the lowest subcarrier (fiin = 28 GHz) and highest subcarriers
(fmax = 32 GHz) are actually p; = [1.263,1.815] T m,q; = [2.661, —0.768] " m and p2 = [2.610,2.693] Tm, q2 = [3.131, —0.783] " m, respectively

(the other subcarriers are not visualized).

makes beams at different frequencies focusing on locations
other than the intended one [7]. For communications, the
BSE can have a detrimental effect since the intended user
is not properly served due to the energy leakage at certain
frequencies due to beam misfocusing. This effect is particu-
larly pronounced in the NF when sharply focused beams are
adopted. On the other hand, the BSE can be leveraged for
faster initial access when establishing communication links
due to the wider coverage area by different subcarriers [11].

D. Visualization of NF Features

An illustration of NF channel features under different sys-
tem parameters is shown in Fig. 2. The SWM is reflected as
focused points instead of angular beams as shown in Fig. 2
(b), and the effect of SNS caused by partial antenna blockage
as shown in Fig. 2 (c). We can see from the figure that
the SWM (resulting in focused points) is more pronounced
in small angles and larger arrays. Additionally, the BSE is
prominent at large angles, with edge subcarriers, and in large
arrays (the squinted angles are the same, but the beamwidth
in large arrays is smaller). Furthermore, the SNS caused by
the partial blockage may affect the beamfocusing performance,
but the communication link can still be maintained. It is worth
noticing that the BSE encountered in ELAAs and RISs can be
eliminated in D-MIMO because of the digital implementation
of the system (i.e., one radio frequency chain for each antenna
widely distributed in space).

III. OPPORTUNITIES FOR LOCALIZATION AND SENSING

NF operation introduces several distinct features that are not
present in FF operation to boost communications, as discussed
in the previous section. These features also bring opportunities

for L&S, which will be detailed in this section with NF-
enabling scenarios summarized in Table I.

A. NF L&S vs. NF Communication

Wireless communication and L&S systems can be imple-
mented in the same hardware and be configured to use the
same waveforms and signal processing blocks; however, they
target different goals. In particular, communication systems are
designed to transfer information through a radio channel acting
as a medium, resulting in treating the aggregate channel as a
nuisance in order to optimize data transmission. In contrast,
L&S systems are designed with the sole purpose of extracting
information about the UE (or passive target) state from that
radio channel. As a result, L&S benefit from the NF features
in a manner distinct from that of communication systems.

In L&S systems, the coupling in range and angle coming
from the SWM allows for direct localization of both users
and scatterers with high accuracy. In this case, the range-
based localization (requiring wideband signals) and angle-
based localization (requiring multiple multi-antenna BSs) in
the FF are no longer required, thus enabling frugal L&S with
narrowband signals [2]. Similarly, beamfocusing in the NF
can be utilized to spatially resolve closely spaced scatterers
for high-resolution radar sensing, which cannot be done with
beamforming in the FF. While SNS does not require extra
effort in communications as the diversity gain in the end-to-
end channel is elegantly exploited, L&S must accurately model
this feature, especially for geometric parameter extraction of
extended targets. This effect can also be leveraged to detect
channel blockages, variations and potentially enable passive
target sensing. Regarding the BSE, L&S can further exploit
location information contained in the squinted beams formed



TABLE I

A SUMMARY OF NEAR-FIELD-ENABLING SCENARIOS

Tasks Scenarios FF NF NF Benefits
a) Time-difference-of-arrival (multiple single- . T - Reduced bandwidth (with SWM ex-
i a) Phase coherence exploitation in o . . X
. e antenna BSs); R ploitation using narrowband signals);
Location estimation . . D-MIMO; LT
X b) Angle-based (multiple multi-antenna BSs, or o - - Reduced number of BSs or elimination
L1 of a single-antenna ¥ 5 5 ) b) SWM exploitation of a single N 5
. single multi-antenna BS with absolute range . . A of absolute range requirement for angle-
UE (without RIS) R . . f BS, without the wideband require- s
g measurement via large bandwidth and round-trip —— based methods (position-dependent array
] time protocols). ’ response).
N . . . . .
Tg Location estimation a) Slngle—RIS—?nabled localization (LOS and wide- a) Work with LOS blockage (ar‘lcF - Extended detection area (LOS blockage):
S (N R e andieduiied ) possibly  narrowband - signals); | 'poy g pandwidth (with SWM);
UE (with RIS) b) Multl—RIS-engbled sidelink localization in out-of- b) Work w1'th single-RIS and - Reduced number of RIS anchors.
coverage scenarios. narrowband signals.
Location and orien- a) At least 2 multi-antenna anchors (BSs or RISs) a) Work with single-anchor and .
. S o . - Reduced number of anchors;
L3 tation estimation of for 6D localization; narrowband signals; - Reduced bandwidth
a multi-antenna UE b) Single-anchor with NLOS paths. b) NLOS paths are not required. :
Bistatic/multistatic a) ELAA/D-MIMO aided sensing; a), b) Targets located at the
sl seﬁsin of a ‘assive b) RIS-aided sensing (possibly with double- or same AOA could be resolved with - Extended detection area;
o0 ) & pa multi-bounce channels). beamfocusing, and work with nar- | - Reduced bandwidth (with SWM).
= target . . . L .
3 (both require wideband for location estimation) rowband signals.
3 Multistati ing of a target equipped with an RIS
« Sensing of an RIS . 1S‘a 1 Sensmg otatarget equipped with an N Work with a bistatic sensing setup .
S2 (at least 3 anchors are needed, e.g., 1 transmitter, 2 . . - Reduced number of anchors required.
target o (e.g., 1 transmitter, 1 receiver).
receivers)
Joint L&S of UE | a) Multi-antenna BS and multi-antenna UE; a) Work with SIMO/MISO sys- holfi:ulclieri dl;-ardware Cosi(ultpantenny
n I and passive targets b) Multi-antenna BS and single-antenna UE (SIMO) tems; . Exle(ll1ded a’ Heatfiem Eeamries (o me-
3 (without RIS) with Doppler estimation (mobile UE). b) Work with stationary scenarios. . . app
= bility required).
) met RIS callbra' ap RIS calibationfand 3D. e ‘posmomng wilia & Work with a single UE at a fixed - Extended application scenarios (multiple
J2 tion and UE posi- multi-antenna BS and multiple single-antenna UEs. X .
- P g g location. UEs are not required).
tioning (or a single UE at multiple locations).

*Notes: The abbreviations ‘L, ‘S’, and ‘J’ denote ‘localization’, ‘sensing’, and ‘joint localization and sensing’, respectively. The L&S systems discussed in this table are in uplink;
however, tasks can also be done downlink with different protocols. In addition to enabling scenarios, NF can also boost the L&S performance, which is not discussed in this table.

by different subcarriers, thus improving the L&S accuracy
and resolution with beamfocusing with limited scanning over-
head [11].

B. NF L&S: ELAA vs. RIS vs. D-MIMO

ELAAs and D-MIMO are usually treated as separate ar-
chitectures; however, the particular distinction in terms of NF
L&S is not black and white. For example, an ELAA can be
viewed as a special case of a D-MIMO system when the
array is large enough, as in [4]. Similarly, a phase-coherent
D-MIMO system can be treated as an ELAA. The distinction
is that ELAAs are typically composed of dense antenna arrays
in a uniform structure that are directly connected to a central
processing unit, while D-MIMO systems consist of sparse and
widely separated antennas that are connected through a shared
fronthaul to potentially several processing units.

The NF features experienced in RIS-aided systems are
similar to those in ELAAs. In the LOS-blocked scenario, the
BS receives signals from the UE through the RIS channel
with time-varying RIS profiles/codebooks, which is analogous
to the combiner change of an analog ELAA. The NF features
introduced by the RIS are beneficial to L&S. If the LOS path
is available, extra geometrical information becomes accessible,
but new challenges arise in beam design and channel parameter
extraction. Compared to active devices such as ELAAs and D-
MIMO, the nearly passive and low-cost properties of the RISs
yield a more practical deployment of systems operating in the
NF. In the following, three localization scenarios, two sensing
scenarios, and two joint scenarios are discussed as examples
of NF L&S systems.

C. NF Localization

1) LI-Location Estimation without RIS: Time-difference-
of-arrival-based localization is widely used to locate a single-
antenna UE (L1-(a)). In such a system, multiple time-
synchronized base station (BS) cooperate to localize a UE
through range-based measurements. With the introduction of
phase-synchronization and phase-coherent processing, which
can especially be provided at sub-6 GHz frequencies (e.g., via
an all-digital sigma-delta-over-fiber architecture), the entire D-
MIMO system can be turned into a very large sparse array.
By exploiting the SWM property of the signal, narrowband
localization of UEs using carrier phase only becomes possi-
ble [12]. Similarly, angle-based localization (L.1-(b)) can also
benefit from the NF features by exploiting SWM. Centimeter
level localization accuracy has been achieved with NF D-
MIMO- or ELAA-based localization, using local or centralized
implementations methods [13].

Case Study 1: Fig. 3 shows the uplink localization perfor-
mance of a single-antenna UE in a phase-coherent network
(L1-(a)) with and without phase synchronization among the
distributed BSs [12]. Phase-synchronized (-coherent) scenario
corresponds to NF operation since the D-MIMO network
seen as a whole can be treated as a large aperture array
created by a combination of distributed phase-coherent BSs.
On the other hand, the absence of phase synchronization (non-
coherent scenario) prevents exploitation of the NF features
(e.g., SWM). We observe that phase-coherent processing (en-
abled in the coherent scenario) can provide significant gains
in localization accuracy over the non-coherent scenario. In
addition, accuracy in the coherent case stays almost constant
with respect to bandwidth since the carrier phase conveys
much richer delay/position information than the one provided



100 E T T TTTTT] T T TTTTT] T T TTTTT] T T T 11T 05

E | |
o L i
g P LR E R LT R (U TR RLTTELY FETELLT PPt
) 10 = e E
[aa} r i
= I -
£ | | Accuracy gain N
83| . Noncoherent (M = 4)
= 10~2| |Vvia phase coherent|..... Noncoherent (M = 8) .
g I |processing Noncoherent (M = 16) E
'g I = == Coherent (M = 4,8,16) | |
& hdecammncduaaanneefereeee e e e e nn = a

10—3 Lol Lol Lol L1l

107! 10° 10 10? 10°

Bandwidth [MHz]

Fig. 3. Position error bound vs. bandwidth for uplink localization of a single-
antenna UE in a distributed BSs network at 3.5 GHz, consisting of 4 BSs
equipped with M-element uniform linear array. The BSs are deployed on the
corners of an area of size 10 X 10m? at the height of 3 m, while the UE is
located at [2,9, 1] T m. The position error bound values refer to 2D localization
accuracy under the assumption of known UE height and are computed using
[12, Eq. (41)]. In the coherent scenario, BSs are phase synchronized, creating
a spatially distributed ELAA working in the NF. Simulation details and other
parameters can be found in [12, Sec. V-A].

through bandwidth (i.e., sharper peaks around the true UE
location in the likelihood function).

2) L2-Location Estimation with RIS: RISs, working as ref-
erence anchors, can enable localization (even for the simplest
SISO scenario) with wideband signals due to the extra angular
information (L2-(a)). More specifically, the position of a UE
can be obtained as the intersection of the line from RIS to UE
(corresponding to angle-of-departure estimate) and a hyper-
boloid formed by two delay estimates from the LOS path and
the RIS path. In the NF scenario, this system can work with
narrowband signals and under LOS blockage (which limits
the localizability in the FF cases) by exploiting the SWM
feature of the signal. This scenario is similar to L1-(b) by
replacing an ELAA with a single antenna transmitter/receiver
working together with an RIS. In addition, NF features can
provide more L&S opportunities in sidelink localization (L2-
(b)) in out-of-coverage areas, where more details describing
the scenarios can be found in [3].

Case Study 2: A numerical example of RIS-assisted NLOS
localization is shown in Fig. 4, where a single-antenna UE
is navigating in an indoor environment. A long linear RIS
is deployed, and the UE can localize itself by analyzing
the signal reflected by the RIS even under LOS blockage
scenarios [2]. Despite the presence of many obstacles that
partially obstruct the RIS, the localization error along the UE
trajectory remains limited to 20 —30 cm, as seen from the inset
plot. Note that wideband signal is not a requirement but can
facilitate localization tasks with extra time measurements.

3) L3-Location and Orientation Estimation of a Multi-
antenna UE: When considering 6D localization (i.e., 3D po-
sition and 3D orientation) of UEs in the FF, at least 2 anchors
(BSs or RISs with known state information) are needed for
3D orientation estimation of a UE (L3-(a)). Specifically, after
position estimation via the intersection of two direction vectors
originating from the anchors, the rotation matrix is calculated
based on the two estimated local angle pairs with respect to

Base
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Fig. 4. RIS-assisted localization in a NF NLOS scenario (L2-(a)) (28 GHz
system with 250 MHz bandwidth). A single-antenna UE moves along the
trajectory (from [—4,6,1]Tm to [4,6,1] " m) (orange line), and a BS in
[0,0,1] " m (green triangle) sends positioning reference signals, which are re-
flected by a 20 m long linear RIS deployed from [—5,0,3] T m to [5,0, 3] T m
and from [5,0,3] T m to [5,10, 3] T m (blue areas). The error evolution along
the trajectory is reported; larger errors occur around index 50 due to the
blockage of a large amount of RIS elements. Time-varying RIS reflection
coefficients are exploited to discriminate between paths coming from different
portions of the RIS, and compute a set of BS-RIS-UE delay measurements.
Based on these delay measurements, the UE position is computed, even in
the case of obstructed BS-UE path [2].

the two anchors at the UE. In the presence of non-line-of-
sight (NLOS) paths, multipath exploitation can enable 6D FF
localization with a single anchor (L3-(b)). By leveraging the
SWM feature in the NF (and possibly SNS/BSE, which also
convey the position and orientation information of the UE),
it becomes possible to achieve single-anchor 6D localization
without requirements on the propagation environment (i.e., the
existence of NLOS paths).

D. NF Sensing

1) S1-Bistatic/Multistatic Sensing of a Passive Target:
The key advantage of ELAA and D-MIMO from a mono-
static/bistatic sensing perspective is the dense and widely
distributed deployment of antennas, which provides good
coverage, high accuracy, and improved resolution (S1-(a)). A
particular mode of operation is coherent processing, which
has the potential of achieving remarkable spatial resolution
even at narrow bandwidths [4]. In terms of radar integration,
the sensing can either be integrated in the downlink or in
the uplink, with carefully selected antennas as transmitters or
receivers. In each case, the key objective is to integrate the
radar functionality into the communication system at mini-
mum communication overhead and loss in radar performance.
Regarding RIS-aided sensing (S1-(b)), most of the existing
literature focuses on FF scenarios to improve sensing per-
formance [14]. Compared with the traditional sensing system
without RIS, the quality of the reflected signal from the target
can be improved, and the sensing service can be available
with LOS blockage. In addition, an RIS located far away from
the radar virtually extends the aperture of the system (or can
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Fig. 5. NF ELAA/D-MIMO sensing experimental setup and measurement
results. The testbed (with a length of 68 X 7cm = 4.76 m) operates at
2.61 GHz using the OFDM waveform with 100 subcarriers and 18 MHz
bandwidth (which corresponds to (3 x 108 m/s)/(18 x 10 Hz) = 16.67m
in bistatic range resolution). The system was calibrated using a reference
measurement with the cylinder (25 cm in diameter, and the size is not taken
into account in the reconstruction) at a known location for phase and amplitude
alignment. Localization is performed with the cylinder moving at around
1m/s (larger than the bistatic Doppler resolution of 0.1149m/0.2s =
0.5745m/s). The data processing is carried out on the channel state in-
formation using range-Doppler processing and static removal, followed by an
image formation using the back projection. As can be seen, a high spatial
resolution is obtained in the NF, despite a narrow bandwidth. More details
can be found in [4].

be interpreted as an extra radar). When operating in the NF,
similar to (S1-(a)), RIS can help resolve targets residing in the
same angle, but at different distances, through SWM.

Case Study 3: An example of NF sensing experimental
setup and measurement results are shown in Fig. 5, using the
same setup but different signal frequency as [4]. The heatmaps
illustrate the matched filter response of a moving cylinder
using an experimental massive MIMO testbed configured for
bistatic radar sensing, emulating an ELAA or D-MIMO system
operating in the NF. In addition to the high resolution, the
experimental result also highlights some challenging non-
idealities (e.g., hardware impairments) that are common in
the NF of large antenna arrays, which have the impact of
introducing mainlobe and sidelobe distortions in the radar
image.

2) S2-Sensing of an RIS Target: An RIS attached to a target
can provide a much stronger reflected signal and orientation
estimation of itself. In the FF, at least 3 anchors (e.g., 1
transmitter and 2 receivers) are needed to localize the target
equipped with an RIS (given each transmitter-RIS-receiver
path provides a delay estimation and 2D spatial frequency
estimation). In the NF, however, a single-antenna transmitter
and a single-antenna receiver are sufficient for localization in
a bistatic sensing setup. Such sensing scenarios can also be

interpreted as calibrating RIS anchors with known transmitter
and receiver states.

E. NF Joint Localization and Sensing

1) J1-Joint L&S of UE and Passive Targets: Sensing can
also be performed jointly with localization tasks, especially
when the surrounding environment is dynamic. For example,
the positions of incident points (that create extra paths between
the transmitter and receiver) can also be estimated as a by-
product in simultaneous localization and mapping scenarios.
In the FF, this can be accomplished with a multiple-antenna
UE (J1-(a)), or a single-antenna UE under mobility by ex-
ploiting Doppler information [15] (J1-(b)). In the NF, the SNS
(passive target sensing) and SWM features can be exploited to
perform L&S (of both reflecting and blocking passive targets)
using a single-antenna UE, without the assistance of Doppler
estimation. The opportunities provided by RIS-aided joint
localization and sensing are similar, which are not detailed
here.

2) J2-Joint RIS Calibration and UE Positioning: For the
RIS-aided L&S system, calibration of the RIS is a crucial and
practical issue that could be solved using the same method as
S2. However, the state information of the transmitter(s) and
receiver(s) are required. A more practical process is jointly
performing UE positioning and RIS calibration tasks (J2),
which requires a multi-antenna BS. For a single-antenna UE
at a fixed location, two delay estimates, four angle estimates
at the BS, and two spatial frequency estimates at the RIS
can be obtained, which are insufficient for the calibration
task. In order to obtain the full 6D state of the RIS and 3D
position of the UE in the FF scenarios, the measurements
from multiple single-antenna UEs or a single-antenna UE at
different locations are needed (as one location provides). In
contrast, this task can be tackled in the NF with one single-
antenna UE, largely reducing the operation cost.

F. Summary of NF Benefits for L&S

Based on the described scenarios and systems with different
technologies, the benefits of L&S in the NF are summarized
as follows:

e A more sustainable L&S system: remove the require-

ments of multi-antenna arrays (J1); reduce the number
of anchors (L1, L2, L3, S2); support narrowband L&S
instead of the wideband requirement in the FF (L1, L2,
L3, S1); spatial focusing to allow accurate sweeping-
based L&S due to the native high spatial resolution; the
reduced radio resources in high accuracy L&S allow a
better coexistence with communication functionalities.

o Extended L&S application scenarios: joint localization

and sensing without mobility requirement (J1); joint
RIS calibration and UE positioning without multi-UE
requirement (J2); possibility to detect occluded targets
(S1); provide localization services in the areas with LOS
blockage (L2).

« Increased accuracy and trustworthiness: improve L&S

accuracy compared to FF counterparts, when properly
harnessing the NF effects (L1-J2); novel ways of utilizing



NF Doppler provide improved tracking performance;
spatial focusing leads to natural interference mitigation
as well as improved privacy.

IV. OPEN RESEARCH CHALLENGES

In addition to the opportunities brought by the NF features,
it is essential not to overlook the challenges faced by L&S,
which are discussed in this section.

A. Efficient NF Algorithms

Most traditional localization algorithms have been devel-
oped for FF configurations and follow a pragmatic two-step
approach (i.e., extracting intermediate geometric parameters
such as delay and angle-of-arrival (AOA) followed by position
estimation). In the NF, due to the SWM, the maximum
likelihood estimator can be adopted for direct positioning.
Alternative algorithms, such as compressive sensing, atomic
norm minimization, cumulant-based algorithms, and two-step-
style approximation are proposed. Regarding the sensing sce-
nario, SNS requires extra effort in modeling for extended
target localization and passive target sensing. In general,
NF algorithms suffer from high complexity when adopting
accurate channel models. However, using a simplified and
approximated model (e.g., FF model) is sensitive to model
mismatches (e.g., hardware impairments, partial blockage,
diffraction of signals around objects) and degrades system
performance. The challenge lies in developing efficient NF
algorithms, especially in scenarios where high accuracy and
low latency are required.

B. System Design and Optimization

The design and optimization for L&S systems are crucial,
which can be classified into offline (e.g., BS layout opti-
mization) and online (e.g., frequency and power allocation)
based on the key performance indicator requirements of the
applications. Compared to the systems working in the FF,
SWM and SNS need to be considered in beamforming de-
sign, RIS profile optimization, and power allocation. Machine
learning algorithms, such as reinforcement learning, can be
good candidates to solve such high-complexity non-convex
problems. Furthermore, concerns regarding electromagnetic
field exposure may arise, requiring sensing technologies to
detect and localize surrounding users to meet the energy
constraints. When considering the design of NF radar systems,
processing schemes should be carefully crafted, taking into
account the tradeoff between resolution and detection latency.
In this regard, the characterization of extended targets, such
as pedestrians or cars, remains an important research area.

C. Misfocusing under Mobility

The localization process utilizes ELAAs and RISs to focus
the beam on a small spot centered around the UE. However,
when the UE is in motion, there is a high likelihood that it
will move outside this spot in the subsequent time slot. Con-
sequently, the localization process and BS/RIS beamforming

configuration must be restarted from scratch (or from sur-
rounding areas of the position in the previous frames), causing
link re-establish latency. For sensing tasks, such misfocusing
will cause the loss of target tracking. The current state-of-the-
art approach employing Bayesian filters is challenging to apply
in the NF. First of all, the increased volume of measurements
significantly increases system complexity. Additionally, the
observation model (e.g., from the antenna phase profile) also
introduces strong nonlinearity, which can potentially cause
the Bayesian filter to lose track of the user. Considering the
relatively small focused area in the NF, these challenges need
to be overcome to ensure accurate UE and passive target
tracking in a dynamic environment.

D. Hardware and System Level Challenges

There are plentiful hardware and system challenges in
implementing the ELAAs, RISs, and D-MIMO into future
systems, which could be the main bottleneck in getting the
NF L&S to work. While the main focus could be serving
communication function only, for the multi-functional systems
(e.g., L&S), further efforts on hardware design and calibration
algorithms are needed. In contrast to communication systems
that only consider the end-to-end channel, dedicated calibra-
tion (e.g., antenna displacement and BS orientations) is a
prerequisite for L&S systems. Time synchronization and phase
coherence across the antennas are important requirements,
especially for D-MIMO and ELAA scenarios. The time/phase
errors are also affected by the calibration quality of the
antenna positions at the system level for D-MIMO systems
and the array level for ELAA and RIS-aided systems (e.g.,
element failures). In each case, techniques should be auto-
matic, scalable, and cost-effective in order to ensure simple
deployments with long life cycles. Another issue that may
limit the sensing performance in D-MIMO systems is the
fronthaul capacity, potentially requiring data censoring and,
consequently, compromising accuracy. As a remedy, sequential
signal processing strategies can be investigated for L&S.

E. Wideband NF

NF L&S rely on the variation of phase information across
the ELAA and/or RIS. When wideband signals are considered
(e.g., in sub-THz and THz systems with large bandwidth), such
variation is conditioned on the specific frequency component
(e.g., subcarrier in the case of orthogonal frequency divi-
sion multiplexing (OFDM) implementation) due to the BSE.
Consequently, different focal points can be experienced for
different spectral components with a fixed phase configuration
at the ELAA. However, the variation of the phase provides
additional information concerning the source position. In this
case, the position information comes from both the NF effect
and from the use of the wide bandwidth signal. Practical
algorithms are foreseen to extract the positioning information
in such a context with affordable complexity.

F. Extended and Non-Isotropic Targets

Spatially extended and non-isotropic targets pose both mod-
eling and signal processing challenges in NF L&S. Isotropic



reflectivity (often associated with point targets) means that the
complex channel gain of a target (including the effects of
radar cross-section, scattering-induced phase shift, and path
attenuation) is the same for all transmit-receive antenna pairs
[4]. However, non-isotropic scattering [4] happens in widely
distributed and densely deployed D-MIMO systems, as well
as in scenarios where the target is sufficiently close to the an-
tennas to make it spatially extended. This is not because of the
change of the target itself, but rather the NF condition makes
the point-target model invalid for L&S. The extended and
non-isotropic properties of targets significantly impede sens-
ing applications that employ high-resolution phase-coherent
processing algorithms, and impair localization applications
by introducing NLOS paths, complicating the localization
process. Novel algorithms, such as tracking the complex
scattering coefficients of targets across consecutive snapshots,
leveraging adaptive signal processing techniques to extend the
coherent aperture, and machine learning-based methods for
target detection, can be developed.

V. CONCLUSION

With the increased frequency and the adoption of large
antennas in communication systems, NF scenarios are more
likely to happen. The NF features affect communication, local-
ization, and sensing differently, even though these services all
share the same infrastructure and signal propagation medium.
This is due to the fact that communication only considers
the end-to-end channel, while L&S have to extract geometric
information from it. Regarding the opportunities brought by
NF to L&S, the SWM provides extra geometric information
and enables a variety of application scenarios that are not pos-
sible in the FF condition. The SNS can contribute to passive
target detection and localization based on channel variation,
and BSE can accelerate the L&S process by taking advantage
of multiple focused areas at different subcarriers. However, to
realize these benefits, accurate NF channel modeling and the
design of corresponding signal processing and optimization
algorithms are essential.
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