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Abstract For extremely large-scale multiple-input multiple-output (XL-MIMO) communications, the ultra-large antenna array results
in excessive channel estimation overhead. Joint spatial division and multiplexing (JSDM) can alleviate this by using prior knowledge of
user groups’ channel spatial covariance to design a pre-beamforming matrix. This allows the system to estimate only the low-dimensional
equivalent channel after pre-beamforming, rather than the full high-dimensional instantaneous channel, thereby significantly reducing
channel estimation overhead. However, the existing JSDM, which relies on the assumptions of a zero-mean channel model, the uniform
plane wave (UPW) model, and identical channel statistics for all users within the same group, is no longer suitable for XL-MIMO
communications due to new channel characteristics, including near-field non-uniform spherical wave (NUSW) and partial array visibility.
Therefore, we propose a near-field JSDM (NF-JSDM) approach for XL-MIMO communications, which leverages the developed near-field
statistical channel state information (CSI), including both channel mean and covariance. Compared to the conventional far-field JSDM
(FF-JSDM), the proposed NF-JSDM considers a more general non-zero-mean channel model and accommodates variations in statistical
CSI among users within the same group. An efficient algorithm for user grouping is also proposed for a more precise division of user groups.
Similar to the FF-JSDM, the proposed NF-JSDM also reduces channel estimation overhead via statistical CSI-based pre-beamforming.
In contrast, the proposed NF-JSDM further exploits both the first-order and second-order near-field statistical CSI, and introduces a
two-stage pre-beamforming scheme that further considers the differences in statistical CSI among intra-group users. Simulation results
validate the effectiveness of the proposed user grouping algorithm, and demonstrate the superiority of the proposed NF-JSDM over the
conventional FF-JSDM for XL-MIMO communications.
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1 Introduction

The evolution of wireless communication systems has been accompanied by the development of advanced antenna
technology. Evolving from single-antenna communications in early days, multiple-input multiple-output (MIMO)
and massive MIMO have emerged as pivotal physical layer technologies for the fourth-generation (4G) and fifth-
generation (5G) mobile communication systems, respectively. Throughout the evolution of antenna technology, the
number of antennas has continued to expand, from the typical 8 antennas used in 4G to 64 antennas in 5G [1].
This expansion has provided new spatial degrees of freedom (DoFs) without consuming additional time-frequency
resources, thereby improving spectral efficiency. To support the ambitious goals of the sixth-generation (6G) mobile
communication networks, such as ultra-high localization accuracy, ultra-high connectivity density, and immersive
communication, the scale of antenna arrays in massive MIMO systems is anticipated to be further increased by at
least one order of magnitude, termed extremely large-scale MIMO (XL-MIMO) [2-12].

However, increasing the antenna size will cause overwhelming channel estimation overhead, particularly in systems
without channel reciprocity, such as frequency division duplexing (FDD) systems. In FDD systems, due to the
absence of channel reciprocity, the downlink channel state information (CSI) can only be obtained by the base
station (BS) sending pilot sequences to user equipments (UEs), which then subsequently perform channel estimation
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and feed the estimated CSI back to the BS. Consequently, the length of the orthogonal pilot sequence is proportional
to the number of antennas at the BS side, which results in considerable pilot overhead and feedback overhead.

Existing work on reducing downlink channel estimation overhead primarily includes the compressive sensing
(CS)-based methods [13,14], channel knowledge map (CKM) [15,16], and the joint spatial division and multiplexing
(JSDM) approach [17,18]. The key to CS-based methods lies in utilizing the sparse characteristic of wireless channels
in the angle domain [13] or time domain [14]. Specifically, in CS-based channel estimation, the unknown CSI is
represented in sparse form either in the time domain or angle domain, and subsequently, the channel estimation
problem is rephrased as the problem of sparse signal recovery. CKM is a channel knowledge database that reflects
the essential characteristics of wireless channels [15, 16], which can provide prior environmental information in
advance, thereby avoiding repeated online estimation or sensing of static environmental elements and reducing
channel estimation overhead. However, the CS-based channel estimation depends on the channel spatial sparsity
assumption, which cannot be guaranteed in some practical communication scenarios [19,20], while CKM requires
prior channel information for its construction and relies on UE location during its application.

In particular, the JSDM approach has the great potential in reducing downlink channel estimation overhead
[17,18]. Tt partitions UEs into multiple groups based on their statistical CSI, by assuming that UEs within the
same group have identical statistical CSI. In [17,18], the prior information of user groups’ statistical CSI is leveraged
to reduce the dimension of the effective channels where instantaneous CSI needs to be estimated. Specifically, the
JSDM approach considers two stages of precoding, expressed as V = BP € CV*X  where B € CV*? and P € Ct*K
are the first- and second-stage precoding, respectively, with K and N denoting the number of UEs and the number
of antennas at the BS end, respectively, and b € [K, N] being an integer that needs to be determined. The first-stage
precoding is designed to eliminate inter-group interference, which depends on the statistical CSI of multiple groups
only. The second-stage precoding can be designed as the zero-forcing (ZF) precoding for spatial multiplexing,
which depends on the equivalent instantaneous CSI after the first-stage precoding, i.e., H®9" = BHH € C**¥ | with
H € CV*X being the channels of K UEs. Consequently, the JSDM approach reduces the requirement for N x K-
dimensional complete CSI to b x K-dimensional equivalent CSI, thereby significantly reducing the CSI estimation
overhead if b < N. Note that in [17,18], the multiple-input single-output (MISO) channel of UE k in group g,
denoted by hy, € CV*1, is modeled as

hk:®§zk, VkGKg, (1)

where @, € CNV*¥ denotes the spatial covariance matrix of group g with rank (©,) = r,, zj € C"*! ~ N¢(0,1,,)
is a circularly symmetric complex Gaussian (CSCG) random vector with zero mean and covariance matrix I, , and
K, denotes the UE set in group g. By observing the correlation-based stochastic model (CBSM) in (1), it is found
that the existing JSDM approach is based on three important assumptions.

e Zero-Mean Assumption. The channel mean is equal to zero, i.e., E[hy] = @éIE [zx] = 0.

o UPW Assumption. The channel spatial covariance model is based on the conventional far-field uniform plane
wave (UPW) model. Specifically, the spatial covariance model is derived from the far-field UPW-based steering
vector, given by aypw = [1,e X dsing o —iF(N-1dsinf]T ¢ CNx1 91] where d and 6 denote the distance
between adjacent antenna elements and the signal angle, respectively.

e [dentical Statistical CSI Assumption. Different UEs in the same group are assumed to have the identical sta-
tistical CSI, i.e., cov(hy) = cov(hy ) = Oy, Vk, k' € K,.

Therefore, the existing JSDM method may not be general enough due to Zero-Mean Assumption and Identical
Statistical CSI Assumption. Specifically, Zero-Mean Assumption makes the existing JSDM unsuitable for the com-
munication scenarios with mixed line-of-sight (LoS) and non-LoS (NLoS) links. Furthermore, the assumption that
UEs in the same group have the identical statistical CSI is rather strong. In addition, the existing JSDM will be
inapplicable to XL-MIMO communications, as UPW Assumption will no longer hold in XL-MIMO communications.
This is because the XL-MIMO communications experience new channel characteristics, i.e., near-field non-uniform
spherical wave (NUSW) propagation and partial array visibility properties [2,22,23]. Specifically, for the NUSW
model, the amplitude of each propagation path across array elements is no longer uniform and the phase variation
is generally nonlinear, differing from the UPW model with uniform amplitude and linear phase variation across
array elements. Moreover, regarding partial array visibility, scatterers and/or UEs can only see some portions
of the large-scale array (XL-array), rather than the whole array. Consequently, in XL-MIMO communications,
the statistical CSI model needs to consider the more general near-field NUSW model and partial array visibility,
rather than the conventional UPW-based model in the existing far-field JSDM (FF-JSDM). In addition, due to
these new channel characteristics, there will be differences in the statistical CSI among adjacent UEs in XL-MIMO
communications, even if they are so close to each other that they experience the same set of scatterers. There-
fore, Identical Statistical CSI Assumption does not hold in XL-MIMO communications. In summary, the existing
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FF-JSDM approach is no longer applicable to XL-MIMO communications, which motivates our current work.

In this paper, we propose a near-field JSDM (NF-JSDM) approach for XL-MIMO communications to reduce
channel estimation overhead, particularly in downlink systems without channel reciprocity, where CSI acquisition is
more critical than in the uplink. Although JSDM was originally proposed for downlink, it has also been extended to
uplink scenarios [24,25], where receiver-side beamforming based on user group statistical CSI helps reduce processing
complexity and inter-user interference. Therefore, with appropriate modifications, the proposed NF-JSDM can be
adapted for uplink communications as well. Since the NF-JSDM requires prior knowledge of statistical CSI, we first
develop the near-field first- and second-order statistical CSI models, which are characterized by channel mean and
covariance, respectively. Based on these models, we propose a user grouping strategy that exploits the similarity of
users’ near-field statistical CSI, effectively guiding NF-JSDM precoding design. Building on this, we further develop
a generalized NF-JSDM framework for XL-MIMO communications. Several recent studies have investigated key
aspects of near-field XL-MIMO communications, including channel modeling, precoding, and user grouping. In
terms of channel modeling, Ref. [26] considered the NUSW characteristic but assumed an identical spatial correlation
matrix, thereby neglecting spatial correlation among antenna elements, while Ref. [27] proposed a spatial correlation
model based on visibility regions but neglected NUSW propagation. In precoding, Ref. [28] developed near-field
beam focusing techniques for various antenna architectures, while Ref. [29] introduced triple-polarized precoding for
holographic MIMO. However, both approaches rely on full CSI acquisition, incurring significant estimation overhead
in near-field XL-MIMO communications. For user grouping, Ref. [7] proposed a strategy to enhance sum-rate and
suppress grating lobes, yet without considering spatial non-stationarity. In contrast, our work makes three key
contributions: (i) a near-field statistical CSI model that jointly captures NUSW and spatial non-stationarity; (ii) a
more accurate user grouping strategy based on the similarity of users’ near-field statistical CSI; and (iii) an efficient
NF-JSDM framework that significantly reduces channel estimation overhead while ensuring high performance in
XL-MIMO communications. Our primary contributions are as follows.

e First, we develop the near-field geometry-based stochastic model (GBSM) for multi-user XL-array communica-
tions, considering mixed LoS and NLoS links. The novel near-field GBSM takes into account the NUSW and partial
array visibility characteristics, and further considers the spatial consistency by introducing the visibility region (VR)
at the UE end. Subsequently, we derive the near-field channel mean and covariance from the developed near-field
GBSM. Notably, due to the randomness of partial array visibility, the near-field channel mean does not equal the
channel LoS component as in the far-field UPW-based model. In addition, the developed near-field channel covari-
ance no longer exhibits spatial wide-sense stationarity (SWSS), which is different from the conventional far-field
model. Furthermore, the near-field spatial correlation function (S-CF) of the LoS component exhibits sparsity as
a consequence of partial array visibility. On the other hand, the near-field S-CF of the NLoS component depends
on the scattered power distribution characterized by the power location spectrum (PLS), which differs from the
far-field one that depends on the power angle spectrum (PAS).

e Second, building on the developed near-field statistical CSI as prior knowledge, we propose the NF-JSDM
scheme applicable to XL-MIMO communications. The proposed NF-JSDM method is developed under the as-
sumptions of the non-zero-mean channel, NUSW propagation, and non-identical statistical CSI. To validate that
the Identical Statistical CSI Assumption does not hold in XIL-MIMO communications, we first derive the effective
eigenspaces of the developed near-field first- and second-order statistical CSI, and then evaluate the similarity be-
tween the effective eigenspaces of different UEs. Simulation results demonstrate that there are significant differences
in adjacent users’ statistical CSI, even if they experience the same set of scatterers. Based on this observation, we
propose an efficient user grouping algorithm for the NF-JSDM scheme, which leverages the similarity of near-field
effective eigenspaces. Building on this novel user grouping strategy, we further develop a three-stage NF-JSDM
framework. The first- and second-stage precoding depend on the prior knowledge of near-field statistical CSI, while
the third stage depends on the instantaneous equivalent CSI obtained after the first two stages of precoding. Specif-
ically, the first-stage precoding is designed to eliminate inter-group interference, while the second stage aims to
project the eigen-beamforming along the dominant eigenmodes of each UE’s effective channel after the first-stage
precoding. Additionally, the third-stage precoding employs ZF precoding for spatial multiplexing. Consequently,
in the developed NF-JSDM, only the reduced-dimensional instantaneous equivalent CSI needs to be estimated,
thereby significantly reducing CSI estimation overhead.

e Lastly, simulation results validate the proposed user grouping algorithm and the developed NF-JSDM for XL-
MIMO communications. The results demonstrate the effectiveness of the proposed algorithm for user grouping
in multi-user XL-MIMO communications, as evidenced by comparisons with the exhaustive search algorithm and
random grouping algorithm. Furthermore, simulation results demonstrate that the proposed NF-JSDM method
is applicable to XL-MIMO communications, as compared to the ZF precoding that utilizes complete CSI and the
conventional FF-JSDM method.
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Table 1 Mathematical notations.

Symbol Meaning Symbol Meaning Symbol Meaning
C Complex space R Real space ()T Transpose
(" Hermitian transpose ()" Complex conjugate |-l Euclidean norm
- lr Frobenius norm E[-] Expectation o Hadamard product
] Ceiling operation L] Floor operation det(-) Determinant
rank(-) Rank vec(+) Vectorization Span’ (X) Orthogonal complement
tr(-) Trace Span(X) Column space dim(X) Dimension of column space
cov(-) Covariance Nc(0,0%) CSCG distribution
Visibility
Region (VR)
Scatterer g

Figure 1 (Color online) A downlink multi-user XL-array communication system in the near-field scattering environment.

The overall structure of this paper is as follows. Section 2 introduces the system model and near-field GBSM.
Section 3 derives the near-field channel mean and covariance, which serve as the prior knowledge for NF-JSDM
design. Section 4 presents the proposed NF-JSDM in three interrelated parts. First, Subsection 4.1 analyzes the
similarity of the effective eigenspace derived from the near-field first- and second-order statistical CSI to verify
that the identical statistical CSI assumption does not hold in XL-MIMO communications. Based on this analysis,
Subsection 4.2 proposes a refined user grouping algorithm based on eigenspace similarity. Building on the previous
analysis and grouping strategy, Subsection 4.3 develops a three-stage NF-JSDM approach. Simulation results are
presented in Section 5. Finally, Section 6 concludes the paper. The mathematical notations are summarized in
Table 1.

2 System model

As shown in Figure 1, a downlink multi-user MISO (MU-MISO) communication system is considered, where a BS
equipped with an XL-array of N > 1 elements communicates with K single-antenna UEs. Let K = {1,2,..., K}
denote the index set of K UEs. The received signal at UE k, denoted by vy, is expressed as

ykzhEZViai—l—nk:hI,jVa—i—nk, Vk e K, (2)
i€k

where hy € CV*1 is the channel vector between UE k and the BS; v; € CN*! is the precoding vector of UE 4 with
[vi| = 1, and V = [v;];ex € CV*K; g, is the information-bearing symbol of UE i, which satisfies |a;|?> = £2 and
E[a;al] =0, Vi’ # i € K, with P being the transmit power and a = [a;];cx € CK*1; and ny, ~ N (O, 02) is the
noise at UE k following independent and identically distributed (i.i.d.) CSCG distribution with variance 0. To
guarantee effective communication, the channel of K UEs, i.e., H = [hi]rex € CV*X | needs to be obtained first. In

communication systems without channel reciprocity, the downlink channel estimation overhead is proportional to
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the number of antenna elements of the XL-array N. Hence, it is crucial to reduce the channel estimation overhead,
especially in XL-MIMO communications.

However, the conventional FF-JSDM method [17,18], usually used to reduce channel overhead, may not be
applicable to XL-MIMO communications, as the aforementioned three assumptions may not hold. In addition, the
CBSM in (1) typically adopted by the FF-JSDM method will not be able to characterize XL-MIMO communications
effectively. To model the more general near-field CBSM, we consider the non-zero mean channel by utilizing the
near-field channel mean and covariance, which is modeled as

hy = hy, + Oz, Yk eK, (3)

where hy, € CV*! and ©), € CN*V are the near-field channel mean and covariance, respectively, with rank (@) =
r; 2z € C**1 is a random vector with E [z;] = 0 and cov(z;) = I,,. Since the NF-JSDM depends on the prior
knowledge of statistical CSI, it is essential to first develop the near-field channel mean and spatial covariance models.
Consequently, to model the near-field statistical CSI, we first develop the near-field GBSM with mixed LoS and
NLoS links in the following.

2.1 Near-field system model

Figure 1 depicts the scenario of multi-user XL-array communications in the near-field scattering environment. The
basic XL uniform linear array (XL-ULA) is considered, with the separation between adjacent elements represented
by 6. Without loss of generality, the XL-ULA is assumed to lie along the y-axis of the Cartesian coordinate system
with its center aligned with the origin. Thus, the distance between the nth element and the origin is nd, where
n € N with N = {n: —[&=2] <n < [52]} denoting the set of XL-array elements. The number of scatterers is
denoted as Q. By considering the mixed LoS and NLoS links, the near-field GBSM of UE k is modeled as

by = hy”® + hites, (4)

where h%"s € CN*! and h}jL"S € CV*1 are the near-field LoS and NLoS components, respectively.

In our prior work [22], the near-field GBSM hy, in (4) considered the generic NUSW model and partial array
visibility. Within the Rayleigh distance rray = % [30,31], with D denoting the XL-array aperture and A being
the carrier wavelength, the NUSW model should be considered to accurately capture near-field propagation effects.
In the NUSW model, the exact distances of scatterers and/or UEs to the XL-array are used to accurately model
the signal amplitude and phase across array elements, rather than their first-order Taylor approximation as in the
UPW model. For the partial array visibility, the random binary variables &(e) € {0,1}V*! are introduced to model
the (in)visibility of array elements to a scatterer or UEs, where the symbol ‘e’ can be replaced by either ‘¢’ or ‘k’.
Specifically, ‘e’ = ‘¢’ indicates that the array’s (in)visibility to scatterer ¢ for the NLoS links is modeled, whereas ‘e’
= ‘k’ indicates that the array’s (in)visibility to UE k for the LoS link is modeled. In [22], the partial array visibility
was modeled as a two-state Markov process, where the lengths of invisibility and visibility regions over the array
axis before transitioning to the other state are modeled as i.i.d. exponential random variables with transition rates
al(e) (m~1) and a¥(e) (m~1) related to the invisibility state and visibility state, respectively.

While the model in [22] laid a solid foundation for capturing near-field channel characteristics, it was limited
to single-user scenarios and did not consider spatial consistency across different user locations. Building upon this
foundation, the current work extends the near-field channel model in [22] to multi-user XL-MIMO communication
scenarios by further considering the spatial consistency to observe the smooth channel variations as users move.
Specifically, the current work introduces the concept of a reference user and incorporates the VR at the user side
to model the spatial consistency of the channel. Therefore, the current model can be viewed as a natural and
comprehensive extension of the channel model in [22], where we not only adapt the original single-user framework
but also expand it to address multi-user scenarios. In particular, the VR at the user end determines the set of
scatterers that are visible to any UE k [32], denoted by Qy, Vk € K, which is modeled in the time-space domain to
ensure smooth evolution of the channel response as the user moves. Specifically, each VR is defined as an identically
sized circular geographical region on the azimuth plane, which determines the visibility of only one scatterer.
As shown in Figure 1, if UE k is within a VR, the associated scatterer will be visible to that UE. Meanwhile,
if UE k is located within the overlapping area of multiple VRs, it will simultaneously see multiple associated
scatterers. Furthermore, the visibility gain is introduced to smoothly control the visibility level of a scatterer as UE
k approaches the corresponding VR center [32]. This modeling approach has been validated through extensive indoor
and outdoor measurement campaigns [33,34]. Specifically, Ref. [33] reported 300 MHz outdoor measurements in
which the KPowerMeans algorithm and a Kalman filter were used to identify and track scatterer clusters, confirming
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the spatial consistency of the model. Additionally, indoor measurements in [34] confirmed that VR radii follow a
lognormal distribution, further supporting the modeling validity of the user-side VR concept. The LoS and NLoS
components of the near-field GBSM are modeled as follows.

2.2 LoS component of near-field GBSM

The LoS channel coefficient between UE k and the nth array element is given by the following expression, which
considers the NUSW and partial array visibility [22]

hLoS LoSgn( ) ﬂ%"dk,n’ (5)

k,n

where 31°5 is the LoS path power of UE k at the reference element n = 0, defined as /35S = ﬁ [22]; &, (k)

denotes the (in)visibility of the nth array element to UE k for the LoS link; and dj, ,, is the distance from UE k to
the nth array element, which is expressed as

= \/di + (n5)2 — 2nddy, sin @y, (6)

with dj, = dio being the distance of UE k to the origin, and ¢y, € [—%, Z] being the angle of UE k with respect to
(w.r.t.) the positive z-axis, as shown in Figure 1.
To observe the smooth change of LoS component power across different user positions, i.e., spatial consistency, we

introduce the reference UE k = 0. Thus, |/ 35S is equivalently expressed as /3105 d , where 108 = Lo — (A)2

is the LoS path power of the reference UE with d = dx—g. As such, h%"ns in (5) can be equivalently expressed as
LoS /ﬁL(’Sf *J2T"dk,n' (7)

Thus, the LoS component vector h°S € CV*! containing all the N coefficients h%‘jls in (7), is given by

by = V/BLSE (k) (8)
LoS _ di

where aJ Lo e 1% dr ¢ CNVX1 ig the near-field array response vector of UE k with dj, = [di.n]neny € RV*L
Compared with the previous work in [22], the LoS component in (8) further enhances multi-user channel modeling.
Specifically, since the LoS path power B,I;OS depends on the specific position of user k, the previous model in [22]
is unable to characterize the spatial evolution of LoS power across user positions. To overcome this limitation, we
further introduce the reference user, which enables the observation and modeling of the LoS power variation with
respect to user position. This enhancement improves the channel model’s ability to capture spatial consistency in
multi-user communication scenarios.

2.3 NLoS component of near-field GBSM

Based on the prior work [22], the NLoS component further considers the VR at the UE end. Thus, the NLoS
coeflicient between UE k and the nth array element, denoted as hNL"S can be modeled as

hNLoS lleOS Tq =% (tg,k+7q,n)+iwg , VR 9
m Z gq,k&n(Q)T e ' ' 9q.k> ( )
q€Qy an

where NS is the sum of the NLoS paths’ power at the reference array element for UE k; Qx = |Qg| is the number
of scatterers visible to UE k; g4,k is a random variable satisfying & > qcon Elgz ] = 1 [22], which corresponds to the
signal amplitude at the reference element for UE k, i.e., contributed by scatterer ¢; &, (q) denotes the (in)visibility
of the nth array element to scatterer ¢ for the NLoS link; 74, is the distance from scatterer ¢ to array element n,
which is expressed as

Tgn = \/rg + (nd)* — 2ndry sin b, (10)

with r, = 740 being the distance of scatterer ¢ to the origin, and 6, € [—m, 7] being the angle of scatterer ¢ w.r.t.
the positive z-axis, as shown in Figure 1; ¢, is the distance between UE k and scatterer ¢; and w, denotes the
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phase shift due to scatterer ¢, which is modeled as an i.i.d. random variable with uniform distribution over [—7t, 71);
g;]_f € (0,1) denotes the visibility gain of scatterer ¢ to UE k, modeled as [32]

g;{kR =0.5— arctan(2\/§(Lc + d(\ﬁf - Rc)/\/)\Lc)/T[, (11)

with Lc being the width of the transition region, dVR being the distance from UE k to the center of the VR
corresponding to scatterer ¢, and Rc being the VR radlus Particularly, the variables ﬁNL"S and g4, are expressed

2o, NLoS S . .
as BNLOS = qu(@k W and o Yak = (471)3/‘/%_:%1 [22], respectively, where o, is the i.i.d. positive random

radar cross section of scatterer g [35].
Similar to the LoS component, the reference UE k£ = 0 is introduced to model spatial consistency, which is
assumed to see all the scatterers, i.e., |Qu=o| = Q. Thus, the NLoS power and the variable g, = gq4,0 for UE k =0

2 O . .
are expressed as BNLOS = Zq 1 W and ﬁNC; qu = (47:;%”(1, respectively, with ¢, = ¢, 0. Thus, we have
BNLoS p . .
\/ gk =1/ 5 = S . As such, hNL"S in (9) is equivalently expressed as
NLoS
pYLeS = pie S gagVRén ) "q_ i3 (bgntra,m) Hiwa (12)
Q q€Qy q k Tqmn

The NLoS component vector hi¥o5 € CN*1 containing N coefficients hYL°S in (12), is written as

NLoS
27 B
WS — [0 3 g e i g g) o a1, (13)
q€Qy
where aNLOS Tq oe X T e CV*1 js the near-field array response vector for scatterer ¢, with v, = [ry n]neny € RV*!

being the d1stance vector for scatterer ¢, which contains N distances 74, in (10).

3 Near-field channel mean and covariance

Based on the developed near-field GBSM in (4), we characterize the near-field channel mean vector and covariance
matrix, i.e., hy, = E[h] and ©; = E[hy (hy)" ] ~hih}.

3.1 Near-field channel mean vector

Since the variable w, follows an i.i.d. uniform distribution over [—m, ), we have E [ej“’ﬂ = 0. In this case, the
expectation of the NLoS component for UE k in (13) is E [hELOS] = 0. Therefore, the near-field channel mean hy,
is expressed as

be = B (0] = VB | B[k oal (14

LoS
where § = oS 4 gNLoS gnd K = % are the received power and K-factor of the reference UE at the reference
antenna, respectively. It is worth remarking that the conventional far-field channel mean is equal to its LoS
component hYPW-LoS "which is expressed as [36, 37]

hUPW hUPW _LoS \/— IC + i UPVV_LOS7 (15)

where [y and ICy, are the received power and K-factor of UE k at the reference antenna, respectively, and aUPW LoS —

[e~ Z(d—né siner)]y ey is the far-field array response vector of UE k. By comparing the near- and far-field channel
mean, it is found that due to the randomness of partial array visibility, the near-field channel mean is no longer
equal to its LoS component as in the far-field model, i.e., hy # h%os.

By comparing (14) and (15), we observe that the near-field channel mean model can be viewed as a generalization
of the conventional far-field model, as described below.
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Lemma 1. When oV(k) = 0 and No < dy, indicating that UE k can observe all elements of the XL-array and
that UE k is in the far-field region of the XL-array, we have

hy, ~ h/"W. (16)

Proof. Please refer to Appendix A.
Lemma 1 demonstrates that for the first-order statistical CSI, the near-field model in (14) generalizes the con-
ventional far-field model in (15), as the former includes the latter as a special case.

3.2 Near-field channel covariance matrix

Since E [h}**5] = 0, the near-field NUSW-based covariance matrix ©y, is simplified to
O = O + @S — hyhll| (17)

where ©;°5 = E [h}°5(hpo5)H] € CV*N and OS5 = E [hjLoS(ho%)H] € CV*N denote the near-field S-CF
matrices of LoS and NLoS components, respectively. It is worth noting that the far-field covariance matrix G)EPW
is equal to the far-field NLoS S-CF @gPW-NL"S, ie., @gpw = @gPW-NLOS. Next, we characterize the near-field
S-CF matrices ©L°5 and @Y°S separately.

3.2.1 NUSW-based S-CF of LoS component
According to the LoS component hI,;"S in (8), the near-field LoS S-CF is given by

LOS T LoS/_,LoS\H
B—KH]E[E( )ET ()] e (i (ai™)") - (18)
Specifically, the element of the matrix @F°% in (18) is
K d? c2n
LoS A 7JT(dk,n*dk,m) 1
O o= PR T i E 6 (1)en (8)], (19)

where E[&, (k)& (k)] is the autocorrelation of the two-state discrete Markov process, n > m, which is given by [22]

al(k)  av(k) _ _
E & (k)&m (k)] = alk)(n=m) ) (¢, (k 20
6 (06 0] = (20 + T ). (20)
with a(k) = o'(k) + a¥(k), E[¢, (k)] being the probability of the mth array element visible to UE k, expressed
as E[¢n (k)] = O‘((,l:)) ((k)) —a(k)m=n'(K)|9 [99]. the parameter ol (k) denoting the transition rate in the Markov

process from the invisibility state to the visibility state, while the parameter o¥ (k) denotes the transition rate from
the visibility state to the invisibility state; and n/(k) being the center of visible array elements to UE k satisfying
E[&, (k) (k)] = 1, which is uniformly selected from the array elements. If the reference UE is specified as UE & itself,
the near-field LoS S-CF in (19) is rewritten as [22]

Kp &
ICk +1 dk,ndk.,m

[©15], =5 eI @rn=dim)E[¢,, (k)& (k)] (21)

_ It is worth mentioning that the far-field LoS S-CF is expressed as @PW-LoS — p/PW (BEPW)H due to hyPW-LoS —
hPW. Based on hyPW in (15), the element of matrix @FW-Lo5 is expressed as

K —j&E (m—mn)d sin
[@gPW‘LOS}n)m = Bk & _T_ 1e JB( )osin gy (22)

By comparing the NUSW- and UPW-based S-CFs of the LoS component in (19) and (22), there are three main
differences between them. Firstly, the NUSW-based model no longer exhibits SWSS as the UPW-based model,
since [@LOS] o is dependent on the specific locations of the nth and mth array elements rather than their relative
distance only. Secondly, the NUSW-based model may exhibit sparsity due to the partial array visibility, compared
to the UPW-based model. Thirdly, the developed near-field model exhibits spatial consistency and depends on the
UE’s location, which differs from the far-field model that is independent of the UE’s location.
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Lemma 2. When o'(k) = 0 and N6 < dj, which means that UE k is guaranteed to see all elements of the
XL-array and to be in the far-field region of the XL-array, we have
@%OS ~ @}CJPW_LOS' (23)

Proof. Please refer to Appendix B.
Lemma 2 shows that for the LoS component, the near-field S-CF in (21) generalizes the conventional far-field
model in (22), as the former includes the latter as a special case.

3.2.2 NUSW-based S-CF of NLoS component
Based on (13), the near-field NUSW-based S-CF of the NLoS component is expressed as

@NLOS o
VR, VR_talp 52t ) oiwa—iwp]R T NLoS (4 NLoS\H (24)
leZZ S IE[£(0)€" (p)] o(a) 5 (a) o5 1),
q€Qr peQi P
o 1, p=
With wq following i.i.d. uniform distribution over [—m, 7r), we have E[el*s—)%r] —{ 0 b= 7& . Hence, the NUSW-
, PHq
based S-CF of NLoS component in (24) is simplified to
NLoS _ Z vry2 la T NLoS (,,NLoS\H
ST k) 5-E[E(@E ()]0 (ag > (ag ™)) . (25)
TK+1 —|— 1 Q ol i q q
Thus, the element of the matrix @Y% in (25) is given by
NLoS t2 Tg _jzl("' n—"q,m)
(€8], = Z 63} 31" e R T B (0 (26)

qe@k

where the autocorrelation E [£,(¢)&m (q)] has the similar expression as in (20), with the center of visible array
elements to scatterer ¢ denoted by n’(¢), which is chosen uniformly from the array elements.

Similar to the integral-form near-field S-CF in [38], for Q — oo, @ 'E[g7] in (26) is interpreted as the infinitesimal
power at the reference array element, which is contributed by a differential scatterer located around s. Thus, we
have Q~'E[g2] = f(s)ds, where f(s) represents the probability density function (PDF) of scatterer location s € S for
the reference UE, with S being the random scatterers’ support of the reference UE. Hence, for Q — oo, [@EL"S] -
in (26) can be expressed in an integral form as 7

2 S 7'2 S i2m
(O], = gy | ) e TR O B g (s)6 ) S)ds, (20

where Sy, is the support of random scatterers of UE k; g¥R(s) is the visibility gain of scatterer s for UE k; t(s) is
the distance between scatterer s and UE k, with ¢(s) = ¢o(s); r,(s) is the distance between scatterer s and the nth
array element, with r(s) = ro(s); &,(s) is the (in)visibility of the nth array element to scatterer s. In particular, if
the reference UE is set to UE £k itself, [@EL"SLM in (27) is rewritten as

r?(s)

Tn(8)rm(s)

e IE ST (¢, (8)6m(s)] f(s)ds, (28)

1
@NLoS _ / VR ()2
(O, =iy | @)

where fi(s) is the PDF for UE k with fi(s)ds = Q;lE[gg_’k], Vs € Si. As the integration in (28) needs to be
performed for all (n,m) antenna element pairs, the computational complexity of constructing the matrix @EL"S
scales as O(N?2Sy), where Sy = |Si| denotes the number of discrete scatterers for user k used in the numerical
integration.
It is worth noting that the conventional far-field UPW-based S-CF of the NLoS component is given by [39]
UPW._NLoS B e
[Gk _ o } _

o .
_ eij(mfn)éslnH 0 de, 29
n,m K:k +1 kai“ fk( ) ( )
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where 6 € [0, 9%%] is the angle of arrival (AoA) of scatterers for UE k, with 0™ and 6 being the minimum
and maximum AoAs of scatterers for UE k, respectively, and fi(0) is the PAS of UE k.

For the NLoS component, a comparison between the developed near-field S-CF in (27) and the conventional far-
field model in (29) reveals three important differences. First, the near-field S-CF depends on the PLS characterized
by AoA and distances of scatterers, whereas the far-field S-CF depends on the PAS characterized only by the
scatterers’ AoAs. Second, compared to the far-field model, the near-field model no longer exhibits SWSS, since
[@gLos]n 0 (28) depends on the specific array indices n and m, rather than the array index difference m — n.
Lastly, the developed near-field model exhibits spatial consistency and depends on the UE’s location, while the
far-field model is independent of the UE’s location.

Lemma 3. When ¢R(s) = 1, a¥(s) = 0, N§ < 7(s), Vs € S, which means that UE k is in the VR center
of scatterer s, the probability of array visible to scatterer s is 1, and scatterers are in the far-field region of the

XL-array, we have
@ELOS ~ @}CJPW_NLOS' (30)

Proof. Please refer to Appendix C.

From Lemma 3, it is found that the developed near-field NLoS S-CF in (28) is more general than the far-field
one in (29), since the former includes the latter as a special case.

According to Lemmas 1-3, we observe that the near-field channel covariance model is a generalization of the
conventional far-field model, as shown below.

Remark 1. When ¢/%(s) =1, a¥(s) = 0, and N§ < r(s), Vs € S, and a¥(k) = 0 and N§ < dj,, which means
that UE k is in the VR center of scatterer s, the probability of the array visible to both scatterer s and UE k is 1,
and scatterers and UE k are in the far-field region of the XL-array, we have

0, ~ "V, (31)

Remark 1 demonstrates that the near-field second-order statistical CSI model in (17) is more general than the
conventional far-field model, as it is applicable to mixed far- and near-field communications.

4 Near-field joint spatial-division and multiplexing

The developed near-field first- and second-order statistical CSI in Section 3 serves as crucial prior information in the
NF-JSDM approach. Before designing the NF-JSDM approach, we will conduct an analysis to assess the validity of
Identical Statistical CSI Assumption in XL-MIMO communications. This analysis focuses on comparing the similar-
ity of statistical CSI’s eigenspaces among different UEs, ultimately revealing that Identical Statistical CSI Assumption
does not hold in XL-MIMO communications.

4.1 The similarity of channel eigenspace

In the communications scenarios with mixed LoS and NLoS links, the channel eigenspace cannot be simply equal
to the eigenspace derived from the eigenvalue decomposition (EVD) of the channel covariance matrix, as in the FF-
JSDM method. This distinction arises from the fact that in purely NLoS communication scenarios, statistical CSI
typically involves only the second-order statistics of the channel, i.e., the covariance matrix, whose EVD directly
yields the channel eigenspace. However, in wireless communication scenarios with mixed LoS and NLoS links,
both the first-order and second-order statistics must be considered. As a result, the channel eigenspace in such
scenarios is determined not only by the covariance matrix but also by the channel mean vector. Therefore, before
analyzing channel eigenspace similarity, it is necessary to discuss the effective eigenspace formed by the joint first-
and second-order statistical CSI.

First, the eigenspace of the second-order statistical CSI for UE &, denoted by {Uk, Ak}, is obtained through the
EVD of the spatial covariance matrix @y, directly, i.e., @ = UkAkUH with Uy, € CN*"% and Ay, € R™*"*. Then,
for the first-order statistical CSI, the eigenspace can be regarded as the orthogonal component of the channel mean

vector hy, in the normal direction of the subspace spanned by the eigenspace @2 = UkAk , denoted by hL e CNx1,
and is given by

hj = hy —h), (32)
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_ _ 1
where hll € CN*1 denotes the projection component of hy, onto the subspace ©/, which is expressed as

bl = e; ((@2)1{92)_1 (ef)Hﬁk, (33)

Xk

1 _
where x, is the linear operator between @ and hll. Thus, hy, in (3) can be equivalently expressed as

_ 1 1

hy = hy +©F (xi, + ) = (077) 22, (34)

where @5 = USTAST(USTHH € CVXNV is the effective eigenmatrix of UE k, with UST € CV*ri" and ASt e R7% it

representing the effective unitary eigenvector matrix and effective diagonal elgenvalue matrix, respectlvely7 and

eff

reff = rank(©¢T); and z$T € C™ *! is the effective random vector of UE k. The expressions of the effective

eigenspace, denoted by {U Aeﬂ} and the effective random vector zeff need to be discussed separately when

hkL =0or hL # 0. Specifically, if hﬁ = 0, the effective eigenspace and the effective random vector are respectively
expressed as

{U, A5T = {Uy, Ai} and 25T = x;, + 2,
with Tzﬂ =7k, E [Ziﬂ] = X}, and cov (Ziﬂ) =1,,; otherwise, {UZH, AZH} and ZZH are respectively expressed as
U™ = [ /||bi || e, Ux] , A5 = diag(||bi ||, diag(Ax)), and 27 = [1;3 + 2],

with r§f = rj, + 1, E[ ] [1; %], and cov( ) = diag (0, 1rk) To analyze the similarity between effective
eigenspaces of UEs k and &/, we introduce the variable T((@eg) ,(©¢h)2 ) [0, 1], defined as

S (e ) et |

H(@?% CraHE

(35)

T (0577, (05))=

)

A

where the case of T ((G)CH) (@f}) )= 1 means that UEs k and &’ have the same effective eigenspace. The similarity
in (35) can be equivalently expressed as

N|=

I((e5
|(e5m)®

) @ I

(COENCHIBE
I (1 (®%)* I

According to the Cauchy-Schwarz inequality, we have H ((@%ﬁl)%)H(G)z,) ||F\ H (©5)2 H?H (@%f,f)% ||§ Therefore,
it is evident that the similarity T((@iﬁ)%, (@;?’)%) is bounded between 0 and 1. The overall computational com-
plexity for T((@eg) ,(©5h)2 ) in (35) is O(Nr§itre® + Nr¢ft + Nrgff), which accounts for 7¢r¢T inner products
between N-dimensional complex vectors, each requiring O( ) operatlons, as well as the Frobenius norms of two
matrices with dimensions N x rzf,{ and N x rzﬁ, respectively.

Next, we provide numerical results of the effective eigenspaces’ similarity among different UEs, based on the
developed near-field and conventional far-field statistical CSI models. The near-field channel mean and covariance
are defined in (14) and (17), respectively, while the far-field ones are defined in (15) and (29), respectively. The
carrier frequency and the number of XL-array elements are set to 3.5 GHz and 512, respectively. It can be calculated
that the XL-array size equals D = (N — 1)§ =21.9 m. According to the definition of the Rayleigh distance, the
near-field region of the XL-array is determined to be within 11191 m. The received power of any UE k, as well
as that of the reference UE is set to 1 for normalization, i.e., 8 = By = 1, Vk. The K-factor of any UE k in the
far-field model is set to be the same as that of the reference UE for simplicity, i.e., Ky = I, Vk. In addition,
for the partial array visibility characteristic, the transition rates oi(q) and aV(g) of any scatterer ¢ are set to be
identical for simplicity, while for UEs, the parameter o!(k) is set to be the same for all UEs and oV (k) is set
inversely proportional to the distance dj to ensure that UE k farther away from the XL-array is more likely to see
the entire array, i.e., a¥(k) o d—lk. The specific values of transition rates for scatterers and UEs are set according
to the measurements [40]. Furthermore, each VR’s center is assumed to coincide with its associated scatterer for
simplicity, and the parameters of the VR model refer to the parameters of the COST 273 macrocell scenario [41].
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Table 2 The simulation parameters.

Parameter Value Parameter Value
Carrier frequency 3.5 GHz Wavelength A 0.086 m
XL-array elements N 512 Element spacing 0 % m
Reference UE location (65, 50]" m VR radius Rc 100 m
. . z € [20,220] m, . z € [55,75] m,
UE k location region UE k sub-region
y € [—100, 100] m y € [40,60] m
Number of scatterers 20 Transition region width L¢ 20 m
a’(g) =09 m™ 1, a¥(k) = ¥ m™h,
Partial visibility of scatterer ¢ ai(q) =0.1m™ 1, Partial visibility of UE k a'(k) =0.1m™?,
n’(q): random n'(k) = —[%W
. x € [10, 16] m,
Scatterer region — —
y € [5,25] m

NUSW: N=512, K=0.01 UPW: N=512, K=0.01

N 7. N= = . N= —
100 100 100 NUSW: N=512, K=1 0 UPW: N=512, K=1

50 50

y-axis(m)
y-axis(m)

-50

-100 -100
50 100 150 200 50 100 150 200 50 100 150 200 50 100 150 200

-100

x-axis(m) x-axis(m) x-axis(m) x-axis(m)
0 0.2 0.4 0.6 08 1 0 0.2 04 06 0.8 1 0 0.2 0.4 0.6 08 1 0 0.2 0.4 0.6 0.8 1
(a) (b)

Figure 2 (Color online) T ((@“,;ff)% s (G);t,t) %) based on the near- and far-field statistical CSI models for versus different values of the K-factor.
(a) K =0.01; (b) K =1.

The PAS of any UE k for the far-field model and the PLS of the reference UE for the near-field model are assumed
to be uniform. The detailed parameters are defined in Table 2.

Figure 2 presents the numerical results of T((@%ﬁl)%, (@2‘:[')%) in (35) based on near- and far-field models versus
different values of the K-factor, where = 0.01 and I = 1 are considered. As shown in Figure 2, the location
of UE k' is set to be fixed and the same as that of the reference UE, while UE k moves within a square with
a step size of 5 m along both the z- and y-axes, as detailed in Table 2. It is observed from Figure 2(a) that
when adjacent UEs are so close to each other that they experience the same set of scatterers, there are significant
differences in their effective eigenspaces for the near-field model. In contrast, for the far-field model, the effective
eigenspaces of adjacent UEs are identical. This is expected since the developed near-field model takes into account
the partial array visibility characteristic and non-uniform received power across array elements. In addition, Figure
2(b) demonstrates that for the near-field model, UEs located within the adjacent angle range of the fixed-position
UE k’s angle ¢y exhibit a high degree of similarity in their effective eigenspace. For the UPW-based model, by
observing the sub-region specified in Table 2, which considers a more refined step size of 0.5 m to achieve higher
angular resolution, it is found that only UEs in the direction of ¢y have high similarity in their effective eigenspaces,
which is attributed to the high spatial resolution provided by the XL-array. These observations demonstrate that
Identical Statistical CSI Assumption is no longer valid for XL-array communications. Consequently, compared to
the FF-JSDM method, the NF-JSDM requires a more refined user grouping strategy.

To facilitate a clearer understanding of the proposed NF-JSDM approach, we briefly summarize the three key
assumptions adopted in the NF-JSDM method, which are reflected in the near-field CBSM expression in (3), as
follows.

e Non-zero Mean Assumption. The channel mean is no longer equal to zero, i.e., E[h;] = hy, # 0.

o NUSW Assumption. The developed near-field first- and second-order statistical CSI model in (3) captures the
near-field NUSW propagation characteristic, which differs from the far-field UPW assumption in the conventional
FF-JSDM method.

e Non-identical Statistical CSI Assumption. Simulation results reveal that even adjacent UEs exhibit significantly
different effective eigenspaces, resulting in heterogeneous effective eigenspaces among UEs, i.e., (Giﬁl) # (G)?}f),



Dong Z J, et al. Sci China Inf Sci March 2026, Vol. 69, Iss. 3, 132302:13

Vi, ke K,.
4.2 User grouping for near-field XL-MIMO communications

The similarity analysis of channel eigenspaces in Subsection 4.1 reveals the necessity for an effective user grouping
scheme in multi-user XL-MIMO communications. Specifically, UEs that have highly similar effective eigenspaces
among each other will be grouped together. Let G < K denote the number of user groups, and the group set is
denoted by G = {1,2,...,G}. A binary variable matrix X = [z, 1]sec rex € {0,1}¢*E is introduced, where

1, UE k is partitioned into group g,
Lok = (36)

0, otherwise.
Accordingly, the UE set of group g is denoted by K, = {k : x4 = 1,Vk € K}, with |K,| = K,. The similarity
of effective eigenspaces among UEs in group ¢ is defined as

i i YKy (6), Ky (1) (37)
(Kg+1)/2 ’

Tgroup (Kg) =

which is normalized by (/K;+1)/2 to ensure that it falls within the interval [1, K4]. Then, the similarity sum among
all the UEs all the UEs is defined as
Tsum(X) = Z Tgroup(Kg)- (38)
geG

By optimizing the user grouping index matrix X, the problem of maximizing the sum similarity Yg,m(X) can be
formulated as

Tmax = max Tsum (X)
X

st. Cl:Y wgp=1, VkeK,

geG (39)
C2:ng,k>1, VgeG,

kekK
C3:24,€{0,1}, VkeK, ge€gG,

where constraint C'1 ensures that each UE is partitioned into only one group, and constraint C'2 specifies that each
group must contain at least one UE.

Problem (39) is a mixed-integer non-convex optimization problem, which is challenging to obtain its globally
optimal solution efficiently. Therefore, we propose an efficient greedy algorithm, as summarized in Algorithm 1,
which comprises two stages. In Stage 1, G UEs with the least mutual similarity in their effective eigenspaces are
first selected, and each is assigned to a distinct group. Then, in Stage 2, the remaining K — G UEs are sequentially
assigned to the group whose eigenspace is most similar to theirs. To improve clarity, a more detailed explanation of
the algorithm’s procedure has also been included. Specifically, we first initialize the assigned UE index set denoted
by Tass, as an empty set, and the unassigned UE index set denoted by T\yy,a, as the complete set of UEs from 1 to K.
The UE set for each group g is initialized as empty, i.e., K, = (), V g. During Stage 1, if no UE has yet been assigned
to any group, a random UE is selected from the unassigned set Tyna to serve as the first group representative, and
is regarded as the optimal UE k*, as shown in Step 4. Otherwise, for each unassigned UE k € T,,, we evaluate
the similarity metric Y group(Tass U {k}) in (37), as shown in Step 8. The UE that minimizes this similarity is then
selected as the optimal UE k* and assigned to a new group, as described in Steps 9 and 10. This process repeats
until one UE has been assigned to each of the G groups. In Stage 2, the remaining K — GG UEs are assigned to
groups one by one. For each UE, a candidate is first randomly selected from the unassigned set Tyna, as described
in Step 17. Then, the sum similarity Tqum in (38) between this UE and the users already assigned to each group
is evaluated, as shown in Step 20. The UE is subsequently assigned to the group that yields the maximum sum
similarity metric, as indicated in Steps 21 and 22. This process is repeated until all the remaining K — G UEs have
been grouped.

Unlike exhaustive search-based grouping, which incurs prohibitive complexity with Zil(—l)lf,?gi)g, calcula-

tions, i.e., the second-kind Stirling number [42], our proposed greedy algorithm significantly reduces the computa-
tional complexity, achieving a complexity order of O(GK). Furthermore, by grouping users based on the similarity
of their statistical CSI eigenspaces, the proposed Algorithm 1 enables a more refined user grouping scheme for the
following NF-JSDM framework.
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Algorithm 1 An efficient user grouping algorithm.

1: Initialize Tuna = {1,2,..., K}, Tass = 0, and K; = 0, V g;
2: For g € G

3: If Tass =0

4: Randomly pick a UE k* from Tupa;

5 Else

6: Let Thin = +00;

7 For k € Tuna

8 Calculate Y, = Tgroup (Tass U {k});

9: If YTihin > Tgmup/

10: Update Timin = Yyp0ups and k* = k;

11: End

12: End

13: End

14: Update Kg = {k*}, Tuna = Tuna/{k"} and Tass = Tass U {k" };
15: End

16: While Tyn, # 0 do

17: Randomly pick a UE k from Tyna;
18: Let YThax = —o0;

19: For g € G

20: Calculate Ysum = _€Z¢ TgrouP(Ki) + Tgroup (KQ u {k})?
i€G,i#g

21: If Thmax < Tsum

22: Update Tiax = Ysum and g* = g;

23: End

24: End

25:  Update Ky = Ky« U {k} and Tuna = Tuna/{k};

26: End

27: Output Y.« and Ky, Vg € G.

4.3 Three-stage NF-JSDM

According to the proposed user grouping scheme in Section 4.2, we propose the NF-JSDM for XL-MIMO communi-
cations. The NF-JSDM method takes into account the general near-field NUSW-based channel with non-zero mean,
as well as the differences in statistical CSI among UEs within the same group. First, based on (2), the received
signal of group g, denoted by y, = [yk]rek, € C*7*1, is expressed as

Vg = HIg_IVa—i— n,; = H?Vgag + Z Hng/ag/ +ng,
9'#g (40)

inter-group interference

where Hy = [hy]rek, € CN*Kq is the channel matrix of group g, with hy, defined in (34); V, = [Vi]rek, € CN*Kq ig
the precoding matrix of group g; ag = [ax]rex, € C*o*! is the symbol vector of group g; and ng = [ng]rex, € CFo*!
is the noise vector at group g, Vg € G.

Since Identical Statistical CSI Assumption is invalid in XIL-MIMO communications, UEs in the same group are
considered to have similar but not identical effective eigenspaces, i.e., @5 ~ ¢, vk, k' € K, and k # k'. Therefore,
unlike the two-stage FF-JSDM, the NF-JSDM is designed as a three-stage precoding with an additional stage for
aligning the dominant channel directions of each UE, which is expressed as

V,=B,W,P,, (41)

where B, € CN*bs is the first-stage precoding for group g, with by being an integer variable that needs to be
determined; Wy = [Wy]gex, € CP*%s is the second-stage precoding for group g, with W;, € Cbs*** being the
second-stage precoding of UE k, and wy, denoting the number of dominant eigenmodes of UE k after the first-stage
precoding, satisfying wy, = Zkng wi; Py = [pk]kng € Cws*Ky is the third-stage precoding for group g, with
pr € C¥*1 being the third-stage precoding of UE k, satisfying w, > K,,.
The first-stage precoding B, depends on the statistical CSI, and is intended to eliminate inter-group interference,
so that
HEBg/ ~0, Vg #g. (42)

Moreover, the second-stage precoding W, also leverages the statistical CSI, and aims to align eigen-beamforming
along the dominant eigenmodes of UE k’s equivalent channel after precoding B, denoted by hj*" = Blg’lhk € Cbox1
Vk € K,. Furthermore, the third-stage precoding P, is designed to exploit the spatial multiplexing of group g,
relying on the instantaneous effective channel after the first two stages, denoted by H_iqnS = W?B?Hg € CwaxKg,
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Thus, the instantaneous effective CSI required for NF-JSDM is denoted by H™® = diag ([Hig’“s]vq) € CWxK  with
W = 25:1 wy and W < N. The specific design of the developed three-stage NF-JSDM is as follows.

4.3.1 First-stage precoding
The inter-group interference can be eliminated exactly when Span(UgT) C Spanl({Ugff Vg # g}), where UST €

C¥*r5" s the maximal linearly independent system of the matrix [Uzﬁ] with rgﬁl = rank ([Uzﬁ} keK ), Vg.
g

keK
Thus, the spatial DoF of group g, denoted by S, is required to satisfy ’

Sy = dim(Span(UST) N Span™({U : V¢’ # g}))> K, (43)

Due to the difference in effective eigenspaces among adjacent UEs in XL-MIMO communications, even the UEs
that experience the same scatterer set may be divided into multiple groups. In this case, the spatial DoF of these
groups will be limited. For example, consider a scenario where UEs experiencing the same scatterer set are divided
into two groups, namely g = 1 and g = 2. Consequently, the number of effective eigenspaces shared by the two
groups is greater than 0, i.e., dim(Span(Ugfil) N Span(U;fiQ))> 0. Hence, when the exact inter-group interference
elimination is enforced, the spatial DoF of group g = 1is Sy=1 = r;fil — dim(Span(U;fil) N Span(UgfLQ)), which
is limited by the number of shared eigenspaces. To relax the spatial DoF limitation, we first determine the set of
groups with similar effective eigenspaces to group g, denoted by T, according to the following criteria

Ty = {g : T (U, UL) € (cmin, emax), V' # 9}, (44)

where the interval (€min, €max) is the judgment threshold. The case of T (U;ﬁl, Ugf/{) > Emax 1s considered as excessive
grouping, implying that groups g and ¢’ share approximately identical eigenspaces.
Subsequently, we utilize the approximate inter-group interference elimination to design the first-stage precoding.

This involves selecting r;‘ff* eigenmodes from the effective eigenspaces of group ¢’ that are least similar to the
’ effx

effective eigenspaces of group g, denoted by Ug‘ff* e CNxry™ V¢ € T,. Thus, the constraint in (43) is relaxed to

S, = dim(Span(U;") N Span (U U UH)) > K, (45)
where U = [Uelf*] e CV T and USH = [Ueft] € (CNXT;?; with r¢ff* =3 refbe peff =3 reft
Ty g lger, T, 9" lger), ’ Ty g'€Ty g 7 T T g'€Ty "g'>

and T}, = {¢g' : Vg’ # g and ¢’ ¢ T,} denoting the set of groups excluding group g and group set T,. The selection of
parameter r;ff* depends on the tolerable signal power outside the subspace spanned by the corresponding dominant
eigenmodes, V¢’ € T,.

First, we define the eigenmodes composed of groups except group g, denoted as E_,, which are formulated as
= effx preff Nx (TT?'“*JFT%?)
E_ 4= [Urﬂ-g ,UT;}E C g T

matrix 2_,. The singular value decomposition (SVD) of E_, is given by

. To eliminate inter-group interference, B, needs to lie in the null space of the

—_ o non-null null H
E_, = [Erormll gril] 55 pH (46)

where EE";‘“““ € CNxrank(E—) represents the non-null space spanned by the non-zero singular values of E_g4, and

EE‘;“ € CNx(N-rank(Z-,)) corresponds to the desired null space spanned by the zero singular values. As a result,

the precoding B, is expressed as follows, with by = N —rank (E_,)
B, - ™! (47)
4.3.2  Second-stage precoding
After the first-stage precoding, the received signal y, in (40) is expressed as
Vg R H?Vgag + ng. (48)

The second-stage precoding Wy, is obtained by projecting the eigen-beamforming along the dominant eigenmodes
of the equivalent channel’s correlation matrix, i.c., Cp = E [hy™ (hy™)H] € Cbs*bs, VEk € K,. Thus, the SVD of
the correlation matrix Cy, is given by

Ci = BURT (AT E [257 ()] (Af) 2 (UF)"'B, = UL ALTY, (49)
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Table 3 Location regions of UEs and scatterer clusters.

UE index Location region (m) Cluster index Location region (m)
1-5 € [20,25], y € [20,25
@ € [20,25], y € 20, 25] 2 € [80,90], y € [~110, —100]
6-10 x € [45,50], y € [55, 60]
11-15 € [70,85], y € [~90, —80
@ €[70,85], v € | ) 3 @ € [220,230], y € [0, 10]
16-20 z € [150,160], y € [0, 15]

where Uy, = [ﬂzon'“““, ﬁg““} € CP*% and Ay € CPs*b denote the unitary eigenvector matrix and the diagonal

eigenvalue matrix of Cy, respectively, with ﬂzon'“““ € CbsXvr heing the non-null space, which contains wj, dominant
eigenmodes, and wy = rank(Cy) < min{b,, 7¢T}. Thus, Wy, is expressed as

W, = Upormill vk e K, (50)

For the NF-JSDM, the number of equivalent eigenspaces of UE k equals rank(E [(hf'B,W )" h!B,W]) after the
first two stages of precoding, whereas for the conventional FF-JSDM, that number equals rank(E [(hj!B,)"h}!B,])
with this B, representing the first-stage precoding of the FF-JSDM.

4.3.3 Third-stage precoding
The ZF precoding is introduced as the third-stage precoding P, for spatial multiplexing, given by

P, = Hy°((H")" Hy®) (51)
Therefore, the precoding of UE k in group g is given by

Bqupk
vp = 9Pk 52
1By W, y (52)

Subsequently, the signal-to-interference-plus-noise ratio (SINR) of UE k is expressed as

plhivi|?
L+ p 3 ery g Milvil?
where p = 15002 is the transmit signal-to-noise ratio (SNR). The sum rate of K UEs in bps/Hz is
R=Ylogy(1+ 7). (54)

keK

5 Simulation

Unless otherwise stated, the simulation parameters are defined in Table 2, and I = 0.01 is considered. Besides
the scatterer cluster considered in Table 2, namely cluster 1, two additional clusters are taken into account, whose
location regions are defined in Table 3. The number of UEs is set to K = 20, and their randomly distributed
locations are also defined in Table 3. The positions of UEs and scatterers in Table 3 are carefully designed to
ensure that all users and scatterers are located within the near-field region of the XL-array, thereby capturing key
channel characteristics of practical near-field communication environments. It is noted that an eigenvalue smaller
than 0.1% of the total sum of eigenvalues is considered to be negligible. The judgment threshold (€min, Emax) 18 set
to (0.2,0.9). In addition, the number of selected eigenmodes Tgff* for any group ¢’ is set to be equal, where V¢’ € T,
and Vg € G.

Figure 3 shows the relationship between the number of groups G and the maximum sum similarity Y ,.x in
(39) obtained through the proposed Algorithm 1, the exhaustive searching algorithm and the random grouping
algorithm, where the developed near-field model is considered. To ensure computational feasibility and a fair
performance comparison, the number of UEs is uniformly set to K = 7 for the proposed Algorithm 1, exhaustive
search, and random grouping, since the computational complexity of exhaustive search becomes prohibitive for
larger K. The number of random realizations for UE locations is set to 30. From Figure 3, it can be observed that
the proposed Algorithm 1 exhibits a maximum performance loss of less than 7% when G = 3, compared to the
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mum sum similarity Tmax obtained through the proposed Algorithm each UE (a) the conventional FF-JSDM and (b) the proposed NF-
1, exhaustive searching, and random grouping, where the developed JSDM with Tsz* =20, Vg’ € Ty and Vg, where the ground-truth near-
near-field model is considered and K = 7. field channel model is considered and G = 2, 3, 4, 5 are considered.

exhaustive searching algorithm. Although the random grouping method has the lowest computational complexity,
it incurs the highest performance loss. It is also observed that for the three methods, T, increases as the number
of groups G grows when G is less than K. This is expected, as the larger G is, the less likely it is that UEs with
significantly different statistical CSI will be grouped together. These results validate that the proposed Algorithm
1 is effective for user grouping in XL-MIMO communications.

Figure 4 shows the number of equivalent eigenspaces for each UE by considering the conventional FF-JSDM in
Figure 4(a) and the proposed NF-JSDM with ’I”CH* set to 20 in Figure 4(b), V¢’ € Ty and V g, where the ground-truth
near-field channel model is considered and dlfferent numbers of user groups (G = 2, 3, 4, 5) are considered based on
Algorithm 1. It is observed from Figure 4 that in the FF-JSDM scheme, all UEs achieve the maximum equivalent
eigenspaces only when G = 3, whereas in the proposed NF-JSDM, this maximum is achieved for G = 2, 3, and 4.
This is because when G = 2, this limitation in FF-JSDM arises due to the assumption of identical statistical CSI
within the same group, which prevents effective alignment of channel eigenspaces for UEs experiencing different
scatterer clusters but assigned to the same group. On the other hand, when G = 4 or 5, the reduced equivalent
eigenspaces in FF-JSDM result from excessive grouping, which leads to a decrease in the spatial DoF's available
to each group. In addition, as shown in Figure 4, when G = 3, there is a significant difference in the number
of equivalent eigenspaces for UEs 6-10 between the FF- and NF-JSDM methods. This is because UEs 1-10 are
grouped together, and the FF-JSDM fails to align the channel eigenspaces of UEs 6-10 due to the assumption of
identical statistical CSI. Furthermore, Figure 4 shows that the number of equivalent eigenspaces for UEs 11-15 in
the developed NF-JSDM decreases when G = 5. This is because UEs 11-15, which experience similar scattering
environments, are partitioned into two separate groups, thereby reducing the spatial DoFs available to these two
groups. These results verify the assumption of non-identical statistical CSI in the NF-JSDM and highlight the
importance of choosing an appropriate number of user groups in the developed NF-JSDM method.

Figure 5 gives a comparison of the sum rate obtained through the ZF precoding utilizing full CSI, the conventional
FF-JSDM [17,18], and the proposed NF-JSDM with TCH* =20,Vg €T, and Vg € G, under different numbers of
user groups based on Algorithm 1, where both the far- and near-field channel models are considered. It is observed
from Figure 5 that in the far- ﬁeld scenario, when G = 2, the sum rate of the NF-JSDM is higher than that of the
FF-JSDM, and when G > 3, the curves of the proposed NF-JSDM and FF-JSDM perfectly overlap. Especially
when G = 3, the FF- and NF-JSDM can achieve approximately the same performance as that of the ZF precoding.
This indicates that the proposed NF-JSDM is applicable to the far-field communications, and its performance is
superior to that of the FF-JSDM when the number of groups is insufficient. Additionally, Figure 5 shows that in
the near-field scenario, the NF-JSDM can achieve approximately the same performance as ZF when G = 4, whereas
there is a notable performance gap between the FF-JSDM and ZF precoding. The performance loss of the FF-JSDM
is caused by the reduction of equivalent eigenspaces, which corresponds to the results in Figure 4. Compared to ZF
precoding, the proposed NF-JSDM can achieve comparable performance while significantly reducing the channel



Dong Z J, et al. Sci China Inf Sci March 2026, Vol. 69, Iss. 3, 132302:18

<>—e—ﬁ\—e—é—e—é—e—é—e—é—e—é—e—é—e—é—e—e [ o S S Iy T
[ P s
6 ‘b 6 D= ]
A »—“PM_D'"'P'—--D..
| *® Do
A ) 5 sk P 1
D 1,6 \ < \& S
_8' 'l'\ \ \ & N >
Sati\ X ! --b--Near-field scenario: NF-JSDM S a4 <. |
o & \ ‘.\ \ —-#-—Near-field scenario: FF-JSDM ° %\‘_
g, il \\ \ &k |—e—Far-ield scenario: ZF g sl "4\{ 4
ETT "% |=-P--Far-ield scenario: NF-JSDM 5 —#--G=4
$ \k “ \ —-#-—Far-field scenario: FF-JSDM [j_:’ oL |P-G=5 p'% -q. ]
AN % | G=6 RN
\ \‘\ \ L —q-G=7 '4"@\.4. |
1k \ \ . s 1 T
= L A N}
\ \:_-:-_t\* 0 | | L | | | | | | | | | L |
0 , W= e e el e ffmnclpcnpacliponfacy 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51
2 4 6 8 10 12 14 16 18 20 ™ ber of eslected & des 1o
The number of groups G, p= 10 dB € numpoer Of selected eigenmoaes rg,
Figure 5 (Color online) The sum rate R versus the different num- Figure 6 (Color online) The sum rate versus the number of selected
bers of user groups under the ZF precoding, the conventional FF- eigenmodes < in the proposed NF-JSDM, Vg’ € T, and Vg € G,

JSDM [17,18], and the proposed NF-JSDM with r;ff* =20,Vg €Ty where the ground-truth near-field channel model is considered and
and Vg € G, where both the near- and far-field channel models are G =4,5,6,7 are considered.
considered.

estimation overhead, as it reduces the required instantaneous CSI dimensionality from N x K to W x K, where
W < N. As shown in Figure 5, the sum rates of both NF-JSDM and FF-JSDM first increase and then decrease
with the number of groups G. When G is small, users with similar eigenspaces tend to be grouped together, and
eliminating intra-group interference for any user k may reduce its available spatial DoF, leading to performance loss.
As G becomes too large, users with similar eigenmodes may be assigned to different groups, limiting the spatial
DoF available for inter-group interference suppression, which can also be observed in Figure 4. These observations
demonstrate that the proposed NF-JSDM is applicable to XL-MIMO communications, and it is more general than
the conventional FF-JSDM.

Figure 6 shows the sum rate versus the number of selected eigenmodes r;ﬁ* in the proposed NF-JSDM, V¢’ € T,
Vg € G, where the ground-truth near-field channel model is considered and different numbers of user groups
(G =4,5,6,7) are considered based on Algorithm 1. The variable r;ff* ranges from 6 to 51 with a step size of 3.
It is observed from Figure 6 that the sum rates decrease as the number of selected eigenmodes increases. This is
because the increase in eigenmodes reduces the DoF available to group g for the first-stage precoding design, thereby
increasing inter-group interference and ultimately leading to a reduced sum rate. It is worth noting, however, that
the reduction in DoF also results in a lower dimension for the first-stage precoding matrix, which helps to reduce
computational complexity. This highlights a trade-off between performance and complexity in selecting the number
of eigenmodes. Moreover, Figure 6 also shows that, for a given number of selected eigenmodes r;ff*, increasing
the number of user groups leads to a more rapid decline in the sum rate. This is because excessive grouping
imposes stricter spatial DoF constraints on each group, thereby reducing the equivalent eigenspaces available to
more UEs. The above results offer useful guidelines for determining the number of eigenmodes to maximize the
sum rate. In particular, by selecting the most appropriate number of user groups, it is possible to choose the largest

feasible number of eigenmodes r;ff* within an acceptable performance degradation threshold, to effectively reduce
computational complexity.

6 Conclusion

This paper investigated the NF-JSDM for multi-user XL-MIMO communications with mixed LoS and NLoS links,
which is based on the proposed user grouping algorithm according to the similarity of the developed near-field
statistical CSI. In the developed NF-JSDM, the prior knowledge of near-field statistical CSI is modeled by taking
into account the NUSW, partial array visibility, and spatial consistency. Based on the similarity of the effective
eigenspace in near-field statistical CSI, an efficient algorithm was proposed to achieve precise user grouping. Ac-
cording to the proposed user grouping scheme, the more general NF-JSDM was developed, which is not limited to
the assumption of zero channel mean, and considers the differences in statistical CSI of UEs within the same group
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and near-field channel characteristics. Simulation results validated the effectiveness of the proposed user grouping
algorithm, and demonstrated that the developed NF-JSDM is applicable to XL-array communications. In the fu-
ture, we will further extend the proposed NF-JSDM precoding framework to support multi-stream transmission per
user and adapt it to hybrid digital-analog architectures, which are more practical for XL-MIMO implementations.
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Appendix A
When aV(k) = 0, we have E[¢, (k)] = 1, Vn. Then, by setting reference UE as UE k itself, [l_lk]n in (14) reduces to

= _ ’Ck dik P27
[b],,= e +1 dem’

When N§ < dj, the distance dy, ,, in (6) is approximated as
o ~ dp/T= Zndsinpn/dy = dy, — ndsin gy, (A2)
where (a) holds based on the first-order Taylor approximation. By substituting (A2) into (A1), [Bk]n reduces to
[by], = BeKr/(Ki +1) - oI (drndsingr), (A3)

The proof of Lemma 1 is thus completed.

Appendix B

When aV (k) = 0, we have E[¢n (k)ém (k)] = 1, Yn,m. Then, [©F5] in (21) reduces to

n,m
2
[©%°°],,. = Br ST TS SO ) (B1)
T Kr+1dgndk,m

When N§ < dj, dy , in (6) can be approximated as (A2). By substituting (A2) into (B1), [Gk‘os] ., Teduces to

n,
[©5°5],, = Bk /(K + 1) - e T (mmmisiney (B2)

The proof of Lemma 2 is thus completed.

Appendix C

When g¥R(s) =1, [@ELOS] in (28) is simplified to

n,m

NLoS _ 1 T‘Z(S) *'@(Tn(s)*”“m(s))
(O], = By || o e E [£n(8)6m (5)] fi(s)ds. (©1)

When ol(s) = 0, Vs € Sy, we get E[&,(s)ém (s)] = 1, Vn, m. Therefore, [(-)};ILOS] in (C1) is further simplified to

n,m

[@Ns] g, 1 / r2(s) IE (n(®)=rm () 1, (5)ds. (C2)
k n,m K +1 Jses, rn(s)rm(s)

When N§ < r(s), Vs € S, the distance r,(s) in (C2) is approximated as

rn(s) ~ 7(s)y/T = 2ndsm0(s)/r(s) < r(s) — ndsin(s), (©3)

where (a) holds based on the first-order Taylor approximation, and 6(s) is the AoA of scatterer s w.r.t. the positive z-axis. By
substituting (C3) into (C2), [(-DELOS] reduces to

n,m

1 —j 2% (m—mn)8 sin (s
[©Y15]  ~ 5 — /GS eI B (m=m)3sin0(s) p (g)ds. (C4)
sESy

As a result, the integral function in (C4) which is only related to 6(s), can be expressed as

max
Oy

[QII:ILOS]n’mz Bk Kk1+ : /9 eI & (m—n)ssin 9 £,.(0)do. (Ch)

min
k

Thus, the proof of Lemma 3 is completed.
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