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ABSTRACT Extreme large-scale multiple-input multiple-output (XL-MIMO) is one of the key technologies
for future 6G communications. Channel estimation plays a crucial role in XL-MIMO systems, as accurate
Channel State Information (CSI) is essential for effective signal transmission. The existing channel
estimation methods mainly distinguish between far-field channel estimation and near-field channel
estimation. In the case where the sparsity of the channel is known, the traditional Orthogonal Matching
Pursuit (OMP) algorithm is relied upon to estimate the hybrid-field channel in XL-MIMO systems.To
overcome these limitations, in this paper, we propose a joint hybrid-field channel estimation scheme
and adopt the Simultaneous Weighted Orthogonal Matching Pursuit (SWOMP) algorithm to effectively
address these issues. Specifically, to more effectively estimate the hybrid-field channel, we propose a
joint channel estimation approach that no longer distinguishes between far-field and near-field channel
estimation methods. In the case where the sparsity of the hybrid-field channel is unknown, we employ
the SWOMP algorithm to accurately estimate the channel state information. Furthermore, we substitute
the Sherman-Morrison-Woodbury transform for the matrix inversion operation in the SWOMP algorithm,
which does not reduce computational complexity but provides a novel approach to matrix inversion. Based
on this, finally, we further propose a low-complexity SWOMP algorithm based on the Gauss-Seidel method
transformation. Simulation results demonstrate that the proposed approach can obtain more accurate channel
state information compared to traditional methods in XL-MIMO systems.

INDEX TERMS Extreme large-scale multiple-input multiple-output, channel estimation, hybrid-field, low-
complexity simultaneous weighted orthogonal matching pursuit.

I. INTRODUCTION

With the rapid development of communication technology,
6G is expected to achieve ten times the throughput of 5G [1],
[2]. One promising technology to achieve this goal is the
use of Extremely Large-scale Multiple Input Multiple Output
(XL-MIMO) systems. By deploying base stations (BS) with
a large number of antennas, XL-MIMO can greatly enhance
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spectral efficiency and system gain [3], [4]. However, the
increase in the number of BS antennas may also lead to
an increase in pilot overhead, which could have a negative
impact on communication efficiency. Therefore, reducing
pilot overhead in XL-MIMO communication networks and
obtaining accurate Channel State Information (CSI) using
low-complexity algorithms are crucial.

However, due to the deployment of high-frequency radio
frequency (RF) links on BS and the potential for high
power consumption, a hybrid precoding architecture has been
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proposed for BS, which may pose challenges for RF chains
with fewer antennas than BS [5]. Additionally, introducing
BS’s RF links can effectively reduce the pilot overhead
for channel estimation. Channel estimation methods based
on CS not only reduce pilot overhead but also achieve
higher accuracy in sparse channel estimation. For example,
in [6], the sparse characteristics of far-field channels in
Massive MIMO systems are utilized in the angular domain,
and an algorithm based on Compressed Sensing (CS) is
used to obtain accurate CSI. As the Message Passing (MP)
based CS algorithm requires strict prior distribution of the
channel, there are some limitations for channel estimation
or signal detection. However, compared to some existing
works on sparse channel estimation and signal detection,
MP algorithm can achieve higher accuracy with fewer pilot
training symbols [7], [8].

In recent years, notable progress has been made in the
theory of near-field communication. In [9], it is observed
that the sparse characteristics of far-field angle-domain
channels are no longer applicable to near-field channels,
which may result in greater energy leakage. Therefore, further
accurate description of the sparse characteristics of near-field
channels is needed to apply CS-based algorithms to near-field
channel estimation. In [10], the sparse nature of near-field
channels is accurately represented using polar coordinate
domain matrices, and the Simultaneous Orthogonal Matching
Pursuit (SOMP) algorithm is used to reduce pilot overhead,
followed by the deployment of the Simultaneous Iterative
Gridless Weighting (SIWG) algorithm to further improve
the accuracy of XL-MIMO channel estimation. In [11],
the combination of Terahertz (THz) communication with
near-field communication is proposed to achieve larger
system capacity [12]. Based on the beam splitting effect of
Terahertz communication, a method based on bilinear pattern
detection is proposed to effectively obtain accurate channel
state information. In [13], the authors utilize Reconfigurable
Intelligent Surfaces (RIS) to assist near-field communication,
which can still achieve reliable communication and improve
system throughput even in the presence of obstruction.

When considering the existing scattering situations, it is
necessary to simultaneously consider the characteristics
of near-field and far-field channels in the communication
environment. Therefore, the concept of hybrid-field channels
is proposed in XL-MIMO communication systems. Sub-
sequently, some domestic and international articles have
conducted research based on literature [14]. In [15], the
authors propose a compressed sensing hybrid-field channel
estimation algorithm based on the Alternating Directions
Method of Multiplier (ADMM), which can effectively reduce
the pilot overhead for system channel estimation. In [16], the
authors propose to estimate the information brought by the
positions of near-field and far-field scattering bodies based
on the position information of these bodies, transforming the
channel estimation problem into the estimation of parameters
for estimating the position of scattering bodies, and simi-
larly achieve good estimation of hybrid-field channel state
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information. In [17], the authors propose a hybrid-field chan-
nel estimation scheme based on changing the deployment of
base station antennas and introduce the Support Detection
OMP (SD-OMP) algorithm, which can reduce the pilot
overhead and improve system spectral efficiency in hybrid-
field channel estimation. However, the algorithm proposed
in literature [14] needs to distinguish between near-field and
far-field for channel estimation, requiring a higher number
of pilots, does not achieve efficient channel estimation, and
also requires knowledge of channel sparsity, resulting in high
algorithm complexity.

Therefore, based on these reasons, this paper considers
an XL-MIMO system [18] based on RF chain architec-
ture, which can reduce pilot overhead. In addition, the
channel estimation scheme based on [14], [15], and [17]
proposes estimating the far-field first and then the near-
field in a hybrid-field channel. However, such a scheme
is not efficient.Therefore, a joint near-far field channel
estimation scheme is proposed to achieve more efficient
results. To our knowledge, the need for only one hybrid-field
channel estimation without requiring separate coarse and fine
estimation schemes is a concept we pioneered. Furthermore,
The simultaneous weighted orthogonal matching pursuit
algorithm (SWOMP) [19] is used to estimate the channel
values even in unknown hybrid-field channel sparsity. Then,
based on the ‘“Woodbury” transformation [20], the matrix
inversion operation in the SWOMP algorithm is replaced
to matrix inverse operation. However, the computation
complexity did not reduce after the transformation, thus
another method based on the “Gauss-Seidel”” method [21]
was proposed to decrease the computation complexity of
the algorithm. The main contributions are summarized as
follows:

e A joint estimation scheme that does not distinguish
between near and far field channels is proposed, which
achieves more efficient results in high-dimensional hybrid-
field channels. The SWOMP algorithm is then proposed for
the joint channel estimation problem, which can still obtain
good channel estimation results even in unknown hybrid-field
channel sparsity.

e Due to the matrix inversion operation in the SWOMP
algorithm, the “Woodbury” transformation method is used
to replace the matrix inversion step in the algorithm.
However, the “Woodbury’’ transformation did not reduce the
computation complexity of matrix inversion in the SWOMP
algorithm, so a method based on the “Gauss-Seidel”” method
is proposed to reduce the computation complexity of matrix
inversion in the SWOMP algorithm to a linear computation
complexity.

e Finally,simulation results are presented to demonstrate
its effectiveness and superiority over existing algorithms
in terms of reduced complexity without sacrificing perfor-
mance.

The remaining parts of this article are arranged as follows.
Part 2 introduces the system model, where the channel
model of hybrid-field is described in detail, and the angle

VOLUME 12, 2024



H. Huang et al.: Low Complexity Hybrid-Field Channel Estimation Based on SWOMP Algorithm

IEEE Access

domain matrix that makes the far-field channel sparse and
the polarization domain matrix that makes the near-field
channel sparse are characterized. In Part 3, the joint channel
estimation problem is formulated, and a channel estimation
algorithm is proposed. Part 4 followed by an equivalent
replacement method for the matrix inversion process in
the algorithm. Part 5 proposes a low-complexity algorithm
based on matrix inversion, and its convergence is analyzed.
Simulation results to verify the effectiveness of the proposed
algorithm are presented in Part 6, and Part 7 concludes this

paper.

Il. SYSTEM MODEL

As shown in Figure 1, the XL-MIMO system based on a
hybrid precoding architecture with Ngr radio frequency (RF)
is considered, and a hybrid-field channel is employed in the
Time Division Duplexing (TDD) mode [22]. It is assumed
that there are N antennas deployed at the base station (BS)
and single antenna deployed at the user equipment (UEs).
We consider the uplink communication between the UEs and
the BS. Since the channel state information of each user can
be obtained individually by K UEs, the channel estimation
process typically discusses the channel estimation of any user
here.

FIGURE 1. Hybrid-field communication scenario of XL-MIMO.

A. SIGNAL MODEL

Specifically, leth eCY *! represent the link from a single user
to the BS. Let s(r), w(r)eCN <1 and I:’(t) represent the data
symbols transmitted to the user in the t—th time slot, and
the complex Gaussian noise corresponds to the distribution
CN(0, O'OZIN). Therefore, the received signal at the BS can be
expressed as:

yr = F(ths(r) + F()w(r). 4))

Without loss of generality, we assume that s(t) = 1, where
t = 1,---, v. The analog value y received at the BS over the
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entire T time slots can be expressed as:
y =Fh +w, )

where 'y = [y{ , y;» . yZ]T cCT™NrF X 1wy _
[wT (DFT (1), wT QF7(2), - - -, wT (0)FT (1)]" eC™Nerx1,

= > ~ - AT
LetF = [FT(I) s FT(Z)’ cee FT(-L-):I c (CTNRFXN be the

observation matrix, where each element of F follows the
distribution LN {—1,1}.

Upon observing (2), we note that the noise w is not Gaus-
sian white noise. To accurately obtain CSI, measures should
be taken to restore the original noise by pre-whitening. We Let
C = oldiag{F(DF(1), FQ)FH(2), , F(o)F7 (7))
represent the covariance matrix of w, and use the matrix
G e C™NrrxTNrr (o predict the received signal. The matrix
G is obtained by performing eigenvalue decomposition on
C = o}VIVH, where G=VX>. Multiplying both sides
of (2) by G yields:

y=Gly=G 'Fh+G 'w=®h+W A3)

where ® = G~'F and w = G~ !w. Meanwhile, the noise
WACN (O,G(%ITN I‘: ). The proof is as follows:

C=E [G’lwwHG’H]
—E [G*ICG*H]
= 2T IVIVEVAVHy 2
— o2l @

where C represents the covariance matrix of the noise w.

B. CHANNEL MODEL

In the literatur [14], the concept of a hybrid-field channel
is proposed. Therefore, there is no detailed description here.
‘We mainly describe how Rayleigh distance, far-field channel,
and near-field channel are modeled. Therefore, the expression
for the Rayleigh distance is given as follows:

R="", 5)

where D represents the aperture of the antenna array and A
represents the wavelength. It is worth noting that in wireless
communication systems, the electromagnetic radiation field
may be divided into the far field and near field, resulting
in both far-field channels and near-field channels in the
communication environment. Specifically, we first introduce
the Rayleigh distance in Equation (5), where communication
is in the far-field range when d >R and in the near-
field range when d < R, with d representing the physical
distance from the base station to the scatterer. Subsequently,
during communication between the user and the base station,
in the NLoS path component, the user receives signals after
reflections from scatterers in both far-field and near-field
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ranges. Therefore, the signal traverses a combination of far-
field and near-field channels, referred to as a hybrid-field
channel.

The far-field channel hgr can be modeled as:

N Pr
her =/ 5 przl Vor a6, (6)

where P and Pp respectively represent the total number
of paths for the hybrid-field and far-field channels. y,,
represents the path gain of the ps—th far-field path, 6,
represents the angle of the pr —th far-field path. a(pr)e(CN x1
is the steering vector of the far-field array, and the expression
for a(Opf) is:

1 —j276,, —j2r(N-1)g,, 17
aly) = —=[1,e7 e ()
‘ VN
where 6, = %cos () and 4, correspond to the actual

physical angles of the py—th far-field path, and 8 = % is the
distance between adjacent antennas.

Since the far-field channel is non-sparse, this may intro-
duce a huge pilot overhead in channel estimation. Therefore,
we need to use the DFT matrix A to transform hgp into a
sparse angular domain channel hf}F, which can be represented
as:

her = Ahjy, ®)
where A = [a(®) ,--- , a@®Wy)] e CVN (v,
= 2”_1\,&;1 =1, .-+, N) is an unitary matrices. It is worth

noting that h?-F is the sparse representation of the far-field
channel hgr in the angular domain.Therefore, we can use CS
algorithms to further reduce the pilot overhead of the channel.

In addition, the near-field channel hyz can be modeled as
follows:

N Py
hyp = Vp an=1 Hp, DO, Lp,), ©)

where Py, iip,,0p,and [, represent the total number of paths,
path gains, actual physical path angles, and distances between
thep,—th scatterer and the uniform linear array antennas
respectively. b(@,,, [,,)eCY 1 is the steering vector of the
near-field array, which can be represented as:

1 27 (D) 27 (V) H
b(ep”’ lpn) = —Nl:e_/T(an _an) *'"*e_-/T(an _lpn)] ,

(10)

where [ = \/ 13— 2ly,£B6), + B¢ refers to the distance
between the p,, —th scatterer and the n—th antenna of the base
station. The transformation matrix in polar coordinate domain
can be represented as D:

D=[b(or.2). b (0. 7). - b (on. 1),
(11)

where 6, and [;;" respectively represent the sampled physical
angle and the distance between the scatterer and the n—th
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antenna of the base station. The near-field channel model can
be represented as follows:

hyr = Dhy, (12)

where h]f,Fe CZ *! is the sparse channel vector in polar
coordinate domain, and the sparse property can further reduce
the pilot overhead of channel estimation.

By combining the far-field and near-field channels,
a hybrid-field channel model is introduced, which can be
represented as follows:

N eP (1-e)P
h=\/5 (pr:l YO + D b6, lpn)) ,

(13)

where € represents the ratio of far-field channel paths and
near-field channel paths. ps + p, = P denote total number
of paths for hybrid-field channel and €€ [0, 1] is control
variables. The hybrid-field channel model can be obtained
through equations (8) and (12), and can be further described
as follows:

h = Ah}, + Dh},. (14)

Let B=®A cC™NV&r*N and W=dDe C*M/F*Z respec-
tively undergo channel estimation using CS algorithms,
representing the sensing matrices of the far-field channel
and the near-field channel. Therefore, (3) can be further
represented as follows:

¥ = ®Ah},+®Dh}, +W
= Bh},+Whi, +W
=Sh+Ww, (15)

where § = [B,W] = &W e ClkrxZ+V) ¥ = [A,D] €
CN>@HN) h = [(hfp)" . (hip) 17 e C@HV)IX! There-
fore, this paper no longer estimates the near-field or far-field
channel separately, but adopts joint estimation of the hybrid-
field channel, which enables a more efficient estimation of
the hybrid-field channel. Subsequently, we focus solely on
equation (15) to propose algorithm design solutions.

Ill. THE PROPOSED SWOMP CHANNEL ESTIMATION
METHOD FOR JOINT HYBRID-FIELD CHANNEL
ESTIMATION

In this paper adopts the Simultaneous Weighted Orthogonal
Matching Pursuit (SWOMP) algorithm, which can accurately
estimate the hybrid-field channel even without knowing
its sparsity. Due to the matrix inversion operation in the
algorithm, an equivalent matrix inversion operation based
on the “Woodbury” transformation is proposed. A detailed
derivation process based on the “Woodbury” transformation
is provided to demonstrate this. According to the compres-
sive sensing theory, the problem of hybrid-field channel
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estimation can be formulated as follows:

~

h= argminHHHHo
st. [Iy—Sh|3 <o, (16)

where g is a constant related to the noise level.

Formula (16) is a Compressed Sensing (CS) problem of
a Single Measurement Vector (SMV). Since the sparsity
of the channel is generally unknown in practical scenarios,
the SWOMP algorithm is used to solve the hybrid-field
channel estimation problem. Next, the algorithm is described
in detail. Firstly, the received signal y, sensing matrix S, and
threshold & are inputted, where § is related to the variance
of the noise 002. Then, since the sparsity of the channel
is unknown, a while loop is used. In the first step of the
algorithm, the compressed sensing matrix is multiplied by
the defined residual vector r. In the second step, the position
of the maximum value in the multiplied vector is found,
which corresponds to the column number of the sensing
matrix. In the third step, a support set is formed from the
selected columns of the sensing matrix in each loop. In the
fourth step, the pseudo-inverse of the support set is obtained,
and then multiplied with the received signal y to obtain
an estimate of the hybrid-field channel. In the fifth step,
the residual is updated. In the sixth step, the mean square
error of the residual is calculated until it is less than the
threshold §. Where the threshold § is derived based on prior
information of the received signal [19], while the threshold
used in [23] is chosen as an appropriate value to serve as the
stopping criterion for the sparse recovery algorithm.and then
the algorithm ends, completing the channel estimation. The
specific Algorithm 1 process is summarized as follows.

Algorithm 1 Proposed SWOMP Algorithm for Hybrid-Field
Channel Estimation

Input:y, ®,A,D,$

Output: h

Initialization: Q =@, r =y, T = size(y, 1).

// Joint estimate hybrid-field channel

1.S = [®A, D]

2. While RMSE > § do

3. ¢* = argmax |S7 G| 3 n=1,2, -+, (N +2)
4. Q=QUc*

5h= )’y

6.r =y — Sgh

7.RMSE = % * trace (rH * r)

IV. THE PROPOSED WOODBURY SWOMP ALGORITHM
As can be seen from Algorithm 1, there is a step involving
matrix inversion. Therefore, we propose an equivalent
matrix inversion operation based on the “Woodbury”
transformation.
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The mathematical expression of the ‘“Woodbury™ trans-
form can be written as

—H— L | —H —H\ 1=
(A A—i—gI) ——(1-a (gI—i—AA) N
S

where ¢ represents a tunable parameter. Therefore, we trans-
form the matrix inversion operation in the algorithm into this
form of the Woodbury transform. Since the matrix A to be
transformed contains complex numbers, we further discuss
the transformation for various scenarios to adapt to this form
of transformation. Then, Step 5 of the algorithm can be
further expanded as follows:

2 -1
h = So)fy = (sSa) shy. a7)

where 1 represents the pseudo-inverse of the matrix, and
Sq represents a matrix set composed of column vectors
selected from the sensing matrix S in each loop of the
SWOMP algorithm. The number of columns in matrix
Sq is related to the sparsity of the hybrid-field channel.
(SgSQ)_lrepresentS the inverse of matrix SESq, and H
represents the conjugate transpose. In order to conform
to the Woodbury transformation, (SgSQ)flneeds to be
transformed. Since the signal sent by the user is complex, the
support set Sq; is a complex matrix, and let X = Sg Sq, then
X is a Hermitian matrix, that is, its diagonal elements are all
real numbers. Therefore, X can be expressed as:

X:U+diag[elv"'seM]v (18)

where matrix U represents the non-diagonal elements of
matrix X, diag represents the diagonalization operation,
er,---, ey] is a row vector, and (e,, m = 1,2, ---,M)
represents the diagonal elements of matrix X. Formula (18)
can also be written as:

X =U; + aly. (19)

In this case, let o represent the assigned coefficients and Iy
represent the M x M identity matrix. Based on equation (19),
in order to satisfy the form of the Woodbury transformation,
which is an identity matrix multiplied by the coefficient «
and then added with an unknown matrix Uj, equaling the
original matrix X, we only need to analyze the diagonal
elements of matrix Uj. If a diagonal element of matrix X is
greater than «, then the corresponding diagonal element of
matrix U; should be subtracted byc. If a diagonal element of
matrix X is smaller than «, then the corresponding diagonal
element of matrix U; should be equal to o minus the value
of the corresponding diagonal element in matrix X, but with
the opposite sign. This way, we obtain the values of the
diagonal elements of matrix U;. The non-diagonal elements
of matrix U; are the same as the non-diagonal elements of
matrix X. Through the above analysis, it can be concluded
that U; is also a Hermitian matrix. Therefore, the unknown
matrix U; has been determined.To further conform to the
form of the Woodbury transformation, it is necessary to
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further decompose matrix Uj into the product of its conjugate
transpose and an identical matrix. Therefore, the next step
is to explain how matrix U; can be decomposed in order to
achieve this form. Performing an eigenvalue decomposition
on matrix U; will yield the solution.

U, = AEAH, (20)

where A is an orthogonal matrix, and E is a diagonal matrix
with its diagonal elements being the eigenvalues of matrix
U;. Next, let’s analyze how to decompose matrix U into the
product of a matrix and its transpose. (The eigenvalues of a
Hermitian matrix are real numbers). Next, we will analyze
several scenarios based on the “Woodbury” transform and
then summarize the final conclusions.

In the first case, if all eigenvalues of matrix U; are non-
negative real numbers, then decompose the eigenvalue matrix

E of U; to obtain:
E = /EI,VE . 21)

where \/E is also a diagonal matrix. Then, U; can be
expressed as:

U, = Ay EI,VEAH
— AVEILAVE)
= U, U | (22)
where Uy, = K\/ITE. The conjugate transpose of a non-
negative number is still non-negative. In the second case,

if all eigenvalues of matrix U;j are negative, then E can be
expressed as:

E = /Kl (\/E)H (23)

In this case, after taking the square root of a negative
number, it becomes an imaginary number, thus we need to
add a conjugate transpose. Therefore, U; can be expressed

as:
U, = AYEIL, (/E)HA_H
= A/ELAVE/
=U,UY. (24)

In the third case, if the eigenvalues of matrix U include
both negative and positive numbers, then E can be expressed
as:

E = /El (\/IT:)H (25)

As we can see, it is the same as the second case. This is
because the conjugate transpose of a positive number is still
itself, thus adding the conjugate transpose does not have any
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effect. Therefore, U can be expressed as:

U = A EIM (JE)HA_H
— AVEL,AVEY
=U,U4. (26)

Based on the discussion of the three cases mentioned
above, matrix U; can be written in the form of a matrix
multiplied by the transpose of another matrix. Therefore, let
Y = U4, then Y# = Uy, and as a result, X can be written as:

X = Y?Y + aly. (27)

Therefore, based on equation (27), (S‘;{SQY1 can be
further expressed as:

(s‘g'sg)f1 - (YHY + aIM) . (28)

Then, by employing the Sherman-Morrison-Woodbury
formula, also known as the *““Sherman-Morrison-Woodbury”’
transformation [20], abbreviated as the ‘“Woodbury™ trans-
formation, Therefore, based on the aforementioned mathe-
matical form of the Woodbury transform, equation (28) can
be written as:

(stisa)

~1
(YH Y + aIM)
1

—1
S (IM —YH(aIM +YYH) Y).
o

(29)

Finally, substituting the transformed equation (29) into

equation (17), The channel estimation values we obtained for
the mixed-field are as follows:

h= é (IM _yH (aIM n YYH) —lY) sEy.  (30)

At this point, the computational complexity after the
transformation is O(M3), where M represents the number
of columns in the support set, i.e., the number of columns
in the support matrix. Finally, by replacing the fifth step
in Algorithm 1 with equation (30), the Woodbury SWOMP
algorithm is derived. Due to space constraints, further
elaboration is omitted here.

V. THE PROPOSED LOW COMPLEXITY SWOMP
ALGORITHM BASED ON THE “GAUSS-SEIDEL” METHOD
Based on the derivation in the previous section, it can be
concluded that the ‘““Woodbury” transformation also involves
the process of matrix inversion, even after decomposition,
where the dimensions of the matrix remain the same as
the dimensions of the support set. Fortunately, we found
that the matrix inversion operation in the fourth step of
the SWOMP algorithm is actually obtained using the least
squares (LS) algorithm. As is well known, LS is used to
solve linear equations. Therefore, we can use the Gauss-
Seidel method based on approximate iteration to reduce the
computational complexity of directly computing the matrix
inversion operation in the LS algorithm.
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Firstly, the SWOMP algorithm is an improvement upon
the OMP algorithm. Based on the properties of OMP,
the estimated channel obtained from each iteration of the
algorithm and the corresponding residual are orthogonal
projection [24]. As a result, the obtained support sets are
mutually orthogonal, indicating that the rank(Sgq) is equal
to M, forming a column full-rank matrix. Furthermore, the
solution for Soq = 0 is unique, which means that q is a zero
vector of size M x 1. Hence, for any non-zero vector X of size
M x 1, we have the following relationship:

(SoX)H §ox = % (SgSQ) f=x"Ix>0, ()

where the Gram matrix L = Sof'Sq is positive definite.
Additionally, we have:

— (ssq)" =L. (32)

where L is symmetric. Hence, L is a symmetric positive
semi-definite matrix. Due to this specific property and
the presence of (Sg Sg)f1 operation in equation (17), the
“Gauss-Seidel” method can be efficiently utilized to address
the high computational complexity caused by the matrix
inversion operation in equation (17). This GS method can
be used to solve the linear equation Ak = ¢, where A is
a symmetric positive definite matrix, K is a solution vector,
and ¢ is an observation vector. Traditional methods directly
compute K_lé to obtain lN(; however, the GS method can
effectively obtain the solution to this equation iteratively with
lower complexity. Since the matrix A is symmetric positive
definite, we can decompose matrix A into a strictly lower
triangular matrix E+, a diagonal matrix ﬁX’ and a strictly
upper triangular matrix Eg.The operation of solving the

linear equation Ak = ¢ based on the “Gauss-Seidel” method
can be mathematically represented as [21]:

~ . — 71 < — ~ .
R = By + 25) ' (e 22k0),i=0.1,2-+ (33)
where i represents the number of iterations. In order to better

conform to the form of solving linear iterations with GS as
in (33), (17) can be rewritten:

Th=3y (34)

where y = Sof’ ¥ and h = L~'y. Based on the above
analysis, since the matrix L is symmetric positive definite,
it can be decomposed into:

= =—H
L=W +E4+ W, (35)
= =H ) ]
where W, Z and W represent the strictly lower triangular

matrix, diagonal matrix, and strictly upper triangular matrix,
respectively. Based on the mathematical expression of
the (33) GS method, the solution to problem (34) can be
expressed as:

~(E+W) (F-W0).

ﬁ(i+1)

=0,1,2---
(36)
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L= = . i
Since E+W is a lower triangular matrix, h(l ) can be

obtained through low-complexity computation, thus we have:

2(i41) 1 (= —  2(i+]) — 30
b= (G DTy - > L)
JoJ
(37

) 1-(i+1)

where j, k = 1 2,---, M. h(t ;" and §f represent the j-th

=(@i+1)

element of h h and y, respectively. L ; % represents the

element in the j-th row and k-th column of matnx L.

Therefore, by utilizing the linear appr0x1mat10n iterative

+1)

method in (37), each element in h can Abe computed,

ultimately converging to the vector value h, which cor-

responds to h in (17) From (37), it can be seen that

in the calculat1on of h D

=(i+1)

, multiplication is required M

times. Since h has M elements, the total number of
multiplications is M2 .Furthermore, the convergence speed of
the linear approximation iterative method based on GS is
faster compared to the method based on Neumann [25], and
it also has lower computational complexity [26].As shown
in Table 1, we compared the complexity of the proposed
algorithm.

TABLE 1. Algorithm complexity.

Algorithm Computational Complexity
Far-field OMP O(NTNgeP?) + O(N?)
Near-field OMP O(ZtNgeP?) + O(NZ)
Hybrid-field ~ O(NtNgp(eP)?) + 0(ZeNge((1
OMP - &)P)*) + O(NZ)
SWOMP O((N + Z)tNgeN2) + O(N(N + 2))
WD-SWOMP 0((N + Z)tNgeN?) + O(N(N + 2))
LC-SWOMP O((N + Z)tNge (iN2))
+0((N + Z)N)

Here, Ny represents the adaptively hybrid-field sparsity
level in the SWOMP algorithm. irepresents the total number
of iterations for the GS approximate iteration.It can be
observed that the complexity of the algorithm is concentrated
on NS3, therefore reducing it to a square will result in a
significant decrease in complexity. Similarly, by replacing the
approximate iterative convergence in Algorithm 1 with the
fifth step, the LC-SWOMP algorithm is obtained.

VI. SIMULATION RESULTS AND PERFORMANCE
ANALYSES OF THE PROPOSED SCHEME

In this section, we use several algorithms to compare the
performance of the proposed algorithm. The compared algo-
rithms include hybrid-Field OMP [14], Far-Field OMP [27],
Near-Field OMP [10], and Minimum Mean Square Error
(MMSE) algorithm. Additionally, we define Normalized
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Mean Square Error (NMSE) as a metric for performance
evaluation, which can be expressed as:

Ih — k|3

b3

; (38)

where h =Wh. Consider an uplink XL-MIMO communica-
tion system using hybrid beamforming. For the simulation
parameters of the system, we employ a base station equipped
with N = 512 antennas. The total number of path components
is defined as P = 6. The number of radio frequency (RF)
chains is set to Ngr = 4. The complex path gains for both
near-field and far-field are defined as Yors Hpa CN(O0, 1.
The angles 6, and 6, correspond to 6, , 6,, U (=1, 1).
Additionally, the range of near-field distances is taken as
Iy, = [10, 80] meters. For the polar domain transformation
matrix D, the number of sampling grids is Z=2071.
In the XL-MIMO system, we only consider a single-carrier
scenario. Thus, the carrier frequency is set to 30 GHz.

In Figure 2, the comparison of the NMSE performance
between the proposed SWOMP algorithm and other algo-
rithms is presented first. In this scenario, the adjustable
parameter € is set to 0.5, and the length of the pilot sequence
is denoted as 64. From the graph, it can be observed that
the proposed method exhibits higher accuracy in hybrid-field
channel estimation. This is attributed to the joint estimation of
both far-field and near-field hybrid channels, which reduces
the error caused by initially estimating only the far-field
channel and leads to improved performance. In addition,
we can also observe that under high signal-to-noise ratio
(SNR), the performance of the MMSE algorithm is superior
to that of all other algorithms. This is because the pilot
overhead required by the MMSE algorithm is equal to the
number of base station antennas, and thus solving the linear
problem is related to the SNR. As the SNR increases, the
channel estimation error obtained by the MMSE algorithm
becomes smaller. In our simulations, we only use the MMSE
as a reference, and it can be seen that under low SNR, our
proposed algorithm does not require pilot overhead consistent
with the number of base station antennas, yet still outperforms
the MMSE. This demonstrates the significant impact of the
SNR on the MMSE algorithm in channel estimation and its
requirement for high pilot overhead. Therefore, our proposed
algorithm’s effectiveness is further highlighted. As a result,
the interpretations of Figures 3 and 4 follow a similar
rationale, and will not be reiterated here.

As shown in Figure 3, the comparison mainly focuses
on the proposed ‘“Woodbury”-based transformed SWOMP
algorithm and other algorithms. In this case, the adjustable
parameter € is set to 0.5, and the length of the pilot sequence
is denoted as 64. From the graph, it can be observed
that the algorithm after the ‘“Woodbury” transformation
almost completely overlaps with the traditional SWOMP
algorithm in terms of NMSE performance. This indicates
that the proposed “Woodbury’’-based transformed SWOMP
algorithm achieves the same level of accuracy as the matrix
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FIGURE 2. The proposed SWOMP is compared with NMSE under different
signal-to-noise ratios.

inversion approach, thus demonstrating the effectiveness of
the proposed equivalent algorithm.

NMSE (dB)

20t Far-field OMP v

—P— Near-field OMP ~
Hybric-field OMP SR

95 | ==='MMSE ~

—=je— Proposed SWOMP ~
Proposed WD-SWOMP ®

30 L . . L L
0 5 10 15 20 25 30
SNR (dB)

FIGURE 3. The two proposed algorithms are compared with NMSE under
different SNR.

As shown in Figure 4, the performance of the proposed
low-complexity SWOMP algorithm is compared with other
algorithms. Similarly, the adjustable parameter € is set to
0.5, and the length of the pilot sequence is denoted as 64.
The low-complexity SWOMP (LC-SWOMP) algorithm after
the “Gauss-Seidel” transformation eliminates the matrix
inversion operation, and from the graph, it can be observed
that its performance is almost identical to that of SWOMP
and WD-SWOMP. This indicates that the proposed low-
complexity algorithm not only maintains its performance but
also has a certain reduction in computational complexity, thus
demonstrating the effectiveness of the proposed algorithm.

As shown in Figure 5, the performance of the proposed
SWOMP algorithm is compared with other algorithms under
different path parameters €. In this case, the adjustable
parameter SNR is set to 5dB, and the length of the pilot
sequence is set to 64. From the graph, it can be observed that
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FIGURE 4. The proposed low complexity algorithm is compared with
NMSE under different SNR.

the proposed algorithm outperforms other existing algorithms
in terms of NMSE performance, and as the distance parameter
€ increases, the NMSE continues to decrease. This is because
as the parameter € increases, the hybrid-field channel of
the XL-MIMO system tends to favor the far-field channel,
resulting in a dominant role of the far-field channel. The
decreasing trend also indicates that the sparsity of the near-
field channel is not as strong as that of the far-field channel.
Therefore, compressed sensing algorithms perform better in
channels with more obvious sparsity. When ¢ = 0 and
€ = 1, the proposed SWOMP algorithm does not exhibit
the NMSE performance of utilizing the OMP algorithm
alone for channel estimation because it is based on the
SWOMP algorithm. In the case of unknown channel sparsity,
this algorithm can more accurately capture the sparsity of
the channel, demonstrating better performance compared to
traditional OMP algorithm.

NMSE (dB)
dj L -

Far-field OMP
—— Near-field OMP

Hybrid-field OMP
=== MMSE

—J— Proposed SWOMP i

0 0.1 02 03 04 05 06 07 08 0.9 1
€

FIGURE 5. The proposed SWOMP is compared with NMSE under different
path parameters.

To further demonstrate the superiority of the pro-
posed algorithm based on the “Woodbury” equivalent
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transformation, we conducted comparisons between the pro-
posed algorithm and the SWOMP algorithm under different
channel parameters. The SNR was set to 5dB, and the pilot
length was set to 64. From the Figure 6, it can be seen that the
proposed algorithm does not sacrifice performance but rather
overlaps almost perfectly with the performance curve of the
SWOMP algorithm. This also indicates the effectiveness of
the matrix inverse transformation based on the “Woodbury”
method.

NMSE (dB)

Farfield OMP

9 | —p— Near-field OMP

Proposed hybrid-field OMP

10 = = = -MmsE

—de— Proposed SWOMP
Proposed WD-SWOMP

11 . L . L .
0 0.1 02 03 04 05 06 07 08 0.9 1

€

FIGURE 6. The two proposed algorithms are compared with NMSE under
different path parameters.

In order to illustrate the comparison between the proposed
LC-SWOMP algorithm and SWOMP, WD-SWOMP under
different path parameters €, we conducted another set
of experiments as shown in Figure 7. In this simulation
experiment, with SNR=5dB and pilot length of 64, it can
be observed from the graph that the performance curve of
the proposed LC-SWOMP algorithm almost overlaps with
SWOMP and WD-SWOMP. This further demonstrates the
good robustness of the proposed LC-SWOMP algorithm
under different channel path parameters.

NMSE (dB)
#

Far-field OMP L

-9 {| —p— Near-field OMP =
Proposed hybrid-field OMP

= == MMSE R N

-10 || —=de— Proposed SWOMP ey
Proposed WD-SWOMP .."“F

=-==-:Proposed LC-SWOMP

——

-1
0 0.1 02 03 04 05 06 07 08 0.9 1

€

FIGURE 7. The proposed low complexity algorithm is compared with
NMSE under different path parameters.
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As shown in Figure 8, the performance comparison of
the proposed SWOMP, WD-SWOMP, and LC-SWOMP
algorithms under different pilot lengths is conducted in a
simulation environment with SNR=0dB and path parameter
€=0.5. From the graph, it can be observed that the proposed
SWOMP algorithm has better performance compared to other
algorithms. The simulation curves of the proposed WD-
SWOMP and LC-SWOMP almost overlap with the SWOMP,
indicating that they have similar performance. This once
again proves the effectiveness of the proposed WD-SWOMP
and LC-SWOMP algorithms. Moreover, the proposed low-
complexity SWOMP algorithm not only has comparable
performance to the SWOMP algorithm but also reduces com-
putational complexity. The simulation results demonstrate
that this adaptive sparsity-based channel estimation method
has certain effectiveness in hybrid-field channel estimation.

\ 4
v
Y

Farfield OMP .
—p— Near-field OMP £l

Hybrid-field OMP i
—e— Proposed SWOMP

Proposed WD-SWOMP
===k==Proposed LC-SWOMP

NMSE (dB)
[3%]

s
T

20 25 30 35 40
Length of Pilot Overhead

FIGURE 8. The performance comparison of the three proposed methods
under different pilot lengths.
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—p— Near-field OMP
Hybrid-field OMP
—— Proposed SWOMP
Proposed WD-SWOMP
==-—=+=-'Proposed LC-SWOMP

il

NMSE (dB)
s

S

37 -

e

FIGURE 9. The performance comparison of the three proposed methods
under different total number of paths.

As shown in Figure 9, a comparison between the proposed
three methods and other hybrid-field channel estimation
methods is conducted in a simulation environment with
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SNR=0dB and channel path parameter ¢=0.5. From the
graph, it can be observed that the proposed three methods
have better performance compared to other methods. As the
path parameter increases, the NMSE also increases, indi-
cating that the estimated hybrid-field channel becomes less
accurate. This is because as the number of paths increases,
the non-sparse components of the channel also increase.
Therefore, with an unchanged pilot length, compressive
sensing faces some loss in estimation performance when
dealing with channels with more non-sparse components.
However, from the simulation graph, it can be seen that
the proposed three methods consistently outperform other
algorithms as the total number of paths increases. This once
again proves the effectiveness of the proposed three methods
in hybrid-field channel estimation.

VII. CONCLUSION

This article proposes a joint hybrid-field channel estima-
tion scheme in XL-MIMO systems based on RF chain
architecture. Based on the proposed approach using the
SWOMP algorithm to address the problem in the presence
of unknown channel sparsity, we found that the proposed
algorithm can accurately obtain the hybrid-field channel
state information. Subsequently, due to the matrix inversion
operation in the SWOMP algorithm, we then proposed the
WD-SWOMP algorithm based on the Woodbury transform
for equivalent matrix inversion, which achieves the same
channel estimation performance as the SWOMP algorithm.
Furthermore, by employing linear approximate iteration
to eliminate the matrix inversion step in the algorithm,
we introduced the low-complexity LC-SWOMP algorithm.
After iterative convergence, LC-SWOMP can achieve the
same channel estimation performance. Finally, simulation
results demonstrate the efficiency of the proposed hybrid-
field channel estimation scheme and the effectiveness of the
proposed algorithms.
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