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Abstract—Hybrid-field channel estimation for extremely large-
scale massive MIMO (XL-MIMO) system is discussed in this
paper. By exploiting the structural characteristics of far-field
path components in the angle domain and the sparsity of near-
field path components in the polar domain, a channel estimation
algorithm combining support detection and orthogonal matching
pursuit (SD-OMP) is proposed. Specifically, the supports of
the far-field path components are firstly detected according to
components structure characteristics of the angle domain in the
XL-MIMO system and then can be used to obtain the far-field
path components. Next, effect on the XL-MIMO system induced
by far-field path components can be removed firstly and the OMP
algorithm is employed to obtain the near-field path components
by exploiting its polar domain sparsity. Finally, the hybrid-field
channel is recovered by superposing the given far-field path
components and near-field path components. Experiment results
show that the proposed algorithm can accurately recover channel
with relatively low pilot overhead and computation complexity
comparing with some classical channel estimation algorithms.

Index Terms—Hybrid-field, channel estimation, XL-MIMO,
pilot overhead.

I. INTRODUCTION

HE 6G communication system on ultra-high frequency
band can integrate an extremely large-scale massive
MIMO ((XL-MIMO) antenna array in a limited space, thus it
can employ beamformer to form a narrower directional beam
to compensate the path loss, resulting in service quality of
mobile terminals enhancing [1]. As is known to all, using XL-
MIMO antenna array will lead to high power consumption,
hybrid precoding technology which can reduce antenna trans-
mitters of radio-frequency (RF) chain is considered to be a
suitable strategy to handle above problem [2]. However, reduc-
ing RF chain will lead hard synchronization of each antenna
which reduces accuracy of channel estimation. Although some
methods were proposed to enhance the accuracy of channel
estimation by lengthening pilot, those methods suffer the poor
communication efficiency.
Exploiting sparsity of channel to accurately obtain the
channel state information (CSI) may be a suitable scheme
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with high communication efficiency. For example, Carvalho
et al. employed the low rank property of the channel and
the angle-domain information to recover the far-field channel
[3]. Supposing the channel coefficient following the Gaussian-
Bernoulli distribution, Vlachos et al. employed message pass-
ing (MP) algorithm to estimate angle-domain sparse channel
[4]. Lee et al. used compressive sensing (CS) method to
estimate the channel with low pilot overhead [5]. By mapping
channel from the array space into the beam space, Gao et
al. proposed support detection (SD) algorithm to accurately
estimate channel with limited pilot length [6]. It is clear that
above researches all focus on far-field planar wave channel,
thus are hardly to be directly extended to the near-field spher-
ical wave channel scene. Han et al. divided the large antenna
array into multiple sub-arrays firstly and then employed OMP
algorithm on sub-arrays to estimate near-field channel [7].
By utilizing polar-domain sparsity of near-field channel, Cui
et al. employed on-grid simultaneous orthogonal matching
pursuit (SOMP) to efficiently estimate near-field channel firstly
and then proposed off-grid simultaneous iterative gridless
weighting (SIGW) algorithms to enhance the accuracy of
SOMP algorithm [8].

It’s worth noting that the above works are suitable for the
far-field channel or near-field channel alone, thus they are
hard to extend to the scene of XL-MIMO hybrid-field channel
which is superimposed by the far-field channel and near-field
channel. Very recently, according to angle-domain sparsity of
the far-field path components and the polar-domain sparsity
of the near-field path components, Wei et al. employed OMP
algorithm to successively estimate far-field path components
and near-field path components of hybrid-field channel. Since
it is not to deeply exploit the structure of the far-field path
components, Wei’s method is hard to obtain the accurate CSI
of the high-dimension hybrid-field channel by using low pilot
overhead [9].

By exploiting the structure characteristics of far-field path
components in the angle domain and the sparsity of near-field
path components in the polar domain, we combine support
detection algorithm and orthogonal matching pursuit algorithm
to propose a hybrid-field channel estimation algorithm (SD-
OMP) here. Specifically, the supports of angle-domain com-
ponents related to far-field path are obtained by successively
employing space structure characteristics of angle-domain
components firstly. And then, the effect on receiver induced
by far-field path components can be removed, and the near-
field path components are obtained by sequentially using OMP
algorithm. Finally, the hybrid-field channel is recovered by
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superposing the given far-field path components and near-
field path components. Simulation results show that comparing
with the comparison algorithms, the proposed algorithm can
achieve more accurate channel estimation with lower pilot
overhead and computation complexity.

The rest of this paper is organized as follows. In section II,
the XL-MIMO communication system model is introduced.
In section III, the SD-OMP algorithm suitable for hybrid-
field channel estimation is proposed. The simulation results
are provided in section IV, and the conclusion is shown in
section V.

Notation: light symbols, boldface lower-case symbols and
upper-case symbols denote scalars, vectors and matrices,
respectively. ()H and ()Jr denote the conjugate transpose,
pseudo-inverse respectively. |-| and ||-||, denote the absolute
operator and the ly-norm, respectively. Card (-) denotes the
cardinality of set.

II. SYSTEM MODEL

A XL-MIMO hybrid-field communication system working
on time division duplexing (TDD) mode is shown in the Fig. 1,
where the BS is equipped with extremely large-scale antenna
array to serve a user with single-antenna. The hybrid-field
channel from the BS to the user h € CE*! is superposed
by the far-field path components hyp € CE*1(d > D) and
the near-field path components hy € C¥*!(d < D), where
d is the distance from the BS to the scatter, R is the aperture
of array antenna, A is the wavelength and D = 2R?/)\ is the
Rayleigh distance.

On the one hand, the far-field path components hr can be
expressed as

Kr
hF = \/E Z Bk}fa((bkf) ) (1)

ky=1

where K and K represent the number of hybrid-field channel
components and the number of far-field path components,
respectively. 3, and ¢y, respectively represent the complex
gain and the azimuth angle of the k-th far-field path com-
ponent. a (¢, ) € C-*! described in the (2) is the far-field
array steering vector

. , H
a (o) = % [1e77m 0 e [T ()
where ¢, = £ cos(4), 1 is physical angle, and p = \/2 is
the spacing between antennas.

Since the BS is usually placed in high position with limited
scatterers, the far-field path components show the sparsity
in the angle domain. Thus, in the (3), the far-field path
components hyr can be described by the product of sparse
angle-domain path components h; and the discrete fourier
transform (DFT) matrix U = [a (&1) ,a (J)g) IR | ((;EL)]H

hr = Uhy, 3)

where ¢; = %(l — ) with [ = 1,2,--- L , represents the
pre-defined spatial direction of the XL-MIMO system.

L+1
2
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Fig. 1. The hybrid-field communication system for XL-MIMO.
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On the other hand, the near-field path components hy can
be expressed as

L &
hy = \/; > b (k0 dn) 4)

kn=1

where Ky, 1, ¢k, and dj, represent the number of near-
field path components, the complex gain, the azimuth angle
and the distance of the k,-th near-field path component,
respectively. b (¢, ,di,) € CL*1 is the near-field array
guidance vector [8], which can be denoted by

1 27 1
b (fndh) = 7 |o
H

.27
eI N [T =di) | ()

where dg) = \/di — 2dy, wpdr, +w?p? is the distance

between the scatterer k, and the [-th antenna of the BS,

_ 2l72Lfl.

As the near-field path components in the polar domain are
sparse too [8], the polar domain transformation matrix related
to the array steering vector of the near-field path components
can be denoted by

V = {b(qﬁl,d%),--- ,b((bl,d?l) e
b(or.d) .- b (¢n,d7%)]. ©

where ¢, and d' (¢ =1,2,---,Q;) represent the sampled
azimuth angle and distance between the scatterer and the BS
at the [-th antenna, respectively. ); is the number of sampled
distances at azimuth angle ¢;, thus the number of sampled

L
distances at all antennas can be denoted by Q = > Q.
=1

Similar to the far-field path components, the neélr—ﬁeld path
components h can be described as the product of the polar-
domain transform matrix V and the polar-domain sparse path
components h,,.

hy = Vh,, (7
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Thus, by superposing the far-field path components and the
near-field path components, the channel in the hybrid-field can
be expressed as

(1-a)K

7 aK
h:\/; S Bualon)+ S mb(Gn.d) |,

ky=1 kn=1
(®)

where oK = K and (1 — a)K = Ky respectively represent
the number of far-field path components and near-field path
components in the hybrid-field channel, and o € [0,1] is the
control variable.

Furthermore, the hybrid-field channel can be expressed by
superimposing of (3) and (7)

h = Uh; + Vh,, ©)

To estimate the hybrid-field channel, the user should send
the given orthogonal pilot signal to the BS in the time slots
with length W. The pilot signal received by the BS can be
expressed by

where the matrix G € CL*! represents the orthogonal pilot
sequence that the user sends to the BS in the W time slots,
and x ~ CN (0, Iy ) is the noise of the BS.

III. PROPOSED CHANNEL ESTIMATION ALGORITHM

A. SD-OMP Algorithm
Substituting the (9) into the (10), the received pilot signal
can be equivalently represented as

y = GUhy + GVh,, +x, (11)

where the far-field sparse path components in the an-
gle domain can be expressed as hy = Ufhp =

Kr
\/% > UHﬁkfa(rj)kf) in which the k;-th component
kf:l

zi, = U B, a(¢y,) is approximately orthogonal with the
other components due to the large number of BS antennas.
Therefore, hy can be obtained by sequentially estimating
its each component. Specifically, we can firstly estimate the
strongest component of hy, and then erase its influence on
receiver to estimate the second strongest component of hy
until all the components of hy is obtained.

The details of how to determine components of hy are
described as follows. Firstly, current research shows that ratio
between total energy of the one far-field component and
M strongest energy elements of this component satisfies the
following inequality [6].

M2
DM 2 U 1

PM s 2N~ 12
ps 5 2 g (2 e)’ (2

2L

where pz is the total energy of component and p,; is the
energy of M strongest energy elements in this component. L
is the dimension of component. We can find the (12) indicates
that the total energy of the one component is only determined
by few of elements in this component. Moreover, [6] also
demonstrates that this few of elements must uniformly revolve
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Algorithm 1 SD-OMP Based Hybrid-field Channel Estimation
Inputs: y, G, U, V,Kp, KN, L,Q, M.

Inmitialization: c =y, Sp = GU,Sy = GV.

// Far-field path components in the angle domain estimation stage.
l.for0<ky < Kp

2. Detect the position of the strongest elment of Zj, 5 as
I* = argmax |Spc|;
1<I<L
3. Supp(ikf):modL{l*—%,~~-,l*+% ;
4. Zy, = OLx1, Zk; = Sr(:, Supp(zx,) c;
5. c=y— szkf;
6. end
7.Suppl=__ U  supp(Zk,);
0<k;<Kp

8. hy =0Lx1,hy=Sr(:;, Suppl)ly;

// Near-field path components in the polar domain estimation stage.
9.for 0 <k, < Ky

10. for0<m <M

11. I* = argmax ||Syc||2;
1<1<Q
12, Supp2= U 1%
PP2 = et

13. h, = 00, 1> h, = S;rv(:, Supp2)y;

14. c:y—SFEf—SNl_ln;

15. end

16. end

// Hybrid-field channel estimation stage.

17.h =0px1, hp = Uhy,hy = Vhy,h = hp + hy;
18. end

Output: Estimated channel h.

around the strongest energy element. Thus, as described in the
(13), M strongest energy elements can form the support of
component zg, , in which [* means the position of strongest
energy element which can be obtained by maximizing rel-
evance between the sensing matrix and the output of the
receiver.

M M
Supp(zkf) = modp, {l* - ? )T al* -1+ 2}7 (13)

where modj, is the modulo operation with respect to L. By
this way, the components of far-field spare path hy in the angle
domain can be sequentially estimated firstly, thus far-field path
components hx can be recovered by using the (7). Next, the
effect on receiver induced by hr can be erased and the near-
field path components hy can be rebuilt by employing OMP
algorithm. The hybrid-field channel is obtained by superposing
the far-field path components and near-field path components
finally.

The steps of the proposed hybrid-channel estimation called
SD-OMP are shown in Algorithm 1. We can find this
algorithm is composed by three stages. In the first stage,
the position of the strongest energy [* in Zg, is determined
by maximizing the correlation between Sp and c firstly.
Then, support of component Zj, related to far-field path in
the angle domain, namely supp(Zx,) is obtained by using
(12). Thus, effect on receiver induced by component Zg,
can be erased in the step 5. By successively running step
1 to step 8, the supports of K components are obtained
and the estimation of far-field path components I_lf in the
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TABLE I TABLE I
COMPLEXITY COMPARISON OF DIFFERENT LOCALIZATION ALGORITHMS SIMULATION PARAMETERS
Algorithm Complexity Parameter Notations Value
Hybrid-field SD-OMP O (LW KrM?) + O (WCard?(Suppl)) + L Number of BS antennas 512
O QW (KN M)3> + O (LQ) fe Carrier frequency 30GHz
Hybrid-field OMP O (LW (KpM)*) + O (QW(KyM)*) + P Far-field path gain CN(0,1)
0 (LQ) n Near-field path gain CN (0,1)
Far-field OMP ) LW(KM)3) +0(L2) P Angle distribution U0, )
Near-field OMP o (oW (KM)? O(L ¢ Angle distribution Uu-1,1)
car-ie Q 2( ) )3+ (LQ) dn Near-field sampled distance U(10m, 100m)
MMSE OWL?) +O(L%) Q Number of sampled grids 2071
M Number of component elements 8
angle domain is achieved too. In the second stage, OMP
algorithm is used to obtain the estimation the k,-th near-field 0,
component h,, firstly, and then effect on receiver induced by B
h,, is eliminated by using the step 14 of Algorithm 1. Thus, ,
By repeatedly running step 9 to step 16, the K components U VR = =ra
. . . . . 8r
estimation of near-field path in the polar domain are achieved fitiyied
by maximizing the correlation between the sensing matrix g e e
Sy and c. In the third stage, the far-field path components § 5 O tndeasnowe
hy and the near-field path components hy are obtained by Z 6y 1
using hrp = Uhy and hy = Vh,, respectively. Finally, hp 7t Lid
and hy are superimposed to obtain the estimation h of the 8l
hybrid-field channel. ol
o ; -1080 1(;0 WéO 11‘10 1(;0 WéO 2(‘10 220
B' CompleXZty An(llySlS . The pi|0! overhead W
The computational complexity of the proposed SD-
OMP algorithm is shown in Table I. We can find that Fig. 2. NMSE versus the pilot overhead W.

the computational complexity of the first stage is de-
scribed as O (LW KpM?)+O (W Card?(Suppl)) [6]. Since
Card(Suppl) follows the inequality Card(Suppl) < KpM
[6], which indicates the computational complexity of the
far-field path components estimation related to proposed
hybrid-field SD-OMP algorithm is mainly determined by the
O (LWKpM?). The computational complexity of second

stage is described as O (LW(K NM )3> [9]. And the compu-

tational complexity of the thrid stage is described as O (LQ),
thus the total computational complexity of the proposed SD-
OMP algorithm is O (LW K pM?) +O (W Card?(Suppl)) +
(@] (LW(KNM)3> + O (LQ). In addition, the main the dif-
ference of computational complexity between the hybrid-field
SD-OMP algorithm and the hybrid-field OMP algorithm [9]
lies in the stage of far-field path components estimation.
Since the computational complexity of hybrid-field OMP
algorithm related to the estimating far-field path components
is described as O (LW (KpM)* ) and the O (LW KpM?) <

(@) (LW(K rM )3) is always hold on obviously, which means
the computational complexity of the proposed SD-OMP algo-
rithm is lower than that of the hybrid-field OMP algorithm.

IV. SIMULATION RESULTS

Experiments comparing with some algorithms including
the hybrid-field OMP [9], far-field OMP [5], near-field OMP
[8], LS and the minimum mean square error (MMSE) [10]

© 2022 IEEE, Personal use is permitted, but republication/redistribution re

are designed to evaluate the performance of the proposed
algorithm in this section. In addition, Genie-aided-LS al-
gorithm which the prior information related to the channel
such as the distances and angles between the receivers and
scatters [8] are perfectly known is employed as the lower
bound of the performance algorithm. A XL-MIMO hybrid-
field communication system is described in fig. 1, and the
experiments parameters are listed in Table II. The performance
of algorithms is evaluated by the normalized mean square error
(NMSE) which is defined as NMSE 2 ||b — h||; / ||h]f3.
The NMSE versus pilot overhead W of algorithms is plotted
in Fig. 2, where the SNR, control variable o and channel
components K are set as 6dB, 1/3 and 6, respectively. It can
be seen that proposed SD-OMP algorithm can achieve the
highest accuracy except the Genie-aided-LS in all algorithms.
Moreover, the accuracy of the hybrid-field OMP is higher
than that of far-field OMP and near-field OMP due to hybrid-
field OMP is designed according hybrid-field channel model
which is close to experiment scene. In addition, the accuracy
of the near-field OMP is higher than that of far-field OMP
since the near-field path components are the dominant in
the hybrid-field channel. What’s more, since employs OMP
algorithm instead of SD algorithm to estimate components
of far-field path components, hybrid-field OMP suffer lower
accuracy of far-field path components than that of hybrid-
field SD-OMP, leading to lower estimation accuracy of hybrid-
field channel comparing with that of hybrid-field SD-OMP.
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Fig. 4. NMSE versus channel components K.

Besides, since its estimation accuracy is mainly determined
by SNR rather than the pilot overhead, the MMSE algorithm
experiences roughly same estimation accuracy with number of
pilot overhead changing.

Fig. 3 plots the NMSE of algorithms versus the SNR,
where the pilot overhead W, control variable o and channel
components K are set as 210, 2/3 and 6, respectively. It can
be seen that the NMSE of all algorithms are improved with
the SNR increasing. Moreover, the accuracy of the hybrid-
field SD-OMP algorithm is the best except the Genie-aided-
LS algorithm at the same SNR, since it not only is suitable
for describing hybrid-field channel scene but also employs SD
algorithm to obtain the most accurate estimation of far-field
path components related to hybrid-field channel. In addition,
as described in Fig. 2, since uses the algorithm suitable
for hybrid-field channel, hybrid-field OMP shows the better
MMSE than that of far-field OMP and near-field OMP, and the
accuracy of the far-field OMP is higher than that of near-field
OMP since the far-field path components are the dominant
in the hybrid-field channel. However, since hybrid-field OMP
employs OMP instead of SD algorithm to determine the far-
field path components, the accuracy of hybrid-field OMP is
apparently lower than that of hybrid-field SD-OMP.

Fig. 4 plots the NMSE of algorithms versus channel com-
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ponents K, where the pilot overhead W, SNR and control
variable o are set as 220, SdB and 2/3, respectively. We can
find that the NMSE of all algorithms except MMSE algorithm
and LS algorithm tend to be deteriorating with the channel
components increasing. This is because the channel compo-
nents K increasing mean the estimated channel parameters in-
creasing, resulting in accuracy of channel estimation declining.
However, since its estimation accuracy is mainly determined
by SNR rather than the number of channel components, the
MMSE algorithm experiences roughly same estimation accu-
racy with number of channel components changing. What’s
more, the proposed algorithm still achieves the best accuracy
except the Genie-aided-LS, which certifies the effectiveness of
the proposed algorithm.

V. CONCLUSION

In this paper, a low pilot overhead algorithm which exploits
the structure of far-field path components and sparsity of
near-field path components is proposed to estimate hybrid-
field channel of XL-MIMO system working on TDD mode.
By employing SD algorithm in far-field path components
and OMP algorithm in near-field path components, respec-
tively, proposed SD-OMP algorithm can accurately recover
the hybrid-field channel with limited pilot overhead. The sim-
ulation results demonstrate the effectiveness of the proposed
algorithm. In our future work, we will explore the issue
of wideband hybrid-field channel estimation in XL-MIMO
system.
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