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Channel Estimation for Extremely Large-Scale Massive MIMO:
Far-Field, Near-Field, or Hybrid-Field?

Xiuhong Wei

Abstract— Extremely large-scale massive MIMO (XL-MIMO)
is a promising technique for future 6G communications. However,
existing far-field or near-field channel model mismatches the
hybrid-field channel feature in the practical XL-MIMO system.
Thus, existing far-field and near-field channel estimation schemes
cannot be directly used to accurately estimate the hybrid-field
XL-MIMO channel. To solve this problem, we propose an
efficient hybrid-field channel estimation scheme by accurately
modeling the XL-MIMO channel. Specifically, we firstly reveal
the hybrid-field channel feature of the XL-MIMO channel, where
different scatters may be in far-field or near-field region. Then,
we propose a hybrid-field channel model to capture this feature,
which contains both the far-field and near-field path compo-
nents. Finally, we propose a hybrid-field channel estimation
scheme, where the far-field and near-field path components are
respectively estimated. Simulation results show that the proposed
scheme performs better than existing schemes.

Index Terms— Extremely large-scale massive MIMO, hybrid-
field channel modeling, channel estimation.

I. INTRODUCTION

ITH the emergence of new applications, 6G is expected

to achieve a 10-fold increase in spectrum efficiency
than 5G [1]. The extremely large-scale massive MIMO
(XL-MIMO) is a promising technique for 6G to achieve this
goal, where the base station (BS) deploys an extremely large
number of antennas to achieve higher spectral efficiency and
improved energy efficiency [2]. However, the sharp increase
of BS antennas leads to the unaffordable pilot overhead for
the high-dimensional XL-MIMO channel estimation.

There are two typical categories of low-overhead chan-
nel estimation schemes for XL-MIMO, i.e., far-field channel
estimation [3]-[5] and near-field channel estimation [6], [7].
The first category is the far-field channel estimation by
considering the channel sparsity in the angle domain. In this
category of schemes, the XL-MIMO channel is modeled in
the far-field region with the planar wave assumption. Based
on this assumption, the array steering vector of the channel
is only related to the angle. With the help of the classical
discrete fourier transform (DFT) matrix, the non-sparse spatial
channel can be firstly represented by the sparse angle-domain
channel. Then, some compressive sensing (CS) algorithms
such as orthogonal matching pursuit (OMP) [3] can be used
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to estimate this sparse angle-domain channel with low pilot
overhead.

The second category is the near-field channel estimation
by considering the channel sparsity in the polar domain.
Specifically, since the array aperture of XL-MIMO is very
large, the XL-MIMO channel can be more accurately modeled
in the near-field region with the spherical wave assumption.
Under this assumption, the array steering vector of the channel
is not only related to the angle, but also related to the distance
between the BS and the scatter [8]. Based on the near-field
channel model, a few near-field channel estimation schemes
have been proposed recently [6], [7]. Specifically, a new
polar-domain sparse representation of the original XL-MIMO
channel in the spatial domain was proposed [6], where the
transform matrix was generated from the joint angle and dis-
tance space to replace the classical DFT matrix only associated
with the angle space. By considering this channel sparsity in
the polar domain, the corresponding CS algorithms have been
proposed to reduce the pilot overhead for the near-field channel
estimation [6], [7].

In the existing far-field or near-field channel model, it is
assumed that all scatters are either in the far-field or near-field
region. Actually, a hybrid-field communication environment is
more likely to appear in the XL-MIMO system, where some
scatters are in the far-field region, while others may locate in
the near-field region. In other words, the XL-MIMO channel
is usually composed of both the far-field and near-field path
components. However, the existing far-field or near-field chan-
nel model mismatches this hybrid-field channel feature, which
makes the existing far-field or near-field channel estimation
schemes cannot be directly used to accurately estimate the
hybrid-field XL-MIMO channel. Unfortunately, this important
problem has not been studied in the literature.

To fill in this gap, we propose an efficient hybrid-field
channel estimation scheme by accurately modeling the hybrid-
field XL-MIMO channel in this letter.! Our contributions are
summarized as follows.

1) We reveal the hybrid-field channel feature of the
XL-MIMO channel. Specifically, this hybrid-field channl
feature means that different scatters may be in different
regions. On the one hand, some scatters are far away
from the BS, which are in the far-field region. On the
other hand, some scatters are relatively close to the BS,
which are in the near-field region.

2) In order to capture this hybrid-field channel fea-
ture, we propose a hybrid-field channel model for
the XL-MIMO channel. In the proposed hybrid-field
channel model, both the far-field and near-field path
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components in the far-field and near-field regions are
considered, which correspond to different sparse repre-
sentations based on different channel transform matrices.
Moreover, we can control the proportion of the two types
of path components by using an adjustable parameter.
In this way, the existing far-field and near-field channel
models can be regarded as special cases of the proposed
hybrid-field channel model.

3) Based on this hybrid-field channel model, we propose a
hybrid-field channel estimation scheme to estimate the
XL-MIMO channel with low pilot overhead. The basic
idea is to individually estimate the far-field and near-field
path components by using different channel transform
matrices. The far-field path components are estimated by
considering their sparsity in the angle domain, while the
near-field path components are estimated by considering
their sparsity in the polar domain. Particularly, the exist-
ing far-field and near-field channel estimation schemes
can be regarded as special cases of the proposed scheme.

The rest of the letter is organized as follows. In Section II,
we introduce the signal model, and review two exist-
ing far-field and near-field channel models. In Section III,
we firstly reveal the hybrid-field channel feature, and then
propose the hybrid-field channel model and the corresponding
hybrid-field channel estimation scheme. Simulation results
and conclusions are provided in Section IV and Section V,
respectively.

Notation: Lower-case and upper-case boldface letters a and
A denote a vector and a matrix, respectively; al and AH
denote the conjugate transpose of vector a and matrix A,
respectively; ||a||2 denotes the I norm of vector a. Finally,
CN (p1,0) denotes the probability density function of the
circularly symmetric complex Gaussian distribution with mean
p and variance o2, and U(—a,a) denotes the probability
density function of uniform distribution on (—a, a).

II. SYSTEM MODEL

In this section, we will first introduce the signal model of
the XL-MIMO system. Then, the existing far-field and near-
field channel models will be briefly reviewed, respectively.

A. Signal Model

We consider that the BS employ a N-element extremely
large-scale antenna array to communicate with a single-
antenna user. Let hf € C'*¥ denote the channel from the
BS to the user. Take the downlink channel estimation as an
example, the corresponding signal model can be represented
by

y? =h#PH 4+ n, (1)
where yH € C'*M represents the received pilots by the user
in M time slots, P € CN*M represents the transmitted pilot
signals by the BS in M times slots, and n ~ CN (O, O'QI]W)
represents the M x 1 received noise in M times slots with o2
representing the noise power.

Through the conjugate transpose transformation, (1) can be
further formulated as

y = Ph +n. 2)
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Fig. 1. The near-field region and the far-field region [6].

The downlink channel estimation is to estimate h on the
premise that y and P are known. In the XL-MIMO system, the
number of antennas NV at the BS is large. In order to reduce the
pilot overhead, the low-overhead channel estimation should be
investigated so that the number of pilots M is much smaller
than N. Next, we will briefly review two existing channel
models for existing channel estimation schemes.

B. Channel Models

Specifically, as shown in Fig. 1, the electromagnetic radia-
tion field in wireless communication systems can be divided
into far-field and near-field [6], where different fields will
result in different channel models. The bound between these
two fields is determined by the Rayleigh distance Z =
%, where D and )\ are the array aperture and wavelength,
respectively.

1) Far-Field Channel Model: As shown in Fig. 1, when
the distance between the BS and the scatter is larger than the
Rayleigh distance, the far-field channel hg,,_gc1q is modeled
under the planar wave assumption, which can be represented
by

N L
hiar—fietd = |/ 7 Do (61), 3)
=1

where L represents the number of path components (corre-
sponding to effective scatters) between the BS and the user,
oy and 6; represent the gain and angle for the [th path,
respectively. a (6;) represents the far-field array steering vector
based on the planar wave assumption, which can represented
by

_ L —jmo; —Jj(N=1)76, H

a(0) Jﬁbﬂ e . )
It is noted that 6; = 2%cos(¢;), where d = % is the antenna

spacing, and ¢; € (0, 7) is the practical physical angle.

In order to reduce the pilot overhead for the channel
estimation, the above non-sparse channel hg,,_ge1q can be
represented by the sparse angle-domain channel i .. |, with
the DFT matrix F as follows

hear—fietd = Fhiygelds ®)

where F = [a(61),...,a(0n)] is a N x N unitary matrix,
where the columns are orthogonal to each other, and 6, =
% withn = 1,2,..., N. Since there are limited scatters
in communication environments, the angle-domain channel
hér_ﬁeld is usually sparse. Based on this sparsity, some CS
algorithms can be used to estimate this high-dimensional

channel with low pilot overhead [3]-[5].
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2) Near-Field Channel Model: In addition to the above
far-field channel model, a near-field channel model was
recently proposed in [6]. As shown in Fig. 1, when the distance
between the BS and the scatter is smaller than the Rayleigh
distance, the near-field channel is modeled under the spherical
wave assumption, which can be represented by

N L
hnearfﬁeld - \/ f Z alb (917 7“[) . (6)
=1

Compared with the far-field channel model (3), the array
steering vector b (6;,7;) for the near-field channel model is
derived based on the spherical wave assumption, which can
represented by [6]

1 2z (1)

b(el,rl):\/—ﬁ[e_jT ! _Tl),.. .

e—j%’r(rfm—n)]f‘l, (7
where 7; represents the distance from the [th scatter to the
center of the antenna array, rl(n) = \/ T8+ 62d? — 2116,d0;
represents the distance from the [th scatter to the nth BS
antenna, and 6, = 22=N=1 with n = 1,2,..., N.

Since the DFT matrix in (5) associated with the angle
domain only matches the array steering vector in the far-field,
the near-field channel in (6) will cause serious energy spread in
angle domain. In order to explore the sparsity of the near-field
channel, a polar-domain transform matrix W was proposed
in [6], which can be represented by

W = [b(61,7]),...,b(01,75), ...,
b(On,7k), ..., bOn, 73], (8)

where each column of W is a near-field array steering vector
with the sampled angle 6,, and distance rJ~, with s, =
1,2,...,S5,, S, represents the number of sampled distances at

the sampled angle 6,,. Thus, the number of all sampled grids
N

can be represented by S = > S,,. Based on this polar-domain

n=1
transform matrix W, the near-field channel can be represented
by

P
hnear—ﬁeld = Whnear—ﬁeld’ ©)

where hfear_ﬁeld is the S x 1 polar-domain channel. Similar
to the far-field channel in the angle domain, h% ., also
shows a certain sparsity. The corresponding polar-domain
based CS algorithm was further proposed to reduce the pilot
overhead for the near-field channel estimation [6]. However,
since the polar transform matrix W is generated from the
joint angle and distance space, its dimension is large, and the
columns orthogonality is relatively poor compared with the
DFT matrix. Thus, the far-field channel in the polar domain
may cause more serious energy leakage than that in the angle
domain.

In all existing works above, all scatters in the communi-
cation environment are assumed to be either in the far-field
or near-field region. In practical XL-MIMO communication
environments, it is more likely that some scatters are in the far-
field region, while others may locate in the near-field region.
However, this hybrid-field communication environment cannot
be accurately modeled by the existing far-field or near-field
channel model, so existing far-field and near-field channel

Fig. 2. The hybrid-field communication environment for XL-MIMO.
estimation schemes cannot be directly used to accurately
estimate the hybrid-field XL-MIMO channel.

III. PROPOSED HYBRID-FIELD CHANNEL ESTIMATION

In this section, we will firstly reveal the hybrid-field feature
for the XL-MIMO channel. Then, a hybrid-field channel model
will be proposed to capture this channel feature. Finally, based
on the proposed channel model, we will propose a hybrid-field
channel estimation scheme to improve the estimation accuracy
with low pilot overhead.

A. Hybrid-Field Channel Feature

As shown in Fig. 2, there are two different types of scatters
for the XL-MIMO system. When the scatter is far away from
the BS, it is in the far-field region of the BS, which will
introduce the far-field path component. When the scatter is
close to the BS, it is in the near-field of the BS, which will
produce the near-field path component. For example, when a
high-altitude BS serves a distant user, although the direct link
produces a far-field path component, the scatters around the
BS may generate the near-field path components [6].

However, the existing far-field or near-field channel model
is only composed of far-field or near-field path compo-
nents, which cannot capture this hybrid-field feature of the
XL-MIMO channel.

B. Proposed Hybrid-Field Channel Model

In order to capture this hybrid-field feature of the
XL-MIMO channel mentioned above, we propose a
hybrid-field channel model represented as

IN (&
hhybrid—ﬁeld = f < Z apa (elf)

lg=1
(1—~)L

+ > ab(0,,m,) |, (10)
l

n=1

where L represents the number of all path components,
v € [0,1] is an adjustable parameter, which can control the
proportion of the two types of path components, i.e., vL is the
number of far-field path components, while (1 — «)L is the
number of near-field path components. o, and 6;, respectively
represent the path gain and angle for the [sth far-field path
component, and a (6;,) is the far-field array steering vector
assoicated with 0;,. oy, 6;,, and r;, respectively represent
the path gain, angle, and distance for the [,th near-field path
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component. Finally, b (;,,r;, ) is the near-field array steering
vector assoicated with 6, and r; .. When v = 1, the pro-
posed hybrid-field channel model is simplified as the standard
far-field channel model, while when v = 0, the hybrid-field
channel model becomes a near-field channel model. Therefore,
the proposed hybrid-field channel model is a more general
channel model, where the existing far-field and near-field
channel models can regarded as its special cases.

However, as mentioned in Section II, the near-field path
components will cause serious energy spread in the angle
domain, while the far-field path components will cause serious
energy leakage in the polar domain. Thus, for the hybrid-field
channel consisting of both the far-field and near-field path
components, the entire channel is not sparse enough neither
in the angle domain nor in the polar domain. Consequently,
the existing far-field and near-field channel estimation schemes
cannot be directly used to accurately estimate the hybrid-field
XL-MIMO channel.

C. Proposed Hybrid-Field Channel Estimation

Based on the existing OMP algorithm for far-field channel
estimation, we propose a hybrid-field OMP (HF-OMP) based
hybrid-field channel estimation scheme by considering the
developed hybrid-field channel model. The basic idea is that,
the far-field and near-field path components are respectively
estimated based on different channel transform matrices.
Specifically, since there are two types of path components
rather than only one in the hybrid-field channel, different CS
problems should be formulated for different path components.
Based on (5) and (9), the channel estimation problem in (2)
can be further represented as:

y = Phy +Ph, +n

— PFh, + PWhp + n, (11)

where h; and h,, represent the far-field and near-field path
components of the XL-MIMO channel hyyt,id—feld, respec-
tively. hy represents the far-field path components in the
angle domain, while hp represents the near-field path compo-
nents in the polar domain, which are both sparse. Therefore,
if hy and hp can be individually estimated with the reduced
pilot overhead, the whole estimated channel can be directly
obtained. The specific algorithm composed of three stages can
be summarized in Algorithm 1.

The three stages of Algorithm 1 can be explained as
follows. Let Ly = vL and L,, = (1 — ~y)L respectively denote
the number of non-zero elements to be found in the angle
domain and in the polar domain. Let ¢ and €, respectively
denote the support sets assoicated with the far-field and near-
field path components, which are both initialized as the empty
set (). In the first stage, the far-field path components will
be estimated in the angle domain. As shown in Step 1, the
far-field sensing matrix can be represented as Ay = PF. Then
Ly iterations will be performed to find L¢ supports associated
with L; far-field path components in the angle domain. For
each iteration l¢, the correlation between the sensing matrix
A and the residual vector r needs to be calculated, where
the most correlative column index in Ay with r is regarded
as the newly found far-field support n*, as shown in Step 3.

IEEE COMMUNICATIONS LETTERS, VOL. 26, NO. 1, JANUARY 2022

Algorithm 1 HF-OMP Based Hybrid-Field Channel Estima-
tion
Inputs: y, P, F, W, L, ~.
Initialization: Ly =L, L, = (1-9)L, Qs =Q, =0, r =y.
/I Estimate far-field path components in angle domain.
1. A; =PF
2.for Iy =1,2,..., Lt do
“ = argmax ||AF (;,n)r2
N

n =
n=1,2,...,
Q= QUn”
ha =0nx1
ha(Q) = Aff (-, )y
. r=y— Ath
8. end for
/I Estimate near-field path components in polar domain.
9. A, =PW
10. for I, = 1,2,..., L, do
11. n* = argmax ||Arf1(,n)r||§
n=1,2,...,.N
2. Q,=0Q,Un*
13. hp = 0sx;
14. hp() = AL, )y
15. if Qf # () then
16. r=y—A,hp— Afhyu
17.  else
18. r=y—A,hp
19. end
20. end for
/I Obtain all path components.
21. h =0y
22.if Q¢ # () then
23. h=h+Fhy
24. end
25. if Q, # 0 then
26. h=h+Whp
27. end
Output: Estimated hybrid-field channel h.

No vk W

Based on the updated far-field support set € in Step 4, the
currently estimated far-field sparse vector h4 in the angle
domain is obtained by using least square (LS) algorithm in
Step 6. After that, the residual vector r is updated by removing
the contribution of far-field path components that have been
estimated. Finally, we can obtain the finally estimated far-field
path components h4 in the angle domain after Ly iterations.

In the second stage, the near-field path components will
be estimated in the polar domain with the near-field sensing
matrix A,, = PW. The process of this stage is similar
to that of the first stage, with only two differences. The
first difference is that, the near-field sparse vector hp in the
polar domain to be estimated in Step 14 is an S x 1 vector,
whose dimension is generally much higher than that of the
far-field sparse vector h 4. The second difference is that, when
updating the residual vector r, not only the contribution of
the estimated near-field path components but also that of all
estimated far-field path components (if there exist) should be
removed.
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Fig. 3. NMSE performance comparison against the SNR.

After estimatingA flA and flp, we can obtain the entire
estimated channel h on the basis of (5) and (9), as shown in
Steps 21-27. It is noted that both the existing far-field OMP
and near-field OMP algorithms can be regarded as special
cases of the proposed HF-OMP algorithm by respectively
setting v = 1 and v = 0.

Finally, the computational complexity of the proposed
HF-OMP algorithm is analyzed as follows. The com-
putational complexity of the first stage and the second
stage can be directly obtained as the O(NM(yL)?) and
O(SM((1 —~)L)?) by referring to the OMP algorithm [4].
In the third stage, the computational complexity mainly comes
from Step 23 and Step 26, which can be represented by
O(NS). To sum up, the overall computational complexity
of the proposed HS-OMP algorithm is O(NM (yL)?) +
O(SM((1 — v)L)?) + O(NS). By contrast, the computa-
tional complexity of the far-field OMP algorithm [3] and the
near-field OMP algorithm [6] are O(NM L3) + O(N?) and
O(SML?) + O(NS), respectively.

IV. SIMULATION RESULTS

For simulations, we consider the number of BS antennas
N = 512. The wavelength is set as A = 0.01 meters,
corresponding to the 30 GHz frequency. The number of all
path components is set as L = 6. The path gain «;, angle 6,
and distance r; are generated as following: a; ~ CN (0, 1),
0 ~ U (—1,1), and r; ~ U (10,80) meters. The number of
all sampled grids for the polar-domain transform matrix W is
set as S = 2071, which is generated according to the method
described in [6]. The SNR is defined as 1/ o2

We compare the proposed HF-OMP based hybrid-field
channel estimation scheme with the existing far-field OMP
based scheme [3] and the near-field OMP based scheme [6],
where the number of pilots is set as M = 256, and each
element of the pilot matrix P is randomly selected from
{—\/Lﬁ, +ﬁ} It is noted that since the transform matrices
are generated on the sampled grids, the number of non-zero
elements is larger than the number of paths. Thus, in the
above three schemes, there are 12 non-zero elements to be
estimated. Moreover, we consider the classical minimum mean
square error (MMSE) based scheme as the benchmark for
comparison, where the number of pilots is set as M = 512
and the pilot matrix P is set as an identity matrix.

-4.5

Far-field OMP [3]
—p— Near-field OMP [6]
st —&— Proposed hybrid-field OMP | |
- — —MMSE

NMSE (dB)

0 0.2 0.4 0.6 0.8 1
v

Fig. 4. NMSE performance comparison against the adjustable parameter -y.

Fig. 3 shows the normalized mean square error (NMSE)
performance comparison against the SNR with the adjustable
parameter v = 0.5. Fig. 4 shows the NMSE performance
comparison against the adjustable parameter v, where the SNR
is set as 5 dB. We can find that if there are only near-field path
components (i.e., v = 0), the proposed HF-OMP based scheme
can achieve the same NMSE performance as the near-field
OMP based scheme. If there are only far-field path components
(i.e., v = 1), the proposed HF-OMP based scheme can achieve
the same NMSE performance as the far-field OMP based
scheme.

V. CONCLUSION

In this letter, we have proposed a hybrid-field channel
estimation scheme by accurately modeling the hybrid-field
XL-MIMO channel. It is shown that the existing far-field
and near-field channel estimation schemes can be regarded as
special cases of the proposed hybrid-field channel estimation
scheme. Simulation results show that the proposed scheme
can achieve better NMSE performance with the same low pilot
overhead. For future works, more advanced CS algorithms can
be used to solve the hybrid-field channel estimation problem
with improved performance.
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