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Abstract—In this letter, we study the hybrid-field cascaded
channel estimation in the extremely large-scale RIS (XL-RIS)
assisted multi-user millimeter wave systems, where the cas-
caded channel is composed of far-field and near-field radiation
components, and has spatial non-stationarity caused by visi-
bility regions. We propose a U-shaped network based on the
dedicated multilayer perceptron (MLP) architecture, termed as
U-MLP, to realize the high-dimensional channel reconstruction
with limited pilot overhead. In U-MLP, a basic feature extraction
module-Permutator is designed to capture the long-range depen-
dency of non-stationary channel, while the U-shaped backbone
is constructed to exploit effective latent representation of the
high-dimensional cascaded channel. Numerical results show that
the proposed U-MLP outperforms existing channel estimation
benchmarks with less pilot overhead.

Index Terms—Reconfigurable intelligent surface, channel esti-
mation, multilayer perceptron, attention mechanism.

I. INTRODUCTION

N PASSIVE reconfigurable intelligent surface (RIS)

enabled wireless systems, the high-dimensional channel
estimation is an intrinsic challenge [1], where the dimension of
cascaded channel (transmitter-RIS-receiver channel) increases
with the number of reflection elements. To reduce the required
pilot overhead, many works have provided various channel
estimation schemes, e.g., the compressed sensing (CS)-based
and deep learning (DL)-based channel estimation [2], [3]. Note
that most of the channel estimation schemes consider the con-
ventional far-field communication system, where the uniform
plane wave is commonly used to model the wireless channel.
As the reflection elements of RIS further increase, the conven-
tional RIS evolves to extremely large-scale RIS (XL-RIS) [4],
and existing far-field assumptions are no longer valid. In this
case, the near-field propagation likely happens in XL-RIS
systems, which is decided by the Rayleigh distance [5].

In near-field communication, several new channel charac-
teristics need to be considered, e.g., the spherical wavefront

Manuscript received 21 February 2023; revised 16 March 2023; accepted
16 March 2023. Date of publication 21 March 2023; date of current version
9 June 2023. This work was supported in part by the National Natural Science
Foundation of China under Grant 62101205; in part by the Key Research
and Development Program of Hubei Province under Grant 2021BAA170; and
in part by the Natural Science Foundation of Hubei Province under Grant
2021CFB248. The associate editor coordinating the review of this article and
approving it for publication was Y. C. Wu. (Corresponding author: Ji Wang.)

Jian Xiao, Ji Wang, and Guangming Huang are with the Department of
Electronics and Information Engineering, College of Physical Science and
Technology, Central China Normal University, Wuhan 430079, China (e-mail:
jianx @mails.ccnu.edu.cn; jiwang @ccnu.edu.cn; gmhuang @ccnu.edu.cn).

Zhao Chen is with the Beijing National Research Center for Information
Science and Technology, Tsinghua University, Beijing 100084, China (e-mail:
zhao_chen@tsinghua.edu.cn).

Digital Object Identifier 10.1109/LWC.2023.3259465

radiation and spatial channel non-stationarity caused by visi-
bility region (VR) [6]. In the near-field channel estimation for
the extremely large-scale multiple input multiple output (XL-
MIMO) systems, the sparsity of near-field channel has been
exploited by utilizing various mathematical models [7]. For the
XL-RIS assisted near-field communication system, the work
of [6] designed a compressed sensing (CS) algorithm to recon-
struct the channel multipath parameters. CS-based channel
estimation schemes need to exhibit the sparse representation of
wireless channel in a particular transform domain, e.g., angu-
lar domain for the far-field channel in [2] and polar-domain
for the near-field channel in [7]. Nevertheless, certain sparse
transform bases are hard to fully represent the sparse structure
of dynamic wireless channel.

It has been shown in [5] that both far-field and near-field
signal components may coexist in practical communication
systems, which constitutes a hybrid-field communication sce-
nario. In [8], two different transform matrices were used to
serially estimate the far-field and near-field components for the
XL-MIMO systems, respectively. In this estimation scheme,
the accuracy of near-field path estimation heavily relies on the
far-field path estimation, which causes inevitable error propa-
gation. In [9], a fixed point network-based channel estimator
was proposed for hybrid-field Terahertz XL-MIMO systems,
which has linear convergence guarantee and adaptive compu-
tational complexity. To the best of our knowledge, there are
few works that study the hybrid-field channel estimation in the
XL-RIS system. In fact, the hybrid-field channel distribution
in XL-RIS communication is more complex than conventional
XL-MIMO systems, where the far-field and near-field compo-
nents are mixed by the product form instead of elements-wise
summation.

In this letter, we study the cascaded channel estimation for
XL-RIS assisted millimeter-wave (mmWave) MIMO commu-
nications, where the hybrid-field electromagnetic radiation and
the different VR types are fully considered. To realize the high-
dimensional and non-stationary channel reconstruction with
limited pilot overhead, we proposed a U-shaped multilayer per-
ceptron (U-MLP) network. Specifically, we design a Permutator
module based on the dedicated MLP architecture and split
attention mechanism to capture the long-range dependency of
channel features [10], [11], which realizes the non-local fea-
ture extraction of spatial non-stationary channel. Furthermore,
we fuse the Permutator module into a U-shaped hierarchical
network backbone [12], which can learn the effective latent
representation of the hybrid-field cascaded channel.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In Fig. 1, we consider a three-dimensional indoor mmWave
communication environment with randomly clustered scatters,
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Fig. 1. XL-RIS assisted hybrid-field mmWave communications.
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Fig. 2. Radiation field and VR distribution for XL-RIS and AP.

where K single-antenna user equipments (UEs) communicate
with a wireless access point (AP) with M = M; x M uni-
form planar array (UPA) antennas, aided by the XL-RIS with
N = Nj x No UPA elements. Following the mmWave physical
channel modeling [13], we assume all scatters in RIS-AP link
are grouped into Cg clusters, each having S.(¢ = 1,2,..., Cs)
scatters. Considering the existing multiplicative fading effect
in RIS reflection link, the XL-RIS is located at the sidewall
closed to the UEs for a clear line-of-sight (LOS) path [13],
while the VRs are distinct between the XL-RIS and different
UEs [6]. The cascaded channel of the k-th UE is composed
of UEg-RIS and RIS-AP links, where the near-field region
is determined by the harmonic mean of the RIS-scatter (c, s)
distance dX, and UE-RIS distance d,gR, satisfying [5]

c,s

B N
—_— N < = —,
A, + aJ A

where A\ and D denote the carrier wavelength and equiva-
lent array aperture of XL-RIS systems, respectively. According
to (1), XL-RIS systems will operate in the near-field area when
any of dgs and d,gR is shorter than the Rayleigh distance Z.
In this letter, we consider a practical communication environ-
ment between AP and scatters, where far-field and near-field
signal components coexist, constituting a hybrid-field commu-
nication scenario [5]. Fig. 2 shows the different radiation fields
and VRs, in which hybrid-field scatters are distributed around
the AP. According to the clustered statistical MIMO channel
model [13], the RIS-AP channel G € CMXN can be decom-
posed into the LOS component GLO}§ and non-LOS (NLOS)
component Gnr,0s, 1.6, G = I(d")Gros + GNLoS, in
which I(d®*) denotes the LOS possibility related to the
RIS-AP distance d®4, and Gnpog is given by

Cs Se

GNLos =7 D D Besy\/ RELS ac L, @

c=1s=1
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where v = % is a normalization factor. Parameters
D2y Se

Be,s, Res and ng denote the propagation complex gain,
RIS elements pattern and path fading model for scatter
(c, $), respectively. In conventional far-field radiation, the array
response vector a € CM*1 at the AP and b € CV*1 at the
RIS only depend on the identical angle of departure/arrival of
scatters. The far-field array response can be expressed as

f A A i27d, (z sin ™ 4y sin o™ cos p? A
a (45078,%75) - [1,,‘6J b(zsin g +ysing?, cospll,)/

o ej27rdp((M171) sin @?’5+(M271) sin d)f,s cos Lpﬁs)/)\] . 3)

where 0 < 2z < M; — 1,0 <y < Mz — 1, and dp, is
the antenna spacing. Parameters (;Sé s and gpé s represent the
azimuth and elevation angle of arrival for the (c, s)-th scatter
path, respectively.

For near-field communication with a spherical wavefront,
the array response is related to not only the incident angle
but also the distance dés between the AP and scatter (c, s)
across different array antennas [7]. To determine the location
of scatters for convenience, we assume S, scatters in a given
cluster c are distributed at the same distance d? with the center
of AP [13], and then the distance dgs between XL-RIS center
and scatter (c, s) can be obtained. The near-field array response
at the AP is given by [4]

arl(d(ﬁs) _ [ejZ‘/rdfs(O,O)/A7.“7ej27rdfs(0,M2—1)/>\7

ej27rdf‘s(M171,0)/)\
b AR

g

. €j27rch’5(M1717M271)/)\i|, (4)

where dés(ml7 mg) represents the distance from scatter (c, )
to the (my, mg)-th AP antenna, which depends on parameters
O, i, and d2 with d2 = d2,(0,0). Similarly, the near-
field transmitting array response at the XL-RIS is given by

. R . R
b(dﬁs) _ [egzwdw(o7o)/,\7m7egdecys(o,er)/A’

. R _ . R _ _
I 2mde (Ni=1,0)/A - g2mde (N1 =1, Nz 1)/)\]7 5)

g e

where dgs (n1, no) represents the distance from the (n1, no)-th
RIS element to the (c, s)-th scatter, and dEs = dgs (0,0).

Since the energy distribution across array elements is not
constant in near-field propagation, we consider two types of
VRs in Fig. 2: cluster VR Q.(c = 1,2,...,Cs) [14], and
user VR Up(k = 1,2,...,K) [6]. The cluster VR Q. is
defined as elements (antennas) region on the XL-RIS (AP)
array that is visible to the given cluster ¢, and is identi-
fied by Qc’s center (VX, V) and length (VX V), ie
Qe = {[VE-VFE VE+VE[VE-V), VE+ V}}]}. he
VR length V; follows the Lognormal distribution V; ~
LN(uy,0;). The VR cover vector p(Q.) € CV*1 for cluster
c is given by

1, if n € Qg,
ol ={ g =

Consequently, the hybrid-field NLOS channel Gyp,0g can
be rewritten as

(6)

Cs Se
GNLOS =7 Z Z 'Uc,sac,st (dgs) O] p(Q§)> @)

c=1s=1
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where the sign © denotes the Hadamard product, v.s =

Be,s1\/ RC ch v, and p(QR) is the VR cover vector at the XL-
RIS. The value of ac s depends on the comparison between

dA and Rayleigh distance Z, which is given by
a — ((bc s ¥Pe s) if ch>Z7 (8)
@8 “(dA )® p(QA) otherwise.

where p(Q2) denotes the VR cover vector at the AP.

Since UEs communicate with the XL-RIS in the near-field
region, we adopt the spherical wavefront to model the receiv-
ing array response at the XL-RIS for the UE-RIS link. For the
definition of the k-th user’s VR W, we refer to the modeling
framework in [6] to directly determine the effective VR of
UE, for the LOS channel. The UE;,-RIS channel h;, € CV*1
can be expressed as

hy, = |/ Ry L e Muy © p(Wy), ©)

where R} denotes the radiation of RIS elements, L} is the path
fading, u; € chx1 represents the near-field receiving array
response at the XL-RIS and 7, ~ U[0, 27r] Vector p(Uy) €
CN X1 denotes the n-th element of UE dc ’s VR cover vector.

Let 0 = 817, Boed?2 .. 1T e cN*1 denote
the RIS reflecting vector, where 9 (z = 1,2,...,N) and
B; € {0,1} denote the phase shift and the ON/OFF state at
i-th RIS element, respectively. In the ¢-th (¢ = 1,2,..., Q)
transmission slot, the received pilot signal y, € CM>1 at the
AP can be expressed as

K

Yq = Z G diag(0)hys, 1 + W, 1,
k=1

where s, . is the pilot sent by UEy,, and wg ~ CN(0, on?Iyr)
stands for complex Gaussian noise. Let H;, = G diag(hy) €
CMx*N  denote the cascaded channel. After Q time slots
of pilot transmission, we can obtain the M x () observa-
tion matrix Y = [y1,y2,...,yg] at the AP, which can be
represented as

K
Y =) HpOs; + Wy, (10)

k=1
where s, = [s1 3,50 st]T e CXl @ =
[01,02,.. OQ]G (CNXQ, and W = [Wl,Wz,.. Q] S

CMx*Q 1n this letter, we adopt the widely used orthogonal
pilot transmission strategy to realize the multi-user channel
estimation [2], [6], i.e., skHls;C2 =0for 1l < kj,ko < K and
k1 # ko. Hence, we can obtain the received pilot signal Y},
for the k-th UE at the AP.

III. PROPOSED METHOD

In existing DL-enabled channel estimation works, the con-
volutional neural network (CNN) with spatial modeling abil-
ity is widely used as the network backbone. However, the
local convolution operations of CNN limit the effective fea-
ture extraction ability for the non-stationary high-dimensional
channel. In this section, we will improve channel estimation
model by exploiting the basic feature extraction module and
network backbone, respectively.

IEEE WIRELESS COMMUNICATIONS LETTERS, VOL. 12, NO. 6, JUNE 2023

Fig. 3.

The multi-branch MLP architecture-based Permutator module.

A. MLP-Based Feature Extraction Module

To efficiently capture the spatial non-stationary feature of
the hybrid-field cascaded channel, we resort to classic MLP
architecture with global receptive field to realize the long-
range dependency modeling of cascaded channel. However,
one-dimension MLP architecture can hardly model the spatial
correlations of high-dimensional cascaded channel estima-
tion with acceptable computational complexity. Fig. 3 shows
the designed spatial domain modeling module based on
MLP architecture, termed as Permutator [10], where different
dimensions of cascaded channel feature are separately encoded
by designing the multi-branch architecture.

Suppose F e RIXWxC g the input tensor of the
Permutator module, where H, W and C represent the dimen-
sions of height, width and channel of F, respectively. We first
split F into S = C/D segments along the channel dimensions,
yielding [F1,Fa,...,Fg|, satisfying F; € RIXWxD(1 <
i < 8) and F € RIXWXDS Iy the first branch of
Permutator, we carry out a height-channel (H-C) permuta-
tion operation with respect to each segment F;, and then
feature maps are concatenated along the channel dimensions
to obtain the feature representation FL, i.e., F € RE*XWxDS

is conversed to F1 € RDXWxHS Further a fully connected

(FC) layer with werght Uy € RHS XHS s used to interact
information in the height dimensions. Lastly, we carry out an
H-C permutation operation once %gain to recover the orig-
inal dimensions Fg; € RAXWXC 1n the second branch,
the basic operations are similar to the first branch, but we
carry out a width-channel (W-C) permutation operation for

F, F%% € RDPXHXWS and then obtain the feature
F«W e RHXWXC py utilizing similar operations. In the
third 1dent1t%/branch we directly project F into the feature
Fy € RH X along the channel dimensions by connecting
with an FC layer.

B. Split Attention for Feature Fusion

Considering different semantic information among feature
branches in the Permutator module, we leverage the split atten-
tion mechanism to realize adaptive weighted aggregation of
different feature branches [11]. For the obtained feature map
F;,Vf € {H,W,C}, we first compute the initial fused feature
F = Fgy+ Fqy +F( by carrying out elements-wise additions.
Then, we utilize the global average pooling operation to shrink
F through spatial dimensions H x W, and obtain the feature
vector z = [21,...,%¢,---,2¢) L € REXH1 < ¢ < ), in
which z. is given by

Ze = HXWZZF (h,w),

h=1w=1

(1)

where F. € R*W denotes the c-th channel of feature map F.
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Fig. 4. The proposed U-MLP network backbone.

We first leverage an FC layer with weight U, € RE*3C 1o
obtain the feature vector v =2z7U, = [V, Vs Ve € R3C,
yielding vy € RC. Then, the Softmax function is used to acti-
vate the specific attention weight & = [otgy, oy, ] € R3C
e'f

with respect to Ff, ie., oc]? = —%-  and v¢ denotes the c-
e} Vf f

—1 €

th elements of v;. We rescale kav&llith attention weight o by
channel-wise multiplications and different feature branches are
fused by elements-wise additions, i.e., F, = Z?:w Ff Oay.
Lastly, we connect F, with an FC layer with weight U; €
REY*C and then the skip connections are designed to fuse the
semantic information between original features and weighted
features, i.e., F = F,U; +F.

C. U-Shaped Backbone Architecture for Channel Estimation

To design intelligent channel estimation models compatible
with different pilot lengths, we refer to the deep CS frame-
work to construct the dataset [3]. The input tensor of the
network is designed as Y, = {Re(kY,07), Im(xY,07)} €
RMXNX2 \here k is a scaling constant to control the value
range of sample data. Fig. 4 shows the proposed U-shaped
network backbone, which can be regarded as the encoder-
decoder architecture with skip connections [12]. In the encod-
ing stage, we design B encoder blocks to compress the input
signal Y}, into the low-rank tensor x € RM /20 XN /28250
where C denotes the number of filters in the first convolu-
tional layer. Specifically, the encoder block is composed of
a convolutional layer, a Permutator, and a linear projection
layer. In the first encoder block, we use the dilated convo-
Iution to expand the receptive field without increasing extra
computation. For the subsequent encoder blocks, we adopt
convolutional layers with stride 2 to downsample the spatial
size and increase the channel number of feature map, i.e., the
feature map F§ € RM/2" 71 XN /2" 1x2"71C ig conversed into
Fb+1 c RM/QbXN/QbXQbC(l <bh< B)

In the decoding stage, we adopt B — 1 decoder blocks
to realize the upsampling of the compressed tensor yx, i.e.,
x € RM/ QBXJX /29x25C is conversed into the estimated
channel matrix H; with dimensions of M x N x 2. In the
decoder block, we adopt the nearest interpolation and convo-
lutional layer in series to increase the spatial size of feature
map F}. In the U-shaped architecture, we design the long
skip connections between encoder blocks and decoder blocks,
which can enhance the desired information flow in the process
of channel reconstruction. Moreover, we find the architec-
ture similarity of encoder and decoder blocks in the U-MLP,
and the major drawback of MLP architecture is parameter
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Fig. 5. NMSE v.s. SNR for different algorithms.

redundancy caused by dense connection. Therefore, we share
network parameters of the Permutator and linear projection
layer between the b-th decoder block and the (B—b)-th encoder
block to reduce the required memory of U-MLP.

IV. NUMERICAL RESULTS

In our simulation, we set M = 4 x 8§ N = 4 x 128,
K =4, B =3, C = 48, and carrier frequency f. = 73 GHz.
The detailed environment scatters distribution and path loss
parameters follow the setting of [13]. In the dataset construc-
tion, we collect S = 5000 paired samples for each user, i.e.,
the total samples are T = KS = 2 x 10%. The normalized
mean squared error (NMSE) is used as the performance eval-

~ 2
uation metric NMSE = E{||H), — Hy||»/|[Hy||%}, based on
which we adopt the differentiable variant of L; loss function
to optimize the proposed U-MLP network

~ ~ -\ 2
L(Hy Hy) =552 \/(H}ﬁ—H}C) +e2,  (12)

where ¢ = 1 x 1073 is a regularization parameter, and 8 = 16
is the number of training samples in each batch.

In Fig. 5, we compare the estimation performance of the
proposed U-MLP with state-of-the-art benchmarks, where the
SNR is defined as 'y = E{|[H;O||%/||Wy||%} for UE;-RIS-
AP link. Specifically, we provide the practical and ideal linear
estimators based on a deterministic statistic model, i.e., least
square (LS) and linear minimum mean square error (LMMSE)
estimator [15], in which the required pilot overhead is set to
PLS = PLMMSE = N. In empirical LMMSE (E-LMMSE)
estimator, the required cascaded channel correlation matrix is
a statistical correlation matrix based on Monte Carlo method,
while the correlation matrix in ideal LMMSE estimation is
assumed to be perfectly known. Furthermore, the estimation
performance of dominated far-field and near-field channel
estimation schemes are provided, i.e., DFT-OMP [2] and
Polar-OMP algorithms [7] with Poyp = N /2. Note that ideal
LMMSE and Oracle LS estimator provide the performance
bounds for linear estimators and CS methods, respectively.
We also present the performance of fully convolution-based
networks, i.e., CNN and U-Net with PonN = Py.Net =
N /4 [3], while the pilot overhead is set to Py.ypp = N/8
for the proposed U-MLP model. To fairly compare with the
DL models, the depth and width of both networks are set to
be close, e.g., the number of network layers and neural nodes,
while the Permutator modules in U-MLP are replaced by the
residual convolutional blocks in CNN and U-Net. Moreover,
we provide an LS&U-MLP model with better estimation accu-
racy, where the LS pre-estimation is utilized and hence the
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TABLE I
THE TRAINING OVERHEAD FOR DIFFERENT NETWORKS

CNN U-Net U-MLP
FLOPS (G) 4225 18.79 11.18
Parameters (M) 2.578 6.347 12.79
Inference times (ms) 6938 5.371 4.843

pilot overhead is equal to Prg. As shown in Fig. 5, the
proposed U-MLP with less pilot overhead can obtain better
channel estimation accuracy than practical channel estimation
schemes. Compared with ideal estimators under the high SNR,
the performance gap of U-MLP will be obvious due to the
inherent shortcoming of the universal approximator.

In Fig. 6 and Fig. 7, the generalization performance of
U-MLP is presented under different pilot overhead P and the
number of users K. In U-MLP, the trained model under fixed
pilot length P = N/8 can realize the satisfactory estimation of
H; with different P in the test stage. Furthermore, we offer
more accurate estimation results by utilizing the fine-tuning
strategy, where pilots with different lengths are added to the
training set and are trained by few epochs, i.e., Egne = £/10.
Since the AP can collect more training samples with the
increase of K, the estimation accuracy of the U-MLP model
can be improved due to the data augmentation.

Table I compares the floating point of operations (FLOPs),
parameters and inference times for different channel estima-
tion networks, where the NVIDIA GeForce RTX 3090 is used
as the training and inference platform. Although the U-MLP
architecture has more redundant parameters than the CNN, the
MLP only relies on basic matrix multiplication routines and
realizes the faster inference speed. According to the complex-
ity analysis in [15], the complexity of LS and the conventional
CNN/MLP is quadratic in M and N, while LMMSE is cubic
in M and N. The proposed Permutator is cubic in M and is

IEEE WIRELESS COMMUNICATIONS LETTERS, VOL. 12, NO. 6, JUNE 2023

linear in NS, (S < N). Compared with CS methods, the time-
consuming with iterative operations in sparsity reconstruction
can be avoided for the inference of DL models, and the
high-performance GPU provides the significant acceleration.

V. CONCLUSION

In this letter, we have proposed an effective cascaded chan-
nel estimation scheme with limited pilot overhead for the
XL-RIS assisted mmWave MIMO systems, where the U-MLP
architecture is designed to realize the high-dimensional hybrid-
field channel reconstruction. We have exploited the dedicated
feature extraction module Permutator to capture the long-range
dependency feature of spatial non-stationary cascaded chan-
nel. Furthermore, we have constructed the U-shaped network
backbone to learn low-dimensional representations caused by
the rank deficiency of cascaded channel. In the future works,
we will consider possible cooperative XL-RIS communication
scenarios, where the dimension of cascaded channel will be
further increased.
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