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Abstract—In this paper, we consider beam training and tracking for
extremely large-scale multiple-input multiple-output communications. A
convolutional neural network (CNN) assisted two-stage near-field beam
training (CTNBT) scheme is proposed. In the first stage, we utilize a
limited angular-slope codebook to reduce the overhead, and then perform
denoising and coarse angle prediction based on the first-stage CNN network.
In the second stage, supplementary codewords are selected based on the
first-stage result, and refined angle and distance are predicted based on the
second-stage CNN network. Moreover, a long-short-term-memory (LSTM)
network-assisted near-field beam tracking (LNBT) scheme is proposed,
where only small-scale beam sweeping is performed to determine the track-
ing beam. Simulation results show that the CTNBT and LNBT schemes can
outperform the existing schemes in terms of achievable rate and normalized
gain with significantly reduced training overhead.

Index Terms—Beam tracking, beam training, deep learning, extremely
large-scale MIMO (XL-MIMO), near-field.

I. INTRODUCTION

For sixth-generation (6G) wireless communications, extremely
large-scale multiple-input multiple-output (XL-MIMO) stands as a
promising technology [1]. The base station (BS) is equipped with a
larger-scale antenna array in XL-MIMO systems. This advancement
holds substantial potential to enhance spectral efficiency and energy
efficiency in future wireless communications [2], [3].

For massive MIMO systems, beam training based on codebooks
has been adopted widely. This technology aims to determine the beam
direction by sampling the spatial domain. The most straightforward
approach is to sweep all codewords in the codebook, which however
results in substantial training overhead. To reduce the overhead, the
hierarchical beam training scheme is proposed, where wide beams are
trained to locate narrow beams [4]. For the scenarios with moving
user equipment (UE), beam tracking is developed to meet the real-time
requirement. Beam tracking leverages the temporal correlations within
the channel across distinct time intervals to reduce the number of
candidate beams for training, so that the training overhead can be
effectively reduced. In [5], a long short-term memory (LSTM) network
is adopted to track the movement of the UE and calibrate the beam
direction based on the received signals of prior beam training.

Received 28 February 2025; revised 31 May 2025; accepted 24 June 2025.
Date of publication 26 June 2025; date of current version 18 December 2025.
This work was supported by the National Natural Science Foundation of China
under Grant U22B2007. The review of this article was coordinated by Dr. Jun
Tong. (Corresponding author: Chenhao Qi.)

Ying Wang, Chenhao Qi, and Wentao He are with the School of Information
Science and Engineering, Southeast University, Nanjing 210096, China (e-mail:
wying@seu.edu.cn; qch@seu.edu.cn; 220220833@seu.edu.cn).

Arumugam Nallanathan is with the School of Electronic Engineering and
Computer Science, Queen Mary University of London, E1 4NS London, U.K.,
and also with the Department of Electronic Engineering, Kyung Hee University,
Yongin-si 17104, South Korea (e-mail: a.nallanathan@qmul.ac.uk).

Digital Object Identifier 10.1109/TVT.2025.3583574

In XL-MIMO systems, the Rayleigh distance can span up to several
hundreds of meters due to the deployment of the XL-array. The near-
field effect within the Rayleigh distance must be considered. Different
from the far-field channel which is sparse in angle domain, both the
angle and the distance should be considered in the near-field channel [6].
Therefore, the existing beam training and tracking schemes designed
for far-field scenarios might not be effective for near-field scenarios.
In [7], a near-field codebook which samples in both the angular and
distance domains is proposed. Inspired by the linear frequency mod-
ulation radar waveform, a spatial-chirp codebook in the angle-slope
domain is proposed [8]. However, both near-field codebooks contain
a significantly larger number of codewords than far-field codebooks,
resulting in an unacceptable increase in training overhead. To reduce
the overhead, far-field wide beams are utilized to predict the optimal
near-field beam [9]. However, the wide beams can only obtain angular
information. To leverage the feature extraction capabilities of machine
learning, convolutional neural networks (CNN) which are fed by the
uniformly sampled beams are utilized for beam training [10]. However,
this scheme cannot be applied to beam tracking due to the unacceptable
training overhead. To track the moving UE, the curvature of arrival in
phase-difference measurements is utilized to achieve high-precision
tracking [11]. In [12], the extended Kalman filter is used for beam
tracking. However, the approaches in these studies are not compatible
with current beam training schemes based on codebooks.

In this paper, we propose a CNN-assisted two-stage near-field beam
training (CTNBT) scheme. In the first stage, we utilize a limited
angular-slope codebook to reduce the overhead, and then perform
denoising and coarse angle prediction based on the first-stage CNN
network. In the second stage, supplementary codewords are selected
based on the first-stage result, and refined angle and distance are
predicted based on the second-stage CNN network. Moreover, a long-
short-term-memory (LSTM) network-assisted near-field beam tracking
(LNBT) scheme is proposed, where only small-scale beam sweeping
is performed to determine the tracking beam.

Notations: C denotes the set of complex numbers. (·)T and (·)H
denote the transpose and conjugate transpose, respectively. |·| denotes
the absolute value. [A]m,n denotes the element located at the mth row
andnth column in the matrixA. CN (0, σ2) corresponds to the complex
Gaussian distribution characterized by zero mean and the variance of
σ2.U(a, b) corresponds to the uniform distribution spanning the interval
between a and b.

II. SYSTEM MODEL

We consider a downlink XL-MIMO system in this paper. The BS
is equipped with a half-wavelength uniform linear array (ULA) of N
antennas. Without loss of generality, this paper focuses on a single-
antenna UE1. Therefore, the received signal of the UE can be written
as

y =
√
PhHfx+ z, (1)

where P is the transmit power, f ∈ C
N denotes the analog beam-

forming vector, z ∼ CN (0, σ2) denotes the additive white Gaussian
noise, and x denotes the normalized pilot signal, i.e., |x|2 = 1. In the
following content, we focus on angle sine values. Thus, we replace sin θ

1For multiuser scenarios, we can employ multiplexing technologies to
serve users simultaneously, such as orthogonal frequency division multiplexing
(OFDM) or orthogonal delay-Doppler division multiplexing (ODDM) [13].
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with θ ∈ [−1, 1] for convenience. In (1),h ∈ C
N denotes the near-field

channel vector expressed as

h =

√
N

L

L∑
l=1

βlα(θl, rl), (2)

where βl represents the path gain of the lth path, and L denotes the
number of channel paths. The origin (0,0) of the plane is assumed to be
located at the center of the ULA. The location of the UE or the scatter
at the lth path is denoted as (θl, rl) in polar coordinates. The near-field
channel steering vector α in (2) can be written as

α(θ, r) =
1√
N

[
e−j2π r(1)

λ , . . . , e−j2π r(N)

λ

]T

, (3)

where λ denotes the carrier wavelength, and r(n) denotes the distance
from the nth antenna of the BS to the UE or scatters, for n = 1, . . . , N .
Given the antenna spacing d = λ/2, and the antenna locations ρn =
(2n− 1)/2 −N/2, for n = 1, 2, . . . , N , we can approximate r(n) by

r(n) =
√

r2 − 2rρndθ + (ρnd)2

(a)≈ r

(
1 − ρndθ

r
+

(ρnd)
2

2r2
− (ρnd)

2θ2

2r2
+

(ρnd)
3θ

2r3
− (ρnd)

4

8r4

)
(b)≈ r − ρndθ +

1 − θ2

2r
(ρnd)

2, (4)

where the approximations (a) and (b) are performed by the second-
order Taylor expansion (1 + ε)1/2 ≈ 1 + ε/2 − ε2/8 and the ignorance
of the higher-order terms O((ρnd)

3/r3), respectively [12]. Note that
the first term in (4) is common to all elements of α and is neglected
here. In the far field, the third term in (4) is ignored since r � d.
Then, the channel steering vector in the far field can be denoted as
α̃(θ) � 1√

N
[e−j2πdθ/λ, . . . , e−j2πNdθ/λ]T, whose phases are linear to

the antenna indexn. Note that the far-field steering vector is only related
to the angle of the UE regardless of the distance. In the near field,
the assumption r � d does not hold anymore. Thus, the planar wave
assumption in the far field fails in the near field. On the contrary, the
near field steering vector in (3) is related to both the angle and distance.
However, the beam gain distribution in the angle-distance (θ-r) domain
is non-uniform2. To covert the non-uniform θ-r domain to the uniform
angular-slope (b-k) domain, the nth element of α can be denoted as

[α(b, k)]n =
1√
N

e−jπ(kρn−b)ρn , (5)

where the intercept is b = θ, and the slope is k = λ(1 − θ2)/(4r). The
achievable rate of the UE can be written as

R = log2

(
1 +

P |hf |2
σ2

)
. (6)

To match the near-field channel with the highest achievable rate, beam
training is generally performed to select the best codeword from a
codebook as f . An adequate b-k domain codebook is defined as W �
(wn,s)N×S , with S defined as the sampling number of the slope di-
mension. The (n, s)th codeword inW is defined aswn,s = α(bn, ks),
where

bn =
2n− 1
N

− 1, n = 1, 2, . . . , N,

ks = (s− 1)Δs, s = 1, 2, . . . , S. (7)

2The conventional angular-distance-based codebook, such as the polar-
domain codebook [7], is intuitive but not optimal, since its resolution in the
distance dimension is non-uniform. This may cause complex signal analysis,
unfair codeword allocation, and location accuracy degradation [8].

The slope range [kmin, kmax] corresponds to the distance range
[rmin, rmax], where kmin = 0 corresponds to r → +∞, and kmax =
λ/(4rmin) corresponds to the minimum BS coverage radius rmin. Thus,
Δs = (kmax − kmin)/(S − 1) is the slope quantization spacing. The
overhead of the beam training based on the adequate codebook W
is up to Ne = N × S. To reduce the overhead, we perform the beam
training based on a limited b-k domain codebook V , and then predict
the best codeword inW via CNN to obtain accurate angle and distance.
The details of the limited codebook and the CNN-based scheme will
be introduced in the next section.

III. CNN ASSISTED TWO-STAGE NEAR-FIELD BEAM

TRAINING

In this section, we propose the CTNBT scheme. We develop the
network of CTNBT with two stages instead of one stage to improve
the interpretability of the model and allow the deployment of sup-
plementary codewords. In the first stage, we utilize the limited b-k
domain codebook to reduce the overhead, and then perform denoising
and coarse angle prediction based on the first-stage CNN network. In
the second stage, supplementary codewords are selected based on the
first-stage result, and refined angle and distance are predicted based on
the second-stage CNN network.

A. Limited b-k Domain Codebook

Different from the beam pattern in the polar domain, the beam pattern
in the b-k domain is regular. As shown in Fig. 1, the mainlobe of the
beam in the b-k domain appears as a fixed-sized ellipse, while the side-
lobe appears as two triangles [8]. We cover the b-k domain with triangu-
lar beams and design the limited b-k domain codebook V as shown in
Fig. 1. Assume the total power at eachk = k1 row of the triangular beam
is fixed as N , and the power is uniformly distributed in the interval. We
approximate the beam width at the k = k1 row as B1≈|k1 − kmin|N
following the 3 dB rule [8]. The maximum angular sampling spacing
is denoted as Bmax = kmaxN = λN/(4rmin) =

√
2/N , where the

distance lower bound of Fresnel region is rmin = 0.5
√

(dN)3/λ. Thus,
the size of the V codebook is N (1) = 2

√
2N . The codewords in V can

be denoted as{
v
(1)
kmin,i

= α ((i− 1)Bmax − 1, kmin) ,

v
(1)
kmax,i

= α ((i− 0.5)Bmax − 1, kmax) ,
i = 1, . . . ,

N (1)

2
(8)

By replacing W with V , the overhead is reduced from Ne to N (1).
The signal vector received based on V can be expressed as

g(1) = [y
(1)
1 , y

(1)
2 , . . . , y

(1)

N(1) ]
T. (9)

The signals g(1) containing information of the angle-of-departure
(AoD) of the line-of-sight (LoS) path with noise are the input to the
network. Given the excellent denoising performance and prediction
ability of CNN in the field of computer vision, we consider employing
CNN for the two-stage beam training network.

B. Two-Stage Beam Training Scheme

For the first stage, we train the CNN network to denoise and predict
the optimal codeword from V . Thus, the angle is determined coarsely.
The CNN network is trained as a classification task with a denoising
function. The output layer can provide the possibilities of each code-
word in V being the optimal codeword. The first-stage network can be
denoted as p̂(1) = f1(g

(1)), where f1(·) denotes the mapping functions
of the first-stage network, and p̂(1) = [p̂

(1)
1 , p̂

(1)
2 , . . . , p̂

(1)

N(1) ]
T ∈ R

N(1)

Authorized licensed use limited to: Southeast University. Downloaded on December 19,2025 at 00:25:15 UTC from IEEE Xplore.  Restrictions apply. 



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 74, NO. 12, DECEMBER 2025 19785

Fig. 1. Structure of the proposed beam training network.

denotes the possibility vector of the codewords being the optimal one.
Then, the index of the optimal codeword in V is selected by

(kmin/kmax, î) = argmax p̂(1), î = 1, . . . ,
N (1)

2
. (10)

Thus, the angle of the UE is coarsely determined.
For the second stage, to further refine the angle and predict the

distance, we perform supplementary tests in the neighbor area and train
another CNN network. In this stage, the best codeword in W can be
selected. As shown in Fig. 1, assume the optimal codeword obtained in
the first stage is v(1)

kmax ,̂i
. The supplementary codewords are designed

as ⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

v
(2)
1 = α

(
(̂i− 0.5)Bmax − 1, kmax

)
,

v
(2)
2 = α

(
(̂i− 0.5)Bmax − 1, kmin

)
,

v
(2)
3 = α

(
(̂i− 0.75)Bmax − 1, kmin+kmax

2

)
,

v
(2)
4 = α

(
(̂i− 0.25)Bmax − 1, kmin+kmax

2

)
.

(11)

The received signal vector corresponding to the supplementary code-
words can be written as

g+ =
[
y
(2)
1 , y

(2)
2 , y

(2)
3 , y

(2)
4

]T
. (12)

Then, g+ and p̂(1) are combined into the input vector of the second-
stage network via

g(2) =

[
p̂(1)

g+

]
. (13)

The second-stage network can be expressed as p̂(2) = f2(g
(2)), where

p̂(2) = [p̂
(2)
1 , p̂

(2)
2 , . . . , p̂

(2)
Ne

]T ∈ R
Ne denotes the possibility vector of

the codewords being the best one.Then, the best codeword in W is
predicted by

a = argmax p̂(2), a = 1, . . . , Ne,

n̂ =
⌊ a
S

⌋
, ŝ = a mod S. (14)

Thus, wn̂,ŝ = α(bn̂, kŝ) is selected to be the best codeword in W , and
the accurate location (θ̂, r̂) of UE can be deduced from (bn̂, kŝ).

C. Model Design

We employ CNN due to its remarkable performance in denoising and
classification tasks. The beam training network, illustrated in Fig. 1,
includes three distinct components: the input module, the convolution
module, and the output module.

1) Input Module: The vector g(1) is fed to the initial input layer.
First,g(1) is split into its real part, denoted asR(g(1)), and its imaginary
part, denoted as J(g(1)), and then two parts are normalized by the
maximum amplitude of its elements. Similarly, g(2) in (13) is fed to the
input layer of the second-stage network through the same preprocessing
operation.

2) Convolution Module: Considering the highly nonlinear char-
acter of beam training, we adopt the inception block which combines
convolution layers with different kernel sizes in parallel. The inception
block can catch the features in different scales. This ability helps im-
prove the model accuracy. Different from traditional CNN networks that
achieve better performance by increasing network depth, the inception
block achieves better performance by increasing the network width
and improving the utilization of internal resources. After each inception
block, a batch normalization (BN) layer and a ReLU activation layer are
added. The BN layer is used to speed up the convergence of the CNN
and avoid overfitting. The ReLU activation layer is used to enhance
nonlinear fitting capabilities. To reduce the parameters and retain the
key features, we add a max pooling layer after the last ReLU activation
layer. In this layer, the dimension of the network is reduced to a scalar
value through downsampling.

3) Output Module: To predict the optimal codeword among V
and the best codeword amongW , fully connected (FC) layers are added
next to the convolution module. The FC layer helps convert the extracted
features into the desired output. The label vectors of two networks are
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Algorithm 1: CNN Assisted Two-Stage Near-Field Beam Training
(CTNBT).

Input: V , W .
1: Obtain g(1) via (9).
2: Feed g(1) into the trained angular network and obtain

(kmin/kmax, î) via (10).
3: Obtain g(2) via (12) and (13).
4: Feed g(2) into the trained beam network and obtain (n̂, ŝ) via

(14).
Output: wn̂,ŝ

one-hot codes as

p(1) =
[
p
(1)
1 , p

(1)
2 , . . . , p

(1)

N(1)

]T
,

p(2) =
[
p
(2)
1 , p

(2)
2 , . . . , p

(2)
Ne

]T
, (15)

where p
(1)

ĩ
= 1 and p

(2)

ñS+s̃
= 1, if the optimal codeword is located at

the ĩth codeword in V and the best codeword is located at the (ñ, s̃)th
codeword in W , otherwise p

(1)
i = 0 and p

(2)
a = 0.

The cross-entropy loss is a commonly employed evaluation metric
in multi-classification tasks, serving as an essential component during
the process of backward propagation. Mathematically, the loss function
can be written as

Loss(1) = −
N(1)∑
i=1

p
(1)
i log p̂

(1)
i ,

Loss(2) = −
Ne∑
a=1

p(2)
a log p̂(2)

a , (16)

Utilizing the trained beam training network, we propose a beam training
scheme, which is named CTNBT. In Algorithm 1, we outline the details
of the CTNBT scheme. We denote the sizes of the input and output
layer as Di and Do, respectively. We denote the dimension of the mth
hidden layer and the qth kernel size as Dm and Cq , respectively. The
computation complexity of the mth hidden layer can be denoted as
O(

∑3
q=1 2DiDmC2

q). We denote the batch size asNB. The complexity
of the BN is O(4DiDmNB). The complexities of the max pooling
and the FC layer are O(DiD3) and O(D3Do), respectively. Thus, the
computation complexity of CTNBT can be denoted as O((6N (1) +
2Ne + 8)(

∑3
m=1(

∑3
q=1 DmC2

q + 2DmNB) +D3)).

IV. LSTM ASSISTED NEAR-FIELD BEAM TRACKING

Although the CTNBT scheme in Section III has reduced training
overhead significantly, it needs considerable overhead when UE is in
a mobile scenario. In fact, we do not need to perform beam training
at each period. Instead, we can perform small-scale beam sweeping
based on the results of the last period so that the search overhead can
be narrowed down. A sequence of consecutively received signals that
essentially reflects the time-varying characteristic of the channel, can
be utilized to track the beams. LSTM is good at processing time series
data. Thus, we consider the LSTM in this section.

In this section, an LNBT scheme is proposed, where only small-scale
beam sweeping is performed at each period. Firstly, CTNBT proposed
in Section III is performed to determine the best codeword in W .
Afterward, only supplementary codewords in (11) are tested, thereby
significantly reducing the overhead of beam tracking.

Fig. 2. Structure of the proposed beam tracking network.

Algorithm 2: LSTM Assisted Near-Field Beam Tracking (LNBT).

Input: V , W , T .
1: Obtain g(1) via (9).
2: Feed g(1) into the trained angular network and obtain

(kmin/kmax, î) via (10).
3: for t = 1 to T do
4: Obtain g+

t via (12).
5: Feed g+

t into the trained beam network and obtain obtain
(n̂t, ŝt) via (14).

6: end for
Output: wn̂t,ŝt

The proposed beam tracking scheme is provided in Algorithm 2.
LSTM is adopted after the convolution module as the temporal pre-
diction model for its remarkable performance in learning temporal
sequences. The structure of the LNBT scheme is shown in Fig. 2.
Note that T denotes the predicted sequence length of LSTM and also
denotes the total periods of beam tracking. The vector ot, denoting the
output of the tth LSTM module, will be input to the (t+ 1)th LSTM
module and can be transformed into the desired possibility vector by the
output module. The vector ct, denoting the cell state of the tth LSTM
module, acts as a memory unit which stores the long-term dependencies.
The cross-entropy loss function is still used in the LNBT scheme. The
computation complexity of LNBT can be denoted asO((6N (1) + 8T +
2NeT )(

∑3
m=1(

∑3
q=1 DmC2

q + 2DmNB) +D3)).

V. SIMULATION RESULTS

In this paper, we consider a mmWave XL-MIMO communication
channel with a LoS path of gain g1 ∼ CN (0, 1) and two NLoS paths
of gains g2, g3 ∼ CN (0, 0.01). The BS is equipped with N = 512
antennas and works at the carrier frequency fc = 50 GHz, which means
rmin = 0.5

√
(dN)3/λ = 12.29 m [8]. Since the existing real world

trajectory datasets cannot provide the denoised channel and the results
of the supplementary codeword tests, they are not applicable to our
considered near-field scenario and our network structures. Therefore,
we generate the dataset by simulations. To generate the simulation
datasets, the angle of the UE is generated from U(−90, 90)◦, and the
transmission distance is generated from U(13, 100) m. For the mobile
scenario for beam tracking, we set T to be 10, and generate the speed
of the UE from U(3, 17) m/s. During the tracking procedure, the UE
is assumed to move with a constant speed. The size of codebook is
N = 512 and S = 16, where we set N (1) = 64 and Ne = 8192. The
hidden layers of the convolution module are with the sizes ofD1 = 128,
D2 = 256, and D3 = 512. The kernel sizes in the inception block are
C1 = 1, C2 = 3, and C3 = 5. For the offline training, the dataset has
50,000 entries, with 80% of data used for training and 20% of data used
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Fig. 3. Ablation study on the impacts of inception block on CTNBT.

Fig. 4. Normalized gain of beam training schemes with different SNR.

for testing. The learning rate of the network is set as 0.001. Besides, 300
epochs are trained during offline training, with a batch sizeNB = 1000.

The evaluation of the proposed schemes involves two key metrics.
One metric is the achievable rate, defined in (6), and the other metric is
the normalized gain, which can be calculated as |hwn̂,ŝ|2/|hwñ,̃s

|2,
where w

ñ,̃s
denotes the best codeword and wn̂,ŝ denotes the predicted

codeword.
To clarify the effectiveness of the inception block, we have added an

ablation study to compare CTNBT with inception block and CTNBT
with standard CNN block in Fig. 3. The inception block brings 8.61%,
5.32%, 7.26%, and 4.00% performance gain at SNR = 0, 5, 10, 15 dB,
respectively.

The normalized gain of the CTNBT scheme is compared with that of
the original scheme [9], the improved scheme [9], and the hierarchical
scheme [8], as shown in Fig. 4. Except for the beam sweeping based on
the adequate codebook W indicating the performance upper bound,
CTNBT outperforms the other schemes. The absence of distance-
domain information in the wide-beam signal leads to inferior perfor-
mance of the original and the improved schemes [9]. On the other hand,
due to the interference of NLoS paths, the top-layer beam sweeping
using wide beams may select wrong codewords, resulting in wrong
results of the hierarchical scheme. The overhead of the CTNBT scheme
is only 64 + 3 = 67 owing to the use of the limited codebook V , which
is reduced by (148 − 67)/148 = 54.7% and (76 − 67)/76 = 11.8%
compared to the improved scheme and hierarchical scheme.

Fig. 5. Achievable rate of beam training schemes with different SNR.

Fig. 6. Normalized gain of LNBT with different T .

In Fig. 5, the achievable rates of different schemes are compared
at different SNR. Fig. 5 shows that under the 0 − 15 dB SNR condi-
tions, the CTNBT scheme demonstrates superior performance over the
original, improved, and hierarchical schemes in terms of achievable
rates. As the SNR increases, the achievable rate of the CTNBT scheme
approaches that of the beam sweeping scheme, which illustrates the
effectiveness of CTNBT.

In Fig. 6, we evaluate the LNBT with T = 2, 3, . . . , 20. Each line
shows a peak pointTp, such asTp = 10 atSNR = 0 dB. WhenT < Tp,
the performance increases with the increase of T , since the prediction
accuracy of the network increases depending on the long-term depen-
dencies. When T > Tp, the performance degrades with the increase
of T owing to the prediction drift over time. To correct drift errors,
a new prediction period should be started. In practice, selecting an
appropriate tracking T length allows LNBT to balance the efficiency
and responsiveness. In this paper, we set T = 10 according to Fig. 6.

As shown in Fig. 7, we compare the LNBT scheme with the other
schemes in terms of normalized gain for different SNR. It is seen
that the LNBT scheme achieves superior performance compared to
the original scheme and the improved scheme. When increasing K
fromK = 5 toK = 20, the improved scheme can achieve performance
close to that of LNBT. However, the LNBT scheme achieves significant
savings in overhead compared to the improved scheme with K = 20,
with savings of (148 − 67)/148 = 54.7% and (148 × 10 − 67 − 4 ×
9)/1480 = 93.0% in the beam training stage and beam tracking stage,
respectively.

Authorized licensed use limited to: Southeast University. Downloaded on December 19,2025 at 00:25:15 UTC from IEEE Xplore.  Restrictions apply. 



19788 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 74, NO. 12, DECEMBER 2025

Fig. 7. Normalized gain of beam tracking schemes with different SNR.

VI. CONCLUSION

In this paper, the CTNBT and LNBT schemes are proposed for
near-field beam training and tracking. Simulation results show that
the proposed schemes outperform the current schemes with lower
overhead. In the future, we will extend our work to multiuser scenarios.
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