_ ISSN 1673-5188
An Intgrna'ﬂonal ICT Jgurnql . . CN 34-1294/TN

Featuring Industry-University-Institute Cooperation

ZTE COMMUNICATIONS

Hr 4R IR B AR (2 3ChR )

https://zte.magtechjournal.com September 2026, Vol. 24 No. 3

Special Topic:
Reconfigurable Antenna Systems for
Next-Generation Mobile Communications

oY
o
N antenna ports Ship reflection path

___________________

FAS n—1

stination

(See Fig. 1 on P. 20)

ISSN 1673-5188

9771673518260 ‘”‘Hl




The 10th Editorial Board of ZTE Communications

Chairman

Vice Chairmen

Gao Wen, Peking University (China)
Xu Ziyang, ZTE Corporation (China) | Xu Chengzhong, University of Macau (China)

Members (Surname in Alphabetical Order)

Ai Bo

Cao Jiannong
Chen Chang Wen
Chen Yan

Chi Nan

Cui Shuguang
Fang Rong

Gao Wen

Gao Yang

Gao Yue

Ge Xiaohu

Guo Yike

He Yejun
Victor C. M. Leung
Li Xiangyang
Liao Yong

Lin Xiaodong
Liu Chi

Liu Jian

Liu Yue

Ma Jianhua

Ma Zheng

Pan Yi

Peng Mugen
Ren Fuji

Ren Kui

Sheng Min

Su Zhou

Sun Huifang
Sun Zhili

Tao Meixia
Wang Chengxiang
Wang Haiming
Wang Ling
Wang Xiang
Wang Xiyu
Wang Yongjin
Xu Chengzhong
Xu Ziyang

Yang Kun

Yu Hongfang
Yu Zhiwen
Yuan Jinhong
Zeng Wenjun
Zhang Honggang
Zhang Jianhua
Zhang Rui
Zhang Wenjun
Zhang Wenqgiang
Zhang Yueping
Zhou Wanlei
Zhuang Weihua

Beijing Jiaotong University (China)

The Hong Kong Polytechnic University (China)

The Hong Kong Polytechnic University (China)
Northwestern University (USA)

Fudan University (China)

UC Davis (USA) and The Chinese University of Hong Kong, Shenzhen (China)
ZTE Corporation (China)

Peking University (China)

Nanjing University (China)

Fudan University (China)

Huazhong University of Science and Technology (China)
The Hong Kong University of Science and Technology (China)
Shenzhen University (China)

The University of British Columbia (Canada)

University of Science and Technology of China (China)
Chongqing University (China)

ZTE Corporation (China)

Beijing Institute of Technology (China)

ZTE Corporation (China)

Beijing Institute of Technology (China)

Hosei University (Japan)

Southwest Jiaotong University (China)

Shenzhen University of Advanced Technology, Chinese Academy of Sciences (China)
Beijing University of Posts and Telecommunications (China)
Tokushima University (Japan)

Zhejiang University (China)

Xidian University (China)

Xi’an Jiaotong University (China)

Pengcheng Laboratory (China)

University of Surrey (UK)

Shanghai Jiao Tong University (China)

Southeast University (China)

Southeast University (China)

Northwestern Polytechnical University (China)

ZTE Corporation (China)

ZTE Corporation (China)

Nanjing University of Posts and Telecommunications (China)
University of Macau (China)

ZTE Corporation (China)

University of Essex (UK)

University of Electronic Science and Technology of China (China)
Harbin Engineering University (China)

University of New South Wales (Australia)

Eastern Institute of Technology, Ningbo (China)

Macau University of Science and Technology (China)
Beijing University of Posts and Telecommunications (China)
National University of Singapore (Singapore)

Shanghai Jiao Tong University (China)

Fudan University (China)

Nanyang Technological University (Singapore)

City University of Macau (China)

University of Waterloo (Canada)



CO NTE NTS ZTE COMMUNICATIONS
September 2026 Vol. 24 No. 3 (Issue 96)

Special Topic »

Technology P
Frontiers

Industry-Academia »
Co-Research

Reconfigurable Antenna Systems for
Next-Generation Mobile Communications

01 Editorial Yang Kun, Song Lingyang, Wong Kai-Kit, Zhao Yizhe
03 Closed-Form Outage Expression of Fluid Antenna Systems for Ultra-Reliable Communications
Wu Ruojia, Xu Rui, Ye Yinghui, Song Xi, Lu Guangyue
12 Equivalent Degrees of Freedom Based Secrecy Outage Analysis for Fluid Antenna Wiretap
Channels Wu Tuo, Wu Zhenguan, Zhi Kangda, Liu Baiyang, Tong Kin-Fai
18 Prediction-Window Aided Fluid Antenna Systems for High-Mobility Communications

Huang Yinning, Zeng Cheng, Yang Zhaohui
31 Joint Resource Allocation for Movable-Antenna-Assisted Secure Integrated Data and Energy
Transfer Xiang Pengrong, Li Zhiguang, Zhao Yizhe

40 Robust Movable Antenna Position Optimization Under Imperfect Channel Path Parameters

Jia Qiaoran, Mei Weidong, Wei Xin, Chen Zhi, Ning Boyu

48 High Resolution Automotive Radar Imaging Integrating Doppler Division Multiple Access and

Frequency Agility Zhang Wei, Zhang Chenyong, Wang Yu, Ding Jin, Li Yao

59 Constructing Large-Scale Real-World Benchmark Datasets for AlOps
Li Zeyan, Han Jing, Zhao Nengwen, Zhang Shenglin, Sun Yonggian, Chen Pengfei,
Wen Xidao, Ma Minghua, Pei Dan
70 Reconfigurable Metasurface for Near-Field Efficient Wireless Power Transfer System
Wang Yunfeng, Xu Zhiyu, Zhang Hongtao
82 An Embedded Database System for YANG
Han Bing, Gao Jirun, Zhang Kaiqi, Wang Hongzhi, Chen Hedui

92 A Method for Text Information Extraction Leveraging Large Language Models and Two-Stage In-

formation Filtering Lu Ping, Qin Bin, Wang Yiyang, Xu Yan, Deng Fangwei
Roundup » 11 New Member (Zhang Wenjun) of ZTE Communications Editorial Board
Serial parameters: CN 34-1294/TN+2003+*q*16+98+en+P+¥30.00+2200+11* 2026-09
Special Topics for 2026
Special Topic Leading Guest Editor
1 Achievements of ZTE’s Industry-University-Institute Cooperation Projects Xu Chengzhong (University of Macau, China)

2 Al-Agent Communication Network (ACN): Architecture, Protocols and Key Technologies Sun Tao (China Mobile Research Institute, China)

3 Reconfigurable Antenna Systems for Next-Generation Mobile Communications Yang Kun (Nanjing University, China)

4 Goal-Oriented Joint Semantic and Channel Coding for Future Communications Yuan Jinhong (University of New South Wales, Australia)



ZTE Communications Guidelines for Authors

Remit of Journal

ZTE Communications publishes original theoretical papers, research findings, and surveys on a broad range of communications
topics, including communications and information system design, optical fiber and electro-optical engineering, microwave
technology, radio wave propagation, antenna engineering, electromagnetics, signal and image processing, and power engineering.
The journal is designed to be an integrated forum for university academics and industry researchers from around the world.

Manuscript Preparation

Manuscripts must be typed in English and submitted electronically in MS Word (or compatible) format. The word length is
approximately 3 000 to 8 000, and no more than 8 figures or tables should be included. Authors are requested to submit mathematical
material and graphics in an editable format.

Abstract and Keywords

Each manuscript must include an abstract of approximately 150 words written as a single paragraph. The abstract should not
include mathematics or references and should not be repeated verbatim in the introduction. The abstract should be a self-contained
overview of the aims, methods, experimental results, and significance of research outlined in the paper. Three to eight carefully
chosen keywords must be provided with the abstract.

References

Manuscripts must be referenced at a level that conforms to international academic standards. All references must be numbered
sequentially intext and listed in corresponding order at the end of the paper. References that are not cited in-text should not be
included in the reference list. References must be complete and formatted according to ZTE Communications Editorial Style. A
minimum of 10 references should be provided. Footnotes should be avoided or kept to a minimum.

Content and Structure

ZTE Communications seeks to publish original content that may build on existing literature in any field of communications.
Authors should not dedicate a disproportionate amount of a paper to fundamental background, historical overviews, or chronologies
that may be sufficiently dealt with by references. Authors are also requested to avoid the overuse of bullet points when structuring
papers. The conclusion should include a commentary on the significance/future implications of the research as well as an overview
of the material presented.

Peer Review and Editing
All manuscripts will be subject to a two-stage anonymous peer review as well as copyediting, and formatting. Authors may be
asked to revise parts of a manuscript prior to publication.

Biographical Information
All authors are requested to provide a brief biography (approx. 100 words) that includes email address, educational background,
career experience, research interests, awards, and publications.

Acknowledgments and Funding
A manuscript based on funded research must clearly state the program name, funding body, and grant number. Individuals who
contributed to the manuscript should be acknowledged in a brief statement.

Address for Submission
http://mc03.manuscriptcentral.com/ztecom

Submission of a manuscript implies that the submitted work has not been published before (except as part of a thesis or lecture note or report or in the form of an
abstract); that it is not under consideration for publication elsewhere; that its publication has been approved by all co-authors as well as by the authorities at the
institute where the work has been carried out; that, if and when the manuscript is accepted for publication, the authors hand over the transferable copyrights of the
accepted manuscript to ZTE Communications; and that the manuscript or parts thereof will not be published elsewhere in any language without the consent of the
copyright holder. Copyrights include, without spatial or timely limitation, the mechanical, electronic and visual reproduction and distribution; electronic storage and
retrieval; and all other forms of electronic publication or any other types of publication including all subsidiary rights.

Responsibility for content rests on authors of signed articles and not on the editorial board of ZTE Communications or its sponsors.

This magazine is a free publication for you. If you do not want to receive it in the future, you can send the “TD unsubscribe” mail to

Statement

magazine@zte.com.cn. We will not send you this magazine again after receiving your email. Thank you for your support.



Special Topic on Reconfigurable Antenna Systems for Next-Generation Mobile Communications

Special Topic

Yang Kun, Song Lingyang, Wong Kai-Kit, Zhao Yizhe

Special Topic on

Reconfigurable Antenna Systems for
Next-Generation Mobile Communications

00 G uest Ed'tors 000000

,’ Yang Kun ," Song Lingyang
TTTT— TTTTe—

riven by the rapid development of 6G and beyond mo-

bile communication technologies, future wireless net-

works are continuously evolving toward ultra-high data

rates, ultra-reliable transmission, and massive ubiqui-
tous connectivity, which significantly accelerates the iterative
upgrading and intelligent transformation of modern wireless
communication systems. As a core and enabling technology for
enhancing network flexibility, environmental adaptability and
anti-fading robustness, reconfigurable antenna systems have be-
come indispensable to support the diversified and high-
performance requirements of next-generation wireless communi-
cations. Representative and emerging research hotspots in this
field include fluid antennas, movable antennas, pinching anten-
nas, and reconfigurable holographic antennas. Fluid antennas
utilize flexible liquid conductive materials to dynamically re-
shape antenna structures and adjust key electromagnetic param-
eters, exhibiting promising application prospects in high-
frequency millimeter-wave and terahertz communication sce-
narios. Movable antennas effectively optimize wireless signal
propagation paths, transmission quality and system throughput
by flexibly adjusting their spatial positions and radiation atti-
tudes, with intelligent resource optimization and mechanical
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stability design serving as key research directions. Pinching an-
tennas achieve flexible electromagnetic reconfiguration through
controllable mechanical clamping and deformation, making
them highly suitable for lightweight, flexible wearable devices
and miniaturized Internet of Things (IoT) terminals. In addi-
tion, reconfigurable holographic antennas realize precise and
adaptive beamforming based on electromagnetic holographic
principles, and can be well integrated with advanced
multiple-input multiple-output (MIMO) and non-orthogonal
multiple access (NOMA) technologies to further improve the
spectral efficiency, interference suppression capability, and
communication reliability of wireless systems. It is worth not-
ing that the research scope of reconfigurable antenna technolo-
gies is extremely broad, and the above architectures only repre-
sent a part of current research advances, rather than covering
all innovative antenna solutions for future mobile networks.

In this special issue, we aimed to collect state-of-the-art stud-
ies focusing on the design, analysis and optimization of these in-
novative reconfigurable antenna systems for next-generation mo-
bile communications. We sincerely welcomed high-quality
original research and review contributions that investigate the
theoretical foundations, practical design schemes, performance
evaluation methodologies, and real-world application scenarios
of advanced reconfigurable antenna systems tailored for future
mobile communication networks. Our open call for papers suc-
cessfully attracted numerous valuable submissions from re-
searchers worldwide, fully demonstrating the surging research
attention and vibrant development momentum within this fast-
evolving wireless domain. After two rigorous and intensive
rounds of anonymous peer review, we have carefully selected
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and curated a set of insightful, well-refined papers with solid in-
novation and practical significance, which are finally featured
in this special issue.

The first paper, titled “Closed-Form Outage Expression of
Fluid Antenna Systems for Ultra-Reliable Communications”,
proposes an adjustable-precision approximation for ultra-
reliable fluid antenna systems (FAS). Conventional FAS out-
age formulas either incur heavy computation or sacrifice accu-
racy. It adopts a block-correlated Rayleigh fading model and
an N-term series expansion for the correlated-fading Bessel
function, using N to balance precision and complexity. This
method offers an efficient analytical tool for FAS outage evalu-
ation and guides practical ultra-reliable FAS design.

The second paper, titled “Equivalent Degrees of Freedom
Based Secrecy Outage Analysis for Fluid Antenna Wiretap
Channels”, adopts equivalent degrees of freedom (EDoF) to
build a closed-form secrecy outage framework under the Jakes
model. Tt maps correlated physical ports to a small set of domi-
nant spatial modes with eigenvalue weighting, simplifying
wiretap-channel analysis for Bob and Eve. Derived theoretical
results quantify secrecy effects of aperture sizes and signal-to-
noise ratio (SNR) scaling. This method guides aperture plan-
ning and physical-layer security optimization for fluid antennas.

The third paper, titled “Prediction-Window Aided Fluid
Antenna Systems for High-Mobility Communications”, re-
solves the scanning overhead bottleneck of fluid antennas for
high-mobility intelligent agents via a prediction-tolerant win-
dow scheme. Centered on predicted antenna ports, the local
sounding window leverages spatial correlation to tolerate pre-
diction errors and restrain pilot overhead. The work builds a
throughput optimization model and develops a lightweight two-
stage algorithm for fast window tuning. This strategy cuts scan-
ning overhead and improves throughput for fluid antennas sup-
porting high-speed terminals.

The fourth paper, titled “Joint Resource Allocation for
Movable-Antenna-Assisted Secure Integrated Data and En-
ergy Transfer”, investigates movable-antenna supported se-
cure IDET systems with passive eavesdroppers. Using a field-
response channel model, it jointly optimizes beamformers and
antenna positions under practical constraints to maximize the
minimum secrecy rate, with energy signals reused as artificial
noise. An iterative algorithm is designed to handle the result-
ing nonconvex problem. This framework supports resource op-
timization for secure movable-antenna data-and-energy trans-
mission networks.

The fifth paper, titled “Robust Movable Antenna Position
Optimization Under Imperfect Channel Path Parameters”, in-
vestigates robust beamforming and position optimization for
downlink multiple-input single-output (MISO) movable antenna
systems with imperfect channel information. Instead of conven-
tional channel state information error modeling, it introduces
bounded uncertainties for practical multipath parameters. By
adopting discrete sampling and harmonic-mean approximation,

02 ZTE COMMUNICATIONS
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the work optimizes the worst-case SNR and develops an alter-
nating optimization algorithm for beamforming and antenna po-
sition adjustment. This scheme provides a reliable robust opti-
mization solution for movable antennas under inaccurate chan-
nel conditions.

To conclude, this special issue strives to advance the inte-
gration of reconfigurable antenna system designs for 6G and
future wireless networks. We sincerely appreciate all authors
for their original contributions and rigorous efforts, as well as
the reviewers for their professional assessment and insightful
suggestions. It is anticipated that the diverse research out-
comes presented herein will offer valuable references, spark
follow-up explorations, and foster continuous technical prog-
ress in the thriving field of reconfigurable antenna-enabled
wireless communication systems.
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Abstract: Due to its ability to significantly enhance communication reliability, the fluid antenna system (FAS) has emerged as a promising
technology for ultra-reliable communications (URC). However, existing expressions to evaluate the outage probability of FAS are either com-
putationally complex or simplified at the cost of accuracy. To address this issue, we propose an accuracy-controllable approximation method
under Rayleigh fading channels. Specifically, we first approximate the fully correlated Rayleigh fading model as a block-correlation Rayleigh
model, where the channel gains of ports in different blocks are assumed to be mutually independent, while the channel gains of ports in the
same block are considered equally correlated, to simplify the analysis while maintaining accuracy. Then, we propose a novel method to ap-
proximate the Bessel function I, introduced by the correlated Rayleigh fading, using an M-term series expansion, where the parameter M pro-
vides a tunable trade-off between approximation accuracy and computational complexity. Based on this approximation, a closed-form expres-
sion for the outage probability of FAS is derived. Simulation results demonstrate that our derived expression offers low computational complex-
ity for evaluating the FAS outage probability while maintaining excellent approximation accuracy in the medium-to-high signal-to-noise ratio

(SNR) range.

Keywords: ultra-reliable communication; fluid antenna system; approximation; outage probability
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1 Introduction
lira-reliable communications (URC) is a key Beyond
5G (B5G) innovation that supports mission-critical ap-
plications, e. g., autonomous vehicles and remote sur-
gery, by ensuring over 99. 999% transmission reliabil-

172 Such ultra-reliability is often achieved through diver-

ity
sity techniques, particularly by realizing spatial diversity with
multiple antennas in Multiple-Input Multiple-Output (MIMO)
technology to combat signal fading”. However, MIMO re-
quires the minimum antenna spacing of half the wavelength to

I This physical constraint

prevent electromagnetic coupling'
makes it difficult to implement in highly miniaturized de-
vices. To address this challenge, the fluid antenna system
(FAS) has emerged. The core of FAS lies in its capability for

dynamic reconfiguration. Specifically, this refers to a system

This work was supported in part by the National Natural Science Founda-
tion of China under Grant No. 62571430 and the Shaanxi Concept Demon-
stration Center under Grant No. 2025CG-GNYZ2-03.

that can automatically switch the antenna position among N
predefined locations, known as ports, within a given space®.
By selecting the port with the best channel condition, the sys-
tem effectively leverages spatial diversity to maximize the re-
ceived signal strength.

Accurate yet tractable performance analysis for FAS over
Rayleigh fading is an important research direction, but it re-
mains challenging due to the inherent spatial correlation among
the fading channels. According to the classical Jakes’ model,
the spatial correlation between any two ports depends on the
distance between the two ports Ad and the wavelength A, and is
characterized by the zero-order Bessel function of the first kind,
i.e., Jo(2mAd/A ). Until now, considerable research efforts have
been devoted to addressing this issue.

The authors in Ref. [6] proposed a reference point model
where the first port is selected as the reference port and the
spatial correlation between the k-th port and the reference port
is characterized by Jakes’ model. Based on this model, the au-
thors derived the ergodic capacity and a corresponding lower

ZTE COMMUNICATIONS | 03
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bound. Subsequently, building directly upon the same refer-
ence point framework, the work in Ref. [7] derived the exact
joint distribution of the signal envelopes for all ports, which
enabled the derivation of the outage probability. Considering
the outdated channel state information (CSI), the authors in
Ref. [8] also employed the reference point model to develop an
analytical framework for the outage probability of FAS. Al-
though the reference point model has been widely used to de-
rive expressions of the performance metric, it only captures
the correlation of each port with a single reference and ignores
correlations among other ports, leading to an overestimation of
the achievable transmission performance. To address this limi-
tation, Khammassi et al. introduced a fully correlated model™.
By performing an eigenvalue decomposition on the channel co-
variance matrix prescribed by Jakes’ model, the fully corre-
lated model in Ref. [9] expresses each channel coefficient as a
weighted sum of the eigenvectors, where the weights are inde-
pendent Gaussian random variables scaled by the square roots
of the corresponding eigenvalues. This construction rigorously
ensures that the correlation between any two ports is consis-
tent with Jakes’ model, thereby establishing a more accurate
theoretical foundation for FAS performance analysis. Based on
this model, the authors derived an approximate expression for
the outage probability in single-integral form by retaining only
the dominant eigenvalues of the channel covariance matrix to
simplify the analysis'”. Although the fully correlated model ad-
dresses the limitations of the reference point model, it imposes
high computational complexity. To address this issue, the au-
thors in Ref. [10] proposed a spatial block-correlation model.
The key idea of this model is the “structured approximation”
using a block-diagonal matrix to capture the dominant spatial
correlations. This construction is guided by the finding that
the number of significant eigenvalues of the true covariance
matrix is approximately 2W for a 1D fluid antenna of normal-
ized length W. By grouping the ports into independent blocks,
each designed to approximate one dominant eigenvalue, the
model effectively decouples the system. This results in mutual
independence between blocks and equal correlation within a
block, thereby significantly simplifying subsequent mathemati-
cal analysis and computation. A persistent bottleneck across
these models, however, is the lack of a closed-form expression
for the outage probability. This is because the Rayleigh fading
model leads to a probability density function (PDF) that in-
volves an exponential term. When evaluating the outage prob-
ability for selection combining, this exponential term becomes
coupled with the modified Bessel function [, forming the inte-
gral kernel of the Marcum Q-function. It is the presence of
this particular function within the integrals that prevents a
closed-form evaluation. The lack of a closed-form solution not
only hinders rapid performance evaluation but also becomes a
bottleneck when extending FAS to more complex and promis-
ing frontiers. For instance, in multi-user systems, efficient
power allocation and interference management rely on trac-

04 ZTE COMMUNICATIONS
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U Furthermore, the integration of

table performance metrics
FAS with advanced architectures, such as reconfigurable holo-
graphic surfaces, demands efficient analytical tools for joint
optimization"?. Thus, the pursuit of a closed-form outage prob-
ability expression is motivated not only by theoretical el-
egance but also by practical necessity in advancing these
cutting-edge applications.

To obtain a closed-form outage probability expression, we
employ the same system model as in Ref. [10]. Within this
framework, our main contributions are as follows:

* A novel approximation is introduced by applying an M-
term Taylor series expansion to the zero-order modified Bes-
sel function of the first kind, /,, which constitutes the core of

?

the Marcum Q-function > s integral kernel. The proposed
closed-form approximation achieves high computational effi-
ciency by eliminating numerical integration, enabling rapid
parameter sweeps and real-time analysis. Furthermore, it pro-
vides tunable accuracy through adjustment of the M-term Tay-
lor series, allowing for a flexible balance between precision
and complexity.

* By integrating this approximation with the multinomial
theorem, we derive an approximate closed-form expression for
the outage probability, establishing an efficient and accurate
tool for FAS performance evaluation.

* The theoretical findings are rigorously validated through
Monte Carlo simulations, confirming the validity and precision
of our analytical approach.

2 System Model

We consider the same point-to-point system model as in
Ref. [10], with a single-user FAS receiver, as illustrated in
Fig. 1.

The array consists of N uniformly spaced ports arranged lin-
early on a dielectric holder of length WA, where A denotes the
wavelength of the transmitted signals.

We assume that all communication links experience Ray-
leigh fading. Consequently, the signal received at the k-th port
of the fluid antenna can be expressed as

Yr = & t 1, (1),

where x is the transmitted data symbol with energy P, g, is the

_ln-m|
mon T N-1 WA
«—

Port 1 " Port 2 Port n
I
WA

\Port N

Figure 1. Geometry of the linear FAS with N candidate ports
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channel coefficient at the k-th port with E[| gk|2] =07, and
7,~CN (0, 0'31) is the additive white Gaussian noise (AWGN).

Next, we define the average signal-to-noise ratio (SNR) as
2
s E[eF) |
I' =0°———. For simplicity, and without loss of general-

Oy

ity, we set > = 1 in the following derivations.

The spatial correlation among the FAS ports is character-
ized using the block-diagonal model of Ref. [10]', whose spe-
cific construction is detailed below.

1) Spatial coherence region partitioning

The total N FAS ports are partitioned into B independent
spatial blocks, with each block containing L (i) ports (satisfy-

B
ingzL(i) = N). The inter-port spacing within each block is
=
smaller than the spatial coherence distance, while the spacing
between blocks exceeds the coherence distance.

2) Intra-block correlation matrix

The covariance matrix of the i-th block follows a constant
correlation structure:

L
2 2
20 e ]
A[) = IJ:” . . IU:’
miowio w1
where u? — 17,
3) Inter-block independence
The global covariance matrix exhibits a block-diagonal
structure, and this configuration models the FAS channel as B
independent spatial degrees of freedom, where B is deter-

mined by the antenna aperture size W(B =~ 2W for linear

FAS)'.

3 Outage Performance Analysis

In this section, we derive a closed-form expression for the
outage probability of FAS with optimal port selection. The sys-
tem adopts selection combining (SC) that dynamically selects
the antenna port exhibiting maximum instantaneous received
signal power:

hyys = max{hl, "'vhzv} (3),

2
. Thus, we can write { h, } as

where h, = |gn

2

2
h, = (,\/ 1 -l x, +Mnxo) + (,\/1 — My, +/wo) (4).

For the single-user scenario, the resulting outage probabil-
ity is given by Eq. (43) in Ref. [10] as:

P,(y)= P(mgX{(l - X, f < 7) (5),
where X is defined as

h
S (N

_1—Iui_

n

Based on the block-correlation framework established in
Ref. [10], the outage probability of the considered FAS is
given by Lemma 2 in Ref. [10] as:

Pnul(y) =

However, the expression in Eq. (7) remains intractable for
deriving a closed-form solution. The key obstacle is the pres-

2
ence of the Marcum Q-function (), #7’02’ LZ
1-u 1 -u

within the integral, which itself is defined by an integral con-
taining a Bessel function. To overcome this fundamental limi-
tation, we propose a novel approximation method that yields a
closed-form expression for the outage probability.

The primary challenge in obtaining a closed-form solution
stems from the lack of standard integration techniques for the
composite structure of the Marcum Q-function. Therefore, we
expand it as follows:

Bo=] okl s N wirot
—e 2 J K —e 2 XTI, | [ 2% |di, dr,(8).
Hjo 2 2 0 1 _Mz A] )

The challenge of obtaining a closed-form expression per-
sists with Eq. (8), again due to the non-elementary Bessel
function I and the nested integral. To overcome this, we apply
a Taylor series expansion to I,(z). The general M-term Taylor
series is given by:

M~-1 2
zm

IO(Z) ) /"ZOW (9)

1 The block-diagonal model is chosen as it strikes a balance between accuracy and analytical tractability. While this model offers a representative structure for derivation, the proposed

analytical framework, which employs Taylor series expansion and multinomial theorem to handle the outage probability integral, constitutes the primary contribution and is readily gener-

alizable to other spatial correlation models.
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By substituting this expansion into Eq. (8), we obtain a new
expression that is amenable to analytical integration:

t, + B 7o
B ocl 7iL(b) ];y 1 1 -p
P ~ J*e 2 f e x
Om(‘}/) 11:[1 02 k=10 2
W71 1 2 zA m
T e dr (10)
mo 4" (m) 1 - p

To illustrate the core idea with clarity and to derive a com-
pact, computationally efficient approximation, we first pres-

ent the specific case of retaining only the first two terms (i.e.,
M = 2) of the series:

de, |dr, (11).

Then we evaluate the inner integral:

f ‘e_?‘dlk = 2(1 - e_ZA)
0

X, b 2 2 _x
f e 2 moryt, di, = mery (]_(1_'_%)62) (12).
0 4 2

(1-u) " (1 -)

Substituting Eq. (12) into the outer integral:

1 L(b) j

ol B 7"’(72(1— D)
P..m()’)zbl:[lmjoe X
L(b) Y 2
I1 2(1 e 2“-#’)) |
k=1 (1 M )

For  computational define o=

pwL@ ooy
2(1 -1 2(1 -4
(1+D)e ) so that

simplicity, we

JE=2(1-¢"),F :“72(1 -

B ©
Pulr) =117 }LW JO e [E + Fr,]"dr, (14).
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- Y| |
(1+2(1—M2)) ”d“

Next, the complex integral is transformed into a manageable
series through binomial expansion. After interchanging the
summation and integration, the integral values are computed
using the Gamma function. Based on the independence as-
sumption, the final expression is obtained in a product form:

B L(b)
L(b) T (k+1)
w‘ II NET 25( L )Eum AFh47;:747 (15).

b= k=0

Having established the closed-form approximation for
M =1, we now extend the analysis to an arbitrary number of
terms M. The derivation for the general case, starting from
Eq. (10), is considerably more involved, as it requires addi-
tional analytical techniques, such as the application of the
multinomial theorem, to handle the generalized series expan-
sion. The resulting general closed-form expression for the out-
age probability is given by:

L(b)
2Lb z (k koo k ) X
k(,+k + oo+ ky = L(b) 19 s vy

Hd ) (16)

m =0

@:1%

oul

where d,, represents the contribution weight corresponding to
different expansion terms in the outage probability expression;
s is a summation exponent, which computes the weighted sum
of the orders of all Taylor expansion terms under a specific ex-
ponent combination {ko, kyyoons kM}. The parameters in Eq.

(16) are defined as follows:

y(j+1,D),

2

s
- u?

2—m,+]
(m!)’
M-
s = 2 Jk

i
j=0

m

(17).

The detailed proof of the above result is provided in Ap-
pendix A.

To quantitatively validate the low complexity of the pro-
posed closed-form expression, we compare its computational
efficiency with Eq. (7) via both theoretical analysis and
MATLAB simulations. First, the computational complexity of

B
Eq. (7) scales as O(X] - X, - zL(b)), where X, and X, de-

b=1
note the numbers of discretization points for the outer and in-
> 10° to ensure accuracy). In

of Eq. (16) is

ner integrals (typically X, X,

contrast, the complexity given by

L(i)+M
O(( (L;J ) . M). The binomial coefficient grows only poly-

nomially with L (i), leading to a substantially lower complexity
compared with the numerical benchmark. Fig. 2 presents a
runtime comparison between the proposed method (for N in
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{5, 10} and M in {2, 4,6}) and the numerical benchmark in
Eq. (7), conducted in MATLAB.

A direct comparison reveals that, for the same port count N,
the runtime of the proposed closed-form method (Figs. 2a - 2c
and 2e — 2g) is consistently and significantly lower than that of
the numerical integration method (Figs. 2d and 2h), irrespec-
tive of the Taylor expansion term count M, strongly corroborat-
ing the theoretical complexity analysis.

To provide rigorous theoretical guarantees for the proposed
approximation method, we present here the error bound analy-
sis and convergence proof.

1) Error bound analysis

First, we define T, (x) as the Taylor expansion truncated af-
ter the M-th term:

M-1 2m

Ty(x)= > —— (18).

m=022m(m!)2

wSrEQ ®SAED
SNR=5 dB: 0.000614 s SNR=5 dB: 0.000700 s
SNR=6 dB: 0.000174 s SNR=6 dB: 0.000387 s
SNR=7 dB: 0.000237 s SNR=7 dB: 0.000441 s
SNR—8 dB: 0.000201 s SNR=8 dB: 0.000410 s
SNR=9 dB: 0.000201 s SNR=9 dR: 0.000476 s
SNR=10 dB: 0.000011 s SNR=10 dB: 0.000355 s
SNR=11 dB: 0.000014 s SNR=11 dB: 0.000262 s
SNR=12 dB: 0.000013 s SNR=12 dB: 0.000268 =
SNR=13 dB: 0.000014 s SNR=13 dB: 0.000271 s
SNR=14 dB: 0.000015 s SNR=14 dB: 0.000276 s
SNR=15 dB: 0.000019 s SNR=15 dB: 0.000273 s
SNR=16 dB: 0.000014 s SNR=16 dB: 0.000273 s
SNR=17 dB: 0.000019 s SNR=17 dB: 0.000265 s
SNR=18 dB: 0.000014 s SNR=18 dB: 0.000280 s
SNR=19 dB: 0.000014 s SNR=19 dB: 0.000284 s
SNR—20 dB: 0.000015 s SNR=20 dB: 0.000276 s

fx >> Jx>>

(a) Runtime vs. SNR for N= 5, M=2 (b) Runtime vs. SNR for N= 35, M= 4

®eFEO wSHITE
SNR=5 dB: 0.000660 s SNR=5 dB: 0.001397 s
SNR=6 dB: 0.000189 s SNR=6 dB: 0.000980 s
SNR=7 dB: 0.000214 s SNR=7 dB: 0.000918 s
SNR=8 dB: 0.000190 s SNR-8 dB: 0.000976 s
SNR=9 dB: 0.000239 s SNR=9 dB: 0.001109 s
SNR=10 dB: 0.000028 s SNR=10 dB: 0.000875 s
SNR=11 dB: 0.000027 s SNR=11 dB: 0.000851 s
SNR=12 dB: 0.000028 s SNR=12 dB: 0.000835 s
SNR=13 dB: 0.000028 s SNR=13 dB: 0.000807 s
SNR=14 dB: 0.000028 s SNR=14 dB: 0.000797 s
SNR=15 dB: 0.000035 s SNR—-15 dB: 0.000758 s
SNR=16 dB: 0.000056 s SNR=16 dB: 0.000793 s
SNR=17 dB: 0.000030 s SNR=17 dB: 0.000812 s
SNR=18 dB: 0.000031 s SNR=18 dB: 0.000797 s
SNR=19 dB: 0.000029 s SNR=19 dB: 0.001050 s
SNR=20 dB: 0.000029 s SNR=20 dB: 0.001667 s

fx>> Jx>>

(e) Runtime vs. SNR for N= 10, M=2 (f) Runtime vs. SNR for N= 10, M=4

The truncation error is defined as

e, (x, M) =1,(x) - T, (x) (19).

Theorem 1 (Truncation Error Bound): For any x = 0 and
positive integer M,

M

&, (x, M) 1y (%) (20).

S e
22M (M')

2) Propagation to outage probability error

Let P2“denote the true outage probability under the block-
(M)

oul

correlation model, and P’ denote the approximation using M

Taylor terms.
Theorem 2 (Outage Probability Error Bound): Let &, ~de-

note the outage probability error, which is defined as

aomn BoEEO
SNR-5 dB: 0.000603 s SNR=5 dB: 0.098052 s
SNR—6 dB: 0.000807 s SNR=6 dB: 0.097670 s
SNR=7 dB: 0.000600 s SNR=7 dB: 0.137002 s
SNR=8 dB: 0.000607 s SNR=8 dB: 0.100223 s
SNR=9 dB: 0.000795 s SNR=9 dB: 0.138875 s
SNR=10 dB: 0.000510 s SNR=10 dB: 0.123009 s
SNR=11 dB: 0.000459 s SNR=11 dB: 0.120808 s
SNR=12 dB: 0.000501 s SNR=12 dB: 0.115171 s
SNR=13 dB: 0.000450 s SNR-13 dB: 0.116854 s
SNR=14 dB: 0.000501 s SNR=14 dB: 0.098372 s
SNR=15 dB: 0.000442 s SNR=15 dB: 0.206748 s
SNR—16 dB: 0.000491 s SNR=16 dB: 0.293700
SNR=17 dB: 0.000837 s SNR=17 dB: 0.230351 s
SNR=18 dB: 0.000490 s SNR—-18 dB: 0.159313 s
SNR=19 dB: 0.000466 s SNR—-19 dB: 0.200791 s
SNR=20 dB: 0.000495 s SNR=20 dB: 0.128656 s

Jx>> Jx>>

(¢) Runtime vs. SNR for N=5, M= 6 (d) Runtime vs. SNR for N=5, Eq. (7)

#5580 woEEO
SNR—-5 dB: 0.002896 s SNR=5 dB: 0.205327 s
SNR=6 dB: 0.002752 s SNR=6 dB: 0.191705 s
SNR-7 dB: 0.003001 s SNR=7 dB: 0.204395 s
SNR=8 dB: 0.002773 s SNR—8 dB: 0.173964 s
SNR=9 dB: 0.003363 s SNR=9 dB: 0.178532
SNR=10 dB: 0.002608 s SNR=10 dB: 0.181172 =
SNR=11 dB: 0.002609 s SNR=11 dB: 0.178401 s
SNR=12 dB: 0.002699 s SNR=12 dB: 0.177112 s
SNR=13 dB: 0.002592 s SNR=13 dB: 0.176204 s
SNR=14 dB: 0.003590 s SNR=14 dB: 0.190723 s
SNR=15 dB: 0.006335 s SNR=15 dB: 0.186929 s
SNR=16 dB: 0.003513 s SNR=16 dB: 0.175477 s
SNR—17 dB: 0.005131 s SNR=17 dB: 0.193535 s
SNR=18 dB: 0.004498 s SNR=18 dB: 0.344822 s
SNR-19 dB: 0.002705 s SNR=19 dB: 0.265909 s
SNR=20 dB: 0.003225 s SNR—20 dB: 0.192190 s

Sx>> Jx>>

(g) Runtime vs. SNR for N= 10, M=6 (h) Runtime vs. SNR for N= 10, Eq.(7)

SNR: signal-to-noise ratio

Figure 2. Runtime comparison for different numbers of ports and Taylor expansion terms versus SNR
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M
e, =|Pom - P < L cu ) 1),
P (M)
where
c(M, T) :J e ", (2 Tt )de (22),
0

is a finite constant for given system parameters.

3) Convergence proof

Theorem 3 (Convergence): As M — o, the approximate out-
age probability converges to the true value:

Jim PUD = pexact (23).

out out

The detailed proof of the above theorem is provided in Ap-
pendix B.

4 Simulations

We now validate our theoretical analysis with computer
simulations. For the sake of presentation, we consider the fol-
lowing paufametelrs:,u2 =095, W=1,y=2,Ne {5, 10}.

Fig. 3 depicts the relative approximation error, which is de-
fined as €= (simulation result—analytical result)/simulation
result™, between the logarithmic forms of the series expan-
sion of I, and its original expression given in Eq. (7). This er-
ror is plotted against the number of terms M included in the
expansion, for different SNR values.

The simulation results validate both the convergence and
efficiency of the proposed method across different operating
conditions. First, for all tested SNR conditions, the approxi-
mation error for both port configurations exhibits a consis-
tent monotonic decrease as the number of Taylor series ex-
pansion terms increases, confirming the convergence of our
approach. Moreover, a systematic downward shift in the error
curves is observed as the SNR increases from 10 dB to 20
dB, indicating that better channel conditions allow the de-
sired accuracy to be achieved with fewer expansion terms,
thereby improving computational efficiency. In this study,

we adopt a threshold of €, = 107 for evaluating the accu-

el
racy of the proposed closed-form expression. This choice is
grounded in rigorous engineering judgment: when the refer-
ence outage probability approaches the ultra-reliable com-
munication target of 99.999%, this threshold ensures that
the absolute approximation error does not exceed about 107>
Such an error margin is considerably smaller than typical en-
gineering safety allowances and therefore does not compro-
mise the core conclusion regarding whether the system
meets the 99.999% reliability target. At the same time, this
threshold strikes a balance between numerical rigor and
practical utility. Fig. 4 illustrates how the relative error var-
ies with SNR.

The simulation results confirm the effectiveness and conver-

08 ZTE COMMUNICATIONS
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gence of the proposed Taylor-series-based approximation. The
approximation error decreases monotonically as the number of
retained terms increases, and becomes negligible in the
medium-to-high SNR regime.

Based on the above analysis, the system outage probability
for different numbers of expansion terms (M = 2,4, 6) is evalu-
ated against the increasing SNR, as shown in Fig. 5.

The proposed approximations achieve remarkable accuracy
with substantially reduced computational cost compared to the
full model. The 4-term and 6-term expansions show excellent
agreement with the reference model across the entire SNR
range, outperforming the 2-term approximation, especially in
the low-SNR regime. In medium to high SNR regions (approxi-
mately above 10 dB), both approximations consistently satisfy
the ultra-reliable communication criterion of P, < 107
across the entire SNR range. Moreover, the consistent align-

v
107°
107" f
0" 3 4 5 6 7 8 9 10
Number of terms to estimate
SNR: signal-to-noise ratio
Figure 3. € , versus the number of series expansion terms for I
\EJ

107[0

SNR/dB

SNR: signal-to-noise ratio

Figure 4. € , versus SNR

rel
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ment across different port configurations (N =5 and N = 10)
further validates the adaptability and scalability of the pro-
posed method.

S Conclusions

In this paper, we tackle the challenging problem of deriv-
ing a closed-form expression for the outage probability of an
FAS under the practical block-correlation model. The pri-
mary obstacle in this endeavor lies in the analytical intracta-
bility of the Marcum Q-function embedded within the outage
probability integral. To overcome this challenge, our first
key contribution is the introduction of a novel approximation
for the Bessel function 1. By applying a precise M-term Tay-
lor series expansion directly to its integral kernel, we suc-
cessfully reformulated this function into a manageable M-
term series representation. Building upon this mathematical
foundation, our second major contribution was the success-
ful derivation of an approximate closed-form expression for
the FAS outage probability. By leveraging multinomial theo-
rem and other analytical techniques, we consolidated the de-
rived series into a comprehensive and computationally effi-
cient formula.

Furthermore, the proposed approximation method for the
Marcum Q-function is not limited to the block-correlation
model and the Rayleigh channel. The core mathematical
framework is generally applicable to both alternative spatial
correlation models and broader classes of spatial fading mod-
els for FAS®. Future work will focus on extending this analysis
to multi-user FAS scenarios and incorporating more sophisti-

cated fading channel models.

Appendix A
From (10), we can obtain the expression of an(‘y) like
B 2
0 2L 2201 - u?)
L) | -1 2 \" s
z 1 2 s roz jl e 2apdey |dry (24).
it mmo 4" (m)*\ 1 - 0

Then, using the lower incomplete Gamma function y (s, x) =

f '~ 'e'dt, Eq. (24) becomes

X

10°

= 4=+ Block-correlation model in Eq. (7)
==L Approximate the first two terms of 1|
«+ Approximate the first four terms of |

—— Approximate the first six terms of IU

0

10715 L I L L
6 8 10 12 14 16 18 20
SNR/dB

SNR: signal-to-noise ratio

Figure 5. Outage probability versus SNR

P L(b)
P Hfo L)+ wu[ Z d,r } dry (25),

where d,, is given by Eq. (17).
M-l

L(b)
To expand {z dmrg'} , we employ the multinomial ex-
m=0

pansion of a polynomial power, i. e. ,

M- L)
o= L
m=0 ko + k) + othy = L(b k07kl7 ok m

(26).
Then we can get
B L(b)
Poul zHZ’ W, +k|+-z+‘k”L(b)(k()’kl’“.’kw) -
: ldfj:efw“ rodr, (27),

where s is given by Eq. (17). Using the Gamma function, we
can get the final result like Eq. (16).

Appendix B
B.1 Proof of Theorem 1
Since the Taylor series of I (x) is a positive series and its

coefficient a, = 1/(k!)2 decays rapidly as k increases, it fol-

2 This generality exists because the performance analysis of FAS under both alternative spatial correlation models (e.g., Jakes’ model) and various fading models (e.g., Rician, Nakagami—

m) consistently leads to probability expressions whose integral kernels involve special functions such as Bessel functions, Marcum Q—functions, or their variants''*"'*., Precisely because

the performance analysis under these different models ultimately yields integral expressions with similar kernels, the method proposed in our study can provide a unified processing strat-

egy to transform such integrals into analytically tractable polynomial forms.
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lows that:
( M) © ka xZM i ka
& s = < =
Iy x k:M22A~(k!)2 22M(M!)2k:022k(k!)2
xZM (28)
2

B.2 Proof of Theorem 2

We substitute the error bound from Theorem 1 into the out-
age integral, interchange integral and summation, and bound
the resulting expression using the exponential decay. Specific
steps are as follows:

g, = U ee (2v Tt ,M)dt
out 0 0

f o2 81“(2«/ It ,M)dt <
0

© )M (29).
[l SO T
(;VW)Z f:e’z‘z’wlo(zm)dt

We define C(M, ") = f e 2 t"1,(2+ I't )dt and then prove
0
0. As

that it is bounded. The integrand is continuous for ¢ >
t — o, we use the asymptotic expansion for I :

2./pt

o2 /pt )o———— (30).
41 ﬁ

So we obtain

—2t+ 2Tt

(NEII ) E— (31).
N, 477«/Tt

The exponential term -2t + J2TI't is dominated by -2i.
For large ¢, the integrand decays exponentially, which results
in overall exponential decay and ensures the convergence of
the integral. Hence, C(M,I") is bounded, completing the
proof of Theorem 2.

B.3 Proof of Theorem 3

We define the following sequence of functions:

gy(t)=e T, (2VTIt) (32).
Since I, is an entire function, its Taylor series converges

uniformly on the entire complex plane, and therefore it also
converges pointwise on the real axis. Hence, for any fixed ¢ >

Oand I" = 0, we haveMliin T,2vIt)=1,2V1t).

To apply the Lebesgue dominated convergence theorem, we
construct a dominating function G (¢). Note that:

-IO ZTE COMMUNICATIONS
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| —21

e, (2V 1) =6(1)  (33).

2@‘

|gw

We now prove that G (t) is integrable on [0, 00). Ast — oo,

-2+ 2T

NONI D EE— (34).

G(t)=e™
N, 41Tr\/ﬁ

The exponential term —=2¢ + +/ 21t is dominated by -2t for
large ¢, hence G(t) decays exponentially, which guarantees

the convergence of the integral. According to the Lebesgue

dominated convergence theorem:

MlianJ’ a dt—J()MthmgM 1)t = fog(t)dt (35).

So we obtain

out

lim P =1 = lim J gy (de =1 _J g(t)de = poet
| > 0 0

(36).
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Abstract: Fluid antenna systems (FAS) improve wireless reliability by selecting the strongest port within a compact aperture, but the same port-
selection capability also changes the physical-layer security behavior of a wiretap channel. Exact secrecy outage analysis is difficult because the
legitimate and eavesdropping links each contain many spatially correlated ports, leading to high-dimensional joint distributions. This paper de-
velops a closed-form secrecy outage framework for FAS wiretap channels using the equivalent degrees of freedom (EDoF) principle. Under the
Jakes spatial correlation model, the many correlated physical ports are represented by a much smaller set of aperture-limited dominant spatial
modes. The resulting model converts the correlated wiretap channel into a tractable competition between the effective selection branches avail -
able to Bob and Eve. An eigenvalue-weighted refinement further captures unequal dominant-mode powers. Closed-form and asymptotic results
reveal how Bob’s aperture determines secrecy diversity, how Eve’s aperture strengthens the eavesdropping link, and why proportional Bob-Eve
signal-to-noise ratio scaling produces a nonzero secrecy outage floor. Numerical simulations verify the analytical trends and show that the deci-

sive security resource is Bob’s aperture-induced EDoF advantage rather than the raw number of selectable ports.
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1 Introduction
hysical layer security (PLS) exploits the randomness of
wireless fading to protect confidential information directly
at the physical layer’’ . In a wiretap channel, secrecy is
created by the instantaneous asymmetry between the le-
gitimate receiver Bob and the eavesdropper Eve. This makes
spatial diversity especially valuable, because a receiver that can
sample more favorable fades than its adversary can reduce se-
crecy outage without necessarily increasing power or bandwidth.
Fluid antenna systems (FAS) provide a compact way to cre-
ate such diversity” ¥, Recent hardware-oriented studies fur-
ther support this practical motivation by showing that reconfigu-
rable ports or activation states can be implemented within com-
pact apertures, including millimeter-wave (mmWave) surface-
wave-enabled prototypes, wideband pixel-based designs, multi-

This work was partly funded by the Shenzhen Research Institute, Hong
Kong Metropolitan University under Grant No. DON/2026/01 SZ.
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activation structures with a single RF chain, and programmable

P=51 An FAS exposes many candidate

meta-fluid antennas
ports inside a finite aperture and activates the port with the
most favorable channel realization™ . Compared with conven-
tional multi-antenna arrays, this architecture can achieve
strong selection gains with limited radio-frequency hardware,
which makes it attractive for compact and space-constrained
terminals'® ',

FAS-enabled secure transmission has already started to at-

U517 hut rigorous secrecy analysis remains diffi-

tract attention
cult. The central challenge is spatial correlation: the port gains
of a FAS are strongly coupled through the aperture geometry
and the underlying scattering field"®* 2, Once Bob and Eve are
both allowed to select their best ports, secrecy outage depends
on the joint behavior of two maxima over correlated spatial
samples, which quickly becomes analytically unwieldy.

This paper addresses that difficulty by transplanting the

equivalent degrees of freedom (EDoF) viewpoint from outage
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analysis to the wiretap setting. The key idea is that the number
of effective independent spatial modes is controlled by aperture

size rather than by the nominal number of physical ports®' %

Under the Jakes correlation kernel™ %Y

, a one-dimensional ap-
erture of normalized length W has approximately the following

number of dominant modes:

K'=2[W]+1 (1).

Therefore, Bob’ s FAS can be interpreted as selection over
K, effective branches, while Eve’s FAS can be interpreted as
selection over K, effective branches. This paper derives closed-
form secrecy outage expressions, extends the method to a
weighted independent modes (WIM) refinement, and turns the
resulting formulas into aperture-based design insights.

2 FAS Wiretap System Model

2.1 Spatially Correlated FAS Channels

Consider a transmitter Alice sending confidential informa-
tion to Bob in the presence of a passive Eve. Bob is equipped
with a one-dimensional FAS containing N, candidate ports
over a normalized aperture W, and Eve with a one-
dimensional FAS containing N, candidate ports over a normal-
ized aperture W .

The physical aperture lengths are L, and L,, and the normal-
ized apertures are defined as W,=L,/A and W, =L,/A, where A
is the carrier wavelength.

For each receiver g in {B, E}, the channel vector across all

ports is modeled as follows.
T
g, =] 88 | ~CN(0.7,R,) ).

Equivalently, the generic model above specializes to the fol-
lowing complete Bob and Eve channel-vector constructions,
where z, and z;; are independent standard circularly symmetric
complex Gaussian vectors:

.
8= I:gB,H'”?gB,NH:I =M R}B/ZZB’ZB ~ CN(0, IN,,)7

v
8r = [85,1""ng,;\/,_] = g Rzp, 2, ~ CN(O»IN,,)-

Under the Jakes isotropic scattering model, the spatial corre-
lation matrix is written as

[r] =Jo(2wfzj|r_"1_ n') 3)

Bob and Eve each select their strongest available port,
which leads to the following post-selection signal-to-noise

ratios (SNRs).

Y = YeXps Ye = YeXp (4).

2.2 Secrecy Outage Probability
The instantaneous secrecy rate is defined by:

€. = [log, (1 + ;) = log, (1 +7,.)] (5).
For a target secrecy rate R, the secrecy outage probability is

P,=P(C,<R,) (6).

The outage event can be rewritten in the equivalent thresh-
old form:
O(1+y,X;)-1

X, < —
? Y

(7).

This threshold relation is the core object of the analysis be-
cause the secrecy outage is determined jointly by selected FAS
gains of Bob and Eve.

For ease of reference, the symbol list is shown in Table 1.

3 EDoF Representation of FAS Wiretap
Channels

3.1 KL Expansion and Spatial Mode Count

The channel correlation matrix admits an eigendecomposi-
tion, and the FAS channel can be represented through the
Karhunen-Logve (KL) expansion as follows.

— _ /
R(z - UquU{?,gq =JM UqA;ZZq (8).

For the Jakes kernel, the dominant eigenvalues are concen-
trated in the first few modes, which yields the EDoF count:

K, =2[w,]+1 (9).

For a finite set of physical ports, the dominant-mode count
for both receivers is therefore given in closed form by Kq* =

Table 1. Parameters and their denotation

Parameter Denotation
qelB, E} Receiver index (Bob/Eve)
N, Number of candidate ports
W,=L/A Aperture length normalized by carrier wavelength
g,and R, Channel vector and spatial correlation matrix
n, Average channel power
¥, and X, Average SNR and normalized selected gain

min{Nq, 2’—th-‘ + 1} Effective dominant-mode count
R_and 6 (2 raised to the

Target secrecy rate and its threshold factor
power R )

P Secrecy outage probability

s0

SNR: signal-to-noise ratio
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min [N, 2[W,]|+ 1}.q € (B.E}.

The outer minimum enforces the physical limit that the num-
ber of effective modes cannot exceed the number of sampled
ports. In the dense-port regime considered in this paper, N, >
2 ’_Wq-‘ + 1 and the expression reduces to 2 ’—Wq-‘ + 1.

Increasing the port count beyond the number needed to re-
solve the aperture therefore does not create unlimited indepen-
dent branches; it mainly oversamples the same spatial field.

3.2 EDoF Approximation

The EDoF model replaces the maximum over correlated port
gains by the maximum over K; independent unit-mean expo-
nential gains.

iid.

Zq_’k ~ Exp(1) (10).

EDoF _
X(/ = max, sksK«‘Zqu’
Hence the cumulative distribution function and the probabil-

ity density function become:

F(x)=(1=-¢), x>0,

q

fla)=K e (1—e ) (11).

The main design implication is aperture-based: Bob’ s secu-
rity advantage stems from a larger effective aperture rather than
from raw port oversampling alone.

4 Closed-Form Secrecy Outage Under EDoF

Theorem 1. Under the EDoF model, the secrecy outage prob-
ability (SOP) can be written in the following closed form.

Piuolr — 2(1?3)(_1)/@@( _].(6’)_/_ 1)) . (K;)!.07 (12).
[

m=1 YB

The expression shows that Bob’ s effective mode count K,
enters through the outer selection expansion, while Eve s effec-
tive mode count K, enters through the Laplace transform of the
selected eavesdropping gain.

Corollary 1. If Eve has no FAS, then K,, = 1 and the SOP re-

duces to:

K I;

EDoF _
P =

j=0

e[ 0D
(=1y p( 5 )
19
Vi

K,
J

5 Refined WIM Secrecy Outage

5.1 Eigenvalue-Weighted Effective Branches
The EDoF model treats the dominant modes as equal-power
branches. A more accurate approximation is obtained by using

-|4 ZTE COMMUNICATIONS
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normalized dominant eigenvalue weights:

qum = max, sks}(y’ﬁq,kzq,k (14).

The corresponding WIM cumulative distribution function is
K,

FY™(x) = T =) (15).
el

This refinement preserves the same aperture-based interpre-
tation as the EDoF model while retaining the nonuniform pow-
ers of the dominant eigenmodes.

5.2 Quantitative Approximation Error

For the setting in Fig. 3, define the absolute approximation
error as e=IP_""'=P_“°|. At =5 dB, the EDoF and WIM errors
are 1.46x10™ and 9.70x107, respectively. Around the transi-
tion region at 1 dB, WIM reduces the error from 9.34x107 to
5.21x107, a 44.2% reduction. At 9 dB, the corresponding er-
rors are 1.42x107 and 4.40x107. Thus, eigenvalue weighting
improves the local transition-region fit but is not uniformly
more accurate over all SNRs; the simpler EDoF model can be
closer when the maximum-over-ports dependence dominates
the eigenvalue imbalance. At 13 dB, the Monte Carlo (MC)
SOP is 5.0x1075, while the EDoF and WIM absolute errors are
2.92x107° and 8.05x107%; above 15 dB, the 80 000-trial MC
curve reaches its resolution limit of 1.25%x107, so relative-error
percentages are not statistically meaningful.

6 Asymptotic Secrecy Behavior and Design
Insights

6.1 Fixed Eve SNR

Theorem 2. If Eve’ s average SNR is fixed and Bob s aver-
age SNR grows large, the secrecy outage behaves asymptoti-
cally as:
prvr G o E[(G(l +y,X,) - 1)”’} (16)
B 72”; 2 sec EE .

Therefore, the secrecy diversity order is K. Eve’s aperture
changes the coding-gain-like constant through the distribution
of X;, but it does not change the asymptotic slope when Eve’s
average SNR is fixed.

6.2 Proportional Bob and Eve SNRs
If Eve’s average SNR scales proportionally with Bob ’s, then
the secrecy outage converges to a nonzero floor:

& (K, . )
,}—/E — a’)_/B’PEuI:F — 2(] B) (_1)]1\(K7b) (17)
=0 H(m + jab)

m=1
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This shows that the secrecy outage probability cannot be
forced to zero by transmit-power growth alone when Bob and
Eve scale together. The decisive design quantity is the EDoF
pair (K, K,) created by the two apertures.

The target secrecy rate shifts this floor through 6, where 0 is
2 raised to the power of R. Since increasing R, enlarges the
outage event for every channel realization, the floor is mono-
tonically nondecreasing in R. For example, with (K, K,)=(7,
3) and a=1, the floor increases from 0.332 at R=0.1 bit/s/Hz
to 0.467, 0.636, and 0.877 at R=0.5 bit/s/Hz, 1 bit/s/Hz, and
2 bit/s/Hz, respectively. Hence, a higher confidential-rate re-
quirement must be supported by a larger Bob-side EDoF ad-
vantage or a lower relative Eve link quality.

The new insight of the proposed framework is that secrecy be-
haves in aperture steps rather than in raw-port steps. Once Bob
crosses an integer aperture threshold, two additional effective
modes appear immediately; once Eve crosses such a threshold,
the wiretap link becomes measurably more dangerous.

7 Numerical Results

This section evaluates the closed-form formulas numerically
and compares them with Monte Carlo simulations of the corre-
lated FAS channels. The simulation setup adopts the same
Jakes correlation model and the same secrecy-rate definition as
those used in the analysis.

The figures in this paper are arranged from the most basic
trend to the most adversarial setting. They first show the effect
of Bob’ s average SNR and aperture, and then illustrate the
Bob-Eve aperture competition. Next, they illustrate the agree-
ment among EDoF, WIM, and exact correlated-channel simula-
tion, and finally demonstrate the high-SNR secrecy floor.

Compared with existing secrecy analyses that rely mainly on
high-dimensional simulation, fitted correlation parameters, or
nominal port count, the proposed EDoF/WIM framework ex-
presses secrecy directly in terms of the aperture-induced mode
counts and dominant eigenvalue weights of Bob and Eve. This
yields clearer design rules and lower evaluation complexity.

7.1 Impact of Bob’s Aperture

Fig. 1 verifies the secrecy diversity statement by varying
Bob’ s average SNR under several Bob apertures. Increasing
W, enlarges K, and steepens the outage decay. The figure
shows that secrecy gain is achieved in aperture-controlled steps
rather than by merely adding more densely packed ports.

7.2 Bob-Eve Aperture Competition

Fig. 2 sweeps Bob’ s normalized aperture W, parameterized
by Eve’ s aperture W, The staircase follows from
K= min{NB, 2|_WB-| + 1}: within one integer aperture interval,
denser sampling resolves the same spatial field and does not
create another independent mode. Crossing the next
wavelength-normalized boundary expands the resolvable spa-

tial bandwidth and introduces a conjugate pair of spatial

10°

107" F 3

107 F 3

Secrecy outage probability

10* F W, =3(K, =7) E
+ Wy =4(K; =9
-5 0 5 10 15 20 25

Average SNR of Bob/dB

SNR: signal-to-noise ratio

Figure 1. Secrecy outage probability versus Bob’s average SNR for
W,= 1,7, = 0dB,and R, = 0.5 bit/s/Hz

1072

—_
=)
iy

Secrecy outage probability

—
o
IS

Normalized Bob aperture W,

Figure 2. Secrecy outage probability versus Bob’s normalized aperture
for y, = 15 dB, y, = 5 dB, and different Eve apertures

modes, such that K, increases by 2 and the SOP drops
abruptly. The curves therefore expose the Bob-Eve aperture
gap more directly than a raw port-count description.

7.3 EDoF and WIM Validation

Fig. 3 compares the EDoF and refined-WIM formulas with
exact Monte Carlo simulation results for correlated FAS chan-
nels. Both analytical curves capture the SNR trend. The WIM
model explicitly accounts for nonuniform dominant eigenvalues
and improves the fit near the 1 dB transition point, whereas the
equal-power EDoF approximation is closer at some other SNRs.
This is consistent with the quantitative error audit in Section 5.2.
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Figure 3. EDoF and refined-WIM secrecy outage validation against
exact Monte Carlo simulation for N, = 40, N, = 30, W, = 3, W, = 2, and
¥, =0dB
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Figure 4. High-SNR secrecy outage floor versus the relative Eve link
quality « for different EDoF pairs (K, K,) and R, = 0.5 bit/s/Hz

7.4 High-SNR Secrecy Floor

Fig. 4 visualizes the proportional-SNR secrecy floor versus
the relative Eve link quality o. The floor rises with K, and falls
with K,. At @=0 dB and R=0.5 bit/s/Hz, increasing the EDoF
pair from (7, 5) to (9, 5) lowers the floor from 0.611 to 0.558,
while reducing Eve’ s mode count from five to three at K,=7
lowers it further to 0.467. Therefore, under a benchmark con-
straint W +W,=W,, the floor is minimized by assigning the con-
trollable aperture budget to Bob until the next integer W,

-|6 ZTE COMMUNICATIONS
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threshold is crossed, rather than spending it on additional ports
inside the same interval. In practice, Eve’s aperture is not con-
trolled by the legitimate designer; W, should be treated as a
threat upper bound, and the actionable rule is to enlarge Bob’s
aperture (or constrain the region in which Eve can deploy) until
K, exceeds the anticipated K, by the largest feasible margin.

8 Conclusions

This paper presents a standalone EDoF-based secrecy out-
age framework for FAS wiretap channels. By using the spec-
tral concentration of the Jakes correlation kernel, a correlated
FAS with many physical ports is reduced to a selection system

with K: = rnin{Nq, Z(Wq-‘ + 1} effective branches. The results

show that Bob’ s aperture controls secrecy diversity, Eve’s ap-
erture controls the strength of the selected wiretap link, and
proportional Bob-Eve SNR scaling creates a nonzero secrecy
outage floor. The Jakes model assumes a one-dimensional ap-
erture, isotropic two-dimensional scattering, identical diffuse
angular statistics, and ideal narrowband stationarity; its com-
pact EDoF law therefore need not remain exact in directional,
clustered, nonstationary, blocked, or three-dimensional urban
channels. Future work will replace the Jakes kernel with corre-
lation matrices obtained from standardized 3GPP urban micro-
cell and urban macrocell channel models, extract effective
mode counts from their eigenvalue spectra, and test whether
the same EDoF/WIM secrecy structure extends to wideband,
planar-aperture, mutual-coupling, and hardware-impaired
FAS implementations. Overall, the central security resource is
the aperture-induced EDoF advantage rather than the raw
number of selectable ports.
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Abstract: Fluid antenna systems (FAS) provide continuous spatial degrees of freedom for next-generation wireless networks. However, deploying
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the zeroth-order Bessel function of the first kind. We then formulate a discrete optimization problem under practical constraints to maximize the ex-
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1 Introduction
ith the evolution of 6G networks toward space-air-
ground-sea integration and autonomous operation,
embodied intelligent agents with autonomous sens-
ing, decision-making, and execution capabilities are
gradually becoming core nodes at the network edge . In typi-
cal applications of vertical industries such as industrial inspec-
tion and environmental monitoring, such mobile agents need to
complete continuous tasks in highly dynamic physical environ-
ments, which imposes stringent requirements on the reliability
and effective throughput of wireless communication links.

Fluid antenna systems (FAS), as a revolutionary reconfigu-
rable antenna technology, enable the radiating element to slide
freely within a fixed physical aperture, thereby obtaining con-
tinuous spatial degrees of freedom in a very compact size to ac-

This work was partially supported by the National Natural Science Foun-
dation of China under Grant No. 62601386, the Basic Research Program
of Jiangsu Province under Grant No. BK20251413, the State Key Labora-
tory of Millimeter Waves under Grant No. K202602-01, and the Fundamen-
tal Research Funds for the Central Universities under Grant No.
30925010508.
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B3 Com-

tively adapt to time-varying wireless channel states
pared with conventional fixed antenna arrays, FAS can achieve
superior channel gain in complex multipath environments due
to its flexible spatial reconfiguration capability, and has demon-
strated remarkable performance advantages in scenarios such as
multi-user access interference suppression and integrated sens-
ing and communication (ISAC). It has thus become a key re-
search direction for next-generation wireless networks'® *.
However, existing FAS-related studies are generally based on
the underlying assumption that user nodes are stationary or
quasi-static, which presupposes that the channel coherence time
is sufficient to support the full-port pilot sounding process. In
the field of channel estimation and port selection, existing solu-
tions include linear minimum mean square error (LMMSE), com-

- 11]

pressed sensing, and sparse Bayesian learning” ', as well as

12-14° 11 of which are

various deep learning-assisted schemes
validated under quasi-static block fading channel scenarios.
When FAS is deployed on a high-speed moving embodied intel-
ligent agent, the mechanical movement of the agent will induce
severe Doppler shift, causing the channel coherence time to
shrink sharply and non-linearly as the moving speed increases.

If the global blind scanning mechanism that traverses all virtual
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ports is still adopted, the pilot sounding overhead will exhaust
all coherence time slots, leaving zero time for effective data
transmission and resulting in the performance dilemma of “over-
head catastrophe ",

To address this challenge, the most straightforward solution
in existing research is to compress sounding overhead based on
port prediction: By mining the temporal evolution patterns of
channels or environmental sensing information, the optimal port
position at the next moment is directly predicted, reducing the
original N full sounding operations to single-point sounding,
which fundamentally cuts down the pilot temporal overhead"®!,
Traditional methods include the Vec Prony algorithm and the
matrix pencil moving port (MPMP) algorithm, which realize port
tracking through angle-delay domain features. With the expand-
ing application of large language models (LLMs) in physical
layer communications, the state-of-the-art Port-LLM model,
built on the GPT-2 backbone with a Low-Rank Adaptation
(LoRA) fine-tuning architecture, achieves prediction of future
optimal ports through temporal extrapolation of historical chan-
nel tables, and outperforms traditional prediction algorithms in
spectral efficiency under medium- and high-speed scenarios'"”,
All the above studies have verified the significant overhead com-
pression effect of port prediction, which serves as the core tech-
nical foundation for solving the overhead catastrophe in highly
dynamic scenarios.

Nevertheless, existing port prediction studies generally have
two limitations. First, they aim to output a single optimal port,
assuming the prediction result is completely accurate without
considering the performance degradation caused by prediction
deviation. In fact, any prediction mechanism has errors, and
pure single-point prediction has zero fault tolerance capability.
Once the predicted port deviates from the true optimal port, the
communication gain will directly drop to the channel level at the

"8, Second, existing

deviated position, with no buffer margin'
studies have not established a joint tradeoff mechanism among
prediction confidence, moving speed, sounding overhead, and
spatial diversity gain: They either adopt extremely compressed
single-point sounding at the cost of robustness, or fall back to
full scanning at the cost of transmission efficiency, failing to
adaptively adjust the balance between overhead and fault toler-
ance according to real-time dynamic scenarios.

From the perspective of physical essence, there exists a gain
spillover effect caused by spatial correlation among FAS
ports!"”: When there is a small deviation between the true opti-
mal port and the sounding port, the channel gain does not drop
sharply to zero, but presents a smooth attenuation characteristic
constrained by the zeroth-order Bessel function of the first kind
over spatial distance. This physical property implies that moder-
ately expanding the sounding range on the basis of single-point
prediction can cover high-probability prediction deviation inter-
vals and obtain significant fault tolerance gain with only a tiny
amount of additional pilot overhead. Conversely, completely
abandoning window expansion and relying solely on single-point
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prediction is equivalent to actively wasting the inherent spatial
fault tolerance potential of FAS; yet blindly expanding the win-
dow will offset the overhead reduction benefit brought by predic-
tion and slide back to the overhead catastrophe. Therefore, a
key issue for further enhancing the performance robustness of
highly dynamic FAS systems is how to design an adaptive local
sounding mechanism based on the overhead compression capa-
bility of port prediction, while improving prediction fault toler-
ance with controllable additional overhead.

To fill the above research gap, this paper proposes a
prediction-aided fault-tolerant window-enhanced adaptive com-
munication mechanism for fluid antenna systems. The proposed
mechanism assumes the existence of a generic port prediction
module at the upper layer, whose prediction accuracy is uni-
formly characterized by a baseline hit rate parameter. Instead of
focusing on the specific implementation of the prediction algo-
rithm, this paper concentrates on the adaptation enhancement
layer between the prediction results and the underlying hard-
ware. Specifically, a local search window containing K consecu-
tive virtual ports is constructed around the predicted anchor
port. By leveraging the inherent spatial channel correlation of
FAS to bridge prediction deviations, this design achieves sub-
stantial fault tolerance and spatial diversity gains at the expense
of minimal and controllable pilot overhead. Furthermore, we
designate the window size K as the core control variable to con-
duct a joint optimization coupled with the terminal moving ve-
locity and the baseline prediction accuracy. In extreme high-
speed and high-Doppler scenarios, the algorithm adaptively
shrinks the window to K =1 to ensure effective data transmis-
sion duration under critically short coherence times. In me-
dium- and low-speed scenarios, the window is moderately ex-
panded to maximize fault-tolerance robustness and channel ca-
pacity while keeping the pilot overhead affordable. Conse-
quently, an optimal dynamic balance between pilot overhead
and spatial diversity gain is achieved, fundamentally mitigating
the overhead catastrophe in highly dynamic environments.

The main contributions of this paper are summarized as follows:

1) We propose a fundamentally new overhead management
paradigm for FAS in highly dynamic scenarios. By constructing
a dynamic local sounding window anchored on upper-layer port
prediction results, we transform the conventional global blind
search into a spatially localized precision sounding process.
This architecture effectively compresses the pilot temporal over-
head while robustly retaining critical fault-tolerance capabilities
against algorithmic prediction deviations.

2) We establish a comprehensive mathematical model to
evaluate the long-term expected throughput of the proposed sys-
tem. To quantitatively characterize the intrinsic relationship be-
tween prediction accuracy and search window size, we introduce
a nonlinear bounded-growth hit probability function. Further-
more, we derive an equivalent gain bridging model based on the
zeroth-order Bessel function of the first kind to accurately cap-
ture the spatial spillover effect of channel correlation under pre-
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diction miss scenarios. Leveraging this analytical framework, we
formulate a non-convex optimization problem that captures the
dynamic tradeoffs among motion timeliness, pilot overhead, and
spatial diversity gain under stringent task deadline constraints.

3) To meet the stringent real-time communication require-
ments of mobile agents, we design an efficient computational
framework combining offline spatial expectation decoupling
with online discrete zeroth-order (ZO) gradient tracking. The of-
fline stage decouples the computationally intensive multi-path
channel statistical integration from real-time motion states,
translating core expectation parameters into constant-time alge-
braic lookups. The online stage utilizes a discrete ZO gradient
ascent engine equipped with heuristic initialization and early
stopping criteria. This two-stage design enables microsecond-
level adaptive tracking of the optimal window size, with an on-
line time complexity entirely decoupled from the massive num-
ber of antenna ports.

2 System Model

2.1 Physical Scenario and Mobility Modeling

Consider a single-antenna base station serving an embodied
intelligent agent performing environmental inspection tasks,
such as an unmanned surface vehicle (USV). The agent is re-
quired to travel from the starting point to the destination within

a specified task deadline T and the total straight-line

deadline>
physical travel distance is denoted as D. During task execution,
the instantaneous moving speed of the agent is defined as a con-
tinuous variable v.

As the agent travels through the environment, its relative mo-
tion and variations of surrounding scatterers induce Doppler
shift, resulting in rapid fading of the wireless channel. Let f, de-
note the carrier frequency of the system, ¢ denote the speed of

light, and f

env

denote the inherent baseline frequency shift of
the surrounding environment. The term f, = f,v/c represents the
maximum geometric Doppler shift caused by the high-speed me-
chanical movement of the embodied intelligent agent. The chan-
nel coherence time T, of the system is modeled as:

T =—F (1).

This model indicates that the faster the moving speed v of the
agent, the stronger the Doppler effect, and the shorter the chan-
nel coherence time T *. To quantitatively analyze the boundary
characteristics of this mobility model, this paper discusses two
extreme asymptotic scenarios as follows.

* (Quasi-static boundary: When the moving speed of the agent
node approaches zero (v — 0) or the agent travels at an ex-
tremely low speed, the term f, — 0, and the channel coherence

time degenerates to T, = 1/f,, . At this point, the wireless chan-

env*®

nel is mainly dominated by macroscopic environmental scatter-
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ing, exhibiting the traditional block fading characteristic with
relatively sufficient temporal coherence.

* High-Doppler regime: When the agent has to travel at full
) 10 meet the tight task deadline, i.e., extremely

the dominant term in the denominator evolves into

speed (v — v
small 7'y, qies
the self-induced Doppler shift f,. In this case, the Doppler
spread expands dramatically, causing the channel coherence
time T, to shrink sharply and non-linearly.

To ensure coherent transmission in highly dynamic environ-
ments, the system specifies that the length of each data trans-
mission cycle must be equal to the current channel coherence
time T, (v).

2.2 Multipath Channel and Physical Gain Modeling for
FAS

As shown in Fig. 1, the agent node is equipped with a one-
dimensional linear FAS. To accurately capture the channel cor-
relation of FAS within an extremely small space, this paper
adopts the Sum of Sinusoids (SOS) method to physically model
the spatial channel® "%

Assume that radio waves, after being scattered by the sur-
rounding environment, form M independent multipath rays arriv-
ing at the agent node. Let the m-th ray, m € {1, 2,---, M }, have
a random angle of arrival 6, € [0, 21 ] following a uniform dis-
tribution, and a random initial phase ¢, [0, 2 ] following a
uniform distribution. Let the total physical length of the fluid an-
tenna be W times the signal wavelength A. Within this fixed
physical length, N virtual communication ports for antenna slid-
ing are uniformly distributed. Taking one end of the antenna as
the origin of the physical coordinate system, the precise physi-
coordinate x, of the n-th

n

cal  spatial virtual  port,

nell,2,--,N},is expressed as:

n-1

"TN-1

WA (2).

Due to the tiny differences in spatial coordinates of each port,

%@ Ship reﬁﬁction ((( )))
b é \

Destination

USV: unmanned surface vehicle

BS: base station
FAS: fluid antenna system

Figure 1. System Diagram of an FAS-enabled agent served by a base
station in a multipath environment
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continuous phase shifts occur when multipath rays arrive at dif-
ferent ports. The complex channel state h, received at the n-th
virtual port is the superposition of M rays:

" eXp(j(Z'lTx"cos(Om) +

b
b= P ) cbm)) (3.

where 1/y/ M is the normalization coefficient to ensure the con-
servation of average channel power. The physical channel power
gain of the n-th virtual port is defined as:

2

g. =|h, @.

As x, varies continuously, the spatial channel formed by the
gain set { g,,g,,"**, gy} exhibits a continuously fluctuating cor-
related fading characteristic. There exists a global optimal chan-
nel gain over the entire antenna aperture, denoted as:

gmax = maxmg" (5)'

ne{ly,]

To quantitatively characterize the inherent non-independence
of FAS at the spatial hardware level, the spatial correlation coef-
ficient between any two virtual ports n and n' is defined as p, ..
In the classic rich scattering environment with isotropic scatter-
ing, according to Clarke’s channel model, the spatial correlation
between any two points can be obtained from the zeroth-order
Bessel function of the first kind':

2mlx, =« ) ©).

pn.n' = ']0( A

Substituting the port physical coordinate formula into the
above equation, the spatial correlation between ports can be ex-
pressed as a function of the discrete index difference:

In —n'l

Puw = JO(ZTrWﬁ) (7).

The above spatial correlation model demonstrates that the
spatial channel formed by the gain set { g, g,,"**, gy} is not spa-
tially independent across all positions, but exhibits a continuous
undulating correlated fading characteris-
tic in space. When the index difference
In — n'l is small, ports maintain a strong

positive spatial correlation. This physical

Special Topic

Huang Yinning, Zeng Cheng, Yang Zhaohui

opening a local window with K consecutive ports around the pre-
dicted port for adaptive sliding sounding can still achieve chan-
nel gain close to the global optimum with a very high probabil-
ity. On the contrary, if ports are mutually independent, any
small deviation of the high-level prediction would result in com-
plete detection failure.

2.3 Embodied Artificial Intelligence (EAI) Prediction and
Channel Sounding Overhead Model

Acquiring channel state information (CSI) consumes time-
domain resources. Let the pilot overhead duration for testing a
single FAS port be a constant 7,. To obtain the global optimal
gain g, the traditional full scanning mechanism traverses all
N ports across the entire aperture, resulting in a delay over-
head of Nz .

In the proposed mechanism, the embodied intelligent agent
leverages the perception model to predict the local interval
where the optimal channel is most likely to exist, and instructs
the FAS to perform sounding only within a local search window
containing K consecutive virtual ports, where the discrete con-
trol variable K satisfies 1 < K < N. Under this mechanism, the
pilot sounding duration per cycle is reduced to Kz,. Within one
coherence time 7, , after deducting the pilot overhead, the time
ratio factor n(v, K) available for effective service data transmis-
sion is modeled as:

(0. K) = max':(),l - K’O] - max{o,l -
KTO( - f:” ®)

As shown in Fig. 2, this formula reveals the core tradeoff in
highly dynamic scenarios that either an excessively large win-
dow K or an excessively high speed v will cause the effective
transmission time to approach zero. Among them, the perceptual
computation phase with negligible time overhead consists of two
sub-processes: The EAI perception model outputs the predicted
optimal port, and the online ZO optimization algorithm deter-
mines the optimal search window size.

Due to the uncertainty in the embodied intelligence ’ s predic-
tion of the environment, this paper defines the probability that

~0 K'z, T-K'z,

Perceptual computation

Local pilot sounding overhead l Effective data transmission

Nz T -Nz,

0

Global pilot sounding overhead l Effective data transmission

: () £a%
property serves as the theoretical corner- [
stone of the mechanism proposed in this FAS+AI
paper: If there exists a minor spatial de- ((T))
viation between the optimal port pre- FAS

dicted by the high-level embodied intelli-
gence algorithm and the true global opti-
mal port g .. constrained by the enve-

lope of the correlation coefficient p, .,

T

FAS: fluid antenna system ‘

Figure 2. Timing diagram of pilot overhead and effective data transmission within one channel
coherence time 7', comparing the proposed prediction-aided local sounding (FAS+AI) with

conventional full-port scanning (FAS)
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the embodied intelligence accurately includes the global opti-
mal port within a window of size K as the hit probability p(K).
A nonlinear bounded growth function is introduced to character-
ize this behavior:

p(K)=1-(1 —p0>(1 - )

In the formula, the constant p, € (0,1) denotes the baseline
perception hit rate under a minimal window (K = 1); the con-
stant o = 1 is the confidence index that reflects the perfor-
mance decay rate of the embodied perception model. This hit
probability model satisfies the following boundary characteris-
tics of fluid antennas:

* Single-point baseline: When the system relies entirely on
the EAI’s single-point prediction (K = 1), the function rigor-
ously degrades to p(1) = p,, representing the inherent baseline
perception confidence of the prediction model.

¢ Full-aperture scan: When the search window expands to tra-
verse the entire physical antenna aperture (K = N), the system
invariably captures the global optimum, correctly yielding
p(N)=1.

The exponent & > 1 serves as a crucial non-linear shape pa-
rameter. It mathematically maps to the precision metric (e. g.,
the scale parameter A of the Laplace distribution) of the underly-
ing error distribution, characterizing the diminishing marginal
probability gain as the search window expands toward the aper-
ture boundaries.

2.4 Hit Probability and Expected Transmission Capacity

Model

In summary, when the FAS performs sliding sounding within
a window of size K, the system communication presents two mu-
tually exclusive statistical states as follows.

¢ Prediction hit scenario (p(K)): The FAS performs sliding
sounding within window K and successfully captures the global
optimal gain; that is, the effective gain satisfies g,;, = g,...-

¢ Prediction miss scenario (1 — p(K)): The global optimal
port lies outside the search window, and the FAS can only ob-
tain a suboptimal instantaneous maximum gain in the erroneous
repre-

miss

sents the set of consecutive virtual port indices that exclude the
true global optimal port.

Based on the microscopic spatial correlation theory derived
above, the local extremum g, ., (K) in the miss scenario is not
spatially independent of the global optimal point g ; instead, it
is constrained by the physical envelope of the spatial correlation
coefficient. Furthermore, the parametric multipath model for
fluid antennas proposed by Wong et al.”! demonstrates that the
correlated channel states across the entire FAS aperture can be
decoupled into a linear superposition of a global baseline state
and local independent fluctuations in the complex voltage do-

22 ZTE COMMUNICATIONS
September 2026 Vol. 24 No. 3

main. To overcome the computational bottleneck in calculating
the joint expectation of non-independent multivariate Rayleigh
distributions and to quantitatively characterize this spatial spill-
over effect, this paper constructs an asymptotic bridging func-
tion. It treats the uncaptured gain g, ., (K) within the sounding
window as an independent fluctuation, combining it with the
global state weighted by the squared Bessel factor p (K ),
which maps the expected minimum physical distance into the
power domain. Consequently, the conditional effective instanta-
neous gain in the miss scenario is modeled as a continuous

mixed variable that evolves with the window size K:
Zuie(K) = |20 K) [+ (1 = 0 K[ ) 100 (KD (10),

where p_;(K) denotes the equivalent spatial correlation factor
between the window edge and the true optimal port in the miss
scenario. Under the miss event, the true optimal port is assumed
to follow a uniform distribution among the remaining N — K
ports outside the window. The expected index distance from the
optimal port to the nearest boundary of the sounding window
N=K g -
4(N - 1)
Po)- Accordingly, the equivalent spatial correlation factor

can be quantitatively expressed as B[ d ;| =

p.;(K) can be directly derived from the zeroth-order Bessel
function of the first kind:

4N (11).

N-K
pu(K) = max(o, ]0(211W_1)(1 —po)))
Some recent cutting-edge studies have derived closed-form
approximations for the average spatial correlation across the en-
tire antenna aperture to break through the integral calculation

11 However, such

bottleneck of multiport joint distributions
macroscopic averaging algorithms are mainly applied to evalu-
ate the global ergodic capacity of FAS. In the embodied
intelligence-assisted architecture proposed in this paper, the un-
derlying FAS performs local sliding sounding based on the dy-
namic window K. Directly adopting the global static average cor-
relation parameters would eliminate the microscopic distance
evolution characteristics between the local window edge and the
optimal point. Therefore, to accurately capture the high-
resolution spatial dynamics under the local search mechanism,
the proposed bridging model does not adopt macroscopic simpli-
fication algorithms, but retains the precise physical mapping of
the Bessel function.

This model conforms to the underlying physical limits of
FAS: When the window is extremely small, i.e., K — 1, a pre-
diction miss will most likely leave the erroneous single-point
sounding far from the optimal solution, and the correlation factor
will drop to a low level, resulting in severe attenuation of
& e (K). As the window gradually expands, i.e., K — N, even
if the high-level algorithm still judges it as a “miss”, the physi-
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cal edge of the large window statistically approaches the true op-
timal port continuously, i.e., E[d, , 1— 0, and the spatial cor-
relation recovers rapidly, p. — 1, making g, (K) ap-
proach g .

When calculating the system transmission capacity, the dual
physical fading from macroscopic distance and microscopic mul-
tipath propagation needs to be considered. Since the macro-
scopic physical displacement of the embodied intelligent agent
is negligible relative to the distance to the base station within
the extremely short cycle (millisecond level) of local sounding
and transmission, this paper assumes that the large-scale path
loss dominated by absolute distance remains quasi-static within
each local cycle, and models it as a constant local baseline re-
ceived Signal-to-Noise Ratio (SNR), denoted as 7.

On top of this baseline, the small-scale instantaneous physi-
cal gain captured by the fluid antenna sliding within the tiny
physical aperture, i.e., g, or g,..(K), is the real cause of dra-
matic fluctuations in communication quality. Therefore, the full
instantaneous received SNR of the system can be decoupled
into the product of the baseline constant and the instantaneous
gain. Combined with Shannon’s theorem, given the system chan-
nel bandwidth B and baseline SNR vy, under a given strategy
(v,K), the
C

pressed as:
Ciran (0. K) = (0, K) - B - [ p(K)log, (1 + yg,,,,) +
(1 = p(K))log, (1 + ¥Z,,..(K)) ]
The long-term average expected effective throughput R(v, K)

instantaneous effective transmission capacity

inan (05 K) under a single random multipath realization is ex-

(12).

within one communication cycle is modeled as:

p(K)log, (1 + yg,.)+
R(v,K)=n(,K)-B-E, -
(2. K) = n(e. X) (1 = p(K))log, (1 + ¥&,,.(K))

(13),

P(K))Ci(K) ]
(14),

R(v.K)=71(v.K) - B+ [p(K)Cy + (1 -

where E, [] denotes the mathematical expectation over all pos-
sible realizations of the continuous spatial multipath channel.

2.5 System Extension for 2D FAS

The above work constructs a spatial bridging model for FAS
based on one-dimensional linear topology. As the demand for
spatial degrees of freedom within a physical aperture rises, two-
dimensional planar fluid antennas (Planar FAS) have emerged
as a key evolutionary direction for terminal antenna design. Re-
cent studies demonstrate that two-dimensional fluid antennas
deliver superior geometric packing performance and spatial di-

231 and have been de-

versity gain under a constrained aperture
ployed in sophisticated network architectures such as simultane-

ous wireless information and power transfer (SWIPT) and feder-
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ated learning®”. To verify the scalability of the theoretical frame-
work proposed in this paper, this section extends the one-
dimensional baseline model to a two-dimensional planar space.
In the two-dimensional extended model (Fig. 3), the physi-
cal panel of the fluid antenna is defined as a rectangular re-
gion with dimensions W A X W_A, on which N, XN =N

discrete virtual ports are uniformly arranged. Accordingly, the

total

single spatial index is extended to a two-dimensional coordi-
nate pair (m, n). Under the assumption of isotropic scattering,
be-

tween any two ports still follows the zeroth-order Bessel func-

the microscopic spatial correlation coefficient p,

.(m'.n")

tion of the first kind, but its argument is replaced with the two-
dimensional Euclidean distance:

2 2
m —m' n-n
d(m,n),(m’,n') =2 ( N -1 W)) + (Nz -1 Wz) (15).

When the underlying hardware is extended to a two-
dimensional panel, the local detection window output by the
upper-layer perception model changes from a one-dimensional
line segment to a two-dimensional rectangular search box con-
taining K ports. For the prediction miss state, solving the ex-
pected minimum physical distance E[d; | from the unknown
global optimal port to the edge of the search box involves com-
plex two-dimensional boundary integration. Existing literature
usually adopts multivariate distribution tools such as Copula
theory for accurate planar correlation modeling®', but the high
analytical complexity of Copula-based methods is not applicable
to the cross-layer joint optimization problem in this paper.
Therefore, the equivalent area method is adopted for dimension-
ality reduction and approximate analysis. The total area of the

two-dimensional panel is 4, = W},Wz)\z, and the equivalent to-

total

redicted anchor

1
1
1
1
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1
1
1
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Figure 3. Schematic diagram of spatial relationship for 2D FAS
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tal side length is D W .W_A. The area of the search box

total

K
with K ports is Ay = TW},WZAZ, and the equivalent inner

total

side length is Dy = JA; = NK

maining length is D

JW.W.A. When the re-

total

Dy, the expected distance from a uni-

total

1
formly distributed random point to the nearest edge is — (D

4

D). The derived two-dimensional expected minimum physical

total

. D - . .
distance E[ d;;, ]is approximated as:

EldD ]~ LE (1 - | -X

A (16).

min

4 N

total

Substituting this expected distance into the correlation enve-
lope function yields the equivalent spatial correlation factor in
the two-dimensional space:

27| d*
pfﬁ(K) = max |0, J, [mm]) (17).

A

Furthermore, the equivalent suboptimal gain under two-
dimensional conditions can also be expressed in a linear bridg-
ing form:

Zuin K) = | 2K g+ (1= [0220O[ ) 20a(K) - (19).

Via mapping based on the equivalent area method, the physi-
cal dimensions of the antenna are mathematically unified and
abstracted into a single discrete resource variable K, which de-
notes the total number of ports within the search window. Ac-
cordingly, the expected throughput objective function R(v, K)
formulated earlier and the subsequent two-stage offline-online
algorithm are formally compatible with one-dimensional and
two-dimensional FAS via this approximation.

It should be noted that the above treatment is a dimension-
reduction approximation. It neglects subtle physical character-
istics, including the azimuth offset of the two-dimensional rect-
angular window, abrupt corner gain variations, and differences
in the planar distribution of multipath arrival angles, leading
to a precision gap compared with the rigorous model for two-
dimensional planar FAS. Full-dimensional precise modeling
for two-dimensional topologies, optimization of the aspect ratio
and shape of rectangular windows, and dedicated joint sched-
uling algorithms tailored to two-dimensional spaces can be
systematically investigated as independent research directions
in future work.

3 Joint Optimization Problem Formulation
To maximize the communication efficiency of embodied intel-
ligent agents during the execution of highly dynamic tasks, this

24 ZTE COMMUNICATIONS
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paper focuses on optimizing the underlying fluid antenna adap-
tive sensing mechanism. In practical operational scenarios for
embodied intelligence, the agent’ s instantaneous moving speed
v is strictly governed by high-level mechanical navigation and
motion planning. Meanwhile, the prediction accuracy p, of the
environmental perception model fluctuates in real time due to
physical conditions such as local illumination and occlusions.

Therefore, from the perspective of the physical-layer commu-
nication link, the variable pair (v, p,) is not a decision-control
variable that can be actively tuned by the communication sys-
tem; instead, it represents instantaneous state variables deter-
mined by the external environment and task requirements. Un-
der such rapidly time-varying states, the core decision-making
authority of the communication physical layer lies in flexibly ad-
justing the local search window size K of the FAS. Given the sys-
tem channel bandwidth B and local average received SNR vy,
the long-term expected effective throughput over a single com-
munication cycle under the current instantaneous state (v, p,) is
defined as the objective function. The joint optimization prob-
lem P1 is formulated as follows:

R(Klv,py)=n(v,K)- B -
P1: max _ _
K [p(K)Cy, + (1 = p(K))C, (K]
s.t. Cl: Kz, < T, (v)
C2: Kef{l,2,---,N}

(19).

3.1 Offline Decoupling of Spatial Channel Expectation

The objective function consists of two components. The con-
stant C,;, denotes the expected channel capacity when the glob-
ally optimal antenna port is successfully captured within the
search window. The variable €, (K) denotes the conditional
expected capacity under prediction miss, which is bounded by
the Bessel-based spatial correlation envelope and increases with
K as the window edge approaches the true optimal port. The
time-ratio factor n(v,K)=1-7,K/T,(v) characterizes the
fraction of the coherence time remaining for data transmission
after pilot sounding.

Constraint C1 is the timing constraint, which guarantees that
the pilot sounding overhead is strictly less than the current
channel coherence time. Constraint C2 restricts the search win-
dow to a positive integer that does not exceed the total number
of physical antenna ports V.

3.2 Coupling Structure of the Objective Function

Problem P1 is a one-dimensional discrete nonlinear program-
ming problem subject to hard timing constraints. Although the
decision variable is a single scalar K, the objective function ex-
hibits a coupled structure in which three physical mechanisms
evolve with K in opposing directions:

* Time-ratio factor 17(v, K ): monotonically decreasing with K,

since window expansion increases pilot time consumption and
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reduces the time available for effective data transmission.

* Sensing hit probability p(K ): monotonically increasing with
K, since a larger window statistically raises the probability of
covering the true optimal port.

* Miss-state expected capacity C, . (K): monotonically in-
creasing with K, since window expansion shortens the physical
distance between the search boundary and the true optimal port,
thereby elevating the equivalent Bessel spatial correlation factor
and the local suboptimal gain.

The product of the decreasing time-ratio factor and the in-
creasing spatial gain term creates a competing structure that
generally favors an intermediate window size. However, because
the spatial gain term further involves the nonlinear bounded hit
probability function p(K), the Bessel-based correlation factor in
Cc

precise shape depends on system parameters and may exhibit lo-

wiee (K), and Monte-Carlo-smoothed statistical expectations, its
cal fluctuations. A rigorous analytical proof of global unimodal-
ity or quasi-concavity is therefore not available. Numerical ex-
periments across the parameter range considered in this study
consistently indicate a predominantly unimodal trend (i.e., the
throughput first increases and then decreases with K), which
provides a heuristic basis for the gradient-based search algo-
rithm developed in Section 4. The algorithm further mitigates
the risk of local irregularities through heuristic anchor initializa-
tion and early termination.

Since the underlying integral operator of the objective func-
tion has no explicit closed-form analytical solution, and the en-
vironmental state (v, o) switches frequently in real time, di-
rectly evaluating all candidate windows online induces severe
latency. This motivates the low-complexity algorithm design in
the following section.

4 Algorithm Design

To address the non-convex nature of the optimization problem
and the stringent constraint of ultra-short coherence time for em-
bodied intelligent agents, this paper proposes a two-stage algo-
rithm framework termed “offline spatial expectation decoupling
and online discrete zeroth-order tracking”. This framework
offloads computationally intensive electromagnetic statistical in-
tegration to the offline phase, while adopting a discrete ZO gra-
dient algorithm to accomplish adaptive optimization with mini-
mal computational overhead during the online phase.

4.1 Offline Decoupling of Spatial Channel Expectation

Based on the ergodicity assumption of wireless channels, the
spatial fading probability density function of multipath channels
follows a time-invariant distribution within a broad class of
physical scenarios (e.g., rich-scattering environments). Accord-
ingly, the intricate statistical integration operations can be fully
decoupled from real-time motion states.

Offline precomputation of the algorithm is implemented on a
ground server. Given the system physical parameters and refer-

ence SNR vy, we generate NV, sample realizations of Clarke’s

sim
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isotropic scattering multipath channel, then compute the ex-

pected hit upper bound C,, corresponding to the global extreme

hit
point of the system. Next, we traverse all candidate search win-
dows K € {1,--+, N}, and compute the array of bridged expected
(K) with the equivalent

Bessel spatial correlation factor incorporated. To eliminate spu-

capacities under miss conditions C, .
rious numerical peaks (ripples) induced by finite Monte Carlo
sampling, a moving average filter is applied to the one-
K) to restore smoothness.

miss (

dimensional array C,

Upon completion of offline computation, the system only
needs to transmit one scalar value and a one-dimensional array
of length NV to the on-board memory of the agent. In this way, the
integral operator B, [-] embedded in the objective function is de-
coupled and converted into an algebraic memory lookup with
(1) computational complexity.

4.2 Online Algorithm Based on Discrete ZO Gradient

During task execution by the agent, high-frequency fluctua-
tions of the instantaneous state (v, p,) cause the unimodal opti-
mal point K~ of the objective function to drift continuously. This
algorithm adopts the discrete ZO gradient ascent method to real-
ize microsecond-scale adaptive tracking without exhaustive
global search and state-space quantization errors inherent to
conventional large lookup tables.

Prior anchor initialization: A heuristic starting point is con-
structed based on perception confidence. When p,, is large, the
optimal solution tends to correspond to a small search window.
The initial point is defined as:

K(*urr= maX(],I_N'(] _p()).BJ) (20)7
where B denotes a tuning constant.

Z0 two-sided difference estimation: At the current iterate
K.... single-step perturbations are applied to its left and right
discrete neighbors. The lightweight objective function is evalu-

ated to obtain R(K_,, — 1), R(K_,.), and R(K_,,, + 1). The dis-

crete gradient is approximated via central difference:

curr curr

_1)

N K
VKR - curr curr (21).

Adaptive step sizing and early termination: The estimated gra-
dient is normalized adaptively in magnitude to guide the search
window toward the extremum with dynamic step sizes. Benefit-
ing from the unimodal property of the objective function, the op-
timization process is considered to have reached the global
R(K,.)>R(K,,-1) and R(K,,)=>
R(K,,. + 1). A hard stopping criterion is then activated to out-

curr

maximum  once
put the optimal K" .

The execution logic of the online phase is summarized in Al-
gorithm 1.

Algorithm 1. Online Adaptive Tracking via Discrete ZO Gradi-
ent Ascent
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Input: Instantaneous state vector (v,p,), pre-computed offline

1---N |, learn-

miss [

constant C,,, pre-computed offline array C
ing rate W, tuning constant £.
1:  Calculate coherence time bound: T, = 1/( f,,, + f.v/c)

2:  Calculate maximum permissible window constraint:
K,.=|T./7,]

3:  ifK,, <1 then

4: return Exception (Velocity exceeds physical tracking limit)

5: endif

6:  Initialize heuristic anchor:

K. = max(l,min(Kmax,\_N . (1 - Po) ) ,BJ))

7: for iter = 1 to Maxlter do
8: Define discrete neighborhood:
Ky = max (1K, — 1), Ky, = min (K, K., + 1)
9: Evaluate R(K,;,), R(K,,,), and R(K ;) using
decoupled algebraic components
10: if R(K,,,)> R(K,;)and R(K,,) > R(K,,,) then
11: K'=K,,
12: break
13: end if
14: Estimate discrete central difference gradient:
15: ifK,,, == lthen VR = R(K,, ) - R(K,,,).
16: elseif K, = K, _then VR =R(K, )- R(K,,)
17: else ViR = (R(K,,,) - R(K,;))/2
18: end if
19: Compute adaptive step size: step = round(p - V «Roo)
20: Update current window:
K., = max ( 1, min ( K. ...K..+ step) )
21:  end for

Output: Optimal search window size K*

4.3 Time Complexity and Real-Time Performance Analysis

To verify the feasibility of the proposed framework under the
hard real-time communication constraints of embodied intelli-
gence, this section conducts an asymptotic complexity analysis
from both temporal and spatial dimensions.

1) Spatial complexity analysis

In terms of storage overhead, the system decouples complex
physical integration from macroscopic environmental states,
eliminating the need for the agent’ s on-board terminal to store
massive multi-dimensional state grids required by the conven-
tional lookup table (LUT) method. The online optimization only
permanently retains one constant of expected upper bound C,
and a one-dimensional expected array C_. [ K] of length N in
memory. Accordingly, the spatial complexity of the system is
bounded by OQ(N ) , and its RAM footprint imposes nearly negli-
gible load on on-board tiny NPUs or microcontrollers.

2) Temporal complexity and real-time performance analysis

If the conventional exhaustive global search is adopted, the
system must evaluate all N candidate windows within each com-
munication cycle, resulting in an online time complexity linear
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in the number of antenna ports, namely (N ). This approach
incurs severe latency when deployed for large-scale fluid an-
tenna systems. By contrast, the discrete ZO tracking framework
proposed in this paper achieves a significant reduction in com-
putational overhead:

 Complexity of single function evaluation: Benefiting from of-
fline expectation decoupling, computationally expensive integra-
tion and Bessel series calculations are removed from the online
objective function. Each single evaluation of R(K) merely in-
volves constant-level algebraic multiplication-addition opera-
tions and an (1) memory lookup.

* Convergence complexity of optimization iterations: The ZO
gradient iteration is hard-constrained within a predefined maxi-

mum iteration count /. Moreover, owing to the inherent uni-

modal property of the objective function, combined with heuris-
tic anchor initialization and an early stopping mechanism, the
actual number of iterations required by the algorithm is gener-
ally much smaller than 1 .

Hence, the worst-case time complexity of online adaptive

. Since I is a constant bound inde-

optimization is (1, ) s
pendent of the antenna scale N, the algorithm achieves com-
plete decoupling from system size in the asymptotic sense.
When deployed on mainstream on-board computing hardware,

complexity runs on a

max )

the optimization procedure with O(1
sub-microsecond timescale, which is much shorter than the
millisecond-scale coherence time limit T, (v) induced by the
Doppler shift in highly dynamic scenarios. This characteristic
fully satisfies the hard real-time communication requirements
for high-frequency autonomous operation of embodied intelli-
gent agents.

5 Simulation Results and Analysis

This section validates the performance of the proposed em-
bodied intelligence-aided FAS algorithm. The key parameter
settings are specified as follows: carrier frequency f, = 2.4 GHz,
total number of antenna ports N = 100, antenna length W = 2,
number of multipath components M = 20, pilot time consump-
tion per port 7, and prediction accuracy of the EAI perception
model p,,.

5.1 Analysis of Effective Throughput and Overhead Catas-
trophe Avoidance

As illustrated in Fig. 4, theoretically, the optimal window
size K" that maximizes the effective throughput R increases as
Tys Po» OF v decreases. The rise in the agent’ s moving speed v
and the growth of single-port pilot overhead 7, jointly squeeze
the system’ s available time budget. As shown in the partial
enlarged view for 7, = 0.05 ms, the throughput R drops to zero
at K = 80 under v = 30 m/s, which corresponds to the over-
head catastrophe.

A higher prediction accuracy p, eliminates the necessity of
selecting K sampling points around the predicted position for pi-
lot transmission to expand fault tolerance. According to the ini-
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Figure 4. Simulation results of R versus K: (a) 7, = 0.01 ms, p, = 0.25 (b) 7, = 0.01 ms, p, = 0.55 (¢) 7, = 0.01 ms, p, = 0.9; (d) 7, = 0.05 ms, p, = 0.2;
(e) 7, = 0.05ms, p, = 0.5; (f) 7, = 0.05ms, p, = 0.9

tialization formula K, = max (1 R |_N (1 =py)- BJ) in the pro-
posed algorithm, the initial sensing window size exhibits a
negative correlation with the prediction accuracy p, of the EAI
perception model. Under poor sensing conditions, the algo-
rithm adaptively anchors the starting point to a region with
larger K to compensate for sensing degradation by exploiting
spatial diversity gains.

5.2 Adaptive Regulation of Optimal Window and Percep-
tion Accuracy Gain

Fig. 5 plots the variation of R against v under diverse operat-
ing conditions, where the three curves correspond to the pro-
posed algorithm, the fixed-window scheme with K = 20, and the
exhaustive global search with K = N, respectively. Simulation
results reveal that in low-mobility scenarios with low pilot over-
head, the channel coherence time is sufficiently long. Conven-
tional scanning schemes can attain full spatial diversity gains
and deliver decent system performance, exhibiting marginal per-
formance gaps compared with the proposed algorithm. Neverthe-
less, as v and 7 rise, the throughput of traditional approaches
drops sharply and eventually falls to zero beyond a certain veloc-
ity threshold, namely the overhead catastrophe. In contrast, the
algorithm developed in this paper dynamically shrinks the
search window K according to the moving velocity. At the cost of
a slight loss in maximum spatial diversity gain, it significantly

reduces pilot overhead time, thereby sustaining high and stable
throughput even in highly dynamic operating regions.

Fig. 6 reveals the adaptive mechanism of the system. The
adaptive window adjustment reflects the tradeoff between spatial
domain gain and time domain overhead. When the perception
accuracy p, is low, the system expands the search window K~ to
obtain spatial diversity gain to compensate for sensing degrada-
tion. When an increase in moving velocity v leads to temporal
compression, the system adaptively shrinks the search window
to guarantee valid transmission duration. Under conditions of ex-
tremely high moving velocity or extremely high perception accu-
racy, the system tends to select a smaller optimal window and
eventually converges to single-point prediction. This indicates
that in high-mobility scenarios, the system must rely on high-
precision prediction mechanisms to fundamentally avoid the
overhead catastrophe.

5.3 Validation of Spatial Correlation Bridging Model

Fig. 7 verifies the gain boundary of the high-level perception
accuracy p, of the embodied intelligence model over underlying
wireless transmission performance. The sensitivity of throughput
to perception accuracy increases significantly with moving ve-
locity. In low-speed scenarios, the dependence of system perfor-
mance on prediction accuracy is relatively weak. In high-speed
scenarios, the channel coherence time is extremely short, and
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Figure 5. Simulation results of R versus v: (a) 7, = 0.01 ms, p, = 0.25 (b) 7, = 0.01 ms, p, = 0.5; (¢) 7, = 0.01 ms, p, = 0.9; (d) 7, = 0.05 ms, p, = 0.2;

(e) 7, = 0.05 ms, p, = 0.5; (f) 7, = 0.05 ms, p, = 0.9

Figure 6. Adaptive adjustment of optimal window size with prediction accuracy and
moving velocity: (a) 7, = 0.01 ms; (b) 7, = 0.05 ms
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spacing of fluid-state antennas, the under-
lying Bessel spatial correlation generates
a spatial spillover effect, enabling the

the system becomes highly sensitive to pilot overhead; improv-
ing perception accuracy allows the underlying fluid antenna to
complete high-confidence detection within an extremely narrow
window, thereby substantially increasing the system throughput.
As the perception accuracy continues to improve, the optimal
throughputs at different velocities rise steadily and show a con-
vergence trend. This demonstrates that a high-precision embod-
ied perception model can effectively compensate for the physi-
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conditional miss capacity to converge smoothly and non-linearly
to the theoretical upper bound C,,. This verifies the physical
rigor of the proposed bridging model.

6 Conclusions
To address the overhead catastrophe incurred by full-port

scanning of fluid antennas in highly mobile dynamic scenarios,
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this paper proposes a predictive error-tolerant window-enhanced
adaptive communication mechanism for fluid antennas. Built
upon the overhead compression capability of port prediction, the
proposed scheme compensates for prediction deviations via a lo-
cal search window, improves system fault tolerance and channel
gain under controllable overhead, and achieves a dynamic trad-
eoff between overhead and robustness.

This paper establishes a quantitative analysis model for long-
term expected throughput. It characterizes the inherent correla-
tion between prediction accuracy and window size via a nonlin-
ear hit probability function, derives a gain bridging model for
miss cases based on the zeroth-order Bessel function of the first
kind, quantifies the gain overflow effect brought by spatial chan-
nel correlation, and formulates a discrete optimization problem
subject to timing constraints. The model further reveals the dy-
namic tradeoffs among moving speed, prediction accuracy, pilot
overhead, and spatial diversity gain.

A low-complexity two-stage offline-online solving algorithm is
designed in this work. In the offline stage, multipath channel
statistical integration is decoupled from real-time motion states,
and core expected parameters are precomputed, simplifying on-
line objective function evaluation to constant-time table lookup
operations. In the online stage, discrete ZO gradient ascent
serves as the core optimization engine. Combined with heuristic
initialization and early stopping mechanisms, the algorithm real-
izes microsecond-scale adaptive tracking of the optimal window
without explicit analytical gradients. Its online time complexity
is decoupled from the total number of antenna ports, satisfying
the hard real-time communication requirements of high-
dynamic environments.

Simulation results validate the performance superiority and
adaptive mechanism of the proposed scheme: The system dy-
namically adjusts the window size according to moving speed
and prediction accuracy. It fully harvests spatial diversity gains
under low-speed conditions and automatically converges to
single-point prediction mode at high speeds, fundamentally
avoiding overhead catastrophe. Improvements in prediction ac-
curacy can further cut window overhead, and such performance
gains are particularly prominent in high-mobility scenarios.

The core model and algorithm developed herein are designed
for one-dimensional linear fluid antennas only, while two-
dimensional planar scenarios are validated within the frame-
work via dimension-reduction approximation. Future research
may extend to precise modeling of two-dimensional fluid anten-
nas, multi-agent joint channel scheduling, and dynamic adapta-
tion of prediction confidence.
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1 Introduction
eyond-fifth-generation/sixth-generation (B5G/6G) net-
works are expected to support massive low-power In-
ternet of Things (IoT) devices and ubiquitous sensing
nodes, for which both reliable data transmission and
continuous energy supply are essential. Integrated data and
energy transfer (IDET) enables wireless information and power
delivery over the same radio-frequency (RF) link, thereby ex-
tending device lifetime and reducing maintenance costs!" .
However, conventional fixed-position antenna systems have
limited capability to adapt the array geometry to user distribu-
tion and multipath propagation.

Security is another key challenge in IDET systems because
high-power energy beams may also strengthen eavesdropping
links. Physical-layer security (PLS) enhances confidentiality
by exploiting channel disparities, beamforming, and artificial
noise (AN)* °!, In secure IDET, energy signals can be reused
as AN: they are harvested by energy receivers (ERs) while in-

This work was supported in part by the Natural Science Foundation of
China (NSFC) under Grant Nos. 62571091 and 62531008.

terfering with eavesdroppers, which enables energy transfer
and secrecy protection to be jointly coordinated'.

Movable antenna (MA) technology provides an additional
spatial-control dimension for secure IDET systems” ~°. By ad-
justing antenna positions within a finite wavelength-scale re-
gion, MAs can reconfigure multipath phase superposition, en-
hance legitimate links, and weaken eavesdropping links or

U9 Therefore,

strengthen AN leakage toward eavesdroppers
MA position optimization can complement beamforming in im-
proving the minimum secrecy rate.

Existing MA studies have mainly focused on channel model-
ing, capacity analysis, channel estimation, and position optimi-

111" whereas most IDET resource-allocation works rely

zation
on fixed arrays or reconfigurable intelligent surfaces™ " Al-
though MA-assisted IDET throughput optimization was studied
in Ref. [16], secure IDET with joint information transmission,
energy transfer, and eavesdropping suppression remains insuffi-
ciently investigated. The resulting design is challenging be-
cause secrecy-rate constraints, position-dependent channels,
and antenna-spacing constraints are all nonconvex. Recent

studies have also explored practical measurement- and
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environment-aware methods for wireless coverage enhance-
ment. Power-measurement-based channel estimation was de-
veloped to support Intelligent Reflecting Surface (IRS) reflec-
tion design with reduced training and signaling overhead"”. A
three-dimensional virtual-scatterer model was further pro-
posed to reconstruct channel-gain maps from limited measure-

[18]

ments . In addition, a Reference Signal Received Power

(RSRP)-based quasi-static IRS reflection framework was in-
vestigated for low-overhead network coverage enhancement!'”),
These studies demonstrate the benefits of exploiting spatial
channel information and slowly varying reconfiguration. How-
ever, they focus on IRS-assisted coverage and do not address
the joint optimization of MA positions, information and energy
beamforming, and secrecy performance in IDET systems.

Existing secure IDET studies such as Ref. [6] optimize in-
formation and energy beamformers for fixed array responses,
whereas the MA-assisted IDET design in Ref. [16] does not
consider eavesdroppers or secrecy-rate constraints. In the con-
sidered system in this paper, the continuous MA coordinates
determine the data receiver (DR), ER, and eavesdropper (Eve)
channel responses through multipath phase shifts and are
jointly coupled with the information and energy beamformers.
Consequently, the max-min secrecy-rate design involves the
simultaneous handling of secrecy, energy-transfer, transmit-
power, movable-region, and inter-antenna spacing constraints.

Motivated by these observations, this paper studies MA-assisted
secure IDET systems and makes the following contributions.

* An MA-assisted secure IDET network model is devel-
oped, where a base station serves multiple DRs and ERs in
the presence of passive eavesdroppers. A field-response chan-
nel model is used to characterize the effect of MA positions,
and energy signals are reused as AN.

* A max-min secrecy-rate resource-allocation problem is
formulated by jointly optimizing information beamformers, en-
ergy beamformers, and MA positions subject to energy-
harvesting, transmit-power, movable-region, and minimum-
distance constraints.

e An algorithm combining semidefinite relaxation (SDR),
successive convex approximation (SCA), and alternating opti-
mization (AO) is proposed, termed the SDR-SCA-AO algo-
rithm. The beamforming subproblem is handled by semidefi-
nite relaxation and successive convex approximation, while
the MA-position subproblem is updated through iterative con-
vex approximation of the position-dependent constraints.

* Numerical results verify the convergence of the proposed
method and demonstrate the effects of transmit power, the
number of MAs, ER energy thresholds, movable-region size,

and minimum antenna distance on secrecy performance.

2 System Model

2.1 Movable-Antenna Channel Model
Consider the downlink MA-assisted secure IDET network
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shown in Fig. 1. The base station is equipped with M movable
antennas. The position of the m-th antenna is denoted by r,, =

[xm,ym]T, which is confined to a two-dimensional region C=
[—A/Z, A/2:| X [—A/2,A/2], where A denotes the side length of

the movable region. The entire antenna position set is repre-

sented as 7 = {r, }V_,. To avoid antenna collision and strong

m=1°

mutual coupling, the antenna positions are subject to the fol-
lowing constraints:

r,eC Ym,

[rn=ri], 2D, m#i o
where D is the minimum distance between any two antennas.

For any receiving node u, including a DR, an ER, or an
Eve, let L, denote the number of propagation paths. Since this
paper optimizes the transmit-side MA positions at the base sta-
tion, all angular parameters are defined at the transmit-array
side. Specifically, 6, denotes the azimuth angle of departure
of the [-th path from the base station to node u, while ¢, de-
notes the corresponding elevation angle of departure. Because
each receiving node is equipped with a single antenna, no
receive-array response is considered. The phase difference of
the [-th path relative to the reference point of the base station
is written as

pu,l(rm) = ZTqT(meingu.zcosd)u,z + ymcosd)u,l) (2),

where A denotes the carrier wavelength. The field-response
vector at the m-th MA is given by

f”(rm) = [e’p“(”»)’...’ ef'ﬂ“./,‘,(,m):|T .

By stacking the field-response vectors of all M antennas, we
obtain:

DDRI

D DRK,
REve 1

R Eve K,
" ER 1

(I —
N

s
=

0
Eve: eavesdropper
RF: radio frequency

DR: data receiver
ER: energy receiver

Figure 1. Illustration of an MA -assisted secure IDET network
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F () =[f(r)efry)] e C Y (4).

Let a, € C"™" denote the complex path-gain vector of node
u. The equivalent channel vector from the base station to node
u is then expressed as

h,(F)=F/(7)a,.

u u

—a 5 7
(lu,l ~ CN(O’BOLdu)’ l = 1’...’Lu ( )

u

where d, denotes the propagation distance, « is the path-loss ex-
ponent, and 3, is the path loss at the reference distance. It follows
from Eq. (5) that the MA positions affect the channel through ex-
ponential phase terms, and position changes on the wavelength
scale can alter the coherent superposition of multipath signals.

The channels are assumed to remain quasi-static within
each transmission block. The BS acquires the CSI of the DRs,
ERs, and Eves through pilot-assisted channel estimation. Un-
der time-division duplexing, mutually orthogonal uplink pilot
sequences are assigned to the terminals, and the correspond-
ing downlink CSI is obtained using channel reciprocity after
radio-frequency-chain calibration. The resulting channel esti-
mates are treated as perfectly known during each resource-
allocation interval.

2.2 Secure IDET Signal Model

Consider the DR set A, ={1,--,K,}, the ER set A =
{1,---,K,]}, and the Eve set £, ={1,--,K,}. For simplicity,
h, . g, and g, denote the channel vectors from the base sta-
tion to the k,-th DR, the k;-th ER, and the k;-th Eve, respec-
tively. They are all given by Eq. (5) and depend on 7. The base
station simultaneously transmits information streams and en-
ergy streams over the same time-frequency resource:

- D R
x = z wku Sk/) + 2 vkx Skx (6)’
kye £, kye Ky
where w, is the information beamformer, v, is the energy
D .
beamformer, and s, and s}:e have unit power and are mutually

independent. The energy streams act as power-carrying signals
at ERs, as AN at Eves, and as controllable interference at DRs.
The received signal-to-interference-plus-noise ratio (SINR)

at the k,-th DR is

H
D ‘ hknwkn
Vi, = " 2 " 2 ) (7).
Ei,,#k,, hknwi/) + zi,( hl"'nvik + 0-1"1)

The SINR at the k,-th Eve when it eavesdrops on the infor-
mation stream intended for DR £, is

2

|ai
E qkr: ku

Yok = H : n,|? 2 (®).
2[,,#/;,, qkl-.'wih’ + zi,e‘ qkﬁ'vi/e‘ + O-kh'

The corresponding legitimate and eavesdropping rates are

RZ‘ = log2(1 + 'yf“),

).
Ry, = logz(l + Yf,),k,,)

Considering the worst-case Eve, the secrecy rate of the k-

th DR is defined as
Ry = max{an ~ max Rf,,vk,.,’ 0} (10),

where the maximum with zero ensures a nonnegative se-
crecy rate.

2.3 IDET Receiver Structure and Energy Harvesting
Model

A separate IDET receiver architecture is adopted, in which
DRs perform only information decoding and ERs perform only
energy harvesting. For any ER j € £, let P, ; denote the total
RF power received at the input of its rectifier. This power is
contributed by both information beams and energy beams. From
Eq. (6), the RF input power of the %,-th ER can be written as

2
— H H
Pi“skk - z ‘ gkuwin + z ‘ gkkvin

i,e Xk, ipe Ky

2

(11).

A practical rectifier circuit exhibits a saturation effect. Its
energy output can be described by the nonlinear model

ofr)- 0 S Y
AT i 1+ exp[_aj(Pin,,' - bj)] I+ exp(afbf)

where (2, is the saturation power, and a; and b; are determined
by the rectifier circuit. Since 1[’]( - ) is monotonically increas-

ing with respect to P, ., the constraint ‘K( Pin’j) =k, ; can be
equivalently rewritten as
Pin,j = Pth,j’ je Ky (13),

where P ;is the equivalent radio-frequency input-power thresh-
old obtained by inverting £, . In the subsequent optimization,
Eq. (13) is used to represent the energy-harvesting constraint,
thereby reducing computational complexity while preserving the
physical meaning of nonlinear energy harvesting.

3 Joint Resource Allocation for Secure
IDET

3.1 Problem Formulation

The objective is to maximize the minimum secrecy rate
among all DRs while satisfying the ER energy constraints, the
total transmit-power constraint, and the physical constraints of
MAs. The original problem is formulated as

ZTE COMMUNICATIONS | 33
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(PO): max  min R}
{w[.”)-,{v[w)a; kpe K, v

s.t. Pin.k,e > P“Lk”,

S [ S f < "

r,eC Ym,

urm—ri"2>D, Vm =1

Vg e Ky,

By introducing an auxiliary variable 7 and expanding the
worst-case eavesdropping constraint, (P0) can be reformulated as

(P1): max 7

(w,‘”}.(v,"(’.ﬁr
D E
st. RV -RE, >z, Vkyky
PinA,kR = Pth,kk’ VkR’

2
v
O EO I [
oy o
r,eC VYm,

”rm —rl." >D, Vm=#=i
2

2 (15).
<P,

Problem (P1) is nonconvex for the following reasons. First, the
secrecy-rate constraint contains a difference between two loga-
rithmic rates, and each rate further includes a fractional SINR.
Second, the beamforming variables and MA-position variables

are coupled through the channel vectors. Third, the minimum

antenna-distance constraint | r, =T, ”2 =2 D defines a noncon-

vex feasible set. Therefore, an AO framework is adopted, in
which the variables are divided into the beamforming-matrix
block and the MA-position block, and SDR and SCA are used to

handle the corresponding subproblems.

3.2 Beamforming Optimization with Fixed MA Positions
Given 7, all channel vectors are fixed. First, define the infor-

mation and energy beamforming matrices as

W, = wk”w}:), w, >0, rank(Wk”) =1,
(16).
V. = vkkv,l;, V,, >0, rank(VkR) =1
Define the channel matrices as
Hkl) = hkl)hAl?ll),
Gk,\, = gkkg/?x, (17).

Qk,; = ‘Ik,;qlli

Then ’h"w’z = Tr(hh"W), and the corresponding beam-

forming power is Tr(W ). The legitimate-link rate can be writ-

ten in the following difference-of-concave form:

R} =log,A, (W. V)~ log,B, (W, V) (18),
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where

A, = zTr(Hk“Wi”) + zTr(Hvaik) v ol

(19).
B, = > T(H W )+ STe(H,V, )+ 0l
ey o
Similarly, the Eve rate can be written as
R; , =log,C, , (W.V)~log,D, ,(W.V) (20),
where
Cur, = 200 W, )+ ZTr(QV, )+ o
" (21).

D= > Te(QW,)+ X0V, ) + ol

i,7 * k/)
Thus, the secrecy-rate difference of any DR-Eve pair is

Ry

D

- Rf,,,kh, = longk,, - longk,, - (22)
logzck,,,k,; + logsz,,,kh. .

In Eq. (22), log,A, and log,D, , are concave functions,
whereas —log,B, and —log,C, , are convex functions. This

structure leads to nonconvex constraints. Since log,(x) is con-

cave, its first-order upper bound at the n-th SCA iteration point is

x = a™

m, x>0 (23)

log,x < log,x'" +
By replacing log, B, and log,C, , with their upper bounds,

a concave lower bound of the secrecy-rate difference can be
obtained as

R\gr:,)kk = 1082‘41;,) + IngDk,ﬁkﬁ -
B, - B
10%23%2) + ku( ) |-
B h’:) In2 (24).

— )
) Ckn- kg C"'uv Ky

log,C\", +
2tk ¢\, In2

Here, B;_'l’f and C(lrl,',.)k, are computed using the solution of the
previous SCA iteration. Since R(’»",l»)k}_ < R,’:ﬁ - R/ﬁ,»kh and equal-
ity holds at the current point, joi)k, > 7 is used to guarantees
conservative feasibility.

The energy and power constraints can be expressed in
terms of the matrix variables as

zTr( CW,)+ zTr(GkRVik) > Poys Vhe

Sre(w, )+ ;Tr(VkR) <P

ky
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After removing the nonconvex rank-one constraints, the
beamforming subproblem in the n-th SCA iteration becomes

(P2): max

(W, 1.V, )7
st. RY, =7, Yk, kg,
W, >0, Yk,

V, >0, Yk,

The objective function is linear, the constraint Rﬂf’l')q)kﬁ_ =27Tisa

superlevel-set constraint of a concave function, and the remain-
ing constraints are linear matrix inequalities or linear con-
straints. Hence, (P2) is a convex semidefinite programming
(SDP) problem. If the obtained W, and V, are all rank-one ma-

trices, the beamformers can be recovered directly through the
principal eigenvectors. If high-rank solutions are obtained,
Gaussian randomization is used to generate candidate beamform-
ers, and the candidate satisfying the power and energy con-
straints while achieving the highest secrecy rate is selected.

For each high-rank SDR matrix, eigenvalue decomposition
is first performed. In each trial, an independent complex
Gaussian vector is generated and mapped through the eigenvec-
tor matrix and the square root of the eigenvalue matrix to con-
struct candidate information and energy beamformers. The can-
didates are then power-scaled and evaluated under the original
constraints. Among N trials, the feasible candidate set yield-
ing the largest original minimum secrecy rate is selected ™ 2'l,
3.3 MA Position Optimization with Fixed Beamformers

Given the information and energy beamformers, the MA po-
sitions are optimized to reconfigure the legitimate, energy-
transfer, and eavesdropping links. Define the useful signal
power and the interference-plus-noise power of any node u
with respect to the target information stream £, as

When u is a DR, h, denotes a legitimate channel; when w is
an Eve, h, denotes an eavesdropping channel. Let

A (F) =8, (F) + 1, (F),

. (28).
Bu,k,‘(r) = u,k,‘(r)
The unified rate expression is therefore
Ru,k“(f) = logZAuA,k”(f) - lOgZBu,k“(f) (29)'

The secrecy-rate difference between the k,-th DR and the

ky-th Eve is
Ry ( ) = IngAL vy ( ) - log, B, kp» ,,(;) -
) (30).
10%2 k,,,k”(r) + log, B kh,k,)(r)
According to Eq. (23), at the current iteration point 7 we have
kl) kl)( ) B A’I} kl)
log,B, 1,( ) < logz +—’
kll /fl)lnz
(31),
~ (n) k kn( ) B by, ky
10g2A4~L,/f,,(r) < longk, kT

A;';,A,”lnz

where Biﬁﬁ?k,) =B, . (r " ) and A(k" = Akwk”(f(”)). Hence, a
conservative lower bound of the secrecy-rate difference is
Ry = log, A, , (7) + log,B, , (F) -
n) + Bkl)=kr)(;) B B(k:i,)k,) _
B, n2 (32).

" A k( ) k, k,,
A, In2

log, B,

longgl:)k,,

The radio-frequency input power of the k,-th ER can be

written as

ry0 =gl @w,| +

2
> gll()n, | (33).
T
Let z = [xl,yl,---,xM,yM] denote the position vector. For
any beamformer b, define the power function as
2
poa(z) = |h(2)b] (34).

Its gradient with respect to any coordinate y € { x,,,y,,} is

a]’mb (th)

ox h b————= ox (35).
When y = «,, it follows from Eqgs. (2) = (5) that

a(r'p) Ly oo,

) x sinf, cosd,, , (36),

u : ] AP
ox m

m

where sinf, ;cosd,, ; is replaced with cosé, ; when y =y, .
Therefore, the first-order approximation of the ER input
power at the n-th iteration point is

]A“,E:)(z) = Fkk(z(")) + Vrkv(z(”))T(z - z(”)),

Fk,,(z(”)) = EVPk,ﬁww( ) EVPA v, (

i i

) (37).
Thus, the energy constraint in the current SCA iteration becomes
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Ii(z)=P,,. Yk, (38).

3

m

For the minimum antenna distance, since ”r

convex function, its first-order lower bound is

T

(n) ‘z + 2(r,("") - rg’”)) X

[(rm - ";) - (rf"”) - rf"))] > D,

Accordingly, the approximate MA-position subproblem with

r'" - rg”)

(39).
Vm #i

fixed beamformers is formulated as

(P3): max 7

2, T
st RS>z, Yk kg,
7(n)

Fik (7-) 2 Pm,k,g Yk,
r,eC Ym

Thus, (P3) is the SCA approximation problem at the current
iteration point and can be solved by standard convex optimiza-
tion tools. After an optimal solution is obtained, it is used as
the next SCA linearization point, and the iterations continue
until the objective value converges.

3.4 Overall Algorithm and Complexity Analysis

Based on the two subproblems above, an SDR-SCA-AO
joint resource-allocation algorithm is proposed for secure
IDET, as shown in Algorithm 1. The algorithm first initializes
MA positions that satisfy the region and distance constraints
and constructs feasible beamformers that satisfy the power
constraint. In each outer iteration, the beamforming SDP sub-
problem is solved with fixed MA positions, and the position
SCA subproblem is then solved with fixed beamformers. The
iterations terminate when the change in the minimum secrecy
rate is below a preset threshold.

Algorithm 1. SDR-SCA-AO joint resource allocation algo-
rithm for secure IDET

Input: Initial MA positions, initial information and energy
beamformers, convergence threshold €, and maximum number
of iterations N, . The number of Gaussian-randomization tri-
als is denoted by N

Output: Optimized information beamformers, energy beam-
formers, MA positions, and objective value 7.

1. Initialize the iteration index n = 0 and compute the ini-
tial objective value 7%,

2. Whilen <N, :

* Fix the MA positions 7",
* Construct the corresponding channel matrices H, , G, ,

and Q, .

* Solve the beamforming optimization subproblem using

SDR and SCA, and obtain {WA(AI"H 1)}, {Vé;” 1)}, and the
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(n+1)

beam *

objective value 7

D

If all W,E," *and V,E: * 1 are rank-one matrices, recover

(n+1)

the information beamformers { w) } and energy beam

(n+1)

formers {vkk } through eigenvalue decomposition; oth-

erwise, construct an approximately feasible beamform-

ing solution using Gaussian randomization.

For a high-rank solution, perform N, Gaussian-ran
domization trials, scale the candidate beamformers,
discard infeasible candidates, and retain the feasible
candidate with the highest original minimum secrecy rate.

Fix the updated information beamformers {w%* ')} and

energy beamformers {11(,'; * l)}.

Solve the antenna-positioning subproblem using SCA,
and obtain the updated MA positions 7" * " and the ob-

jective value 7" * 1),

Evaluate the candidate solution using the original ob-
jective and all original constraints. Accept the update
only if it is feasible and its minimum secrecy rate is no
lower than that of the previous accepted iterate; other
wise, retain the previous feasible solution.

o If| 7" * Y — 7| < €, terminate the loop.

e Setn < n + 1.

3. Output the final solution.

The objective-value sequence generated by Algorithm 1 is
monotonically nondecreasing. Let 7" denote the objective
value at the n-th accepted iterate. The SCA surrogate func-
tions in (P2) and (P3) are tight at the current point, and the
current solution remains feasible for the corresponding ap-
proximated problem. Solving the two subproblems and apply-
ing the acceptance criterion specified in Algorithm 1 thus

"1 > 7 Moreover, under the finite total transmit-

yields 7'
power constraint, the achievable secrecy rate is upper
bounded. Hence, {z™} is a bounded nondecreasing sequence,
and Algorithm 1 converges.

Let I, denote the number of outer AO iterations, and let [,
and [, denote the numbers of inner iterations for the beam-
forming SCA and position SCA, respectively. The beamform-
ing subproblem contains (KD + KR) positive semidefinite ma-
trices of size M X M, and its dominant complexity can be ap-
proximately expressed as

Cy = (9(((1<,,+1<R)M2)3) (41).

The dimension of the position subproblem is approximately
2M, and it contains K, K secrecy constraints, K, energy con-
straints, and M (M — 1)/2 distance constraints. Its complexity

can be roughly characterized as

¢, =0((2m)') = o(m) (42).
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Therefore, the total complexity is
O{Lo(1,Cy + 1,C,) (43).

It can be observed from Eq. (43) that the main computa-
tional burden lies in the beamforming SDP subproblem.

4 Simulation Results

To verify the effectiveness of the proposed algorithm, we
consider a downlink MA-assisted secure IDET network. The
base station is located at the origin and is equipped with M =
6 MAs. The system contains K, =2 DRs, K; = 2 ERs, and
K, = 2 Eves. The carrier wavelength is set to A = 0.1 m, the
side length of the MA movable region is A = 3A, and the mini-
mum antenna distance is D = A/2. The path-loss exponent is
a = 2.4, the reference-distance path loss is =40 dB, the noise
power is —80 dBm, and the maximum transmit power of the
base station is set to 20 dBm unless otherwise specified. The
equivalent energy threshold of each ER is set to 0.01 mW by
default. The simulation results are averaged over multiple in-
dependent channel realizations. The main parameters are
listed in Table 1.

The proposed algorithm is referred to as the MA-PLS
scheme. Three benchmarks are considered for comparison.

1) Fixed-position antenna (FPA) scheme: the BS adopts a
uniform planar array with fixed antenna positions, and only
the information and energy beamformers are optimized.

2) Without-eavesdropper (No-Eve) scheme: Eves are absent
and the PLS constraints are removed, which provides an ideal
reference without security threats.

3) FPA-No-Eve scheme: fixed antenna positions and the No-
Eve setting are both adopted, representing a conventional
IDET baseline.

These benchmarks isolate the effects of MA position optimi-
zation, PLS constraints, and energy-signal reuse as AN.

Table 1. Main simulation parameters

Parameter Meaning Value
M Number of MAs 6
K,, K, Numbers of DRs and ERs 2,2
K, Number of Eves 2
A Side length of movable region 3A
D Minimum antenna distance A2
P Transmit power 20 dBm
o’ Noise power -80 dBm
a Path-loss exponent 2.4
P, Equivalent energy threshold 0.0 mW
A Carrier wavelength 0.1 m
L, Number of propagation paths 10
W Gaussian-randomization trials 1 000

DR: data receiver ER: energy receiver ~MA: movable antenna

Fig. 2 shows the convergence behavior of the proposed algo-
rithm. The minimum secrecy rate increases rapidly in the first
few iterations and then stabilizes, indicating that the SDR-
SCA-AO framework effectively coordinates beamforming and
MA-position updates. A larger number of MAs yields a higher
converged value because more spatial degrees of freedom are
available. This behavior occurs because the early iterations
substantially improve the initial beamformers and antenna ge-
ometry, whereas the gain produced by each subsequent update
becomes smaller near convergence.

Fig. 3 shows the minimum secrecy rate versus the transmit

power, where P varies from 10 dBm to 30 dBm in steps of

2 dB. The proposed MA-PLS scheme consistently outperforms
the FPA scheme because MA position optimization provides ad-
ditional spatial degrees of freedom for enhancing legitimate

links and suppressing eavesdropping links. The additional

2.5 . — A=A =—A=

o ‘,/”‘
_; 20F /¢/ ’D‘_E_—n——EI—-I:l—m
] 4 -
v /
= X » D
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Figure 2. Convergence analysis of the SDR-SCA-AO algorithm
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Transmit power, P /dBm

FPA: fixed-position antenna  No-Eve: without-eavesdropper

MA: movable antenna PLS: physical-layer security
Figure 3. Minimum secrecy rate versus base-station transmit
power under different schemes
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transmit power benefits both desired transmission and energy-
signal-based artificial noise; the MA scheme can use its recon-
figurable geometry to direct these gains toward the DRs and in-
terference toward the Eves more effectively than the fixed array.

Fig. 4 investigates the impact of the number of MAs on
the minimum secrecy rate. Increasing the number of anten-
nas improves both beamforming flexibility and spatial recon-
figurability, leading to a higher minimum secrecy rate. The
proposed MA-PLS scheme maintains clear gains over fixed-
position benchmarks. Each additional MA contributes not
only an extra beamforming coefficient but also an optimizable
spatial coordinate, which explains the increasing advantage
over the fixed-position benchmarks.

Fig. 5 evaluates the effect of the ER energy threshold on
system performance. A higher threshold requires more power
and spatial resources for energy transfer, leaving fewer re-
sources for information transmission and secrecy enhance-
ment. Consequently, the minimum secrecy rate decreases,
while the proposed scheme remains superior to the FPA
benchmark. Although the energy signals also act as artificial
noise, a stringent ER requirement reduces the remaining
beamforming freedom; MA positioning mitigates this loss by
strengthening the ER channels and lowering the power cost of
satisfying the threshold.

Fig. 6 illustrates the influence of the normalized movable-
region side length A/A on the secrecy rate. Enlarging the
movable region provides more feasible antenna positions,
which improves channel reconfiguration and secrecy perfor-
mance. The gain gradually saturates because of the finite
transmit power and fixed network topology. A larger region al-
lows the MAs to explore more distinct multipath phase combi-
nations, whereas the saturation indicates that the performance
eventually becomes limited by the finite power budget and the
available propagation paths.

Fig. 7 shows the impact of the normalized minimum antenna
distance D/A on the achievable secrecy rate. A larger spacing
requirement reduces the feasible position region and weakens
the flexibility of array-geometry optimization, thereby decreas-
ing the minimum secrecy rate. Even under this constraint, the
proposed scheme outperforms the FPA benchmark. The larger
spacing removes some channel-favorable antenna configura-
tions from the feasible set, but the proposed scheme can still op-
timize the remaining positions jointly with the beamformers.

5 Conclusions

This paper investigated joint resource allocation for MA-
assisted secure IDET systems. By exploiting a field-response
MA channel model, energy signals were reused as AN, and a
max-min secrecy-rate problem was formulated to jointly opti-
mize information beamformers, energy beamformers, and MA
positions under practical energy-harvesting and antenna-
position constraints. An SDR-SCA-AO algorithm was devel-
oped to solve the resulting nonconvex problem. Simulation re-
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Figure 7. Minimum secrecy rate versus the normalized minimum
antenna distance D/A under different schemes

sults showed that MA position optimization and energy-signal
reuse can effectively improve the minimum secrecy rate com-
pared with fixed-position antenna benchmarks while satisfying
ER energy requirements. Future work will incorporate MA
movement-energy consumption and mechanical delay and de-
velop low-complexity online resource-allocation algorithms for
large-scale time-varying secure IDET networks.
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Abstract: Movable antenna (MA) systems can reshape the wireless channel by repositioning antenna elements in a confined region, but most
existing MA optimization methods depend on perfect channel state information (CSI). This paper studies robust joint transmit beamforming
and antenna-position optimization for a downlink multiple-input single-output (MISO) MA system with imperfect CSI. Instead of treating CSI
errors as unstructured channel perturbations, we introduce bounded uncertainties directly into physical multipath parameters, including path-
gain amplitudes and angular parameters. The resulting worst-case signal-to-noise ratio (SNR) design is approximated through discrete sam-
pling and a harmonic-mean surrogate that penalizes weak channel realizations. An alternating optimization algorithm is then developed,
where transmit beamforming is updated on the complex sphere manifold, and antenna positions are optimized via a sequential grid search.
Simulation results show that the proposed robust design yields higher SNR performance than non-robust designs and the fixed-position an-

tenna (FPA) baseline.
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1 Introduction
he rapid growth of sixth generation (6G) and next-
generation Wi-Fi services is pushing wireless systems
toward higher reliability, higher capacity, and finer
spatial control. Conventional multiple-input multiple-
output (MIMO) systems improve spatial resolution by deploy-
ing more fixed antennas, but continuous scaling of static ar-
rays increases radio-frequency hardware cost, energy con-
sumption, and site constraints. Movable antenna (MA) tech-
nology has emerged as a complementary paradigm to conven-
tional fixed-antenna architectures. Instead of solely increas-
ing the number of fixed radiators, MA systems allow antenna
elements to be repositioned within a finite local region. Such
reconfigurability introduces additional spatial degrees of free-
dom, enabling the transmitter to better exploit fine-scale
electromagnetic-field variations and mitigate unfavorable fad-
ing effects'" ).
Existing MA research has established field-response chan-
nel modeling, capacity characterization, and position optimi-
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zation methods for both continuous and sampled movement

8121 Recent studies have further expanded MA ap-

regions
plications to a wide range of wireless scenarios, including
multi-beam coverage, spectrum sharing, and integrated sens-

. o [13-19
ing and communication! I,

In parallel, hardware-aware
MA designs have been investigated by considering move-
ment delay, mechanical energy consumption, and channel-

[20-221 A Jecent survey has further provided a

map estimation
comprehensive overview of MA and other reconfigurable an-
tenna architectures for next-generation mobile communica-
tion networks'>).

However, a major practical challenge persists, as existing
MA optimization frameworks mostly rely on the assumption of
perfect channel state information (CSI). In realistic systems,
CSI is inevitably degraded by estimation errors, feedback
quantization, calibration mismatch, and tracking latency.
Since MA performance is highly dependent on the phase rela-
tionship between multipath components and antenna coordi-

nates, even small amplitude or angular errors may shift the ap-
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parent spatial peaks of the channel field. Consequently, an
antenna layout optimized for the estimated channel may suf-
fer significant performance degradation when the actual
physical parameters deviate from their nominal values. Ro-
bust MA position optimization under norm-bounded and
Gaussian channel-vector errors has recently been studied in
Ref. [24]. More broadly, robust designs for conventional wire-
less systems commonly adopt either deterministic norm-
bounded uncertainty sets to guarantee performance for all ad-

[25]

missible errors'™’, or statistical CSI-error models that control

outage probability through chance constraints and tractable

261 A globally optimal discrete

conservative approximations
MA design considering imperfect CSI and power consumption
was also investigated in Ref. [27]. These studies establish the
importance of CSI-robust transmission and MA position opti-
mization; however, their uncertainty models are mainly im-
posed on the overall channel responses at each antenna posi-
tion and do not explicitly preserve the structured depen-
dence of the MA channel on physical path gains and angles.

To address this issue, this paper focuses on robust antenna
position optimization with CSI uncertainty of the physical mul-
tipath parameters. Specifically, bounded uncertainty sets are
considered for path-gain amplitudes, elevation angles, and azi-
muth angles. Under this structured uncertainty model, we for-
mulate a robust joint beamforming and antenna-position opti-
mization problem for MA-enhanced downlink transmission.
The design objective is to maximize the worst-case signal-to-
noise ratio (SNR) over uncertain channel realizations. How-
ever, the resulting optimization problem is highly non-convex
and difficult to solve. To tackle this challenge, we propose a
harmonic-mean-based surrogate objective to approximate the
finite-scenario worst-case SNR. Furthermore, we develop an
alternating optimization algorithm that integrates Riemannian
beamforming optimization and sequential grid-based search to
optimize the transmit beamforming and antenna positions, re-
spectively. Finally, simulation results demonstrate that the
proposed robust design provides notable performance gains
over the non-robust MA designs and the fixed-position an-
tenna (FPA) benchmark.

2 System Model and Robust Formulation

2.1 Field-Response Channel Model

Consider a downlink communication system in which a base
station equipped with N movable antennas serves a single user
terminal equipped with an FPA, as shown in Fig. 1. The n-th
MA is located at ¢, = [xn, yn]Tin a two-dimensional movement
region C,. The aggregate antenna-position matrix is T =
[£,,65,*,t5]. To maintain physical feasibility and reduce se-
vere mutual coupling, each antenna must remain in C, and any
tn - tm

two antennas must satisfy |

D

, =D, for n.# m, where

represents the minimum allowable antenna spacing. The

min

' with

transmit beamforming vector is denoted by w in C**
[| w ||§ = 1, and the transmit power is denoted by P,.

Under the field-response model, local antenna movement
changes the received phase of each multipath component
while the large-scale path parameters remain approximately
fixed within the small movement region. For L propagation
paths, the channel vector from the base station (BS) to the user
is modeled as:

h(T)= Y g a(T0.b) (),

where g, is the complex gain of the [-th path, and 6, and ¢, are
its elevation and azimuth parameters. The array response
a( T,Hl,qbl) contains N unit-modulus components, and the

phase of the n-th component is:
2m . .
:p,l(a,,d),) = T(x” cos 0,sin ¢, + y, sin 0,) (2),

where A denotes the wavelength.

The received signal is expressed as y = \/?t R'(T)ws + n,
where s is a unit-power information symbol satisfying
E[ls |2} =1, and n ~ C'/\/(Ol 0'2) is additive white Gaussian
noise, where o” denotes the average noise power.

The received SNR is:

%w”H(T)w (3),

o

y(w,T)=

where H(T) = h(T)R™(T).

2.2 Structured CSI Uncertainty and Robust Objective
In conventional robust beamforming, the channel is often

modeled as h = h + Ah with | Ak ||2 < €. Although conve-

nient, this unstructured perturbation does not capture how an-
gular or amplitude errors affect a position-dependent field re-
sponse. We therefore model uncertainty directly through the

Multi-MA BS User terminal

BS: base station  MA: movable antenna

Figure 1. Downlink MA -enhanced communication system
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physical path parameters. Let g, = p, exp (ja,), where p, is the
path-gain amplitude and «, is the nominal gain phase. The am-
plitude and angular parameters obey bounded intervals, i.e.,

prelprmpr] 0[O 0] o e [opm o]V @),

We assume that the gain phase is kept at its nominal
value. This assumption focuses the study on the dominant
amplitude and angular uncertainty while preserving the de-
terministic field-response structure. For a given T, we define
an uncertainty set A(T') that consists of all possible channel
covariance matrices H (T) generated by parameters satisfy-
ing Eq. (4).

The robust design objective is to maximize the worst-case
SNR over the structured uncertainty set:

. P
max  min f;wHH(T)w
wl H(T)e A(T) o
st. t,eC,Vn,

| >D
2

2
Jwll, =1.

(P1)

[ 1

n m

n#m,

min?

However, (P1) is difficult to handle because the uncertainty
set is continuous; the channel depends nonlinearly on the an-
tenna coordinates, and w and T are coupled. Therefore, a trac-
table approximation is needed.

3 Harmonic-Mean Robust Optimization

3.1 Discretization and Surrogate Objective

The continuous uncertainty set is first approximated by a fi-
nite set of representative discrete points. For each path, the
amplitude, elevation angle, and azimuth angle are uniformly
sampled inside their intervals. To avoid an exorbitant number
of discrete points, a coupled sampling strategy is adopted,
where a common index is used for amplitude, elevation, and
azimuth perturbations, and each index triplet is applied jointly
to all L paths. Specifically, let &, = {gﬁ”ﬂﬁ”,d)g“)};ﬂ denote
the S-th sampled parameter triple, and S denote the total num-
ber of sampled parameter triples. The corresponding channel

vector and covariance matrix are:
L
h(T) =" ga(T.00.01"). H(T)=h(T)RNT) (5).
=1

For the s-th representative channel realization, we define
the received channel gain as x (w,T) = w" H (T ) w.

Because P,/o” is a positive constant independent of w and
T, it is omitted in the surrogate objective without loss of opti-
mality. A direct robust objective would maximize the mini-
mum of x (w,T) over all representative channel realizations.

However, the minimum operator is non-smooth. We therefore
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adopt the following regularized harmonic mean:
-1

1< 1
HM, =| = 6 >
° Sxes(w,T)+5 (6)

to approximate the minimum, where 6 > 0 is a small posi-
tive regularization constant introduced to prevent numerical
singularities.

The harmonic mean is strongly affected by small elements,
so it penalizes the parameter triple with poor channel quality
more effectively than an arithmetic-mean objective. It is not
identical to the strict minimum; instead, it provides a smooth
robustness-promoting surrogate.

Given Eq. (6), the robust joint design problem is reformu-
lated as (P2). Fig. 2 summarizes the resulting robust optimiza-
tion flow.

s 1
£ 2 w'H(T)w + 6

(P2) s.t. tn S (:,t’ Vn,

||t”—tm||2>D n#m,

min?

2
Jwl, =1.

3.2 Alternating Optimization
The surrogate problem in (P2) remains non-convex. We
therefore adopt an alternating optimization framework, in

Original continuous max-min problem

‘ Uncertainty discretization

Finite discrete scenarios

‘ Harmonic mean surrogate

Smooth robust objective

. J
AO loop
Fixed T i Fixed w

i Manifold optimization |

Update M

Sequential update

AO: alternating optimization

Figure 2. Robust joint beamforming and MA -position optimization flow
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which the transmit beamforming vector and the antenna posi-
tions are optimized alternately while the other variable is
kept fixed.

With fixed antenna positions T, the beamforming vector is op-

timized on the complex unit sphere M = {w e C%|w ||2 = 1}.

Recall that x(wIT)=w"H(T)w denotes the received
channel power gain under the s-th representative channel real-
ization. Since maximizing the harmonic-mean objective in Eq.
(6) is equivalent to minimizing its reciprocal-sum denomina-
tor, the beamforming subproblem is implemented as:

2 1
“ 20 (wr) o "

mlnF(w T =

where k is a positive numerical scaling factor that does not af-
fect the optimal beamforming vector, and it is set as 10° in the
simulation.

The Euclidean gradient of F(w; T) supplied to the mani-
fold solver is given by:

s
V,F(w; T)=-2«k 2 H(T)w (8).
[xg( T)+ 5}

The Euclidean gradient in Eq. (8) is projected onto the tan-
gent space of the complex unit sphere to obtain the Rieman-
nian gradient as grad F(w; T)=V F(w; T)-
wRe{wHVwF(w; T)}

The beamforming subproblem is then solved using the Ri-
emannian conjugate-gradient method implemented in Manopt,
which performs the search-direction update, step-size selec-
tion, and retraction onto the complex unit sphere. The beam-
forming solution obtained in the preceding alternating optimi-
zation (AO) iteration is used as the initial point of the current
beamforming update. The inner solver terminates when the
cost reduction over two consecutive iterations is less than a
prescribed value (set as 107° in the simulation).

With fixed beamforming w, the antenna-position optimiza-
tion subproblem is solved by sequential grid search. The
movement region C, is discretized into K candidate points
q.€C, k=1, K, and the resulting grid set is denoted by
Q= {‘11"]2"""1K} .

During one antenna-position sweep, the antennas are up-
dated sequentially from n = 1 to N. When optimizing the posi-
tion of the n-th antenna, the positions of the other N - 1 anten-
nas are temporarily fixed. The feasible candidate set is con-
structed as:

min?

QS—:&S(TﬂI) = {q IS Q:”q L= D .. VYm = n} 9),

where T_, denotes the positions of all antennas except the n-th
antenna.

For each q € Q'"a‘( _"), let T

n

(q) denote the antenna-

position matrix obtained by replacing t, with ¢, while keeping

the other antenna positions unchanged. The channel matrices
H(T,(q)) s =L,
sum objective F(wlTH(q)) is evaluated. The position of the n-

S, are recalculated, and the reciprocal-

th antenna is then updated according to:

«—
tn

arg min F(w T“( )) (10).
ge (1., Ufs)

Before evaluating the feasible grid candidates, the current
position of the n-th antenna is retained as the incumbent so-
lution. Therefore, if none of the feasible candidates improves
the objective value, the antenna remains at its current posi-
tion. Each updated antenna position is immediately used
when constructing the feasible candidate set for the subse-
quent antenna. The outer loop of the alternating optimization
alternates between the manifold beamforming update and the
sequential antenna-position sweep until the relative objec-
tive change is below a tolerance or the maximum number of
iterations is reached.

The complexity of the proposed algorithm is analyzed next.
If 7, inner iterations are used for beamforming optimization,
the beamforming update costs (’)(IM,SNZ ) For the antenna po-

optimization, a full antenna-position  sweep
costs O(NKS). With I, outer iterations, the overall complex-

ity is thus given by O(1,,SN (1N + K) ).

sition

4 Simulation Results

4.1 Setup and Benchmarks

Numerical results are provided in this section to evaluate
convergence, robustness against CSI uncertainty, and scal-
ability with the number of antennas. Unless otherwise stated,
the carrier frequency is 5 GHz, the wavelength is 0.06 m, the
number of paths is L= 3, and the base-station-to-user dis-
tance is 50 m. The transmit region is a square of 4A X 4\, and
the minimum antenna spacing is A/2. Furthermore, the inter-
val bounds in Eq. (4) are generated by introducing a scaling
factor A. Specifically, let p,, 6,, and ¢, denote the estimated
amplitude, elevation angle, and azimuth angle of the [-th path,
respectively The bounds in Eq. (4) are set as 6" =6, —
A0 AP = G- A = 6
o =(1-0. lA)p,, and p"™ = (1 + 0.14) p,. It follows that a
larger value of A produces wider amplitude and angular uncer-

tainty intervals and represents more severe CSI mismatch. The
main simulation parameters are listed in Table 1.

4.2 Convergence Behavior

First, Fig. 3 presents the convergence plot of the proposed
alternating optimization algorithm in terms of the objective
function and actual received SNR with A = 1.
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Table 1. Summary of simulation parameters

Parameter Default Value
Carrier frequency (f, ) 5 GHz
Wavelength (1) 0.06 m
Default number of MAs (V) 4
Number of paths (L) 3
BS-user distance (d) 50 m
Path-loss exponent () 2.8
Transmit region (A XA) 4\ x4\
Minimum spacing (D) A2
Transmit power (P,) 46 dBm
Noise power (o7*) —44 dBm
<10 Convergence analysis
2.57 T 13.5
2.4F
2.3
© 2.2 3 ()"
E 2.1+ ;
; 20 —a— Objective ’:
;E —o—SNR =
S 5 s
1.8
1.7
1.6 w s s s . s ) 12.0
1 2 3 4 5 6 7 8 9 10

Iteration

SNR: signal-to-noise ratio

Figure 3. Convergence behavior of the proposed alternating
optimization algorithm

It is shown that the harmonic-mean surrogate objective in-
creases rapidly at the early iterations and gradually reaches
a stable plateau, verifying the effectiveness of the alternating
updates. The actual received SNR follows a similar trend,
which demonstrates that the surrogate objective provides a
reliable optimization direction for performance improvement.
Moreover, the smooth convergence behavior indicates favor-
able numerical stability, which is desirable for MA systems

to avoid unnecessary antenna movement caused by oscilla-

tory updates.

4.3 Benchmark Schemes

To comprehensively evaluate the performance of the pro-
posed algorithm, it is compared against three benchmark
schemes in the following. These benchmark schemes are se-
lected to distinguish the effects of three key factors: perfect
versus imperfect CSI, movable versus fixed antenna architec-
tures, and robust versus non-robust position optimization.

First, the Perfect-CSI+MA scheme assumes that true chan-
nel parameters are available during optimization and employs
the graph-based dynamic programming algorithm (Graph-DP)
proposed in Ref. [11] to optimize MA positions. However,
since the conventional Graph-DP algorithm was originally de-
veloped for one-dimensional linear antenna arrangements, it
cannot be directly applied to the two-dimensional planar de-
ployment considered in this study due to the increased geomet-
ric complexity. To address this, we incorporate a greedy
collision-resolution mechanism into the discrete dynamic pro-
gramming procedure, ensuring that the minimum-distance con-
straint is satisfied while pursuing high field-response values.
Its performance serves as an upper bound for the proposed
scheme and other benchmark schemes.

Second, the Imperfect-CSI+MA (Graph-DP) scheme repre-
sents a conventional non-robust MA design. It employs the
same two-dimensional Graph-DP implementation described
above. However, instead of using the true channel parameters,
this scheme is directly fed with the imperfectly estimated CSI.

Third, the Imperfect-CSI+FPA scheme acts as the tradi-
tional static-array baseline. It utilizes a fixed-position antenna
array without spatial mobility. The estimated channel vector is
constructed based on the imperfect path parameters, and stan-
dard maximum ratio transmission (MRT) precoding is then ap-
plied to align the beamforming vector with the estimated chan-
nel. For clarity, the main characteristics of the proposed
method and
Table 2.

all benchmark schemes are summarized in

4.4 Robustness Against CSI Uncertainty

Fig. 4 plots the average actual received SNR versus the CSI
error-bound scaling factor A, averaged over 100 independent
Monte Carlo realizations. In each realization, the actual eleva-
tion and azimuth angles are independently and uniformly gen-

Table 2. Summary of the proposed method and benchmark schemes

Scheme CSI Assumption Antenna Type Design Principle
Proposed robust MA Imperfect CSI Movable Harmonic-mean robust AO
Perfect-CSI+MA Perfect CSI Movable Graph-DP with true CSI
Imperfect-CSI+MA Imperfect CSI Movable Graph-DP with estimated CSI
Imperfect-CSI+FPA Imperfect CSI Fixed MRT with estimated CSI

AO: alternating optimization
CSI: channel state information
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MA: movable antenna

Graph-DP: graph-based dynamic programming algorithm
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2D performance comparison vs CSI uncertainty level
6 a R R N " N

Average actual received SNR/dB

SI+MA (Graph-DP)
SI+MA (Graph-DP)
~@— Imperfect-CSI+MA (proposed)
~ - - Imperfect-CSI+FPA (MRT)

I I L

0 01 02 03 04 05 06 07 08 09 10

CSI error bound scaling factor/A

-1

MA: movable antenna
MRT: maximum ratio transmission
SNR: signal-to-noise ratio

CSI: channel state information
FPA: fixed-position antenna
Graph-DP: graph-based dynamic
programming algorithm

Figure 4. Average actual received SNR versus CSI uncertainty level

erated within [0,m/2] and [ - m,m], respectively. The com-
plex path gains are generated according to independent circu-
larly symmetric complex Gaussian (CSCG) distributions and
normalized based on the large-scale path loss. The estimated
channel parameters are obtained by introducing bounded per-
turbations into the actual parameters. The elevation- and
azimuth-angle errors are bounded by (/12 ) A, while the rela-
tive path-gain amplitude error is bounded by 0.1A. The path
phases remain unchanged. Within each Monte Carlo realiza-
tion, the perturbation directions are fixed as A varies, and only
their magnitudes are scaled.

It should be noted that the worst-case SNR over the continu-
ous uncertainty set in (P1) is also a widely adopted perfor-
mance metric. However, in the proposed algorithm, the con-
tinuous uncertainty set is approximated by a finite number of
representative channel realizations, and the non-smooth mini-
mum operator is further replaced by the harmonic-mean surro-
gate in Eq. (6). Therefore, the proposed method promotes
worst-case robustness by assigning greater penalties to weak
channel realizations, rather than directly obtaining the exact
worst-case SNR. In view of this, the average actual received
SNR is adopted to evaluate the practical performance of the
proposed scheme.

Several observations can be made from Fig. 4. First, the
Perfect-CSI+MA (Graph-DP) scheme achieves the best SNR
performance among the considered schemes since it optimizes
the antenna positions using the true channel parameters. Sec-

ond, the Imperfect-CSI+FPA (MRT) baseline exhibits the low-

est performance across the considered uncertainty range. The
gap between the MA-based schemes and the FPA baseline
confirms the fundamental benefit of antenna mobility: spatial
movement provides additional degrees of freedom to avoid un-
favorable fading, even when CSI is imperfect.

A clear performance crossover is observed between the pro-
posed robust MA scheme and the Imperfect-CSI+MA (Graph-
DP) benchmark. In the extremely low-uncertainty regime, the
proposed robust design exhibits a marginal performance loss
compared with the non-robust Graph-DP benchmark. This is
expected because the Graph-DP scheme directly optimizes the
antenna positions according to the estimated field-response
peak when the nominal CSI is almost accurate. However, as
the uncertainty level A increases, the non-robust Graph-DP
scheme suffers from more rapid performance degradation,
whereas the proposed robust design maintains a slower decay
rate and achieves a clear SNR advantage under moderate and
severe uncertainty.

4.5 Performance Scalability with Antenna Array Size

Next, we evaluate how the performance of the proposed
scheme scales with the number of transmit antennas N. To iso-
late the impact of array size under imperfect CSI, this evalua-
tion is conducted at a fixed moderate uncertainty level of
A =0.5. In this setting, each uncertain parameter is dis-
cretized into 8 points in its interval, and the results are aver-
aged over 100 independent Monte Carlo realizations.

Fig. 5 plots the average actual received SNR as a function
of N. It is observed that all considered schemes achieve

Performance vs number of antennas (A=0.5)

T
—dh— Perfect-CSI+MA (Graph-DP)

— B Imperfect-CSI+MA (Graph-DP)
—@— Imperfect-CSI+MA (proposed) A\
@~ Imperfect-CSI+FPA (MRT)

Average actual received SNR/dB

2 4 6 8

Number of antennas, N
MA: movable antenna

MRT: maximum ratio transmission
SNR: signal-to-noise ratio

CSI: channel state information
FPA: fixed-position antenna
Graph-DP: graph-based dynamic
programming algorithm

Figure 5. Average actual received SNR versus the number of transmit
antennas at A=0.5
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higher received SNR as the number of antennas increases.
This trend is consistent with the fact that additional antennas
enhance the array gain and improve the signal-combining ca-
pability. As expected, the Perfect-CSI+MA (Graph-DP)
scheme provides the best SNR performance among the con-
sidered schemes. In contrast, the Imperfect-CSI+FPA (MRT)
baseline remains at the bottom due to the absence of spatial
mobility. The substantial gap between the FPA baseline and
the MA-based schemes further confirms that movable anten-
nas provide an important spatial degree of freedom for com-
bating fading and CSI mismatch. Furthermore, for smaller ar-
rays, such as N = 2and N =4, the proposed robust design
noticeably outperforms the non-robust Graph-DP bench-
mark. However, as NV further increases, the performance gap
between the two imperfect-CSI MA schemes gradually nar-
rows. This is because the feasible movement space becomes
increasingly crowded as N increases. The minimum-distance
constraint restricts the permissible displacement of each an-
tenna, forcing both robust and non-robust algorithms into
similar dense geometric configurations. In this regime, the
gain from position optimization becomes less dominant,
while the array gain associated with more antennas becomes
the primary source of SNR improvement.

5 Conclusions

This paper presented a robust joint beamforming and
antenna-position optimization framework for MA-enhanced
MISO downlink transmission under imperfect estimates of
path parameters. The CSI uncertainty was embedded into
physical multipath parameters, including path-gain ampli-
tudes and angular parameters. To make the continuous worst-
case SNR maximization problem tractable, the uncertainty re-
gion was sampled into finite parameter triples and optimized
through a harmonic-mean-based surrogate. An alternating opti-
mization algorithm was developed by combining Riemannian
beamforming on the complex sphere and a sequential grid
search for antenna positions.

Simulation results demonstrated stable convergence of the
proposed robust MA optimization algorithm and showed that
the proposed algorithm outperformed the non-robust MA
benchmark when uncertainty increased. Future work will con-
sider more practical aspects, including joint amplitude-phase-
angle uncertainty, movement delay, mechanical energy con-
sumption, mutual coupling, multi-user interference, and wide-
band channel models.
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1 Introduction
dvanced driver assistance systems (ADAS) have
emerged as standard equipment in most automobiles,
while autonomous driving technology is advancing

1 . .
U These systems rely on diverse sensors, in-

rapidly
cluding radar, light detection and ranging (LiDAR), and cam-
eras, to assist the driver during driving and parking. Notably,
millimeter-wave (MMW) radar exhibits significant advantages
in environmental adaptability compared to other sensors like
LiDAR and cameras, thus playing a pivotal role in automotive

autonomous and assisted driving applications'.

Furthermore,
in addition to measuring crucial parameters like the dis-
tance, speed, azimuth and elevation of targets, current 4D ra-
dars also can provide the capability of high-resolution point
cloud imaging".

However, the density of point clouds in 4D radar images is
often sparse, and the superior angular resolution of LiDAR
poses significant challenges to MMW radar. Given the limited

aperture size, it is commonly perceived that inferior angular

This work was supported in part by the National Natural Science Founda-
tion of China under Grant Nos. 62371093 and 62231006.
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resolution may hinder MMW radar’s potential to play a signifi-
cant role in future autonomous driving applications. Notably,
Tesla’ s assisted driving solutions once excluded MMW radar
from their systems, though it has been reintroduced in its lat-
est iterations™.

The indispensability of MMW radar in automotive driving
solutions hinges significantly on its ability to notably enhance
resolution. This has emerged as a prominent research focus in
the field. To enhance the resolution of MMW radar, extensive
research focused on high-resolution and high-precision
direction-of-arrival (DOA) has been conducted. Early ap-
proaches to DOA estimation relied on digital beamforming
(DBF), whose angular resolution is limited by the physical ar-
ray aperture, i.e., the Rayleigh limit”. Increasing the antenna
aperture is undoubtedly one of the most direct ways. However,
considering the costs and installation difficulties, increasing
the physical array aperture may not always be the most fea-
sible solution. Fortunately, multiple-input multiple-output
(MIMO) technology'® * offers the potential to create a large
virtual aperture without increasing costs dramatically. Specifi-
cally, time-division multiplexing (TDM) MIMO activates only
one transmit antenna element at a time and establishes signal
orthogonality in the time domain. Consequently, most commer-
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cial automotive MIMO radar devices on the market, such as
Texas Instruments’ (TT) AWR1843 and AWR2243", and NXP
Semiconductors’ TEF82xx and SAF85XX!” are based on
TDM MIMO. These devices further support multi-chip cas-
cading to enhance the aperture. For instance, the Continental
ARS540 achieves an angular resolution of 1.2° through cas-
cading four chips!"'. However, it is noteworthy that a resolu-
tion of around 1° is still insufficient, resulting in sparse point
clouds that are unable to form a distinct target contour to ef-
fectively support autonomous driving. The sparsity of these
point clouds poses challenges in accurately perceiving and
identifying objects in the environment, which is crucial for
safe and reliable autonomous driving. Similarly, synthetic ap-
erture radar (SAR)!? 14 technologies can also increase the
aperture by integrating received signals from diverse posi-
tions. However, motion errors introduce significant phase er-
rors into received signals, leading to severe degradation in
system performance. Additionally, the efficacy of SAR in
forward-looking applications is considerably constrained.

Resolution can also be improved by employing super-
resolution algorithms, such as subspace projection methods,
including multiple signal classification (MUSIC)!", estima-
tion of signal parameters via rotational invariance techniques
(ESPRIT)"® and their extensions"” ! maximum likelihood
methods (MLMs)!"” iterative adaptive approach for ampli-
tude and phase estimation (IAA-APES)?", compressed sens-
ing (CS) ' 2 and neural network-based approaches™'.
Overall, these algorithms suffer from high computational
complexity to varying degrees. Operations such as matrix in-
version and eigenvalue decomposition pose significant chal-
lenges for real-time processing in automotive radar systems,
especially under cost constraints. Furthermore, the slow con-
vergence speed of IAA-APES and the parameter sensitivity
of CS-based algorithms may influence their effectiveness.

For rapidly moving vehicles, the constantly evolving sur-
rounding environment poses challenges to traditional super-
resolution algorithms. Moreover, in automotive radar sce-
narios, targets are often extended targets rather than the ideal
point ones encountered in typical DOA estimation sce-
narios™. This implies that the number of targets is unknown
and can change rapidly. Even worse, the equivalent discrete
scattering points within an extended target can exhibit signifi-
cant variations in reflection intensity at any given moment.
These characteristics introduce practical challenges for the
aforementioned algorithms. For instance, subspace projection
methods often require model selection procedures to estimate
the number of targets, while the sparsity assumption of CS-
based approaches may not hold true in such scenarios'’.

Therefore, it is imperative to examine how we can empower
MMW radar to genuinely cater to the demands of autonomous
driving. LIDAR excels in spatial scanning with narrow beams
and low sidelobes, enabling precise imaging of target edges
and contours. In contrast, MMW radar faces difficulties in

achieving distinct imaging of target contours due to its wider
beams and relatively higher sidelobe levels. For example,
Fig. 1 illustrates a common scenario in real-world automotive
radar applications. The radar is mounted on Car 1, and two ve-
hicles travel alongside each other with a specific distance in
front. Assuming each vehicle’s width is 1.5 m and the gap be-
tween them is set to 1 m, the angular values formed by the re-
flections from the edges of each vehicle are denoted by 6,, 6,,
05, and 6, respectively.

Given the distance R is 20 m, the angular values are: 6,=
-2.15°, 0,= 2.15°, 6,= 3.58°, and 6,= 7.83". Although 6, is
over 17 larger than 6,, distinguishing between a single target
and two separate targets using a high-resolution 4D radar with
0.5° angular resolution can be extremely challenging. This is
because even a 4D radar of such high resolution is incapable
of capturing all scattering points from the target vehicles, only
detecting a limited number of points, which subsequently hin-
ders accurate scene comprehension. This also demonstrates
the significance of MMW radar in target contour imaging.

Advanced radar systems with higher resolution and denser
point clouds are needed to meet the requirements of autono-
mous driving applications. The enhancement of range resolu-
tion has been greatly overlooked in previous studies, despite
its potential to help form high-density point cloud output. As
is well known, range resolution is inversely proportional to the
radar signal bandwidth. To improve range resolution, one di-
rect method is to use a large signal bandwidth. However, di-
rectly transmitting large bandwidth signals necessitates a
higher sampling rate. Therefore, large bandwidth signals are
only used in short-range radar applications, while in medium-
or long-range detection radar, the signal bandwidth is typi-
cally 100 MHz or 150 MHz, and the corresponding range reso-
lution is 1.5 m or 1 m. If a signal with a 4 GHz bandwidth sup-
ported by 77 GHz commercial devices is transmitted, the
range resolution can be improved by tens of times, and the
number of point clouds formed will also increase by tens of
times. Instead of directly transmitting a large bandwidth sig-
nal, using frequency agility transmission provides an alterna-
tive solution®® 3",

In addition, TDMA suffers from transmission energy loss
due to the fact that only one antenna is active at any moment,
and therefore the Doppler division multiple access (DDMA)
approach is proposed?®? *! Instead of achieving waveform di-

Figure 1. Automotive radar target detection
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versity in the time domain, DDMA enables the design of or-
thogonal waveforms in the Doppler domain and the transmit-
ted waveforms are modulated by multiple sets of linear phase
codes. Thus, the transmitted waveforms encoded by DDMA
are completely separated in the Doppler domain with various
Doppler offsets. An integrated TDMA-DDMA-MIMO frame-
work is proposed in Ref. [34], which combines the advantages
of both.

In this paper, a high-resolution automotive radar imaging al-
gorithm that integrates DDMA and frequency agility (FA) is
proposed. This approach achieves high resolution in the range
dimension, while utilizing DDMA to enhance emission effi-
ciency, enabling high-density point cloud output. Moreover,
most of the calculations involved can be completed using FFT,
making it highly practical for engineering implementation.
The main contributions of this work are summarized as follows:

1) An integrated DDMA-FA-MIMO framework is designed
with a simple implementation of orthogonal waveform trans-
mission, which achieves high range resolution with low sam-
pling requirements and high emission efficiency.

2) A detailed analysis is provided regarding the coupling re-
lationship between range and velocity, and a method for simul-
taneously measuring range and velocity parameters is given,
which also takes into account DDMA- and FA-related target
detection issues.

3) Based on the frequency-agile and DDMA transmission
framework, a detailed analysis is provided on the performance
characteristics of clutter echoes in the range-Doppler matrix,
as well as the principles of achieving high range resolution.

4) Extensive practical experiments with Texas Instruments
(TT) devices are carried out to further confirm and evaluate the
effectiveness of the proposed approach.

2 Signal Model

This paper presents a high-resolution approach using a
77 GHz automotive radar system applying a frequency-
modulated continuous wave (FMCW) form. We assume a
MIMO antenna system composed of N transmitting antennas
and L identical receiving antennas, and M pulses will be
transmitted in one coherent processing interval (CPI).

In the proposed DDMA-FA-MIMO FMCW radar transmis-
sion scheme, an FMCW signal with bandwidth B and duration
Lo
lated phase. For the n-th transmitter and m-th pulse, the trans-

is transmitted for each pulse, but with a different modu-

mitted signal can be represented as:

L= tsuh/2 )

sub

si(t;m) =G, - p,(m) - rect(
(1),

exp(jZTr(fO +m - Af)t) . exp(jTr,u,tz)
where ¢ denotes the time within each pulse, G, is the gain of

the n-th transmitter, f, denotes the starting frequency of the

first pulse, Af represents the frequency step between consecu-
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tive emitted pulses, ¢_, is the pulse width, B is the bandwidth

of each pulse, m denotes the m-th pulse where

m e [0, 1,00, M —

ne [1, 2,000, N], and pu represents the chirp rate of linear fre-

1], n denotes the n-th transmitter where

quency modulation (LFM) signals. Especially, the vector
p,(m) behaves as a phase modulator related to the pre-defined
n-th transmitter to ensure MIMO waveform orthogonality. The
signal transmission scheme is depicted in Fig.2.

As shown in Fig. 2, ¢,,--+,¢, are the modulated phases for
transmitters and ¢,= 0. More generally, for MIMO systems
with N transmitters, the phase modulation matrix in discrete

form can be expressed as:

pP= [Pl"'»P,,a"UPN} =

1 1 1
1 e & 2)
i(N=-1e j(N = 1Dey
e e
Frequency
Transmitter ; .
#1
B
fo .
> Time
>l
t lept
IO = s
Frequency

3 o3 x//
e f
) s Y
Transmitter N
) / /

» Time
0

ej(ew - Doy

Frequency o1 .

A T,

Pl i . /
Transmitter ¢ . /
#N o0 /

0 > Time

CPI: coherent processing interval

Figure 2. Signal transmission scheme integrating DDMA and FA
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For the m-th pulse, the modulated phase vector is the m-th
row in matrix P, and the direction of the beam is determined
by the currently modulated phase vector. DDMA can be re-
garded as a time-division phased array radar, and beams are
directed towards different directions for different pulses.

In the following, it is assumed that the consecutive se-
quences do not overlap and that there is no gap between their
transmissions. The signal received by the [-th receiver re-
flected from a moving point-like target located at 6 can be writ-
ten as:

si(tmB)=a- G, - s’;(t - T”,(t),m) (3),

where 7,,(1) denotes the time delay from the n-th transmitting
antenna to the target and then to the [-th receiving antenna.
The complex factor o includes free space attenuation, radar
cross-section (RCS), and the reflection phase of a target. Un-
der the narrowband assumption, when electromagnetic waves

T
impinge on K targets from directions 6 = [6’1,02,--~,0K] , the

echo can be more concisely expressed as

K
si(tm) = G, Doy - st = 7, (1).m) @),

k=1

where G, is the gain of [-th receiver, «, corresponds to the k-th
target (also including attenuation, RCS, and reflection phase),
and ¢} is the delay phase difference caused by the antenna el-
ement position. This can be expressed as follows under the far-

field assumption:

2w .
el = T(dn + dl)sm 0, (5),

where A = c/( So+m- Af) is the wavelength, d, are the base-

lines of the n-th transmitter and the reference element, and d,
are the baselines of the [-th receiver and the reference ele-
ment. For simplicity, a linear array is assumed and only azi-
muth 6 is considered, but the approach is also valid for 3D
space when using a 2D array in a 4D radar system.

The round-trip delay 7,,(¢) for a target with constant veloc-

ity can be represented as:

2(ry, \m -t
To.k(t) _ (rO,A + ”o.k(m Loy + t)) _
¢ (6),
2o, (m -1 + 1)

sub

Tos + p
where r,, denotes the range from the reference transmit an-
tenna (the first transmitter of the radar system) to the k-th tar-
get at the beginning of the CPL, v, is the velocity, and ¢ is the
speed of light.

Generally, MMW radars adopt the dechirp mode in the ra-
dio frequency module. By mixing the transmitted and received

signals, the de-chirped intermediate frequency (IF) signal,
which will be sampled by an analog-to-digital converter
(ADC), can be expressed as:

K
Sllll{‘(t”m) = Gl : Gn : pn(m) Eak ) e"‘p;/ )

exp( _jz"T(fo +tm - Af‘)ro,k(t)) : (7).
eXp( —jZTthTo.k(t)) :

exp( jmuz?, (1))

Unlike the signal models described in most literature, the
frequency variation of Af between adjacent pulses yields a
new phase term exp( 27 - m - AfT(,’,‘,(t)), which plays a
crucial role in achieving high range resolution.

Neglecting the last term and substituting Eq. (6) into Eq.
(7), we can get:

K
sti(tbm) =G, - G, - p,(m) zak A

k=1

2r, )

c

exp( —j27r(f0 +m - Af)

)2110’,6(m st T Z) ]
c

exp( —jZTr(fO +m - Af

) .

2y0,,v(m Lyt t)
c

2ro;
c

exp( — 2t
exp( — j2mt

Since the Doppler frequency variation caused by different
carrier frequencies is small, the Doppler frequency f,,, corre-

sponding to the k-th target is:

2v,,, _ 20, 2v,,,

~(fy +m - Af)

Sox =foT = Ao . 9).

Let fy, denote the range-dependent frequency component

corresponding to the k-th target, which is represented by:

2ro;

Srp =1 . (10).

The beat frequency signal denoted by f, is
Sow =Sri ¥ Jos (11).

In automotive radars, the Doppler frequency of the target is
typically negligible compared with the frequency resolution of
the beat signal, i.e., f, = f,/Q, where f, is the sampling fre-

quency of the beat signal and @ is the number of fast-time
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samples. Thus, we can approximate fy, = f,, without loss of
generality.

Constant phase terms and some less significant terms can
be omitted, leading to:

K
sfé(t,m) ~G G, 'p,,(m) Zak A
=1
2
exp( —j2qT(m . Af) Zo’k ) .

exp| — 27| fp, +f1u~ t
=

exp( —j2ﬂTfDJr . (m . tsub)) =

G -G, -p,(m) iak el
=

ol - Pft)

2rg,
exp( _.]‘2Tr(katsub + rMAf) : m)
’ c

Compared with the traditional signal models in Refs.
[7] and [28], the proposed model introduces a new term

exp( —jZTr(m . Af)Zr(,Tk/c) related to the frequency agil-

ity Af and the range ry,. Due to this additional term, the
Doppler frequency is coupled with range across pulses.

The received signal sit(z,m) is sampled, and then a fast
Fourier transform (FFT) is applied to each individual chirp
signal. This splits the radar echo signal into different range
gates, and the range resolution is determined by the band-
width of each pulse B. The beat frequency f,, can be mea-
sured for each target, and the range information of potential
targets can be acquired.

For total M pulses, the above procedure is repeated. Then, a
second FFT inside each single range gate is applied to the re-
sulting signal spectra. However, it is worth noting that the fre-
quency obtained by the second FFT across pulses is not the
Doppler frequency f), as it is coupled with the target distance.
After the range-dimension FFT (column-wise) and the
Doppler-dimension FFT (row-wise), the range-Doppler matrix

(RDM) is obtained.

3 Proposed Approach

3.1 Analysis of Range-Doppler Spectra

In traditional waveform diversity MIMO radar systems, the
transmitted signals from different transmitters are separated
by matched filters, and we can obtain NL. RDMs directly. How-
ever, for traditional DDMA, the signals are orthogonal in the
Doppler domain, so only L RDMs can be obtained, and each
RDM will be divided into N matrices. In other words, one tar-
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get corresponds to NV peaks in one RDM.

For example, in a typical case where two TI AWR2243
chips are cascaded, N=6 and L=8.

False peaks pose a significant issue in DDMA transmission.
The method of transmitting a segment of blank spectrum, as
shown in Fig. 3b, is a relatively simple and effective approach.
Ref. [32] provides a detailed elaboration on this issue. It
should be noted that the frequency fpn(n =1,2,--,N) ob-

tained by the second FFT across pulses is not the real Doppler
frequency f;, of the target, as it also includes the influence of
range. Therefore, for targets with the same radial velocity but
different ranges, the positions will be different.

3.2 Principles for Obtaining High-Resolution Range-
Doppler Spectra
The adopted signal processing flow is illustrated in Fig. 4.
For simplicity, a single receiving antenna is taken as an ex-
ample. After each pulse is received, the same signal is applied
to the dechirp process for all receivers, since all transmitted
signals are identical only with different modulated phases for
DDMA. As analyzed above, for each pulse, DDMA can be
viewed as a time-shared phased array radar. Therefore, the re-
ceived signal is essentially the same, with only differences in
amplitude due to the varying gain at the target location, which
is caused by the beam pattern formed by the modulated
phases between pulses. As a result, reference transmitted sig-
nals from one of the transmitting antennas can be used for the
entire dechirp process.

[ [ ] (¢ (] ([ ]
Range f,,41 f,,,z f,,,3 f;,,4 f;»,s f;‘uﬁ
Doppler

(a) Traditional modulation

Range ~fp‘l fp,z fp,3 pr Js).s fp,s

Doppler
(b) Modulation with blank spectral

Figure 3. Range-Doppler matrix of a slow-moving target with
the traditional DDMA modulation (N=6)
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modulation, a target corresponds to

Freq:lency Pulse M multiple peaks, where all the red
boxes correspond to target 1.
' Pulse 2 Pulse 3 i To illustrate the differences more
Receiver Pulse 1 /’ e clearly, the following analysis covers
(//l e three typical scenarios, including an
,/"i v ideal point target within the range
7 3 i : cell ranging from r, to r, + AR, two
0 : | » Time ideal point targets with slightly differ-
luu ' luu luu luu ent distances, and continuous ground
‘FFT FFT ‘ FFT clutter within this range cell. For
Taf\g\et 1 Ta’r,«g.et 2 these three scenarios, we compare the
] (][] [ F{FFT—>] : i range-Doppler (R-D) spectra ob-
I e _ —FFT— | NS ! tained using the traditional method of
Targe}.} — — — . ‘:‘::"_ | transmitting a chirp pulse train with
TargetZ--:g HEE Z:.:.::.:.: those of the approach using inter-
] el B pulse frequency agility. When there
— I L is a difference in the frequency di-
. = — mension of each transmitted pulse
1 0 [ T F{FET signal—for instance, when each
pulse jumps according to a frequency
FFT: fast Fourier transform Af—the resulting R-D spectrum var-
Figure 4. Diagram of signal processing ies for different radar detection sce-
narios, as illustrated in Fig. 5.
This paper focuses on improving the range resolution As shown in the figure, for an ideal
through frequency agility. Two point targets located in the stationary point target in the R-D spectrum, the range cell re-

same range cell are configured, as il-
lustrated in Fig. 4. Although two
point targets are depicted within a
single range cell in the figure, they
are indistinguishable in the range-
dimension spectrum of each pulse af-
ter the dechirping process.

The above derivation also shows
that due to the frequency agility
across pulses and the distance be-
tween the two targets, an additional
frequency value can be formed dur-
ing the FFT processing along the
pulse dimension, which is superim-
posed on the Doppler frequency of
the targets. Therefore, if the fre-
quency value resulting from the com-
bined effect of the distance difference
and the frequency hopping value is
greater than the Doppler resolution,
the two point targets will be located
within different Doppler cells after
performing two-dimensional FFT pro-
cessing, represented by the red box
(target 1) and the blue box (target 2)
in Fig. 4. Additionally, due to DDMA

Frequency
A
AR
B
Range
Sy 8
» Time
Doppler
(a) Transmitted waveform (b) Range-Doppler map of one ideal point-like target
AR AR
Range Range
Doppler Doppler
(c) Range-Doppler map of two ideal point targets (d) Range-Doppler map of continuous clutter

Figure 5. Range-Doppler spectra of typical scenarios for FA FMCW signals
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mains consistent with that of a conventional chirp signal, but
the Doppler frequency is no longer zero due to DDMA modula-
tion. Similarly, for two ideal point targets, two peaks appear in
the R-D spectrum, both exhibiting non-zero Doppler frequen-
cies at different positions in the Doppler dimension. A con-
tinuous clutter target corresponds to a continuous velocity in-
terval in Doppler cells.

These effects can be explained by the physical process of
waveform propagation. When signals are transmitted at differ-
ent frequencies, a regular phase change occurs between
pulses due to the change in pulse frequency. Performing an
FFT on the pulse dimension allows this continuous phase
change to manifest as a specific velocity value. Assuming that
the precise distance of point target a is r, the precise distance
of point target b is r;, and the starting distance of the continu-

ous clutter is r; with a distance length of AR.

3.3 Proposed Approach for High Resolution Automotive
Radar Imaging

This section describes how to obtain a high-resolution R-D
spectrum. The process begins with transmitting a sequence
of LFM pulses. Then, based on the detected target distance
information, the boundaries of the current range bin are de-
termined. Next, the corresponding Doppler channel boundar-
ies are calculated, and a judgment is made on whether Dop-
pler ambiguity exists. After that, a high-resolution range
spectrum is obtained, accounting for the presence of Doppler
ambiguity. Finally, angle estimation is performed to generate
the target contour, and the calculation process can be de-
scribed as follows:

1) Step 1: Transmit a series of M LFM pulses with a step
size of Af in the frequency hopping sequence. Perform a 2D
FFT on the resulting pulse echo data matrix to obtain the R-D
spectrum.

2) Step 2: Based on the detected target range bin i, deter-

mine the distance interval [r r ] for that range segment.

i,min? ' i,max

The calculation method is as follows:

r.=(i-1)- AR (13),

i,min

=i - AR (14),

i,max

where AR = ¢/(2B) is the range resolution corresponding to

the bandwidth B of a single pulse transmission signal.
3) Step 3: Given the boundaries of the range bin, calculate
the corresponding boundaries of the velocity interval and de-

termine the velocity channel number:

_ Af
Vimin = ri.minf‘smrl . T (15)7
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Af
Uima‘( = rimax (16)7
o ' Vf;tart : T

where f,
rent CPI processed for the velocity dimension FFT, Af is the

w18 the frequency of the first pulse within the cur-
frequency step between pulses, and T is the pulse repetition
interval.

4) Step 4: Determine the velocity channel number based on
the calculated velocity interval boundaries.

Assuming the channel numbers are counted from 0 to
M - 1, the channel numbers corresponding to the minimum
and maximum values of the velocity interval are, respectively:

q;min = \_”L;min/A”J (17),

O Y (18),

where | - | denotes the operation of rounding down to the near-
est integer.

5) Step 5: Calculate the high-resolution range profile within
the velocity interval.

Based on the obtained velocity interval numbers ¢, ., and
Gimax corresponding to the current range bin, calculate the
output of the high-resolution range profile within that veloc-
ity interval:

r, = (qi‘f ' Avlj;fsmn - T (19),

where ¢, represents the velocity channel index between g,
6) Step 6: Correct the high-resolution range profile output
when resolving velocity ambiguity.
The above formula calculates the distance value r,;, which
is valid when there is no velocity ambiguity. If velocity ambi-
guity occurs, the actual distance value should be corrected to:

= ((‘L‘,j + (namh - l)A]],W) ’ A”) Soan© T (20).

where n_

amb

represents the ambiguity order of the velocity chan-
nel. When there is no ambiguity, this value is 1. For the cur-
rent range bin, it can be determined whether the value of the
target range exceeds the maximum unambiguous range by
checking if:

n,,, = floor ( T/ T o ) (21).

When the calculated lower and upper boundaries of a range
bin differ, it is necessary to split that range bin, i.e.,
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() < () )
When this condition holds, first calculate :
namb = ﬂoor(ri,mir/rv,max) (23)'

Search for the velocity channels, and when the velocity
channel returns from M — 1 back to 0, increment the ambigu-
ity order by 1, i.e.,

My = My + 1 (24).

7) Step 7: Perform DOA estimation on the high-resolution
range spectrum.

For each received data matrix, calculate the corresponding
high-resolution R-D spectrum matrix. Perform DOA estima-
tion on the first column of this matrix, which corresponds to
the zero-velocity channel at different range dimensions. Meth-
ods such as DBF or MUSIC can be used for estimation. This
allows for an accurate description of clutter distribution in 2D
space. Since the presence of different velocities for the same
target has a positive effect on target contour imaging, the Dop-
pler spread issue of the target is not specifically addressed in
the paper. Instead, it can be processed according to the proce-
dure outlined previously.

4 Simulation and Experimental Results

First, it is verified that high resolution in the range dimen-
sion can be achieved through frequency agility between
pulses. With a radar frequency f;, of 77 GHz, a signal band-
width B of 100 MHz within a single chirp, 1 024 pulses emit-
ted, and a frequency interval Af of 3 MHz between pulses, the
range resolution calculated based on the bandwidth of a single
pulse is 1.5 m. Since the actual system verification later in
this paper uses a cascade of two TI AWR2243 commercial
chips, to ensure consistency with the actual radar system, the
simulation here also adopts a 6-transmitter 8-receiver MIMO
array, which is equivalent to a uniform linear array containing
48 elements arranged at half-wavelength intervals.

Assume that there are three ideal point targets located at
150.2 m, 150.5 m, and 151 m, respectively. If processed using
the traditional non-frequency agile pulse train mode, these
three targets would all fall within the same range cell and
could not be resolved. However, by adopting a frequency agile
pulse emission mode, the range resolution after synthesizing a
wideband signal is approximately 0.049 m, allowing for the
complete differentiation of the three targets.

In the following simulations, to closely approximate real-
world testing scenarios, the simulated objects are modeled as
extended targets, such as vehicles 5 m in length and 1.5 m in
width. These models contain a large number of randomly dis-
tributed scattering points, with random positions, reflection in-

tensities, and phases. The performance of different algorithms
is compared. Traditional angle measurement methods using
pulse trains with the same carrier frequency employ the
MUSIC algorithm. However, for the DDMA-FA-MIMO-based
algorithm, only the simplest DBF method is considered for
angle measurement. In practical applications, if the computa-
tional complexity is acceptable, some super-resolution algo-
rithms can also be integrated into this processing framework.
The range-Doppler spectrum for a single vehicle is shown in
Fig. 6.

In Fig. 7, the DDMA-FA-MIMO method generates denser
and more concentrated radar point clouds than the traditional
method, with the colorbar indicating signal reflection inten-
sity. Based on the point cloud output results, the outlines of
the vehicles can be accurately determined.

We conducted real-world verification using a radar system
consisting of two cascaded TI AWR2243 commercial chips.
The radar detection results for real-world road scenarios are

Power/dB
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200 600

Range number 0 0 Doppler number

(a) Range-Doppler spectrum for one vehicle of the proposed approach

Range number

100 200 300 400 500 600 700 800 900 1000

Doppler number

(b) Top view of range-Doppler spectrum

Figure 6. Range-Doppler spectrum and top-view imaging of
the proposed MIMO radar approach
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(c) Traditional approach employing MUSIC for DOA estimation

DDMA: Doppler division multiple access
DOA: direction-of-arrival
FA: frequency agility
MIMO: multiple-input multiple-output
MUSIC: multiple signal classification

Figure 7. Comparison of target imaging performance between
traditional method and DDMA-FA-MIMO approach
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presented in Fig. 8, where stationary pedestrians and vehicles
are clearly identified, and the imaging of various vehicles and
pedestrians at near and far distances is all very clear.

To avoid vehicle obstructions encountered during ground-
level installation, the radar was deployed on an overhead
bridge. Separate tests were performed for oncoming and reced-
ing vehicle targets, as shown in Figs. 8a and 8b. The results
reveal highly dense point-cloud outputs with well-defined tar-
get outlines. Although road surface reflections are not ideal
specular reflections, they are relatively continuous. CFAR pro-
cessing was applied to detect target contour output™ %
which effectively removed sporadic noise points. Therefore,
grass or road edges were clearly detected, while there was no
detection output for the road surface. Both moving buses and
stationary roadside vehicles have distinct contours. Fig. 8c de-
picts the ground-based radar test scenario. The size of the
point cloud envelope is related to the target’ s height, and ve-
hicle contours are significantly larger than those of motor-
cycles. These contours enable clear identification of various
road targets.

5 Conclusions

The high angular resolution of LiDAR enables it to play a
crucial role in ADAS and even autonomous driving. To en-
hance the competitive advantage of MMW radar over LiDAR,
extensive research has been conducted on improving angular
resolution. However, it is worth noting that LIDAR achieves
its high angular resolution through a very narrow emission
beam. If MMW radar could generate a very narrow emission
beam while maintaining low sidelobes, it could achieve simi-
lar effects as LIDAR does. Nevertheless, achieving such a nar-
row emission beam comes with significant costs. Currently,
MMW radar relies primarily on backend angle super-
resolution, compressed sensing, and intelligent algorithms to
achieve high angular resolution.

In practical automotive radar applications, targets are typi-
cally extended targets rather than isolated ideal point targets.
This results in many equivalent scattering points, significant
differences in the strengths of these scattering points, and
rapid dynamic changes in equivalent scattering points. These
factors limit the performance of the aforementioned algorithms
in practical applications.

Based on the analysis of practical automotive radar applica-
tion scenarios, this paper highlights the significant value of
range resolution, suggesting that the traditional challenge of
angular discrimination can be transformed into a range dis-
crimination problem. Since range resolution is directly related
to the bandwidth of the transmitted signal, and transmitting a
large signal bandwidth for medium- to long-range MMW ra-
dars significantly enhances the sampling rate, which increases
costs and is unachievable with current commercial devices.
Therefore, this paper proposes a method of pulse-dimension
frequency agility to synthesize wideband signals.
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(a) Scenario 1: approaching vehicle testing

(b) Scenario 2: departing vehicle testing

Road barrier

(c) Scenario 3: ground testing

Figure 8. Field test results of practical radar system

At the same time, to increase signal transmission efficiency,
this paper combines the frequency-agile transmission method
with the DDMA orthogonal MIMO transmission method, pro-
posing the DDMA-FA-MIMO transmission framework. It con-
ducts a detailed analysis of scenarios involving ideal single-
point and multi-point targets, as well as continuous clutter tar-
gets, under this framework. The paper elucidates the physical
mechanism of high-resolution imaging and provides the imple-
mentation process of the algorithm.

Through theoretical simulations and practical system tests
using the dual-cascaded TI AWR2243 commercial chip, the
proposed approach has been verified to generate high-density
point clouds for targets and realize preliminary imaging of tar-
get contours. These capabilities provide a solid foundation for
target recognition in ADAS and autonomous driving systems.
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Abstract: Artificial Intelligence for IT Operations (AIOps) has emerged as a critical approach for managing complex IT systems, yet its ad-
vancement has been hindered by the lack of comprehensive public datasets for evaluation. This study addresses this challenge by introduc-
ing three large-scale, real-world benchmark datasets specifically designed for AlOps research and development. We present datasets cov-
ering key AlOps scenarios: key performance indicator (KPI) anomaly detection with diverse patterns from multiple Internet companies,
multi-dimensional root cause localization with 400 labeled cases, and failure discovery and diagnosis containing 169 injected failures
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rigorous evaluation of AlOps algorithms. The practical value of our datasets has been validated through three annual AIOps algorithm com-
petitions (2018—2020), which attracted over 400 participating teams and led to numerous research publications. By providing these com-
prehensive benchmarks, our work establishes a foundation for reproducible AIOps research and facilitates fair comparison of different ap-
proaches, serving a role for AlOps analogous to that of ImageNet in computer vision.
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1 Introduction
n recent years, the growing complexity of modern IT ser-
vice architectures has made traditional manual opera-
tions and maintenance increasingly time-consuming and
prone to errors. To address this challenge, the concept
of Artificial Intelligence for IT Operations (AIOps) has
emerged to reduce manual intervention. According to Gart-
ner'', AlOps refers to the utilization of machine learning
(ML) and data mining techniques in IT operations. By com-
bining the power of big data and ML, AIOps aims to enhance
and, to some extent, replace conventional manual tasks such
as performance monitoring, anomaly detection, event correla-
tion and analysis, and incident management.
Extensive research efforts have been dedicated to various

This work was supported by ZTE Industry-University-Institute Coopera-
tion Funds under Grant No. 1A20231009003.

aspects of AlOps in the literature, such as anomaly detec-

2751 100t cause localization'® "7, failure prediction“S’m,

7] 1128291

tion
incident management™ ?’!, and resource managemen
However, a major challenge arises from the absence of pub-
licly available large-scale real-world datasets, which makes
it difficult to conduct fair comparisons of these approaches.

While these works demonstrate promising performance on
their respective private datasets, their real-world robustness
remains uncertain. Moreover, the diversity of target AIOps
systems makes it challenging to generalize approaches to
real-world applications. Consequently, AIOps represents a
convergence point between artificial intelligence research
and operations engineering, necessitating collaboration be-
tween academia and industry to access authentic data and
scenarios for research purposes.

In practice, researchers often face challenges in finding in-
dustrial partners due to the highly confidential nature of the
monitoring data used in AlOps. Consequently, the lack of
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public large-scale real-world datasets remains a significant
limitation in both AIOps research and practical application.

While there are a few public datasets available for AlOps
research, these datasets suffer from several limitations. First,
most existing datasets focus on a single AlOps scenario,
such as Yahoo S5°% for key performance indicator (KPI)
anomaly detection and the system-trace corpora generated
from the Sock Shop and TrainTicket microservice bench-
marks to evaluate MEPFLP!Y. However, AIOps encompasses
a wide range of scenarios, including KPI anomaly detection,
log anomaly detection, capacity planning, root cause localiza-
tion, and more. Evaluating multi-scenario AIOps approaches
on scenario-specific datasets individually is inadequate to
capture the holistic nature of AIOps. Second, the scale of
these datasets is limited. For instance, Yahoo Benchmark for
KPI anomaly detection consists of only hundreds of data
points. In reality, service systems often support numerous us-
ers and operate in complex architectures. Therefore, to ap-
proximate real-world conditions, datasets should be large
and diverse. Third, some datasets are synthetic rather than
real-world. Such synthetic datasets fail to accurately reflect
the behavior of actual systems, which poses risks for deploy-
ing AIOps techniques in practice. Consequently, there is a
pressing need for rich, large-scale, and real-world datasets to
facilitate the advancement of AIOps research.

To foster the development of AlOps, we have released
three large-scale, real-world datasets on GitHub*> 3. These
datasets are sourced from the production systems of our in-
dustrial partners, including Sogou, eBay, Tencent, Suning,
and China Mobile Zhejiang. Each dataset caters to a specific
aspect of AlOps: KPI anomaly detection, multi-dimensional
root cause localization, and comprehensive failure discovery
and diagnosis. Numerous studies'®'"**"*! have already uti-
lized these datasets. Furthermore, based on these datasets,
we have organized an annual AIOps algorithm competition
since 2018. We organized three AlOps algorithm competi-
tions in 2018, 2019, and 2020. These editions attracted 125,
141, and 141 teams, respectively, totaling 407 team registra-
tions and more than 1 000 participant registrations.' To en-
courage collaboration and knowledge sharing, we have pub-
licly released the solutions from the top teams'**. Moving for-
ward, we remain committed to creating and publishing new
datasets, as well as organizing the AIOps algorithm competi-
tion annually.

The main contributions of our work are summarized as
follows.

* Publication of large-scale real-world datasets: We have

released three large-scale real-world datasets®? !

, covering
essential aspects of AlOps such as KPI anomaly detection,

root cause localization for multi-dimensional data, and fail-

1 https://competition.aiops—challenge.com/home/competition
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ure discovery and diagnosis. These datasets have served as
valuable resources and have been utilized by many research
works in the field.

» Systematic dataset design and validation: Our datasets
are constructed through a well-defined methodology ensuring
data quality and comprehensive coverage of real-world sce-
narios. We have implemented a rigorous failure injection pro-
cess and provided expert labeling from domain practitioners.
The practical value of these datasets has been validated
through their use in numerous studies and annual AlOps al-
gorithm competitions.

2 Our Work

Building upon existing work'**!

, we categorize AlOps re-
search into two main areas: failure management and resource
provisioning, as illustrated in Fig. 1. Failure management fo-
cuses on minimizing the negative impact of failures, with the
ultimate goal of ensuring service availability and optimal
user experience. This area encompasses various techniques
and approaches to mitigate failure impact. Meanwhile, re-
source provisioning pertains to the allocation and optimiza-
tion of diverse resources, such as power and virtual machines
(VMs), in the context of IT service management. This aspect
of AlOps aims to effectively manage and utilize resources to
meet service demands while optimizing resource consump-
tion and costs. At present, our primary focus lies within the
domain of failure management. However, we acknowledge
that resource provisioning is an important aspect that war-
rants attention and could potentially be a focus area for our

Failure discovery

s Failure diagnosis

management

Failure prediction

AlOps

Capacity planning

Resource

Scheduling

provisioning

Workload prediction

AlOps: Artificial Intelligence for IT Operations

Figure 1. Taxonomy of AIOps research
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future work.

As depicted in Fig. 2, mean time to detect (MTTD) mea-
sures failure-discovery latency, mean time to restore (MTTR)
measures the time required to diagnose and restore services
after a failure, and mean time between failures (MTBF) mea-
sures service reliability between successive failures. To ad-
dress these limitations, we draw inspiration from ImageNet'*!
and aim to develop large-scale real-world benchmarks for
AlOps. Our initial focus is on failure management, and we
have published three related datasets. These datasets encom-
pass KPI anomaly detection (Section 3), root cause localiza-
tion for multi-dimensional data (Section 4), and failure discov-
ery and diagnosis (Section 5). In the subsequent sections, we
provide an overview of each dataset and its background.

3 KPI Anomaly Detection

In this section, we provide an overview of the background
of KPI anomaly detection, followed by a detailed descrip-
tion of the dataset we have published to facilitate research
in this area.

3.1 Background

To monitor the operational status of services and promptly
identify system failures, engineers often collect a multitude
of KPIs and analyze them to detect anomalies. Accurate KPI
anomaly detection plays a crucial role in triggering timely
troubleshooting, minimizing economic losses, and maintain-
ing a satisfactory user experience® *3¢%,

Over the years, substantial efforts have been devoted to
KPI anomaly detection. Existing approaches can be broadly
categorized into three main types: supervised methods (e.g.,
Opprentice™ and EGADS™"), unsupervised methods (e. g.,
Donut™), and semi-supervised methods (e. g., ADS®). Each
method offers unique techniques for KPI anomaly detection.

Despite these advancements, several significant chal-
lenges still impede research progress in KPI anomaly detec-

B3¢ These challenges need to be addressed to enhance

tion
the effectiveness and efficiency of anomaly detection meth-
ods in real-world scenarios.

e Various KPI patterns: KPIs exhibit diverse patterns,
which can be classified into three main categories: seasonal
(e.g., transaction volume), stable (e.g., success rate), and un-

Failure A Discovery Mitigation Failure B
% " ﬁ l%
o l

= Mean time to —>|‘— Mean time to —*|
detect (MTTD) restore (MTTR)

Mean time between
failures (MTBF)

_

Figure 2. Pipeline and key measurements in failure management

stable (e.g., CPU utilization). A successful KPI anomaly de-
tection approach should generalize well across different pat-
tern types, ensuring its applicability in various scenarios.

* Diverse KPI anomaly patterns: KPI anomalies can mani-
fest in different forms, such as spikes, dips, and jitters, repre-
senting deviations from normal behavior. Moreover, different
scenarios and components may have varying tolerance levels
towards anomalies. Therefore, an effective approach should
be capable of detecting diverse anomaly patterns and adapt-
ing to different contexts.

* Limited availability of labeled data: Obtaining accu-
rately labeled KPI data is challenging. Large-scale systems
often generate a vast number of KPIs, making it difficult to
label anomalies manually. Moreover, labeling anomalies re-
quires domain experts, further increasing the time and effort
required. Consequently, the scarcity of labeled data hampers
the construction of supervised models and the evaluation of
detection performance.

Despite the existence of numerous KPI anomaly detection
approaches, their evaluation is often limited to private datas-
ets, and the lack of large-scale real-world datasets hinders
their practical deployment in industry. Public benchmarks,
such as Yahoo S5 and the Numenta Anomaly Benchmark!*®!,
contain mixtures of real-world and synthetic or artificial series
and have substantially shorter series than Dataset A.

In reality, the KPIs in large-scale systems are numerous
and diverse. Therefore, there is a pressing need for a compre-
hensive, large-scale, and diverse KPI dataset for anomaly de-
tection. Such a dataset would enable researchers and practi-
tioners to develop and evaluate their approaches on realistic
scenarios, bridging the gap between promising research re-
sults and real-world performance.

By addressing these limitations and providing a rich data-
set for KPI anomaly detection, we aim to facilitate the devel-
opment of more effective and practical anomaly detection
techniques for real-world deployment.

3.2 Dataset

To address the aforementioned challenges, we have devel-
oped a large-scale real-world KPI anomaly detection dataset,
referred to as Dataset A. This dataset has been constructed
to encompass diverse KPI and anomaly patterns, and it pro-
vides sufficient labeled data for model training and evalua-
tion. Dataset A was collected from Sogou, eBay, Baidu, Ten-
cent, and Alibaba; Dataset B was derived from production
data at Suning; and Dataset C was collected from a produc-
tion system at China Mobile Zhejiang.

Dataset A consists of 7 KPIs, each of which has been la-
beled for anomalies by experienced engineers from these five
companies. This ensures the accuracy and reliability of the
labeled data. In Table 1, we provide some key statistics
about Dataset A, including the total number of data points,
anomaly ratio, and time span. Notably, the time span of each
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KPI in the dataset ranges from two months to seven months,
which demonstrates its large-scale nature compared with exist-
ing datasets like Yahoo™! Fig. 3 illustrates five selected KPIs
within a one-week time span from Dataset A, reflecting the di-
verse nature of the dataset.

By providing such a comprehensive dataset, we aim to fa-
cilitate research and development in KPI anomaly detection,
enabling the exploration and evaluation of novel approaches
in real-world scenarios.

Utilizing Dataset A, we organized
the inaugural AlOps algorithm chal-

Table 1. Summary of the preliminary-stage release of Dataset A

Statistic Value Range Mean
KPI series 26 - B
Data points 4 821 526 16 495 - 295 379 185 443.31
Reported anomaly - 0.01% - 4.37% 0.96%
ratio
Time span/d - 60 - 207 148.31

KPI: key performance indicator

lenge in 2018, which garnered sig-

nificant participation from both aca- z 2

demia and industry. The challenge g g me

attracted 125 teams and over 300 = £ ﬂ

participants, highlighting the strong = Mon Tue Wed Tur

interest in the AlIOps community. % M }N

Detailed information about the com- % ¥ N IW lﬁ\ i}‘\ M‘l jﬂl V }U’\ J.‘ m J/\ J“‘\ U\ w\ M M!J .J N

petition can be found on the competi- E r VAR " t [

tion website.z - Mon Tue Wed Frl Sat Sun
To evaluate the performance of £~ ‘I'U"" |

KPI anomaly detection algorithms —gé "

effectively, we introduced a novel 2~

evaluation method inspired by the

alarm delay restriction proposed in =

Donut®. This evaluation method, 2 2

which takes into account alarm de- B

lay constraints, was specifically de- =

signed for the competition. To facili- |

tate further research and develop- %

ment, we have made the evaluation é g

method available on GitHub,” al- 2

lowing researchers to assess the per-
formance of their algorithms using
the same metrics and constraints.

Since its release, Dataset A and
the associated evaluation method have been widely adopted
and referenced in various research works, including papers
such as Refs. [35 = 37, 41]. This demonstrates the utility and
impact of the dataset and evaluation method for KPI anomaly
detection.

During the competition, the best F1-score achieved by the
participating teams reached 0.821 6, showcasing the high-
quality solutions for KPI anomaly detection. Moreover, the
solutions proposed by the top teams have been publicly
shared,*

among researchers and practitioners.

allowing for further analysis and collaboration

As shown in Table 2, Dataset A demonstrates several ad-
vantages compared to existing benchmarks in KPI anomaly

2 https://competition.aiops—challenge.com/home/competition/ 1484452272200032281
3 https://github.com/iopsai/iops/tree/master/evaluation
4 https://workshop.aiops.org
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Figure 3. Some KPI examples of Dataset A

detection. With an average length of 211 969.75 data points,
Dataset A is significantly larger than other widely-used data-
sets such as WSD (36 471.00) and UCR (55 935.25), provid-
ing a more robust foundation for large-scale evaluation. Fur-
thermore, like other datasets in our comparison, Dataset A
originates from real-world data, ensuring representative
evaluation under real-world conditions.

4 Root-Cause Localization for Multi-

Dimensional Data

In this section, we first introduce the background of root
cause localization for multi-dimensional data. Then we pres-
ent our published large-scale dataset for this problem.
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Table 2. Comparison of KPI anomaly detection datasets

Table 3. Example of raw structured transaction logs

Dataset Origin Average Length  Average Anomaly Ratio
A Real 211 969.75 0.022 7
WSD Real 36 471.00 0.016
UCR Real 55935.25 0.003
TODS Real 10 000.00 0.058
Yahoo Real 1561.22 0.007
NAB Real 15 863.10 0.098

KPI: key performance indicator
NAB: Numenta Anomaly Benchmark
TODS: Time-series Outlier Detection System
WSD: Web Service Dataset

4.1 Background

To ensure close monitoring of system events, a wide range
of structured logs are generated, which contain crucial infor-
mation for diagnosing failures. These structured logs docu-
ment events and encompass multiple fields that provide de-
scriptive details. For instance, consider the example of an on-
line shopping platform that generates structured logs to re-
cord orders. In the provided example displayed in Table 3,
the Timestamp field indicates the occurrence time of the or-
der, the Amount field specifies the monetary value associ-
ated with the order, the Region field denotes the customer’s
location, and the internet service provider (ISP) field identi-
fies the network utilized by the customer.

Engineers aim to gather aggregated information from spe-
cific fields, such as the total dollar amount, to monitor the
overall status of the system. These fields, which encompass
aggregated values, are referred to as measures'®?. On the
other hand, the remaining fields that characterize events are
referred to as attributes'®” 7% '],

By grouping event-level records within a monitoring interval
by Region and ISP and aggregating Order Amount, engineers
obtain multi-dimensional data'®. Table 4 presents one result-
ing snapshot, including actual and expected order amounts,
which serves as direct input for root cause localization.

A failure in the system is indicated when the overall value
of a measure deviates from the expected value, such as a de-
crease in the total dollar amount compared to the expected
value. However, in practical scenarios, failures typically af-
fect only specific attribute combinations, resulting in abnor-

[7.471 " An attribute combination refers to a

mal measure values
subset of the entire multi-dimensional data obtained by se-
lecting records with specified attribute values, and its formal
definition can be found in existing literature>*". In Table 4,
for example, the measure values associated with {Region=
Beijing} are substantially below their expected values. Such
combinations indicate the scope of a failure and provide

clues for diagnosis.

Order . Amount .

D Timestamp (CNY) Region Isp
T001 2021.11.11 10:00:01 102 Beijing China Mobile
T002  2021.11.11 10:00:05 134 Beijing China Unicom

ISP: Internet service provider

Table 4. Aggregated data grouped by Region and ISP for root-cause lo-
calization

Region ISP Amount (CNY)  Expected Amount
Beijing China Mobile 32 64
Beijing China Unicom 64 128
Shanghai China Unicom 192 198
Guangdong China Mobile 64 62
Zhejiang China Unicom 13 13
Guangdong China Unicom 1283 1347
Shanxi China Unicom 128 141
Jiangsu China Unicom 1283 1302
Tianjin China Mobile 263 276

ISP: Internet service provider

4.2 Dataset
The majority of existing research studies on multi-

7101 ytilize propri-

dimensional data root cause localization
etary datasets for evaluation. Consequently, to advance the
field, we have developed and made publicly available a data-

B3 (referred to as Dataset B) based on real-world data ob-

set
tained from Suning Ltd., a large online shopping platform.
This dataset aims to facilitate research in this area.

Dataset B contains five attributes labeled as 1, e, ¢, p, and
| for confidentiality reasons. The measure is defined as the
average number of orders per minute. The dataset comprises
a total of 400 synthetic failures, each accompanied by
ground-truth root cause labels, spanning eight weeks. Syn-
thetic failures were used instead of real-world failures due to
the difficulty in obtaining a substantial number of production
failures with known ground-truth root causes.

The process of synthesizing failures involves six steps:

1) Anomaly injection: A time point is selected where the
overall measure values are smooth.

2) Attribute selection: A random set of m attributes (where
me {1, 2, 3, 4}) is chosen from the five available attributes.

3) Ground-truth root cause selection: n attribute combina-
tions (where ne {1, 2, 3, 4}) are randomly selected to repre-
sent the ground-truth root cause. These combinations corre-
spond to the m selected attributes.

4) Modification of measure values: The measure values of
the rows that satisfy the selected attribute combinations at
the chosen time point are modified. The modified values are

calculated using the Generalized Ripple Effect (GRE)
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method“”! with a random magnitude.

5) Addition of noise: Gaussian-distributed noise is added to
the modified rows and other rows to simulate cases where
GRE is not perfectly accurate and forecast residuals exist.

6) Synthetic failure validation: The synthetic failure is
checked against the following conditions. If any of these con-
ditions are triggered, the process returns to Step 2 to regener-
ate a failure at the same time point.

* Existence of other attribute combinations that share al-
most the same rows as the selected ground-truth attribute
combinations.

* Injection of noise that is so significant that the overall
measure value of unmodified records (from Step 3) becomes
abnormal.

Among the 400 synthetic faults, 144 faults contain 1 root-
cause attribute combination, 131 contain 2 combinations, 89
contain 3 combinations, and 36 contain 4 combinations. Fur-
thermore, 96 faults involve 1 attribute, 136 involve 2 attri-
butes, 108 involve 3 attributes, and 60 involve 4 attributes.

Utilizing Dataset B, we organized the second AIOps Chal-
lenge in 2019.° The competition attracted 141 teams and 547
participants from both academia (39%) and industry (61%).
The best-performing team achieved an F1-score of 0.959 3.
Detailed solutions proposed by the top teams have been pub-
lished in the workshop proceedings!*.

Several existing studies'®'”! have utilized the data pro-

vided by the AlOps Challenge 2019. The B0-B4 datasets re-

leased with Squeeze®

are derived from the same original
data as Dataset B and use a similar synthesis process.

As shown in Table 5, Dataset B contains 400 labeled syn-
thetic failure cases generated from production measure-
ments, whereas the RobustSpot evaluation dataset™® con-
tains 135 manually investigated real-world anomaly cases.
Both datasets have five attributes. While numerous studies
in this field rely on private datasets that cannot be indepen-
dently verified or reproduced, we introduce this dataset as a
significant contribution to the research community. The se-
vere shortage of public datasets has historically hindered re-
producible research and fair comparative evaluations in root

cause localization.

S Failure Discovery and Diagnosis

In Sections 3 and 4, we presented our datasets for KPI
anomaly detection and root cause localization for multi-
dimensional data, respectively. These datasets serve as valu-
able resources for evaluating failure discovery and diagnosis
algorithms, respectively. However, there are two important
considerations. Firstly, engineers often require end-to-end
automatic failure discovery and diagnosis. Secondly, while
root cause attribute combinations provide important clues,

5 https://competition.aiops—challenge.com/home/competition/1484446614851493956
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Table 5. Comparison of multi-dimensional data root cause
localization datasets

Dataset Origin Case Dimension
B Real 400 5
RobustSpot Real 135 5

they still necessitate further diagnosis to obtain detailed and
fine-grained root causes.

To address these considerations, we have constructed a da-
taset for benchmarking both failure discovery and fine-
grained diagnosis approaches. In this section, we provide an
overview of the problem’ s background, followed by a de-
tailed description of our dataset.

5.1 Background

A distributed system comprises multiple cooperating com-
ponents, such as load balancers, web servers, application
servers, and databases. To illustrate, we present the architec-
ture of a production distributed system called sysA at China
Mobile Zhejiang, a major Internet service provider (see
Table 4). Each vertex in the figure represents a component,
and these components can be categorized into five classes:
Oracle Service Bus (OSB), service, database (DB), Docker,
and operating system (OS).

To monitor the status of these components, engineers col-
lect various KPIs related to their performance, such as que-
ries per minute, success rate, and average response time. By
applying KPI anomaly detection techniques to these metrics,
we can identify failures within the distributed system and de-
termine which components are exhibiting abnormal behavior.
However, due to complex dependencies, a failure occurring
in a root-cause component can propagate to other compo-
nents, resulting in abnormal KPIs for those as well*.

To diagnose the failure, it is necessary to distinguish the
root cause components from the other abnormal components.
Additionally, to localize the fine-grained root causes of a fail-
ure, we need to identify the specific root cause metrics associ-
ated with the root cause components. Each component has
multiple metrics available for monitoring, such as CPU utiliza-
tion and network throughput. By identifying the root cause
metrics, such as CPU usage, we can determine that the failure
is caused by CPU exhaustion in that particular component.

In summary, our objective is to detect failures through KPI
anomaly detection, and subsequently identify the root cause
components and the specific metrics associated with the failure.

As introduced in Section 3, KPI anomaly detection has
been extensively studied. The existing approaches to identi-

31.39740.49°531 an be classified

[31,39 - 40,51 - 52]

fying root cause components[

into two categories: trace-based
149 50,531

and depen-

dency graph-base In addition, other notable ap-
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proaches aim to identify root cause
metrics. FluxRank™ formulates the
metric ranking task as a learning-to-
rank problem, where a machine
learning model is trained to rank

anomaly detection. MicroDiag

CauseRank® and CIRCAP" dis-
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5.2 Dataset

In the field of failure diagnosis,
many studies rely on private datas-
ets for evaluation, limiting the repro-
ducibility and comparability of re-
sults. While some existing works
have published datasets, such as
those by Zhou et al.*"!
ily consist of traces and do not support fine-grained failure

and Li et al.""! these datasets primar-

diagnosis. Although there are public datasets available, such
as Azure and Alibaba datasets that contain fine-grained met-
rics, they lack ground-truth information regarding failure
time points and root causes. This hinders the thorough evalu-
ation and benchmarking of failure discovery and fine-grained
diagnosis approaches.

To address this gap and provide a comprehensive bench-
mark, we have constructed and published a dataset called
Dataset C**. This dataset has already been utilized by sev-

- 38 40,58
eral existing works! -8,

By leveraging Dataset C, re-
searchers can evaluate their failure discovery and fine-
grained diagnosis techniques in a more comprehensive and
standardized way.

Dataset C is based on the architecture of sysA, as depicted
in Fig. 4. This dataset contains three types of monitoring
data: traces, KPIs, and metrics. In the dataset, user requests
are initially sent to one of the OSB components, which then
invoke other components such as service and DB. The entire
execution process of a user request is called a trace. Each
trace is recorded using spans, which represent units of work
performed by each component of the distributed system, fol-
lowing the OpenTracing specification.

An example trace is presented in Table 6, where each row

DB: database

<«— call dependencies < deployment dependencies

0SB: Oracle Service Bus

OS: operating system

Figure 4. Components and their relationships, including call dependencies (solid) and deployment de-

pendencies (dashed), in the distributed sysA

corresponds to a span. Each span has a unique identifier (id),
a parent-span identifier (pid), and a trace identifier (traceld),
which together describe the parent-child relationships within
a trace. The remaining fields record the Unix start timestamp
in milliseconds (startTime), duration in milliseconds (elapsed-
Time), response status (success), call type, and component
identifier (cmdbld). In addition to traces and KPIs, Dataset C
includes fine-grained metrics for each component.

By aggregating the attributes of spans within each compo-
nent, KPIs can be derived to reflect the overall status of each
component. The KPIs of a component, such as success rate
and average response time, can be obtained by grouping spans
based on the cmdbld field and aggregating relevant fields (e.g.,
success, elapsedTime). The system-level KPIs (i.e., KPIs of the
OSB components) are already provided in the published dataset.

In addition to traces and KPIs, the dataset also includes fine-
grained metrics for each component. These metrics can be cat-
egorized into four categories, as summarized in Table 7. These
metrics provide detailed information about the performance
and behavior of each component in the distributed system.

Using the traces, KPIs, and metrics provided in Dataset C,
researchers can evaluate and develop techniques for failure
discovery and fine-grained diagnosis realistically and com-
prehensively.

In Dataset C, we have included 169 injected failures with
their corresponding ground-truth time points and root causes.

Table 6. An example trace in the dataset

callType startTime(Unix)/ms elapsedTime/ms  success traceld id pid cmdbld serviceName
0SB 1590249600016 274 True 568385015 919979385015 None 0s_021 osb_001
CSF 1590249600025 257 True 568385015  4eba31485915 919979385015 0s_021 csf_001
RemoteProcess 1590249600026 254 True 568385015  82dad5063al5  4eba31485915  docke_ 003 csf_001
CSF: Client Service Framework OSB: Oracle Service Bus RemoteProcess: remote process call
ZTE COMMUNICATIONS | 65
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These failures span one month. Injected failures are used in-
stead of real-world failures due to the difficulty of obtaining
a large number of real-world failures with accurately labeled
root causes. In the sysA system, we have injected a total of 7
types of failures. These failure types and their descriptions
are summarized in Table 8.

In 2020, the third AIOps Challenge® was conducted based
on Dataset C, which aimed at online failure detection and di-
agnosis. The competition attracted 141 teams and 517 par-
ticipants from both academia and industry.

The challenge required participants to detect and diagnose
the injected failures in Dataset C. For each failure, teams were
allowed to submit at most two potential root-cause metrics. In
cases of container network failures (loss and delay), as
container-level network metrics were not collected, partici-
pants were asked to localize the root cause containers only.

To evaluate the submitted results, a precision score
threshold of 0.5 was used. A submission for a failure was

Table 7. Metrics collected in Dataset C

Category Metrics List

container_{thread_total, fgct, thread_idle, thread_used_pct, ses-
Docker  sion_used, thread_running, fgc, cpu_used, mem_used, fail_per-

cent}

Agent_ping, Buffers_used, CPU_{idle_pct, user_time, sys-
tem_time, iowait_time, util_pct}, Cache_used, Disk_{rd_ios,
io_util, await, avgqu_sz, svetm, wr_kbs, rd_kbs, wr_ios}, FS_
{used_space, used_pct, total_space, max_util, max_avail}, IC-

MP_ping, Incoming_network_traffic, Memory_{used_pct, used,
. available, free, available_pct, total}, Num_{of_processes, of_run-
Linux . X . .
ning_processes}, Outgoing_network_traffic, Page_{po, pi}, Pro-

cessor_{load_5_min, load_1_min, load_15_min}, Received_
{packets, errors_packets, queue}, Recv_total, Send_total, Sent_
{errors_packets, queue, packets}, Shared_memory, Swap_used_

pet, System_{wait_queue_length, block_queue_length}, Zom-

bie_Process, ss_total

ACS, AIOS, AWS, Asm_Free_Th, CPU_{free_pct, Used_Pct},
Call_Per_Sec, DFParaWrite_Per_Sec, DbFile_Used_Pct, Db-
Time, Exec_Per_Sec, Hang, LFParaWrite_Per_Sec, LF-
Sync_Per_Sec, Logic_Read_Per_Sec, Login_Per_Sec, MEM_
{real_util, Used, Total, Used_Pct}, New_{Tbs_Free_Gb,
Ths_Used_Pct}, On_Off_State, PGA_{Used_Pct, used_total},
Physical_Read_Per_Sec, Proc_{User_Used_Pct, Used_Pct}, Re-
do_Per_Sec, Row_Lock, SEQ_Used_Pect, SctRead_Per_Sec, Se-
qRead_Per_Sec, Sess_{Used_Undo, Used_Temp, Connect, Ac-
tive}, Session_pct, TPS_Per_Sec, Ths_{Used_Pct, Free_Gb},
TempTbs_Pct, Total_Ths_Size, UndoThs_Pct, Used_Ths_Size,

User_Commit, tnsping_result_time

Oracle

Redis_key_count, blocked_clients, connected_clients, evict-
ed_keys, expired_keys, instantaneous_{output_kbps, input_kb-
Redis ps, ops_per_sec}, keyspace_{hits, misses}, maxmemory,

mem_fragmentation_ratio, redis_{ping, load}, rejected_connec-
tions, total_{connections_received, commands_processed},
used_{memory_peak, cpu_sys, memory_rss, cpu_user, memory}

6 https://competition.aiops—challenge.com/home/competition/1484441527290765368
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considered valid only if met or exceeded this threshold. For
each failure, valid submissions were ranked in ascending or-
der of time to diagnose divided by the F s score (lower is
better), and a result at rank i received max(10 —i +,0)
points. The best competition score was 755 over 169 scored
failures. The public description does not specify how these
169 scored failures map to the 169 injected failures reported
for Dataset C.

This challenge provided a platform for participants to
demonstrate their skills in failure detection and diagnosis
using Dataset C, further advancing research and develop-
ment in AIOps.

As shown in Table 9, Dataset C differs from existing
benchmarks in provenance and monitoring modalities. It pro-
vides aligned traces and metrics from a production system
with injected-failure ground truth. DejaVu'®® reports 601 fail-
ures across three production systems and one open-source
benchmark, whereas Eadro”® reports 234 injection opera-
tions on two open-source testbeds. These counts are not di-
rectly comparable because the studies use different systems

Table 8. Failure injection in Dataset C

Component Injection type Description
Database Close Close the liste.ning port of the
target mnstance
Database Session limit Decrease the se.ssion limit of the
target instance
Container CPU stress (*) Stress the CPU of the target container
Container Network delay Randomly delay pacikels on the
$) target container
Randomly drop packets on th
Container  Network loss ($) andomly drop pac. cls onthe
target container
. Network delay Randomly delay packets on the target
Physical node

(%) node

Physical node  Network loss ($) Randomly drop packets on the target node

Notes: stress-ng (*) and tc ($) are injection tools.

Table 9. Comparison of failure discovery and diagnosis datasets

Dataset Origin  Cases Modality
Dataset C Real 169 Trace/Metric
DejaVu Testbed 601 Trace/Metric
Eadro Testbed 117 Log/Metric/Trace
Nezha Testbed 21 Log/Metric/Trace
SMAP, MSL  Real 105 Metric
TraceRCA  Testbed 33 Trace

MSL: Mars Science Laboratory SMAP: Soil Moisture Active and Passive
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and counting units.

6 Conclusions

AlOps has attracted significant attention from both aca-
demia and industry due to its potential. However, the lack of
publicly available real-world and large-scale datasets re-
mains a major obstacle to research progress. To address this
gap, we have published three datasets covering KPI anomaly
detection, multi-dimensional root cause localization, and fail-
ure discovery and diagnosis.

In addition, we have organized an annual algorithm compe-
tition based on these datasets, attracting numerous teams
from around the world. This competition provides a platform
for practitioners and researchers to advance AlOps tech-
niques and enhance service reliability.

Moving forward, we will continue releasing datasets cover-
ing a wider range of AIOps scenarios and plan to persist in
organizing the competition.
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Abstract: Wireless power transfer (WPT) offers a promising solution for powering distributed devices in smart cities, significantly simplifying
system complexity and accelerating urban automation. In traditional WPT systems, far-field schemes are costly, energy-intensive, and ineffi-
cient, while near-field transmission offers higher efficiency but suffers from limited distance. To address the limited transmission distance of
near-field WPT, this paper derives an electromagnetic model for WPT using reflective metasurfaces and presents the design of a high-
performance 3-bit reconfigurable intelligent surface (RIS). Based on theoretical models, we investigate the effects of phase quantization and
array size on focusing efficiency. Simulation results guide the subsequent fabrication of the RIS prototype. Experimental measurements on the

fabricated prototype validate the beam-focusing effect and evaluate the overall WPT efficiency.
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1 Introduction
ireless power transfer (WPT) enables the transfer
of electrical energy from the power source to a
load through electromagnetic waves, without physi-
cal wire connections. It offers features such as on-
demand charging, non-contact operation, safety, reliability,
and simultaneous charging of multiple devices, eliminating
cables and greatly enhancing convenience and flexibility.

WPT technology has the potential to revolutionize tradi-
tional charging methods, significantly improving the flexibil-
ity, convenience, and reliability of equipment such as electric
vehicles and smart power systems. It can drive innovation
across sectors including electric vehicles, smart grids, medical
devices, home appliances, and aerospace. At the same time, it
ensures secure and stable grid operation and enhances energy
efficiency, offering vast market potential.

Unlike electromagnetic induction charging, which only sup-
ports short-range power transfer, WPT based on radio fre-
quency (RF) energy harvesting can operate over longer dis-
tances, providing greater flexibility for power-driven de-
vices!' 2L A complete WPT system requires determining the

This work was supported by ZTE Industry-University-Institute Coopera-
tion Funds under Grant No. 1A20240000007.
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receiver’s location and adjusting the transmission system ac-
cordingly, followed by signal emission, transmission, and re-
ception. Current research on transmission systems mainly fo-
cuses on three categories: far-field RF transmitters”® ! fixed

[5-¢6]
2

antennas and energy transfer assisted by metasur-

779 However, far-field RF power transmission suffers

faces
from low efficiency and limited application scenarios. It is
heavily affected by path loss, and the electric field distribu-
tion is diffuse, resulting in low efficiency. It can only power
low-energy devices through specialized collection and process-
ing at the receiver. In contrast, near-field radiation offers
higher transmission efficiency, better meeting the functional

10121 The focusing efficiency of meta-

needs of indoor devices
surfaces depends primarily on phase control accuracy, the re-
flection loss coefficient, and phase compensation precision.
Phase quantization accuracy is limited by the unit resonator
component design. Current adjustable metasurface prototypes
commonly use PIN diodes® "' and varactor diodes"® for
phase tuning, but PIN-diode-based designs are typically lim-
ited to discrete phase states, while varactor-diode-based de-
signs may face a tradeofl between the achievable phase-tuning
range and tuning loss, requiring further improvement in trans-
mission efficiency.

Over the past two decades, research on metamaterials and
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metasurfaces has experienced explosive growth!”. Metasur-
faces are artificial materials designed to achieve electromag-
netic phenomena that are either unavailable or difficult to ob-
tain in nature. With their wave manipulation characteristics,
they are implemented as an array of specially arranged scatter-

17181 Subsequently,

ers in a two-dimensional periodic layout
the theory and applications of metasurfaces have been devel-
oped in tandem within and beyond the antenna and propaga-
1197201 " Groundbreaking work in the field of

gradient metasurfaces””, along with the manipulation of am-

tion communities

plitude and phase of incident wavefronts using nanostruc-
tures??, has sparked significant interest in the control of light
wavefronts with metasurface devices. The engineering con-
cepts of phased arrays, reflective beams, and emission arrays
have further highlighted the scientific and commercial value
of these novel devices, increasing interest in metamaterials
and metasurfaces™ >\

The transmission of microwave energy through antenna ar-
rays®® offers high efficiency, but the supporting equipment is
complex and costly due to the use of traditional antennas. En-

1 shows good perfor-

ergy focusing using a fixed metasurface
mance at a preset focusing position, but the fixed unit design
makes it difficult to achieve consistent and efficient energy
transfer when the focusing position changes. By using PIN di-
odes, 1-bit and 2-bit reflective WPT reconfigurable intelligent
surface (RIS) can be achieved!"?”. However, PIN diodes in-
troduce design complexity and limit control accuracy, which
reduces energy transfer efficiency. This paper proposes a 3-bit
RIS unit based on low-loss varactor diodes, which signifi-
cantly reduces the antenna cost and control complexity of the
approach in Ref. [26] and improves WPT efficiency compared
to lower-bit phase quantization in Refs. [11] and [27]. Com-
pared to Ref. [10], it can achieve consistent energy transfer ef-
ficiency at different focusing positions. Our research on quan-
tization accuracy and array size has guided the design of an ef-
ficient RIS for energy transmission.

In this paper, we propose a feasible and efficient WPT strat-
egy that utilizes reflective RIS to achieve near-field energy-
focused transmission. The rest of this paper is organized as fol-
lows. We discuss the efficient near-field WPT strategy using
RIS and establish a transmission efficiency model in Section 2.
Section 3 presents the design of the 3-bit RIS and simulations
of transmission efficiency based on it. We also fabricate proto-
types and present actual measurement results in Section 4. Fi-
nally, Section 5 concludes the paper.

2 RIS-Aided Near-Field WPT Framework

In WPT systems, a key metric is energy transmission effi-
ciency, which is significantly influenced by the power trans-
mission beam. This paper proposes an efficient power beam-
forming strategy that integrates the location information of the
device to be charged and the RIS. The strategy automatically
calculates and allocates high-gain near-field energy beams to

meet the energy transmission requirements across different
scenarios. Fig. 1 illustrates the application scenario of an RIS
in an indoor WPT system.

2.1 Reflective RIS and Numerical Model

In recent years, there has been growing interest in develop-
ing dynamic metasurfaces for constructing advanced recon-
figurable devices. The concept of RIS has been introduced, en-
abling real-time control over electromagnetic wave propaga-
tion. Similar to digital circuit technology, the electromagnetic
responses of metasurface elements are represented by discrete
digital codes. By modifying these code sequences, functional
control of both far-field and near-field electromagnetic behav-
ior can be achieved.

A metasurface can be defined as an array of polarizable ele-
ments that induce discontinuities in electric and magnetic
fields on both sides of the surface. The macroscopic descrip-
tion of metasurfaces aims to express these field discontinuities
as functions of the surface-averaged electric and magnetic po-
larization densities. This macroscopic approach replaces the
detailed spatial distribution of individual elements with ana-
lytical relations between the electric and magnetic fields on ei-
ther side of the surface.

The homogenization of the surface treats it as having con-
tinuous electric and magnetic polarization densities. This ho-
mogenization incorporates the unit cell’ s size, shape, and ma-
terial properties directly into these analytical relations. This
provides essential design guidance for metasurface elements.

The analytical relations linking the fields on both sides of
the surface to the homogeneous polarization densities are
known as the Generalized Sheet Transition Conditions
(GSTCs)"™. This macroscopic description allows the polariza-
tion densities to be represented using magnetizability tensors
instead of polarizability, relying only on the averaged fields.
These magnetizability tensors, much like dielectric permittiv-
ity and magnetic permeability for volumetric metamaterials,

Near-field
~—> WPT

RIS: reconfigurable intelligent surface ~ WPT: wireless power transfer

Figure 1. Application scenarios of RIS in a WPT system
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act as effective parameters for the metasurface. They depend
on the unit cell’s topology, geometry, spacing, material proper-
ties, and wavelength. The electric (P) and magnetic (M) sur-
face polarization densities can be formulated as follows:

M(x.5) = Je/u X7 E(565) + X 27 H, (7 )(1),

P(x.y) = X y) E(xy) + Jue Xo(xy)H, (2.7) (2),
where & and p are vacuum permittivity and permeability, re-
spectively; ,\Zh(x,y), for a = {e,m} and b ={e,m}, are the
electric-electric, electric-magnetic, magnetic-electric, and
magnetic-magnetic surface-averaged (or simply surface) sus-
ceptibility dyadics, which are the macroscopic quantities of in-
terest for a simple but accurate synthesis and analysis of meta-

and H

w are the surface-averaged electric and
magnetic fields, where the average is computed over a small

surfaces; E
surface area of the order of the wavelength (including one or
more unit cells depending on the setup).

Once the average reflection coefficient of the metasurface is
determined, we incorporate analytical theories of incident, re-
flected, and surface electromagnetic waves to meet various
performance requirements. This approach facilitates the deri-
vation of a general susceptibility function, which helps opti-
mize the design parameters of the unit cells®’. These analyti-
cal frameworks enable fine-tuning of the metasurface charac-
teristics to achieve desired functionalities, ensuring that it per-
forms effectively in different scenarios. The surface electro-
magnetic field results from the electromagnetic discontinuity
introduced by the metasurface structure. Its analytical expres-
sion can be derived from the Generalized GSTCs. These condi-
tions relate the fields on either side of the metasurface to the
surface polarization densities, thereby providing a framework
for understanding how the metasurface interacts with incident
electromagnetic waves and influences the fields in its vicinity.

EX (2 y) o it (2 y ) EX(xy) + s (2 y ) By (5 y) +
sit ey ) H (2 y) + i (vy) Hi(x,y)

y)+ 5 (2y ) El (v y) +
V)2 ) @

where the superscripts i, r and t denote the incident, reflected,

Hy (2, y) o 3 () EL(x,
;;,l).,)*(x’y)H (x y) + fnn(

and transmitted components of the fields, respectively;
Ew,(x, y) and Hx’),(x, y) represent the tangential components of
the electric and magnetic fields, respectively; G;’;H} {M}(x,y)

and f

(x y) derived from a matrix that depends solely

on the metasurface structure (specifically the surface magnetic
susceptibility function), express each tangential component of
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the surface electromagnetic fields on both sides of the metasur-
face as a linear combination of the tangential components of
the incident field. In the case of perfect anomalous reflection,
analyzing the reflective surface electromagnetic field provides
valuable insights for the design of broadband metasurface
structures, enabling precise control over the reflected waves
and enhancing metasurface performance.

Under the assumption of perfect anomalous reflection, con-
ditions E;(x,y) = E;,(x,y) =0and H;(x,y) = H;,(x,y) =0 ex-
ist. The calculations for E:(x, y) and H;(x, y) are based on the
conventional scenario. Here, ng’(x, y) and )(,flfn(x, y) represent
the surface-averaged electric and magnetic susceptibility func-
tions. Due to pr(x y))(mm(x y) =-4/k, the corresponding
two constitutive relations in the reflected electromagnetic field
are not linearly independent. This implies that multiple elec-
tromagnetic field transformations satisfy the constitutive rela-
tions. Considering a solution of the form H;( x,y) =
e(x,y)E;(x,y), where e(x,y) is a given function such that
E;,(x,y) and H;(x,y) satisfy Maxwell’s equations, we obtain
an explicit expression for the reflected electromagnetic field
as a function of the incident electromagnetic field under these
assumptions:

—%xfs‘(x,y)

e(wy)+

1

Ejfx.y)= Ej(x.y) -

2 22 xo(xy)

Hi(x.y) (5),
e(x’y) J2 Xee( X,y

—%e(x y)x2(xy)
e(x.y)+ 12 X2 (xy)
e(xy)

e(xy) + 2%y (x.y)

H(x,y)= Ei(xy)-

Hi(x.y) (6).

From the above expressions, the reflected electric and mag-
netic fields are represented as linear combinations of the inci-
dent electric and magnetic fields. Generally, there is cross-
coupling between the electromagnetic fields. For any given
matrix, its pseudoinverse always exists and is unique. This
means that for a given metasurface structure (represented by
the surface magnetic susceptibility function and the incident
field), one can always find the corresponding reflected and
transmitted fields. Therefore, the metasurface structure can be
reverse-engineered from the reflected field, providing guid-

ance for unit cell design.
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2.2 Near-Field WPT Strategy Using RIS

To achieve near-field energy focusing using a reflective
metasurface, a numerical model is first established to com-
pute the electric field E in the Fresnel region, assuming the
metasurface consists of [ X J reflective units, each of size px X

py- The emitting source is located at point (x/, ¥y z/») , and the

target focal point is at point (jx,f),fz) Fig. 2 shows a sche-

matic diagram of phase compensation for reflective focusing
metasurfaces.

Assuming polarization along the y-axis in the model, the
scattering E-field in the Fresnel region can be represented us-
ing the plane wave angular spectrum (PWAS) method!":

1-1J-1

E),(x,y,z) = %exp(—jkoz) . z Z{Et(xi,yj) .

i=0J=0

{len)-is(n)]-[c(n) - is(1,)]} - (7),
{le(u)=is(en]=[e(n) - is(u)])]

where k, = 2@/A is the wave number in free space, Et(xi,y]-)

is the tangential E-field at the center of each unit, and C(u)
and S(u) are the Fresnel integrals, which can be written as:

u u

C(u) = !cos(;lz)dt, S(u) = !sin(;zz)dt

_ ke [Py (M -1)p,
t, = ﬂz(2+x mp1+72
_ ko P (M-1)p,
t, = ’nz( 2+x mp, + 2 (8)
poe k(e o (N=1)p,
! m |2 Ty 2
g ko p o (V= Dp,
2 = Tz 2 y p'v 2

The representation of each unit’s E,(xi, yj) is given as follows:
Ez(xiv yj) =A; exp(jgoif) : Eo(xi»yj') X

jko/(xf_xi)z+(yf_yj)2+z/2’) ©),

exp

where A; and ¢ represent the reflection amplitude and phase
shift of the ij-th unit cell, respectively; Eo(xi,y/.) denotes the

amplitude of the incident tangential electric field from the spa-
tial source at the location of the n-th unit cell. To generate a
focused spot at the desired position, the phase shifts of all
units must align coherently at the target location.

According to electromagnetic wave propagation theory and

Ground

(i, j)-th unit

Figure 2. Schematic diagram of phase compensation for reflective focus-
ing metasurfaces

the principle of coherent beam superposition, the phase
equals the product of the wavenumber and the optical path.
The optical path difference between each unit on the reflective
focusing surface and the target focal point can be expressed as

‘?d = 7;|, as shown in Fig. 2. Assuming the reflective focusing
surface serves as the reference phase plane, the phase distri-
bution required to generate the focus is located behind the ref-
erence plane wave. Therefore, the phase distribution neces-

sary for focusing in space can be expressed as:

ﬁ"d(xnyj) = exp( - jko‘ r, - ’?z/ ) (10).

Using conventional horn-fed excitation, the amplitude dis-
tribution on the reflective focusing surface is predetermined,
as is the phase excitation distribution. When designing the re-
flective focusing surface, it is essential to account for the ini-
tial phase and amplitude distributions. Assuming the reflec-
tive focusing surface serves as the phase reference plane, the
phase distribution of the incident feed on the metasurface can
be expressed as:

gof(xi,yj) = exp(jkol?f - 7L.]. ) (11).

The required phase shift distribution for the reflective focus-
ing surface is the difference between the focusing phase distri-
bution necessary to direct the energy towards the focal point
and the initial phase distribution of the incident feed on the
metasurface. Thus, it can be expressed as:

8, (x.7,) = eulxy) = o) (12).
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By setting the feed source position, the focal point, and the
arrangement of all units on the metasurface, the phase com-
pensation can be calculated through optical path differences
and assigned to the metasurface elements. This enables en-
ergy synthesis at the desired focal point.

Using the above formulas and incorporating position infor-
mation, a phase compensation matrix can be computed. The
electric field amplitude and phase are then superimposed on
the focusing surface to simulate the energy focusing effect of
the reflective metasurface. Additionally, the impact of quanti-
zation bit depth and array aperture on focusing performance is
preliminarily explored, providing insights for subsequent ele-
ment and array design.

2.3 Quantization and Aperture Analysis

Focusing efficiency is a crucial metric that directly reflects
the effectiveness of focusing-based WPT systems. In this sec-
tion, the efficiency 7 is defined as the ratio of the total energy
P, within the focused area at the reference plane to the inci-
dent power P, from the feed source on the metasurface:

n= Py (13).

Py

The focal area is defined as the circular region on the fo-
cal plane that encompasses the point of maximum electric
field intensity and the surrounding area with an intensity
drop of 3 dB, as illustrated in Fig. 3. The total energy within
the focal area P, can be obtained by integrating the Poynting
vector over this region. Similarly, the incident power is calcu-
lated by integrating the Poynting vector over the plane of the
receiving horn antenna.

Existing research indicates that in near-field beam steering

Focal area E field/(V/m)
0
0.05 350
010 300
0.15
0.20 250
g
025 200
?
N
0.30 150
0.35
100
0.40
0.45 50
0.50
0 0.1 0.2 0.3 0.4 0.5
x-axis/m

Figure 3. Electric field distribution of the metasurface focal area
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scenarios, a 1-bit quantization scheme results in a gain reduc-
tion of approximately 3 dB"". Increasing the quantization pre-
cision with more bits can mitigate this gain loss. Thus, a
higher phase quantization resolution improves the focusing ef-
ficiency of the reflective focusing metasurface. However, the
control overhead introduced by multi-bit quantization is sig-
nificant and will substantially increase system costs. There-
fore, it is crucial to balance the number of quantization bits
against the focusing efficiency. This section illustrates this is-
sue via simulation.

We set the unit size to 25 mm X 25 mm' with an incident
wave frequency of 5.8 GHz. A 20 X 20 array forms a 0.5 m X
0.5 m aperture, with the focal point fixed at the center, 1 m
away from the metasurface. By calculating the compensation
phases for each unit, a non-quantized compensation phase
matrix is obtained. The matrix is then quantized to 1-bit, 2-
bit, 3-bit, and 4-bit precision. The strongest electric field
value at the focal point is compared for each quantization
level (Fig. 4).

From Fig. 4, as the quantization precision increases from
1 bit to 4 bit, the electric field intensity at the focal center
gradually rises (all normalized to the maximum under non-
quantized control), but the rate of increase diminishes. This in-
dicates a trend towards saturation. Specifically, increasing
from 1 bit to 2 bit improves the focal intensity by 47.6%; from
2 bit to 3 bit, by 7.4%; and the 4-bit improvement is smaller.
However, increasing the number of control bits significantly
increases control link bandwidth requirements and system
costs. After weighing performance against cost, this study
adopts a 3-bit quantization scheme.

To determine the influence of array size on focusing perfor-
mance, we simulate arrays of different sizes. Fig. 5 shows the
simulated focusing effect. In the simulations, the array sizes
are set to 10 X 10 units, 20 X 20 units, and 40 X 40 units, with
dimensions of 0.25 m X 0.25m, 0.5 m X 0.5m, and I m X 1 m,
respectively, focusing at distances of 1 m and 5 m from the
metasurface center. Since the theoretical simulations do not
account for path loss, the focused power can only be compared
at the same distance. Non-quantized phase is used as the com-
pensation phase, and the influence of the feeding path is ig-
nored, assuming the reflected power of each unit is uniform
across all array sizes.

From Fig. 5 and the focal area definition, we determine the fo-
cal spot sizes. At a focusing distance of 1 m, the focal spot sizes
for the 10 X 10, 20 X 20, and 40 X 40 arrays are 19 ¢cm X 19 c¢m,
9.5 ¢cm X 9.5 em, and 5.2 ¢em X 5.2 c¢m, respectively. At a focus-
ing distance of 5 m, the focal spot size of the 10X10 array ex-
ceeds the size of the transmitting array, while those for the 20 x
20 and 40 X 40 arrays are 48 cm X 48 cm and 23.2 ¢cm X 23.2
cm, respectively.

In practical WPT applications, the energy receiving area is
typically fixed. Reducing the focal spot size increases the re-
ceived power. However, increasing the array aperture multi-
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and the area decreased to 30% of its
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Figure 4. Phase compensation and normalized electric-field distributions: (a) non-quantized
compensation phase distribution; (b) 1-bit quantization; (c) 2-bit quantization; (d) 3-bit
quantization; (e) 4-bit quantization; (f) non-quantized electric-field distribution (reference)

plies the number of metasurface units, leading to a significant
rise in costs. Thus, it is essential to balance the final array
size against the transmission distance, aperture size, and fo-
cusing efficiency.

From Fig. 5, doubling the array size significantly reduces
the focal size. At closer distances, the large-aperture gain of
larger arrays is evident. For example, at 1 m, the 40 X 40 ar-
ray has 300% more elements than the 20 X 20 array. The fo-
cal size decreased from 9.5 cm X 9.5 em to 5.2 cm X 5.2 ¢m,

3.1 3-Bit Reflective RIS Design

Based on the theoretical analysis in
Section 2.1 and the simulation results in
high-

reflectivity, reconfigurable, focusing meta-

Section 2.3, we designed a
surface unit with a dog-bone-shaped
patch for 5.8 GHz operation. Each unit
consists of two dielectric substrate lay-
ers of different thicknesses and three copper metal patch lay-
ers of different shapes, which are bonded using prepreg mate-
rials. The patch is disconnected in the middle, and a varactor
diode, specifically the MAVR-000120-1411 model produced
by MACOM, is used to connect the two separated patches.
The bottom layer consists of the DC bias line for the varactor
diode and, through via connections, links to the top patches.
The control terminal is connected via a feeding line, enabling
adjustments to the input voltage at the control terminal, which
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Figure 5. Normalized electric field distribution of different array sizes and focus distances: (a) 10 x
10 array at (0, 0, 1 m); (b) 10 x 10 array at (0, 0, 5 m); (c) 20 x 20 array at (0, 0, 1 m); (d) 20 x 20
array at (0, 0, 5 m); (e) 40 x 40 array at (0, 0, 1 m); (f) 40 x 40 array at (0, 0, 5 m)

ultimately changes the phase response of the unit. Fig. 6
shows the unit design. Table 1 lists the geometric parameters
and material properties.

We used the full-wave electromagnetic simulation software
ANSYS High-Frequency Structure Simulator (HFSS) to simu-
late the electromagnetic properties of the designed metasur-
face unit. For the varactor diode, three series lumped ports
were used to model its resistor-inductor-capacitor (RLC) se-
ries equivalent circuit, as shown in Fig. 7, with boundary con-
ditions assigned to its capacitance, resistance, and induc-
tance. To determine the varactor diode parameters correspond-
ing to 3-bit phase control, a Floquet port was employed for 2D
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periodic S-parameter analysis. A param-
eter sweep was set up for the capaci-
tance C,; in the RLC circuit, scanning
from 0.15 pF to 0.95 pF.

The 3-bit control corresponds to eight
states, with the phase response of each
unit differing by 45° between adjacent
states. The total phase shift across the
eight states must be at least 315° to
cover a 360° phase range. The reflec-
tion phase and amplitude curves for the
incident polarization are obtained from
the S, data. Figs. 8 and 9 show the pa-
rameter curves for the eight capacitance
values. Table 2 lists the capacitance,
encoding, bias voltage, and phase for
each state.

From the S, phase curves, the phase
difference between adjacent states is ap-
proximately 45°, with the maximum dif-
ference exceeding 315° at 5.8 GHz.
Due to phase deviations in practical sys-
tems, achieving perfect phase intervals
is challenging. Additionally, the limited
control capability of the diode makes it
difficult to meet large phase differences
across a wide frequency band. There-
fore, a phase deviation criterion is intro-
duced as the evaluation standard for
multi-bit unit design.

To quantify the phase error versus
frequency, the equivalent bit number
has been employed in previous works
for programmable metasurface reflec-
tors with discrete phase steps. Pereira
et al. proposed a quality indicator for
the phase response of discretely tunable
reflect arrays as the equivalent bit num-
ber™. The equivalent bit number is de-
fined as:

360

p— (16),
Vi2 o

Ny, = log,

where o is the phase standard deviation (in degrees), calcu-
lated from the set of phase differences, Agp, between different
discrete states:

aci 20 2
RTrET "

The upper error limit for 3-bit control is 16.25°. After calcu-
lation, the standard phase deviation of the designed unit in
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1 Rl Cl

Figure 7. Equivalent circuit of the varactor diode, modeled as a series
RLC circuit

tablished an array model in HFSS. Incident antenna feeds
were used as inputs to investigate the focusing effect and effi-
ciency of the array.

Microstrip antennas were used as feeds owing to their
smaller volume, which can significantly reduce the obstruc-
tion of reflected focused beams. Because of their poor direc-
tivity, the microstrip antenna and the metasurface were

0 10 mm

20mn placed at a location that ensures high feed efficiency, with the
J T feed source at (0, 0, 0.08 m). The incident power is 1 W. We
hy, My, — it I Ay used a 10 X 10 metasurface array and set the focusing posi-
[ == 52 tion at the center of the reference plane, 1 m away from the
A . .
d, center of the metasurface, to evaluate the theoretical focusing
performance. The compensation phase of each element is cal-
Figure 6. Design diagram of the unit culated using the phase calculation formula in Section 2.2.
this study is 13.3°, which is below the up- Multi-dipole-+doghone 1
per limit, indicating that the design meets 200.00 —Coo05 ot
the 3-bit control requirements. 150.00 — C=0.33pF
. — €= 0368 pF
From the S,; amplitude curves, the re- 100.00 —C:=0.376§F
flection amplitudes for the eight modula- — €,= 0408 pF
. 50.00 —C=
tion states are all greater than - 3.3 dB €,=043pF
1 . . % — €= 046 pF
within the operating frequency band, indi- L 0.00 — =095 pF
cating low energy loss. The unit thus W5 -50.00
achieves phase control with nearly constant ~100.00
reflectivity. This is attributed to the dielec- 15000
tric substrate materials, whose appropriate '
dielectric constant enhances the reflection 200.00
e -250.00 1 1 1 1 1 1
efflCIenCy of the metasurface. 5.60 5.65 5.70 5.75 5.80 5.85 5.9 5.95 6.00
. . . . Freq./GHz
3.2 Simulation and Discussion SR
By periodically extending the unit model

from Section 3.1 in two dimensions, we es-

Figure 8. S|, phase curves for different capacitance values

Table 1. Geometric parameters and material properties of the unit design

Element dimensions and thickness

Geometric Parameters
Patch parameters

Via dimensions

D =25mm hy=4 mm
h,=0.2 mm h,=0.1 mm
w, = 0.9 mm 1,=2.985 mm
w,=0.5 mm L,=15 mm

d, =0.6 mm d,=1.6 mm

) ) Dielectric substrate
Material Properties ) )
Adhesive material

F4B material (with a relative permittivity of 2.65 and a loss tangent of 0.001 5)

Prepreg material (with a relative permittivity of 2.5 and a loss tangent of 0.004)
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Multi-dipole+doghone 1 Using a horn antenna as the feed would fur-
—C,=0.15pF | ther improve the focusing efficiency.
:g::g:gz;; For the RIS-based WPT system simu-
— C,=0.376 pF lated in Fig. 10, we set reference surfaces
125k :g::g:igig at different distances and calculated the fo-
- —C,=046pF cusing power using the Poynting vector in-
= SEZ009pF tegral from the simulation. The beam focus-
z ing efficiency mentioned in Section 2.3
-2.501 was calculated at each distance. For com-
parison, we also included a high-gain
beam as a reference. As shown in Fig. 11,
275 . . ' . . . at the set focusing distance, the focusing
5.60 5.65 5.70 5.75 5.80 5.85 59 5.95 6.00 efficiency exceeds 11%, but it decreases
Fr:z'og’:z significantly as the distance deviates. This
] indicates that deviation in target device po-
Figure 9. S, amplitude curves for different capacitance values sitioning can lead to substantial changes in
focusing efficiency, which can be resolved
with more accurate location information.
Table 2. 3-bit encoding correspondence table Compared with the high-gain beam, the focusing beam
Encoded  Bias Volt-  Capacitance/ Resistance/  Induc-  Phase/ achieves significantly higher efficiency at the focus distance,
LI age/V pF L EUERLET G while the high-gain beam maintains relatively uniform effi-
000 9.60 0.150 0.88 0.02 12441 ciency across distances. For long-distance transmission, high-
001 4.56 0.330 0.88 0.02 79.64 gain beams have advantages. However, for the short-range en-
010 4.08 0.368 0.88 0.02 33.85 ergy transmission scenario discussed in this paper, near-field
011 3.70 0.376 0.88 0.02 —7.42 beam focusing is more suitable, demonstrating the feasibility
100 332 0.408 0.88 002 -62.63 of the proposed scheme.
101 2.94 0.430 0.88 0.02 -110.79 .
110 2.12 0.460 0.88 0.02 -157.71 4 WPT EXperlment
Based on the metasurface elements discussed in Section 3.1
111 0 0.950 0.88 0.02 -190.30

The phase compensation and focusing effect diagrams are
shown in Fig. 10.

When the 10 X 10 array is focused at the center of the refer-
ence plane 1 m away, the size of the focused area is approxi-
mately 19 ¢cm X 19 em, which aligns with
the simulation results in Section 2.3, verify-

and the array size discussed in Section 2.3, we fabricated a
20 x 20 WPT RIS prototype. The RIS panel measures 500 mm X
574 mm, as shown in Fig. 12. The DC bias line for controlling
the reverse bias voltage of the diode is guided to the back of
the RIS via a through-hole, and the input voltage is adjusted
by a controller with 20 sets of 21 pins per group. The 21 X 20

ing the accuracy of the WPT array focusing
simulation. To determine the focusing effi-

(=]

ciency of the array, the field calculator in
HFSS software was used. We selected the
focal area on the reference surface that re-

0.05

ceives energy from the metasurface as the \i 0.10
integration area. The real part of the i
Poynting vector was integrated over this 015
area. The total energy in the focal region is

0.11 W, while the transmission power of 020
the microstrip antenna is 1 W. According 025

to the efficiency formula, the focusing effi-
ciency is 11%. We note that we did not use

a horn antenna with better directivity to re-
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duce antenna obstruction in the simulation.
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Figure 10. Phase compensation (left) and focusing effect (right) of the array
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Figure 11. WPT efficiency versus distance for near-field focus beam and
high-gain beam

(total of 420) bias lines are used because the 20 X 20 array
has 400 units, with each column equipped with a grounding
bias line to enhance grounding and system stability. The RIS
is regulated by a high-performance FPGA control board,
which can output 480 DC channels. The RIS is connected to
the FPGA control board via a ribbon cable.

We measured the focusing effect of near-field RIS in a mi-
crowave anechoic chamber. The configuration of the measur-
ing device is shown in Fig. 13. The RIS is fed by a horn an-
tenna, which is set to oblique incidence at positions (0, —0.8,
0.5) m and operates at a frequency of 1 = 18 GHz. Because
near-field feed blockage is more severe than the far-field!"",
the focusing effect decreases significantly when the focusing
position is behind the horn antenna. Therefore, oblique inci-
dence is used for energy feeding. However, the oblique inci-
dence results in nonuniform illumination of the RIS aperture,
which reduces the focusing efficiency",

The test used planar near-field scanning with a low-gain
rectangular waveguide probe to scan a 50 ¢em X 50 ¢m plane.

20 x 21 pins

I

'

574 mm

Figure 12. Fabricated 3-bit RIS: (a) front view; (b) back view

—
—_—
—_——

-

re—————

RIS: reconfigurable intelligent surface

Figure 13. Near-field measurement setup for focal spots in
the anechoic chamber

During the test, the polarization mode of the RIS and probe re-
mained consistent. Due to site limitations, the focusing dis-
tances were set to 1 m and 3 m, with focusing positions at (0,
0, z) m on the focal plane (where z is 1 m and 3 m) and at (-0.1,
—0.1, z) m, respectively. The results are shown in Fig. 14. For
the convenience of observation, all electric field distribution
results are normalized.

It can be observed that there are obvious focal points at the
designed focal positions, which verifies the rationality of
phase compensation for near-field focusing. The focal point
contours in Fig. 14 appear elliptical, likely due to oblique inci-
dence and the non-uniform dielectric constant of the F4B sub-
strate used. As the distance increases, the focal point size
grows significantly: at 1 m, it is 9.5 cm X 9.5 cm; at 3 m, it is
27 em X 27 cm. The test results at a focusing distance of 1 m
are consistent with the simulation results. For the 3 m case,
the simulated focus size (with the configuration modified ac-
cordingly in Section 2.3) is 27.6 ¢cm X 27.6 cm, and the mea-
sured results also match the simulation results. These test re-
sults indicate that the designed near-field focusing scheme
and 3-bit RIS can focus wireless power at the desired position
and remain effective at longer distances.

To verify the effectiveness of energy focusing, we used a di-
rectional microstrip antenna array as the RX and connected it
to a VNA to measure the received power. The transmitting an-
tenna configuration was the same as above. The microstrip an-
tenna is a commercial antenna array measuring 14 cm X 14 c¢m,
with a nominal gain of 20.5 dBi at 5.8 GHz. Placed at (0, 0, z)
(where z is 1 m and 3 m), the measurement setup and RX an-
tenna are shown in Fig. 15. The energy transmission effi-
ciency is determined by the ratio of the received power to the
transmitted power, with the transmitted power fed into the
horn antenna set at =5 dBm. Measurements show that the en-
ergy transmission efficiency is about 10% (=15 dBm) at a dis-
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Figure 14. Measured normalized electric field distributions with focusing distance (represented as
z) set to 1 m (left column) and 3 m (right column): (a) focusing position at (0, 0, z) m; (b) focusing
position at (-0.1, -0.1,z) m
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Figure 15. Measurement setup for WPT efficiency: (a) anechoic cham-
ber setup; (b) Rx antenna

tance of 1 m and about 2.5% (-21 dBm) at a distance of 3 m.
It is noted that the focusing efficiency significantly decreases
at 3 m because the receiving area is fixed, while the 3 dB fo-
cal spot is significantly larger than the receiving end area, so
most energy is not received. Compared with the 1-bit scheme
in Ref. [11], the 3-bit scheme achieves more efficient near-
field WPT at longer distances.

S Conclusions

The development of wireless power transfer technology
has spanned a century, and it is foreseeable that it will be
widely adopted in the near future, becoming an indispens-
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) able part of daily life. In this study, we
o designed a near-field reflective focus-

ing metasurface with a 3-bit quantiza-
tion precision and high reflectivity.
Simulations were conducted to investi-
gate its specific energy focusing effi-
ciency and the advantages provided by
its reconfigurability. We explored the
phase control mechanism of the meta-
surface, achieving beam focusing

through phase compensation based on

near-field beam coherent superposition
£ (2. u. ) theory. Analysis identified phase quan-
tization precision and array aperture as
the two primary factors affecting focus-
ing performance and provided optimal
parameter values. A metasurface unit
based on a dog-bone-shaped patch
structure was designed and simulated,
using varactor diodes to achieve 360°
non-quantized phase control with high
reflectivity at 5.8 GHz. Actual mea-
surements further validated the feasi-
bility of the focusing strategy and unit
design for near-field WPT.
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Abstract: Yet Another Next Generation (YANG) is a data modeling language which is primarily designed to define the hierarchical struc-
ture of data used in network configuration management protocols such as NETCONF. However, traditional relational databases struggle to
maintain optimal index performance for YANG data, and it is challenging to ensure data validity and transaction characteristics, particu-
larly in resource-constrained environments such as network base stations. In this paper, we introduce the design and implementation of
DB4YANG, an embedded database optimized for minimal resource usage while effectively handling and storing YANG model data.
DB4YANG supports fast read and write operations on YANG data and ensures data integrity through continuous synchronization with opti-
mistic locking. This approach mitigates the performance drawbacks that arise from non-native processing and format conversions com-
monly found in relational databases. Furthermore, this paper delves into transaction processing techniques tailored for YANG model data.
These techniques are designed to ensure the reliability and consistency of data operations and strictly adhere to the Atomicity, Consis-
tency, Isolation, and Durability (ACID) principles to preserve data integrity. We conducted several experiments comparing DB4YANG
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1 Introduction
n recent years, the global expansion of cloud computing and
the surge in business demands have accelerated network
technologies and software-defined networking (SDN)".. The
essence of SDN is the decoupling of the control plane from
the data plane, which was originally achieved via OpenFlow.
While OpenFlow is no longer essential, the idea of separating
control from forwarding remains central to SDN". The program-
mability of networks has progressively evolved into a crucial cri-
terion for evaluating SDN frameworks.

Traditionally, programming network devices means using
command line interfaces (CLI) and the simple network man-
agement protocol (SNMP). Network operators build scripting
and management tools on top of these protocols to achieve
some level of network programmability, which is useful for au-
tomating numerous tasks. Some devices allow for configura-
tion through a web interface using extensible markup lan-

*The corresponding author is Zhang Kaiqi.

This work was supported by Natural Science Foundation of Chongqing,
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cuage (XML) for bulk settings. However, despite its ease of
use, CLI is not efficient or easy to read. It is primarily de-
signed for human-machine interaction rather than the program-
matic needs of networks. CLI proves insufficient for large-
scale network automation due to its limited programmability
and the complexities involved in development.

SNMP was introduced to simplify device configuration. It is a
network management protocol comprising application-layer pro-
tocols, database schemas, and data objects for network supervi-
sion”, SNMP is widely used for monitoring, but it suffers from
several limitations. First, it lacks readability. It also has secu-
rity vulnerabilities and lacks backup and rollback options.
Moreover, its write capabilities are limited, which means it is
primarily suitable for monitoring and basic configuration
checks rather than in-depth configuration management. These
limitations hinder its utility in network configuration tasks.

To address the intricacies of device configuration manage-
ment, the IETF introduced standards including NETCONF,
Yet Another Next Generation (YANG), and RESTCONF.
NETCONF is an XML-based protocol for network manage-
ment. It includes a suite of functionalities such as configura-
tion, monitoring, fault management, secure authentication,
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and access control. These features have contributed to its
widespread industry adoption®. YANG, defined in RFC 6020
(2010), is a modeling language for standardizing NETCONF’ s
data models and operations. The integration of YANG models
within NETCONF messages creates a universal network pro-
grammability interface. YANG-based network programmability
has been widely adopted since 2016, simplifying network ad-
ministration and reducing operational costs.

YANG provides a concise yet comprehensive means of de-
fining data structures, yielding lightweight data descriptions.
Network devices use remote procedure calls (RPCs) that are
translated into XML messages, conforming to YANG model
rules, to enable seamless end-to-end communication. How-
ever, with the advent of technologies such as 5G, managing
the ever-growing volume of YANG model data at a large scale
presents significant challenges.

Traditional relational databases have difficulty maintain-
ing optimal index performance for YANG data, which neces-
sitates separating model management from data manage-
ment. Ensuring data integrity requires constant synchroniza-
tion between these systems, which in turn introduces consis-
tency challenges. Document databases such as MongoDB
necessitate converting YANG data into the BSON format,
which is a memory-intensive process and involves frequent
data format conversions”. These conversions can degrade
performance, especially in resource-constrained settings
like network base stations.

In such environments, devices produce vast amounts of
configuration and state data, intricately detailed by YANG
models. Typically, this data is stored directly in relational da-
tabase management systems (RDBMSs). While RDBMSs are
built for handling structured data, they face numerous ineffi-
ciencies when dealing with YANG-modeled data structures.
Most RDBMSs lack native capabilities for managing YANG
models and validating documents according to YANG sche-
mas. Consequently, developers are compelled to devise
supplementary modules to facilitate model governance and
data validation, introducing an additional layer of complexity
to system architectures and increasing maintenance over-
head. This necessitates a reevaluation of conventional data
storage strategies to accommodate the intricacies of YANG
models more effectively and streamline system design for en-
hanced scalability and maintainability.

Moreover, most network devices cannot afford high levels of
memory and computing resource consumption. Given the lim-
ited performance of these devices, they may struggle to handle
complex data operations, run advanced algorithms, or manage
a large number of network connections simultaneously. In this
resource-constrained scenario, the performance bottleneck be-
comes particularly evident when dealing with massive network
data or executing compute-intensive tasks, which could lead
to degraded performance or even system crashes.

These problems motivate us to design and implement a data-
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base that efficiently stores and indexes YANG model data and
can be deployed across diverse environments without impos-
ing substantial resource demands. We build DB4YANG on an
efficient key-value storage structure with a high-performance
indexing mechanism for parsing, storing, and managing
YANG-modeled data, thereby simplifying both data manage-
ment and retrieval. The data management module specializes
in handling data objects constrained by YANG models, vali-
dating the correctness of XML or JSON documents, and con-
verting them into corresponding objects for storage. Besides,
to maintain data integrity and consistency, DB4YANG adopts
optimistic locking to achieve concurrency control. The devel-
opment of an embedded database for YANG models in low-
storage-performance network transmission contexts is of con-
siderable practical and industrial importance.

2 Related Work

2.1 Yang Model Application

YANG has emerged as the industry-preferred schema for
data description, prompting standards bodies, vendors, opera-
tors, and over-the-top (OTT) service providers to define their re-
spective YANG models. This trend has garnered attention from
prestigious universities and research institutions worldwide,
which are actively engaged in developing applications based on
YANG models and researching ways to enhance network trans-
mission performance through YANG-driven methodologies.

Golmohammadi'® developed Trace, a centralized tracing
tool that triggers traceroute commands with a distinet syntax
on transmission control protocol/Internet protocol (TCP/IP)
routers from a network management system. It tracked net-
work hops and BGP autonomous systems (ASes), measured
round-trip time (RTT) to specific endpoints, and sent the data
back to the management system. The authors also evaluated
the viability of integrating this tracing tool with YANG-based
network management systems.

Lee et al.””" improved the NETCONF protocol using YANG
XML documents. They devised a method for creating data
blocks based on device configuration dependencies, allowing
for the logical organization of configuration data. This data can
be stored and managed in separate segments, enhancing effi-
ciency when multiple administrators work on different data
blocks  simultaneously, which makes this
NETCONF outperform existing methods.

Dallaglio et al.”® proposed a control and management plane
for elastic optical networks (EONs) using NETCONF and
YANG. They introduced a YANG model for optoelectronic
transponders supporting sliceability, variable bit rates, and

enhanced

monitoring. Their experimental validation confirmed the
model’s effectiveness in controlling and managing EONs.
Amlou et al.”’ created a microservice-based architecture for
network automation, utilizing OpenConfig YANG models and
NETCONF. This architecture simplified network configura-
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tion, automated tasks, and reduced errors. Their work demon-
strated how this approach streamlined configuration and data
collection, effectively managing complex networks. Perfor-
mance assessments confirmed its robustness in handling de-
tailed configurations and its fault tolerance.

Liu et al."” introduced MAYA, a system that aligns YANG
models from various vendors or organizations by examining
node attributes. MAYA uses semantic similarity techniques to
measure the distance between attributes within nodes from dif-
ferent YANG models. They developed a YANG model align-
ment algorithm based on the stable marriage problem (SMP) to
create inter-model mappings. Case studies and experiments
showed that MAYA meets the alignment needs of YANG mod-
els in real-world settings.

In NETCONF- and YANG-based implementations of the
data plane, validation efforts typically focus on YANG model
verification. However, gaps in validation can lead to configura-
tion errors, such as incorrect IP addresses or ports. Martinovic

1."" proposed enhancements to data model validation by

et a
comparing actual configurations against expected ones, using
XML comparison techniques.

Overall, current research on YANG models is largely cen-
tered on advancing YANG-based network management tech-
nologies and refining YANG’ s implementation and perfor-

121" Despite this,

mance within modern network architectures
there are still significant gaps in the direct governance and

management of YANG model data.

2.2 Embedded System

In embedded systems, database operations are typically
subject to strict timing constraints. Within this ecosystem, a
class of database solutions exists that can be integrated into
applications as library functions. These are known as embed-
ded database management systems (EDBMS) or more com-
monly as embedded databases'"’. By eliminating the overhead
of client-server architectures, these systems offer efficient stor-
age directly within applications and often act as local storage
solutions. Noted for their minimal resource consumption, em-
bedded databases are dedicated solely to their host processes
and are capable of storing data volumes up to the terabyte
scale. They are highly scalable, customizable, and strongly
compatible across various platforms. Moreover, they are de-
signed to be resilient in the face of failures.

Since embedded databases function on the application side
without a dedicated maintenance team, they are vulnerable to

[14]

user errors and hardware malfunctions'™. This necessitates

the implementation of robust fault-handling strategies. Well-

known examples of embedded databases include SQLite!™,

LevelDB" and RocksDB!"".

The primary difference between embedded and non-
embedded databases lies in their operational models. Unlike
standalone database servers that operate as separate daemons,
embedded databases share the same process space as the ap-
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plication. It is important to note that simply having a database
on an embedded device does not make it an embedded data-
base; such databases are more accurately described as embed-
ded mobile databases. While it is theoretically possible for em-
bedded devices to run server-side programs for network data-
bases, the term “embedded databases” refers specifically to

U81 that run locally, integrated with the application

databases
without the need for a separate server instance, and are bound
to the application s life cycle.

In contrast, conventional database access models employ
intermediaries such as JDBC or ODBC'", through which cli-
ents communicate with remote database servers responsible
for actual data manipulations. As depicted in Fig. 1, this
model adheres to the classical client-server architecture,
where clients and servers, as discrete processes, can collabo-
rate closely whether they reside on the same machine or span
different computers and networks.

Sysrepo is an open-source application that supports the re-
quired abstraction™'. To the best of our knowledge, Sysrepo
is the most widely used database for managing and storing
YANG-related data. It maintains a datastore, a core compo-
nent of a NETCONF-enabled device. This datastore contains
the configuration state of the device as defined by YANG
data models installed within it. The code was modified to
function as a plugin-style application for Sysrepo. This modi-
fication introduced a Sysrepo Client Library within the appli-
cation, enabling it to subscribe to YANG modules in Sys-
repo’ s datastore, with protocol buffers serving as the inter-
face between the client library and the datastore engine.
When a new NETCONF configuration utilizing a subscribed
YANG data model is received, this setup triggers the execu-
tion of the C application.

Netopeer2, the third software system working in tandem
with Sysrepo, functions as a NETCONF server?!l. Operating as
a background service (or daemon) on the switch, it monitors
the management network for incoming NETCONF connec-
tions. Remote devices configure the switch via NETCONF by
interacting with the Netopeer2 service. Upon receiving a
NETCONF configuration update from a remote device, Netop-
eer2 processes the data payload and validates it against the

1PC
Client Server
App
o
App Database
request
Client-server DBMS Embedded DBMS

DBMS: database management system
IPC: inter-process communication

Figure 1. Architecture of client-server database and embedded database
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YANG modules in the datastore to ensure consistency. After
successful validation, the updated configuration settings are
applied by invoking the relevant applications subscribed to
the respective YANG model through Sysrepo.

3 Proposed Embedded Database Overview

3.1 Database Structure

The YANG model delegates functions to discrete modules,
featuring an embedded design with minimal coupling. The ar-
chitecture of the YANG model database facilitates client inter-
action through NETCONF and SNMP interfaces supported by
the runtime environment. These interfaces convey YANG mod-
els and data to a database service centered around a data stor-
age module. This service is meticulously designed to adminis-
ter both model management and data management tasks.

The model management module, a core component, directly
oversees the handling of YANG model files. Its responsibili-
ties encompass the import/export, deletion, and modification
of models, thereby ensuring the integrity and flexibility of the
schema definitions. The data management subsystem is tasked
with the storage of documents conforming to YANG model
constraints within the database and adopts an optimized
schema. It further implements specific routines for constraint
validation and for performing create, read, update, and delete
(CRUD) operations at the node level, enhancing data integrity
and operability.

Presently, the model management and data management
modules operate independently. These modules perform peri-
odic synchronization of their datasets to maintain coherence.
To augment functionality, an additional plugin subsystem that
endows the system with data subscription capabilities has
been integrated into the framework. Leveraging this subscrip-
tion mechanism, affiliated business services can promptly re-
act to modifications in the model data, thereby enabling real-
time responsiveness.

Fig. 2 shows that the architecture of DB4YANG is con-
structed with different modules, each dedicated to a distinct
function. It comprises the storage service module, the data
management module, and the model management module, all
of which rely on the B+ tree. Collectively, these modules form
the backbone that primarily facilitates advanced model gover-
nance, robust data handling, and dynamic data subscription
functionalities. Thereby the proposed database is a sophisti-
cated and adaptable database infrastructure tailored for
YANG-based network configurations.

3.2 Schema Module

DB4YANG employs a stratified approach to managing data.
This system abstracts the minimal ensemble of YANG model
files capable of describing a category of network devices into a
“Container” for that category of devices. As YANG model
files undergo parsing and type transformation, this Container
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accumulates a multitude of “Types”, which may originate
from typedef, container, or grouping nodes within the YANG
schema. Guided by the dependencies among these types, the
system constructs an intricate type hierarchy that serves as the
basis for device description.

Acting as an abstraction of devices, a Container can be in-
stantiated as a “Device”, representing a concrete, real-world
network device comprising its entire informational footprint.
Similarly, XML/JSON documents can be parsed and trans-
formed into objects of a corresponding type, reflecting the con-
cept of type instantiation. However, not all types possess the
capability to interpret such documents. This capability is typi-
cally attributed to types derived from nodes such as container
and RPC, highlighting their distinctive role in data interpreta-
tion and object creation.

The process of schema modification requires a base data
container B and a schema modification sequence () as input,
where () is a series of batch schema modification operations.
Typical operations include inserting a new YANG file and re-
moving constraints from a YANG file.

The schema modification process is divided into three
phases: preparation, execution, and cleanup.

1) Preparation phase: Check if there is an ongoing schema
modification on the base data container B; if so, halt the pro-
cess. Otherwise, create a backup of B s model, retrieve all
YANG files from B, and apply the schema modification se-
quence to generate a new set S of YANG files. Finally, create
an execution thread.

2) Execution phase: Create a new data container C based on
B’ s data store, and attempt to add the YANG files from set S
to C sequentially. If all additions succeed, the execution is

{ Application programming interface J

Model management Data management

module module

[ crup

Constraint

{ Import/Export }

{ Modify H Delete }

{ Transaction }

On-disk structure
(B+ tree)

Runtime environment

DB4YANG

CRUD: create, read, update, and delete

Figure 2. DB4YANG architecture
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considered successful; if any addition fails, delete C.

3) Cleanup phase: If the execution succeeds, replace B with
C, and update the metadata and YANG file set in external stor-
age. If the execution fails, clean up the newly generated set S

of YANG files.

3.3 Data Module

Compared with other databases, DB4YANG is an XML/
JSON document database that operates under YANG schema
constraints. It is required that specific data management op-
erations be executed only on data containers where a schema
tree definition has been established. In other words, any data
management operation performed on a data container that has
not undergone a model insertion operation will not succeed.

DB4YANG encodes documents that have passed validation
into DB4YANG tuples and stores them in a B+ tree. The B+
tree is an N-ary sorted tree in external memory, with insertion
and modification operations exhibiting relatively stable loga-
rithmic time complexity. A typical B+ tree provides common
key-value query interfaces such as GET, PUT, and RANGE.
To adapt to the form of the B+ tree interface, DB4YANG as-
signs a unique identifier as a key to each piece of data before
insertion, with the DB4YANG tuple serving as the value. The
logical structure of the DB4YANG tuple is as follows: TXID,
CTR_VER, DFLAG, and VER_PTR are all fixed-length 8-
byte integers (stored in little-endian format). These fields are
collectively used for the implementation of a multi-version
concurrency control mechanism and document re-validation;
DATA represents the actual stored document, encoded in the
length and value (L.V) format, with the length field encoded as
a fixed-length 4-byte integer.

Furthermore, we propose a high-performance indexing de-
sign scheme that draws on the principles of inverted indexing
(as illustrated in Fig. 4). This paper constructs a reverse map-
ping structure that maps query paths (QPATH) to object iden-
tifiers (OIDs), specifically HANDLE (analogous to document
IDs in inverted indexes), thereby effectively simulating the
fast query logic of inverted indexes. In particular, this paper
introduces bitmap technology to further optimize HANDLE
storage, which improves space efficiency.

Serving as an abstraction layer between users/applications
and the underlying data storage, the external schema provides a
concise and intuitive interface for data access. It is represented
by a correspondence between a QPATH
and an INDEX_PATH. Specifically, the

structure, with these OIDs corresponding to all documents
matched by the XPath query.

From the perspective of the data management module, re-
gardless of how complex the internal structure of the node-level
index may be, its external representation remains a mapping of
XPath to the B+ tree storing OIDs. This design allows external
users or systems to access and manipulate indexes in a unified
and straightforward manner, without concerning themselves
with the underlying implementation details.

As shown in Fig. 5, DB4YANG adopts a refined and effi-
cient metadata structure management strategy, centered on
the use of a hash table to organize and access index metadata.
The metadata is further stored in a B+ tree structure whose
file path is /tmp/indexes/O1.bp. This B+ tree not only ensures
efficient data retrieval speeds but also carries key information
about the index structures corresponding to each QPATH. Cur-
rently, the critical information in each metadata record is the
actual storage location of the index (INDEX_PATH), which in-
dicates the centralized storage point for all related HANDLES
(existing in an OID form). To efficiently utilize storage space
and accelerate query processing, this paper introduces an in-
novative interval partitioning scheme.

Considering that a HANDLE (OID) is a 64-bit integer,

Transaction manager

Manage Manage

Commit task
Operation Record Execution: Write Staging
log operation | thread pool | document area
Read
document
B+ tree .
Persist

Version-
chain file

Figure 3. Structure of data management module
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. t xes/02.
INDEX_PATH represents an internal L mpEnCeResT oo
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this paper divides its numerical range into 2*° fixed-length
subintervals, each of which corresponds to a fixed-size page
of 4 096 bytes (i. e., one page), and uses the smallest
HANDLE value within the interval as the unique interval
identifier. This partitioning method not only simplifies the
logic of index lookup but also improves the efficiency of
memory and disk 1/0 operations through the preset fixed-
size pages.

To store a HANDLE with a specific value of h, the system
first determines the interval to which h belongs. Then, using
bitmap technology, the system encodes and stores the set of
HANDLES within the interval, optimizing storage space us-
age and enabling fast bitwise operation queries. In the bitset,
each bit corresponds to a HANDLE, indicating its presence
or absence, which greatly compresses the data volume. It
also allows HANDLES to be inserted, deleted, and queried
directly through bitwise operations, thereby enhancing pro-
cessing speed.

4 Transaction Management

The YANG modeling language is designed for network de-
vice configuration, and most of its data definitions and opera-
tions are aligned with network management protocols such as
NETCONF and RESTCONF. These include configurations,
state data, remote procedure calls, and notifications. For net-
work configurators, the process of setting up a device typically
involves obtaining the corresponding YANG module and issu-
ing configurations according to its schema. By contrast, devel-
opers might be tasked with authoring YANG modules, which
requires adherence to YANG s syntax rules. Such tasks often
necessitate meticulous drafting and verification by network op-
erations personnel to ensure a high degree of operational accu-
racy in real-world deployment and application, thereby main-
taining operational efficiency.

In practice, during the configuration of network devices, envi-
ronments with high concurrency and intense data contention

are rarely encountered. Common application scenarios involve
an individual network administrator batch-updating multiple
network devices with configuration information or subscribing
to device alerts. These operations typically involve minimal
data conflicts, incur low retry costs, and require no absolute
data consistency. Under such working conditions, optimistic
locking is a more suitable choice than pessimistic locking for
implementing concurrency control and transaction management.

A transaction is the unit of concurrency control in
DB4YANG, defined as a sequence of operations issued by an
application, and its execution satisfies the atomicity, consis-
tency, isolation, and durability (ACID) properties. Fig. 6 shows
that the DB4YANG data management module consists of com-
ponents including a transaction manager, thread pool, staging
area, operation log, B+ tree, and commit log, with the transac-
tion manager at its core. DB4YANG provides a global default
transaction manager while also allowing applications to use cus-
tom transaction managers. The set of transactions managed by a
transaction manager is called the transaction group of that man-
ager, and different transaction groups should be isolated from
one another to guarantee inter-group transaction isolation. Con-
current transactions within a transaction group share the same
thread pool, operation log, B+ tree, and commit log, while each
transaction maintains its own staging area to stage the docu-
ment modifications made by that transaction.

The operation log records significant actions during transac-
tion execution processes, including the initiation, rollback,
and commit of transactions, as well as the insertion, update,
and deletion of documents. It is utilized for fault recovery
upon a crash and subsequent reboot of DB4YANG. Based on
the transaction execution characteristics of DB4YANG, the op-
eration log is designed as a mixed UNDO/REDO log. Each op-
eration log entry is encoded in binary for storage and com-
prises six fields: the transaction ID, operation type, container
name, OID, old value, and new value.

When a transaction is selected by the scheduler, it transi-
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The data affected by the transaction is
thereby restored to its initial state, as if
the transaction had never been executed.

This transaction processing flow dem-
onstrates how, through stage delineation
and state management, data reliability
and transaction-handling efficiency can
be ensured amid complex and dynamic
database operations.

S Experiment
Sysrepo is a YANG-based configura-

tion and operational state data store for

Linux applications. Applications can

Figure 6. Transaction manager and transaction group

tions from the ready state to the running state. During this pe-
riod, the transaction begins executing its database opera-
tions, such as queries, inserts, updates, or deletions. The sys-
tem ensures the atomicity of operations within a single trans-
action, meaning that all operations either succeed entirely or
fail altogether.

Once all operations within a transaction have been success-
fully executed, the transaction enters the pre-commit phase, a
critical checkpoint for safety. Here, the transaction manager
verifies the results of the transaction’ s execution and the cur-
rent state of the system, ensuring that the transaction meets all
predefined conditions and constraints (such as foreign key
constraints and uniqueness constraints). This step is crucial
for maintaining the consistency of the database.

If the pre-commit check succeeds, the transaction is for-
mally committed. The system updates the commit log to record
the transaction’s success, a step that is key to achieving dura-
bility. Following this, the database modifications associated
with the transaction have been permanently persisted, which
marks the end of the transaction.

In contrast, if the commit check fails due to business rule
violations or the detection of potential conflicts, the transac-
tion is aborted. The system must then perform a rollback op-
eration to revert the database state to its condition prior to the
start of the transaction, ensuring that data consistency remains
intact. In this process, all executed operations are recorded in
the operation log, providing the necessary information for any
subsequent retry or recovery.

In the event of unexpected exceptions during the transac-
tion execution phase, such as system errors or insufficient re-
sources, the system immediately triggers the rollback process
of the transaction. All completed operations are rolled back se-
quentially, and the redo log and undo log (if applicable) are
updated accordingly to record these changes and ensure the
atomicity and durability characteristics of the transaction.
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use Sysrepo to store their configuration

modeled by a provided YANG model in-

stead of relying on flat configuration

files, for example. Sysrepo ensures the

consistency of the data stored in the
datastore and enforces the data constraints defined by the
YANG model. Sysrepo can be easily integrated with manage-
ment agents such as NETCONF or RESTCONF servers, using
the same client library API that applications use to access
their configuration. To our knowledge, Sysrepo is widely used
to manage and store YANG-related data.

In this section, we verify system performance by comparing
each operation with its counterpart in Sysrepo. We evaluate
the schema modification, document insertion, and document
reading performance of DB4YANG through automated pro-
grams, analyze the performance issues present in the current
version, and discuss relevant improvement strategies.

To evaluate the performance of our database and Sysrepo, we
conducted comparative experiments on a workstation equipped
with an AMD Ryzen 7 4800H processor (8 cores, 4.2 GHz),
16 GB of DDR4 DRAM, and 512 GB of SSD storage.

In Figs. 7 and 8, the performance of the proposed database
significantly surpasses that of Sysrepo for the following rea-
sons. In Sysrepo, the verification of content changes is imple-
mented through string comparison (see the function lyd_any-
data_equal). When the configuration is large, the generated
strings become lengthy, making comparisons time-consuming.

Configurations of subordinate modules that share the same
top-level module are not segregated into separate files; in-
stead, they are stored together in the top-level module’s file.
Consequently, when the data volume of one subordinate mod-
ule grows large, loading this shared file becomes slow, which
also degrades the performance of other modules.

Every modification and save operation involves rewriting the
file. I/0 operations are relatively slow, and the larger the data
volume, the longer the time required. In addition, the shared
memory file lock means that as long as one process is reading a
large configuration, the lock is held, stalling other processes.
YANG data is structured as a tree, in which the children of
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each node are organized as a doubly linked list. Since travers-
ing a linked list requires linear time, this organization increases
the latency of data retrieval and modification.

To optimize the performance of DB4YANG during system
configuration, we load data for the requested module and its
dependent modules for validation based on the configuration
request. Due to interdependencies among configurations, any
changes may impact related configurations, which must be
considered during operations.

In the configuration-handling logic, changes must be syn-
chronized across all submodules when operations such as de-
leting or replacing a top-level module’ s configuration are per-
formed. This necessitates loading the data of all modules un-
der the top-level module to ensure the correctness and consis-
tency of the configuration. This step is essential to guarantee
the accuracy of the configuration.

DB4YANG’ s caching functionality has also been opti-

Industry-Academia Co-Research

Han Bing, Gao Jirun, Zhang Kaigi, Wang Hongzhi, Chen Hedui

mized. Previously, the entire data forest of the running datas-
tore was cached as a single copy; in the optimized version, the
cache is modularized. For the top-level modules of the project,
we only cache their own data. For other top-level modules and
their sub-modules, which are accessed less frequently, the
modular splitting approach is not employed, and their data is
cached as a whole. In this way, the modular caching strategy
ensures efficient data management while reducing the com-
plexity of cache handling.

To verify the transactional capabilities of our proposed
database, we conducted an experiment, the results of
which are depicted in Fig. 9. When the number of transac-
tions reached 1 500, we executed a series of operations
100 times, comprising three transactional insertions, one
point query, one full query, four XPath document-level
queries, and four XPath node-level queries. Additionally,
we performed one point-update operation and one point-
deletion operation, each followed by a verification query to
confirm that the update or deletion had taken effect. In to-
tal, these 15 operations constituted a single transaction.
Following this pattern, when the number of transactions
reached 15 000, the same set of operations was repeated 1
000 times; when it reached 150 000, the operations were
executed 10 000 times.

Fig. 9 shows the influence of transaction numbers. Re-
peated experiments revealed that when all operations were
XPath document-level queries, the transaction execution
speed dropped to half of the average. Furthermore, in the ab-
sence of data deletion, queries gradually slowed down as data
accumulated. As the data volume grows, querying increasingly
becomes the critical factor limiting performance.

The main thread completes the model loading process,
which does not become a bottleneck for the system. Concur-
rent read transactions are handled by child threads. And the
functions lyd_parse_data_mem and lyd_free_all constitute the
main bottleneck of the system.
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Figure 9. Performance of complicated transactional operations
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Perf' is a performance analysis tool for Linux that can per-
form function-level and instruction-level hotspot detection. It
was used to analyze the CPU usage of hotspot functions in pro-
grams, thereby locating performance bottlenecks.

Fig. 10 shows that in DB4YANG, the program spent
60.48% of its time loading YANG schemas and 22.82% on
document insertion and reading. However, in Sysrepo, the ma-
jority of the program’ s runtime was consumed by loading
YANG schemas. Due to the relatively small data volume in
this test (only 100 documents), model loading time accounted
for a larger proportion of the total time. In real-world sce-
narios, YANG models are only loaded after a restart, which
will not cause a performance issue.

In DB4YANG, document parsing and data tree serialization
have become performance bottlenecks. During document in-
sertion and reading, the functions lyd_parse_data_mem and
lyd_print_mem occupied 18.19% and 3.01% of the program’s
runtime, respectively. Together, they accounted for approxi-
mately 93% of the time spent in the document insertion and
reading phase, which itself took up 22.82% of the total run-
time. The function lyd_parse_data_mem is used to load docu-
ment data of a certain format (e.g., LYB, JSON, or XML) into a
data tree in memory, while lyd_print_mem converts the data
tree into document data (e.g., JSON or XML). For simplicity,
these two functions are referred to as the document parsing
function and the data tree serialization function, respectively,
in the following discussion.

Analysis of Fig. 10 reveals that the Sysrepo functions
sr_modinfo_data_load, lyd_validate_modules, and
sr_modinfo_data_store are primarily responsible for the in-
creased execution time. In large-scale configuration scenarios,
the volume of saved configuration data significantly increases.
Consequently, this leads to longer processing time for data
loading, module validation, and data storage.

6 Conclusions

This paper focuses on resource-limited settings such as base
stations and explores the implementation of an embedded data-
base system for managing YANG model data. We have de-
signed and implemented high-speed read and write operations
tailored for YANG model management and its associated data.
We propose optimization methods to mitigate performance deg-
radation caused by using relational databases for YANG model
data, which involves non-native processing and format conver-
sion. This directly addresses the technical hurdles of traditional
methods, such as storing YANG model data in relational tables,
which requires conversion between 2D relational data and
YANG model data, incurring unnecessary overhead.

Furthermore, we present strategies for creating a light-
weight, high-performance indexing system. This system not

1 www.brendangregg.com/linuxperf.html
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only boosts data access speeds but also excels in space effi-
ciency, making it ideal for handling extensive datasets.
Through effective index structures, we have achieved swift
data retrieval and enhanced query performance while keeping
storage usage in check, making it suitable for environments
with limited resources.

Additionally, this paper delves into transaction processing
for YANG model data, adhering strictly to ACID principles to
ensure data integrity—a critical factor in databases facing
high concurrency and complex operations. Our data manage-
ment module operates on a transactional basis. Data is valid
upon transaction commit and void if the transaction is rolled
back. We have developed a transaction management system
for DB4YANG to fulfill ACID requirements.

Experimental results indicate that DB4YANG outperforms
existing methods in terms of accuracy and efficiency. More-
over, ils transaction management meets industry standards
and demonstrates its viability for real-world applications. How-
ever, our research has certain limitations. For instance, perfor-
mance is somewhat constrained by the parsing speed of
YANG model documents using the libyang library. This can
lead to bottlenecks during document parsing and conversion.
In future work, we aim to enhance the database’s performance
and scalability by rewriting the YANG model’ s parsing and
processing functions.
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1 Introduction lions of parameters, offering significantly greater learning

ext information extraction is the process of identifying and representational capabilities compared to traditional

and extracting key information from textual data based smaller models. After being trained on extensive datasets,

on predefined labels. In the current era of information they can more effectively capture c.omplex patterns anc.l fea-
tures within text data, thus enhancing the accuracy of infor-
mation extraction. These methods often frame predefined la-

bels as questions, organizing the questions and raw text data

overload, immense value is hidden within vast
amounts of data. Efficiently extracting useful information

from this data has become a key research focus in fields such 3 - . ) .
. . . . . in a specific format before inputting them into the model.
as computer science, data mining, and information retrieval. . . .
. . . The extraction results are then obtained by querying the
However, in the context of big data, traditional methods of text ) .
. . . S . . model in this structured manner.
information extraction face significant challenges, including o )
. . However, due to the current limitations of LLMs in process-
high redundancy and low accuracy. Thus, developing more ef- . .
L © ; . .. . ing long texts, even models that claim to handle long texts ef-
ficient and precise extraction technologies is crucial. . . . . .
) S ) fectively can still experience a significant drop in accuracy

In recent years, the rapid advancement of artificial intelli- . . . .
when dealing with ultra-long textual data in real-world vertical

gence technology, spurred by the surge of large language

models (LLMs) such as ChatGPT, has gained global traction.
Approaches based on LLMs are increasingly becoming a new

domain tasks, and may even exhibit phenomena such as
model hallucinations. To address this issue in the task of text
information extraction, researchers have proposed a solution
that integrates LLMs with vector knowledge bases. The core
idea of this approach is to leverage the powerful language un-

trend in text information extraction research. These large
models typically consist of hundreds of millions to tens of bil-

derstanding capabilities of LLMs in combination with the pre-

This work was supported by ZTE Industry-University-Institute Coopera- cise information prOVIded by the vector know]edge base,

tion Funds under Grant No. 1A20231030016. thereby achieving complementary advantages. The approach
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starts with vector retrieval, which extracts semantically rel-
evant background knowledge from the knowledge base that
closely aligns with the question. This background knowledge
is then combined with the question and fed into the LLM. By
focusing only on a limited amount of original text that is highly
relevant to the question, this approach aims to improve the re-
liability of the model’s responses.

Nevertheless, background knowledge retrieval based on se-
mantic similarity relies on the proximity between the question
and the background knowledge in semantic space. This prox-
imity does not always ensure content relevance, leading to a
low hit rate, which has become a major limitation of this
method. Additionally, it is often difficult to strike a balance
between the quantity and quality of candidate entries gener-
ated through a single filtering step, which ultimately impacts
the overall system performance.

To overcome these limitations, this paper proposes a novel
approach—text information extraction based on LLMs with
two-stage information filtering. This method decomposes the
question of predefined label construction into multiple re-
trieval terms and an inquiry term. Each retrieval term is used
exclusively for the initial retrieval, and a set operation is per-
formed on all the initial results to ensure the uniqueness of
text blocks. Finally, the background knowledge obtained
through the two-stage filtering process is fed into the LLM,
producing high-quality outputs. The advantages of this method
are highlighted in four key aspects:

* Higher background knowledge retrieval hit rate: By de-
signing multiple retrieval terms for the initial retrieval, the re-
sults are more targeted and better aligned with the practical
needs of the information extraction task. Since different re-
trieval terms focus on different aspects of the question, this
method covers potentially relevant background knowledge
more comprehensively, thereby improving the hit rate.

* Increased accuracy of text information extraction: The in-
quiry term is used to further filter the background knowledge
matched during the initial retrieval, selecting information that
is more highly correlated with the question. This process en-
sures that the final retrieved background knowledge is not
only semantically related to the question but also more contex-
tually aligned with the actual needs of the text information ex-
traction task, thereby enhancing accuracy.

* Reduced model hallucinations: By applying two-stage filter-
ing and re-ranking mechanisms to further screen the background
knowledge, this approach ensures that the final background infor-
mation passed to the LLM is highly relevant to the information
extraction task, helping to reduce model hallucinations.

* Improved system efficiency: The two-stage filtering and re-
ranking mechanisms further streamline the background knowl-
edge that is passed to the LLM, reducing the amount of informa-
tion that the model needs to process, thus lowering computa-
tional burdens and improving overall system efficiency.

2 Related Work

2.1 Evolution of LLMs

Since the introduction of deep learning algorithms in 2006,
they have achieved remarkable success in image recognition
and found widespread application in natural language process-
ing (NLP). During this ecritical period, models such as
Word2Vec!!, Seq2Seqm, and the recurrent neural network
(RNN) Encoder-Decoder™ laid the theoretical and practical
foundations for the subsequent development of LLMs.

In 2017, Google’ s research team introduced the Trans-
former'®, whose efficient parallel processing and ability to
handle long-range dependencies made it feasible to build
LLMs. Based on the Transformer, Devlin et al. proposed
BERT"!, which significantly improved contextual understand-
ing through bidirectional pre-training. BERT and its deriva-
tives, such as RoBERTa® and ALBERT"', achieved break-
through results in NLP tasks. BERT-BiLSTM-ATT® was spe-
cifically optimized for Chinese, enhancing its performance in
understanding and generating Chinese text. Pre-trained mod-
els have now become the new paradigm in NLP, ushering in
the era of large-scale pre-trained models in the field of artifi-
cial intelligence'”’.

Since 2020, large-scale pre-trained models like GPT-
3" have demonstrated exceptional capabilities in areas such
as natural language generation, conversational systems, and
text summarization, thanks to their massive parameter scale
and outstanding performance. The widespread application of
these models has not only gained attention in academia but
also shown their practicality in industries such as finance,
healthcare, and law, significantly improving efficiency and ad-
vancing intelligent services. As a result, LLMs have officially
entered the stage of production applications, becoming a cru-
cial tool for enhancing productivity and marking the transition
from academic research to industrial applications.

2.2 Application and Development Frameworks of LLMs

With the continuous advancement of LLMs, their applica-
tions have extensively permeated various sectors of society, of-
fering transformative solutions. For instance, the intelligent le-
gal system Disc-Law!"'! leverages LLMs to efficiently process
legal documents and provide consultation services, signifi-
cantly enhancing the efficiency and accessibility of legal ser-
vices. ChatGPT, known for generating fluent and logically co-
herent language, has been widely used in fields such as con-
tent creation, data analysis, and content refinement. The appli-
cations of Chinese LLMs, such as Baidu Wenxin Yiyan, Zhipu
Qingyan, and iFlytek SPARK, mark a new milestone in Chi-
nese language processing capabilities.

To simplify the development and deployment of LLMs, spe-
cialized application development frameworks such as Seman-
tic Kernel and LangChain have emerged. These frameworks
provide a suite of tools and interfaces that help developers eas-
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ily integrate and apply LLMs. Semantic Kernel focuses on
deeply customizing semantic understanding capabilities,
while LangChain streamlines the construction of complex lan-
guage processing workflows through modular design. Leverag-
ing these frameworks to integrate LLMs with vector knowledge
bases lays a solid foundation for applying LLMs to domains
such as emergency management.

2.3 Text Information Extraction

In the field of NLP, Named Entity Recognition (NER)"? is a
sub-task of text information extraction, specifically aimed at
identifying entities in text that have specific meanings, such
as names of people and locations. Through well-established
NER methods, we can extract important information from text,
highlight key points, and filter out redundant background in-
formation. However, real-world text information extraction de-
mands are often complex and diverse. Using NER for informa-
tion extraction can be limited by predefined text types and en-
tity categories. For example, in scenarios such as extracting in-
formation from emergency plans, the diversity of required in-
formation may exceed the predefined entity categories of a
model. Moreover, fine-tuning models for a large amount of in-
formation can consume substantial time and resources, creat-
ing bottlenecks in practical applications. As a result, tradi-
tional NER methods often struggle to handle challenging tasks
like extracting information from emergency plans.

In recent vyears, the rapid development of Retrieval-
Augmented Generation (RAG) technology has provided a
novel approach to tackling complex information extraction
tasks. By incorporating relevant information retrieved from ex-
ternal knowledge bases into LLMs, RAG significantly en-
hances the accuracy of generated content while reducing the
risk of producing misleading information. Building on the tra-
ditional RAG framework, several advanced methods have

been proposed to address the challenges of processing long
texts. For instance, MemoRAG™' introduces a memory-
inspired knowledge discovery mechanism, demonstrating ex-
ceptional performance in handling long texts. LightRAG"* in-
tegrates knowledge graphs, leveraging graph structures to rep-
resent entities and their relationships, thereby enhancing con-
textual awareness and mitigating the issue of fragmented an-
swers caused by reliance on flat data structures.
ChunkRAG™', on the other hand, segments long texts into se-
mantically coherent chunks and utilizes LLMs to filter out ir-
relevant chunks prior to the generation phase. This approach
minimizes the interference of irrelevant information, thereby
improving the accuracy of generated responses.

Inspired by these advancements, we applied a collaborative
strategy combining LLMs and vector-based knowledge bases
to information extraction tasks. This approach leverages the
language model’ s strengths in understanding while integrat-
ing precise information provided by the vector knowledge
base, achieving more efficient and accurate information extrac-
tion. Additionally, drawing on the divide-and-conquer strategy
underlying ChunkRAG, our method breaks down complex que-
ries and filters content in stages, effectively addressing the

limitations of LLMs in processing long texts.

3 Proposed Method

3.1 Overview

The overall architecture of the proposed method is illus-
trated in Fig. 1. Specifically, this approach takes the docu-
ment and the information labels to be extracted as inputs.
First, a vector knowledge base is constructed based on the
document. Then, an LLM is employed to generate a set of re-
trieval terms and inquiry terms corresponding to the informa-
tion labels. Subsequently, the vectorized retrieval term set is

g —— —
ector knowledge Niatched i1
_blocks -

Text block =
Text block @ Text block
| Text block

. -

“Matched text
—__ blocks -~
Document ~
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Figure 1. Framework of text information extraction method based on LLMs and two-stage information filtering
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used sequentially to perform text block matching within the vec-
tor knowledge base. The resulting set of matched text blocks un-
dergoes two-stage information filtering through semantic rel-
evance matching with the inquiry terms. Finally, the filtered
background knowledge and inquiry terms are input into the
LLM, which generates the text information extraction results. The
following section provides a detailed description of this process.

3.2 Vector Knowledge Base Construction

1) Long text segmentation

When processing long texts, we adopt a recursive character-
based text splitting method to ensure that the length of the re-
sulting text blocks does not exceed a predefined character
limit. First, the given text is split into several text blocks at
natural boundaries such as sentences or paragraphs. This ini-
tial splitting maximizes the preservation of the text’s semantic
integrity. Then, for each text block, if its length exceeds the
character limit, the block is further recursively split until all
text blocks satisfy the character limit requirement. The recur-
sive process can be represented as the function split(7, L),
which accepts the text and character limit as inputs and re-
turns a set of sub-blocks that meet the character limit:

split(7,L) = {T}.|T|< L N
p ) Ur_, split(T,, L), otherwise ’

where T represents the input text, L represents the character
limit, and 7, represents the i-th text block obtained by splitting 7'
2) Text block vectorization
At the vectorization stage, we use a pre-trained embedding
model to generate high-dimensional vector representations of

T, e split(T, L)},

the text blocks. For the set of text blocks {Ti

returned from splitting the long text, each text block T, is con-
verted into a vector representation.

v, =f(T,),YT, € split(T, L) (2),

where the embedding function f(*) is implemented by the

pre-trained embedding model, which directly maps text

blocks to high-dimensional vector representations »; . This
vectorization method preserves the semantic information of
the text blocks, facilitating subsequent retrieval operations
in the semantic space.

3) Knowledge base construction

When constructing the vector knowledge base, we first store
the vector set V = {vi‘TI- e split(T, L)} in the vector knowl-
edge base M, and then build an index for each vector. This
process can be expressed as:

M = (storevemrs(V),{indexvmm( vi) ‘vi IS V},d(~)) (3),

where store .. (V) denotes storing the vector set V in the data-
base, {indexvccmr(vi)‘vi e V'} denotes indexing each vector,
and d(-) represents the similarity measurement function of M.
In our implementation, we use the Euclidean distance as the
similarity measurement, which is defined as:

d(v,-,v_,-)= /Z'L] (o, [k]-ok])? (4),

where v,[ k ] denotes the k-th element of the text vector v,.

3.3 Two-Stage Information Filtering

We propose a novel background knowledge retrieval mecha-
nism that decomposes the question into multiple retrieval
terms and a separate inquiry term. By utilizing initial retrieval
followed by two-stage information filtering, we enhance the re-
trieval hit rate of background knowledge.

3.3.1 Initial Retrieval

First, we extract multiple retrieval terms ¢, from the
question, with each retrieval term focusing on different as-
pects of the question to cover a broader range of potential
background knowledge, thereby enhancing the initial search’s
coverage. In this method, the separation of retrieval terms and
the inquiry term is aided by LLMs, with some manual inter-
vention. For the same information label, the retrieval terms ob-
tained from the initial separation can be embedded with the in-
quiry term for direct use in subsequent steps. Table 1 presents

Table 1. An example of the separation of retrieval and inquiry terms

After Decoupling

Information Label Before Decoupling

Retrieval Term Inquiry Term

1) In which province, city, county (district),

and street is the accident site located, and

. In which province, city, county (district),
Accident P i y )

. and street is the accident site located, and
location

what is the exact address?

7) Detailed address of the accident

3) Place of the accident

5) Accident site

2) Accident location

what is the exact address?

What is the spe-
cific location of

4) Position of the accident

6) Area of the accident the accident?

8) Specific location of the
accident

9) Address of the accident
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an example of this separation process.
Next, each retrieval term is converted into a high-

dimensional vector representation v,

reh,
"k

vy = (Gewen) (5).

During the similarity search process, we filter the top NV re-
sults whose vector distances to each retrieval term are below
the threshold S. The algorithmic formula is as follows:

s={vi

where v, represents the vector representation of the text blocks

d(vqwm“,vi) < S} N {111-|1}L. eM< N} (6),

stored in the vector knowledge base M.
Utilizing the similarity search algorithm s, we obtain the set
of retrieval results in a vector format R,:

R, = s('l/q N, S) (7).

We then convert the retrieved vector set R, into the corre-
sponding set of text blocks 7% :

Ty, =1{T.|v, € R, (8).

Finally, we merge all text block sets T, to ensure the

uniqueness of each text block, forming a filtered set of text

blocks Ty:

Ty =U, Ty, 9).

Through the background knowledge retrieval mechanism
that separates retrieval terms and inquiry terms, we ensure
that the search results meet both the quantitative constraints
and the similarity score requirements, thereby enhancing the
accuracy and relevance of the retrieval.

3.3.2 Second-Stage Information Filtering
In the initial retrieval stage, we obtain a set of first-stage fil-
tered text blocks Ty related to the retrieval term g, . Al-

though these results have undergone initial filtering, they may
still contain a significant number of entries with low rel-
evance. Directly passing this background knowledge in its en-
tirety to the LLM is inappropriate, as it not only increases com-
putational overhead but may also expose the model to noisy in-
formation, resulting in hallucinations. To further enhance the
relevance of the retrieved background information, we intro-
duce a second-stage information filtering process.

In the second-stage filtering phase, we use a pre-trained re-
ranking model to further refine and rank the initially filtered
background knowledge.

First, we compute the relevance score of each text block ob-
tained from the initial filtering with respect to the inquiry term:

9 6 ZTE COMMUNICATIONS
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score(qask,Ti) = rerank(qask,Ti) (10),

where ¢, denotes the inquiry term and T represents the i-th
text block in the set T,. The function rerank(+) is imple-
mented using a pre-trained re-ranking model.

Next, we sort the elements of the text block set Ty, based on
their relevance scores and select the top K text blocks with
scores above the threshold S as the final background knowl-

edge matching result T

final*

Ty = T,

score(qusk,Ti) =S'NT,

Tﬁna]

il <K (11).

The second-stage filtering further removes low-relevance
entries from the initial filtering results, significantly improv-
ing the matching degree between the background knowl-
edge and the inquiry term ¢,,. This process helps us pre-
cisely target critical background knowledge, avoiding the
transmission of a large volume of irrelevant information to
the LLM, thus ensuring the quality and efficiency of the
model’s responses.

3.4 LLM Interaction
After obtaining the high-relevance two-stage filtered text
block set T,

.a» We format it with the inquiry term ¢, using a
prompt template and feed this into the LLM for final answer

generation. This process can be represented as follows:

A =LLM ( template ( Gt T inal ) ) (12),

where the function template(+) refers to the operation of apply-
ing the prompt template, and the function LLM(-) is imple-
mented by the LLM. Specifically, this method draws on the
prompt engineering guidelines published by OpenAT"®!. Based
on empirical principles such as using delimiters to distinguish
instructions from context and clarifying the desired output for-
mat through examples, a prompt template as illustrated in Fig.
2 has been designed. This prompt template aims to assist the
LLM in better understanding the requirements of the informa-
tion extraction task and generating extraction results that con-
form to the expected format.

Prompt template

<Instruction>

The answer template is as follows:
Information label: Information
</Instruction>

<Text> {T }}</Text>
<Question>{{g,, }}</Question>

Figure 2. Prompt template for LLM



A Method for Text Information Extraction Leveraging Large Language Models and Two-Stage Information Filtering

Industry-Academia Co-Research

Lu Ping, Qin Bin, Wang Yiyang, Xu Yan, Deng Fangwei

4 Experiment

4.1 Dataset

The dataset used in this study consists of 219 authentic Chi-
nese accident investigation reports, encompassing two major
industry categories: construction and commercial manufactur-
ing, as well as several subcategories. The industry distribution
is shown in Table 2.

Considering the focus on accident information in the field of
emergency management, as well as the common information
found in accident investigation reports, this study aims to ex-
tract four types of information from the reports, as shown in
Table 3. In total, 876 information items need to be extracted
from the 219 accident investigation reports.

4.2 Implementation Details

We developed an information extraction application for acci-
dent investigation reports based on the proposed method, using
the LangChain and Streamlit frameworks. Fig. 3 illustrates the
implementation process of the application. The selected LLM is
ChatGLM3-6B""", which supports both Chinese and English

with an 8k context length. The temperature parameter is set to

Table 2. Industry distribution of the dataset

Major Industry Category Subdivision Number of Reports
Residential building 48
Construction
Civil engineering 31
Trade and industry 100
Commercial manufacturing
Chemical industry 40

Table 3. Information labels for accident investigation reports

0.01. A lower temperature value means the model is more in-
clined to choose high-probability words during sampling,
thereby generating more deterministic and consistent outputs.
This aligns with the high accuracy and consistency require-
ments of the information extraction task. The embedding model
is M3E-base!", the re-ranking model is BGE-reranker-v2-
m3", and the vector knowledge base is built using Faiss. This
application is deployed on a single RTX-4090 GPU. The set-
tings for the various parameters in the method are listed in

Table 4.

4.3 Comparative Experiment

To validate the superiority of the proposed method, we con-
ducted comparative experiments using Langchain-Chatchat®",
a representative baseline method within the traditional LLM
and vector knowledge base collaborative application frame-
work. The blue section in Fig. 3 highlights the improvements
of our method compared to the baseline. Table 5 presents the
results of the comparative experiments, using accuracy as the
evaluation metric.

As shown in Table 5, when extracting information from real-
world Chinese accident investigation reports, the proposed
method significantly outperformed Langchain-Chatchat in the

Table 4. Parameter configuration in the method

Parameter Value
Similarity threshold S 0.5
First-stage filtering text block threshold N 20
Semantic similarity threshold S’ 0.5
Second-stage filtering text block threshold K 8

Index Information Label Table 5. Comparative experiment results
1 Accident location Method Accident Casualti Economic  Legal A
> 1€s T >
2 Casualties oo Location asuathies Loss Basis o o8¢
3 Economic loss Langchain-Chatchat 0.47 0.31 0.52 0.13 0.36
4 Legal basis Ours 0.76 0.75 0.67 0.75 0.73
four information categories: lo-
Vector knowledge Two-stage informa- Information cation of the accident, Casualty
Document g o o LLM .
base tion filtering extraction results situation, economic loss, and
legal basis. Notably, the accu-
_ racy for extracting legal basis
Question .
improved from 13% to 75%,
Retrieval and the average extraction ac-
I“f‘i”}“alti““ e — curacy for the four categories
abe. .
increased from 36% to 73%.
Inquiry . .
e Table 6 illustrates the differ-
ences in extraction accuracy

LLM: large language model

Figure 3. Flowchart of information extraction process from accident investigation reports

between the two methods for
accident investigation reports
from various industries. This
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Table 6. Experimental results across different industries

Method Residential Building Civil Engineering Trade and Industry Chemical Industry Average
Langchain-Chatchat 0.41 0.27 0.40 0.50 0.40
Ours 0.73 0.75 0.79 0.62 0.72

indicates that the proposed method demonstrates greater gen-
eralization across different sectors.

5 Conclusions

This paper proposes a text information extraction method
based on LLMs and two-stage information filtering. Validation
on a real-world accident investigation report dataset demon-
strates that this method significantly improves the accuracy of
information extraction compared to the baseline method, while
also mitigating model hallucinations. Moreover, comparative
results across documents from different industries further con-
firm that the proposed method possesses considerable general-
ization capability, rather than serving merely as an optimized
solution tailored to specific text types. This provides a techni-
cal reference for the practical application of long-text informa-
tion extraction in other domains.
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