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MIMO Radar Intra-Pulse Beam-Agile Anti-Jamming Waveform Design

PAN Jiameng, ZHENG Xinan, LI Chun, CHEN Jian, BAO Qinglong
(College of Electronic Science and Technology, National University of Defense Technology, Changsha 410073, China )

Abstract: Multiple input multiple output (MIMO) radar has garnered significant attention due to its waveform di-
versity. Leveraging this waveform diversity capability, MIMO radar can generate different beam patterns, offering dis-
tinct advantages in target detection and anti-jamming performance. Exploiting on the flexible design characteristics of
MIMO radar transmit beam pattern, an anti-jamming waveform design method based on intra-pulse beam-agile is pro-
posed in this paper. Firstly, the transmit pulse is segmented into multiple sub-pulses, with different transmit beam pat-
terns designed within each sub-pulse. This achieves varying pulse widths (PW) and pulse repetition intervals (PRI) in
different directions. By coordinating multiple transmit pulse groups through optimized design, the random agility of PW
and PRI can be achieved in the directions of electronic counter-countermeasures, while maintaining constant parameters
in target detection directions to facilitate coherent echo signal processing. Subsequently, the Riemannian gradient meth-
od optimizes signal orthogonality between different beams, enhancing the suppression capability against echoes from var-
ious directions and repeater jamming. This method can effectively deplete the resources of jamming sources in stand-off
sidelobe repeater jamming scenarios while maintaining target detection capability. Simulation experiments validate the
effectiveness and performance of the proposed waveform design method.

Key words: multiple input multiple output (MIMO) radar; anti-jamming; waveform design; transmit beam pat-

tern optimization
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SIRBR R FE, b 2Kk, THMBALT F SAR LA B AR A EABFRR[]]. FEHAFEHEK,
2026,24(2):128-139.
CAl Hongjun, Zhuang Di, JIN Changsong.Unambiguous Target Decomposition and Building Target Ex
traction in Repeat-Pass Polarimetric Interferometric SAR [J]. Radar Science and Technology, 2026, 24(2):
128-139.

Unambiguous Target Decomposition and Building Target Extraction in

Repeat-Pass Polarimetric Interferometric SAR
CAI Hongjun', ZHUANG Di?, JIN Changsong'

(1. China Academy of Electronics and Information Technology, Beijing 100041, China;
2. Harbin Institute of Technology, Harbin 150001, China)

Abstract: Polarimetric target decomposition and its application to man-made target extraction constitute an impor-
tant topic in polarimetric synthetic aperture radar (PolSAR) image processing. However, conventional polarimetric de-
composition tends to overestimate the volume-scattering component in oriented built-up areas, thereby degrading subse-
quent building extraction performance. To address this issue, an unambiguous target decomposition method for
repeat-pass polarimetric interferometric synthetic aperture radar (PolInSAR )is proposed and applied to building extrac-
tion. First, the ambiguity-suppression capability of repeat-pass PolInSAR coherence is analyzed and its physical inter-
pretation is discussed. Then, an urban descriptor is constructed based on coherence and incorporated into a target de-
composition model, by which unambiguous polarimetric-interferometric SAR target decomposition is achieved. Finally,
the decomposition results are integrated with multiple building extraction schemes, so that the performance of existing al-
gorithms is improved and the effectiveness of the proposed method is validated. Comparative experiments are conducted
on three PolInSAR datasets, including E-SAR, UAVSAR, and GF-3. The results demonstrate that, compared with con-
ventional polarimetric decomposition methods, more accurate scattering features are obtained by the proposed method;
when applied to building extraction in complex scenes, fewer false alarms and missed detections are produced.

Key words: polarimetric interferometric synthetic aperture radar (PollnSAR); PolInSAR coherence; target de-

composition; building extraction
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CHEN Yufeng, LONG Weijun, HE Yangyang, et al. Sparse Array Optimization Under Multiple Con-
straints Driven by the SEEFO[J ]. Radar Science and Technology, 2026, 24(2) : 140-147.

Sparse Array Optimization Under Multiple Constraints Driven by the SEEFO

CHEN Yufeng', LONG Weijun', HE Yangyang®’, XU Yizhuo', HAO Zhenzhong'
(1. School of Electronic and Information Engineering, Nanjing University of Information Science and Technology, Nanjing 210044, China;

2. National Key Laboratory of Electromagnetic Effect and Security on Marine Equipment, Wuhan 430064, China;
3. China Ship Development and Design Center, Wuhan 430064, China)

Abstract: To address the array antenna optimization problem under multiple constraints, including a minimum el-
ement spacing constraint, a radiation pattern optimization method that integrates a Sobol sequence-based electric eel for-
aging optimization (EEFO) algorithm with Gaussian perturbation is proposed in this paper. Firstly, the
density-weighting method is employed to preprocess the array, thereby improving the efficiency of array optimization.
Secondly, based on the density-weighted array, the Sobol sequence is introduced for population initialization, followed
by the application of the EEFO algorithm to further optimize the positions of the array elements in search of the global
optimum. Finally, to overcome the limitation of the asymmetric matrix mapping method which transforms the problem of
solving actual distances into solving two mapping matrices, Gaussian perturbation is applied to the optimized array to ful-
ly enhance the array’s degrees of freedom. The experimental results confirm that the proposed method significantly re-
duces the computational overhead of the optimization process, enhances the degrees of freedom of the array, and
achieves effective suppression of the peak sidelobe level.

Key words: array antenna; Sobol electric eel foraging optimization (SEEFO) algorithm; peak sidelobe level

(PSLL); Gaussian perturbation; element distribution freedom
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ZHANG Xujin, GUI Shaoting, ZHANG Jiajia, et al. Design and Simulation of a Dual-Frequency Space-
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Design and Simulation of a Dual-Frequency Spaceborne InSAR Altimeter System

ZHANG Xujin, GUI Shaoting, ZHANG Jiajia, NIU Lei
(The 38th Research Institute of China Electronics Technology Group Corporation, Hefei 230088, China)

Abstract: Traditional satellite radar altimeters operate in a one-dimensional measurement mode, which cannot
achieve high temporal and spatial resolution simultaneously. In this paper, a near-nadir small-field-of-view interferome-
tric synthetic aperture radar (InSAR) measurement system composed of Ku and Ka bands is proposed. The two bands
are used to observe different regions respectively, and then the two observation areas are spliced to obtain a large swath
width.The spaceborne InSAR system is equipped with dual-frequency shared-aperture active phased array antennas at
both ends of the interferometric baseline, which can flexibly adjust the antenna beam pointing. The operating sequence
involves two pulses per group, alternately transmitting signals and receiving echoes to observe the areas on the left or
right side of the satellite. To avoid transmission blocking and mutual interference between the two frequency bands, both
bands work at the same pulse repetition frequency. The results of computer simulations and real data inversions demon-
strate that the method described in this paper can obtain high-precision sea surface height and large observation swath
width at the same time.

Key words: dual-frequency band; radar altimeter; computer simulation; swath width
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Module Based on Sip[J]. Radar Science and Technology, 2026, 24(2) : 155-163.

Design of High-Power Wideband Full-Polarization T/R Module Based on Sip

LIANG Zhangangll, LIU Falin', LIU Zhihongl’z, LI Hanwen', CHEN Xingguo2

(1. Department of Electronic Engineering and Information Science,University of Science and Technology of China, Hefei 230026, China;
2. The 38th Research Institute of China Electronics Technology Group Corporation, Hefei 230088, China)

Abstract: To address the development requirements of phased array radar toward multifunctional radio frenquency
(RF) sensing microsystems, the physical layer of equipment must advance in high integration, miniaturization and con-
formality, while its functionality should evolve toward wide bandwidth, multifunction, multi-polarization and multi-mode
operation. Building on this, this paper leverages multi-channel high-density hybrid heterogeneous integration architec-
ture design and critical technologies such as 3D impedance matching for RF signal transmission across
multi-dimensional and multi-medium environments, this study designs a Sip-packaged T/R module featuring multi-
channel operation, wideband coverage, full-polarization agility and high-power capacity. By introducing a transfer func-
tion methodology, a robust optimization design approach for high-density integrated multi-physics coupling is proposed,
effectively resolving stability challenges in T/R modules under multi-physical fields while enhancing design efficiency.
Experimental validation confirms excellent amplitude-phase consistency across channels, demonstrating the module’ s
capability to meet operational requirements of next-generation board-level multifunctional RF array microsystems.

Key words: Sip; wideband; high power; full-polarization; T/R module
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Detection Performance Analysis of Microwave Photonic Radar with Low Phase Noise

JIANG Xin'?, HE Yifei’, ZHANG D.smmingl , YANG Yue', LUO Ding1
(1. AVIC Leihua Electronic Technology Research Institute , Wuxi 214063, China;
2. Department of Electronic Engineering, Tsinghua University, Beijing 100084, China;
3. Aviation Military Representative Office of Army Equipment Department in Shanghai, Shanghai 200031, China )

Abstract: The confrontation in the future air battlefield is becoming increasingly fierce, super stealth targets rep-
resented by the fourth generation stealth fighter, together with low-altitude small slow targets represented by drones,
have become important threats to the air battlefield. When airborne radar detects such targets by increasing the transmit
power, the target echo will be submerged in strong clutter and difficult to be detected. Because the residual clutter power
is strongly affected by the phase noise of the frequency source, detection performance is expected to be improved by im-
plementing the microwave photonic oscillator with low phase noise. A pulse-Doppler radar transceiver model in the pres-
ence of the phase noise is established in this paper. Further the impact of the phase noise on the pulse compression is
theoretically analyzed. Simulation experimental results verify that microwave photonic oscillator with low phase noise
can significantly reduce the residual clutter power during two-dimensional coherent accumulation, which is beneficial
for airborne radar to detect stealth and low-altitude small slow targets.

Key words: airborne radar; phase noise; opto-electronic oscillator; residual clutter power; pulse compression;

coherent accumulation
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Spurious Signal Suppression Method for High-Resolution
FMICW Radar Echo Signals

ZENG Weigui, SHANG Song, LIU Minggang, CAO Silei
( Naval Aviation University, Yantai 264001, China)

Abstract: High-resolution frequency modulated interrupted continuous wave (FMICW ) radar demonstrates signifi-
cant potential in applications such as precise ranging, target identification, and environmental perception, due to its ex-
ceptional long-range detection capabilities, low power consumption, and superior anti-interference performance. Never-
theless, a key challenge in practical deployments lies in the effective suppression of spurious signals generated by the
system and the avoidance of Doppler ambiguity, which are essential for realizing its high-resolution capabilities. The
conventional method of using PRI variation to enhance range resolution has major flaws. A primary limitation is that it
halves the maximum unambiguous Doppler velocity, leading to ambiguity in detecting fast-moving targets. Furthermore,
the approach exhibits low data efficiency and poor spurious signal suppression in low-SNR conditions. These issues col-
lectively degrade radar performance in practice. To address these issues, this study introduces an improved signal pro-
cessing method. Our approach enhances the spurious suppression workflow and data utilization, effectively eliminating
spurious signals while largely retaining the maximum unambiguous Doppler velocity. For the typical case of 100 sam-
pling periods, the maximum unambiguous velocity is reduced by only about 1%. Importantly, this reduction decreases
further as the number of sampling periods increases. This characteristic is crucial for maintaining the inherent measure-
ment accuracy and system reliability of high-resolution FMICW radar. Comparative simulations with the baseline
method confirm the effectiveness and superior performance of the proposed approach.

Key words: FMICW radar; Doppler ambiguity; spurious signals suppression; high-resolution
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Sparse Array DOA Estimation Method Based on ANM-ADMM-MM

ZHANG Peihua', JIN Liangnian'?
(1. Institute of Information and Communication, Guilin University of Electronic Technology, Guilin 541004, China;
2. Key Laboratory of Wireless Broadband Communication and Signal Processing, Guilin 541004, China)

Abstract: The alternating direction method of multipliers algorithm for atomic norm minimization in sparse array
DOA estimation suffers from low accuracy, large amount of computation and poor noise robustness. An improved atomic
norm minimization algorithm based on Majorization-Minimization (ANM-ADMM-MM) is proposed. Firstly, the method
is sampled and quantized, and an observation signal model is established. The semi-definite programming ( SDP ) form
is obtained by minimizing the atomic norm.Then, an MM optimization is incorporated into the ADMM iterative process to
obtain the optimal estimated Toeplitz matrix. Finally, the MUSIC algorithm is employed to search for the peak of the To-
eplitz matrix to determine the angles. Simulation results demonstrate that, compared with the ANM-ADMM algorithm,
the running time of the proposed method is reduced by approximately 74%, the estimation accuracy is improved by
about 55% at an SNR of 0 dB and by about 35% under the SNR of 15 dB.

Key words: sparse array; DOA estimation; atomic norm minimization; alternating direction method of multipliers;

MM optimization
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WANG He, SUN Guogiang, JIA Lin, et al. A Semantic Organization Method for Electromagnetic Space
Data[ J ]. Radar Science and Technology, 2026, 24(2) : 185-195.

A Semantic Organization Method for Electromagnetic Space Data

WANG He', SUN Guogiang®, JIA Lin®, ZHU Qinglin*
(1. China Academy of Electronics and Information Technology, Beijing 100041, China;
2. The 38th Research Institute of China Electronics Technology Group Corporation, Hefei 230088, China;
3. Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefet 230031, China;
4. The 22nd Research Institute of China Electronics Technology Group Corporation, Qingdao 266107, China )

Abstract: Aimed at the challenges of complex semantic acquisition and difficulties in deep development and orga-
nized utilization of network electromagnetic space signal data, this paper proposes a new semantic organization ap-
proach. A graph-based modeling method utilizing feature-behavior two-level data typology is introduced. First, based on
the requirements of the business scenario, the data types to be collected and processed are defined, with structured and
unstructured storage implemented for feature-level and behavior-level data respectively. Then, the context-related data
is extracted based on the key feature words of the stored content, and the ALBERT-BiLSTM-CRF model is used to iden-
tify the key entities and relationships in the data.Finally, a semantic enhanced knowledge graph is constructed through
correlated data knowledge fusion. This method effectively resolves the problem of transforming electromagnetic space da-
ta semantics into clear and actionable response sequence outputs, and the feasibility of this method is analyzed through
radar application scenarios.

Key words: electromagnetic space data; feature modeling; semantic parsing key word; knowledge graph
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Method for Suppressing Chaotic Pulse Interference in ELINT System Based on
CNN-BiLSTM

LU Yongwei'?, SHI Junpeng?, ZHOU Qingsong®, TIAN Xilan®, GUO Baiyang®, CHEN Qinxian®, SHAN Shihao', WANG Mingzhuang®
(1. Unit 63891 of PLA, Luoyang 471000, China;
2. College of Electronic Engineering, National University of Defense Technology, Hefei 230037, China;
3. The 38th Research Institute of China Electronics Technology Group Corporation, Hefei 230088, China;
4. Unit 96816 of PLA, Qidong 226200, China )

Abstract: In response to the serious damage to the sorting and recognition of radar signals by the electronic intelli-
gence (ELINT) system caused by chaotic pulse interference signals, a method based on convolutional neural
network-bidirectional long short-term memory network for suppressing chaotic pulse interference is proposed by intro-
ducing the machine learning algorithm into the reconnaissance sorting process. This method utilizes the convolutional
neural network to capture the locally distributed features of chaotic pulse interference signals in multiple dimensions,
and bidirectional long short-term memory network to capture the periodic features of radar signals within the mixed sig-
nals, thereby achieving classification and identification of interference signals and radar signals. Simulation experiments
have shown that this method achieves an accuracy rate of over 96% and a recall rate of over 92% for different test sets. It
has strong domain generalization ability and provides an effective way to improve the performance of ELINT systems in
complex electromagnetic environments.

Key words: electronic intelligence (ELINT) system; convolutional neural network; bidirectional long short-term

memory network; chaotic pulse interference; radar reconnaissance
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FU Jilin, RAO Xuan. Design of Multi-Carrier LFM-CPM Integrated Signal Based on Weak Target
Detection[ J ]. Radar Science and Technology, 2026, 24(2):205-213.

Design of Multi-Carrier LFM-CPM Integrated Signal Based on Weak Target Detection

FU Jilin, RAO Xuan
(School of Information Engineering, Nanchang Hangkong University, Nanchang 330063, China )

Abstract: To improve the insufficient weak target detection performance of radar-communication integrated sig-
nals in low signal-to-noise ratio (SNR) environments, a novel multi-carrier linear frequency modulation—continuous
phase modulation (LFM-CPM) signal design scheme based on signal reconstruction is proposed in this paper. Firstly,
the mathematical models of the multi-carrier LFM-CPM signal and the reconstructed signal are established respectively.
Then, a bank of bandpass filters is employed to reconstruct the multi-carrier LFM-CPM signal into a linear frequency—
modulated signal. Next, the ambiguity function characteristics and pulse compression performance as well as the perfor-
mance of sidelobe suppression after matched filtering are analyzed. Finally, the radar weak target detection performance
and communication bit error rate are discussed. Simulation results show that compared with the existing typical integrat-
ed waveforms, the proposed multi-carrier LFM-CPM signal achieves a 13 dB improvement in detection probability under
low SNR conditions. Meanwhile, while maintaining a communication rate no less than 50% of the 16QAM scheme, the
proposed method provides a 4 dB BER performance gain over 16QAM, which show good radar detection and communica-
tion capabilities.

Key words: radar-communication integration; continuous phase modulation; multi-carrier; weak target detection
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Velocity Estimation Method of Ship Targets in Single-Channel

Squinted Spotlight SAR
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2. College of Intelligent Systems Science and Engineering , Harbin Engineering University , Harbin 150001, China;
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Abstract: For the single-channel squinted spotlight SAR imaging system, the ship target velocity and squint angle
are highly coupled in the Doppler domain, which greatly increases the difficulty of ship velocity estimation. Based on
this, a ship target velocity estimation method is proposed for single-channel squinted spotlight SAR. By constructing the
parameter observation model of the Doppler center, frequency modulation rate and the long-axis direction of the ship in
the focusing plane, the nonlinear coupling relationship between the squint angle and the heading and speed of the ship
is explicitly characterized. In the process of inverting the ship velocity and squint angle parameters, a PSO-LM hybrid
optimization framework is constructed to achieve efficient and high-precision solution of nonlinear equations, and multi-
frame observation is further introduced to optimize the estimation accuracy. Theoretical analysis and simulation results
show that the proposed method can achieve high-precision velocity estimation of ship targets in squinted spotlight SAR
under single-channel conditions.

Key words: squinted spotlight SAR; single-channel; ship target; velocity estimation
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i 49 DFES-YOLO f£4% % & . B © % .mAP50 4= mAP50:95 ¥ 45 47 L 3 IRIFUA B2, KA Z H kAR F 7
30T 89 SARAAG /1~ B AFAR MAE G BLAT RAF 69 -GAk it Fri2 AL A
EER . A RILBETE; MARERL; B ARER s YOLO JL; 8255 5 4
RE S %S TN957.51 HRAR SR A TERE:1672-2337(2026)02-0224-13
Sl Iz 2, kA48T, T4, 5 DFES-YOLO : —#F & 1% SAR ALAS /) B ARAe ) 64 o3 52 M 24 [ ] ). F A A
3 154 K ,2026,24(2) :224-236.
Chen Peiyao, Zhang Xiangyu, Ding Hui, et al. DFES-YOLO: A Denoising-Enhanced Framework for De-
tecting Small Ships in SAR Images| J]. Radar Science and Technology, 2026, 24(2) :224-236.

DFES-YOLO: A Denoising-Enhanced Framework for Detecting Small

Ships in SAR Images
CHEN Peiyao, ZHANG Xiangyu, DING Hui, SONG Jiaqi
(Capital Normal University, Beijing 100048, China)

Abstract: Synthetic aperture radar (SAR) has significant application value in maritime object monitoring and ship
detection. However, ship objects in SAR images are typically characterized by small scale and low contrast. Moreover,
the multiplicative speckle noise generated during the SAR imaging process significantly interferes with object feature
representation, posing substantial challenges for small-object detection tasks. To address these issues, this paper pro-
poses an improved method, termed DFES-YOLO, for small ship detection in SAR images based on the YOLO1ln
single-stage object detection framework. Specifically, a denoiser module (DM) is introduced to suppress the interference
of multiplicative speckle noise on feature representation, thereby enhancing the discriminability of small-object features.
In addition, a feature extraction module (FEM) is designed to improve deep semantic feature representation, and an effi-
cient multiscale attention (EMA) mechanism is incorporated to strengthen multi-scale feature modeling capability. Fur-
thermore, a small object neck (SON) structure is constructed to enhance the fusion of shallow fine-grained features and
high-level semantic information, thereby improving small-object detection performance. Experimental resulis on the
SSDD and HRSID datasets demonstrate that the proposed DFES-YOLO achieves significant improvements in precision,
recall, mAP50, and mAP50:95, indicating that the proposed method exhibits strong robustness and generalization capa-
bility for small ship detection in SAR images under complex noise environments.

Key words: synthetic aperture radar (SAR); ship detection; small object detection; YOLO algorithm; speckle

noise suppression
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