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SUN Yanpeng, NING Qiuyue, QU Lele. Radar Recognition of Low Altitude Small Unmanned Aerial Ve-
hicle Based on Semi-Supervised Learning[ ] ]. Radar Science and Technology, 2025, 23(6):591-602.

Radar Recognition of Low Altitude Small Unmanned Aerial Vehicle Based on

Semi-Supervised Learning
SUN Yanpeng, NING Qiuyue, QU Lele
(College of Electronic Information Engineering, Shenyang Aerospace University, Shenyang 110136, China )

Abstract: To enhance radar-based detection of low-altitude small unmanned aerial vehicle (UAV), an optimized
semi-supervised learning approach for radar-based low-altitude small UAV identification is proposed in this paper. The
semi-supervised learning method can combine labeled and unlabeled data to improve the recognition performance of the
model under the condition of limited labeled samples. In this paper, we focus on improving the disagreement-based semi-
supervised approach, and build a UAV recognition framework based on co-training semi-supervised neural networks
(CSNN), which incorporates spatial attention mechanisms, channel attention mechanisms and Ghost bottleneck layers
to enhance feature discriminability while reducing parameter complexity. Comprehensive experiments were conducted
on an open-source dataset and a self-collected continuous wave radar dataset. The experimental results demonstrate that
the proposed framework achieves classification accuracies for rotary-wing UAV of 97.33% and 95.78% on the two data-
sets respectively, outperforming supervised learning baselines by 3.01% and 2.66% accuracy improvements. This vali-
dates the framework ’s robustness in low-altitude complex environments with limited labeled data.

Key words: UAV classification; semi-supervised learning; attention mechanism; Ghost bottleneck layer; conti-
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Few-Shot HRRP Target Recognition Network Based on Efficient Local Attention

WANG Guoqing', ZHANG Yunlong?, DAN Bo', XUE Wei®
(1. Naval Aviation University, Yantai 264001, China; 2. Yantai Research Institute, Harbin Engineering University, Yantai 264000, China )

Abstract: Radar high resolution range profiles (HRRP) can reflect the structural information of the object under
test, and due to its easy accessibility, it has become a significant research direction in the field of radar automatic target
recognition (RATR) in recent years. In this paper, a method is proposed for radar HRRP sequence data to be converted
into two-dimensional image processing by the Gramian angular field (GAF) method, which preserves the original infor-
mation while adding an additional dimension of features, facilitating feature extraction by neural networks. To address
the issue of small-sample datasets, a convolutional neural network architecture based on the transfer learning with an ef-
ficient local attention (ELA) mechanism is proposed. This architecture freezes the parameters of the first five convolu-
tional layers of the neural network, and trains the attention module as well as the fully connected layer separately, so that
the model has faster convergence speed and higher recognition accuracy. Tests on five types of ship datasets demonstrate
that the transfer learning approach reduces the training time by 6% and improves the accuracy by 11.62% compared to
models trained from scratch.

Key words: high resolution range profiles (HRRP); radar automatic target recognition (RATR); few-shot learn-

ing; Gramian angular field(GAF); efficient local attention
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Sea-Surface Target Detection Based on Constant False Alarm Rate with Truncated

Maximum Likelihood
SHI Sainan'?, MA Qiangian', WANG Jiajun'
(1. School of Electronics and Information Engineering, Nanjing University of Information Science and Technology, Nanjing 210044, China;

2. Jiangsu Collaborative Innovation Center of Atmospheric Environment and Equipment Technology, Nanjing University of Information Science

and Technology, Nanjing 210044, China)

Abstract: The non-coherent detector has the advantages of simple structure and low computational complexity,
which can meet the real-time detection requirements of radars for sea-surface large targets. However, in the real environ-
ments, there are inevitably a small number of outliers with high power, which seriously affects the detection perfor-
mance. Therefore, a truncated maximum likelihood constant false alarm rate (TML-CFAR) detector is proposed in this
paper, which matches the shape parameters of gamma-distributed sea clutter and has the characterisitic of anti-abnormal
samples. Firstly, reference cells are selected by the truncation factor to remove the weakest and strongest abnormal sam-
ples, thereby obtaining the pure clutter with independent and identically distributed characteristics as cell under test
(CUT). Secondly, under the condition of maximum likelihood estimation of pure clutter power, the detection statistic of
TML-CFAR detector is given and extended to multi-pulse gamma distribution. Thirdly, the constant false alarm rate
characteristics of TML-CFAR detector for clutter scale parameters are proved. Meanwhile, a bi-percentile estimator is
proposed to achieve robust estimation of shape parameters. Finally, by using simulated data and measured data, it is veri-
fied the robustness of TML-CFAR detector in different clutter environments, especially in the abnormal clutter where it
exhibits the best performance.

Key words: sea clutter; target detection; gamma distribution; constant false alarm rate; maximum likelihood
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ZEFEIFI CRFAR F51E . 7R 2045 R, SClik[ 11142
H—Fh 3L F i KA SR CFAR (Maximum Likeli-
hood Gamma CFAR, MLG-CFAR) &G &5 , J-4f F: )
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Simulation and Detection Method of Submarine Internal Wave Wake in SAR Imaging

ZHOU Peng', SHI Libo', ZHANG Xi?

(1. College of Oceanography and Space Informatics, China University of Petroleum (East China), Qingdao 266580, China;
2. First Institute of Oceanography, Ministry of Natural Resources, Qingdao 266061, China )

Abstract: The internal wave wake generated by submarine movement underwater contains rich physical characte-
ristics and electromagnetic scattering information, and its detection and analysis are of great significance for target recog-
nition and ocean monitoring. However, the complex sea surface environment and the unique properties of internal wave
wake make robust detection challenging using traditional methods. Focusing on the modeling, imaging and detection of
submarine internal wave wake, a method for detecting submarine internal wave wake based on synthetic aperture radar
(SAR) images is proposed in this article. Firstly, a composite model of the sea surface and submarine internal wave
wake is constructed, and the generation mechanism of the wake and the influence of the sea surface on it are analyzed.
Secondly, the scattering characteristics of the internal wave wake are studied based on electromagnetic scattering theory,
and the visibility of the internal wave wake is verified through simulation. Then, combined with SAR imaging mecha-
nism, SAR images of internal wave wake under different sea conditions are simulated. Finally, a robust principal compo-
nent analysis (RPCA) algorithm combining sparse low-rank decomposition and morphological processing is proposed
for detecting internal wave wake, effectively extracting the spatial distribution and geometric features of the wake. The
experimental results show that the proposed method can accurately separate and detect internal wave wake in the back-
ground of the sea surface, with high robustness and adaptability, providing theoretical support and practical reference for

the application of SAR in ocean monitoring.
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Fast Time Delay Estimation Based on Sparse Discrete Cosine Transform

WEI Zhengkai, GUO Baiyang, LI Zhihui, ZHOU Qingsong
(College of Electronic Engineering, National University of Defense Technology, Hefei 230037, China )

Abstract: In complex ionospheric environments, the multipath effect causes severe interference to sky-wave over-
the-horizon radar detection, easily generating false targets. Rapid and accurate estimation of multipath time-delay param-
eters is crucial for suppressing multipath interference, improving radar detection accuracy, and is of great significance
for ultra-long-range target detection. According to the signal propagation characteristics within the ionosphere, an efficient
multipath time-delay estimation algorithm based on sparse discrete cosine transform (SDCT) is proposed in this paper,
achieving fast estimation of the time delays in received signals. The method first leverages the path sparsity of multipath
signals, employing random permutation, windowed filtering, subsampled discrete cosine transform, and Hash mapping,
combined with iterative statistical analysis of peak characteristics in the discrete cosine domain, to achieve high-preci-
sion estimation of multipath time delays. Experimental results demonstrate that compared to processing methods in the
Fourier domain, the proposed algorithm effectively reduces the mean absolute error (MAE) of time-delay estimation
while exhibiting stronger robustness under noisy conditions. Furthermore, compared to the standard discrete cosine
transform algorithm, the sparse discrete cosine transform algorithm features lower computational complexity and signifi-
cantly reduced running time.

Key words: multipath effect; delay estimation; sparse discrete cosine transform; Hash mapping
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Robust Track Initiation Method for Dense Hypersonic Targets Based on

Single-Frame Radial Velocity Estimation
HU Bolin', WANG He? ZHU Qinglin®
(1. The 38th Research Institute of China Electronics Technology Group Corporation, Hefei 230088, China;
2. China Academy of Electronics and Information Technology, Beijing 100041, China;
3. The 22nd Research Institute of China Electronics Technology Group Corporation, Qingdao 266107, China)

Abstract: To achieve robust and early warning of incoming dense hypersonic targets for long-range early warning
and precision measurement radars, it is imperative to solve the challenges of robust multi-target initiation and rapid
track convergence. Addressing the difficulties posed by this detection scenario, including significant range walk, strong
Doppler coupling effects, slow track initiation convergence, and susceptibility to track association conflicts, a dual-pulse
search-and-confirm waveform is designed in this paper. This design resolves the problems of single-frame radial velocity
estimation for multiple targets and efficient dual - pulse integration without prior knowledge, achieving high - preci-
sion joint range - velocity estimation during the search-and -confirm phase. Furthermore, the detection process is opti-
mized to enable rapid convergence of range errors during this phase, realizing robust and rapid initiation and tracking of
dense hypersonic targets. Experimental results validate the effectiveness of the proposed method and detection process,
demonstrating strong feasibility for engineering implementation.

Key words: dense hypersonic targets; without prior knowledge; radial velocity; robust initiation; rapid convergence
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YANG Chao, LAI Tao, HUANG Tianyou, et al. A Multi- Channel Parallel Method of Wideband Signal
Digital Down Conversion Based on FPGA[J]. Radar Science and Technology, 2025, 23(6):650-661.

A Multi-Channel Parallel Method of Wideband Signal Digital Down

Conversion Based on FPGA
YANG Chao, LAI Tao, HUANG Tianyou, LIN Huifu, WANG Qingsong, HUANG Haifeng

(School of Electronics and Communication Engineering, Sun Yat-Sen University, Shenzhen 518107, China)

Abstract: In the radar receiving system with high intermediate frequency sampling or RF direct sampling, with the
increasing requirements of resolution, signal bandwidth and sampling rate, it is difficult for digital signal processing de-
vices such as FPGA to directly handle wideband signals with a rate of up to GHz. Aiming at the rate difference between
sampling rate and FPGA working frequency, a digital down conversion method based on the principle of polyphase filter
is proposed in this paper, which can flexibly configure parallel processing structure. The computer simulations are car-
ried out for various signal conditions. Meanwhile, the filter design, data processing bit width, resource consumption and
baseband signal quality in FPGA implementation are analyzed and verified. The results show that the proposed method
can well adapt to the parallel digital down conversion of high-speed wideband signals and effectively reduce the FPGA
working frequency, which has higher engineering practicability and versatility.

Key words: wideband; digital down conversion; polyphase filter; parallel processing; FPGA
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Self-Attention Adversarial Autoencoder[J]. Radar Science and Technology, 2025, 23(6):662-670.

An Intelligent Sorting Method of Radar Signal Based on Self-Attention

Adversarial Autoencoder
YANG Xinkai', WANG Bing®, TANG Jianlong'

(1. School of Electronic Engineering, Xidian University, Xi" an 710071, China;
2. National Key Laboratory of Electromagnetic Space Security, Chengdu 610036, China)

Abstract: In this paper, an improved radar signal intelligent sorting method based on self-attention adversarial au-
toencoder is proposed, which aims to solve the problem that the existing radar signal sorting method based on convolu-
tional denoising autoencoder has a poor separation effect when jitter PRI mode exists. By inserting the self-attention
mechanism module in the middle of the convolutional denoising autoencoder to improve the network feature extraction
ability, and adding a discriminator to form an adversarial autoencoder to improve the generalization ability of the model,
the network’ s the sorting performance for time of arrival (TOA) series with jitter PRI is significantly improved. In this
method, the signals other than the target sequence are regarded as anomalies during sorting, and the aliasing TOA series
is binary encoded and input into the trained network to realize the sorting and extraction of the target sequence. Experi-
mental results show that when there is jitter PRI in the pulse sequence, the proposed method is better than the sorting
method based on convolutional denoising autoencoder under ideal conditions and in complex electromagnetic environ-
ments such as spurious pulses and pulse loss.

Key words: radar signal sorting; self-attention mechanism; adversarial autoencoder; TOA series coding
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Echo Correlation Analysis for Inter-Pulse Frequency Hopping Radar Altimeter

WU Tong, LIU Xiang, JIANG Ge
(Institute of Electronic Engineering, China Academy of Engineering Physics, Mianyang 621999, China)

Abstract: In the design of radar altimeter systems, in order to enhance the non-coherent signal detection perfor-
mance and measurement accuracy, lower inter-pulse correlation of echoes is needed. However, at high pulse repetition
frequency (PRF), the echo inter-pulse correlation of fixed-carrier-frequency increases with the PRF. The inter-pulse fre-
quency hopping technology is introduced to reduce the inter-pulse correlation, but the random hopping of carrier fre-
quency makes the conventional correlation model under fixed-carrier-frequency inapplicable. A radar altimeter illumina-
tion scenario is established in the paper, and an inter-pulse correlation model for echoes under frequency hopping condi-
tion is derived. Based on this model, an optimization problem aimed to minimize the waveform variance in non-coherent
superposition is formulated, using a simulated annealing algorithm to solve it. The experimental results show that, the
inter-pulse correlation decreases when both the inter-pulse frequency hopping range and the pulse repetition frequency
increase. Furthermore, under high PRF conditions, the incorporation of inter-pulse frequency hopping technology can
improve signal detection performance and height measurement accuracy.

Key words: radar altimeter; inter-pulse frequency hopping; inter-pulse correlation; non-coherent superposition;

optimization problem

R R LY Ik R R G

0o 5l 7

B IA 1R B R — P Y el D e R v Y
i, AT AT T AR R S e R AT [ 1 S B A )
AR R AR Ik e AR
O3 N B LRSI . % BRI 32 BRIk
o B 2% AT 4 SRy R T 5 U P A e B R K 7 A

Wk H I : 2025-04-30; &[5 H I . 2025-07-16
HEWH : FHE AR AR

o0 JEE A T 5k B W R

Bl L iR BE AR O0 R, B2 T 5 SR R 400
7 B IR e R S B B, o ok R ] R K e R R
F [l 0 Jp T AH S — R T E AT ST IR . Pk
[A]A OGP BAT B X, FEAAR AL My
U, TR A R R A [T DK A AR OGP RE T
PERE. HARIN S , BRI AH

Z= 514 E LA BIE Y e NSAF A 4 (No.U2130202)



672 BiERZEHEK

F3EFE oM

P F 3k i B R [ YR A A 2 28 g ) R AR B
R XA o A I R g A 3 T 5 R, i
3 M7 R 3K i BE R MDA 5 A RH DG A, W) xk v BE A
FFFIE A, SR KRR S HA T AR
L I B 1 AN A B IO R AR
TEEAAAE R G RY . PRIAE 3k i B 3R AR S Ak
PR 30 de R AR 1T e 45 1 Dk TR AR SCE , wT LA
A AR AR T TG, SRR T AR SR B
P o DK EIAR DG AIFFE AT LA A Je S A6 0 1 R AT is
T HR GBS S

SCHRL6 JEE ST T g B 2R T H Bk IR AR JL AT A5 Y
IFHE T I A TEMR B 5 A ARG bR
BRI R T e B R SR T ) R e U B )15
AT I K ) A S ) BRIk A, AR
T, A W 1 R LR 1) £ Fl b ok it 48 19 52
We, HAFR R A g, s = M. SCHR[4 )78 3C
BRL6 ALl b, 70 IRGTRERI R 5] T 1548 1) 1 11
Mgk it AR L e G — R ) = AR R AR
BRIV A o i 10 2 THT g J32 ML 4 T2 o BRI T 3H R
TSk e O = I AR A RS A B = T
REAYT AT DS A AU 37 55% , - 5L AT RLd i R
R R AR e e i AR RO . SCIR[ 8 TR AR L
(R PHRE - JE 5 B ST 1 RIS s 34 A BRSPS DX I
f9 Walsh 20 5C ik b 8 ST B . BB 25 1
S TR 9B Ik [B) AR DG Ry I, ok e e S0 32 1 1
JA

Je BRI 5 T o3 b S DU AR L W55 0 A G
PER/NEY R ZR o SCHR (9 138 3 3 Hr Skylab 75 1K 5
JERBARAT ST 1 B BRIk v B v ko A AR
Xof Jok (B AH DG Y 52l o S0 K0dks R BT, 7 o bk o
T Z % (Pulse Repetition Frequencies, PRF) X1,
PRF B, DK TR] AR DGRBS . I HLAE i 00 (R
TR) BT B 4 PRE LR £ Jok ] 1] 35 25 40 5% .
SCHR [ 10 ]38 525 53 BT Seasat /= B 2= £ 2F — 25 43 B
TR 55 DK AT AR S B4 5 W) - 7 AR IR, AH /R I8
TEAR VAR /I 5 7E B I, K [ R 2 38 A0 G
SCHRL 1T IR BAESE IR 2238 ) o R AF BT R FR IS
G, S IS RS B I R BE L AR G 2R
W PRF SR, R R TAER KT RS
Ab BT FR 25 AR BB AR DG . 25T Cryo-
Sat-2 SAR [ PRF 4= FURR3ECE ), B 52 K BRAE

A [F) 9 75 3 B0 K 1) AH DG P A7 AE AR X A0 1, B
WOE T AR OCHE 5 R S5 T A SR PR R
111736 86 2 S 0 S 40U i A AN [R5

Ik R B AR 5 PRE B3, X Rl 4
AR A 3 B B2 7 R[] ) ) Bl P 388 A AR 2R
¥ (Effective Number of Looks, ENT.)™ | 42 5 52
GRS RE o SR AL ST Ik e 2R T TARTE
[E] 7 BT, 24 Jok v 8 S AR0AS G DRI, T3 ok ] A
PN i NS S AN 3 ERe Rl
PEREFNIN A B o A SO A KR BRI EA | th
TSR3 23 0 Jok o [] — RS A [ JB AR OG 3R 26
S A8 R, AT LAREAR K TE)AH 5GP [ s ik 18] @k 43t
BRB A P TLRE I 2 8z G . S51%
G Ik v 22 38 ) B TR AN TR ik T Bk A 7 A Y 2 A
RIE—EJCENEEL , R iyt T IURE ) AR
MR AR R BT A AN

B X Ik [v) Bk A0 37 St L AR SCHE ST R IR i B R AE
SRR T LA [ RS 43 B LT [ K 8] A G
P =I5 BB RY BT o i B 5 1) PRI, i —
AT TSP S ks R ) e A e kX, O
S BUE T B E TRSRLE AR M. LT T A,
AR T —Fh DL/ MEAERA 2 8 INEOE 7 220
AR B9 2000 510 0 A0 75 %, A PSS 4PLIR 3301k
SR, SERG AR RN AR PRE T, JDk ] B A5 14 (]
SRR S L [ 7 O T SEARR 5 BRI BB A, [ gz
O TE) A SCAHE A/ )N 5 A, 2 A A [ R 88 1T A AR DG 1
FRECZ I, LR Hi i B A SR R T IO 5 % 5
JIr it OB DA D7 A R T 115 5 A 1 R
A R

1 Dk Ia] i 7 s e 5 R A5 o 1 1Y
11 RHHES

1E—A~9F A 2 4k B2 8] B (Non - Coherent Pro-
cessing Interval, NCPL) I , & 48 3t & it V4> ik ol
VK vl (4 W 4 2R f,, kS B M (CH
N = M), BRATE] B A AF, WK 55 n A Tk i) 2000
ik

fo=f + e A (1)
Y, e, RS 7 | AR R ST W) 8 i 50 03 A
FELO, M) BEALIBCE HE -



2025 4F55 6 *

AR BRIV B IR F A 5

JE R E] kAR AT 673

B IA R S S A I K v
AR il QU R .Yy

s, (1) = rect{T}A(t)e”’“) (2)
T, A() R4 R B, (o) Fon ARALIE 0, 7

FEoR WK v T8 BE ¢ 2 5% n A SR o Ay R B ]
rect(t)jﬂ%ﬁﬁ//lz‘élﬂlzl%&,%%ﬂ‘jﬂ
1 1L <t < 1
rect(1) =4 = 2 2 (3)
0, HAtb
W n AN S A S5 5 R
s(t,n) = s, (1)e™™ (4)

KP,0<1<T,,0<sn<N-1,
PALEM T A ) R e B3t S N 17

Wy W, W3 Wy W5 W Wi, Wy Wy W

Nininininininininig

T £t

SATASf
f+6Af

SASAS -
VARV

f+3Af -

18,

T,

SA2Af -
JHAS

| I 1 1 1 1 1 1 |
T, 2T. 3T, 4T. 5T. 6T. 7T, 8T. 9T. K5It

P LALFM R A fik o it Jok o] 6 A5 T /s 2

1.2 ?%LISIE%
iR e AR TARS SO0 AR 1) b Rp 2
EE&ETHK{EME , AT AT 45 5 Hb i 22 [1] F
AR B o AN SO o I 1 P R R X S 1
SIS R . T AT AT R i
T, 7 I8 RN AR 5 B H AR AT LR T “stop-
go BRI, fENCPIN, K17 vz s g it /N T
Jok fr BR A A2 58, T AIA SRy VA ok of RS A2 ] —
i1 F R 78 A 2 B
PR PR K 7 R A T A A B B I
& E AR AR S AT LA i E s 224 B R
I =) 0 ) 2T W
x y)/{ ﬁ Jzﬂ/( 2R, (vyz)

s,(t,n) = ﬂ(‘l—’ﬂ)mR (x, ¥, z)

dxdy (5)

(DA RE S i

A~ N

Wt o~ A AT

SREEL A A ~ B
aS

K2 ik m R RS R A

PG, RN KRN 4, 4, Fon B, #5200
A K0, Rn T IR T 10 BU R B vy Rom H A A
PR AR T AR, 2 R R BEAL AR AR IR & 3 23 A
N(0,0.%)o >4 TH 3K m B 3 B S 1 6 i B AT -3 3
STRRRE , H SR R G 3 I R ¥ A B i G
7 JC S8 3 9 HBCRICSN A, U0 3 e A B R 8 A5 5K
FAE 12 3R 18T 1) F3ORLBE U B0y R AU R RIS AR
ﬁﬁf@ﬂﬂk'ﬁ%—%ﬁﬁj\?ﬁ%IEﬂ%{BLLVL_I«{%/EmIﬂ}@
ok 22 AT b 3KSF- , DT AR A S B 5L S0 5 e P e A
{HL 21 3 T A7 7 55 HICHH A SRS AR AR e 20 fle i3
AT P 52 v 0 23 A i3 43 A SO0 E0E
A N B S

R, (x,y,2) &/~ H ik
PRy, HR AN

R, (x,y,z) = /x2 + (rw},Tr - y)z + (h + T, — z)

(6)

K, v, v, 530 R B Ik R B R AE v lURN 2 gl A R

JE 3, T, 387 Wk i s 52 ) ), b 2800 A 38 R E 3R
T .

1 H 47 P9 (. y.2) B9

2

1.3 EYabiE
WG5S A0 B AR, X i H AR B E 5 21T
TARSRRbK vp 4 AL B, ] L4531

Koy VA [Ty g )

sr(t,ﬂ) = ﬂ(4q7)3/2R (x ¥, z)
( ﬂﬂwww
X\t- c

dxdy (7)



674 BiERZEHEK

F3EFE oM

2, x (1) RARFEF T s, (¢) BB R %L

T2 bR R F o, [0 45 5 i 25 52 B W s
oo ARG A T IA = BE R AR5 AT AR R

y(t.n) =s(t,n) + n(t,n) (8)
o, n(e,n) om0 UM S LR E
2Nl

P TR ISR 5 A v 3 R T B 2 A ik
HEAT LR AL B i AR SRS Bk . RS Z NG S
D) ZEN] FRoR Ny

1 & 2
=N”Z:l|y(t,n)| (9)
W T AHTE () ARIS A 5 05 A
BRI 72 A SC3| A F s,
SET (B R RS A I 1
=%2Mﬁﬁ*%4ymm%ﬁﬁﬁﬁﬁﬁﬁ

ELRM I S B 750, 4 Eyy,) = €, A P
(7225 91

m= ;2P” +o?
2 & 2 N

o’ = W":I(P" + o-i,) + ,:H:Z_,,l,-
oh P, FR S EIR,

WERH 1 Goodman Y] 1, 5 1A v e AT
R T 5 52 A BT ST B P 3k e
T IR (B AL B e 504 By, |~ (0.P, + 02 ).

I

- (10)
2
(op

y

w3 Sl [y el ]y Sy o
(11)

P2

vl 4301|3300 |

E[(}VE\MZH =122EU”‘4]+
35 3 eofla o) Sip )

(12)
GRS T RO Y S = RN WA S
E[’ynr} = 3var(‘y"‘)4 = 3(P" + 0'3,,.)2 (13)

PR A R 07 22
2 2 N 5 2 N N )
o :W;(PH-U’”) +Zj;jcov(‘yi’ ,

(14)
TE SR TR A 5 RS S b R T e
BOJ B RS o R SO L =B =0 T 7 S ER Fm e

Y

FREOTAT LA 3
E(P(1)P(1)) = E(P(0)E(P(1)) + " (15)
= (15) AT AT, DR i B 7 22 0] DL 4 Ry AR
SRS AR DG PRI, B
Zj_ZJ:%jcoV(‘y,,‘ )| Y ) Z Z] C; (16)
‘iEbB
MR Lk e B, v HEEM S S MES P() 1Y
YIEAN T 20
w0 = 3P0+ o
o (1) = Nii(P (t) + o] ) + Z\:_z\: |C;
(17)

M I7) AT LA S A5 5 5 2 A A DG
(05 5 AR HA A ] A Y8 AH AR OGRS 5 1 &G
7 28 W R T SAG S, Ty 22 ity i = jIg
T 25 o XA T 221G 2 R EUF SO A
AR, BETT SIS | X5 4G 0 02 H A
THER T, Ak, Ty 223 5 5 Bk al AR S (16)
A, PRIHA ZER KR AH A TR A 53 HT
FETHEPIA AT 5 B AR OCHE C, (¢) B, % &
WP 505 5 Z NAH G . [ B e P 5 e P
Z [E)5 JE k7 [F) 43 A (1D, PRI AH DG Rl DL R
C,(1) = Es,(0)s) (t.j) )i # (18)
WX (DACAK(18) v, 7T LAAS 21 Jok [] A G
ARG
C.(t)= :1‘/1)0'2 fmdx dx,dy.dy,G, (x..y,)G;(x,.y;) -
. {e-jzwz‘;”ejzﬂn e (,; _ ARi(xyiz) (”cf i) )

X*(t _ 2K (2;.y,2;)

c

/(R'2 (wisyis 2 )R} (2,002, )):|

(19)



2025 4F55 6 *

AR R IA R T ik

5 B AR B kAR E 5T 675

A (19) 42 5 52 20 Y U A, HLBLU» N B
RIS, Hor 2% T—IA g s, Jf
L2317 R A 101 2 F67 A6 i B9 RH S, A3 7 Ik 1)
GBS R 2N S

2 TRk EE R NK R DG
2.1 ZIEMRER

AN EEAFFE R (19) B B0 10 i B R figt
Ty g g vy aE R A S R R A R
fRAb B, 25 R B SE BRI H 3 5, B A B A AT A
faT A SR, LAORIETHS0KS B2 By HiT 4 T BRI A
AR

5P 2H b TEDRLRE B 2 AR 22 8, i KR TE 5
P, BBk (e 7)) i K F iR md, R 48
BB 2 (1928 A0 LA P P R4S 2, 9F Ho 2, 2 2
So PG, TR B T EUE R s b S 3 AR
LI 8H FAEFN LT RS IR G Sy~
y, =y, T AL R NE ., Uy, =x, v =y,
B, F8 BV BLAGTH I s A A R AR F A .
L, NS kP TR — Ak bR 2R o X (19) &k R

Ado
C”U):(4nrh%,ﬂ}“dyGKxJ?Q(%y%

E[eﬁﬁﬂ“yweﬂwﬂwyﬂk(t_2Rxxyz).

c

x%—ﬂﬂWﬁﬂ (20)

C

XA E K F R, — R, W] LA 28 8 — ik
AT AL, R

R (xy,2) = R (x,y,2) = M

Ay =(j-i)at, 21)

Ah = (j - i)v_,Tr

AP b T A it 0 2 B8 JRE O L, W DDRE
K (20)7% K

Ao LAy - hak
C(0)= 270 [ dedy (2 )G, (xp)e ™
(1) @myer, ) o (2.y)6G (%, )e
. B 2(\ﬁ'x2 +y 4+ h’ - z)
E{éwﬂﬁ) xR =),

X*(t—+)} (22)

SR AR S T HL 5 A (x:0)
B
1A 2 3K 2 AT A R B I
PR S 7T LR LS S B BUE L
F()=2p0@ " ® x(x (1) (23)

A e p (o) IR i 720, S5 MR B2 2 A OG5 475 ®
TR BB H .
1

2
p(t) = exp| — (24)
211_0_2 20'3

Al PR B P B, h(1) @ 8(t - 2RIe) =
h(t = 2R/c), AT LLKE X (22) B E =W B

Cy(1)=P(1) @ M(1) ® R(1) (25)
A, R(e) R SO R K b g, P(¢) SR ) SC
MRS B bR, M (¢) S o5 H bR mm B, B0 28 5040
BIANF

P(t) — %p(t)ejh(/,-f‘)t

M(t) = x(t)x (1)

/120.0 2R (26)
R(1) = Wﬂdxd}@(t - T)Gi(x»y)’

BAL . Am eyt e
eJ(.f/ f) p

LA 2y -
Gi(wy)e <

2.2 ] X8 R E Rk e R

R AT B AT R T R AR
Bl By 1) A R 3R S B0 o R e A — o A R ) T
| DRGSR L 3 1 JUAnT A5 78 R 6% B 9 b i ik 52
- 2 2 T8 ok v 1 37 5

V‘<

B3 PR bk e s 5



676 BiERZEHEK

F3EFE oM

%Fﬁ%ﬁéﬁﬁﬁTuW’E

G(0) = G,(f)e?” (27)
K G, RN REH 5 H i, GWREIEM Sy 5
PR T8 2 AT OG5 0 3R J7 1 I3 0] SR 48 1 I £

FIH 3 B L] 56 28 R0 4% 5% 2 B AT LK R 45
] f 5 iR B A A b, FRoR A

COSf + Bsinfcos(d)m;s - d))
cos O = h (28)

R/h
AL €L b AR5 2 BRI AR AR A
AL, BT LK T S 28k oo B R (¢ ) B VE %

HeRRIE

- f a2

4/A

) ; R/;‘f)ﬂ“-,ns((p ,,,,, —d)+beos (b, — )

y 5 cosd l(/j’.f()T
e

rerp " dpdds (29)
G&ﬂawvz g
(47)' L 1° ¢ o,

_4e sin2¢ :482 sin*& o _P

Ty (1+&2)° v (1+gz)”\qjg h°
Frangg B b s — iR g, A

TR /L ¢ = 2RI I, B A A ok X T

KEHBHWESWHER=/+p, 81 p=

h(cti2h) =1, BiX A KRR ARG), a Fb
o A LA

KA a FIb AR A =

) + b2
1+27+ 77

4
B -—{1-
R(1) = Ae”™/ e g VT -1-

(30)

ct
chj T_E

BT F R B8 ORI 2 (9 AR G35 FL PRt ]
LW R AR 5] A8 b, 8952 00 CRIUA B AR — 20 o
WL 13, 0 A o A AR 39 2 DL ZE K R B0
SCTR G TTIE 2, IR AT LK =X (30) B3
eH

f“e os(8) + W2cos(20) - 120 T cosd 41Tf
0
Ay VT - 21 f - Py (31)

AP 1R — I FER LIE e

R I 2 8 B FE 00 AN O A2 v T X X
(3D RE R AT HIF Lk R m o595 HEUE
AR K TR Rk AE 24t T aflb
/T 1, DL FESRAE IE pR B G800 T 2 Hp i Yk 3
SR A Z 0, ST AR AT SR FH AT PRI L, i —
B 2 i R TT (R R bl . &5 528 — 2 DL SE R R BN
XA, 3 (30) AT DLt — 2 AR LR ik =

2
—i(l- cos € ,)+b/2
Y\ rs2rer?

R(t)=2mAe™™ 7°-1-

ZI(—)I (a-j fAyW (32)
R, 2438 2 f = £,A = 0,Ay = 0,Ah = O,

AR RURE IR A DR 28 LB A BRSERD PR TR R Y
— BRI

2.3 RIRmEEERXE

ST R IR R RO A R ORI T
TR R [, AS /NS 73 A2 DB AR SR, LA
AT A B -5 Hh SGBERZ R R 3R o DA SR gt R e i [l
e ok i B AR A 3 8 Xk A6 L IR LA A 5
— /R B2 R TC N Y S8 B 1 A S EA T A O
B IR S T A RERAEAR 5 B B AR 0L B
(I (< E A S R R AN VAR B BENEE  PN N
WIS > BTN, HLZ W55 i i B AN 2 A2 1k
AT &R RGO . A d A KR K
I 5 AR A R R RT LR

Conttdy)=[ [ gy

(33)
F 7 W) R T B 48 B g AT T A0 R T
e A —2E N SE IR R B e e X, LamT §%
et I

jAms ( i) padt 8wo A
2h - 2

C,. (dAf)= 2me ¢ e e
o4 + A A
J’JO( w(f. f)pd) sy o
0

he

(34)

e J, RN 2 DL ZE IR pRER 5 r 2R RIS 5 Tk e
Mgk A R o r = Jhe/B .

B T8 B0+ 52 2% AR Mk DL AR i

R, SRR R L, DA A A Ol T



2025 4F55 6 *

AR R IA R T ik

5 B AR B kAR E 5T 677

Sy T oA . B ASTE /N THE S 98 B
I, AT LA i B0 B A7 2 80 JR O -0 B i T o o
L, T g AR > ks e, B 4 R T AL T
NPT

C... (dAf)~A - [(1 + rzb)éll(ar) - %:zlz(ar)}

(35)
() s SN Am( £+ Af)d
Ath,A=2me (h 2h)e e ,G:M,
c
b = 21'rAfO
ch

4 D1 JE IR BRI B 28 BB /N E (B PR 45
I, Al DU FE R ek AR A T 28 88 JRE T O (8 B i g 3
UTAL o E A AR AR AN 2 R B T vk B T
GRS TSN W
a® + 4jb + je (=4b + a*(j + br*))

C,»_H](d,Af) ~ A e

(36)

AR N ERGE IR AT LU R e Jok ) A 56

PE IR INY DR 2R AT ok e e S 00 A< Dk ) Bk At [ IS

ML = (26) F1X (33) , 7T LA H Y ik (8] Bk A B, 51

AT — AR Az exp(j( f; - f)amRlc), i 5L 43

DA AR T B £ DT R AH BT R G R AR
(ELU/ ), FETTAH S RO /N

3 PIBEOTRIE
31 Rk m@EE

HIS A A R W, 51 Ak 18] k43 47 AR AT LA R AR
]9 A5 [B) %) A0 S, 17T T AR IR AR A = S
TSR R AR . SR, H T Ik Al kA B AR o Bk
IR 7 2 B ML Bk A2 1, AN [ e S8k 43 E 5 %oF ok 1) AH
KR WA R 2255 Bk, A Tk IEAH
S & IR, T I 8 28 1% Jok TR AE DG MRS AU 1 1
Ik A % G Sfe i — 2 R ARORH DG P, DA T 52 0 T
Fo AR 5 R I 1 e R R RS R . PRI, BT LA ST
AR Ny

N N 2
min 2 Z‘C,j(t) = main"Cs(t,a) .
iSTi#ji=]

sitoa=[ee,ey]

0<c¢,<K-10<n<N-1c,eZ (37)
’E‘:EP’C.s:[Oaclz(t)e"',cw(t);Czl(t),oy“',cm(t);---;

CN] (t)vcwz (t),,()]%%ﬂ??l‘ﬁﬂ‘é@ﬁ(%ﬁ@o

3.2 Ak m@Esk g

X HAr sR AT BT, B E A TR,
Mz e AR g AR e s, teAh, Hps
PRI 352 2% , Mk LA B 7 L] e, PR e AR SC
K H @R e AL kb ok . A LT A 4
Ja A Canast A2 55 ) BRI A S
b RIS NS BT AR Y ST,
AR S 3% FAASE AR RV SR A Lo () @, BBk
MAEME AR, EP,FRR BARRE, o R8T
AL BRSTIF S50, Metropolis #EN 2248 2 1440
TORAS RN +1 A LU AR S5 T AH L Y 3% B 2% 2 A
T HefE, B

r=exp[(F(a')= F(a'* " )/kT].r<1 (38)
K, TA IR &, B 2% 2 H R

B G 24,
I E bR pRELF (ao)
)

ORI 57 2

a=a+da,

T Fa.)

!

T R

K4 BLLE KE LR
BEHLEC s )8 T[0.1], %5 r > o, WEBHTIRZS i+1 4
DR WU ORI Ly S HiR S o
PR K R e R T BRI, AR DAl gk
RS i RAT 4 R R e

4  SEESSHT
AT RS 1R =0 A B R A
e AR S B T R AL T V4T 5250 1



678 BiERZEHEK

F3EFE oM

St il e SR SERE R U I {5 20 UE A58 OE
e, SIHTA 5 ASBAT DG 28 f R 3

S5 B0 T IR 5 L 7530 5, AL B
BT AT 19 01 0 15 52 M B RS2 R 500
L SN A, IR N A A A
[THEAT R AR o X T 05— BB AR S b
HRITE N

N 2ZZ
Pe = N1 &

Sz

A2, = 5, - g = D I L AR

IO L B ) R A T 2R A
R, ] DLsE SCHE 8 B AR 1y o 1 A O 1 &

(39)

B[P = E(P(0)))(
JELP ()= E(P())PTEL(P1) -
[A0)

|P.(0)||P(0)]

IO SR EIR IR 1 TR HEARSEL
®1 ZRFTEELSHRE

P(1) - E(PN]
E(P{1)]

(40)

28 ZHH
TR AT b 2000 m
W55 B 100 MHz
Huif, 4.1 GHz
Il Lp 1
M 70 m/s
ESiHEb 0
3 dB R G 20°
Jk g N 120
ok o i 52 1] B PRI 1075

41 =INHEFREE

i1t 2 (39) TR ZERER I AR DG, L (40)
THA IR ML . SR RIS E N
1007k o [&15 JR T[] 7 A 25 R ik ] k3 % A2 [
WA TR FE B T TR DG PR (5 BLAE R . b, i 2k
SRR RIS FAE R 22 bR ZE TR
ﬁf&iﬁ%é’]ﬂ%«arﬁ HC B A R 22 R S I 45 SR 1
I 5 2100 4R 45 3R JE T AR SCHE T 9 AH G PR
R PRI E

SAE RO IEHX
O (FAT+SDIRESK | |

1.0
0.9}
0.8}
=07t
# 0.6f
= 05f

31—*’0‘4- }»
o 03}

Lt

!
oo-o
0 2 4 10 12 14 16 18 20
B

(a) BEMFAf=0

. éﬁh f{ﬁ{bﬁ 'ﬁfius{éﬂﬂlﬁ

% mﬁ{msnﬁ%k |
FRRA

FE

UL, petestithitiag

0 2 10 12 14 16 18 20
EE##,H

(b) JklalBkA Af = 40 MHz
[E15 [ e A0 2 R fk T Bk A Jk T A DG £ B4 S 1]
(ZHnaR 1R)

MNP Ra] DU DL 4538 16 5 TR ] 1~4
E‘Jﬁ&ﬂ%mEiﬁﬁﬂ,HmlmiﬁaérﬁzTu%H%Tfro i
WHRRE 5 520 RIg 07 EEW) & R4, Rk 1 3

YRS A LA 5 LU, TR e 2 [ R AR 04 2 UK 7]
EJEbFﬁ A Ik R R % AR OGP X e TR 4% L X
Sk 1R s —%. ®a, max i
PIEEAT L& B, FEAR R Y & PRE TS, K a) Bk A3 2% 14
TP Ik PR AR DG Y S AR T [ R S, R B ik
[F1) Bk A3 A R 8% A7 R0 3R AT K T A G A, DA T i /1>
S E T

3 b 42 ) A2 R i 43 ) A B AR A Ak e
HAA, T DL R G T 5 45 2 O AR Y TE o 1
FAHSCHE R SE , 5 B RN R 6 s o 7Dk )k
W T AR X 5 (b) 5 6(a) B B4
AL, A PRY BEAZ i 25 08055 75 34 15 5 19 Bk 18] AH
Kot s [l ) LI 6 (a) 518 6 (b) 45 R B, 1




2025 55 6 #A

AR BRRIBIR E A 5 E R kAR R AT

679

B PRE ZE0F T MR DK ) BRSO [ AR AT LIAT R S A R B i ARG AR A 3 2

R AR K TR AR A

S RIS,

©-

Sl

10 12 14 16 18 20
R

0 2 4 6 8

(a) PRI=500 ps,Af = 40 MHz
SERE R 07 LS RS H

i ELAE+SDIR% 4| |
B

=

al /M\HH%M 45

4 6 8 10 12 14 16 18 20
HET

(b) PRI=500 ws,Af = 200 MHz

Pl 6 42 il 2 f5t v O g Ak o A A [ o 075 2 485
4.2 RERMBEXMESH

BT R VTS5, % (34) 47 T 8B 5
B T EARME T R, BRI G55
BB d, N FRoR 0 — A C R, AR AR
ANTR] Ry B A 1) B o A5 485 SR R WY, 78 [ 2 A 8 5%
PR e (I 8 A5 — A F AL B 5 Walsh )
BRUAHAT , B9 /2 d, = 0.305 hA/r. 7E 7 PRF 4514
TGt Walsh AR B ), ik ] kA =X A Ik [l 4 5
P 25 BRAR SR, 7K PRI S5 , bk 180 Bk 43 i
M 23 T BOCH = B AH G M . BB A, RIS wi ik 8] AH 5¢
PEFifi PREF R8I0 2 8000 28 1k 22 AL AR PR AR A . 2
BkAT B AF AT S B R ECRT I, TE S PREF X80 ik
() AF DG Bt PRI 118 385 T FAEG 5 11 24 Bk A3 o AFAS

Jik la]AH e (B=100 MHz, f,=4.1 GHz)

1.0
——— AM=0MHz | |
0.9 ——— Af=250 MHz
0.8 Af=200 MHz | |
——— Af=150 MHz
ﬁ0‘7 — Af=100 MHz | 1
0.6
oo
§0.5
__Jqo.4
0.3
02k o
-
)
ol
0 1 2 3 4 5 6 7 8 9 10
TRATHEES /m
7 ORI EAR SRR R 4

i 3 22 SIS B R, ok 18] Bk A 2% 14 R B ik 8]
AP A B AE [ e BE s AL i E S
Walsh H B 5, d, FEAR—FK

4.3 3FEtESEM
HESCHR 20 BT T HEAH 2 & i 4 (5 Ay
22, I HL UG T K] 8k mT DA RE AR AH O |, 3 1
RPIE Jr22 . MHEHEMS SIS 7 05 5, Wik 8
JIi7 , AT LA BH S g S K ] kA T AEAH S S R
R -5 e R R A S 3 )N , PR T e RS 1
ENL & /i 1 22 WA BRS B 15 5 W 7 41 o i SR
() — A~ FE G bR, 0] LA A A A B s i) P
A3 2 H BRARAS B9 20 7 A A B0 . ENL
TR, 1 BH 22 A0 Ak B I 1 e s i e, = Tl 1Y)
ARG . BARAE LT, NS B ENL A
N, HIFRE AR
ENL = “—22
(o2

K w, o SRR S a2

THE 1R 8 [ A5 5 bk (B B A RIS A Ak 1
ENL, 70514 1.85 F16.74, 7T L7 H bk a) B4~ Y
ENL &7, BBk ] kA A R A T kA1 A DGk

3% [ AR R Dk () kA A% 1 AR AR S
B0 B A5 S B AT 7RI PR RE T B, A RN
107, PRI} 100 ws. [l 9 {7 ELA5HIRIT, ik ] Bk 5%
P BRI RE UL T [ A3 2 A, X BB AT AR T
ok T B A1 A A B T 15 5 AT A AH DG, MTT R
TR AR PERE . [RIRSE, Bl Bk B) AT R Ay 33
K HNE R, T 5 T AP RE R 32T

(41)



630 BiERZEHEK

F3EFE oM

105 PSS S AR IIGEAEHIAS~100 MHz)

-110 ¢

-115¢
-120 +

-125¢

7% /dBm

-130

1351 WW

-140

s /

1950 2000 2050 2100 2150 2200
FFES/m

(a) Jok i) Bkt
[ 55 S AR AH T2 A Af=0 MHz)

-105
-110 |
115 |
120 f
125t
130 |
135 |
-140 |
-145

-150
1950 2000

% /dBm

2050 2100 2150 2200
i /m

(b) [ EH
K8 JEMZEMEIE
IR R

o

1.00

0.90 |
0.85 |
0.80 |- A /o
0.75 |

0.70 +/ /.

4 ' '

UCRN e AR b [Fe— ar=o Mz | ]
| i | AF=20 MHz

—&— Af=40 MHz| |
—a— Af=80 MHz

0.60

0.5 1 ; 1 : : -
6 g8 10 12 14 16 18 20
10l0g10 (SNR)
K9 Tk SRIPERE ROC HIZXT L
[é] 5 ok [] Bk 451K /N Af = 80 MHz, SR & 187
IRFEARSRL, PO o 5 B2, 4, 8 F1 16, FAG I
PEREWNIE 10 7 o MNP rpa] LIS HY 39k a4~
Won] LAREARAR A 2 BB R AR B, 1 i 42 715

SRMTERE . X5 OCHR[23 | HAA RRIE R, A
W I3, B AR, R R A A AT 5 Y
FEE 2 | DT (] 42238 DRIk 18] R AT, 125 1) AH 7] ) R
RS E IPIEER L AR .

I EH -k

1.0 =

0.9 R B

0.8

—O0—M=2
——M=4
—a—M=8
—A&—M=16

6 8 10 12 14 16 18 20
10log10 (SNR)

FEI10 AN S A0 ROC #h e %5 E

44 MRWEt
KR VBB EEAR SR, WO~ 500 10, B4
B KA B RA TR EE M 100, T R EE R 0.1, & 1k
IRIE R 10°, PRI M 30e® s {5 EL&5F U 11 FE
127R. B 11 ER T s RE AU Sth 2, v LA
B M RO T RS TR AR TR AR
SZEBMPIER T2, B 12 JBR T 24k )5 ik
A S KM ROC B2k . 7T LAE HY, 76 A0 [R5 e L
R EMER T LG BB 5 S A A ik,
] 5 AT A 5 R R fe /N . e 2 J8 7R T[]
SEATANACAR T K R AT Y T AT s A T
Y iR 2, AT 10 45255, 4 S50 R B 100 I
WEK ., WR20TLLE I AL HT S i bk B] Bk A5
U TV 000 v A R A T S AR A L, 298 T 2 m
P A B I o A E AR AR R AR T, 29 0.3 me
ZE LA AR R B Oy iR A AR T T TR A
®2 RUNEEEMTEMNRER m

'

B M
12 3 4 5 6 7 8 9 10

[ 45 1.265 2.164 3.063 3.663 1.890 2.314 2.689 2.913 1.939 2.988 2.389
PEALHET 0.590 0.815 0.590 0.665 0.739 0.965 0.815 0.815 0.965 0.815 0.777

feAbJE 0.441 0.590 0.365 0.441 0.590 0.590 0.365 0.365 0.590 0.215 0.457




2025 445 6 W] AR BRRIBIR E A 5 E R kAR R AT 681

0T USRS

0 20 40 60 80 100 120 140 160 180 200
ARUEL
BT ABEAEIR K i St £ ]

100 ANFE MR LA TN PR RE X LE

XX 5 S N A
0.90 f e A ot
085 F /et
0.80 ) 4 b
Q7075 F--fif R R S .
U e ——
0.65 ‘ - P
0.60
0.55
0.50

—O— [AlEN ‘
—— Rt
- BUB AR

2 0 2 4 6 8 10 12 14
10log10 (SNR)

F 12 AHGE K LD R K ROC 2k

4.5 EEIES

FE RS G 3 BEAE DU 1] 45 4 T BRI Xk 8
B, KAT AR SR A H AR 13
(a) 7N T S0 X3 ) 2 b (8] o 76 55080 43 A B
B AR ECT Hoh—BE 20 sEHE BB . R GPS &
P 8, LA CHLA) ®ATE N 3 790 m, &
TRATHEIE N 76 m/s, KL IR G242 5 180 m, [k
&AW E R 70 ps, 15 54 9 0 10 MHz, 255 K
2.95 GHzo RS 7 =CHEAT Rk [ kAT, Bk A4~
Bk 10, BKIE]BEAH A 10 MHz, HfRIALARBR 28, %8
PEIEAT T AR BREE 4, B 245 3] H Ar X 0 w5 R AL
P —He oA L an i 13(b) s .

% H AR X BT 120 4N bk b 1% (5 5 30 4T
M S B, 25 RN E 14 () iR . ATLLE 1
ok ) B A S X T 30 D O A A R R B B /N T
B EM R, X —25e it — 158 T 14(b)
5 E , R 3K (39) FlX (40) TH3AH G |, Bt
7 WK RS T {555 A R O 1 d R AR

(a) HFRXHEO L

IR {E/dBw

-100
-110
-120
-130

-4000 2000 O 2000 4000 6000
FRES [A]/m

(b)) FlAR X7 e e
F13 X ERR

-40

T
-50 .

-60
-70
-80
-90

3700 3750 3800 3850 3900 3950 4000 4050 4100 4150
#E 2/m

(a) AEAAZSZANPSE XS L

1.0

0.9

0.8 IS
—— B

0.7 BB

0.6 —— e

3700 3750 3800 3850 3900 3950 4000 4050 4100 4 150 4200
F 2/m

(b) [ KT AR S PR HE

P14 Jhk I AR [E S A S A o A 4 R



682 BiERZEHEK

F3EFE oM

5 S5k

7SO X IR W BI04 5
(IR, 7 T 5 AN R B 88 3 20 KRG 1Y
WK 5 4 S 4 B A0 50 3o 5 0 50 8K
(B {5 LI TE T RO TE b . (7 BCLE SRR 15
75 PRF 461 F SR JTK ] AT 5 AR 0% 1 2 W A1
KT St o S A, B K ik o ] B 0 o 7 34
S AR I AT S 7 SO AR T B 4
T — G B 50 1 T R A 2
DT 7 22 B BT B 7 1k I ) 2 0k b
R B SR A L S0 455 SR 22 S B Oy
T LU TR R K T AT 5

KR HOIF 95 7 16 5 T 45 < 76 K 1 B A 4% 1
TRALHTE B3t % BT £ 250 AE AT
55 K B 165 1355 AT G« 1 T s 0 )
ST S AT R S B L £ SR 34 S
A I et 5 BF 9 K ) B 050 7 3 85 3 26 A 2 4
[ B0, 5 00 R M 2 3o o A 1 VR A BRS¢
65— A T 7 A A MO RE R L S S B TR
i uE A s

S E Lk

(L] B AR, TR, 1 DU . Ak e B R I A e 4 e H A
Bkl AR S EHOR 2018, 16(5) :567-572.

[2] KU B A, X EE 55 Ik 8 B R AR i) 2238 UG i
FEREMZELT] HIABHE SR ,2024,22(4) : 454-463.

[3] QIN Weibo, WEI Yu, HU Fengming, et al. Improving SAR
Altimeter in Complex Terrain Using Slope - Based Height
Correction [J]. IEEE Trans on Geoscience and Remote
Sensing, 2025, 63:5205814.

[4] RODRIGUEZ E, MARTIN J M. Correlation Properties of
Ocean Altimeter Returns [J]. IEEE Trans on Geoscience
and Remote Sensing, 1994, 32:553-561.

[5] DING Yipeng, ZHANG Jiawei, JIN Bo, et al. Multi-Target
Tracking Based on Ferguson - Hough Algorithm Against
Frequency Ambiguity Issue[ J]. IEEE Geoscience and Re-
mote Sensing Letters, 2023, 20(2):3504105.

[6] BERGER T. Satellite Altimetry Using Ocean Backscatter
[J]. IEEE Trans on Antennas and Propagation, 1972, 20
(3):295-309.

[7] BROWN G. The Average Impulse Response of a Rough

Surface and Its Applications [J]. IEEE Trans on Antennas
and Propagation, 1977, 25(1):67-74.

[8] WALSH E J. Analysis of Experimental NRL Radar Alti-

meter Data[J]. Radio Science, 1974, 9(8):711-722.

[9] WALSH E J. Pulse-to-Pulse Correlation in Satellite Radar

Altimeters| ] ]. Radio Science, 1982, 17(4):786-800.

[10] LIPA B J, BARRICK D E. Ocean Surface Height-Slope
Probability Density Function from SEASAT Altimeter
Echo [J]. Journal of Geophysical Research: Oceans,
1981, 86(C11):10921-10930.

[11] EGIDO A, SMITH W H F. Pulse-to-Pulse Correlation Ef-
fects in High PRF Low-Resolution Mode Altimeters[J].
IEEE Trans on Geoscience and Remote Sensing, 2019,
57:2610-2617.

[12] HERNANDEZ - BURGOS S, GIBERT F, BROQUETAS
A, et al. A Fully Focused SAR Omega-K Closed - Form
Algorithm for the Sentinel-6 Radar Altimeter: Methodolo-
gy and Applications[J]. IEEE Trans on Geoscience and
Remote Sensing, 2024, 62:5206016.

[13] PUJOL M I, DUPUY S, VERGARA O, et al. Refining the
Resolution of DUACS Along-Track Level-3 Sea Level Al-
timetry Products [J]. Remote Sensing, 2023, 15 (3):
15030793.

[14] BOHE A. A Complete Theoretical Derivation of the Lev-

el of Random Height Noise in Interferometric Unfocused

SAR Swath Altimetry [J]. IEEE Trans on Geoscience

and Remote Sensing, 2023, 61:5215229.

SKOLNIK M I. Introduction to Radar Systems [M].3rd.

New York: McGraw-Hill, 2002.

[16] YE Hongyu, WU Wenhao, LONG Xingwang, et al. Dis-
tant Sidelobe Suppression for Multi-Timeslot Wide-Gap
Frequency - Hopping RFPA Radar [J]. IEEE Trans on
Aerospace and Electronic Systems, 2024, 60 (4): 4214-
4228.

[17] MARIE L, NOUGUIER F, VANDEMARK D C, et al. On
the Effects of Ocean Surface Motion on Delay - Doppler

[15

[}

Altimetry [J]. IEEE Trans on Geoscience and Remote
Sensing, 2024, 62:4207725.

[18] GOODMAN J W. Some Fundamental Properties of
Speckle [J]. Journal of the Optical Society of America,
1976, 66(11):1145-1150.

[19] NAHID T, ALI M. Several Characterizations of Bessel
Functions and Their Applications [J]. Georgian Mathe-
matical Journal, 2022, 29(1):83-93.

[20] GOODMAN J W. Statistical Optics [M]. (F#% 691 %)



= N RS
6l BIEMEFESEAR Vol.23 No.6
2025412 A Radar Science and Technology December 2025

DOL:10.3969/j.issn.1672-2337.2025.06.010
— P B 1A 55 M Y S - R L ISR S Y
STNETITE
K=E', k& ', RKKE', K &K’
(1. E BB R TR0, IR 4100735 2. 55 B AP E i S92, U1 #HES 610041)

W OE: TR AAFESEGEAE R LS5ESOS MR RATAERERETE ]
15 BT K Ao ) B 09 £ %07 6, % AT F & TG £ 24 i3k IR S A fh T AT, BRI A Y AT
BT TFEAEEZELE EWAR L, KA A5 AE R F#5TH &% (Adaptive Sidelobe Cancellation,
ASLC) #) TAR RIHATT 547, IS 5 R TFI FF WIEF IR R T HF £ A F AT ASLC R 5009 F
WRE e FHMARG A b B T — A E BRI A T AR TR ik, R R A, AFT ik 6d
F KT B ARG T A A JUAR T35 % 2 ASLC 2 % B #9569 F 08
KR FRTH; FE TR A E; TRk
HE %S TNI74 HERFREAD A X EHS:1672-2337(2025)06-0683-09
SRR R =5 Al R KE, 5 — APt F ik 509 2RI 0 T MR Ty k)] TR F S
AR ,2025,23(6):683-691.
ZHANG Yunhui, PANG Bo, DAI Dahali, et al. A Joint Spatial-Polarization Domain Asynchronous Blink-
ing Jamming Method Against Radar Sidelobe[ ] ]. Radar Science and Technology, 2025, 23(6):683-691.

A Joint Spatial-Polarization Domain Asynchronous Blinking Jamming Method

Against Radar Sidelobe
ZHANG Yunhui', PANG Bo', DAI Dahai', CHEN Bo?

(1. College of Electronic Science and Technology, National University of Defense Technology, Changsha 410073, China;
2. National Key Laboratory of Science and Technology on Blind Signal Processing, Chengdu 610041, China)

Abstract: Polarization has become a critical parameter in radar system development due to its sensitivity to target
physical properties and its synergistic integration with high-resolution signal processing. This combination significantly
enhances information extraction and utilization in modern radar systems. While current radar jamming techniques pre-
dominantly operate in the time, frequency, spatial, and energy domains, polarization-based jamming remains understud-
ied, creating a notable research gap. Firstly, the operational principles of adaptive sidelobe cancellation (ASLC) sys-
tems are analyzed. Then, three jamming methods of multi-point source jamming, asynchronous blinking jamming, and
polarization-varying jamming, and their respective impacts on ASLC performance are systematically evaluated. Based on
these analyses, a novel jamming technique that jointly exploits the spatial - polarization domain through asynchronous
blinking is proposed. Experimental results confirm that the proposed method outperforms conventional jamming ap-
proaches against ASLC systems.
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ZHANG Jun, TIAN Xilan. UAV Swarm Identification Based on Radar Micro-Doppler Features [J].
Radar Science and Technology, 2025, 23(6):692-699.

UAYV Swarm Identification Based on Radar Micro-Doppler Features

ZHANG Jun, TIAN Xilan
(The 38th Research Institute of China Electronics Technology Group Corporation, Hefei 230088, China )

Abstract: Recent advancements in drone technology have led to the increased utilisation of unmanned aerial vehi-

cle(UAV) swarms in various fields, including security, warfare, industry, and transportation. Nevertheless, the extensive

utilisation of these clusters has also precipitated profound research endeavours concerning their detection and identifica-

tion. In this paper, a narrowband radar echo signal model of micro-UAV swarms is constructed according to the actual

scenario. The radar echo frequency domain characteristics of rotary-wing UAV swarms are analysed, and a recognition

method based on micro-Doppler features is proposed based on the intrinsic characteristics of UAV. The proposed metho-

dology involves the extraction of micro-Doppler features caused by the rotor of the UAV, the accurate estimation of the

target’ s rotation parameters, and the calculation of the rotor length to identify the UAV model. The simulation data are

utilised to verify the parameter estimation and recognition performance of the proposed algorithm. The results demon-

strate the effectiveness and robustness of the proposed method, and the accuracy of cluster type recognition is high.

Key words: micro-Doppler; UAV swarms; rotor rotation; rotor length
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ETEIAFEN Hough Z#30 DBSCAN f B 2 ir & &

BERAR, MRE, B/, rEE
(L R FH AR T, L 201109)

W OE: BAARNMEAE TR ARG — T, F A REARS LR AR LA FARETER
R, Tt R BE B AR R A BRI N Z L RFJE S HE E P, Wit T —H A TH43F Hough
T e Ao XK T F 09 = 19 J2 % (Density-Based Spatial Clustering of Applications with Noise, DBSCAN ) i % ¢4 B 42 45
Fik. Fokidadat %ok daRs ey SR AL Hough T BB B R R) A BB ARE A — R A SR R
RRBCE FMAR KRB, F BB B AR R Y0 LA B3 B AR, B B3R BT B8 R AL Hough 4%
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TR EMA,
KR MALHough THe; A THEM T RMBELE; Bk, BELK
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SIABRK BmA R E, D, 5 K TIAZRMA Hough & #: 2 DBSCAN 69 BEAL 46 H k()] 2 A5 53
A,2025,23(6):700-706.
XUE Junjie, LIU Liangyu, MA Xiaoyan, et al. Group Initiation Algorithm Based on Cyclic Randomized
Hough Transform and DBSCAN[ J]. Radar Science and Technology, 2025, 23(6):700-706.

Group Initiation Algorithm Based on Cyclic Randomized Hough Transform and DBSCAN

XUE Junjie, LIU Liangyu, MA Xiaoyan, XU Jiahui
(Shanghai Aerospace Electronic Technology Institute, Shanghai 201109, China)

Abstract: The track initiation of group targets is the first step of group target tracking. The conventional track initia-
tion algorithms will generate a large number of false tracks when applied to group targets. However, the traditional group
target initiation algorithm has poor clutter resistance and fail to consider the problem of multi-group overlap. To
overcome these limitations, a group initiation algorithm based on cyclic Hough transform and density-based spatial clus-
tering of applications with noise (DBSCAN) is proposed. The algorithm projects the random Hough transform on the
multiple scanned points to the parameter space, and uses the characteristics of the consistent motion of the group target
to extract clusters with the highest thresholds through clustering. Considering that the parameter accumulation of the
group will affect other groups or targets, the random Hough transform is performed to exiract the group with the largest
threshold until the end. Finally, the extracted groups are segmented by DBSCAN algorithm to complete the group initia-
tion. Simulation results demonstrate that the algorithm not only exhibits strong anti-clutter capability but also effectively
resolves the problem of dense groups initiation, with acceptable computational complexity, which can be applied in engi-
neering.

Key words: randomized Hough transform; DBSCAN algorithm; group initiation; dense clutter
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