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Abstract: With the evolution of precision-guided munitions and advances in radar sensing technologies, achieving ac-

curate and efficient battle-damage assessment (BDA) based on changes in radar echoes has become a critical challenge in
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modern warfare. This task not only involves determining whether a target has been hit, but also detecting the hit location; its
outcomes serve as an important basis for measuring the effectiveness of offense-defense engagements and provide guidance
for optimizing tactics and weapon systems. This paper systematically investigates methods for damage assessment of air-
craft targets in air-to-air combat scenarios and focuses on overcoming the following three key difficulties. First, obtaining ra-
dar echo data before and after strikes in real battlefield environments is extremely difficult; how to construct damage scenar-
ios via simulation and generate credible radar echo data is a fundamental problem this study must solve. Second, the hit loca-
tions and their morphologies exhibit high randomness and uncertainty, making it difficult to build a comprehensive damage
feature library and thereby limiting the applicability of supervised detection methods. Third, to meet real-time requirements,
one-dimensional range profiles (high resolution range profile, HRRP) are commonly used for target state monitoring; how-
ever, compared with inverse synthetic aperture radar (ISAR) images, HRRP lacks many stable structural features, increasing
the difficulty of extracting intrinsic damage features. To address these challenges, this paper proposes an unsupervised
anomaly-detection method for radar targets based on multi-domain representation alignment and fusion, aimed at achieving
accurate and efficient assessment of damage effects on struck aircraft. Specifically, to tackle the difficulty of constructing
damage scenarios and generating radar echo data, we propose a damage-scene simulation method based on Unity 3D, and
generate target echo data by combining it with a radar point-scatterer-center model. To address the problem that an incom-
plete damage feature library makes supervised information hard to utilize, we construct an unsupervised anomaly-detection
framework based on reconstruction of normal signals, and introduce a self-attention mechanism to design an “identity-map-
ping” cancellation module to suppress model degeneration and enhance damage recognition capability. To tackle the diffi-
culty of extracting intrinsic features due to limited target structural information, we propose an unsupervised regularization
method of multi-domain representation alignment and fusion: by introducing ISAR image features to augment structural in-
formation in HRRP, and by designing a volume-metric function based on the Gram matrix to achieve robust domain align-
ment between HRRP and ISAR images, thereby enhancing the mining of intrinsic damage features. From the perspective of
Bayesian parameter optimization, reconstruction of normal signals provides an optimizable likelihood function for model pa-
rameter learning, while multi-domain representation alignment and fusion correspond to an optimizable KL-divergence
term; together they form a unified theoretical framework. We validate the proposed method on a self-developed simulated
dataset of target damage. Experimental results indicate that, under test conditions with unsupervised signals and target ISAR
images, the method can, relying solely on HRRP data from the normal state, effectively discover discriminative damage fea-
tures and accurately distinguish between normal and damaged states. Furthermore, by transferring and fusing structural in-
formation from target ISAR images, the model’s area under the receiver operating characteristic curve (AUROC) on the
damage-assessment task improves by 12.31 percentage points compared with the HRRP-only model. The above results vali-
date that the proposed method possesses strong generalization capability and engineering application potential.

Keywords: radar target damage assessment; unsupervised anomaly detection; multi-domain representation alignment
and fusion; electromagnetic signal simulation; HRRP; ISAR
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Figure 1 Overview of the proposed method
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(b) BT

(b) Operation flowchart

JeE X R H ﬁ?%lgﬁ:ﬂéﬁiﬁﬁj(l?egion Of Interest, ROI)
W ik & 55 PRAT , ABIL AR b PR R AL 3 B 4 R R L B
U375 SR S AN o TR AR H AR AL . B AILER 1 10
Xof RN R 8 4 SRy D0 sl LD, AT 224 4 L A T e
fik 2

SR AU SR FH TR AR By 40 M DT A bR R R G
Ze+ JLA AR 3 0 I 3 R ELb DL
58— E s kA= il AR A B i i S < A b BRI R
P | 5 S A A 0 Sk A I 20 g ek DX I, B
S5 AR A R AR R R AR R S O
W, B A% SR A A A R O T R AR AR A
7718 5 AE VG . SRS H AR LA A A 52 4 5E
Unity 3D PN #9228 46 £ fE 0% 53 2k 45 I (ray casting)
S8, 3B 18] i o 7 R O s A AR R

PR IERT b, %) H AR EBAE N TS E SR Rl o3 25 5
JTHEAT O R AR - 2 BT R A A Rl 5 R R AR
R A (LN Ao A A g S LART B CRETRCI
B AT 43 1 BT ) FF AR ORI R e IS T] s kg R ik 1
R BB ) B, A 3Rk i i B RO

BRI R ) UEES ¢ id
GE X ROD GREE. ffE HERRE

I

I
l Unity 3D /i 535S (SRR PhysX ¥ 5] 58)
y

‘ e

BRI (SR

[T

z Ny -

ERRE L (TN

‘ swm | > e )
Q RS

AR

P CRlG RE, R
T

¥

SR 25 R

G pilE
_—
L

13 Unity 3D H AR50 5oba -5 500 A8 il e 1

Figure 3 Workflow for target damage scenario generation in Unity 3D
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Figure 9 Schematic of the unsupervised anomaly detection model for self-attention-guided HRRP feature reconstruction

Ry 1 AT 1 34 L T AR R B LLSS — )2 Trans-Enc 4
1,122 18 5 22 3k 1 ) AR5t ) 28 X i AR e
TRIZRG A OB B R IE RS g*, i Bl |l LR
L E /NS0

q.k,v="h7,hi, hy, h;=Multhead(q, £, v),
g '=FFN(h})+h;
Muthead(g, k, v)= Concat(head,, head,, ---,head, )W (11)

(10)

head, = Attn(gW kW) . vW") (12)
gk"

Attn(g, k, v)=softmax | —— (13)
Ve

FEN(h})=max (0, h:W,+b, W, +b, (14)

o, W, u/jl: W) e REC T WO e RECC Yy £2 3 1 %
T HE W s W, W, e RCHI b, b, € RC 5355l R HT
Tt R 22 ) 2% 0 A AN B S 8, K Trans-Enc 2
— 2R R A EZ S (10) ~ (14) MK,
R 54 M JZ 19 Trans-Enc, 4% )2 B9 £ 22 40 14 ) Kz By 55
KNSRI

TE 48 3 M 2 Trans-Enc 15 3] HRRP 4 1% J5 #) F51E
g", hy A P A WL (), AR SCR AR 2101 A A
i 1 A 2% 3 [ A A ) g, € RO B Trans-
former ff A% R O S5 402 . BRI & AR SCIE T T BA
M JZfE 25 19 Trans-Dec , Q111 9 Fr /R o I ff 5 48 19 &

— 2 PN 223k 1R R 2 X 2 A
RAECMITESSH 5 Trans-Enc # 19 — 2, (H K 3h 58
FAEREZES . §xk A% MJZ Trans-Enc il J5
M 45 AE g* M Trans-Dec 75 56 r J2 19 R 4E el W HAE 55
r+ L2 % L RHE e, AT 38 3 FE A IR X0 CRRAE
A VAR AR A X = A SR E] . iz AT H
DR /NS
915V =878
g, =Multhead(q,,k,,v,)+q,
9.k, v,=g €. e, g, =Multhead(q,. k,,v,)+q,,
r=FFN(g;)+g;
Horp s g F T A48 1E % HRRP HEAE , LA 5 A 00328 By
LA “E MG () . Trans-Dec "1 4% 2 M 4% S 50K
A
(BRI S . A< SOl & B /e % A HRRP
FEAE A E K HRRP HREAE 22 (8] /) MSE 45 2k A AR Ak A
i F Wl 2k EfficientNet B9 2 B H &2 , (T X
Transformer [ Z0CHE B, iZ K pREUN Fe 3k 040 F -

N 2
Lyse= ;u ff)T.m\s (h;)=h, ”2

Horr: 0y, K78 Transformer AL I 250, b, 55 i 4>
HRRP {5 ARFIE £, (h,) AR B9 T R REAE

(15)

(16)
e

(17)



496 H, ¥

EE 2026 4F

(4) B AR SBAG AL o FE M B B, & ek Rl H
i B HRRP R7AE 5 A 22 2 I 25 58 1 1 = 8 I 465, 745 31
XTI ()T HRRP 45 5 . 2 7153 5 A 5 5 4 HRRP
FRAE 22 8] (1) MSE #6125 B nl 45 81 533 1550 s, IR I s
SEEH BR A B IEAR B E AR R B 5 LA K H bR S
B . SRS s TSR aT .

2 1 H
, 8= ﬁzSi,

= (18)
s =max{sfie [1,2,-.d]}

Horr: S e R N A5 5 & HRRP R#1iF 2Z [7] (1) MSE
Wk, s e R 78 ¥F MSE #0126 #2477 1 J5 45 2 i 5
WAL 0T AR BT EL SR, 5T FoR SR A
g3 It HE T T AR T, 7T ) W7 4 T HRRP
EBATAE SR A5 s> T, WA HAR S A 5 =2 )
FERIEH o A EHBR A, R T A A AL K s
T B PR A 1 R KE = HRRP A5 A B0 RS, A
T Y 5 B 475 DX el B S L ) o 5 R

(5) HAb A o A SCk £ 7F HRRP FFAE 25 [i] Hh ik
AT E T AR A JR 2 AR {5 5 25 1], R b 7 A 7R
SRR 1A W T RRAE 2 (8] B A5 525 (8] 0 f A e, AT
BEFKTEANSHRE SRR NE. H—im,
R4 20 (18) FF /8 X F 9 S 45 0 11, nl 57
5 HAREHR R (TFR) Z M1 A /s 7 B L R . 7RI
LA b, R S P A A R S #4543 LN HRRP
A 23 (8] WG 2 TRR 25 (8], oF 1M AR 4 TFR R 4l (5 25
i) R 5 R 4 ) 1 ) B 25 S, T 0 R A AT P 1
Ak, B A5 5 H bR I I A (1) S8 0 58 v 45 R
2.2 EFZERMEMFHAEGHLEEENNKA X

JLAE HRRP REAS A 20 e B b 1 1 25 4 1) 25 44
EPSR(EN: RNy DA R SN e E gt e
DI VPAL A AR R AR 7 AN A AR R BR M . e, ZE I 25
W B, A< S8 A B AR ISAR 14, DL 3 HRRP J51F 76
SR 45 T A7 %) 4 3 6 0, AT (o A 26 3 B B (S AR
A HRRP % A B AT 52 B0 AR (8 0 5% 5 4G I 5 2 7 .
10 BT 7R , AR SCR FH & 7 W 58 B 3138 H b5 19 HRRP
FIISAR 1R 45 AE 7E 22 38l R A 55 a] o T B i 1R AR, 9F:
i e AMEIZ R RS B 2 R AR R R S RS . %
TG Wi B 1E 0 Ak 5 v5 A S8 T TSR A B85 EA R
PERE .

(1)HRRP FIISAR 4 09 2 R E$E . B A H
2.1 5 2 H 1Y Transformer $2 BL HRRP F1 ISAR 14 R 1F
Ry Z2 R FAE X 55 Rl G a0 A 5 PR R P b e B
Bl HRRP FlISAR 1§ £5 1F BT 5k A% 22 11 7 /9 R B, JF:
FMEZ RIS 2 R X SF 5ma. BT
65 UF 7 E X 55 fh A (37 B bR S8 PEAG AR D B s
$2 1 HRRP 4 i 45 1 A [ s2 3 5 =X . Hf, Embed-

rrrrrr

0/

Layer % /R T % HRRP #5¢c Ji — 2 FRAF 2 () 2 7 48 J .
W10 Jr s, AR SCH) FH W I 45 A8 2 ST %) 4 figt i 25
Sl #2 B HRRP F1 ISAR 1R FRAE , 7E R £ 3 3R AE X 55 fil
A RIE A o T G T 2 A T 2% 2 A 5 2010 Y BTk
Transformer FERI—Z (HSHORILZ . w5 R PE0(17)
B R KA 451 2 BB BI040 W% HRRP I ISAR 14 24 it 5 2% ik
FF WYy ; b S [ 52 ISAR AR G i i 2 S 40, i ad 45 &
22 30 FAE X 55 il A 1E D) 30 5 E A 461 2 PR, XF HRRP
G RS AR HEATROUE o R 5 AR R B A R OR —
2, ¥ HRRP I ISAR AZ 19 FF4E 43 51 1CAE v, € RT74C
Flw, e RTWC SR REAE X 55 007 B % 22 3ak il & 5k
TRy, A SCE TR 10(b) ~ B 10(d) B i = Fh
HRRP %i i %5 25 ¥4 . H ', EmbedLayer 2 /5 #f HRRP
R — AE AT LR AR A S i) MLP | A8 5 J5 HRAE 4 5 {5 15
AL FEFE 10 () iR S5, S PR 5F EfficientNet K
PR EE A L WOUINZR P AR AE A 3B B e T, AR SCIE
HZ%5. I, EmbedLayer B VE A4 T~ HRRP 5
ISAR G FHIE X S ad B2 51 ATT 222 240, 721K 10(ce)
FIEL 10 (d) BT R 2544 v, TR D 25 4 13 11 1 A S 1
% J& , HRRP FFAEXT 55 1 72 H 45 { B EmbedLayer.

(2) F T8 P 440 48 ) 22 W R AE X SF Rl o AE3R
% HRRP H#1iE v, € R ¢ 5 [SAR L4 E v, € RT7<€
Jei o AR SCR TR LU B 103 — 3 78 2 R AR 25 (] vp
JIT K B AR A Ry A R AOE A B R AR i I A
oo/ MRS B 22 0 R A 595 55 5 A, I T 42 T
HRRP F51F 78 845 EAG AT 55 sR g FI BB o M
U b A 3044 R R H 9 LA B S, 10 (a) BT AT
CHAWRRAE"VE IR B o TE RS2 AT AR SO R AR
T HRRP I ISAR A P /™ R AE 38, b0 B (A FRBE 44 4R
EN BT . ANR— ek, DU AR AR &4 H
S, HE SO0 W I AL H AR R AL

& LA M B 52 Lo 2wy, vy, oo, v R ZS [H] R”
oY ) R, XS ) i R 8 A AL R — A M BE A=
(vivye vy )o TUAS 7806 BE G (v),v,, o v,) € R
HA T @

<v1,v1> <v1"’2> <v1,vk>

G(vl’v27 "‘7v/():ATA= <v27V1> <V2,v2> <v27vk>
vy vavy) o v

(19)

¥ HRRP 1 ISAR 1% 4§ 1F i /E v, e R™"C A
v, e ROl e T k& B SR BE N G=

Fm%><%%1
(vpw) (rvy) |



o2 M A A T 22 BFRAE RS TRl 1Y T A H AR JC M 5 A vk 497
AR - W T a5 A X3
HRRPHFAE HRRPHFAE HRRPHFAE : HRRP45AE HRRPHFAE [I%RP’FW‘
HRRP < HRRP T e ' DD (0 1)
Y fidh 3 'C?j filf 2% |_-_!_-_: : + 1
| ISARIZHHE i Embedlayer
iy | MX
# .': 2 Hﬁgjﬁt : Embed@ I Trans-Dec
i 7 : : NX |
M HRRP : Trans-Enc NX
| “'A‘” : Trans-Enc
) ; ! .
ISAR ]
ISR X ISAR , (N EEE EEE
il 23 - et 2 i AR HAR N
ISARMGHHIE 1 HRRPHFE HRRPHFHE HRRPHFAE
1
1
(a) BEMIZSHFRIEXS FF 8L IR W 265 28 H (b) FFIHIXSFF  (c) HWAIEXIST (d) MR fE X35

(a) Overall network architecture for cross-modal feature alignment

(b) Before enc (c) After enc (d) After dec

P10 T 22BN 55 Rl A A J0 B IE L5 R B

Figure 10 Overview of the unsupervised regularization method based on multi-domain representation alignment and fusion
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Table 1  Simulation parameters of the radar system and observation scenario
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Table 2 Split of the paired HRRP and ISAR dataset
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Figure 11 Comparison of ISAR imaging and damage localization results under different damage states
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Table 3 Comparison of sample-level damage assessment results on the

in—house radar damage dataset unit:%

FT Ak UniAD,, | PatchCore,,, | OURS, 0 | OURS,,
AL 78.98 64.97 95.20 100.00
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Table 4  Ablation results of HRRP=based damage detection (AUROC) unit:%
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Figure 12 Clustering results of HRRP and ISAR features before and

after alignment
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Table 5 AUROC of HRRP-based damage detection with different

numbers of STFT frequency sampling points unit:%
RFE | P | R | RELEEEL
64 77.22 | 88.03 | 96.31 87.19
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Figure 14  Target ISAR images and 1D range profiles under 10% salt-and-pepper noise contamination and interference from 50 scatterers
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Table 6 AUROC of HRRP-based damage detection under salt-and-
pepper noise with different pixel ratios unit:%
HLEL 7 ISAR E A
R+
G5 | omm | omm |

TR

0 77.21 89.74 95.20 87.38

10 76.15 87.11 95.78 86.35

20 75.32 86.05 94.88 85.42

30 74.58 85.12 93.95 84.55

40 73.45 84.28 92.76 83.50

50 72.88 83.15 91.55 82.53

®7T TEANHMEBSHARE TEF HRRP R GHRMER(AUROC)
Table 7 AUROC of HRRP-based damage detection under scatterer

noise with different numbers of scatterers unit:%
AR
[EIEEN Er
+
e 75 A4 J=E B3R HL -

L
0 77.21 89.74 95.20 87.38
10 76.97 88.49 95.71 87.06
20 76.36 87.66 94.64 86.22
30 75.54 86.52 93.79 85.28
40 74.65 85.17 92.58 84.13
50 73.30 84.29 91.68 83.09
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Table 8 Computational cost and resource consumption in the training

and testing stages
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