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Abstract:  With the rapid development of wireless communication technology, the number of wireless communica-
tion emitters has grown exponentially, leading to an increasingly complex electromagnetic environment and increasingly
scarce spectrum resources. Against this backdrop, achieving precise identity recognition and secure access among massive
devices has become a critical issue concerning social stability and economic development. Traditional identity authentica-
tion methods rely on digital credentials at the protocol or application layer, which are susceptible to theft, forgery, or at-
tacks. In contrast, the specific emitter identification (SEI) technology based on radio frequency fingerprinting (RFF) serves
as a physical-layer security measure with broad application prospects. This technology authenticates identities by extracting
the inherent physical imperfections in the emitter’s hardware circuits, offering natural uniqueness and long-term stability.
However, existing deep learning-based methods for communication emitter identification generally face challenges, includ-
ing heavy reliance on labeled data, limited generalization, and low efficiency in processing long-sequence signals. To ad-
dress these issues, this paper focuses on the efficient identification of communication emitters under few-shot conditions
and proposes a low-complexity self-supervised recognition algorithm. First, to overcome the problem that fingerprint fea-

tures in the original I/Q signals are easily obscured by channel noise and modulation information, this paper introduces a
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lossless variational mode decomposition (VMD) method. This approach adaptively converts the original I/Q signals into
multiple intrinsic mode function components, enhancing the representational capacity of fingerprint features. Second, to ad-
dress the quadratic computational complexity bottleneck of traditional sequence modeling methods when processing long-
sequence signals, this paper incorporates the Mamba architecture, which has linear computational complexity. A self-super-
vised network model based on the Mamba linear flow encoder is constructed, utilizing a large-scale auxiliary dataset for pre-
training. By integrating contrastive and supervised learning, the model is guided to learn discriminative, generalizable fea-
ture representations. Finally, to tackle the scarcity of new device samples and the presence of unknown interference in prac-
tical applications, this paper employs a transfer learning strategy. Using a small number of target-domain emitter samples, a
lightweight linear classifier is fine-tuned to adapt to specific downstream classification tasks quickly. Simulation results on
the WiSig dataset show that the proposed method achieves 91.20% accuracy in a 6-way 1-shot scenario. While significantly
reducing computational complexity and dependence on sample size, the method maintains high recognition performance,
demonstrating promising potential for real-world applications.

Keywords: specific emitter identification; few-shot learning; self-supervised learning; variational mode decomposi-
tion; Mamba; data augmentation
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outputs =M (X, X, )

L omasive = CONtrastive(outputs)

£ supervised — SUPETV ised ( outputs, ¥y, )

Lo = 2o Lontrastive T s Lupervised
M = optimizer.zero_grad (M Lo )
END
KE 5 27 > A
INISEEE AR X, Y
T HEYI AR AL PR AR TR SRR AR s B L,
i A RS IR AT i AT
IF Ly <Ly et
PRATHERL
IF L, #4510/~ epoch A FE
Lk SOk
END

BRI SR T — Aok e 2 o3 F B 27 ST AR 25 5 1
AR S, H b s BO0E
Lo =4 L +A,L (12)

total ¢’~ contrastive s~ supervised

;H\:EP ’ ‘Ccomrastive ﬂ‘jx\j‘ H:*JP"QE ’ ﬁsupervised ﬂg%%?ﬁ% ’ic ;H]
Ay W IBLA G R VRO IR R B, R A O R R T
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InfoNCE ( Noise-Contrastive Estimation) Y Xt [t 2% 2 &
2, HAZ O AR 3 5 Sl R A%t [ — 155 (1 AN [m] 34
588 AL P T R 1T 5 (] e QR AR 30T, T 0 S TR A 5 19 48
PP DR JIE 125, 1 A RS 28 2 > X B30l 34 i B AR
B30 R AR AE R o LRI, X [R]—HE R N i N AR
Wi RE AR o} = 1.2, N % BE A B R
B A R PE x (x,x)) H TR
Iz, M g7 500 A x il 28 0k AR AIF 4 RS | G B 0 A 4%
R R R B H — AR AR i AR &, B X AR
KA

£o . =—log ;Xp(sm(z”z;))

contrastive
z exp(sim(z,,zk))

k=T
Horr, sim (u, v) 2 PN UH — 1k ) 52 59 43 5% AR ARLEE , 43
BEFR 0 5K AL U BR 2, A B SRS BT AT 2N — 1 S HRAE
fri) 2t (6 5 [3) — R AS 1 1 5 00 ] A AR AR 1Y J5E 4 0
A SR AR ) o
3 A5 I R AR R A2 SUIRG 51 2K, 1 PR ASE L T~
TEBEUE A KUK 55 T T iF 09 43 2641 55, HoE SOk
Esupcwiscd:_%zzy[,c : log(.)’)i,c) (14)

Horp N RHER KN, C BBy, IFEAS i i B 5
PR&s 5, AR I c B BN . U2k Hbr B 18
s /MU JE G A5 5 G B X o 15 % o7 184 58 A 5 2 B X g
TERFAE 25 6] o i 6 e 483 2% | [0 I 45 45 6 X, B9 43 2t
I, B PR B R BB A% < 2] B B0 P v i EL A S R R
T 14 45 25 0 B AR A 3 BRI R o T 52
TG, R AE H2 B 3B 43 (CNN 42 B 2% +Mamba % B 2% )
AR B 2 T U I /NEE AR S AT S SORUINT 55
1.4 INERRE

AR SCR FH/NEE A B 1 =X DAL X SETAT: 55 v
IR AREASTR Bl i ) 8, 76 R B B, 48 3Cff F Mamba
W 2 2T U R A5 20 AR R Ry RRAE SRR | IR 4
TR IEHE 0 2 1) S50, AU BRI /R AR 3
Fr e X R i) — g B R i AT A B
A, A HE B 4 R B A3 2T 55 o TR B B DA AR 1EAS
SRR AR O iR, e

L passiier

Horn, 5 AR IR X By AREAS B T AR 25 5 v e HFEAS Y
FLCARES o A I B 0k R RO B S TIN5 B B
B A3 e — B0, AL R RS A . AN R, JX
Iy RN S BT BT R AR BCER 7 5T R A o
F 0 A R S 0 (R R A L R AR I R 2
fIE T Aol 80 2o 5 DU 33 6 2 G R AIE e S5 24T 55 HLAAR Y
o e S B I A E T BUR i =y N OB 11 A SR 18

(13)

= CrossEntropyLoss ( 7. e ) (15)

o) 5 RRAE S oy B L T MNEAR Y S N AR AL R
AP IS S 32T o R LRSI R T I RE S AR R
A A BRAVIE LT, R B 25 Rr A 58 e B2 118 7y i
FRIESRIEE 7, S B B R RE BE o /NREAS GO By
B AR L 2 R .
Bk NEERBIBI SR
N BARIIY IMF 23 B4 D,y
w2kt C,
K SR
g F R e D
IR AT RS HUES F
w2 C,
FE XA PR : L passitier
TE AR 55 2] IR E A - optimizer, scheduler
Bl sk it
I3 JHIEH VMD 43
ESZNIES
FOR batch in DG
IR P IBAEA X, Y e
PRI X ppare = F (X))
outputs =C, /,( Xfcmum)

L ussiier = CrossEntropyLoss(outputs, Y, 1)
C,=optimizer.zero_grad (Cg, L'Classme,)
END
BRAFIr e
END

2 XWiRE

2.1 #HiE&E

A SCAHE ] WiSig B8R 5 0 — S BUET AL 4 1Y T

4, WiSig B8 5 & — A~ KAEL 9% 12 1 H 1Y Wi-Fi
GRS TR TSR T 1 S A e S0
ST S5 M, BA B 2 L . 2 H IR
FEdE . TR A ManyTX F 45 0 55 T 150 4~ AS [ (1)
Wi-Fi Z 501, HAF 585 18 AR (1) USRP 42 HLTE 44
ANE R, A & S LB B LA =
DAL SOME SRR, BEURE =2 2.5 GB. T fE
SREA K AE IEEE 802.11a/g bR ifE , 45 — R kLK
h 25 Ms/s , B BT FIH FE R 256 4~ Kb 5 AR AL 1/Q
FP 41, HL 3538 i MMSE 5 38 Y5 i 4b #8175 — 3 F2 B I
T T TR A5 RS X 48 BURRAE (1 T3, D 78 £ B
21 SR T X R A B ARz AR DD .

Shy 12 B Al 4 B A8 o7 T B8 1 IR R B A ST HE SR,
YZFHEIAT T WA, B 5E, LA K SEHLE) by o —
PRI, B0k A R R LA B W05 SRR &5 BE
Ji WA ER 150 A4S A BRI 43S PR 43, i 130 2500
FHTHFAF M 45 19 3 W B I 2R B B, J5 20 A28 510 H
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FJa SE 1 /NREARTLOAT 55 o % 0 1 B B A B
Sy TSR A LN N L 2 2T 38 FRRAE I 1 X E
B2 AU D A A A R AT PG O ) 2ok AR L A
M 8800 TR A SC T A /INRE A I 55 T R 592 Ak
REST,
2.2 SHEE

Ji i ManyTX 080 5515 5 10 RAE 58 5 755 3243 51
0 frampte = 25 Ms/SHIf, 0 =2 Ms/s, B AT L5575 41
FERRE I DET R 5] ky=12.5. M B 445 5 #4740 3%
3T B JR — AR R BLAE DFT &K 5 6k, =75
B3 o BRI VMDD (9 g AN 5 2 A o 1 v R
B, 5 B AT REAE AR AR B ¥ 5] o A, OF A AR B
ORI N ke (IR KUAT o B X TEH VMD RO [R] ki
XTI B T AR T AR 1 TR o

#£1 HLDFTHS| %

) e R 240 5 RN AR S e A X R R 4R A, K 64
Mamba 2 P4 3 4 % 4 1 FH BRLJZ Mamba B, Py ik 45
PR 2 2 1R AR R R S 4 B d =15, 3 B KD
k=4, B REHTe=2, UMNGEEEIKFEGE NS
IR .

B I G r o P ) 5000 14 5 56 s S 0N 36 3 r
7 TR ) 3 R ECHE e iy vk AR AT« BE ALY H
151143 531 8 20% . 30% . 40% ; JINVE e 397 R P 7 22 43 )
0.01.0.02.0.03; KA E R a € (0.2,0.8), /I
FEARGLIE B BE A S B0 B N3 4 s, AT 14
epoch, T AL #5 1% F Adam, %= ) K% & 4 0.001 , B 4
HER KN 1o ARSCFTA LRI 7E — Rl 4% 24 GB
FE1 NVIDIA GeForce RTX4090 i K | 52 i .

*3 HRBESH

Table 3 Data augmentation parameters

Table 1 Central DFT index selection B B (E
BT B P DFT 35| LI e 11/% 20, 30, 40
2 {2kq, 4k | Ty 2 0.01, 0.02, 0.03
3 {kos 3ky, 5k} LR PEATE R AL (0.2,0.8)
! {0264k, 6} Fa EREENESH
5 {O’ ko> 3k, 5k, 6k0} Table 4 Few-shot fine-tuning stage parameters
6 {kg» 2k, 3k, 4y, Sky, 6k, } P G
7 {0, ky. 2y, 3ky. Ay, Sk, 6y | 125 epoch 1
E SRSl 1x107
R T Y BB 0 S S RO 20 R I TR 1

1R AP SR B 7 U AL 2, =4,=0.5, kv ik
FH Adam , B U527 21 R 1 x 107, 2% 3] RJE 48 78 5
UEF 2% 3% 25 10 1> epoch oK T B I 6 27 2] Z8 5 LLIA F
0.1 98, I B B AR ) A 1 x 107, 27 2] %
AR T2 BRI A & A5 o AT BSOHE B A A R /N 2
932, U Zrde 2 $E 4T 1 000 4~ epoch , I3 B 56 UF 45 2%
AR R T )5 224 55

CNN FEAE$EHUAS 1, 2 4> ResConv1d 3 iy 5 B
KNG 5 BN k=3 Rl k=15, F THi K A5 5

®2 BAUBEIMBRERNENSH

Table 2 Self-supervised learning stage model structure parameters

28 B
X HAB RAN 2, 0.5
IIRPURAE A, 0.5
WIHE 2 R e 1x107°
I R, 1107
BRI, 3
BRI Nk 15
BEWEKNE, 4
FHEAERE d, 64
WEY K F e 2

3 ZREREHSN

3.1 XTEESELRSr 4

ki 2 GEVEAR I B 5 TR AR /INRE AR S 4R 4 S0 AT
5 WA RS 12 AL EE 1, A SCHE Many TX 25040 5 1
Jii 20 -2 ] v Bt AL 18 B 6 A K S HLI M A 56
TE T A [7] &b B 7 35 10 90 28 HE R 4H & T IS BB M i
AR BT B A AR TR 5 3 e i TR A /R A A S R R
SVEE T g A b, b SOk [ 17 138 0 2 T X
BRI 1 W B > AE AR Al B R 4R B FI R —
SRR SURRAE R BUER | T DL /D b T AR AR AT
(SA2SEL) ; SCHik [ 18 138 33 476 {1 B & 2% > 76 AR 25 [)
rRE AR T 2 B S AR U AR R Z AL R T, R B X AR
T 2 1] BE 25 i i 29 3 (IntelML) ; SCRA[19 3% 3 T —
ol UL B30 344 56k 1) SET 77 3%, 76 R AR 23 [H] FNRRAIE 25 [1]
ENE A R (> A A a1 1 | ) I e
(P3MC) . B3R 4Ry ik fE AR B LR EREAT
TR R R 4R

SIS R B AR SRR RE AR IO 1A
ANBEAR BB T, AR SCT B B L 4T3 0] 3k #1) 91.20%
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Figure 3 Comparison of recognition accuracy for different few-shot

recognition algorithms

Mo SR R, 0 O T M ik A e T
JIT 8 T 9 AR IR AR Z5 T X B A A SRR AIE 9 5 R 4R
HURE 1 o B S SE AR AR B0 i 2 20, B 7Y o fff 2
PET 2 92.01% , F I — 5 W88 A RO B RR
FET T V22, Ul BB R AR D i AR PR AR AT BT R
WS E R ERA . M Z T, FEHE T 7% IntelML A1
P3MC 7E 2 FR AR SN 1 B HE A RN 51.26%
61.10% , F K Fifi 4 SC 47 S FEAC RS I, AR 1 g B =%
FETF, S AREA KN 20 B HE TR N 96.67% F191.02% ,
MHEHERENHEARESERR  REEANE.
SA2SEL 75 ¥ #E 1 A FE A B 38 81 B 47, e o % o8
81.34% ,AHLLE T A3 FEAS BB 14 B 4 2R F A SO $i2

J5 i 2P B T AR SOy AR R AE R AR ) R /NRE
ATE M A
3.2 XBSEFTEBMERERIMS AT

S PEAL TG VMD Fil ADMM 5 F 43 % 7 5 1 1k
RE AT TE LR R AR | MO B T, % e IF
S MT T AR T AR IMF 4r 8 ke {2,3,4,5,6,7) X [H]
DAL P 0 20 Y T 28 R 20 i G AR 00, 465 SR T 181 4 TR
SCORAE ISR, 2 k=21, JoHi VMD I ADMM ¥4 3815
Ao R fig , W 2R 53 3 4 91.20% Fi1 88.38% . I
ke BB K T RR O 7k TR v A R AR T R
o, Jo VMD 7E k=5 BF R 2 AR A 82.57% , ADMM
W 7E k=7 W) 5 2 e MK 5 83.21% ., X — 4 £ W], &
I A 25 0 A K0 AT By T A R R B R A S O
FUNRFAE 103 B A RS 40 T RE 51 AR Y B A i
B, ARG A R AR SURRE 24 )

A5V B Y 2, ADMM 76 A 5] k{4 F 22 B B a8
B v, JE A ko> 4 i e 2 B 2 R R R i G i
VMD , {H I AE 1 BB 13 24K T o4 VMDD 7E3F 5 30%
D7 T, oA VMD [ 50 i #E I 16 AN [ & (B R AR (54
FasE , HME 2N 2.5 ms, 1 ADMM F 43 figt #E 1] Bl & 3
IS 8B E T, N k=2 B8 5.40 ms 1 & k=7 I}
87.11 ms, y Jodit VMD 1 36 £ . iX & H] ADMM 7EHE 2
B B R K . A e RE R BT
BRR k=2 (I VMD Ry A IF 58 v #1025 4
fi# 1

%

~8— ADMM
~B- lossless VMD

e =% (%

#Ei/ms -

=O-lossless VMD
~O~ADMM

PR
(a) AT HERGXT H

(a) Comparison of recognition accuracy

“IMEA Bk
(b) FERSXT L

(b) Comparison of time consumption

E 4 AN[EIMF 55 ADMM FIUJGH VMD 2 R0 Em R FIFE

Figure 4 Recognition accuracy and time consumption for ADMM and lossless VMD decomposition under different IMF components
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To VMD 43 & N AT, 90 5 S8 AR AT X L
gERNE S iR, LR LR BN, SRR A B2

B, AU AR A BB AEZR I BB TE H AR 55 B Y
e 2 SEER A5 SE B QAR X R W B A
FIA A BB PR SRR AR Bt H 8 B0 i A 2
W5 20T AR, ST B MR B 7 ST HE S i, B
TEB S Be e B 1 S PR W S, HAN ST A
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P AR X A5 2R FEAT DL A I, 455 Y g 28 o
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Figure 5 Ablation experiment results

Ry ik — D PGSR AR BT iR B S AR 8
(19 5 F Transformer (145 511 )Y 25 15 4 B2 7 if k47
TEIBEXL, SRR S Pros . s Hr el F, A SCHR:
HH Y T Mamba 19 I B 2 I HE SR AE 2 A4 T 1Y
R B W L — Oy T, A AR SO A I 2R
WIRE RS TR A B Mamba R, X FEEE K N A
MBS PRI 2 v 75 X DA 45 T e L iR R R 4 i)
TR A4, S T B e WA . AR, 49 4% TXF Lk
2] ok A AR R ERD 46 AL, A BB HEZL T 1) Mamba
SRk W S R I T B R, e AN ki Tl AN Ry Al
Mamba Fl Transformer [¥] 73.48% F1 67.00% ; %5 — J5 i ,
AR 3C T AR AR R S B0 R 93 024, 2 Transformer [
63.33% , fE TR BAAFEARFERS 0.11 ms, 52 Transformer [1J
25.58% . b IREEHFRW] A SO R RS TE B R
U BB Y [F] I, eI 2 B8 A Y 8 i A R S5 I 4
BTy TS R T TR A R A2 BR Y i %
WA B B Y 0 TS
3.4 REEMESHES AN

R 1O UM R R AR ST AR AR A A g3
FENERE AR AE AR, A9 SR T 0= 20 A1 BEAIL SR S8tk A
(t-distributed Stochastic Neighbor Embedding, (-SNE )"
Xof A5 A R I e A R AR R AT AR L MR A b B, A
Ye s () AT AT RRA S BT o 1-SNEAE Sy —Fh 2t ey
LAk REYE T v, BRAE TE LR B8 1o AEHCHE A ] JR) A 1l 45
FIRIHTHE T L A S8R R AN R 2 SRR A FE RRAE 25 18] iy
RELFR, )12 0 TR B2 27 ) B RRIE R

x5 ARAEEREXLL

Table 5 Comparison of complexity among different methods

Eizt SSL-Mamba Mamba Transformer
A~ epoch FEH T /s 354 181 234
SIZRFER/h 2.66 3.62 3.97
AR HEFEFERT /ms 0.11 0.11 0.43
FRIESRIUES K/ IVKB 380 380 600
I3 AR I/INKB 2 2 2
SR 93 024 93 024 146 876
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Figure 6 Confusion matrices for different test sets
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Figure 7 t-SNE feature visualization for different test sets
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