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Abstract: Dynamic electrocardiograms (ECGs) play an important role in clinical monitoring and wearable health as-
sessment. However, due to their low amplitude and strong nonstationarity, ECG signals are highly susceptible to contamina-
tion by multiple sources of interference during acquisition, including baseline wander (BW), muscle artifacts (MA), elec-
trode motion (EM), and environmental noise such as white Gaussian noise (WGN). The superposition of these disturbances

leads to distortion of critical waveform components (P wave, QRS complex, and T wave), severely limiting the reliability of
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automatic analysis and clinical interpretation in wearable devices. Moreover, most existing ECG denoising methods are de-
signed for single noise types or ideal operating conditions, and they often fail to simultaneously achieve effective noise sup-
pression and waveform fidelity under multi-source mixed-noise and low signal-to-noise ratio (SNR) conditions. To address
these challenges, a two-stage denoising method that combines an energy-selected tunable Q-factor wavelet transform with
improved singular value decomposition (ES-TQWT-ISVD) is proposed. First, the multiresolution analysis capability of
TQWT is employed to decompose noisy ECG signals into multiple subband components with different oscillatory character-
istics. Based on the energy distribution differences of mixed noise in the time-frequency domain, criteria based on subband
energy ratios and cumulative energy are constructed to adaptively select signal-dominant subbands, thereby achieving pre-
liminary noise suppression. Subsequently, the selected subband signals are used to construct a Hankel matrix, and an adap-
tive order-determination strategy based on abrupt changes in the standard deviation of singular value subsets is introduced
to identify the optimal reconstruction order. In this way, residual noise is further attenuated without relying on empirical
thresholds, while preserving fine waveform details. Experiments were conducted on four types of single noise (WGN, BW,
MA, and EM) and four types of mixed noise (BW+MA, BW+EM, EM+MA, and BW+MA+EM), constructed using the
MIT-BIH Arrhythmia Database and the MIT-BIH Noise Stress Test Database, to systematically evaluate the denoising per-
formance of the proposed method under different noise intensities and combinations. The experimental results demonstrate
that, even under severe noise conditions at =5 dB, the proposed method achieves an SNR improvement of 12.46 dB, while
maintaining a low root mean square error (0.057) and a high cosine similarity (91.07%). Compared with conventional
TQWT and complete ensemble empirical mode decomposition with adaptive noise (CEEMDAN) based methods, the pro-
posed approach exhibits superior noise suppression capability and waveform preservation performance, and shows robust
overall performance in multi-source mixed-noise scenarios. The results further indicate that the proposed method does not
require training samples, has moderate computational complexity, and exhibits high detection consistency in feature wave

localization tasks, making it suitable for high-quality ECG denoising and clinical front-end processing in complex dynamic

environments.
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THE 5 EA I 4 2t SR . A 1A A
7)1 s FEAS Hankel 5B 0017 526 M 265724, B AT
R ENEML S (RS .
3.3 ES-TQWT-ISVD %72

PR I5 YL 1) ECG AR 5 B S8 43 TQWT 43t , AR
P i AR O T XA S T S AR S Al (I
13795, XA A, SR 2.2 5 3 i ke ik SVD Jy ik
PEATREME AN s XHE S 7, B R 5. Bie K
PR M55 17 5 PR S A W 5 A — IR A TQWT
Wi Hh 15 B W BRI ECG IS S . N T E— 2 %
FRAME T IR IR THE 50, X 2 2 e S 15 5
YR Bl SVD 23 i HEAT R A . BT ES-TQWT-
ISVD ARG M A an 1 4 fis , BRI .

(1) TQWT 43 fit 5 HEFE . X & W BCG 5 5 47
TQWT 43 , 15 5| 25 -4 XF B A /N R B W', -
Y BE I A LR /NKT 2l HEE  ICHE R SR 2 RN
/P

(2) Tt . M (16) A BitRE R LI A,
AR FEES A ', w?, -, W PRI 5 Faf
[W"Jrl’ﬂ)/ﬂJrZ’ "',IZ»'J].

(3) M -y R e X M s - et R, ]
N ECHE SVD (L 3.2 95 ) A7 R M, Ab B 25 SR 4
Do w2, g

(DOFSEHE . HES W, W] AR
Ja M R A D w2 oy ] — [ A TQWT 7%
e S BIWI L BERAE S

(5)FEMAR R FAM . X4 A0 R M (5 5 e I P R
SR ISVD J5 1 i E 47 4 A R M A 381, D B ke A 1 75 -
B SERSE-HEE  AS B R A R E S

4 SEIGFOSHT

4.1 SLIRHEIE
AHIFFE R FH— AN T 90 o B 2 — AN s B
JEARE Sy S 6 R . S ) S B >k [ MIT-BIH
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& 2
X TQWT £ 5 945 5 HETRAE | Z'xi
S —— SNR;, (x,x,)=10 bglo% (29)
> E-x)
i=1
N
>
SRR S\ — =1
Af;lﬂgﬂilfﬁ SNROUt (X, X) 10 log 10 i( . )2 ( 30)
X, —X;
i=1
SNRimp =SNR_,—SNR,, (31)
K4 ES-TQWT-ISVD kAR R i R
X, X;
R H AR 2 (MIT-BIH Arthythmia Database, MITDB) Cos(x, £)= —=1 (32)

(https://physionet. org/content/mitdb/1.0.0/) , 1% 53 FE £
AR B0 IE S (B ML) | SR AR
360 Hz, 7 4% ic 53¢ B < 24 30 min , 8 55 2 F 28 80 1) .0
HEOR W REAS . S T TR R A 50k [ MIT-BIH B
7 7 I3 8P 7 (MIT-BIH Noise Stress Test Database,
NSTDB) (https://physionet. org/content/nstdb/1.0.0/) , H:
T % 3 S LRI A (BW . MA LEM) , R E T 2 250
FLIC ST Y LS M ey Bt

SRR 3 O A W P B B O L S ARSI R R SR 4 ¢
LTSN s a2 Sr =5 e = B o M )
T, NSTDB H Y 3 2 M 75 (BW \MA \EM) 4% HE A [ 21
B &N ZEFIR ECCAE 5, SLH T o 7 Fh B AU TE . 3 Fh
I (BW . MA L EM) 5 4 F iR & B A (EM+BW |
MA+BW . MA+EM , MA+EM+BW ). TR £ 1 75 ¢ 08 1 1t
B 11 (PIZE)E 1 1 1 (=28 B A . HOR TEFREE
M 7 7 I, 44N 5 WON, RIBLRLR W0 35 5 ST
Po . AEME RS T, A I IR ECG {5 & B HEAT LR 7>
i R ARAE I — 1, LLABR B LM . B m S o
ML i (37 22 S R T IA, BRI IR 2 W (B, 20 25
FEUR SRR A eI I 25 .
4.2 HNEERR

Ry VAL AR Tk Y B RV R L A SCEE T LA
T 5 A H H % UL PF A 48 A 2 24 05 i 5 22 (Root Mean
Square Error, RMSE) CHA R i@ﬁ*ﬁ%(Percentage Root
mean square Difference, PRD) . |5 M iy {5 M | ( SNRin) N
B /5 {5 e 1L (SNR ) f5 MR LL B T (SNR ) A B2 Ax
2 KAL) (Cosine Similarity, Cos ). HA#E LT .

N

RMSE(x, %)= %z(xl_—;e,. ) (27)

PRD(x, %)=

X;

x|
Horp x X X0 R G CEE ECC 5 T ECGAH
SN ECCAF % s NG5 RAE 8. RMSE T
i i B M S A5 5 5 IR AR O M5 5 Z (Rl AR iR 22, 4
BB /N 27 T A RCR BT . PRD i e e {3 S A G T
SR IR 55 1 R FURR B U BRI R 55 DR B0 R
SNR;, 5 SNR,,, 73 | F2 7 [ M iy 5 A M2 5 ) 15 142 L, 38
T 4 22 (B A5 5 SNR,, L T PPAR R 7 ok 1) £ 1t
FE 3R T, B30 78 TR 156 I o2 M Ak S ok B2 3 . Coos i S oFF MR
55 SRR S S AL BUE TS Bk [0, 1], BT 1
FER TR A AL

Al LW S 5 R 55 AR AR I o L —
bk, A 5T R BB (Se) FBH M TG (P,) 45 4%
PEATER AT, B

_ TP o

Se= TP +FN x 100% (33)
TP o

P, = TPLEP x 100% (34)

Horp TP (FP L FN 43 51 378 B FHAE AR BH 1 S5 BA 1 %
5 Se T bR S BT 0T ELSCRFIE I A B T EBE
U W B30 U e 23 AT 5 P, 8 b T T A8 A 00 285 SR ]
S (B e U R A SR AR
4.3 MITDB##EE LR IEE DT
4.3.1 INERFHEBREYR

AT B MITDB 32 5% 100 H—BE K 3 s (1 080 £,
360 Hz) i ECG F BEAE A %F 4, 3 & Jin 10 dB %)
WGN, F41 B — RS MR 7 g 55, FH T S0 T S 4507 R o
O35 A S AR B RIS A R . R TQWT
BO=3.r=2.J=8, 19594 F7 . oz Rk s pr
IR, TR A UL 6. 45 SR FH A e A
PR T ST (1~3) , 1 ECG A (JEH QRS
PR ) VU4 Hh 7R AR R I 415 (5~9) R BE T A1)
BH Ay 25 6E 07 . Be gttt —2 IR, 6~94 Bt i Lk
e, TINS5 25 5 1~5 e A IS, e
M A . AR B T, X ECG M 1 Hankel
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JEF%E (g = 360) , RPN (22) ~ 2K (26) X & A #EATHR
WS TR MEZ . |7 (a) B F 5 EH %1
[210,240]70 BBl N H0 B3 53 161 7 (b)) 1) SR 1 22 1h 26
TR BT ML 25 1 978 o5, e M i et o R 51 i = 232.

3.68%
1.42%
1.15%
1.36%
————————————————————————— 223%
6 N ———— NN\ — 6.88%
A/ — 1329%
S R (S . i
9F : ‘ ‘ ‘ ‘ : 54.61%
0 0.5 1.0 1.5 2.0 2.5 3.0
I [H)/s

T
DB W =

-

#:Q = 3.00, r = 2.00, Levels = 8.
FE5  TQWT JHi < i K

HiE /%

s

o
)
S

10 [
Ll e e e e . .
1 2 3 4 5 6 7 8

T
Ko Ml RERE i 2 LR B

25

20
@ s ;
I i
% Va
£ 10 ;
>
& 220 230 240 250 4
= s

0

0 100 200 300 400

FREHS]
(a) AFSEAHAAR

RS S AR HE 2

400

L EiE]
(b) # Sl G

E7 ISVD & MR E

£-5.0.5.10.15.20 dBiX 6/~ SNR, 55 F H & 50
WL IFBCR 250, ik 1 R . 258 WoR W&
SNR,, #£ 7t , SNR,, 44 £ & Wi U 2% , RMSE I PRD $§: 4%

N, Cos FaE T+ 0.997 9.
*®1 BANWONEXIRIEHRITRER

SNR,/dB | SNR,, /dB RMSE PRD/% Cos
-5 8.680 0.089 64.026 0.81138
0 7.621 0.059 42.036 0.916 4
5 6.520 0.036 26.375 0.966 3
10 5.647 0.024 17.058 0.9855
15 4.696 0.014 10.021 0.9950
20 3783 0.009 6.086 0.9979

4.3.2 tWMERRENERYR

R it — 2L PPAL BB VR AR SR A TR T RS
P, A5 7E MITDB 5408 P2 rh 38 HUTE 90 s 2w 5 100 1Y
55 A B CREER 360 Hz, B 10 s, 383 600 A5) 1 A3l
HXTZ, W TQWT S8 0=1.r=2.J=8, &1 7 M
TS (2 3 Fh e — IR 5 4 R &7 ) 450,
5.10.15.20 dBiX 61~ SNR, 7KFF #EF 703 .

IE5% 100 A BARSC IS S5 I an g 2 o . &1 8 ELWL 4G
W T A M R R R MR UR R R B L
—F Pk, B & SNR,, & T+, SNR,, 1 5 3 9 , RMSE 5
PRD T [%,Cos LTt . FERA—MEAZ0E R, Jy kXt BW 1)
IR R 7E SNR,, = =5 dB i, SNR,, ik 17.784 dB,
Cos 4 0.973 4 A& T 350 (B SR E A . EM FIMA %
P B PEBEFH X 4255 , RMSE 5 PRD 1 i , Cos B4 . 15
WM RS 2 A rp, BW+MA 2 B fd: . SNR,, = -5 dB i,
SNR,,,, }j 15.598 dB, RMSE [ % 0.039, Cos i% 0.957 1,
WP T BT 25 A PERE . T EM+MA 20 4 45 1 i 2%
PRD 5 RMSE .3 = F HAb L & , i IHZ 4L & X555 1)
T . 7E = AR A (BW+EM+MA) 50 F B
MR R SR B : SNR, = =5 dBIF, SNR,, A7 12.464 dB,
Cos 4 0.910 7, K IATE ZPE T T RER SN P F5
S HLURFAE

K19 /R T SNR,, = 0 dB B, BN 25 2 LI s
FIPETERE . IWEI9 R LIE H, 4 ECG BRI AR 2%
M P J 35 LR BT B R AR TSR AR SO IR AR B
QRS HES PUE T I 45 £ B IEAS LU IR A . A L
JE UG B M, MR A5 Y LR D S AR B R L =
S Eh 3208 R By S B A S U BRI TE S S5 R R ECG TR
BT, S0 AE T g r ik e 2 XM S g 5t P A
5ER P03 I

K10 25 i T Al —BE S 7K T, g5 100-122 /Y 4 75
FEBR AT L (Rl 1~7 4R B BW . EM \MA .BW+EM
BW+MA .EM+MA .BW+EM+MA ). 7] L& %], BW .BW+
MA . BW+EM , BW+EM+MA 37 5 F 2= M2 05 8 4 i
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sa}
[72]
=
~
s 0 5 10 15 20
SNR, /dB
<
g S
[~
().?ﬁ[)cp . . . !
5 0 5 10 15 20
SNR, /dB
- BW MA —=& - BWHMA ——A—- BW+EM+MA
EM ——E--BWHEM -5 -~ EM‘MA - -©- - GWN
8 A2 AR MR R Xt He
R2 BANERBEFXRIBIRGER
R B SNRWdB
M e S T LD
-5 0 5 10 15 20
SNRimp 1 17.784 0 14.034 0 11.702 0 7.876 0 5.064 0 2.244 0
BW RMSE | 0.030 0 0.026 0 0.0190 0.016 0 0.0130 0.0100
PRD | 22.9510 19.876 0 14.618 0 12.770 0 9.9270 7.7230
Cos T 0973 4 0.980 1 0.989 3 0.991 8 0.995 1 0.997 0
SNR,mp 1 10.262 0 7.626 0 5.8290 4.106 0 2.5190 1.0330
M RMSE | 0.072 0 0.054 0 0.0370 0.0250 0.0170 0.0120
PRD | 54.566 0 41.561 0 28.744 0 19.710 0 13.306 0 8.8790
Cos T 0.843 0 09126 0.958 6 0.980 8 0.991 3 0.996 1
SNRimp 1 8.474 0 7.900 0 7.1240 5.3930 3.0210 2.108 0
VA RMSE | 0.086 0 0.0510 0.0310 0.023 0 0.0170 0.0130
PRD | 67.0310 40.2710 24.626 0 16.202 0 12.559 0 8.294 0
Cos T 0.823 9 0.927 1 0.970 2 0.9857 0.992 1 0.996 6
SNRimp 1 12.280 0 10.259 0 8.1430 6.2330 44290 2.716 0
BWAEM RMSE | 0.058 0 0.0410 0.029 0 0.0210 0.0140 0.009 0
4
PRD | 43.2520 30.693 0 22.0210 15.4470 10.679 0 73140
Cos 1 0.906 4 0.9535 0.976 4 0.988 1 0.994 3 0.997 3
SNRimp 1 15.598 0 13.369 0 11.1530 7.628 0 5.0390 29170
RMSE | 0.0390 0.028 0 0.0200 0.0170 0.0130 0.009 0
BW+MA
PRD | 29.5200 21.456 0 15.573 0 13.140 0 9.9550 7.148 0
Cos T 0.957 1 09776 0.987 9 0.991 3 0.9951 0.997 4
SNRimp 1 10.352 0 7.998 0 6.3330 4768 0 3.0470 2.007 0
RMSE | 0.071 0 0.054 0 0.0350 0.0230 0.016 0 0.0100
EM+MA
PRD | 54.002 0 39.818 0 27.1230 18.264 0 12.521 0 7.9370
Cos T 0.847 6 0.920 3 0.963 1 0.983 6 0.992 3 0.996 9
SNRimp 1 12.464 0 10.656 0 8.706 0 6.5950 4.689 0 29110
RMSE | 0.0570 0.0390 0.028 0 0.0200 0.0140 0.009 0
BW+EM+MA
PRD | 424340 29.3220 20.640 0 14.800 0 10.3650 7.1530
Cos T 0.9107 0.957 5 0.979 3 0.989 2 0.994 7 0.997 4
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Ly HWECG 157 AWECG
1.0F 101
0.5F 0.5
@ 90 : ‘ ‘ ‘ om0 ! ‘ ‘ ‘ ‘ ‘
B 1.5 JEHRECG = 157 JRURECG
1.0 KIEECG 10 [ EIEECG
05+t 05 f
o o n
0 1 2 3 4 5 6 0 1 2 3 4 5 6
8] /s I Iil/s
(a) ECGIRABW.SNR, =14.034 dB (b) ECGIRAMW.SNR, =7.900 dB
157 — HWECG L5 SECG
1.0 Lok
05f 05k
. o ‘ o m.‘.:" bbb L.l._‘ | ——
g0 | | | | G E S ‘ ‘ ‘ SRIGECG
Lok LIFECG 10f £MEECG
051 o5t
of 0
0 1 2 3 4 5 6 0 05 1.0 15 2.0 25 3.0
] [al/s IS 8]/
(¢) ECGIRAEW.SNR, =7.626 dB (d) ECGIRABW.SNR,, =7.621 dB
151 4 EECG 1.51 GIEECG
10 f 10 f
051 0.5
. o ! ‘ ‘ ‘ ‘ ' m 0 ‘ ‘ ‘ ‘ ' :
E 19 JlhECG & 19 JRIEECG
10 LUEECG 1ot FEECG
05t o5k
0 o R
0 1 2 3 4 5 6 0 1 2 3 4 5 6
I 1) /s B [A]/s
(¢) ECG A BWEM.SNR,, =10.259 dB () ECG IR A EMMASNR, =7.998 dB
Lsr L5y HHECG
10 F 1.0
05 0.5F
N 0N
s 1(5) Y . . . - s | . . . . ,
= - ithecG  E ——— JFUAECG
1.0 EKIEECG 1.0 £ IEHCG
051 051
o ok
0 1 2 3 4 5 6 0 1 2 3 4 5 6
IR 8]/s IR} /s

() ECGIABWMASNR, =13.369 dB

(h) ECG A BWEMMA.SNR, =10.646 dB

K9 [ A L MR RE LL A

EM . EM+MA 37 5 %40k , RMSE F1 PRD 4275 , Cos %
K. X — AT b MR R R P e, TR 11 Ry M 25
i ¥ SR/ A B (CWT) J5 A B A3 & . I 11 AT, BW
FEERIEAR B, 5 50 B FARFERFAR 143 55 s MA |
EM i fE I 5 QRS 55 1o 76 Hh i B W] B B &
WG 515 % TR 2% AR Jr ke il e ATt #3 s
RO AT . RS At , T8y e 2 Mr R
ZAF FABRE B EHETE SNR,, I AERER i Cos.

4.3.3 SEBEMESH

J T AR TQWT 43 i ZHUE A Rl B E T X 25 Mk
FE 1 52 M) R, AR SCaE— 20 3R AT T S BB E S T
TQWT A% L SEEHE i it N+ O U R r 540
JEET, E AT e [ PR D I 25 2 A B AR B R 5 A ok
BE . AV R S 80 A s Mt BB 1 B2 ), AR SCTE [
SEAF M LU B 25T, A3 S O RN T B BREYE L, 1
5 SNR,,, 55 Cos P H b5 .
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201

/dB
p

SNR.
im|
=) W S
-
\
X
\
\
L \
Z
L’
N
=

0.06 -

PRD /%

1 2 3 4 5 6 7

1.00 ¢

0.95F

Cosine

0.90F

0.85

¥ :1: BW, 2: EM, 3: MA, 4: BW+EM, 5: BW+MA, 6: EM+MA, 7: BW+EM+MA.
10 [R]—Rp KO R 45 W 2 Y (1 25 M s HL A

4

6
FRF 1) /s

F11 ECG5S. BW., MA, EM a4 =R %]

MIE12(a) W LB B, 4 r=2 B, SNR,, A R FF
£ 8 dB LA |, Cos FEALRIFAE 0.99 LA I, KB th R 4711
Ra g P S EARYE 2 > 2.5 I, RIS bR ] B R R, 3¢
U= WU S U s PN I S €2 8 e s 1]
A3 HL, NS5 15 5 1o i B v vk 5 FE ARG B . [RI B
FER —TUREF T BN O (HTEA B 5 M 5 2518
TARAR T AR R L, X 5 ECC s IR A i
MR 7 LA R I 2R B0 A — 3. B 12(0) AT LB H], ST
BUNEF (AT <6) , 7320 2 ARII 4 75 fE i R e
G5B FESNR,,, B, Cos tLoR 1A 5 0.99 (£ i 7K
V. BEE SR RN A A PR R RS L RS E S
Falrfgtm mhngEr, SNR,, M F ARSI T U,
FTF AN, Cos HEir 2 %48 0.99.
4.3.4 5MWEXXEMERVLLE

g i — B UE AR ES-TQWT-ISVD J5 5 (43 2tk
TEIMITDB 4l A, % A [] 24 U W 7 T g o4 e g s
1T RGER . XS TQWT 31" BEA-5¢

O: SNRiw, (74> M: Cos (£ifi)
1.00

PRI
0.98

0.96

S0

0.94

(a) T QFNTUAR Z B %) SR RESE AR 1 2 0

O: SNRiwp (%4> M: Cos (fif1) |

8 o0 - .00
/ o--0-"° o--0--0 6--0
oo ETE po-Bocd f==8--a B--a- 099
L 61099584 ; i ;
L3 ! !
="' j /
Ear g 4 2
o " . 007 2
z | dr g 097
g | A ey et
2 P . o - - ©-- Q=
o _g_,' ‘_‘,x;‘_e“o,,o”¢3 =096
P Loenit -7 B -7 -0-- 0=4
ok 237777 ) Lee L 1 =77 I I I 0.95
4 6 8 10 12 14 16 18 20 2 24
IHRIZE

(b) A BT IR Q AT 2 08 0 R PERE RS R A S0

F12  R[EISHE A X 23 e R i) S )

LEGZRWBE TS H & B (Complete En-
semble Empirical Mode Decomposition with Adaptive
Noise, CEEMDAN ) " LA K SCHR[27~30] i) Z2 Fh i B
FJRR R BILE T AT ETE WGN . BW . BW+MA
5 BW+MA+EM B 7 25 48 F (M RE T8 b5 X 1L . 75 B
P (WGN BW) 54T, A SCT5 2 /9 SNR,,,,, 5 Cos {EH 1
B E T TQWT 5 CEEMDAN, H RMSE 5 PRD {47 #i%
A 350 Y A AR AT 5 9 Mgy L2 O L ) 41 ) 2k
B AEIR AW (BW+MA) I 5ch gkt Re i i F
Bk, T AR SCOT AT DR 35 25 B TR S AR ARLEE (Cos = 0.98),
PRD 4 Hofh 57 B AR 29 20 % L4 L B63F 7 e 2 20+
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Yo T Bt . 20, Z R A S (BW+MA+
EM) &4 T, AR SCO7 ik 5 2 Fh i 2% S BB (CDAE-
LSTM . ACDAE .CBAM-DAE .DP-IDEA) #£47 T Ho 4% . 45
TEFE R R B AR TE JR 48 FR (W1 PRD |, Cos) 1%
P ABAR SO IR LR A T RE B AR S IOIE R FeE
112 U A ¥4 . AEORIIE S {5 5 PR LB A IRl i d 7
BT IGHAR GEARISEAL A, THE I /)N, fefs
T 2 PR AT ALY ECG BRI 2K .

13)J&/R T#E SNR,, = -5 dB AT, TQWT ,CEEMDAN
EAR SO 0 BWA+MA+EM s i Mg . i & 1345
TR X85 1012 7] W, CEEMDAN J5 ¥k B fig— & PR RE

151
1.0
0.5

0

il (A QRS WA AL 3 BRI T W AR | 53 55 Ab th A7 7
0T £ R TQWT J7 vk 76 4/ 5 4 4R 3 % Jr mi it +
CEEMDAN,, {H 7€ 41115 AbAT5 A e i A% , L3S 70 3% 4 T
FRAESEAER. MHZ T, A SOy e I A5 55 X
Sl 147 B T 47 b A 4 S5 0 ECG % T | [ B A 2001 59 75
M SRR Pk — 2B B E T AR D
P . AR 3 R 13 T HIAR SO TR AR 45 W s 45 F R
YT i gy i, A SO L REA SR R L LS S
SRR RS RO G SE S IURRAE , 1N A% G2y A (L B K
RH W ALFE o i B LA AE 7Rt A B Y
i .

LMECG

v

1.5

1.0

Mg {E

0.5
0

1.5

1.0

B 1/

13 RIaI 5k A 25 M P BE LA (G 3% 220)

4.4 HFERENLUE ST

XFFECG KMy 0 & , I dr 25 M J5 CHE BT (P
QRS T 5 B E 5 M FRAE AR — B G2 . X
SERRAE P A5 T A E A AR B 0 A L X AR 12
AT 2R Sh A W P AT R . A R R &
SO I 25 B e R A A 2R 2R |, T RE 2 iR ) B
it e OCHIZ W2 2R, DT 52 1) 5 A i 000 35 4 %o {kt B
RS DIHERAITAL . BRI U I $ 05 1 7E 2 44
GELSANEOE S S i S e R T e P N
ECG 55 1f ECC AR IIE L AR . SR 1M, 455
I TR 24049 2 1T 2E— 2 B TIE 2 W B A AR T TR
TSI OCHEARIE . Ul AR LA MR S 5 R AA (R
SAERFEPIE 207 (P QRS T %) _E (s v, LUE 4
T L DA A ST BB IR (14 R 5 A A R L

BEXT A5 19 ECG {5 %5 (SNR,, = 0 dB, I i 23 7
S BW+EM+MA ) , A% 5 % F 2k F B & A 465 19 1L QRS
R Y %0 i e xt M S s S HEA T O
SF- AL B, DAARAS Bl s (] A5k 1 B B f 4% 5 Bl S L
o B H0 0 E A it 2 bR e 6 R I . QRS &
A B SRR 1] 2 8 60~120 ms 2. HE I, 76 R 9%
T 5 15 B R T I ] 6 (249260 ms) , 37 5L A5 5 (4 R

W AEFFAE R A . i — 20T R P AR il 3
K R P IS T I, BIFE R I HTZ 120~200 ms A Fsf ]
i A8 2R R B e KOS E P I, 7E R 9% 29 200~
400 ms P15 P98 2R SR04 A TR B . I 14 J R
TIiEa 100 XMEE S BE R A% SRR . A
L 7E SNR,, = 5 dB Y 42 M 405 00 T, 25 5 hE
AL 4% I I S QRS I IR0 B vy JEE X iz, ARG A 4T3
RO A T 45 RUGEHT B R AN 25 S 5 S o 1 3
AR, W [E] RAE R AS )N

Sk HE — 25 B AIE T 2 vk T AR AR I A b
A, PE#E MITDB 1 IE % 12 5% (100,101,103, 117 F1122)
PLRAT RO E 1R SR (106,109,214 F1 223 ) 2K
UE. BE SNR,, = 0 dB, B AU BW+EM+MA. K445
TR RS S S AR SO A A IR A AR R A
GERNT L. R AL R B E SRR S T T 5
I SRR IS, BRI TR MHLLZ R,
K FH ES-TQWT-ISVD 25 M 5 FE 4T QRS P LT P K,
SFLAGE IR i S 2 4
4.5 BEEE#ESIETHESH

o T VAL TR ES-TQWT-ISVD J5 i A% 3, AC
TN B B A4 B 5 S R as 4T s R B SR T AT A
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®3 SxmERERAERERTLE
WGN B — Nk

Tk SNR,, SNR,,, RMSE PRD Cos
TOWT -5 8.81+2.22 0.11+0.04 54.39+12.77 0.86+0.04
5 7.15+1.63 0.05+0.02 23.78+4.44 0.95+0.02
SE-CEEMDAN -5 9.80+2.44 0.17+0.06 61.02+13.28 0.86+0.04
5 6.39+1.48 0.08+0.04 26.44+4.76 0.94+0.03
. -5 12.40+3.74 0.08+0.03 42.026x11.34 0.91+0.04
AT 5 8.52+1.94 0.03+0.02 21.1723.41 0.97+0.01

BW B

ik SNR,, SNR,,, RMSE PRD Cos
TOWT -5 15.98+2.59 0.04+0.02 33.72+9.42 0.9320.03
5 9.34+1.23 0.03+0.01 23.57+7.34 0.97+0.02
CEEMDAN -5 15.70+2.58 0.06+0.02 35.7429.77 0.9420.03
5 10.38+1.02 0.03+0.01 21.0126.22 0.97+0.02
o -5 17.74+3.43 0.040.02 22.95+5.45 0.96+0.02
Ak 5 11.70+2.87 0.02+0.01 12.77+2.89 0.99+0.01

BW+MA T A B

7k SNR,, SNR,,,, RMSE PRD Cos
TOWT -5 13.09+2.54 0.05+0.02 34.37+8.84 0.91+0.03
5 9.54+1.59 0.02+0.01 19.82+4.71 0.97+0.02
CEEMDAN -5 13.77+2.28 0.05+0.02 36.40+9.24 0.93+0.03
5 10.53+1.94 0.02+0.01 17.27+3.88 0.97+0.02
. -5 15.59+2.01 0.04+0.03 29.52+6.58 0.95+0.02
STk 5 11.151.51 0.02+0.01 15.57+3.66 0.98+0.01

BW+MA+EM i &

itk SNR,, SNR,,, RMSE PRD Cos
TowT -5 10.08+2.68 0.08+0.03 46.05+11.30 0.8720.03
5 6.96x1.42 0.040.02 23.98+6.47 0.96=0.02
-5 9.95+2.77 0.08+0.04 55.49+12.36 0.85+0.03
CEEMDAN 5 7.73+1.43 0.04+0.02 22.076.11 0.96+0.02
CDAE-LSTM®" -5 6.54+4.00 0.12+0.05 37.24+15.72 0.94+0.04
5 1.25+3.93 0.08+0.04 27.42+12.40 0.97+0.02
ACDAE™! -5 5.32+4.09 0.13+0.05 42.73+18.03 0.93+0.05
5 1.63+3.51 0.08+0.04 27.42+14.02 0.96+0.03
CBAM-DAEP! -5 6.37+3.85 0.12+0.05 37.83+15.15 0.94+0.02
5 1.17+3.60 0.08+0.03 27.49+11.44 0.9620.03
DP-IDEAR -5 8.30+4.69 0.100.05 31.87+16.94 0.96+0.02
e -5 12.46+2.84 0.05+0.02 42.43+9.25 0.91=0.02
ATk 5 8.71x1.40 0.02+0.01 20.64+5.98 0.98+0.01
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N
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SRAL N o SN oo
" P, 8946 | 8501 86.23 S BCG 155 78 4 Ze M 75 4% 1 ) 2 68 )
S Se 99.84 98.15 98.36 PR T — A TR AR AT Q PR/ i AR
P, 99.86 99.01 99.17 (TQWT) 55 Wt #E47 54 73 (ISVD) 25 A5 1 — IR e M
N = _ V=RV
Ve 55 i (ES-TQWT-ISVD) , 458U T .

16 A ) 68 78 5 3K 14 3 55 T (Intel Core i7-12700H
CPU.16 GB RAM .MATLAB R2022b) , %} 10 s ECG {5 &
(CRFEZR 360 Hz FEAS 15503 600, SNR,, = 0 dB M7 3
IR BW+EM+MA) 4700 SRS 45 T arie rik 5
5 TQWT ,CEEMDAN 5303 K B 7R YR8 35 2 5] 58U (1) 32
A [E) X H 25 5
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Jrik prge | TR g | TRTHA
IIZREE IR i [ /s
LSTM™! Il | 2000 196 x 60 5.88
CNN®! Yk | 200 58 X 60 8.40
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CEEMDAN(K=50) | kb3 20 46.6 2.33
ARSIy Qb 20 11.6 0.58
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MK =100, FHE AR 0.71 5524 K = 1000, i
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FTCNN) |, 455 1| 25 8 75 ZE80E 280 DIl gde ik
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