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A noise suppression method for modulated electric field sensors

Duan Zhenyu,Wen Yumei, Ye Jingchang, Li Ping

(School of Electronic Information and Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: Ocean electric field measurement can be applied to the exploration of marine geological structures, exploration of marine
mineral resources, monitoring of marine organisms, and discovery and tracking of moving targets in and at sea. Due to the complexity of
the marine environment and the working mechanism of the modulated ocean electric field sensor, the sensing output contains complex
noise components. Only by suppressing these noises and obtaining a high signal-to-noise ratio, reliable electric field signals can be
extracted from the sensing output. A single noise suppression method is difficult to effectively reduce multiple types of noise. Therefore,
this article proposes a composite denoising method targeting the noise characteristics in the output signal of modulated ocean electric field
sensors. The noise is divided into three categories, including broadband random noise, noise within the useful signal frequency band,
and noise outside the useful signal frequency band. Utilize the uncorrelation between broadband random noise and useful signals, and
use adaptive filters to suppress broadband random noise. A bandpass filter is adopted to suppress noise outside the useful signal
frequency band. Finally, the useful signal is extracted from the sensing output through variational mode decomposition, and
demodulation is achieved through envelope detection. Compared with using bandpass filtering denoising, empirical mode decomposition
denoising, and wavelet denoising alone, the sensor output signal-to-noise ratio processed by the proposed method is improved by more
than 12 dB, ensuring reliable demodulation of modulated ocean electric field sensing signals.
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Fig. 1 Measurement principle of modulated electric field sensors
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Fig. 2 Program diagram of the noise suppression method
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Fig.3  Principle of adaptive suppression of broadband noise

Horr DB MEFS 8455 x(n) VB 1@ 0 I D% 1 1)
ST v (n) N HEN SRR IED SR B x(n) HYRHIE
x(n —a) VEREIA BLETETIE o YR CR [ < a <
min{ L, 0,0} L ST R I F A S B 51,0, L, A3
HHIES ARG ST N A W R S S A A
FIMEF R A A SE K, FHESAIES 2(n - a) PHEEH
Fia FALME A SIS o (n) LS Y TEAT BEHLIE A
ANFHSE , T AE S5 A5 5 A 5 (1 728 4 o0 5 R AR 5 h
AL 2B LA ARG, TR 1 3 O 308 0 i 1 B b £ v
ot AL AR, SEA MR Y AR DCR R0,
VET RS I A AE o 360 1 4SRRI IR . s R 8 %
VeI H R A FIR Z544 , F 38 I 450 2 FH 45 44 ff 2 L
R E LT R/ N iR 25 (LMS) B3, A A s A

Win+1)=W(n) +2u(n)e(n)X(n - a)

Horb ) x(n) NTE n B 2000 DE 45 58 L 0k 4% By
B, uEB ARG B A R G R I B A IR
oo BRSO A8 S BCR AN, S T A5 R
DRI AL Sz vp A FHAS[R] (4 B 8 07 08 I 4 B Hi ik 3
T I D | AR5 PR B 30 43 B s o 2 A Al & 9 Y
BEATLIE 75 45 30 ] B RICR 1 3 I8 O e B 5 5 M 7 4
ORI R AN 4 B,

x103
501

ha
[

hay

=
T

/

p

HBELE AR 2V
/.’

5
=
d

L0
n

4“ é ‘8 1‘0 1‘2 1‘4 1‘6
38 B 8 A
4 P L A B R M A R OR DG R
Fig.4 Relationship between adaptive filter order and

noise suppression effect

AL Y S8 D 2% S A0 10 SEREAS T 2 R 4 Y 8 Ik

PERE; X' (n —a) /& LME S5, W(n) Jh F IS
15 n W2 L AR BOR it e (n) S I8 N8 I a1
B H M EE SR EZu(n) ALK, Huh) =
min| 0 | | i B LS S S
FMENO0 < u(n) < /A, A, NEIAGGSHTL S0 H
AHSCHE P ) e R AEAEL, P e, PTRACE 7/, H.
T < TOARBESE 7 BLO. 1) . AHXFIEE 2K LMS Bk,
RSP SE B U 78 B S I R R iR B
BB S S G S Z MR iRE S EOP K EK,
BABMNASCGERE . WiE A &0 o B #ET, R 257
W/ K BEZ 80N TR AR B T 7 A B 2R
Pl o 3 A PR AT SO U A A () B ERACUE
P A BIH] TGS a0, (n) , AN I I A i
FE A AR S, 2 I A 1 A

x,(n) = WOTPIX(n -a)=
E(n)cos(w,n +¢,) + N(n) + N,(n) (14)
Kb Wi, O 3 I DB A A R AR BUR s b, A
Ko A WAL B I AR



238 %A X

E 45k

3.2 HEIRHK

AR FH A 308 208 90 45 410 A P A 5 533 L A ) I P
N, (1), HET FIR (finite impulse response) JEI 75, IIR
(infinite impulse response ) & I #% H A3 B AL M TT 5 2 7%
JE,OF B R BB 0 PR RE . Herh EURRIR B A
TEE A ELAT P H A W A0 17, DR] OR30E 2 0 I8 4% 410 o AT
PR ST SN P A IR T S0 OB 4 F) Mk A3 i i
PSR

H ?=
‘ () ‘ 2 +w02)2y

1+ (S
0s

Horr, 0 Jgli i A i 98 5, S T I AR 1Y
iR T SE(10) BEEIRES K 0, =0, T
@ gy RPN I B KA, T A, 378 BRI
A5 U 268 B AR 1 B KA 22, TR I FHA 5 B A8
FIEERIN 0, - Aw, —w,, Flo, + Ao, +©,,, HRE
AR ST, T2 L o, WO 0 s SE Y i
LA TGS ARG 5y s P R, HE U
TS 2 MEFS A I 540 SN S I 75 5K MEFS 1%
AR RS E T Ao, 1 0, T KAEH AT
0.1 Hz, A<3CHr ] MEFS BBy 1 He, P HOREH 18
TE AT E N 0.7~ 1.3 Hz, S5 T30 f AL
T YR A R, A U IR A B S 1 S A B £ R L Y
KARWE S FiR,

: (15)

4 6 8 10 12 14 16 18
Hr I SR B B
E ISR iR 3 € e ST R ¢S SR ELU SR AU P SN
Fig. 5 Relationship between the order of bandpass filter and

the signal-to-noise ratio after signal processing

FTLAE ), SR I s YRG5 14 B 389 0 s O 2% By
BOFAHEW L 2T, % B3 R MUk T+ &
TEFE 14 [ I8 A LU ACTS 2 . AL BRJS Y AT DLk
AAR(16) .

x%,(n) =ayE,(n)cos(w,n +¢,) + N(n)

Hrr, o, it il IR IS AR

(16)

3.3 TEREEHE

AT AR 3 B2 50 M A S 5 0 s
AR MRS A3 2 F Dragomiretskiy 2587 $i H (1 —Fh [ 38
I B S AN FE v % 1k LA AR T 2R BiUAR 3 [ R
AR DL, NS 81— RANEL & — e 98 BT o i, B
B EWOE SRR -GS, HEAR N .

u,(n)=A4,(n)cos(,(n)) (17)
K A, (n) RS w, (n) WIBERTIRAE ¢, (n) NBE
BF ARG o oh T BT A B w, (n) 1RO 582 Fli
AN AR QT 52 2 (2R R S AR o i 2 RS Tl
M IE DR BEH x,(n) ) YA R T

w?ﬁﬂ#{z;A”[(”<”>'*;;)umow}ef%w
(18)

s. . 2 u, = xz( n)

Hr, o (n) AL EREGA, X n SRAT 2
IFe @, AEBESTOIRE fu, | ,m e 1,2, MARI?
AR M AEES AR M BUE S N B SRR
HAELE, U R 2 S B0 5 1o 1 i 31 95 4~
MRS, BT UATE S it B M R as 1 %
BR 2, BT A RS o e AR 2 1 d /M
minfo,,, - o,} , ABIZEZ G L (19) 25800 2, )
4 MAEIN 1 IR BRI, HE R C(19) I AR
T ik G: B AR M AR 1 AR MR

minfw, -, | < Aw (19)

Zad K SR B AT, Aw BUNA FIE 54507 %8
FERY 0.2 FEEI AT L 8 AT oK . VMD BVE AN At 145 45
Ao A TIER UL, f# e T EMD ELSIRE
[R50 EARE) M ARSI RS A X SRR e
SIS S A S5 A 5 ZR 0, K AH OC R BB KB X
o RS A3 A R A IR A 5 (5 S il T s
Bea, RIATHE RpeM m 5 5 . R 149 3 2R il b B AG
I AT Ab P B BB T — A AR AR R I R A
S BE B K AR AL B RE RS

4 MREIHIERES T

ST BRI M P A ] 5k AT 7 AR R R
AHUE S H 05 555, ARG S H 3 #aHhnd
B, 535028 0.1 Hz B9 1E 5% 45510, 001 Hz B9 1E 5% 45 5 LA
K3 s B B AR T 0.1 Hz HO 0 I8 D 28 09 B B A5 5 .
BRI E N | He, REERIEE R 20 S/s, WSt E
Sk AR 5 ) A0 5 M 7S 4 A AR Al S B R v g s
) ) 21 B0, D) 3R AT A S PR RS I Ol B R
0.001.0.1.0.25.0.75.1.25.2.2.5.5.8 Hz [ BH55{5 5



5510 1]

Beiey A I 2T v 37 S ) A P o) 239

HR A VE N AR 7 4 1 M 7 Sl 2 R LR AT R K 0.1 Hz
PR AL Y08 I8 25 LA e 7m FLA BRI G AR M e &
TR %5 BAR S B Lo - 43. 854 dB, £fF & MEFS i
G S SEBR IO, o3 SR AR SO 2% | 3 D8 I8 45 [ 1t
Ty N R s | 2 RS it R Ny i A B A
{59 BRSO AS ME Le 2% 1 FFoR R T 4 O i 4 4
MEFS #i 155 B A s R L

F1 EBEMBRHELEEERLL
Table 1 Signal to noise ratio after processing by

various methods

Wi Mgy ¥ fEWA L
ATy ¥ 28. 74
Y T U A R 9.12
N B (A e 7.33
ZE IS I3 i R 1.25

T PEAL TR O Bk 09 SR R & RE ST A ML
(i7-13700F , Intel ) RAEF (PXIe-4309, NI) 1 Labview 1&
AT i R RUE, TR AR 60 s BB, TESRAE
RN T 1000 S/s B, Fre 7 vk i A BRET (8] /N TR A T
1, Refs S A AR SR S

5 SRIGTEHIE

5.1 SRS

S B A 1 18 ) 2 P S A JERR I o R 5 v O R S
B LARIEAS SCHTR L . B 6 JRIR T 3L Bk B (10 241 5
4y ALFEAE 5 R AE 2% (AFG3022C , Tektronix ) 45 45 # Ha AL
P A 1 FE R IR B K 25 45 MEFS | 2085 R 4E K (PXle-
4309, National Instruments) . 715 L%, 765050 % IR 4%
Hf (R AN K 2 BRRE K B H R A LIS HRLVE T 2R T
5 MEFS BUEIBE 0. 5 m HIMR 5155 &4 28 &, R
TR TR K R 7 12 AR Ak AU R 3 , A R AR it i D
WK 500 s Y = £, = A I A B R M5 B /M 430 R
550 5 750 mV, B THBRA S T — K HLZE, SCBR i
PRI E S Y T A GE IR A 10 = Ak, REE
WM AR AR AN 7 BR 1% S BA 24
Wi gr, IF B0 R B 40 76 0.1 Hz DL b A9 fig & 3/ F
0.1 Hz LT W80 38 5 43, 6 2 A% 8% 1) F 30 et 45
PP HERS IR N 4 s, BRmOR a8 &4 Hing,
4 R Y55 A e i AL Bl L, DR O IR U R 1 He
(0.25x4=1 Hz) , B LAY VRN AR, 4 H e
TN LA 55 B R 5 2R B R AL A A St A SRR R
BoR20S/s, R T AR R SERR A B (5 5, R R

Ag/AgCl HLAR I & Y MEFS BT 207 B fL 3715 5 S AR L
FL S (14 L f81) 2R 50, A A 1 Pl S 3 DA L A1) R A
SEERPEIN G S . A T MEFS (4 B35 B (5 5 46
RIS S, B B Ag/ AgCl LM FRE MEFS 1Y

e o e e ., 8AZ
M 2R bR gy 228

=2.21366(F-Q-m).

"ﬂ'

K6 Scugdes

Fig. 6 Physical diagram of experimental setup

A
- \\‘,
~ 20 W
3 Al
I -30r Vklmwm
/m
S 40
?1(
|
-60
4 : : . : ;
o 103 102 10! 10° 10!

A% /Hz
K7 b A5 S
Fig.7 Signal spectrum on copper plate

5.2 WHER

&l 8(a) A MEFS i 55 B B 4R U T8 |, H 37 1) 3]
{55 VAR AL 35 B BE AL I P 0 45 b I s v | Y9 vh 11
AR B =M kAR =20 (1) HP R R 5 BN, B AR A J%
N HE 1) BAHTARST, B 8(b) ARG M S
BB I T, 15 5 Hh B0 5 Bl AL I 7 A K R 9 1
K 9(a) AMAHIEEMERTE S 4%, 9 (b) MK EMS
fE9AIRE, S8TT, TeH M s 76 S AR A (R AE T R T
10 dB Ze4y , 76 A FIE S5 R ML (Y IRE TR T 5 dB A2
A, LA U 578 P A HE A3 I (X A8

AHSE LM S5 | A 308 30 0k 240 ) A P A S Ay oh Y
M 10 (a) ks 38 U8 I AT R 15 5 B Sk R 1A
[ 10(b) Syt il g 5 i 15 5 i R B, A RS 5
SPRORER TR B 11 (a) S U R BT 0915 5 A



240 % # L %

24 H45%

0 560 ](;00 15‘00 2600 2%00 3600 3;00‘
P i /s
(a) A& Z MR RT

(a) Before relevant denoising

0.20
Z0.15
% 0.10
0 500 1000 1500 2000 2500 3000 3500
i f1)/s
(b) MK ZMe )5

(b) After relevant denoising

K8 AR LM A P

Fig. 8 Waveform before and after relevant denoising

0
o g\ =
N o T
= N, T
S 50 g
m =
= E
-100 Ton
H#/Hz $E/Hz
(a) AHRE MR /T HU% (b) 5K 2 J5 S5k
(a) Spectrum before relevant (b) Spectrum after relevant
denoising denoising

KO ARG MRS {5 5 3 %) L
Fig.9 Comparison of signal spectra before and after

correlation denoising

0 500 1000 1500 2000 2500 3000 3500
i ) /s
(a) 77 188 BRI
(a) Before bandpass filtering
5 %1073

0 500 1000 1500 2000 2500 3000 3500
I [A)/s
(b) WIBIBB G
(b) After bandpass filtering

10 3mSR AT A 15 5 I T
Fig. 10 Time domain waveform of signal before and

after bandpass filtering

P11 (b)) Aty 8 B i B 15 WU, A3 A 2 B0y S Y
WEFEFEAR 1 20 dB LA_E, AT FHA 5 B0 N A7 76 R fiE
RN RS

X PR A5 5 BEAT AR S i, R 2 A M
BORTRIE A1 DL T ARSI 2 M = 5 6 55 2 #8

3 3
= § -80
=
g -100
10°
% /Hz HiZ/Hz
(a) i B8 B S (b) “H 38 T 35 AT A
(a) Spectrum before (b) Spectrum after
bandpass filtering bandpass filtering

113 S AT A o e

Fig. 11 Spectral comparison before and after bandpass filtering

A RS 3 B  B H ORR AR, B R
4, e i Kok 4,

x2 [ESHEMHOIRE
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%/ Ha
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Table 3 The correlation coefficients between each modal

component and the input signal

B HIRFEL
IMF1 0.004 5
IMF2 0.998 1
IMF3 0.006 7
IMF4 0.020 8
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