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Abstract: In view of the detection performance constraints brought by the further application of demagnation and noise
reduction technology to traditional sonar and magnetic anomaly detection technology, in order to explore the possibility and
detection mode of active electromagnetic (EM) detection technology applied to underwater large target detection and positioning,
the active EM detection method for underwater targets based on SLF/ELF artificial EM field source is established in this paper,
and the active EM detection method of underwater target is modeled and simulated by Ansys Maxwell, the magnetic anomaly
field induced by underwater target is calculated and analyzed. Then, the key parameters of the underwater target active EM
detection system are listed based on the simulation, and a underwater target active EM detection prototype has been developed.
Finally, the simulation results and prototype parameters of the active EM detection method of underwater targets are verified by
the scaled ratio experiment. The results show that the parameters of prototype system designed according to the simulation
results are correct and effective, and the active EM detection technology based on SLF/ELF can be applied to the underwater
large target detection.

Keywords: Active Underwater Target Detection, Simulation Model bAsed on Ansys,
Underwater Target Detection Experiment, Magnetic Detection

3 FSLF/ELF N TIRM/K T B A5 E3) RN £ 5525

rHEET, R, B, BEW, adkE, meR, 2R, ERg’

VEIIRTTCE, AU TRT, dba, B E
PPEHE RS (bR HERESE S AR, Jta, hE
WL RGPS, S, i E

5]



59 WPoRVE &% T SLF/ELF NIRRT H bz 8 L REAR I 7 15 S48

WE: X AT SEORRIK T R H it — 25 IS0 T A P MR 13 AR 5 % 49 75 W) Bl S AR B AR SR 42k B 3 T R ) L2
VR B, IR R T B IR DN BOAR R T 7K R R H AR E AL A AT RE IR SRS, A SO L T I T I
(SLEYBARAELF) A T RBEIZIR (7K N H AR ES) RN T 7%, 18 3d Ansys Maxwell0f 7K~ H A5 2 8l R 77 V14647
BT, ot T B Y: Ra, BT HRARE KT BAr L AN R R SH, ot 7 — 8K
FAR LSRR fa, 48 b segaxt K~ B AR S IRITT 205 a5 R A BN S HGEAT THIPIRIE. 4RE
B, AR 07 A R BT LR R G S BB A 2L, F% T SLF/ELF ) 5l R BRI BOR BE 88 N T 7K R KRB H AR

EZXUIR

REEW: KT AR EZRN, Ansys BT, KT AARRIISEL:, WL

1. 3|5

KRB BRI — B R X RE R R L% E
BRI, £4: T, BEEE R K N LR H
M, PR K BRI EERR T B Al A 185K
P AR A 2 X7 R A, 2 20 KR i I S B Rk R
FEAS I [R5 S B AR 2 AL, T 77 ERIEKIhE
B, IR A SO IS A6, Bk B S B R ER
T HFR; BishE @t BT H bS] R AR A E S,
FHREFRBIKRBTTAL, AR H ARG HEE AL 71X
—HR N, REAEFRMNE AR 1 5 5FF RS, 9k
FEERIN T By G 2LAMRII . BOBIRI . A RER I %,
BTkt R RRK TS KB H bR AR A AN AT e
FTERREYERTRE, TR R R T R BT e, RO i
BEIEARKET AL, 2].

FEL 2 3R AR TR AR S A b J Bl R 40k A i SR A
— PRI, WIREE L, 43 3 s3h =URT sl R
KK W45 30 R REERIE A 7K 80, FAE 1918
S, FEE AT 7 R HE R GRS . sh R
PRI BRI &5 A ARAIN T35 1) — Fh e 75 =X, B aiwt
FUATHIRAE PR AE BT SR L, MBI A 45 SR Lok AR
P AN BRI, FEor R, PRI S R &—
IR I3, 4], RITAH ©EDR X — 8RN AR N H T
KR H bR RIS, 75 B RE 0515 20 T4 sh i 5 4R I 1Y
e

B MR F g BT SLF/ELF N TIRAI/K T H
PR ERER TR EE R, M Maxwell FREH K, BT
WK ) R AL PR R, 455 05 B, R3] —Fh T g
AR S o IR —FRIAEE R, 5 T SRt & Al
SEIGIAET, JFRE 1K R ERIMAR G250 . MSEBR &5 R A,
AT PRI R, DR U B Z O VAR K R K H
FRERI 75 TR & — 2 A A ANE

2. BEAER

WK IR P RIRE SRR, KR KT AR AR R 2R BTK
I REERE VTR YN Y G E P NG e L ER 377
SR PE SRR, HIOK TR AP BEM R 20K T 3 B
PR 2 I 7K AR SR JE N 22 SR 1 L B 37 5 P S LA

H[5-7, 9]0 L5 B DU AN R 2 i S A5 5 A RE AN S
B S0 0 e TSI ME 2 R L, A8 S LK R 2K He
PER LAY LR R 2R

2.1, KA KF R SR I R

2.1.1. BAERIEGHER

HUOH BRI A S RS2 KRS, K
2 TR P A (R IR B 3 268 7y L2 2 I I
Rl ERAL () — e, A SO T ER 2 R I A
BRI JEC N H5 50 2 25 1)

WKIZIRE N d,, 237K FHT 5 K- 5 5t
T EAHPAT, KFH7 1R FTEBREEM, 255, KRR 1)
MBI BN« &, =012, HFi=0RRES)Z,
=IRNIIKE . BTN gy, AT p WE N
1. ABRRHEEREH R, REKERNL, REHBRHEN
P=IL, REEFEM TS OET, BWwERENH
FREIRIREEN by, BIZBE RN . B RRARRIEZ J5
AT EAKCFH R R, o —xyz & 47 FI e W o B =&
RAHBMERL (KD 78 XOY FIH W 5 x ok
O, R&k'5 xov VM Ag.

B AR AR AR R 2R

2.1.2. KFPRERREEN B
JE ARG PERAY T A AR R 2R S FEL R 3 P 4 5 B T DA
TE#L, 8, 11, 13, 15]:
a) W R AT, AER N/ T 100kHz:
b) HEBRFAS AL 268 V7K RH AT JES P85 10 (8 B R » 38
BN =—iapyo, , i=1,2 . FRPNEERMEH
W, LIERG RN 0y = iwE, , WEN kG = & o€, s



Science Discovery 2021; 9(2): 58-67 60

¢) Z WK SRS & [ (A1, S S I TE

JE KRBT R s
d) HE SR, WNIEN S HSIFR TR, W%
KHAEZEFSH.

XT3 B AT A (], B R 2R 7E 2 A) 2 A 1)
FLG i R 2 W 7 AR 416, 18-19].
OxE = juaH
OxH=(0- jew)E
OmMH =0
OE=0

Q)

E X HREAA, WHLEH=0xA. HABRBHEG 58
RELRAR,
E= juawA -0U )

Al — AN Ny 1
ﬁ*Uﬁ%EM,WEU:-EDmo

J2 R PE B R K B AR B R R 4 5 F R 3 HL A XS
FRYE[17], Fr R EAL AN & W B R T 1) 1) 43 B AR
HREEMK-ZREAMN T EA,. FEHBEREMN. HIFHL
3% N 2 R TH 2% A

a) BA A, BRI GHRALE AN, REAMALL VA

RME, HE LSk, REMANZF, B
A(r —» ©) - 0

b) & E i L, RIS TR w AR .

WD AR, HIHE . Wi H 5REN AR
FREALU Z MR R, RADEEEETAISET RS
A7 &5

AR S & B O

1dl ® 2 2 2 myz
E :7J‘ k2Cy +(Bymy —C, g, (mr)di
X0 4, Jo [ 0 Co +(Bymy —Cy)m” cos ¢}3 o(mf) m

i > sin® @—cos® @
+——| (Bymy —Cy ) me™* ————LJ, (mr)dm
410, o( oo =Co) r ()

€)

Il . © 2
Ey= 47711:1'0 sin gcos wfo (Bom0 -C, ) me™* [mJ0 (mr) —7J1 (mr):| dm

1dl

E, = ppe—y (:05¢7J.(:°(Bom2 —Como)memOZJl (mr)dm

H= %lrsin @cos gaj? Byme™* (mJo (W) -2 Ji (W)j dm
r

o = %ITI: (mOC0 - m? cos” gB, ) " Jy (mr)dm

o S
—L‘”J‘ Byme™”* Sin_@Tcos ¢ w.]l(mr)dm
4o r

(4)

H,, :%sinwj: Come"™ J, (mr)dm

z

Hor, Jdl Fos g mGRI A, m AR R,

rxt+yt WRCREE, m, =Am? -k, i=0,1,2, @H

AL w3 5 LA B R B E LR AEXOY T I B 5 x il 92

fit, sing=2, cosp== . BNHN I, (mr),i = 0,148
r r

KB KRS BHC,. B DM E JtE AH,
S S A R T

_ _ —2md, 2mH
m 1=Ny 1=Nye e
m emlH 1- N21N01€_2mld]
B, =B, +E
m e—2m]d] (Nme—m]H _emlH)

C,=—N.
! m 2 1—N21N016_2'"‘d‘

G =

PZle_z’”'d' emlH +E)1e_mlH
_ —2md,
mo =By Pye

-mH _ —2md; mH
e N, e e

6))

m
B = +—-C
m

m
D= N == S
m 218016
—2md, _mH —m H
_fubye e’ +Fe +&e

2md,
m 1=Fy Py m

— m
mH _ "
E — D

ﬁEPH/‘] NOI N N21 N 1)01 }Fu 1)21 i+ﬁﬁﬁDF=

1- R
Z

_my —m — )
Ny, = Ny =

1+ MR
n,
1-2mM g
—_ Pm
1+ A o

Py

(6)

_ Oymy —0ymy
Biy=——— by
aymy +0ymy

R Ry A1 Q5 BT A
Ry =1

.
Rt = MR ¥ My tanh(m, d, )
" =

My 4y +m, Ry, tanh(m, d,)
, k+1 kY k+1 k“k ,ZSkSN—l (7)
Oy =1

. _ pkka(*kﬂ) + Py 1My 4 tanh(myd; )

Py Q vy tanh(my dy ) + oy yymy 4y

213, HRKEATFBIEREES aHS

SR JE R R A R TP H R A A
W VS BRI R R K AT BN 94 . (R s
Rt | G B LB LML 7 AL7 2 RO B (b
seih) TN f(p@lF) . Ho £ ATAFOR A
WHE,. E,. E.. B,. B,. Bt p=1l, p
FoRRE IR MBI, 1 9 RE T HIRE, dl
F LGB HCT AR, T A1 F 4250 TR
SR S AOAER T AL A O TS R BRI, ARG
H 4 1 5



61 WPoRVE &% T SLF/ELF NIRRT H bz 8 L REAR I 7 15 S48

jf@aaladl ®

L

SRR R A, SR SEIRIE T B R IR R SRR B AT DA
K AR SIH 53 oy B 0 7 iRk X, MG
[10, 11].

2.2, H/K T ERLAL R

RTEAR B AR R R A AR ) R 2 S R
FEATR R L RSP S8, 75 B0 o R A T /K P A 4R 45
PEREATHT I o AR P G 7E 2 - K LA R I, |
Tz K r ) 2 S AR AR I, DU LR LN S I R 5 E
WK T 2 H RGNS SR K AR R I, T
VNS5 AT, 37 S A R 2 DL AL AR BT i K-
SRR RAEHE[12-14, 19]. 9K EFRMBER T 350
HL RS KR B ARG B, 75 R AT BE R A A S
CIUTHI , BRAR K-S -K- B AR ) B0 R AT
B AR NI 7K U IS -1 7K - H b ) DA S35 il /N A PRl g Jak
NHAR, WE2. MRS EIE R ST, Hi
FRESAZ ) 8505 4 S 2 B bR B RGP, N
LA 8~ THT R 388 8 9 7K HP D 3 R A% % R 5 18 S
5 LR B AR AR 2R K

P2 SLF/ELF HL R E K AL 3 1 2 A2 A0 B o

2.2.1. BW/KH BB R IESE

R T T LR AR g KA FR A, HAL IR By,
IR B oA S BB T SRt N o ey, KIS (A
SRWATH S, WAKHENBEEAN81, HFER

4S/m[9].
y =4 j, o, - o €

FEL A B A i 7 R PR M TR 32 & T AR 0 e il s g AT
o BRI BB IR E SRR R, AR SEEL
AR HARRIR L, 126 1 110.01Hz~nx 10Hz i B 5% .

2
C(JUS 0'1

o=l/a=

=)
3

HERIRE (m)

=3
)

10'f " —>

10° 10° 102 10°
Hi% (Hz)

B3 7K SLF/ELF B fif 8t F e R B S5 AR I 2 &R o

SLF/ELF H R 75 1 7K HH 1 3 v AT mT BLAR
PR H BT 5. S LK B BRI H bR 8%, M
AT REIE B m A B, 31X B R) 2 R 5 1 0Hz~300HZ 40 B Y
MRS . R ATREIRTHK N REMERH IR, R TR
N R T KA TR K A 1/104H 2, DRIk, KRR
SFEFEIM~50m 7] N A

_w
VP—E
v
A=-L
S

R D LR R S AR IR

(m/s)

p

=)
w
T

K T LM A M v

=)
)
T

10! | | | I I
10° 102 107 10° 10! 102 10°
i f (Hz)

El4 i 7KH SLF/ELF B i 08 SR F R R o

AR T BRI A T SRR K A

10°

o
>
T

AP LR G A (m)

=3
S
T

101 | | | | I
10 102 107 10° 10! 102 10°

B f (Hz)
Bl5 /K 4 SLEF/ELF B I % K S8R I R o



Science Discovery 2021; 9(2): 58-67 62

2.2.2. ERGE KRB R

L2 R K T RR HFREINR R . BAR PR 2R &,
SEA P3RS K R B, AV SO FAR R o i Ha pd g A
KA25HZ R S 3647, REKFSm, REL T /KN EK
T 1OmIREE .

3. BRMTES A

PO g L E . TR E . W E ()
AT ) FF R I 5 0 2 AR T 0 2 B AT AT o

XK B FR 3 SR ) AT B AR B AT b,
SR TG B AR TOL A A AL, PR 0L N B B AR A
Ab, FABZAFARTE . K R K B R 2R x Al
H bR R Wx 7717« Ansys Maxwelli#E 17 224505 H A 1% B 5
WL,

R1 KT B ESIFNEB A S HIIR .

SHER
SURS Bh BEEX
€ 8.85x107"2 F/m HAENEEH
Mo 4nx107 H/m TR SR
Eqr 81 - TEZKAH A HL o
Gl 4 S/m WKL TR
f 25 Hz R ERHE ST FE R
L 5 m KRR R K
(Xas¥a, H) (0,0,-10) m IR B R 2R B TE A B
L, 100 m B bl K
R, 10 m HirsME
Xy,2) (500,500,-100) m H bR ET e &
o 1100000 S/m HARE SR
Mer 1 - H AR S 3R
oy 0.01 S/m TR LT3R
Esir 1 - TR FAX A LR 5
Psie 1 TR AR X R 5 %
3.1. KT BRREINRNGE R

3.1.1. BRI ERE; B

Fe% T AW SCHEAL HIZK T B Fx 2 SR B 17 ZA
AU, b4 JE A bR RXOY (195 61 T B A% IE 77 ik
PR o KPR 0 Rz I, WK X Rz g A
VK K B /N S 2kmx 2kmx 0. 2km o 155 Hh g 7K R
JEG PR IR % 1) 4 o K P A P 38 I A 50 4

Blo J2 iR i S

TR b H bR B L ART 45 A A0 A% 0 2 L7, Herp B AR
A K E100m, ZME10m.

B7 A TE B AR e [ ) s

3.1.2. HEREERTE

1 EAE R S RN R 45125Hz, A N50%, AR H
TNS000KA ) 530 FELIR, W0 B A B FE % FE I Y7k &
TR BRI AN o

5000 TxCurrent

E( = Current (Winding1)
4000 4

3000 ~

2000 +

Current (kA)

1000

I T

0 L 1 L 1 ' | [ TR T T T T T ——
T T L}
0 5 10 15 20
Time (ms)

E8 /KT s BRI AT BB TE o

5 B R 4% v] LIk $E Ansys Maxwell ff i 38 Transient)
SRAFASER B E S (Eddy Current)>R iR ER, A SCR H
TR AFAREL, V15520 Bt fik o B () B8 Rk 1) & B 1A © A B
T T RE 3 W o AR R AE SO, AR T EALR, JF B
Ansys i FLAE A HFIGPUNIIE DI BE -
3.1.3. (i EBAAI ¥ E

=R S GiBNR 3R M S M T i pei X el
WAL BT . MRS SR A B R .

R1 I EWIM LB E

ve MEE
N9 S MIESZEHSS

1 LineXInSea HFFIEETT, FA7TX4H, K Fim
2 LineXInAir_Im HARIE EJ7, “PATTX4H, K Elm
3 LineXInAir 100m  HA&IE EJ7, “PATFXE, 7K E100m
4 LineYInSea BFFIEETT, A7 TYHL K Fim
5 LineYInAir_Im HArIE EJ7, “PATT Y4, /K EIm
6 LineYInAir 100m  H#sIE EJ7, “PA7FYH, 7K E100m




63 WPoRVE &% T SLF/ELF NIRRT H bz 8 L REAR I 7 15 S48

3.2. KT HRESHHRUGTRER S0

3.2.1. ML ELER K3

BI9- I 1293 B & 7R 1 e Bl JE T 58 R 4% 3 B G IR BT
S EVRX T TR 2R ) A e, W Z015ms, Fo o H ARDL
FMLES00mAr & , 41 (L5285 R I 2% Line X InSeal¥) 43 #ii
B BR L SZER X NI 28 LineXInAir 1m0 A &,
SR R VI £ LineXInAir100mf¥ 2346 [ .

LineX OverTarget_Mag B

0.0014 —
F — LineXInSea
0.0012 + Time=0. 0158
E __ LineXInAir_1m
0.0010 £ Time=0. 0152
= E LineXInAir_100m
3 0.0008 £ Time=0. 0153
= E
wl 0,0006 £
= E
0.0004 £
0.0002 £
E
0.0000 —r" | T .
0.0 0.2 0.4 0.6 0.8 1.0

Distance (km)

B9 A WA S 58 EE 7 T2 70 A1 1T o

le-10 LineX_OverTarget_Bx
4_: — LineXinSca
Time=0, 0155
— LineXinAir_im
P Time=0. 0155
— LineXinAir_100m
Time=0. 0158
Z o0
P
-]
-3 o
-4 4
S T R T S B S
0.0 0.2 0.4 0.6 0.8 1.0
Distance (km)

BEI10 B #5xJ7 Tl 2k 43 A

16 le=10 LineX_OverTarget By
J: — LineXInSea
1.4 Time=0. 0155
LineXInAir_1m
1.2 4 T Time=0.015s
LineXInAir_100m
104 ~ Time=0.0153
Zos
S
[+=]
0.6
0.4 4
0.2 4
0.0 = —t
0.0 0.2 0.4 0.6 0.8 1.0
Distance (km)
EI11 B ity [ 2 0 A 1B o
le-9 LineX_OverTarget_Bz
0.2f
0.0
-0.2
~ =04
=
N
= —0.6 — LineXInSea
Time=0. 0155
=05 LineXlnAir_tm
30 T Time=0.015s
d . LineXinAir_100m
Time=
S N . e [SEESSSsERSs
0.0 0.2 0.4 0.6 0.8 1.0

Distance (km)

B12 BiRx 7 2 A .

M ATRAE ] LUR B &t B briE ET7 (ot
WL HARRHFTAT) I, BofE HARIE EJ7HBUE e
¥, AR TAE HARAL B BRI ARAY, ME AT H
Pir B ST ByfE HARIE EJ7 A e (e, 2k
IART BB SR RAENER; BAE H AR IE 78S fE,
AP ATIRT AR B AR AR S RN SR A H R
IEFITERNEAE, HRT AbrArE Ak R AFR. BEE 2
B B e LRGN, =l S A5 S R (BN, &7 R
825 BE X7 [ PR I AT IR 50 B L2 o

K2 By RN R X7 )WL 3 A VA 58 L

N=RY
e fﬁgﬁﬂﬂ?ﬁﬁﬁﬁ IE{E R B nT)
X By Bz MagB
LineXInSea 0.5 0.16 1.25 1.3
LineXInAir_1m 0.5 0.13 0.88 0.9
LineXInAir 100m 0.1 0.03 0.20 0.2

BI13-E1677 B s T BRI N 3 B % % 4y B i JR
SRFEVTY J7 AR o AT L I % 15ms, b B RNz
FIZE500mAr B , 2T 0 52 28 6 N 5l % Line X InSea ) 7 4
B B S gl 6 B I 2R LineXInAir 1m0 A B #5E
SR o NI 26 LineXInAir_100mf 7345 &

LineY OverTarget_Mag B

0.0014
E __ LineXinSea
0.0012 £ Time=0. 0155
E LineXinAir_1m
0.0010 £ T Time=0,015s
E LineXinkir_100m
5 0.0008 £ Tine=0. 0153
= E

@ E
w 0.0006 £
L] 2
= -

0.0004 £

0.0002 £

0.0000 £ T resar R S .
0.0 0.2 0.4 0.6 0.8 1.0

Distance (km)

B3 SR 5 B Wy 7 Tl 2 70 A1 1B o

le-10 LineX_OverTarget Bx
14+ — LineXinSea
: Time=0. 0158
12¢ — LineXinAir_1m
Time=0. 0155
1.0+ — LineXlnkir_100m
Time=0. 015s
o8
=
= 06
0.4
0.2
0.0 o e N N T T S O A B s o
0.0 0.2 0.4 0.6 0.8 1.0
Distance (km)
El14 Bty )7 [ 20 A 1B o
le-10 LineY_OverTarget_By
E — LineXinSea
6+ Time=0, 0155
E LineXinAir_tm
F T Time=0.015s
F LineXInAir_100m
2f T Time=0.015s

By (T)

s o B 4 0 i
0.0 0.2 0.4 0.6 0.8 1.0
Distance (km)

E15 By 7 & Ai 1 .



Science Discovery 2021; 9(2): 58-67 64

1e-9 LineY OverTarget Bz
0.2 Ff
0.0 F
—02+
e
E F
L. -+
@ -06 = p— Ifine}(lngeg
H ime=0. 015s
=084 __ LineXInAir_im
_1.0 H Time=0. 015s
“Heas LineXInAir_100m
cygf e N T e
L} L} L} L}
0.0 0.2 0.4 0.6 0.8 1.0

Distance (km)

E16 By /7 1IN 26 53 A5 [

MINZR 53 ATRAE AT DUR B M2k id Bz iE 7 (it
WL 5 HARBh I EEED I, BfE HARIE L7k By,
M A kT H b B SR ZAEXFR; ByfE HARIE L7
BUE S W S e 2k A 78 H AL 2L 4 ) H IR D A g5
B, MK T HArhr B SR 25 0H: BAEBFRIE L
Jrik B, LA KT H ARSI E AR R AR
NS AR H AR IE B IR BIg(E, HOGT Hpnf Bk R
(D R A Rt) b P L PR RS (2R [ERE S
BN o 2 o BT SRR R B X T A 2 7 A1 e L 56 P2 AL
3.

K3 B MR RIGR Ly T7 2 53 A VAR DR

=Ry
X By Bz MagB
LineYInSea 0.125 0.6 1.25 1.3
LineYInAir_1m 0.14 0.55 0.9 0.9
LineYInAir 100m 0.025 0.1 0.20 0.2

B AR IE KB, 13ms~16msff BiBx. By#lIBz
e SRR L5 BEAS 5 BN 2R A3 A FE AR — B, B H bR AR
SRS I 43 A e B RREEIT (A AC K (Bms B bD R XS
T AT T )T SR EIC CREEFREAR , KK
[EJ IS = I TUAR FER R o TR, 2 Pl 2 1) % e 1 i
IR — PRI AR &, MR,

T B BB, W7 A2 Ay 77 1) P 28 Wl 45 SR A
HAsYIE FJ7 A2 —3, tinR2 K3 Bx By
gy, X AR 07 FUB A SRR ) 4% 51 43 £E X T 1) ity T 1]
EEATE—E, FEOFEINZ FS5 R H IO w2 o

3.2.2. W ESER KT

BI1720 7 ke RT3 A 78 e 7K 3R THT % i T Je%
iR A o A HEE K, HEsE IE U7 g KR
AR 5 I H B 5 (R S 1% S BN S T () K
/NBERE Y 24 H R A I B BN, B RGIE | G S0 % v
EAB SR TR . 75 RN B RIE(E N5000kA, KK
KJER100mA, X T BE B KPR 8 R 47K P % BE707m
F AL T 7K T 100miE 1) H A5 BEBE 77 28 55 K 1. 3nT G+
BEI B AR AT AR E] o

8. 1315E-85
3. 3307E-08

Time _=0.0135 o 500

B17 B FREE KR T R R 51 R 6 5 W N R A, EARRL T 7K
T100m4t.

T3 (meter)

4. SERWAES T

N BRR LI et R, W] DU S5 R4 LL St i i
TS REEAT R E U] SRR E IS . B
Y. ek S g R RE U] AHOG IR, 2 SR IR 3RA9 134
B IAUAOE . BRI, 4 R K A A AL
Jafas R, oAb 45 RIS AT T A, e v
B S8 20 A L S0 36 U (R PRI 5 A PR RT e B R B (45 55
P e e & SRR

4.1. /KT HirESRN L

AU ] BAF20204F11 A ZE# LA L3 47 T K B
bR TSR GE FL IR AEPE 5256, 5286 b 5 18, 5286 &%
WM FAS B LKL, FREE WIE19-K22.

e

El18 KT H bR B SR St e .

SEAG IR PR SmEK K R KRR 2R, RZRER
BKIE210.5m, KZ5 HFRIE B £E20m-35mis B Al {45 &
BT IR, HARUINIEKK R 1.5m.,

4 KT BARESRN LR SRR E S

F SRHABEREE

5 BEER BESH ThEeF&

" HEIZIR  ROKTHRSOkW, ML, LR
PEAESE EOKHH100A A LR D

) RELEE  SEEIOII, 63EIE SR, RAET T
BICEE 6pT/sqrt (Hz) MEsH 55

3 H x4 B KSm, 4MZ0.5m =

4 LR KFEES53mx7mx3.3m




65 B SiE 5%: 2T SLF/ELF AN TIRAI/K T B AR D) ERR N7 B 55280

BE20 HEREIE O E .

E21 WiinfeiEd.

E12 B4,

SEIG N A ELHE T SeME A T PO R TR LT
H bRiE 2 W RBESF ST B AR 0S5 Wl
FEAR BB ST, H AR A B AR A RS S0 0 S 1S g
AR RS 4 S 20N B AR AR 3 B IR o A
XL AT o

SEZ 6 W 1 S 3 TP 5 FE KT 7 1) 49 ) 2 14nT Al
5T, MEEF12nT. K55S HERLP I K5 HL I o 5 2
30A, BHES R R Z:25mAb K THT b 7 24 2m A PR 8% N ik F5E
B LN, st N EIGE S, BESZENPCA
JaHIfES.

Lbomwm

1 L i L 1 L 1
3612 3613 3614 315 3616 3617 3618
x10°

B, (4T) IEEIR KRB, (PHLH B, (uT)IE4 S B, (4T)

[SR-TERS
: — %

1 | ' ) ' 1 s
36.12 36.13 36.14 36.15 35.16 36.17 36.18
Time (s)

E23 kit BT (X=3m, Y=26m) AbXLIEJ7 [ RERR N HE S 5 o
4.2. KT EREFNRNELRLE RS 5T

4.2.1. BFER B R ERURR

Boass B T BRI ARG T A E T Kib 7w
28m-33mZ (B, HARE KT 77 292 m s B 1 1 R B 43 A5 o
LRI, BB AT RLUBHE I 2 os K2 7E30m-35m
Z I AFAE

KI5 M8, 5% P

B, (nT)

Y line (m)
=4

X line (m)

B24 YT, BFREESHRKB Y BRI

4.2.2. FIHER EHIRRUFE

Bosea i T BRI ARG A B T K7 m
28m-33mZ (8], HARE KT _E 5 2 2m s 5 P 1 i B 50 A
W R, s ] ARSI B8 K4 7E30m-35m
ZIEAFAE S5, I HoAT DATE I s B AR BT R A
Tl S R R R RN o 26028 B T SR T H RS
B TR N S B R BRZE 25 B M G 37 5 S R S IS B
Bl oA nTCAREL, 3l AR A A K B ARER
WEAE SR, FRAT UKL, BEA E sl U
WS BT DOCFHE 22 B, SEBUXT H bR IS HER BRI,  B#AK =

HE

= °



Science Discovery 2021; 9(2): 58-67 66

KE T #5785
10— I - y
30
15}
20
20
10
_ 25}
E 0
& -
£l - e
- ]
35' ) -
40+
. 30
‘5- i i i i i L i .du
1 2 3 4 - 6 7
X line (m)
B 25 FUT, BARTEIE S RMB T R
KE LT #HB S
10— T — ' y - 5 60
| 40
20}
20
_ 2
-
= 0
c
= % -
% - 2
aof : 40
% 1 60
1 2 3 4 5 6 7
X line (m)

B26 HArfrrems, Eahiial Bk Er Hrmm o 5w .

5. 45ib

NIRRT B AR B A N T /KN KA B AR R
SERL AT BEME B AR X, 8 Sl i iF 50 H R A T K
(1) A% 42 I B K T AR B % 28 5 S F R 3 160 o A1 R AR 0 42
Rext b, $2 0 T BT ARAT(SLE)/ AR AR AR(ELF) i N\ T B B
R RN B bR £SR3, FH Ansys Maxwell
BT, M B ERRE A HEIZ BRI A o A, R AT
KR H br 8 R R G S H0R T, B T — 8K
™ H bR E SRR L e, T8I 4R LG IE S 6 K
N H bR FE SR ST TYPPIAE . (B R, 3
T SLF/ELF H R 3 1 3 3l B G BRI 2 R B 6 N2 FH F /K R
KAH PRI . 45 Lb s ie o5 R W, MRHa07 2 Rt
ML FENL R B S EIEMA W AL SCIE T 5 T
SLF/ELF 3 3 H G 3R I 452 AR R 7K R K2 H B4R 1
ATRENE, B R MK T R SRS RBCR R R
Th AR IR B M BB T A H R B A A A B 45 Ty [y i3k — 2D IR
NIFFE, N TAERENLI M BE 3R TH IR (i R S A

23 3CHR

(1]

(2]

[3]

(4]

[3]

(6]

(7]

(8]

(9]

[10]

[12]

[13]

[14]

[15]

[16]

[17]

YR AR B AR /AR A S E 2 A AR AR o i 2 [D].AE
e RERREERTRYE, 2017: 62-64,

R4 B S ek BN 2R AR R[DL£E: &
MR, 2017,

Ping Yu et al. The analysis on Marine Controlled-Source
Electromagnetic Research Status [J]. IOP Conf. Ser.:Earth and
Environmental Science, 2019. 252(5).

P2 SO VR R A FERGTR AL 5 SE IR 9T [D].2018,db 5T AR
5 K 2= (b)), 2018:13-33,

S. Durrani. Air-to-undersea communication with electric
dipoles. Antennas and Propagation[J], IRE Transactions on,
1962, 10(5): 524-528.

S. Durrani. Air to undersea communication with magnetic
dipoles. Antennas and Propagation [J], IEEE Transactions on,
1964, 12 (4): 464-470.

H. Wang, K. Zheng, K. Yang et al. Electromagnetic field in
air produced by a horizontal magnetic dipole immersed in sea:
theoretical analysis and experimental results [J]. Antennas and
Propagation, IEEE Transactions on, 2014, 62 (9): 4647-4655.

H. Wang, K. Yang, K. Zheng. Electromagnetic field radiated
in air from a horizontal/vertical magnetic dipole in sea.
Journal of Electromagnetic Waves and Applications, 2015, 29
(7): 858-873.

T 77 . LR I B - P RR R A D] P %2 P
Tk K2, 2015:11-17, 32-53.

Shi Z, Liu L, Xiao P, et al. Simulation and Analysis of the effect
of ungrounded rectangular loop distributed parameters on TEM
response [J]. Journal of Applied Geophysics, 2018, 149.

B SRV P T 2 B FELRE R e R 7 VB AL D] AL A E
BlEbe Ko, 2018: 41-42,

EWEE KT KT H AR REER T 72 [D]. V6 22 752 8 7R}
HoR%¥, 2012.

Nabighian M N. Electromagnetic Methods in Applied
Geophysics: Volume 1, Theory [M]. Society of Exploration
Geophysicists, 1991.

YRR R AR B AR A0 FE R AE E BRI o 2 (D). b
e RERREERTRYE, 2017: 62-64,

Kaufman A A, Keller G V. Frequency and transient soundings
[M]. Springer, 1983.

NIGEL EDWARDS. MARINE CONTROLLED SOURCE
ELECTROMAGNETICS: PRINCIPLES, METHODOLOGIES,
FUTURE COMMERCIAL APPLICATIONS [J]. Surveys in
Geophysics, 2005, 26: 675-700.

Rong Liu, Jianin Liu, Jianxin Wang, Zhuo Liu, Rongwen Guo.
ID EM response modeling with arbitrary source-receiver
geometry based on vector potential and its implementation in
Matlab [J1. Geophysics, 2020. 85 3):
F27-F38.DOI:10.1190/ge02019-0224.1.



67 W oziee 4% 3LF SLE/ELF A LIRMI/K T B s 50 iR AG B 55086

[18] KerryKey, OCCAMIDCSEM An Open-Source Inversion [19] Andrew Pethick, Planning and 4D Visualisation of the marine

Program for Generating Smooth 1D Models from controlled source electromagnetic method [D]. Australia:
Controlled-Source Electromagnetic and Magnetotelluric Data Department of Exploration Geophysics, Curtin University of
[R]. San Diego: Scripps Institution of Oceanography, Technology, 2008.

University of California, 2011.



