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Design of magnetotelluric transmitter and receiver coils with the integration of
transient and harmonic electromagnetic method

Wu Wengang Bian Leixiang He Yong Lu Ziyuan Liu Youjia Hu Jie Xu Zhan Rong Xiaoli

(School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: The use of transient electromagnetic method and harmonious electromagnetic method instrument to observe the underground
space data and perform fusion processing can improve the detection imaging ability, but most of the existing transient electromagnetic
method and harmonious electromagnetic method instruments are independent sets and must be equipped with multiple sets to separate
collection. A small size, large bandwidth and high sensitivity electromagnetism transceiver coil that can meet the use of both transient/
harmonic modes is designed to lay the foundation for the development of portable, shallow and high resolution transient/harmonic
integrated electromagnetic detection system. First, the equivalent circuit model of the air-core coil sensor is established, and the
sensitivity and noise characteristics of the coil-core sensor are analyzed, the test results of the air-core sensor show that at 1 125 Hz, the
sensitivity is 23. 12 mV/nT, the equivalent magnetic noise is 9. 27 pT / V/Hz and the bandwidth is 1 Hz~ 100 kHz. Then, the formula
and finite element analysis software are used to calculate the transceiver coupling relation when the sensor coils are placed eccentrically,
and the optimal eccentric location of the combination of transceiver coil is determined, the calculation and simulation results differ from
actual location by 0. 21% and 0. 17% respectively, which effectively eliminated the launch magnetic field (primary field). Finally, the
time-domain and frequency-domain electromagnetic method systems are constructed, and the test results show that the designed transient/
harmonic integrated transceiver coil can meet the needs of time-domain and frequency-domain electromagnetic detection modes.
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(b) Equivalent circuit model of air-core coil sensor
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Fig.2  Air-core coil sensor structure and equivalent circuit model
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Table 1 Parameter of air-core coil sensor
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100 Hz~ 100 kHz #5 Bt PN, 25 50> £k P8 A9 UG FiC R R A I s
€ T EITIEN , G HSE A Rt 11 = L 7 58 Ry 38 3 1) S5 0 i
AHLEWEFS e FIVCHCHL BHIAE S e, s AN 1/f B
(RSN {2 I8 PRI 7 K SF-7E 4. 4 nV/VHz@ 1 kHz,
2.2 WxLBEREERZT

R B A I — IR sl i 2 R A B 2S04k
PELAL W TS5 1 IR G (5 5 . L — IR = AOk)
T, U0k 2k B 22 8] i O 0, AN & 5 T, D & i 4 el
VA M8 A S 118 4 A5 S B — IR 7 e

._.._.L._@‘
D x 0, ”

e
/ A

c / 4

X

K5 WoRZ B s R B
Fig.5 Schematic diagram of place

transmitting and receiving coil

AR S K 2 ) 1 I S, AT e 2 e [ ) 3 1
BRIV fi Lo B A £ B2 HEAT AR 0BT, B IOk 2K e
IR Lo A L, ARG T BRSO H

ARG B - R s A R 2 £ B A Y T L
—rip(x, y, 2) A BIRERS 58 B TR Bt B, nIHES N

]+

l l l
uol(?+y) o ota 5T
Bz= ; .[ +
4 )2+ A2 L 2 L 2 2 L_ 2 L 2 2
S B o7 LR T Y (E NP PR
uo](%_y> L"'x L_x

1+

- 2 + 2
477[(L—y)2+z2] (L+x)2+(i— )+ 7 (L—x)2+(i— )+
2 2 2 Y 2 2 Y



102 - N AR I e i %37 &
uol(* x) %+y %-y
1+
4w[(f—x> + 2] J(f—x) +< +y)? 4+ 2 J(f— )? +( -y 42
l l
uol(f+x) —+y — -y
2 2 2 ] (11)

l
4'17[(? +a) +7

A FOABIR AP BR, u, WEEWTR, | N
RN, BI=1A,01=1m 18 5% 52k e
L7 R B RE oA I 6 B

X107 X107 ’
10 10 16
£ i~ 3.0
= Y= |
G 0 ! (— | 2.0
y/m -1 x/m y/m 1 x/m L5
H-0.05m H-0.10 m 1.0
107 X107 0.5
0
=
=

10 10

(5) 55 -0.5
R = 0 —— 15
179 0 1 1

y/m -1 X/m -1
H=0.20m H=0.03m

Pl 6 ANIR] e B2V T 3 EL 5 1 2 5 46 B i S o3 A

Fig. 6 Magnetic field distribution of transmitting coil

—

y/m x/m

in vertical direction at different heights

—2L R comsol A7 PR IC 07 ELER A% AN [R] 3 1L =
JEE 110 S S 248 P i JE 17 56 B85 ( B ) tHEA T 005 L0 B, S L
B R T FEATRI R B2,y = 0 m B 37560 5 Bl o« b A8 A 1Y)
SIAELHE, AN 7 iR

5. 10

) ——H=0.05m

——=-H=0.1m
H=0.2m

& 1 T B H=03m

%)

P 7 AT o I SR ﬁfhlﬁﬁ A AR B 23 A 17 L
Fig. 7 Distribution of magnetic induction intensity

along with x axis at different heights

&7 A LAE L 7E x=20. 5 m ffHT B, HELIE fi28 1k
bfidE H W80, B, 48 x==0. 5 m 1 & 1928 (LR % i
AN BEIE B B i v =+0. 5 m FfFIT A 07, 1A
S 26 B B O R R AT DL S B R LR B R R R A
TP A LR PB ) BT HE BS H=0. 05 m , Xt & £ P8I ) 7K SF
PO BEHEA TR

AR LA A T AN LR ) ) LR

-|: +
l l l l
] J(7+x)2+(—+y)2+z2 J(?+x)z+(?—y)2+22

Mszﬁiidgr-dz o “g dr, - di, (12)

X MRS E—5 Q, 'ﬁ&tl&c%%% HQ, K
B, d, WL BT, d, ARk iE Lo,
K5 Fis

YR IFLRE N 4 By iR A B S & S 4
Pl i R

w — R
M, - Ny Tlu’OJ' J’ Ssmd)dxdqb

ny nTMOJ fl'rr R cosd)

My =
. ind (13)
Nl (~7 (27 — [ sIn
My, = e IL jo . dxdd
T 2 R cosd)
M, = - OJ J
Wﬁéfl%]lﬁ’]ﬁm_fu%%/Tﬁ.
M, =M,z + My + My, + M, (14)

Ao RONAEICER B, ny, L ng, 2050 R BB N
BRI A, 0 R Q, MR « FEIH ;s r ey,
43314 AB,BC,CD,DA i1 I Q, sS55Ik B L Q, MKy
2 AR .

l 2
= JHZ + (R.cosd —x)* + (Rssinqb +L - 7)

l 2
= JHZ + (Rﬁosd) - ?) + (Rsing + L —y)?

2
= JHZ + (R.cosdp —x)* + (R‘sind) +L+ é)

l 2
= JHZ + (R.\coscb + ?) + (Rsing + L - y)?

(15)

KRB n, =3 0K [ = 1 m, UL B4
n, =20 PR =25 em, fLAK(12) ~ (15) THREICE L
B E Ik, AR T, R H=0.05 m,L=0.3~
0.7 m I FBl PY 422 IS 2 P X () G R 98 0 B, B R
SRR/ R 1 mA 7 1 R R £, 45 BB RL NP 8 (a)
JTR o AR 2O e DXk 1 e SR VL 5 B B oA 0 B, Uik
KRB ERA, TG SR AL R ME 8(b)



55 3

W7/ VA — A 18 A M e R A 4 B B - 103 -

v

(a) PT BT

(a) Simulation model

%107 x107®

4
0.580 0.585 0.390] _; s

243 04 05 0.6 0.7
L/m
b) AR I ELE R

(b) Formulas and simulation results
&1 8 i 2k el DX Al vy B B L B AR L (H=0. 05 m)
Fig. 8 The magnetic induction intensity in the

receiving coil area varies with L(H=0.05 m)

ARITRE AR R, LB TS E H=0.05 m,
KR L=0. 584 0 m AbSCERE 4 A ROCHs Bt
ELERSN H=0.05m,L=0.583 3 m &b & R B ZH0 4
A BRICHR A 3 A A FBE 32 3] 19 4 K] 406 B2 A s i), 524
SATEAFLE 0.000 7 m (22, o LI R A 2S5 R 51
HLEERHAR,

T E AN T WOk e B B S AR 1R 2, T B A
PR L B Ok eI, e R R B R L H =
0.05 m,L=0.582 8 m, 5 HJEI 5 45 R AA R Tkt
ALY HIAHZZ 0. 219% 1 0. 17%

3 REEERK

25O VB AR J e AR IL N T B, AR AR
50 cm, 95 10 mm , EELLLRR 7. 9 mm, 73 W2 S £ )2
T B A b 202k Bl S B BTV o H B AL H B P
TR, R 2R B L s S an &l 9 (a) PR

e A A B A 9 (b) B, 4 2 Pl A )k
AICETE A 1.5 m, 4 [ BDE 2B 1 v X8, IR 6

(a) B &R TYE

(b) Fe IR R
(a) Experimental model of (b) Sensitivity test of air core
air-core coil sensor coil sensor

BlO  zs 2k e R i S B RABRE I
Fig. 9 Experimental model and sensitivity

test of air-core coil sensor

[AITE 5 S 2 Bl R A i B 25 O b 9 R S 2 P8 5 b
HFRFR & 5 R0 IR AN 2], R BIAR OR
2% ( Zurich Instrument MFLI 5 MHz) 25 1R & 5 26 Bl g A
R 0. 2V Ji%R fIIEL(E S x ) = 0.2 « sin(27ft) .
R, =2, /121 AR HR T RN, Hh
7 R R GTRIEBIT, $EEk IB) IX el il SR 0 58 5 A S 4%
LRI R A |k, = 3. 547 nT/mA, Z5E KM T
HLUIL i, FIREL K, , AT LIS B2 0005 T BRI el X I
RERRIVAREE B ) =iy * Ky, o

1 AR R P KT R 7R = AT, SR PR R %
(Zurich Instrument MFLI 5 MHz ) 32 55 /0> 28 8l 1% 25 10
MEFIK T, GRS H RV, BRSO 2R AL %
R S, 1R EERF AR B, = V,,../Seo

FE AN SRR AL/ A — R IR DI R G AT SC 5,
WA A Xt BBl D AR AR B Bk -y 3.3V
Jik 81 2 ms , DR HEL R 200 VB BEOR S8 38 25 0
20 dB, fd1 ] 24 bit SRS &80 % I i i e 07 4T BRLCR
R BB | AT — IR I Rk
LRI 1 m 2o A, DABIN K S BB R 22 ] AR 65,
BT R i IR B 1V R BB AE 5 x ) =
1 -sin(2mft) BRSTLRE Wk 2B HE EE R H =0. 05 m,
A3 SRR FE L=0 m . L=0.500 0 m L=0.582 8 m #l
L=0.600 0 m B2 £2 BBI7E 1~ 100 kHz PN A B, AN
PR P e o7 LAY — k35 R, 61 10 il AR A
— R T I 5 i — 20 T 2R G i AR R g ),
RAESC Y EIREE F R T, BB Dyl 50V, 3K 3l )
SRR AR K5 H50R R 10~ 50 kHz( 25K 5 kHz)
FAR AR AR A DB i TS5 AR SRS

4 HBRESN
2 o 24 P R 52 R 3 P T A

B 11(a) . (b) Frac, WE 11(a) fras, 7€ 10 Hz ~
100 kHz Bt P, Z.8% 50 Hz B9 TA5 T, 14 I8k as & s



- 104 - LSRR R e o

8375

AR — U XA
Fig. 10  Primary field compensation of

B 10

harmonic electromagnetic model

B R R 2R G R, fE 100 Hz Ak R B
2.23 mV/nT,1 125 Hz BB RELEH 23. 12 mV/nT, 7EAK
BT (1~ 10 Hz) , & 8% R HUE 5 50 25 RAH 228K,
WE 11(b) 7R, LRIBUE AT 1 125 Hz I A9 S5 85004
Fi499.27 pTV Hz, NI SE 7] AT TR o B 1o gk
PRI 25 0 e P Y W 7 KO 5 AIROR e AS 25 A
L VB M P AL 5 (RIS TSR A I 25 O 2 P 1 R BB 7

B TR R TR,
10°¢

———— SRR AR E
- - O E
G Q3
=] y
N
£ 10'
e
]g 107
B
#
# 107
10° £ - . - - ;
10° 10' 10? 10° 10" 10°
B Hz
(a) 230048 BBl 1 I 3% R B E
(a) Sensitivity of air-core coil sensor
10
ok SRR AR
— — — R
10" LR PR
———— JEORHR IR A

1 | (;' 1 02 | (;-‘ 1 6* 10°
HiH/Hz
(b) 20 S P A% IR AR S5 R 7 Ve e

(b) Noise of air-core coil sensor

23 L2 Pl A T I 45

The test result of air-core coil sensor

A 11
Fig. 11

WEAR /AR — AR R GE A s SR an 151 12
TN, RS ANIE 12 (a) BT, & 5 H 3 56 I i 200 R
135.8 A, SCWTAT ] 23 s, SRAEHLIR A IR 8 HELRE A 5
17 30 kHz $erugil i 2 hn = AE ik 2, 19 2144 R 2
M 17 Dl 2 AL 12 () B 7R, & S5 FL I DR BRI, Wi 7 )
VA [AIRFZE R 11 ms, WA R AR5 2 A A 70. 38 dB,

150
100
<
ES
=
50
0 5 10 15 20
t/ms
(a) R3S A I PRI
(a) Transient electromagnetic transmitting current
I OU ~
107
> 107°L
o
E 0]
107}
10° s - - s - s
0 2 4 6 8 10 12
t/ms
(b) 7 Lo R B A% TR AR 57 58 Ut 2
(b) Decay curve of air-core coil sensor
K12 s g i 4G
Fig. 12 The test result of transient electromagnetic

AR — U7 IS SR & 13 (a) s, 1K
KPR L=0 m B, 322050 2 B i me )i B K, L =
0.582 8 m ALy ma i fe /), HL 10 kHz B BB, ok 4
Pl i oL L 0 9 8 K 2 AT 4 e i 9 (AR TR Oy 11,941
4.294 0.014 f13.460 mV, LR LB L L=0 m B
B — R R AE 2% 7E 10 kHz BF,L=0. 500 0 m B33
Wik Bl Wi 0 B U8 7 —8.88 dB L =0.582 8 m I FE U T
-58.62 dB,L=0. 600 0 m H}FEE T -10. 76 dB, HALSH R
TR IZGEWRAE 13(b) Fis,

WA A5 AN & 14 s, EAEALA SI% 25 0
LB A i AR 5 R B FL AR 5 AT IE A A R
AR B R R D S S IR U AR 6, , & SR
BIBRAE @ AHBL 0, , —IRBEARI 505 1 = U/S - sin(6, -
0,) JEIHE Q =U/S - cos(6, - 0,) ,HH S A IE
B REE, Kl 14(a) A& ST AR, Bl 14 (b) KR HE



555 8/ T8 — A Al 1 R LR A e 4 P i - 105 -
10", 14
— — =[=0m _
o' [ e 1-05000m P
1=0.582 8 m - ’//
] L=0.6000m _ - =" o=
2 /’/i-;if'/;;;b_ ;:
g . //,,—” é
107" B
107
10°° . . 2 . " . .
10° 104 10° 10 20 30 40 50
Wi /Hz A% /kHz
(a) — IR LR (a) R TR/
(a) The result of primary field compensation (a) Transmitting current amplitude
-10°, 100 1
—— SR
---------- [=0.500 0 m 50 v BAR
1=0.582 8 m
————— 1=0.600 0 m or
9 g
= Z =50t
% SO L 'R
X - X -100
& s
I -150
=200
-l ' 2500 20 30 20 50
10° 10! 10° -

B /Hz
(b) RFEBE T —RAHTER(L=0 mNSF)
(b) Attenuation of primary at different frequencies
(L=0 m for reference)

K13 A — I i
Fig. 13 Primary field compensation test of

harmonic electromagnetic model
P32 IR WG S o B
5 & it

AL T — RS /1 AR — 1Ak TR b Fi i A 2k
FEL RN 2R 4, 4 25 0 ke BT S 5 S 28 P Al 0 i, )
FHAR 2 el 9 A1 38860 B2 R R, A8 B8RRI 25 O R B 32
BRI, 5090 R AR A RS R gk,
BT ORI NI 5 2 TR R 5, S B i
GR35 2e B R s B A& REUE (23,12 mV/nT
@1 125 Hz) MR (530005 34 75 7K F 9. 27 pT/V Hz
@1 125 Hz) , 56 56 (1 Hz~ 100 kHz ) %545 o5, 7E 157728 Fl
AR R RGN A3 A 0 T R G ) R R R R
LM ZIRREAHES  T0E T WA /18 A8 — Rk 1) R Hb L
WOR R THR P AT R . AEE T A 19 R — Bk A L G R
USSR 3 355 P RE PRI S L VTN 1 it 2/ 1 A
— AR R b L R AR I R G B T R AR 58 L
RECE FRAVK A R Mg P 7T, AT e 246 P P T R 18 1 FT B v 25K
REARBUN RS W6 R SR I H 5K HE b

PF/kHz
(b) RRSHERT = KBEH A
(b) The magnitude of secondary magnetic field at
different frequencies

14 A A A R

Fig. 14  The test result of harmonic electromagnetic

PRI IE B ANBIN R, i DL — 20 i o 23 0 2 Bl AL T e
BOPERESE b , LAIK B T vy 114 S A0RE M B AR 14 M P 7K, 52
BUHERIZ LT A AR AR,

&% 3k

[1] FU Z, WANG H, WANG Y, et al. Elimination of
mutual inductance effect for small-loop transient
electromagnetic devices[ J]. Geophysics, 2019, 84(3) .
E143-E154.

[2] TANGJ T, REN Z Y, ZHOU C, et al. Frequency-
domain electromagnetic methods for exploration of the
shallow subsurface: A review [ J ]. Chinese Journal of
Geophysics, 2015, 58(8) : 2681-2705.

[ 3] AR Mg, 225k, 55, 25 oG W e ] i) 1% 2% F
PRHL B 28 KO R T 1 2 43 PRRRAE S0 AT [ ) ] Ml
BRI 2022,37(4) :1704-1716.
CAO H K, QI ZH P, LI X, et al

resistivity

Transient

electromagnetic apparent calculation
considering turn-off time and shallow resolution analysis
of different waveforms [ J ]. Progress in Geophysics,

2022, 37(4) .1704-1716.
[4] BXE,BREE, kM, 5. 1R )2 Bk AR B 1 A0 0 T i



- 106 - G R - C I T 937
Sl I O ARG T B LT [0 R gy B VRIS Bl b S AR Al Lt 70 ; 3 BR 4 B R
2016,31(6) :2743-2746. AT H AR ,2017.32-34.

LAI L B, CHEN CH Y, ZHANG H, et al. Application RENT Y, LIU CH SH, LIU T, et al. Application of
of shallow transient electromagnetic method in the ground-to-air  electromagnetic ~ detection  system  in
detection of city road disease [ J ]. Progress in frequency domain in goaf exploration| C]. Proceedings of
Geophysics, 2016, 31(6) :2743-2746. the China Earth Sciences Joint Annual Conference (37) ,

(5] M, X, 285 3C, . WREIA A (&R 07 i) 2017:32-34.

A BETEHE R (T ] A G R R, 2023, [14] K, KU AT IR B, S s R B R S O
33(1):261-284. 28 e iean AL B3t [ 1], AR (X3 22 4K, 2019,
LIU J X, LIU R, GUO R W, et al. Progress of 40(2) :140-147.

electromagnetic method in nonferrous metal mineral LIU CH SH, LIU T, REN T Y, et al. Optimization and
exploration [ J]. The Chinese Journal of Nonferrous design of air-core coil sensor for ground-airborne
Metals,2023,33(1) :261-284. frequency-domain electromagnetic detection [ J]. Chinese

[ 6] JRlEiE, A1, XI4E, 45, —Fh i R AR IR K2 Journal of Scientific Tnstrument, 2019, 40(2) : 140-147.
MOBEIE AP AT 0] B (A2 4, 2016, 37 (12) 1 [15] iR, i ek, BB, KT JRAR A i o S
2704-2709. BBA L1 RO T SRR, 2013, 35 (1) ¢
ZHOU F D, LIAN SH B, LIU W, et al. Analysis and 18-22.
design of transmitting and receiving antenna of shallow DALY J, TANG W W, CAO CH H. Time-frequency
surface detection system [ J . Chinese Journal of joint inversion in electromagnetic method of horizontal
Scientific Instrument, 2016, 37(12) ;2704-2709. layered medium [ J ]. Computing Techniques for

[7] XIAOP, SHI Z, WU X, et al. Improved bucking coil Geophysical and Geochemical Exploration,2013, 35(1) .
design in helicopter transient electromagnetic system [J ]. 18-22.

Progress in Electromagnetics Research M, 2017, 60; [16] fAIJEH WAL A, 2. A9 1% ( TFEM ) B A
131139, TR 2 29 KT T ). 7 i R B R, 2020,

[ 8] CHEN S, WANG Y, SHUAI Z. Bucking coil used in 55(4) :898-905.
aithorne  transient  electromagnetic survey [ C ]. HE ZH X, HU Z ZH, WANG ZH G, et al. Time-
International  Conference on Industrial Control and frequency electromagnetic (TFEM) technique: Step-by-
Electronics Engineering, 2012.478-481. L . . .

[9] XIZ LONG X. HUANG L. el al. Opposing-coils step .constralnt 1nvel.r510n basedl on artlflclal.flsh swarm
transient electromagnetic method focused near-surface algorithm [JJ. - Oil Geophysical Prospecting, 2020,
resolution[ J]. Geophysics, 2016, 81(5) : E279-E285. ii(4) :8‘_’9?84;905"/ ST, NI

[10] A IKESH R % e 1 S H R 2 S AT [17] +1f|3ﬂ m:?ﬁ%ﬁ%ﬁ%ﬁﬁ%ﬁ{ﬂ%(%%?:%uﬁ&@ﬁﬁ[D].
Hok g (1], 3R 4 0% i &, 2017, 32 (6): o R T 2020
26702676, LI J Y. Design and application of broadband frequency
WANG J. ZHANG X P, NIU J J. et al. Ground domain electromagnetic detection instrument system [ D].
transient electromagnetic system contrast test [ J]. Nanjing:  Nanjing  University - of  Science and
Progress in Geophysics, 2017, 32(6) :2670-2676. Technology, 2021.

CU0] RN R S A (st g (18] YU'S B, WEL Y M, ZHANG I L, et al. Noise
PEEACI RS IR 5 R A 3 [ 1], b Bk 4 B0 22 3 optimization design of frequency-domain air-core sensor
2017,60( 11) :4352-4363. based on capacitor tuning technology[ J]. Sensors,2019,
LIUJ X, YAN F B, SU Y R, et al. Research status and 20(1) :194.
development trend of the portable near-surface FDEM [19]  XUBL RBEF], RTT 4, 55, —FHIT TEM iR 2R 8505
instrument [ J]. Chinese Journal of Geophysics, 2017, IRl I A SR AR BT (0], 3t 2R 4 L5 i, 2014,
60( 11) :4352-4363. 57(10) :3485-3492.

[12] QU X, LI Y, FANG G, et al. A portable frequency LIUK, MI X L, ZHU W H, et al. A design of high
domain electromagnetic system for shallow metal targets sensitivity induction magnetometer for TEM [J]. Chinese
detection[ J]. Progress in Electromagnetics Research M, Journal of Geophysics, 2014, 57(10) :3485-3492.
2017, 53: 167-175. [20] PIS, YAN F, ZHANG Y. Optimization and design of

[13] AE[EBE, X X | 4%, AR a2 B g 500 &R 52 wide-band and low-noise air-core coil sensor for TEM

FERezs KR I C 1. 2017 Hh B M BRBL# B A
FARESRIE (=) —L M 69 A AT RE

system [ C ]. IOP Conference Earth and
Environmental Science. TOP Publishing, 2021, 660(1) :

Series :



55 3

W7/ VA — A 18 A M e R A 4 B B - 107 -

012006.

[21]  JBm% ARG AP HOR L i 28 Mg 3 [T ] K
2FHIHL 2017,36(4) :28-31.
KUANG X J. Calculation of the magnetic field distribution
of an arbitrary quadrilateral electric current [J]. College
Physics, 2017, 36(4) .28-31.

[22] XU, R AEE S A E P 2308 2 4R 1 E
BRI, M TR, 2013,32(31) :235-237.
LIU Y, HE SH M. The calculation of mutual inductance of
two polygons with multiturn coils at arbitrarily position [ J].
Value Engineering, 2013, 32(31) .235-237.

(23]  BeUr. BEF 0o R MY S T 4 T 25 18] Bk A8 o R R 2R
G [ D] KA RO, 2021,
PI SH. Development of transient electromagnetic detection
system for urban underground space based on eccentric
compensation [ D]. Changchun;Jilin University, 2021.

[24] 5K HEEr BRIEAR. B0 A A% R I M A R [0 ],
Ho BRI PR )R 2014,29(2) :966-970.
ZHANG SH, QI M N. CHEN SH D. Noise

characteristics of transient electromagnetic sensor [ J].
Progress in Geophysics, 2014, 29(2) ;:966-970.
EEE N

R 3CRI, 2020 4 F {0 R BB R A
o R DA TR (B N 2 1 W S
FEWFTETT 18] A REAR I %
E-mail; 1103431792@ qq. com

Wu Wengang received his B. Sc. degree

in 2020 from Henan University of Science and

Technology. He is now a M. Sc. candidate in Nanjing University
of Science and Technology. His main research interest includes
electromagnetic detection apparatus.

TEHECGEFEE) 2004 451 2009 4
THRKERGE TR S EOR A L2
- - LA RLE GHEOR T A 2E 07, I B 5B T

- KPR, FEFTET5 1) Ay B o 1 TR
- i T H bR RIS R
2 E-mail: Ixbian@ 163. com

Bian Leixiang( Corresponding author) received his B. Sc.
degree of Electronic Science and Technology and Ph. D. degree of
Instruments Science and Technology from Chongqing University in
2004 and 2009, respectively. He is now a professor in the School
of Mechanical Engineering, Nanjing University of Science and
Technology. His main research interests include sensitive
materials, magnetic sensors, and electromagnetic detection/
imaging of subsurface exploration.

A5, 1998 4F T 5 5t B TR AR A
LA, oM B RUHE TR SR %, ZNDY
By o ARSI B AT, AT ST [ A
Ll EZTRE 1Y F Ik % N T
E-mail ; yhe1964@ mail. njust. edu. c¢n

He Yong received his Ph. D. from
Nanjing University of Science and Technology in 1998. He is now
a professor of Nanjing University of Science & Technology and he
is the director of the Ministerial Key Laboratory of ZNDY. His
main research interests include new ammunition and protection

technology.



