5546 B4 1 ) Y R

2022 42 H

5 & #®

GEOPHYSICAL & GEOCHEMICAL EXPLORATION

Vol.46,No.1
Feb.,2022

doi: 10.11720/wtyht.2022.1158

e A St 2R 0R A5 T RDLIR ik (0 R H AR 0 VR 22 R D MR 7 o) i [ ) ] B 5 4R, 2022,46 (1) - 141-149. hutp - // doi. org/10. 11720/

wiyht.2021.1158

Chen L,Fu L H,Cai D, et al.Suppression method of multi-source harmonic noise in magnetic resonance sounding based on simulated annealing method

[ J].Geophysical and Geochemical Exploration,2022,46( 1) :141-149.http://doi.org/10.11720/wtyht.2021.1158

BETFAAPLIR G IR I TR 22 TR
LS D RFS

fhoo! A siie! ROAT FU, FRT, RS

(LrEeRERA THEAE ) EITRARAE,LH # &

IR 5 R E M B R, #H AL R 430074)

330096; 2. El H Jit A2 (R X)) HEk

8 T BRI K 7 I5 7 o A RN P PRI I , PR 23 DX Dy H ISR 7 4 T - 880 00 0 £ MR L A1
J 8 2 SR X L V8 3 0 7 S Bl R KA 20 A R B, BEARDT TR BRI o B0 BESL IR IR K 7 178 52 B B A1
O SR A v i T I ) 22 DS D0 W P DIE R AL, R 2 M ) R il 4 1) AR A B R AP B ik | ik — 4R 1
TR O BAUR K RPN R o 05 BCES R, 2 T TA B REA AT ] 22 U MR A | TATASEAEIIR [l 205 M o i
AEAS S DR A Z I L, A A PO A 45 2R R A0 M B3k A D I I 16 0 AR B o 2.35 %, RORF#EAR T
FEME AR A ] AR | ELXGS 22 U3 0 Wt P L RE IR 5 0 ) R MR ACR, . i B MRS TE I T S 0 oy | B 45 R Al
FLYERIA S EE 2 B ASEULE I [ 25 M3k P LA 200 ) M4 % i S 50w ) 22 R 0 MR P 5 48 i

FEYRINTRTT 1 09 L FRSCR:

KR BRIk Fe il R s i LR IR s 22 U5 0%
X EHS: 1000-8918(2022)01-0141-09

FESES . P63l TEKARIRAD; A

0 515

ff 3 PR I PR ( magnetic  resonance sounding,
MRS) 75 ¥ — Pl T K o SR I A% il I IR 1 51
B R /KR AR 1 ML ER ) BRI R DT %, T oK S
TEHLRES VR T R LR, 5 B 5 KR
P14 52748 L I b A, 2% 75 SO RECKS 52 309 i
i 25 M T 573 7 11, 42 S 78 R UL I e, T A
B, 77 KRG L R (nuclear magnetic resonance,
NMR)(E5 . i TRA EHARK WHRRE R R
SN SR Ui A Ui = QN - W R RV RRP ITALE s 1N
BRI K SCHB B A SCH PR SSIUGI |
Ve M ) A4, MRS Jy TR I NMR 55—
FEAR T 35 (nV G50, DRI 5y 52 1) J i 3R 5
REMRAT B4 FESRBE N DX, Tl ) X A KA

KA. 2021-03-23; fEEIHE. 2021-09-01

E£WAB . EEESEMI A RITRI(973 11R) B H (2011CB710606)

DX 25 s DI P R P AR A2 2%, WA il 24
JrE R BRI E PR MRS J5 12 T 1 i 1
PRI r R P — ] 3 R QMR P 1 I I 7 A
BEPLMER . ML MRS J7 k(s S AL B fE o . O
BRI ;2 K BRIE PR ;) Bl @ (L4
ZORBUMSHERI , fE4IE] NMR (5519 3 4
RSB (VIAIRIR E, WIIRARNL @, FI-F-2 5 FR
] 7, ) Je, 3 ek B 36 BVl 45 21 M T 455 K 2 B TR
JE JRJE AR K FLBRARHAR S K SO A
BT E RISl R R oK
PR %% PR BB AR SRR B TR, B XX — g
P 22 BR 7 vk T A LB X i 22 1% | S U A
JrEl R IE B IR AL W T REALME R — ik
R Z R EE ARG BN 73, Lin T T %1 42
L P Bt AR (LR R L B RO B A S R B R A
THARHT T —E RRCR . I AR R IR 5

F—1EE. %%( 1994-) 5 BT REIW i1, 5 5 e R AR b 3 A N AFSE TAE . Email . chenliang1994@ cug.edu.cn



© 142 - w5 £ B 46 %

LR A i C FEL R A DL S R AL A I AR ik 17 4055
FLAE MRS HRI0 H 5 i 0 B 5 ), R o A A e kU
Legchenko 45! 3 517 (1051 556 Ja] J03 0 12 1 664 00k U6
W7 SR T2 VL AR R 5 /R 003 5 18 A 3 A ik
2> 580 NMR {55k H, Dalgaard AN B
T S Larsen S5 SR FH 14 22 38 4t 90 5 1B 2
I 8 F 3230 38 225 38 P A SR AT g
HZ  FESCPR TAE AR OCME 55 22 18 42 Bl A 428 i o7 1
AR P A BE R R AR KR, Li FED
it — L8 T BT ilis BB 2 75 8 M R
B PR T 2B AR 0E I A AR Ak R I M R b A e
SR Larsen S5 B TR R O vk % A
B AT ) FH e /N 3fe 1k DG E S e 2 3 S
WA T RL SR, T3 D5 5 rhil A 1Y
AT | 2T TR ARSI I — AR A
AT LB B0y 0 MR R SR, FE 2 DR s 0L
FMEROR S I B 32 N 20, Kremer 451 JIE B £ %F
22 UG VS I W 7 12 2 fefT R ASE AR 2 M 1) T 3 TR0 (1]
BRARHE R HL A AR e SR 25 AR /N sk AR K A
A R . B4 R ] SE PR MRS 7 7k R 4R
M5 e I Z U I e S AR SCER T —Fh
FETRILR O 0y FE i 5 v, IR IRk T A R A
PUBEPE

I MRS 7o HE A T 25 U
FORSE

1.1 MRS &R ERRE

MRS 75 L NMR B8 o B, B T 7K i i
S R A2 1) — 7 1 23R 1 A8 A R L I i i R A
T , W FE st Bk 7 vh = A G ALIR AT 5 67 T b T
IS B 3 — > A RN = 0855, B NMR
55, HdBWmE 1 fim, B0~ B
HT A Al MR 7R SR LT TE] 52, ~ ¢, AR & L5 R B %
AR K R S B[R], PR vp L8 AR IE 51, ~ 1, N
RN (8], BROMFE XA 8] 52, ~ ¢, 42U NMR
FF BT[], NMR A5 5 01 6 45 26 44 48 EO0 7 5 il
NMR 155 Eyyw H -

Ew = Eqexp(= /T, Ycos(2mfit + ¢,) , (1)
K E, i NMR {55 R R IR IR, /NS &
IKEA T, A ETE— H e it R s 8] (Gl H PR
Vs g mtia] ), 5 &K 2 LB R R 2 VI AH G 5 1, M
PrBLRAR S G R EE A 550, N NMR (55
BTG AR, S IR G AR H T AR %, 5 Hb
THIZ FHEEAC,

El1 MRS Fiki#%/#ZK NMR 5 S FE

Fig.1 Transmitting and receiving NMR signal in time domain of MRS

1.2 FHRIEFERFHER EHE
1.2.1 WEEfhk

MRS J7 420 3 (19 NMR 15 53 4 363 s
—MAE 10~ 1000 nV Z[8], T R 805 =
5 5% BN AN IS5 L M R 1) TG, R I B 5
R0 LE T8 B B, R NMR 155 00l i A kY
i EMRE B A3 BOR TR , FRLRE MG 43 R OQUAE RS 15
M R A AL M 7 45 T LUK 20 B 9 NMR A5 5 Al
FL IR 75 3R

Eyo = Ewr t Egie t Epimonic T Eranton » (2)

KB, AR IR A5 S B, E g W REIEIR
(55 E W NRIEVER B, IS E N
BEBLIE
1.2.2 Z2U5RE I AL R R P AR

TEZE LI I W 75 B L 55 8, 2013 4F Larsen
SRR R I M 1 BEARTE 15 5 R AR AR
(] A B — HLASSE Y, S AN S A 5



14

Whe 45 « e TRADIE ik RS I I R 22 R I P T ) 07 9

Eoonic (fo,n) = ZAkcos(ZTrk J;)n + d)k) , (3)

A E, e (o) FERRFEBT ] oAb 1) 38 e A 7Y
MITRIE A, b, 50 A5 b ORI I 43tk 1) I s 0 AH
AL f, HRAEIR  fy A e M 7 A L0

B MRS A TAEZ D mliidE i, i
Pl Mg 7 s b A A B 2%, A DN DX 3k mT BB A7 AE 2 A
502 AU E BT IIR . AR ST 2 B
JEAETE T RO Il e A R | 2R 5 =2 A e

BB 2 AN FENTAS [R) AR O TP, EL e 0 o
I ] Y ASAE AT U 2 AN R A e A A 5

Eharmunic<fl s/ 2 ’n) = Z Akcos(Zqu ?n + d)l,j +
k s

; Bkcos(%'rk J]izn + gokJ o (4)

A, ALF, S0 Fs BRI 2 AR A,
B, 35378 A FEB S b DGR B IRIE , &,
Mo, 73BN B TR b USRI

A KU 1 I R P AT AR O T — ELARE
M B VB R P TG 23 1 I 2 R RR IR 1 I (A A
iE ;25 0 XU (P 2) R WA (A3 1 AR AT
Y BLAY A A 2 il A {ELIA I 20 D AT, RN
4R (1] R LA (AR AT b LA ™ e (A3 3% 14 ) B
MR T 5 7 W

2[R BRI AEUIR K ik i 2

21 [EHMERERE
P XCRE A0 e Mt 7 ) A T 7)) 32 )
TRV A SRR M2 I AEUAS 58 A AH ] el 45 U0 32
HEBSARTE R, FAFDRREIR I M A
HAHEIR L, AT DL A e i R O = R
TR S (R N R R 2 AN S SR OIS 5
55 XU AR Y (1) e /IME
| Eoe = Erponic 1 2f25m) || — min (5)
() T £ L A B b, Bl @, BIRE S

cos[ko%r J;lnoj sin{k(,}n JJZ

2

f.

ln(,j cos(k(,Zfrrfno] Sin(k()Z’n'];znoj

cos[kOZ’rr J;lnfj sin(k@’n’ ];lnfj cos (kOZqT J;znfj sin(kozﬂ- ];anJ

- 143 -
=106 %106
7 7
6 -

2 A
e 2
5 z
: :
= 5
&9

0
2205 2300 2305
1z
(o) W XU VARAELR 1

0
2195 2200 2205
1z
(a) 7 M WEETE

B2 WESRMIE KRS LR E
Fig.2 Spectrum characteristics of harmonic noise

with double fundamental frequencies

— AR R, T DL S R e S K (4)
AR BRI

AkCOS(ank Jin + (b"j = akcos(an’k fln] +
/i /s
Bksin(Zwk J;ln) ,
s " P (6)
BkCOS(Z’nk fn + (ij = ykcos£2qu f?nj +
5ksin(2wk fznj R
A

P AEs o, B, vy, M6, FE I LUR 5C &R 50 Bl
DRE R 18 I W AR (SR DK

A, = /ai +,8i , 7
B, =.[v, +5, .
{tan ¢, == B/ ay, (8)
tan ¢, == 6,/7,,

KX (6) PR R IR IT A2 e B f, A, B
R L5555 D TR g 25 (L e /ML ) Al 728
2Nk, AT LU MR sk



- 144 - w5 kb ® 46 45
_Olko_
ﬁko
/i f f i yko i ths<n0) ]
sin| k2w —n, | cos| k22w —n,| sin| k27 —n, 5
fs fv ; ko ths( n, )
: : : D= : , (9)
o E. (n,.
sin(kOZTr f]nf] cos(kOZTr fznf] sin(ko}rr fzn,] b o ! )
/s /s 1 i Bk: L Eubs("’f) i
’yk(\
6]50V

A (kg kyy ooy by | 2875 1 A 38 AR Y £ B
[ng,ny, = n, ] REERS TIREAS . [RIF, DR (9)
PR FEIE
Ax =b, (10)
Krr.x= [ak“ By s Vig Oy s "5 Uy 5By s Viey 5Oy 1",b=
LE g (ng) By (ny) e By ( Ny ) Em(”f) JTO #1
PR/ N IR iz b L DT R T4
x=(A"A)'A"p, (11)
TEUARA 1 XHRBCEEAE £, A f,, 7T LA 3] 1 43
WS, MRS TR 1 e %2 (6 5/ MY
RIS P AR Ay 4 T DB A A ) BE AT, #4501
W5 B, WD E, o BVATIR 2[R 25 R
il 2 AT BR PR RROR
22 IR NGERIE
BEALR ok 1 i 32 B 4x J W R K Y R
KU MG B LT RIS G2 HI I 43 8 A E T
AT P/ NRE B AR ZE AL, B, R AL TAL
PRSI, J55 132 3 58 42 i AL R Rk T 22 (5
Je , Bl it B A S0 AR, D7 ) A ) 28 1ok
BEE R, TR T R RN R S5 Y
A FERALGR K SRR R B8 TR R LR
B R EARRE AR, T (HAR KB AT o 2
{21F Monte Carlo 182, T {HAR /NS B L AT A
Jria e, LR kb — TP & — N RMER 7,58
J Bt A Bk 8 22 0 100 BAS 0, T RS 0 AT B
B, K AR 2 [ R LRAE Y, (R R R 1Y
HEAT 48 R AR ok By
RADIE R N — ARSI 7 TR L FY 15
2 E(m™ ) IR . SRIGAEBL—AHE m" B i
BB m ) RN R 2E E(m' ™) m ) Al L
L] m ) 30— A DA e 3T A A R I 1
Am, B E(m' ) <E(m" ) B}, m" 280 m™ i
BB, B2, AR E(m' ) >E(m™),

m' WA LMRAZ T URE S T O 3P
ZHe )R
e—E(m* )/T B ):E(mp)

t = =e
o E(/T

(12)

TR, FEXEI[0, 1] A — 350 50 A i BEHLER -,
W o>, WEZ m ) 0 24 T AR, MK S 50
BT, R EIREERZ D m ) LT SR
) IR E B B AE L R S R 2 (]
R m 8y AR 2 T AR/ I 2
T 0,m' " TP ARG 7, 33X 5 5 [0 48 R AF AR X
N, R R 2E E NI R A B 457

3 PrEAIERAE

3.1 MR RETMERE

HiSC IR, 7 5X (5) ML 75 B2 YOR il 2k
PRI, [R] AL — 4 RS 38 2 B 48 13 X o AN ]
TR LA, S T A F B AT LU
Ry 2 AT w e, B ARG S RS 1 DA
U AR AL 25 5 R AR5 5 A0 5, WTESE — 2D rh
ARAT I e/ IME T LR 4 2 S 40 1 A%, L3 2o 55 —
W AAF W B/ MR AT 5 7 e AR R A A

P B — S I £, =49.985 Hz, — 5
W HA £, = 50.032 Hz, i A 2000 Hz FF45 , 35 10 1
WU BRI IRIE A, FEHLLE 0~ 100 nV , 35 i {E
50 nV, BUIEARN. o, AHE IS, HIRM U(-7, )
I3 s WITE R R E, = 200 nV ; HiL 55 R £, = 2 260
Hz; BIURARDL @, = 7/6 rad ; *F- 24 FE I [H] T, = 300
ms ; RAEAIR £.=19 200 Hz; RFERFA] 1= 1 s ; BHEHL M
PN SV ) E T g,

P 3a e — A X HELRE () A P93 28 2 3
AFE, B P A 2 A AH B FR B TR B B [/ 3b J2
PEHL & 3a 1) — A~ (B HE Bl F — P A 4 ik 48 & 2



14 AR A5 TR ADIAR K 32 A T IR0 Y 22 R 30 D e 75 R A1 72 - 145 -
50.10 50.000
x10%
50.06 49.996 | M
22 ﬁ
)
50.02} N 49.992 W i
= L jost 18
A | & 16
4908 ™ 49988 L i
12 ax
49.94 49.984 o i
0.8
4900 U N 49.980
4900 4994 4998 5002 5006 5010 50025 5003 50035 5004 50.045

f1/Hz
() PR

f1/Hz
(b) B B

3 ERZTEEEENMIRER

Fig.3 Harmonic fundamental frequency grid search in frequency space

ANEESI, T LA A AR S A FE AR S 0 B E Y
— 3, PR ILITT R B 255 0.001 Hz 75 255
T 600 ZIR AR AL BRI ] A 60.36+1.27 s, K 4
TR, R R BB A 1 ) USRS e e 7 | 285t ek
PEME S5 H A NMR {5 S AR 5w, 2184
W, EP PR A FRIRIE .

1500

— ARES
—FIDfE5
1000 CaEa kel
500
|
z 0
" |
=500
-1000
-1500

0 01 02 03 04 05 06 07 08 09 1
fiHz
B4 MRS R E D MR A AL IR DR ST I i
Fig.4 Time domain diagram of double fundamental

frequency harmonics processed by grid search

simultaneous removal method

4901 4998 5002 5006 50.10
f/Hz

(a) BAFEPHLR R

f>/Hz

3.2 LR AR E SRR E

R T IR AR %) 4 2R Rk G e AR AR B
AR JOE RS R TIPS A S, D7
FAFIR] L AR 200 Kk, SR AR TN 5 PR,
5 v B 5 R 0 £ ) 1R AR 7 (50.000 3 50.000) , H
0[] Pl AR A Uk AU 2 R Y 2 (5 63 B A 5%
BEARGE IR LA (50.0317;49.9846) , £T (4 2k BeAt:
A RERAL, A LR, BB A2 A A Y
TEZ AL IR T LSRR | AR BEADLIR A e A re 4k 3
e/ ME (B LA BRI AR BUHE R A A e —
SEMIRZE . A T S A PP MR ACR R S AYY
F iR 2 (root mean square error, RMSE ) iX 4~ 45 b
SR

1< . .
RMSE = /\/N Z I:Edenoised(l> - ENMR(L) ]2
i=1

(13)

KA N M RIEFIE SR E, () B2

WIS SR @ AR, E e (1) 2 ELIE NMR {55 1055 4
B

S TR EUE I A AR, R R R Y

50.000
x10*

49.996 2.4
22 g
20 2

49.992 Q
18 =
L6 gjp

49.988 14 dm
12

49.984 L0 ®
08

49.980

50.025 50.03 50.035 5004 50.045
fi/Hz
(b) REEIE R R

5 EHURANEDS MR AN ERE REE

Fig.5 Fundamental frequency search path of simulated annealing simulated annealing



- 146 -

oW 5 6 &

46 %

ISARUCKNE B TR ABOR SR LA 1, k]
W« B AR S 0, RMSE FbR I 25 175 45 A%
INUESEE, T T, ST FCSH, A PR (A] 2
AR AR 100 VBT A B 1S m
Xof He i RSCRAR THE R AN, Dy 1 3854k Bk fi]
Rl R Wk BB 100 TR, i [R] — XL
SR T ELE LT B IR 2R ()20 M Bk i
Qb SRS [R) 45 T 2 DL b RO 2.35 i
2 B LGN PR AT REAFAE 3 > A 2
DI R S O T SRR LIR K [R5 I Rk RE S 1
T2 PR R RE MR P A B0, e BT 3 TR
PEATOT L WS BIE I 5 49.950,50.010,50.050,

IR EL 300 K, #1435 A% Y (150. 0005 50. 000
50.000) , HAth 5 B &R R 1, B 6 i 5%, M
&l 6a A] LU HIBADUR K[l D I BR VA LR 3 AN S
W B O T REAS R I Hh s ) 22 RS Il R 7 ) MR S
(0 28 5 EL 92 NMR 15 5 20 il £k 3 AR )
B [ ob iR R R Tk ACA) IR AR R ) AR
2% (A0 B, W 0[5 P 2 300 VAR &5 TR i A5 AU 11
5 R 23 [A]07 i (50.009 2349.951 2;50.049 9) | 215 [
P2 3 A EC ST I AN [R)HE S Ty 1) 4 23 25 [ o7
B RO AREI RS ; St —E SRR
R R BALSGERESET 6 MaaEBE T E—4
IR

F 1 AREIERRBEVEHIR A E 5 M BR % X IRBR
Table 1 Denoising effect of simulated annealing simultaneous removal method with different number of iterations
HEARREL RMSE/nV Ey/nV Ty /ms /s
10 67.16+£22.96 177.12+4.01 1038.44+522.84 3.19+0.29
30 37.89+23.20 184.84+8.65 489.32+£175.95 8.89+0.68
50 26.72+21.20 186.83+8.86 465.99+78.27 13.76+0.74
75 22.42+5.56 188.93+3.68 366.05+28.97 20.05+0.86
100 15.69+3.77 193.06+2.04 334.47+13.16 25.68+0.88
150 14.60+3.71 193.64+2.25 330.44+11.83 38.45+1.78
200 13.14+3.54 194.33+1.71 325.34+11.36 50.40+1.89
500 11.46+2.61 195.10+1.75 320.59+7.54 123.76+4.18
1000 SEEE (o] ﬁi%v&‘zﬁﬁfﬁ%’frﬂﬂﬁ
800 — FIDfZE [o] VHsiERIN &
EE MG ERES 50.1- [o] 300/IARIEHINE

600 ‘
400 A 11 Lok ‘ (bl
200 LIS ‘

0

AV

-200
-400
-600 [
-800
-1000

0 01 02 03 04 05 06 07 08 09 1.0
tls

(a) B 2R

f3/Hz

Ei £t o

50.0-

S
oY
—\O

50.1

499 499

£/

(b) BRI

Bl 6 IR NIE MR % E S & IR KRS

Fig.6 Simulated annealing simultaneous removal method suppressing Multi- source harmonic noise

4 SRR

R T B UEAR S A M 7 o) 1 A S B
H A PR , A K 1T T 22 S UV i — Ak 3
AT SEEG, % K2 B i B AL fL
B 2% , Wb e A 24 N B R E 756 22 TR 1Y)
g e o A, SISO T AR B M 07 P T 2 e Ak B )
SES TAE, B ok A A [ IRIS 2 R Y NU-
MIS™™ AU . AU IR AR H2 R S 4. T TP 4 i
100 m; BEBLIRAFH £, =2 135.2 Hz; B0R Bk i 1

il 4 0.12~10.866 A - s, %% 16 1~ RAEZR 19 200
Hz ; RAERFA] 1 s;5EIXHTE] 0.04 s,

3 AT Y AR SR TAE S R R R B 2 A
BRI TR AR 58 Ak 30 A T e 75 5
AT TR E 75 A AL BRS , SR A 100 R AR 455481
1B 2R A5 M o3 12k oFe T RG pe s (1R 7)), P 2
WS IS5 - T BN A /R AR RS e AR ML
ZERILE S,

P 7 SR AR HOAIR A T) 25 ) I ofe e o Sl XL
MR ] Ta v 2 AR K TR A5 N B 7 e
JE ARtk (LU Ze) A W B FE BO B 5



13 Whe 45 « e TRADIE ik RS I I R 22 R I P T ) 07 9 - 147 -

DRI AR AL 90 5 18] 7h w52 00 55 A
T ORMEZR) , LW A A 50 Ha B8R0 I 1y e
WU R, PSRRI SRR e 5

B 8 K (5 22 XA 1155 Zead & sk 21
FA SRAR R AR A5 3 A f 45 i 46, 21 il 42 K £

1000

800 TS
ool —— EREKESHRE RS
[’

400 |

—200
—400
—600|
-800

~1000

0 01 02 03 04 05 06 07 08 09 1
tis

(a) ALFEAT I I 2%

2 28 i AELRPE SR B RS 2k, 2 LA
UG R S PR BT, R WIEALIR I [R)20 M R vk i
A M s 1) 2 I MR 7, L RE T H1 Bk AR i I Mg A
XL 25 1 R B R IR A AT 452 B3 L, ELXTHULG il 2k
MBI BN

80

B
70 —— B F SRR ||
60

50
40

f/Hz

30

20
10

0
1600 1800 2000 2200 2400 2600 2800
tls

(b) AL EER 5 S o0 A 2%

B 7 AEHUE AR 25 M BR A 7 SC i H R b 22 R Y 3R

Fig.7 Effect of simulated annealing simultaneous removal method in measured data processing

1500 .

1000

A/nV

500 <

— @
| — as
2000

10

B8 ERERKMENEELREME L

Fig.8 Envelope and fitting curve of each pulse moment after denoising

i I XA iR AT R AN E AT LAFRE NMR
55 IR IR £, FIoF-Y s Bt 8] 7, FiE AT
S A LT LR R 9, K 9a JE AR ik
PR XTI AR R AR YOG R 4R, B MRS 7 i —1>
W TR 2k iz it 2T T i R, U I
M P A i 5 T Ob AN [ Jok i R X6 7 114 ST 2 5t
BRIk, T TC 50 28 . BN HER 1)
I S pi 4 R 22 5t 4 sf 1) i 2k, BE A8 Ry s 1 S i
MR ELSE A  K RS A AR T RIE, R AR
a0 2 2 500 A 4 A% R BOR T B i s T 42 F- 29 5t
TR} [] ph £ — e S A5 B B 9c, 51 i B L BT R
(E 9d) A B HIXT L, ISR Z A 2 H
—SERHEDE 1R 0~7.4 m S /K BARAG , X0 17 T8
K ERIRD R £ 7.4~ 15.9 m B K )2 S K 8

29 17% , PRV K N ) 55235 4R 2 515.9 ~
48.3m H—PMERIITKIZ, FKERKN 24% ,F
1 18% , 51N B S MR 1 b 2 R o R 2 AR
XN 48 m LAR B /K S AR, 55 @K P 0 8 i &b+
AET R o X Eb S 7 445 SR R L B8R mT DLIE BH #5411
Y EE R RP R 23 SR E AT S =8 S
MR B K2 R A B R R AR P

5 Zhip

IF5E 5 2R, Xt T B — HLAL AR 1 I
TR, M RS R 2 MR 1) 5 05 E RS AT 0t T ) T 72
2RI 0 e P 1Y 1 A R SRR O kA S
A B AR B AR 5 B T A OR ) 4 IR R



148 - w5 £ B 46 %

AlnV T%/s

BE| &
0 1000 2000 0 02 04 =0 | B R HEAE
0 0 m|m | &
N
5 2 74|" =, Bk ABY30%
85 RS R, R
4 4 159
2 ) £ 12| 66| [ s, Al
< 6 = 6 i .
z 2 * R T—
2 e 3 Hab: 1, i
=g =g -708 e
-81.2 398
10 10 916 85( s ok, i
483
1 1 -102.0 A, ,
05 20 46 71 97 122 147173 198 223 249| |07}/, *j}‘ﬁgﬁé R,
Al B2 o 50 ) =
Ve T————
b) MRS 7 47" B
(@ MRSHTHIRML Wﬂﬁi’f%’* (©) MRS F R H it (@) B R
2 =

B9 XITAXM MRS FEEMNRSZMNHERERELERSHRE R
Fig.9 Measured data, inversion results and drilling results of a sounding point
by MRS method in River Beach, Tianmen

M 82 T A e AR VR . AR 22 IR
WP ) AR A I T AR A R T 20 M AR 12 g T
Atk o T2 S ] A, $ T RELIR K R 2
I 3R 335 — B AR i SR R T kA 5 b BT B, 1
ORISR V& R AT | BRI €7y e N S op Y I )
A BT B IURE T A (M e T CR

1) B0 i 3L PR I DR A= rPoRE R 25 e Ty ik TGk
A A8 T 22 R D MR P ) TR ) D T A 1 % ) 2
3% 3 ANARSEADLIER 2 T) A5 I 3R 35 3% REA k4 1) g o
B A B A(EL, 18 1) P ] 22 DR 5 ) R

2)) 38 1 AU EL S, UE ] 1A% 48 5 [ 20 I B3
T FIRRADR JC [) AW B0 2 E T 1l 29 ISR A
XUCHERTE 1 00 HE B[] 26 AR UBCT 1Y s il 4%
AR AEADE IR A 3% ik A I A 4 2 ) 2 Bk 114
WRERCREE R T 2.35 £, RORFRAK 17 i[RI A, B
T 22 P I ME P T 1 75 h  BE A B R, D T
JEETEINAZ 2 B B DL B T 3R AL 1 AT RE

3) L BFAh MRS J5 12 9 S BORHIE B 1 KAL)
B T 20 M I s o) 22 0 e MR 7 ) A RS, R
PRI S KB S B IR A R IEA AT O T
WEEIR MG TT AN XA R 1 DL 2 2 L XAl
AR 5, oAy 22 3 ik 22 A PR DN i R 1)
G/ UBLINGENE

D7 FLRISEIN 45 SRR W DR K [R5 I B ik g
A 20T Tl R IR TR T7 0k vp 19 22 R B e P,
JE GO A B SR AL T HOR PR e #5535
ARSI ZE HE B AR BT 22 R R A
RANG ARSI ST 4 \ = 2 2238 3 A8 Fh 3 I IR 7 11
Fedil ik

2% 3 Hk ( References) :

[1] Behroozmand A A, Keating K, Auken E. A review of the princi-
ples and applications of the nmr technique for near-surface charac-
terization [ J]. Surveys in Geophysics, 2014, 36(1) ; 27 - 85.

[2] LuK, LiZY, Niu R Q, et al. Using surface nuclear magnetic
resonance and spontaneous potential to investigate the source of
water seepage in the Jindeng Temple grottoes, China [J]. Journal
of Cultural Heritage, 2020, 45(1); 42~ 51.

(31 ARV, 2ok, Ak Mg, 55 b T A% Sk 4 = 2k ey o7 52 i PR 38
[J]. 9% 51645,2017,41(1) ;92 - 97.

RenZ P, Li X, Qi Z P, et al. An analysis of factors affecting
SNMR 3D response [ J]. Geophysical and Geochemical Explora-
tion, 2017, 41(1) ; 92 -97.

[4] PanJ W, LiZY, Zhang Y F, et al. Correlating intensity of pulse
moment with exploration depth in surface NMR [ J]. Journal of
Applied Geophysics, 2017, 142; 1 - 13.

[5] Miller-Petke M, Braun M, Hertrich M, et al. MRSmatlab—A
software tool for processing, modeling, and inversion of magnetic
resonance sounding data [ 17]. Geophysics, 2016, 81(4): 9 —21.

(6] WHAZE BKICU: s hT 5. B 3R X Uk e A% il S I i oz £

SRS ST S )] RS AR, 2017, 41 (6) : 1262 —
1267.
Xie MY, Zhang W B, Tang K X, et al. An analysis and study of
the influence of ion concentration on nuclear magnetic resonance
response signal of frozen soil [ J]. Geophysical and Geochemical
Exploration, 2017, 41(6) : 1262 — 1267.

[7] Larsen J J. Model-based subtraction of spikes from surface nuclear
magnetic resonance data [ J]. Geophysics, 2016, 81(4) . 1-8.

[8] Ji¥%, ks MOH 5 FET et i B M RESL IR 5 5 JR e e

W] MR B4R, 2016,59(6) 12290 — 2301,
Wan L, Zhang Y, Lin J, et al. Spikes removal of magnetic reso-
nance sounding data based on energy calculation [ J]. Chinese J.
Geophys., 2016, 59(6) : 2290 —2301.

[9] LinTT, Zhang Y, Yi X F, et al. Time-frequency peak filtering

for random noise attenuation of magnetic resonance sounding signal



134 Whe 45 « e TRADIE ik RS I I R 22 R I P T ) 07 9 - 149 -

[J]. Geophysical Journal International, 2018, 213 (2). 727 — [16] Kremer T, Juul Larsen J, Nguyen F. Processing harmonic EM
738. noise with multiple or unstable frequency content in surface NMR

[10] LiF, LiKT, LuK, et al. Random noise suppression and parame- surveys [ J]. Geophysical Journal International, 2019, 219(2) .
ter estimation for Magnetic Resonance Sounding signal based on 753 =775.
maximum likelihood estimation [ J]. Journal of Applied Geophys- [17] HFR, FEREE, E00, 45 56 TS 35 55434 A0 4 Il 1% g 3t
ics, 2020, 176: 1 -12. A S MR IR IR T T IE [ ) ] AR, 2015,64(22) ¢ 1 - 12,

[11] WHFER RS, Shelg 25 T8 i dER M A A e R LR 15 Tian B F, Zhou Y Y, Wang Y, et al. Noise cancellation method
S M SO S [ ] ] L ERY B 244, 2018,61(2) . 767 — for full-wave magnetic resonance sounding signal based on inde-
780. pendent component analysis [ J]. Acta Physica Sinica, 2015, 64
Tian B F, Zhu H, Yi X F, et al. Denoising and extraction method (22): 1-12.
of magnetic resonance sounding signal based on adaptive harmonic [ 18] Kirkpatrick S, Gelatt C D, Vecchi, et al. Optimization by Simula-
modeling and autocorrlation [ J]. Chinese J. Geophys., 2018, 61 ted Annealing [ J]. Science, 1983, 220: 671 — 680.

(2): 767 —780. [19] Menke W. Geophysical data analysis: Discrete inverse theory

[12] Legchenko A, Valla P. Removal of power-line harmonics from pro- [M]. Amsterdam; Elsevier, 2012 181 — 184.
ton magnetlic resonance measurements | J]. Journal of Applied [20] JFAATA: 4 R TERLR RS i LEE )] UiKS
Geophysics, 2003, 53(2): 103 — 120. Ab45,2011,35(6) :793 —797.

[13] Dalgaard E, Auken E, Larsen J J. Adaptive noise cancelling of Zhou Z S, Xie J] W. Bending ray-tracing based on simulated an-
multichannel magnetic resonance sounding signals [ J]. Geophysi- nealing method [ J]. Geophysical and Geochemical Exploration,
cal Journal International, 2012, 191(1) : 88 —100. 2011, 35(6): 793 —797.

[14] Larsen J J, Dalgaard E, Auken E. Noise cancelling of MRS signals [21] BRse, 2500, B18, % AR AR Ak 105 20 e il S i 0 I3
combining model-based removal of powerline harmonics and multi- (&Wﬁ%ﬁifﬁﬁ?%[ J] H SR 4R ,2020,39(4) : 181 — 188.
channel Wiener filtering [ J]. Geophysical Journal International , Chen L, Li F, Lu K, et al. Application of all-phase model estima-
2013, 196(2) ; 828 —836. tion method for suppressing magnetic resonance sounding harmonic

[15] LiF, LiK T, Lu K, et al. Cancellation of varying harmonic noise noise [ J]. Bulletin of Gological Science and Technology, 2020,
in magnetic resonance sounding signals [ J]. Journal of Applied 39(4). 181 —188.

Geophysics, 2020, 177, 1 —13.

Suppression method of multi-source harmonic noise in magnetic resonance sounding

based on simulated annealing method

CHEN Liang', FU Li-Heng', CAI Dong', LI Fan®, LI Zhen-Yu*, LU Kai’
(1. POWERCHINA Jiangxi Electric Power Engineering Co. , Lid. , Nanchang 330096, China; 2. Institute of Geophysics and Geomatics, China University
of Geosciences ( Wuhan) , Wuhan 430074, China)

Abstract: When the magnetic resonance sounding ( MRS) method is applied in an environment with high electromagnetic noise, the
signal-to-noise ratio of the measured data is often reduced due to the interference of electromagnetic noise. As a result, it is difficult to
accurately determine the aquifer distribution using the inversion results, thus reducing the application effects of the method. In this pa-
per, aiming at the common problem of multi—source harmonic noise interference in the field data acquisition using the MRS method,
this paper derives the grid search simultaneous removal method based on the model denoising and further proposes the more efficient
simulated annealing simultaneous removal method. The simulation results show that both methods can effectively suppress multi-source
harmonic noise. Compared with the grid search simultaneous removal method, the efficiency of the simulated annealing simultaneous re-
moval method is improved by 2.35 times in the case of double fundamental frequency harmonics, which greatly reduces the time cost of
the denoising process. Meanwhile, the simulated annealing simultaneous removal method allows for great denoising effects of multi-
source harmonic noise. Finally, the proposed denoising algorithm was applied to a field example. The comparison of the inversion results
and borehole data shows that the simulated annealing simultaneous removal method can effectively suppress the multi-source harmonic
noise in the measured data obtained using the MRS method and can significantly improve the application effects of the method.

Key words: simulated annealing; magnetic resonance sounding; multi-source harmonic ; denoising
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