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BEXS R K BRI, H A E bR b — AT
AR H AT BRI B 77V e AR IR (mag-
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E(t,q)=Eo(q) exp(—t/T5) cos (2mfLt + ¢o), (1)
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K FH 38 OB i 8 Bk AR O TP R R A 120
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VLI B IE R R VE R4, H R BESEI MRS 5
A IR 4y B AL P KRR . IR BRI
g SELARL 28] 0 5 T e 75 I A5k b 415 5 AT S 1)
REAE AN DAIX 3 2R SRR M 73 55, H2 H T e i i
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FABARAAEFEE S GE LIRS P R A
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1, N2 A ICA ik BB 05 5 Ab B P i
T A5 T 4y 1220, PR M5 4k T 28] 5 A sk s T 7 #
2205, A SCERX B M 4 i MRS 13 5 I A0 1) 4y
ML ICA [ M ke i, $2 1 7 — P& T ICA K
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MRS 15 5 F1 A0+ P01 i 07 1 ok iy o8 i 1 2 1
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ICA, FastICA) B LM A2 14 R 2, FIF 2 T30
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Comon 0 78 20 1 22 90 4£ 48 %) 42 ! T ICA
EAMHRMER MERSI T ZMMN
M. BRI B m A WNAETX(E) =
[21(2), 22 (t), - -+, 2o (0)] ", B2 B AN AR H ST
V55 S(t) = [s1(t), s2(8), -+ ,sn(®)]" (PAS S
% A — &R T ) G FERR R R0 2R 1 4
A, XEERm > n BBEm =n, ZDRME
MAETHA = (a;) (1 <4,j <n) R, Kk
ICA Hy& A n] H DAF ) & 45 T UR0R,

X(t) = AS(t), (2)
BRI R R T 2
Z’l(t) Sl(t)
11 -+ Ain
Sl I IR I DR
0] R PR

PR A A A WIS 5 X () 2 2RI, ICA 5

5 BRI T AR 48 45 5 il v VR A R R AR

SEYEAE S S(t), AT iR R M IR = 1Al
Y (¢):

Y () =WTX(t), (4)
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2.2 FastICA B X RIAEL M R BHEEF
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J(Y) = H (Youass)
HY) = - [p0epyar. (o)

HESHERTT AL JY NEiESn, J(Y) =
0; Y AR w5 5 HAR it sk sy, J (V) {H 8k
K. AR b QTS U0 TR AN TE Y MR
p(Y), FELEI ARG T A HE, 153N &
(R 23 P AR R ). Rk, mTR A 40 ik
LA R LA

J(Y) = (BE(G(Y)) = E(G (Youss))",  (7)

o, EO)MRERBHHEIBHE, G() NAELMEr L,
Yauass 727 Y BA MR T5 % (i m T B AL AL &

N T SEHMRS 1R 55 TAUE BT A 2
s, (7) NP AR R G () I IERR LR RS 2
REE —AFI T ARG A o T B R LA R
ﬁ[Q?]:

- H(Y), ()

gl(Y):Ye_ 2 (8)

1
Go(Y) = . log cosh(a2Y),

g2(Y) = tanh(a2Y); (9)
(V) = 4 e()=Y> (10)

EHE g(ONGO)BI—rFRE; 1 <ap <2, 8%
Hlas ~ 1. 4 Hyvarinen P H B Gy Al Gy &
TR R EZER B SIS, H G ikidH 15
FONE S T BON S E R E SR ELE B TR, W
G3 & TR 5 N = 5 5 B s L.
AT 5 B S Y e I, 5326 FH 0 B2k R
B E SN
_ B(StY)
E2{S(t)*}
Mkurt < OB, S5 SO AW EIES; 4
kurt = OF, J8(5 5 S(t) N E5; Hkurt >0
B, JEES S () AEETES. XTRIEESZ
— [ TATE I T3 N (1), AT KR R

kurt -3, (11)

N(t) = Bsin (2T(f0t + 9()) , (12)

X, BAESIEM, Big LAl e, B
DIAETF R 152 br TAE R R I, T35 5 (0 KR
— AN RIS SR FE 103 1% fo 9 AR i o
BT PR, BT RS DR SR o RO
50 Hz F@ A6 Bl B0, DR A 005 B 11
— B AN AT I T PS5 R ek, B RAR
i 2236 H 9 £25 Hz; 0 A LSRR EIAHAL.

R B 5 — M SRR S, (1)
BT HBRIENX, R A X ANEE S 8T
FLMRAA 5t PR [B] A0 L AT U P A /N R )
NI I 67538 PR HE 26 1 R B AT FastICA.

ghA (11) F0(12) 2T %0, VEFEME IR/ S TAR
W TSRS RAE SR E TR, B R
FPRAE 5 RIE A |cos(2mfLt + wo)| < 1, KL
2 R ARSI T PR AT L A A A SR (5 5 1
sthy P4 T 8] %o DEg FEEARL PRI 2, G5 1 R 2 BT

F 1 THUERTRAEA A SR AL AL (1 06 E {H
Table 1. Kurtosis of power-line harmonics at different

frequency fo and phase 6y values.

fo/Hz 0o /rad kurt
2200 /6 —1.50
2300 /4 ~1.50
2350 /10 —1.50
2400 /2 —1.50
2450 n/3 ~1.50
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K2 LIRS T AEAN 5] St PR [ Ak 1y Ve FE A
Table 2. Kurtosis of an MRS signal at different relax-

ation time T3

T3 /ms kurt T3 /ms kurt
60 4.49 100 1.52
150 0.11 180 —0.32
200 —0.51 300 —1.03
500 —1.32 800 —1.43

M T HCHE AT RN, TEAE AT BT P R AT R
FRAT U] AR A 068 P55 i 2 A ] s e HL /N T2
AT 0 AT 0 0 AT e o T s 5 5. AR 2 AT
DL B, 75— 5 Y5l (301000 ms) PY I B {E B %
sty T4 B[R] PR 184 DT 6k /D, e R SR 3 0 7, it
i MRS 15 5 BB i 75 5 28 s s 5, H
TESTR I R4 156 ms 7247 AW FEME 1 E . R
Schirov %5 47 H 5t ¥ B 18] £8 K T 180 ms I A A4
HAZ 5 o iZH X T KA IR A & & R K IF
K. EXE MRS $AKACAE Ho R 7K R T FI A RN
R, A0k 5t 74 18] KT 555 T 180 ms [ MRS
GSAE NPT R, HILIX B % & MRS 55 N
mE S RS, BT TAUE B TRAIMRS 55
BN m A5 5, 5 SCHR [31] BITELIRIE, (8) A1 (9)
X BIEE S AT ETESHREE A4
'JEE*EEI’J FES R, M (10) B Rt 73 85 3 5

5, RIAR SR $E (10) 307E N FastICA HiL 1 9E
2 PR AT (B o) B

¥ (10) XY (1) = WTX (¢)(BEAL RIS 5
X (t) A& o e, B e s

MBI Z HAH S BE /) AN (7) AT 4
1 1 2
J(Y) ~ [E(Z (WTX)“)—E(Z (Yéuass))} .
(13)

W (13) ST LA 51, B A8 508 T (V) Rk, R
TR B W EIATIS ) E 0, BRI, B
SR I AR MO TR 5 B W IR, 11
1V%%ﬂﬁﬁﬁE<imﬂXf>ﬁﬁﬁ%%%
. A BB R R (14) K

w; (n+1)

= B(XC (w] (1) X) )
— B(G" (w] (n) X) Jwi (n)

= B(X (w] (1) X)")

=38 ((wfmX)")wim),  (14)
wi(n+1)
wh+ D= fpmenr

(14) 1 (15) K iIg (n = 1,2,3,---) AIEABH,
w; (n) 29 W K B 3 — 47 LR 24 o, () A
wi (0 + 1) 2 N TFRA MR, T 1A,
I B (1 (wa)‘*) IR, 36 EL SR I (Y)
Sk, RS Y (6) T BT R, AT R
A8 X (1) BEITH A, (15) R80T}
w; (n+ 1) MIE—1th. B 145 H T FastICA %1
T FEAE .

XEES X, |
SRt

Wi s 5N, i , ’ s 2 53 B RERE
YAy IR Eul 4| FGERRL 1ERH—1k

SR TR, H o
TR T w7 Ran) [P w7 wirD)

A
RSt -
H|wi(n) —wi(n+1)]

RN

(CAIRES A

s
Y=w;(n+1)-X

1 FastICA HEHER
Fig. 1. Diagram of the FastICA algorithm.
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2.3 ICARTMRS{ESHEMER M
gt
2.3.1 AT HF E A NSABSE Myt
FERLH TICA SEBAT IR 5 70 B I, ZERULI
SO EERTEETMIJEE . R0, MRS
TR A MRS, AT IR R, BB
ANBOREN, H7% R BIACER B PR, SRAE 20
A 5 B B T U545 5 80, T JE 7240 2
ICA I RLFH &A%, BRI R e B R 8 P2 % F
ARSCH AR RS A MRS 155 ¥ AR I
P, B0 FRFESRAR R — S48, BRI, 42 R
IR T B I 5 0 A N 800 R e A i A 5 7
12 1930 SR ik — .
M MAE 5 X (¢) h#EMRSAE 5 E(t,q)
PAR AR N (¢) BB, T (16) 2T RaR:
X(t) = bE (t,q) + ¢N(t)
= bE (t,q) + csin (2 fot + 6p) , (16)
Hohb, e AEREEEL BT AHALAE UG T, Bk
(16) 2pidt— B 7> -
X(t) =bE (t,q) + csin (21 fot + o)
= bE (t,q) + csin (2nfot) cos by
+ ccos (21 fot) sin by. (17)
(17) KA 1 cos Oy, sin O &2 A BE I 8] 28 44 1) 5 &
15
c1 =ccosby, co = csinby, (18)
]

X(t) =bE (t,q) + c1sin (21 fot)

FEWMRSES

v

NEOZ% FFT
D

v

\ 4

DR |
ARSI d

MSLy
v

v per | O

Wb
Syt WL D] A

+ co cos (2T fot) . (19)

e & AR IAE 5 X (¢) o Bk (19) R TE
X A (9) AT BUE 2, TR A R i AH A7 1 50
TIEA R T AT AL, M EIE K IE &R
ZAE 5. B, TG X (H) = e sin (2mfot),
Xo(t) = cacos (2 fot) YENMMIAE 5 X (t) 75 48
PN ERENNIY YN )=
232 A FIHEARET HMA G T RIE

T ICA & —F&it ik, Regr s Rk
RGOS E 5 RILBAEAE 5 B0%, 70 B 1E
5 5 EAE 5 M L AT BEAFAE A R AE AN IROF AN — 2
e A g AN 2 v R, T S AR 3 BT A e 4 i
T HEAT = R S 56 N PR SR T8 AR B2 RS 5, 0 B4
SRR TCR . SR, TR EATEAS S A — 2
] J, K B0 S KRR R TR, BRI A 2 MRS
FTIEE MK E BA R R EE, AR — I, A
SR RS A AE T 1R BT 0 AR S IR R AR, AR
WK 2 fros: & MRS 15 5 BUWINAE 5 347 i
IR AT, B R AR AL SE I BB d; Sy — T T
MMAE 54T ICA, 158 1 708 MRS 15 5, # A5
T BEAT SRS Sy BT, W E S SR AL 1 T i A
r, W dSr ZRMZERE 2, & 2 x r 52 MRS 15
SR JE S AR Ky B e A PRl B e T AR e
(inverse fast Fourier transform, IFFT) 1§21k & J5
MRS 155, BV HAREGE S, EAESRL, &
LI MRS 15 5 32 B JUE IR 5 1) S, SRR T
AR P 70 AN H A2 DX R 540 A 1) A T
FERF, AT 56 R 2 T NEO HR (1) 7 7% 25 Br I i g
7 0 TS SR E IR A .

ARG 1 JE MR S{E 545
Eg Hez=d/r > TEMWREM: k= 2Xr
IFFT
Y
W IFEMRSTH S

K2 A Ea A

Fig. 2. Process of the spectrum correcting method.
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3 £ TICAWMRSE 5 Y " & &
i

MRYE IR TCA JFE B J B 73 #r, 7 MATLAB
TORMBHE FHRE T EIENO AELR. K
(1) R E(t,q), 52 8i% f, 92325 Hz, R{E
FEo (q) 9150 nV, g (8] Ty 24200 ms 1) 49 1%
AR SE N H R HEEEGE S, Ka2) X, 7
Z AT 5 LS B I VR N 2300 Hz A112350 Hz (1)
PO AR A0 T P N (6) FI N (8), R BRX () =
E(t,q) + 0.40Eq (q) N1(t) + Eo(q)Na(t) T2 R
SRS L —5.64 dB BIMLINNE 5, 4 ik
MRS {5 5 # M 5 %, Wil 3 (a) s, B 3(b) R
ORI, 78 R A SOEE G S RO, A
TERHE 55 TAER TP 0o 5, RAHET
ICA ] FastICA 9% DL K 305 1E A8 V2 40 18 A 26 4y
52812300 Hz F12350 Hz i 1E & 5415 51F N A 4h 4
AN NIE B PERRMEFE R H 1. A T iSRRG S
RRAE, B3 (o)—(f) b T REOR . B4 5045

0 0.1 0.2 0.3

i) /s
1
>
f=)
= 0
i
=
. 5
0 0.002 0.004 0.006 0.008 0.010
HfE) /s
1
>
f=}
a
g 0
1 ()
0 0.002 0.004 0.006 0.008 0.010
i) /s

3 RAMN MRS 155 SIS M IE 10 IER L AE S

HT 5 A BAE S R BES 1IN,

K 4 (a) TULE 1, fEICA 4 % )5, MRS {5
SHIMRMEZ) 2.80 nV, & CANELAE MRS 15 5014
PRI 150 nV AHEEELE. PR, 3 BRI AT RS A D E 7
BEAT 3 B MRS A5 5 PR . AT 5375 B o Xy
Ebor BRI JG A MRS 155, B 541 TR
EJG MRS 15 5 5 H#H A MRS 15 5 1 i 48 % JE %
bl B 1 TR AR Sof B

M 5 0] DUE W, 28 ik 0 1 OE IS i e 3
I 35 1) MRS {5 5 B T B 78 10 20 A /IR B 1) 18 30,
BfEBARS ESHAEMRSE S L. I
H, &3t 54 8 IEJE I MRS S 5 115 B Lk
SNRIEZF|T 23.65 dB, ¥/ BRI —5.64 dB &
729.29 dB. N T 3RAGME 5 B B S E0] 46 PR 1
Eo(q) Fat ¥ i 18] T, 2E 47 60 48 41 BRI B0 dE #0L &
ZUHE, WG RIS SIRIEA 150.93 nV, AHX R %
90.62%; A 5 5 5 5t BRI 18] 24 195.60 ms, AH
X iR 25N —2.20%, WIHGHR TR 55 it T4 I ) ) AR G 5
ZE A HIAE £5.00% LA,

3
S 2
~
i
g 1 4
(b)
0
2000 2100 2200 2300 2400 2500
1
>
20
pou
L2
B (d)
0 0.002 0.004 0.006 0.008 0.010
B /s
1
>
=
~
@ 0
E
¢
71 'l
0 0.002 0.004 0.006 0.008 0.010
If1a] /s

(a) AWM MRS 1555 (b) {5 55HE; (c) MIERIMIZE

2300 Hz [IES4{E5; (d) Mk R4 2300 Hz IR %15 5; (e) MIERIANR 2350 Hz MIESL(E 5; (f) MG

2350 Hz FIR5%(E5

Fig. 3. A mixed observed MRS signal and its spectrum, constructed sinusoidal signals and cosine signals:

(a) A mixed observed MRS signal; (b) the corresponding spectrum of panel (a); (c¢) a constructed sinusoidal

signal with frequency at 2300 Hz; (d) a constructed cosine signal with frequency at 2300 Hz; (e) a constructed

sinusoidal signal with frequency at 2350 Hz; (f) a constructed cosine signal with frequency at 2350 Hz.
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{i/nV

i

0.3
If1a] /s
2
>
£
o 0
lg
) (c)
0 0.002 0.004 0.006 0.008 0.010
Hif1a] /s
2
>
£
a 0y
1=
=
(e)
-2
0 0.002 0.004 0.006 0.008 0.010
i) /s

B4 HEESkSEES LS
54; () HEfESS

() FEES 1; (b)

15000
10000}
=
1_,.155{
5000 1
(b)
0
2000 2100 2200 2300 2400 2500
2
>
=]
@ 0
lg
) (d)
) 0.002 0.004 0.006 0.008  0.010
Hif1a] /s
2
>
a
@ 0
k_lEB
) (f)
) 0.002  0.004 0.006 0.008  0.010
i) /s
SEAES LIS (o) A EES 2 (d) #EES 3; (e) HE1fE

Fig. 4. Separated signals and spectrum of separated signal 1: (a) Separated signal 1; (b) spectrum of separated

signal 1; (c) separated signal 2; (d) separated signal 3; (e) separated signal 4; (f) separated signal 5.

200 8
— HEMRS{ES
100 ICAJEMRSfES | 6l —— HEMRS{EY
5 2 —— ICAJGMRS{EY
£ =
fou] 0 o4
= =
—100 ol
a (b
—200 ' : : : _® 0 :
0 0.05 0.10 0.15 0.20 0.25 0.30 2000 2100 2200 2300 2400 2500
HE) /s HE /Hz
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Fig. 5. Comparison of an ideal MRS signal and a denoised MRS signal after ICA: (a) Time-domain plot of
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Table 3. When Ey(g) = 150 nV, extracted values of characteristic parameters and their relative error.

T3 /ms

120 180 200 300 500 800 900

HRHUE 114.12 175.64 195.67 295.08 493.22 802.19 904.85
T3/ /ms

AHXHRZ /% —4.90 —2.42 —2.17 —1.64 —-1.36 0.27 0.54
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Eo(q)" /nV

AEXTRZE /% 3.50 0.86 0.61 0.09 —0.21 —0.01 —0.01

4 Ty =150 ms, RSB BUEKARX R 2

Table 4. When T3 = 150 ms, extracted values of characteristic parameters and their relative error.

Eo(q)/nV
100 150 200 300 500 800 1000
FEIUHE 145.35 145.33 145.35 145.34 145.33 145.34 145.33
T3 /ms
AR 2 % —3.10 —3.11 —3.10 —3.11 —3.11 —3.11 -3.11
FRHUE 101.54 152.32 203.09 304.64 507.74 812.36 1015.50
Eo(q)' /nV
MXHRZE% 1.54 1.55 1.54 1.55 1.55 1.54 1.55
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Fig. 6. Comparative plots of the time and frequency domain by two algorithms: (a) Time-domain plots;

(b) the corresponding spectrum of panel (a).
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Fig. 9. For the second group of measurements, a field measured MRS signal and its spectrum before and

after ICA: (a) Time-domain plots; (b) the corresponding spectrum of panel (a).
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Abstract

Signal collected from magnetic resonance sounding (MRS) instrument is only a few tens of nano-volt and susceptible
to environmental noise, leading to a low signal-to-noise ratio. In addition, the accuracy of characteristic parameter
extraction from MRS signal is seriously affected, and the resulting error of the subsequent inversion interpretation
increases. In this paper, a fast fixed-point algorithm for independent component analysis (FastICA) is utilized to enhance
the performance in the high noisy environment. First, the applicability of FastICA algorithm to noise cancellation of
MRS signal is analyzed. Whether the mixed signal can be separated completely depends on the appropriate choice of
nonlinear function in FastICA algorithm, moreover, the choice of nonlinear function is closely related to the Gaussian
type of signal. Thus, in this process, the kurtoses of noise and full-wave MRS signal are calculated, and then the Gaussian
type of signal is determined. Therefore based on the Gaussian type of signal, we can choose the corresponding nonlinear
function applied to the FastICA algorithm in order to realize the effective separation of the mixed signals. Secondly,
undetermined blind source separation is one of common problems of ICA. To cope with this tough situation, a digital
orthogonal method is adopted to construct some extra observed signals combined with the existing observed one as the
input signal of this algorithm. Hence, the digital orthogonal method can satisfy the application condition of ICA, i.e.,
the number of observed signal must be greater than or equal to that of source signal. This means that it is able to
remove the application limitation of ICA when there is only one observed signal. Owing to the problem of variable
amplitude of separated signals after ICA, it is crucial to recover the initial amplitude of the separated MRS signal,
because it represents the amount of water content in the aquifer. Aiming at this problem, a spectrum correcting method
is proposed. In frequency domain, the spectrum of separated MRS signal is restored into the original value that is the
spectrum of observed signal at Larmor frequency, then transformed into time domain by inversing fast Fourier transform
to obtain the desired MRS signal.

In the validation of the proposed algorithm, two tests are considered: simulation and field data processing. In the
simulation case, the observed signal constructed by full-wave MRS signal and two power-line harmonics with different
frequencies is the main processing object, and the proposed algorithm is utilized to realize the observed signal separated
into ideal MRS signal and noise effectively. To verify the applicability of this proposed algorithm further, under the
condition of different initial amplitudes and relaxation times, the characteristic parameters of separated MRS signal are
extracted by this proposed algorithm and the corresponding relative fitting error is determined. The simulation results
show that adopting this algorithm can effectively realize the separation of the noisy full-wave MRS signal. In addition,
the relative errors of initial amplitude and relaxation time after data fitting are both within +5.00%. When compared
with the denoising ability of some other classical algorithms, the performance of this proposed algorithm is superior.
Finally, this algorithm is applied to the processing of the field data. The results indicate that power-line harmonics and
other single-frequency interference contained in the MRS signal can be removed effectively.

Keywords: magnetic resonance sounding, independent component analysis, fast fixed-point algorithm,

noise interference
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