50 1 Vol.50, No. 1
2007 1 CHINESE JOURNAL OF GEOPHYSICS Jan. , 2007

, . . , 2007 ,50(1) :320 326
Liu SX, Zeng Z F. Numericd smulaion for Gound Penetrating Radar wave propagation in the digpersve medium. ChineseJ. Geophys. (in
Chinese) , 2007, 50(1) :320 326

1.2 1
)
1 , 130026
2 , 110034
) Debye
) ) ] Berenger
0001 - 5733(2007) 01 - 0320- O7 Pe3L 2005- 10- 12,2006- 9- 28

Numerical simulation for Ground Penetrating Radar wave propagation
in the disper sive medium
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Abgract The earth materid probed by Gound Penetratiing Radar ( GPR) is often digersve. To invedigate
the detecting capability of GPR in the di gpersve medium , we propose a Finite Difference Time Domain (FDTD)
method to lve Maxwell’s equations. We give an iterative method for calculation of the electrica di placement
and magnetic fieds in the Debye medium, and a method to compute the eectric fidd from eectrica
dplacement. The physca parameters are used only in caculating the dectric fidd. A new absorbing boundary
doorithmis introduced by adding a fictitious didectric condant and magnetic permesbility ,therefore the wave
can be atenuated without reflection in the absorbing layer. This method overcomes the troublesome caused by
fidd glit in Berenger's Perfectly Matched Layer (PML) ,  that the computing eficiency is increased.
Exanples demondrate that the eectromagnetic wave in the digersve medium atenuates very fag and the
measured Sgnd's are very wesk.
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medium

(40474042)
1966 ,1992 2002 3
. Eml :liusxin @lu. edu. cn



321

1
1 ,
(Qound Penetrating Radar)
(-
) D E
(FTD) , ) ,
(2 6] ,
DTD , ) )
(2 6
. Luebbers P
(Recursve Comvolution Scheme) RC P E
( Flecenise Linear P=XE=€X.E, (1)
Recursve Conwolution Method) | RrRC %, X Xe
Teixeira et a.™ £
(RVL) , . ,
RLRC , D=€oE+EX.E =€0(l+X.) E=€& E.
JFan  Liu™ ™ )
( Pseudospectrd  Time ,
Domain) |, PSFD €,
Sullivan (el ,
FOTD ,
, Berenger ,
[15]
) 0
2 , T
o € v e Er-87
H B , & 1+jur )



322 (ChineseJ. Gaophys.) 50
£° &Y 0 T
lj aa_? = 1 vx H,
Debye oMo
D(w) =¢, () - E(W), (6)
3 dH 1 ~
=- v Xx E,
at néo”o
, D H 6
D. 9D, __ 1 | 3H 9H, (72
@:va Jt néo”o ay az)
o * ab, 1 [am om )
D(w) =£,-¢, (W) - EW), (4) at — Eolaz T oax)
aa_I:I _LVXE, 9D, __1 | dH, dH (79
Ho at »£0Uo X ay)
@ Ho JH 1 (a8 oEl
X - v 7
. ED , it Egal oz oy 9
b H ’ dH 1 | 0E S El
- _ 2= X
ot T Epll ox T az) (7€)
Ezﬁ' E, JH _ 1 (:)Ex (9_Ez (71:)
0 (5) ot éolJo ay dx
~ 1
D = - D, ,
O'l-‘IO
|
B (ij k +1/2) =B (iLj .k +1/2)
y—=t (8
AX' héO”O - H:(|11+1/21k+1/2) + H:(IIJ- 1/21k+1/2)
H (+2/2,) +1/2,K) = HY P (i +1/2,) +1/2,K)
At BV (i +1,)+1/2,K - EY?(i,j +1/2,K )
- ~n+ ~n+ ’ 8b
Ax- Eool - BYP(i+1/2,)+1,0 + BV (1 +1/2,] K
|
(7c) (7) : ~ o~ o~ €r - €.
DwW) =€, EW) + - EW) + - E(w).
At Ay (w) (W) ]wo() 1+jar (w)
(10)
[1 7]. 2 , 1/jw
E , (6) ; 3,
| | ((e2-e)d)e™ B “ (10)
Debye ,
. w O &, -8 SN e = Or =\ o
= o —— D(t) =€, - E(t) + E(t
e, (W) =¢, Ty (9) (1) (1) EJO (t)dt
* = 0 - =0. .m = 8?-€rmt_ COf ~
€, 2, =40=001Sm T =1ns , + - -I-e(t‘ ME(t’)dt’, (11)
(9) °
D" =¢/” - E'"+ 1"+ §", (12)



1 : 323

5 . . 4 ,
4 .
{ S owe o
W ogl , , AvVIL
|' ] 1 ’
0 ; ’
10 10° 10° )
fMHz
5t , AvVIL 2
w =10 U 8 ]
-15 | ™ ,
10' 10’ 10
fMHz
L~ JH JH
) = L) _ =X
. jwD, 00[ o ayJ , (17a)
Fg.1 Frequency- dependent complex permittivity : D, (W) =£, (W) - E W), (17b)
real and imagnary parts OE
jWH, =- ¢ (17¢)
] X ay ’
n n-1 o At =n =
= . JE,
I "t o+ e o E", (13) jWH, =- o P (17d)
Sn _e-At/t Sn 1 + (S(r) -t roo) A-[_t . En , (14) , .(17) M
€
n n (13 (1) » @ ML
(12) € Fz 1IJ Fx IJ Fy
- sn . 1o -Atft \n-1 L~ N N o H d Hy
En = D I e S i (15) J('ODZ'SFZ(X) '8Fz(y) =G - - )
w O -At 0 ) A_t X By
e” + +E€,-€)
€, 1 (18a)
E ’ 52 ((A)) =€ r“ ((A)) : Ez ((A)) 1(18b)
E . E _ . . IE,
Jwa'”Fx(X) ”Fx(y) =- G (:)y ’ (180)
. . . JE,
joH, - He (X) - He(y) =- (18d)
4 d X
, PML
1D , £, () :
. O o,
! ' €rm =€ rm +-0; = X,Y, (193.)
Berenger (AVIL) . 5%
, (14] - O v
Qullivan oA Hem =Mem + o2 m = x,y, (19b)
JOM o
ML A Obm,Omn PML
B, ' '
, € Fm :“ Fm = 1: (20a)
Opyn Oun O
r = nf’-\__r]_B (16) E_D =—1 :s_D, (ZOb)
r]A +nB ’ 0 IJO 0

r] - ,\/SE ' ’ r] _r] _ F*x _ +0-(X)/.(}£0 =1 (21)
u 1 M T Eh T NL+O(X) e, T T



324 (ChineseJ. Gaophys.) 50

Nm PML . ,AML 1 ,6m. 2
. o (x) PvVIL ,
, (18a) (18c) (18d) D, : :
H, , VL 2 , 0.0058 0.0026

0. 0015 0.0010 0.0008 0.0006 ,
0.0032 0.0007 0.0002 0.00009

TE ,
™ TE 0. 00004 0. 00002. , ,
MTD ,
, 2 .
, 1 €°=2g.=40
, , =0.00LSm "I =5ns, 2 e =4¢f
, ,(19) =70=0.006Sm"'J =6ns,
, 2.5m. ,
1 3 i
T R , 1
5
5
: g“ R REOODG
E
-
D 22
FDTD 232
e
] y gl
1 2 3 4 5 6 7 8 9 10
7KV FE B /m
0 Horizontal distance

3
Fg.3 Horizontad layered modd for caculaion

10

200 ¢

2 or
=30}
10 ¢ #
40
20 | e 3
50 ¢ { )
2 30 L’ ‘)
60 = §
0 1 2 3 e d 5 6 7 40 )
Trace number )
50r
2 « ) « )
Fg.2 Qnpariond smuaed sgndsin the d persve 60 |
medum (slid ling) and ron-dioersve medium (dashed line) 0 i 2 3 4 5 6 -
Tmctﬁl%mbcr
4

0 0 _ —
& =2F;=350=0001 Fig.4 Smuaed totd fidds and scattered fields

-1
Sm~ T =2ns, 1,2, for the horizontal layered medium



325

I B FE #/m
Vertical distance

| 2 3 4 5
KRR B /m

Horizontal distance

5
Fg.5 Mead bdl nodd in the dipersve medium

5
10
| ccoococos
201
225
h 30
st | B 5
40 ) )
45 +
50 i
0 2 4 6 8 10
i
I'race number
6

FHg.6 Smuaed totd and <cattered fid dsfor
ametd bdl modd in the digpersve medium

1

0.000397Sm ~ 1T =2.71 ns.

’ 1

im, 0.5
m. 6 ,
1
6
D E 1
Debye D
E ’
E
AL
. DD
(References)
[1] . . : ,1994
Li D X. Method and Application o GPR (in Chinese) . Beijing:
Gologca Publishing House, 1994
[2] ) . . (
) , 2003, 33(4) : 545 550
Liu S X, Sto M. Smulaion of borelole radar. Journal o Jilin
University: Earth Sdence Edition (in Chinese) , 2003, 33 (4) :
545 550
[3] . FDTD

( ) , 2004, 34(2) : 283 286

Liu S X. Multi-frequency eectromagnetic well loggng smulation by
2D cylindricd FDTD. Journal o Jilin University: Earth Scence
Edition (in Chinese) , 2004, 34(2) : 283 286

[4] Debroux R S. 3D nodding o the eectromegnetic regonse of
geophysca targets usng the FDTD method. Geophysical Prospecting ,
1996, 44(6) : 457 468

[5] Holliger K, Bergmann T. Accurate and eficient FDTD nodeing of
Qound penetrating Radar antenna radiation. Geophysical Research
Letters, 1998, 25(20) : 3883 3996

[6] LiuSX, StoM. Trandent radiation from an unloaded , finite dipole
antenna in a horetole: eperimentd and numerica  results.
Geophysics, 2005, 70(6) : k43 k51

[ 7] Luebbers RJ, Hunsberger F. FDTD for Nth-order diperdve media.
|EEE Transaction on Antenna and Propagation, 1992, 40 (11) :



326

(ChineseJ. Gaophys.)

50

(8l

[9]

[10]

[11]

[12]

1297 1031

David F, Keley R J. Luebbers.
convol ution for digpersve media using FDTD.
Antenna and Propagation , 1992, 40(11) : 792 797

Uro T. Finite Difference Time Domein Method for Hectromegnetic
Fdd and Antenna Andyss. Jgpan: CORONA Publising .
LTD. , 1998

TeixeiraFL , Chew W C, Sraka M, e d. Fnite dfference time-
domain smulation of Qound Penetrating Radar on digersve,
inhomogeneous,  and |IEEE Transaction on
Geoscience and Remote Sensing, 1998, 36(6) : 1928 1937

Fan G X, Liu Q H. A 3D PML-FDTD dgorithm for smuating
Qound-penetrating Radar on d persve Earth media. Proceeding of
7™ International Gorference on Gound Penetrating Radar. 1998.
579 584

LiuQ H, Fan G X. A frequency-dependent PSTD agorithm for

Fecewise linear recurdve
| EEE Transaction on

oconductive  ils.

[13]

[14]

[15]

[16]

generd dipersve media. | EEE Microvave and Guided Wave Letters ,
1999, 9(2) : 51 53

LiuQ H, Fan G X. Smuaion of GPR in digerdve media usng a
frequency-dependent  PSTD  dgorithm.  |EEE  Tramsaction  on
Geoscience and Remate Semsing , 1999, 37(5) @ 2317 2324

Silivan D M. Hectromegnetic Smulaion Usng the FDTD Method.
New York: |IEEE Press, 2000

Berenger J P. Pefectly metched layer for the aborption o
eectromagnetic waves. Journal d Computational Physics, 1994, 114
(10) : 185 200

: ,1981
Daev D C. High Frequency Hectromegnetic Loggng Method (in
Chinese) . Trandated by Gen X W, Zheo Y W, Lu D. Bejing:
Petroleum Indudry Press, 1981





