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2i 41
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DDy (£1/2) = 9/16,

DD, (+£3/2) = —1/16,
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THE S EC T A R ek B RR A, 7T LAAS 2]
DD/ (t) = —DD/(—t).

TEARE R BEiE T, &5 23815 DDy — 03 i Ab 1)
SHUHE, BT DDy HA %M, BT DDy A
Fit5 DDLY(1/2), DD,(3/2), DDy(5/2) HifE.
(12) XA %0

DDs(t/2)
= [-DDy(t+3)+9- DDo(t + 1)
+9-DDy(t — 1) — DDo(t — 3)]/16,  (13)
S AL R R ] 15
DDs(t/2)/2
= [-DD,(t+3)+9- DD(t + 1)
+9-DDL(t — 1) — DDL(t — 3)]/16.  (14)

N T DDLY(1/2), DD4(3/2), DD4(5/2),

& i B DDL(1), DDL(2).  HI 3CHR [26] AT A0

= (-

DDjy(1) = —2/3, DDj(2) = 1/12, fAA(14) 5,
R 7538 DDL(1/2) = —59/48, DD4(3/2) = 3/32,
DD4(5/2) = —1/96. [RIFLA]T LATHE AR X DDy
Ty RAL R S EUE, g 1 A,

£ FARFEAR DD (—j - 1/2)

Table 1. Space partial derivative coefficient
DD (=5 —1/2).

i N=2 N=3 N=4

0 59/48  120707/93440 266099391/202969088
1 —3/32 —76883/560640 —189991331/1217814528
2 1/96 1075/37376 63928787/1522268160
3 —1297/373760 —1505623/173973504
4 3/373760 1011845,/1217814528

5 66637,/608907264

6 —5/1217814528
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ieN, (15)
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B R TR B TR
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7 ST T e, R
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T4 (Ax = Ay) T, W

lop—1
( Z la(l) ) , (20)
T 5 PR R ﬁﬁﬂﬁ-ﬁﬁﬂéﬁ (Az = Ay) FE
N, FDTD #.32:#) CFL a5 1 444 271
At < 5/V2c. (21)

lp—1

Hﬁ<2|a(1)
=0

AT CLR B [ AR (AP KA B, A N IR

5 1 25 8] 26 K AT BLK F FDTD #32: 1 25 8] 25 K.

lp—1 —1

( Z |a(l)|> 9 Courant £3 7€ V£ R £, & 245 H
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2—4 [ AR /N R B V1) Courant £ e P R 2L

-1
|> < 1, AR (20) AT (21)

%2 Courant faE M 2%
Table 2. Courant stability factor.

HEREN SN Courant 2%
2 0.7500
3 0.6844
4 0.6585

3 ADE-PML & I B Runge-Kutta 52 3,

GPRHUE A, K G A A PR FE 2R 0
FHON Maxwell 77 2 B HL, B 76 A SABE40L IX et
ATHAE B ALAL, TR EN T i AT A B, T
BTN N A &, FEF 90 S B R H PML X
BN g — S ok X, i RS N X S
K B2, AGEYIESE N W53 R S
ZHAEA R XSEUE A — 8, XA ATk 3 X A
I A7 i 25 (8], S Bl oH s B, g S5
Fd e A EE V8 AT 40, #E PMIL A AR — 48 GPRi 2 1
Maxwell J7 FELEARZE AL bR H AT R IR A):

jwpHy + o0y, H, = (1/s;) - OFE. /0, (22)
—jwpHy —omH, = (1/s,) - 0E. [0y, (23)
jweE, +oE,
= (1/sz) - 0H,/0x — (1/s,) - OHy /0y, ~ (24)
Horps; 2 AAPR NG R T

si = K +0i/jwey (i =x,v, 2). (25)

A H R A Kuzouglu F1 Mittra 32 H 1 &2 5k
564 PML, N Ad 4 AL 5 R 45 50N

Si = Kk; + 0’,‘/(0@ +jW50) (Z =Z,Y, Z)a (26)

X o Moy RIESEEL, kg NRT 1RSSR w; (HIT
IR T 8 PML G 0 (R SRR, o 1B
(BTN A T B PML XA 43 5 R ISR

%3 PML 22 57 SE 3 77 2 32 204 36 3 45
TS5 5 B ik 4> 77 FE3% (ADE) B Fh, W5 AR - —
#, ARAFMRIEL X, ADEWATE{E. H
W, AR SR A B0 5ok SE A0 S A, &
(25) 20A (26) 2 H A b A 45 R 17 T 575X 19 4 B
W4y, 45 77 RN B B e 5 4y T SR SR AN, i
B 1/si(i = x,y, z) BEATALH:

11 —0i/(e0k})
S; N Ki Ui/(Eolii)-f—Oéi/Eo + jw
(i:xvya'z)a (27)
PNIIECIES:
10E. 10E, —0,/(e0K2)
Sy O Ky Ox Oz €0k + /€0 + jw
OFE,
X o (28)
¥ (28) AV (22) K, I3
jwupHy + o H,
1 OF, —0y/egk? OF,
— — i 2
Ky Ox + 0z /€0kz + iz fe0 + jw Oz’ (29)

(29) Xt — P M E N
jwpHy + oy Hy,
= (1/ky) - OE. 0z + 9 E=, (30)

v _ax/eoﬂjx—fao:;so + jw 85% ' (31)
¥ (31) o gl
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" 8;? + o H, = (Hil) : 86E (33)
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0.015 i

0.010 I

0.005 [

0

—0.005 | | |

E,/V-m~!

. |
—0.010 (] —FDTD

0015t \‘ ‘w‘w‘ — LRI
fRMTRFDTD
e/ N R

—0.020

—0.025 . + + + +
0 5 10 15 20 25 30
H$1E] /ns

N
o

o = =
a o o
s>
=3
-
3
\\.
—_— L
—~
=3
=

E,/10-5 V.m~!

| |

- o

o »n o
Q\

——FDTD
— 4k FDTD
—— fiRATTAR
AN R

|
—
ot

|
NN
o o

|
w
=

17.5 20.0 22.5 25.0 27.5 30.0
18] /ns

B1 (W) 2R 8 3k 8 2o X L
(a) 0— 30 ns; (b) 17.5—30 ns

Fig. 1. (color online) The single-channel radar wave-
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Table 3. Different grid scale FDTD method with
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Abstract

Ground penetrating radar (GPR) forward is one of the geophysical research directions. Through the forward of
geological model, the database of radar model can be enriched and the characteristics of typical geological radar echo
images can be understood, which in turn can guide the data interpretation of GPR measured profile, thereby improving
the GPR data interpretation level. In this article, the interpolating wavelet scale function by using iterative interpolation
method is presented, and the derivative of scale function is used in spatial differentiation of discrete Maxwell equations.
The forward modeling formula of GPR based on the interpolation wavelet scale method is derived by using fourth-order
Runge-Kutta method (RK4) for calculating the higher time derivative. Compared with the conventional finite differ-
ence time domain (FDTD) algorithm based on the central difference method, the interpolation wavelet scale algorithm
improves the accuracy of GPR wave equation in both space and time discretization. Firstly, the FDTD algorithm and
the interpolation wavelet scale method are applied to the forward modeling of a layered model with analytic solution.
Single channel radar data and analytical solution fitting indicate that the interpolation wavelet scale method has higher
accuracy than FDTD, with the same mesh generation used. Therefore, auxiliary differential equation perfectly matching
layer (ADE-PML) boundary condition is used on an interpolation wavelet scale, and the comparisons between reflection
errors obtained using CPML(FDTD), RK4ADE-PML(FDTD), and RK4ADE-PML(interpolating wavelet scales) in a
homogeneous medium model show that the absorption effect of RK4ADE-PML (interpolating wavelet scales) is better
than the other two absorbing boundaries. Finally, interpolation wavelet scale method, with both UPML, FDTD and

* Project supported by the National Natural Science Foundation of China (Grant No. 41574116), the Innovation Driven of
Central South University, China (Grant No. 2015CX008), the Program for New Century Excellent Talents in University of
Ministry of Education of China (Grant No. NCET-12-0551), the Research Foundation of Central South University, China
(Grant No. 2014JSJJ001), and the Shenghua Yuying project of Central South University, China.
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RK4ADE-PML loaded, is used for two-dimensional GPR, forward modeling, showing good absorption effect for evanescent
wave. From all the experimental results, the following conclusions are obtained. 1) Using the derivative of the inter-
polating wavelet scale function instead of central difference schemes for the spatial derivative discretization of Maxwell
equations and time derivative calculated using the fourth-order Runge Kutta algorithm, the interpolating wavelet scale
algorithm has higher accuracy than regular FDTD algorithm due to the improvement in the spatial and time accuracy of
GPR wave equation. 2) The best absorption layer parameters of interpolating wavelet scale RK4ADE-PML are selected,
when the maximum value of the reflection error is the minimum. The maximum reflection error can reach -93 dB, which
increases 20 dB compared with that of UMPL boundary in FDTD algorithm. And the higher simulation accuracy of
interpolating wavelet scale algorithm than FDTD algorithm is confirmed after calculating single channel radar data. 3)
Comparing wave field snapshots of GPR forward modeling, radar pictures from wide-angle method and section method
indicates that interpolating wavelet scale RK4ADE-PML reduces reflection error of absorption boundary, improves both
spatial and time accuracy, is more effective than UPML boundary in eliminating false reflection of large angle incidence,

and has better absorption effect for evanescent wave and low-frequency wave.

Keywords: ground penetrating radar, interpolating wavelet scales method, auxiliary differentiation,

fourth-order Runge-Kutta
PACS: 41.20.Jb, 02.70.Bf, 92.60.Fm, 84.40.Xb DOI: 10.7498/aps.65.234102
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