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Fig. 1. The subgridding technique of hanging variables.
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Fig. 2. The subgridding technique of hanging variables after

numbering rearrangement.
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Fig. 3. The schematic diagram of calculation model.
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|
£ 06
<
5
= 04¢f
~
T
0.2 F
0 . . . . .
0 0.5 1.0 1.5 2.0 2.5 3.0

Distance/m

Bl 4 HZk AB LREE S M58 B
Fig. 4. Magnetic field intensity of sampling points on line
AB.
R S MEERE AT ] L
Table 1.

numerical algorithms.

Comparison of calculation times of three

Sk uniform HVS- HVS-EUS-
FDTD FDTD FDTD
Bl /s 2295.5 17.45 0.0545.3
)R /(101 8) 1.67 1.67 8.33
HEANAEEL 50000 50000 10000
WA /MB 136.1 3.2 4.3
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UEBR RGP AR E AR, (A AT A
AT LR ST ORI R 20 - 5 L, 204 m T
AR, M uniform FDTD A1 HVS-FDTD J5%
) N A TS AT U R, S A 7 S8R AR
T WFE, T HVS-FDTD 7 %, HVS-EUS-
FDTD J7 ik ERIME A TRE B, itk HVS-
EUS-FDTD J7 kN AE di H i [tk HVS-FDTD J
RS K. B 5845 T HVS-EUS-FDTD J7 %
HRFREEAE 1Y 5347, ZEAI R (AR A > 4119
FRIEMEA 210 A, 38 b HE R A RE AR g B B
A SRR RS TSRS .

50

40

210 M ARRER, A > 4
30

20

FaiE
R,
10 1 A<4
A=4
: v
0 . . . .
0 50 100 150 200 250
FHEEFS

B 5 R fE S A

Fig. 5. The distribution of eigenvalues.

5.2 Z B ERR R EE TR

ARG T TE % 24 ToBRAA 0 B L
SRR, SRR 6 FR. FEHR KA 9 4
FHXT A BB e, = 25 I TERR KA B RAE, (R4 1
HAEd=0.05m, FHEZEAEEYAb=01m.
AR R ST U8, VSR8 =R o = ik e, ik
PPERE T = 1ns. FEVIE X0 Py 150 B AT T W
GY5IA Py R Py IR A5 AR W A7 B AN 6
. A, Z AT uniform FDTD, HVS-FDTD
LI & HVS-EUS-FDTD = FhJ5 ik X245 B gk 15105
H. TR XN T, i T e o
e LR FH A0 P A X A Joit DX 3R A7 DA B . %o
uniform FDTD 7772, & FHE 2] 40 kS X 255 80 i3F
ATEH, d0RA% RS A= 0.002m; X F HVS-
FDTD UL K HVS-EUS-FDTD J5 %, % B
S A T AR AR AL T B, X TR H
BRI A B HOR R AR 7 fis. 6B AR T
A% ML A RS A = 0.01m, 40 M8 R~ 5
uniform FDTD i AH A, A Af=0.002m. DA

AR TARAR R W A Py RN Py BB R
K 8 i, AT LLEF], HVS-FDTD L)}z HVS-
EUS-FDTD 4458 5 uniform FDTD J77& 1
SERWI AR, UERH T IR ARG L. A T 3k
Fa M L5 S, uniform FDTD J7 a1 K
TN 3.33 x 1072 s, SEMAEN T ETFIE TR 91.36 s;
HVS-FDTD J7 ¥ 13 F 55 DX 8k b oA 20 A% 14 47 7€,
Hpf (a5 K A uniform FDTD (1 AH[R], B 7 k&
FEARBRL T MK UL, 45 HVS-FDTD J5 AL
2.19 s VAT 52 pi &~ B ; HVS-EUS-FDTD J5 i
I PERR HVS-FDTD ik AR e, fRIE T
AR X T 48— W KB )25 R4 724K,
T AR, AR 1.07 s BRATse i,
HERAE AR SR AL 2% 0.29 s, W BRI%CAE 2% 0.78 s.
K 9 5 T RFEZERY K 2 518 uniform FDTD
F1HVS-FDTD J5 i i+ i W i o5 B, ]
PIEF], I uniform FDTD #1 HVS-FDTD J5
AFaE. FEWNAEIHFE S, uniform FDTD /7 7H
FEINAEZ, HVS-FDTD J7 e />, HVS-
EUS-FDTD J7 i FE M N L HVS-FDTD 7 %
FER. =M ka5 S 80n 4% 2 gl AL

6 2B AR R

Fig. 6. Calculation model for multi medium targets.

Pl 7 eHE R G T A B s 7
Fig. 7. Subgridding discrete model with hanging variables.
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4 3
(a) — FDTD (b) — FDTD
- — HVS-FDTD 9| - —HVS-FDTD
2 - - -HVS-EUS-FDTD - -HVS-EUS-FDTD
T T
g g
< <
T T
o o
Al i
= =
T T
—6 L L L L L L L —3 L L L L L L L
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time/ns Time/ns
K8 MR (a) Pi; (D) Py
Fig. 8. Time domain waveform of monitoring points: (a) Py; (b) Ps.
2 1.0
(a) (b) — HVS-FDTD
0 sk (dt = 6.33X 1012 5)
~ — Uniform-FDTD ’
L 720 (dt=6.33x10"12 ) ~
g 06}
> —4r g
] >
I -
& —6 % 0.4
< =
g 8 < o02f
—10} =
0
—12 F
—14 L L L L L N —0.2F N L L
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 0 0.5 1.0 1.5 2.0

Time/ns

&l 9

KB ] 26 4% JE Uniform-FDTD 5 HVS-FDTD %y 1 B 3 3% T

Time/ns

(a) Uniform-FDTD; (b) HVS-FDTD

Fig. 9. Time domain waveforms of Uniform-FDTD and HVS-FDTD algorithms with large time steps: (a) Uniform-FDTD; (b) HVS-

FDTD.

A1, HVS-EUS-FDTD #H k. F uniform FDTD
PIK HVS-FDTD J5 A W i B ERCE.

2 =EREUEEERITESEOLER
Table 2.  Comparison of calculation parameters of
three numerical algorithms.
Uniform HVS- HVS-EUS-
FDTD FDTD FDTD
iFE] /s 91.36 2.19 0.29+0.78
Al K: /(10712 8) 3.33 3.33 16.7
YWz 5000 5000 1000
A7/ MB 86 7.2 11.6

5.3 Z=#E K PEC T

=4k PEC AR SE N 2 mx2 mx2 m, A
HRl X & — B K/ A 0.05 mx0.05 mx0.05 m,
TESEON e = 20 WA Bk, THEERBALANIE 10 fir
/8. 1E PEC KN (0.2 m, 0.2 m, 0.225 m) At
BEE 2 7 ] I FL B AR U, HOE 20 040 v 307 ik
o, Bk EE = 4ns. 7€ (0.7 m, 0.7 m, 0.725 m)
SV — I ARBIER T uniform FDTD,
HVS-FDTD Ll } HVS-EUS-FDTD = Ff J7 3% %t

AR JE AT B . X T uniform FDTD i, %
FHEI AT 40 WS X208 B g 47 B B, 40 MRS Ry
Ar=0.01m; % F HVS-FDTD A & HVS-EUS-
FDTD J5i, >R AR 0 M AS 5 v RZ R
HEAT B, A A 40 A%, A DX 3k A A
o A% R SF ol A= 0.05m, 41 B kg R ~F 5
uniform FDTD JrikfAHE, Bl A¢ = 0.0l m. DI =
b7 T A5 A W I A5 A B SR ] 11 s

e =20

g
D |-
5emo® D

zZ,
2 j_y
xr
2 m

B 10 =& E PEC AT SRR
Fig. 10. The computational model for 3-D PEC cavity con-

taining a dielectric.
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Fig. 11. Time domain waveform of monitoring the point.

ATVE R, =FhOrik s s AR IR, UER T T
PTG BE. A T RIS AR D A5, uniform
FDTD J5 3L B R25 T 2 1.67 x 107 s, 8K
AT EL T ALY 28816.8 s; HVS-FDTD J7 M43}
A ISl AT 2 A A AE, L ] 24K R uniform
FDTD mJAHIA], (B /A% ARBEAR T WIS AL,
1% HVS-FDTD J5 kAU 314.2 s BT 58 A5
H; HVS-EUS-FDTD Jy % i J§ Bk HVS-FDTD
TR AR, HIE TR X R T4
— KB A TR, W T A5, 454X
T 64.71 s BIAT 58 318 . uniform FDTD J7 578
FEMINFER 2, HVS-FDTD J7 B/, HVS-
EUS-FDTD J; 8 #E N A7 I HVS-FDTD J5 %
FER. =AM et S50 3k 3 g, AL
AL, AR =485, HVS-EUS-FDTD #f b T
uniform FDTD LA & HVS-FDTD TR T}
T 5
#3 SAEEERH SRR
Table 3. Comparison of calculation parameters of

three numerical algorithms.

Uniform HVS- HVS-EUS-
FDTD FDTD FDTD

HsF1E] /s 28816.8 314.2 0.01+64.7
WA /(101 s) 1.67 1.67 8.33
R 5000 5000 1000
W17 /MB 9773 321 342
6 % W

ASCHH TR TFEHAEN EUS-FDTD i

A 05 FH T e 288 e A L 0 AT 350 2 A5 4 1 v ik
RRPE. A SCER T T SRR i PAK SRVE TR AL Y
s R, IR GER R X RRpE Hh A U] T
IV AR S0 AR E P, 2o 5 IV I s
HAG AR E S T AR R kA
TR BAT S AR A R B ORI
A SCHT 8 ) = AN BUE R B R W T TR T A A
M.
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Explicit and unconditionally stable finite-difference time-
domain subgridding algorithm based on hanging variables®

He Xin-Bo! Wei Bing
(School of Physics, Xidian University, Xi’an 710071, China)
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Abstract

Due to the limitation of the stability condition, the finite-difference time-domain (FDTD) method cannot
efficiently deal with electromagnetic problems containing fine structures. The explicit and unconditionally stable
(EUS) FDTD method can eliminate the constraint of the stability condition and improve the simulation
efficiency of fine structures by filtering out the unstable modes for the system matrix. However, the EUS-FDTD
method needs to solve the eigenvalues of the numerical system matrix, and the symmetry of the numerical
system matrix needs to be ensured when the subgridding scheme is used to discretize targets containing fine
structures. The existing EUS-FDTD subgridding method encounters some problems such as complex
implementation and insufficient accuracy. In order to solve the above problems, in this work, the hanging
variables subgridding (HVS) algorithm is applied to the EUS-FDTD algorithm. Starting from the symmetry of
the system matrix, the stability of the hanging variables subgridding algorithm is proven, and a high-precision,
stable, and easy-to-implement HVS-EUS-FDTD scheme is proposed. Numerical examples of the radiation of
linear magnetic currents in free space, electromagnetic scattering of multiple dielectric objects, and a three-
dimensional cavity containing a medium demonstrate the stability, high accuracy and efficiency of the proposed
method. Numerical experiments show that the computational efficiency of the HVS-EUS-FDTD algorithm can
be improved hundreds of times compared with that of the uniform fine grid FDTD algorithm, and the highest
computational efficiency can be improved up to ratio (the size ratio of coarse grid to fine grid) times compared
with that of the HVS-FDTD algorithm.

Keywords: finite-difference time-domain, explicit and unconditionally stable, hanging variables, fine

structures
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