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B>-Spline Interpolation Technique for Overset Grid Generation and

Finite-Difference Time-Domain Method
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Abstract—In this paper, Bs-spline interpolation technique for Overset Grid Generation and Finite-
Difference Time-Domain (OGG-FDTD) method was developed. Bs-spline or biquadratic spline
interpolation offers better accuracy than bilinear interpolation. Two-dimensional (2D) numerical
simulations were carried out for electromagnetic (EM) field analysis to measure the scattered fields
for an unknown object in free space and dielectric medium. In this work, two antennas were utilised
as transmitter and receiver sequentially to transmit microwave pulses and collect the scattered fields
for an unknown object in OGG-FDTD lattice. In order to analyse the stability and efficiency of the
proposed method, the scattered fields for the unknown object were investigated with error analysis.
The results showed that the OGG-FDTD method with Bs-spline interpolation gave lower relative error
than bilinear interpolation with 0.0009% of difference in free space, 0.0033% of difference in Case A
dielectric medium, 0.236% of difference in Case B dielectric medium, and 0.003% of difference in Case C
dielectric medium. Besides, the Mean Square Error (MSE) for the OGG-FDTD method with Bs-spline
interpolation was also lower than the bilinear interpolation. Hence, it proves that the OGG-FDTD
method with Bo-spline interpolation has the ability to measure the scattered fields around an unknown
object accurately. For future work, the proposed method can be applied to inverse scattering to detect
and reconstruct buried objects with arbitrary shapes in a complex media.

1. INTRODUCTION

Interpolation has attracted significant interest of researchers due to its potential utility and effectiveness
in computer graphics, digital photography, multimedia, geology, agriculture and medical image
processing applications [1-4]. Interpolation is the process of defining a function that matches the
given data exactly. The function can be utilised to estimate the values that lie between known data
points [5, 6]. It also seeks to fill in missing information in some small regions of the whole dataset. This
technique can be used to produce a smooth graph of function for measuring or calculating. Besides
that, the interpolation method is also useful in image processing for the enhancement of image zooming,
reduction, resizing, decomposition, and sub-pixel image registration [7, 8].

There are several interpolation algorithms developed for image processing.  Among the
famous 2D interpolations are nearest neighbour interpolation [9], bicubic interpolation [10], bilinear
interpolation [11], and B-spline interpolation [12-14]. The nearest neighbour interpolation is a simple
and fast interpolation method, but the images produced are blurry [13]. On the other hand, bicubic
interpolation provides sharper and better images, but it needs a large amount of calculation and takes
more computational time [4, 15].
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In a recently published paper by Azman et al. [16], Overset Grid Generation and Finite-Difference
Time-Domain (OGG-FDTD) method with bilinear interpolation technique was used to determine the
characteristics of an object (e.g., its shape, location and dielectric properties) in inverse scattering.
However, there were some drawbacks of utilising bilinear interpolation technique. The image produced
was imprecise and had visualisation, especially for curves images [4,17,18]. Therefore, Bs-spline
interpolation [19,20] is proposed to overcome the limitations of bilinear interpolation as it has better
accuracy of constructing new data points within the range of a discrete set of known data points.

In this paper, the OGG-FDTD method with Bs-spline or biquadratic spline interpolation technique
is developed to measure the scattered field around an unknown object. The performance of this new
numerical method is evaluated by using EM field analysis in Transverse Magnetic mode for 2D. The
EM field analysis was divided into two parts: Part 1 is the analysis of transmitted and received signals
for electric field in free space, and Part 2 is the analysis of transmitted and received signals for electric
field in a dielectric medium. Then, the error analysis is used to validate the accuracy of this proposed
numerical method with FDTD and OGG-FDTD with bilinear interpolation technique.

2. OVERSET GRID GENERATION AND FINITE-DIFFERENCE TIME-DOMAIN
METHOD (OGG-FDTD) IN DIRECT SCATTERING

2.1. Overset Grid Generation (OGG) Method with Bs-Spline Interpolation

The overlapping grids method, also known as the Overset Grid Generation (OGG) method, is an
automatic overset structured mesh generation and adaption method for computational fluid dynamic
(CFD) about three decades ago [21,22]. This method is used for aerospace, meteorology, biomedical
fluid mechanics and aerodynamics applications, such as bodies in the relative motion, parametric studies,
and turbomachinery application [23-26].

Figure 1(a) shows tha tthe OGG method consists of two meshes. Layer 1 is called the main mesh
(dashed line), and it covers the entire computational domain. Layer 2, known as the sub-mesh (solid
line), is used to model an unknown object. The position of the sub-mesh is located on top of an
overlapped region to form a single grid. The overlapping region between the main mesh and sub-mesh
can be obtained by using the Bs-spline interpolation technique. This technique used known data values
on the main mesh to estimate the unknown data values on the sub-mesh. The value at the interpolation
point is used to transfer inter-grid information and it is recomputed at each time step.

Figure 1(b) is a Bo-spline interpolation diagram that is subtracted from Figure 1(a). 01, 02, 03
and ()4 points are four known value points at the main mesh, while the (), point is the unknown value
point at the sub-mesh. Figure 1(c) is a side view of Figure 1(b) at z-y plane with intensity in 2D. The
unknown value of )5 is interpolated by using the (}4 and @5 at y-axis as in Equation (1).

dii1 — d. .
¢S: [M} (ys—yA)2+dB(yS_yA)+¢A7 .]:07 ]-7 27"'7m (1)
2(yB —ya)
where
) _
dj = 0, dj+1:%_dja j:O, 1,2,...,m
ba = [ i1 —di | (za—21)” +d; (x4 —21) + ¢1
|2 (22 — 1) |
dZ:O, di+1:M—di,i:0, 1, 2,...,72
ro — I
¢ = i1 — diy (rp —23)* + diy (x5 — 23) + ¢3
|2 (24 — x3) | ’
) _
'.'dz‘2:0, diQ—(xi%aig)—diQ, 12=0,1,2,....n

For natural spline, d; = 0, d; = 0, and djs = 0 when j = i = i3 = 0. The unknown value of (4 is
interpolated by using the known values of (); and () whereas the unknown value of ()5 is interpolated
by using the known values of ()3 and ()4 at the z-axis.
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Figure 1. Overset grid generation method with Bs-spline interpolation model.

2.2. OGG Method Incorporated with FDTD Method and B3-Spline Interpolation in
Direct Scattering

Figure 2 shows a flow diagram of OGG-FDTD with Bs-spline interpolation method. All parameters
required in this simulation were declared, and the values were set. Then, the process of measurement
for the scattered field was set up.

The EM field components on the main mesh were set as E,, H, & H, while those on the sub-mesh
were set as E7, H, & H;. The magnetic field on the main mesh (H,) was interpolated to the sub-mesh
(H!) via the By-spline interpolation technique. This interpolation process is explained in Procedure A:

Procedure A: main mesh to sub-mesh interpolation

(i) In Figure 3(a), the main mesh and sub-mesh points for H, field were declared as follows:
(a) Main-point Hgfy)in,) for ¢1 (z1,91) at z-axis
(b) Main-point Hf,41)[n,) for ¢2 (z2,y2) at z-axis
(c) Main-point Hp)[n,+1) for ¢3 (z3,y3) at y-axis
(d) Main-point Hj, 1]jny+1) for ¢4 (v4,y4) at y-axis
(e) Sub-point Hy;; for ¢s (zs,ys) as the unknown value points at sub-mesh
(ii) The interpolation range for H, component of EM fields was set.

(iii) Referring to Equation (1), the unknown values for ¢4 (z4,y4) were determined by using the
known value points, ¢1 (z1,y1) and ¢2 (z2,y2) at z-axis on the main mesh through the Bo-spline
interpolation.
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Figure 2. Flow diagram for OGG-FDTD method with Bs-spline interpolation in direct scattering.

(iv) Then, the unknown values for ¢p (xp,yp) were determined by using the known value points,
@3 (x3,y3)and ¢4 (x4,y4) at x-axis on the main mesh through the same interpolation process.

(v) Finally, the unknown values for ¢ (s, ys) as the sub-point H_1(q5) at the sub-mesh were calculated
through the interpolation process by using ¢4 (x4,y4) and ¢p (zp,yp) points at the y-axis.

Similarly, H, and E, fields on the main mesh were interpolated to the sub-mesh by using the same
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Figure 3. OGG-FDTD method with Bs-spline interpolation technique.

process.
The E’, field on the sub-mesh was interpolated into the main mesh, so that the electric field (E.,)
on the main mesh is updated. This interpolation process is explained in Procedure B:
Procedure B: sub-mesh to main mesh interpolation

(i) In Figure 3(b), the main mesh and sub-mesh points for E, field were declared as follows:
(a) Sub-point E./;(; for ¢1 (71,y1) at z-axis
(b) Sub-point E,/[; 41y for ¢2 (z2,y2) at z-axis
(c) Sub-point E,i[;j(j41) for ¢3 (z3,y3) at y-axis
(d) Sub-point E,f;y1y;j41] for ¢4 (z4,y4) at y-axis
(e) Main-point E.[min) for ¢s (xs,ys) as the unknown value points at main mesh

(ii) The interpolation range for E, component of EM fields was set.

(iii) Referring to Equation (1), the unknown values for ¢4 (z4,y4) were determined by using the
known value points, ¢ (z1,y1) and ¢9 (z2,y2) at z-axis on the sub-mesh through the Bs-spline
interpolation.

(iv) Then, the unknown values for ¢p (xp,yp) were determined by using the known value points,
o3 (r3,y3)and ¢4 (x4,y4) at z-axis on the sub-mesh through the same interpolation process.

(v) Finally, the unknown values for ¢ (zs,ys) as the main-point E.,,) at the main mesh were

calculated through interpolation process by using the ¢4 (z4,y4) and ¢p (zp,yp) points at the
y-axis.

This algorithm continued until the time-stepping was concluded. Finally, the scattered fields for
the unknown object were measured through the Rx antennas.

3. NUMERICAL MODEL AND SIMULATION SETUP

As shown in Figure 4, the 2D numerical image model was implemented to demonstrate the validity of
the OGG-FDTD method with Bo-spline interpolation in direct scattering. The sub-mesh was set to
overlap on top of the main mesh with L, and I; denoted as the length and width of the sub-mesh,
while L,, and I,, were denoted as the length and width of the main mesh, respectively. The values
of Ly, I, Ly, and I, were in compliance with (¢, j) and (m, n). In this analysis, the sub-mesh was
set to 50mm x 50 mm grids and the main-mesh set to 190 mm x 190 mm grids. Then, the cell size
was fixed as 1mm x 1mm for the main mesh and sub mesh. The time step, At, was set based on
the Courant-Friedrichs-Lewy (CFL) stability condition [27]. Data transfer between the main mesh and
sub-mesh used the Bs-spline interpolation technique.
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Figure 4. Numerical model for OGG-FDTD method with Bs-spline interpolation.

There were two antennas utilised in this work; each antenna became the transmitter sequentially to
transmit a pulse while the other acted as the receiver to collect the scattered field in the OGG-FDTD
lattice. The distance between the two antennas was 170 mm. A sinusoidal modulated Gaussian pulse
acted as an excitation signal with centre frequency, f. of 2.0 GHz and bandwidth of 1.3 GHz. This
pulse was excited by the transmitter into the OGG-FDTD lattice. The FDTD lattice environment was
surrounded by the Convolution Perfectly Matched Layer (CPML) with a thickness of 15 mm to prevent
the reflection of the signal at the boundary of the environment.

4. RESULTS AND DISCUSSION

In this section, a preliminary study on the performance of OGG-FDTD method with Bs-spline
interpolation in direct scattering was evaluated. The analysis of electromagnetic field for an unknown
object was separated into two parts; free space and dielectric medium. All simulation works were carried
out by using processor Intel®Core ™i7-6500U 2.5 GHz, 64 bit operating system and 12 GB RAM.

4.1. Analysing the Electromagnetic Field for an Unknown Object in Free Space

The dielectric properties for the background, Region of Interest (ROI) and object in a free space were

set up based on Table 1.
Figure 5 and Figure 6 illustrate the comparison for transmitted and received signals for electric
field in free space by using the FDTD method, OGG-FDTD method with bilinear interpolation, and

Table 1. Electrical profiles for modelling setup in free space.

Layer Media Region Size gr (F/m) | o (S/m)

Background 190mm x 190 mm 1.00 0.00
ROI 50 mm (radius) 1.00 0.00

Layer 2 (Sub-mesh) | Square Object | 50mm x 50 mm 1.00 0.00

Layer 1 (Main mesh)
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Figure 6. Received signal for electric field in free space.

OGG-FDTD method with Ba-spline interpolation. The solid line represents the FDTD method; dashed
line represents the OGG-FDTD method with bilinear interpolation; dotted line represents the OGG-
FDTD method with Bs-spline interpolation. These three methods reached the maximum amplitude
peak of E,-field at 1.19013 ns for the transmitted signal and 1.77248 ns for the received signal.
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In order to analyse the efficiency of the proposed method, the error analysis for received signal was

calculated as follows:

|E= (t) — Eo (t) |

RelativeError =
Eo(t)

1 N

MSE = N 2 E,

7

0
(t)—Eo (1))

(2)

(3)

where Ey(t) is the electric field in FDTD lattice, E,(t) the electric field in OGG-FDTD lattice with
bilinear interpolation or OGG-FDTD lattice with Bs-spline interpolation, and N the total number of

time steps.

Table 2. Computation time and error analysis for received signal in free space.

OGG-FDTD method with

bilinear interpolation

OGG-FDTD method with
B.-spline interpolation

Computation time (s)

85

141

Maximum amplitude
peak of E, (V/m)

1.14704 x 1073

1.14703 x 1073

Relative error (%)

0.0026

0.0017

MSE

5.755 x 1018

4.222 x 10718

Table 2 presents the computation time and error analysis for received signals in free space. The
maximum amplitude peak of electric field, E,(t), for FDTD method was 1.14701 x 1073 V/m, and it was
used as a reference in this analysis. The OGG-FDTD method with Bs-spline interpolation showed lower
relative error than OGG-FDTD method with bilinear interpolation of 0.0009% difference. Additionally,
the MSE for OGG-FDTD method with Be-spline interpolation was also lower than OGG-FDTD method
with bilinear interpolation. The results indicate that OGG-FDTD method with Bs-spline interpolation
can measure the scattered fields in free space efficiently as compared to bilinear interpolation. However,
the OGG-FDTD method with Bs-spline interpolation required more computational time than the OGG-
FDTD method with bilinear interpolation. This is due to the procedure for deriving the coefficients
of Bs-spline interpolation which use information from all data points, while bilinear interpolation only
uses information from neighbouring data points with straight lines.

4.2. Analysing Electromagnetic Field for an Unknown Object in a Dielectric Medium

In order to analyse the stability and accuracy of the proposed method, different types of dielectric
medium for an unknown object were described in Case A, Case B, and Case C. The unknown object
was embedded in a circular region of interest (ROI) with free space as the background medium.

4.2.1. Case A: Dielectric Medium for Square Object Similar to ROI

The sub-mesh is modelled as a square object. The dielectric properties for square object were set similar
to ROI. The main mesh was set to 190 mm x 190 mm grids and the sub-mesh set to 50 mm x 50 mm
grids. The electrical profiles for Case A are summarised in Table 3.

Figure 7 illustrates the comparison for transmitted and received signals in Case A dielectric medium
by using the FDTD method, OGG-FDTD method with bilinear interpolation, and OGG-FDTD method
with Bo-spline interpolation. The FDTD method is represented by solid line, OGG-FDTD method
with bilinear interpolation by dashed line, and OGG-FDTD method with Bs-spline interpolation by
dotted line. The three methods reached the maximum amplitude peak of E,-field at 1.19244 ns for the
transmitted signal and 2.42183 ns for the received signal.

Table 4 shows the computation time and error analysis for the received signal in Case A. It was
found that the computation time for the unknown object in a dielectric medium was higher than in
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Table 3. Electrical profiles for Case A.

Layer Media Region Size er (F/m) | o (S/m)
. Background 190mm x 190 mm 1.00 0.00
L 1 (M h
ayer 1 (Main mesh) ROT 50 mm (radius) 9.08 0.18
Layer 2 (Sub-mesh) | Square Object 50mm x 50 mm 9.98 0.18

Table 4. Computation time and error analysis for received signal in Case A.

OGG-FDTD method with OGG-FDTD method with
bilinear interpolation Bs-spline interpolation
Computation time (s) 86 144
Maximum amplitude _4 _4
peak of E, (V/m) 5.9573 x 10 5.9575 x 10
Relative error (%) 0.005 0.00167
MSE 3.181 x 10~ 18 1.002 x 10718
%107
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Figure 7. Transmitted and received signals for electric field in Case A.

free space. The relative error for the received signal in Case A dielectric medium was compared among
FDTD method, OGG-FDTD method with bilinear interpolation, and OGG-FDTD method with Bs-
spline interpolation. The electric field, Ey(t), calculated by the FDTD method was 5.9576 x 1074V /m,
and it was used as reference in this analysis. The results show that the OGG-FDTD method with Bs-
spline interpolation can measure the scattered field around the unknown object efficiently by producing
lower relative error than the OGG-FDTD method with bilinear interpolation. The difference of relative
error between these two methods was 0.0033% in Case A. Besides, the MSE of OGG-FDTD method
with Ba-spline interpolation was lower than bilinear interpolation with a difference of 2.179 x 1078 in
this analysis.
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4.2.2. Case B: Dielectric Medium for Square Object Different from ROI

The sub-mesh is modelled as a square object similar to Case A. In this case, the dielectric properties
for the square object were set differently from ROI. The electrical profiles for Case B numerical model
are summarised in Table 5.

Table 5. Electrical profiles for Case B.

Layer Media Region Size er (F/m) | o (S/m)
. Background 190mm x 190 mm 1.00 0.00
L 1 (M h
ayer 1 (Main mesh) ROT 50 mm (radius) 9.08 0.18
Layer 2 (Sub-mesh) | Square Object 50mm x 50 mm 21.45 0.46

Figure 8 illustrates the transmitted and received signals for electric field in Case B. Figure 8(a)
shows that these three methods reached the maximum amplitude peak at 1.19244 ns for the transmitted
signal. However, for the received signal, they reached the maximum amplitude peak of FE-field at
a different time as shown in Figure 8(b). The OGG-FDTD method with bilinear interpolation and
OGG-FDTD method with Bs-spline interpolation reached the maximum amplitude peak of E,-field at
2.65522 ns with the FDTD method at 2.66677 ns.

3 «10™
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Figure 8. (a) Transmitted signal, (b) received signal for electric field in Case B.

Table 6 shows the computation time and error analysis for the received signal in Case B. Case B
requires more computation time than Case A with 35 seconds of difference for the OGG-FDTD method
with bilinear interpolation and 37 seconds for the OGG-FDTD method with Bs-spline interpolation.
The amplitude of E,-field for the received signal in Case B is lower than Case A because the dielectric
properties for the unknown object in Case B are higher than Case A. To investigate the accuracy of the
proposed method, the relative error and MSE analysis were calculated based on Equations (2) to (3).
The FDTD method was used as reference in this analysis with electric field, Fy(t) = 2.9821 x 10~4V/m.
The results showed that the relative error for OGG-FDTD method with Bs-spline interpolation was
lower than bilinear interpolation with 0.1246% of difference. Besides, the MSE for the OGG-FDTD
method with bilinear interpolation was 4 x 10~!3 higher than the OGG-FDTD method with Bs-spline
interpolation.
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Table 6. Computation time and error analysis for received signal in Case B.

OGG-FDTD method with OGG-FDTD method with
bilinear interpolation Bs-spline interpolation
Computation time (s) 121 181
Maximum amplitude _ _
peak of E. (V/m) 2.9122 x 1074 2.9192 x 1074
Relative error (%) 2.346 2.11
MSE 1.832 x 1010 1.828 x 10710

4.2.8. Case C: Dielectric Medium for Circular Object Different from ROI

The sub-mesh is modelled as a circular object. In this case, the dielectric properties for the circular
object were set differently from ROIL. The main mesh was set to 190 mm x 190 mm grids and the sub-mesh
set to 24mm x 24 mm grids. The electric profiles for Case C are summarised in Table 7.

Table 7. Electrical profiles for Case C.

Layer Media Region Size er (F/m) | o (S/m)
. Background 190mm x 190 mm 1.00 0.00
L 1 (M h
ayer 1 (Main mesh) ROI 50 mm (radius) 9.08 0.18
Layer 2 (Sub-mesh) | Circular Object | 10mm (radius) 35.25 1.12

Figure 9 illustrates the transmitted and received signals for electric field in Case C. Figure 9(a)
shows that these three methods reached the maximum amplitude peak at 1.19244 ns for the transmitted
signal, but the values of F,-field are different. The maximum amplitude peaks of transmitted signal
for OGG-FDTD method with bilinear and By-spline interpolations are similar at 8.76899 x 1073 V/m
while for the FDTD method, the value is 8.76894 x 1072 V /m. Figure 9(b) illustrates the received signal
for electric field by utilising the three methods. The OGG-FDTD method with bilinear and Bs-spline
interpolations reached the maximum amplitude peak of E,-field at 2.39872 ns, while the FDTD method
at 2.40796 ns.
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Figure 9. (a) Transmitted signal, (b) received signal for electric field in Case C.
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Table 8. Computation time and error analysis for received signal in Case C.

OGG-FDTD method with

bilinear interpolation

OGG-FDTD method with
B.-spline interpolation

Computation time (s)

29

45

Maximum amplitude
peak of E, (V/m)

2.18163 x 1074

2.18158 x 10~*

Relative error (%)

1.007

1.004

MSE

5.1545 x 1011

5.1502 x 1011

Table 8 shows the computation time and error analysis for the received signal in Case C. The
computation time for Case C is lower than Case A and Case B because the object size and interpolation
for the sub-mesh are smaller than that of Case A and Case B. The amplitude of F.-field for the received
signal in Case C is also lower than Case A and Case B because the dielectric properties for the unknown
object in Case C are higher than that of Case A and Case B.

In this study, the relative error and MSE analysis were calculated to investigate the stability and
accuracy of the proposed method. The FDTD method was used as reference in this analysis. It
was found that the percentage of relative error and MSE for the OGG-FDTD method with Bo-spline
interpolation were lower than that of bilinear interpolation. Hence, it can be said that the OGG-FDTD
method with Bo-spline interpolation can measure the scattered field around an unknown object more
accurately than the bilinear interpolation.

5. CONCLUSION

The OGG-FDTD method with Bs-spline interpolation method was applied to measure the scattered
fields around an unknown object. The signal analysis for electromagnetic field proved that the proposed
numerical method was able to obtain the transmitted and received signals in free space and dielectric
medium. For further investigation, different types of dielectric medium for an unknown object were
analysed in Case A, Case B, and Case C. The relative error and MSE for the proposed method were
lower than the OGG-FDTD method with bilinear interpolation. Thus, it can be concluded that the
proposed numerical method can measure the scattered fields around an unknown object accurately.
For future research works, the proposed method can be applied to inverse scattering to determine the
characteristic of buried objects (e.g., its shape, size, location, and dielectric properties).
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