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Abstract — In this paper, a novel approach which
combines the FDTD method with overset grid
generation method is proposed for the analysis of
the EM field with rotating body. The analysis is

carried out together with the Lorentz
transformation to comprise with the higher
velocity cases. To apply the Lorentz

transformation to the FDTD method, at least two
frames are required, and we primitively modelled
it with the overset grid generation method. With
the Lorentz transformation, the time component
changes at each of the grid point. The time
component that has been changed by Lorentz
transformation must be fixed as the numerical
procedure. Through the interpolation technique, it
is possible to fix the time component easily. We
have previously proposed this novel approach for
a stationary and uniformly moving body. Here,
this analysis is further expanded and has included
a more detailed discussion of the EM field
interactions in a rotating environment. The
numerical results show the characteristics of the
EM field when the incident wave strikes the
rotating body. For validation, the numerical results
are compared with the theoretical results, and good
agreements were obtained. The proposed novel
approach has shown its consistency over higher
relative velocity cases.
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. INTRODUCTION

The analytical theory of the electromagnetic
(EM) field with moving bodies is an emerging
topic of interest to treat various solution of
engineering problems [1-2]. This has spurred the
development of an appropriate numerical
technique concerning EM wave interactions with
the complex and dynamic moving boundaries [3-
5]. This paper introduces a novel numerical
approach for the analysis of the EM field with the
presence of a rotating body by overset grid
generation method with the aim of combining the
advantages of finite-difference time-domain
(FDTD) method and the Lorentz transformation.

A conventional Lorentz transformation [6] in
special relativity requires at least two frames of
reference when applied to the FDTD method. The
overset grid generation method has made it
possible to employ the two frames as an effort to
create a compact and efficient numerical approach.
The overset grid generation method has been used
mainly in computational fluid dynamics (CFD) for
treating problems in complex, dynamically
moving geometries [7-8]. This method offers an
effective way to combine multiple meshes into a
set of single mesh. The implementation of the
Lorentz transformation to the method gives an
advantage to integrate with the moving component
in the EM fields for higher velocity values. In
Lorentz transformation, the time component
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changes at each of the grid points. However, the
FDTD method requires the value of the EM field
correspond to each time component. To calculate
the FDTD method, the changing time component
in the Lorentz transformation is fixed through an
interpolation scheme. This allows a coherent point
in time and space component with the FDTD
method.

In the previous paper, the proposed novel
approach has shown promising possibilities in
providing accurate solutions for a stationary and
uniformly moving body [9]. This paper will
address the extension of the novel approach to
treat the EM field interactions in a rotating
environment. The numerical results indicate the
modulations and the characteristics of the EM
field when the incident wave strikes the rotating
body. The proposed novel approach has shown its
advantage over higher velocity cases. In addition,
its validity has been demonstrated in comparison
between the numerical results and the theoretical
results. The observed waveforms are found to be
in good agreement with the theoretical results. The
consistency of this numerical approach has made it
possible in providing a strong numerical support
for developing high-speed optical devices and,
also, in application of carbon nanotubes [10-11].

. OVERVIEW OF OVERSET GRID
GENERATION METHOD
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Fig. 1. Interpolation model.

The use of overset grid generation method
arose from the need to provide a simple
computational method in handling complex
stationary and/or moving geometries [12].
Basically, the overset grid generation method
consists of a main mesh and sub-meshes. The sub-
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mesh is allowed to overlap on the main mesh in an
arbitrary manner. The main mesh covers the entire
computational domain while the movable sub-
mesh acts as a component mesh. With this
approach, the sub-mesh is used to model complex
stationary and/or dynamically moving geometries.

At any overset boundary, each of the grid
components in the sub-mesh can be calculated
independently from the overlapped main mesh.
This approach requires interpolation routines to
transmit the data between both meshes. Figure 1
describes the data transfer between the overlapped
meshes by the linear interpolation algorithm. The
unknown value ¢,, at point P in the main mesh

(dashed line) can be determined from the existing
factors ¢,,4,,4,,¢, in the sub-mesh (solid line) as
in Eq.(1):

(¢1><a2 +¢2><a1)><b2+(¢3><a2+¢4><a1)><b1 . (1)

P = @ +a,)b b))

The value at the interpolation point is used to
transfer inter-grid information and recomputed at
each time step. The finer resolution in the
overlapped region with sufficient inter-grid ratio
gives a better computational accuracy. The key
advantage of this method lies in the simplicity of
the concept and its ability to calculate large scale
or longer distance of motion.

1. LORENTZ TRANSFORMATION
FOR THE FDTD METHOD

Z
Fig. 2. Two inertial frames in relative motion.
Lorentz transformation provides a relation for

space and time components between the
coordinates of two inertial observers [13]. Figure 2



shows the basic Lorentz transformation in relative
motion. Assume there are two observers, O and
O’ in each frame K and K’. Observer O is in the
(%, y,z1) axis and O’ is in the (X,y,Z,t") axis at
angular, 6 against the axis in frame K . The
observer O’ is assumed to move against the
observer O in the direction ¢ , with relative
velocity, v (m/s). When the observer O’ is at time
t", Lorentz transformation can be described as:

dr' = y(dr —vdt)+(y—l)LZXdr 2)
\

' - y(dt _Vedr j , 3)
C

Where;/:l/\/l—vz/c2 =1/\1- % . The vector for
the space component in the Lorentz transformation
is defined as r =r(x,y,z)and r'=r'(x,y’,z"). The
transition from the observer O’ to O is obtained
by replacing v in Eq. (2) and Eq. (3) to -v.
Hence, dr’, dt' to dr and dt, respectively. This
theory satisfies all possible range of relative
velocity.

Lorentz transformation for the EM field can
be described as in Eq. (4a) - Eq. (4d) [14].

E'=E,+7(E+vxB), (4a)

H'=H, +7(H-vxD), (4b)

D'=D, +7(D+ szH] (4c)
c 1

B’=B”+;/(B—VX2E] . (4d)
c 1

E,.H,.D,,B, and E,,H, ,D ,B, are the parallel
and perpendicular components for the EM field
against the moving direction.

For the present work, EM field interaction with
moving boundaries is investigated by using the
FDTD method. It is important to note that the
space and the time component in the basic FDTD
method are obtained at alternate half-time steps to
evaluate the EM field [15-16]. However, the time
component in the Lorentz transformation changes
at each grid point. The restriction in the space and
time component from the Lorentz transformation
and FDTD method can be solved with the
advantage of the overset grid generation method.
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The time components that were changed in the
Lorentz transformation are fixed by using the
linear interpolation scheme.

sub-mesh (c)

interpolateﬁ

interpolate

(2]
E o
x=0 A E
1= O a t=At
=Tx=X 5=
base point ’
(a) main mesh (d)

Fig. 3. Time and space algorithm for FDTD
method and Lorentz transformation by overset grid
generation method.

Figure 3 illustrates the diagram of the proposed
computational algorithm based on the time and the
space algorithm in the FDTD method and the
Lorentz transformation. In actual algorithmic
program, the sub-mesh is overlap on the main
mesh in an arbitrary manner. For explanation
purposes, the sub-mesh and the main mesh are
depicted separately. Figures 3(a) and 3(d) are
assumed to be the main mesh, while, Figs. 3(b)
and Fig. 3(c) describe the sub-mesh. First, the
position of the sub-mesh on the main mesh is
identified in the algorithm. Then, the EM field
components on the main mesh in Fig. 3(a) are
interpolated to the field components on the
moving sub-mesh in Fig. 3(b) by applying the
Lorentz transformation. Here, the electric field is
calculated in both meshes by the FDTD method.
The flow of the algorithm mentioned above is
shown from Fig. 3(a) to Fig. 3(c). The calculated
value of the electric field at the sub-mesh in Fig.
3(c) is interpolated back to the main mesh in Fig.
3(d) through Lorentz transformation. Here, the
half time increment is advanced. At time t = At in
the main mesh, the value for the time component
on the moving sub-mesh in Fig. 3(c) should be:

t'=4/1-Vv?/c?At . (5)
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To obtain the electric field, E at t =At , x=VAt
in Fig. 3(d), it is necessary to interpolate the time
component to denote t=T at x=X in Fig. 3(a).
The values for T and X can be obtained from the
inverse Lorentz transformation, given by
T= y(t’ + x’v/cz) and X = y(x +w'). Here, the time
component of the magnetic field, H' in Fig. 3(b)
is:

t'=y1-v?/c? At/2. 6)

In the derivation of Eq. (6), the same process is
iterated to calculate the magnetic field. This
process continues until the time-stepping is
concluded. This permits the FDTD method to
provide numerical models of wave interactions
with the moving body accurately.

IV.NUMERICAL MODELLING AND
RESULTS

A. Validation of the Lorentz transformation
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Fig. 4. Numerical model.

300

'Sub-mesh

Figure 4 illustrates the numerical model to
evaluate the advantages of the novel approach.
Here, the moving sub-mesh, is overlapped on the
static main mesh. The main mesh is set to
600x 600 grids and the sub-mesh is 50x50 grids.
These grids are terminated with Mur’s absorbing
boundary conditions [17]. The space increment for
the main mesh is Ax,=Ay, =1/60, and for the
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sub-mesh is Ax, = Ay, = 1/60. A is the wavelength

of the incident wave. The incident wave is a
sinusoidal plane wave with the input frequency,
f, =100(GHz) . The input frequency is at m=25
on the main mesh. The observation point is set at
the point (25,25) on the sub-mesh. The sub-mesh

is assumed to move with angular, ¢, with relative
velocity, v(m/s) . The time step, At in this

analysis is set to 5.0x107*(s), as to meet the

.. AX . .
courant condition, €< N where c is the velocity

of light and Ax is the space increment.

Figure 5 shows the comparison of the
numerical results with the theoretical results for
the normalized velocity versus normalized
amplitude of electric field, E,(V/m) . Here, the
sub-mesh is assumed to move for ¢ =7, where
the observation point is approaching towards the

incident waves. The theoretical result is calculated
based on Eq. (7) [18].

EZ /i+v/c ’ )
0 -v/c

where v is the velocity of the motion and c is the
speed of light. From Fig. 5, the observed
waveforms are found to be in good agreement with
the theoretical results in high relative velocities, up
to v=0.9c closed with the finite speed of light.
The consistency of this novel approach with
implementation of Lorentz transformation shows

its potential in providing an accurate numerical
solution for the EM field in moving boundaries.
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Fig. 5. Comparison of theoretical and numerical
results.
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B. Moving surfacein arotating environment
This paper further proposes the novel numerical
approach to treat the EM field interaction with the
rotating  body. Considering the Lorentz
transformation in a rotating environment, the
observer O'is assumed to rotate with angular 6
against the observer O with relative velocity,
v (m/s). Under the rotation of the coordinate
system, as shown in Fig. 6, the cross product for
vector in Eq. (4a) and Eq. (4b) can be defined as:

vx B = (BgVvsin ¢,—B_,vcos ¢,0) (®)
vxD=(0,0,DyVcosg—Dgvsing) , 9)

where ¢ is a position of the angle in the EM field.

The vector for parallel and perpendicular
components against the moving direction in Eq.
(4a) to Eq. (4d) can be derived as:

E =u,eE (10a)

E, =u, oE (10b)

H, =u,eH (11a)

H =u eH, (11b)
where u, and u, is given by

u, = (cos ¢,sin 4,0) (12a)

u, =(-sing,cos4,0) . (12b)

Here, the analysis is carried out for the
transverse electric (TE) case to investigate wave
interactions with the rotating body. For 2D cases,
the electric field for the static main mesh in x, y

B K

, rotating observation

x ) yoint
% vsin ¢ :

rotating
direction

Fig. 6. Rotating frame around a fixed axis.

direction is described as E, = (me, Emy,O) , while,
the rotating sub-mesh in the x', y' direction is
defined as E, = (ESX, E,, ,0). Thus, the electric field

in the Lorentz transformation for the main mesh
and the sub-mesh can be described as
E, = (E,’m, Er’w,O) and E, = (E;X, E;y,O), respectively
with velocity, v=(vcosg,vsing,0). The vector of

TE waves for 2D rotating sub-mesh can be written
as in Eq. (13) to Eq. (15):

Eq =E, cos@+E_ sind (13)
Ey =—Exsin@+E_ cosé (14)
H,=H, (15)

where =wt. w is the angular velocity. Hence,
the Lorentz transformations of the EM fields in a
rotating environment are given by:

E, = E|cos(—¢) +E', sin(—¢) (16)
E! = —E|sin(~¢) +E’, cos(—¢) 17)
H,=H". (18)
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Fig. 7. Numerical model for rotating sub-mesh.
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Figure 7 illustrates the numerical model for the
rotating sub-mesh on the overlapped main mesh.
The grid numbers for the main mesh are 600x 600
grids and 50x50 grids for the sub-mesh. In this
analysis, the observation point is at the point
(45,45) on the sub-mesh. Initially, the sub-mesh is
assumed to rotate in a counter clockwise direction
with relative angular velocity, » . The incident
waves 1is sinusoidal plane wave with input
frequency, f, =100(GHz), and given on the static
main mesh at, m=25. The centre of a rotating
point O is fixed at the point (0,0) on the sub-
mesh. The velocity, v for the EM field is given by
v=awr , which is related to the angular velocity
depending on the distance from the centre of
rotation to the observation point, r . In actual

r=3.18x107°(m) is obtained from the
derivation of the
r= \/(Xl - X0)2 +(y1 - yo)2

the EM field, ¢ |,

analysis,
equation,

. The rotating angle in
can be calculated by

¢=%+ Ot + Qe » Where @y is the angle of

the observation point from the fixed rotation
centre on the sub-mesh. The value for ¢, is
derived from the equation,
Ponerve = arccos(x, — %, /r), where x, and x, is the
fixed rotating point and the observation point of
the EM field in x - axis on the sub-mesh,
respectively. The time increment, At in this

analysis is set to 5.0x107*(s) . The numerical
results for EM wave interactions in rotating
environment are shown in Fig. 8, Fig. 9 and Fig.
10.

Figure 8 shows the modulation of the received

waveform for the magnetic field, H,(V/m) at
angular velocity, @=0.86x10"(rad/sec) , and

velocity, v=2.73x10"(ms™). The starting time of
the rotation is observed at 2000 time steps. The
dotted line illustrates the theoretical results for the
normalized amplitude of H/. The theoretical result
is given by Eq. (19), accommodate with the
existing theory [19].

Hv

» _ [1+V/ccosd (19)
H, \1-v/ccos@
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The comparison data of the numerical results and
the theoretical results is shown in Table 1. The
data shows the observed waveforms are found to
be in good agreement when compared with the
theoretical results.

Figures 9(a) and 9(b) illustrates the modulation
of the received waveform for E, and E; ,

respectively.  The  modulation  waveform
demonstrates the wave interactions when the
rotated observation point is approaching or
rotating far away from the incident wave. Here,
the sub-mesh starts its counter clockwise rotation
at 2000 time steps with the angular velocity,

®=2.14x10"(rad/sec)  and the
v=6.81x10"(ms™) .
demonstrates large wave amplitude with shorter
frequency when the observation point is rotated
towards the incident wave. Meanwhile, the wave
amplitude is slightly shorter with longer frequency
when the observed point is rotated away from the
incident wave. The rotating sub-mesh reaches its
complete counter clockwise cycle at 7870 time
steps. From these results, the characteristics of E|

velocity,

The modulation waveform

and E| waveforms in a rotating environment are

presented.

Figures 10(a) and 10(b) show the observed
waveform for E; and H, in two different
directions which in counter clockwise and
clockwise rotation. These numerical results
indicate the characteristics of the EM field in both
directions. Hence, the analytical results show the
capability of this numerical approach in solving
moving boundary problems in any environment.
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Table 1: The comparison of the normalized
amplitude of magnetic field, H.(A/m)

Rotated towards | Rotated away
the incident | from the
wave incident wave
Numerical | 0.002790 0.002530
(H;/Hy)
Theoretical | 0.002908 0.002434
(H;/Hy)
Absolute 0.00012 0.00010
Error
15

I

Mn Mﬂ | .
| ”Wﬁu [

N o

Electric Field, E'x [V/m]
(=)

-1.5 Time Step

Fig. 9(a). Modulation of the received waveform
for electric field, E.L(V/m),v=6.81x10"(ms™").
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Fig. 9(b). Modulation of the received waveform
for electric field, Ej(V/m),v=6.81x10"(ms™).

V.CONCLUSION

The novel approach based on FDTD method
with the overset grid generation method and the
Lorentz transformation for the analysis of the EM
field in a rotating body is presented. The transition
of TE waveforms in amplitude and phase when the
rotating observation point strikes the input wave
are shown. The characteristic of the EM field in
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Fig. 10(a). Modulation of electric field,

E.(V/m),v=6.81x10"(ms") in counter clockwise
and clockwise rotation.
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Fig.  10(b). field,
H.(A/m),v=6.81x10"(ms™") in counter clockwise
and clockwise rotation.

Modulation of magnetic

counter clockwise and clockwise rotation is
analyzed. This approach has shown its advantage
over higher velocity cases. The accuracy of this
approach has been numerically verified by
comparison with the theoretical results. This
approach provides a potentially strong numerical
support for developing high-frequency devices
which comprise a body having a rotational axis.
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