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Abstract - Normally in the finite difference time domain 
(FDTD) technique, stationaly objects are modeled in a time 
domain simulation as a field propagates around them, and 
possibly inside these objects. Tbis paper illustrates a method in 
which EM fields and a moving object can be modeled using the 
FDTD technique. By using a techniqne of dielectric 
approximation and intermediate step field movement, it is 
possible to model the movement of objects by the FDTD 
technique. Tbis paper illustrates these principles in a one- 
dimensional domain with extensions and results lor ZD as well. 

1. Introductinn 

The finite difference time domain technique is a well- 
known method for modeling Maxwell's equations in time. 
The technique divides the intended geometry into a spatial 
grid and solves for the electric and magnetic field 
components at discrete points. The material at each point on 
the spatial grid is characterized by its properties (permittivity, 
permeability, and conductivity) in each of the Cartesian 
directions. From these material characteristics, the 
coefficients needed to update the fields at each time step can 
he computed. The technique used in this paper is derived 
from the algorithm defined by Yee [I]. This approach places 
all of the magnetic components one-half spatial step in front 
of the electric components, as well as computing the 
magnetic fields at one half time step after the electric fields as 
shown in Figure 1. 

E, calculated here 

H, calculated here 

Figure 1. Yee cell configuration 

Free Space Dielemic 

In this example using a dielectric material, each spacial 
cell extends from one E, point to the next. Component 
properties are calculated at these points and are used to 
update the appropriate fields. This spatial setup lends itself 
well to the approximations needed in order to simulate 
moving objects. 

11. Physical Approximations 

In FDTD the geometry is divided into a spatial mesh, 
which at each point on this mesh, a number of coefficients is 
defined depending upon the material the point lies within. For 
example, a point that lies solely within the interior of an 
object would have coefficients related to the conductivity and 
permittivity of that object. However, when the point 
represents the boundary of that object, the point is assigned 
an average of the properties of the two objects. Likewise if 
the object is a magnetic material, the same ideas would apply. 
An example of these points in a 1D configuration is shown in 
Figure 2. 

In order to model an object moving at a constant speed, 
the coefficients on the object boundaries must be constantly 
updated as the object moves. On the forward boundary cell of 
the moving object, coefficients are modified at each step until 
it becomes an inside cell. Likewise on the back boundary cell, 
coefficients are modified at each step until it becomes free 
space (or whatever the background material is at that time). 
When the coefficients on the front and back edges have been 
modified until they become inside cells for either the 
background or the moving object, the object has moved one 
full cell and the boundary cells move one spatial cell in the 
direction of movement as shown in Figure 3. 

Because the coefficients on the forward and back 
boundaries are the only ones changing from step to step, 
recomputing the coefficients for the full domain as the object 
moves becomes computationally inefficient. Since only the 
boundaries need modifying, the program only needs to 
change these from step to steD. By comDutinE how much 
these-coefficients will change per time step beforehand, and 
keeping track of where the forward and back boundaries are 
located, it becomes possible to only modify those coefficients 
on the boundary as needed. Again in Figure 3, it can be seen 
that on the hack boundary for the shown example, the relative 
permittivity decreases by 0.5 each time step until it becomes 

Figure 2. Dielectric boundary approximation. 
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free space. At that point the boundary moves to the next cell 
and the process repeats itself. 

This is a simplistic example just to show the fundamental 
approach. Characteristics such as conductivity have been 
omitted but can be approximated in the same way. 
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Figure 3. Approximations for the moving dielectric 

111. Field Approximations 

Modifying the coefficients as the object moves provides 
a good foundation for developing an algorithm for moving 
objects, however, it neglects the propensity of the fields to 
move with the object. This tendency of the fields to move 
along with the object is not an absolute movement, but rather 
one that depends directly on the material of the moving object 
itself. In order to model this, an assumption has been made 
ahout how this can be related. Assuming that the field 
structure inside the moving object depends greatly upon the 
physical characteristics of the material, the greater the 
permittivity of the object, the greater the percentage of the 
field the object can move with it. 

This presents the problem of how to separate the field in 
the region of the moving object in order to know what field 
components should be moved. In this case of non-magnetic 
materials only, the E fields need to be split since the existence 
of the material has no effect on the updating of the H field 
components. The E field is split into two components, 
EbmkKgmud and Eabjec, where E09<,  is the portion of the field 
that exists only within the moving object and tha! moves with 
it, such that: 

Eobject = Etotd - Eba<kg?omd (I) 

While Eebje., only exists within the object itself, Ehk,oud 
exists everywhere including inside of the object region. 
Outside the object this represents the entire field, while inside 
the object it is the portion of the total field that does not move 
with the object. Since the two fields combined must be the 
same as the total field, these two fields can be related in the 
object region as: 

By splitting the field into these two components, the 
contributions due to the moving field can be calculated. By 
re-interpolating the field at the grid points as its moves, a 
better representation for the actual E field can be used for the 
updating of the H fields. Because the H field is calculated at a 
half time step after the E fields are updated, an average of the 
E fields before and after the re-interpolation due to movement 
is used. In order to accomplish this, the fields for EoblCc, are 
shifted in space by the appropriate amount for one time step 
and are re-interpolated at the grid points. So that the total E 
field at time step n used when updating the H field becomes: 

The E,;9d.o~sc, field represents values at the grid 
points of the Embe., field after it has shifted by the amount 
specified in one time step. As seen in Figure 4, by the next 
time step, the EQbjcc, field components have moved along with 
the object. Because of this, it is necessary to interpolate what 
the fields will be after this movement at the grid points since 
this is where all updating calculations are done. 

The E:h9d..bjc, field at each grid point is calculated 
using a first order LaGrange approximation for each 
directional component. This approximation assumes 
movement in only one cardinal direction and in the direction 
of increasing index for the points. In a 2D or 3D environment 
the same equation would be applied to all the components of 
E, separately. It should be noted that the equation goveming 
this approximation does not depend on the field component to 
be calculated, j u t  the direction of movement, such that 

Since all the materials in this paper are assumed to have 
a permeability of 1, it is not necessary to split or adjust the H 
fields inside the object since the material has no effect on the 
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magnetic fields. If the objects used contains materials with 
magnetic permeability ( p, > I),  a similar procedure to that 
outlined for the E fields and coefficients would he used. 
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Figure 4. Interpolation of shifted fields. 

IV. Computational Implementation 

Since the velocity of the object is assumed to be constant 
in this example, a significant amount of computational time 
can be saved by pre-calculating a few important constants 
needed for the time updating process. The most important 
ones being the change per time step of each coefficient 
because it is known that the object only moves in one 
direction, the coefficients at the front and rear boundaries of 
the object will he changing. By keeping track of where these 
boundaries are and knowing how much they change per time 
step, modification of the coefficient array for updating the 
field components becomes an almost trivial process. 

The standard ID updating equations used here are [2]: 

E,;*' = Ceze(i)Ezn + Cezh(i)(Hxj * - H,:.':) (sa) 

H,I'i = Ckrh(i)ff , j  + Chxe(i)(Ezl - E Z l , )  (5b) 

I I "+- 

I I "-- 

For the background E field, this task is trivial. Because 
this domain is only filled with free space, no change in either 
the updating equation coefficients applied to the previous 
value of E or to the averaging of the H fields is required. 
However, since the field in the region where object exists is 
represented by the combination of the object and background 
fields, a new coefficient is required. 

In this updating equation, there are two coefficient arrays 
that have to be dealt with for the object E field. Intemal to the 
object, both the C., and Ccb coefficients are calculated using 
the following formulas. 

A t q  
E, -- 

(6b) 
Ceze(i) = 2 4  L 

A f c e  AX 
2 Eo 

E +- 

This change resulting from moving the object affects the 
C,, coefficient only in the case of nonconductive material; 
for in it, the C,, coefficient is always 1. The E field updating 
equations depends solely on the value of its E field at the last 
time step and the value of the surrounding H fields at the last 
half time step. In order to account for the split fields, E.b,.,c 
and Ebnckgmud are updated separately. In these updating 
equations, the E field used is not the total field at that point, 
but rather the calculated object or background field at the 
same point in the last time step. Since we are working with 
two seperate E fields in the same space, but only one H field, 
the U field used in the updating equations represents the total 
H field at the spatial location. Using the total H field with 
standard coefficients creates the contribution to the total E 
field. Since we only need the U field contribution to either 
one of the split E fields, a second multiplier is added to the 
Cash coefficient to find its contribution to either E field. For 
&,kgm.d this coefficient is 1 for all areas not containing the 
object since the Ebchz,oud is the total E field. Likewise in the 

field calculation, this coefficient is zero outside the 
object since no field exists there. For points inside the object 
this coefficient is a function of the permittivity. For Eb,xpm.d 
inside the object it is (I/&J, and for E,,, the coefficient 
becomes (&<l)/&,. This allows a greater percentage of the 
total E field to move along with the object as its permittivity 
is increased. By multiplying these into the C,h coefficient 
array, we can reduce the complexity of the needed equations. 

Since both the object and background fields now have a 
set of coefficients to account for this behavior, it becomes 
simple to calculate the change in these coefficients along the 
transition edges per time step. Once this has been calculated, 
it becomes a simple matter to adjust the coefficients as the 
object moves, i.e. 
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The addition of the extra coefficients are required to 
allow the addition of the object and background E fields to 
represent the total field as given by our assumption in ( I ) .  
This can be proved by the addition of the object and 

outside the object. Outside the object one can set the 
coefficients for the object field to zero, and, since the 
background field coefficients are for free space, which is the 
total medium being simulated in this area, it does represent 
the total field and ( I )  holds. Examining the addition of the 
updating equations for inside the object; 

At 

Eo &, i ~ 

background updating equations in the cases of inside and ACezkb,e<, = ( ;;+ (9b) 
nsteps 

fi +- A l a ,  
F -- 

Reveals that both the coefficients simplify to the original 
defined coefficients. Thus the addition of the fields inside the 
object again represents the total field, thereby proving (I). 

On the forward and backward edges of the moving object 
the coefficients are not as straightforward. In order to model 
the object as it moves, dielectric coefficients are slowly built 
up on the forward edge. Concurrently dielectric coefficients 
are slowly removed on the trailing edge. The simplest way to 
implement this is to pre-calculate the differential change in 
the coefficients on the edges and simply add or subtract this 
amount from the appropriate places (9a-d). In Ebacxpmu.,, afler 
a set number of time steps have been performed (nsteps in 9a- 
d) to account for the object moving one whole cell, the cells 
on the forward edge have transitioned from free space to 
dielectric. Conversely, on the trailing edge, the cells have 
transitioned from dielectric to free space. In Eowe.IIc, the 
transition is to and from zero. This transition to and from zero 
occurs because outside the object in EObjec,, no fields exist. By 
simply keeping track of the position of the leading and 
trailing edges and advancing them after the object has moved 
one whole cell, the modifications to the coefficient array can 
be computed quickly and efficiently at each time step. 

At At 

Ate# 
E, -_ 

[ & , + A )  ( 9 4  

ACeze,,, = 
nsteps 

Once the object and background E fields have been 
updated, the approximation (discussed in section 3) for the 
field as it moves can be calculated. Both the splitting of the 
fields and the dielectric approximation are performed such 
that it is possible to calculate this approximation. The formula 
given by equation (4) actually compresses or dilates the fields 
emanating from the object. This effect can be seen in the 
results as a Doppler shift in a reflected wave from the moving 
object. 

Lastly, the H field updating is performed to complete the 
cycle. Because the H field represents the total field and is not 
split, the required coefficients are straightforward. These 
coefficients are given by the following formulas [2]: 

Atom 
,I -~ 

The last additional step needed is the actual modification 
of coefficients. The coefficients on the leading and trailing 
edges in, both the object and background coefficient arrays 
are modified by the differential amount pre-calculated to 
represent the structure at the next time step. The number of 
steps performed so far is also checked at this point. If the 
appropriate number of steps have passed then it is time to 
advance the location of the starting and stopping edges of the 
structure one cell in the direction of movement. 

442 2003 IEEE Radar Conference 



hservation Source This completes one cycle in the implementation of 
moving objects. The program loops over this cycle as many 
times as required to move through the desired amount of 
time. 4 .f .f t t  .t 

A 

Om 30m 701x1 145111 150m 300111 
V. Results 

In order to verify the proper operation of the method, 
several simple simulations were examined. For simplicity, the 
method was first implemented in a one-dimensional FDTD 
code. The domain (shown in Figure 5 )  consisted of 3000 
points with Ax of 0 . h .  An object was defined from point 
300 to point 700 and was programmed to move in the 
negative x direction. A plane wave was introduced in the 
center of the domain at point 1500. The total E field was 
sampled at a point close to the center in order to accurately 
sample both the incident and reflected wave. The time step 
used in the simulation was 300 ps in order to improve the 
stability of the system. 

To prove that the technique works effectively, a simple 
system of measuring the Doppler shift of the reflected wave 
is used. The simulation excites the domain using a derivative 
of a Gaussian wave pulse shown in Figure 6. This type of 
pulse is used because of its smooth on and off operation and 
because it has a peak value at a non-zero frequency. By 
measuring the shift of this peak location, an estimate for the 
speed of the object can be calculated using a simple Doppler 
shift formula (Ila).  However, the speed of the object is 
directly related to the accuracy of the Doppler shift formula. 
As the speed of the object increases towards the speed of 
light, the relativistic Doppler formula (1 Ih) should he used 
for higher accuracy [3]. For the results shown, the relativistic 
Doppler formula was used. When dealing with the reflected 
waves off of a moving object, the Doppler shift will show a 
velocity twice that of the object when solved for the velocity 
V. This is due to the Doppler effect occurring twice, once as 
the incident wave hits the moving object, and once again as it 
leaves the object. 

shift in wavelength velocity 
(114 - - 

wavelength C 

shift in wavelength 1 + f wavelength =&- 1 ( I lh )  

Examining the simplest case when the object can he 
considered a PEC, the effects can be clearly seen. In order to 
model the object as a PEC, the coefiicients for the object are 
calculated with a high electric conductivity. Because the 
object is modeled as a PEC, the reflected wave is as high in 
intensity as the incident. 

Fieure 5.  Domain confirmration. 
Looking at the frequency domain plots of the incident 

and reflected waves in Figure 7, the shift in frequency is 
clear. Through a process of adaptive Fourier transforms, the 
location of the respective peaks for the incident and reflected 
waves are located. The adaptive Fourier transform refers to a 
process of finding the approximate area of the peaks and 
doing a series of finer frequency step Fourier transform in 
this area until a more accurate location of the peak is 
determined. For these results, the adaptive process used 4 
iterations of increasing resolution to determine the location of 
the peaks. Then using the Doppler shift formula and solving 
for the velocity 0, confirmation that the object is moving at 
the programmed speed can be provided. 

l r  , , , , , , , , , , 

h a  9 s p  

Figure 6. Time domain plot of total E field at 
Observation point showing incident and reflected 
waveforms 

- locidsnt W- _-- RaUsctsdWan, 

z" 0.3 

0.2 - 

0 1  - 

Figure 7. Frequency domain of incident and 
reflected waveforms at the observation point. 
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Figure 8 shows the relationship between the speed 
programmed in the simulation and the computed speed via 
Doppler shift for a moving conductor. The object was 
modeled as a conductor by assigning it a conductivity of IO’ 
Siemens. The reference line refers to where the computed 
speed would be equal to the programmed speed. Some 
oscillation around the actual speed begins to happen as the 
speed decreases due to the finite maximal resolution of the 
Fourier transform with the given time step. Because of the 
finite resolution of the sample points, the Discrete Fourier 
Transform (DFT) will only be able to find the peak within a 
certain margin of error. This margin of error will set the 
lowest speed in which the object can be accurately modeled. 
Below this point the Doppler shift will be smaller than this 
resolution and can no longer be correctly computed. As the 
velocity approaches the speed of light, inaccuracies will 
develop due to the large movement of the object relative to a 
single time step. In between these limits, however, there is a 
good agreement of the computed speed to the programmed 
speed. 

Running the same simulation again for a non-conductive 
material with a relative permittivity of 7.2 as shown in Figure 
9, similar results are observed. The computed Doppler shift 
agrees closely with the actual value in the upper range, while 
in the lower range below the limit defined by the resolution 
of the Fourier transform, it oscillates around the programmed 
reference velocity line. 

In order to increase the range of validity it is necessary to 
increase the resolution of the Fourier transform. Since the 
Fourier transforms resolution depends upon both the 
sampling rate and the number of samples, by simply 
increasing the number of samples of the incident and 
reflected waves increases the range for which the simulation 
is valid. This can be accomplished by varying the numher of 
cells per wavelength for the source waveform and 
concurrently the number of samples the wave exists in. 

-_- Rihnnc. bo. - Computod DopplorShl 

IO” 10.2 
Pmgrimmad Speed R s l i l n  to C 

Figure 9. Measured Doppler shift of moving 
dielectric (e, = 7.2). 

The same procedures were extrapolated into a 2D-TM 
FDTD simulation. In this case the EZ, H., and H,, field 
components were adjusted appropriately in order to model a 
finite 2D slab moving through the domain. This slab was 
illuminated by a plane wave incident to the trailing edge of 
the slab, as can be seen in Figure IO. 

Figure IO. 2D Plane wave incident on moving slab 

This 2D simulation is run for the same test cases as the 
ID simulation ( 7.2 Dielectric Slab and Conductor Slab) and 
results are shown in Figures 1 I and 12. In both cases there is 
good agreement in the higher speed range, and similar to the 
ID simulations, lower speeds do tend to show higher 

hi ” differences. I 
/ \ I  I 

10.’ 10.1 
PmgrammsdSps.dRslsfrrefo C 

Figure 8. Measured Doppler shift of moving 
conductor. 
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Figure 1 I .  Measured Doppler shift of 2D moving 
dielectric. 

,&-.J , , J 
10.1 16’  

P m p n “ e d  sped RIlal iU 10 c 
Figure 12. Measured Doppler shift of 2D moving 
conductor. 

VI. Conclusions 

Through the use of this approach, it is possible to model 
moving objects using the FDTD technique. The use of both 
coefficient approximations and field movements to model 
both the movements effect on objects and on its related fields 
have proved its abitity to predict expected results. There are 
still many aspects of this technique that need to be addressed 
for the analysis of the data in order to fully understand its 
accuracy and for extension of this concept to 3D FDTD 
analysis. 
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