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ABSTRACT: This paper describes a 1D Matlab finite difference time-domain (FDTD) code

with a graphical user interface for visualization of the time-domain electromagnetic response.

The program animates time-domain reflection and transmission of a Gaussian plane wave

through one or two homogeneous material slabs. ß2001 John Wiley & Sons, Inc. Comput Appl Eng

Educ 9: 136–147, 2001
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INTRODUCTION

The finite difference time-domain (FDTD) method

[1] has become widely used for the simulation of

electromagnetic radiation and scattering problems.

The method is relatively simple to understand and

implement, yet it is capable of modeling very complex

geometrical configurations comprising many different

types of materials and it can provide wide frequency

response data from a single calculation.

This paper describes a simple 1D Matlab [2] FDTD

formulation and an interactive computer program, and

illustrates the use of the developed code. The program

has been developed primarily for educational use to

model the time-domain reflection and transmission of

a Gaussian plane wave through one or two homo-

geneous material slabs. It has a graphical user

interface (GUI) for setting the parameters of the

FDTD simulation that provides the user with the abi-

lity to quickly change parameters and see the effects

of the new parameters on the simulation results. The

program presents the results of the FDTD simulation

as an animation of the time-domain reflection and

transmission of the electromagnetic wave. The

program also allows the user to choose between

several different formulation models for the same

problem, such as using either a total field or a

scattered field FDTD formulation.

1D FDTD

Total Field Formulation

For the 1D simulation we consider the case of a

Gaussian plane wave propagating in the x-direction,

and having only a y-component of electric field and a

z-component of magnetic field. In the total field

formulation, the time-domain Maxwell’s equations

for this special case reduce to
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where ", �, �e, and �m are the permittivity, perme-

ability, electric conductivity, and magnetic conductiv-

ity of the medium, respectively, and Ey and Hz

represent the total electromagnetic fields. These

constitutive parameters may be functions of x in the

general 1D case, but for this work we assume they are

constants within each of the material slabs and in the

surrounding space.

Using central finite differences in time and space

for the derivatives in (1), one can obtain the second-

order accurate FDTD update equations for a total field

formulation as [3]
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where the notation FnðiÞ represents F evaluated

at time t ¼ n�t and spatial position x ¼ i�x,

with �t being the simulation time step and �x the

space increment. The coefficients C in (2) are defined

by
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where "r and �r are the relative permittivity and per-

meability, Ce ¼ �t=2"0; and Ch ¼ �t=2�0: It should

also be noted that field averaging has been used

for the undifferentiated field components in (1) to

obtain (2).

Scattered Field Formulation

In the scattered field formulation, the total electro-

magnetic field is separated into incident and scattered

fields. Thus, the total electric and magnetic fields for

the 1D case are written as

Ey ¼ Es
y þ Einc

y ; Hz ¼ Hs
z þ Hinc

z ; ð4Þ

where the superscripts s and inc denote the scattered

and incident fields, respectively. The incident fields

are assumed to be known and the scattered fields are

the unknowns to be determined via the FDTD update

equations. In the scattered field formulation, the 1D

time-domain Maxwell’s equations may be written

as [3]
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Using central finite differences in time and

space for the derivatives on the scattered field terms

in (5), one can obtain the second-order accurate

FDTD update equations for the scattered field

formulation as

Es;nþ1
y ðiÞ ¼ CeyeðiÞEs;n

y ðiÞ ÿ CeyhðiÞ

�
Hs;ðnþ1=2Þ

z ðiþ 1
2
Þ ÿ Hs;ðnþ1=2Þ

z ðiÿ 1
2
Þ

�x

" #

ÿ ½"ðiÞ ÿ "0�
"ðiÞ

@Einc
y ðiÞ
@t

 !ðnþ1=2Þ

ÿ �
eðiÞ
"ðiÞ Einc;ðnþ1=2Þ

y ðiÞ;

Hs;ðnþ1=2Þ
z iþ 1

2

� �
¼ Chzh iþ 1

2

� �
Hs;ðnÿ1=2Þ

z iþ 1

2

� �
ÿ Chze iþ 1

2

� �
�

Es;n
y ðiþ 1Þ ÿ Es;n

y ðiÞ
�x

� �
ÿ
½�ðiþ 1

2
Þ ÿ �0�

�ðiþ 1
2
Þ

@Hinc
z ðiþ 1

2
Þ

@t

� �n

ÿ
�mðiþ 1

2
Þ

�ðiþ 1
2
Þ

Hinc;n
z iþ 1

2

� �
: ð6Þ

The time derivatives of the incident fields in

(6) have been left in the same form as in (5) since

the incident field is known and can be differenti-

ated analytically. However, (6) can also be recast

using numerical differentiation of the incident

fields.
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Excitation Waveform

A Gaussian pulse waveform is used as the excitation

for the FDTD simulation. The expression for the

Gaussian pulse is defined as

Einc
y ðx; tÞ ¼ exp ÿ xÿ xp ÿ ct

�

� �2
� �

; ð7Þ

where xp represents the location of the peak of the

pulse at time t ¼ 0 and � is a parameter related to the

width of the pulse. In this work, � is chosen such that

the incident field at x ¼ xp has decayed to 0.1% of its

peak value when t is equal to one-half of the pulse

width as defined in the Data Entry window (see

‘‘SIMULATION DATA ENTRY’’). In the total field

formulation, the total electric field at time t ¼ 0 is set

equal to the incident electric field, while the total

magnetic field at time t ¼ 1
2
�t is set equal to the

corresponding incident magnetic field.

Termination of the Computational Domain

The program allows for the termination of the

computational domain on either side by a perfect

electric conductor (PEC) or a first-order Mur absorb-

ing boundary condition [4]. The PEC boundary

condition is enforced in the total field formulation

by setting Ey ¼ 0 at the boundary for all values of

the time index n. In the scattered field formulation,

the PEC boundary condition is enforced by setting

Es
y ¼ ÿEinc

y at the boundary.

The first-order Mur absorbing boundary is based on

the use of a one-way wave equation at each boundary,

which permits only outward propagation from the

computational domain. The FDTD update equations

for the electric field at the boundary in the total field

formulation can then be written as
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where ib represents the index of either the right or left

boundary node, and the boundary condition is en-

forced using the upper sign in (8) for the left boundary

and the lower sign for the right boundary. All of the

quantities on the right-hand side of (8) are known

since they represent either the electric field at the

previous time step n or the electric field that has

already been computed using (2) at an interior node

(i 6¼ ib) and the current time step nþ 1. Eq. (8) also

applies for the scattered field formulation if the

electric fields in (8) are interpreted to mean the

scattered field rather than the total field.

SYSTEM REQUIREMENTS

The user must have access to Matlab to run the 1D

FDTD simulation program. The program was devel-

oped and tested under Matlab version 5.3. The pro-

gram consists of two preparsed pseudocode (pcode)

Matlab files:

gui_fdtd_1d.p

gui_fdtd_dataentry.p

These files are available at the Applied Computa-

tional Electromagnetics Society (ACES) web site,

http://aces.ee.olemiss.edu. Both files must be in the

Matlab search path.

PROGRAM USAGE

To start the program, the user should enter the

command

gui_fdtd_1d

from the command window of Matlab. The main

simulation window shown in Figure 1 will appear.

Pressing the start button in the main window will

begin the simulation with the default parameters. The

speed of the simulation can be controlled using the

slider bar or by typing a number from 1 (slow) to 100

(fast) in the edit box above the slider control. The

speed control can be changed interactively at any time

during a simulation.

Once the animation has been started, it can be

stopped temporarily and continued from its current

state using the stop and continue buttons. During

the simulation, the value of the y-component of the

electric field at each time step is shown as a function

of x=�x, where �x is the spatial increment used in the

simulation. When the simulation is stopped, the time

step number n and the time index value t ¼ n�t are

shown at the top of the graph. Figure 2 shows the

incident Gaussian pulse after one time step. The

positions of the boundaries of a single-material slab

region specified by the default parameter set are

shown as vertical green lines.

When the animation is stopped, the user can open

the data entry window to change the simulation

parameters by pressing the Set Data button. The data

entry window is shown in Figure 3. When the data
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Figure 1 The main simulation window.

Figure 2 The incident pulse after one time step and the material region boundaries in the main

simulation window using the default parameters.
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entry window is open, the continue button is disabled,

so the simulation must be restarted regardless of

whether any data was actually changed in the data

entry window. The data entry window can be left open

while the simulation window is active, if desired, for

quick changes to the simulation parameters.

SIMULATION DATA ENTRY

Slab Parameters

The constitutive parameters �r, "r, �
e, and �m, and the

start and end locations for each of the two homo-

geneous slabs are set in the Slab Parameters section of

the data entry window. If the parameters of the second

slab are those of free space, the boundary lines for the

second slab do not appear in the simulation window.

The start and end locations of the two slabs are speci-

fied in terms of the index location x=�x. Rudimentary

error checking in the code does not permit the two

slabs to overlap.

Model and Excitation

The Model and Excitation section of the data entry

window allows one to control the spatial model in

terms of the sampling increment �x and the location

of the right boundary of the model xmax=�x. The left

boundary of the model is always at x ¼ 0. One can

also control whether or not media averaging is per-

formed at the slab interfaces, and can set the Courant–

Friedrichs–Lewy (CFL) number for the simulation

here. A CFL number greater than 1 is not allowed.

Note that, since �x is independently specified, setting

the CFL number effectively specifies the time step �t.

The time width and peak location of the incident

Gaussian pulse are also specified in this section. The

‘‘pulse width’’ here refers to the distance between the

time points where the Gaussian pulse is down to 0.1%

of its peak value. In this code, the incident pulse must

appear completely within the computational domain

at time t ¼ 0, but it must reside within a free-space

portion of the computational window as suggested by

Figure 2, and not within the material slab. If any

portion of the incident pulse appears outside the

computational window or within the slab at time

t ¼ 0, the user is warned to change the data, and the

simulation will not run.

The peak plot range value for the electric field can

also be set in this section. The incident Gaussian pulse

is assumed to have a value of 1, so the plot range value

is also initially set to 1. Depending on the parameters

of the material slabs, however, it may be desirable to

Figure 3 The data entry window.
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change the plot range to avoid clipping the time-

domain response in the graph window. Conversely,

reducing the plot range value also allows one to view

lower amplitude details in the plot.

Computation Boundaries

The properties of both the left and right boundaries of

the computation domain can be chosen in this section.

The first-order Mur absorbing boundary condition is

used when absorbing is chosen. Since the incident

pulse starts within the computation domain, it is

possible to choose both the left and right boundaries

as PEC if desired.

Formulation Type

In this section the user can choose to use a total field

formulation, a scattered field formulation in which the

time derivative of the incident field is computed

exactly, or a scattered field formulation in which the

time derivative of the incident field is computed

numerically. When a scattered field formulation is

chosen, the simulation window shows plots of both the

scattered electric field (as a blue curve) and the total

electric field (as a red curve). When the scattered

electric field and the total electric field are equal, the

curve appears in green in the simulation window.

EXAMPLE SIMULATIONS

Scattered Field Formulation With Exact
and Numerical Differentiation of the
Excitation Term

The first example considered compares the use of

exact and numerical differentiation of the excitation

term in a scattered field formulation. The default slab

geometry and constitutive parameters are used, so

the slab extends from x=�x ¼ 200 to 275, and the

constitutive parameters of the slab are defined

by "r ¼ 4, �r ¼ 1, and �e ¼ �m ¼ 0. The default

model and excitation parameters are also used:

�x ¼ 0:0015 m, c�t=�x ¼ 1, pulse width ¼ 400 ps,

initial pulse peak position x=�x ¼ 100, xmax=
�x ¼ 400, plot range max value ¼ 1, and media

averaging is on. Absorbing boundaries are used at

both the left-hand right-hand sides of the computa-

tional domain.

Figure 4 shows the simulation result at time step

n ¼ 199 for the case in which exact differentiation of

Figure 4 Simulation using scattered field formulation with the default parameters, and with exact

differentiation of the excitation term.
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the excitation term is performed. For this particular

choice of the time value, the peak of the incident

pulse, which always propagates in free space, has

passed beyond the location of the right boundary of

the slab. The total field, however, which represents the

true electromagnetic field, has not yet had time to exit

the slab, so should be zero to the right of the slab.

In Figure 4, one observes that the pulse reflected

from the left-hand side of the slab has a peak at about

x=�x ¼ 100 and that it has undergone a sign reversal.

Since the incident field has propagated away from this

region and is not affected by the presence of the slab,

the total field here is equal to the scattered field and

this portion of the curve in the simulation window is

green in color. The peak of the transmitted pulse in the

slab occurs at about x=�x ¼ 250. The transmitted

pulse is narrower in width and its speed of propagation

within the dielectric slab is slower. Since the incident

wave has also passed this region, the total field is

again equal to the scattered field. To the right of

the slab two curves are apparent. The blue curve is

the computed scattered field, while the red curve is the

computed total field. Since the total field, which is the

sum of the incident field and the scattered field, should

be zero to the right of the slab, the scattered field

should be equal and opposite to the incident wave.

The numerically computed scattered field, however,

contains some error and does not precisely cancel the

incident field. Thus, the computed total field shown in

red is not precisely zero.

For comparison, Figure 5 shows the same simu-

lation result at time step n ¼ 199 for the case in which

numerical differentiation of the excitation term is

performed. One observes in this case that the total

field (red curve) to the right of the slab is essentially

zero, as it should be. It may at first seem surprising

that numerical differentiation of the known excitation

produces a more accurate result than exact differ-

entiation. It is fairly easy to demonstrate for a

marching-in-time solution of even very simple dif-

ferential equations how this can occur, however. We

note that if the time step size is reduced, which

improves the finite-difference approximation of

the time derivative, the result obtained using exact

differentiation of the excitation improves. The same

simulation as that of Figure 4, but with c�t=�x ¼ 0:5
is shown in Figure 6, where it is noted that the error in

the total field to the right of the slab is reduced.

Numerical Dispersion

The next example illustrates the problem of numerical

dispersion. For this example, the total field formula-

tion is used and the default simulation parameters are

Figure 5 Simulation using scattered field formulation with the default parameters, and with

numerical differentiation of the excitation term.
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used except that the dielectric constant of the slab

has been set to "r ¼ 80. With this higher dielectric

constant, the pulse width within the slab is much

narrower and the propagation speed of the pulse in the

slab is much slower. Figure 7 shows the simulation

result after the pulse has had sufficient time to

propagate about three-fourths of the distance through

the slab.

Note that the time step n is much larger than in the

previous example (n ¼ 597) because of the slower

speed of pulse propagation in the dielectric. Thus, the

reflected wave has already been absorbed at the left

computational boundary. The ripples to the left of the

slab and the highly oscillatory tail of the pulse within

the slab are the result of numerical dispersion caused

by inadequate resolution of the pulse within the slab.

The much narrower width of the pulse within the slab

implies that an insufficient number of spatial samples

occur over the width of the pulse. (Compare the width

of the first peak within the slab with the width of the

incident pulse in Figure 2.) It should be noted also,

however, that the scale of Figure 7 has been increased

to better visualize the dispersion effect by setting plot

range maximum value ¼ 0.2.

The dispersion effect can be reduced by increasing

the pulse width in the simulation. Figure 8 shows the

simulation result for the same time step value when

the incident pulse has a width of 1000 ps instead of the

400 ps width used to obtain Figure 7.

Media Averaging

The final example illustrates the effect of changes in

the manner in which the medium parameters are

modeled at an interface. For this example, the total

field formulation is used and the default simulation

parameters are used except that the dielectric constant

of the slab has been set to "r ¼ 4, the relative per-

meability has been set to �r ¼ 4, and the pulse width

has been set to 600 ps to reduce numerical dispersion.

With these parameters, the impedance of the slab is

the same as that of free space, so there should be no

reflection of the incident pulse at either slab interface.

For the case in which media averaging has been set

to off, Figure 9 shows the simulation result just after

the pulse has completely penetrated the left boundary

of the slab. When media averaging is off and a

medium parameter at the interface is required by an

FDTD update equation, the program simply uses the

value of the medium parameter immediately to the

right of the interface. This introduces an additional

error into one of the update equations and the result is

a significant reflection from the interface as shown in

Figure 9.

Figure 6 Simulation using scattered field formulation with c�t=�x ¼ 0:5, and with exact

differentiation of the excitation term.
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Figure 8 Simulation using total field formulation with an incident pulse of width 1000 ps for the

slab with dielectric constant "r ¼ 80.

Figure 7 Simulation using total field formulation with the default parameters, except that the

dielectric constant of the slab is "r ¼ 80.
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Figure 9 Simulation showing computed reflection from the interface of a slab with parameters

"r ¼ 4 and �r ¼ 4 when media averaging is off.

Figure 10 Simulation showing computed reflection from the interface of a slab with parameters

"r ¼ 4 and �r ¼ 4 when media averaging is on.
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For comparison, Figure 10 shows the simulation

result at the same time step for the case in which media

averaging has been set to on. When media averaging

is on and a medium parameter at the interface is requ-

ired by an FDTD update equation, the program uses

the average value of the medium parameters imme-

diately to the left and to the right of the interface.

Although a small reflection is clearly present in the

result in Figure 10, the reflection is significantly

smaller in amplitude than is the reflection shown in

Figure 9 for the case in which media averaging is off.

CONCLUSION

In this paper, we have described a simple 1D Matlab

FDTD code that has been developed primarily for

educational use and have provided examples of its

use. The program models the time-domain reflection

and transmission of a Gaussian plane wave through

one or two homogeneous material slabs. The program

allows the user to choose between several different

models for the same situation, such as using either a

total field formulation or a scattered field formulation.

It has a GUI for setting the parameters of the FDTD

simulation that provides the user with the ability to

quickly change parameters and see the effects of the

new parameters, formulations, and models on the

simulation results. The program presents the results

of the FDTD simulation as an animation of the time-

domain reflection and transmission of the electro-

magnetic wave. These program files are available

from the Applied Computational Electromagnetics

Society (ACES) web site, http://aces.ee.olemiss.edu.
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