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The fundamentals of electrodynamic simulation using the finite-difference time-domain method
as implemented in Meep are explored. Two situations are considered as systems of study: a cavity
resonator and a phased dipole array. I show how emergent properties of a system, such as quality
factors, can be extracted for analysis; how visualizations can be readily created; and, describe
potential future work with the software.

I. INTRODUCTION

The electromagnetic field has been chosen by human-
ity to be our primary means of communication. We use it
to give us radio, television, the internet, and more. But
as technology progresses, and the social demand for more
powerful devices with greater throughputs and more in-
novative designs increases, so too does the need to be
able to simulate and characterize these devices for itera-
tive purposes.

Cellular modems, synthetic aperture radars, the new
5G NR – all of these technologies require materials hav-
ing precise properties, and complex geometries. These
things do not lend themselves easily to an analytical
treatment, and so we must consider a method of numer-
ical simulation. So much of the world revolves around
these technologies and underling computational processes
that understanding those processes is critical toward un-
derstanding how the development of these technologies
occurs.

II. FINITE-DIFFERENCE TIME-DOMAIN

Meep simulates the electromagnetic field via a finite-
difference time-domain (FDTD) method [1]. In this
method, Maxwell’s equations in space are discretized to a
small cubic lattice. In this unit lattice, the components of
the electric and magnetic fields are placed in a staggered
fashion such that they do not overlap [2].

The fields are stepped forward in time in an alternat-
ing manner – that is, first the electric fields are solved
for, and the next time step the magnetic fields [2]. This
alternating pattern can be repeated to evolve the fields
to an arbitrary desired future time.

Using an FDTD implementation such as Meep has cer-
tain benefits for simulating the electromagnetic field. For
example, because this simulation method operates in the
time domain, we can obtain information about the sys-
tem’s response to a large bandwidth of frequencies in a
single simulation run. In addition, we have full access
to all components of the fields at any time; and, full
and complete control of all material properties at every
point in the simulated space, including high-order non-
linearities.

While these benefits are noteworthy, there are also
some weaknesses associated with FDTD. The most ob-
vious of these is the large memory usage and simu-
lation time associated with finely discretizing a three-
dimensional volume of any significant size. This makes
it computationally prohibitive to model geometries with
fine features relative to the scale of the features of the
field. There can also be numerical instabilities which
arise from geometries failing to satisfy certain conver-
gence conditions. Relating the two, far-field simulations
are more likely to give rise to such instabilities, and take
orders of magnitude longer to complete than near-field
simulations [3].
Of note is the fact that Meep handles all calculations

in a system of natural units where ε0 = µ0 = c = 1. I
refer to such a unit system as Meep natural units, and
abbreviate it as “MNU” in figures. It can be considered
implicit in tables.

III. CAVITY RESONATOR

Meep has excellent documentation which includes a
number of tutorial example simulations. Among them is
the cavity resonator, which consists of a number of cav-
ities spaced about a defect. I chose to use this tutorial
as my introduction to the software because of its reach.
That is, in the tutorial we learn how to run a simula-
tion, how to extract meaningful data (like fluxes, quality
factors, and resonant peak frequencies), how to visualize
the data in a variety of ways (including animation of an
arbitrary field component in time), as well as ways to
construct the geometry programmatically.
The overall structure of simulation code using Meep

takes roughly the same form as the following sparse ex-
ample:

import meep as mp

# Define the cons tan t s we w i l l need
r e s o l u t i o n = 15 # ( px l / MNU)
f r e q = 0 .7 # ( c / a )

# Define the un i t c e l l
c e l l = mp. Vector3 ( . . . , . . . , . . . )
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# Define the sources
sou r c e s = [mp. Source ( s r c= . . . ,

c en t e r= . . . ,
component= . . . ,
amplitude= . . . ) for . . . in . . . ]

# Define the geometry
geometry = [mp. Block (mp. Vector3 (mp. i n f ) ,

c en t e r= . . . ,
mate r i a l=mp.Medium(

ep s i l o n= . . . ) ) ]

# Define the p e r f e c t l y matched l a y e r s
pml laye r s = [mp.PML( 1 . 0 ) ]

# Define the s imu la t i on parameters
sim = mp. Simulat ion ( c e l l s i z e=c e l l ,

boundary layers=
pml layers ,

geometry=geometry ,
s ou r c e s=sources ,
r e s o l u t i o n=

r e s o l u t i o n )

# Run the s imu la t i on
sim . run (mp. to appended ( ’ ez ’ ,

mp. a t eve ry ( 0 . 1 , mp. o u t p u t e f i e l d z ) ) ,
u n t i l=30

)

This gives a general idea of the pattern that will
be used across simulations: define any necessary con-
stants; construct the unit cell; define and characterize
the sources; define and characterize the geometry; create
perfectly matched layers for the boundary; and, finally
create the simulation object which links all the informa-
tion together.

FIG. 1. Cavity resonator, N = 3

As an example, see figure 1 for a frame of an animation
of a cavity resonator with N = 3 supporting one of its
resonant modes. In this instance, the outer region does
not support field propagation, and so rather nonphysi-
cally we see no losses to radiation.

Figure 2 shows a similar setup, but with N = 16. In
addition, I have modified the surrounding region such
that it has the properties of the vacuum. Here, we can see
how some energy is lost as radiation to the surrounding
space. Both figures show an arbitrary field component,
with color conveying phase.

Moving from the first example to the second was a good
experience in generating our geometry programmatically,

FIG. 2. Cavity resonator, N = 16

ℜ[ω] ℑ[ω] Q |A| ℜ[A] ℑ[A]

0.196 0.001 -73.777 0.000 0.000 0.000

0.234 -1.920 6105.959 6.044 -3.998 -4.533

0.312 -0.000 323.178 0.010 -0.010 0.001

0.325 0.000 322.428 0.102 -0.053 0.087

TABLE I. Resonant mode information for the cavity resonator
pictured in figure 2, where ω is the complex frequency, Q the
quality factor, and A the complex amplitude

taking much manual work away from the writer. Instead
of being forced to write the location of each circular cav-
ity individually, we take in the number of cavities on each
side of the defect as a parameter, and construct the geom-
etry in a for loop. This ability is very useful in general,
and we will use the same technique when we later move
to phased arrays.

While the ability to animate and visualize the results
of a simulation may be visually appealing, they are use-
less as a calculation tool. It is therefore critical to be able
to determine such things as the quality factors of reso-
nances. Meep can do this readily as well. For the same
cavity resonator shown in figure 2, see table 1 for a list
of truncated values which contain information about the
resonant modes that were detected for the system during
the simulation.

The raw data output by the simulation is in the HDF5
format. The developers of Meep have likewise developed
a set of tools which can be used to convert this HDF5
data into a variety of other formats. To produce an an-
imation, for example, each of the timesteps is converted
to a more traditional image format, such as PNG, and
then a tool is used to stitch them together into a GIF
or MP4, using something like ffmpeg. This ability to
quickly render what the time evolution of some arbitrary
field component looks like in time, on top of the phys-
ical underlying geometry, is one of the great strengths
of FDTD methods. This makes this type of simulation
very useful for communicating ideas to others quickly and
easily.

The reason FDTD methods work so well for this type
of task is because of the fact that they work in the time
domain. There is no need to Fourier transform anything
back from a frequency domain – we are already there.
So we can simply display the raw data. Is it noteworthy
that this is a double-edged sword however. As mentioned
previously, this same advantage becomes a disadvantage
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if time-response information is what we are focused on.
After exploring the cavity resonator tutorial and con-

cept to this point, I was satisfied with my understanding
of the basics of the software and felt ready to implement
my main goal of demonstrating rudimentary beamform-
ing using a phased array of antennas.

IV. BEAMFORMING

To begin working with beamforming, it is simplest to
start in two dimensions. The simplest radiators we can
create would be dipoles. In Meep, we can model a dipole
as an ideal sinusoidal current source with some complex
amplitude and frequency. I choose to work with four of
these dipoles here.

Because we are working in two effective dimensions,
we can simply drop the third from our calculations and
tell the software to model only an infinitely-thin region
of space. This saves us a great deal in computation time.

FIG. 3. Four ideal dipoles radiating the same signal at
the same phase, the near-field radiation pattern has reached
steady state

The dipoles are placed at half-wave intervals from one
another, such that they are colinear. The rest of space
starts with zero field. See figure 3 for a view of the steady
state near field. Another of the drawbacks of FDTD is
the difficulty associated with simulating the far field of
even mildly complex systems. Because the entire space-
time volume needs to be stepped through, expanding our
dimensions outwards by even a small degree leads to mas-
sive increases in the number of computational steps re-
quired per timestep.

To show how a phased array system can rotate the
main lobe of the radiation pattern, a phase difference
must be created between the radiators. This introduces
a new aspect of the simulation software, because we

must be able to “step in” and change something part-
way through. Luckily, Meep allows for such things. In
the main call to the simulation function, we are able to
add a set of parameters which dictate functions to be
called under certain conditions. One of these conditions
is the simulation time – we are able to call functions at
a certain timestep, continuously after a certain timestep,
continuously before, and so on. In the functions we call,
we may modify anything we wish about the simulation:
its geometry; the properties of the materials; or, as in
our case, the properties of the sources. The modifica-
tions amount to this:

def pha s e s h i f t ( sim ) :
sim . change source s ( [ . . . ] )

sim . run (mp. at t ime (10 , p h a s e s h i f t ) , . . . )

The modification will cause each dipole to accumulate
an additional constant phase shift in addition to that ac-
cumulated by the one “before” it. After running the sim-
ulation with this new phase shift, we are able to view the
effect on the main lobe of the radiation pattern. How-
ever, before once again looking at the steady state, it
seems worthwhile to note how chaotic the transient pat-
terns are immediately after the phase shift, as is shown
in figure 4.

FIG. 4. Four ideal dipoles radiating the same signal, with
phase shifting, immediately after the phase differences are
accumulated. Note the complex interference features and
changes to the regions where energy is stored

Lastly, we can observe the radiation pattern again once
steady state is reached, as shown in figure 5. Compared
with figure 3, there are a few significant differences. First,
we can see a clear downward angle in the main lobes that
did not exist prior to the phase shift. Secondly, not only
has the radiation pattern rotated – the strength of the
main lobe has actually increased dramatically. This ties
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into the third observation, which is that a null has formed
above the array, opposite to the direction in which we
have on average directed more energy. This makes sense
– by directing more energy in the negative y direction,
we must direct less in the positive y direction. This both
acts to rotate the radiation lobes as well as to create the
null in the pattern.

FIG. 5. Four ideal dipoles radiating the same signal at shifted
phase, the near-field radiation pattern has reached steady
state. The rotated main lobes are clearly visible.

V. DISCUSSION

Using the simulation software has already revealed
some things which were unexpected. For example, I did
not anticipate the behavior of the phase-shifted radia-
tion pattern in my dipole array work above. I expected
only rotation, and similarly, no additional null. But af-
ter more thought, both of these observations seem to be
sensical. In this way, the software simulation of different
environments is almost akin to a form of genuine exper-
imentation. Because the FDTD method replicates real-
world results in the overwhelming majority of situations,
one could learn a signficant amount about the real world
from “playing” around in the simulation.

One could even imagine using the visualization abilities
to gain physical intuitions for things which are tradition-
ally difficult to explain or consider, such as the actual
changes caused to a system by the presence of higher-
order non-linearities.

For these reasons, I think the visual nature of simula-

tions of this sort would lend themselves well to classroom
settings. It would offer students a chance to not only bet-
ter intuitively understand certain phenomena, but also a
chance to explore on their own. FDTD methods have
utility outside of engineering design and academic inves-
tigation. I think integrating the method into a more user-
friendly interface and making the tools generally more
accessible to the average person would be worthwhile.

VI. FUTURE WORK

The ability to utilize electrodynamics simulation soft-
ware like Meep opens many potential avenues for future
work. It becomes possible to study, concretely, the entire
scope of electromagnetic design – from radiofrequency
antennas to optical metamaterials.
Options are available for a future project to undertake

as part of the lab. One potential idea is utilizing the
software package to design a metamaterial antenna for
the WiFi/BLE frequency band. This falls within the
regime of possibility due to the ease of manufacture of
PCB patch antennas at this wavelength, coupled with
my previous experience with RF design. It would be
interesting to manufacture such a device and compare its
surface utilization and efficiency with some off-the-shelf
component, such as a standard ceramic antenna.
Likewise, it would be possible to use the software pack-

age to model a phased-array system in the same fre-
quency regime. This links more directly with the work
shown here, but physical implementation is likely to be
more involved. A simple array of patch antennas is likely
to be simplest. A rasterscan approach could be utilized
to roughly characterize the farfield pattern produced by
the device, for example.
Lastly, as mentioned in the discussion, one could en-

capsulate FDTD as implemented by Meep into a more
accessible and easier-to-use application, such as a web
app. One could imagine a web interface where a user can
graphically interact with the geometry, such as by drag-
ging around pre-defined elements like blocks or spheres.
Sources could be added in a similar fashion.
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