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Electr ical engineer ing students have always looked upon
electromagnetic field theory as a difficult, abstract and highly
mathematical subject. Could the use of computers in electro-
magnetics and microwaves courses make the subject matter
more attractive to students? What kind of software would be
most appropr iate? Options range from text and images
displayed on a computer  screen to multimedia packages and
professional CAD tools. In this feature ar ticle we discuss an
approach called " Vir tual Electromagnetics Laboratory"  that
involves fully interactive and user -definable computer
exper iments based on time-domain simulation and dynamic
visua-lization of fields and waves.

 I . Introduction
There is no doubt that the present generation of

students is attracted by the potential of the
computer as a teaching and learning tool and
correlates - at least subconsciously - the relevance
and timeliness of a technical area of study with the
degree of computer use. For this reason, many
educators are eager to introduce computers into
their teaching of electromagnetics and microwaves.
While the motivational factor is important in
attracting good students, there are many more
excellent reasons for using computers. In the
following we will discuss these reasons and
describe how computers and appropriate software
can be integrated effectively in the laboratory and
classroom to support electromagnetics education.

 I I . Computer  Applications in Teaching
Computers may serve both as demonstration

tools and as tools for learning and experimenting.
In the first case the teacher operates the computer
during a lecture or demonstration, and in the
second case the students use it themselves for
study, experimentation, or problem solving.

Computer demonstrations, just like any other
demonstrations, always involve a certain risk.
Unless the projection equipment, the operating
system and the software are highly stable and
reliable, the demonstration effect is likely to occur.
The operator must be skilled and cool, and every
step should be carefully planned and rehearsed.
The risk can be somewhat alleviated by recording
the demonstration on video tape or CD, but this
will make it difficult or impossible to experiment,
respond to a question, or follow a sudden
inspiration. In the laboratory, the computer should
ideally complement the experimental equipment
rather than replace it, even though the high cost of
modern microwave apparatus often makes it
attractive to conduct experiments entirely on
computers.

 I I I . Vir tual Exper imentation
The critical point is the software selected for

teaching applications. We shall focus on the use of
virtual experimentation software as a versatile and
effective teaching tool, both in the demonstration
and the laboratory scenarios. Virtual experimen-
tation is different from replaying a recorded
experiment or using a professional CAD tool. The
former rarely allows intervention - it runs by itself.
The latter is usually designed to get output data
from input data rather than providing insight into
the process that is being studied or the manner in
which the data are generated. The main charac-
teristics of virtual experimentation are full user
interactivity and dynamic visualization of the data
and physical processes. Preferably, the visuali-
zation should be the result of co-processing rather
than post-processing of data to ensure the life-like
nature of the virtual experiment.

Such characteristics are best achieved by time
domain solutions of field and wave problems for
the following reasons:
• The computer simulation emulates the physical

process as it actually occurs in space and time,
• Time domain virtual experiments resemble real

laboratory experiments and are set up in the
same way,

• Causes and effects can be distinguished,
• Both transient and time-harmonic phenomena

can be modeled, and a single transient
simulation can cover a wide bandwidth,

• Nonlinear and dispersive behavior can be mo-
deled in a more physical manner.

The characteristics of virtual experiments are
best described by presenting examples. The
following “Virtual Electromagnetics Laboratory"
experiments have been conceived by the author for
college, university and industry level education in
the areas of propagation and scattering of
electromagnetic waves, waveguides and
transmission lines, antennas, high speed digital
circuits, microwave and millimeter-wave circuits,
electromagnetic compatibility and interference,
opto-electronics, and other applications of electro-
magnetic fields [1-3].

 IV. Vir tual Electromagnetics Laboratory
A Virtual Electromagnetics Laboratory (VEL)

is a suite of virtual electromagnetics experiments
that have been designed to elucidate the behavior
of electromagnetic fields and to investigate the
properties of microwave and millimeter-wave
components.

All experiments are performed using the
MEFiSTo-2D™ time domain simulator (Multi-
purpose Electromagnetic Field Simulation Tool)
that is based on the TLM method and available
from Faustus Scientific Corporation [4]. Experi-
ments are set up using a graphics user interface and
stored as an input file.
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Here is a list of typical Virtual Electromag-
netics Experiments for an introductory course in
transmission lines and microwaves:

1. Wave Propagation on TEM Transmission Lines
2. Wave Propagation in Rectangular Waveguides
3. Mode Fields in Rectangular Waveguides
4. Scattering at Discontinuities in Rect.

Waveguides
5. Scattering at a Waveguide T-Junction
6. Study of a Hybrid Branchline Coupler
7. Diffraction of a Plane Wave by an Aperture
8. Diffraction of a Plane Wave by a Knife Edge
9. Scattering of a Plane Wave by a Dielectric Cy-

linder of Square Cross-Section
10. Scattering of a Plane Wave by a Helicopter
11. Parametric Frequency Halving using Varactor

Diodes
12. Microwave Oscillator with Negative Conduc-

tance Diode

Figure 1 Scattering of a Gaussian pulse at a
dielectric discontinuity. The pulse incident from
the air with velocity c is scattered at the air-
dielectric interface. The dynamic visualization
clearly shows the difference in speed and pulse
width in the two dielectrics, and the continuity of
the field at the interface. The simulator emulates a
time domain reflectometer.

The example from the first experiment is shown in
Figure 1. It demonstrates how the many different
aspects of wave scattering can all be experienced at
once in a time domain simulation, including diffe-
rences in speed, indicated by arrows in the picture.

The characteristics of a microwave component
are easily studied by first performing a wideband S-
parameter analysis and identifying its charac-
teristic frequencies. A subsequent visualization of
the field behavior under time-harmonic excitation
clearly shows how it relates to the properties of the
component. The student can then experiment with
different terminations of the ports and with
different excitation frequencies and waveforms.

Figures 2 and 3 have been
reproduced from Expe-riment 6 on the hybrid
branchline. Figure 4 illus-trates a typical diffracion
problems involving scat-tering of an
electromagnetic pulse by a helicopter-shaped object
(Example 10). Figure 5 shows the
time response of a Gunn-diode oscillator. The
active element is modeled in the time domain by
explicitely integrating the discretized nonlinear

differential equation that governs its behavior, in
synchronism with the TLM process in the passive
region of the circuit.

Figure 2 Magnitude and phase of S11 of a branch-
line coupler. The operating frequency of this
particular coupler is 15.4 GHz.

Figure 3 Snapshot of the field distribution at 15.4
GHz when the port at the upper right is excited
with a sinusoidal signal. The power splitting and
the phase shift between the two coupled ports are
clearly visible in the dynamic visualization. All
four ports are matched in this situation.

Figure 4 The scattering of an electromagnetic
pulse by an object of complex geometry is
demonstrated in this example. By recording and
analyzing the signal reflected by the object, the
student can investigate the features of its
electromagnetic signature, such as delays in the
signal components reflected from various parts,
and its characteristic resonances.

A very interesting series of such virtual experi-
ments and animations has been created by Prof.
Wolfgang Menzel to complement his microwave
course at the University of Ulm. They can be
downloaded from his website [5] either as animated
GIFs or as datafiles that can be run using the free
MEFiSTo-2D demo version available from the
same site, or directly from the Faustus website
www.faustcorp.com/products/

Input
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Figure 5 Modeling of the start-up of a Gunn
diode oscillator. A nonlinear device is embedded
into the field model. Noise is injected, and the
device begins to selectively amplify the natural
resonant frequencies of the oscillator circuit. One
time step corresponds to 0.578 ps. The oscillator
generates output at 28 GHz.

While the fundamental virtual experiments
require only 2D field simulations, more complex
3D problems can be tackled with MEFiSTo-3D
Pro™. Structures such as the microwave circuit in
a SOIC-8 package shown in Figure 6 can be
analyzed with this tool, demonstrating the effect of
the interconnects and the package on the S-
parameters of the circuit, visualizing the fields and
current distributions, and computing the radiation
from the circuit at any frequency of operation.

Figure 6 Microstrip circuit in an SOIC-8 Plastic
Package analyzed with MEFiSTo-3D Pro™. The
red and blue dots are frequency domain MoM
results published by Jackson[6] .

 V. Summary and Conclusions
Students expect computers to be an integral part

of their education and are often motivated by
sophisticated computer tools that complement the
traditional theory and laboratory material.

This is particularly true for abstract and
theoretically demanding areas such as microwave
engineering. It is thus attractive for educators to
use “virtual experiments”  on computers for
education, such as the examples presented in this
paper. Benefits include: stimulation of interest due
to fast simulation speed and quick return of results,
familiarization with electromagnetic modeling
methods, possibility to test new ideas quickly,
deeper physical insight due to visualization and
animation of electromagnetic fields, ability to
identify dominant and parasitic effects, and ability
to “see”  and understand the connection between
field behavior and electrical characteristics of

components or systems. Time domain simulators
provide a realistic modeling environment that
evokes the instruments usually found in a
microwave laboratory, such as network analyzer,
spectrum analyzer and oscilloscope. In addition,
they allow dynamic visualization of fields, thus
revealing the physical mechanisms that cause the
electrical characteristics of structures and circuits.

Figure 7 Surface current density in the ground
plane (paddle) of the packaged circuit at 1 GHz,
showing the current concentration underneath the
strip and the return current to the grounded legs.
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