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General notes
Choose one of the projects on the following pages.
All projects contain some numerical part, but some more than others. The
programming can be done in your favorite language, e.g., matlab, python, fortran,
C etc, but more help is available for matlab.
Your report should be written in English, typeset using LATEX, OpenOffice, MS
Word or similar, and contain at least:
1. An abstract.
2. An introduction, which describes the problem and in which applications it
arises.
3. A theoretical/methodological part, where you describe how you solve the problem.
4. Your results in suitable figures and tables, and a discussion/interpretation of
these.
5. A documentation of the programs and codes that you have written.
6. Please use references where suitable.
Each student shall examine one other project and give constructive feedback. More
detailed instructions on deadlines and tips for oral presentations are posted on the
course home page.
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Figure 1: Schematic illustration of an antenna and its radome.

Project 1
Design of radome
The purpose of a radome is to protect the antenna that lies behind it against weather
and other damaging causes, see Figure 1, which illustrates a radome with a navigation radar for an airborne vehicle. The radome should affect the radiation as little
as possible, and often it is built using sandwich technology with several layers of
dielectric materials, see Figure 2.
Your assignment is to design a radome of sandwich type with three layers. The
radome should work properly in the entire X-band (8–12 GHz), and the transmission
losses (power) should not be larger than 0.4 dB at normal incidence. Data on the
outer layers (Epoxy) and the inner layer (Rohacell) are given in Table 1. Note that
the Epoxy layers are thin; typically around 1 mm thick.
Hint: Use the cascading technique to find the total transfer matrix for the structure. Then extract the transmission coefficient using forward/backward fields in the
surrounding air.
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Figure 2: Radome of sandwich type (three layers — an A-sandwich).

Material



Epoxy

3.65(1 − j0.0320)

Rohacell

1.10(1 − j0.0004)

Table 1: Material parameters for an A-sandwich. The permittivity  is on the form
(1 − j tan δ), where tan δ is the loss tangent of the material.
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Figure 3: Geometry for project 2.

Project 2
Salt water penetration in a concrete floor
Salt water has penetrated a concrete floor, which is 20 cm thick, see Figure 3. You
may assume the permittivity (z, ω) of the floor varies linearly as a function of depth
z:
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and the material is nonmagnetic, i.e., µ(z, ω) = 1 everywhere.
Calculate how the electric field from a plane wave (normal incidence) varies
as a function of depth z. The frequency is 2.45 GHz. What is the active power
density as a function of z? How does the result change if the salt water has disappeared and there is air below the concrete? The Swedish Radiation Safety Authority
(Strålsäkerhetsmyndigheten, SSI) has issued regulations for drying with microwaves,
see
http://www.stralsakerhetsmyndigheten.se/Allmanhet/Magnetfalt--tradlos-teknik/Mikrovagor/Mikrovagstorkning/

Compare your results with these regulations.
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Hint: To analyze the propagation of waves in inhomogeneous media (z), start
with the Maxwell equations for linearly polarized waves [E, H] = [E x̂, H ŷ] propagating in the z direction:





0
µ(z, ω)
E(z, ω)
∂  E(z, ω) 


= −jω 
∂z H(z, ω)
(z, ω)
0
H(z, ω)
Since there is only a transmitted field in the medium beyond the concrete, the field
at z = d is

 

E(d, ω)
1
=
E(d, ω)
H(d, ω)
1/ηb
where ηb is the relative wave impedance of medium b backing the concrete. Use
[1, 1/ηb ] as initial conditions at z = d and solve the equation backwards, towards
z = 0. This gives you a numerical field Enum (z, ω) for 0 < z < d, which only has to
be scaled to obtain the true field distribution, i.e., E(z, ω) = E0 Enum (z, ω), where
E0 is a suitable normalization you need to define.
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Figure 4: A dielectric mirror (photo from Wikipedia).

Project 3
Stop band in periodic materials
A periodic material shows very special wave propagation phenomena. In the literature, the term photonic band gap material (PBG) is often used. Dielectric mirrors
are an example of the use of these structures, and are discussed extensively by
Orfanidis.
1. Show how the bandwidth of an infinite dielectric mirror can be determined
primarily from the contrast nH /nL . Provide suitable illustrations. Can you
find a graphical argument without solving the equations explicitly?
2. Design a dielectric mirror with 99.9% reflectance in the entire visible region
380–780 nm. Start by choosing material parameters and thicknesses by considering the bandwidth of an infinite structure, then choose the number of layers
and verify numerically that the design works. How thick is your final design?
Can you find real lowloss materials that could be used to build the mirror? If
not, how large bandwidth can you achieve with the material data you find?
3. Illustrate how the behavior of your design changes when the angle of incidence
grows.
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Figure 5: To the left: the width of a beam changes with propagation distance. To
the right: typical power distribution of higher order beam modes.

Project 4
Beams—higher modes
In the lecture notes, you find the outline of a derivation of the par-axial approximation for symmetric beams (i.e., modes of order zero) in the region z ≥ 0 The result
is



A
x2 + y 2
 E (x, y; z) =
exp − 2
− jkz
t
1 − jz/z0
2b (1 − jz/z0 )

Ez (x, y; z) ≈ 0
for a transverse electric field in the plane z = 0 of the form
 2

x + y2
E t (x, y; 0) = A exp −
2b2
where A is a vector in the x-y-plane and b is a real parameter. The real parameter
z0 = kb2 is the Rayleigh range.
Your assignment is to generalize this result to an arbitrary excitation in the plane
z = 0. The field in the region z ≥ 0 is in general given as
ZZ ∞
1
E t (x, y; z) =
E t (kx , ky ; 0)e−j(kx x+ky y+kz z) dkx dky z ≥ 0
(2π)2
−∞
p 2
where kz = k − kx2 − ky2 and
ZZ ∞
E t (kx , ky ; 0) =
E t (x, y; 0)ej(kx x+ky y) dx dy
−∞
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We assume the field on the plane z = 0, E t (x, y; 0), has the following general form:
∞
X

x2 + y 2
E t (x, y; 0) =
Ann0 Hn (x/b)Hn0 (y/b) exp −
2b2
n,n0 =0




where Ann0 are complex-valued vectors in the x-y-plane and b is a real parameter of
dimension length. The functions Hn (x) are the Hermite polynomials of order n, see
the hint below.
Make the following computations:
1. Show, using the integrals above, that the electric field at a given fixed point
in the region, z ≥ 0, in the par-axial approximation can be written as


x2 + y 2
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and where
p
B(z) = b 1 + (z/z0 )2
2. Show that the time average power flow, given by the Poynting vector P =
1
Re(E × H ∗ ), of the beam at a large distance z (how do you determine what
2
is large?) is
2
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3. Display, in a series of figures, the behavior of the power flow in the region
z ≥ 0 when the field in the plane z = 0 is


 2

x2 + y 2
x2 y 2
x + y2
E t (x, y; 0) = x̂ 8 − 9
+ 16 4
exp −
b2
b
2b2
This is a linearly polarized field with expansion coefficients


 A00 = 3x̂

 A = A = −1/4x̂
20
02

A22 = x̂



All other = 0
Make your computations at the planes z/z0 = 0, 1, 2, 4, 10. Discuss the changes
observed in the power flow between the different planes.
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Hint: Some relevant integrals in this project are:
Z ∞
√
2
2
2 2
e−x /2b +jkx x Hn (x/b) dx = 2πb (j)n Hn (kx b)e−kx b /2
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and
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e
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−kx2 F 2 /2−jkx x
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−jxb/F 2
−x2 /2F 2
1− 2
e
Hn
F
(1 − 2b2 /F 2 )1/2

The Hermite polynomial of lowest order are:


 H0 (x) = 1
H1 (x) = 2x

 H (x) = 4x2 − 2
2
Feel free to compare the results with, for instance, the discussion of HermiteGaussian beams in chapter 3 of B. E. A. Saleh and M. C. Teich, Fundamentals
of Photonics, Wiley, 2007, or other optics books with more thorough treatment of
beams.
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Figure 6: A time-frequency image of a whistler, and its travel path.

Project 5
Propagation of whistlers
Lightning strikes generate electromagnetic waves of many frequencies. These waves
propagate through the atmosphere and partly through the ionosphere, giving rise to
frequency dispersion. The permittivity of a lossless plasma for RCP or LCP waves
is


ωp2
± (ω) = 0 1 −
ω(ω ± ωB )
where the plasma frequency ωp and cyclotron frequency ωB are given by
ωp2 =

N e2
,
m0

ωB =

eB
m

A typical number density of electrons in the lower ionosphere can be N = 1012 m−3 .
More detailed data can be found at http://iri.gsfc.nasa.gov/, click on “Run Online”
to generate a table of values as function of height. Based on the results, choose a
suitable value for the number density and approximate the ionosphere with a homogeneous layer with suitable thickness, i.e., you do not have to make the computations
assuming an inhomogeneous material. Motivate your choices.
Assume the lightning strike can be modeled as a sharp pulse at z = 0. Study
the propagation of this pulse along the magnetic field lines, including through the
ionosphere. You don’t have to take the curvature of the travel path into account.
Illustrate the chirping of the received signal, particularly for the acoustic frequencies
up to a few kHz. How does the duration of the received signal correspond to the
figure above? What information of the ionosphere can you deduce from a given
signal? For instance, can you estimate the thickness of the ionosphere from the
signal in the figure above?
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Project 6
3D movies using polarization
In the technology for 3D movies, the channels for left and right eye are chosen by
polarization, which enables color viewing as opposed to the old technology that
used a red and a green filter for each eye. It is known that circular polarization is
involved.
1. On the basis of the observations below or your own experiments, explain how
the glasses can discriminate between left- and right-hand circular polarization.
You need to combine an anisotropic slab with a linear polarizer.
2. While wearing the glasses, looking into a mirror and closing one eye, one glass
is blocked. Which one and why? Illustrate with a figure where you indicate
the polarization state at the following points: 1) at the eye which is seen
through the mirror (before transmission through the glass), 2) after the glass
but before reflection, 3) after reflection but before the glass, and 4) after the
final transmission through the glass.
3. It is possible to convert linear polarization to circular and vice versa by using an anisotropic material. Assume the material properties are frequency
independent. Explain in detail how the effect is achieved, and compute the
bandwidth over which the operation can be achieved. Explain the color difference between the aligned and rotated examples in the first row of the observations below (one is yellow and one is blue, you may need to look at a
magnified version of this pdf document on a color screen to see it). Your solution should contain a calculation demonstrating how a different frequency
behavior of the transmitted light should be expected depending on the orientation of the glasses, as well as one or several graphs where this is demonstrated.
What other ways of converting between linear and circular polarization can you
find?
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Observations
Pair 1 is stationary. Pair 2 is moved around. Pair 1 and pair 2 facing the same way:

Align

Upside down

Rotate

Rotate

Shift

Pair 2 in the opposite direction of pair 1, front to front:

Align

Upside down

Rotate

Rotate

Shift

Pair 2 in the opposite direction of pair 1, back to back:

Align

Upside down

Rotate

Rotate

Shift
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Project 7
Material measurements
It is often desired to measure material parameters, for instance using scattering
of electromagnetic waves. To translate the scattering parameters (reflection and
transmission coefficients) into material parameters ( and µ), it is necessary to use an
algorithm like the Nicolson-Ross-Weir algorithm, which was summarized in Lecture
9. This project concerns an investigation of the properties of this algorithm.
First show how the material parameters can be extracted from the final stage of
the NRW algorithm (going from ρ and P to  and µ). Then perform the following
steps.
1. Construct a program that computes reflection and transmission coefficients
for given parameters (d, f, r , µr ), where d is the thickness of the slab, f is the
frequency, r is the relative permittivity, and µr is the relative permeability.
2. For a fixed choice of r and µr , use the program to compute the reflection and
transmission coefficients as functions of frequency, r(f ) and t(f ), in an interval
which corresponds to the slab being between zero and one wavelengths.
3. Add white noise at some noise level to r(f ) and t(f ).
4. For each frequency f , compute the resulting material parameters NRW (f ) and
µNRW (f ) from the Nicolson-Ross-Weir algorithm.
5. Analyze the statistics of the computed coefficients, i.e., what is the mean
and standard deviations of NRW (f ) and µNRW (f )? How does the standard
deviation relate to the level of noise added? Is there a frequency dependence?
Do you observe any anomalies?
In order to compute the statistical parameters, you can generate many samples by
repeating steps 1–4 above for each frequency point.

13

Project 8
An all-dielectric probe for field measurements
To measure the electric field at a point, usually a metal probe is used. This tends
to disturb the field distribution, and a less invasive alternative is an all-dielectric
probe, as described in (for instance)
• Y. Gaeremynck, G. Gaborit, L. Duvillaret, M. Ruaro, F. Lecoche: Two electricfield components measurement using a 2-port pigtailed electro-optic sensor,
Appl. Phys. Lett. 99, 141102 (2011).
The idea is that in a particular kind of nonlinear crystal, a strong but relatively low
frequency electric field E (up to about 20 GHz) will cause a small shift of optical
refractive index proportional to the field strength E
δn± = K ± · E
where K ± is a measure of the nonlinearity. This shift in refractive index can be
probed by a laser beam as depicted below (from the above publication and a recent
conference contribution by the same authors).

A linearly polarized laser beam is incident on a λ/4-plate at port 1, which converts
it to circular polarization in order to probe the two polarizations corresponding
to δn± equally. It is reflected against a dielectric mirror, traversing the nonlinear
crystal a second time and exiting through the λ/4-plate again, forming an elliptic
polarization at port 2. By detecting the polarization state, a measure of the low
frequency electric field E can be obtained.
1. Compute the elliptic polarization state entering port 2 as a function of the
applied low frequency electric field E. Illustrate the result.
2. Given the fact that the photodiode detectors PD1, PD2 etc can only detect
optical power and not phase, explain how the setup with quarter-wave and halfwave plates can be used to determine the polarization state of the reflected
wave. The W-components are Wollaston prisms, that split a wave in its two
linear polarization parts.
Please see the paper cited above and references therein for more details on the probe
setup.

