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Anotace

Tato diplomová práce se zabývá inovovaným typem polarizátoru vestav¥ným ve vlnovodné
struktu°e. Tento polarizátor zaji²´uje p°em¥nu lineárn¥ polarizované vlny na kruhov¥ po-
larizovanou vlnu. V programu CST Studio Suite jsou navrºeny dva typy polarizátoru, jeden
v kruhovém vlnovodu s podélnými desti£kami po stranách a druhý v eliptickém vlnovodu.
Oba polarizátory jsou následn¥ vyrobeny tiskem na 3D tiskárn¥, pokoveny t°emi r·znými
technologiemi a jsou vybaveny SMA konektorem se sondou. Ve stín¥né komo°e je prove-
deno m¥°ení základních parametr· a nam¥°ená data jsou porovnána s daty simulovanými.

Klí£ová slova

Polarizátor, kruhov¥ polarizovaná anténa, kruhový vlnovod, eliptický vlnovod, 3D tiskárna,
pokovení, osový pom¥r.

Abstract

This diploma thesis deals with a novel type of polarizer in the waveguide structure. This
polarizer transforms polarization of the wave from linear to circular. Using CST Studio
Suite two polarizer are designed, one in the circular waveguide with perturbation plates
at opposite sides and the second one in the elliptical waveguide. Both polarizers are
manufactured by printing on a 3D printer, metallized with three di�erent techniques and
equipped with a SMA connector with an electrical probe. At the end a measurement is
shown and the measured parameters are compared with the simulated parameters.
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Polarizer, circularly polarized antenna, circular waveguide, elliptical waveguide, 3D printer,
metallizing, axial ratio.
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1 Introduction

Circular polarization and circularly polarized antennas are widely used in the satellite com-
munication since they are suitable for reliable data transmission over a long way through
the atmosphere. There are not many antennas working with the circular polarization natu-
rally. Such polarizer have been typically proposed and developed using the septum or irises
structure placed inside the waveguide structure. The manufacturing of such polarizers can
be very complicated for common machining methods and the quality and accuracy can
not be guaranteed. The main goal of this thesis is to design a circular polarizer arranged
in the circular waveguide structure, which can be easily manufactured using a modern
3D printing technology and has a compact embodiment. Since the printer can not print
electrical conductive materials, the polarizer needs to be layered with a metal layer. This
polarizer will be measured and the measured data will be analysed and compared with the
simulation. The design frequency fd= 3 GHz will be considered to enable the 3D printing
with limited dimensions.
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2 Antennas

An antenna is a device for transformation of the electromagnetic wave travelling through
the free space into the guided wave in the transmission line as in Fig. 1. The antenna can
be thus used for receiving, but also for transmitting of the electromagnetic waves due to the
reciprocity of the antennas, whereas the parameters, like radiating pattern or antenna gain
are the same for both operating modes. In speci�c case and appropriate design involving
two orthogonal polarizations, an antenna can serve both receiving and transmitting.

Figure 1: An antenna providing transformation from guided waves to free space waves,
taken from [5].

2.1 Input impedance

The input impedance Zin is de�ned as an impedance of the antenna at its feeding terminals
or as the ratio of the voltage and current at the terminals [8]. The input impedance is
usually a complex number and can be expressed as

Zin = Rr +Rloss + jXA (1)

where Rr is a radiation resistance of the antenna, Rloss is a loss resistance of the antenna
and XA is an antenna reactance.

The Fig. 2 shows a situation when the antenna is connected to the generator with internal
impedance ZG = RG + jXG. For the matching of the antenna to the generator and
delivering of the maximum power to the antenna, both impedance has to be conjugated,
thus ZG = Z∗A. This condition is ful�lled for

RG = Rr +Rloss

XG = −XA

(2)

2.2 Re�ection coe�cient

For the e�cient transmission of the electromagnetic waves into the antenna, the input
impedance Zin needs to be matched with the characteristic impedance of the feeding
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Figure 2: An alternative circuit schematic of the antenna.

transmission line. Usually 50 Ω cables are used in the radiofrequency applications, but
also another values of impedance can be obtained, for example 75 Ω for television and
satellite technique. For standard 50 Ω cables the antenna impedance should be equal to 50
Ω. In case these impedance are di�erent a re�ections at the transition occurs and part of
the power is re�ected back to the generator, what is not desired. The re�ection coe�cient
gives a ratio of the re�ected wave voltage to the incident voltage [8] and the de�nition with
the impedances it is given by

Γ =
Zin − Z0

Zin + Z0
(3)

where Zin is an input impedance of the antenna and Z0 is the characteristic impedance of
the transmission line used for the antenna feeding. In practise, usually another formulation
is used, the return loss with dB units de�ned by

RL = −20 log |Γ| (4)

Well designed antennas have the return loss usually 10 dB and higher, e.g. the return loss
of 20 dB corresponds to re�ection of 1% of the input power. From the return loss a next
parameter can derived, a voltage standing wave ratio (VSWR). VSWR represents the ratio
of the maximum voltage Vmax to the minimum voltage Vmin on the transmission line and
is given by

V SWR =
|Vmax|
|Vmin|

=
1 + |Γ|
1− |Γ|

(5)

The re�ection coe�cient can be also related to the re�ected power Pr and incoming power
Pi by

Pr = Pi |Γ|2 (6)
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2.3 Directivity, gain, e�ciency

The radiation property of the antenna to direct its power towards a given direction (θ, φ),
is de�ned with a directive gain, which describes the radiation intensity normalized to the
intensity Ui of the isotropic antenna with the same radiated power. The directive gain is
de�ned [8] as

D(θ, φ) =
U(θ, φ)

Ui
=
U(θ, φ)
Prad
4π

(7)

The directivity Dmax, or just D is then de�ned as the directive gain in a direction to the
maximal electric �eld intensity Umax

Dmax =
Umax
Ui

(8)

The gain of the antenna is derived from the directivity, but it includes the e�ciency η,
which is linked with the losses in the antenna

G(θ, φ) = ηD(θ, φ) (9)

The total e�ciency η can be divide in particular e�ciencies as [8]

η = ηrηcηd (10)

where ηr is re�ection e�ciency being related to the re�ections at the antenna input, ηc is
conduction e�ciency related to the material of the antenna and ηd is dielectric e�ciency
related to the presence of the dielectric material in the antenna.

For practical reasons both directivity and gain are usually expressed in dB, so that is
DdB = 10 logD and GdB = 10 logG. The gain of the antenna is usually used in dBi, what
means the relation to an isotropic antenna. When referred to the dipole antenna, dBd
unit are used. Because of the dipole antenna gain 2.15 dB, these mutual conversion can
be given dBi= dBd+2.15 and dBd=dBi-2.15.

The beamwidth of the radiation pattern is an angular separation between two identical
points to both sides of the maximum of the radiation pattern. Usually half-power band-
width (HPBW) is used, which is determined by the angles where the power is half compared
to the power in the maximum (-3 dB).

2.4 Bandwidth

A frequency bandwidth of the antenna is an frequency interval, where behaviours of the
antenna satis�es certain requirement. The usual parameter for the antenna bandwidth is
the minimal return loss and so the lower and upper frequencies are determined.

BW =
f2 − f1
f0

× 100 (11)
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where f1 and f2 are the lower and upper frequencies and f0 is the central frequency.

For circularly polarized antenna, not only the impedance matching, described with the
re�ection coe�cient, but also an bandwidth of the su�cient circular polarization, described
with the the axial ratio, should be satis�ed. The good circularly polarized antenna should
have the axial ratio below 3 dB [5].

2.5 Field regions

The regions around the antenna can be subdivided into three regions according the distance
from the antenna, as shown in Fig. 3. These regions are reactive near �eld, radiating
near �eld and far �eld. Most of the antenna characteristics are de�ned and valid only
in the far �eld region, where the �eld is fully transversal.

Figure 3: Radiation pattern in di�erent antenna regions, taken from [8].

The �rst region nearest to the antenna is called a reactive near �eld. In this region a
reactive �eld dominates, but the reactive components varies inversely with the 1

R3 and
thus they disappear very quickly. The reactive near �eld region of the antenna with largest
diameter D (assumed D > λ) and the wavelength λ is bounden by the distance R from
the antenna

R < 0.62

√
D3

λ
(12)

The next region is called a radiative near �eld, also Fresnel region and it is a region where
the �eld begins to radiate. The distance interval for the radiative near �eld is given by

0.62

√
D3

λ
< R <

2D2

λ
(13)

The furthest region of the antenna is the far �eld, also called Fraunhofer region, beginning
in the distance

R >
2D2

λ
(14)
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This distance is de�ned by the maximal phase error of φ8 and the most antenna characteris-
tics, like radiating pattern or directivity, are valid only in the far �eld. The electromagnetic
�eld is there transversal, the electric and magnetic �elds are in phase with each other and
thus the impedance of the far �eld is constant and given by

Z0 =

√
µ0
ε0

(15)

where µ0 is the vacuum permeability and ε0 the vacuum permittivity.
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3 Polarization

The polarization in the electromagnetic theory is de�ned as the orientation of the electric
�eld vector. This vector can oscillate in the �xed direction or can rotate with time. Hence,
we can distinguish two general arrangement of the polarization- linear polarization and
elliptical polarization with a special case of circular polarization. The desirable component
of the wave, which has the desired sense of polarization (vertical or horizontal for linear
polarization) or sense of rotation (RHCP or LHCP) for circular polarization, is called the
co-polarization component. On the other hand, the undesirable component, i.e. vertical
component for the horizontal antenna or RHCP component for the LHCP antenna, is
called cross-polarization component.

3.1 Linear polarization

Linear polarization is a state of the electric �eld vector E, that does not change in the
time, and directs in a �xed direction. We can distinguish vertical or horizontal polarization,
whereas antenna is to be said vertically polarized when its electrical �eld is perpendicular
to the Earth's surface and horizontal when its electric �eld is horizontal with the Earth's
surface. The sense of polarization is given only by the antenna arrangement, so e.g. rotating
a horizontal linear antenna at 90◦ we get vertical linear antenna arrangement. As described
below, linear polarization can be described as a special case of the elliptical polarization.

For linear polarization of the electromagnetic wave travelling in the positive z direction,
we can write the electric �eld E as

~E = Ex̂e−jk0z (16)

Most of the transmitting systems use linear polarized antennas for easier manufacturing
and less complexity when compared to the circular polarized systems. For example, sys-
tems like TV broadcasting in the Czech Republic used a linear polarization in the horizontal
arrangement, today's DVB-T broadcasting use both vertical and horizontal linear polariza-
tion, Wi-Fi networks use commonly linear polarization or GSM mobile phone system use
also a linear polarized antenna in the mobile phone, there the circularly polarized antenna
would be demanding to be implemented in the mobile phones.

3.2 Elliptical polarization

When we consider a superposition of two linearly polarized waves x̂ and ŷ with amplitudes
E1 and E2, which both travel in the positive z direction, the total electric �eld can be
written as [7]

~E = (E1x̂+ E2ŷ)e−jk0z (17)

There are more possibilities according to the size of electrical intensity E1 and E2. Special
cases are if E1 = 0 or E2 = 0, the wave is then polarized linearly in the x̂ or ŷ direction.
If E1 = E1 6= 0, the resulting wave is polarized linearly with a polarization angle φ, which
can be determined as
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φ = tan−1
E2

E1
(18)

Any other combinations lead general to the elliptical polarization, which can be a circular
polarization as a speci�c case, when both orthogonal components have the same amplitude
E1 = E2 = E0 and the phase shift between both components is π

2 . The form of this �eld
is then

~E = E0(x̂+ jŷ)e−jk0z (19)

Hence there are two possibilities of the phase shift π
2 in both directions right and left, we

can distinguish two circular wave arrangement. The right-hand circularly polarized wave
(RHCP) can be determined by the right hand, when the �nger points in the direction of
propagation and the �ngers point in the direction of rotation of the electric �eld vector.
By other words, a wave is RHCP polarized, if it travels from the observer and its rotation
is clockwise.

When the vector rotates in the opposite manner, the wave is left-hand circularly polarized
wave (LHCP), rotation from the observer is counter-clockwise and the �eld can be described
as

~E = E0(x̂− jŷ)e−jk0z (20)

The illustration of both RHCP and LHCP is shown in the Fig. 4

Figure 4: RHCP (a) and LHCP (b) polarized electromagnetic waves, taken from [7].

3.2.1 Characteristics of the circular polarization

There are a few signi�cant advantages of the circular polarization compared to the linear
polarization. When travelling through the atmosphere, change in the polarization of the
wave occurs. This e�ect, which is called Faraday rotation, is stronger when the travelling
path is long and it would be signi�cant for the long distance communication, like satellite
connection or navigation services.

When a electromagnetic wave travels through the atmosphere, particular the ionosphere,
the Faraday rotation causes a rotation of the plane of the polarization, which is linearly
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proportional to the magnetic �eld in the direction of propagation. This situation shows
Fig. 5.

Figure 5: Illustration of the Faraday e�ect, taken from [6].

The angle change β can be described

β = V Bd (21)

where V is a Verdet constant, B is a magnetic �eld and d is a length path.

If the electric �eld is polarized di�erently than the receiving antenna, the available power
will be less than in case of alignment of the wave and the antenna. This angle misalignment
causes, in the case of ideal linearly polarized system, a polarization loss, which can be
described for with a polarization loss factor (PLF) as

PFL = cos2 φ (22)

where φ is a angle di�erence between the wave and the receiving antenna. If the wave and
the antenna are polarization matched, PLF=1, and there is no polarization power loss,
on the other side, if PLF=0, no power is transmitted due to this polarization mismatch.
If we consider a situation with linearly polarized wave and circularly polarized receiving
antenna, the loss mismatch loss will be PLF=0.5=-3 dB, because of receiving only one
component of the two orthogonal components, no matter what angle they are rotated to
each other.

Another reason for using the circular polarization is that it suppresses very e�ectively
multi-path interferences caused by re�ections from the objects, particular the Earth, since
the right-hand polarization change in the left-hand polarization (and vice versa) when the
wave re�ects.

Because of the nature of the circular polarization, the both antennas need not be perfectly
orientated in the appropriate angle to each other when compared to the linear polarization,
where signi�cant mismatch losses would occur.

For the above advantages the circular polarization is favourably used by the global naviga-
tion satellite system (GNSS), which use right-hand circular polarization, or another satellite
communication, like TV broadcasting or space telemetry and could be attractive for many
other wireless systems. Because of the good resistance to the position misalignment, cir-
cular polarization can be favourably used for radio frequency identi�cation (RFID), where
the position of the RFID chip antenna is not constant.
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3.2.2 Axial ratio

One of the parameters describing the polarization state of the wave is an axial ratio. It
can be determined from the polarization ellipse, which is described by the rotating electric
�eld vector. An example of such ellipse is shown in the Fig. 6.

Figure 6: The electric intensity vector describing polarization ellipse, taken from [5].

Using the arrangement in the Fig. 6 the axial ratio R can be de�ned

|R| = a

b
=

major axis length

minor axis length
=
Emax

Emin
(23)

And with the value in the decibels

|RdB| = 20 log |R| (24)

Axial ratio is an important parameter for measuring of the circular polarization. For
circular polarization, when the polarization ellipse become circle, the value of axial ratio
is R=1, while for linear polarization, the ratio is R=∞. Usually R is required to be below
3 dB for circular polarized antenna [5].

3.2.3 Missmatch loss

The mismatch loss for any angular position between major axes of the electromagnetic wave
and the receiving antenna both with the general elliptical polarizations can be calculated
[12] as

PFL(dB) = 10log

[
1 + ρw

2ρA
2 + 2ρwρA cos 2φ

(1 + ρw2)(1 + ρA2)

]
(25)

where ρw = (Rw + 1)(Rw − 1) is the circular polarization ratio of the wave and ρA =
(RA + 1)(RA − 1) is the circular polarization ratio of the receiving antenna.
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3.3 Circularly polarized antennas

Only a few types of antenna have inherent circular polarization, for example helix antenna,
spiral antenna or modi�ed patch antennas. Other antennas are usually distinguish by the
linear polarization and for creating of the circular polarization an arrangement of two
linearly polarized antennas with phase shifting is used.

3.3.1 Helix antenna

Helix antenna consist of wire wounded in the form of screw. The parameters of the helix
antenna determines its characteristics and they include the diameter D of one turn, the
vertical interval S between turns, the pitch angle α or the number N of turns. Depending
on these attributes the helix antenna can operate in three di�erent modes, which are shown
in Fig. 7:

• Normal mode: occurs when the diameter of the spiral is relatively small compared
to the wavelength (D < 0.1λ). The radiation of this helix is omni-directional, similar
to the one of the dipole.

• Axial mode: appears when the cirfumference of the spiral is comparable to one
wavelength. The radiation pattern has its maximus in the axis of the helix.

• Higher-order mode: occurs when circumference exceed one wavelength λ

Figure 7: Radiating modes of the helix antenna, taken from [5].

3.3.2 Self-complementary antenna

The spiral self-complementary antennas are frequency independent antennas, which can
create a circular polarization in a wide frequency range. The impedance matching is
frequency independant since the structure consists of two complementary (slot and metal)
surfaces of the same area, as can be seen in Fig. 8. The relation between the impedances
of these both shapes describes the Babinet's principle [8]

ZmetalZslot =
Z0

2

4
(26)
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From this equation the impedances are Zmetal = Zslot
.
= 188.5Ω.

The operating frequency range is limited by the geometrical arrangements. The lowest
operating frequency is limited with the input terminal distance d and the lowest operating
frequency is bounded with the antenna diameter 2D.

Figure 8: Log-spiral wideband RHCP antenna, taken from [5].

3.3.3 Patch antenna

Another arrangement can be patch antennas with a single feed, which use perturbations
of the shape for exciting the orthogonal modes in the right proportion, using truncated
corners, slits or another shapes. Fig. 9 shows two examples of the circularly polarized
patch antennas with a slot.

Figure 9: Examples of patch antennas with a circular polarization, taken from [5].

Another structure for exciting of a circular polarization can be also used, but the antennas
need to have an feeding structure, like in Fig. 10, which divides the power into two
orthogonal modes and provides a phase shift of 90◦. This can complicate the design and
the accuracy of the assembly and in addition the power dividers and the phase shifters are
usually narrow-band.
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Figure 10: CP patch antenna with a 90◦ phase shifter, taken from [5].

4 Antenna measurements

Because of the complex structure a lot of antennas can not be investigated analytically and
the measurement is needed for approving of the developed antenna, where the theoretical
assumptions should be validated. The convenient method for performing antenna mea-
surement is with the test antenna as a receiving antenna, but also the inverse arrangement
is possible due to the reciprocity of the antennas. Hence the right measurement should
occur in the free space with no re�ection and other disadvantage in�uences and interfer-
ences and the outdoor is not very convenient for measurement for its weather impact, the
measurements are often done in an anechoic chamber. The anechoic chamber provide an
environment, where the electromagnetic interferences are minimized, the re�ections from
the walls are suppressed with a special absorption material with suitable shaping based on
the pyramidal structures, where the waves multiply re�ects and their energy is successively
absorbed.

For the correct results, the measurement needs to be done in the far �eld region, thus the
mutual distance needs to ensure the far �eld region for both antennas.

The usually measured antenna parameters are gain, radiation patterns in more planes,
re�ection coe�cient and polarization.

4.1 Gain measurement

Most of the gain measurement are based on the Friis transmission formula, which can be
expressed in logarithmic units as

Pr = Pt − L0 +Gt +Gr (27)

where Pr is an received power [dBm], Pt transmitted power [dBm], Gr gain of the receiving
antenna [dB], Gt gain of the transmitting antenna [dB] and L0 is free space loss (FSL) at
given distance R and for given wavelength λ, which is given by

L0 = 20 log
4πR

λ
(28)

All the antenna measurements are subject to errors, for the valid results it is need to give
an exceptional attention to the frequency stability of the measured system, the antennas'
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placing in the far �eld region, antennas' alignment in the boresights, impedance matching
and polarization matching and to the minimization of the multipath propagation.

There are three basic methods for gain measurements [28]:

• Two identical antenna method uses two identical antennas as receiving and trans-
mitting antenna (Gt = Gr). Their gain reduces from Equation 27 to

Gr = Gt =
1

2
Pr − Pt + L0 (29)

• Three di�erent antenna method uses a three di�erent antenna, which all their
combination are used to determine the gain of each of the three. We get then 3
equations with 3 unknown gains, from which the each gain G1, G2 and G3, can be
easily derived.

G1 +G2 = Pr1 − Pt2 + L0

G2 +G3 = Pr2 − Pt3 + L0

G1 +G3 = Pr1 − Pt3 + L0

(30)

This method is the most accurate of all described methods. It is also the most
universal method for antenna measurements since there is no need to know gains of
the individual antenna.

• Reference antenna method is the easiest method for antenna measurement, which
requires to have a reference antenna with the known gain Gr. The received power by
the reference antenna is then compared with the power received with the measured
antenna, while the transmitting antenna is the same for both measurements. The
received powers with the reference antenna Pr1 and with the measured antenna Pr2
are given by

Pr1 = Pt − L0 +Gt +Gr
Pr2 = Pt − L0 +Gt +Gx

(31)

Combining these both equations the gain of the measured antenna Gx is given by

Gx = Pr2 − Pr1 +Gr (32)

For measuring of the designed antennas this method will be used for its simplicity.

4.2 Re�ection coe�cient measurement

The re�ection coe�cient describes a impedance matching of the antenna. For the maximal
power transfer between a generator and an antenna a conjugate match is usually desired as
described in Section 2.1. From the measured re�ection coe�cient by a spectral analyser,
the input impedance can be expressed as
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Zin = Z0

[
1 + Γ

1− Γ

]
(33)

For a good antennas a re�ection coe�cient -10 dB and lower is required.

4.3 Polarization measurement

For the description of the antenna's polarization, the polarization ellipse and the sense of
the rotation are used. The tested antenna is usually used as a transmitting antenna and
the method requires a testing linearly polarized antenna, usually a dipole or horn antenna.
The arrangement of both antennas and the rotation sense can be seen in Fig. 11.

Figure 11: Measurement of the polarization, taken from [8].

If the test antenna is linearly polarized, the voltage response is determined by sin ψ, where
ψ is the rotation angle of the probe to a reference direction, and the pattern has an eight-
shape as can be seen in Fig. 12, whereas the minimum of the pattern corresponds to the
orthogonal arrangement of the both antennas.

Figure 12: Typical polarization patterns for di�erent polarizations of the tested antenna,
taken from [8].
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5 Circular waveguide

The circular waveguide can be an alternative to the rectangular waveguides. It consist
of a hollow, round metal pipe with an inner radius a. Because of the cylindrical geom-
etry, cylindrical coordinates should be applied, which can be described using radial (ρ),
azimuthal (φ) and vertical (z) coordinates. The geometry of such is shown in the �g. 13

Figure 13: Geometry of the circular waveguide, taken from [7].

Due to the cylindrical geometry, the manufacturing process can be done easier and with
more accuracy than of the the rectangular waveguides, which have sharp edges.

As all waveguide the circular waveguide also makes low-loss transmission, better than of
coaxial cable. To enable waves to travel through the waveguide, the diameter must be large
enough for the lowest possible (dominant) mode. In the circular waveguide two transverse
mode types can propagate:

1. Transverse electric (TE) modes, which has no electric �eld in the direction of
propagation.

2. Transverse magnetic (TM) modes, which has no magnetic �eld in the direction
of propagation.

We can distinguish these mode to according to the space arrangement of the electro-
magnetic �eld, describing the modes TEnm and TMnm, where n refers to the number of
circumferential (φ) variations and m refers to the number of radial (ρ) variations.

The transverse electromagnetic (TEM) modes can not propagate in the waveguides, since
TEM modes require two or more conductors to be excited.

Each mode has its own cuto� wavelength λc, below which the electromagnetic wave can
not propagate and which corresponds to the dimensions of the waveguide.

The �rst mode (dominant mode) for a circular waveguide is the TE11.
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5.1 TE modes in circular waveguide

Transverse electric modes has only magnetic �eld along the direction of propagation and
no electric �eld in the direction od propagation. The basic geometry with corresponding
vectors is depicted in Fig. 14.

Figure 14: Geometry of the circular waveguide [10].

Hence, the conditions Ez = 0 and Hz 6= 0 and the transverse electric �eld is then deter-
mined by the transverse magnetic �eld HT we obtain �eld components as [10]

∇T
2Hz + kc

2Hz = 0

HT = − jβ
kc

2∇THz

ET = ηTEHT × ẑ

(34)

Where β is the propagation constant de�ned as β = 2π
λg
, ηTE the wave impedance and kc

is a cuto� wave number given by

kc
2 = ω2εµ− β2 (35)

Since the cylindrical coordinates are used, solution of the wave equation can be found with
the Bessel's functions (derivation can be found e.g. in [7], p. 122-124) in the form

ρ2
d2R

dρ2
+ ρ

dR

dρ
+ (ρ2kc

2 − n2)R = 0 (36)

The solution is

R(ρ) = CJn(kcρ) +DYn(kcρ) (37)

where Jn(x) is the Bessel function of �rst kind and Yn(x) is the Bessel function of second
kind.
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The graph of the Bessel's functions of the �rst kind are shown in Fig. 15.
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Figure 15: Bessel's functions of the �rst kind with �rst extreme values marked.

The propagation constant of the TEnm mode is given by

βnm =

√
k2 − kc2 =

√
k2 − (

p′nm
a

)2 (38)

where p′nm are the roots of the derivative of the Bessel's function Jn, so that J
′
n(p′nm) = 0.

The cuto� frequency fcnm is then

fcnm =
kc

2π
√
µε

=
p′nm

2πa
√
µε

(39)

where µ is permeability and ε permittivity of the medium.

The values of p′nm [7] for n=0, 1 and 2 are in Table 1.

n [�] p′n1 p′n2 p′n3
0 3.832 7.016 10.174

1 1.841 5.331 8.536

2 3.054 6.706 9.970

Table 1: Values of p′nm of the Bessel's function derivative for TE modes, taken from [7].

The �rst mode (dominant mode) is that mode with the lowest p′nm, which is in the circular
waveguide the TE11 mode with p′n1 = 1.841, so the cuto� frequency will be

fcnm =
1.841

2πa
√
µε

(40)

The next TE modes supported in the circular waveguide are TE21, TE01, etc.
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The �eld distribution of the TE modes illustrates �g. 16

Figure 16: First six transverse modes of a circular waveguide, taken from [13].
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5.2 TM modes in circular waveguide

The second mode type propagating in the circular waveguide can be transverse magnetic
modes. Their magnetic �eld ful�ls the condition Hz = 0 and from the boundary condition
at the walls of the waveguide we get Ez(ρ = a, φ) = 0.

Similar as Equations 34 we get [10]

∇T 2Ez + kc
2Ez = 0

ET = − jβ
kc

2∇TEz

HT =
1

ηTM
ẑ × ET

(41)

For the cuto� wave number we get

kc =
pnm
a

(42)

where pnm is the root of the Bessel's function Jn(x), therefore Jn(pnm) = 0.

The cuto� frequency fcnm is

fcnm =
kc

2π
√
µε

=
pnm

2πa
√
µε

(43)

First three values of Bessel's function pnm [7] shows table 2.

n [�] pn1 pn2 pn3

0 2.405 5.520 8.654

1 3.832 7.016 10.174

2 5.135 8.417 11.620

Table 2: Values of roots pnm of the Bessel's function, taken from [7]

From the table the �rst TM mode can be derived as TM01 and the following modes TM11,
TM21, etc.

The summary of the individual TE and TM modes in the circular waveguide with their
cuto� frequencies normalized to the dominant TE11 mode is shown in Fig. 17.
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Figure 17: Normalized cuto� frequencies of the TE and TMmodes in the circular waveguide

5.3 Wavelength in the waveguide

The wavelength in the waveguide is de�ned as the distance between two planes with the
same phase along the waveguide. The guide wavelength λg is always longer than the
wavelength in the freespace and it is given by [7]

λg =
2π

β
=

2π√
k2 − (pnm

a )2
(44)
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6 Polarizers

Polarizers are devices used not only in the radio frequency engineering, but also in the
optical �elds. The main goal of polarizer is to convert one type of polarization to another
one, typically it is from linear to circular polarization or vice versa, being reciprocal in
its function. The circular polarization can be created by two orthogonal waves, which
are shifted by 90◦. Hence, there are two conditions that needs to be ful�lled for the
right function of the polarizer. First, the linearly polarized signal must be divided into
orthogonal components with an identical amplitude. The second condition is to make these
orthogonal components shifted in phase at 90◦ between them. In the state of art more types
of waveguide polarizers are used, whereas the most common polarizers are polarizers with
irisses [1], [2], with a metal [14] or with a dielectric [15] septum or with other perturbation
elements.

6.1 Iris polarizer

Iris polarizers are one of the classical arrangements of the polarizer in the waveguides.
Polarizers with irises can be found in [1], the matematical description using transmission
line theory and describing the irises by capacitance and inductance is to be found in [2].
The very thin irises, which are usually designed in the circular or rectangular waveguides,
can be circle segments or of elliptical shape. The irises may have di�erent dimensions and
separation between themselves, but they are generally arranged at regular intervals. The
principle of these irises is to vary transverse dimensions in the sections of the waveguide
due to the the discontinuities of capacitive type for one polarization (e.g. TE01 in the
rectangular waveguide) and inductive type for the other mode (e.g. TE10 in the rectangular
waveguide), and so produce a phase di�erence between two orthogonal components of the
�eld. With corresponding propagation constants β and β′ the phase shift ∆φ at each iris
with a distance l between two irises (as can be seen in Fig. 18) is given by

∆φ = (β′ − β)l (45)

The total shift at the end of the polarizer is a sum of the partial shifts generated by each
iris.

Figure 18: Polarizer a) in the circular waveguide with elliptical irises, taken from [1] and
b) in the rectangular waveguide with rectangular irises.
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Because of the complicated arrangement, the manufacturing process can not be realised
undivided and is very technically demanding. Iris polarizers are usually made of separate
longitudinal segments or of two longitudinal halves, equipped with suitable �anges for
screwing them together. The assembly needs to be carried out carefully to avoid undesired
deformation and the manufacturing inaccuracies can result.

If there is a cutting in the longitudinal plane for better manufacturing, di�erent insertion
losses of the two modes can occur, since for one modes the currents �ow in the direction
of the cutting and for the the another mode they �ow perpendicular to the cutting [1].

6.2 Septum polarizer

The septum polarizer consists of a stepped conductive septum in the middle of the waveg-
uide, dividing it into two half-circular parts. Detail of the septum polarizer is depicted in
Fig. 20

Figure 19: Schematics of the septum polarizer, taken from [14].

The parallel section is divided equally by the septum into the two half-circular waveguides,
which have another cuto� frequency. The wavelength for the perpendicular component
is shorter. When the di�erence in length is 90◦, the both components arrive in phase at
the input and according to the sense of circular polarization (RHCP or LHCP), they add
together or cancel each other.

Another arrangement uses a dielectric septum, which is placed at the centre of the waveg-
uide, usually at 45◦ to the incident electric �eld vector E0. This septum, shown in Fig. 20,
can introduce circular polarization, since the dielectric constants εx and εy for two orthog-
onal polarizations Ex and Ey in x and y directions are di�erent and so the propagation
constants βx and βy. Choosing a suitable polarizer length a desired 90◦ phase shift can be
realized at the output. This polarizer is characterized by lower re�ections than the polar-
izer with a metal septum and the phase di�erence can be easily improved by adjusting the
length of the dielectric septum [15].

Figure 20: Dielectric septum in a) general view and b) front view, taken from [15].
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6.3 Grid polarizer

Another arrangement for creating circular polarization proposed by Lee [3] uses a grid
as a polarizing element. It uses a wire grid slanted at 45◦ to the vertical electric �eld
vector generated by the probe. At the grid, the vertically polarized wave is divided into
two polarizations, one parallel and one perpendicular to the wire, while the perpendicular
component gets through the grid, it will be re�ected with 180◦ delay from the back-short,
which is

λg
4 from the grid and therefore is in phase with the incident wave. The parallel

component is re�ected from the wire with a 180◦ phase shift and due to opposite direction
of the vector, a orthogonal polarization is generated. Phase delay section of length

λg
8 then

provides a 90◦ phase delay of both polarizations and thus a circular polarization occurs.
This arrangement of the polarizer with re�ection principle is characterized with a compact
size about 0.8 λg and the sense of polarization can be easily changed with a grid rotation
at 90◦, so as it re�ects the other electrical component. For making radiating characteristics
more symmetrical and side lobes being suppressed better, which are for needed for certain
applications, a structure at the output can be designed, as described in Section 7.

Figure 21: Schematics of the grid polarizer, taken from [3].

6.4 Polarizers with loading plates

Other technique for producing circular polarization is a arrangement with dimensional per-
turbation distributed along a waveguide section. Such embodiment publishes e.g. patent
US 4,523,160 [16], which contains proposal of an arrangement in square, circular or crossed
waveguides. Polarizers designed there comprise beside a conductive plates, which are posi-
tioned in opposite sides of the waveguide, so the internal shape (when circular waveguide is
considered) is changed from circular to somewhat elliptical shape, which has horizontal di-
mension smaller than the vertical dimension as shown in Fig. 22. The loading on opposite
sides of the waveguide are identical to avoid excitation of the non-symmetrical modes. The
patent proposes using another layer of the dielectric material above the conductive plates
to improve performance of such polarizer with achieving wider bandwidth and shortening
the length of the overall polarizer.

Because of the compact shape and possibility to make this type of polarizer without de-
manding milling technique, which can be easily printed using a 3D printer, polarizers of
this art will be designed and created.
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Figure 22: Schematics of a polarizer with plates, taken from [16].

6.5 Elliptical polarizer

Similar arrangement like the polarizer in the circular waveguide can be developed in the
elliptical waveguide. This type of polarizer is described in [?] The principle is also very
similar to the circular polarizer, but there are no �ats at opposite sides of the waveguide
and the pertrubation is done with the elliptical cross-section, at which two orthogonal
modes are being excited by a appropriate feeding, which is turned an angle 45◦ to the
longitudinal axis of the waveguide as in Fig. 23.

When a dominant TE11 mode is being propagated in a elliptical waveguide, the origi-
nal TE11 mode will split into two even and odd components eTE11 and oTE11, which
have di�erent characteristics, propagation constants or cuto� frequencies. With a suitable
length of the polarizing section, a phase shift 90◦ can be achieved and created the circular
polarization.

Figure 23: Generating of orthogonal modes in the elliptical waveguide, taken from [11].

Because of the complex shape and demanding forming, this arrangement is very suitable for
3D printing and the second polarizer design will used the elliptical shape, which elliptical
cross-section causes an phase shift of the orthogonal modes similar to the above mentioned
design of the polarizer with the conductive plates.
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7 Dual-mode section

When leaving the output aperture to be opened waveguide, only dominant TE11 mode
will be excited at the circular horn aperture. Because of the inconvenient properties of the
electric �eld vector of the dominant TE11 mode, which is not symmetric in both E and
H planes, the radiating patterns are not equal in the E and H planes, the electric �eld
components can be written as [7]

Eρ =
−jωµ
kc

2ρ
A cosφJ1(kcρ)e−jβz (46)

Eφ =
jωµ

kc
A sinφJ ′1(kcρ)e−jβz (47)

For creating a radiation pattern with a good axial symmetry, providing beam width equal-
ization in both E and H planes, lower side lobe level at about -40 dB and low level of
cross-polarization of the opened waveguide a structure realizing excitation of the higher
modes can be employed at the waveguide opening. Such a structure changes the �eld
distribution at the aperture to be more homogeneous and closer to the Huygen's source,
which electric �eld lines are parallel in the E plane and no cross-polarization components
exist in the H plane. Such electric �eld distribution is advantageously used for feeding of
the re�ector antennas and the horn used for this improvement are called dual mode horns.

The basic principle of such horns is to excite higher mode TM11 besides the dominant
mode TE11 in the transition section and with appropriate horn length making TE11 and
TM11 reach the projecting aperture in phase, so the side lobe radiating is suppressed.
The horn antenna using this method of balancing of the modes, is known as dual-mode
horn. The easiest method, which may be employed for generating the higher mode is a
change in the dimensions of the waveguide. When a symmetrically stepped widening of
the waveguide occurs in the path of the electromagnetic wave, the right designed larger
waveguide section supports a higher mode propagation, while the section with smaller
radius due to its radius smaller for propagation of the higher TM11 mode, can not, the
dominant mode will be decomposed in the wider section into the TE11 and TM11 at the
discontinuity. When properly phased at the aperture, what is given by the the appropriate
choice of the input waveguide diameter, the step widened section area diameter and the
output horn length, the TM11 mode cancels the φ component of the magnetic �eld due to
the TE11 mode at the aperture, which causes both Hφ and Eφ to vanish [9]. Hence the
circular waveguide has an axial symmetry, TEmn or TMmn modes with m>1 will not be
excited.

Fig. 24 shows the distribution of electric �eld vector at the aperture and the resulting
pattern after combining both TE11 and TM11 at the aperture, wherein the two �eld near
the boundary oppose one another.

There are more types used for the dual-mode excitation, one of the �rst who studied
the improvments of the antenna characteristics, in particular side lobe level, using higher
mode excitation for symetrizating of the electromagnetic �eld was Phillip D. Potter, who
patented a Dual mode horn antenna in 1963 [18].
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Figure 24: Combination of electric and magnetic mode types to creating a Huygen's source.

7.1 Potter horn

The design of conical antenna horn, called after his inventor Potter horn, is illustrated in
Fig. 25. Potter horn has a step transition from the feeding waveguide diameter to the
such diameter, that is enough large to can excite the higher mode and make possible to
support both waveguide modes. When correctly phased, these both modes has their phase
centers coincident at the aperture. This phase centering is done with a phasing section in
the horn. As a result side lobe level lower than -30 dB can be achieved in the electric �eld
plane (E plane), while leaving the magnetic �eld plane (H plane) una�ected.

Figure 25: Potter horn for dual mode excitation at the aperture, taken from [18].

The electric �elds of the TE11 mode are given [19] as follows

EθH = −ωµ
2R

(
1 +

β11H cos θ

k

)
J1(K11Ha)

[
J1(ka sin θ)

sin θ

]
sinφe−jkR

EφH = −kaωµ
2R

(
β11H
k

+ cos θ

)
J1(K11Ha)

[
J ′1(ka sin θ)

1−
(
k sin θ
K11H

)2

]
cosφe−jkR

(48)

where a is aperture radius, J1 �rst order Bessel function of the �rst kind, J ′1 �rst derivative
of J1, K11Ha=1.841 �rst root of J

′
1, R distance from the aperture center θ elevation angle,

φ azimuth angle, β11H =
√
k2 −K11H

2 phase constant of the TE11 mode and k = jω
√
µ0ε)

free-space propagation constant.
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The electric �elds of the TM11 mode are given [19] as

EθE = −
(
kaK11E

2R

)(
β11E
k

+ cos θ

)[
J ′1(K11Ea)

1−
(
K11E
k sin θ

)2

][
J1(ka sin θ)

sin θ

]
sinφe−jkR

EφE = 0

(49)

where K11Ea=3.832 is the �rst root of J1 and β11E =
√
k2 −K11E

2.

Equations 48 and 49 can be combined and simpli�ed as:

EθT =

[(
1 +

β11H
k

cos θ

)
− α

(
β11E
k

)
+ cos θ

1−
(
K11E
k sin θ

)2

][
J1(ka sin θ)

sin θ

]
(50)

where 0 ≤ α ≤ 1 is a constant de�ning the relative power being carried in the TE11 and
TM11 modes. As in [19], there is a speci�c case for value of α, that is α = 0.653, when the
half-power beam widths (HPBW) in the E plane and H plane are equalized, that results
in the minimal side lobes (up to -40 dB).

7.2 Pickett-Potter horn

Another variant of the Potter horn was presented by H.M. Pickett [20] in 1984. Pickett
proposed a simpli�ed version of the conventional Potter horn, whereas he removed the
phasing section as shown in Fig. 26. The excitation of the TM11 mode and his matching
with the dominant TE11 mode is thus done by the step discontinuity from the waveguide
section to the widening. This discontinuity generates a small fraction of the TM11 mode,
while the TE11 mode can further propagate. The radiation characteristics are similar to
the of the Potter horn, but there is a disadvantage of the lower bandwidth when com-
pared to the Potter horn, because the mode matching is done without the phasing section.
This disadvantage of the Pickett-Potter horn, which is a result of the inherent frequency
dispersion at the step transition, can be suppressed with insertion of a dielectric ring at
the discontinuity, as in [23]. Despite this disadvantages, the Pickett-Potter horn can be
manufactured easily, while the desirable properties of low side lobe level are su�cient for
most of the applications. Another analysis of the Pickett-Potter horn can be found in [21],
[22] or [24].

Figure 26: Picket-Potter horn arrangement.
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The phase di�erence between the step transition and the aperture is given as [20]

∆φ = 2π

∫
dz

λgTE

−
∫

dz

λgTM

(51)

where z is an axial distance along the horn, λgTE a guide wavelength of the TE mode and
λgTM a guide wavelength of the TM mode.

The electric �eld at the aperture becomes with use of this horn more homogeneous, as
depicted in Fig. 24, the simulated electric �eld distributon of the opened waveguide and
the of the designed Picket-Potter horn shows Fig. 27.

Figure 27: Electric �eld distribution at the aperture of the a) open-end waveguide, b)
Picket-Potter horn.

For next design we will use Pickett-Potter horn, because of its easier arrangement and
detailed analysises available in the literature. The exact dimensioning of the dual-mode
horns needs to be done empirically. The basic condition for the correct function of this
horn is widening of the waveguide section to the radius, which allow to propagate this
TM11 mode, but it is smaller than radius needed for propagation of the next TE12 mode.
These values are given at the 3 GHz by

aTM11 = 3.832
2πfd

√
µε m

.
= 0.0609 m = 6.09 cm

aTE12 = 5.331
2πfd

√
µε m

.
= 0.0848 m = 8.48 cm

(52)

The original design by Pickett [20] proposed a horn with a length L = 10.62λ0 and another
analyses in [25] or [21] propose a horn with a length of L = 13.54λ0 and L = 9.62λ0,
respectively. These lengths are too long for our design at fd = 3 GHz, because of limitation
for the manufacturing with a 3D printer to maximal dimension of 20 cm.
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Shorter realizations are presented in [27] and the following contribution [26], where series
of design curves were produced for optimal input radius, aperture radius and horn length.
The input radius of the horn considered in [27] are b0 = 0.65λ and b0 = 0.68λ and the
corresponding optimal dimensions shows Fig. 28.

Figure 28: Optimal horn paramters, taken from [27].

In the own design we will design an optimal horn with as small length as possible.
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8 3D print

For the manufacturing of the polarizer we will use a 3D printing method, also known as
additive manufacturing. The early 3D printing printers were developed in 1980's, since
the �rst �led patent were the patent of Dr Kodama in Japan in 1980 and the method was
�rstly called Rapid Prototyping technology. This early method was based on the liquid
photopolymer, which was hardened by the UV laser at demanded sections. Because of
di�culties of the new technology, the �rst commercial system started to sell up to in 1988
and the price for such system was very high and a�ordable for large companies, which
could take advantage od fast prototyping of the new parts, e.g. in the automotive or any
other product design. Through the 1990's and early 2000's a lot of new technologies were
introduced, including depositing of the moltened plastic material in the layers on the base.
After year 2000, when some patents expired, the 3D printing become popular also in the
hobbyist and consumer usage, when a project RepRap contributed for the popularization
and development of the a�ordable 3D printers not only for the professionals, but for the
general public.

One of the most popular is the project RepRap, which is a self-replicating manufacturing
machine concept. It is an open-source project and started a revolution in the 3D printing,
because of the very big advantage of these printers, that the plastic parts for building
RepRap printer can be printed by another printer and so only the metal parts and electronic
needs to be bought. The design of these printers can be found on the Internet and is
available to everyone. For people, who want to buy a completed printer, there are a lot
of companies concerning with the 3D printers, which o�ers a huge variety of the printers
with fully services.

The printing can be very time-consuming, according to the demanded quality of the printed
object. The better quality required, the lower layers are deposited and thus the printing
time is longer, for example a set of printed objects and the comparison of the printing
quality can be be seen in Fig. 29.

Figure 29: The comparison of printing time, the quality of the printed item and manufac-
turing time of Prusa i3 Plus 3D printer, taken from [29].

One of the most commonly used 3D printers for home amateur printing is a Prusa 3D
printer. This printer is available at the Department of Electromagnetical Field at the
Faculty of Electrical Engineering, polarizers designed during this thesis will be printed
there.
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8.1 Prusa 3D

Prusa 3D is a 3D printer model, which was launched by Josef Pr·²a. This Czech 3D printer
workes on the RepRap project since 2009 and since them he made one of the most well
known 3D printing machines. The actual model is called Original Prusa i3 Plus 3D Printer,
whose form and appereance can be seen in Fig. 30. This printer can print product to up
to 200 × 200 × 200 mm. It is characterized by the open frame structure, integrated LCD
for use without a computer and easy printing setup. The printing nozzle has a diameter
of 0.4 mm and it supports the printing �laments with a 1.75 mm diameter. The height of
the printed layer is from 0.05 mm.

Figure 30: Prusa i3 Plus 3D printer, taken from [29].

8.2 Printing materials

For 3D printing there is a huge variety of printing materials, which di�er in the character-
istics, like brittleness, appearance after the printing or in the characteristic manufactur-
ing attributes like di�erent temperatures when being printed or need of the heated pad.
The most often used materials for printing are thermoplastics, thanks to their advantage
properties, but also other special materials like wooden or metal materials or conductive
materials are available for uncommon use. The printing �laments are usually available
with diameters 1.75 or 3 mm and they are sold in 0.5 or 1 kg rolls.

Thermoplastic is a plastic material, which becomes soft and melts above a temperature
speci�c for the used material, whereas this temperature is for commonly used plastics in
the temperature range from 100◦C to 150◦C. The heating process of the thermoplastics
can be described by the glass transition temperature Tg and the melting point Tm. Below
the glass transition temperature Tg, the thermoplastic is usually fully crystallized and its
structure is hard and brittle. Above the temperature Tg and below the melting point Tm
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the physical properties of a thermoplastic change dramatically, particularly the Young's
modulus. Above the melting temperature Tm the thermoplastic melts, whereas after cool-
ing down it hardens, thus this temperature interval is used for printing. For this quality,
thermoplastics are for its easy manufacturing widely used in the industrial manufactur-
ing with processing methods like blowing, extrusion, injection moulding or welding. Most
commonly used thermoplastics for the 3D printing is ABS, PLA, PET or HIPS. Usually
they are available in wide variety of colours for creative designing.

ABS (Acrylonitrile Butadiene Styrene) is a commonly used 3D printer material, ver-
satile for many applications and suitable for making durable parts that need to resist higher
temperatures. For exemple LEGO cubes are made of ABS. Its glass transition temperature
is Tg

.
= 102◦ and hence it is amorphous, it has not true melting point. Standard printing

temperature for ABS is about 230◦C and when printed use a heated printed surface is rec-
ommended, as ABS will contract when cooled to warped part. During the printing ABS
a toxic gas is generated, therefore a printing in a well ventilated room is necessary and
breathing the fumes is not recommended. The ABS material can be smoothed to have a
shiny surface using acetone.

PLA (Polylactic Acid) is near the ABS commonly used 3D printing material. It is
biodegradable, made of corn or maize starch, and due to the lower printing temperature
(180-220◦C) it is one of the most eco-friendly materials available. It is dimensionally
stable with low warping and any heated pad needs to be used for printing. PLA is an ideal
material for home 3D printers like Prusa.

PET (Polyethylene Terephthalate) is a very strong material, it warps very little and
has great thermal resistance.

HIPS (High Impact Polystyrene) is a very strong material, similar to the ABS, but it
is dissolvable in Lemonen, so it can be use as a support material for complex shapes and
then to be removed by dissolving.

Besides these standard printing �laments other special materials are available on the mar-
ket, like �laments with a portion of carbon for high-sti�ness parts, wood, bamboo or sand
for natural look or �laments with metal parts, which can be smoothed after printing to
have a realistic metal e�ect.

The main properties of the usual thermoplastics [30] used for 3D printing shows Tab. 3.

Material Tp [◦C] Price [$/kg] Advantage

ABS 220-235 28 smoothable

PLA 180-220 28 warping-free

PET 210-255 36 thermal resistance

HIPS 220-230 36 dissolvable

Table 3: Comparison of thermoplastics materials.

For the printing of the model designed in this thesis an ABS material with a diameter 1.75
mm, because of its durability, good shape stability and ability to be smoothed.
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9 Metallizing of the printed parts

The printed models are made of the ABS, a thermoplastic polymer, that is not conductive.
For the antenna design, the parts need to be metallized with conductive material. The
metallizing of the plastic parts is a slightly complicated process, hence an electroplating,
which requires conductive surface of the part for coating, can not be used in its simple way.
Therefore another technique has to be chosen. In this theses metallizing with di�erent
techniques were used- vacuum metallizing process, highly conductive copper spray and
aluminium spray.

9.1 Vacuum metallizing

Vacuum metallizing, called also vacuum coating, is a process for depositing of materials,
mostly metals like aluminium, silver, gold or special alloys, etc. on the manufactured
items, but also very speci�c layers used in optics can be used. The process take place in
the vacuum chamber, whereas heating the coating material to its boiling point cause an
evaporating of the material and letting them to condensate and deposit at the substrate
material, which is intended for the metallizing. This technique is often used for metallizing
of the plastics parts for the automotive industry, like for the lightning systems or for
chromium plating of parts, which should have glaring shine. Since the deposited metal
layer can be very homogeneous, vacuum metallizing can be used also for a very precious
layering e.g. of the mirrors.

The process take place in the vacuum chamber, which is described in Fig. 31, wherein a
vacuum level of 10−4 to 10−6 Pa has to be created, because of the straight-line trajectory
of the evaporated particles and the mean free path as longest as possible. The metal for
metallizing is then put into the evaporater, which is made of the metal or alloy, which
does not evaporate at the evaporation temperature of the metallizing material and they
are usually made of hard metals like Wo, Mo or Ta. The metallizing material is heated up
to its evaporation temperature (usually 1000-2000◦C), usually by the current �ow through
the metal or by the electron gun, whereas the electron beam is controlled by the magnet
and is directed to the metal for evaporation.

Figure 31: The arrangement of the vacuum chamber for coating, taken from [31].
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9.2 Conductive sprays

As an alternative metallizing a highly conductive spray, called EMILAC, will be used.
EMILAC contains a copper particles, that are for better conductivity coated with silver.
This highly conductive, protective coating is to be used for shielding from the electromag-
netic waves, it ensures protection both from electromagnetic interferences (EMI) and from
electrostatic discharges (ESD). It does not attack the materials in common use and dryes
quickly. The surface resistance of this spray, according to its technical data sheet [32], is
lower than 0.5 Ω/mm2 at 0.25 µm �lm thickness and the attenuation for electromagnetic
waves is 50-70 dB for 50 µm �lm thickness.

The second spray used during this project was aluminium spray Prisma Color with high
content of the pure aluminium.

Figure 32: For metallizing a EMILAC conductive copper spray was used, taken from [32]
.
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10 Design of the antenna

Because of limitation of the 3D printing technique, which can not allows printing complex
arrangements with septum or irises, a polarizer in a waveguide with such perturbation
elements will be designed, that can be easily printed using the 3D printer.

At the output of the polarizer a Pickett-Potter horn will be completed to apply dual-mode
radiating for more symmetric radiation pattern and lower side lobe level. The design will go
out of independent design of the polarizer with the feeding probe in the circular waveguide
structure and of the dual-mode horn. To feed this antenna, a coaxial feed line with an
input impedance of 50 Ω will be used.

For compact design of the antenna and because of limited printing area of the 3D printer,
the transition section from the coaxial feeding to the circular waveguide and the polarizer
section section will be designed being integral. The arrangement of the designed antenna
is shown in the Fig. 33.

Figure 33: Compact design of the polarizer with a) the waveguide section with a coaxial
feeding and a polarizing section and b) a dual-mode horn.

All modelling and simulations were done using the Computer Simulated Technology (CST)
Studio Suite software.
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10.1 Polarizer in circular structure

The �rst design will be situated in the circular waveguide structure with conductive plate
at the opposite sides of the waveguide and these plate will be rotated at 45◦ to excite two
orthogonal modes.

10.1.1 Waveguide structure

The main waveguide structure will be made of a circular waveguide with such a diameter
that enables mode TE11 to propagate at the design frequency fd=3 GHz, but the next
modes has to be cut o�. Because of the axial symetry of the next modes, the next mode
that could be excited with the probe showed below, will be the TM11 mode. Since the
waveguide radius has to allow to propagate the TE11 mode and not yet excite the TM11,
the constant, derived from the Bessel's functions p′11 for TE mode and p11 for TM mode,
needs to lie in the interval 1.841<p11(p

′
11)<3.832. Using the Formulas 53 and 54 we get

the required radius of the waveguide

aTE11 =
1.841

2πfd
√
µε

m
.
= 0.0293 m = 2.93 cm (53)

aTM11 =
3.832

2πfd
√
µε

m
.
= 0.0609 m = 6.09 cm (54)

For �rst design a radius a=4 cm was chosen.

10.1.2 Coaxial line to circular waveguide transition

Since the antenna is usually be feeded with the coaxial line, a section transiting the TEM
mode of the coaxial line to the TE mode of the circular waveguide must be designed.
For this purpose we will consider the simplest coaxial transition in the form of electrical
coupling, that is made with extension of the center conductor into the waveguide for
creating of cylindrical probe, that excites the dominant TE11 mode. At the end of the
waveguide, behind the probe, a short circuit locates in a distance D, called backshort. For
the basic adjustment

λg
4 for backshort distance and λ0

4 for the probe length are usually
used, but these dimensions need to be adjusted in the impedance matching analysis. The
arrangement of the transition section is show in �g. 34.

The coaxial connection is designed as a SMA connector having an 50 Ω impedance. The
dimensions for modelling we get from the equation for the characteristic impedance of the
coaxial line [10] as in Fig. 35

Z =
Z0

2π
√
εr

ln
b

a
(55)

where Z0 is an impedance of the free space (
√

µ0
ε0
), εr is a electric permittivity of used

dielectric of the b is a diameter of the outer conductor and a is a diameter of the inner
conductor. The inner pin of the SMA connector has a diameter a=1.27 mm, the dielectric
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Figure 34: Longitudinal (a) and cross section (b) of the coaxial to the circular waveguide
transition.

is a PTFE with εr=2.1 and so from the Equation 55 we get the outer diameter b=4.25
mm.

Figure 35: Coaxial line cross-section.

The arrangement of the modelled connector is shown in the Fig. 36, the blue material
inside is a PTFE, which is a dielectric material.

Figure 36: Detail of the modelled SMA connector.

There is a combination of probe radius, probe length and backshort distance what trans-
form the impedance of the waveguide to a desired 50 Ω of the coaxial line. All these factors
can be used for optimising of the impedance matching. The optimal distance is usually
kept around 0.25 λg, what is given by the constructive interference of the incident and
re�ected waves in the probe plane.

According the equation 44 for λg, this optimal distance dopt can be evaluated as
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dopt =
2π√

(2πfc )2 − (1.8410.04 )2
m

.
= 3.67 cm (56)

The optimalization of the parameters were done and the starting and optimized values
shows Tab. 4. After optimizing the re�ection coe�cient is lower than -40 dB. The transition
is quite narrowband, as can be seen in Fig. 37, what results from the resonant character of
this kind of transition with placing the probe in the particular distance from the backshort.
For better wideband characteristics a shaped probe could be used.

Parameter Proposal After optimization

Waveguide radius 40 mm 38 mm

Probe length 25 mm 23 mm

Backshort distance 36.7 mm 36 mm

Re�ection coef. S11 at 3 GHz -7.45 dB -40.5 dB

Table 4: Starting parameters for the coaxial to the circular waveguide transition.

Figure 37: Re�ection coe�cient S11 of the designed transition with starting (green) and
optimalized parameters (red).

Hence these values are valid for unperturbed waveguide, in the waveguide with �ats the
wavelength λg is di�erent and the backshort dimensions need to be adjusted for best
impedance matching.
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10.1.3 Polarizing section

The polarizing section will be made in the shape of two �at structures, which reduce
the diameter of the waveguide in the symmetrical manner on the opposite walls of the
waveguide as can be seen in Fig. 38. These slabs need to be rotated 45◦ relative to the
feeding port to excite two orthogonal modes.

Figure 38: Cross-section of the designed polarized in the circular waveguide

The TE11 will split in the waveguide with pertrubations into two orthogonal modes, which
will be described here as parallel and perpendicular components with respect to the �ats
direction, as in Fig. 39.

Figure 39: Two orthogonal modes in the circular waveguide a) parallel and b) perpendicular
to �ats

An analysis will be done to �nd the right dimensional proportion of the polarizer radius a
without perturbations and the depth d of the slabs. We will consider a radius a = 3.8 cm
as the polarizer radius designed in Section 10.1.1 and the depth of the �ats will be changed
from 0 to 16 mm.

Fig. 40 shows a dependence of the wavelength λg of the orthogonal modes in relation
to the proportion of depth d of the perturbation �ats and radius a of the waveguide
without perturbations. From the graph can be seen, that for any penetration (a/d=0) the
wavelengths of both modes is the same, hence the situation corresponds with an empty
waveguide, which is symmetric. When the �ats becomes greater, the symmetry is being
disrupted and the di�erence between the both modes is getting more perceptible, whereas
the wavelength of the parallel increases rapidly, while the wavelength of the perpendicular
mode decreases slowly. This di�erence between the wavelengths of the both modes will be
essential for creating the required phase shift as described below. There is a limitation as
the plate depth should not restrict the feeding probe due to the geometrical arrangement
at 45◦ in the waveguide.
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Figure 40: Wavelength λg as a function of plate depth d/a

The plate depth in�uence the cuto� frequency of the structure, because of changed dimen-
sion. Fig. 41.
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Figure 41: Cuto� frequency fc as a function of plate depth d/a

Since the dimensions of the waveguide cavity are changing, both modes also have di�erent
cuto� frequencies, when the cuto� frequency of the parallel mode is growing more rapidly
than the of perpencicular component. With higher d/a ratio, the cuto� frequency of
parallel mode can be to close to the design frequency fd= 3 GHz, what is not desirable
and could cause, that this mode will not be propagate.

For our design, the length of the polarizer should be as small as possible, due to restrictions
of the 3D printer described in Section 8 and also for building a polarizer with a compact
size. Therefore the phase constant di�erence should be as high as possible to shorten the
polarizer length. In our design will consider about 10% margin of the cuto� frequency from
the design frequency fd, due to the higher bandwidth possibility and signi�cant attenuation

41



constant close behind the cuto� frequency as described in 5. This condition is ful�lled for
about 8 mm �at depth, what corresponds to the phase constants β1= 28.69 rad/m for
the parallel mode and β2=48.26 rad/m for the perpendicular mode. The desired polarizer
length for a phase shift 90◦ or π

2 needs to ful�ll the condition

(β2 − β1)l =
π

2
(57)

which implies the length l of the polarizer to be

l =
π

2∆β
=

π

2 ∗ (48.26− 28.69)

.
= 8.03 cm (58)

The �rst proposal for the dimensions of the polarizer are then: inner radius of the waveguide
section a= 38 mm, length of the waveguide L= 80.3 mm, the depth of the �ats d= 8 mm.
With these parameters a model was build, which was then carefully analysed.

Since there is a more parameters, that can in�uence the behaviour of the antenna, they
have been analysed separately and described below. The characteristics we will monitor
are an re�ection coe�cient S11 and the axial ratio AR. The main parameters in our design
are length of the polarizer L, position of the feeding probe from the backshort zfeed and
probe length Lprobe. We will now analyse these parameters step by step.

Another analysed parameter was a distance from the backshort zfeed, which was changed
in the interval from 20 mm to 50 mm. The Fig. 42 and 43 shows the frequency dependence
of the S11 and AR. It is obvious, that this parameter will have a signi�cant in�uence on
the re�ection coe�cient, because of the interference of the incoming wave and the wave
re�ected from the backshort, they should arrive in phase for right impedance matching.

Figure 42: Backshort length in�uence on the re�ection coe�cient S11
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Figure 43: Backshort length in�uence on the axial ratio AR

Next analysed parameter was a length of the polarizing section. The length of the polarizer
gives the appropriate phase shifting of the both modes in the structure, the changing of the
length should thus change primarily the AR, but consequently re�ection coe�cient due to
the another �eld distribution in the waveguide. Now, the probe distance will be constant
d= 60 mm, according to the best impedance match from Fig. 42 and the polarizer length
will be changed from 70 mm to 150 mm.

Figure 44: The e�ect of the polarizer length on the S11.

Figure 45: The e�ect of the polarizer length on the AR.

The probe length Lprobe has been changed from 20 mm to 35 mm. The probe forms here
an monopole over ground plane, which resonates at a frequency given by the condition
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λ0
4 . The change of this parameter should thus change the resonant frequency and so the
impedance matching, while the axial ration should remain, since it given mainly by the
polarizing section. Fig. 46 shows the frequency behaviour of the axial ratio. It can be
seen very little in�uence on the axial ratio, on the other hand the re�ection coe�cient vary
with the changing probe length, as in Fig. 47.

Figure 46: Probe length in�uence on the axial ratio AR

Figure 47: Probe length in�uence on the re�ection coe�cient S11

The �nal dimensions were optimized to achieve the best axial ratio parameter and the �nal
form of the polarizer can be seen in Fig. 48.

Figure 48: The model of the designed polarizer in the circular waveguide.

The corresponding axial ratio and radiating pattern show Fig. 49 and 50.
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Figure 49: Frequency dependence of the axial ratio of the circular polarizer.

Figure 50: Radiation patterns of the designed circular polarizer in the side and front view

For better impedance matching and wider bandwidth usually a probe with larger radius
can be used, what should improve the impedance matching. Because of availability of
probe with a radius 1.9 mm, an simulation of this probe was done. The result can be seen
in Fig. 51, while the axial ratio changes only little, as in Fig. 52. Here an wider probe will
not be used, because of worse impedance matching at fd=3 GHz.

Figure 51: The probe width in�uence on re�ection coe�cient S11.
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Figure 52: The probe width in�uence on the axial ratio of the circular polarizer.
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10.1.4 Pickett-Potter horn

Using the above relations in Section 7.2 and simulation in CST Studio Suite an optimal
horn was designed. The parameter of this horn shows Tab. 5 and the corresponding model
shows Fig.53.

Parameter Dimension [λ0] Dimension [mm]

Input waveguide radius 0.51 51

Input horn radius 0.65 65

Aperture radius 1 100

Horn length 3.05 305

Table 5: Optimal parameters for the Pickett-Potter horn design

Figure 53: The model of the optimal Picket-Potter horn of length 3.05 λ0
.

The directivity of this Pickett-Potter horn shows a directivity of 14.6 dBi and the side lobes
are suppressed very e�ectively and their level is -40.5 dB. The radiating pattern show Fig.
54 and Fig. 55.

Figure 54: Directivity of the optimal Picket-Potter horn.
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Figure 55: Radiation pattern of the optimal Picket-Potter horn.

Because of the complex structure, there are any analytical solutions available, the design
of the Pickett-Potter horn needs to be done empirically and the length of the horn needs
to be shortened to maximal 200 mm.

Unfortunately, it has shown, that the shortening of the horn, which would be needed for
printing, leads to worse results. The parameters of the optimized horn of the length 190
mm shows Tab. 6.

Parameter Dimension [mm]

Input waveguide radius 51

Input horn radius 65

Aperture radius 76

Horn length 190

Table 6: Optimized parameters of the designed Pickett-Potter horn

Fig. 56 shows a radiating pattern of the designed Pickett-Potter horn. It can be seen good
symmetry of the horn is achieved and that the side-lobes (-20.2 dB) are not suppressed
ideally as with the optimal Pickett-Potter horn (-40.5 dB), designed in Section 7.2. Also
the directivity of this horn is lower due to the shortening of the horn. Because of the
limited size, su�cient parameters can not be achieved and it was decided not to print this
limited horn for measurement.
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Figure 56: Directivity characteristics of the designed Pickett-Potter horn

The �nal model of the shortened Picket-Potter horn shows Fig. 57.

Figure 57: The designed model of the Pickett-Potter horn
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10.1.5 Final design of the circular polarizer

The optimized dimensions of this polarizer shows Tab. 7.

Parameter Dimension [mm]

Waveguide radius 38

Length 83

Plate depth 8

Probe radius 0.635

Probe length 23

Backshort distance 43

Wall thickness 3

Table 7: Optimized parameters of the polarizer in the circular waveguide.

The re�ection coe�cient of the designed polarizer is -19 dB at the design frequency fd=3
GHz. The polarizer is impedance matched with -15 dB in the interval from 2.9 to 3.2 GHz.

Figure 58: The impedance matching of developed circular polarizer.

The axial ratio better than 3 dB is achieved in the interval from 2.86 GHz to 3.08 GHz,
as in Fig. 59. In this sense the polarizer is very narrowband.

Figure 59: The AR of developed circular polarizer as a function of frequency.

As can be see in Fig. 60 the axial ratio lower than 3 dB in the angle φ from -62 to 81◦.
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Figure 60: The angle distribution of the AR.

Fig. 61 shows the radiation pattern in the φ=0, 45 and 90◦ planes and Fig. 62 in 3D. The
�eld has a little asymmetry, which is primarily caused by the asymmetric feeding.

Figure 61: The radiating of the circular polarizer in the φ=0, 45 and 90◦ planes.

Figure 62: Radiating pattern of the designed circular polarizer in the side and front view.
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Fig. 63 shows the electric �eld cuts in the planes z=0, 30, 43, 75 and 100 mm.

(a) z=0 mm, back side (b) z=30 mm

(c) z=43 mm, feeding probe (d) z=75 mm

(e) z=100 mm, outside the polarizer

Figure 63: Electric �eld of the circular polarizer in planes z=0, 30, 43, 75 and 100 mm.
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The cross-polarization suppression of this polarizer is 26.3 dB in the boresight direction as
in Fig. 64.

Figure 64: Cross-polarization suppression of the ciruclar polarizer.

After successful simulation, the model needs to be adjusted and prepared for the manufac-
turing. The probe is removed, auxiliary plate suitable for connector attachment surround-
ing the opening for the probe and a holder is created at the bottom for better attaching
of the antenna during the measurement and the dimensions of the polarizer are adjusted
for the metallizing by adding 0.5 mm to the radius and moving the hole for probe with 0.5
mm. The �nal model shows Fig. 65.

Figure 65: Final model of the circular polarizer ready to be printed in the top and side
view.
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As can be seen in Fig. 66, the phase of the radiated wave changes over the aperture and
the antenna is circularly polarized.

Figure 66: The phase pattern of the designed circular polarizer in the side and front view.
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10.2 Elliptical polarizer

The design of the elliptical polarizer is very similar to the circular polarizer described
above, thus the entire process will not be shown in details.

The simulated electric �eld distribution of two orthogonal modes in the elliptical waveguide
shows Fig. 67.

Figure 67: Two orthogonal modes in the elliptical waveguide a) parallel and b) perpendic-
ular to the perturbation.

We will do an analysis similar to the performed for the circular waveguide in Section 10.1.
We will study a relation of the perturbation, which can be described by the paramter d,
meaning a shortening of the minor axis of the ellipse in relation to the circular cross section.
The cross-section of elliptical waveguide shows Fig. 68.

a

d

Figure 68: Elliptical waveguide arrangement.

As a starting shape of the elliptical polarizer was chosen circular waveguide with R=38 mm
and the narrowing depth d will be changed from 0 mm, what corresponds to the circular
waveguide, to 12 mm.

As a �rst proposal the radius r=38 mm and shortening d=6 mm were used according to
the above studies. From this values the length of the polarizing section should be

l =
π

2∆β
=

π

2 ∗ (39.71− 26.37)

.
= 11.8 cm (59)

This would be a case for only the polarizing section, the compact arrangement with the
probe in the polarizing section will change this length.

In the basic arrangement, these parameters will be changed: backshort distance d, length
of the polarizer l and probe length l and their e�ect on the re�ection coe�cient S11 and
axial ratio AR will be analysed.
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Figure 69: Propagation constant β as a function of shortening d/a
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Figure 70: Cuto� frequency fc as a function of plate depth d/a.

The distance from the backshort d will a�ect the re�ection coe�cient of the polarizer, as
Fig. 71 shows, while the AR will change much less as in Fig. 72. The probe distance is
changed here from 10 mm to 90 mm.
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Figure 71: The e�ect of the probe distance from the backshort on the S11.

Figure 72: The e�ect of the probe distance from the backshort on the AR.

The length of the polarizer will a�ect both the impedance matching, because of the changed
�eld distribution in the waveguide and the axial ratio, because of the di�erent polariz-
ing length. Now, the probe distance will be constant d= 60 mm, according to the best
impedance match from Fig. 71 and the polarizer length will be changed from 70 mm to
150 mm.

Figure 73: The e�ect of the polarizer length on the S11.
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Figure 74: The e�ect of the polarizer length on the AR.

The probe length changes just the impedance matching, the AR should change very less.

Figure 75: The probe width in�uence on the S11 of the elliptical polarizer.

Figure 76: The probe width in�uence on the AR of the elliptical polarizer.

For better impedance matching and wider bandwidth a probe with larger radius can be
used, what improves the impedance matching as in Fig. 77, while the axial ratio stays
with no change. Instead of probe wide as the SMA inner pin with a radius 0.635 mm, a
probe with a radius 1.9 mm will be used.
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Figure 77: The wider probe improves the bandwidth of the polarizer.

The design is now �nished and the �nal dimensions for the polarizer in the elliptical
waveguide are shown in Table 8 and the model is shown in Fig. 78.

Parameter Dimension [mm]

Waveguide radius 38

Length 88

Plate depth 6

Probe radius 1.9

Backshort distance 70

Table 8: The �nal parameters of the polarizer in the elliptical waveguide

Figure 78: The model of the designed polarizer in the elliptical waveguide.

The re�ection coe�cient of the designed polarizer is -24.5 dB at the design frequency fd=3
GHz. The polarizer is impedance matched with -15 dB in the interval from 2.65 to 3.3
GHz.

The axial ratio better than 3 dB is achieved in the interval from 2.86 GHz to 3.03 GHz,
as in Fig. 80. In this sense the polarizer is very narrowband.

As can be seen in Fig. 81, the axial ratio at fd= 3 GHz is lower than 3 dB in the angle φ
from -55 to 55 degrees.
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Figure 79: The impedance matching of developed elliptical polarizer.

Figure 80: Frequency dependence of the axial ratio of the elliptical polarizer.

Figure 81: The angle distribution of the AR.

The radiating pattern show Fig. 82 in the φ=0, 45 and 90◦ planes and Fig. 83 in 3D.

Figure 82: The radiating of the elliptical polarizer in the φ=0, 45 and 90◦ planes.
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Figure 83: Radiation pattern of the designed elliptical polarizer in the side and front view.

As can be seen in Fig. 84, the phase of the radiated wave changes over the aperture and
the antenna is circularly polarized.

Figure 84: The phase pattern of the designed elliptical polarizer in the side and front view.
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Fig. 85 shows the electric �eld cuts of the elliptical polarizer in the planes z=0, 30, 70 and
100 mm.

(a) z=0 mm, back side (b) z=30 mm

(c) z=70 mm, feeding probe
(d) z=100 mm

Figure 85: Electric �eld of the elliptical polarizer in planes z=0, 30, 70 and 100 mm.
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11 Manufacturing of the polarizers

11.1 3D printing

After modelling and simulation of the antenna in the CST Studio The printing of the
developed polarizer will be easily made by the 3D model exporting to the .stl format,
which is directly supported by the Prusa 3D printer. The only changes needed for the model
adjustment for the successful printing is removing of the SMA connector and enlarging of
the model due to the metallizing with adding 0.5 mm to the total dimensions of the model.

After successful development of the models of the polarizers the models will be printed by
the Prusa 3D printer and prepared for the measurement.

The printing time is a time-consuming process and the printer settings can in�uence no-
ticeable the quality. For purpose of this thesis, the models were printed with the 1.75 mm
�lament with layer hight 0.25 mm and 25% �lling of the full sections to save up material.
The overall dimensions (without the holder) and printing durations of the designed models
shows Tab. 9.

Model Dimensions [mm] Filament [m] Printing time [hours]

Circular 81 × 81 × 86 46.6 5:01

Elliptical 77 × 67 × 91 27.4 3:22

Table 9: Printing times and �lament consumption.

11.2 Metallizing

More companies engaging in the vacuum metallizing were approached, but unfortunately
most of them can not execute metallizing of only few samples, because of a need to create a
special holder for insertion of the items to be metallized in the vacuum chamber. The only
company, which agreed to metallized was Zlín Precision s.r.o., which focuses on production
of injected plastics parts mainly for the automotive industry and their subsequent surface
�nishing with an aluminium coating. Two models were metallized here, one circular and
one elliptical. Despite of repeating of the metallizing process twice, the metallizing can
not get to the bottom section and the metallized layer is therefore very thin. Because of
this, onlyu the elliptical polarizer were leaved with just the vacuum metallized layer and
the circular polarizer were spray with the aluminium sprey.

Another two models were metallized with the conductive copper spray, whereas three layers
were applied.

11.3 Feeding assembly

The last part of the manufacturing process is attaching of the SMA connector with attached
probe. The arrangement of the probe shows Fig. 86
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Figure 86: The view of the attached connector with probe.

The whole manufacturing process is done, the polarizers are �nished are ready for beeing
measured. All the completed models are shown in Fig. 87 and 88.

Figure 87: Circular and elliptical polarizers with copper coating.

Figure 88: Circular polarizer with vacuum metallizing and elliptical polarizers with alu-
minium spray.
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12 Measurement and comparison simulation and measure-
ment

The measurement was done in the anechoic chamber at the Department of electromag-
netical �eld. The following parameters were measured: impedance matching, radiation
patterns, polarization patterns and gain.

For the measurement antenna RF Spin SCSA-27 was used. It is a logarithmic spiral
antenna with with circular polarization, its gain is about 5 dBi at 3 GHz.

For the axial ration measurement a horn antenna RF Spin DRH20 was used. It is double
ridged waveguide horn antenna and its gain is about 9 dBi at 3 GHz. Its aperture has
dimensions 104 × 78 mm.

The antennas should be in the far �eld distance during the measurement. If we consider the
aperture size of developed polarizers to be 80 mm and the maximal measuring frequency
to be f=4 GHz, the far-�eld distances of measured and measuring antennas are according
to the Equation 14 given by

dfSCSA−27 =
2 ∗ 0.112

λ
= 0.32m

dfDRH20 =
2 ∗ 0.132

λ
= 0.45m

dfpolarizers =
2 ∗ 0.082

λ
= 0.17m

(60)

The distance between the measuring antenna and the measured antenna is about 3 m, thus
this distance is su�cient and the measurement will take place in the far �eld region.

The arrangement in the anechoic chamber shows Fig. 89 and the attachement to the
rotating holder shows Fig. 90.

Figure 89: The measurement arrangement in the anechoic chamber.
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Figure 90: The attachment of the polarizers in the anechoic chamber.

12.1 Circular polarizer

In the Fig.91 and 92 re�ection coe�cients S11 are showed. Because of not good impedance
match and frequency shift of the polarizer with the aluminium spray metallizing, only the
circular polarizer with copper spray metallizing will be used for next measuring.
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Figure 91: The re�ection coe�cient of the circular polarizer metallized with copper spray.
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Figure 92: The re�ection coe�cient of the circular polarizer metallized with aluminium
spray.
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Measured and simulated radiation patterns of the circular polarizer with copper coating
show Fig.93 and 94.
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Figure 93: Radiation pattern of the circular waveguide in the φ = 0◦ plane.
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Figure 94: Radiation pattern of the circular waveguide in the φ = 90◦ plane.

The di�erences between simulated and measured values could be caused by not ideal holder,
which can re�ect some waves, not perfectly aligned antennas or with manufacturing errors.
The copper spray coating could also be inhomogeneous and the current �ow can in�uence
the radiation patterns.
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The polarization patterns were measured for θ= -45, -30, -15, 0, 15, 30 and 45 ◦ and the
corresponding patterns are shown in Fig. 95.
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Figure 95: Measured polarization patterns of the circular polarizer.
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Figure 96: Angle dependency of the axial ratio of the circular polarizer.

The gain of the antenna was measured using the measurement method with a reference
antenna described in Section 4.1. As the transmission antenna and the reference antenna
two DRH20 were used. Since DRH20 antenna is linearly polarized, the 3 dB polarization
losses, as described in Section 3.2.1, occur and they need to be taken into account. The
DRH20 gain is Gr= 9 dBi and the received power by the reference antenna Pr1=-48.7 dB,
while the received power by the measured antenna was Pr2=-56.5 dB, thus the measured
antenna gain Gx is

Gx = Pr2 − Pr1 +Gr + Lpol = −56.5− (−48.7) + 9 + 3dBi = 4.2dBi (61)

Tab. 10 shows the overall comparison of the simulated values with the measured values of
the circular polarizer with the copper spray metallizing. The plane φ = 0◦ is considered.

Parameter Simulation Measurement

Gain 8.3dBi 4.2 dBi

S11 -14.5 dB -24 dB

AR 0.9 dB 2.3 dB

HPBW 69.9◦ 79◦

Sidelobe level -13.2 dB -21.8 dB

BW−15dB 5.1% 13.1%

Table 10: Overall comparison of the simulation and the measurement of the circular po-
larizer.
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12.2 Elliptical polarizer

In the Fig.97 and 98 re�ection coe�cients S11 are showed. Because of not good impedance
match of the polarizer with the vacuum metallizing, only the elliptical polarizer with copper
spray metallizing will be used for next measuring.
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Figure 97: The re�ection coe�cient of the elliptical polarizer metallized with copper spray.
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Figure 98: Re�ection coe�cient of the elliptical polarizer metallized with vacuum metal-
lizing.
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The measured and simulated radiation patterns of the elliptical polarizer with copper
coating show Fig. 99 and 100.
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Figure 99: Radiation pattern of the elliptical polarizer in the φ = 0◦ plane.
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Figure 100: Radiation pattern of the elliptical polarizer in the φ = 90◦ plane.
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The polarization patterns were measured for θ= -45, -30, -15, 0, 15, 30 and 45 ◦ and
the corresponding patterns are shown in Fig. 101. The shift can be cause with not per-
fectly aligned antennas or not exact dimensions like in the simulation. Also the connector
attachment can in�uence the radiation and rotate the beam.
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Figure 101: Measured polarization patterns of the elliptical polarizer.
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Fig. 102 shows the big di�erence in the axial ratio of simulated and measured antenna,
what could be caused by the rotation of the beam for above mentioned reasons.
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Figure 102: Angle dependency of the axial ratio of the elliptical polarizer.

The gain measurement is similar to the measurement of circular polarizer in Equation 61
and 3 dB polarization loss needs to be considered. The received power by the reference
antenna Pr1=-48.7 dB, while the received power by the measured antenna was Pr2=-55
dB, thus the measured antenna gain Gx is

Gx = Pr2 − Pr1 +Gr + Lpol = −55− (−48.7) + 9 + 3dBi = 5.7dBi (62)

Tab. 11 shows the overall comparison of the simulated values with the measured values of
the elliptical polarizer with the copper spray metallizing. The plane φ = 0◦ is considered.

Parameter Simulation Measurement

Gain 7.6 dBi 5.7 dBi

S11 -24.6 dB -25 dB

AR 0.3 dB 9.3 dB

HPBW 74◦ 92 ◦

Sidelobe level -11.1 dB -8.5 dB

BW−15dB 27% 22%

Table 11: Overall comparison of the simulation and the measurement of the elliptical
polarizer.
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13 Conclusion

In this thesis a novel design of the polarizers were developed in the waveguide structure with
perturbation elements. At the beginning basics on antenna, polarization, measurements
and circular waveguides are described. In the next parts of this theses a polarizers and
dual-mode horn theory and state of art is shown.

Two designs of polarizers were developed, the �rst polarizer in the circular waveguide with
plates at opposite walls of the waveguide and the second polarizer in the elliptical waveguide
section. The polarizers were designed and simulated in the CST Studio Suite. Because of
the complexity of the analytical solution of these perturbed waveguides, a simulation and
analysis of individual parameters were performed. After successful design, the polarizers
were printed of ABS material using 3D printer. From each polarizer type two pieces were
manufactured and metallized using di�erent techniques. One piece was �nished with a
vacuum metallizing, one with a conductive aluminium spray and the last two with a highly
conductive copper spray.

The measurements of the polarizers were performed in the anechoic chamber and the
characteristics of the individual polarizers were tested. All polarizers were measured for
their re�ection coe�cient. The polarizer with the vacuum metallized surface, which layer
was too thin and the polarizer metallized with the aluminium spray, which matching was
too low, were skipped and only the two polarizers with copper coating were used for next
measurement, one of the circular shape and one of the elliptical shape.

The impedance matching of the circular polarizer showed a better matching (-24 dB) than
the simulation (-14.5 dB). The measured re�ection coe�cient of the elliptical polarizer
(-25 dB) corresponded very good to the simulation (-24.6 dB). The measured peak values
of re�ection coe�cient were shifted to the lower frequencies, what can be caused by the
inaccuracy of the printer or of the metallizing layer and so dimension mismatch between
the model and printed part.

The axial ratios of developed polarizers were worse than the simulation. The measured
AR of the circular polarizer 2.34 dB, compared to the 0.85 dB in the simulation, what is
quite a good result for such structure and the polarizer works acceptable. For the elliptical
polarizer an value 9.3 dB was measured, compared to the simulated 0.3 dB. In the lateral
position the axial ratio was 3.3 dB and the antenna does not radiate directly in the z
direction.

The measured gains of the antennas indicates a di�erences in few dB. Namely, for the
circular polarizer a simulation showed 8.3 dBi and measurement 4.2 dBi and the elliptical
polarizer had simulated gain 7.6 dBi and measured 5.7 dBi

The horn for dual-mode excitation was not printed because of the big dimensions, the
optimal length of the horn was designed to 305 mm.

The measurement could be in�uenced with more factors. The holder of the antenna used
for measuring in the chamber, was not right designed and the measured antennas were
not perfectly aligned and the holder extend too much and could case unwanted re�ections.
Also the connector assembly was not perfectly ideally attached and could in�uence the
radiation patterns and other characteristics.

The next improvements of these polarizers could be done in the better attachment for the
measurement and the antennas should be metallized with better technique, for example
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with electroplating, what needed to make the surface of the antenna conductive, what
could be possible with graphite layer. For 3D print conductive �laments could be used,
which allowed electroplating too.

The developed antennas showed a good results with the arrangement in the waveguide
section and also with the 3D printing technique. 3D print would be suitable for another
antenna types too, because of an absence of any demanding manufacturing process like
forming, cutting or other tooling. The only demanding process of the manufacturing is the
metallizing of the surface, but the easy method with an conductive copper spray showed a
good results.

This thesis veri�ed, that 3D printing can be a very convenient manufacturing method for
antenna development. The metallizing with the conductive copper spray showed a usable
method with good results, while the other metallized technique had not good results.
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Appendices

Appendix A � RF Spin DRH20 Datasheet

 Antenna Specifications 

e-mail: info@rfspin.cz                  http://www.rfspin.cz                  fax: +420 224 353 103 

RF 
November 2010 

Double Ridged Waveguide Horn – Model DRH20 
 

 

 

Physical Specifications 

Width 104 mm  (4.1 in) 
Depth  122 mm  (4.8 in) 
Height  78 mm  (3.1 in) 
Weight 290 g  (0.64 lb) 
� Installed circular spirit level for easy setup 

 

Typical Parameters 
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Electrical Specifications 

Frequency Range 1.7 GHz – 20 GHz 
VSWR (max.) < 1.5:1 
Impedance  50 Ω 
Connector SMA female 

RF Input Power 20 W CW / 40 W Peak 
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Appendix B � EMILAC spray datasheet

                                                               

                                                   ITW Chemische Produkte GmbH Co. KG 

                                                 Mühlacker Strasse 149, D-75417 Mühlacker 

                                           Telefon +49 7041 96 34 0, Telefax +49 7041 96 34 29 

                                               e-mail info@itwcp.de, website www.itwcp.de 

                                                                                         January 2010 

 

                                                                                                                                                                                                        
                                                                                                                                                                                                    TechnicalTechnicalTechnicalTechnical    DatDatDatDataaaa    SSSSheetheetheetheet    
    

CCCCRAMOLINRAMOLINRAMOLINRAMOLIN®®®®    EMI LacquerEMI LacquerEMI LacquerEMI Lacquer    Art. No. 1Art. No. 1Art. No. 1Art. No. 122224444    
    

    
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Technical DataTechnical DataTechnical DataTechnical Data    

Color:                                                                     copper 

Pigment:                                           silver coated copper 

Resin:                                                                      acrylic 

Specific gravity (20° C):                               0,60 [g/cm3] 

Drying conditions at                          10 min dry to touch 

Room temperature:                                24 h totally cured 

Drying conditions  in an oven: 

                                              10 min at room temperature 

                          then ca. 30 min at 60 - 70° C in an oven 

Surface resistance: 

                             <0,25Ω/square (50 µm film thickness) 

Attenuation:      60 - 65 dB for 50 µm film thickness 

(ASTM ES 7-83)  
Necessary coat thickness:                20 - 50 [µm] 

Coverage:                   1 - 2 [m
2
/can] (50µm Layer) 

Temperature resistance:                 -40 up to + 95 [° C] 

 

 

 

 

 

 

 
  
 

Product descriptionProduct descriptionProduct descriptionProduct description    

EMI-LAC is a copper-based, silver-coated, highly 

conductive, protective coating which shields from 

electromagnetic waves. It ensures protection both from 

electromagnetic interferences (EMI) and from 

electromagnetic discharges (ESD). The subsequent 

shielding and attenuation can be achieved with thinner 

layers than with copper-based products normally used. 

EMI-LAC is easy to apply and exhibits high stability 

even under extreme environmental conditions such as 

heat and moisture. The lacquer is well-bonding and can 

be used without a primer on metal, glass and plastics. It 

does not attack the materials in common use and dries 

quickly. 

ApplicationApplicationApplicationApplication    
 
Subsequent shielding of plastic cabinets from 

electromagnetic waves. Proves particularly effective in 

EDP, electronic laboratories, measurement technique, 

motorcar equipment and entertainment electronics. For 

the use in the manufacture of electrical contact 

connections and as protection against corrosion of 

manipulated aluminum casings. Best results will be 

obtained with film thicknesses between 40 µm and 75 

µm.  

Please notePlease notePlease notePlease note    
 
Surface to be treated has to be free of greases, oil, 

wax etc. Spray on the whole surface of parts to be 

treated, maintaining a distance of approximately 30 

cm, otherwise the layer applied will flow. Should 

the spray nozzle get clogged, clean it using a 

thinner, acetone or turpentine. 

    

 

 

 

 
  
 

Storage / Shelf LifeStorage / Shelf LifeStorage / Shelf LifeStorage / Shelf Life    
 
Shelf life is 2 years if stored correctly. 

Package after emptying to be disposed via metal 

scrap.     
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