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Abstract

This semestral thesis is aimed at verifying the functionality of the proposed concept of a
tuneable filtering antenna. The antenna is designed in such way that it combines the
filtering and radiating functions into a single unit. After simulating and verifying the
correct functionality of the proposed antenna [1] in an electromagnetic simulator, thesis
than discusses the possibilities of improving the antenna parameters. To achieve higher
directivity and gain, a solution is proposed where a pyramidal horn antenna is added at
the end of the filtering waveguide. Obtained results are than used to design antenna
integrated into substrate.

Keywords

waveguide, cavity resonator, tuneable filtering antenna, SIW, horn antenna, dielectric
loading

Abstrakt

Tato praca je zamerand na overenie funk¢nosti navrhnutého konceptu laditel'nej
filtranej anténny. Anténa je navrhnutd tak aby spéjala filtracnu a vyZarovaciu funkciu
do jedného celku. Po odsimulovani a overeni spravnej funkénosti navrhovane;j
anténny [1] v elektromagnetickom simulétore, sa praca zaoberd moznostami
vylepSenia parametrov anténny. Na dosiahnutie vysSej smerovosti a zisku je navrhnuté
rieSenie kedy je na koniec filtraéného vinovodu pridana pyramidova horn anténna.
Obdtzane vysledky su nasledne pouZité pre navh antény integrovanej do subtratu.

Klicova slova

vlnovod, dutinovy rezonétor, filtrujiica ladite'na anténa, SIW, horn anténa, dielektricka
zataz



Rozsireny abstrakt

S neustdlym vyvojom bezdrotovych technoldgii, narastaji ndroky na Coraz vicSiu
miniaturizaciu a integraciu radiofrekvenc¢nych (RF) obvodov. V minulosti bolo potrebne
navrhovat’ pasivne prvky ako su: anténny, filtre, duplexovy ako individualne bloky ktoré
boli medzi sebou nasledne spdjane pomocou 50 ohmového vedenia. Tento pristup je
vel'mi narocne replikovat pri stale sa zvacSujucich narokoch na miniaturizaciu. Prechod
signalu velkym mnozstvom blokov taktiez negativne ovplyviiuje bitova chybovost
(BER) a zhorsuje pomer SNR. Na rieSenie tychto problémov sa v poslednej dobe Coraz
CastejSie uplatiluje spajanie blokov do vicsich celkov, o vSak zo sebou nesie dalSie
problémy. Pre zlepSenie selektivity tychto systémov sa Casto krat pouzivaju filtrane
antény kde je pomocou rezonator vo forme cylindrov alebo vyrezov (slots) realizovany
vystupny filter. Pouzitie rezondtu ma za ucel dosiahnut’ slabu vézbu medzi napdjanim
antény a vyzarovacim elementom. Anténny s integrovanym filtrom dosahuju vicésej
selektivity atroven potlacenie nechcenych signalov mimo pracovného pasma, ako
konven¢ne pouzivané antény. Vdaka ich schopnostiam potlacovat’ signaly mimo
pozadované pasmo su filtracne antény vhodne pre pouzitie vo viacpasmovych systémoch,
kde prispievaju k lepSej izolacii medzi jednotlivymi radiovymi sluzbami bez toho, aby
navySovali rozmery antény. Tato praca predstavuje struény tvod do problematiky
a navrhu filtra¢nych antén na bazé dutinovych vlnovodou a vinvodoch integrovanych do
substratu.
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INTRODUCTION

Aim of this thesis was to verify functionality and method of implementation of filtering
waveguide antennas which are designed as open-ended waveguide. Input waveguide filter
should be implemented by means of tuning stubs and fed by a coaxial probe. Initial
antenna model on which the work is based is given in reference [1]

This master thesis theses can be split into two main parts, filtering horn antenna based
on rectangular waveguide and second half which describe process of designing and
manufacturing of filtering antenna integrated into substrate.

First chapet briefly deals with an introduction to the problem of waveguides. Reader
is also familiarised with waveguide design and standards used in practice.

Second chapter focuses on the topic of filtering antennas, their gradual design from
passive resonators to waveguide filters.

Third chapter is devoted to the core of master thesis, which is the verification of the
functionality of the proposed open waveguide filter antenna for use in the frequency band
9to 11 GHz. An electromagnetic simulator was used to replicate antenna model, and the
findings were compared to those reported in [1].

Fourth chapter discusses the possibilities of improving third order filtering antenna
parameters [1] by adding horn antenna to the end of the open waveguide. Factors under
consideration include gain, directivity and antenna selectivity while preserving original
filtering properties of antenna.

The fifth chapter deals with the step-by-step design of a tuneable antenna integrated
into a substrate, taking advantage of the similarities and knowledge gained from the
design of the tuneable antenna in the chapter 3.

Second to last chapter describes the way of manufacturing the antenna integrated into
the substrate designed in chapter 5 as well as the modifications needed to manufacture
the antenna.

Last chapter briefly highlights the process of measuring manufactured antenna's
parameters, including its radiation pattern and the gain. The results are then compared
with those obtained from the CST electromagnetic simulator.
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1. WAVEGUIDE ANTENNAS

An open-ended waveguide serves as the foundation of a waveguide antenna.

These days, antennas of this kind are frequently used, particularly in radar and navigation
systems. Their straightforward, durable design and affordable production are their key
features as well as their ability to transmit high power signals up to several megawatts is
also possible with this sort of antenna. The waveguide's dimensions determines whether
the antenna emits a linear or circular polarization.

1.1 Wavegquides

A waveguide is type of electromagnetic energy transmission line. It is mainly used in the
higher frequency range. Since its losses are significantly lower in this region compared
to coaxial or microstrip lines [2]. By waveguide we usually mean a hollow metal tube of
various shapes (Fig. 1.1), but in practice two types are mainly used, namely waveguide
with circular (Fig. 1.1 (b)) and rectangular (Fig. 1.1 (a)) cross-section. Internal
dimensions of the waveguide also determine the condition under which an
electromagnetic wave can propagate inside the waveguide.

a) b)

L
[ [ ]

<) d)

Fig. 1.1 Waveguide cross-section: a) rectangular, b) circular, c) single ridged,
d) double ridged

Bandwidth of a waveguide is characterized by its passband it is the frequency band in
which the signal is transmitted with minimum attenuation. Passband is limited at the
bottom by the cut-off frequency of the lowest mode, which is dependent on the transverse
dimensions of the waveguide and does not depend on the waveguide length. A wave of
lower frequency than the cut-off frequency cannot propagate through the waveguide [2].
The parameter that also characterizes waveguide is the phase velocity of the wave in the
waveguide. It defines the speed with which the locations of constant phase of signal are
moving. The wave's length in the waveguide represents the distance it will travel at phase
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speed in one cycle of the signal. This length can be calculated as shown in (Equation 1.1)
Where A,represents length of wave in waveguide, while A determine length of wave in
free space.

-

The last parameter that characterizes waveguide is its attenuation [2]. We recognize
three types of attenuation, namely the attenuation of the waveguide due to imperfectly
conducting walls characterized by the penetration depth. Additionally, attenuation due to
dielectric losses and attenuation due to reflection at the waveguide feeding port.

1.2 Design of a waveguide with rectangular cross-section

An infinite number of modes, labelled as TE (Transversal electric) and TM (Transversal
magnetic), can propagate through the waveguide [2]. These modes are always represented
in the form TEmn/ TMmn. Where (m) and (n) are non-zero integers, for the TE mode (m)
can also be zero. We calculate the cut-off frequency fc of a rectangular waveguide as:

fo =T = = j &)+ () 12)

Different modes differ from each other in their cut-off frequency, phase velocity, and
hence the change in wavelength in the waveguide (Equation 1.1) Waveguides are often
designed to operate in single-mode region. This eliminates dispersion of transmitted
signals due to different phase velocities. In a rectangular waveguide, we can determine
the wavelength of the dominant TE1o mode according to equation (1.3) [2]. An important
factor in waveguide design is the ratio of the shorter and longer sides of the waveguide.
This ratio is directly dependent on the shortest and longest wavelength that can propagate
in a given waveguide. The most commonly used aspect ratio in practice is 2:1.

ATE10 = 24 (1.3)

Rectangular waveguide that will be used later in Chapter 3 operates in the 9-12GHz
frequency range. Therefore, the upper frequency of the dominant mode TE10 is taken
into consideration for the calculation. Equation (1.2) will simplify into the form:

T
TE10 _
fi oy (1.4)
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Equation (1.4) can be further simplified by using mathematical formula (1.5) [2]

1
= — (1.5)
Veu
We will obtain an equation in the form:
c
TE10 — 1.
fIE0 = o (L6)

From equation (1.6) we can express the relation for the longer side (a) of rectangular
waveguide as: (1.7)

Cc

a=—=7
ZfCTElO (17)
The cut-off frequency in waveguide design for a given frequency range is usually
chosen as half of the desired upper frequency. For the calculation of approximate
dimensions of waveguide, a cut-off frequency of 6 GHz was chosen. From the known
frequency we can calculate the longer of waveguide sides as:

c _ 3-10° _ s
2fTE10 ~3.g.108 > (1.8)

a =

From known side (a) we can calculate cut-off frequency of the next mode TE2o
(Equation 1.10), This frequency simultaneously gives the upper frequency limit for
waveguide in order to work in single-mode region. Frequencies used in the waveguide
must also satisfy condition (1.9).

chEZO < f < fCTE10 (19)

¢ 3-108
fIF20 =~ = ——— = 12 GHz

a 25-10-3 (1.10)

Ratio of the critical frequency and frequency from which the TE2 mode starts to

propagate gives us the aspect ratio of rectangular waveguide in our case it is 2:1.
Wavelengths that will propagate through the waveguide fall in the range of 25 to 50 mm.

15



12,5mm

b=

a=25mm

Fig. 1.2 Designed theoretical rectangular waveguide

The last step in the design is to calculate wavelength at the operating frequency inside
the waveguide in order to achieve efficient excitation of electromagnetic field in the
waveguide. For operating frequency of 10 GHz, wavelength is calculated using equation
(1.11)

A 29,979 - 108
1 = = = 30,4mm

g
L (AY L (29,979 10° 2 (1.11)
_(A_c) _< 50 - 108 )

1.3 Standardisation of waveguide dimensions

As already mentioned in chapter 1.1 transverse dimensions of the waveguide define the
frequency band in which the waveguide can be used. As shown in chapter 1.2 dimensions
of the waveguide can be theoretically calculated for any frequency band. However, in
practice a set of waveguides with standardised dimensions is used. Standardising
waveguide dimensions allows us to integrate waveguides from different manufacturers
and ensures interface compatibility. It also allows user to integrate waveguide of known
parameters into the design of the proposed system. Most well-known and widely used
standards include IEEE (Institute of Electrical and Electronics Engineers), MIL (United
States Military), EIA (Electronic Industries Alliance Standards), IEC (International
Electrotechnical Commission). The most used labelling of waveguides includes the

16



WR—series of waveguides. Where WR indicates that it is a rectangular waveguide.
Following number denotes longer dimension of the waveguide cross-section and is given
in units of mils/10. Several examples of waveguides used in practice are shown in (Table
1.1) [3]

Table 1.1 Dimensions of commercially produced waveguides [3] compared with
dimension of calculated waveguide

_ Cut-off Cut-off _ _
Waveguide Refcommended | ngslf[egrfj% r frequency Lr\;g\e;(re dlljrirgjinglc;rr]]sinof
name requency est o next mode g pening
EIA IEC [GHz] [GHz] [GHz] Ainch [mm] | B inch [mm]
WR340 | R26 | 2.20t03.30 1.736 3471 3.4[86.36] | 1,7[43,18]
: 22
WR137 | R70 | 5.851t08.20 4.301 8.603 [3}1.247128] [121?988]
WR90 | R100 | 8.20to0 12.40 6.557 13.114 0.9[22.86] | 0,4[10,16]
WR10 | R900 7510 110 59.015 118.03 0.1[2.54] 0,05 [1,27]
Vypocet 7510113 6 12 [25] [12.5]

Transition between the passband and rejection band of the waveguide is very steep.
Measured attenuation of a real waveguide at frequencies just below the cut-off frequency
can reach several hundred dB/m. Just above the cut-off frequency, attenuation can be
measured in fractions of dB/m. This parameter must also be taken into consideration when
selecting appropriate waveguide If the frequency of interest is too close to the operating
frequency limit of the waveguide, signal will be also attenuated.

For the values calculated from chapter 1.2 the WR90 waveguide is the most suitable
for our requirements, a comparison of its parameters with the calculated values is shown
in Table 1.1
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2. FILTERING ANTENNAS

As the name suggests, this type of antenna combines filtering and radiation functions in
one unit. Direct coupling of the antenna and filter usually introduces a mismatch and
reduces the efficiency of the filter. A matching network is inserted between the antenna
and the filter to minimize these effects. However, this increases system size, weight, and
complexity. The more processing blocks a signal need to pass through, the more it gets
distorted. Therefore, filtering antennas are often used to remove matching network (Fig.
2.1).

Antenna

Matching

i >
Input —»| Bandpass filter network

Radiation
Input —# Filteringantenna |—» output

Fig. 2.1 Block diagram of filtering antenna

A major problem today is overcrowding of the frequency bands used in wireless
communications. Using an antenna that can be tuned to the operating frequency ensures
that transmissions always take place on available frequencies. We can also adjust the
antenna bandwidth to better suit our application.

2.1 Microwave Filter

Microwave filters are an integral part of modern communication systems working with
microwave frequencies. Filters can be defined as frequency selective networks with two
or more ports that are used to pass signals at selected frequencies and attenuate other
signals, mostly by reflecting them. A general requirement of modern applications and
systems is to reduce weight and minimize size, while maintaining filtering properties [2].
Design of waveguide filters require transmission of signals with large amplitude while
maintaining losses as low as possible.
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One of the objectives of the work is to validate use of waveguide filters. Waveguide
filters can be implemented in several different ways. Many solutions based on modifying
rectangular waveguide were proposed in [8] [9] using tuning stubs and embedded iris,
these types of filters are well known and used in a wide range of applications.
Discontinuities inserted into the waveguide can have different shapes and positions,
which are discussed in more detail in section (2.3)

2.2 Resonators

The resonator is characterized as one of the basic passive microwave components used in
frequency selective circuits such as filters. Special type of resonator is cavity resonator,
which can store frequency-dependent electromagnetic energy. Under ideal conditions,
there is no loss in the resonator and electromagnetic field can be stored inside the
resonator. However, in real use, resonator loses energy due to losses inside dielectric and
conductor or due to coupling with other electrical components. For this reason, energy
must be continuously supplied to the circuit. Main parameter of a resonator is its resonant
frequency and quality factor also known as Q-factor, which determines the performance
of the resonator [10]. For applications at low frequencies up to 1 GHz, resonators are
constructed using LC circuits, while for frequencies in the range of to 100 GHz,
waveguide resonators are used.

2.3 Construction of waveguide filter

Filtering function of the waveguide can be achieved by adding elements to the cavity of
the waveguide [9]. Shape and position of the inserted element always depends on
particular filter application. Use of the filter also predetermines its desired parameter,
centre frequency, bandwidth, as well as attenuation in passband and rejection band.
Waveguide filter can be described by an equivalent circuit (Fig. 2.2), where K represents
one of the coefficients of transfer function.

ZO KO] K12 K23 K34 K23 K]Z I<01

Fig. 2.2 Equivalent circuit of waveguide filter [4]

Design of waveguide filter start by inserting simple elements into cavity of
waveguide. Elements inserted into the waveguide, form a barrier to the propagating
electromagnetic waves between the two ports. This creates resonance points which form
zeros in transfer function. In practice, iris or inductive posts are most commonly used as
obstacles (Fig 2.3). By changing their dimensions and position in the waveguide we can
achieve our desired filter parameters. For this semester project, the method of
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implementation using inductive pins was chosen. This method allows easy and fast tuning
of the frequency band, later inductive pins can be replaced by tuning screws with fine
thread. Disadvantage of this implementation is that the distance between the pins is fixed

and cannot be changed.

—width1
port 1

width3

length

< width2
length

[ width1

port 2

Fig. 2.3 Resonators inserted into waveguide [4]
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3. OPEN ENDED WAVEGUIDE ANTENNA

Summarizing the previous chapters, we get an open-ended antenna. This type of antenna
Is widely used in practice. It consists of a waveguide which is opened on one side. Many
articles have dealt with this type of antenna and its variations. Following chapter is aimed
at verifying the functionality of proposed antenna published in research paper [1].

3.1 Cavity resonator antenna

Body of an antenna consists of a cavity resonator, in which we can store electromagnetic
energy under ideal conditions. We can control resonant frequency inside cavity by
extending and retracting a metal cylinder hc into the resonator cavity as shown by
(Fig. 3.1), or by changing the dimensions a,b,w of resonant cavity. During the
manufacture of the antenna, cylinder is replaced by a tuning screw with a fine thread.
Quality factor of resonator is influenced by the resonant cylinder diameter, the higher the
quality factor, the lower the antenna loss.

=
~N

—@—a=b=w=11mm

=
(%]

—— a=b=w=15mm

=
w

—@—a=b=w=19mm

Resonant frequency [GHz]

h.[mm]

Fig. 3.1 Resonant frequency under different parameters [1]
By cutting holes for coupling and radiating slot in the direction of "Z" axis into the
cavity resonator, we get a simple model of filtering antenna. Cavity also needs to be fed

by some sort of transmission line. Considering the geometry of the antenna and the
desired frequency band, a conventional WR90 waveguide was chosen (Fig. 3.2) [1].
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Feeding port
Sea

Coupling slot

Radiant slot

Fig. 3.2 First -order coaxial cavity filtering antenna using slot coupling [1]

This configuration's drawback is that altering the length of the resonating cylinder
will not only change the resonant frequency but also lower the quality factor, which will
decrease the antenna's effectiveness. Slots were swapped out for a pair of cylinders to
solve this issue (Figure 3.3). First one acts as a coupling slot and the second acts as a
radiation slot. By varying their length together with the cylinder responsible for tuning
frequency, we ensure that there is no loss of quality factor over the entire frequency range

of the antenna.

Coupling slot

Radiant slot

3 l
/!
|

Feeding port

Coaxial cavity I}'
4

11

Coupling megtal cylinder

$

Coupling metal cylinder

N
=«

/]
Feeding port [\ I}

/

Coaxial cavity 0
I Radiant port

o

A

"
Resonant métal cylinder

Fig. 3.3 Evolution process of the novel coaxial filtering antenna structure [1]
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3.2 First order filtering waveguide antenna

Table 3.1 Length of resonant cylinders for frequency tuning

Frequency tuning
Frequency Ir h Ir h
[GHz] [mm] | [mm] [mm] | [mm]
9,25 8,81 | 6,56 8,80 | 6,53
9,50 8,63 | 6,36 8,63 | 6,36
9,75 . 8,52 | 6,12 |HFSS| 8,39 | 6,15
Original
10,00 8,43 | 5,88 8,45 | 5,89
10,25 8,32 | 5,65 8,20 | 5,67
10,50 8,11 | 5,45 8,13 | 5,46
10,75 7,95 | 5,23 7,96 | 5,24

Table 3.2 Length of resonant cylinders for frequency tuning

Bandwidth tuning

Bandwidth [MHz] Ir [mm] | h [mm] Ir [mm] | h[mm] | Bandwidth [MHz]
50 8,43 5,88 8,35 5,92 60
100 Original | 7,77 6,15 |HFSS| 7,76 6,15 110
150 7,30 6,37 7,35 6,33 148
200 6,98 6,58 7,07 6,45 202

Antenna from the research paper was modelled in the HFSS electromagnetic
simulator according to the template [1] because the primary goal of the semester project
is to confirm the functionality of the presented antenna. An aluminium block that is
hollow makes up the antenna's initial design. Internal cross section dimensions (a =22.86
mm, b = 10.16mm) are those of a typical WR90 waveguide.

Three cylinders with a diameter of 3 mm are than positioned in the middle of the
waveguide (Fig. 3.4) in the direction of the Z-axis to provide function of frequency and
quality factor tuning.

Unit: mm

‘ : /U' | o "o

Fig. 3.4 Geometry parameters of the first-order coaxial filtering antenna[1]
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Fig. 3.5 S11 of the first-order filtering antenna with tuneable frequency
simulated (full line), article (dashed line) [1]

Two operating modes are possible for the proposed antenna. The first one is
independent tuning of operating frequency, in which the antenna'’s resonant frequency can
be continuously adjusted between 9 and 11 GHz using tuning pins, while the bandwidth
is held constant and is capped at about 50 MHz (Fig. 3.5) Second mode of the antenna
allows tuning the bandwidth without changing the resonant frequency, at the cost of a
lower value of the reflection coefficient S11. A demonstration of this function is shown
in (Fig. 3.7)

10
5
_ 0
S 5
£ -10
©
O .15
©
€ -20
‘©
g 9.75 GHz
-30 10 GHz e
35 | ====- 10.25 GHz O
a0 L====" 10.5 GHz
9 9,25 9,5 9,75 10 10,25 10,5 10,75 11
Frequency [GHz]

Fig. 3.6 Simulated Gain of the first-order antenna with tuneable
frequency simulated (full line), article (dashed line) [1]
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As we can see from the simulated figures obtained from HFSS values differ from
those reported in paper [1]. In the simulation of the S-parameters, larger deviations occur
with increasing distance from the centre frequency of 10 GHz, for which the waveguide
is primarily designed. Due to the optimal impedance matching, antenna obtains lowest
reflection coefficient at this frequency. These differences are primarily caused by
different simulation settings as well as computational accuracy, since the paper does not
specify anywhere under what circumstances the model was simulated. Despite the highest
possible accuracy used, which computer was able to achieve, there are minor
discrepancies in simulated results. Nevertheless, both tuning functionalities of antenna
are maintained.

At the beginning of simulation, depth of pins was set according to research paper
(Table 3.1) [1] Figure (3.)5 shows comparison of the reflection coefficient between the
values within the article [1] and the values obtained by me with limited precision.
Reduced accuracy had only a minimal effect on the frequency shift of antenna resonant
frequencies, in most cases there was a shift of less than 20 MHz and an average decrease
in value of reflection coefficient by 10 dB. Table (3.1, 3.2) shows a comparison of the pin
length that we would need to set to match the results reported in the paper. Changes that
would have to be made in order to obtain same result are no more than tenth of
a millimetre. Therefore, we can conclude that the discrepancies in graphs are only due to
lower computational precision.

0 sgs=<zz= S == S AL— 0
-‘~:::*~: ~ I:’/—”
\\\\ \ ) (d
AN 14,7
-5 Sond e -5
W III
Wi,
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= i o
720 —-20
-25 0 -25
Bandwidth: 50 MH Bandwidth: 50 MHz
-30~====Bandwidth: 100 M¥z -30 | —Bandwidth: 100 MHz
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————— Bandwidth: 200 MKz Bandwidth: 200 MHz
-35 -35
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Fig. 3.7 Simulated results of the first-order antenna with tuneable bandwidth

b) simulated (full line) a) article (dashed line)
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Simulated antenna achieves a directivity of 7.7 dB and its main lobe is parallel to the
antenna'’s z-axis (Fig. 3.9). When tuned to the resonant frequency, gain remains constant,
reaching maximum of 7.5 dBi (Fig. 3.6), compared to the value of 8.1 dBi reported in the
research paper [1]. Therefore, simulations confirmed correct functionality of proposed
antenna concept.

10
5
= 0
S
c
6 _5
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©
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-25
9 9,25 9,5 9,75 10 10,25 10,5 10,75 11
Frequency [GHz]

Fig. 3.8 Simulated Gain of the first-order antenna with tunable bandwidth
simulated (full line), article (dashed line) [1]

o Directivity [dB)
Bl

a) b)

Fig. 3.9 Directivity pattern of an first order filtering antenna a) 3D-diagram b)
directivity in E-plane, H-plane
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4. IMPROVING PARAMETERS OF PROPOSED
ANTENNA

One of the disadvantages of antenna proposed in Chapter 3 is that the antenna selectivity
decreases with increasing bandwidth. Selectivity is an important parameter in antenna
design so that it can receive the wanted signal at the wanted frequency and attenuate
unwanted signals. Selectivity of the receiver determines level of signal interference that
is commonly found in free space. It is very important that the selectivity allows sufficient
suppression of the signal at out-of-band frequencies. If two signals are present on the
same channel, receiver selectivity cannot distinguish between them. By increasing the
selectivity of the antenna, we increase the utilisation of the allocated frequency band.
Therefore, an antenna with a third order filter is proposed in [1].

4.1 Third-order filtering antenna

To improve antenna selectivity, a third-order filtering antenna is proposed in [1]. This is
an iteration of the antenna from the previous chapter (3.2). Consisting of an extended
WR90 waveguide with geometry displayed in (Fig. 4.1). Additional tuning pins were also
inserted into the cavity. On the bottom side there are 3 tuning screws which provide tuning
of the resonant frequency thereby forming a third order filter. At the top are placed 4 pins
which again affect the coupling between each cylinder. Pins 12 sets quality factor of
radiating (Qr) and feeding port (Qe) while pins I1 provides coupling between three
resonant cylinders.

We can say that the third-order filtering antenna retains same characteristics as the
first-order filtering antenna. The function of independent tuning of resonant frequency
and bandwidth is retained. Due to the increase in the number of resonant pins, the
minimum tunable bandwidth has increased to 200 MHz. Gain is uniform across the tuned
bandwidth and reaches 8.1 dBi. When using a third-order filtering antenna, there is an
improvement in selectivity and suppression of unwanted signals of more than 70 dB over
conventionally used slot antennas [1].

I | | &
o

Fig. 4.1 Schematics of third-order filtering antenna[1]
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4.2 Horn antenna

By flaring out standard waveguide we get a horn antenna with an open end. This is widely
used type of antenna for the UHF and microwave bands. Since the resonant frequency
depends on the physical dimensions of antenna, this type of antenna is used only for
frequencies higher than 300 MHz. The main advantage is their simple construction,
moderate directivity as well as weather resistance. Function of the flaring at the
waveguide end is to produce a uniform wave that is larger than the wave being propagated
inside the waveguide. There are several basic types of horn antennas, with a rectangular
cross-section (Fig. 4.2c), a circular cross-section (Fig. 4.2 d), or antennas with flaring in
only one of the planes, E-plane (Fig. 4.2 b), H-plane (Fig. 4.2 a).

DIFFERENT TYPES OF HORN ANTENNA

- 7 Ea
/ i

Pyramidal homn
H-plane sectoral horn
c)

Conical Horn Antenna

d)

E-plane sectoral hom

Fig. 4.2 Different types of horn antenna [5]

We can change the resonance frequency and bandwidth by utilizing the antenna from
chapter (4.1). Third-order filtering antenna'’s limited directivity and low gain might not be
adequate for some applications. However, by adjusting the tuning pins, we are unable to
change these parameters. The subsequent chapters suggest modifying the antenna to
enhance directivity and gain.

4.3 Improving parameter of third-order filtering antenna

The aim of this subsection is to verify whether it is possible to improve the parameters of
proposed antenna [1]. Since third-order filtering antenna designed in this way achieves a
small gain of 8.1dBi and the main lobe has a width of 63°, which is an insufficient value
for use in applications such as radar and radio communications.
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To improve these parameters, we could add a horn antenna to the end of the
waveguide and verify its unchanged filtering functionality. If the filtering characteristics
of waveguide were unchanged, this would mean that we could add any horn antenna with
the desired gain and directivity to the third-order filtering antenna.

The basis of improved antenna design is third-order waveguide antenna,
performance of which was verified in Chapters 2 and 3. One of the antennas from
subsection (4.2) can be placed at the end of the waveguide. Since in this case the cross-
section of the waveguide is rectangular, we will not consider a horn antenna with conical
shape. Its integration is possible but would require an additional design of a transformer
from a rectangular to a circular interface. For demonstrative purposes, we will use a
pyramidal antenna. Model of the antenna was created in CST Microwave studio, based
on 3D drawings provided by the manufacturer (chapter 4.3.1) [6].

Shape of the antenna itself consists of two parts, namely the original rectangular third-
order filtering antenna and the horn antenna added by us. Detail of the whole geometry is
shown in (Fig 4.3). The addition of the horn antenna has increased total length of structure
to 148 mm, from 68 mm, which is more than double the size of proposed antenna. If the
use of the antenna is limited by the dimensions, we can use shorter type of horn antenna,
as they are produced in different designs.

The last modification made was to standardize the wall thickness of the waveguide
and horn antenna to 2.1 mm. Original design foresees wall thicknesses of 7,57 mm and
4,92 mm. However, these values are unusually high for a WR90 waveguide, compared to
the values given by the standards. It has been verified through simulation that the wall
thickness does not affect the observed antenna parameters.

7.5 16.5 18.0 16.5 9.5 11.0
El 5| PRE| =
G RLEMRLE
N [+
15.0 18.0 18.0 17.0

69.0

Fig. 4.3 Dimension of filtering waveguide horn antenna
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4.3.1 Commercially available horn antenna

There are many types of commercially available horn antennas on the market with
different parameters. For demonstrative use, a pyramidal antenna [6] from the
manufacturer PASTERNACK was chosen, used for frequencies from 8.2 to 12.4 GHz
and declared gain of 15 dBi. It is an antenna based on a WR90 waveguide, which is fed
by a coaxial N connector. Antenna aperture dimensions are a = 62 mm, b = 44,6 mm.

A 3D model of the antenna is also available from the manufacturer's website (Fig. 4.4)
This information’s has been used to model antenna for the simulation in CST Microwave
studio.

Frequency range 8.2-12.4 GHz
G 15 dBi
Horizontal HPBW 31"
Vi

Fig. 4.4 Commercial Horn antenna [6]

4.3.2 Simulation settings

Whole designed antenna was simulated in CST Microwave Studio 2020. Figure (4.5)
shows how the feeding coaxial N connector was added to the modified antenna model.
Its outer conductor is connected to the body of the waveguide and a coaxial probe is
inserted into the cavity.

To reduce the computational time, a half-size model was made, thanks to longitudinal
symmetry of the antenna. Results between the half-model and the full-model showed no
differences and thus we could save almost half of the computation time. We used freed
memory space to refine meshing of the half model to obtained even more accurate results.
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Fig. 4.5 Half model of deigned antenna with coaxial N connector

4.4 Obtained results of improved antenna

This chapter focuses on the comparison between the results of proposed third-order
filtering antenna [1] and the filter antenna where the opened end is replaced by a horn
antenna. In order to ensure as accurate comparison as possible, the same pin length was
used for both antennas. Length of the individual pins for resonant frequency tuning and
bandwidth tuning are shown in the tables (Table 4.1 and Table 4.2)

Table 4.1 Cylinder dimensions during frequency tuning

Frequency tuning
Frequency [GHz] 1I1[mm] | 12 [mm] | h1[mm] | h1[mm]
9.25 9.28 7.70 4.28 5.17
9.5 9.17 7.57 3.96 4.90
9.75 9.02 7.36 3.62 4.64
10 8.82 7.16 3.26 4.38
10.25 8.60 6.92 2.84 4.12
10.5 8.35 6.70 2.33 3.86
10.75 8.04 6.51 1.64 3.56
Table 4.2 Cylinder dimensions during bandwidth tuning
Bandwidth tuning
FBW 11 [mm] | 12 [mm] | h1[mm] | h1[mm]
2% 8.82 7.16 3.26 4.38
4% 8.20 6.56 3.51 4.63
6% 7.55 6.20 3.79 4.82
8% 6.93 5.89 4.10 5.00
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Comparing simulated values of the Si1 parameters we found, that adding the horn
antenna to the end of the waveguide does not shift tuned resonant frequencies. However,
horn slightly degrades impedance matching of the whole array. Consequence of this is
that, when tuning frequency bands in the 9.5 GHz to 10 GHz range, the reflection
coefficient does not reach values <-10 dB across the whole tuned range. Bandwidth,
therefore, drops to 150 MHz. This is mainly because the added horn antenna affects
quality factor Qr of the radiation port, which can be seen from the plot (Fig. 4.6), where
the characteristic has an asymmetric shape. This behaviour can be partially eliminated by
tuning the pin placed closest to the horn antenna. By this adjustment we can back-tuned
antenna so that bandwidth reaches 200 MHz over the whole frequency range. However,
the 11 pins will no longer be the same length, which slightly complicates the antenna
tuning process.
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Fig. 4.6 Reflection coefficient S11 comparison between a) 3rd-order
filtering antenna [1], b) 3rd-order filtering horn antenna while
performing frequency tuning [1]
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Gain of the antenna assembly is uniform over the entire tuned range (Fig 4.7). When
the horn antenna was added to the end of filtering waveguide, gain rose to 14.9 dBi
(Fig 4.7), which is very close to the manufacturer's declared value of 15 dBi [6]. Since
the addition of the horn antenna does not substantially changes function of the original
3rd-order filtering antenna, we can swap the horn antenna for another desired type if
higher gain or directivity is needed. The disadvantage of the filtering horn antenna is
that selectivity has decreased, across all frequency bands.
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Fig. 4.7 Gain comparison between a) 3rd-order filtering antenna [1], b) 3rd-
order filtering horn antenna while performing frequency tuning

The function where the bandwidth can be tuned independently has also been retained.
In (Fig 4.8 (b)) we can observe same asymmetry as in the resonant frequency tuning mode
(Fig 4.6 (b)). Reflection coefficient Si1 again does not reach <-10dB across the tuned
band, reducing our usable bandwidth. This behaviour can again be compensated for by
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slightly tuning coupling pin I1. Figure (4.9) shows that even when using antenna in the
bandwidth tuning mode, gain remains stable with a maximum of 14.9 dBi.
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Fig 4.8 Reflection coefficient S11 comparison between a) 3rd-order
filtering antenna [1], b) 3rd-order filtering horn antenna while
performing bandwidth tuning
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Fig 4.9 Gain comparison between a) 3rd-order filtering antenna [1], b)

3rd-order filtering horn antenna while performing bandwidth tuning

Directional gain characteristics are shown in (Fig. 4.10). Main lobe of the diagram
points in line with the antenna z-axis Theta = 0° and reaches 14.9 dBi. Half power beam
width (HPBW) reaches 34° in the H-plane and 32° in the E-plane, which are half of the
values compared to a 3-rd order filtering antenna [1]. Side lobes are suppressed by more
than -17 dB in both planes. As demonstrated earlier in this chapter by changing the
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geometry of the horn antenna we can also achieve higher values of directivity and gain
depending on the desired antenna characteristics.
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Fig. 4.10 Directional gain pattern of improved antenna
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5. SUBSTRATE INTEGRATED WAVEGUIDE ANTENNA

The next chapter focuses on the design and optimization of a tuneable substrate integrated
antenna (SIW) for use in the European standard for High Performance Wireless Local
Area Network (HIPERLAN). Proposed antenna can be tuned in the HIPERLAN
frequency range spanning from 17.1 to 17.3 GHz. The study also aims to validate the
feasibility of modifying the cavity-based waveguide antenna described in the previous
chapters into a tuneable antenna integrated into the substrate.

5.1 Substrate integrated waveguide

SIW are closely related to rectangular waveguides. In both types of waveguides, same
principles of wave propagation apply. Difference in the construction of SIW is its tapering
in the E plane. The basis of the SIW is a block of substrate with defined permittivity
coated with thin layer of metal on both sides. Permittivity of chosen substrate
significantly affects passband of the SIW and has an effect on the resulting wavelength.
With increasing substrate thickness bandwidth also increases. For the construction of a
reliable waveguide, we must also take into consideration important parameters such as,
constant permittivity in the entire used frequency range, small loss factor, as well as the
frequency and temperature stability of the substrate.

IJOOOOW

...W..

Fig. 5.1 Main dimensions of SIW

In contrast to the cavity waveguide, plating the side walls of the SIW is not a
viable option. Therefore, plated side walls are replaced by periodically repeating vias
(Fig. 5.1) at p with a diameter d which connects the lower and upper metal layers of the
waveguide. Incorrectly designed gaps between the vias may cause radiation leakage,
which is not an issue with a hollow waveguides. To minimize waveguide losses, vias
must fulfil two basic qualitative conditions [11]. The diameter of the vias d should not
exceed fifth of the wavelength /g that propagates through the waveguide.
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A
d< (5.1)

5
Distance p between individual vias should not exceed twice the diameter of the via.
p<2d (5.2)

By satisfying these conditions (Equation 5.1 and 5.2), we ensure minimum signal
transmission losses as well as reduction in waveguide fabrication complexity.

5.2 Wave propagation inside SIW

Substrate-integrated waveguides and cavity waveguides have comparable propagation
characteristics of electromagnetic energy. In a cavity-based waveguide, the conditions for
the formation of infinite number of TE and TM modes are met. If we try to excite wave
in the waveguide whose currents flow perpendicular to the opening there would be
significant radiation outside the waveguide through spaces between the vias and a
significant attenuation of the electromagnetic wave. Due to discontinuities in the walls of
the waveguide formed by the vias, SIW is unable to maintain these modes, therefore only
modes TENO can propagate through the SIW [12]

Fig. 5.2 Wave propagation in SIW with incorrect vias spacing a) 5mm
and correct vias spacing b) 1.5mm

As mentioned, leakage losses can be controlled by proper design of the vias. Figure
(5.2) demonstrates the excitation of the TE1o mode for different parameters of the vias.
Simulation was performed at 17 GHz where all metallic surfaces were replaced by an
ideal electric conductor (PEC).
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For both cases the waveguide is made of CuClad217 substrate with relative primitivity
er = 2.17 and dielectric constant 6 = 0.0009. Figure (5.2 a) demonstrates the case when
the vias with diameter d = 2mm are placed at 5mm in this case they are placed too far
apart and do not satisfy the condition (Equation 5.2) resulting in a significant radiation
through the gaps between the vias.

From the second figure (5.2 b) we can see by placing vias at a distance p = 1.5 mm
the electromagnetic energy in the H-plane passes to the end of the waveguide with
minimal losses. The diameter of the via does not have a significant effect on the wave
propagation as long as it satisfies the condition (Equation 5.1).

5.3 Design of SIW for 17 GHz

5.3.1 Choice of material

The choice of substrate can influence not only the electrical but also the mechanical
properties of the waveguide integrated into the substrate. CuClad217 material was chosen
because of its low permittivity and easy availability in UREL workshops. Parameters of
the substrate used can be seen in Table (5.1), the values were taken from the datasheet
provided by manufacturer [13].

Table 5.1 Parameters of substrate CuClad 217

Substrate er [-] tan 6 [-] |Height [mm] [Cladding thickness[pm]
CuClad217 2.17 0,0009 |1.52 17.5

5.3.2 Design of SIW

SIW waveguide design is based on exploiting similarity with the cavity waveguide.
Transformation between waveguides is shown in the Figure (5.3) where a and b indicate
the width and height of the rectangular waveguide, respectively. By changing these two
parameters, we can adapt the waveguide to transmit a signal of any frequency see
Chapter 1. For a waveguide integrated into a substrate, we are unable to control its height
as this is determined by the thickness of the substrate. Therefore, SIW waveguides are
tuned using the diameter of the vias d distance between the vias p and the width of the
waveguide w (Fig. 5.1)
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Fig. 5.3  Transformation of rectangular to SIW waveguide

Designed waveguide should be capable of transmitting electromagnetic energy at
a frequency 17 GHz with minimal losses. Operating frequency is chosen to be sufficiently
far from the cutoff frequency of the SIW to avoid attenuation in the transmission of the
signal. Modelling of the waveguide is initiated by calculating critical frequency for
waveguide [14]:

fc=2ni/a>< j(%) +("7") (5.3)

Where m represents the number of half waves of electromagnetic field along the wall
w in waveguide with a rectangular cross-section. Mode number n defines the number of
half-waves alongside wall h. Constants ¢ defines speed of light and & defines the
permittivity of a substrate through which electromagnetic wave propagates. From this
expression we can then derive dependency for the wavelength [14]:

2T
2 2 5.4
JEmy s (omy o9

Waveguide is designed in such a way that only the transverse electric wave TEio
propagates through it. Previous relations can therefore be modified to the form:

A =

c miy 2
Ae = 2w (5.6)

Equations (5.5 and 5.6) show that the cutoff frequency of the waveguide depends on
the relative permittivity of substrate and spacing of two rows of vias. Since the wave
propagates through the substrate in the SIW, we have to consider the shortening of the
wavelength [14]:
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- 1_(1)2 (5.7)

Where 1 represents the wavelength in vacuum and Ac the cutoff frequency of the
waveguide. If the conditions (Equation 5.1 - 5.2) are satisfied and the cutoff frequency is
known, we can select the parameters of the vias prior to the optimization in the
electromagnetic simulator according to (Fig. 5.4).
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d'i,.
Fig. 5.4 Recommended dimensions of vias [17]

5.3.3 Design of SIW in electromagnetic simulator

Figure (5.5) displays SIW model that was simulated in CST microwave studio. Initially
waveguide width w=10mm was based on equation (5.4) used for determining critical
frequency of waveguide. Diameter and spacing of the vias were chosen so they satisfy
the conditions (Equation 5.1 - 5.2) and recommendations for SIW waveguide design (Fig.
5.4). Diameter of the via p = Imm was chosen with future antenna fabrication in mind so
that vias could be drilled with a standard set of metric drill bits. Spacing of the vias d =
2mm ensure minimal losses and ensures mechanical strength of the SIW
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Fig. 5.5 Model of substrate integrated waveguide
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Fig. 5.6  Cut-off frequencies for different modes in proposed SIW

SIW model (Fig. 5.5) consists of a CuClad 217 substrate with permittivity e = 2.7.
Both sides of the waveguide were coated with 17.5 pm thick copper layer. Vias were
symmetrically spaced at a distance W/2 from the centre of the waveguide and connected
to the top and bottom conductive layers of the waveguide. To increase its mechanical
strength, the substrate has been widened by 3 mm on both sides pass the vias. Table (5.2)
shows all the dimensions of proposed waveguide.

Table 5.2  Dimensions of simulated waveguide

p [mm] W[mm] H [mm] L [mm] d [mm]
15 10 1.52 16.5 1
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Fig. 5.7  Reflection and Transmission coefficients of simulated SIW

Overall waveguide length L has no effect on the waveguide performance in the
simulation. To minimize the simulation time, the length was adjusted to double the
wavelength Aq. Figure (5.7) shows the characteristic of the reflection coefficient S11 of the
dominant mode TE1o, which reaches — 68 dB at 17 GHz. And the transmission coefficient
So1 is approaching a value very close to 0 dB. Next higher mode TE2o starts to become
dominant only above the frequency of 20 GHz. Usable bandwidth of the single mode
waveguide reaches 15 GHz in this region, the reflection coefficient is below — 20dB and
the transmission coefficient of Sz1 is higher than -2dB indicating high efficiency of the
proposed waveguide.

Through optimization in CST, the SIW waveguide width was tuned to width 0f10.5
mm so that the operating frequency of the waveguide corresponds to approximately 1.4
times the critical frequency. Table (5.3) clearly shows the achieved parameters of the
designed waveguide. By adjusting the distance w between the vias, it is possible to change
the operating bandwidth of the waveguide in a wide frequency range.

Table 5.3  S-parameters of SIW at 17 GHz

$1,1[dB] s2,1[dB] |VSWR
SIW (w=10,5mm)  |-69,08 -0,046 1,001

5.4 Feeding substrate integrated waveguide

To generate an electromagnetic field in a waveguide integrated into the substrate, three
basic methods of feeding are used. The first two methods utilize microstrip and coplanar
lines where microstrip line perform the job of quarter wave transformer and match the
impedance level on both ends of transmission line. The third feeding method using
coaxial lines is described in more detail in the next subsection.
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5.4.1 Coaxial to SIW transition

Feeding SIW through a coaxial probe is a widely used technique, mainly due to the low
parasitic radiation of coaxial cable compared with microstrip transmission lines. This
parasitic radiation causes distortion of the radiation pattern and reduces the overall
efficiency of the waveguide. Another reason to use a coaxial probe is to maintain
bandwidth up to 20%. Another advantage is that it is easily integrated into the waveguide,
which reduces production costs.

portl

Fig. 5.8 Feeding SIW via coaxial cable

Design rules for feeding SIW are same as for feeding rectangular waveguide from
chapter 1. Due to the low thickness of the substrate, on the order of only a few millimetres,
it is difficult to accurately set the depth of the coaxial probe. This problem is described in
[15] where the problem is solved in a way where the outer conductor of the coaxial probe
is conductively connected to the upper metallic layer of the substrate. The inner conductor
of the coaxial probe is then passed through the substrate and conductively connected to
the bottom metal layer of the waveguide. However, a coaxial probe connected in this
manner has an adverse effect on the bandwidth of the waveguide. Figure (5.8) shows an
alternative waveguide feed solution where only the outer conductor of the waveguide is
connected to the metallic surface and the inner conductor is left hanging freely in a hole
drilled into the substrate.
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5.9 S-parameters of SIW feed by coaxial probe

In order to achieve optimal value of S-parameters, the coaxial probe is placed at a

distance A/4 from the end of the waveguide. Position is then fine-tuned by offsetting the
connector and inserting probe into the substrate. With the help of an electromagnetic
simulator, the optimal position of probe was found so that the waveguide achieves the
best possible value of transmission Sz1 and reflection coefficients Si1. Figure (5.10)
compares S-parameters dependence on probe length.
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5.10 Performance of SIW dependant on length of probe
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The addition of a coaxial probe results in a degradation of both S11 and Sx> parameters
due to mismatched impedance between input and output port of the waveguide.
Nevertheless, waveguide still meets the conditions for transmission with low attenuation
S11 <-20db and Sz1 > -2dB (Fig. 5.10).

5.5 Waveguide filter

When designing filters within SIW, the same rules apply as for conventional rectangular
waveguides. More on this in chapter 3.2. Tuning rectangular waveguide is often done by
tunning pins however this solution encounters many limitations when used in SIW. The
main limitation is the thickness of the substrate from which the waveguide is made.
Tuning screw in this case can be moved only by few millimetres, which depending on the
signal frequency propagating inside waveguide may not be enough to achieve sufficient
results . In general, PIN diodes tuning is often used [16], but this solution involves extra
electronic components that further complicate filter design. Unlike passively operating
tuning pins, pin diodes require additional power supply and control circuits.

@ & @ @& @ @ o o o =

tuning pin 1 tuning pin 3

\ tu:li-ng pin 2 (— |

L.

Fig. 5.11 Cross section of SIW filter using tunning pins

Figure (5.11) shows the proposed solution of the tuneable SIW filter. Tuning pins,
two from the top side and one from the bottom side were placed along the waveguide x
axis.

Depending on the depth of inserted tuning pin, a capacitive or inductive coupling is
formed inside waveguide which affects the filtering properties. Figure (5.12)
demonstrates the gradual change of resonant frequency over a wide range of frequencies
from 15 to 19 GHz. Reflection coefficient Si11 reached at least -28 dB in all cases.

Diameter and spacing of individual tuning pins also affect tuning performance of the
waveguide, but the primary tuning parameter is the length of inserted tuning pin.
Accuracy of resonant frequency is highly dependent on the step with which we are able
to insert this pin into the waveguide. Since the waveguide will be manufactured as part
of an antenna (Chapter 6), pins will be replaced by bolts with metric thread. Distance of
individual pins was set by electromagnetic simulator to 4,1 mm so that the reflection
coefficient Si; reaches stable values over the entire tuned frequency band (Fig. 5.12).
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Minimum distance between the pins was also limited by the size of the nuts in which the
tuning screws will be positioned.
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Fig. 5.12 Change of resonant frequency in SIW caused by tuning pins

5.6 Design of Horn SIW antenna

Antenna designed in such a way exhibits low efficiency due to mismatched impedance
between the waveguide end and free space. Impedance sharply changes from 26 Q at the

end of the waveguide to a free space impedance of 360 Q causing low performance of an
antenna.

=

a) b)

Fig. 5.13 a) Tuneable SIW antenna b) Tuneable SIW horn antenna
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In order to improve efficiency of antenna, the end of the waveguide is gradually
expanded which results in a gradual transformation of impedance at the antenna end, thus
increasing the overall efficiency of the antenna. Horn antenna walls are constructed with
the same metallic vias as in the SIW.

Length of the horn antenna affects maximum achieved gain, and the angle that the
antenna forms with the main axis of the waveguide affects directivity of antenna [18].
Therefore, final antenna dimensions depend on the desired antenna parameters.

Figure (5.14) demonstrates possibility of tuning operating frequency in the specified
frequency range from 17 to 17.3 GHZ. Table (5.4) shows length of tuning pins for
different resonant frequencies. Reflection coefficient S11 stayed below -35 dB and vswr
does not exceed the value of 1.033 for all tuned frequencies, indicating proper impedance
matching. Bandwidth of designed antenna does not change and remains stable at
700 MHz.
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Fig. 5.14 Changes in resonant frequency of SIW horn antenna

Table 5.4  Length of tuning pins for SIW horn antenna

Frequency [GHz] Pin 2 [mm] Pin 1-3 [mm]
17 1.07 1.62
17.15 0.74 1.26
17.3 0.48 1.18

5.6.1 Improving Gain of proposed antenna

The antenna designed in subsection chapter 5.6 achieves very small directivity and gain
of only 2.49 dBi with a beamwidth HPBW of 192.6° in the E plane and 35.5° in the H
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plane. The shape of the radiation pattern is omnidirectional which is not desirable for this
type of antenna. To improve these parameters, a technique is used where a resonator or a
dielectric lens [18] formed by a substrate is placed in front of the antenna.
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Fig. 5.15 a) SIW horn antenna b) dielectrically loaded SIW horn antenna c) SIW
horn antenna with dielectric resonator [4]

Figure (5.15) demonstrates several cases of dielectrically loaded Horn antennas with
elliptical and rectangular dielectric loading. From Figure (5.16) we can observe that as
the length of the resonator increases the total antenna gain increases but only to a certain
point. As we continue to increase the length of the dielectric load the electromagnetic
waves start to become absorbed in the substrate instead of being radiated to the free space,
thus lowering the gain.
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Rectangle dielectric loading

Eliptical dielectric loading
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Length [mm]

Fig. 5.16 Gain vs Length of dielectric loading

Proposed resonator for the SIW Horn antenna shown in Figure (5.17) consists of a
rectangular block of substrate with the same parameters as the SIW. On its bottom and
top sides are placed copper strips which purpose is to guide the electromagnetic wave and
in doing so shape the directional characteristic of the antenna.
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Fig. 5.17 Designed SIW horn antenna with dielectric rectangular loading

A reasonable length of resonator was determined to obtain acceptable radiation
pattern. Figures (5.18 - 5.19) shows comparison of the radiation pattern in the E and H
planes for an antenna with and without a dielectric resonator. In the E plane beamwidth
dropped from 192.6° t0109.4°. Thereby increasing gain to 10.5dbi from 2.49dbi.

———without dielectric loading 0 = with dielectric loading

0 10 0

Fig. 5.18 Radiation pattern H plane
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Beam width in H plane was reduced from 35.5° to 24.4°. Dielectric lens led to
significant suppression of back lobe radiation by 6.9 dBi compared to the antenna without

resonator.

Addition of the resonator also did not affect the filtering capability of the antenna

which can still be tuned as demonstrated by figure (5.14)

15
0

without dielectric loading 0 ——with dielectric loading

Fig. 5.19 Radiation pattern H plane
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6. MANUFACTURING OF SIMULATED ANTENNA

Prior to the actual manufacture of the antenna designed in Chapter 5, it was necessary to
make several changes to the antenna design to meet the manufacturing tolerance required
for the UREL workshops where the antenna was manufactured. Since the sensitivity of
the antenna tuning depends on the fineness of tuning screw thread, and the antenna
bandwidth depends on the substrate thickness the two types of antennas were initially
considered for fabrication.

0
-5
-10
-15

-20
25 single layer

-30

S-Parameters [dB]

two layers
-35

-40
16 16,2 16,4 16,6 16,8 17 17,2 17,4 17,6 17,8 18

Frequency [GHz]

Fig. 6.1 Bandwidth comparison between single and multilayer
antenna

First prototype assumed antenna fabrication from a single layer of CuCald 217
substrate. The proposed antenna achieves a low bandwidth (Fig. 6.1), but the antenna
design is very simple. Problem with single layer antenna is that by using standard M2
screws with thread pitch of 0.4mm, tuning step might not be fine enough. For this reason
a second version of the antenna was proposed. The antenna body consisted of two layers
of CuClad 217 substrates, glued with double-sided tape and mechanically secured with
additional screws to prevent movement between the plates, as shown in Fig. 6.2).

clamping screws

Substrate
Tape
Substrate

Fig. 6.2 Gain vs Length of dielectric load
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The main advantage of this solution is that a higher antenna bandwidth is achieved
(Fig. 6.1). The thickness of the entire antenna has been increased to 3.04mm. In this case,
a standard pitch 0.4 mm screw will form a fine enough travel for antenna tuning.

However, this solution is much more difficult to manufacture, the alignment of the
two substrates must be precise, and there is also risk of individual vias breaking when
mechanically connecting two substrates together, which leads to lower efficiency.

Table 6.1 Substrate parameters comparison

Substrate er [-] tan & [-] |Height [mm] [Cladding thickness[pm]
CuClad217 2.17 0,0009 |1.52 175
Rogers 5870 2.33 0.0012 |3.18 35

For the above reasons, the third variant was chosen for final production, replacing the
CuClad 217 substrate with Roggers 5870 with a dielectric constant of e, = 2.33 and
dileectric loss of 6 = 0.0012. A comparison of the two substrates is shown in Table (6.1).
The characteristics of the two substrates are very similar, so minimal changes to the
antenna design were required. The final dimensions of the antenna are shown in (Fig. 6.3).
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Fig. 6.3 Final dimension of manufactured antenna
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Table 6.2 Dimensions of fabricated antenna

11 [mm] 8.42 c[mm] |44.7
12 [mm)] 4.15 W [mm] | 48.95
Im [mm] 4,08 n[mm] |25

e [mm] 3.05 m [mm] |0.5

p [mm] 2.4 a[9] 26

L [mm] 60.9

Completed antenna is shown in (Fig. 6.4a) with overall dimensions of 7.3 cm x 4.9
cm and fitted with an SMA connector with the feed pin filled down to the value
determined by simulation (2.9 mm - 3 mm). A nylon-insert nuts were soldered in place
of the tuning pins to minimize unwanted movement of the adjustment screws within the
waveguide during antenna operation. Standard M2 metric bolts with thread pitch of
0.4mm were used for tuning pins. Bolts with finer thread pitch of 0.25 mm would increase
the tuning sensitivity however such bolts and nut are not commonly available. Fully
assembled antenna is shown in (Figure 6.4 b).

a) b)
Fig 6.4 a) Fabricated antenna b) Antenna with tuning pins and SMA
connector
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/. COMPARISON OF SIMULATED AND MEASURED
RESULTS

Two antenna samples were manufactured, due to the reason than not always all the vias
were successfully coated with copper layer. Antenna with larger number of successful
vias was chosen for the final measurement. The measurement was carried out in two steps,
measuring the S-parameters on vector network analyser and measuring the radiation
pattern of the antenna in anechoic chamber.

7.1 Measuring S-parameters

The S-parameters were measured on a vector network analyser (Agilent Technologies
E5071C) at the Department of Radioelectronics. Antenna was attached to the vector
network analyser via a coaxial cable with SMA connectors. Tuning screws were gradually
adjusted in order to achieve desired resonant frequencies. The figure (Fig. 7.1)
demonstrates a comparison of the measured and simulated values of reflection
coefficient Si1.
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Fig. 7.1 Simulated and measured reflection coefficient Si1 for
frequency tuning

The antenna under test could be continuously tuned by tuning pins in the specified
frequency range from 17 to 17.3 GHz. The reflection coefficient S11 corresponds to the
simulated values but tends to decrease as the frequency increases. The bandwidth at each
resonant frequency differs from the simulated values by approximately 50 to 100 MHz
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Figure (7.2) demonstrates the change of the antenna bandwidth independent of the
resonant frequency. However, during measurement slight shift of the resonant frequencies
by less than 50MHz was observed. Antenna during bandwidth tuning was very sensitive
to the movement of the tuning pins. This behaviour could be suppressed by using screws
with a finer thread.
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270 MHz
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Fig. 7.2 Simulated and measured reflection coefficient Si1 for
bandwidth tuning

Due to manufacturing reasons, it was not possible to drill holes of a certain depth into
the substrate and therefore all holes were drilled through the entire substrate. The resulting
holes leaked some of the electromagnetic energy and reduced the performance of the
antenna. During the measurements, the holes were covered with conductive copper tape.
This modification had the effect of increasing the efficiency of the antenna as well as
suppressing parasitic resonances (Fig. 7.3)
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Fig. 7.3 Eliminating resonanceis with copper tape
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7.2 Radiation pattern measurement

Radiation patterns were measured in an anechoic chamber in the laboratory of the
Department of Radio Electronics. The layout of antenna under test is depicted in (Fig 7.4)
Measured antenna was placed on a rotating base whose rotation was controlled by a
step motor connected to the control PC. Receiving horn antenna together with antenna
under test were connected to vector network analyser which than sends measured data
back to the computer. To obtain full radiation pattern, measured antenna was rotated
together with its support structure by 360° Which gave us measurement in E plane.
Antenna was the placed perpendicular to the ground and again spun around the by 360°
resulting in radiation pattern in H plane.

measured
antenna

al-.

PC Vector
s Network
i - Analyzer

Fig. 7.4 Antenna placement in anechoic chamber

Figures (7.5 — 7.6) compares radiation pattern of simulated and measured antennas in
both E and H plane at frequency of 17.1 GHz. From the figures is apparent that measured
antenna reaches gain of 11.5 dBi which is 1 dB more than predicted by simulation.
Measured antenna has also significantly higher suppression of backward radiation up to
-35 compared to simulated values. Direction of main lobe was offset by 2° from centre
line of the antenna, however this could be the result of not perfectly levelling the antenna
in its support stand.
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8. CONCLUSION

This project focuses on validating filtering function of antenna proposed in research
paper [1]. Gained knowledge was later used for design and manufacturing filtering SIW
antenna for use in HIPERLAN.

Tthesis begins by verifying the correctness of the proposed filtering antenna in article
[1]. In this article base of the antenna consists of a WR90 cavity waveguide into which
several cylindrical passive resonators are inserted. These cylinders fulfil the role of fine
threaded tuning screws, which are used in design in case of manufacturing waveguide
filter antenna. Cylinders are divided into two groups, first group of three cylinders sets
the resonant frequency. While the second group of four cylinders sets quality factor of
feeding and radiating port. With ability to adjust quality factor, we can ensure that antenna
will have same parameters across the full range of operating frequencies from 9 to 10
GHz. In case of a higher order antenna, these cylinders also ensure weak coupling
between resonant and coupling cylinders.

After creating model according to the template in paper [1], antenna was simulated in
electromagnetic simulator HFSS. Afterwards, frequency and bandwidth tuning function
was independently verified. Achieved results are provided in Chapter 3. For first order
filtering antenna, there was a shift of resonant frequencies by 20 MHz, also reflection
coefficient decreased by 10 dB on average. Gain of antenna was 7.5 dBi compared to
reported value of 8.1 dBi, for each of tuned frequencies. Antenna radiated a linearly
polarized wave with a directivity of 7.7 dB and HPBW (Half Power Beam Width) of 63°.

To increase antenna selectivity, article proposes a third-order filtering antenna with a
higher number of tuning pins. Antenna retains ability of resonant frequency tuning and
bandwidth tuning. However, using tuning pins, one cannot change the gain or directivity
of antenna. In order to improve these parameters, Chapter 4 proposes modification of this
antenna where horn antenna is placed at the end of the filtering waveguide.

With commercially available antenna models, a pyramidal horn with a reported gain
of 15dBi was selected for experimental validation. This antenna was modelled in CST
Microwave studio and placed at the end of the filtering waveguide.

The experiment showed that filtering part of antenna retains ability of frequency
tuning, however, there is slight asymmetry in the reflection coefficient characteristic due
to which tuned bandwidth is decreased. This asymmetry can be suppressed by using a
tuning pin responsible for tuning quality factor Qr. Simulated gain was 14.9 dBi and
beamwidth (HPBW) reached 34°in H-plane and 32°in E-plane.

Second half of the master's thesis focuses on the possibility of converting filtering
antenna based on cavity waveguides into an antenna integrated into the substrate. First
step was to properly design the SIW to ensure the transmission of electromagnetic energy
with the lowest possible attenuation. After achieving this goal, a filter was implemented
in the waveguide using metric M2 bolts which were used to tune the resonant frequency.
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SMA connector was used to feed the waveguide thus creating simple open-ended
waveguide antenna.

To increase the radiation efficiency, the end of antenna was widened to ensure a
gradual change of impedance between the waveguide and free space. The simulation
showed that the antenna has an omnidirectional characteristic in the E plane which is not
desirable. In order to increase the directivity and gain, a dielectrically loaded block was
placed in front of the antenna. By doing so gain of the main lobe was increased by 8 dB
while the back lobe was significantly supressed.

After the completion of the antenna design, two prototypes of the antenna were
produced in the workshops of UREL. Antenna with the larger number of successful vias
was fitted with a connector and tuning screws.

The subsequent measurement of the antenna with a vector network analyser revealed
that the antenna can be tuned in the defined frequency range spanning from 17 to
17.3 GHz as predicted by the simulation. It was also possible to tune the antenna
bandwidth to the desired value however fine-tuning bandwidth would require screws with
smaller thread pitch.

The radiation pattern in the E and H planes was verified by measurements in an
anechoic chamber. The antenna achieved gain of 11.54 dB which is 1 dB higher compared
to the simulated one. The fabricated antenna also significantly suppressed the back side
radiation by up to 35 dB.

Master thesis proves that for the design of an antenna integrated into the substrate it
is possible to apply the same design rules as in the case of a cavity waveguide-based
antenna.
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SYMBOLS AND ABBREVIATIONS

Abbreviations:

Symbols:

RF
BER
SNR
IEEE
MIL
EIA
IEC
HPBW
SIW
TE
™
SIW
PEC

dBi
GHz
MHz
mm
dB

Radio Frequency

Bit Error Ratio

Signal to Noise ratio

Institute of Electrical and Electronics Engineers
United States Military

Electronic Industries Alliance Standards
International Electrotechnical Commission
Half Power Beam Width

Substrate Integrated Waveguide
Transverse Electric

Transverse Magnetic

Substrate Integrated Waveguide

Perfect Electric Conductor

cut-off frequency for TE10 mode (Hz)
cut-off frequency for TE20 mode (Hz)
longer side of rectangular waveguide (mm)
shorter side of rectangular waveguide (mm)
speed of light (m/s)
waveguide mode numbers )
Wavelength (m)
Wavelength of cut-off frequency (m)
Wavelength inside waveguide (m)
Permittivity (F/m)
Relative permittivity )
Permeability (H/m)
Relative permeability )
Dielectric constant )

Decibel related to isotropic antenna
Gigahertz

Megahertz

Millimetre

Decibel
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Appendix A — Detail of manufactured antenna

A.l Top side
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A.2 Bottom side
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Appendix B — Detail of manufactured antenna

A.3 Measuring antenna S-parameters
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A.4 Measuring antenna radiation pattern
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