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Abstract

A broadband transmitter antenna for an ionospheric souatdée Alfven Labo-
ratory in Stockholm is designed. Various broadband antéypes are examined for
their broadband features as well as their geometry. A setatien method for the
simulation of broadband antennas is derived and verifie@.iffipact of surrounding
buildings and ground on antenna performance is simulateceeldiferent frequency
independent antenna types, a log-periodic dipole arrayrangdal log-spiral and
a log-periodic zigzag antenna are modeled and simulateftdquencies from 2 to
20 MHz. A log-periodic zigzag antenna is optimized and pilegi reasonable input
impedance over the entire bandwidth at a standing wave oét&ss then 2:1. Con-
struction material is selected and the antenna is constiuct
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Chapter 1

Introduction

“Nothing is too wonderful to be true if it be consistent with
the laws of nature, and in such things as these, experiment is
the best test of such consistency.”

Michael Faraday, 19 March 1849

Indeed, it was Faraday who introduced the naoré to describe charged atoms- and
molecules. These particles occur naturally in the upper atmosphere, tvbex@nospheric
gases aréonizedby solar- and cosmic radiation. This region of ionized gasp{fesma

in the atmosphere is callednosphere One of the most fundamental instruments to in-
vestigate the ionosphere is callethosondea radar system which detects the time delay
between a transmitted radio wave and its reflection by the ionosphere.

The aim of this master’s thesis was to design and to construct a transmittemaifen
such an ionosonde at the Aéfa Laboratory in Stockholm, Sweden. The report covers a
detailed review of the design process including a brief antenna-typeysas well as a
description of the final construction. Prior to that, a short introduction taahesphere
and project specifications are given hereafter.

1.1 lonosphere

The ionosphere is a considerably recent discovery. Although one wfass remarkable
effects — the aurofa— has fascinated humans since ancient times, little was known about
the earth’s upper atmosphere. It's existence had been suggesteaviayt $1878) and also
earlier by Faraday (1832), Gauss (1839) and Lord Kelvin (1860j.itBvas first through

the work with radio waves by Marconi (1901) that the research on thesjrere truly in-
tensified. Upon Marconi’s successful transmission of a radio sigrieides England and
America, both Kenelly and Heaviside (1902) reasoned that the obsdexgation from

Lfrom the Greek wordév (going)
2Aurora Borealis (Northern Lights), named after the Roman goddetseafawn, Aurora, and the Greek god
for the cold north windBopéac (Boreas)
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Figure 1.1: Atmospheric profiles. (a) lonosphere, nighttime plasma deffs)ty.hermal
structure of the atmosphere. (After M. C. Kelley, The Earth’s lonosgphelasma Physics
and Electrodynamics, Academic Press, 1989)

the rectilinear path can only be explained by a conducting layer at higher alfithéwlis

et al.,[1961, p.70]. After theories concerning the propagation of radiesvin ionized
gases by Eccles (1924) and Larmor (1924), the existence of the icgresplas finally
proven through the classic experiments by Appleton and Barnett (182&¢laas by Breit
and Tuve (1926)\Whittenand Poppdf, [1965, p.3]. After the Second World War, the US
Navy began intense research on the ionosphere due to its role in longcdisatio com-
munication. In the meantime, the ionosphere has become a major researcbrfieddhf
plasma- and space physicists.

The structure of the ionosphere is very dynamic. As mentioned earlier, a ozajse
for ionized gases in the upper atmosphere is solar- and cosmic radiati@nphi/sical
process behind this is called photoionization. When a photon collides withteahatom
or molecule, it ejects one or more electrons, leaving an ion and a free eleéeinind. Later
on, ions and electrons may recombine, a reversed process that amsedhigher electron
density. Due to the dynamics between ionization and recombination as weleds the
diurnal variation of solar radiation, the structure of the ionosphere isgihg constantly —
especially between night and day.

However, three majaegionsof ionization can be distinguished, as visualized in figure
[L.3. TheD-regionis the lowest stratum of ionization and extends up to 80km. It is mainly
a daytime phenomenon and absorbs most of the lower radio frequenbieE-régionor
Kenelly-Heavisiddayer extends from 90 to about 120km. This layer is mainly caused by
solar radiation and disappears gradually after sunset due to recombinatitmes, a so
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Figure 1.2:Schematics of a typical continuous-signal ionosonde

calledsporadic E-layeror Egs-layer can be seen. It manifests as small clouds of intense
ionization inside the E-layer, lasting from minutes up to hours and extendingutige of
radio wave communications exceptionally. TReegion or Appletonlayer extends from
about 120 to 400 km and is the only major layer present throughout theAtlajght, this
layer bifurcates into two layer$;; andF,. Due to the temporal changes in the solar radi-
ation as well as other dynamics like solar activity and the earth’s magnetesgerents
are forming within the ionosphere. One of the most noticeable and beausitidl\dgtects
caused by these currents is the Aurora Borealis.

1.2 lonosonde

An ionosondeés a radar system used to determine the altitude of ionospheric layers. It uses

a short radio pulse directed towards the ionosphere and measures thelkaypdetween

the outbound pulse and its reflected echo. This technique was develppeditand Tuve

for their first ionospheric experiments in 192%1eanwhile, an alternative technique using

continuous signals has emerged, requiring considerably less transmisgien p
Electromagnetic waves are reflected by the ionosphere as long as therfegpf the

incidence wave is below th@lasma frequency

5 Ne€
Wpe= ——,
Eom

whereng is the density of electron® is the electron chargem is its mass and, is the
permittivity of free space. Hence, if the frequency of the radio pulseaduslly increased,
the ionosphere can be probed for both electron demsityaltitude. An ionosonde auto-
mates this process by sweeping the pulse frequency and recording¢eeceechos in a
constant cycle. The measurements are visualized iaraogram which is a plot of reflec-
tion altitude over the electron density. With the introduction of digital signalgssing,
ionosondes have been greatly enhanced. Several other chatastefithe received signal
such as direction of arrival as well as polarization can now be distingdistonospheric
echoes are circularly polarized in either O- or X-mbde

As visualized in figuré1]2, an ionosonde system consists of transmittereaaiver
antennas, as well as signal generation- and processing. Theereastenna for the cur-
rent ionosonde project has already been developed in another thejgistat the KTH

3The radar concepRadio Detectionand Ranging) originates from these experiments.
4ordinary (left-hand) or etraordinary (right-hand)
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LTI

Figure 1.3: The Alfen Laboratory at the Royal Institute of Technology (KTH) in Stock-
holm, Sweden@©PictometryBlom Swe AB.

mmy Since the transmission power is limited due available equigirtaetsys-
tem will use a continuous sounding signal . Furthermore, continuouslswis much less
susceptible for the interferences that are likely to exist at the antenna site.
The ionosonde is located at the Aéiwv Laboratory (see figuke1.3), where the backyard

of the laboratory serves as location for the transmitter anfenithe yard is about 35
meters wide and about 62 meters long. It consists primarily of parking sp#térees in
the southwest corner and partly-subsurfaced premises in the soathabidratory building
itself consists of reinforced concrete and an outer layer of isolation mlaéeiBbricks.
Some parts of the roof are covered by copper or metal, other parts with comoofing

5The amplifier has a maximum power rating of 15 Watts
6The exact location is 520'59” N and 1804'22" E at 44 meters over sealevel.
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cardboard. A steel lattice mast is located close to the center of the backyaisimast
has a height of about 18 meters and had been used for high voltagectese the old
experiment hall in the northeast corner of the building. A detailed drawfinigecantenna
location can be found in the appendix.

lonospheric sounding requires transmission antennas with exceszvarsl band-
width. Because transmission antennas are passive radiators, theirilsimnge in the
same order as the maximum wavelength. Furthermore, the ionosphertsneftéo waves
with frequencies of up to 20 MHz, with most of the reflections occurringequdencies
between 1 and 10 MHz. All together, this gives a maximum wavelength oft&tume-
ters, and a bandwidth ratio of about 1:10. It is readily apparent thatrtemm@a location
does not provide the necessary space for such an antenna. Hosuiveient operation
down to 3 MHz was thought to be possible. Additionally, an extension of tisest
mast was considered in order to providdéfisient antenna height. In order to probe for x-
and o-mode echoes, the antenna must radiate a linear field. Alternatively, pasiogly
circular-polarized antennas can be used.

In conclusion, the aim of this project was to find the optimal design of aymastenna
radiating a vertical incidence beam at frequencies between 2 and 2@itiHgither linear
or circular polarization and a maximum size of 35 to 62 meters, as well as tmblesthe
designed structure. The following sections will discuss potential anteipes,tas well as
simulation and construction.






Chapter 2

Broadband Antenna Types

Various antenna types for HF bands were examined with focus on theidibaod features
as well as their geometry. These antenna types can be categorized imtaliffesent
groups:broadband dipolegdraveling waveantennas anftequency independeantennas.
Certain antenna types, like patch antennas, horns, parabolic- atdra@ertennas as well
as antenna arrays have been omitted due to their respective properisgdikr frequency
response, which were found to be inadequate. Instead, the evaluatiosetl on typical
broadband antennas and their bandwidth- and radiation characterasiogell as their
dimensions and construction.

2.1 Broadband Dipoles

Dipole antennas have low bandwidth as they are resonant radiatorevelpwas stated by
m , p.641], “the bandwidth of an antenna (which can be closed witbphare
of radiusr) can be improved only if the antenna utilize§i@ently, with its geometrical
configuration, the available volume within the sphere”. This requirementtisfisd to
different extend by the following configurations, as shown in figure 2.1.

Cylindrical dipoles are used widely for broadcasting and communication over narrow
frequency bands. As is typical for dipoles, their radiation pattern is onewtiomal and
polarized along with the major axis of their structures and with considerablg#im The
bandwidth is limited as the input impedance varies with frequd@ , p-509].

“A\
= /%m \

Figure 2.1: Broadband dipole antennas. (a) Cylindrical dipole. (b)rBied dipole. (c)
Conical monopole.
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Figure 2.2: Traveling wave antennas. (a) Rhombic. (b) Delta. (c) Tetedrialded dipole.
(d) Helical.

Measured in wavelengths, all antenna dimensions do change with figquexcept
those defined by angles. Thus, if certain geometry parameters areddefiaagles, better
broadband qualities can be achie\mz 2005, p.500]. This applies both biconical
dipoles andconicalmonopoles. Radiation patterns are similar to that of standard dipoles.
Conical (or broadband) monopoles are commonly used for omnidirecsbpetwave radio
broadcasting and require a conducting ground plane.

In summary, broadband dipoles — cylindrical and biconical dipoles asaseatbnical
monopoles — may achieve moderate bandwidths and are considerably siraptarses.
Their dimensions extend typically to the order of one-half wavelength, andrtdiation
patterns are omnidirectional with either horizontal- or vertical polarizatione pattern
changes, however, as the major lobe splits at higher frequencies.

2.2 Traveling Wave Antennas

Unlike resonant radiators as the broadband dipoles in the previousrsdtieeling wave
antennas (also called non-resonant antennas) feature a virtuallymrgtorent pattern.
This current pattern is obtained by terminating the structure properly, aneltheliminat-
ing reflections. The antenna can be terminated by either a matching resjséaulieg to
certain loss if used as a transmitter, or by continuous loss due to radiatiorgase of the
helical antenna. Because of their uniform current pattern, travelivg watennas feature
desireable broadband properties. Fiduré 2.2 shows fdii@reint configurations.

Rhombicantennas, as described Blug_e_e_t_all [19_35], originate from a single ter-
minated wire — typically referred to dseverageantenna — and later on théantenna.
Rhombic antennas consist of two wires at about one-half wavelengire ajsound in a
rhombic shape, with the balanced feed on one end and a termination on thesiothe
These antennas feature horizontal polarization and one major lobe. afb@mong the
oldest broadband antenna types and widely used for long-rangedasiang.

Top-drivendelta ortriangular loopantennas feature better broadband impedance char-
acteristics then other shapes of polygonal loop antennas, as foundubyji and

]. These antennas are made up of a simple delta-shaped loop iticalyglane

suspended on a single mast. Their omnidirectional radiation pattern is verpodlgzed
and has a major lobe which splits into two lobes at higher frequendisskiji and Tot
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@ (b) (c)

Figure 2.3: Frequency independent antennas. (a) Log-periodic dipy. (b) Log-
periodic zigzag antenna. (c) Conical log-spiral.

[@] also found that the impedance characteristics of a delta antdtimagh superior
to other loop antennas, change rapidly over frequency. Neverthelel$s antennas are
used in many applications for ionospheric sounding.

Folded dipoles- inherently resonant radiators — exhibit a uniform current pattern-if ter
minated properly, and by that they also gain broadband properties. Simitesitoesonant
counterpart, terminated dipoles radiate an omnidirectional field, polarizextatigd to the
main axis of the antenna. For ease of construction, these antennatearsusipended from
a mast or building to ground, and are therefore very popular amongaathteur
2000;Coro, 2007].

Helical antennas achieve a uniform current pattern due to radiation kyssig and
Marhefka|2002, p.225]. They consist of a wire wound in a helical shape, extgriicom a
ground plane with the feed point between the plane and the wire. Depemnlihg size of
the structure with respect to the wavelength, helical antennas operateaintagmormal-
or the axial (end-fire) mode. In the normal mode, the antenna is much smaltetté
wavelength, and the radiation pattern resembles that of a small loop. Inidiereode,
the antenna radiates an endfire pattern with circular polarization. Bechtrssr circular
polarization, helical antennas are used commonly as ground station anfensatellites
and spacecrafts.

In summary, traveling wave antennas attain broadband properties to s/axoent,
ranging from the helical and delta antennas with rather moderate bandwillthtesminated-
folded dipole and rhombic antennas with large bandwidth. Antenna dimerspansfrom
one wavelength in circumference for the delta and helical antennas updmkeave-
lengths for the rhombic. Radiation patterns are either omnidirectional asgfaiefta- and
dipole antennas or focused into one lobe as for the helical and rhombimasteAlthough
fairly simple in geometry, traveling wave antennas are considerably lawgsstes with a
certain constructionféort.

2.3 Frequency Independent Antennas

In the concept of frequency independent (FI) antennM@], periodic struc-
tures, which vary with the logarithm of the frequency, are described.oAlh absolutely
frequency-independent in theory (extending infinitely in space), thetnnas are limited
in bandwidth due to inevitable physical truncation. Nonetheless, very temgewidths can
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be achieved. A complete survey over Fl antennas has been preSQM[@].
Figure[Z.B shows threeftierent types of FI antennas.

Conical log-spiral (CLS) antennas, developed M[@.}] are made up of
two arms of electric wire rotated at a constant angle around an imaginaeyvetm the
feed connected to both arms. Current patterns along these arms aiigy steexasing
due to radiation loss (one might consider the CLS as a travelling wave ahtevittaa
so calledactive regionof major radiation. With decreasing frequency, this active region
moves away from the cone apex. The radiation pattern is circular-padanizk a major
lobe in direction of the cone apex.

Log-periodic zigzagntennas (LPZZ) anldg-periodic dipole arraygLPDA) originate
from advancements in Fl antennas and the demand for a linear-polaraahind antenna
[DuHamelandlsbell, 11957]DuHamelandOre, [1958]. LPZZ antennas contain two planes
of logarithmically-spaced zigzag-wire each fed by a single wire along tmeglanter with
a balanced feed at the ape®dl et al.,| 1960]. LPDAs, as developed ﬁ' [I@],
evolved from the same roots as the LPZZ, but consist of a number ofMaaktength
dipoles. These dipoles vary log-periodically in length and distance frorapkg and are
fed by a transmission line in a phase-alternating manner. The LPDA cambileced as
a LPZZ with an apex angle of zero degrees and straight elements.

Both LPZZs and the LPDAs radiate from just a small number of elements. This a
tive region (similar to the CLS) moves along the antenna with frequency asipaliss
all power from remaining elements. These antennas have a horizontakzedleadiation
pattern with a major endfire lobe in direction of the antenna apex.

In a short summary, Fl antennas have superior broadband capabiitieselimited by
their physical size only. Lower- and higher frequency limits are deternmgadaximum-
and minimum element length or diameter respectively. Both circular and linkaizadion
can be attained, as well as narrow radiation lobes with high gain. HowaVEl,antennas
are complex structures and need precise calculation as well as constructio




Chapter 3

Antenna Design

Following the antenna survey in the previous chapter, broadband-eaomdajry properties
of the diferent antenna types were matched against the requirements stated in[E&ction
It was found that a majority of the dipole- and traveling-wave antenna tgpetot dfer
the required broadband features. Although some, like the biconical dipdlga rhombic
antenna might perform well over wide frequency spans, their size hasvineir radiation
patterns were found to be deficient. Eventually, the frequency indepeadtennas were
chosen for more detailed analysis because of their superior broadhpaHbilities as well
as their feasible size.

For this detailed analysis, computer models were produced and simulatecemt@rd
identify the dfects of several geometric parameters on antenna performance. Asea figu
of merit, the input resistance (the real part of the input impedance) veseohThis value
consists primarily of the radiation resistance and is therefore a good reesnirfor radi-
ation performance. Furthermore, impedance variations over the fregband should be
minimized. Hence, the standard deviation and mean of the input resistareamayzed
as a function of model parameters.

For the purpose of comparison, major antenna parameters were scafadttur af the
maximum design wavelengthmay:.

3.1 Simulation Program

All simulations were computed with the Numerical Electromagnetics Code in ve?sion
(NEC?2), developed by G. J. Burke and A. J. Poggio around 488the Lawrence Liv-
ermore National Laboratory in California, USA. The code calculates a ricahsolution

of integral equations for induced curreht#lodels are made up of thin wires divided into

a certain number of segments. NEC2 is originally written in Fortran and haspmted

to the C and @+ programming languages. It has been released for public use as source

Lmaxis given by the lowest design frequency; at 2 Migax ~ 150 m.
2The first version of this program dates back to the 1970s.
3This numerical computational method is also known asthendary element methad method of moments

11
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Parameters —> Perl | ——— Gnuplot — Plot

NEC2

Figure 3.1:Visualization of the simulation procedure.

package and binary executable for most computing platfarifise program is also known
to produce highly accurate results.

But since the code utilizes some approximations, great care must be takemwviting
NEC2 modelM@, p. 7]. Some fundamental modeling rules regarding segment
length,A, and wire radiusa, related to the wavelength, are listed here.

e A<0.11 (A <0.051in critical regions)

A>0.0011 (To avoid numerical inaccuracy)

A/a>8 (A/a> 2 for extended kernel)

(2ra)/a<1

Segments must intersect at their end

It is also essential to avoid very sharp angles and not to Xaextensively over adjacent
segments. Additionally, it is recommended that closely-spaced wires sheskgmented
equally.

Simulation of broadband antennas over great frequency-sweepsifiggthe demand
for thorough segmentation. Furthermore, the complexity of these anteenassitates a
large number of segments to fulfill the modeling guidelines stated earlier. Honsxce
radiating regions are sized according to the actual wavelength, the siedgioremight vary
along the model and thereby decrease complexity and computation time. Nsnséru
lations of diferent broadband antennas have shown that this flexible way of segimenta
is not compromising result accuracy. Hence, it was used for all subségimulations.

NEC2 reads and writes ordinary text-files, and it requires all input tobedted in a
strict manner of rows and colunthsVarious programs — both commercial and free — are
available to ease model generation and result visualization. But thesam®gere found
to be inadequate for generating complex structures as used in this studgedtently,
a script for model generation, verification, parameter sweeping anditougualization
has been programmed (see fig.]3.1). It is writteRénl, a general-purpose programming
language.

4For this study, nec+ Linux executable version 1.0.4 was used.
5In the 1970s, all code was fed into computers on so calletth cards
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Figure 3.2: Wire model of the Alfen Laboratory building composed of 4567 segmentsin a
mesh-spacing of 1 m and a wire diameter of 5 mm. The model is centered to ressirpo
and viewed from 3Dnorth with 25 elevation.

The script calculates wire end-points and segmentation from a mathemasicaptien
of the antenna. Wires, sources, transmission lines, loads as well as simplataometers
are then verified against model guidelines and written to an input file. Thdagonus
executed with that file, and writes all result data to an output file. Thered#ift script
reads the output file and writes tabular data as well as plot instructions intilléex The
procedure might iterate over a certain parameter sweep. The data is tkted ptdh the
command-line driven plotting utilitgsnuplot

All simulations were computed on fierent nodes of the KALK computer cluster.
These computers are equipped with 3.4 GHz Pentium 4 processors anlRAKBBSimu-
lation running-times varied from seconds to several hours or daysndemm on the number
of segments as well as frequency and parameter stepping. For examajpieylation of a
model with 400 segments over 100 frequency steps and 50 parametar@ikptake about
one hour.

3.2 Surrounding and Ground

In order to determine theffect on antenna performance, structures in close vicinity to
the assembly have been modeled and simulated together with a half-wavelguit d
Although definite electrical properties are not known, the surroundisiigibg has been
emulated as a wire-grid model, displayed in figurd 3.2. Simulations have shelight
effect on radiation patterns (see figlirel 3.3), but no significant changeun impedance.
Due to high computational load, all subsequent simulations were condudtesliivthe
Alfv én Laboratory model.

Antenna performance is also heaviljexted by the existence of ground in close vicin-
ity. Conducting surfaces, such as ground, reflect electromagnetiesveausing a mirror

6K ALK, Alfvénlaboratoriets inux K luster



14 CHAPTER 3. ANTENNA DESIGN

7 MHz 8 MHz 9 MHz

Figure 3.3: Radiation patterns in vertical plane for a half-wavelength dipade perfect
ground with (dashed line) and without (solid line) surrounding buildingsg& marking
total gain at -10, -5, 0, 5 and 10 dBi. Dipole lengtht/2, height= 10 m, wire diam.= 2
mm.

image which interacts with the antenna. This image is attenuated dependingfae sur
conductivity,o-, whereas its position is modulated by the relative dielectric constant of the
surface,er. The ground at the antenna site is made up of a parking lot as well as minor
partly-subsurfaced premises. Since no distinctive parameters arakarmwno measure-
ments concerning the electric ground properties have been carriegprtxanate values
for simulation purposes were uged

Given accurate parameters, ground reflection can be incorporatetthénémtenna de-
sign and even improve antenna performance. This is usually true fotws&adarger than
one-hundred meters. However, such accurate ground parametessadast for the current
project, and environmental conditions — such as humidity and parking ces likely to
alter ground properties. Therefore, focus was on desiggensitiveto ground reflection.

3.3 Log-periodic Dipole Array

The log-periodic dipole array (LPDA) was modeled according to the basiat®ons given
in figure[3.4. Apex angley, and geometric ratio;, were calculated from array size and
number of elements respectively. Transmission-line impedance was sed @.3The
antenna site allows element lengths of up to seventy meters. This yields aelguefrcy
limit of about 2.15 MHz for a half-wavelength dipole array.

In order to maximize element length, the array might be folded along the tramsmiss
line, turning the two-dimensional array into a three-dimensional structumaul&ions
showed that this has no negative impact on antenna impedance as londadditigeangle

7o =2 mSm ande; = 5, NEC2 SommerfeltNorton method
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-—X beam direction X1 —*

Figure 3.4:Geometry of an Log-periodic Dipole Array as describe@' [@ p.262].

is greater than one-hundred degrees. With decreasing folding anglmgaiin lobe moves
away from main axis.
Wire segmentation for the LPDA is described ®gbiket al. [2007, p.10-3]. Every
dipole element is connected to a centered transmission line and should loéthes lodd
number of segments. The number of segments on every subsequentteétedetermined
by the geometry ratior. However, as mentioned in sectibnl3.1, a more flexible way of
segmentation was applied for this study. Every dipole element was giveartiersumber
of segments, thereby reducing the total number of segments. It was floanthis new,
flexible, segmentation procedure is able to reduce simulation time significantlyutvitho
compromising result accuracy.
As discussed in the previous section, ground reflections were nopimeded into the
current antenna design. This implies an apex-up design, since the LB®AM-fire ra-

o I
L
o looo i
: A '
B . A1\ f\\ "\/\
2 100} AN 7\ / J'7
? NN N <
a
5
2 10
z Amax/20 = === Amax/2 == - -~
1 1 1
2 3 4 5 6

FREQUENCY [MHz]

Figure 3.5: Input resistance for an LPDA aftdrent distances to perfect ground with
W = Amax/2, w = Amin/2, H = Amax/6, @ = 56°, 7 = 0.77, wire diam.= Amjn- 1074,
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Figure 3.6: Standard deviation and arithmetic mean of input resistance 1dPRA as
a function of (a) antenna height, and (b) antenna element spacingMtmax/2, w =
Amin/2, H = Amax/2, @ = 56°, 7 = 0.89, wire diam.= Amin- 107, free space, at 3 to 9 MHz.

diation characteristics. Nevertheless, both apex-up and apex-d@igndevere simulated
over ground, revealing minor advantages for the apex-up design.

The input resistance varies heavily over frequency, as plotted in fighdrdBese vari-
ations come from the limited frequency span covered by a single dipole, assvetiu-
plings between the array and its ground image. With decreased grounacdistad lower
frequency, more variations can be seen. The pattern in figure 3.5 sliswa glitch at
around 5 MHz, which is caused by resonances on elements outside tleeragton. These
resonances occur when the active region is underpopulated at i ¢extmency. But the
resonances are also caused by interactions between the array aodiits gnage.

Height and element-spacing were varied over multiple simulations in order to-distin
guish the influence of these parameters on antenna performace. InFigutae results
of these simulations are summarized as standard deviation and arithmetic mearinef th
put impedance over a frequency span from 3 to 9 MHz. Since antengiat lie limited,
undesirable deviation — and a particular lower mean — cannot be avoidadifelement
spacing is minimized.

3.4 Conical Log-Spiral Antenna

The basic parameters associated with the conical log-spiral (CLS) ansh figure[3.V.
Given antenna heighH, base diameteB, and pitch angle, wire positions were calcu-

lated with the following equation®jetrich andLong I

p =Rmnae ™

a=tanésin(/2)
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Starting at base levep(= Rmax), succeeding wire points are given by increasing rotation
angle,r. Furthermore, a two-arm configuration was found to be the most adequatea
several options$ivan-Sussmar963, fig. 7, p. 536]. As common for this frequency
region, a constant arm width (wire diameter) simplifies construction additioréthyever,
since the fundamental design Bymsegpecified expanding spiral-arms, this constant-arm
CLS can no longer be considered as a frequency independent antenn

A rather simplistic segmentation procedure, as outlined in seCfidn 3.1, wasdapplie
Every wire, disregarding its length, was given the same number of segm€nisent
patterns along the spiral arms, compared to results reporm , Fig. 8,

p. 638], indicated dfticient model accuracy.

In order to simplify constrution as well as to improve antenna performancéhé&
given antenna site, the original circular design was modified. By incrgastation-angle
step-width,A7, between adjacent wire points, the circular base of the spiral is reduced
to a polygonal — and ultimately — a rectangular shape. The resulpysamidal spiral,
which is not only easier to construct, but also holds a lower @ufrequency since its
circumference is larger in respect to that of its circular counterpart ®isdime quadratic
base. Furthermorﬁﬂ; , p.427] shows that this design performs almost as good as
a standard circular cone. Therefore, all subsequent simulationsdda@n the pyramidal
log-spiral PLS).

Proceeding the assessments of sedfioh 3.2, an apex-up design forSheaBLcho-
sen. Moreover, the apex-up configuration exhibits much less constretat than the

Rmin —  [=A

beam
direction

antenna
spiral arm

only one spiral X antenna
arm shown /‘ o spiral arm
H = height T \

B = base diameter

¥ = cone angle
& = pitch angle

Figure 3.7:Geometry of a conical log-spiral as showr][b,re;' trich and Lond|1969, p.552].
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Figure 3.8: Input resistance for a pyramidal log-spiral antennafkdreint distances to
perfect ground wittH = Amax/6, B = Amax/3, Rmin = Amin/10, & = 5°, wire diam. = Amin -
1074,

apex-down design for antennas this siXéapronget al., 2000, p. 27]. However, similar
to LPDAs, the apex-up PLS is sensitive to ground reflection at low- asagefhedium
frequencies (see figuke_B.8).

The base plane available at the antenna site can be utilized to an even gréaer

by reducing the ratio between length and width of the rectangular (@eteyand Beck

] studied a related modification of a circular spiral on an elliptical @gtiepromising
results. However, such modificationfext input impedance characteristics of the PLS, as
shown in figuré_3.9a.

As for the LPDA, the feasible antenna height for the PLS is well below optimum.
This dfects not only input properties, as shown in figure B.9b, but also radipétiarns
(decreased beam width). In order tdfdrentiate antenna height from other variables, ex-
pansion ratea, — and thereby the spiral arm length — has been held constant durirg thes
simulations. With decreased antenna height (and thereby increasedrugiegl), spiral
arm-length — and consequently all other antenna characteristics — beegyrseusitive to
expansion angl&, As this angle narrows down, the active regions become more dense and
impedance variations abate (see figurel3.9c).

Wire- and feed diameters control primarily mean input-resistance, aseese fig-
ures[3.90 an@3.9e. These results are consistent with the assessmﬁﬁﬁ@g,
p.496], if one considers the wire diameter as being closely related to theaaagu width.
Steps in the feed-diameter graph are caused by the model generatiedyrmavhere the
structure is built until a certain feed-diameter is exceeded.

Low-frequency operation is limited by the base diameter of the PLS. As drexyu
declines and the active region moves against the open end of the Pk&htsualong the
spiral arms are reflected at the wire endings. To reduce these reftedtierantenna can
be loaded with either a resistaértel and Smith 2002, p.27, fig.3] or several turns of
wire, as analyzed byangandlizuka[1983, p.349] as well as bRietrich andLong[1969,
p.553]. The latter modification, however, wagidult to simulate due to the restrictions of
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Figure 3.9: Standard deviation and arithmetic mean of input resistance yoaumidal log-
spiral antenna as a function of (a) rectangular ratio, (b) height adtaohexpansion rate

a, (c) expansion anglg, (d) wire diameter, (e) feed diameter, and (f) load resistance with

B = Amax/3 and, if not variedH = Amax/6, Rmin = Amin/10,& = 5°, wire diam.= Amin- 1074,
Rioag = o0, free space, rect. ratie 2, at 3— 9 Mhz, and in (f) at 1 — 4 MHz.
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6 MHz 7 MHz 8 MHz 9 MHz

Figure 3.10: Radiation patterns in vertical plane for a pyramidal log-saitegnna with
the cone apex centered (solid line) andai/6 from center (dashed line). Rings marking
total gain at -10, -5, 0 and 5 dBH = Amax/6, B = Amax/3, Rmin = Amin/10, &€ = 5°, wire
diam. = Amin- 1074, free space.

Fox

Figure 3.11: Wire model for the optimized pyramidal log-spiral antenna agunefi3.1P.
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Figure 3.12: Smith-chart representation of the inputimpedance for the optimpyzamidal
log-spiral antennaH = 25.63 m, B = 50.43 m, Ryin = 0.3 m, ¢ = 5°, wire diam. = 1.63
mm, Rigag = 0, height over ground 10.65 m,o- = 2 m§m, gy = 5, x-position= 9.263 m,
y-position=-1.951 m,Zy = 450Q.
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Figure 3.13:Geometry for the log-periodic zigzag antenna as ShOV\M. @b
p.560].

NEC2 concerning long closely-spaced wires. Nevertheless fiaet ®f resistive loading
was simulated and is displayed in figlire B.9f.

Since the supporting mast at the antenna site is not centered on the ardeamdane,
the pyramid apex is dislocated. This alteration to the original design has négligib
pact on input impedance. However, as shown in figurel 3.10, radiatiterpaare slightly
diverted at higher frequencies.

All preceding design parameters were optimized to the current antenti@ioitaough
numerous simulations. The model of the final design is shown in flguré Xtila Smith
chart representation of its input impedance over the desired freqbandycan be found in
figure[3.12. Some irregularities in the first two Smith charts are caused lngsgsonances
on the antenna.

3.5 Log-periodic Zigzag Antenna

The log-periodic zigzag antenna (LPZZ) is displayed in figure]3.13, tegetith corre-
sponding parameters and design equations. Plane anged apex angley, are given
by base-plane- widthV, and lengthL, as well as antenna heiglit, Adjacent wire points
were calculated with the geometric ratig starting at base level and then moving along the
zigzag plane towards the plane apex, until the tooth-length falls below h#iefhortest
element lengthy/2. All models used a constant wire diameter.

Triangular tooth-structures, although further away from the origiredudency inde-
pendent configuration, perform as good — if not better — as trapdzoioé-structures

11958, p.147]. They are also easier to construct. Another design op-

tion — a bent zigzag antenna as describedpgiser and Maye5[1964] — features lower
frequency limits than standard zigzag antennas. For this option, the zigaagip bent at
a right angle along the feedline, providing twice the tooth length on the sandeajicaan-
tenna base. However, since the antenna location is a rectangular basgatithof almost
1to 1.75, only a minor tooth extension (at a much higher constructtonteis possible.
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Figure 3.14: Input resistance for a log-periodic zigzag antennaftareit distances to
perfect ground wWithW = Amax/2.5, ¥ = 36°, w = Amin/3, H = Amax/6, L = Amax/4, a = 88,
7 =0.7, wire diam.= Amin- 1074,

Therefore, the standard zigzag configuration was chosen.

Following the concept of a more flexible segmentation (see sdctibn 3.1),dltfee
ent segmentation procedures for the LPZZ were developed. The fitsbdhdefines the
maximum segment-lengthmax, as

Amax = A-segmentation ratio

This produces models with fewer segments for low- and mid-range frempserttowever,
A varies rather extensively over adjacent segments, especially arceicéeriter feedline.
The second method on the other hand minimizes these segment-length varigtssgs b
menting the tooth wires according to the corresponding feed wire-length.

Atooth = Afeed

Additionally, such models do not change with frequency and yield very &gment den-
sities. For the third methodymay is given by the length of the shortest feed segment.

Amax = Ateedy,

As the previous one, this method does not depend on frequency andeteaven lower
segment-length variations. However, it might produce very high segnesrsitees for an-
tennas with short elements. Simulations revealed no significfierelice between these
three methods. Therefore, the procedure with the lowest segmentatienmatthod two —
was used for all subsequent simulations of the LPZZ.

As for the PLS, the impact of ground reflection on the performance of Bi#&Zlwas
given serious consideration. In response to the close coupling betiweemtenna and
its ground imageGrubb and Jones(personal communication, “The search for the ideal
vertical incidence broadband HF antenna” by R. N. Grubb and J.rnes)Jd981) proposed
an apex-down configuration. However, due to the uncertain grouradneders discussed
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Figure 3.15: Input resistance for a log-periodic zigzag antenna withteneor three feed-
WII’ESW = Amax/25, Y= 360, w = /1min/3, H= /lmax/6, L= /lmax/4, a = 880, T= 07, ere
diam. = Amin- 1074, free space

in sectior 3.2, an apex-up design was chosen. Simulations revealeddhatl geflections
are, as for the PLS, most severe at lower frequencies. But everamig-frequencies are
affected, as seen in figure 31 14.

Three diferent feed arrangements do exist for the LPZZ. The first, a triangedat f
boom, is consistent with the requirements of a frequency independegih d@sce the feed
width varies with expanding zigzag dimensions. This triangular feed boomt roagisist
of two or three feed wires. Feed connection points are calculated utilizinfpltbe/ing
equation|[eeandMe/,[1970, p.761].

Tooth angle= 180° — 2cot | ———— |,
9 [

(1-7 i a
7= (T)°° 5)

For the second arrangement, the feed angle is decreased to zerqgy @vantenna with
a single feedwireDuHamelandOre, (1958, p.144]. This simplifies construction substan-
tially. The last option is to discard the feed-boom entirely, which leads to a lebenp
different antenna configuration than the original zigzag design. Simulatiocated also
that this design lacks the frequency independent performance commoa tmiag an-
tenna, and it was therefore discarded. The remaining feedwire coatfigns difer very
little in performance, as can be seen in figure B.15. As readily apparenthiger of feed-
wires dfects mainly the mean input resistance. The two-wire feed design is very similar to
its three-wire counterpart, yet easier to construct. However, final ogttioirs revealed a
slight advantage in standing wave ratio for the single feedwire versionitsvigiangular
counterpart.

Several other design parameters have been examined in more detail. e s2@n in
figure[3.16h, the LPZZ reacts more settled on element spacing then therRLiEshows

where
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Figure 3.16: Standard deviation and arithmetic mean of input resistancdéogperiodic
zigzag antenna as a function of (a) element spacjrth) shortest element lengti(graph
shows input reactance), (c) wire diameter, (d) feed angle, (e) plagle eatio and (f) load
resistance wWithV = Amax/2.5, ¥ = 36°, w = Amin/3, H = Amax/6, L = Amax/4, @ = 88°,
7=0.7, wire diam.= Amin- 1074, free space at = 3 -9 Mhz; in (e) atf = 1 — 3 MHz.
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a distinctive optimum at around 0.75. The length of the shortest elemerg,not only
determining the upper frequency limit, but has also great influence on thénampagpart
of the input impedance, as can be seen in figure 8.16b. Although anfupgeency limit

at about 15 - 20 MHz would be fiicient, a much smaller was chosen. In consistency
with the results for the PLS, the wire diametéfieats mainly the mean input resistance and
has only a minor impact on the input-resistance deviation (see figurel 3.T6e)angle
for feed arrangements of two or more feedwires was varied, and thksrase shown in
figure[3.16H. Any fiect on the standing wave ratio, as reporteddsybbandJones(same
personal communication, p.5), may be explained by the change in meannesisihe
ratio between apex angl®¥, and plane angley, as shown in figure_3.16e, was of higher
interest then antenna height. Fortunately, the optimal ratio (about 0.8) &tddke real
conditions at the antenna site.

Improving the low-frequency response of the LPZZ proved to ffiécdit. In order to
radiate at lower frequencies, the longest antenna element might be extbagond the
original zigzag structure towards the second curtain. However, this maiiifn was not
found to be beneficial, no matter in which direction the wire extended.

Similar to the PLS, a resistive loading of the LPZZ was examined. Insteadeofviva
span holding the resistance between both zigzag ends, two separateilesdbstween
zigzag ends and the ground plane were modeled. This loading had nattkeeamarkable
effect as for the PLS, but might provide a medium standing wave ratio fonémeges just

Figure 3.17: Radiation patterns in vertical plane for a log-periodic zignggnaa with the
plane apex centered (solid line) andiaf.x/10 from center (dashed lineyV = Amax/2.5,
¥ =36, w = Amin/3, H = Anax/6, L = Amax/4, @ = 88, 7 = 0.7, wire diam.= Amin- 1074,
free space. Rings marking total gain at -10, -5, 0 and 5 dBi..
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Figure 3.18: Input resistance for a log-periodic zigzag antenna asuirefgy1T.

below 2.5 MHz (see figule_3.16f). Since the LPZZ is not a true travelingevaatenna, its
low-cut frequency cannot really be improved.

Another topic of study was the impact of a shift of the antenna apex on raanfser-
formance. Similar to the results for the PLS, radiation patterns show minottidexgdsee
figure[3.17). But in contrast to the spiral, the input resistance patternds@écted, as
shown in figuré_3.18. This behavior was unexpected since both the LRZ#a PLS are
complementary along their vertical axes. However, the LPZZ containslifeesl which

AN

Figure 3.19: Wire model for the optimized log-periodic zigzag antenna asurefi§20.
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Figure 3.20: Smith-chart representation of the input impedance for the optinhig-
periodic zigzag antennad = 25.63 m,W = 59.48 m, L = 3566 m, wmjn = 2.5, 7 = 0.76,
wire diam. = 1.63 mm,Rgaq4 = o, height over ground 10.65 m,occ = 2 m§m, & = 5,
X-position= -4.36 m, y-positior= 5.66 m,Zy = 300Q.
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were found to be responsible for the deviation. Namely, as the apex isdshiftey from
the center, the intersection points between the feed line and the teeth moes awihy
from each other. Consequently, feed and tooth scales are no longérethakurthermore,
if the apex is shifted along both horizontal axes, the low-frequency aatparformance
becomes susceptive for the directions in which the final teeth are pointing.

The preceding design parameters were then optimized to the currentaideation,
leading to the final zigzag design displayed in figure B.19. A Smith chareseptation of
the input impedance can be found in figlire"8.20.

3.6 Evaluation

In connection to the detailed analysis in this chapter, the final design optemescempared
and evaluated with respect to the specifications stated in the introductioras Iteadily
apparent that the log-periodic dipole array, because of limitations in heliggs, not feature
the desired broadband impedance pattern. On the other hand, both &meigairlog-
spiral and the log-periodic zigzag antenna feature reasonable inpudamg@eand radiation
patterns.

In comparison to the zigzag antenna, the spiral performs better at louweineges due to

its very dfective termination and it shows also a lower standing wave ratio over thedesir

frequency band. However, in order to probe the ionosphere for fm#rization modes,
two spiral antennas would be necessary. Furthermore, the zigzaganseeasier to as-
semble since it contains two, almost independent wire curtains. Theréfeteg-periodic
zigzagdesign was finally chosen. All material and construction details are pgezbgnthe
following chapter.






Chapter 4

Construction

An extension to the existing steel lattice mast on the backyard in order to $eciiea total
antenna-height was considered in an early stage of the project. Detailtha simula-
tions indicated that the height of the antenna is vital to its proper broadleafaimance.

The antenna consists of two curtains with conducting wire, which are spdetween
guy ropes supported by a flag pole. The flag pole itself is mounted on dattemd mast,
and the guy ropes are connected to anchors in the facade of therslingbuilding. The
final, optimized, antenna design was transfered to a detailed CAD drawgethtr with
information gathered from original blue prints of the building as well as nreasents
taken with a laser distance meter. The data holds a measurement uncerta@pprofi-
mately one centimeter. A site overview as well as a plane view of the antennaeleited
parameters can be found in the appendix.

The antenna wire is made up of strands of copper clad steel. The stegirowides
mechanical resistance at a very low weight, and the copper coatingtlye/ezaterial good
conductivity and resistance to corrosion. Because o$kiire gfect, most of the alternating
current flows in the outer part of the wire. The current penetratesahéuctor down to
theskin depths, which is given by

5=

’

20
Wi

wherep is the resistivity of the conductag is the angular frequency of the current and
is the absolute magnetic permeability of the conddctior conclusion, copper coated wire
may perform as well as solid copper wire, as long as the copper coatirigksetiough to
hold the current at the specific frequency. Properties of the usedrentgdre can be found
in table[4.1. Aside from the material itself, stranded wire is not as strondidsasce, but
it can withstand repeated bending and twisting much better due to its mechasxialify,.
Furthermore, this flexibility makes it easier to work with during construction.

The antenna rope consists of a combination dfedént polymer fibers. The core is
made of enhanced polyethylene fiber, which has extremely long molecutscBacause

1As an example, the skin depth in coppeg = 1.26 N/AZ; pcy = 17 nom) at 2.5 MHz is about 3gm

31



32 CHAPTER 4. CONSTRUCTION

Table 4.1: Properties of the antenna wire.

Property Value

Material 19 strands of copper-clad steel (40% copper)
Mass/ unit length 17 gmn

Breaking strength 1321 N

Diameter 1.63 mm

Table 4.2: Properties of the guy rope.

Property Value
Core material ultra-high molecular weight polyethylene fiber
Cover material polyester fiber

Mass/ unit length 50 gm
Breaking strength 10 787 N
Diameter 8 mm

of this long chains, the fiber features the highest strength found amdyges, and it
stretches very little under tension (2-3%). The rope is sheeted by a t@itieester cover,
which provides resistance to ultra-violet radiation and chemicals. All rapeterminated
with thimble fitted loops. Table4.2 provides a list of properties for the cunagpe type.
Lift as well as anchor ropes are using a standard polyester core.

Intersecting wires are joined through a washer, which preservestilmabshape of the
wire. Shearing forces on the material are thereby minimized. Additionally,aheexction
is secured by soldering and a silicone coat, ensuring good electrica¢cioon as well as
long-term flexibility. The antenna wire is connected to the guy ropes with dadea
solution that needs very little constructiofiat.

The antenna is fed through a transmission line, which connects the fedcpibia top
of the antenna to the amplifier, located inside the Aifyaboratory. The transmission line
is a two-conductor ladder-line with a characteristic impedance of 300 Ohims.upper
end is connected to both antenna curtains through short ropes, withrileatmg wires
running alongside. Drawings of these details can be found in the appendix

The flagpole is made of fiber-reinforced polyester, a nonconductingialatgich is
very strong and lightweight. A basic calculation was set up in order to grisdicnaximum
load supported by the structure. However, these calculations approgithatflagpole as
a cylinder (with a diameter ab,in) instead of a cone with a varying diameter. Therefore,
results were much lower than in reality. In consultation with the mechanics tdwegar
at the KTH, it was found that a more complex analysis involving a finite elementaaieth
would be necessary to obtain more accurate results. But such an arsadyste exhaustive
and was thought to be unnecessary for the project at hand. Theliagstabilized by four
guy ropes which are spanned between the top and four anchor poihesairners of the
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Table 4.3: Properties of the flagpole.

Property Value

Material Fiber-reinforced polyester
Young's modulusE,,Ex) 17 GNm?, 8 GN'm?

Yield strength ¢3) 250 MN/m?

Mass 115 kg

Length 18 m

Diameter @min,@max) 65 mm, 175 mm

backyard. These ropes support also the antenna itself. Additionaliygioy ropes are
attached at the middle of the flagpole.

The flagpole is also equipped with a conducting wire between its metal topsrchthe
mast in order to provide lightning protection. Additionally, high voltages inductxdthe
antenna can be shortened out by a spark gap located close to the daeshnhis feature,
however, was not incorporated in the current design drawings.

The antenna is hoisted via pulleys at the top of the flagpole as well as at¢heran
points. Hence, the structure can easily be lowered for maintenance ullagsgare typical
maintenance-free rigging blocks and provide longterm resistance toialetwadiation
and severe weather conditions. Because of some elasticity in the roped| as w the
flagpole, the structure is inherently flexible and should be able to withstahdahigls as
well as icing.

Wire and rope tension is critical to antenna geometry, but should not éxlcedimi-
tations of the flag pole or the anchors. Additionally, other forces like windewill in-
fluence the tension needed for proper operation. In consultation with5NMHnaximum
wind speed of about 35 f& and a radial ice thickness of maximal 0.5 mm was assumed
for the antenna location. Approximate calculations revealed that the tensibe antenna
wires, if optimized to minimal sag, exceeds the maximal tension on the guy roptsefo
current configuration.

Another solution to maintain wire tension without exceeding anchor or flagjputa-
tions is to give the guy ropes a parabolic shape. Consequently, wirengasiansfered to
the anchor points more directly. But irregularities in the element length of thpddgdic
zigzag antenna have a quite severe impact on input characteristics. Astsmire-
vealed, a change of the zag-length by five procent shifts the inputaesisby the factor
of two. Therefore, this solution was not pursued. Additional tensigesdor the lower-
most antenna-wires might become necessary if wire sag becomes tosiexces

23verigesM eteorologiska ochiydrologiskal nstitut, Swedish Meteorological and Hydrological Institute






Chapter 5

Conclusion

A transmitter antenna for an ionospheric sounder at theéhlfaboratory has been de-
signed. The antenna features a vertical-incidence, linear-polariziéation pattern for
frequencies between 2 and 20Mhz at a standing wave ratio of less than®d varying
gain between 0 and 6 dBi. The structure spans over the entire bacKyiue laboratory
with a width of 35 m and a length of 60 m. It is supported by a flagpole mountedsteel
lattice mast giving a total height of about 36 m.

5.1 Summary

Preceding the actual design process, a short antenna type swealeckthat the frequency
independent antennas are superior to broadband dipoles and trawaliegantennas in
respect to their broadband capabilities. Therefore, the antenna desigsed on three
frequency independent antennas.

Simulation-models of broadband antennas are usually very large due torttpdex-
ity and the bandwidth of broadband antennas. In order to minimize computatioratime
more flexible, frequency adaptive, segmentation method was developedsimulation
procedure was automated with a script for model generation and verificagiovell as
parameter sweeping and output visualization. While the surrounding bisldinly have
a minor dfect on radiation patterns, the ground plane in close vicinity to the antenna has
a profound impact on antenna performance. However, since no digtiparameters are
known, ground reflections were not incorporated into the design, aodcalled apex-up
design was favored.

Frequency independent antennas radiate only from a finite regioniofthecture at
any given frequency. If this region is not dissipating all available ppw#rer parts of
the structure might start to radiate at a given frequency. Therebyt immedance will
shift significantly and antenna performance will deteriorate. This is the ftaghe log-
periodic dipole antenna in this study, since the ratio between adjacent @ileotents is
too excessive. The maximum apex angle fdfisient broadband performance is about 45
degrees.

Unlike the dipole array, both the pyramidal log-spiral as well as the lomp@ierzigzag
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antenna hold continuous elements. This results in a non-sequential srwttich is able
to radiate at almost every frequency within the bandwidth of the antenntn d@wenna
types were optimized for the current antenna location and provitteisat broadband
performance. Low-frequency performance can be enhanced \gitive loading, which
is more successful for the spiral than for the zigzag antenna.

Finally, the log-periodic zigzag antenna was chosen for constructicaubef its lin-
ear polarization and its simple feed arrangement. The antenna consistdistantenna
wire spanned between guy ropes which are supported from a flagpetetd anchor points
at the facade of the surrounding building.

5.2 Discussion

Another type of design procedure using so called genetic algorithms waseo during
this study. The amount of optimization and specialization common to antennas typiis
was estimated to increase nonlinear behavior. Another implication againstahnnas
is the absence of accurate ground parameters. However, genetithagomight generate
an antenna superior to the one designed in this project.

Although fairly complex, the simulation script does not incorporate any opttioiza
procedure. It can be argued that such a feature might have adedléna overall design
process as well as improved the final result. However, due to a fairly lesngesign
process as well asftlicult simulation control, no automated optimization was used during
simulation.

The special segmentation procedure used in this project disregatds aaodelling
rules linked to the simulator, but the accuracy of this procedure was wkirfisumerous
simulations. However, further study is implied in order to prove the absolateracy for
this modelling routine.

Ground parameters were not incorporated into the antenna design sikitstinctive
values do exist for the current antenna location. Although an apexr@golution might
have been superior to the current apex-up design, the later wasdavoan early stage of
the project due to uncertain ground parameters, as well as the redut&iduction &ort
of this design. Additionally, the actual antenna location has presumablycpoductivity
and is therefore not suited for apex-down designs.

Resistive loading of the structure is proposed and simulated, but not @ttiatb the
final design. This improvement is considered for future work on theang@nna.

A detailed analysis of the mechanical forces inside the antenna structube & omit-
ted due to its complexity. Nonetheless, such an analysis would provide a crrete
safety-estimate of the structural strength in general and of the flagpobetioysar. Fur-
thermore, wire and rope tension could have been optimized for optimal vgrarghstruc-
tural stress limits. However, a detailed analysis of the mechanical forces@s the scope
of this thesis.
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