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ABSTRACT
The general argurnent of the thesis is that the design of broadband antennas demands a thor-

- vugh understanding of the factors influencing the current disTibution on antenna wires, Spe-
cificaily, current distribution concepts are used to improve the evaluation and design of small

broadband antennas for the high frequency (HF) 2 to 30 MHz range. The currenr dismibution
on an antenna governs its input impedance, radiation efficiency and radiation patterns.

The efficiency and impedance performance of known antefinas were obtained using the
Numetical Eiectromagnetics Code, NECZ, method of moments program. Factors influencing
the current distribution on these antennas were idvntified. Staggered loads ‘were used on a
novel antenns o achieve a better cinrent distribution than that on existing antennas, NEC2
and measured results for the staggered loads antenna (SLA) indicate superiar performance to
known antennas of similar geometry. The SLA efficiency is higher than 40 percent and the

voltage standing wave ratio, VSWR, is less than 2.5 over the 3 to 30 MHz bend. '
The long computational time of NEC2 analysis frustrates the natural iterative design process.
The complex algorithm siso makes it difficalt for the engineer to relate anwana performance
wdeﬁgnpmmngwodeﬁgﬁwdainwhichdbmpthymminimmdbyuﬁng
current diswribution principles, were doveloped and tested to overcome the difficuldes with
NE&.Thmywdevﬂopedmmdmmdmohsmtmmmdbyawmmmmhm
mmthm)A&wmcmmﬁmmmmmmmmmdtpomwhwh
anowedﬂnmofemmmﬂmmhncmdcmmmfmmmm An
antenna consisting of two dipoles and a transmission line was opnmimdusmgm_y}m
theary. The performence of the uniqne DTD antenna is considerably better than that‘of an
optimized treditional fanr dipole. The efficiency is higher than 50 percent with the VSWR
lower than 2.5 over & 2 to 30 MKz band. The DTD theory obtains results more than a thou-
sand times faster than NEC2 using s PC AT compatible computer. The second analytical
technique exploits the similarity between the current distribution on dipole antennas to that
on transwmission lines. Existing theory based on this analogy assumes Iossless transmission
line theory-znd uniform line parameters. A new non-uniform, lossy transmission line math-

" ematical model of loaded dipole antennas was formulated. The lossy line theory was tested

by analyzing a number of loaded dipole antennys. Comparison to NEC2 results are presented
to demonstrate the accuracy of this method. Analysis using the Lossy Line theory is about a
hundred times faster than using NEC2 on & PC AT computer,



NEC? gunerated radiation patterss are presented for ail the antennas studied to enable an
assessment of their performance in an HF environment. Specific examples of HF antennas
arc presented but the findings arc applicable 1o other frequencies and scaled antennas.
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1 INTRODUCTION

1.1 Thesis Statement and Approach

The overall contention of the thesis is that manipulation of the current distribution on the
wires of broadband antennas is the essence of their behaviour and hence design. Designers of
these structures should therefore endeavour to manipulate the current distribution to their
advantage ysing various techniques. Suitable methods of manipulating the current distribu-
tion on the antenna wires are considered, new antennas are designed using this knowledge
and simplified theories to predict the enrreni distribution are developed. The input impedance
and radiation efficiency are presented versus frequency later in the thesis rather than the
actual curren¢ distribution. The current distribution governs both these parameters {and in fact
2il other antenna parameters) where the input impedance is a function of the current at the
feed point end the efficier..y 1> & function of the current through resigrive crmponents, The
approach is hence rather 1o relate both input impedance and efficiency to the current distribu-
tion in cader 1o “ustrate how this primary parameter influences practical antenna behaviour.

Antenns Wmath :hahmn:fm to thecamq..uyofmput impedance with frequency.

]iost in resistors, hcm-pomod to reduce m\m input impedance variations, causes
reducedradiaﬂmemc!ency mminmdiaﬂmeﬂicMYwiﬂxﬁvqmyisthmfm .
of considerable concemn as will be shows later. Antenna radiation patterns are siso of con-
mthmmmoﬂntwmmmnnwlue&mmmmuﬁnmmﬂmm
pmsenwdlmr:howedthatth:ndiaﬁonpmumofmplumennupnmtqmtusmmble
compromise for omnidirectional, short distance HF conynunications. Radiation pattern con-
mlw\\uﬂnfﬁmndhshwnmbemﬂ;mumgmhmlegwmem Input impe-
dance constancy, accompanied by maximum radiation efficiency, uMmmphumd.me
maximum benefit is obixined by optimizing these prrameters. Radiation patterns of antenna
conmdmdmexannnedmwmﬂsthcmdofthcdocummngunmmhdammuappmhmd

ullow & full asscement of anténna value. :
J

Many broadband High quuency (HF) antennas have been desxgned in the past with the
emphasis usuaily on impedance constancy which is easy io measure, Their performance was
often not fully quantified due to the lack of avai’ die mothods. Modern computational tech-
niques were used during this study to determine the full performance of popular existing
antennas. The previously unknown rediation efficiency in combination with the input

' impedancs present & more complete picture of broadband antenna behaviour.
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The method of moments (Harrington, 1961) was used to compute the performance of existing
antennas as mentioned above. Twe probiems were encountered when attempting 0 use this
method to design new antennas:

+  the mechanisms which cause a particular current distribution are Jften hidden from the
user when using the method of moments

+ the method of moments is computationally intensive and the time between presenting a
problem and gbtaining results frustrates the natral iterative design process.

Suitable mechanisdzs to achicve broadband performance were identified by analyzing the

" detailed results produced by computer simulation. These mechanisms may be vsed in a quali-

tative manner to design improved antennas (Fouric and Austin, 1987). Furthermore the
knowledge gained from analyzing the paformaance of specific classes of antennas was
afterwanrds used to develop simplified design theary. The simplifications were made possible
Wimmsmwmmmwpufmwﬁaﬂmandmlﬂmplmnﬁngm

-_ﬂmthoaygommngthemmtcbmudcs Improved MF broedband sntennas
. mehwda:npedmdmmrmrm suitebility of the techniques developed.

Thtga&:lph{i;phyoaﬁimdnbowwmvcﬁpwdmgﬁnmrhwhmhnm

. Mwmwmm&mmmmmmmfmdm‘ﬁimw

mimmmmmmmmmmmmmmmm
mqwswinmewbam

. Anmuﬁmofmmmmﬂmmiwo&wdindmuhﬂmoftbemmuof

interest.

-

»*

ﬂhwﬂmdnmdmsmmbwmmmummm
ofmomenuanwnnaanalymmm.micz.

mavebpmentmdw.lummoftmplethwry&xthedemgnofmmlom
muln-w:mnmq

Thedevelopnq#ntofameﬂmdexploﬁﬁngmemﬂogybetwunmionﬁmsuﬂ
. dipole antennas as well as verification of its performance.

* Design of improved broadband HF antennas using the simplified theory.

*

o
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. Experimcnml\___\vmﬁca‘ tion of the performance of novel antennas and corparison to exist-

ent versions, i

+  Finally the directive properties of various antennas mvesngawd are presentad to sllow a
full assessment of performance.,

A specific contention is that well designed simple broadband HF antennas pmvide a Suitable
tactical and electrical coropromise. Another argument presented here is that simplified theory

_ is more suitable for the design of specific loaded antennas rather than the more general

_mNdemmdvuMumaf&e

method of moments programs. The statements above tie up with the overall contention that
the design of simple broadband aniennas essentially m\(olm clever manipulation of the
antenna current dnmbunon. 4

1.2 Justification for Study
mmmmdhmﬂmumshmwbeappﬁmbhmﬁm}mmﬁMZm
30 MHz. The methods are slso belicved to be of use &t other frequencies and by implement-
ing scaled geomervies. mﬂlmnplesuwdwmmséﬁammchmnfmmkanHF -
%y petain specifically to the HF band.’
The HF field slso provides traditional exampies of the siate of the art, and users of HF com-
mwwmmmmmmmm

Wmmmm;mbmmmmmmdmmoﬁ
mymmmmmmmminmmmmmmmmm
communicationy desplic the favour eajoyed by sawllis sad other relay based systeros in
recént vesrs. The popularity of relay based syswms is dve to the higher frequenciss com-

- toonly used which envore low power iovels, hxshbuﬂmdeh. mﬂmmmdhighﬁdeﬂty

Rehymhawm&mdmdw

. mpimuucapimmﬂqumquhedmu&bhnmmﬁummmmhymm
or sateliités) which is often not within the capabilities of small users ov developing
countries, ,

. megcmwmsmvetywhuubkduﬂngmofw - even satcllites will be threatened
when developments such as theSmmgchefenmImuanw (SDI) come to fruition.

The second disadvantage u).!eaﬂy of considerable concemn to the military since modern war-

» fare relies exceedingly on radio communications for command and control,

: il
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The disadvaniages of the relay stations stated above give a few reasons why HF communica-
tions is regaining popularity. Broadband antennas are of particular interest for HF communi-
cations since:

s iohospheric variations dictate different optimum frequencies at various times and

*  modem trends in HF communications are towards frequency agile operation due to the

improved resistance o interfersnce and security for tactical communications { Dawson
and Damell, 1985 ; Rogers and Tumner, 1985 ; Townsend , 1985 and many others)

= real time channel evaluation (RTCE) techniques are increasingly used‘ to optimize use of
ionospheric conditions (McGregor et al, 1985) and ideally require antennas capable of
 operation at any suitable frequency.

Ionospheric variations require relatively slow ﬁvquency changes (of the. '“am' of hours) while

mqmyaﬂecmnmdommydmmdmychmguofﬁeqmypermd Frose

an ;menntdux;npomtheonly feasible methods of accommodating such frequency changes

« the uge of fast automatic anteans mning units (ATUs) or

. ﬂwmdmnnumthminmﬂy imimpadmcebandwidth.

Automatic ATU’s involve considerable electronic complexity and hence decreased reliabil-

-ity. ATU's aiso consurme relatively large amounty of DC current with resultant heating of
ihese units (Royce, 1985 and Wilson, 1985). Broadband antennss on the other hand employ
wlypummnuwhichhunmﬁwfem The main disacventage of broadband
mu.up&mywmwymebmcaﬂymﬂmdmk,xqbwmcfﬁcwmy
MWWMmmmWMMWMWMhWHI~
cation. Broadband satziinay therefore prosent an acceptable solution as compared to a techno-
logical tour de force in ATU developtment (Wilson, op cit).

Most of the well known broadband antennes suitable for tactical application wers designed
well before the advent of the modern computational techniques for antenna analysis. Design
methods were therefore largely empirical with toainly inmitive analytical techniques to pro-
vide qualitative estimates of performance. _

The impedance bandwidth of an antznna is usually defined in terms of the voltage standing
wave ratio, YSWR on the feedline to the structure. Measurement of VSWR is relatively
sitaple. Most simple broadband antennas employ some fonmn of resistive loading in order to
broaden the impedance bandwidth of the antenna. Resistive loading results in ohmic losses
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and hence a reduction in the radiation efficiency. The empirical determination of antenna
radiation efficiency at HF is usually very difficult if not impossible. Early designers therefore
rualized that efficiency was sacrificed for bandwidth bur had no way of quantifying this loss
and therefore frequently ignored this parameter. Efficiency is a key parameter in defining the
performance of simple broadband antennas and impedance bandwidth has 10 be viewed in
conjunction with efficiency to assess the value of an antenna.

A convenient method to demnni}f\e the efficiency of wire antennas is p.vided by modem
computational techniques. For wire antennas of moderate size in termus of wavelength the
method of moments solves Maxwell’s u;uab*':; 40 yield the complete current distribution.
The antenna impedance and efficiency are t!eﬁ " A from the current distribution which deter-
mine the performance of a structure. Traditioffal designs may therefore be investigated using
computational techniques and their performance determined. Such evaluation is important in
providing insight into the important mechanisms governing the bek:aviour of these antennas,
Once these principles have been grasped the way is clearly open to improve tradmunal
designs as well a2 10 develop new antennas with desirable properties. \

The method ‘of moments based computer program, the Numericai Electromagnetics Codc
{version 2), NECZ, provides a rigorous roethod of assessing antenns pe:formanoe Analysis
using NEC? is time coisuming due to the computational complexity of the method of
moments. Antenna design is by nanwre iterative and requires numerous cvaluations of vari-
ations of a generic structure. It is therefore desinable 10 develop faster methods to do rapid

analysis of specific structures. It is advantageous if such techniques reveal the mechanisms of

operation to the user by virtue of the maﬂmancalmoddornmphﬁcmon of the structure.
Fast methods need not be general and absolute acciacy is of lesser concern. Faithful repro-
ducrion of trends tc aid optimization is of more importance. Once & suitable antenna has been
designed using such a rough technique its performance can be more accurately detertnined
usingﬂwm&odofmhtmbymummnnﬁeﬁndpmofﬂﬁsmmhpmmm 15
therefore concerned with the development of convenient methods for the design of specific
antenngs.

1.3 Thesis Layout _

The thesis layout is briefty outlined to conclude this chapter. _

»  ‘The secoad chapter provides ba.ckgmund to this study. An overview of HF communica-
tions, with emphasis on the requirement for broadband antennas, establishes the rel-

evance of the research. An outline of the definitions and limitations imposed on
broadband antennas follows. The typical radiation patterns of loaded and unloaded
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dipoles in various configurations and environments are examined and relawdc w their
suitability for short distance omnidirectional HF communications. General methods of
increasing antenna bandwidth, which were found in the liter»ure, are critically exam-
ined. The literature survey reveals that broadband gerformance using simpie antennas
necessitates the ase of resistive loading. The resultant decrease in radiation efficiency is
difficult 1o measure and it is apparent that a numerical solution method is imperative.
The method of moments, which is a well known computational technique for antenna
analysis, is reviewed at the end of this chapter. Special exephasis is placed on the model-
ling techniques applicable to simple broadband antennas.

In the third chapter traditional broadband antennas are examined o indicare the part
played by manipulation of the current distributici o their performance. The analysis of
various existing antennas is done for the first time using modern computational tech-
niques which provide the complete performance. Once the methods for manipulating the
current distribution are understood, 8 novel antenna benefiting from these findings is

" developed and the improvement in its performance is iflustrates. Antenna input char-

acteristics over the froquency band are considered, since these parameters sre of main
interests, The directive propertics of the antennas studied in this chapter are presented in
chapter 5, together with those of other antennas considered during the rescarch,
The fourth chapter deals with the development of simple techniques to analyze the per-
formance of two geoeral types of antennas. Thebe methods capitalise on the essential
mhanimqumng&wcmntdzmbuummdhmwmpedmcemdefﬁcwncy
bmdw:dthofmwnnu The intrinsic properties of the antenna are used in the mathemat.
jcal models. The argument is that the engineer can relate the antenna performance 1o
ﬂmnmpbmudckwbschudsmthedmgnpmccu The validity of compuied results is
demonsmmdhyoompansonsmmmdmmdmulu.ﬁcmpmvedperfma-
ance of antennas obtained ugsing the simplified methods is shown to indicare the design
benefits.

The fifth chapter-presents the radiation partern resulis of antennas considcred in chapters
3 and 4, The background study on radiation patterns in chapter 2 indicated that the direc-

tive properties of simple antennas are difficult to manipulare without increasing the com.

plexity of geometries. In addition it was noted that the radiation patterns of typical
simple broadband antennas are suitable albeit not ideal for short range tactical HF
communications. A design approach which emphasized input impedance and radiation
effmiencywas hence persued. The radiation patterns of all antennas evaluated are hence
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presented in this chapter to demonstrate the validity of this design approach. A brief
assessment of the suitability of the antenna patterns produced for short range, tactical.
HF communications is 2iso performed.

In the concluding chapter the findings of this study are summarized. Two improved HF
broadband antenna designs and new theory to aid in the design of muiti-wire and loaded
dipole antennas are highlighted to show the contribution of the thesis to the field of
antenna design. )

L
=}
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2 REVIEW OF DEFINITIOMS, METHODS OF ANALYSIS AND HF
BROA “BAND ANTENNAS

The second chapter provides background concerning the general field of HF communica- .

tions. A few terms w}uch are important to this study zre clarified and theoretical limitations
1o antenna bandwidth are considered. The reasons £or concentrating on simple broadband
antennas are outlined and known antennas conforming to these requiremeats ars examined, A
brief discussion of & technique for analyzing wire antennas, the methad of moments, is pro-
vided. The Numerical Electrpmagnetics Code (NEC2), which implements the method of
momenis, is briefly reviewed. Modelling aspects which were found to be imporant for
simulating the performance of the simple broadband antennas are erphasized.

2.1 Review of HF Communications

- The main advantage of high frequency (HF) radio networks is the ability to communicate

over the horizon. Most popular latter-day radio links resort to arificial satellites or other
types of relay stations for long-mnge transmission. Relay based systems are popular due to

such factors as betier noise perfmmame, Jower n'snsmsttcrpowms and increased signal band-

width. hmisremmemyhmﬁeqmwmmuymdmwpmﬂyempw
HF spectrumn is however wider uaedmutamms where relay stations mnotwnilable.toi

costly or in some cases not preferred. Recent developrents, in the military u!emlspeaﬁcally “\

mdimnmnewuimmstindﬂsmlwmofbngdmmmmmcaﬁnm o

The controversial SDI or "Star Waxs” pmpc:undawaymﬁmUSAhasu@cawdthevuluer-
shility of satellites 10 military intervention (Wasterson, 1779). Further interest was spe-ked by
mpmum;h:mvﬁmhlemlephyedbywcommnmmmsmtheﬁiklmdw(kmgm

1983). Recent progress in broadband, frequency agile (FA) HF systems indicates & number of
advantages inherent in this method namely: improved resistance 1o interference and inherent
secirity for tactical communications (Dawson and Dameli, 1985 ; Rogc:sand'!‘mw 1985 ;

Townsend, 1985). Other usere. ofl-ll"mfomdinmtmmwhemwlemmumcauon_

- netrworks are hardly developed, roads are poor snd where relay stations are uneconomical.

Harris (1982) reported the successful use of HF by Radio Botswana for coliecting local news
from distant outposts. Trehame (19832) suggested considerable application of HF communi-
cations in the Auswalian outback. It is significait that NATO planners have budgeted 100

“ million pounds on HF communications projects recently (Noonan, 1981} HF is thus still of

particular interest to the military and other users who rely on it for varisus reasons. This
interest is likely to increase in the foreseesble futnre, :

Page-s-”

i



HF propngation owes its long distance capability to the reflective properties of the iono-
sphere. The iia.;ospherc enables radio waves at certain frequencies 1o travel between two posi-
tions on eantk via one or more "hops® from the ionosphere. The frequency band at which the
ionosphere acts as a reflector is a strong funcion of the ionospheric conditions at the time of
wransmission, The ionospheric conditions, which are governed by many variables including
the time of day, the time of year and so'ar activity can only be statistically predicted. The
ionosphere is therefore pivotal in HF communications and dictates the design and apptication
of such systems. The antenna as a component of the total system must thus be designed with
due regard to the pmpaganng medium as well as the ransceiver elecironics (Austin, 1985).
Ionospheric propagation in relation to antenna characteristics is considered in morc detail in
section22, -

The antennn intorfaces the ransmitter and receiver circuitry to free space and is therefore 2
vital componcnt in any radio link. HF free space vaavelengths of 10m to 100 m necessitate
radiators of comparable size which result in physically large structures. Operational reguire-
menis on the 6ther hand often require that antennas be simple and as swaall as possibie. Con-
ventional HF antennas are thus limited to geometries such as horizorsal, veriical or inclined
wires. In military and other applications masts of about ten metres high are commonly used
to facilitate erection and reduce the visibility of thé structmp (Theron, 1983). Antemas con-
forming to the restrictions above have been designed for operation at a single frequency (res-
onait antenns). a number of discrote frequencies (multi-band antena) or & continuou; range
of froquenciss (broadband antenna). Normally such tactical antennas are used for short
distance (typically up 1000 km) communications in arbitrary directions. The radistion pat-
wras required for such application are discussed in the next section in more detail.

The iorgspheric variations mentioned befor;: quire the use of different frequencies for oper-
ating & continnous HF link. The problem can be addressed by any of the antenna types men-

“tioned above. The merit of 2 siblution must be considersd in conjunction with the upplication
envisaged and the combination finally dictates a suitable choice. The usefulness of the three
possibilities therefore should be considered *n more detail,

An antenna tuning unit (ATU) is a circuit which matches the input impedance presented by
~ theantennato the feedline characteristic impedance. The ATU therefore ailows simple reson-
ant anteninas to be used at different frequencies. The disadvantage of this attractive solution is
. the' slow speed of manual tuning or the added electronic complexity involved when tuning

 avtomatically. In sddition the system efficiency is degraded by the efficiency of the funing
 unit which is always less than one hundred percent due to component losses. Another alterna-

[
A
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tive is a multi-band aﬁtcnna which yields high efficiencies at its design frequencies. Austin
(1986) has shown that careful frejuency management permits the use of a muitd-hand
gec -y under the day-night variations of the ionosphere. Mulit-band antennas only opciate
on a limited number of frequencies which render them unsuizable for use in frequency agile
and RTCE systems where contthuéus frequency sclection is vequired. Ideally broadband
antennas, w.‘pch provide a good impedance match to the transceiver over 2 large frequency
band, shou?m used.

A fundamental trade-off exists between efficiency and sizs in brordband antennas (Hansen,
1981). The result is that efficiency is sacrificed to minimize size. The difficulty ~f measuring
efficiency at HF further complicates matters. All of the anennas described above could be
used for poiat-to-peint narrow band cormmunication links. The growing interest in frequency
agile radio however demands & tg-evaluation of svitable antenna systems.

JThe antennas ased in cxpmmcmal and commarcial FA systems a~~ usnally resonant struc-

'tu,;ms comibined with an waomaﬂt.. ATU (Wileou, 1985), New FA s .icms will require much

less power for acceptable mm«mﬁcmons Less efficient brdadband antenns will bence be 1
more acceptable solution as compaied to & "sechnological tour de forcs™ in ATU development
(Wilson, op. cit). At the United Smes Naval Resesrch Laboratories, where & broadband
wthTukrmHPmeummmhubeensdopmd.ﬂusmwmImmn
was reached (Royce, 1985). The hnmtxm-: confirms that less efficient broadband antennas are
therefore an elegant compkment w FA conupunicarions.

Broadband behnﬁom of HF nmq)lnu pasticularly in wcticel applications, mainly concerns

__Lhacon:mmyofgtpmputimmhm with frequency. The radiation pattern variations are of

lesmcomeqmmuamml:cﬂhcgmmﬂnm-duwmﬁnmofthemmm Direc-
tivity is further reduced by their relative proximity to the real earth (Austin, 1986). The typi-
wmmm&wmwmmmmmmn:ldmedmmdemﬂm

'secnon 2.2 to shed more light on this parameter. The radiation efficiency is more important,
' becausc simple broadband geoinetries invariably incorporate resistive loads which lead to

* Jower efficiescies. The problers that faacs the engineer is the analytical determination of
' these parameters. Typical antennas of intereit can be modelled as single wire geometries

cotabined with loads to broaden the impedauce bandwidth. Once the current distribution on
any structure has been dewrmmed, input impedance and efficiency can easily be obtained
(Ramsdale, 19{?8) Unfortunml}- the complexity of the anaiysls often belies the simplicity of
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the geometry (Schelkunoff, 1952). The matter is further complicated by the difficulty of
measuring -he radiation efficiency of structures at HF. Efficiency is of paramount imporance
in loadsd antennas and analytical solutions mupst be reliable,

2.2 Ionospheric Propagation and Simple Antenna Radiation Patterns

The effect of anterna givectivity, which was mentioned in passing before, is considered in
maore detail in this section. The section starts off with a brief look at the ionosphere since the
prepagn+ion medivm obviously plays a predominant tole in ass: +ing the suitability of
antenna directional characteristics. This enables a definition of the reqiurements on antenna
radiation patterns at different frequencies. The patterns of sirple loaded and unloaded dipole
antennas in vard yus environments and configurations are then examined to assess the general
suitability of horizontal dipole geometries for shori distance HF communications.

2.2.1 Ionospheric properties in relation to short distance HF commumica-
tions =

A b ‘ef discussion of some key aspects of ionospheric propagation is provided as derived
from Braun (1982). This discussion will be limited to aspects necessary in order to relate to
the antenna characteristics presented later.

‘The ionosphere consists of several conducting layers in the higher atmosphere, where the
lower air density and pressure alfows solar radistion to ionize the gas molecules. The ionized
gas molecules recombine and the mlamon berween ion formation and recombination deter-
mines the characteristics of the layérs Recormbination rates are iower at higher altitudes due

. to the lower pregsure and increase with 2 decrease in altitude. It follows that lower aliitnde

layers are present during day time and that only the high altitude layers exist at night ticme due
to the higher amount of ionized gas and the lower recombination rates. The nature of the
ionosphere is hence mainly determined by solar activity ~ the most notatle effeci clearly
being due to day-night variation. Scasonal and longer variations in solar activity also take
place which complicate prediction of ionospheric characteristics.

The three layers normally distinguished are the D-layer, the E-layer and tha F-layers. These
layers are briefly characterized as follows:

. The D-layer occurs at an altitude between 60 to 90 kom above the earth, This layer is
typically only present dering day-time hours and ion concentrations are usnally too
low to reflect HF frequencies, HF frequencies peneirate this layer and are attenuaied,
with the attenuation decreasing with increasing frequency.
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. The E-layer occurs 2t an aititude of 110 km and is generally only present during day-
time, The E-layer does refiect lower HF frequencies in some cases,

. The F-layer is the most important for HE comrounications. Its high altitude permiss
fong communication ranges and the low recombination rate ensures its presence dur-
ing night time, The layer may be subdivided into the ¥1 and F2 layers, The Fl-layer is
located 170 to 220 km above the earth and as a rule disappears during night hours. The
F2-layer is Jocated 225 to 450 kom above the earth and is normally present during night
hours where it permits propagation, albeit at lower frequencies. Most IIf link planning
assumes reflection from the F2-layer.

The highest frequency at whu:h reflectit occurs for vertical incidence on the ionosphere is
known as the critical trequency, £, and depends on the amount of ionization of the iono-
sphere and hence on the time of day and sun state. Refiection ocours for higher frequencies
when the angle of incidence to the ibnosphere is decreused. The maximum usable frequency
{MUF) for a specific mgie of incidence between the wave and the ionosphere, §, is given by:

- MUF = scé | . -2.1)

The angle of incidence is once again dependent on the communication: distance, d, and the
virtual aititode at which reflection oceurs, k. 'Iheequaﬁon relating these parameters using a0

flat earth approximation is:
. d ' '(2-2}
se.c¢ + ? T .

" The equations above serve 1o illugtrate that the MUF increases with i mcmumg comumunica-
cnmdzmkshouldﬂmbcchamt&wruqmmdmwmbeammﬁmglqm
with increase in communication distance. Tactical antennas are generally q?phuﬂ for short
distance HF communications which is considered to.encompass the range 0 o 1000 km., The
minimum distance rcquirement clearly requires near vertical incidence or take-off ‘angles
close 10 90°. The required take-off angle for the maximum distance of 1000 km depends on
~ the virmal height of reflection. The virwal height of the F2-layer varies between 225 2od 450
km with s typicalvalve around 320 ki, This corresponds to take-off angles betwesn 21° and
387 with » value of 32° corresponding to a hmght of 320 km for a 100Q km path. Ideally the
antenna radiation patiern. ghould hence ensure crverage of take-off angles ranging from 21°
to 90° in the extreme, and more typically between 30° and 907, This characteristc should
ideally be maintained in all azimuth directions for true omnidirectional short range communi-
cations.
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Another aspect which is of interest in the evaluation of antenna radiation patterns with regard
to ionospheric communications 1s the frequency requirement. The frequency rangs depends
on the communication range, solar activity (typically quantified using the sun spot number,
SSN), the season and tfime of day. Tabie 2.1 below was generated using the method described
by Braun (1932). The following should bs noted:

L
»

Frequency maps for Southern Africa, ‘egion were used, but the general conclusions
wonld apply to HEF communicatioris in most temperate zones.

Only F2-layer prdﬂ‘ggation at a constant virtual height o 320 km is considered, since
this is the dorninant mivwde normally employed.

' “Two extreme daily variations (00R00 and 12500 local times) are corsidered.

January and July valyes are provided to indicate the effect of seasonal! changes

Sun Spot Numbers (SSN) of 0, 100 and 150 are consideied to take long term changes
in solar activity into account. i

: D:mnoesof()kmnmi lﬁmmmmnmwamunt.

_(

The following i mm-csung points are apparent from this tabie: '

- High take-off angles (comesponding to G km d:stnnoc) are mostly requ:mi fonr fre-

quencies not cxceedmg 10 MH=,
The low take-off angles (conespondmg to 1000 km d:stancc) are mainly required for

_ frequencies hxghcr than 5§ MHz.

Short renge HF commumcnnom primarily uses frequencies below 15 MHz. The only
exception to. this may oceur when the virtaal height of the F2-layer is much lower or
during very rare solar gycles when the SSN is higher tnan 150. It should be notes that
SSN in excess of 150 occurred for only approximately 2% of the time between the
years 1830 to 1980. SSN’s in exci:ss of 100 ocenrred for about 18% of the time during

" the same period. These statistics viewed in conjonction with the data presented in

Table 2.1 hence indicate the importance of the lower frequency ranges. Even the fre-
quencies between 10 MHz and 15 MHz are not often required.,
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Tabie 2.1 Frequency requirement for short distance HF communications,

(1000 km)
3.0 4.0 0 Oﬁhr Jan
2.5 3.6 0 00R00 Jul
EEO 9.0 0 12400 Jan
Iss 75 0 12500 Jul
0. |52 100 00100 Jan ﬂ
3.0 a0 100 00h00 Jul l
10.0 13.0 100 12h00 Jan
bes 15 100 {12000 Jul
Jes 60 |15 |oonoo Jan
325 42 150 00hOD Tul
115 15.0 150 Jzmoo 0 o
100 ¢ ' 14.0 150 12500 Jul

2.2.2 Radiation patterns of unloaded and loaded dipoles In free space
The simple BF broadband antennas considered in this research are mainly resistively loaded
dmoles or combinations of yesonant dipoles. The patterns of such antem:as in various cnvi-
rﬁmments and configurations will hence provide an indication of expected behaviour.

| Many of the antennas stidied Iater atiempt to ostablish a travelling wave current dxsmbunon
in order to extend antenna impedance bandwidth, The Altshuler antenna (Alishuler, 1961)
was taken as representative of such antenna types. This antenna, which is discussed in detail
in section 2.5, was scaled to the HF frequency range and studied in a dipole configuration.
The radiation patterns of antennas are represented throughout in terms of directive gain,
which excludes the effecr of power lost. This approach allows evaluation of antennas purely
in terms of their directive properties. Other parameters which effect the communication per-
formance of broadband antennas, such as mismatch loss and radiation efficiency, are studied
in considerable detail in other chapters, '
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The radiation patterns of a free space unloaded dipole and Altshuler dipole (Altshuler, 1961),
both of 75 m length (half wave at lowest frequency of 2 MHz) are shown in figs 2.1 and 2.2
for both antennas in fres space. The antennas are both paraile] to the y-axis and azimmuth racs-
ation patterns (variations in ¢) at representative frequencies are shown, The elevation plane
patiern (variations in ©) at azimuth angle perpendicular to the dipols (§=0° is
omnidirectional in the absence of a ground and is not shown. Elevation plane patterns in line
with the dipole (& =90°) will be exactly the same as the azimuth plane radiation plane and
will Jikewise not be shown.

The radiation patterns of the free space dipole (figs 2.1 and 2.2) show a single lcbe at low
frequency with an expected increase in Jobes at the higher frequencies. The patterns of the
resistively loaded antenna {figs 2.3 and 2.4) are similar, except for a more constant pattern
with changes in frequency. Note for instance the similarity between the 2 MHz and 5 MHz
pattern in fig 2.3 and the similar lobes in the 20 and 30 Miz patterns shown in fig 2.4,

WENH PATYII

. W . !.I . T e .
Fig 2.1 The low frequency azimuth vadi-  Fig 2.2 The high frequency azimuth radi-

ation pattern of a free space dipole afion pattern of 2 free space dipole

Ay po

Fig 2.3 The low frequency azimuth radi-  Fig 2.4 The high freguency azimuth radi-
ation pattern of a free space resistively  ation pattern of a free space loaded dipole
loaded dipole
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2.2.3 Radiation patterns of horizontal loaded and unloaded dipoles at

different heights above a perfect earth

The antenna pattern when mounted above the ground is of more interest however and figs 2.5
to 2.8 show both elcvation plane as well as azimuth plane patierns for an unloaded dipole at a
height of 12 m above a perfect earth. The elevaiion plane patterns are taken perpendicalar o
the dipole which remains paralle] to the y-axis (i. ¢. variation of 8 with ¢ constant at {°).
Representation of the azimuth plane patterns are problematic since the perfect earth plane
causes no radiaton ai ground level {8 w;QO"). ARl azimuth radiation plane patterns for
antennas above a earth plane were hence plotied with elevation angle constant at 60° which is
equivalent to & take-off angle of 30°,

The low frequency elevation plane radiation patterns in fig 2.5 indicate the antenna to be
quite suitable for short range HF communications. Radiation is concentrated in the take off
angles berween 30° to the zenith with no pattern nulls in these directions. The elevation plane
patterns at higher frequencies (fig 2.6) show an increase in pattern lobes with nulls occurring
in the required range of take-off angles. Teble 2.1 however, indicates that frequencies zbove
15 MHz will very seldom be required for short renge communications. The low frequency
azimuth plane radistion patterns showed in fig 2.7 are more problematic, since the antenna is
only oranidirectional at the lowest frequencies. Lobes start to occur at 5 MHz and the number
of iobes (and nuils) increases with increase in frequency. This tendency is continued at higher
frequencies as indicated in fig 2.8.; Ideally 2 more omnidirectional azirouth pattern is
raqun'ed, especiaily for the tain ﬁ'oqunr:y range of interent (2 - 15:'MHz).

F:g 2.5 Perpendicular elevation plame radi- Fig 2.6 Perpendicular elevation plane radi-
ation patterns of & horizontal dzpol¢ 12m  ation patlerns of a horizontal dipole 12 m
sbove a perfect earth. above & perfect earth,

i
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Fig 2,7 Azimuth radiation patterns of a Fig 2.8 Azimuth radiation patterns of a
horizontal dipole 12 m above a perfect horizontal dipole 12 m above a perfect
earth earth

The éffect of raising the antenna height 1 24 m for the same antenna Is illustrated . rigs 2.9
to 2.12. The elevation plane patterns (figs 2.9 and 2.10) show an increas. 3z ivbes and pattern
nulls which start to occur at 10 MHz The azimuth patterns (figs 2.11 and 2.12) are very
similar to the ones for a 12 m antcnna height.

The increase in nulls when increasing anscnna,hclght is explained by image theory. The
antenns and its image form an array with spao/ zéqual to0 twice the antenna height and 180°
phase shift in excitation. As the areay electrical separation increases due to an increase in fre-
quency, the partern naturally becomes more multi-Jobed. Lowering the antenna, on the other
hand, will result in bester pattern behaviour, but with detrimental effect on input parameters
due to coupling between antenna and the ground plane, The ground-iasses when the asitenna
is mounted over & lossy ground'\iso increase, The 12 m mast antenna height themefore repre-
se+1s & suitable compromise for short distance HF coramunications.

ARSI PEVESMRLE T8 ML BN Vel MM T BPRLE

Fig 2.9 The perpendicular elevation plane Fig 2,10 The perpendicular elevation piane
radiation patterns of a horizontal dipole  radiation patterns of a horizontal dipole
24 mabove a perfect earth. # 24 m sbove a perfect earth,

 Page-17~



Fig 2.11 The azimuth plane radiation pat-  Fig 2,12 The azimuath plane radiation pat-
terns of & hovizontal dipole 24 mabovea  terns of a horizontal dipole 24 m above a
perfect earth. perfect earth.

The performance of the Altshuler type dipole, also in horizontal configuration above a perfect
carth, should be compared tc that of the unloaded dipole. Image theory mentioned before
suggests that the elevation patierns perpendicular 10 the dipole axis will be the same shape as
that of an unloaded dipole. The absolute values may differ however due to differences in the
azimuth radistion characteristics. The radiation patterns for an Alishuler type dipole at 12 m
height are given in figs 2.13 10 2.16.

The elevation plane radiation patiems have cxactly the same shape as that of the unloaded
dipole when figs 2,13 and 2,14 zre compared to figs 2.5 and 2.6. The only difference between
the two sets of patterns is in absolute values which implies that the normalized patterns would
» be identical. The azimuth plane radiation patterns st low fmquency (fig 2.15) are in general
more omnidirectional than that of the unloaded dipole. The high frequency szimuth radiation
'pmmu(ﬁgz.lﬁ):howmloba:hmd\elawﬁequemymebutthenunsmgmany
nmudeepm&equcntnmﬁwmoftheuxﬂoa&ddlpoh(ﬁgzsj
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Fig 2.13 The elevation plane radiation pat- Fig 2.14 The elevation plane radiation pat-
terns of a horizontal Altshuler type dipole terns of a horizontal Altshuler type dipole
12 m above » perfect earth. 12 m above a perfect earih.

Fadiyt e Putiamn L ]

Fig 2.15 le azimuth plane radiation pat- Fig 2.16 The azimuth plane radisiion pat-
ternsof a hqmmtal Altshuier type dipole terus of & horizontal Alishuler type dipole
lzlﬂaboveaperfectearth. . 12 m gbhove a perfect earth,

Flgs 2.17 to‘!iﬂshow the same sets of radiation patterns for the Altshuler type antenna at 2
height of 24 ru. The same changes in elevation planc patterns (figs 2.17 and 2.18) as in the
case of the unloaded dipole are observed when. increasing the antenna height. Once again the
azimmth radiation patterns (figs 2.19 and 2.20) are not much altered from those observed at
lower mounting height, The comments reganding optimourn antenna height given before ar piy
to this antenna. The important factor to note is the* the elevation radiation pattern, which is
the impo:tai_:t parameter relating to HF communications, is mainly affected by antenna height
above grounid. 'This parameter is hence difficult to manipulate during design without increas-
ing the antenna complexity. The general elevation plene performance of loaded and unloaded
dipoles is however generally acceptable for shott range HF communications. This study
hence smngthcns ihe argument that radiation patiern can be largely ignored during design
optimization due to constraints imposed by the simplicity of the geometry.
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Fig 2.17 The elevation plane radiation pat- Fig 2.18 The clevation plane radiation pat-
terns of & horizontal Alishuler type dipole terns of a horizontal Altskaler type dipole
24 m above & perfect earth. 24 m above a perfect earth.
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Fig 2.19 The azimuth plane radiation pat-  Fig 2.20 The azinsuth plane radiation pat-
 terns of a horizontal Alishuler type dipole  terns of a horizontal Altshuler type dipole
24 m above a perfeci earth. 24 m above a perfect earth.

2.2,4 Radintion patterns of dipoles meunted in an inverted-v configuration
A configuration which is often employed in practice is the so-called inverted-v antenna
mounting. This aliows the antenna to be mounted on a single mast with the feed point at the
_ top of the mast and the antenna wires sloping towars the ground, The Altshuler type antenna
\\)was modelled in this configuration on 2 12 m centre mast with the wires sloping to a final
/ height of 2 m. The radiation patterns for this configuration are siown in figs 2.21 to 2.24.

The low frequency elevation plane patterns (fig 2.21) once _hg_ain consist of single lobes, suit-
able for the required application and the higher frequency patterns (fig 2.22) having multiple
iobes which are similar to those of the horizontal dipole. The azimuth plane radiation patterns
(figs. 2.23 and 2.24) are similar to those for the horizontal dipole with the main difference

being the lower radiation broadside to the antenna at 10 MHz. _
. : : b
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Fig 2.21 The elevation plane radiation pat. Fig 2.22 The elevation plane radiation pat»
terns of an inverted-v Altshuler type dipole terns of an inverted-v Altshuler type dipole
with 12 m mast height above a perfect with 12 m mast fieight above 8 perfect

earth, . @ ea;f' N

. . o

ff
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Fig 223 The azdmuth planie radiation e, Fig 2.24 The azimuth plane radiation pat;

terns of an h{iyerted-v Altshaler type dipole terns of an inverted-v Altshuler type di_péle
with 12 m st height shove a perfect with 12 m mast height above 2 perfect

2.2.5 Influence of different ground models on loaded antenna radiation
pattern _ _. N |
The patterns for the same inverted-v antenna on 2 12 m mast were also obtained when the
antenna is mounted above a real (lossy) earth (figs 2.25 10 2.28). The patterns were generated
using the Fresnel reflection coefficient option in NEC2 and average ground parameters of
o =0.01 mS and g, =20 were specified. The radiation patterns above the real earth are in gen-
eral very similar to those above the perfect earth considered before. The most notable differ-
ence is the reduction in the depth of the nulis in the high frequency elevation plane patterns “
{fig 2.25).

ot
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There is some doubt as to the valiixi:y of the Fresnel refiection coefficient approximation at
the low frequencies. The NEC2 man ul states that the more rigorons Somemerfeld sethod
should be used when structures are clos&r than (.2 wavelengths above ground. This conditon
is violated below 5 MHz for an antenna height of 12 m. The two ground models can be com-
pared by studying the paerns for 2 and 5 MHz shown i “gs 2.29 to 2.32. These figures
indicate that the Fresnel refiection approx:ma:mn is quite suitable in terms of radiation

pattern rrpmseamon

=R . .
Figzzsmdmﬁmphneandhﬁwmt- ﬂgz.ZGThumatimp!anenﬁaﬁmpn-
~ terws of an vmﬂwtypeﬂipbh !mof:ninm'ted»vmma'lypedrpou

with 22 } hdght&bdweahay with 12 m mast beight sbove u losiy

(Frmel)eu'th.
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Fig 2.27 The azirouth plane radiation pat-  Fig 228 The aumuth phne radiation pat-
terns of an inverted-v Altshuler iype dipole terns of an inverted.v Altshyler tyoe dipole
with 12 m mast height above a lossy withl:mmasthelghtabweulomy
(Fresnel) earth. (Fresnel) earth.

. r?.._-,\
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Fig 2.9 The azimuth piane radia’ion pat- Fig 2,30 The elevation plane radiation pat-
*ns of an inverted-v Alishuler type dipole terns of an inverted-v Altshuler type dipole
on 12 m mast above a lossy (Sorzinerfeld) on a 12 m mast above a lossy (Sommerfeld)
earth, : ~ earth. J

Fig 2.31 The sximuth plane radigtion pat- Fig 2.32 The elevation plane radiation pat-
terns of an inverted-v Altshuler type dipoie terns of an inverted-v Altshuler type dipole
on 12 m mast above & lossy (Frespel) earth.  on a 12 m mast above 2 lossy (Fresnel)

. | _ v enrth. .
2.2.6 Problems with representing radiation patterns using two dimensjonal
cuts, R | .
Antenna radiation patterns are inherently three dimensional and hence some information is
lost in & two dimensionii representation, Radiation patterns consisting of 2 single main beam
are less probiematic since these arp normally adequately represented using two perpendicular
cuts through the: beam axis. The problem of representing the patterns of non-directional
. antennas such as the ones studied is more severe. The method used in chapter 5 employs the
same elevaticn and azimuth cuts a3 used in this section with an additional elevarion plane cat
orthogonal 10 the cut perpendicular to the dipole axis. ‘This is probably the most complete pic-
ture which can be represented withaut overwhelming the reader with data. There is a postibil-

. Page-23.

i



" ity that the chosen method of representing pattzrqs may Tead to some incorrect conciusions.
This is best illustrated by considering figs 2.33 and 2.34. A number of azimath cuts are
shown for the Altshuler type antsnna in an inverted-v configuration 12 m above & perfect
ground plane at 30 MHz. The problem with cviluating the ommnidirectional nature of this
antenna using 2 single cut is clearly iliustrated. Nulls at specific elevation angles do not
necessarily occur at other angles. Care should hence be taken when evaluating the directional
characteristics of these antennas. The represestation of 2.33 and 2.34 would give a more
comprehensive picture, but since this will have to be repeated for all the frequencies the
reader is likely to emerge mere confused than enlightened. Normally the three cuts men-
tioned before present a reasonable indication of anteana performance and are sufficient for a
qualitative analysis, This is certainly true at the lower frequencies. '

ANFATITE PRI . Ravilnd 300 ¥ hmi

Fig 2.33 Azimuth rcdnﬂon pamma at dif- Fig 2.34 Azimuth radhtion patterns at dif
ferent elevation angles for an Altshuler ferent clevation angies for an Altshuler

type inverted-v antenns at 30 MHz type inverted-v antenna at 30 MHz
2.2.7 Conclusion on radiation pattern characteristics of simple dinole
antennas o o

The following conglusions cun be drawn from the investigation presented in this section:

. Shurt range HF co:;nnunications requires elevation plane illumination between take-
oii angies of 30° and 90°,

. Frequencies between 2.5 and 15 MHz are most important for communication over a 0
- 1000 km link.

f . The radiation patterns of traveiling wave antennas mounted in a inverted-v conﬁgur—
j ation on & 12 m mast present a suitable compromise to the stated requirement.

. The Fresnel ground reflection approximation is suitable for modelling real gmund
effects on radiation patterns, _

"
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* 'I‘hc patterns of sunple dJ.pole sntennas have characteristics which are difficult 10 alter
without resorting to more complsx geometries. - g

. One should exercise care when evainating the two dimensional radistion patiern cuts,
since the patterns are inhcerently three dimensional. This is not normally o problem at

low frequencies, but may result in incorrect conclusions at higher frequencies. \

2.3 Antenna Bandwidth - Det‘imtlon, Terminology and Implications /

Bandwidth »f antennas ig rather nebulously defined by Stutzman and Thiele (1981: p 260) as
the upper and lower frequencies for which satisfactory performance is obtained. Usually such
"satisfactory performance” refers 1o either the pattern or itnpedance constancy of a structure
with changes in friquency. Subsequent research findings suggest that it may be prudent to
add efficiency performance to this list when relatively smali broadband antennas are studied.
In the case of HF anennas the bandwidth of interest is naturally 2 or 3 - 30 MHz (Maslin,
1987), and Trehamc (1983b) aptly named geometries with this bandwidth "whole-band”
mwmﬁonﬂlawgﬁnmﬂmﬁcdmmnminﬁcwmme—
stancy 10 be of lesser importance (Austin, 1986) when optimizing simple broadband HF
antennss, The rediation patterns ultimately play a very iroportant part in HF communications
ummmmmmmmmmawmpm antennas
. Sbove & real earth was shown to be 2 suitable compromise for short range HF communica-
_mmmwmmzzmmwmmmmmmumd
sigaificamly without resorthig o more complex geometries. Very often input characteristics
car bo poore sucressfully modified sod adspted while maintaining s simple geomety. The
antenna designer is hence forced to disregard eadiation paitern and rather maximize adiated
power (Gnabs, 1966 ; Guertler and Collyer, 1973 ; Harris, 1982 ; Trehame, 1953 and Wil-
son, 1985). Radiation pasterns should thus be ignored when designing and optimizing simple
HF broadband sntennas. The paticras of the agteanas studied in the following chapters will
however be sxamined in Chaptér 5 agein to verify this approach as well as to allow a com-
plete assessment of the antennas which were studied and evaluated.
The more commonly encountered messuré of broadband performence in this class of
antennas is the impedance bandwidth commonly expressed in texms of the voltage standing
wave ratio, VSWR. on the Teedline, The expression for VSWR in terms of the voltage refles-
non coefﬁcwm, P, is: :
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YSWR=

1+{p,i | -(2.3)
}-- l N I '
where

Z;~Z, -(2.4) b
p’ - Z; +Z, . ;

and Z; is the antenna input impedance and Z, is the characteristic impedance of the feedline.

Clearly the optimum value of YSWR is unity, since this corresponds to the mutched case, that
is when Z;=2Z,. The impedance bandwidth of an antenna will be defined as the frequency
range for which the VSWR is less than some predefined vaiue, The sensitivity of the wans-
mitier electronics generally indicates thet 2 maximum YSWR of 2:1 is tolerable before output
power is reduced or damage results, This value will therefore be considered as a yardstick for
evalpating impedance bandwidth, Topics that nzed to he addressed are the pmcucal and
theoretical limitztions in achieving such performance using broachand entennas.. '

The structural limits are usually determined by t}b}: specific application I‘am.cal uzploymcnt

i3 of priunary concern in this investigation and Thzron {1983) provided & few gu:ie lines:

» Mast height should be minimized.
« Mast and antenna should be easy to erect. \ __
» Antenna profile should be minimized, implying the usc of thin wire construction.

As is often the case in engineering, the laws of nature oppose these ideals, "The Chu-Harring-

ton limits (Hmscn. 1981), which are reproduced in fig 2.35, illustrate thc fundamental limita-

tions. The Chu-Harrington limits apply to broadband HF antennas st the lower fmquencws
where the antenna length is in the order of half a wavelength and illusirates the general
dilemma facing the designer of such antennas,

Impedance bandwidth is related to the guality or Q fector of the antentia. The Q factor is the
ratio of the siored energy in an antenna (or circuit) to the dissipated (due to sadiation or
ohmic losses) energy present. Stored energy must be minimized and hence the @ reduced for
broadband antennas (Trebarne, 1983b). Fig 235 shows that radiation efficiency must be
sacrificed if the effective length i is reduced in low Q or broadband structures, The values in
cmu.Hmmm&;m were obtained by assuming that all possible wave modes are excited in

| asphmencldmngQ;»nﬂd:mngmmnxpolcmmaxmnotmﬁeauwavemodcsm

they will never actiévé the lithiting (ideal) case. The Chu-Harrington hrmts serve to highlight

: t}-e effect of size on radistion efficiency.
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Fig 235 Consequences of the Chu-Harrington Kmits (after Trehame, 1983h)

Efficiency is hence an important parumeter in ths design and evaluation of simple broadband
anteanss. Efficiency is often degrided as a result of the mduction in dimensions brought
about 10 satisfy practical constraints, The fact that radiation efficiency of FIF antennas is par-
 ticularly difficult to measure compounds the problem (Smith, 1977). Efficiency can practi-
caily only be determined by sunuming the power radiated over & full hemisphere, Radiated
power has to be measured in the antenna far field and at HF the typical wavelengths this
_requires the uge of an sircraft to do so. VSWRpcrfmnaneewewedmmlaﬂomsm\.admg
"and therefors an indication of efficiency is necessary, 7

Evaluation of efficiency in latex chapters considars only the losses dusAo resistive compo-
nents in the antenns structure. Losses due to finite wire conductivity are normally neglected,
Fitzgerrel (1965) showed that a typical half wave dipole constructed of 2 mm radius copper
wire has an efficiency of 99.3 % at 10 MHz for instance. Losses due to wire conductivity are
hence much less than those due to resistive components and tiéglecting these will cause negli-
gible errors. The efficiency of input transformers are similarly ignored since these have been -
shown (Sev:ck 1976} to have efficiencies xceeding 99% over the HF band.

The last parameter which may be of i 1mpor1ance in defining antenna bandwidth is the polariz-
ation of the antenna. Fortunately polarization plays a negligible part in sky wave propagaiion
and may generally be chosen for convenience of antenna design (Maslin, 1987 : 105), '
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2.4 The Power Radiated Ratio (PRR)

As explained before, {isither the VSWR, nor the efficiency provide complete figures of merit
in isolation, A more worthwhile measure of broadband performance should incorporate both
of these parameters. A ratio, named the Power Radiated Ratio (PRR), is defined for the pur-
pose of this study to be:

PRR = power radiated/power radiated by & maiched, lossless antenna.
= (forward power - ohmic Josses - reflected power)/forward power
The PRR is the fraction of power radiated by a real antenna oompa.red to the power radiated
by an ideal antenna. The ideal antenna is assumed lossiess and perfectly matched to the feed- |

lire. Both poor matching and any decrease in efficiency would thus reduce this ratio, An
expression for this ratio is developed as follows: '

P,=P,—P, . -2.5)
where:

P, is the power wansferred 10 the anterna ;

P, is the forward power to the antenns ;

P, is the power refiscted by the antenna,
P, P - o -(2.6)
ot 1 ——— u .
P, B
LA | 27
=an T 1 it . . -
Py iyt

where V, utheincﬂentvclngconthcanmmdv is the voitage reflected by the

antenng, If the voltage reflection coefﬁcwnt. P, is now defined to be V,/V, equation (2.7) can
be written as: .

[

P, Q8
—=1=|p,[
But from 2.4:- )

G | " @9
p" z +z. " . -
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where Z; is the input impedance of the antenna and Z, is the characteristic impedance of the
feedline.,

Since efficiency,
_ P -(2.10)

P,

- The PRR is definsd at the outset to/se the product of the mismatch facter and the efficiency
factor or mathematically: |

P, Proiue
PRR = -:‘;;X P,

Replacing equations 2.8 and 2.10 gives :

PRR=1-(1-]p, ) | -(2.10)

The only valucs pecessary for calculating this ratio are Z, the known Z, and the efficiency,
7. The PRR thus provides a composite picture of antenna bandwidth with both efficiency and
impedance matching (VSWR) taken into account. In section 2.6 a rigorous numerical method
wobmnzheseparamewrswﬂlbe discussed in detail. The PRR is clearly dominated by the

efﬁcwncy for well matched antennas, but during an oprimization phase the VSWR. may be
high and the PRR is the obvious parameter to maximize.

2.5 Different Methods of Obtaining Broadband Performance
Three different methods of achieving broadband performance were identified from the litera-

ture: _ /
-

« Employing self scaling or angular structures
« Increa ng antenna thickness
» Loading antenna with partially resistive loads

The first involves antennas that are paturally "self scaling”. Self scaling structures can be
specxﬁed in terms of angles rather than in linear dimensions (Balanis, 1982: p 414). Angular
geometries will have to be infinite in extent to be completely frequency independent. Tyan-
cated structures however do achieve broadband performance over a limited frequency range.
A well known antenna utilizing this principle i is the log periodic dipole array, LPDA, (Isbell,
1960) illustrated in fig 2.36.
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Fig2.36 The log-periodic dipole array geometry (adapted from Stutzman and Thiele,
/ 1981: p 295)
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severe mismatch. Most of the power (and correat) is concentrated about the antenna active
region. The active region is made up of dipoles which are close to resonance at the specific:
frequenly. Frequency changes merely shift the location of the active region on the LPDA and -

hence the term "self scaling”.

..
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and the spacing factor, o, is defined by:
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The longest element, Ly, is chosen 1o be approximaiely haif a free space wavelength at the

lowest frequency of operation. The shortest element Ly is similarly made about half a
wavelength at the highest frequency of operation. Reliable curves for © and ¢ in relation to
other LPDA parameters were published by (Peixeiro, 1988). Peixewro’s design graphs
together with the required frequency range facilitates the design of such a stucture. It is
instrucrive to obtain an indication of the size of a LPDA antenna use over the HF band ; the
longest elemnent would be at lsast 50 m with the iotal lengib of the structure being of the same
order. Clearly this size is not very suitable for ractical applicstions!

A second well known method for achieving broadband behaviour uses elmetrically thick
structures. It has been known for many yeurs that thicker wires have a broader bandwidth
when compared to thin ones (Ramsdale, 1978). Solid antennas of this type are not feasible at
HF because of practical constaints . Thicker structures may be approximated by vestigial-
emulation using a number of thin wires spaced apart by much less than a wavelength. An
electrically "thick” conical . jnopole is illustrated in fig 2.37

Fig 2.37 A practical wire HF conical monopole

The current distibution on thin dipoles is approximately sinusoidal (Balanis, 1982). The
input current. which detetmines the antennz input impedance, therefore varies rapidly with
changes in electrical length. The anti-resonant condition, which occurs when a dipole is about
a wavelength long, causes & current mintmum at the feed po'nt. The current minimum is very

ki
r
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smail {almost zero) for thin dipoles which gives rise to high impedance peaks. The ratio of
maximum to minimum valces of the current distribution on dipoles therefore determine the
dipole impedance bandwidth. The current deviates from its sinusoidal nature as the antenna
thickness increases. Mathematically the current may be represented by a sinugoidal term with
an additional cosinusoidal term added to it. The amplitude of the cosinusoidal or quadrature
term is a direct function of the wire thickness and increases with wire thickness (Balanis,
1982: 128 and Woolf, 1988: 54). The two sinusoids are cut of phase by 90 degrees and add-
ing them hence redyces the ratio between current distribution peaks and troughs. Thicker
wires hence exhibit less irmpedance variation as 2 result of a more constant current
distribution. The same argument clearly applies for monopoles since they may be snmlarly
treated analytically using image theory. :

Conical monopoles yield good broadband perfdimance with relatively high efficiencies (Ma-
son, 1963), but are - .suitable due to their size. The two general antenna types described
above are large and complex to achieve broadband performance whereas the applications
addressed here require just the opposite.

A third and more practical way to achieve broadband performance is to allow only ravelling
waves 10 flow on simple dipoles. Travelling waves in this instance refer to the current dis-
tribution on a stracture and implies that no current is reflected from the antenna terminations.
Travelling waves therefore result in little circulating or stored energy. The resultant low
Q-value of the antenma impliss a large bandwidth. The analogy to a transmission line tennin-
ated in a load equal to its characteristic impedanke is evident. The input impedance of a
ruatched transmission line is independent of frequency since only travelling waves exist on
the line. Resistive loading seems to offer an ¢z8y solution to the problem of increasing
antenna bandwidth. The problem is that all thé power in this case is fissipated in the load
since the radiation efficiency of a transmission line is zero. Reat antenna geometries also do
not lend themsslves to a simple method of terminarion. These principles have been used with
some measure of success with the ploneering work of Altshu]cr (1961) being of special sig-
nificance.

An apprapriate resistor is positioned one quarter of a wavelength away from the end of a
thick antenna as shown in fig 2.38. The "opén eircuit” at the monopole tip is converted to a
virtual earth point at the load by the well known quarter wave transmission lire impedance
gansformer principle. The antenna is effectively terminated in its characieristic impedance in
this way. This type of termiration, in analogy to the matched transmigsion line, ensures that
only travelling waves exist betwesn the feedpoint and the load.
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Fig 2,38 Altshuler’s resistively loaded monopole

Frequency changes unfortunately alter the electrical length of the terminating section. The.
slectrical d%mkncsx of the monopole increases the bandwidth which partially compensates for
smail changes in the terminating section electrical length. Altshuler measured the impedance
of this antenna and showed that it was more or less constant over a 2:1 frequency band. He
estimated the radistion efficiency 1o be 50 percent. Approximate theory (Maclean, 1973)
yields radiation efficiency of 45 percen: for the frequency where only travelling waves exist
between feedpoint and Joad which supports Alishuler’s estimate, The radiation efficiency
over a larger frsquency band remains uncertain and Maclean's theory does not allow for this
10 be calculated. A 10:1 or 15:1 bandwidth is required to cover the HF-band and this simpli-
fied sntenna is not adequate. The increase in bandwidth while u\ﬁk the same dimensions will
result in lower sfficiencies in acordance with the Chu-Harrington limits mentioned before.

~ The broadband antennas meﬁﬁoggd above are either large and complex, or small and ineffic-
ient. A combination of elecricully thick structures and some type of loading (sometimes of a
log-periodic nature) provides a reasonable compromise in practice.

2.6 Method of Moments

The increasing availability of powerful computers in recent years led to the development of
numarical methods to evaluate the performance of antennas. The most useful technique for
analyzing HEF geometries is the well known method of moments, described by Harrington
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- (1968) and others. This method involves a nuzﬁeﬁcai solution to Maxwell’s equations for

connected wires where the electrical dimensions are not larger than a few wavelengths (Stutz- .

man and Thiele, 1981: Ch. 7). The size limitation is a result of the computer time and the
memory required to solve a problem, since both rise exponentially with an increase in
dimensions. The structure is divided into a nurober of straight wires, which are then further
subdivided into smaller segments. The method of moments primarily solves Maxwell’s equa-
tions 10 yield the current on each segment, All pther antenna parameters ans eusy to compute

-once the fyii current distribution and geometry of 3 radiating structure are known. The
method of moments pravides a oseful alternative for e. ‘umng antennas since it is difficult
and expensive to measure efficiency at HF, i

The computations performed while solving a method of morz.ats problem bear no cbvious
relation to the actual antenna, The designer is hence removed from the electromagnetic mech-
anisms governing the behaviour of an k\ntenna. This often leads to emphasis on results rather
- than observing the fundamental rncchaxusms involved in a given structure. Such physical
insight is invaluable when a geometry is optimized or developed. It is true 10 say that com-
puter hardware angi'¥oftware are not sophisticared enough to generate optimized desig. ‘iin
isolation. Design tcchnigues are addressed agsin m"lnt%r chapters and simple models of |
speczﬁc satennas are proposed. The operation oh{xe algorithm 1o obtain sclutipns using these
simple models is clear 1o the design engineer. An' {ntimate. underytanding of th\, design pro-
" cess is therefore retained, allowing intelligent optm;imuon of alitcnnas, Engineering ipds-
ment and insight are always crucial in evaluating or dé\velopmg antennas,

The Nurmerical Electromagnetics Code (version 2), NEC2 is reviewed in the subsequent sec-
tion. A section on modelling techniques then l:ug ghts the problems encouitered while
modelling HF anteanas. Appcndle}.‘rowdm p/ ' 19 the theory of the metkod of
momentsitself. .

2.6.1 The Numerical Electromagnetic Code versivn 2, NEC2

A powerful method of moments program, NECZ, was wsed for the detailed evalustion of
structures. The size of antennas that may be simulated is only limited by the computer used
for execution. A special feature of NEC2 allows modelling of an irpperfect earth which may
be used to determine the effect of & real earth on antenna performance. Other special features
of NEC2 are the modelling of solid srfaces, ths option of specifying incident wave forms as
sources, calculation of near fields and antenna interaction caiculations. These features were

Page-34-



‘hot used in this research and will not be commented upon any further. The main feanwes of

tius code will be reviewed in broad outline. For full mathernatical and programming details
the manual by Burke and Poggio (1980) should be consulted.

NEC2 uses the Pocklington integral equation for currenis on thin wires. Dirac delta functions
are used as weighting functions with basis fuictions consisting of three terms, These terms
are a constant, a sinc and a cosine. Amplitudes for the bases are related such that their sum
satisfizs the bouadary conditions for current 2nd charge at the segment ends. The basis func-
tions have been found > produce rapid solution coavergence. An added advantage is thar the
fields from the sinusoidal currents are easily evaluated in closed form.

The NECZ cade- has three oprigns for ground planes:
. A pcrfcct ground plane can be.used.

»  An imperfect ground may be modelled using the Freanel plane-wave reflection coeffi-
cients when the antenna is at a height of approximately 0.2 wavelength or nor¢ above
earth.

. = For antennas less than 0.2 wavelength height the rigorous Sommerfeld method is used

" to determine the interaction between the antenna and a real earth {Burke and Pogg'::gi_
1980). :

The first two types of ground planes approximately doubles the processing time. The Som-
merfald method however increases the proctising time approximately fourfold, -

NEC2 al36 allows two d1ffercm voltage source models for tranmutung antennas These
mdels are: . _. o0

. An applied E-field source, !

. A current siope discontinuity source {(also known as the biconical transmission line
source) - ¢

{Other types of excitation like plane waves and curmnt sources are provided for, but these
excitation methods are of fittle i unportancc in this r:,scamh)

2.6.2 Modelling Techniques - R
A very important part of untenna simulation is the conversion from the physical antenra and
its surronndings into a mathematical representaiion. Naturally the mat! smatical mode! is not

W
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exactly ths same as the real antenna, The amount and type of deviation that would produce
meaningful resulis are of prime concem. The process of converting the physical structure into
a mathematical medel is known in geperal as numerical modelling.

The first important consideration is the limitation due to either the mathematical approxima-

tions made in the theory or as result of numerical constraints, Most important is that ithe

method of moraents assumes all wires 10 be thin relative to the wavelength so that only axial

curtents are taken into account. As a consequence the following are usually important in any
- method of momems code:

o The ratio of wire radiug to wavelength
» The ratio of segrmeent length to radius
» The number of segments per wavelength

The limits on these parameters are usually code dependent and the documentation on the spe-
cific codes gives an indication of acceptable values.
Ground Effects

6.4m

_-25m—l_‘72.2m b] jfjm
C m*‘T

it

Feed point /

20.3m

QUERT.GaF

Fig 2.39 Grometry of the Gueriler and Collyer dipole

The surroundings of the antenna can seidom be ignored when modelling structures at HF.
The effect of different ground models on radiation pattorn prediction was already considered
in section 2.2. The effect of the earth, which is often eleciricaliy ¢ ¢ to the antenwa at these

I
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frequencies, on input characteristics is also important. NEC2 provides facilities for either
modelling an antenna above a real, lossy earth or a perfect earth as was mentioned before.
‘The Guertler and Collyer’s dipale (encountersd again in Chapter 3) was modelled in different
environments to illustrate the effects of different ground planes on the broadband antenna
hehaviour. A schematic of the antcnna is shown in fig 2.39. The antenna was modelled in
three different environments:

» free space ,
= 10 m above a perfectly conducting earth,
~« 10 m above a real carth {o =001 §/mand 5, = 1) using the Semmerfeld ground model,

These cases were investigated using the NEC2 code and impeJance results are presented in
fig 2.40: |

-The input”impédance of the antenna is seen to be fairly independext of the type of earth. This

is an important result, since the same antennx requires double the time to evaluate over per-
fect earth and four times as long if a real earsh plane is included. These times cbviously relate
_ dmsct.y to the costs involved in the simulations. :

‘I‘hc. et‘iect of these different envxmnyhants on the strugture radiation efficiencies s iliusirated
“ o
in ﬁ,_'. 241 ), Y

A0 e 5
Good oozmsptmdmce cx:sts between the real eaith and perfect ea.rth results except at low fre-
quencies for this loaded antenna. The free space results also show reasonable correlation to
the Othpm at thc higher frequencies because the he:ght above earth, in wavelengths, increases
with incnzase ’h &equcmy ¥

IIE’I ;’"‘-.
i
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Fig 2.40 The effect of different earth conditions on the input impedance of the Guertler
and Coliyer dipole.. |

h

 If the upper half space efficiency, 1., is now considered to be:
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Fig 2.41 Influence of ground types on structure efficiency

__ power radiated in upper half space -
- input power B -(2.14)

M.
 the following expression could be developed if:
P;, is the total power into the antenna,

P, ﬂwu&talpowradiated, f

P, the powes lost in the lower half space (ground) and

P, the power lost in the structure,

_PumPR) | 215
Tln - P;. . ;

But since P, =P, ~P,

@-P) - -2.16
o Pc‘u i .
o FePeP) 217
* PrPin .
_(Pu~P)B~P) -(2.18)
M= PP, '
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Equation 2.18 may simplified to a factor representing lossss in the structurc and a factor
representing losses in the gronnd plane, therefore:
=17, | ~-(2.19)
where structure efficiency is: . ;
(Fin =P ~(2.20)
ﬂ,““‘"‘“—“"Ph
and the modification due to ground losses is,

__(Pr"' g) | - ] ' | "(2-21)
'ﬂ, "T :

For perfecily conducting earth and free space 13, is »qual to 1 and hence:

‘qu:na =

The upper hax, :space efficiency is calculated uvsing NEC2 by firstly integrating the power
density in the uglper halt space numerically. The power radiated in the upper hemisphere s
then compared to the aput power to obtain the upper haif space efficiency. The effect of the
power lost into an imnerfect earth is illustrated in fig 2.42 for the Guertler and Collyer dipole.
The reduction in upper half space efficiency is evident for this lossy earth example.

Hansen (1972) demonstrated that power lost in a lossy carth becomes independent of heighf ‘
once the antenna is htgher than approximately 0.2 wavelengths. This occurs at frequencies

abave 6 MHz for an antenna at 10m sbove ground. Fur froquoncies higher than 6 MHz this
“ }oss is also independent of the ;atenna used and is only depcndcnt on the ground characteris-

tics. D

‘This is an impertant finding, since it enables \omparison of anténnas purely in terms of struc-
ture efficiency. The additional ground losses can be determined by using a graph such asifig
242 or (for different 'earth characteristics) the curves generated by Hansen. For syiﬁtem
calculations the siructure efficiency or PRR must therefore be multiplied by 7,.

Below 6 MHz the ground losses do become dependeat on the structure and its height and the
simplified solution does not apply. The loss at these frequencies must thus either be calcu-
lated using a program such ag NEC2, or csumam by noting the tmnc‘s as given by Hansen's
(1972} work., :

L
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" Fig 2.42 Structure efficiency and upper half space efficlency
Effects of wire length I

wire length was found t0 be an important paramewr when simplifying a complex struc-

-&e.Wimleugdamﬁmcmtextmfm#toﬂwpbymalleng&mfmbetwemdxscmnnmucs

Wire length needs to be retained if equivalent paformancentobcaf:h:mdﬁoma"
mpnﬁoammmwimxmgmmpmexphmdumgmcwdamdcmm
antenng once again (6g 2.39). This structure may be simplified t0 a single wire monopoie
with the same equivalent radius (Balands, 1982: p 338) as the two wire dipole. (Fig 2.43)
The wire leugth phenomenon was mentoned by Kubina (1983) in relation to modeiling.
cufved seroplane swrfaces using siraight wirs ‘segments. Kubina staed that the length
mmmmemmdummmmmabemmmmmmgmm
model. Common sense indicates that if a wire i1 folded right back onto itself the wire length
concept can no longer hold, Acomputntmmlexpenmentwuperfomedonabentm{ﬁ
244)todemrmmetowhat exmntthcmlengthdom:nateswuebehnwom
C AN

4
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Fig 2.43 Simpified monopole version of the Guertler and Coliyer dipole (Note that the
distances between discontinuities on the monopole correspond to the distances on the real
antenns as measured along the wire and not to straight line measurements).

| f?‘f'
. 3
L \ |
| f\‘:
js‘_ /. ////////////////////',)///
. . = e
[ Fig 244 Geometry to investigate the validity of the wire length concept using NEC2
"5:\_._ ) ' ' *
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The resonant length of this antenna was found for different angles of § and a number of L/,
ratios. The wire length concept outlined above holds if the resonant length corresponds to 1, +
1,. For angles where the resonant length corresponds to I; the wire Iength concept fails com-
pletely. The resonant length versus the angle is plotted in Fig 245,

] ‘2“ 0»5 in K - .

i £ . i o \ totai length
(!,,) vl 1.5 4

'E |

g 41£=033m W—— total largth

£ 1254 \\

-4

g ] s

0 20 4 60 B0 -.100 120 140 160 180
g indaqmes
FigZAs Graph of antenna resonant wavelength versus the angle with the vertical

2

'ﬁwmhngthm-ptmmmsfmdyuixdforaugbsafupm%degmes The numerical -

experiment supports the validity of using the wire length between discontinuities. The wire
leng{uprinczplembruhngdnwnwhcn mbendhwomesvcrysharpaswuexpecwd.

Wu'e junctions-

Probiems were at encountered dlmng this research when trying to model antennas which
involve a transmission line section. A half wave tansmission line (Fig 2.46) was simulated to
establish the reasons for this problem.

The ummmsmlnwwumodcﬂédwuh 12 scg:nentsmcachofthelongmresand4seg—
ments each in the horizontal connecting wires. From transmission line theory the input impe-

" dance should equal the load resistance, R, for a half wave length line. Whes the spacing

between wires, 8, was more than 0.5 m the calchlated input impedance was within 1 percent
of the theoretical value. For values of s less than 0.45 m the calcaizted imipedance was in
error by a factor of a few hundred times (see fig 2.47).
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The problem was dbserved by Kubina (1983) and stated as follows: “The restriction an the
relative length ¢f segments that form a junction, requires that these lengths be comparable
within a factor of five", The limitation is due to the numerical problem of maintaining current
continuity across junctions. The constraint can be expressed mathematically with the 2id of
the fig 2.48. -

~ Wire jutiction g -

. | _ ll. 1 - X 1 T 3

\}“»,\. ‘J\_ - mwmm m&ionu-im |
Nummmyhmhmwumuﬁbngmmma,if'
FURE S

& 8

Applying the criterion 10 the wansioission line problem of fig 2.46 and 2.47 showed that the
mmmimmwhenﬁwmﬂoumded 6:1, hcnceconﬁxmingl(ubmasmlcof
Animpdmmimpﬂuﬂmdﬁﬁsﬁnﬁuﬁmisthnshmtmﬁamofwﬁnmbimdwiﬂwuy
long omes require many segments 10 analyze. Simplifying the model 1o eliminate short pieces
of wire sometimes provides an alternative method of circuraventing this problem. '\

Y
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Modelling two or more wires by single wire with equivalent radius

Increasing the thickness of a dipole antenna naturally produces larger bandwidth. Broadband
HF antennas must typically be in the order of half a wavelength long at the lowest frequency
10 obtain reasonable efficiency (Treharne, 1983b). A lower frequency of 2 or 3 MHz implies

 dipole lengths of 75 m and 50 m respectively. Electricelly thick antennas of this length are

not practical and other methods must be found to increase the apparent thickaess, Antenna
thickness is often quoted using the so called thickness factor, €}, which is given by Woolf
{1588) and others to be:

Q=2"{E) ~_ -(2.23)

where # is the dipole half Jength and a the radius.

A thick antenns has £ of 8 to 15 wmadﬁnanmhnsﬂofmarmn Achieving
ﬂuckanwnnasuiﬂ’fnquenmeswﬂlthm&fmmqulmthcdzpohdmmwbcmﬁnm
of 0.2 ps which s irpractical. Whmtwoﬂnnwm\pm'ymphuecmntandﬂwspacmg
bemmwuhmchbuﬁmammbngmmey\phnwhbamghdﬁcmwe%
povic, 1984). The oquivaleat radius, g, of such & \;ﬂ-yngmnhy-

'4(4: ) | | | 1
where 2 h@mmmm:uumgm_ wires,

The tachnique is often utilised in HF anteanas 0 achiefre moderate thickness factors using
mmmmmam)mmmczf&mymmmmmm
vﬁud&tﬂthmdndmﬁthemmoddﬂmﬁ#mnﬂumpmdnﬂedwbmumg"
ﬂwcmdopedimnnmtymmadel(mmmbeSmNEqulm)whﬂcthe
applied B-fisld sonrce (Type 0) yieldadmnvmcing noluﬁmu

The value of measured resulis to validate numerical models |

mnmnymmmtmmﬁammmuwpqmmypmbm.
The input impedance is & sensitive parameter because the calculation uses the current on the
feed segment only. Integrated quantities such as the efficiency, radistion pattern and gain are
usuglly an order of magnitude more scourately determined with the method of moments
(Kubina, 1983). Fortunately the input impedance is the easiest parameter to measure at HE, &4
large measure of confidence can be placed on the model employed if calculated and measured

I
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input impedance shows agreement. Einpirical results thus play an importaut past in ensuring
‘ the validity of the numerical model. Input impedance measmnmcnts were extensively used
during this study 10 vahdatc computer models.

2.7 Summary
Chapter 2 provided background mfonnation which was mostly obtained from the literature
' and related to this study. The first ssction reviewed the general field of HF communications.
A renewed interest in HF comununitations for various applications is evident irom many
5 sources. The requirement for broadband antennas in medern HE communications systemns
was cstablished, The pmcucal requirements on brmdband gntennas in typical apphcanons
+ -indicated the need for simple and small gcoucmes. :

\ Thc wconducnonmmdmcdlomsyhenc prepagation in mm'edemﬂ nndrelatedthls t0 the
\, requued antenna radiation characteristics and frequency range. Short sange Hi. commuica-
tions (0 - 1000 k) was shown t require take-off angle coverage between 30° and ner verti-
cal. The most important frequency range for short range HF comemuenications was-shown ©
be 2.5 MHz 1o 15 MHz. ‘The patterns of simple load: f,&p:;umm&mpmwmm
_, mmammmmmmmm f.;tzga The radistion patterns
B mmmmmwmmw“ﬁWWmﬁwm
| ' _\mmmmmmmmmmumymwm
| . height vich is oonstant due-4o practical considerations. Azimuth radiation fatien character-
istics for both waloaded and loaded dipoles itt a aumber 6 configurations were very similar, -
s .;-nmmwwmmmmmmmmmm .nreccmplmmmm
shughoncm in this document. . : 0
Awdi;\.n&mmﬂwdeﬁmﬂmvi&eqwmybmdwﬂthfonnwedinthmm
Teapedance bandwidth is of primary concem in sinaple EF antenans while pattern constency is
upndmhehuimmm:dminzdmisyphm The Chu-Harrington limits indicate the
gndeoﬂbetmnndu&meﬁcimcymdimpedambmdm&hfmmaﬂmmu Efi-
'cmacyisﬁ;usmemunﬂpmmemwmn{ﬁ@rwhandcmmgmcvﬂueuﬁbmadbmd |
antenna. » \

TthomRaduhdRaﬂo,PRR,deﬁnedmﬂwfomthmmmmbumtbelmmnamd
ﬁommdxmdefﬁcwncyasweﬂumpedmcemm&he&%%vuimwnhﬁe-“
quencythuefmpmndeaumﬁedp:cnn-eofamcmbmﬂmdﬂn : |

i A
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3 ACHI"‘ —'NG BROADBAND PERFO&MAN CE BY CONTROLLE\FG

WIRE CURRENT DISTRIBGTION |

In this chapter known antennas cenforming to thcmru&uml requirements outlined in Chapter
2 arc studied. Most of the populer simple HF bro#z}bm\i antennas were desigred before the
_advent of modern wmputfhun&mhnxques M@ pyrformance is well documented but
radiation efficiency is generally ignored. The dxfﬁcul\\y of m‘:axunng cfﬁcr.ency at HE is the
major reason for this neglect: NEC2 is used to c.va.luaé\b a.ntc"apas found in \he literature. The

antenna VSWR, efficiency and the RER are calculaed l\nd ;mx\cally examined. The outcome

in terms of antenna lengths and load posmons md:caw{s\hc valiye and lmportance of careful
manipulation of the cumrent dmtnbuuo;f(. Suitable mh% of comrolhng current distribution

were identified. A novel geometry was designed by explotiation o' the techniques uncovered

dmngﬂnmmsphu&mmmedpafmmeo\mcmwmmmusmm the
bemﬁuofcmfulomqolofﬂwmmdmtn’ﬁon Mea.ﬂ»tuedmltsbonﬁrmeuthecom
puted performance of the new design. < g _

TmmmpﬁmmmmmMMfm&mmmmnm

-ﬂmmmmiﬂmﬁmwmmmmmmﬁmdmw "

power lossos into sccount, are presented in Chapior 5. i
3.1 Known Simple Broadhand HF Antennas and "\eu' Perfnrmance

3.kl The Treharne antenna

”Thammmehmm,!% E ylmdedwobtﬂwhrmdbandper- ;

Immmw malmwnmabogamnndphncn
(Trebaide, opeit): | | o

R

Z.siss"{”‘] oL v ? e

[ @

wgﬁm-wm ratio of(as bsendo-conical strucrure (see Fig 3.1), rosults in a

-cmsmchumhmhnmdmoﬂﬂéhnﬁahmmeﬂ&u:hm@mdchw‘

tic imapedance is mpeumtooﬁ:mbecausenueqw mdwmuofﬁeespmmwﬁ
‘that 377 Ohra provides a better match o the propagation mediusn. :

Thzioadseffecﬁvelyshortendmanwnnamthmadeuency Tbemtq:mon was to ter-

N
‘minate the structure in its chax’&ctensuc impedance over the HF spectruzo. Successfisl terrai-
nation will enswe a tmvclhng wave current dmmbuuon aand henu- ‘ensure impedance

constancy. _ I’,_‘_ o 74

W
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Fig3.l "‘he'!‘rm Antenns -

The first load is insersed at & position on the wire which is one third of the toal ledgth from
ammmnmmwm treating the rematnder of the structure

s the saw full length,

mmmcﬂwmmzmmumm)mm@mmm

L=, () S G2
,_.'mmk,qumh131Mmhdmmmfmdbyﬂwfaﬂowing

- v B3
L=f3]  w '
The factor &, is chosen 1 be 0.

The total 1. mnalmtmw

Thqmﬂuphcmonfmofhsduewﬂieumofthempunﬂdwﬁesmqmnngmcctha
inductance of a single wire version. :
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The operation of the antenna was explained as follows: a reactance has the sarne value as its
parallel resistor ( 377 & ) at its so-called "break” frequency. The break frequency, for a spe-
cific inductor is defined by:

400 . ~(3.4)
= SnL, MHz
with the parailel resistor value of 400 Q used as convenient app;okimation to the previously

stated ideal value of 377 L.

The parzllel inductor reactance is smaller than the resistance below the break frequency and
so ellows currents to flow to the next section. The inductor presents a high reactance at fre-
quencies well abave this break frequency . The pseudo-conical antenna is effectively termin-
ated in the parallel resistor with a value close to its characteristic impedance. The similarities
to the principle used in Alishuler’s structure should be evident.

Treharme stated that a 23 m long antenna with a 12 m mast produced & VSWR of less than
2:1 for frequencies from 2 - 30 MHz. He did not mention the efficiency performance of this
© antenna. "

The antenna described by Trehame was modslied for NEC2 siraulations in the inverted-v
configmation as illustrated in Fig 3.2, The inverted-v configuration does not result in a con-
stant “height-upon-width" ratio, the characteristic that was emphasized by Trehare. Later
results proved that the current disibution is predominantly determined by the loads on the
antenna. Only secand order changes result as & consequence of ground intersction, Austin
and Fourié (19864) showed that the change in configuration does not dsgrade performanca.
The configuration suggesed by Treharne, being dependent on 2 good ground, was less suit-
able from a practical point of view.

The numberofscgmemspcrwm were varied as frequency wasmcreasedtonnmnnmcmn
~ puter run time, The niamber of segments per wavelength was never less than ten to ensure
compliance with thax .iterion in the NECZ packags.

The break frequencies are surprisingly iow for this structare. The three bresk frequencies are
11,23 mdSSShﬁ{zandthcsevalucs wemtobevcrylowﬂoperauonupm?;oMHz is
desirable.

Trehame’s equation to calculate these critical frequcncics is incorrect (see Appendix B). The
erroneous equailon produced bresk frequencies of approximately double those mentioned
above. The higher break ftequencies are more easily reconcilable with the desired applica-
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' Fig32 The Treharne antenna modelled for NEC2 sitanlation .
tiogs. The isduceor values found veing Treharne’s equations must hence be halved o yiekd the

fhore accepuble break frequoncies of 2.1, 4.6 und 7.1 Ml The use of higher beeak

froquencios in 80 way degraded the performance of the sntenns. Austin and Fourie (19866)
showed that the anteans efficicacy is worse when the higher inductor values are used. The

¢

critical parameters of the antenos are given in Table 3.1 with the symbols referred to indi-
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Table 3.1 Parameters used in the Treharne antepna

The antenna performance in terms of VSWR and efficiency is indicated jn figs 3.3 and 34
respectively. Measured impedance values at spot frequencies are show-i to indicate the .
accuracy of the results obtained nsing NEC2. Appendix C outlines the experimental method
while Appendix D shows the results in tabular form.,

4

3.8 4 _+ Measured
368

3.4 ' . * NEG2

VSWR
N
o

Ll ] [] ¥ ¥ T ¥

o 4 8 12 16 20 24 5
Frequency in MHz

Fig 3.3 The VSWR performance of the Treharne antenna
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Fig 3.4 The efficiency of the Treharne antenna

The consequences of the Chu-Harrington limits are clearly refiocted in the fig 3.4, The offi-
ciency is “ery low when the antenna is short in terms of wavelength with gradual improve-
ment, as mmuwmvswwmwmm?bmdm acceptable
bu:theeﬁchwyulowﬁnqmnmsmdasitmmh!efmmmﬂus range. The
pmfammnfmmmmwmmdiwdwlmpormofmmnngbmhvsm '
and efficiency. The low efficiency is due to the large-amount of resistive damping employed
in the stucture. A termination begomes predominantly resistive when the operating fre-
quency excoeds the beesk frequency. The first break frequency is 2.1 MHz which effectively
shortens the satenna before its desigoed lower finquency limit is reached. Other loads are
halow their break frequencies at the lower end of the spectrum but they 100 have & significant
resistive component. The ¢Ficiengy is herce further compromised by losses in loads helow
their break frequencics. Th PRR shows the effect of both efficiency and the matching on the
powerruhamdbythumtenm(sceﬁgi&ﬁ)

‘The PRR of this antenna is very similar to the efficiency curve, since the low efficiency is the
major cause of power reduction. The antenna is successful in maintaining a travelling wave
current disibution and hence impedance bandwidth. The severe resistive damping requined
to achieve an acceptable VSWR produced mediocre efficiency performance. The dipole
described by Guertler and Collyer uses only one load per dipole arm. Further insight into the
mechanisms at work in these structures will be provided by thls antenna,
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Fig 3.5 The PRE of Treharne’s antenna

3.1.2 The Guertler and Collyer antenna ©
-Anma,knowngemmﬂyasthc“humhmmpoh“ was describedby(}um-tlerand
Collyer (1973). The name is due to its popularity in Australia, where Iong distances and a
sparss popuiation ofwnmqtﬁrcmcunoﬁl}?cmummmm Guabs (1966) in fact first
mentoned the antsnna in Germany and he should be cred z:dfmthisdeaign (¥ig 2.5 is
roproduced agnin as Fig 2.6 for clarity)

The principle of operation of this antenna is as follows:

_ 'The inductors have a low reactance at low frequencies. The resistors are effectively shunted
to aliow current to flow in the two end sections of the anterma, The inductors also add induc-
tive loading to the antenne at low frequencies which make it effectively longer. At higher fre-
quencies the reactance of the inductors increase and the antenna is terminated by the resistor.
The principle is again similar to Altshuler’s sntenna discussed previously. The antenna
employs a skeletal thin wire geometry to emulate a thicker stucture which broadens the
bandwidth, Guertler and Collyer measured the impedance of their antenna and found that it
munmuwdaVSWRoflesstthlﬁ'omhoMMHz, Gnabs estimsated the efficiency to
mngeﬁomZOtuﬁOperccnt.
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Fig 3.6 The Guertler and Collyer dipole

The entenna was modelled in free space. Care was taken not to violate any of the constraints
mmeNEmmiemdsegmcmxwmgfnduauymcmsedwnhﬂequmy More than ten seg- -
ments per wavelength were used at all fequencies. The VSWR and efficiency of this antenna
are iltustrated in Figs 3.7 ard 3.8 respectively with tabulated results in Appendix E. For
wnpmmmvswnmmdhyamﬁumcwwum)nmm

mvswnmmwcﬁﬂnsapwgmumghinmemmm 13.5 and 19.5 MHz. The
zeason for these regions of bad matching will later become clear when the input impedance is
considered in more dewil. The efficiency of this antenna again confirms the Chu-Hsrrington
lirnits qualitstively, since the efficiency is worse at low frequencies,
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Fig 3.7 The VSWR performance of Guertler and Cellyer’s antenna
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Fig 3.8 The efficiency of Guertler and Collyer’s rntenra

The efficieccy Is considerably higher than that of the Treharne antenna, The improved offi-
ciency is due to the single load per arm and its position on the antenna. The larger nurmber of
variables controlling the current distribution on the Trehamne antenna should seemingly
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produce more acceptable results. The conclusion was that the load vajues and position for the
Treharne antenna should be reconsidered in the light of the computer predicted efficiency. A
redesign, taking efficiency ini' ~ount, should yicld an improved structure. The Trehame
antenna was in fact successfull, . zmbroved using the lossy line design technique described in
4.2. The PRR of the Guertler and Collyer antenna (fig 3.9) shows definite impmvement on
Trehamne’s version (fig 3.5).
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g 3.9 The PRI performsnce of the Guertier and Coliyer antenpa

A slight modification to the Guertler and Collyer geometry was suggested by Harris (1982).
Hedmdmommtbaﬁwﬂumdﬁoﬂyupafmmbymwmdmm

paraliel with the other two.

3.1.3 The Harris antenna

The Guertler and Collyer antenna was subsequently modified by Harris (1982) by including &

, third paralle]l wire between the other two wires (see fig 3.10). Harris claimed that his modifi-

cation improved the VSWR t0 2.2 dne to better eroulation of & thick structure.

. The structure was simulated in free space and the VSWR and efficiency are plotted in figures
3.11 and 3.12 with tabulated results in Appendix F.
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Fig 3.10 The Harsls modified dipole
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Fig 3.11 The YSWR performance of Harris’s antenna

The improvement in VSWR on_the Guertler and Collyer antenna is certainly apparent and
confirms Harris’s cleims. The efficiency of this anienna {fig 3.12) also shows an improve-

Page-59-



ment on the originai structure. Efficiency and VSWR are naturally traded off m simpie broad-
band antennas, The fact that Harris succeeded in improving both indicates an inherently
betser design. The PRRshown in fig. 3.13 confirms this statement.
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Fig 3.12 Efficiency of the antenna modified by Harris
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Fig 3.13 PRR of the antenna modified by Harris
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Harris argued that the impmv;&nt was mainly due to the improved emulation of a thick
stmcture. The explanation is valid but I belicve that improvement was also due to the differ-
ent length of the centre wire with respect io the outsr wires. The centre wire provided a

- slightly longer wire length to the load. The problems associated with standing waves on the

structure are hence alleviated by the different resonant lengths, The argoment is developed
further in section 3.2 where the effect of the wire Jength between the feedpoint and the load is
investigated. Manipulation of the wire length is finally shown to yieid a2 well behaved broad-
band antenna, |

3.1.4 The resistively loaded fan dipole

. A number of different length dipoles connected in parallel has long been known to yicld

multi-band performance (Austin, 1986). The frequencies where such an antenna exhibits sat-
isfactory performance are determined by the lengths of the chosen dipoles. A fan dipole pzes-
ents a bad mismatch to the ransmitter at other frequencies. The introduction series resistors
to the feed point of an antenna increases the minimum value of the input impedance.

- Similarly a resistor in parallel ar the feedpoint linfits the highest pogsible impedance. Lowes-
- ing of the impedance peaks and raising the woughs implies thar improved impedance con-

stancy is achieved. The improved impedance bandwidth is at the cost of power dissipated in

' the feedpoint resistors which reduces the radiation efficiency. The fan dipoie is iliustrated in
- Fig 3.14 with the insert showing the feedpaint circuitry.

Transformer

Input
Enlargemant of feedpoint circuit

Fig 3.14 The resistively loaded fan dipole
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* The performance of this antenna was aéies
+ dances, Z' .., using NECZ, T e effect OF the resistors on the i input frepedance and efficiency
‘was then found using circuir4 -

Austin and Fourie (1986b,1988) developed & Smith Chart based technigue to optimize tlus
type of antenna design, A fas. d1pole was proposed with parameters as given telow:

Paralle} resistor, Rp - 667 @
Seriessesistor, Rs -2x72=1440
Dipole 1length - -2Im
Dipole21ength  -30m

Dipole Flength  -30m

The paraliel resistor lowers the impedance peaks when the unioaded antenna input itnpedance
is of the same corder of magnitude as this resistor. Clearly the parallel resistor does not affect
perforraance much when the antenna impedance is of 8 much lower value. At low impedance
regions a similar role is pluyed by the series resistor where it increases the minimum values.
Conversely a small fractior: of the input voltage is developed across the series resistor when
antenna impedance is high Wh’ch diminishes its eﬁ'ect on performance. The parallel resistor
hence mainly iniluences the s:nenna be.havmw -u hxgh imperiance regions whereas the series
gesistor dominates at low Lm,,aedance Tegions. "The overall effect is a smaller retio between
impedance maxima and guirima pmdncmg a more constant input impedance but at the same
time reducing radiation efficiency.

by obtaining the unloaded fan dipole impe-

The input impedance of the resistively loaded sntenna, Z,.,, is determined from normal cir-
cuit theory to be:
Ziy= R, inparallel with 2’ tR) -(3.5)

R (Z‘ +R,}

R +Z e +R,
The efficiency of the feedpoint network is found by calculating the jnput power, the power
dissipated in the resistor aetworkand power radiated by the antenna.

Assuming a unity input voltage the cucrent and power into the total circuit is:
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1 | -(3.6)

\ -3.7)

Power lost in the sesies resistor is:

P,=I R,
where I, is the current through the series resistor.

1
’Ij IR;"'ZI‘I .
hence: -
-3.8
|Z'w+R, P |
mmsﬁmmmm.ﬂ {s given i3 the sum of the two loss componer.8:

Py=pP+P, | -(3.9)
The network efficiency is:

 P,~P, | -(3.10)
Tj= g :

The VSWR, efficiency and PRR of the resistively loaded fan dipole are shown in figs. 3.15,
3.18 and 3.17. Tabulaz results for this arterna appear in Appendix G.
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Fig 3.15 The VSWR of the resistively loaded fan dipole
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Fig 3.16 The efficiency of the resistively loaded fan dipole

The perfmmmm\m the frequency range below 7 MMz is unsadsfactory, VSWR peaks at
3.4:1 and efﬁcxency macrfcs & lower limit of 4 percent. Sharp fluctvations characterize the
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FigS.l'l’l%R oﬂheraisﬁvelykndé fan dipole

h?wﬁeqmymofmemmmPRRmhﬂiummmmmm“
rbﬂamdpm&mﬁwmmmdeﬁeczdefﬁcmmymvsmmepufmmmoﬂhel

antenna above 7 M2 is more satisfactory,
Tbeﬂucnnﬁomin?ﬂkm@mmthgbehmiwoﬁhedipo&wuﬂinﬂﬁsmmA&ipolc

is inberendy & high Q device end the ir -edance varies considerably with frequency. Nor-

maily this would result in & multi-band anteans with useful performance when one of the
dipoles supports & resonant current distribution. Broadbend impedance performsnce is
obiained by using the parallel and serics resistors to reduce i dance variations. Efficiency

ix hence traded off for VSWR improvement while not altering the shape of the ¢ renr dis-

tribution on the dipoles. The current at the feed point is rather manipulated using ttic resistors
to achieve impedance constancy.

The simplicity of the geometry makes it attractive for practical applications. An antenna with
similar geometry to the resistively loaded dipole, but with increased complexity at the feed
point, was luter designed and is discussed iaChaper4.

3.2 The Fourie and Austin Staggered Loads Antenna (SLA)

NEC2 analysis was used in the previons section to establish the performance of the antennas
due to Trehame, Guertier & Colle r, Harris, and the resistively loaded fan dipole of Austin
and Fourie. The efficiency and V5 WR behaviour of the entenn»  were determined and were
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related to their current distributions, The computed input impedance provided valuable infor-
maiion regarding current standiﬁg waves on the antennas, The mechanisms affecting the cur-
rent distribution were deduced by careful interpretation of the computed results. The new
insights gained may be used to design an antenna with performince exceeding that of the
others.

'3.2,1 The design method

The following constraints were placed on the new design to ensure that it may be compared
with the antenna versions discussed before:

. i
. the total length of the antenna will be the same as that of Guqi}ﬂer and Collyer.
_ ?
1
*  -the same load as in the Gueriler and Collyer will be used  °

«  only two wires per dipole arm will be used (unlike Harris’ antenaa where three wires
were used)

The snechenisms that cause undesirable behaviour in the Guertler asd Collyer version are
first examined in more detail. " ¢
The Guertiér and Collyer antenaa is badly mismatched around 12 and 20 MHz. Miore light is
Mmthupmblmbyobmvmgthempntmpadmmdﬂmaﬁeqm(mﬁg
' 3.18). The impedance at 12 and 21 MHz is high relative 16 the systern impedance of 300
Ohm.mhighmntmpmimpedmmwmbehaw Ying that of & normal
dipole in 50 calied “anti-resonance”. Anti-resonance occurs i unloaded dipoles when the.
dipohnmlnwnumbuofmwkngthshng. _ '\ )

ﬁemamnpwulmdforthempedamepcahmthummmmdmemmnm
integer number wavelengths long at probl/ matic freqmnmes.Anmh—mmmtpcmmwouid
suppmacmn:pmnﬁngmvemthmmimaatthcfeadmmﬂnnsmamwmpmmpedmu
“The critical yaths'on the Guertler and Collyer wmamidennﬁedmmmngam this phe-
nomem(seel’-‘ig?.lg)

(N

w
L
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Fig 3.18 The input impedance ~f fhe Guertier and Collyer dipole.

Thelengthsmasnmmedaloﬁgmcm&ms and are not straight line measurements, due to

dwknpmmceqfwimlengthinamenqapcrfommceasshmincmpml
Critical paths identified were:
« The total wire length of the dipole arm, b, = 23.3 m

f‘age—ﬁ?-
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Symmatry plane

Yonpahgnd

Fig 3.19 Criticai lmgths on the Guertler & Collyer anmma

'W‘mlejx,lﬁ»\ﬁmmdwlmd.hb-lw:n
!

* Wirg Ietijwd from Joad to intenna end, b, =8.43 m

ummﬂlhmfnmofmwkngmmyumlmﬂmmmmotﬂw

autenns with the sid of Table 4.1. Ths relationship between input impedance and dimensions
is best expiained using the transmission line analogy. The resctance of the inductor is more
then doublo shaz of the parsilel resistor a1 frequencies sbove 6 MHz. The anteana is hence
serminated by the resistor and wotal length, b, becomes unimportant and zhe leagths by and b,

detetruins the antenoa’s behaviour.
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Table 3.1 T‘ie Critical Dimensions of the Guertler and Collyer Antenna in terms of

A 13

Wavelength

'I'hewmzinaﬂngimpedmm,l’,,.asseenttpointhah,,,iacleuiythcloadvalm,z,,,in’mries
with the impedance presented by the end section, b,. As long as the end section, h,, is 2 0odd
multiple of quaster wavelengths (h, = nA/4 ; n odd) the antenna is terminated by the load. For
thctemﬁmndcasez‘,_-“\Yg,shwgﬂwqummwendwcﬁmmnmﬂwomchwitat
the dipole ends to virual short circuits, The antenna behaves in a pare travelling wave
fasision if Z; is equal 10 the dipole average characteristic impedance. Forcing travelling waves
betwemthefeadna&mandﬂwloadm:hemmmmnnmmthcﬂmhubrdengnmduu
apt to call this the "Alishuler condition”.

- The value of 2’ is larger than Z, at frequyncies where the end section is no longer an odd

multiple of quarter wavelengths . The antenna is not ideally terminated and standing waves
on the antenna section, by, govern the behaviour of the structure,

The distance b, is approximately. half a waveiength at 12 MHz and one wavc!engﬂl at
21 MHz. Evea mukiples of quarter wavelengths, or mathematically speaking the cases where
h, "= nA/2 (n: integer,) produce anti-resonance. The input impedance associated with anti-re-
sonance is approximately equal to Z°; due to the half or full wave transmission line trans-
formation. The behaviour of the Guertler and Collyer dipole at 12 and 20 MHz illusivates this
condition, The high input impedances (approximately 800 + j0 Ohm) occur since 2°; is large
due to violation of the Altshuler condition outlined above.
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The length by is also half 4 wavelength at 9 MHz but does not present & problem at this fre-
guency since h, is exactly a quarter wavelength and the Alishuler condition is satisfied. The
qualitative method of analysis is confirmed by the low impedances observed at 15 and
24 MHz. The length by is an odd multiple 272 quarter wavelength at these frequencies which
transforms the high Z; values to appreciably lower ones.

Two important mechanisms in the operation of loaded structures like the Guertler and Collyer
were identified:

»  The antenna is ideally terminated with an input impedance approximately equal to Z; if

the end section leagth, h, = nA/4 (n odd). The Altshuler condition is satisfied but cannot
be maintained over 8 frequency range: of more than 3:1 (Altshuler, 1961).

s thnmeAltshulcrcondmonlsnotsansﬁed.Z’Lislargerﬁwh‘ Alengthh, =nA/2 (n

mwger)mas:ﬁmmsthchlghz’;tothemputuwushawnfmtherﬂwand Collyer
structure. The case where b, = nA/4 (n odd) on the other hand converts the high 27 to a
Jower value, :

mmﬁuwwmmwfnﬁﬁmwmwdﬁms‘moﬁm
pﬂndpium

T!umpunsafmmhmgmoﬂyshzfmdaboutmﬂuqmnq:ﬂhﬂmgthhbnvmcd
with 20 overall inproverent. The load was thus split into two paralel Joads with approxi-
mutely the same sguivalent impedance as the Goertler and Collyer load viz. 32 uH in paraliel
with 600 Ohm (See Fig 3.20). l‘hemmmcalhdﬂnswm.hnm
SLA, due to the unsyxmivetrical load configreation.

mmmumbeopmudmﬂﬁ:mmhdmdh&Admphpmmmw
written o give Iy 1 and b, 2 in terins of wavelengths st 3 Mz intervals over the HF range. A
combination of by 1 and h; 2, where at least one length is approximately an odd multiple of a
quarter wavelength, was found after 8 few iterations . This choice of lengths should produce
an antenna with low input impedance regmrdiess of whether the Altshuler condition is satis-
fied or not.

The*ﬁ:ostmnblembmmfwndwuh,_l = 13.5 1 and b, 2 = 17 m. The cxtent to which

Mvﬂgesfnlﬁl&umqumouﬂxned above i3 indicated in Table 4.2,
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Fig 320 The Staggered Load Antenna {SLA) geometry o
Table 3.2 Critical lengths on the Staggered Load Antenna (SLA) in terms of wavelength
Frequency b2 in termsih,l in terms

1.35 B!

off
- 3.2.2 Computed dnd measured performance of Staggered Load Antenna
The SLA was simulsted on NEC2 in fice space to established the validity of the design

. method described above . The input impedance of the any
inverted-v configuration as shown in fig 3.21. Measurements were made with an acute angle,

&

Ifage-‘?l-

was also measuned in the

5.
4

- ‘, :f_i.\.i:il‘..\;:\



&, between adjacent wires, of 5° (approximating the model simulated with NET2) as well as.
90° degrees. Austin (1986) showed how the optimum system impedance may be found by
choosing a normalisation factor which centres the input impedance values on 2 Smith Chare,
System impedances, rounded to 500,62 and 400 Q for & of 5° and 90° respectively, were
found using this technique. The VSWR was calculated from the measured input impedance
using these values.

3 Fig 3.21 SLA cofignration for measurement

mmm;dmmmmmmfamm,vsmwmgmmmmh
Appeadix H and sre presented graphically in figs 3.22, 3.23 and 3.24. (Fourie snd Austin,
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Fig .22 The \SWR performance of the SLA
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Fig 3.23 The efficiency cd the SLA

The overall VSWR and efficiency performaands of the new siructure is clearly better than that
the Guertler and Collyer antenina. The VSWR sand efficiency form a fundamental trade off in
broadband antennas of similar dimensions. The improvement in both efficiency and VSWR
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by the SLA indicates an inher~utly better Gesign. The correlation betwesn the two sets of
exparimental resuits (with the structure in the two different inverted-v configusations above a
rea! earth) and the free space straight dipole result from NEC2 indicates that the antenna is
fairly insensidve to different configurations and ground characterisdcs. The PRR perform-
ance of the SLA is shown in fig 3,24,

1
0.9 4
08
0.7 4 ’

06 /\/\/
0.5 e

ﬂ.ﬁ 1 ———/

PRE;

03 -
0.2 -
f
6.t - ' : - .
o L] yL“‘:_ . L ] T L ¥ _'a T 1 T T T L ‘:':
"o 4« 8 .12 18 2 24 2 L
Fﬂquomy inMHz o \%
© '

msmmmwfwﬁhmdmsm
T\vopoinum&'pncﬂcﬂngmﬁmm f
. Theaﬁcbmyvmaﬁomnfttwmwsmwmwﬁhﬁnqwmymmmhimsthanﬁm :

of the other antennas. Less signal strength variations during wide band frequency agile
cotomunications are likely, which is an improveraent.

. The inverted-v configuration is ideal in  tactical application, since only asmg!cmaaus
required with the antenna wires replacing the normal guy ropes.

The SLA was only optimized with respect to the placernent of the loads and not their value or
number. The improvement -obteined by recognizing the principles governing its behaviour
and manipulating them for maximum benefit was significant. The qualitative analysis used
agsumed the current distribution on a loaded anienna to behave in g fashion analogous to a
wransmission line. The fact that this analogy can be used to-great advantage is illustased by
the performance of the SLA. The iransmission line analogy to a dipole antenna has been
qualitatively used as a starting point for design by many researchers (Alishuler, 1961, Tre-
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harme, 19831: Guentler and Collyer, 1973 and many others), Alishuler is perhaps the mgst”
approprigie’ examplc The pseudo-transmission line analysis may be useful if developed more
rigorously to provide reasonable quantitative resulis. Atterupts to do 5o have never reaily
been successful for antennas that are both loaded and very long. The technique was pursued
further and a method was developed that produced results of sufficient accuracy for design
purposes. The next chapter concems £ 3 further development of the ransmission line analogy
as well as the development of other simpliﬁed theory.

T

3.3 Summary o ‘
A number of knowr simple HF broadband antennas were evaluated usmg "602 in this
chapter (/: impedance or VSWR performa.nce of yoost of the antennas were known from
previous mmumments The efficiency, which is a difficylt pam:w’,cer 10 measire, was com-
puted us:ng 'NEC2 during this study. NECZ vcomputed VSVI!K and efficiency results were
used determine the PRR which provides a composite: index of input performance. The
easential purpose of the investigation was to obtain insight into mechanisms affecting anteana
performance, The antenna radiation patterns were not.preseated in this chapter, but are pres-
ented in Chapter S mgethﬂmthﬂwpamofmm:sd:wumdmﬂmmxtchnpter.,,m
allnwfoufull assessment of anienna mﬁx i

The'[‘rc&ameantennapufomndweli mwrmsofVSWRbutiuwﬁeqmncyefﬁmncyper-
'_im*mm was poor Low efficiency perforinance was attributed to the proximity and values

of the !ds to the feed point. Current was sssumekd 1o be shzmmd past the resistors cldse to

. the foed byﬁ:drpmﬂduﬁmﬁxsubwﬁeqmmhmﬂpmofﬂwhﬁmmphx
mmmmmi»mmmmmmuummﬁwwmm

mmﬂmmdhwﬁmmtofthcmputpo'mw lost in the load resistors. Spacing the lowuds
ﬁﬁ%umyﬁnmﬁwfwdpfmtsm Wﬂupufummmdmmwdosow
dcmbdmthcnextchapqr : .

TherﬂauﬁCoﬂye&mennaemploysmﬁymclmdpu‘mpolearm The antenna is siroi-
lar to the Ahshuler dipole discussed in Chapter 2 except for the addition of a paralie] inductor

10 the resistor. The parallel inductor was claimed to shunt currens past the resistor at low

frequencies in order to improve efficiency. The inductor becomes & high reactance as fre-
quency increases and behaviour i€ dependent on the resistor only. Two thin paralicl wires
wese used in this antenna to emulate a thicker structure, The Guertler and Collyer antenna
performed better in {)rms of efficiency when compared to the Trehamne antenna. A minimum
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efficiency of 20 percent was achieved but the YSWR exceeded 2.5:1 at i2 and 20 MHz,
Standing waves between load and feed point were posmlated to be the cause of the VEWR
peaks on the Guertler and Collyer dipole.

The Harris antenna is identical 1o the Guertler and Collyer version except for the addition of a
third paraiiel wire. The designer of the antenua claimed the third wire improved the vestigial
emuﬁauon of a thicker stucture, This antenna performed slightly better than the Guerter and
Coit zcr antenna in terms of both efficiency and VSWR. The physics: :ength of a wire
between discontinuities was shown to be an important antenna parameter in Chapter 2, The
three wires on the Harris antenna were not equally long which may reduce the effect of stand-
ing waves on the impedance performance. The different wire lengths bewween feed and load
may hence also contribute to the improved performance.

The last existing antenna investigated was the resistively loaded fan dipole. Broadband per-
formance is obtained for this essentially multi-band structure by placing resistors in series
and parallel with the antenna impedance. The resistors re: . impedance fluctuations and
hence VSWR at the expense of gfficiency. The unloaded antenna was simulated using NEC2
and circuit theory was used-gCalculate the performance with resisiors. The VSWR and effi-
" diency of the anwnna fluctuated dramatically ar frequencies below 7 MEz, The VSWR
reached peaks of 3.4:1 while efficiency dropped at low as 4 percent. The inherent multi-band
nature of the arhna was thersfore only slightly altered by the feed point resistors. The
antenna is usable for broadband performance in the sense of providing a VSWR characteristic
which is acceptable to & medern transmitter with output protection. The PRR at discrete fre-
quencies however will be very low, The theory to analyze and optimize a variant of this
antenns is described in the next chapter.
The insights gained during the evaluation of the Guertler and Collyver antenna were used 10
develop a novel small MF broadband an:enna. The dimensions of the new antenna wese simi-
lar to the Guertler and Collyer version and the same total wire length was used. The Guertler
and Collyer load was divided into two paraliel loads which were placed at different distances
from the feed point. The antenna was named the Staggered Loads Antenna, SLA, due to the
offset 10ad positions. Anti-resonant standing waves were shown to be the cause of VSWR
peaks on the Guertier and Collyer antenna. The distances from the feed point to loads were
therefore chosen to avoil standing waves on at least two of the four antznna wires. The
VSEWR and efficiency of the SLA were calcuiated with NECX. An impfovement i both

i
i
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VSWR and efficiency in comparison to the antennas discussed before was apparent. The
VSR did not exceed 2.6:1 and the efficiency was better than 40 percent. Impedance

- measurements confirmed the validity of NEC2 results.

The complete performance of several well known simpie broadband HF antennas was rigor-
ously determined in this chapter. The impedance characteristics and radiation efficiency were
related to the effectiveness of the various loading schemes in controlling the currem
distribution. A betier understanding of the mechanisms and +—de-offs in simple broadband
<itennas emerged and was reinforced by the design of an impro. .. antenna using this knowi-
edge qualitatively. The improvement in performance of the new antenna was confirmed by
measured results

NEC2 was used as an evaluation tool during this phase of the research but the necessity to
evaluate structures at many frequencies causes long run times on a personal computer. To
evaluate one typical afitenna required 10 to 30 hours of computer time. NEC2 also produces
results based on the input of wires and loads while the relationship between input and ougput
is not always intuitively obvious. Methods based on the actual mechanisms involved in spe-

' cific geometries and which perhaps neglects some of the less important electromagne: - prio-

cipies will provide 2 better design tool. Such methods should be faster in execution than
NEC2 and the theory used to obtain results should be intuitively clear to thedesign engineer
30 that he may altsr parameters in an intelligent fashion. This philosophy is pursued in
chapter 4. 7 y

iy
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4 TWO SIMPLE DESIGN AIDS FOR LOADFD DIPOLES AND MULTI-
WIRE ANTENNAS

(Chapter 4 is concemed with the development of simplified methods for the analysis of spe-
‘cific types of antennas. The need for such methods arise from the considerable time between
submitting a specific geometry and obtaining results when using a method of moments
program, Evaluating an antenpa such as the Guertler and Collyer dipole from 3 to 30 MHz in
1 MHz increments, for instance, requires approximately 20 hours on an IBM AT personal
corputer, The relationship between NEC2 input and the performance obtained is not at all
obvivus since NEC2 solves Maxwell’s equations in a very complicated manuer to retain gen-
erality. NEC2 therefore teils the designer how the antenna performs but not why the antenna
performs in a specific maaner. These factors are of primary concern during the design phase
of an antenna. The engineer usvally has to perfmm numerous evaluations on seemingly pro-
mising structures while developing a new antenna. Computer sofutions during this phase play
an important role and it'was argued that the following aspects should be embodied in these
methods: S :

*  Ideally they should be personal compuwr or work station orientated.

+  Time span botween submission of the problem and obtaining & solution should be short
enough %o retin interest and make the designer an important part of the loop.

«  The methods must be readily undersiood and models should typically enlighten the
- dwgnuabmndwphymal mechanizms underlying the antenna operation. "

. Abmlmmumymmum@mmtuﬂmahhqwmmmmmm
" ingication of the mezit of a solution. The method of momentsanay be used for evaluation
of final vervions,

The two techniques developed and evaluated in this chapter exploit prior knowledge of the

general form of the current distribution on.specific antennas, Design iteration time is reduced
and antenna operation is apparent from the mathematical models employed. The require-
ments. for a suitable desgign tool stated above are hence fuifilled Examples oF improved
antenras phtained using the simple techniques iilustrate their uritity.

. l,,e

A program named Simulation and Anslysis of Loaded Dipole Antennas, SALDA, was devel-
oped 10 implement the techniques emanating from this thesis and & user manyal and descrip-
ticn of this PASCAL program is provided in Appendix L Diskettes containing the source
cede afid executable code are in an envelope attached to the back page.
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The methods discussed in this Chapter allow for the determnination of antenna input imp:.-
dance and efficiency. These parameters were argued to be most useful when optimizing
antennas in Chapter 2. The radiation patterns of antenna examples considered in this chapter,
obtained using NEC2, are shown in Chapter 5 to verify this approach and allow for complete
assessmen? of the antennas.

4.1 The Dipole-Transmission line-Dipole Method (DTD)

The multi-wire dipole with resistivy "iﬁz'tding was reviewed in Chapter 3. The antenna was
structurally the simplest of thosedescribed in the literatrre. The analysis and design of the
antenna relied heavily on the method of moments to cbtain the input impedance of the
unioaded antenna. The determination of a suitable parallel and series resistor becomes &
simple matter once the unloaded input impedance is known. The performance was not as
good as that of some of the other structures which employed ‘more elaborate loading tech-
niques. The parallel and series resistors reduced the. jmpedance variations (and hence
VSWR) 1o a target value at the expense of efficiency. T'he result was large fluctuations in

. VSWR and efﬁc:cncy, espocmlly af the lownr frequencies.
" The method of nwmcnts obtains results by taking mgp account all possible interaction |

between the wire segments raking up a structure, A simpler approach is to assume that the
current disiribution on the multi-wire srisnaas is very similar 1o that of i constituent
dipolss in free space. This assumption imaplies siniraal interuction which is true for wires of
different leagth and orientation perpendicular (o each other. Later comparison berween the
DTD method and NECZ ‘results indicates the validity of the usumpnon.

“The optimization 'of the multi-wire antenna of Chapter 3 showed that even an o;mmum multi-

wire antenns falls short of expectation. The behaviour is due to undesirable curvent distribu-

. tions (and hence impedanses) on the wires at certain frequencies. Intexposing a transmission

line between the two dipoles modifics the curent distribution and it is postulates. thar this
modification will influence the performance favourably. Introducing a transmission line into
the analysis presents no analytical problem. The chagge in current distribution (or more fam-
iliarly termed the impedance transformation) due 1o & transmission line is thearetically easily
calculable. This general amrangement was called the dipole-transmission line-dipole,
abbreviated to DTD.
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4.1.1 DTD Thecry

‘The feed points of different length dipoles are connecied in parallel to form 2 conventional

"fan" dipole arrangement as discussed in Chapter 3. This concept is extended for the DTD
structure by connecting the dipole feed points using a transmission line. Fig 4.1 shows this
arrangement schematically.

Enlargement of faedpoint circult

o]
W

Fig 4.1 Schematic diagram of two dipoles connected with a transmission line

Mmutun.lcoupling bemndipolesisminimimdwhcnmeympupcndiculartoﬁmhothcr

and heve different lengths. Results obtined using the theory below are later compared to
NEC2 output, which takes coupling into account (Appendix A). {he correlation between
NEC2 and DTD results show only minor effects due to dipole interaction. Neglecting the
coupling berween fhe two dipoles is equivalent to saying that the current on the connecwed
dipoles is the same as that on free space dipoles, The only important part of the dipole current
distribution in the DTD theory is the feed point current, The feed point current defines the
dipole input impedance and the efficiency of metal dipoles is very close to hundred percent.
The free space input impedance of dipoles is available in published tables {King and Harri-
son, 1969) and these values were stored in a computer file, A first order solution 10 the
artenna impedance was hence obtained by first converting the free space impedance of the
second dipole, Z,, 10 the feedpoint using the lossless transmission line equation for line
tength, I
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g7, g ZaC0SB +12, fin(BD)
7T Z, cos(Bl) + jZsin(Bl) «(4.1)

where B = 2n/A is-the spatial phase shift factor.

The input impedance of the unioaded antenna, Z', " is then Z’; in parallel with the fres space
input impedance of the first dipole, Z;,
g hZs

e = Z +Z' ' -(4.2)

The analysis reduced to transmission line and circuit theory since the free space dipole
impedances were available. The series and parallel resistors, R, and R, respectively, were

- then added at the feedpoint to reduce VSWR 1o a target value, Austin and Fourie (1988)

showed how the parallel and series feed point resistors may be best selected. Large capacitive
or inductive reactance however arc only marginally affected by the paraliel resistor and not at
il by the series resistor.

The input mpofance of the resistively loaded antenna, Z.., is easily determined from normal
circuit Lhec?v/ 10 be:

R,-(Z'u+R,)

Zu.=R,in paralle! with (Z°+R,) = R,+Z e +R,

“The efficiency of the feedpoint network was found by calculating the input power, the power
dissipated in the resistor netwsik snd powdr radiated by the antenna using circuit theory pres-
ented in section 3,1.4. The only difference is that 2°,,, for this case is the input impedance of
the unioaded DTD configuration rather than the normal unloaded fan dipole impedance used
before. " r
4.1.2 Design method to obtain novel antennsa -
The impedance and efficiency of the DTD for one frequency are obtained by using one trans-
migsion line conversion and solving the circuit equations. This theory provided & very fast
method to obtain the performance of 8 DTD over the full frequency band. For instance only
16 szconds is required to do & frequency sweep from 2 to 30 MHz at 1 MHz intervals using a

PC AT personal computer running at 8 MHz, NEC2 oa the same machme Tequires approxi-
mately 25 hours 10 do such & simulation.
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The theory also suggests reasons for specific behaviour since the performance muy be refated
back to the input impedance of the two dipoles and the length of transmission line. The DTD
theory presented here therefore solves the two major problems mentioned at the beginning of
this thesis, Absolute accuracy naturally suffered as Tesuit of the approximations but are suffi-
cient for initial design optimization, Impedance values with average errors which are less
than 25% of the system impedance are generally acceptable for most design purposes.

An exhaustive search of all possible parameters was performed to obtain ac optimized ver-
sion of the DTD for the 2 to 30 MHz band . The parameters of interest are ; and 1; the
lengths of dipole 1 and 2 respectively, the transmission line length, 1, and the characteristic
impedance of the line Z,. A range of values are chosen for each parameter and all possible
variations are analyzed and the average VSWR is recorded for each combination, The combi-
nation with the lowest average VSWR, and hence impedance variation, is then chosen. The
structure found in this way is assumed lossless (two dipoles and a transmission line) and
efficiency need not be considered at this stage. The ranges examined are given below:

};: 40m - 85m in Sm increments
1;: 40m - 85m in Sm increments
1:2m - 20 m in 3m increments
« Z,: 20002 - B00Q in 100£2 increments

The svaluation of all permutations of the parametars above called for almost 5000 full fre-
quency iterations which was perfarmed in one day using the DTD theory . The same nusmber
~==" of simuiations on NECZ would have required approximately 10 years on 8 PC AT computer!

The design is fine tuned after the first optimization by applying smaller parameter variations
about the optimum points.

The current distribution on the dipoles and the connecting transmission line are not changed
by the feed point resistors. The registors are thus omitied for optimization and afterwards
incorporated to achieve a target VSWR. The optimum values found during this design cycle
were:

I;: 48m
1;: 74m
I:1lm
Z,: 500Q

The values for Rp and Rs to achievs a VSWR of less than 2.5: 1 were as follows:
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R, 1200Q
R;:90Q

The design produced a VSWR of less than 2.5:1 relative to a system impedance of 3500, The

antenna therefore requires a 7:1 transformer before connection 1o a typical 50 Q feed line,
Such a wansformer is easily obtained using a toroidal core with a ri-filar transmission line
type transformer (Sevick, 1976). This transforrner normaily yields a 9:1 impedance trans-
fonmation ratio but in this instance one winding is tapped to achieve the rcquited' impedance.

A practical problem is the impiementation of the 5002 wansmission line, This problem is

solved by using a 758 line with a 7:1 impedance transformer at either end of the line as
shown in fig 4.2,

_;1_1 X .66 m of R&E-59 coaxis! cabla

L

Zo of 78 Ohm

71
Iy equivaient to :
- 1im -
Zo = (7 x 75) = 525 Qhm
BOOChmie gt

Fig 4.2 Practical method to obtain 2 50002 transmission Ene

The same wransformers as discussed above are used for this implementation. The transmission
line was coiled and firtad into a feed box of 25 em x 20 cma x 12 cm.,

4.1.3 Results for DTD antenns

The DTD antenna was analyzed using the fast DTD theory ac well as the NEC2 program.
Evaiuations were only done up to 24 MHz using the DTD theory since the fres space dipole
impedances for frequencies above 24 MHz are not readily available. The VSWR was also
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measured practically on 2 12 m mast. The two dipole wires were perpendicular to each other
in a drooping dipole configuration {wires sloping from the mast to the ground). All the results
presented below are tabulated in Appendix J,

The first set of results shows the effect of the simplifications made in the DTD theory formu-
- lation. The irput resistance and reactance of the DTD without the resistors is presented in
comparison 1o NEC2 results in figs. 4.3 and 4.4. The antenna was modelied as two wires
perpendicular to each other with 1 m vertical separation. The NEC2 wansmission line feature
(TL card in NEC2 card nomenclature) was used to connect the two central segments of each
dipote. Segmentation was adjusted over the frequency band to ensure more than ten segments
per wavelength throughout.

1

0.9 ©+  NEG2computed
08- ~—— DTD Theoty
a7
g'g 0.8 -
0.5 -
‘3 é « t F
@ = oA -
0.3 4 .
o .2 - + +
0.1 4
0 L) ] 1 ] i T | J— ] 4 r | 1 I I
0 4 8 12 18 20 24 28
Freduency in MHz o
DTON
Fig 4.3 'The resistance of an unloaded DTD obtained from the DTD theor} as well as
NEC2 simniation

The results indicate satisfactory correlation between NEC2 and the limited D’I'EI theory. The
effece of neglecting coupling between dipoles is not major 23 was argued in the previous sec-
tion. The average ervor in the real part of the input impedance i 4882 and 500 iy the reactive
part. This error is approximately 15 % when expressed relative 'o the system i:mpedancc of
35042 and it is apparent that trends are reproduced faithfully.

Fig, 4.5 shows the VSWR of the antenna as determined by the ﬁunple theory, NE'.L‘Z as well as
maasurement 12 m above a meal eartl.
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400 - + NEGC2 computed
300 ~— D7D Thgory

2004
£ ¢
S 1004
£ 0 : r} A * — v 4
* +
- V Y
g =100 4 . + -
& 2004 - .
, 300 -
~400 -
"5m L) ] ] i T T 1] 3 1) L) 13 I ] T
0 4 8 12 18 20 24 28
Frequancy in MHz
DT QN
Fig 4.4 The reactance of an unioaded DTD obtained from the DTD theory as well as
NEC?2 simulation
£
38 R
98 PTD Theory
3.4 1 . ® NEC2 Computed

0 s 8 12 18 20 4 2
: i Frequency in Mz
‘ DTV e
Fig 4X The VSWR af the DTD as determined by simplified theory, NEC2 as well as
measured results.
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The difference between the DTD theory and NEC2 results is on average less than 0.25 in
absolute units. The measurements show simiiar values and trends ag the theory but do not

 correlate well at low fiequencies. The differences were due to the effects of 2 real eartht which

is electrically close at low frequencies and the wires which were not mutually perpendicular
but:rather sioped downwards from the 12m centre mast The measured VSWR was overali
berter than that predicted by the theory,

Finally the efficiency performance of the antenna is shown in Fig 4.6. The cfﬁciency was

calculated from NEC2 impedances for the unloaded DTD using the equations in section
4.1.1. | -

T

| ' 12 . 18
N qum&yhﬁ-lz

Flg4.6'n|cem:!emy oftheDTDumlddatedﬁmNECz impqhneu

MamwﬁmmwnmﬂﬁmmnmmmvnImu 11% with the NEC
values consistently beiter than those predicied by the DTD theory. The radiation efficiency of
t!nsanwnnauvuwnﬁybenerthmm::mmt_ofthe2 30 MHz range. The minimum
efficiency of the DTD is higher than that of the Trename, Guertler and Collyer, Harris and
the optimized {an dipole antennas. The VSWR also remzains below 2.5:1 over the full band of
operation. The pexformance is better than the SLA antenna (Fourie and Austin, 1987) men-
tioned earfier. The PRR in fig 4.7 provides a composite illustration of the DTD brosdband
performance,
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4.2 The Losey | mission Line method
'I‘lwmr&mm ontheﬁnzlehadeddipohaexmnedinchaperwuahmm
hawdmlummntm:mmnmhmmmmﬁfmemmht-
mw&!mﬁsmnhgyuwﬁﬁugemﬂlumgnbehamwofﬁpahmm
' FINI lNBmdiW”mmms.l%ﬁ Maclean, 1973 ; Hall ‘and Maclean,
1971)Poggio wad Mayes, 1971 and the picacer of loaded wire antenaas, Alishiler, 1961,
0 relied on tiiis analogy in proposing his resistively Joaded monopole). Transmission line
Wuw@ﬂymmwmﬁmm Obvious difficuities in applying
tmnmﬂﬁummymﬁmhmmwtmdmmm
mputxmpedameof&.upenmmted,qmmvc line is clemrly not 73 + j 42
Qwhmhu&cimpedmofmeqﬂvﬂmthﬁfmdxpohsmmm rombined with
the considérable capabilities of the method of moments, have led most rescarchers to disre-
gard transmisgion line methods. Transmission Iiné’mtimdswlwmoﬂhepmblmasm—

ciated with the method of moments whick were pomted out before, namely:

»  Transmigsion line analytical tachmqucs retain the very important physical mhmm
governing the current distribution, The method of moments on the other hand is esser-
tally a "biack box" process thar produces numerical results, The cause of antenna
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“ behaviour is not apparent from the mathemstical model or from the ountptt. The val

of physical insight was demonstrated by the design of tﬁc SLA carlier and should not be
underestimated, :

«  The computer time Tequired to analyze an antenna using transmission ine theory will
be shown to be proportional to the antenna lengia, This time is in contrast to the method
of momcnts codes where compuier time is proportional to the second and third powers
of the number of wire segments. Computer time is clearly significant, since it ultimately
limits size of antennas and the number of design iterations. Long waiting times also
frustrate the design process.

Novel mcﬁaods of analyzing loaded dipoles using equivalent wansmission lines were dcvel~

oped. Results obtained were compared to published and NEC2 results. An examiple of an

improved broadband antenna designed using this technique is also briefly mentioned.
@ml\Vagi%s’Methods of Analyzing Loaded Dipcle Antennas

Nqust/ and Chen (196R) developed theory to analyze loaded antennas which was applicable
whenmwmngwwscmmdbetwunfwdand!md.m momywasusedtoulmﬂatcﬁw -

loads that are required to maintain. travelling wave behaviour. The analysis‘in the previous
chnpmimﬁcaﬁshbmmﬂ:httawlhﬂgmmoﬂyemﬂtmﬁaqmmbnm
six;aplc!-!?brﬁadbuﬂmmw 'i‘!nsthemytlmefmdnesnouendmelftotheanaimof
loaded broadband ante:.nas. Poggio and Mayes (1971) used transmission line theory in ana-
1ymghadadm}@bymglwungﬁmeffecuofndhnmmdchmkmm:mpndmwn-
ations, 'I'hemsimﬂh&ﬁcmousamresulwdinathmvwhxchlﬂu ates the principles
involved, but which is too crude for generalived nse. Altshulerd {1961) e:ﬁploycd transmission

Iine theory 1o obain approximate values for ihe resistive loads 1o be ded in biv'mesopole.

He never attempted £0 usc this theory to determine the behaviour of the antenna,

" Maclean (1973) used the biconical antenna theory developed by Schelkunoff (1941) to trans-

form the load impedance of a travelling wave dipole to the feedpaint, He then added the
msfmmedxmpedmmmemmnceduewmdmnon. which he determined using the

spproximate current distribution on the anteiwna. This techmquc is again only applicable at::

the one frequency where a travelling wave exists between the feedpoint and the foads,
Most probably, the most important wotk in this regard was done by Schelkunoff (1941, 1943

and 1952). He developed thé @ory for biconical antennas which has many transmission fine -

features. Schelkunoff (1941), in his historic article showed that an suienns could not be

regarded as a simple, lossy, W wire msnnss:on line, He concluded that (p 1188): “Thus

from a theory in which antennas are regarded a3 multiple transmission lines, we have
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obtained two restricted theories. In the first of these radiation appears as a terminal impe-

‘dance and in the second it appears as a distributed scries impedance. There is no incon-

sistency between these two views und both are valid provided they are suitably qualifi
Fourie (1988) examined bath approaches and found the one using distributed series resistance
to be most promising. The lossy line model developed by Fourie (1988) was quite simplistic
and produced poor results where a struciure incorporated complex loads, The method has
been further refine* as outlined in this section.

Extensive use has been made of the eory developed by Schelkunoff with the addition of an

incremental analysis, introduced here. This modification allows transmission line parameters
to vary with distance from the feed point instead of using average values throughout as. ﬂwas "

done previously (Schelkunoff, 1952 ; Maclean, 1973). This approach is practical using dic
computer power available toclay A lossy, non-uaiform line theory were also devcloped dur-
ing thig rescarch. This theory was developed by adapting a few of Schelkunofi’s aquauons
for line pararsetersiand obtaining others by numerical experiments.

'4.2.2 Review of Schelkunoff’s Theory

The anslogy between wransmission lines and conical dipole antdnnas is shown in fig 4.8.
Schelkunoff developed his theory by considering a lossiess b:cmucal transmission line snd
the effel iofndunonmlumpedmge:h@rmthemnmngmpedmce z. Z, thus com-

pﬂsesrealmlumgmarycomponem given by -
Z=R, +jx . -(H 3)
Schelkunoff (1952: p45)deﬁnedﬂwmaungimpndmmmnsofv transformed impe-

dance a quarter wavelength away fron the e.nrl. thus (using the quarter wave transformer
cquatwn) a N

el Lo .'_J.r
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: ﬁ
‘-{,,6:') Zo (constant)
: _Equlvalert transmission line

oyl

Fit; 4.8 Biconical dipole antenna with trancmission line equivalent

z ! |
Z.=-5: o -(4.4)
where '_ :
O - .
Z =R, +jX, a -(4.5) -
with R, and X, dﬁﬁmdbySmemdl

‘Cosme integrals az fnllows:
R, =—C-(2ﬂl)+ < 12G 2R - C..H{4ﬂf)] con2pl) +
2“[81(45‘) 201@&)] Sinaﬂ'l
. _N .
X =52 S(2pD —E[C,(ZBJ) ~2In2] sﬂ?n(zgz)
|
“an S(4pl)cos(2Bl)

and B =2x/). is the spatial phase shifgi'facﬁor.

The conical dipole has constant chanimcrisﬁc impedance:

£

i



Moy m 1201 2
Z,—Ein(cotz) 120 ln(a) |

with

~(4.6)

n=120r (Characteristic impedance of free space)

Hence ihe input impedance of this idealized d:pole is found using the well known Jossiess
transission line equation.

7=2,. Z,cos(B)Y + jZ, sm(BI)
Z, cos(Pl)y + jZ, sin(Bl) (4.7}

Schelkunoff did not consider the inclusion of loads in this structure but this could be done by

merely performing the transformation in steps. The principie is illustrated with the aid of fig

4. 'I'Improcudmms performed in two steps in the case of a single load per arm:

“ e Z, atlis first converted to Z°, at I, using the transmission line equation. Tlu:loadsarc
“ then added t0 2, to form a new terminating impedance Z”, as follows: o

2" =@xZ)+Z, ‘ | 48

o Z"t_'ismumdbyq;smnm:miuiouﬁmmnsfmﬁonusingl;wyieldtheinpm
W(IMI 1953) also adapted the theory of conical dipoles to one for cylindrical

drpohsbymhn;theuampnmmuz. dounocchmgemrap:dlymmpmum.&n
amnlm&ﬂnchmmncmedam Z,.,iausedforthzsm
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Fig 4.9 Modification to SchelkunofPs theory to include » swgle ioaq! in each coniml
flipole arm -

z. = uo.[n{ %)_1]- | (4.9)

where the cipole haif length is / and the radius is a.
A good approximation to the input inupedance is given by:

Z=RAJX, | -(4,10)
where: | :
A -(4.11)
- Ry= B & :

A =2,GlZ., +N sin(2B1) ~M cos2BN)

B = Gcos @) +[{Z,, + M) sin(Bl) + (F + N)cosBI))
._ b T
. C . i
Xi=""D"‘ .
% ‘L "
C= 27rn (G=+F=+M’ N*- z,superz)m(zamm«* 2.

D = o (@l) + [(Z,, + M) sin(Bl) + (F +N)cos(B
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with:
G = 60{C +In(2B!) - C2BN] + 30{C + 2C(2B1) + C{4BN 1 cos(2Bl;
+30[S,(4B1) ~ 2S,(2P1)] sin(2pl)
F = 60S,(2p0) + 30[C,(4P2) - In L ~ C sin(2p!) - 30S,(4PD} cos(2P1)
M = 60[1(2B1) — GBI+ C — 1 +cos(2B)]
N = 60[S{2B!) ~ sin(2BD)]

and:
C=05772 {Euler’s constant)

The above equation for ¢ylinrical dipoles is not as convenient as the one for the conical
dipole, since the transmission line equation is "hidden" in the manipulation indicated above.
Modifying it to accommodate loads is hence not easy.

4.2.3 Development of the Lossy Transmission Line Method

The loaded dipoles of interest in practical situations are usunally cylindricsl, or may bc trans-
formed to equivalent cylindrical configurations.. Equivalent configurations already
éncountered are the two or three wire antenmas of Guaertler and Collyer (1973) and Harrig
(1982). More than one thin parallel wire sre used 10 emulate a single wire dipole (Clark and
Fourie, 1989) with a larger equivalent radius, The equivalent radius may therefore be used to
model such antennas as Joaded single wire dipoles.

. Scheliunoff derived the theory for cylindrical antennas using the conical dipole as the start-

ing point. This antenna is equivalent to & transmission line with constap: characteristic impe-
dance ‘The effect of radiation is clearly not accountsd for when tyeating the antenna as a

\‘/,

lossless transmission line. Schelkunoff lumped radiation effectd together in 2 terminal

impedance ‘connected o the intuitively open circuited line. Scheliunoff used average para-
meter values to derive his cylindricel dipole theory, since the transmission lize parameters for
a cylindrical dipole are not constant. The approach presented here rather treats the cylindrical
antenna as an incrementally conical antenna, The Z, chianges geadually with distance from the
feed. This local Z,{k) was used for small increments ajong the wire over which it is assumed
to be constant.

The rai:hanon effects are lumped into the resistive part of the terminaring impedance in the

Schelkimoff model. This approach is suitable for the evaluation of unloaded dipoles but not

" for loaged ones. The loads may prevent current from reaching the wire ends and heace creato

. ‘:_‘ﬁ
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the impression that the antenna does not radiate. Fourie {1988) showed that a lossless incre-
mentally conicy! line model produces less accurate results when compared to an unrefined
lossy line model.

Schelkunoff indicated that a dipole may be viewed as muitiple transmission lines with radi-
ation accounted for by introducing line Joss resistance. A novel method of doing so was
developed by using a non-uniform, lossy transmission line model (Fig 4.10).

. bt h+ hine
» h) o
K i N
' L
£ - Zo} | mxh)
o | Yo,
7 -
Ziie1) |—W
R 2 i Ah
-
: . brd gt
Fig 4.10 The noti-amiform lossy transmision line model of % dipole antenna of kength I =
2h

This mode! requires the general lossy transmission line equation 1o obtain a solution. The
equation that roust be achved for the general line segment, 1, of & line with N segments is:

Z(i + 1)+ Z,{iyranh[¥[)Ak]
Z,{i)+Z,( + 1)tanh{y(1)Ak]
Szafﬁng with Z,(N'+ 1) a8 an open circuit the equation was solved N times (fori = N .. 1) to
yield Z,(1) - the dipole input impedanck.
The line length was adjusted by A, to takc into account the fnngmg at the dipole end points,

The radiation that takes place is taken into account by thc senes res:stance, R’(k,h) incorpo-
rated into this transmission line model. This series resistance was postis nitated to be constant

Z) = ?.(r)[ 4.12)



with distance from the feed point while being a function of kh =2mh/A, that is the dipole
electrical length. The line series resistance, R'(k,h), therefore varies with line elecrical
length and by imiplication with frequengy,

Loads are taking into account by adding them to the intermediate impedance at the scgment
in which they occur. A load Z; in segment k will miodify Z;(k) to become:

The value of the variable characteristic impedance, Z,(i), is calculated from first principles to
"
be:

. 7D |
%) = \/?’{5 4.14)

Similarly the propagation coefficient, i), is given by:
W) = ZOr®
5 -(4.15)
with series impedance per unit lcngth Z’(L) and paraliel admittance per unit length Y'(i),
givenby: -
Z{l) = R(ER)+jl'(D) T im -
Y'i) = joC'() Sim

azsuming cross conductance G to be zero.

o - wu{uw] tm I

w2
(& {z) p"L'(i) Fim

Valugs for R*(k,h) as well 2s for k;,, ere required to use the lossy line theory. Tisese pars-

\ nwrnm were determined by numerical experiment (Fourie, 1989a) for different thickness
dlplnlas using the reputable ng—llum%n {1969} data as bench mark,

_ . J
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The numerical dstermination was done by iteratively applying the lossy line theory to a spe-
cific dipole ﬁsing an initial guess for both parameters. These starting values were then refined
by comparing the result with the King-Harrison result for the same thickness dipole. The
process was carried out for all the &2 values of interest and for different thickness dipoles.
The numerical experiment was only performed once and the values stored in 2 look-up table,
Evaluations of loaded dipoles were then performed using these values, '

The values which were erupirically determined are plotted in figs 4,11 and 4.12,

=

i
. : Thickness facior; & 128 + 15 .« 175 & 20
H . . . | YR
E Fig .11 The R’(k,) values for different thickness dipoles

{LI..



h increase (%)

o
Thickness fa tor: = 125 + 15 ¢ 175 A 20

Fig 4.12 The h,,, values for different thickness dipoles

The R*(kk) results shown are for b =23.2 m and must be modified to the actual dipole half

length, A, in order to use it for different length antennas. The equation to do sa is:

R(k,h), = R'(koh) - 23.2h " -(4.16)

The empirically determined parameters are not perfectly smooth. The small fluctuations were
due to the fact that the input impedance is not very sensitivc to changes in either R'{k, k) or
h;,, 81 specific frequencies. The iterative process hence found an acceptable value while still
using large increments. Refining the vaiues to produce a smooth curve will thus have a
negligible effect on the accuracy. Smoothing these curves using digital filtering techniques
will certainly improve their better appearance without adversely affecting the results,

The current disiribution can be calcuiated on a segment by segment basis once the line para-

tneters are known for a non-uniform line . The current distribution allows for the efficiency to
be calculated if all losses are assurned to occur in the lumped loads. '

'The current at a distance, x, from the generator on a lossy transmission line of length, 7, and
termminated in a load, Z, , is given by the equation:

Zycosh{y(! —x)) +Z, sinh(y(! ~x)) O «{4a7)
Zycosh(yl)+Z sinh(yl) -

I(x)=I(0)[
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The current at the feed, I(0), was taken for convenience to be 1 A. The current at any point, i,

on the line is found by successively applying the equation to each incremental piece of
transmission line with:

I=x=Ak
which yields:

I)Z(0) -(4.18)
Zyfi)cosh(y(i)ah) + Z(i + 1) sinh(y(i)Ah)

The input impedance, Z;, is obtained using equation 4.12 as before, The complete current

IG+1)=

distribution is known after this equation has been applied to all segments 1 to N . The
efficicncy is then simply obtained by calculating the input power, P,,, and the power
dissipated in } ‘pads P,. The variable k corresponds to the segment number where the load
occurs and M is the total number of loads.

R, | IO)F . -(4.19)
Pa==3—

The power lost in all the loads must be added to yield the total ohmic loss P,

" -(4.20
Pu= T 2XR0) I @2

where k is the segment coataining a load  Z, (k) =R (k)+jX,(k) in each wire, The
 efficiency, 7 , is then given by the equation:

9 (PP} | “aan)

=r o .

Skin effect losses due 10 finite conductivity of the dipole elements. may also be taken into
account by modeiling these losses using discrete Joads at every segment. The tesults pres-
ented in this thesis assumed perfect conductors however.

4.2.4 Resuits of Lossy Line method

“The vltimate aim of the Lossy Line method presented sbove is the analysis of losded dipole
antennas. Results are first shown for an unloaded dipole antenna to indicate the match
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beiween results obtained using the lossy line method and the King-Harrison (1969) resulis,
These results serve 1o validate the empirical method of obtaining the R*(k 4) and k. para-
meters.

The method was ultimatéty intended for ihe design und evaluation of loaded dipole antennas
and a few examples of these antennas are also evaluated and resnlts compared to measured,
published or NEC2 resuits.

Unloaded dipoles

Impedance values of a dipole with thickness factor, £2=2. m(zma) 15 are shown in figs
4.13 and 4.14 below in comparison to the autheritative King-Flarrison results o indicate the
accuracy of results for unloaded dipoles, Tabulated results are available in Appendix K.

. 28
24~

. 14 18 _ 30

2 Frquency (MHz)

s King-Harison + LossyLine F——

Figd IJ The resistance of & dipole with thickness factor of 15 as defermined by the
F Lossy Line method compmd to King-Harrison results

i
5

Good corqtlauon exists bétween the Ies..yime method and the King-Harrison values over a
large frequnncy band. The King-Harrison rzsults were used in the empirical determinations of
the paramiters for the Lossy Line method. The results above therefore merely indicate the
validity of the iterative computational experiment. Results ubtained for the loaded dipoles are
a suitable i‘bm for the technique.

!
I

H
b
i
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Reactance (Ohms)
{Thotisands)

18 20
Fraquancy {MHz) '
" King-‘ll_-iarr‘moa + . Losayline

Fig 4.14 The reactance of a dipale with thickness factor of 15 as determined by the
b Lossy Line method compared to King-Harrison results ' )

_ The Altshuler dipole v

The well known Altshuler (1961) typc antenna mentioned before in this mws was next con-
sidered. This antenna was scaled o # total length of46m,1;wath 330 Q Toads placed 135 m
ﬁmnthefeedushownmﬁg-lls.'rhcmdmsw«s alsoscaledtoensumthatuhmkneu
factor of 12.5 was maintained. S :

. 'The input impedance and efficiency resul;s fc-;: this antenna are shown in figs 4.16, 4.17 and
4.18 thh NECZ results included for compmaon.;"‘abulmd results appear in Appendix L.

u
[y
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Fig 4.15 Alishuler {ype antenna used for tests
1
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Fig 4.16 Input rw&staneerp” thaﬂdshu!er type antenna in cnmpansan to NEE2 results
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Fig 4.24 The Efficiency of the multi-load antenna in comparison to Nﬁ'.(.‘.z results

The average difference in the VSWR resalts when compared fo the NEC2 resuits is 0.29. The
average cifference in the efficisncy results is 11% with the NEC2 where the NEC2 results
show a overall higher efficiency than that predicted by the lossy line theory. The results indi-

'y
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Q Fig 4.17 Input reactance of the Altshuler fype antenna in comparison to NEC2 result:
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Fig 4.18 Efficiency of the Altshuler type antenna in comparison t¢ NEC2 results
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The Lossy Line results are clearly sufficiently accurate for the design of this type of antenna,
The averags error in the input resistance is 2682 and in input reactance the average error is
40€2. Tt is especially encouraging to note that the efficiency results agree within 7% on aver-
age to those obtained using the NEC2 program, This correlation indicate that the Lossy Line
method succeeds reasonably well in approximating the current distribution on the wire. The
thrust of the research was towards control of current distribution to obtain bandwidth, The
Lossy Line method is hence a useful tool to evaluate such attempts.

The Guertler and Collyer antenna

A pievious attempt at a lossy line model (Fourie, 1988) produced inaccurate results as soon

as reactive loads were included in 2 structare. The new model should hence be tested using an

antenna employing reactive loads. The Guertler and Collyer (1973) dipole employs a paraliel

inductor and resistur network. This antenna comprises rwo parallel wires per dipole arm (see
. Fig _3.6) but may be treated as a single dipole with equivalent radius of:

,(2 232] _
a, = 0001 =009 m

The pietformanou of this simplified dipole was evaluated using the Lossy Line method as well
as NEC2. The input mpgdunce and efficiency resulty are compared in figs 4.19, 420 and

421, F’hcse mm!ts are aido tabuiated in Appendix M,
{

1 . s
" 084 — NEG2

o 0.8 4 . Losby linee

2 8 10 4 18 22 28 30
‘ "~ Freguency in MHz
: AUTATLLALAMNT

. Fig 4,19 Lossy Line and NEC2 inplut resistance of the Guertler and Coliyer antenna |
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Fig 4.20 Lossy Line and NEC2 input reactance of the Guertler and Collyzr antenna
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Fig 4.21 Lossy Line and NEC2 efficiency results for the Guertler and Collyer antenna

The average error in the input resistance when compared to NEC2 is 53Q2 and the average

error in the reactive part is 110€L The average error in the reactive part is numerically large
but in this case slightly misieading because wends are faithfully reproduced regardless of the
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occasional iarge difference in absolute values. The average difference in the efficiency results
when compared to the NEC2 values is 7% which is quite acceptable The results confirm the
suitability of the Lossy Line method for design purposes. NEC2 evaluation required approxi-
mately 3 hours on an § MHz IBM AT computer whereas the Lossy Line resulis were
obiained in approximately two minutzs on the same machine.

The multi-load dipele of Clark and Givati

A more complex geometry is the multi-ioad dipole in Fig 4.22 (Clark and Fourie, 1989). This
antenna was designed by Clark and Givati (1987) using a more primitive form of the lossy
" line theory (Fourie, 1988). The antenna was analyzed as a single thick dipole in accordance
with the thick wire emulation theory discussed before. For the wire spacing shown an eguiv-
alent radius of 0.13 m is appropriate.

Fead-bax with 7:1
Balun Transformer
{50 Ohm Fead}
2214m 24.50m 27.43m 50.36m 43,75
~ > > - -
- { T 3
Zy Z, Zy Zy
&
Z Z L1
S s fiH "
Symmety Plane R
‘ Z, - WA
Ao 0 zé czl szi

Fig 4.22 A multi-load antenna used to evaluate the Lossy Line method.

VSWR and efficiency results for this antenna is shown in figs 4.23 and 4.24__with tabulated
results available in Appepdix N.
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cate the lossy line mode! to be successful for initial evaluation and design. Eﬁidiency resuits
give an indication of the accuracy of the current diswibution obtained using the Lossy Line
miethod,

43 Summary of Performance of Simple HF Broatdband Antennas

© Chapters 3 and 4 introduced an assortment of HF broadband antennas. Popular geometries
were ¢btained from the literature and evaluated vsing NEC2 while others were designed dur-
ing the course of this research. Comparing the performance of the various designs at this
stage is useful to provide the reader with an overview of the current siaie g/f the art,

The antennas were categorized in terrns of structural aspects in order to simplify comparison.
The Trehame version was omitted due to iis inadequate performance whereas the Harris
antenna was similarly ignored since itds more complex than other versions. The Guertler and
Collyer dipole is of structurally similar 10 the SLA and muiti-load antenna, The antennas are
cmnparad in terins of NEC2 pred.xcted VSWR, efficiency and PRR performance in figs 4 25,
4 26 and 4.27 respectively.

4 p— : ”
1,38 Guortier & Coltyer
384 ,; : '
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Fig4.2% VSWR cﬁmpari.son between SLA and Guertler and Collyer desj]gns

>

@

que-lﬁ?-

=,

oy

i}

ra



0.9 4 |
- .8~
074
0.8 1

Guertler & Collyar

.5

Etficlency

0.4 -
0.3 -
02
01+

\1.

12 18
“uency in MH2
COUPOSOR OUF

Fig 4.26 Efficiency ppmparlson between: SLA, Guertler and Collyer and multi-load
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The SLA shows considerable improvement in terms of all parameters when compared to the
Guertler and Collyer designs. The VSWR performance of the multi-ioad antenna which was
designed using the Lossy Line method is slightly better than the SLA. The multi-load amenna
employs 16 loads and are therefore more complex and expensgive, The choice between these
two antennas is arguable and the specific application will determine the final preference.

The DTD antenna is structurally very similar to the optimized resistively loaded fan dipole.
These two antennas are therefore compared in the graphs below. (Figs 4.28, 4.29 and 4.30)

4
3.8 4
3.8 ]
a4d Resistivaly laded fan dipols
3.2 4

34
28
28

n

>
1

1 1 T L A ] ] L . ki E 1 1 Lil K3 ] o
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Fig 4.28 Comparison of VSWR performance of DTD and the optimized fan dipole ver-
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The graphs indicate a vastly superior perfermance by the DTD antenna in comparison to the
fan dipole. The DTD performance is remarkable, since it employs only two dipoles as com-
pared to the three of the optimized fan dipole. The feed point circuitry of the DTD is more
complex however. The performance of the DTD antenna compares favourably with the more
complex SLA and maulti-load versions.

44 Summary

A generalized novel geomeiry employing two different length dipoles connected by a trans-
mission line was presented in the first section. Theory to evaluate versions of the DTD
antenna was developed. The computation required to evaluate the antenna was greatly
sinplified by omitting the effect of mutual coupling. The equations were implemented on 2
IBM personal compu:cr which produced resuits within seconds. Comparison between the
DT and NEC2 results showed that the mutual coupling between fan dipoles does not affect
results markedly, '

An exercise was underiaken 10 optimize # DTD antenna for 2 to 30 Mz operation. The
optimized version was evaluated using NEC2 and measuroments were also performed on 2
DTD prototype. The performance of the antenna is noteworthy when considering its struc-

stural simplicity. Efficiency performance was better than 45 percent while VSWR never

exceeded 2.5:1.

The exploitation of the analogy between iransmission lines and dipole antennas resulted in a
suitable method for fast analysis of loaded dipole antennas. The computer time required to
obtain & solution is proportional to the nurnber of segments the wire is divided into, About 6
segments per wavelength of dipole producx converged results for the"most cases. The speed
compared favourably with method of moment codes where more segments per wavelength
are normally required and the processor time increases exponentially with the number of seg-

" ments. A NECZ evaluation of a loaded sntenna such as the ones considered here requires 5

hmmmevﬂmmumefmmgcwhwsthcmhmmthudmomphshesﬂmm
evaluation in about 1 minute on an IBM PC AT running at 10 MHz, Computer time iy clcaﬂy
significant for design and optimization purposes.

An important point to note regarding the run times stated above is that NEC?2 is a generat
method of moments code. The matrix formed when simulating dipole antennas is Toeplitz
and such a thatrix enables more rapid analysis. The matrix fill time in thiz case is proportional
to the dipole electrical length. The matrix inversion time is however proportional 10 the

dipole kength multiplied by the natural logarithm of the length. The calculation of elements in i

2 method of moments program is tﬁ?nsidmably maore complex than the operations performed

4

r:i
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in the lossy line analysis. Such a specialized method of moments code would thus ultimately
be slower than the lossy line method for electrically long antennas. The lossy line program
has also not been numerically optimized and scope exist to increase the execution speed con-
siderably.

The lossy line method exploits the mechanism of operation of dipole antennas which behave
qualitatively like loaded transmission lines. The fact that a trantmission line model is suc-
cessfully employed conveys the imp_oi'tant antenna mechanisms to the designer, These mech-
anisms may then be mrnipulated to achieve the desired performance as was demonstrated
with the design of’ the multi-load antenna presented above,

A number of broadband geometries were considered in this thesis. An overview of the com-
parative performance of novel and known designs was hence provided in section 4.3 to gather
ali the loose ends, The SLA was shown to exhibix superior overall performance when
compared to the Guertler and Coliyer design. The more complex multi-load antenna of Clark
and Giveti (1987), developed using the lossy line method, showed siightly tmpmvcd per-
fmmm in comparison to the SLA.

The D’I‘D antenna emiploys novel feed point cxrcmuy The pesformance of the DTD was
much better than that of the optmnzed muvely__,loaded fan: dipole. The DTD antenna per-
formance is coparable to that of the multi-load and SLA antennas whils these antennag are
structurally more conplex. It is fronic .t the most mundane analytical technique produced
the best overall sntenns. The power of simple, fast analytical techaiques for antenna design
was amply demonstrated by the DTD design. The speed of the DTD method literally allowed
mexhausﬁwoptinﬁnﬁonmbe-puiprmedmapemnﬂcompum.%eloasyﬁncmcth&d-
in irself orders of magnitude faster than the method of moments - was still too slow for this
. . | o

The next chapter provides the radistion patiecns of these anteanas in terms of directive gain.
Directive gain does not take the antenng PRR into account and pattern values must be multi-
- phied by the PRR to obtain the full picture. The radiation patterns should hence be evaluated
in conjunction with the PRR values in figs 4.27 ar.d 420 when assesging the value of a
specific anteuna,
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5 RADIATION PATTERNS OF SIMPLE BROADBAND HF ANTENNAS

‘The radiation patterns for the antennas enalyzed in Chapters 3 and 4 are preseated in this
cirapter. The typical radiation patterns which may be expected from simple dipole and loaded
dipole aniennas were discussed in Chapter 2, The problems associated with representing three
dimensional patterns using different pattern cuts were illustrated. The conclusion was that the
elevation plens radiation patterns of resonant and Ioaded dipoles are generally suitable for
short distance communications (0 - 1000 km) while the azimuth patterns will provide omnidi-
rectional Goverage for frequenciss below 10 MHz. Both the elevation and the azimuth pat-
terns showed, larger variations when frequency is increased to 20 and 30 MHz, Thisledtoa
decision to concentrate on the antenaa input characteristics (impedance, VSWR and
efficiency) rather than radiation patterns during the design phase for the following reasons:

.. The elevation plane radiation patterns of sirﬁpl_c wire antennas were shown fo be
mainty aifecied by the mounting height above ground

. The azimuth radiation patterns of simple dipole antennas in an inverted-v configur-

ation were shown to be almost omnidigrtional at low frequencies (2 - 10 MHz), At

J higher frequencies dipole antennas; ,uil #2 nef exhibit any specific dirertional
charactcnsucs but variations in azimuth ; n "";m observed.

» 'The siinple nature of these antennas in generalproduce radiation patterny which are a

suitable campm:mse for short distance HF copmunications. More suitable radiation -

patterns across the frequency band mq'ure an mcrcase in aatenna complexity which
. conflicts with the intended purpose of these antengs.

5 1 Radxatmn paitern generation, evaluation and presentation
; The NEC2 computed patterns obtained from the various antenras considsred prevmusly are
pz‘csented in this chapter. The aim of this chapter is not to perform detailed analysis of the
performance of the antennar in an HF environment. The patterns are rather presented and
evaluated in 1 quahtan*m fashizin in terms of their likely performence in an HF communica-
tions application. An assessment of their radiation pmem suitability can be mads based on
the following gnide lmes

*  The elevation pisnc patternis should cover take-off angles in thc r# « ¢ 30° to 90° to

sbtain communication over the intended 0 - 1000 ¥km range (Braun, 1982)

. The azimuth radiation pattern needs to-be omnidirectiona)l if full area coverage is to be
achieved. Ideally such omnidirectional characteristics need to be maintaived 3 the azi-
muth plane at all elevasion angles
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("nmphanec to these guide lines is an ideal and cxcepuons at certain frequencies will gen-
urally Aot render the antennas nseless but wﬂl mluce the probability of commumcauon tader

: somc conditions..

All antennas were evaluated with the feed point 12 m sbove an average ground, (fJ' {} 01 mS

36 = 10) usuy g the NEC2 Frosnel reflection approximation. ‘The val:d.tty of this appmxlma-
non for antenna pattern was confirmed in Chapter 2. Antenna wites sloped down to ground
wuh the wire ends 2 m at.ove the ground plane uniess stated otherwise for any parucm&r
antenna. Antenna patierng are shows at 5 representative frequencms in the HE baud. Thfee
pattern cuts were obtame\h ateach frequency. "Thsse were:

« 7 O elevation cut nérpendxcular to the antenna axis (roferred to 2 : Pm-penmeular
nlevanon plane™).

e Anothm‘ elevntion cut along the antenrg axis ( rcfcmd toas: "Longmsdmal cievation

plana’) B 44 _
. An azimuth pla;nc patern at constant elevation angle, 6 =60° (take-off aagle of 30°)

The antennas were m%ll cases oriented with their major axis along the y-axis direction. The
perpendicular elevation plane patiern is hence done with constant &= 0° whereas the longi-
md:nalelemonplampamsar@pmfmnndfqu=90° iy

Aﬂmmwmsmmﬂdadinmofdm&mehemdmuminm&awdpowu

duewmm&eﬁekmyxsinmmaﬂya&mﬂzmdmﬁeud@nmmwﬂbwm
parison purely on directive |, _@mdmmms.’ihcmm:nmm
due to ohmic loss n the antensies concerned was presentpd in detsl in Chapters Sand 4,

52 Rgdla&&n patterns oH! ﬂ.e anten?as evalunted. N

S.2.1 Trohgstne antenns |
mmmm (e gStha&Wms)wuwﬂMmaImet
mththewireumpmgdo ’Jﬁmemmuﬂplmc Thathmepamm_mpm
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Amlisting Paktern

Fig quirehame anfenna : Elevation plane pattern cof perpendicular to
antenna axis. Directive gain for 2 MHz, § MHz and 10 Mz~

Ratiatisn Fattem

Flg 52 Treharne antenna : Elevation plane pattern cut along me antenna
sxis (fongitudinai cut). Directive gain for 2 MHz, 5 MHz and 10 MHz.

Take off angles of 90° down to 30° are typically required for short range communications (0 -
1000 ko) as discussed in Chapter 2. The low frequency perpendicular elevation plans
parterns (fig 5.1 and 5.2} produce a single main lohgvith nulls towards the horizon. The
complete elevation angle coverage requirement is not met by all the elevation plane patterns
at all frequencies. The elevation plane characteristics are however generslly suited to the
intended communications range. |

The low frequency azimuth plane patterns obtained at 2 constant take-off angle of 30° (fig
5.3) indicate general omnidirectiona! azimuth coversge a3 required.
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Fig 5.3 Treharne antenna : Azimuth pattern cut for 30 degree take-off
. angles. Directive gain for 2 ¥z, 5 MHz and 10 MHz,

The high frequency elevaiion plane patterns exhibit more lobes than in the low frequency
case for both perpendicular paiern cuts {figs 5.4 and 5.5). This charzcteristic is unavoidable
as shown in Cha urzmﬁuwmthemmbcmnthemmmdthcgmundplme
Reducing the sntenna height will reduce the lobes shown here but aatenna imapedance band-
width will suffer as result of the excessive coupling to the ground image. The main beam
 directions are however stil} suitable for most short range applications,

Rufintion Patiern

Fig 5.4 Treharne anienna : Elevation plane paitern cut perpendicular to
antenna axis. Directive gain for 20 MHz und 30 MHz,
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Nadint hn Fuktem

i .
Fig 5.5 Treharne antenna : Elevation plane paitern cut along the antenna
axis, Directive gain for 20 MHz and 30 Miiz,

The high frequency azimuth plane radiation patiem also indicate more variation (up to 10 dB)
as would be expected. Thess variations differ for azimuth plots at other take-off angles as is
suggested by the two perpendicular elsvation plane patterns presented. Some azimuth direc-
tions will hence be favoured when compated o others at the higher frequencies.

Aetiation Puttarn “a

s

W

¢]

Fig 5.6 Treharne ar.tenna ;: Azimuth pattern cut for 30 degree take-off
angles. Directive gain for 20 MHz xnd 30 MHz.

In general it is evident that this antenna produce acceptable radiation pattern characteristics at
\ low frequencies (2 - 10 MHz) with more patiern varfation at higher frequencies (20 and
£ ,
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30 MHz). The higher frequency range is of lesg importance in short range HF communica-
tions and the range of 2.5 MHz to 15 MHz was shown in Chapter 2 to be sufficient under
most conditions.

5.2.2 Guertler and Harris antennas

The Guertler and Harris antennas {sec figs 3.6 and 3.10 for dimensions) are similar excep: for
the different wire emuladon used in the Harrls antenna which does not affect radiation pat-
tern. The antenna was modelled on 2 12 m mast with the wives sloping dowa to 2 m above
the ground plane. The hree patiern cuts are presented in figs 5.7 to 5.9 for the low
frequencies and in figs 5.10 to 5.12 for the higher frequencies.

Rmiilation Fatiern

Fig 5.7 Guertler anlenna : Elevation plane pattern cut perpendicular to
antenna axis. Directive gain for 2 MMz, 5§ MHz and 10 MHz.
The low frequency elevation plane patterns (figs 5.7 and 5.8) are once agein suitable for short
range HF communications since good illurnination of take-off angles between 30 ° and 90° is
obtained. The low frequency azimuth plane radiation patterns are approximately omnidirec-
tional (g 5.9). |
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Aadiatlen Pattern

Fig 5.8 Guertler antenna ; Elevation plane pattern cut along the antenna axis
(fong’tudinal cut), Directive gain for 2 Miiz, § MHz and 10 MHz.

Ragifatisn Faltern

Fig 5.9 Guertler antenna : Azimuih pattern cut for 30 degree take-off angie};.
Directive gnin for 2 MHz, § MHz and 10 MHz, |

The high frequency clevation plane panems illuminate almost the entire hemisphere with
single nulls in all the parterns (fg 5.10 and 5.11). These nulls are due to interaction between
the antenna and the ground plane and can geaerally not be avoided except by lowering the
antenna with other detrimental consequences as discussed before. The high frequency azi-
muth radiation patterns (fig 5.12) are not directional but show larger variations in radiated
power compared 1o the lower frequency case, All azimuth radiation patterns are displayed at
take-off angles of 30° which coincides with a null in the perpendicular elevation plane
pattern. This produces quite a sharp null at $=0° and 180” in the high frequency azimuth
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paitern, This coincidence exaggerates the variation in the azimuth radiation pattern at some
frequencies and once again illustrates the problems associated with representing the patterns
of these antennas using selected two dimensional cuts.

Maslintion Patiarm

o

Fig 5.10 Guertler antenna : Elevation plane pattern cut perpendicular to .
antenna axis. Directive gain for 20 MHz and 30 Mz,

L
fadistian Pt ey

Fig 5,11 Guerﬂéz' }r','intama : Elevation plane paftern cut along the antenna
ayis, Directive gain for 20 MHz and 30 MHz

The antenna is hence quite suited for tacticzl short range HF communications at frequencies
up to 10 MHz. The behaviour at 20 and 30 MHz is these frequencies are of little importance
as was shown before (see 2.2).
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Radiation Pattern

Fig 5.12 Guertler antenna : Azimuth pattern cui for 30 degree take-off
angles. Directive gain for 20 MHz and 30 MHz

5.2.3 Fan dipole antenna

The fan dipule (see fig 3.14 for dimensions) was modelled with all the wire co-planar on a
12 m mast. The wires slope to ground with the wire ends of the two longer dipoles at 2 m
height. The shortest dipole siopes to ground with the wire end reaching 5 m height Jdue to
practical constraints. The Iow frequency elevation plene patterns and azimuth plane §attern
are shown in figs 5.13 to 5.15. The high frequency patterns are similarly shown in figs 5.16 1o
5.18 :

Fig 5.13 Fan dipole : Llevation plane paitern cut perpendicular to anfenna
axis, Direitive gain for 3 MHz, 5 Miz and 10 MHz,
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Amdiation Fattam

Fig 5.14 Fan dipole : Elevs.tion plane pattern cut along the anfenna axis
(longitudinal cut). Directive gain for 3 MHz, 5§ MHz and 10 MHz,

The low frequency elevation plane pattemns (fig 5.13 and 5.14) once again exhibit characteris-
tics suitable for the intended HF communications application. The only possible problem is a
reduction in radiated power towards the zenith at 10 MHz which will adversely affect
performance for very short ranges. The low freguency azimuth plane performance (fig 5.15)
is omnidirectional and ideally suited for communication in all directions as required.

* Mediakson Fettorn

Fig 5.15 Fan dipole : Azimuth pattern cut for 30 degree take-off angles.
Directive gain for 2 MHz, 5 MHz and 19 MHz.

The high frequency levation plane patterns (figs 5.16 anc \.17) show very sharp nulis for "
take-off angles berween 30° and 50 ° which may present problems when the required range
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dictates the use of such take of angles. The high frequency azirouth plane patiern (fig 5.18)
once again show some variations but the study presented in 2.2 indicated these o be
unimportant under m wosphezic conditions.

Rxilation Fettern

Fig 5.16 Fan dipole : Elevation ptane pattern cut perpendicular fo antenna
axis. Directive gain for 20 M¥z and 30 MHz

" mmaistion Fattam

Fig 5.17 Fan dipole : Elevation plane pattern cut along the antenna axis.
Directive gain for 20 MKz and 30 MKz,

The relative increase in elevation pattern variation when compared to the travelling wave
" antennas considered before are due to two factors:

. The antenna consist of resonant dipoles which support standing waves. This generally
produce more pattern variations when compared with antennas carrying mainly tra-
veiling waves.
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. The anienna phase centre depends on wkich dipole is responsible for most of the radi-
ation at a specific frequency resulting in more uncertainty on the effect of the ground
on this antenna’s performance.

fadiation Fattern

F‘g 5.18 Fan dipole : Azimyth pattern cut for 30 degree take-off angles.
Directive gain for 20 MHz and 30 Milz.

524 Staggered load antenna (SLA)

The SLA was modelled with the two wires paraliel (see ﬁg 3.20) with the centre point on a
12 m mast and the wires sloping to a final height of 2 m from the ground. The low frequency
elevation plane and azimuth plane patterns are shown in figs 5.19 to 5.21 with the high fre-
' quency patterns shown in figs 5.22 to 5.24.

The low frequency elevation pattern plots (figs 5.19 and 5.20) indicate that the antenna
generally provides suitable illumination for the required application. The only exception is a
slight reduction in zenith illumination at 10 MHz in both cases. The low frequency azimuth
radiation patterns (fig 5.21) are omnidirectional as expected.
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Fig 5.19 Staggered loads antenna (SLA) : Elevation plane pattern cut perpen-
dicular to antenna axis. Directive gain for lowest frequency, 5 MHz and
' 10 MHz,

Aadiation Pattern

-----

Fig 5.20 Staggered loads antenna (SLA) : Elevation plane paitern cut glong
the antenna axis (longitudinal cut). Directive gain for lowest frequency,
$ MHz and 10 MHz,

The high frequency perpendicular elevation plane pattern (fig 5.22) is ideally suited for the
required ranges at 20 MHz whereas the 30 MHz pattern produnes a general reduction in
power for lower take-off angles. Operation at frequencies appro.. - . 1g 30 3{Hz is unlikely for
short rangs cormmunications as shown before (section 2.2).
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Fig 5.23 Staggered loads antenna (SLA) : Efevation plane pattern cut along
thn antenna axis, Directive gain for 20 MHz and 30 MHz,

- This anicona woa'f‘ be a spitshle compmsc between structural simplicity and clectrical
pafmmr}h{ i range tactical 5% communications. The pattern variations associated
ﬁmmm@m@ewmmammwﬂwmofmmmWM&
but these frequencies are seldom used (see section 2.2). ’Ihexmpmvedcfﬁmcncyofﬂus
: anmmwhcnmpﬂ:dwmmmuamm&dmﬂdhchptmmm&mﬂmmnm
mﬁec*cdmmedmnwgunofﬂaemmmwdhmmdmdmmathcwemﬂ

el "‘]

Fig 5.24 Staggered lotids antenna (SLA) Azimuth pattern cut for 30 degree
take-off angies. Directive gﬁn for 20 MHz and 30 MHz,
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Fig 5.19 Staggered loads antenna (SLA} : Elevation plane patiern cut perpen-
dicular to antenna axis. Directive gain for Jowest freguency, 5 MHz and
' 10 MHz,

Aadiation Pattern

Fig 5.20 Staggered loads antenna (SLA) ; Elevation plane patiern cut along
the antenna axis Jongitudinal cut), Directive gain for lowest frequency,
5 MHz and 10 MHz.

The high frequency perpendicular elevation plane patern {fig 5.22) is ideally suited for the
required ranges at 20 MHz whereas the 30 MHz pattern produses a general reduction in
power for lower take-off angles, Operation at frequencies appros - - 1g 30 ¥Hz is unlikely for
short range communications as shown before (section 2.2).
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Nadiation Pattern

Fig 5.21 Staggered loads antenna (SLA) : Azimuth patfern cut for 30 degree
take-off angles. Directive gain for 2 MHz, 5 MHz and 10 MHz, -

Note the slight asymroetry in the 30 MHz perpendicular elevation plane pattern shown i fig
5.22 due to the unsymmetrical loading incorporated in the antenna. This anomaly is only
evident at the highest frequency and even then is not wery significant, The longitudinal
elevation plane pattern (fig 5.23) produce strong variations at 20 end 30 MHz. The high
frequency azimuth plane patterns (fig 5.24) are ompidirectional with more variations when
compared to the lower frequency pattems. The antenna should provide reasonable coverage
in most directions even at the relatively unimportant higher frequencies.

Fuptintion Puiierm

Fig 8,22 Stagpgered Yoads antenna (SLA) ; Elevation plane pattern cut perpen-
dicnlar to antenna axis. Directive gain for 26 MHz and 30 MHz.

'R
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5.2.5 Multi-load an{ *na

The dimensions of the multi-load antenna were given in fig 4.22. This antenna was modelied
on a 12 m mast with the wires slouing to a final height of 2 m as in the other cases. The low
frequency elevation and azimuth plane patterns of this antenna are shown in figs 5.25 to 5.27
whiie the high frequency patterns are shown in figs 5.28 t0 5.30.

Aadintion Pattarm

Fig 5.25 Muiti-load antenna : Elevation plane pattern cut perpendicular to
antenna axis. Directive gain for 2 MHz, § MHz and 10 MHz, '

Radtiakien Pattyrn

Fig 5.26 Multi-loaa antenna : Elevation plane pattersn cut along the antenna
axis (longitudinal cut). Directive gain for 2 MHz, $ MHz and 10 MHz

. The low frequency elevation plane patterns (figs 5.25 and 5.26) indicate suitable illuminatior.
for 2 and § MHz with 3 reducton in power for take-off angles around 60°. This reduction

-2

Puge-128-



will affect the performance of the antenna over short ranges in this frequency range when
using single F2-layer hop propagation. The low frequency azimuth plane radiation patterns
(fig 5.27) ave omnidirectional and hence quite suitabie,

Badinti sy Fatieny

Fig 5.27 Multi-load antenna : Arimith pattern cut for 30 degree take-off
angles. Directive gninfar 2 MHz, $ MHz and 16 MHz.

" The high frequency elevation plane patterm (figs 5.28 and 5.29) exhibit large visamions,

especielly at 30 MHz, This undesirable characteristic does not often affect short range
communications, since the upper frequencizs are almost never required as stated in 2.2, The
high frequency azimuth plane pattems (fig 5.30) produce radiation in all directions with some
varistion - ﬁwwmumbmngﬂmappmximlyudnmducnmatmm{zpm icular
mtbemwnnaads 7
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Fig 5.28 Muiti-load arienna : Elevation plane pattern cut perpendicutar o
antenna axis. Directive gain for 20 MHz and 30 MHz. '

i
m;-tmi ktarmn

]

¥Fig 5.29 Muiti-lcad antenc:a : Elevation , ane pattern cut sinng the antenna
axis. Directive gain for 20 MHzand 30 MH:
The performance of this anwnna would again be similar to the ones previously considered in
terms of ity directive characteristics. The excelient efficiency and VSWR characteristics of
this antennia, which are not taken into account in the directivity, should however be born iy
mind (see Chap 4). "
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Fig 5.30 Multi-load antetina ; Azimuth pattern cot for 30 degree take-off
angles, Directive gain for 20 MHz and 30 Milz,

' 5.2.6 Dipole-Transmission line-Dipole (DTD) antenna. f
The DTD antenna (sce fig 4.1) was mounted on & 12 m centre mast with the iwo dipoles per- |
pendicular to each other, The dipoles sloped to a final height of 2 m above gtound as in previ-
ous cases, The longest dipole was aligned with the y-axis which implies that the
perpendicular and longitudinal elevation plane hattern cuts are referenced to the longer
dipole. The low frequency radistion pagterns of this antenna are shown in figs 5.31 to0 5.33,
wmmemghﬁequemypamamhownmﬁ&smmas o

muu‘%‘ m&r—

Fig 5.31 DTD antenna : Elevation plane paitern cut perpendicular to longest
dipole (74 m) of crossed configuration, Directive gain for 2 MHz, 5§ MHz and
10 MHz
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. Fig 532 DTD antenna : Elevation piane pattern cut along longest dipole (74
11) of crossed configuration (longitudinal cut), Lirective gain for 2 MHz,
5 MHz and 10 MHz,

The low f:quuency elevation plane patterns (figs 5.31 and 5.32) are similar to that of the other

antennag considered except fur the fairly pronounced lobes in the 10 MHz case, The réduc-
tion in power radiated at take-off angles of 70° in directions perpendicular to the antenna (fig
5.31) may degrade coimmunications for ranges where this direction and take-off angle are
required. The variations in the longitudinal clevation plenc patrem (fig 5.32) are less sever
and should riot cause major problems. These elevaiion plane patterns differ from the ones
considered previously in that the dipoles themselves are perpendicular to each other and the
radintion pattern is influenced by the dominant dipole a2 any particular frequency.

Q T
Fig 5.33 DTD antenna : Azimuth pattern cut for 30 degree take-off angles.
Directive gain for 2 MHz, § MHz and 10 MHz,
o
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The low frequency azimuth plane radiation pattems are reasonably omnidirectional with
small variations in power levels. The patierns seem asymmetrical at first glance but are m
fact syrametrical about the line ¢ = 135° and ¢ = -45°,

The high frequency elevation plane perpendicular t. the longest dipole (fig 5.34) indicate a
severe reduction in radizted power for angles close to the zenith at 20 MHz, This is not a
major probliem, since ths rar¢ occasions requiring such high frequencies will call for low
take-off angies as discussed in section 2.2. The 30 MHz perpendicular elevation plane pattern
is surprisingly omnidirectional with only small variations. The elevation plane parterns along
the longest dipole for high frequenciss (fig 5.35) produce a good approximation to the
required performance. The patterns show very abmpt variations with angle but no deep nulls
are produced. The high frequency azimuth plane radiation patterns (fig 5.36) indicate that the
radiated power is generally higher perpendicular to the shortest dipole. The overall directivity
is however quite suitable for omnidirectional coverage.

Tecdiatkion Fettern

Fig 534 DTD antenna : Elevmanplmepatte*nuupermdlcm:rtolongut
dipole (74 m) of crossed eonﬂgm‘aﬁon.
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Fig 5.35 DTD antenna : Elevation plane pattern cut along the longest dipole
{74 m) of crossed configuration.

The vast improvement in this anienna efficiency and VSWR performance when compared to
the pliysically more complex fan dipole should be borne in mind when assessing the overail
value of this entenna (see Chap. 4). The radiation patiern performance of the antenna is quite
similar to most of the other antennas evaluated and this antenna presents a very atiractve
solution when the overall simplicity and PRR performance are taken into account.

Manlintion Fatiern

Fig 5.36 DTD antenna : Azimuth pattern cut for 30 degree take-off angles.
" Dirertive gain for 20 MHz and 30 MHz.

5.3 Conclusion on radiation pattern performance

- The parterns presented in thiz chapter serve 1o reinforces the decision to negle.ct radiation pat-
tern performance during design and optimization of the antennas. The patterns for quite dif-
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ferent structures show very similar characteristics and it is clear that problem areas will be
difficult to solve withont resoriing to considerably more complex geometries. The following
conclusions can be drawn from the patterns presented;

. The low frequency radiation patiterns (lowest frequency to 10 MHz) are overall quite
suitable for short distance (0 - 1000 km), omnidirectional, tactical HF commurica-
_ tions.

. The elevation plane patterns of most antennas produce some radiated powcr variation
at higher frequencies over the elevation angles of interest. This characteristic is diffi-
cult 10 avoid, since it iy mostly due to antenna/ground interaction and cannot be
avoided while maintaining the simplicity of the structures. The frequencics where
most variations occur are also out of the range of 2.5 10 15 MHz normally required for
short distance HF links (see Chapter 2). i

. The high frequency azimuth plane radiation patiem also show some variation which
will present problems in certain directions and for specific runges. The patierns are
overall ot very directive and are suied for omnidirectional communications. The
same comment on high frequency performance applies to thi) conclusion.

. Thesimﬂummnfthemdiaﬁmpmemsofmsanma\bcmsidcmdindicmm

~ the best approach for improving the overall performance is by maximizing the radiated
power (PRR) as indicated earlier.

All sffbeana types considered in this thesis clearly involve a compromise between physical

simplicily and performance to obtain brosdband HF performance. The radiation pasterns of

these antennas are not ideal for the inteaded application, but present guite a good compromise
between performancs and structural simmplicity. Increasing the radistion efficiency, while

maintxining an acceptable VSWR, it clearly aneffect%vemthodforimpmvhgmmmll
performance of tactical anternnas. i
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6 CONCLUSION

The main theme of this thesis was to show how broadband performance depends on the cnz.-
trol of the current distribution on wires. The contention was made that the method of
moments often hides the processes governing curent distribution and ihereby impedes the
design process. Methods taking cognisance of the major factors which contro! the behaviour
of specific antennas provids resalts at the expense of generality and accuracy.

6.1 Summary of Findings and Conclusions

Practical applications for the findings of this study are mostly found in the HF field, Recent
developments in HF communications and normal HF related problems were mentioned in the
introductory chapter to substantiate this statement. Practical exampies of HF antennas were
hence of particular inierest and the research was primarily undertaken to satisfy needs iIn this
area. The £ ndmgs. techniques and scaled versions of the aniennas are obviously generally
applicable.

An assortment of topics related to this study was reviewed in the second chapter. The role of
the ionosphere and the antenna radiation pattern were shown to be imputiant, bt impractical
to manipulate during the design of simple HF antennas. Loaded and unloaded dipole were
shown to exhibit suitable radiation patterns in the frequency range of interest. Thess gen-
erally. suitable characteristics were assumed to persist for the antennas studied later and a
decision was made not to consider radiation patterns during design optimization. The
assumed suitability of antenna radiation patterns would rather be evaluated after optimization
to substantiate the argument. Salient features of HF broadband sntennas, fundamentsl limita-
tions related to bandwidth, methods of achieving bandwidth and a well known technigue for -
simulating wire antennas were explored. Impedance and radiation efficiency were shown o
be important parameters to consider when broadband antennas are evaluated. The Power
Radiated Ratio (PRR) was defined to combine the reduction in radiated power due 1o both
impedance and efficiency variations. Various ways to achieve impedance bandwidth were
investigated, The conclusion was that it is necessary to incorporate resistive loads in strue-
turally simple broadband antennas, Finaity MEC2, a program to analyze wire antennas using
the method of moments, was reviewed, Modetling guide lines which are applicable to the
antennas of interest were briefly mentioned. Most of the modelling gnide lincs were identi-
fied wnm simulating simple antennas and this information will hence provide a valuable ref-
efence to future designers, The method of moments offered a powerful tool to evaluate
antennas but it is slow and mechanisms governing the behaviour of the antennas ¥ i
apparent. Simpler and mare understandable methods were therefore required for an WivS
design effort, S / ,-‘k:;"l*
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The focus in the third chapter was on the ways in which curnir & sirihation is controlled to
yield wide bandwidth. Techniques were identified by studying traditional designs and their
performance. Reasons for unsarisfactory performance were related £o inadequate control of
the current distribution and the importance of such control was demonstrated. The introduc-
ticn of a novel staggered loads antenna which employed the mechanisms uncovered in this
study confirmed these findings. Measuraments and NEC2 results for the SLA showed that
significant performancs improvement was feasible once the underlying mechanisms were
perceived.

Simplified methods appiicable 1o specific geometries were developed and tested in the fourth

chapter. The techniques were formulated by identifying the dominant features govoiming
antenna behaviour and neglecting seo7 \dary effects.

A method for evaluating multi-wire aniennas, with the option of connecting two dipoles by a
transmission line, was dcveloped and shown to produce acceptable results. The capability of
this method was demonstrated by designing & novel antenna with favourable performance io
comparison with others. Measurernents on & protos; pcofthmanwnnacarmbomedthcpm-
dicted performance.

Another moethod was developed to assess the current distribation on dipoles with one or more
complex loads on the dipole srms. ‘The "Lossy Line” method took advantage of the simila-
rities between dipole antenna and transwission line behaviour. A non-uniform, lossy line
modclwupﬁsmhmdmemulmﬂncmmdimibuﬁmﬁnadipohmmﬁmmﬂm

.ty pacamenrs were adspied from available theory whore possible. The line disribued |
F«-ﬁﬁesmmdmﬂvmmsmmwbnzﬂ:mobwbymmmumﬂmpm |
mentation. Results of the lossy line method were compared to NEC2 results for 2 number of

exxmples. The lossy line method achieved sufficient sccuracy for design purposss. A
multi-load geomeny developed by erngincers using the lossy line method demonstrated the
suitability of this method for antenna design. Meararements and NEC2 results confirmed
those obtained using the Lossy Line theory. '

Exampies of the computer time used by the two methods indicated a speed increase of two or
three orders of magnitude in cotaparison to NEC2. Both of the methods provide insight into
antenna operation which was one of the important aspects emphasized ai the outset of the
docurnent,

.\ i

Page-137-



The radiation patterns of the antennas studied during chapters 3 and 4 were presented in
Chapter 5. These patterns confirmed the suitability of the antennas studied for short range HF
communications in terms of directive properties. The decision to place the emphasis on
obtaining maximum radiated power during design phases was hence validated.

6.2 Novel Aspects Arising from this Research
At this point the novel aspects presented in this document are highlighted:

s Full performance (input impedance, efficiency and radiation patterns) of published HF
broadband antenna designs was determined using the NEC2 coda,

v A staggered load HF broadband antenna with improved performance compared to exist-
ing antennas was developed and tested,

» A simplified theory to analyze and optimize two dzpolcs ¢onnected by a transmission
line was developed and rested.

+ Atwo dipolr-"}antenna, with dipoles interconnected by a suitable transmission line, was -

optimized and proved to be superior to existing antennas.

« " A lossy non-uniform transmission Hine mode! of unloaded and loaded dipole sntennas
was developed and it was tested using various examples.

Thcdommmtpmmmdemﬁungﬂwmfmmofaspecxﬁctypeofmmmus*bc
manipulated 10 achieve the design goals. Simple HF broadband antenna performance was
shown to by mainly dependant on control of the cuttent distribution. Resistive loading pres-
ents a snitable way of manipulating current distribution on simple, low profile HE antennas.
The dominant aspects affecting the performance of specific resistively loaded antennas ivere .
mathematically modelled while omitting second order influences. Such unsophisticated
models in themselves assist in the design by accentuating the elementary principles influenc-
ing the behaviour., Convenient tools for rapid evaluaiion or optimization of broadband
geometries were 50 provided.

The utility of the simple analytical tools was demonstrated by the desigh of improved HF

‘broadband antennas. Measurements and NEC2 results for the new designs confirmed their

superior performance and the validity of the simplified theory. A overview of the perform-
ance of the new antennas in comparisont to that of known antennas showed an overall
improvement in the state of the art, |
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Appendix A
THEORY OF THE METHOD OF MOMENTS

A 1 Method of momexzts overview
The method of moments, in genera!, i3 described (Thiele, 1973) by considering Fig Al:

A Source point (X.y',2')

Observation point {x,y,z)

Fig A1 General radiating body

- A conducting body with cumntdcnsuy,] hasatangcnnalelecmc ﬁzldut‘z:cro,bythc
bounduycmdmons o

0=E: : +E : Al
whmE:,nme tangennnicomponemofthescattmdﬁ fieldcausedbyl Emnsthc
tangential E-field due to a source located outside the body,

By defining the operator i, and dmppmg the "tan" notatica the followmg equation is con-
structed:

where E'is a known excitation function or source. Q)

The required response function, J, is expanded into a series of bases, or expansion functions
such that:
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J=ZL =], A3

Substituting this into A2 leads to:
L ﬂ_(zr, x.f,,]= E Ad

And using the linearity of the operators:

S XL )=E AS
"

The next step is to define a set of weighting, or testing functions W, ,W,, ... over the
~ domain of interest and an inner product is formed. The inner product is the scalar quantity
" gbtained by integrating W and J over the surface under consideration. The notation for this
product is <J, W >. -

Implementing these weighting funciions in A5 results in:

SL W, L, () = <W, B> - AS

Enforcing this at m = 1 to n results in a set of linea equarions whick may be expressed in
matrix form as }'oﬂpws:

[ <W o Logl1 ) <W, Lo (F)> R ”<W,I',-E>' A7
W LlI)> Woly(h)> .| |L] | <W,E>

_<W,,I:,,(!t}> - gﬂv‘,,z:,,{r,*;; -] L _<W,:,E>_
This matri:ﬁiin thé compact form is; - | o
21- 1=V} |

This is solved by:

N=z1'-vi

where:

I=31 xJ, .
L) .
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In the general method known as Galerkin’s method the basis and weighting functicis are
chosen such that W, = J,.

The major factors to be considered when using the method of moments are the choice of inte- -
gral equations for thin wires, expansion and testing functions and feed point models.

A 2 Equations for current distribution on thin wires

Knowledge of the current distribution on thin wires is essentiz! hen implementing such a
method. A choice of a suitable equation for the current distribution influences the accuracy
and capabilities of & given code. To illusirate the merits of a number of equations a short
discussion of three such equations are given with symbols a. given in Fig A2 (Popovic,
1983).

i(z) -
- A o
1 Lm L= 0 | : —— Z=Z ;
> _, syton gt

Fig Al A cylindrical wire anienna

The Hpllen equation
This gjfunﬁon has the following form:

I(2)g (r)dz’+C, cos(kz) + Cysinfhz)

I A8
e ;[ E,(z")sinfk(z - 22

where:
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—jkr
g(r)=exp-— drr

z and z’ are the observation and test poin.ts respectively
C; and C,are constants to be deternined

E, is the incident field

r is the distance between "est and observation point

The problems associated with this equation is the evaluation of C; and C,, which either

rnakes the ictegral more complex or requires two additional eqations in the matrix system.
This equation only allows the use of 4 delta-gap generator which is not always the most real-
istic feed model.

Pmkﬁng@m’s equation

Pocklington’s equanon has thc form:

ff(z'){uz;d } !’?“’ ’ a9

When the indicated differaniiation is performed the equation turns out to have termas propor-
tional to 1/, 1/*and 1/r* which sre inconvenient from a numericai point of view,
Pocklington's equation has the advantage that, unkike Hailen’s equanon, it does not place
congtraints on the type of excitation that can be used.
Schelkunoff’s equdtion

This equation has the form:

y ]
e i
: Al0

1 d: (Z') ( )J =..€if_
k: d2* "z, .I"J!J-
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The kernel is only dependent on terms in » and 1/r , which is numerically convenient,
However, the current distribution must be differentiable twice, which may be a disadvantage.
According to Popovic (1983: 13} this equation has not received the attention it deserves from
those working with Method of Moment techniques.

A 3 Testing and expansion functions

Testing and expansion functions are subdivided into sub-domain functions and entire domain
functions, Sub-domain fusnctions are piece-wise functions only defined over a small part of
the wire. Popular choices are rectangular, delta, tiangular and piece-wise sinusoidal func-
tions, Entire domain functions are serivc-type functions with paramsters that aliow them to
approximai; the current distrihution in the entire domain. Obvious choices are Fourier series
expansions, Maclanrin series, polyncmials of sufficient order and power series.

In general it could be said (Thicle, 1973) that sub-domain iunctions require more segments,
but less effort, in the calzulation of the impedance matrix. Bases spanning the whole domain
can result in rapid convergence for fewer segments, but calculating the impedance matrix is
usually not efficient in terms-of computer time, A combination of these two methods should
résult in a interesting campromzse.

Such a method was pmposcd by Turpin (1969) Rasis functions stretching over a nutuby - of
segroents are defmed-qu this are wsed to approximate the current distribution. This results in
8 N x M marrix for N ql'fegments. where M < N/10 usually provides sufficient accuracy.

Popovic (1983: p 26) fllcpmed excellent resulis for antennas longer than & wavelength when
using a power serics cilpansion function of the form: '

| .

£y
I,(z,,):igef_ .m=1,‘ N

where:
k,, is the desired dcl of poiynomml forthemth segmcnt
N isthe total no ofgpcgmems

- A 4 Feedpoint mo Peilmg
It is difficult to mprqpcnt the feedpuint of an antenna maﬂmmancaﬂy and its formulation

severely affects thc Fsults esperially when input inspedance is of interest. The simplest
- model for feed point tancllmg is the so-called delta-gap model shown in Fig A3:
|!
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cd<<a

z=0
Fig A3 Delta gap generator model

This model i§ matheinaﬁcﬁly convenient (Burks and Poggio, 1980), but of a somewhat ques-
tionable nature in terms of physical reality. A more reslistic source can be modelled as an
electric field, E, , applied over sowe part of the wire, uswally one segment. The applicd
voltage conld then be saken to ba: -

V, = E, x segroant length,

pravided that E, is not appreciably affecied by other fieids generated by the structure, This

model doeg reguire that the segment lengths adjacent to the source cegment be of length
approximately equal to the source segment length. '

Burke and Poggio (198‘5) proposed an alternative source model that is less sen*tive to the
equality of segment lengths in the source region. For this model, the source is viewed as a
biconical ransmiission line with feed point at the source location, as illustrated in Fig A4.

The voltage V(s) can be found from the transmission line equation;
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Fig Ad Biconical transmission line source model
o
V@) =~jZyz:
Where Z, is the average characteristic impedarce of the biconical transmission line:

24
2= 120[!{-;*- 1)

- This discontipuity can be introduced by modifying the current expangion on the segment and

" the mexdel is hence also known as the corrent discontirn: ity source model, Other source
models are discussed by Popovic (1982), Stutzmann and Thicle (1981) and others, but those
above are of significance due to their application in the NEC2 program.
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Appendix B
ERROR IN TREHARNE PAPER

Treharme (1983%) developed his “periodically truncated pssudo-conical terminated mono-
pole" by considering a simple single wire monopole. The design equation which he devel-
oped for the inductor values of this structure was:

2\ Bl
L,=09.1 —:-3-) uH

Thereafter he defined the "break frequency” of the structure to be that frequency at which the
reactance of the parallel inductor of a load equals the resistor value. This equation was simply
stated by Trehame but will be derived here to indicate its origin.

2nf L, =377 Q

that is:

377 ' B2
j‘; —ifn-l: MHZ

replacing L. with (B1) results in

s . B3
L= 67(:;&) as in Treharne’s paper

Trchame subsequently extended these equations to the pseudo-conical cass and mentioned
that the loads counld now be considered to be in parallel (ie. the resistor and inductor values
should be doubled). This is confirmed by the example given in his article where the ultimate
inducior value is stated to be 60 yH. The value obtained by using equation Bl is 30 p#H,
hence the factor of 2 given in the equation in 3.1.1, The vatue of the parallel resistor stated in
the same example is 400 Q i.c. the sarhe value as was used in the single wire case. (The
resistor value of 400 {2 instead of 377  was presumably used in this example for
simplicity). Thus B3 cannot be used to determine the break frequencies for the pseudo-coni-
cal two wire structure and B2 should rather be used. The other possibility is to double the
resistor values to 800 {2 to be consistent with the parallel loads principle in which case the
B3 would clearly still be valid.
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Appendix C
EXPERIMENTAL METHODS

All the experiments were done with the aniennas arms drooping from the centre mast in the
“drooping dipole” configuration. The mast height given was hence for the centre support and
wires sloped to within 1 m of the ground. The experirental method for the various antennas
is given below,

C 1 Treharne antenna

Instrument: Hewlett-Packard HP 4815 A vector impedance meter.,

Transmission line: 13.5 m of 300 Q twin wire line. Measured Z, of 335 Q and velocity fac-
tor of 0.81.

Environment: Open field with natural grass.
Mast: 6 m fibreglass.

Comments: Converted input impedance values to feed antenna feedpoint using the trans-
mission line squation. Measurements were taken twice and repeatability was typicaily better
than 5 percent. The measorements were done at the antenna terminals withoat using an
impedance transformer.

C 2 Staggered loads antenna (SLA)
Instrument: Hewlett-Packard HP 4815 A vector impedance meter,

Transmission line: 8.6 m of 300 Q twin wire line. Measured Z; of 335 Q and velocity factor
of 0.81.

Environiment: Open field with natural grass.
Mast: 8 m fibreglass masi.

Comments: Measurements with antenna arms 5 and 90 degrees apart. Input impedance
values measured at the end of the transmission line were converted to the antenna feedpoint
using the transmission line equation. Measurements were taken twice and repectability was
typically better than 5 percent. Measurements were taken at antenna terminals withont using
any impedance wansformer. |

C 3 Dipole-transmission line-dipele (DTD)
Instrument: Hewlett-Packard HP 4815 A vector impedance meter,

i
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Transmission Iine: 12.0 m of RG-58 & coaxial cable. Measured Z, of 56 Q and velocity
factor of 0.66.

Environment; Open field with natural grass.
Mast: 10 m metal pole.

Comments: Input impedance were converted to VSWR values and correction was made for
the cable loss. Measurements were taken twice and repeatability was typically better than 5
percent. The antenna was equipped with impedance transformer for measurement.

C 4 Multi-load antenna
Instrument: Hewlert-Packard HP 4195 network aralyzer.

Transmission line: 12.0 m of RG-58 50 Q coaxial cable, Measured Z, of 56 Q and velocity

factor of 0.66, '
Environment: Open field with natural grass.
Mast: 10 m metal lattice mast.

Comments: Instrument was calibrated to cable feed point to read antenna terminal impe-
dance values. A céntinuous measurement sweep showed the resuits to be stable. Antenna was
equipped with the required 7:1 impedance transformer for measurement.

Page-148-



Appendix D
TABULATED RESULTS OF TREHARNE ANTENNA
NEC2 Resulis - Treharne Antenna

Note: VSWR calculated with respect 0 400 Ohms,

Zmag. {Q) | Zphase (de- VSWR Bff(%) | PRR (%)
grees)
530 36 2.1 2 2
971 10 2.5 4 3
888 21 2.5 5 4
621 2 2.45 6 5
437 -293 1.7 7 7
348 - -15 1.3 8 8
343 5 1.2 11 11
485 15 1.4 18 18
533 4 135 24 24
441 3 1.1 27 21
397 20 1.4 31 30
20 42 37
2.2 57 49
L7 59 55
125 43 47
19 | 40 36
24 | s7 47
23 62 52
20 | 57 51
1.8 50 46
1.75 47 43
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Measured Resplts - Treharne Antenna

Z mag. (£2)

4
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Appendix E
TABULATED RESULTS FOR THE GUERTLER DIPOLE
NEC2 Results

Noter VSWR calculated with respect to 300 Ohms

Freg.in !Zmag. ()] Zphase VEWR Eff. (%)
MHz {degrees)

- — e Y
3 176 7 175 28
6 602 -16 2.14 22
9 426 3 142 24
12 200 -10 2.1 44
13 737 -32 3.0 47
14 540 -46 3,0 47
15 326 ~50 2.1 a4
155 241 47 26 a5
16 , 160 34 2.46 47
165 120 3 2.5 55
17 168 a1 2.1 68
18 410 s7 3.6 91
21 825 -30 33 81
24 264 -3 1.2 40
27 375 13 1.4 43
30 465 22 1.8 49

PRR (%)

27
19
23
35
35
35

36
38
45
33
62
38

42
45

L0
=

=
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Appendix ¥
TABULATED RESULTS FOR THE HARRIS ANTENNA
NECZ Resulty

 Note: VSWR with mspcct to 300 Ohms

Zmag. (1 Zphase | VSWR | EH.(%) PRR (%)
{degrees)
196 -10 16 32 30
430 -15 1.6 31 29 8
a17 4 14 | 40 38
595 -16 2.1 53 46
271 42 2.3 50 44
272 49 27 80 . 64
720 -10 2.5 93 mn
216 23 1.7 62 60
284 23 1.5 58 57
400 24 T 65 62
- Y i ——

o
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Appendix G |
TABULATED RESULTS FOR THE RESISTIVELY LOADED FAN

DIPOLE
NEC2 results
Freq.in {Zreal (£2] Zimag. VSWR | Efficiency
MHz (€}
3| 196.44 28.03 2.05 0.31 -
35 47311} 33148 2.14 0.41 035}
53291] 58670 340 0.13 0.09
45| 16235] 19552 3.14 0.03 0.02}
51 172421 . 1930 2.33 022} 0.19§
7 53} 29140f 20317 1.94 0.40 0.36
6| s21.52] 13673 2.13 0.45 0.39
65 223.10{ -305.71 3.07 0.11 0.08}
7] 24895]  -26.06 1,62 0.43 041
8] 45413} ' 23636 176 0.48 0.44
9} 25618 2651 1.57 044 0.42]
10] 42528 291.55 - 2.00 043f  0.38%
1) T19.87) 1982 199 047} 042
o 12y 72148 158090 - 193] 048] ., 043f
13 40838] 25778 7| Nloas|t/ o4
14} 218.18 ?:3.94 196 03s[~. 03t} |
15{ 211700 1184 21 031 teoarf ¢
16 34102] 27881 212f . 038 033§ -
17} s77400 277520 196 0.46 041} ,
18] 70181 6311 115 0.51 047 ’
a4502] 18525, 157{ oS 0.48

§
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Y

! 24} 677.83
25 41907
l 26] 34504

27{ 568.80
28| 11808
] 61202
30| 655.05

VSWR | Efficiency
1.81 0.38
2.30 0.27
2.51 0.28
296 0.39
1.88 0.49
1.14 0.55
212} 0.38
1.46 0.54] |
2.00 0.43
1.96 046
1.68 0.52

MR ORI

{033
0.52
0.34
042
0.49

%
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Appendix H
- TABULATED RESULTS FOR THE STAGGERED LOADS ANTENNA
NEC2 Results

Note: - VSWR with respect to 500 Obras

P = ekt
Freq. in Zmag, - | Zphase VSWR Eff.(%) PRR (%)
MHz '
e £ NPT ) L
3 222 1 223 a7 40
6 643 | 18 1.5 42 40
9 505 6 1.1 46 46
12 773 =20 1.8 58 54
15 382 -20 1.6 52 49
18 702 23 1.7 64 60
21 520 -25 1.6 60 57
24 746 | 40 24 82 68
27 512 -{ -30 17 68 63
30 475 | 45 2.4 82 68

0

=

A,

Pr3e-155-
a



Measured Results with the included angle, ¢=5°
Note: - VSWR calculated with respect to 500 Chms

Freg. in|Zmag. (2 |Z phase in
MHz degrees
33 247.00 35.00
4.6 660.00 23.00
1.0 482.00 -18.00
=0 395.00 -7.00
9.0 _ 394.00 8.00
10.5 494.00 8.00
12 500.00f = -15.00
~32.00
25.00
18.00
-16.00
3200
34.00
-43.00
39.00!
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Measured Resulis with the included angle, 4 = 90°

Note: - VSWR calculated with respect to 400 Chms

9
i 105

12
135
16.5

in|Z mag. (€2)

Z phase in]VSWR
degrees

219.00 1940 245
650.00 42,00 235
660,00 -18.00 1.50
380.00 11.00 1.30
690.00 16.00 1.5n
670.00 -4.00 1.35
505.00 -26.00 1.60
310,00 21.00 1.85
153,00 172y
-20.00 2.00
38.00 2.0
30.00, 245
~-2.00 - 210
-31.00 : -l_fj
35.00 1.95

Favamma—
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Appendix I
DESCRYPTION AND USER MANUAL FOR THE PROGRAM SIMULA-
TION AND ANALYSIS OF LOADED DIPOLE ANTENNAS (SALDA)

The program Simulation and Analysis of Linear and Dipole Antennas, SALDA, was written
as a research tool to aid the design of various antenna types. The program contains novel
theory developed ag part of the Ph. D. programme. As such ihe package should be viewed as
a research tool for an engineer rather than a well ronnded software product.

SALDA is reasonably user friendly in that the program is totaily menu driven and has con-
siderable error checking on user input. It does not howsver have any help facility except for
standard user prompts. Most of the theory embedded in this program is described in chapter 4
and it is useful 1o study these before the program is seriously used. The program output is
available in graphical, tabular, printer and data file formats.

The program i;compilcd for the IBM compatible machiaes with system memory of 640 kB,
The source cods for the program was written in Turbo Pascal 4 and contains some 12 000
lines of code. The program requires a standard Colour Graphics Adapter (CGA), but may be
recompiled to run with Herculés, ATT and EGA monitors,

11 Fenatures

- Analysis of multi-wire dipole antennas connected to each other by a transmission line

- bptimization' of dipole-tansmission Hne-dipole (DTD) antennag over user specified
ranges of parameters

- Inclusion of perfeet earth into analysis of DTD and drooping DTD antennas, (This feature

increases the run time considerably and was ot fliscussed in the main document)
- Analysis of dipoles with distributed loads

- -Evaluation of antenna impedance veﬁua frequency when scrial and paralle} resistors are

added

- Calculanon of antenna irapedance; VSWR. cfﬁcwncy and PRR over frequm\\cy rm‘:gcs of
interest -

- Outputofabovepammwsmubular graphical, pnnwrmddmﬁlefmts
»  Graphical mls to supenmpose the characteristics of various antennas and hence cump.:rc

pezfmame v,
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- Ability for user to enter antenna characterisics obtained elsewhere for comparison to pro-
gram generated output or other antennas

12 Getting Started
The files necessary to run the program appear on the first diskette. The second diskette con-
tains source code as standard Turbo Pascal units.

If a hard disk is available then create a sub-directory by typing MKDIR SALDA from the
root directory

Type CD SALDA 1o change 1o the new directory. Insert the first diskette into the A drive of
the machine and issue the command COPY A:*.* ar the command Jinz. The executable and
necessary data files will now be transferred 1o the hard disk

To start the program type SDA_2 on the comnand line and the main memnu should appear:

SALDA MAIN MENI
(2} 5y Line Method
il - %%s zn s@szs .
E } ioading
1sp ag of Filad Data
i) u?le Antanna OQutput File
£] PIOOPAN
— A
Status:- “-
Prowpt:- Use areow keys and (-1 to select option ?
Warning!- |

“This is the general format of menu screens and the ? may be moved o the required position
using the cursor keys. The siatus, prompt and warning screens provide the user with soms
addmonal information durmg sessms
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13 Menu by Menn explanation
The first menu to appear upon initiating the program is the main menn shown below:

SALDA MATH MENL
[7] Lnssz Ling Method
L] nalysis
E % “p gin Loadmgn ta
isplay of Filed Da
[} N 112 fntenna Output File
[ ] duit prognan
Status:-
Prompfi- Hse arrow keys and <~ to select opfion ?
Harning:-

This menu allows the various options provided by this program to be accessed. Say the cursor
is positioned on the first item and the enier key pushed the control menu for the lossy line
feature will appear: _
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LOSSY LINE METHCD INPUT !

[ ] Disgle halflength { 2,320K+81)

[7]  Radius { 1.096E-81)

[ 1 Frequency range { B.04E+00 B, 0RE+EG 0. PBE+ER)
{ ] [loading 8

[ ] Run Problem

[} Suferugigv input

1 Detersining parameters

{1 Exit tv previous meni

Statusi- lise apMOM ReYs and <~1 to saiect option
Pronyti-
Warningi-

This menu allows for the input of the relevant numerical values while showing their defanlt
values on the right hand side of the screen. The two options supervisor inpia and determining
parameters are not for general use but was included for purposs of research into more effi-
cient methods of performing Lossy Line Arnalysis. If the antenna is to be impedance loaded
this may be specified by choosing that option and the following menu will appean:
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Ao

INPUT OF STRUCTURE LORDING :

i B o

jpe of loads
[] Sggcifg a load  §,CUETEQ 8,00FE+E0 ©,00E+E0)
[ 1 Return to ppevious memu

Status:~ lse arrow kegs and {-i-to selept opticn
Prot 41~
Warning;-

The two iypes of Joads that may be used are series RLC and parallel RLC. These configur-
ations allow a rich variety of realistic loads, which will then be transformed into the appropri-
ate complex impedance depending on the frequency of operation, Once loads are being
specified the user is prompted for values of components and distance of load from feed point.
Up o 10 loads may cusrently be incorporated into & structure. The loads are also assumed to
be symmetrical therefore only one load at every distance needs to be defined, When load
specification has been perforrped the user may return to the Lossy Line Conmrol Menun and
choose the RUN PROBLEM option.

The prompt screen will indicate the progress by displaying each frequency and after the full

range has beet svatuated a output menu will appear:
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ANTENNG PERFORMANCE QUTFHY !

[¥]  Produce Qutput
{1 Inﬁe&ance {Yes}
[ ] USHR - (Mo}
[ 1 Eficiensy {No)
L] ; ] {No)
{1 Exit this semn

statusi- Yes produce thiz output

Prowpti:~ Push function key for desired ouiput ?
Narning:i-

1 )SCRNPRINT 2)SCENPLOT 3OFILE O/F SXEXIT

The cursor may be moved around in this menu and the parameters of interest selected. When
the user is satisfied with the selection the PRODUCE QUTPUT item should be seiected and
the menu at the bottom of the screen will appear. This menu is activated by pushing the func-
tion key corresponding to the number in front of each choice. Using this featare the output
parameters may be graphically displayed in the form of tables on the screen or the data may
be stored a3 a normal ASCH file for later use. By pushing the EXIT option (F4) tht maiu
menu may agaim-q!be accessed 1o change the sclq:}:ﬁon or to return to the Lossy Line Cqntrol
Menu. : :

On retum to the main menu the next item of interest is the DTD analysis option. When this is
chosen the meny below will be displayed: ..
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Dipole-¢pansmizcionling~-dipale control menu

D analuze or opiimize ¥ {Optiniza
?Eput ufg&ata ¥ o
Run problem
Output

p
Convert standand op £ile to koh file
T Bodae I et e
Return fo main meni

Sull

o |t | ) e | s by |
ntiad Sharell Sttt Tl S| Sl -

Statusi~ _
Pranpti~ Use arpow keus and {~i fo select option ?
Waraingi-

The first option on this menu determines whether the user wants to optimize a specific
antenna or just analyze it. The optimization procedure involves a brute force evaluation of ail
possible combinations within a user specified range of parameters. In that case only average
VSWR and maximum VSWR s calculated and stored in a file for each configuration, If the
analyze option is selected then only one configuration is evaluated, but full results over the
specified frequency rengs may be obtained.

The next three options allows for input, ranning of the program and production of output. The
last two options allow for file conversion between normal ASCII files and files for use with
the DTD analysis, i

In the DTD theory it is always assumed that the free space input impedance of the ixterctn-
nected dipoles are known, These are stored in the so called *koh files” and read by the pro-
gram when required. Four standard koh files are supplied with the program. These are;

« WU125X.DAT for dipoles of thickness factor 12.5

« WU-15.DAT for dipoles of thickness factor 15

- WUL75X.DAT for dipoles of thickness factor 17.5

. WU«}.‘Q.\DAT for dipoles of thickness factor 20

where thié_imess factor, £2 is: :
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_ length
Q= ZIag{ Tadives ]

These files were extracted from impedance tables for different thickness factor dipoles. The
interesting aspect sbout this file conversion feature is that other antennas (perhaps loaded
dipoles analyzed using the Lossy Line Mathwd) may be connected via transmission line to
each other with pogsible beneficial resuits, This has not yet been attempted but is an interest-
ing possibility.

Say the user select the OPTIMIZE option and then INPUT the following menu is displayed

Bipole Tpansmiszion Liic Dipele Optimization Input

Fesd anterna ogtmzatmn range { 4,.08E+81 9. ME*B{ 1. 805161
Far antenna optimization range ( 4.805+01 §.BAF+@l 1. BBEWI;
gptional 2nd feed anienna pange {~1,63E-23 8.80E+37 -U,VBKIBE
'Imsmes:un 1ine length range { 1.19E nl 2.00E381 1,00F+86)

B, G Y LR
Faeﬁu antenna anh &ataﬁle {wi~28.day s

E 4
Fa» antennz koh datafile (W aa.hi}
Ogtmnal Feed autehﬁa koh Jataﬁle im-ZB.da ?
VSRR {hrashold for sutput recording ¢ 3.98E+EE)
Quiput datafile name tiest.out?
Bopitor progness on snmn £

hree op tee antennas £

apies op paraliel? {

e d?d  Quit this »enu
Status)~

Pronpti- Use armow keys and (- to select option 7
Warmingi- -

rqy—ni-nﬁmu—ir-lmmmr-qﬁnu—u
e Yol R et et il e sk By Rl i B

1pes}
d feed ant, in g;ra!lel}

This menu allows the user to specify the range of values over which the optimization is to be
performed. In this example for instance the user has specified that the first dipols lengths
should be varied from 40 m to 80 m in 10 m increments. Nmmauyuniy two dipoles are used
but a third dipole that will be connected in_paraliel with the feed'point dipole may be speci-
fied. The user is also prompied for three file names containing the free space impedance data
for the various antennas, The program defaults to the WU-20.DAT files for all three dipoles
since thin wire structures are usually of interest and these have typical thickness factor of
about 20,
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The VSWR THRESHOLD prompt defines a upper limit on average VSV.'R above which
resuits will not be written to the output file specified by the OUTPUT DATAFILE NAME
option. The progress of the optimization process may be monitored on the screen using that
option and the lzst option ailows the user to put the feedpoint dijole in series or in parailel
with the transmission Line.

A sample of the ouzput file fror this optimization routine is shown below:

This is output of a optimization run on g parallel combination of
two antennas, Antenna 1 are in parallel with a troasmission
line connecting it to antenna 2.

The antennas have impedanzs a3 provided in files:

wi-20.dat wu-20.dat

A number of parameters were varied as given below: <start, end, inc.>

Dipole 1 length: 4.30E+0] 330E+01 5.00E+00
Dipole Z length: 6.90E+01 7.90F+01 5.00E+00

Trans. line lengrh: 7.00E+00 130E+0! 1.00E+00

20 range: 5.00E+{2 5.00E+02 10DE+00

Each possibility has been evatuated over a freq. range of:
2.00E+06 1.60E+0/ ] .00E+06

All average VSWR values below 1.00E+0I were recorded

RESULTS

e s el e s e
]

ant.I length, ant 2 :ength line length, Z0
average VSWR, best matching impedance

4.30E+01 6.90E+01 7.00E+00 3.00E+02
6.794387254-E+00 I.9483-_f49969E+02 2.69913651792E+01

4.30E+01 6.508+01 8L0E+00 5.00E+02
71021 7J3IZIE+ 24274765057E+02 3.21206767IIE+01

4.3(3;:4—01 6.90E+01 9.00E+00 5.00E+02
7445224557 7E+00 2.7739846(29E+02 3.5118077024E+01

4.30E+01 6.96E+01 1.00E+0f 5.00E+02
7.1984402171E+00 2.3194839268E+02 2.9652900258E+01
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Appendix K
TABULATED RESULTS FOR UNLOADED DIPOLE WITH THICK-
NESS FACTOR OF 15

Freq.in King and Hza vison] Lassy line impedances §
MHz (1969) impedances :
i Real{ Imaginary
2,051 18 -532 29 -4303
2.26 17 -42¢ 30 -3304
247 26 -325 43 =240}
2,67 37 -239 51 ~150}
2.88 47 -159 75 -93§
3.08 60 -82 80 -13
3.29 75 -6 110 551
3.5 93 691 130 1407
g 3.7 116 146 180 210§
3.91 144 228 200 290 %
411 181 315 280| 390§
4.32 230 410 340 S00
452 297 515 430 5701
473 390 631 540 7004
494! 525 759 7301 780}%
| 5.14 728 891 1000 910§
3350 0 1030 1600 1400 260}
5.55 1490 1010 2100 740
5.76 3070 734 2600 280
596 2470 21 2500 ~9403
6.17 2290 -831 1900 -1600
6.38 1710 ~-1300 1100 -1600
: 6.58 1170 -13708 . 740 ~1500
6.79 793 ~1280 470 -1200F
I 6.9 W51 ~1130 300 -1100
7.2 394 <992 210 -910
7.4 291 -864 170 -770
7.61 221 -150 140 -650% -
7.821 . 173 ~-650 120 -5501
3.02 139 -561 100 -460
8.23 115 -430 95 -410
8.43 99 405 89 -340
8.64 897 ~336 85 -250
8.84 :
- 9.05
9.25}.
9.46
9.67]

{continued)
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4.30E+01 6.9UE+01 1.10E+01 5.00E+02
7.4742414716E+00 2.5633006154E+02 3.1846447143E+01

4.30E+01 690E+01 120E+01 5.00E+02
7.8236922552E+00 2.8458201277E+02 34032096595E+01

If the user selected the analyze option the menu displayed will be:

Dipole Transwission Line Dipole Amalyze Input
{71 Geometry Input
P quue:g? a ( 2.00E+86 3.09T+07 1.00ES66)
I 1 Ground plane present ? {False}
[} Interulre goupiing (fur an le betwoelFalse)
{1} Rverage interwise spacing (fop ceupl{ 3, BEBBEEBUBBE*BI;
L3 var e antenna height (1f grbund pi{ 1.2008B00ABAE:E1
£ 1 Quit this senn
Statusi-
Prowpti~ lise arrow Joys and (-} to selpct aptznn ?
Harning:-

This menu aliows the inpu¢ of control information s indicated by the prompts, It is also dur-

' ing analysis that the coupling between adjacent dipoles may be taken into account (Fourie,
1989b) and a perfect carth plane may bz specified (Fourie, 1989¢). When these options are
specified the ; ogram runs 19 10 100 Limes slower than using the very simple analysis
negiecting these aspects. :

To enter the gwmeny select the apprcpnaw option and the followmg menu will be dig- |
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Pipele Transmission line Bipole Geowetry Input
{3 Faedsnmt (.lstl dlpnle length { 4, BBEWD
[] length { 7.40K+
L] Optmnal faed dlpnle (Ind) length <€ 3. 83E-15}
{ } Transmission line length ¢ 1.15K+@1)
{ of franmission line { 9. HBEHDR)
[1 st antenna koh datafils {wu-28.da%)
[]1 2nd ?n enna koh datafiie {wu-28,dat)
Pl 3m1 uptlunal) antenna koh datafile {wu-20. dat)
[ 1] hres 0o two dipoles ? {tws wires) .
E Iy Smes or parallel connection? {11 and feed ant. in parallel)
71 Quit this wenu
Status:~-
Prowpii~ lse arrow keys and (-1 to select option 7
Karning) -

The options in this menu is clearly similar to that displayed under the optimize option and the
siser can refer 1o that for explanation of the various prompts.

If a problem has been run the user can tetuen to the I)’I'b Control mean and display the out-
put in the same way to that employed in the Lossy Line Ontput Menu. This menu is shown
beiow: i

!




ANTENNA PERFORMANCE CUTRUT |

[¥]  Iroduce Output

{1 Iapedance {No>
L1 USKR . {Yeg)
[]1 Efficiensy {Ih;
{1 \ ) {No
[l Exit this menu

Statusi~ No suppress this output

Prowpti~ Push functicn key for desived output ?
Warning:- -

L)SCRNPRINY 2)SCRNPLOT 3)FIIE O/F EXIT " \
An example of the VSWR performance of s nmloadd DTD snienna with feed point dipole

* of 48 m, wansmission line of 11 m and characteristic mpedance of 500 Ohm and far dipole

of 74 m ix shown below:
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' [] adei Imdme File
" ] er es resisiance . { 4, 89E+8])
J ? aralle] resistance ¢ 1208403

0'°°I 1 3 ' : i k i ) k) 1 L] 1 H T L)

L] + 1
9.0 ] y.50 10

Hetuming to the main menu the next interesting option is FEEDPOINT LOADING, Selecting
this introduces the following menu:

INPUT FOR FELDFOINT LOADING OF AKTENNS | |
(test,out) __ )

£ l - Kxit ta uia WENY

J'tatusi:_ﬁsa ooy keys and. {~! to selesct qption
Prompt:- | |
uu-ﬁ_ing:-
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The file name of a previously generate ASCII file should be specified and both series and
parallel resistor values may then be defined. By choosing the run option the program will
solve the circuit equations involved and calculate the resultant impedance, VSWR, efficiency
and PRR of the antenna. By iteratively changing the series and parallel resistor values the
user can manually optimize these parameters for the desired VSWR and efficiency perform-
ance.

The next option on the main menu is the DISPLAY OF FILED DATA. This option invckes
the following menu: -

FILE DISPLAY CPTIONS
L)Y file name 1 {wul2sx, out)
[] file name 2 (il 7ox, out)
[ 1 file name 3 {NONE)
[%]  Produce output
1 Retunn {0 wain seny

° ,.’//f ’ ) a
Status:~

Prospt:- lse funntion keys to select option 7 | b :

.Wamingi-
_1>mt 2Y31ag 31t 1>Eplt S¥Pplt £35cm )Pty &mit

memmymmfyﬁmmmﬂygmmmfﬂnmswbcdmphmm

© satisfied with his selection the PRODUCE OUTPUT option is selected and the function keys
. meau WAl appear at the bottom allowing the user to plot impedance on linear or logarithmic
. vertical axis, plot VSWR, efficiency or PRR as well as display numerical results on the
* screen or printer. An example ofﬂwrealpmofrmpwdancc of two different thickness factor
ﬂdxpoksmsbawnbelow

W



N, boE Of RASY BArY 04 iMpadanid 03 g1l

A
3.4

3.00]
2.2
2.0
2,46
1.30]
1.56.
1.20)
£.30]
8.50)
6.3

0'49 ] L [ I } ) 3 I 1) 1 i

3 T T T — ;?
0.00 b.%0 3.4 1.3 1.80 2.0 .M .30 3.0 ER

These superimposed performance displhys is very useful in comparing relative antenna per-
formance B
The last option on the main meny, COB{}PRE ANTENNA OUTPUT FILE, invokes this

menu: :
i )
= £ '!"]
. "
S .
o
f
® - lr?.b
]
i}
Y 4
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COMPILATION OF DATAFILE
[ 1 Frequency ran ge { 2.06K+06 3,0BEH0T 1,00E:D)
[71  Efficiency dafa as well ? {Yeas}
{1 §tant input
{1  Exat tn previous meny
Status!- .
Prompti~ Use av..d keys and {~! §o selsct option ?
Harning:-

This allows the user to construct an ASCH datz file in a suitable form for SALDA from data
obtained eisevhere. This is very usefil in the case where data from another program such as
NEC2istobesr - ed to SALDA output. |

14 Seftware vugs and limitations

‘Aithough every attempt has been made to ensure that no software bugs are present in the pro-
g:ammmvmnblymmdtbcbes:apmhkmhnﬁwsemhﬂmtthcmpr is aware
of them: £

[ \\,
£

- The backspase key does not work when entering file names Y

- When exiting from the output menu under the FEEDPOINT LOADING weny this menu
. . is not regenerated. The progrars will still work if the user remembers wlﬁch position
L comespond 10 which option

1,
n

% Inpui checking ensures thatweal numters are entered when required ete. but does «0t pro-
% tect against obviously wrong numbers ar unmﬁahmd options. Such actions may cause 2

\'unnmcemr ‘{\" I

4
pr!ot ouzput of the fuedpmnt loading muml is acnvued thc program abon

r‘l"

w
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- No checking iz done to ensure that the relevant koh file in the DTD theory extends to the
lowest and highest frequencies of interest. These files extend from koh values of 1.0 to
16,0 and antennas outside of these limits will produce meaningless results or run time
errors.

- When the third wire option in the DTD theory is specified coupling to this wire is not
calculated. Coupling between wires therefore only operates for the 2 wire DTD antenna.

15 Limitafions

- Only 180 frequency points or segments may be specified

- Only 10 Joads

-~ QGA screens are required

ot

0

1



Appendix J
TABULATED RESULTS FOR DTD
Note: VSWR with respect ta 300 Ohm.

NEC 2 Results
i Zreal () | Z imaginay VSWR Efficiency
€

25340 21040 215 {.53
130.80 -104.00 247 0.42
569.30 0.79 1.90
142.70 ~-111.00 246
373.90 -10.90 191
186.00 -150.00 2.18
299.50 -43,30 1.16
223.00 -91.20 1.58
404.10 11.88 1.35
228.80 135.20 1.78
312.50 49.70 1.18
628.40 -200.00 236
199.00{ -56.10) 1.60
249.80 -176.00 1.93
278.10 49,17 1.20
207.60 145.70] 1.62
310.30 165.70 1.71
380.20 -171.00 .74
24800] . -16.40 1.22
23540 . 42,31 1.34
217.00 ..5791}F 1.48
189.00 877 1.59
32190] 19160 1.84
441,60 - 3408 1.57

283.20 -187.00 1,88

" 461.00 -38.40 1.56
20620 -8.07 - 146
460.90 32.96 1.55
206.90 29.01 1.48

|

O

i
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Mensured resulis

VSWR

----------------------------

Freq. in
MHz

o o) X Wy to
NG N IO T YN ALgSNSIGEREBRR
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{continued)
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Freq.in King «nd Harrison| Lossy line impedances
i z “(396%) impedances !
Real] Imaginary Real} Imaginary
126 45 180 110
151 111 200 180
182 180 300 230%
230 252 350 300
291 328 390 360
374 404 480 440
436 479 620 470
639 339 800 520
842 5€5 1000
1090 518 1300
1350 347 1400
1540 . 33 1400
1540 -350 1500
1379 -569 1200
1110 -848 940
865 903 650
) ~885 450
oAt B30 330
397 v 762 220
Il oL ~090 180
248 - -81% 150
201 =541 130
167 -487 99
141 -425 89
122 -367 110
110 -310{ 160
102 ~2541 100
- 99 200 Q9
101 -146§. ‘110
107 91 120
118 45 1401
» 134 18 150
158 83} < 230
190 151 270
234 221 310
293 293 - 3720
3n 365 T 440
. 4n « 432 £
© 616 485 Ay,
1000 . 470 1100
1230 338 13004
1410} ° Bl 1600
1460 =215 1500
. A
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-
King anc Harrison| Lossy line impsdances
(1969) impedances
Real} Imaginary Real’ Imaginary
1370 -512 1300 -620
1180 -718 970 ~780
965 -821 930 -940
769 ~845 650 -890
607 -822 490 810
481 -773 360 =718
384 -714 310 -660
309 ~650 250 -570
256 -586 230 -540
209 ~524 190 -470
175 -4631 160} -390%
150 -403 150 -330%
i 132 ~346 130 -260
5 121 -289 130 -220
114 -233 130 -140
112 =177 130 ~100
115 -121 130 ~34
124 63 140 11
139 -6 180 89
161 54 200 140
193 116 240 190
. 239 179 280 250
T 208 241 370 260
370 301 44() 310
470 353 519 350
396 3881 - © 640 370
751 3% 820 400
0926 336 - 1000 300
1090 C11) 1200 160
; 12100 © 12 1205 -150
1170% ~446 1100 -630
1030 607 1000 520
858 -69% 730 -73Q
714 728 630 8200
382 721 460 -740
474 -691 280 -580
387 -BA8Y . 220 -500
318 -3991 - 220 -500
215 -4/ 190 -440F.
182 -415} 1710 -390} -
159 -373F 7 150 -340
140§ -330 . 130 ~280
ﬂ Loy (': : ) ._
' I



LT

King and Harrisen] Lossy line impedances §

{1969) impzdances '
Reol| Imaginary Real
126 -288 130
117 ~245 120
112 -202 120
112 -158 120
117 -113 130
126 67 170
143 -20 150
166 7 230
199 73 260
244 122 320
303 165 380
378 200 410
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Appendix L
TABULATED RESULTS FOR ALTSHULER DIPOLE
Note: VSWR calculated with respect to 400 Ohr,

NEC2 Resplis
i Freq. iny Resistance] Reactance VEWR] Lfficiency] PRR (%)
MHz

3 240 -110 1.8 029 204
4 300 18 1.1 0.33 33
5 510 9.1 13 0.36 36
6 580 -85 15 0.33 33
74 550 «180 1.7 0.31 31
8 440 190 1.6 0.3 30

i 9 350 <16 12 0.35 35
10 510 10 1.3 0.45 45
11 640 -150 1.8 0.49 49
12| 540 340 2.2 0.49 49
13 %50 340 25 0.43 48
14 230 =270 27 0.5 50
15 0 -140 3.2 0.69 69

i 16 350 83 25 0,08 o8
17 590 240 1.8 0.95 05
: 1000 150 2.6 0.88 88
19 690 -620 3.5 0.89 89
20 270 -520 4.5 09 S0
21 140 ~270 43 0.71 71
22 200 -120 22 0.59 59
23} 270 .83 1.6 0.49 49
24 300 -89 14 0.43 43
25 330 -86 1.3 0.43 43
26 30 <120 1.4 0.43 43
27 310 -160 1.7 0.42 42
28 260 98 1.7 0.43 43
29 360 -25 1.1 0.64 64
30 470 -150 15 0.63 63'

00 O
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Lossy Line resulis

Freq, in| Reststance] Reactance| Efficiency(
MHz %}

f 2 116 -393 194
3 180 -108 30

4 313 47 37

: 5 - 460 78 40

8 6 540 5 40
7 515 -56 40

8 474 50 0 40

9 4717 -8 42

10 540 11 47!

L 11 540 . -180 3
12 410 290 5~;F

13 325 -305 53

14 210 225 53

15 150 95 59

16 170 63 76

17 320 220 91|

18 660 200 96

19 750 240 95

20 420 200 88

21 210 264 71

22}~ 180 -155 60

23 210 74 59

24 267 -40 61

25 313 -51 63

- 26 327 ~718 64
27 320 90 63

‘28 320 -82 64

29 340 . 78 66

30 372 -105 71}

=
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Apvendix M

TABULATED RESULTS FOR GUERTLER AND COLLYER ANTENNA

Note: VSWR calculated with respect to 350 Ohm.

Lossy line results

Freq. in} Resistance , VSWR
3 278 582 1.50
4 632 66 1.60
5 632 -178 177
6 197 245 178
7 417 -205 164
g 357 136 146
9 | 213 112

10 565 65.5 144

11 709 177 192

12 534 -388 235

13 333 361 263

14 217 272 2.89

15 141 -143 326

16 147 30 275

17 341 224 1.85
.; 18 932 110 248

19 870 -504 .

20 319 575

21 138 330

22 2000 -130

23 273 -101

24 291 92.9

2 302 102

26 318 -113

27 316 -143

28 280 -121

29 3] 379

30 467 2159

Efﬁciencyi PRRI
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0.366
0.325
0.325
0.303
0.298
0.305
0.330
0.468
0.499
0.450
0.480
0.504
0.657




Lassy line resalis
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Resistance| Reactance VSWR| Efficiency
215 19| 1.461924 0.36
480 90} 1.689282 0.34
560 -80| 1919509 0.33
471 -134] 1.770622 0.31
400 -8] 1.334550 0.23]
414 -20] 1.386745 37k
477 26] 1.600844 3,427
580 0 1.933333 .48/
640 -140] 2.262099 0.5:1
543 -202% 2.487194 0.53]
360 -314} 2.554846 0.52
226 2261 2451057 0.58
163 91 2.067728 0.54
170 64f 1.879681 0.71
272 222| 2.148037 0.87
530 3091 2541968 0.95
850 3601 3400429 0.96
628 -370} 2.959828 0.91
313 -323] 2751340 0.8
210 -162; 2.059615 0.66
220 =207 1.376606 0.61
268 31} 1167442 0.62
320 541 1203925 0.64
360 S0 1267571 0.64
379 411 1303212 0.64
392 417 1.339996 0.65
420 401 1425452 0.67
458] 12§ 1.529619 0.69

i e .



Appendix N
TABULATED RESULTS FOR MULTI-LOAD ANTENNA
Note: VSWR calculated with respect to 350 Ohm.

S {

NEC2 Resuits

Freq in Miz[ Resistanc| Reactance SWR.{ Efficiency PRR
2| 19190{ -104.90 2.05 0.33 0.29
3F 36023 78.21 1.25 042 041}

4 51735 18.61 1.48 0.43 0.41

51 519.86 -53.58 1.5t 0.42 0.41

6| 51195 -85.75 1.54 0.44 0.42

71 48905 -133.45 1.5% 0.451- 0.42

8] 419.87 -162.15 1.58 0.44 0.42

9 303.66 ~151.54 1.62 0.40 0.38

10y 289.61 ~71.35 1.34 042 0.41

111  335.81 -16.12 1.06 0.47 0.47

i 12] 39831 -26.86 116 0.52 0.51.
131 41297 -79.68 1.31 0.53 0.52

14| 38214 -117.33 1.39 0.52 0.51

151  336.26 -122.92 1.43 0.50 0.49
16| 300.10 -98.90 1.41 0.48 0.4C§

18] 295,10 -24.41 121 0.52 0.51

201 35492 -30.25 1.09 0.58 0.58

221 32842 -82.16 1.28 0.57 0.56

24] 259,76 -31.23 1.37 0.55 .54

26! 31331 0.06 1.12 0.62 0.61

28] 31185 -20.47 114 0.62 0.62

I 301 28L16 -3246 1.27 0.61 0.60
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Measured VSWR
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Lossy Line results

Freq. inl Resistance| Reasizzez ’ VSWR| Efficiency
MHz

3 290 -87 14 34

4 400 32 1.2 35

5 540 31 1.6 32

6 630 -130 1.9 30

7 4804  -290 2.1 36

8 340 -260 2.1 37

9 270 -180 19 37

10 260 -100 1.6 38

11 310 ~49 12 41
12 380 -51 12 42!

i3 430 -120 15 36

14 370 210 1.8 35

15 290 <200 i9 46

16 230 -160 2.0 43

17 220 -100 1.8 39

18 250 -51 15 39

15 310 ~54 1.2 48

20 350 _;120 14 50

A
Lif
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