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The aim of the thesis is tv"developtechlliques for the Imt;tlyais of antennas composed of dipoles
~tnd folded dl,poles, that' are efficient lyelative to t'fJ_emethod~ot~mo!llents. The techniques
~\eveioped M~' based qn circuit 'UetvvoJ!k'theory, W'h(llte the antenna W characterised by the
~lr and mutual impedances of ita elements. Dipoleflelf impedances are approximated 1yfree
space impedances, giving rise to a IhnitatiOfi of the method at full wavelength. Folded dipole
seIr impedances a!:'8found by appJ:ying the well W.ioWlltransmisston line mGdel. This model
is inadequa.tefor folded dipoles v1ith an clemen!. separation of greater than one hundredth
Clf tT. ~avelength~ The model ii,' etdendec! to a.11qw the intet ..element Bep~ation to be aa Im:ge
as one-l3mth ot! tJ, wavelength~ ,~hich c01,~ersrnost' foMed dipoles of. interest. The mutual
impedance for I!. folded dipolq, has beetl dc/dyed from a combination or the induced-emf
method, and Il,fconsideral\ion01:the trMlsmiasion line model of the folded dil!oie. The mutual

, " , ;

impedallce bei,ween a f"Mdd dipole and a dipole is f(jund to be twice that of two dipoles; .'
and the mutuhl impedance between two folded dipol~ais foar times that of two ,dipoles. A
thickness sensitivity n:na1;fsishas shown th,,~tthe mutula.l impedance expl'esaiolla used exconly
,applicable to, element radii of less than one hundredth. of a wa.velength. The analysis method
in this thesisi has been coded in Ii computer package called SCAT. Results of this package
are compared to those of the NumericafEiectromagneties Code, Version 2 for several simple
antenna arrays, For thin dipoles, the impedance and radiation pattern results eompa.re
favoura.l:.~y, with mixed dipoles and folded dipoles, but )lot for thicker tadiUF. dements, }:t

is recommended tha.t mutual impedance expressions are found which take i,hickne:m of the
dipoles into account, Two problems which prevent·integer wa.velength long elements. from.
being analyzed a.lso need further a.t.tention.
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J[NTRODUCT1ION

1.1 Aim

The aim of the resea.rch.~ to provide an. efficient II1ethod of analysing antenna
arrays composed specifica.lly of resonant dipoleS and folded dipol~, . n~Port
i:ouplhlg :theory and mutuaJ,·ixnpedl\nce expressions that ate ba,sed·ofi $. l1inu~
soidal cutrent;' distribution are used in ptefel.'ence to the more general Method-
.of-Moments. The mahl aref:l,Saddressed in attaining this ."im are defining the
mutual impedance end the ad! impedance of the folded dipole.

'I'he: coupling theory used in this thesis l'equh:p.s tha.t ~he self aud mutual impedances of the
antenna elements he found. Extensions to the transmission. line analysis method fot folded
Uipoles axe developed to define the self impedance O:l the folded dipole, New explessio11:sare
developed £01: mutual impedance involvjr)'. Ii. folded dipole, ie dipole to folded dipole and.
folded di!i)oleto folded dipole coupling, '4."1 combining the transmiseion line model of the
folded dipole and aspects. of the Induced-en 'fmethod.

The existing theory and the new developments were combined in th~ computer program
SCAT, whost) sole purpose is to evaluate the proposed theory.

Although it may .uppear counter-prod: tive to develop an analysis method. only tur antennas
composed of dipole and folded dipoles, antennas eonalsting of these ah::nti1e ",lements (or their
duals1) are ~JUfficien:tIyimportant and.coDlrt1!OI;Lto warra.nt special treatment, The a.ntenna.
elemellts m",y be driven, or parasitic; some examples \~fthis class of a.ntenna include:
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Q Stacked Dipoleo

o Phased Arraya

c Direction Finding CDI!')anter.Jlas

o Loops, and arrays of loops (smaUloops)

o Slot arrays.

A Method-of~Moments progratn 5u<:h as NEC2 (Burke & Poggio- 1981) is often used in the
analysis of these antennae. However, since NEC2 'is a genel."al program that' can ana1y~e any
radia.ting siruci"l.ll:El, it does not take a.dvantage of the simplifications that may be made when
;malYlilingdipole elements. As a result, NEC2 win be far slower and use more resources than
a simplified method for this class, of antenna.

Another benefit 6£ a f!U!ter, sirriplified method is that it allows more continuity of thought
in an iterative design process.: In. the initiai stages of an itf:ra.tive design; it is important to

establish ca¥lse-.and~effectrelationships wit.h !~i'lvarious antenna. param~ters. A simplifled,
taster method would thus be used,rot tn? establishment,of tile trends, and a. sl\')wer1more
accurate method for final optimiza.tion. and inclusion of ground effect.s •

.A strong emphasis of the. method proposed in this ti.b.esisis the a.bility to analyze folded
dipoles. The folded dipole often used beesuse of itl.t ability to provide a -solidly bonded 1>0
earth which is important for lightning pl:'o~etion. 'The tolded i!ipole also provides a wider
bandwidth and a. higher mechanical strength than the dipole. Most other simplified methods
of a.nalYl3is ignore folded dipoles •

.As an example 1..)£ recent interest in simplified analyais, Mahony (1989) presents some ap-

proxima.te theory to aid in the design of mierowave slot planar' array design; and (Lawson

1986) presents some ana.lysis aids for Amateur Band Yagi-Uda. arrays,

The current distribution on the antenna is found b.l' mnlt.iport network theor.y, using the
self "Ill,d mutual impedances of the antenna. elements, All antenna paral.O.eters of interest
can be calculated from these currents. The rese~ch in this tMsis is' therefore limited to the
determina,tion or the self and matual impedances of these elements, pa.rticula.rly with regard
to the folded dipole,

The input impedances of the dipole elements a.re obtained itom lookA1P tables generated by
NEC2, ta.king the dipole thickness into account, However the ta.bles are fot the £ree--spa.ce
dipole impedance, which is. different from the seif-impedance of an element within a.n arr~y.

2



The di;ffer<:lueebetween these t'l/lTO impedances is accept&ble over most of the range of inte:rest,
but. not when the dipole l~ngth$ ate around a £ttlt waV!!;lleng;th IQn.~.

'rne mutual impedance ~l:essiQn il:l based on 8, sinusoidal current distdbution,. wliich p.-')-
duces a numerical singularity when the dipoles are a full w~:velengtb long. As a result, the
theory C8.nllot analyse antennas whose. elements are a full wavelength long.

The combination of the previ!JU6 two problems a.t a full wavelength leads to the limita.~"oll
of the scope oi the Htesis to dipoles at or relatively neae half-wave teBonance, although some
suggestions are.presented to cil:cllmvent them.

'I'be mutual impedance derivation also assumes a-directed cunenis, Ie that. the dipole. ate
paraUei to a. common axis ('not necessadly collinear or coplanar) since thi.s is the mO$t
common configura.tioll. lJ[owevelr, this it;!. easily extended to eopla.n.at-akew t$I).deven non-
copla.n:Jl"<skewsysteIllfj, which aJ.'eoutside the scope of the thesis.

!iI: An overview of the. Method-of ..Moments· is presented since it is used as .a standard
against which the theory in this thesis' is measured, l'he Method·o{ ..Moments im..
plementation in the Numerical Electtomagnetic Code is discUf\sedwith some of the
practical implications.

Q Circuit netw.ork theory· is.1:.1iefiy revi~wed as it a.pplies to antenna s;vatems.

¢ 'The transmission line model of the folded dipole is presented,. which is u!!ed to deter ..
mine its se!." impedance, and alao used in the development of the 4lutual impeda.n<ie
expr ...smon.

o A literl:ttw:e survey of ~he development of mutual impedance expressions lot dipoles La
preaented, and the induced-emfmethod is used to develop the usual mutual impedance
expression.

o The theory linking the current distribution On an antenna. to the £ar~field radianon
pattern is reviewed as this is used in the SCAT pacltage.

Jtu CluJ\p~er3 on page 24 the theory netessa:ry for antenna. analysis by the sim})lified
method p.:tescntedin chapter 2 is developed:

(.l A diatinction between the free Spaci~input impedance and the self impedance of a.
dipole is made, and the conditions' where they ma.y l,)e made to be eqlliva.1ent are
defined.
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e The tta.nsmisaion line model of the fol<led dipole i$ inadequate fOlL folded dipolefJ of'
practical lntel'e$t. Th.e model is 6)ttended by d~fu1iJlg an equivalent length 'l,vhicht<l!ltoo
the· inter..eler.aent spacing of the foldd dipole into account.

o The combination at the usual induced~emf method to derive mutual impedance, and
the transmiasion line model o{ the folded dipole allows an. eltpl.'l:lSSlonto be d"'l'ivE:dfor
the mutual Impedance between folded dipoles, and hetwe~n dipolea and folden dipoles.

c A method orobt&.iningu1u'~ua1impedance for any two antennas directly from the NE02
package is presented.

Ch¥llpter 4 on page 36 presents the results of the theory:

i1' The folded dipole selfimpedanee valuoo detive&'from NEC2 and .so.A.'l'.
o Mutua.l t'llpedance results ate sliown. The. NEO method of obtiining the mutual
imped~tql(;e is vali:lawd, and the mutual impedance involving ~.folded; dipole Is' thUB
anol ·~onfQrnt .tq the thElOry developed ill Chaptel.' $.

Chaptam 5· on ll~ge n Bumrnatines the findings <tnd presents conclusions, Ree()l'f;l'm.en!la~
tiQno (or tur~het work are. aleo.presen"teq,

Appellllm:\<;: A· oil pa.g~ 74 is a. manua1for tfu1 SCAT computer padta.ge develop~d in this
thesis. An ,overview of the paeka:ge is given. followed by IIIbrief discllssion af i~suse).'int~rl'aee,
i1nd So interf<ll,e liating of an public proc~dures.

ppeli1ldim:1Bl on page 99 describes the empirical technique used to determine the extension
.ctor for the transmission line' model.of the folded dipole.

J nE!llJI.di~C on pa.ge 106 il1 a ta.bulation of the dipole self' imped~\te values derived from
'that are used in SCAT.

~l'he la1ibn(log ....I?l!~1h.y l~~ teferenees that were used in the background reading to).'the thesis,
hut were not specifically cited.
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BACKGR01fJND

The ..M:ethod-of-Momentsisused extenaively to validate the aeeurrcy ofth~ simplified theory
presented in this theeis (1;$ embodied in the computer program SCAT). Section 2.1 gives the
backgyolilld .to the theory of the MetllQd-ot-Moments and discusses some pra.ctical aspects
of ita implementation.

Ciro;uit network· theory is used to determinu the coupling between. dipole elements of the
antennas. The relevant ba.ckground t,heory is in section 2.2 which highlights some of the
difficulties in. applying it in an ante,mIR 'environment (Clark & Foude 1999). Essentially,
antenna a.naiysis with this method insolves finding the self and mutual hnpeda.nces oUhe
antenna array elements.

Section 2.3 give£'!the background to the tl'<msmissionIine model of the folded dipole, which
gi"ea e. computationally efficien.tmethod of calcula.ting the input impedance.

This thesia presents the mutual irnpedance between folded dipol{;S,wroth is.la.ter shown to l:e
an extension ofthe theo:.:y of the mu.tual impedance between cylindrica.l dipoles. Section 2.4
is a liter:a.ture survey of the pertinent aspects of the develQpment of the dipole mutual
impedance theol:Y.

Finally, section 2,5 reviews the theory to obtain the far field radlation patte:rn from currenta
on the antenna..

The Method of Moment;s is used as an accuracy benehma.l'kto validate the theory developed
in·the thesis, hence an overview of the method is given.
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The integra) equations associated with a general elect!.'omagneticsystemare teduced to a set
of linear algebraic equations by the Method-otMoments (MOM) (HatJ.'ington 19(8). The
unknowns in the method. are the coeffici\;uts of the current distribution of the system, due to
some excitation. A briefoverview or the imp0l:tant a;;pecta of MOM is gi\l'~n in this section.

Consider the conducting' and tadi(1,ting body shl)Wll.in figure 2.1

Figlll'e 2.1: General radiating body

Ma.<meU's electrie.fleld boundary condition sta.tes tha,t the total tOOlgential eleetric field on
the surface is zero) since it is a perfectly conducting body) ie:

0- 'I1j\& +'l1j\i. - Jl.:itt>n ,Il:4tQn (2.1)

where
JIDt..m ;;::: the sea-tiered tangential electric field caused by the current density

J on the body
Eta.n ::::the incident tangential field due to .~source

The relationship between the scattered :field Et!lit a.nd the current density J whit:n causes
it, is given in general by a linear operator LOP1 often in the form of an integro--differentia.l
equathn. 'I'hull (the subscript tan being omitted. but understood) we define:

(2.2)
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The uiiliuoViu eUl:l:'enf;distributioll Jf ca.n be obtained in tel®! of the kn,owu exeit~~icn, Wi,
hy reananging equ.atiou (2,2):

Note that t.b.~ Linear Operatot Lop must therefore ped'orrn a conformal m~pping from the
subset containing J to a, subset containing Ei in the operator domain.

Equation. (2.3) obtains the solution fOf J by inverting the lfuea,r operaim:. As tbe operator
;<1 usually an integral cpel'atot, it is never explicitly inverted in this manner. Instea.d) a:

. aethod~o!-mOmexlts technique is developed which has the advantsge of greater nrunetical
Jta.bility and is gen~rally easier to implement.

In the mef.h()d~of..m¢ments technique, the current deesity J is iBc brcken up intl't a. eel:lea of
cW.'re:l1tdenaitiee dist:dbtlted over the body, which desczibe the 1()N116! the CQlrent disttibu-
tion, ie it is eJ,p):~atledas a linE~a.'l' combina.tiou of basls functions .1fn :

Jl == Eln.1fn
n

where
In ::::COll''Ole:Jt coeffl.eicn.is
.1.,. :¢ bMis fUllctions describing the C1U:ren,t distribution on the general

ra.diating bOdy.

Substituting equation (204.) into equatiol1. (2.2) gives;

:ElnLvl»(Jn)~ E';
n

(2.4)

(2.5)

(2.6)

The form shown. in the above. equ?,tion givC$ rise to the formation of the. (scala,t). inner
product, < l,E >, deflned as the flmface integral:

<.1f)E>=IJoEdS

where
S == the sUlface of the radi.a.ting body

7
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The inn~r product,~ ~aJled lWa.ctio~. as this is a physica.lly observable quantity of the
antenna. The reactions are weighted. over the boily by a set of weighting functions Wm•

thus forming the matrbc equation:

r
.<Wl.,L."•.P(.JiJ>
••<W2,Lop(.'h).,...
'"

"'J ...[. r']·r -c. .1""".> )'. •. h ~J
2t
lID' >

<vr"':'{J.»· ... ;. = L <J.:W<>
(2.S}

[ZJf11 ~ [Vi (2.9)

where
[.0J ~ a generalized impedance matrix
[1] -;::;a gentl:talized Ctu:l:ent vector
[V] ~ a g~!\e~~ed voltage excitation vector

'l.vb.ose·solution takes the f01:n'lt

[1] ~ fZriWl (2.10)

wroth definen the geneTallllethQd of momenta applicabl~ to a;ny radiating, conducting body,
In order to solve this system of equations, the following atHl n~d,? to be defined;

o the set of weighting functions, W m

o the t'{et of basis functional J,'ll and

e the form of the linear operator, Lop

The choice of these three items distinguish the various implementatiQm: of the method of
moments. The different ehoicee also. introduce different restrictions to the method.

After theJ1 have been deflned, the impedance matrix [ZJ can be filled, the excltatlons [V]
specified, and the currents (1] found. An antenna pa.l'a:mf1i;ersofintelCest can be calculated
{ronl these cUl:tenta, ie

o radiation pattern

o input impedance

Q sca.ttering eeoss section
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o current distribution

.e; t\.l!lountof coupling to other bodies

The. NWlerical Electl'omaguetic Code, Version 2 (NEC2) (Bu:tke & Poggi" 19(1) is a well
known. implementation of the Method-of~MoIIlent8. NEC2 silIlUlation results OOIIlP~'eweH
with measured results provided tha.t the program. ~ used conectly. AB the program carl easily
be lIJ.is...applled,various heuris&ical rules have been developed to a.void the more common
pitfalls (Clark & Poutie 1980j Kubina 1983, Ludwig 1987)

NEca hss been thE;}primary antenna. analysis tool for seve~al years, and its validity has
been verified against measured results by numerous research ...~ (e.g (Chlodini .1989». A.
neW analysi&method, such as the one proposed ill. this thesis can.thus b.e.validated agaln.st

NEC2's re.8ults.with eonfldeace,

'I'he weighting an,' hasiB· functions; and the linear openll'1" used. by the NEC2 prog:t:amwill
llew be discussed. Only the Electric Field Inte~al Equa.tion (EJ!'IE) form will be discussed,
as surfa.ce patch modelling using the Magn.etic field Integral Equa.tion (MFIE) form is beyond
the scope of the thesis.

Since the linea); operator is 'Usually an integral operator I there ~e two integrations to be
performed to e'Vak.ite each matrix element in the Impedance rna-true [Z] (Equa.tion 2.8) -
one for the linea.t opera.tol' and one to determine the inner product (a Burla.ce integral). 'l'h;s
is COl1'),putationruly expensive and it is desirable to reduce this load, if a JUdicious choice of
...",eighting function can remove one integra.tion. Consider using a Dirac Delta function as
the Weighting function:

Since the mtegl'al or an impulse weighted function. is a sampl';!of that function at the impulse
point, Of!

J f(t)8(t - 'T)dt:::: 1(1') (2.11)

the inner product integtasiori collapses to a sample of the dot product a.t the application
point of the impulse. 'rhu.s, this technique is known as point matchill.g (alHo known as the
eollocation method).

Physically, point matching Implies that the boundary condition of zero tangential nelda, as
assumed in oqua.iion (2.1), holds only at the sampling points and may be non-zeta at other
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}?oU:te•• :Fot the method· to be accura.te. eno\'.\gh.~amples must. be ueel' to ensure that the
m'.lg.;iitttde of the field liot the .non-sampled points is sufficiently small.

Note that in pl'tbetiee. it is not necessary to hav", equigpaced salXlpling po,nts on the numerical
w~)(lelorthe structure, but it is usual in tJ-..emore sensitive ateM <lithe model, such M the
feedpoint.

Although the particular form of the basis function is not critical to the functioning ol the
method of moments, it has been shown that the closer the form of the basi.$function to the
I~ctual form. of the current distribution on the radiating structure, the lester the method
converges, ('.rhiele 1973, Pg 18) This implies that fewer samples need to be tal{en tor a.
partkular problem .: Fewer samples are a definite adva.n.tage to a method since the.ordel: ot
the MOM impedance matrix, which needs inverting, is dh:ectly related to the number of
satnIl,lepoints.

'the trnais fuutHons ua~d in NF''12 are knoWn as sub-domain bases SUlCI>the~' ~~ valt.J fot
the slJh-doma.in 4\n:.\"ounrung the point match and not <l~et the entire l'adia.t. ,Y' Sub-
domain bases e~ ~becalcula.tion of theinnet product and help to ensure that the lmpeda.llt:e
m$.tl:lx ia well conditioned,.· (Burke & Poggio 1981,· Pg IwlO)

NEC2's basis functions col'l.Sistof a linear combination of a sine, a. cosine, and a constant
term;

(2.12)

where
bi&C, ~ COllflta.n.ts, obtained from boundary conditions

(!i :::;:eonstanti, obtained by solving the impedance matrix,
k ::::the wavenumber (:::;:¥)
$. :::;:the segment length (ie the sampling interval)

Poek.Ungton (1897) develop~d ~n in£e~,~l ~qu~tbn dest:tihmg the currents on a radiat-
ing body using Maxwell's equations for regions containing harmonic magnetic atld electric

sources, Po",.k1ingtml,'sequa.tiQncontain$ the linea;!:OpelatQl'l:equired by the method of roo- .
menta, as it is used by NEC2, We start with Maxwell's equa.tions (ha.nnonic electric and

ma.gnetic tlources):
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wheJ:~
J :::::electric current density
JK:. ::::: llll;).gnetiectU'rent deruJity
f!> == permeability
e :::::permittivity

and reduce these in termA of the field quantities:

E = ~.iwA-\7V ~ tv x F
s

JB[ ,- -JwJJI' - VU +!.V)( A
p.

where
:F ::; retarded· vec~or electric potential
:Ii:" = retarded vector ma.gnetic potential
V :::::retarded sca.la.r .electric potential
U: ;;::;retarded scalar magnetic potential
r :::;:linear Qiata.ncebetween source point and obser\'t1ltion point

Pi m;;::; being the .volum« deosi1;ies of electric and ma.gnetic eharge.

defined as:

A =

JF =

V =
U ~-

~~.r..·.Je· -.3'1;r .. rp. . ---d'Q
41l'7'

~~r.r IKe -,'kr ,e---av
41l'1'

~~1..pa-J..'kr. __ -aut
. . 411"(;1'

fh'l me.-J7:f'. r----dv
• . 41l'pr

(2.13)

(2.14)

(2.15)

The relationship 'between the vecto)' (raantities A and ]1' .lI,ndthe scala].'qnantities V and U
are given by the Lorentz gauge equations:

\l 0 A ~~ -jwpeV
V 0 JF ::::: -iwpdJ

To simplify matters when dealing with typical radiating structures, we can assume:

11
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o non-magnetic environments where the pern1M,biHtyis that of free space

o ay.ialty directed electric cunents ftowing only in the s-dlrectlon ( ie ihis implil:',s
limitation on the radiating body to be constructed of thin wires,O'1}Y

Then the two Loltentz equations simpli.fy to one (more familiar)equation in one dime" iom

(!U7)

and ~hua~quati()n (2.14) reduces to

(!U8)

Differentiating equation (2.17) with respect to z. and subatituting for ~ m the above equa-
tion yields:

(2.19)

0).', lOt an infinitesimal c\U+ent element 3d,/!

(2.20)··

jirqm equation (2.15), A.. :;;::O(ZI z') ie defined as .th~free apa.ce Gteen'a function.

Thus tOl' a current density Jl parallel to the z axis:

(2.21)

alld fina.lly, assu.uun,g the,t the entrent density 3 is restricted to the surl'at;e (lfthe cylinder,
and distributed uniforml;;l (ie ,a < A), then equation (2.21) reduces to a sl,lrfa,\:e integral:

]
"'1'$ 1'()2G(z z,)] •

• J(z')l . 8; + iC:lG(Z, Zl} , dz' :::;-jw6E~(z)
"'.(42 z

(2,2:>')

which b Pocklington's equation, and ineorpol'ates the necessary Linear Oper~ttor required
for the Method of Momenta.
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2.Jl.S NEC2 Limitatil(l))lls

NEC2 is a highly competent progrnmj but ita ;!>ecutaey depends la:l.'~elyon the ability of
the user to faithfully model the physica.l situa.tion in numerieal terms. As a result (lithe
difficulty in m.odelling, there have.been attempts to a.utomate the heuristical approMh to
constructing NEG models (Givati, Clark.&;Fourie 1989), (Walker, Sorensen &,Kenney 1989).
Since NE02 has been used extensively in obta.ining results for this thesis) brief U!it of th,)
mor-, important eonsiderations is given:

o NEC2 converges when using ten or more segroenta per wa.velength of straight wire
(ie the s~npling interval). A greater density, however, may be required. in sensitive
areas of the model (particulatl> \t di.scontinuities) and a. more relaxe« density may be
allowa'b1e on long l'icctions :telat.ively ft>.rnom. the feed-point. (Burlte &. Foggia 1981.)

(.)The length to thickness r'""t,io ota 'Wil'esegment ma.y not be less than $ .~due to the
aasumptlon of :filamental.Ycurrent HoW iu the derivation of Pocklingto:u's equation.
If ,the :Extended Green's function is apeemed for the kernel, howeve~, the length .to
thickness ratio m.a.ygo .as low as 2. The implication of thia limitation is thlAt, .:tora.
particular wire thickness) the minimum length of the segment is restricted ~ effectively
put.ting. an upper frequency limit its evaluati.on. If highet f'reqiluney evalun.tion of the
wire is :necessary, wire cage modelling is the. 01l1y option - which has limitations of ita
own, some of which are (ljsCl1ssed in Clark & Fourie (1989)

I) The thickness of a.b1.ttting segl.nents must be compru:able. IOhey are llu3ieiently dis-
paeate, inaccuracies in the current flow a.crol!$the junction will.occu»,

~ The ratio of the segment lengths a.t a. jn,ncllion shonld be comparable to within a faetor
offive (Kubina.1983). This is a. typical heuristlcal rule which cannot be substantiated
by deriva.tion, but only shown by eX}Jel:imentation. The a.CCUl'My degrades exponen ..
tially as this factor gets larger than five, and by a. factor of sUtJ the error is una.ecepta.bly
large.

'\)The circumference of the wire 'must be much leaf! than one wlwelength, ie 2¥ ~ 1
othel:'wise the basic as8umptjon of a.,da.llydi:rected current no longer holds.

c Segm~nt match :point!! may not oVI:''tlap .....or a.n jndeterminat,e CU17:rentwill result. ':eh~
Impllcatlon is that wires with fairly phort segments meeting at a.cute angles must be
modelled with care.

e For acceptable results, wires should be several ra.dii apart. If they Me dose, and
pa.ra.llel, then their segments should align.

o Modelling a solid surface with a. Vlite geid if! sometimes unp,Jdictl'1.ble,esped.a.Uy when
near field quantities are being evaluated. Under these conditions tIle usual %ule.of~
thumb of ten wires per wa.velength nul.y not be a sufficient condition for convergence.
The radius of the wires used for the grid also needs to be carefully chosen. (L'ldwig
1987, Mayhan 1990)
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Q Cho®ing the fee(ipoi.at model can l)c difficult, th~ beat one for the appliea.til')ll e~n be
jIbe IIwfbngl' xMdel to use (Clal'1l & Fouda ',989). Th.e quet';tion of feedpoint models fu
receiving 9n~going htv.estigli.tiOin (P~g,P,S19(7) CO)t 199:1).

A tWQ P'ott circuit can be completely characterized in terms pf the intet'Mtion between ita
two pOl'ta. 'the 'basic 1iW'O nort netw<;)l'ktheory can be eJttp.nded to apply fot .two antf.lnna.
~j},dia.tor8 {Ca.rter 1932) J3alanis.1982). :Defining the volta,ges (;;;:adcurrents as in figure 2.2,

Port 1 Port. 2

the inte):actiol\ between the porttl is lthl'~nby the m.ii.tti::e equa.tion:

where:

Zll =
Z'!: ~l

Z~i :=

Z22 .-

(2.23)

{2.M)
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For a..general n.-portnetwolk, the terms on the diagonal, ZtlJ) ate called the eelf~impedauee$
while the terms off the dia,gonal Zmn arc the mutual impedances. In a real pa..<l$ivesystem,
Zmn ::::Znm, so tha.t the matrix is symmetrical (',bout .the diagonal.

It is usual to apply the network theoty to a.. circuit, but it can be applied to two antennas
in froo Ilpa.ee. However, there are problems with tbe definition of the self impedances as
defined in equation (2.24). For example, the definition of the self. impedance of the first
antenna requiretl that the C)Ul'ent. 114in the second antenna. be zero. In the tireuitl'l case, it
is sufficient to open circu.it the second porti Open circuit'tlg the second. ant¢nna., Mweve~.
does not remove itR effects - as discussed in seetion:1.1 on page 24.

A folde0 dipole can be considered as an unbalanced ttl lion liil.e which radiates as a
:Ns'Ult cf its. unbalenced condition (Tal 1948, Thiele) J1)i~e.. k l:lend~l's~!\1980).. Thiele
et at. (1980) showed that the (\unent on the dipole can t.~oonslde!7'd to be composed oftwo
modes! a tl:an,l$missio:p. line mode and 00 antenna, OJ: '('tMliating mode, as shown itt ngme 2.3.

-~

~

'I'ntn-"hl!l!l

tWa
c,'ilklum

lfull:J

Figu:ce 2.3: The decomposition of the folded <lir-ole current into an &ntenna. tfl.>de and a
transmisaion line mode

:By superposition of the two current model; in figure 2.3, the input inlpedance of the folded
dipole is given by:
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(2.25)

where
IT .:::;transmission Iine mode current
h.:::;antenns, mode current

The modal entrents IT and lA are obtained by looking at. the equivalent input impedances
of the modea.

The impedance for. the transmission line mode ZT is r.nwtof a short-cirouited lossless trans-
mission line given by:

(2.26)

wher.e
1 :::;:tip·tCJ-.tiplength of the folded dipole

Zo .:::;.characteristic impedance

The eharacteristie Impedance is that of a two.wire line and is given by:

(2.27)

where
s .:::;separation of thu folded dipole sides
a:::: radius

The impedance for the antenne mode ED is tha.t of a cylindricl;\l dipole. with an increased
effective radius u" which is a function of the spacing 8 and the wire radius a:

(2.28)

Zl) (Ian be found using known :methods such as the induced ..EMF me ;od (Bala.nis 1982»)
staxldard published impedance table.Q (King & Hardson 1969), or a Method-of-Moments
code (Bm:ke & Peggie 1981).

Thus the modal currents are given: (lU:
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IT:= V/3.:= V
Z'l' 2Z1'

V (2.29)

as:
Subetitution I)Ithe eur,rents i)'1equa.tion (2.29) into equation (2.25). ~ivel)the input Impedance

(2.30)

The importance of equation (2.30) is tha.t it gives a simple m~t:fiodof deter-aining the folded
dipole inptlt impedance without resorting to comp!eJtmethods like the method of momenta.
The transmiasiollline method esaential1~ presents a correction to tabula.ted cylindrica.l dipole
impedances.

Uniortttna.telY, the method is a.cr.Ul:a.te only where the sepa.ration $ is less tha.n one hundredth
.of a. wavelength, which is a. severe restriction. in r~a.etice. An extensi.on to the transmission
line method to ov~com~this restriction has been presented (Cla.rk & Fourie 1991)wbich is
discussed in section 3.2 on pa.ge.29.

A brie£hisiory or the development of tbe stand~d expressions for mutual impedance is given
here. Many 9£ the references in the bibliogt'aph~' refer to work dcne.iri this regard. bu.t these
give the basic outline of the progression to the standard expression for mutuel impedance
between dipoles, derived by the lndl.lcen·emtmothod (typitaUY).

Carter (1982) introduces the circuits laws in l'eH~tionto an antenna. system. He showed tha.t·
the CirC\lit network theoty CMl be applied to tWI:>dipole radiatoti:l of integrai number of half
wavelengths.

For wites •tha.t are a.n exact illltegral number (.Ifhalt waves long,· he produces the atandard
!leld conditions at a point, tr<:!m which the mut1~tl.limpedance is derived. He solves thei*l in
closed form (Si and Oi integrals) for:

() parallel.wites of equal length (Not Staggered),

o Collinear wlees

o and (though not in closed form) for ~wowhes forming a Vee (lUI in a l"ho.rnbie)
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In hie.clMsic treatise, Brown (193'1) slightly extends th~ work or Carter, and uses the mutual
impedances to produce graphicaha.diatioll patterns of an .ATI/I broadcast a.ntenna.

Colt (1947) eJ~teJidsthe theory to allow antennas of unequal lengths hut as he was addressing
the AM. broadcast antennas of the day, his method does not a.llow the antennas to be
staggered in echelon.

Tai (1948) was the first· author to consider the effect .0£ thi clmess on the cslculetion of the
mutual impedance. Uufortua.na.telyhis method involves wiving the .antennas in a :symmetrIc
and anti-symxnetric mode, his assnmption of ;dentical antennoo.is intrinsic to the. method 1

which is also limited to non-staggered antennas. Re.pl'oduees cUll'ves.ofmutua.!: impedance
.M. it vade$ with thieknes~ factol, whlch are of use.

I{ing (1957) buildaon Carter, Brown and C(»t, to.calculate.the mutual impedance, in closed
form, of unequal length antennas in ech~bn, fo};'the cases of non-staggered, .s.taggeted, ot
collinear. 1Il~covers antennas of a half~wH."elengthlong, or shorter. It is his no~-closed form,
integral equatioXl,that is..of inteJ:'eI:ltto tile standard derivation o:f.the ;:nutu;;I,lUnpedam:e.

Fina.lly, the closed-form 501\.'f,10)1$ are completed by Richmond &; Geary (1970) wh!).extend
the work to the eo-v1ana.t skew situation, followed by Richmond & Geary (1975) who treat
non .co-pI,mar skew dipoles (ie arbitrlll'Y orientation)

No exptessi,')na:ha.ve been given for the tnut\l,al impedance involving a folded dipole.

M.ost tll the t1ffo.rtin the above referencea WM expended in getting the integl'al equa.tions
into a closed, i;ut non~gen:eta.lform (in most cases with the.Use of Ci snd Si integI:als.,with
as many as 40 such evalua:~ionsper point). However, it is now more useful to use the more
general intet;.rij,Iform and use an efficient integrating algorithm. (SOA.TUses the Romberg
Integration methodj with a. Ttapezoidal starter, and :Richardson. Extrapolation).

The usual expreaslon for the mutual impedance) evolved from the work outlined above, is
now reviewed as a similar deriva.tion is followed when deriving the folded dipole mutual
impedance in Chapter $. Using the the symbols identified in :figure 2.4.:
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Figure 2.4: Geometry I)f two parallel dipoles in ech~lon

the open. circuit voltage induced in antenna 2 due to the radiation frou'!.antenna. 1 excited
by a current 11 can beexpreS,Sed in the usua!·way as:

JIJ1I21· == E 'field component radiated by antenna, 1 pa.l'a.llelto antenna 2
12(z) == is the current distributi()Jl on antenna 2 as a function of s,

l:u == is the pun-ent at the input to antenna. 2.

Assume a sinusoidal current distribution for I2(.~)oUhe form!

where
1m ::: is the maximum current
I =: is. the dipole length.

(2.31)

(2.32)

The z-directed component of the electric field of a •dipole given a.t a :point P in space,
assuming sinusoidel current distribution ia of the. stand&rd form:

:qlm .[e "'ikR.l ....e-ikRll .. C' lc..l) ei~r].
$;;=-3-- .-+--2cos ----41l' . Rl R2 2· r
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Substituting equation 2.33 and equa.tion 2.32 into equation. 2.31, and ;reN~it!g that the
mutualimpeda.l1j:e (lefeli:l:ed to ~h.einput termma.lg) in given by:

x [
e-ik.lll e-Jk.ll·~ . (kh.)·. elk ....]._-- + --.-- - 2 cos ~- -~ dz~ ~ 2 r J

{2.M)

(2.85)

It is usual to :tefer the mutual impedance to the current maximum, and it is computationally
useful to sepa.rate the teal and imaginary patta!

J !'!r[ .. (I· .).].[ (U") C(k·R··) 2 cos(!ili.) COS(T•.,.>]+ j,!!.... .• .Bin ~ ••.a _I~I .. x .cos lin;l •+~~ .'" . 2...... .... tilt (2.36)
411'.:::!a. . 2 •• Rl R2 . r

:a

To :return to the required mutual impedance (referred to tho input. term.inala) simply multiply
.equa,tioll 2.36 by the currents;

Z (11m). (12m). z[ 1 ].[ 1 ]
Z2H == ., 21m III . . I2i . == 21m. sin(kh/2) . sin(kla/2) (2.37)

Note that the mutual impedance given by equation 2.37 will tend to infmity fot full wa.ve-
length dipoles, due to the einusoidal current assumption, which may be eompensated fOE by
a. d.amping factor in the denominator I or by the inclusion of a quadrasuze cU!:rent component,
if desired.

The calculation of the tar field radiation pattern froru currents on radiators is a straight-
forwatd integration (a'mmation) of the effects of the individual current elements at the
evalua.tion point.

The th~ory developed in this thesis provides the magnitude and phase of the current in each
s-directed dipole element, assumed to be sinusoidally distributed. There is no Et/>component
of the radiated field, but only an Eo component.
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{l(l'a.us 11)88, Pg 221) ohowa from first principlea that the l'adi~ted fat' fields from wire n are
related ..- the sinuooidal currents flowing on it by:

(2.38)

where
tn ::::total length of dipole .n

[10' ']:::: I. ..eiCwH'1!"n+o/ .. )
,11 , m,n

lm.,n. = the curient maximnm on dipole n
/)'i'n = the Spaci.al phase component of dipole n
<fin ::: the phase component due to the Ourrent Phase. on.dipole n
r ::::distance from the.nunent on the dipole to the field evaluation point.
o ::::is the angle defined in figure 2.5,

Thc·diat,ance r to ;.he evalu~tion point P is slightly 4i1ferant for each. dipole in the aJJtenna
al.'ra.y. 'l'be diff'eren.ce in ma.gnitUde due to this slight change in, r is negligible" especially
for la.rge 'i't but the p&tn (l,ifference is crucial in the phase (:ompon€l1t. '.rhus the distance
from the centre. of each cUl.'Nnt element needs t.-.. be computed to obtain the spatial phase
diffel'eMe requited £01'the vectol' summation of the n.elda at the ew.~uation point.

Figure 2.5 shows the necessary geometry. The eurrent e!ementia at point Q, and the vector
from the origin to ]?oint Q is r' := (ai', '11', z'). Asaulnhlg thlj,t the evul~a.tion point P is very
n"!U'-'" fUl~theta.way from the origin as point Q, the required dista.nce is the component of Jrl

in the direction of the vector to P givell by' the vector j[' =.(3:, 'Iht) Ie tho d~t"']?l:oductQf rt
and a. unit vector in the direction of r,

y

Figure 2.5: The fal:~field radiation geometry
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(2.39)

The.tequil'e.n unit vc.etOl'in the direction of the evaluation point is:

,:,;: (sin flces tfJ,ainBsmtfJ, cos tfJ) (2.4Q)

the dot product of the two vectors yield>;!a value for the point labelled ell in flgure 2.5 and
yields the spa.ti'1l phase component L aff:dl which is sdded to the phase due to the current
on t.he·element.

Fields due to all N dipole elements ate vectol'ially summed to yield ESumm~d at the evalua on
point.P and are divided by the field at that distance that would be generated by an. isotropic
source, Elsott<>pic to give the directivity in dEL

N

ESumm¢d == 2:Eo,n
n:=1

(2.41)

E JaoPmIsotropic = •.•--;-. (2.42)

ie the directivity in the direction (0, tfJ) is given by~

(dBi) (2.43)

which is the value that SCAT produces when ru:.kedto generate a radiation pattern ..

Chapter Summary

Q NEC is the method of momenta implementation used
accuracy of the new methods developed jr~ the th:.o~<;.

rdstiek to measure the
e~ 01 the method 01

moments has been given, as well as some implementation al·\~I;i,nr,constraints of NEC2.

o Circuit network theory is used in the analysis of antenna a.rr;,ys and has thus been
reviewed, the conclusions being that the self and mutual impedances of the antenna
elements need to be found.

~ "'file transmission line model of the folded dipole has been reviewed, as it is aa efficient
means of finding the self-impedance or the folded lipole. Some limitations have been
discussed.

I) A review of the dipole mutual impedance derivation hM been given, since t. siroiIal'
procedure is adopted in the mutu.al impedance deriva.tion for folded dipoles.
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o '1'1'~ ·Ar~fieldradia.tion pattern can be obtained from a. knowledge oUhe e.urtents 0),'"

the antenna. The theory for this has been reviewed as it is instructive to COl:npate

patterns as weil as input impedances when comparing analysis m~thods.



DEVELOPMENT OF THEOR1t

Chll.ptet :,}develops the theory reviewed in chapter 2. The prUnal:'Y concern is with the
deternlination ohelf and mutual impedances ol the antenna elements. 'the concept of self-
irr.r:edlimce is looked at more fully, as compared to free-space (isola.ted) input impedance.

The folded dipole tzansmlsslon line model, which dtte tocertain l'p.stri( ,~ionscannot be applied
to many folded dipolelJ of pra.ctica.l dimensions, ia extended 1'10 that it applies to most folded
dipol~. The model provides an efficient method of calCUlating the, self impedance of the
folded dipole.

The model also provides a convenient desc:ription of the folded dipole which ill' used ,hI
the lnduced-emfdedvation of mutual iInpeda.:n:ce, pro~iding an eJq>llessloll for the mu.tual
llu.pednnce between a dipole and a folded dipole. An expression for the mutuaUrn;>eda.nce
t-e!vveen .two folded dipoles is provided by .11, logical extension.

In section 2.2 on page 14, network coupling theory was intl:oduced, from which it is evident
th.a.t ,antenna analysis depend$ on finding the self~impedance of each element and their
mutual impedances.

Tl).e self impedance of a dipol«, as defined in equation (2.24), re$luh:es zero l:ui'l'entflow a\.
the patt of the other dipole. The free space input irnpeda.nt:e, on the other hand, i@evaluated
in.total isolation,

A diatin\:tion is thus made between t};.'t free $;_Ju,cedipole input impedance Zmree and the
self~impedance Zll·as d~finerl by equati.on (2.24). Figure 3.1 illustrates that Iillopen circuit
itt the feed point of a second dipole in close pl'oxil:n.ity does not. 'PF'm;;;Ve its effect on the fil's~
d1:polt'.
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Figure 3.1: The current distrihution on halt and full wavelength dipoles

FOr the hnXf ..wa.vel«:.ln.gth. ease (a) The magnitude of the induced currents on the two
>./4 sections ot cpen circuited dipole is not. particularly la.rge since the sections are
sllOl't in terms ofw(1velength, and the open circuit is forcing a current zero at the ends.

The coupling efi'oJ¢tsbetween the dipoles will be minimal. and hence there will be no
appreciable difference between the free-space inpttii imped\'uce Zl1Free and the self
impedance 2'11

for the FI.illwavelength case (b) The open circuited sections of bne second dipole are
reSI:>nant half wavelength long structures. Thus the magmtude of the induced cunents
on ~he$es~ctions will be of the same order as the current on the fil:st dipole if th.eyare
close together.

Ccmpling effects will obviously be strong, and one would e:x.pect a. tn~tked difi'eret'.ee
in the values of the free space and self impedaneea,

The differenee in the two impedances is of importance since the calculation of a.n input
impedance Zu in the presence of two.open circuited s€:l:tions of dipole is no longer tl'ivitll
and is be~tondthe scope of.8. simplified analysis method. The adv&ntage of using uhe free-
space input irn.pedance as an. a.pp:roxitna.tion to the self-hllpeda.nee is that the free-space
impedance is readily a.va.ilable in look-up taNe form (King & Harrison 1969), and other
sources.

Many authors (Balanis 1982, P.g 297)i(Jordan & Balmain 1968, Pg 537) and (ElIirLt 1981,
Pg 321) state that in most instances the free-space dipole impedance Zl1~e can be used in
place of the ,self-impedance Zl1) but they do not delimit the conditions 1mder which thib is
true. Collin (1985) does, however) demonstrate the case depicted in figure 3.1lUJd tefers to
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King (1969). l{:iltfSshowed that fo.!:a. tWI') element array of full w<i\velel').~~hdipoJet51tb.e $eif
admittance durer-I! by· "l0-2(})) p~rcent from thu.t of an isolated dipole ro~ iipaeings in. the
tange 0.2)\-0.8.\.

A nutnericall':'Si:pEtrime : t was l!e).'rol:'m~dto clarify the conditions on the use of the froo-space
impedance as a :nibstitute 1(11'tIm self-impedance. Two equal length dipoles \'Vere placed
adjacent to one ttU.otber at a fixed spacing d = AI? M shown in figure 3.2.

tn
'2

Dipole 2

li'i~ure 3.2: The self..bnpeda;ncelfree lIpa.ce impedance t'JlJ){Jrimentalgeometr.y

Both dipole lengths were vatied continuoup1···.from· a. half wavelength .to one and a. half
wavelengths, ie starting a';..dending at case (a) and passing thr()Ugh·cMe (0) as defined in
1igUtI')3.1. 'NEC2 was used t.o evaluat('! the input impedanc.~ under the two conditione:

I:) Dipole 2 not present (ie Zl1~)

4) Dipolre2 present, but open ci).'cuit~d. (ie Zu)
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Figure 3.3: Compa.rison of Free epaee VB Self Impedance ora. dipole

Ftt~m:e 3.3 ahtWill the results. of'the ahnula.tlon. Oleai:ly '.he m:)?or~. a.ceepta.hit; for tnuch 0;;
th~! range, but not in the vicinity of the full wtl.v(\l~ngt,hcase, lUi pr.edided by f\gUl'C 3.1.
'l'here has also been a clel\)' shif~ in the p~ak :rnagllitude, :pl'Qbabl~'iUI} to the llnit~ ga.p in
the open circuited dipole - causing the sections to resonate at a. slightly eatlior point.

Dofhle the percentage errol', referenced to the free space hnpedance· as:
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o.'l' 1M) O.!>

Assuming.that a 10% e~x()l'is acceptable, fig;ul'e3,4 SMWB that for this particulat spacing ,..f
d :::.AI?, the ZU1J):ee cannot beused instea.d oUhe Zli. from O.B4Ato 1.1!l\

The unlllccepta.hle error means that a method. which relies on using the axmlll,\ free Spr..Cf;
impedance value~'~ $e1£impedance valuea in the matri:s.eq\).\)..tion(2.23) cannot be e~peeted.
to a.IlMyae antennas which ha.ve elemente tha.t are a. lull wa:velenath lon$, 6uch.M will ()c<'ur
when analyzin~ a log~periodi¢ all:~ay.

Note tha.t ~hereMe are ma.ny fa.t:tpl'lt tha.t have not been conaidefed in this expetiment, such
as:

Q How the errol' range va-des for different spachtgs.

o. 'the effect of cbanghtg tnt!. open cil.'cuit ~1l:PgeIJmetry.

Q .Whether the error is affec'liedby ra.dius of the dipoles.

Uowever, it is elea.r.that at fh:flt resonance, the free spa.ceimpedence sufficiently app):oximatea
the. Relf Impedance required by equation (2.24).
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In section 2.3 on pe,ge 15 tbe.tranamiaaion.line method was presented ·whicb ofi'el'lSa. Btmple
method of obtaining the input. impedance of ~;hefolded dipole. According to Thiele et al.
(1980), howeve!:, th~ method can only be used with confidence if the sepa.ration of the dipole
side.13is less than one hundredth of a wa.velength. He aacribes the failure of the l1llethod to
transmission line equation breakdown. Clearly, however, transmission line tboo~y aoes hold
fo:l:'larger .septn'ations - and a d.ift'eroentexplanation is given in (Cla.tk & Fourie 1991) which
is cutlined in this section.

To illustra.te the limitation of $ <:: "'/100, consider that a. typical cotnn1el'ci~ 150MHz f"ldeu
dipole is made of 19mm diameter aluminium tubing (on) and has a. separation 8 of 9tim:m,
or one twentieth or (1, wavelength. For this dipole, Thida's transmission line model breaks
dO'11.

This section will present extenaions to the transmission line m~thod to he able to analyse
dipoles with a f;)~patation.or up to one aneth of a. wavelength.

T1i~ tl.'ansruiasioti Iine component of the method hl,kes· the· seplilt&tion IJ into aCCQunt·onljr
hy its inclusion in the. ebm:aete:dstic hnpedance expression. The ..chataeteristic impedance
ot.' ~ t.l:a.nllmi~ion line ill llQt unique itt th~t many different geometries. of two wire line can
hve the Banie charactel:istic itnnedance, ie the sepwoation is used ~ a ratio to the diameter.
Thi~le feels that a.t th~ lal:ge:rsepa;rations, the transrnissionJine nature of the folded dipole
breaks down, A.papel hy Austin &; FO'.lrle (1988) which illustrat('$ the wltelength cO)lcept
a.lludes to a dift'eJ:ent eJcpl::mation.

Figure 3.5 shows the geometry of their monopole and the results obtained,
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Figure 3.5~ Res.ona.nt length of a bent wire

They showed tha.t the resonant l<:ln~thof I), bent monopole is essentially constant (and equal
to b: +ha) tor bends or up to 90°£01'Ya1:ioua configw:a.tiOIlS.

In cSlJenca their experiment showed that wires wi~b Itbend ofless thaJi 90l>hehave.electricaUy
like long!}!:stra.ight wh:es. Bends, 6U<'A .1;Ik the ones at the tips ot a folded dipole, can hence
be treated by extending the physical length of the antenna by a. tidal depend(lnt on the
inter-~lement spa.cing 8.

The accuracy of the transmission line method should thcxefore. iznp:rove iIthe overali length
I is increased by an amount dependent on the ad<tltional wirelength at the tips df the folded
dipole. The extension may not necessarHy be the full separ.ation fJ as 8ugg<lsted by figure 3.5
M the end~capa.citance effects of a. folded dipole ate differen.t to tb.ose of a monopole.

A numerie~l experiment was conducted to determine;

e the extended equiva.lentIen~th.I~~.

o whether the extenalon,·a.A>pliea.to thetransmissiou line mode, the antenna mode, or to
both.

Clark & Fowti(J (1}"'1) use as a. first a.p:ptoJdma.tion,

l~CJ:::: 1+018 (3.2)
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a;::;: len.gth extension facto);, to be found
;:::the original tip-to-tlP length or the folded dipole

lillY ::; the extended equivalent length of the dipole

and repol:t"(ithat
Ct::;:: 0.39 (3.3)

gives acceptable results when applied to both the antenna and transminaion line modes •.n
has a!nce becom.e apparent that a secondary correction factor w necessary to account fol,' the
radius a of folded dipole tubing. Thus, the extended length becomes (See appendix B):

lell ;:: 1+ (0.4 .....20a)a (3.4)

Thus it can be seen that the IX value ha.s simply been modified to account for the. radius GI,

or

IX ;::;: 0.40 - 20a (3.5)

li'l'1eresults of using the linearizM equa.tion (3.4) ate shown in figures 4.1 to 4.9 on page 4.7ft'.

An analytical exptession for the mutual in~pedancebetween a. dipole and a folded dipole has
not yet .been developed. However, the ·tran."(immsionline model of the folded dipole (Thiele
et al, 1980) as discussed in section 2.3 on pa.«-e15 suggests a simple method of analysis that
can be used to develop an expressiou for the hlutua.l impedance.

3.3.1 Combining the transmission line model of the folded dipole
and the h'u3l.uced..emf method

The induced-emf method as described in section 2.4 on page 17 is used to determine the
mutua] impedence between two antennas. The tranami.$slon line.model of the folded dipole is
used to determine the current structure on the Mded dipol~ In order to use it in the inducl)d~
emf derivation to obtain the mut.ua.l impedance with a. fclded dipole (Clal':lt &: :Fourie 1992).

Consider a dipole auf[ a folded dipole as in fI~ure 3.6:
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Fig~re 3.6: CQupling geometry "t~tha folded dipole as the second ~ntenna,

The open cireuit voltage Induced in fo~ded dipole 2 due to the radiation from dipole 1 excited
by a cuttent hi.s exp)!esa~' a$; (See sec.tion 2.4 on page 17)

(3.6)

where the electric field cOIllponent in the ~-direction at folded dipole 2 due to the dipole :I.
E~~lis of the $tandard fotm:

•.1JIm[.RO-jli.R1 e.-JM2 . ('cl) eJ1:r].EJi :::; -3--' _____...,.+ ---- - 2 cos - ---. .. 41!' RI R" 2. r (3.7)

The cl}:trent on the folded dipole is found by cOllsidedng the transmission line mode current
iT and antenna mode fA currents, Clearly the impressed electric field Ez21 in the vicinity of
folded dipole 2 causes an antenna mode current IA to flow in each aide of the folded dipole,
which is of the form:

(3.8)

The a.ctUal.cul'l'ent flow in each side of the folded dipole is modified by the trauamisslcn line
component ott-he current IT such that the current on the left hand side ()rthe folded dipole
is h!+lA and 1'1' -IA on the right hand Bide.
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However, the electric nelda generated by the tl:ansmis&ion.line mode cUJ:tents 1'1' cancel since
they are in such close proxixm.ty and flow in o,pposite directions. OCtis th<;jl.'eiol:e telll3Pnahle
to postulate tbat tue ttansmisaion line m()de cutt(}llts do .!lot inftuence •the mutual coupling.
For the purposes pf determining the mutual intetMtion between a dipole and a folded dipole,
then, one can consid~t the folded dipole's sides as being collapsed to a. filamentary etment
of valua 2lA t or tha.t the· effective curre~t in (he second antenna. as a whole is :

(3.9)

No'W.the mutual impedance is given 00

(3.10)

x [
..e~.,jA..1lt. e-.-·~·.NR.. ~ . «MI.).. e.J1:f']...-- + .........--2CO$-- ._••- dz

Rl R2 2 r
(3.11)

OJ: substituting eQMation.·(2.35)

Z~l :F\:lId..d ;Olpc>le to Dipol<l ::: 2 X Z~1I>ip01Ci' to DlPole (3.12)

wIdeh is obtained by t,ousidering. the transm?ssion line model of tbe folded dipole when
deriving the mutual im,\>cdanceS by the induced-emf method.

The mutual impedance between tWG .folded dipoles. can th.en 'be obtam.ed by extending the
argun.1ent!c

:By tedpl'(ti:ity,

(3.13)

or, that the impedance would be the same if the folded dipole and .the dipole Wel'eswapped
in :figure 3.6. It folloW'Sthat th~ .lnutUW. hllped~n.cebetween a folded dipole and a folded
dip?l.e will again have tW"ie~the current moment, Or!
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Z:n Foldeti Dipole to Eblded Dipole :::; 4 X .8'21 ))ipole to Dipole (a.14}

A standetd is required against which the above theor.y can be measured. NEC2 cannot
p!ovide the mutual impedance between two antennas directly,! but the following procedUl'(;t
can be adopted:

Consid~r the coupling matrix. in equation (2.23). If V2 is set to zero (dipoie two is Sholt
circuited):

Or

(3.15)

(3.16)

the input impedance of the array (ie input impedance of antenna 1hi the presence ofthe
parasitic short circuited antenne, 2) is given by:

For a, reciprocal network, Z21 :::;2'121 and the n11't .la}impedance Z21 is obtained by;

(3.17)

(3.18)

which ends the mathematical de:dva.tion .. The p:r:acticalhnple:mentation 01 this equation Is
Ii little more subtle, The. quantity unde!: the square root it equation (3.18) '-s a complex
number. Pindlng the square root involves deter~nining t'1l6 arctangent of the i:magi.n$ty
PMt over the real part. A four quadrant ~ctangent must lbe used to determine the correct
qu;,.drant of the square root. But there r¢mains the usual choice between two roots that
are 18000ut of phase. Normally, the choice is obvious due to a purely real nature etc, but
mutual impedance can have negative real and hnagina:ry patts - ie it can fall in a.ny of the
four quadrants in the Argand disgram.

INEC2 cen provide (J(lupling in dB's which is defined as the maximum coupling when both antennas are
perfectly matched ~ but is noi the mlltua! rmJlMlt:l<m~i'.jlI defined here.
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to ensure a smooth phase transition when plotting the mutual impedance derived from this
method the previous va.lue of the argument needs to be inspected ttl choose the eOi;!:!ilct !oot2•
There does. not seem. to be a.ny other way of ):~olving this mathema.mc.ru dilemma.

For every .mutual impedance point calcula.ted1 there ate three NEC2 evaluations, - Zl1, Z2~h
2itH the Zl2 is. calculated, and the toot chosen. The procedure netS been (\utomated using
SCAT as a pte and post processor to NE02,

The method of obtaining the mutuel impedance from NEC2 in thia fashion is nevertheless
vefYuseful and: a. verifleatlon ot: it is offered in the results section 4.3 on pag$ 49.

o The nee space input impeda.nce COOl be used :."'stetld of l.he rigorously defined self
impedancet provided that the dipole lengths· are Lot neal a full wavelength. The
simplification offers a significant s(!,viJ,lgof conlplltational dotl;.

A signiiicant ~1xtension of the transmission line-model of the. folded dipole has been
described by considel:ing the.wirelength extensions due to th.e.mtel'<"element eep(!J:a.tion.

I') The· transmission Hna model of th~ folded. dipole is combined. wlth the indue~emf
method ofdel'iving mutulll~.lpcda.n,ce to obtain e)..1>ressiofisfor the mlltu.1'lJhnpedance
involving folded dipoles.

o Sinc~ a staadard if:'! required against which to con'lpare the mutual impeda.nce etpttls'"
flions, a method of obtaining the mutual Impedance from NEC2 Mtweeu an!,' two
antennas la outlined.

~Obvi()uo!y a ¢h!l..llgeuom, -11" to 1I".ill nU.6wabll), bue nGt a phase ("lll.mt>Elor 'II' which wl!)wdiUlply a tlwap
of quadrants.
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RESU[rE§

-
This cilapt<?,t;;l.pplloothe tneOl:Y d4;!,velopedin cna.ptel: thl:®f and p:resents results of flUnula·
tiou$ performed against NE02. Section 4.1 shows the degradatic.n of Th\ele!s. transm!d~on
line model lor large? sepa-l'a-tiona,and shows the improvement obtained with the extensions
presented in thil'J thefJls. Measurements of mutnel inIpeda:nce were •.pel'loKllled to confirm the
$hnulation results presented in lleetio'n 4.3 - the detail~ 91the m.eaauiemell.~setup are llhowu.
in se~tion 4.2. FinallYl section 4.4 'lh<,.wst.he simulation sesults of a tew ailllp1e a.\,rl!iY'<, using
the theory developed in the thesis, versus. NEC2 results.

4~1.il J0telteHoration of aecu~acy of #JrMela's tr:Qlnsmi.ssipnlilllE! lltli.odel

with i'lCl'ceasill1lg inter ..element spacing,

A nmnel'ical expetiment was used to show the deterio).'atiol).in accuracy of Thlele's trallSlllis-
sian line model as th.e inter~element separa.tion 11 or the folded dipole was incJl:eased. Ip this
experiment, a halt~wavelength ~ongfolded dipole was ~vall1ated from. 2/3. centre-frequE,~cYI
fe. to .4/3 fl}' The radius of the ,folded diRJoleeJ"menta 'Usedwas One twa. thousandths of the
wavelength atthe centre-frequency, r == Ac/2000, for all three simulations. The Pl'oglfcssion
of the inaccu:racy can be clenrly seen as the separation 8 mCl'easeo: figure.4.1 shows the Cf1Im~
parison to NEC2 for a separation of lJ :;:: J,}.015~c::::3Ac/260;. figure 4.2 for a ilep~ati()n of
$ ~ O,05Ac :;; 'Ad20; and figure 4.3 f!)l' a separation of s ::::O.l>"c::::>"1;/10, ..t\l'!P shown are the
results (annota.ted as S0A'l'~O.39) of the equivalent length modifteadon to the-.transmisslo11
line model.given by;

(4.1)

where
a == 0.39
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Figure 4.1: Compared folded dipole mpllt impedance :for I; ::: ~A42QO.Thiele vs, NECl? vs,
SCAT ex ::: 0.:39
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E'igu\1e4.2: Cvrnpat'eu roMJ~d.dipole input iml)eda.n~ to).' B := )10120. 'l'bielo VO. NEC~ VB.

SCAT (!( =:: 0.39
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Figu!:c 4.3: COffipn.red folded dipole. input impedance for (:I ~ AI1/10. Thiele va. NEC2 vs,
SCAT (¥ :::: O.J~

In co;).cluslol1.,tile oJcperixncnt has shown that 't'h.ele's t):~nsrldIl9iQn line model if! inadequate
for folded dipoles with a separation gltenter than fJ := )10/100. Athas also I'lbOWll that the fh·at..
ord!;'!!:'modifica.tion to the eq,uivllJent length used in the tra.nemisaion line mode] adeqlla.tilly
compensates for this erro», but ouIy for the case of p. lilted radius of r ;;;:..\6/2000 (01' hnm
nt 150MRz).
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4.1.2 Th~ deterl(\)D?ationof.accur$!cy of th<a.·fi:rst ..owaer modification
to the t}.·ansltniaslol1.Unelllwdel with inde~il!!ig l~$.(Mua.

Tho. M¢u~aey of the firfjt-ord~t. e(,).~pen~t,ion as given. by equatioll (4.1) again degrades
with thicker tD,dius folded dipoles (See S~ctton 3.2 on pf.l.r~e29). 'rhe r",u,owing numerical
elCpe!.'iment.f,h'mon6trlllte~ the deterioration in. acc'UrMy.}I. halfwa;velength lon~ f"lded·dil10le
is I.\:naly~\~d.ftoxn2/3 Je to 4/3/1;' The il1tei:~elem~)ltspacing is fairly large, at D =0.06.\" (at
150l.\.U!z, 'tI == 120r.un) for all three 6imula.tions. ·1'he t:adius is r = .\c/400 in. figure 4.4 (ie
5mm at 1.f10MH:il)jr = 2,\c/400 in figure 4.5; and fl.naUyt"= 3.\el400 in figure 4.6 (ie 15.nm
at 150MlbJ.

'I'he error norm quoted in th-e figur<',a .ill the mean absolute e1ttor norn'l, le the e.blilolutevalue
of the diife):exHle in impech:mee magniMvles ~iven hy~

1 N
e = NE112111-121211

.t)

4.0

(4.2)



J!'igtlJ:e4.4: Compa).'ed folded dipole input impedance for r =: >.t/400 (e:::22.4n)
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Figure 4.5~ Oompared f'olded dipoleinputimpeilance tot ~:= 2)1.44:00 (0=:,53.50)
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Figure 4.0: Compared folded dipole input impedan.ee lOr 8 == 311e/100 (e~56n)

In conclusion, the expedmtlnt has shown that the fi.rst~order correction does not adequately
correct for thicl~er dipoles, and a aeconda:ry correction i~ needed to take the .radius into
account.

4.1.3 The final eorrection. to. the transmissiolll line model

The need fot' the secondary correction. introduced in section. 3.2 ie lVident from the results
shown in the previous section. The secondary correctlon to the equivalent length which
incorporates the separation $ and the radius. r wus given as:
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The slmulstiona J?reaented in the previoua section wet~ l'un. a.gain, 'With the fu11eQl'l'eetion
to the trl:1l1smissi.online method. The :results at~ ehOl'ln in figures "1.1 to 4.9.

Figure 4.7: Compared FDZin using the full eorrection •.1'.= )11)/400 (e::::;32.3Sl)
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In(;oncIu!lion, the above simulations show that an acceptable compasison to the NEC2 folded
dipole input impedance results are obtained with the modified transmission line model,
across a wide range of element radi., and inter-element separatio11l3.

The development of equation (4.3) and further r~ults are presented in apnendbt :a on
p~e99

46



NEG sUnulatiol!l$ wele performed to teat the- validity of the simple results oot$med from
theory, viz. that thc· mutual imJ;\'edance between a dipole and folded dipole is t\'ViCfl that
between two cUpolesand that t.he mutual imped~noo o.etweeu two folded dipoles is fout ti:me,s
that between two dipoles, The t'esults of these sUnulatioms ale presented in the n<m.tsection.
Although NEG ean really be coasidered to be the va.lidation tool, it was felt that measured
results or the mutual impedance to validate :NEO would he beneficial

Unfortuna.tely) mutual impedance (Z~l).cannot be directly.mensuredJ and has to be inferred1
either trom fUll S-p~atn'eter results; or by the Z-para.meter method outlined in section. 3·,3.3
on pa.g!;l34. Both methods have inherent numerical errOl due to the ImhtX-Mtian oi two
la.rge numbers. However) the Z...parameter method requiree that open and shQrt. circuita are
defined, both .I)f.whicn are dimcult to achieve (without end capaeitanc~ and aerieS inductance)
in the measurement setup. The S~pru:a.meter method was used for the meat>ured ;J:el;Iuitathat
are presented oo.this uses matched p01'ts·which al'e.f'llll'eatilier to achieve accut"'_tely.

Sazon6v (1990, cbS) $howa tl,te lelation he/)ween th~ se~tteli'mg matrix S and the norma.lized
impedance :matrix Z M:

z::;; (1 -e ,Sy·l(l +8)

where 1 ia the identity matrix of appropriate ordet.

'the normalized mutual impedance Z21· is thus given as:

which is multiplied by the system impedan.:!e.

The meMUl'eml\\uts presented We;;:e t>e~f<Q\lmedwith ~ lIewlett~Pa<:kard .HP8753C netwodt
analyser! in an i\\neehoic chamber sUl~,a.ble :f'tirfrequeucies above 400 MBIil. The instrument
was ca.librated ,,\lith the aid of an N··type calibration kit Rf.l85032li. All m<lOOUl'ements were
ped'o:tmed at 50ll)Mlb, with monopoles over a ground plane, Using a. g.co\'indp1a.nereduces
the need for a bll.lun) and also ll:lduces erto): due to the proximity of the feed cables. The
impedances \\hufJ.obta.ined are simply multiplied ~y two to get the full diPole impeda.nces.
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Fig~:te 4.10: The. M,c;la8UrementGeometry

The ~\t()und plane used W~<j1.5A Py ;tl,>', the measurements being.take~ ~t 500Mlb .. The
two a)~tennas could be moved ;rela.tive.~;ftme another down the central axis of .I;heground
planeI'M shown in figure 4.10.

The wire radius of the atltennas was r:::::O~0005X(O.3nun) and'Glle inter-~lement, separation
ofthe folded monopole was s :'..-:0.:0167); (10mrn). The r.aiibration referel~e(?'plane Wa1)

eatitblished hy Hewlett P!l.cka.l.'d1lUnllto felt'Hl.leN-type bauela. A :fu1l2-pott eaJi~ta.tionwas
performedl eUn.i~illg the matehing,.tr~~king and directi vlty errors via the open, ahort, load
and I'~hru" calibration standards. Isoll'l,t7 calibration Wa$ not performed, as the dyp.amic
range is adequate •

.After calibration, G~eenpa.t male N-type to male 131'10barrels were used to connect to coaxial
'liyleada that weti.!di'tect/y $oldered onto the grQund plane •.The meaaurement refereuee plane
woo a.djusted via. Pl..l't e;t.tensions to an abgolute eno;:t circuit on the ground plane. 'the
antennas were mounted (one at a time) to check theil;: input. impedance.

The measurement problems MSQciated with. the eOaJtial feed a.rrangement areful'ther dis.-
oussed.in Appendix D.
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4.3.1 Verification of the NEC2 method of IOlbtaining mutual impe-
dance

A method of obtaining the mutual Impedaace from NEC2 wag outlined in section 3.3.3.
SelMmpeda.nees Z11 and Z2:r and the input impedance Z}.'l a.re used to calculate the mutual
impeda.nce.Z21 from:

(4.4)

A nlirnetica! experiroenl. woo conducted to prove the validity of this method of obtaining the
mutual impedence, Two dipoles. were arranged as shown in figure 4.11, Where the distance
between them d was .vaded between 0.05.\ and 2.\. The radius ot the Wil;t:lS used in the
NEC2 numerical experiment was very thin (CI = 5 ~( 10...6)1) since the theoretital values
a.ga.instwhich the NEC2 results are compared art for infinitely thin wires .• 1'beJength I of
the dipoles is a halt,wavelength 1= >../2.

Dipole 1. Pipol~ 2

J
l
t
r

Figure 4.11: Geometry used for the NEC2 Z12 verification

Figure 4.12 shows the results of the expedrrtent, The CUJ:ve denoted SCAT ill the theoretical
curve, assuming infinitely thin wires. The measured wmlts m:e limited to th~ range of the
ground pla.nf\movement, ie the Ja.rgest spacing is 1.15", and a wi:te radiu!! ()f a =: a.JOOSA is
used (O.3mm a.t 500Mllz).
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Figure 4.12: Comparison of nmt.ua.l impeda.nces obtained from NEC2, theoretical (labelled
SCAT) and measurement.

In conclusion, the experiment bas shown. that .the NEC2 method is a. valid method or vb-
taining the mutual iU1'geda.nee, since ita values compl;1.:tefa.vO\\l'ably 'vJ.th the theoretically
obtained l'esu1ts, with an errOl" norm of only 1.450. The measured l'esu1§ shewn Were ob-
tained by the z..parametet r.:tethod, whie.11has a highe~ inhm:ent e4"""')9.'tha.n '{..le s..);.a.:tamet~
methodi nevettheless, the measured :results do track the theoreticall'tlSultl'l l"l:lusonably, with
an error norm o£lO.MO. These measurements used t.wh:cr~~diusofO.OOl'l..\ (2mm 500Ml'im)
and a later experiment shows the <;1.epf'ludenceof the mutua.l Impedance en the wite ra.dius.
which also 'Contributed to the arro):.
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Tlle.)1l)<t:thodof obtaining the !imtuM impeda.nce itom NEG can thua·be used. wit.h ~ntl·
dence to establish whether the lUutucl iD'\\)edanci(')involving folded dipoles ~sas proposed in
section 3.3 on pa.ge 31.

The mutual impedance between a. folded dipole and (I, dipole was shown to be twice that of
two dipoles in section 3.3 on page 31, it'

(4.5)

'J.~c following numerical eJtpe1:ixnentwaa designed to verif.y the a.bove equation. A folded
dipole and a dipole were placedae shown in figure 4.13, where the dipole was moved such
that the distance d was varied from 0.05A to 2A. The fold"la dipole Was kept flxsd as the
feed ant, ",na... As before !'¥ ;:;:; 5 x 10'06..\ f..>t the NEC.2 numerical model, and in this case
thinner monoj)oles (a := 0.0005),) Were used for the :tnp.asmedantennas, The folded dipole
ele:tnent sepasation IJ was O.06A

Dipole 1 Pipols 2

.....

Figure 4.13: Folded Dipole to 'Dipole mutuAl impedance geometry

The results are shown in figure 4.14. The curve denoted S~A'.r is simply the at?,udard theo-
retical m.utual impedance between. two infinitely thin half ..wavelength long dipoles multiplied
hy two ••Measured results are also shown whieh valldate the ~IEC method.
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Figure 4.14: Folded dipole to dipoll;)mutual impedance

A.scall be seen, the theoretical results and the NEG results ate extremely close with an error
norm of only 2.470., thus the expetiment has shown th~t the mutual impedance between a
folded dipole and a dipole is twice tha.t between two dipoles. (<It figure 4.1Z'

The measured results shown were obtained by the S-para.meter method WIth the coaxial
cables soldered tn: the ground plane. EXb:emely U()od correla.tion Was obtained, with. an.
error norm of 5:120, v-hich valida.tes the NEe mcthort. Usmg pand mount BNG connectors
on the ground plane gave large errors (errol.' norm or 2Q.'..'30), . as shown in appendix D.
Extreme care in the measurement procedure was needed to produce the results shown.
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The mutual impedH,nce betwoon two folded dipoles. woo shown to Le four tim(;s th!l.t of two.
dipoles! or:

The ror.periment used the geometry as !lhown in figure 4.15, .

Dipole 1 Di1'01$ 2

Figure 4.15; Geolnetry fOJ: the mutual impedance oKtwo fQlded dipoles

The l'esults ale aho'l;rn in figtJre 4.16, where the curve denoted SCATis the theol'l"tical mutual
impedance between two infinitely thin h&Jf~wa.vdengthlong dip(ltes multipliedb:y f<)J.lr.
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FigtU'e4.16: FaIaed dipole to folded dipole mutual hn!ieda.n~

In con.~lusioll,the NEG and theoretica]. results compare well with an erI.'ot nQrm of 6.130,
and sMw that the mutual impedance between two folded dipoles is simply four times. tha.t
be.tweeXl\two dipoles,

)
No measured results 8:):(\ shown, as the rneasur¢U1e:li.t.s in the previous ~ci:.ion cleal'ly &how
that the NEG metho<lls ~ valid bencfrmaek against, which to test the theory,



4.3.4 An inv$st~g:ation of the effect of thidrnass 0111 rnutu~ in.lpe-
d&1ce

Clel\rlY"thecomparisQns that na.ve been pl'ese~ted validmethe theory pl'op~ged in section 3 a
'On page :31;The simulations were, however, perl'orm~\dwith very thin wU:eG, (a ;:::5 x 10-6>.)
since the theo:retica.l values against which they were compa.red assume infinitely thhl wires.
However, the NEC2 method outlined: csn be Ulled. to obtain the mutuel impeda.nce between
any two. radia.t,in:gstructures, of any thic!ruess,

'.the,1'U1JC2 was {;bus used to gene:rate da,t,&on, the J;llutu," impedance between t'W<Jl )il,'(ll~f~
tfJ.ck¢l' radius wir~.3to investigate the sensitivity of t,hemutual impeda,lloe to wire ~bicktl;,~IJ\

taJUt>!$ c,)te not to violate NEC's, segment length to radil.U>:ratio.

'1'he geometry used r"t the numerical roqlerilllent, W~ 'lm shown in figure 4.11, ie two ha.lt:.
wavelength dipoles with the separation d 'l:>etween them being varied brio ,,,,'TeenO.OS>'aud 2>-.
'The radius a of' the sit\1ulati("lls was:

o a = 5 X 10-3>.

Tlw results of the simulations are shown ill. fi~Mt~~4..1'1'"together with the tUef1Sll'ten results,
witb a :radius ($ ::; 1.6 x 10-s>.. Note that ,the axel! in ~he gtaph &r¢ iu unita, of hunbda.
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Figure 4,17: The effect of dipole thiehess on mutual impedance - curves ~te obtained from
NEC2 and measurement.

In conclusion, 4.17 dhows that the radius of the antennas a...'fects the value of the mutual
impedance. Accepteble accuracy is obtained up to a radius of a :::;·5x 10-3 ",hic'n cOl'res.l;>o.nds
to a dismeter of40m.ro for a Im long hil,lt'~wavedipole at 150MHz. Clea.'dy a. COl':(ectioll factor
will need to be fncorporated into the mutual ilnpt:"da.nce exp:ression for thicker dipoles, if
desired, For the pUl:poaes of this thesisj however, the test.dction is acceptable.
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The theolY presented itt this thesis is Eliuriioci:¥ed in the COlllputer programme SCATt whose
results are compared against those obtained from .NEC2,. Both •input impedance end radier
tion patteJ:n results are presented for a numbe~ of simpw an,1'llnas.

Tha geometry of the 2 element Ya1!;iis sf.own in fig-rue4.18, all dimenaionsbeing in metres;
the feed element· is the folded dipole .. The Vagi wr.s evaluat.ed f~om ·10tJMH~ to 200Mllll1l,
the l"adiatiok~ttern being pe1::!ormed at 150Mn~.Alh:esultG have been. :nprmali~ '1 to .he
centre frequency Ie. =: 150MBz.

t=O.964 0.94([
o.oot

Figure 4.18: Gwmetry of two ele:tuent Yagi~'Uda a:tra.y

Figure 4.19 shows the :re~land imagmat7 components ofthe input impedance and fIgure 4.20
shows th<eE and II p}a.ne radia.tion. pattern ie the elevation and azimuth plots reSpectively,
when the elements ofth.e antenna are aligned ill the. eleva.tiOnplane, when the folded dippl".
in figure 4.18 ia replaced with a. dipole.
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Figure 4.19: NEe va SCAT input i.ntpedanee - 2 element, Yagl"Uda, dipole feed replacing
the fQlded dipole; (tm:or norm ee 2.43n)

58



Figure 4.20~ NEe vs SOAT radiation pattern - 2 element Yagi-Uda, dipole feed replacing
the folded dipole

In conclusion, it is clear that fot the cxtrmnely aimple Case plese~ted, the results compare
well) with a mean absolute magnitude errol' of 2.430.

)

ClWe 2 shows the same antenna with a folded dipole feed. element, as shown in figure 4..18.
Th,~ impedance comparisons are shown in figure 4.21, snd the radiation .pa.tterl1S in fig-
me 4.22.
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I

-~onl)·,............--,,-
(}~ 0.7 €l.S 1.2 1.4

FigUl'(14.2h NEC vs SCAT input impedance - 2 element Vagi-Uda with a. folded dipole
feed; (errol norm == 36.37!2)
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Figure 4.22: NEG vs SCAT ~a.diationpattern - 2 element YaglwUde, folded dipole feed

Again, the input impedances andrediation patterns compa.refavou:rably.Although tha e..
is now 36.370~ the y axis scales are much higher (lC times fpr the real pal:t), so tbis still
represents a. very low error,

'l'h.e geometry fet. this numerical experiment is shown in figure 4.23( ",gain, .the dimensions
are in metres), except that .the folded dipole feed element shown is replaced with a dipole
feed element of the same dimensions,
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Figure 4.23: Geometry (01' the 5 .eleme~tY':I.gi·.t1da

FIgure 4.24.& 4.2S·show the impedance and £ad.iation pattern results respectively.
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Fi8'VIe 4.24: NEO vs SCAT impedance -!) element Yagi-Uda.. di)loI~ fe(".d.(leplacing the
t6:.d.ed,dipole; (errQl' norm :;:::;6.120)
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Figure 4.25: NEO VI) SCAT l·a.dia.tionpa.ttern' & element Ya.gi~Uda.,dipole feed replacing

the folded dipole

Clearly, the: results still comparefa,voura.bly, with the impedance results even tracking the
geometrieall'esonance at 1.15 ie, although not with theeame magnitude as the NEC results,
The disturbance in the ("therwise smooth impeda.nce Cl.u've is an anomaly of the design, and
not a. numerical error. The antenna. presented has been optimi:?;edfor superior fton~t()-,ba.ck
ratio a.t the e:lrl'enseof ba.ndwidth.
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Ca;,se4- is the same antenna. as case 3, but with a, folded dipole feed, as shown in figure 4.23;

Impeda.nce teau!ts are shown in fi~ure 4.26 and tadiation pattern rea.utts in figure 4.27.

~3000~--~--~--~----~--~--~--~--~~--~--~_ rn _ _ ~ • _ m ~ _ _

lI'ro~uOiIlllY (Amll)

Figure 4.26:. NEC vs SCAT impedance -I) element Yagi-Uda folded dipole teed; (error norm
=: 278.850)
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.Figure 4.27: .NEC VB SCAT radiation pattern - ;) element Yagt-Uda, fQlded l{jJ?olefeed

Here the impedance results compare fllVQlUa.bly up to 1.15!cI including 'trl:l,ckingthe geo-
metrical resonance of the structure, but immediately the:rea.ft.~rthere is a large, une..'q>lalned
discrepancy.
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4.4.5 Case 5> -~ 5 element Yagi ...Uda, folded dipole feed, 19m.rJnt di..
ameter

Caile l}is the same a:Cl.tennaas in case 4, shown in nglU'e 4.23 but using a mote realistic value
of element diameter, namely 19mm (ie a. radius a = O.0041S"\c). ·:Btl~ultsat this simulation
are show!! in figures 4.28 &; 4.29.

O~~~----~·~~~~~--~--~,~--~~--~~~~~~
U10 110 .120 isn 1~() 150 1'10 170

lii'JrQ'al1Q~01 (l'.m:o)coosoro

....ltl1l0.___~..__.-.J.........._..L.-.~.....l----.--I ~0.1,_.,_,.....l-_---.JL...-,-..L..., ...........,.1

100 110 120 is!) 1® 11m 1'10 170

jhoqll\'!li!.1W (tmz)

Figme 4.28: NEe V$ SCAT impedance ~. 5 element Ya.gi~Ud(l.folded dipole t~edj 1.9mm
diameter tubing. (attar norm:::: 382.53Q)
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Figure 4.29: N10C va SCAT radiation pattern - 5 element Yagi~Uda., folded dipole feed,
19mm diamete).' tubing.

It is clear nom the·tesuIta of this experiment versus those of case 4 thl....t the thicknees of the
dipol\~ elemetlts has adversely affected the. ca.'cula.tion of the mut'l.'1aluXlpedances of the arra.y.
(Erlor norm of 382.530'll'a 278.85ntor the thinner case). It is to be noted that thicl~n¢ljs is
talten. hltr.oaccount in the. aelf-impeda,nces •of the al:l'ay, and it is only In the calculation of
the mutual impedances that a filamentary CUl'l'ent is assumed.
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4.4.6 Array Analysis timing :results

One emphasis in the discussion oBne importance of the pxoblem addressed by the th..esisis
tha.t a simpler method of analysis shQuldprovide a faate).' and more efficient analysis method.
The execution times lQr the eaaes j>xesented above are $hown in table 4.1, as run on 1M'.!. JBM
compatible, $0386.;$X:machine.

Caae# INEC2-R .....-un-t-im--e..,.......S.....C-N.~:r~--R-u-nt'im~-·e-'"'-.s-p-ee-d-~-up-.-E-"a-ct""'6;-r-~~+-----~.-----r--------~_'--~--~-~
1 .,. 26.133 0.350 74.66
2. 71.583 0.35,0 204.52
3 JI 157.150 2.467 63.71
4 252.1.33 2.483 101.58
5 252.250 2.461 102.25

Table 4.1: Runtimes for ease studies presented on 386SX~~5

The exa .} times present.ed in table 4.1 were obtained from tu.nning 'NEC2 ca III 25
MHz 8038o-SX IBM compatible machlne, without CO-processor.. The implementation of
NEC2 used. throughout was 8uppJ1edby the Applied Computational Electromagneties. Soci~
ety (ACES); reCOMpiledto. support machines without co-processors:

N9te that the grea.test .•speed~llp occU:t1l fot antennas with folded dipoles, as the SCAT
rUIl,tirnea are proportional to the number or antenna. elements, whereas NE02 :ru.ntimes
are dependent On the nlhlll.ber of wire segments.

"l
'.",

c A numerical e:J.."PerimentIlhQwedthe decreasing accura.cy of Thiele's tra.nsm.isaion line
model of the folded dipol\~aa the inter-element apacin£: incJ;easea, and showed that
the error W<IS unacceptably large for most practically dimensioned folded dipoles, It
also showed th~ significant Jrnproveme.l1.tin accura.cy obtained by a simple fir~t order
modification to the tranrnnssion line model.

o A numerical experiw.ent showed that the first order modification was not sufficien.t to
cope with a larg<>ta.nge of element radius. A further. correction factor was introduced,
and results VI';;represented for a la.tge range of Inter-element spacing and radius.

I} The measurement procedure has been outlined as many of the results pxesented have
been verified hy measurement,

I} The method of obtaining the mutual impcdan~e between any two antennaa flom NEC2,
as outlined in chapter 3, 'WS!sverified by measured and to theoretical results,
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c The :tllutu&1impedan()e between a. dipole and. e. folded dipole (and the tecip'Iocal. at-
ra.ngement) I~ \'\teUas between two folded· dipoles has been pleseli~ed, and vermed
against .meaaured results, and.NE02.

Co The NEC2 was used to investigate the effect of element t,hicim(9S8 0;; the mut.aa.!.itn-
pedltp.ee va.Iu$. and the va.riation in the values have been p:i'~.8ent.ed.

o Seve\'al simple arrays have been analysed and the radiation pattern and input impe-
dance results have been compared. tl.ga.inst those obtained from NEC2. Good compar-
ison is obtained .fo1'dipole and folded dipole fed arra.ys but leas so with ihid!e:c ;radius
antell1las.

Q 'the faster execution times for the method .ar~ compared to those ofNEC2.
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CONCLUS][ONS

A· considerable number of antennas are composed of eimpler elements BUch l!$ dipoles and
folded dipoles. When designing these antennas, i.t is impcrtant to be able to determine the
mput impedances for correct matching to the tra.c:l.Smitting 0)." receiving system and also to
determine the radiation pattern of the antenna.

Coupling theory has been used to charactedze s~'.chantennas in terms of the self and mutual
impedances of the antenna elements. The thesis has been mainly coneemed wit7l defining
these seU and mutual impedances, particularly with folded dipoles.

The self impedance of a dipole in an Array has been shown to be different to its free space
input impedance. Within the scope ota simplified analysis method, however, these impe-
dances are assumed to be equal. A numerical expel'uuent was presented which defined the
range of valiility of this assumption for a particular geometry. In general, the Impedancfi.'8
ari comparable when the dipoles ate not approaching an integer wi):velength. in length.

The shndard expression fol' mutual impedance between dipoles assumes an infinitely thin
dipole, lUld."inusQid~ny varying currant dist.rIbution,. implying that at a full wa.velen~h, a.
numerical singuladty will occur.

The silnplified. method must therefore be l'estrieted to anteralI.'J.Swhere the dipole length£,) ate
not a.pprQaching. an integer w:avelengtlliong.

The self' impedance of a. folded dipole has been {o\lnd by a.pplying the trans:mis~ion line
model of the folded dipole. Various extensions to the model were proposed to take the inter.,
element spacing of the folded dipole into account. It has been shown that the extensiqns to
the model provide a.ccurat(l input impedances up to an inter-element spacing orone-sixth of
a. wavelength.

The mutual' Impedance between a folded dipole and dipole has been denned. Tbia has been
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verined against the NEC2 and measured results. 11;is shown that the mutual li'll~dance
between a. folded dipole and a dipole. is twice t!le mutual impedance between dipoles. It is
also shown that the. mutual impedance between two folded dipolea is four times that between
t)l/O dipoles.

The simplified ana.lysis techniques presented in this thesis was embodied in a computet pro-
gram called SCAT, which w~ used to analyze several simple antennas, For thin radius
antennas, the comparetive input impedance and radiation pattefn resulte were good, imply~
ing a. close modelling oraeff and mutual impedances,· even with folded dipoles. lIowever, for
dipoles or larger radius, the mutual hnpedances are no longer accurately mod.elled, and the
degradation in.a,ccu'tlJlcy1s cleat.

It hill! been shown that the execution speed of the SCAT progl'aw. is greatly improved over
the NEC2 program, justifying the thesis of fasier execution for simplified analysis methods.
:a:oweVel', the method has had to be severely limited {"'.scope to achieve this, a}t,hougb. th.ete
are still ma.ny types of antenna that can be ana.\yaed by SCAT.

The IJrigina.l.contribution of the thesis is rcrlterated here for the purposes of da.x'ity.

o The musual impedance .involving $folded dipole haa been a.nalytically uenned,. by con-
sidering the transmission. line model of the folded dipole when using the indu.ced~emf
method of determining the mutual impedance. An expression for the mutual impe-
dance betwe;;:ll a dipole and a. folded dipole has been defined in this mannerf anaiQgous
to the mutua.l impedance between two dipoles. The expressions are for infinitely thin
wires, howwer, and it has also been shown. how the mutual impedance varies with
thic1tneas of the a:n.tennas, which has been confirmed by numerical experiment and
measurement. Some of this work has been published (Clark & Fourie 199.2)

e It was shown that the self impedance of a dipole in an arl,(l.y is significantly different
from the .dipole's free space input impedance when the dipole is a full wa.velength long.
Witbin the sco~,eof a simplified analysis method. the free-<!pa.ceimpedance must be
used in place or the seJf- impedance. which precludes the analysis of. full wavelength
dipoles. Published in (Clark &. Fom:xe 1990)

<.;,I The transIIlission line model of the folded dipole has been shown to. be inadequate
for .the a.nalysis of folded dipoles with an int"-'N~lement spa.cin~ of more than one
hundredth of a wavelength. The model has been extended by the inclusion of the
inter~element·8epara.tio:n into the. equivalent length or the folded dipole to enable tht:!
accurate analysis of folded dipoles vnth inter~elelnent aer)a:rations of up to one-sixth of
a.wavelengtll, This aspect of the work has beau published in the open.literatme. (ClarK
& Famie 1991)
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'the two major problema encountered with .the self arid mutual fuIpeda:uoeewhen the dipoiea
are an integer wa.ve1en~th long ueed '1,,, be addressed.

The mutual lmpeJence fot' dipoles needs to be extended in erdel' to t~~ the thicknellS 0:
the dipoles into account. ··It l:!liS been showu·th-::>.t the mutual impedance if; t>eIll\litive~o the
t.hli., '~g of the ..Upoles, and tbat ~. a ·l'esult; the slmplmed method'!;, accuracy degrad~
when anlillysiag thicltel' antennas.

The SCAT ptogtam ia not optimized for speed oj. od}tecution. 'l'h~ numericil methods used
in it were ~ogen for their siI:nplicity in order to teat the. theory that WlID developed. More
complex ~nd faster ibt~gration methods couId be adopted.

The restriction· of parallel z-ifueeted currents. can he removed by simply conside~ing the
parallel eompcnents of the radiated :fields,. The basic data, structure of SCAT will need to
be ciJ.a.nged; 1J.owever.

>. .' " ,",.' "_'-'., ., '. ;_':'~<" .,', , " '," , '," "', ,.' i

Oi!r: of the a:l.m~of'this xeooal'()h was to see how well the sinusoidal eurrent a$$Uinption} with
itt ~tteudant •cotipHitg theorlll. couid flecurately predict performance lID cort.pared to. a. flll1
eutrant eJtpaIlsio:u method like :NEG. The problems outlined in this tbeais se~xn to indica.te
thai; th~ limit h.as been ,leached, and that Increased a.ccuracyof the sitnplified methqd will
only be brought a.bout hy Increased complexity. It is thus recommended that other tech-
ni(l'Ue$ are inv~tigated to increase the execution speed of NECj fol(' e~a:tnple admittance
matrix interpolation or spasse .ma.tri% techniques. etc.
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SCAT MANUAL

The SOAT computer software paeka,ge 'W<$2 written as a. tool to explore the theory developed

inthis thesis. SC•.:f is an acronym for Simple Computatbnru Antenna Analysis Techniques.
~An.overview of the package is given, followed by a description oUhe uaer interface and the
internal Units.

Featm:es and Capabilities:

fu8Ji:D.gua.gc Turbo Pascal Vel:sion 6.0, but without using Object Oriented )!;'xteusioll$

Somet) Size The total package is 6943 Iines of Pascal source code

ID:n:ecutahle Size SOAT eompiles to 185It.Bytea of execu~",ble, non- overlaid code. Thia can
reduce if the overlays axe enabled.

e Analysis of' antenna anays comprising dipoles and fold~u d3poles

;:, Radiation Pattern Prediction

Q Input Impedance prediction similar to the accuracy of NEC2

o Mutual impedances. derived from NEe for any.geometry

Q. Theoretical mutual impedances for dipoles

o Speed of computaHon can be several times less than NEC2 for the equivalent eompu-
tation

(> Post Processing of NEC results - collects Input Impedance data, to file in a. plottable
form. Also collects NEC radiation pattern da.ta..

o •Post. !?1'ocesmngof SCAT J;esnlts - Outputs impedance and radiation pattern data in
a. similae form to the NEe post-processing.

74



Q Oomperison plotting. Accepts NEG or SCAT files and plots the~~l against each other
to allow for. comperiscn, Plots Smith Charts, Rq.diation Patterns in Polar,· Elevation
Only) or Rectan,guiar formats.

A.2.1 Description of the parts of the screen

Although SCAT was written using Turbo Pascal 6.0, the bulk of it was written in Turbo
Pasea14.Q, BO. the convenience ofthe Tur'boVisioIl interface with automatic mouse support

and drop-down menu's was not utilized. Instead, a screen management utility, based in
concept on Walker (1986) (but extensively modified) was used. The yarions screens presented
to the user are now described.

The Menu Screen

The menu scrcec is plac'='<!upon the desktop with a. highlighted bat which sm:q.lJ; tilrough
the menu options 'using the arrOw keys, PteBsing Entor will select the highlighted menu
option.

The first letter of the menu option is Bold ... indicating that typing the letter will auto-select
that item.

Some menu options will lead to furth~r menus being placed on the screen. Other opti0IlS

wtll pop-up a prompt screen ~o ca.pture user input ~ often these options will haye a. default
value, shown right justified on the menu screen, If the default value is I'uitable, the option
can obviously be bypassed.

'the .!function Key Screen

The very ]~t line of the screen Can display a. Function !tey menu, where the options are
selected by pressing the appropri.ate Function key. Since this largely duplicates the func-.
tionality .0£ the Menu Screens, and is generally more cryPtic, they are not often used.

The second last line 01 the screen is a Status screen - This is used to convey information to

the UB.erabout the eutrently running process; for example the frequency being worked On in

a frequeney sweep analysis.
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.All user input is, capturea via Prompt. screens (similar in concept te> the modern. "Dialog
Bo~), The prompts are pop-up windows ernta.ining the prompt string and space to :fill in
the response, The default values ottne items t;.tealw sometime;,. shown, and simply pressing
&r.-tor. will accept them. The jnput is type-checked (if numeric data is needed, alphabetic
chll.raeters are not accepted), and the input can be edited with the backspace l~ey.

This is also apop-up.screen, typically couveying information about a fault condition, amI
requiring a. keystroke to l'emOve it from the d~ktl'P.

A.2.2 Environment Variables

'fhere is only one Environment variable that SCAT responds to in ord~r to supp:re.'lS the
heaping sounds made on error eoaditions, and when.futishmg an atlalysis task, From the
DCls prompt, issue: Set SCAT:;<1l0S0UNJ)to keep it quiet.

The Configura.tion· file e<ln be Ulled •to set up the. screen colono: scheme, and the· paths to
the .bgf Borland Gr&phi(:(~lnte:vfaoo file? -eded in order to plot Smith Charts, Radiation
patterns etc in graphics· mode.

Only those variables that you wi~h to change need be put: into the •c:;fg file (No. a.ttention
need to be paid to capita.lization etc). The variables that can bt' set, tt:>gethel' with their
default values (in square brackets) ate given below:

Desk1'oplBlack [Black! Background eoiour of the Deskt()p

De$!tTopTemt [LightGra.ylText colour, (Note use of Gray not Grey, since these variilbles
are parsed directly into the Borland equivalent colours-using American spelling)

ES'l'e.d [White] Error screen text colour

W,SB&cik. [Red] Error screen background colour

SS'l'e:u:t [Yellow] Sta.tus screen

SSlBacl~ [Brown]

MSTe:;ct [Lightgra.y) Menu screen

MSlBack [Black}
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FSTeld; [Lightgra.y] Functiol' screen

rSlBac!. {Black]

J?Sl1a!~t [Green] Prompt screen.

PSlElaclt [Magenta]

lBGJIlP'A'.lL'Wl [!:'l::.} (ie Doa Cunent.Pl).th) Path to the Gl'apl-JesIntetface Filoo.

O~ll.'.lt.ayJPlatb [::;::.]PatIt t;,., the Oveday Fi1~

MONO The eJQl:!tenceof this keyword anywhel:e in the configura.tion file results In a. black~
aud~white colour scheme for the ljlj()l' Iilterface suitable for Hercules monitors, and
monoch, ::>tnemonitcrs 0)1 eoloUl: cards,

A.2A Descriptlon of the menus

This section will describe the various funcMQns of the menus.

Main Manu of SCAT

Figure A.:l.: Main. menu

SCAT Annlysk or Dipole Sb1UlctlU"~laCalls the "SCAT Input Impedance" menu which
allows for tl:~' entry of a geometry and :runs SCAT on the al'l.'ity

impado!ll.l!hca Mmrl]l)ulations ~ 'VaWl' ete. da.l1(:>up the ~'lmpedauce Mp,uip'C.latiolll Menu"
which allows the manipulation or impedances in files, conversions etc ..



Hu.i1Ul.ru.JUnmpadnrm.ce of{ ~1l:'$,ys Calls up the «(Mutual Impedance Menu" which ev~u!:o.tea
the mutua.l impedances

Ald;om4llted NlE,lC ll'1!AVltUW.lblll).p~M:l!nrmce Galls up the (NEd Zl~ Batch Menu" which runs
NEG in ha.tch. mode to evaluate mutua.l impedancea

:a.adi411tion Pa~telL'llll.from.. NEG :ftUlePrompts fol' ihe name of a NEe output file, which
it searches for a. Radiation Patterl1 to plot. It then ea.1lIJup. Hie i1tst Fundion S~reen
M¢ml, described below.

Get Nee Zm vo1ll1tJ«WIdlllppemld to a single file Calls up the lINEd Zin Search" menu
which does NEO Post processing ~ searches NEe Output files fQr impedance da.ta -
can hl:l,ildle multiple inlpedaneea in mthtiple files.

Get JBIP4195A Data 3lI:Ad:.Jot a Smith ChaA!t. Pxompia fol.' the name of a. me ohnea.-
sured data. and enables a Smith Cha.rt Plot

Quit twa menu Qcits SCAT after the usual "Are you sure" prompt

Figul:e A.2: Array analysis menu

Add a Wite to the Geom.etlL'Y Calla up the "Wire Geometry Da.ta. Entty" menu which
can add a mite to the wtlsting geometry

lltlnt~l' a. Single 10.requenty Prompts for a. frequency ali which to evaluate the ixll:mt impe-
dance' of the .an.tenna &nay stored in the g!;\ometl.'Y'lor a single frl,.lqucb.ey.poinfi only

Entet a JliL'equency Sweep Prompts fot the Start frequencYI End frequency and the il.'e.-
quency increment of a. ftequency sweep, to evaluate the current geometry.
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Set up a Jttacl!i.$tiolPl Paitell:'ll1 Reqaaeat Calls up- the "Radia.tion Patte)!n Specificu.tiolllt

menu t¢ .specify the points in $:')aeeat which t() calculate the Radiation pattern of the
stored geometry.

Crucma.t.e the mput bnped.anee for th~~goome(JiJrYPrompts for an output file name,
and runs SONt' on the geometJ:Y an.t control that has been entered

Ret)d in the (,Sh<;ometli'y Jilrom Disc Prompts fol' a file name and reads in a Stored geom-
etry

C()l!1lvertSCAT •output !Ues to plot 'HUen. Prompts fQr a SCAT ()utput .ftle and converts
the impedance data into the atandard £0 'ttl used for plottin$ and outputs into a. file

Quit ·thie· menu Goes ba.ck to· the "Main Menu of SOAT"

Figure A.a: Impedance manipulation menu

lli1ntel('input ®peda.nce coefflea'8nta Prompts for 'lumber: and va.lueof impedance values
(Entel'ed in tI~al-and..imag1nl\'l;Yform)

lmJP>ed~ce in p~allel. 'lfJith 54" whip (lliett:1ric1) does. the parallel· computa.tion for .a.
sta.ndatd 54') whip

Convert polatl:' to rectangular form Oonverts aU impedauces

79



Calculate the best match Avg of the teal PaJ!ts

Calculate the VSVtTR's Does the VSWR wrt the ZOentered

Plot tb,1;I VSWR's Plots to screen

Fae mput Reads the coefl's from Ascn file

File Output writes the coefls to an ASOII file

lIDll'lierZO 'rue ZO value to calcula.te the VSWk to.

Quit Go back to tbe Ma.in Men~

}I~igureA.4: M~ttual impeda,r,;.cemenu

Line;:u' separation of the dipoles (<it) Enter a. value fot the initial sept~tatiol'lof the two
dipoles

lfI<9nght aeptU'ation ()iF the dipoles (h) Enter a. va.lue rOt the initja} height offset of the
two dipoles

Overall length of dipole 1 (11) Enter the tip..to-tip i~ngth of the. firat ,dipole

OvertUll~l!lgth of dipole 2 (12) Enter the tip-to-tip length ¢f the second dipole

l.li)requcncy of opefation (MHz) Entex the freq.

The accuracy of the integration Enter the !(epsilon.') figure that will ul).tisfy the Rom-
bel:g Oonvergenge criteria
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'l'he lOSt1l!orpilllgJli"SlCtOtJ;' cit iinteglrSlt~olll A non-zero value here adds a damping factor to
tnl';! denomineto» of the integral, eliminatin.g the singularity a.t full wavelength

V/fIX'$'the Ime!lU\' aepalt'atnol!l (d) Evaiulttes the mutual impedance ltltegra.t for varying d.
Prompts for ma,x:d and increment

V81i:Y tbe height sep!lUL'.ation (h) Evaluate$ the mutual impedance integralior varying h.
Prompts for max hand inel.'enlent

lnpJat from rue Pulls in impedance data. from an ASel! file

Output to file 'i'\l.r!~1)$the impedance data tA en ASCII file

Quit this menu Back to Main Menu

Figure A.s: Automated NEe mutual impedance menu

lP'dmWl.'YNEe File Nrune Entm.-the filename of the pdma:l'Y (i!ltlttionasy) geometry and
control cards lor the NEe tun

Secolllld!lUL'YNEe ii'il4'l Name Ent(;);' the fllename of the secondary [movable) geometry

tJrJh.aWllltUal O()lllplh~gDatn Output File N.aJ!ne Enter a fihmam.e to use for the mu-
tual impeda.nce IUltput

Assume tb~,t $11=re22? If the antennas are identical, then their self impedances al'e
equal, and. a NEe run per data point is saved) shortening run timea by a third
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Run: Vs.rt'$' lth;e d. gpacmg, ad lL'\UW. NEe, Runs NEe three times folt eacll. data point
required. Prompts for ataxt, end and iMlem.ent of <tl

RUl!.OJVru:-y the l.e~gth 1 of Jb.<Clthdlipqles .. get z12 lPrompts for statt, end and in.cre-
ment of the ~lpole length 1

Quit this UllentllBack 'to 'the Main Menu

Figure .A.6: Get NEG Zin valls,••menu

Fil4;lto Append, to. ie the Output file

G~t One Zimi in ,tlJle (lU,li'rent l1i!a Only searches for one Zin

Get ,aU Zin.'s in the curren.t me •..

Qtllit :Back to Ma.in Menu
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Figure A..'1: Wire Geometry Data Entry menu

t.rh.e totalt length oNthe dipole (1) .Entel' the tip· to tip length pf the dipole of folded
rlipole that is being added to the existing geometry

The radius of the «llpole Ie the tadilla of the tubing. whether dipole of folded dipole

O.ll.'dinalL'Yot Jll'Q!ded Dipole Flag

lll'o!Oled.Dnpole lIDlems)lJ!.t. Spscilmg Enter the inter-element sepatation of teh folded dipole.
Disa.bled if Mt applica.ble

l1: coordinate of the dipole centre .•.

:EbccitationVoltage .. ll'em part If the wire is to be. fed, .enter the voltage, converting ma.g
and phase to real and imag first

Abort thus wAre specffic.!l!tiol!ll.Do not add the wire to the Iinked list of wires that m.ake
u.p the current geometl'Y, and go back to the AnaJ.yaiemenu

Quit and !lave the ,,,,ili'edellm.ition Add the wire.darn to the Iinked liat~and go back to
the Ana.lysis menu.
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Figure A.S: Radiation Pattern Speclllcation

Read ~na pattern spec hom file .

Wtite lPattern Spec out· to lll!e/•.•.

No of tn.eta ]points Th~ta is the angle from the zenith

No of Phl)p()iints Phi is the angle from the JC axis in the "JCy plane

Abort this specmeatiolli do not add this specification to the conteol llst for the a.nalysis
run, a.nd return to the Analysis menu

SCAT consists· of 12 Self-Authored UNl'!"s. Their Functions ate briefly described:
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SMLCJr..JlU( The Screen man!1~ement unit. PrQvides v. Get t)l procedmEl calls to enable
simple but effective screen management. Thill is b~d on Walk";'!".(1986) Screen Man-
agement Uhrery, but nElS been e,tteruJively modified

lfiVir:l?DANCE Impedan.ce couversion utilitil$S: polar to l'E':dangula.l': Best Impedance match,
vswa from Zin., and the '!varying by distance" mutua.l unpeclauee user interfa.ce.

JP%OTUNJtT to plot ?ecta;ngular, and polar pattern, elevation only polar gra.phs. esp, from.
NEC2 Outputa,

ZlIN_COUl? The Mutual Coupling calculation Unit.

NEC.Jt12 Contains the NEC file PostProcessing. Can ex.tract l'S;di.ation patterns suitable
for plotting; b:npedance datI.!.from a. Inultifrequency NEC run, and convert to an output
format. suit~ble for Smith chart plotting.. This Unit also contains the automafion
necessary .to produce mutual impedance data using. NED. For. thia purpose, it runs
NEC in a. batch mode three times for eMh n:mtual impedance data. point.

JR.AD.J?IA.'lr Does Radiation. Pa,ttern ca.kulatic;:ms from the currents on the sttudu.re

JrJl:l?4195A. Convert measured data stor.ed on disc from th'\)1I:P41S5A Bewlett~PiWkard Vec-
tot ].\TetworkAna.lyser· data. format to a, form plotta.ble by SMITBPL't

MLA'l'lltU'l'lIt .Ml.l,therne.tlca.l UtiliW~.ato get round the lack of complelc number cl).pabiUtiea
in Pascal. Also includes the Romberg Integration routine essential to the .mutual
impedance calculation.

FnEUT.1£l; A (;ollection of the File Ope)ling !.Cl~ing utUitiet1 ~ can be Seen as a logical
rodiens.ion of the SMLCLRK user interfa.ce

COMP ~UM DC23 the Complex Numbered Gaussian Elimination required for the LV
Decomposition part of the N-pol't matrix calculations •.It does a standard LV Decom-
position, with Pa.rtial Pivoting]: and Back Substitution. Nil attempt is made to take
adva.ntage of the ma.tri:ltls obvious .synunetry, 01' ita sparsity,

SMI'.ll.'HPllJ'l' Does a Smith Chart, based on data fed to it.

CAlftll)~OlJJ A type definition 101' a NEC Oard Object. Danget()us mix of a velY small
OOP code i'ra.gmellt in an otherwise OOF ignorant progru,m!

D()S...E'1'C. Returns an intelligihle Dos E,ror message inatead of'the utlllal number!

SCAT Main Program

SCAT st(U'ted life .in 'Iurbo Pascal Version 8, migra.ted to 4, skipped 5 & 5. 5 and landed
up at 6. r£his implies tha.t many of the features (such as Object Orientation) Me not used
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ill SCAT. (The objective was not Softwase Engineerill'g, but a Theory Testbed!). Thus the
..."it Dependenci~ are of the Interface type only. No.Implementa.tion Circular references
,,'ure used. 'the Interface dependencies are:

SCAT Usea: qrapb., en. O'l7$rl~y.Sml~:J:rk~!mpdanea, PlotUnit, Zin~Cl)up~
I1oc..zi2. nad..Pat» BP419SA

NE(LZ12 Uses: crt. <ios. d.ot$.J!Jtc.SmlCl:rlt. Fil$Util, IiathUtil. Objects.
Ca:rdJlbj. Plotunit

RA.J!)"'p AT Uses: VilraU'til. SmlCl:rk. PlotUnit. Dos, Crt

.l!lP41.!-',5A TJBet!! Graph. Sm1Cl:rk~Uath'l1til. F.ileUtil. Smit.b.Plt

MATHUTJDL Uses: None

COM.!? ..NUM UlileS: t~athUtil

A.8.3 Unit Inteli,·faceListin.g

The listing of the program cannot be presented here as it consumes of the order of 120 pa:;~l!l
printed in an 8 pt· fontl, However.. the unit interfaces are presented here with all pl.1bIic
procedures .. The full listing, and executable code can be found on a floppy disc a.t the ba.ck
of the thesis.

SCAT

{$11 6®()(). '>. 3()0()(l}

(* Ptlt th~ uoull1$~lof;l.nQ Pl('<lcocpi1.01' (lQ:I;tchGo !lor!! ,,)
(* at! 0.1\ oltOl:1plo. lIil10 {ltl>1!WlOg !lvodny} to lli3Q i1vorllllf13 *)
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<~ *)

(* {,j. p1f:l>gro.o, 1:0 tml:!.lyoop~p'1o tIll.tOlllli1tllIlIning P:iIOPJ.UtIll.clvtictll *)
(¢ tochniqMIJ, tlO oPPQo«!d to Pill':q111 !lUllOJl"iCtll tactild.qIlOO. OlOtl) (t)

<* !loto th~* th:it! il'J tI; rongb and ready J;)hol~,.®d iu thus *)

(* do;fiiiitoly;,), TlIUOl1AUll'l.D'SSIOll. The pnrpoae (If tli~.s llholl *>
(I)l io to <lotOmillO tho l:'ClqniroPlDntlJof a. t:l1l1tipt·l:'pooo Mtonlla. *)

<¢ shull .... A.a.t:l~rt Hureh iSS3 ¢l)

(¢(u!lo>lJ¢o¢o¢M¢¢¢M¢o¢M*¢$¢>c<¢,;,oM¢¢*¢M1l-**o,;u:X*$o¢M$o¢f.<O¢M¢*¢*M¢O)

VaG!}
Graph,
Crt~

{$!li'Dl::F (lvorlny}
OVOli.'ley,

{OrnJl>l:!i'}

SolclrlI,

;tcpdnnco.
Plottmit.
Zin_t:oll}>,

(* lJoCp2l0!1t.~)

Uoc_zt2,

Uad_Pntj
UP419SLI;

{~lflllW Ovorlay}
{OOplot unit}
{$O zin_coup}
{Oil noc_~t2}
{OO IlP'l:l.91l.U
{$Ol ..p(!a.nco}

{$EODXV}

l1ur
Elltit'Oo,vo

Procoduro Ho.in~~qnu;
(¢¢()Q¢¢¢,:,¢*o¢ooo¢(o.¢ooo¢O¢¢¢¢OQ¢¢o*$O¢OOO*O¢llIM .. Il>¢QO¢o**t",¢M*I"MO>!>¢¢*Q¢¢)

(¢ Siopl17 colla the l'OlO1f!ll(t prQcc4u1;'oa11\ tllo~1;'vuriG'" 'l~!l" note *)
(* CCIdo.~~l'llollincr!l,t tl;!io l~ ...ol _ minioisoo 01.....U:i..
(*¢$O$<tQO¢OQo***p.:"r!'(!¢******¢¢¢O¢¢eo**o(l" "M¢O¢¢¢"'.""~~

valt'iablof) 0)

~","*O$¢(n;'O'~ )

iTllr

nop. opt
cb

quit

: intogar;
: char;
; booloill\i

}login
qui'I; I'" fala!l;
I!.oPOllt

r;)OMI'lOllk(Jllc~tt:;OO()'. !:lOp);

.oo.t!l':i.te ('Ho.:l.n Wonu'h
Op~opt:ion.o (O~&. nap);



·CnO¢ Qf't' OF
0: Zill ..by...rautual0;
:I.: ICJ)odnnc(l.Jjanipul,,1::lonl

2.: ~lItual_iopod®.ca;
3: Att~op~tQd~~:l.2_~roo.ijeC;
4: nudillti~n~patto~;
s: t:ur$'ont_plot;

G: Got_D~C~Zin_and_appo~d:

7: Got.Jll?4i$6li_s.nd_SIdth~

8: !'loain

blol1t:j

pl.!_afay ('1)0 you rolll.ly Bl.ll!t 1:0 10a1l'0. SCAT??'. c"A)~
1£ cb Xn [~y'.IY>J Thon ~uit :0 truo;

Endj

Rnd;
Until quit;

En!!;

PJ;occdu:ro C:raDh_iai:lY~3rac9ftllly; -far;
(6*~¢¢¢¢¢oJo¢¢¢*¢¢M*$¢¢¢"'¢¢oQ<"M¢¢¢¢¢""'¢o* ...t".¢¢~eoo*o¢¢o¢¢¢MII',<)¢$O¢'I!O¢:"

(0 Thio i~.Mt ouch of an I.I.ttoopt a.t an '(IrroX'bnndlar. but Ij.t dQollt9)
(¢ ~t t1l0 0(:1:(1911 out cf grnphics nouo _. 00 tbnt U1: loast. you can "')
(¢ nctually Slm tho erro)t' I?oaango provided n clont have. to g;Q llbollt 9)

(0. rODOttinrs tilQ O)nc:hiltlo!!!!! It 1:a .111#0 tsSS ,;I)

(¢>:>¢"'¢¢9¢¢**M¢¢¢';'¢"'';'''''~*M¢O**¢'¢*$¢O$$*¢¢$''''''$¢¢M*9¢'''''''''*¢99:¢¢¢*¢$Q¢oO<)

Vru:
i : integer.;

!lagin
If 1.lJ;!:l)rnddr<> OIl Tbon Begin

For .~..:'" 300 d1)11111;0S no Bogin
l1onl\d (i);
dcluy(3) ;

l>n~;
noneund]

\1,iildoq (1, 1. S(). ~5);

clrDcr;
tldtoln;

liri tolil (!urlth'lmlt .. Clunk n®g .. l' 'va been blt1l.'ttoQ by tin');

Dritaln (Iontor UOl).zolinn Butter Pudding. Actually, yo~ have');
Dritoln (Im~agcd t., coni'.,und an utlconroUlldo.bl$ Clo.rllUo.:rQ·);
Dritoln ('product!! - PIQUOOrand error pcoongo boloo, i1' nn~!')l
urit(llnl

End,
Ql(it:pl'oC ~'" OltitllUVG)

End:

Bog~n <* SOAr ll;!lin pre-g *)

altitoi;.:\tQ \" oxitpl"Qc;

odtpl'ot: :'" Ocrash ..i'<\it"ly..grncoi'ullj)';
sbl,..clrlt,...:i,nit () aco.t .dgl) l

{$IVD~rOverlny}
I)v;ri)l.l.it(overlnl,'-!m.th + 'ac:at.owr1);

{$BIIl)!F}
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oain..,t:1Elnu;

bannor.
End.

Voit oPl,';l,..I~;
(Q¢*o~¢¢$¢¢~***$¢****¢*****¢*******************¢**¢¢***~**¢***¢*********)

Uaoo

Crt.
graph,
dOll,
uinj

l'jpo
ocrG$l(!,.t:looong~l:: string; <* I.ll.lturid of.tho OM ;UMr rO!ltdcUon *>

(* publical11 ~cceaoible screen p~oco *)
1'1'oc",dureecr_i'oroliltI
Procodu!;'cb10ut;
Prqced~ro 1n.chock (£ilo_u~o

Vas i'ile_tltntlW
l'riOcodu!:'oilfilo_cbocll; (:filc_nano

Var 'filo_tl'tt\tuo
Procedure cr; (* C&rrioBo RotUrn *)
Procedure qo_cleArI
PrOcedurOOO~QeRU (f!lonnoo

Var no_oi.opticno
Pro~()dllrQ o·s_d4.'iIlU:U; (optiun

Q.o'faul.t
ProcodurQ ~o_options (Ver this~option

lIo_oi'_OpdolW
Pt:ocodhlrc lAA...loud (i'Uon!lnO

Procod~re ~a~opg (mosuage
Prol;:oduro oo.ollt}!>\lt_windoll (:11:1. y1, It'J. y2
PrClCeaurr)os_(,>u1;pu'i:_oloso;
ProcodUr~ a~_olGar.
ProcQdure v~_urito (oOO!3aG~
Proceduro ou_m~di (ooooag~

val
Procedure of_~andr <~oo~ago

'Val
P;rOCOdllr(1p>ll_clonr;
Proce4ure pe~q~itl
Proco4~ro pP_uritc <~onc~o
Proca4uro~s~wfi <~ooo~Q

Vl'\l; thill..,'II'.u.l1o
PtoCG,h\1l:\\,Pl'l_nfl!;' (l:l<llooaGQ

\)nr thill_'VlUtIO

proct4urc pc_ofsy (ooson~~

IJCrO()n~Ossag(l;
boolaClIl);
Gcroon,.,tlllI1£'IIlG";
bol)lollll);

f!Clt'Mn_1ll0I'oQgOl
intcgoll;)I
intogoX' i
GCr<lOn..,t:1otr.llo.gO) ;

ir,t;ottell'l
intog(lr);
pcroon,.mooollgO)'
scroon-mooongo»)

: intogor);

sc~oor ~OOOllgO);
I I1creon_ooQ~nso;

intcGor}:
ocrO¢U,.t:loIlSQg0;
roCll) ;

ocroell_oeooaao):
ocroon_oooolh~O t

inteG°t:);
ocroen..tlllOGu.gcj
re(1);
DCJ:oen_OGDiluGG;
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Va.r· tbil~.al/Pbl)l
PrOCQaur~ pa~wfot (mooango

\Till;' this_otting
Plt'QCoalu'o o(1...c],ottrj

l'rocodn1'o o!3_odto (rnQOOCl3l.

PrQcodu:roia~~l()nr;
Pr()cod~:rofa_optiono (Vo.:rtbis~optiofi

no~of_optiollo

(tbll.1') j .
Zl:l'.'oon..r~0J;10ngoI
5creOn~oO~o.eo);

intogol:;
inMgor);

Proc~duro fo~onu (filonao6 ocroenJOoooo.~o;
Vo.r nG..o1~opti~nG intocro:r):

P)!;'ocodW:'QMl (¢ Cloo.ro 0.11 PM ;UM OClI.'Qono¢)
Proceduro b~norl
Proca<ilJJI.'G gro.l.>h:h:o_to~to;;tti
P~ccoduroto~t_to_grnpbicoi
Proco~uro P~l_clrh~init (contit~filo_ncpo

lPr()ccrclhll!'O Ilono I
Frocoduro oot_cp (r'~. coluon

iTnr

Qva:r.lnY...pntb

Unit 1!1;pi!I:mCO i

(*Q;*'l1¢Qr,'!II'l1I1***"'$.¢i\I*********9**¢';'¢"'******"'*¢l',lo:u)Q¢M¢\)I)"'¢***¢Ijt'M¢¢¢)

(*A unit ~ontaininGtho i~podonco ~enipul~tiQn utili~i~p *)
(¢ for CCnlTOl!.'ti1il1if pCl].tIr to 1'Q(;1:, find:l,nathq bOG\'; li1>ltchto z:lu. 0)

(* ond tho Ilol');'oopondinrs l1Sllll ate:, Aloo btl!> tno. t:)utnnl *)
(.:. ioped®cQ ~OMlr\ltion rOIli;in(lo (nIlO); int¢dj:v,:;oll)fill' 1011 *).

('" "lInl'y:lnrr by d:!,pt(ll\CQ" l'1l1\P,
(<I GISO l;i1V;lQ of eodo.

UdOll

onthut:ll.
do(l,
pl.iltun:!,t.
fil<\luf;il.
uftllt:ll'h;

C(lt:Ult

~~~~n~~of~cooffo ~ 4001

Typo
COtllllolt.,.Qn'I,\Y "" MUtAy U .. r!l!Ut,.Il;) ...~:£'.. coQfft.ll ()f c;ur.lplo,";
lrool_l,\tl!.'oy ~ AnnAt [i••r.lQ2~~o_ot_cooffM) ot rOQll
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Unit PIQt'Un:l.tI
N*MMIQ¢¢*****$¢¢¢¢¢!)$$*¢¢II<¢**I\l;Q<IQM¢II.¢¢¢¢¢9MM¢M**¢M¢.¢tlI¢*"",MM)

('" 1l Unit I1:I.tl1 tho tlJlo plotting toutinoo ~ ny 1:1. j)1l1all.'plot6 ill 1m *)

(* "intol1i@ont" i'tlt1hioll'l. DaeOl1lboll.'190~; - AIM nobl.'~t (111)/4. *)
(**.;. ....oo**¢**I!OII<CI¢I{I¢¢¢¢f~*¢¢¢"I¢¢(f*¢*ll\¢*¢**¢¢¢¢¢*I)¢$**¢"'¢l9qO¢'l'¢¢M¢¢,,**)

UooS r,;ll'tlpk,
ext.
or.llclrlt.
r.lQthlltUj

OoliOt

~a~~~oil1to~ ass;

(**IJ*"M****¢>I<$****"'I)*I)I)****¢**~**¢"¢91)******I)¢¢¢¢***>I<M$*"'';'$l)¢o:l<>¢M)

(* A (lc>noral:h:od :It-y plllttiull' p!:,Ql;odull:'o. ¢)

<* A1nn Uobort Clnl'lt llov IDS TU1'bll 4 (ll'nph I1n:l.t *)

«(I plot ..nl"l'ay:it.! lUI :input tinay ot to'o dit1Ol\oioril) I It io .~n [i,:tl *)
<* I'l It io in C:t.·~l.ThO l\o ••of_PQ!ntl> to bQ plottcll Ctlll bo inpu1:, .:.)
<* or if r.lot to ll¢li:'O I tho proto': .-.;:) 17~U plot ()lllVpoin1;d Until .:.)
(Ill !lO',\'lIl1: Md 'I eoox-do ~!;'O 2<¢to, ;1.0 :1t pill l)utoE;1Q.t;;I.ct.'llly:find Ill>

(0 uld.ch poil'ltll Q.!;'Ovolid to pl-ot. *)

(**¢***o**¢I)*******************¢****¢~o***¢¢¢*¢*¢***~****¢¢~**o:l*I)*¢*~

Ptoeoduro ~ulti~lowplot (
t:lult ...l>lot ..\)'l'l1Il.Y
no~',J't~pl.ottl
1IO .. 11:i'.. 1)1)1n1'o
hondol' ..tolft
It...tOltt. y..tOltt

10"0I.\d...1, lo~ond.2t
l(lcroSld~a, lOIl.lnd ..<3)
lQf.i"nd ..S

: t:lUltiplop~~t¢rtnYf
:l.ntol)o1';
into!l:or;

I IlCl'oon,~ooo~tto;
l'JetMn..\'lOOO~q:

(.fl**o>o>lt*';'M*********M*M*M*****MM«~IM****I)¢¢M**(j~$**¢\)*M****>:U)!**,~i)ip'P)
(* a l'nid)' (lonillI:nl;brod p(!luI: pl<ttUXll,i Po.cltullo. ~)
(* 1I1o.u UQborj; Clo.l'lt D(tt 16a >ttl
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{(I .pl~'I: ...o.l'r;!'S' U.n cllnhinn· tho. t)1lIs-1aIII j)EGntmS tlUQ .(i.~l alil'lu].d 'it)
(tit conto.in tbl.! st)IijA:itullo 11:1.tb tho 4Uclifico.tiqna 'bo'LOll:. *)
(.:. nV I!i;\bljr 1 :flaM tl,nt it buo boon clrQo.tod tOli.' doing .\mO pIotr, I)

(fI. Ilkl« tlll'.oo <;11+»0(:1:1)ito t:lCl~~il;ui!o vtllMo to. 1:1.0 \')otcOf)llil -'-l() C$ 21.) Qll' tlG *)

(I) All v~luop bnl.o13 ~'l() dDi nro ta-Wletlto.d tl) bo "I,lOdlli. und it YlIU j}o 1;»

«(It OUch obovq +'lO\Uli or 00 I :Itt trill. ot:l.11 bo t:H.:o.l\1d:1.11to tit. bll' t.l10\) »)
'.p cbeloa dll lo<)!totupid UP thQlI' PtQV 0.1: (MU! !I1- It nUl (.\1;;1.1:1. i,1Qt ¢)

ell' thO\l(lli II ~,)
(iI'M(lO(1$¢t¢**(I*l$I¢()';;ll<*"'¢<~' ·"'¢¢**()¢**'>Q**¢¢*¢*¢¢q'¢**¢¢**$Q*¢¢*l!<iIl*¢**¢O*¢I~¢I)¢*"')

Plrocoduro hn~t~plo_P~lnrMplot
(~ul~~plot~b~~ny
ll()~(lf ..plotfl
nO ..Cl'i..po~ntp
hQtl.doX'~tClltt
(llGVtl.tiQfi~t!llly

log~~d~l>lo~on4_2t
l.el)91Id..~, logend ..4;
lo(!l.lIild.i:ii

; l:luh:l~lo!i>lotnrX'nlf;
: s.n~o()Qr,
I intagor:

aClI'oan,.41oopngoj
bllololl1l1

UI).:l.t dn..QQI,I$lI(oIl "l:1.n" tho!>).':/, .:b\cJ.udod *)
(!)il!OM¢¢*M'~¢Q$M*!)"",(I<11!>*1II4*""*\(I"'\I'll!I)¢*MM*¢¢*iI'M'ln:'*9(19***M*****>l<",,,,¢*¢¢.i¢Q),

<¢ Tb:l.l'.I\11th CIlI.ltllintJ tba t1~eJ:ot'1'f;ltnl1 tl.l !l:tl.lcl,Ilat!.l. t1l0 input :!.I:.lpodtmc., I»
N .of M otrt\lI' of diplJlloli. kI~od (In tho:l.t lllU i'tQ()t.lpncoOm tab!"'Q) *)

(* lraluoB, o:nd tl\o :tU Given by tho 13(:11.1.:fvmulll.t::'otl. It hUB nlltM *>
(>;1 ppocitll htlltdli!tg for tho foldod dipolo input itlpodnncoiJl, nnd i'()ld<ld *>
(* dillo1¢) l:lu.tuall3. lit :J.()I.I() lino", tMo tlY t~,,111 tlHl "m(Jut" (If tho
<* n,n~'Yt:!~G j.)l\J:t of SCAT
(.:.

t* It hM only 01\9 PunL!C proc, !Utd.it ill culled l1;l.theyat Pll~'O!ll. 1')

(*Ii):*oIJ"'¢¢Il")*I!I*¢':<OM*"'t)iIIlliO*llIlj)ilI$t)*¢*M¢MI)¢i~*t)'II~I1o*4.'I!IIl*t)t)**¢O¢'l><!;¢l,)¢9M$!Ci¢I/lt;II",)

UIllc)o,

dll!ll

filolltil,
~Mhlltil~
cilpp ..n'lll1l,
plOi;Ullil:,
Dt;llddq
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(OI)¢I)Q¢M¢,M¢I?.:o>lt':U::'*¢(:I¢¢*¢.:oO:>O.:o¢M¢.:o¢**.:o(:l¢¢¢o¢¢¢(:I.:o***(:I¢¢.:o¢.:o*¢¢¢O':":'I\I",u»
(0 thio. ®:!.t. ll<mdlM tbif OlilCbat ell tl1e Plrllcoooing ... got; tltltunl *)
<~ impociunc:oo i?)\,oZJ.DBC, llnlildloo 'tho. lmC X'odAIl,1:o~ ;(ii.1I'0d<mco,£;1.1<:1 ¢)

(.:0 gl1ltll(;li:'i1'lG'J.o fmc l>ootlt'roc<:looil'lZ. '1'~o it;lpochmc;o d.ata ill output e)
(.:0 ill n :eorn ouittl.~10 'io~ $;:lith CllI,\ttiU/S. *>
(0 :I li'rocQl !l2() l('{,()o of elida. *)

(**¢*~*.:o¢¢¢¢*¢*¢¢¢*¢9¢*I)¢*¢**¢*¢*****¢¢*¢¢**¢¢¢¢*¢¢¢¢****¢¢~.*¢¢¢**¢)

111)131)
r.lt't,

doo.
I1I1U..o1;<:,
l:'lnthu.til,
tJolcltll.,
:fUoutil.
IlbjQct!l,
Cnrd..Obj,
pl!l'tlillit.

l'tC)c(ldu:ro Al1tllU.1t1tod~Z12~frQp,..iBC I
P~'1>!iO(hlrQ (jo,t ...tn;lC"Zil:\~!1liI4...tll?p"tltl;

Unit l't\d.,ptltl
(* .C(ll'Illnina JUST tho I!'adilltion I>ll.ttl.l)ltl bit (I)

Intedn<:o
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18I1?IU.95A

Unit IIP41l)6A;
(¢¢>:>¢,zn$$"O»Q¢iII'II.:o';n!t¢I)¢I\lollQM*Q¢¢9¢¢¢o!I¢¢0I:>¢ol<¢¢¢¢$¢¢**O¢tlI¢¢¢¢*¢¢¢¢$¢¢Q¢¢(li(i¢¢¢*>:<)

(¢ .l\ uui~ to got thQ $:I.1it14Chart Output 'frot\ a an noc:i.;l.:tUo <:ontl.l:mill(1 *>
<II< (l~~ It and Gll!!mo..'11 ~!l to <:I)I;I170l;'t :U: to a aeith Ctlllrt pl\'1t'l;o010 'fO:l'5;l $)

(* IJ '\)41do a tJpot 0$ ;full'ther t:1llUipulo.tion. 'l'1I<:lSOD.utl.l:I.tl brinG'~ it into *)

(* Ilo.nnocript *)

Interfaco

'UaorJ
gl'o.l'h,
aq1clrlt,
t(lo.t,hutil,
iiloll.til,
llr.litnp1t;

<¢¢*.;t***¢lItol:¢MM¢¢***>ll$M**M:\'l9¢¢JIi'(l$(I,)****O¢':'¢IlI¢(l¢¢¢***M(I***O**h****>:<**)

tntllriaco

'i'ypo
cooplo~ gnoc~~d

1'0,

!1,\1 : roo.l;
llilct.

(.;. All P&tt1tlUOiil~ cot:lplolt nuohQa'o 11111 vse t\t:l.1'J unit ()lwio.tinS 'l!ho:l.li:' *)
(* olm <:1Ir.l~l.01ttll)!')! d¢cl.&l'lltJ.III1I1. 0)

lllttI.\l\'rOi:()l("1) '" At1:!lY U.. :1,0] <'If l.'oa.'l;
(~ lIXl lU'l'IIl!of bloody PI\):'(ll;Jot()X'tl1>'IlQ~IJPO 'tUrIn' {! did not !l.].lou Pl'OCC;II;l.uX'nl*>
(Ijo 1lI;lrllJ;;lot(u'Q.. ~I(lif turbo G. Ii 400$, but I lIavont c(llwoX'tod them yot! II *)

~rtlr.~u.to r~hot~
i'rocll,jlll:'¢ c!1.l't

Proton"l'¢) o.dd
PtQc"ldura ou.b
Pl'ot;QdlJtoi;!U],t
Pl'OIcodlll'Gd:i.'lido
procQdul'o $quol'()_Root
~ui'tcUlln tan

(ll.!lJ!' r1lIt I Ilomplolt) I
~Vt!,rxY : cclll";lplolt)i
(~.l! coopltlt, VOl' cd complox);
(x.¥ : complo~;v~X'~u c()~Vlolt);
(It.1 : comP10ltj Vat ~~ : to~plolt)i
(x,! : cObpl~xlVo.t di : r.ompl(~)l
(It eomplolt) ~Cl' l! I cooplGlt);
(It : 1'00.1) ; 1i'60)1 ~
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FlIne';:ion )to
!l'tll\C:t:~¢n :l.~
FlAl:lctiol:l. t:w<Sd.

Fllnc;:!tm Oll:'g
1illuc1;:l.olit l>~gtGaTonnd:l.an

FUnc:d",!!!. t1Q4ilUl.tol>oGt"oo
FUtIC'.i611 Cook
).7t1nct:l.<>n S11.\1\
P~OC~~tlll:'¢C~~~
~rocodllto O_Sinb
Ptccolilull'o 0,,0001.

Il'llln:'tioll 10Mltp
11111lct:l.on Si

(1); compl<u,) lI,'O;U,

(ll, co")'I).01l) r;<o[),ll
(~ c:~cplol!.) ~¢bl;
(j; cObplox) l:'oul.
(ll. ronl) I ~GQ1~

(It :ronl) wolll;
(21. ronl.) IC'obli
(ll, tonl) rep! 1
(It cOl:lploll.' VOlt'

(~ c;ooploll.;V~ y
Q(.Inplol!.h
cl)l\1plolt);

(l!. top~lolt; Val' V coOplol!.);
(II i.'ou1) 1('onl;
(11 )toul) ~onli {uo!~gtrnpozoid4l Uulo}

l?ullu'.:tion Ci~l (2t lI."ClP,l) roal;
!'unt)tilln Ci (:It :tOil].): ron! I
~uMt;!.on flOt:lilll:' (a , b : 1'<l(1) : Nnl; (llt!Uliooo n til tho pO\1or M)
JlrocQdul:o t'otlboX'g ...."nC(J~tl,tion(tn_t)!pa : intogol,"; at b 1 rolll; P l pM'Ut.1o'to%,'G;

"(Ilr ol(trOI? : 1,"00.1).

(':'iI'o¢¢oO¢';'¢M****M"'OI1,O(lI!!r::,*~**¢*O*O*¢¢';":'~'*****Q*"**OO**':'**0***.0**1)**,"0)
(* A dmpl() ®i~ to l1andlo tllll It'opl)p,~(Jd o!!bnir.g of :input !Utd output. ¢)

<* ~al'll fil<:l() .. .,:!.th the nOllo.1 cbock:blij f~!).turoo. anti-oVarm:i'l:oo .!lrl;;c *.)
<* onll t:l:l'il1o Ii Givan fililntmQ in 1iM pt,Tlt ,IInvir\lill:\ont VM'illblo *)

«I uoof1l1 :(lor iiil4bG COll\fd:~rtl,tieJl tileo I,M ote *)

<* ¢)
<* tbroe PU'jlI:.XCPrecs u;it~ Pnmrl. 235 tine41 crt Cod'll. *>
(* *)

(* Irer U!;lQl3ith tbo Sm.eLrut screen 1l000aglllllont l.i~ra'rJr undar tP~.() ¢)

C*>;z**"' ....*******$****¢¢¢¢******,,**¢*"~*M('*o!'****!II***************",**.:z*****).

Ulloa
doo .•
crt.
mnlelrlt;

Procedure opon,.;f~l(Utni>l.\t (11111.' in:file : tlilt~';
6lttl Der~~n~usP~~l

Vll.!.' fU.(!j~~lti!il~6 : bplllo!Ul);

!a l?rO(loalA;tq op(1n~fnr.l_o1J,'/;.rUt (1.10,1," 01.\'/;..:f:J.l.o 1:~llt:
Qllt ~Croon_Po30~go;

VIll:filo~o~ boolonn);



Proco~ur~ fin4~file.in.any~DDSJPAnl
(filenono
Vnll:" cur;i'ol1,t_p<1tll

Iltl'ing:
atr:in~) ;

(¢~¢O*¢¢q¢¢¢¢*¢~¢¢e¢*~¢¢*¢¢¢¢**¢¢¢O¢*Q~*¢¢¢¢*¢¢¢¢¢¢¢¢*¢*Q¢~¢¢¢¢)
(* D(lC1lI:lentntilln: ¢)

(* ¢)
(* P>-,oc<lduro.op¢II_1UQ.inpul;
(b

(¢ IIp.;lIIr.<!l. -ii1o fo'_' input Md chQc~o tbat; :l.t odoto
<* Xt nddG tho ¢xt¢no~(ln oxt to tb~ tilo num~ if it
Co io.~(lt QUppliod QY \ho noer. ottt con be anything
(¢con do n ~horoio ,typo or 0. diroctory oo~ch tQr
Co tit!) fUel,
(¢
(* •ProcJ)l1nreopon_j':!.1<)_output
($

(* Oponl!l 0. filo for Qutput. lJInd chMlto thot it 1:1000 not odpt. ¢)

(0:. If :it deca tb,\n lYOU can (lithor ovorudto, abod, or try *j

(* Ol\!l':.IlOll.' lH!lllO *)

Co
(* P1."ocoI1IU;<)1'i.I\(i..:f~,,\o....inMan)l.,.IlIlShPJ\rU
(*

(;x 1'1l:i.u procedurE:) D(l!l.J;Caaa lilie cntr.cntlll'Iln"tiva ))OS dit()ctocy *)

{o;..and nIl diroctoriill,l da'iiMd i!l ~h¢I DonPAra l\:nlt:h:qllll\ont *)

(* \'lU'iabla 'f0l: tho i.'ihnt!Oo input po.rat:l.¢ll;orppoci:fio\i. J»

<* Tn~output io tho poth string aharo tho fila is fonnd~ith *)
(» to:¢tinnt:lng be.c1>lI111oh. *)

<tIl.It tho fUn ill not "t(!unll. tb¢ oiring in fillGd Ilith *>
(* "<not 'found>" ¢)
(* If tho fil~ io ill tb~ currontly aet!vo DOD di~~¢tQ;:Yth9 *>
t* otdnu io xotnrulDd (lOpty. .*>
<Il> l'hia l1:0oultoin 'tho i'()lIol;lt to!)t i!!'Al>og!l,l!Ppllf toot for tho e)
(ill pr(looMO oll! "<" .in pOD (1) If not thiln- amply l.U~!3UI *)

{**********¢******~I**b***~*¢****¢*******~*~******¢****¢******)

~n:i,tcopp.,.nttml

($*****O**M****"******,,,*******«***';'Q*QI)tQ*Qo;.**iIOO***M*****Q**oo**¢i.iiQ)
(0 A unit to d(l (lQt1pbx GaU3s:i.WI nUminat:\QJI - o;lthout tllo 110011.1:0 *>
(>II go to. 11 2llf '1»' 21j' I\latr:i.:!t tlotbod ..A.n.C::lnrlt .1'7 liny 1989 *>
~ ~

lnto)l:'foco
Uooo

I:lntl\util:



el)iI~t
ol'!Jt..cempllllUu4tirUV_tJ:l.Z'l '" :tS:

iYpo
COt:1p!'!l)t.."octOll; '" ,,It'l1Io.y [l~.•£:.1cm~cI)QplQlt_~l'nl1~ldtlOl of' ,~(ll;ll!)lolq
complClI!...t:1ntr:ilt'" otJrnY (1.. ,t'JOlt_c¢oplott.ar:rny .. r,I'I,zl.l] of .eoPpl0l: ..11Qctl)tI

i'rocoduJl;Q c(jt:1pIol~..guupsiun,.,el:itlillntion (d:!.l\1on
:i~p(ld®C05
(lll:<;ihtiollO
'Il'tl%'· c,ltronto
Vat' I.l:rrOl'

int:ogo:t';
~oopl.olt..,l:latdtt;
corn,loi,"voctOl';
cClmplolt_voctoll.'l
into~<lr);

Urdt •SoithPlt;

(**I.'I*,~(.***¢*********$*****.;oO\'l*****¢$*M¢*¢**I)O:OM*¢O*¢9(1*0*(1*<1$**0*$0*000**)
(* Thill unit pIli-til ~ SI1'I:l.th Cllntt 1)1:1 SCl1I<!Ion-£1(1)0lr, bunch I):.\' rurret.YIl >1')
('9 p:rQ'ltioUtJlll :1':l.ll¢d p)1Qb. l>l\' 1;bo llP4:11)i)J\.Un;l.t .. btl'!; nut. noce , I)
(¢*¢**~*I)**I)**I)¢**$*$I)*¢'~o¢**¢*****¢¢~I)$$*I)¢*$******1)9¢******¢¢9¢**¢*¢9**}
l~'!;Olrlb,C~

t1IlGO Grnph,
()rt,
SI;\lclrlt,
JI!4tllut:i.:J. i

Typo
SJ:tlth~t),rrayo '" Art'ny r".,1;109, 1 .. 10] ~f l).GlI.l:

li'ro';odu'l'O'iilllitb_pli)'C:
(m1l1t~pli)t_arra1
nQ_o:f_.,lo1:e
M.<rf"';l;lointa
Mad01:_toltt
lQ~ond_i. lo~ond~2,
lOI!,(Utd ..3, lo(!l)i\d...4,
10gand_5

OJ;1ltb_orrIlYi!i I
:l.n1:<>(;ol';
illto{)or;
ncr ..on_\:!oooll(l0;

lr,Jplomontr.,t:!.o!l

Card. ...Obj

Unit Cat'd...Obj r
lntodo.co
l1aoa Objoct/];
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(*¢llI*9f,ir;t¢¢lt!~oI>,**M**QO"'¢M¢Q**O¢O"*o;t)(h:'f ~¢M***¢**¢***¢¢*¢O¢o;tOll<¢)

(¢ Simplll hl!)lM 'l:ho lJiI¢ !leelt curd ;tof:l.niti'QilO .. to DOu$od i~ Q;\
(¢ Of! :l.:noto,nc¢ 'tIf n t¢Qllor;t:!'~lil >;I)

(¢"'''':'$Q*¢C>OOOQQ**¢¢O~QQ¢O'''Q¢M'h'¢¢('O'''*O''!1Ic<*",(nl'9¢Q¢Q¢**90¢i;i**¢¢)

Typo
FC~l1d<l "Cll%'4;

a~d rl Objoct (10bjoet)
dnto_ptll' : $t$tdn(t,
COllotll'!lctOi!." In;it (I)t.tn t St:d''''II);

DOlltt'u,ctol\' »on'(l;, Virttl&ll.

!full!:
loplQl>llon.to.t:ion

'il'1Iit: Dl)o_o1;o;
(<:tMl$¢o¢**MOil<O**¢O¢M**oI)QQ¢o***¢»o**Q¢¢OQ¢o**oco¢O>l<¢¢***$(I>;I",o¢<:>;I>**>

Co :I. Proe owp1llrotUl'r' ~ :intolligMble Oll'rol' l:\oaonSOin S3I;~• .;.)
(lI¢¢*$';"!I¢~*¢¢¢I\<$¢**M*' ~,I)**¢Ill*>l>*****';u:'***¢*¢¢**¢¢*>!<>1'4¢¢¢O"'Q(i¢."'$¢"')

ltl.to~e.;(!

I1~inci:io!\ l)op!.b·X'o!d3tll' <uoolt~'r"l:: lntGgoll') I Si:-.I-jn!'>i
;roploo~ntad!)n

o
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JE~teTffiSiOIDl factoE deJdlva1f;io1Dl :fOIL" W(Q)lirllted.
1QJDpOJl<e irrarmsmnssnon liirmce m,(Q)rll.eli

F'romaection 3.2 on :pa.ge29 the first order a.pproximationfor the equ.ivalent length w~ (Clark
& Foud.e 1991).

(lU)

where
ICll ;::: the eqttivalent (or extended) len~th.
I ;:::original length of the dipo!e.
8 ;:::separation of the folded mpole Ilidea.

nowevei.'fit became aPPllJ:ent thl'tt for latger radii) tb.~value of~ :requ!>;edi'urtb.cr adjuatment;
NE02 was used to l~enerat.e results for folded dipoles of different separa.tions and ra.dii, and
the« values were o:ptimised fo);,g()()d comparisQn. ·rh.~.va1Ues are presented in ta.ble B.•l
and the related equivalent dipole lengths are shown in table B.2.

From the table of equivalent lengti 1 in. table B.2, a column-wise linel:tl't'egrf',p$ion,givc,'.l!

Ea.ch equation in the above table gives the linear :regreSsIon (or linear interpolation using a
least squa.res fit) for the equivalent length,lc21.l:'lftbe folded dipole as it varlt'..swith radius)
a. U the above equations are of the form 11 ;::: m:n+ e, then c is very linear with s and is
given as:

c=n.5164s +0,9853 (B.2)

m ia given as:
m;::: ·~13.058-1.0315 (B.a)

lYsing logical deduction, it is el.:ar that both consta.nts in the new equations ~te 1, and
hence are the length of the dipole, 1. The equivalent length can then {Jeexpreased as:
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.-.-__... ....l1.....ab.;_len.l: Optimized Ci values
Optbni;;ed (): .,a.!U(jS

mm 120mm lOOmm 80mm 50mm
1 0.40 0.39 0.35 0.25
2 0.36 0.34 0.30 0.20

3 0.32 0.28 0.25 0.15
I) 0.25 0.25 0.15 0.10
8 0.21 0.16 0.10 0.08
10 0.17 0.10 0.05 0.05
12 0.13 I 'O~O8 (t02 0.02
15 0.10 n.os 0 0

Table B.2! Equivalent lengths

~mm iJb::'I., 80..,. 50mm

! ~~:~!:~:::!:~::i~n
3 1.0384 1.0280 1.0200 1.0075'I
5 1.0300 1.0250 1.0120 1.1)050
8 1.0252 1.0160 I.OOaO 1.0040
10 1.0204 1.0100 1.0940 1.00~5
12 1.0156 1.()('\80 1.0016 1.0010
15 1.0120 1.0050 1.0000 1.0000

Table B.a: tinear regression in th~.~?f~
8 (m) tinear B~gr~.aaionon Sll:} column.
0.050 log == -O.S25a + 1.0111
O.OSO leq;:: -2.022~ 4- 1.0264 I
0.100 lei}:=: ....2A440l + 1.0371 •
0.120 leg:::; -2.S44a + 1.0469 " I:
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leg;::; (-13.05s-1)a + (0,5164$+1) (:8.4)

leq = 1(1- a)+8(0.5 ~ t3a) (B.5)

leg ;::;1+s(O.5-13a) (B.6)

which gives the form of the secondary compensaticn to tr that is requited. Several iterations
have been pertormedl and the closest comparison with the original table ()fp~uivalent lengths
is obtained. from;

log:::: 1+8(0.4 - 20a) (13.7)

xe a ::::0.4 ...20a or

that Cinew :::: (!Iold - 2014. So the "'20('.1aimply modifies the prevlous value of alpha. The table
of equivalent lengths that this produces is showa in table. B.4 which, for th~ simplicity of
the 0,.djustment., compared well with the values flhoVlll in table B.2.

Table BA: Linearized equivalent lengths
a (mm) 12{):rnrn 100mm SOmm 50mm

1 1.0456 1.0380 1.0304 1.0190
2 1.0432 1.0360 1.0288 1.0180
;:1 1.0408 U)340 1.0212 1.0170
5 1.0360 1.I'ISOO 1.0240 1.0150
8 1.0288 1.0240 1.0192 1.0120
10 1.0240 1.0200 1.0160 1.0100
12 1.0192 1.0160 1.0128 1.0080
15 1.0120 1.0100 1.0080 1.0050

The results for a tOtum radius folded dipole ate shown for a separation ta.nging froIll 120mm
to 50xmn in figures 13.1 to 13A, It i6 cleaJ.' that the .eorn.par.isonsare acceptable over l,Uost of
the ran~e.
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FigUfP.ll.:b Compared td sin r == 10mm If ;;;:;120mm
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Tablces of JIJnJpru!t Impedarrnce CK the
Cylii]].dlrrihcal DiJP)(o.R<e

Tablell of input impedance ate often tabulated in terms of tl.icknes$ factor 0 and electri.cal
le....gth koh. (Mu = {J ;;::; le, used elGewh~re),hence the .aame convention hM been adopted
here,

o ~ 2ln (!:!;) , the'l'hidmesm Factor
lcoh r.:: ¥
It =:; dipole radius
It := dipole half..1~·"$tll.

NEd2 WM used to genera.te tables of input impedances simnax to thone of I(ing & rrn.r:daon
(1969) IoJ.'two :rQMOna~

¢ The l(ing·l!ar:tison ta.b1e\11 do not give values for the t'hil'Jter dipQlee. These fire needed
ror th{\ input impedances offolded dipoles where the jmped~encooran equivalent thicker
dipol~ is used in the transmission line model.

o '.('0 ensure tho.t I), va.lid comparison was b(ling m~de between NEC2 and SC/ ..'!\ it is
imperative t!lI.'l,t SOAT's aelf·impedo.ncea are dedved frotnNEC2, so th\l.t tbe diff'erenClet.l
observed in tho outputlJ ll.);(; due only to tho mothcds,

'l'lte ttl.blea n.te .liated ·£01:'inetoMing ko/. valtltla a.nd sepo,'l:t\tfl tables tl.rc used for the diffefClnt
o valuee, A two dhnensiona.i 1inel~l:'interp()ll~t,ion ill p~rf():tmcd by SCAT to llucl .ll. pa.rticula.t
nand ko" eorobinn.tioll ftom the .two dimci.:.uioJ)al g~id.
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h· ·Thi~l~esg 14hcton'Q";a-
, koh ~~(Zln) s:t'CZin)
, 'l.5 4.851 ' ··~,m8.57r
0.13 7.4371 ..162.934
0.7 1O.S8M ...121.t234
0.8 15•.a'tU ~;tOO.271
0.9 21.5319 .76.7801
1 2IMlO'{ ..56.9905

1.1 39,~245 ,,39.2719
1.2 53.2723 ~25.0623
l.a 69.195 ~14.9923
1.4 89.0042 ~10,6215
1.5 109.075 ·13.1402
1.6 126.621 ·25.093'1'
1:1 137.701 43.D441
1.8 139.998 ~63,5468
1.9 134.188 -82.0966
2 122.929 ~95.6961
2.1 109.461 ..104.354
2..2 95.9391 ~108.?'51
2.3 83.5304 ..108.781
2.4 72.6729 ~101.02.9
2.5 63.4119 ~103.a09
2,(} 55.6234 -99.6781
2.1 49.1327 ..94.99118
2.8 43.7711 ..89;9837
2.9 $1?3986 -84.7.815
3 35.9111 ..19.4'7'13

8.1 33.2399 ~74.1{1G6
8.~ :U.3496 ..68.'7291
3.3 30.2332 .,63.383
3.4 29.9066 ·58.1279
3)) 30.3983 ..53.0513

....~ ~--t.['hicltneGtl· (/&Idol!' (3 :::; 6
koh m(Zln) !i$(Zi!l)- ----~0.5 5.48003 ..815.811
0,6 8,2244.13 ~247.214
0.7 11.757U ~191).292
0.8 16.2556 ..163.61'7
Q.9 21.U4G.'{ 418.641
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2G.OOO)J
30.7481
34.5612
29.2363
13.2419
-12.9963
-46.2506
-81.1597
-112.329
-136.293
-152.044
-160.32
~16~.614
-160.<182
-155.281
~147.843
-139.019
-129.24
-118.834
..108;032
-97.0088

co.ntlnued hom PltWJO<1B [I!l{5e

Mon ~(Zin) $(Zin)
1.1 38.1823 ~61.205~
1.2 49.5566 -36.8235
1.3 6iU951 44.8964
1.4 ff,1.4746 4;31324
1.5 10a.092
1.8 12ft825
1.7 158.113
1.8 139.133
1.9 218.44
2 241.386
:U 25$.659
2.2 r5a.30S
2.3 24.l..S9g
2.4 222.088
2.5 198..11
2.6 .. 11~.814
2.7 152.186
2.B 1S1.BM
2.9 114.157
3 99.06f)2
3.1 86,4184
3.2 76.0081
3.3! 67.6418

I

$.4; 61.1658
3.5! 58.4102

1 28.4563
1.1 3lMH49
1.2· 46.6257
1.3 58.9U4
1.4 '73.9889
1.5 92.4731

..124.812
-89.0149
-56.3511'
-26.14Q3
2.00392
28.124J~

1.6 115.06 51..8894
.r-............-----~---,..

conti,nut.'<l on next p.pge
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COJlt.inlled tir:om previQll(J pO{{G

kok &(Zin) !iJl(Zin)
1.'1 :1.42.451 12.4817
1.8 175.227 88.4993
1.1:) 213.471' 97,78159
2 256.338 91.5302
2.1 301.287 84.6489
2.2 343644
2.3 376.92
2.4 394.648
2.5 393.211
2.6 373,666
2.7 341.01'7
.2.8 301.f.~'"
2.9 261.0.
3 '222,85
3.1 18(3.836
3.2 159.676
.3.3 135.Ma
a.4 115.516
,3.5 99;'t541

56.8771
14.'1307
-38.6169
-94.7306
~45.541

-184.996
-2'10.802
":223.182
-226.33
-221.154
-21.O,t?14 .
-196.526
-180.195
-162.524

.
co.ntllilJed on next page

~-""_'_,"~ _- _---

'It'hicl~eg·
Molt m(Zir.,

,_:----

0.5 $.8\7/11
0.6 8J}~3{)2
0.7 12.0557
O.S 16,.3104-
ttl) 21.4898
1 2'1.7619
1.1 35.3373
1.2 44A801
1.3 51).5.22
1.4 6tt8784
1.5 65.0683
1.6 104,734
1.7 128.659
1.8 157.167
1.9 193.086
2 235.616

:&.1 28(t024

0=8
!iJl(Zin)

...:.-j

-545.861
-421;1.659
-342.229
-272.596
-214.623
-164.594
-120.131
·7!).651fs
-4~.01·1'T
-6.66398
21.0348
59.2191
89.791
118.308
143.771
164.514
177.865

1(1)



.......... --
c()n~iuued .from p;revlol)$ ..page
'kola .1 ~(~~). '~(Zi~)
2.2 844.054 180,1}'29
2.3 4()7,521 16(,,"214

131.636
73.8429
...4.10114
~91.961
-175.123
-240.861
...283.194
"302,902
..304.519
~293.S8
~274.044
~249.866

2.4 471.134
2.5 525.809
2A} 560.202
2.1 565.156
$.8 538.886
2.9 481U23
3 42.4.621

3.1 358.112
3.2 297.725
3.3 244.MB
3.4 201.001
3.5 165.'74

i-....--

~llliclu;erf~MQ~'n ;9 ••;:1
hoh l)t(Zin). .~(Zin) I
OJ, -"5783589 .•. . ~66~59
0.6 8.58984 -624.503
0.7 12.0011 ...419.063
0.8 16.1581 ·335.31
(l.9 21.1728 ~265.752
1 27;1856 -205.909
1.1. 34,,3714 45~.8'l9
1.2 42.9498 ~:!;N.103
1.3 53.1948 ~60.0147
1.4 65.45~7 47.8281
1.5 8('1.1607 22J>6.Gl
1.6 ~7.8717 61.6639
l.'l 119.289 99.'7455
1,g 145.301 136.868 I1.9 I 117.026 172.781
2 215.831 206.785
2.1 263.328 231.492
2.2 321.223 262.463
2.3 3QO.91 277.105
2.4 472.512 277.176 I:t5 563,081 252:(64
2.6 654.027 195.843t c()li~ilhICdOli ned poge

'''''_, ...
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co.ntmue<l fl'Qm previoU$ pagb
, .'" '1l1oh !R(Zin) ~(Zin)

2.7 729.359, 101.84
2.8 768.58$
2.9 756.819
3 695.6$0
3.1 602.793
3.2' 5(10.317
3.S 404.348
3.4 322.554
t 3,1} 256.624

..2fM258
-157.424
..2~~.675
~355.342."J

!§.1
A';oh ~($in) ~(Zjn,Jp~~--~~----~.~
(1.5 5.83!i92 -784:104
0.6 8.5702 -619.959
0.7 11.941 ~496.474
0.8 :H:1.0266
0.9 20.9255
1 26/1611
1•.1 33.6859
1.2 41.8914
'1.3 51.6165
1.4 6:M618
1.5 76.9095
III , 93.3461
1.7 113.098
1.8 136.915
1.9 1(l6.033
2 201.647
2.1 24.1),598
2.2 300.1114
2.3. 368,064
2.4 452.317
2.5 555.247
2.6 676.273
2.7 807.424
2.8 927.528
2.9 1001.62
3 996,706

-398.ij38
-317.385
-247.'11
-186.103 '
~130.251
-'18.514
-29.6989
11.1112
62.6053
107.309
151.1)'18
195.583
239.2:24
2R!.979
3t:!2.622
358.739
385,949
396.7811
379.626
319.061
201,306
2'7.5366
-172.645
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.coXititwed from pte:vlonG png~ '.

koh lfl:(Zin) ~(Zin)
3.2 768.4'13 ...,468.125
3.3 616.819 ..516.253

481.066 -515.366
3.5 311.041 ~484.199~~---------~~~--------------~Thi-l!l~nes,~1faet.ol' $1;;1 11
holt U1(Zin) O'(Zin)
0.5 5.83357 ,·904,32
0.6 8.55313 ~115.314
(M' 11.8948 "u73.G3
0.8 15.93 ..461.725
0.9 20.7485
1 26.4619
1.1. 3l1.2088
1.2 41.1615
1.3 50..11363
1.4 61.504
1.5 '14.7093
1.6 90.2926
1.7 10S.92~
1.S 131.346
1.9 156.54t
2 191.8~2
2.1 232.94$
2.2 284.289
2.3 ~ ,9.03
2.4 43UU7
2.5 336.202
2.6 668.723
2.'7 S30:t75
2.8 1013.86
2.9 1.:U,a,99
3 1282.12
3.1 1251,29
3.2 1096.14
3.3 882.278
3.4 675.252
3.5 505.921

~36a.964
~2S9.46
-219.271
~155.142
~96.9698
-41.55~7
115108
63.2811
114.268
165.104
216.229
267,931
820.248
372.788
424.374
472.37
511.476
5:U.735
1H1.i.881
4ll8.!l81
21t2.701
ltt6999
~268.604
··501.127
-62ft 137
w659,S'(9
-630.179~_.------~-----
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TMdweas f$doll' n--;; t2 _J
hoh ~(Zin) SJ«Zin}
0.5 D'!~3253 -1023.5~
0.6 8.54204 ~6iO.S88
0.1 11.3631 -650.919

3.3 1199.3 ..733.402
3.4 903.319 ~81"/.061
3.5 651.tl54. _-193JI~1.1

0.8 15.S6a
0.9 20.6246
1 26.2521
1.1 !32.S738

111•.•.! 40.6496I ." 49.7194
1.4 60.5139
1.5 73.171'{
1.6 88.1609
1.7 10t1.01
1.8 121,412
1.9 153.289
2 184.1:183
2.1 223.893
2.2 212.667
2.3 3~>7""M
2,4 IU:M)~2
2.5 .!$17'.3u,,-
2,6 652.'1'98
2.1 829.34
2.8 1051.28
2.9 1303.06
3 10'23.15
:3.1 1602:7"
8.2 1473.5Z

-524.675
-420.318.
-330.936
..252.216
...lBl.001
-115.194
..53.1978
6.22348
64.0804
121.215
118.364
236.176
295.21
a55.899
418'1438
482.546
5·16,972
608.474
659.832
68(t.l()'7
6;iJ.52f)
536/143
213.451
"109.46
~489.445

'l'mc!tlIM~llalfMt()'lr 0 :;:;13r--~-;-.... . -
kolA !n(ZIn) $'(~L
0.5 5.83328 ,.1142,52
(1.6 $,535'77 ~905.163'
Q.'r 11.8126 ","(2'1.733
0.8 ll$.b' '39 ..1)81,383
0.9 ~O.S3115 ..471.436
1 213.1027 -312.279.._---

cQntj4lU~. on J.,~~dPlll[;-e"--_ ..........._,""'""" ................
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cG>.llti.nnedj~()m pr.w!ous. page
I~olt ~t(Zin) !;)(Zin)I---r---------~~~1.1 32.6834
1.2 40,2801

,284.925
~206.023
·133.114
.1)4.5928
1.11423
65.089
128.31
HH.6u5
255.939
32U}39
390.381
t!61.919
536.932
615.239
695.301
772.523
835.619
859.403
793.9

562.73'7
119.508
-423.1183,2

3.3 1.566.64 ~826.193 .
3.4 1163.69 ·989.22i!

~.3_.5_,I,__ 82_$.__75.........·•• __ ~975.923 I

1.3 49.2325
1.4 59.1252
1.5 72.0589
1.6 8(t6174
1.7 103.899
1,8 124.56
1.9 ~.'~,473
2 119.82S
!U 211.244
2.2 264.026
2.3 32:M36
2.4 400.191
2.5 501.156
2.6 636.187
2.7 81'8.631
2.8 1063.24
2,9 1.374.46
:1 1'71:1..51
3.1 1940.12

18139.23

?toh m(Zin) ~G~!II)~~-+,~~~-~~~
O.a 5.83523 ..126t.05
0.6 8.53293 -999.64
0.1 lU1295 ~804.281
o.a 15.735 ,.649.S39
0.9 20.4751 ~522.339
1 25.9936 ~413.'62
1.1 32.4563 ..31U~26
1.2 40,0069 -230.8l$5
1.3 48.8251 450.943
1.4 59.136 ~75.7759
1.5 71.226 ""11.78606
1.6 g~.4611 66.2944

CI?,Ilt1ll1.uxlon next pl)ge~~~~
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continued !tom pro'Vious pi.).ge
kah ~(Zin) ~(Zin)
1.7 102.317 135.57
1.8 122.419 205.04';
1.9 146«104 275.681
2 176.01 34tM48
2.l 212.212 4~~,S1
2.2 257.438 504.262
2.3 314.902 589.237
2.4 369.336 (W9.894
2.5 487.838 716.078
2.6 621.142 815.479
2.1 805.261 970.429
2.8 1062.21 1040.52
2.9 1414.:n t037.36
3 1851.49 864.114
3.1 2248.14 404.299
3.2 2331.33 -299.841
3.a 1982.98 ...909.002
8..4 1455.04 -1110.36
3.5 1000.aS ~1176.45---
Thir,kltM;~$~t'netoll.' n__15

~o~r ~~(.e\n) ~)«Zin.)
0.5 b.B3196 -1379.41
0.6 8.53243 4.l'93.9
0.7 11.v21 ...880.65tS
0.8 15.1625 ..712.18i6
0.9 20.429,4- -57a.071~
1 25.912 ~4i4.2a~t
1.1 32.3219 "M9.n~t
1.2 3tM'976 -255.49
l.{1 48.5121 -168.552
1.4 58.6821 -86.7956
1.5 70.5829 ~8.52686
.1..6 84.5669 67.655'7
1.7 101.092 142.91
1.B 120.76 218.044
1.9 144.379 295.411.
2 173.047 3N.874-
2.1 208.291 451.041

......-~
continued an ne.ttpa~:J...~

v
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3.1
:U
3.3
3.4
3,~

kol! . ~(Zjn) ~'(Zin)~-.r-~~~----~~~
2.2 252.278 541l.96?
!!.3 $08.163 640.311 i ..

2>4
2.5
2.6
2.7
2.8
2.9

380.639 742.364
476Jj77 853:093
60tJ:.061 972.144
7'91.823 1095.17
105e,2 1207.02
1434.4 1265.09
1952.1 1166.18
2519.03 729.196
2788.3 ~116.452
'"'447.22 ..972.436
1776.49 -1379.16
1187 ~1395.38..
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Feed geomt:n.etrry §®ImSitlhlihty (Q)f iGh.(6

measllJJ.1fedi resulits

This a:p;p~ndjx l:cf¢l:s to th~ measured .results of mutual irnpE\d~llCe between a folded dipole
and a dipole, as shov,ynincha.pter 4 of the thesis. The :tesulta are shown in real aud hnaginary
form, as usual, but. alao in magnitude and ph~e form .-.which provides additional insight
into the ettor mechanim:tl$.
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Figure D.2: Magnitude and phase Impedance

As before, there is the theo:retie~1leurve, denoted SOAT; the curve derived from NEe,
denoted NEO; and the final set of meas-tred results, here denoted Coax Feed.

In a.ddition,there are two other sets of results! ot, denoted Measured, which were measured
by the S-parametermet,bod, but usmg panel mount .aNC connectors; and the otber,denoted
Jose, which was the original set ohe.'lults taken by the z..Parameter method (no S-para.meter
test set ~i that stage).

The mean absolute magnitude errors (note that this norm ignores phase - but is usually
used for complex impedsace value$) ere given as compared to the theoretical, SCAT valuea
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Cu.tv~ me~n(nZll-V$2ID.... .---'-I------....;,:.;~:,-"'--...;..::l.'-I
M~.a!>Uled 20.630 l

Jose 6.610
COaJ~ Feed 5.72U

NEC '.'I. 2.570--------~---.----~--._....._~
It is interesting to view the ():dgihal. "'Jose" rcsults ('+~)in ma.gnitudF. an4 phase lQl:'rtl-
the magnltudel:e8utts show qtritean~cceptabll;') "scatter" around the thooleticm tesu1ts, but
~h{ire..u ~ o/_err dennite.phflSe ,shift.

The poor comparison of the otiginal measurementa at the smallet spacings prom (>ted 3.

new set of nleasmen'l,ents which W?ll penormed using the. s..patametet method e*'),' which
were far worse than. the original measurements! - with a Seflnite phase slUft again, and A;

magcitude ertor.· N()t~-tha.t these measme11lents we:re conducted in the anebh04C .chamber,
as dese.ribed. witIt full 2~porj;. clI.lil>ra.tion, and port exten!)ions to an ?bsolute short' Jrcuit
.on the gr:o\lnd pla.ne pa.nel mount :aNO connector.

The "Cottle FeeQ_H ex') results wer.e ob,tained bye1iminatin~ .the BNG panellIlount l!unl1ector,
and soldering'the hra,id directly to the ground plane, and keeping all feed geometries as smell
.3..&. p()~il)le. Excellent comp.a.tiaon to. theoreticll; results W('1 .vbtamed.

The error is introduced in the dllference}j in the teed geometry of the source models. The NEG
model uses an applied t£>1lg.entI&lE-field to excite the dipole!mtmopole ~ I? perpendicular
to the ground pla.ne. In l:ealit.y, however, the co.axihl food a.ppli€:San :&-field~oaJda.lly parallel
to the gIQund plane. It is ollly fi:inging flux that changes this to to tanl!<ential e::l;citation.·· !for
thil! reason, the magnetic.frill sbut(;e is preferred :fo!.sllch coaxlal.food arrangements,· By
scaling dr;rw-nthe feed geometry (A BND cottll.ector is considerablylargtlt in diameter than
the 1=tG58cable used), this anomaly is ~educed. A futthel' effect is that the short circuit
is better defined) with less series inductance; which improves the cruibration :model of the
instruwent (For the port extension c~'ibratioll).

In conclusion) it is Imperative that ~'teat care i$ taken to accura.tely m~dEll the teed. geomct.,.y
in nwnerical simulations, if good comparison to measured results is ~o be achieved.
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