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ABSTRACT o

, Advances in ﬁite-GridgModelling of Antennasg
and Auxiliary Computer Graphics Systems
with the CP-140 Case Study

“Colin Lionel Larose '

™
i

The time and cosn involved in physical testing of
aircraft antennas makes conputer simulation attractive. 1In
this thesis, the method of moments with wire-grid modelling
is used to simulate HF antennas on the CP-140/Aurora air-
frame. Optimal nse’is made of the Nnmerical .Electromagnet~
ics Codé (NEC) .through.the EMC Laboratory's new wire-grid
modelling program and computerized checking against esta-
blished modelling guidelinos. Tne mfni-compﬁter version,
MININEC, is integrated to the existing laboratory softyate,
and comparisons with NEC are started. Graphics prograns are
written for improved display of input impedance, radiated
fields, and induced wire currents.
| Two different antenna configurntions are modelled
with simple or ' complex models progressively optimized for
agreement with measured results over the HF band. Simple
stick models are seen to reproduce the moin pattefn\chatnc-
teristics over an'gxtensive frequency rango,"whereas complex
models, at the éxpense of additignal oomputing pimq,‘pEoduce

the,degree of agreement auitable for systen range calcula-

+

' tions.  Accurate 1mpedance curves are reproduced, which carf

be used to assess the tuning of antenna couplers. -
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INTRODUCTION

This'thesié describes research work accomplishéd by

the author at the Electromagnetic Compatibility (EMC) La-
bbrgéqry of Concordia bver the past four years in relation
to the CP-140 ptojgc;; Being’the first project undertaken

by the author, it hés reached a state of completion not yet .

R RICIR ISCEEAE e s

.attained by other projectg and has been intimately connected
with the major software developments descnibeé in this work.
) Coverage of the HF 'antennas of the CP-140/Aurora
airéiaft is far from ideal but is typical of ;hat obtained
from wire antennas mounted on an airframe. They may radiate

X e

© too little of -the desired polarization, or not enoQgh in the

5 e v A P

.useful directions. Experimental pattern measuremcnts must

therefore be done in order to asaeqs antenna perfofmance’

\ 1

-

throughout the fréquEncy band of operation.. A common meas-~
. urement. practice, less cumbersome than flight of the actual.
aircraft, is the use of a scale model. . Extensive measure- , f‘

mente are nevertheless prohibitive due to .cost and time fac- . f

PEYE

tors and are édvantageously reﬁlaced by computer simulation.

N a Nl

‘v:Tﬂe computer-aided approach requires a numer ical
B 1 ‘ model of the airctaft/antenna combinatiop”that can be an-
alyzed with an electromagnetics computer ode. Since vali-

i

dation of computer models requires comp 1sons of measured | . {

, © and computed results, ;he‘nggd of experimental measurements

AN - N .
3 L) - - . \




‘'of hazards to personnel (Kubina, 1983b).
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is nol completely eliminated, but validat;§‘computer Sgdels:

can be used afterwards to fill the gaps in the measured

data. In addition, a computer mode% can provide additional

information that is difficult or impossible .to obtain by -

such as induced RF currents Snd near fields.
i

Induced currents can give additional insight into the forma-

measurements,

tion of radiation patterns, and near fields are useful for
the assessment of the total electromagnetic environment .and
A validated com-

puter model can also be used éo study the effects of changes

. in parameters such as Epsition of the antenna, its length,

or its spacing from the fuselage.

The coﬁputer modelling of tﬁe CP-140 antenna instal-
lation was ;f fnterest in ibézlf for the futéher development.
of the modelling methodology.

area as well as in the meaningful display of electromégneti¢

data. Part One of the thesis is devoted to descriptions of

the software that was tested, improved, or «<created for these
purposes. ’ 'Jyfm
The Numerical Electromagnetics Code (NEC), developed

at the Lawrence Livermore Laboratory of California, uses an

. integral-equation approach which ig best suited for struc-

tures with dimensions qg,tonaeveral wavelengths (Burke and
Poggio, 1980). This makes ﬁpe program applicable to HF an-

tennas on aircraft and therefore it was used throughout the

Y
i

\\\ ‘ g
! 3

AdVvances were made in this .

e, w
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CP-140 project. In this program the modélling compgnents
are wires or patches.’ Wires are easier to define and
wire-grid models lend themselves more‘naturally to interac-
tive display programs. For these reasons and others, éhe

wire—gzid modelling technique was used exclusively. The

<‘techniqUe is more ' advanced and refined" in procedure than

surface modelling. In surface modelling, problems of cur-

/
S

rent discontinuities between patches (Bahsoun, 1981) must: be

overcome by ipcreasing the \jumber of patches representing
the conducting surface. Thi makes modelling'df°éomplicated i
‘sutfaces very difficult and requirgﬁ more NEC running time ' |
because of the extra computations.

The description of NEC in Chapter.l serves as con-

¢ .
S e

}venient introdncticn to wire-grig nodelling and to the vari-
‘,“duq' modelling - guidelines that‘ must . be followed.
f’hDescriptions of the input ané output fornats willqidentify E
J ;bspectively the proplems of efﬁicient modeél geneiation and
meaningful interpretation of‘computéﬁ rgsulés. Detnilﬁ of .
the current expansion on wires aﬁe covered for purposes of .

critical comparison with MININEC. This 'code is the

. . .
e e L L T T R

mini-computer version of NEC, acquired by the laboratory ' in_
1983 and the subject of Chapter II. Its deacription paral-
lels thatwpf NEC to highlight similarities and differences.

v
-
a

Interest in . the program stems from the advantages having. =z .

smaller antenna analysis code executable on the laboratory's

el

¢~




e |
own computer systems. ’ . ‘

The vast amount of data generated by electromagnet-

ics codes in the modelling of aircraft antennas calls for

optimal display methods or data compression schemés.

Chapter I1II describes graphics programs that were written by

the author as improvements over cisplay methods previously
in use at the laboratory. Improved impedancefand’radiation.
. pattern displaye, in particuiar,‘were made poesibie with the
acquisition of graphics packages DIGRAF (Warner, 1979) and S |
MOVIE BYU (Christiansen and Steph%neon, 1985) respectively. “ '
The reader will appreciate the inclueion of impedance plots

‘ thus obtained in part two of this thesis.‘ Plots of, radia- ‘ 2//

tion patterns, however, are included mostly in the tradi- - /-

B U U W T

tional polar plot or altitude plot forms because 'tsw ime /A%W”;
proved plots had been“procuced for the CP-140 project at the y
time of'writing. Chapter III closee with a. description of a/
current color display program with photographs ineluded/to
illustrate tts important features. A more convenient means

of color reproduction is not yet available at the labérato-

A o e TN Kb nT ke Y e 4

ry., and therefore the cost and delay in producing photo-
graphs has restricted their use to this-part of the thesis.

Chapter IV describes changee that are suggeeted or

that were implemented in two programs. ISOLEV and EFAR, R 1\

which exploit numerical techniques to extend the usefulness-

) of the antenna analysis programs. Hence full theoretical .




~ ! 5

v . ' / . )

purveys of the progr are supplied. The case of ISOLEV

brings in the topic”of data compression via aircraft assess-
the percentage of

ment parameterd. Use of one of these,

E-theta power, is exploited Lnj?ifﬁ Two.
esis describes the contribution of

/part Two of the

Vi
the anthor to e majot poztion of a contract from Defence

Research. - Establiahment Ottawa (Dss  Contract  No.

BSUB2-00074) continuation of the work with the method of

momente as applied to the design and analysis of HF aircraft

- antennas. Previous work had been directed at" the

CL-28/Arqus aircraft because a comprehensive data set of HF

available oniy‘ for  this airframe..

. antenna pattcrns was
Studies on this phased-out aircraft.type were teQassigned to

~one of -immediate interest to the Canadian ‘Porcés, the

C§¥lﬁ0/Aurora airframe, as soon as radiation pattern data

became available. This new project was undertaken Ey the

ﬁuthor‘in summer 1982 and has since been the subject of sev-
'Jeral reports (Knbina, 1983a, -1983b, and 1985) and appendices

1985) that are here

(L&rose and Kubina, 1983; Larosge,

merged for tge«first time.
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~ " " CHAPTER I
. THE NUMERICAL ELECTROMAGNETICS CODE

The Numerical Electromagnetics Code (NEC) |is the

) most advanced computer code 'available for the analysis of

electromagnetic problems. It analyses the electromagnetic
response of models that may include a combination of smooth

surfaces, wires, nonradiating networks, transmission lines,

" perfect or imperfect conductors, lumped element loading and

& ground plane that may be eithe: a perfect or imperrect

condﬁctor (Burke and‘Poggio, 1980) . The excitations may be

_either VSitage sources on the structure or an incident plane

i

wave of arbitrary polarization, and the output may include

‘induced currents or charges} near electric or magnetic

fields, - and radiated (far) fields. For the purpose of this

work, the description of NEC .will be restricted to those as-

p&cts related to wire—grid modelling.

,s;ructure Geometrz Ihgut Format

Figure.l shows a small NEC input”® file to illustrate
the input requirements., The file is divided into three
hajor sections:. the ccmment lines;‘the structure geometry
input, andithe'program cchtrol'lides. A two-character label

begins each input line to ' identify its function.

¥
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CH VIRE T-ANTENMA . .

cn . . .

€M OVER PERIECT GROWND PLANE

cN .

CN 4 SECNINTS

cn

€N CoNPUTED '

et . ‘ ,
i ] 0.0 e 00 's: 000 5000 5o 0.8
v 3 1 s.008°  aM e 0000 s.e00 . b.eme 8.004
‘o 3 3 e.000 (W3] 0.0 0000 0.000 s.008 0.004
e 1 ’ :

u rd

noe ] 190,00

o 1

[ I ] 1 g 1.0 Iy

CT N B T $ ... .. 10, ..

RE ¥ 10 1 s. I | O 18. .

“ .

/

Pig. 1.,éamp1eAinput file for program NEC

¥

Comment lines (CM) may be included to, identify the

run and describe its structure parameters. A CE line must

in any case be included to signal the end of the comment, .

section. Wires are specified in the geometry section by

- means of GW lines. 'Thesé specify the following wire parame-

ters' in order: tag "number, number of segmehts,'end one

coordinates (x,y,z),'eﬁa two coofdinates (x,y,2), and ira-
- .

dius, ail in meters. Wires are considered perﬁgcﬁ"ﬁonducﬁrfﬁ

tors unless otherwise stated in the control lines. The dis-

tinction Be;ween ends one and two of a_wire serves to define

. “ha
The second pagameter,‘the number of segments into

a positive reference direction for current.

which the wire will be divided, allows to ‘quickly specify a
straight chain of equal'léhgth segments. The Eag number | is

any,:integer from 1 to ?99 which is qga;gned to all the seg-~
' . »

K
[
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ments of the wire. It is for later use when.a segment must

14 4 .
be referenced, such as for voltage source connection or

lumped loading. It is optional and may be 1left blank, in

,which case the segments of the wire cannot be referenced.
e

The radiueris assigned to all segmehts of the wire. If

é’i_;,y
however it is zero or blank, a second line (GC) is read.to

set paraheters to taper the radius ‘from one end of the " wire

to ‘the other. This 1line may~élso specify ﬁ'parameterﬁto
taper the segment lengths. | '
Two wires are gonsidered electrically connected if
the;r' connected ,eﬁds‘hdve identical cdordinates. If-inpqt
is in units other than meters, a GS line must be used to
scale the units to meters. The'geomé%ry section ends with 5
GE line. The integer } may follow the GE 1label to inform
NEC that a ground, plane will be«spedified.in the progiam
control section. This modifies thg structure symmetry as
;equired by the method of imaées. . '
) Othef useful structure geometgy lines that apply to
wire-grid modelling have not been used by the author and: are
t%erefore not explained hetg. These indlude in particular
GF (Numerical Green's Function) and GX (reflect séructute),
whicsﬁmay-be ﬁnstrﬁmenéal in saving computer éime.

~
.
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Program Control Lines ' v '
Coy
® .

[

Control lines serve ta set electrical parameters for

the model, select options for the solution pzoce&ure. and

. request data computation.

EK, FR, GN rgnd LD 1ines were used by the author to
set electrical parameters for the Thodels tested. The EK

line is the e:_vctended“' thin-wire flag. It provides greater

precision in computing the near fields of thick wires at the

expense of additional computation time. 1Its use is further

explained in a later section. ..

* The FR line specifies the frequency in MHz. It can
also specify a set of frequencies by providing a linear or
multiplicative frequency stepping' increment and the number

of frequency steps. If , no FR line -'is" present, the

wavelength is assumed to be 1 m, i.e. " a frequency of '299.8 -

MHz. ThichauseS'the geometry to be in units of wavelength,

)which may be desirable in theoret ical problems.

The GN 1line followed byal indicates the. presence

of an infinite, perfectly conducting ground plane at z=0.

Segments having one end at 2z=0 are considered cogneeted to
the ground plane. Several other types of ground planes may
be specified but were not used by the author. .
LD lines are usecl lhe__ﬂpecify the impedanée loading
on one or more segmepts.‘ A segment ie referenced by its tag
number and ;u:s:rank" among the set of segments having thie

4
Ve
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tag numﬁer,. It may also be referenced by i%s absolute seg-
'ment humber, i.e. its order of occurrence ‘in the entire
Qize-érid model; but this scheme is seldom advantageous. A

sequence of segments on a wire or a sequence of- absolute

segment numbers may also be specified on one line, and sev-

eral LD lines may be grouped to achieve the desired loading.
Series and parallel RLC circuits can-be generated, with ab-
;olufe'or per-meter units. Impedance (resistance and reac-
tance) and wire conductivity (mhos/meter) can aiso be specj-
flea, 4 ) "

Only the EX line has been used by éhe author to

. he o] )
felect options for. the solution procedure. It was used to

a

specify voltage sources on wire-grid models, but it can also

a

' specify an elementary current source, or a plane wave inci-~

dent on the structure. The latter option makes it possible

Svee

. _to golve receiving as well as Bcattering ‘problems.

Phrameters specified for voltage sources are the real and

i }ginary parts in voltszzand the segments excited in thé

3

' sadme way as in LD lines.

RP, CP, and EN lines were used by the author to re-
quest datq"computation.‘ RP lines are requests for radiation
pattern (far fields) coﬁputati;n.“ Since this rgguires ‘the
knowledge of wire currents, program‘executipn is i?itiated,
causing tﬁérinte;action matrix to be computed and ‘factored,

and' the wire currents to be computed. The RP liEe supplies

B
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" a sequence of tﬁEta’end‘phi angles, and the

~;eque$t),

» AU

12

N . T

is computed  'at evetyr_combinatlon _of these theta and phi

~

values, éarying theta first. A’seqqencé of angles is speci-

fied by the initial value, the number of values weﬁted and
[} . . ) / .
the angle increment, all in degrees. ,
h \

CP lines request calculation of the maximum-coupling

between all pairs of up to|five segments. The specified

seéments must be excited one at a time in the - specified

order and the currents comanted. After this is done the

. [

couplings are computed and printed.

The EN line indicates

to. the program the end of all execution. Other control

lines of potential utility include NE (near electtic field

WG (wfite Numerical Green's Function file) and XQ

N )

. |
(execute). j

Vo, . . : . :
Boundar¥ Conditions and the MLthod of Moments g

q

The boundary condition for the electric field at the

=
surface

tial component vanishes to zero. Consider now a perfectly

conducting wire segment of length l¥§7a10n§ which is im-
pressed an axially-dtrected sinusoidal field of magnitude E.
'This may be thought of as distributing a voltage source of
magngtude V=EA alonp the segment length. Surface cur-

rents w111 be induced on the segment in such a way as to.
Po

create a séattered field whose tangential component at the

o

rediated ‘fteld'

of ‘a perfectly conducting body is that the’ tangen-'

A3
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surface of the segment cancels out the impresged field, thus

éatisfying';he bounéarﬁqusdition (see Figure 2).

.....

Fig. 2. Tangential cancellation of im-
pressed and scattered fields at the surface of an
excited segment ‘ o

v

- Lf now afﬁé;“seémenﬁs are placed in the vicinity - of

P . the excited one, and poséiblxﬂccgpectéd to it, they will be
subjected to its scattgred field. Itniollows that currents
3 . ,' h will also be inducéd on these segments in such a way that
-k . : the electric field boundar§ condition iz satisfied- every-
2 where on the surface of - every segmgnt. This may be ex-
pressed mathematically as h x (E148°) = 0, where R is the
‘unit .vgctor normallto.wire'surfaces, and EL, E® are the im~

‘pressed and scattered fields.vilﬁ we denote by T the -linear

operator that generates the fields scattered by an arbitrary

3 ; ' X . '
- - - . 4
1 — ‘ ) . . .
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surface current density function 35, we Have E° '= 5(38). B

’ ‘ Substituting into the previous expression, , ﬁ ﬂ'

=i

B x E(EB) = f x E.

L '

N

In NEC, this équation’ is solved for 38 tﬁrough the
method of moménts (Harrf;gton, 1968); In this method, the

unknown. function is approximated.by the‘weighted sum of N

(/ linearly ‘independent expansion, or basis, functions defined
+. in the domain of intereét. ‘The N weighking factors involved
: . are solved for by satisfying the equality at N distinct

points in the domain. A system of N equations in.N unknowns

T AR e e kY

is thus generatedyand the coeffic%ents are obtained by ma-

trix algebra.

— B L

o .'\ éatisfyihg the equality at distinct points is known
: as the collocation method of solution, or point matching.-

Geperal solution methods call for-a set of N testing, or

A T

weighting, fuhézions ‘"defined over .the domﬁin of interest. P

An application of this will be seen in the solution method

used by MININEC (Chapter 1I). For generalization purposes,

note that point mafching;may be c%psidered as the use of N
! ﬁ” N impulses for weighting functions, located at the match -
}boints. . ) R v | ' : »
. * ) . 1
3 "_’_,— )
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Current Expansion on Wires
= ¥ -
T ' .

This section describes the‘choice“of current basis

functions used in the method of moments formulation of NEC.

To begin with, two approximations applicable to thin wires

are madekto make the solution easier.A

a) Transverse currents can be neglected relative to axial

¢
o
™ L4

currents on the wire,
b) The circumferential variation in the axial current can be

neglected, L.

. By condition a) we need o solve only for an axial component

of currenty and by condition b) this component is solely a

function of axial position on the wire. Using 5 as a
_~ ,

length-along-the~wire parameter, we therefore solve for

J (s), or equivalently, the total current I(s)=ZTTaJ (8),

where a is the wire radius. The boundary equation then be-

coties
ﬁx'ﬁ(us)) A BT - x

. Bach basis function used in NEC for the expansion of

wire currents is defined over a gsubsection of the domain of‘

solution, i.e. 'part of the segments of the~mode1. This is

called the method of subsections. In a model comprising N

]

wire segments, there is a current basis function associated

. with every segment, resulting in an Nth-order‘approximgtion.;
) ) . )

A
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R 4
Figure 3 shows the basis function associated with a given
segpﬁt; it is defined not only over that segment but also

extends ovér the m segments connected to its entrance node

and - the h segments connected to its exit node. This func~ -

tion ls defined as follows over the l4m+n segments 1nvq&ved:

I,(s) =A; + B sin(ks) + cicos(ks),
-Ai/2 <8 <l Ai/Z' i= O'I'-.-'m'm"l"\-o,wn'

where k is the phase constant (2TT/X\) and the Ai's are the

lengths of the segments. T

Fig. éurrent basis function associated wjth
segment 0, shown exi{gnding over connected segments

]
This function involves 3(l+m+n) = 3+3m+3n unkdé:ns,

. /
of which 2+3m+3n must be eliminated. This defines the exact
shape of the basis function and leaves one amplittide con-

1

stan£ (in general complex) to be determined by tHe method of

. .

‘:\,z“ . ) ‘

i e+

;
4
J
i
e
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moments, along with the N-~1 ‘amplitudes of the remaining \ .
basis functions. A totai of 2+3m+3n equations involving the
A's, B's and.c's are obtained for this purpose from local , q

conditions on the current.

. Before giving details of these equations, two condi-

/ tions. on current are first described: the "free-end" cur-
rent conditien,and the King~-Wu charge deﬂsity-constraint. ‘

In a’ study referred to by Burke and Poggio (1980) a

- condition relating the cutrent at a wire end to the current

derivative is derived as follows: L .
I A A ‘ )
~-(8:n) J,(ka) »
I(s) - ¢c 1 1 (s)| -
s at end k Jo(ka) s at end,

where J, and J, are Bessel functiohs or order 1 and 0 and s
is fhe unit vector along wires. .The unit vector Q is nor-

mal to the end cap; hence s n is -1 at the entrance end

and +1 at the exit end. This means that on a wire of finite
radius, the curredt can flow onto the end cap and hence be o
non-zero at the wire end. Figure 4 illustrates the sitda-

tion and the vatiaglss_inyolved.

P P X L R PR, SIS N
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Fig. 4. Current flowing onto the end cap
' of a segment with finite radius

-3

Wu and King (1976) have derived a condit%on relating

e,
the linear charge densities on n connected wires at the

junction points /
A
P.q, (8) = P.g,(8) B L., =
11 Is at junction 272 s at junction

P q (8)
a'n Ia at junction.

The P's are radiue-dependent proportionality factors given

P, -‘ln(2/kai) + X, -?
where a; is the radius of wire i and ¥ is Buler's ;:onétant,

equal to about 0.5772. Figure 5 111ustrates the situation.

Noting that the egquation of-mcontinuity requires I'(s)

S e T

2 i
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-jwq(s), a similar

rént derivatives at a \unStion:

Plll;(s)| N e PnIn'(a)|

s at junction s at junction.

Fig. 5. Currents and linear cha??z’ densi-

ties Qf a junction of n wires

With the help of these relations one can begino to

generate the 2+3m+3n equations from which a given basis

function will take form. The 2 first éqnations ‘aie condi-

tions on the current at each end of segment 0 (the segment

associated with the basis function). Depending on vhethe:"

this segment ‘has other segments connected to its two ends,
the equations. will come from either the free—end condition

. on.current or Kitchoff's law of current continuity (KCL).'
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Therefore, for the entrance node:’

-

I(-8072) = [ (®/k) I,'(-Ay/2) 1f m = 0 (fréee-end cond.)

m-
, ZI(A /2)
) | i S|

if m = 0 (KCL), .

where X is the free—ené éonstpnt Jl(kao)yao(kao).‘

}Isimilarly,‘for the exit node:

™.

'10(150/2) = F.4(X/k) Io'%ZSO/Z) if n= 0 (free-end cond.)
mtn ' "
i Z I,(-A,/2) if n% 0 (KCL).
‘\'/ imm+l i i

;

at . ends of segments 1 to m (segments connected to entrance .

node of segment 0){ .

“
1) Piti'(lli/Z) = poxoi(-zso/z) (King-Wu const;aiﬁt),
2) Ii'(-lki/Z) = 0

3).11(-£§i/2) = 0

(zero current derivative),
' (zero current),

is= l,2,...,m.

Equations 2) and 3) are obvious from an observation of ng-

ure 3.

, The next 3m equations are conditions on the current
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*
The last 3n equations are' similar conditions at ‘ends
of segments mtl to mén (segments connected to exit node of

segment 0):

1) PiIi'(-Zki/Z) - Polot(llo/Z)‘ (King-wWu cqnsttaint),

2) Ii'(Zki/Q) =0 - - (zero 5prrent derivative),
3) Ii(lki/Z) = 0 . (zero cur;ent),f"

N

i = m+l,m¢2,...,m¢n.

RN

o
*
ki

. N\ ' )
The sum of the N current basis functions on the

aw

. oy . |
' model = results in the current on each seghﬁﬂy being

-~

‘teeresented'by three terms: a constant, a sine and a co-

sine. This choice was made as close as possible to the ac- .

tual cur?ent distribution because~fpr f;nite N, the sum of
the bagis ‘fupctions cannot exactly equal a general current
N oo distribution. This expansion has been shown to provide

. rapid solution ccnvergeﬁce, and it has the added advantage

T e e A rade el SE T Sl I v el T AR AT | B

that the fields of the sinusoidal currents are easily evalu-

_ ated in closed form. Note finally that if individual basis

functions conform to the condifions 'on current mentioneg

agove( the total current distribution will also by s??esngf]' K
sition. | o S o

| n

Example: Current on Isolated Segment

A ~

An example is now given of how the basis function is ' '

e e RS ekt 5t e $ e e
}

derived for a Einéle segment in free space, f.es m-n-O;

;o o /D B
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.This function im}olvés 3+3(0)+3(0) = 3 hknowns, " hence two
equétions are required, obtained in this case from the
free-end current conditioh applied at both ends of the seg-

ment: !

1) 1(-A72) = (x/k) I'(-D/2),
2) 1L /2) = .-x(x/k)’z'm/z).

Substituting I(s) = A + Bsin(ks) + Ccos(ks), and

hence - I'(s) = kBcos(ks) -~ kCsin(ks), one obtains:

- o 1) A - Bsin(kD/2) +‘Ecos(kA/2)'=

1 XBcos (ks /2) + XCsin(kdL/2),,

2) A + Bsin(kA/2) + Ccos(kd/2) =
-XBcos (kD /2) + XCsin(kA/2).

Adding the above -equations, one gets 2A + 2Ccos(kN/2) =

2XCsin(k/s/2), from which
3 N v ‘ > ©» ' [
f ' A

C = . 5 : .
Xsin(kA/2) - lcos(kA/Z) '

P( ~and subtracting the\ two - equations, one gets B=0.

Subsgtituting into the ori'gina; equation for I(s), ~.
§

) : ‘cos (ka) .
I(s) = A [1 + - ],
‘ Xsin(k O/2) - cos(kd/2)

-

] "~ 'where A is now the complex amplitude constant to be deter-

1)
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mined.
NﬁC'initially sets A to ~l,f from which the basis - °*
function is : o )
_cos (ks) - \f\\
I(s) = n ,' - 1. . R
cos(kD/2) - Xsin(kAD/2) s
Pigure 6 shows a plot of this function on a short {w;:e
(kD/2 << TT/2). as expected the cuftent'magnitude tapera
down to a finite value near the ends. , ' ‘
. I(s) .
: - N . -
* . . . . .
g ¥ ’ ' jL..“' XSIY\KA/Z -
- A ) ) -~
b ) X = J,(ka)/J,(ka)- :
. } A:k‘ ~+—= g k=2m/A » ‘ ~
-Al2 B0 N , L
- Pig. 6.rCurrent basis function on isolated segment ‘ LV

The Solution Procedure

b

o

Having defiﬁed'éhe'sh;pﬁp ofi the N current basis
'functions' on éhe NLSegment wire-grid model, the‘eléctfic
field.boundary condition is then enféﬁced at N points on the
surface of the model. Each segment-has a sample point lo-
cated on its gurfgee.half-wiy betﬁeén its end caps. . At this -

stage two additional thin-:ﬁie approxfmations are'inQroduéed

N




a

. e o
to make thé solution easier:

a)‘The boundary condition on the electric field need be - en-

o

‘forced in the axial direction only,
b)zThe current can be represented by a filament on the wire

Y axts.
Condition a) reduges the boundary condition  from -ra
vector equation to the scalar eqguation

oF

" 8 - IL((s)) = ~6 . EL, )

-

o and condition b) simplifies the evaluation of the fields
, ,

scattered by a‘éiven segmernt. ‘The 1a%§er condition may ap-

»

pear to nullify thé effects of wire radius, but this is

[y

still taken intd account by the fact that mat ints are’

located on the surface'oﬁ the wires. “For thicker wikes, the

~ over the abtualﬁpurfacgs.
i N " " Enforcing the S;undary cond n at a point creates
a linear equation involving the N unknown Desis function am-
plitudes. Doing this at every match point generates an N by
i " N lineaé system of,equatipns that can be written in mgt:ix_‘
notation-as [G] EA]“- [E}. Element Gij is the axiai coﬁ4
ponent of the electric field scattered at the ?atph point of
ié -

segment i by the jth current basis function; hence '[G]

i e > PR Ve
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sometimes called the interaction matrix. "Element A,'iB the
unknown amp}itude'of the ith basis function, and eiement E{
is the negstive of the axial component of the electric field
impressed at the match point of segment i. It follows that
the elements of [E] are all set to zero except for those
correaponding to the .excited segments. .

s
_nation with L-U decomposition. Matrix [G] is factQrized
. . ’ ;’

LD - )
into the product of a lower triangular matrix [L] and - an ‘\\

upper triang&lat matrix (ul, yielding (L] [u] A] = (E].
The solution [A] 1s then computed in two Bteps. forward
substitution to solve (L] [F] = [E], and backward substitu-
tion to solve [U] [I] = [F]. .

L-U decomposition is the major computational effort
and takes approximately 1/3 N multiplication steps, ;this
causes execution time to rise sharply with the number of
segments in the model. Matrioes (L] and [U] once obtatned
ace saved in NEC since induced currents'mayibe computed"for
a number of‘different excitations. This then,reqqires only
a repetition ot the forward and backward substitutions.

- The impprtance of correctly ordering =certsins con-
trol “lines -in the NEC input file can now be~understooda
Consider for example the two sets of,lines below. fhesearef

[ .
+
quest 'execution (XQ) for a1t pompinations of two'excitgtions

RN * —

. N
and two loadings: . -

J ‘
NN ) 5
, ¥ ' .
. .

The matrix equation is solved in NEC by Gauss elimi- .

s

N
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0

1) FR, EX1, LD1, XQ, LD2, XQ, EX2, Lpnl, XQ, LDZ, XQ,
2) FR, LDl, EX1l, XQ, EX2, XQ, LD2, EX1, XQ' EX2, XQ.

e

Loading affects the interaction matrix but not excitation.’

In the first set, the loadings are varied first, so that

calculation and factoring of the matrix ‘is required four

- times. In ‘the second set, however, is required only

’

twice because excitations are varied first.

The Output' Format

The memorv,limitations inherent to theg rini- and
micro-computer systems of the EMC Laboratory make it,neces—
sary to execute NEC on the larger Cyber 835 system of Con-
cordia\ University. Input files for the program are created
ueing laboratory facilities and transferred.tofthe Cyber by
a Iproceps called “spooling'out'; Solution files obtained
there'must’then be 'spooled in" s0 that the results may ‘ be
interpreted by suitable graphics’ progranms. A

NEC solutron files supply exhaustive information
about any data requested, much of which is not, particularly
relevant to the user. The resultant excessi 4 file size is
then ., further aggravated by the output format used. To com-
press the information and hence reduce the)spooling effort,
a- program called STRIP, written by Concordia professor C.

W. Trueman, is in use at ‘the laboratory. “This program

creates a compressed solution file consisting of the origi-.

-

*
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‘nal NEC input file to which is appended the solution - file

with all unnecessary data stripped away. An example of this
file appears in Figure 7. —

5

The output data extracted from the solution file in-
cliade the frequency, the impedances across excited segments,’
the currents at seghent match points in absolute segment

order, and radiated

Impedances are given in terms of resistance and reactance,

currents in terms of magnitude:. and phase; and electric

fields-in terms of E-théta and E~phi magnitude. In a second

version of STRIP provision is made to retain the phases of

the field components; This information package is~extrgcte3”f

as many times as there are frequencies contained ‘in the’

Y

solutigp file, and the total computer time consumed is re-
tained in.the end.

It must be noted that the total current at ;lsegment

match point is not the exclusive effect of the particular

current basis function associated with that segment.

Rather, NEC computes the current by summing the contribu-

tions of all basis functions extending onto ﬁhe.segment. It

‘will be seen'that thiS‘unscrémbling of data is not carried

» on in MININEC. How the author handled@ this is explained in

hapter II.°

¥

NEC obtains its radiated fieid-magnitudes by omit-

the factor' e‘Jkr/r from -the far field expressions.
L

fields in the selected planes..
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Sample solution file

Fig.: 7.
ressed by program STRIP . .
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This may not be thought of as the radiated fields at a radi-
al distance of 1 m unless this is in the far field region.

Validation of Models

In the‘des%gn:of a wire-grid model certain modelling
guidelines must be followed, such as detailed in the NEC
‘User's Guide (Burke and nggio, 1980) . For example, wire
seqmentittbn'“must be fine enough so that segment leﬁgths
allow sufficient resolution in the’ computed currents, and
wire radii must be kept compatible' with the various
thin-wire approxiﬁations of the code. A description is
given here of the modelling guidel}nes for NEé and of a pro-
‘grﬁm written by the author to te;t' models againét these

rules.

-

Modelling Guidelines

Geometrical as well as electric&l factors come intq
play. Geometrically, the segments should follow the paths
-of conductors as closeiy as possible, using a piece-wise

3
linear fit on wcutves.

The méin electrical consideration is the segment

length A rel?éive to the wavelength )\. Good current reso-

;ption»is obtained for segments as long as 0;l>\: this is
therefore what the user may want to aim for to reduce the

number of segments in his =model. He might have to use

briod, R s o LA NN I ks e s o e o
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smaller ‘ﬁires, however, to model critical regions such as

A} .

the antenna. There is no theoretical minimum segment

length, although segments less than 0.001)( I;ad to numeri-
cal inaccuracy and should be ‘avoided. Seégments somewhat
longer than 0.1A may Se acceptable on long wires with no
abrupt changes. ‘ o

The accuracy of t?e numerical soluti&n is also de-
pen&ent on A/a,- the ratio of segment 1eng€h to radius.
Studies have shown that A /a must bé greater than about 8

¢
for good field computations, but that reasonable current

#1lutions may be obtained with A/a down to Z. Use of the

‘extended thin-wire kernel, invoked by the EK control line,”

exterids the limit on A/a to smaller values. With this op-

tion, good field computations are ghtained with A/a down to

about 2, and reasonable current solutions with A/a down to

0.5. '

The limit on the ratic of wavelength to radius,
\/a, isldepenéentudn the tendéncy of the excitation to pro-
‘duce circumferential current or current variation. The man-
ual suggests for aifety that 2TTa/)\ be kept much less than

i, and otherwvise to question the validity' of the model.

. Note now what happens when the preyious conditions on

A/ and ‘A/a are both pushed to their, 1limit. The ratio

2TTa/N becomes 2TT(A/N)/(O/a) = 2TT7(0.1/0.5) = 0.47T =

approximately 1.26, which iq'not even less than 1. The con-

P
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clusion is that limits on A/N and A/a may not be exploit-
ed simultaneously.

Studies have shown that severe errors result when
the center of one segment falls within the radius of anoth-

er. This is most likely to occur where two thick wités con-

nect at a small angle. The extreme case where two segments

overlap is meaningless and may result in a singular matrix

equaticn. IFinally. a‘garge ‘radius change between connected
,./

segments may decrease accuracy. This may be handled by mak-’

\

ingfthe'tadiua change in steps over sévetal segments.

Program CHECK . . ) \

.

The reader cén nok appreciate the need of a computer

S et R A S e K RS SRR

program thét would systematically c#eck wire-grid models
against the above criteria and report. ;ncompatibilities in
' an orderly manner. Program CHECK was written by'thé user

for this purpose in 1982. A sample outpué of the progfgm

R T

_appears in Figure b. CHECK prints useful statistics for anm .
'inputnwire-grid.modei and reports 8\types of- errors. The - o
Aéu.first— four typés - are detected by analyzing each wire as a ’ |

. -unit, and*the\li;t four by analyiing the junction of every a;

Gi? . pair of connected wires. o '

The first 'indiv’gual' incompatibility is the zero

.4 . length wire, which occurs when the same coordinates’are as-

signed by migtake to the start and end points of a wire.l

. .
N . Y
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- * PROGRAM CHECK VERSION 2 REVISION 1
B . . L]
*  NECIN FILE NAME: .NECIN.DAT ..
f ' CHECK FILE NANE: CHECK.OUT L
| ] : | 4 -
* FREQUENCY: - 8.00 MHZ * /
. WAVELENGTH: 37.50 M .
* EK OPTION: USED o
| ®
............. S A S .
. "y
KEY TD THE TABLE BELOW:
UNDER THE INFO COLUMN IS THE HIGHEST LEVEL OF ERROR DETECTED
'FOR EACH INDIVIDUAL VIRE: * ' = ACCEPTABLE )
C 'N' = NOTE
‘W' » VARNING
o~ 'E' = ERROR
] .
WIRE TAG' & ABSOLUTE RADIUS LENCTH OF LENGTH OF BEG/  SEG/
¢ 8 SEC BEC #8 ° (M) WIRE (M) SEG8 (M) VWAVE RADIUS INFO
Cmm—— -— r mem mmecee—em - rom mmmmme e Y e cictcee cmreee cmmam—- = ———
1.1 1 1-) 10.0000 . 0.9469%  0.9449 0.0253  94.49 ) 1
2 2 11 3-) 12 0.0100 19.7338 _.3.7942 0.0478 179.42 .
3210 1 13-) 13 0.4420 1.3549 1.3549 0.0342 2.11 ' 3
4211 1 142> 14 0.4420 1.3198 1.3198 0.0352 2.06 i
S 212 1 15-) 1S 0.6420 0.7492 0.74%2 0.0200 1.17 W Y
6 213 1 14-) 16 0.4420 . 1.8774 1.8774 0.0501 198 N <
7 236 1 17-) 17 0.6410 1.7621 1,.7621 0.0470 . 2.7% :
8 267 1 18-) 18 0.6410 1.7420 1.7620 0.0470 .75 ;
9270 1 19-) 19 0.6410 1.7610 1.7620 0.0470 2.75 h -
10 284 1 20-) 20 0.4410  1.7630 1.7620 0.0470  2.75 !
11 296 1 21-) 21 0.4410 > 1.8416 1.8616 0.049¢ 2.90 :
' i
: j
5
i
- i'
T
- A , : E
- Fig. 8a. Sample output file of program CHECK, - §
first part . ' :
g
e s
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] b
v INDIVIDUAL INCOMPATIBILITIES *
] ' | ]
r
KEY TO THE TABLE BELOV: ‘ < X .
'ZERO LENGTH  ERROR: LENGTH OF WIRE ¢ .01 M
SEG/WAV. NOTE: .05 ¢ SEGC/WAVE ¢ .1
- WARNING: .10 ¢ SEG/WAVE ( .2
ERROR: BEG/WAVE ) .2 OR ¢ .00%
SEG/RAD WARNING: 2.0 ( SEG/RAD ¢ B VITHOUT EX OPTION !
¢ 0.5 ¢ SEG/RAD ¢ 2 WITH EX OPTION J ,
ERROR/ SEG/RAD ( 2.0 WITHOUT EX OPTION ' P B
' ' SEG/RAD ¢ 0.% VITH EK OPTION R |
. WAV/RAD  ERROR: WAVE/RAD ¢ 30 B
, : 3
TAG & - TYPE OF ERROR: 2ERO LENGTH SEG/VAV BEG/RAD WAV/RAD :%
--------- smmm--- P T “lq----- eseseee ‘;’,: )
. 212 v . i
213 N %
. . * 5
* INCOMPATIBILITIES AT. JUNCTIONS . . ] i
s s o :;».
G eeneaesess LT YR P Y TEmEme S e .- -—- W “ 1\
KEY TO THE TABLE BELOV: .
COINCIDENCE  ERROR: BOTH WIRES COINCIDENT - ) . .
SEG/SEG  ERROR: LONGER SEGMENT/BHORTER SEGMENT ) 3 '
RAD/RAD WARNING: . LONGER RADIUS/SHORTER RADIUS ) S
ERROR: LONGER RADIUS/SHORTER RADIUS ) 10
SEC/RAD  ERROR‘ CENTER OF ONE BEGMENT WITHIN OTHER RADIUS ’ ‘
. .
IST TAG # 2ND TAG # TYPE: COINCIDENCE SEG/SEG RAD/RAD SEG/RAD :
! 212 E
' 1 213 E H
i 2%¢ _ E :
212 262 E i
, ! I
. ‘ J !
o ! ) i
1 Fig.. 8b. sSample output file of program CHECK, .
¢ " second part ‘ o
o ]
}

—
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The second is théﬁseg/wav error. An error |is
D is greater than 0.2)\ or less than 0.001)\, a warning if
it is greater than 0.1)», and gf‘note if is greater- than
0.05A\. ‘The third is the seg/rad error. Hore the criteria
depend on whether the normal or the extended thin-wire ker—
nel is used. K Without the EK option, an error is reported if

A /a is less than 2, and a warning if it is than 8.

less
With the EK option, the same £§/a limits are respectively 2
and 0,.5. ' ' ) '
Tne fourth individual incompaiibility is the wav/rad
error. The c:iterionZTl'a/}x << 1 is equivalont to >\/a >>
277 or 6.2832. It was decided to report an ez;-ror if. )\/a is

less than 30.

The first incompatibility at junctiona is coinci~-.

dence' of wires; i.e. . two wircs having identical end

This is most 1iké1y to occur if a given wire |is

points.

inadvertently repeated in the £file. The second is the

seg/seg erton. An error is teported if the segment 1lengths

of two connected wires differ by a factor of more than 5.

of this criterion not mentioned in the NEC model-

ing gquidelines was requested by Dr. C.W. Trueman.

third is the rad/rad error. 1t was decided to report . an

rror if the radii of two connected wires diffor by a factor

4

The.

reported if

U ST

T
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The fourth incompatibilitj at junctions ° occurs 5 §
: }
' between the two connected segments of two connpcted wires.

An error is reported if the center of one segment falls o

within the radius of the other. An efficieﬁt{'x mathematical

procedure was worked out to solve this problem fas illustrat- :

ed in Pigure 9. : ~ *

(A’?HA)'UA?-I) ' | -

p ‘ 1 Fig. 9. Checking .against the seg/rad
error at a junction of two segments at the origin

e
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Segments 1 and 2 are connected at an angle ©;, they

g A 3T

. have. radii a, and a,, and their unconnected ends have coor- -
dinates (Axl.Ayl.Azl) and (sz,AyZ,Az relative . to :

their common end. .Squared lengths of segments l.and 2 are

therefore A12 = (Axl),-r(Ayl) +(Az1) " and Azz - ‘ :

.(Ax2)2+(Ay2) 2+(A22)2 and\the dot product of the two vee-

y
.. . P
tors along the segments is p = A Azcose = Ax]_sz +/ 5 [g
, - B

A1’16)’2 + Bz bz,. - \ 3

The dot product is first computed and if it is nega-
_‘ tive, 1i.e. @ exceeds 180 degrees, the eituation is safe. S :
Otherwise analysis continues and squated lengths of the seg-

&
ments are computed. Figure 9 shows that an error occuts if

RIS PR

. either of these two conditions is true:

0

2

1)( (A2/2)c086 < -Al and (‘Aé7})81n9_< Q‘i,
2) (Al/z")cbse < AZ and (Al/2)sihej.<A’a2,

‘c \“ N ’ "

“These conditions are eaaily checked by using cCos0 =

t

’p/A A2 and sin%e = l-rcoa i# 1-p /A 2N 2. The condi-

tions for error then become either of these two:

°

1) p < 2A p.nda{: > Alz,(A.zz-'lalz)"

’27; p < 2A2 and §3 > Azz(A1244a22). Co a | o

r
: .
i
: \
/’ > .
. ¢
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/
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CHAPTER II' - ' . =
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THE MINI-NUMERICAL ELECTROMAGNETICS CODE -

>
S 2

T e R
. < -
s

The develOpment of & Mini—Numerical Electromagnetics

e,

‘Code- (MININEC) is a result of the emergence of the personal
computer as ‘an eng{neering and scientific tool (Julian,

B Logan, ~ and Rockway,‘;§82)g Although NEC 13 a powerful tbol

-
LY

for many ‘e‘nginee:ing' _ebpii'cgtions‘. oit requires - t;h'e support - .’7
_of and access to a ia;ge main-frame computer syétem. Such |
'facilities are expensive and not: qlways readily availab;l,e at
research s@tes. When they do become available, heavy demand
usage may result in slow turn-a:ound, even for relatively

#

simple problems. A viable golution ‘is a version-of NEC

b" )

/hkch can be implemented on mnini- or microcomputers, as N
/ these are betoming more and more affordable as personal com~ '»i
/ puting tools.
For code compactness, IMININEé ietains{ of NEé only
the basic solution and the most frequently used options, and
uses a promising numerical approach identified by Dr. :
-benalc:i R. Wilton. of the University of Mississippi. The o '
’.x"esult is‘\ a 550-gtatement BASIC program suitable for use on
a microcomputer and app].ica‘ple to anall _problema. MININEC -

models may include wires, a perféct ground plane, and lumped

» element loading. The only excitations supported aie voléage

, .
4 »,
o
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sources. The output may include induced currents and radi}’

ated fields. : v df/

+

- Phé Input Format I

L 4

MININEC, being intended for the analysis of small

models, requiresminput data -to be typed interactively by the

-

Jher. This becomes unnecessarily time-consuming if errors

are made in data entry, since these cannot be fixed interac-

tively. It is also impractical 1f a given model must be
) . i‘} . o . 4 -

_tested several times.

The‘hser can. always with teasonable effort modify

the program so that it will readginput data from a file, but
then creating input filep tequires a perfect knowledge of
_the sequence of data requeated by’MININdC.' This would not
‘be necessary if MININEC™ recognized input lines by a
2-character label, as in NEC, but the creators of the- pro~
gram must have rejected this scheme to keep the size to a
minimum.
';hg approach used ny'ene aqthor to save pieciﬁus
time on date‘bentry was‘fo gsplit MININEC into two separate
programs, one for data entry and the other for execntion.
The first program, called‘MINIMOD, was formed by extraétlng
from MININEC all of its statements that would prompt for and
read data, and adding output statements to echo the entered

data to a file. The result is a program identical in ap-

r
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peaunce to MININEC . that neither computes nor outputs

. \results, but merely serves a; a guide in the preparation of

a MININEC input file (Larose, 1985a). The second program is

MININEC itself, modified to read from an input file such as .
. / C - ‘ '
that created by MINIMO!()‘, and to write computed results to a

- . file ratﬁer than lisbtfxem on the terminal.

In the above scheme errors in data entry can be cor-
» > . .

rected by editing the input file before executing EC. i

In testing a given nfédel with diéferent solution“éarame‘ s,
the same input file can be édited aé necessary from/one’ run.
to the other.

‘The outcome \of a small run of-'the‘ interactive ver- 1
sion of MININEC appears in Figure 10. A few input paraine-)
ters appear that ‘were not referred to in NEC.- These ace the

end connections, wused to ‘_degcribe * the geometry,vaxid‘the

pulse numbers, used to locate excitations and lumped im-

_pedance loading. This makes it already apparent that MIN-

INEC is less user~oriented than NEC, a result to be expeci-;ed.

¢

from such a small program.

To f£irst explain end connectlons, suppose the user ‘ /
i ’ . id specifyzng wire k and must enter its end 1 connection. \
~
: This number indicates how end 1 of wire k connects to. the
] . . .

structure already present. ) If’ thus far._' end 1 of wire k
N hangs i{: free space, end 1 co section is zero; if it con-
nects to the ground plane, end connection is -k.l If end 1 ~

%

R ‘ - . ~ .
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© MINI-NEC - \ ,
 RENERBRRY ‘,') Y o

_ ANTENNA GEOMETRY:' C - o :

NO. OF VIRES? 3 . i

VIRE NO. 1 ’ o , , 3

NO. OF BEGMENTS? 2 " - '

: END ONE COORDINATES (X,Y,Z)? 0,0,0 L : y ' E
-, END ONE CONNECTION? -1 : . ' -

END TWO COORDINATES (X.Y,Z)? 0,0,.07958 - b 3

END TWO CONNECTION? 0 - ' o :
RADIUS? .004 , R ‘ §
VIRE NO. 2 : ’ . , - L~ : S

NO. OF SEGMENTS! 1 ' : ‘ : SR ,
END- ONE COORDINATES (X,Y,2)7 0,-.170423,.07953 ( o B 5

END ONE CONNECTION? 0 ' . ;

END TWO COORDINATES (X,Y,Z)? 0,0,.079S8 o . ,

~" END TVO COMNECTION? -t . T - &

RADIUS? .0OW.
VIRE NO. 3 . ‘ .

PR U S

NO. OF SEGMENTS? 1 )
END ONE COORDINATES (X,.Y,Z)? '0,.170423,.07958. .
END ONE CONNECTION? 0 : ]
- * END TWO COORDINATES (X,Y,Z)? 0,0,.07958 . §
B : ¢ END TWO CONNECTIPN? -1 : ' - 3
. . _RADIUB?Y 004 . : ‘ ¥
, ¥
. sxax ANTENNA CEOMETRY aex ’ ' .
COORDINATES . : CONNECTION PULBE AR
X Y 7 z RADIUS . ENDi ENDZ NO. ‘
. 0 ° 0 . ..004 S T 1 ‘ ‘
0 S 03979 Y TT R S , ]
0 oK ) .07958 004 . 0 - 3 ' ;
i 0 0 L07958 . -.004 IS | ]
. _ CHANGE GEOMETRY (YIN)! N - - - .
&, ‘ \ i i "
. PROGRAM cou'rnox.: ' , :
) FREQUENCYIMHZ)? 1%9%.8 R . . °
M WAVELENGTH - 1 METERS Y. ° . ‘ T
: - ENVIRONMENT (1-FREE SPACE, 2-GROUND)? 2 - ' s ) ‘ I
A *NO. OF EXCITATIONB? 13 T
s . - PULSE NO., VOLTAGE MAGNITUDE, PHASE (DEGREES)? 1, 1,0 . -
CURRENT PRINTOUT (Y/N)? ¥ » . ) - .
(R RADIATION PATTERN (Y/N)? ¥ : T e o

. ZENITH ANGLE: INITIAL,INCREMENT NUMBER? ¢, 0,10 ‘ :
AZMUITH ANGLE: INITIAL, INCREMENT NUMBER?! 0,70,2 , ' ' N
NO. OF LOADS? 0 ) e : i

&

i

ST ' o Fig. 10a. Entry of ‘antenna geometry and program
. control in a sample run of MININGE
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S | | ,
, . wax BOURCE DATA ##s , ’ ’ 3
‘ ‘ PULSE 1 VOLTAGE = ¢ § , 0 ) ’ P
' o © CURRENT = ¢ 7.82402E-03 ,-.0242973 1) i
IMPEDANCE = ( 10.394¢9 , 34,9338 J) . \ :
POWER = 3.91241E-03 VATTS . : g
1
. ssars CURRENT DATA fanns : i
PULSE REAL IMAGINARY  * MAGNITUDE..  PHASE . e i
© NO. (AMPS) (ANPS) (aMpg) (DEGREES) 3
1 7.82482E-03 . -.0242972 "2.743647E-03  -73.42943 %
z 7.8314D1E-03  -2.806249E-02°  .029135 -74.4069 1
3 ] 3 -3.683276E-02 1.334097E-02 0130478 105.4254. E'
| -3.683248E-03 ' 1.334096E-02 . 1.384777E-02 108, 42354 3
: k]
war PATTERN DATA t11 f -
ZENITH AZINUTH - HORIZONTAL  VERTICAL .
ANGLE ANGLE . PATTERN (DB) PATTERN (DB) ,
- 0 0 . =120.4995 -9
{ 10 0 -120.3411 -10.73953 , o ' ///
20 0 -1210.1709: '-4.814202 ) [
30 0 ~121.4488 -1.458249 ' S o y
1) .0 -122.203 7941308 s
S0 ] -123.7433 2.392645 ‘ n 1
0 0 -12578585 3.518204 '
70 [ ~-129.64087 .20
. 80 0 -134.7843 4.738040
0 SRR | -9 4.88471
e 90 ~3%6.4617 -120.4699% e o
10 . 414 -354.927¢ - =10.2395) :
0 . 0 . =357.004¢ ~4.014201 * 0
20 20 -387.4358 -1.458249 , ) '
@ 1] -358.4939 L7941598
50 v -260.0504 1.392443
60 ] I -361.0943 3.520204
70 20 . =243.599Y 4.290394 T '
: 1k 0 -370.'v308 4.738049 o L
0w 0 S -398.4107 . 400471 , . o
CHANGE PATTERN (Y/MN)? N ' 7 . -
X CHANGE EXCITATION (Y/N)! N | . , - L
CHANGCE CONTROL  (Y/NDY N _ . :
CONTINVE CYINY N . : ) LT, : )
, a ok ' : ‘ . - .
. ‘ | !
Fig. 10b. SOurce, .current and pattern data % 1
computed in a sample run of MININEC %
. ; . . A : ¢ ’-!‘
o ) .o R
. ' . e
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connects  to wire‘i already'entered, then the magnitude of

end 1 connection ig 1i. The sign is positive if end 1 of

‘wire k connects te end 2 of wire i; this indicates the cur-

rent reference directions of the two wires are consistent.

If on the other hand end 1 of wire k connects to end 1 of -

wire i, end 1 connection is negative. 'If now end 1 of wire

k connects to the ends of two qires i and j already entered,

the user has the choice of using either ior j&as the magni-.

tude of end 1 connection. The reason all this information
is required is that MININEC would need too much extra coding
‘to track wire connections all'by itself. ‘

With the ‘advent of MININEC, the need was soon felt

for. a program " that could rapidly convert already existing

NEC input files to the MININEC inpqt format for comparative

stubies. This has lead to the creatépn of program’MINIGEN

" (Larose, 1985a), which reformats the geometry section of - a

NEC input file and appends to it the standard program con-
trol described in Chapter I.

" The only significant work inVOlVed in MINIGEN is the
determination of the end conqectiona for each wire.  For

. this purpose, the entire geometry is first stored in memory,

and then the user 1is prompted for the environmen®-'(free

e
space or ground). The procedure for finding end connections

of wire i appears in the flowchart of Figure 11. If a

ground pléﬁe is present, one end of wire i can possibly con-

g
{
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. Cl = end 1 connection of wire I .
€l =0,C2=0 C2 = end 2 connect of wire I . P
A - . g%
. Ground plane - 1
grounded Cl « -1 - ) :
- 0) - <’,} ‘g
-~ “
‘ . grounded €2 = -1 e ‘ C . 7?
= 0) ) 3
4 .¥
F ‘ ! . ‘ . '\ l}
J = I-1,1,-1 Cl =0 F ~
T ] .
. - un‘e’I end 1 T '
mvire J end 1 Cl = -J
N = ¥
woo
o wire I end 1 v
mwvire J end 2 Cl.» +J. [""
Y~ 7 .
] . a < L
€2 =0 F
, . 7
wire 1 end 2 T .
2 awire J end 1 C2 = 4J al
F ‘ ‘
T " C2m-J -ﬁ )
’ P . P ]
k- ‘iii’ F 1 w0 0orC2m 0 >>T
: ‘ . . i

N -

, ‘Fig. li. Procedure for finding end connection of
wire I in program MINIGEN o o
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nect both to the ground and to previous wires in the 1list.
Since connection to ground is easier to detect,'this éondi-
tion is checked first for each end. It is ass&ﬁéd that the
‘two wire ends cannot both connect to ground, as this situa-
tion would bé heaqingless. The search for wire connections
backward from the previous wire is an arbitrary cgnventién«
.which in practice gives faster execution because it is more
likelyflthat wire 1 would connec£~t6 the previous wire than

Pulse Numbering
P s
0N ,

~

5hlse numbers can now. be explainedy these are
/;eférences to particular current basis funptfﬁha‘used by the

program. A basis- function in MININEC consists of a ' square °

pulse of unit magnitude exéending)ftpm the centér of a seg-

ment to the center of anothet'bonnécted-segment. The 1loca-

. »

tion and numbering of the pulses on a model depends on the o .

-n

order in which.the user enters the wires and‘on\the.end con-,
;?nections he specifies. ‘ '
Figuié 12a shows the basis functione on ‘tﬁe first

wire of a structure, with end connections 0 and 0. Pulses N P

. are numbered consecutively f:ém node 1 to. node 2. Figure
12b ‘shows the addition of a second wire connected to the
= - first, with end connections 1 and. 0. A current pulse ex~: ~ . 1

tends from wire 2 to wire 1 as shown. Figure 12c shows the = |

t
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addition of a third wire connecting to both wires'l and 2,
vith end connections 0 and ~1. A current pulse extends from
~Yire 3 to wire 1. If connections had been'O and 2, thep the

'.ﬁhlae would have extended from wire 3 to wire 2. °

v * _ pig. 12. Definition of MININEC . current
‘ -basis. functions in the course of geometry-entry.
' Inc), end 2 connectiop of wire 3 is -1 . )

-The reader may now guess that an excitation speci~

b Nkt al e at,

fied at pulse i is simply a voltage s&urce connected across

.the length of wire over which pulse 1zexténds. Thérsame can

15}

» . . <
be said for impedance loading. In the peculiar case where




an excitation o; loadiﬂé ‘must be .specified across ‘a
mult;ple-ﬁire junction, the user must°be careful to create a
current pulse over.the desired pair of segments at .that
- junction by using the proper connectidn data. Otherwise the

connection scheme at multi-wire junctions is totally arbi-

trary. Different current pulse expansieee at junctions lead
to different solutions for the .pulse magnitudes, but always
in such a way that the eotal current distribution remains
everywhere unchanged. This will be demonstrated in the next:

<

section. n .

During early experimentation with“ MININEC. .clearly
meaningless results were obtained for some of the emaller
structures that were tested. The problem was'traced down to
the:geometfy section of the program, and was clearly defined

a8 follows: MININEC is not set up to  procesa.”st:uctutes

conﬁaining“wires to which less than two pulses are assigned.

The resulting limitations wete that wites wzth two free ends

Bkd e D G IiTTedd

at the time they. were . specified had to include at least i

three segments, and that wires with one end free at the time

they were specified had to include -at least two segments.

SN SN

It was concluded that the authors of the ptOgram wrote the'-

:code under the assumption that wires were finely segmented.

Ernanuii: n

-y

Stccessful gorrectiqns were brought to the code and’avgeport‘

1 s _ was written (Larose, 1984) that was sent to the creators of

MININEC. Replvaas received ;nfqrmtpg'that a problem had
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indeed been noticed, and thanking the author for its solu-
. . .

°

tion.

The Solution Procedure .

- . . .

ER o
It is apparent from the above: explanation of the

current expansion that at a Junction of N wires,,ﬂ-l current
_basis functions will be defined.. This is all that. is re-
quired to impose Kirchoff's current law ‘at the Junction, and

hence MININEC implicibly enforces current continuity

junctions. Another ’condition implicitly enforced is ‘the
tapering down of current to zero at free wire ends. Sifch

this is theorétically true for infinitely thin wires only, °

., some accuracy is lost here for thicker«wires in comparison
to NEC, where a general relationship is used. Nevertheless,
this seems a very small price to pay for the resultant pro

~gram compactness.

Figure 13 illustrates the fact that the particular
‘connection ' scheme used at a multiple-wire junction affects

in.no way the total current distribution computed. :Three

identical models were created, for which different cufrent' .

expansions were obtained as shown in a), b} and c) by vary—

g, N y
.‘....m,,":,:_.b.,.ws_wv N
v

ing wire order and end connections. In all three cases

v

!

pulse 1l-'was excited and the total current distribution com-

puted‘would amount to precisely that illustrated iﬁ“a).
by
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‘A peculiar result of the ININEé formu{l.ati&n is that
the‘. n),mber of basis functions'N, and hen.ce'the' order of the
interaction matrix to be solved, is not c‘equal‘ to the total
number of segments. It is apparer‘it from Figure ;lé that 1£~ a |
network, has § segments, then S-1 pulses will be defined.
This is only true, however, for a network with no closed
paths. Por example, ‘in Figufe l4a where the network forms
.Qne closea loop, N = 8{, an'd. in Figure 14b with two closed
' loop.s,/N = S+1. By ‘extet;\sion. the génergl rule becomes

N=(s-i) +5L, ‘ .,

.

where L is the number of independent loops.

- "f‘r . . D) T
ey
AN o

“n 7 Pig. M. Netwq,rks with a) one and b) two indepen—
dem: ‘loops, and pulsea aefj,ned
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An immediate codsequenbe!is that MININEC would be
less effiéienp in the analysis of smooth surfaces, which are
- modeled as a grid of wires forming several adjacent 1loops.

The weakness of the above equation is that L may be aiffi-

. cult.to determine by inspection. For a .n%twork consisting

of several unconnectgd_\parts, L may bgcome tgforetically
neggtive, which is physically difficu;t‘to appreciate.

It is known from linear - network theory that L' =

. W=P+l, where W is' the numbgr“of wires, or brtnches, and P is

- the number of different points, or wire nodes. By -substitu-

‘tion, a more e*act expression can be‘oBtained:'
N = (5-1) + (W-P+1l) = S + (W-P).

' L .

Therefore the term (W-P) is the increase introduced "in the
order of solution by the MININEC method of formulation com-
pared to that of NEC. This number can be‘easily determined

for models cYreated via DIDEC (see Chapter VI) because then

the number_of nodes 1s_available. Note that the two forﬁu-,

las above do not apply if the-network has\conneétlons to a

A
" ground plane.

MININEC integrates currents over segment surfaces in
a way similar to NEC when the ERK option is in effect. The
major difference is that point' matching is -not %ifd;

rather, the eiect:ic field bqundéry condition is.satisfied

on the average over the domain of each. current pulse. In:‘

ST s evaene e S e at L re o e e s, e
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method of moments terminology, a set of N weighting func-
tions are used, which consist of square pulses of unit mag-
nitude defined in the ‘aomeins of the N basis functions..
'ﬁence ‘basis andl weigﬁting functions are identical in

MININEC; this is knowﬁ/as Galerkin's method. The ith equa-

/

‘tion of the interaction matrix is obtained by multiplying -

the electzic,field bLundaty condition

A= A =i
8. E(1(s)) = -8 + E e

»

. "% » ’ . ' ’ ’ .
by the ith wegghting pulse d integrating over its domain.

The right-hand side in pa ticular becomes after {ntegtation.

simply the negative of the voltage V applied at the location

. of pulse i.

A number of approximations are made to; faoilitaﬁe'

the integretions on the left-hand slde: these are 5a§ed~on
the assumption that elec;tioal duantities vary"soﬁficlemtly
smoothly over each segment. FPFor this reason the puthoré of
MININEC refer to their approach as a modified Galerkin’ pro-

cedure.

The Output Eormat

The EMC laboratory has at its disposal a number of -

Q

graphics program written over the yeats to help visualize

electromagnetic phenomena on wire-grid models. Thie

software 1is .standardized to read NEC output files as com-

Aoy S o

.

i
e
4

5,

Foa e Rt e e LT LD

el T e

e Eh AN e Gl P et e S
.




. [ ~ ————
. N Y
" R "
, N
. 52
: . ¢ )
pressed by program STRIP, discussed in Chapter I. In order

to apply the same graph;cal tools to MININEC results, pro-

gram MSTRIP was written by the author (Larose, . 1985a) to

compress MININEC output files to the standard format.

| Referring back to the interactive MININEC
': Figure 10,
become apperent. Firstly, currents conputed are the magni-
“tudes of the current pulse functions and not the current

™ —

'magnitudes at the center of each segment. Secondly, radiat-
ed fields are dB values and not’ linear values in V/m.
‘ problems were overcome as explained below.

' The current at t59/52333?~of a given segment is ‘es-

- timated by Ffirst finding the current on each of its two

halves. The total current on the first segment half is ob-

Itained by summing the contrihutions of all current pulses

extending‘gzer it, and similarly for the <total .current on

the second segment half. Averaging the /two currents thus

f ,&obteined"yields the desiredgudlue. It was confirmed, after
+ examination of typical current patterns on wires, that aver-
aging the currents should bg done in complex arithmetic,
i.e. by adding the complex numbers and dividing by two
rather than averaging current magnitude and phase‘ séperate-
ly. o

If m current pulses extend on the first segment half

and n on the second half, the current at the segment center-

run of .

“two ‘difficulties in the cutput file cohversion -

Both

e ““‘*:“*ﬁs-.fﬁn'_ﬂ W AR, -

A ]

I
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; I =1/2 Ii + Z.I-

-

may be expressed as:

4

w T omn

i’ - '
im=] i-m+pz . «

~ 2l . ¢

. or equivalently, ) ‘ ' .

m+n. | ' _ . ; ;’?
I=1/2 Z e f’ - :

i=I . K e |

which mearis _all pulse magnitudes may be added in eny‘ order
and the sum divided by two;eh .

Program MSTRIP contains an algorithm that keeps
tragk ‘of absolute segment numbers and pulse-numbers‘as the

geometry is being read.k Thisg allows the program'td:maintain

" lists of all the pulses extending over eacg segment. After

A}

the complete geometry is read, the proper current magnftudes

can be added _up for _qach segment and the result diwided by

. two to yield the current at.the segment’ center.

In g}NINEC,_the zero dB reference for the radiated

.fielde‘ is the isotropic level. Therefore, 'a linear field

“value E'is converted to its dB equivalent Egp DY the fm‘mulahﬁ

EéB: = 20 1°9(E/Eiso)' The base 10 lqgarithm-is not avail-
. o T T
able in BASIC, so that MININEC must use.the natural logar-

ithm, "and the formula becomes Egy = (20/1nl0) 1n(E/E, of "
8.686 ln(E/Eiso). The squared value E2 is alsgN used in

4

~ : ts

St
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& ‘ , S
o practice because this is what is first genereted by the re-

lations used to derive the radiated fields. A moie effi- -

b2 2
eient formula is therefore EdB = 4,343 1n(E /E180 ). The

- - .
factor l/Eiso2 is compﬁted once and for all and denoted K so

v

that the final expression is - -~

/

o gzdn//a 343 InkE?). : , )

Evaluation of K calls fbr the total radiated pover

P, yhich figures in the source data ofiﬁhe MININEC output

*

(see Figure 10), and the definition of the isqtropic level.
‘The isotropic level is defined-as that tlectric field which,

c Ty ) .
if radiated uniformly °in all directions and in one polariza-

2o T o e AT 1 EE L e tar
- -«

tion, would result 1nnthe same/radiated powef. Dropping eé

. N L .
usual the e’JkF/r <erm; the radial distance may be consi~ .
v .

” -
P

L

dered ‘as 1 m, and the, radiation area as‘(TT(l)2 = 4TT. .

Hence the isotropic level satisfies the relation Emoz/zr)0 . . f: l

P/4TT, which equates power densities. From this K = 1/31302 N

[y

= 121T/q0)/P. Substiguting 70.- 376.73, the final result is
K= 0.016678/P. '

] ‘ Knowing how MININEC obtains its dB fiela\values (see
| S : above), .an accurate formula was deriveé and.wgitten inep
MSTRIP to exactiy recover the linear values of the electric:
fields. From EdB = §.686 ln(E/Eisé) one obtains

. AE . eédB/e.GBG' | o 5 - o ) .
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and sincé l/Eiaoz f“0.015§78/P, Eiso is computed once and
for all as (P/0.016678)1/2, , s <

-,
-

Lanquage Conversions

, Por the purpose of faster program exgcution,'M;NINEC‘

AR and MSTRIP were converted from BASIC to FORTRAN by the au-.

, | 0 . ‘
b - _-thor and installed on the university CYBER 835.as well as on
the LSI-11/73 and CROMEMCO systems of the EMC laboratory.

7 ' . Accompanying utility software was installed there as vell so

that all machines would ﬁrovide a suitable HININFC Qorking

environment. _. . B . ‘
In the language conéeis;on of MININEC some important

attafegigs were teﬁoxked to as explained beioﬁ. ,Pitqt, all

variables. in BASIC are treated as real, which is not the

casé in EORTRAN, .ﬁhene some -variables default to integers

. L . L @ .
nless otherwise noted. To handle ;his situation, all vari-~

- ables wete’.declated real - through' an IMPLICIT statement. - ;

L

Selected variables were then declared as integers if they ‘ f
. caused compilation errofs{ for example when Used as array - B

subscripts. -Of.course, it had to be proved that ‘these vari-

‘dbles were used exclusively as.integérs throuéhoutﬂthe'pgoh

gram.

Segefdl-variqble nimeg in MININEC were used at the

f

samg. time as a Bingle variable namé‘and as an array>n&me, a

forbidden condition in PORTRAN. 'Im each of these cases the . -

5
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array name had to be made differeﬁi from the single variable

_ hame to avoid conflicts.

Another major difference in BASIC is that su-
broutines, called using the GOSUB stat§ ent, do not allocagg
independent storage locations for variable names appearing

also in the main program; hence a lisf of arguments does

not need to be passed. Convetting the subroutines of MIN-

INEC to standard FORTRAN subfoutines would have required the
identification of all those;variables common to both the su-

broutipes and the main g;d%ram. The preferted scheme was to

‘simply replace the REWU&N statements with assigned GO TO

stdtemgntg, the transfer destination being set just before a

.subroutine is called.

-
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CHAPTER III
GRAPHICS SOFTWARE DEVELOPMENTS

L

Graphical technigques iiplemented in various ;display

programs of the EMC,Laborhtoty are sometimes of little help

in the perception and interpretation of electromagnetic

phénomena on wire-étid modgl?. A number of display programs
written by the author over the past 'year; .have gserved to
£1i11 ce;gain gaps in tﬁe‘a:ea. Three of theée programs are
biieflg described below. For a‘thorough explanation of the

input data r&gdizementa and*executibn.sequences, the reagder

is referred to the repoitxégpécially weitten for this pqt;

)

pose (Larose, 1985b).

Logarithmic Imgedancé Plots . ;‘

-

impedance curves are best represented by plotting

!

. together resistance and teactanbe.versus'frequgncy on the

same scales. A logarithmic scale for ‘the impedance gives -

A S

better resolution, but then one must give,up plotting a cer-
tain range of values near the zero mark. O:dina:y pletting

programs cannot handle this special Bituation. - The usual

way to circumvent the problem is to flip the . negative por~ -

tions‘,of the' reactance curve to the positi#e-ohms region,

‘but then positive and negative portions of the curve must be

I . N . ;
a
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disfinguisped using different 1line styles, and clarity of
the display suffers. | L

For the.above rgasoﬁs a new graphics prog;ém was
written to obtain just the desired type ofod#spla;. The
élotting package DIGPLOT, a subset of DIGRAF (Warner, 1979),
was éelecfedl becéuse of~its‘severa1 annotatioq\op;ions for
simple two~dimensional graphs.‘ The‘ resulting program was
called DIGIMP (DIG for DIGPLOT, IMP for'impedaqce) and was

used to produce all impedance plots appearing in this work.

‘quor Displayé of Currents With SPCTRM

i

' programs represent induced currents on wire-grid models is

té‘display each segment with a vertical line extending from
its center whose length is proportional ‘to the current mag-

nitude. lror complex"atructuzesfthe regulting display be-

. comes meaningless as the current lines become too cluttered:
for differentiation. The problem is handled with 'varying -

- success by using different line styles, different colors on

color screens, or by displaying the currents on specific
vire pathsiat a time. :

| A more satisfactory approach in representiﬁg wire
currents has been investigated

worthy of being‘implemented in a new general-purpose current

disp;ay program. In this approach, curcent magnitude or

The general way in which original EMC Lab ‘graphicS‘

by the author, and found:

P T
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phase'information on a segment is carried by the  color in,

which the aegment itself is drawn, no visuaI aid being
added. The use of color hues does not convey information as
accurately as current lines, but does give a qualitative ap—

preciation“of current distribution unequalled so far..

Use of Color for Current Magnitude

A sequence of colors inspired from theh white 1light

spectrum is used for representing current magnitudes; hence

the display program is called SPCTRM. SPCTRM is written for- .

execution on a NORPAK color screen, which produces colors
from combinations of the fﬁhdamgntal red, green and blue
tints. The display color is set by calling subroutine
SETRGB (IR, IG,IB), where IR, IG and IB are . integers ranging
from 0 to 15 that representflhe desired amounts of red, blue
andlgrgen respective-ly.~ For example, the backgrohnd “color,
black,. is obtained by setting all three integers to zero,
and white is obtained by setting all three to 15. The
number ot different colors that can be displayed is theoret-
1cally 163, or 4096, resulting in excellent colo; resolu-
tion. ’ |

A systematic method of generatingr the palette of
rainbow colors was found by experimenthtion,‘ This is a con-

tinuoua succession of hues passing through .red, magenta,

/

blue, cyan, green, yellow and red again, closing the loop.

H
-3
#
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'If'was closely approximated bybﬂa sequence of 90 colors

formed by combinations of two fppdaménta; colors at a\time.:

In particular, magenta was prodv%é by combining red and
b;ue,~ cyan by combining blue ané é;een, and yellow by com-
bining green and red. Table 1 shows precisely how the 90
~colors were  produced and numbered. Résolution is ngEL
enough that adjacent hues are barelf distinguishable from
each ‘other. ) | |

In current magnitude disblays, the sequence of

colors that best matches the white light spectrum is used.

It consists of the 61 colors numbered 30 through 90, i.e.

from blue to ted.' Blue is equated-to zero'curreﬁt, and red
is equated fb‘the maximum cgrient on the model displayed,
..For intermediaté colors a linear relationship is aﬁsumea
between color number and tﬁe ﬁorrésponding current level.

Figure 1l5a shows a SPCTkn current magnitude display obtained

in this manner. The color sbectrum used is most effective

because blue is a dull color suitable for low currents,
whereas ied 'stands out the most and attracts attention to
the highest currents. - |

vrhﬁges covered by each color to bring more segments into the
blue or red ends, and thus .affect the color‘\resolut@on;
Program SPCTRM uses for this purpoﬁe a 'résolﬁtioﬁ index"”,

" defined as t’r ratio of the current range covered by a given

-

.It can be of interest to vary the relative current

R TN
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TABLE 1. SEQUENCE OF 90 COLORS WITH SETRGB PARAMETERS

-

NUMBER IR IG IB COLOR NUMBER IR IG IB ' COLOR
- . —le —— - - -
0 15 0 0 RED 45 01515 CYAN -
1 15 0 1 . 46 01514, .
2 15 0 2 . 47 .0 15 13 .
3 15 0 3 . 48 015 12 :
4 15 0 4 . 49 01511 Ve
5 15 0 5 . 50 ° 015 10 O
7 15 0 7 . 52 .. 015 8 .
8 15..0 8 . 53 015 7 .
9 15 0 9 ) 54 015 6 .
10 15 0 10 . 55 0.15 5 ..
11 15 0 11 . . 56 015 4 .
12 15 0 12 . .57 015 3 .
13. 15 0 13 . 58 015 2 .
14 15. 0 14 . 59° 015 1 .
15 15 0 15 MAGENTA 60 015 O GREEN
16" 14 015 - . 61 115 0 .
17 13 015 ) 62 215 0 .
18 12 0°15 . 63 315 0, .
19 11 0 15 . 64 415 0 .
20 10 0 15 . 65 515 0 .
21 9 0 15 . 66 615 0 .
22 8 015 " 67 715 0 .
) 23 7 015 . 68 815 0 .
24 6 015 . 69 . 915 O .
25 5 0 15 . 70 1015 © .
26 "4 0.15 [ 71 1115 0 .
27 3 015 I 72 1215 0 .
28 -2 015 S 73 1315 © ..
29 1 015 . 74 14 15 0 .
30 0 015 BLUE 75 1515 0 - YELLOW
31 0 115 . 76 15 14 0 .
. 32 0 215 r, 77 1513 0 .
3 33 0 315 . 78 1512 O .
34 0 415 . 79 1511 0 .
3 0 515 . 80 1510 0 .
36 0 615 . 81 15 9 0 .
f 377 0 715 . 82 15 8 O .
38 0 815 / .. 83 15 7 0 .
38 0 . 15 6 0 .
0 0 o . 15 5 0 .
41 0. o . 15 4.0 .
42 0 . 15 3 0 .
43 0 , . 1s 20 7/, -,
4 .0 : . 15 1 0 Y
‘45, ' CYAN 15 0 0 RED

61

-

\.
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Fig. '15. SPCTRM current magnitude displays with
different resolution indices: a) r=1 (linear case), b)
t=1.03, c) r=1.06, and @) r=1.09 ,
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éblo; to -the range covered by the previouﬁ color. Pigure 16
" {llustrates how the total current range is distributed among
the 61 colors available.

B0 AC, BCy ACg ACgk * AC

: \ B T e S

BLUE[ T 1w - —_]RED

0 G Ca Cs Css Csy . :Cao Cet ~

Pig. 16, Dist ibu;ion of the 61 colors on thé'éut-
rent magnitude scale

If the resolution index is i, all colors cover an
equal current range and we have the linear condition dgs-
cribed earlier. If however the resolution index is made
great€r than 1, the ' urrent intervals are smaller in the
blue end and 1ncre$ae regularly towards the fed end. Th%s
means more colors are available in the low currentlend'ind

therefore segments with 11 currents benefit from improved

color :esolution.k Segments are assigned colors clafer to

the red end, so thgz the resulting Qilplay appears more
\;blortull If én the other hand the resolution 1nd;x is made
lesé than 1, segments with high éur:ents benefit from ‘the
_1nproved‘ resolution, and the.;esulting display loses coloi.
Figure 15 compares the effect of using different resolution

indices on the same wire-giid model.
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Referring back to Figure %6,-the resolution inaex r

can be defined by the relation

ACi = L‘ACi_l, i= 2,3'..;'61-

To fully‘define the spectrum under ‘this condition, it- is .

necessary .to determine the values of each of the C,'s. The

first step in doing so is the evaluation of the first ipfer=w§7
.  val ﬁlcl. ' The relation obtained abévg.cqn\be‘rewritten as

Aci - ri-IZSCf% and by substituting into , »
61

§§§_£>Ci = Cgqs ORE obtains

61 _ 61

i-l -
Z r- “AC, =C or Ac r
jmp 1 T8 A

.
e A R S SRR

= Co1°

The latter sum is a geometric series, whose value can be ob- -

[REPE VRSN PP ST S DR

tained from the geheral expression

n
- . r » (Spiegel, 1968). It follows that
" i=m] r -1 N
r61-1 | : r-1 i
= Csl' or finally C1 = C61 rGl-l. '

Oc

1 r=-1
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The last step is to get

Ac; = il - zi~1é61—r61‘1’ £rom which

r=-1

_ | ¢

E : . r=1 r-1 E : - .

- ‘j-1°61 61 ., ~ C61. 61 S
. r =1 r =l =1 :

r -1 zi—l ri -1

-C -c .
TEL 61 Ly T 6L 61

" Using 1'Hopital's rule, the value of C; when r is 1 (linear

: cage) can de;e:mined as . follows:

i iri-t i
Lim C - = C Lim —™( =¢,, —
r->1 61 61, 61 51 61r%0 61 61'

which is the expected result.

-

Use of Color for Current Phaée

RS TS TP S
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The fact that the progression of rainbow colors

forms a closed loop allows an even more fascinating applica-

tion of colo:/g:apgics to the representation of current

phase. Figure 17 shows how the range of possible phase an-’

gles,‘-leo deérees to +180 degrees, is distributed around

the color circle. The actual FORTRAN expression relating

‘phase to color number is

"

ICOL = INT((PHA)/4.+45.).
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£ |80° 1+ 0(30) RED H-cYAN—YS 4 0°-

-120° 60°

| Fig. 17. Distribution of the
90 ‘colors around the phase circle

the circle are éomplementaty colors, d.e. negatives of -each
other in photographic terms, "l;ence two segments with cur-

rents out of phase by a bompl'ete 180 degrees are represented

‘tary pairs cyan-red, blue-yellow and magenta-green are easi—

1y.reco'gnized on current phase displgys. Note also that red

is used ‘for"both ~180 and +180 degrees, as th‘ey are really
‘identical phases, and that thiq most'strik:lng color is ap-

the axcitatioh,‘ usually zero degrees.

Figure 18a shows a SPCTRM current phase display ob-

-

. [ N o B o el ot A
It ek MR e AR B e, L7 1 SRR A A S

Note the interesting fact that opposing colors in

by complementary colors. With some practice the vcpmplemen-:l

proériate for the phase fari:hést from the reference phase of o

t;pined a.s explained above. . Current reference directions are.

~
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_ Fig. 18. SPCTRM displays with modes 2 to 5:
- current phase a) with or b} without arrows, and plain geome-
try ¢) vgith or d)‘ without tag numbers -
b A\l b y ' ‘ !
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'by'necessity 1ndicated by an arrow on eachh segment.f\ For -

economy 3of space °"the -color circle is reproduced in ?bei
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‘legenj‘ender the form o£ two horizontal strips.: The . ar~
A

rangement is such that complementary angles and colors are\

, 'located on different strxps at the same horizontal-position.f

It ‘is convenient to mention at this point the capa-

o

Sility in SPCTRM of reversing wires at the user's will.

y This can be used to enforce a consistent current reference

- 5

d?rection along a crittgal wire path‘ and hence track better C L

3 : A
the phase variation alordg it. A wire reversaﬁ manifests it- ' Sy

self - on' display by a change of arrow .direction in all the

segments and a oomplementing of the‘tbsegment ) colors.n‘

e 30

‘Matheﬁatically, a complementary color is obtained by applx-
h _ing a bias of 45 to the original color number. If the color
number ~15 1ess than or equal to 45, the bias is positive,

7 o [

i but if it-greater than 45, the bias is negative, Thig . is R

;" achieved by the FORTRAN .assignment statement' . o
LI {]’ - . N N . . -.' . . - . &’1 -
.} © 7 “1col’= 1cOL + ISIGN(45,45~ICOL),. G N
A .o ’, . . . ‘ e ) ki . ‘\‘ “ . ‘. ' - | ‘ : g!‘ e

A " where ISIGN is the sign transfer function of the .second

—— ”
.

~.'u. R . va R ot . ) . . V'
(? parameter, to the first. . - . . o R

3 ' 8

the User Interface , - *

\

K . Having had®to cope for, severaf’?ears with unfriendly

S

ucurrent display ~programs, the author has put emphasis 1n
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. help of a general nature or on apecific topics,

" dre - illustrated ' in’ Figure 19.

writing SPC?BM on completeness, clerity, minimum typing and
speed of execution; Commands are availible for obtaining

go that a

‘sta¢us of the progtam, in terms of the display options cur~

" rently in effect, can also be obtained at any time, .

/

SPCTRM features a choice of 8 different viewport
layouts inspired from the wire-grid.modelling program DIDEC

(Kﬁbina, Cerny; and Gaudine, 1984) (see;chapter,VI).‘ These

Once &.viewport layout has

. been chosenjsa command d1lows the user to switch from one
. . . - ! ’ ) ' . ‘.

' viewport to the other. - . - C

<0 !
- !
2 Fig. 19..%Chqice of ‘8
s viewport Igyouts 1ne~gCTRM PN
. ‘ n . \ ’
- . “ R o \

‘ beginner can use the program without expert assistange. The

. , .
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,with~the "rescale” command.

. ' l N . ‘u'
. R T '

9

Fiverdisplay modes are 'available: current magni-

- tude, current phase with or without arrows, and plain geome-

1

try with or without tag numbers.‘ Airowa for current phase

are optional to account for the rare cases when tbey are not

needed and unnecessarily clutter the display. The plain

geometry mode produces neutral white on black‘displays use~

‘ful fdr reference purposee. The wire tags that éandbeyaddeé

are a precious help in referencing wires for which SPCTRM'

must take special action. - Figure 18. shows in b), ¢) and d)

'SPCTRM displays using the three last modeeNE§scribed.

Other display parameters that can be selected by the
user  are the rank of the deaired frequency in the input
file, the view1ng angle in terms of . theta and phi, and the

resolution index as described earlier. A most»pOWerful ca-

‘pability of SPCTRM inspired once more from DIDEC is the

iooming‘feature. Initially the program -is in- the 'automatic

rescale” mode, in which displaya are automatically scaled to

£i11 the available viewport area. A A "blow-up" command al-'

lows the user to specify a ‘desired magnification,. which

st yé in ,effect for subsequent displaye until further mag-

" nification is'hpecified‘or eqto-rescqling is re-activated

@, ‘
The blow—up commandZ;agnlfies a des{rfd critical re-

"gion of a. display by a process involv}ng a trackball.'

Pirst, a display is prqduced with phe display _options. cur~-

Apanmpma e
- ’

i viniry MRR N




.
iF

s

rently in eéffect, and a red box half the size of the

' viewport superimposes itself on the drawing. ‘The 'trackball

then allows the upper-right and lower-left corners of that

red box to be.moved to 1ndependent locations so that it will

. enclose the area to be magnified. In the end, the user sig-

nals when he has finished positioning the box. and the box

vanishes. Subsegquent displays are scaled B0 that the

desired region £ills the aQailable viewpoét area. tigu:e 20
illustrates the zooming peocess }n two stages.

Aﬁotber powerful aspect of SPCTRM, inspired- this
time from an earlier current display p};gram by'Dr, C. W.
Trueman, is the suppo:t of wire lists. 1In the default state
of the program, displays include all wires irrespective of
the 1nput geomet:y. Th:ough an 'edit liet' command, a fin-

ite 1ist’ of wire tag numbers can be created, which is used

‘in all subseguent displaye until the list 15 further modi-

. The "edit list" command is a subaystem in itself because the
. various ways provided to efficlently edit wite lists require
a set of commands separate from the SPCTRM menu. Two. other

»commende afe also evailnble to vrite wire'lists to disk

files and then read them back when needed.
In its initial stete, - SPCTRM adjusts the current
scale such that the maximum cqrrent displayed always cor-

regponde to the red end of the epect:un. Hence the current

}

-t nw;‘A:rs.a‘":- - e = R

fied or until it is reset with the 'reset 1i8t" commend. ~l
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‘ Fié.' 21, ﬁﬁfects of freezing current scale:, a)
current distributions at two different frequencies, b) cur-
rents on completg wire list and partial,wire list.
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scale is adjusted as the input solution file is changed " or
as the wire 1list is modified. . In éome cases, however, it
ﬁould be convenient to "freeze" the current scale 80 that

geveral current diatributions would be compared on a same

scale. A command for this pu:pose is available and acta as

a switch to make the current range variable or fixed.

Figure 2la shows current distributions at two dif-
ferent freguencies with a fixed current range. The display
having the smallest maximum current is clea;ly identified by

the truncation of the spectrum along the current scale:¢

Figure 21b shows how this feature applies to: wire listé.,

..The top di;play was obtained first, and then the list in the
first bottom viewport was displayed after the'curreﬁt range
was frozen. The list was then disp}ayed agéin in the second

viewport after the current range 'gas allowéd " to' .adjust,

resulting in full €~§;:nt resolution. - ’ ﬂ o
To .reduce keyboard: 1nput to a minimum, SPCTRM allows

’

the "user to store %? memory, using approp:iate commands. up

‘, to four values of each of the following disylay parametera-

input solution file name, frequency rank, viewing angle,

blown-up view, wire list file name, and resolution . index.
.Stored values . can be :et:ieved as necessary with equally
Simple pommand;. Other characteristics .not detailed. here
_contribute to make ‘of SPCTRM one of the mﬁst advanced and

.us¢£u1 tools in the BMC laboratory.' ) ‘ : %?

T
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‘Displays of Radiation Patterns with MOVIE.BYU

Figure 22 shows the spherical coordinate syhtem used

.at the EMC Laboratory to describe the radiation characteris-
_\-{v""'&.w. o

tics of vehicle-mounted antennas. It is a right-handed
coordinate system where in navigational te;minology x is
forward, y is port and z is the top. Negative axis direc-
tions are -aft, .starboard and bott®m. Theta is the angle
measured from the z-axis and phi is thg angle mea‘d?id“ on
the x-y plane from ‘the x-axis‘t? the y-axis. -

« .
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Radiation patterns fall in two categories. In az-
imuth ‘pattetns, theta " is. fixed, and phi( or\the azimuth
angle, varies in constant increments from 0 to 360 degrees.
In elevation patterns, phi .1is fixed, and theta varies in
. constant increments from 0 to 360 degreés.€§IMOse p;iterna
referred to as the principal glane patterns are measﬁred in
the x,, y, and z plaﬁes, or equivalently, they may be thought
of as the azimuth pattéfn theta = 90 and the two elevation
patterns ‘phi = 0 and 90 degrees. .
. . The radiation characteristics of a vehicle-mounted
antenna can be adequately described by a set of azimuth pat-
_terns spanning the fheta sector in which communication must
be .establisped. Hence a graphical method that would allow
sevéral azimuth patterna‘£o be displayed together could con-~
vey all the radiation information at a glance. Up to re-

cently, the altitude plot was the only"gtaphical approach

implemented at the EMC Laboratory for this purpose, and it

"is still mainly used throughout the second part of ‘this

work. Pigure 23a shows the E-theta and E-phi altitude plots

' for a set of azimuth patterns from theta = 0 to 180 degrees,

i.e. thg complete sphere of radiatioﬁ. Opicity of the sur-

"faces ‘obtained is simulated by .a ﬁiadénrliné pgocédurg..

Note the similarity with the Mercator mapping technique for

the surface of the globe.

)
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. Pig. 23. Comparison of a) altitude plots of az-
inuth patterns with b) MOVIE.BYU plots

The main disadvantage of this representation is that
the perceétion of the antenna's radiation characteristics is

incomplete until the surﬁaces are mentally wrapped around

Y

the antenna in the éortectﬁmanner. With the acquisitibn‘df
the 3~-D graphics sygteﬁ MOVIE.BYU 1981 . (Christiansen and
Stephenson, 1985), it became possible- to translate this na-

tural mental image into  reality and hence draatically‘reddce

L 23 w0
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the interpretation effort. To illustrate the advantages,
Figure 23b shows the same set of patterns as in a) obtained

throﬁgh the use of MOVIE.BYU system modules.

The Plotting Process

The. MOVIE.BYU éystem corisists of 7 FORTRA& programs

for the digplay and manipulation of n-sided polygons, solid

elements, and contour lines. For the purposes described

above, only two modules are exploited. DISPLAY is used to

apply the Watkin's hidden line/surface aigo:ithm to the

desired surface and then write a save file Eontaining the

display information. COMPOSE is used to read that save file

and display the.infotmation with the desired sch;ing and po-

sitioning. Finally, a labelling program by the ‘author is

usged - t& complete the display with useful information, in-
cludiﬂg a drawing of the wire-grid model.

A program called TDPAT (THree-Dimensionalv PATtern)

‘was written to gontrol execution of the p:ogramshmentioned

above and thus minimize user involvement: In conformity

with a minimum of user specifications, TDPAT translates ra-
) /s
diation pattern information into the form of a DISPLAY input

‘file and writes command files to execute the necessary bio—

~grams in the desired mannét.

i v

Among the user spécifications is the name of the

‘input ™"file of patterns, the desired frequéncy if more than

\
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one is present, and the theta interval defining the set of
aziputh patterns to be displayed. Next comes the type of
data desired, which may be E-theta or E-phi poia?izations.
o; even power density, a worthwile 1nno§hgion in the EMC La-
Poratory. Power density S is easily opt:ined from Ee'and E¢
by fhe formula § = (EBZ+E¢?)/270 (Stutzman and Thiele, 1981)

¥
or simply by S = 262+E¢2 in the present case since relative

magnitude alone is required. The final specification is the.

viewing angle of the surfice. For this the user has eight

choices, defined by whether a top or bottom view is desired,

and by the quadrant number from 1l t§ 4.
The surface submitted- to DISPLAY is constructed from
an arqa&l of points. A point is defined for each radiation

direction contained in the patterns, and  is positioned in
“ .

" that . same ’direction f}om the origin. The distance of‘the

‘point from the origin is proportional to the magnitude of

the ‘desired quantity in the same direction. 1f for examplé
E-theta is desired, and its magnitude is E in the direction
defined by © and @, :TDPAT compﬁtes a point given by X =
Esin6©cosf@, Y~- Esinesind, and Z = Ecos® by simple converpion
of c&prdinatdﬁb |

. TDPAT defines a surface patch from each group of
four adjacent nodes épannipg'a pair of .theta and a pair of

. \ ’ ‘
phi values. \The result is an array of adjacent quadrilater-

" al patches fo;ming a compact surface, as each interior node

\
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is béing shared by four patches. . Patches are in general i

. warped, that is, non-planar. Thé problems that this causes
for the visible line/surface algorithm are handled in DIS- -

PLAY by a polygon subdivision process. The reader’will no-
tice from FPigure 23b that the nearest halves'of the x, y and
' , z axes are represented By‘3 extra thin patches added to the

pattern.

i
”
n
5
¢

After TDPAT has written a DISPLAY input file des-

cribing all required patches, it writes a command file ‘to
4 ' ‘ 3

execute DISPLAY with the correct sequence of commands..
These cause the pattern to be rotated and scaled as neces- . !

sary and centered on the screen. Perspective is removed and

U g ot

' clipping planes are brought at a safe distance. Watkin's
algorithm is Ihvokgd and a save file is reguestqg.
'Rotationiis such that the thz;e axes project to the .
. .same length on the screen. . As Figuke 24a illustrates, téis,
_ requires - a viéwing .Anglé wiéh an - elevation d;
+/rarqta?(1/1f5)' = +/-35.26 degrees and aﬁ azimuth of 45, ‘f
135, 225 or 315 degrees. The’length of the axes ‘is such . €

?

that on the display they are guaranteed to extend further

. ' . from the’origiﬁ'than the maximum extension of the pattérn.

F ' | This results in the maximum size of the pattern that still . N

’ _/gllgws clear 1abellipg of ghe'a*gs. Figure 24b, yhi?h il- - 4L
lustrates the worst case, shows that if vhax is the maximum

vaiug d(\the pattern, the length L of- the .axes should . be

0 ' , ‘/’
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~value of Voa

' 2 -
80
f -
such that co8(35.26°) =V . /L, or L = V. ,y/C0B(35.26%) ]
nx/ VZ/ = V max It must-be noted t-.hat the 'sa'me .' %

B—phi pattetns, 8o that they can be compa:ed on the. same

scale. This " value of V

component plotted, whatever pola:ization it may be.

>

2
. |
s/
e ' |
1 '7")’
vZ .
1 f
X" estan'(I/NT)
Coe = 35.26° -

a)

Pig. 24, .Derivations’ for 'MOVIE. BYU p’lots: a) .

viewix{g angle, b) axis length

The J.ast function of TDPAT ;ls to write a second com-
mand file to execute sequentially program COMPOSE and the .

labelling p:ogzam mentioned earl:ler, and therefore produce a .

\ .comple‘te display.

13 nsumed for a matching pair of E-theta and

is taken as the maximum f£ield '
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.Elemental Pattern Shapes

with tgé possibility of now produéing‘realistic‘pat-
te;n displays, it becomes of special interest to.pe aﬁle to
recqgnizé the elemeﬁtai pattern shapes produced by a shért
ﬁdipdie in different orientations.  Pigure 25a shows the
' E—theta,.ﬁ-phi, and power density pattétna‘ for a vertical-
half-ﬁave dipole. In b) and cf the same patterns are pic-
tured fOt'the dipole inclined at 45 and 90 degrees Eéspec-
ﬁively towards tﬁe x-axis (fdrwérd). Note that the E~-phi
pattern remains copétaﬁt in shapeo but varies in’ amélitude.
’This can be understood by vfﬁualizing an 1nc1;ped dipole as

the superposition of vertical and horizontal dipoles. Note
]

- also that the power density pattern is constant in shape but
‘- o . o
. . s
. is oriented according to the dipole. .
: " . i, ,
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o Fig. 25. E-theta, E-phi and power density patterns .
of a short dipole:
wards x axis, c) horizontal along x axis

a) ‘vertical, b) inclined 45 degrees to-
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" "CHAPTER IV
NUMERICAL TECHNIQUES  , ¥

"

v

A number of programs exploiting var;bus, numerical

:t:echn:f.o:;u.:ées'Z are in use at the EMC Labotratory to extend the
usefulness of the available antenna analysis programs. This
chapter gives a éheoretical description of two of these pro~
grams, I'SQLEV and EFAR, and includes qgnpgovements and modif-
.1cations tnat were made by the author since the programs

were originally written by Bahsoun in 1981.

!

Program ISOLEV

Y
. f
. N
"

ISOLEV (IéOtropicQLEVel) (Bahsoun and Kubina, 1981)° '

is a program that reads a solution file ae comp:eseed by
STRIP (or MSTBIP) and camputes useful statistics about the
zadiated fields. These data, which are not‘supplied by the
antenna analysis program, are: tﬂen ingerted between the fre-

.quency line and the 1mpedance line(s) as a new oopy of the

solution file is being written. Figute 26 shows a gomple;e

t

get of these statietics; which include ihe maximum electric

field, the radiated power, and the isotropic. level. The

4

- . <L
three %ast values are assessment parameters for HF aircraft

antennas: the radiation pattern efficiency (R.P.

\efficiency): the percentage of power in the Er~theta polari-
- q‘ ' ' . . .

%

s B
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zation (8E-theta), and the percentage. of useful E-theta
power {sub-$E-theta). ' ‘

L]

. cM . t
cM MAXIMUM FIELD STRENGTH 0.191E+00 -
. : :
CM - TOTAL RADIATED POWER 0.321E-03 © !
CM » ' ' ' oo
cM igornopxc LEVEL 0.139E+00 3
m, ’ !
cM R. P. EFFICIENCY . 55.642
CM ! * Py

+ CM S8E-THETA POWER 64.687
cM
CM

SUB-$E~THETA POWER 35.981
o !

Fig. 26. Statistics computed
and inserted by ISOLEV into the input
N solution file . :

The maximum electric field is the maximum value
. [ N . . / .
found in the patterns; this may equally well be a horizon-
tal or’ a vertical component. This value is read from the
" solution file by pattern display progrims for calibration
purposes. The remaining ISOLEV stétistics are expla?ned in

the next sections. ‘ | :

Radiated Power and Isotropic Level

{

»  Antenna an 1§sis programs NEC and MININEC do supply

a value of input power that is obtained from the voltage

source magnitudes, the induced currents at the centers of
the excited wire sections, and the power formula P = 1/2

* .
Re(VI ). This however was found by experience- to be an-

\

% ~ . -




. - . BS
S :

inaccurafe vé}ue of radiated power, becoming even negative
in Qome cases th therefore of no physical meaning. An ac-
curate value of radiated ' power {8 required éé Slgt?p;in
pattern comparisons. For this reason ISOLEV computes igd
. _own_value of radiated power from the set of azimuth paéterns
available in the solution file. If the azimuth patterns do
not cover the complete range theta = 0 to 180 -degrees, the
power ra@iated in the giveﬂ segtor only is computed and
written, and the four remaining parameters are skipped since
tﬁey require a kn?wledge of the total power radiated.

Radiated power is obtained by integrating the power

“density

Eg2(0,8) +E,7 (6,9)

21,

s(e,9) =

+

over the surface of the sphere of radius 1 m, for which ds =
dp sinede: , ‘ °

o

i

T (21 E.2(0,0)+E,2(8,0)
pe o S
=0 Jg=0 2'70

dg sinede.

¥

This can be broken up-into the power confributions of each'

poIarizafion, i.e. P = Pe + Pp, where

1 (7T (217 Eez(e,¢) ‘ )
p, = — S d¢ sinede, '
om0 JP=0 2.

o 90 ) /)

P i

R ey o ot
) e ¢ 2 SR S ) e K bl ™~
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1 STT Szrr E¢'2(.e.¢)
P¢  —— y —
e=0 Jg=0 . 2

No

Denoting the middle integrals'Sg(®) and s¢(e)..tpé above . is

d¢p sinede.

rewritten as

1 T . ' 277 Eez {6,9)
1) pe ® —— 59(9) sinede, SG (8) = -
. Qo 0 S 0

1 (77 ' 3
2) Py = — S © S4(0) Bin6AG, 5,.(6) = S

2

21T s¢2 8,9)
2 dp.
0 2 i

The notation S implies surface integration, and i&deed it

can be:seasily shown that the middle integrals represent the
areas of the azimuth patterns on polar plots.
The detailed derivation of Py alone is explained

here, as it parallels that of P¢w Various integration tech-

.niques must be exploited to approximate the integrals from

; the discrete values available. In a typical problem, m+l

azimuth patterns are available, with theta values and

E-theta .pattern areas denoted respectively by ©, and Soir

i=0,...,,m. Each pattern includes the same n+l phi values
equally spaced frem 0 to 360 degrees. Because n is usually '

-« made large enough to ensure adequate pattern resolution, the-

trapezoidal rule is a good‘approximaticn to the evaluation

¢
of S

S01° ¢

-

a¥
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2TT/n [ o (64:0) Z\'}(

s e 2TTj/n) + R
2 2. ja1 Ey i’

8 6 (61,211), | 4
ei ” - 2 ‘ '

, Recoghizing'that Eez(ei,O) = Eez(ei)ZTTl,g fhe eﬁpreagion

reduces to

Sg; = 2 Ee (ei,ZTTj/n) - '

- n j=1
x

The ésst step in obtaining P is the integration of

E)
- |
- e e . R wrs o
C e ' TR AT S e AN R R, ST
:

S ‘(@) 8in®, which is known preciaely only at the m+l theta

» é(
“alues. In a past version of ISOLEV, a linear appzoximation ) 4
of Se(e)sine was uséd over each theta interval. Since in ;
.the general case the size of the theta intervals varies, the ﬁ»
frapezoidal rule had to be modified as.follows: . M;\

m ' - '
. ‘ $,,8in8; + 8§ sin® '
0 Z(e_e , S0181n4 * Sgi181n8y;
e % e T Lilan:
70 i=1 7 2 '

An improved version of thiskapproach 8 used in the g
current version of ISOLEV, A piecewise lineag\gpptoximation

of s (6) alone is used with the sine variation takén into
"account. . This is referred to as a modified trapezoidal rule‘

with sine‘weighting funétion. The integral over a sample

theta interval is worked out bélow, and)then by extenaioﬁ a ~//’f‘

complete exéreséion for Pe is derive?. ‘ o/

J—



The linear approximation of Sg(6) from §; tdbel is,
b

by first order Lagrange interpolation, b . ‘

S : * e -8 e -9, .
8.(60) =5 . __. -~ +8 :
9 . 6 0 Y " R 9‘. - *
6,-6 .7 -6
' 8. .,=S_.." 5..6,-S..8 .
817760 o . 801 e} 0 . ae + B.
e, -0, ,-9, :

. , A
‘The integral over this interval.is then

7
PRSI ope s B U b i

Y

o1 . % 1 ' T
(A©+B) 8in6dé = A 6s5in6de + B 5in64e ', ;
60 ‘ . 60 | 60 Co ) ,
‘ 8, : 8, ' :
= A | 8in6-6Cc088| ~ + B -cos8 . o i
) o o eov . -18, )
T - .= A (sinelfbdn90+eocaéeoielcqsbl)

.+ B (?oaeojgosel).

o

some manipulation simplifiﬁslto

561 5e0 co
8, -8,

(sinal-sineo).+ Seocoﬁe

) ,
. %
-~ . 1? ;

i
!

i

“

|

4
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A simplification of the above“ exbressioﬁ was -

discovered by the author and will be implemented in ISOLEV

in the near future to ihprove the computations. Cancelling

252 ek Tt

out of terms becomes obvious when the sum 1s\explicit;y

-2

©

listed as follows: ‘ , . .

¢ ‘ - g

f?i:?9° (8in® -siné'f + 8_..cos0, - é'.cose | ’ :
. 1 0 el 0 el 1l -
e, -0 . ,
} 1 0 .

S.,~S N '
82 “el - : p
0, -6 > . . . ¥ . ,
2771 b
S..-S - . C
€3 “e2 . -
4 P_—— (sine3-sin62) + Sezcose2 Se3cose3 . . ’;
3 2 N - ' 1 .
N 3
3
X

y i-1 (gine,-gin6 ) : ‘ L
.'i=1 @, -8 4 i-1 '
1 i 14 . : |

is ﬁef;ned by the telatiénhBisozlzqo = P/47T(, from which-
E{so -‘1/qu/2TT. This\field value is gsed by the pattern

comparison program PATéMP, which is used for most fiéurés in
part two of this work. The program compares on the same

pola§ graph equiyalent patterns from two solution fileé. If

!

PO N

'this comparisoR is to be at all meéningful, the différence

)
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-original expression

90

that might exist in the power ievels of the two solution
fi;eé must be compenéated’for by proper relative scaling of

the . patterns. PATCMP scales the two patterns compared so
o '

“that the two isotropic levels coincide on the polar graph;

»

thus it looks as .if the two sets of patterns radiated equal

amounts of power.

The Military Standard Mii:A—QOBO (USARY)

e

A standard set of 2l—azimuth patterns from fheta =0
§oq180 degrees is in use at the EMC Laboratory and is listed
in Table 2. As the table .indicates, the set is character-~
ized by’ approximately constant incremeﬁts.of 0.1 in cosé.

This is in accordanée with the military standard MIL-A-9080

(USAF) .and has théradVantage of a simplified calculation of

radiated power, as explained below.

Since d(cose)/de = -sing, it follows that in the

|
1 STT . i

P, = — S,(8) sinede, oo
e '%10\.9 . ) p

8inede ,can be replaced by -d(cos®) and the 1limits of ‘in-

tegration changed from 0 and 7T to cos(0) and cos(TT):

-1 (-1 1 (1 : .
‘pe - se(e{ d(cosg) = ——éS Iosg(e) d(cos) .

% 1 . Vo -1

N \ ' .
If now the MIL-SPBC angles are used, Se is known at constant

L
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A . ’ ' . ul"v‘ " . .
increments of .l in cosg, and%§he standard trapezoigal rule

-

‘can be used: l . . \i '
a 1
| 19 , * - Cd
' 1 .1 P Z e - ) . | 3
P, = — | Son + 25,.. + 8 : f ‘ g
) ( @0 oi ezé)" ~ ‘ 3
No 2 i=1 : | %
TABLE 2 . §
" THE 21 MIL-SPEC ANGLES AND THEIR COSINES ] %
_Theta no. Theta Cos(theta) ' i
& 0 0 J1.600 |
1 25 .906
| 2 37 799 7 :
X 3 .45 <707 ' )
- 4 53 602 b
5 . 60 - .500 N :
‘ 7 72 .309 . - o
: 8 78 .208
\. . : g . . 84 .105
, 10 90 .000
t | oo 96 ~.105
, v 12 . 102 ~.208
! .13 108 -.309 .
14 114 -.407 - -
. 15 120° © =.500 - S
. , : 16 - 127 -.602 S -
S , 17 135 ~.707
. ' 18 143 ~.799
o 19 155 ~-.906 |
) - 20 180 1=1.000 ‘ ¢
. ', |

3 In theboriginal version of ISOLEV by Bahsoun, 'surprisingiy

. #ndugh, the highet-ordér approximation of Simpson‘s compo-

Ll

‘site Tule was in use:. . - R
( - N ‘. v

- 10 9
N l ll N .
P, % — — 5., + :Z: 4s :E::_zs L, + 8 .
° . 3 (eo, i ez\r-dv‘b ‘= “e21 ezo)
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A supplementary reasoh for using the MIL-SPEC angles

is that ISOLEV cannot yet compute the three aircraft assess-

ment parameters for a set of angles other .than the standaxd

set. Therefore the next section dealingxbith the assessment

parameters will assume the standard set of dngles.‘

HF Aircraft Assessment Parameters

¢

When it comes to judging the adequacy‘of an aircraft

model, the antenna engineer often has no choice but to com-

ISOLEV offers as a practical ﬁolution is the computation of
three assessment parameters that use the pattern integration
introduced earlier. This ;rovides a summary of the radia-
tion characteristics that helps in thé discrimination pro-
cess and at the same time gives an indication Af system per-
formance. )

The assesdment parameters are Based on the neeé to
maintain ‘adequate communication beyohd the line of sight.
That is because aircraft, and particularly the CP-140 1long

range patrol  aircraft (see Part Two), are often ff;wn at 16w

altitudes but at large distances from the reqei&ing station.

are the ground wave mode and the skywave moée (Bahsoun,
1982). A ground wave is most suitable for a highly conduc-

tive giound such as sea water; this also 'applies to the

‘pare magsive amounts of measured and computed data. Wpat'

. The propagation modes that are effecgive in these conditions

Rey

R -

Fed
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CP-140 as it is being used for undersea detection and coas-

tdl and arc¢ patrol. ] - _

' Adézfite coverage in ‘the theta = 90 plane alone \is

not a.aufficient‘reqﬁfrément to excite.the ground wabe mode

because of the manoeuvres.thaf aireraft usually perform. A

study' of HF military communications requirements has deter-

" mined that good communication should be mégntained over the

sector +/-30 degrees from the horizontal, i.e. theta = 60

to 120 degrees (Bahéoun,.lssz). ﬁence the R.P. efficiency

np is defined as the percentaée of the total power.being ra=-

diated in this sector. This has be;ome a standard in the

- aircraft industry, and may be thought of as the percentag;
of useful poﬁer. %:Epematicaily, this can be expréssed as

o Y
!

2T/3 (2T E62(9.¢)+E¢2(6.¢) -
X S a¢ sinede

e=Tr/3 Jg=0 2n, ‘ xn;os
LI oT Bg? (6,01 48,7 (0,0) . '
S X : dp sinede
Je=0 @=0 290

- ’ The standard set of angles is particularly suited to
‘ R.P. efficiency, computations since it specifically com-

btises the patterns limiting the desired sector. Denoting

useful power Pyr N)p can be comguted &a\\\i\\

Fy

.

Y)p.- P,/P * 100&' :

. where P = Pe +'P¢, and similarly PuL- Pue + Pu¢' the sum of

\ .

P

i e = s

f
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its E-theta and E-phi.contributions. These can be obtained ot
k!

”.uaing.the trapezoidal rule in conjunction with Tablg 2:

IRV

yor

P

Z 25 + 8 \ g . i
ue " r)o 2 (95 i 6 ei 015)' ) - "

e Ll B

a \

1
Pu¢ ] -'7-; e ¢5l’ Z ZS¢i + S¢15>

This qggld\QQE be as straightforward for a' general set of

e
o azimuth patggrna\\not comprising the angles 60 and 120 de- ~
grees. ’ ) : . 3 o R
- Because power is rapidly attenuated .in the ground
wave mode when the electric fields are horizontally polar-
ized (Bahsoun, 1982), the performance of the antenna is op- .
timum when as much power as possible is radigied in the
vertical component (E-theta). Therefore a percent E-theta
parameter is .defined as - o T
_ﬂ——j/
T (27T E (G ?)
————_.. d@ sinéde
=0 Jg@=0 .270 o ' R
8Eg = — =5 3 ‘ * 100%., .
v ZTT’EB KG'¢)+E¢ e, ’
) . . dp sinede
980 ¢‘0 270 "o
» =] .
' This gives the ra;io of the power contributed by the verti- -

N
cal field components alone to the total power, and can be

- N

computed as



Moty

‘Eg = PJ{{PD x 1008. ' B

The last parametet, the useful percent E~theta or
suB—tE-theta, is equcia.li\ useful since it examines the )
above two requirements: that power be radiated in the use~

| fuX sector and in the verticgl,polgrization. ‘It is denoted
tEé* and is defined as the peicentage of ’the-'fgsal - power
that is radiated in the sector theta = 60 te 120 degrees and

1n the vertical polarizationz

- | 2Tr/3 2TT‘E6~(3.¢) .
: d¢ sineds }
$Eg 5 3 —g— % .1008%.,
TT - 2TT Eg (6,¢)+E¢ (e,9) . ‘
' : ; ap sinede - ~ '
e=0 gm0 2n, . . ‘ & S
With the standard set of angles, this can bg computédlisi ' ? v
Y a 1008, :
. In the case of inadequate §round condubtiviiy, a 3
' . " , K
skywave mode- of propagation dominates. This requires radiar- . )
& . o . i
tion at high elevation angles, but as Bahsoun (1982) showed !
for a number of helicopter antennas, high'elévatfon angle ?
: 4 4 ' i
radiation is present with the HF wire antennas of the CP-140 .
'(Part Two): The polarihat{én radiated is also arbitrary be- e !
. et 1
‘cause of the poiariza%ion fotation im the Ionosphere ~(Bah- f
sqngj 1982). Therefore the'thxee assessment,parametets com- i
/ pdled by ISOLEV do provide accurate indication of HF antenna

0
. . ; . “

-~ . n
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e

-
-~
e

~
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performence for this work.

Program EFAR

EFAR (Electric Far fields) (Bahsoun, 1981) is a pro- .
éram that® calculates far field radiation patterns from a
given-current_distribution‘pn a wire—grid model. It reads a
geometry ‘and its indnced Qire.currenfs from a NEC solution
file, and allows the user to soale-qnx wire currents by any:

factor}'inclnding zero, which has t#i ef¥ect of\deleting the
A .

currents. A ‘new solution file is then recopied with the

corresponding patterns now computed from the modified set of

currents. This is useful to determine the far field contri-

bution of”  selected wires, or the effect of a small current

e °

perturbatibn.

[4

Bahsoun wrote his initial version as a function of

the Antenna Modelling Program AMP, the predecessor of NEC,

~ and other students ‘in the mon@hs that followed modified the

program for compatibility with NEC and use on the Cyber com-
puter. By the time the’ author resorted to EFAR for analeis

of currents -on a recent ship model, changes in laboratory
L o
format conventiona had outdated the.ptogram. ' )

( A cdhptete‘rewrite was s;arféd to improve the- _pro-

~o_
gram _strucfure and facilitate the addition "of needed
features. In ‘the process; the validity of the theoretical

formulation was examined and_improvénenqp\Were brought to

%
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. .enhance the computational efficiency.

Theoretical Formulation ‘of EFAR

Bahsoun in his original report on EFAR (1581)

' ‘derived an expression for the far field of an infinitesimal

o

current element with arbitrary ‘locatidn and - arientation,
The sta;t;ng point for this was the far field expression for
a ;-di:écted current element Ids located at the origin, - as

shown in Figure 27a:

. dkng endkr A .
dE = ___ sine e Ids. FE
477 r .,

If the current element is now located at T' ' and

directed along unit vector S, as shown in Figure 27b, the

‘expression must be reformulated for computing the field in

the global coordinate system, phase referfed to the origin.

From the figure, sing = Ig x ﬁ], or using the parallel ray
A

approximation, sine = |§ x ?l. Unit vector © is obtained as

n n I A )
xR =g xr, where

~_n ~ N A A A -
A 8 X R 8 X 1 A (e xr) x r
§= = = TR . Therefore 6 = ——, from which

lsxR' strl . 8 X r

n ~ " PS . ' »
8in@ @ = (8 x r) x r.. co o .

By the parallel ray approximation, distance R cﬁn be approx-

imated by rfd, where @ = ?'-?. or the projection of vector

\

h 4
" s mi;.uw;..x.-’a«' b
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o~ "Pig. 27. a) A z-directed current- l:lemlmt:~

at the origin, and b) its use in deriving the far | - :
field of a segment o a:bittary 1ocnt:l.on e : :
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T’ onto vector r. Therefore

b

L A
Rer - rter,
- s

This is used in the phase term but is apptoximaéed in " the

.denominator as S k7

R=r¢r

R 1

since in this case, only ﬁhe.amplitude is affected and r >>

T'. T, Substitdting -the above into the original expression

givgs i
-k (r-F'+ T) |
— k e .
= ;_ngtg’x @) x r Ids '
4TT,/”“* . r .
- -'kt
jk J .0
qb«4s ” T) %.T ' ej”ti T 1as. -

47T - r

.If a unique field value is desired gdr each radia-

-jkr

tion direction, the tgrm e /r must bé'drépped, as it is

" done in NEC and MININEC: ‘ ,

jk .
dE ---29 ('s‘xr)x r ejkr'rrds.

The variation with distance ' ‘then becomes implied in the

'nume:ical‘field values.

A numerically simpler form of the above was obtained

by the author. through the vector identity (K »® E) X C =

S

b AT T

AT g

EETRST
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B(A-C) - A(B-C) (Spiegel,.i§58)- Thus

Y A N ”~ PR o S N . Y A A ”n N n
(B X Typx T = T(8+r) - B(E-T) = r(8+1) - 8,

g i

) and

- 3K n - A ,
dE = __29 [r(gor)-s] edkr'er 14g.
417

o

This expression may serve as the building block to derive
the radiated fields of a wire segment. ' .
The theoretical formulation of EFAR must correspond

as well as possible with the far f}eid formulation of the

_ antenna analysis programs if reliable .ﬁattetn comparisons

Ty

4

.

{
}
7
5

are to be made. In these programs, because of téétrictions
?on the wavelength to radius ratio (Chabter'l), the effect of

wire radius is neglected in the far field computations.

\Q\nce EFAR must obtain the far field of a sebment by a sim-

ple line integral along the segment axis, as suggested by

uFigure 27b. The £igure shows a segment of length'

.} centered at T_ and directed along unit vector 8. Summing

the contributions of the current elements, the . total far

©

§leld is obtained as

- Ik e PR :
E = -—2- [r(Sor)-s] S ejkt r I(s)ds.: : ‘ .
4T -

i

. N - c
To express the ingegrand in terms of &8, r' can Dbe replaced




’

by E& + 88, in which cdse s ranges from -A/2 to O /2. This

gives . ‘ o ¢
- kr) . (A2 3k(THe8).T
[r(s-r)na] e | I(s)ds
S AYZ ] '
) - N
jkqo Y. Jkr.r

L JELaY § (8.1} -8] e F(I(8)).,

where F(I(s)) is an integral function of the qurrgnt,distri-’
bution given by
. A/z AA
F(I(8)) _-& k88T 1(g)as.
, ~0/2 | ‘ ,
The problenm tha; arises\ in évaluating F(I(s)) is
that solution files~éuppiy only the current at the cqgget of

. a segment, tha , at s=0. EPAR copes with this by assum~ ,
). . /

ing the current distribution C - o /
. R - , . R . ///
e = cr(o) Abo), ‘ | o
where C is a scale factor that can be specified by the user. .’ .

This is equivalent to a curtent element located at 3-0, and ‘
.with current moment equal to that of the‘aegyent if it hadga
. uniform current distribution CI(0) fhtoughout; OEheg cur=~’
rent distributions can be assqmgd.,but this one has the ad-
vantage of resulting in the simpfest formulation possible. -

insérting into the integral, the sifting property of the -

- ’ v

_, N | ¢ , 101 ;
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///delta function gives

L]

jk(O)s T

F=e CI(0)D =CI(0)A,

s -

and hence the far field becomes

3KT o T

kl)o AN A c C1(0) A.

E - [t(s-r)-s] e
4

¥

This expression was further improved by the

jk JKE. T ' -
70 1e(A: r) Al e .° cr(o), >
T :

o4}

~

where A= AE is the vector from the start point to the end
éoint of the segment and is easily computed by substraction

PR

of end coordinates. Unit vector ? is obtained from e.ahd [}

as ,slnecosﬂx + sinesin¢§'+ cqéeg, by standa}d‘conversidh of

‘coordinates. ‘

( If the contributions of the N segments of the - model
.are ’added up, the total far field ;nAthe direction defined

by T becomes

S Tk
LE= __29 :E: [r(zsi-r) -0 ) e
» o 4TT i=l

-"x"“;Eﬂ+ﬁA
! ] = Exx Yy zz.

The E~-thetaand E-phi components can be obtained by project~

7 4 . . [y

e

authqr:
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ing E on the unit vectors e and P respectively. These are

given by

A [ la)
e = cog@cos@x + cosesin@y ~ sinez,

L
P = -sip¢§ + cosﬁ?.

Hence .
»

- N v
Ee E + 6 = E coscosf + Eycosesinﬂ - E Si"e'__./

_. ~n

—E sing + E_cos

. -

Validation of EFAR ( ' s
- . .
. A test%Fhat has served to validate EFAR is to exe-

cute the progr;mmpn a wire-érid model with its unper turbed
NEC or MININEcvcurgéﬁtg, i.e. using C;=1 for i=1 to N. The¥
patﬁerns thus computeé“apy EFAR are then compar;a with the
original patte:ns to see ho@aclose they match, This test,
vhenever it has been conducted, has resulted in n;arly per-
fect agteement of patterns on linear scale plots. The proofs

18 nevertheless incomplete and it can still be feared that
thé formulation will fail under Bpecfal circumsﬁgnces.

fﬁvestigation was(yéde by the auéhér intb the effect

. of neglecting segment ;engths in the f&rmulation of EFAR.

For this purpose the more realistic current disttibuti&n

I(s) = CL(O0), ~A/2 <8 < B/2, R i

[

- was assumed- for tripl. This distributes the current moment

¢
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. _'E-(sin9coa¢§+sinesin¢§+cose§) = cogfd, and k = 2TT/>\. The

«
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>

'un:lfon_ulir over the Bsegment ,length. Substitutiné into the

s
'

Vexpresslon for F(I(8)).,

XA/z (JksB 2
-8/2

jksg-?

Pn

e
, CI1(0)ds = CI(0) [
. / . *

JA/z . 1
jk8.T J-Ay/2 f
28in(kAB-T/2)

A A
ks.r

QJkDB-T/2_ =3k AB.T72

= CI(0) — -« c1(0)
jks.r .

»

sin(kAS-1/2)
kAS.2/2

= CI(0) A = CI(0) D Sa(kADB-1/2)
where Sa(x) is the sine.-over-argument function “sin(x)/x, il-
lustrated in Figure 28 over the range .x=0 to TT. ’

“Tt}‘gx;'efox:e the extra term Sa(kAQ-Q/Z) is introduced

ot R e et R At ke beRAD

as compared to the current element case. To appreciate the

-

PR

effects of this extr assume for simplicity g

z-directed segmeny. The normaiize& E-theta pattern result-,
1n§~frqm the cyfrent element approximation-is known to be h K
Eglo) = sine. L _ =

{
pr with the uniform current distribution approximation,

[} . . .o , ‘
‘this is scaled’ down.by the term Sa(kD&-1/2), where §-T = L3

scaling term then becomes Sa[(A/A)TWcos8]. It has a maxi-
mum - of one when the ,argument is zero, i.e. ' o= /2.

Therefore the normalized E-theta pattern becomes simplx\r// (-\

A ANBRET ST wllh # s ekt Falont B kw3 3 L p
.

" Eg(6) = sine sa{ (D/A)T cose].
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SINE~OVER-ARGUMENT FUNCTION SA(X)
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~ B ' Rig., 28. ‘Graph of the sine-over-atgument funo~. .
tion over the -interval (0,T7). & .

The effect of the Sa term is stiongest when the seg-
ment 1is as long as is permissible, that. is:‘0.2>\ (Chapter

I). This brings the argument to a méximum of(Z.Z)\ , causing | "

-

the Sa function to drop as low as 0. 935 (see Figure 28) . In

.this worst case’ the normalized pattern is

-

Ee(e) = gin® 'Sa(.ZTT cose) ¢ ' v

and Figure 29 compares this with the current element pat--

-
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'tern. The small pattern difference that appearsdid not

neem sufficient to juatify the introduction of the 8a func-
tion. into the formulation of EFAR _and the subseguent in-

crease in compute; time.
-vr'ly N
""S‘ *

——ﬁ-r"us: - CLIA Slo:
C e — = IIS) = Cl(O)

1.0
Foaf

0.8}
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—
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0.6 -
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NORMALIZED FIELD PATTERN
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. O 13 30 435 60 75 €0 103 120 133 130 163 180
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i

Fig. 29. Comparison of the normalized far field
patterns of a current element (solid 1line) and a
.2X\ segment (dashed line) . ~ ‘

= [}

'It has been complained in the past that EFAR wouid

not accurately reproduce radiated  fields in the null re-

. EY
gions, wiuﬁ?’ visible consequences on decibel plots.
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Suggested solutions to the problem cell for the use of more

second time after negating I(0) and the z components of T

| “~ | , . v 107
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realistic current distributions.oncthe segments. The ideal
éption is of coursg\t}f\eﬁact recovery of Ehe ’c':un:ent basié
functions that yére computed by NEC or MININEC.. However,
linear interpolation oé current from one segment center to
the other would be easier t':': program, and the ‘s\cheiné would

be independent of wefpar‘ticulér antenna analysis p:o‘gra\m

that was used to obtain the currents. ’

) -

Effect of Ground Plane CoAN

The major enhancemeﬁt brought to EFAR by the author «

-~

is the ability to detect the ground plane option in a solu-

-tion file and to take appropriate action; By image theory.

(Stutzman and Thiele, 1981), a segment over a perfect ground

.plane can be replaced. by the segment and its jmage both in

e ’ 7 o
free space. The image is _simply a mirror reflection of the
actual segment carrying the negative of the actual current.
This is illustrated in Figure 30: .

Thus the presence of -a g‘roqnd plane effectively dou~

blgs the number of segments and the computation time. For a

E given segment, the far fielg expression must be evaluated a

) C
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and s. ' s
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fect ground plane,
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a) Current-carrying segment over a per-
and b) equivalent reg-spacersltuation. ‘
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THE P3V-1 HF INSTALLATION o

X

' " ' The CP~140/Aurora is'Canada's'modetn long range pa-
ltrol aircraft, whose connterpart in use by the U.S.' Navy
and other nations is c¢alled the P-SéVOrion. <The complementv
of avionic equipment - and cné antenna 1natollhtion on this
specific airframe have been(updated many times sinoe the

I

days of the ‘commercial Lockheed “Electra®. Wire antenriag

,/’/;;;;iﬁntroduced on early versionsagf the airframe to provide
the “important long-range communication capability. The

y
CP-140 presently features a dual HF installation consisting

- of port and starboard wire antennas of dissimilar lenyths.
‘ ' fhe overall objective of the CP-140 ptoject wes to
derive’computer‘ggdeis that could be used in the enalysis of
- _ the operational performance of the HF systemf Thug the

thrust of the. modelling effort was to be directed at the

testing of the modelling topology and modelling guidelines

- that would produce tadiaticn patterns ‘(and impedaqce) over '

? the HF band, 2-30 MHzZ, closest to measured results.
. Some time ago, Lockheed undertook radiation pattern
meaeﬁrementa on a scale-model of the P3V-1, the first mili-
tary version of the airframe. The data became available to

. - the EMC %gboratory through Lockheed Report, LR 13565 (Archer,

A
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196I); The HF configurationbconsisted at that time,oﬁ nporé
and atarboaré wire ‘antennas of identical lengthe. Modelling

work was'nevertheless started on the P3IV-1 configuration of

BF antennas because experimental data were not available for

. the ptesent configuration.

D)

The Meésurements

The P3V~l HF antenna 1gatallation is shown in Figure
31. It  consists” of port and starboard wire antennas with
feed points at the same fuselage station (FUb STA 452) and

approximately 38 inches-off the centerline. On the actual

. aireraft they terminate at ;he same vertical stabilizer sta-

tion (VSS 191) in a V-connection of insulatora that

separates the open ends of - the antennas. Oon the ecale .

A

model, however, the' starboard’ anteﬂna was connected to VbS
129:and wag thus approximately 35 inches phorter (as Bhown
in Figure 31). This charnge was made to el}minate any posefh
ble chance of the HF installation interfering with the

operation of the deicer heating element on the leading edge
: - 9

of the vertical étabilizer?(Archer, 1961). It is not known

whether each antenna was méasured with the passive antenna
installed\or not, and if 80,.whether the latter was shorted

or terminated in 50 ohms. Cruising conditions were gimulat-

ed in the measurements,,which is equivalent to fhe default

condition of the antenna analysis programs ‘(Eree space).
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The same measured data were available éor . both an-
hﬁéﬁas 9na fbt each of the even frequencies frpm 2 to 24
MHz. The E-theta and E-phi patterns were available in- the
cdts phi = tou and 90 degrees, and theta = 60, 70, 80; 90,
100, 110 and 120 degrees. Supplementary " E-theta patterns
were also avajlable in the cuts theta = 50, 75,-85; 95, 105
and 130 degrees.\ Patterns were in the claasié analog polar
Plot form, and therefore had £§ be m;nually*d;gitized (via
digitihihg tablet)‘in order to prbduce the pattern compari-
sons that follow. For convegiencebin pattern display and
f}le sttucturg, the E-ph; patterns mgtching the supplementa-

ry E-theta patterns were artificially generated by interpé-

" lation and extrapolition. Isotropic levels and perébntage ‘

of éross~“pglarﬁzation (3E~phi) were also available; hence

, 5 . . .
E-theta percentage could be oBtained -as 1008 - $E-phi.
finaliy, the essential secg}ons of the 1mpe5an¢e curves were .

available over the range 1.6 to 25. 4'an. Thése hhd to be:

digitized . as well for . the purpqses of the impedance diaplay

program DIGIMP, 1ntroduced in Chapter III.
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Model Generation

The starting point of model generation for antenna

analysis putposes was a detailed wire-grid modé; of the
CP~140 airframe that had been digitized from a plastic model
kitx Having not' been constructed .with M.O.M. testing in

view, the moéel was, neither elecgromagnetically' equivalent

“to 'the actual aircraft nor suitable for NEC analysis.

~Nevertheless it was to serve as a reliable’ reference for fu-

ture model“?ﬁsgloﬁment. After close examination by the au-~
thor, it was found to contain a pumber of anomalies in the
windspield, the engines‘and the fuselagé connections of the
wings and stapilizers. “These. were correcte@ and the result-
ing model is contrasted with the origiﬂal one ‘in Fiéure 32;
it is now‘appropiiatelx referred to as the "public rela-

tions'u(ék) model. . ' : ‘

.
-4
)
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Original PR (public relations)

model and present version with anomalies corrected

32.

Fig.
(winshield, engines, etc.).
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Thin stick modeie

Models of simple “topoY¥ogy are attractive because

they are easy to generate and fast to uee with antenna an-

.alysis programs. Since computation.time vatieef;z approxi~ .

mately the cubed power of the ‘number of segments, simple
models are relatively inexpensive in terms of CPU time, as

compared to more complex ones. Along this line of thought,

‘a first P3v-1 model was built with single wires along center

ines of the main features of the aircraft. The result ap-
¥e
pears in Figure 33a

The geometry file wag created by hand, the necessary coordi—

nates being extracted or derived from the PR model and an

" antenna arrangement print for the P3V-l1 airctaft.

-~

The stick model is oriented in the positive x direc-
tion ln accordanée with laboratoryﬂconventions, and the ori-
gin is arbidrarily located at the junction point of (;5;;
wings and the fuseluge. Since in practice the wings connect
at a level belewctﬁéaﬁgis of the fuselage, a compromise was
made by lowering the wire for the fuselage to the level of
the tip of the aircraft's nose, and by raising.the wings to
the same level. ‘

With the intention of testing flrst the port anten-

na, it was connected as shown to the fuselage by a radially

\

‘ directed :eed element 1' long (the source segment), and was

‘ terminated 2' away from the vertical stabilizer to accourt

' t
»”
. .\
N
- P .
K 1

d is referred to as a 'stick' model."

H
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for the insulated portion.. It was logical to assume of-
. course that the starboard antenna (passive) had been left .

installed during measurements of the port. antenna, but

‘without.Athe possibility of cerroboration, all possibilities
_ ha§ to be coneidexegA~\Eenee the starboard antenna was ini-
. © tiaTly left out.
e Radius coﬁsideratiogs we;e neglected ‘at this stage
'by‘ assuminéla uniform value of .0l m throughout, making the

, model a “thin" one. Wires were segmeﬁted enough 80 as to

“~ not.4Xceed the

O/ ratio at 2 MHz  of

.2 criterion at 30 MHz, the HF frequency of
smallest wavelength. This resul;ee in 65 segments of - mexi-
mum  lengwh ,.2(c/f) = .2 (300 Mm/8)/(30 MHz) = 2 m. This

‘made ,the‘ feed element the shortest segment, with-- a

( 3048 m)/(300/2) = ,002, which

but in-

still exceeds the recommended lower limit of .001,
troduces seg/seg errors at the wire ends. For the purpoges

of this work, the thin model with one antenna (port) will be

“ e e etk

referred to as model Tl..
4 ~ -
To account for the possible presence of the star-

-

board antenna during, meaaurements. a new model was derived
L by adding to model Tl the starboard antenna shorted. This ' 1

added 13 segments, bringing the total to 78. The resulting

3 e e

geometry with both antennas is illustrated in Figure 33b and
will be called model T2. To model the third possible stateﬂ

of the starboard -antenna and thus complete the vipyestiga-

v
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S~

. . . . .
tion, a load of 50 ohms was later added to the starboard

feed element of mod’el T2. Of éoursé the re‘sulting loaded

model, which will be called model T2L, still appears as in

o

. Figure 335.

o~
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f - Fat stick models

Differences between computed and measured results
T | lead to an examinatlon of possible patameters or topology“
that should be varied. BHence it was deeiﬂéd to select new
radius values thaé would be within the limits of tpe,isoper-
iﬁ?fgiq inequalities (Jaggard, 1979). The lowe; aﬁd upperfr*

‘ radius 1imit§ are Buch that cross-sectional areas and perim-

eters, respectively, are presefved. ‘To be on the safe side

in regard to NEC modelling guidelines, Ehe lower limit was
obse;ved. Therefore three new models cotresponding to the
earlier thin ones were derived and are illustrated in Figure
. 34. They are iefe}fed to as the 'fat"or “"tapered” models.

The cposs-sectional areas of the fuselage were estimated (
from the PR model, and for lack of detail those of the wings o

and stabilizers were measured directly from the plastic

* . ~
7 SR, MW e St AR o R e Gihs 3

. . model kit. The resultifg radius values were then scaled
down by a factor of .928 in a desire to keep the seg/rad ra-

tios greater than or .equal to one. Note that this is in the" S

~ n

kel B AP AT

wa:ding zone of program CHECK. The radius of the ‘antennas
was kept at .01 m,-but feed elgyepts had to be lengthened so .
that they would emerge '1' from”the surface of the fusela;e. ‘

) | Taperinhg of the radius along wi:es could have been . " i
readily achieved by insertion of GC lines in the geometry k |

section, but the resulting fo:mat would have becotie 1ncompa& | P

tiple vwith‘ the existing quel.display softwate. Qhetefore )

)\




. - the segments of each wire were redefined as indeéendenﬁ

wires o that they could be assigﬂed differeng}radius
§
valies: This incteaqedfiﬂ;'npmbet of wires but aia not _af-

fect the number of segments and hence the execution time.

Lengthening of the feed elements-effectivély removed

the seg/seg errors at the,nodea, but caused tﬁécmires to

slightly exceed .2>\ at 30 HBz. The 1arger radii on gpe

rest of the model fhtroduced obvious rad a errors at t?e

antenna feed points, capged the qu/rad c iie;ion to be

violated above.6 MHz, and‘higsed some wires become embed-

ded inside the fuselage (feed elements and first: wing seg-

‘ments). These.various incompatibilities were tolerated‘fo;

the purpoées of initial testing. 1In the sections that fol-,

5
¢

ﬁ Ll il ~—
low, the fat models will be referred to as models Fl, F2 and.

¢
F2L.

bilities, a last mo

In an attem:c to remove sone” of the above in mpa"!ti—‘

1 was deriyed from model Fl by
the radii along the fu%%lade.

- 35, A fixed ¥adius value corregponding to the maximuh ra-

dits of the wings was used from the ti £ the nose ‘té the

vertical stabilizer. This caused the wavXrad criterion to

be satisfied at up to 12 MHz, and the center of. the feed o

eiement‘ to emerge outside of the fuselage. This revision ..

will be called model Fl'.
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Radiation Patterns BN ,

rs reported below, excitrtion was applied to the port anten-
- na, and computation of principal plane plus MIL-SPEC radia;/’ =
tion patterns was requested. Typical running times were of
the order of 50 CPU seconds. - Model Tl was tested first at
even frequencies from 2 to 12 MHz to permit comparisons with
the available experimental data. Measured and computed 'ra-
diation patterns were compared in the principal planes as
shownlin Figure 36. The location of lobes ‘and nulls are .
1 typical of the HF antennas on this airframe, but agreement
in an absolute aense~cannot be expected, and in some cases
the results can be misleading. At 2 MHz, severe discrepan~
cies are observed in the relative E-theta and E-phi 'levels,
and there is a serious difference in the E-thera pattern
tilt angie for the phisqﬂplane.l At 4 and 8 MHz, however,
the agreement is.good, and at 6, 10 352,12 MHz, the ag;ee-
ment is fair. ] .
Model T2 waé tested at gpe same frequencies as for
model Tl aﬁd principal'plaﬁe patgftns were obtained. At 6,
8 and 10 MHz, the patterns were simila? to those of model
T1,” but not so'at the other frequencies, as shown in Pigure
37. At 2 MHz, there is a slight improvement 15 pattern

agreement, while at 4 MHz, there is some deterioration. At

12 MHz, still greater difference is found but the’ pattern

In all P3V-l model testing that was carried éﬁ and_ . 5

)
M ‘.
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1
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. agieeﬁent is. coméatable on the average. These seemingly
contradictory results did not help clarify the stdtus of the

starboard antenna.

r‘> ' To inveatigate further, model T2L was tested at the
frequencies at which models Tl and T2 had differed. The

principal plane patterns at 2 and 4 MHz appear in Figure 38.
At 2 MHz, the results are similar to those of model T2,

which had been superior to model Tl at that frequency. At 4

MHz, however, the results are similar to those of model TI1,
! which had been superior to model T2 at that frequency. This ?
’ , ‘ . &
‘alone favors model. T2L and suggests that the starboard an- °

-tenna had been terminated in 50 ohms during measurements.

No conclusions can be drawn from the reauits at 12 MHz.

Differenqes in the patterne of models T1 aud T2' are ‘5
a consequence of mutual coupliga between the port and star-
board antennas, which might interfere with the operation’ of | 4
the HF eystem. To fingd but whether this phenomenon occurs

P

. to any. greater extént at intermediate frequencies, models Tl

and T2 were tested at 5, 9, and 11 HHzf Negligible coupling

’ was detected at 9 MHz, but strong coupling at 5 and 11 MHz
o as shown in Figur: 39, . ' : .‘\ ;

Model Fl was tested next at even frequencies'frem 2

to 12 MHz, the Ex}optipn being selected to account for the

low seg/rgézratios. The principal plane\'patterns obtained

P . .
are shown ‘in Figure 40. The pattern agreement shows sub-
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stantial improvement over model Tl at the three lower fre-

quencies. At 2 MH2 1n parttculn:. the tilt angle of the

' E-théza pattern in the phi=0 plane is improved, and at 4

MHz, the agreement of patterns becomes very good. It fol-~

‘ lows that radii tapeted to correspond to aircraft sectional

areas produce better results than a small uniform radius.
, - '
At the higher frequencies, however, the pattern agreement as

a whole is not\improved; This ﬁiy.be attributable to the
fact that the wav/rad criterion starts to be violated pas€ 6
MHz. . ‘

Model‘F2 was tested at the usual fiquencies and its
patterns were compared to those. of model Fl. Inter-antenna

o

coupling was apparent at all frequencies, but to various ex-~

tents: weakest at 2 and 6 Miz and strongest at 12 MHz. . As -

in models T1 and T2, it seemed impossible to conclude any-

‘thing as to the state of the starboard antenna. Figure 41 .

shows for example a deterioration in pattern agreement'at .8

MHz, - and an imprqvemeﬁg at 12 MHz. Model F2L was tested at .

these two frequgﬁcigs, and the results did not- permit . £he

‘drawing of any ‘conclusions.

As for the thin models,” a search was made for fre-

quencies of greater inter-~antenna coupling. Models Fl and

N

F2 were tested at 5 and ll,MHz because.of the precedents in :

thé "thin. modellcase. Coupling was cather” ‘weak at 5 Mﬂz but

extremely strong at 11 Mﬂz, as shown in Figure 42,
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A single test was made.on model F1' at 2 MHz to de-
termine if anything could be gained from the smalier rad/seg
‘ratios along the fuselage. The results that appear in Fig-
ure 43 are intermediate in quality between those of models

#pl and F1; hence the model was not tested further.

, To illustrate the use oflaltitude plots ig pattern
coméa:isons, Figure ¢4 shows the complete set of measured
E~-theta and E-ph@ azimuth patterns at 2 MHz, as éompafed to
the .computed reéults of models fl, Fl' and Fl. Only those

sconmputed ﬁitterns from theta = 53 to 127 §egrees até plotted
because this\set of MIL-SPEC angles closely matches the set
of measured patterns avaiiable. making direct comparison

possible.’ . The layout shows clearly the progression in pat-

- R
tern .quality from.model Tl to model Fl.
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'~ Fig, 36. Comparisons of measured and com- .
puted principal plane patterns for model Tl at 2 and.
4 MHz '
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Fig. 36-continued. Comparisons of measured
and computed principal plane patterns for model T1
at 6 and 8 MHz S ~ , :
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} Fig. 36-continued. Comparisons of measured
. and computed principal plane patterns for model T1 .

at 10 MHz Lo
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. Pig. 37. Comparisons’ of measured and com-
puted principal plane patterns for model T2 at 2 and'
4 MHz . . - T ]
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: ‘ Fig. 39-continued. Principal plane pat- .
. ‘ Lo terns of models Tl and T2 at 11 MHz . o .
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Fig. 40. Comparisons of megsured and com-
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. Fig. 40-continued. Cqmp‘ai:isons of meas’tlalryﬂ'~
and computed principal plane patterns for model Fl
~at 6 and 8 MHz
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‘ Fig. 42. Prin
. models Fl and F2 at 11 MH

cipal plane patterns of :
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Fig. 44. E-theta and E-phi altitude plots
at 2 MHz, measured and computed from models T, FP1',
and Fl ‘ T )
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‘Percentage of E~theta Power

Comparisons of measured’ and computed $E-theta cutves;

will demonstrate the effectiveness of assessment pa'ramegérs

in the process of model discrimination. Figure 45 shows the . -

results for the thin and fat models respectively.

. Por the thin models, previous conclusions on pat~.
) terns aré cqnfoirmgd at a glance: worse agreément at 2 MHz,

best agreement at 4 and 8 MHz, and inter-antenna coupling at

2, 4, 5, 11 and 12 MHz., Model T2 is indeed au_perfor to

model T1 at 2 MHz but 1nfe’t:l.o:‘at 4 *MHz. The fat models |

yield %E-\theta valyes superior to those of ‘the thin models
at all frequencies except 12 MHz; hence the computed curves
W N)r'

track better t;he'experimen,tal one. The graph confirme pat-

tern improvement at the three lower frequencies and str‘ong-

"est inter-antenna coupling at 11 and 12 MHz. Model F2 is
i%deed inferior to model F1 at 8 MHz but superior at 12’ MHz.

Ixgri
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. Impedance and—Cuggent D;stribution e

LA Superiority of fat models over thin ones in terms of
.7 pattern \agreement is not necessarily reflected in thevim-
pedance value;. Figure 46 shows compariaons'bf the measured

impedance curves with those obtained from models T1, T2, Fl,

and F2. swn in b), the fat models produce abnormally
hiéh -resistance . values at 2 MHz; on the other hand, modél'
- F1l' ylelds a meaningless negative resistance of -~9.0208 at

¥
' this ftequency (not shbwn on graph) . This gives a slight -

‘advantage to the thij-mgdels. M?dels Tl and(‘TZ are also
those tﬁqt track best the measured resistance and reactance
curves respectively. | . |

. once again, differences within thin or fat models -
proiide indiqatiéns of inter-antenna coupling;: This is
;eadily'appatent from the impedances of the .thin mod;Is‘ at
4, 5, 11, and 12 MHz, and from those of the fat'models at li
aqd 12 MHz. An appteciatipnlof the \reaédng for such im-

' pedance changes, and‘ by extension pattern ch&nges, can be-

. ’ obtained from an examination of the current distributions on’
= the antennas. Figure 47 shoys the antenna curtents on’
models F1 and F2 gt 11 MHz, whegé strongest~coupling;was ob-l
4 | | served. It is seen that the addition of the second antenna
K ‘brihgs about an ,incré;sgV on the drivep 'aqteﬂna itself.

Substantial current is induced as well at the terminals of -

the passive antenna; this can produce a terminal voltage
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that might be high enough to produce interference‘or damage
the input stage of the receiver, (Kubina, 1983b). Hence
input stage protection becomes a. necessity. ’
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Fig. . 46a. Comparisons .of measﬁted' and
computed resistance and reactance curves for P3V-l
thin models - . ‘
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- .. CHAPTER VI
THE CP-140 HF INSTALLATION ’ S -

As work on the P3V-l HPF  installation was reaching
the state described aﬁoﬁe. scale~-model -measurements for the.

CP-140 HF configuration became available through the Antenna

Compatibility Plan (1975) and Lockheed Report LR 29153. . It

e P 2

was therefore decided to shapend further work on the P3v-1

installation, * which Qas primarily of historical interest,

C and to concentrate on the HP configuiatipn now used “on the.

2 A B P e,

ER

' - The Measurements

t

The CPz140 HF antenna installation is shown in Pig-" | b
‘ure 48, - It differs from the P3V~l installation insofar as

,. : . ) r\\» . \ )
the antennas are of more dissimilar lengths, the port one

. originating at TFS (traﬁbvérsgffuseiage station) 715.4, and

R TS I,

L. g the starboard.one origin&t{gg%ht @Fs_4li,.vhich is aft of’
the. wings. Their buttock lines are 28.83L and 57.14R

K c respectively, and they terminate at thq'same vertical étar

s ko

bilizei'station'by virtue of a v-éonnection'bf idsqlators. §
All data received for this configurationJ'had/ been
measured with each antenna excited in turn, cruising condi-

tions simulated, and constant radiated power at. each fre-
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- quenoy (ané hence a constant isotropic-level). The state of

the passive antenna was this time clearly defined but dif-
_ferent in both reports: —termihaied in 50 ohms in the Aﬁﬁen-
na Compatibility Plan, and grounded in LR 29153. The Anten=-
‘na 00mpatib111ty Plan supplied raqiagion patterns in the
pringipal-planes only, and at 2, 3, 15, and(zk MHZ . Ig'sup—
plied however aﬁ‘inteteating set of $E-theta values at 2, 6,
10, 15, 26} 22, 24, 26, 28, and 30 MHz, and continuous im-
pedance curves in the complete HF range (2-30 MHz). The
contents ovaR.ZSISB that‘were Qt hand consisted of only ra-

diation patté:nb; but an extensive set of them. ,Ihe cuts

P

dontained were phi = 0 and 90 degrees and theta = 30, ?Srmxﬂ\

50, 60, 70, 80, 85, 30, 95, 100, 110, 120, 130, and 135 de-
grees.~ The f:equehciea‘containgd corrégpondeq to the pggvi-

“ous set of 2, 6, 10, 15, 20, 22, 24, 26, 28, and 30 MHz.
Because of the primary—intereat in pﬁttein matching,

it was decided that testing of the CP-140 configu:ation

should be done with the passive antenna grounded go &hat the

extensive data set of LR 29153 could be used. in the compari-
sons. E-theta percentages and 1mpedaq6es from the \Antendh
Compatib;;ity Plan would then be used 6n the assﬁnption that
the 50-ohm loading did not d;aséica;lﬁ“ﬁffect these measure-
meﬁts. This aasunptibn was found reasonable after compari-

!

son of equivalent patterns from the two reportss négugible

differences in- pattern level and shape were observed, except ;

|
-~
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perhaps at 6 MHz. Therefore the patterns of LR 29153, being-
in the analog plot form, and the impedance curves of the aAn-

tenna Compatibility Plan were digitized for the purposes of

o C the data comparisons that will follow. ' . s

- Model Generation

’ \} r
Because of the results previously noted on the P§V—1
“HF configuration, only fat models of the CP~140 were con-~ d

structed: the familiar stick models, and also more tomplex -

models to render the finer details of the airframe struc-
. ture. Por the purposes of this work, these two categories
of models will be designated by the letters § (stick) and C- .

(complex) .
Stick Models

Model 5, illustrated in Figure 49, was derived ds\
- - the first stick model and as a refetenée for subsequent
model optimization. It. was derived from the P3V-1 model F2
by relocation of the antennas tq their new fged points. The
shorter starboard antenna caused the total nunbe% of seg-

- ments to drop ffom 78 to 74. As expééted, testing of this

model- yielded some poor results, but improveménts weie

brought in order to determine the degree of agreement that

2

a
i
!
H
i
¢
¢

1
i
H
$
i

H
!

_.can be achieved from stick models. The optimizéd models

that resulted from this exercise are described below.

et 5
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Improvements to model S were made one °by one in

order to properly assess .thgir individual effécts. The. -

first attempt at improvement was to obtain source segments
that would be located outside of the fuselage. This objec-
tive was first met by tesE&ng model S again with a new

source segment, namely the fbtwardmost segment of the anten-

na rather than its feed element. The results not being con~--

vincing, a different approach was taken by actually modify-
ing the geometry. The feed elements were first subdivided
in two, and the upper segmerits aelected for excitation. The
fuselage was then tﬁpefﬁaknear the feed points so ' that ~ the

. new source ségmenta would end up 10 cm above the surface.

The drawback was that radius proportions along the . fuselage

£ . ] S
were altered. The resulting model, which will be designated

SE (E for emérging), is illustrated in Figure 50a. Details
of the starboard antenna connection are shown for clatitx;
Note that the first forward segment of each antenna was also
subdjvided‘ for segment length continuity and better current
:ésoiut;on in this criiical regipn.‘ This b£0u9ht the total

number of segments too78. From model SE.'model SE' was ob-

tained by reducinq the ahtupt radius changes that had not

yet been handled at the .antenna feed pointa. The segmentsﬁ

‘of the feed wire were aufficiently increased 'in radius to
convert the previous :ad/gad errors to only warnings. The
new model is shown in Figure%SOb with the starboard antenna

s i

v
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detail. -"‘ . K

d " The next approach that was tested was to thiﬁ model
8 by different scale factors. Unlike models SE and SE',
this approach altered all radius valueé {excepting the an-

tennas which were to remain at 0.01 m), but had the advan-

tage of prése:ving radius proportions. This lead to models

5T1, ST2 and ST3 (T for thinned) which are illustrated in
Figure 51. Ihe{scale factors used were 0.75 and 0.5 in the °

first two models. Thé effect was to eliminate geveral
seg/rad warnings for individual wires as well as seg/rad er-
rore at junctions. In the third model, all radii were set
to 0.01 m, as in the ~P3V-1 model T2 but with the full

lengths of the feed 'elements retained. All CHECK errors

were removed in the process.

The merits of the above two types of model optimiza-

" tion having béén demonatrated, a.hybtid model was construct-

ed by combining the characteristics of models SE' and ST2,
which had been judged best in»thei; categories. The result-
ing model will.be designated s* and aépe;rs in Pigure 52a
with a detail éf the starboard antenna connection. The per-
formance of the model was to make this combined optimization
a scheme .of choice in future model improvements. In order
to remove the rad/rad,wagﬁings that were left; model S*' was
obtained by providing an additional ga&ius step on the an-

tennas, as shown in Figure 52b.

-
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The next attempt at imprqéihg model S was to move

the #1ﬁgs:£orwa:a by one segment, thus making the wires more

10: less coinéident with the forward - edge of the actual

]
i1
2

.wings. This approach Kwas successful in testf‘by Trueman

(1979P and can be juatif ed by the fact that the smaller
radii of curvature at the edges of the winga attract most of
the currents. This gave rise to model SF (F Agor forward)
vhich.appeats in Figure 53a. The results being endouraging)‘
the optimization scheme of model S* was gppligd to model SF.
This resulted iﬁ model SF*, which appears in Pigure 53b.

'The Iast optimization attempt consisted of adjusting
the structural lengtha of model § so that the most important
current path lengths -on the actual aircraft would be repro-

duced. Six different curzenﬁ paths_based on Granger and

Bolljahn (1955) were considered, \as illustrated in Pigure
54a. ’Theirllengtﬁs were estimate frqm dimensjons available
in the CP-140 PR model. The corresponding lengths on model
S, aé illustrated in Figure 54b, \were alio obtdined and are
compared to thé previous lengths in Table 3. It is seen
that theda;isk model approximation introduces large percen~

tages of error in the fundamental current path lengths.

. i
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TABLE 3
COMPARISON OF CP-140 PATH LENGTHS‘
Path True length (m) Model § (m) Error (%)

2 13.846 0 13.332 ° -3.67

3 31.026 33,928 9.42

4 34.022 35,251 3.66
5 12.016 12.551 4.44 !
6 :

!

11.660 13.391 14.81

" Three néw'models:wére therefore derived from model S
' to satisfy some or all of the abovevpaih length require-
mgnts. They wili be called models SAl, 5A2 and SA3- (A foa
.adjusted) and they appear in Pigure 55. A unique solutiqp
was found that wouldxsgtisfy all six pith length fequlre-
ments. It was applied in model sal by lengthening the front
portion of the fuselage, the wings and ‘the ho;izcntal sta-
‘Siiizers, and shortgning the rest of the fuselage, the vert-
ical stabilizer and the tail. o B ) ]
Unfortunately, since the antenna lengths were to re-
~ main untouched, the wings ended up aft of thg starboard feed
point and the top of t%e vertical stabilizer belowlthe level
" of the insulator V-connection. Preserving. the, length Qf fhe
fuselage center sectidn (ahd still ‘attempt to satisfy most
path lengths} would have kept the wing position ;ntact, but

would have shortened the vertical atabiiizet by‘ more than

‘half, It was'decided‘instead to preserve the length of the.

: vertical stabilizer and try to satisfy the -other path

4
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A

lengths. This\\ifpd fo ? conflict between paths 2 and 5 as
to the length of the horizontal stabilizers. The compromise
adopted was t9” retain their length as in model é,'giving
rise to model [SA2. The model .features ‘an. even shorter
center vfuselaée section and tail than for model Sal. In
model SA3, the lengths of both the vertical stabilizer and

the center fuselage .section were constrained to those of

model S. Of course the previous conflict between paths 2.

and 5 arose again,‘ but anotheg conflict appeared between
paths 1 and 4 regarding the length of the wings. Lenbths of
the horizontal stabilizers and Qinga were therefore kept as
in model S, leaving only the front of the fuselage and‘ the
tail to be shortened. i ' R |

A problem with the above length adjustments was that
the original number ofaaegments\and seg/rad ratios of model

S could not be preserved, violating the 6ne-change-at-p-time

principle.: In fact, in all three models, one less segmeﬁt'

resulted, with«aubﬁtantially larger seg/rad ratios along the
fuselage, ' '

| Models SAl and SA2, yieldind interesting results{

~ were selected for further optimizatipk along -the lines of

model S*. This gave rise to models SAl* and SAZ*:which are

illustrated in Figure 56a and b. The next and last stick

model that was developed was obtained from model S by mérg-’

ing colinear segments as zequf;cd to make all seg/rad rati&s .
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greater than, or equal to 2. The result will be called model
8M (M for merged) and is-shown in Figure Sﬁc.' &hg ghort
segment squeezed in between the wings and the statkoard feed

point constituted the only exception. The number of seg-

‘ments went down from 74 to 63, but at the expense of a

bandwidth shoréened to 10 MHz because' of the larger seg/wav

, ratios.

o e o s g
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Fig. 49. CP-140 stick'model S
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.. Pig. 50. CP-140 stick models SE (a) and
sri!' (b) with details of starboard antenna connec-.
‘tion . ‘ . : .
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- Fig. 51. CP-140 stick models STl e
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© . Pig. 53. CP-140 stick models SF (a) &nd 6P* (b) -
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a ‘ rig ‘54, 8ix hportlnt cutunt pat.'hs on the CP-HO
(@) and corzesponding lengths on model 8 (b) _
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X Pig. 55. CP-140 stick models SAL (a);
- 8A2 (b), and 8A3 (c) R
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SA2* (b), and SM (c)

+

Fig.  56. CP-140 stick

*

A

models SAl* (a),.
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Complex Models

Creation of and modifications on stick models proved
to be sufficiently stzaightforward to be carried out by
hand, but the need for a nore complex model addressed the
need for specialized softwgre assistance., At about that

time, wire-grid modelling proétam DIDEC (Kubina, Cerny} ‘and

. Gaudine, 1984) Dbecame fully operational and ready for 1ts

fitst practical application.

DIDEC performs geometry file management and editing

in a most user-oriented manner; 1Its data organiiation

scheme is based on each wire node being assigned a number by

' the user. Wires are then referred to by their start and end

nodes. But the biggest asset of the 'progrim is certainly
the possibility of data entry via digitizing tablet. PFor

this purpose it is necéssqrnﬂi:f:btain érthogonal« praﬁlngsu

of the desired .model. Each )point must'be digitizeé on at

least two of the views so that the three coordinates miy be

‘, transmitted. Hence it 1is theoretically possible‘to fully

digitize a model from two orthogonal views, say the top and

the side views. In practice, however, some points may be .

-difficult to locate precisely on any given view, this being

especiallya true of an aircraft, and all thtee views are'

" necessary.

In the cp-ldo case, the most accurate orthogonal

views that could be obtained were computer d;awinga by ink

~
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- | - in f
! plotter o£~the PR modei on 30-1nch—wide paper. These were :
| used _as a suitable background for tracing the desired out- \ v
\ liﬁefof the new model. An attempt was made ;o model each :
| main conpon nt of the airframe, eLcipting the engines, vith‘
— ‘

a compact grid of (.2-wavelength wires at 30 MHz (2 m).

This lead to an octogonal approximation of the fuselage,

which turned to a quadriteral'appr ximation in the sectfons

of | decreasing croas-aectional ared (nose and reac section).

Yigure 57 shows for example ‘the marking of the desire

A VSRR A o T L B SaA3 <

]
¢ poi ta and wires over the top and side view drawings of the

s o

o F

" front fuselage section of the PR model.~ pigitization eould

only be pe:formed over auch limit&d s&ctions at a time Qe- I

e i

cause the ink drawings would. eXceed the tablet sizg (approx-

1naﬁely 16 by 16 square inches). The front and bhck halves

ok

of the fuselage as well as the vertical stabilizer were di-
gitiied usinq the top and side views only, whereas the wings

" and horizontal stabilizers were digitized using only the top

Rt gl PN S 2

|
‘and Lfront views. To test a useful feature of d'LEC, the

firs wing was digitized by hand, and the other was reflect— F —

ed ﬁ:om the x-z plane  through the use of a spociaq conmand. '

\/The Lompleted model comprised a total of 327 segments. *%— T —
[ . , - &

\ Radius values were once again chosen on the basis of
“. equality of cross-sectional areas, that is, the area of a

[r’
\qéveﬁ airctaft ctoss-section was distributed equally among

thq.wires.c:osaipg.that sgction. Figure 58 illuatratea thia

\ .
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ptinéiple in the Qpecial cagse of a circular cross-section
(the fuselage, for example) If R isuthe radius of the i
ctoss-aec£ion/and~n wires are crossing it, they are given |
radius r = R/ n. It must be noted in this approach that
since the axes of the wires are made to coincide dfth the
surfaces of the aircraft, tﬂ surfaces of the wires. them-

»

selves exceed the aircraft dimensions. As usual, antennas

were assigned a radius of 0.01

%

~ The result of this exeq 'ise was to be the first of a
series of complex models of the CP-140. It will be desig-
nated model C and appears in Figure 59. 1Its true represen-
tation, rather messy, is followed for clarity by its thin

wire :epresenyation. Pigure 60a shows the 'details of the

poti and starboard antenna coanections respectively. .The
antenﬁi feﬁg elements, connecting this time to the: surface
" of the fuselage and .nqt ta ;;s axis, were made one foot
long, and a two-foot éeparation ffog the edge of the verti-

. ¥ v N .
cal stabilizer was provided. The nodes of the fuselage that

/
natdrally fell closest to the fegd point locations were dis- .

placed as necessary to make/the connections. .Piqure 60b,

ey S

"with the true radius represeptation, shows that the feed“
elements became embedded inside the wires of the fuselage to

which they were connected:

The imgprtant diacontinui;ias in

segment length and radius at these connections also intro-

duced obvious seg/seg and rad/rad errors. Finally, the

-
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lerge radius values of the model (up to o.a‘ﬁ) caused the
‘wav/rad ciiterlon to start being. violated above 12 MHz.
‘These incompatibilities were tolerated in the initial model,
but as in the stick model case, corrections were brought in
the'coutae of model optimization. | ‘

As before, corrections were first implemented one at
a time in order to properly assees‘their individual effects.
The first move, illustratedlin Figure 606} was to increase
the radii of the feed elements so that the previous rad/rad
errors would be converted to warnings. This gave rise to a
.new model , that will be designated C'. Another move was to
_ lengthen the‘feed elements, as shown in ﬁigure 60d, so that
they woul§ emefge one foot from the sutfaceiqf the"wires of
the fuselage. Ség/seg errors at the feed elements.yere thus

removed. This new model will be called CE'(B for emerging).

Neither of the above corrections. having lead to eny

substantial improvenenta. a greater etep forward was made by
attempting to remove all at ‘once thé 1ncompatibilities Le~
ported “by CHECK on model C. The first move in this direc-

tion was to have the model satisfy the‘wav/rad criterion up
to 30 MHz. PFor this putpose all wire radii had to be within -
a thirtieth of a wavelength at that frequency, that is, 1/3"

m. In order to bring the largest radii (0. 8 m) down ‘to this

value and at the ‘same time retain radius proportions

throughout the model, all wires except the antennas were .

» S
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thinned '‘by a factor of 5/12. This removed previous seg/rad

wvarnings for individual wires, as weil as most.seg/rad er-

rors at junctions. The renewed aspect of the model appears

-,in Figure 6la.

o . Seg/wav errors remained for all wires that exceeded
2 m, but since they exceede@ that value only slightly they
were left unchanged:\KSubdividing all these wires in two
would have considerably increased the total number of seg-
nentsluhile\breakgng the segment length uniformity that pre-
vailed throughout the model. The only incompatibilities
left at this point were wire junctign errors inyolving the
‘feed elements. Figur; 61b Qhows the corrections that were
necessary. Comparing with Pigure 60, it is seen that three

wires were subdivided on the port side and-two on the star-
™

board side. Not'apparent on the figuéé is the fact thif‘the~

forwardmost -segment of:. eachf’antenna was also subdivided.
These measures eliminated the remaining seg/seg - errors .and

added 7 segments for a total of 334 segments. To eliminate

ﬁhe remainihg rad/rad errors or warnlngé and at the same '

time the remaining seg/rad errors at junctioﬁa. two inter- -

‘mediate radius values were used, one for fhe feed elements

. "and one for wires of the fuselage connected to the latter.

‘The resulting model will be referred to as model CF (F for

fixed). It was to serve as a new reference in subaeqUent'

model optimization orléhanged in -testing paraﬁe;e;s.

’
-“’ )
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The last complex médei of. the CP-140 was derived
fion model CF by providing a denser qrié of wires around
‘each feed point in an attempt to improve imped;née values.
The resulting model will be called CD (D for denssf) and de-
tailﬁ,of its antenna cqnnections'appear in Pigure 6lc. More

. wires were provided to account for current flow outward of

‘andAaround the feed points, augmenting the tota%k‘number of

_segments to 364. Radii were selected sich that no new CHECK

‘errors would be introduced.

\
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Markings on drawings of front fuselage
section of PR model for purposes of digitization via DIDEC
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S Fig.. - 60. ‘Details of port aﬂa Btarbodrd antenna ,
‘connections on CP-140 complex models. Thin wire répresen~ .

, | - tation for model C (a), and true representation for models
, - € (b, C' (c), and CE (&) - T
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of port and starboard antenna connections (b).
* " for CP-140 complex model CD' (c)

. . ' . ‘B
Fig. '6l. CP-140 complex model CF (a), with details

Same details
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Raadiation Patterns

’ _ Both antennas, port and starboardﬁ/ﬂgiz\éxggggdﬁggc-

cessively at each test frequency”of the Qatious ‘CP-140

N , mo&ais. ) .

Stick Models B - . . _ T

Model S was tested first over the complete HF range (up to :
30 MHz) in frequency increments of 2.MHz. As had been ob-

sérved'for the P3V-1 model F2, disastrous results were ob-*

. éained at 2 MHz. The meésu;ed and computed MOV;E.QYU plots

o of Figure 62 are icularly ' effective 1in showing"?ﬁﬁ!1}\\\\\”
Rather than di;zzz;lng the partiai'set of compqted.cdnical ‘/J

. . cuts that best métiyes the measured set, as is done ﬁor al- ‘

titude plots, the full set can now be displayed without loss - ' -

of clarity in the comparisons. For the bort'antenna (Figure, .

‘62a), the power dengity pattétn appears as that of an in-

clined dipole, rather than that of a vertical dipoie as it

T\ should be. Somewhat better results were obtained for the

(stprbqard antenﬂa‘(Figure §2b). The level of the E-pﬁi pat-

tern 1is correct but its orientation is off by a full 9Q de-

grees.

- o~

- Throughout the rest of tﬁe frequency sweep, the
[

i

3

! b . , .

! results :that were obtained ranged from,bad to good, but in-
4_f.é terestingly, no'trend'towards pattern degradation was ob-

¢

served 1in spite of the wav/rad ratios increasing way past

| —_
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the limit. “In the low f;éhuencies{ the best patterns were .
! .
obtained at 6 MHz. In the high frequencies, the best pat-

terns occured at 20 MHz but the worst oneg at 24 MHz. The

*prinqipgl plaée patterns at_the four frgguencieé that have - ;

been m;ntionned 80 far are shown in Figure 63 for the port

agtenna and Figure 64 for the starboard antenna. ' o
. Becaubse of qhelpoo; results obtained at 2 MHz, this - %

was chosen as e .test frequency for all optimized st{qk |

podels. The sequenCe of patterns thus obtained appears in

‘,Fiéure 65 ‘for the port antenna and in Figure 66 for the

| starboard antenna. For convéﬁience, altitude plots are used
here, with a range of computed pgtterns from 25 to 135 de-
grees to best match the measured range of 30 to 135 degrees.

" In a) of these figures, the measured E-theta and E-phi pat-
'\ erns are fo;;oﬁed by those computed ffom model S, first
with the standard excitation, and then with the new one that
was tested. The patterns of models SE, SE', STl, 8ST2, and S ¢
ST3 are shown in b), those of models S*, S*', SF, and SF* in
¢), those of models SAl, SA2, and SA3 in d);- ;nd those of

models SAl*, SA2*, and 5M in e). , -

The amount of data being presented here illustrates

Q\ the difficulty that was encountered in interpreting results,
{ drawing conclusions, and deciding on the next mbves, In tﬁg
eqourse of writing, a condensed method of presenting the\

results was devised and will be used here. It is based onE;

Al
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the assdmption that CP-140 models at 2 MHz radiate similarly

to an ideal dipole. That this is experimentally nthe cage,

-at least- for model S, can be proved by comparing the

MOVIE.BYU plots of Figuré 62 with those.of Figure 25 for the
ideal dipole. It is also proved by tse regular occurrence
of the iseal'dipole'Efphi pattern_;hroughout Figures 65 and
66. Small departures from this form are apparent in some

models, for example model SP, port antenna. The ideal di-

‘pole equivalence can be jhstified in theory by the fact that

the models at 2 MHz are ‘small coﬁpared'tb a wavelength (150 .

m), and that they radiate waves that are nearly linearly po-
1arized.

It follows therefore th}x the complete radiaéion
characteristics of a model at 2 MHz can be. summarized by the
orientation of the equivalent ideal dipols in terms of. theta
and phi. 'This orientation was determined for the measured

patterns as well as for all stick models by means of a pro-

' gram that searched for the minimum power density in the

solution files. The resulting directions were .plottsd to-
gether rbn graphs of theta versus'phi'for the port antenna
(Figure 67a) and for the starpoard antenna (Figure 67b).

The orientation of the eqﬁivalent ideal dipole has a
simple effect that is intetestihg to track on the E-phi al-

titude plots of Figures 65 and 66. 'The theta ;Xgae is seen

to be related t% the magnitude of the E-phi pa

ern, whereas
o
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the phi angle is seen tobinéicate the position where 'thfgﬂ
paﬁtetn falls to a minimum (i.e. location of the fvalley“}.

‘The plots of Figure 67 have the particulgiity of
showing, not only the pattern agreement of each model with
the measurements, but also the similatigies and defereﬁces
between the' modelg' tgemselveé. The distances between the
points, however, -are not an accurate measure‘éf she angles
sust;ined between the'equivalent ideal dipoles, just as the
distances betWeen poidts on a Mercator ’projection of the
globe do not give a true measure of:tr?velling distances.

\ )
For the port antenna, for example, the equivalent ideal di-

pole orientation for the measured patterns is at theta = 5

degrees, which is almost vertical, and therefore model SF*
with theta = 15 degrees gives the closest pattern orienta-

tion. Yet the pointrrepresenting model SF* is not the clo-

sest to that representing the measurements because of the

large phi diffegence. Por the starboard antenna, because
the point representing the measurements is at theta = 30 de-
grees and sin(30°) = 0.5, it was best to coﬁpress twice as
much the theta scale as the pﬁi scale. 1In ghis wdy, a small
displacement in any direction from the point representing
the measurements amounts tb the same magnitude of.angulgr
error in the equivaYent ideal dipole orientation. Thus the
visual impression of Figure 67b, is accurate and model SF*

can be seen to be the best model for the starboard ' antenna

JROpONTE—

Jadspinn ot -
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(as well as for the port antenna, as we saw).

Thé magnitude of the angular error in the equivalent

f\<:ea1 dipole origﬁéation. is the most exact measure of the

performance of each model. Figure 68 marks this value for
each model on scales from 0 to 90 degrees, one for the port

antenna (a) and one for ' the starboard antenna (b). ' The

disadvantage of‘ this representation is that the directions

of shiftd§% the equivalent ideal dipole orientations are not
indicated, and therefore the relations, between models are
also lost. L e

4Figute 67a shows a relatively simple situation for
the port antenna: all points are roughly constaht in phi

but vary widely with theta. The latter angle alone suffices

anyways to indicate performance, since the measurements are.

almost vertical at theta = 5 degrees. Interpretation of
results is therefore simplified. 1In Figure 67b however, the
points tend to coﬁcentrq;e in two group$= one shifted in

‘theta‘froh the measurements, and one shifted in phi. It was

hoped that this would be refleéted in some fundamental .

difference in the characteristics of the models, but no

correlation could be fdentified. Understanding the specific
causes of shifts in different directions may still be a
worthwhile goal. | '

A close study of Figure 67 will permit the identifi-

cation of worthwhile approaches to atick model optiﬁization,
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_ -antenna. The fiqgre'indicates that models‘?
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but wfil also reveal apparent contradictions ?Aat cannot be’

resolved at this stage, especlally regardizb the starboard .

and SE' gave

overall superior results to those of model/@. Since the two

models’azepvery similar, their points are/glso in the prox-

imity of'eagh other, as expectep. Howevé; it seems oontrad-
ictory that models SE and SE' be the befter models for the
port and starboard antennas respective y. The effect of in-
creasing the radii of the feed eleme s 'is therefore incon—
clusive. . . : ' .
Model ST1, and model 8%2 to a goeater degree, show
also an improvement ;gyet mode;/é. These mode;s,%gogether

with models SE and SE', indicate therefore; that it is

' worthwhile to remove NEC inc patibilities in stick models

‘}even.if this, means sacrificio somewhat on their realism.

If however one goes to the’ xtreme; as in model ST3, disap-
pointing results must be/ expected. This model yielded
results: actually inferi r to those of model S. In'Figure

67b it is interesting to notice that a smooth curve can be

traced through the poi ts representing the S-ST1~8T2-8T3 se~-

guence of models. Since model STZ fallﬁ on the part of thejg

curve that is closegt to measurements, nothing better can be

expected from the /thinning approach to optimization.
. Model Sj//

a combination of models SE and \STZ,‘ gave

o

o
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For thé starboard antehna, parédcxically,gthe reéu}ts were

"worse than for model ST2 and hardly better than for model SE

(Figure 68b). The results of model S*! were practically un-
distinguishabie from fhose of modél S*,rconfirming the pre-
vious observation on model SE'. ¢ ‘ .

Model SF was an improvement over model S for the
port antenha’ but not so for the stargoard antehna. It must

be noted that this model introduced for the pfirst time a

-

modification on the actual gbpology, with the result that

t@e p&rt and atarpoard antennas were affected in different
ways. Another géﬁect of interest is the large qhift between
the points of models SF and S in Figure 6Vb. It is surpris-
ing ﬁow topological(éhanges of such small magnitude can in-
fluence the radiation pattern. The merits of model SF* have
dlready been pointed qut; : '

| All three models SAl, saA2, and SA3 showed improve-
ment to various degrees over model S, but optimized models
SAl* and éaz* were disastrous. This phenpménon lead one to
wonder about the effects of the l%iget seg/ai? ratios

brought about by the path length changes. Close examination

" of the SAn models suggested a correlation between the magni-

tude of the seg/rad ratios near the port antenna and the
guality of ’Ehe-pagtern orientation for this antenna. This
lead to const;uctioq and testing of model SM, which per-

formed better than model S but not to the extent expected.
N
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‘ Nevertheless,  the implication is that seg/rah: warnings

should be ’taken seriously,. and as'infetted in Chapter I, .

:easSBable current solutions

-

do not necqgsatily produce éoodﬁr
£ield solutions.- ‘ )
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patterns for .t
d,from model S

.

MOVIE.BYU ' plots of radiation
he CP-140 port antenna.at 2 MHz, meas-
ured and comﬁh;‘N
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. Pig.” 63. Comparisons of measured and com- .
puted principal plxe patterns for model S, port an-
tenna, at 2 and 6 b




. Fig. 63~continued. Comparisons of measured
. and computed. principal plane patterns for godel S,

port antenna, at 20 MHz “
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Fig. . 64-continued. Comparigons of measured

and  computed principal plane patterns for model S, . ;

- starboard antenna, at 24 MHz
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Complex Models : ‘

In parallel withxmodel S, model C was tested at
2-MHz increments up to 30 MHz. éypical running times were
%ﬁ the order of 750 CPU seconds. This time, drastically im-
proved pattérns were obtained at 2 MHz for both antennas, as
testified by the MOVIE:BYU plots of Figure 69, (compare with\
Figure 62). Q\Reiative ievels of the two polarizations are

_Bpresorved; and the E-phi paitern for the starboard antenna

"is correctly oriented. To continue 'the comparison with

model 5, principal pMane patterns at 2, 6, 20, and ' 24 MHz

_.are providea in Figufe 70" for the port antenna, and in Fig-

ure.7r’fcr~thg starboard antenna. whese show consistent im-.

‘provement ove} the stick model and a degree of agreement in
'\

pattern detail that is required for system range analysis

(Kubina, 1983b). Vergugood to excellent-patterns were ob-

tained throughout the HF range, with the exception of 22 and,
7 ~

e

24 MHZ where results were fair.

4

Optimized complek'models were tested at 2 MHz and at
tﬁe critical f ftoqué;cy of 24 MHz  for lower- and
‘higher-frequency tests. The results at 2 Muo are pregented
once again as'equivalent 1dea1 dipole orientations in Figure

72. The same scales as 1n Figure 67 are used ‘to show. the

contrast with\, optimized stick models. Co-pléx models pe;-

l‘\\_,/‘

formed well, and the points are.this time more concenttateﬂ;k\//

‘s

around the point of megsurements. Three models,. incluging

- ‘“’«\‘ . -~ - .
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. dhnzardous ‘to - make judgpents on the * sole basis of these‘

—series. Model CF shows a small shift from measurements for

!
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» .

- -~

model C, actually coincide with the measurements for the
port. antenna, but this does nbt occur fofuthe starboard an- .

Eenng, for which the results once again appear more unst-

able.’ The available patterns in the data files allowing for

little resolution in the placement of the points, it becomés
plots, but important 6bse:vations can still be que. -

' Figure 72 indicates, as it did for the stick models,
that an increase in, the :ad;us of the feed elenent«does not.
affect the tadiation pattern by the fact that models C and
C' ‘have ¢oincident points. Model CE, on the other hand, is

considerably shifted from model C, pzobably because it

features the\only’optimization that displaced the antennas.

It appears as the ngst sucqgssful og .the 'complex models

AN

S

thé port antenna. but gaod agreement for the starboard an- E

' tenna, with the best phi’ value so far. Model CD coincides
with measurements for the port antenna; for the sﬁuégoatd
antgnna it exactly matches the phi value but shows a dis-
turbing upward nhift in theta. Hence the absence of CHECR.

errors in the last two models did not bring overall iﬁprové- ' g

- N -
. o
il el L P = PNV IV s PSR b

ments to already fematkable patterns, and therefore- complex -
~models nppear to be surprisingly tolerant of NEC -incompati-
bilities. ‘ '

I




.no ‘change for model C(C',

. model CF.
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,

At 24 MHz, the results can be summarized as follows:

-

and little change for model CE.

Model CF, however, intro@uced large pattern changes,'benefi-

cial for the port antenna, and inconclusive for the stat-

boa;d;;ntenna. Model’ CD yielde
The best illustration of govémeng appears 1n.
the'pzinéipal plane patterns 6f Figure 73 for moéel CD, port
antenna. It seems that some NEC 1ncompatibiiitie§ of model
C that were removed in model CF have had a detrimental ef-

/

fect at that particular frequency.

v

-~

e L

£ 2
A3

.
B N I

similar reB8ults to those of:-
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P e
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Fig. 69a(. MOVIE.BYU plots of radiation._‘
patterns for the CP-140 port antenna at 2 MHz, meas-
ured and computed from model C. '
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*  Fig, 70. Comparisons of measured and com=
puted principal plane patterns for model C, port an-
tenna, at 2 and 6 MHz ‘
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Fig. 70-continued. Comparisons of measured
and computed principal plane patterns for model C,
port antenna,. at_20 MHz ' : %
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' Pig. 7. Comparisons of measured and com- i
' puted principal plane patterns for model €, star- .
. board antenna, at 2 and 6 MHz .
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ﬁig. 71-continued. Comparisons of measured

and computed principal plane.p
‘gtarboard antenna,  at 24 MHz
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) Fig. 73. Comparisons of measured .and com-
puted principal plane patterns of model CD, port an-.
terina, at 24 ‘MHz
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Miscellaneous Tests .

patternsr This permitted direct~c9mparison with NEC results.

,’giﬁ;ng the 111usjbﬁ of a large deviation = from the NEC

‘weighting functions, but. also by the enforcement of dif- : ¢

g

L=t

Three special tests'on a CP-140 model wére made that
2
are . of interest and will be described here. Model S was
? . AT
chosen for_computing economy, and the starboard antenma at 6

.

MHz was selected because of the satisfactory' results ob~_

tained under those conditions. C

[

In the first test, MININEC was executed on the EMC

laboratory CROMEMCO system to generate the standard set of

;3 shown in Figure 74. The measured alti%ude plots dfe'fol—

lowed by those computed by' NEC and MININEC respectively.

'The MININEC plots look somewhat smoother than the NEg}ones; g

and hence the lobe structure is not reproduced as well. The ‘
. > . B

differences are nevertheless slight, unlike what was sug- o

gested by the first reporting of the author on this test run

(1985a) . In that report, an error in stripping the MININEC
output file had resulted in squaring the electric fields,

. results and a‘consequént poor agreement witﬁ measutemenfél >

b

The small differencés'between NEC and MININEC pat-
E 4 .

terns can be accounted for by the use of different basis and-

ferent constraints at wire junctions. 1In the present case

the latter factor is of special importance, considering the

PR LA

severe incompatibilities of model S at certain wire junc-

,
SR
—

)
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tions. In this context the results of the MININEC test run
N
must be viewed as very encouraging. ~‘It‘can be expected that

models satisfying the \modelling guidelines will .produce

‘ nearly identical results irrespective of the antenna model-

'ling program  used. The advantages of using = the

labOtatory-owned CROMEMCO system can then be exploited.

The impo:tance of the two remaining tests stems from

the necessity of flying, the CP-140 at aometimes very low "

heights above sea surface. This condition was modelled by
raising as necessary the coordinates of model S above z=0

level, and by speé{fying a perfect ground plane in thé NEC

control section. The lowest poin; of model S, taking into

account radius values, was bréyght to heights of 1 m and 30
m above the x-y plane. The results are shown as al;itudé
plots in Figure 75. \for direct comparison, the patterns of
model ' § in free space are shown only from theta = 0 to 90

degrees, followed by the patterns obtained at,l m and 300 m

«-.../

above sea level respectively. Both ground plane tests show

E-phi banishing‘at theta = 90 degrees due to the electric

field boundary condition at the"surche of a conducting

medium. The patterns at 1 m show some resemblance to the

free-space patterns, but at 30 m appears a succession of

peaks and nulls along the theta range.
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Fig. “74. . E-theta and E-phi altitude plots

‘at ‘6 MHz, starboard antenna,
from model S with NEC and MINI
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SE-theta and Impedance ' ,

[

Figure 76 compares the %E-fhgta values obtained from
the frequency Bweepé on models S and C with thevéxperimental
;aluesm The curves can be.misleading due_ to the sparcity of
experimental pointf: Sut for both port and starboard anten-~

nas, the cgmpleX‘model tracks best'thg measured curve. This

" of _course reflects the fact that the complex model produces
. L]

} .

" better radiation mgtterns, but does not in{tgelf constitute
. a broof as did the equivalent ideal dipole orientations.

Impedance curves computed from model S are compared

. to the experimentél curves in Figure 77. The general varia-

tion of ampl&tude with fréqugncy is repro&uced and can be

_understood by visualizing the antenna and top surface of the

fuselage as a section of transmission line terminated in an
open circuit. Hence the regularly spaced resonances occur-

ing when the antenna length is a multiple of a

half-wavelength. The loss exhibited b& the behavior of the

, resistance curve is chatacteristic - of a ~moderately lossy

transmission \line and is due to radiation. "Bumps" in the .
resistance curvgs occur in the vicinity of 4 MHz, the first

resonant frequency of an anti-symmetric mode of the airframe

B

- 4 . -
_ (Granger and Bolljahn, 1955). ) . <

‘Thus the port antenna, whose true length is 7f1‘

- inches, is expected to first exhibit resonance at 7.7; 15.3,

) 23.b,'and 30.6 MHz. The starboard antenna, .at -508 inchés, '

[
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N,

is .expected to first resonate at 11.6, 23.3, and 34.9 MHz.
The measured resistance peaks, which occur at te;;;;nce, are
‘seen to be aqtually_lower in frequgncy than predicted above.
The possible causes of this phenomehoh and the ways to ac-
count for them will be discussed in later paragraphs.

In model S, antengi leggtha are slightly above the
true values because of various stick model approxinations,.
and effective lengths are further increased by th@ﬁzunuaual
lengths  of the feed elements. Including half of the feed
elements brings the antenna lengths to 835 and 556 inches
respectively. Hence resonances are expected at 7.1, 14.1,
2l.2, and 28.3 MHz for the port“antenna, and at 10.6, 21.2,
and 31.9 MHz for the starboardfantenna. Examination of the

" computed resistance~durves confirms well these values.

One of the objects of stick model optimizatlon was
the improvement of input impedance values at 2 MHz. Results
from all models are plotted together in Figure 78 on two Ar-~
.gand diagrams, one for each of the poit ang starboard anteh-
nas. The first peculiar'characte:igticx of some impedanég
' valggg‘ is the negative ré;istaqce, which becomes especially
‘la;ge for the starboard antenna. No® common characteristic
" emerges from the models concerned. Closer examination of

the plots will permit one to draw conclusion? ;f a genetal
order. As noted hefore in Chapter V, impedanbe agr&ementf_

does not seem to have any relation tO(pattern agreement, - as
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| the thin model QST3) produced the best resistance values.

-Moreéver, altﬁough it would leave radiation patterns un-

changed, increasing the radlus of the feed element did af-

fect the input impedance by decreasing the reiactance com-

‘ponent. This is. clear from the SE-SE' and S*-S*' model

pairs. Model ST2 produced the overall best 1mpedunce agree-
menti}‘ As\ final note, model S* and other models optimdfed
/ﬂlme lines (those models witﬁ gég *#%) consistent-

ly produced the lowest reactance values. ‘
Figure 79 compares the u;mpedance curves obtained

from model C with thevexperimental ones. ‘Antenna lengths on

the complex model ate closer to reality with 785 and 501
“inches. respectively, including half of the small l-foot feéd

elements. This suggests highet resonant freqlgncies of 7.5,

+15.0, 22. 6. ana 30 1 MHz for the port antenna, and of.11.8,
23.6, and 35.4 MHz for the starboard antenna. This once

-again is confirmed by the computbd iesiéﬁance p;aks, and in—

creases further the offaet from the measured res stance

.peays, mysteriously shifted left from the expecte posi~-

tidnq. Investigation was made to determine if some physical

factor 'had not been accounted for in the wire-grid modelling

- ‘of thé antennas. Ingged several . factors . were identified

éhat could have brought an additional capacitive effect.

Among these was the possiblé’connection of lightning arres~

‘ters near the feed points, the dielectric coating around the

o
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iptennaa, and the stand-off insulators that shield the an-
tennas from the surface of the fuselage. To account for the
above, correstion was brought to the 1mped§nces of model C
py shunting: thgﬁ ‘w1tb a small capacipance. oriéinally es~

timated from antenna speci%icatipns at several picofarads.
Pigure 80 shows the result of shunting port antenna

impedances with’' 15 and 30 pP resbpctiv§1y; Improvement is
al:eadx apparent with 15 pF, the computed curves shifting to

fhe ieft, " with 30 pF, alignment is close to perfect, but

the computed curves suffer from a lack of points, especially

in  the reactance component. .In order to better appreciate

.the degree of agreement that can be achieved, and to 'pre-

cisely determine the corresponding shunt capacitance, a fre-
guency sweep was made'over a limited frequency range. Model
CF was chosen for this purpose, and was tested at 16, 17,
18, 19, 19.4, 19.7, 20. 21, and "22 MHz. The' results, com=
bined' with the ‘earlier'ones at 24 MHz, would cover a full
1nbedénce cycle for both antennas, and ptovide the necessary

resolution near the resonant freqhehcies,

Port antenna results appear in Figure 8l. In a), a.

comparison of impedances from models C and CF is shown over“

the frequency range of the sweep. Very similar results are
obtained, the most apparent discrepancies being attributable

to the lack of data foq

model 'CF over

model C. In-bj, impedanee chrves of‘

~
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GP | 40, 45, ano 50 pF respectively and compared with the meas- i
) ‘ !

. ured curves. Best agreemgnt seems to occur somewhere
between 40 and 45 pFl‘ The uivaient starboard antenna

results appear in Figofgé 82. Mo is C and CF agree onte

S s A

again very closely, and impedance curve& of model CF are o
. K seen to match best the §casured curves wi\p a shunt capaci- S
; : tance of 35 pF. . \

o ' . Pigure 83 compares impedance values ostainéd at 2
MHZz from' ali‘ complex models. Highly accurate resistance
values are obtained compared to stick models, although some
values become slightly negativc for the port antenna. .Hence

the reactance component alone is a sufficient indicator of

L4
A T ST 3 K e i o

performance. Th ‘ magnitude of this component is observed -
once more to be invercely prOPOttional to the radius of the

feed element. Indeed, models C and bE, CF and CD, and C'

R T el

are in increasing order. of feed eledent radius. An observa-

tion that can now be made fcr the first time is that more

R SR

- Ghiform segment ' lengths in the source region improye the ac-

' curacy of the inﬁut impedance (Burke and Poggio, 1980).°
Hence model CE 15 superior to model C in terms of impedance.

i That this is not true for model CD versus model CF may be’

, -
% due to the fact that,the.segment length discontinuities had

O R S

already been corrected to a sufficient degree in model CF.
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76. Comparisons of measured and

computed SE-theta curves  for models 8 and C,
port and starboard antennas :
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.f Fig: 78. 'fmpedances of CP-140 stick 'models
MHzy, port and starboard antennas
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Fig. 81. Impedance .curves for poft gntenna,_‘
16 to 24 MHz. 1In a), comparison of models C and CF,
and in b), comparison of measurements with model cr

shunted with 30, 40, 45. and 50 pF.
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‘ - Fig. 82. Impedance curves.for starboard an-
. tenna, 16 to 24 MHz. 1In a), comparison of models C
: and CP, and in b), comparison of measurements with
model CF shunted with 30, 40, 45, and 50 pF.
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{ .. .  SUMMARY AND CONCLUSIONS
. S

'Shccessful modelling of HF anténnas on the -
CP-140/Aur9ra airftame ~was aéhieved thtough'the wire-grid
modelling technique implem;nted in the method of momeﬁts
code ' NEC. In. the process, auxiliary software,was created
th;t easesfvafious'steps\of the modelling and displays elec-
tromagnetic quantities in a qost meaningful way.

The EMC laboraﬁOty'é wire-grid modelling program

DIDEC was put to test for the first time in the generation

.of the first complexhqgiizohmodel. ‘Digitization via tablet

was a clear improvement™over past methods, and simultaneous
display shouinglthe progress of the work was particularly
helpful. Merging and reflection of égomeéry fileé func~

-tioned well and saved considerable labér. Being the
t

author's first experience with the program, a few weeks

~~~elapsed before the model was , completed. since then,

héwevér, experience’ was, gained and other models were gén-

. erated at a much quicker pace. 1In the summer of 1984, under,
S -

~

L N 2 v e . '
the author's supgrvision,” a complex helicopter model was

-]
completely digitized in- a morning's time (after careful

marking of orthographic views) . Very convincing.use of the™-

program was“also m&de in 1nstapces when digitization via the
table% was not desired. . DIDEC has tneréfore imposed itself
as the optimum modelling tool. Thought is now being given

2
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to ihlegrafing computation of perimeters or areas into
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AN

DIDEC. ‘This would be of great asaistance in éhe selection
of wire radii based on the 1soperimetric inequalities.
Proqram CHECK was written to systematically verify
wit;-grid models against . the established modelling guide-
linea. This is particula:ly,helpful for the checking of
wire junctions, which is impractical manuolly since the
?number'of checks is appzoiimately eoual to the square of the
number of biros. The demonsttatioo‘in‘this thesis of the

N oritical importance of the modelling guidelines adds further

value ‘to the program. . Integration of CHECK concepts to

'DIDEC is being considered as another wo;thwhile future inno-

vation.

‘his involved BASIC to FORTRAN language conversion, the in-
troduction of file capability, and the creation of input and

:a method of moments code couId be executed on labOtatory fa-

[:}

ci;ities. A test run was made in paral;el with 'NEC .on a

. * CP-140 simple model with rather extreme cases of violation

of modelling guidelines, and'yeo little pattern differences
resulted. - For ordinary cases, thereforo. M:NINEC is virtu-

ally ;nterchangeable’,;th NEC, and tha £ow basic features

e that it retains of NBC are sufficien; in most purposes. The

. . .
. .
. ¢ " . .
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AN s
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‘ L v ' ' . <
Program MININEC, the mini-computer version of NEC, -

- . . * L ‘
was fully integrated ¢to the .existing laboratory software.

‘output format conversion proérams. Hence for the first time '
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limited'memOty available on tne present 'labotatory faciii-
ties restrains ,its range of appl;cationa, but expected sys-
tem upgrede will undoubtebly extend 1ts use. MININEC 1is
especially helpful in the testing of small sttuctures‘ne-
cause of the slow turnaround and the exemption from fspool-
ing' in' or out to a main-frame computer. Tnese advanteges ,
were recently fully exploited in the trial-and-error genera-
tion of a TACAN signal. )

Adnanced eraphical'methods were exploited to improve'

the displey of - impedances, radiated patterns, and induced

wire currents. Graphics package DIGPLOT was exploited to

produce the desired logarithmic form of impedance glots.
Gfaphibs package MOVIE.BYU with Watkin's hidden surface al-
gorithm was exploited to ptoduce the type of‘:adiation~pet-
tern display closest to the natural mental image. xThis'type,
oé display has lead the author to greater understanding of‘
gdiation pattern fundamentals and has lead him to the con-
{cept of equivalent ideal dipole orientation for the lower - -
freguency patterns of this work.’ Use of color and” shading,

which is theotetically pbssible with MOVIE BYU, is being

7

contemplated to further enhance the plots. Finally. use of

\'color was exploited 'in the creation of a user-oriented pro-

gram, ' SPCTRM. for the display ,of current magnitude and
" phase. Difficulties with colox reproduction limit for now
- the ugefulness of the method at the EHC labOtatory. -Use oOf
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\the. program was‘'nevertheless pioneered on various projects,
and'already‘interesting con¢lusions related to the CP-140

have been reached .that ”could not have been made through'

other current display programs. These were‘notjdiscusseq_in

this thesis.

A theoretical description was given of two programs

exploiting varioue numerical ‘methods to extend the useful-

ness of the antenna analysis codes. The basis behind the
choice: of the MIL-SPEC .angles and BF aircraft assessment

parameters was explained as part of the description of 1SO-

LEV. "Program EFAR"' wbicthenerates the radiation pattern

contribution of selected wires, was described next with an

account of the critical examination and of the improvements

that were made by the author. Work remaing to be done .on

the program to optimize its input and outputtformats and

‘ thus facilitate its use., This program, in conjunction with

SPCTRM. would help to extract precions information not yet
harvested from the computations of the CP~140 project. EFAR
~was first used by the author in investigations on a ship
model that raised interesting questions.

Until experimental measurements would become avail—

able -for ‘the present CP-140 HF configuration, preliminary

work was dane on an old configuration that was called the

P3V-1. It featured a dual inatallation consisting of port

and starboard antennas, as is the case today, but of similar

%
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lengths. Stick models with some 70 segments were, generated

and the port antenna was tested. The starboard antenna was

"installed and shorted, installed %nd terminated with 50

ohms, or. not installed at all to account for the uncertainty

in  its state dpzing ~measurements. This permitted at the

same time a study of the coupling phenomenon 3§cu:ing

betweéen the two antennas. . Frequencies of test wergffrom‘Z

to 12 MHz in 2~-MHz increment. Execution times were qf the

order of 50 CPU seconds.

Patterns at 2 and 4 MHz seemed to lead to the con-.'

clusion ~that the starboard antenna had been terminated with

50 ohms during measurements. Changes in impedance or 1in

 patterns revealed the inter-anfenna coupling to be especial~ '

ly strong at 11 MHz. Tnin and fat models were tested, thin
modéls.yielding yenerally suﬁerior impedance results but fat
models giving auperior pattern agreement. Results at 2  MHz
were disappointing, and patte:n agreement elsewhere did not

o

generally go above reprcduction,of the lobes end nulls.

\

antennas were pf dissimilar’ lengths and were therefore both

excited in succession.at'the various test frequencies. As

measurenents qyyﬁ time specified, the passive antenna was'
left shortedQ Because of the P3V-1 results, only fat modela ‘
/>—w0te generated, A first. stick model was derived, and teated

over the HF band (2-30 ,MHz) in 2eMHz increments. : No better

i
-t

In the CPfl40 HF configuration, port’ and Etarboard,
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agreemeént was obtained than for the PIV-1 model, but i
surprisingly the ‘pattern deterioration expected in the A

higher frequencies did not occur. s,

Various optimization attempts were made in.order to
A determine the 'degree of agreement that can possibly “be ob-

‘tai‘ned with the economy associated with stick moéels.

Vaiiations to radii or. topology were made, and CHECK err’ors

" were® removed. The critical frequency of 2 Mﬂzawaa chosen as
a teet. Analysis by equivaleht ideal dipole orientations at ’ X
2 ﬁnz was shown both theoretically and egperimentally to be ‘ X
valia and more convenient then pattern compariaons; One ‘ é
"particular model with wings el_ightly moved forward (SP‘*)I em- \ ;
erged ~as ‘ehe best model. Ai:parently contradictory results * <
were sometimes obtained, but in-general the removal of CHECK \
ertors appeared as the dominant" fa’ctor‘ 65‘ imp:ovenent._ .
Overly sacrificing.'tne realism of the model had the oppqsit;e - - 5
%y ’ effect. -~ . “ - o .
~ Therefore the art of the antenna engineer appears as L
that of identifying schemes that would remove electromagnet- ‘ i
ic incompai:ibilities while retaining the integrity of the'
' model. Some experience was gained in this respect,rbut the \( ” ~—
utter simplicity .of stick models severely restticted the
field of action. A worthwhile goal for the future Yfé!uld be ’
. tne identification of the factors that ‘cause given direc~ '

tions of shift in the equivalent dipole orientation. This




i}

. ‘cross-sectional areas. It was tested in parallel with the

original stick model (execution'time about 750 CPU seconds),

.~ ~ _ A complex model (327 segments) was derived with

faithful reproduction of.pattern details makes the model

. ,physieal factor '~ had

1 | 244

. C S ’
could best be achieved by more gradual changes in modelling > L
parameters in such a way that the movement of the equivatent
dipole orientation 'can be traced, as it was for the

’srsTl—ST2-5T3 sequence of models.

radii selected in accordance with equality of ~ (.~

and consistently better pattern agreement was witnessed, Ain

spite of the numerous "CHECK errors initially tolerated. The °

L‘

suitable for -~ ystem range calculations.' A significant e#-

ception occured however at 24 MHz where _pattern qualitg was

average, A sequence of optimized complex models was there-

<

. - L gt s A N "
ey et*&jm{&‘wpﬂﬁnﬁw, e e RS

fore generated and tested at 2 MHz and 24 MHz until -removal

of all incompatibilities in one model would correct the 24 - ‘ g

tam

Miz problem. . . : —
The simple model.genereted impedance curves over the
HF . band ' that reproduced the general variation of magnitude

with frequency. Resonence peaks were . directly related to - ?

-

the 1ength of the excited antenna, but did not correspond to

e o o

the meas ;ed’resonance peaka, which were»mysteriously shift-

/A ' .
'&a to the left of their expected position. The repetifion 1~

°

of this phenomenon for the complex model euggested that some ;

’not been . taken into account in the 4
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P VComplex model impedance vélues were therefore shunted with

pedance values that can be used to assess the tuning of an-

wire-grid modelling of the antennas. Several ‘factors were -

indeed identified that could have added a capacitive effect.

different amounts of capacitance until 45 pF would produce

an excellent fit with the meaaured curves. . The complex

model can therefore, with proper cor:ection, generate im-

tenna couplers. It will be of interest, in the future, to

‘trfito duplicaés the phenomenon with the impe@ances of the .o

«

stick model. ‘ : ‘ : - | 3 7

. In, the examination of. the . impedances of the vatious‘

optimized models at 2 MHz, it wad found that superior models

o .
AR el

in terms of pattetns;do not necessarily yield the best im-
pedance “values, and tnerefore the'two isaues must be given
independent treatment. An \inveree cortelation was * found
between the redius of the feed element and.the magnitude of .- -
the reactance component, and as expectedﬂkcontinuity of seg-

ment length in the source’region appeared to imbrove the im- . Coye

pedance value.

° A o

s It is the author's confidence that the way is well ‘ /’j

¢
t:aced for further analysis of results from the CP-140 pro- . 'f‘
ject, and for efiicient treatment of similar problems in the - §

future. R : . C
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