CHAPTER VII

3T
THEORY OF MODELS OF ELECTROMAGNRTIC SYSTEMS

T-1l. Introduetion

Whenaver s new acrial is developed or an established aericl 1s uasd
in 2 new wey, there are three methcds by which the sign parameters con he
cptimized. They are calculat;i o oxperiment on full size asrials ond ex-
perdment on zmall scale models of the aerials,

Cf ths three, a simple calculaticn is thé saziest and cheapest.

But in most cases, the precise caleculations are long and laborious. Some
serials have outrun theory end are for all practical purposes incalculable.

Bxperimsnt on full scole serials gives rcalistic results but is the
most eéxpunsive and least accurate method. The accuracy is such that omly
coarse optimization may be earried out, Relinements whieh change the
gain by less then 1 or 2 db may not make a notieeable differsnce unless
protracted measuremonts are mode, Oround and site eflects mask smell
changes in redinticn patterna.

Thié remaining technigue, scale modelling, awvoids the principal
difficulties of the other methods. It can be applied to aerials for al-
most all [requency bands but is particnlarly useful for aerials working
below 300 Ke. Models con range in scale [rom + to 1/500 of full size
and are imveriably chouper te congtruct than full eize nerials, Teste
arae ¢arried cut st proporticonately sheorter wavelengths and can be con-

fined to smeller arees, under more csrefully controlled sonditionsa.
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7-2. Theory

7=2a. Types af Models, The usual model-antenna~pattern messurements

are made on & type of model which may be colled a qualitative of geo-

metricnal model; i.e., & model in which enly the gecmetricai configurs-
tions of ths lines of force in the ficld are modeled, no attomnpt being
madu to simulate power levels of the [ull scale system. & goometrical
medizl directly yields data on these propurties of the system which do

nct depend on power level { such as impedence, polarization, relative

antenne patterns, ete, )

If, in edditiun to simulating the configurations of the lines of
force in the field, the powor level cf the full-scale aystem is slso
similated in the model, the mcdel mey be termed & quantitative or absclute
model. This type of medal i= capable of ylelding quantitative data on
all clectromognetic properties of the system, so that, [or example, mea-
surgnents could be madc of fiegld intansity, and the like,

Both of the nbove typas of models generally require some sort of
nechanienl medel of the material porticns of the full-zeale system, &
mzchardenl nodel is thus one in which thers iz geometrical simularity in

the shapes of ecorresponding material parta,

T=2b. Reguirements for fecuratg Simulaticn of a Svstem. The pozsibility

aof constructing a model of o given electromapnetlec system ariscs Trom the

linearity of the diflferential squations { Maxwell's egquaticns } which
dsgeribe the Ticldes in amy electromagnetic system.. Therefere, for a

model to be pagsiblo, 1t is necessary to exclude from the system non-



132

iinear modia (such as ferromagnetic media and iomized media in the pre-
sonce of magnetic fielde as in the ionosphare). It is not nacessary to
exduda nonhomogenzous media, since Maxwell's equaticns are walld for non-
homogensous as well gz for homogenesus media. Such medis must be Iinear,
howaver, so thai, although the parometers which describes the medis may
very from point to peint throughout spacs, they must be independent of
tima. .

The simple rule of preserving the physlcal dimensions of a system
1n wavelengtha in the construction of & medel applies only to perfectly
conducting entsunas in [ree epacs. In the conditions for an absolute mo
del, we have te scale tho conductivity, permaability, and dielectric con-

stant. Proper acaling factora may be obtained from Maxwell's squetions,

curl B = - 8 H, eurld = GgE +¢ *Eiz E ( 7-1}

Lot primes denote varinus quantitiss in a model, then

! f R ! ! ! L 4 a, +
curl E = -4 *E;ﬁ.H » curl H = JE + &£ _E;—*E (72 )
[=R+ t

where the prime altor curl denotes differentiation with raespect to the

scaled coordinates. Suppnsa that

E=er£,H=/5HI,d=pd’,t=3tf (7-3)
where Al =  tho gealo factor feor electric intensity

/3 = the scal lector for magnetic intensity

P = the mechantcal scale Tactor

¥ = the scals factor for tinme
It may be noted that four scale factors { o ,ff), A1s T ) are all that

arc needed, since thers ere only four [undemental units (masa, length,
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time, and charge) required to doseribe amy electromenetic quantity.

Substituting ( 7-3 ) 1in sguatinng( 5-2 ), we Find
P R v . S E 3 2
=~ owl B = ~ud g, Bopw g&-+;€—-§-;E{T-¢]

But wquations { 7-4 ) must be indenticml with equetions { 7-1 } hensce

-Tr}%-—c-'! = 73 {e)

H £
£ - ¢ (b) ( 75 )
ot ¥

. ;,5/ =% (e)
In practice, experiments »n medels - - . are parformed in free

gpace; 1t is evident that the permesbility of the model modia camnot dif-

fer appreeisbly from the value of the permeability for Free space. Thare

fora, Cor all media

’ -7
e = /f4 = 49 X 10 honry per mater, amd it follows from
{ 7-5 ) that

=

—_— = 1 ( 7=6 )
/e

Furthermora, when waves in free space ars involved in the full-scala
systam 1t is spperont that the medium in which they travel (eir) muat be
correctly simulated in the medel. It is general practice at the presemt
time to simulate the alr in the full-scale system with air in the model
system. This is partly because of convonience and partly boceuse thse use
of any other medium usuelly menns higher attemuation of the waves than

can be tclurated. Thersfore, air 1s generally usad, and it foellows that,



for theso regione of the model.

!

£ = ¢ ( 7=7 )

But, since { 7-5b } hes to be satisficd cverywhers in the model system
{ 7-7 ) must thersfore be true for all medim. Henee,

E;%: 1 ( 7-8)

8 compardision of tho requirements imposed by ( 7-6 ) and ( 7-2 ) shous

that these equatinng can only be satisfied simultsnecusly by ohoosing

o

- = 1 7=

y ( 7-9)
Honce, £ = A ( 7-10 )
snd n = 7 { 7-11 )

These eonditions therefore reguirs thet the releticnship between con-
duetivities in ( 7-5a } teke the form
o‘} = pg { 7-12 )

Thus it is eppareat that for g praectleal model which 1z subject
to the above restrictlons there are ectually only twe scale factors
( p and either o or £ ) which can be erbitrarily chcsen, The other
gseele factor are then fixed by { 7-10 ) and ( 7-11 ).

It shouvld be ncted that the condition for conduetivitics required
by {( 7-12 ) 1s not necesserily satisfled by using air for the medel to
gimulete air in the full-scale system, fictually, the eir has o small
conductivity which varica with freguenoy, and which therefore szhould be

taken into ncecunt in designing the model end simuleted acccrding to

{ 7-12 ). However, for most frequencies the air can be considered to he
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g perfect insulator and the error made in neglecting its eonductivity is
genorally very small.

The restriction that o = B , dmposed by { 7-10 ), can be
Illustrated by noting from { 7-3 ) that the ratio /@ 1is the ratio of
the iﬁpedance of space in the full-scale system tc the impedance of tha
redium whieh zimulater freoe space in the model., Since the same medium
ia tc bz used in both systems, the impedance of this medium muzt be the
same in both systema. Furthwrmore, it should be noted that { 7-9 )
fixes only ths ratic »f x tm;g s ard does not restrict the chelce of
one of them, If a specifie wvalue is assipgnsd o aither o or 3, the
model becomes an absolute mcdel and it can be used to obtain gquantitative

rasults for all guantities. Otherwise,-ths mcodel is a geomotriecal model,

T-2¢. Geome Mpdelss If & defimite valuz 1 essigned conly to the
mechenical scale facter p, go that the velues of o and A are unkncwn
( but their ratlo being zqual to umity ), thz model becomes a geometrieal
nodzl. A value may be assigned to p which results in a model of ccnﬁe-
nient size for measurements. The impertent regquirements tc be satisfied

in constructing a gecnetricel model are, therefors, the following.

% = xp
y = 3/p
= = z/p
t = t/p
EK = £

= p[j"
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The paramctoer p which determines the scale of the medzal 1g arbitrn=-
rity chosan to yield a model of convenient size, The relaticnshipas be-
twoen varicus full-scsle and model quantities which cap be obtained diTecte
1y from mode]l measurements are listed in table 7-1. In addition to thess
prepertice of the system, it is poseible to determine such cheracteristios
4g polarization, bandwidth, relative antenna patierns, and the like,
which do not depend on a knowladge of power lavel,

In spite of the fact that the powor level being used in & geometri-
cal modsl may be unknown, it is still poszible to obtain gquantitative
Tosults from auch a model in a number of ways. The mezt compon methed
consiste of using a standard model vhose perlormance is known, end com-
varing the mod:l under test with thiz standard. The performance of the
stondard model may be obbained Crom calculatione, from full-scalc measura=
ments, or by amy other means, The eomparision betuecn the test medel and
the standard model must be made at the same power lovel { although the

actual level nead net be known ) or at power levels whose ratio is known.

TABLE 7-1

Conditicns [or a Practical Geometrical Model

5 Nemz of Quantity é Full-Scnle Syztem é Modeld System
: S T T . ——- % R
Length 1 ; 1 =1/p
Tioe % t | ; = t/p
Coenduetivity i G,} =py
Inductive copacity = Ef = g
Pormeability P /u: /‘*c



1.3
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SR D — ; SO
: Froqueney ' f | t = pf JI
| Wavclength j A :'.": = A/p :
| Phasec welcclty ? v 5 vi= v é
Prepagation ccnst.: % | x = Pk %
Resistanco | R | R = R .

! Reactnnce | X 5 I! = X
Impadence Z é Z = 2 ?
Capacitance % c ; CI = G/p ;
Inductance i L ﬂ. = L/p %
Antenna Gain 45 E E.'J = E *

p = ratic of amy fullwscele length to the corresponding medol length,

For antennn medel meesurements, the standard model is usually
a hali-wave dipole antennn whose charactoristic are known [rom calculations,
By comparing the field produced by the test model antemna with the field
produced by a halfwwave dipcle when fzd with an equal smount of power,
the performance of the full-scale test antenpa can be determined.

Another methed for converting relmntive measuremonts of field inten—
slties of antennas to absclute velues makes use of the properties of the
Poynting veetor, From relative measurements of fisld intensity, the value
cf the Poynting vector at each point in spaco can be determined,except for
a congtant multiplier vhich depends only on the power levels. But, If the
Peynting vector ia integrated over the surfaee of a sphere of large radius,

the result must egual the power radiated by the antenna. Henece, the nctual
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value of the unknown multiplying Tactor whdch must be waed Lo convert
the ralative Poynting veetor to avsclutce velucs may e obbtained by
choosging it to make the integral cqual to the knowm wvalue of full -

scale radiated power.

F«3. Choice of Scale

In chapsging the scale, the size of the awailable aerial test
site, the eonstructicral faeilities, the awvailanle equipment; ond the
nature and accuracy of the information required must 211 be considered.

True radietion pattirns van only be measured in the fLar field
of the aserial. The Tar ficld iz uzuelly regarded as *he region beyond

tho critical radius glven by

R = 21" { 713 )

A

whers D ig the aerial aperturs and A  +he wavoleongth

Lastly, scale deponds upon the Lype of measurcments and the
accuraey roquired. Thus a geals fector of as much as 500 : 1, mek-
ing the h, f, band 1,500 to 15,000 Mo ( 20 to 2 cm), may be accep=
ted for radistion patterns of simple merials, On thez other hand Cor
precise impedance measurements on wire acrials 4 @ 1 may be just
acceptable and 10 @ 1 enough to cauge serious inacouraciss.

The scale finally chogen ia c¢learly = compromige and it may din-
[zet bo necessary to uss two difforent scales in order to satisfy all

the above reguirements.



7-4. Lonelusiong

How closely do model rosulis foretell the performance of a full
3iz¢ aerials? TFor n., f., aerisls, gains, azimuth beamwidths and side
lobe levels agree well, Impedance tend to oo a little beiter on the
model than on the PMull sise acrial, probably becaunse of tha higher
gtandards of construction which are poszsible on models,

It is thorefore sugpestzd that one should not sak how valid moe
delling is, mt rather how nearly the full sizc installation approaches
the ideal conditions of the model., Only if the site is egually unobe
structed can one hope te achizve the zeme side lobe lowvel., Omly il
the dimensions arc as accuratc, im proporticn, and the joints as well
bonded, can onc hope to reproduco the samu impedance match. Finally,
the model work can give a more complete ard accurate pieturs of the
performance of the aerial than any limited measursment programmo that

onc 2an hope Lo carry out on the real thing.
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