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ABSTHl\CT • , 

This t11csis deals \Vith, thrcc aspects of vchiclc antcnnas: 

thcir 'coln:)aratlve evaluation 1 the measurcrnent of. their radiation 

patterns ùnù the l~-:ediction of their rélttcrns bv th,C' technic-ruc of 

wire arid ~odelling. 

'l'he cor ":1unications performance 0 f sarr.r>le helicoptcr antcnnas 

is eVélluùtecl ln the HF freclUcncy band, by traditional techniques 

and by a newIv developed method. The rncthoc1 hiahlights signl ficant 

performance dlfferences directly related to operational perfo~ance 

specifl.cations. 

'l'he development of a novel compact anechoic tese ~acili ty is 
'11' 

descrl.bf~d • Kesults are presented of. pattern IT,ei)SUrcr:"cîts on mo(lels 
;' 

of a folûed dipolc, a ground 'rod antenna and a monopole on a 

helicoptc r iJnè:. ùre conparcl~ 'li th resul ts obté:' incd bv othe rs . 

The application of numericëll techninues usina ',lire f!rid 

moùelll.ng estaiJlishes the inportance of correctlv l''oc}cllina the 

source, indicates hm" thick cler:lents ccJn be rcnrec>cntcô. in 

directive arrays, and shous that ';lith COF:;> le>: bodies, incre(}"ina 

U1C nU11.:)("!r of elements does not necessarilv producc pattern 

convcracnce. l'l, satisfactory helicopter model is obtained and used 

to con'pu te the effect 0 f rotor modulation. 

It lS concluded that an interactive cOr.1puter analysis and 

dcsian procedure micrht nov! be formulatcd but that cont~nuinC] 

experir.ientùl study, such as current distribution r.ieùsurements, ,.,rill 

he neccssùry ta further future development of wire gr id modellina 

guidclines necess.1ry to estùblish / the tcchniauc ilS a routine 

procedure. 
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CHAPTER l 

INTRODUCTION 

1.1 PUrpose of the Study 

Avionic systems on aerospace vehicles require a variety 

of antenna types, operating o~er a wide frequency range. A typical' 

arrangement on a commercial airliner is shawn in Figure 1.1. The 

antennas of particular interest for this work are the low 

frequency, high frequency (HF) and very high frequency (VHF) 

antennas. The location of these antennas on a vehicle of 

&D" K"" "'1'1"". C&I 

FIGURE 1.1. 

'1 

- • ..,.T"te<lftOlt ... _ 
Ik_ &ltTPIt" (c, 

ANTENNAS ON DC- 8 AI RCRAFT. 

çamplex shape influences their radiation patterns. At the hiqher 

frequencies they are especially affe~ted by the nearby qeometry of 
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the airframe. In the case of rotary wing aircraft such as 

helicopters, the susceptibility of the antennas to the influence of 
J 

the rotating airfoils is an important consideration. ~igure 1.2 

shows an example of an antenna system on a medium-size helicopter. 

Il 

717 
À-++~ __ 1~5~·~'~~21~1~~~ 

-
, 

1 L.F. AUTOMATIC DIRECTION FINDER - LOOP S RADAR ALTIHETER 
2 L.r. AUTOHATIC DIRECTION FINDER - WIRE(SENSE) 6 I.F.r. RADAR IDENTIFICATIOO SET 
21. U.H.F. TAANSKITTER - RECEIVER (ALTERNATE) 7 TACAN NAVIGATION SET 
3 H.r. TRANSKITTER - RECEl VER - WIRE 8 DOPPLER RADAR 
4 U.H.F. TRANSKITTER - RECEIVER (NORMAL) 9 U.H.r. DIRECTION rINDER 

FIGURE 1.2. ANTEN~ ON SIKORSKY CHSS-2 HELICOPTER. 

The radiation characteristics of the antennas on 

vehicles are usually analyzed wi th respp.ct to their contribution to 

the overall performance of the resppctive avionic system, such as 

communications, navigation, search and rescue etc. Clearly; until 

the radiation characteristics are related tio system performance, it 

is difficult to evaluate antennas of different characteristics or 
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r, locations or the seriousness of rotor effects in the case of 
'1> 

helicopters. 

Sorne reflection upon the design, development and 
, 

production cycle of aerospace vehicles leads one to appreciate that 

radiation characteristics of antennas and their consequent effect 

on system performance should be knm'ln early in the design phase if 

sorne atteMpt at optirnization is to he I\ade prior to productl.on 

committment of the vehicle. These considerations also recur during 

the useful ll.fe of aircraft, when'new systems are introduced or 

antennas need to be relocated due to other l.nstallation changes. 

Analytical techniques using closed forrn solutions' of 

electromagnetl.c equations have been applied to representative. 

simple shapes [1] of vehicles where possible. Scale model 

techniques [2] allow measurements representative of a full-scale 

system to be nade. Performance criteria have been developed [3] 

for man y systems and are beinq used. It has been found aIl too 

often, that a closed form solution is too crude and that , 
measurements rnay be too costly or require too much tirne or pose 

sorne other practical difficulties. In addition, the performance 

criteria used so far do not always provide adequate resolution to 

differentiate between the performance of antenna systems. In 

helicopters, an understanding of rotor modulation effects is 
. 

desired before these can be rninimized by known design measures or 
'." 

by developing new ones. Problerns of this type have been exarnl.ned 

in this work and t\'lO specific cases are presented in this thesis. 

(a) Several HF wire antennas for a medium-size helicopter (CHSS-

2) were analyzed and their ratings compared using recognized 

.11 

.. ' 
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performanc~ criteria. The results of th1s analvsis are 

presented in Chapter II. It ~·las.(?found that 00 th~~e cri teria 

did not provide sufficicnt diffprcntiati6n among s~Milar 

antennas. Furthermore, thC3 relationsh1p of thl"> perforMance 

cri teria to operatl.onal usage is some,,'hat ohscure. .t\ new 

rnethod has been prorosed here, "'hich bears a direct 

relationshl.p to operational performance specl.f1cat10ns wn1le 

Maintaining aIl the essentl.al features of the criterl.a us éd 

heretofore. 

The closer study of rultennas and rotor modulatl.on 

" .effects coù.ld not he realized ,wi thout a measurernent facl.Il. ty 

for near and far fields. A novel facility has been 

designen, Qu11t and tp.sted. This facility and results ar~ 

d~scribed in Chapter III. 

Hork on th1s prohlcm suggest<:>d the need~,for an alternate 
' ..... ~ 

modelll.ng techniqup \-Ihich would be more readily availahlE> 

and Hhich \-'ould also provide some insight into rotor 
, 

modulation effects and hopefully provide a data baSE> for 

good performance analvsis as weIl. Wire-grid modelling 

Methods were examined, used and extended w1th the objective 

of becoming central to a new comprehensive me~lodology for 

the analysl.s and design of vehl.cle antennas. l1easurements 

and wire-gr1d modelll.ng were effpct1vely applied in the case 

of a small helicopter (Bell 47G-4A). -' 
,. 

(b) Decause of thcir manoeuvrahility, helicopt~rs can he used 

for airborne field strength mpasurements of qround station 

, .. 
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antennas. For this application~ hO\\'ever, three main antenna 

characteristics are desired: 

(i) 

(ii) 

(iii) 

To 

Known gain and unique polarization, 

Ornnidirect~onality or un~formity in azimuth, 

" , FreedoM from rotor modulat~on effects. 

study the possibility of achieving these 

characteristics ~n an antenna system for the Bell 47G-4A helicopter 

at HF and VRF frequencies, a comhination of analytical, 

experirnental and \-rire-grirl moèellinq tE"chniques was used. The 
if 

details of the program are prese~ted elsewhere [4), ~ut the 

modelling of the two antenna types for use at VHF' frequencies is 

described in this work. It is bel~eved that the results 

demonstrate the usefulncss and som~times the necessity of sgch a 

comb~ned approach. An experimental and wire-grid modelling study 

of a monopolè on the hel~copter is also descr~bed. It is shown 

that the rotor modulat~ûn effect can be pred~cted by w~re-grid 

modelling techniques. The cornputed patterns themselves, are in 

substantial agreement with experimental results and thus provide 

the data base s'ought by aerospace vehicle antenna designers for 

performance evaluation purposes. 

Various elements of the combined approach are detailed 

in such a manner as to dernonstrate the method of their application 

to cornplex problems. As the applications are developed, and the 

individual elements are elahorated, the essential unit y of the 

proposed approach, frorn systems criteria to antenna characteristics 

back to syster:l performance will be evident. , 
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1.2 Vehicle Antenna Evaluation and Figures of l1erit 

It is notable that the first paper in the first issue of 
(' 

the I.R.E. Transactions on Airborne Electronics iS"Granger's paper 

entitled: "Systems Considerations in Aircraft Antenna Design" [5]." 

Granger's paper seeks a quantitative answer, for HF liaison 
(.') 

antennas, to the question of how Hel1 an antenna system meets the 

requirements of its application. Several antennas having \'ridely 

varying patterns and impedances over this relatively wide band, can 

possibly satisfy the requirements and, making comparisons, the 

engineer is confronted with a vast quantity of data. Granger 

proposed a figure of merit in terms of "antenna system efficiencyn, 

defined as the fraction of total power radiated in useful 

directions. An extensive 1nvestigation of antenna evaluation 

methods \Vas carried out at Stanford Research Institute during 1949-

53 under Granger's direction although most of the results ,\"ere not 
i 

publisherl in the open literature until 1958 [7], [8], [9l. Based 

on a study of high frequency communications practices of commercial 
, ' 

carriers and military comnunications requirements, the useful 

sector \-'as defined as that 30° abov~ and 30· below the hori zontal 

plane. The antenna system efficiency criterion and methods for its 

derivation \>/ere incorporated in the mili tary specification for 

aircraft HF liaison antennas [6] and this has become a standard for 

the aircraft industry. 
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1.2.1 Antenna System Effie1ency 

The antenna system effic1eney is thus defined as the 

ratio of the power radiated into the solid angle included between 

30· ab ove and below the horizontal plane through the aireraft, to 

the total po\-Ier input at the transmiss ion line terminaIs. A 

definition of the eo-ordinate system in eQmmon use and the 

polarization components is s~own in Figure 1.3. 

1 

8=d' 

y 

FIGURE 1.3. CO-ORDINATE SYSTEM/USED FOR PATTErul rŒA5UREMENTS. 

TIANSMITTII ' 
t-13-----f 

2 ·30MHI 

MATCHING 

UNIT 
(COUPlII) 

~ 7,. --..... r-'Ic--l 

[~;l 

FIGURE 1.4. ELEMENTS OF THE ANTENNA SYSTEM. 
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1\ scheT"latic of the system being consldered is sho\.Jn ln r1gure 1.4. 

The antenna system eff1clency TJ.,1 can be expressed as 
s 

115 = T7 p 110 T7 c T7 t 
( 1 • 1 ) 

where 

11p = antcnna pattern efficiency 

T]c = antenna coupler cfflcioncy 

110 = antenna efflclency 

T7t = transmission linc efficicncy 

5 1 

The last three tcrns of (1.1) arc a measurc of the power transfer 

efflclcncy DetllE'Cn transm1 tt:er and frae space. The antenna pattern 

efflclcncy can De cxprC:!sseù as t:le ratlo of the pouer rac.1iated in 

the deslred spctor to tl-le total pcv/er radlated 

(1 .2) 
= 4n 

where 

G Hl) = A antpnna pov'er galn function 

= useful solid anqlc spc~or " 
Th~se factors are computec1 over the freouroncy range of interest, ~-

30 t'Hz. T~e radiation rattern efficlency, 17,P is usually obtained 

from mode! radiation pattern ITleas uremonts (sec Section 1.3) -and the 

power transfer efficiency from model ITlCaSUreMents or computational 

estimates [61. 

Several investigators have applied this criterl.on. 

Among thesc, !1oore [81 reports on the antenna system efficiency of 
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antennas and is also called a "coverage factor" [141 in more recent 

spacecraft work. 

starting with the Shannon expression for channel 

capacity 

where 

= 

S, N 

W = 

1092 (1 + ~ ) bits/sec 

.are signal and noise power densities 

bandwidth in Hertz, 

(1.3) 

Lucke derives an expression for the average information capacity of 

the circuit of which the antenna forms a part. The average is 

taken over aIl the situations under which communication may take 

place. Thus 

where 

C = f p {() 1092 [1 + (~ (~) J d ( 

C = average information capacity, and 

stands for the aggregate of aIl the 

variables on which the signal to 

noise ratio SIN «() at the receiving 

end depends. 

(1.4) 

/ 

The variable ( is distributed with a probability density p«() and 

the integr~tion is carried out over the volume for which p«() is 

defined, i.e. the v.lume for which 

" 
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several types of antennas on a C-54 aircr~ft, Wong [10] presents 

the radiation pattern efficiency of several antennas on the CL-28 

aircraft and Kubina [3J reports on the antenna systèm p.ffieieney of 

an isolated fin-cap antenna on this aireraft and its model and 

full-scale testing. 

1.2.2 Other Factors of Merit 

The \l1ork at Stanford P.esea~ch Institute ~ncluded .... 

examination of other evaluation methods. Long range eomrnunicat~ons 

at HF frequencies. is of course also depender.t on ionospheric 

conditions, atmospher~c noise, tirne, place, d~stance and frequency. 

Lucke [9] reported on a eonmunication theory approach ineorporat1ng 

Shannon's [12] formula for channel eapacity in terms of bandwidth 

and signal-to-noise ratio as a weighting function for averag~ng 

antenna patterns and impedances over s'Pace and frequency. '!11is 
-

method is also cOMpared with thn nantp-nna-systeM-e~ficiency" and 

wminimum levelw methods. 

The "minimum level" or "pattern-qistribution funetion" 

[13] rnethod1 is based on the assurnpt10n that the effectiveness of a 
, 

transmitting antenna is measured by the port~on of the preseribed 

sector over which tile s1gnal amplitude (of prescribed polar1zation) 

is ab ove a predeterrnined minimum level. This level is obtained 

from considerations of transrni tter pO\'ler and noise properties of 

the recei ver. This rnethod is frequently used for VHF and UHF 

1 
Reference to company reports 1s made where these are known and the 
mater1al 1s not covered i~ the open' literature. 
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fp(~)d( = 1. 

Very extensive numerical work is required to compute the average 

information capacity for even the simplest case. 

Moore has shawn [7], [8] that for signal-to-noise ratios 

less than uni ty r 

(1.5) 

where 

~ = J p (~) ~. (~) d ( = average signal-to-

noise ratio 

and that the radiation-pattern effick9nCY is closely related to the 

average signal-to-noise ratio. Moore reports calculations with 

radiation patterns of sorne lIF antennas on aC-54 aircraft and shows 

that average dl.fference betuecn values calculated by Equations 

(1.5) and ('.4) is 8 percent. The noise N and function p (~) were 

taken to be constant for these computations. 
1. 

Blass [15J also suggests an evaluation'method based on 

the time required to transcribe an amount of information witho~t 

error., 

1.2.3 Se arch for Inprove~nts 

Hoore [B] sought. an expression of relative ratings in 

té~rns of operationally signl.ficant parameters such as articulation 

scores. He proposed a ·voiee intelligibility index" Obtained by 

averaging articulation scores over the useful soll.d angle sector nu 
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For calculation purposes he linea~ll!ed the curve of articulation 
.. 

score vs sîgnal-to-nois~ 'ratio of Figure 1.5 

'1 , 

between 

100 

l ID 

loi 
« 
0 
~ ID 

z 
~ .. 
~ ... 
~ 
u 
~ 
« 
~ 20 

FIGURE 1.5. 
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V 
--HYPER80LIC TANGENT 

APPROXIMA TlON 

~ r 1 -, 
-12 -1 -4 0 .4 .1 +12 

SIGNAL- TO-NOISE RATIO 1081 

ARTICULATION SCORES AS A FUNCTIOn OF " 

SIGNAL-TO-NOISE RATIO IN NRITE NOISE. 

the threshold value of gain and 
) 

the value for an 

artl.culation score of 100 r.. Under these assumptions, .. he deri ves a 

relationship for relative intelligibility indl.ces and antenna 

system effl.ciencies as 

= 

where 

d = 

17S 
2 

are intelligibility indices 

are system efficiencies, and 

range in gain from a ta 100% 

articulation score. 

(1.6) 

He concl;udes, hO\'1ever, that because of its simplici ty, antenna 

system efficiency should continue to be u~ because interpretation 

\ 
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in terms of articulation scores can eas1ly be cornputed using .. 
. , 

Equation (1.6) when necessary. 

Wong [16] sought a rneans of overcoming the lack of 
, 

discrimination in the antenna-systern efficiency criterion between 

• antennas having different azirnuth patterns. He proposed the 

incorporation of a deviation factor 6 into the system calculation, 

6 being proportional to the deviation of a pattern from one which 

is omnidirectional in azimuth. This method is illustrated in 

figure 1.6. 

ô= 

" 

__ MEASUIED 

PATTERN 

LEVU 

shaded area 

Granger: 
277 1200 

1 f (E~ E~) sin8 dO d4> 
o 6ff 

.,., .. -,;.-.---.;;..;...----------
2" 180

0 

;;! (E~+ E~) si nO dO d4> 

Wong: 

(= 

total pattern area 

FIGUHE 1.6. -DEVIATION FACTOR AND lAffiIGHTIl1G OF 

AZIHUTH PATTERNS. 

The method is easy to apply since it involves only an additional 

area dete~ination during pattern measurements and has becn applied 

by Wong to the cvaluation of antennas for shl.ps. 

/ 
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Cline and Tanner [17J have attempted to overcome the 

lack of discrimination between antennas' having different azimuth 

patterns while seeking a more operationally significant factor of 

rnerit. For ionospheric communication, they postulated a number of 

communications events for different path lengths, directions, 

geographic locations, times of occurrence and they calculate the 

signal-to-noise ratio at the receiver. They linearize l-toore' s 

articulation score curve, shm·m in Figure 1.5, and arnong a number 

of events having the sarne signal-to-noise ratio use the 

articulation score value to obtain the fraction of these events 

which they consider successful. They th us define the factor of 

merit as the ratio of the number of successful events to the total 

nurnber of events postulated. Further it is suggested that curves 

of this factor versus transmitter power be used for antenna 

cornparison. Values presented, however, are for a single antenna 

,.,ith assumptions of uniform power transfer eff~ciency over the 

frequency band. 

Central to the application of aIl of the ab ove 

evaluation methods is information on the radiation patterns and 

impedance of the antennas. Comparisons among antenn~s are very 

scarce in the literature because of the very extensive measurement 

and analyt~cal work required in gefterating the data base and in 

making the comparative evaluation. Thus the need for more complete 

pattern and impedance information and the use of computer-aided 

analysis is evident. 
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1.2.4 Rotor Effects J.n Helicopters 

Antenna location problems on helicopters were recognized 

sorne time ago [22]. The rotor modulation effect \-1 as measured by 

Adkar [18] for a HF wire anfonna on the Sikorsky CHSS-2 helieopter 

and more extensively by Wang and r'~uilwyk [23] who shO\<led a 

particularly large increase in pattern effect at frequencies close 

to a frequency of longitudinal resonanee of the airframe. 

[24] measured the effect of rotor modulation on the behaviour of an 

automatie tuning unJ.t for a IIUS-1 helieoptûr HF antenna and showed 

the tendency for the unit to tune poorly or to hunt. rteasurements 

on a ~rnF antenna installation to be carrled on a Bell 47G-4~ 

helieopter for field strength ealihratlon purposes were reported by 

Pavlasek and Kubina [4] and sorne rotor modulation measurements at 

HF frequeneies are reported in this \vork. Studles of problems SUCl. 

as this- are also of signifieanee for VTOL and STOL aireraft or high 

performance aircraft with variabl~ geometry. On satellites and 

spacecraft a sJ.rnilar problem occurs due to deformation of antenna 

elements due to thermal or other physical factors. 

1 .3 Survey of '~eas urement ~ethons 

The radiation eharacteristics of airera ft antennas must 

be obtained prior to the tirne thf> actual aireraft hecomes available 

sinee decisions on structural details must be made before 

manufacturing begins. Even if the actual airera ft were available, 

testing on full-scale aircraft is very costly sa tilat qround and 
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flight tes ts are usually performed only as corro1)oratl. ve sys tcm 

tests. neasurements must thereforC' 'Pe carrlec1 out on cqul.valent 

electromagnctic monels of thcsc vehiclcs. T'ortunatf"ly the 

technique of scale moc'iellinq is r'~''la'tivelY Hell c1evelopec'l and a 

short 'survey is offer0.d hC'rein. 

1.3. 1 P.adiation PLlttern ~!eaSllrement 

The requ~rernents for moc:els on \vtl1ch rneasurements might 

be made on an a!,)solute ba::as in terrns of the full-scale sys tom werc 

rèviewe<..1 by Sinclal.r [26] and dl.scusscd by Sl.nclal.r, Jordan and 

'TaUCThan [~7) specifically ln rolation to ncasurement of 
. ~ 

al.rcraft 

antenna patterns. For thE' roader '.'li th a snstalned intC'rest ln tl1e 

subject th~se works also provi~e SOInP parll.cr references and sorne 

interestinq sioelights. 1 Sinclair shmls that an electromagn0tlc 

system model '1, obtained by clividing all ciimt-'nsions of a full-scaln 

system f' by.", \·!ill have qeoMC'trically sinilar fields l.f t~e 

characteris tic rararn~tC'rs of the rnE'di a cOJTlT"risinq thr-> t\>lO sys tf'ms 

are relat'E'd bv 

f2 2 f2 (1.7) 
EM }lM = 11 EF J.1F M F ': 

and 

IJM fM 
2 

f
F 

(1.8) 
,(JM = TI (JF IJF 

1 
For example, A. Alford first coined the word "balun" to replaoe 
"bazooka", the term for a balanced-to-unbalanced ll.ne transformer. 
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where 

E = dielectric constant 

cr = conductivity 

!.l = permeab i li ty f 

f = frequency 

TI = arbitrary constant which 

determines model scale. 

Antenna model measurements are done in air, so that EM = 

EF, and normally !.lM = "'F • It follows then that 

= 

and .. 
= 

It, is pointed out that effccts of inaccurate s1mulation of metals 

are Most prominent ui th thin ,·lires. 

Measurements described are ,..rith models containing s.~

contained oscillators, modulated receivers and those ,..rith co-axial 

cables from ~1e detector sufficiently masked by the model and 

located in regl.ons of weak signal streng~l. !lodels described were 
(\ 

constructed of hand-formed copper over pattern-maker's white pine 

and also pine models sprayed with metallic co~er over a zinc base. 

more recent survey of measurempnts at radio 

frequencies was made by Cumming [28] who also discusses the use of . , 
high resis~ance leads to connect the detected audio signal in the 
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model to a remote receiver. Thi~ technique was initially descrihed 

by Peters [29]. Problems of model measurements on ground-based 
''\ 

vehic1es are discussed by Nebster [30] and those on ships by Wong 

and Barnes [31] • Granger and Bolljahn's [1] c1assif1cation of 

a1rcraft antehnas is usefu1 to reca1l in reading the review of 

Cumrn1ng vii th regard ta difficulties wi th pattern ranges. The three 

di v1sions are: the 10\-1 frequency range, the longi ~udinal resonance 

range and 

distinction 

the transverse resonance or 

being 1n ~e1ationshiP 
diffraction range. The 

between the air frame 

dimensions and the h'ave1ength. Bolljahn and Reese [32] shmv that 

in the 10\'1 frequency range, from the e1ectromagnetic point of view, 
.~. 

the quasi-static approximations may be usen and measurements 

carried out in e1ectrostat1c cages or e1ectro1ytic tanks. 

Stembridge [33 J reports that, in '-Iorr:. done at Farnborough 

'vith copper and silv~_latE'd ll"odels of 1/4 or 1argp.r scale factor, 

exper1r:>nce over the years has shown agreement bet,vp.en mode1 range 

and 1n-f11ght measurements to be of the order of ±3db, and 'vith 

spacecraft for mode1s 1/10 or 1/15 of full scale, estimates place 

agreement at ±1 or 2 db. 

Tanner land Sharp [34] discuss the effect of poor 

modelling of ,,,ire diameters in HF array antennas. The rnodelling oJ 

the antenna element 1tself must be carefully considered and usual~y 

separate test1ng on reference grou,nd planes is undertaken before 

its 1nstallation on the scale model of the veh1cle itself. -

" 

'. 
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1.3.2 Impedance ·1easurements on nodels 

\ 
Although impedances are best measured on full-scale 

aireraft, adequatc model measurements ean be made also. The 

1nstrumentation aspects are weIl covcred in standard texts but a 
" 

" 
brief note on physical aspects is in order. 

One rnethod of impedance measurement with models 

eonsists of constructing a sufficiently large model of the aireraft 
, 

to house the self-contained measuring equipment. The model is 

isolated from ground usually on a ,.,oaden tower and the measuring 

equ1pMent is adjusted rernotely. A representative arrangement is 

shovn in F1gure 1. 7. This ShO\'lS a 1/5 seale impedanee model of a 

large transport aireraft on a 20 foot wood en supporting tower. 

Typ1eal results obtaincd by this rnethod are deseribed by Granger 

[1], [35) and F1gure 1.8 shows a comp~r1son of impedanee measured 

FIGURE 1.7. IHPr:OANCE :100P.L AND SUPPORTING TOWER. 
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on a full-scalp a~rcraft and on a 1/5 scale moùel rcportcd by 

Ku1nna [3]. ror ini tial m:-asurernent, hQ\'lcvcr, a less costly 

technique ~s pref0rred. 

For SOIlle classes of antennas the complementary slot 

tcdln~que can he used. It 1S descr1bed by Doll)àhn and Granger 

[36 J and applied to a1rcraft antenna imnedance 'MeaSUreMcnts. The 

techn~quc \'las suggestcd ))y BooJ:er [37] who has shoun that Babinet 1 s 

pr1Dciple, properly extend~d to electromaqnetic fields, leads to a 

siMple relation beh10en thp impedancE's of t\-,TO nlanar comnlcl'Tlentary 

structures. TI1is is illustrated in Figure 1.9. 

The slot cut out from an infinit~ly large plane 

corresponds to the d~polc. The ~l'TlpedanC0s of the slot and dipole 

are shawn to be r~lated by 

\vhere 

z Z 
a s 

z = 
a 

Z = s 

= 

antenna impedance, in ohms 

slot ~mpedance, in OhMS 

C = J !Jo 1 ~o = 120'lf ohms. 

( 1 .9) 

Thus s~mpli fip.d aircraft Models in planar fom can he con~truct2d 

using equival~nt cross-sect1or.ed shapes. In systpms havinq image 

symmE'try such as \vinq-caT" antennas, measurements can hA Made on a 

half-slot and irnaqc plane. Several such measurements are reported 

by Bolljahn and r.ranger [36] and the mcthod '-las usc:-d hy,,,,long [38] 

for the investigation of isolatcd nose-cap antennas. 
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Although the rad1ation patterns and irnpedance data are 

necessary to establish the performance of antennas as considered in 

Chapter II, they are not sufficient for a full understanding of 

veh1cle antenna behaviour. The detprmination of current 

distribution on the body helps ta establis~ the characterist1c 

radiation modes and should be considered also as a lodestone 

towards effic1ent wire-grid modellinq of complex structures. 

1.3.3 Pcasurcment of Current D1strihutions 

Computatl.ons ,of current dl.str1tmtions, on linear antennas 

are frpquently eompared to the meàsurements of r'ori ta [391 and r~ack 

[60] and on coupled antennas and folded d1poles to the measurements 

of !!orita and FaflicJ: [40 J and no other published measurements are 
t, 

aval.lable. 

Current distributions on aircraft were published by 

1 
Granqer [41 J for antennas in the longi tudl.nal resonance frequency 

. 
ranae. "ore detailed current distril-,utions were measured on 

ai rcraft mode;I.s ,by ~ranger and r~ori ta [42 J for wire, winq-cap and 

tail eap antennas. A small cxternal loop was us~d as a probe and 

the antenna on th(' aircraft was exei tpà bv a variable frcqueney Pp' 

source not contained wi thl.n the model but rf:>asonably 'vell isolated 

from it. Still more compre~ensive and sensl.tive measurements were 

" carried out by Carswell [43] for wing-cap and tail-eap antennas. 

She improved on the technl.quc of Granger and r!orita by exciting the 

1 
~esults are 'from captured German documents showing results of full
seale rneasurements for a shunt excited wing antenna on a JU-52 air
eraft. 
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external probe and connecting the detector to the antenna and 

taking out the detected audio sional through hiqh resistance leads. 

These measurements were carried out to identify the airf~ame 

resonant current paths in an attempt to understand the impedance 

characteristics and patterns of these antennas. 

It is rather important to note the observations of 

Granger and Hori ta that near the \rling root and on thû horizontal 

stabilizer, the quasi-static approximations of longitud1nal lines 

of current flow do not apply and are nowhere applicable on the 

fuselage. Also there are substantial regions of the fuselage where 

the current measured 15 elliptically polar~zed. Uear these 

regions, the authors point out, ~~e assumption of "stat1onary lines 

of flow" implied in the usual applications of the integral-equation 

method of antenna analysis [44] i5 not adequate l.J~' and hence a 
, 

guideline for efficient wire grid modellinq based on such an 

ass~ption and exploited by Ghiorgis [451, cannot be used. 

1.3.4 Full-Scalc r~asurements 

The special techniques required in !l~ght evaluations in 

order to obtain good correlation between model patterns and fll.ght 

test data are discussed by Leopard [46] and Reed and Russel [47]. 

~lthough of direct applicab1lity for frequencies ab ove 50 ~lliz" 

nevertheless the precautions and statist1cal approac~ are also 

applicable to flight measurements at UF frequencies. Sorne ether 

comparative results are presented by Kubina [3] and Stembridge 

[33]. unfertunately the extensive measurements carried out durinq 
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the HF antenna evaluation prograrn at Stanford Research Institute 

are not available in the open literature. 

Because of the special difficult~es and cost in full-

scale measurements the need for other metheds continues and 

furthermore the ability to design the flight tests successfully is 

enhanced when complete predictions of performance are available . 

.-
1.4 Survey of Analytical Methods 

') 

Classiciü analyt~cal methods have limi ted applicab~li ty 

te antennas mounted on complex structures such as aireraft, but a 

short resume is presented. An extensive survey is given by Wolde-
• 

Ghiorgis [45] • One of the methods, the integral equation 

formulation for li~ear antennas, fOrMS the basis of the wire grid 

medelling technique being applied. Applications of the wire-grid 

technique to antennas on vehicles of complex geometry are reviewed 

as weIl as applications of the dual method, the surface element 

modelling technique. 

of 

1.4.1 Classical Methods 

In practice, there is still no routine method of solving 

antenna problems. The general problem is to find a solution to 

Maxwell's equations for the boundary conditions of the radiator but 

the most cQnvenient method is dependent on the geometric shape 

being considered and the most si~ificant characteristics of the 
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solution that are being sought. The three main methods are 

discussed fully .. by' Maroni [44 ] and Schelkunoff [59] • 
> 

Schelkunoff's nomenclature for the three main antenna theori~s is 

related to the features of the solutions. The three are: 

(1) Circuit theories 

(2) Field Theories 

(a) Resonator theories 

(b) Hode theories 

The first ,classification arises from the emphasis on currents in 

the various section~ of the antenna u~ing circuit-like techniques. 

Pocklington [61 J \iaS able to convert Hax, ... ell '5 equations with 

various boundary conditions into integral equations and obtained 

the i~portant sinusoidal approximation to the current on thin 

antennas. Later Hallén [62] reformulatE'd the integral equations 

and discovered a method of deriving asyrnptotic solutions for thin 
i 

antennas. This nethod allo ... ,s the analysis of thin cylindrical 

antennas exemplified in Figure 1.10(a). Improved solutions are 

described in King's encyclopaedic book [63] and in his survey pape.r 

[64] • Although it is not possible apply these solutions 

directly to vehicle antennas, King's approximation for the 

irnpedance of the asymmetrically excited dipole [65] serves as a 

good guide for the analysis of the irnpedance behaviour of isolated

cap antennas and has been used for this purpose by Granger [1], 

Adkar [61J and others. 
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'N, 2h 

(a) (b) (c) 

Cylindrical Spheroidal Bi-conical 

FIGURE 1.10. ELErmNTARY FORHS OF RADIATORS IN ANTENNA THEORIES • 

.. 
The second classification arises from the solution of 

t-1axwell' s equations as a boundary-value problem in a prolate 

spheroidal system and an emphasis on fields. This is one of the 

few coordinate systems for which boundary conditions can be matched 
• 

directly and the separation of variables carried out. This 

approach is usually associated with Stratton and Chu [67]. A 

general review is provided by l'lait [68]. The applicable geometry 

is shawn in Figure 1.10(b). The prolate spheroidal model maintains 

mathematical rigor and allows the consideration of end effects in a 

systematic manner. When the spheroid i5 elongated and the ratio 

h/a » 1 , it approximates the thin cylindrical antenna. 
..-

Schelkunoff labelled this the "resonator R theory of antennas 

because the individual terms of the solution represent certain 

modes of forced oscillation of the antenna"as with resonators and 

thus exhibits 
\ 1 

an affinity between antennaa and resonators. r·fyers 
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[69 ) has used 
, 

this theory to determine the radiation patterns of 

unsyrnmetrically fed prolate spheroidal antennas and vlells [70] has 

obtained the current distribution and impedance for this condition. 

The third theory was developed by Schelkunoff [71) 'b~ 
" 

approximating the antenna as a wide-angled conical transmission 

line as indicated in ~igure 1.10(c). It is called a ~mode· theory 

because of its similarity to waveguides having many modes of 

propagation. If the cone angles 2~ are allowed to decrease, the 

configuration appreximates a cylindrical antenna. By applying 

Schwinger's ~ariational method to biconical antennas, Tai [72) 

obtained more accurate irnpedance values. The impedance analysis of 
1 

Tai was used by Adkar [66] to analyze the highlights of the 

impedance behaviour of the nose-cap antenna. 

References to considerations of the excitation gap can 

be found in Schelkunoff's [59] and Kings's [64] rnonographs. 

The above theories provide~eneral understanding of the 

behaviour of vehicle antennas when these can be reduced to such 

simplified forms, but the theories are limited in the perturbations 

allowed to generate more complex shapes. On+y the extension of the ,

circuit theory te general shapes has ~een ,applied to the complex 

geometries considered in this thesis • 

• <' 

" 

\ 
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1.4.2 Numerical Techniques - Oiscretization of 
, 

Integral Equations 

li 
A comPle:, conducting surface may be assumed t be 

discretizable with a number of small surface current element or 

with a grid of thin wire elements. Integral equations are then 

formulated in which the unknowns are either surface currents, in 

the case of the surface element method, or line currents in the 

wire-grid modelling method. By using point-matching techniques, 

for example, the integral equations can he transformed into a 

system of algebraic equatians ta be solved by matrix methods. ~ As 

noted, a more general bibliography is found elsewhere [45] and the 

review here is restricted to applications involving more complex 

geometries. other specifie references are given in Chapter IV. 

The surface element method has been formalized into a 

magnetic field integral equation by Poggio and Hiller [73]. 

Although the method had been used for scattering ~tudies [74J and 

antennas on bodies of elementary shapes [75J, the first published 

study of the method for a monopole on a helicopter (CH-47) is 

reported by Knepp and Goldhirsh [76]. The study does not "consider 

the rotor blades. The overall collective average deviation between 

measured and computed patterns is reported to be 2.5 db. The 

aut~ors suggest a wire-grid modelling technique as the next step in 

their work. 

The wire-grid modelling technique Was first developed by 

Richmond [77] for the study of scattering by eonducting surfaces. 

Tanner and Andre as on [79] report its application to general wire 

antennas and to a fin-cap antenna on an RB-66 fixed-winq aireraft. 
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Miller and others [79] have applied the techniques to the analysis 

of homing system antennas on a helicopter (OH-6). 

Results are given for a structure approximately O.7À 

long, with a total of 205 seqrnents being used, with an average 

length of .047 À • Maximum deviations from experimental patterns 

appear to be about 25% with generally good agreement in the lobe 

structure of the patterns. Thiele and his co-workers [80] have 

computed the radiation patterns of small loops on an F-4 pursuit 

aireraft. However no experimental data is provided. 

Chao and Strait [81] claim a general program suitable 

for arbitrary configurations of wires and treat expl~citly the 

problem of wire junctions, but do not treat structures of the 

cornplexity of those referenced above. 

Tanner implies that as much accuracy as is desired might 

be obtained by increasing the complexi ty of the \-1ire-grid model 

representing the structure. There is not enough evidence that 

~~~~:t necessarily follow ~nd in fact the need for a more 

careful Î and sy~tematic approach has already been corroborated by , 

the work of Wolde-Ghiorgis [45] on a variety of structures, and is 

further reinforced by the results of this thesis. The problem of 

the numerical analysis techniques has been the one which has 

~ •. received most attention in the literature, however, Jhe choice and 

arrangement of the wire~grid model finite elements has been -based 

on a heuristic approach while the beginnings of a systematid attack 

have been considered only recently [45]. 
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1.5 The Present Work 

This work is devoted to three main areas of the aircraft 

antenna problem: evaluation, measurement and mathematical 

modelling. Its central theme is the use of cornputer-aided analysis 

in the comparative evaluation of antennas and for the pred1ction of 

radiation characteristics of vehicle antennas by the finite element 

technique of wire-grid modelling. An essential feature is the 

design, construction and use of a compact anechoic room facility to 

ohtain measurements which at th1S stage rernain a key guiding 

element for the further development of numerical techniques. 

1.5.1 Evaluation of Antennas 

Chapter II describes a comprehensive method for the 

evaluation of vehicle antenna performance in the HF frequency 

range. It is applied to the compar1son of five sirnilar antennas on 

a CHSS-2 helicopter and the results are compared to those Obtained 

by other available methods. A fundamental feature of the method is 

that the evaluation is related directly to a commonly specified 

operational performance factor, namely range. The comparison shows 

that the method provides a better differentiation among similar 

antennas than can be achieved by other methods. 

No claim· is made for the originality of the individual 

elements of the method. However, the total ensemble of these 

elements to constitute a method of evaluation related directly to 
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operational criteria as- weIl as its comparative evaluation i9 

believed to be new. 

1.5.2 Experimental 

Chapter III describes the construction of an anechoic 

test facility, its prelimina~y testing and the measurements carried 

out both at L-band and at S-band. The facility and the 

measurements carried out are an important part of the sequence of 

data acquisition necessary for 

Fur~ermore, measurements have 

the revaluation described above. 

been found crucial for the 

validation of the discrete finite' element models. ~'easurements are 
1 \ 

presented for a folded dipole antenna with its supporting mast, a 
\ ' 

ground rod antenna and a monopole on a Bell 47G-4A helicopter. 

These rneasurements in turn indicate how l wire-grid modeis can be 

used to overcome experimèntal problems in the scale-modelling of 

antennas. 

The measurement methods used are '''ell known. These have 

been systematically applied ta testing the ane~~oié chamber, the 

design of the absorber configuration and the antenna measurements 

themselves. The test facility is considered to be an original 

engineering design, novel in its compact forro and arrangement, and 

optimized for cost and performance factors. 
1 

\ 
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1.5.3 Wire-Grid Modelling 

The main objective of the research in wire grid 

rnodelling was to Obtain the radiation patterns of antennas on 

helicop~ers with sufficient accura~' to be used in the evaluation 

rnethods described above and especially to show the rotor modulation 
, 
effect. Previous work in cornputational techniques has been usually 

directed towards isolated antennas and the mathematical and 

numerical aspects of the techniques. At this tirne no systematic 

procedure for establishing wire-grid models of complex structures 

exista, although the beginnings of an initial sy~tematic attempt to 

formulate definite methods has been made by Wolde-Ghiorgis [45] for 

certain antenna configurations emphasising the "stationary lines of 

flow" concept. The results of this latter ~ork are applied and 

extended here to the case of the folded dipole and the ground rod 

antenna, but it is found that the concept of "stationary lines of 

flow" cannot be applied in a simple way to the complex and angular -/ 
. 

geometry of, t,he helicopter. _The specifie objectives and results of ... 
the study are the following: 

(a) To develop a wire qrid model of a folded dipole and , 

supporting mast. The achievement of this objective and the 

research leading to it have produced: " 

(i) a guideline for the representation of a mernber with 

sizeable diameter in a directive 
.. 

antenna- such as .... 

this. 

(i1) an appropriate model of the sonrce at the driven 

(iii) 

element. 
"-

, .. 
o 

the first wire-grid model for this co~f~gurati~n. 
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Ta develop a wire grid model of a ground rad antenna used in .. -............... 
the experimental measurements. The research work for this-

objective has produced: 

{il the first wire-grid model for this configuration, 

(ii) an appreciation of the effect of the feedpoint 

location on the lobe structure of the radiation 

pattern. 

t 

The above represent the first known, use of the wire-grid rnodelling 

technique to support an experimental measurement and to resolve a 

discrepancy between two different measurements. 

(c) To compute the radiation patterns of a monopole on a 

complete helicopter and to determine the effect of the rotor 

blades. Research work towards thi~ goal has shown: 

(i) that its attainment is not straight forward and 

routine, 

(ii) that problems of this complexity require further 

research, both experimental and analytical, to 

define the rnodelling problems as' to element 

location, diameter and length of element, basis 

function for best convergence and advantages of 

applying a junction constraint. 

(iii) that sorne guidelines can be formù~ated both for the 
\ 1 . 

location of elements as weIl. as tke elimination of 

redundant elements. 

'l' 
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(iv) that an acceptable wire grid model can be obtained, 

at this time with assurance, only when a reference 

measured pattern is available. 

The basic equations and numer1cal techniques, together 

with their appl~cation are described in Chapter IV. No claim is 

made about ti1e originality of these techniques. The wire-grid 

analysis method is applied first te a monopole for convergence 

testing and programming tests. It is th en extended to the isolated 

antennas and finally to the monopole on a helicopter. A number of 

supporting graphical techniques are developed and used. 

It is believed that this work represents the first 

comprehensive study of this type and the resulting guidelines and 

problem exposition have not been availahle heretofore. 

The concluding Chapter V contains a summary and 

appraisal of the results. Recommendations are made for new 

promising avenues of investigation wh1ch are indicated as a 

consequence of this present work. 

a 
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CHAPTER II 

EV.i\LUl\'l'ION OF HELICOP'l'l.:R HF \HRB ih-J'l'ENW\S 

• 

2.1 System" f-cquire11"cnts and Factors of ~eri t 

TlJe cOllllTlunications requi~emcnts for' he li Cop.C:: dictatc 

a specialized approach to the determination of a facto~f merit 

for antennas. Their range is mueh more l:rmited than that of the 

transport aireraft for \Vhich mQst of the factors of merit were 

èevelo~ed. 'comnunieation bevond line-of-sight iis required but 
~ . ... \ 

ranges of 100 -miles arc COi,ùl1011ly spccificd for the frequency range 

2-12 ialz. l\t these dis tances, ground ',lave propagation pertains and 

vertical polarization is used. 

~1hile antenna syster.l efficicncy is defined and 

calculated for both polarizations, it is common practicc for 

antenna test facilities to calculate also the arnount of power 

radia ted in 0 the vertical corrponen t 

(2.1) 
1"1 

%Ee :::------------, x 100 1" l IE~ + E~) sin8 dl! d~ 

and the amount of pm..rer, in the EU component radiated in the useful 

60• ~ s~ctor, ~ 
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1" 12ef lo. E~ sinO dO dt/> 

%Eelnu =-l-"-r-"---------X 100 

~ (E~ + E~) sinO dO dcp 

(2.2) 

These values can be used instead of antenna system efficiency in 

the evaluation of antennas for applications involving communication 

~a the ground wave mode. The question of operational significance 

described in 1.2 and 1.2.3 is pertinent. The relationship of 

~quation (1.6), be~ween relative intelligibility index and antenna 

syste~ efficiency as proposed by Moore [8J could also be used here. 

HOVlever, operational specifications for aircraft systems 

are not written by' antenna designers familiar with the terrns 

discussed here. Generally they are written in terms having direct 

operational significance such as communications to a given range 
1 

over an operating frequency band. Furthermore, decisions on the 

select~nd installation of antennas are not generally made by 

antenna engineers alone. It remains for the antenna engineer to 

propose Ule best antenna using the criteria discussed above and to 

substantiate the propos al by a range calculation for one or two 

representative operational conditions. vlhile this procedure seems 

reasonable and straightforward, its effectiveness becomes marginal 

when t\"O antennas seem equally satisfactory or when one ,,,ith a 

poorer rating has sorne physical installation advantages. Under 

these conditions it is desirable to' have a criterion directly 

related te the eperational specifications 50 that any compromise or 

advantage would b~ evident in these terrns. 
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It is believed that such a criterion is no,w possible 
, 

using the method developed here. The metllod is based on- a series 

of signal-to-noise ratio (SNR) calculations for alL..operationally 

significant conditions much in the manner suggested by Cline and 

Tanner [17]. Successful communication contact is assumed when an 

arbitrary but reasonable level of SNR is ac.ieved. For each 

frequency a successful contact ratio (SCR) is cornputed versus 

range. Finally a value of SCR (0.9) is selected as a parameter and 

values of range versus frequency are computed and used as a 

criterion for the evaluation of the antennas being considered. 

It is also shown that the critical conditions for 

communications can be clearly illustrated, making more visible than 

before, the complete performance of the antennas in operationally 

meaningful terms. 

It was possible to apply the proposed method to a number 

of similar HF wire antennas installed on a Sikorsky CHSS-2 

helicopter and make comparisons ' .. üth sorne of the otller factors of 

merit. 

Since detailed pattern and impedance information about 

several sirnilar antennas on the sarne aircraft is very rare, the 

access to such data constituted a unique opportunity to apply this! 

" method. 

., 
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2.2 Description of Helicopter Antennas 

1 
Impedance and radiation pattern data vias obtained for 

five wire antennas which had Heen considered du ring the development 

of an HF antenna installation for the Sikorsky CHSS-2 helicopter. 

These antennas are shown in Figure 2.1. They vary in length, the 

location of the feedpoint, the height and the location of the 

stand-off insulators. The feedpoint for antenna A is different 

from aIl the others. Antennas B and C differ only by tile height of 

the last two stand-off insulators. Antenna E differs from C in the 

location of the second and third stand-off insulators. The general 
, 

form of Antenna D is essentially a mirror image of A, B, C and B. 

2.2.1 Impedance and Coupler Efficiency 
/ 

As an example of the range of resistance and reactance 

values \'lhich must be matched over the frequency range, the 

impedance 0 f antenna) A i.,!i shm .. m in Figure 2.2. 'rhe impedance 

values of the other antenhas are, shown in Appendix l. The 

impedances had been measured on" a full-scale helicopter on the 

ground. Based on these impedance values and information on the Q 
2' 

of the matching circuit the coupler efficiency was calculated over 

the range 2-12 ~rnz. These values are,shown in Table 2-1 and are 

used in the system calculations which follow • 

1 
Courtesy of DND Directorate and Capt. (N) H.W. Isaac. 

2 
NAVAER-16-35CU-351-502, Data on CU-351/AR Coupler used. 

J 
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ANTEtlN1\ 1\ 

Total Length - 46 ft. 

STA W.L. Height 

3113.2 192 ---
310 163 10· 
218 --- 10· 
435 -- 10· 
625 142 10· 

ANTENNAS BAND C 

Total Length - 51 ft. 

Height 
STA W.L. 

B C 

405 162 --- ---
310 163 10· 10· 
218 t63 10 • 10· 
435 113 10· 21/2' 
625 H2 10· 4' 

ANTENNA E 

Total Length = 51 ft. 

STA W.L. Height 

lias 162 ---
310 163 10" 
231 --- 10· 
435 130 21/2' 
625 142 II-

ANTEH~A D 

Total Length - S3 ft. 

STA W.L. Height 

405 162 ---
625 142 4' 
435 113 21/2' 
218 --- 10· 

FIGURE 2.1. WIRE ANTeHNAS ON SIKORSl{Y CHSS-2 IlliLICOPTER. 
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FIGURE 2.2. H1PEDANCE vs FREQUENCY-rulTENNI~ A 

TABLE 2.1. I1ATCHING VinT EFFICIENCY HF vlIRE ANTENNAS. 

~ MHI 
A B C 0 E 

2.0 .306 .164 .264 .440 .264 

3.25 --- ---- ---- - .. _- .274 

4.0 .700 .475 .507 .• 5~6 .507 

6.0 .746 .716 .739 .733 .739 

8.0 .732 .688 .704 .731 .704 

10.0 .730 .663 .724 .679 .723 

12.0 .6-62 .650 .678 .703 .673 . 
Note: Values for antenna E-were estirna1:ed to 

be the same as for c. 



41 cl. 2.2.2 Radiation Patterns and Derived Values 

The radiation patterns had been measured Dy ~dkar [18] 

on a 1/24-scale model of the helicopter. A photograph of the model 

is shown in Figure 2.3. The patterns rneasured were the principal 

plane patterns and conical cuts at various values of Q as specified 

in I·lIL-A-9080 [6]. Representative principal plane patterns for Ee 

are shown for antennas A and B in Figures 2.4 and 2.5 respectively 

for 2 and 4 BH z • 

From the sets of radiation patterns, the pattern 

efficiency, % Ee and % EJ (in the nu sector) were calculated for 

each frequency. These values are sho\o/n tabulated in Table 2.2. 

FIGUru; 2~3. RADIATION PAT·TERN HODEL AND ANTENNA A. 
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~P ,% Ee and ~ EÔ (Ou): HF WI RE ANTENNAS. 

B C D E 

~ 
... 

~p 1 %"0 
% .... 

croE" %Eé %EÔ %EÔ %EÔ f 7]p %Ee () '7p %E(J 7Jp %Ee T'fp %E(J 

MHr " 

2.0 44 37 1 ? 43 35 10 42 32 8 40 33 7 40 33 8 

3.25 
) 

... ".. -- -- -- -- -- -- -- -- -- -- -- 41 32 6 

4.0 43 41 16 42 38 12 42 39 13 43 27 5 43 26 6 

6.0 42 32 7 43 42 14 44 41 14 44 23 4 44 28 6 

8.0 51 43 21 46 38 14 51 55 28 52 49- 25 50 42 20 

10.0 50 48 18 46 44 17 50 59 29 50 51 25 53 61 34 

12.0 45 25 4 50 15 2 48 21 3 47 25 4 48 25 7 
" 

%EÔ' == power in Ee cornponent in sector 6~ ~ 9 , 120· (Ou) 
-

p0·"~r rad:i.ateù -' 

'1 
From the radiation pàttern efficiency column, it can be 

seen that it would be difficult to select an antenna by e1is factor 

alone. Nor is the difference bebleen the antennas dramatically 

accentuated when the two other factors are examined. A clearer 
1 

distinction could be made -if a frequency weighting were 

established. 

If now an antenna efficiency and a transmission line , 

efficiency of unit y are assumed, th~ antenna system efficiency 
\ 
1 

can be computed. This is shown in Table 2.3 below. 
" 
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TABLE 2.3. Tls 1u~D 11: (EO ONLY): HF WI RE ANTENNAS. 

, 

ANTENNA A 8 C D E 

~ 
71, 71t '1, TJt 71, '1: 11, 71: '1, 71: 

MH.., 

2.0 13.5 3.7 7.1 1.64 11. 1 2.1 17.6 3.1 10.6 2.1 

3.25 ---- ---- ---- ---- ---- ---- ---- ---- ---- ----
4.0 30.1 11.2 19.9 5.7 21.3 6.6 25.6 3.0 21.8 3.0 ., 
6.0 31.3 5.2 30.8 10.0 32.5 10.3 32.3 2.9 32.5 4.4 

, 8.0 37.3 15.4 31.6 9.6 35.9 19.7 38.0 18.3 35.2 14. 1 

10.0 36.5 13. 1 30.5 11.3 36.2 21.0 32.9 17.0 38.3 24.6 

12.0 29.8 2.6 32.5 1.3 32.5 2.0 33.0 2.8 32.5 4.7 

antenna system efficiency pot.,er in E(J companent in sectar nu 
77*= :::: ,-

for EO component alone total power available 

It is surprising to find how little pQwer there is in the vertical 

component in the sector use fuI to corrununicatians. 'fhe values of 

this table are shO\'ln plotted and compared ta the proposed range 

versus frequency curves in ttn:-next section. 

'\ 

2.3 Proposed Analysis and Results 

A successful communication contact is assumed to have 

taken place when the s~al level at the receiving site is 

sufficient to overcome atmospheric noise or receiving set noise. A 

schernatic of the communications geometry is shown in Figure_ 2.6, 
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together with a listing of sorne of the factors ente ring into the 

communications equation. 

/ 

" 2.3.1 Signal Level at the Receiving Site 

AlI azimuthal directions were considered equally 

probable for the helicopter. The great rnanoeuvrability of the 

helicopter results in attitude changes vlhich make the sector, 60·' 

9 ~ 120· , a US~fU{ one even though the considerations of 

ionospheric propagation do not apply. Staodard rate turns for 
, . 

exarnple, can involve roll angles of 35. To obtain representative 

values of antenna gain, therefore, increments ~f 1~ in azimuth , 
~ 

·were selected and 6- in zenith angle were used because patterns for 
" 
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these increments were ilvailable. Thus a total of j96 antenna gain 
1 

values, Gr were calculated at each frequency for each antenna. 

. A transmitter power of 100 watts "las assumed.)COU~ler 
effici~ricy values of Table 2.1 and %EO values from Table .2 were 

used. No ohmtc ~tenna losses wete includ~d and transmission line 

1055 was neglecteà. 

'l'he path loss was determined for propagation over sea 

vlater because of operational reasons. For the sake of sifilplicity a 

series of seventeen range values from 10 ta 250 miles \vas taken 

from published charts [191 for eacn frequency being considered. In 

more sophisticated versions of the digital cOfPuter prograrn, the 
~. . . • 

computations of Gerks [20J could be incorporaeèd or for mixed 

paths, charts such as those of \vait and ~"lalters [21] could be usecl. 

The intensity at the receiving site can then be 

expressed as 

= PT + GT (2.3) 

where 

" SR = recei vedtsignal intensity in . , _. 

db above.; 1 IlV /meter. 

PT = transmitter power le'{el, db ab ove 

reference used. 

Le = coupler 1055, db 

Tp = transmission line 10ss, db 

_1 . 
Unfortunate1y the ~adiation pattern data were only available in 
analogue form. lIen ce data reduction of this. type presents a 
formidable data reduction and computational task. 



= 

= 

antenna gain with respect ta reference 

antenna., db 

intensi ty value at d for re-ference powe-r, 

db > 1 IlV /meter. 
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The values of minimum and maximum values are used separately for 

establishing signal limiting conditions as shown later in Figure 

2. 11 • 

2.3.2 Noise Levels at Receiving Site 

The helicopter considered here is designed for all

weather day or night operation. Use is intended in the North 

Atlantic or Pacific regions. Atmospheric noise depends on latitude 

and varies with the time of day and season of the year. Figure 2.7 

shows a representati've noise distribution chart and one sho\'ling 

noise variations with frequency for selected hours of the day. A 

noise grade of 2.5 ''las selectedJ\mainly because of the availability 

of noise chart~ for this grade (2~). Charts for the surnrner, winter 

and equinox periods were used. Thus for each frequency 18 noise 

values were used for comparison with the received signal intensity. 

Values of field intensity required to overcome set noise 

at the receiving si te for a 15 ft. fNhip antenna where obtained froï.\ 

the equipment manufacturer. 
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Thus a comparison could be made between the recei ved 

signal intensi ty and atmospheric or set noise, Sil. 

2.3.3 "Successful Contact Ratio and Range Versus Frequency 

A communications event was considered successful Hhen 

the received field intensity was equal to or exceeded atmospheric 

or set noise. Thus at each frequency and range value aIl the 
Î 

signal values corresponding to the 396 values of antenna gain were 

compared to set noi~ and the 18 values of atmospheric noise. A 

total of 7128 events were used to determine the successful contact 

ratio, SeR, for each value of range at eac~ frequency. Thus, 

where, 

i> 

no. of s8tcessful contacts 
SCR • ------------------------------

total no. of contacts attempted 

j) 

6 3 11 36 

SCR = L L L I: 8$ /7128 
N=l K=l L=I M=l 

Ô
5 

=} 1 

l.o 

K values correspond to seasOns of the year and 

N values correspond to hours of the day, 

L values correspond to values of 9 for 

antenQa gain 

H values correspond to values of f/J for 

antenna gain. 

(2.4) 
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Typical curves of SCR versus range are sho''in in Figure 

2.8. 
1 0 

~ f = 2MHl 
.1 1 l' 

2 1 l " .. 
oc 

1 1 "-• "-
~ 6 1 1 ---; Il 

Â 1 1 

1.4 
1 1 

- 1 1 u 
~ 

1 1 
AHTINHA A ... 

. 2 - - - ANTENHA • 

1 1 
1 1 

0 
0 50 100 150 200 250 

lANGE IN MIlIS 

FIGURE 2.8. SCR VS l{, ANTENNAS A J\.ND B. 

Although uscful to the antenna evaluator per se, these 

do not givé a quick view of antenna performance over the frequency 

range. If a parametric value of SCR is chosen, say 0.9 as 

indicated, then curves of 'effective range variation \<Tith frequency 

could be drawn for tile antennas under evaluation. 

From the set of SCR versus range values for the five HF 

wire antennas, curves of effective range with f~equency were 

determined. These are shown plotted in Figure 2.9 and are compareè 

with sorne of the other factors of merit. 

, 
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2.4 Comparison of Evaluations 

Examination of the curves of Figure 2.9 can be confusing 

unless separate features are examined in turne The first set of 

curves (a) is for the antenna system efficiency factor as defined 

by Granger and in MIL-A-9080. It would generally De difficult to 

rnake a clear choice between the antennas, especially if there were 

serious installation factor' differences bet\'leen thern. It should be 

noted that antennas Band C are sirnilar except for stand-off 

heights ... 'Yet it is curious to note the substantial difference 

bet\'leen their ASE J;qting at the middle frequencies. Antenna E is 
\_f ' 

similar to C except for the location of the second and· third stand-

off insulator.' 

The curves in (b) shovling the ASE term for the Be 

component, accentuate the differences between the antennas but the 

relative 
/ 

position of sorne antennas is changed at sorne frequencies. 
é 

Jote for instance that the relative ordering at 2 HHz is changed. 

The difference bet\'1een the rating of antennas B anè. C at 8 and 10 

MHz is particularly surprising. 

The use of Hoore's relative intelligibility index 

improves the discrimination at 2 r·iHz llnd de-emphasizes the large 

differences at 8 and'O IIHz. It should be remembered that these 

criteria still do not provide discrimination between antennas with 

different azimuth patterns. 

, 
Such as location of coupler in high tempe rature zoné, interference 
wi th other equipment or helicopter operations, etc •••• 
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The computation of success fuI contact ratio and hence 

thé range versus freguency curves of (d) provides a differentiation 

between antennas having differcnt patterns in azimuth. hlso direct 

account is taken of the variation in noise levels. It is 

lnt~.restlng to note that the relatl.ve orderlng of the antennas 

changes at 2 r,!tlz and differences continue ta be accentuate<1 at the 
\ , . 

critical lower frequencies. In particular an operational reference 

is evident and the deficiencies ot' each antenna in this. respect 

rather than relative comparisons can be ohscrved. 'Ehis is 

highlighted in Figure 2.10. The two extremes in pCrfOrltlanCe at the 

en 
LU 
..J 

~ 

20 

·100 
w 
C) 
Z 
ct 
0= 

1 

SCR=0.9 

O~~------T-----~------~------~------~ 
2 4 6 8 10 12 

fREQUENCY MHx 

FIGU Ri:: 2. 10. kAi\jGI:; vs FRLQUE~~CY AND OPEPJ\.TIO~~AL Dl:FICIENCIl.:S. 

lm-ler frequency are ernphasized in this figure. Also apparent i5 

the fact that the targct range i5 easilv achievable in the roid-
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frequency range. 
J 

In this respect, the apparent superiority of 

antenna E at 10 1-1Hz is ,reduced, making it possible to emphasize the 

more critical freguencies. Perhaps the value of this ·operational . 

reference in a factor of merit will be accentuated by the 

observation that an antenna sirnilar to E \Vc!.S- selected when at leas t 

one of the forms of il or C couid have been considered, had such a 

reference been available early enough in the design evaluation. 

In calcuIatwns of field intensity at the receiving site 

to determine the success fuI contact ratio, the minimum and maximum 

values can be identïfied easily. Nhen superim90sed on the curves 

of required field intensi ty to overcome noise, as shm-m in Figure 

2.11, these provide an exceptionally good reference for radio 

.. 

'0_ 'm.[U "'"Cl'" 01 hl' GAYI 
•• '"' ''''U(H(.( or &' ... 0 ..... '." -.011' 

NOISE GR"OE 2 5 

FIGURE 2.11. CRITICIJ., CO~IMUNICATIOH PERIODS. 

' ...... 



56 

operators who can now determine whether communications is likely to 

be gain oi: noise limited. t'lhen used with the data of Figure 2.10, 

a rather complete view of communications system performance is 

obtained. It is believed that such a complete evaluation has not 

been available heretofore and this new method should be useful for 
" 

s~ch a purposc. 

2.5 Su.-nmary of Proposed I1ethod 

The maJor steps of the design and evaluation procedure 

are shown in the schematic of Figure 2.12. The core of the 

procedure is detailed in the flow chart of Figure 2.13. Impedance 

data is required to calculate matching unit and transmission line 

efficiency. The ohrnic losses of the antenna need to he known to 

compute the antenna efficiency. Complete pattern data is required 
Î' 

to determine the gain, Gr (a,~), for desired values of 9 and ~. A 

\.,reighting factor ca..'1 be introduced if a typi"Cal operational 

distribution of aircraft attitude is knO\·ln. Ideally pattern data 

should be in digital form for direct computer processing. The 

curnbersome manual data reduction used in this wor1\: \>lOuld have to he 

replaced by computer procedures in a 

applic~tion. 

practical operational 

Path ,loss values can usually be- taken from available 

curves. In full scale test prograrns these values should be 

recalculated for the specifie test path being used. 

" 
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Noise at the receiving site must be measured sometimes 

because published atmospheric noise levels may not ap~ly. This is 

especially the case for large modern .shïps or urban si tes. These 

more stringent conditions emphasise the need for a more complete 

antenna evaluation. 

The successful commUnications ratio, as shmln in the 

flowchart and in I;quation (2.4) has been chosen to b~ a 0 -function 

because operational expectations are for a "GO/NO-GO" condition. 

\-Jhen requirements so dictate, the function can be selected to oe a 

conti~ous one based on articulation scores. The \'lri ter 'tends to 

favour use of a discontinuity at sorne threshold value based on 

operations research. 

Similar consiôerations apply to the selection of.a 

parametric value of SCR for the range versus frequency curves. 

Usually a representative value can be selected from an examination 

of the critical conununications conditions (Figure 2.11). 

Furthe"rmore, an entire family of values can be used to extend the 

understanding of the limitations of the communications system. 

A program was written to carry out the computatïons 

indicated in Figure 2.13 and to plot (CALCOIIP) the SCR veMtls 
'1 

frequency curves. The resulting graphs can be used rnanually or if 

an interpolation program is written the values of range can be 

determined to produce a co~pletely automatic process. 

It should be recalled that previously, range and SCR 

values were either not available or were ootained by rough 

estimates' or by extrapolation beyond the validity limits of the 

basic data. 

--" -----
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It can now be appreciated that the availability of a 

.e valid \vire-grid model of the vehicle would make it possible ta 

generate pa~tern data much more quickly and hence make the proposed 

analysis feasible for JIte'll antenna forms or locations • 
... 

.. 

2. 6 Rotor Hodulation 

The fldditional problern 
f 

peculiar to he11copters is the 

effect of the rotor on antcmna characteristics at, HF frequencies as 

illustrated in Figure 2.14, reproduced fro~ measurements on the 

FIGURE 2.14. ROTOR MODULATION EFFECT CHSS-2 HF ANTENNA. 
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A sùbstantial test of the usefulness of any 
t 

analytical or nurnerical technique would be the ability to predict 

~e seriousness of this effect. 

'In the pro cess of atternpting to study this effect 

experirnentally and to study wire-grid modelling techniques, it was 

essential to have an independent me ans of measuring radiation 

characteristics against which the results of numerical techniques 

could De cornpared. 

l 

l 

1 

/ 

/ 
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. CHAPTER III 

ANTENNA TEST FACILITY AND HEASURIDiENTS 

3.0 Introduction 
J 

.This chapter describes the design and construction of 

the test facility, the ~valuation of its suitability for far-field 

measurements and the measurements of various model antennas 

including those mounted on a helicopter. 

The measurements are typical of those necessary for 

antenna modelling, are representative of the type ,required for the 

pattern data used ~n Chapter II, and serve as a basis for the 

numerical analysis of Chapter IV. The facility in which they were 

is unique its compactness and cost performance 

optimization in the more practical engineering sense. ~leasurements 

vii th model ,ant,ennas themsel ves and other standard types, were used 
\ 

for the design and test of the absorber layout in the anechoic 

chamber. These are supported by identical measurements made at a 

large industrial open air antenna pattern range. 

In addition, brief results are presented from a 

developmental program, using this facility. These resul~s indicate 

• more clearly the effects of rotor modulation and the possibility of 

its control and demonstrate the usefulness of the experimental 

facility in resolving special problems which can only be solved by 

heuristic methods. 
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3.1 Preamble. Why a Test Facility? 

Significantly investigators of numerical wire grid or 

surface element modelling techniques usually rely on measurem~nts 

made by h . l . . 1 ot er exper~menta ~nvest~gators. Neasurement facilities 

are costly and their setting up and operation is time consuming. 

~y comparison, a quicker response is available' from "software" 

trouble shooting than from the elimination of practical problems ir. . 
an experimental facility. The scarcitj of reliable experimental 

results poses a special problcm to individual investigators who are 

~n competition l,/ith larger groups whose results are nevertheless 

not generally available. 

For the investigation of the class of antennas and 

phenomena of interest, an anechoic chamber for near and far field 

me as uremen ts 1rIas desired, usable dmm to UHF frequencies. Chambers 

of reasonable sizè for this frequency range can cost approximately 

$100,000.00. Their very size poses a problem of siting, funding, 

operation and maintenance. Curiously funds available for this 

project were alI':lost in the same ratio to the above amOtUIlt as \.,ras 

the scale factor for the model aircraft used. The material, the 

shape and form had to be chosen with great care to obtain the 

largest possible room for the funds available. Forros from igloos 

to geodesic domes wer~ considered for essentially a near-field 

measurement facility. Fortunately a clear roof-area of 56' x 34', 

suriounded i:>y shel tering walls 14' and 18' in height, made i t 

1 
Note for example the frequent reference to the measurements 
~f Morita, two decades ago and those used by Tanner for air
cr~ft antenna-modellinq. 
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feasible to construct a raofless anechoic room protected by a 

removable plastic weather cover. 

The corridor in an adjoining penthouse was converted into a control 

~oom. A description of this room and construction details are 

given elsewhere [52]. 

3.1 Design and Construction of Anechaic Chamber 

Important factors involved in the design of an anechoic 

charnber are the type of microwave absorber and its cost, the form . 
. ot the room and positioning of the absorber, location of antenna 

and its mount, location and position,ing of probe and cables, and 

access to the chamber. The micrmV'ave absorber cast and performance 

are dominant factors. The placing of the absorber is also 

important and sorne aspects of this are described in 3.2.2. 

3.1.1 Absorber Considerations .. 

'h. 

J 
Law frequency microwave absorber is constructed in the 

forro of wedges, pyramids or cones a,f homogeneous lossy material or 

thinner absorber sheets. The structure is similar to that used for 

acoustic absorbers, as <~discussed l-ley.er (48). The 

characteristics of thi~ type of absorber are further discussed by 

Severin [49] and nominal curves of performance for various 

è 
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thicknesses together with room design considerations are presented 

e. by Galagan [50]. "The thickness of the absorber determines its 

lowest useful frequency. The reflection level is relatively 

insensitive to incidence angle up to an angle of 4~ and 

deterjorates thereafter. 

Outdoor microwave absorber is expensive. For reasons of 

economy, therefore, an indoor type, McMillan BP-24 was selected. 

For walkways, the block-type BB-16 was used. The manufacturer 

defines the critical frequencies for low and high angles of 

incidence as shown in Figure 3.1 and the accompanying table. 

f,merson and Cumming Type CV-4 absorber was also used during 

specifie measurements. From the manufacturer's data, the variation 

of reflectivity versus frequency is shown in Figure 3.2. The 

HcI-iillan BP-24 and BB-16 absorber was protected from the weather by 

wrapping it with .006" black polyethylene film. According to the 

manufacturer this does not degrade the absorbent qualities of the 

mate rial but May in fact further enhance them. ,With a dielectric 

constant of 2.3, it can be seen [51] that such'a thin sheet would 

indeed have low reflectivity at moderate angles of incidences for 

the frequencies used here. 

Anechoic chambers are normally rectangular in shape or 

tapered in a horn-like manner. These shapes arise from the 

requirements for testing highly directional antennas. The side 

\ialls are "positioned so that a sufficiently large "quiet zone- is 

obtained at the aperture being tested. For rectangular rooms a low 

length-to-width ratio is preferred [SOl. The anechoic chamber 
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",. 

discussed here, however, was constructed primarily for near-field 

measurements around a centrally located antenna and for occasional 

far-field measurements of a limited type. A 14-sided polygonal 

shape was selected. For the test geometries used, the angles of 

incidence ~re small ensuring good absorption. The roofless design 

and the wall height (see below) have been arranged to provide an 

unobstructed view upwards. 

3.1. 2 Siting Considerations and Construction 

The location of the anechoic chamber within a sheltered 

roof area is shown in Figure 3.3. The chamber sits on a 24 ft. 
\ 

square platforrn. Each section of the polygon consists of a 

supporting aluminum frame column to which is attached a 4' x 8' 

panel supporting the microwave absorber. Each section is bolted to 

,nounting plat form except one which is mounted on casters 

and serves as a door to the chamber. The clear inside area is 

approximately 7'4" in radius centered on the antenna rotator shown. 

The elevation view of Figure 3.4 shows how the wall height and 

positioning is arranged with respect to th~ parapet walls and the 

penthouse roof. It can be seen that energy from a radiating model 

in a typical location should not irradiate sections of the wall or 

railing directly to produce an undesirable back scattered field 

into the chamber. A wooden beam serves"to support' the removable 

plastic cover. 

The method of construction and assembly is illustrated 

in Figure 3.5 to 3.7, which show progress of construction from 
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(b) Erecting Dexion Base 

FIGURE 3.5 

(a) 
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Setting up Transit 

for Base Layout. 

,! 

(c) Surfacing of Platform 

, , 
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1 (a)' Mounting & Weather

proofing Absorber 

Panels • 
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(b) Assembly of 14-sided 

'-\ polygonal Wall. 

(c) Fixed Walls with Access 

Section Removed. 

FIGURE 3.6 

" 

":.. 



(b) Installation of Weather 

Cover, Access Section 

Open • 

• 

. FIGURE 3.7 

72 

{a) Walls Complete, Instal

lation of Second Bearn 

Support Colùrnn. 

(c) Roof top View with 
If 

Mount Royal in 

Background • 
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surveying of the site to the attachment of the roof coyer. F~gure 

3.8 shows the antenna rotator before installation. The arrangement 

of the floor absorber is described in a later section. 

Most of the far-field ranges use three- or four-axis 
,~ 

mounts for suppor,ing the model ante~nas and allow complete 9, ~ 

pattern measurements. \'lith the larger distances used, the movernent 

of the radiating source from a fixed position produces negligible 

variation in intensity. For near field measurernents, however, the 

model must be at a fixed location and the probe position varied in 

three dimensions. An inner polystyrene _ and an outer plywood 

circular arch were constructed for probe mounting. These are shown . 
in Figure 3.9. The outer arch is 7 ft. in radius, has a span of 40 

degrees and angle markings every fi ve degrees. The inner arch is 4 

ft. in radius, has a span of l3~ on both sides of the rotator axis 

and rnarkings at one degree intervals. A rnovable probe carriage 
, 

.... " ~\ 

with a vernier scale is attached to the inner arch. The 

arrangement then accomodates the centrally located model which' is 

rotatable in azimuth and allows the three di~~nsional,positionïng· 

of the measuring probe. EO and E~ compqnents are measùred by 

rotating the probe. In sorne cases, for linear antennas, to obtain 

Ee vs 9 and E~ vs 9 patterns, the model antenna was mounted at 

right angles to the vertical axis of the rotatpr. This positioning 

overcomes the span limitation of the arches and is described with 

the specific measurements \'ihich follow. 
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ANTENNA ROTATOR PRIOR TO INSTALLATIO~. 
1 

INNER ,AND OUTER ARCH. 

, 1 
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3. 1 .2 Instrumentation 

D 

A complete schematic of the equiprnent is shown in Figure 

3.10 and the physical arrangement in Fig~re 3.11. 

The system consists of the following units: 

1 
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1 " BecJs.man Frequency Measuring Equipment 

1 PRO Co-ax. Cavity Waverneter 

FIGURE 3.11. .) 
~ , ' 

The AIL 12 SC signal source was used ih CW or AH modulation mode 

dependi,ng on the detecbion system used: Vector Voltmeter or HP'- 415 
J • , 

SWR amplifier! Fo~ frequencies above 3 GHz, the Polarad 
/ ' 

signal sour,c{was used. The spectrum analyzcr was used 
/ 

.' 
Moçlel SSS 

to 'check 

.' 



78 

frequency and signal characteristics. At the start of measurements 

'~ a PRD - co-axial cavity wavemeter 'was ,used to check f~equency 
calibration of the spclbtrurn analyzer at S-band frequencies and a 

\ 
1- .. 

At " 
i~. 

Beckman transfer oscillator and digital counter at L-band. The 

output of the second directional coupler was terminated in an HP 

420A crystal detector. The detected output was "rnonitored on an HP 
'-

415B (or E) SWR amplifier for power monitoring purposes, as shown. 

The rectified output of the St'1R amplifier was displayed' on one 

channel of the HP 71 OOA, strip, chart recorder to alloH power 

corrections FO be made during data reduction. 
i' 

A type N to' 05:t 

adaptor (0511 31010) '-las used in the upper part of the rotatinq 

joint to effect ti1e transition to the miniature RC-174AjU' cable 

connected to the antenna. 
1 

.. 

For tests at S-band, the' receiving antennas were a 

flanged waveguide (HP S281A) or a standard gain homo These were 
'- ' 

te~inated in an FXR 2131-1 co-axial bolorneter detector MOunt. The 

detecting element was calibrated for square-la\-I characteristics 
~, 

prior to the start of.the rneasurernents. The calibration curve' is 

shown in App~ndix II. In arl cases and at aIl test frequencies, 

the transrnitting signal was adjusted 50 that the received signal 

would be within the calibrated ranqe of the detector for aIl signal 

levels measured. Thé flanged waveguide and detector are shawn tn 

Figul?e 3.li.. In sorne cases' a dipola,probe with split-tube balun 

·[53) was used (Figure 3.13). 

For lower frequency rneasurernents the probes shown in 

Figure 3.13 were constructed. 'Tpey are constructed with 50-ohm 
~ 

, 1 

1 ( 
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_ FIGURE 3.12. FLANGED VlAVEGUIDE AND DET&CTOR ON OUTER ARCH. 

rigid .085" 0.0. co-axial cable using Omnispeetra OSl1-207-1 

connectors. ' The probe design' \-1as based on the work of l'lhi teside 

[54] and'King and Whiteside [55]. 

FIGURE 3.13~ '>"/2 D.!POLE- &~D SHALL LOOP PROnES. 
/" 

The probes were' moUnted on the inner or outer ~reh as necessary, 
- - -- ----

and specifie details about pI'obe and test an~enna moWit:fng- - are -- -_.-
If 

giyen for the specifie measurements described later. 

I~ 

\ 
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The axis of the azir.:uth rotator was aligned car~fully 

\vi th the axis of thè chambcr and the arches in turn wi th this axis 

?-nd \Vith a center at the locati6n of tJle test antenna. Two 

synchros gCi1red -1: 1 and 36: 1 \'Iere connectcd to the drive shaft of 

the mount. Repeat synchros Tllere used to drive a cor..pass indicator, 

a sine-cos'ine potentiorr.etcr-â?~angular mark \\l'heel useà ta 

actuate rnarker pens on the strip-chart recordèr. The ,compass 

indicatbr allo':led contïnuous knmTledge of the direction of the . , . .. 

aI}tcnna axis. 'rhe test antennas \vere supported by phcnolic spacing 
" 

tubes at the center of the test arch. The co-axial rotary joint 

\"las affixed to the bottom flange of this tube p 

~oth detectors used h~ve an analog siqnal output for 

recording pUr?0ses. Fo~ most ffi0asurementsi rectangular and polar 
" 

plots were takcn. The t ... l0 channel strip chart recorder ;.vas used 

for more accul;"atc data reduction 'purposes, since the power nonitor 

output \oJas recorded si:nul taneously v;i th the recei ved sismal. .. The 
~ 

,speec1 of rotation of the ante'nna mount ioTas adjusted so that, angle 

mar}.angs from the rnarker ,-J'heel ~'lOuld co~cide :Vi,th chart lines. 

The' direction of rotation \oJas' rn'arkcd on the face of the chart to 

remove doubt as to the angular values in Iater analysis. The polar 

plot \vas obtained using' an X-y pIotter ,and a 
, f' 

S1ne-COS1ne 

poten~iometer driven by the repeat synchro. 'Thus an input signal V 

ta the pot,9nti'ometer gencrates V 'cos tf> ,and V, sintf> signaIs for the 
, \)-

X and y inputs of the pIotter' thus conve;rting it to a poiar plot 
1 

recorder. 'rlle polar plot \laS found to be' invaluabl'e in the guick .. -
comparison of pa~~erns, especially whcn troub~e shooting in the 

e "initial s'tag~s of any mea$~rement. , 

1 ., f - ~---

This'scheme 'was successfully developed as a student major project: 
under the direction'of Dr. T.J.F. Pavlasek. 

~ ... J 

, " 
, " 
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3.2 Folded Dipole and Supporting Mast 

The earliest utilization ~of the ~est facility was to 

develop ffild test antennas to be used in VHF airborne field strength 

and propagation measurements using a Bell 47G-4A helicoptez1. '1\010 

antennas were involved, one a folded dipole for horizontal 

polarization and the second a sleeve monopole for vertical 

polarization. This section describes the work carried out on the 

folded dipole. 
.. 

This antenna is an adaptation of a commercial (Sinclair 

210-A) antenna for operation in the frequency range from 146-174 

MHz., Radiation pattern measurernents with a helicopter model were 

to be at 1/20-th scale near a full scale frequency of 150 MHz or at 

a scaled frequency of 3 GHz. The modelling and testing,of this 

antenna followed conventional techniques, but in this prograrn sorne 

special model' validation problerns were encountered'to which new 

techniques were applied (Chapter IV) and the entire sequence ofP 

measurements . r~presented the extension of the anechoic facility to 

S-ban'd and 'its testi'ng· at these frequencies. 

Since ttie commercial' antenna is usuallyo supplied for' 

installation on a supporting mast, and radiation oatterns .. . ,are 

supp!ied by the " manufactur.er for 'this configurat~on, it was 

necessary to construct and~st a 1/20':"th scale model of the 
" 

ant~nna and supporting mas t, ·for comparison with the reference 

patterns ~upplied' by the manufacturer. - In this • antenna mode.l 

validation phase • of radiation pattern .measurements, som& 

1 ' 
The basic principle of'using tPe helicopte~ and the general type 
and method af,~e of antennas was conceived by MX. ,Paul Robertson
of Hydra Quebéc. 

:' , --• 

'. 

1 

\-
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representative experimental problems were encountered and solved by 

a new combination of experimental and theoretical techniques. 

3.2.1 Hodelling of the Antenna 

The afttenna to be modelled is shown in Figure 3.14. 

with its norrnally supplied support rnast. The Insets of Figure ,3.1~ 

show details of the radio frequency fe~ding arrangement and 

dimensional data. Radiation patterns which are normally suppli~d 

are shdwn in Figure 3.15. 

The folded dipoie alone mounted on a special ground 

plane, was required for the helicopter and two Wère built and 

tested. These are shown in'Figure 3.16. 

In scaling the actual antenna, a number of physical 

constraints had to be considered. The folded dipole had to be 

constructed from miniature rigid co-axial cable with an Quter 

diarneter close to the ~caled diameter of the antenna. The 

supporting mast diameter was also "to conform to that used and 

, , d d to be made tYo prov~s~on nee e instal.l the co-axj,ifl' feed cable 

wi thin the mast in the, manner Qf the actual antenna., The mode'l was 

built as shown in the photograph and sketch of Figure 3.16. Thé 

small co-axial cable was brought inside the tubé representing the 

mast and terrninated in a miniature RF connector (05N 207-1). The' 

external surfaces \tlere-gtven a coat of conducting' silver paint, in 

an atternpt ~o approach the conductivity, scaling requirements of 

Equation' (1.8) • 

, . , 
• 
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DIMENSIONS 
IN nID 

" t·iODELS OF ::'OLDED DIPOLE lfL-1TENNAS. 

3.2. 2 ':~ Des ign of Absorber Layout in Anechoic Chamber ' 

In preparing the chambcr for S-band mea'surements a 
.{ 

numLer of major technical probleQs arase: 

1 

(a) 
, 

The anechoic chaIf'l)er was intended prinariIy for near field 

and quasi-near field '~easurem~ts in geometrical 

arrangements where enerqy likely to cause perturbing 

reflections \'lould impinge on the absorber at 10\'/ angles of 

incidence which \lOuld result in good - . ~sorpt~on. 

Inherel1tly, the structure of the chamber assures this 

condition for the BP-24 absorber lining the \.] aIls. This 

desirable,geometry àoes not apply to_~e floor absorber 'when --- -~- ---- -

,1 test antenna and receiving probes are mounted close to the 
, 

floar. The problem is anly diminished for antennas mounted 

" 
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on large ground planes or for directional antennas where 

li ttle energy is radiated tm'lards' the floor. 

(b) The I3P-24 micrO'.vave absorber, is canstructed of siieable 

( c) 

, " 

wedges, as shawn in Figure 3.6. The absorption values of 

~igure 3.1 apply only ta measurernents whcre the ieflecticn 

from the individua1 surfaces and the absorber can be 

considered ta be diffuse rather than specular. This 

condition is assured for rneasurements close to the test 

antenrta ncar ~1e center of the roo~ but not for antennas 

mounted near the outer walls. 

'., ;\nechoic chambers are cor.-~onl':T desJ_?ned \Vi th thE: \'1a11 behind 

the test antenna lined with absorber . of the highest 

absorption possilJle [50) , since this is 'the regian of 

illumination bv the wain lo}.Jc of the floodina antenna. 

Although the chamber here \"a5 intended generally for tests 
~ 

of less directional antennas and an optirr,Ujl' absoroe~ had ta 

be sclected for the entirc chamber su'.:>ject to t;he limitation 

of funds available, additional i~provements had to oe made 

for the antennas tested at S-band, bath for the region 

behind the test a,ntenna and that be:ünd the trans"11ittinq 

antenna • 
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(d) The problems discussed above are minimized when a small 
"l 

antenna of single polarization is being tested and' its 
~ 

excursion ar.ound an axis is minimal as for example in Figure 

3.17 (a);' However, to o~tain the usual principal plane 

patterns, the antenria had to be mounted and rotated 

a) . 
FIGURE 3.17. 

,/ 

,/ 

b) c) 

. 
1 

Ee"'O' 
cp "" 9(/ 

ANTENNA MOUNTING POSITIONS. 

'off-axis as shawn in Figure 3.17(b) and (c). This tended to 

accentuate the problems' discussed above, and tests had to be 

carried out and corrective measures applied for both 
\ 

polarizations. 

The pace of the antenna deve'lopment program did not 
J 

permit extensive phase/amplitude probing of the antenna regions • . 
Nor was appropriate instrumentation available at that time. Resort 

had to be made, rather, to~a sequence of tests wi th antennas such 

as a disc-mounted monopole and folded dipole, having generally 
. . 

known and ~mmetrical patterns. When the m~asure~ patterns were 

suspect o~w~re unsymmetrical, changes in absorber layout would be 

made until ~~peatable and symmetrical patterns were ~btained: 
. '\.-

A typical, rathêr haphazatd initial apsorber layout LS 
1 

shO"A'n in Figure 3.18. It; ishould 
' : 

be ob$erved tha~ with the, largè 
1 \ 

1 

\ 
1 1 

\ 
1 ~~ l 

. ',. 
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blocks of absorber, freedom of layout design is lirnited and changes 

are awkward to make. Placing the probe antenna either on the inner 

or outer arch gave sorne ability to identify the effect of the floor 

absorbe~ placement on the field being measured but isolation and 

control of different effects due ta absorber positioning and 

orientation was still difficult to achieve. 

Figure 3.18 shows sorne corrective measures tried. Note 

the absorber below the antenna on the rotator. This was initjally 

necessary tç prevent reflection and diffraction effects from an 

existing plywood fixture. Subsequently, for antennas of the type 

shown, a circular patch of absorber was used under the antenna and 

the phenolic support was encased in a cylinder of absorber to 

suppress any radiation from the feedline. Aiso shown is a strip of 

absorber backing for the dipole probe. This was found necessary 

for two reasons: 

first, to minimize the scattered field from the arch 

support and 

second, to overcome residual wall reflection problems 

discussed under. (b) and (c) above. 

With the flanged waveguide probe on the outer arch, this was not 

necessary because of its high front-to-back ratio. 

After various and lengthy exploratory measurements, a 

more regular and successful arrangement was derived. This is shown 

in Figure 3.19. The absorber is placed in concentric rings and 



a) 

c) 

.) 

FIGURE 3.18. 

b) 

d) 

f) 

INI'rIAL ARRANGEi lENT OF ABSORBER 

AND 'TES T ANTENNAS. 
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FIGURE 3.19. FINAL ABSORBER ARRA..'lGEi-iENT ON FLOOR. 

mounted at an angle to improve the angle of incidence. The high 

frequency CV-4 absorber covers aIl gaps and follows the profile 

established. In addition, along the line between the two antennas 

it is further elevated, but not so high as to cause diffraction 

problems from ~he absorber edge. It was aiso found necessary to 

place absorber on the wall facing the flanged probe. Th.us in 

seeking a solution, essentially to problems discussed under (b) and ~ 

{cl above, a natural dish-shaped configuration was derived and used 

for aIl the tests reported in this thesis. These are shown in the 

sections which follow. Results of a special comparative test, 

carried out on an outdoor range, are shown in Section 3.~ and these 

corroborate the reliability of the measurements in the chamber. 
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3.2.3 Method of Measurement and Results 

In the case of antenna models (used as receivers), the 
, 

attached detector can forro a substantial part of the surface on 

which RF currents can flow and hence produce pattern distributions 

not representative of the current distribution on the actual 

antenna being mode lIed. In an attempt to minimize this problem, 
'\ 

the antenna was used as a transmitter and the receiver was either a 

dipole plus detector mounted on the inner arch or a flanged 

waveguide and bolometer detector mounted on the outer arch. For ~ 

these measurements the Hewlett Packard 415E SWR amplifier was used 

at a center frequency of 400 Hz. The Polarad Model SSS signal 

source was used instead of the AIL 125C because of its superior 

stability at 3 GHz. The remainder of the instrumentation was as 

shown in Figure ~.10 with the antenna mounting positions as 

illustrated in Figure 3.17. 

Patterns of E(J vs f/> for e = 90· and of El] vs 9 for ~ = o· 

are shown in Figure 3.20. Shown also are the reference patterns 

provided by the manufactprer. There is excellent agreement in the 
1 

E(j vs cp patterns. The main lobe agreement in the EO vs 9 pattern 

i~ good but agreement in the back lobe is poor. This was believed 

to be"due to the lack of syrnmetry in the reflecting mast. Such 

explanation, altl10ugh plausible, does no~ remove aIl doubts about 

the validity of the model used. However, the 
i • 

constr,Ilctl.on 
/ 

of 

models with a symmetrical mast is rather awkward because of the 

difficulty in masking the feedline and detector. An opportunity 

thus arose to apply the wire-grid modelling process to this antenna 

in an attempt to substantiate the discrepancy. A successful 
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MEASURED AI.'JD REFERENCE PATTERNS FOLDEO 

DIPOLE AND MAST. 

) 
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substantiation was obtained and a few useful. guidelines developcd 

in the process. These remain to be presented in Chapter IV. It 

will be seen that this combined approach led to a reduced amount of 

time to achieve complete co~fidence in the antenna model. 

3.3 Ground Red Antenna 

The second antenna developed for the airborne field 

rneasuring facility, as mentioned in Section 3.2 was a sleeve-

monopole. The sleeve monopole chosen was a porti9n of a 
.~ 

commercially available ground rod antenna, Sinclair Model 201. 

This antenna can be operated over the frequency range 146-174 NHz. 

As in the case of the folded ~ipole, a 1/20-th scale model of the 

antenna was constructed and tested. Another experimental problern 

t'las encountered, when it was found that the azimuth patterns \vere 

in agreement with refeFence data but the elevation plane patterns 

were note Although in this, case the disagreement was not fully' 

resol vèd, once again the corntination of "'experirnental and numerical , 

techniques has helped to establish that the measurement conditions 
~ , 

for the reference and actual patterns are not directly comparable. 
~ 

3.3. 1 Hodell ing of the Ant~I):na 

The manufacturer's description of the antenna is shown 

in Figure 3.21. The antenna is normally maunted on a Mast which 
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fits into the coupling shown. The height of the monopole portion 

, is adjusted to viiqr the V.sWR as indicated in the inset. A 

schematic of the electrical connection is also shown. Advice on 
, 

rnodelling was sought from the manufacturers, especially since the 

exact feed-point geometr~ was not specified and radiation patterns 
'" t 

were not provided. For pattern information, reference ''las made to 

the paper of Tilston and Secord [56]. Representative vertical and 

horizontal plane patterns are ~~own in Figure 3.22. 

The mOdel antenna was constructed from .085" diameter 

rigid co-axial cable. The center conductor oonnected directly to 

the top se ction • AlI other dimensions were scaled from a full-

scale model of the an tenna as shO\'ln in Figure 3.23 (a). Several 

.. '<" 

8 

..... . , ,::. 
" .' 

9cf. 90· 90· 27rf' 

180· 
180· 

" EO vs () EO vs q, 
0"'90' 

FIGURE 3.22. REFERENCE PATTEP.NS OF GRODNO ROD ANTENNA. 
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other models were built with different monopole heights, ground rod 

leng"ths and overall dimensions. These are shown in the~ photographs 

of Figure 3.23. Altaough only the model of the monopole itself was 

-required for the helicopter development program, the other models 

were mad~ because of the difficulties encauntered in the comparison 

of m~asured and reference patterns • 

3.3.2 Method of Measurement and Results 

The method of measurement was identical to that used for 

the folded dipole antenna. The antennas were rnounted in the 

positi?ns shawn in Figure 3.24. Particular care was taken to cover 

. the feed cable portions with absorber. 

.b. Es vs 8 

FIGURE 3.t4. GROUND ROD ~TENNA l-10UNTING POSITIONS. 
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RELATIVE VALUES 

FIGURE 3.25. tlliASURED RADI~TION PATTEr~S -

GROUND ROD ANTENNAS. 
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'" Patterns of E~ vs ~ and EO vs 9 are shawn in Figure 

3.25. The patterns of EO vs S for other azimuth angles are 

similar. The azimuth plane pattern is omnidirectional as expected. 

The vertical plane pattern, however, does not show the filling in 

on the hori~ontal axis of the "typical" referénce pattern of Figure 

3.22, al though the \olidth of the nulls and the areas of the lobes 

are similar. Aiso shown are patterns for an antenna fed at the 

ground plane level. The other antennas shown in Figure 3.23 were 

built in an attempt to investigate this discrepancy, but none of 

the other antennas tested, with longer and shorter rads and choke 

" on the lower portion of the co-axial, cable, showed the 

characteristics in the vertical plane at 9 == 90· which ''lere reported 

by Tilston and Secord. 

This type, of dev~ation was)or little,' importance to the 
6' 

manufacturer. Its impact on the helicopter antenna developmental 

progr~ was also of small significance since the sleeve monopole 

was to be mounted on a larger continûous ground plane. Aiso sinee 

the reference measurements were made five years previous, under 

unknown oondi~~ons and ~ a, relatively difficult frequency for 

pattern meaèurements, it was difficult to establish how precise the 

reference patterns were. 

Re course was made once more ta a wire grid iliodelling 

procedure. The results to be presentetl in Chapter IV, support the 

measurements carried out here, indicating that the reference 

CJ 
measurements were made under different oond~tions. In the process 

of this analysis sorne additional use fuI guidelines for wire-grid 

roodelling were generated. 

c. tJ 
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Monopole on a Helicopter 

The last two sections dealt with problerns of modelling 

of antennas pr~or to their 'installation on models of vehicles. 

This section describes the measurernents of the radiation pattern of 

a monopole antenna on a helicopter at a lower frequency, 675 HHz. 

The measurements were carried out for various rotor positions, so 

that the effect of rotor modulation could be determined • 

During the feasibility study phase for the developrnent 

of a helicopter field strength rneasuring system, exploratory 

measurernents were made by Pavlasek, Kubina and Wolde-Ghiorgis [57] 

i\t frequencies in the 675-700 fotl-Iz range on a 1/20-th scale model of 

the tail section of a Bell 47G-2A helicoptcr. Subsequently the 

frequency of operation and the helicopter model were altcred. The 

developrnent of the antenna system for the higher frequency is 

described elsewhere [4] and the modelling problems for the 

individual antennas have been discussed. In operation the two 

antennas are positioned sequentialy in time over a mesh screen as 

shown in Figure 3.26. During this experimental program, 

measurernents were made at 675 ~mz with the monopole, specificàlly 

to have sorne data for comparison with planned wire-grid modelling 

calculations. 
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FIGURE 3.26. TEST ANTENNAS AND SCREEN ON 

'" DELL 47G-4A HE~ICOPTER. 

, 

• tJ 

FIGURE 3.27." TEST-, HODEL, f;ROUND SCREEN AND MONOPOLE. 

, /) 
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Description of the Mod~l 
• 

The lj20-th scale mod~l of the Bell 47G-4A helicopter 

was built at Canadair Ltd. of brass rods and copper and brass sheet -
and was painted with two coats ~f conducting sil ver paint. The 

• 
model was mounted in an inverted position as shown in Figur\, 3.27. 

The figure also shows the ground screen for the 3 GHz measurements. 

For the measurements at 675 MHz, the ground screen was removed and 
~ 1 \ 

the monopole 'length extended to .268 À The pneumatic, rubber 

landing pads of the actual aircraft were modelled in mahogany. The 

screen shown is designed to be tightened agafnst the pads by spring ,/, 

tension. 

Attention is also directed to the gold-coloured crystal 

detector and the black resistance cable leading into ~the support 

tube. In an open structure of this type, the loçation of the 

detector and the rœ lead tends to influence the patterns measured. 

3.4.2 Hethod of Heasurement and Results 

At this frequency, the AIL 125 Signal Source a~d a 

dipole were used to irradiate the rnoqel. The antenna on the 

helicopter was used in the receiving mode. A crystal detector was 

connected to an HP 415E VSWR ampli fier through a sui tably matched 
. . 

high resistance cable and co-axial rotary joint at the bas~ of the 
~ 
support tube. Figure 3.27 shows sorne of this detail and the 

remainder of the equipment was as shown in Figure 3.10' •. 

r 
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The helicopter was mountèd so that the monopole)antenna 

axis ~.,as in line with the- rotator axis to minimize the displacement 

effect of the model. The horizontal, axis of the helicopter was 

aligned visually with the transmitting antenna. The rotor blades 
/" 

were locked in the following positions: in line with the fuselage, 

• at right angles and at 45, while the amical pattern cuts \vere 
(.1 

made. The angles used were 70· and 80· since at the tin:e of 

measurement these were the angles.,of practical interest for the 

field strength rne~suring system mentioned above. 

The patterns are shown in yigures 3.28 and 3.29. ~lajor 

lobes occur in those directions where substantial portions of ~~e 

pelicopter provide a counterpoise. The rotor is seen to produce a 

slight shift as weIl as change in the amplitude of the lobes. Thus 

sorne change in the current distribution is to be anticipated in the 

numerical analysis. 

These measurements were taken wi th a shorter RF lead to 

the detector th an shown in Figure 3.27 since the location of the 

detector in the open helicopter framé structure "1 as found to have 

an effect on the radiation pattern especially at & = 70·. The 

patterns shown in Figures 3.28 and 3.29 represent the patterns of 

the helicopter but with sorne residual influence due to the 

detec~r. 

Other wire-grid modelling results (45) on a portion of a 

Bell 47G-2A tail structure had shown the presence of four lobes in 

~l-te E(J ~ pattei::'n at this frequency. It is seen that in Figure 3.28 

the front lobe is suppressed. In order to further isolate the 

effect of the detector insic1e the model, the helicopter antenna '-las 

«:J. 
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used as a microwave absorber was used around the 

support tube. 'sorne of the results with and 

without tne absorber (unconnected) \·Tit'hin 

the helièopter. that the absorber is required and 

tnac an aCClve detector produccs altterenccs ln the tront~d back 

lobe. The pattern with the c1etector rerrtoved is shO\vn in ~igurc 

3.30. The four lobe? are distinctly shmvn. 

The above results are an indication of tua probler:is: a 

measurements difficulty per se, in the 1 case of open structures 

which do not providè HF shieldin?, and a problem in obtaining 

reliable data for wire grid modelling verification for these 

structures. IIo\1ever, once an acceptable wire grid nodel is 

approachcd, it aids in the critical analysis of experi~ental 

results and dictates a conparison o~ altcrnate mea~urement methods 

as lnpicated. Full advantage of this inter~ction was not 

obtélined in tbis ·,·lOrk bccause the rneasuremcnts hacl to be terminated 

pr'.ior to the cornpletion of the model1ing but the results 

show the ,value of this interaction. 

Permission \-las obtained to try to repeat these 

.Ii 
measuremcnts on Canadair's outdoor range. Unfortunately, the only 

clay available turned out to be extreJTIely windy. Although the 

patterns taken se~med to indicate ~1e presence of four major lobes 

wi th less sharp nulls, the patterns were too noisy for detailcd 

" conclusion to be made. Thus corroboration at the\Low 
.,$ 

f 

frequency is 

not as good as at high frequencies. 
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3.5 Other Heasurements 

Amplitude and phase probing of the anechoic chamber 

remain to be completed. However, results of comparative pattern 

and "free-space VSWRR measurements carried'out at Land S-banà are 

presented in this section as weIl as additional rotor modulation 

data. 

3.5.1 Pattern Comparison and Free-Space VSvlR 

Successful measurements at 3 GHz ~ith this facility have 

already been reported by Wolde-Ghiorgis [45] for a v~iety of 

antennas. It was also possible to make a direct comparison with 

helicopter measurements made at Canadair. During the 'development 

of the VRF antenna system for the helicopter [4] many patterns were 

measured at S-band for various ground screen configurations at 

several elevation angles. Since the complete three-dimensional 

patterns required for the determination of isotropie reference 

level could not be made, these 'llere carried out at Canadair where a 

600 ft. outdoor range \'1i th four-axis mount and instrumentation is 

available. Comparable patterns are shown in Figure 3.31 and an 

illustration of the model on the support tower in Figure 3.32. The 

agreement in detail can be seen to be very close. This 

corroboration was found to be quite use fuI during the initial 

comparison \iith results from numerical wire-grid modelling. 
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FIGURE 3.31. 

FIGURE 3.32. 

An initial room VSWR measurement was carried out at 900 
1 

l·a!z wi th a disc-mounted monopole in the center of the room. 
o 

A 

probe \<1 as suppor~ed on a low-densi ty styr,pfoam frame which" could.' 

slide on fine nylon string guide lines. Figure 3.33 shows the 

If 
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probe arrangement and the .results ofPil typical scan. 
/ 

It can be 
... 

seen' that. there is no evider\'ce of a standing wave pattern in this 

region. These "pattern comparison" and n free-s pace VSrIR" 

evaluatibn techniques parallel the evaluation of H.1. T. • 5 anec.~oic 

charnber described by Frediani (58]. 
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FIGURE 3.33. FREE-SPACE VSWR 1.ŒASURE1-1J~I.>JT, 900 MHz. 

3.5.2 Rotor Hodulation Heasurernents 

) 

1 
-

. 
1 
\ 

One of the productive experimental rotor ~dulation .-
studies carried out at the facility was one \-lhich resulted in the 

airborne VHF field strength measuring system shown in Figure 3.26. 

Sorne highlights are presented here. 

During an exploratory measurement prograrn on a tail 
,1 

section of a similar helicopter type, J Bell 17G-2i~, means of rotor 

IOOdulation control were studied!t 600-700 ~~. Heasurements were 

./ 
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made at several frequencics, wi th and wi thout the rotor blades and 

t'li th sereening dises of several diameters. In sorne of these 
, 

measurements the rotor blades~were rotated at a relatively faster 

speed (about 12 r.F.m.) while the helieopter was rotated more 

5 low l y ( 0 • 8 r • p • m.) • The representative measurements shown in 

Figure 3.34 demonstrate the usefulness of this type of data 

presentation wl1en the model can be built t~w driving the 

~lades. This program demonstrated that in this freq~y range 
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FIGURE 3.34. ROTOR MODULATION, TAIL SECTION, E~, f = 675 MHz, e - 450 

\'lithin which the airfraine can exhibit longitudinal resonanee, tti'O 

factors offer the possibility of sorne control: 
1 

/ 
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(i) The frequency dependence of the effect, especially a 

minimization at antiresonant frequencies for the 

effective length of the helicopter/antenna paths. 

(ii) The shielding- effect of screens of substantial size 

which at the same time produce a more uniform pattern 

distribution. 

--ROTOR l. 

-. - . - ROTOR Il 

FIGURE 3. 35. ROTOR MODULATION WITH MONOPOLE 

AND 
• 

LARGE SCREEN, f = 3 GHz. 
''< 

The second effect ''la!? exploi ted in the development of 

airborne VHF field strength measuring , system to produce an 

acceptable , level of pattern uniformity and rotor modulation 

control. Typical results, in Figure 3.35 ShO\'l a pattern relatively 

uniform, especially near cp = 90· and 270· -which are operationally 

useful angles, and with small perturbations 

modulation. 

due te rotor 
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The next chapter is de~ted to the numerical techniques 

which might be used to predict these effects and the guidelines for 
. 

their application and,future development • . 
. " •• > 

( 

• 
/ 
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CHAPTLH IV 

" APPLIC!\TION OF NUr'U:;RICAL TECI-iNIOUES 

Introduction 

., 
,The measurements of Chapter III leave unresol veel the 

discrepancy bebmen measureù and refcrcn'ce pùtterns for the fQlded 

dipole and ground rod antenna. This problem and the measurerr,ents 

on the hclicoptcr-mounted monopole invite the application of the 

wire-grid modelling technique. A cursory examination of the 

li terature might suqqest that these aprlications ilre a straight 
~ 

for .... ard extens~on of the technique; but it \/ill be evidcnt t:1ëlt the 

numl:>er of unkno'Yns in tI:e statc of the art increases with the 

complexity of the application. 

The theory is summarized here in a mùnner si~ilar to 

"' 
that used by Wolde-~hiorcis [45J and Thiele [80]. The essential 

ele~nts and thcir inter-relations are shown in 'the chart of Figure 

4. 1, previously used by Kubina, Pavlasek and w']olde-Ghiorqis [82 J • 

The central, numerical analvsis portion is discusscd cxtensively in 

the litcrature and sorne pertinent results arc noted later. The 
t 

right hand portion indicates the assurr,ptions usually made for the 

source and the current distribution on the individual seqments. In 

this work both ,a delt~-gap generator and a magnetic fril1 source 

have been used equally weIl. The, ..... puise current distribution has 
" 

been used exccpt for~the initial work' on the monopole. Emphasis 
(J 

'1 has been placed on the left hand portion 
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designating the structuring of the wire-grid mOde,l and ~specially 

on factors such as the location and radius of the elements of the 

wire grid. This emphas~s and the consequent results ~an be related 

qualitativaly to the error analysis curve of Figure 4.2. This 

suggests that the error analysis curve is multi-dimensional.~A 

convergence of the wire grid process must be related not only ta 

the 

also 

" 

numerical techniques used and the l~~ of the element but 

the location, pre~~r absence and radius of the elements. 

\, 
\ 

IX \ 0 oc 
~ \ oc 

lU 

\ ~ 
\ 

~ \ //~ 
~ \/ 
~ , 

ELEMENT LENGTH 

FIGURE 4.2. CONVERGENCE FACTORS. 

4.1 Theory and Method 

In this " section, the basic equations necessary for the 

wire grid rnodelling technique are presented, and the basic 

programming structure is outlined. Thus a summary i8 given of one 

" 
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forro of the "circuit theory" of antennas based on Pocklington's 

integral equation. The transformation of this integr~l equation 

into a system of algebraic equations resembling network equations, 

was formulated by ~haroni [44] and Schelkunoff {59]. The formalism 

of the generalized method of moments as described by Harrington 

[1081 is used for convenience to describe the techniques which ~ere 

applied in this work. 

4.1.1 Transformation of Integral Equations -

Method of Moménts 

The equation to be formulated and solved is for the 

scattered and incident field on a perfectly conducting body. The 

total tangential electric field will be zero everywhere on the 

surface as shawn in Figure 4.3. J is the current density. Thus, 

where, 

= 

= 

incident electric field due to an external 

or local source. 

spattered electric field radiated by the 

current density J. 

(4.1) 

• 
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FIGURE 4.3 • 

• 

Dropping the subscript, Equation (4.1) can be re-written, 

(4.2) 

where ES will be the integral expression involving the unknown 

current density J. In the terminology of the method of moments and 

the concept of linear vector spaces and operators, a linear 

operator L is defined such that 

(4.3) 

. -

Hence from Equation (4.2) an aperator equation can be written 

(4.3) 

where 



L = 

= 
J = 

the linear integro-differential operator of the 

problern. 

the known source function or excitation. 

unknown response function or current1 to be 

determined •. 

11 B 

The operator maps a subset containing (J) to one containing (i-) 

and for a unique solution, the mapping is one to one. The solution 

to this equation by the method of rnowents or "weighted residuals" 

can be divided into four steps. 

(1) The unknown function, say the current J, is represented by a 
.... 
series of basis (trial, expansion) functions spanning the 

domain of the operator L such as, 

(4.4) 

where 

~ are the independent basis functions, and 

~ are the complex unknown current coefficients 

which must be deterrnined. 

Substituting in Equation (4.3) and notinq that the operator 

is linear, the equation becomes, 

1J is used to designate current in the remainder of the text in 
order to have a $yrobol having some identification with current, in 
the moment rnethod outline. 
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N Z>o L(Ïn) =:: ( Ëi) (lI.S) 

" =1 

Now a residual error ( can be defined by 

N 

(" '" ~ In L(Jo ) - ( Ëi) (li. 6) 

"=1 

Since the surnmation is finite, the residual error will not 

be zero. The types of functions (Jn ) used are tabulated in 

Table 4.1. 

(2) A set of 14 weighting or testing functions 1 ~m J in the range 

of the operator L is introduced and an inner product [109} 

defined and taken for each side of Equation (4.5). 

N 

<T.L l) '1 <M L(Jn» - <ë,;)m' Ëi > -m' = L.- n ""m 
(4.7) 

"=1 m=l,2, ... H 

Thus the residual error is weighted by the ,set of functions 

r wmJ and by constraining the residual error to be orthogonal 

to each "of them the required rnatrix representation is 

obtained. 

<""m,l)= [EaJ = 0 (4.8) 

where, 

(4.9) 
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and 

(4.10) 

( 3) The inner products given in (4.9) and (4.10) are calculated 

for rn = 1, 2, ••• N to give the N x N matrix equation. 

< wl ' L(Jl» <wl ' L(J2» <W1' L(Jn) > Il < wl ' Ëi> 

< w2' L(Jl» < ë;)2' L(JZ» <~, L( J n) > Iz <~, Ëi > 
(4.11) 

<(;)n' L(Jl» <(;)n' L(JZ» <~, 
1/ 

L(Jn» In 
_ -i 

<wn ; E > 

or 

(4.12) 

Hence the original integral equation has been reduced to a 

linear system of N equations. The arnount of computation 

necessary for each of the terms is dependent on the type of 

basis and weight functions used. This is indicated in Table 

4.1. 

(4~ Provided [z'l has an inverse, then a solution for the column 

vector (1) can be obtained, 

(4.13) 

Therefore an approximate solution for ~e function J i8 

obtained aS,indicated.by Eq~ation (4.4). 
- " 

"-
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The basis functions ~ and the weighting functions ~ are chosen to 

minimize computation cost while" maintaining solution accuracy. 

Table 4.1, adapted from Fenlon [110], lists the cornrnon functions 

used and consequently the nomenclature for the method. 

TABLE 4.1. MO~ŒNT METHODS AND COEFFICIENTS. , 

PUNCTIONS 

1I':1'IKIl ~ l!,. 

TRIAL WIlGln' 

1. Galerkin .' Jn(l:) J.h) / Ja(l) [L JO(I) ] dl [.la(I:) F(z) dl: ... 

;"(1) a'(l) [ J fi ar(,,> 
2. Le •• t Squ.r •• Jn(l:) Q(l) -- /Q(&) -- L JO(I) dl Q(.> ----- tl(l:) dl 

U. i)Ia i)Ia 

3. G.neral Jn(a) 6(. - &a> J6<& - &a> [L Jn(z)] da 16(& _ 'la> rl(a) d. 
Collocation 

" 

"fr/6(a - &a) [L r Jn(l:) 6<. - .n»)] d. 4. Subl.cUon.1 J o (') 6(1: - zn) 8(& - &a) /S(& - &a> r 1(&) d. 
Colloc.tion 

'l: 

• 

S. Point Matchln, 6(. - lin) S(I - &a) j3(& - Za) (L[Jn(lI) 6<1: - an>l]d& J3(& - &a) rl(lI) d& 

Q(a) le .n .rblt~r1 poalUv. d.Unlt. funetlon. ,,(.> 1. the Dlr.e d.lt. funetlon 1 

Only the third and fifth rnethOds were used in this 

work. Details on the first, fourth and fifth methods are discussed 

by Harrington [1091 and reference is made to Ames (111) and Becker .. 

1Sorne authors point out that since the 8-function is not part of , 
Hilbert space, the inner product is not defined and hence the 
method should not be classed with the others. 
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[112] for the third and second respectively. The required 

expressions for the operator L remain to be specified. 

4.1.2 Fields of Current Elements 

Evaluation of the Z~n terrns of Equation (4.12) requires 

the expression for the scattered field of one or more elements. ,. 
Detailed derivations are given by Richmond [1131 and Wolde-Ghiorgis 

[45] and a synopsis is given below. 

Figure 4.4 shows a thin fini te element of length S 
1 

in 

free space. It is assumed to support a current l(z') exp (j w t) 

uniforrnly distributed around its periphery. Since the currcnt is 

uniforrn around its periphery, the electric field at an observation 

point p( p, cp, z) 

z 

y 

FIGURE 4.4 

1 
The superscript 's' denotes-the scattered field and shou14 not be 
confused with element lengths which are usually subacripted later 
in the text: sm etc... j • 
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will be independent of~. Hence the observation point can be taken 

in the y-z plane. The time exponential is suppressed in the 

• 
expressions which follow. The scalar potential 

component of the vector poteritial A can be written, 

1 
p( p , TT/2, z) 

and 

4" 

S/2 
JC q(z') G(z,z') dz' 
-s/2 

L
S/ 2 

l(z') G(z,z') dz' 
S/2 

and the z-: 

(4.14) 

(4.15) 

where q(z') is the cha~ge per unit length. The Green's function 

G(z, z') is given by 

where 

-jkR 
e ___ 1 12" 

G(z,z') --- d~' 
2" 0 

R = [(z - z,)2 + l 2 
+ a 

R 

]
1/2 

- 2 a p cos~' 

," 

(4.16) 
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and j = R and k = w V 110 {o , is the wave nurnber. The cylindrical 

coordinates for the source point on the element surface are (a, pt, 

z' ) • 

The scattered electric field 

charge on the element can be expressed as 

-8 
- V~ E = -jCtJA 

~ 

Fr~ondition 
• v. A + j w 110 (0 ~ -

and the continuity relation 

dI(z') 

dz' 
+ j CL) (0 q(z') 

it can be shown that 

A) 

Since the field has q,-symmetry, 

. and thus, ' 

-s 
E 

(4.17) 

o 

(4.18) 

(4.19) 

." 
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-j fS/2 

I(z') [ 
b2 G(z,z') 

+ k2 G( z,z' ) ] 
0 

ES = dz' (4.20) 
z 

bz2 
4 "(,.)(0 -S/2 

and ( 
f9/2 

2 -j /) G(z,z') 
Ep = I(z') dz' (4.21) 

411CI.)(0 -S/2 Oz bp 

When an irnpressed field E~ is applied paraI leI to the axis of the 

elernent and is aiso uniformly distributed around the periphery, 

then because of Equation 1 (4. 1 ) 

and thus Pocklington's integral equation is obtained: 

-j fS/2 

-S/2 

li G(z,z') 
I(z') [----

c)z2 
+ k 2 G( z , z ') ] dz' = -

The Green's function G(z, z') is usually approxirnated by 

• -. 

where, 

G{z,z') = 
-jkr e 

r 

r "" (z - z ') 2 + p2 + a2 [ J 
1/2 

Ei (4.22) z 

(".23) 

(4.24) 
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With this approximation, and for an observation point on the axis 

of the wire [113], from Equation (4.20) and (4.21), 

and 

ES 
P = 

-j 

l
S

/
2 

[ 1 (z ' ) 2 r 2 (1 + j kr ) 
-S/2 

-j fS/2 
[ (t~ l(z') 

4 TT W (0 -S/2 

- jkr 

- k2 r 2) ] 
e 

(3+ 3jkr 5 
r 

-jkr 
e 

5 
r 

- z') 

dz' 

(4.25) 

dz' 

(4.26) 

These are the basic expressions used by Richmond (113) for the 

wire-grid analysis method. 

Both z and p components are needed to compute the total 

scattered field at any element due to contributions of lits own 

scattered field and that caused by aIl other elements in a wire-

grid. Thus for the four interacting elements shown in Figure 4.5, ., . 
the field at an observation point Q(x, y, z) at the centre of the 

fourth element would be given by 

3 

~ = (E%)4 + ~ (E~)4 
ft'" 
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1 .. ~ 

--~'13 
~ 13 z 

-f]- - - - _}--21 
x Il 

FIGURE 4.5. ARBITRARILY ORIENTED CURRENT ELEMENTS. 

where is the self-generated field and (E~)4 represents the 

each of the~ighbOQring elements at element s4 • contribution from 

Thus the internaI subscript denotes the source current and the 

exter~al subscript refers to the point of observation. Thus for N 

elements, the field along the axis of the rnth element can be 

written 

N·I 

L 
n=1 
n'ltM 

(4.28) 

The point of observation is the match point at the 
" 

center of each element shown as Q in Figure 4.5. The axial and 

radial component of the field of each elernent obtainèd from 

Equation (4.25) and (4.26) must be transformed to compute the Eç 

field at Q. Richmond [77] was the first one te si~plify thls 

coordinate transformation in the wire-grid technique and a detailed 



derivation is given by Wolde-Ghiorgis [45]. 

128 

Each element is 
fi 

specified by its le.ngth sm' centre coordinates (Xm , Ym , Z m) an 

angle • a " below al plane parallel ta the x-y plane and the 

angle '{3' its projection makes with the x-axis as sho\m in Figure 

4.6. 

FIGURE 4.6. 

1 / 
1 / 
~ 

1 
1 

...J 

ELEMENT DESCRIPTION. 

Using Richmond's notation, by defining 

' .. 

" 

where the subscripts 

'E~ ,= 

El p 

z' m 

.. 
." 

E~;.. 1 In 

- -.,; 
8 1 Ep;." In 

and p~, refer to the axial and radial 

components of the electric field due to c~rrent element sn at these 

coordinates of Q which are defined with respect ta the coo·rdinate 

.. 
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" 

system centered at (Xo, Yn , - Zn l. Explici tly, from Equations'- (4.20) 

and (4.21), 

-j 
E~ == 

and 

• -j 
El = P 

z = z~ 

/)2 G(z,t) 

/)z bt z = ~ 
p= ~ 

(4.29)' 

dt (4.30) 

Applying the coordinate trar:~' !:orP1ation to obtain the tangential 
~ ~ 

cornponent at sm will yield the ~~ terrns for a piece-wise uniform, 

ô(z - zm) current expansion. These terrns are direct measures of the 

field interaction between elernents sm and sn. The expression can 

be shown to be 

where 

Z~n = (E~ - z~ EpI /p:o.)(cos am cosf3m cos an cos (Jn + 

+ cos am sin f3m cos an sin f3n + sin am sin an) + 

+ EpI (xmn cos am cos f3m + Ymn cos am sinl3m -

Xmn "" xm - xn Ymn = Ym - Yn 

(4.31) 

, . 
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z~ = ,xmn cos an cos f3n + Ymn cos an sin f3n 
" 

and 

i x ' iy, i z are unit vectors. 

The E m terms on the right hand side of Equation (4.12) 

remain to be specified. 

4. 1.3 Representation of the Source 

The computational representation of two sources, the 

delta-gap generator and the magnetic current frill are summarized 

below. The former arises directly from consideration of a dipole 

fed from a balanced transmission line, while the latter arises from 

an attempt to more faithfully , represent source region of a 
., 

monopole fed from a co-axial line. A good general revie~", of these 

representations and their development is to be found in Wolda-

Ghiorgis' [45] work. 

In the case of the dipole, the source is easily 

visualized to exist between the arms of the antenna as shown in 
\ 

Figure 4.7 •. In the finite element model, the voltage V is placed 

across the fini te source element, .1z as shown. This condition can 

be expressed as 
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1 f 
h 

- ~ -.l 
) Gap --ZeO -
t 

r FIGURE 4.7. DIPOLE REPRESENTATION. , 

-v 

Az 
, 1 z 1< ~z/2 

(4.32) 

This gap element is considered to be a typical current element over 

which ~urrent flows and at the center of whith the constraint of 

Equation (4.2) is to be satisfied. If Equation (4.12) is re-

written with the mth element multiplied by -Sm, then 

(4.33) 

\ 



where 

~n = (- Sm) ~n 

Vm = (- Sm) E; 
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• 

Thus with the source gap at the Ith element, tpe matrix expression 

ç 
1.· (LJ. 3LJ) 

is 

and 
L 

o 

= 1 -- I-th row (LJ. 35) 

o 

Where the excitation voltage has been normalized to 1 volt and is' 

zero at aIl other elernents. This specifie representation was first 

used by lIarrington for straight wires [108] and by Wolde-Ghiorgis 

[45] for three-dimensional structures. 

It is more difficult to visualize and accept a delta-gap 

rèpresentation for a co-axially fed antenna unless the source 

region is assumed to be a srnall spheric~l boundary acting '~s a ( 

source of TEM waves as considered by Schelkunoff [59]. Then the 

axial gap might be considered t? be a first approximation of such a 

source region. However, Albert and Synge l11LJ) proposed that the 

~ magnetic frill source shown in Figure 4.8 could represent the eo~ 

axial feed more directly. The excitation source is 
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z 

P( p,q), z) 

y 

FIGURE 4. 8~ REPRESENTATION OF CO-AXIAL FEEDPOINT. 

_~ r - • 

a radial field 

Et 
V 

= a.< P'( b P b pl In(s) (4.36) 

= 0 p' > b 

Where V is the voltage amplitude and a, b and p' are defined in 

Figure 4.8. From the relationship [115] 

(' 
M • E x n_ (4.37) 

/ 
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where 

= magnetic surface current density 

n = unit vector normal to the plane of the frill, 

the source can be expressed as 

-v 
i Mep' = 

P b 
In(a:) 

a < p' < b 

(4.38) 
= 0 p' > b 

and the field at any point P can be derived from the electric 

vector potential, F. 

The electric vector potential, F can be written [115] 

- -jkro 
- (0 If M e 
F = dS' (4.39) 

4" Frill ra 
Surface 

~ wnere 

ro = [z2 + ,;- + p,2 -2 P pl cos( fjJ _ cp') ] 1/2 (4.40) 

Note the source coordinates are indicateç by primes. F 
1 

has only 
- 1 

one component Fep since only Hep exists and because of axial 

symmetry, it will be independent of cp. Hence the observation point 

can be taken in the x-z Rlane ana thus from Equation (4.38), 

/ 



\ -

and sihce 

1 
E = 

(0 

then 

where 

1 
Ei = z 

lo 

and 

1 
El 

P 
(0 

- jkr e 0 

cosq,'dcp' dpI 

VxF 

1 b 

p 
-( pF~) 

bp 

b - ( Fcp ) 
bz 
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(4.41) 

(4.42) 

(4.43) 

y' 

(4.44) 

Thus the excitation values for Equation (4.12) can be computed from 

(4.45) 

where again iç is the unit vector parallel, to the axis of elernent sm 

~ and the field components given by Equation (4.43) and (4.44) are 

evaluated at the center of ~. Tsai [116] and Thiele [80] have 
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shown that the integ,ation in Equation (4.41) with respect to ~. 

involves Bessel functions of zero, first and second order and with 

respect to p', complete elliptical integrals of the first kind ahd 

that the expression can readily be evaluated numerically. 

Both of the two source representations have been used in 

the computations reported in this work. Once a satisfactory 

equivalence had been established, the delta-gap generator was used 

more frequently because of its inherent computation al simplicity. 

With aIl elements of the matrix' equation computed, it can then he 

solved for the unknowl1 current values from which the radiation 

fields can he determined. 

4.1.4 
'\. 

computation of Radiated Field 

When the current distribution on the syst~m of N 

elements is found, the far field can he calculated by superimposing 

the field from each element.· The geometry of this calculation is 

shown in Figure 4.9 for an element sm with center coordinates >Cm' 

Ym' z m, and angles of orientation am and fJm. If the eleme~ 

supports a constant current lm and iç i5 the unit vector in the 

direction of current flow as defined by Equation (4.45) then the 

vector potential at observation point Pis, 
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( 
" 

Ste' ~ ~ 
\~~ 
~~ro P(r,O,cp) p(X,Y,z) 

---. lm • , 
1 

r 1 

1 

1 
1 y 

{ 

FIGURE 4.9. GEOI1ETRY OF RADIATION F'IELD CALCULATION, 

where 

br in spherical coordinates, 

2 

4 " rI o 

r~ ::< r [1 (Xm sinO cos cp + Ym sin8 sine/> + Zut cos8 ) 
r 

= r - (x.n sin8 cos cp + Ym sinO sincp + Zut cos8 ) 

'. 

(4.46) 

(4.47) 

] 
1/2 

(4.48) 

(4.49) 



138 

With the far field approximation r' = r in the denorninator of 

(4.46) 

e- jkr ejk[(xm sinO coscp + Ym sinO sin~ + z.n cosf) )] 

4 rr r 
(4.50 ) 

The electric field had been expressed in Equation (4.18) in terrns 

of the vector potential: 

jw [ ES = - -r V( V 
k 

A) + k
2 A J 

The f~rst term can be neglected because of its 1/r2 dependence, and 

thus 

-
~=-jwAm' (4.51) 

This can be expressed in terms of its two polarization components, 

- - -
Em = iO EOm + iep Ecbm (4.52) 

where iO' icf> are the spherical unit vectors, 

i8 = lx cosO coscf> + ly cos8 sin ~ -i z sin8 

- -
irp = - ix sincp + iy cos cp 

e. 
-

EOm sa i8 iç (- ~~Am) 
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Hence the total field can be expressed in terms of its E~ and EO 

components as, 

N 

Ee = - j Ct) L (cosO cosrp cos am cos f3 m + 
"=1 

+ cosO sincP cos am sin (:Jm + sine sin am) Am 
(4.53) 

and 

N 

E~= -jCù L<Sincpcosam cos{3m - cos~cosam sin{3m)Aw (4.54) 
"=1 

These two expressions form the latter part of the computer program 

described in the next section. 

4.1.5 COmputation program 

The flow chart of Figure 4.10 depicts the organization 

of the basic program used for the complex body computations. It 

represents the evolution of a program adapted by stages from 

Thiele's work [80] and that of Wolde-Ghiorgis [45] • The 

refinements made involved the segmentation subprograrn, the testing 

~._ of integration and matrix reductio'n schemes and the out:put 
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subroutines. The current plotting programs used to generate the V 

graphs of Figures 4. 11 and 4.13 and the three-dimensional wire grid 

plotting prograrns used for the figures of Section 4.5 are not 

described. These involve the use of CALCOMP plotting routines with 

sllorL FOR'IRru~ main programs anà axis rotation routines tor the 

three-dimensional displays. 

For the monopole tests, the segmentation was 

incorpora ted in the main program. For the dipole and ground rod 

antennas, coordinates ,."ere defined within the segmentation 

subprogram and for the helicopter, the segmentation \<las generated 
~ 

from end point coordinates read in from a data card for each 

member. AlI dimensions are normalized '""i th respect ta À and center 

coordinates and orientation angles a, ~ are computed in the 

subroutine. 

An initial data card contains a parameter which ~id-way 

in the program governs the selection of a source model and then 

evaluation of eithcr Z~n of (4.9) or 'fun of (4.31). Excitation 

voltage is set at one volt. 

Radiation pattern computation is done in the main 

program. l~n initial data card parameter governs the chpice of 

either principal plane patterns or selected conical cuts. The 

printer plot subroutine is ahlays called but the CALCŒ1P polar 

pattern plot subroutine is optional. Data card output of pattern 
,. 

values is optional and this can be storeà for later plotting. 

For testing of~ basic programming,' development of 

subroutines and general faw.iliarization with nurnerical technique 

differences, extensive tests were done on dipoles usinq sinusoidal 

and 'pulse basis functions and point-rnatching. The point-matching 
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method was then used exclusively for the more complcx antennas and 

the monopole on a helicopter. 

4.2 Familiarization and. Convergence Tests 

l1uch 01 \ofire-grid modelling must be considered as 

computer experimentation. In this mode it is essential to have a 

means of reMoving programming errors, to test relative merits of 

different numerical techniques, to develop an insight into 

convergence problems and to obtain a general familiarity with this 

experimentation mode. Tests with dipoles and monopoles serve this , 

purpose very weIl and are to be recornmended because of the volume 
( 

of available published information. In this work pulse and entire

basis functions were used in programs incorPorating three types of 

integration schernes in the evaluation of the Zmn elements, double 

and single precision, and two methods of matrix reduction and both 

the delta-gap and magnetic fril~ current source excitation. Sorne 

of the results are described below to illustrate the type of 

parametric study wh~ch has been found useful. 

4.2.1 Collocation ~1ethod : Entire-Domain Basis Function , 

The ~inite Fourier Seri~s 
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N "z 

J(z) = L Jn cos(2n - 1) 
L 

- L/2 ~ z ~ L/2 (4.55) 
n=1 

was used as the basis function, chosen so that the current goes ta 

zerodat the ends of the antenna. 
, 

The Zmn terms then become 

,. "Z' 
~n = G(rm,r l

) cos(2n - 1) dz l (4.56 ) 
L 

which must be integrated over the antenna length, L. The 

integration was carried out numerically usinq trapezoi~l rule, 

Newton-coate\ and Romberg integration schemes. The kernel 

transformation scheme used by Richmond [77] which provides non-

uniform sampling was also triêd. Both a lJ!'ivac 1108 and an IBI~ 

360/75 were used wit'h the Univac 1108 showing faster convergence 
" 

because of its longer word length (i.e. an extra digit). Crout-

reduction [83] and a standard 
/ 

computer routine based on Gauss-

Jordan~ elimination with colurnnal pivoting were used 

interchangeably. 
~r 

, .: Results' were compa-red to the values reported by Thiele 
<l 

[80]. Typical current distribution plots are shown in Figure 4.11. 

The convergence with number of terms is clearly evident. However, 

it can also be se en that if current values from sOch a basis , 

function are used for near field calculations, small perturbations 

might be obtained. 
.. 
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4.2.2 Point Matching: Piece-Wise Continuous Basis Function 

The pulse-basis function with point matching involves 

integration only over the element lengths, but requires a greater 

number of segments for the srume accuracy. In these tests the 

Newton-Coates 5th and 9th order iritegration formulae and the Uni vac 

110.8 library routine for matrix reduction were used. Computation 

of the Z~n elements t'las carried out in double precision. 

Here again the published impedance convergence data [80] 

was matched, as shown in Figure 4.12, for 40, 80 and 120 elements. 

The convergence is still more clearly evident in thè current plots 
. 
of Figure 4.13. 

The above tests are near the sensitive reactance cross-

over point of the monopole impedance characteristics. 'Invaluable 

for program verification, they offer the opportunity for the 

graduaI introduction of ~omputer graphies which will be found vital 

for the helicopter analysis. 

Interesting comparisons of the use of other basis 

fun ct ions in Hallen's and Pocklinçton's equations are found in 

Thiele's survey [80]. 

4.3 Folded Dipole and Supporting Hast 

The departure from symmetry in the measured'EO vs e 

pattern (Figure 3.20), although attributable ta the 
• 
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longer lower portion of the reflccting mast, could not be verified 

by additional.data fro~ the manufacturer. However, it was argued, 

that if wire grid modelling ~f the structure could shO\.,r such a 

departure from symmetry, then this would corroboratc the scale 

modelling of the antenna while at the same time representinq a new 

application of the technique itsclf. Pulse basis fun ct ions and 

point matching were used. 

4.3. 1 MOdelling of the Structure 

i'lhile the modelling of the dipole involved the choice of 

a suitable number of segments neccGsary for convergence and the use 

of either a delta-gap or a magnc~\: frill source, the folded dipole 

and supporting mast invol ves tht' further consideration of 

appropriate representation of the folded dipole radiating element 

and the relatively thick reflecting mast. 

Transmission line théory aside, the simplest model which 

can be considered, would represent the mast as a single rod and one 

arm of the folded dipole as a parasi tic element in the rnanner shown 

in Figure 4.14. This representation 
1 

suggests itself for trial 

since it is considered a close representation as to type by Ki,ng 

(63). The literature does not sho\l' an' analysis of this antenna by 

numerical techniques except by Chao and Strait [81]. Although they , 
'examine a nurnber of antennas by nUIr.erical techniques and show 

current distributions and radiùtion patterns for thern, only the 

cornputed current distribution is shawn for the folded dipolc. 
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In their work the folded dipole is represented by q single source 

and conductors overlapping at the enùs. The calculated results 

shown in Figure 4. 14 sho~" that such an arbi trary but simple model 

provides useless resul ts. IIence a closer examination of the basic 

radiation model is required if better modclling is to be obtained. 

4.3.1.1 Modelling of the Folded Dipole 

Folded dipoles are discussed in most standard textbooks 

on antennas [85, 86, 87] but more exhaustive analysis is to be 

found in the articles of Carter [881, Roberts 1891, Guertler [901 

and the more recent articles of Harrison and King [91J. Germain and 

Brooks [921 as weIl as Kinq's clasr;ic book [63] on linear antennas. 

Roberts [891 and \'ling, King and Nimno [93] suggested at about the 

sarne time that the folded dipole be considered to support symmetric 
• 

and antisymffietric transmission line modes as represented in Figure 

rt.., 4.15. 

And] C~ V/2 1. la :+ -) c +: -
s ( ) S 

+ - + -V/2 1. V/2 la 

SYMMETRIC ANTISYKMETRIC 

FIGURE 4.15. EXCITATIOtJ l-iODES - FOLDED DIPOLE. 
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In the antisyrnmetric case( ~~radiation is small since thêf---~ 

currents are equal and oppo~it~~nd closely spaced. For radiation~ 
- 1 

calculations, therefore, t~~~presentation shown for the syrnmetric 
"'i' 

excitation mode seemed appropriate for use in the wire grid model. 

Results of calculations \"ith such a model are shown in 

Figure 4.16. Considerable improvement is evident. The pattern of 

J E vs e (} shows rernarkably good agreement. However the EO vs ~ 

pattern does not agree as weIl as the measured and reference 

patterns. In the ,application of the antenna, more weight was 

placed on agreement of the E(} vs ~ pattern. Hence to improve the 

model a better representation for the parasitic supporting mast was 

sought. 

4.3.1.2 Hodelling of the Mast 

"" 

A number of investigators have examined antennas around 

cylinders. An extensive bibliography is to be found in the work of 

Wolde-Ghiorgi~ [45]. Reference 

Carter [94], Lucke (95], Wait [96] 

can be made also to the work of . .. 
and Sinclair [97]. Although 

these do not provide guidance towards improved modelling of the 

mast, they provide a background of detail for understanding the 

effect of spacing pa~meters on the radiation characteristics. The 

problem centers around the mast radius ,used, al À ::: .2 which is 

beyond the approximation condition (a/À« 1) used to derive the 

approximate "thin wire" kernel. An exarnination of the pattern 

differences in Figure 4.16 and work on other structures reported by 
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, 

\'lo lde-Gh iorg is [ 45] led to the moc1clling of the mast by two thin 

elements on diametrically opposite axial points as shoun in Figure 

~4.17. This pre-supposes an edge-like current concentration on the 

diametric points on the axis of the elemehts and is further 

discussed in Chapter V. 

Results here show that this model produces good 

agreement in bath azimuth and elevation planes. 'rhe degree of this 

agreement \'ras considered sufficient to establish that the 

characteristics of the scaled models predictablc and 

satis factory for further measurements "ri th the dipole alone, 

mounted on a hclicopter. no further refinement in modelling • ..ras 

pursued. It is intcresting neverthc!ess to make a comparison of 

the modelling steps and in particular of the current distribution. 
r 

4.3.2 Cornparison of Current Distributions 

'l'he unknmms in the sir;;ul tancous equations obtained Dy 

the discretization of" pocklington' s equation and point matching, 

are the cur~cnts on the inuividual ",ire segments. The program has 

also been arranged 50 that principal pla.ne patterns or conical cuts 

can be produced at will. In Figure 4.18 the current distributions 

-
are shO\vn for the 2nd model used. The current distribution on the 

elements of the 3rd and 'final model has been plotted separately in 

Figure 4.19. It is mos t evident here tha.t the assymmetrv' in the E8 

vs 9 pattern is due to the current shm·m on the longer bottom 

porti~n of the reflecting mast. It is te be observed that the 
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relative amplitudes and phases of the currents on the tv/O modcls 

~re not vastly differ~nt. But it can be appreciated that when 

cl6se agree~ent is sought, aogeneral knowledgc of the effect of 

spacing and length on the current values and hcnce pattern effects 

is ve'ry useful. 

l~wever, the appreciation of the physical possibility of 

hav~g current concentrations at certain points and the insight 

·into the effect of small current chanaes on the radiation patterns 

,plays an important part in an iterative approach to modelling and 

especially in the modelling of more complex bodies. 
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FIGURE 4.19. CURRENT DISTRIBUTION ON WIRE GRID 

SEGI"LENTS - FINAL MODEL. 

'.> 

Essential Factors in Hodelling_of Folded 

Dipole and Hast 
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The prime "factors which were responsible for the 

development of an~adeq~ate wire gridmodel are as follows: 

(a) The segment length used was from O.O.42Àto O.045À. This 

segmentation is also consistent with that used by others 

[45,84) for radiation pattern and scattering computations. 

The substantial differences in the results for the models 

suggest that the use of other than pulse expansion~un~tions 
.... ' 

• 
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would have been of sccondary importanc~, while factors 
, 

associated with th~ fundamcntal representation of the 

structure predominate. 

(b) The identification of th~ characteristic modes of' the 

radiator and tileir proper representation seoms cr~cial. 

This might appcar to be a truism after its substantiation, 

yet it has not been noted by other investiqators or 

sufficiently tested since most of the vlOrk rèportcd is with 

loops and simple dipole or monopole feeds [981. Although a 

fundamental understanding of the radiation modes is 

essential, when experimental results are available an 

iterative procedure by analysls of results such as those in 

Figures 4.18 and 4.19 and hcl~s in the development of a 

working model and perhaps in sorne cases the identification 

of the natural modes themselves. 

(c) Thick ele~ents, where the effect of non-uniform surface 

current distribution must be anticipated, are best 

represented by thin wire elements at the peripheral points 

\vhere current concentrationc:; are likely. In the case 

reported here, the t\-10 axial points were sufficient. For 

other radiators and thickcr structures, Nolde-Ghiorgis [45] 

has examined the effect of tl;le.number of elements around the 

periphery. 

These copcepts are furt:her tested, and corroborated in 
.1 

the ground rod and the helicopter antenna models. Should 

.. 
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of impedance or neal' fields be 'requï"'red, the tests of 
( 

Section 4.2 and other work [84] clcarly indicate that a greater 

~umber of segments wou Id be re~uired. For this purpose, on this 

type of linear structure, the sinusoidal basis functions should 

prove superior. 

4.3.4 Versatili ty of Hodel: Band\-1idth, Dimensional Variation 

Once" a. working \üre-grid model is obtained, i ts 

.usefulness is similar to that of an analogue computer simulation of 
t' 

o· 

+-+I.IJ'--i---!--I--t---I270· 

f = 3020 MHz 

f = 2920 MHz 

f =<·3620 MHz 

FIGURE 4.20 BANDWIDTH STUDY 
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a physical system. For example, the variation of the radiation 

pattern over the band\vidth of the antenna can be determined by 

-
merely changing the frequcncy parame ter in the computer program. 

Figure- 4.20 shows the radiation patterns at 2920, 3020 and 3620 

~lliz. It can be seen that the pattern variation is small. 

\'li th sirnil ar ease, dimensional changes can be studied. 

Figure 4.21 shows results with the second model using a symmetrical 

mast. 'l'he 

'expected. 

E () vs pattern is now seen to be symmetrical as 

\ 

• 

FIGURE 4.21 COMPUTED PATTERN WITH SYMMETRICAL MAST 
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4.4 Ground Rod Antenna 

/\s noted in Chapter II, the slceve monopole portion of 

the Sinclair 201 ground rod antenna was chosen as the vertical 

radiator for the field strength measuring system for the Bell 47G-

4/\ helicopter. The various models built (Figure 3.23) did not 

\ exhibit the radiation characteristics reported by Tilston and 

Secord (56] near the 9 = 90° plane. Since additional and more 

precise information on the measurement conditions was not 

available, a wire-grid modelling was undertaken to explain the 

measured results. Here again pulse basis functions and point-

matching were used. 

4.4.1 Modelling of the Antenna 

A wire-grid model of this antenna type has not yet been 

reported in the literature. The structures closest in geornctry 

are the quadrafin whose scattering properties were analyzed by 

Hiller, Burke and Selden [84) anq the ,monopole and ground plane 

studied by ~'I'olde-Ghiorgi5 (45) • After repeated attempts, the 

r~delling was almost abandoned because of the difficulty, for 

example, in establishing how much of the expcrimental model should 
" 

be ,considered as radiating~ Note that in Figure 3.23 the miniature 

connector domina tes the model. 
l 

One could argue that an impédance 

discontinuity exists at. its upper end and hence the surface of the 
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oonnector can be ignored. This turned out to be misleading and 

incorrect. 

The ground rod antenna was developed by Brown [99]. 

Impedance characteristics wcrc cornputed by BoU'.vkamp [100} and King 

[63] • The latter considers it as a generalizcd 9~ V-antcnna as 

shown in Figure 4.22. 

FIGURE 4.22. CURRI;~TS AI.~D SaURe.c, GROŒlD 

ROD ANTE:'mA. 

Follo\o[~ng this representation, a single source is used in the, \vire-

grid model at the location of the feedpoint. Actual wire radii are 

used for the elements except for the connector portion. This' 

portion is represented by two thin -peripheral elements. The 

segmentation is shown in Figure 4.24 • 

4.4.2 Results 

The computed EO vs 9 patterns is snown i~ Figure 4.23 

together wi th the measured resul ts. The BO vs ~ pattern is a 

è 
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circle as expected. The agreement in the pattern shape is 

acceptable. 

Figure 4.24 shows the computed current distribution on 

-the, antcnna sections. Also sho\·m are the computed current 

''-
distributions for other source locations. Chanqing the feedpoint 

changes the input iwpedance but is claimed not to alter the current 

distributions [561. Eere the element current plots of Figure 4.24 

clearly show an impedance variation but also a current distribution 

change. If/lis change affects the amplitude 0 f the ImITer lobe. 'l'Ile 

variation i5 shown in Figure 4.25. Also shown is the radiation , 

pattern of the antenna ·,vith feedpoint at the level of the ground 

rods (see Pigurc 3.23 (e». This pattern also has the higher lobe 

predicted by the \vire grid moclel. 

180~ 

FIGURE 4.23 GROUND ROD ANTENNA 

1 
f = 3020 MHz 

COMPUTED 
EXPERIMENTAL 

COMPUTED & MEASURED PATTERNS 
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The development of an adequate wire-grid model involved 

the following factors and considérations: 

(a) The segment length used was .029À to .055À, èomparable to 

that used in the case of the folded dipole. With the 

smaller value used on the vertical element. 
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(b) It was essential that aIl the elements, which could support 

RF currents in the experimental model, be represented. 

Because of the thickness of the connector (a/À==.0176) a 
, 

minimum of two peripherai elements were required as with the 

folded dipole mast. 

(c) In this assymmetrically fed antenna, the location of the 

source affected the current distribut~on which in turn 

indicateù a driving point impedance change and produced -a 

small but significant change in radiation patterns. 

Other Uses of Wire-Grid l~odel 

AS,with the folded dipole, the working model can be used 

for the study of dirnensional changes, f.equency variation and as 
) , 

seen above, for feedpoint location studies. The nature of the 

current plots suggests that these distributions ~ould aiso be used 

in optimization studies to select the most efficient basis 

functions. This could be regarcted as the experi,mental equivalent 

of the basis trans forma tion technique used by'Turpin [101]" 

.. 
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4.5 r-tonopole on Bell '47G-4A IIelicopter 

An experimental model, Bell 47G-4A helicopter, is shovln 

in Figure 4.26 and it may be noted that part of its tail structure 

is a truss resembling closely ,a wire grid structure. 
~;'l . , 

FIGURE 4.26' • BELL 47G-4A HELICOPT.c:n. llODI.:L. .. 

This structural forrn eliminates doubt as to wherc eler.lents should 

\ be placed to represent this section. Surface areas, hO\Arcver, occur 

in the tail section, the cockpit, fuel tanks and the rotor blades 

themselves. At the frequency consiùered (675 l'lliz), the structure , 

is approximàtely 1 and 1/2 A ,long. Tae radiating monopole was 

mounted below the helicopter in line with the rotor axis as shown. 

Hod~lling of the previous antenna forms involved linear 

antenna elements. Problems centered on the radius of the elpmen.~s, 

.... 



167 

source representation and location, inclusion of aIl radiating 

" members and pl~cement of elements on ~ck members. However, the 

antennas \oIere of regular shape. l1ence the regular or ft canonic" 

forms propased by \'Jol~e-Ghiargis [45) apply since there is not much 

doubt about the 'location of the stationary current flO\-l lines. The 

number of elements necessary ~or the determination of radiation 

patterns is relatively modest (53-64), therefore computation cost 

is not a large factor in parametric experimentation. With the 
1 

helicopter, problems on a different scale and of several types 

occur. The physical representation of the shape is several orders 

of magnitude greater in cowplexity, directly magnifying the 

possibility of error. Computer mernory size limits the nurnher of 

1 h " h b d d " 1 d e ements \oJ 1C can e use an computat1on cateqory an cost 

restrict parametric experimcntation and increase "turn-around" 

time. Only limited guidance can be obtained from the concept of 

"stationary lines of ~ow" in regular shapes. 
1 

It would be 
( 

appropriate to say that Schelkunoff.' s comment [71), 

"-----Problcm B presents many difficulties and it is the 

engineer's hard luc}~ that he happens to be interested in 

just this problem", 

applies equa11y \ve11 hore. A reali~ presentation is made of the 

steps which !1ùve been found ta be important. ~ problem of the 

----------.. physical representation to that fa~ the is , similar 

construction of aircraft whcre special technical "rnaster ~ 

1 ., 
For exat.'lple j'Ob class "G" (IBl-1 360/75) assures good 'turn around' 
but the 300 K mcmory limit allows only 176 segments while class 
-II" with 400 K memor~ allows 210 elements but requires a one-day 
turn around. 
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groups are rcsponsiblc for accurate lofting data to be used for 

fabrication of mastcr assembly jigs. There are no technical 

problems in this step ~ut rather the difficulty of having correct 

information and using it \lithout error. This dif"ficulty has not 

been underestimated by others [751, [76], and is emphasized by the 

fact that close to 50% of the computation effort was expended 

either to rem'ove errors or carried out with undetected errors. 

Although a chronological presentation \-lould be most effective in 

demonstrating the various errors encountcred, it is used with 

restraint in the material which follows. 

Once again pulse basis functions and point matching were 

used, with both a magnetic fri11 source and a delta-g~p generator. 

4.5.1 Modelling of the Helicopter 

Nhere should the finite elements pc placed? Hm ... many 

are needed? What ake the co-ordinates of the end points? What 

radius should ,be. used? These are the questions which neeù to be 

ans\ ... ered in the development of a suitable model. The objective is 

ta obtain' data cards with co-qrdinates of 

finité element and to use th~ as input 

subroutine of the program. 

th~ end points for each 

for the segmentation 

The best primar; source information is of course the 

"rnaster lincs" data used in a~rcraft design, usually available as a 

, ' 
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series' of co-ordinùt~ values together with precise cohtüur 

drawings. These were not available for this helicopter. ~ 'l'he 

source information \o[ùs a set of detail drawings uscd for the 

construction of the 1/20-th ..,~<.üe nodel. From these drawi'ngs and a 

set ~f large photogr<.phs of the mc')del, three-vievl drawings of the 

structure were prepared to scale using element lines only. Element 

length was generally kept under • 1À. Each element and junctiol') \'las 

> numbered and tables viere prepared listing each element, its end co-

ordinates and the junction, numbers. These lists were scanned 

element bl' clenent for accuracy of co-ordinatcs ùnd end points. A 

total of 274 elements ~'las tabulated and data cards prepareçl. 

A WATFOR program was used to produce listings of these 

points together ivi th their co-ordina tes, their lengths and the a 

and ~ angles dcfined in Section 4.1. The length values were 

scanned for errors and closeness ta the .1). value set, and the a 

and {3 angles \Vere "amined closely for agreement in segIl'ents j udged 

ta be in the same direction on the drawigns. In this manner 

several errors viere 'detccted and rerc.oved prior to the final 

computer runs. In spite of these precautions other errors remained 

undetected at this time. 

During later phases of the modelling development, a 

CALCot1P three-dirrensional proqram was completed \vhich permit ted the 

plotting of the three-dimensional figure from the data cards. The 

moàel could be rotated to any angle of viewing, _the elements 

nurnbereù alongsiàe their center and" indiviàual sect~ons of the 
-.\J' 

struéture expanded for çloser examination. The 1ar5.le scale 3-wiew 

__ drawings and large CALCONP plots are not includcd in this work, but 

a replica of three presentations is sho\'Jn in Figures, 4.27, 4.28 and 
't.," 

" 
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4.29. 'l'hese show sections <;>f the cockpit, fuel tanks and landing 

gear, ana the tail section, expanded ànd numbered. Clearly such a 

presentation is most use fuI in. the spot ting· of errors and one-' l?ajor 

",:'"\ one \vould have gone undiscovered were it not for the unambiguity of 
.t \ 

this presentation. The program might alsù be used for e1C plotting 

of cornputed currents. 

The illustrations also show sorne of the appro~imatia~s 
\ 

used in the modelling. 

. / 

p ~ 

(a) The rotor and horizontal stabilizer were represented by 

one line of finite èlements initially. Later, elements 

on the leading and trailing edges were used as shown in , 

the frontispiece. 

(b) The rudder section in the tq.il \'1 as represented by 

periphcral elements ini'!;:i aIl y.' Later vertical eler:lents, 

extensions of the vertical tail section elements were 

tried as ,>lell as sorne diaÇTonal elements 

( c) The fuel tanks \ver~' represented by the peripheral 

. elements shawn, a'ltho~I: for the runs with minimum 

elements, only the outer members were used • 

'. 
(d) The bottorn of the cockpit ,,,as as'sumed' ta be at the sarne 

\ 
lev~l a~ the land~ng pad. Periphel;al " and c~!1tral 

, 
elements ,in the door area and finer seqmentation at the . , 

base we~e trièd. 

.. 
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(e) Init~ally the mesh section on the landipg pad (see 

Figure 3.26) was represented by the peripheral elewants 

shown and later by semi-diaqonal and parallel elcnents 

in turne 

(f) Other elements \Vere placed alonq the tubular members of 

the 5 tructure as sho\'ln. 

/ 

,;> 

The general guideline used in the modelling was to place 

element5 alona aIl cdges and ccntinucus~y along aIl peripheral 

lines \oJhich could govern lon~litudinùl or laterai resonancC! of the 

structure. 

The 

o ~ ~mc<7t metai 

actubrrctcrs of tubular mel"bers and thicLnesses 

parts ,vere used for tl1e assumeà diameters of the 

wire grid eIeI':'.ents. 'l'ne actuai monopole diar,leter \laS used in i ts 

representation and it was divided into 5 elements. 'l'he monopole 

\-las .268,\ long ùt 675 mhz ••. The final segmentation praduced 

elements ranging in length frQm .03 to. 16'\. 

Having obtëiined a reasofiable representation \oJith sorne· 

.270 elements, thé pro~ram could net be· executcd sinee only 176 

elements could be used \vi th the 300 k bytes of memory and 210 
r 

elements \li th ~he 400 k J-lytes of ,f.1erlory avail,able on the computer. 

It remained ta ~pply sorne' intuitive reasoniriq or suiclelines fo"r the 

~l~mination of 30~ of elC clements • 
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4.5.2 Computations, Variants & Resu1ts 

The computations and results are sUJ11I11arized in major 

groups or steps., generally in the sequence of their execution'~ 

The minimum number of elements \'Ias sought using the 

following considerations. 

"" (a) Keepinq aIl elements in the imwediate vicinity o~ the 

radiato:r.: landinq gear and bottom of seat. 

(b) Keeping aIl edge e1enents along the periFhery. 
) 

(c) Deleting inner elements of fuel tanks. 

(d) Qeleti~g elements in the tail structure which might be 

in .areas of assumed weak current concentration or , , 

orthogonal to the current flow 1ines. 'Here an intuitive 

reasoning based on detaj.led 
, ~ 

examination of the 

measurements of Carswell [43] was used. , 

(e) Using single' elements for rotor and horizontal 

stabilizer. 

" . 
(1) Fiqure 4.30 sho\-1s the major 'elements deleted to obtain 176 , 

elencnts and the results obtained at 0 = 70° and 80° with 

rotor parallel. These! results 
., 

are compared 
1 • 

ta the 

.normalized me~sured values of Figure '3.28 and 3.29. The 
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suppression of the front lobe· in the 9 
o 

= 70 pattern is 

recognized by outlining its probable level based on the 

results of Figure 3.30. The re!';uJ ts show surprisingly good 

agreement in vie\-1 of the drastic reduction in the nurnber of 

elerncnts. Since the plot is on a linear power scale, the 

results are in fact compar.3.ble to those rcported in the' 

literature [76] for similar structures. Thp computer time 
-\ ..,., 

involvcd '-las about 3 and ~'1 /2 minutes representing a 

commercial- cost of about $50.00. 

(2) Further testing showed sorne small discrepancies in a -angle 

values 'vhich were corrected and additional plements were 

'added while trying ta maintain element -syrnmetry on the 

model. \Vi th 203 elements, slightly better· results \-/ere 

obtained. These are shown in Figure 4.31. An irnprovement 

. in the Bef> pattern also occurrea but this 
1 

is not being 

considered in detail since the measured E~ level .. .,ras 10 db 

belO\'l the. .Ba level. 

(3) Changes were made ta the progratn to improv~ ~he linkage with 

subroutines ànd to, improve the graphical 
-!" ' 

.~ 

output. At 
"-

point furt:.her errors (max. -20%) "in lengt,h of two segments 

were discovered and corrected and three elements \'1ere adçed. 

The results 1 are shown in Figure 4 • .32. Clearly they bear ~ 
, ' 

negligibly small resemblance to the .• measured values ~r,,-,e""--_--t. 

not anticipated! Execution time on ah'IBM 360/75 was·-about 

. . , 

" 
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4 and 1/2 minutes representing a commercial cost of approx. 

$60.00. .Becal,lse of the limitation on the number of elements 

used and the substantial cost of each run, the range of 

possible experimentation was now limited. One conclusion 

which suggests itself is that seemingly correct results may 

be obtained fortultiously possibly, as a result of errors in 

modelling detail because SOJT1e elements play an especially 

critical role. After another complete test for errors, it 

was decided to concentrate on changes in the cabin and 

landing gear area rather than further attempt to isolate 
~ . 

details of this phenornenon at this stage. 

(4) A diagonal. element was added té!> the representation of the 

cabin in the door area. " The rationale for this otherwise 

intuitive choice '"as an effort to improve representation of 
4 

the cabin surface. The results, shm-ln in Figure 4.33, once, 

more show the desired main lobe structure. This result 

represented the limit of experimentation which could be 
1 

undertaken without undertaking massive re-prografuming using 

partit~~ned matrices or matrix manipulati';e languages 
" ' 

(H1\TLAN) • In June of 1972, hm-lever, 1 million bytes of core 

memory becarne available on an IBrt 360/65 and arrangements 

were made 1 for its use. Increasing the matrix size /!C' 
permit 214 clements ~~d the representation of the meshed . , 

________________ ~p~o~~~~i~o~n~~o~f~_'=t~he landing gear by semi-diagonal and'parallel ' 

tl elem~nts. Results for both schemes are shown in Figure 

4.34. The're .is 
,/ 

better agreement nm." with measured values 

than that shown in Figure 4.33, mainly 1~ the reduction of 
, 

'1. 
j 

1courtesy of Loyola,with Comput~l,Ot~awa.' 

, , 

/ 
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the front lobe and a slight change in -direction of the side t 

lobes. 'fhe. difference in represcnting t'he mesh by parallel, 
.r 

or semi-diagonal clements is not large enough for firm 

conclusions to be 'made. 'l'he E4> patterns were aiso similar 

in level and lobe structure. 

(5) \üth agreement betvleen experimental and computed values now 

at a reasonable level it "las logical to, seek and' expect 

better agreement if additional elements vIere inciuded. The 

execution times on the IBM 360/65 for the last runs were 
1 • 

approxi:r.\ately 7 minutes and CQsts excecded $100.00' per run~ 

with 600 k bytes of core, 254 elements could be used • 
. ' 

Execution time was above 10 minutes and costs 
1 

proportionately higher. The.elements added and the r~sults 

obtaincd are shawn in Figure 4.35. The graphs are 

surprising and iriteresting. Their significance is not 

readily apparent. By implication .they reflect on the 

s1,lccess 'of the' intuitive insight and heuristic approach 
. . 

built . up l?Y (, progressive tésting and evaluatibn and the 
) 

fallacy of assuming that more arbitrary ~Ierne~s will assure 

convergence. However, this was difficult to quantify 

methodically in vicw of rthe probJ:e:r.\ cowplexi ty and cast. A 

'simultaneous examination of the current distribution was' 

.found to be helpful in trying to estab'lish ,differen~es 

between nms, whcte changes sho\il-G--be ee~templated, and 

, , 
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. 

generally \vhether the current distributions th,emselves' w~re 

reasonable •. Based orr such an examination it was found that 

an unusually hlgh current concentration was computed for 

segments of the tail near the horizontal stabil izer. 

Elements were placcd along the leading and trailing edges of 

the horizontal stabilizer and different representations of 

the rudder section were tried as shown in Figure 4.36. 

• 

. FIGURE 4.36. TAIL SECTION REPRESEHTl\TION. 

~J 
None of A series of these produccd' pattern convergence. , ~ 

tests was then undertaken to remove elements orthogonal to 

the longitudinal elements of the tail section, working back 

towards the representation used in Figure 4.34. 

(6) The progressive rem9val of orthogonal elements produced 

convergence to the measured patterns once more. This is 

illustrated in Figure 4.37. The test of leading and 

, 
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trailing edge elements on the main rotor blades '>las tried 

when the E () patterns were divergent, hence no positive 

conclusion could be drawn. However, the Ecf> patterns ...,ere 

generally at the same leveI as measured values and of the 

same forme 

Further experimentation was not possible at this stage 

for practicai and economic reasons. Therefore, the results 

of Figure 4.3q represent the closest convergence in 

modelling at this time. 

Rotor !·1odulation 

The \lire-grid model of 214 elements which gave the 

results of Figure 4.34 \las aiso useà \l1th the rotor perpendicular 

to the fuse"lage in order to determine t:lhcther this. change \vould. 

produce a pattern/change. The results are shown in Figure 4.38 

together \11 th rr.easured values for 9 = 70° and & = BOo. A pattern 

change is obtainJd and it is comparable to the change in œeasured 

patterns. 

The curren~ out~ut of the computer program allows the 

examination of the chanqe in amplitude and distribution of current 

values. They are shovm plotted on selected elencnts of the !T'odel 

in Fiqure 4.39. Comparison of thesc values also improves the 

appreciation of the current change needed to produce the.pattern 

differences noted. Examination of the current distribution on the 

, , 

l 
" 
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MAX. VALUE (ELEMENT No. 41) 

= 0.2928 mA 

MAX. VAWE (ELEMENT No. 41) 
( 

= 0.278 mA 

Current Magnitude (mA) Current PhaSe (deg) 

Rotor" ({otor l. Rotor" Rotor .... 

.191686 .193060 -43.634 -42.349 

.168142 .169888 -39.678 -38.298 

.157036 .158459 -43.446 -42.066 

.128380 .129462 -45.783 -44.396 

.080695 .081331 -48.048 -46.654 

FIGURE 4.39 CURRENT DISTRIBUTION, '!'WO ROTOR pOSITIONS. 
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monopole shm'ls whether' an impcdance change should be anticipatec1. 

Here i t can be se.en that an impedance change is likely to be small. . . ) 

Current plots of this type are extremely useful both for 

the assessmcnt of r.otor modulation as weIl as for the auidance of . ~ 

the' fini te elenent rcpresen tation as noted above. The CALCOI'lP 

three-dimensional' Plotting;program modification to i;corporate this ~ 

current linc plot at each elerr,ent was 'not incorporated in time for))" 

.thi? work, but could be a distinct aid in making further research 

more effective and efficient. 

{~ 
4.5.4 Essential Factors and Limitations .. 

, The factors associated with the determinatio~ of the 

finite element 'modei ~vhich produced satisfactory pattern 

convergence can be listec1 and sUr.1r.larized as follo\\1s: . ' 

.. 

.. 

Î 

(a) " The segment lengths use~ ~ .... ere çornparable to those used 

(b) 

previously and by-other investigators [79]. They ranged 

above .1A only in·a few cases in order to lirnit matrix 

size. 
1 

~e actual raàii 0 f rod èlernents \11ère used or diameters 

'rresPOnding to she,et metal thicknesses. This should 

not be construcd to signify that this is considered, th~ 

best choice' say, in the case of the thick 

o 
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elements (.lS,\) of the landinggearstructurc. (see 
(,) 

discussion in Chaptér V) • 
(" 

IElements 
~ 

were placed along aIl edges and leDgths 

correspo~ding to possible resonant path lengths along 

the\helicopter fuselage. 

'l'ne abovc represent extensions of the introductory vlcrk presented 

here and clscHhere by others [45], [79]_ 
1 

(d) Elements \'lere hot plàced, even though phys ical elements 

" are present, in directions or~hogonal to likely lines of . , 
current flow. These directions were not estimated so 

muc~rent rlistri~utions en elemcntary ~ntcnna 
forms, as froM the complex measurements of Cars\vcll [43] 

--Y 

anù Granger and J.lorita [42]. The influence' of 

deliberately offiitting such elements is believcd to 

result O~n'ly to a' ml.'nor d' f d ff egreé rom -roun -0 error 

, considerations._ 

, , 

'fhe results strongly demonstrate that extension of the number of 

arbi trfry elell1ents does not assure pattern convergeQce but \ ... ill 
1 

just as likely produce the oppositè effect. 
~ 

Computation time and cost, together \'lith the limitations 

of core size or the difficulties in handling large matrices are 
". 

serious J,imitations to effective research. The highest possible 
! 

degree of physical insight must be progressively developed, and 
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graphical aids used to acceJ.erate and . in'prove the analysis of 

results, in order to avoid errors or te minimize the 

compu ter runs. 

The matching 

~as efficient as 

of a few experimental conical cuts is 

'0 f principal plane patterns. This can 

be seen by for the folded 

dipole and gro The availability of data frce of 

possible detector effects would also be a~ asset. In closed 

fuselage structures, this is automatical1y obtained, but in open 

structures .;a refinernent in model design. is necessary to take this 

inte account. Tne identiflcation of this e~fecb a~ support by 

wire grid modelling resultr. appears to be the first 

descriptl0n of thlS problem. 

" 

1 
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CHAPTER V 

EVALUATION OF RESULTS, CONCLUSIONS & RECOW1ENDATIONS 

') 

5.0 Introduction 

In this concluding chapter comments are made about the 

possible extension of the results and about sorne of the hazards of 
L 

such extensions. Reconunendations are made for improvements of the 

experimental facility and sorne of the techniques used. Once again 
. 

the, tapies 
, \ . 

are covered in the order of their earlier presentat10n 

to lend final emphasis to the purpose of the work and to the value 

of a comprehensive systems study using the prop6sed co~puter-aided 

"" . 
analysis and design techniques. 

5.1 Integrated System Analysis 

It is believed that the proposed antenna evaluation 

method of Chapter II is well supported by the results presented. 

Its direct ,implications are that aIl future measurements on antenna 

systems should b .. e., complete and digitized to allow immediate 

application in vehicle antenna design. In this way, an awareness 

of performance in relation to operational specifications can be 

maintained from the conceptual stage on\'lard through flight testing 

until full operation. 

'. 
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The comparative evaluation of the five antcnnas in 

Chapter II has shawn: 1. 

(a) that the proposed cvaluatien Ir,ethed produces a tli fferent 

rating of the antennas chan present methods, 

(b) that the method improves the differentiation in perfor~ance 

bctween similar antennas, 

(c) that the differences in performance are clearly and àirectly 

related to an opetational perfor~ancc, parameter, namely 

ranqe at each frequency a f operation, 

{dl that the mcthod inhercnt1'l distinguishes bcb/een antennas 

having different azimut~ pattern distributions, 

(e) that the ,application of tl1e IT'Ct.10d r,"'ë1kcs l.t relatively easv 

ta specify· critical cor~unications conditions, identify 

limiting factors and thus dcs1qn efficient fliqht test and 

evaluatüm prograns. 

The identification of the rotor ~odulation effect anà 

aIl main fcatures of the antcnna patterns by the \lire grid 

modelling technique, sho~s that it cduld he used effectively te 

support and compler.1cnt scale modef pattern measurement5 in the 

generatl.on of data for 5uch an evaluation. 

Since the wirc grid l'lodel does fiat depend _1,riI,larily on 

tnc r~diator used, once dcvelopcd,-it beco~es a po~crful dcvice for 

the study of performance of antennas in diffcrcnt locations or 

different antenna forros on the same vehicle. 
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5~2 Experimental Results and Antenna Test Pacilitv 

Th~ automatic ge~eration of principal plane patterns or 

conical cuts on a CALcor·~p pIotter from computer gcnerated data 

contrasts sharply at this time, wi th the rnanual adj ustmen,t of the 

probe and manual data rcduction neccssary durinfJ the expcrimental 

work. The on-line connection of the instrumentation used to a 

process control computer for automatic data logging, correction ~or 

pO'.Ye r level fluctuations and for automati~ plo~ting of the reduced 

output, would improve the productivity of the antenna test facility 

significantly. 

It is clear from the data of Chapter III that much more 

extens1 ve testing of the ancchoic chamber re.mains to be done to 

determine its lm..,cr and upper -frequency limi ts. The free-space 

VSWR technique illustrated in Fig~re 3.31 using the low dielectric 

constant support structure' but applied closer to the charnber walls 

should define more precisely the quiet zone of the chamber and the 

perturbations in the field near the outer absorber walls. 

Sorne variations in patterns were noted with changes 1n 

humiQi ty. The absorber used vias intended for outdoor application 

and hyg roscopic effects' are possible. Although critical 

measurements can always be deferred ta dry ~unny days as . was done 

in this work, the isolation and better defini tian of this 

phenomenon would be useful. Application, of the free space 
1 

VSNR 

technique under sharply different \'leather conditions should prove 
. , 

most productive. Isolation of reflections from a wet roof is 

possible by the su~pension of absorber from an apex hook, installed 

-for'such purposes. 
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The difficulties described with hJ3licopter rreasurements 

in Chapter III and the usefulness of having good measured results 

evident in Chapter IV suggests that most efficient and productive 

research \/ould result fro~4an even closer co-ordination netween the 

. ". 1 . experlmental anù computatlona work. The neeù for an opportunlty 

to remeasure under var~ous conditions while ~eveloping a finite 

element model cannot be overemphasized. In this vlork, this was, 

especially true with regard to thf' isolation of the detector effect 

in the open grid of the tail structure. HOVlever due to high cost, 

modification of an expcrimental model which was obtained on a short 

term loan and whic~ was designed for higher frequency use could not 

De comtemplated, and the structure was too small to house a self-

contained oscillator. The ~esults of Figures 3.28 to 3.30 and the 

patterns of Chapter IV emphasize the need for careful design of ti10 

model to mlnimize this effect. 

The oven.,helming conclusion of the research presentcd in 
• 

Section 4.5 is that most productive further research into the 

dêvelopment of guidelines for the wire-grid-modelling of complex 

bodies would result from an ability to rneasure the actual current 

distributions. It is believed that this compact anechoic ch ... rnber 

witn its close inner arch could easily be adapted for such a 

purpose. The small loops of F~gure 3.13 could serve as the 

transmitting probes in an adaptation of the technique used by 

Carswell [43] • Results of such measurements would corroborate or 

negate the intuitive reasoning used i~ this work and further 

improve the basis for its application to other complex problems. 

'l'he highest priority should be given to such physical research in 

order to guide c~mputer experimentation on the general problem. 
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5.3 Wire Grid l~odcllinq and Nurncrical Technioues 

Special emphasis has not becn placed in this work on the 
" 

numerical analysis portion of the wire grid modclling technique . 1 

althougll it is shown as bcing central in tl'?-e structural dia<.?'rar' of 

the technique shown in Figure 4.1. IIo,.,rever, since these aspects 

are treated '."ell in the l:itcrature and espccially in vieYl of the 

results obtained, the priority 
u 

givcn to the other fundarr:ental 

aspects of the complex body problern was jurtified. This should not 

be construed to suggest that further research into this aspect is ~ . ' 
unimportant or unnecessary. For example, a critical cxamination of 

munerical integration technic:ues in radiation pr0blems h'as been 

presented by Richmond [102], Jllien [103], Wexler [104] and others. 

The sequential use of subroutines with techniques fro~, the 

trapezoidal rule to Chebyshev-Gauss quadrature could produce 

corresponding guidelines as to which technique is rr.ost pertinent to 

each antenna problem and each moment method in terms of both 

computation efficiency and convergence. A similar approach might 

be considered for matrix inversion or factorization algorithms. 

Niller [73J presents a comparison of Gaus-Jordan and Gauss-, 

Doolittle techniques and recently Preis [lOS) derived a rapid 

inversion algorithm for a Toeplitz matrix' and suggested 'its use 

when the matrix occurS in antenna problems. 

The results of Section ~.4 cOhcerrting the pattern 

variation v/ith source locations explain SOJ1'1C of the minor disèrep-

.1 The elements Zij of a T@eplitz matrix depend upon the difference 
i~j and the matr1X· is symmetric about a cross-diagonal. 
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lobe level between the results of Holùe-Ghiorgis 

[45] and Tesche- and l~eurether and i?xperimental' results for the 

monopole mounted on a sphere. 'fhe fini te seC]menta.tion uscd in the 

point rllatching calculations disbribute the source over one segment 
,> 

cell. as shO\ .... n in I;igur~ 5. 1 • 
'--

lIence the sourcq is effectlvely 

displaced fro~ its r;ecisc physical location on the test model. 

+ 
v : 
- 1 

FIGURE 5.1 
. 

On the yt,wr 11.:md 'l'esche [105] has recentl'! pointed out that if a 

calculation of lnput current with frequency is carricc1 out for a 

~dipole and the source gap i5 allü\veù to becor.te smaller as the 

frequency increases, the calculation for the current diverges 

especiall,! for the thin wire kernel. Tesc~e recom~enùs a 
1 

dis tr ibution of the source over more than one cell al though this 

makes the input current ùifficult to clefine. It should be pointed 

out that the magl1"Ctic current frill source representation used by 

~',olde-Ghiorgis [4S] ~or other antennas produces voltage values 

distribulcd over the match points and \'lould be intcresting to apply , 
to the problern raised by ~esche. 

The question of what clement radius should be used is 

first consiàercd in Section 4.3 \li th the modellinq of the folded 

dipole mounting mast. Both \volde-Ghiorgis anà Biller [73] use the 

actual · .... ire radius in modelling structures composed of rod-like., 

() 
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clements ùnd this is also donc in this \Vorle for the model11nq of 

the helicopter structure. Irnbriùle and Ingerson [1061 aIs a clair" 

the ùctual rad1us ta be the correct vaJ ue ta use \.,hen the radius ta 

length ratio (ail) is small. \-Jhen it is not snall !lO\.,rever, thcy 

claim another effective value from an ,expansion of ail tcrms. 

These requirements arise of course, uecause of the approxir:1.ëltions 

made in esuatiort 4.23 where the Green's function, 

= 
1 2" 

2" ~ 
e 

G(z,z') 

- jkR 

dcp 
R 

- jkr 
e 

r 

If indeed the actual ciurrent distribution on the other 

elements were known, a more appropria te Green's fun~tion might be 

found. lIo'vevcr in the radiation pattern 'p\-ob len of Section 4.3 tl1e 

pattern ar1ses phY3icùlly from the actual surface currents. lIence 

placing an cle~ent on tlle axis of the nast and by sorne mathematical 

stratagem arriving at a current value which would produce a 

satisfactory match to measured values Asecms a rr.ore artificial 

analog of tÏle physical problem than the placing of thin clements on 

the I?erlphery. - This 0 f course is vlhat was dond by vlolde-Ghiorgis 

for thick cylincters. But uhy do two ele~ents produce such gooà 

results? An explanation suggests itself from an analysis of the 

current distributions on peripheral eleMents used to model thick 
1 

masts Dy Holde-Ghiorgis. Figure 5.2 shows the modelling of a thick 

mast by six and eight elements together with a plot of the currents 

on these elements at their c~nter. Note the concentration of 

currcnt on the axis. It is interesting to note that Hû\>larth [1071 
? 

sho· .... s such a concentration using other metnods based on amuI ti-

pole expansion technique. Thus for directive arrays of elements 
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wi th thick m~JTÙJers not· only (ln e ffccti ve radius but also 

\\Iould 0e nccessary for gooJ radiation pattern re3ults. 

'location' 

Thcre fore 

the use of pcripheral thin elements is more ap~ropriate and more 

Iikely to give convergence, as e\'iù~nccd by the results of Section 

4.3. 
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'l'he above observations and arguments have rclevance also 

to the modelling of tlle hclicopter. For exanpIe, in the light of 

the above, since the radius of the rods in the Ianding gear is 

sulJs tantl.al (>.0 1À), the argument [or tl1e use of the actual radius 

is weak, especially since the combination of cabin and lan6ing gear 

acts as a counterpoise and the thicJ~ e,leJT'.cnts can be expected to 

support higher curr.ent concentrations on their outer surfaces. 'ùn 

awareness of the3e conSi~eratiot should be used 

of further research on tlle complex uody problem • . 

" 

in the pursuance 
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The location of wire grid elel~lents along cdges wiwre 

current concentrations are likely to oceur has been one of the 

important guidelines in the helieopter modelling researcil. The 

fafil1.ty with ilhich this can ue dont! 'vith the \-Jire grid method is 

no doubt the reùson for Goldhirsh and Kncpp's [76] rccü~mendation 

to use it after thcy had tried the surface clement approach on the 

CH-47 helicopter. 

The effect of removal of orthogonal elements in critical 

sections does not have its counter part in the surface ele~ent 

method since thcre is no de facto eonstraint: on the curtrent 

'" direction. 'l'he occurrence of this effect in the wire grid metilOd 

is mas t l."nteres ting. Curren ts coml@!:ed on such elCi'lents '.vere r.~uch 

t90 large ta be dUC to round off errors alonc. Arc th3re in fact~ 

currents flowl.r.g in these IlIelllDcrs in tLe helicopter modelled? Is 

there in fact a physical as weIl as a r,)atl1en:atical rea..,on ilhy 

divergence oecurs wnen thesc elements are included? Does 

divergence also occur ~en a junction constraint is applied to the 

element currcnts? 'l'he se questions should providc a substantial 

base for future research. 

5.4 l:pilogue 

In tilis work the first e;nphasis has becn on antennas as 

a part of systems and the need to evaluate them in this contexte 

Such an evaluation has a degree of cOIT.plexity '-'1hich requires the 

application of hm., and spccialized computer techniques to oecorne 

tractable and useful. 
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Radiation pattern data neeessary for sueh evaluation~ 

and for the modei antennas thClaselves whcn scale-modelling is used, 

ean be obtained by the use of the eomputer-oased finite element 

teehnique of \'1ire-grid modellin-:;. l t has becn s11m'1n hmlever, that 

at this time, this ean only be aehieved by the use of the 

guideliries dcveloped hcre, based on PhYS~~ insight and 

experimental results. To this extent it remains a practieinl] 

engineering art. It is hoped that this art has been defined bettcr 

by this work for use by other practitioners. 

The progress in research and development of the 

individual topies of this thesis, such as the evaluation methoà, 

wir~ grid modelling, computer graphies for pattern and current 

plotting, and complex body display, presents the possilJility of the 

comprehensi ve cornbination of tilcse components wi th the use.. of 

mui ticolor computer g=-aphies terminaIs ..... here, once the shape and 

radiator would be speeified, the object could be dispIayed in its 

actual or wire grid model form,' - the computed currents could be 

plotted on ~le individual elements, the radiation patterns could be 

di~played in ~omparison with measured patterns, and the results of 

a system ~evaluation, aIl could be presented sir.lUl taneous ly. The 

vehiele antenna designer would then have aIl the relevant factors 

at his disposaI for a better understanding and optimization of tne 

design. In fact a closer examination of the figures of Chapter IV 

shows that a numbcr of the ab ove features have already been 

combined. 
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