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ABSTRACT
N
. 'This thesis deals with three aspects of vehicle antennas:
their comnarative evaluation, the measurement of, their radiation‘
patterns and the prediction of their pattorﬁs bv the technique of
wire orid modelliné.

Thé corsiunications performance of samnle helicopter antennas
is evaluated in the I[iF freaquency band, by traditional technicques
and by a newlv developed method. The method hicghlights sionificant
performance differences directly related to operational performance
specifications.

The development of a novel compact anechoic test facility is
described. Results are presented of vattern measurcments on models
of a folded dipole, a ground ’;od antenna and a monopole on a
helicopter and are compared w7ith results obtained bv others. -

The application of numerical technicues usino wire arid
modelling establishes the importance of correctlv rodellina  the
source, indicates how thick eclements can be renresented in
directive arrays, and shovws that with comnlex bodies, increasinag
tHe, nunser of elements does not necessarilv produce pattern
converaence. A satisfactory helicopter model is obtained and wused
to compute the effect of rotor modulation.

It 15 concluded that an interactive compﬁter analysis and
desian procedure micht now be formulated but that continuing
experincntal studyv, such as current distribution mecasurements, will
be necessary to further future deveclopment of wire grid modelling
guidclines necessary to establish , the technicue as a routine

procedurc.




ACKNOWLLDGEMENTS

N

The work d& this thesis extended over several yvears durina
wnich the author has become.indecbted to many individuals for their
kind assistance and encouragement.

To his ‘wife, who waited so long for the convergence to
normal family iife, a gentlec tnank vou. The author's entire family
became an inevitable participant in this ‘work: Ilr. Charles Kubina,
the author's father and son James helped in the construction of the

/
anechoic éhamber; daughter Camille helped 1in the 1laborious
digitization of patterns and Lucy=-Ann tried with the typing; son
John Chgrles offered his joyful spirit. Their assistance is
gratefully acknowledged.

At Loyola of liontreal, the president, the Very Rev. Father
Patrick [lialone and Dean George Jolv encouraged the author's
research work. his colleaque,. Mr. kd Cerny wvas gencrous with his
expert prograrming efforts. The author's students helped in many.
Qays: lir. Ropert Kuley, most cheerfully with,cgnstruction anda
asseholy of tne ahéchoic chamger ana data reauction; Iir. Stecve
Fabiszewski with the construction team; Ijr. James Bridgeman with
draughting éhd especially wr. Shing Kwong Lee witA his meticulcus

>

CALCO!P graphics .and programming. .

N

M 1cGill, the author enjoyed the fruitul discussions and

willing assistance of Dr. W, Wolde-Ghiorgis, his research

- .
colleaguc. llr. Andrej Skalina helped with the mecasurements, with
his skilful artwork and invaluable gecneral assistance. lir, John

. V Ladd
Foldvari and his colleaques constructed the inner garch support and
all the antenna models. lir. Stanley Henry maintained the

electronic instrumentation.




i1i

pr. J.v. Wong of the WNational Rescarch Council kindly
supplied the model of the CHSS~-2 helicopter and copies of has
publications. Dr. G. A. Thiele of Ohio State graciously made his
éomputcr programs available, tllessrs, Brian White and Dave Bell of
Canadair Ltd. loaned some of their equiprent and offered the usc of
their range. iir. C. B. Seager of Uunited Aircraft provided the
drawing of CUS$-2 antennas.

To all of the above, the author would like to e:itend has
sincere thanks.,.

Particula{ thanks are due to IMiss Louise Smith for her
expert typing on the ATS systen of the draft and final copy.

The rescarch work was supported financially by the Defence
Researclh Board under Grant 5540-32. Material assistance was also
providgd by lydro ‘Ouebec through project enginecr, Iir. Paul
Robertson. by

This project was carried out under thc direction of
Dr.T.J.F. Pavlasck., He is the co-aesigner of the antenna test
facility, a director with aidiscerningdand especially light touch,
generous with his time, shkill and knowledge. ﬂis nany

contributions are nwch appreciated.




iv
TABLE OF CONTENTS

Paae
ABSTRACT i
ACK§OWLEDGEMENTS ii
TABLE OF CONTENTS ' iv
CHAPTIIR I INTRODUCTION 1
1.1 Purposoc of the Study 1
1.2 Vehicle Antenna Dvaluation and
Figures of llerit 6
1.2.1 Antenna System Efficiency 7
1.2.2 Other Factors of !llerit 9
1.2.3 Search for Imorovaments . ' <1
1.2.4 Rotor Effects in lielicopters 15.
1.3 Survey of lMeasurerent Methods 15
1.3.1 Radiation Pattern l!easurement 16
1.3.2 Impedance leasuremrents on Models 19
1.3.3 lleasurement of Current Distributions 22
1.3.4 Full-scale Measurements ’ 23
1.4 Survey of Analytical ilethods 24
1.4.1 Classical lilethods 24
1.4.2 Numerical Technicues 28
1.5 The Present Vork - 30
1.5.1 Evaluation of Antcnnas : 30
1.5.2 Experimental 31
1.5.3 Wire Grid Modellina 32
CIIAPTLR I1 EVALUATION OF FEELICOPTLR HF ANTLNNAS 35
2.1 System Requirements and Factors of Merit 35
2,2 Description of Hlélicopter Antennas 38
2.2.1 Impedance and Counlecr Cfficiency 38
2.2.2 Radiation Patterns and Derived Values 41
2.3 Proposed Analvsis and Results 45
2,3.1 Signal Level at the Receiving Site 46
2.3.2 Noise Levels at the Receiving Site 48
2.3.3 Successful Contact Ratio and Range
versus Frequency 50
2.4 Comparison of Evaluations 52
2.5 Summary of Proposed Method 56
2.6 Rotor Modulation 60
CHAPTLR I11 ANTENNA TEST FLCILI®Y AND lEASURELLNTS 62
3.0 Preamble. Why a Test Facility 63
3.1 Design and Construction of Anechoic Chamber 64
3.1.1 MAosorber Considerations 64
3.1.2 Siting Considerations and Construction 67
3.1.3 Instrumentation 76
3.2 Folded Dipole and Supporting Mast 81
3.2.1 Mode#xling of the Antenna . 82
3.2.2 Desian of Absorber Lavout in Anechoic
- Chamber 85
3.2.3 Method of Measurement and Results 91
3.3 Ground Rod Antenna - 93



o Page
- 3.3.1 Modelling of the Antenna 93
3.3.2 Method of Measurecment and Results 97
3.4 Monopole on a Helicopter 100
o 3.4.1 Description of the Model 102
3.4.2 tethod of Measurement and Results 102
3.5 Other Measurcments 107
3.5.1 Pattern Comparison and Free-Space VSWR 107
3.5.2 Rotor Modulation Measurements 109
CHAPTLT v APPLICATION OF HUMERICAL TECHUNIOULS 113
4,0 Introduction 113
4.1 Theory and Method 115
4.1.1 Transformation of Integral Ecuations-
lMlethod of Moments 116
4.1.2 Fields of Current Elements 122
4.1.3 Representation of the Source 130
4,1.4 Computation of Radiated Field 136
4.1.5 Computation Program 139
4,2 Familiarization and Converaence Tests 141
4,2.1 Collocation liethod:.Entire Dorain Basis 141
4,2,2 Point liatchina: Piece-wise Continuous Basis 145
4.3 Folded Dipole and Supporting Mast 145
4.3.1 Modelling of the Structure 148
4.3.1.1 MModelling of the Folded Dipole 150
4.3.1.2 lodelling of the Mast 151
4,3,2 Comparison of Current Distributions 153
4,3.3 Essential Factors in Modellina of Folded
Dipole and ilast 156
h,3.4 Versatilitv of lodel: Bandwidth,
Dimensional Variation 158
4.4 Ground Rod 7Z.ntenna 160
4.4.1 ilocelling of the Antenna 160
b,4,2 Results 161
4.4.,3 Factors in !lodellinc of Ground Rod Antenna 164
4.4,4- Other Uses of Wire Grid lModel 165
4,5 Monopole on Eell 47G-42 Hellcopter 166
4,5 ilodelling of the lelicopnter 168
4,.54.2 Computations ,Variants and Results 175
4.3.3 Rotor liodulation . 187
) 4 Essential Factors and Limitations 190
CHAPTER EVALUATION OF RuSULTS,COLCLUSIONS
AND RLECOITMENDATIONS 193
5.0 Introduction 193
5.1 Integrated System Analysis 193
5.2 Experimental Results and Antenna
Test Facility 195
5.3 Wire Grid Analysis and Humerical Techniques 197
5.4 Epilogue 201
APPEANDIX 1 203
APPENDI. II o \ 207

BIBLIOGRAPHY . : 208




CHAPTER 1

> INTRODUCTION

1.1 Pﬁrpose of the Study

[

Avionic systems on aerospace vehicles require a variety
of antenna types, operating oGEr a wide frequency range.
arrangement on a commercial airliner is shown in Figure 1.1.
antennas of pérticular interest for this work are the

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

antennas. The location of these antghnas on a vehicle of
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complex shape influences their radiation patterns. At the higher

frequencies they are especially affected by the nearby geometry 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
the rotating airfoils is an important considération. Figure 1.2

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

A

11 y

= {VIEWED FROM TOP
- ' mm

1 1L.P. AUTOMATIC DIRECTION FINDER - LOOP S RADAR ALTIMETER

2 L.P. AUTOMATIC DIRECTION FINDER - WIRE(SENSE) 6 Y.F.F. RADAR IDENTIFICATION SET
2A U.H.P. TRANSMITTER - RECEIVER (ALTERNATE) 7 TACAN NAVIGATION SET

3 H.F. TRANSMITTER - RECEIVER - WIRE 8 DOPPLER RADAR

4 U.H.F. TRANSMITTER - RECEIVER (NORMAL) 9 U.H.F. DIRECTION PINDER

FIGURE 1.2. ANTEN?K% ON SIKORSKY CHSS=~2 HELICOPTER.,

The radiation characteristics of the antennas on
vehicles are usually analyzed with reipect to their contributign to
the overall performance of the respective avionic system, such as
communications, naviqgation, search and rescue etc., Clearly, until
the radiation characteristics are related to system performance, it

is difficult to evaluate antennas of different characteriétics or




- 3
locations or the seriousness of rotor effects in the case of
helicopters.

Some reflection upon the design, development and
production cycle of aefospace vehicles leads one to appreciate that
radiation characteristics of antennas and their conseguent effect
on system performance should be known early in the design phase if

<
some attempt at optimization is to be Made prior to production
committment of the vehicle. These considerations also recur during
the wuseful 1life of aircraft, when new systems are introduced or

antennas need to be relocated due to other installation changes.

Analytical techniques using closed form solutions of

electromagnetic 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 made. Performance criteria have been developed [3]
for many systems and are being used. It has been found all too
often, that a closed forp solution 1is too «crude and that
measurements may be too costly or require too much time or pose
some other practical difficulties. In addition, the performance
criteria used so far do not always provide adequate resolutioh to
differentiate between the performance of antenna systems. In
helicopters, an wunderstanding of rotor modulation effects is
desired before these can be minimized by known design measuresxor
by developing new ones. Problems of this type have been examined

in this work and two specific cases are presented in this thesis.

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

t

2) were analyzed and their ratings compared using recognized

o«

%

3




(b)

4
performance, criteria. The results of this analysis are

presented in Chapter II. It wasf*found that _thede criteria

did not provide sufficient differentiation among similar

antennas. Furthermore, the relationship of the performance

criteria to operational usage is somewhat obscure. A new
method has been prorosed here, which bears a direct
rélationshlp to operational performance specifications wnile
maintaining all the essential features of the criteria used
heretofore.

The closer study of antennas and rotor modulation
effects céuld not be fealized‘without a measurement facility
for near and far fields, A novel facility has been
designed, built and tested. This facility and results aré
described in Chapter III,.

Work on this problem suggested the negggfur an alternate
modelling technique which would be more readily available
and which would also provide some insight into rotor
modulation effects andlhopefully provide a data base for
good performance analvsis as well. Wire-grid modelling
methods were examined, used and extended w1ph the objective
of becoming central to a new comprehensive methodology for
the analysis and design of vehicle antennas. lleasurements
and wire-grid modelling were effectively applied in the case

of a small helicopter (Bell 47G-4a). ~

-

7.

Because of their manoeuvrabhility, helicopters can be used

for airborne field strength measurements of ground station

.




‘ 5
antennas. For this application), however, three main antenna

characteristics are desired:

(1) Known gain and unique polarization,
(11) Omnidirectionality or uniformity in azimuth,
L N .
(iii) Freedom from rotor modulation effects.
&, . To study the possibility of achieving these

characteristics i1n an antenna system for the Bell 47G-~4A helicopter
at HF and VHF frequencies, a combination of analytical,
experimental an wire-grid modelling techniques was used. The
details of the program are presented elsewhere (4], dut the
modelling of the two antenna types for use at VHF frequencies is
described in this work. It 1is believed that the results
demonstrate the usefulness and sometimes the necessity of such a
combined approach. An experimental and wire-grid modelling study
of a monopole on the helicopter is also descrabed. It 1is shown
that the rotor modulation effect can be predicted by wire-grid
modelling techniques. The computed patterns theméelves, are 1in
substantial agreement with experimental results and thus provide
the data base sought by aerospace vehicle antenna designers for
performance evaluation purposes,

Various elements of the combined approach are detailed
in such a manner as to demonstrate the method of their application
to complei" problems, As the applications are developed, and the
individual elements are elabo;ated, the essential unity of the
proposed approach, from systems criteria to antenna characteristics

back to system performance will be evident.



1.2 Vehicle Antenna Evaluation and Figures of Merit

¢

It is notable that the first paper in the first issue of
the I.R.E. Transactions dn’Airborne Electronics is Granger's paper
entitled: "Systems Considerations in Aircraft Antenna Design" [5]."
Granger's paper §§eks a quantitative answer, for HF liaison
antennas, to thegéuestion of how well an antenna svystem meets the
requirements of its application. Several antennas having widely
varying patterns and impedances over this relatively wide band, can
possibly satisfy the requirements and, making comparisons, the
engineer 1is confronted with a vast quantity of data. Granger
proposed a figure of merit in terms of "antenna system efficiency",
defined as the fraction of total power radiated in useful
directions. An extensive 1nvestigation of antenna evaluation
methods was carried out at Stanford Research Institute during 1949-
53 under Granger's direction although most of the results were not

i
published in the open literature until 1958 (7}, [8], [9]. Based

?n a study of high frequency Eommunications practices of commercial
carriers and miliﬁary comrmunications requirements, the useful
sector was defined as that 30° above and 30° below the horizontal
plane, The antenna system efficiency criterion and methods for its
derivapion were incorporated in the military specification /for

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

the aircraft industry.

&




1.2.1 Antenna System Efficiency

The antenna system efficiency is thus defined as the
ratio of the power radiated into the solid angle included between
30° above and below the horizontal plane through the aircraft, to
the total power input at the transmission line terminals. A
definition of the co-ordinate system in common use and the
polarization components is shown in Figure 1.3.

\\

“ z

g

1<

FIGURE 1.3. CO~-ORDINATE SYSTEM,USED FOR PATTERI] MEASUREMENTS.

4
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’ TRANSMITTER MATCHING p
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f— M ——p— e —+

FIGURE 1.4, ELEMENTS OF THE ANTENNA SYSTEM.
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A schematic of the system being considered is shown in Tigure 1.4,

' . The antenna system efficiency 7, » can be expressed as

' - ‘ 1.1

n, N, Ty Mg My (1.1)
where

np = antenna pattern efficiency
e = antenna coupler efficiency
no = antenna efficiency
n = transmission line efficiency

5
The last three ternms of (1.1) are a measure of the power transfer

efficiency betueen transmitter and frce space. The antenna pattern
efficiency can be expressed as tie ratio of the pover radiated in

the desired secctor to the total power radiated

1
T ~ 7= /(; G (Q) dQ

V)

(1.2)

where
G () = antenna rover gain function
Qy = useful solid angle sector ' a

>

These factors are computed over the freocurncy range of interest, 7-
30 "Hz. The radiation pattern efficiency, QP is usually obtained
from mocdel radiation pattern measurements (sée Section 1.3) -and the
power transfer efficiency from model measurements or computational
estimates [6]. .

. Several investigators have applied this criteraion.

Among these, Moore [8] reports on thre antenna system efficicncy of
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antennas and is also called a "coverage factor" [14] in more recent
spacecraft work.

Starting with the Shannon expression for channel

capacity

. S )

C = W 1og2 (1 + 13—) bits/sec (1.3)
where

S, N .are signal and noise power densities

W = bandwidth in Hertz,

Lucke derives an expression for the average information capacity of
the circuit of which the antenna forms a part. The average 1is
taken over all the situations under which communication may take

place. Thus

c

it

[o &) 105, 11+ (5 (O] At (1.4)

where

ol
i

average information capacity, and P
stands for the aggregate of all the

variables on which the signal to

noise ratio S/N (&) at the receiving

end depends.

The variable § is distributed with a probability density p(£) and
the integration is carried out over the volume for which p(¢) is

defined, i.e. the vwlume for which

2
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several types of antennas on a C-54 aircrgft, Wong [10]) presents
the radiation pattern efficiency of several antennas on the CL-28
aircraft and Kubina {3] reports on the antenna system efficiency of
an isolated fin-cap antenna on this aircraft and its model and

full-scale testing.

1.2.2 Other Factors of Merit

The  work at Stanford Reseagph Institute included
examination of other evaluation methods. Long range communications
at HF frequencies 1is of course also dependert on ionospheric
conditions, atmospheric noise, time, place, distance and frequency.
Lucke [9] reported on a communication theory approach incorporating
Shannon's [12] formula for channel capacity in terms of bandwidth
and signal-to-noise ratic as a weighting function for averaging
antenna patterns and impedances over space and frequency. This
method is also compared with the "antenna-system-efficiency" and
'minimum level™ methods. )

The "minimum level™ or "pattern~distribution function"
[13] method’is based on the assumption that tﬂe effectivenesg of a
tranémitting antenna is measured by the portion of the prescribed
sector over which the signal amplitude (of prescribed polarization)
is above a predetermineé minimum level. This level is obtained

from considerations of transmitter power and noise properties of

the receiver. This method 1is frequently used for VHF and UHF

1 J
Reference to company reports is made where these are known and the
material is not covered in the open' literature,
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[rpterae = 1.
Very extensive numerical work is required to compute the average
information capacity for even the simplest case.
Moore has shown [7], [8] that for signal~to-noise ratios

less than unity -

c = log2%[1 + (0 (1.5)
where

S S .

N fp (&) N-‘(g) d ¢ = average signal-to-

noise ratio

and that the radiation-pattern efficisgncy is closely related to the
average signal-to-noise ratio. Moore reports calculations with
radiation patterns of some HF antennas on a C-54 aircraft and shows
that average difference between values calculated by Equations
(1.5) and (1.4) is 8 percent. The noise N and function p(§) were
taken to be constant for these computat{ons.

Blass [15] also suggests an evaluation' method based on
the time required to transcribe an amount of information withott

error.,

1.2.3 Search for Improvements

Moore [8] sought an expression of relative ratings in
terms of operationally significant parameters such as articulation

scores. He proposed a "voice intelligibility index" obtained by

averaging articulation scores over the useful solid angle sector Q

-
v
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For calculation purposes he linear#zed the curve of articulation

‘ score vs Signal-to-noise ‘ratio of Figure 1.5

©

100

1 °

YV

MONOSYLLABIC WORD LISTS »
CID AUDITORY TEST w-22 |

J O TEST OF JuLY 1952
X TEST OF SEPTEMBER

/ 1952

HYPERBOLIC TANGENT -
/ APPROXIMATION
7 [ |
o g
-16 -2 -9 -4 ) +e +8 +12

SIGNAL- TO-NOISE RATIO (0B)

H
™,

[ 3
hod

4

»

ARTICULATION SCORE (%)

N
Q

FIGURE 1.5. ARTICULATION SCORES AS A FUNCTION OF y,

SIGMAL-TO-NOISE RATIO IN WHITE NOISE.

between the threshold value of gain and the xvalue for an
articulation score of 100%. Under these assumptions«he derives a

relationship for relative intelligibility indices and antenna

system efficiencies as 4
s
100 2
I, - = - ( 10 logy, 1-7-;— ) (1.6)
] -
where
I], 12 are intelligibility indices
’752’ s, are system efficiencies, and
L}
a , = range in gain from 0 to 100%
articulation score.
. He concludes, however, that because o~f its simplicitv, antenna

system efficiency should continue to be usv because interpretation
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in terms of art;pulation scores caﬁl easlly be computed using
Equation (1.6) when necessgry.

Wong [16] sought a means of overcoming the lack of
discrimination in the antenna-syétem efficiency 3Fiterion between
antennas having different azimuth patterns.. He proposed the
incorporation of a deviation factor & into the system calculation,
& being proportional to the deviation of a pattern from one which

"is omnidirectional in %zimuth. This method is 1illustrated 1in

<

figure 1.6,

é 2n /;20° 2 2
] (Eg+ Eg) sinf dO d¢
7 e '{ 60° ¢
MEASURED 2r  180° i
PATTERN (E2+ E2) sinf d€ d ’
(7 @t maco
Wong: '
120° 2w ’ )
o '/0\ (Ee (1 -59) +E6(1-8¢)) d¢ sinf d6
="\ |50TROPIC LEVEL C:

' 2m 8¢ o
| , L. [ (Eg +E€b) sinf d6 d¢

shaded area

total pattern area

FIGURE 1.6. DEVIATION FACTOR AND WEIGHTING OF
v

AZIMUTH PATTERNS.

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

area determination during pattern measurements and has been applied

by Wong to the evaluation of antennas for shaips.

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

. lack of discrimination between antennas’ having different azimuth

patterns while seeking a more operationally significant factor of
merit. 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 Moore's
articulation score curve, shown in Figure 1.5, and among a number
of events having the same signal-to-noise ratio wuse the
articulation score value to obtain the fraction of these events
which they consider successful, They thus define the factor of
merit as‘the ratio of the number of successful events to the total
number of events postulated. Further it is suggested that curves
she
of this factor versus transmitter power be used for antenna
comparison. Values presented, however, are for a single antenna
with assumptions of uniform power transfer efficiency over the
frequency band.

Central to the application of all of the above
evaluation methods is information on the radiation patterns and
impedance of the antennas. Comparisons among antennas are very
scarce in the literature because of the very extensive ﬁeasurement
and analytical work required in gemerating 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.




1.2.4 Rotor Effects in Helicopters

Antenna location problems on helicopters were recognized
some time ago [22]. The rotor modulation effect was measured by
Adkar {18]) for a HF wire anﬁénna on the Sikorsky CHSS-2 helicopter
and more extensively by Wong and Muilwyk [23] who showed’ a
particularly large increase in pattern effect at frequencies close
to a frequency of longitudinal resonance of the airframe. Andrews
[24) measured the effect of rotor modulation on the behaviour of an
automatic tuning unit for a HUS-1 helicopter HF antenna and showed
the tendency for the unit to tune poorly or to hunt. ‘'easurements
on a VHF antenna installation to be carried on a Bell 47G-4A
helicopter for field strength éalihratlon purposes were ieported by
Pavlasek and Xubina [4) and some rotor modulation measurements at
HF frequencies are reported in this work. Studies of problems such
as this are also of significance for VIOL and STOL aircraft or high
performance aircraft with variable geometry. On satellites and
spacecraft a similar problem occurs due to deformation of antenna

elements due to thermal or other physical factors,

1.3 Survey of ‘*leasurement Methods

The radiation characteristics of aircraft antennas must
be obtained prior to the time the actual airéraft hecomes avéilable
since decisions on structural details must be made before
manufacturing begins. Even if the actual aircraft were available,

testing on full-scale aircraft is very costly so that ground and

fa
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flight tests are usually performed only as corroborative system
‘ tests. Measurements must therefore e carried out oncequlvalent
clectromagnetic models of these vehicles. Tortunately the
technique of scale modelling is fgiahively well developed and a

short ‘survev is offered herein.

T o

1.3.1 Padiation Pattern lleasurement

The requiréments for models on which measurements might
be made on an absolute basis in terms of the full-scale system were
réviewed by Sinclair [26] and discussed by Sinclair, Jordan and
Tauchan [27] specifically in rclation to neasurement of aircraft
antenna pattcrns. For the rcader with a sustained interest in the
subject thnse works also provide some earlier references and some
interesting sidelights.1 Sinclair shows that an electromagnetic
system model 1, obtained by dividing all dimensions of a full-scale
system T by n , will have geomctrically sinilar fields i1f the
characteristic paramctcors of the media comrrising the two systems

are related by

2 2 2 (1.7)

and

i , 2 ‘ (1.8)
' Omtmfm T oM % e

] ;
For example, A. Alford first coined the word "balun" to replace

*bazooka", the term for a balanced-to-unbalanced lane transformer.
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where .
€ = dielectric constant ‘
o = conductivity
V] = permeability ¢
; £ = f;equency
n = arbitrary constant which

determines model scale.

3

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

M

and normally By = H It follows then that

CF F*

and
o - "%
~
It is pointed out that effects of inaccurate 51mu1a£ion of metals
are most prominent wvith thin wires,

Measuréments describéé are with models containing gg}fr
contained oscillators, modulated receivers and those with éo-akial
cables from the detector sufficiently masked by the model and
located in regions of weak signal étrength. fodels described were
constructed of hand-formed copger over pattern-maker's white pine
and also pine models sprayed with met#ilic copper over a zinc base.

A  more recent survey of meaéuremenfs at radio

frequencies was made by Cumming [28] who also discusses the use of

high resistance 1leads to connect the detected audio signal in the
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model to a remote receiver. This technique was initially descfibed
§¥ Peters [29]. Problems of model measﬁrements on ground-based
Qéhicles are discussed by Webster [30) and those on ships by Wong
and Barnes [31]. Granger and Bolljahn's [1] classification of
aircraft antennas is useful to recall in reading the review of
Curmmming with regard to difficulties with pattern ranges. The three
divisions are: the low frequency range, the longitudinal resonance
range and the transverse resonance or diffraction range. The
distinction being in ,/the elationship between the airframe

dimensions and the wavelength. Bolljahn and Reese [32] show that

in the low frequency range, from the electromagnetic point of view,

%,
"b

the quasi-static approximations may be used and measurements
carried out in electrostatac ;ages or electrolytic tanks,

Stembridge [33] rcpor£s that,in work done at Farnborough
with copper and silv%ifg}ated rodels of 1/4 or larger scale factor,
experience over the years has shown agreement between model range
and in-flight measurements to be of the order of #3db, and with
spacecraft for models 1/10 or 1/15 of full scale, estimates place
agreement at *1 or 2 dﬁi

Tanner ,and Sharp [34] discuss the effect of poor
modelling of wire diameters in HF array antennas. The modelling of
the antenna element 1i1tself must be caréfully considered and usually

separate testing on reference ground planes is undertaken before

its installation on the scale model of the vehicle itself,.

~——




1.3.2 Impedance “easurements on !iodels \\

. Although impedances are 'best measured on full-scale
aircraft, adequéte model measurements can be made also. The
instrumentation aspects are well covered in standard texts but a
brief note on physical aspects is in order.

One method of impedance measurement with models
consists of constructing a sufficiently large model of the aircraft
to house the self-contained measuring eqhipment. The model is
isolated from ground usually on a wooden tower and the measuring
equipment 1is adjusted remotely. A representative arrangement is
shoyn in Figure 1.7. This shows a 1/5 scaie impedance model of a

[

large transport aircraft on a 20 foot wooden supporting tower.

Typical results obtained by this method are described by Granger

[1], [35] and Figure 1.3 shows a comparison of impedance measured

{

-

FIGURE 1.7, IMPLDANCE !1ODI'L AND SUPPORTING TOWER.
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on a full-scale aircraft and on a 1/5 scale model reported by
Kubina ([3]. Fror initial moasurement, however, a less costly
technique 1s preferred. !

For some classes of antennas the complementary slot
technique can be used. It 1s described by Bolljahn and Granger
{36] and applied to aircraft antenna imredance measurements. The
technique was suggested by Booker [37] who has shoun that Babinet's
principle, properly extended to electromagnetic fields, leads to a
simple relation between the impedances of two rlanar comnlementary
structures. This is illustrated in Figure 1.9.

The slot cut out from an infinitely large plane
corresponds to the dipole. The impedances of the slot and dipole

are shown to be related by

-~

-
Z(J Zs = - (1.9)
where )
Za = antenna imgedance, in ohms
Zs = slot impedance, in ohms '
) g = ./Po/eo = 120w ohms,

Thus saimplified aircraft models in planar form can be constructed
r

using equivalent cross-sectiored shapes. In systems having image

symmetry such as wina-car antennas, measurements can he made on a

half-slot and image plane. Several sucii measurements are reported

by Bolljaﬁn and Cranger [36] and the mcthod was used by Wong {38]

for the investigation of isolated nose-cap antennas.
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Although the radiation patterns and impedénce data are
necessary to establish the performance of antennas as considered in
Chapter II,' they are not sufficient for a full understanding of
vehicle antenna behaviour. The determination of current
distribution on the body helps to establish the characteristac
radiation modes and should be considered also as a lodestone

towards efficient wire-grid modelling of complex structures.

1.3.3 Measurcment of Current Dastributions

Computations of current distributions.on linear antennas
are frequently compared to the measurements of !Morita [39] and Mack
[60] and on coupled antennas and folded dipoles to the measurements
of !Morita and Faflick [40] and no other published measurements are
available. e

Current distributions on aircraft were published by
Granqger [41] for antennas1 in the longitudinal resonance frequency
ranace. More detailed current distrihbutions were measured on
aircraft models .by Granger and Morita ([42] for wire, wina-cap and
tail cap antennas. A small external loop was used as a probe and
the antenna on the aircraft was excited bv a variable frequency PF
source not contained within the model but reasonahly well isolated
from it. Still more comprehensive and ssnSLtive measurements were
carried out by Carswell [43]) for wing-cap and tail-cap antennas.

She improved on the technique of CGranger and tMorita by exciting the

1

Results are from captured German documents showing results of full-

scale measurements for a shunt excited wing antenna on a JU-52 air-
craft.
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external probe and connecting the detector to the antenna and
taking out the detected audio‘sianal through high résistance leads.
These measurements were carried out to identify the airframe
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 Morita that near the wing root and on the horizontal
stabilizer, the quasi-static approximations of longitudinal 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 1s elliptically polarized. Near these
regions, the authors point out, the assumption of "stationary lines
of flow" implied in the usual applications of the integral-equation
method of antenna analysis [#4] is not adequate . and hence a

guideline for efficient wire grid modelling based on such an

assumption and exploited by Ghiorgis [45], cannot be used.

1.3.4 Full~Scale lNMeasurements

The special techniques reéquired in flight evaluations in
order to obtain good correlation between model patterns and flaight
test data are discussed by Leoparﬁ (46] and Reed and Russel [47].
Mlthough of direct applicability for frequencies above 50 MKz,
nevertheless the precautions and statistical approach are also
applicable to flight measurements at HF frequencies, Some other
comparative results are presented\ by Kubina [3] and Stembridge

[33). Unfortunately the extensive measurements carriéd out during

B
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the HF antenna evaluation program at Stanford Research Institute
are not available in the open literature.

Because of the special difficulties and cost in'full-
scale measurements the need for other methods continues and
furthermore the ability to design the flight tests successfully is

enhanced when complete predictions of performance are available.

v
1.4 Survey of Analytical Methods

i

Classical analytical methods have limited applicability
to antennas mounted on complex structures such as aircraft, but a
short resume is presented. An extensive survey is given by Wolde-
Ghiorgis [45]. One of the methods, the integral equation
formulation for linear antecnnas, forms the basis of the wire grid
modelling technique being applied. Applications of the wire-grid
technique to antennas on vehicles of complex geometry are reviewed

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

modelling techniaue.

1.4,1 Classical Methods

In practice, there is still no routine method of solving
antenna problemé. The general problem is to find a solution to
Maxwell's equations for the boundary conditions of the radiator but
the most convenient method is dependent on the geometric shape

being considered and the most significant characteristics of the
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solution that are being sought, The three main methods are
discussed fully - by ~ Aharoni (ua] and  Schelkunof€ [59]).
Schelkunoff's nomeﬁclature for the three main antenna theories is
related to the features of the solutions. The three are:

(1) Circuit theories
(2) Field Theories
(a) Resonator theories

(b) Mode theories

The first _classification arises from the emphasis on currents in

»

<
»

the various sections of the antenna using circuit-like techniques.
Pocklington [61] was able to coAvert Maxwell's equations with
various boundary conditions into integral eaquations and obtained
the important sinusoidal approximation to the current on thin
antennas. Later Hallen [62) reformulated the integral equations
and ?iscovered a method of deriving as?mptotic solutions for thin
antennas. This method allows‘ 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 paper
[64]. Although it 1is not possible tﬁ apply these solutions
directly to vehicle antennas, King's approximation for the
impedance of the asymmetrically excited dipole [65] serves as a
good guide for the analysis of the impedance behaviour of isolated-

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

Adkar [61) and others.

*
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Cylindrical Spheroidal Bi-conical

FIGURI’E} 1.10. ELEMENTARY FORMS OF RADIATORS IN ANTENNA THEORIES.
The second classification arises from the solution of

Maxwell'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

»

[l

directly and the separation of variables carried out. This
apgfoach is usually associated with Stratton and Chu [67]. A
general review is provided by Wait [68]. The applicable geometry
is shown in Figure 1.10(b). The prolate spheroidal model maintains

t
)

mathematical rigor and allows the consideration of end effects in a

'
”

systematic manner. When the spheroid is elongated and the ratio
h/a >> 1, it approximatgg the thin cylindrical antenna.
Schelkunoff 1labelled this the "resonator™ theory of antennas
because the individual terms of the solutioﬁ represent certain
modes of forced oscillation of the antenna as with resonators and

i

thus exhibits an affinity betweeniantennas and’resonators. Myers

0
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[69] has used this theory to determine the radiagion pattgrns of
unsymmetrically fed prolate spheroidal antennas and Wells [70) has
obtained the current distribution and impedance for this conditiﬁn.

The third theory was developed by Schelkunoff [71] by~

approximating the antenna as a wide-angled conical transmission - -
i

line as indicated in Figure 1.10(c). It is called a "mode" theory
because of its similarity to waveguides having many modes of
propagation. If the cone angles 2y are allowed to decrease, the
configuration approximates a cylindrical antenna. By applying
Schwinger's evariational method to biconical antennas, Tai [72]
obtained more accurate impedance values. The impeaance analysis of
Tai was wused by Adkér [66] to analyze the highlights of the
impedance behaviour of the nose-cap antenna. | -

References to considerations of thé excitation gap can
be found in Schelkunoff's [59] and Kings's [6u]~monographs.

The above theories provide,general 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. Only the extension of the

circuit theory to general shapes has bheen .applied to the complex

geometries considered in this thesis.
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1.4.2 Numerical Techniques - Discretization of

Integrél Equations

/

/

A complex conducting surface may be assumed Zb be
discretizable with a number of small surface current elements or
with a gqgrid 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—gria modelling method. By using point-matching techniques,
for example, the integral equations can be transformed into a
system of algebraic equations to 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 specific references are given in Chapter 1V.

The surface element method has been formalized into a
magnetic field integral equation by Poggio and M™iller [73]).
Although +the method had been used for scattering studies (74] and
antennas on bodies of element;ry shapes [75], 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 "congider
the rotor blades. The overall collective average deviation between
measured and computed patterns is reported to be 2.5 db, The
authprs suggest a wire-grid modelling technique as the next step in
theif work.

The wire-grid modelling technique was first developed by
Richmond [77) for the study of scattering by conducting surfaces.

Tanner and Andreason [79] report its application to general wire

antennas and to a fin-cap antenna on an RB-66 fixed-wing aircraft.



29
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 0.7\
long, with a total of 205 segments being used, with an average
length of .047A . Maximum deviations from experimental patterns
appear to be about 25% with generally good agreement in the 1lobe
structure of the patterns. Thiele and his co-workers [80] have
computed the radiation patterns of small loops on an F-4 pursuit
aircraft. However no experimental data is provided.

Chao and Strait [81] claim a general program suitable
for arbitrary configurations of wires and treat explicitly the
problem of wire junctions, but dor)not treat structures of the
complexity of those referenced ébove.

Tanner implies that as much accuracy as is desired might
be obtained by increasing the complexity of the wire-grid model
representing the structure, There is not enough evidence that
this must necessarily follow and in fact the need for a more
caré?ﬁik7and sygtematic app%oach 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, the choice and
arrangement of the wire-grid model finite elements has been -based
on a heuristic approach while the beginnings of a systematic’ attack

have been considered only recently [U45].
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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 computer-aided analysis
in the comparative evaluation of antennas and for the prediction 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
obtain measurements which at thais stage remain 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 éomparlson of five similar 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 differeﬁtiation 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- well as its comparative evaluation is

believed to be new.

1.5.2 Experimental

Chapter III describes the construction of an anechoic
test facility, its preliminatry testing and the measurements carried
out both at L-band and at S-~band. The facility énd the
measurements carried out are an important part of the sequence of
data acquisition necessary for the evaluation described above.
Furthgrmore, measurements have been found crucial for the
validation of the discrete finite element models. Measurements are_
presented for a folded dipole antenna with its supporting mast, a
ground rod antenna and a monopole on a Bell 47G-4A heligbpter.
These measurements in turn indicate how[ wire-grid .models can be
used to overcome experimental problems in the scale-modelling of
antennas. |

The measurement methods used are well known. These have
been systematically applied to testing the anechoi¢ 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 form and arrangement, and

optimized for cost and performance factors.
!
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1.5.3 Wire-Grid Modelling

The main objective of the research in wire grid
;odelling was to obtain the radiation patterns of antennas on
heiicopters with sufficient accuracy to be used in the evaluation
methods described above and especially to show the rotor modulation
'effect. Previous work in computational techniques has been usually
directed towards isolated antennas and the mathematical and
numerical aspects of the techni&ues. At this time no systematic
procedure for establishing wire-grid models of complex structures
exists, although the beginnings of an initial\syStematic attempt to
formulate definite methods has been made by Wolde-Ghiorgis [45] for
certain antenna confiqurations emphasising the "stationary lines of
‘flow' concept. The results of this latter work 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@e helicopter. _“The specific objectives and results of
the study‘are the following:
(a) To develop a wire grid model of a folded dipole and
supporting mast. The achievement of this objective and the
research leading to it have produced:

(i) a gquideline for the representation of a member with

. » 3 L3 » -
sizeable diameter in a directive antenna such as

this.
(i1) an appropriate model of the solrce at the driven
element. : ‘

~

“« o

(iii) the first wire-grid model for this configuration.

~

e -
-
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(b) To develop a wire grid model of a ground roé antenna used in
—_— N~
the experimental measurements. The research work for this-
objective has produced:
(1) the first wire-grid model for this configuration,
(ii) an appreciation of the effect of the feedpoint
location on the 1lobe structure of the radiation
-
pattern. -
The above represent the first known use of the wire-grid madelling

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:

(1) 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 modelling problems as  to element
location, diameter and length of element, basis
function fqr best convergence and advantages of
applying a junction constraint.

(iii) that some guidelines can be formﬁ}ated both'for the

location of elements as well as tﬁe elimination of

ENY

redundant elements.

-
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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 numerical techniques, together
with their application are described in Chapter IV. No claim is
made about the originality of these techniques. The wire-grid
analysis method is applied first te a monopole for convergence
testing and programming tests. It is then 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 which are indicated as a

consequence of this present work.
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CHAPTLER 1I

EVALUATION OF HELICOPTLR HFF WIRLE ANTENHAS

2.1 System. Requiremrents and Factors of Merit

'

Tge communications requirements for‘helicop rs dictate
a specialized approach to the determination of a facto of merit
for antennas. Their range is much more limited than that of the
transport aircraft for which moest of the factors _of merit were
cdeveloped. ‘Communica%ion beyond 1line-of-sight }is required but
ranges of 100 miles are commonly specified for the frequency range
2-12 iidlz. At these distances, ground vave propagation pertains and
vertical polarization is used.

While antenna systen efficiency is defined and
calculated for both polarizations, it 1is common practice for

antenna test facilities to calculate also the amount of power

radiated in, the vertical corponent

P

Ee

2 7 4 2 "
£ f (Eg + E¢) sinf 40 d¢
(1]

%

«x 100 (2.1)

and the amount of power, in the Eg component radiated in the useful

sector, 60" < 8 < 120 :




n 120
j [ Ef sinf df d¢b
O°

%Eg 100 (2.2)

X
Q mon
? [ 4’ (Ej + E%,) sind d6 d¢

These values can be used instead of antenna system efficiency in

the evaluvation of antennas for applications involving communication

—ujia the ground wave mode. The question of operational significance

described in 1.2 and 1.2.3 1is pertinent. The relationship of
Lguation (1.6), between relative intelligibility index and antenna
system efficiency as proposed by Moore [8] could also be used here.

However, operational specifications for aircraft sygtems
are not written by antenna designers familiar with the terms
discussed here. Generally they are written in terms having direct
operational significance such as communications to a given range
over an operating frequency Eand. Furthermore, decisions on the
selecti:}/ﬁzd installation of antennas are not generally made by
antenna engineers alcne, It remains for the antenna engineer to
propose the best antenna using the cfiteria discussed above and to
substantiate the proposal by a range calculation for one or two
representatiﬁe operational éonditions. While this procedure seems
reasonable and straightforward, its effectiveness becomes marginal
when two antennas seem equally satisfactory or when one with a
poorer rating has some physical installation advantages. Under
these conditions it is desirable to' have a criterion directly
related to the operational specifications so that any compromise or

advantage would be evident in these terms, “



It 1is believed that such a criterion i§ now possible
using the method developed here. The method is based on a series
of signal-to-noise ratio (SNR) calculations for allubperationally
significant conditions mu;h in the manner suggested by Cline and

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

arbitrary but reasonable 1level of SNR is ackieved. For each

frequency a successful contact ratio (SCR) 1is computed versus

range. Finally a value of SCR (0.9) is selected as a parameter and
values of range versus fregquency are Fomputed and used as a
criterion for the evaluation of the antennas being considered.

It 1is also shown that the «critical conditions for
communications can be clearly illustrated, making more visible than
before, the complete perfor@ance 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 CliSS-2
helicopter and make comparisons with some of the other factors of
merit., ~ .

Since detailed pattern and impedance information about
several similar antennas on the same 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 was obtained for

e
4

five wire antennas which had Been considered during the development
of an HF antenna iqstallation for the éikorsky 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 1is different
from all the others. Antennas B and C differ only by the 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 k.

2,2.1 Impedance and Coupler Efficiency

Vs

v

As an example of the range of resistance and reactance
values which must be matched over the freguency range, the
impedance of antenna* A is shown in Figure 2.2. The impég;nce
values of the other antenhas are. shown in Appendix 1. 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 dMHz. 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.

/




Legend:

FP = Feedpoint

ST1 = Stand~off #1 etc.

STA Aircraft coordinates:

W.L. Station,,waterline, in inches
)

FIGURE 2.1,

ANTENNA A
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Total Length = 86 ft.

STA W.L. Heignt
Fp 343.2 192 ——
sT1 310 163 10*
sT2 218 - 10"
ST3 435 ——— 10"
ST 625 142 10"
ANTENNAS B AND C
Total Length = 51 ft.
Height
STA W.L.
B C
FP 405 162 - ———
sT1 310 163 10* 10"
sST2 218 163 0" 10"
ST3 435 113 io" 2172
STU 625 142 10" q'
LY
ANTENNA E '
Total Length = 51 ft,
STA W.L. Height
FP 805 162 _—
sT1 310 163 10"
ST2 237 -—— 10"
5T3 435 130 2172
4 625 142 q°
ANTENNA D

Total Length = 53 ft.

STA W.L. Height

405 162 ———
T1 625 182 8¢
T2 435 113 21/2"
T3 218 ——— 10"

-

WIRE ANTENNAS ON SIKORSKY CHSS-2 HELICOPTER.

A
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FIGURE 2.2. IMPEDANCE VS FREQUENCY-ANTENNA A
TABLE 2.1. HMATCHING UUIT EFFICIENCY HF WIRE ANTENNAS.
L3
ANTENNA
f
s A B c D E
2.0 . 306 .16l .264 . 440 . 261
3,25 | ~=—- VU, I [ ——. . 274
A 4.0 .700 | .475 | .s507 | .s8 | .507
6.0 « 706 .716 «739 « 733 . 739
8.0 .732 .688 . 704 . 731 . 704
10.0 . 730 .663 . 728 .679 «723
. 12.0 .662 .650 0678 .703 067’3
) Note: Values for antenna E were estimated to
be the same as for C.
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2.2,2 Radiation Patterns and Derived Values

The radiation patterns had been measured by Adkar [18]
on a 1/24-scale model of the helicopter. A photograph of the model
is shown in Figure 2.3. The patterns measured were the principal
plane patterns and conical cuts at various values of 8 as specified
in MIL-A-9080 [6]. Representative principal plane patterns for Ey
are shown for antennas A and B in Figures 2.4 and 2.5 respectively
for 2 and 4 MHz.

From the sets of radiation patterns, the pattern
efficiency, % Eg and % %; (in the )y sector) were calculated for

each frequency. These values are shown tabulated in Table 2.2,

7

FIGURE 2.3. RADIATION PATTERN MODEL AND ANTENNA A.
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JABLE 2.2." 1, , % Eg and 4 E§ (Qu): HF WIRE ANTENNAS.

ANTENNA A B C D E

VALUE

% . . . ) ‘
%Ee ‘7056 ﬂp %EG %56 e %Ee %EO T %56 %EG Mo .%Ee %Ea

MH:z

2.0 |44 {3712 |43 3510 42(32|8 |40 |33|7 [u0]33]8
N e R el el el Bl el el e el R AR PR N
4.0 |43 41| 16|62 |38|12 42391343275 |u3|26]s
6.0 | 421327 (63|62 10 |44 )41 18|y | 234 |us|28]6
8.0 | 51| 43|21 |46 |38|14]|51|55|28]|52|49]|25]|50]u82]20

10,01 50 | 48| 18 | 46 | 44 |17 | 5059 | 29| 50| 51|25 53| 61| 34

12,0 | 45| 25| &4 50 [ 15} 2 48 | 21| 3 47t 25 4 4g | 25} 7

%EJ‘E power in By component in sector 60" < 8 < 1200 (Q

powar radiated

4
From the radiation pattern efficiency column, it can be

seen that it would be difficult to select an antenna by this factor
alone. Nor 1is the difference between the antennas dramaticélly
accentuated when the two other factors are examined. A clearer
distinction could be made -if a frequency weighting were
established.

If now an antenna efficiency and a transmission line
efficiency of unity are assumed, thq antenna system efficiency

can be computed. This is shown in Table 2.3 below.




TABLE 2.3. 7, AND n{(Eg ONLY) : HF WIRE ANTENNAS.

- * -

ANTENNA A B8 C D E

VALUE
f s
MMz,

2.0 13.5 | 3.7 7.1 1.64 1 11.1 (2.1 17.6 | 3,1 10,6 | 2.1
3.25 | wm=m | mommn | mmes | menm | mmes | s | mmme | mmme | sees | —ee
4.0 30,11 11,2 119.9 { 5.7 21.3 | 6.6 25,6 | 3.0 21.8 | 3.0
6.0 31.3 1 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 1 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 power in Eg component in sector (),

* = =
™ for Eg component alone total power available

7

It is surprising to find how little pqwer there is in the vertical
component in the sector useful to communications. The wvalues of
this table are shown plotted and compared to the proposed range

versus frequency curves in thenext section.

2.3 Proposed Analysis and Results

A successful communication contact is assumed to have

»
taken place when the sipnal 1level at the receiving site 1is
sufficient to overcome atmospheric noise or receiving set noise. A

4

schematic of the communications geometry is shown in TFigure 2.6,
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together with a 1listing of some of the factors entering into the

r

communications equation.
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ANTENNA EFFICIENCY . or

%E PATH LOSS ————— SET NOISE
GAIN SNR LEVEL
FREQUENCY BANDWIDTH

Hl
THERE !}
uuto'gm“

FIGURE 2.6. COMMUNICATIONS GEOMLCTRY AND RELATED PARAMETERS.
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2.3.1 Signal Level at the Receiving Site

All azimuthal directions were considered equally
probable for the helicopter. The great manoeuvrability of the
helicopter resuits\in attitude changes which make the sector, 60°¢
6 < 120 , a usefd " one even though the considerations of
ionospheric propagation do not apply. Standard rate turns for
example, can involve roll angleé of 357 To oﬁtain representative
values of antenna gain, therefore, increments Qf 10" in azimuth

‘were selected and 6 in zenith angle were used becéhsg patterns for

~
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these increments were available. Thus a total of 396 antenna gain

' 1
values, Gy were calculated at each frequency for each antenna.

A transmitter power of 100 watts was assumed. jCoupler
efficighcy values of Table 2.1 and %Eg values from Table .2 were
used. No ohmfc -antenna losses were included and transmission line
loss was neglected.

The path loss was determined for propagation ove£ sea
water because of operational-reasons. For the sake of simplicity a
series of seventeen range values from 10 to 250 miles was taken
from published charts [19] for eacn frequency being considered. 1In
more sophisticated versions of éﬁe digital cqpputer program, the
computations of Gerks [(20] could Se incorpofa%éd or for mixed

13

paths, charts such as those of Wait and Walters [21] could be used.

The intensity at the receiving site <can then be

expressed as
S, = P - Lo = Tp + Gy - B (2.3)

where
Sg = received;signal intensity in
db abovej1 uV/mete-r.
Py = transmitter power leyel, db above
reference used.
Le = coupler loss, db

Tp = transmission line 1loss, db

S | .
Unfortunately the radiation pattern data were only available in
analogue form. Hence data reduction of this type presents a
formidable data reduction and computational task.,
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Gy = antenna gain with respect to reference
antenna, db
P = intensity value at d for reference power,

‘db > 1 pV/meter.

The values of minimum and maxinum values are used separately for
establishing signal limiting conditions as shown 1later in Fiqure

2.11,

2.3.2 lloise 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 representathe noise distribution chart and one showing
noige variations with frequency for selected hours of the day. A
noise grade of 2.5 was selected mainly because of the availability
of noise charts for this grade [25). Charts for the summer, 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 site for a 15 ft. whip antenna where obtained from

the equipment manufacturer. :
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¥

- Thus a comparison could be made between the received

signal intensity and atmospheric or set noise, S,.

2.3.3 ‘Successful Contact Ratio and Range Versus Frecguency

A communications event was considered successful when

the received field intensity was equal to or exceeded atmospheric

or set noise, Thus

at each frequency and range valde all the
signal values correspénding to thé 396 values of antenna gain were
compared to set noise and the 18 values of atmospheric noise. A
total of 7128 events were used to determine the successful contact

ratio, SCR, for each value of range at eaci frequency. Thus,

no. of setcessful contacts

SCR =
total no. of contacts attempted

2

6 3 un 36 Vif Sy > Sy
SCR = Z Z Z D> 8, /1128 & = (2.4)

N=1 K=) 1= M=} ,0 if S. < SN

where,

K wvalues correspond to seasons of the year and
N wvalues correspond to hours of the day, _
L values correspond to values of 8 for

M

antenna gain
values correspond to

antenna gain.

values of ¢ for
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Typical curves of SCR versus range are shown in Figure

SUCCESSFUL COMMUNICATION RATIO

ANTENNA A

<2 —- —— — ANTENNA B
[} T T T T L]
° 50 100 150 200 250
RANGE IN MILES
FIGURE 2.8. SCR VS R, ANTENNAS A aAND B.

Although wuscful to the antenna evaluator per se, these
do not give a quick view of antenna performance over the frequency
range. If a parametric value of SCR 1is chosen, say 0.9 as
indicated, then curves of '‘effective range variation with frequency
could be drawn for the antennas under evaluation. )

From the set of SCR versus range values for the five HF
wire antennas, curves of effective range with frequency were

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

with some 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 turn. The first set of
curves (a) 1is for the anteAna system efficiency factor as defired
by Granger and in MIL-A-9080. It would generally be difficult to
make a clear choice between the antennas, especially if there were
serious installation factor1differences between them. It should be
noted that antennas B and C are similar except for stand-off
heights. - 'Yet it is curious to note the substantial difference
between their ASE rating at the middle frequéncies. /Antenna E is
similar to C except for the location of the second and- third stand-
off insulator.’ .

The curves in (b) showing the ASE term for the EO

component, accentuate the differences between the antennas but the

re}ative position of some antennas is changed at some frequencies.

Mote for instance that the relative ordering at 2 MHz is changed.

The difference between the rating of antennas B and C at 8 and 10
MHz is particularly surprising.

The use of Moore's relative intelligibility index
improves the discrimination at 2 lHz and de-emphasizes the large
differences at 8 and 10 llHz. It should be remembered that these
criteria still do not provide disc¥imination between antennés with

different azimuth patterns.

1

Such as location of coupler in high temperature 2zone, interference
with other equipment or helicopter operations, etc....
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The computation of sucgessful contact ratio and hence.

the range versus frequency curves of (d) provides a differentiation
between antennas having different patterns in azimuth. Also direct
account is taken of the wvariation in noise levels. It is
interesting to note that the relative ordering of the antennas
changes at 2 rttiz and differences\continue to be accentuated at the
critical lower frequencies. In éarticular an operationél reference
is evident and the deficiencies of each antenna in this . respect
rather than relative comparisons can be observed. This is

highlighted in Figure 2,10. The two extremes in perforwance at the
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FIGURL 2.10. RANGE VS FRLQUENCY AND OPERATICWNAL DLFICICNCIULS,

4

lover frequency are emphasized in this figure. Also apparent is

the fact that the target range is easilv achievable in the nmid-




55
frequency range.j In this respect, the apparent superiority of
antenna E at 10 IMHz is reduced, making it possible to emphasize the
more critical frequencies. Perhaps the value of this ‘operational’
reference in a factor of merit will be accentuated by the
observation that an antenna similar to E wus- selected when at least
one of the forms of B or C could have been considered, had such a
reference been available early enough in the design evaluation.

In calculations of field intensity at the receiving site
to determine the successful contact ratio, the minimum and maximum
values can be identified easily. When superimposed on the curves

of required field intensity to overcome noise, as shown in Figure

2.11, these provide an exceptionally good reference for radio
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operators who can now determine whether communications is likely to
be gain or noise limited. When 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 ava;lable heretofore and this new method should be useful for

sdich a purpose.

2.5 Summary of Proposed ilethod

The major steps of the design and evaluation procedure
are shown in the schematic of Figure 2,12, The core of the
procedure 1is detailed in the flow chart of Figure 2.13. Impedance
data is required to calculate matching unit and transmission line
efficiency. The ohmic losses of the antenna need to be known to
cogpute the antenna efficiency. Complete pattern data is required
to determine the gain, Gy (8,¢), for desired values of ® and ¢ . A
weighting factor can be introduced if a typical 6perational
distribution of aircraft attitude is known. Ideally pattern data
should be in digital form for direct computer processing. The
cumbersome manual data reduction used in this work would have to be
replaced by computer procedures in a practical operational
application. ‘

Path loss values can usually be taken from available
curves., In full scale test programs these values should be

recalculated for the specific test‘path being used.
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Noise at the receiving site must be measuréd sometimes
because published atmosphegic noise levels may not apply. This is
especially the case for large modern ships or urban sites. These
more stringent conditions emphasise the need for a more complete
antenna evaluation.

The successful communications ratio, as shown in the
flowchart and in Lquation (2.4) has been chosen to be a & -function
because operational expectations are for a "GO/NO-GO" condition.
When regquirements so dictate, the function can be selected to be a
contiq’ous one Dpased on articulation scores. The writer-tends to
favour use of a discontinuity at some threshold value based on
operations research. -

Similar considerations 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 communications conditions (Figure 2.11).
Furthermore, 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 computations
indicated in Figure 2.13 and to plot (CALCOIIP) the SCR vengs
frequency curves. The resulting graphs can be used manually or if
an interpolation program is written the values of range can be
determined to produce a completely automatic process,

It should be recalled that previously, range and SCR
values were either not available or were opbtained by rough
estimates’ or by extragolation beyond the wvalidity limits of the

basic data.
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It can now be appreciated that the availability of a
valid wire~grid model of the vehicle would make it possible to

generate pattern data much more quickly and hence make the proposed

%
analvsis feasible for mew antenna forms or locations.

-~

L 3

2.6 Rotor lodulation

The additional problem peculiar to helicopters is the
effect of the rotor on antenna characteristics at HF frecuencies as

illustrated in Figure 2.14, reproduced from measurements on the

4

&
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CHSS-2 helicopter. e substantial test of the usefulness of any
analytic;l or numerical technique would be the ability to predict
the seriousness of this effect.

"In the process of attempting to study this effect
experimentally and to study wire-grid modelling techniques, it _was
essential to have an independent means of measuring radiation
characteristics against which the results of numerical techniques

could pe compared.
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" CHAPTER III

ANTENNA TEST FACILITY AND MEASUREMENTS

3.0 Introduction

This chapter describes the design and construction of
the test facility, the evaluation of its suitability fo} far-field
Ineasurements and the measurements of wvarious 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 wused 1in Chapter II, and serve as a basis for the
numerical analysis of Chapter IV. The facility in which they were
nade is uanique  for its 'compactness and cost performan;e
optimization in the more practical engineering sense. DMeasurements
with model .antennas thémselves and other standard types, were used
for the design and test of the absorber 1layout 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 results 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 measuremnents
made by other experimental‘investigators] Hleasurement facilities
are costly and their setting up and operation 1is time consuming.
By comparison, a quicker response is available' from "software"
trouble shooting than from the elimination of practical problems in
an experimental facility. The scarcity of reliable experimental
results poses a special problem to indi&idual investigators who are
in competition witn 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
measurements was desired, usable down to UHF frequencies. Chambers
of reasonable sizé 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 almost in the same ratip to the above amount as was
the scale‘factor for the model aircraft used. The material, the
shape and form had to be chosen w%th great care to obtain the
largest possible room for the funds available. Forms from igloos
to geodesic domes were considered for essentially a near-field

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

surrounded by sheltering walls 14°' and 18' in height, made it

1

Note for example the frequent reference to the measurements
of Morita, two decades ago and those used by Tanner for air-
craft antenna -modelling,

LY
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feasible to construct a roofless anechoic room protected by a
removable plastic weather cover.
The corridor in an adjoining penthouse was converted into a control
room. A description of this room and construction details are

given elsewhere [52].

3.1 Design and Construction of Anechoic Chamber -

Important factors involved in the design of an anechoic
chamber are the type of microwave absorber and its cost, the form
:o% the room and positioning of the absorber, location of antenna
and its mount, lbcation and positioning of probe‘ and cables, and
access to the chamber. The microwave absorber cost and performance
are dominant, factors. The placing of the absorber is also

_important and some aspects of this are described in 3.2.2.

3.1.1 Absorber Consideratidns -

L%

~
Low frequency microwave absorber is constructed in the

form of wedges, pyramids or cones of hoﬁogeneous lossy material or
thinner absorber sheets. The structuré is similar to that used for
acoustic absorbers, as {discussed by  Meyer [u8]}. The
characteristics of this type of absorber are further discussed by

Severin [49) and nominal curves of performance for various

[

3
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thicknesses together with room design considerations are presented
by Galagan [50]). -The thickness of the absorber determines its
lowest useful frequency. The reflection 1level 1is relatively
insensitive to incidence angle up to an angle of 45 and
deteribrates thereafter.

Outdoor microwave absorber is expensive. For reasons of
econony, 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.
Lmerson and Cumming Type CV-4 absorber was also used during
specific measurements. From the manufacturer's data, the variation
of reflectivity Qersus frequency 1is shown in Figure 3.2, The
ichillan 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 gualities of the
material but may in fact further enhance them. : With é 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
walls are jpositioned 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 [50]. 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 1limited type. A l4-sided polygonal
shape was selected. For the test geometrieé used, the angles of
incidence are 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 shoyn in Figure 3.3. The chamber sits on a 24 ft.
square platform. Edch 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
rthe 1. mounting platform except one which is mounteé on casters
and serves as a door to the chamber. The clear inside area is
approximately 7'07 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 the 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 fieid
into the chamber. A wooden beam serves to support the removablé
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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FIGURE 3.4, VERTICAL SECTION THROUGH ANECHOIC ROOM.
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Erecting Dexion Base

C FIGURE 3.5
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(a) Setting up Transit

for Base Layout.

A

(c) Surfacing of Piatform
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{a) Walls Complete, Instal-
lation of Second Beam

Support Column,

(b) Installation of Weather
Cover, Access Section

Open.

(c) Rooftop View with
L
Mount Royal in

Background.

. ‘ . FIGURE 3.7

<
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surveying of the site to the attachment of the roof coger. Figure
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 suppd}qing the model antenhnas and allow complete 6, ¢
pattern measurements. With the larger distances used, the movement
of the radiating source from a fixed position produces negligible
variation in intensity. For near field measurements, however, the
model must be at a fixed location and the probe position varied 1in
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 five degrees. The inner arch is 4
ft. in radius, has a span of 130" on both sides of the rotator axis
and markings at one degree intervals. A movable probe carriage
with a vernier scale is J;%tached to the inner arch. The

arrangement then accomodates the centrally located model which is

rotatable in azimuth and allows the three dimensional«positioning -

of the meésuring probe. Eg and Eg¢ compgnents are measured by
rotating the probe. In some cases, for linear antennas, to obtain
EG vs 6 and E¢ vs 8 patterns, the model antenna was mounted at
right angles to the vertical axis of the rotator. This positioning
overcomes the span limitation of the arches and is described with

the specific measurements which follow.

] wt
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ANTENNA ROTATOR PRIOR TO INSTALLATION.'
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3.1.2

Instrumentation

0
A complete schematic of the equipment is shown

3.10 and the physical arrangement in Figure 3.11.

The system consists of the following units:

1

1

" AIL
Polarad
HP
HP
HP
HP

, Polarad
HP
HP
HP‘
Sierra
Philco
RL14
HP
EEL
S/A

. HP

OSM

OSM

FXR
HP

McGill

125
S?S
8410A
8405
431B

W15E

N210B

© 420A

- Elec. Eng.

Signal Source
Signal Source
Network Analyzer
Vector Voltmeter
Power Meter
VSWR  Amplifier
Spectrum Analyzer
X-Y Recorder
Strip Chart Recorder
Variable Attenuator
)

Directional Coupler

Diregtional‘Coupler‘
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in Figure

Siné-Cosine Potentiometer

»

Attenuatog Set'

Azimuth Rotator

* ~Rotary Joint

Crystal Detector
Crystal Detector -
SchottkyABarr%er Dig@e
Detector =

Bolometer Mount
Crystal 6etector.

Rotator Speed Control

]
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1 - Beckman Frequency Measuring Equipment
1 PRD Co-ax. Cavity Wavemeter
»
L
P

FIGURE 3.11. .

v «

The AIL 125C signal source was used ih CW or AM modulation mode
dépending on the detection system used: Vector Voltmeter or HP 415
SWR amplif&?r;/ For, frequencies above 3‘GHz, the Polarad Model SSS
signgllsourciéwas used. The séectrum analyzer was used to 'check

;, B
&

o
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frequency and signal characteristics. At the start of measurements
a PRD - co-axial cavity wavemeter was .used to check fY¥equency
calibration of the spéttrum analyzer at S-band frequéncies and a
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 ‘monitored on an HP
415B (or E) SWR amplifier for power monitoring purposes, as shown.
The rectified output of the SWR amplifier was displayed' on one
channel of the HP 7100A strip 6K chart recorder to allow power
corrections to be made during data§;eduction. A type N to '0Si
adaptor (0S!t 31010) was wused in the upper part of the rotating
joint to effect'the transition to the miniature RG-174A/U  cable
connecFed to the antenna. | *

For tests at S-band, the' receiving antennas were a
flanged waveguide (HP S281A) or a standard gain horn. These were
terminated in an FXR 213M co-axial bolometer detector mount. The
detecting element was calibrat;d for square-law characteristics
prior to the starttof‘the measuremenfgl The célibrat;on curve: is
shown in Appendix II. In all cases apd at all test freguencies,
the transmitting signal was adjusted so that the received signal
would be'within ﬁhe calibraéed rance of the detector for all signal
levels measured. The flanged waveguide and detector are shown in
Figure 3.12. 1In some cases a dipole probe with split-tube balun

4

[53) was used (Figure 3.13).

1 -

For lower frequency measurements the probes shown in

Figd&é 3.13 were constructed. -They are constructed with 50-ohm

3
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. FIGURE 3.12. FLANGED WAVEGUIDE AND DETECTOR ON OUTER ARCH.

rigid .085" 0.D. co-axial cable wusing Omnispectra O0Si1=-207-1
connectors. - The probe design-was based on the work of 'Whiteside ,

[54] and King and Whiteside [55].

FIGURE 3.13. /2 DIPOLE AND SMALL LOOP PROBES.
v ’ ]

-

3
i

The probes were mounted on the inner or outer arch as necessary,
LI - o R B i - P
and specific details about probe and test antenna mounting are
- L 4 ’

given for the specific measurements described later. °

'
4
-




s ’ 80

The axis of the azimuth rotator was aligned carefdlly
with the axis of the chamber and the arches in turn with this axis
and with a center at the 1locatién of the test antenna. Two
synchros geared 1:1 and 36:1 were connected to the drive shaft of
the mount. Repeat synchros were used to drive a compass indicator,
a sine-cosine potentioreter -and—amr~-angular mark wheel used to
actuate marker pens on the strip-chart recordér.’ The .compass
indicatAr al;oyed continuous knovledge of the direction of the
antenna axis. The test antennas were supported by phgnolic spacing
tubes at the center of the test arch. ‘The co-axial rotary Jjoint
was affixed to the bottom flange éf this tube,

Loth detectors used have an analog sicgnal output for
recording purnoses. For most measuraments, rectangular and polar
plots were taken. The two channel strip chart recorder was used
for more accuratg data reduction purposes, since the power ronitor

output was recorded simultaneously with the received sicnal. .The

,speed of rotation of the antenna mount was’adjusted so that angle

markings from the marker wheel would coghcide with chart lines.
The'diréction of rotation was marked on the®face of ~the chart to
remove doubt as to the angular values in 1a£er analysis., The polar E
plot was obtained wusing an X-Y plétter and a sine~cosine
potentiometer driven by the repeat synchro. Thus an input signal V
to the potentiometer gencrates V é95¢> 9q§ Y, sin¢ éignaié for the
XA'and Y  inputs of the plotter'thus’conve;ting it to a poiér plot
recordertl Tée polar plot uas found to be' invaluable in the quick

comparison of patterns, eépecially when trouble shooting in the

initial stages of any measurement. .

i

3 - Eans—
This  scheme ‘was successfully developed as a student major prOJect
under the direction’ of Dr. T.J.P, Pavlasek.

[
k_ ‘ ‘ . \ ' °
h \ PR e * ’ s s
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3.2 Folded Dipole and Supporting Mast

The earliest utilization—oof the test facility was to
develop and test antennas to be used in VHF airborne field strength
and propagation measurements using a Bell 47G-4A helicopteg. TwO
antennas were involved, one a folded dipole for horizontal
polarization and the second a sleeve monopole for vertical
polarization. fﬁis section describes the work carried out on the
folded dipole.

, This antenna is an adaptation of a commercial (Sincléir
210-A) antenna for operation in the frequency range from 146-174
MHz. - Radiation pattern measurements 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 mgdelling and testing of this
antenna followed convéntional techniques, but in this program some
special model ' validation problems were encountered to which new
éechniques wére applied (Chapter IV) and the entire sequence of’
measuremeﬁts " represented Ehe extension of the anechoic facility to
S-band and its téstihg- at these frequencies.

%inée the commercial ' antenna is usually supplied for ’
installation'on a supporting mast, and radiation patterns .are
supplied by the - manufacturer for ‘this configuration, it was
neceséary %o construct andl test a 1/20-th scale model of _ the
antahna and supporting mast, ;for comparison with the reference

-

patterns supplied by the manufacturer. ' In this 'ahteﬁqa model

.

validation phase' | of radiation pattern . measurements, some

-

The basic principle of using the helicopter and the general type
and method of uyse of antennas was conceived by Mr. -Paul Robertson-
of Hydro Quebec. . ' .

-~
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representative experimental problems were encountered and solved by

a new combination of experimental and theoretical techniques.

3.2.1 Modelling of the Antenna

Pl
7

The antenna to be modelled is shown in Figure 3.1u:
with its normally supplied support mast. The insets of Figure 3.14
show details of the radio Erequency‘ feeding arrangement and
dimensional a§ta. Radiation patterns which are normally suppligd
are shdwn in Figure 3.15.

The folded dipole alone mounted on a special ground
p{ane, wa§ required for the helicopter and two were built and
tested. These are shown ianigufe 3.%6.

In scaling the actual antenna, a numbér of physical
constraints had to be considered. Tﬁe folded dipole had to be
constructed from miniature rigid co-axial cable with an outer
diameter close to the scaléd diameter of the antenna. The
supporting mast AAiameter was also ‘to conform to that used and
provision?needed to be made to install the co-axifl - feed cable
within the mast in the manner af the actuél antenna., . The model was
built as shown in the photograph and sketch of Figure 3.16. The
small co-axial cable was brought inside the gubé repéesentiﬁg the
mast and terminated in a miniature RF connector (osﬁ 207-1). The’
external surfaces weré‘queﬁ‘a coat of conducting silver paint, in

”

an attempt to approach the conductivity scaling requirements of

? -
t 1

Equation (1.8).

%
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FIGURE 3.16, YIODELS OF FOLDED DIPOLE MITENNAS.

3.2.27 Design of Absorber Layout in Anechoic Chamber '

A

» In preparing the chamber for S-band measurements a
{

number of major technical problems arose:

(a) The anechoic chamber was intended primarily for near field B
and quasi-near " field heasurem®ats in geometrical
arrangements where energy 1likely to cause perturbing
reflections would impinge on the absorber at low ancgles of
incidence which  would result in \good absorption.
Inherently, the structure of the chamber assures this
condition for‘ the BP-24 absorber lining thé walls. This
desirable .geometry does not apply tqﬁ;@gmf}pogﬁgpsgrber‘when

,test antenna and receiving probes are mounted close to the

. o floor. The problem is only diminished for antgnnés moun ted




(b)

(c)

)
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on large ground planes or for directional antennas where

little energy is radiated towards the floor.

The BP-24 microwave absorber ,is constructed of sizeable
wedges, as shown in Figure 3.6. The absorption values of
Figure 3.1 apply only to measurements where the reflecticn
from the individual surfaces and the absorber 'can be
considered to be diffuse rather than specular, ‘This
condition is assured for measurements close to the test
antenna necar the center of the roorm but not for antennas
mounted near the outer walls.

Anechoic chambers are corponly desﬁqned with the wall behind
the test antenna 1lined with absorber 'of the highest
absorption possible [50], since this 1is ‘the region of
illumination bv the main lohe of the flooding an£enna.
Although the chamber here was intended génerally for tests
of less directional antennas and an‘z%timum absorber had to
be sclected for the entirc chamber sudject to the limitation
of funds available, additional improvements had to Dbe made
for the’ antennas tested at S-band, both for the region
behind the test antenna and that Dbeaind the Ltransmitting

antenna.
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(d) The problems discussed above are minimized when a small
antenna of single polarization is being tested and its
excursion around an axis is minimal as for example in Figuré

3.17(a). However, to obtain the usual principal plane

patterns, the antenna had to be mounted and rotated

_
=

1

Eov:¢ Eowse ) Eovse
$=0° @ =90
a) b) <)
a & - '
FIGURE 3.17. ANTENNA MOUNTING POSITIONS.

‘off-axis as shown 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 development program did not

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

v

had to be made, rather, to.a sequence of tests with antennas such
as a diéc-mounted @onoéole ané folded dipole, having generally
known ahé symmetrical patterns. When the measured patterns wére
suspect orhweré unsymmetrical, changes in absorber layout would be
made until repeatable and synmetrical patterns vere obtalned.

A typical, rather haphazard 1n1t1a1 absorber layout is

3

shown in Figure 3.18. It.should be observed that with the. large
' | , ) l ) " |‘

i . |
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blocks 6f absorber, freedom of layout design is limited and cganges
are awkward to make. Placing the probe antenna either on the inner
or outer arch gave some ability to identify the effect of the floor
absorbe¥ placement on the field being measured but isolation and
contxrol of different effects due to absorber positioning and
orientation was still difficult to achieve.

Figure 3.18 shows some corrective measures tried. Note
the absorber beiow the antenna on the rotator. This was initially
necessary to 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 <c¢ylinder of absorber to
suppress any radiation from the feedline. Also 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 1lengthy 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




e) f)

FIGURE 3.18, INITIAL ARRANGELIIENT OF ABSORBER

‘ AND TEST ANTENNAS,
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FIGURE 3.19. FINAL ABSORBER ARRANGEMENT ON FLOOR.,

mounted at an angle to improve the angle of incidence. The high
frequency CV-4 absorber covers all gaps and follows the profile
established. ;n addition, along the line between the two antennas
it is further elevated, but not so high as to cause diffraction
problems from the absorber edge., It was also found necessary to
place absorber on the wall facing the flanged probe. Thus in
seeking a solution, essentially to problems discussed under (b) and
(c) above, a natural dish-shaped configuration was derived and used
for all 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 3.4 and these

corroborate the reliability of the measurements in the chamber.

“an

b}
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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 form 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 modelled. In an attempt to minimize this problem,
the antenna was used as a t}ansmitter 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 fregquency 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 4,10 with the antenna mounting positions as
illustrated in Figure 3.17. '

Patterns of Eg vs ¢ for 8 = 90° and of Ey vs 8 for ¢ =0
are shéwn in Figure 3.20; Shown also are the ‘reference patterns
provided by the manufacﬁyrer. There is excellent agreement in the
Eg vs ¢ patterns. The m;in lobe agreement in the Eg vs 8 pattern
ié good but agreement in the back lobe is poor. This was believed
to be due to the lack of symmetry in the reflecting mast. Such 3n
explanation, although plausible, does not remove all doubts aoout
the validity of the model used. However, the constgﬁction of
models with a symmetrical mast isrrather awkward because of the
difficulty in magking 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




REFERENCE
———— MEASURED

FIGURE 3.20. MEASURED AND REFERENCE PATTERNS FOLDED

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 1IV. It
will be seen that this combined approach led to a reduceé amount of

time to achieve complete confidence in the antenna model.

3.3 Ground Rod Antenna

The second antenna developed for the airborne field
measuring facility, as mentioned in Section 3.2 was a sleeve-
mongpole. The sleeve monopole chosen was a portion of a
commercially available ground rod antenna, Sinclair Model 201.
This antenna Ean be operated over the frequency range 146-174 }Hz.
As in the case of the folded dipole, a 1/20-th scale model of the
antenna was oonstructed and tested. Another experimental problem
was encountered, when it was found that the azimuth patterns weré
in agreement with reference data but the elevation plane patterns
were not. Although in this case the disagreement was not fully:
resolved, once again thencoﬁgination of ‘experimental and Qumerical
techniques has helped to establish that the measurement conditions

4

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

-»>

3.3.1 Modelling of the Antenna T

The manufacturer's description of the antenna is shown

in Figure 3.21. The antenna is normally mounted on a mast which
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]

fits into the coupling shown. The height of the monopole portion

"is adjusted to vdry the VSWR as indicated in the inset. A

schematic of the electrical connection is also shown. Advice on
modeliing was sought from the manufacturers, especially since the
exact fesd-point geometry. was not specified and radiation patterns
were noé provided. For pattern information, reference was made to
the paper of Tilston and Secord [56]. Representative vertical and
horizontal plane patterns are shown in Figure 3.22,

The model antenna was constructed from .085" diameter
rigid co-axial cable. The center conductor connected directly to
the top section. All other dimensions were scaled from a full-

scale model of the antenna as shown in Figqure 3.23(a). Several

I

i
L J MY
; 6
od
90‘\___/\,—/ iy " ”
180°
180°
~ 3
Eg vs 6 ‘ Eg vs ¢
=90

FIGURE 3.22. REFERENCE PATTERNS OF GROUND ROD ANTENNA.
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other deels were built with different monopole heights, ground rod
lengths and overall dimensions. These are shown in thé§photographs
of Figure 3.23. Althkough only the model of the monopole itself was
required for the helicopt;r development program, the other models

were madg because of the difficulties encountered in the comparison

of measured and reference patterns.

3.3.2 Method of Measurement énd Resulkts

S The method of measurement was identical to that used for
"

the folded dipole antenna. The antennas were mounted in the

positions shown in Figure 3.24. Particular care was taken to cover

' the feed cable portions with absorber.

a.Eovs¢ b.EgvsG

FIGURE 3.;‘4. GROUND ROD ANTENNA MOUNTING POSITIONS.

#H




FIGURE 3.25. MEASURED RADIATION PATTERNS\ -

. GROUND ROD ANTENNAS.
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., Patterns of E} vs ¢ and Ej vs @ are shown in Figure
3.25. The patterns of Ez vs © for other azimuth angles are
similar. The azimuth plane pattern is omnidirectional aé expected.
The vertical plane patterh, however, doesonot show the filling in
on the horiZontal axis of the "typical®™ reference pattern of Figure
3.22, althouéh the width of the nulls and the areas of the lobes
are similar., Also 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 shérter rods and choke
on the lower pogtion of the co=-axial. cable, sﬁbwed the
characteristics in the vertical plane at & = 90" which were reported°
by Tilston and Secord.

This type of deviation wag}of little importance to the

&

manufacturer. Its impact on the helfcopter antenna developmental
prograﬁ' was also of small significance since the sleeve monopole
was to be mounted on a larger contindous ground plane. Also since
the reference measurements were made five years previous, under
unknown conditions and at a, relatively difficult fréquency for
pattern measurements, it was &ifficult to establish how precise the
reference patterns were.

Recourse was made once more to a wire grid ffodelling
procedure. The results to be presenteédin Chaéter IV, support the
measurements carried out here, indicating that the reference
measurements were made under different conditions. In theU proces§

of this analysis some additional useful guidelines for wire-grid

modelling were generated.

b
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% 3.4 Monopole on a Helicopter

100

The last two sections dealt with problems of modelling
of antennas prior to their " installation on models of vehicles.
This section describes the measurements of the radiation pattern of
a monopole antenna on a helicopter at a lower frequency, 675 iHz.
The measurements were carried out for various rotor positions, so

-

that tlie effect of rotor modulation could be determined.

During the feasibility study phase for the development
of a helicopter field strength measuring system, exploratory
measurements were made by Pavlasek, Kubina and Wolde-Ghiorgis [57]
at frequencies in the 675-700 MHz range on a 1/20-th scale model of
the tail section of a Bell 47G-2A helicopter. Subsequently ghe
frequency of operation and the helicopter model were altered. The
development 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,
measurements were made at 675 MHz with the monopole, specifically
to have some data for comparison with planned wire-grid modelling

calculations,.
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FIGURE 3.26. TEST ANTENNAS AND SCREEN ON

Y BELL 47G-4A HELICOPTER.

FIGURE 3.27. TEST. MODEL, GROUND SCREEN AND MONOPOLE,
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SB.l.1 Description of the Modgl
ﬁ’c AJ

The 1/20-th scale modegl of the Bell 47G-4A helicopter

e

was built at Canadair Ltd. of b{gss éods and copper and brass sheet
and was p;inted' with two coats of conducting silver‘paint. The
model was mounted in an inveréed position as shown in Figufg\ 3.27.
The figure also shows the ground screen for the 3 GHz measuréﬁents.
For the measurements at 675 MHz, the ground screenlwa§ remode and
the monopole "length extended to .268 A . The pneumatic, rubber
landing pads of the actual aircraft were modelled in mahogany. The
screen shown is designed to be tightened agaépst the pads by sériﬁ@‘
tension.

Attentiog\kis 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 location of the

detector and the KF lead tends to influence the patterns measured.

3.4,2 lMethod of Measurement and Results

o

At this frequency, the AIL 125 Signal Source and a
dipole were used to irradiate the model. The antenna on the

helicopter was used in the receiving mode. A crystal detector was

E 4

connected to an HP 415E VSWR amplifier through a suitably matched

high resistance cable and co-axial rotary joint at the base of the

(,/Jﬂ

support tube., Fiqure 3.27 shows some of this detail and the
: .

remainder of the equipment was as shown in Figure 3.10. °
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The helicopter Las mounteéd so that the monopole/%ntenna
axis was 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 é;sitions: in line w@th the fuselage,
at right angles and at 45, while the conical pattern cuts were
made. The angles “3sed were 70 ‘and 80" since at the time of
measurement these were the angles of practical interest for the
field strength measuring system mentioned above.

The patterns are shown in Figures 3.28 and 3.29. ilajor
lobes occur in those directions where substantial portions of the
helicopter provide a counterboise. The rotor is seen to produce a
slight shift as Qéll as change in the amplitude of the lobes. Thus
some change in the current distribution is to be anticipated in the
numerical analysis.

These measurements were taken with a shorter RF lead to
the detector than shown in Figure 3.27 since the 1location of the
detector in the open helicopter frame structure was found to have
an effect on the radiation pattern especially at 6 = 70", The
patterns shown in Figures 3.28 and 3.29 represent’the patterns of
the helicopter but with some residual influence due to the
detecggr.

Other wire-grid modelling results [45] on a portion of a
Bell 47G-2A tail structure had shown the presence of four lobes in
the Eg ' pattefn 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 inside the model, the helicopter antenna was
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2
———ROTOR I Eg vs ¢
(]
—~ —ROTOR 'L 6 =70
NORMALIZED VALUES
180°
FIGURE 3.28
Oo

— — ROTOR | ' 0 =80°
1 NORMALIZED VALUES

180°
FIGURE 3.29
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used as a transmitter and microwave absorbcr was used around the

support tube. Figu

without the absorber a vith a dummy detector (unconnected) within
the helidopter.\ It can that the absorber is required and
that an active detector produces alfterences 1in the trongganc back
lobe. The pattern with the detector removed 1s shown ;zi&kigure
3.30. The four lobes are distinctly shown,

The above results are an indication of two problems: a
measurements difficulty per se, in the :.case of open structures
which do not provide RF sﬂielding, énd a problem in obtaining
reliable data for wifé grid modelling verification for these
structures, llowever, once an acceptable wire grid nmodel 1is
approached, it aids in the critical analysis of experimental
results and dictates a corparison of altcrnate mcagurement methods
as 1indicated. Full advantage of this interaction was not
obtained in this work because the measurements had to be terminated
prior to the completion of the modelling but thé results learly
show the .value of this interaction, \

Permission was obtained to try to repeat these
measurements oh Canadair's outdoor range. Unfortunately, the only
day available turned —out to be extremely windy. Although the
patterns taken scemed to indicate the prescnce of four major lobes
with less sharp nulls, the patterns were too noisy for detailed

r

conclusion to be made. Thus corroboration at the %Wow freaquency is
5-5

3

not as good as at high frequencies,
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SINGLE NO ABSORBER

ABSORBER CYLINDER
CYLINDER 0

ABSORBER

ABSORBER c d CYLINDER
CYLINDER ’ '

FIGURE 3.30. MEASUREMENTS WITH ANTENNA AS TRANSMITTER
(Eg vs«d , @ = 70°).
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3.5 Other Measurements
L 3

Amplitude and phase probing of the anechoic chamber
remain to be completéd. However, results of _comparative pattern
and "free-space VSWR" measurements carried out at I and S-band are
presented in this section as well as additional rotor modulation

data.

3.5.1 Pattern Comparison and Free-Space VSWR

by

/

Successful measurements at 3 GHz with this facility have
already been reported by Wolde-Ghiorgis [U45] for a variety of
antennas. It was also possible to make a direct comparison with
’helicopter measurements made at Canadair. During the 'development
of the VHF antenna system for the helicopte{ [4] many patterns were
measured at S-band for varioug ground screen configurations at
several elevation angles. Since the complete three-dimensional
patterns required for the determination of isotropic reference
level could not be made, these were carried out at Canadair where a
600 ft. outdoor range with four-axis mount and instrumentation is
available. Comparable patterns aée shown in Figure 3.31 and an
illustration of the model on the support tower in Figure 3.32. The
agregment in detail can be seen to be very close. This
corroboration was found to be quite useful during the initial

comparison with results from numerical wire-grid modelling.
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McGILL % CANADAIR "
()
@ | |
90° ( 370° n{«' 270°
( 180" Eg vs ¢ 180°
. " 6 =80"
FIGURE 3.31.

FIGURE 3,32,
An initial room VSWR measurement was carried out at 900

I'Hz with a disc-mounted monopole in the center of the room, A

. probe was supported on a low-density styrofoam frame which could.’

slide on fine nylon string guide 1lines. Figure 3.33 shows the

T



-

109
probe arrangement and the results o#‘@ typical scan. It can be
seen'thatithere is no eviderice of a standing wave pattern in this
region, These "pattern comparison" and "free-spaee VSVWR"
evaluation techniques parallel the evaluation of M.I.T.'s anechoic

chamber described by Frediani [58].

‘a0
E » T~ ]
i
£
i~ !
w
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ts 2 ) .
srance. A
~
‘(’
1 4
FIGURE 3.33. FREE-SPACE VSWR MEASUREMENT, 900 MH

3.5.2 Rotor Modulation Measurements

‘,‘ .

One of the productive experimental rotor mogulation
studies carried out at the facility was one which resulted in the
airborne VHF field strength measuring system shown in Flgure 3.26.
Some highlights are presented here. ) o

During an exploratory measurement program on a tail
section of a similar helicopter type, 4 Bell @7G-2A, means of rotor

modulation control’were studleddjt 600~700 MHg. Measurements were
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made at several frequencies, with and without the rotor blades and
with screening discs of several diameters. In some of these
measuremenﬁé the rotor blades*were rotated at a relatively faster
speed (about 12 r.p.m.) while the helicopter was rotated more
slowly (0.8 r.p.m.). The representative measurements shown in
Figure 3.34 demonstrate the wusefulness of this type of data
presentation when the model can be built t ow driving thne

blades. This program déﬁonstrated that in this :;:j§§kcy range
mv’

NO SCREEN
.8

L%

RELATIVE AMPLITUDE

o
o
r

0o° 90° 180° 270° ' 360°

v
m 4.5" SCREEN

20 v
A5

.10

RELATIVE AMPLITUDE

.05

-

0.00 0° 90° 80 270° 3s0°
é
FIGURE 3, 34, ROTOR MODULATION, TAIL SECTION, E¢, f = 675 MHz, @ = 450

within which the airframe can exhibit longitudinal resonance, two
factors offer the possibility of some control:

/

. /
& /
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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 Eg vs
————— ROTOR : é . "' ; ¢

FIGURE 3.35. ROTOR MODULATION WITH MONOPOLE

AND LARGE SCREEN, f = 3 GHz.

The second effect was exploited in the development of
the airborne VHF field strength measuring . system to produce an
accep%able . level of pattern uniformity and rotor modulation
control. Typical results, in Figure 3.35 show a pattern relatively
uniform, especially near ¢= 90 and 270 -which are.operationally
useful ancles, and with small kperturbations due to  rotor

[

modulation.
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The next chapter is beg&fed to the numerical technigques
which might be used to predict these effects and the guidelines for

_their'apblicationcand,future development.,
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CHAPTLR IV o

APPLICATION OF NUMERICAL TECHNIQUES

4.0, Introduction

v

‘The measurements of Chapter III leave unresolved the
discrepancy between measured and reference patterns for the folded
dipole and ground rod antenna. This problem and the measurements
on the helicopter-mounted monopole invite the applicaéion of the
wire-grid modelling technique. A cursory examination of the
literature might suggest that these applications are a straight
forvard extension of the technique; but it will be evident that tLe
number of unknowns in the state of the art increases with the
complexity of the application.

The theory 1is summarized here in a manner sirmilar to
that used by Wolde—Ghioiéis (45} and Thiele [80]. The essential
elepaqnts and their inter-relations are shown in the chart of Figure
4.1, previously used by Kubina, Pavlasek and Volde-Ghiorqis {82},
The central, numerical analysis portion is discussed extensively in
the litcrature and some pertinent resulgs are noted later. The
right hand portion indicates the assumptions usually maée for the
source and the current distribution on the individual segments. 1In
this work both  a delta-vap generator and a magnetic frill source
have been used equally well. The pulse current distribution has
been used except for.the initial work on the monopole. Emphasis

o
has been placed on the left hand portion

<4

@
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. . PHYSICAL . NUMERICAL ANALYSIS MATHEMATICAL
APPROXIMATION APPROXIMATION
+ : +
E.M. PHYSICAL
INSIGHT . 1. INTEGRAL EQUATION INSIGHT
’ 1
i 34 2.  DISCRETIZATION '
. WIRE
) R GRID * ‘ \/
MODELLING .ﬂ_ A
> 3. SIMULTANEOUS -
[ ) EQUATIONS
| ! (2] (1= | e SEGMENT
I * t‘@g\ CURRENT
\ ' 4. INVERSION L S 2
1 \ | l
+ U ' y
INPUT FAR. . . NEAR
IN E, ) En
. IMPEDANCE 111 T " FIELD

® \
e

FIGURE 4.1, ELEMENTS OF WIRE GRID MODELLING TECHNIQUE.
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¥

designating the structuring of the wire-grid model and especially

on factors such as the location and radius of the elements of the

wire grid. This emphasis and the consequent results can be related

qualitatively to the error analysis curve of Figure 4.2, This
suggests that the error analysis curve is multi-dimensional.\ A y
Sl A

convergence of the wire grid process must be related not only to

the numerical techniques wused and the lix?tb of the element but

also the location, presfx%e\ or absence and radius of the elements,

-

ERROR
—
-

\ / /”/

ROUND OFF \/ ,/ / DISCRETIZATION

N
e
\o Q\o / \ It
o N
y_— ~
ELEMENY LENGTH M,
FIGURE 4.2. CONVERGENCE FACTORS.

4.1 Theory and Method

N

In this section, the basic equations necessary for the
wire grid modelling technique are presented  and the basic

¢

programming structure is outlined. Thus a summary is given of one

[l
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form of the "circuit theory" of antennas based on Pocklington's
integral equation. The transformation of this integral equation
into a system of algebraic equations resembling network equations,
was formulated by Aharoni {44] and Schelkunoff [59]. The formalism
of the genefalized method of moments as described by Harrington
{108] is used for convenience to describe the techniques which were

applied in this work.

4.1.1 Trans formation of Integral Equations -

Method of Moments

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 shown in Figure 4.3. qE is the current density. Thus,

=8

E + EL = o (4.1)

tan tan

where,
Eéml =  incident electric field due to an external
or local source.
<
Etan = scattered electric field radiated by the

current density J.
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FIGURE 4,3,

Dropping the subscript, Equation (4.1) can be re-written,
-E = E ’ ’ (4.2)

where E5 will be the integral expression involving the unknown
current density J. In the terminology of the method of moments and
the concept of 1linear vector spaces and operators, a linear

operator L is defined such that

L(J) = -(E®) (4.3)

Hence from Equation (4.2) an operator equation can be written

LI = (EYH : (4.3)

where
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L = the linear integro-differential operator of the

' problem,

E! =  the known source function or excitation.

()
0

unknown response function or current1 to be

determined. -

The operator maps a subset containing (J) to one containing (e})
and for a unique solution, the mapping is one to one. The solution
to this equation by the method of moments 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,

a—— N ———

J= D17, (4.4)
where

Jn are the independent basis functions, and B
I, are the complex unknown current coefficients

which must be determined.

Substituting in Equation (4.3) and noting that the operator

is linear, the equation becomes,

1. . : .

J is used to designate current in the remainder of the text in
order to have a symbol having some identification with current, in
the moment method outline.

[ A s -




(2)

» 119
N _ _ :
D1, 1@ = CED (4.5) -
nz)
Now a residual error ¢ can be defined by

N
7= D 1, LTy - (ED (4.6)

Since the summation is finite, the residual error will not
\

be zero. The types of functions (J,) used are tabulated in

Table 4.1,

A set of M weighting or testing functionsiiaml in the range
of the operator L is introduced and an inner product [109]

defined and taken for each side of Equation (4.5).
By, €>= DI <8y, LIY> - <&y ,E> (4.7)

Thus the residual error is weighted by the set of functions
{am}and by constraining the residual error to be orthogonal
to each ‘of them the required matrix representation is

obtained.
<y, €>= [Zmn] [In] - [E.]=0 - (4.8)
where,

Zhn = <Bp » L3> = [G() LIgte) a2 (4.9)
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and
E, = <&, , Els = f&im El(z) dz (4.10)

(3) The inner products given in (4.9) and (4.10) are calculated

form =1, 2, ... N to give the N x N matrix eguation.

¢

—_ - — 7 fF A =1
&61, L(J> <@, LJ)> - - - <@, L(J)>| | I <o, E'>
<@y, LAD> <@y, L3> - - - <&y, LIY>| | I, <@y, E > 5.11)
— - _ - — - N e |
| <@y, L(J))> <@, L(Jp)> - - - <fh’ L(Jy)>] _Iq_ <@y, B>

or

[zae] 3] - [Ea) | - (4.12)

¥ Hence the original integral equation has been reduced to a
linear system of N equations. The amount of computation
necessary for each of the terms is dependent on the type of
basis and weight func;tions used. This is indicated in Table

4.1.

(4) Provided [2'] has an inverse, then a solution for the column

vector [I] can be obtained,

[1] - [2] - [E] (4.13)

Therefore an approximate solution for the function J is

obtained as, indicated. by Egquation (4.4),
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The basis functions J, and the weighting functions @, are chosen to
minimize computation cost while’ maintaining solution accuracy.
Table 4.1, adapted from Fenlon [110], lists the common functions

used and consequently the nomenclature for the method.

TABLE 4.1. MOMENT METHODS AND COEFFICIENTS.

FUNCTIONS
METHOD 2 ' En
TRIAL WEIGHT
1. Galerkin s Ja(x) Jalz) fJ-(:)[L Ja(x) ] 4z f.x.(.) tl(z) da
-
¥(z) du(e) 3z}
2, Lesst Squares Jn(z) Q(e) fQ(z) [L Jn(z)]d: /&(:) —_—EN2) &
d1, 31, 3 In
B
3. General Jal(2) 8(z - zp) j&(; - 2y) [L Jn(z)]dx j&(g - 1) ElC2) 42
Collocstion
y . . - . . i
&, ‘s::t;::x::::l J,(2) 8z - z) 8z - 2y) {[8(: ) [L {3n(2) 8a zn)]] dz f&(z ) Ev_(t) dz
-«
S. Point Matching 5(z - 2q) 8z - zp) f&(x - ) [L (Jn(x) &= - :n)l] ds f&(: - g B(2) @
Q(=z) is an arbicvary positive definite function; &8(z) Ls the Dirac delts function!

r

Only the third and fifth methods were used in this
work. Details on the first, fourth and fifth methods are discussed

by Harrington [109] and reference is made to Ames [111] and Becker

1Some authors point out that since the §-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.

-

§,1.2 Fields of Current Elements

Evaluation of the 2}, terms of Equation (4.12) requires
the expression for the scattered field of one or more elements.
B

Detailed derivations are given by Richmond [113] and Wolde-Ghiorgis
[45) and a synopsis is given below.

’ Figure 4.4 shows a thin finite element of length s.1 in

free space., It is as;‘.umed to support a current I(z') exp (jowt)

uniformly distributed around its periphery. Since the c;urrent is

uniform around its periphery, the electric field at an observation

point M p, ¢, 2)

P(P. P z)

FIGURE 4.4

1

The superscript ‘'s' denotes.the scattered field and should not be
confused with element lengths which are usually subscripted later
in the text: sy etc... /
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will be independent of ¢. Hence the observation point can be taken
in the y—é plane, The time exponential 1is suppressed in the
expressions whicﬁ follow. The scalar potential and the z-

component of the vector potential A c¢an be written,

1 s/2
é( P, "/2: Z) =

q(z') G(z,z') dz' (4.14)
4bm e, ¥S/2

and

s/2

Ho ~
A P, /2, 2) = — [ 1(z') G(z,z') dz' (4.15)
. S

4y /2

<
{

where q(z') is the charge per unit length. The Green's function

G(z, z') is given by

6(z,2') = —~—

d¢' (4.16)

2 2 1/2
R=[(z-z') +p2+a -2apcos¢’]
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r:T and k =con0¢0 , is the wave number. The cylindrisal

and j
coordinates for the source point on the element surface are (a, o',
z').

The scattered electric field ES dde to/the current and

charge on the element can be expressed as

£ = -jwhA -V (4.17)

R

F;;;\Ehb%gondition

V.2 + jwp, P

and the continuity relation

dIi(z")
+ joeaz) =0
dz'

it can be shown that

B - '_T[V(V . +‘k22] T (4.18)

E, + 1pEp : (4.19)

and thus, *
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-3 s/2 b2 G(z,z') )
Ei = S ————— I(Z')[

brwe, “-8/2 ‘

+ K2 G(z,z‘)] dz'  (4.20)
bzz ;

and

-3 3/2 % G(z,2")
Eg = — I(z') dz' (4.21)
brnwe, -S/2 oz  dp

When an impressed field E% is applied parallel to the axis of the
element and is also uniformly distributed around the periphery,

then because of Equation |(4.1)

and thus Pocklington's integral equation is obtained:

2
-3 S/2 ° G(z,2'") -
_— f I(z')[—-———-—- + k2 c(z,z')] dz' = - EX (4.22)
bnwe, Y-5/2 0z2

The Green's function G(z, z') is usually approximated by

e-jkr
<., G(z,z') = (4.23)
r <
where,
"1 1/2 T
r = [(z - 2M2%4+ p? 82] (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),

-) s/2
E: = — f I(z') [21‘2 (1 + jkr)
bpnweg *S/2
(4.25)
e-jkr
- (p\2 + a?)(3 + 3jkr - kzrz)] g dz'
, e r
and
-] S/2
Ep = ———— I(z') | (& - z")
P bnw e, ‘[S/Z [
- jkr (4.26)
e
(3 + 3jkr - kzrz):' —— dz’

r

.

These are the basic expressions used by Richmond [113] for the
wire-grid analys%s method.

Both 2z and p components are needed to compute the total
scattered field at any element due to contributions of \its own
scattered field and that caused by all 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

J 3
Bf = (EDs + D (Ep), (4.27r

nz=}
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FIGURE 4.5, ARBITRARILY ORIENTED CURRENT ELEMENTS.

where (EZ ), 1is the self-generated field and (E}), represents the
contribution from each of the\neighbouring elements at element s, .
Thus the internal subscript denotes ‘the source current and the

external subscript refers to the point of observation. Thus for N

elements, the field along the axis of the mth element can be

written
Nt (
B - (Ep)m + D, (Edp (4.28)
n=) .
nEM
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 element obtained from
Equation (4.25) and (4.26) must be transformed to compute the Qf
field at Q. Richmond [77) was the first one to simplify this

-

coordinate transformation in the wire-grid technique and a detailed
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derivation is given by Wolde~Ghiorgis [#5]). Each .Element is
specified by its le_ngth sa » centre coordinates lxm, Ym +» 2,) an
angle 'a', below a' plane parallel E? the x-y plane and the
angle 'B' its projection makes with the x-axis as shown in Figure

4.6.

o Qi YniZ )

a

w
3

~

-

N

\ ax.
1Sof,,-
Y ele"’ents"

N

5"

AN

N

o
m;‘[

»
——— e — —

x -
/

FIGURE 4.6, ELEMENT DESCRIPTION.

Using Richmond's notation, by defining

i 2

o . Eé = Eg;n / In.
:“ . , . 8 s -
“ 1
N

~ 0

where the subscripts 2z} and pp refer to the axial and radial
components of the electric field due to current element s, at these

coordinates of Q which are defined with respect to the coordinate

@ “ 2
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-

system centered at (x,, y,, 2,). Explicitly, from Equations-(4.20)

and (4,21),

s./2 . 0% G(z,t)

~ -j .
B = —— [ [ : +1% G(zy,0)] dr (4.29)

brwe, V-8,/2 >z 2= 2

°
and
\
-3 Sp/2 & Glz,t)
- n ’
E} = f _ de (4.30)
bt w €, -Sp/2 oz Ot z =z}

p= ah

Applying the coordinate trancformation to obtain the tangential

-

»
component at s, will yield the %, terms for a piece-wise uniform,
8z - z,) current expansion. These terms are direct mgasures of the

field interaction between elements s, and s,. The expression can

<t \]

be shown to be

Zon = (Ey -z} Ep /p2)(cos ap, cos B, cos a, cos B, +
+ cosay sinBy cosay sinfB, + sinag sin apy) +
T + Eps (%mn cos ap cos By + ymn €Os @y sinfp -

- zmn sinagp)/ pp (4.31)

where L x\
; i N
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Zn = .Xmn €Os @p cos By 4+ yp, cosap sinfBy, - z
<

mn sin ap

( |r||2 - 21;12 1/2

R~
-
n

and

ix, iy, i, are unit vectors.

The E, terms on the right hand side of Equation (4.12)

remain to be specified.

4.1.3 Representation of the Source

'

v

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 attemét to more faithfully represent tFe source region of a
monopole fed fré% a co-axial line. A good general review of these
representations and their development is to be found in Wolde-
Ghiorgis' [U45] work.

In the case of the dipole, the source is easily
visualized to exist between the arms of the antenna as shown in
Figure }Q.7. " In the f;hite element model, the voltage V is placed

across the finite source element, Az as shown. This condition can

be expressed as
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I
b
D \I &p ._J_ —L +
————_——Qb' Ali ("4 2=0
1 TH-
-/
U
' FIGURE 4.7,  DIPOLE REPRESENTATION,

|-
[¥%
[

-V
— lz‘( Az/2
2 ' (4.32)

0 ., lzl>Az2

" This gap element is considered to be a typical current element over
which current 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 =-s,, then

N ‘ i :
Dz I, =V . (4.33)
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where

Zmn (- Sm) Zx;m
Vo = (- S) E.

Thus with the source gap at the Ith element, the matrix expression

is L b
[z [1a] = [va] ) ISILED
and . |
M %
vioo= 1 — I-th row (4.35)

o]
Where the excitation voltage has been normalized to 1 volt and is
zero at all other elements. This specific representation was first
used by Harrington for straight wires [108] and by Wolde-Ghiorgis
[45) for three-dimensional structures.

It is more‘difficult to visualize and accept a delta-gap
representation for a co-axially fed antenna wunless the source
region is assumed to be a small Sphericél boundary acting‘és a
source of TEM waves as considered by Schelkunoff [59]. Then the
axial gap might be considered to be a first approximation of such a
source region. However, Albert and Synge [114] proposed that the
magnetic ~~frill source shown in Figure 4.8 could represent the c0ﬂ'

axial feed more directly. The excitation source is
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a radial field

Where

Figure

o

V 1is the
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N1 :

P(P.D.2)

REPRESENTATION OF CO-~AXIAL FEEDPOINT.

I
o

(4.36)

voltage amplitude and a, b and p' are defined in

4.8, From the relationship [115] o

xI
]
21

2 |

(4.37)
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where

=
i

magnetic surface current density

3l
il

unit vector normal to the plane of the frill,

the source can be expressed as

=
S
]

(4.38)

and the field at any point P can be derived from the electric
vector potential, F. -

The electric vector potential, ¥ can be written [115]

- =ik
— 6% He oo

F = ff —_— 48! : (4.39)

4m prill To

Surface
& »
where

r, = [zz + 02 + p2 -2pp cos(¢-¢')] 1/2 (4.40)

Note the source coordinates are indicated by primes. F has only
one component Fg since only Mg exists and because of axial
symmetry, it will be independent of ¢. Hence the observation point

can be taken in the x-z plane and thus from Egquation (4.38),
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cosg'dgp'dp’ : (4.41)
a (;) 1
and sihce -
— 1 —
E = -— VxF
L)
then
b = i, EL + 1, E} (4.42)
where
i 1 1 Py
E, = = =— — ——(pFg) (4.43)
z & p Op ¢
and ”
1 o)
Ep = — " (Fg) (4.44)
. & bz

E‘jﬁ = if . EL ( (4.45)

where again i{ is the unit vector parallel to the axis of element s

and the field components given by Equation (4.43) and (4.44) are

evaluated at the «center of s, . Tsai [116] and Thiele [80] have



) < 136
shown that the integgation in Equatioﬁ (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 aﬁé
that the expresg}on 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 computational simplicity.
With all elements of the matrix equation computed, it can then be

solved for the unknown current values from which the radiation

fields can be determined.

4.1.4 Computation of Radiated Field
\ W

When the current distribution on the system of N
elements is found, the far field can be calculated by superimposing
the field from each element.. The geometry of this calculation is
shown in Figure 4.9 for an element s, with center coordinates xj,
Ymr 2m , and angles of orientation ap and B8;,. If the element
supports a constant current I and %f is the unit vector in the
direction of current flow as defined by Equation (4.45) then the

/7
vector potential at observation point P is,
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FIGURE 4.9. GEOMETRY OF RADIATION FIELD CALCULATION,

where

T O L (R SLAPS PR CY L

or in spherical coordinates,

2
= T [1 - = (% sinf cos¢ + y, sinf sind + z, cosl )]

r

=t - (xy sinf cos¢ + yy sinf sing + z, cosf )

(4.46)

(4.47)

(4.48)

(4.49)



138

With the far field approximation r' = r in the denominator of

. (4.u6)

- - Iy sy - jkr ejk[(xm sin@ cos¢ + y, sinf sing + z, cosé )]
—— e

by

(4.50)

The electric field had been expressed in Equation (#.18) in terms
of the wvector potential:
jw

ES=-:—2——[V(V.Z)+RZ-A—]

~»

The first term can be neglected because of its 1/r2 dependence, and

thus

E, = - j why (4.51)

This can be expressed in terms of its two polarization components,

En = Ib Eem + I¢ E¢m\ (4.52)

where Eb, I¢ are the spherical unit vectors,

;0 = i, cos@ cosp + -{y

-

-{¢ = - iy sing + Iy cos¢h

o ana :

- Egm = 1g - -g (- jwaiy)

B

cos singp - 1, sinf
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Ed)m: }'—(ﬁ . i-f (- ijm) .

Hence the total field can be expressed in terms of its E¢ and Eg

components as,

N
Eg = -ij(cosG cos¢p cos ay cosfB, +

4,
+ cos@ singp cosay sinfB; + s8inf sinapy) 4Ap (4.33)

?

N
Ep= -j Z(sinqﬁ»cosa[n cos B, - cosgpcosay sin B A, (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 adabtéd by stages from
Thiele's work ([80)] and that of Wolde-Ghiorgis [4s]. The

refinements made involved the segmentation subprogram, the testing

. of lintegration and matrix reduction schemes and the output
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subroutines. The current plotting programs used to generate the’
graphs of Figures 4,11 and 4.13 and the three-~-dimensional wire grid
plotting programs wused for the figures of Section 4.5 are not
described. These involve the use of CALCOMP plotting routines with
short FORTRAN main programs and axis rotation routines tor the
three~-dimensional displays.

For the monopole tests, the segmentation was
incorporated in the main program. For the dipole and ground rod
antennas, coordinates were defined within the segmentation
subprogram and for the helicopter, the segméntation was generated
from end point coordinates read 1in from a data card for each
member. All dimensions are normalized with respect to A and center
coordinates and orientétion anagles a, B are computed in the
subroutine.

An 1initial data card contains a parameter which mid-way
in the program governs the selection of a source model and then
evaluation of either Zg, of (4.9) or %, of (4.31). Excitation
voltage is set at one volt.

Radiation pattern computation 1is done in the main
program. An initial data card parameter governs the chpice of
either principal plane patterns or selected conical cuts. The
printer plot subroutine is always called but the CALCOMP polar

¢

pattern plot subroutine is optional. Data card output of pattern
values is optional and this can be stored fo; later plotting.

For Feséing of., basic proaramming,  development of
subroutines and general familiarization with numerical technique

differences, extensive tests were done on dipoles using sinusoidal

and pulse basis functions and point-matching. The point-matching

(N
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method was then used exdiﬁsively for the more complex antennas and

the monopole on a helicopter.

pe

4.2 Familiarization and Convergence Tests

Much of wire-grid modelling must be cénsidered 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
exp%rimentation mode. Tests with dipoles and monopoles serve this
purpose very well and are to be recommended because of the volume
of available published information. In this work pulse and entire-
basis functions were used in programs incorporating three types Bf
integration schemes in the evaluation of the 2, elements, double
and single precision, and two methods of matrix reduction and both
the delta-gap and magnetic frili current source excitation. Some
of the results are described below to illustrate the type of

parametric study which has been found useful.

-

4.2.1 Collocation Method : Entire-Domain Basis Function

'l

The(finite Fourier Serﬁgs

t
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Wire-Grid Segmentation

Element lengths, Centre-Coordina~
tes and Angles of Orientations

Current -
Segmentation
Subprogram

Structure
Data
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{ntegration for Non-Diagonal [

Elements

Analytical
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C
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FIGURE 4,10,

COMPUTATION PROGRAM,

FLOW CHART FOR CURRENT AND FIELD
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nmz

N
J(z) = ZI“ cos(2n - 1)

-L/2<z <L/Z  (4.55)
n=1 L i

2N

was used as the basis function, chosen so that the current goes to

zero, at the ends of the antenna. The Z,, terms then become

, Afu/e L/2 = mnz'
‘ Zon = 2 Jr G(ry,r') cos(2n - 1) dz' (4.56)
8 n° j “L/2 L
which must be integrated over the antenna 1length, L. The

integration was carried out numerically using trapezoi@gl rule,
Newton-Coate%% and Romberg integration schemes.. The kernel
transformation scheme used by Richmond ([77] which provides non-
uniform sampling was also tried. Both a Urivac 1108 and an IBM
360/75 were used with the Univac 1108 showing faster convergence
because of 1its longer word length Zi.e. én extra digit). Crout-
reduction [83] and a standard computer routine based on Gauss-
Jordan elimination . with columnal pivoting were used
interchangeably.

" - Results  were compared to the values reported(?y Thiele
[80]. Typical current distribution plots are shown iﬁ Figure 4,11,
The convergence with number of terms is clearly evident. However,
it can also be seen that if current valueg from stch a basis

function are used for near field calculations, small perturbations

might be obtained.



144

. /‘ L i
/]
/]
) H/A
/
j Lo 4-.25
-
<&
I= 1l +jl;
Monopole:
H=.225A
a=.007A
L ]
! T T T T T
30 20 1o o 10 20 30 i
Im CURRENT mA/Volt -I;:
FIGURE 4.11. CURRENT DISTRIBUTION = MONO?OLE ANTENNA. -




145

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 same accuracy. In these tests the
Newton-Coates 5th and 9th order integration formulae and the Univac
1108 library routine for matrix reduction were used. Computation
of the 2Z,, elements was carried out in double precision.

Here again the published impedance convergence data [80]
was matched, as shown in Figure 4.12, for 4o, 80 and 120 elements.
The convergence is stili more clearly evident in the current plots'
of Figure 4.13.

The above tests are near the sensitive Yreactance cross-
over point of the monopole impedance characteristies. ‘Invaluable
. for program verification, they offer the opportdnity for the
gradual introduction of computer graphics which will be found vital
for the helicopter analysis.

Interesting comparisons of the use of other basis
functions in Hallen's and Pocklington's equations are “found in

Ll

Thiele's survey [80].

4,3 Folded Dipole and Supporting Mast

The departure from symmetry in the measured:Eg vs 6

pattern (Figure 3,20), although attributable to the

L 2
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longer lower portion of the reflecting mast, could not be verified
by additional. data from the manufacturer. However, it was arqued,
that if wire grid modelling 8f,the structure could show such a
departure from symmetry, then this would corroborate the scale
modelling of the antenna while at the same time representinag a new

application of the technigue itself. Pulse basis functions and

point matching were used. ) i

4.3.1 Modelling of the Structure

While the modelling of the dipole involved the choice of
a suitable number of segments necessary for convergence and the use
of either a delta-gap or a magne-+.: frill source, the folded dipole
and supporting mast involves the further consideration of
appropriate representation of the folded dipole radiating éelement
and the rélatively thick reflecting mast.

Transmission line theory 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 parasitic element in the manner shown
in Figure 4,14, This representation éuggests itself for trial
since it 1is considered a close representation as to type by King
[63). The literature does not show an analysis of thié antenné by
numerical techniques except by Chao and Strait [81]. Although they
:?xamine a number of antennas by ;umerical techniques and show
curxrent distributions and radiation patterns for them, only the

computed current distribution is shown for the folded dipole.
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In their work the folded dipole is represented by a single source
and conductors overlapping at the ends. The calculated results
shown in Figure 4,14 ;how that such an arbitrary but simple model

provides useless results. Illence a closer examination of the basic

radiation model is required if better modelling is to be obtained.

P

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 (88}, Roberts [89], Guertler [90]
and the more recent articles of Harrison and King [91]), Germain and
Brooks [92] as well as Kinag's cléssic boock [63] on linear antennas.
Roberts [89] and Wing, King and iMimno [93]) suggested at aboﬁ£ the
same Fime that the folded dipole be considered to support symmetric
and antisymmetric transmission line modes as represented in Figure

'

4,15,
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FIGURE 4.15. EXCITATION MODES - FOLDED DIPOLE.
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In the antisymmetric case, %é;//radiation is small since the ==
currents are equal and opposite gnd closely spaced. For radiationk
calculations, therefore, tﬁé»%gpiésentation shown for the‘symmétric
excitation mode seemed appropriate for use in the wire grid model.

Results of calculations with such a model are shown in
Figure 4.16. Considerable improvement is evident. The pattern of
EO vs 8 shows remarkably good agreement. However the EO Vs ¢
pattern does not agree as wéll as the measured and reference
patterns, In the .application of the antenna, more weight was
placed on agreement of the EG vs ¢ pattern. Hence to improve the

model a better representation for the parasitic supporting mast was

sought.

4.3.1.2 Modelling 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 can be made also to the worg of;
Carter [94], Lucke ([95], Wait [96] and Sinclair (97]. Although
these do not provide guidance towards improved modelling of the
mast, they provide a background of detail for wunderstanding the
effect of spacing parameters on the radiation characteristics. The
problem centers around the mast radius used, a/A = .2 which is
beyond the approximation condition (a/A < 1) used to derive the
approximate ”thin wire" kernel, An examination— of the pattern

differences in Figure 4,16 and work on other structures reported by
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Wolde-Ghiorgis [4#5] 1led to the modelling of the mast by two thin
elements on diametrically opposite axial points as shoun in Figure
ch,17, This pre-supposes an edge-like current concenération on the
diametric points on the axis of the elements and is further
discussed in Chapter V.

Results here show that this model produces good
agreement in both azimuth and elevation planes. "The degree of this
agreement  was Fonsidered sufficient to establish that the
characteristics of the scaled models were predictable and
satisfactory for further measurements with the dipdle alone,
mounted on a helicopter. o further refinement in modelling was
pursued. It 1is 1intecresting nevertheless to make a comparison of

the modelling steps and in particular of the current distribution.
r

4.3.2 Comparison of Current Distributions

The unknowns 1in the sirmultaneous equations obtained by
the discretiz&tion of Pocklincton's equation and point matching,
are the currents on the inaividual wire segments, The program has
also been arranged so that principal plane patterns or conical cuts
can be produced at will. In Fiqure 4.18 the current distributions
are shown for the 2nd model used. The currént distribution on the
elements of the 3rd and final model has been plotted separately in
Figure 4,19, It is most evident here that the assymmetry"iﬁ the Eg

vs 6 pattern 1is due to the current shown on the longer bottom

portion of the reflecting mast. It is to be observed that the
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»

relative amplitudes and phases of the currents on the two models
‘are not vastly different. But it, can be appreciated that when
clése agreement 1s sought, a.general knowledge of the effect of
spacing and length on the current values and hence pattern effects
is very useful.

liowever, the appreciation of the physical possibility of

having current concentrations at certain points and the insight

into the effect of small current chances 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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Essential Factors in Modelling of Folded - ¥

Dipole and Mast

The prime -factors which were responsible for the

a

development of anradequate wire grid model are as follows:
4

P

(a)

The segment 1length used was from 0.042\to 0.045A, 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
I

suggést that the use of other than pulse expansion functions

et -«



(b)

(c)
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would have been of sccondary importancé, while factors
associated with the fundamental represehtation of the

2
structure predominate.

w»
The identification of th® characteristic modes of" the
radiator and their proper reg;esentation seems cr%cial.
This might appear to be a truism after its substantiatién,
yet it has not been noted~rby other invéstiqators or
sufficiently tested since most of the work réported is with
loops and simple dipole or monopole feeds (981, Although a
funﬁamental understanding of the radiation modes is
essentialﬂ when experimental( results are available an
iterative procedure by analysis of results sﬁch as those in
Figures 4.18 and 4.19 and hclrs in the development of a

working model and perhaps in some cases the identification

of the natural modes themselves.

Thick elements, where the effect of non-uniform surfacé
current distribution must be anticipated, are best
represented by thin wire elements at the perivheral points
where current concentrationsk are likely. In the case
reported here, the two axial points were sufficient., For
other radiators and thicker structures, Wolde-Ghiorgis [45]
has examined the effect of the number of elements around the

periphery. N

These concepts are further tested. and corroborated in
b

the groﬁnd rod and the helicopter | antenna models. Should

¢ N
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computation of impedanéé or near fields be requf}ed, the tests of
Section 4.2 and other work [84] clearly indicate that a greater
qaiumber of segments would be required. For this purpose, on this
type of linear structure, the sinusoidal basis functions should

Saa

prove superior.

4.3.4 Versatility of Model: Bandwidth, Dimensional Variation

Once’ a working wire-grid model is obtained, its -

.usefulness is similar to that of an analogue computer simulation of
. . P

270°

e
—— £ = 3020 MHz
— — f = 2920 MHz
— — f =:3620 MHz

FIGURE 4.20 BANDWIDTH STUDY



159

a physical system, For example, the variation of the radiation
patéern over the bandwidth of the antenna can be determined by
merely changing the frequency parameier in the computer program,
Figure- 4.20 shows the radiation patterns at 2920, 3020 and 3620
MHz., It can be seen that the pattern variation is small. ~

With similar ease, diménsional changes can be studied.
Figure 4.21 shows results with the second model using a symmetrical
mast. The Eg vs @ pattern 1is now seen to be symmetrical as

‘expected.
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4.4 Ground Rod Antenna

As noted in Chapter II, the sleeve 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-
4n helicopter. The various models built (Figure 3.23) did not
exhibit the radiation characteristics reported by Tilston and
Secord [56] near the 8 = 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 1in the literature. The structures closgst in geometry
are the quadrafin whose scattering properties were analyzed by
liiller, Burke and Selden [84] and the monopole _and ground plane
studied by Wolde-Ghiorgis [45]. After repeated attempts, the
modelling was almost abandoned because of the difficulty, for
example, in establishing how much of the experimental model should
be .considered as radiatings Note that in Figure 3.23 the miniature
connector domimates the model. One could argue that an impédance

discontinuity exists at: its upper end and hence the surface of the

¢




161
connector can be ignored. This turned out to be misleading and
incorrect. s

The ground rod antenna was developed by Brown [99],
Impedance characteristics wcre computed by Bouwkamp [100] and King

[63]. The latter considers it as a generalized 90° V-antenna as

shown in Figure 4,22,

e |

N FIGURE 4,22, CURRENTS AND SQURCLD, GROUUD

- ROD ANTENHNA.

Following this representation, a single source is used in the .wire~

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 K

The computed Eg vs 6 patterns is shown in Figure 4,23

together with the measured results. The Eg vs ¢ pattern is a

N :

i
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circle ‘as expected. The agreement 1in the pattern shape is
acceptable.

Figure 4.24 shows the computed current distribution on
-the, antenna sections. Also shown are the computed current
distributions féz other source locations. Changing thec feedpoin£
changes the input impedance but is claimed not to alter the current
distributions [56]. Herc the element current plots of Figure 4,24
clearly show an impedance variation but also a current distribution
change. this change affects the amplitude of the lower lobe. The
variation is shown in Figu;c 4,25, Also shown 1is the radiation
pattern of the antenna with fecdpoint at the level of the ground

rods (see Figure 3.23 (c)). This pattern also has the higher lobe

predicted by the wire grid model.

1}

']
3020 MHz

——- COMPUTED
- - — EXPERTMENTAL

180°
FIGURE 4.23 GROUND ROD ANTENNA - COMPUTED & MEASURED PATTERNS
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180°

EXPERIMENTAL, FEEDPOINT AT GROUND ROD LEVEL
— — — COMPUTED, FEEDPOINT AT GROUND ROD LEVEL
————— COMPUTED, FEEDPOINT MIDWAY (ACTUAL)
—~— —— COMPUTED, FEEDPOINT AT TOP ELEMENT

FIGURE 4,25,

4.4,.3 Factors in.Modelling of Ground Rod Antenna

The development of an adequate wire-grid model involved

the following factors and considérations:

(a) The segment length used was .029\ to .055A, comparable 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 all the elements, which copld support
RF currents in the experimental model, be represented.
Because of the thickness of the connector (a/A=.0176) a

ninimum of two peripherél elements were required as with the

folded dipole mast.

{c) In this assymmetrically fed antenna, the location of the -
source affected the current distributien which in turn
indicated a driving point impedance change and produced ‘&

small but significant change in radiation patterns.
!

«

, b.4.4 Other Uses of Wire-Grid lodel

As with the folded dipole, the working model can be used
for the study of dimensiQnal chanées, frequency variation and as
seen above, for feedpoint location studies. The natufe aof the
current plots suggests that these distributions could also be used’
in optimization studies to select the most efficient basis

functions. This could be regarded as the experimental equivalent

of the basis transformation technigue used by Turpin [101].

.
¥
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4.5 Monopole on Bell 47G-4A IHelicopter

An experimental model, Bell 47G-U4A helicopter, is shown

in Figure #4.26 and it may be noted that part of its tail structure

is a truss resembling closely a wire grid structure.
» Z ’

FIGURE 4.26, BELL 47G-4A HELICOPT:R IODLL.

>

-

This structural form eliminates doubt as to wherc elements should
be placed to represent this section. Surface areas, howevér, occuf
in the tail section, the cockpit, fuel tanks and the rotor blades
themselves. At theifrequency considered (67SKMHz), the structure
is approximately 1 and 1/2 A ,long; The radiating monopole was
mounted below the heliéopter in line with the rotor axis as shown.

Modelling of the previous antenna forms involved linear

antenna elcments. Problems centered on the radius of the elemengs,

-~



167

source representation and location, inclusion of all radiating
members and placemeﬁt of elements on tmdﬁi members. However, the
antennas were of regular shape. Illence the regular or "canonic”
forms proposed by Wol@e—Ghiorgis [45] apply since there is not much
doubt about the location of the stationary current flow lines. The
number of elements necessary for the determination of radiation
patterns is rela£ively modest (53-64), therefore computation cost
is not a large factor 1in parametric experimentation. With the
helicoptgr, problems on a different scale and of several types
occur. The physical representation of the shape is several orders
of magnitude greater in complexity,ﬁ directly magnifying the
possibility of error. Computer memory size limits the number of
elements which can be used and computation cateqory1 and cost
restrict parametric experimentation and increase “turn-around"
time. Only 1imiteé guidance can be obtained from the concept of
;stationary lines of &low"™ in regular shapes. It would be

%
)
appropriate to say that Schelkunoff's comment [71],

"ww---Problem B presents many difficulties and it is the
ehgineer's hard luck that he happens to be interested in

just this probler",

applies equally well here. A realistic presentation is made of the
steps which have been found to be important. *The problem of the
f \
\
physical representation is similar to that faééd\\ig the

construction of aircraft where special technical "master IIBE‘

1

For example job class "G" (IBM 360/75) sturgs good 'turn around'
but the 300 K memory limit allows only 176 segments while class
"H" with 400 K memory allows 210 elements but requires a one-day
turn around.
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groups are responsible for accurate lofting data to be used for
fabrication of master assembly 3jigs. There are no technical
problems in this step but rather the difficulty of having correct
information and using it without error. This difficulty has not
been underestimated by others [75], [76], and is emphasized by the
fact that close to 50% of the computation effort was expended
either to remdve errors or carried out with undetected errors.
Although a chronological presentation would be most effective in
demonstrating the various errors encogntered, it 1is used with
restraint in the material which follows.

Once again pulse basis functions and point matching werec

used, with both a magnetic frill source and a delta-gap generator.

4.5.1 Modelling of the Helicopter

-~

Where should the finite elements bpe placed? How many
are needed? What are the co-ordinates of the end points? What
radius should .be. used? These are the quéstions which need to be
ansvered in the development of a suitable model. The objective is
to obtain data cards with c:;?rdinates of the end points for each
finite element and to use thefe as input for the segmentation
subroutine of the program.

The best primary source information is of course the

"master lines" data used in aircraft design, usually available as a
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series’ of co-ordinate values together with precise contour
drawings. These were not available for this helicopter., The
source information was a set of detail drawings uscd for ts;
construction of the 1/20~th L,cule nodel. From these drawings and a
set of large photogriaphs of the madel, three-view drawings of the
structure were prepared to scale using element lines only. Element
length was generally kept under .1A. Each element and junction was
numbered and tables were prepared listing each element, its end co-
ordinates and the junction. numbers, These 1lists were scanned
element by element for accuracy of co-ordinates and end points. A
total of 274 élements was tabulated and data cards prepared.

A  WATFOR program was used to produce listings of these
points togethef with their co-ordinates, their lengths and the a
and f angles defined in Section 4.1. The lengtn values were
scanned for errors and closeness to the ,1A value set, and the a
and 8 angles were%gyamined closely for agreement in segrents judged
to be in the same direction on the drawigns. In this manner
sevéral errors were ‘detected and removed 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
CALCOMP three-dimensional prooram was completed which permitted the
plotting of the three-dimensional figure from the data cards. The
model could be rotated to any angle of viewing, .the elements
numbered alongside their center and- individualwgectgons of the
structure expanded for closer examination. The large scale 3-wiew

drawings and large CALCOMP plots are not included in this work, but

a replica of three presentations is shown in Figures 4.27, 4,28 End
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WIRE GRID MODEL OF HELICOPTER & COCKPIT SECTION.

FIGURE 4.27
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WIRE GRID MODEL OF HELICOPTER & PORT TAIL SECTION.

FIGURE 4.29

10
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]

4,29, These show sections of the cockpit, fuel tanks and landing
gear, and the tail section, expanded and numbered. Clearly such a
presentation is most useful in‘the spotting of errors and one-major
one would have gone undiscovered were it not for the unambiguity of
this presentation. The p£ogram might also be used for the plotting‘
of computed currents. 1 . -

Tge illustrations also show some of the approximatioﬁs

\

used in the modelling.

4 »
(a) The rotor and horizontal stabilizer were represented by

one line of finite eélements initially. Later, elements
on the leading and trailing edges were used as shown in

. the frontispiece. }?

(b) The rudder section in the tail was represented by
peripheral elements initially. Later vertical elements,
extensions of the vertical tail section elements were

" tried as well as some diagonal elements

(c) The fuel tanks were' represented by the peripheral

A}

.elements shown, dlthough for the runs with minimum

elements, only the outer members were used. ©

j 4 N ’
'

(4) . The bottom of the cockpit was assumed to be at the same
level as the landing pad. Peripheral‘ and central

elements .in the door area and finer segmentation at the

L4
b

base were tried. .. b
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(e) Initially the mesh scction on the landipg pad (see
Figure 3.26) was represented by the peripheral elerents
shown \and latexr by scmi-diagonal and parallel elenents

in turn.

(£) Other elements were placed along the tubular members of

the structure as shown.

Va ‘

o 4

The general guideline used in the modelling was to place

elements alona all edges and dontinuous}y along all peripiheral

lines which could govern longigudinal or lateral respnancé of the
structure,

The actugl dyarcters of tubular members and thicknesses
of sncet metal parts were used for tne assumed diameters of the
wire grid elements. ‘ne actual monopole diameter vas used in its

representation and it was divided into 5 elements. The monopole |

.

was L,268A 1long at 675 mhz.. ' The final segmentation produced

elements ranging in length from .03 to .16A.

a

, . D
Having obtdined a reasofable representation with some -

. 270 elements, the procram could not be  executed since only 176,
elements could be used with the 300 k bytes of memory and 210

elements with the #00 k bytes of mermory available on the computer.

a
It remained to apply some intuitive reasoning or guidelines for the

elimination of 30% of thc elements. -

»



4.5.2 Computations, Variants & Results

-~
s " A
LT
”

s

The computations and results are summarized in major
groups or steps, generally in the sequence of their execution.

The minimum number of elements was sought using the

following considerations,

P W

e e

A ' .
. (a) Keeping all elements in the immediate vicinity of the

radiator: landing gear and bottom of seat.

N (b) Keeping all edce elements along the perirhery.
)
»
(c) Deleting inner elements of fuel tanks.
(d) Deleting elements in the tail structure which might be

in .areas of assumed weak current concentration or

orthogonal to the current flow lines. 'Here an intuitive

-

reasoning based on detajiled examination Of the

measurements of Carswell [u;] was used., ’

(e) Using‘ /single' elements for rotor and horizontal
stabilizer. ' L
(1) Fiqure 4.30 shows the"major elements deleted to obtain 176

, elements and the results obtained at 0 = 700 and 80 with

-

’ ' rotor parallel. Thes¢  results are’ compared to the

.

-normalized measured values of Figure 3.28 and 3.29. The

%
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(2)

(3)

agreement in view of the drastic reduction in the number of

"in the Eg pattern also occurred but this is not being

™

A . 177
suppression of the front 1lobe: in the 6 = 7d’pattern is
recognized by outlining its probable 1level based on the

results of Figure 3.30. The results show surprisingly good

elements., Since the plot is on a linear power scale, the

results are in fact comparable to those reported in the

literature [76] for similar structures. Thp computer time
.

involved was about 3 and “1/2 minutes representing a

commercial cost of about $50.Q0.

FY

Farther testing showed some sma;l discrepancies in a -angle
values which were corrected and additional elements were
‘added while trying to maintain element .symmetry on the
model. With 203 elements, slightly better results were

obtained. These arxe shown in Figure 4.31. An improvement

considered in detail since the measured E¢ level was 10 db

below the Eg level, T,

Changes were made to the program to improve the liﬂkage with
subroutines andfto/improve the graphical outpﬁt. At this”

point further errors Imax.'ZO%) in length of two segments

were discovered and corrected and three elements were added.

The results’ dre shown in Figure #.32. Clearly they bear ’

-

negligiblv small resemblance to the measured values and were

not anfiéipated! Execution time on an IBM 360/75 was- about

LS
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4 and 1/2 minutes representing a commercial cost of approx.
$60.00. Becauyse 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 seeminglv correct results may
be obtained fortultiously Qossibly, as a result of errors in
modelling detail because some elements play an especially
critical role. After another complete test for errors, i£
was aecided to concentrate on changes in the cabin and
land%ng gear area ratherv than further attem?t to isolate
details of this phenomenon at this stage.

A diagonal, element was added té the representation of the
cabin in the door arca.. The rationale for ~this o@herwise
intuitive choicegwas an effort to improve representation of
the cabin surface. The results, shown in Figure 4.33, once,
mbre show the desired main 1lobe étrupture. This regult
represented the limit of experimentation which could be
u;dg;taken Jithout undertaking massive re-programming using
partitioned matrices or matrix manipulati&e .laﬁguages
(MATLAN) . Ig June of 1972, however, 1 millioﬁ bytes of core ,
memory became available on an IB!M 360/65 and arrangements

1

were made for its  use. Increasing the matrix size po- /

permit 214 elements hilgﬁgd the representation of the meshed

portion of the landing gear by semi-diagonal and parallel’
elements. Results for both schemes are shown in Figure
4,34, Thelre is better agreement now with measured values

than that shown in Figure 4,33, mainly ip the reduction of
~ ¢ B = Al

1Courtesy of Loyola‘Qith Computel ,Ottawa,"

,
L t,
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the front lobe and a slight chanae in-.direction of the side
lobes. The, difference in representing the mesh by parallél,
or semi-diagonal éleﬁents is not large enough for firm
conclusions to be-made. The E4 patterns were also similar

in level and lobe structure.

With agreement between experimental and computed values now

at a reasonable level it was logical to. seek and ' expect

¢

better agreement if additional elements were included. The_

K

execution times on the IBH 360/65 for the last runs{ were
. R .

approximately 7 minutes and costs exceeded $£100.00 per run.
With 600 k bytes of core, 254 elements could be used.

Execution time was above 10 _minutes and costs

!
proportionately higher. The elements added and the results

\

obtained are shown in Fiqure 4,35. The graphs are

surprising and interesting, Their significance 1s not
reédily dpparent. By implication they reflect on the
success ‘of the ' intuitive insight and heurist%p approach
bui}t- up by'°progreésive testing and evaluagibn and the
fallacy of assuming that more arbitrary élemeﬁzs will assure

convergence. However, this was difficult to quantify

methodically in view of the problem complexity and cost. A

‘simultaneous examination of the current distribution was:

found to be helpful in trying to establish .differentes

«

between runs, where changes—should-be—eentemplated;—and— ]
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e~ ELEMENTS DELETED

FIGURE 4.32 COMi’UTEI_) RADIATION PATTERNS - 206 ELEMENTS (CORRECTED)

Eg v, £ = 675 Miz




182

e—m-e ELEMENTS DELETED

¥

f‘w .
ST
o SHERAR
LSRRI

3
(] & { ‘ﬂ
UL
\ ' <\E,T-\\:§*\

3

N 270’ 90’ ~: - j‘;ﬁf:fl%r 270"

i 0‘ "’;;p ‘-\>\\/\~\u 7
SRS AN LT
LS54
N SsSaes %
ANQS SR e

FIGURE 4.33  COMPUTED RADIATION PATTERNS - 208 ELEMENIS, Ef vs $, £ = 675MHz A
| o ‘ L




183

ELEMENTS DELETED

DIAGONAL
ELEMENTS

PARALLEL
ELEMENTS _
&

L 80" o
’; } ‘ @='70°, | \

om___,.,"

FUGURE 4.34  COMPUTED' RADIATION PATTERNS, DIAGONAL & PARALLEL ELEMENT
o LANDING GEAR, £J vs b, £ = 675Mlz

‘ , o , l l A . [ .
. ‘\ . PR ‘ ) ‘,A,,: o, » IN * . \, s Va - ,'T A

N




184

ELEMENTS DELETED

FIGURE 4.35 COMPUTED RADIATION PATTERNS - 254 EL‘EMENTS, Eé \}s [ I f=675Ml>
I. / ’ .
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generally whether the current distributions themselves’ were

‘; reasonable.. Based on such an examination it was found that

g

4 -~

an unusually high current concentration was com[;ute& for
. segments of the tail near the horizontal stabilizer.
Elements were placed along the leading and trgiling edges of ,
the norizontal stabilizer and different représentations of

the rudder section were tried as shown in Figure 4,36.

J A
\ R,

! t

\‘
’ / v
FIGURE 4.36. TAIL SECTION REPRESENTATION, o
) None of these produced’ pattern convergence. A series of

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 removal 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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== ELEMENTS DELETED

‘ FIGURE 4.37 EFFECT OF DELETING ORTHOGONAL ELEMENTS.

f
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trailing edge elements on the main rotor blades was tried
when the Ey patterns were divergent, hence no positive
conclusion could be drawn. However, the Eg patterns were
generally at the séme level as mecasured values and of the
same form,

Further expefimentation was noé possible at this stage
for practical and economic reasons, Therefore, the results
of Figure 4.3u’ represent the closest convergence in

nodelling at this time.

4,5.3 Rotor Modulation

Qv»\\w
The wire-grid model of 214 elerments thch gave the
results of Figure #.34 wvas also used with the rotor perpendicular
to the fuselage in order to determine whether this change would
produce a pattern change. The results are shown in Figure 4,38

together with measured values for 6 = 700 and 6 = 80, A pattern

change 1is obtained and it is comparable to the change in mreasured

1
{ 3

patterns.

The current ougput of the computer program allows the
examination of éhe change in amplitude and distribution of current
values. They are shown plotted on selected elements of the model
in Fiqpre 4,39, Comparison of these values also improves the
appreciation of the current change needed to produce theepéétern

differences noted. Examination of the current distribution on the
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VALUE (ELEMENT No. 41)

= 0.278 mA

MONOPOLE ‘
_ Segment | Current Magnitude (mA) Current Phase (deg)
Number
Rotor Il Rotor L Rotor Il Rotor 4
1 .191686 . 193060 -43.634 | -42.349
2 .168142 . 169888 -39.678 | -38.298
3 .157036 . 158459 - =43.446 | -42.066
4 .128380 . 129462 -45.783 | -44.396
5 .980695 .081331 -48.048 | -46.654

FIGURE 4.39 CURRENT DISTRIBUTION, TWO ROTOR POSITIONS.
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monopole shows whether an impedance change should be anticipated.
HHere it can be seen that an iﬁpedance change is likely to b€ small.

Curren£ plots of this type are extremely useful both for
the assessment of rotor modulation as well as for the ouidance of

the * finite element representation as noted above, The CALCONP
three—dimensionaltplotting“program modification to incorporate this (/\

!

current linc plot at each element was not incorporated in time for)

Y’
.this work, but could be a distinct aid in making further research

more effective and efficient.

-

7
4.5.4 Essential Factors and Limitations .

LY

. The factors associated with the determination of the

finite element 'model which produced satisfactory pattern

o

convergence can be listed and surmarized as follows:
- |
(a) .. The segment lengths used were comparable to those used

previously and by-other investigators [79]. They ranged

. above .1A only in-a few cases in order to limit matrix

[
size, : .
¥ §

i

e actual radii of rod elements were used or diameters

(b)

orresponding to sheet metal thicknesses. This should
not be construcd to signify that this is considered the

best choice  say, in the case of the  thick
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elgments (.15 A) of the 1landing gear structure. (sce

' o
discussion in Chaptéer V).

¢

/

(c) 'Elements were placed along all edges and lengths
%

corresponding to possible resonant path lengths along

the' nelicopter fuselage.

\\\ "
I'ne above represent extensions of the introductory wocrk presented

her% and elscwhere by others [45], [79].

fe

(d) Elements were not placed, even though physical elcments
! a3

are present, in directions orthogonal £B‘likely lines of
‘current flow. These dfrections were not estimabea S0
much f rrent distributions &n elementary antenna
forms, as from the complex measurcments of Cargwell [43]

~
and Granger and DMorxita [42]. The influence ' of

deliberately‘ omitting such elements 1is believed to
7o . . .
result only to a minor degree from -round-off error

“considerations.

-

-

The results strongly denrnonstrate that extension of the number of

arbitrary elements docs not assure pattern convergence but will

just as likely produce the opposite effect. .

Computatian time and cost, together with the limitations

of core size or the difficulties in handling large matrices are
»

serious limitations to effective research. The highest possible

degree of physical insight must be progressively developed, and
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graphical aids wused to accelerate and imgrove the analysis of
“ . results, in order to avoid errors or to minimize the num of
computer runs.

8

as efficient as thg

The matching of a few experimental conical cuts is no

g of principal plane patterns. This can

-

be seen by compafi ults with those obtained for the folded

dipole and grojpind rodlantenna. The availability of data free of
possiple detector effects would also be an asset. In closed
fuselage structures, this is automatically obtained, but in open
structures ,a refinement in model design,is necessary to take this
into account. Tne identification of this e%fecg aAd support by

wire grid modelling result< appecars to be the first documented

description of this problen,.
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CHAPTER V .

EVALUATION OF RESULTS, CONCLUSIONS & RECOMMENDATIONS

»
N

5.0 Introduction

In this concluding chapter cormments are made about the
possible ektension of the results and about somé of the hazards of
gﬁcﬂ extensions. Recommendations are made for imprpvements of the
experimental facility and some of the techniques used. Once again
tﬁe_.topics are covered in the order of their earlier présentation
to lend final emphasis to the purpose of the work and to the value
of a comprehensive systems study using the propdsed computer-aided

~
analysis and design techniques.

5.1 Integrated System Analvsis

1

It is Dbelieved that the proposed antenna evaluation
method of Chapter II is well supported by the results presented.
Its direct . implications are that all future measurements on antenna
systems should be. complete and digitized to allow immediate
application 'in vehicle antenna design. 1In this way, an awaéeness
of performance in relation to operational specifications can be
maintained from the conceptual stage onward through flight testing

until full operation.
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The comparative evaluation of the five antennas in

Chapter 11 has shown: .

(a) that the proposed cvaluation method produces a different
rating of the antennas than'present methods,

(b) that the method improves the differentiation in performance
between similar antennas,

(c) that the differences in performance are clearly ana directly
related to an operational performance .parameter, namely
range at each frequency of operation,

(d) that the method inherently distinguishes between antennas
having different azimuta pattérn distributions,

(e) that the .application of the mwetaod makes 1t relatively easv
to specify® critical corswunications conditions, identify
limiting factors and thus desian efficient flight test and

evaluatien prograns.

The identification of the rotor modulation effect and
all main features of the antenna patterns by the wvire grid
modelling tecinique, shows that it cduld be used effectively to
support and complement écale rmodel pattern measurements in the
generation of data for such an evaluation.

Since the wire grid rodel does fot depend prinarily on
the radiator used, once developcd,- it becomes a powerful device for
the study of performance of antennas in different locations or

different antenna forms on the same vehicle.

RAY
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1 . \

5,2 Experimental Results and Antenna Test Facilitv

- 4

—
.

" The automat;c generation of principal plane patterns or
conical cuts on a CALCOMP plotter from computer gcnerated data
contrasts sharply at this time, with the manual adjustment of the
probe and manual data rcduction necessary'during the experimental
work., The on-line connection of the instrumentation used to a
process control computer for automatic data logging, ‘correction }or
power level fluctuations and for automatic plotting 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
extensive testing of the anechoic chamber remains to be done to
determine 1its lower and upper -frequency limits. The free-space
VSWR technique illustrated in Figure 3.31 uging the low dielectric
constant support structure but applied closer to the chamber walls
should define more precisely the quiet z;ne of the chamber apd the
perturbations in the field near the outei absorber walls.

Some variations in patterns were noted with changes in

humidity. The absorber used was intended for outdoor application

and hygroscopié effects: are possible, Although critical
measurements can always be deferred to dry sunny days as . was done
in this work, the 1isolation and better definition of this
phenomenon would be useful. Application,df the free space VSWR
technique under sharply different weather conditions should prove
most productive. Isolation of‘ reflections from a wet roof is
possible by the suspension of absogber from an apex hook, installed

-for “such purposes.
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The difficulties described with helicopter reasurements
in Chapter III and the usefulness of pavinq good measured results
evident 1in Chapter IV suggests that most efficient and productive
research wodld result from,an even closer co-ordination vetween the
experimental and co&%utational work. The need for an opportunity
to remeasure under varjous conditions while developing a finite
elepent model cannot be overemphasized. In this work, this was
especially true with regard to thc isolation of the detector effect
in the open grid of the tail structure. However due to high cost,
modification of an experimental model which was obtained on a short
term loan and which was designed for higher frequency use could not
pe comtempiated, and the structure was too small to house a self-
contained oscillator. The results of Figures 3.28 to 3.30 and the
patterns of Chapter IV emphasize the need for careful design of the
model to minimize this effect.

The overwhelming conclusion of the research presentcd in
Section 4.5 is that most productive further research into the
development of guidelines for tne wire-grid-modelling of complex
bodies would result from an ability to measure the actual current
distributioné. It 1is believed that this compact anechoic ch.mber
witn its close inner arch could easily be adapted for such a
purpose, The small Jloops of Figqure 3.13 could serve as the
transmitting probes in an adaptation of the technigue wused by
Carswell [43]. Results of such measurements woulé corroborate or
negate the intuitive reasoning used in this work and further
improve the basis for its application to other complex problems.
The highest priority should be given to such physical research in

order to guide computer experimentation on the general problem.
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5.3 Wire Grid Modelling and Numerical Techniaues

Special emphasis has not been placed in this work on the
numerical anal?sis portion of the wire grid modelling technique
although it is shown as being central in the structural diagrar of

the technique shown in Figure 4.1, llowever, since these aspects

are treated well in the literature and especially in view of the

results obtained, the ’pfiority given to the other fundamental

aspects of the complex body problem was ju;tified. This should not

be construed to suggest that further research into this aspect is
‘ AN

unimportant or unnecessary. For example, a critical examination of

munerical integration techniques in radiation problems has been

presented by Richmond (102], Allen [103], Wexler (104] and others.

The sequential use of subroutines with technicgues from. the

trapezoidal rule to Chebyshev-Gauss quadrature could produce
corresponding guidelines as to which technicue is most pertinent to
each antenna problem and each moment method in terms of both
computation efficiéncy and convergence. A similar approach might
be considered for matrix inversian or factorization algorithms.
Mille; [73] presents a comparison of Ga@s-Jordan and Gauss-
Coolittle techniques and recently Preis [105] .derived a rapid
inversion algorithm for a Toeplitz matrix ! and suggested 'its use
when the matrix occurs in antenna problems. |

The results of Section 4.4 concerriing the pattern

variation with source locations explain some of the minor discrep -

A

jThe elements Z;; of a Teeplitz matrix depend upon the difference
i-j and the matrix is symmetric about a cross-diagonal.
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- ancies 1n side lobe level between the results of Wolde-Chiorgis
‘ . (45] and Tesche and deurether and gxperimental' requ:ts’ for the

monopole mounted on a sphere. The finite segmentation used in the

point matching calculations distribute the source over one segment

©»

cell. as shown 1in Fiqurd 5.1, Hence the source 1is effectively

displaced from its precise physical location on the test model.

1<+

/ ]

FIGURE 5.1

-~
.

On the  ¢tacr hand Tesche [105] has recentlvy pointcd out that if a
N calculation of input current with frequency is carried out for a
.dipole and the source gap 1is allowed to become smaller as the
frequency increases, the calculation for the current diverges
especially for the thin wire kernel. Tescne recomrends a
distribution of the source over more than one cell although tihis
makes the input current difficult to define. It should be pointed
out that the magmetic current frill source reprcsentation used by
Wolde-Ghiorgis ([45] ’'for other antennas produces voltage values
. distributcd over the match points and would be interesting to apply

\to the problemn raised by 7Tesche.
The aquestion of what element radius should be used is
first considered in Section 4.3 with the modelling of the folded
’ dipole mounting mast. Both Wolde-Ghiorgis and Miller [73] use the

actual wire radius in modelling structures composed of rod-like

o
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elements and this 1is also done in this work for the modelling of
the helicopter structure., Imbriale and Ingerson {106] also claim
the actual radius to be the corrcct value to use when the radius to
length ratio (a/l) is small. When it is not small howecver, they
claim another effective value from an _expansion of a/l terms.
These requirements arise of course, because of the approximations

made in equationt 4.23 where the Green's function,

- jkR -3

- 1 2n e J e Jkr

Glz,z') = ~—-—f —— g =
) 2n v O R

If indeed the actual current distribqtion on the other
elements were known, a more appropriate Green's funétion might be
found. lowever in the radiation pattern'ﬁ&oblem of Section 4,3 the

- 6
pattern arises physically from the actual surface currents. lience
placing an clement on the axis of the mast and by some mathematical
stratagem arriving at a current value which would produce a
satisfactory match to measured values -secms a more artificial
analog of the physical problem than the placing of thin clements on
the periphery. - This of course is what was don& by Wolde-Ghiorgis
for thick cylinders. But why do two elements produce such good
results? An explanation suggests itself from an analysis of the
current distributions on peripheral elements used to modglf thick
masts by Wolde-Ghiorgis. Figure 5.2 shows the modelling of a thick
mast by six and ecight elements together with a plot of the currents
on these elements at their cénter. llote the concentration of
current on the axis. It is interesting to note that Howarth (107}

?

shoss such a concentration using other methods based on a multi-

pole expansion technique. Thus for directive arrays of elements
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with thick mdmbers not only an effective radius but also 'location’
would ove necessary for good radiation pattern results, There fore
the use of periphcral thin elements is more approrriate and more
likely to give convergence, as evidenced