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Predlctlon by Numerlcal Computatlon‘f"
‘:of the Reradlatlon from and the Detun1ng of

Power Transm1ss1on Llnes"

by C. W. Trueman»‘f

: and S Je Kublna“‘ 'u»§

| u"smw ~ ami\ﬁm‘mi

1. Introductlon

This report documents the results obtalned in  the. second .

"year of the AM Reradiation Project at Concordia University. The.
objective of this project is to construct computer ‘models for = _
- the calculation - of . the RF behaviour of high-voltage power -~ |
transmission. ‘lines.at MF-AM frequencies, using modern. ‘numerical = g
~ techniques based on Pockllngton ] Integral Equatlon(l) .and: the
Numerical Electromagnetlcs ‘Code(NEC,2) computer: program.vahe
work reported here is a continuation of- that done in. the first“
year of the project as documented 1n reference (3) o '

_ In the flrst year of th1s project, 1t was establlshed that
computatlonal methods are: able to ‘predict. the  reradiated- field .
from:. an - evenly spaced power. ‘1line: 1llum1nated by an 1sotrop1c ;;
- broadcast antenna, over  a perfectly conductlng ‘ground. - A"
© computer  model called: ‘the  "single wire ‘tower"‘ model was
”developed to represent power line towers of the "VI1S" type, -and
‘it was shown - that “this  model. matches ' the a21muth patterns

- measured at NRC for the stralght, ‘evenly-=spaced power Iine, - and.

"also +that the: fr|quency dependence of the measured patterns is
duplicated in the ‘computed patterns -over  the TEwo - wavelength
- -loop  resonance" frequency range. The "single wire tower" model

.. was then. applzed to compute the azimuth pattern- of the site - at -

B T Oy S Ny

" Hornby, Ontario. where. an array. of 27 towers on two power. lines
is illuminated by ‘an omnidirectional _broadcast‘iantenna, - The

.i;,ConcordiafUniversity‘EMC~ﬁab}f:hgtligt}ﬁ_n". v fDatetthl/dS/i3 e
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" _elementary. "detunlng“ méeSure :of' loadlng' the skyw1re at 1tsi'
" center w1th a. h1gh re31stance was 1nvest1gated S

. A' Thls report extends the appllcatlon of the 1"51ngle wire
tower" model‘ln several directions. ' The frequency. dependence is -
studied from - 200 to .. 1100 kHz -and. two bands of resonance are

~identified, w1th RF current modes hav1ng dlStlnCt patterns of
nulls on ‘the skywire. -The currents flowing on the towers and -
.- skywires of the: HOrnby‘model_are examined, and a model’ with more . .
~towers on the dogleg is = constructed. - The  problem - of -
- null-filling is addressed by reproduc1ng NRC‘s measured patterns -
for a two. element ‘array- near-.. a five tower power-line. The
g problem of ‘"detuning" by 1solat1ng towers from the skywire - is -
.. studied. "Detunlng"' by " the use of stub traps is-investigated
© . for the case of three towers, by reproducing the NRC - measured
patterns. The de51qn of detuning stubs for the one. wavelength”

and the two. wavelength resonance modes is .addressed, . and the °

' best . length . and ~connection p01nt is found by computation. A - -
" more practlcal stub is considered, ~which- confined .to the

tower -and does not connect to the skywire,: and ‘it is. found ‘that
this design merits further study. A preliminary -study of  the

modelling of the finite conduct1v1ty of the ground is presented -

as an 1ntroduct10n to' the more exhaustlve study proposed for ‘the-
thlrd year of the pr03ect ' : T

Concordia University EMC Lab - .~ . ,foété‘:v81/05/13'
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o ThistseCtion examrnes the 'RF current - dlStrlbUthn “that

"~ flows ~on. “the -towers . and skywires of the Hornby power" 11nes.f¢
- “These- currents ‘give: rlse £o.- the. azimuth patterns reported in
- reference (3). - A new »format for- the plotting of RF current -
©. . distributions 'is introduced, ~and ‘the 1nterpretat10n .of - the =
“figures -for the: stralght evenly-spaced power line. 1s ‘discussed; . -
,-and then the currents: flow1ng on the power llnes of the Hornby.”’“
<s1te model are descrlbed ‘ o :

-=2{lyInterpretation;of,Current'DiStribﬁtion;Graphsf"'.

The RF current dlstrlbutlon on the stralght evenly spaced

- power line is examined in this section. to .explain how. current_ﬂ”
.. distribution- graphs such as Fig. 2.1 are 1nterpreted -and to
© develop the postulate that the phase behav1our of the- current on

the skywires of the power line indicates whether the power = line

b»brs at or neéar resonance at: the partlcular frequency of the plot.i7 -

Flgs. 2.1 and _ 2“ show the currents flow1ng ¢h' the

- straight, evenly-spaced power line at 760 and . 860  kHz. The =
~ .geometry  is given: below in Fig.5.1l. Here, a nine tower POWer~

line'was used, ‘with each tower being SO.J m (167 ft) tall. - The

“wire radii were 2 m. for -the ‘broadcast tower, 3.51 m- for the =~

power line towers,_ a_'nd“'0;71 “for - the skywire.  “All.. other

- dimensions are  as. given in the.pfigure,~ The ﬁormat of the-~'
. display lends. itself .to. plotting . the ~currents on cOmplex
. structures .such ‘as ‘the Hornby" site -model,  or models using.

detuning stubs, Fig. 2.l(a) depicts the magnltude and phase of

" the tower currents at. 760 kHz. The plot shows the- magnltude and-

phase of the current at two points on each of the. nine towers of.

"jthe power line.. The left hand polnt for éach. tower is near the

base, at 12.6 m above the ‘ground on the 50,6 m tall. tower.~ Thus .

‘for tower # 1 the current at this point is about 300 mlcroamps;
. with a phase. of about- 90 degrees, and' the current on the -center .

tower, tower # 5, is about. 500 microamps with phase: of ‘about 135

. degrees,  both  relative’ ‘to a one. volt, zero phase generator at
- the base of the broadcast tower. The right hand point for —each . -
“tower is the.current at a height of 38 meters from the ground. ..
From the graph it is seen that the current tapers in magnltude‘
.'going from tower ' to  tower away ‘from the center of the power -
- line, and that the- phase differs. by 180 degrees on adjacent
- towers. Part  (b). of Fig. 2.1 shows the magnltude and phase of
the skywire- currents.r The graph shows that the phase can .be*j.~
. -decomposed’ : 1nto-«a ~constant - térm. plus & linedr-with-distance - .-
. term, where for a pure travelllng wave the absolute value of the

slope is equal to the wave number. -Constant phase with distance

" indicates-a. standlng wave on the skywire, ‘whereas linear ‘phase -

_nCOncordla Unlver51ty EMC Lab :"':hyhﬁxf . - .Datefraal/OS/lB. .
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W ith dlstance is characterlstlc of a travelllng wave.‘ ThuSAOn- .
the skywlre connecting. towers 5. and 6 in Fig. 2. '1(b).,. -the ‘'phase
-indicates. ~that - -an almost ~ pure - travelllng wvave - is present,
-~ However,-on. the skywires elsewhere, ‘there is a ~constant  phase .
- .component - with a weaker ‘travelling wave: component superlmposed,.'
"~and so the current 1s ma1nly a standlng wave.. SR

ST In contrast to the behav1our Flg. 2 l at 760 kHz;ﬁ :
“aFlg.-Z 2(a) “and - (b)  show - -the: RF currents on the towers and%;i_"

skywires of’ the evenly~-spaced power. line. at 860" kHz. Fig. 3.16

- of: the: Flnal Report(3) ‘shows . that for this- case, 760 kHz ‘is on -

: v}the ‘skirts of the rescnance curve, whereas 860 kHz is -near ~the = =

. -.peak. . Thus Flg.\2 1 shows. typlcal "below~-rescnance" behaviour . = -
- for the RF current, and Fig, 2.2 shows.“at—resonance" behavicur.

- Note: that "at-resonance"- the- currents are very: much .larger - than

--"below—resonance"'-i‘mhus the vert1cal scale’ 1n Flg. 2,1 -is 220. .

~.microamps, “but’ ~550. microamps. .in. Fig. . -The" phase;V
behaviour of the skyw1re currents prov1des a clear 1nd1cat10n of
resonance. . ‘Thus ~ "at-resonance" F1g._2 2(b) -~the  skywire -

. current is an almost pure standlng wave, and has constant .phase
Swithe pos1t1on,c with a negligible travelllng wave term. - As the
frequency is changed ‘away from resonance, the skyw1re,_current-u:
_ acqulres;-an~ ever-increasing travelling wave. ‘term.. ‘Thus at 760
.- kHz ‘in’ Flg., 2.1 the skyw1re current_has - an eas’ly ‘'seen: linear
.progression of . phase w1th dlstance, superlmposed on 1ts stand1ng
-}wave component. - o S : :

ThlS behaviour of the skywlre current's phase can’ be usedii"_
to 1nterpret the currents flowing on the Hornby 31te model,' as . -
*d1scussed in the next sectlon. ‘ : : e

B 2;2.Hornhyjsite'current Distribution‘

.o An analysrs of the plan of the 31te at. Hornby shows thatf'_
- the tower" spaclngs vary from about 215 ‘to about 290 ~m.. . These

- loop. sizes 'lie just below- two~ wavelength loop resonance at 740-

- kHz, while at 860 kHz the larger tower spacings are- expected o .

. be in. strong resonance.- This “is borne" out by the az1muth-”
 patterns presented ‘in.referénce (3)- Flg..3 38  and 3.39, - ‘which
" show ‘weak’ scalloplng at. 740 kHz but a much stronger effect at

860" kHz, -

- Fig. 2. 3 shows the numberlng scheme for the towers 'on the .
‘Hornby - site,. and is an " aid in. the interpretat1on of the

RF current distributions of Fig, 2.4 at 740 kHz and Figi 2.5 at

- 860 kHz. . The- precise dimensions: of ‘the site shown’ in Fig. 2.3
-are given in reference (3), Fig. 3.32.  The broadcast tower was .

195 m (640 ft)  tall with a 2 m’ radlus. The. niné power line

towers were 50,9 m tall with a 3. Sl m wire radius, “and - the

3,,skyw1re radius was 0. 71 m,. Flg.,2 4 shows. that at 740 ‘kHz, the -
. " phase - of ‘the, RF current - most - skyw;res ‘is. strongly a

,~:Concordla;Un;verSLtyxEMC,Lab.wAfffjflfflﬁi_‘l ‘:Dateu:-sl/OS/lEr
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“travelllng wave,- and-_so 'the loops are below resonance.”‘The.;i g
.. current .on- the “towers .on . both ‘the front .and - rear 'line _is .= .-
“Qgstrongest near the, broadoest antenna.: Also, ‘the front llne does' . .
. not. “sh1eld" theé. - rear- lvne thls frequency, -because the -
.. currents. on. both ‘lines ' have bout the’ 'same" magnltude., The
~ current on gthe dogleq, - towers # 12, 10- and 8 of the- ‘rear Tine, -
"is strong ‘and is' not'seen to decrease with distance “from - the ..
broadcast - antenna.  Note that: the: behav1our of . ‘the: current on:
- . the .skywires: dlrectly opp051te the antenna drfferent “from - -
. -elsewhere. The - current.- has a--zero value at a. point on: ‘this .
.. skywire, between: tower numbers 2 and 1 on  the “front - line --and -
. tower: numbers 2.and 1. on the rear 11ne.gﬁi-”“ L PO

Flg. 2.5 shows: the current at- 860 kHz. Note the change of
- vertical scale, 1nd1cat1ng that ~the .currents -are about  four '
times .as  strong - as. at 740 kHz. At thlS frequency, ‘the" largerf'f_”,;:
. - toyer spacings are: expected to be -strong - "two-wavelength“‘x R
Li~resonance.=; “Indeed, ‘the’ phase the skywires: ‘between: towerlﬁh,g-;ﬁ
. ~numbers 4 'and 2, l:and 3, 3 and. b, and 5 and 7 .on the" front line 7
©. -has ‘a strong constant. component.; Similarly,-a- strong ‘standing .
S wave s component is- ev1dent between towers. 4 and 2, l‘and 3,.and'5 - .
. and - 7 ‘on the reariline,: There is ‘overall a gréater ‘degree of - .
,_"cOnstant phase" behaviour. than at ‘740 kHz, although the p1cturej
- 1s nowhere near as clear as 1t was for thev evenly-spaced power;?'
J:llne case. s : : S : : :

R The' current magnltudes at 860 kHz behave qulte dlfferentlygfff"'i‘
-~than at. 740 kHz. Thus  in' Fig. 2.5, .on the front. line 'the

current ~is strongest on towers 3r,5 and 7.near -the antenna, . and_ffg;-
.. .the current not1ceably ‘tapers going: from tower 1 through 2, 4y
6, and 8- to - 10, .. The towers of the ‘rear. 11ne show even more -

.'interesting_behaviour, The - currents. are for the most part
‘ .weaker :than -on- the . front llne, suggestlng that a significant .-
" degree of shleldlng 1s operative at frequencies near  resonance.
-~ Also, ‘'note .that: 901ng along the rear. line onto.the: dogleg,.from .
. tower- 2 through 4 6, 8 and 10. to 12, ~the .current —increases
. 'greatly. This. suggests that the - towers of . the ‘dogleg. which have
" --been : om1tted ‘from the model must carry strong currents,'and so
. the az1muth ‘pattern for . the _actual site . is .expected to be.
‘fsomewhat different ‘from. the" computatlons and measurements in
'reference (3), and is presented in. the next sectlon._'a ; -

v2;3{H0rnbyfmodel‘with=More?Towers:on,thefbogleg::

Fig. 2. 6 shows the a21muth pattern 860 kHz “with fouri
-additional -towers included on the dogleg, namely ‘towers 14, 16,
18 ‘and 20 'in - the plan of. Flg.,2 3. In‘'comparison: with" reference
(3) Fig. 3.38, 1t 1s seen that the azimuth pattern does  not -

change greatly._ "Fig.. 2.7 shows ‘the RF - current distribution: on
‘the model. The. tower and: skywire ‘currents on the front line are © - ..,
almost»the same as 1n Flg.»2 5, except that the max1mum Acurrent_r~~*

'fnjConcordla Unlver51ty EMC Lab f}:“;[f - 5_”~» Date,g 81/05/13
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f{jisw'reduCedfiby about lOO m1croamps.. The currents on. the towersf;r;;"””
" 'and skywires of the rear line-are  now. somewhat kstronger ‘than' -

- “before. = Also,  the- current -on - the. addltlonal ‘towers: of the -

- . dogleg  clearly. . decreases “with dlstance along . the: ‘‘dégleg,. . .
,"suggestlng that: enough towers are. now lncluded on: the dogleg.?; "
~_yReference (3) F1g. 3.32. g1ves the tower -to. tower: ' spacings Son
. this ~part.  of . the - dogleg, whlch averages about 850-ft. and 1sﬂ“5‘

. s.clearly: below two: wavelength resonance. . -This cconfirmed ~in
- Fig. 2.7 by the travelling - wave: current seen on the skyw1res:_f
'%Vc0nnect1ng these towers.,,ug~l a SN : A ’

,;2,4;Summar&hf”

The RF. current dlstrlbutlon graphs of F1g 2 4 and f2n51fare,

:_’uuseful ‘in - assessing- ‘whether. the; frequency of: the broadcast} E
' . antenna ‘is .near a resonance of the pover-line, w1thout having ' to'
.+ resort.to expensive frequency-sweep.- computatlons.? The = strength. . .

of 'the 'RF . current on the towers and skywires near. the- ‘ends -of

~ . .the power line’ relative to the strength of ‘the current near - the
_V_antenna -indicates; "whether enough towers have been 1ncluded in
. the model Also, the detalled distribution and strength of the
-+ RF current -may -be -a’ ‘good. gulde to the placement of detun1ng“
_stubs on’ the skyw1res.i.g4 . _ S L

. Concordia University EMC'Lab ~~ -~ - .. - Date': 81/05/13
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3. Prediction of N ul;lf"-"f'fi-'ll_fi;hs iby; Compitation

' Many MF radxo statlons must employ a- dxrectlonal broadcastilf”

*_antenna . in order: to. meet ca -licencing . stlpulatlon that: the
__'~rad1ated signal must- be below a:specified- level over a. spec1f1ed,l-y;ry
e, carc in order to avoid 1nterference w1th ‘another 'statlon ~which ™' .

itoperates son* _the - ‘same” frequency. - When ~a- power line -is .

'}f‘fconstructed near such a: broadcast array,‘even small ~amounts - oflg_ G
... RF energy -reradiated’ by ‘the. power line into- the "restrxcted arc" L
. can: v1olate the statxon 5. llcenclng provxslon. : o R

In thls: project, ~attentlon has thus far been dlrected to

'”;the prediction of . the" "scalloplng .of _the. crrcular ‘azimuth -

‘pattern " of an omnidlrectlonal broaGCast antenna by reradlatlon.;'
In the. case of scalloplng" ' the -broadcast engineer's ' chief"

. .concern ”is;ﬂthat the ‘level of - the RE signal- be sufflc1ent1y*~7
“-.. strong.- ~all: dlrectlons._ Thus’ deep minima . ‘in -the .

’*"omnldlrectlonal"’pattern must be avolded It-has” been found in’

S,Athls project  that it is- useful to view the towers: of the powerj‘ L
.~ ~line . as- an. "array anténna" which ‘has-a radiation pattern that in
-+ .general- con31sts ‘of :some strong “maln lobes“~plus a. great. many”

‘ "sidelobes" " The large minima in the" omnldlrectlonal antenna's

’Apattern are . caused ‘by the main lobe -of.- the. pattern of. the array»_jjf»ff
of - power' line towers, and S0 the predlctlon of - "scalloplng is- -

- ‘essentially the predlctlon of  the magn1tude» and phase -of . the .
ncpower 11ne tower - array s maxn lobe._ig_f;, Co e : ‘

‘The _case of "ngll- fllllng <1s dlfferent Here, the "malnb“f

'j»;lobe" of. the: power ‘line tower. array will: genera1ly not - fall.
-the . direction . of the broadcdst array pattern's m1n1mum,junless

“the geometry happens to be  most -unfavourable. Otherw1se,j it

" will - be the ' sidelobes- of the power ‘line-:tower array's pattern_r»h

'jwhlch c01nclde with ' the direction '.of ‘the. broadcast antenna -
pattern's. minimum. and wh1ch are’ respon31ble for reradlatlon in

*h?that dlrectlon. ‘Thus the prediction -of “"null-filling" ' theﬂ““;h*!
.problem of predicting the - s1delobes or: Wflne_deta;lsﬂpof the -

fftower array s radlatlon pattern.,

.~ The - measurement portlon of " thls project has proulded‘ sameif?*-

'"resultsr by- whlch ‘the success” of the’ computatlon Of~ null £filling

.. can be assessed. Interim Report '#- 1(4) . uses. the . two-element B
“antenna . of Flg.‘3 1-to generate a- flgure of elght pattern with

~ the maxima oriented "broadside"  at.. 0  and.: 180 degrees. - The

- measured - minima are - 38 d8 down from the main "lobes, ‘A power~c~'

~line of flve towers is then 1ntroduced ~into the array's main ’

lobe " -180 degrees, and - the. - pattern ‘is measured w1th andh N

“w1thout the skyw1re connectlng the towers.
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- ,'_,‘_37;.‘;1; Results. o f N uii;_r.‘i’{ii ii,rig "c;om‘pqga tlons o

C Flg. 3 2 compares the computed and ‘the' measured aZ1muth S
j;,patterns for * -the: two - element array ~with: no. power. llne, and .
p'g*demonstrates ‘that 'an accurate. pattern is computed for the. array..
- The p051t10n of the" flve tower power llne relative .to. ‘the array: ST
. eotis’ ishown ©. “Fig. 3.3. . The. ~dimensions. are those: used 1n the.f@t""“
'“~Qcomputat10n.~ ‘At 1000 kHz,-the “loop gize" " 1s (2x300)+(4x50 6) o
© '803,3' m,. which is 2.67 wavelengths.pq ‘This . -well - above thep_
- - frequency at’ ‘which "two. ‘wavelength”. resonance would be expected
'Thus the power llne 1s e sentlally non-resonant.- ; S

o Flgs. 3 4 and 3 5 compare the results of the computatlon S
- -with-the- measured pattern for the: cases’ of "towers .only" -and - .. .-
. "towers  plus’ skyw1res“ respectlvely.. The: towers. were modelled =

- .as 1n reference (3) by u51ng the "single wire toyer model" -with

- the ‘tower  radius . of " 3.51 m and the skyw1re radius of "0, 71 m. -
" The - towers were ‘taken to -be 50.6 m- tall.  With no. skywlre, the 5
. element "tower array“ reradlates strOngly into . the -minima-of" the'¢:=
“-_dlrectlonal array. ‘The computed: pattern is not. 1dent1cal to the

. -measured. one, . but.it is seen that: the. structure of the. minima is o
~the same for:both- the meaSured .and- ‘the computed patterns. N Thus_ .
-~three .lobes . are- seen -both- patterns ‘in™-the: m1n1mum at - 0
270 degrees._ Also,_the level of ¢ ‘the. computatlon accuratelY~3fﬂ*’¥
-"predlcts" the level of the measured pattern in the. m1n1mum.,;- B

For the case of towers 1nterconnected by SkYeres, F1g,'3 5

’~.shows that the reradlatlon “effect: is  not »strong.» The .
. measured: pattern is quite’ assymetrlc.é mhe agreement ‘in- Flg. 3. 5
' must thus be con51dered acceptable.;-‘“ : R R L

3.2 Conclusions

§ Further 1nvestlgat10n of the problem of ‘the predlctlon ofof‘»
null-filling by computation must ‘await the avallablllty of more ,
 ‘measured. patterns.A It: would be of part1cular interest to have a

‘knowledge of the frequency dependence of the . reradiated field at -

frequencles near. the operatlng frequency of the d1rectlonali B
.array.:_- : : o o . SR : o
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L :By -breaking - the" electrlcal connectlon between the top ofsiyg”g -
r,g,ﬁthe tower:.and the. skywlre,; “the tower 1sl_"1solated" and - two -
., .adjacent. resonant . two-wavelength loops- are’ broken. ' Interim -. .=
».;‘“Report #.4(5)" showed for the: stralght,.evenly~spaced pover . llne“pﬁff“r
~1;5that 1solat1ng 9. -of the 13 towers resultedin. a’ 1arge reductlon~y~3}g‘f
"in the- degree of - scalloplng "of " the” omnldlrectlonal pattern.. .

. Interim -Report # '5(6). showed ‘that.a- s1m11ar reductlon can. be - = .

" .achieved for:the pattern . of the full Hornby site- “model. . This "

. . secdtion: investigates.: ‘the utlllty of ‘the-  computer model 1n*!
‘.predlctlng the patterns w1th some towers 1solated N

T : 4- lf' S 1mp1e MOdel "

The s1mplest poss1b1e model of the 1solated tower i}that-?

-of - Fig. 4.1 and is-obtained-from the. “51ngle w1re tower mocel"‘_‘*

- of ‘the power line in reference. (3)  Fig. 4.3, by dlsconnectlng*;u
. the tower w1re’»from the skyw1re and. separating-the top of the el
',tower wire: from the. skyw1re center: by -a. Mgap" which is at. least '

large as: the. skyw1re radius, - The. tower can never be. fully3

ﬂ."open-crrcu1ted“ from the skywire; in-: the Sense -that there N
. . capacitive ?coupllng between the: tower and. skywrre wh1ch cannot1v :
“+ . be.suppressed.. In: ‘this- ‘model, the amount. of capac1t1ve coupllng'jjjeu,f
. .-.can be controlled by~ adjustlng the srze of the gap between the: -
“Tt}tower top and the . skywlre._-; P N S

The strarght, evenly spaced power llne shown in: Flg. 5 1!f

was used to. s tudy the- effect of" 1solat1ng towers. . A model ‘with,
13 towers was used, with the tower wire radius chosen as 3.51.m, o
. and - ‘the .skywire radius as - 0.71 m. . ‘This power ‘line is’ strongly =
~_resonantat 860 kHzZ- and so is sultable for ‘studying “"detuning" . .
© measures, - The required. gap ‘size ‘in ‘Fig. 4.1 was ~chosen -~
. '1emp1r1cally by computlng the azimuth pattern for: three different . T
.. 'gap.'sizesy,’ ‘namely" ‘equal- to ‘the- skyw1re radlus, twice that radlus;“ N
- and four times that radlus.; The computatlon was’ done ‘to- matchpﬂ‘_“
r o Fig. 12 oin reference (5)-which uses - a ‘13 tower: power llne with . -°
Lo towers ¥ 1‘,5 9 and 13 connected to the: skyw1re ‘and"‘@all others '

Yflsolated - The -“best"~s1ngle w1re tower model of - reference - (3):ij
-- was. used, :with 50.6 m tall: towers _of‘ radlus: 3. Sl ‘m, and. a - -
. .skywire of ‘radius’ 0,71 m. - Flg compares the measured”

pattern’ to ‘that computed with a gap s1ze of “four = times  ‘the -
~ skywire. :radlus. The two. patterns are 51m11ar and dlffer malnly R
- near. zero- and 180 degrees.‘ - : U

Flgs. 4, 3(a) and (b) show the RF currents on the towers and

‘skywires-of the power llne.} The ‘current on the top - _segment . of -

. "each, isolated tower .is only half the value of  the current on the
‘bottom  segment. . Note: that this is-not:so for towers 1,5,9.and. -
313 wh1ch are connectec to thei_skywlre. . The three’~"center""'

'a'Concordla Unlver51ty EMC Lab "; h'ﬂ.:]}f: f “Q‘Date-:.81/05/13,.7w
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“*gtowerS' are’ 1solated but carry the largest currentsy and in fawa- -
~ fcarry twice as much ‘current - as: the adjacent connected towers.rg7fL:7
- ‘the phase behav1our,1 it .is. seen ‘that the- towers can be.
_(Vgrouped ‘into- flve “"center" - towers - with . -phase - “of “about
100 degreés, and two.. ‘groups ~of ’ "outer" towers w1th -phase: - ...
.o averaging -about 40 degrees.. The grouplng is also evident': from: ... 7
. the : skywire. phase behaviour. - It s- seen ‘that the Mouter™
‘ gskywlres connectlng ‘towers: .1 -to. 5, and tﬁwers‘ZQ‘V 13 carry .
. primarily travelllng wave currents.»\ ‘However. the - "center" . .
ﬁskyw1res connectlng towers 5 to-9. carry strong standlng waves.. -

42 Ffééuéjxifcy' D.éipéihdencg R

L anme 1n1t1al 1nvest1gatlon of the frequency dependence of the =
"detuning- achleved by "1solat1ng".'towers ‘was - carried out by

isolating. only towers | # 3 and: .7° - on a . nine tower,. stralght,jf
evenly-spaced power llne. The a21muth pattern was rthen’ computed}
and the max-to-min ratio" determlned over: a. range. of frequencies, .

. .and the results are shown in Flg.»4 4, It is seen that at some‘f‘“;
;'frequen01es, Such as 810 kHz, the: power llne has“been - (2tuned - -
c_effectlvely ‘but at.others, .- such 750 andeSlO kHz,  the.

© max-to-min-ratio is worse.. T _ L

4.3 Conclusion

The agreement between the measured and" computed patterns 1nr

. Fig. 4.2 needs to be improved for. . the computer model  of the
. isolated tower to be-considered satlsfactory. An. 1mproved modelj
' ~could then be used to 1nvestlgate the problem of  which: towers to- -

1solate to detune a given power line. conflguratlon._ In. view of

'.Flg.,4 4 1solat1ng - some: . towers  -without systemat1ci1n,

understandlng of ‘the effect on ‘resonant: frequency can make’ the -

. scalloping of the pattern worse than it~ was with~ all towerSg*i
"connected to. the skywlre. S R : Sl T :
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{:55 Frequency Dependence From 200 To llOO kHz

_— Thls- chapter examlnes the> resonant behav1our of ther.;.
:f_'evenly-spaced power: llne over a wide frequency ‘range’. us1ng the - =~
RIS s1ngle ‘wire™ tower model.v ‘A power line: of the. d1mens1ons shown;-
}4}:1n ‘Fig. 5.1 used, and  is. exc1ted by an: omnldlrect1onal o
--. antennaof- he1ght 195 m . (640 ft)._ -The broadcast - tower:: ~radius .
was - 2. m,vthe power - llne tower- rad1us was 3.51m and ‘the skyw1re‘,”
- radius was 0.7l m.- The. stablllty ‘of the -numerical _solution of . .
. the” Pockllngton Integral. Equatlon(l) by the NEC: computer code is
- examined 'and  ‘the solution ~'is " found" degradev 1n ‘the one
';,lwavelength resonance .region,: -and. thls dlfficulty ~ d1scussed~jfvf
" before the- frequency ‘dependence. of - the reradiation. effect on the .
. azimuth pattern ,presented ~A useful ‘parameter- called the .=
- "1ntegrated current“' 1s deflned ~'as -an ~a1ternat1ve “to. "the. |
VZ‘max~to—m1n -ratio for “the" study of. the resonances of:. the power .
. -line. Polar: plots ‘of the azimuth: pattern in both ‘the one  and .. -
. 'two . wavelength " resonance. regions ' are . presented ~and .the. =~ .
.*,dlstr1but1on of RF current correspond1ng to each resonant mode’, _
Cis d1scussed S S U : SR S

f;;:S 1 Convergence of the Solut1on

v The currents flow1ng over the w1res of the power l1ne,j ‘
- are: determlned by - an. approximate’ :solution. Of POckllngton s
~Integral - Equatlon(l),f which expresses 'the: boundary cond1t10n>"_
‘that . the total -axial field along each of the wires must be- zero.a-‘v«
This’ 1ntegral equatlon is reduced ‘a2’ -matrix- equatlon by,
“jd1v1d1ng each wire into "segments", and the RF current amplitude .

and: ‘phase " .on -‘each: _segment becomes -one unknown in the matrix

",;equatlon that 'is obtalned The ‘number of- segments to .be ‘used: on;_ffc
a g1ven w1re is determlned by “rules of thumb": wh1ch state -
v'jthat
‘ ;) segmentS- should be shorter than one’ tenth of a wavelength

- and-a. length of one—twentleth usually shorts"
enough. ;

ff11) segments shoulu not be so. short that the ratlo of the length;gffV*

of the. segment to ltS dlameter is- less than ten:
‘and ‘

’v,111) segments ‘on two ‘wlres that form ga~ junctlon ;should be

‘comparable in-length.

A good ‘"econfidence . check" .0f  the .solution can: -be made bym;
~ obtaining-a solution witha number of ‘segments" chosen_ -according .
" to these rules, _then  doubling  ‘the number :'of segments,~and~
. obtaining a second ~solution.- ’Th1s “tests. ‘the "mathematical
. property of .“convergence“' being that the solutlon should tend
- to become constant ‘and’ lndependent of the number of segments as
. the number. of segments  is " increased.  Thus 1f doubling the
‘\.number of segments. results ‘in little- change in thE"SOlLthH/

then: greater confidence can be placed in- the result. - However,
if a large change resultsy then the 'solution  must - ‘be’ -treated»

- with healthy skeptlcism, although not rejected entlrely.
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S ‘A s1mple assessment of. the "convergence of the numerlcalg o
Vﬁ;solutlon can. be made by graphing a ‘convenient parameter: of - the
~-solution- agalnst ‘the. number of: segments.u Tbus ‘Fig.: 5.2 shows*_ )

- the max-to—mln ratlo of the a21muth pattern.as a’ functlon of the .

Q{wnumber of: segments at five frequenc1es, for a power’ ‘Iine having ' -

- five ‘ towers..:  The 1deal result.would be a, horrzontal llne at .

.~ high numbers of segments, and ‘is obtalned nearly enough ~ 3J03 o
-~ “and’ l260 kHz.” At 450. and 840 kHz, the "solution .changes" by about_[f’
~[‘f1ve percent for- each increase of 100" segments, and: these cases.

« are . typical of. ‘the behaviour that must:be con31dered acceptable.: :
-,_However at-the one- wavelength resonant frequency ‘of 420 kHz" the%fzgm.b

max-to-min ratio changes rapldly ‘with the number ‘of segments._!A Lo

further .increase beyond -300: segments violates rule (ii)- glvengff
- above.. . The reason “for the d1ff1culty w1th “convergence is.
passoclated ‘with a.-mathematical . llmltatlon “of Pockllngton s'“

.+ .Equation, - ‘For the present purposes, ‘the .convergerice study - "
' Fig. 5. 2 points: out 'that - the “precise . values ‘of RF: current,'“:
~ azimuth radiated: fiéld and max- to-mln ratio must be treated ‘with <

.cautlon near the one’ wavelength resonant’ frequency of 420 ‘kHz,"

‘but the solution is. satlsfactory at’ nearbj frequencles such as"':“

| 5360 and 450 kHz..

~F1g. 5. 3 shows the changes in the a21muth pattern that are‘y

- encountered. - as‘ . the- ~number of" .segments .- 1ncreases‘ at. the~ -
. troublesome frequency of . 420" kHz.»i The .. change . seen: w1th -an -
- increase from.50 .to 100" total segments is ‘quite: substantlal, but””;
" the- changes ‘that come about " by increasing the number of. segments,"
“from 100 to 200 -to 300 are not. large and. mainly- consist’ of “the "
,,~deepen1ng - of | the -minimum- at: 180 degrees : a21muth The_;v
»qualltatlve nature of the patterns remalns ‘the: same.j . '

Thus the assessment of - convergence prov1des a "confldence,f

~check" .in’ ‘the solution, The poor convergence - at 420 kHz' .
indicative of a“ l1m1tation-:in_*the»,method in“the region of.m

420 kHz, but - does 'notewmean:_that . the solutlon "is' useless.

-Instead, " the. precise - numerical results .must. be. 1nterpretedf-

cautiously but. the qualitative effect -of. the.-presence of
resonance. 1is 1ndlsputable and .so a cons1derably perturbed

gAAradlatlon pattern is expected

. 5 2 Ver1f1catlon Agalnst Measured Results

Flg. 5, 4 compares the computed a21muth patterns- w1th the

,,measurements of Lavrench. and Dunn(7) at 515 and 860 kHz. .The

. power 'line has thirteen towers for both the’ measurements ‘and the - -
~'.computatlons.r An antenna height of 195 m (640 ft) has been used e

‘ for the: calculatlons at both frequencles. ~ o

o At 515 kHz ‘as’ shown_ln' Flg s, 4(a), _the. -main dlfference’~}.v:
.~ between . the ‘measured and. the computed a21muth pattern ‘is the =
'-fdepth of - the m1n1ma, which ‘are much deeper in- the “measurement., -

‘The - frequency of the measurement for Flg..S 4 was chosen to g1ve'f"
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_.»fthe largest max-to-m1n ratlo, and”so tHe measurement model-is . at ..

. resonance. . As > shown below -the computer model w1th ‘nine -towers - 1
- has a resonance peak at about 520 kHz, and: somewhat —~abover - i
.»fresonance‘ 530 kHz, . It would be of 1nterest to: compare the:
‘,._frequency dependence of the measured. patterns w1th the " ‘computed-
" ‘results 'in: the one wavelength resonance . reglon., F1g. 5.4(b) -
.~ ~shows.-the comparlson of  the measured -and. computed- :patterns - at. . .
. ‘the: two' wavelength. resonant frequency of 860 kHz.‘ The agreement‘ffi
EERE X5 satlsfactory. S - _ , \ A '

15 3. Frequency Dependence For a Flve Tower Power L1ne
_ 5 3 1 Max-to-Mln Ratlo '

Flg.\S 5 shows the max-to m1n ratlo of the a21muth patterni'f
from 200 to. llOO kHz. There are. two-distinct resonance regions,
;';extendlng £rom. 390 ‘to- 510 kHz for "one wavelength. resonance" and = -

790 to 990 kHz -for “two wavelength resonance“ where ‘these llmlts._i:;'~:
have. been . chosen. for ‘a- max-to-min ratio of 3 :dB. mheseh’ﬁj:”~-
‘resonance regions- ‘are: separated by extensive frequency bands in”

which .the power llne is non-resonant and the a21muth pattern is.

.fnearly c1rcular.

“The . one-wavelength ‘resonance band is characterlzed by twoi o

closely spaced peaks atabout-'420 -kHz: and. an. _‘isolated . peak

- .480 ‘kHz.  The resonance mode of- the pair -of peaks: will- be termed_:~i7f5:
~"one: wavelength loop resonance". ' The RF current. dlstrlbutlonsﬁ:

are- d1scussed in Sect 5.5 below., It was. 1nd1cated above‘ that

 the numerlcal solutlon converges poorly in this frequency range, . -
‘and - the "max-=to-min “ratio ‘computed with " ‘total of 300 -
segments is ‘also shown. It is qualltatlvely the same, .and showsf.»,
sharper peaks at slightly- lower frequencies. The isolated .peak- .
at 480 kHz  has an RF current distribution which will. be termed .
A"two wavelength double-loop" resonance, and is dlscussed furtherJ o
in Sect. 5 5 ; : : - oL :

The two’ wavelength resonance reglon is characterxzed by ‘a

_broad ' peak. 840 kHz for the‘ five tower -power-line,: and‘a-,“‘

gradual "roll-off" of the max=to~min ratio: above this frequency.

- The RF current mode of the peak at- 840 kHzf is "two wavelength:
“loop resonance", and a second résonance’ mode at 940 kHz. ex1sts,;g" ,
which has an RF current mode called "four' wavelength double—loop‘f--

resonance" and 1s d1scussed further below.'

Above 1000 kHz - the-vpattern is nearly ‘circular.T‘ Atg:
frequencles above l2QO‘kHz, the monopole antenna“ 1llum1nat1ng
‘the ~ power -line becomes.- taller - than three-quarters .. of a

" wavelength: and radlates poorly in the a21muth plane, and so the
~azimuth pattern becomes- domlnated by the weak reradiated fleldS'_
and ‘the max-to-min ratio of ‘this low level pattern .is large, It

~of "little ‘interest ‘to study the® a21muth pattern resultlng -

jfrom such a tall broadcast antenna.;_{r,

'~Concordia1UniversityﬁEMC’Lab‘J;‘-fody»fy;ij-.f“Date:{HBl/05713;_
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' The ‘use of a parameter dlrectly related to- RFj»currenthtogT

'reveal the resonances is dealt w1th next.

ﬂ5 3. 2 The Integrated Current

" A parameter dlrectly based on RF. current wh1ch is. su1table=-'

- for assessing the effect: of reradiation on’ ‘the azimuth - pattern’

- can be defined by noting that the’ ‘'strength-of the azimuth field.

- radiated by a vertical wire  of dlength "L" - carrylng ‘complexe'
current I(z) s proportlonal to the integral 1 A

Iw = ;‘jlx_<g>‘: az

~which will be termed the "integrated current" for the wire. By

comparing the .integrated current due to a tower to that ' due. to.
the broadcast" antenna, the posslble effect of the tower current.

“on the azimuth pattern. ‘can ‘be ‘assessed., Thus- if the: tower's
"integrated. ‘current is- 0.2 of that. flowing on the broadcast
_antenna,;then at an azimuth angle ‘where both fields. arrive in

phase, the 'net .field would be 1.2 times that of the broadcast
antenna alone, . and if the fields arrive in phase opp051tlon, ‘the
net field would be 0.8 of ‘the ‘antenna's. Thus the worst- case

max-to-min. .ratio :for - the: pattern of - the antenna’ plus ‘the one

tower would. be 20 log( l 2/0.8°) .= 3.5 daB. Evidently the _ratio

of the :1ntegrated current on-a: tower .to- the 1ntegrated current‘,

'on the antenna, or '"1ntegrated current ratio", is a - useful

parameter for asses51ng the poss1ble effect of reradlatlont

Flg. 5.6 compares the "base current »on' the broadcastr
monopole to the - integrated current. With the ~.one 'volt .
excitation used, the base current is equal to the admlttance of

~the broadcast antenna in. the presence -of the five . tower power

line. ' As expected the . broadcast monopole has a resonance at

' about 350 kHz where it is. about one-quarter wavelength high, and
~at 1100 kHz ‘where it is ‘about three-quarters of a wavelength in
_helght. The integrated. current has  similar- peaks : but. the-

maximum at 1100 kHz is much smaller because much of the power is
radiated into- ‘the elevation: ‘plane . at this frequency. The
integrated current-“reflects only’ the fields radiated into the:

‘_a21muth plane.

Fig. 5.7 shows ‘the resonances of the f1ve tower . power line

in terms- of the.integrated current ratio, -The ratio is of the .

integrated current on the center tower to that on the broadcast
antenna. The two resonance reglons seen in the max-to-min ratio
graph of Fig. 5.5 .are -also. present in the integrated current -
ratio, although their structure is somewhat different. In. the
‘one-wavelength region the: convergénce.of the numerical solution
is worrisome for. the_1ntegrated currents. as it -was for . the
max—to-min ratio, which «1s, of:course, derlved from the same’
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- currents, Thus the - flgure compares the solutlons w1th 100' and .
- 300 " segments -on the 'power’ 1line. .~ Only one peak 'is seen in: .
. Fig., 5.7 at 420 kHz for: "one: wavelength loop. resonance". - The -
. peak. at 480 kHz correspond1ng to "two wavelength double-loopvﬁ
_resonance is- present., The two. wavelength resonance ~ region . is
'characterized by two equal ‘peaks.. corresponding. to "two -

wavelength- loop resonance" -850 kHz, ‘and_ “four wavelength_'

. double-loop- resonance“ t 950 kHz.

The next two sectlons report on the az1muth pattern and the"

' RF'current dlstrlbutlon throughout th1s frequency range.

5.4 Azrmuth Pattern as a Functlon of Frequency o

'Below  the start of the one wavelength resonance reg1on at

“«1380 kuz,. the az1muth pattern .is almost -circular. . Figy 5.8 shows
:  the changes in the azimuth pattern throughout .the one: wavelength’ﬂ
. resonance’ ‘region. At 400 kHz, .there.-is" a: ~minimum  at  zero
- degrees az1muth, and a- maximum at 180 degrees.f_mhese qulckly’ A
. change to a peak at zero degrees and a minimum at- 180 .degrees,-
" at 420 kHz. . ‘Above 420 -kHz, the lobe at zero degrees azimuth

grows relative to the remalnder of the pattern, becomlng ‘quite

. pronounced ...at 480 kHz. At 500 kHz the patternis returnlng to
lc1rcular,‘and becomes h1ghly ¥-1e) at higher frequenc1es unt1l the
'two-wavelength resonance: reglon is’ encountered o T ’

Flg. 5.9 showS' the pattern throughout the tWo wavelength'

:>g.resonance region.  The pattern is  characterized by: maxima - at -

about 50 and 150 degrees and m1n1ma at about’ 30 and ‘130 degrees.

" These . features . increase in 1ntens1ty up to 840  kHz then
ygradually smooth out with increasing- frequency.- At_lOOO kHz the
pattern is a.circle with ripples. of 'small "amplitude due. to

reradiation. .- The patterns become 1ncreas1ngly c1rcular up to
1100 kHz. ' S

.'5 5 RF Current Dlstrlbutlon and Resonance Modes

" This sectlon dlsplays ‘the: RE current d1str1butlon on the

towers’ and . skywires in the format of F1g.«5 10. at 200 ‘kHz. At

the left the magnitude- .and. phase of” the current at. two points on
each of the five towers is given. Thus for each tower the 1left
point 'is located at a distance. of ‘one-quarter ‘the tower height:

“or 12.6 m above the tower base, andv the right . hand point at.

37.9 m .abové the base. In Fig, 5.10, the center tower. carries
the strongest current, which is about twice as strong as the
current on  the ‘end towers.. Note the current scale of

40 microamps. The three center tower currents are at a phase of

minus nlnety degrees relative’ “to. 'the . one .volt, .zero phase -
excitation of . the broadcast antenna. The end towers aré at a
phase of -about minus forty-flve degrees. The right hand portion
of the. flgure shows the current the - four skywires .
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\1nterconnect1ng the towers.~ The - current has a strong travelllng o
. .wave’ component " exhibited. by the phase behav1our, which varies - -
f‘;roughly ‘linearly .with" distance" -~ along -the skywires. - This L

:“travelllng ‘wave" behav1our is: character1st1c of non—resonant .

,skywlre currents.'.-~'\ : A - : = o

F1g.'5 11 shows the:- RF current d1str1butlon that ex1sts on]

”the ‘towers . and. skyw1res at "one wavelength ‘loop resonance" ‘at’

420 kHz. " The tower currents are all in- - phase, .and the ' three
center towers carry: currents tw1ce as strong ‘as the end towers.

- “The skywlre ~currents - are pure : stanclng -waves, - have

constant-phase w1th dlstance, -and  'exhibit -.zero.current: at the

.skywire - centers - with - correspondlng 'sharp 180 degree " phase
reversals. The RF current d1str1butlon for "one wavelength loop»_}fa

resonance" can be v1suallzed as in- Flg. 5 12

o F1g._5 13 shows the .RF current dlstrlbutlon at 460 kHz, in

- the trough. between one. wavelength loop - resonance- and - the S two . v
-~wavelength - double—loop resonance ‘mode discussed. below.‘ -The
“center loops are. not. .resonant' but - the: " two end__loops carry .. .

typlcally resonant current d1str1butlons.

Fig. 5, 14 .shows ‘the - current d1str1butlon at 480 kHz and1-'
~;1llustrates Mtwo wavelength double-loop - resonance". Here the

resonant . path. consists. of a tower,. the skywire: to the ‘'second

~ .tower, that  tower:-and a. return path in.ground. Thls path spanS".s
. two -loops. and is of 1ength ( 2x50.9 + :2x274 ) x2 1300 ‘m-and is - =
two wavelengths long “at 462 kHz, which is: reasonably ‘near the. .. -
480 kHz value evident in the . computed- }results.g? The . current
.distribution 1is similar. to the familiar . RF current for two
- wavelength loop resonance, ‘except - spread across two skyw1res - of
“the power ~ line, ‘and is sketched in TFig. 5. 15, 'In- this.
- double-loop mode a minimum in the . current is expected at about -
‘40 percent of ' the tower soac1ng from one: tower,'then again at -

about 60 percent. of the spacing on the next skywire, and is
clearly seen in Fig.:5.14. The important'difference between the
modes of Fig. 5.11~ and 5.14 is that in the former the current

- has a m1n1mum at the skyw1re center, while in the latter - the;b
‘minima are shifted- from the center._ ’ : ' -

‘F;g.gS.lG_‘1shows.«_the‘ RF - current distribution at = the
non-resonance  frequency - of = 700 kHz, The magnitude of ‘the

_ current’ is_much.smaller than in Flg. 5.14, ‘because the scale is

changed from 5000 microamps.  to. 200. microamps. Note thel’

‘linear- phase w1th-dlstance behav1our.

' Flg. 5.l7 _ shows,, the RF ' current» distribution - of

- "two-wavelength loop resonance" at 840 KHz. Here the path of a

‘tower, the skyw1re to the next tower, that tower, and the: return
path in'ground is two. wavelengths: long., Adjacent tower currents
differ in phase by 180 degrees, .and the skywlre current: exhibits -

- constant phase with distance behav1our,» and - abrupt phase

reversals at m1n1ma in the. current "The. skywlre current has ' a
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~max1mum at the skywrre center, and sharp minima: near each tower. h
- The RF current d1str1but10n for th1s mode can’ be v1suallzed -as .
©in Flg. 5. 18 : S . : . -

. F1g. 5. 19 shows the computed RF current dlstrlbutlon “for -
:-"four wavelength double—loop resonance” ‘Here a two-loop.path -
- - is, about-:four. wavelengths long and the current ‘distribution can . .
. be yldeallzed as in. Fig, 5%20.,: Thusthree peaks -and’ four minima . - .
.are expected - across two skywzres.‘- Also, the minima @ are
A-unsymmetric,;with~jrespect' to the center of a skywire, but are .
. symmetric about the center = tower ~of  the - double loop. - This . .-
 behaviour is evident in Fig. 5.19. . S

.Flg,'S.él shows the RF current at the _top‘end of the

'frequencyi bandveunder_;study;-‘at";llOQ kHz. 'The‘:currenty_is~_p

typically(noneresonantfvo~

5.6 Resonance Chart

' The frequenc1es at- whlch “loop resonance“ and “double loop
. resonance" are expected . to . be . present. can ‘be estlmated by
;. ..setting -the-,totalp_path:flength"equal to ~multiples " of the
- wavelength. . Thus if “"h" is- the. tower height ~‘and "s" ,is ‘the
" tower  spacing,’ -then . "n-wavelength loop resonance" 'is expected’
for the path 1length. around . one - .complete loop, -namely.

2 x (2h.+s') , equal  to .n times. the wavelength Slmllarly,

"for:"n wavelength,douhleﬂloop resonance", ‘the 'loop length of -a
path - .spanning two skywires, namely 2 .x ( 2h. + 2s.) , must equal'.,”

n wavelengths. For h = 50.6 m,. these estimates of Tresonant

- - frequency .are‘iplotted->in'Fig.»5 22 as a functlon of the tower
.spacing "s". . For the 274 m  tower spacing, the chart gives:
- estimates of the resonant frequéncies which are in reasonable
agreement with the frequency sweep computations .of Flgs. 5. 5 and .

5.7.

VS 7 Frequency Dependence for a Nlne Tower Power llne N

Increas1ng the number of towers from five to ‘nine,lcreates

paths for additional rescnance : modes, Fig: 5.23  shows the
" max-to-min.ratio as a function of frequency with nine towers.

'In comparison to Flg. 5.5, it is seen that an additional peak at
- about 520 kHz and .- another at 1020 kHz are present. Note that'
" the frequency step of 20 kHz in Fig. 5.23 is not fine enough

resolve two closely spaced peaks such as those of Fig. 5.5.

5. 8 Summary

This chapter ‘has’ investigated ‘the resonantQQOdesfof‘the=
"evenly spaced power line with five towers, and identified: a

- :one—wavelength and -a two-wavelength . resonance region.‘ Each
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reglon exh1b1ts two 1mportant resonant modes,rone of whlch is a . .-

simple . loop resonance and the other a resonance’ ‘mode across two

" ..loops. The azimuth patterns in each resonance. region hnve been'?ﬁ

_ presented and the RF current distribution’has been exhibited" for

. - each mode.,L With more- towers, ‘additional” resonance: modes are: - -
'.,p0551ble and the spectrum exh1b1ts addltlonal max1ma.-

It should be emphaslzed that th1s study has ‘1nvolved one

- very specific. ex01tat10n, ‘and that the results would differ if

another excitation .were 'used. . .It expected .. that - ‘the
frequencies .of resonance of- the power l1ne .are, 1ndependent of

- the excitation, and that the resonant modes described could be
- .excited .with .other broadcast antenna conflguratlons.~ HoWeVer,_-
there may. be other resonance modes at - other frequencies ' which -
are weakly excited in the present study, but which could be much:
”»1~more strongly ex01ted by other broadcast antenna conflguratlons.;V,
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*"s6;:betuning;Power,Dine{Resonances'yith_Stubs”fT

It has . been' demonstrated by d1rect measurement

vj;reference (8) using: the:200 scale- factor model . of the~ evenly -
- spaced - power . line that by adding the. "stub detuner “shown in.. . -
- Fig, 6.1 to: each skyw1re “the - azimuth “pattern becomes:. ‘nearly '
 circular and’ 'so the- resonance of ‘the power -line is effectively

suppressed Such a detuner was described by~ Sawada and. Nakamura

“in reference (9). This chapter establishes the ,val1d1ty of ,
. computer: model of the stub detuner . by. comparlson w1th .
measurements, and. then . 1nvestlgates the design of stub’ detuners.
~ for - both. the one and the two wavelength loop resonance modes. -
The. frequency dependence of the line“with each detuner in .place
is examined over 'a wide band to.show: that the detuners shift the
resonant frequencies. - 'In’ concluslon, the elevatlon patterns are.
- examined. to demonstrate that the. detuners do not rad1ate at high

angles.

| s,lfvaiidity“of the Detuner Model
‘6.1;173ehaviour with nofbetuninngtubs'

. The  validity of the "single’ w1re” ‘tower - computer model for-
the_.repreSentationu“of? the 200-scale - factor = towers without:
detuners is demonstrated  in this sectlon.. Flg. 6.1 shows the"
geometry of the three tower model, which was: used _without . the
- detuning - 'stubs for the results of this- 'section. The dimensions.

‘were- (full. scale) : tower height 50.6 m(166 ft) ; - tower

separation =~ 274.3 m(900'ft) ; '_d1stance .. to " antenna

~448.1 m(1470 ft) ;3 tower T"equivalent :radius" 3.5l m ; and
: skywire.~“equivalent ~radius" 0.7l m ., .At 860 kHz, the computed
-azimuth pattern is that shown in Fig. 6.2 as ~crosses,.  The
measured pattern, which is shown as a solid line, is taken from

reference (8) Fig. 13 and was measured at a -scaled ‘frequency of
172 MHZ. The patterns are in- good agreement ‘although the sllght

shift in the.. depth of the minima and the angles of the maxima
and ‘minima suggests  that - a  -small : 'discrepancy exists either. -
. between the frequency of the computatlon and" the measurement, or.
‘in the model dlmen51ons between the two cases.

In reference (10), Lavrench reported the a21muth patternv"
‘measured in the frequency range of two wavelength loop resonance
‘and the max-to-min ratio of  these patterns is* plotted in
Fig. 6.3, It is seen that the power line is resonant at about .

860 - kHz.gi The max-to-min ratio  was computed at . the same

. frequencies, - and is also plotted ‘in Fig. 6.3. The agreement is -
:‘cons1dered satisfactory. The width of the two resonance curves:
is comparable,a which 1is' notable because, previous - omputedi
resonance curves have been too narrow. Also,  note that with:
' only three towers the a21muth pattern 1s ”scalloped" much less
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E than w1th th1rteen towers, and.indeed:the scallop1ng ‘of lessv

than ‘1 dB. at CBL's frequency iof 740 kHz hardly requlres
"detunlng“ at all. ' : : e .

_For.later:reference, the RF currents flow1ng on the' three o

lt0wers; w1thout ‘detuning’ stubsf 860 . kHz are. plotted .
Fig, 6.4, The currents on . the three tower model behave ‘as
- expected - ‘from previous. : work " The current ‘is:--strongest on the

center. tower. The phase changes by .180 degrees from. tower  to

'~ "tower.. The :current on"the: skyw1res ‘is-a -standing wave because_

it has constant. .phase- with position, indicating the frequency is

.near the power line's resonant frequency. The current: has  a .
_ maximum at . about .the center of the skywire,  and has'nulls.with -
,correspond1ng abrupt 180 degree phase reversals at -about. 60 m
-from each tower.,' : o L

6. l 2. Pattern w1th One Detun1ng Stub

- A measured a21muth pattern at 860 kHz us1ng one detun1ngg
stub of ‘the type shown in F1g 6.1 on:each skywire is reported in
reference (6) Fig. 17. The geometry of the experimental - model

differs ~somewhat from.  that of Fig. 6.1 in that -the stubs were

located near tower # 2 on the:. skyw1re connectlng tower # 1

-# 2, and near  tower # 3 -onh the other -skywire. Also, the stub~
Lowas "hung below the - skyw1re in.the measurement but located . at
. the :same he1ght and behind..the skywire in the calculatlon. .The ..
. measurement was repeated for stub - spacings - "d" 'varying “‘from
0.32m(12,.5- 1nches) “to 1:27 m(50- 1nches) full scale and little .

change was noted- 1n the pattern. For convenience, the  computer

model was set up as shown in Fig. 6.1, with the stub behind»and'

at the same level as the skyw1re.:f»mhe- skywire's  'equivalent
radius' of 0.71 m. ‘was used for the stub as well, and so to avoid
overlapping of the stub and the skywire, "d" had to be chosen

- greater than 1.42 m. A spacing of one-twentieth.of a wavelength

or 17.4 m at 860 kHz was chosen. The length of -the stub was one
quarter wavelength at 860 kHz, or 87,2 m. Thus the stub in thej

- computation  had: an electrical" path length (d+1) 'wh1ch is

significantly longer than that wused. in the measurement. - In
spite of'-these_'differences, the computer model reproduces the .
measured . pattern very  .closely. -’ as . shown ‘Fig. 6.5.

: ‘Unfortunately,:: “no - measured data is avallable for the frequency

dependence.

_ Fig;16.6 Shoﬁsjthefcurrents on the towers and Askyw1res 1nf
part " (a)  and on the connect1ng links and stubs-in. part (b), .
respectively. In  comparison with Fig. 6. 4, the tower .and’

skywire ' currents have. been reduced by a factor of six. The p"

skywire currents. are completely " altered- character. The

skywire can now be divided into two portlons, each carrying»a,,
ﬁtravelllng wave, The two portions-are separated by the null in
the current that occurs at about. forty percent of "the length of
the: skYW1re Erom the tower nearest . the ' stub.,. Fig. 6.7 'is  a
‘sketch of the’ pattern of the current flow on the model. The
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currents are prlmarlly travelllng waves and - flow essentlally -up-"’

tower - #-1 and along the skyw1re, decreas1ng to - zero.. in

magnitude. Then, starting agaln from zero, the travelllng .wave

. flows. along the skywire, and is- 301ned by.-an incoming wave. fromin»
" the adjacent skyw1re, and: flows | ~down . the center . .tower. The
Astructure behaves as: three top loaded monopole antennas.

6. l 3 Mechanlsm Wthh Makes Detunlng w1th Stubs Effectlve

Put slmply,'rthe stub is a: low 1mpedance element whlch is .-

K connected across . .a  high 1mpedance - point on . . the .-
- skywire-image- skywire transmission . line, ‘and so upSets ‘the
. resonance present on:that line.  The stub is effective by virtue: .

.of its being placed near a location on. thei_skyw1re where ' the

current on the un—detuned“' line" has ‘a'minimum. At such a

_a-point, the currentAmagnltude is _small;rso - the circumﬁerential
- H-field is small, . but: the current: is. changing rapldly 'so the .
- linear charge denslty is high and the radial E-field is h1gh A -

useful definition of "impedance" is the ratio of- radial E-

VClrcumferentlal H, and a current minimum is therefore a point of_g‘
“high- E,  low H.and so high: impedance. .To disturb the resonant -
.structure - conslderably, -a 'low-impedance . element . should ~ be .
"connected at. such a high- 1mpedance point. . One such p01nt"is the
_current -minimum on the skywire near each of the towers. A stub .
“of length approximately a quarter wave presents a.  suitable 1low -

- impedance’ ‘element ‘to connéct:at’ ‘this: p01nt.~ At the: open end of"

the -stuby, H. is approx1mately zero because the current: ‘Zero,

and. so - the ‘impedance  is. high. However, approx1mately one .

quarter wave away from the open end, H is -a ‘maximum, - and the

.. radial ' E field ,is;lsmall'.becaUSe.the Current“magnitude has a -
© maximum and its derivative, proportional to -the ' linear charge
-~ density, is zero. Radial E is proportional to the linear. charge

density as well, and so radial E has a minimum. Thus at about a
‘quarter wave from . the open end, the .stub presents a low

?1mpedance —~small E over large 'H. Thls low 1mpedance element is
.. connected to a hlgh-lmpedance point on- the -original structure,

namely at the current minimum, and so alters - the current

distribution and destroys the resonance. Note that the location -

of the connection point for the stub .in Fig. 6.6 . corresponds
closely " with the location of the ‘current minimum on the skywire"
in Fig. 6.4, whlch is a hlqh 1mpedance p01nt on the transmlss1on
line. ' _ : - A

- It 1s demonstrated in Sectlons 6.2.1 and 6 3.1 that the

'stub  performs best when it is. connected at the location of the
‘current ninimum on the resonant structure, and that - the : stub.

becomes much. less effective as it . is moved away from this-

.optlmum'posltlon.- Before this study is presented, a° further .

comparlson w1th the NRC measurements is glven.
6. l 4 Frequency Dependence w1th one Detunlng Stub
’~Flg,_6.8 compares the max-to-mln ratlo for the three tower,
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power line us1ng one detunlng stub ‘as. descrlbed above,{W1th that‘:,l

of Fig. 6.3 using no stub. It is seen that the power . line is

- -effectively ' detuned .over  the rangée. shown . in the~ figure, -
particularly" near: ‘the stub' : “des1gn~ frequency" ‘of- 860" ‘kHz., -
"Above. this frequency ‘the. ~max-to-min ratio- r1ses sharplj. An - -

investigation of ‘the: frequency dependence over ‘a . WIUer rangep,is'_

presented below.g

fiG 1. 5 Frequency Dependence with Two Detunlng Stubs

In. reference (10), Lavrench reports the measured qumUth
pattern-as a function of :frequency w1th two- detunlng stubs
connected to each skyw1re of the three tower;’ 200 scale faCtor
model, as shown in Fig.-6.9. The 1lengths were chosen to ' be

l'ronefquarter_ wavelength at the full scale frequencies of 740 and
-860 kHz, and were 87.38 m and 101, 09 m full scale, respectively.
‘The gap between: the - open ends of the. stubs corresponds to 0.32 m

full scale, -and that value was used in. the: calculations. ~ The

- separation  "d". ‘of ‘the stub from the skywire was maintained at .
17.4 m in the'calculation. Fig. 6,10  shows the measured and

computed max-to-min ratio of the pattern ‘as a function of
frequency. .With ‘the two :stubs :in place, - the ' frequency
dependence ‘- 'is quite flat ‘and:- no .resonance is ev1dent The
computed curve is. about three-quarters of a  dsB: 1ess “than ‘the .
measured’. curve,. - This discrepancy may be. due either to the fact

- that the stubs:in the. computer model are. somewhat longer than in

the measurement because "d" was. used. as .17.4.m, or to.the close -

Vspac1ng of - the ends of the two stubs used to compute Fig. 6.9.

The wires used for the stubs had rad11; equal- to _the ..skywire.

radius, ‘and two such 1arge ‘wires: spaced -so closely ‘couple .

capacitively. ‘A larger spacing of the open ends of the . stubs,
or a closer spacing. of the stub and the-skywire may give results

'~wh1ch agree more closely with the measured max-to—mln ratio,

S ThlS» .sectlon,‘haS‘ demonstrated Tthat the  computational |
technique can . successfully predict the azimuth pattern and’
frequency - dependence of the three tower, 200 scale factor power

"line, when it is "detuned" . with stub traps. The - following

sections -investigate the stub's effectiveness for the one and
for the two wavélength: loop ‘resonance modes, -as -‘a functlon" of -

. the. stub's length and ‘location on the skywlre.»

6. 2 Stub Detunlng for the One Wavelength Loop Resonance Mode o
6.2.1 Stub De51gn |

o Fig. 6,11 shows the detuner conflguratlon used for detunlng,
the one wavelength .loop resonance mode at 430 kHz, The tower
spacing is somewhat less . than one half wavelength, and so.. the
detuner of length equal roughly one-quarter - .wavelength
extends from hear the center. of the skywire to a point beyond -
the adjacent tower.i ‘The’ spacing of the stub, "d", was chosen as .
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-5 m, being a "safe" 'value to wuse: with- the NEC code. in

‘conjunttlon with the stub and _skywlre‘ radii’ of. 0.71 m.  The

- des1gn of “the stub then ‘consists-of choosing the total: 1ength,;gf'
. d+ b rand- the stub 9051t1on upt, to "obtain  the best-"'
'"'»performance.v” e : i . .'j .q - o .

It is’ expected th of the stub at the overall length wlll be.

-near . one-quarter wavelength aA~"de51gn frequency of. 430 kHz -
- was. chosen for this detuner;. and ‘the study was carried. out using =
a five tower power line. The initial position of. the .detuner. .
~was chosen as p = 137 m, or ‘halfway between . the towers, .
' .Fig. 6.12 shows the max-to-min ratio as a- funct1on of the stub .
“length, s . It is 'seen ‘that the stub is effective for a wide
range of" lengths from about 120 to about. 190 m, but is most
- effective -when about 175-m -long, which is one ‘quarter ‘of the
- free space .wavelength in- total path 1ength d + b-at ‘the :design. -

frequency of 430 kHz,

" Flg. 6.13 shows‘ how"the: max-to—mln ratio changes as the '

- stub is moved along the skywire from: P =95to p=172 m. - The

stub is qu1te ~effective - for all pos1tlons tried, and the

_ 'max—to -min ratio. is- always .less than one .dB,. 1nd1cat1ng that the
- - pattern is almost circular.  The best location. ~at about

120 m. . Thus neither the po51t1on nor the stub length for the

1

‘”.6 2,2 Out of Band Response

Fig. 6.14 shows the max—to-m1n ratio- of the azimuth pattern

- of the five tower power line, with a detuner- connected to each.
'skyw1re,' w1th length s = 174 m at position p = 102 m. Although

P 102 m is not qulte ‘the optimum- position, Fig. 6.13 shows
that there is only ‘a difference of 0.2 dB in the resulting
max-to-min ratio. = The 'stub effectively -suppresses - the -
reradiation in 'a band roughly 100 kHz wide centered around its

‘design frequency: of 430 kHz. 1In comparison with Fig. 5.5, it iS‘f

seen that the stub does away with the resonances: at - 430 and

480 ‘kHz but new resonances are introduced at 230. kHz, -and at 510
- and 560 kHz. These modes involve current paths along the stubs,

In contrast, the two wavelength resonance reglon is not affected

~at all by ‘the: presence- o of - ~the detuners - This is. probably
 because the. detuner is connected -at a low impedance po1nt in the

RF current distribution for two wavelength resonance. "The graph -

shows: that if a power line is detuned with stubs designed for a .

certain frequency, then a station on a- nearby frequency can be
strongly affected by the "detuned" power llne,v even though it”

‘'was not affected prior to. "detun1ng".]

- 6.3 Stub Detunlng For the Two Wavelength Loop ReQOnance Mode

“In this . sectlon 'a stub. detuner 1s de51gned for the two

’~wavelength resonance mode,'at 860 kHz; for a nine ‘tower power
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»jline;foIn~7addition;q_the "straight". ‘and thefﬂbent"}stubs,of"~ -
f:'Fig.gGLlSJare-Compared The . "straight": stub is “ used ‘here - to -
.. demonstrate -that :the: detunerv acts- as ‘a:low- rmpedance element‘ .

, }connected at a h1gh 1mpedance point on" ‘the:! skyw1re‘-and image . -
A.;transmlss1on ‘line, and not: as‘a. high’ 1mpedance element ‘in. serres A
. .at the cehter of the skywire,  as suggested: in reference :(9). “In = = =
.. fact it -is_ shown- that ‘the behaviour of: the "stralght" and the-,__.;,?
'fwfy“bent“ stubs is- very 51mllar.“ The' former ‘provides a. .simplified -
.. heuristic ‘model “for understandlng stub : ‘design, .whereas the . .
.., latter may’ be developed into-a. pract1cal detuner for real power 3
"“Vllnes. R y . ok AR | R

"fjv6 3. l Stub Deslgn

. The separat1on of the stub and end‘effects at‘thehopen'wrre

- end contrlbute additional - length to the-stub so that the optimum .°.

~ _choice is not: simply one- quarter -of the free. space wavelength at
* the design frequency. ‘Also, as w1ll be;shown, the ‘effectiveness
of _the. stub is- strongly dependent ‘on where it. connects to-the

, skywlre.. In the. ‘following, ‘a- comparison "is' made.  ‘between the -
*vm"stralght“* stub -oriénted- perpendzcular to the skywrre,,as shownf,
-in Fig.: 6.15, and the "bent" stub"> ‘which . ‘parallel . to -the . .
. ~skywire for ‘most of 1ts length - Each:stub must be. "de51gned“ byE:?Tf““
RN ch0051ng 1ts length s d + b and dts p051tlon Pe

. Flg.\6 16 shows the max—to-mln ratlo 860 kHz as,af‘T
-~ function of the p051t1on "p of -the- stub be1ng the point. where _
the -~ stub . is connected ‘to. the- skyw1re., Ev1dently both straight-

and bent stubs perform best when connected about 50 m: from the.

“tower, .- and . the: max-to-min ratio rises sharply ‘as-the stub . is o
moved away from ‘this pos1t10n. The" current distribution on the

nine tower power line is. 51mllar to that on the three tower line
of Fig.. 6 and shows that the best. connection po1nt is also

- the locat1on of . the" sharp minimum -in:. the current.on the’ skyw1re.~‘-

.. Such a. "current zero" 'is ‘a high " 1mpedance p01nt on- the = .

. transm1551on line. Flg.,G ‘16 does not -imply that’ bent. stubs. are

"better than stralght stubs,- however, because here the stralght:g
stub is: not of optlmal length.’ : : :

Flg. 6. 17 ‘examines  the: effect of. stub length when the stub

'715 placed in the ‘best: p051tlon from Flg. ‘6,16,  The max-to-min S
»f;rat1o has m1n1mum at. an "optlmum length, : ‘and -the.-  max-to- min- o
“ratio rises  rapidly “the stub length is'changed “Thus thefl‘}

stra1ght stub works best when it is of length.about. llO m, - and
the . bent stub is best of. length about 105 m. The two behave in -

-Ir;a very similar manner, The choice of :the . length - of “‘the - bent
- stub is somewhat more: critical than that of the stralght stub - .
_ dbecause the curves of Flg. 6 17. rlse more rapldly for the “bent .-

_lstub SRR - : e A ‘

'?16 3. 2 Out of Band Response it .:“f,“j fif'-i,_f“:

Flg. 6 18 shows the response of the n1ne tower power llne_ft.‘f
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'1nc1ud1ng a bent stub on: each skyw1re, designed . for 860 kHz.,”It~”

"is seen in comparlson w1th Fig. 5.23 that the resonance. between .

800 .and- 900 kHz" suppressed " but-‘that ‘the line is still
resonant. around: 1000 kHz.’ But the resonant behaviour. in the one

| *_wavelength resonance region is- altered completely by the detuner =

- intended for two. wavelength loop resonance. A strong resonance
o is 1ntroduced ~at 370 kHz, belng ‘excegsive in the- computatlonj

because no resistive loss in the. wires has been accounted for in

: “the - Ppresent . computer model. ‘The large -max=-to-min ‘ratio’
represents a deep null in the radiation: pattern.,‘Also, a new.
resonance at 640 kHz is introduced by: “the ‘detuner., - Thus “the

addition - of detuners for two - wavelength loop ‘resonance can..

affect other stations at qu1te different frequen01es by changlng"
Idramatlcally the behav1our of the power line." '

6 4 Flevatlon Patterns w1th Detunlng Stubs

The detunlng stubs would be of little value if - they were. to -

radiate in the elevation planes, ‘and in this ~sect’on it is
established that the: detuners suppress rad1atlon in elevatlon as
well as in a21muth . \ _ , _ :

_ The five tower power line shown in Fig. 5.l~Carries the
' strong RF currents of the "two wavelength loop resonance™ . mode

at 860 kHz, and . the scalloped  azimuth pattern: 'is shown in.

Fig. 5.9(c). PFig. 6,19 shows the elevation patterns for azimuth
. angles of 0, 45, 90, 135, “and . 180 degrees. The: elevation
pattern for =zero degrees a21muth is the same as that for the
broadcast antenna with no power line. The elevation pattern for
135 degrees azimuth shows that the power line radiates strongly
- at 30 degrees elevation. Note that each pattern of this set is
individually normalized to. unity and field strengths cannot be
.compared © with. Fig. 5.9.  Fig. 6.19 shows: the - E-theta
polarization. as a solid 1line, .and also shows the . E-phi-
polarization as small circles.' Thus in Flg.,6;19 (b) the phi
polarlzatlon has a:.lobe at 30 degrees elevation, or 30 degrees .
‘up ‘from the horlzon, wh1ch is 60 degrees from the vertical. The

level of +this lobe. -~about 0.27 of the maximum of the

‘theta-polarized field. 81m11ar1y in the pattern for 135 degrees A
azimuth, there is a. strong lobe- 1n the phi polarlzatln as- shown;.
in Fig. 6.19 (d). : L

When a "stralght" detunlng stub of ]rngth 115 m and spacing

50 m from the tower is included on each of the four: skyw1res of

~the five tower power line of -Fig. 5.1, the reradiation in the
elevation plane is fully suppressed, as shown .in Fig. 6.20.

‘Also, when a "bent" detunlng stub of length 105 m ‘and spacing

50 m from the tower is included on. each skywire, the reradiation .

in elevation 1is also effectlvely ‘suppressed,. as shown -in .~
Fig. 6.21. The "bent" stub design also radiates less in -  the -

cross-polarized component than does the “"straight" stub., -Also,

the figure 'shows that - the power line's radiation: in .thef~‘?
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phi-polarization 1is effectively suppressed by the use of the
detuning stubs, Thus in Fig. 6.20 the largest radiation in the

-phi component occurs in the elevation pattern for 90 degrees

azimuth, where the phi~ polarized field has a small 1lobe at
about 50 degrees elevation, at a level of about 0.15 of the main

~lobe of the theta-polarized field. The "bent" stub suppresses

radiation in the phi polarization even better than does the
"straight" stub, as demonstrated by the elevation patterns of
Fig., 6.21.

Thus it has been demonstrated in this section that the
detuning stubs do not themselves radiate in elevation, and in
addition are effective in suppressing the reradlatlon from the
power line into the elevation planes. .

6.5 Capacitive~Loaded Short Stub

A more practical design than the "bent stub" may be the
capacitive-loaded (C-loaded) short stub shown in Fig., 6.22,
This stub behaves as a short length of transmission line which
is loaded at its end by an ideal capacitance, of value chosen so
as to make the input impedance small, as seen at the terminals
where the stub is connected to the power line. The dimensions

chosen for this study were : power line tower  height
"h" 50.6 m stub length "b" 42,2 m ; and stub separation
"d" 15 m. Thus the total length of the -stub is

s =d+ b =257.2mor 0.16 wavelength at 860 kHz. This C-loaded
short stub is effective in detuning the two wavelength resonance
mode, provided that the appropriate capacitance value is chosen.,
Thus Fig. 6.23 shows the max-to-min ratio of the azimuth pattern
as a function of the capacitance in picofarads. The pattern
with no stubs has a max-to-min ratio of about 6 dB and so a poor
choice of capacitance does improve the pattern somewhat. The
best choice of about 250 picofarads smooths the azimuth pattern
to within one dB. ©Note that the unstable behaviour between 200
and 240 picofarads appears to be due to an inadequacy of the
NEC computer program for this specific problem. This short
investigation was of an exploratory nature and no special
attempt was made to duplicate the experimental geometry trled in
the measurements at NRC reported in reference (1l1).

Thus the results corroborate that the C-loaded short stub
is a useful alternative to the bent stub on the skywire, and its
design should be investigated further,

6.6 Summary
This chapter has investigated the detuning of power lines
with stubs., It was found that the "bent detuning stub" hung

parallel to the skywire is effective for both the one and the
two wavelength resonance modes, that it should be made about a
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quarter of a wavelength long, and that it must be connected to
the skywire at a minimum in the  RF current on the resonant
structure, An .alternative stub design was also considered,
consisting of a short stub on the tower, loaded at its open end
by a capacitance. This stub design was found to be effective
and merits further computational study. '
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7. Preliminary Study with Finite Ground Conductivity

In this initial study a 195 m (640 f£t) monopole antenna
over an eight radial ground screen was used to illuminate a
three tower power line, using the 50.9 m (167 ft) tower height
and 274.3 m (900 ft) tower spacing derived from the Hornby site.
In the . following, the RF currents on this structure and the

- azimuth and elevation patterns are compared for three cases,

namely ¢ (i) perfect ground using the method of images ; (ii)
finite conductivity ground using the Sommerfeld-Norton model
with "typical" permittivity and conductivity values provided by
the CBC ; and (iii) the Fresnel reflection coefficient model for

~lossy ground. The Sommerfeld-Norton ground ("SN ground") ‘uses

the Sommerfeld  integrals for ground fields when the interaction
distance is small and Norton's asymptotic approximations for
larger distances(12,13). It is a rigourously correct
mathematical model for structures entirely above the ground.
For wires that connect to the ground, the NEC computer code
assumes that the derivative of the current with respect to
distance along the wire 1is zero at the connection point to
ground, in order to obtain a boundary condition necessary for
the solution to proceed. This assumption is rigourously correct
only for a perfect ground, but is considered quite reasonable
for modelling the bases of those hydro towers which are well
grounded. '

The Fresnel ground uses plane wave reflection coefficients
to compute the interaction of segments above a lossy ground, and
is not rigourously valid for segments close to or connected to
ground.

7.1 The Monopole and Ground Screen

A 195 m (640 ft) monopole over a ground screen of eight
radial wires was used as a source antenna, as shown in Fig. 7.1.
The radials were - uniformly spaced and chosen to be
0.4 wavelengths long at the operating frequency of 860 kHz. The
antenna was modelled with eight segments and each radial wire
with four segments. The computer code does not allow any part
of any. wire to lie below the ground surface at z=0, nor can
wires lie in the 2z=0 plane. For this reason the radials of the
ground screen were arbitrarily raised to five meters or 5/348 of
the wavelength above the ground(13), Recent work has shown that
this c¢an be reduced to an 1n51gn1f1cant height above the ground
plane without loss of accuracy in the results.

Fig. 7.2 shows the elevation pattern of the monopole and
eight radials, computed at a distance of 10,000 meters which is
28 wavelengths at 860 kHz. The figure compares the elevation
patterns with a perfectly conducting ground to that with the
Sommerfeld-Norton ground model and the Fresnel ground model,
using as ground parameters a relative permittivity of 15 and a
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conductivity of 0.02 mhos meter. The three cases give rise to
quite similar elevation patterns, the main difference being that

with finite ground <conductivity the field goes to zero as the

surface of the ground is approached( as theta approaches ninety
degrees ). = This happens because only the "space wave" and not
the "ground wave" has been included in the computation(ll,1l2).
The elevation pattern has a small lobe near 30 degrees from the

- vertical because the 195 m monopole is somewhat taller than a

quarter "wavelength at 860 kHz. It is of interest to note that

- the Fresnel ground model generates a result which is close to

that of the Sommerfeld-Norton ground model.

When the ground wave is included in the calculation of the
far field, then the field becomes constant as theta approaches
ninety degrees,. as shown in Fig. 7.3. The ground wave is not
readily included in the computation of elevation patterns, due
to a limitation of the NEC computer code(12,13). ’

7.2 Antenna Plus Power Line

A three tower, two loop "power line" was introduced near
the antenna as shown in Fig. 7.4, using radii of 3.51 m for the
towers and 0.71 m for the skywires, respectively. The elevation
pattern is very similar to that -with no power line, and will not
be shown. Fig. 7.5 compares the azimuth patterns for the
perfect ground, Sommerfled-Norton ground model, and the Fresnel
ground. The field with the perfect ground is somewhat stronger .

‘than that using either of the finite conductivity models., The

patterns with the Sommerfeld-Norton ground model and the Fresnel
ground model are quite similar. The perfect ground model gives
rise to larger variations with azimuth direction, having a
max~to-min ratio of 3.6 dB compared to 3.4 dB with the
Sommerfeld-Norton dground model. The Fresnel ground model gives
‘an azimuth pattern quite similar to the Sommerfeld-Norton model,
but with a somewhat smaller max-to-min ratio.

To . compare the methods in terms of running time, note that
the SN ground model requires an investment of 220 CPU seconds to
generate - a table of values from which the Sommerfeld integrals
are calculated by interpolation, and then a further 308 seconds
to compute the RF currents and  radiation patterns in the
presence of the ground. The table of values can be reused for
other configurations at the same frequency with the same ground.
The Fresnel ground requires 255 CPU seconds but the perfect
ground only 66 seconds. Clearly the perfect ground
approximation is quite economical compared to the other models.
Also, the rigourous SN "ground model requires only 25 percent
more running time than the Fresnel model, given the- - table of
values for the evaluation of the Sommerfeld integrals.
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7.3 Comparison of the RF Current Distributions

Figs. 7.6 and 7.7 show the RF current distributions with
the perfect ground model and with the Sommerfeld-Norton ground

“ -model, respectively. Thus Fig. 7.6(a) and 7.7(a) show at the

left the current on one radial of the eight wire ground - screen,
and at the right the current on the monopole, and demonstrate

- that the .inclusion of the finite conductivity of the ground in

the model has 1little effect on. these currents. Comparing the

- RF current distribution on the towers and skywires of the power

line in ¥igs. 7.6 (b) -and 7.7 (b).. shows that the current
distribution with the perfect ground model is almost identical
to that with the Sommerfeld-Norton ground model. The two. are
identical in phase, and differ in magnitude by a simple -.scale
factor. - Thus above perfect ground the current near the base of
the .center tower is 1100 microamps, whereas above a ground of
finite conductivity, this current is reduced to 900 microamps,
both relative to a one volt source at the base of the
broadcasting tower. '

7.4 Summary

This preliminary investigation of the effect of the finite
conductivity of the ground on the reradiated fields  indicates
that the radiation patterns .in the presence of the imperfect
ground will not be greatly different from those computed over a
perfectly conducting ground. The investigation must now be

" extended to include an assessment of the changes that take place

in the resonant frequencies of the power line when the finite
conductivity of the ground is included in the computations.
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8. Summary and Recommendations

This chapter summarizes the state of development of the
numerical modelling of the reradiation of RF energy at
MF frequencies from high-voltage power lines, and makes
recommendations for further work.

8.1 Electrically Equivalent Tower Models

The "single wire tower model"™ with the equivalent tower
radius of 3.51 m and skywire radius of 0.71 m was developed in
reference (3) to represent power line towers of the "vlg"
design, of height 50.6 m. The equivalent radii were chosen
based on Jaggard's isoperimetric inequalities(1l4), which specify
a range of possible radii, The best value within that range was

-chosen by carrying out a parametric study of the resonant

frequency of the power line as a function of the radii of both
the tower and the skywire, and "matching" the frequency of two
wavelength loop resonance of the 600 scale factor measurement
model, It is recommended that a catalog of such simple models
be developed in .a similar way, each electrically equivalent to a
specific tower design. A step in this direction is the
development of a model of the type "27S". tower, for which some
measured patterns are already available(7). ‘

8.2 Prediction of Null Filling

Chapter 3 demonstrated that the "single wire tower model"
provides a good indication of the level of radiation into the
nulls of a directional pattern to be expected from a power line,
but the measured data available were not sufficiently extensive
to establish whether the precise structure of the reradiated
field in the null 1is obtained. Further measurements are
required, particularly at frequencies where the power 1line is
resonant, and for configurations where the power line is not
oriented such that the axis of the power line aligns with the
nulls 1in the directional pattern. Swept frequency measurements
would be valuable.

The computation of scalloping and of ' null filling are
similar problems, but the latter is considered more difficult

-because it requires the prediction of the sidelobes of the

radiation pattern of the array of power line towers, whereas
scalloping requires the prediction of the magnitude and of phase
of the main lobe of the array's pattern. Much of the results
being obtained for scalloping; such as resonant behaviour and
detuning, are directly applicable to the problem of
null-filling.
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8.3 Resonances of the Evenly-Spaced Power Line

The evenly spaced power 1line has been studied as a
simplified case in which all the tower-skywire-tower-plus-images
loops resonate at the same  frequency and so the resonant

~behaviour is quite pronounced The "single wire tower" model of
‘the type V1S tower was used in Chapter 5 to predict the resonant

behaviour from 200 to 1100 kHz, and two resonance bands were
identified, each with RF current modes displaying nulls on the
skywire 1in distinct, characteristic . locations. Only a small
portion of the computed max-to-min ratio curve of Fig. 5.5 has

been confirmed by scale model measurements, namely in the region

of two-wavelength 1loop resonance. Additional frequency sweep
measurements have become available(7), and should be used to
further study the resonance behaviour.

It is recommended that the study of the resonances of the
evenly spaced power line be extended to cover the full
AM broadcast band, and this study can be expected to uncover
three, four, and five wavelength resonance bands near 1200, 1600
and 2000 kHz, respectively.

8.4 Detuning by Isolating Towers

It was shown in Chapter 4 that -a simple model of  an
isolated tower predicts an azimuth pattern in reasonable
agreement -with the scale model measurements. A model which is
more precisely electrically equivalent is considered desirable.

- It was shown that isolating towers has an effect on the resonant

behaviour of the line which cannot be wunderstood in a simple
way, for the "isolated" towers can carry strong RF currents.
That no simple theory exists to dictate which towers should be
isolated makes it necessary to treat a. site by trial and error,
involving alterations to a "live" high-voltage power 1line, and
extensive measurements in the field. It has not been

‘established at this time whether or not the computer model of a

complex site <could be used to predict which towers need to be
isolated. "Stub detuners" appear to provide a more predictable
detuning technique.

8.5 Stub Detuner Design

The design of a stub detuner to suppress a specific
resonance mode was investigated in Chater 6. It was found that
the detuner should be about a quarter of the free space
wavelength in electrical path length, and that the stub should
be connected to the skywire at a point where the RF current has
a null, It was found that thé resonant behaviour of the power
line over the full frequency range can be altered by the
addition of stubs designed for a single specific frequency, and
so the "detuning" of the line for one station may be the un601ng
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of another.

_ At this stage, a detuner design which is practical for
implementation on actual power lines is required, Thé C-loaded,
short stub appears to be promising.. It is recommended that the
performance of this device be investigated for a range of
lengths, and locations on the resonant structure. As a first

'step the specific geometry used in previous NRC measurements(l1l)
- should be established and modelled. Balmain's ferrite rings(1l5)

may also be useful for detuning by adding series inductance at
suitably chosen high-current locations . on the resonant
structure.

'8.6. Modelling of Finite Ground Conductivity

- The results of Chapter 7 indicate in a tentative way that
the power line over a ground of finite conductivity of  typical
value for Southern Ontario. does not behave 1in a greatly
different way from the power 1line over perfect ground. The
differences in behaviour are of interest, and it is recommended
that further studies be undertaken as follows. Firstly, the
effect of the ground must be investigated as a function of the
ground's permittivity and conductivity. It is of interest to
determine the lowest conductivity for which the azimuth pattern
is similar to the perfect ground case. - - Such studies must be
confined to a single frequency or perhaps to the specific set of.
frequencies corresponding to the loop resonance modes. A second
study would investigate the effect of a ground of typical
conductivity on the resonant frequency of the power line, in the
one and two wavelength resonance bands, Shifts in resonant
frequency with changes 1in conductivity are - of particular
interest.

The verification of such computations by measurement is a
particularly ' difficult problem. No suitable test range exists
for scale model measurements, nor is there agreement as. to what
such a range would consist of. Full scale measurements by the
Ontario Hydro Research Division(l6) on a three tower "power

‘line" at Milton, Ontario provide a possible corroboration of the

computed RF current distribution, and it is recommended that the
Milton test site be modelled computationally. In addition,
Ontario Hydro's measurements of the RF current distribution on
the towers of the power lines at Hornby, Ontario may provide a
useful check of the computations.

8.7 Modelling Complex Sites

Given a suitably optimized computer model which is
"electrically equivalent" to the specific type of power line
tower used on a particular site, the results of reference (3)
and Chapter 2 show that the computer model predicts an azimuth
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pattern such as Fig, 2.6 which is similar to and preserves the

‘main features . of the patterns measured on the 600 scale factor

model over a perfectly conducting ground, The RF current
distributions on the computer model show where the skywire

‘current has nulls and hence pinpoint suitable locations for the

connection of detuning stubs. Further development of the
methodology for modelling complex sites requires that the finite
conductivity of the ground be 1included in the computation,
although it 1is not clear that such an enormous computation is
economically possible. It may be useful to include the actual
heights of the towers of the power line in the computation. In
addition, given the large .size of a site such as Hornby,

Ontario, the land on which the power lines is built is not a
particularly good approximation to a flat plane, and this has an.
unknown effect on the current distributions on the power 1lines.
This is not re:dily included in the model at present, and would
require the development of a considerably more sophisticated

version of the NEC computer code. '

A model of a complex site could potentially be used to
investigate the effect of adding detuners to particular skywires
or towers, to determine the minimum number of detuners required

“to "treat" a given site. It may or may not be necessary to

include: the effect of finite ground conductivity in such an-
investigation. ‘ :

The ultimate goal of this work-is the ability to analyse a

.complex site illuminated by a directional array, .and to

determine ‘whether reradiation is present at significant levels.
The model could then be used to design the optimum detuner
configuration:-for the site by choosing current distribution, and
then adding detuners until an . adequate reduction in the
reradiated field is achieved, The carrying out of the work
recommended above would be .a significant step in the achievement
of this goal.

Concordia'University EMC Lab Date : 81/05/13




Technical Note No. TN-EMC-81-03 Page 35 I

REFERENCES

1. R, Mittra, ed., "Computer Techniques in Electromagnetics",
Pergammon Press, 1973.

2, G.J. Burke, A.J. Poggio, J.C. Logan and. J.W. Rockway,
"NEC - Numerical Electromagnetics Code for Antennas
and Scattering", 1979 International =~ Symposium
Digest, Antennas and Propagation, Vol. I, _
pp. l47-150, IEEE Publication No, 79CH1456-3AP, t
University of Washington, Seattle, Washington, June, ‘
1979. : '

3. C.W. Trueman and S.J. Kubina, "AM Reradiation Project", Final
Technical Report, TN-EMC-80-03, March, 1980.

4, J.S. Belrose, reported in "The Effects of Re~Radiation from
Highrise Buildings, Transmission Lines, Towers ' and
Other Structures Upon AM Broadcasting Directional |
Arrays", Interim Report No. 1, DOC Project \
No. 4-284-15010, October 26, 1977.

5. J.S. Belrose, reported in "The Effects of Re-~Radiation .from
Highrise Buildings, Transmission Lines, Towers and
Other - Structures Upon -AM Broadcasting Directional
Arrays", Interim Report No. 4, . DOC Project
No. 4-284-15010, November 1, 1978.

6. J.S. Belrose, . reported 1in "The Effects of Re-Radiation from
Highrise Buildings, Transmission Lines, Towers and
Other Structures Upon ‘AM Broadcasting Directional
Arrays", Interim Report No. 5, DOC Project
No. 4-284-15010, February 14, 1979.

7. J.S. Belrose, reported in "The Effects of Re-~Radiation from
Highrise Buildings, Transmission Lines, Towers and
Other Structures Upon AM Broadcasting Directional
Arrays", Interim Report No. 10, DOC Project
No. 4-284-15010, October 9, 1980.

8. J.S. Belrose, reported in "The Effects of Re-Radiation from
Highrise Buildings, Transmission Lines, Towers and
Other Structures Upon AM Broadcasting Directional
Arrays", Interim = Report No. 7, DOC Project
No. 4-284-15010, October 10, 1979.

9. Y. Sawada and H. Nakamura, "Development of a New Wave Trap by
Parallel Sub-Conductors", ET™J of Japan, Vol. 8,
No. 1/2, pp. 70-77, 1963.

10. W. Lavrench, private cdmmunication, September 28, 1979.

Concordia University EMC Lab | . Date : 81/05/13

N -



Technical Note No. TN-EMC-81-03 Page 36

11. J.s.

12. G.JI'

14, D.L.

15. K.G.

16, D.E.

Belrose, reported in "The Effects of Re-Radiation from
Highrise Buildings, Transmission Lines, Towers and
Other Structures Upon AM Broadcasting Directional
Arrays", Interim Report No, 8, DOC Project
No. 4-284-15010, January 30, 1980.

Burke and. A.J. Poggio, "Numerical Electromagnetic
Code(NEC) - Method of Moments", Technical Document
No. 116, prepared. for the Naval Electronic Systems
Command (ELEX 3041), January 2, 1980,

Burke, E.K. Miller, J.N. Brittingham, D.L. Lager,

.R.J. Lytle, and J.T. Okada, "Computer Modelling of

Antennas Near Ground", Lawrence Livermore Laboratory
Technical Report No. UCID-18626, May 13, 1980. -

Jaggard, "An Application of Isoperimetric Inequalities
to the Calculation of Equivalent Radii", . Proc. of
the National Radio Science Meeting, Boulder,
Colorado, Nov, 1979,

Balmain, "Reradiation of AM Broadcast Signals from
Power Lines and Buildings", Progress Report No. 4,
University of Toronto, Feb. 6, 1981.

Jones, "Interim Report to Meeting No. 15 of the Working
Group on Reradiation Problems in AM Broadcasting”,
Ontario Hydro, Research Division, Feb. 6, 1981,

Concordia University EMC Lab ) Date : 81/05/13




Technical Note No. TN-EMC-81-03 . Page 37

: UIE’E RADIRTOR CUQI?ENT DISTRIBUTION
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Figure 2.1 (a)
- RF currents on the towers, at 760 kHz.
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Figure 2.1 (b) :
RF currents on the skywires, at 760 kHz.
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WIRE RADIATOR CURRENT DISTRIBUTICON
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Figure 2.2 (a)
RE currents on the towers at 860 kHz. ~
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Figure 2.2 (b) }
RF currents on the skywires at 860 kHz.
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CBL 740 kHz
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Figure 2.3
Tower numbering for the Hornby site model.
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WIRE RADIATOR CURRENT DISTRIBUTION
MWODEL OF THE HORNBY, ONTPRIO SITE
SINGLE WIRE TOUERS, WITH SINGLE SKYWIRES
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Figure 2.4 (&) - T =

RF currents on the towers of the front line at 740 kHz.
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Figure 2.4 (b)
RF currents on the. towers of the rear line at 740 kHz.
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WIRE RRADIATOR CUPR’ENT DISTRIBUTION
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Figure 2. 4 Cc).-*'-

RF currents on the skyw:Lres of the front line at
740 kHz . :
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Figure 2.4 (d).

RF currents on the skywirves of the rear line at
740 kHz.
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WIRE RADIARTOR CURRENT DISTRIBUTION
MODEL OF THE HORMBY, ONTARID SITE
SINGLE UIRE TOUERS, UITH SINGLE SKYWIRES
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Figure 2.5 (a) -
RF currents on the towers of the front line at
860 kiz. L -
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‘Figure 2.5 (®)
" RF currenté-on’the*towerS'of‘the‘rear line at 860 kHz,
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"WIRE RADIATOR CURRENT DISTRIBUTION
MODEL OF THE HORNBY, ONTARID SITE
SINGLE WIRE TOUERS, WITH SINGLE SKYWIRES
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Figure 2.5 (¢)-
RF currents on the skywires of the front line at
- 860 kHz.
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Figqure 2.5 (d)

RF currents on the skywires of the rear line
at 860 kHz.
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AM BE’DHDCHST R’ER’HDIHTION PE’EQJECT 1@ DECIBEL SCALE

MODEL OF THE HORNBY, ONTARIO SITE
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Figure 2.6

Azimuth pattem for the Hormby site at 860 kHz including
seven towers in the dogleg, being numbers 8, 10, 12, 14,
16, 18, and 20 in Figure 2.3.
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RF currents on'the towers of the front line at .
860 kHz. : oL
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Figqure 2.7 (b)‘

RF currents on thé towers of the rear line at

860 kHz.
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Figure 2.7 (¢)
RF currents on the skywires of the front line at
860 kiiz. . .
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RF currents on the'Skywirés of the rear line at
860 kHz.
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Figure 3.1

The towers are fed in phase, are 75 m tall, of Vradius
2 m, are located 150 m apart, and are. operated at
1,000 kHz m in the computer model.
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Figure 3.2

Comparison of the computed and measured pattern for the
directional array.
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Figure 3.3

Location of the five tower power line relative to the
array of Figure 3.1. The power line towers are 50.9 m
(166 ft.) tall and of "equivalent radius" 3.51 m.

The skywire radius was 0.71 m.
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Figure 3.4

Azimuth pattern of the directional array in the presence of
the power line towers only (no skywires).
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SINGLE WIRE TOWERS - NULL FILLING —
5 TOWERS ' : 339 fs“‘

309

279

CALCULATED

x E-~THETA

MEASURED

— E-THETR

FILE NAMES + LINE2D.6 MERS. 24

Figure 3.5

Azimuth pattern of the directional array with the power
line towers interconnected by skywires at 1,000 kHz.
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Figure 4.1

Simple computer model of the isolated tower.

PageISO




Technical Note No. TN-EMC-81-03 Page 51

AM BROADCAST RERADIATION PR’@DJECT 19 DEGIBEL SCALE -
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Figure 4.2

Azimuth pattern at 860 kHz for the gap size
equal to four times the skywire radius.
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Figure 4.3 (a)
" Tower currents on the model of Fig. 3.1 for the

~gap size equal to- four times the skywire rad;m.ls
(at 860 kHz) .- ' .

UIPE R’RDIFITDI? CUI?I?ENT DISTQIBUTIDN
STRAIGHT, EVENLY SPACED POLER LINE UITH ISOLATED TOLERS
13 TOWERS WITH 2,3,4,-6,7,8,~ AND 19,11,12 ISOLATED

1990
MAGN I TUDE
M ICROAMPS o, @l o
) o o o 4
Rﬁ%‘ix\’:\,"“ca“mﬂm oma °°c o" » : u: ewu w%moﬁcbavd!w
TOMER - 23 2 3 4 5 6 7 8 9 10 1 12 13
NUMBER Ny Y Y Ny Y oy NoY Y Y N

ISOLATED? X N

DISTANCE ———

189 i ; . ‘ i ,
X
' X . x ,»6“" M ’%"& . ! x
J ®
PHASE S X SO LW .
. X X
DEGREES ® x ’
. x ;?M o el o ) X
I x W B . O
- 180 -

Figure 4.3 (B)
Skywire currents.:
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Figure 4.4

Frequency dependence of the max~to-min ratio with
some towers isolated.
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Figure 5.1 -
Dimensions of the problem.
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Figure 5,2

The "convergence" of the solution expressed by plotting max—to-min
ratio as a function of the total number of segments on the model.
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LINEAR SCALE

1.

(a) 50 segments

(c) 200 segs (d) 300 segs

Figure 5.3

This figure illustrates the changes that come about in the azimuth
pattern at 420 kHz as the number of segments increases.
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MONOPOLE BASE CURRENT (mA)

The power line's resonances revealed by plotting the max-to-min ratio
of the azimuth pattern as a function of frequency.

Fiqure 5.6
Antenna base current in comparison to antenna integrated current. .
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Figure 5.7

The power line's resconances revealed by plotting the ratio of the
integrated current on the center tower to the integrated current
on the broadcast antenna as a function of frequency.
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Figure 5.8
- Azimuth patterns in the one wavelength resonance region.
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Figure 5.9 . '
- Azimuth patterns in the two wavelength resonance region.
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WIRE RADIATOR CURRENT DISTRIBUTION
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Figure 5.10 .
RF current distribution at 200 kHz.
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- Figure 5.11

RF current distribution for "one wavelength loop" resonance

at 420 kHz.
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Figure 5.12

Idealization of the RF current distribution
for "one wavelength loop resonance”.
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Figure 5.13
RE current distribution at 460 kHz.
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Figure 5.14

RF. current distribution for "two wavelength double loop
resocnance" at 480 kHz.
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Figure 5.15

Idealization of the RF current distribution for two wavelength
double lcop resonance.
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Pigure 5.16

RF current distribution at 700 kHz.
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Figure 5.17
RF current distribution for "two wavelength loop resonance"
at 840 kHz.
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figure.S{lQ'

RF current distribution at 940 kHz for "four wavelength
double loop resonance".
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Figure 5.18

Idealization of the RF current distribution
for "two wavelength loop resonance".
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Figure 5.20

Idealization of the RF current distribution
for four wavelength double loop resonance.
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Figure 5.21
RF current distribution at 1100 kHz.
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Figﬁxe 5.22

Resonant frequency vs. tower spacing for 50.6 m
tall towers.
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Figure 5.23

Computed curve giving the max-to-min ratio as a function of
frequency for nine towers spaced 274.32 m apart.
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Figure 6.1 »
The "bent" detuning stub.
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Figure 6.2

Azimuth pattern of the three tower power line
with no detuning stubs, at 860 kHz.
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Figure 6.3

The max-~to-min ratio as a function of frequency
for the power line with no stubs.
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WIRE RADIATOR CURRENT DISTRIBUTION
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Figure 6.4

RF currents on the towers and skywires of the three tower
. power line with no detuning stubs.
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.Figure 6.5

Azimuth pattern at 860 kHz using one detuning stub adjusted

to that frequency.
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WIRE RADIATOR CURRENT DISTRIBUTION
STRAIGHT, EVENLY-SPACED POVER LINE
THREE TOWERS WITH DETUNINBS STUBS
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Figure 6.6 (a)

- RF' currents on the towers and skywires at 860 kHz,
with one detuning stub.
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 Figure 6.6 (b)

RF currents on the detuning stub.

Page 74 °



" Technical Note No. TN-EMC~81-03
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Figure 6.7

Pattern of current flow on the towers
and skywires, with one detuning stub.
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Figure 6.8

Frequency dependence of thermax-—to-min ratio

with one stub.
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Figure 6.9
Pair of detuning stubs.
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Figure 6.10

Max~to-min ratio vs. frequency for the pair
of detuning stubs.
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STUB

POSITION = e SEPARATION
~~ STUB LENGTH s=d+b
Figure 6.11

Stub configuration for detuhing the one wavelength
- loop resonance mode.
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Figure 6.12

Max-to-min ratio vs. total stub length for the one
wavelength detuner, at position p = 137 m.
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Figure 6.13

Max~to-min ratio vs. stub position with the total
length chosen as 174 m.
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Figure 6.14

Max-to-min ratio as a function of freguency with the detuner
for the one wavelength loop resonance mode in place.
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Figure 6.15
Geometry of the "straight" and the "bent" detuning stub.
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Figure 6,18

Max~to~min ratio as a function of frequency with
the detuner for the two wavelength loop resonance
modes in place.




Technical Note No. TN-EMC-81-03

(a) 0°

0 0.2 0.4 0.6 0.8 1 -

Ly
D)

Page

34

1¥u]

(£) 135°:

Figure 6.19
Elevation patterns plotted on a linear scale

for the five tower power line of Fig. 5.1 at

860 kHz. Each individual pattern is normalized
to unity. :
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Figure 6.20 Elevation patterns with the "straight" detuning stubs of Figure 6.15.
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B mma™ B o

Figure 6.22
(a) Power line with capacitive-loaded detuners on the towers.
(b) Dimensions of the detuner. '
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Figure 6.23

The max-to-min ratio of the azimuth pattern as a function of the capacitance
for a five tower power line, with each tower "detuned" with a c-loaded short
stub, at 860 kiz.
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Mononole with eight radials.
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Figure 7.2

Elevation pattern, ¢ = 0° at 10,000 m, antenna only.
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Detail of elevation pattern 6 = 90 at 10,000 m.
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Figure 7.4
Antemna plus "power line".
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Figure 7.5
Azimuth pattern at 10,000 m with three ground models.
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WIRE RADIATOR CURRENT DISTRIBUTION
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Figure 7.6

Current distribution with a perfect ground at 860 kHz.
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Figure 7.7

Current distribution with the

at 860 kHz.
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