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DTRODUCTIOB 

The probleJll ot radiatioa losses from high frequency parallel­

wire transmission lines was first realized as earq as 1900, and has becoae 

a matter of controversy eYer sinee. IfaD.:y 'Wl'iters have investigated the 

problem from a theoretical standpoint.. but very little has been done in the 

way of measuring these losses experimentally. At low frequencies radiation 

losses are negligible, but they become appreciable at high frequencies thus 

affecting the design of parallel-wire lines for use in the higher portion 

of the frequency spectrwa. In order that the controVersy may be wholly or 

at least partially settled, and to correct existing data" this treatise has 

therefore been prepared. 

This paper describes the measurement of radiation resistance 

trom resonant parallel-wire lines in the frequency range 300 »e/sec. to 

1200 Ve/sec. '1'0 determine the dependence of radiation losses on line length, 

lines varying in length fro. one-quarter wavelength to four wavelengths, with 

open and. short-circuited terminations have been investigated. The results 

obtained agree with theory in so_ '&7s whereas they disagree in others. 

Radi.ation losses are sim.i.1ar in some respects to ohmic loeses 

and as such are undesirable in DI.8ll.7 engineering applications. Methods of 

deereasing these losses bave been devised, and the amount by which these 

aethods rem.eq the losses is determiDed. If it ever becOJlles necessar,y to 

increase the radiation losses, the methods by which this may be attained 

alBo are investigated. 
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I P.lS~ HISmJ« 

EYer siaee it 11'&8 discovered. that the power lost ia an 

~tenaa is considerablT more than the ohaic losses of tlILs antenna, 

engineers have attributed this additional power loss to radiation. 

Ohm. 's law was well laJ.own at this time and the ohmic or haa t losses ill 

an. eleotrieaJ. circuit were defiaed as the square of the ourrent f'lowiDc 

ia the cirouit tiJles the resistaRee of this circuit. Radiation losses 

are som.ewhat sillilar to olulie losses, as a result a radiation resistance 

bas been defined for arq- circuit whioh may lose power through the 

electro.llagn.etic field associated with it. In order to bave a rac.Uat1oA 

resistance silllilar to the resistance expressed by Ohaf 8 law it had. 

generally been. eare. that. ra4iatioa resistaDce should. be thought of &8, 

the power lost in watts divided by the square of the curreat at a poiBt 

where this CllrreDt has a .art'IIUII val.ue. 

At present there exiat two m.ethods of obWaiag the power 

radiated. :fro. a resoDaDt. circuit. ~ first is the m.ethod of intep-atiDg 

the P07Jlting vector over an iatinite sphere with the radiatiDg element. 

at. the ceat.er.. while the seeomd. is the induced e •••f. aethod of 

BrilloaiD(l). Both. aethods are discussed iD. deta:i1 ia a book published 

bT St.rat.ton(2) iB 1941 a:nd. yield the same result for the sue case. 

Becbmaml(3) showed in 1931 that the tllO methods are equivalent. 

TIle problea of losses in tra:osmission lines due to radiatiOJ1 

was suspected oyer half a century ago and it was lfie(4) who first applied. 
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llaxw'ell's equations to the paraUel-wire transmission line. In 1900, 

Vie had stated that there was no power lost to the surroundillg space 

f'roll a long parallel-wire line. He said that this is the ease 

irrespective of' the spacing between the two wires or the frequency. 

'lhis stateaent seemed to satisfy engineers for a decade, however, the 

question was once more approached by Steinmetz (5) in 1909 aDd agaill 

in 1919. 

Steinmetz considered a parallel-wire line with a separation 

between the tllO wires which was small compared wi ta a quarter-n.velength. 

By assumimg a cosine funetion for the current and voltage in each 

conductor, he went on to find the magnetic field at a small distance 

from the transmission line. This lI18.gnetic field then induces a voltaae 

which contains two terms, a sine term and a coaine tera, in the two 

conductors. The sine component, he says, is the e.m.f. of self­

induction which gives rise to the inductance, wbile the cosine term 

is in phase with the current and gives rise to what he called the 

magnetic radiation resistance. In this way Stetn.etz found a distributed 

radiatien resistance proportional to the separation of the 'Wires and to 

the square of the :frequency. 

Shortly atter thill Carson(6) became iBterested in the 

problem and published two articles, the first in 1921 and again in 1924. 

He said that the plane tr&DSTera8 waves propagating alol1g the two wires 

would not remain plane when a termination was encountered and, theretore, 

radiation losses would occur due to tlae teI'Jlinations. By" using a Maxwell­

Lorentz method Carson obtaiBed an eJqtression for these losses tor the case 
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ot a line terminated in its characteristic illpedaDce. In order that his 

expression:m&y' be compared with the results obtained by later writers it 

bas beeD changed into a auitable font and is given in Table I Page • 

For this case, Carson defines his radiation resistance as the power lost 

diT1d.ed by the square of the r •••s. currellt. 

In his secoRd paper CarsOR started fro. 1Iaxwe11's equations 

and by' detel"JlliDing the appropriate solution corresponding to the geOlletrr 

ot the system, ke obtained a solution involving two distiDct types ot 

current and voltage waves. The first he called nprincipal wa'Ye", or the wa'Ye 

of ordinary engiaeering theor.r. The second, which he called "coaplementa.'ry' 

waves" consists of an infinite lllmber of waves which indiTidua1l.y' satis.ty 

Maxwell's equations. He says tla t the principal wave is not attenuated by 

radiation 'Whereas the coaplamentary waves are actnally the ones which may 

add or subtract energy from the principal wave. The principal wave is only 

affected by radiation at points where a discontinuity exists along the 

line, whereas the complementary waves are so highly atteJmated. that thaT 

are not easiq detectable by orciiBary .eans, but they do play an iaportant 

part in the radiatioll field. Carso. also states that the radiation fro. a 

syst_ can be calculated to a good. appron.a.tioll, without explicit recol­

nitio. ot the compleaentar;y waves. At great distances fro. the wires, 

however, the electrc::aagnetie field of the complementary current waves is, 

in general, laree compared with that of the principal wave and alaoat 

entirely detendnes the directLon and character of energy flow. Weverthe­

less, the radiatioll tield and flow ot euru out ot the system can be 

cOllp1etel¥ calculated by means or the retarded vector potential, in teru 

ot the curreats in the wires. This is the :method which Carson had used 

http:satis.ty
http:diT1d.ed
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when he calculated the radiation losses frOB a transmission line in his 

previous article. 

Jaat before Carson baa written his second article, Hanneback(1) 

had presented. the first complete anal.7sis of a transaission line lIbicll wu 

open-circuited. at both ends and. an integral nwaber of hal:t-waveleDgths 

long. Manneback UN the ..thod ot integratiDg t1le Poynting veetor over 

a very large sphere with the trannissioll line at the center, object to 

the condition that the separation between the two conductors was v8r7 mell 

less than the waveleugth. Tne expression he obtains for radiation resistance 

is also given in Table I. frOB this theory he concludes that there is a 

negligible amount ot loss in a transmission line due to radiation, am that 
1 

even at a frequency of 3 megacycles the radiation loss is ~ about 3006' 

of the total power lost by heat. This is quite true at this frequency" 

however, at frequencies greater than 1000 aegacycles this ratio becomes 

allch greater. 

After Jlatmebaekts anaJ;ysis the question maY' have been considered 

temporarily' settled for anotl1er decade had alaost gone by belore other 

writars had considered the probl_. In 1929, however, Pistalkors(8) was 

probably' the first to use the induced e.m.f. method ot making caleulati01l8 

of radiation resistance of antennas involving more than one wire. Be 

c0D8idered. the case of two parallel wires ol equal length, separated by 

a constant distance, aDd &:IV multiple of a half-wa;,.eleDgth lone. Although 

bis calculations were ade asslllllliDg that the currents in the Wo wires was 

in phase, his results could easilT be converted to corer the case ot the 

two wires being amited in phase oppollition. Iben the necessary- chaages 

ara aade, and if it is assUlled that the separatioll between the two wire8 
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;i.s small ccm:pared witll. the wavelength the result obtailaecl is in agreement 

nth that ot Jlanneback. 

Carter(9) was the next wri_ to consider the problem. He 

considered the sase case as 14anneback, and obtained the expression shown 

in Table I. 1'h:i.s equation is subject to the tollowing l1Jd.tations: 

(a) the liBe is an integral !1U.Iiber ot halt-wavelengths long, 

(b) the conductors have vanishingly small radii, 

(c) a sinusoidal current distribution exists OD the liDes. 

It we again introduce the limitation that the separation between the two 

condnctors is small compared to the wavelength and consider the length as 

an integral nUJlber ot halt-wavelengths, this equaticn then becomes exactly 

the sase as that ot 1la.rm.eback. 

About the sue time that Carter had consiclered the probl_ 

Sterba and Feldaan(10) also published an article, in which they had 

considered three or tour cases ot the transmission line. By postulating 

the current distribution on the trana1SSiOB line, ealculatiBg the electro­

aagnetic tields and. .troa the tields, the associated radiatiOD b,. aeana ot 

Poynting IS theor., they denTed equations similar to the one Carter had. 

obtained. These equations simplify considerably when it 18 assu.raed that 

the spaciDg betwes the liD.. is small. compared to the wavelength, and it 

onl1' resonant sections ot lines are used. Tlms tor a line terminated. in 

its characteristic impedance and carrying a non-attenuated travel.l1ng waTe 

they shOll' that the radiation resistance is given by: 

1</1.-:: 160 7i~(4;r' 

where d i. the separation between the lines, and A is the wavelength. For 

a line bearing a standing wave and having current ux:'l- at both ends (short­

cirellited line) the radiation resistance is oIll7 tbree-quarters ot what it 
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is tor a line terminated iD ita characteristic illpedaDce. Sterba and. 

FelclJlan CODsider two acre cues, the first is a line which has a current 

mini.,. at one end and a curreBt -xillll. at the other end; while the 

second i8 a line having current m.a:x:imas at both ends. 

The result tor the liDe bearing current ma.rlaa at both ends 

agrees with that obtained by)lanneback iB 1923, and later by Carter. It 

is iBteresting to note however, that all these results are iadependent on 

the length ot the line but are only functions ot the line spaciDg and the 

wavelength. Another striking feature is that the radiation resistance ot 

the line terminated in its characteristic impedance is the sum of the 

radiation resiatance for an opa-circuited line plus that for a short 

circuited line. 

A :rear later, Whitlller(ll) published an article on "Radiation 

Resistance of Concentric Conductor Transmission Lines" in which he devotes 

a page or two to the problem of the open parallel-wire line. In his method 

WhitDer first finds the power radiated from wire .l d:u.e to the current flowing 
Lt . 

in: and the power radiated .!rca wire A. due to the current flowing in wire B. 

This is also done for wire B. Since the currents in the two wires are 180 

decrees OIlt of phase witil each other, the total power radiated will be twice 

the differeme between the power radiated by selt induction and the power 

radiated by JIlUtual iJlduction. This an&:q8i8 leads to the same result obtained 

by Carter in 1932. 

One of the most recent viters who analyzed the parallel-wire 

transaissioR liae was L.E. Reukema(12). In a paper published in 1937, 

Reukema sh01lS that radiation resistance is actually of dominant u,portance 

in deter.m1ning the selectivity factor Q and the input impedance Z. tor both 
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parallel wire and concentric oond:a.c'tor lines at high radio frequencies. 

This changes the optimuJa design of the line, whether used. as a low-loss 

inductive or capacit,- reaetaDce or to give hieh selectivity or bigh 

impedance-as a resonant line. Design equations for JlBximum 15eleetiviV 

and ma xj1l'DJll iJIlpedaDoe are giTen in thia paper, and he shows that the 

opti:m.uJD spacing to wire size for a parallel wire line now becomes 6.186, 

whereas this ratio was 3.6 if radiation resistance is neglected. It is 

found that Q &lid Zs for optiJmm. design are both im'ersely proportional to 

the cube root of the frequenoy, whereas previous analyais shand both 

increasing as the square of the frequeacy. 

B.r def"iBing radiatiOB resistance in the accepted manner, 

Reukem.a deri"fes expressions for the radiation resistanoe of parallel-wire 

lines with various terminations. Only the end. results are pYen in this 

article and it is difficult to say what method. he may have used to arriTe 

at these results. It would appear that the expressions obtained are 

dependent on line length, however, this becomes vanishingq small when 

lengths greater than two half-wavelengths are considered. The result 

he gets for an open circuit line seems to be in agreement with that of 

previous writers. 

The most recent attack on the problem DS _de by King(13) 

in 1945. He shows that the radiation resistance for a line shorted at 

both ends and an even number of half-Dvelengths in length is I ct O(r:!J 1. 

ohms, including the effect ot the terminations. This is the same result 

obtained by previous writers but for the case of a line open-cirellited at 

both ends. KiDg also seems to think that the radiation resistance of the 

same shorted line, but an odd number of half-wave1engtlils in length is 
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proportional to err:) 4- instead. of (~) loU :previous writers bave obta:irl.ed. 

Table 1 is a complete sUlDlll&l7 of the works of most of the 

authors, who have analysed the problem. PracticalJ,y all the authors 

agree tbat the radiation resistance of a line, open-circuited at both 

enda" is giTen by 

OnJ,y four writers have considered the case of a line terminated in 

a short. circuit at both ends. The results of theee four authors 

differ in each case and it is probable that all four are in error. 

http:obta:irl.ed


Author 

)(ieo 

steinmetz 

Carson 

Kanneba.ck 

Pistolkors 

" 

Carter 

Sterba and 
Feldman 

Whitmer 

-"JL 

Reukema 

Cases COn8idered 	 Results Obtained 

Endless parallel-wire C.oncluded that no radia­
lines. tion existed from the 

line. 
"'f1 d qLong parallel-wire lines. 	 R == QTr x 10- ohms . ,.,. c 

where d- wire separation 
7\ = wavelength 
c· 3xlOlO cm./sec. 

Parallel:".ire line ter­ R=2.i-O(TTdf(1 _ "'-,h IfTTL/-,..)
minated in ite ch~r.acter­ ",. }\. J 4171..(/'.. 

datio · impedance . , ;,.,. where d- wire spacing
,,= wavelength 


1. length of line. 

Parallel-wire lines open­	 -:Z.(d)2. 
~::'20 Tf A.circuited at both ends and 


an even number of hal{­ where d and are defined 

wavelengths long. above. 


Parallel-wire lines open­

circuited at both ends andlR _ 
 ,zo rrZ(~)2
an even number of half- :A ­
wavelengths long. 


Considered the same case R""=-, ofE,../ok:t-mL -C,·(:2T1'1L) 
as Pistolkors. Assumes r ,~ 
that the wires are excited -r2C,{",.') -C","'-'(Jd%+C' -rL; 
in phase. Changing the re- /- & 1. _ '] 

sults to suit the trans- -C,; ""\Jd .... L.: L; 
mission line case, his where ~ O.5772(Euler's 
method gives the following Constant), m = 2~/~, and 
expression. 	 Ci is the cosine integral 

function and can be ex­
pressed as an infinite 
series. 

~o parallel - wire line 	 .L R~ = I' 0 rr "J.(4;.)l. 
terminated in its 

characteristic impedanceo 


~. Line open - circuited 
2.. 13...:, I Z0 1T "l.(~)'1.at both ends. 
J. Line short - circuitec ;>.. 


at both ends. 
 i. ~::: 40 TT~ (1:)2 

Case of the parallel ­ R,,,:=- /20 rr% (%- )2wire line open ­
circuited at both endso 


!o Line open - circuit ed .L ~_-=-11.0 (rrd)l./i ...(.!.. 1'-';;~ 
at one end and fed at ~ LI 3 (fJ-;r 
the other end. S",t .8 'X.1 
20 Line short - 1.(:; 
circuited at one end . R",,"~($i) 1tot 120[t-~ 
and fed at the other end. " "3 (-~1-.'it.. 2 I ' ~J1~3 ?~y.J7$,"~" (~t $",21::1J 

C<DIlIents 

Said that this radiation resist ­
ance is evenly distributed along 
the line and can be considered 
a new line parameter. 

The bracket in the expression is 
equal to unity when lengthl great­
er than a few wavelengths are con­
sidered. Does not include the 
effect of the shorting bars. 

Concludes that radiation losses 
are negligible compared to the 
heat losses of the line. 

Actually considers the case of 
the pair of wires excited in 
phase, however, making the necess­
ary changes yields the same result 
as Manneback obtained. 

When L =2rrj", and (d/~) < < 1 are 
introduced in this equation, and 
if the cosine integral is expressed 
in the form of an infinite series, 
then the expression becomes 

Z (d )2.R.".-= 120 T1 ~ 

These expressions originate from 
an expression similar to the 
one obtained by Carter. The 
expression for the line shorted 
at both ends , does not include 
the effect of the shorting 
bars. 

Thi8 expression again owes 

its origin to an expression 

similar to that obtained by 

Carter 0 


These expressions seem to be 

dependent on line length, but 

if lines longer than one half' ­
wavelength are considered, and 

if the lengths are multiples 

of a hal! - wavelength, then 

the results reduce to those 

obtained by sterba and Feldman. 


where ~ ::. 211/7>. and 
'X =length of lineo 

Lines shorted at both endt R _ Thia result includes the 
King and an even number of ;A.­ /2 0 ('TT')..d)

2 

effect of the shorting bars o 

hal! - wavelengths longo 

Table 1 - A summary of the works of several authors. 
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II .l C01lPARISON WITH THE WORK OF HOI AND CARR 

In the spring ot 1950, Hoy-(14) and Carr(15) each had presented 

a treatise in partial fulfillment for the degree of .vaster of Engineering 

at IfcG1ll University. Hoy had studied the etreet ot radiation on the 

properties of resonant sbort-eircuited parallel-wire lines, lfh:Ue Carr had 

done the saae for open-cireuited. Both bad ussd the Cbipun method 

inaugurated by Dr. Chipam(16) in 1939. Since the Cbipnan method is very 

convenient for measurements of this type, it was also used in the present 

thesis. 

It was suspected that the work of Hoy and Carr was considerably 

in error for several reasons and it was decided that their 'WOrk should be 

repeated and checked. The:main reasons why tl::t.eir 'WOrk was repeated are 

ennUErated and discussed in the following f'ewpages. 

O.e ot the cbief' reasons tor the repetition is that, a d.etector, 

amplifier and recording :aetar tar superior to the detector &y'8tem. used. 

before 1I8.S emplOTed. Hoyts and Carr's detector system consisted mainJ.y of 

a small detector coupling loop which detected the resonant current at the 

iDtinite plane end of the line, a thermocoaple, a chopper amplifier and. 

an Esterline ..A.ngu,s 0-5 milliamper recordiDg aeter. Since it was necessary 

to stay on the linear portion of the thermocGllple characteri8t1e curve a 

chopper amplifier had to be used to ampli1'7 the D.C. oatput to a pout 

where it could be measved by the recording meter. This chopper amplitier 

was not linear and there was eTidence of distortion tor the higher Cain 

positions. This, therefore, was probably the unit which gave the largest 

error in the final results. The chart coordiDates of the Esterline Angus" 

recording lieter are not reetangu.lar therefore it was not iDlediatel.y evident 
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whether the resonance curve was distorted in any '"9". The cletector sy_tea 

used this time consisted ot the sue detector coupling loop and thermocouple, 

howeVer, the output from the thermocouple was ted directly into a .Leeds and 

Northrop SpeedOllaX recording meter. This _ter has an amplifier enclosed. 

in the m.etar i taeU and the m.easuring circu1t is ot the potentio.ter tJpe. 

It bas a 0-200 microvolt scale with a chart that uses rectangular ooordinates, 

thus mak;j ng it possible to notice any distortion in tbe resonance curve 

imm.ediatel.7 • 

2. lear~ all at the theory on radiation resistance from parallel-

wire lines asSUII8S that the lines have 'I'8ll:i.shingq small radii in cOllparisOll 

with the wavelen&th. The two-wire liBe on which Hoy and Carr had made their 

meBSureBlente bad a diameter or t.bree-eightu ot an inch there'b7 d1sregardiag 

this assumption. 

The shortiDg 'bar that was used to termiaate the short-circuited 

line was i:mproper. Theory states that the short:iDa 'bar should be ot the 

same at81'1&1." size and shape as a small section of the line i t8e1£. HOT had 

used a 'brass shortiBg 'bar 3/4 x 3/4 x 1 3/4 inches in d.iaension. In addition 

to this, two screws were placed at the ends of the shorting 'bar in order that 

:1.t eoul.d be clamped r1c:1.ct:q' to the line. This made the overall length. ot 

the short1Dg 'bar sl:1.gh~ aore than two inches, whereas the spacing between 

the wires was only one inch. TechD1cally speaki ng this would make the 

radiation resistance of the shorting bar appreciabq different than. that 

given by g 0 ~)~, where d is taken as the separation 'between the two wires 

of the line. 

As the transmission line is driyen through resonance the input 

im.pedanee to the transaaission line is con.stantq cbaaged. This i:Ilpedance 
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chuge JJJa7 or may not be reflected back to the oscillator through the power 

input loop. In order that the oscillator may see the sue iapedaJace regar«­

less ot the leDgtb of tlle transmission line, it is cODIIlon practice to lIl8e 

a substantial length of biih loss cable bet1reeD the oscillator and the power 

input loop. H07 ad. Carr had used a type of higb loss cable to decouple the 

oscillator, but the leagtb used was not sufficient to prevent possible changes 

in the oscillator conditions. 

5. When a transmission line is excited by a power input coupling 

loop two possible modes of excitation may exist OD the line. The first is 

the transmission-liAe mode wh.ic1a has cllrrents fiow:i.D.g in opposite directi.. ODS 

ill the two wires, the other is the antenna mode in which case the current 

in the two wires flows in the same direction. It the line is to be used 

as a transmission line then onl7 the first mode is desirable. This is 

usua1l.7 achieved by placiDg the power 1:aJu." loop i.A such a positioD that 

a ma.x:i.IruIl of the transll1ssion-llne mode and a Jlin:i.am of the antenDa mode 

will exist on the line. The amount of the antenDa mode present can be 

deterlliDed b;y taking a resona.ace curve When o~ one wire of the two-wire 

line is tested.. Untortunatel7 the work ot Hoy and Carr did not offer an;r 

cheek data on tile m.a.ga1tude of excitation of the antenna mode. The 

presence ot the undesirable antenDa .ode would live considerable erTOr iJl 

the Jleasurem.ea'ts it it were preseat to 8llT great extent. Th1s is clue to 

the tact that the selecti'l'it7 ot the antenna mode is a great deal lower, 

and its reSOnaDOe CUM'e a great dealll'ider than that of the transm.1ssioD.­

line JIOde. Thus the presence of a small amount ot the antenna lIode wou.lci 

have the eftect ot raisiBg the zero level of the tranniss10n-liDe m.ode 

resonance CUl"'1e. 

Tbe presaace of the power input and detector loops 1a the 

http:Jlin:i.am
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(Ile&8'IU'iDg apparatus introduces additional losses in taesystea. In order 

that the losses due to these two coupliDg loops coul.d be deterlll:i.Bed" HOT 

had taken aeasureaeDts at the shielded short-circuited linel but this was 

DOt clone ia the proper Jll8'D.ner. A trae shielded shorted pair also has a 

shorti:Bc plane at the end ot the two-wire liDe thereby providing a path tor 

the current from. the trannission line to the shield. HOT's shielded shorted­

line was not a t1'l18 shielded shorted-pair since no means ot conducting the 

current from the tend..nation to the shield was provided. This woulJi gift 

peculiar end ettects and would probabl7 make the losses dBe to the eoupliJlg 

loops substantiall;y higher. 

a consid.eriDg thea. possible sources of error, 1t was decided 

that the experiment should be repeated, both to attempt to reduce the argiD 

ot error and to evaluate the eftects at these faults. 



nI DBSCRIP'rIOIi OF .lPP.lRA1'US 

(a) 	 General 


A complete block diagraa ot the apparatus is given in Figure 


1. Power is fed trom tile A.C. mains through a coutant voltage transto:raer 

to the high voltage pcmer 8upp11'. This high voltage power suPP17 then 

supplies the necessary voltage and current for the converted radar vans-

mitter, which in turn feeds the resonant transmission liBe with the required 

. 	high trequeac;y energy. The coapled oatput trom the two-wire line is then 

converted to D.C. by the thermocouple and. the D.C. is fed to the Leeds and 

Northrup patentioaeter type recordi.Dg meter. 

A. photograph of the apparatus is seen in Figure 2. The 8Jll ­

chronou liDe drive actor lI:i:t;h the speed reducing gear is seen in the lower 

left hand corner of the photograph. The brass rod connecting the speed. 

reducing gear to the micrometer line cirive projects vertical17 frolIl the 

speed reduciDg gear. The lower portion of the transmission line is visible 

just to the right of the brass rod. Proceeding fro. left to right for the 

revudnder of the picture, we have; the selenium rectifier" which supplies 

the necessar,y D.C. energy tor the D.C. blower aotor ot the oscillator" the 

high .f'requenc;y radar oscillator with its associated _ters placed on top 

and the high voltage power suppl,. necessary tor the operation ot the 

oscillator. The constant voltage transformer placed between the A.C. mains 

and the high voltage power supply is just visible aver the top ot the two 

meters sitting atop the oscillator. Unfortunately' it was impossible to get 

the Leeds and Northrup recordiDg meter in the same photograph, however, the 

leads leading to the recordiDg meter can be seen crossing the photograph at an 

angle ot tort,. five degrees. Some ot the vertical supports of the structure 

http:recordi.Dg
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Figure 2. 

Photograph of most of the apparatus used during operation. All this apparatus is ~ 

located below the wood supporting structure and the aluminwm plane. 
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rNPporting the overhead alum::i DUm plane can be seen in the background ot 

the photograph. 

(b) The Transllission Line ami Plane Asselibg 

A drawiDg ot the alumi lUll. plane and transllission line asselllbly 

can be seen ill Figure 3. The plane consisted ot two aluminum. plates" one­

eighth ot an iDch thick, eight teet long and three teet lIide. These two 

alumiDlJDl plates were tastened side by' side on to the su.pporting structure, 

thus torming a plane eight teet by six teet. This plane i8 considered to 

be an iBtiDite plane and has a coefticient ot reflection ot unity. The 

transmission line was composed ot two parallel silver rods, 0.101 iDches 

in diaaeter and spaced one inch apart. It extended above the plaae approx­

iutely at the center ot the infinite plane. The line was sut.ticientq 

long so that lengths fro. 0 to 120 centilleters above the plane could easily 

be obtained. In order to ensure good contact between the alu:miDam plane 

and the silver two-1I1re line, silver tubing of 0.101 inches inside diameter 

was placed i!1Side bollow 'brass tubing of three-eighths incbes outside 

diameter. The silver tubing extended slightly above the plane and was thea 

flattened to f:i. t the countersunk boles in the plane. This is sbown ill 

Figure 3. The brass tubing was then clamped. in the V-grooves of the line 

guides and the line guides were in turn fastened to the circular brass block 

marked 2 in Figure 3. 

ReierriDg now to figure 4. it is seen that the transmission line 

is clam;ped to the carriage of the llicrometer drive. Since metal screws bad 

a tendency to damage the silver rods slightly, hardwood screws were therefore 

used to clamp the line tirmly in the polystyrene block, whick in turn was 

clamped to the IlicrOlleter carriage. The micrometer had a total vertical 
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Figure 4. 

Closeup ot the micrometer line drive and V-groove line guides. 

Figure 5. 

Closeup ot the power input and detector ~ 

coupling loops. 
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motion of five centimeters and. so it was necessary to first find the 

approxillate resonant length, then clamp the liBe by Ileana of the lfOod 

scren and make fine adjustments with the micrometer carriage.. The mcro­

_ter seale could be accurateq read to 0.001 centimeters, while the reso­

nant length, 10, could only' be measured to an accur&C7 of 0.1 centimeters. 

The two llmits of accuracy are approx1mateq the sqe because the error in 

the measurement of the resonant length is considered for lengths much greater 

thaD five centimeters in most cases. Attached to the micrometer and. extend­

ing to the lower edge of the photograph is the brass drive shaft, which is 

i!ld.irectly connected to the line drive motor through a speed reducing gear. 

The power inpllt connector can be seen just to the right and 

close to the top of the line guides. The power is brought in by means of a 

RG/21U high loss cable, and. is coupled to the trans.m.ssion-line through a 

small loop. As can be seen from Figure $, the position of tbis coupling 

loop is on a line at right angles to the line joiniag the centers of the two 

conductors and. about three-quarters of an inch away fro.. each conductor. 

The detector coupling loop is directly in the center of the two conductors 

and projects only slightly above the alWllinUJI. plane. In order tha t no 

direct coapliDg between the power input loop and the detector loop CD 

ex1.at, it .... s neces8&r;T to elevate the power input loop about three-qllarters 

of an inch above the plane. The resonant current detected by the detector 

loop is fed to a thermocouple, which is encased in a brass shield and is 

visible directly below the power in.pu.t connector in Figure 4. 

Since the transmission line was not sufficiently rigid 'When 

le:aaw loncer than about wenty centimeters were ued, it was necessary 

to support the two wires in some manner. Figure 6 is a drawing of how this 
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Figure 6 - Method of supporting the Transmission Line. 
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wu achieved. .1 wood beam. was tastened between two I beams, which were 

pari; ot the ceiliDC ill the roOil containiDC the apparatus. Three poqstyrene 

pulleY's were then attached to the wood beam. as shown in the diagraa. The 

two wires ot the open-circuited line were supported by means ot two II1'loD 

threads whieh passed over these pulle.rs and the threads were counter­

weighted at the other end. By placing sufficient weight at the other end 

ot the n;ylon thread the lines could thus be maintained steady and parallel. 

Only one II1'lon thread was necessary tor the short-circuited line, and it 

was attached to the eenter or the shorting bar. 

(c) The Line Driva Motor and Speed Redueing Gear 

Since it was necessary to bave synchrouiSlil between the motion 

ot the recording meter cbart and that ot the traDISmission line, a motor ot 

the sue type as that ot the chart dr1va .bad to be used. For this reason 

a phonograph synchronous motor was selected to drive the micrometer drum. 

The turn-table ot the phonograph motor was remand and a speed reducing gear 

was mechanicalq coupled to the drive sbatt as is shown in Figure 7. The 

synchronous speed ot the motor was 78.2 r.p.a., and the speed of the drive 

shatt was reduced to 1.072 r.p.m. by means ot the reduction gear supported 

above the motor.. This, there£ore, meant t.hat t.he microaet.er drwa revolved 

1.072 turns every mimte. One revolution of the micrometer drwa corresponds 

to a total vertical motion ot 1 millimeter in the transmission line, thus 

the length ot the line was increased 1.072 .'111metars everT m1mte. Most 

ot the resonance curves were taken with a chart speed ot 2 inches per mimte 

signifying that 1 inch ot paper corresponded to 0.536 millimeters ot line 

length. 

http:microaet.er
http:pulle.rs
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Figure 7. 

Photograph of the synchronous line drive motor with the 

speed reducing gear. 

Figure 8. 


Oscillator and its associated meters. 




(d) The Oscillator 

A photograph of the Radar Noise Transmitter used as the 

oscillator can be seen in Figure 8. This oscillator was a converted 

T-85/APT-51 with the removal of the photoelectric noise source and video 

amplifiers comprising the major change. The chief connectioll8 on the set 

are. the oscillator output, the grid current meter jack and the power 

input connector. The controls used during operation werea the antenna 

loading control and counter, the main tuning control and counter, the 

oscillator bias control, the antenna shift control and the power input 

sllitches. All these controls and connections are plainly visible in the 

photograph. The oscillator utilized a 3C22 lighthouse tube with plate aDd 

cathode lines for tuning. 

The main tuning control was adjusted so that the plate and 

cathode lines could be tuned separately or both at the same time. Position 

of the plunger in the cathode line determines the mode of operation. For 

a given setting of the plate plunger, a setting of the cathode plunger will 

cause operation at a frequency for which the plate tank is 1/4 wave long, 

this being the first mode. By shifting the cathode plunger in the same 

direct.ion, oscillation will again occur at a frequency such that the plate 

tank is 3/4 wave long; this being the third mode. The antenna shift 

control is set at the tlpull" position for frequencies above 900 Me/Sec., 

and the oscillator bias control adjusts the plate and grid current of the 

lighthouse tube. Cooling for the 3C22 lighthouse tube is supplied by- a 

D.C. blower motor 'Which obtains its power through a selenium rectifier 

built f'or this purpose. The filament of the lighthouse tUbe is supplied 

through the original transformers of the set, while the high voltage of the 
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plate is supplied from a high voltage regulated power supply. The best 

operatiDg range of the oscillator was found to be between 350-1150 1lc/sec. 

The frequency was measlU'ed by two different units. The first 

was a General Radio Corporation 'rype 720-A. Superheterod;rne Frequency meter, 

whereas the second was a type TS-69.l/AP Resonant Cavity Frequency)leter. 

Both units are Tisible in Figure 9, and. the G.R. Superheterodyne Frequency 

meter appears at the left of the photograph while the other is at the right 

of the picture. At no time did the measured frequency differ b7 more than 

2 lIegac7cles between the readings given by each meter. This indicated that 

the frequency was measured to an accuracy of one half of one percent. 

(e) High Voltage Power Suppg 

The high voltage necessary for the plate of the lighthouse tube 

was supplied by a regulated power s~ capable of supplying 1000 volts at 

150 milliamperes. The voltage was regulated by a standard electronic voltage 

regulator" thus giving a constant voltage for any one setting ot the control 

variac. In order to further assure negligible voltage fluctuations, a constant 

voltage transformer was interposed between the A.C. mains and the regulated 

power supply. A photograph of the power supply may be observed in Figure 10. 

(f) Power Input and Detector Loops 

The unit by which the power was fed to the transmission line is 

depicted in Figure 11. Power was conducted from the oscillator by means ot 

a high loss cable which liaS termi:nated in a small coupling loop at the end. 

The coaxial high loss cable was a RG/2lU type with an attenuation of 46 db 

per 100 feet at 1000 Me/sec. The pOWer level to the transmission line was 

controlled through the use of various lengths of high loss cable. The 

shortest length of high loss cable used was 20 teet, indicating that sufficient 
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Figure 9. 


The two frequency measuring units. 


Figure 10. 


High voltage regulated power supply. 
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decoupling between the oscillator and the two-wire line existed at all times. 

Sufficient lengths ot bigh loss cable were cut so that any length between S 

and 375 teet could be attained b.Y joining several pieces together. 

The thermocouple and detector coa.pling loop can be observed in 

Figure 12. As can be seen in the photograph, the thermocouple was encased 

in a brass shield so that only the small coupling loop at the end ot the 

shield picked up the energy £rom the transmission line. The thermocouple 

itself was an herican Thermoelectric Co. Ultra-Hiih Frequency Thermocouple" 

Type 93L. Its heater resistance was 600 ohms whereas its couple resistance 

was 12 0_. Since this thermocouple is a square low detector, the half 

power points ot the resonance curve would therefore appear halt way bet1reen 

the peak and the zero level ot the voltage resonance curve. A shielded pair 

was used to conduct the D.C. trom the thermocouple to the Speedomax recording 

meter. 

(g) The SpeedolDB.X RecorAAs Meter 

The measurini circuit ot this recorder is fundamentally a 

potentiometer, with filtering and damping circuit and amplifier interposed. 

between the thermocouple and the measuring circuit. The D.C. off-balance 

between the thermocouple and the :measuring circuit is first passed through 

a tilter to eliminate any A.C. pick-up in the thermocouple leads and is then 

ted through a synchronous vibrator type converter to an input transformer. 

The output of this transtormer is then passed through three stages ot 

amplification to a pOYler tube which in turn controls a two phase motor that 

drives the measuring circuit slide wire. One phase ot this motor is connected 

across the line, whereas the second phase, or control lIinding, is energized 

by the amplifier. The phase relationship between the two windings ot this 



Figure 11. 


Power input coupling loop. 


Figure 12. 

Detector coupling loop and thermocouple. 
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motor is such that the motor will run in either direction, depeDding upon 

the polarity ot the ott-balance D.C. bet1reen the thermocouple and the 

measuring circuit. To prevent overshoot or coasting ot the motor, the 

same circuit used tor filtering is also used tor damping purposes. Photo­

graphs ot the recording meter are given in. Figures 13 and 14, while a complete 

circuit diagram appears in Figure 1,. 
The recorder measures the voltage across the output terminals 

ot the thermocouple and has a tull scale reading ot 0-200 microvolta. The 

chart drive motor is a synchronous induction motor and gears are available 

to give paper speeds ot 20, 10, " 2, 1 and 1/2 inches per minute. The 

tact that both the line drive motor and the chart driYe motor are synchro­

nous motors akes it possible to obtain a constant relationship between the 

motion ot the transmission line and that of the chart on 'Which the reacliD&s 

are recorded. 

Retur.niDg to Figure 13 it is observed that the output ot the 

thermocouple is brought in to the recordiIIC m.eter through the input connector 

at the lower lett, whereas the A.C. power necees8.l7 to operate the _ter is 

brought in through the connector at the lower right ot the wood panel. The 

center connector visible in Figure 13 was used as the source of A.C. power 

tor the synchronous line drive motor. Thus both the line drive motor and 

the recording meter could be set operating by means ot s1fi.tches located on 

the panel moulltiDg ot the recording meter. Careful inspection will reveal 

that a resonance curve has just been obtained on the paper chart. Figure 14 

shows some ot the internal parts ot the recording meter. The circular disc 

at the center ot the photograph contains the potentiom.eter slide wire and 

the base of the amplitier section can be seen at the bottOlll ot the outer case. 

http:necees8.l7
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Figure 14. 

Some of the working parts of the Speedomax. Recording Meter. 
Figure 13. 

Speedomax Po1entiometer Type Recording 
~ 

Meter. 
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1.V MEA.SUREMENTS AND RESULTS 

(a) 	 Theory of Keasurements. 

The se1.ectirlty factor Q of &rI3' resonant circuit is defined as, 

peak energy 	stored in the circuit, (1)
Q = 27ft ATerage power lost in t he circuit 

where f is the t requellC7 in cycles per second. Consider now the case 

ot the parallel-wire shorted transmission line as is shown in the figure 

below. Let us assWIle that any losses due to radiation and the effects 

of the power input and detector loops, will appear as series terminal 

resistances Dr and Rt respectively. liso consider the case when the 

line is above an infinite perfectly conducting plane. This plane is 

considered to have a coefficient of reflection of unity. The transmission 

line alao has obnic resistance Re, which is distributed along the length 

of the line. Since this is a shorted line, the current at any point on 

the line is then given b7 

i = 10 sinwt cos !if lC (2) 

where Ii) • 211 f, 10 is the peak current, to is time, " is wavelength 

and lC is the distance trom the infinite plane. 

Rc. 

x.... 	
• -
.~ 

... 	 L~~ .. 
II d­
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Consider now the peak energy stored in the magnetic field. 

The inductance of a small differential. length of line is Ldx., where 

L is the inductance per unit length of the two wire line. The peak 

energy stored in this differential element of length becomes; 

d.~ -:: f CL d~) l;1. • (3) 

Substituting equation (2) into equation '(3), and disregarding the sinc.ut 

factor since oDlr peak ener,gy is considered, we obtain upon integration 

over the entire length ¥ .'1 

Ws = i L J [10 CH ¥"-xJ dx = t n),. I/ L (4) 
o 

,~ 

where n is an integer 0, 1, 2 etc. 

Now consider the time average power lost in the circu.it. 

The factor 10 sintAt now will become ~ since a time average is being
iii. 

considered. The power lost is given b1; 

J
?'\.~ ;J, r; - ).:l f.lj \;1. 

tIt:: :;:- f? [it f!4o ~~] d-X + l ~ &, 7' ~~J R (,) 
o 

Upon integration expression (,) becomes 
:L.:J. ~ 

PI... = t <Ytr. Rc.:Co T Jt R./I. 1- Io_ 'Rt (6)? 

Substituting equations (4) and (6) into equation (1) our expression for 

Q becomes; !(t?wf.-L ]
Q::: t) 7r Lt -n.). Re .,. ~ ~~ (7)i-

It we now u.se the tact that the resonant length of the line Lo is equal 

to n A/2, p: 2 rrl,.. and ~=c/f we obtain, 

11 _ ..L [~J..2 L ,e - ] (8)
Uf - .:2. Rt!,~ T RI\, i'" lit' 

where c is the velocit1 of light and is a constant. B1 inserting the 

equations c -_ ...l- and Z ff

VLC 0 = C' 

where C is the capacit1 per unit length of line and Zo is the character- . 

iatic impeda.nce ot the line, into equation (8) we obtain, 

http:circu.it


(9) 

This will actualil' be the measured Q of the unahielded line. 

Let 	118 therefore, rewrite equation (9) as, 

/) ...L. [ ~ 1- 0 L 0 -7 
LY'~ ==;l * 1-1<..... t-Rt:J (1O) 

Thus if Rc is calculated and Rt and Q are measured, then the radiation 

resistance will be given b7j 	 . ] 
o _ ..l-L-	~ - - ;J.. RrzoLo Re.. Lo 
IIA-- ~ 	 q~ _ (11) 

The telBlinal resistance lit is du.e to the effect of the two 

coupling loop. on. the circuit. I:t Rz. can be eliminated from the equation. 

in some manner, then. the losses will only be due to the ohmic resistance 

Rc and. the effects of the power input and detector coupling loops. Rr 

can be eliminated by.making Q measurements on the sam.e' line, but uth 

a shield arOllDd it so that it cannot radiate. Let us designate the 

measured selectivity factor of this case as the Q of the shielded line 

(i.e. Qsh). It.lllt1t be reaembered; howeyex; that the obodc resistance 

and the characteristic impedance of t he shielded line will also be 

different than those of the WlShielded line. Let u. designate tham as; 

RCl =ohmic resistance of shielded line 

Z~ =characteristic impedance of shielded line. 

The selectivity factor of the shielded line as giyen by equation (9) 

then becomes; _ .-L [ (j Lo 2 0 1 ]

9~h -;). Re, ~ +- Rt: 	 (12) 

aearranging equation (12) we then obtain the series term:1.nal 

resistance Rt, which was assumed to be due to the losses in the power 

iDput and detector loops. 
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(13) 

It can be seen frcm. t he above anal.y'sis that b;r .making two 

measurements on the same line, (i.e. one on the unshielded line and 

one on the shielded line) it is possible to cal.co.l.ate the radiation 

resistance of the unshielded line b;r means of equations (ll) and (13). 

(b) Cal.ibration of the Apparatus. 

After the apparatus had been assembled it was necessar;,. to 

make certain tests to determine whether the apparatus was supplying 

true readings. The causes of fault;r readings were ennwnerated and 

each suspected tao.l.t was checked. 

(1) One of the first tests made, was to detem.ine it the 

oscUlator contained harmonic. beside the tundall.etal. frequenc7 desired. 

To check this the oscillator was turned on and a small antenna was 

attached to the output of the oscillator. The frequency of the oscillator 

was Jll.88.sured with the General Radio Corporation su.perheterod;yne frequenc,. 

meter, which bad a frequency range of 100 to 210 Mc/Sec. It was there-

tore necessary to locate the position of the successive beats on the 

frequency meter to obtain the frequency output of the oscillator. It 

was tound that for frequencies between 350 and ll50 Mc/Sec. onlT the 

tundaalental frequenc,. was present. For trequencies lower than 350 

and higher than ll50 MC/Sec., varying amounts ot harmonics was detected. 

This was later reatfirmed when a frequency of 300 v.c/Sec. was attempted. 

This is theretore, the cbief reaaonwh7 all the ..asureaents were done 

in the frequency range 350 to ll50 Mc/Sec. 



2. The second test made was to detennine t he relation between 

the chart 8peed. and the vertical motion of the transmission line. Botb 

the chart speed and the speed of the line drive motor were timed over 

intervals ot fifteen minutes and each time it was discovered that a 

linear rel&tion exi8ted between the two. It was discovered that with 

a chart speed of two inches per minute, one inch of paper corresponded 

to 0.;36 millimeters of line length. 

3. It was next necess817 to determine whether the thermocouple 

was operating on the linear portion of its characteristic cu.rve. A 

curve of the operating trait8 of the thermocouple was drawn and is 

8hown in Figure 16. The graph indicated that the curve i8 linear IIp 

to one milliampere OlltPllt current, thus indicating that Olltput current8 

ot 1.0 milliampere. or leB8 could be drawn from the thermocoaple while 

8till remaining on the linear portion of the cnrve. In order to 

obtain reading8 le88 than tl111 8cale on the recording meter, voltages 

of less thaa 200 micro'VOlte have to be measured. This means that the 

'VOltage across the ou.tpu.t terminals ot the thermocouple shou.ld be 

200 microyolts or le5s. Since the cou.ple resistance of the thermo­

couple is 12 ODaS, therefore a current of only 16.67 microamps is 

nece8sary to give a fu.ll scale deflection on the Speedomax recording 

meter. This is far below the lIaxtmum valu.e which can be drawn from 

the thermocouple and therefore operation on the linear portion of the 

thermocouple sqaare law characteristic was assured. 

4. Atter the preliminary checks h.d been eanpleted it _s 

necessary to determine if the re80nance curves drawn b7 the Leeds and 
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Calibration curve to determine the square - law characteristics 

of the Thermoelectric Thermocouple. 
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lortbntp Speedoru.x recording .meter were true resonance curves. The 

method 'by which t his was clone is shown in Figure 17. It is known t bat 

a voltage resonance curve can be plotted into a straight line it 

,J (V-.:x:./V)2- 1 is plotted against frequency, where 'max. is the 

TOltage at the peak and V is the voltage at any point on the reson­

ance curve. Since the resonance curves were obtained by 'V&rying the 

length of the transmission line, Figure 17 therefore has line length 

as the absicssa. The resonance curve anal;yzed was that of a 2/2 waye 

resonant shorted transaission line at a frequency of 11.00 MC/Sec. 

The plot of Figure 17 departs very little from a straight line, thereby 

indicating that the yoltage resonance curve taken was a true reson­

ance curve. 

(c) Method of Measurement. 

In order to cletermine the variation of radiation resist ­

ance with frequency, it was decided to take .Ileuurements at five 

different frequencies covering the full frequency range of the 

oscillator. At each frequency setting the measurements were to be 

taken on Tariou8 lengths of transmission line tor both t he open and 

short-circuited lines. It was foWld. that the transmission line was 

sufficiently long so that lengths from one quarter ~velength lip to 

and including sixteen quarter wavelengths could easily be obtained. 

In order to determine the losses introduced by the two coupling loops 

themselves" it was neces88l7 to repeat all the measurements with a 

brass cylincler shielding the line. 

.. 
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Figure 170 
This graph was plotted to determine whether the resonance curves 

traced by the .meter were true resonance curves. The graph indicates that the 

resonance curve of the 2/2 wavelength shorted line at a frequency of 1100 

Me/sec., was a true resonance curveo The resonance curv~ had a measure~ ~ 

of 192 and was similar to all the ~ther curves takeno 
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Once the apparatus was in operation the procedure was 

reduced to simple and Jl.ethodical labor. The oscillat.or wal!l first 

adjusted to provide power at the required frequencyII and the power 

was fed to the line by aeans of a h1gh lOIs cable terminating in 

the power i.I::lput coupling loop. As mentioned betore, the approx­

imate position of the resonance curve was first found by allowing 

the line to slide freely in the polystyrene block connecting the 

two wire line to the mcrometer drive. Fine adjl1stments were made 

b7 means of the micrometer drive. When the position ot the reson­

ance curve was located, it was frequently necesl!l817 to change the 

amount of high loss cable between the oscillator and the power inpl.1t 

loop_ By doing thil!l, the amount of power ted to the transmission 

line was controlled, and. the amplit ude of the resonance curve could 

therefore be adjusted. The transmission line was then set at a 

length slightlJ' below resonance and the reading of the micrometer 

was taken and Jl&rked on the paper chart. 

Since the s1ftchronous line drive motor and the recording 

meter could both be controlled from switches located on the ..-untiDg 

panel of the recording meter, it was eas7 to control both at the 

sarae tilae. Both were switched on 81..mu.ltaneousq and were again 

switched otf when a canplete resonance curve had been obtained. 

The tinal reading ot the micrometer was again recorded on the chart 

and the length ot the line above the alllminwa plane was measured 

with a _ter stick. The true resonant length ot the tranSlllission 

line conseql1entlJ' could be obtained b;y Jl.easuring the amount ot paper 

http:oscillat.or


covered bet.ween the peak of the resonance curve to the point on the 

chart where the apparatus was stopped. 'fhis measurement was con-

vaned to a corresponding increment of transmission line length, and 

was then subtracted frem the m.easured length of the line in order 

to obt.ain the true resonant length. 

T;ypical resonance curves are shown in Figures 18, 19, 

3>, and 21. Each curve shows a characteristic marker pulse when the 

apparatus was turned on and again when the apparatus was turned off. 

This is just al'lOther leatlU'e of the apparatus so that the points at
• 

which the apparatus was started and stopped could. be marked auto­

matically. Each marker pulse corresponds to an appropriate r.eadiAg 

of the micrometer. This micrometer reading is marked iBlD.edately 

above its correspol1ding marker p~lse. Figures 18 and 19 are resonance 

curves taken on the open-circuited line when the. line was 11/4 wave­

lengths 10111. Both resonance curves are t.aken at a frequency of 696 

lie/Sec., and the onlJ" difference between the t1lfO is that Figure 18 

ia t.hat of the unshielded case, while Figure 19 t.hat of the shielded 

case. The selectivity factor Q is calculated from the e.xpression; 
Lg 

Q =2AL , 

where La is the t.rue relllonant lengt.h in Cll.s., and the 2AL is the 

width of the resonance curve at the half power points, measured in 

the same .intts. Due to the fact that the thermocouple det.ector is 

a square-law d.etector, the half power points appear halt way between 

the peak and zere levels of the wltage resonance curve. It is 

int.eresting to note that in practically all the resonance curves 

taken, the zero leTel appears at the point where the recording meter 
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reads zero voltage (i.e. at the bottom of the recording meter chart). 

Figures 20 and 2l are examples of resonance curves taken 

on a short-circuited Une, 6/2 wavelengt.hs in length" at & frequency 

of 918 Kc/Sec. Again the only difference between t.he two curves is 

that Figure 20, is the case of the unshielded shorted line whereas 

Figure 2l that of t.he shielded case. It can be noted that. the 

width at the half power points of the unshielded resonance curves 

is of the order of two to three times as great &8 the width of the 

shielded curves. This therefore indicates that the losses due to 

radiation are appreciable thereby lowering the aelectivity factor Q 

of the resonant line. At least two relonance curves were taken at 

each aett.ing and. an average Q was obtained. The average Q 'Y&lue was 

used when the calculations of radiation resistance were done. 

As mentioned in Section 11 a circular conducting plate 

was placed at the top of t he shielded shorted line, thereby providing 

a path for the current from the tranudssion line to the shield. This 

conducting plate was constructed in such a manner so it cou.l.d easill' 

slide inside the brass shield. In order to further &lsure that the 

two wires would not bend in alQ' -7 whUe a resonance curve was in 

progress, sufficient counterweights were placed at the far end of 

the nylon thread to keep the line freeIT A\Oving during operation. 

A diagram of the shielded short-circu.ited line. can be seen in 

Figure 2lA. The brass shield was a circu.lar brass pipe, four inches 

in diameter and about 140 CIlS. in length. This arrangement can thas 

be considered a true shielded shorted pair. 

http:wavelengt.hs
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1 

v 

1 - Wood beam 
2 - Polystyrene Pull87 
3 - Nylon thread with counter­

weight at tar end 
4 - Brass cylinder 
5 - Circular copper shorting plane 
6 - Short-circuited transmission 

line 
7 - Aluminum plane 

Figure 2lA 

Details ot the shielded shorted pair. The shorting plane at the 

end ot the line was constructed SO as to move treel, inside the brass shield 

and maintain good electrical contact with the brass shield. 



(d) Results. 

B7 using the theory given in Section lV, Part (a), the 

necessary calculations had been made, and the results are presented 

in two forms. The first form consists of a table and a number of 

graphs showing the measured Q of the transmission line for lines 

varying in length from one-quarter wavelengths to sixteea-qaarter 

wavelengths. This is done at five different frequencies in the range 

350 to 1100 )fc/Sec. The second. form. consists of the actual calctllation 

of radiation resistance and presentation in graphical form. 

The selectivity factor Q has been calculated from the 

variotls resonance curves obtained, and the restllts are liven in Table 11. 

Table 11 indicates that .t least two readings of the Q were obtained 

at each line setting and both valtles are given in the table. The 

measured resonant length of the line for each corresponding setting 

of the line is also given. This table gives the results for both the 

open and short-circuited terminations, and it can be seen that the Q 

decreases with frequency. This can be seen more clearly if we proceeded 

horizontally across the table for any one length setting of the line. 

If frequency is held constant, the selectivity factor generally shows 

an increase with increasing length. This can be observed. it we proceed. 

vertically down the table at a constant frequency. In some cases the 

general trend is not obeyed, however it we consider only the odd or 

only the even quarter wavelengths then a general increase is quite 

evident. 

In order to s how the increase in aeasllred Q with the 



-Frequency in 

Mc1Seco 398.4 550 696 918 
 1100 


~e 
!Length irl 
Quarter ­
iwave1eMths. 10 values 10 Cms o Q valuel 10 Cms o IQ values 10 	Cms. IQ values 10 Caso Q value I 10 Cms o 


357 202 125 69 57 

1 18009 12099 10027 7.61 6047 


371 202 128 69 57 


548 343 251 	 , . 

2 37000 26050 20099 


538 249 ­
" 


627 482 317 204 · 142 

3 55070 40026 31090 23090 20.27 


6~ 500 319 205 

:. . 

.­
853 637 455 278 195 


4 74057 53.~ 42.32 31.87 27019 

898 659 451 281 192 


896 598 	 547 313 252 

5 ,92084 67034 53075 40.27 34038 


928 598 537 ~ 246 


lOBO 837 655 400 3ll 

6 112.32 81 0 04 630 84 48.11 41 0 01 


1095 837 640 408 311 


777 742 	 526 336 

7 94.~ 750» 56.12 480.'38 


758 735 527 326 
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1035 810 543 ~7 

8 108.31 85.54 64.33 55 0 00 


1021 810 535 373 


9W 840 675 410 

9 121013 96.90 73010 62019 


9W 869 643 427 


942 	 580 496 

10 106097 80.71 68091 


. 940 638 498 


977 715 455 

11 llBo48 89.34 76013 


944 120 467 


12 	 710 534 

96.96 82091 


705 542 


807 	 501 

13 . 	 105045 90 003 


828 497 


796 658 

14 113031 
 96.83 I 


800 	 661 

. , 

• 	 593 

15 , 104031 ! 


576 


,~ 

6BO 

16 110072
. 	 . 680 


Table 11 - The aeasured resonant length and selectivity or Q or open and short -circuited lines. 
_. -- ......----. 	 41 




50 

number of quarter wavelengths of resonant line more clearly, two 

graphs have been plotted. Figure 22 is a plot of measured Q values 

against the number of quarter wavelengths of resonant short-circuited 

line. This has been done for each of the five frequencies at which 

the measurements had been taken. The plot clearly indicates the in­

crease in Q with line length. It is also clearly seen that the curve 

of the Q values at a frequency of 398.4 MC/Sec. is the uppermost curve, 

while the curve at 1100 MC/SeC. is the lowest on the graph. This 

again indicates that the measured Q of a transmission line decreases 

with frequency if the length of the line in wavelengths is held con­

stant. This is easily explained by the fact that radiation losses 

are becoming more excessive and increase as the square of the fre­

quency, thereby lowering the Q of the line. Unfortunately, the nriation 

of the measured Q with constant line length in centimeters had not 

been investigated, however an indication of this m&"3' be obtained by 

comparing the Q values at two different frequencies and position where 

the measured line length is practicallJ' the sarne. For example the 

measured resonant length of the 12/4 shorted line at 918 Mc/Sec. is 

96.96 centimeters, while that for a 14/4 shorted line at 1100 Kc/Sec. 

is 96.83 centimeters. These two measured resonant lengths are practi­

cally the same and it is found. that there is a drop in the Q value 

between the setting at 918 Mc/Sec. and that at 1100 MC/Sec. This may 

therefore indicate that the selectivity factor Q would drop slightly 

if frequency were changed, while the actual physical length of the line 

remained the same. 
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Figure 22 
The selectivity or Q of the unshielded short - . circuited line 

as a function of the number of quarter wavelengths. 
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Figure 23 is a plot of the measured Q vales against the 

number of quarter wavelengths of resona¢ line for the open-circuited 

line. Most of the points noted above are also evident from this plot. 

It is also interesting to note that all the curves would probabll' 

start from the origin of the graph if measureme1lt.s below a quarter 

wavelength could be obtained. 

The calculated radiation resistance of the transmission 

line was obtained from. equations 11 and 1,3, as given in the theory-

of Section lV, Part (a). The method used to obtain the final result 

is shown in Table lll. The constants of the transmission line were 

calculated and are shown in Appendix 1. The amount of terminal resist­

ance It wa. first calculated by using equation 13. This was done for 

each of the different shielded line settings obtained at that particular 

frequency_ Since the losses due to the coupling loops is independent 

of line length hut only dependent on frequency, then Rt should be a 

constant if frequency is held constant. For this reason, the various 

vahes of it obtained at constant frequency were averaged, and this 

average together with the ohmic resistance of the line was subtracted 

from the apparent radiation resistance in order to obtain a true 

radiation resistance. Table III shows the calculated values of rad­

iation resistance. obtained by varying the length of the line at a 

constant frequency of 918 Mc/Sec. The calculated values of radiation 

resistance are all practically the sarne, and therefore it is con­

clusive~ proved that radiation resistance is not a function of line 

length. Tables similar to Table III were prepared for each different 

frequencT at which measur_ants were taken and the vahes of radiation 
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Figure 23 


The selectivity or Q of the unshielded open - circuited line 


as a function of the number of quarter wavelengths. 
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Nwaber of 

qu.arter wave- 4 6 8 10 12 14- 16 

lengths 


Average 

1500 1880 2150 2250 2640 27~ 2800
Qah 

~ ZOlLo 1.405 1.690 1.985 2.375 2.435 
-~h A'ftrage 

Itt =0.374~=~~!lajo.1P8 0.400 0.396 0.1041 0.319 0.325 0.330 

Awrage 

194 3il 310 497 538 660 680
~h 

U.54 

Table lll. 

Sample calculation of the radiation resistance of the shorted 


line at noo Kc/Sec. Censtants at ilOO )(c/Sec.: Itc =2.04 abu/uter, 


P=.[![ =23, Zo =358 olas, Zol =337 ohms, Rel =2.17 Olw.8/meter. All 

A , 


other calculations at the various frequencies for both the open and the 


shorted-line were done in simi] ar tabular form. In each case an average 


value of lit and. Rr 1I'&S obtained. 
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resistance were averaged in each case. 

Figure 24 is a plot of the radiation resistance of 

the short-circuited line as a function of frequency. Each point 

represents the average of at least three values obtained at 

that frequency. For purpos~s of comparing the results with 

those given by the theory of Sterba and Feldman, it was necessary 

to double the measured values. Sterba and Feldman considered 

a transmission line shorted at both ends and radiating into 

the whole of space, while the experimental setup in the present 

work consisted of only half the antenna radiating in only half 

the 89ace. This is the reason why the measured results had to 

be doubled in order that they may be compared with a line 

similar to the one of Sterba and Feldman. 

The broken line in Figure 24 represents the 

radiation resistance of a line shorted at both ends and 

radiating in the half of space. This is given by the equation 

R = IOO(1fd/rlo)2. The differe;lnce behleen the two plots is 
r 

actually within the 5% "limit of accuracy discussed in the 

following section. These results show that the radiation 

resistance of a line shorted at both ends and an even number 

of half-wavelengths long is given by the equation; 

R = 200(~d/~)2. Eighty percent of this is due to the radia­
r 

tion resistance of the two shortj_n;; bars at the ends of tl_c 

lino, and twenty percent is due to the transmission line 

itself. The radiation resistance of two shorting bars is 

given by 160(~d/~)2, if they are sufficiently far apart so 

that the currents in each have no effect on one another. 
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Figure 24. 
The measured radiation resistance of the shorted line. 

Each point represents an average of at least three measured 

Values at that frequency. The broken line is the plot of IOO(~d/~)~ 

and is th~ same as Sterba and Feldman's results for a shorted 

line including the effect of the shorting bar. 
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Figure 25. 
The measured radiation resistance of the open­

circuited line. Again each point represents an average of at least 

three measured values at that frequency. The broken lin is the 

plot of 120(~d/~)2, and is the same as Sterba and Feldman's 

results for an open - circuited line open at both ends. 
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Figure 25 is a plot of the radiation resistance 

of the open-circuited line as a function of frequency. Here 

again each point represents an average of at least three values 

obtained at that frequency. As in Figure 24, the measured 

results have heen doubled so that the final results may be 

compared with the open-circuited line considered oy Sterba 

and Feldman. The radiation resistance of a line open-circuited 

at both ends is given by the equation; Rr = I20(Wd/~)2, and 

the broken line in Figure 25 i3 a plot of this equation. 

The plot of Figure 25 indicates that the difference 

between the the0retical and experimental curves is ,again 

very small, and that this difference probably falls within 

the limit of.accuracy of the measurements. It is also clear 

that the measured radiation resistance of an open-circuited 

line agrees with the results of Sterba and Feldman. 

(e) Conclusions. 

(1) Since the calculations show that the radiation 

re stance at a single frequency does not vary with the length 

of the line,it is therefore quite definite that radiation 

resistance of transmission lines is not a function of line 

length. This is in acuordance with the results obtained by 

most of the authors who have attempted the problem. 

Figure 24 clearly shows that the measured radiation 

resistance of a shorted parallel wire line is in good agreement 

with the theoretical results of Sterba and Feldman. It is 

found that most of the measured radiation resistance is due to 

the terminating shorting bar, and only about 20% is due to 

the line itself. 
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(5) Figure 25 shows that the measured radiation resist ­

ance of an open-circuited line, open at both ends, is also in 

agreement with the theoretical result of Sterba and Feldman 

for this particular case. It is therefore conclusively prooved 

that the radiation resistance of a line open at both en~ is 

Refer~ing back to Table I on page 9, it is found 

that the experimental results for the shorted line agree with 

the theoretical results of Sterba and Feldma~ and Reukema. The 

results of King seem to be in error. The experimental result 

of the open line is found to be in agreement with, Manneback, 

Pistolkors, Carter, Sterba and Feldman, Whitmer and Reukema. 

(f) Accuracy of Measurements. 

An accurate estimation of the maximum error that can 

be expected is provided if a complete analysis is done on those 

reading which gave lowest Q values. Table II indicates that the 

lowest Q value was obtained when the line was 1/4 wavelength long 

and frequency was 1100 Me/Sec. The measured resonant length atthis 

point is 6.47 centimeters, therefore this will obviously be the 

point with the greatest experimental error. 

+
Let us assume that an error of -0.05 in. is possible 

in measuring the width of the resonance curve at the half power 

points,and that the measured resonant length can be measured 

+ 
to -0.1 ems. The chart width of the resonance curve for the case 

mentioned above is 1.1 in. This means that the error in the 

measureruent of 2~L is approximately 4.5%. Similarly the percetage 

or in the measured resonant length will be about 1.5%. The 

shielded Q of the line was obtained from Q D L /2~L,
o 
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therefore the ma.xim.um error in t he unshielded Q of the transmission 

line is the sum of the two percentage errors obtained above. At 

least two measurements of the Q of the line were obtained at each 

setting and the average of these two was used for purposes of cal­

culating the radiation resistance. This therefore means that the 

maximum possible percentage error in the average value of the un­

shielded line Q is 6/~, or about 4.2%. 

Sinoe the width at the hal! power points of the resonance 

curve for the shielded line is only about 1/3 to 1/2 as large as that 

of the u.nshielded line, the maximum possible error in the measured 

Q value of the shielded line is obviously larger t ban that for the 

unshielded line. The error in the average Q values of the shielded 

line is therefore of the order of 10%. Average shielded Q values 

were used to calculate the effective series terminal resistance due 

to losses in the coupling loops, and therefore an error of approx­

imately 10% exists in each of the calculated Rt values. Since at 

least three independent values of R were averaged to obtain an aver­t 

age Rt value at constant frequency, then the error in t he average Rt 
value is reduced to approximately 5.8%. 

By considering the errors in; the unshielded Q of the 

line, the measured resonant length Lo and the average value of it, 
and by proper substitution in the equation for radiation resistance, 

it is found that each calculated value of radiation resistance bas an 

error of approximately 7.6%. Again at least three valu.es of radiation 

resistance were averaged to obtain the average radiation resistance at 

a single frequency. The maxi alilm possible error in the average value of 

http:ma.xim.um
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radiation resistance at a single frequency is therefore reduced to 

approximately 4.4'/,. It was found that frequency could be measured. 

accurately to a half of one percent, consequently the estimated 

accuracy would change very little if this source of error was included 

in the calculations. 

In addition to the errors introduced by the methods of 

m.easurement, errors due to slight variations in the separation be­

tween the two mes, and errors dlle to the possibility of the antenna 

m.ode of excitation were also present. Errors dlle to the first of 

these causes was minimized. by taking more than one meaSllrement at 

the ••e setting and averaging the final resuts. The errors dlle to 

the possibility of the antenna mode are discussed in the following 

few pages and it is fOllnd that these are also negligible. 

The above analysis indicates that the resulting m.easurements 

of radiation resistance of both the open and short-circuited trans­

mission lines are in error by not lIlore than five percent. 

(g) Effects of the Antenna ),(ode. 

When a transmission line is excited b;r a sall collpling 

loop, two modes of excitation are possible. The first and desirable 

mode is' the transmission-line mode, while the second is the antenna 

mode. Since it is highly desirable that the detector should only 

pick up the transmission-line mode, the detector was placed on the 

line joining the two wires and exactly half _y between th_. Figure 25A 

is a drawing of the current distribution in the alWJdnum plane when 

the line is excited in either of the two modes of excitation. It is 

seen that the current paths of the transmission-line mode start from 
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Figure 25A. 0­
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The possible electromagnetic field patterns of the two-wire line. The current pattern in the aluminum 

ground plane is the same as the electric field lines. 



one cOnductor and go to the other conductor. This is du.e to the fact 

that the currents in the two conductors are exactly 1800 ont of phase, 

and the infinite plane acts as a path for the current between the two 

conductors. 

If' o~ the antenna mode is excited then the cnrrent s 

in the two wires flows in the same direction and no current can flow 

between the two wires through the infinite pl.ane. This is clearly 

shown in Figure 25'. Very littl.e or no power of the antenna .mode 

can be detected b7 the detector coupl.ing loop it the loop is placed 

in the position indicated in Figure 25A. 

In order that the magnitude of Q for the antenna mode 

-1' be caapared with the measured Q of the transadssion-l1ne mode, 

an approrlmate Q val.ue for an antenna, 1/4 wavelength long at a fre­

quency of 696 MC/Sec. was obtained from a set ot curves published 

by Brown and Woodward(22) in 1942. It turns out that the selectivity 

factor Q for t he antenna. is approximately 3.5, while the meaeared Q 

of an unshielded transm.ission line of the same length and at the 

same frequency is 127. It is therefore quite evident that it the 

resonance curve for the line excited in the tran.sm.1ssion-line .mode 

were superimposed on the resonance curve of the line excited in the 

antenna mode, the resonance curve of the antenna .mode would be so 

wide that it woul.d only change the zero level of the resonance curve 

of the tran8.lll.ission-line mode. The a.m.ount of antenna .mode present 

can therefore be estimated by the position of the zero levels on the 

resonance curve. It was fonnd that practicaJ.ly every resonance curve 

taken had its zero level at the point where the recording meter read 

http:practicaJ.ly
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zero voltage. This therefore indicates that practicallT none of the 

antenna mode was detected by the detector coupling loop. 

In order to check the calculated selectivity factor Q 

of the antenna mode it was decided to obtain a resonance curve when 

only one wire of the two wire line was present. It was found that no 

resonance curve was detected even when a maximum amount of power was 

fed to the power input coupling loop. This clearly gives an indication 

that the selectivitT factor of the antenna. mode was extremely low. 

Since the two 03upllng loops were placed in such a position that a 

.max:imum of the transmission-line mode and a mini..lwm of the antenna 

mode could exist on the line it was therefore concluded that the 

effects of t he antenna mode were negligible. 



V METHODS OF DECREASING THE 	RADIATION LOSSES IN WIS)(TSSION LINE 

CmCUITs. 

In the light of the results obtained for the open and 

short-circuited transmission lines, it seems that radiation from the 

lines is caused by sudden changes in the electromagnetic field pattern 

existing around the transmission line. Abrupt change. in the electro­

magnetic field pattern will therefore occur at points on the trans­

mission line where some type of discontinuity- may exist. These dis­

continl1ities may consist of any of the following: bend8, tapers, ter­

minations, and al1T other objects near the transmission line that will 

affect the field pattern. Some of these discontina.ities will a.ndot1bt­

edly cause seriot1s changes in the field pattern of the line, whereas 

others may not change the pattern to any great extent. A sharp change 

in the field pattern will mean that more power will be lost to the 

surrounding space and less will be reflected back to the source. 

It is known that flat planes appro:xi.mately six wavelengths 

in diameter behave ver,y much like perfectly reflecting planes, and 

therefore flat plane terminations m&y' conceivab17 reduce the radiation 

losses of resonant transmission line. This type of termination may 

not change the field pattern of the line to any great extent and may 

result in a transmission line circuit superior tor such purposes as 

highq selective circuits. 

Another means of redncing the amount-of radiation 10s8e8 is 

by making the discontinuity- a gradnal one. It is quite definite that 

a sharp bani in a tranSlllission line will result. in more power loss than 
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if' the bend were a gradual one. Thus the shorting bar of the short­

circuited line could be replaced by bringing the ends of the two 

wires together. This then becomes a tapered. line, and the sharp 

discontinuity of the shorting bar is distributed over the whole 

length of the line. Since the discontinuity of the tapered line is a 

distributed one, it was believed that the radiation losses of this 

type of line may be reduced, consequently the selectivity factor Q 

of the tapered line would increase. 

With the problem of reducing radiation losses in mind, it 

was decided that some of these possibilities should be investigated. 

The two methods mentioned above as well as one or two others, were 

investigated and the results obtained are presented in graphical or 

tabular form. 

(a) Transmission Line with Partial Shield. 

In order to determine the effect that a metal ring or 

partial shield may have on the electromagnet.ic field patt.ern of the 

transmission line, two measurements were taken with a small circular 

tin shield surrounding the line. The first measurement was taken 

when a circul.ar tin shield 3 3/4 inches in diameter and 3 inches long 

was placed aroWld the line. It was placed on the aluminum plane and 

surrounded the base of a short-circuited transmission line 4/4 wave­

lengths in length. A photograph of the line and partial shield is 

shown in Figure 26. 

The Q of the 4/4 wave resonant shorted line withollt the 

partial shield was first measured and found to be approxilaately 454. 

http:circul.ar
http:electromagnet.ic


Figure 26. Figure 27. 

Parallel-wire transmission line with The tapered line. 
~ 

partial shield. 



The metal shield was then placed in position and the measQred Q 

was follnd to be aboQt 247. A second partial shield of the same 

diameter but only 3/4 inches in length was then placed on the aluminum 

plane and the measQred Q of this system was found to be approximately 

388. 

The results of this investigation indicates that the 

radiation losses of a transmission line with partial shield are 

approxim.ate17 twice as great as the losses for the resonant line 

alone. The partial shield. obviously' changes the electromagnetic 

field pattern in such a manner that a considerable amount of power 

is lost to the slU"rounding space. The fact that the selectivity 

factor Q increases when the length of the partial shield. is reduced 

shows that radiation losses have been decreased. Nevertheless the 

fact that the Q is still less than that for the shorted line alone, 

indicates that distortion of the electromagnet1e field is still there. 

Just what would happen if the length of this partial 

shield were held but diameter were allowed to increase or decrease 

has not been investigated. The effect of metal rings of large dia­

meter compared with the wavelength would obviousl.y' have little effect 
. 

on the field pattern near the transmission line, since the metal 

portions of the shield would be a considerable distance away from the 

line itselt. 

(b) The Tapered Transmission Line. 

In 1937 Reukama(12) published an article on transmission 

lines at very high radio frequencies. In this article he had stated 
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that the selectivity factor Q of a short-circuited line could be 

substantially increased it the ends of t he two wires were brought 

together to give the neces8&ry' short ~circuit. Reukema undoubte~ 

had the idea that the portion of the radiation losses due to the 

shorting bar could be eliminated and this would greatly increase the 

Q of the line. 

In order to determine if the losses of a shorted line 

could be reduced by tapering the line, a number of measlU'ements were 

taken on a line which had its ends connected together. !he ends of 

the two wires of the transmission line were soldered together with 

silver solder and the line was then placed through the aluminum ground 

plane from above. Thus the separation between the two w.ires remained 

one inch at the alwllinum plane but decreased to zero at the end above 

the plane. A photograph of the tapered line as it projected aboT,8 

the aluminum ground plane may be seen in Figure 27. )(easurements 

were taken at four ditferent frequencies, and at each frequency three· 

to five different resonant lengths were investigated. 

The results of this partial investigation are giwn in 

Figure 2S and in Table lV. Figure 28 is a plot of the measured Q 

values as a function of the nwnber of quarter wavelengths of resonant 

tapered line. The plot is very similar to that of Figure 22, the 

case of the shorted line. Comparing the results given in Figure 28 

with those of Figure 22, shows that the Q of the tape.red line is 

approximately 20% greater than that of the shorted line, wheft the 

frequency is 398.4 )(c/Sec. At a frequency of 1100 )(c/Sec., however, 

the Q of the tapered line becomes almost twice as great as the corres­

ponding QI s of the shorted line. This is obviously explained by the 
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The variation ot the selectivity tactor Q as a function ot the 

number ot quarter-wavelengths ot tapered. line. Each curve is taken at a 
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Fr~uenel' 
Line I(e Sec. 398.4 696 918 1100 
Length 
in c;p.arter
Wave1engthB Br ohms Lo ems. Rr ohms Lo ems. Rr ohms 10 ems. Rr ohms 10 ems. 

2 .49 41.68 .93 24.63 


4 .;6 78.93 .96 ~.48 


(, .69 116.18 1.06 68.02 1.49 51.23 1.71 42.90 

8 1.10 89.62 1.43 67.;8 1.96 57.7S 

10 1.14 1ll.23 1.30 83.76 1.82 71.67 

12 1.43 99.99 1.77 8S.51 

14 2.06 99.36 

~ Table 1V. 

The calculated radiation re8i8tance and measured re80nant length of the tapered line. 
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fact that radiation resistance is a function of the square of the 

freqllency, and therefore a small change in the radiation losses at the 

lower frequencies would be increased four fold if the frequency were 

dOllbled. Since the ohmic losses are dependent only on the sqllare 

root of the freqllency, while the radiation losses are dependent on 

the square of the frequency, then it is quite obvious that reduction in 

radiation losses would have a greater effect on the Q than reductions 

in the ohmic losses of the line. 

The general trend of the Q curves for the tapered line 

are very similar to those of the shorted line. Here, just a8 in 

Figure 22, it is seen that the Q of the. tapered line decreases with 

increasing frequency, and increases with the nnmber of quarter wave­

lengtha of resonant line. 

Table lV shows the variation of the radiation resistance 

of the tapered line with frequenq and the length of the line in 

quarter wavelengths. These calculations were made assuming that the 

characteristic impedance of the tapered line is the same as that for 

a uniform parallel wire line. This is obviously not the caseJ but 

the calculations were made purely for purposes of comparing tbe 

results with those of the shorted line. It was also assumed that 

the shielded Q values of t lB tapered line were the same as the 

corresponding shielded Q values of the shorted line. By .making these 

assumptions the calculations then bec8.I'Ile similar to the ones shown 

in Table 111. 

Table lV indicates that the calculated radiation resistance 
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of the tapered line is considerably less than that for t he shorted 

line. For example the radiation resistance of the tapered line at a 

frequency of 918 Me/Sec. and a resonant length of eight quarter wave­

lengths is 1.43 ohms, while the radiation resistance of the shorted 

line for exactly the same conditions is 3.12 ohms. This therefore, 

'shows that the radiation losses of the tapered line are onl1' abOu.t 

40~ of the radiation losses from the short-circuited line. This is 

probably explained by the fact that since the discontinuity is a 

gradual one, the electromagnetic field does not differ JIlIlch from the 

ordinary plane wave field of a parallel-wire line. 

Table IV also gives an indication tl'at the radiation 

resistance of a tapered line may also be a function of the ,length 

of the line. This phenomenon is particularly evident at a frequency 

of 398.4 Mc/Sec.and again at a frequ.ency of 696 ~/Sec. It is seen 

that at 696 Me/Sec. the radiation resistance of the tapered line is 

0.93 ohms when a line two quarter-wavelengths long is used, and 

increases to 1.14 olBs when the line is ten quarter-wavelengths. This 

dependency on line length is also due to the f act that the discontin­

uity is distributed over the whole length of the line, and therefore 

radiation should oCC\U' from the whole line instead of from the ter­

mination alone. 

Comparing the measured resonant lengths as given in Table lV 

with those of the even quarter-wavelength lines of Table ll, shows that 

the measured resonant length of the tapered line is substantially 

greater than the corresponding measured resonant lengths of the shorted 
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line. In fact the values given in Table IV are even greater than 

the free space wavelength at that particular frequency_ For example 

the free space wavelength at a frequency of 398.4 Mc/Sec. is 75.4 ems., 

whereas the measured resonant length of a four quarter-wavelength 

tapered line is 78.93 cms. This is an extremely interesting pheno­

menon and is probablT due to the fact that the inductance and capacity 

of the tapered line are not distributed constants but vary with the 

length of line. Since the velocity of propagation is defined as 

1/ {Ii:, , where L is the inductance per unit length and C the capacity 

per unit length" then this will also vary wit h the length of the 

tapered line. It is probab4" this change in the velocity of pro­

pagation that causes this interesting effect. 

lc) Effects of Flat Plane Terminations. 

Figure 30 is a photograph of a parallel-wire transmission 

line with a flat circular copper plane termination. In order to obtain 

sufficient data on the behavior of such terminations, both the case 

of the tapered line with flat plane terminations, and the parallel-wire 

line with flat plane termination were investigated. The size of the 

plane was varied from about two inches in diameter to approximately 

eighteen inches in diameter. The flat circular planes were constructed 

from sheet copper approximately one thirty-second of an inch thick, 

and they were soldered to the ends of the transmission line with an 

acid core type solder. A more durable type of cord was used to 

support the transmission line and terminating plane in a vertical 

position. This was necessary since the fine nylon thread could not 

support a copper plane eighteen inches in diameter. Figure 1) also 
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indicates the m.ethod of supporting the line with the plane termination. 

Measurements on t he parallel-wire line with plane ter­

mination were made at two different resonant lengths. The procedure 

was the same when the tapered line with plane termination was done. 

The results obtained were put in graphical form so that the effect 

of the plane on the selectivity factor Q could be seen more easily. 

The results of the parallel-wire line with flat plane 

termination are given in Figure 29. Here the measured Q of the 

IS)"stem is plotted against the diameter of the shorting plane in 

wavelengths. The measurements were made at a frequency of llOO Me/sec. 

and two different resonant lengths were investigated so that two 

curves could be plotted for the same system. Figure 29 shows t.hat 

the curves start from values which are the same as those for a shorted 

line, decrease to a minimwn at a plane diameter of about 0.34 wave­

lengtrus; increases t.o a ma,ximwa at a plane diameter of 1.4 wavelengths, 

aDd. begin to fall again. This pattern seems to be sanewhat similar 

to a Fresnel intensity pattern that is obtained in opt.ics from a 

zoning plate. This effect is most likely due to the peculiar edge 

effects that are part of the circular plane. It is clearly seen that 
etl 

the Q of the 6/4 wave line approaches the shield~ Q 'Value when the size 

of the plane is approximately 1.4 wavelengths in diameter. This 

phenomenon would obviously prove very advantageous when high Q trans­

mission line circuits are desired. The point at which the measured 

Q drops to a ,.:1 Id mum, is quite obviously' the point where that parti­

cular plane diameter bas the greatest effect on the field pattern of 

the line. Thus a plane 0.34 wavelengths in diameter act. more like 
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Figure 29. 

The selectivity tactor Q ot the shorted line, with circular copper 

plane termination, as a tunction ot the diameter in wavelengths ot the copper 

shorting plane. The measurements were taken at 1100 lie/Sec. 
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Figure 30. 

Transmission line with circular flat plate 

termination. 
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a radiating current element instead of a reflecting plane. 

In view of the results obtaUied from the parallel-wire 

line with flat plane termination~ it was suspected that a flat plate 

termination may further increase the selectivity factor Q. For this 

reason therefore~ it was decided to repeat the measurements of the 

plane terminated line, on a tapered line with t he same circular planes 

placed at its end. 

The results of this investigation are given in Figure .31. 

Figure .31 indicates that the results are similar to those of Figure 29, 

however the peak of the curve is not quite as high as it was before. 

Further comparison shows that the Fresnel characteristic is somewhat 

more pronounced for the case of tapered line and plane. The position 

of the first minimum for the tapered line and plane occurs at a 

plane diameter which is essentially the same as that for the parallel­

wire line. The position of the first maxima is obviously quite 

different. For example the first maxi mnm in Figure .31 occurs at a 

plane diameter of 0.8 wavelengths whereas in Figure 29 the first 

maxi mum appears at a plane diameter of 1.4 wavelengths. The differences 

between the results of the tapered line with plane and. those of the 

parallel-wire line with plane, is probably due to t he fact that the 

fields of the tapered line are already' distorted by the tapering on tile 

line. 

untortu.na.tel;y it was impossible to use flat planes greater 

than about 1.6 wavelengths in diameter. This liOuld have meant a 

drastic change in the method of supporting the transmission line and 

time did not permit this undertaking. 
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Figure .3L 

'l'he selectivity factor Q of the tapered line, with circular copper 

plane terminatio~.8 a tunction of the diameter in .avelength~ ot the terminat­

ing plane. The measurements were taken at a frequency at 1100 Mc/Sec. 
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(d) Conclasions. 

(1) A circular m.etal ring or partial shield greatly increases 

the radiation l~sses of a resonant two-wire line. 

(2) The selectivity factor Q of a shorted line i8 substant­

ially increased. if t he short circuit is achieved by bringing the ends 

of the wires together to form a tapered line. This consequently 

reduces the radiation losses of the line. 

(3) The selectivity tactor Q of a shorted transmission line 

is greatly increa.sed it a circular tlat plane 1.4 wavelengths in 

di8..111.8ter replaces the convential shorting bar. Planes approximately 

0.34 wavelengths in diameter decrease the Q of the shcrted line. 
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APPENDIXl. 

Constants of the transmission line. 

la) Shielded Line. 

~- D ----l~ 

2 is the silver two wire line 

and ,; is the brass shield. 

Ohodc IIolbtance Rc~ =::2 [~+ 1;;.~ (1 - 4q~+ s:.-~ 'l2 ~... 'l2 - 1 ~J 
Ohms/meter, where P =~ and q =~ . 

-7."-;­is,; = ,.01 x 10 Vf , 

and f =frequency in cycles per second. 


Cboracterbtic Impedance Z"l = l:!/) [ los. [ 2P ( ~: ;~ _ 1;;,.2 (1 - ~)_ 

The attenaation constant is given by -<, : 2Z01 nepers/meter.i Cl / 

(b) For Unshielded Line. 

7.88 	V't x 10-6 ohu/meter, where d/2 is in centimetera. 
d./2 

Zo = 276 10110 a§
d 

ohms. 

~ = Rc nepers/meter. 
2Zo 

The theoretical Q of the two wire line is giTen by; 


Q = l... where ~ = ~ and A is the wavelength in meters. 

2, " 

Most of these equations are taken from R8IIIQ and Wbinneryflll and from 

King, lliEo and Wing(18). 
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