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A OOMl?AOl' SHORT.;VYAVE RECEIVING .ANTENNA .FOR USE :ij'f HIGH...:NOISE AREAS.. 

' .. 
An antenna. has been developed with a signal-to-noise performance 

that is better than that 6f a typical 'Rhombic antenna during local 

thunder storms~ Although the design is, of ge~erOl application to the 

reception, in high-noise areas, of loflg distance transmissionst this 

work deals in particular with the london-&llisbury circuit, at September 

noon, 1956, on 21.47 Mq/s. 

A basis of theoretical comparison between the performances of 

different antennas has been proposed. It relies on the technique of 

replacing o. thunder stoxm by an ••equivalent ro.dio transmitter" i:>et up 

on the frequency to which the receiver is tuned and for which the antenna 

is designed. 

A V.H. F. scale model has been used to produce an optimum design 

for the proposed antenna whicl:l is an end-fire o.rray of parasitic elements. 

The polar diagrams and signal.-to-noise performance of the' proposed design 

are derived for several different types of earth mat. The method used for 

these derivations is substantiated by correlation with practical sampling 

measurements. 

A specification for the final configuration is given and its 

applicability is indicated by applyil;{g the design to the problem of 

impf'oving the expected performance on the Iondon-Sa.lisb~ transmissions 

from September to Decetlber, 1960. 

Appendices h to E deal. with the. following :-

Appendix A imtenna Theory, which includes the derivation of gain and 

polar equations for the X/2 dipole; X/4 monopole, the Rhombic 

antenna, nnd the mechanism of reflections. 

i.:ppendix B The Incoming Sis;na1, which includes a Stllmnary of modern 

propagation theory, and. details the calculations mode in 

respect of the field strength ond wave orri.vo.l angle of the 

incoming signal.. 

Appendix 0 The results of Scale Model tests. 

~ppendix D The results of; tests at 21.47 Mc/s. 

Appendix E A frequency run on an arrey of two, six-director de~igns. 
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CHAP T E· R I. 

INTRODUCTION TO THE PROBlEM .mD THE PROPOSED l~Ot\.CH. 

At Hutoliffo receiving station, Salisbury, s.Rhod.csia., it has been the 

. pra-ctice to use Rhombic llntenna.s., with open-wire feeders, for the reception ot 

B. B. C. sound transmissions to Central Africa. During t:':l.ose portions of the 

yeDr when tropical thunder storms o.re pretra.J..ent the sig:.'1.al .. ~o·~oi.so ratio of 

the Rhombic nntennas wa.s observed to be poor. In an a.ttcmpt to improve this, 

work wo.s commenced in 1955 on the production of o.n nnterma consisting of on 

e~-fire arrangement of parasitic elements. In 1956 a sui ta.blo day frequen­

cy was 21.4-7 Mc/s ond this h.us been to.k:<m as the design frequency for the pw:­

posc of the investig~tion. 

The approach to the problem in this presentation will be as follmvs:. 

(a) The London to So.lisbury propagation path mcchonism will be studied and 

on estili'1C.tc ronde concerning wave o.rrivo.l Mgle, signo.l strength, o.nd pro­

buble vnriations. Even if considerable cc.rc is exorcised _when moldng the 

co.lculo.tionsJf nnd modcrn methods tilsed, it cannot be expected tho.t the 

result will do more thon to indicate the correct order of mugnitud.e but 
I 

this is sufficient for the present purpose. 

(b) The causes of noise interference will be invostigo.ted. and o. method 

sought of expressing the vo.riation of noise field strength with wave 

arrival o.nglc. This i.nf'onnation is needed so as to compare the calculated 

signal-t~oise performance of one antenna vvith tho.t of another if the 

ontenna polAr dio.grruns ora knovm. 

(c) Using Yn.gi theory on ontenno. will be proposed which uses pnro.sitic 

clanents but is not o. Yo.gi antenna. The optimum clement lengths and 

spo.cings will be obtoinod. oxpcril:aentnlly by moons of a scale model. 

(d) In o. vortico.lly polarized o.rrangor.umt such as that proposed tho reflec-

ting ground plana is of major importance. The cffoct -of the heavy clay 

soil at Ho.tcliffc, o.nd of a wire grating laid on tho.t soil, on the polar 

diagro.m of u vertical grounded '1./4. monopole-1Will be investigated tbeorctico.l­

ly and used to derive the expected polar clio.grom of the full sco.J.c o.ntenna.. 

(e) The co.lcu.l~tod pcrfonno.nce of tho proposed ontcnna will be verified 

by r.1nk:i.DS :;nmpling ITieosu.renent.s :in e.anncct:icin ·v.d:t:h t.be :f'ull.-soo.le ontennll,. 
... _ ... ______ _ 



CHAPTER 2. 

THE INCOllfiNG SIGNAL FROIVI I.DNDON AT NOON 2 SEPJ.n~, 19561.21} 21.41 lv1c/s. 

2.1.0 ~neral~ Before attempting to improve .the design of a receiving an­

tenna system it is necessary to have information conce~.ng wave arrival 

angle, median field strength, and probable Yariationsc 

Signal strength measurements on long distance circ~its. are 

so variable that it has been decided to obtain the median signal '3t:cl:;lng',;h 

and. wo.ve arrival angle from theoretical considerations. 

From Ro.dio Propagations Predictions ( 99 ~ for tho epoch being 

considered, 21.47 Mc/s is slightly below tho noon optimum frequency thereby 
. -

providing a traffic channel for a useful portion of the day. 

It has been considered nocessar,y to deal.vdth the propaga­

tion mechanism, calculations of path attenuation, ond ionospheric pertur·­

bo.tions in greater doto.il them space will ponnit in the main text. There­

fore tho fuller treatment is given in Appendix B ond in this present Chapter 

the subject is dealt with only briefzy in the knowledge that Appendix B is 

availo.ble should more detail be required regarding nny particular o.spoct or 

the troo.tment. As o. cross reference the relovcnt sections of Appoli!Clix B. 

are quoted in each section heeding ii1 this Chapter. 

2. 2. 0 WAVE ARIUVAL liNG IE AND ITS REiii.TION TO DIST11£I_CE OIJER A CURVED ElffiTR.,. 
{B.s.-·n~-· 

. . -
Suppose two points A and B on the ~:lr-th r s surface ate· L km., 

aport, that the earth 1 s ro.dius is r km. , th0 . virtual hoig.bt . of re-flection 

is h kmo, the wave arrival angle is 6 ° , and the angle of incidence at 

height h is i 0
• Then by triongulation it can be sh6wn thnt: (See Appen.CJ.ix 

B · section 5o 1 ) 

L ;:: 1r 9~ ( 90 - 6. ... i) 

cos A= (1 + h/r)sin i 

(2.~2.C.-,_1) 

( 2,2:-0. 2) 

For frequencies near the optimun f~3quency thu val~~ of 

h is etten taken as 350 km~ 10~e vo.lue of r is abou~ 6730 km.,. Substitu+.:tan 

in cqUD.tions 2. 2 .. o. 1 and 2. 2. o. 2 of these values; ci!.d J.:;~1e value of L for 

a given circuit, yields the value of IJ.. 

2,.3 .. 0 THE M.AXIMUM DISTilNCE FOR A SmGIE HOP. (Be 5.2) 
;::;.;;;;;;;;...;;=~ ·-=---~ -

I 

For l:s. = 0 the corre~pond.ing vo.lue of' Lt for h = 400 kii4, 

is Ja.4.()() km. For h, =- 200 km. the· vo.lue of L is 3100 km. 

In practice ~ound absorption for values of 6. less tha""l 

5° is prohibitive. Allcook 3S) has shovm that; over a. trnnsequatorin.l 

path, the practico.l limit of a .. <Singlc hop is 3560 km. Observations by 

Shcannon(39) and .Allon(40) supPort; this view• ' 



~ 2, 2 ... 

2.4.0 GREAT CIROIE DISTLNCE AND BFJIRING OF .WNDON TO SJI .. LISBURY. (B. 5.3). 
---- - - . ( 6) 
T~e grco.t circle distance is obtained from the rela.tionship: 

1211 

c~s "DiJ3 =. sin" LA sin ~ ~ cos._lS~ .c~~·-~ cos- W 1m 
4

, (2.4~~·~ ). · ... 

where DAB. = great circle disto.noe in deg~es ~ · Ihiliutos between. 

points A and B ( 1 minute = 1.85.3 km. ). :_x 

' LA~, ~ = iatitude of stat:'Lon A,_B, (posit~ve. for N ond negatiYe 

for S lo.ti tude). · . 

!DAB. :::·difference in longi1;ude between A and B •.. 
. . 

The great circle" bearing of. B. from A. is abtcined from the 

reln.tionship: ·. 

sin :allB = cos It cosec DAB sin roAB (2.4.0.2)~ 
where l&JUi = the beaclng of B- from A.· 

As a high degree of acicUi-o.oy . is not nccessacy the latitude ana 
longitude of the two' tcrrirl.nals moy be to.kcn as: 

0 0 
london 52 N. , 0 • 

Salisbury 18° s._, 31 ° E. 

Substitution in equo.tions 2.4.0.1 anc1.·2.4.0..2 y:i:elds:­

Disto.ncc Salisbury-London = 7 5° = §,300 km. 
0 

Bearing Lonclon frcm Salisbury = 19 w. of N. 

2. 5. 0 TEE NUMBER OF H0FS WNDON TO SALISBURY jJID CAICULATED WAVE ARRIVAL 
l.NGJ.E .. (Jt 5.4)7"~ · -- · ----

One hop of 8300 lano ·· or two hops of 4150 km• are impro.cticable 

for the reo.::;ons given in section 2.3.0. 

· Thrpc hops of about 2770 _kin.. via the F lo.yer will ~:-cprose;nt the 

dcininent mode of propago.tion. 

Substitution in 6quo.tions 2.2.0•1 ru:ld. 2.2.0.~ yi~lds tho val,~e 
0 . . 

of ~ as 8 · tb the nearest degree. 

For frequencies neo.r the optimum it is not expected. that, h 

will vo:ry beyond the limits of 400 kLl. and 300 ~ i.e" it is not 

expected that ~will vory ":>y more';thon 2° from that ca.lculn.tc.:d 

above. 

Thus: Doraino.nt mode London/Salisb:gy · = 3 hops ~ .. 

Wave arrival-angle~ • .:= 8 :!!:~_?degrees. 

2~6.0 THE HEIGHT OF THE TRAJECTORY, ( B-o 6. 2. 2). 

Neglcdt:i.ng collisions and the effect of· th~ earth'.:; cul'Vo.ture 

MCI. magr1etic field.,·Bo.ker and Rice(37) have shown that the :r·efrc.ctive 

index n of an· ionized" iaye~ is given by (Sec B • .54o. Y~ ... 
rf = 1 - 81 N/f

2 
· (2.6.0.1 ). 

where n = refra.cti\e index at level ~f density N. 
N ::: elcctrons/aJ3 •.. 

f = wave' frequency in ldlooyclcs/sec. 

Frm Snell's I.ew(4-~ a wo.ve entenng a:horizontally stratified. medium 

o.t angle o:f incidence .i. 
0 

will reoch the top of its trajectory at poi.nt 

x whail the follOWing condition is satj.s:fied.r-

. . 



1 
' 

- 2, 3 .... 
n = sin i c:: ( 1 - 81 N I r}& 

X X 

v:here nx = rcfraotive inde~ at poinu x. 

N ~ electrons/~ ut .point ~ 
l'or vertical incrl.donoe sin 1 11 0 ~, from .equo.tion 2. 6. 0. 2. 

r2 = 81 N ( 2 c. o 3) 0 mo.x. .u.. • • 

Also froB cqn. 2, 6. o. 2:-

1. - sin
2 

i = 81 N 1 t 2. = cos2 i r.m,x.. OJ. • 

v,rhere N . = nux. electron density of tho lo.ycr • 
.t:k'\.Xe -

f 
0 

= critico.l :treq~ncy ( vertico.J. incidcnoc} in kc/s. 

fci = oblique incidence critical frequenqy in kc/s. 

Coobining 2,6.0,3 and 2.6,0,4: 
f . .::: f sec. i. 

Ql. . c 

But vrhon the wo.ve v..rri vo.l angle A is stlUll the co.rth cc.nnot 

bo o.ssur.1ocl flo.t o.nd Millington ( 97 )has shown that Snell t s l£l.w shoulcl 

be written th'l+s (Sec B. 6,2,2):-

nx ( r + hx ) sin Qx = (r + h) sin i = r cos A. 

·where r 
h 

X 

h 

= eo.rth's r~1ius = 6370 ~ 
:: height of point x. 

= height of the unc1orbounclo.ry of the mccliurJ, 

Q 
X 

::: onglo between vfo.vc o.ncl. tho vortico.l o.t point x •. 

'£he top of the tro..jectory is novv no longer--given~ nx = sin i 

but depends sooewlilat upon the wey n (ancl hence N) vo.ries with height 

o.n<l1 ar.1ong other things, wil~ vo:r:y ·with the t;i.I:l.e of do.y. The vo.lue of 

nx o.t the poin'li where the wo.ve direction becoocs horizonto.l, instca.d ·of 

dcfi1ilng the height of the trajeotD.F,y, is itself a function of that height: 

r + b . n = h sin l.· (froo eqn, 2,6,0.6). 
X r + X 

Further, the value h and corresponding vo.lue of i are not easy to 

c1ecide upon. I'robo.bly one of the best practical solutions is to assune 

a t'lo.t co.rth and to obto.in i by substituting the values of f end f . fr<Xl 
.C Cl. 

frequency prccliction curves in equation 2.6.0.5. In this case f . will be 
Cl. 

in respect of 2770 ~ 
Substituting now fo:J;" i :in equo.tion 2. 6. o. 2 should. lead to a result 

·which has to.kon into account sdr.1e of .the--errors at least. 

The noon values of ,0.85 f . onc1 0,85 f. (i.e. of the optiDup frcquen-
Cl. l. 

cics) for 2770 kr.1 o.nd 0 kn respectively in Scptenbcr 1956 at tho equator, 

o.rc obtc.inccl fror;J. lW.aio Propo.gation Preclictions ( 99) as 11,3 111:c/ s nnd 29.0 
Mc/s respective;!¥. Thus i is calculated (equation 2, 6,0.5) to be 67°. 

Substitution in equo.tion 2,6.0.2 yields: 

ll , at the top of the trajectory, :: 8. 7 x 1 cY electrons/ co3 • 
X . 



'l'o proceed further iJc is necessa:y to know the approxi.t:late variation 

ot: li with height. Fror.t. rocket s~s quoted by Friedman(I9) ond critical 

frequency sounJ.ings tcl<:en by Thomo.s-( 82 and1 o.fter incorpqrc.ting ccrtu:in 

o.c.1justrents suggestec.1 by Piggott resu~ting fr<Jr.l an exchLmge of correspondence 

vvi th hin ( 177), the ionospheric r.1odel of To.ble T. 2. 6• o. 1 has been fon1ulo.tcd 

for Septer.1bcr 1956, which is o.bout mid.vm.y bctvrccn o. sunspot r.1o..xiraun o.nd a 

sunspot nlinL~un. Pbr other tiDes of ~ay ~or other seasons, and/or other 

lo.titud.cs in the so.r.1c sunspot epoch, find the solo.r zenith angle X : then 
1 -

N is o..pproxir.1o.tcly proportional to (cos X)2 in the F1 region ancl (cos X) in 

derived tl;c F 2 region. The vc.rio.tion of Nmo.:x:. for othc:; 
2 

sunspot c;pochs r.ny be 

fron the fo.ct tho.t N is propor-tiono.l to (f ) 
~X _ C 

T h~~ 
,..,...__ -, 
N~ v 

electrons/en) colliswaa../ sec. 

- 70 0 -
75 J X 1<Y 7 X 106 

I 

80 1 d4. 3 X 106 

85 2 )( 104 106 

90 2 X 104 6 X 1oS 

95 ) X 1d+ ) X 1oS 

100 -1o5 1o5 
110 2.5 X 1rft ) X 104 

120 2.5 X 1<1 5 X 1cJ 

150 4. 105 , 1e5 X 1cJ 

180 5 X 1o5 103 

I 230 6 X 1o5 6 X 102 

250 8 X 1cY _5 X 102 

300 14 X 1cY 3 X 10
2 

350 20 X 1o5 1.5 X 102 

400 21 X 1o5 102 

T 1>. B L E T. 2. 6. 0. 1. 

The collision freq~ncy bct·wecn a.n electron and ions, v . , 
"bt ~ anc. c ween an electron and neutro.l po.rticles, von' r.1o.y be co.lculated fr<Jr.l 

the following fomulo.e clue to Cho.pr.nn ( 89) :- .. _j_ 

v . = ( 34 -tr 4 18 loa T 3 Ar) N T T 
e~ • '-'10 fl~ (2. 6.o. 7 ). 

(2. 6. 0. 8). 

Yfhcrc N n = neutro.l particles/ ct1
3• Th<;: particle densi tics quoted by Texna.n ( 4-) 

page 715, mey be used for the vc.lucs of N • 
n 

N, = electrons/d. 

T = the o.bsolute tempcro.ture. This is gi von by Nicolet ( 90) 

for heights fran 50 krn. to 100 kn. Martin(B6), fror.1 satellite results quoted 

by Schilling and Stern ( 
96

); indicates that T rises fairly unifonnly from 560° K 

c.t 160 l<m. (F1 ) to o.bout 11.,.00'1 at 300 km. (F
2

). 

r 
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The collistbn frequency, v , is taken as the sum of v . and v 

<.:i.r~d is quoted in the third column of Table T, 2, 6, 0,1. 
eJ. en 

If N versus h is plotted graphically the height of the trajector,y for 

thr:: example quoted (where N = 8, 7 x 1cl electrons/cm3) is found to be 

255 krn. 

2, 7., 0 LOSSES l~T REFlECTION _l>OINTS, ( B, 6. 1 ) 

The tvm reflection points in the path considered arc: 
(a) in the Sahara Desert at roughly 100.S, 28° W.; and 

(b) in equatorial Africa at roUghly 20° E, 5° N. · 

The ground construLts are expected to be:(16)(8 ) 

i:l. respect of (a) c..r = 1 0, CJ' = 2 x 1 o3 n1ho/metre ond. 

in respect of (b) e = 14, CJ' = 102 
mho/metre, r 

The ground-level o.ngle of incidence = 90- ~ :::: 82°, 

Exprossin~ the ground constants in e,s,u., and. using curvos proeluced 

by Burrows (43 nnd Hcl?etrie (44), quoted by '.i:enna.n (!+), the reflection 

coefficients Rv and ~ for vertical nnd horizontal polarization arc found 

to be:-

for (a) Rv = 0,38 (4.2 dh); ~= 0,92 (0,3 db) 

e.nc1 for (b) Rv = 0,36 (4.4 db); ~= 0.93 (013 db). 

2.8,0 Vl~IDES OF GYR0-1iil.GNN£IC F&:QUll'JCY AT CQif.rROL POINTS. (B, 6.2,9,0). 

The three control points correspond to the mid-points of the three 

hops, O~ntrol Point 1 occurs at about 26° E, 6° S; Control Point 2 at 

6o 6o · - - 6o ,_ 0 o N c..bout 1 E, 1 N.; Control Point 3 aJc about E ,<+-V , 

The equatorial declination of the horizontal component of the earth's 

magnetic field is roughly in line vdth tho horizonto.l direction of propo.­

go.tion (19° W_ of N). :From a method indicated by Piggot~102\he effective 

longitudinal component of the mo.gnetic field, avero.god for ascent WLd des­

cent of the vmve, t.:-Jci.ng into account the o.ngle of dip of the magnetic 

field, lco.d5 to an effective longitudinal gyro-~requoncy equal. to o. 78, 

0.79, end 0.67 l~c./s respectively for the three control points. 

2.9,0 NON-DEVIl~TIVE JJ3SO:ro.:TIU~ Di THE IONOSHJERC. ( B.2, 6.2.0./4 o.nd. B. 2. 6.2. 9. 2,) 

~Appleton nnd others~47 ,48 ,49 nnd 57 )foll~f.Lng the m~gneto-i~nic theor,y 

nnd o.llowinc; for coi1isiao& and the earth's r;lD.gnctic field, indico.te that 

the ~bsorption coef.ficient is given by the follovf.Lng rel\~tionship~-

1 N v 
x-x··-2 . 2 

n v + (ro ± ro
1

) 
(2.9,0.1 ). 

where a = o.bsorption coefficient (nepors/~ it' units o.rc in e.s.u. ). 
-10 

e = electron cho.rge =··4. 77 x 1 0 e, s. u, 

n = electron mass = 9.1 x 1 528 
grams ( c, s. u. ) 

o = velocity of light in .vacua = 3 x 10
1 0 an/ sec. ( e ... s. u. ) 

v = calli~ /sec. 

ro = Clllur.u.lo.r frequency c;f wave 1 radians/ sec, 

ro1= 2 7T f 1• 
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f 
1 

= effective gyro-frequency. 

n = refrn.ctive index ( equations 2. 6,0.1/2). 

Lo.ter work by Piggott( 56 ) hn.s to.ken' irito o.ccoui1t more coraplex 

ionizo.tion conditions ~ he has shown that the total absorption suffered 

in tro..velling "1" em through the ionized meclium is given by the relation: 

Totn.l absorption (nepers) = 
Jl a. ell= B· QOSX :X: (2.9.0.2). 

0 

where ~ is given by equation 2.9.0.1. 
~ 

B. is n. constant for c. given path in c. given simspot epoch. 

X is the solar zenith angle (degrees). ) 
. (56) (59 

x is n. -constont proposed as o. 75 by Piggott n.ncl Allcock . • 

Equation 2.9.0.2 yields the diurnal variation of absorption. In 

the D and E Regions n. vmve of frequency of the some order as the opt:inutl 

frequency is bent n. negligible a.t1.0unt. The absorption suffered in such 

circunsto.."'l.ces is co.lled non-clevin.tivo o.bsorption. It mo.y be cn.lculn.ted 

by perfon:U.ng n. nuncricn.l inte.c;rn.tion1 with the n.id of the ionospheric 

model (To.ble T. 2.6.0.1) for each 10 kt1. difference in layer height. In 

the non-devin.ting region n = 1. l~s tro.n.sr.d.ssion is tn.ld.ng plc.ce over n. 

curved en.rth 1 co.ch height considered 'Vv:i.ll correspond to a cliffer~t angle 

of inciclcncc i. Bs plottinG the product Nv aGainst height the ~verc.ge 
I 

value 1fo:r· the 10 Iaa. being consiclered,is obtained. Substituting in equa-

tion 2. 9. 0.1 o.nd calculatinG for ascoru1ing oncl ·clcscending waves yields 

the result thc.t the value of B in equation 2.9.0.2 for Control Point 

1 = 1.48 nepers( i.e.13 db). 

The result obtained froJ:! n. nomogrrun oethod (bn.secl on the above 

theory but. -v-reifted by practical .oeo.sw~omonts ·token) tnd produced in 1959 

by Piggott( 102 is 15 db for c.P. 1, 15 db for C.P. 2, and 11.6 db for .. 

c.P.3. 
Total non-clevin.tive absorption for the pn.th = 41.6 db. 

2.1 o. 0 DEVIATIVE ABSORFTICN IN THE IONOSB-r&1RE• 

In the region where n is not unity,but vn.rios with N, v, ond oo, 

the wn.ve in continually bcnrlinc and. the absorption is referred to as the 

devin.tivc ~bsorpt~on: 

V = c n. 

where V = ~roup velocity of wo.ve. · 

o = velocity of light in vn.cuo,, 

n = refractive index. 

(2.10.0.1). 

In rc3ions where n is sr.1al1 the reduction in group velocity h~ 

the effect of cn.using the cncrc,y to take n. longer time to traverse a 

given distance in the medium than it would have taken in a non-clovio.ting 

region. Ben.rine in nind thn.t absorption is caused by encr[!3' lost during 

collisions produced by on n.lternatin13 field, it is seen that eroup 

ret~ produces o.dditionn.l absorption. The theorem of Breit nnd Tuve(GB) 

a"1kcs provision for group retc.rdo.tion by substituting n. mirror reflection 

r 
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at the virtual height in place of the curved trajectory. The deviative 

absorption is thus obtained by calculating the absorption for a wave 

travelling a distance (hv - hx) seo i in a medium Where N and v are the 

values corresponding to the height hx , where hv is the virtual. height of 

reflection, and hx is the height of the trajectory. 

S'ib sti tu-vion in eqUD.tion 2.. 9. 0.1 , with n = unity, yi~lds the result 

that the deviative absorption for the whole path is very s.mall (about 2 db). 

2.11,0 SPAXlAL ATI'ENUATION. (B.6.2.6 and B. 6.2.9.1). 

In free space the field strengt~ at a point r km. from the transmitter 

is equc.l . ·co 1 /r of the field strength at 1 km. from the tran.smi tter• Basio 

antenna theory indicates that if a dipole, si tuo.ted in f'ree space, ,is 

rcd~O.ting l?. kilowatts the field strength, in mV/m in the equatorial plDne, 
- - 1-

one km• from the dipole, ,is 222/(P)2 • 

. The totoJ. distance London-So.li.sbury travelled by the wave, assuming 

mirror.reflections at the height ~f' 350 km. (angle of incidence 69.6°, una 
angle subtended at centre of earth = ZQ..8° per hop) is 8760 km. Thus if P 

kilowa.tts .. Were radiated from London by a dipole, the field strength expected 
222 1 ·/. in So.li~bury w.ould be 8760 x (p)2 mV,m.. 

The spatial attenuation = 20 lo~ 0 8760 = 78.9 db. 

Curved earth propagation, when the hop length exeeeds 1500 km. (E mode) 

D.nd 2200 km_. (F mode), introduces a certain omount of f'ocussing and ctir.res 

supplied by Piggott(
102

) indicate this focussing reduces the spatial atte­

nuation by 4 db. for 2770 km. hop. Theref'ore spatin.l D.ttenuation 

= 79 - 4 == 75 db for the whole path. · 

2. 12. 0 POlARIZATION LOSS. 

A wave emerging from the ionosphere will usually be elliptically 

or circularly polarized( 66). If the receiving antenna is only sensitive to 

one plane.of-pola.rizatiori it is necessary to make allowance for the resultant 

loss. The c. R. P. L. ( 1 01 ) recollli!lend an allowance of - 1 • 6 db for phasing arid 

(-3 db) for polarization loss at the_receiver. Total 4.6 db. 

2. 13. 0 TOTAL PATH A'lTENUATION lll'ID ESTIMATED RECEIVED SIGN,·i.L STRENGTH. 
(B. 6. 28. , B. 6. 2. 9. 5 ). 

On the path considered:-

( a) Losses at refactrl;inn points 
(b) Non-d.eviative absorption 
·(c) Deviative absorption 
(a) Spatial attenuation. 
(e) Polarization o.nd phasing loss 

Toto.l path loss: 

(f) Signal strength at 1 km.from half 
wave dipole radiating 1. kw 
= 20 log 224 x 103 = 

(g) · Power gain when 1 00 kw is 
radiated instead of 1 loN = 

{h) Directivity go.iJ:;l. of 
.· H 4/4/1 Koomans\11) in direction 

A = so relative to free space 
dipole ••• ••• ••• ••• ••• = 

- 8.6 db. 
-41 ~-6 CJ.b, 
- 2.2 db. 
-75.0 db. 
- 4.6 db •. 

... 1.32,0 db, 

-tt 1 07 db above 1 tJ. V /m. 

• 20 db. 

+ 1-7 db. 
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9E::_::Lculated field strength in SalisburY at noon, September 1956, 

due to 100 kvr ro.d.iated at b. = 8° in direction: 161:
0 

E of::'S. on 21 •4-7 Mc/s 

from London= 144- 132 ~ 1.2 db nbove 1!J.V/m, i~e. 4J.L V/m. 

~2.14. 0 EXPEOrf'.ill ViJUATIONS 'IN SIGNLL 3rlli!NGTH. ( • B. 6. 2. 1 0 ). 

!.the. field strength of the incoming signn.l may vo.ry due to the 

following causes each of which is covered more fully in Appendix B :-

. (a) Interference between signD.l cooponents which nrc out of phase 

(B. 6. 2.1 0.1 ) e. g. cxtro.ordinn.ry COE1ponent phasing agcinst 

ordinary component and signals whi~ orrl vc via different 

propagation modes phasing ag~t eo.Ch other. 

(b) Wave fre~ucnqy approaching the value of path W~U.F.(B.6.2.10.2). 
Such o. condition vd.ll give rise to very deep fades and for this 

reason the optimum transmission frequency is regarded as 

o. 85 x M. U e F • to allow n. so:fc :rn...'U'gib. 

(c) Dallingcr fndes (B. 6.2.10.3.1.1). These arc s-emet:imes refer-

reel to as "Sudden Ionospheric DisttirbD.nces~·'. (s..I.D) 
S:in1.l:t~ with trw. o.ppeo.ro:p.ce ot unusually large eruptions. 

an the solar disc the D layer becomes heavi.l,y ionized so that 

the product N v im:...:tbia .begi:cilt\. ~- &ld...henoe the short wave 

absorption~ is usually such as to disrupt conu:runications. Such 

a condition may last anything froo a tow minutes to a few hours 

a.nci the effect is greatest in e~uatoriai regions. 

(d) Prolonged Ionospheric Disturbances (P.I.D ). (B. 6•2•10.3.1.2). 

These £U"C sinilnr in cause · and nature to the s. I.D. but are. 

usually not so Devere, usually comr.1ence ond end more grodun.lly, 

and last a longer perioO. 

(e) Ionospheric stor.os (B. 6.2.10.3.1.3). 

These are the main cause of the variability of the F2 layer;(
111

) 

are closely linked with sunspot activity(
112

-
116

)• show a 

r.m.:x:iJn'l.li:l incidence at the equinoxes each ~ear( 117 ); have a 

short ter~ t~um every 27 days( 118~11 9J,(i.e. being linked 

with emission from sunspots there is maxiL1ur.1 activity when 

that emission no:t:mal to the sun's surfo.ce is in the direction 

of the earth); ond there is a r.1arked co~lation between in­

creased auroral activity and magnetic nnd ionospheric st&~125) 
Beginning vri th a "turbulent '1 phase which lasts about 2 hours 

and n.ffects ionization in the F layers particularly at high 

latitudes ,the stonn then enters the "moderate" phase in ·which 

virtual heights of F1 tmd F2 are unusually high, critical 

frequencies of the F layers are unusually low ond devio.ti vc 

absorption is unusuo.lly high. The "recovery'' phc.sc which 

follows the "m.odero.tett phase usually lruots several do.ys nnd is 

the period in which tho ionosphere gro.duollY. returns to normal. 
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Ionospheric storms usually produce very little E:ffect at the 

magnetic--equator but thei.:t :importance· iricrease~: ·with in~reasing . 

le:ci tude. Several theories· have been offc:>:ed to cxplai11. the cause ) 
' . : ( 127-129) - ( 1 ~2-134 

of ionospheric storms. ( e •. g. Birkeland - St8rmer ; Chapman-Fcrrorc :-

JI:lm·tyn t s Extcnsi6n ( 135 \o Cha.pman-Ferrare theory; Ultra-Violet light 

theory(136- 1·3S)) but the Solar wind theory-( 140 ' 141 , 126 ) app<-ars to fit ~h:,; 
obsorvecl facts more closely than the older theories. Tho theories are 

summarized in Appendix B. 
' ~ . ~ ' ·. 

(t')Sporadic E ionization (E ) (B .. 6.,.2... 1 o. ).2). Patches of abnormn.l~!.Y 1Li.p;b io:'1.i-
-------------------:----------------- S. ,--. . , . . . 

zation, int-ruding into the bcxly of the E layer, cause it to exhibit Li~ 

cl·itical frequencies sporadically. In equatorial regions E ... is weak h:J.t 

prcser.t -throughout daylight hours vd th a maximum at noo~~46'1. In t3·~:1pero:tc 
;__m.d sub-~ropical latitudes E occurs aost frequently in the early mo.cni..."'lg s 
ancl CV8Y)ing and it occurs more in local surni:JCr than at cmy other tit10 of the 

yco.r('l46--147). It is not related to the sunspot cycl&76 ). -

It hn.s boon suggested' ~a) that Es stcoo from the trails of ionization left 

in t~~o ;vake of meteors 147- 151 )i (b) that E is associated with thuncler 

~.Jtivity(i54-_, 160 ,76 ). It is probable that ~tis due to both (a) and (b). 

(g}!tinC:S and tides in the ionosphere ~B. 6. 2.1 o. 3. 3 ). 

C'o~crvo.ti.~ns on n~ctilueent clo~ 161 ' 162) at 72-92 kL~ in heigh.t, meT.0o:c 
(163) £164-165) 

treilS at So-120 kr:l. in height, and echo patterns of Es patchc~ 

h<..i.VC led to the conclusion that wind. vcloci tics in the D and E regic.n <..w."C cf' 

the order 50-100 m/sce. Motions of an oscillatory nc.turc in the F ro[,ion 

h<J.vc o.lso been reportcb2 65-167 ) Martyn suggests that at latitudes above 

~bout 35° there is an upward. ionic drift and below· 35°there is a corresr:on­
~di ~ ~~d. (168-171) ng o...:JW"t'Wl<~:u. n:f't · •' 

. {20~) 
(h)Scatter ::;henomcno. (B. 6.2.10.4). Osborne · ho.s rc~orled that in tropical 

countr:i. os the incidence of scatter is cor.1t1on but ±nsufficicnt data has been 

collected to define the phenomenon adcquate1~102 ). It con cause large chru1gcs 

in the s~-wave field strength. 

Paras (a) to (h) indicate ( 1) that the field strength of the recei­

ved signo.l will be subject to considerable short-and long-tenn variation; 

( 2) tha.t it will be clifficult to obtain a ocasured result for the mcdiDll 

field strength of the received signo.l because such a mca.surccl result would 

ho.ve to be in respect of a long obscrvo.tion periocl and natura). seasonal 

chre--;.ges will cause significant changes within that period; (3) that the cal­

cuJ..atcd r.1edion field strcngtli, because of the complex nature of the propagation 

racchonism, will be, at best, only an appro:x::imation. 

In spite of the fact that it is on approxinatim., the calc,'.luted 

mcd.icm field strength will be used throughout this vmr:::C~ bccnuse of tho cliffi­

culties indicated in (2) above. The variaticns,howevcr, are best "uu.sud on 

practigaJ. ueasurcoents and in this respect it has been r_otcd that, on nag­

ncticully quiet days, short-tom fodos of up to 10 Cl.b o.rc ccnmo~ 
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IJ0ng-tcn1 fade3 need not he consiclerecl as these rep.rese·D .. c ~bnomnJ. ooncl.itions .. 

The wave arrival angle is not eXpected to deViate frOr;i tho mcdinn value of 

8'J by more than'!. 2° because the F2 virtual height is s0ldom groat.;;r than 

400 kr.l. · nnd seldom less than 300 kr.l. 

As the cn.lculated median strenth of the incoming signal is to be 

used mainly for the purpose of comparing the signal to noise pcrfoi"J1mnce 

8f vo.r:i..ous antennas, the . inevi tabq approx:i..mo.te nature of the calculat·ions 

is consic1ere<.l to be rolativel~y' ,~. · ··•· ··· ........ _______ _ 
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. CHAP T E R ~. 
~.... --=.~ ... 

1HEl.IDuMuM AN!l'El\INA GAm imElESSlillY. 
~ - - ! . ''•~T 

3,.o..,t Te~!-~age at receivinr; antem'lo.. · '· 

The field traversing o. receiving nnt(:nmc. .induces c•:Jfs in i:.hc 

or~tenr..n. that arc distributed .nlong its lcn(f.;h_o This behaves c-e 1:1. 

generator o~ emf .. e :::_E. 1 cos ¢ cos i wherl3 E is the field strength 

of the wo.ve in volts/:r.1etrc ond 1 is th.J uf1cct'ive longti1 r,-::..' tha 

nntcnna in :r.letrcs, ¢ is ang;t.c between plonc. of polar:i.z.J.:t;ion ond tho 

antenna conductor, and. 9 is the angle betvveon the wave :frou'; C-J":'.'.d 

the direction of the nntcnno.. The gencrato~ has nn inten1ul 

~esistance cquo.l to the radiation resistance R plus the los~ 
r 

resisto..1'lce -~ of the system. It deliyers pancr to tho loa.a RI.1 

corrnected across the nntenna terminals. 

power transfer· is when R:L -tt- ~ = R:r • 

voltage is e/2 Ol'ld the mn.xi.ourn. power 

In this c...--vcnt th.:.: te:rminel 

deli verccl to ·the loo.d .from 
. . E2 12 

the recc1~~ antenna = ·. ~ 4 R 
r ... 

The power density ·aonto.incd in the· vvo.ve front 

E2 E2 · -2 
= Zoo = 371 wo.tts/tn 

wh~re 21
00 

::: 377 = iopcdance of free space (sec A ppondix A cqn. ~ .• 13) 

If the receiving antenna is a doublet (an infi:nitesm~.l. c1i.pole) 

the cffc-cJ.;ivn lcr.[::,-th o.nd o.ctua.l length o.r~ the·. snrJ.e (=1) 

Power delivered to l::>o.d. o.crosa tho doublot tc.r:minals 
E2 12 

Vi=~~ 
4 Rr 

Now )frozn Appendix A., eqn. 1 o. 9, the radia·tion resistnnce 

of o. c1miblct is given by: 

R 
r 

wh?.rc 'A is the wavelength in some 
' I 

2 2;81T . 
Therefore W :: E l · . ·-r- · Z

00 
· 

E2 
= ~. z 

00 

units o.s 1. 
12 

3 .. 0.2 

where ·\ is the effcct·ive o.reo. of absorption i.e. the area of WD:/e• 

front_, in the direction of ma:xiraum pick:-up 1 over which complct0 

o.bs )rption of the wave energy :r.1us·i; tnkc p~.n.cc ·co cxtr-o.ct a power 

equal to that which. is o.vtilal:le ~'-t t...l).e or;.te:..mo. tzxr.minc.ls. 

3 "'2 
Tn0reforc Ax> = 8 1!' .3., Ou 3 

The goin of a cloublot ever an ieotropic :co.d:tator is ·j .5;thcre:i:'ore 

the effective area ot' absorptia.l oJ: o.n isot:z:opic rndi.o.to:r· A
0 
i~ &i.ven by: 

}.,2 
A. = ~ 3.0c4 

0 '+ 1T 
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fm::(. antenne, of pcwer gain G-
0 

over an ;i.sot:t:'or>ic ra4~at'.)z:' w.:.ll 

an ·3ffective are.:-:~. of absorption (A ) givenby: . e .. 

A. = 17 

Gt ),.2 
0 

3. ·j Terminal Voltage for -a ha1f wave receiving dipole in free spac:~". 

Here G- ::: 1., 64 · 
0 1.§4),2 

and A. = .
4

. e 1T 

E2 
W = Ae Z 

00 

= O. 13 ). .. 2 
E

2 

~ 377 

2 ::: 0.13).. 3~ 1 ~ 1 

3. 1., '2 

Terminal voltage V developed across a 73 ohm load is 

given oy: 
' 1 

v = (73 w)2 

i 
=E).. (.13 X 73/377) 2 

:::Ef../27T. 

Assuming E :: 12 db above 1 1..1. V/m as calculated in section 

2,6.2..,9 .:; 
· = 4 1..1. V/m and 'A. = 300/21.,47 = 13.97 m. 

'-'.'hen Vi :: 4 '< 13.97/2 rr = 8.9 /+V or 19 db above 1 ev. 

a) If the nntennn go.in is G. relative to an isotrcpic n.ntcnr::~ 
0 

then from eqn. (3.0.5): 
r,; ),.2: 

A 
.%C 

= 0 
c -47T 

w c:. )..2 E2 G ).2 E2 
= 0 = 0 

· 4":r x 377 4730 

Te:r.minal voltage V across load Z is given by: 
1 0 . 

v = (z w)2 
0 

1 

= E A ( Z G /4730)2 
0 0 

..}. 2-# 1 

3.2.2 

t) If the a.'Yltenns. gain is G relat.ive to a half wave dipole in 

free space then from eqn. 3.2.1 and 3.2.2 : 

W = 1. 64. Gr t..2 
E

2
/ 4730 and 

1 

V ::: E \ ( Z G x 1. 64/47 30 )2 
0 1 

-::: · :ill f... ( Z
0 

G/2890 )2 .· 

r 
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3. 3. Minimum temina.l voltage ,reg,uired at the input of a typical 

communications receiver• 

This figure will "Vm-y cons:i.derably from one receiver to the 

next. A good canmurticati.ons receiver· such as the Marconi CR 150 

(noise factor quoted a.s 5 - 9 db ( 21 5)) * may be taken a.s fairly · 

representative .. 

Accepting tho.t the signo.l output level to the loudspeaker 

must be at least 20 db above the noise generated in the receiver~ 1 95, 21 5) 
the folloWing minimum terminal volto.ges were obtained in tests canduoted 

by the writer on a Marconi GR 150 receiver when the bbndwidth. was set 

to 10 KC/s and the receiver wa.s tuned to about 21 MC/s. 

Modulation Minimum input at 70 ohm terminals 

depth for 20 db signal-to..onoise ratio • . . ... 
4-~ 12.6 ~v 

I 

~ 15.9 ~v 
20fo 22.4- liv 

T1U3I.iE Tt. }. }.1. 

The 30% modulated carrier is probably a good repreeento.tion of 

the average modulation on a broadcast transmission. For on ontenna to 

sup:ply the terminal voltage nceessazy in this circuit it must have a 

gain, G, sucll that equation 3. 2. 3. is satisfied when E = 4. tJ.V/m and 

v; 16 ...,v. 

... v2
x2890 _ 1G2

x 2890 _ 
Thus G - - - 3•37 

E2 A. 2 Z - 42x 14 2x70-
0 

i.e. In this circuit G must be at least 5•4 db better than a free­

space dipole for the audio signal output level to be 20 db higher than 

the set noise. 

3.4. Miniinum signal-to-noise ratio required a.t R.F. input to receiver. 

Double sideband speech transmissions are considered to be just 

usable if the time-averaged signal-t.o-noise ratio of the input to the 
. . 18 db (182,186) rece1ver 1s • · 

It was indicated in section 3-3. th.a.t the minimum input voltage 

to the receiver must exceed "i6 tJ.V for a ..3Qb modulated signal if the 

rQoeiver apparatus noise is to have negligible effect. In addition it 

is now required that the 16 .,.v mi.nitnum input must possess an average 

signal-to-noise content of 16 db or more if reception is to be 

satisfactory. 

Before attempting to design an antenna which will discriminate 

against noise in favour of the signal, it is necessary to iz:lvestigate 
' ' ' 

the probable nature, field strength, and expected wave e.rrive.l.a.I\gle .. 

of noise in the short wave band. 
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CHAPTER·§.. 

NOISE IN SHORT WAVE CIRCUITS IN TROPicaL COJNTRIES. 

4. 1. 0 GENERtlL. 

Assuming tho.t the ro.dio receiving station is fo.r reooved 

".from: .sources of man""i!l!lde noise the interference to . the signo.l is due 
to:-(181) 

(a) Noise genero.tecl in tho receiver. 

{b) Themn.l noise in antenna ancl feec1er conductors. 

(c) ExtraterrestioJ. noise. 

(d) il:toospheric noise. 

(a.) and (b) together represent the controlling factor at frequencies 
. ( 182) 

above 30 lvic/ s o.ccoriling to l·avet • 

. North ( 183) has shown that ~ antenna. cnn be rcgnrded o.s 

a generator of thermal agitation emf 
1 

- e :: (4 k T R :a)2 
n o. 

e volts, where: 
n 

(4-.1.0.1) 

where R = radiation resistance of antenna in ohms. 
a · -16 _, 

k = Boltzmann's constant = 1. 37 x 10 erg. se-r degree. 

~ = absolute temperature of the conductors. 

lai :: band.width of the receiver (c/s). 
This generator, of internal resistance R ,is capable of 

a 
delivering maximuo power to· a load if the load resiste.noe is equal 

to R ond. this power is co.lled the available noise power, W • watts, a m 
where: 2 

e 2 e 
Vl • = \( n ) )C R == _e._ = k T l3! 

ro. R ..,a · a 4-R. 
/ a. a a 

(4.1.0..2). 

Thus if antenna A ( R = 630 ohms ) and antenna B (R = a a 
70 ohms) 1lel'e each connected to a matched loo.d.1 each will. deliver 

the same thermal agitation· noise power to that load. If ,however, 

each were connected to a loo.d of high impcd.once, the agitation voltage 
1 

o£ A would be ( 630/70 )2 =- 3 times ~reater than that of B. The vo.J.ue_ 

of T is usually taken as about 290 K for objects neo.r the ground.. 

Extraterrestial noise (c) is du~ 184.) to rodiat:ions at 

radio frequencies er::l£lnating from tho sun,from stars, from interstellar 

gas·, and from invisible concentratiOns called "radio stars". This 

noise is mo.inly significant betwe~n 30 Me/ s ond 100 Me/ s. 

The mnin interference that concerns Short wave circuits, 

po.rticularl,y when the receiving station is ill the tropics, is atmos­

pheric noise. This is dealt w:ith more :fully beloli. In passing it 

will be observed that if the antennn. is always matched to the receiver 

input, (b) will be the some no matter what antenna is used and (e) 

is minimised if the antenna sensitivi:ty i.3 OOII.I"£Utrated in a llO.l'X'OI" 

beom as neo..r the hor:i.~ as pos.sible .. 
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4.2.0 J ... TMOSHmRIC NOISE, 

It is gonornlly accepted. that atmospheric noise is CC'.used 

by lightning discharge~ 182) which,due to their tronsiant nature.,. 

radiate energy over a wide bond. of frequencies. As the ompli tale 

decreases with frequency, noise from this source is relatively 

unimportont above 30 Me/ s .. 

Tremcllen and Co~ 185) ho.ve supplied chorts which show the 

levels of atoospherio noise over the globe but the clo.to. on which 

they ore based is mea~ 186) D.nd core recent publications by the 

c. C. I.R. , e. g. the,ir report No. 6~ 187 ), ore more reliable. However, 

o..s usual, tho. report gives med.im values of rodio noi~e power 

o.vo.ilable from a short vertico.l grounded monopole ond; as such on 

Mtenna. is insonsi ti ve to energy nrri ving at high ongles, the pic­

ture it gives is incomplete• In order to obtain a better under­

stonding of how to combat atmospheric noise in the quest for lJa.o. 

proved signal.;;..tt;o-noise ratios it is necessary to fol'T.llllate a rough 

picture of how that noise is generated ond propagated and also of 

what noise field strength may be expected at various arrival angles •. 

~2~ 1.0 GENERl:..TICN OF i~T}.10SHIERIC NOISE, 

Srivastav~186), regarding a lightning discharge as a one­

millisecond pulse, has demonstrated how the energy contained in the 

Fourier cwponents could be propo.gateu in the wave guide fomed. by 

the earth ond the under-boundary of the ionosphere. ·. HovlCver, his 

theory docs not take account of the ~port ant indi viduo.l discharges 

that go to m..."\ke up a lightning stroke o.nd. it would o..ppear to be 

helpful only in the case of very low frequency interference. 

Although it is on1y possible to obtain a rough estimate of 

the effect of a lightning flash, it is worthwhile attempting to 

express the probable effect ot a. atora :in ~ fA CJl. ~'\ 

transmitter. . 
4. 2.1.1 THE B:fYSICl~L NNrtJBE OF 1~ STROKEs 

The microstructure of a lightning stroke is canpl.ex but 

SchonloJ.189-194), by his investigatUms, ho.s made it possible to 

obtain a. fairly clear und.erstonding of what actually happens 

during a stroke. 

Vlhen the electric field, a.t some point in a. cloud,exceeds 

the dielectric strength there is first produced a. "pilot streomer'' 

which a.dvances slowly and in which the currents o.ro srno.ll. This., 

produces negligible roc.1io.tion. Superimposed in SlJace on this pilot 

there follows a succession of ttleader strecmcrs" which odvnnce in 

steps ond which together constitute a "stepped leadar". On averaze 

there ore four stepped leoder strokes per lightning flasb. 
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. idy~95) Studying data produced by Soho~ 192 )has d.educed that 

the median length of each step in a stepped leader is 67 rootres; the 

duration ( t) of each step is less thon one microsecond; tho ood.inn 

interval { tj_ ) between steps is about 74. microseconds ond th(;}ret'f:e 
6 

_ _ .. 

the rccurrenoe frequency = 1 /t. = 13. 5 kc/s. Appleton ond. Chaprn)Jt9 ) ani, 

later, Watson-Watt, Hird. and ~tkeh 197) cOncur that the dure.tion ( t. ) ot' 
1. 

a complete II stepped leader" is D.bout one millisecond. The experiments oe 
Aiy~200) indi9t~.te that the oedianvalue of the duration (tt') of a ocmplete 

flash is o. 2 sec. The median value of the separation ( t 
5

) between. on:;r 
two of the leoder strokes is therefore about 65 rnilliseconds. 

In their stu::lies of the electrostatic field of o. stepper. leader, 

Appleton ond Ohapno1196 ) have agreed with the figure of 74. nicroseconds 

given above for ( ti) and the microstructure of the stepped leoder,d.educed.:. 

from their. photographs of field strength fluetations, indicates that -the 

rate of rise of current in -each stef is very nearly the same in alJ. dis­

charges and is c~ncnUa.l. Berget
198)indicates that the maximum rate 

of change of current is 1 01 0 
onps/ sec nnd. this is supported. by Thomas. 

-and Burges~ 199 )who express the current in the form: 

( _at~) i:I
0 

e -Q 

' di 
Thus -clt z{b-o.)I . oax. o 

From thci~ 1 ~9)observoHons the mcdinn values mcy be taken as: 

I = 24 x 1cY a.mY"'s. 0 . :1:" 

0. = 4-.4 x' 1 o4 per sec. 

b = 4-.6 x 1oS per see •. 

Substitution in equation (2.1.1.4) leads to the result: 
di 10 ( dt ) = 10 amps per sec. 

max. 

SUIVfrMI.RY OF DJ-:ri>. { approxl mota lOOC).] an values). 

Length of step 

Duration ( t) of each step 

Interval ( t. ) between steps 
l. 

Recurrence frequency of steps 

Durc. ti.ca ( tL ) of stepped leader 

Number of stepped leoders per flash 

Duration ( tf) of flash 

Separation ( t ) between stepped leaders s 
~;rum value of discharge current 

lllaximum rate of change of' current 

Discharges oay occur (a.) within the 

:. 67 metres. 

1 r:rl.c_rosecond.. 

J 74 microseconds. 

c 13.5 'k/s. 
: 1 millisecond. 

; 4. 
e.2 sec. 

J 65 milliseconds. 

24 x 1 cY amps. 
. 10 
10 amps/seo. 

cloud, (b) from the cloud to 

upper atmosphere,. ond (c) from the cloud to eo.rth. Discharges within the 

cloud are. more numerous in the tropics thDn the ot~r t'\9u types, on:l, 

according to i:..i.y~1 95, 201 ), it is this type which is prirlarily responsible 

for noise on short-wo.ve circuits. His observation&195)indicate that, theae 

discharges occur at an average height of about 6 km. iil the tropi.cs. 
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RECffiPriON OF NOI~. 

Rndi~tian oocurs during each step discharge of the stepped 

leader. The step, about 70 metres long, ~ be regarded ~s an an­

tenna eo.rr;yiilg current, the value of which is clmnging at the rate 

of 1 01 0 amp sf second o.nd the speed of which is about one tenth of tho 

speed of ligh~195)• The different components in the frequency 

spectrur.1 o.re propago.ted o.s would be ordinary rruiio waves by ground 

wo.ve, optico.l rcy, tropospheric wave, or via the ionosphere. 

ACOUSTIC EFF.ECTS OF A STROKE. 

The acoustic effect on the listener depends on the character­

istics of his ea;r nnd the characteristics of the receiver used. 
~ _.. · t · d ' D . ( 202) . t . The eor ="S n.s an mtegro. J.ng eVl.ce. an~ mOJ.n n.::m.s 

that its response to s:i.Dgle impulsive sounds depends upon the· mrud.­

lllUI:l vo.J.ue of those mpulses averaged over about o. nillisecond. 

Thus the apparent loudness of the interference produced by o. stepped. 

leader ( tL = one J:lillisecond.) depends on the average o.cplitude of 

the train of individual steps. Davi~202 ) indicates that subsequent 

repetitions of the inpulsive souncl have a ODilots.ft effect tending 

to increase the a1~nront loudness but leakage of intensity occurs 

during the interval between impulses nnd this leabge is almost 

complete if the interval exceeds one second...-

Aiy~ 201 ) has likened tho ear to a circu,i t with a charging 

time constant of about 1 0 milliseconds end a discharging time con• 

stant of 500 trl.llisocond.s. Thus the apparent loudness of the io­

pulses, produced by a flilsh consisting of four stepped laa.d.crs; as 

juclgocl n.t ·the end of a flash 1 will be : 

Average due to stepped leo.cler no."1" 

minus leo.kD.ge between leaders "1" and.11211 , 

plus average of lco.clor "2"1 

x:rl.nus leo.ko.ce between loaders "2" and "3", 
plu.s average of len.der "3" , 

11311 ond "4", minus leakage between leaders 

plus o.veraee of leader "4" • 
.iiiyo. ( 200) ho.s observed that impulsive noise only onuses 

annoyance to listeners when its recurrence frequency exceeds 10 

tir.les per oinute ond that noise in the presence of a signal inte~ 

fcres with the progrommo if the difference in level between the sig­

nc.l. ond tho o.pparcnt loudnoss is less than 20 dof 203) The o.verage 

tropico.l thunderstorm produces 1 0 or more flashes per tti.nute at 

peak n.ctivity. 

OUTPUT lffiOvl M RECEIVER. 

Thot10.s and Burges~ 199), have shown that the tme intrega.l 

(referred to in section 4. 3.1) of the output envelope is indepen­

dent of the dat1ping ancit nur.1ber of the tuned. circuits in tho R.Fe 

ani I.F.sto.ges or the receiver. ~e~182 )and others ho.vc indicated 

r 
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that the loUdspeaker noise power output is pro~ortional to the receiver 

bandWidth ( e~ g. eq,uations 4.1. 0.1 and 4 .. 1. o. 2 refer)~ 

EFEECTIVE Ri>Diil.TED POWER IN LIGHTNING PLl..sH.' 

"Vlhen a doublet in. free space carries current of sinusoidal 

waveform, the field strength E ~· V/m at the .l?oint r·ckin. fror.~ the 

d.oublet in the direction Q from the axis of the doubiet, is given 

by the relationship 

E - 212 X 1a3 X (P)~ sin Q 
r (4.3.3~1 ) •. 

· where P is the ·radiated power in lfH, App~ndix A: refers. 

Assuoing that the hur..an ;ear Will respond to a lightning flash as 

described ir. section 4. 3. 1 .and also assl.ll!lj.ng the median values quoted 

in section 4. 2. 1.1, .Aiy~?1 ) has calculated that an~verage tropical 

' lightning flash will produce appro:X::i.r.lately the sDDe acoustic effect, 

in a receiver of 6 kc/s brorlwidth; tuned to a freq,uency of f Mc/s, . . 

as a dOublet antc:nnn, at a height of 6 krn., radiating P 1~, of 

sinuoido.l wo.veforn, 3c:% modulation, where: 
2 

p = 0.045/f . (4. 3.). 2). 

'.J;f the receiver bandv.ridth is 10 k~/s in~tead of 6 kc/s 

then: 
- 2 

p = o.07/f (o.pprdx). 

For any other bn!rlwidth1 B kc/s, P is multiplied by (B/1 0). 

Substituting for P in eqaation' (4. 3.3.1) the field strength 

produced by' the equivalent tran5Lutter is given by: 
4 ... 

5• 6 x 10 sin Q (. . ) . 
E2 = r f app:Ox • . . • (4. 3. 3.4). 

where E2 = noise field strength in ~ V/n.. 

r = distance between storm and receiver measured. in km. 

f = frequency in Me/ s. 

This is the unabsorbed field strength, If the energy is 

propagated vio. the ionosphere it will suffer deviative nnd non­

deviative absorption and this attenUD.tion will be in ad.d.ition to the 

spatial attenuation taken into account in equation 4.3.3.4. 

LIMITATIONS ON AOCURi' ... CY. 

It must be stressed that the r.1ethod of d.erlvi.D.g the value of 

P reliest, to a large extent, on approximations. · Therefore the value 

quot.:Xl for P (equation 4.3.3~3) ond hence tho.t quoted for E2 (equn.tion 

4.3. 3 •. 4) must .be regarded as approzi.r;Jations only. If the value of E2 
is re g_uired for the purpose of comparison between the si~l-to-noisa 

perfol"r.lD.!lce of two antennas then the absolute value of E:2 {if -:this 

exists) is not needed so long as equations lt-..3-3.3- and. 4 ... .3.3 .. 4 repro­

sent the correct order of magri:itude. 
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. . 

Circuit parameters, 

It is : assood (e.) that it is desired to otmpa.re the signal ... 

to-noise performanoe of several antennas tci be; used at the 

Salisbury end of the London-Salisbury circuitJ 

(b) that the period, under investigation :is midday, 
September, 1956; ·· · 

(c) that the operatj.ng frequency is 21.4.7 Mo/s; . ~ . 

(a) that the receiver bandwidth is 10· Ko/a; 

(e.) that, as calculated in Chapter 2, the daninant 

mode ef the signal is 3 hop F, the medi"an wave e.rriva.:j. angle 

.of. the signal is 8° approxima.tezy, on a bearing 19° W of N 

and of median ~trength 4. ~ V/m ( 12 db above 1 ~ V/m) for 100 

1& radiated at 6 ::: 8° from Landon using a K.oanons H/4./4/1 

array •.. 

The O,C.I.R. noise predictions( 1 B7)indi~ate that 

the time averaged ~ise power, available fran a short,vertioal, 

grounded monopole 1 located at Salis~ury for the conditi~s: 

quoted above; is suCh ·as to· oorrespond ~o, a noise field 

strength of 11 db bel.o\v 1 ·}1 V/m (median) and. 8_-db below 

1 ~ V/m (upper de~il~). The vertical polar ai~grem of such 
an· antenna is defined by( 11 ) . . ·· _ ·. ·: . 

1 

E :::r 300 P2 
QOS 6 .• ( 4.. 4. o. 1 ) 

d 

where E is the fisld strength in mV/m a.t distanoi!r d lan in_ 

the direction 6 to the hor~zontal for a radiated power of P 

k':N. 

It follows that the vertico.l grounded moru:>pclll is 

sensitive pri.ma.rily to the noise arriving at a low angle, 

But the signal will also arrive at a low angle. !! the 

s~gnal ond_the noise both arrive from the same direction, 

the reCeiving antenna orum.ot discriminate in favour of the 

signal. In this case the signal--to-noise ro.tio is simply 

the ratio between the received field strength of the signal 

and of the noise, The c. o.I.R. noise predictions ( 187), 
therefore, do not moke it possible, in a circuit such as 

this, to compare the expected signal-to-noise perfo:rmarloe 

of one low-angle ontenna with another: they merely assist 

... ·-

in the prediction of the grade of service that may genereJ..47 

be expected. Evidence supplementary to, th~t provi~d by 
. · .. - . 

the o. C.,I.R. pred.iot:Lons is· therefore needed before on 

effective comparison can be made between antennas proposed 

for this air cui t. Of assistance in this connection is the 

equivo.lent tronsmitter concept developed in the prece4lhlg 

sections which makes it possible to plot the expected instan­

taneous values of E2 for various angles of arrival for distant 

I • 
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C H'A PTE R 5, 

DISA?VANT~ES OF RHOMBIC .. :r<EGmiVING .ANT:§NNb 

5. 0 General. 

The Test Rhombic antenna, in which the dimensions are:­

side len~ = 5 ~. 

height = 1 ~. 

angle of tilt= 70°, 
represents a fairly large version because it is frequently not 

considered econom:ioalJ.y sound to make the antenna larger than this. 

For example this is t!w :largest of the desirs considered in the 

c. c. I. R. publieations ".Antenna Diagrams 11 ( 
11 • Though the Rhombic 

antenna has so much to commend it for point-to-point working it is 

considered to have the following serious disadvantages in the 

Salisbury-london circuit as a receiving antenna at Salisbury~-

5.1 Maximum gain in wrong direction. 

As· shown in Chapetr 2 the wanted signul, of mediml strength 

4 ti V/m, will arrive at 8° '! 2° whatever the season--and whatever 

tlre year, on transmissions when f = f (optimum). The Test 

Rhombic antenna has maximum gain at A = 12.5° and the power gain 

at A= 8° is dzymn to 5Q% of the maximum. (See fig.F.4.4.3.1)~ 
In Appendix A equations 12.. 29 to 12. 32 it was shown that for 

maximum gain at o.n angle /). to the horizontal the following dimen­

sions are necessar,y:-
~ 

H = 4 . " sJ.n u 

¥= 90-A 

1 = 0• 3~1 t- (for reception) 
sin A 

5.1.1 

5.1. 2 

:!!,or D. ::: 8° the Rhombic antenna wey.ld requi.re the following 

dimensions:-

H = 1.8 t- (approx. 82 feet at 21.47 Mc/s) 

¥ = 82°. 

1 ::: 19.15 t- (approx. 1175 feet at 21.47 Mc/s). 

This would be a structure so lorge as to be uneoonomicul.,usually. 

5.2 Sensitive to high-angle noise. 

As ahown in Chapter 4 the noise field strength increases with 

wave arrival angle for both distant-zone and neor-zone activity 

and the· Rhombic antenna was shown to have a poor signal-to-noise 

ratio during periods of higher thunder activity because of its 

sensitivity to noise coming in at high angles. The noise voltage 

fed to the receiver was shown to be greater for noise picked up by 

the '·1% lobe (A ::: 4~Q) tmn by, say, the 10<:% lobe (a = 12.5%) 

because o'P, the greo.tar value of E2, the noise signal strength, · ct 

the higher va.lues of ~· 
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5. 3 s,ensit;vcr to hipJ:.-pnglc unyvootcd simo.l~.. ; '· 

The high n.ng1c lobes give ris.e~not on:cy ,to serious 

noise interfcrence,but o.lso to interference from: , : 

( o.) tro.nsmissions on frequencies nco.r to the wc.nted frequency 

with fair]¥ high wo.vo o.rrivo.l o.nglcs. (Tho ontennn. should o.ssist 

·the receiver in d.iscriminn.ting o.go.inst these tron~ssions); 

(b). unwmited components of the wonted tro.nsmission,c.r,. signal 

enerGY o.rriving out of pho.se Vl1& ~ho.t employing the dominant 

}-~hop F mod.e becc.use it ho.e usecl some othe:t' mode •• This unwon­

ted enerc=r ·will come in o.t the follovving o.nglos of o.rrivo.l(t.): 

13° (4 hop), 16°(5 hop), 22°(6 hop), 25° (7 hop), 30°(8 hop), 

4-2 ° ( 12 hop) but o.s ec.ch hop introduces consid.ero.ble D.d.di tiono.l 

o.ttenuo.tion it is probo.ble tho.t the on~ noticoo.ble reo.etion 

will eor.1e from the 4 hop mode which will suffer o.bou1; 8 db more 

o.bsorption than the 3 hop mode but enjoys o. go.in of 3 db in 

rccciv:1ng rmtcnno. sensitivity o.·t 13° comporcd with 8°.. Hovvover 

o.t the tro.nscitting ontenno. (sec fig.F~4..4 • .3.2) ·it will lose 

3 db o.t 13° compared with the tronSl:ti.ssion o.t 8°. Therefore 

the volto.go o.t tho receiver terminnls produced by the 4 hop· 

mode will be of the order of 8 db below thn.t due tor2ho 3 hop 

mode o.nd, bcco.use of the pho.sc difference between tho two com­

poents, Vdll OD..USe LlUch Of the. distortion and £a.d.Ulg whioh· are 

cho.ro.otcristic of long disto.nce reception on this type of 

antenna.. 

-----------~ 
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CHAPTER 6. 

THE SEARCI-I FOR .AN D!PROVED DESIGN. 

6 •. 0 SUMMARY OF THIS CHAPTER. 

(a) The follo-vvimr 1mterinas are investigated by means of the ''worst-

conditJ.on signai""'tO noise rutio" concept proposed in Chapte1." 4: 

(a) Horizontal half~ave dipole (3,5 db). 

(b) Koomans Array (8. 7 db). 

(c) "-/4 Vertical rod antenna ( 2, 3 db). 

'rhe' figures in brackets represent the CD.lculated "worst-condi­

tion signo.J....to-noise ratio" (distant sto~s) for the conditions 

specified in Chapters 2 and 4. A vertical~ polarised array pro­

mi~es ~ sensitivity in the desired direction if the dir.ecti~ 

vi ty is made high. 

(b) 'l'he reflecting ground plane is ·important in the case of vertically 

polarized antennas and curves urc derived representing the vertical 

polar diagram of o. grounded "-/4 monopole on, 
i) sea water. 

ii) soil ~f good canauctivity. 

ill.). soil of poor cond.ucti vi ty. 

iv) grid of copper wires spaced at 15 11 centres lo.id on heavy cley 
soil. 

v) grid of copper wires spaced at 12n centres loid on 4en.vy clay 
soil. 

(vi) grid of copper wires spaced at 7~" centres lcid on heavy clay 
soil • 

. These curves appcnr in figure F, 6,3.4,1.3 . 

.. 
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6. 0. 1 Summary of malady inherent in Rhombic antenna._ 

The 'weight of evidence amassed in Chapters 2~ 3 and 4 led to the 

conclusion, .stated in Chapter 5, that the defects of the Test Rhombic 

(accepted as being as lo.rge as is usunll;y economically sound in the 

circumstances) are as follovrs: 

(a) :Maximum gain in wrong d:.rcct5.on. 

(b) Sensitive to high-angle noise. 

(c) Scnsi ti ve to high-angle unwanted sig:.1.als. 

6~1 Tho cure prescribed. 

A broadcast tronsoitting antenna (A) oust have a fairly blunt po­

lar diagro.o so as to give coverage of a fairly large area in the country 

to Yvhich the energy· is beamed. A receiving a.ntonna,(B) designed speci­

fico.lly for reception of transmissions from (A) should have,on the other 

hnnd., maximum sensitivity in the direction of median -vvo.ve arrival angle 

(.~) and, as narrow a boom as possible provided that tho ex;pootcd limts 

of variation of 6 can bo accommodated within tho half-power points of 

the Do.xiL1ura lobo. 

In tho circ.uit under consideration the receiving antenna sensiti­

vity :oust be concentrated in o.. narrow bonn centred on 8° to the horizon­

tal and. with half-power points at 6° and 10° (froo Chapter 2). The sensi­

tivity should f'ail away as rapidly a.s possible to zero above 10° c.nd 

below 6°. 

6. 2 Hip.,h p;o..in versus absence of side lob~. 

It is possible that in the quest for on antenno. which satisfies 

tho requirements of section 6. 1 t.ihare ney be fV\lnd one which. has a 

lovvor go..in than that of the test Rhor.1bic antenna. However, if the redt1.C­

tion in noise (db) is greater than tho deficiency in sensitivity (db),on 

improvement will have been achieved provided that the signo.l. output f'rotl 

tho receiver is stili ~go compared with tho noise generated in the 

receiving apparatus o..nd the therrnn.l agito.tion in the antenna. system. 

6.3 The soargh for an inproved desigg. 

Havillg taken the type of antenno.. which is usuaJ.l;y accepted o..s 

tho one giving best results for reasonable capital outl~ o..nd, sus• 

picion having been aroused by observed noisy reception during the months 

of high thunU,er. activity, it has beelil.. ~st:i:go.tod and the oause.s ~ 

o..s s'Ul:lOo..rised in section 6.Q;.t. In tbe seo..rc,h for o.. dosi[,rn which will not 

ho..vc these inherent clofccts tlil:e ~-poasilxlli.t~ t\1'G oonsidared: 

6. 3. 1 The horizontal ho..J..f wave clipole. 

It is v;cll known that the polnr cliagroo in the equatorial plane 

consists(o.) for height (H) = f./4, one lobe with onxiouo sensitivity xc 
t. = 90°; (b) for H = t./2, two lobcs,cach civin[; equal t1D..ximum sensitivit~" 
at 6. = 30° nncl 6. = 159°; '(c) for H = 3"}./4, three lobes,oach giving equa.J. 
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0 0 6 0 ( ) r:w..x:iour.J. sensitivity o.t A = 20 , A = 90 o.nd A = 1 0 ; d . for 
0 

H = r.., four lobes, eo.ch giving eqUt.'\l rJax:i.r.ruo sens:t~ivity at A = 15 '· 
0 . .· 0 0 

A = 50 , A = 130 , A. = 165 • 

To obtain one of the lobes at 8° it woulcl be necessary 

for H to be 2 .>- according to TemJ4 ), there being 8 lobes, eo.ch 
·o o o o o o o . 

giving equul no.xiDo. at A= ·8 , 23 , 40 , 60 , 120 , 140 ~ 157 , 

172°. Fror.1l<'ig. F. 4 ... 3.2~5.·1 in Chapter 4 it is clear of:.ho.t ·t;br, 

high-o.np:le lol.es wi:!l pic:k up o. g:,:eat deo.l of noise. Maki;-tg the 

so.r:1e assurJptions as in Chapter 4., the "worst condi tirn signal-to·· 

noise ro.tio 11 for disto.nt stoms \Youl.d be: 

( 4 )
2 

for 6oo : o. noise-to-signal ratio of 2.25 (3,5 db) 

( 
·2 6. OJ . 

vihich, being 1 o. 7 db worse than the Test Rhoqbic, is quite unsuit-

o.ble for the purpose even if the 2 t.. (92') masts were o.vnilable 

to support such on antenna.. 

6. 3. 2 THE KCOM.ANS iu"i:RAY .. 

:; ·. 

This urrqy is used by the B.B.c. o.s the tro.nsmitting an­

tenna. in this circuit o.nd it is loeico.l to consider the use of o. 

s:ir.lilar c1esisn as a reoel. vine ahtenno.. Iri chapter 4 the signo.l~ .. 

to""'l1.o~se perfomance of the Koor.1ons H/4/4/1i design wo.s cor.lpo.req.. 

v~th tho.t· 'or ·the Test Rhon.bic and the curves• of fig. F. 4..41 3.3 
.. . ~ 

. reveal tho.t. the ove:r-all perforr.?hce of the Koon.Dns arrey for 

distant stor.os is better than that of the Test RhoBbic. 
I 

However, the H/4/4/1 design is on expensive structure: 

. the top rovr of dipoles_, is 2.5 t.. above the ground o.nd the. oasts 

supporting the tria tics would be about ·3. 5 t.. high (about 160 feet 

at 21.1+7 Mc/s). The oasts would have to be sun:10unted by a boon 

of lens~h grco.ter than !../4 so tho.t the reflecting curtain and 

"ro.dio.tinG" curto.in. can be sepnro.tcd by }./4. Tho correct phasing 

of the four stacks of four co-lineo.r dipqles. is c. r.1D..jor problCI:l. 

In the circums~ances the extra expense of the Koor.k~s design does 

no~ '·D.l?Vec.r to be war:ronted for the so.ke of the calculated in.provc­

nci-it (Chapter 4) of 1. 5 c1b in the nworst-condi tion signo.l-to-noise 

ro.tio" for disto.nt stoms. 

The po'ITer c1enzity c1iaero.r:1 of an H/4/4/1 desi[;n is given in 

fie. F. 4.4.3.2 or B. 5.4.1 and tho.t of an H/2/4/1 design (four 

stacks of two eo-lineo.r dipoles plus reflector curtoin) is given 

in fi[;urc B. 5.4. 2. 
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From the noise map it is seen that, on average, the noise level 

in an area corresponding to a value of 1::. ot about 67° is about 4- d.b lower 

than in one corresponding to- 1::. equal to about 4.S0 which in turn is about 

20 db lower than for an /l..rea corresponding to a value of 1::. equal to 

about 10°~ Therefore figures F. 4-.4-.1.2 am.d. F. 4-.4.3.3 should be re8.a. 

in conjunction with each other but it is of more value, probably, to read 

figure F.4.4.3.3 in conjunction with known weather conditions for o. certain 

area, For exomple if it is known that at the time of the year being 

considered ~ area corresponding to 6. = 10° to 25° is subjected to heavy 

thunder activity and that noise. arriving at all other values oft::. is 

negligible then; for these conditions, the signo.l~to-noise performance of 

the Koomans Array is greatly superior to that of the Test Rhombic .Antenna. 

Similarly from 6. = 29° to 47° and 54° to 62°. But if the storms were to 

became so close that 1::. exceeds 62° the position·would be reversed. 

At 1::. = 46° the signal-to-nois~ ratio for each of the antennas is 

at its lO'Nest (l. 2 db for the Rhombic; 8. 7 db for the Koomons), It is pro­

posed calling this the it':'brst condition signo.l-'to-noise ratio" for distont 

storms. A similar traatment can be giten in respect of local storms. 

The "worst cbnditioh sigrio.l-to-noise ratio" is a usefUl figure of merit 

when assessing the performance of antennas. 

If the radiated power of the equivalent transmitter had been 

taken as something other than 0~16 watts the performance figures of the 

two antennas would still have borne the some relationship to one another 

as in figure F.4.4.3.3 but it is preferable to use a value of P whicll. is 

of the correct order of magnitude because this increases the usefulness of 

the figure obtained for the "worst condition signal-to-noise ration. 

4.5.0. Conclusions 

When investigating the relative merits of two antennas, one 

approach is to compare the average 'grade of service by using the time­

averaged c.c.I.R. predictions. This approach does not yield a satisfactory 

basis of comparison between two low-angle antennas in the circuit 

considered. 

Another approach is to employ ~he equivalent transmitter 

concept and to compare the performance at each of a series of assumed 

noise arrival angles. This has the disadvantage of dealing with ~ak 

values only and does not yieJ.d average grade of service but if the 

performance curves are read in conjunction with noise maps and known 

weather conditions for a. given locality and season, the relative merits 

of th~ antennas, compared on a signal-to-noise basis, can be demonstrated. 
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FOWER DENSITY DIAGRAM OF 

RHOMBIC ANTENNA IN FORWARD DI'RBCTION. 

(Reproduced :frcm "Antenna Diagrams" 
( 11) . 

by the c .. c.~.R. ) 

Figure F 4. 1,.. 3. 1. 

I 
• 
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of each antenna for noise coming in at various. values of 6 from a series 

of hypothetical noise transmitters located on the London-Salisbury ~at 
.. , 

circle. 

4. 4. 3 COlVJP..UUSOO OF SIGNAL-TO-NOISE RATIO OF ANTENNASL 

The polar ·diagrams for the· two ootennas to be compared are re­

prOduced in figures F.4.4.3.1 and F.4.4.3•2• The assumed antenna 

dimensions have been quoted in_assumption (a) of Section 4.4 .. 0. 

The signal-te-neise ratio, for any-assumed angle of arrival(6) 

of the noise, is calculated by sUbstituting in equation 4.4. o;2 the_ . ·: 

values: 

E = 4 ~ V/m calculated in Chapter 2,. q~oted _in Section 4.4..0. s 

G s = ;r-e-~ati ve gain at signal wave arri:val 'engle ( 8°) 

= ·~ 5 for the Rhombic. and 1 • o for the Koom~s. 
is ·-obtained from figure F. 4. 4..1.1 (for .distant stonns). 
or from equation 4.4.2.2 (for local storms) for ahy assumed 
mise a.rri val angle ll• -

Gll is obtained from figures F.4..4.3. 1/2 and is the rel~tive 
gain at the assumed arrival angle 6; ( pUtting¢::: zer• 
except that where ¢ of sane other value leads to a greater 
va.i\ie of G~ the JllOre sensitive value of G~ is asslJ!Iled), 

Calculating the signal-to-noise perfonnanoe for distant storms, 

for various values of ~., and plotting this performance against ~ leads 

to figure F. 4.4.3.3. Similex relative results would be obtained from 

local storms •. 

It will be. o-..servOO. that in figures F. 4.4.3.1/2the sensitivity 

is usually greatest in the ¢ = 0 direction. A notable e~pttan is the 

6.1qh point at 0 = 24 °, 9 ( = 6) :: 4.6° in figure F,4..4~ 3. ( The signal­

to-noise ratio for ~ = 46° is at- its worst if the ncise is assumed to be 

arriving from the direction ¢ = 24 ° and this :ts the value that has been 

used in drawing up figure F.4.4.3.3. Similarly for other cases. In 

this respect assumption (o) in Section 4.4.0 has not been rigidly adhered 

to but it does meoo tho.t, for each value of b. considered; the signal-to­

noise performance quoted is the worst possible that would be expected. 

Both horizontal ond vertical polar diagrams of each antenna have 

therefore b~en taken into account • . . , 

Onl.y the noise due to individual flo._snes, assurn:~d -~rz:j.vfug fz:'~ 
'.~ .' ' ; : .. . : ' . .! ~-

discrete directions, has been studied in the . foregoing. As shown in . :'· .. ·, . . •'. , .. 

Section 4.4.1 the calculated field strengths represent penkvalu,es, :the. 
. . ' . . . ' . ~. ·' 

average value depending on the frequency of the flashes.· '£he larger the· 

area over which thunderstorms are occuring the greater is the frequency 

of occurrence expected to ·be. (a) For <+ given a_ngle s\lbtended at the 
. . ·.: . 

receiver, the area is proportional ~orange. (b).The ·r~equency of flAshes 

increases for ·climatic reasons e.s the equator is approached. Both of 

these aspects are'taken into account in the c.c.I.~. noise mo.p (figure 

F.4.4.1,2) which depicts relative noise power available •from a short 

vertical grounded monopole sitoo.ted at various points on the map. 
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throughout the yee:r. Therefore it "rnay be a.ssmned that, for the region 

1500 kin to 2000 lan, thtmder activity occurs almost continuousljt. It 

is probable that, on a time average basis, the major contribution to the 

noise measured in Salisbury emc..mates from Equatorial Africa. 

The c. c. I. R. noise predictions ( 187 ) for the period unde;r QOnsidera- .. 

tion, for Salisbury, have been quoted in Section 4.4.0. iJ.S the predio­

tions are based on the noise. power available from a short, vertical groun­

ded monopole, and .as such en antenna is primarily sensitive to noise 

arrl.'rl.Ag at low angles (eqn. 4. 4. 0, 1 refers) it foll~s\ that there should 

be agreement between the value predicted as the upper decile ( 8 db below 

1 ~ V/m)(1B7) and that ca.loula.ted for low angles in Table T.4.4.1.1 

( 7'. 0 to 7. 5 db below 1 ~ V/m) • Since the two results ore~ ccmparable it 

follows that the results quoted in Table •r. 4.4,1.1 are of the correct 

order of magnitude. 

Since it has been shown that the c. o. I,R, predictions do not fonn 

a suitable basis for comparing the signal-to-noise performance of the two 

low-angle antenno.s, the results contained in Table T. 4. 4. 1. 1 are plot ... 

ted in fi~ F, 4.4.1.1 and the resultant smooth curve of I~ vs ~, for 

the particular parameters and assumptions laid down in &ction 4.4, O, 

makes it possible to carry out a detailed inves~igation into the signap... 

to-noise performance of each antenna for noise coming in at various 

values of ~ from a series of hypothetieal noise transmitters located an 

the .. London-Se.lisbury great circle. 

4. 4. 2 RECEIVED NOISE FIEID STRENGTH ( IOOAL SfORMS) • 

When storms are so nero- that the energy is propagated by direct 

ray, the noise field atrength is obtained from equation 4.3.3.4. 

Substituting 21,47 for f in equation 4.3.3.4 the noise field strength 

obtained is:-
2,6 x 103 sin t = r 

where E2 ::: in "' V/m. 

r = the distance in km between storm and receiver. 

Q = the direction of propagation measured from the axis of 
the doublet. 

The "sin Q" term may be neglected since the greatest int-er:ferenoe 

will occur when the direction of a stroke is broadside to: the direction -. 

of the receiving antenna, 

As indicated in Section 4. 2~ 1,0 the "within ... cloui" discharges 

azre responsible for the major proportion of short-~Wave atmospherio 

noise. ( 195 ) It w~ also indicated that these discharges ooour at a median 

height of 6 km. (ii.J.so see assumption (c) Section 4-. 4. 0). 

Thus r = 6/sin b 

Substituting for r in equaticn4.4.2.1 

= 430 sin A· 

Thus for local st'onns, as for distant storms, it is ·.possible to 

carry out a detailed investigation into the signa.l-t~oise ~rfo~ 
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The latter are therefore disregarded and the results for E mode propagation 

nre given in Table T. 4.. 4-. 1• 1 below. 

Distanoe fran Unobsorbed. field Absorption Noise field Wave 
Receiver to strengb db dlt, strength :&2 arrival 
Thunderstorm. above 1 ~ V /J14 angle 

km. db above Ao 
1.,_ V/m ; 'v.V/m 

2000 + 7.0 14-.0 ... 7.1 •• 4.5 2 
1500 + 5.5 1.3~-0 - 7.5 0~44. q. 
1000 + 7.0 10.0 .... 3~0 n,71 10 
500 + 11.0 5.6 + s.t.. 1,86 22 
.300 + 15.0 4.,2 • 10,8 3.4.7 34. 
200 + '17.0 3.0 .- 114-~·o 5.01 t.-6 
100 + 18~5 2,5 . + 16~0 6,31 61.. 
50 + 19.5 2.4 + 17.1 7.16 75 

TABLET 4.,4.,1,1, 

It will be noticed that the unabsorbed field strength oaloulated 

for a distenoe or ·axn km is greeter tlieh that tor 1 ~ km. This is 

due to ourted-earth focussing effeCJts (56) at grazing inoidenoe in which 

spatial attenuation starts decreasing with inorea.sing distance. 2000 lan 

is the mrudmum ro.nge for one hop in the E mode of propagation. 

Thus if at a certain period. there is no thunder activity, ex.oopt 

at a locality 1.500 km from the receiver, each f'la.sh ~be thought of 

as producing a noise field strength of' 7. 5. db below 1 ~ V at b. = 4 ° 
(Table T.4..4.1, 1 ). The periods between strikes would. be silent exoept 

f.or extra-terrestial and man-mode noise, The random flashes wUl produce 

e,m, f. 1 s of' approxime.te:cy equal amplituie in the receiving antenna, 

:Remembering (a) that eacll leader stroke is mode up of a suooession of 

steps each of duration lass thon one microsecond., separated by about 7l.t. 

mioeoseoonds from each other, (b) that each leader stroke is separated 

by about 65 milli-seconds from the nextt (o) that a oamplete t'lAah on:cy 

lasts about 0, 2 seconds, and (d) that rodiated noise energy emDnating 

from dit'oferent areas will take differing times to reach the receiver, 

the statistioal probability of overlap between illdiv:l.dual steps, in a 

1 0 flashes/minute stonn is: 

1 1 o. 2 )( 1 0 i " -"' in 1 5 1 - i; - )( - )( - • e. 1 uu.enoe • )C ()"" • 
74 65 . 60 

Thus, for praotiea.l purposes, the flashes may be considered to be 

1ntermesbed in time with one another or following oo.e another in time 

sequence with one flash oanoJ.u;l:i.ng before the next ocmnenoes. The valws 

for E2 given in Table T.4.4.1,1, wil.l tbere£ore represent ~values. 

Suppose that in a certain area. there is a stom in which the nu.nber of 

flashes per minute is, say, 1 o. It is probable that this will produce 

the same peak value for E2 a.s cnother storm,say of 2 flashes per minute, 

in the same areajbut the average value of E2 for the 10 .t'1oahas/lll.inute 

storm would be higher than that of the ather. · ·· 
( 187) . 

It is observed in noise maps, e. g. figure F,lt-.4.1.2, that 

the noise level in Equatorial Africa. is; on average, higher than· en;ywhere 

else in the world and that the noise level remains high · 
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(via ionosphere) storms, and looal ( direot rey) storms. In this way the 

effect of the antenna polo.r diagram on signo.l-to-noise rotio eon be 

assessed. 

If the medion field strength of the received signal is lls 

o.nd. the median v~:~ue of the received. noise field strength, .. oo.J.oul.o.ted 

for a certain noise wave arrival nngle ll0
, i.s E~ then, if the antenna 

gaL'"l in the direction of nrrival of the signal. is G (relative to the s 
go.in in the most sensitive direction) and relative gain in the direoticn 

Ji,.
0 is G~ , the signo.l-to-noise power ratio is equal to:-

l 

Suppose that it is required to compare the signal-to-noise 

performance of tha Test Rhombic ontenna. with that of a Typioa.l K.oomans 

'·., mitel'lllD. within.the .fromework of the circuit parameters laid down at the 

b~ginning ot this section. In order to -canpare the effeot of the onten­

na. polar diagrams on their signal-to-noise perfo2manoe the following 

assunptions are mrule regarding the antennas and the noise transmitters: 

(o.) Assume tho.t the antenna dimensions area 

; 

Rhanbio: side length = 5 >..; mean height abOV'e ground 1 ~; 
0 

lln.gle of tilt 70 • 

Koomans' 4.. tiers of 4 oo-lineo.r horizontal >../2 dipoles, the 

bottan row being 1 A. above the ground, plus retleotor 

ourt ein (H lt/4/1 ) 

( \) Assune that the antennas ore both located nee.r Sa.lisbury and aligned 

on :Wildon. 

(o) Assume tho.t the atmospheric noise is O&USed. solely by a series of 

thund.ersto:nns 6 km above the ground, on the same bearing as the 

signal end ocouring at discrete disto.noes from Sa.l.isbury, 

In equn.tion 4.4. 0.1 ,E has been quoted as 4.. t4 V/m, G8 and s . 
G6. are obta.i.rulble from the polar diagroms. It is neoesse.ry to calculate 

E
6 

for the discrete distonoes refen-ed to in (e) above, in respect of 

distant sto:rms nnd local storms,. 

4..4..1. ~CillVED NOIS6 FIEID S'l'RENG'm (E2 ) (DIS'li\N'r STORl4S). 

As indicated in Section 4. 4.. 0 the operating. ~ is 

21-.4.7 Mo/s end receiver bDndwidth is taken as 10 ko/a. Substituting 

21.4..7 for f. in equation 4..3.3.3. 

P = o. 16 watts apprax:i.mo.tel3. 

For the oondii:ions Ullder consideration, the effective noise 

f~eld strength, E2 , arriving in Salisbury fran an equivalent transmit-tar 

radiating 0,.16 watts} located beyood the horizon, oan be oe.loulated by 

Piggott's method ( 102 , for the E, F and double-hop F (i.e. 2F) modes. 

The oo.lcul.D.tions indioo.te that for 4.i.stanoes between 50 lan azd 2000 lan 

the E mode ·suffers much less abaorption than "th& :B' allli 2 lf mQQ.es. 
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In Chaptel+ 4 it was shown tho.t the calculated signal-to-noise ro..tio is 

given by: 

where ·G­
s 

E 
s 

Sigtao..l power 
Noise pmver :: 

::: c.ntenno.. go..in in direetion of incor.rl.ng signo.l. 

:: field strength of incoming signo..l. 

== go..in in direction of incoming noise. 

:: field strength of noise (srune 'lmits o..s E ) o..rriving o..t 
0 s 

nngle 6 . to horizonta.J.. 

The "worst-condition signnl-to ... noisc ratio" of the H/2/4/1 
design will be seen, by inspection of the polar c.l.ic.gro..ms, to be the san.e 

o..s tho.t of the H/4/4/1 design, but, due to the greater berunwiclth in the 

horizontal plone, it will be more sensitive thc.n the H/4/4/1 design to a 

gre1'tter nur.1ber of storos occuring on either side of the broo.dside direction 

end the probability is high, therefore, thn.t, on tirae o..verc.ge, the sieno..l­

to-n!llise pcrforrnn.nce of the H/2/4/1< design will be inferior to thc.t of 

the H/4/4/1 dcsiJ3l1• 

6. 6. 3 VERTICAL ANTENNA. 

Since A = 8°1 any systco , which inherently possesses mo.xinuo 

sensitivity along, or o..1L1ost along, the horizontn.l, shows fo..ir promise. 

The polar diUGrm~s for various grounded vertical n.ntennns n.bove c. perfect• 

ly conducting plone o..re shown in fig. F. 6. 3. 3.1 ( 7 )( 11 ) • They oo..y be 

c1erived froo equation ( 11.4) in Appendix A, The hi£71-nngle lobes which 

occur v1hen the length (1) 0xceecls "A/2 would nake such antennas too sensi­

tive to high-angle noise. All antennas of length exceeding A/2 must 

therefore be clisco..rdea as receivinJ antennas for the purpose hera in 

r.rlnd. Notice in fig. F. 6.3.3.2 tho..t when 1 = 0,625 the horizontal 

field strength passes throuGh o.. L~~ but there is also present o.. large 

lobe 3t 60° (Fig. F. 6.3.3.1). 
The "A/2 vertical antenna has n. · promising verticn.l polar clia­

grom bu:b presents mo.tching probleos if it is to be connected at ground 

level, as an end-fed antenna, to o.. co-o.xial line of 70 ohl:l characteris­

tic i.I:1pcdonce (Z ). The "A/4 ontenno.. is o.. no..turo.l choice o..s its input 
0 

il~l;edonco · ;· o..ppro:xitlo.tely equcl. to its rodio.tion resistance ( Rif' 37 ohms. 

(see equo.tion 11. 17 of Appenclix A). By oeo..ns of o.. sui table folded con­

struction tho input inpodancc (or, in the case of o.. receiving antenna, 

the inpedonce of the receiving antenna. o..ctinc o.s o.. generator) con be 

made oquo..l to the Z of tho co-o.xio..l feeder. 
0 
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Eigare F.6.3.3.1. 
Vertical polar diagrams of vertical monopole 

on ground of infinite conductivity. 
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Field strength in mV /rrr at 1 krn for 1 kW radiate<'!. by 
vertical monopole on a perfectly conducting plane. 
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Both figures reproduced from C .c ~I ~R. 11Antenna Diagrams11 • 
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The ficlcl strena 1iJb:. .o.t 1 lm. due to c.. groundecl t../4 nntormo. rndia­

tinG 1 kw is 314 mV/o( 
11 

).o.t 11 = 0 DJld 305 mV/r.l a.t b. = 8°(fig.F 6.3.3.1/2). 

From A1)pendix A, equation 11.19, the corrcspondinc; fic;ure for a t../2 
dipole in··frcc s~o.ce is 222 r.N/p eiving the c;rounded t../4 r.1onopolc a power 

go.ih of 3. b1 db a.t !;, :::; 0 ru:rl 2. 77 db at t:, == 8°. The go.in of a. free space 

dipole over an isotropic nntcnmJ 7) is 1. 64 ( 2.15 db). Therefore the go.in · 

G-
0 

of the &;rounded t../4 antenna. over a.n isotropic antenna is 5. 16 db a.t 

~ = 0 and 4.92 db a.t !;, = 8°. 

This o.rra.ncc:r:!ent ha.s the C.ua.l diso.d.vo.ntage of: 

(o.) insufficient gcin in the direction !;, = 8°(G for f../4 is o.bou.t 5 db 
0 

c. t !;, :2. 8° whcroo.s G f·..,r the test Rhonbic a.t t:, = 8° is 21 db - 3 clb = 
0 

18 db (sec section 4<> 3. 2-. 6) ) and 

(b) the polar diagrom is not sha.rp enoueh1.giving too ouch scndtivity r..t 

la.rse values of b p 

The "worst conc1i·:;ion" sig.no.l-to-noise rn.tio for c1istc..'rlt eterms is 

obtained by conbining the noise field strength fran fiH• F 4.3.2~5.1 vr.ith 

A./4 antenna. sensitivity fran fig F. 6. 3o }.1.. The "worst condition11 

interference from distant storms occurs o.t !;, = 45° o.pproxir~tc~. The 

sign.."tl-to-noise ro.tio ( o.ssur.ti.ng, o.s for· the. test Rhombic, tho.t sit,rnal 

strength of the wa.nted signo.l coming iri.a.t t:, = 8~= 4~V/m nnd noise fielQ 

strength1o.t 45~ = 5 ~V/n) is given by: 

S • 1· f d t . f"1 '"'· (4) 2 -. 2 
X 1 0-1 2 14730 J.gno. povmr e o receJ. vor = \.%"' u.. 1' 

~--

Noise power fed te receiver (0.615)
2 

G- (5)2 t..2 
x 10

12
/4730 

0 

ns in section 4.3.2.6. 

"Worst condition signnl ... to-noisc rntioJJfor the distcnt stor::as f'or 

the A./1+ antenna is therefore 1. 69/1 ( 2. 28 db). This is 5 db wo:cse thm 

the n,·ror::Jt condition" signo.l-to-noise ro.tio co.lculo.tod for the te1:1t Rhom .... 

bL: o.nd 5. 8 db better than the rtworst condition" signal-to-noise ro.tio 

of the !..1 '2 horizontal dipole, 2 A. high. 

The next st0p is to improve the sensitivity in the direction of 

6 ~ J 0 o.t the er~ense of the sm~sitivity in other dircctions,if p0ssible. 

Scvero.l possible oethods of doing th~s present thc~selvcs. For cxnmplc, 

a broadside arrnngcnont of vcrtico.l A./4 rods, spo.ccd A/2 apart ~1 

correctlY pho.s~1,would sho.rpen the horizontal polur dio.gro.o. Incrco.sing 

the vertical cU.r:1cnsions would sho.rpcn the vcrticn.l polo..;r din.srmn. However, 

such ar. o.rron[;Cm1Cnt promises to be on expensive piece of structural engi­

neering. It ·is proposed instco.d. to sharpen the polo.r dio.[7'on by noons of 

po.ro.si tic elencnts, It is ~ clo.ined that o. po.rasitic arr"'u.n.c_;er.1ent 

provides a unique solution to the problem of providing nn o..YJ.tenno. to o.."ttch 

up to the specifico.tion lo.id down in section 6.1 but it docs promise to 

concentrate the sensitivity in o. narrow, low-o.ngle beo.o. Furtherr.1ore it 

pror.Jiscs to be a fairly inexpensive nnd. conpo.ct structure. 
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6. ,3. 4. o. Reflection. 

In the discussion centred on figure F 6. 3. 3. 1. /2. the assump­

tion was made that the reflecting surface possesses infinite oonduc~­

ivity. Due to the importonce of the ground !>l_ane in the design it i~ 
necessary to look more deeply into the effect, on verticnlly polarised 

waves, of ground plones of various types. In figure F 6.3.4.0.1., 

reproduced :from WillliamsF )it is clear that ground conductivity ho.a 

an important effect on the polar diagram. However figure .F 6.,3.4.0. ·t. 

is in respect of a dipole, "A./3 above the earth, o.nd it is necessary 
- . 

now to calculate a number of polar diagrams for a ground~d "A./4 mono-

pole for various types of reflecting plane. Before doing this it is 

necessary to exrunine_, i.a more detail, the meoh.a.nism of reflection in 

various types of ground. 

6. 3.4.1. The medhonism of ref1.££.ti£!!. 

A B 

c 

Figu:'3 F 6,, 3. 4. 1 • 1. 

a· 

Figure F 6. 3. 4. 1. 2. 

Booker(S) has drawn attention to the similarity that exists 

between the ::ituation depicted in:figure ]' 6.,3.4.1'.1. o.nd that depicted 

in figure F 6. 3o 4. 1. 2. When o. wave travels down the tronsmission line, 

in which the wire spacing is small compa.recl. with "A./2TT, of character·,.. 

is tic impedance z1; th-ere is at the discontinuity' z2' (a.) the 

incident wave, (b) the wave absorbed in z2 , and (c) the reflected 

wave travelling back down the line. The relative magnitudes depend 

on the degree of matching between z2 and z1 • 
SimilarJ,y there is on incident wave (A), a transmitted wave 

(B), and a reflected wave (C) at the interface between the media ( 1) 
and (2). For incidence normal to the interface (Q

1
: 0) the relative 

amplitudes will depend _on the intrinsic impedances z1 and z2 of the 

two media and may be found from the relation(5) 
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.6-·Angtc of Elevation in Degrees 

- l=l6mctru. 
Relative Reid . Strength 
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[ 

Pol:-All DIAGRAMS OP A VERTICAL liALP~WAVB DIPoLE ABOVB 
A GROUND OF FINITE CoNDUCTIVITY 

(Feldman, ~- l.R.E., J~ 1933) 
(7) 

Reproduced from 11Antenna. D'ia.grams11
' by Williams e 
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whrjr:; H and E are the magnetic and. ele~tric vector3.· respectively" When 

Z2 = Z1 there is no reflected wave ~d when z2 = 0 or OQ the reflected 

. wav3 is eq1.:ta.l .in rnagni tude to tho :~cidcnt wave, io e. reflection is oou:.:ple·bo 
I ) . 

. \." If Q1 . is not zero then the field :::..mr-cda:.1~c ~1 of the th:roe ·,raves 

arc given. belovr f~r 7ertical polarization. (H pa.-~·aJ.leJ. to re:fled;ing planr;). 

Tb.on Z, f~.. ru:ld Zft should. be substituted fer .z1 nnti. z2 respectiw,;~r in 

6. 3.4.1.1 /2 ~vhere zf is the field impedance. 

zfi = z.1 cos 91 

zfr = -z1 seo 91. 

zft = ~ cos 92 

(6. '>.4.1,3) 

(6.3 •. 4 .• 1.4) 

( 6. 3. 4. 1 • 5) 

In eqn. 4. 20 of Appendix A it is shown that the intrinsic impe­

dance Z. of o. fneili.um of conductivity IS" mho/metre, permeability 1-1 Henrys/ 

metre, ana pc.rmi'ttivity (d!eleotrio o.onsta.nt) .e, ~me:t:~, 1s given by: 

In a dielectric IS" is negligible compared with j ro s: ~ the 

i.D.trinsic impedance of ·the dielectric becomes: 
1 

z = ( I± )2 
. e: . 

and is a resistance. 

In free space l-1. = lJ. . 0 = 4 1r. x t57 Henrys/metre and. 

Faro.a.S/~re arid the · :tntri..'Wic impedance of 

.... ·~·.· . 

. ... . .. . .. 
. .. .. 

In a medium of h.:igh cor.d.uctivit~r, such as a metal, IS" is largo com­

pared with w £and_ 
• 1. I o 1 z . _ ( .j ·ro bl.- )'2 = ( w 1-L:.~· 90 )2 

metal - IS" IS" 

0 1 

~- = ( ~ ~ )'2 ( 1 + j) (6.3.~.1.9) 

t . . 

::::a· -' -¥:·j ·X 
m m 

·1-.. me~um behaves as a dielectric when tA> e is much greater than "c:r 

and as a ~o~U.Ct~r when w a is much less then c:r. The oh:mgo-ovor occurs 

wbcn ro = L. o.na the tro.nsition frequency 1 · .t't 1is given by: 
e: .. 

f - ~ (6.3.4.1.11) t-2!fa 

where c:r is in mho/metro 

s is in Farads/metro. 

f'tis in c/s,: 
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In equations 6. 7, 6. 8 1 6. 9 of iq:JPcncl~~ A i::b ff,;l.s shCIII'm thn..t 

the ~'in:tri.nsi.c J?rorn..gation constontu :p of th~ medium i,~, _f:?;ivcn by: 
-. -. . .. . ;. ~:~ -.:' . 

p2 = j tl) j.L (cr+ j roe) (6 •. 3 .. 4.1.12) 

If' o; is th;J o.ttcnUD.tion/mc~rc o.nd. j3 the phase cha.rigc/m~tre then: 

p = a; + j j3 ond:,by aopa.ro.ting reo.l ond. im~gjnary po.rts, 

a: 2: ioo~( (cl+w2
£
2)i-ws) (6.3,.~1~13) 

2 2 2 2 '.t .· ) 
13= iw~( (a +W •)2 +b)s:) (6.'3.4.1.1~ 

-ThUp for 0. non-conducting medium <f.= 0 

C( = 0 (6.3.4.1.1.5) 

·nnd (32. = i (I) j.L ( 2 {I)Et) 

2 
:(1) IJ€.. 

1 

and (3 = ro (!J. a}2 

For a conducting medium where cr. is much grgate,r ~ (1.) s 
1 

« = ( i ~· !J. a-) 12 · nepers/metre. ( 6. ~~·~ 1.17) 

•' .--. 

1 1 

= a. 686 (i· (a) !J. o-)2 = 6.1~( w !J. o-)2 db/metre. 
I 1. 

l3 = (i w J.L o-)~ radi~s/metrc~ , . 
. ,,. 

( o.) E£F the case where ·g= ~ , 0 ... ' 

~i;1.ce the medium i-s non-conducting the intrinsic propagation 

constant,p, from cqn.(6.3.4.1.16) is given by: 
. 1 •' . 

p = j ro (J.L s)2 ··-· (6.3 .• 4.1.19) 

The component of the propo.go.tion constant l'nrnllel to the 

interface is proportional to sin Q •. Novi, .to satisfy the boundary 

oondi tions C:t the intetface the movement of wave crests on both 

sides of the interface must be the somc~.5) Therefore the canpo-

Jlent of p paro.llel to the interface must be the snmc in medium 1 and 
. .t 1 

2 giving, from eqn. (6. 3.4.1.19 ),(I-L1 e:1 ) 2 sin~ ~~: (~ .:~)Tf s~ ~2 · 

· . . This is Snell t s la.w ( o.lso used in ChApter 2 ) ( ~·~~1--~l 
the angle of refraction, Q2 • 

~her~ vr.ill be no reflected wave when:( 6) 

zfi. = zi't 

= ( ~ 
·~ 

1 
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This defines the ongle ~1-_,the Brevrster o.ngJ.e, c.t which there is 

zero reflection. · 

· As Q1 chonges fro~ 0° to 90° it is se~n from eq_u:ttio~ ( 6 .. 3,.4., 1 ~]) 
Jcho.t zfi changes from z.1 (the intrinsic impedance) to zero: zft is 

obto.ine~ in ,terr.JS of Q1 by substituting for Q2 :f'r,oro eq_n.(6.3 .. 4..1.2J) 

thus: 

1 =-
~ 

( 6.3.4.1. 22) 

If !l1 s1 is lee& tho.n tL2 af, Zft is real i.e. resistive for o.ll ongles 

of 91• 

If !l1 s1 is greater that !l2 s1 .. 1 Zft chc.ngcs abraptl¥ fron o. pure resist­

ance to a pure capo.citive +eactoncc at the nnglc which satisfies the 

equo.tion !l2 ~ = ll.t a., sin
2 

Q1 • ( 6. 3.4.1. 23) 

At this value of Q1(ca.llcd the critical angle of ~~idenco) 

92 :;:'. 90°, 

For values of Q
1 

greater than the crlticnl angle th~ condition is 

as though the tro.nSI:lission line in Fig. F 6. 3. 4-.,1. 2 were tenninated. with . . 

a pure . reo.ctance: reflection is therefore total. The phase of' the ref'lec-

tcd wave rclati ve to the incident wave is governed by the field impedan­

ces nnd varies fron 0° at the critico.l ongle to 180° when g1 = 90°. · 

Care must be token not tO' c·..,nfuse the critical ongle(cqn. 6. 3.4.1. 23) 

\vith the Bre~ster angle (eq_n.6.3.4.1.21) 

(b) For the case vv.herc .~ is not zero. 

(b i) f_f. the reflectffiei plane is o. perfect conauctor, 

Since~ is infinitely large then, from equo.ti~ 6.3,4.1.9/11617/18, 

R =X :::: 0; ft. is infinite; Q. is, infinitej {3 is inf'inite. n n 

Reflection is conplete at zero pho.se angle o.t o.ll voJ.ws of Q
1 

from 0° 

to 90°. · This yields polo.r diagroos such as fi.g. F. 6, 3 • .3•1 ond fig. 

F. 6.3.4.1.3 (curve 11a 11
). 

(b ::Li) If the reflectinp; plane is sea vfo.ter .... 

Here : ~ 2 = 4 r.lh.os/aetre. 

j.J.2 :::: j.J.
0 

= 4 1lT X 1 'fl H/mctre. 

a2 = 81. a = 81/36 111 x 109 Fo.ro.ds/metre, 

· Fron. eq_uation ( 6. 3.4.1.11) 

ft = o-2 = 890 Mc/s. 
2 1r s2 

.i:..t H. F. ,chcrcf'ore 1 sea wn.tcr behaves c.s o. good conductor and ;t'roo eq_ns. 

(6.3 .. 4.1o9/10) for f = 21.4:7 Mc/s 
1 

·-( ro f.1' ·)'"f R.- 2 ~ 

=- 4.6 + j 4.6 
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'D... '"'q"" 6 .. 3.4.1.1 the mnrrnitude of the re£leoti.on co-efficient 4-'J..Offi "' ,... '"'"0 

is g:i.ven. by: 

or 

Nhere 

and 

Ii .. r 
<- • ..,. .... . H . 

1 

H 
r ---Hi 

2fi 

zft 

= 

= 

·-
::: 

= 

.2. - z -,, 2 
z1 '* ~ for i1 : 0 . 

z,fi ...... Z.ft fo'R i1 greater than 0 · 

2ri ~ 2ft 

z1 cos g1 = 377 cos Q1 

4.6 + j 4. 6 

1.42 x· 4.. 6 angle 45°. 

( 6. 3.4. 1 • 25) 

__ Mt1tclrlng '!;>etwee Zfi. and Zft is pest o.t tho.t angle i 1 where 

377 cos e1 i::· 1.42 x 4.. 6 
. 8 0 10 . i.e. Q1 · =· 9 ; i.e. ~ = • 

At this angle the rei'lcction coefficient po.sscs through a 

ninil:lun vD.l:u.e = 1. 42 - 1 = • 42 of phase ongle 90°. It· is not the true 

lB't'ewster D.U.:.'\le c:tefined (when C) = o} in cquo.ti.on (6.3.4.1..21) because it 

does not po.ss t~r~u~o. value of zero. It is better .referred to as tho 

"pseudo Browst0r angle". 

J.tra1 t~1e discussion following eqn.(6.3.4.1.22) there is no 

c:r~ tical angle ~ n this cn.so be co. usc ~1 c1 is less thnn j.L2 ~ •. ' 
. . 

. .. For vo.lues of Q1 less thnn the pseudo Brewster angle Z.fi in-

. crea'se·s due tn the cos g1 tertHim.til at 9 = 0 ~zfi = z1 = 377 ohms. 

l~t Q = 0 the rcfluct:i.on coefficient is 

3Ii - z,;. 6 - j 4. 6 = 
377 + 4.6 +. j 4.6 

0. 98 ( approx). 

Yrith reflected D.l'ld incident wo.vos ~Iaost in phase • 

. For vo.lues of e1 grcc.te:t:" than the pseudo Brewster engle Z.fi 

lecreaees until, at Q1 = 90. Zfi = 0 and the reflection coefficient 

= - 1 mpzying that the phase engle between rcfle ctod ond incident 
. . . . 0 0 

wo.vc.s changes frbr.l 90 at tho. p,seudo Brewster ongle ·to 180 at Q1 

Thus there is caoplete cancellation of the two waves at Q1 

900 • . t A .• 00 
..: . J.., e. · .n: u = • 

. 2 1 

At Q1 = B9° the· c<Dbined field will have r.w.gnitude Hi ( 1 + 0.42 )2 

: 1.-082 H. where the phase engle between incident ond. reflecte<l 'waw. is 
J. 

90°. 
cos (~cos Q) = t (Q) 

sin Q 

gi-ren in Appendix A eqn.. ( 11.5 A) is therefore modified, in the cn.se 

o~ a vortionl dipole (or monopole) sit ua.tcd above on imperfect earth, 

bq.::ause of the VO..'!;":i.ation of the rngnitule o.nd ~e of the. reneotion 
oo-.:iffioient • 

. : ·. 

. . . ~ 

. ! 
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F.rot1 equn.tion a. 3 • .3.1.1. 26 it is clear that for va.luos of Q less 

tlkm the pseudo .. Brews~cr angle the phase nnele between the inciclent and 

reflected wo.ves falls rapid.Jvr and it no.y be taken tho.t the two wa.ves ore 

nco.rly in phnse frQL1 Q = 8CP to Q = 0°. For this ron~e of angles we po.y 

sn.y thn.t the combined field strength H = ll { 1 +. R exp. (- j (/J) ) when 
0 v 

Rv is the reflection coefficient for vertioa.l pola.rizn.tiOR und ¢ represents 

the phuso difference in radians bctvvcen c1irect and reflected rays due to 

the diffe~ncc in the path lengths. H
0

, llv' om ¢ o.re all functions. of Q1• 

~1hcrefore, the vn.luo of e1 nt whiclt H is o. ma.xi.muc could. be i'OI.lrul fron1 thQ 

equn.tion: 
d·R O - =. c1 i 

The reflection coefficients for vcrious values of Q hn.ve been 

cn.lculo.tecl ond. ore given in the tn.blc below. 

r 

I 

Fron Snell's I.o.w, substituting in equation 6.3,4.1.20 yields 

sin 91 ; 9 sin 92 
.. -
~1 Q2 zft= z2 cos 92 Zn= z1 cos Q1 . ll Polar clin.grom 

fielcl :i.r.1p~~ce ( ~elcl ir~edcmc0 (~g]1fttg~t) Foc.tor .. 
of sea. vmter ..nf'_ m.7'. _e Lc:i · 

0 0 4.6 + j 4. 6 377 - ' "'' ... ~ -
0.·98 0.39 

10 
0 t 1.";6 4.6 + j 4··6 371 0.98 0.99 

20 2°111! 1 4.6 + j 4.6 354 0.97 0.98 

30 3°11 1 4.6 + j.4. 6 327 0.97 0.98 

40 4-06' 4t.6 + j 4. 6 289 0.97 0.98 

50 4 °531 4.6+j4.6 242 0.96 o.98 

60 5°31 t 4.,6 + j 4.-6 189 0.95 .0.97 

70· 6°1' 4.5 + j 4.5 129 0.93/.2.
0 

0.91 
80 6°17 1 

.. 
~5 '* j 4.5 

! 

65 o.e;atJ.0 
o.~ 

8!}' 6921' 4~5-tt-j4.5 33 0.77b_6.0 0.88 
\ 

90! 6~23 1 ~ 
I 

1 •. oa§.Po o.o 4~5 + j 4.5 0 

T A B L E . T. 6. 3. 4. 1, 1 

The pho.se change ¢due to the difference in J.cngth between direct 

a.nd reflected vmves is ne~ligiblc a.t the low angles in which we o.rc 

interested (being o.bout 0.4° a.t 61= 10°) o.ru1 ·therefore¢ ho.s been neglec­

ted in the polo.r dio.gro.os of figure F.6.3.4.1.3 

( b iii) If · .rcfl.eqtiM p!aJla_ i.S lood ... of bc4v;y gjl.oir ~tpU. 

, In such lnnd the constants may be ta.ken J~) 
<r2 = 4 x 103 nho/metro 
. . ~ I . 
~ = l-1

0 
= 4 fT x 10 Henrys octre. 

~ == 13 e
0 
~ 13/36 1T • 1cY Fn.ro.ds/net:ro. 

Fron equation ( 8. 3.5.1,16) 

. t't :: 0"2 = 5.5 x 10
6 = 5.5 Mc/s" 

· 2 'IJt s
2 
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L.t 21.47 Mc/~_,-:heref'ore_. the rc£'lcotinc. pl.anc :;);.ots as a pure di.aleotrio 

of intrinsic resistance ~2 given by eqn. 6.3.4.1.7 as 
1. 

z2 = ( ~)2 = 1 ~.5 ohr.1s. .. 

Fron equations 6.3.4.1.-5./2Z the ·field io:ped8%>.00 of the earth, 

zft ' is given by:,.., 

-17 ' - 17 
Since jJ.2 e2 = 14.4 x 10 and ll1 c:.1 = 1.11 x 10 

i.e. since jJ.2 Clz· is greater thDn l-l1 ef Zft is real,i. c. resistive, 
0 0 ' for o.ll vo.lues of~ "' .fron 0 to. 9.0 • . 

I . 

ztt = .3~ ( 144 - 11. 1 sin 
2

g1 )i ( 6. 3.4. 1. 27) 

Froo equo.tion 6. 3.4. 1. 3 

n.n<l tho reflection coefficient R is c;iven by: v . 

R = v 

.. 
Froo equation 6 .. 3.4.1.21 it 'is secrl that the reflection coefficient passel:!. 

thro~ zero at tho ·angle Q
1 

givcn.by: 
. 2 . : . 

tnn 91 - jJ.2 e1 - l-l1 ~ - ~~~----~--~-
cs;2 I e1 ) • • f..L1 c:1 - f..L2 s2 

Substituting values, R.H. s.= 1 

Therefore ton 
2 

Q1 = ,:g :: 13. 
s1 

nnd tnn _Q1 ~ 3. 61 

Therefor~ th~ brewster o.nc;lc'occurs o.t .e1 = 74° 31'. 

The incident and reflected waves may be assumed to be in phase from ,_., 

Q = 0 to Q = 70° ~pprox., in quadrature at @ = 74 ° 31 •., o.nd ·in o.ntiphasc 

froo 80° (tl.pJ.JrOxe) to 90° • The t1agnitulc of the reflection tJoef'ficient 

for ·various value of 91 ls found by caobining equations (6.3.4.1.27/28/29) 

for vnrious values of Q1• Typical results arc given in ~o.bl.Q T. 6.3;.4..1.2 

whicb follows:. 
T 
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r~~ld ~donee. 
·~·: ... !. 

.. ' 'z. . ,, .· R Po lor 
( fiolai inpcda.nce ' 

v 
(reflection diagron 

. of earth) of air) · coeff. ) Factor. 
. ' 

~ ··-·· -~-. ----~ 

0 105 . '• 

377 c.s6 C.78 
10 104 371 0.56 C.78 

... 
20 104 354 0.54 C.77 

30 1_03 327 0.5~ C.76 

40 103. 289 0.47 0.74 
.. '242 50 102 0.41 c.,71· 

60 101 189 0.30 c.65 
~ 

70 101 129 0.12 0 • .56 

74 °31 1 100 100 o.oo 0•50 

80 100 65 .;..(). 21 0.40 
' 
I• 90 ~00 0 -1.00 o.oo L. ---....~-

fABLE T.6.3.4.1.2 

'J'he rei'lection coefficient (R ) is calculAted. as thoueh a. line . v 
of chu_~ctcristic inpcdance = zfi was terminated by a. resistance = zftc 

~.b iv) ;y __ the reflectinr; plane is a metallic rtld. of wires.· 
0 

- ·. i .• 
Suppose that a grid of copper wires is laid on the ground studied 

in (b .. iii). Suppose that the wire ro.diu8, ti, is ouch soaller than the 
' . 

spa.cin[;,d, and that d is less thnn A, 
Macfarlane( 21 3) and Booker(5) indicate that vdrcs lying a.t right 

ancles to the electric vector behave a.s a capacitive shunt o~ high reactan­

ce oncl therei'ore produce nesliciblc effect. The wiJ;Vs ~- parallel to 

the electric vector fo~ on inductive shunt of ldi1 rca.cta.nce, x2, given 

by the equatian(5) 

~ = 3?7(L./A) loc
0 2clrr a (6.3.4.1 •. 30) 

If' d :::,0.028 A oncl a::: 9.,3 x 105 A a.t 21.47 Mc/s (12i S W G copper at 15" 

centres),then 

x2 = 41 ohr.1s; R
2 

is negligibly small~5) 
If' the plano wave is incident nonnlly an the cra.tin3, with the 

electric -v-ector parn.llol to the wires, the crating behaves as a reactance 

of' 4·; oh:ns connect eel across a 377 ohm "trimsmission line" at the point 

where tho t~consr.ti.ssion line is teroinated in a resistance of 105 ohns 

~sum:i..."''g tne. earth to be- the snme o.s that invcstic?-ted in. (b iii). The 

b.chaviour is o.s thou,sh··thc transmission line were ten:ti.natecl by an inpe­

c1ance of ( 13. 9 + j 35. 6) ohms. The ref'lection properties of this grating 

nay be nnnlysed o..s follows: · . 

Assume in eqmtion 6.3.4.5 that, beoauJ;~£ the f'o.irzy high 
0 conductivity of z

2 1 G
2 

=--0 , then 

zt't = z2 - 13. 9 + j 35. 6. 

:Froo eqn. 6.3.4..1.3 zfi :: z1 oos "1 • 
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Optim.'l..ll.n matching ocours at the value of Q1 which sati_s:f'.j.e,s the equation 

z;1 cos Q1 ::: mod.tl.lus of z2 • 

i.e., where 377 cos "1 :: 38.2 

~1 = 84° 12' is the pseudo Brewster angle. 

At this angle the reflection coefficient, Rv' is given by: 

R -v -
377 cos Q1 - 13.9 - j 35•6 

377 cos Q1 + 13.9 + j 35.6 
0 

~ , 68, angle ?O • 

Similarly 1:\.v is clllculated. for other values of Q1 and the results are 
summarised J.n Table T. 6. 3.4..1.3 below.,. 

If the spacing between the. 12t .. S W G copper wires of the 

grating is now made 7t" · instead of 15", the ef:fective linpedance (z2) 

tenninat±ng the (377 co~ ~1 )olur.s transmission line will be a reactan­

ce ·of t(j• 7 d:mt~ in parallel with a: rcsistm1.ce_ of 105 ohms, i.l3. z2 :::: 

2. 59 + 8 i ~, .3 • The ~<:!flection properties of this grating mey- be 

analysed. .:..s fvllcws ~ 

Assuxnc, in equation 6.3.4..1.5, that Q:: 0, then 

z;.ft = z2 .· = 2,59 .t j 16. 3 ohms. . 

From cqn. 6. 3.4.1.3,Zf'i = z.1 .cos Q1. • 

The pseUdo Brewster angle is that value of! Q
1 

which satiat'i&a 

the condition for optimtlm mD.toh between zft' and. zfi i.e. when 

z1 cos 9 :;: modulus of z2 

377 cos 91 = 16.5 
·,· ·... . 0 . 

i. c. wh?~\ 91 : 87. 30·' 
· . .. ' ... _ 377 cpa. Q ... ,~ - .2.-59 - j 16. 3 

- 3Tl cos ~ *' 2.59 + j 16.3 
At tbd.s .. alfSl£ ~R .. 

. . _,._, .•·· · .... V_ 

-:::: o. 854 onglc 90° 

Similc.rly Rv is calculo.ted for· other vo.lues of 91 and the 

results ore summu.r:i.se-:1. i.."l ~able T~ 6. 3.4.1.3 bc:.ow. 
~. . . 

For a grating of 1 ~~~ spacing x2 , from eqn. 6.3.4.1. 30, 

is giv-en 'Jy 377 ~ . ~ · ... 
Xz = . 42 x 3. 643 = 32.7 ohms. 

' . 

1n thi~ ca::;e the { 377 cos Q_
1 

) ohm transmission line is 

tel.''Ud .. nat<;;d. 'ty a rcactunce of 32.7 ohms in paralleJ. with a resistance of 

105 Ohrr!D. i.e. z2 = 9.5 + j 30.2.. As be:fore the pseudo Brewster ~gle 

is that value of . Q .. 1 which sn.tisfies the eqUD.tion 

z1 coo 01 = modulus of ~ 

i.e. ~77. cos Q1 ::: 31.6 

and ~j = 85° 12' 

/ 
/ 



- 6. 16 -

At -:;his angle R is given by the equation: v 

.20 

4C 

80 

R 377 cos "1 ; - 9.5 - j 30,2 
v 

377 cos g1 + 9.5 + j 30.,2 

= 0,736 angle 90 
0 

Slmila:r.-J.y Rv is calculated for other values of Q1. o.nd the results are 

s,:unmnri;;;cd in Table T, 6.3.4.1.3 below, 

Reflection coefficient 

0.925 engle 11~3~ 1 

0,$10 a::1gle 14° 6' 
0 

o.-BG3 nr.gle 21 36' 

8J+ 
0
12' 

0,717 angle 58°38t 

Oo 680 ongle 90° 

3.5 

8.5°12' 

87J j01 

90 'i ~ 0 O....'lglu 180° 

0,854/90° 

1,0/180° 

t.l----'----------~~----------'-------~--..JJ 
•· )I( The gro1.-::1d co:1stu.nts assumed n.re as in b{iii) nbeve. 

TABLE T. 6.3.4.1.3. 

C~rcs d, e ,f in figure 6, 3. 4. 1. 3 represent the cnlculated vcrtioal 

polar diagrnm of a k A vertical grounded monopole above a grid of 

1~~ SViJG CJppr;r vlircs spaced 15", 1211 ,and 7~" resp~ctively o.t 21,47 Mc/s, 

These gro.tings are oo.lled ty-J?c "d", "c" ond "f" rospectivcly. If the 

polc.r dia.grn:n of ony groundcd,vertically-po~zcd, antenna. is known for 

a reflecting plane of perfect conductivity then its vcrtico.l polo.r dio..­

zr run w:O.cn plrtccd nbove .:m imperfectly conductinc; plane mn.y be plottd. 

b3r tb:: usc of f~.g. F 6 .. 3.4,1, 3. 

c. g .. Su~jpose t.he rJfleoting plD.r.~.e is l:md in which e :: 13 e , 
0 

(j ;; 4 X 1 o5 rnho/met~·c, uovcrcd by n grating of 12~ SWG parn.llel copper 

wires of ·1 2" spacing pointinc; in the direction of the di c;tant station o..nd 

SU"f.f'O.Je ::ho..t the vertically polarized antenna. is opero..tjng on 21.47 :M:.c/s. 

The:'l at ll '"'· 20° i.e, Q = 70° the polar diagram of the antenna vlith per­

fectly conducting reflecting plone must be· ·multiplied by o. f'actor (see 

cu'!'Ves "e" and "a" in fig.F.6.3.4.1.3) of .81/.90 = .90. Simila.cy.f.or 

other values o'f ll the polar dingrnm is multiplied by the ro.tio of curve 

"e 11 to 'curve "o.". 
other types of reflecting plo.nc mny be dco.l t with in the aooc wo:y. 
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It ha\'i.ng boen a.eo5 .. ded to sha.:r.pen;t~ polar ~a.grem of a. AA. 
V<i.'!"ti:::e.l gl."oundecl monopole by the use of pax·e.sit:Lc C-llements; the 

next step is to design such on arrangement which> in conjuaction 

witih ?.. ground plane of the type stud:i.ed ;.n this Chapter 1 will 

match up to the .specification laid down in section 6.1. 
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1·0 _, 
DERIVED VERTICAL POLA~ DIAGRAJ<S AT 21.4 7 Mc/s. 

Grounded quarter \·Ta.Ve monopole on : 

1. ground of infinite conductivity (curve a) as in fig F 6.3~3.1. 
2. sea \-Iater (curve b) 
3. heavy clay soil (curve c) 
4• grid of 15" spacing on 11 '3" (curve d·) 
5. grid of 1211 spacing on 11 3" (curve e) 
6. grid of 7-!f' spacing on tt3tt (curve f) 

I 
I 
• 
• • ,. 
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C H. APTER 7. 

~ H E P A .R A S I T I C A N T E :N N A. 
B- L 

7. 0 SUMMARY OF THIS CHJU?TER. . . 

(a) The theory of poro.sitic action (E.M.F.ncthod) of n. Yn.gi arrn.y 

(b) 

is given end the behaviour of one parasitic element plus n rodiating 

clcnont is summo.rizecl ~raphicc.l)¥, following w[.~lkinsho.w( 2 ). 
A modem theory (travelling wave method) of the Yagi as propo­

sed by Spectob209 ), explains that the directors roduco the phase 

velocity of the wave tro.vclling along tho array and it passes through 

a region of rcfrn.ctivc index r;rcater than unity. This index lilllY be 

udjustcG. by altering the length ond spn.cing of the directors so that 

the structure behaves as a convergent lens. It is shown why the self­

reactance of n. director nust be capacitive and that of o. reflector 

inclucti vc. It is also shmv.n that radiation occurs at the disconti-

nuity i.e. at the director farthest fron the driven clement. Curves 

arc quqted fron Spector( 209) relating bcru.:1 width, perccnt~e rcc.luction 

of phase velocity, rocl length, und array leneth. The results are 

coraparcd with meo.surcocnts tc..kcn by Fi.shenden o.nd Wib~~7) 
(c) The optimuo pho.sc velocity is derived by Reidt~3~ethod. 
(a) Using this Y[\.gi theory as o. guide, a design is proposed which 

departs from the Yagi arrangcoont in that (i) the reflector and direc­

tors arc planted in the earth but insulo.ted electrico.lly from it and 

(ii) it is proposed, by scale Iaodel experir.~ents, to vary both the 

spacing and the lenGth of the po.rosi tic eler..1ents to prcducc maxioum 

goin. Such o.n antenno. appears to be new to tho li tcrature. 
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7 .. o .•. 1 G§neli9:1. 

It is hope1. t9 sharpen the polar diagram of the "A/4 vertical 

a..:.tenna, so that maximum. sensitivity will occ·\ll' at ll = 8° .( falling away 

. rapidly at angle:.; above A = 1 0° a:.1.d be law ll = 6°) by an end· .. fire 

arrangement cf parnsi tic elemen.ts •. ~ prt"')?osedl arrangement \·r:t.i.J. rot be 
• 
a Yagi antelU),D., but ,./_as parasitic action has been fm.rzy d.eepzy stu:l.ied 

in connection ·Nit.h t.ho. fcmom Yagi cntcnr.n., it is proposed to approach 
.__ \·. . 

the . t.~eory . of. ·the proposed .a:r.ro.:y bJ first looking into ·t:he theo:..--y of 
j .... ·-

th.c ·-ragi tmtelma. 

7;1 ·The 7-heory c:f parad-t:io action. (D }II F method) • 

The literatxrc on this subjc :;,i; is not verJ extensive but 

hc:•lpf·u.J. infornJ.D.t:to:ri is -l.;o be found. in rcfc1·ences (1), (2) 1 (3),.(7),(8)~ 

(24},(25)t (26),(27),(28):'(29),. (30), (31) o.na (32) .. 

. In o.n infini t.~ly thin cond.uct;ing wil."' the current distribution 

set up b~· impressed forces is sinusoidal ( 1 ) ,( 2). Suppoac that in a 

Yagi ar-_"'llgemcnt the "reflector" element is number 111 n, the "d.rive:r." 

elerncn:'c is number "2", tho "director" clements o.re numbers "3", 114'1 , "5" .~ 

•• •. :.:;to. 1 the spncings oro d 12:' a
23

., ~34, a45 ,etc., the mutUo..l impe-

cla.."lces arc z12 ;• z13 ·, z23' z24" ••• etc.·, and the self impedonces are 

Z11·, Z22 ,. z
33

, z
44 

.• z
55

, •••••• •. etc. If each element were appro.xi.ma.·· ) 

tely A./2 long the mutilal impedances could. be obtained from Fig. F. 7 ,.1.1 ~ 8 -
lf the dri.Ying Yoltage,.i.,eo the voltage applied at the input of element 

"2t1' is v
2 

tho following mesh equations··obtain~ 

z,11 I1 ""z.i2 I2"" z13 :t3 + u ................... :: o (7.1 .. 1). 

z12 11 * .?'22 I2 ·1- z23 I3 * ···················= vz(7 .• 1 .. 2). 

z13 11 -:- .;-:;23 I2 + z.3} I3 + ................... = ·o (7.1.3) •. 

i..14 11 + ~- I 2 + z34 r3 + .................... = o (7.1.4). 

etc., to equation 7.1.(n- 1) for n elements. 

The (n ~ 1 ) ~imul.tonoous complex equations are best treated by 

separating real from imaginary parts to fonn 2(n-1) homogeneous 

equations. 

Tho input impedance of element '"2" is the load presented to tho 

feeder and is v2 -· I2 

Tho calculn.tions beccme very complicated when a large number qf 

elements is involved. Several specific -oombinntions .bl:tvo been work:cd. 

out by the IDD.thematical group under Dr.H.G. Booker., 
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Vlalkinshavt(
2

) has referred to the use for this purpose of a machine 

dl:signed by Professor Mallock(34-). When the 2(n-1) equmtiau:.: · have 

been solved for I, tho ontenna, if regn.rded as a linoo.r arro.y of 

equispaced hoJ.f' wave racliators, will have a polo.r din.grom found from 

a formula given by Shelkunoff(1) (and poor~ quoted by Walkinshaw( 2)) 

giving the polar function as 

__ co~ cos~>~ ~-
1 

F ( ~, ¢ ) SJ.n 9 J s = 0 

I .. j s l3 d cos ¢ 1· • s .. . 
I e · · (7.1.5). 

2 

where ¢ = angle pctween i:inc of centres of elements. and direction of 
ro.J.iation. 

9 = ongle between any element and ~ection uf rodiation. 

d = spacing between element"·&' and the driver. 

{3 = 2 1lr/A. 

n = number of rn.d.iat ors• 

Is/ I 2 = ratio of current 
. th nd 
J.n the a clement to that of the 2 

(or driver)element. 

Comparing equn.tion (7 .1.5) with Appendix A equo.tion ( 11.5) the 

fi:.-st tenn is clearly the polar diagram of a half wrwe radiator nnd 

the modulus term is the s'UI11I:latiop. at the field point ,P, taking account 

of phase, of all the contributions mode by the inclivic1u-~l elements, 

referred to the driven element 11 4 = 2 "• F (9, ¢) is the ratio of 

the fielc.1 of the Yagi to the field· (in the equn.torin.l plone) of o. half 

wave dipole vvhose feed current is equal to I
2

• 

The ratio of the. field of the Yo.gi to that of a half wave dipole 

of rnQio.tion resistance R , radiating the snrnc p~ver 
0 

1 

= (R~)2 F (9,¢) 

·:mere R = input resistonce to driven element of the Ya.gi. 

The power gain of o. Yn.gi over a h~lf wave di~ole is given by: 
R !!...:_1 I +js{3d 

~ o ")- s e = / ~-
R s-;-o I2 

in the forward(- j) ond bo.ckwD-1':1 (+ j) directions respective~. 

The input resistance, which is the real part of the ratio V ,ji2 , 
is 0i ven by . Jf:-=-1 

R = Real part of ~ 
s:O 

,.. 
'"2 s 

I s -y-
2 

(7.1.8). 

where Z is the mutuo.l impeclo..nce between the driver (which is rru:.1ir\.tcr 2 s 

no.2) and each element (s = 0,3,4-,etc.) runQ Is /I2 is the ratio of 

current in ·each of these clements to that in the driver. 

/ 
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-40 -:to 0 20 40 

Reactance of~itic radiator (ohms). 
(a) 

-80 -60 ·40 -20 0 20' 40 60 ttO 

Reactance of parasitic radiator (ohms). 
(b) 

-80 -60 -40 -20 0 :?0 4-0 60 

Reactance of parasitic radiator (ohms). 
(c) 

-Variation of power gain with one parasitic element only. 

Reactance of parasitic radiator (ohms) . 

. --Variation of input resi.staDce with one parasitic radiatO'-
cfj 

Reprod.uced from a ~~per by Walkinshaw.( 2) 

Figure F 7 .1.2. 

I 
I 
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Using these _eqmtions Wo.lldnshaw(2)ho.s co.lculo.ted. the beho.viour 

of arrays of 1 to 3 parasitic eleocnts spaceu at 0.1 A, 0.15 A , 0.2 A 

o..n<.:l. for 3 versions of an.. array of 4 paro.si tic. elenents of E"po..cing 0,. 1 , A, 

c~ 2 ~~.. o. 3 A respectively with element rcactnnce vo.rying f.:.~on 0 to + 80 

ohms. As on cxnmple ·some results of his computo.tions, eJq;ressecl . . ' . 

in graphical form, are given in Figure F, ·7.1.2.. These ilJ..ustrn.te 

the interuepenaence of po.ra8itio reactance nnd element spacing, 

7. 2 A 1:1ore :mouem theory of p~o.sitio action (travelling wave :methccl)_. 

The theory presentec1 in 7.1 ho.s rep~escnted the classical 

approach for pany years but the .conputo.tion involved makes it of little 

use to the antenna uesigner except when only a sno.ll number of eleoents 

is to be used and Walkinsho.w ( 2) has confined hiosolf to this l~r.ri.ted 
a pplico.ti on. 

Recently Bra.vn ond Spector( 207 )have tnkcn up a susgestion r.ID.Cle 

o. cleco.J.e ago by Snith ( 20S) .and have shown that tho physical o.ction of 

the uirectors, in a Yo.gi antenna, is to reduce the phuse velocity of 

the wave travelling along the axis of the Yagi so tho.t the wave travels 

through a region of refractive index greater thnn·unity. Since the re­

fr,:),.<i:tisle index dc;pends on the diL1ensions o.nd. spo.dng of the· d.ire~ors 

these po.rnnetcrs can be adjusted to nake the structure behave as a 

convergent lens. · They( 20l) go further and indico.te that this is the 

mechanisr.1 by which the other end-fire cntennas 1 such as the helix nnc1. 

the dielectric rod) operate too. 

Spector( 209 has treatea an array of equispaced directors of 

cqunl lengths as a pcrioclic structure analogous to a loacled trnnsnis­

sion line as in Fig. F~ 7.2.1. 

radius a 

/ 

._ 

Fig. F,. 7, 2, 1 

r:r the"transnission line"" had not· been looded, the characteristic 

irapedo.nco (Z
0

} oro. -t;he phase-change coefficient ({3
0 

= 2 rr/>..
0

) would be 

those corresponding to free space. The presence of directors has the 

effect of introducing shunt inped.Moes, z, at regular intervals. , 

-
I 
~ 

I 
• -
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The propagation coefficient (p. =' ~- + j ~) is gJ.ven by Strah;on. 

i.n tenl!s of ·;hu expression: z 
pd. 

27T d . 0 • 27T d cos:C · := cos}.- + J ~ sm ~ , ' .• 
0 0 

Ass··JirJ.ng (B-) that there is no radiation -·from elements along the 
' . .. ~~ ; . ~ ~ . . ' 

struct\l.I'e GUJ.C:. (a) that losses in the director rods aXe negligible then 

Z is o pure rcacta."l.ce, j X, and the propagated wave will not be attenua­

ted, gJ.VJ.ng p ~ j j3. Since cosh j Q = cos Q .. 
2 1f d. 

cosn pd = oos ~d = cos ~ 
g . 

The phase ve~ocity is defined by the wavelength, 

(7.2.2). 

h. , of the 
g 

gu:iclud WJ.V(.; which, in turn, is specified by the equation from 7. 2.1/2, 

2 "tr d 2 7T d. z.o . 2 1T d. 
COG -r : COS -x-- oft "'"2i SJ.n --r-

g ' 0 . 0 

Thus >..
8 

(and hence the phase voloci~) is governed by director 

reactance X (which dopc>-r:d~~n ~~ctor dilnonsions) DJld spacing, a.. 
Since sin 9 ::: -9- """P + _..;.;.;;.. ·-.' 3: . 51 ••.••••• • .•• 

. ,-.~ ;_.. 2 ·' . . 4- . 
o;nd. c9~ 9 := 1 -

9
2 , · '* 4

9
, - • • • • • •· • • 

'' . . 
and sir...ce e3 u.."'ld higher p01-v-ers inn.Y be -neglected tor small values of ~' 
then, if' d is ~-'111 co..-nparcd with }.;,--.equation 7. 2~'3 can be rewritten;. 

1 - 1 {. 2Lih ) 2 = 1. - L. (' 2 1T a. )2 +· ~ 2 1T a. 
2 "A 2 h. 2X · -x--

z 
0 

thu_ s: 
T X 

- r:, o 0 , 

(~) 
A. 

0 

(7.2.4). 

Novr it ffi1'.S~ b0 reroomoered that when o. wave is propagated in a 

transrr.ission line the phase velocity (f A.
8

) is lovicr than the velocity 

oi light (f '-
0

\ Thus if transmission is to take place, A.
8 

must be 

less thD.n A.
0

, i.e" the fi.c·st term in.eqn.,(7.2.4) must be negative, 

i.e. X. must. b~; capacitive. If tro.nsmi5sion is to be prevented from 

tctldnc; place the ?irst term in eqn. (7. 2.4) :must be :positive i.e. 

){ __ must be inclucti ve. The implic,o.tj.on is that the self reactance of 

o. clirector must be capacitive and that of a reflector must be incluct.ive. 
(209) ' 

Specto:.~ has conductecl on exper~.ment at h. 
0 

= 10 c;:m. usinz a 

surface wa'le resonator to measure the percentac;~ rec1uction of phase 

ve~.oci ty on periodic rod structures. Fie. 7 • 2 .• 2 surnmo.ries his results 

fer vat'icus rod lengths o.nd spacinc;s. 

Figure F. 7. 2 • .) S'l.lr.lTnD.I'ises another experiment carried out by 
<:1 .....,_ ( 209) 1~ h . ' - .£. . vpec; •. ur. dhen t e resq1ator contaJ.ned no rods the Q facuor equal-

led unity. V'lhen one director was used the Q factor .dropped ond remo.ined 

low as more directors' were_ added until, when the resonator hod been 

fill.ecl \'lith J.ircctors, the Q factor returned to unity. This proves that 

ra.diation only occurs from tho discbntirtuity. 
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~ reduction of phax velocity on periodic rod 
stnJc::tura. 

0 

#-

n...,_. ... ..,..,q 1()... 
n.,........ ........ die ~I X ohqD. (IJ).' where 

tO 

~ ( 
i\. ~ I(" ; 

~ 
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Figure F 7.2 .2., 

v1 
(1- -) = 

v 
0 

K (A./d) 

Figure F 7.2 .J ~ 

Figure F 7 .,2 .4. 

Fi~ures F 7.2.2/3/4 
reproduce~ from a( 209) 
paper by Spector ~ 



The radiatiOn mechanism .of: a ,Yagi is now seen ~ follown: 

a dipole-type wave, launcheO. by the radiating element~ is propagated 

along the "transmission line" formed by the directors. In the opposite 

cJroction propagation is not supported because of th(;; positive reactance 

of the reflector clement (see eqn. 7. 2. 4 arid discussic>n irronediately 

following j t) and the energy that would have flowed in that direction 

is o.dck:d to that which is propagated in the direction of tho director 

Tho reflector clement therefore produces a 3 db gaine 

At the end of tho antenna, i.e. at the last dirnct0r, tl1ere is a rac1.:.a­

ting uperture ·which (depending on tho size, spucing [,.nd, number of cli­

recto::s) can be made large so as to give the nn.rrow be~ w'Llth usually 

o..s~ociated with large bro~side arrays. 

The tro.ilsverse field distribution, F( r, ¢),see Fig. ]~ 7. 2. 1 , ::..n / 

the termjnol aperture plane is given by Silvcr( 211 ) as: 

E (g~a,) = 

( 1 + cos 9) I'; f~ 17 
F (r,¢) exp(jf3

0 
r sin. Q cos(a ""' ¢)r Qr c.¢~ 

(7. 2.5 ). 
1i11e:ce G, a are the polar angles o.nd J3 = 2 ..- / f. • 

0 0 

8pector( 209 )has pointed out that f:l on the structure is n.Jmost the 

SDL1e u.s B0 o.nc1. thus, in terms of cartesian co-ordinates,the field com.-

ponents, in a. tro.nsversc plo.ne outside a cylinder r = h/2 bounc1.i.'\1.g tho 

roc1 structure, arc given by: 

E =A K (k r) 
X 0 0 

E = 0 y 

vrhc~2~~ :h:
2 

::: A
2 

- A
2 nnd A, K are constants. 

0 ~ ~0 0 

(7~_2~ 7)~. 

(7. 2. 8). 

Tl10 fieJ.a. produced for r less than h/2 is neglected compared ·with t::.o 

remainder of the aperture. 

Substituting equation 7.2.6 into 7.2.5 gives 

E ( 9, a) = 

2 1T A ( 1 +cos 9) i~' r K
0 

(k
0
r) J

0
(J3

0 
r stn 9)dr .(7G2.9)~ 

which shavvs that the pattern is inclcpendont of a indicating -Ghat the 

polar diagra.."1l. in the plD.ne of polarization will be similo.r to the polar 

diagro.m in the plane perpendicular to it and this is consiste::-1t Yd.th 
. (26) 

observccl patterns for long arrays remote frer.1 grmmd • · · 

Spector(209) has integrated eqn. 7.2.9 to give: · (7.2e 10) 

E (9) ·= ~ A. h2(1_ + cos~) (ko h/2) k1 t ko h/2) J<D(~)- ~o(k;p~j(u) 
( J.r?- n2/2) -tt· u2 

0 

u = ~0 ·~ sin Q where 

and J 
0 

, J 1 , · K0 
K, are constants. 



.. 7. ·g ... 

. , .. He ~as shovm that. eqn, (7. 2,10) can be evaluated for any given 
reauu·!J~cn J.n phas.; velocJ.ty und. the corresponding half-amplitude b0am 

w:i.dth found, Thil'l "'esults in Fi.g, F. 7. 2,4. •. , : , .. 

Fra:1 figuren F.7.2.2· and F.7.2.4. the performance of a long Yagi 

:..lnt<:.:rul.n -::an be deciuced, e, g, Fi.shenden ond. Wib~in( 27 )measured n beam 
0 . - . . 

·.vidth o:t · 26 for a 201:i.rector Yagi in which the spacing Y~Tc.s 0,3!;.11. and 

t:ne director length 0,407 A.. From fig, F. 7.2.2 a long Yag:t, using . . . . . 

tho srune director 'length and spacing is shown to have a 2. 5% reductior.. 

in phase velocity resulting,from fir:r. F. 7. 2,4.1 in a 26° bcrun width .. 

For a 10-director Ya.gi the measuredr27)boom .width was 36° (di:r:-octor 

length= 0.42 A. and spacing= 0,34 A.), From figures F.7.2,2. and~· 7.2.4 

tho expor-ted beam vddth = 30°, Thus correlation between the theore­

tico.lly derived curves ,o.na. measured beam width is good for long Yagi 

antennas but it is not_ so for short antennas. In the latter case the -

reason for bhe <..1iscrcp:mcy is that not all the power fed to the antenna 

is converted into tho surfa(x! wave: some is radiated directly by the 

driven elenent and the co:rc"'.:>infltion of the two radiated fields produces 

a. beam which mcy be broade"t' (as in the · above exor.1ple) or a narrower 

bcrun plus side __ lobes:. 

It will 'be noticed :in f::.gs, F.7.2.2 and F.7.2.4. that, for a 

given spacing, the rhorter +he rod length the narrower the beam •. This 

is ·because the field_ is more widespreai about the guiding structure 

when short directors are used, producing a larger radiating aperture. 

~-the other hand from fig, F,7.2.3 it will be noted that the shorter 

the directors the lawer the launching efficiency of the surface wave 

resulting in greater radiation from. the driven element. Clearly a 

compromise must be sought between these two trends and the worl: done by 

Reid (.3) is o. useful gtrl,de as to what the optimum director length should 

be. 

7~3 Optimum phase vclocityJ 

By postula:t.jng a theoretically idealized Yagi arrey, Reid( 3 ) ha~ 
.J.o!'ived an expression for the power e;ain of on end-fire array having an 

~.nfj_lli...te number of very closely space1 elements, the currents in 

:mccossive elements being constant in ~plitud.e but progressi,rely and 

tmiformly ret:::mied in pho.se~ 

Refer:dng to fig. F. 7.3.1, the current fbi" at the origin is 

I e j lltl t and at u distance x from the origin, where x is loss thon 1, a 

j ( C)- t - ~ a x) I
0 

e 

·.--!~1.f~re L3 ~ 277/A 

a= v /v 
0 g 

v :: velocity of propagation in free space. 
0 

v = velocity of propagation nlong arr~. g 

(7.3.1 ). 
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The fieJ.d a.t P mD.y be wr-1 tten as: 

F (P) = K1 sin lo1t A · r_X=l dx I exp j(0J!t ... (3 ax- ~ + px C:)S G) (7o3 .. 2)~ ·.' "'R z;pf."~o o 

where K
1 

. is a. proportiono.J.:i.t;yr constont nnd P is regarded as equidistant 

to oaC'h element as fa.r as amplitude is concerned but not as regards phase. 

Reid (3) goes on to perform the integrution, after substituting 

( 1 - sin
2 

S ~in 20)~ for sin ~'-giving: 
F (P) =· ~~1 .sin -LJ.i l.l..£9sQ·· - a.) ( 1 _ sin2Q sin 2¢)-1_ Io 6 y Qj(wt-BR) 

1-' n cos G- a 
~7o3.3). 

Ti1e field s+.:ren&,t!1. o.long t.he array axis,i.e. when Q = 0, i::.; g:t·1en by:-

F ( P.> 9 = 0) ~ 2 KC
0 

'Y sin-12f ( 1 - a) (7 .:h~)o 
- ~ R ( 1 ~ a) 

Expressing equc..tion ( 8.. 31) of Appendix A, ( the field at P "luo to a 

doublet pl.'\oed a-t; 0) in terms of figure F. 7. 3.1 we obtain: 
... I 6 

F (R ' G) = .t\.1 R o y cj (co t - f3 R) sin ¥ 

K1 Io 6Y P. j(wt - f3R)(1 - sm2q sul- ¢)~ 
R 

(., 3 ~) 
(~ . .; .. 

and the omplitude o~ "~he field strength in ... the equa.to:tia.l l'lone fo:i~ J..;h0 

doublet is given by: 
K1 

F (R 1 9 = 0) = ~ I 0 A;y· 

The mean radiated power .for ~. doublet wo.s deri vecl in equn.tion 1 0$ 6 

pt. Appendix A. Expressing this in the present units tlw power is: . 

' 2 ( )2 8 1T ) 
wcloublct = K1 K2 Io 6y T (7.3.7 • 

R?id ( 3) has shown that ' 

W = K.. 27T arrmr ""2 (· R c1 ¢ !17 R sin Q k (P)i
2
a Q r..~ 

0 ,!;'J. 

(1 + cos2 9) sin. G. si.n2 2'(oos 9 ..,. a) . -------. -~---2---~~- a.e 

--v •o 

(cos Q - o.) 
(7 .3.8). 

') 2 f(1 + ~!"'?OS (31 (1-a)_-1 + E£E_@1(1+a)-1 
r·· 6 2 I ( 1 - a) ( 1 + a) 

·0 :J ;,. 

* (31 s2 (1 + a) ~1 + 01 s2 (1 - a) (31] + a s1 (1-a) (31 

1 ) 
- a &1 ( 1 + a) "1 -"r sin J3l cos a (31 + 1 ) 

= K 2. IL .1t:... r2 a 2 <F (a_,J3,l,a) ) 
1 -z {32 0 y . ( . ) 1 

where use is mode of the tabulated functions, ( ) 

s1 (x) = ~~ 1 .. ~os t at 

o.. ( ) _ 1x sin t dt 
~2 X - 0 t .• 

The power gain of the idealized array over the dotiblet,fram equations 

·(7.3.4/6/7/9), 

: '11 = H:s:~~~ • H:t;~ (7.3.11). 



z 

0 
0 

-7.11--

~V 
v v 

/ 

~ 
v 

....... 

v v 
......... 

A/l 
-~- val fi . .J r~ waveJenath 
~ ..... 11 uc u a unction Ul oYailJ lailth 

]:igure 7.3 .2. 

Figures 7~3.1}2 have been reproduced fro~ a paper qy Reid(J) 
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When Heid ( 3) computed this for a number of values of "o."; with 1/"A. as 

vo.rio..ble, the resuJ.,ting curve wn.s of osctllo..tory form. The envelope 

r,:;presents the mn.ximum gcin that can be obto.incd for a given vc.lue of 
h 

1;_1\.. ~' The equation of the envelope-is given by:­

GH ::: 1. 8 + 5. 6 1/A. 
It is not knovvn why Reid(3)left the expression in this form. It 

is more useful to express gain relative to that of a free-spo.ee dipole 

i.e. G = 1.65 + 5.13 1/A. (7.}.12). 

D.J.1.J. the optimum "n." vo.lue for vo.luos· of ~ down to 0.4- is g:i.vcn b(y:-

(7. 3.13). 

In fig. F. 7.3.2, a is plotted n.gninst ~1 

( NC'I'E. (n.) Ro.id 1 s equation "3 A n; is in error and should read:-

K A. I ~ :.Sin T ( 1-n.) 
1 0 Y - 1T R ( 1 - a) 

o.ncl (b) the pcnult:i.mo.te term in his eqn."9" should be: 

sin n cos a. n 
n 

t sip n cos a n no + . n 

These arc ooub"t;lcss printers errors and do not· men.n that his findings 

n.re su:;~pect ). 

7.4- ~ter-depenclence of th~o;y and practice~ 

In the litern.ture it is frequently O.Clmittec1 thn.t in the design of 

thq Yagi ontennaq .. the theory is useful only up to a. point. Theren.fter 

D.dj ustm.ent of element length ond spacing r.1ust be by experir.1ent. 

e.g. Wallinshaw( 2) has pointed out that since element seJ£..-react.anoe .... 

. GLc.pcndS not only on its physico.l shape but o.lso on the type of 

supilort, insulators,o.nd changes of thickness at junctions, on cxn.ct 

clcterminn.tion fror.1 the theory of the clement length required "is 

extremely difficult if not n.ltogether impossible". In his view the 

theory serves "to give a sufficiently good n.pproxir.latiQn to tho 
' 

general boho..viour to be expected ••••• c..ncl in sumcsting in which <lirection 

adjustoonts should be mnde" (Zl 
Spector( 209) concludes his modern theory of Yo.gi nntenno.s,cliscussec1 

in section 7.2, with the statctlcnt tho.t: 11The optimum construction of the 

aerio.l for best overall perfo:t'IJOllcc would have to be found experioentally !' 
The theofy provicles the starting point a.ncl for that ron.son it is 

vito_l but the fino.l design of eleoent number, size, ond spo.cing,raust be 

o.chievcd by pn.instald.nr; experir:ient enlight€-nea by o.. finn grasp o£ the 

theory involved. 

7.5 Prcllirl.no.r;y design bn.sed on the theory. 

In section 3.4 it wn.s shown thn.t if the receiver audio output duo 
. . . .... 20 . 

to the signn.l were to be ~,db o.bove the o.udio output froo the noise 

Generated ir1 an n.verage cooounication receiver the antenna. gain over a. 

f'rce.-spo.ce clipole oust exceed 3.4 (5. 3 db) for the particulo..r circuit 

considered. 



-7.i.3--From eq11.ation 7. ,3.12 it is clear that a gain of this order is 

easily achieved even with a small parasitic antenna, but from 

equation 7.3.13 ani figure F 7.2.4. it is clear that short Yagi arrays 

of optimum phase ·reloci ty produce beam widths which are too great. e. g. 

An array length of 0. 5 A. will have an optimum "a" value of 2. 1 ( e qn. 

7.3.13) and a beam width of over 60~ (figure F 7.2.4.) 
S\lch a beam width would result in too much sensitivity to noise 

coming in at high wave-arrival angles. Supposing a beam width of 25° 

is desired; the percentage reduction in phase velocity , from figure 

F 7.2.4., needs to be 2.~. This would, for a spacing of, s~,.0.34A, 

require a rod length of 0.41A.. (Figure F 7.2. 2.) Fishenden and Wiblin' s 

experiments( 27 )indica.te that this beam width is obtainable from an 

array of 20 directors, each of length 0.407 A. and spacing 0. 34 A.. 

The array length is therefore 20->< o. 34).. = 6. &.. Clearly a narrow 

beam width requires an array of great length. From equation 7.3.12 the 

maximum possible gain is given by 

G = 1.65 + 5o13 X 6.8 = 35.5 i.e. 15.4 db. 

The gain measured by Fishenden ani Wiblin ( 27 ) is 21 , i.e. ~ 3. 2 db, 

and, to use t'~eir words( 27 )_ . 

nrt is 12rcbable that further experimental work with smaller and variable 

director spacings would enable a larger gain per element to be obt~j. 11 

The literature appears to contain no information of experiments 

in which the spacing of individual elements is varied until optimum 

is achieved. ~kewise it appears to contain no record of experiments 

in which the length of individ\lal directors is varied until optimum 

is achieved. Tiresome though such experiments would obvio\lSly be, it 

was: resc~lved that they would be carried out in the parasitic antenna 

being de:Jigned. 

7. 6 Departure from the Yagi arrangement. 

In section 7. 5 it was seen that, if a Yagi array is to produce a 

narrow beam, its axial length m\lSt be large. This makes the conventional 

Yagi arrangement a prohibitively large structure at frequencies in the 

short wave band. If parasitic elements are to be used it is necessary 

to depart from the Yagi arrangement. 

It was shown in chapter 2 that the wanted signal in the london­

Salisbury circuit will arrive a.t an angle . of 8° :!:. 2° to the hori~ 

zontal and in chapter 4 that the calculated noise field strength, 
arriving at various values of ll, increases with higher values of fl. At 

the conclusion of chapter 6 it was indicated that a vertical array had 

good possibilities as a receiving antenna for the present purpose if 

onzy the polar diagram could be sharpened at low angles. Judging by 

the effect produced by a reflecting surface of finite conductivity on 

the polar diagram of a vertical A./4 ante11na ( see Fig. F 6. 3. 4. 1. 3. 1 

chapter 6)it is clear that a. maximum at ll = 8° may be expected for a 

vertically polarized antenna if a. suitable r...:flecting plane is used. 
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.A narrow beom, centred on thi·s maximuo, should be obtained with the use 

of po.ro.sitic elen:ents. 

Instead of attempting to oonstruct a series of centrally 

supported director~ as in the Yagi arrangeraent, the earth will be used 

as the support, planting the directors as a series of vertical ~ls in 

line with the 'A/4 "dri.venueleoent. The term "driven" element is used in 

the transLutting antenna. Beori.ng in mind the reciprocity between 

transnitting and N8(iiving antennas the t~rm is used to designate the 

particulo.r element that ia physical:cy •onnected to the feeder. lf these 

cl~ector eler.ients were earthed a...t the bass they would fo:rt:l a vertica.l.ly 

polarized Yagi ant~nna with the earth plane taking the place of the 

usual supporting rod. This arranc;ement wa&, at first, considered but 

it was noted that ~ach physical director Qlement would be connected 

to its ioage by a rQsista.nce equal to the earthing resistance of the 

elel.:;ent, Thus the Q of each director ele~nt would be relative:cy low 

and the ar~gement would be inefficient. Experiment later confirmed 

this reasoning to be correct. 

As it is propose0 to depart from the Yagi arrangement,with the 

vertical reflector ancl director elements planted in the earth but 

eleotrical:cy insulated from it, the insulation resistance must be 

high enough to preserve a good value of Q for each eleraent but low 

enough ·to allow static charges to leak away to earth without a 

disruptive dischnrge tald.ng place as this would cause heavy interference. 

Use will be made of the theory referred in the foregoing 

sections of this ~hapter but, as mentioned by several of the authors 

quoted, the final dmensions of the antenna system will have to be . 
decided by experiment. The proposed arrangement is a departure from 

the Yagi pattern of reflector -.1.nd directors but is sufficiently akin 

to it for Yagi theory to be useful. 

It is proposed, in experimentation, to vary both spacing ru:ld 

len,Jth of each element until an optimum for the array has been 

obtained., This is not usually a practical proposition but, if this 

experinentation is carried out on a very-high-frequency model of the 

antenna, then, by reducing the physical dioensions, the many adjust-·· 

ments of length, spacing, nnd matching can be made relatively easily. 

It is important to remember, of course, that adjustcents made on such 

a model raust be accurate because errors in the model will be magnified 

when applied to the full-scale version of the antenpa. 

The construction of the model is dealt with next. 
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C H A. PTE R 8. 

T R E V• H. F. S C A L E M 0 D E L. 

8. 0 SUliOO:Jrr OF THIS CHAPTER. 

(a) By the usc of on operating frcqtWncy of 243 Mc/s for the model 

a scule fo.ctor of about 11 is employed. 

(b) From the theory the clcr.:tent lengths ere expected to be as fol-

lows, assurnirl£j o. 2tv spacinG: 

driven c lemont 0. 236 A. 

reflector cler.1ent: 0;,.·476 A. 

director eleront: 0.434 A.. 

(c) Element len.;ths are made adjustable so as to t;i.ve accurately 

controlled V£".xiation above ond bclov'f the lengths quoted. The inter­

clement spacing,too, is nk~c adjustable. 

(d) The A./4 grouncled verticoJ. monopole on an aluminium ground plane 

is investiGated and the polnr diagram is found to differ from the 

expected shape (Fig.F. 8•3•5.1.1). It is concluded that this is due 

to the effect , at 24-3 Mc/s, of the o.Diide with which the ground plane 

is coated. 

(e) Several combinations of driven element, reflector, and directors, 

arc set up on the scale model, leD.cling to optimum configurations for 

arr~s ha~ one to six directors. These designs are sUQmar~zcd in 

fig. F. 8.3.5.2.1. _ 

(f) From the measured scale-1:1odel polar dio.grnns (curves 1 and 3 of 

fig. F.8.3.5.3.1.1) there are derived those that would have been obtai~ 
ned for a ground reflecting plane of infinite conductivity(curves 2 and 

4). Hence polar diagrams are derived for the full-scnle 4-director 

and 6-airector o.rro.ys using a reflecting plane consisting of a grid of 

copper wires, at 1 e" centres, :k.'1.i.d. an o. hco.vy clcy soil. (curves 5 ond 6 

of fig. F. 8.3.5.3.1.1 ). 

- - - - - - - - - - . -
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a. o. 1. General 

By invoking the Reciprocity Theorem(4-,etc. \he .Array is 

used as a transmitting antenna in the model as this is the 

simpler arrangement~ The polar diagrams are plotted as a funetion 

of the received signal in a loop antenna, which describes an arc 

in the vertical plane, at a constant distance from the ~'driven" 

element. There will be required a V.H.F. tronsmitter of stable 

frequency selected to give a suitable scale factor. 

a. 1. Choice of scale factor, 

The size chosen for the model is influenced bY two factors : 

(a) If too large physical.l,y it will be difficult to manipulate. 

(b) If too small it calls for a high degree of precision if the 

measurements are to be useful. for the design of a full-scale 

antenna. A scale faato; of about 10 appears to be suitable. 

S.2~ The transmitter. 

This requires to operate on a frequency of the order of 

10 x 21.4-7 Mc/s ond feed some 5 to''fo watts into a 70 ohm co­

axial feeder. The frequency and output power must be constant. 

The circuit diagram of a. suitable transmitter, designed ond 

constructed by the writer, is shovm. in figure F a. 2. 1. The output 

frequency from a 3 Mc/s crystal-controlled oscillator is trebled, 

stage by stage, to multipl,y it a1 times, giving a stable output 

at 243 Mc/s. In the main it is of conventional design. As it is 

desired to select the third harmonic and to suppress the second 

harmonic, push-pull (;'Jllplification has been used. At the higher 

frequencies extremel,y short leads are necessary_. The tuning of 

the final plate circuit, by meons of a. shorting bar, presents 

considerable mechanical difficulty but this is overcome by using 

a. spring-loD.d.ed shorting bar, the position of which can be 

adjusted, accurately by a knob- which engages a. threaded rod. 

Although capable of 10 watts output the tank circuit is coupled 

rather loosely to the co-axial feeder to give approximately 4-

watts out.put. 

a. ,3. Design of elements. 

If, in the model, the penneability, pennittivity, and 

conductivity of: the material used ore the same. as they are in 

the large antenna, then the model will behave in the same way as 

the large W'ri.IU .. provided the lengths, in each case expressed in 

wave-lengths, are the same. Care must be taken to ensure that the 

ratio of element length to diameter is the same in both cases. As 

the frequency ratio is 243/ 21.47 = 11.3, and since~" diometer 

copper pipe is considered suitable and is avn.ilable in.- large 

supply for the 21.4-7 Mc/s array, the model elements should be of 

diameter equal approximately to 2. 75/11.3 = 0. 243". 

.. 
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1;11 t diameter eoppcr tUbe has been selected for the model elements. !he 
J, 

, dao.meter = 0. 005 'A. 

It is necessary to be able to chnnge the leng1.;h of the elements 

accurately and. easily. To achieve this the micrometer adjustment, 

detaiied in Fig. F. 8.2.0,is used. In the case of the rn.di::ating eler.tent 

· the siug con be seen pt-ojecting fror.t the tUbe in Fig. F. 8.3.0. 2.; 

8.3.1) The "driven" eleocnt. 

King and. Harrison ( ;
12

) in studies on the cylindrical dipole, 

have indicated the expected variation of input impedance resulting (
33

) 

fror.t changes in antenna thiclmess but the expcrir:lcnts of Brown and. Woodward 

indicate that Schclkunofft s ( 1 ) biconical nntcrma method yields more relio.ble 

results. Their experiments indicate that the resonant length of a A/2 

dipola is 1% shorter than that calculated by Shelkunoff1 s r.tethod when the 

lemgth.-to-diameter ratio of the cODductor is 2000, the difference rising 

to 2Jk, when the ratio falls to 1 00. Figure F. 8. 3. 1.1 , which is due to 

Shelkunoff( 
1
), relates self reactance and resistance to rod length. 

For cylindrical antennas the . characteristic impedance, K , of a 

monopole: above a perfectly conducting plane is given by the expr:ssion ( 1 ): 

Ka :: 60 ( loge ~ - 1) ( 8. 3. 1.1). 

where h = the length of the monopoie = "A/4. 
a = radius of the conductor = o. 0025 A.. 

Thus h/a = 100 and. Ka:: 258 ohms• 

Yf.hen using fig. F. 8.3.1.~. it must be remembered that for a verti­

cal monoplole ·over a perfect~ conducting ground the valuo of the ordinates 

must be :}AlV~ 

From :f'ig4 F.t 8. 3. 1 ~ 1 the 

rod. whc:h h/a = 100 is given by: 

z. ; 41 * i 21 
J.n" 

input impedance Z. of a O• 25 )1. vertical 
l.n 

From fig. F. 8. 3.1.1 it is seen that, to make a. purely resistive, the 
l.n . 

length must be reduced to 0.236 'A approx. At this length the input resis~ 

to.nco R. = 33 ohms. 
l.n 

A slab of k'a brass is used n.s a bcdpla.te. It is drilled and--tapp::d 

to receive tho threaded end of the 0.236 'A adjustable length rod.( Fig. 

F. 8.3.0.2.) A second hole receives the co-axial adaptor and a third hole 

allows the polystyrene rod to pass freely through the plate. Adjustment 

of the knurled nut causes the polystyrene red (and hence the shorting bo.r) 

tomove up and down. The short rod is, effecti_vely, an extension of the 

inner conductor of the co-axial feeder. Thus by tapping the correct impe­

dance point of the Be sonant ""A/4" line, an impedance match is achieved which 

makes accurate readjustocnts possible. A range of short rods of varying 

lengths is made available so that the length extending beyond the .shorting 

bar can be kept reasonably short, so that the ren.ctmlce, coupled in fran 

this source ,is minimised. 
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MATCHING ARFLNGE}~NTS : SCALE MODEL 

Figure F 8 . 3. 0.2 . 



~ 

Ito 
[\ ~ 
\ [\ ~ 1\ 1\ 
'- \ 

1\ 

1\. \ 1\ 

' '" \\ \ 
- ~' 

\ 
'11 

1D 

a 

•10 

-~-

J 

~ , 
rf 

+ 

I~ 
\WI 
ii'JI 

1/. 
j ~ 

~ ~ 
~ 

v 

~ 
v 
v 
v 

JIIO 
1000 

• 
100 

., a ... • • ·lO 

.,l 
i..vr Jl&AmAI'CB 0. A ~ DDoul 
~ ., ............. ---... _........, 

(From "Electromagnetic Waves~ Shelkunoff( 1 ) ) 

J 
aaoo 

I-
I: 
:r"' .., 

• .., 
10 

Figure F 8.3.1.1.a • 

• 

...... ~ l 
-n . ' 

~ ~ 
~ Ill"' 

r...-

~ .... ...,. 
[7 

[/ 

v 
/ 

V' 

-eo a • • • -to .... 
llM!IAftDit ...,.... .., 4 ~· o.aaa 

(C' I 'britt ........... _....., 

(Fran ".IUectromagnetic 1/aves~ Shelkunoff( 1 )) 

Figure F 8.3.1.1.b. 



- a. z -
Tho brass slab is mounted securely on tho metal oorth plano. 

The arrangement provides: 

(a) Rod. length vo.riation 

ond (b) Adjustable matching of· the feeder :i:mpedonoe to tho input 

impedance of the array. (Sec Fig. 1'·. a. 3, o. 2). 

a.3.2. . The parasitic elements. 

As these elements arc not grounded they must first be treated 

a~ short-circuited free-space dipoles of total length 2 1 equal to 

approY~tely 0.5 A• According to Shelkunoff(1) the characteristic 

impedance K for this case is given by tho a 

K = 1 20 (log 2h - 1 ) a o o.. 

.• h O. 25 A ·· 
SJ.nco ;: =- 0. 0025 f.. :: 1 00, 

K = 516. a 

equation: 

For the simple ~se of one reflector clement nnd one director 

clement Wc.lkinshaw(
2

) showed (sec Fig. F. 7 .1.,2) that at a spacing of, 

say, o. 2 A tho reflector self reactance should be about + 10 ohms ·and ( 1 ) 

the director self reactance should be about ... 60 ohos. From Fig. F. 8. 3.1.1 
it will be seen that, in the case of the reflector, h will need to be 

0.238 ;. and_., in the case of the director, h will need to be 0.217 f..~ 

Thus the length of the reflector will be of the order of 0.476 f.. nnc1 

the len~ of the director vdll be about 0.434 t... Fran the work of 

Spector 209), Reid (3) ond Walkinsho.w( 2~viGved in Chc.pter 7, it is expec­

ted that as the nuober of directors is increased the optimwu spacing 

will o.lso increase ond element lengths will need to decrease according]Jt. 

The parasitic clement lengths can be vnried, as in tho case of 

the ":lriven" elcoent, by a micrometer screw adjustment of the slug. 

(Fig. F. a. 3. o.1 ). : 

Elements are mounted on po~styrene bases. (Fig. F.a.3.0.2). 
The other end of the base is tapped to receive a 2 BA bolt with a 

butterfly heM.. With the aid of a. large washer on either side of the 

ground plane the bases are conveniently clamped over the groove that 

runs down the line of the array iri the alumi..ni.um ground plane. The 

spacing is oasi~ adjusted from underneath the ground plane. 

The extra capnci tD.l'lce due to the relo.ti ve permittivity of 

polystyrene .(2.4. to 2.9) will reduce the electrical length of the 

e~en.ents but the effect will not be apprecio.ble. 

8.3.3 The Receiver. 

The small receiving loop aerial is mounted as in fig. F.a.3.3.1 
end the radio frequency current is rectified by a C G6G germanium d.iod.o. 

The direct-current output is feel, via o. twin lead, to a 0-100 r.rl.ero­

ar.~ter located ncar the transmitter for convenience. (Fig.F,8.3.3.2). 
The twin lead is brought dovm the wooden r.10.st and will produce 

no notioaable effect an the antenna performance, 
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Control cabin : Scale model antenna , shm·ring 4-:'iirector rlesisn on test . 
Lmr'9r left : 2/}3 Hc/ s transmitter . '\bove it , an,..1 to 1:.~1e rio;ht , is 
received sienal strength in icator . 

Figure F 8 . 3 . 3.2 . 
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TE:S RECEIVING LOOP : SCALE HffiFL AiifTENNA 

Figure F 8 . 3 . 3 .1. 
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The oast (Fig, F,8,3.3.3) carries tho receiving loop round the 

circumference of a circle ofr~us 6t X, centred on the base of the 

radiating clement~ Thus the radiation at any angle ·frao 0° to 90° cari be 

r.1easured. (The angle is convenient~ measured by moons of a transit 

level with its pivot in line with the pivot of tho mast). 

The r.rl.cro-o.a:1etor rco.dings have to be interpreted in toms of 

e.m.f, generated in the loop, Calibration presents grave problems as it 

is difficult to inject a measured voltage at ~3 Mc/s into the receiver, 

Calculation of the impressed voltage appears to be virtual~ impossible · 

because of the many variables in the circuit oncl so it is necessary to 

produce a circuit which will behave,at say, 150 Kc/s in a similar mm_mer 

to the behaviour of the original circuit at ~3 Mc/s. The same micfc);.. 

anmeter and detector as before must be used but the capacitor valu,tr. is 

o.d.justed so that the relationship between time constant and pericx:l4~ ;time 

remains the sone for both cases, At a frequency of 150 Kc/s it i~ a 

simple matter to feed voltages of the order of ~ volt from an oscillator 

and tc measure the p,d, accurately, ~s results in the calibration curve 

of fig. F,8,3•3•4 which is accurate enough for comparisons between one 

arrny and another, 

The tension in the main stays that lift the mast is produced by 

a hond-opcratcd winch in which the gear ratio is so high thn.t the mast 

moves eArtremely slowl"j, mnk.ing accurate measurements possible. 

8,3.4 tpc ground plane, 

A ground plane of aluminium sheet is preferred, on cost considera­

tions, to one of copper even though·the resistivity is 1,64 times that of 

copper, 

The "depth of penetrationn, a:, i,e. thedepth at which the electric 
' 

field strength of the wave, incident upon the sheet; will have fallen to 

a value .:!. (i,e. 36.8%) of its surfo.oo vo.luc, is given by equation 6,16 e 
or Appendix A as : 

1 
d:=: 1 

t1r fi li 0" )2 

For aluminium ci, the conductivity, is 3,54 x 107 ooo/m. 

~ == ~0 = 4 1T x 107 Henrys/m. 

f:::: £4.3 x 106 c/s 

a is in metres. 
-6 For this case d = 5.43 x 10 metres 

= 0054 m.I>l, 

The. coooon 1;6 SiiG aluminium sheeting is suitable for the purpose, 

To minir~se errors in the receiver, due to capacitance between 

the ground pln.ne and. the racei ving loop at lOW' angles, the gro~ plone 

extends only to a poi.a.t 1~ 'h from the recdiving loop when the latter is at 

0° to the horizontnl. This also ensures tho.t the surface wave reaching the 

... loop. i9 :p.cgligible, 
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The ground plane must be as flat as possible beoouse undulations 

m-e likely to distort the iran.gc of the antenna o.nd produce o. falsely 

sho.ped polo.r diagrorn. For this reason pelcs of g:>od rigiclity o.re used 

to support the ground plane. (Sec Fig. F,8.3.3.3). 

A sliding groove for D.djU3tine the spacing of directors can be 

seen in figures F.8.3.0,2 and F.8.3.3.2. It extends for o.bout 2 ~ fran 

the reflector element. 

Further to the discussion in section 6,3.4, on the effect ground 

constants ho.ve on the polar clio.gro.m, the <nJestion now arises: will on 

alurrdniun sheet ground plane behave as a perfectly conducting ground at 

243 Mc/s'? This is answered by pcrfonning the same calculations in res­

pact of o.lur:d.r.i:um as were done for sea water, soil, and a wire grid in 

section 6.3.4.1 vmich led to the polar diaernms for a vertico.l,grounded, 

~/4 monopQlc in fig., F.6.3,4.1.3. In this case: 

~2 = ~0 = 4 ~ x 107 Hcnry~roetre, 

CJ 2 : 3.54 X 107 mho/metre, 

From eqn. (6.3.4.1.9) 
W· 1J. 1 

z2 =c 2 )2 ( 1 ~ j) 
2 o-2 

z2 at 243 Mc/s 

: 5.2 X 10 3 (1 + j) 

As Q
2 

in metal may be taken as zero (5), the field impedance of 

the ~etnl , zft ( = z2 cos ~2) from eqn 6.3.4~1~5, ·is cqunl to the 

intrinsic impcdvncc, ~ , the modulus of which is 1•42 x 5.2 x 103 ohms• 

Fra11 eqn• ( 6. 3•4• 1. 3J; 

Thus a wo.vc incident at an angle Q1 on the metal sheet ~ be 

considered as travelling dmvn o. transnission line of characteristic 

impedance (377 cos Q
1

) ohms. This encounters o. termination of .Wpe~ 

(7,4 x 103 anele 45°) Ohms. The reflected wave is a minimum when 
-3 377 COS Q1 = 7.4 X 10 

i.e. when cos Q1 = 1.96 x 1cP 

Thus the psei.rlo Brewster angle has c. vc..lw::: between 89° 59' o.nd 90°. At 

this vo.luc of Q
1 

th~ phase angle of the rcrlection coefficient (Rv) is, 

as is o.lwo.ys the co.~, (5) eqUD.l to 90°. For values of Q1 less than the 

pseudo Brewster angle the pho.se angle of R may be taken as zero and ror 
v 0 

values og 9
1 

lying between the pseudo Brewster angle o.nd 90 the pho.se 

angle chnngcs rapidly from 90° to 180°. 

R = 
. V 

The mn.gnitudc of R is r;iven,frorn equations 6. 3.4.1.1./3/,5,<:J.S: 
v 

377 COS Q1 - 5.2 X 1oJ - j 5.2 X 10 3 

377 ~OS Q1 + 5.2 X 1o3 + j 5.2 X 1o3 
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. Th.us ·: · Rv = 1 /.Q0 for ·oll ~alucs of Q

1
tt-om 0° to n value 

. . . . · I 0 . 

almost cqunl to the pseudo Brewster onglo,at which nnele, sny 89 591 
it equals 0,42/_)0° nnd - th~n . it Changes ro.pidly,becox$lg 1Li.80° i~e.~1, 

0 
o.t e1 : 90 • . . 

The polar din:grom for an 'ontcnno. situn.ted o.bova such a reflec-

t:lne plone is therefore expected to be the same o.s for on ontonno. nbova 
.., : ·.' ... 

a plane of infinite conductivity except for angles of elevation ~ess 

then one minute. 

8.3.5,0 Tests vdth ~ the scale model, 

In ~ these tests the tollo.dng pre.cauticD& are neoeSSBX7=--
a) The available povwr fron the trnnsr.rl.tter must remain ccnstnnt through-

out tho tests. Frequent checks must 1 therefore, be m.ic1c on tonk circuit 

tuning , P.A.d.rive, nnd the mins supply voitage~ 

b) The nntennc.. Ulatching must always be optir.\uc oirl ·the load presented 

to the tronsmitter oust c.lways be resistive. J'.djustrn~nts,, to achie.ve 

-~his objective, arc therefore les ion nnd. oust be r.lD.de with great accuracy. 

c) The DOdel must be sited in open country o.t leo.st · 161. from reflecting 

objects. Objeota ooving ncar the model cnn cn.usc sl.orifictmt ·changes 

in the r eceived field. Therefore, as will be seen in FiG• F.8.3.3,2, 

the scale ooiel is operated free a cabin below the raotal reflecting 

plane~ The ndjtist~nt of the oatch between co-axial fcedcr. und the 

)../~ rruliatirlg elcocnt is effected ·by .turninr; the knurled knob (seen 
0 .. 0 •• 

more clearly in the c1os~..:.up View, fig. F'84,3~0.2), The -- received sienal 

is indicated in the large oicro-nometcr seen direct~ ~~the .reflec-

tor clement in fig. F.8,3,3.2. · .. . 

8, 3 .. 5 • . 1, Test with )../4 rca alone • . 

When the rca length is varied by small DI:lounts using the micro­

octcr type o..djustoent on the slue, boin.:; cnrcful to check· for optimum 

oatchinc conditions eo.ch time the lenur:rth is varied, the rcsrnent lenur:rth 

is found, It was forcco.st,in section 8.3.1.1tho.t the len[jth of a. A/4 

monopole above a conducting plune is expected to bo 0.236 A. In the 

cx-perioent the len[jth was found to be 0,. 241 )... The small di1fcrcnce 

in lell[;th is doubtless due to tho fact that it is ncccsso..ry to neut:ro­

H.zc. the soa.ll reactance coupled in by the mo.tching u~vicc. (See Fig. 

F. 8,.3,0~2). Various sizes of stub rod. arc provided to keep the 

length protrudinG beyond the shorting slider to a. minirm.JI:J.. The 

resonant len[jth of the A/t.. rcxl will vary slightly o.ccording to the 

lcnG~h of this protrusio~ 

i'ha mca.surcncnts tnken vvhcn the receiving loop is ooved· through 

angles of !J. frao 0° to 90° are given in Appendix c. If these points are 
' . . , . 

plotted. and .o. amoeth -curve . drawn ~hrough· their. mean values, -ourve "%%I ·, 

:Figure F. S. }.5. 1. f, is obtained. 
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In section 8.3.4 it wn.s concluded that even at 243 Mc/s the 

aluninium eround p~ would behave as i~ it were a re~lector o~ 

per~ect conductivity for all vn.lues o~ 6. ~reater than about 1 minute. 

However, in ~ig. F.8.3a5.1.1, this is clearly not the case and there 

is n. serious· clisparity between curve "n." o~ ~i~.F.6.3.4.1.3 and curve 'X" 
of fiG• F. 8.3.5.1.1. Curve "y" is the shn.pe of curve expected. It 

appears thn.t the n.luoiniuo sheet n.t 243 Mc/s is,n.fter aJ.l, not behD.ving 

n.s a plane of n.!Qost per~ect cenductivity but rother is behn.ving much n.s 

sea water docs in the H.F.band. (Sec FiG• F.6.3.4.1.3). The expl~tian 

probn.bly lies irt the filet thn.t the conductivity n.ssumed ~or n.luminiw is 

the conductivity between opposite ~n.ccs of n. metre cube of mnterial. 

It was shown in section 8.3.4 thn.t at 243 Mc/s a sld.n only 0.0054 n.~ 

thick carries 63. 2'lfo of the current induced by the incident wn.ve. 0~ the 

same oro.cr of Lmgnitud.c n.s that sld.n is the thin oxide con.tine with 

which n.luminiuo n.lways is protected aGn.inst ~urther oxidation. Thus, 

at very hiGh ~rcquencies sheet n.luminiuo and copper berove as though 

they possess much less conductivitythD.n at low frequencies becn.use of the 

oxide con.ting. 
. 0 

In the scn.le model tcsts,therefore,froo n.bout b. = 15 to about 

tl = 1 ° the ~ielcl strenGth will be much less than if the sDDC test hod 

occured at, so.y, 21 Me/ s. The so.a..l,c; moc:l:el poJ.;e.r ~unless oc.rreoted. 

Will not depict n.ccurately whn.t will occur n.t 21 M~ s for values of tl 

belo.v about 20°. Correoted ~will ~ive o. fairly accurate representa­

tion of the polo.r din.Grom for vn.lucs o~ tl fror.1 0° to 90° in o.cldi tion to 

the prioD.ry fuction of the sco.lc r.1odcl, which is to provide a no.naecablc 

means of optimisinG the element lens~hs and spa cinGs of a series of 

multiple-director parasitic o.rro.ys. 

8.3.5.2 Test with ?./4 rod plus pn.ro.sitic ele1rents. 

a) The parasitic reflector is now set up ·and the le%16th is oo.de 

equal to the vo.lue cn.lculnted in section 8.3.2, i•e 0.476 A spaced 

0. 2 A behind the radiator. When the clrivon clerrcnt length and r.mtdl:J.n&, 

o.s well as reflector len[!th ond spn.cing , arc adjusted and ll'e-a.djusted 

nnny tines to give r.w.:xinum received signn.l at o. sooJ.l vn.lue of a,it 

is found that the optimum length of the reflector is 0.476 ~ (identical 

t o the cn.lculatcd vo.luc) but the optimum spacinc is e. 233 A.. 

At tl = Bi:0 the t3ain over the single ).../~ rcxl-= 

( 1 ~g)2 = 1.84 = 2,64 db. 

If the rc~lcctor reduces the bo.ckward ro.diution to zero it m~t 

produce a 2: 1 , i. c. 3 clb, chonce in the foxwo.rd ro.dio.tion. This 

reflector has n.chicvecl this objective to the extent tho.t r.w.y rea sona­

bly be expected of u single element in prn.ctioo. It is probn.bly ndi 

w~mn.king a more complicated reflector ~or the purpose of obtaining 

some o~ the renmining o. 36 db go..in. 
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b) A director ia now added to the reflector and driven element canbination. 

Where must it be placed and how long should it be ? Walkinshaw's ( 2) 
calculation, summarised in figure F 7 .1. 2., indicates maximum gain for 

0.1 ~spacing when X:-10 ohms, i.e.element length ( fig. 8.3.1.1.)equal 

to 0.4~; or at 0.15h spacing when X= -30 ohms, i.e.element length 

eqU£1.1 to O. 452 >..; or at 0~ 2>.. spacing when X = 60 ohms, i.e. element 

length equal to 0.434 >... In section 7 .. 2 it was pointtld out that 

Specto/ 209 ) has shown tho.t the shorter the director length the narrower 

the beam but the shorter the director length the worse the lnunching 

efficiency of the antenna, The optimum exists as a compromise between 

these two opposing trends and is found experimentally. 

Commencing with a director-to-driven element spacing of o. 2 >.. 

and director length equal to o. 4.34 >.. the director length and spacing, 

the driven element length and matching, and the reflector length and 

spacing, are adjusted, and re-adjusted many times, until maximum 

signal is induced in the receiving loop for a low value of 6. This 

yields design Bin figure F 8.3.5.2.1. 

By repenting the same process each time another director is 

added, designs B;C,D,E,F, and G have been produeed employing 1,2,3,4,5, 

and 6 directors respectively. These are summarised in figure 

F 8.3.5.2.1• which is a valuable document, (a) because of the amount of 

work negessary for its compilation and (b) because of the amount of 

information summarised therein. The test results are summarised in 

Appendix c. 
It will be noted that:-

a) The greater the length of the arrey the shorter is the last director. 

This is experimental oonfirmation of Spector 1 s( 209)theory that good 

launching efficiency is achieved in a long array ond that in this case 

a short final director will achieve a. bigger aperture, and hence a 

narrower beam ( higher gain), than a long final director. (Sect.7.2.) 

b) Each add.i tiona.l director is not only shorter than its predecessor 

but is at a greater spacing. This is experimental confirmation of 

Reid's(})contention (Sect.7.3.) that the longer the array the more 

nearly equal will be the optimum phase velocity of the guided wave to 

the free space phase velocity~ (Equation 7.3.13. refers). 

Figure F 7.2,2. shows; as would be expected, that, for o. 

given element length, the greater the spacing the more nearly equal will 

be the phase velocities of the guided and free~space waves. Conversely it 

shows that; for a given spacing; the shorter the element length the more 

nearly equal wil1 be the phase velocities of the guided and free-space 

waves. 

8.3.5.3.0. Interpretation of the scale model results. 

As discussed in section 8.5.5.1. the depth of penetration in 

aluminium at 243 Me/ s is so very small that the ox:i.de coating is forced 
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to c:Jrry an UlJprcciable proportion· of the current ond at very high fre­

quencies it appears that the reflection properties of. al~uo o.re 

sir:lilar to those of sea. wnter at high frequencies~ 

B. 3. 5. ~· 1. Scale model polnr dia¢U'!tf!S• 

As shown in fig. F. 8. 3. 3. 3, the recei vine; lo?I> ~s mo.cl.e .t ·o ·TO: 
tate at a rndius of 6.5 ~ fro~ the base of the driven elenent in order 

to indicate the field. strength at vo.rious angles of elevation frce 0° to 

90°. Strictly speaking, as the radiatint:; aperture is o.t tho last c1irector 

of tho orro.y tho rotation should tn.ko plo.co about the .·mid-point of the 

aperture (sec section 7.2) but this is expcrinentn.l.zy inconvenient. If 

th(J di stance to the receiver is long compared with . the length of tho . 

arrey; rk~Glir;iblo error is introduced by ·rotating about the "Pase of the 

driven elenent.. A rodius such as is ~ecl"in the model (6.5 ~) is ac~p­

tablc bcco.usc, altho\18h a certain ronount of error will be ·introduced, 

the . error is seon to be of no consequence e.inoe the ·pimo 

purpose· of the :oodel is to pre<luco optimum vo.lues for. e.lel!lCilt l~gth and 

spacing. . The polo.r dia.::;rD.I:ls obtained will be .fa.irq f)OOU%'6;-te., 

nqtw:i.thstanding the errors indicated abov.e 1 ~- Will serve the uscftil 
pur-pose of indicating ro\.13hl3 what sort of pattern to expect frco 0: 

gi von arranccrncnt •. 

The measured vertical polar dio.grnns for tho 4-clo:ocnt arid 

6 .. olel;Jcnt n.rrays arc c.1rawn as curves ( 1) and (2) respectivezy in. fig. 

F. 0.3.5~ 3.1.1. Multiplication of curves( 1) or (2) by the ratio y/X, 

for .each corresponding value of 6 in fig.F. 8,3.5.1ef,yields curves 

(3) or (4) of fig. F. 8,3.5.3.1.1, Curves (3) and (4) represent the 

clcrivecl polar clio.grrons, for a perfectly con(1ucting reflection plene, 

of a 4-c1ircctor array and 6-director arrey o.s per .Table· T,8.3.5.3,1,1 

below: 

- -- · 
Measured . Measured y/x 1 Derived Derived 
( 0. v ) . . . , ri v ) f'r~ lii,~. (p v _) {_ n v} 

60 4~rcctor 6-d.ircctor 
F. a. ~. 5. 1. 1 4-d.ircctor 6-d.irect'or 

lu-rn.v. A ......... or i nf'i.n; +.P. IT inf'ini te rr. 

0 173 19.5 ·. 1 .. 51 261 29.5 
2 186 212 1. 37 255 291 
4 194- 218 1. 27 246 278 
6 205 227 1 •. 17 •. ' 240 266 
8 200 230 1.10 

.. 
229 253 

10 210 226 1,07 225 242 
12 205 212 1. 0.5 2~.5 .2~3· 
14 197 198 1, 0.5 207 208 
16 186 182· . 1.a.. 1~4 189 
20 166 142 1.03 171 146 
25 115 65" 1.03 118 67 
30 9.5 0 1~03 98 0 
40 43 0 1,06 48 0 
45-90 0 0 1,06 0 0 

T A B L E T, 8, 3, 5, 3, 1.1 



- 8, 20-

By · multip~ eaoh ot tbe 0\ll"'YeS. "·2• and "ft." fOL" intinite OEI\d.uo­

tivity ,by-· the rtttio b/a~ c/a, d./a, e/a,f/a for various values of 6 

in fig F• 6.3.~ 1,3 the polar diagrams for the 4.-d.irector or 6-diroc­

tor arr~s over sea water, heavy clay soil~~ gratings of 12! SV~G . 

copper wire n.t 15"; 12". and 7t" cel).t:r;-e~, . called type "d", "ci" ~and "f" . . ' ~ . . 

respectively, can be found for ~ frequency o~ ~1.47 Mc/s • . (N.~ the _ 

wires in the grating are pointing in the direction of the distDnt 

station). 

In TableT. 8,3,5;.3.1.2 the expected polar diagrruns of a 4-

director and a 6-dircctor D::I:'!'8.Y, over o. 12"· gra~ing, 6.ro derived for 

21.47 Mc/s fromTn.ble T. 8.3.5.3.1.1 and curves (a) and (c) ~ffi.6• 

F. 6. 3.4.1, 3. The derived ~olar diagrams appear in fig. F eel-5• 3•1,1 

as cmrves (5) and (6) r espectively. 
: t .. 

Derived (mV) . for . . efa fran Derived (mV) . 12~ SifG-

flo infinite a fran · figure copper wiiO grating· at . 
'To..blc T, 8, ), 5. 3,1.1 F.6.3.4.1.3 12" centres n.t 21.J±l M~s. 

0 
2 
4 
6 
8 

10 
12 
14 
16 
20 
25 
30 
40 
45-90 

4-dircctor Go-director. 4-director 6-director. 

; 

261 295 0 0 0 
255 291 0 0 0 
246 278 . • 10 25 

; 

28 
240 266 .72 173 192 
229 253 .78 179 197' 
225 242 .• 81 185 196 ... ·' 

215 223 .• 83 179 1'85 
207 208 ,86 178 179 .. 

194 1.89 ~57 .. 169 164-
171 146 .90 154. 131 . . 
118 67 ' , 92 105 62 
98 0 .94 92 0 
48 0 .97 47 ·o 

0 ' 0 ' 1.00 0 0 

T A B L E . T • . 8,3t5•-3s 1,! 

It should be noted thn.t n.lthough t;hascn.le test$ indicate that the 
• • I> • • • ' ' -· ·· .) 

£i.-director design will possess mximum sensitivity in' 'thb' de'si.l-ed . ' 

directioo ( 8°) •~hen used above a grati~g of 12i SHG cop~r wi~s spa ... 

ced at 12" cer.t~cs, · n.· ground of infinite cOOductivity would produoe 

(from table T.8,).5.3.1.2) nn improvement of 20 log. ~;1 ~ 4.2 db at 

this nrt8;10. · Similn.rly, the use of a. spacing of 7i" would( fran fig. 

· F.6.3.4.. 1.3~ prcrluce nn improvCIOOnt n.t 8° o~ .1.5 db c<Epnred with the 

12" spo.oing. There is, of course, nn ccoocinical limit to the small-
' . 

ness of the spn.cing but this ~t cannot e~~ be defined because 

it will depend, among other things, on the availability of scrnp 

copper wire. 
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In a receiving antenna the main requirement is high si~to­

noise ratio and it is therefore advantageous to have a maximum at 8° 

(the expected vrave arrival o.ngle) with o. · ro.pid deGrOase in sensitivity 

for values of 6.. below 8° o.s well o.s for values above 8° so that there 

is discri.mination, not only ago.inst noise and. other unwonted energy 

earning in o.t high angles (see Cho.pter 4) 7 but o.lso o.gainst interference 

coming in at angles below 8°. A 6-director design, with o. grating of 

spacing 12" or l~ss would o.ppoar to bo suitable 7 far use: en the lmdth­

Saliabury· c.trouit. 
The horizontal polar diagram of the 4-director design has been 

measured but it is of minor importance. Because the reooived signal 

at 243 Mo/s is so greatly affected by tho height above ground of the 

receiving--loop, the results are not reliable as the experimental errors 

arc great. 

8.3.5.3.2 Scale model rolntive gains. 

In fig. F. 8.3.5•2.1 the gain of each of the designs A toG has 

been inserted. As these arc taken fran the unadjusted, scale-model 

polar dio.groms tho figures should not be taken too seriously. It will 

be observed, for instance, that the 6-dircctor design is quoted o.s 

being 0.8 db more ·scn3itivo at 8° than the 4-direetor design is at 9.5°. 

In fable T.8.3.5.3.1.2 it will be observed that when those designs ore 

used over o. perfectly conducting ground the difference in maximum sen­

sitivity (i.e. at 0°) is 1. 06 db ond when used above o. gro.ting of 12-i 

SWG copper wires pointing in the direction of the disto.nt station o.nd 

spo.ced o.t 12 11 centres (type "e") the sensitivity of the 6-dircctor 

design at 8° (max) is only o. 54 db better than tho.t of the 4-dircctor 

&;sign o.t 10°(max). The go.in figures in fig. F. 8.3.5.2.1 ho.ve boon 

inserted mc.-i·1ly to 3how how e(:.oh ~ddit:i onnJ. elcmon+. l'ffects the gain, 

~.d. lienee, t.he rel2.tive sharpening of the beam. 

e. 3. 5. 3. 3 .Review of Chaptel' 8. 

By means of the scale model and using the theor,y of parasitic ac­

tion developed in Chapter 7, coupled with the theory of reflecting sur­

faces developed in Chapter 6,various optimised designs have been produced. 

Two of the designs have been taken (the 4-d.irector design and the 6-dircCA; 

tor design) and the probable polar diagrams at 21.47 Mc/s have been plot­

ted assuming that they are to be used over a .C?C~ain reflecting plane 

made of a grating of copper wires laid an top of a heavy c~ soil. The 

accuracy of the predictions must now be tested by measuring the polar 

diagram of one of the designs at 21.47 Mc/s. 

Within rather narrow limits any desired value of A can be acQieved 

by o. sui table combination of ground plane and number of directors.. 

- - - - - - - - - - - - - -
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9.0.1 Reason for construction of the test o.rro.y. 

Before uscw oan be J:IIOdn of the: ~p dem:wd. fi't'ln ·tbQ 

T"H.F. scale model, nnd sunmarised in figure F.8.3.5.2.1, at ccmmunication 

frequencies, it is necessary to build a full-scale array and test it (o.) 

to sec if the dimensions given in figure F.8.3.5.2.1 arc, in fact,optimum 

and (b) to see if the measured polo.r diagrnm bears DnY rosomblnnce to the 

derived polar diagram of figure F 8. 3. 5. 3.1.1. Tho test fir.Tey will bepo!n• 

~ flt o. 260 ft.IDD.St in Sn.J.isbury which a.fford.s a. convenient moans of 

elevating a. "transmitter" ( a battery-driven signa.l generator will--provide 

n.dequa.te rrulio.tocl power) so that the polar diagrrun cnn be meo.sUI'f;;d. 

Bearing in oind the limito.tions plo.cod on o.rea,the eeonaoics of the matter, 

o.nd the greater ease with which a fo.irzy sr.JD..ll o.rray co.n be chocked, the 

four-director design is chosen o.s the test urro:y. 

9.1 Desim of element clir:lcnsions for 21.47 ~. 

The lengths of the elements o.nd their respective spacings are made 

in accordance with the dimensions laid down in Fig. F.8.3.5.2.1 (E). 

The wavelength, A , is given by the well-known relationship: 

9€4' 
A= f 

where f is in Me/ s. -

vVhen f = 21.47 then A = 45.83 ft. 

I 1 II ( ) In the scale model o.t 243 Me s, 4 o. 005 'A dinmeter rod wo.s 

" chosen beco.usc it was known tho.t 2t ( o. 005 'A) dinmcter tubing wo.s o.vo.i-

lo.blc in lo.rgc qUDntities for the 21.47 Mc/s nntenna. 

A dry wooden block, t .urned to fit snugly into the copper tube, 

nnd mm . .u;ted on nn 18• nngle iron picket, fonns a convenient methcx:.l.. of 

insulo.ting o.nJ. supportinG co.ch clement for the test. 

9. 2 Matching arrongcoents. 

It is necessaey- to oo.tchtho impedance of the "driven" clencnt to 

that of the co-axia.l feec1er line. The term "driven" clement should only 

be applied to a transmitting o.ntc:nno. but it is so widely used to designo.te 

the elenent which is coupled to the feeder tho.t, although this is o. reee.i­

ving antenna, this element will be referred to o.s the "driven element". 

It is impractica.l to usc the some matching oethcxl which gave such gobcl 

results in the scD.le model. Insteacl it is necessary to use the o.rron.ge­

ment shown in figures F. 9. 2.1 oncl.. F. 9. 2. 2 in which- th£: n.nteonn and co­

axial feeder ore each :r.u::.tcb.e<l to the tuned circuit. 
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T H E 4 - D I R E C T 0 R T E S T A R R A Y 1 .. T 21.4.1 McLs. 

9,. 0 SUMltJ.i.RY OF THIS CHAPI'ER. 

The validity of the scale model design figures nnd the derived 

poln.r dio.grDDS are tested by measuring too performnncc, at 21.47 Mc/s, 

of o. 4-dircctor army constructed in o.ccordnncc vvith the dimensions ob­

tained froo the scale model experiments. As o. ground plane o. grid of 

copper wires at 12" spacing is lo.id on a heavy clay soil-. 

The predicted polar diagram (curve 5 of fig. F. 8. 3. 5. 3.1 • 1 ) 

8Di the rooasured polar diagrnm ( fig. F. 9. 6. 2). are in good. o.greemcnt, 

the mn.xima occurine at !J,. = 10° and !J,. : ~0 r espectively. Aspects in 

which they differ arc discussed in the text. The horizontal polar 

dio.gran hns been plotted. 

A frequency run on the ontcnna sho.vs a r:1ax:i.muxa response o.t the 

de sign frequency. 

The spacing between elements is vo.ricd in on attempt to in­

crease the gain of the array but it is not found possible to improve 

on the dio.grao obtnined from the scale model experiment. 

The gn.in of the o.rray, relative to a 'A/4 vertical grounded 

mcnopole, is mco.surod. 

It is concluded that the design dioensions can be accepted as 

optimum. 
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9.3 The earth mat. 

In figure F.8.3.5.3.1.1 the derived p olar diagr am f or a 4-

dire ctor nrr~y is in respect of ~ r eflecting plane which consists of 

~ gratin~:; of 12~ S#G copper wires, laid, under tension, in tho direc­

tion of the distant st~tion, ~t 12" centres, over ~ he~vy cl~y soil 

~ssur:ti.ng nn oper~ting frequency of 21.47 Mc/s. The gr~ting to be used 

f or the test arr~y oust be the S<lLle . In order to D~intain the wires 

~t the correct distance apprt , oross-connecting wires are soldered . ~ 

t o the Dc..in gr ating ~t 2'-t" centres. 

These vdll h~ve negligible effect on the r efle ction properties 

of the grating but vdll nnke f or good me chanical st~bility. The earth 

D~t is efficiently earthed ~t the b~se of the r~~ting eler.1ent. The 

gr ating is 4A long by A./2 ~cross. 

9.'-t The Transmitter, 

A b~ttery-clriven 1ilo.rconi sign~l generat or fig. F. 9.4.1 ,is 

coupl ed t o ~ short vertical antenna c.c:t;ing , virtunlly, ~s ~ point s our­

ce. The ensemble is suspended froo ~ halyard which passes over ~ 

pulley on the bocn s o that the transmitter my be moved up and down, 

ne~rly a wavelength fror.1 the vertical position of the Dast, a s in 

fig. F. 9.4. 2. The gcncr~tor frequency c.ncl power output will rcm::dn 

substanti~lly constant throughout the test. 

9.5 The Receiver, 

This is an Ed~stone Conmunic~tions Receiver with a signal 

strength rc1eter in the A. v. c. circuit. By injecting a known signal, 

fron a sie;no.l gener~t or, into the ~erial input of the receiver and, 

~t the sarae tiDe, noting the rc~dings of the sic,:nal strenGth Det er, 

the r eceiver is co.l.ibro.ted ~ The ~libration curve is given in figure 

F• 9. 5, 1 and is used t o translat e set r eadings to signa l input in fJ.V. 

9.6 The tests on the 4-dircctor array. 

The following tests nrc noo made and the numerical r esults 

~ppenr ih Appendix C: 

( a ) With the antenn~ locat ed 511. away frOD the 260 ft. m~st(sec fig. 

F.9.4.2) the r eceived signal is noted when t he transmitter is 

t 1 b t Oo..,....,d 40° . Th 1 e l evat ed o various n.ng es c ween ........ e ang e s arc 

measured with a transit level~fig. F. 9.6.1. 

(b ) The t ests arc r epeat ed with the antcnn~ removed to n distance 

of appr oxim...'"tt cly 10 A. from the 260 ft. rnnst s o that n mv, f or the 

s ome angl e , the tr['.nsr.ri. tter is hicher up the nnst then in ( q.). 
Julale.$. are lil:li.ted t o the ro.nge e0 to 20° approxi.mately,buf, 

over this range, the r esults bear the s arae relationship to each 

other o.s those in c ~ ) thus proving tha t in (a) the gr ound. 

r efle ctions near the sign~ cenerator did not nateri~lly influen­

ce the results. Also the fact that the transmitter moves verti­

ca lly, and n ot on a 10 A. rrulius centred on the ::::.rro.y, will hmre 

negligible effect. 
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The 21.47 Mc/s , 4.-Director Test Array 

Fi g ure F 9 . 6 .1. 
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The oeasured polar diag~rup fo~ A ; 0° - 40° is shown in fig. F. 

9• 6. 2. The scmsi ti vi ty at 40° i.~ ·~o . ~ that. it is not difficult to 

project the curve for values of A fr~\o0 to 90°,. . .There is a · rct1nr~ 
able simi~~ty pet:we<m the iooasured polar diagram .of figure F.; ·9. 6.2 

D.nd. tho.t . :"hich wo.s .prcdictOO. (curve 5 of figure F. 8. 3.5• 3.1.1 ). · The 
• t A 10 0 · . • 

r.lO.XJ.l:la _ occur a u = 9i and IJ.:::: 10 respectl.vely l.n _the two polnr dia-

At hidler vo..lues of A the measured polar dio.gran fo.lJs away to · . . 

zero sligntly more ro.pidly then predicted. At low vn,:l.ucs of A the sur-

face wo.ve LUl.Sks the spa.ce wo.vc, prodUCing a 1nrge signal at lJ. = 0°. 
The surfo.ce ~ave field strength clc;creases expOI'len.tio.lly i.p .the upWa.ro 

. ~ · 

direction opd is negligible for villues of _A ~grea.ter ;th~, o. couple of 

degrees according toWillioms (7, p~os 16 ·ond 367-369). A.t high 

frequencies the surfo.oe wave is a.ttenuntecl to na~ s~ in A 

rela.tively ahort disto.nccJ tha.t portion of the oea.sured polar· di~grDn in 

figure F. 9. 6. 2 below lJ. : 3° should therefore be disregarclecl. The beam 

width (to tho hc.lf power points) is 2<* degrees meo.sured and 21 desrroes 

predicted. 

(c) The frequoncy of the tro.nsmi tter is now varied o.bove ond be low the 

clesicn frequenc,y with receiver tuning following it nnd the received 

siena.l is noted. It is observed tha.t the ha.lt' power points occur 

o.t 18.47 Mc/s o.ncl 23.97 Mc/s (a. little lower than expected) onc1 it 

is noted with pieo.sure that I:lD.xi.mun received si~nl occurs at 21.47 

Me/ s. Clearly this is not a. wide bond o.ntenna.. Its tuning ro.nec 

is only about '!: 2.5 Mc/s. In a point-to-point insto.llation each 

workinG frequency will require its own antenna but this is not o.s 

greo.t a disadvanto.ge o.s one oight at first icagine. 

(cl) The horizonto.l polar clio.grom is obtained by moving the transmitter 

around on an accurc.tely controlled rDdius of 1. 09 A.. This distance 

should be larger for accurate results but prnctioal limitations mo.ke 

it llndesira.ble to use a r;reater radius. · The measured horizontal 

polar diagr~ is given in fi[,'UI'e F. 9.6.3. The fluctations are 

doubtless due to the ex-perimental errors end a fairly accurate 

representation would prob3.bly be given by a sraooth OJr.rVe drawn. 

thro\l[jl. the fluctuo.t.i<lJl&.e The benm width (to the hn.lf power points) 
. 340 l.S • 

(e) A compo.rison is now nade betvveen the field strength received by the 

o.rro:y and that recei vcd by a single X/4. rod when the tranSl'l'li tter is 

elevated to ll = 9 °. The difference in signal strength ( 11. 7 db) is 

3 clb higher than was obto.ined in a similar coopo.rison in the V.H.F. 

sco.lc ood.el probn.bly due to mismnt.ch. in tho f\il.l scDJ.e test bctTrocn 

the single ~ rod o.nd the feeder. 
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··.,, 0 H A P T E R 1 O. 

T H E 6 -. D I R E 0 T 0 R D E S I G N. 

1 o. 0 SUMMii.RY OF THIS CHlJ?TER. 

It having b uen decided that a 6-di r ector design promise s to 

pr oduce satisfactory sensitivity at ~ = 8°, the polar diagraos are 

deri vcd f or this a rray on gr atings of coppe r v;irc s paced at 15", 12" 

ond 7t " centre s l aid on a heavy cloy s oil ( Fig.F 10.2.1.1). The s i gno.l 

:p i n is esti mat ed ond the "worst-condition sicnn.l-to-noise r atio" i s 

calcu l at ed f or each of the three type s of r efl e cting gr ound plnne 

(Tab l e T 1 o. 2.3.1/2 ). 

As a che ck on the s e calculations t ests have been conducted in 

which ( a ) t he per f ormonce of the 6-director de sign, using a ground p lane 

of c oppe r wire , spa ced at 12" centre s 1 is t e sted against that of a "A./2 

di pol e at vari ous h ei ghts nnd (b) the perfo~nncc of the 6-dir ector 

de sign, using a ground p l ane of copper wire s spaced a t 15" centres,is 

t e sted against that of the Test Rhombic antenna . 

The t e sts h aving conf'irrood tho r eliability of the co.lculations, 

t he pr cctica l de s i gn is given f or a doub l e 6-dircctor array a s 

" a short....,.avc recei.ld.ng. mLtelllla for use in hi~oi.Se o.rec.s on l.ong­

distnnae circuits" 

wit h pnrticular r efer ence t o the LJndon-Salisbury circuit at noon in 

Sept embe r, 1996. The optimum r eflecting p l ane is specified, t he 

vertical pol ar di agr am is given, and the signal-to-noi se r atios, at 

vari ous wave arrival angl e s f or the incoming noise , arc calcu l at ed in 

r espe ct of t he s ioc-dirc ctor a rray nnd the Test Rhombic ant enna.(Table 

T.10. 3. 2. 1/2). The "worst-condition sicnal-to-noisc r atio" of the 

6-director a rrey is calculat ed t o be b etter thon t hat of the Test 

Rhombic by 2.3 db (for distant stems) and 3.0 db ( for loco..l s t orms), 

the ir.1pr ovcment ~cing great ( 11 db or more ) when t he noi se wave arrival 
0 

nngl e exceeds 40 • 

I t is concluded t ho.t 1 durin3 periods when he avy e l ectrico.l 

zt oms are nl..ll:1c r ous 1 the signaJ.-t.o-!'loise r atio of the suggested desi..gn 

i s likely t o be better thn.n that of the Test Rhombic. 
__________ _. 
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1 o. o. -n General. 

In Chapter 2 · the expected median wave arrival angl~, in the 

London/Salisbury circuit at 21.47 Mc/s, ·was derived as 8°. It having 

been decided that a 6-direqtor design with a suitable refleCting plane 

should be a satisfactory antenna for receiving at this ~1~, it is now 

necesSDry to test it against other antennae of knO\m. Characteristics 

and to make such other tests us arc necessary before finalfzing the 

design. 

10. 1.0 Preliminary tests. 

These aro conducted ,for convenience, over the some type "e" 

grating used for tho tests conducted on the 4-director design-desc:dbcd · 

in Chapter 9. 

Compnri.son with "A/2 dipole. 

· The 6e, director array is set up temporarily . to receive the 

-B.B.c. · 21.47 ' -Mc/s· tronsmissioh and its output is fed to a camnunications . 

receiver C.R.88. .In addition a A/2 horizontal dipole is constructed 

at a height . of fA.; then Q. 5~',and 09 25"A. By the operation of a cho.nge .... over 

switch either the array or the dipole can be connected to the receiver 

thus facilitating a comparison between the two. 

· It is necessary "to conduct listening tests in order to look 

into same aspects that arc not reflected in simple level measurements. 

A group of ltis.teners noted that (a) when the received level fran the 

o.rray was ·of the s~c order as ·the dipole at the height of 1. ). there 

wo.s o. noticeable improvement .in the quality of t~ speech or music when 

the orray was in use. , The reason tor this is that when H ::: !.. (see section 

6. 3.1) the lobe ~- occur at . 6 ::: 15° and 6 = 50°. It will respond 

more or less equally to energy arriving at 6 :: 8?(having taken 3 hops 

to roach So.lisbury), that £'.1Tivine at 6 = 60° (having t~n· 20 hops to 

cover ·the some distance); 6 = 45° (havinl3 to.kon 13 hops), 6 = 22° (having 

t~en 6 hops). It will respond with greater. sensitivity to energy canUU1g 

in at 6 = 13° (having tclcen 4 hops}, 6 :::: 18° (ha~g taken 5 hops) and 

lJ. = 50° (having taken 15 hops). As all these ccmponcnts differ in time 

phase, their combined effect is boU'ld to result in serioUs distortion. 

The n.bscncc of high angle lobes in the co.se of the array reduces the 
~ . . : 1' • \ •. - • 

runount of interference o.nd distortion. (b J .Strong o.djn.ccnt chmmel in-
. . 

terfercncc received on the dipole fram ·nn unidentified station wo.s hard­

ly audible ,on the array,. Presuoably the transmission froo this station 

was coming in on a fnirly high nnglc. 

1 o. 1. 2 Effect of nearby o.rro.ys. 

· The 6-diroctor test . n.r;ry.y was found to. be virtually unuffeotoo 

by the presence of snother similar a+ray provided the distance betwocn 

the two mays is grca.ter than half .a "';VD.V~lcngth. • 
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CJ'ld then deriving the diaerru:n appropriate to the behaviour of a partiC'\.ll..Dr 

~round plane at the operating frequency. Chapter 9 sho.ved. that 

the ceasurod polar diagram of a 4-dircctor dosiGP has canfiroed that the 

derived d.iagrru:n for a type "e" grating is relinble. It is p.roposod DOif 

to proceed to derive the pol.nr diagroos for the 6-d.irector design for 

a reflecting plane of heavy el~ soil covered by a Grating typo "d" and 

nf". The gain at !J. = 8° will also be. derived s:'ar these gratings. 

It. will then be sl.b,_ · with the infoma.tion obto.ined in .. . pos ..u;;J , 

Chapter 4 on noise field strengths o.rri.ving at various values of t::. re-. 
sulting from dlistont onc1 loco.l storos, to calculate the signnl-tO*floise 

ratio for a 6-director design used with gratings "d.", "o" and "f". 

10.. 2.1 Six-director c1esirm: Dcrivo.t~on of Polar Diagr~ 

The polar d.ia~ram for the a.rro.y over o. type "e" grating on heavy 

cley soil has been derived in section 8.3.5.3.1 and a.;ppem-s as curve "6" 

in fig. F. 8.3.5. 3.1.1. 

< Mnka . the same assunptions, that is, that the soil is a heavy 

cloy in which the earth constants nay be to.kcn (4 ) as :-

~ = 13 € 
0 

a; = 4 x . 103 mho/r.etre. 

anc1 that on this soil is laid o:. grating of the type investiGated 

theoretically in section 6.3.4.1 in which the 12-i SflG wires, lying paral­

lel to one another and in tho direction of the distant station, spaced 

at 15" (0.273 ).},12" (6. 218 :x.},and 7-i'( 0.136 ).) centres are referred 

to as c;ratinge "cl","e" and ''f" r c specively, yielding curves "d","e" and 

"f" in fig. F. 6 .. 3~o4.•1 ~ 3. 

In Tb.ble T. 10•2.h1 belori,the values for "a ", "d","e" "f" nre 

obta±ned frorl fie;. F. 6. 3.4.1. 3 and those of curve "4" frro fig. 

F. 8.3.5.3.$..~1 ,,,. : .. ,The values of"x~"y~ and "z" represent the derived 

vertical polar diagro.cs of the 6-airector desic;n over gratings type 

"<1", "c" and ''f'' respectively and··o.ro plot-ted. in fig, F. 10.2.1.1. 

For convenience t'iS'J.X'ea F.6.3.4.1.3 and F.8 • .3.5.3.1.1 arc 

repeated as pages 10,4 (a) and 1().~ (b) as they are-r~ far 

the canpilaticn ot Tnble T. 1 0. 2.1.1 on po.g~ 10..lt- • 
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DERIVED VERTI CAL :roLA.R DIAGRAMS 21. 47 Mo/ s . 

Grounded vertical t../ 4 monopole on : 

1. Ground of infinite conductivity lcurve a) 
2, Sea w-ater curve bl 
3. Heavy clay soil curve c 
1+-o Grid of 15" spa.aing on "3" curve d 
5. Grid of 12" spacing on "3" (curve e) 
6, Grid of 7~" spacing on "3" ( curve f) 

£is· F 6·.3·4·/·.J 
(Repeated here for convenience) 
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ftpE! ., 8.3.5."1·' 
( Repeated here for convenience ) 
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Derived vertical polar diagrams of 6-director array using , as ground plane , grid 
of copper wires spaced at 1511 centres (curve x;, 12" (curve y), 7~'' (curve z) . 
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1 o. 2. 3 Six-director desim: derivation of si!Jl¥-t~oise ratios. 

(a) 
. )<, . 

Distant St ortl.S~ 
. . . 

· Tho · ·SOliZlf.l calouln:t.iaus wlll bG .ada in ~peel ot tbe 6-di...-eotor 

Drr07 08 ~ appliad to the test Rhanbio an~ in.se~ 

4.3.2~6, the H lt/4/1 KaaDans array, and. .. the bther types,dealt with in 

sections 6. 3.1/2/3. As ind.i:aated in Cllapter 2 the war;ted signal is 

assumed to be ccm.i.ng in at ll = 8° at th~ median, field s~rength of 4~.LV/m~ 
Figure F. . lf..4.1.1 s~sed the calculation~ performe;d ~ Chapter 4 ·· 

to produce the noise field strength caning in at various, values of 6. 

as a result of distant stonns. '· 

:By comPo.ring the noise field strength 'distributifln (fig, 

F. . 4.Z..1.1i) ~th the antennavert;~ polar d.iO.grruns(fig..-F,t0.2.,1~1~t~ 
oo.n be oolouhtOO:., as described··in Ohopt~rs 3 :and 4, the aign.DJ.~se 

. . . . . , .· 

ratio, for vario~ values of A for the 6-direo~ar des~gn with th~ three 

types of reflecting plane, As derived in Chap~er 3 the power fed to the 

receiver by on lll\tenna of G
6 

in the .direction 11° ·.to th7 borizcmt~l due 

to a wave of wavc+ength ).. , of strength E11 i-1V/nit,- o.rri~g at on Mgle 

ll 
0 to tht? horizon~l, (as~ oorreOt JXil.t~~ i.3 eqUal to · 

. ·2 . 2. -12 . . . . 
Gil X 'A x EA x 10 /47)0 lrotts, · . 

. .· . ,) -- ... - ... 

If the noise energy were to be arrivl,.ng at. a particular angle, 

ll , then if the antenna. gain at that ~1~ is G6 and the nOise- fieM 

strength = E
6 

~V/m, the noise power ;fed to tho rcocivor is eqUAl to;-

. '2 2 -12; 
G~ x >. x Ea x 10 4730 watts. 

D.nd the signal power fed to the receiver is equo.l. to 

2 2 -12/ G
8 

X ). X q_ X 10 47 }0 watts.-

The s~l--to-noise rati() for noise 
_ Signal -gower . 
- ~oise power. 

G
8 

X 42·· 

caning in at the one value of A c:m:q .. 

as the case may be for the three curves, x, y ond z ·of fig. F. 1 o. 2.1.1. 
. . 

The resua.ts of tlU.s. serioa o! oo.lcW.a.ti.ons appear in Table 

T 10.2,3•1 below •. · 



8 

10 

12 

14 
16 
18 
20 

22 

24 
26 

28 

30 

32 

.34 
36 
38 

40 

42 

.60 

.75 

.so 
1.05 

1.25 

1.40 

1,65 
1-.80 

2,10 

2.-30 

2.-60 

2•85 
,3,20 

3.50 
3•75 
4.10 

4.35 
4.60 

Ty-Qe''d"F.(rating_ 
:ze;xA S-t-n 

ratio. 

J.OO 

.99 
1.00 

14;0.3 

1.07 
1,12 

1.18 

1.25 

1,-,33 

1.47 
·1. 61 

1. 77 
2.06 
2.50 

3.14 

4.30 

6.65 

44·4 
27.9 
25.0 

15.4 
11,7 

10,2 

8.2 

7.7 
6t.6 

6.5 
6.1 
6.-2 

6.6 
8.2 

11,2 

17.6 

37.5 
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Type "e" grating 
y 8 1:11::. I s-t-n 

Type "f" grating 
z8 1 z 1::. S-t-n 

v- · ratio. 

1,00 

1.:01 

1.-05 
1,1i0 

1.-14 

1,20 

1.-27 

1.36 

1.50 

1.-64. 
1•78 

1.96 

2•27 

2. 74-

44~4 

29•0 

27.5 

17.6 

13:.3 
11.8 

9.1 
8,2 

8.1 

7.5 
7.6 

a.o 
9•8 

13•4 

21.9 

44.5 
co 

TAB L E T. 10.2,,},1 

'1 ro.tio. 

1.-00 

1.-0r 

1.-10 

1.:16 

1.21 

1.-29 

1.38 

1.46 

1.60 

1. 77 

1.95 
2.15 

2•45 

2·.88 

4•15 
S.-90 

8 •. 8o 
co 

44.·4 

30.-8 

30.2 

19.-5 
15.0 

13.6 
11.2 

10.5 

9•.3 
9.5 
9.0 

9.1 
9.4 

10.8 

1$.6 

33.1 

65.3 
(X) 

It should be noted that the values of Et:., 11ho noise field strength 

for various values of 1::. t relata to particul.llr ~ If, for cxomple, a 

sto~ is occuring beyond the horizon suCh that the noise eriergy is arriving 

from the ionosphere at an o.ngle of elevation 1::. = 16° then the effective noise 

field strength for a receiver of 10 kc/s bOlld.width tDned to 21,47 Mc/s (see 

Chaptor 4) will have a. median value of 1e25 il V/m and, for a. wanted signal 

of strength 4~J. V/m o.rrlving o.t 1::. • 8°, will produce a· signo.l-t~iae ro.tio 

of 11,7, 13• 3, ond 15,0 in a 6-director design on types "du,"e'' ond "f'" 
grating respeotivel;y' for the duration of tho ·lightning flash, If the next 

flash occurs o.t such a. distance as, for example, to mnke--6 = 12°tho signal­

to-noise ratio for the duro.~ion of this flash will be 25.01 27.5 and j0.2 

respectivel;y for the arrey on the three different reflecting planes. 

The "worst condition" signal-to-npise ratio occurs in each case 

when 6 = 28° and the vo.lues oro~-

(i) f0r the 6-direc~or design on type "d" grating: 

6.1 i.e. 7.8 db, 

(ii) for the 6-director design on type "e 11 grating: 

7.5 i.e. 8.8 db. 

(iii)for tho 6-director design on typo "f" grating:-

9.0 i.e. 9.5 db, 



• 

.... 10.8 -

(b) IDeal storms. 

A. method for the oalculation of the effective noise field strength 

Etl 1t.1. V/rn arriving at ~[;le of elcY~tion A in respect of local storms, was 

derived in section 4. 4. 2. An expression for the special case of the ef-

fceti ve noise field ·strength for a receiver of 1 0 K1J/ s bandwidth 
1 

tuned to 

21.47 Mc/s is given· in cqn. 4.4.2.2 o.s: 

EA = 430 sin A. 

The signa.l.-to-noise ratio1for o. wanted signal, of stre~ ~- V/rn, 
arriving a~ 44. = 8.

0
, is giveri, ~ before

1
by the expression: 

G8 x 4 
S. to n. ratio = 2 

. Q.A >< EA 

For the 6-d.irector design o'vcr the type "d", "e" and "f" reflecting 

, plane the s. to n. ·ratj.Q __ ;t.s ~~n.a~ ~ 
. xa * 4. 2 Ys x· 4: 2 Z8 x ~ 2 

S. to 1"4 ratio :: ( E ) or ( :t'. E ) or ( :g ) 
XI:::. X l:l 11 X A ZA X fl. 

fr.om tho curves "x", "'y", "2" from fig. F.10.2.1.1 corresponding to 

types nd","e" and "f1
' grating respectively. 

The result of this series of co.lculatians appear in Table 1 o. 2. 3. 2 

below. 

tJ. 0 f E.fl 
~e"d" gratit!&. Typo "e "~rat in.&• TYPe 11f" m-atinp.; 'II s.to .. YsfY6 1 s.to n. Ze/ZA s.to n. 

I • Xs xt::. I 
ratio. ratio. I \ noJ.se. • · ratio • 

' i 

'$03 1Q) 103 
I 
I 

i 
6 60 1.00 z.-.'4-5 1.~ 4.45 1.00 4.4.5 i 

I 

II 

10 74- .• w 2•85 1.01 2~98 1604. 3.-,15 
12 89 1,.00 I 2.01 1.05 

l 
2~22 1i10 2.45 

1a,.. 1.03 I 1.56 1.10 1•79 1.16 I 1.99 
1~ I I! 16 118. 1.07 1~32 1~14 1•50 1.21 1.68 
18 133. 1.12 1.o13 1.-20 ,.30 1•29 1.50 ll 

19 14-0 1,15 1.08 1~_23 1.23 1. 34- 1.47 il 
it 

20 t 147 1 ~18 1•03 1•27 I 
1._19 1,._38 1,41 I 

l 21 . 154 1.21 h99 1 .• 32 1 .. 18 1 ·4! 1•36 I •• ' 22,161 1.25 .97 1.36 l 1.14 1.48 1.35 i 
I 

23 168 1.30 .96 1.42 1._14 1.55 1•36 ' 
24 175 1.35 .95 1.50 1._18 1,62 1.37 ll 

i~77 ! i 

26 I 189 1.47 .97 1 .. 64 1,.20 1.4.0 l 
1.61 1.02 1.78 1.24 1.95 I 1.49 I 28 202 I 

t301 '215 1. 77 1.08 1.96 1.33 2.15 I 1.60 I 

I I ! 

l 

TAB L E T. 10, Z..,J,2• 

The "worst-condition" sigc.o.J.~iS£it ratio oocurs in each oo.se as · 
follows: 

(iv) 6-dircctor design on type "d'1 grating: 

0.95 x 10-' o.t A = 24-0 • 

( v) 6..;.aircotor design on type "c" grating: 

1. 14 x 1 tP at ll. = 22.;; 
0

• 

(vi) 6--d.i.reotor design on type "f" grating: 

1.35 x 1()3 at f.:l = 22~ 
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1 o. 3. 0 COffiParisons: Test Rhanbic .. vs• . 6-direetor design,, 

The Test Rhombic investigated theoretically in ~a.pters · 3 and 4-

as regardS signal :.md. noise pick.o.up r~spe~tively, represents a large 

version of the design. . ·As stated ~a.r~er, the d.imensi~ are as 

f'ollovis:. 

Side le~gth ~ 5 A 
Height = 1 ). · 

For example, this is the la.rgest design considered in. tho C., C~ I, R. · .. 

publication "Antenna Dio.grams"( 11} . · ·· ·. 

·. · · F1rsi. will be JOOdc o. comparison of the calculated gam of tho 

two antennae, th~n a comparison of their calculated s~gno.l-t~-noisc 
. ratios, ond finally o. comparison r~sulting from pro.ctical measurements. 

After thia it W!Ul be seen If the p·ro·posed 6-director 

dcsign·offers any o.dvantoge over the Test Rhombic. 
: ~ .. ; . 

1 o. 3.1 Compnrison of. calculated signa.l gain of' Test Rhombic. ~d 6-diroot·or 
design. 

Co.lculated go.in of Test. Rhombic. 

Using equntion -12.1'[3 d:er:i.vod in App;lndix A, it wa.s eo.lculated in 

section 3.3 that the gain of" o. Rhombic, of the dimensions quoted for 

. ti:e Test Rhombic, in tho direction 6. = 0°, will be 1 G. 4. db ·above that 

obtained. in th~ equntorial pl~ .of· a. ;.,f2 dipol~ in free_
1 
~)ace• . · 

. In. .sect1on 6. 3• 2 the c. c. I. R. nAntenno. D1o.grom.s" (,. was quoted 

as ind~oo.tmg that in the IMXimum radiati~ di~cti~ (6. ~ 1'2 • .5°) on 

o.ntentl!l o~ dime~ions eqtml t·o that of the Test Rhci:lbic produced a : 

meas\lred field strength of 2000 mV/m at 1 lani when the radiated. pmver . . . . . 

was 1 ·k.w• The field strength produced in tho oquatoriai plane at a 

distance ot 1 km., in the co.se of o. froe-spo.oe f../2 dipole ·radiating 't Iel/1 

is 222 mV/m as doriv~d in ApP.endix A, oqn.11.19. The gain at .6. = 12!0 ' 

therefore is: ' 2000 2 . 
(:2:2:[) = 1,·?9 db. 

J).t!::. = 0° ~he gain will be '19.09- 3.01 = 16.-00 d.b.(Fig.F.4..4..3.1). 

This rosult i~' preferred to the one 2.3 db greater~quoted above:;· . . ·•. . .· 
because the C. .C. I •.. & result .has· taken 'into account such ooclir;Y.ing ' 
factors as sag of '·dro, imp~rfections in the reflection ~oefficient of . . '• . . . . 

the soi;t J which inovi tably occur in o. practico.l antenna. ' 
.• ·. 

The Test Rhoobic is a hori~ont~ polarized ontonno. At 6 : (3,0 

the Reflection Coofficient (Iii) for heo.v;r clay soil, fran Appendix A, 

equo.tion 7•15 1 or from the curves reproduced by Williar.ls(7), may bo 
0 :'. . . . 

taken o.s 0.92 ongle 15 with the result tho.t ~he Tost Rhombic sensitivity, 

over heavy cley soil, is o.bout ( 1+0• 92))2 ~ o. 96 of w~t i* would bo 

over perfectl3' conducting ground. The difference is negligible• . 
..•. ·. 

,.. ' . 
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Calculate,d. ~ain of the 6-director. desiBD< .. 

As_derived in. sec:tion 10. ·2.·2 the cain in the direction b.= Q0 ,of 

the 6-diroctor desiun over a ~reo-space dipolc 1 is~ 
Using type "d" crating.: G.9 db. 

Using type "o" grating 9.7 db. 

Using type "f" g;rating . 11.2 db • . 
Summo.ry of coEIJ?orison. 

At A = G0 the cooporison between the 

rised in Table T. 10. 3.1 below:-

.,.:4 

co.lculated _rcs;uts is summa ... 
. : .... 

Type: Gain over ~pole 
. -· . ,l 
. Go.in over Test Rhombi 

. ,. 

6-dircctor. dcsign,typc"d" grating. 8.9 ~. -7.2 db. 
. ' 

6-d.ircctor dcsi[1l,typc"e" grating. 9.7 db. -6.-~ db. 

6-d.irector dcsign,typc"f" gro.tins. 11.2 db .. -4.9 db 

T J.. B L E T 1 O. 3. 1 • 

10.3.2 Comparison of calculated signo.l-to-noise ro.tio: 

{a) Di.stru1t Stoms. 

Signal-to-noise ro.tio s. to N. ro.tio s. to N. of 6-clirector 
tl¢ 6-director dcsi.~ on ~rating Test Bhonbic. s. to N. of ~est Rhc:mbic 

typ_e"d" typo"e" i;ype"f" expressed in db. 

G/0 44.4- 44.4 44.4 44 .• 4- I 0, 
10/0 27~9 29_.0 30!'G 17,0 +2.4-
12/0 25.0 27.5 30~2· 12_.5 •3.·0 
14/0 15.4 17 .• 6 19~5 7:-.7 ..-4._1 
16/0 11~.7 13 •. 3 15~0 6~ 11 +4-.• 0 
1G/O 1 0. •. 2 11,G 13~.6 0,2 +2~2 
20/0 0.2 9.5 11 .• 2 7 .4. +1~G 
22/0 7!17 9.1 10.5 12'1 ...o. 2 ~ 

24/0 6.6 G. 2 9. 3 36~ 3 : -5 .• 9 
26/o· 6.,5 0,1 9.5 . 151 .. 0 -4-2:.0 
20/0 6.1 7.5 9.0 237.0 •11~0 
30/0 6:2 7.6 9_.1 476.0 -17,2 
3400 6. 6 o.o 9,4 155._0 -1~07 

34/0 0._2 9~G 10,0 131.0 •10.0 
36/0 11.2 13.4 19~6 61.7 - 5~0 
30/0 17 .•. 6 21.9 33.1 23,G + 1.4-
40/0 37.5 44-.5 65.3 10.6 + 7.9 - . 

42/0 • c.:> c::> s.s + co 
46/24 co co co 5 ... 2 + co 

57/0 co C) co 10~0 +- co 

c 
-· 

I 
i 

c-. .1-:? co C':) C:l 14•9 + C) ;,._-.., ,;}0 .. ~ --. .----:: 
T A B L E T. 1 o. 3. 2,. 1 

Table T .• 1 o. 3. 2.1 sets out the signa.l-to-noi~e ratio of the 6~.0:. 
rector array~, usinu type "d." gratinri ( 15" centreaJ ,type "e" srating,.( 12" cen-

tres), and type·"fl_f" · gro.ting (1i'* oentzoes.)re.speotirely, laid on o. heavy o.ln.y 

soil, in respect of distant storms. Table T. 10.3 • .2. 2 does t~e s.ailJ.C :f.or 
I 

local stores. 
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(b) Local storms. 

.. 

. · .. 10 3 s. to n. ratio s.to n.ratio of' 
/10 Signal-to-noise ratio x 

E/1 6-director desim on grating: ·Test· Rhombic 6-director type 11f 11 

noiae type 11e 11 type"f" X 103 Test Rhombic 
-type"d" ~XPressed in db • .. 

8 10 4 1+5 4.45 4.45 4.45 0 
•• 

10. 74- 2.85 2~~8 3~ 15 1.~80 +2.4-
12 89 2.01 ~-22 2.4.5 ' 1~03 ·. +3.8 

14 104. 1~_56 1 ~:79 1.99 0.78 +4..1 
16 1t8 1 .• 32 1.'50 1.,68 0.6.7 . +4.0 

18 133 1.1}· 1._"30 1.50 0.91 +2.2 
20 147 1.:03 1.19 1 .. 41 0.93 +1~8 
22 161 0.97 1,~f4 1.35 1 .. _54 -o.6 

24 n5 0.95 1~:18 1.37 5.3 -5.9 
4.2 288 very high verY:. high very high 1.4 +co 
46 309 , , ,, ', .. , ' , , 

'' 1.37 +co 
57 ~1 ,, ,, .· ... ' , '' 2.9.3 .. +co ,, ,, 

TABLE T. 10.3,.2.2. (See T. 10.2~3.2). 
Clearly the signal-to'"'lloise ratio will depend,in the c~e of each 

of the antennas, upon the position of the storm at ony given time. ·e.g. If 

the grating is of the "f" type and the storm. is at that distance which will 

cavse ~to be 16°, then from the Tables T. 10.3.2.1/~ the signal-to-noise · 

ratio of the 6-director design is expected to be about. 4 db better than the 

Test Rhombic. On the other hand if the noise is coming in at b = 24 ° the 

signal-to-noise ratio of the 6-d.irector design is ~~ecteq. to be ~bout on a 

par with that. ot the Test Rhombic.. For a given value of 11 the ratio of the 

two signo.l to no~se ratios is the same whether distant or local stoms are 
being considered -rum this aspect forms a useful menns of checking the results. 

It ~hould be cleo.r froci the foregoing that the term "measured 

signal-tQ.:...noise"~tio is virtually meaningless unless relat~d to· clo~ely 
defined parameters such as the wave 'o.rrival Dl1gle of the noise energy. In 

Chapter 4 it was ·sto.tcd that, when judging between two Dntennas, it is or· value 

to compo.rc the signal-to-noise ratios at those vo.lues of 1:::. ·when the ratio is· . 
. . . 

worst for each of them,i. c. to compo.rc their "wo~t condition signal-to-noise 

ro.tios". Calcul<?-tion .is more profitohle th:m rm.y atte:c1pt to measure the 

· ratios o.t these porticulor values of 11. 

The "worst signal-to-noise rotio" occurs, in the rose of dist:mt 

storms, when 11 I ¢ = 46°/24 ° for the Test Rhombic ( 7. 2 db) and when 1:::. / ¢ = 
·!8.0

/0° for the 6-d.irector design tyPe "f1' .(9.5 db). In the case of local 
. • . 0 ,. 0 • 

stonns J. t occurs when 11 I ¢ = 16 '/O for the Test RhombJ.c( -51.3 db) mld. when 

11/ ¢ = 22:..
010° for the 6-director design type "f11 (-28.4 db). In both cases 

Dn improvement is' effected by the ·6-di:re·ctor design with type 1'f" grating, the 

improvement being 2.3 db :md 2. 9 db respectively. 

The results ore· sun1ffiarised in fig. F. 1 o. 3. 2.1 where the variation 

of sieno-1-to--noise ratio is plotted gainst ll for the Test Bhoobic ,· a Hl4/411 · 
Koooons Array, ond the 6-dircctor type "f11 design.,-·• The relo.tion between the 

curves will be the snoe for loco.l stems. 

,·. 
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It is obser-ved: 

(a) that the 6-director design with type 11f" grating is expected to have a 

better s. -to-n. performance than the Test Rhombic for all values of A above 

80 0 . 0 
except for the range 6 = 21 to 38 ; (b) that for values of A. greater than 

0 . 
40 the s.-to~. performance of the 6-dircctor design is expected to be con-

sidero.bly better than that of the Test Rhombic and tho H/4/4/1 Koomans Jp;-rey; 

(c) that the s. -to-n. performance of the Koomans Array is superior to that 

of the 6-director design for all values of 6 below 40°. 

It would thus be expected that on occasions when thunder activity is 

limited to a.rco.s more than 1000 km. away, the s.-to-n. performance of all 

three antennas will be good. ·when the thunder activity is occuring 550 to 

1000 km. away the performnnce of tho 6-d.irector design is expected to surpass 

that of tho Test Rhombic but be inferior to that of the Koomans ilrray. \'Vhen 

thu thwrler activity is occuring 250-550 krn• awey the performonce of both the 

Test Rhombic and the Koomn.ns Array is expected to surpass that of the 6-d.irec.,. 

tor design but for storms nearer than 250 ~ the performance of tho 6-direc­

tor design is expected to be consil!ero.bly better than that of the other two. 

As indicated in Chapter 4, the concept of the equivalent noise tro.nsmit­

ter provides a useful means of comparing the probable performance of receiving 

antennas becc.use the thunder stom co.:n be o.rrc.nged to "occur" in any desired 

loco.lity thus rooking possible a more caoprehensive conpo.rison than is usuo.lly 

possible from pro.ctid~l meo.suremonts. 

As o. practiao.l check an the vo.lidity of the calculo.ted pcrforcance,tests 

were conducted (a) to meo.sute the difference in gain, as evidenced on the 

incoming sig:no.l from London, betv1een the Test Rhombic and the &-.director 

design and (b) to r.1e~sure the difference in power fed to the receiver, in the 

absence of the signo.ljd.ue to distant storms and loco.l storms. 

10.3.3 Compo.rison of measured gain of Test Rhaobic and 6-dircctor design. 

The centre tap of the terminating resistor of the Test Rhombic is earthed 

to minimise noise from static build-up. The Rhombic is aligned on London. 

The 6-director design is as specified in Fig. F.8.3.5.2.1 and is aligned 

on London. As the tests are merely for the sake of checking the reliability 

of the calculations, the type "d" grating, which is the cheapest of the three 

considered, was chosen. 

The output from each antenna was connected, in turn, at frequent inter­

vals, via matched co-axial feeder, to a OR 88 receiver. The "set-readings'' 

of the signal strength meter were converted to "R. F. input in db above 1 J..tV" 

using the calibration curve .of Fig. F.1 o. 3. 3. 1. Tests were made over a 

long period during the latter half of 1956 when the signal was strong and 

steady. 

It was found that the average difference in signal .strength was about 

§Jre. in favour of the Test Rhombic. 
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·The. expeCt eo. 'dlii'erenoo: in ~sen~itivity;. caldulat~ in·:se~i~. 
1 o. 3.1. , is_}_. 2 ,db for .the, typ~ "ci" grating ( see- ~able T. 1 o. 3. 1. ) • 

The two results are so alike that . the measured results are · · 

taken to confirm that the theoretically-derived performance is reliable 
. '· ' . . 

However, a . reduction will be accepted in the calculated gain of the .. 

6-director--design as follows :- • ·, · 

With type "a" gr~_t"~g : 8.1 db a.t 6 = 8° 
• . With type,"e'' grating, : .8. 9 db o.t 6 = 8° 
.. :. . ... . ... 

. With type "f" grating t10.4 db o.t 6 = 8°. 

All are relative to the g~ in the equa.torlei plane of a free-space 

"A/2 dipole. 

10.3.4. Comparison of measured noise of Test RhOmbic and 6-director desigq, 

The :0;0ise output was due to ; 

(~) Noise generated in the receiver. 

(b).Noise ihduced in the antenna • 
. I 

... . 

The signo.i strength meter in the receiver was- found to be not 

Suffibi.entiy sensitive to measure noise. Therefore· a. G.P.O;. .TranSmission 

Measuring Set was connected to· th~ 600 ohm output of the receiver and 

the audio frequency noise, outpUt was measured. First the receiver noise was 

measured by taking the noise output . when the antenna was disconnected 

and the aerial terminals were joined by a resistance equal to the 

characteristic. impedance of the feeder. Next the noise output was taken 

when the same receiver. wa.s connected in turn to the Rhombic antenna o.nd 

to the array. These measurements .were made on. a number of occasions 

.. 

over o. long period at the same time as the signal strength tests were made ... 

Two sets of typical results are given which are representative of 

(a) widespread· thunder activity beyon&: the horizon, and 

(b) loc~l thunder activity_( maximum surge rea.dings given). 

On both occasions the difference in .signal strength wp.s about 8 db. 

(a) Distant· Storms 6.:..airector <iesign Test Rhombic 

A.F.J.6vei.db Power nfN. A.Fd~el 
0 

Noise generated 
in receiver (X). 

(X) plus atmos,pherio 
noise 

Therefore Atmospaeric 

noise 

" 

-23 

.,15.5 
-·' 

Noise received. by Rhombic . • . _ 

Noise received by 6-director .array 

0 

·-
.005 -23 

' 

.028 -7.5 

.. 023 

.:173 ; 7.5 (power_ratio) 

.023 
= 8.7 db. 

Power mW 

.005 

.178 

.173 
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(b) Local Storms. 
Peak read.ipgs only. 

6-d.irector desis:r;n. . Test Rhanbic 
A.F.level Pov,er A. F. level· Pcmer" 

db mW · ·.db ni{{ 
0 0 ' 

" 

-?3 
Noise generated 

in receiver (X) .005 -23 .00.5. 

{~)+ atmospheric noise -13 .050 + 6 3.98. . ' ., '/ .. · 

•· • • .a.-5 3.~7 . -;' ~ . . . . 
.. 

No:ise received by Rhanbio .3~75 a:; 
88 

(·:~ 19•45_ db~)·· 
Noise received by 6-director design = .....,. . .. 

Fran fig. F, 10, _).4.1 it will be seen that the gaiil. of 

the receiver is reasonably constant up to a R.F~ input of about 20 db c.­

above·-1t-N and thoref~!}- the A.F. output cari be taken 8.'3 a measure of· 

the R. F; noise input;. But also fr<E fig~ F, 1 o. 3• 4.1 it will he.' . 

seen that for an R.F. input of 20 db or .more abovo 1i.J.V the roooj,.ver 

A. F. output, even when switched to''Kanual •t 1 is not proportional to the 

R.F. input and therefore A. F. measurements would be 'tnislea.d.i.I).g if ~ed 

as a meaaure of signal strength, Hence the use of. tho signal strength 

meter plus calibration c~e* Fig~. F, 10.J~.3. f,for· canpo.ring signal 

strength received by the two ant.enhas Dnd T.M.S. meas'ttting audl.io o~-
. . 

pUt when canparing noisq received. by the two ante~ . 
. . . : . . ~ 

1 o., 3. 5 "Meo.sured" ~igne.l-townoise ·ratio. . 

.· '. In section·10. 3. 2 it .was ~ated tb.."lo'\ lDaMUl'ed. res\.i:lta 
Wauld. be used ~- a.-~ a>. the valid4.ty of. tba ~~ ~. · 

~~ meo.s~ results, are. rJOII intorpret.od.. 

. Sin_ce, in the oase of antennas, tho term " signo.l-to-noise · 

ro.tio''con 9~y_be used to describe the situution o.t a pa.rticulor:ti.loo 

because the signal Dnd the noise mo.y vory indcpenO.ently, an antez:IDD. 

cnnnot be quoted o.s hAving a particulor "signo.l-to-noise ro.tio", Howe.ver, 

it is permissible to discuss the improvement or othorvdse, for a porti­

culru::··sct of po.rometers, of one "signo.l-to-noise ratlh~" _relo.tive to the 

other. It cnn be sn;l.d, for exrimplo, that ·on c. certD.in occa.sicn the 

sigool · pavfer output frOm tho Rhombic antenna. was 1 0 db stronger than 

tho,t ,from the 6-d.irector design. It could o.lso be so.id that on the 

a.ome occo.si~ the ~anbic vms noisier thon the 6-d.ircctor design by 16 

db. Then, while tho~e conditions lc.st, the signDJ.--to-noise ratio of 

tho 6-director design is 6 db better than that of the Rhombic. 
. . 

rt· will be seen from secticns 1 o. 3. 3 and 1 o. 3~ * tho.t:-

. ·-· . 

(a) during distnnt th\mderstorms tho signc.l-toeonoiso ratio of tho 11d"type 
. I • • ' 

6-director.design wc.s of.the ·order of 8.7-8.: 0.7 db better thAn 
that of the Rhombic antenna; ond. 

(b) during loco.l thundersto~,the· ·signo.l-'to-noise ratio of the 6-

director o.rroy wo.s approximatelY 19;..s:: ,.11 db. bet or than that of 

Test Rhombic; and · 
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(c) during very quieb period.s, when the apparatus noise becomes the lim:Lting 

fo.ctor, the grco.ter sensitivity of the Rhombic ontenma :mo.y be expected 

to give the s~tem o. better signal-to-noise ro.tio than does the 6-d.irector 

design.. It should be noted, however, that in these circumstances the 

signo.l-to-noise ratio of both antennas is very hi~ 

The re~ult (b) above reflects maximum peak readings recorded during 

a thunderstonn which was very close. A may be considered as being over 

4-0 degrees. The same receiver ani measuring equipnent were used throughout. 

The two antennas were conmcted, for short intervals, in turn to the receiver. 

A third independent receiver was used o.s a monitor to ensure that the peak 

reo.dings in each case ware produced by noise field strengths of the some order 

of mo.gni tute. 

The result in (a) appears to confinn the result derived theoretico.ll¥ 

that the o.verage signo.l-to-noise ro.tio of the two antenno.s will be ro~]¥ 

the so.r.1e for distant stonns ( 6-diroctor design better for storms between ·· 

550 and 1000 km. away and Test Rhoobic better when storms ore 250 - 550 km. 

away). The result in (b) appears to confirm the theoretical derivations 

for 6 equal to about 40°. The "worst condition signo.l-to-noise ratio" 

of the 6-d.irector design is co.lculo.ted as being superior to tho.t of the 

Test Rhombic for both distant and loco.l st~s but it is only when 6 is 

n.bout 4.0° or more tho.t the 6-clirector design is expected to poscsess an o.ppre-

cinble advanto.ge. 

10.3.6 Noise voltages induced in feeders. 

Mention is oad.e in Chapter 1 of the open wire feedera; used on the 

Rhoobic antenno.s. There are a considerahle nurJber of receiving Rh.oobic 

antcnno.s loco.ted at Ho.tcliffe receiving station. Each occupies .. a large nreo.. 

Of necessity,therefore, they o.re situated far fron the receiver building•. 

Feeders of length approx. 1 mile ore used. For economic rco.sons these fee­

ders o.re of the open-•vi.re type. On ·the other hond, the 6-d.irector design 

is so compact that it con be situated near the receiver duilding and air ... 

spo.ced co-axial feeder line is an econar.ucal pro~osition. The noise picked 

up by the open""'Wire line, particularly during neo.r-zane thunder activity 1 

will produce o. worse signal-to-noise ratio than that calculated for the Test 

Rhonbic thus further increasing the ioprovement effected by the ~rector 

design. 
10.4.0 Overall signal-to-noise ratio: double 6-d:irector array"-

It was pointed out in Qw.pter 3, section 39 4, tho.t even if the noise 

frOL1 external sources is zero 1 the internal noise output froo an ave:roage 

good-quality cOL1I:ll1Ilications receiver is such 'tbd ,if a 30J& oodula.ted signal 

is to override that noise by oore than 20 db ,it is necessary for the signn.l 

input to the receiver to be at least 16 ~J.V across the 70 ohm receiver input 

tercinals. (See TableT. 3.5.1). This is 24. db above 1 ~J.V• It follows thot, 

although the 6...a.irector design is ~~.Pior to tho Test Rhoobie in signal-to­

noise ratio its compllrative lack of sensitivity could produee on inferior 

signal-t.o-noise ra.tio,during signo.l t'_o.des, due to the- eve.r-pzte&ent ..AJ?par-at-us 

noise .. 
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It is profitD.Qlo, tb~f'orc·, t:o ~~··the aensitivity by prod~ 
a bl"'D.dsido ~a mTD.ngerent .of.·~···~ ~ ~ad. by··· 

"/2 o.s in fig F. 10.4.o;1. It~tho reflecting pl-o:De i$ of type "d", 
"e~ or nfll grating laid .on the ground then ec.ah ~ctor t:J.rray plus 

l • 

ground ioo.ge will hnve a. polar dio.gram represented by mirve~ "x", "y" 
or "z" respectivoly\1t fig~ F. 10; 2~: 1~1. The vertical polo.r clio.groci1 

accorc.1ine to Alclred. ~ 26) will be virtually the some ~ether cue or two 

arrays o.re used, The :~horlzbntnl poi~ <.1iag~~u of the doubh 6--director 
arrey will be· obtained. by cultiplying the horizontD.l polar ·diagram ot 
one 6-director array by a foetor calculnted ·an the assumption of point 
sources of uniform phase at· the centre of. the ra.di.ating aperture of 

ec.ch of the CUT.o.ys. . This fnctor is derived below end is similar to 
• ... • • I 

the ground rcfl.uction .fa.ctor dorivoo for positive ir:JD.go,s in AwezyJ.i.x A, 

section .A.11 ~4. 0. 

1 0.4.,1. Go.in bf .o:.·aoubl9 6-director desif& 
p 

Fig, F; 10, 4,1,1 

; ; 

In fig, F, 10•4·1~1.,P ~s ass1.10ed tc be so far~ that 

At P 1 . 0 P, and A.:2 P 1 r:JAy be considered as equal• ¢ is the angle 

in the horizontal pla.ne betwean OP and the centre· line of the arro.y. 

The currents in ontellll!S A1 ~d. A2 ore in phase, 

In fig. :F. 10. 4,1·.1:~0 :a1 = S/A sin - = ~ S sin IS ~o:us 
putting .~ = 21r f>.. .. 
Similarly 0 :a2 = ~ S ~in ¢ • . 

Rele:tiw to reference point· o the field strength E1 at pt. 

P due to antenno. A
1 

will be. u.dvoriced by ~ S sin J5 rndinns o:rid the ·. '; 

field strength at pt~ P d\ic to ontenri~ "'\:2 will be reto.rdoo by l3 S sin¢. 

rodions. 

If E is. the field st;-.enr;th that .~ither antenna would 
0 .. ·.. . : ........ ' . '·• 

produce on its. own o.t :P then the·_toto.l :t'i,c]4 ·at P due to ~ A1 ~. 
A

2 
ia gi.Yca l¥J . . . . ' . 

E.;;s E.· angle {~ s siri. IJ'j .•. E. '~ (~&•..a.n./J) 
0 ·.·· ·, ., ·•·. . ' .. o. . -.:- .... 

Combining the t'vo 'ieetors · gi vea . .: 

:E = 2 E eoa (t' s sin·-). 
o· 
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The origirml horizontru. polar diagr~ must be multiplied by 

the factor 2 cos(~ S sin.¢)~ If the two ar~s are aepnrnted. by 

,~2 , S :: 'A/4. ond the factor becomes, putting {3 :: 2·a/X~: 

2 cos(~ sin ¢) 

In the ·lirection of the centre line of the array ¢is zero and 

the fo.ctor ::; 2, i~e• 6 db. 

If A
1 

and A
2 

each radiate hill tho rodin.tc<l power they will 

together produce a fielcl strength at p (for ¢ :: 0) ' which is 6 clb .. 

3 db = 3 db greater thon would be procluced by A'1 provided A~ on its 

own rn.clia.tes the soine power as d.o 11.1 aM. A2 combined.. 

Matching ho.s to be designed en.ref'ully, .&1 ond A2 must each be mo.tehed 

to their respective feeders, If these feeders branch from a common feeder 

the z; of the common feeder should be hn.1f tho Z of the two branching 
0 0 

feeders otherwise reflection will take place at the junction ond the full 

3 db gain will not be real:..sod. 

This point mnst be watehecl b.l$o in the reocption ease. As shovm in 

Chapter 3 a. receiving antenna behaves a.s a generator of emf e (proportional 

to effective length x field strength) nnd internal resistance R (approxima­

tely equal to the radia.tion resistance). For optioum power transfer to the 

feeder line z of the feeder should equal R • If the z Of the comma. 
0 0 

feeder is mode' equal to half the zo of the two branch feeders end this in 

tum is mode e~un.l to R, the internal resistance of the ngenerator41
, then 

two in-phase reoeivinB antennas will feed 3 db more power to the load thon 

could have been achieved by one of thea alone provided. they were sufficient­

ly well separated. as t,o suffer no mutual interference, In effect the two 

in-phase generators behave as one having emf e volts ond internal resistance 

B/2 ohms feedinc into a load. of R/2 ohms. This delivers twiee the power 

(3 db) that would have been fed by a generator having emf e volts and 

internal resisto.nee R ohms working into a lood of R ohms. 

Supposing,howovor, that tho two antennas arc each mn.tched to their· 

respective 70 ohm eo-axial branch feeders and that the branch feeders arc 

connected., in parallel, by a !f· coupling to a 7()....ohn common feeder thori, 

if the two anteDDBa ore identical, the induced emfs in phase, and. the 

branch feeders of eqUD.l. lcngthjthc voltages developed across the oomr.lon. 

feeU.er input will be in pho.se. Tho two gencra:tors of eof e volts and 

internal resistance R ohms behave as one of emf e volts and interno.J.· 

resisto.nce R/2 ohms .. and develop o. voltatJC equal to· 2 e/3 volts n.cross the 

load R. The power delivered. to the load is 16/9 s 1.7• i.e. 2.5 db :more 

than would. ho.ve been delivered had. one of the antennaa been d.isoonneotod. 

This is c. likely situation in practice boeause it is u.suo.llT not pos.sible 

to ho.ve the choice of various co-tlXio.l feeders with a. 2 to 1 range of 

cJroo:on.c.wrlatic impod.o.nce :and there will, therefore, ·be a tendency to use 

lines of the same Z for coznmon o.n:1 bronc$, feeders. 0 ,J, .• 
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These considerations were put to tho test aa follows: The~ bronch :. 

feeders vrero made from 7o-ohffi co-o.xin.l. line o.nd branclung was conveniantl3 

achieved by a ~ co-axial coupling, A signal generator was sot up at a 

.point about 10'A in front of the double ·6-director ~ey and on its centre 

line, The output from the T coupling wc.s fed directly intb'·thc 7G-ohm 

input teDminn.ls of c. receiver. The measured go.in.qf the doUble 6-direct9r. 

o.rray wc.s found to be 2,8 db greater than the single 6-clirector o:rro.y. 

The difference in gain should have boon 2,5 db, as explained above, The. 

effective internal impedance of each of the arrays me¥ have boon about. 

2~ greater than the Z of the feeder or the receiver ~ have presented · ' 
0 . 

a load about 2~ lower than 70 ohr:ls, Either of these possibilities would 

have procmced. 2, 8- ·db difference between the zooasurcd gnins. of. tho two 
. .. . ... . ' 

Dr.rtJ'38 (o.f. ~ B/ 5.4.1/2 where~due to. close- spae.tng,g~ is 2.8 db too), 

Tho 'lvvorst condition signal-to--noise ratio "for distant sto~ ~. 

local storms will be tho some. in the co.Se of the double 6-diroctor de'sign ·. · 

and the single 6-;:l.iroctor design, In ::my di.rect.io.n. displaced If from the 

centre line · o'£ the o:rray in tho horizontal plane the goin of the double . ar­

rey will be ,1l~8 oos (~ sin 9$) times the gain of tho singl~ o.rroy, Tlu.s 

nn.rrowiil[; of the horizontal polar dic.grDD mo.kc.s the clouble o.rrD."1 more 

solecti ve than the single orro.y against sto:rms· which, take .J?lr.ce in direc­

tions other tho.n o.long the centre line of the antenna, More important, 

however, is the fact that an increase of sensitivity of 3 db ( if perfect 

matching is achieved throughout), or 2,5 d.b (if the bronch feeders ond. the 

common feeder are all of the sone Z. ) 1 is -obtained b.y the usc o'f the 
0 

double o.rroy',rosulting in o. grea.ter difference hotwoon signal level ond the 

apparatus noise level. ~vin0 rego.rcl to th;e expected. median field. atreDgth 

and the lcvol of the apparatus noise this uain makes the double arro:y n. 

~o:tthwhil~ proposition in the circuit under considero.tiai,yielding an asti-
Ipated ~dian terminal voltc.g& of 32 db aboVe 1f . .LV~ ' ' "'" · 

1 o. 5. 0 Design of the pemanent insto.llatiort; 

JV· tba en~ at a single 6-director d.esi01 with an 

"f" type gratinc, 'tba expeotoa 1'-worst condition signal..oto-noise rotio" 

will be 2.3 db better· thon the Test Rhombic for disto.nt stoms ond 2, 9 clb 

better for locnl storr.1S·; the latter fie;ure risin.3 sharp~ Vfhen the store 

is ulcost overheo.d, i~e~ when~ .oxccecls 40°, { sections 10.3.2 to 10.3.4 

refer) • By using a double 6-.d.irectbr o:rre.y tba· sewntd:v::i.ioiY''wUl. be ~ 

by 2,5 db o:r 3. 0 db 1 d.eponding upon tho efficiency of the feocler rrm.tching 

n.rrongcments, thereby increasing the diff~ronce between the signal level 

and·the-o.ppn.ratuS noisc,level, 
' 

There renn.ins the need to specify tho practico.l details nocossa.ry 

for o. porrnonent instoJ.lati~ 

As cn.J.culo.ted in section 2. 5. 3 the centre lino of the o.rro;y should 
0 . ' 

poirit in tho direction 19 West of true North. 
·' 

:' . 
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1 0. 5.1. 0 W<?athervroofing end U.esign of clements. 

· It is required. to provid.c all-vmo.ther insulo.tion of all 

elements, this insulAtion to be shunted. by a 100 K ohm discho.rge 

resistor on each po.ra.sitic clement to ensure ago.inst static build.-up 

. (Sco.se()'tion 10.1.3}. 

1 o. 5.1.1 Base n.rrnnr;coents for pa.rasi tic elements. 

The··diooetcr of the copper· tubing from which the eleoents 

are oa.de is 2t " • This mo..tter ho.s been d.calt with fully in section 

9.1. 
The mechanical ~nngcments for oounting the clemnts and 

the provisioo of o.ll-weathor insulo.tion o.nd sto.tic dischm-aers are shown 

in figure F. 10.5.1.1.1. 

Fig. F. 10.5.1~1.2 is a photograprl of the base with the 

element in its nornal position. This o.lso shows ·a type · "d." grating but 

a type "f" is reCOL'liDCncled. (clctnils in section 10,2.0). It also shows 

the co.rth leod. Fig. F. 10.5.1.1.3 is o. photograph of the base when 

the element has been lifted to reveal the two lower insulators and. one 

of the "tyfo 200 K ohms resistors, connected in po.ro.llc1, which allmv 

sto.tic ~ha.rge to look awo.y. Wound. on eo.ch resistor is o. f6" ·spork 

gap to protect the resistor in particularly ball.~· weather. The 

copper apron keeps 'the :i:nsulators dry. The toJ? of the copper pipe is 

scaled.. The vdclth of the copper o.pron plus the height of the copper 
•/ 

pipe is mcle equal t-v the design length of eo.ch parasitic clement 

given in fig. F. 8.3.5.2.1 (G}. 

1 o. 5• 1 ~ 2 Bo.se o.rro.ngements for the driven elements. 

(o.} Driven element type 1. 

One oethccl is to usc the antenn."t oat ching unit as in figs. 

F. 9.2.1/2. . It is housed. in a copper container at the base of the 

driven elenent. This oakes it nc~essary for the coppqr can to be lo.r­

ger in this case than was pecesso.ry on the .. paro.sitic clements. . The 

arrangements for insulation .arc the sa.m:e as those \l.Sccl for the po.ro.­

sitic elements but no dischort;er resistor is neccsso.ry. · 'l'hc top of 

the copper pipe is sealed. 

The design is shown.in fig. F. 10.~.1.2.1 nnd n photograph 

of the bo.se is reprocluced in fig. F. 10.5.1.2.2. 

The length frm the lower eclge of the apron to the lower 

cclgc of the co1~er pipe plus the height of the copper pipe is mcdc 

equal to the design lenGth of the driven olenent ~iven in fig.F.8.3.5. 

2.1. (G) 

(b) Dri von e lcnont t:mc 2, . 

J.',_ better oethcd of oa.tching the driven e~ment to the 

co-o.xio..l :f'eeclcr is to use a folclecl construction for the clrivea elenent. 

Then the matching prQblems discussed in section 10,4.1.mey- be ave:roane 

by making the length of the branch feeders )./2 and the impedance of 

each of the two antennas equal to twice the Z of the feeder, 
0 

1-
• ' 
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I NSUIATED PARASITIC 'ElliMEHT "9ASE 

Figure F 10.5 .1.1.2. 



-10.26-

IKSUL.Ll.TED PAR~SITIC ELEH.ENT 

Fieure F 10.5.1.1.3. 



- 1 o2 -

Fie e 

"./ 

,. 



TH""" DP..IVEN ELElv£J:JT • 

Fi gure F 10 . 5 .1.2 . 2 . 



- 10, 29 -

If the input impedanoe pf the erray is ( 2) x ohms then a felded 

monopole of y e.~ements, all . oi ~h~·. s~e dismeter,follcming the usual 

practice de~~bed ·in s~veral textbooks (e.g. Jord~( 10) p,535) will 

present an i.Jiipedance -of y2 
x ohms, This is transferred without ~ange 

to the 'f~ed.er - junction _ :by the half wave one-to-one transformer, Altel'-
. . :. : .. :_ ·- . . . : 

natively~ 1f a two-element folded monopole is required it can be arranged 
' ' . I . • ' ' 

for the' :f'ed "and unfed elements to have diff!ID'ent radii to produce the 

where 

' .. . 

10.5.1.2,1. 

a is the axial separation in the same units as r
1 

and r
2

: 

r 1 is the radius of the fed element 

r 2 is the radius of the unfed element 

Za is the impedance when monopole is unfolded,= 25 ohms (measured) 

If the branch :feeders are "'A./2 long ani Zf of each ante~ equals 

twice the Z of the feeder,the two generators will be matched to the load. 
0 -

·Equation 10, 5. 1, 2.1 • is reproduced from the recently published 

Services Textbook of Radio, (35) 

The reflecting ground plane. 

As stated in the earlier chapters the soil on which this installa.- . 

tion is to be operated is heavy olay in which it may be a.ssumed(4 \hat 

for most of the year 

e = 13e 
0 

~ = 4 x 103 mho/metre, 

The reflecting preperties of types 11dtt tte" and "f" gratings Would be dif- ­

f erent from those oaloulated in Chapters 6 and 8, and. sections 10,2,2,, -

10,2,3.', 10,3,2~ of the present chapter, if they were laid on soil• of ­

penrrl.ttivity and cba.~itivi.ty Considerably different fran those quoted 

above, They would also be different if the gratings were buried in the 

soil instead of being laid on the soil, 

Assuming that the radic.ting aperture is "'/1../2 high, the wht'le image 

of the aperture will be visible at 6. = 8°. if the refleoting plane exte!lds 

fo~ (t../2) oot 8 = 3. 6 "'A., Therefore if the grating· extends for 4. "'A. t:nin 

the refleotoT elemel1t this should be adequate. In width it should extend 

"'A./4 beyond the centre lines of eaoh 6--di.raotor ~y and . shool.d therefore 

be 1"'A. wide, 

It would be wlteful to use a grating more olooely spaced than 

0. 136 "'A. ( typi "f") with the 6-direotor design but the spe.cing should not 

exceed 0.218 "'A. (type"e"}. Although when type "e" is used the array produ­

ces a maximum at 6. o 8°, (the expected arrival angle of the signal) and 

when type "f" is used . the arrey produoes a maxim'LD at ~ = 6°, the ~ use of 

type "f" will resclt in a gain of 1.5 db a.t ~ = a•· 'dver .the gain of the 

array when type "e" is use4 (See fig. F. 1 0,. 2•1• 1 ) and the noise !'ield 

arriving at l:l less than 8° is small. (Fig. F.4. .).2.5. 1 ). 
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C H A P T E R 1t,· · 
....... 

I N D I C A T: I 0 N 0 f A P P ' L I C A B I L,I T Y. 

11.0 GENERAL. · 

Fran the ·calculations and measurements it appears that the . 

proposed antenna could, with advantage, be used in tropical. countries; 

especially during· those months :_:when thunderstonns in the vi~iriity of the 

receiving station are prevalent. Assuming for example that RhOmbic an­

tennas ~~e expected to be too noisy for the periOO. Septernper-December 1960 

i on the Iondon-5alisbucy circuit, and that roeept_i~ is required daily 

from 0600 hr~. to 2400 hrs. ,local Mean' Time, · the approach could be as 

follows: 

11. 1 CHANNEL FmQUENCIES. . 

By consulting Radio Propagation Prediction~99)' the B. B. C, 

transmission channels indicated for the period under consideration arc 

given in TableT, 11. 1.1:-
' 

Period ( L.M. T. J Frequency (Mc/s) Channel Code name: 

-0600- 0800 11,.77 GW 
' . . 

0800- 1000 21.47 Gffi 

1000- 2000 25•72 GSR 
. . 

-2QOQ ... 2200 21•·47 GSH 

2200- 2400 . . 17.81 GSV 

TABLE T, 11.1~1. 

The frequencies quoted are a ll slightly below th.e predicted 

optimtun values for the period c9nsidcroi but, bearing in mind .the varia-

. bleness of a triple-hop path, it . mey be found on occn.sians that these 

will be too· high. On these occ(lsions on adjacent channel .will usually 

be suito..blc. 

11 • 2 MEDIAN SIGNAL STREIDrr:&, 
It may be assumed that .the only part of the path attenuation 

affected by an al ternat:ton ·in frequency, se~on, . 8l'ld tinie of day, is the 

ionospheric absorption. ' Using Piggott's method ( 
102

) , curves B. 6. 2. 9. 
1/5, the absorption on the ·selected· transmission channels has been calcu­

lated and is summarised in TABLE T.11,2.1. By oonparing this with the 

42 db calculated in Appendix B for21.47 Mc/s at September noon 1956, (w.b.en 

E was calculated as 1.2 db above 1~T /rA ) the estimated median :N.el.d 

strength is readily obtained. It~s quoted in TalUe T. 11.2.1. 
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One of the few, effective methods of canbating selective fnd.i.rig in long 

distance circuits is to use a highly directive· o.ntenna which will seiect 

only one of the possible propagation mod.e~1 82} The ~ector design an 

nn "f" type grating, with a vertical beam ·Width of about 17° to the 

ha lf power p.oints (as in fig. F. 11.5.1.1) will give a fair aDOUnt of 

discrimiitation in this respect but if severe selective fading is experien­

ced it may be necessary to employ a d,esign with more directors so that 

a shorter end-director cnn be used without o.ffecting the launching effi­

ciency. As indicated in Chapter 7, the shorter the end--director the 

nn.rrower the beam. As with the designs already dealt with, such a design 

con best be obtnined from a suitable scale model. further improvement 

may be obtained by the use of two or three such antennas in a diversity 

arr~ in which the strongest signal is autanatically sel:ected. 

The antennas should be arranged to be roughly in line with the distant 

station and s eparated one from the. ·other by about 10 A. • 

Non-se~ctivc fading occurs where the a mplitooo ·of the signal 

as a whole varies. This vurio.tion is usun.lly slow ond is easily taken 

care of by the automo.tic gain control of the receiver. 

Obse rvo.tions made o.t Ratcliffe indicate d~-to-day fluctua­

tions of about 10 db in the intensities of both signo.l and atmospheric 
. (~) .· 

noise . The c.c.I.R. indico.te the same value for these fluctuations 

and their present conclusions, for frequencies between 3 and 30 1~/s, 

point to o. Rayleigh distributi~182 )of amplitudes for a fading ~ignal 
observed over periods of a few minutes, and to o. log-~tmo.l di.stribution 

over periods of 15 minutes to one hour a.s in fig. F. 11.4.1. 

10 
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. (182) 
(Curves by Iewin .) 

.. . 

To cater for the Channels indicated ll1 Table T.11.2.1 a doUble 

six-director design on o. type "f"gro.ting should be set up for eo.ch of 

the required fre quencie s. The f'our o.rrcys should be connected to tho 
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(c) POU..R DIAGRAM. 

The vertical.' _ polar diagram is expected to be similar to that 

derived as eurve "z" in fig. F.10. 2.1.1. The horizontal polar diagram 

is expected. to be sir.lilar to the curve of fig. F. 9. 6. 3 (single array) 

multiplied by the factor 1. 8 cos ( 1" sin ¢) derived in section 10.,4.1 

for two arrays. Combining the vertical o.nd horizontal polar diagrams ·, 

n.nd plotting as a power density diagrrun,results in fig. F.11.5.1.1. vVhen 

this is -- comporecl vdth the power density d.iagrruns of t he Test Rhanbic 

(fig. F.4.4.3.1) n.nd the Koomn.ns array H/4/4/1 (fig;. F.4.4.3.2) the 

reduction in high-angle sensitivity is demonstrated. 

11.5.0 CCNClllDING NarE. 

The proposed antenna is indicated for use in high-noise areas 

where on appreciable proportion of the noise energy is arriving at high 

angles but during these perlcds when local thunder activity is negligible 

the pe rformnnce of the proposed anter~a is expected to be about the same 

as that of a typical Rhombic antenna. 

• 
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SUI.ffr1L'..RY OF APF.t!.:NDIX A. 

Cor..r.1c::ncins at Maxvvell 1 s Equations the theory is developed for: 

Uniform plane waves in free space::; 

intrinsic impedance .t a medium; 

plane waves in a dielectric; 

plane waves in a conductor; 

refloctiazl at a conductin~ surface of vertiGally and horizontally 

polarized wavc::s; 

radiation; 

energy flovv in a medium; 

radiated power and radiation resistance of a doublet antenna; 

rD.d.iation fron a 'A/2 dipole; 

radiation from a N/4 monopole~ 
field strength related to power nnd distance; 

vertical and horizontal antennas above a perfectly conducting plane; 

radiation fron a straight wire currying a travelling wave; 

radiation from a Rhor.1bic antenna; 

vertical and horizontal polar diagrar:J..of·Rhombic; 

optimum dincnsions for a Rhonbic antenna; 

radiation resistance of a Rho:obic antenna. 

The vo.rious equations that have been derived are frequently used 

in the main text. 

Symbols used: 

L =magnetic vector potential in webers/metre, the bar indicating 

a vector quantity. 

a = char13e density in coulombs/ cubic metre. 

B· = maGUetic flux density in webers/sq.metre. · 

D = displaccDent density in couloDbs/sq.metre. 

E = electric field strength in v.olts/lnetre. 

G = go.in over a "A/2 free-space dipole :lnthc equatorial plnnc 

(som.ctiwcs written ~) - also corr1n<>ta.nc..c :in r>.hc.::yiunit. ~""n,srth~ 

. G = gain over an isotropic radiator, 
0 

H = mgnetic field strength .:m .amps/metre. 

0 

p 

= current densi t.y in amps/ sq. netre. 

= used as a suffix to denote free-space values ot: f.11 e,jj,);.. 1 :f,w,Z. 
0 

; '"' enersv flow in watts/metre. 

- - - - - - - - - -
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A. l? P'E tVD T X. A. 

A. 1. 0 :Ma:x.well1 c.,iig}-d equations state the fundamental relations that must 

be satisfied in the solution of electromagnetic probla.Ins., 

. 

v • fi = o.. ( 1_.1) 

v xE 2! :R, 
:::0 (1~_2) ~ 0 t 

v • B. = 0 (1.-3) 
.... an r ( 1.4) v X I:L - = at 

The follOwing consitutive equations concern the characteristics 

of tho medium in which the field exists: 

D:::e::E 

:a=~ 
i=a-E 

(1.,5) 

( 1··6) 

( 1. 7) 

A. 2. 0 Sl:.!}.J.cmborts 1 s equn.tions. 

cJ}Alembert's equations oro dcrivcc1. from the field. equn.tions ana· 

though the same end-result is achieved by Jordan( 1o) amd Williams(?) it is 

proposed to follow a·~differcnt, but preferred, method below: 

Take tho cur 1 of eqn. ( 1. 2) nnd -make use of the idonti ty that : 

V x ( V x E ) = V V • i - v2 E giving: . 

.... 2- 0 -
'iJ 'iJ a ll - V E -it- 3~-t- V x Bl = 0 (2.1) 

Substitute from (a), E :::D/e, in (2.1) .... -
then 'i1 'iJ 

D 2 D. a . ..:. 
a~ - V a -If. at 'iJ X B ::: 0 ( 2. 3) 

From ( 1.1 ) 1 'iJ • fi = 0. = 0 in free space if medium has no static chD.r!ges 

ana from (1.6) ~ = ~ li 
(2.3) now become~: 

2 :i5 .a ~ - v ~a-" at v. x ~- ]i = o 
. . :. 

~~~ .. from (1.4) nnd· (1.7) 'iJ xI! == cr E * fi = <r E + e E 

• 2- a (- aE\ 
• • - 'iJ E + 1..1. at ,Jfl!t + ~I_ ::: ·0. 

• • •• 
• ··!. 

lrJ.CJ'E -1..1.eE :0 

S~lariy ·v·2 __ ii - 1..1. cr i - 1..1. e •Bl = 0 

( 2.~ 4-) nnd ( 2. 5) are d 1 Alcrnbert t s equations.. 

A. 3.0 ~~ eguat;ions. 

(2.1l.) 

(2.5) 

These arc a special application of free space conC!.itions to 

( 2.4) nncl ( 2e 5). . In a. non-conducting me.diun• cr .., 0 g;i ving the dif'f'erential. 

vector eqtk~tians: .... 
v2 i- iJ. e E' = 0 

•• r ~-f.lefi =0 

~rhich are~called the wave equations. 

(3;;1) 

(3.2) 
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Uniform ;elane waves in free spo.ce. 

J~n exruaple of a plane wo.ve woulcl be me in which•·E ana i 
ore :functions of x and t only, varying sinusoiclally with time . 

Then E = f (x,t) 
X 

'(4.1 ) 

E ::: f (x~t) y {4.2) 

E = f (x,t) :·- (4.3) 

and equation (3. 1 ) becor.1es: ... 

(4.4) 
~ .. 

a E =~e:E 
~2 X X 

. (4. 5) 
~2 •• 
0 .E -...;;-...-2~Y = ~ e Ey 
a x 

2 •• 
...E..,_ E ~ ~ a :E 

2 s zt a x . 
(4.6) 

The general solution of 4•4,4•5 1 4•6 is of the f9rm: 

EX= f 1 X (t -X (e ~)'i }* f 2 x(t + X (~)"f) (4.7) 

. Ey = f1 ,y (t -X (e ~)~) ;. f 2 y(t +"X (a~)i) (4.8) 

Ez = f1 z (t -X (e ~)~ + ~~· z (toil- X (e~)i)' (4,9) 
' ' 

A sir.lilo.r general soluti~n f~r ii fror.J. ( 3~ 2) will occur. 
1 

_ The retarded function, f 1 (t .. ~ x (~)2 ) refsrs to the 
' ' ·' 1 • ' 

incident wo.ve and f 2 ( t * x ( cf.l)2 ) to the reflected wave. 

In a region where there is no charge density, frro {1. 1 ) and 

( 1.5) putting a, = 0 : 

v • fi = e 'iJ • :E· ::: o 

i.e. (4.10) 

... .. 
As E is, a function of x and t only, the lo.st two tcnna of· 

4.10 arc zero ancl therefore! 
·): '. 

(4.11) 

This requires that Ex shOJ.l be zero for a ... vave_ progressing 

in the x direction. Similarly H is zero for this condition. Therefore· 
X 

E' ona. i cxi~t on1y in the plane at right angles to· the direction of 

propagation, - ., 

On CQnibining ( 1,2) and ( 1,.. 6) it is clear thri.t 

• 
'iJ X E ·= - 1.1 i '' (4.12) 
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Therefore by definition of V x•i -~ and i are at right angles so 

that in the present example if E is along the z-a.xis, H is along the··y-axis. 
1 

Supposing E = E cos oo ( t - x ·c e!J.)2 ) (4.13) 
0 ) 

since x is a dista.Dce, ( e 
1 IJ.)~ must representtha velocity of wave = v. 

In free spaoe this becomes · ( 1 -\t = o ::: · velocity of light 
i£o {;to 1 .. 

= 3 x 10
8 

m/seo. 

Rearranging ( 4. 13) : 

E = E cos(w t - ..!L x) . 0 c 

= E
0 
cos(~ t - ~ x) 

::: E 
0 

· cos("' t ~ $ X ) 

21r 
where " ::: .. -,: 

A. 4.1 Ip.trinsic Impedance of a medium. 

'(4.1~) 

Assume a plane wave propagated in the x direction __ with E ~ i i.n. 

the y ~ . z directions respectively ~ varylng .as ej(a.Yt. Then ( 1.4) and 

( 1• 2) sii:Iplif'y to: 

i j:if .1. :: - (cr + j (l) E) E 
\-~ . y 

,· 

a J3i ~ ::: - j ro IJ. l!L.z 
a ~ : 

Substituting E = E e-j~ and H· :::Hie -j: {3 x 
--· y .. . z 

in eqns(4.16)and(4.17) gives: 

- j tl H e-j~x == -(0" + j 0t e) E e-j l3 x 

and - j . {3 E e -j " X =. - j w jJ. R e -j {3 x 

Thus frao (4.18) ana 4.19) 
j w H. = j {3., 

( !. )2 - . .i w H 
lit - (f +, j., (I) k 

• 1 
E = ( J w _H )2 ::: z. 
[ O"+ J.W e; 

where Z. is the intrinsic impedance of the modi~ 

(4.16) 

(4.17) 

(4.18) .. 
. (4.19) 

(4.20) 

In the special case of free STiace cr = o, jJ. = jJ. = 4 rr·x 157 Henrys 
L 0 .. 

per metre, and e.= e == 
0 

1 OJ Farads per metre. Then the iDtr:Ulsic. 
~wx1 . . . 

impedenOfJ o£ fl>oe .spa.oc, Z 
00 

is . given fror;:l. ~ ( 4.. 2?} by 

z.oo ::: ( -~ )t = 120 1T • 377 .ohms. 
0 

. (4.21) 



A. 5. 0 . Plane waves. in. a dielectric. · 

• • • 

• ... . 

In a perfect dielectric ~ = ~ but s = e e o o r 

· (; = (A} ( e. ~ )"~ = ~· (·e )'~ ( s li }V 
. .. : r .. o o. ·, 

But.~· = ~ .. fraA {4.15) 
1 c 

(a )2 (s ~ )2 
r o o 

= tcrr 1"·1. 
·. . I 

(5.1) 

. (5. 2) 

This is still approximate4t true even when medium is not perf~ctly non­

c'O'nducting, 

A. 6.0 Plane waves in a conductor. 

Williams (7 ) has pointed out that in tr~sndssi6n li.ile theory, 

' ... if R,L,G and C are series resistance, series induct;ance, shunt conduc­

tance and. shunt capacitance respectively, per li:lnit length., then ·1 and. V, 

varying harmonically with time are related by th~. equations: , 

a I 
a x 

av -a. x . 

= - ( G + j ro c) v 

s - . ( R + :j (I). ~) I . 

-· 

where x is the direction of propagation. 

(6.1). •' 

(6.2) 

There is a striking resemblance between these equations and 

(4.i6) and (4.17)~ 

The solution to the transmission line equations is fOund by 

differentiating (6. 2) and the~ sub~~ituting for ~ ; fran (6.1) giving: 
2y . . . . .. -
~ = ( R + j ~ L) ( G + j w C) V ,. (6.3) 
a x · 

. 

The solution of ( 6, 3) is given by: 

V:V oPx 
0 

where P the propagation constant, is given by: 
1 

((R + j ro L) ( G + j ro 0) )2 

. ( 

Similarly the solution og (4.16) ond (4.17) is: 

- - - px E = E e 
0 

where p = (j ct ~ (a + j w e) )i 

(6.5). 

(6. 6) 

(6. 7) 

p = 4 + j {3 where. 4 ~s the attenuation .ooustant 8J'ld.., · 

., tho pba.se oonstant of the medium, 

Soparat~ ·~al ·and imnS~ p:irta· in (6.7): · 

2 11 (( 2 2 2)i- ) « = "2 (I) ~ 0" + (I) . e · .. - ro e .. (6~_8) 

{32 = i w }.L(( d~-+ 0'12 a2)~+ a> e) 
.I 

(6.9) 
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. In a. good conductor cr is much greater than w e: 
1 1 .·.a .. = {3 = ( ~ro t-Lcr)2 ::: (77 f t-Lcr)2 

As in (4-.17) 

a ::X· 
.a .x~-

=-jwt,.tH; z 

and as, from (6.6), 

E :Ecpx 
y 

1 

and p. from (6.7) now is ( j w 1-L cr)2 , 

a E · · 1 

_,.o!Y_ = - ( j Cl> 1-L cr )2 E ::: - j w 1-L lit ax y ~ 

E · 1 1 
and H ·= ( J ~I+ )2 = ( Wcr!.l. )2. LJt5° = Z

0 
(metal) 

Z :::R ;rjX m m m 

. . . (toll-
and Rm. = Xm = . .2 if 

·' . 
= J!_, from (6.10) 

(} , 

1 f 1 
)2 = C H )2 

. ($ .. 

(6.10) 

(6.11) 

(6.12) 

( 6. 13) 

( 6.14-) 

1. ·· · ::: the d. c. resistori.ce of a. plate of unit a.rea.,depth c and conductiyity cr. 

At ra4-io frequencies ; is knovm as the depth of penetration, "d". 

"dtl .= 1 ..... = 
(t 

(6.15) 

= 1 (~ w 1-L,.cr )2 

from (6.10) for a good conductor.·. ( 6.16) 

From( 6. 6) E = E e a X 
0 

1 - E -At depth x :: - , E = o ::: O. 368 E 
, 4 -~ 0 

e 

.14 7 .o. Reflecmon o.t a conducting surface-.. 

Vfuen a. wave, travelling in medium (A) reaches the boundary of medium 

(B) having constants tho.t differ from those of (A), the wave, in gencro.l, 

'vill be partially transmitte~ and partially reflected. 

. . This phenomenon is tx-pated f~ by such modern writers as sto= ( 8 ) 

Appehdix 16; Booker(5); :m~, Jordon( 10 but, o.s this Appendix has a more 

limited objective' a less general treo.tment is givcri, which is more akin 

·to. the -method used by Williruns(7 ), noting in passing thp.t his f'iguros .3.4-

and. 3 • .6 of' Vol. I. should bo trDnSposcq. to be correct. 

E·H· I I 

z 

Fig. A. 7. 0.,1\ 

/ 7 -. 
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As shown in (4.1) 

1 

E ::: ( ..J:... )2 = Z 
1i ~- 0 

and the intensities var,y as ejwt - ps 
... 

where s is the •. cJ4.stanee travelled by the wav~. 

In ~igure' A. 7.0.1, resolving s into rectangular components, the 

. jwt-ps b express1an a ecames: 

(a) for the incident wave: 

jwt - p (x sin ~ - z cos Q) e o . .( 7~ 1 ) 

(b) for the reflected wave: 

e~- :p
0 

(x sin Q ~ zoos Q) (7.2) 

(c) for the transmitted wave: 

6
jwt. - :t?, ( x sin (J - z cos ¢) · (7.3} 

A, 7,1 Reflection of Vertically polarized waves. 

Here Ei is in the plane containing. the ray and the normal at the 

point of reflection. Ma:x:well1s equations (A.1.4) ~(A. 1.2) require 

that at the bound.a.ry: 

(a) the discontinuity in the tangential .canponent of H equals the current 

density and, 

(b) th~ ~angential component of E .is ~ontinuous acros~ the surface boun­

dary. 

From (b), (Ei + Er ) cos Q = ·Et cos·~ (7.4) 

(~: If cr1 were infinite (i.e for a perfect conductor) 

Et oos ~ would be zero and. E. = - E ) 
1 r 

Fran (a)~ -I\. = Rt (7.5) 

(NOTE: If cr1 were infinite, no energy could be transmitted in the 
. . 

conductor, making Ht zero and the incident and reflected energy must 

flow in--opposite directions. For this to .be the case, and. knowing, 

£:ran (7~4) ·that E. = - E 11 H. must= Iti · 
1 .· r 1 -· -r 

thus agreeing with (7.5) ). 

Further the coefficients of the eJq>onential.s must be equal when z = 0 

in {7.2) a.nd.(7.3) giving p
0 

sin Q .. == p1 sin¢ (7.6) 

For most practical reflecting surfaces, suCh as land, water, copper 

sheet, · 1-1 ::: · 1-1
0 

ana cr is large compared with w e 

.. 1 ( ... ,;f.!. .· s: yz· 
==- 0 0 

j 00' j.10 i 
( . )2 

G' 
::::- = 

j.10 
1 

( )2 

',,1 • 

Z · of mod.iw 1l . z 
Q · •• = o1 

z af air' ·-
0 . zoo 

(7. 7) 

eo 
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~pplying (7.7) to (7.6) gives: 

z01 sin 9 = Z00 sin ¢ 

E. 
From (4.18) Hi = ZJ. 

00 

and (7.5) may be rewritten as: 

zo1 
-;r-- ( E. E ) = Et 

'-' J. - r 
00 z ~~- rf.. 

Substituting this value f E and Z
01 ===·~ from (7.8) in (.7.4-) or t ' . sm " 
00 

gives 

(E. + E ) cos 9 sin 9 = rE. - E ) cos ¢ sin ¢ J. r .\ J. r· 

Puttmni sin Q cos Q = 2 sin 2 9 (7.9) becomes(E. + E ) sin 2 9 J. . r 

= (E ... E ) sin. 2 ¢ 
J. r 

Expanding and reurran~g gives.:: 

E. 
....,£_ == - sin 9 cos 9 - sin 

E.. sin Q cos Q * sin .. J. 

From (7. 6) ~ = 
Po 

sin 9 
sin~ 

cos~ 
cos7 

and since, on dividing throughout in ( 7. 1 0) by sin ¢ 

-
p1 cos 9 - cos ¢ . p1 2 j_ 

cos 9- (1 -sin ¢}2 · 

E 1 

giving: 

From (6.7) 

where er1 

NovT ro = 

and oo a 
0 

2 
·una p1 

2 
Po 

= - Po - - Po ~;;._, ____ _ 
~cos 9 *cos¢ ~ cos Q + (1 sin 2¢)i 
Po Po 

Er = _ (p~fp; ) cos 9 -(( p~ jp~ ) -sin 
2e)t 

E. ....._.,..._._hew -r 

J.2 (p~/p; ) cos 9 +(( p~/p;)- Sin 
2
9)2 

p 1 - (}1 + ,iOlS 
2~ jros:

0 Po 

j (}1 

o.r e 
0 

e 
= relative permiitivity of medium 1,-:-­

o 

2 111' 11 

2 1i 
e; 1 21/r 

1101T ) (..9- )2 = ( = t.. t.. M<-o 

= e • el' j 60 t.. (} 
r J. 

:::: 
1 

To"" A. 

(7.10) 

(7.11) 

(7.12) 
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Substituting in ( 7 • 11 ) , R;, the refleotion cOefficient (vertical p~larization) 

E (e 1 j 60 A.~) cos Q- ( (s 1 ... j 60 ~~)-sin 2g)2 ( ) 
_ __,£_ _ .. r - r · 7.14 
- E - . 

i (er1 _ j 60 A. cr) cos g + ( (er1 - j 60 f.. ~) ... sin 2g)2 

A. 7.2. Reflection of horizontally polarized wavesL 

Here the electric vector is at right ongles to the plane containing 

the incident ray and the normal to the reflectmg surface-.. 
,~ 

., E 
~=...£ 

E. 
is deri vcd m the same way as R was derived giving: 

v 
J. - ( ( 

. . 2 .i 
E cos Q 6; - j 60 A. ~)- sin Q ) 2 

.....:!... - a.. r1 (7.15) 
E. 

60 A. ~)- sin 
29 )2 J. cOsQ + ( ( er1 - j 

A. 8. 0 Radiation. 

The E.M. fields are best related to· their source~ by relating tge 

pote~tials that-• produce the chaxges and currents respective~ toE and H. 
Maxv•ell 1 s equations will be restated m terms of two potential functions, 

the two -potentials being the electric scalar potential V which is related 

~o E (e. g. in electrostatics E = - V V) and the magnetic veci':,or potential 

· · i which is related to i. 
' - - -A. is defined by the relationship: B = 'fi %'A {8 •. 1) 

Applying (8.1) to ( 1. 2) 

- (a A) v x E ~- v x a t = o 
- !. i.e.v x ( E +A) ::::: o (8.2) 

ij'ow cur-~ grad is always equal to zero 

• • • •. E .., r.· can be expressed as a gradient. 
... . 

PutE+A =-VV 

This is ·in ~ement with the relationship between :E.: and V ·for electro-
• 

statics,i.e. when A is n~ changing and 'A is therefq:e zero. 

Substitute for( 8. 3) in ( 1.1) modified by ( 1. 5) - -
- v • v v - ~ ( v • I ) = ~ · a t s 

2 a ( -) a.. Thus - V V .- at V • A 7 (8.4) 
I 

Equation ( 1.4) with ( 1.5) may be written: 
' 

(8.5) 
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Substituting (8.1) and (8. 3) ift (8. 5f 
• • • 

V x V x A = ~ i i- e V V • a A) 

but v~v x A;.= v ( v • A.) - v2 I 

Thus v ( v • A) -· v2 i = ~ (i - e v ;. ~ E r.) 

A and V may be related by assuming 
... . . 

v.A== ... ~eV 

after ngting that the equation of continuity is 

Combining ( 8. 7 ) with ( 8. 4) and ( 8. 7 ) ti th. '( 8. 6) gives t 
2 •• 

V V - e 1-L ·V· 
Q. = ... -
5: 

2- ~ 
'il A-el-LA 

(8.6) 

(8. 7) 

(8.8) 

(8.9) 

(8~_10) 

( 8. 9) and ( 8. 1 0) are the wave equations ( ccmpare with ( 3. 1 ) and (3. 2) ) 

for A and V and relate the electric sca1ar potential (V) and the mag­

netic vector potential A at a point P distant r fr~ an infinitesimal~ 

~hort ~nductor carrying charge density a. and :i.n1pressed current density i 

~ (8.9) and (8.10),in conjunction with (4.,13 ff), may be written(and in 
I 

this form are sometimes more convenient) as: 
2 ... 

~ v- v =··-.JL 
~ e .. (8.11) 

(8.12) 

-1. 
where v. :::::: (e ~-L) 2 ::: velocity ~f wave in the medium. 

The solution to(8.9) or ( 8.11) is shovrr1 ~y Jo~( 1 o)to be infer­

red frorn two J:.i.rniting cases,(a) the static case and (b) the dynamic case.tJ 

taking pt. P to be outside the volume occupied by the charge density • 

• In (a},Y ::: 0 giving: 

v2 
V ::: - ..!h... (Poisson 1 s Eqn) 

s: 
(8.13) 

From electrostatics the solution to (8.13), giving the potential at l? 

dist::.m:t, r from a conductor carrying static chm-ge density a, is 

v = p 
1 

4Ttre. 

In (b) ·~ = 0, therefore, .... 
v 

""T 
v 

c\V (8.14) 

(8.15) 



.. 
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A solution to this for harm.om.c variations would be of the foxm 

V = K e j w( t - ; ) ( 8.16) 
p r 

i.,e. the effect of a change in a.. in the cond.uctor is felt at P distant r 

from the conductor only at a time !: after the change took place, this--being , . . 

the tim'e the radiated wave took to travel the distance r at velocity v. 

Jordan ( 1 0 ) and--Williams ( 7), using different methods, go on to show that the 

solution to (8.11) is a canbinn.tion, reAAODabl¥ so,of (8.16) and (8.14) 

1i -4 1r e. 

. joo-(t-·i-) 
ae .:~~ 

I . ~v. 
vol r 

and similarly 
- j ·~ (t - ~ ) 

I. =-~ 1 vol i. e . v d v 
P 41t r 

(8.18) 

These equations are sometimes combined to foxm the lifurtzian vector 

potential but this is not required for the purpose of this work. 

Field Components~of~ Doublet 

Fig. A. 8, 1 
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The treatment g1.ven here is based on:~the writer's own 

notes on this subject, taken while at Cape Town University. 

Assume d0ublet of length h lies at the origin in figure A.8.1. 

and points in the direction Q = 0, i.e. along the ·z axis.( his 

much smaller than A.. ) 
jwt · 

Assume i= i e and may be considered constant over length h. m 
A is in the .direction ·Q = o. 
Az ~ ~ i h exp. j ( wt - ~r). from eqn. 8.18 ) 

4rrr 
and A =A cos Q r z. 

A9 = Az sin Q. 

A¢ =:0 • 
. ·. 

~ H = B .:: 'V )( A 
~ 1 . aA9 -
- . Q ( s1n Q Ad ) - ¢ )1 r sm p a r 

1 · · 1 ·a Ar a . 
+ r( sin Q t7 ¢; -.oa A( r.a. ¢) 

__i_._t ·o ( ) ·r)-
+ ---r' ~· ar r ·~Q - ;-; lQ • 

Therefore 

'. 

All terms, except the last, are equal to zero~ 
· i h exp j ( wt ~ A r ) · 1 

Th H 1-' • ( ..J_Ji + - 8.;"' A ) us¢==.· . 4rr . r 2 .•. u.., 
.. r . 

(8.20) ,, 

( 8~ 21) 

(8. 22) 

The jj3/r and 1/r2 
terms ~ in res~ct of the ra.d~o.tion ·field and 

the induction fi~ld respectivezy. 

Similarly 
E _. ih ex:p j ( wt ... B r) ( 2 j 6 2 }cos . Q . 

r - 4rr e ·· w;z- : j U~· r3 

;E. _ ih eX.J? ,j ( wt - Br). . 
Q - 4rre x 

( si{i2 + iUi +.J_ ) sin Q 
wr 2 . 3 

wr · JWr 

E¢ :.0 
(a) When r is small compared with A. , 

H = i h exp2jwt ( sin Q ) 
¢ 4rrr · 

E = 2 i h exp jwt ( cos Q ) 
r 

· j4rrl>er3 

Eg = ~ h e;p jwt 3 (sin .Q) 
J4rrwer ... 

(b) When r is large compared with X ·. · · 

H¢ ~ j B i h ervrr·j~wt - B~)(s~~·:Q) 

E = 0 r . 
E _ £ih e;p •,j( wt - Br ) ( sin Q ) .. 
g- 4rrrew 

(8. 24) 

(8. 25) 

(8.26) 

(8. 27) 

(8~28) 

(8. 29) .. 
(8.)0) 

. (8. 31) 
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E and H are in the plane of the wave front, are at right angles 

to each other,and their ratio is: 

~ = EQ ::: .JL = ( ~· yk = Z 
H,0 ex.o e; oo 

(B.32) 

~Qt.')· is the intrinsic impedance and its value &Lgreef3 with (4.:fB). 

The.fie~ iffipedance near the doublet is given by qividing 
I 1 z 

.•.z:: = -j~ 
o j w e. r J3 r 

( B, 2B) by __ (B. 26) 

(B.33) 

11... 9.0 EM.J%81' :flow in a medium. .. - ( ) ~ ~ - -It. • equation 1. 2 = li · • V x E + 1m ·~ B = ().. 
E • (equati:?Il 1.4) = :E ·,; 1'SJ X H - E • B = E ~· r 

Subtract ( 9. 2 ) fFom ( 9. 1 ) and apply ·.the 

identity that 'iJ • (E x H) = il. • 'iJ x E !!" B • 'iJ x H 
: ,• . . . 

Then 'iJ ·'. (E x fi) + E •' fi.. · + R • R = ~ E • I 
This is Poynting 1 s eqtiation. 

If there is on impressed current density i
1 

(9.3).:becomes.: 

• • 
( - -) - - - - ~ ... - .... 'iJ • E x Ii * E • D * R • B. = - .r.. • :ii.:'- E • i1 

(9!'.1) 

(9.2) 

Integrating over a volume "v" bmmded by a surface "a". (9.4) becomes: 
• 1. 

f 'iJ • (E ~ i)dv + I :E • e Ea.v "*I .1B .• R dv = vol .. voL . vo 

':" 
- I :E • idv- I f • J.1 dv (9.5). vol vol 

Gauss 1 Theorem states that 

r 1v. • :E dv = I 1 • :E da. 
~o urea ·~ 

Therefore. r ( E X H) • i da + I , E • s :m dv * ( ..A • ) dv 
b.rec. n vo.. ·val 1-L 

* I :E • i dv ~I 1 E • i dv (9 .• 6) vol vo 1 

On the right hand Gide is the impressed energy (E I cos ~). On the L.H.s. 
. . 

the first term is the flow of energy normal to the surface of the integra-
.. 

tion; the second and third terms represent the rate of change of the energy 

in the electric 3l1.Cl magnetic fields J the fourth term is the energy diss~pa­

ted as heat in the system. E •H =Sis Pqynting 1s Vector in watts/sq. 

metr~.-

A. 1 o. 0 Radiated power and Rn.d.iation Resistonce of a doublet antenna. 

The power transmitted across a unit area at a radius r from the 

doublet is obtained by taking the time average of the Poynting Vector 

E'xfi:s, 
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Taking values for E~ nnd lffi:.¢ from ( 8 • .}1 ) and ( 8. 29) the time average of S 

= S r = i J E9 I • f ~ I ( 1 o. 1 ) 

.. - i r/ i2 ll sm. 2Q . I . (1o,-2) 
Sr - 2 2 2 watts uru.t area. 

161lT r e:w 

To find the total energy radiated it is necessary to integrate over the 

whole sphere of radius r 

Thus 

F:Lg. 1>., 1 o. 1 • 1 
El~nent .£Larca___g:l a Jll?.hori~ surf'Q£2~ 

From fig. 10.1.1 do.= 2 7T r 2sin 9 d 0-

Ji? = f S da = f7T S 2 'If r 2sin Q:lQ r area r ·o r 

@3 I2 h2 ~}if .rsin39 dQ 
= 16 1f e oo 0 · 

= s3 1.2 h2 .[i -'cos Q (sin2 Q +. 21?017' 
167Tc:W ·.· 3 J 

== [33 12 h2 
127Te;W 

::: ~ R I
2 

r 

( 10. 3) 

( 1 0.4) 

( 10.5) 

( 10. 6) 

where R is defined as the radiation resistance because I is the peak vo.lue r .. 

of the current in tho doUblet. 

Thus R = eo (13 h )
2 

r . 
But (3 :::'2 7T/A • 

Therefore R ::: 790 rljr.._2 
r 

and power radiated =-· 395 I
2 

h
2/t...2 

watts 

As this is for a doublet, h is smaJ+ compared vvith 'A.. 

Since P ::. 10 ( (3--I h)
2 

from eqp ( 1~6) and 

( 10.8) 

(10.9) 

(10.10) 

1 

E 
nns 

2 = • 707 13 I h 
.. 4urs:w 

~ •107 S I h x 120 7T = •70Lx 30 (P)2 

1 

212•1 ~?)2 

r 

4 7T r 1 _ 

(10)2 r 
(10.~1) 



A. 1.1. 1 RD.d:io.tion from D. half wave dipole,!_ 

r p 

Fig. 1~.;. 11. 1:. 1 ... \ 

l? is for enough o.wr.:if from 0 for the ciistonc'e r, from ·point P to v:ny point 

on the dipole distruit z from 9, to be tc.lren as r = r - s cos Q ( 11. 1 ) ., 0 

Assume. sin.Jlsoic1al current <li·strihution so that if I is peak 
0 

current at 0 then the peak current at any point along the dipole, distant z 

from 0 will be I =- I 
0 

cos /,3z: .so that at z =i, I ::: 0 ( 11 : 2 ) 

lm element of length c?z . will be"la.ve as a doublet. Therefore 

from (8.31) (ro~ation field) 

- j {3
2 

I sin Q 
0 4 j(wt ~{3r * /,3~ cos Q)d 

1_~ cos {3 z: e o . · · z .. 

j Z. 1 sin Q 
A 4 (11.3) 
4· {3 cos {3 z ej(wt - f3ve + J3s cos. ~~ dz I "k 

r (11.,4) 

:;: .. -.....:0012·~· -·~0;._ __ 
4rrr 

ax 
l3ut J e ax cos bx. dx = e~ ( a cos bx -h b sin bx) 

a2-tt-·b2 

z_ 
Therefore, integrating, and tnking 2 0: = 60, 

60 I 
E .c 

;: - 0 
Q .. r. 

Q. 

j(w t - {3 r ) 
0 cos 

(~ cosQ) 

sin Q 
(11.5) 

P~c.9ing r 0 for r in denominator ,is penninsible if.' r 
0 

is large. Ii' I is the 

r.o. s value of the ourrcn.t then the ~.o.a. vo.lue of the field streil[{t!h is given by 
111' 

!JQS T cos Q 

sin 9 

The variable portion gives the polar diagram in the vertical plane and is a 

function of Q given by: 

_ cos(~ cos 9) 
F(a) - -~~~­sin Q 

From '( 1 o. 1 ) 

s r::: 

2 
~\:, I.a 

2 2 8 rr r C) 

. ( cos (~ .cos 9) )2 
sin .9 

p = ITT s 2 1T r 2 sin Q a 9 from (10.3) 
r 

2 
o r 

zo Io 
= 4-1T 

= 30 I 2 
frr ~(9) sin 9 d9 

c 0 

( 11.6) 

(11.7) 

(11.8) 

(11.9) 

(11.10) 
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ana R. referred, as usun.l, to the point where I is o. rna:ximuo, frm ( 1 o. 7), 
r 

is given by Rr = 60 f~ F
2 (Q) sin Q dQ 

:::: 60 f1T cos·
2 

( ~ cos Q) 
0 . Cl dQ 

SJ.n '=' 

(11.11) 

(11.12) 

(11.12) may be put into a foro using to.bulo.ted integro.ls given by Jahnke 

o.nd Emde ( 17 ) and R = 7 3 ohms ( o.pp~oximo.tcly) ( 11.13) 

Altcrnati vely, follc.J'Ning J oronn, ( 7 ), who o.ppen.rs to follow Pierce ( 18 ): -

d9 d u 
Put cos Q = u. then sin 9 = T~u2 and the integral becomes 

111 1 + cos 1T !J. du 
z:~1 1 + 1..1. 

Hence putting v :::: 1T ( 1 + p.) 

the integral becones 
ir?rr ( ~ ... ·~ 
2
f 0 • ' 

. "'2 2. 4 4. 
1; ., ..L.:;.. - ~-- + :;::~ 

_JL ~ )cl ....- i v. 
6 6• 8 . ,· 

~.-- .. .JL: ..,.)27r 
6•61 8•8!. 

0 

D.nL1 since v = 27T _ 6.2832 

the first tero = 9.870 

Using 8 terns the intcgro.l 

f1T cos2 (~ cos 9) d9 = 1.2186 
0 sin 9 

o.nc.1 R :::: 60 x 1. 2186 for a-}-.. dipole. 

== 7 3; 1 2 01hms as in ( 11 • 1 3) 

A. 11.1 Racliation fron a ~ nonopole (grounded). 

(11.14) 

(11.15) 

(11.16) 

In the co.sc of o. ~ vertico.l roc1 the integro.l will be for a mer.rl.­

spherical surfo.cc (~ir.lits c.r~ nall 0_ ~o ~ )and 

R = 60 x • 609 = 36. 5 ohr:ls. r . 
(11.17) 

As would be expecte<l, if I is the stme in both co.ses the dipole 

ro.c.lio.tes twice o.s much power as the monopole. 

li ... 1.1. 2 !'f.eld strenP,th relat£9_ to power pnc1 distance. 

2 
If Pr = JL . Rr ::: 1QOO '1{at~s, using R M: S values f'or I .anrl E 

(1000)i 3 7 then I = -
73 

::: • onps. ms 

Then, fron ( 11.5) one watt of ro.cliatcd power will produce, o.t o. point 

<listo.nt 1 notre in the eqUD.torial plane ( 9 = 90°), o. f'ield strength 

E = 60 x 3;L = 7 V /n 
(1000)2 . 

i.e Eel = 7 (P)~ f'or ~ dipole. (11.18) 



At high freqencies a point distant 1 metre would probably be in 

the indumtion field making the case fictitious but the concept of P = 
1 watt, r = 1 metre is useful in the M.~s. system. 

The field strength at one ld.lornetre for P = 1 ld.lowatt is 
r 

given by: 

E ~ 60 X 3. 7 >< 1 o3 volts/metre. 

= 222 mV/m 

This is another useful concept. 

(11.19) 

~ote that r is not expressed in wavelengths and therefore'for a 
. . . 

given radiated power, a ~ dipole, for,say, 1 Mc/s, wil(p~uce the 

same field. strength .at ~Wne Km. as a fr dipole a'S. 100 Mc/s. 

A. 1 -t. 3. 0 ±E:flu~ce of reflecting plane. 

Assume the p~e is a perfect conductor. Then the image would 

be as in fig. A. 11 ., 3. o. 1 · (a) for a vertical element, (b) ·for ~ horizon-
··' 

tal element and (c) for an inclined element. 

I / 
a b c 

ng. A. 11 • .2· o.1 
The vertical radiator has an in-phase image J the horizontal 

radiator has an out-of-phase image. 

The polar diagrnm is f01m~ by multiplying. the polar pattern of a. 

dipole in free space (equation 11. 6) by that produced by tWO poirit sour-

ces situatcd __ at the centre of the dipole and at the centre of its ~e 

respective~. The point sources are in-phase for a vertical dipole and 

oo.t-of-phase for one. which is horizcrntal. 

A. 11.4. 0 Vcri;ical anteJ:B?.Jl above 12erfectly conducting plone. 

Jordon( 10) suggest that .the multiplicat:i;on referred i>o in 11.3.0 

mc.y be done q,_~to.tivcly by inspection of the two polo.r diagrnms to 

be multiplied. 

I= 
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It is proposed.,howevcr, to follow Willirun 1s(?) method of--deriving 

"height factors" which, when--multiplied by eqUD.tion ( 11. 6) '\vill 

produce a quantitative result. 

TO POINT P 

Distance 0 P is so great that A
1 

'P;___O P; A2 P may be considered po.rallel. 

0 B1 :: ~ cos Q:: ~ H cos 9 rod.ianc;. 

Thus when Q = 0, the phase of E1 at P relative to refersnce pt. 0 due to 

A1 will be ~ H radians whereas at Q.-90° it will be zero. 

Similarly for A2 the J?hase of E2 at P rela.tive to point 0 due to~ 

will be - · J? H rndions. 

The resultont field at P will be the veciwr sum ctE1 and E2 

to.king into o.ccount any difference ip. pha.s~ in A1 and ~ • 

Apply this to fig. A. 11. 3.0.1 (a). The currents in ante:nna 

f'J:ld ground image are in pho.se. E at P due to ontcnna ond image when 

1
1 

= ont~nna current and I 2 = image current is gi vcn by the equation: 

E = k It o.nglc ( ~ H cos Q) + k I 2 onglc (-j3 R. cos Q) 

Ass'Lliilimg I 1 :=: I 2 

E :;; k I1 onglc (j3 H cos Q) + k 11 angle (-(3 H oos Q) 

E = 2k I 1 cos ( ~ cos Q) ( 11 ~- 20) 

::: 2 k r1 cos ( ~ H sin l\) ( 1 t. 21 ) 

= 2 k I 1 F
1 

( H,6) 

where 11 ::: o.ngle between 0 P . and the horizontal$ cos (I3 H sin !).,) is 

the height factor ¥1 £or positive images and is plotted graphicully 

in figuro A. 11..-4.0. 3. k I 1 is the free-space value of the field 

(eqn. 11.5 A). The field strength, in the presence of a reflecting 

plane ,is E = 2 cos ( ~ H sin 6) times the :f'roc-spaoo _field strength. 
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A • """'" ol £1t~t1011 In 0.""' 
lbrolrr FACTOa Poa NaoATIW lMAou: IV..MO& II• o·li!}A TO J'OA 

Figure A .11.4.0.2. 

Figure A .11e4~ 

(7) 
Both figures reproduced from Uilliams 



A. 11. 5. 0 Horizontal antenna above conducting plone. 

Here the image __ c~~n~ and the nntei'lilD. current are in ontiphase. 

Therefore from fig. A,11.3~0.1 : 

( 11. 23) 

E2 = - k I 1 an~lc 13 H cos ( e + 1T) 

Assuming I 1 = I 2 

E = 2 k 1
1 

sin (13 H: cos e) 

# 2 k I 1 sin (~ H sin A) 

F1 sin (l,?-.H sin b.) is plotted gro.phico..lly in __ fig. A.11.4.0. 2 ( 11, 25) 

for H is • 25 A. to 1. 0 A. for negative images. The field strcngth,in 

the presence of _.?- reflecting plnnc, is E = 2 sin (13 H sin b.) times the 

free spo.cc field. 

A, 12. O.RDdio.tion from· a straight wire carz:ying o.. travelling wave. 

The :seri.?-ing peak current l 
0 

, is related to the peak current 

at o. point distant. z dovm the wire by the equation: -· 

I =I cxp (- j 13 z) z 0 
( 12.1) 

where I and I differ in phase but not in magnitude. They v~ z 6 . . 

.sinusoidally with time so that i = I. exp( -j w t )nnd i = I exp( -jwt) z z 0 0 

~ Fig1 A. 1 2. 0. 1 

;?traight wire carrying travelling wave. 

In fig. A,12. 0,1 a straight wire, length 1, is centre fed. The 

instnnteneo~ electric f~eld at a distance r
0 

fram·o is given by 

equations ( 8. 31 ) and ( 1-1-.1.) 
,, 
.' 

I 
.. o 

j(w t.-13 r * 13 z cos Q) e .. o dz • 

= 
j ~ I 

00 0 
41Tr 

l. 
j ( W t - A ~) J-*2 A 0 j (3z { 1-coS Q) 

sin Q c ..., ~-" 

Dealing Viith effecti vc··values, i.e. dropping the phasing terms and 
putt· boo 

l.Ilg "2rr = 60, 12.2 becomes: 

]1 = Q 
60 I o sin Q 
-2=-=--r-=-· 

l 
L*2 

1 
2 

13 e j ~ s ( 1- cos Q J dz (12.3) 

dz 
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Putting {3 z ( 1':"cos Q) = x 

{3 (1 - cos 9) dz =.dx 

dz 
~ dx = j3[1 - cos Q) 

The integral then becomes 

B - jx ·· 
I {3 ( 1- cos Q) e = t": '"":.~1,_,.,-~~ . . -.l 

= :- i 
.. ( 1 _.cos Q) 

( e j ~ ~ h • OOrJ, 9)-e 

Putting 62
1 

( 1 - cos 9) = y. 

~ {~-j cos Q) (cosy- j sin y- cosy- j sin y) 

= 
2 sin y = sin . ( ~ -~ ( 1.;:. cos Q) ) 
( 1 ..;. cos i) ( 1 .:. cos Q) 

From ( 12. 3) nnd ( 12.5): 

· EQ =- 60 1o sin Q sin ( (3 ~ ( 1-cos 9)} · 
r (1 -cos 0) 

lnhe polar diagrrun F ( Q) is o. function of Q such tho.t 

, F ( Q) = sin Q sin ( ~ ~ ( 1-cos Q) ) 

(1 -cos 9) 

A.12. 1 . Radiation from a Rhombic antenna, 
1 ,£ 

(12~5) 

(12.6) 

( 12.7) 

Four straight wires, each carrying a travelling wave as in 

( 12.0), and fonning a dinmond comprise a Rhombic antenna. Harper ( 9) has 

devote·d a book to Rhombic antenna design; workers such as Cafferata ( 20) ond 

Foster ( 21 ) have mode significant contributions to the theory and the equo.- --
. ··~ . ( 22 )'' ( 19) 

... tiona derive'd below were verified by Bruce and Bruce, Beck ond 1I:Jwry • 

In 1953 the International 6onsultative· Oomlii:ittee ( 11 )published the vcluo.ble 

'1 .bntenna Diagrruns" ( 
11 

) o~ which fig.. F. 4. 4. 3. 1 is one ond the quali tnti ve 

signal strength dio.grruns have been verified by the British Post Office. 

i, • . The treatment of the eubjec~ by s~ch \<vriters as Storr( B), 

Jordan ( 1 ~) ~erman (J+) is fragmentary. It is better covered by Willinms(7 ) 

who summo.rizes n:uch :>f what hns · been written eo.rlier and his approach is 

applied below: to the special case of the field in the direction of propa­

gation which is in the. direction of the major axis and inclined o.t an angle 

1::. to the horizontal, mo.ld.ng an angle Q to 1l B and A D. Only when 1::. = 0 will 

the d.ireetion of propo.go.tion be in the plane oontroning A,B,c, D. {See fig. 

A. 12. 1.1 w.bere l~o .B = B· 6 = C D:· = D A. = 1 ) 

c 

Fig. 1~. 12. 1 • 1 • 
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From equation ( 12 .• 6), but with the pho..sing terms in ( 12. 2) re-introduced, 

the value of E~ , at P which lies in the direction of propagatian,due to 

side A B referred to the current at A is given by: 

E 
_ j 60 1 sin Q 

Q- Q 
r 

c j (wt - i3r~ 

The last exponential term allow'S for referring the phase to A and for 

the phase difference along the wiia. 

-The .field due to.· side D C is the same as for A B except that 

there is a phase difference of ~ i cos Q radfuus (being the sepn.ration 

between the mid-points of A B and B, C); a further phase difference between 

the currents at these points of ~ 1 radians due to the distance along the 

wire from the mid point of B C to that of D C; and a further phase diffe­

rence of ff radinns due to the reversal in the sense of current between 

A B o.nd D C. 

The sum E
1 

of the fields in the direction of the- major axis, 
from A B o.nd CD, referred to the mid-point of A B, is given by: 

- ( s 1 cos Q ; . ..1i.1 :!!. \ E1 _ 2 EQ cos 2. 1t- 2 · * 2 J 

= 2 EQ sin ( p ~ ( 1 - c~s Q) (12.9) 

This, as shovm above, has a phase relationship with point li.. given--by 

- j p 1/2 ( 1- cos Q) ( 1 2. 1 0) 
e 

Thus, referred to current at A-, from(-12. 9) ,( 12.10), (12.8) -· 

E1 = J. 120 Io sin_· __ . Q :_in2 ( £21_12 - ( 1- cos~) _ __ ej( rot - ~ )e "'2jt31/2( 1-cca Q) 
r (1 -cos Q) · (12.11) 

· In like mo.nner the sum 4 E2 of the components from B C and D 1J.. arc found 

to equal E1· in the direction of the ~or axi.s nnd the t.otal fi.eld 

:: E
1 

-tr E2 m this cl.irc.ctiOJ:l. 

E 

~, 

oc 
A 

A~ y 
c 

p 

Side Elevation 
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In fig! 1?i1~2 , Q is the angle B A P 

oos Q = cos 6 sin ¥ 

.. 
' .. 

(12.12) 

(12.13) 

Subs __ tituting for cos "Q fr® ( 12.12) into ( 12.11) and then for E in 
' 1 

( 12. 13) 1 whilst dropping tho time phasing terms, gives 

E = _3!:-0 I cos ¥ _ sin 2 ( ~ ( 1 - cos 6 sin ¥) ) 
r ( 1- cos 6 sin ¥ ) · ( 1 2. 14) 

whore E and I arc r.m.s v~~ues. 

F
2 

_is ~lled .the "asymmetry fac~or''~ 

F 
3 

is cn.llecl the"length factor"• 

(12.15) 

If the input impednnce = 600 ohms on input pmv-er of 1000 watts 

would produce a current of: 

I= 1.29 nmps and from (12.15) 
1 

E = 3-10 p2 
r 

whore E .is in mVfmetre ,,, 

r is in .KrJ. 

( 12.16) 

Compcrlng ( 12. 16) with ( 11.19) the Rhombic o.ntennD. has o. power 

gain, G-H' over a hc:U.f wave dipole. in free spo.cc such ·that 

GH = (1.396 F2 _F3 )2 

say ~ :::: ( 1. 4. F2 F 3) 

Vertical Polar dio.p;ran. (Rhombd..c Antenna) 

(12.17) 

When o. Rhotibic antenna is mounted horizonto.lly above the· groumd 

it·-mo.y be considered to have a negative irno.ge below the ground as in··fig. 

(A. 11. 1 ) ond. the combined. field strength is double thn:t gi von in { 12.15) 

multiplied by the height fo.ctorra F
1
,for negative images. (Eqn. 11.a5). 

The power gairi, Gu. , of the Rhombic, situo.ted above o. conduc­

ting plane, over o. d~pgle in free space, is therefore given bY-: 

( 12.18) 

ondE 

) 480 I. 
or (frcra (12.15 E = · v F1 ( 12.to) 

vrhere E is in raV/metre __ o.t pt P in direction og major o.:xis. 

P is power in Elf. · 

r is distoncc of P fram rodiator in Km. 
F1 is given by equation (1_1.25) ·· 
F 2 , F 

3 
o.rc given by equations ( 12.14-) and. ( 12.15) 
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Horizontal polar diagrrun, (:Rhombic Antenna ). 

Starr ( 8) o.nd. Williams ( 7) quoting Bruce and his colleagues ( 22)' ( 19) ~ 

extend. F2 ·, F
3 

to give a polar diagram for 11. = constant in terms of on 

exploring azimuthal nngle ¢ so that 

. E:: ?4~ I F4- ( ¥1 li, ¢) F
5 

(1~ ¥, li, ¢) (12,21) 

where F ::: i (cos ( ¥ + ¢) + cos ( ¥ - ¢) 
4 1 - cos 6 sin (¥ * ¢) 1- cos •11. 'sin (q - ¢) ) ( 12• 22) 

ond. F5 ::: sin ( -'%-· ( 1 - cos 6 sin{¥ + .¢))sin(~( 1 - cos 6 sin(~ - ¢) ) 

. ( 12, 2J) 

(ll[otice that F
4 

and F
5 

equal F2 ond.. F
3 

in the special case when¢ = o), 

Ncwi, in free space, as in (12.16),(12.17) 
1 

E = 310 (p)2 F F 
. r . 4 5 

%;=(1•4F4 F
5

)2 

and when Rhombic is placed above a conducting plane ,as in ( 12, 19) and ( 12.18) 
1 

E 
_ 620 (P)2 F .. 
- r 1 F4 F5 ( 1 2 •. 26) 

or E = 4801 
r 

where E I p ODd r n~ve the same lmi ts as in 12,19 ond 

QPtirnuo dimensions. of Rhombic .Antcpna. 

( 12. 28) 

To ob:tain maximum gain for o. given vo.lue of A, the functions F1 , 

F
2

, F
3 

in eqn. ( 12.18) are dif'fercntio.ted with respect to 6. Viil.J..i!lms(7} 

has shown that this lco.ds to the following aptil~um ~i.ons: 

). 

lit= 4 sin A 

¥= 90-~ 
l :; _,;.f...__""';!""­
. 2 sin 26 

But this gives a lobe :oo.:x::imur.l slightly be~ow the chosen angle, 

( 12~ 29) 

( 12~_30) 

( 12.31) 

to correct this 
dE 
clb 

from equation ( 12.. 20) o1..wt. 00. put to zero. 

• 371 f.. 
The oo'ldm~ -occurs o.t J. = ~""!!'2.........,-

sin li. 
( 12 • .32) 
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The signal strength in this direction is sOinc 1.5%. le~s . than i.t is 

in the same directicn for the· maximum, o~tput· de~ign of eqn. ( 12.31 ). 

EqJ15. ( 1 ~· 29) ( 12 .. 30) and· ( 12. 31) n.re. used to~· give . optim~ designs for 

transmitting .antennas ana eqns. ( 12. 29)' ( 12. 30), ( 12. 32) provide ~he 
optimum design for receiving antennas. beco.use no other part of the·· lobe 

is more sensitive th.."ll it is in the direction 'of the wanted signoJ.. 

Rnd.iaticn Resistance of Rhombic antenno.. 
This: is shown by I.ctiri ( 23) to be -

. ' ' 1 2 .. 
R.r = 24.0 (.loBe ( 4. 1TT cos !f) + •577) (~2.34) 

where R is in ohms. r . 

·. _..;._ 

' ' .. . . ,, 

_.._.__ ...... ,.. ........ - .... 

; 
,· 
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APPEND 1 X B. 

:ti. F. PROPAGATION : LONDON - SALISBURY. 

S U M M A R y· 0 F A P P E N D I X B. 

H. F. propagation theory is developed and leads to the following 

results, which are U.sed in the main text, assuming that the. operating 

frequency is 2.1 .• 47 Mc/s at noon, September, 19.56, and that 100 kw is 

transmitted from London, psing a Koomons H/4/4/1 antenna aligned on the 

great circle bearing of Salisbury from London:-

(a) Wave arrival angle (~) in Salisbury: 

(b) Mode of transmission: 

(c) AJ?proximate height of trajectory: 

(d) Losses at-reflection points: 

(e) Non-9-eviative absorption: 

(f) Deviative absorption: 

(g) Spatial attenuation. 

(h) Polarization and phasing loss (assumed): 

80 :!: 20. 

3 hop F. 

255 kiD. 

8.6 db. 

41.6 db. 

2.'2 db. 

75.0 db. 

4. 6 db. 

(i) CalculatGcl received field strength: 12 db above 1pV/m 

i.e. 4 ~V/m. 
Expected variations in signal strength are d~alt ·Rith unqer 

the heodings:-

1 ) Interference between signal components which are· out of phase; 

2) Wave frequency approaching the value of path M. U.F.; 

3) Dellinger Fades (s.I.D.); 

· 4-) Prolonged. Ionospheric Disturbances (P.l.D.); 

5) Ionospheric Storms; 

6) Sporadic E Ionization; 

7) Winds· and Tides in the Ionosphere; 

8) Scatter phenomena. 
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B>.t-· "lfuat must be lmovm about the incoming sii£tp..l. 
. . 

When attempting to design a suitable receiving antenna for a 

high grade point-to-point circuit, a. knowledge of the following is 

necessary: ~ 

a) the mechanism by which the signal travels from transmitter 

to receiverf 

b) the expected wave arrival angle and bearing; (ignorance on 

this point could easily lead to the error of employing a 

high-gain antenna vdth ITaximum sensitivity in a direction 

other than that from which the signal is arriving);(
21 4) 

c) 'chc median value of the received signal strength; 

d) possible variations of (b) and (c) and the probable extent 

of the variations; 

e) polarization of the received signal. 

By s~cisi.ng the present knowledge on the propagation of 

radio waves, and the mw..ner and extent of their attenuation from 

transmitter to receiver; ?-t is possible to determine the parameters 

concemed. 

B.1.0 The formation of an ionospheric layer. 

Theoricis conceming the·formation of ionized ~ers are 

summarized below. 

Consider the earth as being enveloped by a gaseous element 

the density of which decreases exponentially upvroxds. The inten­

sity of radiation from the sun decreases as the earth is approached 

because of absorption,by the gas particles, of this radiation as· it 

penetrates the gaseous envelope. The absorbed radiation causes 

ionisation of the gas ana the rate of ionization would therefore . 

be e:;..-pected to be a maximum at a cer'Gain level. In 1926 Pannekoek( 66) 

developed Saha's( 67 )theor,y of thermal ionization as modified by 

Miln~69 ) and Woltjer( 6S) to take into account the continuous natu:t"e. 

of the so&arr radiation but Chapman (51) produced a theor,y in 1931 

that is simple, direct, and useful ancl takes into accO\.m.t diurnal. 

and seasonal variations by specifying ionization in terms of 

the zenith angle X of tho sun. 
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Due to absorptiOn .. of the sun1s .:radiation in the 

orlimOS'.flhere the change in ·radiation intensity di when the 

radiation passes through a layer of absorption coefficient A 

of a~osphere of thickness dh at height h is given ~y:-

d.I = AI .. dh sec X p
0 

cxp ( -h/m) :a;.1.1.1 

where p
0 

is the go.s· density at ground level a:.nd H, the 

scale height ,is defined o.s: 

It =.1s!.. lh 1 ~ 1,'2 mg 

where k = Bel tsnoxm • s Constant 1 • 37 x 1 o16 
erg/ d~gree absolute. 

. . 
T = tenperat.urc at heiB}lt h in .. dcgrces absolute. 

l!ll = mean colecular muss of ga.s. 

g = acceleration, duo to gravity, at height h. 

On intregatiori,.cqn.(~.1.1.1) becomes: ' 

I =. I 0 exp( -Ap0 H sec X. exp ( -h/H)) where B~ 1,1. 3 

10= the intensity of radiation b~forc it enters the 

atmosphere. 

If ~ is the number. of ions produced by absorption of 

unit quantity of rnd.iatipn -then the rate·,q,of ion production 

per cc at hei~t h is given by:-

of: 

d.I 
q = (3 dh cos ~ 

Differentiating· eqn. Bi. 1. 1 • 4. gives ~ · ~s c. mo.xir.lum vnlue 

~· = (3 I 0 o·os X/It exp 1 B.1.1.5 

and the height of this mxit1uo rate 

exp (h/H) = A p H sec X 
. 0 

of ion production is gi. ven . by: 

~ 1.1.6 

For the speeie~ ·case when the sun is vertically overhcod, 

X = 0 ru1!l eqns. B. 1. 1. 5 o.ncl ~. 1 .. 1 • 6 bec0t1e: 

~ = (3 10 /H eX,p 1 

1n = EE. loee A. Po Ht 

. I4·1...-1.5o. 

D..-1·.1.6a. 

·Now reckoning height frm the reference lavel bzn. in scple 

units OJJd writing. this height as 11z scal.e units from ho ·"(where 

h - 'h )' s :=: .J.l , 
:a. 
qJ_ = ~ exp { 1 - z- sec X exp ( -z) } ll. 1 • 1 • 7 

I£ N = 1'lllDlber· of electrons/co o.t o:ny instant t at heieht h and, 

o.ssunti.rlg that the Jlll.lr.lber of eleotl'lbns lost per second clue to 

recocbino.tion is (%. N.
2 

, theri,f~r equilibri.uo condi.ti.ons., 

d·M - q- «·~ - 0 
~- .. -· n~ 1 .. 1.8 

q == « N~2 

Substituting in eq,n R.1.1.5 

· ct llt:2 = ~ I 0 cos X/H exp 1 
. 1 

.. and N = constant ( 00& x)'2 
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11.3.0 

.n.3.1 

.. - n.3 
.. 

Substituting eqn. 2,1.1. 9 in eqn 2.1.1. 7 the distribution. of N 
; 

vdth height is given by:-

NY = Nma:x: exp ~ ( 1-z- sec ·X exp (-3)) B .• 1.1,11 
1 

where Nmax =(q0/ a)2 is the maximum electron density for·x = 0. 

In the region where z is·- srpall and for the case where X = 0 

Chapman (51 ) shows that eqn (11,1 i 1, 11 ) approxWD.tes to:-

N = Nffiax ( 1 - z2/~) 

= Nma.x ( 1 - y2j~ H2) . · D.1,1,.12 

where y = h - hm. = z H. 

Equo.tion· B,.-1,1.1? is that of a parabola and this parabolic 

distribution holds good to an accuracy of 95% within the region 
+ hm - H. Such a region is commonly called a "Cha~ Region". 

Practical departures from the Chapman Theory, 

The idealized asstmiptions of the theorj,"~hat (a) the atmos­

phere is isothermal (assuming H = ~mg is constant), (b) that 

ionizing radiation is .monochromatic· and (c) that the recombination 

coefficient is constant·vT.ith height, are not found in practice 

and this fact distorts the layer shape. Nicolet·~ Bossy(71 ) 

have inve.stigated the effect on N when H is not assumed constant 

and Glidhill and Szendrei (72) have investigated the variation 

of N with h for a risirlg temperature grodient. However the --.. 
deviation, in practice, from the Chapman __ layer, is not great in tbB 
E and ·F1 layers. , . 

The formation of a series of layers~ 

MitmC73) has pointed out that Pannekoek's( 66) calculations . 

may be used to explain the origins of the ~arious layers. Bahr(7o) 

has calculated in great detail, the formation of layers using 

this methcd ond. the present tbearies ~ oo summarised. as: 

The nonnal "D" region ( 60 km .... 100 km). . 

The theory put forward by Wlitra,Bhar and Ghoru/7~) ,in 1938, 

that this region is caused by ionization of 02, ha.s 

to one proposed by Nicolet(75), as follows:- . 

·given way 

(a) 

(b) 

(c) 

The normal D ionisation is due to ionization of 02, 

Sometimes a sporadic layer is formed due to ionization 
of sodiurn;and. 

Sometimes extra ionization is produced during radio 
fede-outs due to ionization of NO by A. 1300 giving 

NO -tt- hv = NO+ '* e. 

. Mitra (76 ) ~upports this theory but Watanabe, Marmo, and 

·. Pressman(7S) do .not accept (a) ~ (b) ~d Gibbons and Wayni~(?G) 
favour (c) as the reason for normal D region ionization. It is 

hoped that the present scanty lmowledge concerning the D region 

model will be assisted oon.siderab)Jr by· the space probe programme 

now in its 'infancy. 

'. 
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B. 3. 2 The nonno.l ''E 11 reaion. ( 100 lgn, - 150 km•)., 

1
, The under--bmmdary of this region is approxion.tely 1 00 kr.i. 

with J o.t about 120 la:l. when the sun is vertico.lly overhead. 
r.laX. . · · . 

This is the transition region where 02 dissociates to foro atOmic 

oxygen. Bha~70) has proposed that the layer is formed by the 

second· ionization. potential of o
2

• Hoyle. and. Bates • (79 )theory 

that E ionization of 0 is due to coission froo the sol.o.r corona 

(photon groups at 325.A) has received wider acceptonce. iq:lplet~80) 
indicates t~a.t recent r6cket soundinGs have deconstrated that 

E ionization is caused by soft X rays. 

Appleto~ 80) has also fuoo.wn attention i;o the vertical. 

transport of electrons in the E region pointing out that eqn. 

D. 1. 1 • 8 bccooes : 

..2!'!... = q - « N2 
- di v· lbl 

at 
n. 3.2.1 . . 
~ . . 

where div N is the electron disappearnce rate upwa.:tds per unit 

volume o.nd this upworcl drift of electrons is responsible, 

according to IfUlrtJ 81 ), for sooe of the perturbations in the 

F layer. 

:0. 3. 3 The normal "F" region. (above ·150 km. ) 

This is the region above about- 150 km, ond :is usually 

subdivided to give the F
1 

layer and the F
2 

layer,· Bho.r 1 ~70) 
prop6sc.l that F1 is due to ioni~ation of colecular nitrogen 

imd F2 to the ionization of atonic o:x;ygen is not supported by 

Bates and Masse~83) who claim that F
1 

is due to ion±z.o.tion. of 

a.tor.d.c o:x;ygen o.nd th~s is, suppo;rted by later workers. .. This 

region (F1) confoms .to a noroal Chapnan J.cyer ond N, the. 

electron density ,near· the r.laX:i.murn is given by the solution of 

the equation: 

..£11L = q - a Nf from eqn. n, 1. 1. 8 
dt 

For equilibrium conditions ( :-
1 ~ 0) equations :a.1.1. 8,9, 10 

indicate that: . 
1, . 

N = canst X (cos x)2 D.S in ~.1.1 •. 1 o) . 
The F2 region, according to Mitr~~ 6 ) is also produced 

. by ionization of 0 by the. following process: 

· .. As proposed by Bro.dbuzt~5) and favoured by Mohle~84) 
o.nd Bates ond Masse~S3), the effective reconbination coefficient, 

a, decreases with height so rap,idzy that a. I:lO.X:i.r:lum occurs when 

equilibrium is reached at sor.1e height above F
1

• 

region ho.s two caxioa, one at F1 ond one at F 
2

• 

Thus the F 
B.rodbuzt85 ) . 

suggests, tho.t in the F 2 region the nUr.lber of electrons lost per 

second_= ·L3 N coopo.red w;i.th the c N
2 

in the. E ~a F1 regions o.nd 

there:fore: 
i. 

1'f = consb~oos X) inst.eo.d. a£ (oos X) 2 • max. 
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Martyn<86) agree~ but maint~ that Bradbury 1s theory(S5)_ 
is not . the whole story b~cause Nmax (F2) varies wfuth sunspot 

activity at a rate more than .3 times ~ (F1) and··has--postu­

lated the concept of ionization transport (See secJD.3~2) so 

that in the F2 region: 

9:...,E = q - (3 N; - div ( V N) 
dt 

~ • .3 • .3•1 

where N = nUQber of electrons per cc. 

q = the production of ions per cc. -4-

. ~ = coefficient of ionization decay =~·10 exp('\og-h) 

h = height in km. 

V = transport velocity of electrons (and ions). 

The variation of N~~ with sunspot number has been inve~ti­

gat'ed by Allen(S7 )( 8S) who has shown thit the values at the 

equator at the equinoxes, during an epoch of sunspot number R., 

are given by: 

F1 layer, Nba.x 
F2 layer, Nmax 

= 2.5 X 1o5 ( 1 + 0.0062 R) 

=A x 1o5 ( 1 + f.02 R) 

: n.-J• 3~~2 
: ~-.3~.3~.3 

:=. £
2 

X 1.24 )(··1104 :-D • .3. 3. 4-0 .. 

where f· is the F2 critical freq. -in Me/ s • 

. Martyn. (S6)"1 h:s incorrectly stated eqn D. 3. 3~4 as " Nma.x = f; >< 1. 24 
• ,c' 

where f c is in M.c/ s tt) 
By comparison with other -data the value of A in eqn ~. '- 3. 3 

is considered to be about 4. 5. 

The collision frequenqy betvveen an electron and ionslle i ¥ 

and between an electron and neutral particles,ve ~mey be 

calculat~ by formulae .due to Chapman ( S9) as follows: 

ve i ~34- + 4.18 log10 (T3 / N )) N. T -3/
2 

: U.h·3Y>'5· 

v = 5.4- + 1o-10 Nn T ~ n.3.3.6 
1e n . 

where T, the absolute temperature, ·for--various hei~hts from 50 ' 

lan to 100 km, is given by NicolQt ( 90) • Martyri, ( 86 from sa:bellite 

results quoted by Schilling and Sternc(~6)indioates that T rises 

fairly unif~ from 560° K at 160 lan (F1) to about--14-00° K at 

300 kin (F2)• Nh = neutral particlt:e number density/co. The· 

particle densities given by Terman(4) page 11~ for various heights 

may be used for the values of Nn in eqn (n. 3. 3• 6). 

Martyn(86Lindicates that the scale height H for thia- !'?SllM 

is given by H = • 039 T (!an) at 300 lan and H • O)l T at 160 lat:1"W"hen 

T = absoiute temperature, quoting Bales ( 17 3) for the--assumption . 

that the mean molec~·weight in the F region is.23.8. 

The Ionospheric Model o:t.' number d~ns~ and total .£.Ollision f:req.. .. 

It is helpful to deduce the variation of N and v with height. 

This has been done for noon at the equator in September. 1956 (X:O) 

and the .results are summarised in Figure F n:. 2.4. 0.1. 
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Eleotron number density; vs.height. 

Rocket sounqings quoted by Friedman(79)and critical 

frequency soundings taJtcn by rrhomas(S2) in July/August 1957 ha.ve 

been used as the basis of the -model. These figures were··adjusted. 

so as to ·give the va.luo of Nm for F2 as per equationrr.3.3.~ 

tcld:ng noon f critical at the e.qua.t.or :in September 1956 as 1~ Mc/.s( 99 ) 

i.e. N · .. :for F2. = 21 x: 1cP electrons/cc. (also· see eqn. :a.s.o.4). 
max . · 

The September noon curve-for N, versus height at the 

equator for·~ other year may be plotted approximately by mul- ·· 

tiplying the N: curve in Figure F.· n.4.0.1 by the ratio (f /13)
2

• ( ) 
0 99 

The F2 critical frequency for which Fig. F~.4.0.1 was constructed 

was 13 Me/ s and £ is the F2 ori tical frequency in Me/ s a.t noon 0 , 

at the equntor,for the year in question. For other times ~f day 

ond/or other seasons n.nd/or other latitudes·, find the solar zenith 

an@..o X. ~ then the N. curve is a.ppro:x:i.mo.tely (cos X) Q 5 times ' 

that obtained nbove for F1 region ond (cos X)timcs ,.-for the F2 region. 
I 

Collision frequency. ( v. = v . + v ). 
- - el. en 

The collisi.on fr<rqucnoy for various heights was calcUlated 

as explained in n. 3. 3. Beco.use of its very larzp rDl'lGe of Val.uos 

it has been plotted on a. logarithmic base and revea1s a. linear 

variation,. on this bo.se, above and below the region of transition 

from 0
2 

to o. 

:0..4.3 The. product N v. 

This is tho fundrunental (uentity that appears in tho absorp­

tion formulAe quoted by Piggott 5G) and Appleton(57). From figure' 

F. D.4.,0.1 it is. o. sir.iple matter to obtain the averoge value of 

{ N~ v. ) for each 1 0 kin. of path length. 

There is still considoro.ble difference of opinion between 

vn:riCUS" authorities . concerning the medinn.. vnlues of v ond. N. Wh:;m · 

·1~. W.R. Piggot.t wns ooked( 177 ) recent~ to oommen'b . 

on Fig. F .n.4. 0.1 :, he replied ( 17 8) ti1c.t he ogreed tbnt. the 
. ' -

inportont section of the v curve below. 120 km. is correct bu.t-

suggested values for V! above 120 km. ond: for N below 11 0 krn. that 

ho.ve resulted in the curves dro.wn in red. · I.t. is soon tho.t o. .small 

chonge in the N curve below 11 0 kn. hri.s resulted in o. large ohonge 

in the Nv curve at these heights. 

Piggott's suegested am~cnt<178)has been acceptea 

bec~usc (a) the gro.phs by Thono.s( 82 )-1 from which the original ''N" 
curve was deauced,o.rc difficult to read with acctro.qy in the 

70 to 100 kn.region and (b), to q~e .Piggdtt(178). ''vlfl values 

above 120 kn. "o.re very controversial but the estimo.tes o.rc ~ 

stea.dily fo.lJ.ine. '<'1ith tine, most of the· losses seen experir.icnto.l­

ly be inc due to systcrno.tic defocus phenoroonn. ·, the in.terpreto.ti.an 

of rockot oeo.surer.aents being questionn.blc". 
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PROPAGATION lli THE IONOSPHERE. 

The refractive index when neglecting collisions and e~rth 1 s field. 

( 1) - ( 2' 
As pointed out by Eccles 9 in 191 0 ond developed by I.o.rmor 9 ) 

' 
in 19~1 in what is regarded as the ·basic Ecoles-I.e.nnor theory of 

radio wo.ve prop~gation in ~ ionized medium, ~d as supplemented 

by tho Appleton-Hartree ~gncto-ionic theory, (47),(48),(49). · . 

neglecting collisio~s and tho effect of the e~h1 s magnetic field, 

.the refractive index (n) of on ionized l~yer has been sh~vn by 

Baker and Rice(37) to be given by the_ eq~tion: . 

n = ( 1 - 8}P.l.... ) ~ (n. 5. o. 1 ) 
f 

where n = refractive index at the level of density N. 

N = electron density in electrons/ cm3 • 
f = frequency of w~vc in kc/s. 

If on nsconding r~o w~ve le~ves _the atmosphere (where _n = 1) 

and enters a horizoritelJ.y strotified ionized layer at an nngle i to 

the vertic~l, then, by Snell's Lnw(4), the angle, Qx, between the 

wave and the vertical at o:ny point, x, where' the refr~ctive index 

= llx» is governe¢1. ?Y the equation:. -

Ilx sin Qx = sin i. (n.s.o.2) 

-There will be . totoJ. reflection at the height where 

where the wave is· bent horlzont~l. At this point: 

( 1 
. 4 11!' No e2 

.i 
sin i = nx = · - ) 2 · .. m~2 

( 
81_ N:o . ).i · 2 

or . sin i = r~x - 1 """ 2 
2 

- £ --f - . 
, (ll.s. o. 3) 

where N0 is the density of electrons .at the highest p$t of the 

trajectory of a wo.ve, of frequency f kc/s, incident ~t the bottom 

of the l~yer ~t on engle i and. e is the dicl.3tric constant. of the 

ionized modi~ e = is charge on an 'electron. 

Bbr verticul incidence sin i = 0 and 
1 

f = 9 (t~Y2 -

where fcis in kc/s. 

The critical frequency, f~, of a lc.yer, is dcfilled as the 

v~lue of f in eqn (n.s.·o.4) which corresponds to the maximum value, 

Nbax. for that layer, giving: 
1 

fc = 9 ( N~)2 · 

The mo.xi.mum us~ble frequency (M. U. F. ) , sometimes referred to 

as "ob.lique incidence critic~l frequency", f 0 i, is defined ~s the 

v~lue of· f in- eqn (n. 5. e. 3) correspozlding to the vDJ.ue o£ Nrnax tho.t 

applies to the F2 layer. Thus: 

sin ~ ( 1 - .
81 

... ~~ • . ) ~ 
· fc i 

2 • 81 Nmo.x = oos l- =' . 1 - sin2 i = 

~hus fc i = f~ ~ec i. (D.5.0.6) 
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Frotl this rclc.tionship follows ir.neclic.tcly o. ·theorem 

(derived in o. different vro:y by :MitrO. (?61. Dnc1. forming the ba­

sis of Mc.rtyn' s o.bsorption theorem ( 65) nrunely, thc.t the height 

of trajectory of a wc.ve of frequency f, incident c.t angle i, 

is the.s~e o.s the tro.jector,y height of a vcrtico.l incidence 

wave of frequency f' provided tho.t :-

f 1 = f cos i (n.s.o. 7) 
f 905 i is co.lled the "equivalent nomo.l incic.lence frequency" 

correspondi.ng to the 'toblique incidence frequency" ,f. 

The refractive index when neclectin£ collisions but taking 
o.ccount of the eurth 1s field. · 

Appleton (91) has shown that when the earth 1 s magnetic 

field is token itlto account, the refr.a..ctive index, when col­

lisions are neglccted.is givGn by:-

n2 ~ 1 - 2 
2 

XT 
2 y - -y-· --. ·-:-1 + 

. . 2 
where y = m fa) 

4 11 N j. 

~ =mCA>ro2 
(1r.N i 

where 001 ::: gyro r.JD.gnetic angular frequency corresponding to HL 

002 = , ; , , ,; , . , , IDr 
HL·= ~gnetic field strencth in direction of propo.go.tion. 

. (in &,.D. 'l.le). 
HT = Mnenetic. field strength at. riV1t oneles to direction 

of propago.tion (in '!l.,t14U., ) .. 

G = .eleot:110n clmrge (e.~u) •. 
oo = angulAr frequency of the wo.ve ·, radians/ sec. 

The upper si(;ll gives rise to the orc1.i.rro:ry ray o.nd. produces 

0. val~ of n very similar to that of n .• s.o.3(identical to it 

when Hr, = zerol, whi-le the lower sign gives rise to the extro.­

orU.ino.ry rey. For propo.gation along the line of the field 

XIT is negligible o.nd eqn (ll. 5. o. 8) becor.1es:-
. . 

::; 1 -

2 
m (\) CA>· 

2 . 1 
4 1ff 1m e2 + 

6) 
m ~2 .( 1 ; . 1 ~ 

t.> 
(ll.5.0.9) 

vThen the wn.ve . frequency is large compared with the 

gyro-mo.cnetic frequency the vc.lue of n ±n eqn (D.5.0.9)tend.s 

towards thc .. no-field" vn:Lue of eqn (n..s.o.3). 
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Refractive index neaJ.vctins field ond t£ldns, collisions into o.ccount. 

In on expression for n, the refro.ctive index for propo.go.tion 

alone the line of the eo.rth t s uxgnetie fielc1 ond when ro is cuch 

grco.ter thnn ~1 (sea eqni1 .• 5.0.9}',it is pem:issible to neglect the 

eo.rth 1 s field.· Boker and Rice ( 37) have sh~ tho.t if the eo.rth' s 

field is nealeoted. the conductivity of. the ionosphere is given byJ-

<1' :: B1 e
2 

v . . . (, ) 
int ( fJ>2 + ~2) \8.5.0. 9. A. · 

where cr = conductivity in e.s.u. 

v = collision frequenc.y. 

o = electron ross (aroms )~ 

and it ho.s an effective cOI:lPlex c1:i.electrio constant 
1 ' 

e =e:•j h;1Tg; 
~. 

where ~ is the c1ie.leo.tric constant of the mediuo = 1 

It also has a. complex re:f'ra.otive index lill1 where: 

e:1-, where 

(n 1 ) 2 ::r e 1 = ( n _ j c 4 ) 2 ::: n 2 -( o d~ 2, _ j 2 n: ac1 

' ' • (A) • (A) t)) (B. 5.0.11.) 
whore tt is the absorption ~er unit length of path. 

. l'bllowing Mitra (16 by equating' real ~ ir.lD.ginary poi:'ts of 

eqns· (B. 5• Oi 1 o) C\l1d. (n. 5. 0. 11 ) a.na. substi t.uting for cr t:rca oqJa.tion 
(13..5• 0~ 9): . . . 

2 ko ti )2 n -\:-
. (A) 

2o«n 
ro 

kR82 

m(ti ~ v2 ) . 

.. ~ v Nr e2 v 
c. ' . 2 ? 

. Dfi)(Cl)·+v-) 
(D.s.o.13) · 

If ., the absorption, is srnD.ll eqn. (n.s. 0.12) enn be wntten: 
2 2 1 ~1TN!'e 

rm: ~ - 2 2 
m( o.> + v ) {ll..!>-.0.14-) 

Thus only. when the absorption. ma.y be ne.6J.aeted does n 2 = & • 

From eqn {n.s.0.13): 

(n,s.o.15) 

If v were to equo.l zero, i.e. if there we.re no oollision.S, 

. n2..·c-o~ equal zero for vertical incidence as required by EJ<!'Qti,.on 

· (B.. 5. 6. 5) but owine to the presence of v in eqn. (n. 5. o. 16) n 

.oo:mot become z.ero or negatl.Noe but. :renohas n. r:rl n:i num ~al.ue Jiloi.n• 
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~herefore tlaere oemot betot·al reflection of a vertica:l irioi­

denoe wave. ~he ray theory has been used up to this point, 

In the ra:y theory there is no room for p~ refleQtions: 

. the wave will either be .totally reflected or will·penetrate 

the layer according·· as the frequency is below or above the 

cr.t.tioal frenquenoy. Here, therefore, the ray theory breaks 

down and the wave theory rm.ist be invoked. 2 he problem ha.s 

been treated as being analogous to the crossing of potential 

bnrricrs b~ fast particles in quantum mechonics(92
) by Saba 

and Ro.i (93 for an isosceles-triangle profile ond. extended 

by Deb ( 9Z..) to o. pa.ro.bolic profile such o.s o. Cho.pmon layer 

.which ho.s been shown in pora a.1. 1 to be the co.se near the 

maximum of the regi~ Deb(9Z..) has detennined the reflection 

coefficient n~or the critical.frequency following Kemble's( 95 ) 
anolysis·and found that:-

Reflection ·coefficient, R, = 1 -
1 (a-,5.0.17) 

1 +. exp.t 2 Q) 

1 

where Q = 4(~H/o)2 (fc- f) 

fo 

and H is thf3 scale height - k T o.s defined in (D'. 1. 1 • 2) mg 

When the frequency of the :wnve oqunls the ori tical 

frequency Q = 0 and. from eqn, (;rk.5.~ 17) the reflectiOn 

coefficient, R, = f •. 
· R vo.ries rapid.lg on either sid.e of' f 0 tending to unity 

vfhen f is less than fc. and zero when f is greo.ter than fc , . 
. ' 

n.5.1 Wave arrivo.l onBle Ona its relAtion to distance over a curved 
earth. 

If "virtuo.l height" is taken to mean the height at which 

tho refracted v~ave would have been reflected hod the ionosphere . . ... 
beho.vcd as o. ·mirror, the 11wave arrival angle" (~).,(between the 

wnve and the horizontal o.t the eo..rth 1 s surfo.oo), the Virtual . . 

height (h), the earth's rad.i:us (r), and the great cirCle .d.is-
to.nce · (1), arc related geometrically. 

Terman(13) ~t~tcs, without proof, that: 

·sizl i =-
oos 11 

h 1 +­r . . .. 

'V!here i = ongle of incidonce,(i.e. angle between wave and the 

vertioo.l) at height h in the ionosphere. (Tcrman(4) page 716 
. 'o.nc1 ( 13) po.ge 607. confuses the issue by ~ferring to· the com-

pl.enifmt· of i o.s the "v.ngle of incid.cnae") 

F •gure B 5.1.1. 

r = 3960 miles 

= 6370 km. 
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From B. 5.1. 1 : 

{3=6,-tri 

as: 

a. = 3~01r (90 ;... b- i) rad.iDns if D. and i ore in degrees. 

l::2ra 

~ = 360 ( 90-6,.-i) (B .• S.1. 2) 

Terman 1 s ( 
13

) equation B. 5.1.1. is readily proved from Fig. B:w 5. 1. 1 

sin( 90 -tt b.) 
r+h = .cos b. 

r+h = sin i 
r 

. ' cos b. Therefore sin i -:....;;;;.;;;..;;;;....;;... 
- 1 h +-

as before. 

. r 

Equations(B. 5•1.1) and(B. 5.1.2) combined are expressed graphical­

ly in Figure(F. R.5.1.-2) giving-·"A" vs "1" for various values of "h". 

For frequencies--about 0.85 x M.U.F. the virtual height of reflection will 

be 300 - 400 km. The trajectory height vdll be approximately the height 

at which the value of N satisfies equation (B. 5~. o. 3 ). 

B. 5. 2 ~ maximum distance for a single hop. 

For b. = 0 the maximum value of 1 (in Figure F. B. 5. 1.1 ) is 

4400 km. ( 2740 miles) for h = 400 km. , and 31 00 km. ( 1950 miles) for 

h = 200 km. ~practice rround absorption for values of b. less than 5° 

is prohibitive and Allcock 38 ) has shown recently in his observations on 

a North/South path (similar, in rrumy -respects, to tho one at present 

under consideration) from HaW'Ilii ( 20e·8° N, 156• 5° W) transequatorio.lly 

to Lower Hutt, New Zealand (41.·2° S, 175.9~); that the practical limit 

of a single hop over this type of path is 3560 km.(2200 miles), the limit 

plotted in Figure B.S.1.2 • 

Observations by Shea:rrnan( 39 ) and Allcn(40)support this view. 

B.. 5. 3 The great circle dis:t;ance and bearing of London from Salisbury._ 

The spherical-trigonometrical formulue for these calculations vary 

considerably from text book to text book. One of: the most popular ver-

sions is quoted in "~eference Data for Rn.dio Engineers" ( 1 2 ) o.nd ·these 

fonnulae appear to be based on Nal;'ier' s Analogues. 
. t h . -~, t . gul . t . ~ 1 6 ) . . 1.s o use sp en{..;(..U. nan a 1.on.; 

A preferred approach 

where 

cos DAB. = sin LA sin It. .., cos LA cos ~ cos LO.AB (B.5.3.1 ). 

DAB 
.. . = great circ~e ~ietWlce in degrees ond minutes between .. 

points A and B. ( 1 minute = 1 na.utical mile = 1. 853 km. ). 
= "n"· in Fig. B. 5. 3.1 , measured in degrees and rn:inutes. 

I 

= latitude of. station A,B (positive for N ond· negative £or 
S latitude 1. . . .. 

= difference in longitude between A ru1d B. 
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As o. high• order of o.ccuro.cy is not nooesso.ry in this co.lculati.on ·· 

the vo.lues for Lonc1on ore to.ken o.s 52° N ,0° ond So.lisbury o.s 18°S 31 ~. 

giving: 
0 

DAB = 75 • 

Disto.nce London/So.lisbury = 75 X 69.09 = 5180 miles( 8330 kn) a ,:5. 3. 2) 

The greo.t circle beo.ring of London from Salisbury m~y be calculated 

from the following equtltion quoted by Williorns ( 7) :.,.. 

sin E>AB = cos ~ cosec D ii.B sin I.OAB 

where BAB = the beo.r:i.ne; gf __ B froo 1 •• 

Substitution in eqn. (n:.5.5.3) gi~es: 

The beliring of london from So.lisbu:cy is 19° W of N. 

I.oncl.on o.nd wo.ve o.rrivo.l on le(~ 

Referring to--Figure (F 11.5.1.2), bec.ring in mind the licito.tions 

imposed in sect.2.5.2 an the distance of o. single hop, it is clenr tho.t 

one hop of 5200 miles or two hops of 2600 mles eo.ch nre out of the 

question · o.nd. therefore the IIlininum nunber of hops is three where the 

o.verage <listance per hop will be about 1730 miles (2.710 kn). 
The expected wave arri vo.l angle, froo Fig. ( F n. 5. 1. 2) is t~us 8° 

With.·posSJ.ble Clib.nge~, or ± 2° due. to vD.riatians in v.i.rtual .height. 

It will be noted that the "average distance per hop" was referred 

to above. This is because the ionization grodient and the virtual 
layer height are not expected to be constant for the entire path 

length. It is well known that critico.l frequency and lo.yer height vo.ry, 

not only with the latitude, but also with the seo.sons. Sumraer in 

L:mclon corresponds with winter in Salisbury. Humby and :Minn~~1 ) 
ho..ve shown that 

1 
on the London- Co.pe Tovm circuit ·,in the period 

1950-1954, the seasono.l chon[:;eS in performance an the outgoing o.ncl 

incoming circuits w~re exn.ctly in opposition, the pecks occuring during 

local winter and. the troughs during the local suumer. We are cc>ncerned 

here not so much with performance, which is relate<l to "in-t:Une" ond 

"out-timE}' of o. circuit, o.s with the ef~ect on ~/of the ''Mrud.r:.1uo 

usuable frequency" in ;my one· hop. ll. rodio wave of. frequency f i 

o.pproo.chinJ tho M. u.F. will penetrate the ionospher0 to a. much 

p:,reo.tl'l'l:" !mr~t the..n · ~6 of frequency f2 which is considerably less 

than M. U. F. '.th::.: Jreut c~cle distonce tro.velled by F1 in a single 

ref'l.;:ctiol: will ce greo.ter than thut trn.velled by f2 • Thua, if the 

electr~ density~iri, say, the F2 l:iyer varies along the len[,rth of the 

rath, co.usine the three heights h1 , h2, h3 o.t which the reflections 

J."iay be considered to take pJ.o.ce,.in the three hops, to be different, 

then the three hop distoncos. 11 , l2 , l3 v.r:LJJ. he clif'f'erent nnd. 11vill 

~ o.ccordin3 the tine of the year. 

\ 
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Fortunately, n.s will be seen from :BJ.gurc (B. 5.1. 2) large variations in 

h and l .. will only cause smo.ll variations in !:.. at distances of about 

2800 km. <md the value of 6 .= 8° :!:. 2° is e.A"Peqi;ecl to .be fairly cOn.stant 

regardless of time of clay,. time qf yeo:r, or even position.in the 11 yecr 

·sunspot cycle provided f is always not far bel~• the M.U.F. of the path. 

A cabled enquiry to the B.B;,C. ,London, elicited the i.nf'onnation 

that their 21.47 Me/ s tronsmi tter, beruncd on Central Africp. at th~t time 

was feeaing a Koomans H/4/4/1 ru:ray. Power density cliagrams··9f nn 
H/4/4/1 design and an H/2/4/1 design,- reproduced frCD c.c.I.R. lmteill11l 

Diagroms ( 11 ), arc given in figures B. 5.4.1/2. Both designs will prdLucc 

a similar··shape of vertical polar cliagrora vrith the lobe moximum occuring 

at 6 = 8°. The difference in gain is due to the difference in horizontal 

polar cliagrom. Although insufficient is known at present to be able to 

cla:ir.1 that, because oost of the .. energy is launched at 6 = 8° it will 

therefore also ·arrive at ~ = 8°·, it is clear that two indepcndertc 

calculations have led to the some conclusion, norael;y, that for this path 

there will be L1D...X:i.r;rum. energy transfer· fron tro.nsni tter to receiver if the 

·transmitting oncl receiving antennas o.re designed for their lobe maxima 
0 

•. ~o be at· D. = 8 • 

B.5.5 The expected wave a.rrivo..l ane;le··(horizonto.l plane). 

As calculated in section lk. 3 , the receiving antenna. in So.lisbury 

should point in the direction 19° W of N. 

H~vever ,ii.llcock, ( 38 ) in his observations on the Hawaii - New Zca­

lond circuit, ( a. transequatorial path similar to the one under discussion), 

referred to in:a.,.5.2, mD.de some observations an the bearing angle, using 

a rotating interferometer developed by Who.le(42 ) nnc1 found that the signal 

deviate~ horizontally by a mo.xin1um of 3° from the expected dire~tion,. 

As the layers are dependent, for their electron density, on ionizing r~a­

tion from the sun., it would be exp'ected that in the morning, shortly be-. 

fore the M.U.F. on the great circle path rose to that vnlue which would 

support transmission. of the required frequency, the M.U.F. on a path 

slightly to the East of the great circle path would be able to support 

such transnission thus causing the observed deviation. Similar slight 

lateral. deviations noy be expected in the London-salisbury circuit but 

o.s soon as the grco.t circle path .will support the trnnsmission, the 

deviation should cease.. The latero.l deviation is thus not expected to 

p~sent a problem. 

B;, 6!'. 0 PATH IDSSES ill.'ID WAVE POLhRIZi>.TICN. 

B. 6.1 Losses at reflection point~. 

For the three-hop po.th referred to in B.5.4, tho first ground 

reflection will occur in the Sahara desert, at roughly 10° E, 28° N • 
. 

The second ground reflection will occur in Equo.torio.l. .ll.b:i.ca·. o.t 
0 . 0 

roughly 20 E, 5 N. 
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Izm. the desert the ground constants, quoting Starr~~) 
are expected t.o be e = 1 0 and cr =: 2 X 1 0-3 mho/metre, whilst 

r . 
in the jungle country of Equatorial Africa they are expected 

to be ers 14, cr = 10-
2 

mho.fmetre. The ground-level angle 

of incidence· = 90 - A ~· 82°. 

Substituting these values irt Appendix A equations 

7.14- end 7 .15, the reflection co-efficient may be calcu-

lated. Alternatively, convenient curves produced by 

Burrows(4-3) -or-·McPetrie(44)mey be used if£ .and. cr are ex-

pressed in e.m. u. 

Using either method the reflection coefficients for 

vertico.J, and horizontal polo.rization are : . 

(a) for the.So.ho.ra: Rv = .38 (4-.2db).,% =.92 (0.3 db). 

(b) for Equatorial Africo.: Rv = .36 (4..4 d1J),Rrr = .93 (0.3 db). 

These fig~s o.re in respect of plone wo.ves. 

· Day ond ~rolese (4.5 \n their meo.surements of propo.go.tion 

owr desert terrain o.t frequencies ranging from 25 Mc/s to 

24,000 Mc/s concluded that the terrain r:1D:3' be considered o.s 

a flat;reflecting surface provided tho.t: 

H cos e is much less than unity 

where H = height of-irregularities in wavelengths ond Q = 
o.ngle of incidence. . 

They quote Ford ond. Oliver(46) as finding from oea~ure­
ment that when: 

H cos Q = • 2l 6 db is added to the reflection loss o.nd. 

that when H cos Q = .5~ the extra loss increases to 20 db. 

Tho~ Dey ond ~rolesef45) discuss ~his in broad terms the 

figures probably refer more to·U.H.F. than the frequencies 

at present under considero.tion. 

The c.R.P.~ (101 ) usUAlly assume o. loss of·4. db for 

ground reflections and 1 db for seo. reflections. 

Absorpti_.,op._ j.p j;p~ . iHP.OPl>P-2£.~· 
Since the first Eublicat~on of the.Applcton-Ho.rtree 

mo.gneto-ionic theory 47 ),(4.B),(49)the theory of dissi-

pative attenuation in the ionosphere hos been discussed 

by mony. A brief sur;u:nary of present knowledge on·the sub­

ject follows: 

. If on electron, set in vibration by a po.ssing radio 

wo.ve, collides with ~ go.s oolecule1 its kinetic enerGY is 

partly tronsfcrrcd to the hco.:vy gc.s ooleoule ond partly 

rnd.io.ted in a rondoo t."lanner. The enerr:;y thus dissipo.ted 
. ' 

is absorbed from the passing ro.dio wo.ve. The dissipation 

of enerd,y in this way depends on: 

(o.) the go.s pressure, (b) electron d.ensi~y (N)and {e.) t.he 
. \ 

velocity irrlportea to the electron by the vro.ve • 
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(a) decreases with hei3ht e.nc11 up to o.. point (b) increases with 

height. F.or a given frequency, therefore· 1 the ~rca. test attenUo.tion · 

\is suffered in the rela.tively thin ''D" region, described in B. 3.1 

where N x. v is o.. oo.x:i.r:lUI:l ( v = collisional frequency). Rndio waves 

only penetrate this region( thus r.lD..k:ing long-disto..nce H. F. comu­

nico..tion possible) because the electron density in the D region 

is low. O.ccasio~ D ionizo..tion increases to an unusual. degree 

due to··solar radio..tion and results in a cooplete blackout of sky 

wave transmisssions. This .effect is sometimes referred--to o.s the 
1'Dellin.ger. effect" described in more detail in section:Jl. 6. 2.1 0. 3.1.1. 

(c) 1 the velocity imparted to an electron, depends (1) on the 

frequency of the wave,( being inversely proportional to frequency), 

o..ncl (2) on the eo..rth 1 s mn.anetic field, the action of which causes 

the electron moVement to follmv an elli~ticol path at hiGh· fre­

quencies, a. olose-spo..ccd spiral at lmv frequencies, ana, at a cer­

tain resonance frequency co.lled the " QTo-r;Jagnctic frequency", to 

follow an ever-increasing resonant spriral in which electron velo­

city is very large and attenuation correspondingly heav.y. 

This resonant frequenoy(ff) is given as: 
Be 

f1 = 2 1T m (lil\.6. 2.0.1 ). 

where B is the earth's magnetic field, e = charge of particle, 

m = mass of ~ietle. 
-4- 11 

Taking B = .5 ~ 10 webers/sq m, c/m 1. 77 X 10 coulombs/kg 

for electrons, e/m = 1 o8 
for hydrogen ions. 

f 1 = 1.4 Mo/s for electrons;'f1 = 800 c/s for hydrogen ions. 

Therefore only the electrons need be considered. The earth's 

magnetic field is responsible for the .elliptical· polari~ation as­

sociated with waves emerging from the ·ionosphere. It wa.s also 

proposed by Nichols and Shelling(SO) and Appleton(4-7)tha·t it is 

responsible for the splitting of the wave into two compor.1ents 

tenned the "ordinary11 and the 11 cxtraordinary" reys, "vvhicb follow· 

different paths, have different phase velocities and suffer· dif­

ferent attenuations". 
/ 

The •v.ri ter 1 while carrying out investigations in this con·-

nection at the War Office School of SignaJ.s,Catterick,in 194-3/44-,t~ 

observed a consistent difference of about • 6 Me/ s in the critical 

frequencies of the two reys when the critical frequency (fc) was 

approximately 4- Me/ s. 

Tennan( 13) relates the tvro by the· equation: 

f 2 = f ( f + t 1) : 01:.6~·2.2) 
C X CO CO 

\ where f 00 und.f0 x are the critical frequencies of·thc ordinar,y and 

the cxtraordin8.ry ra:ys al'ld f 1 is the gyro-magnetic frequency. 
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The absorption is defined o.s follows: 

The relation between the field strength E. of -a wave 

after passing a distance 1 through the ionized medium, to the 

field strength E · which would have obtained with no absorp­n . 

tions is: 

E/E = exp.(- I« dl) n , (B. 6, 2. 0,1 ) 

I a dl is 1 therefore, the absorption (expressed in nepers) 

sUffered by the wave in the distance dl and 8. 68 adl will -­

be the absorption expressed in db. a vn.ries along the path. 

It is convenient to distinguish between "non-deviative 

absorption" which occurs at the low·er levels of the ionosphere 

where ( n, the refractive index, being approximately unity 

the deviation of the wave is negligible) and 11deviati ve Db­

sorption~ which occurs near the top of the trajectory 

.where the o.bsorption Will be controlled ma.i.nly '?Y n ::ma will 

therefore be related to the amount of bending of the wave. 

B.. 6. 2. 1 • APPiillENT OR VIRTUAL HEIGHT OF REFLECTICN. 

Fig. B. 6. 2.1.1 

· .. 
In calculating the wave arrival ongle for a wave of 

frequency of the same order as the optimum frequency it was 

stated that the virtual·-height usually assumed for such con"" 

ditions is o.bout 350 lan., the limits having been taken a.s 

. 400 km. ond 300 1®. To the nearest degree b. was found to be 

8° which actually corresponds to a virtual height of 360 l<m., 

as calculated below:-

. In the case under consideration 1 ::.: 2770 km. (Sec. sect.B.5.4). 

Therefore 1385 = -6370 cl (c:t in radinns) 
_ 1.385 X 18Q 

and 1% _ 
6370 

x 
11 

- 12_,4 degrees. 

i3 = 90 - 12.4 = 77.-6 ·degrees .• 

As b. = 8 degrees (sect.B.5.4) i = 77.6·- 8 = 69.6 degrees •. 

6370 + h = 63ZO . 
sin 98 s?:n 69.6 

sin 82 ' 
h1 = 6370 s:i:n 69.6 - 6370 

= 360 Ian. 
/ 
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D~.6.~2 The maximum height reached by the wave i.e,the height of the traject?FY• 

If it is assumed that the absorption per wavelength is small at 

the height of the trajectory equation n. 5 •. 0.12 simplifies to n.5. o.14-

and from eqn.~5.0.3 the refractive index,n,, at tho maximuaheight of 

the trajectory, must eqUill sin i where i is 

tho wave on the layer. 
) . 2 ' 

lt1TN.e 
Thus: n = 1 2 2 = sin i. 

m(Q)-+rV} 

Miilingto~7 ) has ·shown that when the 

the angle of incidence of 

n.6.2.2.1 

earth cannot be assumed 

fla~,i.e. for wave arrival angles which are small such as the long­

distance transmission path considered here, the simple version of 

Snel~ 1~ inw requires modification. For convenience the lo.w;quoted 

in~.5.0 .. 2, is re-stated as follm7s: if the wave is incident on the 

under boundary of the layer at an angle "i" then at ony point x,in 

the layer where tho refractive index is n , the angle between the . X 

wave and the vertical Q ,is governed by the eqUiltion: 
X 

n sin Q ::: sin i, 
X X 

For a curved eo.rth of radius r; Mill:i:,ngtob_9?) maintains the law 

should be vr.ritten thus: 

n ·· ( r 'It h ) sin Q = ( ·r + h) sin i = r cos 6., (B .• 6. 2. 2. 2) 
X X X 

where hx is the height of pt. x and h tho height of the leyer undei-

boundo.ry above the'eo.rth and~ is the vvo.ve arrival angle. He goes an 

to indicate that the height of the trajectory where the wave. becomes 

horizontal is therefore no longer giv~n ~y twx = sin i, but depends 

somewhat upon the way n, (and hence N1) vcries with height and, among 

other things, will vary "'ti. th the tine of the day. This underminea- the 

. important theorems of Marl~ 65 ) and Breit and Tuvc ( 98) and :moans that 

they- require modification for·· long-distance application. The I:lodifi­

cation ·is difficult to apply. The value of nx at the point where the 

wave· becomes horizontal,instead of~ tOO ~ight (If the trajectcr,Y, 

is itself-a function of ~hat height: 

r+h 
. n.x = r + h . sin i. 

X 

Furthermore, the height h of the unaer-boundo.ry of the layer, and 

the corresponding value of i, are not easy to decide upon. It is 

submitted that probab:cy" the. best solution,in practice, is to o.pply eqn. 

n. s.o.6 to the values of the optioum frequencies, quoted for the requi­

red month o.nd required time of do.y in the frequency prediction cho.rls, 

for zero distance ond for the required range( in this case 2170 ko•· ).-
Since f ....+· = .85 f . it will bo seen from equation n.5.-0.6 

0 J:' "l.L'l\lll!ll OJ. . . 

f ' ._._ / f ::: sec i · 
·optit'num £or Z/70 . .KLV optir;:ruo £or zero distance . 

(n. 6.2.2.3). 
tha.t 
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This will yio3:.d o. sound pro.ctico.l vol.ue for i which, when 

used in equo.tionB .. 5.0.3 o.nd equo.ti6nl1.5.0.14,should lead too.·· 

result which ho.s token into o.cconnt some of tho errors o.t leo.st. 

The noon values at the Equo.tor for September 1956 for the 

optimum frequencies for zero distance and 2710 km .disto.nce as 

given by the Ro.dio ?ropa.gati~ Predictions( 99) o.:re 1-1. 3 Me/ s 

and 29.0 Mc/s respectively, giving,from eqnll.6.2.2.3~ 

i = 67° 

Substitution in eqn.l1. 6.2. 2.1. gives: 

81 No · ~ 

• 9205 = ( 1- (;~·.4.;··-; 103)2=:~.5/21r )~2 . 

from which 

N:0 = 8. 7 X 1 cP' electrons/ cm3 

This 1 from Fig. F .D .• 4. o. 1 , occurs o.t height 25 5 . ·km. 

Height of tro.jectory = 255 km. 

IJ~. 6, 2.3 yo.lues_c:£. wo-m~~2:._o freQ.uenc;y;. (f1 ) 

Referring to the three hop ·tron5Ini.ssion po.th deduced ~ 

po.ro. 2.5.4 it wo.s sto.ted in paro.ll.6,1 that the two reflection 

points will be o.pproximo.tely o.t ( 10° E, 28° N) and (20'1:,5~:).. 
The mid-points A1 1 A2 1 A

3 
of tho throe hops o.re the ionosphere 

control points o.nd o.re' approximately o.t (6° E;40~), o.nd 

(16°E,16°N) ond (26°E 1 6°S) respectively. The longitudinal. 

component f 1 of the gyro-mo.gnetic frequency deduced in section 

n.. 6, 2. 9. is quoted in table below:. 

Locality Function 
Longitudinal camponent~£1J 
of gyro-frequenqy(~c/s) 

I 

.......... . . , Wc:A::II ··~ 

long. rt· dog=::_ degrees. 

~-- ::::=: ... ~--- -· i 
London ~~. 0 ;52 N 

Mediterro.noon Contr.pt.3 6E hoN: . o.67 
. (neetr Sardinia) 

- . 
.. 

ld. byo.( c.lc sort) Refl,pt.·· 10 E 28 N .. 

noo.r I.a.ke Chad Contr,Ft.2 16 E 16 N 0.79 

Fr,Eq.Africo./Congo Refl.pt• 20.E 5 N 
border nco.r Mobo.ye• 

Belg.Conso(Kongelo) Contr. pt.1 26 E 6 s 0,78 

· Salisbury. Tebnino.l. s 31 E ~8 s 

l\ 6, 2.4 · ~.$.-:Sl:.e_vj.,E:,ti~~so£E_tion( from f.iJ'.st princj.~es},.. 

In B,5,0 expressions were derived,neglecting the eo.rth's 
. a 

field but to.king collisions into acconnt, ,for n o.nd 2;·· . It 

.. was shovm in eqn$ .5. o. 9 that ~ the circuit'bcing considered 

the earth·'· s field hns negligible effect on n .as the wave fre­

quency(21.47 Mc/s) is much···lo.rger than the gyro-frequency, 

---· 

(9• 67 Mc/s,o. 79 Mc/s and o. 78 Mc/s b.t the three control points). 

I 
I 
I 
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Eqn. 13'. 5. o. 15, rearranged. give.~ : 

2 1T e2 
N v n.. 6.2.4.1 

where a = absorption coaffiei®t (nepers/cm if units used. are in 
e. s. u 1 s). 

e = electron charge = 1. 59 X 1019 coulombs. 

= 4. 77 X 101 
O Co· SeU. 

= 1.59 X 10~0. e .. rr .. u. 
\ -28 
m = electron ross = 9.1 X 10 grornms. 

c = . velocity of light in vacuo = ) X 1010 co/sec. 

v = collisions per sec • 

. ~ = a.ngulo.r frequency of wave = 2 1T f. 

f = in c/s. 

Though the magnetic field, in the circUI:lStn.nces,cloes not 

affect n it cloes affect « and Piggott(56) following the ~gneto-
ionic theor.Y, proposes that cqn. n.6.2.4.1 be modified. to g~v~; 

2 rr e2 _j_ IN:. v a: = ........ _._ ....... _ --
m c n 2 ( + )2 v + w - <.1)1 

wh• w., is the angular gyro-frequency and the positive and negative 

signs are in respect of the ordinary and extraordinary rays respec-

tively. 

In the non-deviating region n = 1 (approx) and therefore the 

total non~evia~ive ~bsorption is given by: 

I a dl = 2 1T e t· N v ~1 2 : n·. 6. 2. 4. 3 
m o v2 + (ro! w1) 

As· is st:dld.ngly brought out in the curve for(N v) vs. height 

in fig.I1.4.0.1 the noon ·non-· deviative absorption is heavy between 

70 and 11 q lan on normal days. Below 70 km it is usually zero becau.Se 

N is usually zero and above } 1 0 km it is very small be co. use of the 

small number of collisions/sec. ·· 

Appleto~57 ) has proposed a mcc.J.fication of eqn. n. 6. 2. 4. 3 

on the--assumption that the ionization is a simple Chn.pmon lay-er 

(see n.1.1) formed in an atmosphere whose density is decreasing 

exponentio.lly upv.ro.rd.s oncl assuming that vr is negligible compared 

with ( ro ! oo1 ) • Applct on' ~57 ) ~quat ion for noi1-d.eviati ve absorpti~ 
in o. ln.yer is . 

2 
1 a ell = ·.4. 13 ( ~ 1T ~ e . ) 

' 

where N0 nnd v 0 are the vo.l:ues of N o.nd v n.t the height of the · 

ln.yer IIk.'Udmum when· cos x = 1. H is the scoJl:e height of the o.:bnos­

phcre for the region (sec cqn n.1.1. 2). The assumption made by 

Appleton (57) in eqn. n. 6,.2.4.4 was that the o.tmospheric density would.. 

decrease exponentio.lly with height,thc collisions between the elec­

trons ih the Cho.pnru\51 ) l.ayer with the go.s particles causing the 

n.on-d.e;v.j.o.tive o.bsorption. X is the S()li.U' ZE'mith nng1e. 
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An engineering application of eqn. :a 6. 2. 4~ 4' ~auld be to calculate 

a for· each·· of the ·Chapman layers, D, E ·and F but the value for H 

is elusive. 

The . value of H is dependent upon T. 

claim that T increases with height above 85 

Koll ·and I.a GJ.61 ) 

lan. whl.ppl~62 ) ,in 

ana Paton( 632,in his studies of the deceleration of meteors, 
(59) 

observations of 'extremely high clouds, confirm this _view. Allcock 

assumes that· the scale height {H) calculated from rocket ~ata1 
increases almost linearly from a value of 6 km at an altitude of 

85 lan to 10 km at ·on ~titude of! 125 ~ and Nicole~64) agrees that 

this is a reasonable assumption. 

lv'ia.rtJ. 86) postulates that T at 160 km = 560° K end qu~tcs 
Schelling and Sterne's(96 ) report obtained from I G Y satellite 

data irl 1958 that T at 300 lan is about 1400° K. Thus Martyn (86 ) 

has calculated H = • 039 T (.kLl) at 300 km = 55 lan (F2) 

and H = ,037 T (ko) at 160 km = 21 krn {F1) 

However,· the calculation of ex from eqn.D .• 6, 2,.4.4 is considered 

to be too approximate to be bf much usc. 

Later work by Piggotf56) has taken into a.ccount more complex. 

ioni~atlbon equilibrium conditions and he has proposed that the. 

absorption should be expressed as follows: 

1 ·X £ a dl = B cos X 

where B is a constant for a particular length of path,l, and x is · 

quoted by Piggott(56 ) and All~~ck(5.9) as averaging about , 75. It 

will be recalled that in section B .• 3. 3 the value of x was shown 

to be o.·s for the F1 region and 1.o for the F2 region as regards 

electron density ond, assuming that the value of x has negligible 

effect on .v 1 it woUld be expected that the value of x. for·-wavcs 

suffering o.bsorption in the D ,E and F1 regions would be .5 and, 
'. 

that for waves suffering attenuation in the F2 region it would be 

1.0. 

It is proposed to find the values of B for the ordinary ray 

at the ·three control points for X. = 0 and then to deduce the 

absorption for other values of X •. 

The classical rothod of calculating the non-deviative c.bsorp­

tion of a wo.ve incident at an angle i at the 3:ower boundo.ry of the 

ionosphere (note the romo.rlcs -in section n. 6. 2. 2 ·concerning the corn­

plication introd.uccd by earth curvo.tmre at long distnnces) is to 

·invo~e NJ.a.rtyn' ~65) t~eorem which states that if the freq~cy of 

thE~ oblique incidence wave is f then the absorption of this wave 

is equal to cos i of the absorption of. a vertiC[l.l incidence '~!ave 

of frequency equal to (f cos i), so tho.t 

a (f,i). =cos. i ex (£ c~q i,O) 
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In section B. 6. 2. 2 the value of i, inferred from frequency 

prediction charts, is token us 67° for noon at the cqun.tor in 

Septcmbcr,1956. Therefore: 

Oblique incidence frequency = 21.4-7 Mc/s 

Equivo.lent vertical incidence freq.= f cos i 

= 8.39 Mc/s. 

Absorption at the Southam control point Q.P.I. (26° E, 6° S). 

Conditions assuoed: noon; September 195-6. 

Zcniil ringle (x.) at equn.ter ~ -zero; ett O.P.I, X = 6°. 
The o.bsorption eg_uettion :S. 6. 2. 4-. 3 becomes: 

2tre2(cosx)· 75 ·1 Nvd.l 
I a. dl = - ~ I • n 6 2 1. 7 

m 0 ,o v2 ~ ( 
00 

+ 
001

)2 • ~ • ·~· • 

ThG' vo.ltles of N·. v c.nd. v for vo.rious heights are tc.kcn from 

. fig. F.a4.0.1 and the value of w1 (= 2 1r f1), in this case due 

t-o. tf'le verticill component of the ec.rth 1 s mgnetic fielc1 at 

O.~I.- ~ 2 11' FH sin et (where e; is c.nglc of clip) ,is civen in Fi~. 

F. D. 6. 2. 9.1·,. 

If the eg_ui volent vertical incidence frequency is used. then 

the etbsorption L1aY be calculetted. assuming et vertico.l ascent through 

each 10 km thickness· of the layer up to 255 ki:l. (the height of tra­

jectory calculated in section ~ 6. 2.3) taking the average vaiue of 

N v nnd. v for ec.Ch 10 kr.l thickness. 

In cquettion n. 6. 2.4;; 7 e. s. u. 1mi ts used. throughout yield. the 

the absorption in nepers. 
-10 

e == 4. 77 ><l· 10 c. s·,;u. 
-28 

n = 9. 1 x: 1 0 graos. 

c = 3 X,· 1 01 0 em/sec. 

f = ·in c/s 
0 

X. = 6 for o .. P.I. 

Therefurc a for each 1 0 kn verticDJ.ly = 
5.216 x 104 ( 

2 
NV 

2
.) . 

v + (ro + oo·1) 

where Nv, V! ttra thtl average values for thett petrticulnr 10 km1f 1 
fran Fig.F.n.6.2.9.1 = .(5 Mc/s. ~ = 8.39 Mc/s and v2 is 
negll~ible compared viith (to+ ro1 ) 2 • Therefore equn.tion n,6..2.4-.8 

sir.T.f>lifies to: 

« for eetch 10 ki:l. vertically= 1.58 x fo11 
x.' etvcrage Nl v. 

70-80 km • 24 nepers. 

80-90 kn .33 nepcrs 

90-100kn .17 ncpers (v2 negligible c.f. (w + w1f 
100-110 kn .13 nepers (, ,, ' , ,, ) 

11 0-1 20 kr.l .os nepers (,, ,, 11 '' 
) 

120-!55 km .11 nc12ers (N v constant) ) 

Total(70-255 kra 
upgoing) 1.03 ncpcrs. 
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The absorption for the downcaming wave is the same so' that . . 

at C,P,1 the value for eqn. ( n.6.2.4.7) :::: 2.06 nepers. 

Applying Martyn 1 s theorem, eqn. ( 1]. ~ ... ·2. 4-. 6), the toto.l non­

deviative absorption for C.P.1 at noon# September 1956 = 
2, 06 cos i = 0. 81 nepers. . . 

Recently Be;}mo~60)ond ~coc~9 ) have quoted measured results 

on 1~-distonce circuits ond they both indicate that :Martyn t s 

thcoreJh65) yields res~t·s ·which arc too law. They maintain that 

there is only clos.e correlation between calculations employing 

'Martyn 1 s theoretl ond measured resuihts when the cos i tom is 

omitted from the absorption, i.e. tho absorption for c.P.1 would. 

be neo.rcr 2. 06 thon o. 8 nepers. In view of tna doubt the absorp­

tion at C,P.1 will now be rcco:icula.ted witpout npplying 

Martyn 1 s theorem to eqn. (D. 6. 2•4• 7 ). Now for every 10 km ascended 

the distance travelled by the wave if incident at angle i Wi!l· be 

1 0 sec i kii, where i for each layer is co.lcUlated. from. eqn. n. 5.1,1 , 

where: 

sin i = cos b. /( 1 +{ ). . 6 
ro = 21!r X 21,47 X 1 0 

The other values are as before, except that f 1 is the longi­

tudino.l c'Gr.lpoocnt of the gyro-frequency = • 78 Mc/s{Sec table 

T D. 6. 2, 3,1 ). 
For the upgoing wv.ve the. absorption per (sec i x.. d.iff~rencc 

in height) from equation 2. 6. 21 41 7 is. gi von by 2, 668 X 1 012:N V sec i 

70-80 km = ,,19 ·nepcrs (i at 75 km ·= 78° 61
) . 

80-90 km = • 27 ncpers (i at 85 kr.l = 77° 54 1
) 

90-100 km = .14 nepers (i o.t 95 kr.l = 77° 20 1
) 

100-110 kr.l = • Ot- nepcrs ( i o.t 105 km = 77° 01 ) 

11 o-120 krn = • 04 hopers { i o.t 115 kn = 7 6° 39' ) 

120-255 kr.l = ·•06 ncpers ( i at 190 km = 71° 30') 

Total: ( 90-255 krn )~. _ ncPcrs ,for up going wave. 

v is· negligible compared vdth (w + w1l • 
Tho toto.~ non-dcviativc absorption for C,P. 1 is therefore· 

h 48 nepers ( 12. 9 dlU for noon, Scptcobel~ 195 6. 

This' is considered to be a. r.1orc relio.blc figure tho.n that· 

obtained fran Martyn~ s theorem. · . 

Beynon ( 60 ) found tho.t the :zacasurcd o.bsorption, in his expe-
. . 

rimcnts on a trc.nsatlontic path, was about three tines the vo.lue 

calculated by Nm.rtyn 1 s the orer~ 65), Meo.clow~ 100) infers tho.t the 

. non-devio.tivc o.bsorption he Qeasured between Slough o.nd Inverness 

wo.s about 2. 5 tines the· vo.luc calculated by Mo.rlyn ~ s thcorcb 65). 

The ro.tio between the two results above 1.48/0.81 is 1•8• 

Neither worker indicates h~v he chose the o.ngie i for the 

ca.lculo.tion but it appears that it was taken o.s the o.ngle of 

incidence a.t the virtual height of reflection. If' this is the 

co.sc it is probable that the oethod clescribccl o.bove·would ho.ve 

yielded o. :mor.e rOD-listie result, when applying M<').rtyn' s theorerh 65). 
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Vf.hen the cos i tero in Mnrtyn1 s the~rc&65) is neglected the nbo~e .. . \ 

results ( 2.06/1.48 = 1.4 /1 ) beo.r D. ·sir.rl.iar, relntionship to one 
another o.s did Beynon 1 ~ 60) cr.J.culo.ted o.bsoz-Ption (n~glecti.ng· · 

cos ± tcro) to meo.sured o.bsorption on a 14.59 Mc/s trm1.so.tlontic 

path. 

Allowing·· fer the zenith o.ngle .. of the sun( appr.ox 6°) the 

absorption nt C.P.1 = 1.48 X (cos 6)• 75 ·= 1.48 x .9959 = 1.48 nepers. 

Absorption at the control control point,c.P.2.(16° E, .16° N}' 

By to.l.d.ng inte account the gyro frequency for c.P. 2 o.s 

given in table T m~ 6.~.}.1 o.nd DDJcing: cllowmlce for the fo.ct 

thnt the zenith o.ngle, when it is noon o.t the equator in· ::>eptember, 

1956, is approxioately 22.5~giving a foetor of (cos 22.5)• 75=.9423, 

the total non~evio.tive absorption for c.P. 2, cnlculo.ted as before 

(without irtvokin.g Martyn 1 s theorem)~ is 1. 39 nepers. 

Absorption at the northern control point C.P.3 (6° E 140° N). 

Toking into o..ccount the gyro frequency o.nd the zenith 

o.ngle (about 45° ) for equator noon, Septcober 1956, the total 

non-devio.ti ve absorption for C. P. 3 is equal to 1. 48 x- 0. 77 81 

= 1.15 nepers. 

~.6.2.5 De~ativc o.bsorpt±on(fram first principles). 

From eqn. B.6.2.4.2 . the toto.l o.ttenuo.tion is given byi 2 . . 
J a. dl = 2 11 e Jl ..1... N v dl : B 3 2 5 1 

DC 0 n 2 + 2 "., • e 
- V + ( W - W1 ) 

In the region wb:al.'e n is not unity but varies with N, v 

o.nd oo-,( approaching sin i nt the top of the trajectory for oblique 

incidence or zero for vertico.l incidence), the wave is continuo.lls' 

bending and the absorption is referred to as the devintivc absorp­

tion. 

Imagine a wave tronsmitted vertically into the ionosphere. 

It travels into regions of increasing density and de~reasing . 
refractive index until the group velocity is reduced from a value 

equo.l to c before it enters the ionized region( where n = 1), to 

zero at the reflection point,(where ·n·= ·O). It then returns to earth. 

A difficulty with equo.tionB.6.2.5.1 is that if n becomes 

zero at the highest point reached by a wave incident vertically 

on the ionosphere (as required by eqn.B.5.0~4) the absorption must 

be infinite at that p0int and very high for those parts of the rcg;ion 

where n is very smo.J.l. When this difficulty was put to Sir Edward 

App~cton in a letter(174 ) he replied(175) to this effect: .. 

"The answer to your point is that 1 o.ltho~ the absorption. 
coefficient ocy becorae infinite, the.path length over 
which this obtains is vanishingly smn.ll. So the overo.ll 
absorption con be f'inite". 
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It w.U.l also ba reoalled. that. in equation. 

B • 5~ 0.16. a:nd. the . discussion that follows it in section B. 5. 0) 

due to collisions, n cannot equai' zero o.ncl, ~y changing from 

the ro.y theory, it wo.s shown tho.t for vertical inCidence ·at 

the critical.frequency the wnve ia only partiallY reflected, 

the reflection coefficient, from eqn.( ~5.0.17), being i·. 
From eqn. B. 6.2.5.1 the absorption, in the deviating 

regiOI}. is proportional t~ ~ • . If a. wave, projected ·in~o the 

ionosphere, takes t seconds to return then, regardless of 
. . 1 

what the actuo..l group path oey be, the equivolent path (P ) 
is equn.l to the distance c t oetros that it woulcl travel in 

vacuum. A 

0 

R-equirod next is the relationship between ·group 
. . 1 

path P ( T 0 R irt fig~ F. 13. 6• 2~ 5j 1 ) and the equi vo.lcnt path P 

which the wave· would travel in vacuo in the sru:il.c time as it 

took to travel P. 

The .. velocity. V of the group vo.ries from c at M to 

c sin i at 0. Considering onlY the path in the ionosphere, 

the total tine.tola;in (t) from M :t;o_N i.s given by:-

t = JMON ~ B. 6. 2.5.3 

But if Vis the phase velocity and n the refractive 

index, 
- 2 

V U = c , V = o n nnd U = 0/n. 
. . 1 .iU... 

Therefore t = -!;.~ON · · c ~ n 

Assume the angle between direction of propagation and 

the vertical at rmy point on group p'o.th 1Q 1o.nd that ·the refrac-
. . 

tive index at thn.t point is lillg • . If d.l. is on clement of path 

length then d.x, _the horizontnl conponent of dl~ is given by ax 

::: dl sin Q •. 

By Snell's lo.w( 13) nQ sing = sin i 

henoc t = ~ koN: ~ == ~ ~- ngru;in o 

= i (~.) = l (length :MAN) 
C Sl.Il l. q . 

r 
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i.e. the path TAR is the equivalent or·effective path (P1 ) 

because a wave would take the sOme tiDe to traverse path T A R 

in vacuo as it would take to traverse the path T 0 R in the 

ionized lD.yer. This relationship was first suggested in the 

theorem of Breit and Tuv~98) . 

The effect of this on eqn. n·. 6. 2. 5 •. 1 is that due t'o 

the group retn.rd.ation suffered at the top of the trajectory, 

the non-deviative absorption· (calculated. in section n. 6. 2.4 

for the straight path TM P must have added to i~ a further 

term for tho path length.P A whore N v and v arc those corrcs-, 
ponding to· the height D 0 (255 km).· D A, as calculated in 

B.#6~2.1 is 360 kn. Tnldng into account tho earth's curvature 

then, fr'Dr.l the relationship sin i = oos W ( 1 + ~ ) . (derived 

·in section D-..5.1 ); ta.king r, the radius of the co.rth, as .6filo km, 

i at 255 km = 72. 2 a.e·grees and i at 369 km = 69.6 degrees~ 
It is sufficiently acc'urate~in this case·, to use the avero.gc 

value of i = 70. 9 ci.egreesi, 

Th<m the extra absorption due to the bending, over Dlicl 

above that calculated for the path T P 1 is given by: 
2 . 

f A dl = 27T e N0 v 0 2x(length OA.). sec 70.9 (cos X) 
m c 2- 2 

v + (w + ro1 ) ._ ~ 6. 2.5. 6. 
where the oddi tional factor of 2 tokes account of ascent ond 

descent and X is the zenith angle of the sun at the control point. 

(!Phe • 75 index has been omitted- for the reasons giv\3n in section· 

B.. 3.3, _as this is--well up in the F2 region now. N
0 

v 
0 

nrc tha 

values at 255 ki:l). · 

The extra absorption due to bending is 

.09 ncpers at c p 1 

,09 nepers a.t C P 2 

.07 nepers a.t C P 3 

Control Point. 
Absorption. 

LOng. I.o.t. 
Non-devia.tive Deviative Tota.l 

C.-P.- .1 ' . 26 E 6 s 1.48 ;.09 .1.57 
c,F. 2 -- 116 E · 16 N 1.39 .-09 1.48 

c.P. 3 6E 40 N 1i.15 .07 1.22 

Totals 4.02 .25 4.27 

1 neper = 8.68~ db. 

. . 
Total path Absor:ption in ionosphere = 37. 2 clb. 
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~ free space, the field strength at a dist~ce r from a· 

certain point at wi1t d1st~nce ·froo tho troJ'}Goittor is equal 

to l/r of the field strength at thllt point. 
·'' 

Thus, given the field streng ti:L at 1 km. ·, the atte­

nuation (A ) introduced· by spreading, which is ad.di tioria.J. to ' s . 
the attenuation discussed so far, is given by the relation-

sl:dp: 

A. = 20 log E1 
a E 

r. 

. • 

where E1 . and Er represent the field strength a:t 1 km. am. 
r km. :from the transmitter,respectivel;y. But E · = E1/r. 

r ., 
Therefore Er is 20 log r db less 'bhan E1• 

Referring to figure F •. n ~6.2.1.1 and assuming that 

the wave t~vels straight to the virtual height of reflection, 

the distance travelled per hop = 2 ( A B) 

AB· 
sin 12.,.<Q 

= 6370 
siniS§."KO 

Therefore A B • 1lt.Go 

Distance per hop is 2920 km~ 

Total distance (3 hops) = 876o km. 

The spatial attenuatiOn. is therefore: 

20 log 8760 = 78. 9 db. 

From cqn. ( ll. 19) in Appendix A, E1 r .. = .222 mV/m 
~·· 

for a dipole, >ihcre P is the raliatcd power in ldlowatts. 

In the oasQ under consideration P = 1 00 ldlowatts. 

If this··wero radiated from a dipole E1 would be 2220 mV/m .. 

at 1 lan. distance. . '!'he transmittil].g antcnpa is of :the 

design (seQ section:J • .5.i+,) Kcal~ H4/lt/1. From the design 

data contained in Figure F. ,~•5, .. 41 the signal gain, over -a-

dipole, 1& co.Jo\.1lat_e4to be : ·6• 9~r, . 'l&e. .16.~4b.· 

o.t an· angle of -8° to the horizontal i. c. in the maximum-, 
radiation direction. Thus for tho H 4/4/1 transmitting 

aerial E., = 15:,500 mV/m or 143. 8 db above 1 ._., V/m. · 

For comparative pu:tposes it is ·useful to express E1 . ' 

for-· a dipole in ~paoo radiating 1 kilowatt. HareE1 :222 mV/m = 
106.9 db above 1 f.L V/mctre. 

Gain due to p = 100 kw. = 20.0 ab. 

Gain due to tronsmitting aerial directivity at 8° = 
16.9 db. 

.. 
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D.: G. 2. 7 Eolari.zation am phasing ldlas, 

Part of the radiated energy is transmitted by the or<linary 

wave and part by the extraordinary wave. The latter is much more 

heavily absorbed than the· form.er and they will be usually out of 

phase at the receiver( see eqn ;P. 6.~.4·. 2. for example) with the 

result, according to Piggott (5G) .. tha.t, on a circuit, such as is 

being considered here, the combined ompli tude at the rccci ver will 

be aJJnost identical with the mean runpli tude of the ordinary ray. 

On a circuit such as this it may be assumed'"that the wa.w. emerging 

frc:m ·-t;he; · i~ is circular~ pol.a.riae.d. As the receiving auten­
na. is~ pl..alla pol.Brizeil the C.R.P.J 101 ) allowance for. po­

larization loss is 3 db and they also make an allowance for a fur­

ther 1.6 db loss for destructive interference between the ordinary· 

and extraor<linary rays, giving a total polarization loss of 4-.6 db. 

~6.2.8 Estimated received field strength (frOIJ. first pr:i.ilciplcsl. 

(a). 

(b) 

(c) 

(d) 

Ground reflection losses ut two reflection points ( 10°-·E, 

28° N) and (20~ 1 5° N) (sec section n. 6.1) • - 8. 6 db. 

Deviative ond non-deviati ve absorption for the three 

control points (26° E, 6° 8),(16° E,16° N) and 

(6° E; 40° N) (see sectJl.6.2.4/5) • 

Polarization and phasing loss· = 
Spatial attenuation in travelling from a point 

1 km. from transmitter tc a point 81'60 km. from 

transmitter (See SectD ,;-6. 2 .• 6).,. 

- 37.2 db. 
;.. 4.6 db. 

- 78.9 db. 

(c) Signal strength at 1 km•· from transmitter 

radiating 1 kw froo half wave dipole 
(See sect.2. 6.2.~6). 

(f) ·Power gain when 1CO kw radiated instead 

of 1 kw assumed in (e) 

(g) Directivity gain of transmitting aerial 

= 

-t+- 1 06. 9 above 
1 ~ 1V/m. 

+ 20.0 db. 

relo.ti ve to half wave dipole in free space = + 16. 9 db 

Estimated sipl strength at receiver = 14.5 db above 1 t: V/m. 

Unfortunately this 11first principles" calculation, 

instructive though it is' ~be. urtt'Gliabia ooOOu.se (6.) smell 

errors in the assumed values of N lead to 'large changes in . 

the vo.lues of Nv in the lower levels Gf the ionosphere and 

(b) the simple spreading assumed in calculating spatial attenuation 

is not likely to apply over a. curved earth. Therefore crap~ 

rlata, based on measurements, will now be used .as o. check. 

n.6.2.9;..0 ~.9J-l ...... of rec9i-ved f:l-eld.sj__rens:th,.;;_-~ 25>~ ·~ 
. !econt:ly ( 1959) l?iggot't" (1 °2 ) prcxluCed a ~~ . of o:r.ft;:lrno.t:ing' -

path. loss "M"d.cb is based. 'On~ :~.aults. 
r 
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In correspondence with the vvriter, Piggott·( 176) has commented 

on the calculations contained in section B. 6. 2.4 as follows:-

11:t.n effect your numerical :l.ntrego.tioi~, 
'; ·. ' 

if turned ~to\ decibels for the fictitio~ frequencies at which 

(ro + ro
1

)-=· 2 11T Mc/s:, ·is identicol·with my· a:
2 

in the report". ~ 102 )(176) 
Piggatt-'s.method. neglects deviativc absorption at ahlique 

incidence if· f is much g~atcr than fo E. In his letter Piggott ( 17 6) 
· explains: " In genero..l the only significant absorption on oblique 

incidence trajectory is that due to the bon-deviative absorption 

in tho E ~ D layers, o.nd, in same roses, due to devic.tivc c.bsorp­

tion in passing through the E loycr if the working frequency is 

not well above the E cut-off frequency" • From the cnlculc.tions 

in sections }\ 6. 2. 4 o.nd B. 6. 2. 5 it will be observed tho.t tho 

deviativc o.bsorption on this po.th is cstimo.tcd o.s o.bout. ~ of the 

non-dcvio.tivc o.bsorption o.nd. is therefore c.ppc.rontl\Y not negli- ·· · 

gible. 

From the mec.surcd results collated by Piggotf1?2) o.nd 

figures F Ei 6. 2• 9. 1/5 reproduced from his book ( 1 0~ ), .it is possible 

to compute tho expected field strength corresponding to a. given 

set of circumstances. Applied to the present problem, figure 

F B • 6. 2. 9.1 , the equn.torio..l doclina..tion "( shovm on the loft) 

indicc.tos that: the po.th of propo.gation is nearly ID, the SDlllC 

direction as the horizontal component of the eartlill1s field. and 

the diff.erence may be nt:glected. The curves( shovm on the right) 

for angle of dip and .FH (Mc/s) in~cate that at control point~ 

1,2 ancl 3 the dip o.nd. ~ofroque~cy o.re as shovm. in the table below: 

.. ... .. .............__. ... -. 

;r -
-- -· 

Control point. Dip e: fH(Mc/s) f.= fHcos Q . a o. fb= fH cos ~b i.~fo.+ fb) fi Mc/s 

3 (6 E,4-0 N) 55 1.-3 1.3 cos 63 1. 3 cos 47 .74 .·67: 

:2 (16 E,16 N) 12 •9 .9 cos 20 .·9 cos 4- ·f!ilj . . .79 

.1 (26 E,6 s) 38 1.1 ~1.1 cos 4-.6 11 .• 1 cos 30 .86 .78 

If Q is the o.ngle between the: direction of propagation 8lld 

the direction of tho aarth1 s field. then the gyro frequencies,f and i'b' 
. a . 

for the up-going and down-coming waves respectively arc given by: 

fa = fit. cos Q o. and f'b = fH cos '\ 

"'lh?rc Q a o.nd Qb arc the ·values .of." for up-goinc and dovm-coming wo.ves. 

In this case Dn anglo of eleva.tion of 8° is· O.ssumca', and the vo..l.uos 

of f token o.s the avero.ee of f and fb have bc.on co..lcul.n.tod and. 
0 0. 

· appear in tho si.:x.th colunm of the to.blo ohcw.e. 
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:h·om this effective longitudinal component of the gyro frequency, 

f 1·, for eo.ch control point, is co.lculo.tecl, from the rclo.tion: (102) 

f 1 = f
0 

( 1 - 2 f
0 

/f) 

where f is 'the wave frequency = 21.47 Mc/s in the present co.sc. 

r1 appec.rs in the 7th column in the above to.blc. The info:rmo.tion 

contained in fiGure FR. 6. 2. 9.1 is for 1952 but it is c.ssumed that it 

is applicable to the period under considcro.tion, September 1956, ·with 

. sufficient accuracy. Pigg<:)tt( 176) has supported this assumption. 

B.6.2.9.1 The \ll'lO.bsorbcd fiald (frOliL empirical data) •. 

Figure F.B. 6. 2~ 9 .. 2 gives the uno.bsorbecl field at disto.ncc 2800 kin. 

for a single hop, using the F mcde 1 as 39.5 db above 1 1!J. V/n. This 
-' 

assunes that the ro.c1iated pmvcr = 1 ld.lowatt fed into a short monopole 

tau~ c. perfect eo.rth onc1 producinG 300 mV/mctre o.t 1 kin. The 

curve o.llows ... 3 db for ·polo.rizo.tion loss o.nd -1.6 db for fo.ding, o.s 

rec~ended by the c.R.P.r£101 ). If it is o.ssumed tho.t the transmitter 

is rooio.ting one kw fran on o.ntco.nnc.. of ·H 4/4/1 clesiGU thcri, froo the 

_dcsien do.to. in figure F B. 5.4.1 ; the field ut 1 kL1 for b. = 8° nnd zero 

o.zimuth o.nglc is 

r.1onopole of 5.17 = 14.3 c1b. Furthcmore, o.s the ro.cliated power frau 

London is . 1 00 kw, there is a power go.in of 20 db o.nd the \ll'lO.bsorbcd 

field is therefore: 

(a) 1 kw :;'Ddiated fror.1 eo.rthed r.1onopole, field ..ct disto.nce 2800 Ian.-, 

one F layer rcflection,(fron. figure :&~.6.;,2.9.2) = 39.5 clb o.bovc 

1 iJ. V/m. 
(b) o.dd. clirecti vi ty gain of trl:lrlsmi tt±nr, o.ntcnna = + 14. 3 db. 

(c) o..dd power go.in 1 00 kw/ 1 kvv = + 20. 0 db. 

(d) subtro.ct 20 log 3 to c.ccount for 3 hop po.th = ;..; 9. 5 db •. 

Therefore toto.l unabsorbed fiek1 strength o.t So.lisbury 

= 64. 3 db above 1 hL V /m. 
It would be expected tho.t the sn.r.ie result would be obto.ined fran 

the ~ ..... .lculo.tion fror..1 first principles by surrll:1ing the results in section 

a..6.2.8 (c),(d}, (c), (f),. (13). This sunr:ntion,in fo.ct, comes to 60.3 db 

c.bovc 1 1-L V/m. · . · .. 

Pizr;ot~5 6 ) warns that the spatial o.ttcnuation will not follow 

the linear law because of a certo..in o.uount of focussing prcc1u.cccl. 

by the ionos~hcre at grcc.t distances. It will ~ obscrvccl. from 

fig. F~.6.2e9.2 that the spatial attenuation for single F reflections 

decreases vlith increasine distc.ncc after c.bout 2300 kr.1e U.uc: to focussing. 

Had the curve continued to drop (as shown cl.otted) th'e ficlcl strength 

o.t 2800 kn. woulcl be 4 db lower than it is in reo.li ty. The d:i.ffcrence 

bet\vecn Pim~ott 1 s octhcc1 ond. the first principles net hod. being 4 db 

the dispQrity is therefore complctel.Y o.ccount~l £or by the focussing 

effect o£ the ionosphere o.t great ili.stanccs. 



R. 6. 2. 9. 2 tP2.E.~.J?.£.~~sotJ?j;j.~ in i2h2_i2E.~~p~reJ§3J?iS£"'2.e£JJ.26l. 
In figures FR. 6. 2. 9. 3/4 the syr:1bols used hn.ve the following 

K ; n. constant depending on the varin.tion of non-dcvin.tivo 

absorption vd. th ·position, locn.l. men.n tir.J.e· ,n.ncl. season.· 

f = .the working frequency. 

fL = the effective gyro frequency about the component of the 

eo.rth 1 s field which is' parallel to the direction of pro­

pa.gn.tiqn (referred to o.s f 1 in the rcno.inder of the text) 

i = n.ngle of incidence n.t o.bsorbing lo.yer. · 

R = soln.r n.ctivity fo.ctor expressed on the Wolf sunspot nuobor 

sco.le ( R = 210 for Scpter.J.ber 1956) 
. 0 ' 

At Control Point 1.. (26~.6 S).+ 

· 1 ) From fig,J!B:.- 6;. 2-. 9:. 3, for September noon, K = 1 • 05 

2) Froo. fig.~m.6.2.9.4;tnking K = 1.05, R = 210 then: 

a 1 = 580_nnd ~2 = 780. 

3) Fran fig, i~.6.2.,9~5 using "H" scn.le and tD.ldng a 2 = 780• 

l>kl:;t = 2800, f = 21.47 o.nd fL = .72 then: 

o:2 sec i = 4000 

end loss for ordinary rn.y ( f + fL= 22.25) ::7.5 db. 

~b2_9£Ption for one hop at C, P, 1 = 15.0 db.· 

. ( 0 0 \ At Control Point. 2.16 E, 16 J.il:.. 
Proceeding n.s for C,P,1. 

1) K::1.02 

2) "1 = 570, 42 = 770. 

3) l%2 (lQC; i. = 3950 

4) f + fL = 22,26 Mc/s, loss = 7.5 db. 

Absorption for one ho;e o.t O.P. 2 = 15.0 db, 

At Control Point 3. (6~,40° N). 

P.roaeeding as for C,P.1 n.nd 2. 

1) K = ·.83 

. 2) a1 = 460 , a 2 = 600. 

3) a2 sec i = 3050 

4) :f' .+ ft = 22,14 !vlc/s , l-ess ::: 5.8 db, 

AbsOJ!l?tiori for. one hop = 11 • 6 db. 

Piggott t s method neglects devio.tiv.e o.bsorption for. oblique 

incidence. 
I 

Totn.l non-J.cvio.tivu o.bsor-ption f'or the po.th: = 1~1. 6 db, 
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the 

proposed a parabolic approximation for the product N v as a function 

of hei~t. U~ing these approximations he produced graphs.for normal 

incidence absorption vdtich compared favourably with numerical results 

obtained by PierJ54) and Jaeger (55). I.o.ter the some yen.r Hacke and 

Kelso(52) extended the theory to· ~elude deviative absorption o.t 

oblique incidence and fig. F B. 6. 2. 9. 6 provides an empirical method of 

calculating this. In the figure the meaning of the symbols is o.s 

follovrs:-

2. fi is the total devio.tive absorption for· the hop. 

R = ro.tio of wo.vc frequency to vertical-incidence cri tico.l 
frequency. 

R 1 = ratio of wave frequency to oblique-incidence critical 
frequency. 

H = scale height of the deviating region in the some units as c. 

T = constant = 1 • 84-8. 

K =Vi I 2 c. m m 

v • collision frequency at the height of maximum density. m , 

c = velocity of light ~n vacuo. 

Frequency prediction charts( 99 ) for September, 1956 at the 

equator give the optimum frequency for o. hop length of 2.800 km. as 

29 Mc/s and for zero distance hop as 11•3 Mc/s, giving M.U.F's for the 

two cases o.s 34 Mc/s and 13 •. 3 Mc/s respective~. (assuming "optimum 

frequency" = • 85 "mn.xiraum · usuo.ble frequency"). 

As the working frequency is 21.47 Mc/s 

R = 21 •4.? = 1.62 
13.3 

R1 21.4.7 . 6 = 34 = • 3 

It = 55 km. ( approx) for F region according to NL..'"\rtyn ( 
86). 

T = 1.848 o.s given by Ho.ckc ·~ klso(5
2
). · 

v :=: 100 frcm figure F :a.4-.0.1. m 

c-- = 3 ·x. 1 o'5 km/ sec. 

Fr\?m fig. F I£. 6. 2. 9. 6 · 
S R 

HTK 
m 

;:: 1 •. 7 

Substituting the voJ.ues given above: 

S =· 018 nepers 

= o. 1:.54 clb·. 
The devio.tive absorption o.t the control points·"Will be proporti·ono.l 

to cos X for that point. The noon vo.luos arc .30 db for !1 P.1; 

0.29 db for C P.2; 0.2S for C P~ 3. 
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Reproduced from an article qy Hacke and Kelso -~ 

Figqre F 2.6.2.~ 
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Unfortunately the method of Hacke o.rul Kolso ( 52), used above for 

estimo..ting the clevio..tivc o..bsorption,relics, c.s docs the "first p~ci­

plcs" ·method, on the assumed vc.lucs of the ionospheric moclel, fig. 

F !1.4.0.1, n.nd the vo..lue of vm is controversio..l. Both the first-pr:in":' 

·ciplcs ccl~ulo..tion 'n.nd the nethoc1 of Ho..cke onc1 Kelso(52)producc a very 

smo.ll va.lue for. the devio.ti ve o.bsorption and ill this they n.re in lino 

with n.n opinion exprc~sed· in letter Piggott· to wri.ter( 17&) tho..t··this . 

type of absorption •7i.ll be less tho..n 1 db per hop for this po..th. As 

the model is bo..sed on inforr:JD.tion not available at the time Hacke and 

Kelso Virote thc:i:r n.rticle~52 ) it is proposed to accept the--d.eviative. 

absorption figures co.lculo.ted from first principles i. c. o. 25 ncpers 

( 2.2.c1b) for the whole po.th. 

Ground Reflection Losses. . 
(101) 

The C.R.P.L. ·· recomoend. that Grouncl; losses be to.ken o.s 4 db 

per reflection point. Sinoe there. are two refle~tion points on this 

po..th ground losses could be talron o.s 8 db. It woulJ be more accuro.to 

tp take the vo.luc of B. 6 db calculo.tec1 in section ~ 6,1. 

~6.2.9.5 Revised Estioate of field strength in Salisbury in SeRt:'mber 1956. 

Unabsorbed field strength fran section :a. 6. 2. 9~ 1 = + 64. 3 db 
. above 1 ~ v/rn. 

Absorption·in ionosphere (secticm ~6.2.9.2/3 give 41.6 db for n.d. n.nd 

2.2 db for d.absorption) = - 43.8 db. 

Ground reflection losses (sectionn~6.2.9.4) - - 8.6 db. 

Therefore estinatcd··field strength o..t receiver= 12 db o..bove 1tJ. v/m 

= 3.98 ~ v/n; say 4 tJ. v/n. 

11. 6. 2.HI. 0 What variations in field strenstb. and wave nrri vo..l :ang..,le ru:st 
.to be O?Wec;ted'? 

The signal strength, the meclion.. value of which was calculated in 

sectionik. 6. 2. 9, nay vo.ry due to the follovdng causes: 

n: .• 6. 2. 1 o. 1 Interference between sign.:cl components vlhich ~ O\.'.t of phase. 

There will be a fairly rapid variation clue to destructive inter­

ference be~veen the ordiTIL~ ray o..nc1 the weaker extraordinary r~. 

They are out of pho.se clue to the difference in path which they follow 

and, if· the· gyro frequency is not fairly ln.rge, it will be seen f'rOD 

eqn. (~6.2.4.2) th~t the difference in abso~tion between the two rays 

will not be. grett.t. The SI:~D.llcr the difference in signal strength 

between the two waves the greater w:i.ll be the vario..tion of the combined 

Dnplitude as they becone·, first,in phase o..nd thon, out of phase. 

However, for f 1 greater t~o..n 0, 5 Me/ s, the difference between the value 

of (()) + w1 )
2 

8nc1 (ro - w
1 
J is lnrge enoUgh for the interference bctwocn 

the two rqys not to be unduly serious. 

Similarly, interference o.ccurs between enere;y arriving by a 3 hop 

node ona:· that c.rriving by 4 or oorc hops. This is po..rticulo.rly notice­

able on antennas which are sensitive to both low- and high-nnelc rodia-

tion. A £SOoc1 receiving· antenna. nust discriminate in favour of the : · 

dominant· oorlc n.nd ·thus reduce this :intcrt'e:ronco (nna distortion) to ·a. 

ne.sli.giblc Dnoun:t. 



.n.6.2.10.2 Wave frequency o.pproc.chinrj the value of path M.U.F. 

Deep fades will occur when the wave frequency approaches 

the M.U.F, of _rmy of the control points. It shoulcl _:be b.OJ1lc in 

nind. tho.t the "layers" o.re voryinc; in density o.ll tho tine due to 

turbulence onc1 electron drift in r.1llch the sane wo.y o.s the· density 

of rcin cl9uds is continuo..lly vo.rying and the M. u. F. itse·lf o.t o. 

pa.rticuio.r control point vdll vary continUDlly by sno.ll onounts so 

that when the wo.ve frequency is rouG}lly the sOI:le o.s the M. u. F. the 

absorption varies frao o. vo.luo approo.ching infinity to. a. vo.lue 

equo..l te normo.l, according to whether the insto.ntameous value of· 

the M.U.F. is just below or just above the frequency of ~he wo.ve. 

'VI/hen the ·wave frequency is less thon 0. 85 of the predicted M. U. F. 

for the entire· pa.th, fo.dcs of this kind should be very rare if 

they occur o.t all. 

n.6.2.10.3.0 ~~es due to'o.bnoroal ionospheric bcho.viour • 

.So much has been vvri ttcn o.bout o.bno:tUD.li tics such o.s 

Dellinger fodcs, r.wgnetic storos,ona. cnh...-mced n.uroro.l o.ctivity 

which a.ccoopnny_ sola.r disturbances, tha.t to discuss the various 

theories in detail would require ouch spo.cc. It should suffice to 
cover the effects, and theories o.bout the ca.uscs; in brief outline:-

ll. 6. 2.1 0~ 3~ 1. 0 Solar disturbances. 

Bright flnres on the solar disc (sun spots) ha.vc been 

observed to have 0. profound effect on the electron nuobcr density 

of the ionosphere. The sun spo~ ·a.ctivity (nnd .with it the. value 

of the cri tico.l frequency) follow·s on 11. yeo.r CltQlc. In recent · 

years moxi.r.ul. occurred in 19!57 o.nd 19~8 o.nd 1959• 

Il .• 6., 2.1 O. 3.1.1 Dellin,1er fo.des. ( Sudden Ionospheric Disturbances) 

The oo.in features of this effect were first ascertainei 

by M~gel( 103 ) in ·1930 and advonced by Dellincer(10..., 105)in 1935~ 
Sudden and intense increase of ionizo.tion of the D region over 

the sun-lit huoisphcre is found to occur sioultn.neously with the 

o.ppeo.ronce of bright ~pots on the solo.r disc. The solo.r eruption 

t1Ust be lo.rge to co.usc on o.pprecio.ble fade and oost solo.r eruptions 

produ~e no noticeable change in D layer ionizo.tion. F.roo fie. 

F B.4.0.1 it will be seen tha.t in the D region (below 100 kn.) the 

va.lue of Nv is larGe beco.use the collisiono.l frequency ( v) is lo.rBe 

o.ncl this region o.ccounts for nearly the whole--of the non-clevio.tivc 

n.bsOl1,1tion (section :Ill. 6 .. 2.4 onkes this cleo.r ). If now N in this 

reGi9n were, for exonple, to be <loublccl due to a Suclden Ionospheric 

Disturb~ce (e.I.D), the estino.ted received si~ strcngth,cnlou-. . . 00 . . 
lo.ted in ~ 6. 2. 9, would be reduced by : 7~ x 41.6 = ~ clb Giving 

D. signo.l 22 .. clb ~ 1 ~ v/octre insteo.cl of the normo.l 12 db above, 

1 6-1 v/cctre. This fade-would be so deop n.s. vi.rtunJ..ly to destroy 

contact. 



An H.F. radio fade of this ~ort usually lasts 'anything from a few 

minutes to a few hours. Long-wave transmissions on the other hand, 

emplqy:img, as they do, the earth and under-boundary of the. ionosphere 

as a wave guide are, if ~ything, assisted by the greater conductivity 

of the D region due to ~· I. n. as pointed out by Budden,Ratcliffe and. 

· Wilkes ( 106). Bureau ( 107 ) has shown that quasi-periodic atmospheric 

noise, of low frequency o.nd distant origin, will, for the srune reason 

increase simultaneously with a Dellinger fnde. The combined result is 

a doubly adverse effect on signal-to-noise ratio and causes even mild 

Dellinger fades to have a serious effect on the reliability of a circuit. 

The )maller the zenith o.ngle(X) tho greater the Dellinger 

effect ( 107 )( 108 · ond the path under consideration willl therefore suffer 

considerably whenever a suddon lorgo increase in D layer ionization 

occurs. 

Modern ideas on the origin of ianizo.tion are summarised by 

Mitra (7G) in stating that the solar radiation must be co.po.ble (a) of 

ionizing one or other of the atmospheric constituents in tho 70-90 lan. 

region and {b) of possessing a sufficiently smoll o.bsorption coeffi~ient , 

to reach down to this region. It is almost certtlinly ultro.violot 

ro.diation emitted by those solor flo.res which c.ppeur on the disc, as 

distinct from those which appeor on the limb of the sun ( i.e. in ~il­
houette) o.nd which, therefore, do not radiate much energy tow-ords the 

earth. Very recently (1959) Bailey(109) 'hns spoken of the greo.t solo.r 

event\ of 23. 2. 56 in :which the D region, even. in the dork hemisphere, 

wo.s heo.vily ionized due to the bombardment of gas molecules in the upper 

atmosphere by the sudden enho.n'ccncnt of soln.r cosmic rays( charged po.r­

ticles tr~velling at nearly the speed of light and ho.ving cosmic-ray 

energies) precipitated, due to the action of the· earth's magnetic field, 

on both the light ond the dark side of the eo.rth. This effect, though, 

would. only be expected in exceptional circumstances such as tho greo.t 

solar event ~ferred.to. 

B.6.2.10.3.1.2 Prolonged Ionospheric Disturbance. (P.I.D). ,.,. 

The effect, described by such workers o.s Gilliland, Kirby, 

Smith and Reymer ( 11 0 ) , is similar, in cause and nature, to the s. I.D. 

but (a.) it is usually not so severe 1(b) it col1lii].ep.ces and ends more gro.­

dually ond (c) it lasts a longer time. It is thought to be due to a 

great outpouring of ultrn-violet radiation occuring over a l~ng porioi, 

c.s distinct from the sudden burst of-ra.d.io.tion causing the S,.I.D. 

P.I.D. s. occur most frequent~ when S.LD.'s oro numerous • 

. B. 6. 2.1 0. ~. 1 •• 3 Ionospheric Storms. 

Ionospheric storms ond magnetic storms o.re closely linked as · 

they stem from the so.me co.usc. ·Appleton and Piggott ( 111
) nninto.in tho.t 

ionospheric 5t.orms o.rc the main co.use of the general vo.riobility a£ the 

F2 leycr. 
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Bo.rtels ( 112- 11 6) hns drawn attention to the fact that the incidence 
. ' 

of mo.gnetic end ionospheric storms follows sunspot c.oti vi ty very 

c:J.osczy; Chapnon ( 11 7) has shown thnt each yco.r there is a maximum 

a.t each of tho equinoxes; Chree ( 118) nnd Bartels ( 119) have pointed 

out that maximD. have a tendency to recur every 27 days; i.-c. after 

each rotation of the sun; there is a marked correlation between · · . 
. l t. . t ( 12Q-125) magnetic and ionospheric storms nnd ~ncreased aurora ac ~~ y . 

Oa mo.gnetioo.lly quiet d.eys the nuroro.l o.ctivity is confined. to 

belts 20° •, 25° from the poles; but during storm periods the auroro.l · 

activity spreads to lo'v7er la.t:l.tudes:. 

About 20 hours after D. large solar disc flare, the ionosphe­

ric ·storm begins with. a. "turbulent phnse" in which F layer ioniza­

tion is particulo.rly affected in high altitudes ond the intensity 

of the earth 1 s mo.gnetic field fluctuates. After about 2 hours the 

turbulent phase gives way to the 11nlod.orate phase" in which the 

virtual heights of F1 nnd. F2 o.rc abnormolly high, the critical 

frequencie! of F1 nnd F2 o.rc abno~ly low, and the devi~tive 

absorption increases. These effects are usually negligible at tho 

magnetic equator nnd increase vdth incrco.sing latitude. The 

"recovery phase", which follovis the "moderato phase" ,is the period 

( usunily several days) in which tho ionosphere gradually returns . 

to normol. · 

Several theories have been offered to explron the cause of 

ionospheric storms and related auroral effects but as indicated by 

Po.rker(126)recently (1959), it would appear that this is a much 

more complex phenomenon than ony of our present thcorotico.l models 
. I 

dreD.m of because, to quote him, " our present ignorance of co-ope- . 

rative plasma lo/natlico.l processes".· 

Some of the more fomous theories arc surntlorisecl below: · 

(a) The BirkclarK1-St8rcer theorv: The sun occasionally sends 

out a beam of charged particles (of one sign only) which constitutes 

a current stream which) an approaching the earth, is deflected by 

the earth's magnetic field to foro a ring of current circling the 

earth high o.bove the equntor with the chnrgecl pn.rticles spiralling 

along tho r.w.gnetic lines of force to precipitate (o.nd cause ioni-

zo.tion of air .Particles) in the o.urorc.l zonas. The theory wo.s 
developed by Birkelana(127 ) nnd St8rocr( 128, 129) put Sdhuster(130) 

ho.s objected (i) that to :produc~ the observed effects the number 

density of t):).c ~icles would have to be V'ery great and (ii) if ·. 

the po.rticles were all of one sign they woUld c1ispcrsc,duc to 

mutual repulsion, long before the stream reo.chcd earth. Therefore' 

I.d.ncleDD.rl!l ( 131) has proposed that the strcOD is· composoc:1 ·6f posi- . · 

ti ve ond negative po.rtic1es, elcctricDJ.ly balanced. This idea. 

has been incor:poro:ted in: 

·. 
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(b) ±!_le Cho.pman .. Ferraro Theory. ( 132 ' 13 3' 134-) •· 

A Lindenonn ( 131 ) stronn is consir.lered to leo.ve the sun o.t 

about 1 o8 crl soc. Since the wave front ho..s a r8dius o~ o.bout .5000 

earth ro.dii, it resembles the o.p:proa.ch of a conducting pJ.Cne. Inter­

action with the earth 1 s field will cn.usc currents to flovv in a thin 

sheet of the wo.vc frent which vdll strengthen tho co.rth t s field on the 

side ncar the strc~ This is chnraetcristic of the first phase of 

the magnetic stort:J.. The physical force exerted on that port of the 

strc0r.1 corrying the· CUITcnt, due to intcrMtion between the current 

o.nd the earth's field, distorts the streo.m, forming o. "sho.dow" or 

"holloo11 on the for side of the eo.rth. Also tho electrons o.nd ions 

in tho streo.m arc deflected in opposite directi~s by the co.rth' s 

field o.nd form positively o.nd negatively cho.rgcd lnycrs on the opposite 

sides of the hollow. Ions will tend to flovv o.cross the gap under the 

influence of the electr~c field thus formed, proclucing o. ring current 

round the earth vdth consequent world vlide depression of H for the 

duration of the r.10.in phn.se of the storm. The theory ho.s been extended 

by ~~yn( 1 35) o.s follows:- . 

(c) M..'\l"tyn1s extension(135\o Cho.l?lp'¥!-lcrr~o theory. 
' 

This theory proposes tho.t ·during :the rno.in phase of the 

storm the neutral streDr.l eoopJ.etcly encloses the hollO\V ("forbidden") 

spo.ce surrounu.ing the eo.rth, the ring curre~t thus. foro.ed girdling the 

eo.rth at o. radius of about 5.5 eo.rth radii. This is the elevation of 
\ 

those. lines in the eo.rth' s field which cut the eo.rth 1 s surfo.cc at alrout 
0 25 frott the poles. Charged po.rtieles ejected from the ring current .. 

region spircl down the lines of force bcrnbarcling the earthts o.tnosphere 

in the auroral zone. This theory was o.cclaimed by 11itra (7G) o.s the 

one which would survive but Parker( 126) hn.s ·objected to it on the grounds 

thn.t Mnrtyn' s mode~ predicts t~o wrong c1irection of clrift of tho aurora.. 

(d) Ultra-violet light theofr. 

Hulburt o.nd Mo.ris 1 36-138 ) ho.ve proposed tho.t the aho.rged 

particles come not, from the sun but from the ionization of the upper­

atmosphere by suc1den bursts of ultra-violet ro.dio.tion during a solar 

flare. Grave objections--to the theory hn.vo been rai.S<Xl by Cho.pODll ( 
1 }9) 

and make it unacceptable. 

(e) Solar vdncl theor;.y. 

The :r:1ost modern theory asserts tho.t, been. use icnospharl.o 

storms,, mgnetic stonns,ond onb~ o.uroro.l activity comnence about 

u dr;..y (o.nd sometimes 2 duys) Ufter ~creased solar o.ctivity is visuo.ll3 

observed, the stoms nrc due to something ~t:ing from the sun which 

. tro.vels o.t o.bout 1ooo-2000 kr.1/sec. :Chorabcrlnin~ 14.o)in observing o.uroro.l 

protons, hn.s sugcestcd. that solar corpuscular emission is the bn.sic 

cause of storms. Biermann ( 141 ) has. observed that cas, presumo.bly 

ionized hydrogen, is streaming outwnrds fror.1 the sun in a.ll directions 

c.t cll times 'vvith o. normo.l velocity of Dhout 500 krr/se.o and c1onsity of 

100 D.:t cras/ ~ ;5 o.t tho orbit o£ tho eo.rth. 
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During n. solnr flo.rc the velocity is said to increase in tho di­

rection rtomol to tho disc to about 1500 kn/ sec or more o.nd tho 
. . 4- _I) . ) . ( 126) 

clcnsi ty at the Eo.rth 1 s orbit to 10 or 1 0" I em • Parker 
r.1n:intcins thn.t the presence of· this 11 solar wind" strcm:d.ng 

continuous:cy po.st the earth is· responsible for the do.i:cy o.uroro.l 

activity which occurs. on m~etico.lly quiot_dnys and the increo.sc 

in velocity and .density of the solc.r wind produces tho· stonts 

during e~~cod solar activity • 
. . ( 142) 

Po.rlror points out that this tenuous, ionized, go.s is 

n. conductin3 mediuo ond w:Ul push its way into the gconagnetic 

field until the na.gnctic pressure (B2/8 1r) becomes comparable 

with the iopo.ct :vrossure (N m u2 ) . 

where B = flux density 

N = nunber density of ions, each of ~~s = n, 

U = the wind velocity. There will not be a· sttooth inter­

fo.ce where B~ /8 1T = N m u2 just as the. :;;urfacc of water is unsta­

ble to a strong bJk~t of o.ir. 

The value of B at a point above the ceomo.gnetic eqUD.tor, 
. . 

dist001t r from the centre of the earth, to.ki.n3 B at the equo.tor 

as o. 35 gaua~";d.ll be given by: 

B = 0.35 (~ I r)3 . 
0 

where r = rndius of earth = 6370 kn. 
0 

_ Then the rno.x:i.r.tw depth of penetration of the solar vlind is 

to where r = R where 1 . ·1/6 .. 
R1 = r

0 
P .35/8 1r N. JiJ; if) (approx). 

The everydc.y solc.r wind thus penetro.tcs to about 4. 8 r 
. 0 

(about 25,. 000 ko. abcvo. the earth's surfo.cc~o.nd the enhonced 

solo.r wind ( U = 1500 kn. ,N--~ ·1o4/cr.13 ) to 1.53 r (o.bout 
. 0 
3500 km. above the surfo.ce ). 

The geomagnetic line of force which crosses the equatorial · 

plane _a.t a. distance R1 comes down to earth an angular distance " 

from the poles such tho.t : 
. 1 

sin Q = (r
0 

/ R1 )2 

· .. The -everyday solar vdnd therefore-· disturbs the lines of 

force originating within 27° of the pole. Here it is «>ted that. 

Chapmnn ( 117) reports that within 25° of the--magnetic pole there· 

is. unceasing · agi tatiori. of the earth • s field.. As. the protons and 

e.lcctrons ore constrained to move along the geomagnetic lizi:.es of 

force the everyday auroral activity they produce is confined ·to · 

an ~?-rca within about 25° from the poles. The greater the solo.r 

activity the further will the solar·wind penetrate the earth's 

field. resW,ting in occOMion.al. a~D.l acti.vity to wi.thin 20° 

of the mD.gnctic equ.o.tor. 
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Since observations indicate tho.t the electrons and protons 

producing auroral displays nrc moving 'v.ith velocities greater thun 

their transit time f~om the sun vmuld indicate, Chomberln.in ( 14°) 

-concludes tho.t they ore accelcrotcd. ncar the Ey.rth, Storey( 143) indico.tes 

that the region occupied. by the geomasnetic field beyond. tho outer 

fringe of the ionosphere is, like the solar wind., occupiod by ionized 

hydrogen, )reducing a region of good conductivity around the Eo.rth. 

Parker(
126 

a.clr:lits tho.t it is not eD.Sy to sec how the necessary o.ccelc ... 

ration occurs but suggests tho.t when the 1000 to 2000 km./sec sol.or 

wirrl collides with the ionized hydrogen ( of den~ity about 103/ cm3 

according to Storey( 143)) enoeshed in the 13e~gnetic field, tho. inte{i, 

o.ction of .the inter-penetro.ting, elcctrico.lly neutro.l, streoxns of pltl!W3) 

beho.ves rather like the inter-action of on electron streom o.nd an ion 

cloud a.s. described by Pierce (145) D.nd the .ldnetic cner3J of th~ ions is 

converted into pla.smo. oscilliations of the electrons, Thus the initio.l 

20 k ,e..V energy of a 200o kr:l, /sec hydrogen ion imparts 20 k o V energy 

to the electrons. 

It is probo.blc that this is neo.rer tho..n the previous theories 

to·the reo..l explanation of the observed ionosphe~e and mugnctic stoxms 

and auroro.l o.ctivity, 

Because of the prcvo.lcnce of ionospheric storms over polar 

regions, tronsniission. paths which pass over or ncor the o.urorol bolt . . 
o.re usun.lly unso.tisfo.ctory, It is not expected. thn.t ionospheric storms 

v7ill o.ffect the circuit prcscnt:cy uncler considerotion except at the 

n.o~hc~ control point (c P 3). 

D..6.2.10t.3.2 Sporu.di.c E ioruisn.tion (E ). s 

Patches of abnomally high ionization sarnetir;les intrud,e into the 

bocy of the E lo.yer. In equn.toriul regions E is weak but present s 
throughout d.o.ylight hours, vlith a mo.xinuo at noon, according to TretJOCl-

(146) .. 
len o..nd Cox • . In tcl7l]?Crote a.nd sub-tropical lD..ti tudes E 

8 
. occurs 

most frequently :in the early morni.ng o..nd ev~. E occurs m.ore in 

local s~r thon at ony other tine of the year 146 ' s 147) and it is not 

related to the sunspot cycle, 

The ori13in of sporo.dic E is not yet lmown. It is known tho.t 

racteors, rushing into the atr.1os.phore produce trails of ionizo.tion o..nd. 

it has been suggested tho.t this ionization causes the sporo..dio E patches, 

The findings of the following l~ncl support to this theory: (c.) Appleton. 

and Naisnith (147 ) , (b) Skcllett ( 148), (c) Scho:.fcr ond Goodo.ll ( 149), 

(d) Mitra and Ghosh(150), ond (c) Bhn.r(151 ). Hovfever, Pineo,(152, 153) 

in ona.:cy-sing the· data on r.1etcor tro..il echoes rooorded at the oGntroJ. 
Radio ~po.gn. tion I.o..1:::oro.tory, No.tionri.l Buroo.u of Stoncl:ords·, u.S.A.·, 

oo.intn.ins that E is noit related. to meteorite activity. ·. 
. . s.. •' . (154) (155) 

Workers such n.s Afplcton ond Ratcliffe, Bhar o.nd. Syoo 

~d Appleton ond No.isoi.th, 156) ho.ve s~ostcd. an associl:ltion· between 

thunder o.ctivity and E and a link between ·:m. end the isobnri.c situation . s . s 
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near the $rcund bas been reported by Martyn ond Pulley onc1 

El~zi( 1 58 ) .~ A thunueroloud chnr6cd positively ~bovc and neg~tively 
below contains on intense electric field co.pablc, according to Schon­

lnncl ( 159) of i.I1lport:i.n.£i 5 x 1 o9 e V to on electron within the cloud 

moving upwo.rcls. Vfuen a spo.rk occurs which destroys the retarding 

field o. spray of nrun nwo:y11 electrons moves upwo.rcl .with great speed 

Olld., if this is:·hiGh enough, will increa.se j;h.e ionization of patches 

in the E region. Aiterno.tive1y, as the electric mooents of thUnder-­

clouds have been found to be 3 x 1 016 e. s. u. in South .kf'rico. by Schon-

lond , 2 x 1017 -:e. s. u. in England by Appleton:, Watson, Wo.tt o..nd ( ) 
( 1 9) . . . 18 . . . . 76 

Herd ,5 ond. ore probnbly .. about 5 x 10 o.s.u. in tropico.l rc~ons, 
the electric field. at 80 ki:l. will be about 6 volts/Om. Here the 

. ...2 
pressure is about 10 D.c. and the peon free ·po.th o.bout 3. 2 ctle 

Mitro. (76) h:as sug3ested thnt electrons will therefore e;o.in 19 o V of 

cnerr:;y o.t this level. which is· just sufficient to ionize the oJcy"gen 

c~ nitrogen molecules present. Scoo electrons with free paths gran­

ter than the moon will o.oquirc groo.ter energy tho.n .tha.t _inditro.tod 

nbovc and could have moved in a woo.ker field to acquire the necessary 

r.ti.nirnum ionizing energy. A third possibility w~s od.vonccd by Hoale~160) 
in which it wa.s clairaed tha.t·the clcctraongnetic ra.din.tion produced 

by o. lightning stroke could be sufficiently intense to produce Es 

ionization in a.Dtt.al& of neo.r'B>y E re3ion if the collisiona.l frequency 

is less than 106 per sec. Frm fig.· FTI:.4-.0.1 it will be seen.thnt 

v is norca.lly less thon 1 o6 o.bovc 85 ·1m. 

In pola.r rocions it is probnble that E is due to the . s 
sotle agency n.s causes ·the o.uroro.l effects discussed in section B.6.2.·~0.3.~ •. 3. 

The effect of E ionization on the Lona.on-&lisbur:y- circuit s 
will be tho.t if tho wo.ve froqooncy (f) approaches the oblique on13le 

critico.l frequency of :Es the wo.ve will suffer considerable bending. in 

the E region and the doviative absorption will illcreo.sc. If f is 

greater than the oblique bngle critical frequency of o. patch of E · . .· . s 
then if the wave encounters the E

5 
patch on the upward. journey, tho 

13e0L10try of the path will be affected by the ·premt~ reflection 

tho.t occurs n.nd if the wave encounters onE ··patch on the lo.st downward 
· I S 

journey tho re•rndiatcd wave could be effectively prevented frao 

rco.chin;:; So.lisb.ury receiving station. In both ca.scs severe fades in 

rocci:vod· strcn@h would. occur·but it will seldom be the case that the 

oblique angle critical frequency of E will be gre,ater than the trans-.. s . . 
mission ·frequency. 

~.6.2.10.3.3 .Winds and tides in the ionosphere, 

Nootiluccnt clouds, situated betw;eem. h,eights 7 2 and 92 
kin. ,and: produced either by ice crystal formation or by cosmic dust, · 

have been obsnrvod by such ~erkers ·as. Paton ( 161 ) ·end Manning, villaiu 
. ~ (162) and .,i;'ctcrson • . 
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The clouds were found to move from N.N.E with velocities between 

44 and 55 m/ sec. Meteor trails at 80-120 km. indicate high wind 

velocities at these heights according to Hey( 163). Echo patterns of 

E patches have given the impression of travelling from one sounding 

s~ation to th~ next ( 164-)' ( 165) at velocities of about 100 m/ sec. , 

Workers such aB Munro( 166 ), Beyncn(167 ), and Meck( 1G5) ha~e also 

reported motion in the F region of an oscillatory nature resembling 

lunar and solar tides and on these Martyn ( 168""171 ) has based his electro­

dynamical theory in which he shows that at latitudes above about 35° 

there is an upward ionic drift and at latitudes below 35° there is a 

downward ionic drift. Because of its dependance on tide motion, the 

vertical drif't velocity suffers a semi-diurnal and seasonal variation. 

This gives rise to :Martyn's equilibrium equation quoted in section 

B. · 3 .. 3. and in this wo.y he seeks to explain some of the complicated 

perturbr~ions in the F2 region and also the small departures of the 

E ~ F1 layers from the simple Chapmon. region. 

~ 6.2.10.4 Scatter Phenomena. 

Osbome(205) has reported that in tropical regions the incidence 

of scattering is sufficiently common at certain epochs to be a signi ... 

ficn.nt feature of the normal diurnal p~opagation pattern. Piggott(102 ) 

ind.ico.tes · tlaat sufficient data has not yet ll.ecn collected to define 

the phenomenon adcquate]zy" and, as it can cause large changes in the 

sky-•1.-favc field strength, its omission constitutes a serious limitation 

on the accuracy possible at the present time. 
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R E S U L '.I' S 0 F · S 0 A L E M 0 D E L '.I' _E S '.I' S, 

1 ) SingJ.e f. rod. 

11,7 11 

16 1311· Aluminium sheet 61 wide 

Using 0-50 uA (1000 Ohms) meter as receiving detector. 
Freq. 243 Mc/s. Transmitter drive I f' 1 1,9 rnA., I f' -~"~ g rna a ~r.L<:l...L 

Mains voltage 218 Volts. 

Y:~.rt~cal ¥{:1e. 
(Degrees • 

~ 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

~· 
~ uA.) 

3.0 
. 3.0 

3.2 
'3.5 
4.0 
4..5 
5,0 
5.0 
5.5 
5.5 
5~5 
5.5 
5.5 
5.0 
5.0 
4o7 
4.5 
4.8 
5.0 
4."5 
4..5 
4.3 
4.0 
3.5 
3.0 
2,5 
2,0 
2,0 
2.0 
2,2 
2.5 
3o0 
3 .. 1 
3 .. 1 
3. 2· 
3.5 
3.3 

I 3.0 
3.0 
2.5 
2,0 
1, 8 
1. 7 
1.5 
1, 5 
1, 6 

.... 

170 rnA.. 

Signal VoltagE_(From calibration 
curve.) (mv) 

5~-· ------~----

56 
57 
60 
65 
68 
72 
72 
76 
76 
76 
76 
76 
72 
72 
70 
68 
71 
72 
68 
68 
67 
65 
60 
56 
50 
45 
45 
45 
48 
50 
56 
57 
57 
57 
60 
59 
56 
56 
50 
45 
41+ 
42 
4D 
4D 
41 

\ 
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~IX EL(continued). 

2) 

3) 

4) 

~~ 
\Degrees) 

46 
50 
60 
70 
80 

'1.5 
e5 

o. 
'"5 o. 

Rod with Reflector. 

;?i~ voJ:..~!l-~·-(FroiJl calibration 
curve TmV') 

40 
22 
0 

22 
0 

1-,,_7" 
--~ 

ol 

23.1 

/ 
ol 

11.3 

-- --------- '-·-- ------- ----- -----" 

Using Q-100 uA (1000 Ohms) meter as a receiving detector. 
Freq: 242 Mc/s Drive I = 1. 9 uA I :: 170 uA. 
Mains voltage = 218 volt§. a 
Signal measures at Si0 = 11.5 uA. 
Corresponding volJcage from calibration cu.rve = 103 mV. 

Rod with ; reflector and one director: 

11 fi 7' 19. 65" 

11. 3" 

Conditions same as in (2) abovee 

Signal measured at Bt0 = 25 uA. Corresponding voltage from cali­
bration cu±-ve = 148 mV. 

Rod with reflector ·and two directors: 

22.3" 11.311 19.55 11 19.T 

·- J~ -~,...-...-. ~~·:.,.r,._,.,_..·• --
11 o 3 II 9 I ' · • ~ 1 2e 3 tl 

U s2 .:''J.g 0-1 00 uA. meter ( 1 000 Ohms) 
Freq. 243 M.c/::; Drive I = 1 • 85, - g I = 173 ml. a 

Vertical .An~le. 
:J~gr~) = 

Read.in:: 
I@ 

0 26 '150 
1 27 t52 
2 27 152 
3 27 152 
4 27 152 
5 27.5 152.5 
6 28 155 
7 29 156 
8 30 157 



APPENDIX Q,JconJcinued) 

Vertical An,g,_le. 
( Deg_rees) · -

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
25 
32 
39 
43 
45-90 

t/ 

-3-

~ad3· 
.lE!lL. 

31 
31.5 

- 31 
30 
29 
28 
27 
25.5 
23 
22 
21 
19 
17 
14 
10 
7 

10 
5 
2 
0 

Corres:pond~ 
fOitiiiJ:mv 

160 
162 
160 
157 
156 
155 
152 
148 
142 
140 
136 
132 
125 
115 
95 
77 
95 
66 
45 

0 

5) ~ Rod with Reflector and 3 directors: 

22.3" 11.511 

Vertical Angle. 
(Degljes Y 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13--
14. 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
30-90° 

\ 

., 

119-5" 
I 
119.43"' 

I 
9 o 1 11 1 2. 811 

Reading; 
- (uA)~ 

26 
28,5 
29 
30 
31 
33.5 . 
35 
37 
38,5 
39.5 
40 
39 
38 
36 
34.5 
32.5 
31.5 
30 
27 
24.5 
22 
19.5 
10.5 
12.5 
9 
7 
4 
3 
3 
3 
2 
0 

19.15" 

I = 1.85 mA. g 
Ia = 175 rnA. 
Mains voltage 217 v. 
F'requency 24;3 Mc/s. 

15.1 11 

Corresponding 
f2j.t~J mv) 

150 
155 
156 
157 
160 
165 
168 
172 
174 
176 
177 
175 
173 
170 
166 
162 
161 
157 
152 
146 
140 
133 
124 
110 
90 
77 
60 
50 
50 
50 
45 
o. 



APPENDIX ~.(continued) 

6) ~ Rod met Reflector and 4 directors. 
4 . 

Ig = 2 rnA. 
Ia • 180 rnA. 
:Main Volt.219 V. 
Freq, 243 Mc/s. 

23.1 11 11, 5" 19.55" 19,.211 

11,3 11 8.45 11 15. 2 13. 65" 18, 8" 

Vertical_julgle, 
I]egrees) 

Reading_;__ 
~~ 

Si~~ Voltage( From calibration 
£:urV-e iTmYT .· , ___ 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11, 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
30 
35 
40 
45-90 

38 
44 
45 
4i 
49.5 
52 
55 
56.5 
58 
59 
59 
57 
55 
53 
51,5 
48.5 
45 
42.5 
40.5 
37 
34 
30 
26 
22 
18 
14 
9 
6 
2 
0 

173 
184 
186 
188 
194 
198 
205 
206 
208 
210 
210 
207 
205 
200 
197 
192 
186 
182 
178 
172 
166 
158 
150 
148 
129 
115 

95 
79 
45 

0 

7) +~ Rod with Reflector and 5 directors. 

! . 
11,5'·, 19,55" 19.5'',19.2· . 18.6· iB.!Wr 

L y ' '. 

22,3 11 

' " 
~---.1'"":'1~:3-;-;11~ . 7. 95~ 14. o«=--n. 6'' =18. 35 11 

Ig = 2 rnA. Ia = 180 rnA~ Main Voltage 219 Volts. Freq. 243 Mc/s. 

Vertical Ang_le: 
(Degrees) 

() 

1 
2, 
3 

Reading: 
7( uil.) 

42 
47.5 
51 
53 

~~nay ~~age.(From Calibration 
Curve mV 

187 
190 
196 
200 

.. 
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Vertica:J_ ~~le 
~Degrees 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
25 
30 
35 
40 
45 
50-90 

-5-= •·M 

Reaa.in ~ :" 
T~~ 

56 
59.5 
61.5 
63 
64 
64 
62.5 
60 
57' 
54 
51 
48.5 
45 
42 
39 
35 
30 
9.5 
4 
3 
2 
1.5 
0 

8) ~ Rod with 6 directors: 
4 

II 

.. ·. 
' 

.: ·sig~l Voltag~:·_~(From calibration 
Curve) (mv) . ' ·· ' ·· .· 

205 
211 
214 
217 
219 
219 
216 
212 
207 
202 
196 
192 
186 
181 
175 
.167 
158 

97 
65 
56 
45 
40 

0 

22.311 11.51 19.55" 19.5 19.2" 18.611 18.45" 18.211 

1011 

Ig::2mA. 
- \ 

7. 75 11 16. 651' -. 14. 25 II 19.011 18.011 

Ia = 180 ~ 1~ins voltage 219·Volts. 

20.3511 

Freq. 24s Mc/s. 

Vertical Angleo 
1Degrecs) -

• 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
25 
30 

Reading: 
. (uA) 

50 
55 
60 
62 
64 
67 
69 
70 
70.5 
70 
68 
64 
60 
56 
52 
47 
43 
39 
34 
28 
23 
4 
7 

~~ Volta~.(From Calibration 
curvefmv) -

195 
203 
212 
216 
218 
223 
227 
229 
230 
229 
226 
218 
212 
205 
198 
188 
182 
175 
166 
153 
142 

65 
85 



APPENDIX O.(continued) 

~rtical Angl,h 
(Degrees) 

·--.-= .. · 35-

40 
45 
50 
60 
7Q 
8i 
90 

-6-

-= b 
2 
4 
0 
0 
0 
0 
0 

Signal Voltage. (From Calibration 
CurVe) (mv). 

86 
45 
65 
0 
0 
C) 

0 
0 

9) Comparison of three arrays erected Pl quick succession to ensure 
fair comparison. 
Transmitter driv0 2. 0 rnA. 
Transmitter final anode current 180 rnA. 

a) Four-director array : Max. at 9.5°, 56 w\. ( 205 mV). 

b) Five-director array : W.t.ax. at 8, 5°, 64 Wi- ( 218 mV). 

c) Six-director array ~ Max. at 8° , 70,5uA.( 230 mV) 

1 0) Horizontal Polar diagram for-f rod with reflector and 4 directors: 

Angle_ fro~ Readipg Q.Q._,rrespon.d.jp~ 
lin~-e--".!. array: ]ill\]. Voltage: 

() 40 177 
0 0 

30, 3570 48. 192 
50, 3550 40 177 

10 , 350 46 188 
15°, 345° 36 170 
20° 340° 15 120 
25°: 335° 18 128 
30°, 330° 12 108 
35°, 326° 4 65 
40°- 180 ,180°-320° 0 o. 

---~~----~-----------------
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A P P E N D I X :D.·· 

R E S U L T S 0 F T E S · T S A T 21,47 . ¥..9h. # 

~Rod vr.ith reflector and 4directors. 

21 '9i" 
C .475 A ) 

10'10" 18 1 5~" 
(.402A ) 

18 t4ill 
(.401 ,.( ) 

18'1i" 
(.395 /...) 

17 1 ~11 

(.383 J. ) 

1 ) 

' 2) 

(. 237/..) ' 

10'7tJ11 

(.233 A ) 
7 '11 i 11 14' 411 

(.174 A) (.313 l) 
12 11 oi" 
(.354 t< ) 

17'8:i11 

(.387 A ) 
Earth mat 12~ SVVG copper at 1211 c~ntres; crossconnections at 
2 1 centres. Total length 55 yards. 
Array was used as a receiving aerial; signal fed to an Eddystone 
receiver via 50 Ohm co-axial feeder. Meter in A V C to give 
measure of signal sJcrength. Son.J.er - Marconi signal generator 
working from battery. Located 65 yavds from receiver and capable 
of being raised 250 ft. 

VERTICAL POLAR DIAGRAM: 

Vertical Ansl~. Reading: 
Degree~. uA. 

1·75 ~~ 
1,9 44 
2.3 41 
2.9 40 
3.5 39 
4.4 40 
5.0 41 
5.8 42 
6.6 43 
7.6 43 
8.2 44 
9.0 45 
9.9 45 

10.7 45 
11.4 44 
12,1 44 
12.9 43 
13.0 40 
20,0 36 
23.7 29 
27.6 .21 
34.. 7 14 
37.0 9 
40.0 8 
45 8 

HORIZONTAL FvLl'..R DIAGRAM. 
~ --~~ ~ -~ 

Signal. 
uV~ 
310 
255 
235 
228 
221 
228 
235 
242 
248 
248 
255 
260 
260 
260 
258 
258 
248 
228 
20.5 
160 
108 

62 
30 

0 
0 

. Signal generator moved round on a radius of 50 ft. 

Horizontal Angle l~Il&. ~ 
~irees) _ -~ .J_uV 

0 55 345 
1 54.5 339 
2 55 345 
3 52.5 316 
4 52 312 
5 52 312 



~NDIX D~,( continued) 

b 
7 
8 
9 

10 
12 
14 
16 
18 
20 
25 
30 
35 
40 
45 
50-180 

le. Reedinp~ 
luA) 

52 
50.5 
50 
50 
47 
46 
45 
45 
40 
37 
29 
22 
14.5 
9 
8-1; 
8 

cgnparisOJ?-.._betw~ this &;ray and a. sing!+ 

't.;}rtica.l i{J.e 
(Degrees 

1. 75 
9.00 

4) Frequep.ey Tolerance, 

Regdip.g ( uA.) 
!P:a;~. ~ Rod. 
54 21 
47 15.5 

Signal Generator resting on ground. 

Frequency(Mc/s. 
18.47 
19.47 
20.47 

,.(Desi.ng Freq) 21 • 47 
22.47 
22.97 
23.47 
23.97 

Reading._( uA.) 
20 
35 
4B 
55 
50 
37 
11 
8 

( 

312 
300 
295 
295 
272 
266 
260 
260 
228 

.. .210 
138 
114 

65 
30 
15 

0 

rod. -
s~. (uvL Gain 

· _ Arra:x;: _Rod. --a:b. 
335 1'08 ,9.8 
270 70 11 .. 7 

Sigrul).. ( uV) 
102 
196 

' 280 
345 
295 
210 
45 
10 



APPENDIX E. 

Frequency run on array of two, six-director arrays. 

Frequency Set reading. db above 1 ILV 
Mc/..s. from calibration curve. 

22.6 20 22.-5 

22 • .3 21 2.3.8 

22 22 25 

21.4-7 23.5 27 

2~ 2.3.5 27 

20.5 22 25 

20 18 20 

19 12 11 

- - - - ~ - - - -
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A OOMPAcr &!ORT..:Vi'AVE RECEIVING .ANTENNA FOR USE ~HIGH--NOISE AREAS .. 

An antenna has been developed with a signal-to-noise performance 

that is better than that of a typical Rhombic antenna. during local 

thunder sto~s. J..lthough the design is of general application to the 

reception, in high-noise areas, of long distance transmissions, this 

work deals in particular with the I.ondon-So.lisbury circuit, at September 

noon, 1956, on 21.47 Mc./s. 

A basis of theoJ:etical. comparison between the perfomances of 

different antennas has been proposed. It relies on the technique of 

replacing a thunder storm by an "equivalent ro.dio transmitter" ..set up 

on the frequency to which the receiver is tuned and for which the antenna 

is designed. 

i-. V.H. F. scale model has been used to produce an optimtun design 

f or the proposed antenna whicll is an em-fire array of parasitic elemen"':s. 

The polar diagrams and signal-to-noise performance of the proposed design 

are derived for several different types of earth mat. The method used f or 

these derivations is substantiated by correlation with practical snopling 

measurements. 

A specification for the final configuration is given and its 

applicability is indicated by ap:plyi.rlg the design to the problem of 

improving the expected performo.nce on the I.ondon-Salisbury transmissions 

frorr. September to Decer.1ber, 1960. 

Appendices .1:>. to E deal with the following :-

Appendix A .Antenna Theory, which includes the derivat:i,on of gain and 

polar equations for the )./2 dipole; )./4 monopol~, the Rhombic 

antenna, ond the mechanism of reflections • 

.b.ppendix B The Incoming Signal, which includes a s\.Qllary of modern 

propagation theory, and details the calculations mode in 

respect of the field strength <md wave arrivnl angle of the 

incoming signal. 

Appendix 0 The results of Scale Model tests. 

Appendix D The results of tests at 21.4-7 Mc/s. 

Appendix E A frequency run on an arrey of two 1 six-director deeigns. 
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LIST OF DIAGRAMS .AL'ID IHOTCGRAIHS. 

Number --- Subject 

F 4-.4-.1,1. 
li' 4-. 4-. 1 • 2. 
F 4-. 4-. 3. 1 • 
]' 4-. 4-. 3. 2. 
F 4-. 4-. 3. ,3, 

Calculated noise field strength variation ·,vith 6. . 4-. 9. 
Noise Map, c. C. I.R. Noise prediqtions. 4-. 1 o. 
Power density diagrom, Rhombic Anten.nn.. 4-.1.3. 
Power density diagro.m, Koornans H/4-/4/1 Array. 4-.14-. 
Comparison curves, antenna signal-to-noise perfor-

]' 6. 3. 3.1./2. 
J.i' 6. 3. 4-. 0. 1 • 
]' 6. 3. 4-. 1, 3. 

mance. ·. 4-.15. 
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