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A COMPACT SHORT-WAVE RECEIVING ANTENNA FOR USE IN HIGH-NOISE ARBAS.

SUMMARY

An entenna has been developed with a signal-~to-noise performance
that is better than that ¢f a typical'Rhombic antenna during local
thunder storms, lfslthough the design is, of general application to the
reception, in high-noise a:réas, of long distance transmissions, this
work deals in particular with the London-Salisbury circuit, at Septenber
noon; 1956, on 21,47 Mc/s. | '

A basis of theoretical comparison between the performances of
different antennas has been proposed.. It relies on the technique of
replacing o thunder storm by an "equivalent radio transmitter" eet up
on the frequency to which the receiver is tuned and for which the antenna
is designed.

4 V,H,Fe scale model has been used to produce an optimum design
for the proposed antenna which is an end-fire array of parasitic elements,
The polar diegrems 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
measurenents. _

A specification for the final configuration is given and its
applicability is indicated by applyiﬁg the design to the problem of
improving the éxpected performance on the london-Salisbury transmissions
from September to Decenber, 1960,

appendices 4 to E deal with the following :-
hppendix 4 Antenna Theory, which includes the derivation of gain and '

polar equations for the A/2 dipole, A/l monopole, the Rhombic

antenna, and the mechanism of reflections.

Lppendix B The Incoming Signal, which includes a sumary of modern
prépagation theory, and details the caleulations made in
respect of the field s£rength and wave arrival angle of the

incoming signal.
Appendix G The results of Scale Model tests.
Appendix D The results of tests at 21.47 Mc/s.

sppendix E A frequency run on an erray of two, six-director designs.




CHAPTER I,

INTRODUCTION TO THE FROBIEM AND THE PROPOSED APPROACH,
x At Hateliffe receiving station, Salisbury, S.Rhodesia, it has bcen the
. Practice to use Rhombic Antennas,with open-wire feeders, for the reception of
BeBeCs sound transmissions to Central Africa. During those portions of the
year when tropicel thunder stoms are prewalent the signal~to-noise ratio of
the Rhombic antennas was observed to be poor, In an attempt to improve this,
work was commenced in 1955 on the production of an antenna consisting of an
end=fire arrongement of parasitic elements, In 1956 o suitable day frequen—
cy was 24,47 Mc/s and this has been token as the design froquency for the pure
pose of the investigations
The approach to the problem in this presentation will be as follows:
(a)  The London to Saolisbury propagation path mechonism will be studied and
- an estimote mode concerning wave arrival angle, signal strength, and pro-
bable variations, Even if considerable carc is cxercised when malcing the
calculations, and modern mcthods #ised, it cannot be expected that the
result will do more than to indicate the corrcct order of megnitude but

this ié sufficient for the prescent purpose,

(b) The couses of noisé interference will be investigated and a method
sought of cxpressing the variation of noise f‘:.cld strength with wave
arrival angle. This informaticn is needed so as to compare the calculated
signal=to~noise performance of one antemna with that of another if the
antenna polar diograms are known, |

(c) Using Yagi theory an anterna will be proposed which uses parasitic.
elaments but is not a Yagi antenne. The optimum c¢lement lengths and
spacings will be obtained experimentally by means of a scale model,

(d)  In a vorticslly polaorized arrangement such s that proposed the reflec—
ting ground plane is of major importance. The effoect of the heavy clay
soil at Hatcliffe, and of a wire grating laid on that soil, on the polax
diagrom of a vertical grounded Mk nonopolc,will be investigated theoret:.cal-—
ly and used to derive the expected polar diagram of the full scale antenna,

(e) The celadated performonce of tho proposed antenna will be verified
by noking sampling measurements in comnectidn with the full-socle antenno,
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CHAPTER 2,

THE INCOMING SIGNAL FROM LONDON AT NOON, SEPTEMBER, 1956,0n 21,47 Mc/s.

o 24140 Generals Before attempting to improve the design of a receiving an-

tenna system it is necessary to have information concerning wave arrival
angle, median f‘leld strength, and probable veriations.

Slgxa.l strength measurements on long distance circuits are
so variable that it has been decided to obtain the median signal strengsh
_,a.nd wove arrival angle from theoretlcal considerations,

(99) for the epoch being

From Radio Propagatlons Predictions
con31dercd, 21447 Mc/s 1s sllghtly below the noon optimum f‘rcquency thercby
prov:.ch.ng a traffic channcl for a useful po_rtlon of the day.

It has been considered nccessary to deal with the propaga-
tion mechanism, calculations of path attenuation, a.nd »ion'ospheric pertur-
bations in greater detail thon space will permit in :the main text., There-
fore the fuller treatment is given in Appendix B and in this present Chapter
 the sub,ject is dealt with only br:.efly in the knowlcdge that Appendlx B is
‘availoble should more detail be required regarding any pa.r'tlcular aspect of
the treatment, As a croSs rcference the relevant se‘ction_‘s of Appemdix B
are quoted in each section heading :Ln this Chapter, '

22,0 WAVE ARRTVAL ANGIE AND ITS REDﬂ‘IOl\T TO DISTANCE OVER A CURVED EARTH,
(Be5e1)

Suppose two points A and B on thé marth's surface are L km.
apart, that the earth's radius is r knm,, tho nrtua.'l height of reflection
is h km,, the wave arrival angle is a° s ond thc o.ngle of incidence at
height h is 1%,  Then by triangulation it can be shown that:(Sce Appendix
B section 5.1) a SR S

L= '—'-§6=' | (90 - A - l) ‘ - (?5?-041)
cos & = (1« h/r)s:.n i | (2,2.0,2)

For frcquc*xc*es near the optnmmn frc&uenc;y th valuz of

h is eften taken as 350 km.10§1)xc value of r is abou; 6730 km,, Substltu% an
in equations 2,2,0,1 and 2.2 0,2 of these valucs, and the vaZ_L:ue of L for
a given circuit, yields the value of A, - R
2,3,0 THE MAXIMUM DISTANGE FOR A SINGIE HOP, (B. 5.2)

‘ For A = O the corresponding volue of L, for h = LOO lém@,
is §,00 km, For h'= 200 km, tho value of L is 7100km.

' In practice ground absorption for values of A less than

50 is prohibitive, Allcock 5 8) has shown that, over a transequatorial
path, the practical limit of a_single hop is 3560 km,  Observations ty
Shcm:'mr.».n(3 9) and Mlan(L"O) support this view.



24440 GREAT CIRCIE DISTINCE /ND BEARING OF LONDON TO SALISBURY, (B. 5.3).

: , 2,16
The great circle distance is obtained from the I‘e.._‘.\.timsh:tp'(1 : )
cos DAB = sin L, sin I'B ¥ cos L cos IfB cos ID (2 l;.qO.‘i)

where D = great c1.rc1e d:.sto.nce in degrees a.nd m.nutes between

points A and B ( 1 minute = 1.853 km.) _
A I = latitude of station 4,B, (pos:.t;wc f‘or N a.nd nega‘l-:.ve
for S lat:.tude‘) e e o

7o) AR = difference in longitude between A and B. )

The great circle bear:.ng of B f‘rom A is obtca.ned from the
rcla.t:.onsh:.p. o - S,
sin BAB = cos Ly cosec Dj sin IOAB o (2.10-.0.2).

where B,.. = the bearing of B fram A,

'Lfsaa. high dégree of accuracy is not necessary the latitude and
longlttxle of the two' terminals may be taken as:

London 52 N, > a° . .

Sahsbuzy 18° S., 3°E, -
Subst:.tutlon in equat:.ons 2.460.1 and- 2,440,2 yields:-

Distance Salisbury=London = 75° = 8300 km.

Bearing London from Salisbury = 19° W, of N,

it

2.5.0 THE NUMBER OF HOPS LONDON TO SALISBURY /1D CAIGULfﬂ‘ED WAVE 4 A.RRIVAL
ANGIE, (Ba 5elt)s - '

One hop of 8300 km,- or two hops of 4150 km. are mpra.ctlcable
for the reasons given in section 2,3.0, '
- Three hops of about 2770 km. via the F loyer will mcpresent the
dominant mode of propagation.
. Substitution in equations 2, 2.0,1 a.nd. 2.2.0.2. ylx,lds the mlue
of & as 8° to the neavest degrece
For frequencies near the optimum it is not exoected that h
will vory beyond the limits of 400 km, and 300 kme ise, it is not
. cxpected ‘that A& will vary by more then 2° from that calculsted
above, | . e
Thus: Dominant mode London/Salisbury = 3 hops ¥,

“Wowve_arrival ongle & = 8 X' 2 degrees,

2,6,0 THE FEIGHT OF THE TRAJECTORY, ( Bo 642,2)s
Neglectlng collisions and the effect of the earth's cm'vature
< and magnetic f:.eld, Baker and Rloeu?) have shown that -the refrective
index m of an- ion::.zed layer is glven by (See B, 5,0, )z=

2 =1 - 8 N/f B . : o (26,041).
where n =

refro.ct:.ve index at level of‘ density N,
N = electrons/m [
b
From Snell's I.e.w(l"’z a wave entenng 2'horizontally stratified medium

wave frequency in kilooycles/sec.

at angle of :mcidence i will reach the top of its trejectory at point
x whon the follommg condition is satisfied -



si_ﬁie,(t-atux/fz)f

5
0

(24640,2)0
where n, = refractive index a$ point =,

N = clectrons/ca’® ot point x,
For vcr'h:u.ca..L incidence sin i = O a.nd., fronm equation 260002,

L]

=81 N — ) . (2o600 3)
Also from cqn, 2.6 02~ .
. 2 2.
1 - sin =8N /T i' = cos® 4, | (24640att),

where Nma‘x.= maxe clectron density of the loyer. )
£, = critical frequency (vertical incidcnoe) in ke/s.
£, = obligue incidence critical frequency in ko/s,

Corbining 2¢6e0,3 and 2464042

fc:i. = fc sec, i. ] | (2-0600-5)

But when the wave arrival angle A is small the carth connot
be assuncd flat and M.:Lll:.n‘r_;tonw7 ) has shown that Snell's Law should
be written thus (Scc B, 6,242):= -

(r« h ) sin o, = (r+h)sini =2 cos A (2.6.0,6).

where T = corth's radius = 6370.k'm.

b =hoight of point x.

h ‘height of the underboundary of the medium,

Qx = anglc between wave and the vertical at point x,.

ll

The top of the trajectory is now no longer-given by n, = sin i
but depends scmewhat upon the way n (and hence N) varies with height
and, among other things, will vary with the time of day. The value of
n at the point where the wave dircction becomes horizontal, instead of
dcf':m:.ng the height of the trajecbory, is itself a function of that height:

r+h .
% T hx sin i. (from eqne 2,640.6), .

n

Farther,' the value h and corresponding value of i are not casy to
decide upon, Probably cne of the best practiecal solutions is to assume
a flot earth and to obtain i by substituting the values of £, end f_, from
frequency prediction curves in equat:.on 2.6e0.5. In this casc fci will be
in respect of 2770 ko,

Substituting now for i in equation 2,6,0,2 should lead to a result
which has token into account saue of the-crrors at least,

The nocn values of .0.85 f and 0,85 f (iece of the optnnm frequen=
cics) for 2770 ki and O kn respect:;vely in Scptembcr 1956 at the equator,
arc obtained from Radio Propagotion .Predictions(99>_ as 11.3 Mc/s and 29,0
Me/s respectively. Thus i is calculated (oquation 2,6,0,5) to be 67°,

Substitution in equation 2, 640, 2 yiclds:

¥_, ot the top of the trajectory, = 8. 7 x 10° clc,ctrons/cm .
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To proceed -,fﬁrther iv is necessary to know the ap’pro:c‘ma{;e variation
of N with height. From rocket soundings quoted by F‘x‘:‘.edman(79) and critical
frequency sounldings taken by Thomas 825 and, after incorporating certa.:';.n
adjustments suggested by Plggott resulting from-an exchonge of correspondence
with h:u:x(1 7>  the ionospheric model of Table Ty 2, 640.1 has been forrulated
for Serterber 1956, which is obout midwey bci:ween a sunspot Llaﬁxm and a
sunspot minimum, For other times of oy and/or other seasons » and/ or other
lotitudes in the same sunspot epoch, find thc solar zenith angle X : then
N is approxinately proportional to (cos. X)2 in the It‘1 region ond (cos X) in
the F2 region, The voriation of N a.x for other sunspot epochs noy be derived

fron the foct that N is proportional to (f )

heigot N v . '
¥, - electrons/ — collisionn./sec,
.70 0 -
Bl 3x10 7 x 10°
80 10 35 % 10°
85 | 2 x 10t 108
90 C 2x g 6 % 10°

95 | R A 3% 107
100 10° 107

110 2.5 x 10° 3 % 10t
120 2,5 x 10° | 5x 10°
150 b % 10° 1.5 % 107
180 5% 10° 10°
230 , 6 x 10° 6 x 10°
250 8x10° .| 5x10®
300 | wx100 | 3x10f
350 20 x 10° 1.5 x 10°
Ko 21 x 107 10°

T ALB LE T, 2, 6-0010
The collision frequency between an electron and ions » V

n el’

and between an electron and neutral particles » Veﬁ’ nay be calculated fron

the following formulae duc to Ch:.v.pmzm(89> _%_ :
T )N T

Vei = (32;. + 4e18 10810 (2¢6ooo7)o
v =54 +10%8 2 v
1 Ten T et t n " , : (2.6.0.8),

where Nn = neutral particles/mB. The particle densitics ‘quoted by Teman(l“z
Page 715, nmay be used for the volues of‘ N

N.
- T the absolute temperature., This is given by N:.colet(9 )

for heights from 50 km(92f)) 100 kn, I\'Iortln(86) » fron satellite results quoted

by Schilling and Stern s indicates that T rises foirly uniformly from 560 K

2t 160 lm. (F,) to about mooi at 300 ko, (¥, )

|I

‘electrons/ . .

-H



=2y 5 -
The codlisibn f‘requency, Vv, is taken as the sum of Vi and v
@xd 1s quoted in the third column of Table T 2,6,0.9. -
If N versus h is plotted graphically the height of the trajectory for
the example quoted (where N = 8,7 x ‘IO5 clem,rc»n'.s/c:m3 ) is found to be
255 ke v - '
2470 IOSSES AT REFIECTION POINTS, ( B. 6.1)
. The two reflection points in the path considered arcs
(a) in the Sahara Desert at roughly 10%, 28° N; and
(b) in equatorial Africa at roughly 20° B, 5° N.
The ground constents are expected to be'(16)(8)
2 x ‘IQ3 mho/metre and

i

in respecet of (a) e. = 10, o

1]
[{)

in respect of (b) £ 1, o 152 mho/metre,

The ground-level angle of incidence = 90 = A = 82°,

Expressing the ground constonts in CeSelsy and using curves produced
by BUI‘I‘OWS(L*J and McPotrle(M") s quotcd by -'-exwm(! ) s the reflection
coefficients Rv and Rh for vertical and horizontal polarization arc found
to be:- '

for (a) R,

0,38 (Le2 db); Ry = 0,92 (003 ab)
0036 (hrad @b); R = 0.93 (0,3 db),

28,0 VLIUES OF GYRO-MAGNETIC FRAQUANGY AT CONTROL Pomms. (Be 64249.0).
The fhrec contrbl points correslﬁond to the midepoints of the three
hops, Control Point 1 occurs ot about 26° T , 6° 8; Cantrol Point 2 at
sbout 16° B, 16° N; Control Point 3 at about 6° E,48° N
The equatorial declination of the horizontal component of the corth's
magnctic ficld is roughly in line with the horizontal da.rect:.on of propa=~
gation (19 W of N). From a method indicated by P:.rf"ro‘l:‘g1 the effective
longitudinal component of the magnctic field,’ “averaged for ascc,nt and des-
cent of the wave, taking into account thc angle of dip of the magnctic
field, leads to an effective lmgltudlnal g;rro-grcquency equal to 0,78,
0,79, ond 0,67 hc/ s rospcct:.vcly for the o..hrcc. control points,
249¢0 NON-DEVIATIVE (BSORETION IN THE IONOSPHERE.( B.2.6.2.0/L ond B.2,6.2.9.2, )
© Appleton and o‘l:hc:rs(l*'7 48,49 ond 57), following the magneto=-ionic theory
and allowing for collisiemd@ and the carth's magnetic ficld, indicote that
the cbsorption coef.cfficient‘ is given by the following relyationship 3=
5 ,

n
L]

end  for (b) Rv

- 27e 1 Nv . v
@ = X X : (2-90001)¢
me o v° 4 wiw1)2

absorption coefficient (nepers/cm if units arc in e,s.us e
= clectron charge =be?{ % 101 CeSele -

= clectron mass = 9.1 x 10 28 grans (ceseus )

= velocity of light in vacue = 3 x 10'° ay/sce, (ces.ua)

= collisiens /scc. _ C

= mgular frequency of wave, radians/sec,

wher

o]

€ <4 o B o 8]
t

L]

wy= 2T f1
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f

y effective gyro-frequency,

n = refractive index ( equations 2. 6.0.1/2)

ter work by P:.ggott(5 6) has taken' mto qccount nore complcx

i}

I

jonization conditions and he has shown that thc total absorptlon suffered
in trevelling “1" cm through the 1onlzerl metllum is given by the relation:
Total absorption (nepers) =

;}) 2al =B eost ¥ o (249400 2)s

where @ is given by equation 2.9.0.1s .
B -is a constont for & given path in o given sunspot cpochs
X is the solar zenith angle (degrees).
x 1is a constamt proposed as 0.75 by Piggott(5 6)a.ncl Allcock‘?” .
Equation 2.9¢0,2 yields the diurnal variation of absorption., In
the D and B Regions a wave of frequency of the some order as the optimun
frequency is bent a negligible emount, The absorption suffered in such
circumstonces is celled non~deviative obsorption, It mey be calculated
by performing & numerical integration, with the aid of the ionospheric
model (Table Ty 2,64041) for cach 10 km, differcnce in layer heighte In
the non~deviating region n = 1, 4s transmission is taking place over 2
curved carth, cach hcight considered will correspond to a diffcrent angle
of incidence i, By plotting the product Nv arramst he:.uht the average
value ,for the 10 km, being considered,is obteined, oubstltut:.n&, in cqua~
tion 2,9.0,71 and calculating for ascending and descending waves yiclds
the result that the value of B in equatian 2,9,0,2 for Control Foint

= 1,48 nepers( 1ece13 db)e .

The rcsult obtained from a nomogram method (based on the above

theory but wclfx cd by practical measurements token) and produced in 1959
by P:ngott is 15 db for G,P. 1, 15 db for CuFa 2, and 11,6 db for .
CePe 30 _ '
'~ Total non-deviative absorpticom for the path = 41,6 db, -

2410,0 DLVIATIVE ABSORPTICON IN THE ICNOSEHERE,

In the region where n is not unity,but vories with N, v, and w,

the wave in continunlly bending ond the absorption is referrced to as the
deviative absorption: : _

Vzen (2.10.041)s
where V = group velocity of wave. V

¢ = velocity of light in vacuo,

n = refractive index,

In regions where n is small the reduction in group velocity has
the effect of causing the cnergy to take o longer time to trawverse a
given distance in the medium than it would have taken in a non-deviating
rcgione Bearing in mind thot absorption is caused by encrgy lost during
collisions  produced by an alternating field, it is seen that group

rctardation produccs additional dbsorption. Tht theorem of Breit and Tuve

mokes provision for group retordation by substituting o mirror reflection

(68)
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at the virtual helght in place of the curved trajectory, The deviative

absorption is thus obtained by calculating the absorption for a wave
travelling a distance (h ~h ) sec i in a medium vhere N and v are the
values coxrespond.lng to ‘the helght h s Where h is the v:.rtual hen.ght of
reflection, and h is the hen.ght of %he traaectory.

SJbutltuuon in eguation 2,9,0,4 ; With n = unity, yiélds the result
thet the deviative absorption for the whole path is very small (sbout 2 an),

2,11,0 SPATIAL ATTENUATION, (B,6,2,6 end B, 6,2,9,1). S

In frece space the field strengtl} at a point r Jm, from the transmitter
is equal_";é 1/r of the field strength at 1 km, from the tfansmitter; Basio
antenna theory indicates that if a dipole, situated in free space, is
redioting P klowatts the field stf?pgth, in mV/m in the equatoriai plane,
one lm, from the dipole, .is 222/(P)%, . |

. The total distance London~Salisbury travelled by the wave, assuming

mirror reflections at the height of 350 km, (angle of incidence _6_9.60, cnd
engle subtended at centre of ecarth = 2y,8° per hop) is 8760 km, Thus if P

kilowatts Were radiated from London by a dipole, the field strength expected
222
in Salisbury would be TE5 = 1572 mV/m, o

The spatial attenuation = 20 log,, 8760 = 78,9 dn,
Curved earth propagation, when the hop length exceeds 1500 km, (E mode)
~and 2200 lan, (F mode), introduces a certain amount of focussing and curves
supplied by Piggott(102) indicate this focuss:mg reduces the spatial atte—-
nuation ‘by 4 db, for 2770 km, hop, Therefore spatiel attenuation
=79 = 4 = 75 db for the whole path,
- 2,42,0 FOLARTZATION LOSS, _ R
,A"w'ave emerging from the ionosphere-will usually be elliptically

or circularly pOlai:i.zed(66> o If the receiving antemnna is only sensitive to

one plane. of--polarization it is'ne'cessai'y to make allowance for the resultant
loss, The C.R,P.L.UO“) recommend an allowance of - 1,6 db for phasing and
(=3 db) for polarization loss at the receiver, Total 4,6 db,

2,13,0 TOT4L PATH ATTENUATION AND ESTIMATED HECEIVED SIGNAL STRENGTH,
(Bc 60 28- ’ Bo 60 2. 9- 90

On the path considered:-

(a) losses at refdectinn points - 8,6 ab,
(bg Non-deviative absorption. 41,6 ab,
(¢) Deviative absorptiom - 2,2 db,
(a) Spatial attenuation, -75,0 db,
(e) Polarization and phasing loss -~ 4.6 db, -

Totol path loss: . ~ 432,0 db, -

(f) Signal strength at 1 km,from half
- wave dipole radiating 1 kw
= 20 log 222 x 109 = 4 107 db above 1 p.V/m.
(g) Power gain when 100 kw is B .
radiated instead of 1 kw
(h) Directivity g
. H 4/4/1 Koomons 11) in direction
A = 8° relative to free space
dlpole s sse ese oo ese = + 17 db.

+ 20 db,

u



Colculeted field strength in Salisbury at noon, September 1956,

due to 100 kw radiated at A = .80 in dfirectior_l’v161° EofS on 2147 Mc/s.
from Tondon = 14 = 132 = 12 db_sbove 1uV/m, iece bt V/me

2,144 0 SXPECTED VARIATIONS IN SIGNLL STRENGTH. ('B. 642,10)e

The field strength of the incoming signal may vary due to the

following causes each of which is covered more fully in Appendix Biw

(2)

(v)

(a)

Interforenee bebween signal components which are out of phase
(Be 64244041) €, 8. cxtroordinary component phasing agoinst
ordinsry component end signals which arrive via different
propegation medes phasing dgaianst_ each other,

Wave frequency approaching the value of path MoUsFe(B. 6. 2010,2)s
Such & condition will give rise to very deep fades and for this
reason the optimum tronsmission frequency is regarded os

0,85 x MyU,Fy to adlow a safc morgif

Dallinger fades (B. 6+2,10.3s1e1). Thesc arc semetimes refer~
red to as "Sudden Ionospheric Disturbances”, (SeleDy
Sirultancously with the sppearance of unusually larpge eruptions
on the solar disc the D layer becomes heavily ionized so that
the product N v imcthis regien:,.and henee the short wave
absorption, is usually such as to disrupt commmnications. Such
é condition may last anything from a fow minutes to a few hours
end the effect is sreatest in equatorial regions, |
Prolonged Ionospheric Disturbances (PeIsD).(Be 622410s34142).
These are sinmilor in cause and nature to the S,1.D. but are
usually not so severe, usually commence and end more gradually,
and last a longer period, -

Tonospheric storms (Be 642¢10e3e143)e

(111)

These are the main couse of the voriability of the E2 layer;

are closely linked with sunspot activity(112-116) 3 show a

(117),

moximun incidence at the cquinoxes cach year® ; have a
short term moxdmum cvery 27 days(ﬁ&-ﬂsg, (i.e. being linked
with emission from sunspots there is maximum activity when
that emission notmal to the sun's surface is in the direction
of the earth); and there is a marked corselation between in—
crcased auroral activity and magnetic and ionospheric stgl'x%so.:“ 25)
Beginning with a "turbulent" phase which lasts about 2 hours
and affects ionization in the F layers particulerly at high
latitudes ythe storm then enters the "moderatc" phase in which
virtual heights of F1 and FZ arc unusually high, critical
frequencies of the F loyers are unusunlly low and deviative
absorption is unusually high, The "reccovery" phase which
follows the "mcderate" phase usually lasts soveral days and is

the period in which the ionosphere gradually returns to normal,
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Ionospheric storms usually produce very little effect at the

magnet:.c -equator but the;l.r importance- mcrea.ues W:Lth mﬂreau:.ng
lotitude. Several theories: have been offered to explain the couse

of ionospheric storms. (e.g. Birkeland St&imer(127 -129) ; Ch pman—Fc(zr
Martyn's Extcnsn.on( 35 )to Ghapman-Ferrare theory; Ultra-Violet l:.ght
theo ry(136 138)) but the Solaxr wind the (140,141, 126)

obscrved facts more closely than the older theoriess The theories are

2z
appears to fit thoe

summaxrized in Lppendix B,

(£)Sporadic T 1on:|.zat1on (*‘ ) (B. 6..2.10. 3.2) Patches of abnormally high ioni-
zation, mtrudlng into the bod;y of the E laycr, cause it to exhibit Ligh

cx 1tlca.L irequencies sporadicallys In equatorial regions E_ is wcak but

prese;:c' unroughout daylight hours with a m&x:mur'x at nooxg“"'gj. In tcuperabe

and sub-tropical latitudes E B, occurs nost frequcntly in the carly morming

and evening and it occurs more in local surmer than at Lny other time of the

yeor (146147 ). It is not related to the sunspot cyc1£76

It has been suggested: é'l) that E_ stems fram the trails of ionization left
147-151) ,s(b) that B  is associated with thunder

It is probable that it is due to both (2) and (b),

in tl.c woke of mecteors
activi-ty(tl"*’dl €0 76).

(gdincs and tides in the ionosphere 2B 602e10e3¢3)s
161 162) at 72-92 kg in height, meboor
§163) JL1-165)
rail at 80-120 kn, in height, and echo pattcrns of E patche
have led to the conclusion that wind velocities in the D a.nd E regicn we of

Coservations on noct:.luccnt clouds

the order 50~100 m/sce, Motions of an oscillatory nature in the F region
huve also been rcportc&. 65-167) Martyn sug ggests that at ilatitudes above
about 35 there is an upward ionic drift and below 35 there is a correspan~
ding dowvmward dri f‘£168-171)

(h)Scatter Bhenomena (Be 642610:4 )s Osborne( 205) has rcported that in trcpiecl

countries the incidence of scatter is common but insufficicent data has been

collected to define the phenomenon :ch"lequzrl:ely| 02). + con cause large changes

in the sky-wave field strength,

Paras (a) to (h) inaica:ce (1) that the ficld strength of the rccei-
ved signal will be subject to considerable short-ond long~term variation;
(2) that it will be difficult to obtain a mecasured result for the mediom
ficld strength of the received signal beecause such o measurcd result would
have to be in rcspeet of a long observation period and natural secasonal
changes will cause significont changes within that period; (3) that the cal-
cuiated median field strenghiazbecause of the complex naturc of the propagation
nechanism, will be, at best, only an approximation, -

» In spite of the fact that it is an approximatioci, the calerlabed
mol:.'\n ficld strength will be used throughcut this work because of the diffi-
culties indicated in (2) above, The variaticns,however, ore best bascd on
practinel neasurcments and in this respect it has becn roted that, on mag-

ncticolly quict clay.é » short-term fades of up to 10 db are ccrmon,
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Iong-texrm fades need not he consideéred as these represeans é._bnoma.l conditions,
The wave arrival engle is not expected to deviate from the median valus of
8" by more than £ 2° because the ¥, virtual height is seldom greater them
400 km,  and seldom less than 300 ko, | |
4As the caiculated medion strenth of the incoming signal is to be

2

used mainly for the purpose of comparing the 's:‘.gxial Yo noise performance »
of various antennas, the inevitably approximate nature of the ealculations _
is considered to be relatively vndmportant,

- o A wm e e e s s
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CHAPTER3

IHE ) mm JM‘}:R\H\IA GATH lweEoslm

T
L

Terrunal vol Jage a.t rece:.va.rﬂ anten:m.

The field traversing a receiving ontenne. :x.nduocs cinfs in the
antenna that arc distributed along its lcnp;Lh, This behaves &8 a
gérerator of cmfie =E 1 cos }25 cos @ where E is the field strength
of the wave in volts/netrc and 1 is the effective lengtin of the
antenna in metres, g is angle between pla:nc of polur:.za‘tlon and the
antcnna conductor, and © is the anglce between the wave frou’ ond
the direction of the antenna, The gencrator has an internal
resistance cqual to thé radiation resistance Rr plus the loss

:
ol

resistance R1 of the system, It delivers power tc the loal R

connected across fhe' antenna terminals. The ocomdadbics f moxciigm

‘pnwer transfer i3 when RL : R‘.I. = R’ . In this cvent the Aﬂxmj.mazi!.

woltage is ¢/2 ond the ma%m“lwm power delivered to the load from

the receiving antenno = 52 12

bR,
The power density--"c:dntainéd in the wave front
2 2 R '
= ‘Z‘E—“"‘ = "‘3%7"‘ WattS/ inz
o ' .

where %. = 377 = impedance of free space (see Appendix A. cqn, 4.13)

If the receiving a.ntenna is a doublet (an J.nf:m:l.tesm'\l d:.pole)
the offesiive lorgth ond actual length ere the same (=1)

Povver del:werecl to lood ocross thc doublct tem:.mls

E2 12
W= 340.1
4%

Now,fran Appendix A, eqn, 10,9, the radiation resistonce

of a doublet is given by: :
' 2

2 S o
Ros S5t ge T 3002
where A is the wavelength in some wnits as 1.
' ] 2 -
Therefore W = B 1/8" P S
OO_ %“-‘
4
= b 3
00

wnere AD is the effective area .of' absorption i,e. the area of wave- ’
front, in the direction of maximwm pick-up, over which complets
gbsorptidn of the wave energy musc take place to extract a power
equal to that which is available ot the artenna horminels,
22 A2

Fid

.3" Oﬂ

[E¥]

Therefore AD

The godn of a doublet cver an isotropic wadiator is 1.5 ;thc.fei‘ore
the effective area of absorpticn of an isolropic radiator A is given by:

A—"z-
o L7

30 Oc k.
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Any antennz. 01 pewver gain Gr over an 1qot'r‘om.c radiator will

have an °f‘fect1ve area of absorptzl.on (A ) g:.ven by

s - G”o’“ L 305
L w ' :

Terminal Voitage for -a half wave receiving dipole in free space.
Here G+0 = 1o 6l 2

and & = 1.6 A = 0.13 2 30101

Lw

W

it
P

i]
O
L)
-t
AN
>
=3

Q.13 M E” 3,1,2
507 | | |
Terminal voltege V developed across a 73 ohm load is
given ny: i
: 1
(73 W)2
1
E M (13 x 73/377)2
E /27, _
Assuming B = : 12 db shove 1 u V/m as calculated in section

2.642,9
= »4  V/m ond A

Then ¥ = k% 13,57/2 7

a

U

300/21.47 = 13,97 m.
8,9 UV or 19 db above 1 MV,

Je2 Terminal voltage for any receiving antenna,

o

a) If the antenna gain is G relative to an isctrcpic antenrs
then from eqne (3,0.5):

; 2
A = G’o)“‘
C LLTT
22 5 2 :
W o= S ME o G E 32,1

b x 3070 4730
Le*'mlnal valtage V across load Z is given by:
vV = (z w)2
- .1_ ) ) .
= E> (2, & /u730)% ;L 3z
t) If the entenns gain is G relative to a half wave dJ.po‘le in
free space then from eqne 3.2.1 and 3.2.2 :

b Gr A2 2/ %730 and

Z, G x 1.64{4730)2 | |

W = 1,
Vv = EA

(
n(
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3. 3. Minimum teminal voltage Fequired at the input of a typical

communications reoe:.ver.

This figure will vary cons;dera.bly fron ohe receiver to the
next, 4 good camauriications recei.\rer3 such as the Marconi CR 150

(noise factor quoted as 5 -9 db( 2145 ); may be taken as fairly ‘-
representative,
Acceptin"r that the signal output level to the loudspeaker

(195,215)

must be at least 20 db above the noise generated in the receiver,
the following minimum terminal voltages were obta:ned in tests conducted
by the writer on a Marconi GR 150 receiver when the bandwidth was set

to 10 Ke/s and the recelver was tuned to sbout 21 M¢/s.

Modulation Minimum input at 70 ohm terminals
depth for 20 db signal-to-noise ratio.
b0 12,6 W
30 15,9 v
200 22, uV

TABLE Tg 3 3-
The 3(:% modulated carrier is probebly & good representotion of

the average modulation on a broadcast transmission. For an antemna to

supply the terminal voltage necessary in this circuit it must have a

gain, G, such that equation 3.2.3. is satisfied when E = L4 pV/m and
= 16 uV.

2 2
Thus G = V2x2290 162x 28);0 = 3,37
E™ A Z L x 14.7°%70

i.e. In this circuit G nust be ot lsast 55'2;. db better than a free- o
space dipole for the audio signal output level to be 20 db higher than
the set nolse,

3. 4. Mmlmum signal-to-noise ratio required at R.F. input to receiver,

Double sideband speech transmissions are considered to be just
usable if the tmeuaveraged signal-to-noise ratio of the input to the

receiver is 18 db,(182 186)
It was indicated in section 3. 3. that the minimum input voltage

to the receiver must execeed 16 uV for a 30k modulated signal if the
reoeiver app&ratus noise is to have negligible effect. In addition it
'~ is now required that the 16 wV minimum input must possess an average
'signal-to-noise qo'ritent of 18 db or more if reception is to be
satisfactory. v

Before attenpting to design an antenna which will discriminate
against noise in f’avour of the signal, it is necessaxry to mvestlgate
the probable nature, fleld strength, and expected wawve arrivel angle,
of noise in the short wave band.




CHAPTER &,

NOISE IN SHORT WAVE CIRCUITS IN TROPICAL CCIINTRIES...

L4e1s0 GENERAL _ _
Lssuming thot the radio receiving station is far removed .
ITransources: of mon-made noise the interference to the signal is dus
5o, (181) _
(a) Noise generated in the ’receiver.l
(b) Thermal noise in antenna and fecder conductors.
(c) Extraterrestial noise,
(4) Ltmospheric noise.
(a) and (b) together represent the controlling factor at f‘requenc:\.es
above 30 Mc/s ‘according to Ia.lw.reg'1 82)
North'183) has shom that an anterma con be rogarded as

a generator of thermel agitation emf e, volts, where:

X
=(4 kT R, B)® , (Le140s1)
where Ra. = radiation resistance of anterma in chms, |
k = Boltzmonn's constant = 1437 x 1516 erg, sew/degree.
T = obsolute temperature of the conductors,
B = bandwidth of the receiver (c/s).

This generator, of internal resistance R_sis capable of
delivering maximun power to o load if the load resistance is equal
to R and this power is oalled the avaa.lable noise power, W watts,

Where. 5
SOV = n_ 2 = °nm =kTB 1 .2'.
s a. a a .

Thus if antemna & ( B, = 630 ohms ) and entenna B (R, =
70 ohms) were each conngcted to a matched load, each wilk deliver
the same thermal agitation noise power to that loads  If,however,
each were connected to a load of high impedance, the agitatiom woltage
of A would be (650/70)2 = 3 times greater than that of B. The value
of T is uswally taken as about 290 K for obaeots near the ground,
Extratorrestial noise (c) is dué to rodiations at
radio frequencies emanating from the sun,from stars, from interstellar
gas, and from invisible concentratidns called "radio stars", This
noise is mninly significont between 30 Mc/s ond 100 Mc/s.

‘ The main interference thot concerns short wave circuits,
porticulerly when the receiving station is in the tropics , is atmos-
phéi'ic noise, This is dealt with more fully below, 1In passing it
will be observed thot if the antenna is always matched to the receiver
input, (b) Will be the seme no matter what ontenna is used ond (e)
is minimised if the antenna sensitivity is ooncentrated in a narrow

beam as near the horizan as possible,
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ATMOSBHERIC NOISE,
It is generally accepted that atmospheric noise is crused
by lightning dischorges'82) which,due to their transient neture,

radiate energy over a wide band of frequencies, 4s the amplittde

deerenses with frequencgy, noise from this source is relatively
unimportont obove 30 Mc/s.

Tremcllen and CoSc1 85) h'*ve supplied charts which show the
levels of atmospheric noise over the globe but the data on which
they are based is nleag)‘é186) and more recent pubhoatlons by the
CeCeI,R., ©sge their report No, 6&187 , arc more recliable, However,
as usual, the report gives median values of radio noisec power
available from a short vertical grounded monopole and, as such an
antenna is insensitive to énergy arriving at high ongles, the pic-
ture it gives is iﬁcomplete; © In order to cobtain 2 better undexr-
standing of how to combat atmospheric noise in the quest for imee
proved signal=to-noise ratios it is nccessary to forrmlate a rough
pieture of how that noise is generated ond propagated and also of

what noise ficld strength may be expected at various arrival angles,

44241.0 GENERALTION OF ATMOSH{ERIC NOISE,

heleted

Snvastav:g. , regarding a lightning discharge as a one-
millisecond pulse, has demonstrated how the cnergy contained in the
Fourier camponents could be propagated in the wave guide formed by
the earth and the under-boundary of the ionosphere, However, his
theory does not take account of the important individual discharges
that go to make up a lightning stroke and it would appear to be
helpful only in the case of very low frequency interference,

Althoﬁgh it is only possible to obtain a rough estimate of
the effect of a lightning flash, it is worthwhile attempting to
express the probable effoct of a storm in terum of wn equiwalent
trapsmitter, -

THE PHYSICLL NATURE OF /. STROKE

The microstructure of a lightning stroke is complex but
Sch nlo.ncg189 =19k} » by his investigations, has made it possible to
cbtain a fairly clear understanding of what actually hoppens

during a stroke,

Vlhen the eleectric field, at some point in a cloud,exceeds
the dielcctric strength there is first produced a “pilot streomer!
which advances slowly and in which the cuwrrents axe smnll, This
produces negligible radiation., Superimposed in space on this pilot
there follows a succession of "leader streamers" which advance in
stcps and which together constitute a "stepped leader®. On average
there are four stepped leader strokes per lightning flash,
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-[liy:g.g 5) Stﬁdying data produced by Schon].a.mé.‘l 52) has deduced that
the median length of each step in a stepped leader is 67 metres; the
duration (t) of each step is less than one microsecond; the medion
interval ( t ) between steps is sbout 74 microseconds and therefore .
the recurrence frequency = 1/t. = 13,5 kc/ s. Appleton and m'xaprg}x%)zmd;
later, Watson=Watt, Hird and Iutke 157) concur that the duretion (t ) of
a camplete "stcpped leader" is obout one millisecond. The expenments of
AinZOO) indicate that the medi emvalue of the duration (t ) of a camplete
flash is 0,2 sec, The median value of the separation ('bs) between any
two of the leader strokes is therefore about 65 milliseconds,

In their stud:.es of the electrostatic field of o stepper leader,
Appleton and Chapmmg 96) have agreed with the figure of 74 microseconds
" given sbove for (t i) and the microstructure of the stepped leader,deduced.
from their. photographs of field strength fluctations, indicates that the
ratc of rise of current in-each step is very nearly the same in al)l dis-
charges and is exponentdal, Berge 198), 1 |

of change of current is 1010 amps/sec and this is supported by Thomas.

:‘LndicatesA that the maximam yate

“and Burgcsg 99)who express the current in the form:

- at St
I ( e _ -Q ) (26-02-1.1-3)0
di
Thus St pax, z(b—a)Io

From theit! 9 )observotions the medion values may be taken as:

Io = 2h X 10} amps.
o = oy x 10* per scc.

Substitution in equation (2,1.1.4) 1em1s to the result:

(== gt ) = 1010 amps per Scc.

SUMMARY OF DAT (apprdﬁmat.e pedian valués).

Length of step ) : 67 netres. _

Duration (t) of eanch step - : 4 rdcrosecond,

Interval (ti) between steps o 3 74 microseconds,

Recurrence frequency of steps 2 13.5 Ke/s.

Durc tion (tL ) of stepped leader o : 1 millisecand.

Number of stepped leaders per flash il

Duration (%) of flash . : 6.2 sec,

Separation (ts) between stepped leaders 3 65 milliseconds,
_ Moxirum value of discharge current HI) N 103 amps,

‘ - 10

Maximum rate of chonge of current 40" amps/sec.
Discharges may occur (2) within the cloud, (b) from the cloud to
upper atmosphere,. ond (e) from the cloud to earth, Discharges within the

2

cloud are more numerous in the tropics than the other twe types, and,
according to l:y:S‘] 95,201) s it is this type which is primerily responsible
for noise an short-wave circuits. His observaticn 195 )1nd1cate that those
discharges occur at an average height of about 6 km. in the tropics.
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RECEPTION OF NOISE,

Radiotion cecurs during each step discharge of the stepped
leader, The step, about 70 metres long, moy be regarded as an on-
tenna corrying current, the value of which is changing ot the rate
of 1010 amps/second and the speed of which is about one tenth of the
speed of 1:‘.gh‘£195 ).‘ The different components in the frequency
spectrun are propagated as would be ordinary radio waves by ground

wave, optical ray, tropospheric wave, or via the ionosphere,

ACOUSTIC EFFECTS OF 4 STROKE, 7 ‘ ‘
The acoustic e¢ffect on the listener depcnds on the character-

istics of his ear and the characteristics of the receiver used,

The eoxr amts as an integrating device, Daviézoz)maintains
that its response to single impulsive sounds depends upon the maxi-
mum value of thosc impulses averaged over about a millisecond,

Thus the apparent loudness of the interference produced by a stepped
leader ( tL = one millisecond) depends on the average amplitude of'
the troin of individual steps, Dovi8?%2) indicates that subsequent
repetitions of the impulsive sound have o oumalative effect tending
to increase the apporent loudness but leakage of intensity occurs
during the interval between impulses and this leaknge is almost
canplete if the interval cxceeds one second,

23552%") has likened tho car to a circuit with a charging
time constant of about 10 milliseconds and a discharging timé con=
‘stant of 500‘ nilliseconds, Thus the apparent loudness of the ine
pulses, produced by a flash consisting of four stepped leaders, as
judged at the end of a flash, will be:

Average due to stepped leader no,™"

minus leaknge between leaders ™" and"2",

plus average of lcader "2";

ninus leakape between leaders "2" ong 3",

Plus avernge of lcader "3",

minus lcakage between leoders "3" ond "LV,

Plus average of leader "4, _

I‘d.ya( 200) has observed that impulsive noise only causes
annocyance to listehcrs when its recurrence frequency exceeds 10
times per minute ond that ndise in the prescnce of a signal intere
feres with the programme if the difference in level between the sig=-
nel and the apperent loudness is less than 20 db.( 203) The average
tropical thunderstorm produces 10 or more flashes per minute at
reak activity, '

OUTEUT FROM THE RECEIVER.

Thomas and Burgesgw 9) have shown that the time intregal
(refc;rred t0 in s&ction L4a3.1) of the output envelope is indepen-~
dent of the damping eand number of the tuned circuits in the R.F;

end I,F, stages of the receiver. I‘ares'1 82) and others have indicated
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that the loudspeaker noise power output 1s proportional to the receiver
bandwidth (eig, equations 4s1,0.1 and 4,1,0,2 refer). _

s 30 34O,

Lie 34 301

EFFECTIVE R:DILTED POJER IN LIGHTWING FLASH, -

~When a doublet in free space carries curren't;df‘-.'sinusoidél
waveform, the field strength E u V/m at the po.in't“ rkm, from the
doublet in the d:.rectn.on @ from the axis of the doublet , 18 given
by the relationship :
212 P > S
| x 10 x (B) sing (le3-301)0
“where P is the radiated power in kW’, Appendix A refers,

E =

Assuning that the human ‘ear will respond to a lightning flash as
deseribed ir. sccetion L4, 3.1 a.nd also assuming ‘the median values quoted

in section he2,141 s A:.yg has calculated that azuaverage tropical

- hgh‘tn:_na flash will produce apprommtely the same acoustic effect,

in a recciver of 6 ko/s bandvud‘bn, tunéd to a f’rcquency of £ Me/s,
as a ddublet anternz, at a helght of 6 kme; rachatlng PN, of
sinuoidal wavef‘orn, 300 modulation , Wwhere:

- 0.au5/£° | N (/9.5 )

. If the receiver bandwidth is 10 ko/s instead of 6 ko/s
then: _ = S SRR
- P'= 0,07/£° (approx), S (ha3.5¢3)._

For any other bandwidth, B kc/s, P is multiplied by (B/10).
Substituting for P in'cquation’ (h.3.3.1) the field strength
Ez produced by the equivalent transma.tter is given by:
546 % 10" sin @

E2 = r T (O.PPI'OX) (LF- 3 301*')
where E, = noise field strength in V/m-.‘
r = distance between storm and receiver masured in km,
"'f = frequency in Mc/s., '

This is the unabsorbed field strength, If the energy is
propagated via the ionosphere it will suffer deviative and none-
deviative sbsorption and this attenwation will be in -addition to the

spatial attenuation taken into account in equatlon Lo3e3ekte

L]MITI.TICNS ON ACCUR. CY
It must be stressed that the method of dcnv:.ng the value of

P relies, to a large extent, on approximations, - Therefore the value
quoted for P (equation he3e3.3) and hence that. quoted for Ez (equation

o3 3..4) mﬁst be regarded as appromimations only, I_f the value of Ez

is requirecd for the purpose of comparison between the signal-to—noise,
perfonﬁance of two antennas then' the absolute value of E2 (if this ’
exis‘cs) is not needed so long as equations 4o3.3.3 and 4,3 3.4 repro-
sent the correct order of magnitude,
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APPLICA‘I‘ION TO THE ASSESSMENT OF ANTENNA PERFOMA!(EJ

Ciroun.t parsmeters,

It is assuwed (a) thet it is desired to compare the signal-—
to-noise performanoe of several anternas t6 be used at the
Salisbury end of the Iondon—Salisbury oircuit- ' |

(b) thet the period under investigation isg midda.y,
September, 1956

(e) _that the opersting frequency is 21,47 No/s;

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

(e) that as calculated in Chapter 2, ‘the dominent
mod.e of the signal is 3 hop F, the med:z.an wave errival angle
of the signal is 8° approximately, on a bearing 19° W of N
end of medien strength 4 p V/m (12 db above 1 y V/m) for 100
KW rodiated st & = 8° from London using a Koomens H/l/4/
array, _ ,

The 0,C.I.R, noise predictions'’®)indisste that
the time averaged nolse power, aveileble froh a8 short ,vertical,
grounded monopole located &t Salisbury for the oond:Ltions
quoted above, is such as to oorrespond to e noise field
strength of 11 ab below 1 3 V/m (median) and 8 db below
1 p V/m (upper dec;le) The vertiocal polar diagram of such

an antenna is def:.ne? by(“) L : _
B o S0P cos R (u.u.o.1)
= T a ; -

" where E is the fiald strength in mV/m at distanoe d km in

the direction A to the horizontal for a radiated power of P
It follows that the vertical grounded monopala is
sensitive primerily to the noise arriving at a low angle,
But the signal will also arrive at a low engls, If the
signal and the noise both arrive from the seme directian,
the ‘re‘ceivihg antenna cannot discriminate in févour of the
signal, In this case the signal—to-noise ratio is simply
the ratio between the received field strength of the signal
and of the noise, The C,C,I,R, noise pmdlctions(w?)
therefore, do not meke it possible, in a cirocuit such as .
this, to compare the expected signal-to-noise performsnoce

of one low-angle entenna with snother: they merely assist

in the prediction of the grade of service that may generally
be expected, Evidence supplementary to. that prouded by
the G.C,I.R, predictions is therefore needed before om
effective comparison can be made between antennas proposed
for this circuit, Of assistance in this connection is the
equivalent transmitter concept developed in the preceding
sections which mskes it possible to plot the expected instan-

taneous values of E2 for various angles of arrival for distant
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: | CHAPTER 5,
DISADVANTAGES OF RHOMBIC RECEIVING ANTENNA,
Gene;ra;, ’ o
The Test Rhombic antenna, in which the dimensions ares~-
side length = 5 A, ‘
height =1 Ne
angle of tilt= 70°, |
represents a fairly large version beocause it is frequently not
considered economically sound to make the antenna larger than this,
For exémple this is the largest of the designs considered in the
C.C.I.R. publiestions "Antenna Dia,grams“(“%:l Though the Rhombio
antenna has so much to comménd it for point-fto—point working it is

considered to have the following serious disadvantoges in the
Salisbury-london circuit as a receiving antenna at Sa]isburj}-—
Maximum gain in wrong direction,
As shown in Chapetr 2 the wanted signal, of median strength

L w V/m, will arrive at 8% £ 2° whatever the season-and whatever

the year, on'tfansmissions when f = £ (optimmn). The Test
Rhomb:.c antenna has maximum gain at A = 12, 5 and the power goin
at 4 = 8° is down to 50% of the moximum, {See fig,F.lele3.1).

In Appendix A equations 12,29 to 12,32 it was shown that for
maximum gain at an angle A to the horizontal the following dimen—~

sions are necessary:— |

H = 11_;2\{5—& ) S5e141

BI' -8 51,2
::.:%LAL (for recept:.an) 5e%e3

For A = 8° the Rhombic antenna would require the following

dimensions:~ )

H = 1.8 A (approx, 82 feet at 21,47 Mo/s)

y = 82°,

1 = 19,15 A (approx, 1175 feet at 21,47 Mc/s).

This would be a structure soc lorge as to be uneconomical,usually,

5.2 Sensitive to high-angle noise,

As shown in Chapter 4 the noise field strength increases with
wave arrival angle for both distant-zone and near-zone activify
and the Rhambic antenna was shown to have a poor signal-to-hoise
ratio durmg periods of higher thunder activity because of its
sensitivity to noise cdni‘ng in at high angles, The noise voltage
fed to the receiver was shown to be greater for noise picked up by
the 6.1% lobe (A = L&) than by, say, the 100% lobe (A = 12,5%)
because or the greater value of Ez , the noise signol strength, at
the higber values of A.
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5 3 Sensitivc to high-ongle umvgptod s:u;nals. X
The high angle lobes give rlse,not omJy to serious

noise interference,but also to 1ntcrfcrencc, from:

(a) transmissions on frequencics ncar to the wented 'frcvqucncy
with foirly high wave arrival angles. (The antenna should assist
thc rccsiver in discriminsting ageinst these transmissions);

(b) unwa.nted components of the wanted trzmsm:.ss:Lon Celle s:.gno.l
enerpgy arriving out of phase with: that cmploy:.no $he dominont
3=-hop F mede becousc it hac used some other mode, _‘l‘h:;.s unwon=
ted cnergy will come in at tho following b.ngl_es of sxrival(a):
13° (4 hop), 16°(5 hop), 22°(6 hop), 25° (7 hop), 30°(8 hop),
42° (12 hop) but as each hop introduces considerable additional
attenuation it is probable that the only noticeable rcaction
will cone from the 4 hop mode which will suffer about 8 db more
absorption than the 3 hop mode but enjoys o gain of 3db in
receiving antenna sensitivity at 13° -compored with 8°, Howover
at the tronsmitting antenna (sce FigF.hele3e2) -it will losc

3 db at 130 campared with the transmission at 8° Therefore
the voltage at the receiver ‘ceminﬂs produced by thc 4 hop
mnede will be of the order of 8 db bclow that duc tosche 3 hop :
mode and, beecause of the phase difference between the two com-
pocnts, will couse nuch of the distortion and fading whidh axe
characteristic of long distance reception on this type of

antcnno,
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CHAPTER 6.

THE SEARCH FOR AN IMPROVED DESIGN

SUMMARY - OF THIS CHAPTER,

(a)

(v)

The followine sntennas are investigated by means of the "worst-
condition signal~to noise rutio® cemcept proposed in Chapter L
(a) Horizontal half-wave dipole (3e5 db)
(b) Koomans Array (8,7 db),
(c) Ml Vertical rod entenna (2.3 av).
The figures in brackets represent the calculated "gorst-condi~

tion signal~to-noise ratio" (distant storms) for the conditions
specified in Chapters 2 and 4, A vertically polarised array pro-

miseg momimum sensitivity in the desired direction if the directie
vity is made high. - |

The reflecting ground plone is important in the case of vertically
polarized antennas and curves are derlvod represcnting the vertical

polar-diagrem of a grounded R/L monopole on:

1) sca water,
ii) 5011 of good ccnductiv1ty.
iii) soil of poor conduct1v1ty.

iv) grid of copper wires spaced ot 15" ‘centres laid on heavy cloy
soil,

v) grid of copper wires spaced ab 12" centres 1aid on heavy clay
' soil,

in

ceﬁtrcs laid on heavy clay
soil,

(vi) grid of copper wires spaced at 7%

These curves oppeor in figure F, 6e3eliele 3.



6.0.1 Summary of malady inherent in Rhombic antenna,
Tﬂé""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 lafge as is usually cconomically sound in the |

circumstances) are as follows:
(a) Maximum gain in wrong direction.
(b) Sensitive to high-angle noise.
(c) Sensitive ta high-angle unwanted signals.

6,1 The cure prescribed,

¥

‘A broadcast tronsmitting antenna (A) must have a fairly blunt po-
lar diagram so as to give coverage of a fairly large area in the country
to which the ecnergy:is beamed. A receiving antenna,(B) designed speci-
fically for rcception of tronsmissions from (A) should have,on the other
hand, maximum sensitivity in the direction of median wave arrival angle
(A) and, as narrow a beam as possible provided that the cxpeoted limits
of wo r:.at:.on of & can be accamodated within the half—power po:.nts of
thc naxinun locbe, .

In the circuit under consideration the rcceiving antenna sensiti-~
vitjf must be concentratod in a narrow beom centred on 8° to the horizon—
tal and with half-power points at 6° and 10° (fram Chapter 2). The scnsi-
tivity should fall awoy as rap:.dly as poss:.blc, to zero above 10° end
below 65

6.2 High pain versus sbsence of side lobes,

It is possible that in the quest for an antenna which satisfies
the requircments of section 6,1 there moy be found cne which has a
lower gain than that of the test Rhombic antenna, However, if the redue-

tion in noise (db) is greater than the deficiency in sensitivity (db),an
improvement will have been achieved provided that the signal output from
the receiver is still large qoripored with the noise generated in the

receiving apparatus and the thermal agitatién in the antcnna systen,

6.3 The search for an improved desisgm,
Having taken the type of antenna which is usunlly accepted as

the onc giving best results for reasonoble capital outlay and, Buse
picion hoving been aroused by observed noisy recéption during the months
of high thunder activity, it has been investigatod and the couses are
os summarised in section 6,Q.1. In the seoxrch for a design which will not.
hove these inherent defccts the folkawing possibdlitias ara cansidexed:

6e3»1 _The horizontal half wave dipole,

It is well known that the polor diagranm in the equatorial plane
consists( ) for height (H) = Mk, onc lobe with moximm sensitivity ot
A = 90°%; (b) for H = M2, two lobes,cach giving equal moximum sensitivity
at A = 30° and A = 156°%; (c) for H = 3\, three lobes,each giving eaual
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eximun sensitivity at A = 20° , A = 90% and A = 160° ; (@) for
H = A, four lobes, each giving equal Tasxirm sens:L't:Lv:Lty at A =1 50,‘
= 50° ,A._130 A= 165.

To obtain one of the lobes at 8° it would be necessary
for H to be 2 » according to Terna.l(xl"> , there being 8 lobes, each
giving equol moxira at A = 8°, 23°, 1,0°, 60°, 120°, 140°. 157°
172 o From Mg, Fo 4:3.2,5.1 in Chapter 4 it is clear that {thn
hish-angle loles will pick up a great deal of noise. Making tho
sane assurptions as in Chapter L, the "worst conditicn signal~to--

noise ratio" for distant storms would be:

2 | |
g..ﬁ:_)_ for 60° & a noise~to-signal ratio of 225 (3.5 db)
2
~ which, being 10.7 db worse than the Test Rhombic, is quite unsuit-
cble for the purpose even if the 2 A (92') mosts were available

to support such an antenna,

6e3e 2 THE KOOMANS ARRAY,

This arrw.is used by the B,B,C, as the transnﬁtting an=-

tenna in this circuit and it is logical to consider the use of a

similor desizn ds @ reediving citeanas,  In Chapter 4 the signale

to-noise pcrféma.nce of the Koonons H/h/h/1i design was campored

| w:.th tha‘t of‘ ‘the Test Rhombic and the curves: of fige Fo Lelie3e3 . - B

“ .rev;al tho.t the over—all performance of the Koomans array for '
alsta.nt storns is better than ‘th"t‘l: of the Test Rhonblc. o

Hov.rcver , the H/AM/1 des:L&n is an expensive structure:

. the top row of dipoles is 2.5 A ¢bove the ground and the masts
supporting the triatics would be ebout 3.5 A high (about 160 feet
at 21,47 Mc/s). The masts would have to be surmounted by a boon
of length greater than M) so that the reflecting curtain and
"radiating" curtoin can be separated by M4. The correct phasing

_ of the four s’cacks of four co-linear dipoles is e major problem,
Ip thg: ‘circunsfances the extra expense of the Koomons design does
né‘a appear to be warranted for the soke of the calculated improve-
ncnt (Ghapter k) of 1,5 db in the "worst~condition s:.gna.l—to—-no:Lse

" for distant storms.

ratio
“The power density diagran of an H/h/L/1 design is given in

fige Fo Lele342 or B, Suke1 and that of an H/2/4/1 design (four

stacks of two co~linear dlpoles plus rcflcctor curtaln) is given

in f:.burc Be 5.1.,.2
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From the noise map it is seen that, on average, the noise level
in en area corresponding to a value of A of about 670 is dbout 4 db lower
than in one corresponding to-A equal to abouf hSo which in turn is about
20 db lower then for an &rea corresponding to e value of A equal to
about 10°, Therefore figures F, Loke1.2 and F., 4k, 3,3 should be read
in ocnjuhiction with each other but it is of more value, probably, to reed
figuré Foh 43,3 in conjunction with known weather conditions for a certain
area, For example if it is known that at the time of the year beiﬁg |
considered an area corresponding to A = 10o to 25O is subjected to heavy
thunder activity and that noise arriving at all other values of A is
negligible then, for these conditions, the signalsto-hoise performance of
the Kocmans Arrsy is greatly superior to that of the Test Rhombic Antenna,
Similarly from A = 29° to 47° and 54,° to 62°, But if the storms were to
become so close that A éxceeds 62° the position would be reversed,

At A = u6° thé signal-to~noise ratio for each of the antennas is
at its lowest (7.2 db for the Rhambic, 8,7 db for the Kooimens), It is pro-
posed calling this the "worst condition signal-to-noise ratio" for distent
storms, A similar t?eaimént can be given in respect of local storms,

The "worst condition signal-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 same felationship to one another
as in figure Fi4.4.3.3 but it is preferable to use a value of P which is
of the correct order of magnitude because this increases the usefulness of

the figure obtained for the "worst condition signal-to-noise ratio",

4e 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-
avéraged C.C.I.R., predictiens. This approach does not yield a satisfactory
basis of comparison between two'iow-angle antennas in the circuit
considered,

Another approach is to employ the 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 peak
values only and does not yvield 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 the antennss, campared on a signal-to-noise basis, can be demonstrated.
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of each antenna for n01se caming in at various values of A from a series-
of hypothetical noise transmltters located on the London—SalJ.sbury grea.t

01rcle

bak.3  COMPARISON OF SIGNAL-TO-NOLSE RATIO OF ANTENNAS,

The polar dJ.aQrams for the two antennas to be compared are re~

produ.ced in figures F, L. 4,3.1 and F, L.k, 32, The assumed antenna.
dimensions have been quoted in assumption (a) of Bection 4. k.0,

. The signal~te-neise ratio, for any assumed angle of arrival(A)
of the noise, is calculated by substituting in equation 4.4,0,2 the -~ -

values:

[
il

k p V/m caloulated in Chapter 2, quoted in Section L.l,O.

G_ = relative gain at signal wave arrival engle (8°)
= 8,5 for the Rhembio and 1,0 for the Koomans,

E, is‘obtained from figure F, 4,4,1,1 (for distant storms).
or from equation 4,4,2,2 (for local storms) for any assumed
mise errival angle A, :

G, is obtained from figures F.4.L,3, 1/2 and is the relat1Ve
gein at the assumed errival engle A,( putting # = zere
except that where @ of some other Value lesds to a greater
value of G, the more sensitive value of G, is assumed ),

Calculating the signal-to-noise performence for distent storms,
for various values of A, and plotting this perf‘omanoe ageinst A leads
te figure F, 4.4, 3,3, Similer relative results would be obtained fram
local storms.

It will be. chserved that in f‘:.gures P, 4.4,3.1/2 the sen51t1vity
is usunlly greatest in the @ = O direction, A noteble exoeptﬁnn is the
6,10% point at @ = 2,.°, @ ( = A) = l;.6 in figure F,4,4.3.1. The signal~
to-noise ratio for A = lp6° is at its worst if the noise is assumed to be
arriving from the direction f = 2,° and this fs the value that has been
used in drewing up figure F.4,k, 3.3, Similarly for other cases, In
this respect assumption (c) in S8ection 4,4,0 has not been rigidly adhered
to but it does mean that, for each valus of A considered,; the signal-~to-
noise performance quoted is the worst possible that would be expected,

Both horizontal and vertical polar diagrams of each antenna have
therefore becn ‘taken into account, e e 0

Only the noise due to md1v1dua1 flashes assumed arnving from 4'
discrete dlrectlons, has been studied in the foregoing, As shown in
Bection 4, b, 4 the calculated field strengths rcpresent pea.k values the '
average velue depend:.ng on the frequency of the flashes, ' The ]a.rger the~
area over which thunderstorms are occuring the greater is the frequenoy
of ocourrence expected to be, (a) For a g:l.ven angle subtended st the
receiver, the area is proportional to ra.nge. (b) The frequency of flashes
increases for climatic rcasons a8 the equator is approached, Both of
these aspects are taken into account in the G.‘C,I,h. noise map (figure
F.4b,1,2) which depicts relative noise power aveilablé from a short
vertical grounded monopole situsted at various points on the mep.,
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throughout the year, Therefore it may be sssumed that, for the region
1500 km to 2000 km, thunder activity occurs almost continuously, It
is probable that, on & time average basis , the major contribution to the

noise measured in Salisbury emanates from Equatorial Africa,

The C,C,I,R, noise predictions(m?) for the period under considera-

tion, for Salisbury, have been quoted in Section 4y4WC, 4s the predio-
tions ave based on the noise power available from a short,vertical groun-
ded monopole, and as such an antenne is primarily sensitive to noise
arriving at low angles (egn, 4.4.0.1 refers) it follews,thet there should
be agreument between the volue predicted as the upper decile (8 db below

p V/m) (187) and that caleulated for low engles in Tebls T.hulke?.1
(7',0 to 7.5 db below 1 p V/m). Since the two results are comparable it
follows that the results quoted in Teble T, h.4,1.1 are of the correct
order of megnitude, o '

Since it has been shown that the C,C,I,R, prediotlons do not form

a éuitable basis for comparing the signal-to-noise performence of the two
low-angle antennas, the results contained in Table T, 4.4,1.1 ere plot-
ted in figure F, 4.,4.1.1 and the resultant smooth ourve of &, vs A, for
the particuler parameters and assumptions laid down in Section 4.4,0
makes it possible to carry out a detailed investigation into the signaj~
to-noise performenoce of each antenna for noise oaming in et variocus
values of A from a series of hypothetieal noise transmitters located on

the_.London—Salisbury great cirocle,

t.4e2 RECEIVED NOISE FIEID STRENGTH ( LOCAL STORMS),
When storms ere so near thet the energy is propdgeted by direct

ray, the noise field strength is obtained from equation L, 3, 3,4,
Substituting 21 47 for f in equation 4, 3. 3,4 the noise field strength

obteined isi-

3 .
2,6 x 107 sin @
E, At , (u.u.z.ﬁ)

where E, = iny V/m,

[

r = the distance in km between storm and reoceiver.

e = the direction of propagation measured from the axis of
the doublet,

The "sin Q" term may be neglected since the greatest interferenoce
will occur when the direction of a stroke is broedside to the direction ™
of the receiving antenna,

hs indicated in Section 4,2,1,0 the "within-cloud" discherges
‘ame responsible for the major proporticn of short-wave atmospherio
noise.(195 ) It was also indicated that these discharges ocoour at a medien
height of 6 km,(#lso see essumption (c) Section 4,4.0),

Thus r = 6/sin A _ ' ‘

Substituting for r in equeticn 4, 4,2,1
E, = 430 sinA 4 (4ebe2,2),

Thus for local st'oms, as for distant storms, it is possible to

carry out a detailed investigatiocn into the signel—to-noise performence
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The latter are therefore dlsregazded and the results for E mode propagation
oxe given in Table T, lq..lq.." 1 below,

Distance from Unabso:‘rbed_ field | Absorption | Noise field |Wave
Receiver to strength db dw, strength B, |arrival

Thunderstorm, ebove 1 V/m, ' - angls
ke, db ebove (<}

A

R » Co M V/m :'pV/m

2000 + 7,0 1&-.0 =~ 7.0 |8,45 2
15(1) ¢ 5.5 13-0 . ~ 745 O.M- 10'
1000 + 7.0 10,0 ~- 30 |0, 71t 10
500 + 11,0 546 + 5.4 1,86 22
300 + 15,0 b2 + 10,8 {3,471 34
200 + 17,0 3,0 + 14,0 |5,01] L6
100 + 18,5 2,5 + 16,0 |6,31] &

50 + 19,5 2.4 + 17.4 17,16} 75

TABLE T Lbh,1.1,

It will be noticed that the umabsorbed field strength oalculated
for & distenos of ‘2000 ¥m is grecte® than that for 1500 km, This is
due to curved-earth fooussing eﬂects(56) at grazing incldence in which
spatial attenuation sterts decreasing with inerecsing distance. 2000 km
is the maximum range for one hop in the E mode of propagation,

Thus if at a ccrtain period there is no thunder activity, exoept
at a locality 1500 lm from the receiver, each flash moay be thought of
as producing & noise field strength of 7,5, db below 1 p Vat A = 1°
(Table T.holbe1.1). The periods between strikes would be silent exocept
for extra-terrestial and man-made noise, The random flashes will produce
e,m,f,!'s of approximetely equal amplitude in the receiving antenna,
Remembering (a) that each leader stroke is made up of a sucoessicn of
steps each of durstion less than one mioroseoond , Separated by about 7l
mioroseconds from each other, (b) that each lesder stroke is separsted
by sbout 65 milli-seconds from the next, (o) that & complete flash only
lasts about 0,2 seconds, and (d) that radiated noise energy emenating
from different areas will take differing times to reach the receiver,
the statistioal probability of overlep between individusl steps, in a -
10 flashes/minute storm is:

771_ « .6.15_ x Q2210 1. chenoe in 1.5 x 10° .

Thus,for practical purposes,the flashes may be considered to be
intermeshed in time with one another or following ome ancther in time
sequence with e flash cancluding before the next commences. The valuss
for E, given in Table T.4.4.1,1, wil) therefore represent peek values,
Suppose that in a certoin area there is a stomm in which the number of
flashes per minute is, say, 10, It is prcbable that this will produce
the same peak value for Ez as enother storm,say of 2 flashes per minute,
in the seme area;but the averege value of B, for the 10 flpshes/minute
storm would be higher ¢fhan thot of the other, : -

It is observed in noise maps, (187) - ﬁgure Fol,b,1.2, that
the noise level in Equatorial Africa is, on average, higher than anywhere

else in the world and that the noise level remains high -
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(via ionosphere) storms,and looal (direot ray) storms, In this wey the
effect of the antenna polar diagrem on signal-to-noise ratio can be
assessed, 4 | )
If the medien field strength of the received signal is B

and the median velue of the received noise field strength, caloulated
for & certain noise wave arrival angle A°, 1s B, then, if the entenna
gein in the direction of arrivel of the signal is G_ (relative to the
goin in the most sensitive direction) and relative gain in the direction

2° is GA , the signal-to-noiss power retio is equa; to:-‘-
2 : ‘¢ i .
E s
B S - (kolbe0.2)
)2 e

Sﬁppose thaé it is required to compare the signal-to-noise
performance of the Test Rhombic antenna with that of a Typiecal Koomans
- onitenna within the fromework of the circult parameters 1lndd down et the

beginning of this section, In order to compare the effect of the anten-

ne polar diagrams on their signal-to-nolse performance the following
assumptions are mode regerding the antennas end the noise trensmitters:
(o) Assume thot the entenna dimensions arey : _

Rhambic: side lemgth = 5 N; mean height above grouwd 1 \;

angle of tilt 70°,

Koomens: k4 tiers of 4 co-linear horizontal A/2 dipoles, the
bottom row being 1 A above the ground, plus refleotor

curtain (H M/4/A1)

() Assume thot the cntennas are both located near Salisbury and aligned
on Lopdon,

(o) Assume thot the atmospheric noise is cemsed solely by & series of
thunderstorms 6 km above the ground, on the same bearing as the
signal and occuring at discrote distances from Selisbury,

In equation 4.4,0,1,E hes been quoted es 4 p V/m, Gg end
G, are obtainable from the polar diagrams, It is necessery to calsulate

A

E, for the discrete distonoes referred to in (s) above, in respect of

distant storms end local storms,

bolel, FEGEIVED NOISE FIELD STRENGTH (E,) (DISIANT SPORMS),

As indicated in Section 4.4, 0 the operating freqbenay is
21,47 Mo/s end receiver bandwidth is taken as 10 ko/s,  Substituting
24,47 for £ in equation 4,3,3.3.

P = 0,16 watts approximately,

For the conditions under consideration, the effective nolise
fj.eld strength, EZ » orriving in Salisbury from an equivalent transmitter
radieting 0,16 watts, located beyond the horizom, cen bs czlouleted by
Piggott's method(1025, for the E, F and double-hop F (i.e,2F) modes,

The calculations indicate that for 8istances between 50 km apd 2000
the E mode suffers much less sbsorption than the F and 2 F modss,



-6, 3 =

In Chepter 4 it was shown that the calculated signal=to-noise ratio is

given by: 2
Signal power Gs * Eg .
Noise power - G-A » EA

where 'Gs = antenna gain in direstion of incoming signel,

E-s = ficld strength of incoming signol,
G A= goin in direction of incoming noise,
B, = ficld strength of noise (same units as Es) arriving at

angle 0° 4o horizontal, ‘

The "worst-condition signal=to=noise ratio" of the H/2/./1
design will be seen, by inspection of the polar dicgrams, to be the same
as that of the H/i/h/1 design, but, due to the greater bearwidth in the
horizontal plone, it will be more sensitive then the H/4/4/1 design to a
‘groat‘ex; nuriber of storms occuring on either side of the broadside direction
ond the probability is high, therefore, that, on time avercge, the signal-
to~naisc 13erfomonée of the H/2/L/1 design will be inferior to that of
the H/4/4/1 design,

6.6¢3 VERTICAL ANTENNA, _ _ ,

Since A = 8°, ‘a.ny systen , which inherently possesscs maxirum

.sensitivi‘i:y along, or almost 2long, the horizontai, shows fair promisc,

The polar diagrams for various grouhdccl vertical ontennas sbove a perfect=
ly conducting plane are shown in fig, F.6.3. 3.1(7)'(1_1 ) .
derived from equation (11.4) in Appendix &, The high-angle lobes which

occur when the length (1) execeds M2 would make such antemnas too sensi-

They may be

tive to high=angle noise, All antennas of length exceeding 3/2 must
thereforc be discoarded as receiving antennas for the purpose hera :’m
mind. Notice in fige Fe 6.3e3.2 that when 1 = 0,625 the horizontal
ficld strenpgth passes through a maxinum but there is also present a large
lobe ab 60° ( Fige Fo 603¢301)s |

The A/2 vertical antenna has a promising vertical polar dia-
gram bub presents matching problems if it is to be connected at ground
level, as an end-fed antenna, to a co-axial linc of 70 ohm characteris—
tic impedance (_Zo). The M) ontenna is o notural choice as its input
impedance - P approxinately equal to its radiation resista.ncc( R!}: 37 ohms.
(see cquotion 11,17 of Appendix A)s By meons of a suitable folded con=—
struction the input impedance (or, in the case of a receiving antenna,
the impedance of the receiving alntenna acking as o 'genero.tor") can be

made equal to the ZO of the co-axdial fecder,
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Field strength in mV/m at 1 km for 1 kW radiated by
vertical monopole on a perfectly conducting plane.

Both figures reproduced from C.C.I.R. "intenna Diagrams".
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The field strengthtat 1 k., due to o grounded 1/4 antenna rodia-
ting 1 kw is 314 mvﬁn(11)at A=0ond 305 oV/n ot & = 8%(Ffig. F 6.3.3.1/2).
Irom Appendix 4, equation 11,19, the corresponding figure for a A/2
dipole in-free space is 2221ﬂh%13iving the grounded M. nonopole a power
gain of 3,01 db ot A = O amd 2,77 db at A = 8%  The goin of o free space
dipole over an isotropic antcnnc(?)is 1,64 (2,15 db), Therefore the goin
G_ of the grownded M antenna over an isctropic antemna is 5,16 db ot
A=0and %92 dbat A= 8°,
) This arrangermient has the dual disadvantage of:
(2) insufficient gein in the direction A = 8°(c-O for M is cbout 5 db
et A 2.8 whereas G, for the test Rhombic at A = 8°is 21 ab - 3 db =
18 db (sec scetion 4,3.2.6) ) and
(») the polar diagronm is not sharp enough,giving too much seneitivity at
large values of A

The "worst condition" signal-to-noise ratic for distont sterms is

ohtained by combining the noise field strength fron fige F 4e3.2.5.1 with
M4 ontenna sensitivity fron fig F.6.3.3.1. The "worst condition"
interference from distant storms ocecurs ot A = 450 approxinaetely, The
signol=to-noise ratio ( assuming, as for the test Rhombic,that signal
strength of the wonted signal coming inyot A = 85= 4uV/m ond noise field
strengthi,at 45, = 5 WW/n) is given by: "
Signal power fed to receiver - Gb_(h)z 12 X 1512/L730 ‘

Noise power fed to receiver (0;615)2 G, (5)2 2% x 1612/4730
as in scction le 3¢2e 6. o

"Worst condition signal=to-noisc rotio¥for the distent storms for
the M4 antenma is therefore 1.69/1 (2.28 db). This is 5 db worse than
the ™vorst condition" signal-to-noise ratio calculated for the test Rhome
biz and 5,8 db better than the "worst condition" signal-to-noise ratio
of the N2 horizontal dipole, 2 A high,

The next step is to improve the sensitivity in the dircetion of
A = 39 at the expense of the sensitivity in other dircctiens,if possible,
Several possible methods of doing this present themscl&cs. For example,
& broadside arrengenent of vertical A/4 rods, spaced A/2 apert and
correctly phased,would sharpen the horizontal polar diagrom, Increasing
the vortical dinensions would sharpen the vertical polor diagrom., However,
such ar arrangement promises to be an expensive picce of structural cngi-
ncering, It 'is proposed instead to sharpen the polar diagram by mecans of
parasitic elements; It is not claimed that a parasitic arrangenent
provides o unique solution to the problem of providing an antenna to match
up to the specification loid down in section 6.1 but it does promisc to
concentrate the sensitivity in a narrow, low-angle bean, Furthermore it

promises to be a fairly inexpensive and campact structure,
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6. 3.0, Reflection. '

| In the discussion centred on figure F 6, 3. 3.1./2, the assump-
tion was made that the reflecting surface possesses infinite conduct-
ivity. Due to the importance of the groundvpvlgne in the design it is
necessary to look more deeply into the effect, on vertically polarised
weves, of ground planes of various types, In figure F 6.3.k4e0u1.,
reproduced from Willisms$( /it is clear that ground conductivity has
an important effect on the poler diagram. However figure F 60 3ele O 1
is in respect of a dipole, A/3 ebove the earth, and it is necessary
now to calculste a mumber of polar diagrams for & grounded A/4 mono-
pole for various types of reflecting plene. Before doing this it is
necessery to examine, ia more detail, the mechanism of reflection in
various types of ground, -

6e 3ela1s The mechanism of reflection.

A o A& Ty 8
E/H, € He
9| &
© A €27
Ey Hy
c

Fj-gum F 6‘3‘&-01' 2. :
Booker(5 ) has drawn attention to the simjlarity that exists
between the situation depicted in:figure F 6,3.4+71.,1. ond thot depicted

in figure F 6, 3:.4.1.2, When a wave travels down the transmission line,

in which the wire spacing is small compared. with A/2r, of character-

istic impedance Z,, there is at the discontinuity, Z,, (a) the

ps and (c) the reflected

wave travelling back down the line. The relative magnitudes depend

on the degree of matching between 22 and 2’41 . | |
Similarly there is an incident wave (A4), a transmitted wave

(B), and a reflected wave (C) at the interface between the media (1) -

and (2). For incidence nomel to the interface (01= 0) the relative

am_plitudes will depend on the intrinsic impedances 21 and Z2 of the

two media and mey be found from the re.‘La:k::i.on(5 ) '

incident wave, (b) the wave absorbed in 2

Hi/(z1+22) = H!/(Z1fZ:2) = Ht/ggz1) »(6.3.4.1.1.)



, A—Angie of Elevotion in Degrees
90_890 60 50 40 _30

T

|~ ‘earth :
i I B G

0 01 02 03 04 OS5 06 O7 08 09 IO

' . - Relative Field Strength |
P "7 A=16metres. ‘ - Height of centre
~ of dipolccl/a T

Pom DiaGraMs OF A VERTICAL HALF-WAVE DIPOLE ABOVE
A Grounp or Fmrre ConpbucriviTy -
(Feldman, Proc. I.R.E., June, 1933) : '

(7

Reproduced from "Antenna Diagrams", by Williams.

Fi«g;ure F 6{3 al{-@oel .




B - T g

4 = r 1t
T e = (64 3ul01s2)
&y + z2 z‘? 2‘”_1 2 2

whers H and E are the magnet:.c and electr:.c vectors’ recvectlvely, When

Z.2 = Z1 there is no reflected wave a.nd when %, = O or 62 the rerflected

2
-~ wave 1s equal in magnitude to the-incident wave, 1.,, e, reflection is couplete,
It 91 is not zero then the field .mjg:cda.a.,eﬂ\’ of the thrce waves

are given below for 7ertical pelarization, (H parellel to reflecting plans).

Thon % o, ond Z, showld be substitubed for %, ond %, respectively in

by 2
6.3ekels1 /2 vihere Z, is the field impedance.
Zfi = Z.1 cos @, (6e3el01.3)
Ge. ==Zy Boo Oy (60 3elsealt)
th = 22 COS. 92 (603040105)

In eqne 4420 of /ppendix A it is shown thaf the intrinsic impe-
dance Z of o medium of conductivity o mho/metre, permeability p Honrys/
metre, and permibtivity (ddeleotric constant) & Fareds/metre, is given by:

( — )2 ! - (6.3.1}..1.6)

o+ Jwe

In a dielectric o is negligible compared with j & & and the
mtr:.nsn.c impedaricc of ‘thé dielectric becomes:
T 2= &%m)lﬁ | : (6e3ara1a7)
and is a résisté.ﬂce. |
‘ '_ . In free space u =u, =hwTx 157 Henrys/mctre and
a=€_ = __ 4 - Farads/motre and the intrinsic impedancc of
| 36 7 % 10° AR |

freéz spoace ,Z y is givén by:

_( o )’"-_.120'nr 377 chms. o ' (603.4‘1.'8)‘_:

In a medn.um of hJ.gh corductivity, such as a metal, o is largs com—
pared with o & and : S

z (.,a..:_:_&_)z (,*.4 W
mctal
1 ° L3
= (=Eyz A o (BE)E (104 ) (6030k1.9)
SR X o | {6.3.001410)

s medium behaves as a diclectric when & .e is much greatcer than ¢
and as a doﬁAﬁctér when ® & is much less thon o, The change=-over occurs

when @ = %. and the transition frequency, -ft »is given by:

A _gxz s (6e30401.11)

where o is in mho/metre
& is in Faraods/metre,

£ is in o/s.
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In equations 6. 7, 6.3 6.9 Of Lppendix A b wné shovr. that
the 'intrinsic propagation cons‘bon’c" p of thc medium ;Ls glvcn by.

VPZ =juep (c+juwe) (6 3.1141 12)
It ¢ is ths autcnuatlon/metrc and B the phase chmgc/mctre then:

p=a+Jp andby se?&r&tm real and imaginary parts,

. a1 : -
a’e Top{ (072 + 02 52)2 -t &) (64 3alre1013)
1 ,
= tou( @+l &Froe)  (63d1a18)
Thus for o non~conducting med.:.um c=0
€=0 (630 1015)
wd Bre=doeu(2ws)
2 .
=0 M & :
o4 ' o
awd g o=ow (pe)? : | © (603eba1a16) -

For & conducting medium where ¢ is much greater than w e -
. ’1_ . )
¢ =( 3 ua)? nepers/metre. (60 30lie1417)
= 8,686 (2 W K o‘) = 6.44( @ p )% ab/metre.

(2 W M o‘)? radn.ans/metre. (6.‘}.»4.1.18) e

(a) For the casc where g = o,

S:.nce the medium is non-conducting the intrinsie propagation
constant,p, from eqn.(é 3.&-.1 .16) is g:.ven by:

p =Jo(u F : (60 3ule1.19)

The component of the: propa.gat:.on constant parallel to the
1ntcrface is proport:.onal to sin 0 - Now, to satisfy the boundary
conditions ot the intexrface the movemcnt of wave crests on both |

(5)

sides of the interface must be the same, Therefore the ocoupo-
nent of p parallel to the interface must be the some in med:mm 1 and
2 g:w:.ng, fran eqn, (6. 3vkbe1419) (p“l e ) sin 6 = {p.z ?2 y2 sin 8,

" This is Snell's low (also used in Chnpter 2) ané gﬁ }.ZOL ‘

the &ncrle of refraction, 92 .

There will be no reflectéd_ wave when: (6) \
Zﬁ_= Zﬁ |
i.c, Z;1 ;cos e = 2‘2 cos 92 .
My s M. L
i.e.(?;-);z cos 8, = (2 )2 cos 6, fram eqn, (6e3eka1a7)
A“ﬁ_, 2 |
.But (4,1.1' 4;1).2— . sin 01 = (“2 52)'5, sin Oé' - from eqn.(6.3.l;..1.20)‘
., ton® © ton © , & b 3
¥ - 2 = i
R I S
/%) (B/%) 1 % T P28

(6s3etpate 21)
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This defines tho angle *‘G,-",the Brewster ongle, ot which therc is
ZErc reflect:.on.

- Lis 0.1 chunges from O° to 90° it is seen from equakion (6, 3chet.3)
that Zﬁ changes from Z (the intrinsic impedance) to zero. Nrft i
outained in terms of @, by substituting for 92 from. eqn. (6. 3.4e1.20)
thus:

27 0056, =g M B4 & gnl
Z_.ﬂ_'...Z2 cos 92___.( 2 )2 (1 “11 .s:.n 01)2

&2 W &
- —_— (p, 8=u ¢ sinze )'jZ (6030kre1422)
e, M2 f2 T 1 eSuliete
If p, & is less thon p, e, 2. is real i.e, resistive for all anglos
1 2 &, Zgg :
of 91. '

Ir By 8y is greater that My &4 y th chonges abruptly from o purc resist-
ance to a purc capacitive reactonce at the angle which satisfies the

equetion  u, & = W g s:'l.n‘2 e, . (6e3elrete23)

it this value of O,i(oallcd the critical angle of incidence)
e 9O . ‘

For velues of 01 greoater than the criticed a.ngle the condition is
as though the transmission line in Fn.g. F 6.3.1.,.1 2 were terminated w1th
a purce reactance: reflection is therefore toto.l. The phase of the reflec—
tcd wave relative to the incident wave is governed by the field impedan-—
ces ond varies from 0° at the critical angle to 18007 when 91 = 90°%,

 Care must be token not $o cenfuse the critical angle(eqn. 6. 3.ke1.23)

with the Breyvster angle (eqn. 6e3ebeta21)

(b) For the case where o is not zero,

(b 1) If the reflecting plane is a perfect conduct’dr.

(

Since o is mflnltely large then, from equat:Lcms 6eSelinls 9/11/17/18

R = X = 0; ft is infinite; @ s infinite; B is 1n:f‘1m.te.

Reflectlon is complete at zero phese angle ot 21l v&lur:s of 01 from 0°
to 90°, This yields polar diagroms such as fig. Fo6,3,3.1 and fig.
P, 6u3he1e3  (curve "av), | |
i) Ir thé reflecting plane is sea woter,
Here: 6’2 }, mhos/netre.
My = B, = 4w x 157 H/metre,

i

e, =Bl & = 81/36 7 x 10 Farods/metre,

"Fron, equation (6e3ele1.14)

2T €y

Lt HF, ,bhcrcfore, sea water behaves as a good conductor and. from egns,
(643cla1s9/10) For £ = 21,47 No/s

'ﬁ
R.-.—.(...ZAO_ )
= Le6 + J Le6 (60,3010-{"22!-)

-

ft =
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From 3¢ 6e3elele! the mognitude of ‘bhé‘_reflcotion co~efficient

is given by:
H

:.'ﬁ.%l- = %%% for @, =0 | i S ' (6.3‘2,‘-.1725)
.“ X - ) . . ‘ ) ‘
or B s ,zﬁ-’; Z‘ft'  for 91 greater than 0 (6430te1426)
By R¥EEM S
where Zfi | -=l | Zy cos 0 = 377 cos 91

and 2 = b6+ ] 6

* o
= 1.‘L|-2 X‘L;..G»anple 24_5.
Mxtclrung betwee Zﬁ and th is best ot thot angle 01 whexre
377 cos 91 2 1,42 x Leb
iwe, @, =897 dooe 8 =1%

At this angle the refloction coefficient passes through a
- pinioun value = 1,42 = 1 = ,42 of phasc angle 90°% It is not the true
Brewster angle d’efined (when ¢ = 0) in equation (6.3.4e1e21) because it
does not poss tbrou‘gha valuo of zero, It is better referred to as tho
"pseudo Browster angle, ' : ' ) .
Fron the disocussion following eqn. (Ge3elrets 22) there is no

cr.i’r,ic&l a.mle in this case bc,causc By & is less than “2 & » ‘
_For values of 61 less than the pseudo Brewster angle uﬁ in-
" creases due to thc cos 01 term imtdl at 8=0 Z 1= 1 = 377 chms,

Lt @ = O the reflt,c‘b"on coeff‘lcu,nt is
: ] = 0,98 (approx).

A% 1th reflected ond incident wavas almost in phase.

. For valucs of 6)1 grecter then the pseudo Brcwster ongle Z”fi

lecreases until, at 401 = 90y Z fi =0 anc'l. the reflection coefficient
= - 1 inplying that thc phase angle between reflected and incident

waves cﬁchgcs fron ‘90O at the. pseudo Brewster angle to 180° at Q1~

900. Thus .thére 1s conplete cancellation of the two waves at 91

It

90° i.e, at A& = 0%
. . . o . J—
it 9, = 89° the’ carbined field will hove ragnitule Hy(1 + 0.42°)2

11}

il

1,082 Hi wherc the phase angle between incident ond reflected ‘wave is

90°.

: cos (g- cos 6) _. £ (g)
Tac poler diagrem E = K -

given in Appendix 4 eqn.. (11, 5 L) is therefore‘ modified, in the case
of a vertieal cl:.pole {or monopole) situated above an inperfect eaxrth, -

- beoause of the variation of the magitule and phase of the refleot:\.on

ff:. o:}.ent.
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From equation 8,343.1.1.26 it is clear that for values of @ less
thon the pseuclo Brewster a.nble the. pmse angle betwcen the incident and
reflected waves falls rc.pldly and it may be taken thot the two woves arc

nearly in phase fram @ = 80° to 8 = 0°,  For this range of angles we noy
say thot the combined ficld strongth H = H_ (1 + R cxp. (-3 8) ) when
Rv i‘s tk_lc reflection coefficient for vertieal polarization and ﬂ represents
the phasec difference in rodisns between direct and reflected rays duc to
the difference in the path lengths, H,, B, and # are a1l functions of &,
Therefore, the value of 61 at which H is a maximum could be found from the

equation:
AH = Q,
ae

The reflection coefficients for various values of © have been
calculated and arc given in the table below,
From Snell's Low, substituting in equation 6, 3.4.1.20 yiclds

sin 91 =9 sin 92

o 6. 12p¢= Zg cos 6, = 2, cos @, R, Polar diagram
1 2 {field impedonce (&ul(l impedance (reflcctlon Faetor.
of sea water of aix) coofflmont)

0 0 1 b+ jlab 3717 . 098  { 0,99
101 1% bo6 + § b6 374 . 0,98 0499

20| 2°140] hub + § heb B | 0,97 0,98
30] 3911 he6 + joha6 32 097 - 0.98

LOY 176 | bi6 4 § b6 289 0,97 0.98

501 4753 be6 4 J bl 22 | 096 0,98

601 57311 4.6+ § b6 189 1 o €97

701 6% | he5 + 3 b5 129 ' Ce93/5° G, 97

801 617" ha5 4 G b5 | 65 . | o584° 0.9%

85| 6%21'| hed 4 § ba5 33 | oemrfa8° 0,88

90| 65231 a5 + § Lab o 1,0/180° 0.0

TABLE Ty 6o3eholel

The phase change ﬂ’ duc to the difforence in length between direct
and reflected waves is negligible at the low angles in which we are
interested (being about Q.I.,,O ot A1= 1'00) and ‘thercfore  has been neglec-
ted in the polar diagrams of figure F. G, 3444143

(v nﬂwbmwm

In such land the constants may be token a£§)

a, = b x 132 rho/metre

B2
& = 13 e, = 13/36 7 » 107 Farads/metre,

L]

By = b T x 167 Henrys/mdtre.

From equation (84305414 16)

f = %2 =5.5x 10° = 5.5 Mc/5,

211r62
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it 24,47 Mo/s ,therefore, the reflecting plame xots a8 a purs. dielectric N

of intrinsic rosistance Z, given by eqn. GoJele1s7 23
Y ‘
(E)% = 10445 ohms.
From equations 6e3.helv5e/22 the field inpedence of the earth,

th s is given by::;,,‘ :
Z'ft = Z‘2 gos 02 .

- ( &, ™ € sin2 e )—2-

=T, ‘e %2 TH A 1

. , -7 = 17

Since By & = el x 10" and By &y = 1,11 x 10 _

i.e, Since “2 & is greater than By va;", Zﬁ is real,i,c, resistive,

for all values of @ 47 from 0%to. 90 .

. L 36 - 2542 |

Doy = ~q3  (1hh = 11,1 sin “9;) (Ga3elie1427)
From equation 6o 3elie1s3 ¢

Zufi = Z1 cos 91‘ = 377 cos 91 " . (6.3.4.‘1._28)

and the reflcction coefficient Rv is given by:

Rv = Zfi " Zf"tv ' (603640,11- 28)
Lo * Doy
Fron cquation 6,3.4.1 21 it is sccrl that the reflection coefficient passes
through zero at thp angle 61 given by: ’

2 .
b 8 M s oM %
(%2/%) +- B %P &
Substitutihg valﬁ.esl,‘.R.H, S.=1-
Therefore tan’ 8, = %22 13,
€
&

and tan 9 = 3 61

Therefore tnc brewster mﬁlb ‘oceurs at 8, = 7° 3, :

The 1nc:|.clcn‘l. a.nd reflected waves may be assumecl to be in phase from
8=0%tc0-= 7Q approx. s in quadrature. at @ = 71,. 3%, ond in antiphase
from 80° (approx. ) to ‘900 » The magnitude of the reflection voefficient
for various value of 91 is fouwnd by canbining cquations (G.3.4.1427/26/29)
for various values of 91. Typical results arc given in Table Ts 6 3oleis2
which follows, ' S



"’6111‘-- .‘~>

el

S e SR e
1 (#ft1a impedance (fielglimpeaancef (refleotion | diagran
of carth) of air) "} coeff.) Factor,

o | ws 1 s | s | crs |
) 10 101._ | . " ) - 371 S 0.56 C.?B, ,
20 | 1 | ok e
0 103 - 327 | a5z C76
40 103 | 289 . | 0.7 a7
50 102 2 o Ce?t
6 |. 101 189 0.3 | c.65
70 101 | 129 -' 0,12 0456
o3 100 | 100 . 0,00 | 050
go | 100 65 ~0.,21 4 040
90 | 100 0 ~1.00 -~ | 0,00

P ABLE T.6e3alel.2

The reflection cocfficient (Rv) is coleulnted as though o line

of characteristic impedance = Zf'i was terminated by a resistance = Zi’t'

v iv) I the reflecting plane is a metallic mrid of wires.

. - Suppose that a grid of copper wires is 12id on the ground studied
“in (b iii). Suppose that the wire radius, a, is puch smaller than the -
spacing,d, and thot d is less than A, o

Mnoforlone' 213) and Booker'd) indicate that wires lying ot right
angles to the electric vector bechave as a capacitive shunt of high reactan-
cc and therefore produce negligible cffect. The wires lyimg pa.ro.llel to
the electric vector form an inductive shunt of low reactance, X2 s Given

by the equation(5) ' ' -

XZ = 577((1/7\) ]:og (choll-o".jo)

If 4 =:0,028 A and a = 9.3 x 107 A at 21,47 Mo/s (125 S W G copper ot 15"
ce_ntres) sthen . '
X2 = 41 ohms; R

c 2T a

p is negligibly smallSS)

~ If the planc wave is incident normally on the grating, with the
eiectric vector parallel to the wires, the ;rating bchaves as a reactance
of L7 ohms connected across a 377 ohm “ransmission line" at the point
wherc the tronsmission line is torminated in a resistance of 105 ohms -
assuning the carth to be the some as thot invostigated in (b 1ii). The
behaviovr is as though-the transmission line were ten.ﬁ.nated by aﬁ'impe-
dence of ( 13,9 + J 35. 6) ohms, The reflection properties of this grating
oy be analysed as follows: i ‘ :

iAssume in equation 6, 3.4.5 that, beoaué@ )of the fairly high

conduetivity of 22 s O =-~O°, then ‘

2
Zf‘b = Z2 = 13,9+ 35-60

Fi‘om oqn, 6.5.&-‘0105 Zfi = Z41 [s 0):1 91 .
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Optimun matching occurs at the value of 91 which satisfies the equatdon
Z;1 cos 91 = modulus of 2.2~='.,,

is€o: where 377 cos O =-38.2

6, = 8° 12! is the pseudo Brewster angle.

At this angle the reflection coefficient, R, is given by

n _ 377 008 6, = 13,9 = § 35.6
VT 37705 6 v 3.9 + j 554 6

Similarly R is calculated for other values of 91 and the results are
summarised Tn Toble To 6e3ubele3 below,

Ir the spacing between the 12%8 W G copper wires of the
grating is now made 73" instesd of 15", the effective impedance ('Zz)
terminating the (377 cos’ 91 )ohms transmission line will be a reactan=
¢¢ of 16,7 ¢kms in parallel with a resistance of 105 ohms, ise. Z, =
2,59 + j 16,3 ¢ The reflectiun properb:.es of this gratlng may be
| a.nalysed o follows: S0

- Assume, in equation 6.3.4s1.,5, that © = O, then

Ty = By = 2959 + § 16,3 oms,

From eqn, 6. 3.11..1 3 Z ..Z.1 cos © .

The pséudo Brewster angle is that value of 01 which satisfies
- the conditian for optimum match between Lo, end zfi iee. when

Z‘l cos € = modulus of Z2 , 3

. 377 cos 9 16.5 :
i.e. when 9 = 87 30' )

377 c»os..e,f,;. = 259 = J 163
377008 % 4 2,59 + J 16:3
= 0,854 angle 90° |

Similarly R is calculated for other values of 91 and the

L Wids gl R, =

results are summsed in ’l‘o.bx—* T, 6. 3 hele3 below,

For a grat:.ng of 12" spacing X,, from eqn, 6o 30 lta 14 30,

is given by

X, = " >< 3.514-5 = '3::2.7 ohms,

In this cas_e the (377 cos G_,‘), chm transmission line is
terminatzd Ly -a reactunce of 32,7 ohms in pardllel with a resistonce of

105 ochms, i.e. Z = 945 + § 30,2, As before the pscudo Brewster angle
is that value of 9 which sa.t:.sfles the equation
Z1 cos O1 modulus o_f 22
i.ce 377 cos 8, = 3. 6
and 8, = 85° 12'



Similarly Rv is caleulated for other values of
sumorised in Table T, 6e3elte?e3 below,

e 16-

At this angle Rv is given by the cquation:

R
v

]

377 cos €, = 9.5 = § 30,2

377 cos @, + 9.5 + j 30,2

0,736 angle 90°

01, and the results are

Reflection coefficient for grating of 127 SWG copper loid on ground -
€, 0.027 A (15") 0.022 A(12") 0. 01L X (7279 '
‘ spacing, _Spacing spacing.
0 | 0.930 angle 10°30' | 0.950/9° 9' 0.98%/5° &'
20 | 0,925 sngle 117220 | 0, 946/9°46" 0.986/5° 9"
b 0.510 aagle 14° 6! 0.937/12°0" 0,98¢/6°28"
50 0,863 angle 21°36 0,910/18°50" 0.972/9°34!
89 | 0.717 ongle 58°38! €.790/50°12" 0.930/28%1
8,%12'| 0,680 angle 90°
35 0.877/53°0"
ge12! 0,736/90°
87°50'| . o 0, 854/90°
90 4,0 angle 180° 1,0/180° 1,0/180°

=% The grouwmd coastonts assumed are as in b(i:i.i‘) apove,

TABLE T, 6,34.1.3.

Curves d,e,f in Figure 6.3.4e1.3 represent the calculated ircrbical
polor diagram of a f: A vertical grounded monopole above a grid of

124 SWG copper wires spaced 15", 12",ond 73" respéctively at 21.47 Mc/s,

These gratings are called typc "a",%e" If the
poler diagram of any grounded svertically-polarized, antenna is known for

a reflecting plene of perfect conductivity then its vertical pclor dio-~

and "f" respectively.

rram woen placed above an imperfectly conducting plane may be plotted
by thz use of fige F 6e3ubele3.

ce g Suppose the rafleoting planc is lond in which € = 13 g, .
O =4 x 153 rrh;z/metre, covercd by a groting of 125 SWG parallel copper
wires of 12" spacing pointing in the direction of the distant station anéd
suppose “hat the vertically polarized antenna is operating on 21,47 Mo/s.
Then at A = 20° i,e, 6 = 70° the polar diagram of the antenna with per-
fectly conducting reflccting plane must be multiplied by a factor (sce
curves "e" and "a" in fig.F,6e3.4e143) of .81/.90 = .90, Similary foxr
other values of A the polar diogram is multiplied by the ratio of curve.
"e" to curve Mal, ‘

Other types of reflocting plonc may be dealt with in the same way.
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It having been decided to sharpen the polar diagrem of a /b
vertical grounded monovele by the use of ipéra.sitic éaléments, the
next step is *to design such an arrangement which, in conjunction
with 2 ground plene of the type studied in this Chapter, will
match up to the ,speciﬁ,oatidn laid down in section 6,1.
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DERIVED VERTICAL POLAR DIAGRAMS AT 21.47 Mc/s.

Grounded quarter wave monopole on :

1. ground of infinite conductivity (curve a) as in fig F 6.3.3.1.

2. sea water - (curve b)
3. heavy clay soil : (curve c)
L+ grid of 15" spacing on "3" (curve d)
5, grid of 12" spac¢ing on "3t (curve e)
6. grid of 73" specing on "3 (curve f)

Fi_q. f 6-3-4 [é

i Y Y e o S e e
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CHAPTER 7.

IHE PARALSITIC ANTENNA,

7« O SUMMARY OF THIS CHAFTER,

(a)

(b)

(c)
(a)

The theory of parasitic action (E.M,F.mcthod) of a Yagi array
is given axxl the behaviour of onc parasitic element plus a radiating

element is summarized grophically, following Wu.lld.nshaw(z)_.v

A modern theory (travelling wave méthocl) of the Yagi as propo—
scd by Specto£~209) s explains that the directors reducec the phase
velocity of the wave travelling along the array and it passes through
a region of refractive index greoter than unity, This index may be
adjusted by altering the length and spacing of the dircctors so that
the structurce behaves as a convergent lems, It is shown why the sclf-

rcactance of o director must be capacitive and that of a reflector

inductive. It is also shown that radjiation occurs at the disconti-
nuity i.c, at the direc‘l(;or f)'arthest from the driven clenent, Curves
209

are quoted from Spector relating beam width, percentage reduction
of phase velocity, rcd length, and array length. The results oxe

compared with measurements teken by Fishenden and Wibl‘i.!(l.27)

The optimum phasc velocity s derived by Reid'g@xethod.

Using this Yagi theory as a guide, a design is proposed which
dcparts from the Yagi arrangement in that (i) the reflcctor and diree- .

tors arc planted in the earth but insulated clectriecally from it and
(ii) it is proposed, by scale model experiments, to vary both the

spacing and the length of the parasitic clements to produce maxdmum

gain, Such an antenna appears to be new to the literature,
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It is hoped to sharpen the polar diagram of the M4 vertical

atenna, so that marimm sensitivity will ocowr at A = 8°( falling away
_rapidly at angles above A = 10° and below & = 6°) by an end-fire
arra.agement of parasitic elements. The: prrposed arramgement vill not be
a Yagi® antenna, buv 9/ 08 pgras:Lt:Lc actlon has been foirly deeply studied
in connection NlTh +‘1e fe cIMOus Yug:. entenra, it is proposed to approach
the +huorv of, the px oposed arro.y by first looking into the theoxry of
the’ Iagl Fmtwna.. '

Ted Ine “'heory cf parasitio action. U‘ me mcthod).

¢

The literature on this subjest is not very cxtensive bub
helpful information is 4o be found in references (1), (2), (3),(7),(8),
(2)5(25), (26),(27),(28),(29), (30), (31) and (32).

In an infinitely thin conducting wire the current distribution
s-et up by impresscd foroces is s:.nuso:Ldal(1) (2) Suppose that in a
Yagi arcongement the "re_fléctor" element is number ™", the "driven
element is number "2", the “director" clements are 11uﬁbe*s wgn MmN,

esevs3tcs, the spacings ore d12 » d 3, d‘jl..’ 4, 5,etc., the muthwal impe~

dances arc 2 13 » 223. Zzu.....etc., and the self impedances are

12
11: 222, 339 ZM" 255’ sessssssctce If cach element were aypro;cuna(s
tely A/2 long the mutual impedances could.be cbtained from FigeF.7.1.1,

If the driwing voltage ,i.; e. the voltage applied at the input of element

A is V, the following mesh equations”cbtain:
, ' — 1
Z,' I -ﬂzzlz'hZJ13 5 ‘*.oao.»uunucu.ca-*oa-»o(7oxo1)o
ZZI 417122 2 23 3 H eesevecveanevssvsevT v2(701C2)0
213 1 B 231 -&-24135/13 +oit-foiouo.octobo-.=0(7.1.3)(

Z‘u“" I1 + Zm- 12 + Z32+ 3 T ssevesccrcrrensaeens o (7c1tlb,)é

ctce , to equation 7.71.(n - 1) for n clements.

The (n = 1) simultancous complex equations are best treated by
separating real fram imaginary perts to form 2(n-1) homogcneous
cquations,

The input impedance of element "2" is the load prescnted to the
feeder and is _Y_Z___ . |

I

The calculations become very camplicated whon 2 large number of
elements is involved., Several specific vombinations havo been worked
out by the mathematical group under Dr.H,Ge Bookers
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\?Ialkinshaw(z) has referred to the use for this purpose of a machine '
~ designed by Professor Mallock(y" ) « When the 2(n=1) equetims  have
‘baen solved for I, the antenna, if regarded as a linecor array of
‘cquispaced half wave radiators, will have a polor diagram found from
2 formula given by Shelktmof'f( 1) (and poorly quoted by Walkmshaw( ))

giving the polar function as

} n-1
L @)1 = j s Bd cos P
- } cos{—2-=- cos Q) 5_“ £§_ < JsB !25:
(G, ﬁ) - sin © s =0 2 ' (7-1-5)¢‘
where @ = angle between line of centres of clements. and direction of

radiation,

@ = angle betwoen any clement and direction of radiation,

d = spacing between element™& and the driver.

g = 2 m/\,

n = number of radiators.

I / = ratio of current in the s clement to that of the 2%

(cr driver)element,

Camparing equation (7:1.5) with Appendix A equation (11.,5) the
first tem is clearly the polar diagrem of a half wave radiator and
the modulus term is the swmation at the field point,P, taking account
of phase,of all the contributions mede by the individual elements,
referred to the driven element " & = 2 ", F (8, @) is the rotio of
the field of the Yagi to the ficld (in the equatorial plene) of o half
wave dipole whose feed current is equal to 1 o

The ratio of the field of the Yagi to tha‘l: of a half wave d:.pole

of radiation resistance R_ o? rodiating the same power

= (R.(/R)z F (6,9) - (76146)0

where R = input resistance to driven element of the Yagi,

The power gein of o Yagi over a half wave d:.gole is given by

R _n_\-‘l T +JSB(1
; - o > S e
% =R a— I, | | (701:7)s

in the forward (= j) ond backward (+ j) directions respectively,
’ The input rcsistance, which is the real part of the ratio VZ/IZ'
. . »

is givea by | =
. I
R = Renl part of E Zg , T (7.1.8).
=0 2

where Z2 s is the mutual impedonce between the driver (which is radintor

no,2) ond each element (s = G,B,A,etc.) and Is /12 is the ratio of

current in each of these clements to that in the driver,
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- Us:.ng these equations Wa.llcmsha.w( ) has. cc.lculo.ted the bel'mvn.our
of arrays of 1 to 3 parasitic elements spacecl at Oe1 A, 0.5 X, 0,2 A
and. for 3 versions of ‘an array of & pora.s:.t:.crrelements of .spacing O.1. X,
Ce2 %, 0,3 M respectively with element reactance varying from O to + 80
chms, | As an cxomple -some results of his computations, cxpressed
in graphieal form, are 'given :.n Figure Fo J7+%1e2, These 'illustraté

the interdependence of parasitic reactonce and element spacing.

7e2 4 nore modern theory of ’p‘arasi‘bic action (travelling wave method ).

The theory presented in 7.1 has represcnted the classical
‘..pproach for nany years ‘but the conputc_t:.on involved mokes it of little
use to the antenna d651g;11¢r except when only a small number of clements
is to be used and Walkinshow (2) haé cc‘mf‘in‘ed himself to this limited
appllcatlon.

Rucuntly Brown and Spoctor(207 )h,:\ve taken up 2 suggestion node

(208) and have shown that the physical action of

a decade ago by Smith
the directors, in a Yagi antemna, is to reduce the phase velocity of
the wave travelling along the axis of the Yagi so that the wave travels
through & region of refractive index greater than unity, Since the re-
froghiwe index depends on the dimensions and spacing of the direchors
these parameters can be adjusted to make the structure behave as a
convergent lens, They(207) go further and indicate that this is the
mechanisn by which the other end~fire antennas, such a8 the helix ond
the dielecetric roc.3 operate too.

209

Spector( has trco.ted an urray of equ:.spacecl dircctors of
equal lengths as a per:.odic structure a.nalogous to a loacled transm.s-

sicn line as in Flg. F. 7. 2.

’

radius a

EN
& .
I

- —— - -

- Fig. Fe 7ale1
If the™ransmission line" had not been ‘loaded, the characteristic
impedanco (zo) and the phase-change coefficient (;30 =2 n/ko) would be
those corresponding to free spacs. The presence of directors has the‘
effect of introducing shunt impedances, 4, at regular intervals, 2
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A e o . (210)
The propagation coefficient (p=&+3j B) is given by Stration
in terms of “he expression: 2 -

cosk pd = cos-—%—-— d+j 202 sin i”d e (7.2.‘!).
0 _ ' . _

Assaming (a) “hat there is no rad:l.atlon from elements along the .
structure anc. (b) that losses in the director rods are negligible then )
2 is o pure rcactance, j X, and the propogated wave will not be attsnua-

ted, giving p = j 3. Since cosh j & = cos @. _
2w d -
cosn pd = cos fd = cos ==~ . (7 2.2).

g
The pLase vc._ocrby is defined by the Wavelength )‘g , of the

gudded wave which, in turn, is specified by tho equation fram 7,2.1/2,

' Z
2md 27d . "o 2T d :
= CcoS ?\ ¥ 5 = sin 7\ (702¢3)e

cos

”!

g ,
Thus )‘g (and hence the phase vclocrhy) is governed by dircctor
reactance X (which depends on dircctor cl:.mens1ons) and spacm de

Since sin SN - _‘._4.

b} .. 5..' - .'...'.f..
K R . . - ; 1_“:,&_.[ 2 . l‘_ .
. o -;.‘;; a4 fa) . ¢ ;
| and cos g - 1 2‘ * lﬂ ' .'.t.‘..cc

and sirnce 93 and higher powers may be neglected for small values of Q,
then, if 4 is snall co:rrparcd w:Lth X, equation 7.2.3 con be rewrittens.

2.1 n 4 1 2 w 2md 2 2, o r d
1 -5 (5% ) s 1-LcRra e, = . &LS
,f‘) 2 ° 2X v Ao«
thus; -2 (2§d)_@§£4,w 1d)% - o, (7e2a1),
X o o ) g

Now it ms: be remenbered that -when o wave 1s propagated J.n a

tronsmission linc vthei vhase velocity (f ?»F) is lowcr than the vélocity

£ light (£ 2 ), - Thus if tronsmission is to take place, N, must be
less than M, i.c, the first term in eqne(7.2.4) must be negative,

i.c. % must b: capacitive, If transmission is to bec prevented from
taking placc the first term in egn, (7.244) must be positive i.e.
X must be inductive, The implication is that the self reactance of

o director must be capacitive and that of & reflector must be inductive,

Spector(209)

has conducted an experiment at’ A, = 10 eo. using a
surfacc wave resonator to measurc the percentage reduction of phase
veloeity on pericdic rod structures, Fig, 7.2.2 sumaries his results
for verious rod lengthé and spacings.

F'Lgurc F, 7.2.3 summarises another experiment carried out by

209) When the resanator contained no rods the Q factor equale

Spectors
led wity, Vhen one dn.rector was wsed the Q factor-dropped and remedincd
low as more directors: were added until, when the resanator hod been
filled with dircctors, the Q factor returned to unity. This proves that

radiotion only occurs fram the discantinuity,
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The rad:.at:.onmecharusm of.' a Yagi is now seen ac follows:
a dipole-type wave, launched bfr the radiating element, is propagated
clong the "transmission line" f’brmed by the directors. Ir the opposite
dircetion propagation is not supported because of the POol‘blVe reactance
of the reflector clement (sece eqn. 7.2.4 and discussicn immediately
following it) and the cnergy that would have flowed in that directicn
is addcd to that which is propagoted in the dircction of the director
~clozents.  The reflector clement therefore produces a 3 db gain,
At the end of the antenna, i.e. at the last director; there is a radia-
ting aperture which (depending on the size,spacing end number of di- |
- rectors) can be made large so 25 to give the narrow beom width usually
assoclated with large broadside arrays,
The transverse ficld distribution, F(r, @),sce Fig. F.7.2.1, in .

the terminol aperture plane is given by Silver(‘?“) a
E (e,0) =
: . /
(1 + cos 9) IZO fg T 7 (r,8) exp(jBo r sin © cos(a = g)r ar ad.
- (7.2.5).
where @, & are the polar angles and § = 2 @ / LS
Spector(209 )has pointed out that B on the structure is almost the

same as ﬁ. and thus, in terms of cartesian co=-ordinates,the field com-

ponents, in a transversc planc outside a cylinder r = h/2 bounding the

rod structwre, are given by:

E_=AK (k r) (7.2,6).

E = O ‘ : ®&n [3

. o (7.2.7)e

where ]\2 52 - {32 and A, K are constants. (7.2.8),

The field produced for r less thon h/2 is neglected comp&recl with the
remaindcr of the o.perturc.
Substituting equation 7,2,6 into 7,2.5 gives
E(e,a)s=
(02} .
27 A (1 + cos @) f/o T K, (kr) 7 (B, r sin 6)ar .(7.2.97,

which shows that the pattern is independent of a indicating that the
polar diagram in the plonc of polarization will be similar to the poiar

diagrom in the plane perpendicular to it ond this is consistent with

cobserved patterns for long arrays remote frem ground("? 6).
Spector(209) has integrated eqn. 7.2.9 to give: - (7.2, 1'0)
5 (o) _1_;_ Ahzﬁ + cos @) (; b/2) &, € k n/2) J (@)- u (k h/2 ()
( kz h.2/2) » Ul
Where u = 50-’%- sin © , (7.2.11),

and Jo , J1" Ko K,' are constants,



He has shown that eqn, (7.2.10) can be evalusted for any given
reducticn in phasa velocity and the corresponding half—anplltude beam

width fourd, Th:m results in Fig, F.7.2.k.. ‘ Can

- Froa figuren F...2.2 and F, 7e2el the performance of‘ a long Yagi
antc.rmn con be deauced. e.g, Fishenden and W'thn( 27 )neasured & beam
width of 26° for a 20-Zirector Yo.g:. in which the spacing wes O, 3LA and
the director lcngth Q.407 N\, . From f:.g. P V.22 long Yagi, using
the same dlrcctor length and spacmg is showm to have a 2.5% reduction
in phase veloecity resulting,from fig. F 7e2.; in a 26° beam width,
For a 10-director Yegi the neasurcd( g beam_wﬁ.dth was 36° {dircctor
tength = 0.42 M and spacing = 0,34 ), From figures F.7.2.2. and I 7,2.M

 the cxperted bean width = 500. Thus correlation betweecn the thcore~

ticolly derived curves and measured beam width is good for long Yagi
antennas but it is not so for short antennas, In the lotter case the:
reason for the J.J.scrcp'\ncy is that not all the power fed to the antenna
is converted into the surfacc wave: some is radiated directly by the
driven element and the caroination of the two radiated ficlds produces
a bean which may be broader (as in the above exomple) or a nerrower
beam plus side lobes,

It will be noticed in figs, Fu7.2,2 and F,7.2,4 that, for a
given spacing, the shorter the rod length the narrower the beam, = This
is because the field is more widespread about the guiding structure
vhen short directors are used, producing a larger radiating aperture.
On the obther hand from fig, Fe7.2.3 it will be noted that thec shorter
the directors the lower the launching efficiency of the surface wave
resulting in greater radiation. from the driven clement, Clcarly a
compromise must be éought’ between these two trends and the work done by
.Re:‘u:’s.('3 ) is a useful guide as to what the optimum dircctor length should
be.

Optimum phase velocity.
By postuliating a theo*‘e’clca.l.ly 1deahzed Yagi array, Relcl(3 ‘ ha&

derived an expressiom for the power gain of an end=-fire array having an

infinite number of very closely spaced elements, the currents in
succcssive elements being constant in a:,aphtud.c but progressively and
uniformly rctarded in pha.se,

Referring to fige F. 7.3.1, the current fdow at the origin is
Io e Jat and at u distence x fram the origin, where x is less thon 1,

2t des ' - B
1 0d(ot-pax) (7.3.1).
where B o= 2m/\
a = vo/ng

V.= velocity of propagation in free space,

vg: velocity of propagation along array.



= 7. 10 =
The field at P may be written as:

F(P) =™ sin®§ oy L5 ax T oxp jotp a x - @R + Gx cos ©) (7.,3,2),
'R « . )

where K1 is a proportionality constant and P is regarded as equidlstmt
to cach element as far as amplitude is concerned but not as regards 'ohase.

Re:.d(3 goes on to perform the integration, after substituting

(1 - sin 6 sin 26)? for sin §, giving:

2 K 1 ~f
1 sin + 8 1( cos®" = a) - 2 5 j(wk-6R)
F(P) P S (1 sn.ngsn.n ,(’))IA e
{’70303)
The field strength along the ai‘ray axis,i.,e, when @ = 0, is given bye=
( - - .. 3 —é.!'—- ‘_ a " \|
F‘R)O..O);_ZK1 I, A sin=3 (1 - a) (7e3e )0
} BECT-a) |

Expressing equation (8.31) of Appendix A,( the field at P Aue to a

doublet pinced at 0) in terms of figure Fy 7.3.1 we obtain:
£ I A :

K :
F(R,S) = .,_1__59@1 J (et - gaR)sinEE
K I b e oz
= “""f{"* J(Wt BR’(" - 5309 sin 23)3 v (V23.E)s

and the amplitude of the field strength in the equatorial plane for the
doublet is given by:

K

— ‘
F(R,0=0)= &= I b 73.6)s
The meon radiated power for @ doublet was derived in cquation 10,6

of Appondix A, Expressing this in the present units the power is:

» 2 2 8
Wdoublet. = K.1 K2 (IO Ay) T (70 3.’7).
Rc;:‘.d(3 ) has shown that
Warray=K2 !'(2)77 dﬁf R sin @ ’F(P)ide 1
2 - ) ' (1 + cos ©) sin @ s:m2 2(z0s © = a)__,
L 2 - - e O
=K K 2 (I a )¢ . ( PRY:
1 g o 73 o cos a)
: 7 . (703.8)0
- . 2 b 5 2 (1 +alr cos 81 (1-a)=1 + cos pi(1+a)-1
KK, =5 I 4] é 5 | (1 = o) ‘%“'Smg‘_1 ey
# ) "
#BLS, (1+2) flsBi8, (1-a) ;31} + a8, (1-a) g1
- as1( 1+ 2a)pl —BT sin Bl cos a Bl + 1 ; ‘ ' (7+3.9).
2 L 2 2 (p (g.6.7 ' . \
= K1 K2 2 Io A— y 2 (a'B’l’a) g (70 30 '0)0

8 L
whore use is mede of the tabulated functions,

s (x):}x 1':03tdt

(1)

1 v o}
X sin ¢ a
Sz (x) = !O t t'

The powexr' gein of the idealized array over the doublet,from equations

(743.4/6/1/9),

=’<;B =8%3%-}§ x %—;—:—g—} | : | (7e3411),
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Figures 7.3.1/2 have been reprocuced from a paper by Reid(B)



en 2a3a(3) P
When Reid‘”/ccmputed this for o number of values of "a", with 1/A as

+ varicble, the resulting curve wos of oscillatory form, The envelopé
ropresents the maximum gein that con be obtained for a given veolue of
1/N ¢ The equation of the envclope-is given by:-

Gy = 148 % 5.6 /N
It is not known why Reicl(3 ) left the expression'in this form, It
is morc useful to express goin rclatiye to that of a free-space dipole
d.ce G=1465+ 5,131/ C(7e3012).

" and the optimum "a" value for values' of‘:.—%- down to Ok is given hy:-

a=1+ —% (703-13)'

In fige F. 7¢3¢2, o is plotted agoinst M1
( NOTZ. (2) Redd's cquation "3 A ™ is in error and should read:-
Cosin T (e
K, NI A 5~ (1=0)
7T R(1~2a)
and (b) the penultimate term in his egn,"9" should be:

sinn cos an si cos an
= = not + -nnn

These are doubtless printers errors and do not mean that his findings
arc suspect)s ’
74 The inter-dependence of theory and practica,

In the litcerature it is frequently admitted thot in the design of
the Yagi antennas the fheory is uscful only up to a point, Thercafter

adjustment of element length and spacing must be by cxperiment,
€eolle Walld.nshaw(z) has pointed out that since element selfw~reactance ..

- . depends not only on its ‘physi'cal shape but also on the type of
support, insulatofs,éncl changes of thickness at junctions, an cxact
determination from the theory of the clement length required "i
extremcly difficult if not altogether impossible". In his view the
theory serves. "to give a sufficiently. good approximstion to the
gencral bchaviour to be cxpc(cz‘sacl.... +ond in suggesting in which direction
0"

concludcs his modern thcory of Yagi antennas,discussed

adjustnents should be made

Spector 209)

in secction 7.2, with the statement that:"The optimum construction of the

acrial for best overall performance would have to be found experimentally.

The theory prov1des the .starting point and for that reason it is

vitoel but the finol desipgn of element number, size, and spacing,nust be
achieved by painstaking eicperiment enlightened by a firm grasp of the
theory involved, -

7.5 Prelininary desinn based on thc theory,

In scct:n.on 3 L.. it wgg shown that if the receiver audio output due

to the 31gno.l were to be Z db above the audic output from the noise
generated in an average cormunication receiver the antenna gain over a
frec-space dipole must excced 3.4 (5.3 db) for the particular circuit

considered,



From eqration 7,3.12 it is clear that a gain of this order is

easily achieved even with a small parcsitic antenna, but from

equation 7.3.413 and figure F 7.2,4, it is clear that short Yagl arrays
of optimum phase veloeity produce beam widths which are too great. e.g.
An array length of 0.5 A will have an optimum "e" value of 2.1 {eqn.
7.3.%3) and a besm width of over 60y ( figure F 7,2.4.)

Such a beam width would result in too much 'sensitivity to noise
caning in at high wave-arrival angles, Suppos:.ng & beam width of 25
is desired; the percentage reduction in phase ve1001ty , from figure
F 7.2.4., needs to be 2 . This would, for a spacing of, say, 0.3,
require a rod length of O.4M\.(Figure F 7.2.2.) Fishenden and Wiblin's
exper:unents( 27); indicate that this beam width is obtainable from an
array of 20 directors, each of length O.407 A and spacing O. 34 A,

The array length is therefore 20'x O.3U\ = 6. Bn. Cleéurly 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 + 5,13 x 6.8 = 35,5 i.e. 15.4 db.
The gain measured by Fishenden and Wibl:m( 27) is 21, i.e. 43,2 ab,

(27)_

"It is prcbaeble that further experimental work with smaller and varisble

and, to use their words

director spaeings would ensble a larger gedin per element to be obtained."

The literature appears to contain no information of experiments
-in which the spacing of individual elements is varied until optimum
‘is achieved, ldkewise it appears to contain no record of experiments
in which the length of individual directors is varied until optimum
is achieved, Tiresome though such experiments would obviously be, it
was: resolved that they would be carried out in the parasitic antemme

being designed.

7+ 6 Departure from the Yapi arrangement,

In section 7.5 it was seen that,if a Yagi array is to produce a
narrow beam, its axial length must be large. This makes the conventional
Yagi arrangement a prohibitively large structure at fregquencies 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 chepter 2 that the wanted signal in the ILondon-
Salisbury circuit will arrive et an angle . of 8° t 2° to0 the horis

zontal and in chapter 4 that the calculated noise field strength,
arriving at various values of A, increases with higher values of A. At

the conclusion of chapter 6 it was indicated that a vertical array had
good possibilities as a receiving antemna for the present purpose if
only 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/l enterna ( see Fig. F 6.3.4.1.3.,
chapter 6)it is cleer that a maximum et A = 8° may be expected for a
vertically polarized antenna if & suitable r.flecting plane is used.
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A narrow beam, centred on this maximum, should be obtained with the use
of parasitic elements. ‘ '
Instead of attempting to eonstruct a series of centrally
supported directors,as in the Yagi arrangement,the earth will be used
as the support, planting the directors as a series of vertical rods in
line with the AL "ariven"element, The term "driven" element is used in
the transmitting antemna, Beai'ing in mind the reciprocity between
trensritting and reeeiving antennas the term is used to dési@&te_ the
parbioular element that is physically ¢onnected to the feeder, If these
d'}recfor e.'}!.errient'svwere earthed at the base they’would forn a vertically
polarized Yagi antenna with the eerth plane taking the place of the
usual supporting rod, This arrangement was, at first, considered but
it was noted that each physical director element would be conne-cted
to its image by a resistance equal to the earthing resistance of the
cleuent, Thus the Q of each director element would be relatively low
and the arrangement would be inefficient, Experiment later confirmed
this reasoning to be correct, | ' ‘
As it is proposed to départ from the Yagi errengement,with the v
vertical reflector and director elements plented in the earth but
~ electrically insulated from it, the insuletion resistance must be
high enough to preserve & good value of Q for each element but low
enough to allow static charges to leazk away to. earth. without a
disruptive discharge teaking place as this would cause heavy interference,
- Use will be made of the theory referred in the foregoing
sections of this shapter but, as mentioned by several of the authors
quoted, the final dimensions of the antenna system will have to be
decided by experiment, The proposed arrangement is a departure from
the Yagi pattern of reflector and directors but is sufficiently akin
to it for Yagi theory to be useful, |
, It is proposed, in experimentation, to vary both spacing ahd
length of each element until an optimum for the erray has been
obtained, This is not usually a practical proposition but, if this
experimentation is carried out on a very-high=frequency bmodel of the
antenna, then, by reducing the physical dimensions, the many adjust--
ments of length, spacing, and matching con be made rélatively easily.
It is important to remember, of course, that adjustmeh‘ts made on such
a model must be accurate because errors in the model will be magnif'iéd
when epplied to the full-scale version of the antenna, '
The construction of the model is dealt with next,




8. 0
(a)

(b)

(a)

-8 0=

CHAPTER &,

TREE ViH, F, SCALE MODE L

SUMMARY OF THIS CHAPTER,

By the use of an operating frequency of 243 Mc/s for the model
a scale factor of sbout 11 is employed,

From the theory the element lengths crc cxzpected to be as fol-
lows, assuming 0,2\ spacing:

driven element : C.236 A

reflector element: Oy476 A

director eclement: O,434 A,

Element lengths are made adjustable so as to give accurately
controlled variation above and below the lengths quoted, The inter=

clement spacing,too, is made adjustable,

The Mk grouﬁded vertical monopole on an aluminium ground plone
is investipgated and the polar diapgram is found to differ from the ‘

© cxpected shape (FigeF, 8.3u5.1.1), It is concluded that this is due

(e)

(£)

to the effect , at 243 Mc/s, of the omide with which the ground plone
is coated.

| Scveral ccmbinations of driven element, réflector, ond directors,
are sct up on the scale model, leading to optimum configurations for
arrays having one to six directors. These designs are summarized in
fige Fo 843454241, .

From the measured scale-model polar diagrams (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 planc of infinite conductivity(curves 2 and
u).‘ Henee polar diagroms are derived for the full-scole 4-director
and 6=dircctor arrays using o reflecting plane consisting of a grid of
copper wires, ot 12" centres, laid on a heavy clay soil.(curves 5 and 6
of fige Fo 8a30503¢101)s
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8.0.1, General . :

By invoking the Reciprocity Theorent %% Jtne Array is
used as a transmitting entenna 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 & constant distence from the "3riven”
element, There will be required a V.H.F. tr&nsinitter of stable
frequency selected to give & suitable scale factor,

8.1. Choice of scale factor

The size chosen for the model is influenced by two factors :

(a) If too large physically it will be difficult to manipulste,
(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

entenna, A scale factor of ebout 10 appears to be suitable,

8.24 The transmitter,

' This requires to operate on & frequency of the order of
10 x 21,47 Mc/s and feed some 5 to 10 watts into a 70 ohm co-
axial feeder. The frequency and output power must be constant.
The circuit diagram of a suitable transmitter, designed and
constructed by the writer, is shown in figure F 8,2.1. The output
frequency from & 3 Mc/s crystal-contrelled oscillator is trebled,
stage by stage, to multiply it 81 times, giving a stable output

at 243 Mc/s. In the moin it is of conventional design. As it is
desired to select the third harmoniec and to éuppress the second
harmonic, push~pull emplification has been used., At the higher
frequencies extremely short leads are necessary, The tuning of
the final plate circuit, by means of a shorting bar, presents
considerable mechanical difficulty but this is overcome by using
a spring-loaded shorting bar, the position of which can be
adjusted accurately by e knob vhich engeges o threaded rod.
Although copable of 10 watts output the tank circuit is coupled
rather loosely to the co-axial feeder to give approximately &4
watts output.

8. 3. Decsign of elements.
1f, in the model, the permeability, permittivity, and

conductivity of the material used are the same as they are in

the large antenna, then the model will behave in the same way as
the large epriald 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, end since 2£“ diameter
copper pipe is considered suitable and is available in. large
supply for the 21.47 Mc/s array, the model elements should be of
diometer equal approximately to 2_.75_/11.3 = 0. 243",
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11-1-“ diameter eopper tube has becen sclected for the model elements, Fhe
. diometer = 0,005 A, \
It is necessary to be able to change the length of the elements
accurately and casily. To achieve this the nﬁ.cromeﬁer adjustment,
detailed in Fig. B, 8,2.0,is used., In the case of the rodiating clement

- the slug can be seen projecting from the tube in Fig, F, 8.3.0.2.

84 3;1) The "driven" clement. _
‘ King and Harrison(?z) in studies on the cyliﬁdrical dipole,

have indicated the expected voriation of input impedance resulting (33)
from changes in antenna thickness but the experiments of Brown and Woodward
indicate that ScthOff's(” biconical antenna method yields more relionble
results, Their experiments indicate that the resonant length of a A/2
dipole is 1% shorter then that calculated by Shellumoff!s method when the

: lemgth~to-diameter ratio of the comductor is 2020, the difference rising
to 2% when the ratio falls to 100, Figure F.8.3.1.1, which is due to
Shell&:uno:f‘f'(1 ) s relates self rcactance and resistance to rod length,

For cylind.rical antennas the. characteristic impedance, Ké’ of a

monopole above a pérfectly conducting plane is given by the expression(.1 ):

D ) (8e3e101)e

Ka = 60 ( loge o

where h

it

the length of the monopole = A4
a = radius of the conductor = 0,0025 A,

Thus h/a = 100 and K =258 chms, |
_ When using fig, F 8.3.1,%. it must be remcmbered that for a verti-
cal monoplole ‘over a perfectly conducting ground the value of the ordinates
must be halved,

From £igiF8, 3.1;1 the input impedance Zin of a 0i25 )\ vertical
rod whent b/d = 100 is given by: .

Z,o=M w521 (8.3.1.2)s

From fige F. 843,141 it is seen that, to moke ﬁin purely resistive, the
length must be reduced to 0,236 M approx, At this length the input resis-
tance R, = 33 ohms, '

in

A slab of 2-: bross is used os a bedplate, It is drilled and-tapped
to receive the threaded end of the 0,236 M adjustable length rod.( Mg,
F. 843.0.2.) A second hole reccives the co-axial adaptor and a third hole
allows the polystyrene rod to pass frecly through the plate, Adjustment
of the Imurled' nut causes the polystyrene rod (and hence the shorting bar)
to move up and down, The short rod is, cffectively, an extension of the
inner conductor of the co~axial feeder. Thus by tapping the correct impe-
dance point of the mesonant "A/4" line, an impedance match is achieved which
makes accurate readjustments possible, A range of short rods of varying
lengths is made available so that the length exbehding beyond the shorting
bar can be kept reasonably short, so that the reactance, coupled in from

this sourcc,is minimised.
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The brass slab is mounfed securely on the mctal earth plane,
The arraongement provides:
(2) Rod length variation
and (b) Adjustable matching of the fceder impedsmee to the input
impedance of the array,(Sec Fige Fe 843:0.2).

8e¢3.2. The parasitic elements.

As these elements arc not grounded they must first be treated
as short-circuited free-space dipoles of total length 2 1 cqual to
approxifiately 0,5 A, According to Shelkunoff<1) the characteristic

impedance Ka. for this casec is given by the equation:

K, =120 (log, = -1) (8.30241)
E 025 X _ 4105

Since = 00025 * = 10(}
Ka = 516,

For the simple case of one reflector vlement and ome dircctor
element Vlulkinshaw(z) showed (sece Fig, F. 7.1 +2) that at o spacing of,
say, 0,2 N the reflector sclf rcoctance should be about + 10 ohms -and (1)
the director sclf reactonce should be about = 60 ohms, From Fig,F.8¢3.1.
it will be seen that, in the case of the reflector, h will need to be
0,238 A and, in the case of the director, h will need to be 0,217 As
Thus the length of the reflector will be of the order of 04476 N and
the len%-th of the dlrector will be about 0.434 A, TFron the work of

09 Reld(s) and Walkinshow I)Q‘vimwﬁ in Chapter 7, it is expec~

ted that as the number of directors is increased the optimum spacing

Spector

will also incréase and element lengths will need to decrease accordingly.
The paraéitic clement lengths con be voried, as in the case of
the "driven" element, by o micrometer screw adjustment of the slug.
(Fige F8.3.0,1),
Elements are mounted on polystyrenc bases, (Fige Fo8.3.0.2).
The other end of the base is tapped to reccive a 2 BA bolt with a
butterfly head. With the aid of a large washer on either side of the
ground plane the bases are conveniently clomped over the groove thot
runs down the line of the array in the aluminium ground plane, The
spacing is easily adjusted from underneath the ground plane,

. The extroa copacitance due to the relative permittivity of
polystyrene (2.4 to 2,9) will reduce the clectrical length of the
¢lements but the effect will not be apprccn.able.
8e3.3 The Receiver, ;

The small receiving loop aerial is mounted as in fig, F, 8. 3. 3.1

and the radio frequency current is rectified by a C G&G sermonium diode.

The direct-currcnt output is fed, via a twin lcad, to a O~100 micro—

armeter located near the tremsmitter for convenicncc. (Fig.Fe8,3e3.2).
The twin lead is brought down the wooden mast and will produce

no noticeable effect on the antenns performonce,
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Control cabin : Scale model antenna, showing 4-director design on test.
Lower left : 243 Mc/s transmitter. Above it, and to the right, is
received signal strength indicator.

Ficure I 8.3.3.2.




-8.8-

TYE RECEIVING LOOP : SCALE MCDEL ANTENNA

Figure F 8.3.3.1.
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The mast (Fige F.8,3.3. 3) carrics the receiving loop round the
cncumfercnce of o circle ofradius 6} A, centrecl on the base of the
rad:.at:.ng clement, Thus the radiation at any angle fron 0° to 90 can be
measured, (The angle ia conveniently measured by means of a transit )
level with its pivot in line with the pivot of the mast),

The micro-armeter reedings have to be interpreted in terms of
eela Iy generated in the loop, Calibration presents grave problems as it
is difficult to inject a measu:neci voltoge at 243 Mc/s into the receiver,
Calculation of the impressed voltage appears to be virtually impossible -
because of the many variables in the circuit and so it is necessary to -
produce a circuit which will behave,at say, 150 Ke¢/s in a similar manner
to the behaviour of the original 01rcu:|.t at 243 Mc/s, The same ru.cro-
armeter and detector as before nmust be used but the capacitor valus: is
a.dausted s0 that the relationship between time constant and perlod:\.c time
remains the same for both cases, At a frequcﬁcy of $50 Ke/s it 1s a
simple matter to feecd voltages of the order of F volt fram an oscillator
and tc measure the peds accurately, This results in the calibration curve
of fig, F..B. 34 344 which is accurate cnough for comparisons between one
array and another,

The tension in the main stays that 1ift the mast is produced by
a hand—-operated winch in which the gear ratio is so high that the mast

noves extremely slowly, moking accurate measurements possible,

8¢3+s4 The ground planc,

A ground plane of aluminium sheet is preferred, on cost considera=
fions s to one of copper even though- the resistivity is 1,64 times that of
copioer.

The "depth of penetration", d, i.,e. the depth at which the electric
flcld strengbh of the wave, incident upon the sheet, w:Lll have fallen to
o value 1 (:1..e. 36,8%) of its surface value, is given by equation 6416

of Appendn.x A ag:
d = 1 1. . (8- 30#01 )

T"F';T)

For aluninium o, the conductivity, is 3¢5k x 10! mho/t .
o p= O_L;.ﬂx 1O7Henzjys/m.
£=93x 106 c/s
d 4s :.n metres,
For this case d = 5,43 x 10°
| = 005k reme
The cawmon 16 8@ aluminium sheeting is suitoble for the purposes
To minimise errors in the receiver, due to capacitance between
the growd plone ond the receiving loop at low angles, the ground plone
extends only to a poiant 1% A from the recéiving loop wheh the latter is at
0% to the horizontal. This elso ensures that the surface wave reaching the

netres

“loop is negligible,
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The ground plane must be as flat as possible because undulations
are likely to distort the image of the antenna and produce a falsely
shaped polar diagram. For this rcason peles of good rigidity are used
to support the ground plonc. (Sec Fige FoB8e3e3¢3)e

4 sliding groove for adjusting the spacing of directors con be
seen in figures F,8,3.0,2 and F. 8e34342, It extends for about 2 N from
the roflector clement,

Further to the discussion in section 6, 3.4, on the effect ground
constants have on the polar diagram, the question now arises: will an
aluminium sheet ground plane behave as a perfectly conducting ground at
243 Mc/ s? This is answered by performing the same calculations in res~
pact of alumirium as were done for sea water, soil,and a wire grid in
section 6,3,4.1 which led to the polar diagrams for a vertical,grounded,
Ml monopele in fige F.6.3,4.1.3. In this case:

My = B, = b7 x 15 Henrys/metre,

7

o, 3,54 x 10" mho/metre,

Fron [s1¢) 0 (603-40109)
2. =% 2 L .
2 ('é—o:é—)z (1+3)

Z, ot 23 Me/s

=5.2x15° (1 + 3) (8.34442)
4B 02 in metal may be taken as zero(5 ) , the field impedance of
the metal , Zq (=2, cos 92) from eqn 6.3.4:1.5, is cqual to the
intrinsic impedence, 2‘2 , the modulus of which is 1.42 x 5,2 x 153 ohms,
Fran eqns (6e3ekat1.3)}
Lo, =B, cos @ = 377 cos © (8430k4e3)

Thus a wave incident at an angle 91 cn the metal sheet may be
considered as travelling down o transmission line of characteristic
impedance (377 ccs Q ) chms, This encounters 2 termination of i.ped.nce
(7ol x 103 angle l+5o) chms, The reflected wave is a minimum when

377 cos @, = Taky x 15

i,c. when cos 61 = 1,96 x 165

Thus the pseudo Brewster angle has o value between 89o 59' and 900. At
this value of @, the phase angle of the reflection coefficient (R ) is,
as is always the casg, 5 equal to 900 For values of 91 less thon the
pseudo Brewster angle the phase angle of R may be taken as zero and for
values og G lying between thc pseudo Brewster angle and 90 the phase
angle chanrres rapidly from 90 to 180

The magnitude of R is given,from cquoticns 6e3elalela/3/5508

377 cos 6, -52><105-35.2><103

377 cos 01 4 5.2 % 103 + J 5e2 x 10'3
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 Thus @ R =1 [__ for a1 values ofofrono to a value
almost equal to the pscudo Brewster angle,at which angle, soy 89° 59%
it cquals 0,42 UO and thcn n.t changos rapidly,becoming 1 Z__BO isce=t,
at 9 = 90 .
The polar cln.ar'zun for an antenna situated ‘above such a reflee-
ting plane is therefore emcctecl to be the some as for an antenna above

o plane of :Lnf:m:.tc conductlva.ty except for angles of elevat:.on less

then one minute,

8.3.5,0 Tests with the scale model,

- In oonducting these tests the following precautions are necessary:
a) The availcble power from the tronsmitter must remoin constant throughe
out the tests. Frequent checks must,therefore, be made on tank circuit

tuning, P,A.drive, and the mains supply voltarei

b) The antema motching nust always be optimum and the load presented
to the transmitter must clwoys be resistive, Z4djustments, to achieve
this objective, arc therefore lezion and nwust be mode with great accwracy.

c) The modcl must be sited in open country at least 40M fran reflecting
objects., Objeots noving ncar the model can cause signifi‘ca.nf ‘changes
in the received field, Therefore s &8 will be seen in Fig, Fe843.3.2,
the scale model is operated from a cabin below the metal reflecting
‘plancs The adjustment of the metch between co=axial feeder. and the
AL radiating element is cffec%.ed by tuwming the knurled Knob (seen
more clearly in the cloéd;up w}icw', fige FiBi3i0.2)4 The“received signal
is indieated in the largc micro-armetcr seen directly helcm the reflec~
tor clement in fig, Fe8.3e3.2, ' '

8.3.5¢1 Test with M rod alone,
Vhen the rod length is varied by small amomts using the micro-

neter type adjustment on the slug, being careful to check for optimm
natching conditions each timc the length is varied, the resmant length
is found, It was forccast,in scction 8.3.1,that the length of a My
nonopole above & conducting plane is expected to be 0,236 A, In the
experiment the length was found to be 0,244 Ae The small difference
in length is doubtless due to the fact that it is necessary to neutre-
" lize the soall reactance coupled in by the matching device. (8ce Fig,
F, 8.3.0.2)e Various sizes of stub rod are provided to keep the

length protruding beyond the shorting slider to a minimum, = The
resonant length of the V& rod will vary slightly according to the
length of this protrusion,

The meosurcrents token when the receiving loop is moved through

angles of A fron 0° to 90O are given in Appendix G, If these points are
plotted end o amoeth curve drawn throu‘_,h thelr nean values,owrve *x®

Figwe F, 8-).5. .1, is obtained,
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In section 8,3.4 it was concluded that even at 243 Mc/s the
aluninium ground plaﬁe would behave as if it were a reflectox of

perfect conductivity for o}l values of A greater than about 1 minute,

However, in fige Fo8.3.5.1.1, this is clearly nct the case and there

is a serious disparity between curve "a" of £igeFe6e3elede3 and curve "x"

of fige Fo 8u3s5e1et. Curve "y" is the shape of curve cxpccted. It

appears that the aluminiun sheet at 243 Mc/s is,after all, not behaving

as a plaone of almost perfect cenductivity but rother is behaving much as

sea water does in the H,F,band, (Scc Fige F.6e3elrete3)s The explanation
probably lies in the fact that the conductivity assumed for aluminium is
the conductivity between coppositce faces of o metre cube of maoterial,

It was shown in section 8,3.4 that at 243 Mc/s a skin only 0,0054% m.m,

thick carries 63,2% of the current induced by the incident wave. Of the

same order of magnitude as that skin is the thin oxide coating with
which aluminium always is protected  agoinst further oxidation, Thus,
at very high frcquencies sheet aluminium and copper behave as though
they possess much less conductivity thom at low frequencies because of the
oxide coating,

In the scale model tests,therefore,from about A = 15o to about

A = 1° the field strength will be much loss thon if the some test had

occured at, say, 21 Mc/s, The scale model polor dlsgreps,unlass oorrected,

will not depict accurately what will occur at 21 Mg/s for values of A

below about 20°, Corrected they will give o fairly accurate rcpresentas-

tion of the polor diagram for volues of A from o° to 90O in addition to
the primary fuction of the scale model, which is to provide a monageable
meons of optimising the clement lengths and spacings of a series of
multiple~dircctor parasitic arrays,

8e3e502 Tost with ML rod plus parasitic clements,

a) The parasitic reflactor is now set up ‘and the length is mode
equal to the value calculated in section 8.3.2, ise 0476 X spaced
0.2 A behind the radiator, ¥When the driven clement length and matching,
as well as reflector length and spacing,arc adjusted and me-odjusted

nany times to give moximum received signal at a small value of 4,1t
is found that the optimum length of the reflector is 0,476 M (identical
to the calculated volue) but the optimum spacing is 6,233 A,

it A = 85° the gain over the single Mk rode

(1—;(9%)2 = 1,84 = 2,6 ab,

If the reflector reduces the backward radiation to zero it must
produce a 2: 1, i,c, 3 db, change in the forward rediation, This
rcflector has achicved this objecctive to the extent that may reagona-
bly be expected of o single element in practice. It is probably no¥

worth making & more complicated reflcctor for the purpose of obtaining
sone of the remaining O, 36 db gain,



POLAR DIAGRAMS, A/l VERTICAL MONOFOIE.

Curve "x" : Measured polar diagram at 2.3 Mc/s over

an aluminium reflecting plene.

Curve “y" : Polar diagrem expected for a perfectly
conducting ground plene.
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b) A director is now added to the reflector and driven element cambination,

Where must it be placed and how long should it be ? Walkinshaw's (2)
caloulation, summarised in figure F 7,1,2,, indicates maximum gain for

0.1 N specing when X==10 chms, i,e,element length ( fig. 8.3.1.1.)equal
to O,46M; or at 0,15\ spacing when X = -30 chms, i,e,element length
equal to 0,452 \; or et 0,2\ spacing when X = 60 ohms, i,e, element
length equal to 0,434 A, In section 7.2 it was pointed out that

(209) has shown that the shorter the director length the narrower
the beam but the shorter the director length the worse the launching

efficiency of the antenna, The optimum exists as a ocompromise between

Spector

these two opposing trends and is found experimentally,

Commencing with a director-to-driven element spacing of 0,2 A\
and director length equal to 0,434 A the director length and spacing,
the driven element length and matching, and the reflector length and
spacing, are adjusted, and re~adjusted meny times, until maximum
signal is induced in the receiving loop for a low value of A, This -
yields design B in figure F 8,3.5.2.1,

By repeating the same process each time another director is
oadded, 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 valusble dooument; (&) because of the amount of
work neeessary for its compilation and (b) because of the amount of
information summerised therein, The test results are summarised in
Appendix C,

It will be noted that:-

a) The greater the length of the array the shorter is the last director,
This is experimental eonfirmetion of Spector's( 209 )theory that good
launching efficiency is achieved in a long array and that in this case
a short finel director will achieve a bigger aperture, and hence a
narrower beam ( higher gain), than a long final director, (Sect,7,2.)

b) Each additional 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., ( Equetion 7.3.13. refers),

Figure F 7.2,2, shows, as would be expected, that, for a

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 will 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 penestration in
aluminium at 24,3 Mc/s is so very small that the oxide coating is forced
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to carry an appreciable proportion of the current ond ot very high fre-
quencies it appears that the reflection properties of alun:\.nitm are
similar to those of sea water at hiph frequencies,

8+3e5¢3.1 Scale model polar diagrems,

' As shomn in fige Fo 8,343.3, the receiving loop is made “to ro-
tate at a radius of 6,5 A from the base of the driven elemcnt in order
to indicate the field strength at various o.ngles of elevation fram 0° to
90°. Strictly speaking, as the radiating aperture is ot the last director
of the array the rotatien should take place about the mid-point of the
aperture (scc socticon 7.2) but this is experimentslly inconvenient, If
the distance to the reoceiver is long compared with the length of the
arroy, négligible error is introduced by rotating about the base of the
driven element, 4 rodius such os is uséd’in the model (6,5 A) is accep-
table because, élthough a certain amount of error will be :.ntroduced,
the error is scen to be of no consequence ainos the wrime
purpose of the model is to preduce optimun values for element lmﬂth and
spacing.,. The polar diagroms obtained will be fairly scourate, '
nq‘hvithstanding the errors indicated above, ad will serve the uscful
purposc of indicating roughly what sort of‘ pattern to expect from a

given arrangement,

The measurcd vertical polar diagrams for the 4—-clement and
6=element arroys arc drawn os curves (1) and (2) respectively in fige.
Fu 8e365¢301e4s Multiplication of curves(1) er (2) by the ratio y/%
for .eaéh,corrcsponcling volue of A in fig,F, 8, 3.5.1.1,yiclds curves
(3) or (&) of fige Fo 8e3e5¢3e1s1, OCurves (3) and (4) represent the
derived polar diagrams, for a perfectly cond\icting rcfléction" plene,
of a Y-dircctor array and 6-dircctor array as per'Table Te8e3e543¢161

below: \
Mcasured Measured y/x Derived Derived
(nv) 1(av) from iy, (nv) (nv)
A° bedircctor | é-director F.8,3.5.1.4| #-dircctor| 6-dircctor
Axroy, Array. +Oe3i5e1, infinite ol infinite a
0 173 195 1.51 261 295
2 186 212 1.37 255 291
L 15, 218 1.27 2,6 278
6 205 227 1.17 * 240 266
8 208 230 1,10 1229 253
10 210 226 1,07 225 242
12 - 205 212 1.05 215 223
1 197 198 1.05 207 208
16 186 182 1.0 194 189
20 166 142 1.03 171 146
25 115 65 1,03 118 67
30 95 0 1.03 98 0
40 43 O 1,06 48 0
45-90 0 0 1.06 0 0

TABLE T,08,3:5¢3¢1.1
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By multiplying cach of the curves "2* and "," far infinite cenduo-
tivity by the ratio b/a, o/a, d/a, ¢/a,f/a for various values of A
in fig F. 6,3.4e143 the polar diagrams for the L-direéfcoi‘ or 6~dircec~
tor arrays over sea water, heavy clay soil, and grotings of 12% SiiG
copper wire at 15", 12" and 73" centres, called type "d","c",and "f"
respectively, con be found for & frequency of 21.47 Mo/s. (N.B. the
wires in the grating are pointing in the direction of the distant
station), _

In Table Ty 8e3s503+1.2 the cxpected polar diagrams of a 4=
director and a 6-dirccter axray, over a 12" grating, arc derived for
21,47 Mc/s from Toble Tu 84305.3.1s1 ond curves (a) and {e) wf Pig,

Fo 6o 3ulrels 3. The derived polar diagrams appear in fn.g.F Be3e5e - 3.1 1
as chrves (5) and (6) respectively,

Derived (mV) for _ | e/a fram Derived (mV) 123 SilG

A infinite ¢ fram - figure copper wira grat:mg at
Toble TeB8e 3s5s3s1s1 Fob6.3.4e1.3 | 12" centres ot 21.47 Me/s.
- hedirector]b=director. - h=director | 6=director,
0 261 - 295 0 o 0
2 255 291 o) : o _. 0
4 2.6 278 »10 25 ik 28
6 240 266 .72 173 192
8 229 253 78 - 179 197
10 225 22 ‘ .81 185 196
12 215 223 .83 179 185
1l 207 208 86 178 - | 179
16 194 189 .87 .} 169 164
20 171 146 : .90 184 - - 131
25 118 67 . | .92 105 62
30 98 o} o9k 92 o
40 48 0 | W97 47 0
45-90 0 "0 1.00 0 0

TABLE T. 85 ; '1 ,
It should be noted that although t}nscalc tests 3.ndicate that the

direcction (8 ) when used above a- gra.tlng of 12—— SWG coppcr wires spa~
ced at 12" centies, o ground of infinite conduct:.v:l.ty would produec
(from table T.8,3.5.34142) an improvement of 20 log %;—  4e2 db at

this angle,  Similarly, the usc of a spaclng of 73" wowld( fram fig,
‘Fo6e3ebele 3, Produce an improvement at 8% of 1,5 db campared with the
12" spacing., There is, of cowrse, an cconomical limit to the small-
ness of the spacing but this limit connot eaz;.;:\.ly be defined because
it will depend, among other things, on the availability of scrap
copper wire,
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In & receiving antenna the main requirement is high signad-to-
noise ratig and it is therefore advantageous to0 have a maximum at 8°
(the oxpected wave arrival angle) with 2 ropid deorcase in sensitivity
for values of A below 8° as well as for values above 8° so that there
is discrimination, not only agoinst noise and other unwanted cnergy
caming in at high angles (see Chapter 4), but also against interference
coming in ot angles below 8%, A 6-director design, with a grating of
spacing 12" or less would appear to be suitable, for use on the Londin-
Salisbury cirouit,

The horizontel polar diagram of the h4-director design has been
measured but it is of minor importance, DBecause the recoived signal
at 24,3 Mc/s is so greatly affected by the height above ground of the
reoeiving -loop,the results arc not reliable as the cxperimental errars

arc great,

843e54302 Scale model relative gains,

In fig. F. 843.5:2,1 the gain of each of thc designs A to G has
been inserted. As thcese are taken fram the unadjusted, scale-modcl
polar diagrams the figurcs should not be taken too seriously, It will
bc observed, for instance, that the 6-director design is quoted as
becing 0.8 db morc scnsitive at 8° than the 4-director design is at 9. 5°,
In Bable T.8,3¢5¢3.1.42 it will be observed that when these designs ore
used over a perfectly conducting ground the difference in moximum sen-
sitivity (i.e. at 0°) is 1,06 db and when uscd above a grating of 12
SWG copper wires pointing in the dircction of the distant station and

spaced ot 12" centres (type "e") the scnsitivity of thc 6-director
design at 8° (max) is only 0,54 db better than that of the Lf-dircctor
dcsign ot 10%(max). The gain figures in fig, F, 8.3.5.2.1 have boen
inscrted meialy to show how ecch ~dditioral element ~ffects the gain,
~and hence, the relative sharpening of the bsam,
8,3¢5903.3 Review of Chapter 8.
By mecans of the scale model and using the theory of parasitic ac-

tion developed in Chapter 7, coupled with the theory of reflecting sur-
faces developed in Chapter 6,various optimised designs have bcen produced,
Two of the designs have been taken (the L-director design and the 6-dircoe
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 certain reflecting plane
made of a grating of copper wircs laid on top of a heavy clay soil, The
accuracy of the prcdictions must now be tested by measuring the polar
diagram of onc of the designs at 21,47 Mc/s.

Within rather narrow limits any desired value of A can be achievéd.
by a suitable combination of ground planc and nuuber of direotors.
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9.0,1 Rcason for construction of the test array,

Before use con be mode of the designs derived from the
V.H.F, scale model, and summarised in figure F,8,3.5.2,1, at commmication

frequencies, it is nccessary to bulld a fullescalc arrsy and test it (a)
to sec if thc dimensions given in figure F.8,3,5.2,1 arc, in fact,optimum
and (b) to sce if the measured polar disgram bears any roscmblance to the
derived polor diagram of figure F 8s3u5.3¢1e1s Tho test array will bepoin-
ted et o 260 ft.most in Salisbury which affords a convenient means of
clevating a "tronsmitter" ( a battery-driven signol generator will provide
adequate rodiated power) so that the polar diagram can bc measurcd,
Bearing in mind the limitations placed on arca,the cconauics of the matter,
and the greater ease with which a fairly small array can be checked, the
four-director design is chosen as the test array.
9.1 Desim of clement dimensions for 21,47 M&/s.

The lengths of the elements and their respective spacings are made
in accordance with the dimensions lsid down in Fig, Fu8.3.5.2.1 (E).
The wavelength, A , is given by the well-known relationship:

A= —2&“:— (90101).

f
where £ is in Mc/s.-
When £ = 24,47 then A = 45,83 £,
In the scalc model at 243 Me/s, ;:" (0,005 \) diameter rod wos

n
chosen becausc it was known that 2)% (0,005 A) diomcter tubing was avai-

loble in large quantitics for the 21,47 Mc/s antenna,
A dry wooden block, turned to fit snugly into the copper tube,
and mounted an an 18® ongle iron picket, forms a convenicent method of

insulating and supporting cach clcment for the test.

%92 Matching arrangements.
It is necessary to motchthe impedonce of the "driven" clement to

that of the co-axial feeder line, The term "driven" element should only
be applicd to a transmitting ontenna but it is so widely used to designate
the element which is coupled to the feeder that, although this is a reeei-
ving antcnna, this element will be referred to as the "driven clement”,

It is impractical to use the same matching method which geave such good
results in the scale model, Insteal it is necessary to use the arrange-
ment shown in figures F,9,2,1 and F.9,2,2 in which the anteona and co-
axial feeder are each motched to the tuned circuit.



THE 4L -DIRECTOR TEST ARRAY LT 24,47 Mc/s.

9.0 SUMMLRY OF THIS CHAPTER,
The validity of thc scale model design figures and the derdived
polar diagrams are tested by measuring the performence, at 21,47 Mc/s,

of & h=director array constructed in accordanecc with the dimcnsions obee
tained from the scalc model cxperiments, As a ground plane a grid of
copper wircs at 12" gpacing is ladd on & heavy clay soil,

The predicted polar diagrem {curve 5 of fig. Fe8,345¢3s1.1)
and the measured polar diogrom { fig. Fu9. 6,2), ore in good agrecment,
the moxima occuring at A = 10° and A = 95° respectively. Aspects in
which they differ are discussed in the text. The horizontal polar
diagram has been plotted.

A frequengy run on the antenna shows a maximum response at the
design frequency.

The spacing between elements is varied in an attempt to ine-
crecase the gain of the array but it is not found possible to improve
on the diagram obtained from the scale model experiment.

The goin of the array, relative to a ML vertical grounded
monopole, is mcasured.

It is concluded that the design dimensions con be accepted as
optimumn,
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9¢3 The earth maot,
In figurc Fe843¢5e3.1,1 the derived polar diagrom for a 4=
dircctor array is in respect of a reflceting plane which consists of

a grating of 12 SWG copper wires, laid, under tension, in tho diroc-
tion of the distant station, at 12" centres, over a heavy clay soil
assuning an operating froquency of 21,47 Mc/s. The grating to be used
for the test array must be the some, In order to maintaim the wires
at the correct distence apart,oross=-comnecting wircs are soldered .

to the main grating at 24" centres,

These will have negligible effect on the refloction properties
of thc grating but will moke for gook mechonical stobility. The eerth
mot is efficiently earthed at the base of the radiating element, The
grating is 4N long by A/2 across.

9¢4% The Transmitter,

A battery-driven Marconi signal generator figeF. 9.4.1,is
coupled to a short vertical antemna acting, virtually, as a point sour-
cé, The ensemble is suspended from a halyard which passes over a
pulley on thﬁ—: boam so that the transmitter may be moved uwp ond down,
nearly a wavelength from the vertical position of the mast, as in
fige P, 94442, The genecrator frequency and power output will ramodin
substantially constamt throughout the test,

’

9.5 The Recciver,
This is an Eddgstence Camunications Receiver with a signal
strength meter in the A.V,C. circuit. By injecting a known signal,
from a signal generator, into the acrial input of the rccciver and,
at the same time, noting the readings of the signal strength meter,

the reeciver is calibreted, The calibration curve is given in figure

. Fo 94541 ond is used to translate set readings to sipgnal input in uv,

946 The tests on the L=director orray,

The following tests are now made and the numerical results

appear in Appendix C:

(a) With the antemna located 5N away from the 260 ft.mast(sec fig.
'F.9.442) the reccived signal is noted when the tronsmitter is
clevated to various angles betwecn 0%nd l..Oo. The angles arc
measurcd with a transit level,fig. F. 9 6ol

(b) The tests are repeated with the antenna rcemoved to o distance
of approximatcly 10 A from the 260 ft.mast so that now, for the
same angle, the trensmittor is highor up the mast thon in (a).

. Angles arc limited to the range 6° to 20° approximately,but,
over this range, the results bear the same relationship to cach
other as these in (a) thus proving that in (a) the ground
reflections near the signal generatdr did not materially influen—
cc the results. Also the fact that the transmitter moves verti-
eally, and not ocn 2 10 A radius centred on the array, will have
ncgligikle effect,



The 21.47 Mc/s Test Transmitter.

Figure F Q.41
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The 21.47 Mc/s, 4-Director Test Array

Figure F 9.6.1.
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- The neasured polar diagran for A= ~ 40° is shown in fig. T,

94642, The sensitivity at 40° is so sma.ll that it is not Aifficult to

rroject the curve for values of A from l..O to 90 - There is a rensrk-

able sm:.lmty between the measured polar chagram of fegure F, 9,6,2

end that which was predicted (curve 5 of figure E;8.3.5.3.1.1)¢ The

maxina oceur at A = 95° and A =:1o° respectively in the two polar dia=
grons, ' :

At higher values of A the measured pola.r diagram fallsaway to -

zere sl:.ghtl,y more rapidly then predicted, At low values of A the sur—
face wave masks the space wave, producing a larpe signal at A = 0°,

The surface wave field strongth clé?crcases' eﬁcponentially in the upword
direcction and is negligible for valués of A nrres.ter thon a couple of
degrecs according to Williams (7, pages 16 and 367-369).- At high
frequencics the surface wawe is attenuated to mgh.@.'bla strapgth in a
relatively short distance that portion of the measured polar diagron in
figure F, 9,6,2 below A = 3° should therefore be disregorded, The beam
width (to the half power points) is 207 degrees measurcd and 21 degroes
predicted,

(c) The frequency of the transmitter is now varied above and below the
design frequency with reoceiver tuning following it and the received
simal is noted. It is observed that the half power points occur
at 18,47 Mc/s and 23,97 NMe/s (a little lower than expected) and it
is noted with pleasure thot moximun received signal ocours at 21,47
Mc/s, Clearly this is not a wide bond ontenna, Its tuning range
is only cbout ¥ 2,5 Me/s., In a point-to-point installation cach
working frequency will require its om antenna but this is not as

areat a disadvantoge as one might at first imagine.

(4)  The horizontal polar dicgrom is obtained by moving the transmitter
around on an accurately controlled radius of 1,09 A, This distance
should be larger for accurate results but practical limitations moke
it mndesirable to use a greater radius, - The measured horizontal
polar diagram is given in figure F. 9,6.3. The fluctations are
doubtless due to the cxperimental errors and a fairly accurate
representation would prokably be given by a smooth cunrve drawn
through the fluctuations, The beam width (to the half power poi.nts)
is 34°.

(e) i comparison is now made between the field strength rcceived by the
array and that rcceived by a single M4 rod when the tronsmitter is
clevated to A = 9°. The difforence in signal strength (11,7 db) is
3 db higher than was obtained in a similar compoarison in the V.H.F,
scale model probably due to misnotch in the full scale test betwoen

the single rod and the feeder,

£
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. CHAPTER 10.

THE 6~DIRECTOR DESIGN,

10, O SUMMARY OF THIS CHLFTER,
It having been decided that a 6~director design promises to

produce satisfactory sensitivity at A = 80, the polar diagrams are
derived for this arrey on gratings of copper wirc spaced at 15",12"

and 75" centres laid on a heavy clay soil (Fig,F 10.2.1.1). The signal
gain is cstimated and the "“worst-condition signal-to-moise ratio" is
calculatced for cach of the three types of reflecting ground plane
(Toble T 10.24341/2). '

As a check on these calculations tests have been conducted in
which (2) the performance of the 6-director design, using a ground plane
of copper wire, spaced at 12" centres, is tcsted against that of a /2
dipole at various heights and (b) the performance of the 6é-director
design, using a ground plane of copper wires spaccd at 15" centres,is
tested agoinst that of the Test Rhoambic antenna,

The tests having confirmed the reliobility of the calculations,
the proctical design is given for a double 6~director array as
" a short-wuve receiwdnp mntemna for use in highenioise areas on long-
distonce circuits" §
with particular reference to the London-Salisbury circuit at noon in
Septerber, 1966, The optimum reflecting plane is specified, the
vertical polar diagrem is given, and the signal~to-noise ratios, at
various wave arrivol angles for the incaming noise, are calculated in
respect of the sizx-director array and the Test Bhombic entenna,(Teble
Te1043s2s 1/2). The "worst-condition signal-to-noise ratio® of the
6~dircctor array is calculated to be better than that of the Test
Rhorbic by 2,3 db (for distant storms) and 3,0 db (for locol storms),
the improvement being sreat (411 db or more) when the noise wave arrival
angle excceds ,0°%

It is concluded that, during periods when heavy electrical
gtorms are numcrous, the signal~to-noisc ratio of the suggested design
is likely to bc better thag that of the Tost Rhopbics
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10401 General, S :
In Cha.pter 2 the expected median wave a.rr:.val angle, in the ‘

London/Selisbury circuit at 21,47 Mc/s, was derived as 8%, It ha.v:mg |
been decided that a 6-dircctor design with a suiteble reflect:.ng plane
should be a satisfactory antenna for receiving at th:Ls a.ngle_ » it is now ”
necessary to test it against other antennae of knowm ct;;}aebeﬁstics
and to moke such other tests a8 arce necessary before f:.na.hzmg the
design.

10, 1.0 Preliminory tests, .
These aro sonducted ,for conven:.ence, over thc samc type -3

grating used for the tests conducted on the l;,-d:n.rector dcs:.gn descr:x.bed
in Chopter 9,

10, 141 Comparison with A/2 dipole,
- The 6w director array is set wp temporarily to receive the
. B,BuCs’ 21 7 Mc/s tranamission and its output is fed to a ccmmxm:.cat:.cns
receiver C, R.88. In addition a N2 horlz.ontal dipole is constructed.
at o height of 1); then Q5N,ond 0,25A, By the operation of a clmange-ovor

switch either the array or the dipole con be connected. to the receiver

thus facilitating a comparison between the two.

It is necessazy to conduct listening tests in arder to look
int'o some aspects that arc not. reflected in simple level measurcments.
A group of hsteners noted that (a) when the received level from the
array was -of the sane order as the dipole ot the height of 1 A there
was a .r_xot:.c_aahle improyement in the quality of the speech or music when
the array was in use, :The reasonfaorthis is that when H = A (see section
6.341) the lobe maxima. ocour ot A = 15° and A = 50°% It will rospand
more or less equally to cnergy arriving at A = 8 having ta.ken 3 hops
to roach Salisbury), that arriving at A = 60° (having teken 20 hops to
cover the same distance); A = 45° (having taken 13 hops), A = 22° (having
token 6 hops). It will respond with greater sé,nsitivity to cnergy cauing
in at & = 13° (having token 4 hops)y & = 18° (having token 5 hops) and
A = 50° (having taken 15 hops), As all these component.s differ in time
rhase, their cmbmecl cffect is bound to result in senous d.:Lstortion.
The abscnce of high angle lobes in the case of the array reduces the
amount of interfercnce ond distortion, {b) Strong adjocent channel inw-
terfercnce received} on the dipole from an widentified stotion was hard-
ly audible on the array, Preswably the trensmission from this station
was coming in on a fairly high angle, = . . )

10,1.2 Effect of nearby arrays, ‘ ' '

" The 6~director test azrqy wos f‘ound to. be v:.rtually wnaffected
by the presence of another similar a.rro.y prov:Lded the distence betwocn
the two a.rra.ys is greatcr than hdf a wavelmgth. ’
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and then deriving the diegram appmp;iato to the behaviour of a particular
ground plane at the operating frequency, Chopter 9 showed that
the nmeasured polar diagram of a 4=director design has confimed that the
derived diagran for a type "e" grating is reliable. It is proposed now
80 proceed to derive the polar diapgrams for the 6-director design for
a reflecting planc of heavy elay soil covered by a grating type "a" and
"f', The gadm at A = 8° will also be derived for these gratings,

It will then be possidble , with the information obtained in
Chapter 4 on noise field strengths arriving at various values of A re-
sulting from @istont and local storms, to calculate the signal=townoise

ratio for a 6-director design used with grotings “a", "e" cnd "f",

10, 2.1 Six-director desipm: Derivation of Polar Diagram.

The polar diagrem for the array over o type "e" grating on heavy
clay soil has been derived in section 8,345.3.1 and appeaxrs as curve "6"
in fige Fo 8e345.301. 1
; Meke | the some assumptions, that is, that the scil is a heavy
clay in which fhe earth constants may be ta.ken(l") as -

s=1380

c=kh x"!a} who/metre,
and that on this soil is laid o groting of the type investigated
theoretically in section 6,3.4e1 in which the 125 SWG wires, lying paral-
lel to one anocther and in the direction of the distont station, spaced
at 15" (0,273 A),12" (6, 218 N\),and 75 0,136 A) centres are reforred
to as grotings "a","e" and "f" respecively, yielding curves "d","e" and
MEM in fige P 6u3ebiets3e

.In Toble T, 10120441 below,the values for Bt ngM et UEM are
cbtatned from fige F.6e3.4.1.3 and those of curve "4" from fig.
F, 8¢34503. %442 - The va.iues of "x}"y" and "z" represent the derived
vertical i)olar diagroms of the 6=director design over gratings type
Mam, g* and "f" respectively and-arc plotted in fige Fo 10e2.1.1s

For convenience figurce P,6.3.4+1e3 and Fo8,3¢5¢3e1.1 are
repeated as pages 10,4 (a) and 10,4 (b) as they are roquired for
the compilation of Table Te 10.2+1.1 on poge 10,4
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DERIVED VERTICAL POLAR DIAGRAMS AT 21,47 Mo/s.

Grounded vertical A/4 monopole on ¢

1o
2
3e
l!-o
5
6o

Ground of infinite conductivity (curve a) as in F 6,3,3.1.

Sea water curve b
Heavy clay soil curve c
Grid of 15" spacing on “3" curve d
Grid of 12" spacing on "3" ﬁmrve e
Grid of 73" spacing on “3* curve f

Fig. F 6-3-4-1-3

(Repeated here for convenience)
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10, 2.3 S;x-da.mctor des:.p:n. der:.vatlon of s:vzxal—to-no;se ratios.

(2) Distant Storns.

- The - sammlnﬂaﬁmswillmmdammsm&dthe G-diuotnr
axrroy os thosg appliad to ths test Rhombio sntentia in section _
Ye3e2.6, the H 4/4/1 Koamans an-ay, and the other types, dea.lt with in
sections 6, 3.1/2/3. As indiented in Chapter 2 the wanted signal is
assumed to be ceming in &t A = 87 at the median field strength of LuV/m;
Figure F, . buhe%e? sxmmansed the oaloulatlms performed in Chopter 4 -
to produce the noise fiecld strength ccm:mg in at vanm.\s values ot‘ b

&8 & result of distant storms,

By comparing the noisc field strength d:.stnb\rtlm (f‘ig.-
. lnln".ﬁ) with the antennavertioal polar d;agrams(fig,F.fO.Z.i.‘l)there
oo be celoulated, as described-in Chapters 3 ‘and 4, the signal-to-naisc -
ratio, for various valucs of A for the 6-d:.reotor design with the three
types of reflccting plane, As derived in Chapter 3 the powex fed to the.
reeciver by an antenna of G—A in the dlrectlon 2% to the horizantal due
to a wave of wavelength A , of stmngth EA W/ armvmg at an engle
4° to the honzontal, {assundng oarrect. mtching) is 6qua1 to ’

GA x %2 x Ei 2/zq;o watts.

If the noisec cnergy were to be a.rr:.v:.ng at a partlcular angle,
A ; then if the antemno gein at that angle is GA and thc noise field
strength = E pV/m, the noisc power: fed to the rcoeiver is equal to

G x A x EX 2/ 4730 watts

A a
ond the signal power fed to the receiver is equal to

G8 X ?\2 % uz X 1612/1..730 watts,
The s:uyml—»to—no:xse ratlo for noise coming in at the e vo.lue of A m‘.l;y

_ Signal power
Noise power

G- le o, x4 2
oL 5 =(—l—‘§—-—")or ( xE) or (za-xE)
'GA XEA A A A

as the case may be for the threc curves, X, y and z of fig, F. 10.2.1.1.
The resudts of this series of oslculations appear in Table
T 10s2¢3:1 below,

P,T.0.for Toble Te 10243, i,




T T [T [T
A noisa X3/*A ration 8/~ 5 ratio. 8/ “b ratio,

g V/m
8 .60 1,00 | bhats 1,00 NN 1400 NN
10 75 s 99 27.9 1401 29.0 1.04 3048
12 «80 1,00 25,0 105 2745 110 3C.2
14 1,05 1,03 15.5 1] 1.10 17.6 1416 19,5
16 1625 1407 1.7 1ol 1343 1621 15,0
18 1440 1412 10,2 1.20 11,8 1,29 13,6
20 1.65 |l 1418 8.2 1627 S5 1,38 _11.2
22 1480 1.25 7.7 1 1:36 9.1 1.6 10.5
2 2,10 1433 6.6 1450 8.2 1,60 1 93
26 2430 1447 6,5 1564 8o 1 1.77 9.5 -
28 | 260 || 1.61 | 6.1 1,78 745 1,95 9.0
30 2,85 177 | 6.2 1:96 7.6 2.15 9e 4
32 3.20 2,06 6.6 2,27 8.0 2,45 Yol
3 3450 2,50 8,2 2,70 %8 2,88 | 10,8
36 3475 31l 11,2 Zolihy 13h hel5 15.6
38 | L4.10 ]| 430 17.6 4. 80 21,9 5090 3341
L0 be 35 6465 37.5 7.26 NN 8.80 654 3
L2 4,60 o) ® o) o o Lo

TABLE T, 40,2, 3.1

It should be noted that the values of E A? the noise ficld strength
for various values of A, relote to particular stormay If, for example, o
storm is occuring beyond the horizon such that the noise energy is arriving
from the ionosphere at an angle of elevation b = 46° then the effective noise
field strength for a receiver of 10 ko/s bandwidth tmed to 21,47 Mc/s (sce
Chaptoxr 4) will have a median value of 1425 p V/m and, for a wanted signal
of strength 4p V/m arriving ot A = 8°, will produce & signal-to-uoise ratio
of 11.7, 134 3, and 15,0 in a 6-director design on types "d","e" ond "£%
grating respectively for the durstion of the lightning flash, If the next
flash ocecurs at such a distance as; for cxample, to moke-A = 12%he signal=-
to-noisc ratio for the duration of this flash will be 25,0; 27,5 and 30,2
respectively for the array on the threc differcnt reflecting planes.
The "worst condition" sipnal-to-npise ratio occurs in each case
when A = 28° ond the volues oxe:=
(i) for the 6=direc.or design on type "d" groting:
6e1 i.c. 7.8 ab,
(1i) for the 6-director design on type "e" grating:
7¢5 i.c. 8,8 db.
(i3i)for the 6~dircctor design on type "I grating:-
%940 i.c. 9,5 db.
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(b) Local storms,

& method for the calculation of the effective noise field strength
E, u V/m arriving at angle of elevation A in respest of local storms , Was

dexrived in section Le ke 2, An expression for the special case of the ef=

feetive noise f‘:.eld strength for a receiver of 10 Ko/s bandwidth, tuned to
21,47 Me/s is given in cqna lo..l;-.2.2 as:
EA = 430 sin A,

The signal-to-noise ratio,for a wanted signal, of strength 4u V/m,
arriving at A = 8,0, is given, ag before by the expression:
Gy %X &4
8

_ 2
GAXEA

For the 6~director design over the type "d","e" and "f" roflccting

S¢to n, ratio =

_. Plane the S,to n, ratic 15 given hx

x8 X x L > z8 X & 2
Seto ne rotio = (-—-—-—~) or ( )< or ( )
E A x EA zA X EA

from the curves "x", "y“, "2" from fige Fe10.2.1.1 corresponding to
types "a","e" and "f" groting respectively.
The result of this serics of calculations appear in Table 10,2, 3.2

below,
1 Type"d" grating, || Type'e arating. 5 gt grating !
A° ! E, x8/x ] S.to . ygsyA [Seto n. | zaszA S.to n,

noise. ratio, ratio, f ratio. !
- * 10° 15 | 139 5

8 60 1.00 hil5 1.00 ) 1,00 | Lab5

10 T ) 2.85 1,01 2,98 H 3.15

12 89 100 2,01 1.05 2422 1410 2.45

1L 104 1,03 1.56 1.10 1479 1._16 ’ 1.99
16 1 118 1,07 1,32 1414 1450 1,24 | 1,68 u
18 ¢ 133 |]1,12 1413 1420 | %i30 1429 1450 :
19 | 140 1,15 1408 1.23 1423 130 147 !
20 } 147 1.18 1403 1,27 1,19 e 38 1e44 !

21 1 154 |{1.24 :99 1432 | 1.18 1542 1436

22 | 161 1425 .97 136 | 114 |48 1 1035
23 1 168 1430 96 142 1o 1k 1455 1436 ;
. 2 | 175 1¢ 35 «95 1,50 1,18 1462 1637 |
26 189 1eli? o 97 1464 1920 1977 140 i

28 202 1,61 1,02 1,78 1624 195 1.49

30% 215 1.77 1,08 1.96 1433 2,15 1.60
, { : s {

TABLE T, 10, 243s20
The “worst-condition" sn.gnal-to—nm.se ratio cccurs in each cose as.

|
; féllows:
(iv) 6-director design on type "d“ grating:
0,95 x 157 ot A = 2°,

(v) 6~direcctor design on type "e" grating:

1014 x 157 at & = 225°
- - (vi) 6~director design on type "f" grating:

1235 x 157 at A = 220
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10, 3.0 Comparisons: Test Rhambic vs. 6=director des:.gpi
The Test Rhombie mvest:l.gated theoretlcally 1n Chapters 3 a.nd [N
as regerds s:.gnal and noise pick-up rgspeqtlvely, repres@nt; a large
version of the design. - As stated earlier, the dimensions are &s

f‘ollows., :
Side length =5 A
‘ He:.ght =1 N
oy e 70°
For example sthis is the largest des:.gn cons:.dered in the C,C.I,R.:
pubhcat:.cm "Antenna D:.o.grama“(".) o '
“First will be mode a comparison of the calculated ga:l.n of the
two antennas,» then a camparison of their cslculated s:n,gxxal-to—no:.sc
.ratios, and finelly a comparison resulting from practical measurements,
After this if will be seen If the p‘robbscd 6-director -
design offers any advantoge over the Test Rhcmb:.c. .

10s 3.1 Camparison of calculated s:.gna.l gain of Test Rhombic and 6-d1rec‘hor
: design,

Calculated gain of Test. Rhom‘b;c. ,

Using equa.’cion 42,10 derived in Append:\.x A, it was caloulated in
section 3,3 that the gain of' a Rho;nblc, of the dimensions quoted for
the Test Rnombic, in the direction 4 = 0°, will be 18,4 db ‘sbove that
.o‘bta:.ned in the equatorial plane of a VZ dipole in free spocc.
In section 6.3.2 the G;C.I B, "Antenna D:.a.grams (115’ wo.s quoted.
a5 indicoting that in the maximm rediation direction (A & 12.5°) an
anterma of' d:unehsxms equal to that of the Test Rharbic produced a
neasured fn.eld strength of 2000 mV/xn at 1 kmi when the radiated power
was 1-kw, The fn.eld strength produced in the oquatorial plane at a
distance of 1 km,, in the cas¢ of a free-space 1/2 dipole - i‘ad:.a’tmg % K,
is 222 oV/m as dorived in Appendlx A, ogn1,19, The gain at & = 12577
therefore is: 2
( 222) = 19.09 abs . |

At 4 = 8° the gain will be 19.09 - 3,01 = 16,00 ab. (Fig, .mm5-1).

Th:.s result 1s praferred. to the one 2,3 db greater,quoted above, ,
becauss the O.C.I.R. result has- taken iito account such molddfying )
factors as sag of w1re . :anerfectlons in the reflcctlon cocfficient of
the soil which incvitably occur :.n a pra.ct:l.cal antenna.

The Test Rhombic is a hon,zontz_llly poloxized antenna, A8 A = &°
the Reflection Cocfficient (_RH) for heavy clay s6il, fram Appondix A,
equation 7,15, or from the curves rcprod’.uced by Williems 7) , may be

toaken as 0,92 angle 15° with the result that the Test Rhombic sensitivity,

over heavy cloy soil, is about ({+0; 92)/2 z 0,96 of what :!.t would be
over perfectly conducting gromxd. The difference is negl:.gi‘ble.
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Calculated f;a:m of the 6—d1rector desipng . .
Ls derived m sect:.on 10, 2,2 the gein in the direction 4 =

B.O:Of
the 6—d1roctor design over a free—spa.cc dlpole ist |
U;:Lnrr type "a" frrat::.no : 3.9 db,
Using type "e" grating : 9.7 db. . .
Using type "f" grating : 11,2 db, -

Summary of compo.r:xson.

A A = 8° the oempar:.son between the calculated results 15 sunna- S

rised in Toble T, 10, 3.1 below:-

Type: Gain over dipole | Gain over Test Rhombic
6~director design,type"d" grating, 8.9 db, 7.2 ab,
6-d:.rector dcsign,type"e" grating. 967 dbs 6o db,
g-direcctor design,type"f" grating, 11,2 ab, 4.9 db

TLBLE T 10,3, 1,

10, 3.2 Comparison of calculated simal-to-noise raotio:

(a) Distant Storms.

Signal=-to~noise ratio S.to Nyratio | S.to N.of b-director .
&8 | 6-director dosim on prating |{fest Rhorbic, | S.to N,of Test Rhambic
typetd" typc'e" Jtype"f" expressed in db,
8/0 | by blrale bhyaly bhady 0,

10/0 | 2749 29.0 30,8 17.8 +2 14
12/0 | 25.0 27.5 30.2' 12,5 #3.0
1/0 | 15.4 7.6} 19,5 7.7 N
16/0 | 11:7 13.3 15,0 Ge ¥ +4, 0
18/0 | 10.2 11,8 13,6 0.2 +2,2
20/0 8,2 9¢5 1.2 7ol +1,8
22/0 7.7 941 10,5 12,1 0.2
2)4./0 6.6 8. 2 9q 5 36- 3 "'5.0 9
26/0° 6a5 Ou1 9.5 1510 ~42.0
28/0 6e1 745 9.0 237.0 wtly, O
30/0 6a2 7.6 9.1 L76.0 -17,2
3260 | - 6.6 8.0 9ol 15540 12,07

1 3/0 0o 2 9.0 10,8 131,0 ~10.0

: 36/0 11.2 130 1996 61'_-7 - 530
38/0 | 17.6 21.9 33.1 23,0 + 1ot
40/0 | 37.5 L5 6543 10,6 + 749 )
K2/0 ) o) o) 5¢5 + €
46/24 o] o) o] 5.2 4 ©O
57/0 Ioa) o) foo) 10,0 #

R /567 o] © o] 14,9 + ©3
_---“""--"l -

TABLE T, 10, 3.221  (ses Ta 1042, 341).

_ Table T410. 3.2.1 sets out the sinel=-to-noise ratio of the G=di~
rector array. using typc “a" grating (15" centrea),type"e" grating,(12" cen—

tres), and type "f" groting (73" céntres)respectively, leid on a heavy clay

soil, in respect of distant storms.
16cal storms.

Table T..

10, 32,2 does the same for
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(b) Local storms. : .

e Slgnal—to-n01se ratio x 10 E S.to n.ratio S.to n.ratio of

a EA 6-director des:.p,n on grating: { Test Rhombic - G=director type"f"
eteei-vporar | perer | wprer | x 1 e

8 10 Lol Lok5 Lol5 L.t5 0

10 & 2,85 2,.-;_98 39 15 ' 1.0 80 +24k

121 89 24 01 2,22 2415 . 1,03 . 43,8

41 10k 1,56 179 1499 0,78 . +ho

161 148 1432 1,50 1,68 | 067 ‘ - 440

18 | 133 1,13 1 130 1,50 0.91- 42,2

20 | 149 1403 119 1401 0s93 ' : +1.8

22 | 164 0. 97 1eth 1,35 145k , ~0,6

24§ 175 0u95 | 1418 1.37 5¢ 3 *5e9

42 | 2838 pvery highjvery. h:l.gh very high 1.4 B ¥ o

L6 309 v ¥ EX s} 1) ) 1437 g ’ +* o

57 561 33 ’ 23 ysd ' as - ss} v 2093 ‘ -+

TABLE T. 10.5.2.2 (See T, 10.2.3.2)

Clearly the signal-to-noise ratio will depend, :|.n the case of each

of the antennas, upon the position of the storm at any given t:une. Co s Ir
the grating is of the "f" type and the storm is at that distance which will
cause A to be 1 60,‘ then from the Tables T. 10, 3 2.1)2. 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 A = ‘21;.0 thev
sigl'lalf-to-noiSe ratio of the E—director desi'gn is éxpecfod to be“about on a
par with that of the Test Rhombic. For a given value of A the ratio of the
two signal to noise ratios is the seme Whetk;.er distant or local storms are
being considercd and this aspect forms a. useful mecans of cﬁecld.ng thg results,

It should be clear fror the fozeé;oing that the term "measured
signal=to=-noise" rotio is virtually xﬁeaningiess unless rela.fgd to.: _clos:ely
defined parometers such as the wave ‘arrival angle of the noise energy. In
Chapter L4 it was 'sfated that, when 5udging between t®o antemnas, it is of value
to compare the signal~to-noise raticds at those values of A when the ratio is -
worst for cach of them,i.e. to compeiie their "woirst condition signal-to-noise
ratios", Calculation is more profitahcle than any attempt to measure the
- ratios ot these Pul“thU.l&r values of A, -

The "worst signal-to-noise ratio" occurs, in the case of distant
storms, when A / & = 46 /21.. for the Test ,Rhomblc (7.2 @b) and when A /B =
28°/0° for the 6-director design type "f" (9.5 db). In the casc of local
storms it ocours when A / B = 16°/0° for the Test Rhambie(=31.3 db) and ‘when
s/ B = 22°/a° for the 6-director design type "f" (=28.4 ab). In both cases
an improvémcnt is effected by the 6-dirtctor design with type "f" grating, the
improvement being 2,3 db and 2,9 db respectively. o

" The results arc swmerised in Fige Fo 10,3421 where the variation
of signal-toenoise ratio is plotted gainst A for the Test Bhombic, a H//k/1
Kocmans Array, and the 6~director type "£" designe- The relotion betwoen the
curves will be the same for local storms,
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THE CALCULATED PERFORMANCE °
OF A 5\ RHOMBIC ANTE NNA (~-~-- )
AND H/4/4/A KOOMANS ARRAY(—)
FOR DISTANT STORMS ASSUMING
A SIGNAL OF 4,V/m AT A=8°ON

BIGNAL TO NOISE RATIO (48),

5

»—-=] 21-47Mc/s BANDWIDTH 10 Kc/s

STORMS SAME BEARING AS SIGNAL
AND AT HEIGHT OF 6KM.
: 6-DIRECTCR DESIGN

ON "f" GRATING (
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s e S I
THE POVER DENSITY DIAGRALS FOR THE
THREE ANTENNAS ARE GIVEN IN FIGURES
Flhele3e1ey halie302., 11.5.1. 14
S Y MY I Y - ) - T 56 60 b BENRES A 36 S

AP S ' NOISE | ARRIVAL ANFLE(Ao)
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+ . . . . .
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It is obseﬁéd: )

(a) that the é-director design with type "¢" grating is expected to have a
better sy=to~n. performance tha.n the Test Rhombic for all vaiues of A abhove
8° oxcept for the range & = 21° to 38% (b) that for values of A greater than
lq.O the s,~to=-n, perfoma.ace of the 6~dircctor design is expec‘ted to be con=
siderably better than that of the Test Rhombic and tho H/4/i/1 Koomans Zxrray;
(c) that the s.-to-n, performance of the Koomans Array is superior to that

of the é~dircctor design for all values of A below 40°,

It would thus be expected that on oceasions when thunder activity is
limited to arcas morec thon 1000 km, away, the s,=to-n, performance of all
three antennas will be goods When the thunder activity is occuring 550 to
1000 km, away thc performance of thc 6-direcctor design is expected to surpass
that of thc Test Rhombic but be inferior to that of the Koomans Array, When
the thunder activity is occuring 250~550 kme away the performance of both the
Test Rhombic and the Koomans Array is expected to surpass that of the 6~direc~
tor design but for storms nearer than 250 km. the performance of. the 6-direc-
tor design is cxpected to be considerably better than that of the other two,

As indicated in Chapter L, the concept of the equivalent noise tronsmit-
ter provides a useful means of comparing the probable performonoe of receiving

" antennas because the thunder storm can be arranged to "occur" in any desired
locality thus moking possible a more camprchensive comparison than is usually
possible from practical neasurements., ‘

As o practical check on the validity of the calculated performance,tests
were conducted (a) to meastre the diffcrence in goin, as evidenced on the
incoming signal from London, between the Test Rhombic and the Eé-director
design and (b) to measure the difference in power fed to the receciver, in the

absence of the signaljdue to distant storms and local storms,

10.3.3 Comparisom of measurcd goin of Test Rhorbic and 6-~director design.

The centre tap of the terminating resistor of the Test Rhombic is earthed:
to minimise noise from static build-up. The Rhambic is aligned on London.,

The 6~director design is as specified in Fig, Fe8.3.5.2+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 CR 88 receiver. The "sct-readings"

. of the signal strength meter were converted to "ReF,input in db above 1uv"

sy using the calibration curve ’of‘ Fig, Foe10s3.3.1. Tests were made over &

= long period during the latter half of 1956 when the signal was strong and
stecady, ’

It was found that the average difference in signal strength was about
8 db in favour of the Test Rhombic.
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:The. expected d.lfference in- sen51t1vity, caloule.ted in. sectzon
10, 3. ‘l., is 7.2 db for the type g gratlng ( see Table T,10, 3.1, ).
The two results are so alike that the measux'ed results are
taken to confn.rm thet the theoretic&lly-derlved rerformence is rel:.able.
However, a ‘reduction will be accepted in the calculated ga:.n of the
6-d1rector ‘design as follows = - s SERNE
- With type "a" grat:mg 8 1 db at 5 = 8° |
-With type! "e" grating : 8,9 db at A = 8%
With type "f" grating :10,4 db ot A= 8 .
All are relatlve to ‘the goin in the equa.tona.l plane of & ﬁ'ee-space
A/2 dipole, _
10, 3.4, Comparison of measured noise' of' Test thmbic and é—director design,

The noise output was due to :
(a) Noise generated in the receiver,
(b) Noise ihduced in the ontemna,
The signal strength meter in the receiver was found to be not
sui‘fi'bi.entiy sensrblve to measure noise, Therefore a G,F,O, Transmission
‘Measuring ‘Set was connected to the 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 serial terminals were joined by a resistance equal to the
charactenstlc impedanoe of the feeder, Next the noise output was taken
when the same rece:wer, was connected in turn to the Rhombic antenna end
to the array, These measurements yvére made on a number of occasions
over a long periéd at the same time }a.s the signal strength tests were made,
Two -sets of typical results are given which are representative of
(a) widespread thunder activity beyond the horizon, and
(b) local thunder activity { maximum surge readings given),
On both occasions the difference in signal strength wes sbout 8 b,

(&) Distant Storms | 6—dlrector design " | Test Rhomblc
A F, level d’b Power of. |A, Fd vel Pomer oW

Noise generated ' ' | -

in receiver (X) . -23 L0051 =23 1.005

(X) plus atmospherlc ‘ | ; ‘

AThere‘fore Atmosphéfic | o | ,

noise | - S - .023 - 1.173
Noise received by Rhombic & . .—17} = '7.5 ' (power ratio)

Noise received by 6-director array 025 8.7 db
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(b) Local Storms. ~ [ é~director design .| _ Test Rhombic
Peak readings only, A, F,level | Power AF,level | Power.
“db - oW} - db - oW
2 — e e

Noise generated o ; o . :

in receiver (X) -23  }.005 =23 | #0005
(®)» stmospheric noise ~ -13 +050 + 67 ] :3.._‘98'__ -}
»*s otmosphoric noise N ) 397

~ Noise received by Rhombic 3497

Noise reccived by b-director design -~ «Ob5 28 ( i“'e’ 19’)"'5 db‘)
From fige Fo 10, Jelee1 it will be seen that the gain of

the receiver is reasonably constant up to a R.F. mput of about 20 db &
above-1uV and therefore. the A.F. output can be taken as 2 measurce of .
the R,F,noise inpuk. But also from fig. F. 10. 3.&..1 it will be.
scen that for an R.F, input of 20 db or morc above 14V the roceiver
AR, o’ﬁtput even when switched to'Manual", is not proportional to the
R,F, input and therefore A.F, measurements would be m:.slead:mg 1f used
as a measure of signal strength. Hence the use of' the :ngnal strength
meter plus ca.l:.brat:.m curve j Figure F, 10. % 3.1 for cmpanng signal
strength received by the two antennas and T,M, S, measuring audio out-
put when ccmpanng noise recelved by the two antenma.

104 3,5 "Mea.sured“ signalwto-noise rat:.o. :
- In section 10, 3.2 it wns ata.ted ‘bhz::& masured ms\ﬂ?ha
mmm@wam&mmmw&mﬂmumam”
Thesemasmmsultsexencwumerpweted. T

)

. Since, in the casc of antennas, the tcrm signaldto—nelse
ratio’con only be used to describe the situstian at a particular time
because the signal a.nd the noise moy vary mdependeritly,. an antewnas
cannot be quoted as having o particular "signal~to-noise ratio", However,
it is permissible to discuss the improvement or otherwise, for a parti-
cular-set of porameters, of one "signal=to-noise ratio" relative to the
other, It can be said, for cxsmple, that ‘on o certain oceasion the
signal power output frOm the Rhomblc antenna was 10 db stronger than
that .from the 6-d:|.rcctor des:.gn. It couJ.d also be said that on the
same occasion the Rhambic was noisier than the 6-director design by 16
db. Then, while those conditions last » the signal-to-noise ro.tio of
the 6~director design is 6 db better than that of the Rhomb:.c.
It will be scen from sections 10, 3.3 and 10, 3.4 that:=
(a) durmg distant thunderstorms the agnddto-no:.se ratio of the "d"type
g=dircctor .design was of the order of 8.7-8.=z 0,7 db better then
) that of thc Rhombic antenna; and
(b) dQuring local thunderstomms,the -s{gr;al-to-noise ratio of the 6
director array was appronmately 19—8_ 11" dbsbeter: than that of
Test Rhombic; and =~
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(¢) during very quiet periods, when the apparatus noise becomes the limdting

factor, the greater sensitivity of the Rhombic antenma may be expected

to give the system a better signal-to-noise ratio than does the 6~director
design. It should be noted, however, that in these circumstances the
signal-to-noise ratio of both antennas is very high,

The result (b) sbove reflects maximm peak readings recorded during
a thunderstorm which was very close, A may be considered as being over
LO degrees, The same receiver and measuring equipment were used throughout.
The two antennas were connected, for short intervals, in turn to the receiver.
A third independent receiver was used as a monitor to ensure that the peak
readings in each case ware produced by noise field strengths of the same order
of magnitute,

The result in (a) appears to confirm the result derived theoretically
that the average signal-to=noise ratio of the two antennas will be roughly
the sane for distant storms (6-dircctor design better for storms between
550 and 1000 km, away and Test Rhombic better when storms are 250 = 550 km,
away). The result in (b) appears to confirm the theoretical derivations
for A ecqual to cbout 40° The "worst condition sipnal-to~-noise ratio"
of the 6-dircctor design is calculated as being superior to that of the
Test Rhombic for both distant and local storms but it is only when A is
about I;Oo or nore that the 6~director design is eipected to possess an appre-
ciable advantage.

10,3,6 Noise voltages induced in feeders.
Mention is made in Chepter 1 of the open wire feeders used om the

Rhembic antennas, There are 2 considerable number of receiving Rhombic
antennas located at Hatcliffe receiving station, Each occupies a lorge oreoc.
Of necessity,therefore, they are situated far from the receiver ‘build:'.ng._!
Feeders of length approx. 1 mile are used, For ecconomic rcasons these fee=
ders are of the open-wire type, On the other hand, the 6-director design
is so compact that it can be situnted near the receiver duilding and air-
spaced co-oxial feeder line is an econonical proposition., The noise picked
up by the open-wire line, particularly during near-zone thunder activity,
will produce & worse signal-to-noise ratio than that calculated for the Test
Rhombice thus further inecrcasing the improvenment effccted by the 6+directeor
desipn.
10,4e0 Overall signal-toenoise ratio: double é-ddrector arraye

It was pointed out in Chapter 3, section 34k, that even if the noise
from external sources is zero, the internal noise output from an'aver'ag'é
good-quality eammnications receiver is such that,if a 3% nodnlated signal
is to override that noise by more than 20 db,it is necessary for the signal
input to the receiver to be at least 16 uV across the 70 ohm receiver input
terminals. (See Table T, 3.5.1). This is 24 db above 1 u¥, It follows thaot,
although the 6~director design is superior to the Test Rhaubic in signal-to-
noise ratio its comparative lack of sensitivity could produce an inferior
signal-to-noise ratio,during signal fedes, due to the ever-present spparatus

noise.



THE DOUBLE 6-DIRECTCR ARRAY

Figure F 1004.0-10
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It is profitobls, théreforsy to in.orease tho aensxtivity by producing

a broadside in—'phe.su srrongerent of two- G-directar arreys sepa.ra-ted. by

M2 as in fig F. 10.440c1e If. tho reflecting plabe is of type "a",

"e? or "t‘“ grating 1laid on the gromnd then each 6-director arroy plus

ground’ imge will have a polar diagrmn represented by curves x "yt

or "z" respect:.vc],y of f‘:.g. Fo 10 24 1414 The vertical polaxr da.aurani,

according to Ald.red&zs) - will be nr’cually the same whether ane or two
aYrays are used.v The horizontal polar diagram of the doubla 6~director
arroy will bé obtained by multiplying the horizontal polar -diagron of
one 6-director array by a factor ‘oaiwlated on the assumption of point
sources of wniform phase at the con‘br.;e of'the' radiating apertum of
each of the orrays, . This foctor is dcrivocl ‘below and is similor to
the ground reflcction factor dorived for pos:xtive images in A.ppendix A,

- scetion Aui1,4.0.

10,41, Gai b g ‘doub)

¥y 7
} o)
i 'i'a\
J—— - A,
Fig, Fs 10, 5;1' 1

In fig, P, 10.1..‘1 1 ,E is assuned tc be so far eway that
A“l P, 0P, and Az P, may be considered os oquali f is the angle
in the horizontal plane between OP and the centre line of the arroy.
The currents in antenns Aq and AZ are in phase, o
In £ige Fo 105 betet40 By =8\ sing=88 sinﬁ rp.d:.ana
putting § = 211/)\
Sirdlarly 0B, =g 8 si.n ;zS
Rela.tiw to reference pomt 0 the f:n.eld strength n. at pt,

P due to antennn &, will be 0.dvancec1 by §8 sin @ radions ond the -
field strength ot pt. P déc to antenna Az will bo retorded by B S sin ﬂS

rodions,
Ir E is the f:.cld strength tho.t either antenna would

produce on its. cvm at P then the. total field at P due to aat-anm:. A and’

- E=z angle (Bssm¢)+E angle—(-ﬂ&amﬁ)

Combim.ng the two mtors givea. g
E= 2E cos (BSsmﬁ)
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The original horizontal polsr diagram nmust be multiplied by
the factor 2 cos (B S sin @), If the two arrsys are separated by
‘%2, 8 =M/ and the factor becomes, putting p = 21/Ngt

2 cos(%' sin @)

In the direction of the centre line of the arrey # is zero and

the factor = 2, 1.0, 6 db,

Ir A1 and ‘12 cach radiate m.lf the rodisted power they will

together produce a field dtrengbh at P (for § = 0) which is 6 db =
3 3db = 3 db greater than would be produced by A’1 provided A; on its
own radiates the same power as do A1 and A2 canbined, ,

Matching has to be designed carefully, A1 and A2 must cach be matched
to their respective feoders, If these feeders branch fram 2 common foeeder
the Z_ of the camon feeder should be half the 2 of the two branching
feeders otherwise rcflection will toke place at the junction and the full
3 db goin will not be realised,

This point must be watched also in the reccption case, is shom in
Chapter 3 a receiving antenna behaves as a gencratdr of enf ¢ (proportional
to effective length x field strcngth) and internal resistance R (appro:d.ma-
tely cqual to the radiation resistance ). For optimum power transfer to the
feeder line Z of the feeder should equal R . If the 2 of the boummom
fecder is mode equal to half the %, of the two bronch fecdors ond this in
turn is made equal to R, the internal resistonce of the "“generator",then
two in-phase recciving antennas will feed 3 db more power to the load than
could have becn achieved by one of them alane provided they were sufficient-
1y well separated as to suffer no mutual interference, In effect the two
in-phase generators behave as one having emf e volts and intemal resistance
R/2 ohms fecding into o load of R/2 cims, This delivers twise the pawer
(3 db) that would have been fed by a generator having emf e volts and
intermal resistanee R ohms working into a load of R chms,

Supposing,however, that the two antennas are ecach matched to their
respective 70 chm e¢o-axial branch feeders and that the branch fecders are
connected, in parallel, by a T coupling to a 70~chm cammon focder then,
if the two antcumes axe identical, the induced emf's in phase, and the
branch feeders of ve’qua.l lengthythe voltages developed aecross the common
feeder input will be in phase, The two gencrators of emf e volts and
intemal resistance R ohms behave as one of emf e volis and internal -
resistance R/2 ohms. and develop a voltage equal to 2 e/3 velts nmcross the
load R,  The power delivered to the load is 16/9 = 1.7® i,e, 2,5 db more |
than would have been delivered had one of the antennag been disconnectod,
This is o likely situation in practicc because it is usually not possible
to have the choice of various co-axial feeders with a 2 to {1 range of
chamteristic impoedance ond there will,thercfore, be a tcndency to use

“lines of the sanme Z for common and bronch feeders,
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These cons:.dera‘hions were put to the test as follows: The:bronch *
feoders were made from 70-ohm co-ano.l lino and brancha.ng was conveniently
achicved by a T co-axial coupling, A s::.gnol gcncro.tor was set up at a
point about 410N in front of the double é~director array ond on its centre
linc, The output from the T coupling wos fed dircctly mto-"the 760<ohm
input teminals of a receivers The measured goin .of the double 6-d:.rector
arroy was found to be 2,8 db greater thon the single 6—d1mctor orray.
The difference in gedin should have been 2,5 db, as explained above, The. |
effective internol impedance of cach of the arrays mey have been abou{
20tk greater than the Zo of the feeder or the receiver may have presented ’
a load about 20f ower than 70 ohms, Either of these possibilities would
have produced 2,8 db difference between the measurcd gains of the two, _
oxroye (cefe Figss B/ S.be1/2 where,due to.close. spaging,gain is 2,8 db t0o)s

The “worst condition signal=to~noisc ratio "for distont storms and
local storms will be the same in the case of the double 6~director design - -
and the single g=dircctor designe In any direction disploced }60 fram the
centre line of the array in the horizontal plane the gain of the double ar-
roy will i:e:ﬁ;a cos (% sin f§) times the goin of the single _'drray, This
norrowing of the horizontal polar diagran mokes the double exrey more
sclective than the singlc array against storms which-take place in direc—
tions other thon along the contre line of the ontenna, More important,
however, is the fact tha.t an increase of sensitivity of 3 ab ( if perfect
matching is achieved throug,houh), or 2..5 db (if the bronch feeders and the
common feeder are all of the some % ), is -obtained by the usc of the
double army,resultmg in a rrre'tter difference hotween signal level and the
apparatus noise level. Eg.v:.nfr regard to the expected median ﬁold étrength
and the level of the apparatus noise this gain mokes the double arroy a

© worthwhile propositicn in the circuit under cons:.demtion,yie]ding an es‘b:.-
mated median texminal voltege of 32 db above 1V,
10s 5.0 Bes:.gn of the permanent installatior.

By the enployment of 2 single 6~director design with an
npt type gra.tmg, the expected - “worst condition signal-to-noise rotid"
w11 be 2.3 db better than the Test Rhombic for distant storms and 2,9 db
better for local storms; the latter figure rising shorply when the storn
is almost overhead, i.c,» when A .cxcoeds u_o°. { scctions 10,3.2 to 10, 3.4
refer) . By using a double é~director erray the- sensitdvity will be increased
by 2,5 db-o® 3,0 db, depending upon the efficiency of the fecder metching

arrangecments, thereby inereasing the difference between the signal level

and ‘the -apparatus. noise ;leve]_.. :

Therec rer:iaiﬁé thc; necd to specify the practical details necessary
for o permonent instellation, . S

As ctleculated in section 2,5.3 the ccntre l:me of the array should
po:.nt 1n the chrcct:.on 19 West of truec North,



10,5.1.0 Wcathcmroof‘ln;{ ond design of clements,
It is required to provide all=weather insulation of all

cleme}i{é, this msulatlon to be shunted by a 100 K ohm dischorge
rcs:.stor on each parasrt:.c clenent to ensure against static build-up
(sea sectlon 10,1, 3) '

" 105611 Base armfr;emcmts for paresitic elenents.
: The -Qiemeter of the copper tubing from which the clements

are made is 21% . This matter has been dealt with fully in section

% 1.
The mechanical arrangements for 1"10111’11'.11‘1'7 the elements ond

the provisicen of ali-weather insulation and static discharpsrs are shcwn
in figurc Fo 10,561,141, .

Fige Fo 10,5.1:1:2 is 2 photograph of the base with the
elcnent in its normal positions This also shows o type g ‘zratlng btxt
a type "f" is recamended (details in section 10,2,0). It also shows
the carth lead, - Fige Fo 10,5¢14143 is o photograph of the base when
the element has been lifted to reveal the two lower insulators and one
of the two 200 K chms resistors, conncected in parallel which allow
static charse to leak away, Wound on eoch resistor is 2 '11.'6" spark
ge..p to protect the resistor in particularly beswy weather, The
copper apron keeps the insulators dry. The top of the copper pipe is
sealed. The width of the copper apron plué the height of thec copper

. pipe is made cqueﬁ. tov the desipn length of each parasitic -element
given in Pig. F. 8,3,5.2.1 (G), o

10.5¢1.2 Base arrongements for the driven elerents,
(2) Driven elcment type 1. ’

One method is to use the antenna matching unit as in figs.
F. 9.2,1/2,. It is housed in a copper container at the base of the
driven element, This mokes it nec‘essary-vfor the '_céppe'r_ can to be lor-
ger in this casc than was.necesso.ry on'_the.‘ parasﬁ.tip elements.’ .The o
arrangements for inéulatibn arc the somo as those used for the para~ -
sitic elements bit no discharger resistor is necessarys - The top of
the copper Pipe is sealed,

. The design is shown in fig, F. 10.5¢14241 and a photograph

of the base is reproduced in fig, F, 10. 5.1 2424

Tho length from the lower edg,e of the apron to the lower
edge of‘ the copper pipe plus the height of the copper pipe is made
equal to the design length of the driven element given 4n fig.F. 8, 3¢5 |
2.1.(G)

(v) Driven clement type 2,

i better method of matching the driven element to the

co-oxiol feeder is to use a folded construction for the drivem elenent, . n

Then the matching problems discussed in section 10,4,1.mey be overoome »
by making the length of the branch feeders A/2 and the impedance of "
each of the two antennas equal to twice the Zo of the feeder,
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INSULATED PARASITIC ELEMENT : BASE

Figure F 10.5 olel R
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INSULATED PARASTTIC ELEMENT : DISMANTIED VIEW.

Figure P 10.5.1.1.3.
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Driven E/emaont

L

Variable capqcitor
—r

Base Design of Driven :l:ment
L4

Figure F 1C.5.1.2.1,
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THE DRIVEN BLEMENT.

Figure F .10'501 .2.20
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If the input impedance pf the _exrray is (2) x chms then a felded
monopole of y elements, all of the same diemeter,following the usual
practice descrlbed in several textbooks (e, g. Jordan(m) P;535) will
present an’ impeda.nce of y2 x ohms, Thn.s is tra.nsferred without cha.nge
to the feeder junction by the half wave cme—to—-one tre.nsfomer. Alter—
natlvely , if a two-element folded monopole is required it can be arranged
for the fed and unfed elements to have dlfferent redii to produce the
requ:Lred mpedance Z_, at the terminals,

f
log a,/r
1054142, 1%

where a is the axiel separation in the same units as r, end rz’ |

r, is the radius of the fed element

1

r, is the radius of the unfed element

2
2, is the impedance when monopole is unfolded,= 25 ohms (measured)

If the branch feeders are \/2 long and 2, of each antenna equels
twice the Z of the feeder,the two generators W111 be matched to the loead,
Equatlon 10,5.1.2,1, is reproduced from the recently published
Services Textbook of Radio, 35)
10,5,2  The refleoting ground plane,

As stated in the earher chepters the soil on which this(:u;stalla—
4
hat

tion is to be operated is heavy oley in which it may be assumed
for most of the year o
1360

e

i

T=hx 187 mho/metre,
The reflecting preperties of types "d" "e" and "f" gratings would be dif-
ferent from those oaloulated in Ghapters 6 end 8, and sections 10,2,2,,
10,2; 3./, 10,32, of the present chapter, if they were laid on soil of -
permittivity and chnduetivity considersbly different from those quoted
above, They would also be different if the gratings were buried in the ‘

i

soil instead of being laid on the soil,

 Assuming that the radisting aperture is A/2 high, the whole image
of the aperture will be visible at A = 8% if the reflecting plane extends
for (\/2) oot 8 = 3.6 A, Therefore if the greting extends for 4 ) frem
the reflector element this should be adequate, In width it should extend
/L beyond the centre lines of each 6-diréctor arrsy and should therefore
ibe 1A wide, '

It would be wéteful to use a grating more closely spaced than

0.136 1 (type "f") with the é-director design but the spacing should not
exceed 0,218 A (type"e"), Although when type ™e" is used the array produ-
ces & maximm at A = 8°, (the expected arrival angle of the signal) and
when type "f" is used the array produces & maximum at A = 60, the use of
type "f" will result in a gain of 1.5 db ot A = 8% over the gain of the |
array when type "e" is used (See fig, F, 10. 2,1,1) and the noise field
arriving at & less then 8 is small, (Fig, Fohe3e2.5.1)
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CHAPTER 11,

INDICA TION OF APPLICABILITY

11.0 GENERAL , : T '

 From the calculations and meesurcments it appears that the .
proposed antenna could, with advantage » be used in tropical coun'tries,
especially dur:.ng those months When thundérstorms in the vicinity of the
receiving stat:.cn are prevalent. Assuming for example jthat _Rhcmb:.c an-
tennas are expected to be too noisy for the period September-December 1960

. on the London=Salisbury circuit, and that reseption is required daily

" from 0600 hrm. to 2400 hrs.,Local Mean Time, the approach could be as
follows: | '

11.1 CHANNEL FREQUENCIES,
By consulting Radio Propagation Prcd.:.ct10n£99)’ the B,B, G.

transmission chamnels indicated for the period under consideration are

given in Toble T, 11. 1.1:-

Period (ILoM,T.) ﬁ- Frequency (Mc/s) Channel Code nome:
0600 - 0800 - 11,77 | . Gw
0800 = 1000 2,47 | . ow
1000 - 2000 25,72 , GSR.
2600 = 2200 24047 1 esH
2200 = 24,00 1 17,81 s GSV

TABLE Ty 11,141,

The frequencles quoted are all shghtly below the predicted
optimum values for the period considered but, beanng in mind the varia-
bleness of a triple-hop path, it may be found on oceasions that those
will be too high. On these occasions an ad.)acent channel. w:.ll usually
be suitoble,

11,2 MEDIAN SIGNAL STRENGTH

It mey be assuimed thet the on.Ly part of the path attenuation
affected by an alternation in frequency, sea.son a.nd time of day, is the
jonospheric absorption. ~Using Piggott's method (102) , curves B. 6,2,9.
1/5, the absorption on the selected transm:.ssion channels has been »calcu-—
lated and is summarised in TAELE T,41.2,1, By comparing this with the |
L2 db calculated in Appendix B for 21.47 Mc/s at September noon 1956, (when
E was calculated as 12 db above 4u¥ /m ) the estimated medien field
strength is readily obtained, TItais quoted in Teble T. 11.‘2.1.‘




One of the few effective methods of cambating selective fading in long
distance circuits is to use a highly da.roctlve antenna which will select
only one of the possible propagation modeg1 82) The 6-director design an

an "f" type grating, with a vertical beem width of about 17° to the
half power points (as in fig, F, 11,5,1.1) will give a fair amount of
discrimination in this respect but if severe selective fa.;i.ing is experien-
ccd it may be necessary to employ a design with more directors so éhat
a shorter end-director can be used without affecting the launching effi-
ciency. As indicated in Chapter 7, the shorter the end~director the
norrower the beam, As with the designs already denlt with, such a design
con best be cbtained from a suitable scale model, Further improvement
may be obtained by the use of two or three such antennas in a diversity
arrongeretd in which the strongest signal is autamatically selected,

The antermas should be arranged to be roughly in line with the distant
station and separated one from the -other by about 10 A , '

Non-selective foding occurs wherc the amplitude of the signal.
as a whole varies, This variation is usunlly slow and is easily taken
care of by the automatic gain control of the receiver,

Obscrvations made at Hatcliffe indicate day~to-day fluctua-
tions of about 40 db in the intensities of both signal and atmospheric
noise, The C.C,I, ﬁ 1nchcate the same value for these fluctuations
and their present conclusions, for frequencies betwcen 3 and 30 Me/s s
point to a Rayleigh clistr:i.‘mrt:i_ox(;‘I 82)0f amplitudes for a fading éignal
observed over periods of a fow i;xinutes » and to a log-noimnl diﬁtributim
over periocds of 15 minutes to one hour as in fig, F. 114kbe1,

10 \‘ ' . DIS"‘BITE)LDI?IONS FOR
L
b .
\3 FADING SIGNALS IN
Ex - S.W. CIRCUITS.

Signal strength a) Rayleigh

db relative to " N Distribution
nmedian valueo \\ ‘ b) I.Og-nomal

\ ] Distribution,
NG . (182)
\\ (Curves by Lewin J

=10

1 10 50 90 99
Percentage time signal strengths

exceed ordinate %
Fig, F, 11.&.1

194540 THE MUITTIPLE ANTENNA ; GENERALL CONSIDER.TICNS,
To cater for the channels indicated in Table T.11,2.1 a double
six-director design on a type "f"grating should be set up for cach of

the required frequencies. The four arroys should be connected to the
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(e¢) POLAR DIAGRAM,
The vertical.. polar diaprem is expected to be similar to that
derived as curve "z" in fig, F.10.2.1.1. The horizental polar diagrem
is expected to be similar to the curve of fig. Fo 946.3 (single arvray)
multiplied by the factor 1.8 cos (-—Z- sin @) derived in secticn 10,k
for two arrays. Cambining the vertical and horizontal polar diagrams,
and plotting as a power density diagramyresults in fige Fe1145.1.1. TVhen
this is-compared with the power density diagrems of the Test Rhambic
(fig, Folioliy3.1) ond the Koomans array H/L/L/1 (figs Fuolrelie3s2) the
reduction in high—angle sensitivity is demonstrated.

11.5.0 CONCIUDING HOTE,
The proposed antenna is indicated for use in high-noise areas

where an appreciable proportion of the noise energy is arriving at high

angles but during these periods when local thunder activity is negligible
the performance of the proposed anterna is expected to be about the same
as that of a typical Rhombic antenna, |
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LNTBNNA THEORY,

SUMMLRY OF APPENDIX A,

Cbmménoing at Maxwell's Equations the theory is ‘dovcloped for:
Uniform plane waves in free spacc; |
intrinsic impcdance ef a medium;
plane waves in a dielectric;
plane vfaves in & conductor;
- refloctiom ot o conducting surface of vertically and };orizontally
polarizcd waves;
radiation; .
encrgy flow in a mecliiun;
radiated power and radiation resistance of a doublet antennaj
radiation from a A/2 dipole; ‘
radiation from a M/l monopole;
field strength rclated to power and distance;
vertical and horizontal antennas above a perfectly conducting planes
radiation from a straight wire carrying a travelling wave;
radiation from a Rhombic anterma; |
vertical and horizontal polar diagran. of'l-l_?..hombic;
optimum dimensions for a Rhorbic antennay
radiation resistance of o Rhombic antenna.
‘ T_he vorious cquations that have been derived are frequently used
in the main text.
Syrmbols usedﬁ
- L = magnetic vector fotential in webers/metre, the bar indicating
& vector quantity, _
= charge density in coulombs/cubic metre,
= magnetic flux density in webers/ sqg.metre, -
displacerent density in coulombs/sq.metre,
= electric ficld strength in wolts/metre,
= gain over-a ?\/2 free~space dipole inthe equatorial planc

(sometimes written GH) ~ also comluctance in mheg/unit length.

2 H B W
i

]

gain over an isotropic radiator,

o @

= magnetic field strength im amps/metre.
current density in a:nps/ sq. metre, '
= used as a suffix to denots frec—space values of p,e,RM,T 20, % e

o B4
b

dntrinsic propagatian eanstant of mediumg -

0¥ el
"

= eneryy flow in watts/metre,
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APPENDIX A

be 1,0 Maxwell'c field equations state the fundamental relati'ons that must
be satisfied én the solution of electromagnetic prcblems.

V b = Qe - (101)
TxE 413 o (1,2)
X d o4 5t = . s
\ . E =0 ﬁ (103)

= o, - .
VxH - i =1 (14)

The folléwing consitutive cquations concern the characteristics

'of' the medium in which the field exists:

ﬁ = g E . .(1"5)
:-i.. = E . (1:7)

.

he 2,0 d'Alcmberts's equations.
| A'Alembert's equations are derived from the field equatlons and’
though the same end~result is achieved by J orda.n(w) and W:x.lllams(7) it is
proposed to follow a-different, but preferred, method below:
Take the curl of eqn. (1.2) and make use of the identity that:

inVxE):VV.ﬁ-VZ:E- giving:

UL E -V Es - uxE =0 (2.1)
Substitute_fram (a), E =D/e, in (2.1)
. D 2 B 0 =
then VV o= =V ==’y == UxB =0 o (2.3)
Fram (1.1) 5V eD =a=0in free space if medium has no static chomges
and from (1.6) B=pl .
(2.3) now becomes:
2 B+ 3 LB -
. - s
But_from (1.4) and (1.7) Vx H =cE+8 =cE + eE
'. 2 = _ma',ﬂ - B -
.« o —V%Ef‘*p‘at go’E-&EnS%*)-O
' 2 = 3 .S, v g
e VE -~ o «ueE =0 (2.4.)

=0 . (205) |

(2.4) and (2,5) are a'Alembert's equations.

Frite

Similorly V2 f ~poB - pe

Ae 3.0 The wave equatdons,

‘These are a special application of free space conditions to -
(2.4) and (245).. In o non-conducting medium, @ = O giving the differential
vector equations:
- . .
v E-pef =o (1)
0 (3.2)

which are- called the wave equations,

i S
==}
1
=1
m
22
0
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Ay 440 Uniform plane waves in free space.

An example of a plene wave would be dne in which-E and B
are functions of x and t only, varying sinusoidally with time

Then B, =¢ (x,6) ' o (k)
B, =f (x,8) ' | (4e2)
E =t (%) ‘ (ke 3)
and equation (3.1) becomes : _
' : azzE '=ueEx (holt)
dx° X '
2 ' oo ‘
0 x ‘ '
2 i o . '
3 i uel |
S By =B By (3‘6)
3 x° . e L

The general solution of help,be5, 4e6 is of the form:
(t -x (s p)% Y £, (t + X (ey-)e) (4-7)

=
"

= 1y(t_x(ep)2)-hf (t*x(eu)%) (4.8)

z=f1z(t—x(eu)%- 2z(t"'x(€“)§)(’+9)

A similar general solut:n.on for & fran (3.2) will occur. L
‘ The retarded funct:n.on, £, (t cx (51.1)2 ) refors to the
incident wove and f2 (t +x (sp)z) 4o the reflected wave,

o In a region where there is no charge density, fram (1.1) ‘and
(145) putting o = O :
ViD=ecvV.Ez0
3Ex  2Ey , 3Bz’

[ LI

i.e,

As B 1s a function of x and ¢ only, the last two “terms, of
_’-!--10 are zero and therefore, E

dx

This requires that By shall be zero for a wz.xvei progressing
) in the x difection. Sinilarly Hx ié 2ero foxl this condition, Therefore-
f and B exist only in the plane at right angles to" the direction of
propagation, | | )
On canbining (1.2) and (1. 6) it is clear that

Vx‘ﬁ'-;‘-pn (he12)



=By 3= =

Therefore by definition of V x*B ,§ and B are at right angles so
that in the present example if B is along the z-axis, H is along the-y~-axis,

Supposing E = E_ cos & (t - x (ep)z) ' , (h.13)

i .
since x is a distance, (Tﬁl must representtt@ mloc:.ty of‘ wave = Ve
In freec space this becomes - (.w)g zC s veloc:u.ty of llght
= 3 % 108 n/sec. ’

Rearranging (l...‘l}) 3

 B=E cos(et - —@c—x)

2rf
=E oos(@ t ——i-f—*“x)

=B, cos{(wt = 8 x ) ‘ ‘ ‘ ".(:lnﬂb)
A where B =_2_1_T_)‘ = 0 ( >3 p).i.-. % - (1“15)

Le1 Intrinsic Impedance of a medium,
Assume a plane wave propagated in the x di:;ection‘_witﬁ E and H in
the y and z directions respectively ond varying as ™%, Then (1.4) and

(142) simplify to:

'%"ﬂ'i"&? -(c+joE) B, | e R - '(1,.,16)'_

m:—vjwpﬁz ‘ (4.17)
d x : L )
Substituting Ey =B e'-"Q‘BiF and H'z cHe v B8 X
in eqns(4.16)ond(l,17) gives: | |
-jpH ehjﬁx = —(q' “ Jjw E) B e"‘j B x : ' (%18)
Thus from (4e18) and 4.19) : R
E _J8 _ dwp
E c+jee 7 58
(E)2. dew
B T gsjwk
E o= ( -~ # -z | (o)

g+ j.we
where Z is the intrinsic impedance of the medium, ‘ .
In the special case of frec space o = O, W = Mo = b % 107 Henrys

1
per nctre, and e = ¢ =

O 36 4% 10°

is given fr_cm oqp. (4e20) by . -

Farads per metre. Then the intripsic

impedanco of froe spaoc, zoo

Z,, = (~§g )% = 120 7 = 377 chus. ' ,"(h;21)

o
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As 5,0 Plané veves in a dielectric,-

In a perf‘ect dielectno 4= p but £ = & & . |

e’r |
ceselenteott it )
.Bm;,a-:"-r from (4.15) |
et e 0o S “(5.2)

- B . . L w~ & % (5

(a)% (s, u,)? LI

This is stll approximately true even when medium is not perfectly non-
cenducting,
Ay 6,0 DPlane waves in a conductor, Co

Williems‘’/ has pointed out that in trensmission lihe theory,
...1f R,L,G and C are series resistance, series :\.nductance, shunt conduc-
tance and shunt capacitence respectively, per imit length, then I and V,
varying harmonically with time are related by the equations:

¢

8 I

> T -(G+3wC)V . (6.1) '
Q¥ = -(R+,)wL)I S o (6.2)
d X . : :

where x 1s the direction of propagation,

.. The¥e is a striking resemblance between these equations and
(het6) and (a17)i

” The solution to the transmission line ocquations is found by
differentiating (6.2) and then substituting for g I fram (6 1) givmg:

.ﬁ’_ =(R+39L)(G.+jwq)v k (63)

] 12

The solution of (6,3) is given by:
H ! : .

where P tho propagation constant, is given by: _ R
(R+jon) (esjo0) ) . (65)
Similarly the solution of (4e16) ond (4a17) is:
E=F o PX - (66)
o] K .
o ' . - :
vhere p= (jwp(oc+ jowe))E (6.7)

| p may bo called thé "intrinsic propagetion constant" of
“the mediwm, - - - . oo

P= @+ Jpvwhere a is the attcnuation constent and . -

B the phase constant of the mcdium, ,
Soparating rosl and imaginary parta in (6,7):

N cwe) L (68)
=-‘5wp((o’ + wl s)i-l-me) © (649)

az,a—‘z‘-wu((o' + o &
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In a good conductor ¢ is much greater than w & :
1 : 1 .
Cee=8=(topc)=s (7fpo0)? (6410)

As in (4.17)

X

L]

-Jjw V'“Eé

and as, from (6,6),

E_=Ec?*
¥

1
and p. from (6.7) now is ( j w p )%,

JE- - 1 S
"-ﬁjz—=~(jmp6)2Ey=—jmpHLZ (6.11)
B : . 1 L. S
ond 3 = é-%%)zz(“u’-&-&)?— [s5° = Z (metal) (6.12)
Z =R + 3%
m hac m .
1 1
R o (L Yz (TE gy ‘
anlem__.xm T‘(.zg )2 __(_G .‘ )2 (6.13)
= £ fran (6,10) S (6418

1

the d,c. resistance of a plate of uhit area,depth % and conductivity o.

At radio frequencies i— is known as the depth of penetration, "3d",

M = g— = ‘T’“l’“'T’ (6415)

- 1 ’ z W p..d)z ‘ l .
= ——— _ ‘

(7 £ po)? from (6,10) for a good conductor,™ (6.16)
Fron(6,6) E=E ¢ ¥

1 = E -
At depthx= =, E= _o =0,368E (6.17)
. ’ . e .

A 7.0, Reflecktion at a conducting surface,

When a wave, travelling in medium (A) reaches the boundary of medium
(B) having constants that differ from those of (4), the wave, in general,
will be partially tronsmitted and partially reflected.
, ‘This phenomenon is treated fully by such modern writers as Starr
Apﬁejﬁdii 16; Booker(5 ) [ a.ndJ 6i'dan(1o

(8)

but, as this Appendix has a more
limited objective, a less general tred’crhent is given, which is morc akin
‘to. the methed used by Williams(7) s noting in passing that his figures 3.4
and 3.6 of Vol, I should bo transposcd té be correct.

Y4
E. H,
Ay €4 %, y o
7 A A A A AV A
€ o
- @\ EtHy

Fig, o 7201
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As shomn in (4.1) 1
E = (.=E-. )—2—°Z

-—r— 3 - O

and the mtensrtles vary as ¢3%% = PS

where s is the distance travelled by the wa.ve. |
In figure A, 7,0,1, resolving s into rectangular components, the
expression e’ Jwt~ps becomes:

(a) for the incident wave:

oJot = B (x sin & - 3 cos 8)

(7e1)
(b) for the reflected wave: .
Gt = p, (x sin 8+ zcos 6) (7.2)

(¢) for the transmitted wave: | . _ e
oot =g (xsinf -z cos f) (7.3)

A, 7.1 Reflectlon of Vert:.oallv polarized waves,

Here E is in the pla.ne containing the ray and. the nermal at the
point of reflect:.on. Maxwell's equat:.ons (Aa1.k) and (A. 142) requ:x.re
that at the boundary: : -

(a) the discontinuity in the tengential ccmponent of H equals the current
density and, , .
(b) the tangential component of E is contmuous across the surface’ boun-

dary. -

From (b), '(Ei +E ) cos © = B, cos g _ ) (7.#)

(Ij_g;‘__@_ if o, Were infinite (i.e for a perfec£ conductor) - |
Et cos § would be zero and Ei = - Er)

Fram (a) Hy =B, =H g o (75)

(NOIE: If ¢, were infinite, no energy could be trensmitted in the

conductor, making Ht zero end the incident and reflected encrgy must

flow in-opposite directions, For this to be the case, and knowing,
from '(7;&-)’that Ei = = Er ’ H.i mu‘;a_.f, -.—.Eﬁr‘-

thus agreeing with (7.5) ).
Further the coefficiérrts of the exponentials must be e.qual. when z = O
in '(7.2)' end(7.3) giving P, 511 8 = py sin g B (7.6) o
For most practical reflecting surfaces, s such as land, water, copper '

sheet, 4 = p and o is large compared w:n.th we.

. P

- ; Z'.
o '-.‘='-“.( wzuo & )?
Py . 1
. .. . 2
(0w o)
ou, S )
Y et 0 @D
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Applying (7.7) to (7.6) gives:

2y sin 8 = Z__ sin & ' (7.8)
E.

i

00

From (14-018) Hi =

and (7.5) may be rewritten as:

Zot
2 (B, E_)=E

4 1 - T %
oo 7 o
Substituting this value for E,, and =2- _sinf oo (7.8) in (7.4)
, t 'Zoo sin @
gives
(Ei + B ) cos © sin @ = '(‘ﬁi - Er) cos f sin @ (7.9)

Putting sin © cos € = 2 sin 2 © (7.9) becomes(Ei + Er) sin 2 ©
= (Ei - Er) sin 2 @

Expanding and rearranging gives:

: Er = = sin © cos @ - sin 3 cos @ ' (7.10)
By sin © cos € # sin @ cos # -

From (7.6) ®1_ _ sin @

sin
Py

and since, on dividing throughout in (7,10) by sin £

P4 cos @ - cos & - By cos 6 ~ (4 _sinzﬁ)%.
_Er - - P, - - o
B b o b 1
1 _1_. cos @ & cos . cos O+ (1 sin 2,25)2
1 | o
- E 2,2 2 ,2 . 2\ :
giving:  x _ _ (p)/p, ) cos @ «(( py /p; ) - sin “6)2 (7011)
24 2,2 2 arn vk :
Y, (ey/pg ) cos 9 #(( py/p)~ &in “0)%
Py Oy % Jos
From (6.7) == oz
Py )
- . J o
= e - 1 (7.12)
' o
°1
where € = relative permiitivity of medium 1,2—“
' ' o
Now w = 2 m 1
Z
. )L (80 “‘O,)
ord o & = 2l f:.O._.)§= 2o, (L) 1
o T TR N ) 20/ T T60
ond P =6 . =360Na (7.13)°
2
1Y
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Substituting in (7.11) R ,the reflection coefflc:.ent(ver'b:.cal polar:n.zat:.on)

_ E, . (;:.r1 _ ,360%0‘) cos @ - ( (s -3 607»0')-51n 0)2 (70 11)

i (er,l _ J60MXg) cos @+ ( (er‘l - j 60.‘7» q—)-sin. 9)2

Ay 742. Reflection of horizontally polarized waves,

Here the electric vector is at right angles to the planec containing
the incident ray and the normal to the reflecting surfaces

: Rh'= Eg_ is éerived in the same way as Rv was derived giving:

El ' . 4 2 L
E cos® ~( (s, -3 60Ng) sin “9 )2
T . i
R = = — , s (7215)
i cos © -fr('(er1~j607g<r)-sin 8 )2

Ao 8.0 Radiation. ‘ v
The E.M. fields are ﬁest related to-their sources bsr rél_ating the
potentiels fhat.. produce the charges and currents respectively to B énd i,
Maxwellf®s equations‘ will be restated :Ln terms of two potential functions,
.the two potent:.a.ls be:.ng the electric scalar potential V which is related
to E (esg. in electrostatlos E —~ ¥ V) and the magnetic vector potentisl
‘3 ~A wh:x.ch is related to A |

i | Eis def:.ned by the relationship: B=vxk ' (8s1)

Applyir;g .(8 1) to (1. 2)
VxE «49x ( )
feV x (E+ B =o SR | (8.2)

Now curd grad is always equal to zero

" ¢* E 4+ K canbe expressed as a gradient,

*

Pt E+L =-VV - (8.3)
This is in agreement with the relationship between E.and V for electro-

statios ,i.e. when X is not changing and A is therefore zero,
i ' -

‘ Substitube for(8.3) in (1.1) modified by (1.5)

) d : - 3
! ‘”V.Vvﬂat(V.A)=e
Thus = V2 V = =2 ( ¥ ) & : | : (8.4)
L 9% * & ' - . :

Equation (1.4) with (1.5) may be written:

VxH=ecE+13 ' (8.5)



L =A 9=
Substituting (8.1) and (8.3) i# (8.5)"

VxVsxi =p'\(§-—ev%-—e‘.z..)
buthVxK;:V(V.f:)-Vzi _
Thusv(v.K)-"vz./“i:p({-—evi’-_sﬁf.,) _ ‘. (8.6)
E and V may be related by assuming

V.K:épe% | (8.7)
after noting that the equation of continuity is |

Vel ==2 g ~ ~ | (8.8)

Combining (8.7) with (8,4) and (8,7) ®ith (8,6) gives:
V2 V - £ l.J.TV“ = ""% | ’ (809)
_ £ - : |
V;’2 A=-gph =-pi . (8,10)

(8,9) and (8.10) are the wave equations (ccmpare with (3.1) end (3.2))
for & and V and relate the elestric scalar potential (V) and the mag-
netic vector potential Eata point P distant r from an infinitesimally
short conductor carrying charge density a and impressed current density I
Baps,  (8,9) and (8,10),in conjunction with (4413 £f), may be written(and in

this form are sometimes more convenien‘b) ass
2 * &«

¥ €
2 - = -
apd V© B = A =-~pi (8.12)
2 .
v

u

. —t
where v = (e p) 2 velocity of wave in the medium.
The solution to(8,9) or ( 8,11) is shown by Jo ‘(10)1:0 be infer—
red from two limiting cases,(a) the static case and (b) the dynamic case,
talé;}zg pte P to be outside the volume occupied by the charge density.
s .
In (2),¥ = O giving:

V2V

1l

- _,%, (Poisson's Eqn) | (8.13)
Fram electrostatics the solution to (8.13), giving the potential at P

distont r from a conductor carrying static charge density a, is

1 | _
Vo ® Twe fotume _% a v (8¢14)
In (b) & = O, therefore,
2 v
vi= 2 - (8.15)

v
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A solution to this for harmenic variations would be of the form

. _r _
V. = god @ t-3) : (8.16)
P = |

i.e, the effect of a change in a in the conductor is felt at P distant r
from the conductor only at a time % after the change took place, this-being
the time the radiated wave took to travel the distance r at velocity v,

(10) and-Williems (7) , using different methods, go on to show that the
solution to (8,11) is a cambination, reasmmably sosof (8,16) end (8,1L4)

i.e,

Jordan

. r -
7. aeaw(t-v)v

= d v, . ot
£ Lne 'rvol r : : (8¢17) -
and similarly | b .
AR TRl e (5.15)
A'p z"# ‘fvol r ‘ -

These equations are sometimes combined to form the Hertzian vector

potential but this is not required for the purpose of this work.

Field Components of a Doublet

Rige A 8 1



11~ .
The treatment éix;en here is based on:the writer's own
notes on this subject, taken while at Cé.pe Town University.
hissume doublet of length h lies at the origin in figure A,8.1,
and points in the direction & = 0, i.e. along the z axis.( h is
much smaller then \.) |
Assume i= i eJ w¥

i is. in the d:Lrect:Lon Q= 0.

a.nd may be cons:.dered constant over length h.

T ' .
A =-—31hexp j(wt=-pr) fromeqn 818 ) (8.19)

. ‘b.n'r : B . . .
and A = A cos® _ . (8.20)
Ay =k sin @ , ,., S (8:21)

g -0 |
Therefore pH_B VxA !
rsmO(SJ'nsi )-T)l I

1/ r
Homs 5 -.ag [ETTPE

—(-aT—( )"_)ig’_"’

)
All terms, except the last, are equal to zerc,
ihexp j(wt=-pr)
ThusH¢ - I: (-‘J—@+——§s1n0) (8,22)

The jB/r end 1/2° terms ave in respect of the rediation field and

‘the induction field respectively.

Similerly ( ) ‘ .
. ih exp j wt-Br 238 2. .
B, = vy ( by + —— Jeos & | (8423)
jwr
‘_;E‘e;lhecha(wt-i_). (J.@_ ﬂ@+13)sing (8.24)
wr - jor _ :
By=0 0 S | (8.25)
(a) When r is small compared w:Lth AL '
Hy = _._.h_e_?SE_.JL”_( sin g ) o (8.26)
L om r
Er=21heJ§prt(cOSG) ' ' (8. 27)
o Jhmewe r3 . o oo - ‘ V
B, = ih exp jut (sin Q) R ~ (8.28)

3

Jhmwer

(b) Vhen r is large compared with X

.8 ihoexp j(wt = pr) (sinO)

H¢ = Li- TT N (80‘29)
S 8 3h e:*’ﬂﬂr =82 ) (sin o ) R C 1)
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E and A are in the plane of the wave front are at right angles
to each other and their ratio is:

oo o
T sw ez, (8.32)
2

Z . 15 the intrinsic impedance and its value sgrees with (4.18).

The/fie?ld impedance near the doublet is given by dividing (8,28) by (8.26)

Sz = j;& L= = i": (8.33)
A, 9.0 _Energy flow m a_medium,
H * (equation 1,2) = H's Vxﬁ-&ﬁfﬁ? = Q. (9_.'1)
o (cquation 1.4) =B« 9 x A =5 D =E+1 (9.2
Subtract (9.2) fram (9,1) and a.;pply,‘:the. o
identity that V ° (E x H) = ‘..' Vx EwB.uxfl
Then 7V (E XH)+E Dr+ﬁ‘o.§=—-ﬁ-; (9.3)
This is Poynting's equat:.on. .
If there is an ;ianmssed currcnt density 31 (943). becames:
Ve (ExA)sBeD aBeB-cBT-F.1,  (9.4)

-Interrra‘tlng over a yolume "v" bounded by a surfacc "a'. (9.4) becomes:

I, 1V°(Exli)dv+f E‘sEdv*I . de:

-f _Belaves _F.iav o (9.5)

vol vol

Gauss' Theorem states that

[ *Bav=y 1 -F aa
. (Exf) T  Feg B B3
Therefore £re" B xH N da + fvol Ee«g Edv *'{'ol " Bdv
sl Befaves E°T av (9.6)

On the right hand side is the :unpresséd energy (E I éos #). On the L,H,S,
the first term is the flow of cncrgy ndmal to the surface of the integre-
tion; thec second and third terms recpresent the rate of change of the energy
in the velectr:i.c and moagnetic fieldsj the fourth term is the cnergy dissipe-

ted as heat in the system, Ewxf=8§is Poynting's Vec‘tor in Watts/sq.

metrey

he 10,0 Radiated power and Rodiation 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 x ﬁ = ‘é‘.



Taking values for E

=8, = =1 } szj {
3 12 -?— S
8, = 5 E 12 h2 sin % watts/ unit area.

167 r sow

g and Hzﬁ from (8.31) and (8,29) the time average of 8

(10.1)

(1042)

To find +the total cnergy radiated it is necessary to integrate over the

whole sphere of radius r

Fipe Ly 10,101

Element of area on a spherical surface,

. From fig, 10,11 da =27 r%sin 64 6.

' T 2,
T.hgs —fo.rea rda:,é_ Sr211rrs1n ede
3 N
_ IR gl ae
167 ew , -
3 2 27 F 2
_ g I n ~_-cosG(51n e+ 2
T 16T ew 3 >0
p? 12w 212 hZZ o =10 (g I 1) watts
127w B
2
.—:%Rrrl

(10.3)
(10.4.)

(10.5)

(10,6)

where Rr is defined as the ra@iatioh resistance because I is the peak value

of the current in thc doublet,

Thus  R_=20(gh )2 (10.8)
But g =2 m/\ .
Therofore R | = 790 w2 /22 (10,9)
and power radiated =.395 12 hx2/7&2 watts (10,10)
As this is for o doublet, h is small compared with A,
Sinee P = 10 ( B-I h)2 from eqn (10¢6) and
2 1
g =2l B Th - «707 BIhx120w =+707 x 30 _ (B)?
ms "Lwrew - hwr _
21201 ()7 G0F x
= , (10, 31)

r
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A 11a 1 Rodiation from a half wave dipole,

z

Fige fs 110141

»
4

P is far enough away from O for the distonce r , from point P to any point
on the dipole distant 2z from Q,to be taken as ¢ = r, = 5 cos © (11.1)
Assume. sinusoidal current distrihution so that if I is peak
) current at O then the peak current at any point along the dipole, dlstant Z

A
from O will be 1 ._Io,cos Bz so that at z = &, I =0 (11.2)

in element of length dz . will behave as a doublet, Therefore
from (8.31) (radiation ficld) ‘

521 sine R |
oo o L. ot “pr + Pz cos o)
EG = CERY j"l cos B z e Tot dz.
j2, XY sin6® = . .
= - ? To0e fl'-k B cos B z ea(mt BVQ + f2 cos @) dz
L7rr 2~ _
b (11.4)
But [ e cos bx-dx = 53 ( 2 cos bx + b sin bx)
a+wbh

. Z‘.
lherefore, integrating, and taking 2°°’_ = 60,
60 I t-pr - (E cos @
E_ = £ o e B ) cos (2 cos @) (11,5)

" . r ' . 8in &
[ : , , ‘

Placing ry for r in denominator,is perrissible if r_ is large, If I is the
‘rof%s value of tho eurrcnt thon the renes, value of the field strehg;@h is given by

o cgsiwcose. : :
GG I- TR - {11.5 4)

r
The varicble portion gives the polar diagram in the vertical plare and is o

finction of 6 given by:

T : ’ ’
4 ) |
F(a) COS(.2 cos ) | ( 44 .6)
sin @ '
Fran (10,1)
Z 12 | | ‘1r ' )
g 26 , (22 (5 cos ) )2 (11.7)
87 ry ~sine
and P = [Ts 27 r’sin@d e from (10,3) (11.8)
~ 2
Z I
- ol; ”0 /™ ¥ (8) sin6a e | (11.9)

= 30 Ii I F(8) sin © 46 © (11410)



- by 15 = o
and B.r referred, as usual, to the point where I is a maximum, from (10.7),

is given by R = 60 fg 72 (8) sin 6 ae ) (11.11).
2, 7
7 cos ( = cos 8)
= 60 /g 2 ae (11.12)
sin © ‘

e

(11412) may be put into a form using tobulated integrals given by Jahnke

ond Eode17) and R = 73 ohms (approximately) (11413)

(7) (18), _

Alternatively, following Jordan, s Who appcars to follow Pierce

Put cos © = u then a’.e = d L and the integral becomes
v : ‘ sin © 1 -u

171 1 4 cos T o
'111 1+|l dua

Hence putting v =7 (1 + R»)

the integral becomes

%[?T(v _vé v5

o4 4,’ + 6i ) av.
_ w.2“ . I.|.. ® 6 [ ] w8 . 21,!
=i_( v - V. oy V‘."v.a V“*)“
2 202 " Lol it R (11414)
242, Lehd 664 8-8¢
and since v = 27 = 6,2832
the first tem = 9.870
Using 8 terms the integral
2 ¢ 7
fmocoe” (5 c088) a5 _ 42486 (11415)
© sin B
and R = 60 x 1,2186 for a%ﬂ dipole,
= 73,12 ohns as in (11.13) (11.16)
As 11.1 Radiation fronm a—ﬁw nonopole (grounded).'
In the casc of a i}; vertical rod the integral will be for a semi-

spherical surfacc (_J:imits are now O %o 721 )and

R = 60 x 4609 = 3645 ohms. o o (11.47)

4s would be expected, if I is the same in both cases the dipole

radiates twice as much power as the monopole,

Le 11.2 Field strensgth related to power and distance.

ir PI; - 1° ‘B = 1000 watts, using R M S values for I amd B |
: 1000\F 5 o . '
thenI_ "= ( =3 )2 = 3.7 amps.

Then, from (11.,5) onc watt of radiated power will produce y 2t 2 point
distant 1 metre in the equatorial plane ( @ = 90°), a field strength

e 0x3L _gym
' (1000)2 :

1 %\ '
i.c Bd = 7 (P)? for 5 dipole, (11.18)
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At high fregencies a point distant 1 metre would probably be in
the industion field making the case fictitious but- tl;xe concept of P =
1 watt, r = 1 metre is useful in the M, K,S. system.

The field strength at one k:l.lcmetre for P = 1 kilowatt is
glven by: |

E = 60 x 3.? x 157 'volts/metfe.
= 222 mV/m oo . - (11.19)
This is enother useful concept, .
Note that r is not expressed in Wavelengths a.nd therefore for a
given radiated power, a % dipole, for,say, 1 Mc/s, w:Lll produce the

same field strength at ene Km, as a % dipole ab. 100 Mcf,/s.

L 1%. 3.0 Influence of reflecting plane,

Assume the plane is a perfect conductor, Then the image would
be as in fig. A. 11.3.,0.1 (a) for a vertiocal element, (b) for a horizon-

tal element and (c) for an inclined clement.

o -&011030051 .
The vertical radiator has an in-phase ‘Iimage;' the horizontal

radiator has an out~-of-phasc image,

The polar diégram is found by multiplying the polar pattern of a
dipole in free spac‘e. (equation 11,6) by that produced by tWO point sourw
ces situated at the centre of the dipole and at the centre of its imege
respectively, The point sources are in~phase for a vertical dipole and

m:.t—of-phase for one which is horizontal,
As 1140 Vortical antenna above perfectly conducting plane. :

Jordeu'l.(1 0) suggest that the multiplication referred o in 1143.0
mey be done qualitatively by inspection of the two polar diagroms to

be multipliede



~hy 17 =
It is proposed,however, to follow William’s(7) method of--deriving
"height factors" which, when-multiplied by equation (11,6) will

produce & quantitative result,

Ay
H
Y TO POINT P
g 4
]‘ o)
H
. A2

Fige fal1eleOyi

Distance O P is so great that A1 P; O F; A2 P may be considered parallel,
OB,1 =% cos = H cos © radians,

Thus when € = O, the phasc of E‘1 at P relative to referggnce Pt. 0 due to
A, will be B H rodiens whereas ot 8-90° it will be zero,
Similarly for A2 the phase of E, at P relative to point O due to A2

will be =~ B H radions,
The resultant field at P will be the veckor sum of E1 and E2

toking into account any difference in phase in A.1 and AZ .

Apply this to fige As 11. 3.0,1 (2). Thec currents in anterma

and ground image are in phase, E at P due to antenna and image when
11 = anterna current ond I
E=k I, angle (BHcos 8) +k I, angle (=g H cos 9)

5 = image current is given by the equation:

Assuminmg 11 =12

E =XxI, angle (BH cos 6) + k I, angle (=g H ocos )

1

E =21, cos (fH cos 8) - , (11,20)

{1

2 kI, cos (B H sin A) ‘ (11,21)

2% I, F ( H,8)

where A = angle between O P . and the horizentaly cos (B H sin A) is
the height factor 13‘1 for positive images and is plotted graphically
in figum Ay $1elte O 3._ k I1 :'_.s the free-space value of the field
(eqn. 11,5 A), The field strength, in the prescnce of a reflecting
plope,is B = 2 cos ( g H sin A) times the froc-space field strength,
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-A.. " -  . : i

A, 11, 5.0 Horizontal antenno above conducting planc,

Herc the image curent and the antenna current are in antiphase,
Therefore from fig, A,11¢340,1

B

i}

4 = kI, angle BH cos 8 - , (11.23)

£y

Assuming I1 =1

-kI1‘ anflc B H cos (@ + 7)

2

BE=2kI, sin (8 H cos @)

= 2 kI, sin (B H sin 4) (11e22)
F, sin (B.H sin A) is plotted graphically in fige A.11.4e0,2 (11.25)
for H is » 25 A to 1,0 A for negative imoges. The field strongth,in

the presence of a reflecting plane, is E = 2 sin (B H sin A) times the

free space field,

A, 12, O.Rodiation from a straight wire carrying a. travel;l.ing wéve.
The -serding peak current I o ? is related _t6 the peak current
at a point dis;ta.nt. z down the wire by the equatibn:
I,=T, 0% (~3p32) (12,1)
_ where Iz and Ia differ in phase but not{ in magnitus_ie. They vary

sinusoidally with time so that iz = I,Aa exp(=j w t)and i,=1, exp(-jwt)

2 2

v Figs A, 12, 0.1 _
Straight wire carrving travelling wave,

In fige £412. Ou1 2 straight wire, length 1, is centre fed, The
instanfencou§ electric ficld at a distance T, from O is given by

equations (8431) and (11.1)

.

EO = %ﬁ f+2 Io gy Bz eJ(w t--[% _ro* 8 z cos Q) az
- % -] .
2. 4 s
3R o JHwt-pr) *E iR icos @)
e ‘-;}2; ‘('12""2),

Dealing with effective-values, i.e. dropping the phosing terms and
putting % = 60, 12,2 becomes:

E‘g _ 60 Io_ <in © L—\+~2- 83 3 E z (1~ cos 6) iz (12,3)
2 r 1 .

2
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Puttn.ng Bz (1-cos 8) =
g (1 - cos @) d.z dx
dz
B (1 - cos @)

The integral then becomes

-ix _ ¥
I B (1= cos @) ¢ ’ =§
L : n(3-=- (1= cos @)

iy (79030 -0 o+ a8} GOy

‘3%:- (1'- cos ©)

Puftmg-ﬁég‘ (1 - cos 8) =

. im) (cosy—,js’iny-‘-‘cosy-fjsn.ny)

2 siny - sin (. (3%( 12 cos @) )
(T=c0s®) ©  —1rT o) - (2s)

mm(md)mduzw

B = 0Ly sn® (s % (1=cos 8)) *  (12,6)

° rz'!-cosO)

The polar diagram F (9) is o function of © such thot

sin @ sin ( B—(1-cos 9) )

F(Q) = (12,7)

(1 = cos 9)

As12, 1 Rodietion from a Rhombic a;ntenna,_

Four stra.lght wires, each car;ry:.ng a travelling wave as in

(12,0), and forming a diamond comprise a Rhombic entenna, Harper (9) has
devoted a book to Rhombic antenna design; workers ‘such as Caffcrata(zo)
Foster( 21) have made 31gniﬁcant contributions to the theory and the equo- -
t:Lons dcnved below were verified by Bruce(2 )o.nd Bruce, Beck and I.owry(19)
In 1953 the Internctional @onsultative -Ocnmttee(“ )_publ:Lshed the valuable

" intenna Diagrams™ ' of which fig, Fobeked{ s one and the qualitative
51g;na1 'strength disgrams have been venflcd by the British Post Office,

(8)

1s fragmcnt'\ry. It is better covered by Williams

The trcatment of the sub,ject by such writers as Starr

oraon(1) ozman ) "(7)

who summarizes much of What hos ' been written earlier and his 'xpproach is
applied below to the special casc of the field in the dlrectlon of propa-
gﬁﬁiion which is in the direction of the major axis and inclined at an angle
" A to the horizontal, making an angle © to A B and A D, Only when A = O will
the direetion of propagation be in the plane oontaining A,B,C, D. (See fig.
Ae 12, 1.1 vhere 6 B =B @8=CD=DA=1)

Fif—’;. ﬂ-n 12. 101-
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From cquation (12,.‘6), but with the phasing terms in (12,2) re=introduced,

the value of Eg , ot P which lies in the direction of propagation,due to

side A B referred to the current at A is given by:

Eg . 60 IQ sin @ L (ot = pr) sin (g gﬁ(ﬂ'cosg))é-,jﬁl/z(jfcos 8)
r (1 = cos Q)

. | | (12,8)
The last cxponcntial term allows f’or referring the phase to A and for
the phase difference along thc wike,

-The ficld due totside D € is the same as for A B except that
there is a phose difference of B 1 cos © rodius (being the separation
between the mid~points of A B and B G); a further phase difference between
the currcnts at these points of g 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-
rcnce of w radians due to the reversal in the sense of current between
ABand D G,

- The sum E

from L B and C D, referred to the mid-point of A B, is given by:

E, = 2E5 cos (ﬁ_g.-_.,%‘ﬁ.,g*_%; 4 % )

of the ficlds in the direction of the major oxis,

1
. 1 = '
= 2 Eg sin ( [3=-é=-( 1 = cos Q) (12.9)
This, as shown above, has a phasc relationship with point 4 given-by
=3B 1/2 (1~ cos @) (12,10)

.

Thus, referred to current at &, f‘rom(-’l2.9),(12.10),(12.8')‘ :

. . . 2 1 ] Q L
3 120 T_ sin © sin® ( & t=c00 8)) 3wt - pr)_23p1/2(1-cc8 ©)
r L (1 = cos @) _ . (12.11)‘,

B

1 =

-In like manner the sum E?’EZ of the camponents from B C and D L are found
to equal E,I‘ in the dircction of the major axis and the total field

=E1 -QrEuz

im this direction,

Side Elevation

Fige fia 12, 1.2
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Inf‘lg. 12‘1 2, @is the angle B A P

cos © = cos A sin ) _ ‘ : (12.12)

E=2E sine= 2B, C?SH‘" 0 (12.13)
. + sin @ - .

Substituting for cos'® from (12,12) into (12.11) and then for E, in
(12,13), whilst dropping the time phasing terms, gives -

g o H0Icosy sin (g(1~cosAsmE))
r( 1= cosAsin.Q) | o (12.14)

A

Where BEand I arc rem, s values,

Thus B = -4*9——1--1@ (rg a) Ry (L,E8)  (12.15)
E'2 is called the "asyrmaetry factor . o

F3 is called the"length factor".

If the input impedence = 600 ohms an :anut power of 1000 Watts

would produce & current of:

I = 1,29 amps ond from (12,15)
E = B0 B F, B, . S :.(12.16'_)

kY . ' r K . 2 3
where E is in mV/metre

r is in Kn.
Comparing (12 16) W:.th (11 19) the Rhomblc anterma has a power
gain, GH s OVer o half wave dlpole in f‘ree space such ‘that

Gy = (1».396 FZ_F;)

say Gy =( Tale F, F ) ‘ - (12,17)
Vertical Polar diagram, (Rhambic An.tenna)

When 2 Rhorbic antemna is mounted horizontally above the groumd
it-may be considered to have a négative imoge below the ground as in-fig,
(A.11.1) and the cambined field strongth is double that given in {12,45)
multiplied by the height factorn F, ,for negative images, (Ban., 11.25).

The power gain, Gy » of the Rhombic, situated zbove a conduc—

ting plane, over a dipole in free space, is therefore given by:

o ) |
Gy = ( 2-81F1 F, s ) (12,18)
‘ 620 P2 :
d B = -~ E, F, B , (12.19)
or (from (12.15) E = --it@%-l— B, F, Ty (12, 20)

\

where E is in nV/metre at pt P in direction of major axis,
P is power in KW,

r is distancc of P from radiator in Km,
F, is given by equation (11.25)

F, F3 are given by equations (12.14) and (12,15)
3
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Horizontal polar diapgram, (Rhombic Antenna ),

(223,(19),

Starr(8) and 'Williams(?) guoting Bruce and his colleagues

extend F2 s ¥, to give a polar diagram for A = constant in terms of an

3
exploring azimuthal angle @ so that
TE-ELR (L&A AL S (12,21)
whereF %(cos (2+9) + 58 (H 2 (12, 22)

1-COSA51n(§*¢) 1= cos A sin (§ = ﬁT)
ond B, = sin ("L (1 = cos A sin(§ + Zf))sm(ﬁ—ﬁ - cos A sin(§ - #) )

5
(12,23)
(Motice thot FL.. and E5 equal F2 and F} in the special case when §§ = 0),
Now, in free space, as in (12,16),(12,17) _
1 _
B = M.. F P » (12‘24)
r k75
Gy (14, E, )2 (12,25)
and vhen Rharbic is placed above a canducting plane,os in (12 19) and (12,48)
20 (P)
F
_ Eh E5 , (12,26)
or E = .,ﬁ__, F, F F (12,27)

where E, P and » have the same units as in 12,19 and

Gy = ( 2.8 F, F, Fs) (12,28)

Optimunm dimensions of Rhambio Antonna,
To'objtain maxinum gain for a given value of &, the functions F1 s

F2, F, in eqn, (12,18) are differentiated with respest to A, Williams(?)

3
has shown that this leads to the following optimm dimensions:
H= l:%_i;— & T (12,29)
Y= 90-4A (12, 30)
2 :in % \ ‘ L Gz

But this gives a lobe moximun slightly below the chosen angle, In oxder

to correct this g:i from equation (12.20) must be put to zero,
The maximum occurs at 1 = -'-27-12—-7,‘@- (12.32)

sin” A
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The signal strength imthis d:.rect:.on is some 15% less ‘then :H: is
in the same direction for the- maximum output- design of e (12:31)s
Eqns. (12 29)(12 30) and (12,3%) are. used to-give. opt:umm cles:Lgns for
tronsmitting antenmas ond eqns. (12.29), (12.30), (12, 32) provide the
optinunm design for receiving antennas.beoause no other part of the-lcbe
is more sensitive than it is in the ch.rect:.on ‘of the wa.nted signal,

Radiation Resistence of Rhombic anterma.

This is shown by Lo@in'>>’ to be

r

R =20 ( g, (bri-cos? ) we577) . (12,3)
where R is in chms, | ' R

P A G e R Am G W A o e e
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o APPENDTIX B.

H.F. PROPAGATION : LONDON - SALISBURY.

SUMMARY OF APPENDI X B,

H, F., propagation theory is developed and leads to the following
results, which are used in the main text, assuming that the operating
frequency is 21,47 Mc/s at noon, September, 1956, and that 100 kw is
transmitted from London, using a Koomans H/4/4/1 antenna aligned on the
great circle bearing of Salisbury from London:-~

(a) Wave arrival angle (A) in Salisbury: g%t 2°

(b) Mdde of transmission: , 3 hop F,

(¢) Approximate height of trajectory: 255 ki,

(d) Losses at reflection points: 8.6 db,

(e) Non-deviative absorption: ' - 41,6 db,

(f) Deviative absorption: 2,2 db,

(g) Spatial attenuation, ' ~ 75.0 db.

(h) Polorization and pheasing loss (assumed): 4.6 db,

(i) Calculated received field strength: 12 db above 1pV/m

_ i.e. L pV/m.
Expected variations in signal strength are dealt with under

the headings:~-
' 1) Interference between signal components which are-out of phase;
2) Vave frequency approaching the value of path M,U,T, ;
3) Dellinger Fades (S.I,D.); _
")) Prolonged Ionospheric Disturbances (P.I,D,) ;
5). Ionospheric Storms;
6) Sporedic E Ionization;
' 7) Winds and Tides in the Ionosphere;

8) Scatter phenomena,
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APPENDIZX B,

H, F. PROPAGATION. : LONDON -~ SALISBURY,

B.® Vhat rust be known about the incoming signal,

When attempting to design a suitable receiving antenma for a
high grade point~to~point circuit, a knowledge of the following is
necessarys | .
a) - the mechanism by which the gignal travels from transmitter

to receiver;
b) . the expected wave arrival angle and bearing; (ignorance on
| this point could easily lead to the error of employing a

high-gain antenna with maximum sensitivity in a direction

- 21

other than that from which the signal is arr1v1ng);( )

c) the 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 sumarising the present‘knowledge on the propagatian of
radio waves, and the manner and extent of their attenuation from
transmitter to receiver, it is possible to determine the parameters
concerned., '

Be1s0 The formation of an ionospheric laYGr.

Theories concerning the formation of ionized layers are
sumarized below, |

Consider the earth as being enveloped by a gaseous element
the density of which decreases exponentially upwards, The inten~
sity of radiation from the sun decrcases as the carth is approached
because of absorption,by the gas particles, of this radiation as it
penetrates the gaseous envelope, The absorbed radiation causocs
ionisation of the gas and the rate of ionization would therefore
be expected to be a maximum at a certain level, In 1926 Pannekoek(66)
devzloped Saha‘s(67)theoxy of thermal ionization as modified by
Miln£69) and Woltjer(68) to take into account the continuous mature
of the soddr radiation but Chapma.n(51) produced a theory in 1931
that is simple, direct, and useful and takes into account diurnal
and seasonal variations by specifying ionization in terms of

the zenith angle X of the sun,
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The Chapmen Theoryo') |
Due to absorption of the sun's radiation in the

atmosphere the change in rodiation intensity dI when the
radiation paéses through a layer of .absorption coefficient A
of atmosphere of .thickness dh at height h is given by:-
dI:AIdhsecXp exp (=h/1) . _. , 3.1.1.1
where p is the gas density at rrrouncl level and H, the
scale height,is dofined as:

(H= Iljg B,1.1,2
where k = Beltamonn's Constant 1, 37 x 1'0'%' erg/degres absoiute.
T = tempcra’cure at helght h in-degreces absnlute.
n = mean molecular mass of gas. )
g = accelerat:.on, due to gravity, at hen.ght h.
On mtregat:.on, eqn, (B. 1.1, 1) becomes:

= I, exp( =hp, H sec X exp (-b/H)) where  Bit.1.3
Io= the intensity of rodiction before it enters the
atmosphere, ' '
If 8 is the nunoer of ions proclucecl by o.bsorpt:l.on of
wnit quantity of radiation then the rate,q,of ion production
per cc at heigm: h is given by:=

q = 36—; cos X, ' Belelel
‘Differcntiating eqne Ba1e1.h4 gives q as o nmmmn volue

ot q =8I, 008 XM cxp 1 Butele5

and the height of this maximum rate of ion production is given by:
exp (h/H) = 4 B, H sec X Byl.1.6

For the speciel case when the sun is vertically overhead,
X = 0 and egns, Bele1.5 and Bei.1. 6become~ : -

9% = B I, M exp 1 Detetabe

h, = mlogeAPo o | D.tut.6e

 Now reckon:mg height from the reference level b, in scale
units and writing this height as "z scale wnits fram hy, "(where

z= hr )s
=" . _
@ =g, exp { 1~z sec X exp (~z) ) _ " Detele?

If N = muthar of electrons/cc at any instant t ot height h and,
assuming thot the mumber of clectrims lost per second due to

reconbination is a N.z » then,for equilibrium canditions,

d‘N - qu“N{z =1O ’ 30111.8
“at : ' "
feee g =a W - Betad.9
Substituting in eqn B.1,1,5

‘aN:Z = B Iy cos X/‘H1exp 1

and N = constant (oos X)Z , B.1.1.10
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B 3.0

B. 3.1

B Pressmzm(78) do not accept (a) and (b) ond Gibbons and Waynick

[

el =

Substl‘butlng eqn. 2,1.1. 9 in eqn 2.1.1.7 the distnbutlon of N
w:Lth helght is given by:~.

N = Npox exp 5 (1-2- sec Xexp (-3)) Bete1.11
where Nmax =(qo/ a)f is the maximum electron density for'X = O.

In the region where z is—small and for the case where X = 0
Cha.pman(51) shows that eqn (B.1.1.11) approximates to:-

N = Npax (1 = 22/4)

= Npax (1 - y2/i H2) : O Bo1e1.12

Wherey:h-hm:zH.

Equation B, 1,1.12 is that of a parabola and this parabolic

~ distribution holds good to an accuracy of 95% within the region

hy = H, Such a region is commonly called a "Chapman Region",

Practical departures from the Chapmen Theory,
The idealized assumptions of the theory,that (a) the atmos-
phere is isothermal (assuming H = KB/mg is constant), (b) that

jonizing rediation is monochromatic-end (c) that the recombination

coefficient is constent with height, are not found in practice
and this fact distorts the layer shape, Nicolet- and Bossy(71)
have investigated 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 rising temperature gradient, However the

deviation, in prac‘blce, from the Chapman layer, is not great in the
E apnd ¥y layers,

The formation of a series of layers,
I\li.'i.i::'ra.(7E has pointed out that Pa.nnelgoek‘s
may be used to explain the origins of the various layers, Bahr

(66) caloulations
(70)
has calculated in great detail, the formation of layers using

this method and the present theories may be summarised as:

The normal "D" region (60 km = 100 km).
The theory pub forward by Mitra,Bhar and Ghosh'7*),in 1938,

" that this region is caused by ionization of 02’, has © given way

to one proposed by N:‘Lcolet(75 )\ as follows:~ |
(a) The normal D ionisation is duc to ionization of 02,

(b) Sometimes a sporadic layer is formed due to ionization
of sodium,and

(c) Scmetimes extra ionization is produced during radio
fade~-outs due to ionization of NO by » 1300 giving

NO + hv = NO* + e,
Mitra(76) supports this theory but Watanabe, Ma:mo, and
' (76)
favour (c) as the reason for normsl D region ionization, It is
hoped that the present scanty knowledge concerning the D region
model will be assisted oonsiderably by the space probe prog:bamme
now in its ‘infancy, ' ’
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B,3.2 The normal "E" region, (100 -~ 450.
, The under~boundary of this region is approximately 100 kn,
with n‘ . Ot about 120 k. when tho sun is vertically overhead,
This is tfme tranmt:.on reglon where O2 dissociates to fom atomic
oxygzen. Bhago has proposed that the loyer is formed by the

second ionization. potential of' O2 Hoyle and Bates‘(79)theory

that E ionization of O is due to emission from the solar corona

(photon groups at 3254) hos received wider acceptance, Applet 80)
indicates that recent rocket somcl:mgs have demonstrated that
B ionization is causcd by soft X TOYSe

l‘pplctoxg has also clrawn attention to the vertical'
tronsport of electrons in the E region pointing out that eqn.

Bele 148 becomes:

® _g-aN -divE . Bu3e2.1
at ‘ R

where div N is the electron disappearnce rate upwaids ..'p_er unit

volume and this upword drift of clectrons is i-esponsible R
according to Martyx(‘81), for same of the perturbations in the
F layer.

De3.3 The normal "F" region, (above 450 km, )
This is the region above about™ 150 km, and is usually
subdivided to give the F1 layer and the EZ loyer, Bhar'go)
proposcl that F‘ is due to ionization of molecular nitrogen

and F2 to the ionization of atomic oxygen is not supported by
Bates and I&’Iasso:—:§r83 who' claim that F1 is due to iontzation of
otomic oxygen and this is supported by later workers, - This
region (F1) conforms to a normal Chapmon layer and N, the
electron density,near the maximum is given by the solution of
the equation: ‘

__dd_-%‘_ = q-—am'lz fram eqn. Iin1.1.8

For equilibrium conditions (-%%Ii— = 0) equations 3.11.1.8,9',10
indicate that:. - ..

N = const x {cos X)2 as in (B..,1.1.10) .

- The By region, according to Mitra(xzs) is also produced

by 1om.zat10n of O by the following process:

As proposed by Bradbu.r§r85 ) and favoured by Mohleg&')
and Bates and Mosse 83) s the effective recombination coefficient,
@, decrecases with height so rapidly that o maximum ocours when
equilibrium is reached ot same height above F1. Thus the F
region has two moxina, one at F, end one at F,. Brodbux'§85 )
sugzests that in the Fz region the number of electrons lost per
second = B N compared with the @ N° in the B ond F, regions ond
therefore:

N = lconstx(cos X) instead of (ocos X)Z .
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Martyn

Martyn(86) agreeé but maintains that Bradbury!s ’cheory(e5 ) :
is not the whole story because Npay (Fp) varies wirth sunspot
activity at a rate more than 3 times N . (F4) and-has-postu-
lated the concept of icnization transport (See sec,D.3,2) so

that in the F2 region: T

AN _q-pN- iy (V) L B

where N = nunber of electrons per cc.

q = the production of ions per cc. -

B =.coefficient of ionization decay =10 exp(ég%ﬁ)
h = height in km,

V= transport velocity of electrons (and ion's)

The variation of Npav with sunspot number has been investi-
zated by A11ent87)(88) Lo has shown that the values at the

equator at the equincxes, durlng an epoch of sunspot number R,

!

are given by: _ - o
Fy layer, Mooy = 25 x 10° (1 + 0,0062 R) : BJ3:3:2
F2 ]_ayer’ Nma_x ‘ _A. % 105 ( 1 + ’002 R) : B¢303-5

it

= €5 x 1.2 w10 : Du3 3.k
where f- is the Fo critical freq. in Me/s. ’ .
(86)'has incorrectly stated eqn B, 3.3.&. as " ' Npax = fczx 162l
where fs is in = Mo/s")

By comparison with other -data the value of A in eqn D.3.3.3
is considered to be about L5,

The collision frequency between an electron and ions;vg 5
and between an electron end neutral particles,v, ,,may be
calculatéd by formulae due to Chapman(89) as follows:

v, s A3 + 418 loggo (T2 /N )) N T 2 De v 355

Ba3e3e6

.o

v =54 +1070 w3
where T, the absolute temperature, f‘oz*'var:l.ous heights from 50
im t0 100 km, is given by Nicolet 9°), Martyn, (85 from sabellite
results quoted by Schilling and S‘cerne(9 )1nd;1.oates that T rises
foirly unifermly from 560° K at 160 km (F4) to about-1400° K at
300 km (Fo)e N, = neutral particke number density/cc, The’
particle densities given by Terman(l") page ¥l for various hen.ghts
mey be used for the values of Nn in eqn (13e3.3:6).

Marbyn(-86)--indicates that the scale height H for this. rcglem
is given by H = ,039 T (km) at 300 km and H ;037 T ot 160 k' when
T = absolute temperature, quoting Baﬁ!.es(173 ) for the-assumption .
that the mean molecular weight in the F region is 23,8.

“w

_ The Ionospheric Model of mumber density and total collision freq.

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 FIL. 2,L4.0.1.
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B.L4.1 Electron number density vs,height,

Rocket soundings quoted by F‘I'.Ledman(79)and. critical
frequency soundings taken by ‘I‘homa.s(8 ) 5 in July/August 1957 have
been used as the basis of the model, These figurcs were-adjusted
so as to -give the valus of N for F as per equationIy. 3. 3.4
toking noon cr:.tlcal at the eq_ua.tmr in Septcmber 1956 as 13 Mc/s(99)

EO Nmax' for F =21 % 105 electrons/cc. (also sce cqn. B».5.0.l;.)

_ The September noon curve.-for N versus height at the
equator for any other ye’ar may be plotted approximatcly by mul= -
tiplying the N curve in Figure F, B.4.0.1 by the rotio (f /13)2. (59)
The F, critical frequency for which Fig. FF,4.0.1 was constructcd
was 13 Mc/s and i‘c is the Fz critical frequency in Mc/s at"noon
at the cquator .for the year in guestion, For other times of day
and/or othor seasons and/or other latitudes, find the solar zenith
angle X : then the N curve is approximately (cos X.)'QS

that obta:n.ned above for F, rogion and (cos X)times .for the F, rcgian,
\

B..4e2 Collision frequency., ( v = LA R A n) '
The collision ﬁrequency for various heights was calculated
as explained in In 3.3« Because of its very large ronge of Valuss

it has bcen plotted on a logdrithmic base and reveals a lincar

times

'varia'bion,, on this base, above and below the region of transition

from O2 to O,

Bv4e3 The product N v,
This is the fundamcntal quantity that appears in the absorp—
tion formulae quoted by Piggott 56)
Fo By4.0,1 it is a simple matter to obtain the avercge value of
{ N v ) for each 10 km, of path length.

There is still considcrable differcnce of opinion between

and. A._ppleton(5 7 o From figure ®

_variouss authorities. concerning the mediom velues of v and N, Wen
Y, W.Re Piggott wos o.slua«'i( 177) reeently to otmmerth

~on Fig, FoDeleOull, ko r\,plled(178) that he agreed that. the
i.’mportant section of the v curve below 120 ke is correct but X

suggested volues for v obove 120 km, and for N below 110 km. that
have resulted in the curves drawm in red, It is seen thot o small
chmgé in the N curve belcw 110 km, has resulted in o large change.
in the N v curve at these heights, '

Pigpott's suggested anendment( 78) has been accepted
becouse (2) the graphs by ﬂ.‘hona.ss(8 ),from which the original "N"
curve was deduced,are difficult to read with acciracy in the
70 to 100 km.region and (b), to quate Plgg,ott(wa) U™ values.
above 120 km, "are very controversinl but the estimates are .
steadily falling with time, most of the losses scen experimental—
1y being duc to systematic defoous phencmens , the interpretation '

of rockot measurements being questionable®,
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B45.0 PROPAGATION IN THE IONOSPHERE, |
The refractive index when neglecting Qollisions and ecarth's ‘f‘ield.

As pointed out by Eccles(91) in 1910 and feveloped by La:ﬁor(sz)
in 1924, in what is regarded as the basic Ecoles-Larmor theor& of
radio wave propagation in an ionized medium, ond as supplcmented
by the Applcton-Hartree magneto-ionic theory, w7), (18), (19).
neglecting collisions and the effect of the carth!s mognetic field,
.the rcfractlve index (n) of an ionized layer has been shown by

‘Baker and R:Lcc(37) to be given by the equation:

1 N 1 .
n= ( 1 8 )E . (3050001)
f .
where n = refractive index at the level of density N.
N = electron density in clectrons/ cmd .
f = frequency of wave in kc/s.

if an ascénding radio wave leaves the atmosphere (where n = 1)
and enters a horizontally strotified ionized lo,yer at an angle i to
the vertical, then, by Sncll's I.aw(l") the angle, @y between the
wave and the veritical at any point, x, where the refractive index
= Ny is governed by the equatiion: - |

n, sin 8, = sin i,  (B5.0,2)

‘There will be - total reflection at the height where 6x = 90°

where the wave is bent honzontal. At this po:.nt.

(1- Lzlo e” )% . ,
- Y S

I . . .
( 1 — él._g_o- )2 = &:2, . ,(B050003)

f : ‘
where Ny is the density of electrons at the highest point of the
trajectory of a wave, of frequcncy f ke/s , incident at the bottom
of the layer at an angle i and e is the d101'=tr3.c constantof the

ionized medium, € = is charge on an electron.

sin i = ny

i

cor.sin i = ny

#or vcrtn.oal incidence sin i=0and
=9 (mo)2 : (5e540u44)
wherc f is in kc/s, T :
The critical frequency, fg, of a layer, is defimed as the
velue of £ in egn (B.S.O.L;.) which corresponds to the maximum value,:
Ny for that leayer, glving '

fC = 9 ( Nm)—a_ . - . . ' (30500.5)

The maximum usable frequency (M,U.F.), sometimes rcforred to
as "oblique incidence critical frequency", fo i, is defined as the
value of £ in eqn (R.5.0.3) cormspmﬂing to the value of Npay that

applies to the F» layer, Thus:
( 1 - 81 me )-15
—— ,
g o

23 00521= . 81 Ny -

L.l
feoi

fo sec i. . ' (B.5.,0.6)

sin i

o o

1 - sin

1

0%

il

Thus £, 4
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From this relationship follows irmediately a-theorem
. (Gerived in a different woy by M:Ltra(76)) and forming the ba-
sis of Mortyn's absorption ’cheorem(65 ) namely, that the hc:n.ght
of tragectory of & wave of frequency f, incident ot angle i,
is the. sane as the trajectory helght of a vertical incidence
wave of frequency f£' provided thots-

f' = £ cos i ' (B.5+0.7)
f oos i is called the "equivalent normol incidence frequency"
corresponding to the "oblique inciclence frequency",f

The refractive index when neplecting coll1510ns but toking
account of the eaxrthls field.

Appleton(91) has shown that when the earth!s magnetic
ficld is taken into account ’ thc refractive index, when col-

lisions are neglected,is given by:-

n2=:.‘i- > 2 . l;.
*q - X 21
2y~ + ( + z
(&5'008)
where y = mwz
47 N
n W
LELTR Z I Stbdic!

. .
where wq = gyro magnetic angulg.r frequcncy corresponding to Hp,

W2 =y, s ey 29 9 sy Hp
Hp = mognetic field strength in direction of propogetion,
(in osllts).

Hp = Magnetlc field strength at. ripght a.ngles to direction
of propagation (in =, )

8 = electven ohinxge (esseu).

w = angular frequency of the wave ', redions/sec,
The upper sign gives rise to the ordinmry ray and produces
a value of n very similar to that of 15,5,0, 3(identical to it
when Hy = zero) while the lower 8ipgn gives rise to t.he extra~
ordinary ray., For propagoticn along the line of the field
xp is negligible and eqn (B+5.0.8) becones -

m2= 1 - ' > 2
, B _ 2_11:1«»0\),l .
7N e2 * b w N e?
_ g LT Ne? . |
— hand oy m N
mw?-( 15 e.%._.) (Ba540.9)

. When the wave frequency is large corpared with the
gyro-magnetic frequency the value of n in eqn (B.5.0,9)tends
towards the™no-field" value of eqn (B,5.0,3).
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Rcf‘ract:.ve index ne&]_. % field and t@g}g comsions :.nto account

In on expression for n, the refractive index for propagation
along the line of the earth!s mognetic field and when w is much
greater thon @4 (sco eqnii 5.0,9),it is permissible to neglect the
earth!s field, Baker ond Rioe(37) hava shown that if the earth's
field is neglected the conductivity of. the :Lonosphere is given by;- |

- ¥el v -
m (o2 4 v) | | (.5.0.9.4)
where o = conductivity in e.s.w
v = collision frequency.
n = electron mass (grams),

and it has an effective camplex dielectric constent &', where

1 .

E = £ = 3 -m——— H N <" (B.s.o.jo)
where ¢ is the dialectrlc constont of the nediwn = 1 - i(—'—”g—%—;
.7 oW+ v

It also has a complex refractive index n! where:

(2ot o(n-doey 2. es i2pnw
o e W o
(z. 5.0.11)
whore @ is the a.bsorpt;onéger wndt length of pathe

Following Mitra 1) by equating/ real and imaginary pawts of
eqns (B.5.0i10) and (B.540,41) and substituting for o fram’ uq.\atim
(Ba5:0:8) 1

* "‘"«'BE 2 _ ‘ LE 8’ 2 |
m(m +v ) (Bi5:0,12)
s 2288 koo (2.50.13)
- - .m@(w +V2) o va e
1r &, the absorptlon, is small eqn.(DBe5.0.1 2) con be written:
2 bW e? :
n 31 - ---—2—“-—-5-
n( o + v°) (Ba5eO 14)
2

Thus only when the absorption may be neglacted does n® = € .
From egn (30500015): ' ‘
o ‘al 2 '
YRy AL _ -~ (B45.0.15)
(=5 )= (__nmw,(w2+v2
' Adding eqns.(2.5.0.12) o0z {2.5.0:15)
2‘=:1_1Fﬂme.2 ” (Zﬂhﬁezv

re
m (@ +v2) nmo ( o+ v°)

f{B.5.0.16)

.n

~ If v were to equal zero, i.e. if there were no collisions,
n-coudd equal zero for verticol incidence s required by edguotion
: (B..B.O.S) but owing to the presence of v in eqn.(B.5.0,16) n
connot beocome zero or negatiare but renches 2 minioun 4wolus Bpjne
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‘coefficient near the critical. frequency followxng Kemble's

=B -

Therefore thare cemntt betotal reflection of o vertical inci-
dence wave, The ray theory has beén used up to this point,
In the ray theory there is no room .f‘or pargdal reflections:

.the wave will either bhe totally reflected or will penetrate

the layer according as the frequency is below or above the

‘eritical frenquency. Here, therefore, the ray theory breaks

dowmn and the wave theory must be invoked, Phe problem has
been treated as being analogous to the crossing of potential
bo.rriers )5 fast particlcs in quantum mcchnnics(sz) by Saha
and Rai (93 for an isosceles—triangle: prof:.le and extended
by Deb(9"") to a parabolic profile such as a Qmpnan layer
which has been shown in para B,1.1 to be the case near the

maximum of the regions Deb%*) has determined the reflect%on)
95

an&lys:.s and found that -

Reflection’ coeff:.c:.ent s R, =1 - - ] (Be5.0417)
1 4+ exp.¢ 2 Q) .

. 1
.1_. . x"
W H/e)? (£ - £)
fo
and H i1s the soale height =

where @ =

kT

as defined in (0,1.1,2)

When the frequency of the wove cquals the eritical
froquency Q = O and fram eqn. (T, 5.&17) the reflection
coefficient, R, = % .

' R varies rapidly on either side of fending to unity

 when f is less then f,. and zero when f is greater than £o ..

Wave arrival angle and its relation to distance over a curved
earth, '

If "virtunl height" is token to mean the height et which
the refracted wave would have becn reflected had the ionosphere
behaved as a.mirrof, the "wave arrival angle" (A)., (vetween the '
wave and the horizontal at the eorth's surface), the virtual
height (h), the earth's radius (r), and the great circle dis-
tance (1), arc related geametrically,

'Iexjxn'cm(‘-l3 ) states, without proof, that:
sinia -;..g___. o S @5.1.1)

T S

where i = ongle of incldcncc,(i.e. angle between wove a.nd the

‘vertioal) at height h in the ionosphere, ('I.‘eman(u) page 716

and (13) poge 607 confuses the issue by referring to the com-
plement of .‘1. the o.ngle of mc:.d.cmne“)

%
o r = 3960 miles
A £8 A
2 = 6370 aa,
r r
Ot [or

FigureBS.|.{.
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From B, 5.1.1 @
B=A+1

27 . . . ‘
& = 25— (90 = A- 1) radisns if A and i are in degrecs.
l=2ra

= 9-3—’246-13 (90-Ami.) , (B.5.1.2)

‘ 1 .
Terman' s( 3) equation Be5.1,1. is readily proved from Fig,B, 5.1.1

as: . :
sin( 90 4 A) - cos b sin i
r+h r+h - r '
Theréfore sin i =22 ﬁ as before.
1+ = .
e

Equatlons(B. 5¢1.1) and(B. 5.1.2) combined ore cxpressed graphical-
ly in Figure(F, B.5.1 2) giving- LURLIT for various values of "h",
For frequencies-about O. 85 x M,U,F. the virtual height of reflection will
be 300 - 400 km, The trajectory height will be epproximately the he:.ght
at which the value of N satisfies cquation (B,5,0.3).

Be 5.2 The maximum distance for a single hop.

For A = O the maximum value of 1 (in Figurec F, B,5.1.1) is

1400 lan, (2740 miles) for h = 40O km,, and 3100 km, (1950 miles) for

= 200 km, In practice ground absorption for values of A less than 50
is prohibitive and Allcock 38) has shown recently in his cbservations on
a North/South path (similar, in many respects, to the onc at present
under consideration) fram Hawsii (20,8° N, 156)5° W) trensequatorially
to Lower Hutt, New Zealand (41,2° S, 175,9°E), that the proctical limit
of a single hop over this type of path is 3560 km, (2200 miles), the limit
plotted in Figurc B,5.1.2 , '

(10)

Observations by She&rman( 39) and Allan support this viecw.

B. 5.3 The great circle distance and bearing of London from Salisbhury,

The spherical-trigonometrical formulae for these calculations vary
considersbly from text book to text book. Onc of the most popular ver-
sions is quoted in "Reference Data for Radio Engincers"(m) and these

formulae appear to be based on Napier's A.na.logues. A preferred approach

is to use spherical tnmgulatlon.16)
cos DAB. = sin LA sin IB -I1 cos LA cos IB cos I'OAB (B.5.3.1).
where D AB S great circle distance in dcgrees and minutes bctween
points A and B. (1 minute = 1 noutical mile = 1.853 km., ).

= "n"™ in Fig. B.5.3.1, measured in degrecs and minutes,

LA’ IB latltude of station A,B (pos:Lt:ch for N and- negative for
S latitudel. .

Io = difference in longitude between A and B,
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As a high' order of accuracy is not ncoessary in this calculation -
the values for london arc taken as 520 N,OO and Salisbury as 18%s 3 %,
giving: ' ' ‘

o

Dyg ="

Distance London/Salisbury = 75 X 69,09 = 5180 miles(8330 kn) B ¢503.2)

The great circle bearing of London from Salisbury méy be calculated .
from the following equation quoted by W:.lllans(7) :=

sin By = cos I cosec D, sin 10, | Be5.303)
where B, = the bearing of B from /L. |
Substitution in eqn.(B,.5.5.3) gives:

The bearing of Tondon from Salisbury is 1 9° Wof N  (B53.4).

Be Bk The number of hops Salisbury/London and ‘wave arrival anple(ver—
tical plane).

Referring to-Figure (F B5.1.2), bearing in mind the limitations
imposed in sect.2.,5.2 on the distance of a single hop, it is clear that
one hop of 5200 miles or two hops of 2600 riles each are out of the
question " and thercfore the minimum number of hops is three where the
average distance per hop will be about 1730 miles (2770 xn).

The expected wave arr:.val angle, from Fig. (F B.5.1.2) is thus g°
with ‘POSSlbIe chzmges,- of ¥ 2° due to variations in virxtual  height.

Tt will be noted that the "average distance per hop" was referred
to above, This is because the ionization gradient and the virtual
layer height are not cxpected to be constant for the entire path
length, It is well known that criticel frequency and layer height vexry,
not only with the latitude, but also with the seasons.  Surmer in
Iondon corresponds with winter in Salisbury, Humby and l\hnng%")
have shown that , on the London- Cape Towm circuit “in the period
1950-1954, the seasonol changes in performance on the outgoing and
mcom_ng circuits were exactly in opposition, the peoks occuring during
local winter and the troughs during the local sumer, We are concerned
here not so much with performance, which is related tQ "in-time" and
Moubotime" of a circuit, os with the offect on Aof the "Moximm
usuable frequency” $n my one’ hops A radio wave of frequency f4
approachin the M,U,F, will penétrote the ionosphere to a much

'__rrrefl‘bnr firht than: oné of frequency fg which is considerably less
“then M,U,F. L great circle distonce travelled by ¥4 in a single
_ reflection will be greater than that travelled by f2 . Thus, if the
“electron density,in, say, the F, layer varies along the length of the
path, causing the three heights hq, hp, hz ot which the reflections:
_ riay be considered to take place,in the threc hops, to be different,
) then the three hop distances 14 , 12 3 13 will bhe different and will
vary according the time of the year,

\
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Fortunately, as will be.seen from Figure (B, 5,1.2) la.rgcl variations in
h and 1-will only cause small variations in A at distances of sbout
2800 km. and the value of A = g8° I 2°is expected to be fairly constant
regaxdless of time of day 'cimebf year, or cven posits’rori.s}_n the 11 year
-sunspot cycle provided f is always not far below the M,U,F, of thc path.

A cabled enquiry to the B,B.C.,Iondon, elicited the information
that their 21,47 Mc/s traonsmitter, beamed on Central Africa at that time
was feeding a Koomans H/L/L/1 array. Power density diagrams—-of an
H/4/4/1 design and an H/2/L/1 design, reproduced fram C,C.I.R. Antenna
Diagrams " , arc given in figures B,5.4.1/2. Both designs will produce
a similar-shape of vertical polar diagraxﬁ with the lobe maximum occuring
at Ao = 8%, The differcnce in gain is duc to thc difference in horizontal
pblar diagram, Although insufficient is known ot present to be able to
clain that, bocausé mos1; of the--cnergy is lounched at A = 8° it will
thercfore also arrive at A = 80', it is clear that two indcpénden"c
calculations have led to the some conclusion, namely, that for this path
there will be moxirum. energy tronsfer from transmitter to recciver if the
“transmitting and rcceiving antennas are designed for their lobé maxima
to be at'A = 8°, ' ‘

-

Ba5.5 The expected wave arrivol angle-(horizontal plane).

As calculated in section RK,3 , the receiving antenna in Salisbury
should point in the direction 19° W of N,

How<—3ver,Allcock,(3 8) in his observations on the Hawoii —~ New Zea-
land circuit, ( o transequatorial path similar to the one under discussion),
referred to ihBé..5.2, made some observations on the bearing angle, using

(42) and found that the signal

a rqtating inf;erf'erometer developed by Whale
deviated horizontally by a maximum of 30 from the emected direction,

is the laycers are dependent, for their electron density, on ionizing rad:.a—
tion from the sun, it would be expected that in the morning, shortly be-
fore the M,U.F. on the great circle path rose to that value which would
sﬁpport 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 transmission thus causing the observed deviation, Similar slight
lateral deviations may be expected in the London-Salisbury circuit but

as soon as the great circle poth will support the transmission, the
deviation should coasc,. 4 The lateral deviation is thus not expected to
present a problemn,

Bs 6,0 PATH LOSSES AND WAVE POIARIZATION

B, 6.1 Losses at mflectlon points. 4
For the three=hop path refcrrcd to in B.5.4, the f‘irst ground
reflection will occur in the Schara dcser’u, at roughly 10 E, 28° N,

The second ground reflection Wlll occur in Equator:l_al Afixica’ at
roughly 20° E, '5° N,
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Im the desert the ground consta.nts s quoting Sta.rr(s)
are expected to be g.= 10 and @ =2 X107° mho/metre, whilst
in the jungle country of Equatorial Africa they are expeéted
to be e =14, o 10“2 mhofmetre, The ground-level angle
of incmdence 90 -~ A = - 82°, .

Substitutlng' these values in Appendix A equations
7.14 end 7.15, the reflection co-efficient mey be calcu~
lated, Alternatively, convenient curves produced by

Burrows (u3) or-McPetrie (4)

may be used if ¢ ond o arec ex-
pressed in e.mou. ' |
' Using cither method the reflection coefficients for

vertical and horizontal polorization are:
(2) for the Sahara: R, = 38 (s 2<ib)',RH =92 (0,3 db),
(b) for Equatoriel Africa: R = 436 (kik db),Ry = .93 (0.3 ab).

These figures are in respect of plane waves,

Day and Trolese (15 )

in their measurements of propo.gat:.on
over desert terrain ot frequencies ranging from 25 Mc/s to
24,000 Mc/s concluded that the terrain moy be considered as
a flat,reflecting surface provided that:

H cos © is much less than unity T ®.6,1,1)
‘where H = height of'inegularities in wavelengths and @ =
angle of incidence. ,
They quote Ford and Oliver(,"'s) as finding from measure-
rment that when: . .

Hecos 8= ,20 6 db is added to the rcflection loss and
that when H cos © = ,5M the extra loss increases to 20 db,
Though Day aond T’rolese(z"5 ) discuss this in broad terms the
fipgures probably refer mqre to U,H,F, than the frequencies
at present under consideration,

The GeR.B,L, (101)

- ground reflections and 1 db for sea reflectionms,

®6,2,0 Absom. j.oh in the ionosphere.
Since the first %Dubllcatlon of the Appleton-Hartree
)5(48),(49)

pative attenuation in thc ionosphere has been discussed

usunlly assume a loss of 4 &b for

magneto-ionic theory the theory of dissi-~
by mony. 4 brief sumary of present knawledge on'the sub-
Ject follows: '

_If an electron, set in nbratlon by a passing radio
wave, collides with a gas molecule » its kinetic energy is
partly transferred tZ’) the heavy ges molecule and partly
radiated in a randon marmer, The energy thus dassn.patecl
is absorbed from the passing rodlo wave, The d:.ss:.pa.t::.on
of energy in this way depends on:

(a) the gas pressure, (b) electron density (N)and (e) the
velocity :ur\parted %o the electron by the wave,
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(a) decresses w:.th height and,up to a point (b) inereases w:.th
height, For a given frequency,therefore, the greatest attenuation
‘is _suff‘ered in the relatively thin ™" region, described in B.3.1
where N x v is o maximunm (v = collisional frequency). Rodio waves
only penetrate this region( thus moking long-distonce H.F, cormu-
nication possible) because the electron density in the D region
is low, Occosionally D ionization increases to an unusual degree
due to-solar radiation a.nd results in a complete blackout of sky
wave transmisssions., This effect is sometimes referred-to as the
"Delliﬁger' effect" described in more detail in sectionB,6.2.10. 3.1.1;
(c), the velocity imparted to an clectron, depends (1) on the
frequency of the wave,( being inversely proportional to frequency),
and (2) on the earth's magnetic field, the action of which causes
the electron movement to follow on ellipticol path at high fre-

' quencies, a olose-spaced spiral at low frequencies, and, at a cer—

 tain resonance frequency called the " gyro-magnetic frequency",to
follow an ever-increasing resonant spriral in which elestron velo-
city is very large and attenuation oorrespondlngly heavy,

This resonant freq_uency(fﬂ is given as:

Be -
f1 2 T™m- N » (306020001)o

‘where B is the earth's magnetic field, e = charge of partiocle,

m = mass of Iia.rbiole.
| Taking B = .5 x 107% webers/sq m, ¢/m 1,77 X 10" coulombs/k:g

for electrons, e/m = 10° for hydrogen ions.

£y = 1.4 Mo/s for electrons, £y = 800 c¢/s for hyd.rogen ions,
Therefore only the electrons need be cons1dered. The ca.rth'
magnetic field is responsible for the .elln.pt:.cal polarization as—
sociated with waves emerging from the -ionosphere, It wa;s also
(50) (7)ot 14 is
responsible for the splitting of the wave into two compoments .
termed the "ordinary"™ and the"extraordinaxy" rays, "which follow
different paths, have different phase velocities and suffert dife-

proposed by Nichols and Shelling and Appleton

ferent attenuations",

The writer, while carryiné out investigatioms in this con'~
nection at the War Office School of Signals,Catterick,in 1943/4h o
observed a consistent diff‘exjence of about .6 Mc/s in the critical
frequencies of the two rays when the critical frequency (fc) was

approximately i Mc/s,
(13)

Terman relates the two by the equation:
2 - +£,): @6
cx c ( f 1) 03--602'2)

\ where fco and fcx are the critical frequencies of -the ordinary and
" the extroordinary rays and f4 is the gyro-magnetic frequency. '
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The absorptlon is defined as follows. .

' The relation between the field strength E. of a wave
after passing a distance 1 through the ionized medium,to th'e
field strength E which would have obtained with no absorp—
tions is: | | _
| BE_ - exp.( [aa1l) : (Be 6.2.0,1)
fa 41 1s, therefore the absorpt:.on (expressed in nepers)
suffered by the wavé in the distance dl and 8,68 adl will -~
be the 'dbsorptim expressed in db, & varies along the path.

It is convenient to distinguish between "non-deviative
absorption" Wh:.ch occurs at the lower levels of the ionosphere
where ( n, the refractive index, being approximately unity
the deviation of the wave is negligible) and "deviative abe=
sorption™ which occurs near the top of the trajectory

,where the a.bsorpt:.on will be controlled mainly by n a.nd w:.ll

therefore be related to the amount of bending of the wave.
APPARENT OR VIRTUAL HEIGHT OF REFIECTION,

Fig.Ba 6. 2e101

In calculat:.ng the wave arrival angle for a wave of
frequency of the same order as the optimum frequency it was
stated that the virtusl-height usually assumed for such cone
ditions is about 350 km., the limits hoving been taken as "

.4oo km. ond 300 km, To the nearest degrée A was found to be

8° which actually corresponds to a virtuol height of 360 km.,
as calculated below:~—

- In the case under consideration 1 = 2770 lm, (Sec sect. B.5 L),

Therefore 1385 = 6370 & (& in radmns)

1385 x 180 -
and ' a = 53570 x = 12,4 denrees.
B= 90124 = 7.6 degrees.
As A = 8 degrees (sect B.5.4) i= 77.6--—- = 69.6 degrees. .
6370+ 1 _ 6§zo |
sin 98 . : 9,
b, = 6370 % - 6370

= 360 km,
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B.o642.2 The meximm height rcached by the wave i.e.the height of the trajectory.
If it is assumed that the absorption per wavelength is small at !
the height of the trajectory equation B,5,0,12 simplifies to B,5.0,14
.a.nd frém eqn.3% 5.0, 3 the refr‘activé} index,n, at thce maximum height of

the trajectory, must equal sin i where i is the angle of incidence of

‘t';he wave on the layer.

Y
Thus: n = 1 -&-I-I——- = sin i, : : By 6e2e2e1

n (o ¥ )

Mi¥lingto ? 7) has shown that when the earth cannot be assumed
flat,i,e. for wave arrivel angles which are small sucﬁ as the long-
distonce transmission path considered here, the simple version of
Snell's Eaw requircs modification., For convenicnee the hﬁ;quoted
inI®, 5.0;2, is re-stated as follows: if the wave is incident on the
under boundary of the layer at an angle "i" then at any point x,in
the layer where the refractive index is n_, the angle between the
wave and the vertical Ox sis governed by the equation:

n, sin Qx = sin i,
For o curved carth of rodius r'; Millingtoh?') maintains the law
should be written thus:

'n(r-hh)sme (r+h) sini=r cos A, 0., 6.2.2.2)
where h is the height of ptix and h the hc::.ght of the layer under—
bomda.ry above the eorth and A is the wave arrival angle, He goes on
to indicate that the height of the trajectory where the wave. becomes
horizontal is therefore no longer givgn by n, = sin i, but depends
somewhat upon the woy n, (and hence N) varies with height and, among
other things, will vary with the time of the day, Th:Ls wndermines the

. important theorems of M:_u't;yz(xé5 and Breit and Tuve (9 8) and means that
they require modlf:.catlon for-long-distance applicotion, The modifi=~
cation is difficult to apply. The valuec of n ot the point where the
wave becomeés horizontal,instead of defining the height of the traaec’%em,
is itself -a function of that height:

n = -2+l
Tx T r+h

Fbrthemore s the he:.ght h of the Imder-boundazy of the layer, and

the corresponding value of i » are not easy to decide upon, It is

8in i,

submitted that probobly the best solution,in practice, is to apply ean.
B ,5.066 to the values of the optimum frequencies, quoted for the requi-
rcd month and required time of day in the frequency prediction charts,
for zero distance and for the required rmge(in this case /70 o )v

Since f ptlmlm. = .85 f 5 it will be seen from equation 13\5..'0.6 .:

= ge¢ i

that f ‘
' (B. 6.2.243).

opt:unm for 2770 km/ optinum for zero dn.stan
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ThJ.s will yield a sound pract:.cal vatue for i which, when |
i uscd in equationB.,5,0.3 a.nd equation I, 5, O. 1k, should lead to a-
result which has token into account some of the errors at least,
The noon values at the Equator for September 1956 for the
optimum frequencies for zero distance and 2770 km chstancc as
given by the Radio Propagatlon Pred1ct10ns<99) are 41,3 Mc/s
ond 29.0 Mc/s respectlvely, gn.v:.ng,from eqn B, 6.2,2, 3,
= 67°
Substltuti'on in eqndie6.2,2.1. gives:
81_HNo ' z
(21,47 % 103)2 +(o.5/2zr)%.- -

.9205 = ( 4~

from which )
N, = 8.7 X 10" elc:c’crons/cm3

This, from Fig, FJD.4.0,1, occurs at he:.ght 255 . k.
Height of trajectory = 255 lkm,

D,6,2,3 Values of gx;o—magnéfic; frequency. (f1 )

Referring to the three hop tronsmission path deduced in
para 2,5.4 it was stoted id parali, 6,1 that the two reflection
points will be approximately at (10° E, 28° N) and (20°E,5N).
w A2 s A3 of the three hops are the ionosphere
‘control points and are' approximately at (6° B ;,AOON) and
(16° E,16° N) and (26° E 6°s) respeotively, The longitudinal |
cemponent f4 of the gyro—magletlc frequency deduced in sect:.on
B,6,2,9, is quoted in table below:.

The mid-points A

: Long. Lat, Longitudinal cca‘xponcn‘l:(f.‘ﬂw '
Locality - Function | degrecs, [degrees, {of gyro—frequency(’\ﬂc/ s)
Lorx':ci:on : Rermined, | O 52 N
Mediterrancon Contr.pt.3 6E 50 N . 0,67
{near Sardinia) =
Libya(aesert) Refl,pt. - 10E 28 N
near Iake Chad } Contr, P, 2 16 B 16 N 0.79
Fr.Eq.Africa/Congo | Refl,pts 20.E 5N
border near Mobaye, ,
Belg, Congo(Kongelo) | Contr, pt.i| 26 E 6 s 0,78
|- Salisbury. Terminal, 4 31 E . 8 S

Ta.ble Ty 602, Sl

T i whe

B 6,2.4 - Non-deviative absorptiog( from first principlesj,

In B, 5.0 expressions were derived, neo‘lectino' the carth's
field but taking collisions :.nto account, for n and .,;‘!. It
- Was shcvm in eqn¥.5.,0.9 that :Ln the circuit- ‘being cons:.dered
the carth's field has negligible effect on n.as the wave fre=-
quency(21.L47 Mc/s) is much-larger than the gyro-frequency,

(9,67 Mc/s,0,79 Mc/s and 0,78 Mc/s at the three control points).
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Eqn. &%5.0.15, reé.rrahged gives:
: 2.1 e2 N w ' - -‘ : '
QX = H B‘6.2.1+.1
2 2)
cnmn (0w + v

where a

it

absorption coefficicrrb (nepers/cm if units used arn)e in
. seu's

e = eclectron charge = 1,59 X 15 9 coulembs,
| 177 X159 evsvus
1,59 X 162-0. o The U

t

N : =28
m = electron mass = 9,1 X 10 gramns.
¢ = . velocity of light in vacuo = 3 X 10’ cn/sec.
v = collisions per sec,
. & = angular frequency of wave = 2 7 f,
f= in C/S.

Though the magnetic field, in the circumstances,does not
affect n it does affect a and Piggott O0) following the magneto-
ionic theory, proposecs that cqn, T, 6s2.461 be modified to gives

2

21T e 1 ¥ v

& = - H .3.6.2,24.-.2’.
, mc' n v2+(wiw)2 .

whe&a oy 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-deviakive £21bsorption is given by: . _
faar=21° 4 Axd . B6243
- mo 2+ (o % wy) : }

‘As- is strikingly brought out in the curve for{N v)vs. height
in fig.B.4.0.1 the noon non- deviative absorption is heavy betwecen
70 and 110 km on normal days. Below 70 km it is usually zero beceause
N is usually zero and above 110 km it is very small because of the

/
/

small number of collisions/sec.

Apple‘t:ox(x5 7) has proposed a mciification of egn. L, 6.2.#.3
on the-assumpkion that the ionization is a simple Chapman layer
(see B.1e 1) formed in an atmosphere whose density is decreasing
cxponcntlally upwards and assuming that v is negligible compared
with ( @ = w1 )e Appleton' gS 7) equation for non-dev:.o.t:.ve absorpt:.on
in & layer is ) . _ ‘

[ adl =113 (-—lﬁ-&-e-i) 1\I'o Yo B (cos x)"*% Bub.2ubals

. : ¥ w1)

where Ny ond vy are the values of N and v at the height of' the -
layer maximum when cos x = 1. H is the scale height of the atmos-
phexre for the region (see cqn.B.‘l +1.2). The assumption made by
Ap_ple‘t:on(5 7) in eqn. B, 6,2,4.4 was that the atmospheric density would
décrease exponentially with height,thc collisions between the elec—
trons in the Chapmag5 1) dayer with the gas particles causing the -

non-deviative absorption. X is the solar zenith angle.
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An engineering application of eqn. R6.2.k. Zg.:wgould be to calculate
a for each-of the Chapman layers s Dy E-and F but the value for H
is elusive, :

| The value of H is depondent upon 7. Koll-and La eatt?)
claim that T incrcases with height above 85 km, Whlp’_plé62)
his studies of the deceleration of meteors » ‘and. Paton 3) (59)
observations of cxtremely high clouds, confirm this view, Allcock
assumes that the scale height (H) calculoted from rocket data,
increases almost l:.nearly from a valuc of 6 km at an altitude of
85 kmn to 10 km at an altitude of 125 km and N:Lcoleé&" agrees that
this is a reasonable assumption,

M—.rtyx‘tss) postulates that T at 160 km = 560° X and q_uotcs
Schelling and Sterne! 5(9 6) report obtained from I G Y satellite
data in 1958 that T at 300 km is about 1400° K, Thus Martyn(86)
has coleulated H = ,039 T (km) at 300 km = 55 km (Fo)

and H=,037 T (km) at 160 kn = 21 kn (F,)

However, thie caloculation of a from eqn.B, 6, 2,444 is considered
o be oo, approximate to be of much uses -

Later work by Pigg;o‘l;‘.5 6) has token into account more complex.
~ dionization equilibrium conditions and he has proISosed that the.

absorption should be expressed as follows: '

él adl:BCOSx X. : .‘ B.6.202+05

where B is a constant for a particular length of path 1, ond x is
quoted by Pn.ggott(5 ) and Allcock:(5 9) as averaging about o?5. It
will be recalled that in section B.3¢3 the value of X was shcwn

to be 0,5 for the Fy region and 1,0 for the Fo region as regards ‘
electron density and, assuming that the value of X has 'negligible
effect on v, it would be cxpected that the value of % for-waves
suffering absorptiori in the D,E and Fy regions would be .5 and
thot for waves suffering attenuation in the Fp region it would be |
1.0. | o

It is proposed to find the values of B for the ordinary ray
at the threc control points for X = O and then to deduce the
o.bsorptlon for other values of X.. | ‘ .

The classical method of calculo.tlng the non~deviative ubsorp-
tion of a wave incident ot an angle i at the %ower boundary of the
ionosphere (note the remarks-in sectionB.6,2.2 concerning the com-
plication introduced by Garth curvatiwe at long distonces) is to
‘1nvoke Martyn' g65 thcorcm which states that if the f’requcncy of
the oblique incidence wave is f then the absorption of this wave
is equal to cos i of the absoxrption ofe vertical incidence wave
of frequency equal to (f cos i), so that _

a (f,i) = cos i a (£ cos i,0) o 0 Ba6.2.k.6
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In section B,6.2,2 the volue of i, inferrcd from frequéency
prediction charts, is token cs 670 for noon at the equator in
Scptember,1956, Therefore: '
Oblique incidence frequency = 21,47 Mo/s

Equivalent vertical incidence freqe= £ cos i

Absorption at the Southern control point C.P.I. (26° E, 6° 8).

Conditions assumed: noon, Septcmber 1956,

Zenih angle (%) at equater = zcro; at C,P.I, X = &°,
The cbsorption cquation B.6e2.4¢3 becomes:

21 o2 (cos.Q'?S_ R N v dl

nmge .0 v2.§.(w+w1)2

!ddl.—:

: B. 6' 2.4.7‘0

The values of N v and v for various heights are taken from

fig, FeBilks 0,1 and the value of wq (= 2 7 f4), in this case due

te the vertical coxnponént of the earth's magnetic field at
C.RI.w2r Fy sin g (vhere & is angle of dip)sis given in Fig,
F.1%6.2,9 e | ,

If the equivalent vertical incidence frcgquency is used then
the obsorption may be calculated assuming o vertical ascent through
cach 10 km thickness of the loyer up to 255 km (the height of tra-
jectory calculated in section B6.2,3) taking the average value of
N v and v for cach 10 kn thickness,

. In equotion I6.2.447 c.S.u. units used throughout yicld the

" the absorption in nepers,

= 477 % 100 e, suue

e

n= 9.1 % 1628 grans,
c= 3% 1010 a/sec,
£f = in o/s '

X = 6° for C,P,I.

Thereferec a for each 10 ki vertically =
5,216 x 10 ( A

Ve (0 + w1) 2 > '6.'2‘)%8
where Nv, v are the average values for that particular 10 km,fy
fron Hg.F.B.6.2.9.1 = o5 Mc/s. € = 8, 39 Mc/s and v2 is
negligible comparcd with (@ + w1)2 + Therefore cquation B,6,2.4+8
sirplifies to: o

a for each 10 km vertically = 1,58 x 10! x average M v,

70-80 km . 2 nepers,

80—-9Q kn « 33 ncpers _

90-100 km .17 nepers (v° negligible c.f. (0 + w1)‘2

100-110 k.13 ncpers (,, Yy D
110-120 kn .05 ncpers (,, sy s sy )
120-255 km _,11 ncpers (N v constant) )

Total(70-255 knm
upgoing) 1,03 nepers.
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The absorptlon for the domcaming wave &s the same so that
at C,Ps1 the value for eqn.( Be6e2.4e7) = 2,06 nepers.

Applying Martyn's theorem, éqr_l. (B G20 lie 6), .the total non-
deviative absorption for C,P.1 at noons; Septcmber 1956 =

2,06 cos i = 0.81 nepers,

Recently Beyno 60 Allcoc£5 9) have quoted measured results
on long-distance Cer}litS and they both indicate that Martyn's
theore 65) yields results which are too low, They maintain that
there is only close correlation between calculations cmploying
Marbyn‘é theorem and measurcd results when the cos i term is
omitted from the absorption, i.c. the absorption for C.P.1 would
be nearer 2,06 than 0,8 nepers. In view of ths doubt the absorp-
tion at C,B.1 will now be recolewlated without applying
Mortyn's theorem to eqn. (M 6.2ike7). Now for every 10 km ascended
the distance travelled by the wave if incident at angle i will be
10 sec i ki, wherc i for cach layer is calculated fram éqn.B.5-1.1,
wheres ' o

sin 1 = cos & /(1 +,§;.) 0= 2mx 21,47 x 10°

'The other valuc's aré ”as before, except that £y is the longi-
tudinal cempenent of the gyro—frcq_ucncy = .78 Mc/s{Sec table
T Babe2e301)

For the upgoing wave the absorptlon per (scc i x dlffcrcncc
in h01ght) from equat:.on 26602447 is gn.ven by 2 668 x 10 2‘I\I v sec 1

70-80 km = v19 nepers (i at 75 km = 78° 6! ) .
B0-90 lm = .27 ncpers (i ot 85 km = 77° 54')
90-100 km = .44 nepers (i at 95 km = 77° 20')

100-110.km = .4 nepers ( i at 105 kn = 77° OY)
110-120 ¥m = 3O nepers ( 1 at 115 km = 76° 39')
120-255 k= 06 nepers ( i at 190 km = 71° 30')

(60-255 km)=Qe7k. mevers for upgoing wave. .
v is'negligible compared with (w + )2 .
The total non-deviative absorption for C,P, 1 is therefore’
1.48 népers (12,9 db) for noon, Septomber 1956,
This’ ié considered to be & more rc'liablc' figure than that’

obtained from Mertyn's theorem, ,

B ynon(GO) found that the mcasurcd absorption, in his expé-;
riments on o tronsatlontic path, was about thrcc times the value
calculated by Martyn's ’cheorergx65 ), I\’eadowg :Lnf'ers that the

. non-deviative absorption he measured betwcen Slough and Inverncss

was about 2,5 times the value calculated by Ma::*tyn"s theor'céxs? ) .

The ratio between the two results above 1,48/0,81 is 1. 8.
Neither worker mdlcatcs how he chosc the omle i for the
calculation but it appears tlw.t it was taken as the angle of

-incidence at the virtual height of reflecction, If this is the

case it is probable that the method described sbove would have

yielded a more rozlistic result, when applying Maortyn's theore1£‘165 ) .
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" When the cos i tem in Mortyn's thcdroz(.x 5 ) is neglccted the a.bo\(e
results ( 2.06/1 L8 = 1.4 / 1 ) bear a similar relationship to one

§60) calculated absorption (nuglcct:.ng

another as did Beynon'
cos & term) to measurcd a.bé.orption on a 14,59 Mc/s transatlentic
pathe '

Allowing-fer the zenith angle of the sun(approx 6°) the

absorption at GPul = 1,48 X (cos 6)°77 = 1.48% 49959 = 1.48 nepers.

Absorption at the central conkrol point,C.P,. 2, (16° E, 16 N

By taldng inte account fhe gyro frequency for_ C.P. 2 as
given in table T B,6.2,3.1 and naking cllowance for the fact
that the zenith a.ﬁgle s when it .is noon at the cquator in Seﬁtcmbe'r,
1956, is approxinately 22-5?giving a foetor of (cos 22, 5)‘75=.92;.23,
the total non-deviative absorption for C P, 2, calculated as before
(without invoking Martyn's theorem)) is 1a39 nepers.

' Absopption at the northern contrel poimt G.B.3 (6° E,L0° N),
Taking into account the gyro frequency and the zenith

angle (about l;.50 ) for equator noon, Septerber 1956, the total
nonedeviative absorption for C.P,3 is equal to 1.48 x 0,778

= 1,15 nepers.

B.6.2.5 Deviative absorption({from first principlesds
From eqne B.6,2.4.2 -the totol attenuation is given by:

2 :
_ 2me 1 1 N vdl -
fadl--—-—-—-—mc fo 3 " > : By 3624501

v+ (o=-wi)
In the regionwheren is not unity but varies with N, v

and w,(approaching sin i1 at the top of the trajectory for oblique
incidence or zero for vertical incidence), the wave is continually
bending and thce absorption is referred to as the deviatiire absoxp=-
tion. ' o ,
Imagine a wave transmitted vertically into the ionosphere,

It travels into regions of ‘increasing density and decreasing
refractive index until the group velocity is reciucecl from a value
equal to ¢ before it enters the ionized region( where n = 1), to
zero at the reflection point ,(where n = 0)e It then returns to carth,

A difficulty with cquation B,6.2.5.1 is that if n becames .
‘zero at the highest point redchecl by a wave incident vertically -
on the ionosphere (as required by edn, 3, 5. O;Z;.) the absorption must b
be infinite at that point ond very high for thosé parts of the region
where n is very smalll When this difficulty was put to Sir Edward
Appleton in 2 lctter( 17%) he rc,plled( 75) to this effect:

"The answer to your point is that, although the absorption
coefficient may become infinite, the path lenhgth over
which this obtains is vanishingly small., So the overall
absorption con be finite". :
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It will also bo recalled thet &n equatiom’ - | ;
B45:0,16 and the discussion that follows it in section B.5.0) ‘
due to collisions , n cannot equal zero and, by changing from ' !
the ray theory., it was shown that for vertical incidence at &
the critical frequency the wave is only partially reflected,
the reflection coef’f‘:cierrt , from eqn.( B.5.0. 17), being %

From eqn, B.6 24541 the absorption, in the deviating
region is proportional to 3_; « If a wave, progectecl'tnt.o the
ionosphere, tokes t seconds to rcturn then, regardless of
what the actunl group path may be, the equivalent path (P )
is equal to the distance ¢ t metres that it wou,’l.cl travel in

vacuu,

D

F‘iﬂ;o ‘Fo 26‘205519

Requirod naxb is the relationship between group
path P(TO R in fig: P, B. 6.2} 5.1) and the equivalent path P
which the wave would travel in vacuo in the samc time as it
took to travel P,

The-velocity ¥ of the group varies from ¢ at M to

1

¢ sin i at O, Considering only the path in the lonosphere,
the total time taken (t) from M to N is given by:-

b= Ly f B,6.2.5,3

;

But if Vis the phase velocity end n the refroctive

index, _
Y U=cl ,V =cnand U= o/n.
. 1 a1
Therefore t = ——=f v —— . B. 60245k

Aésume the angle between direction of propagation and
the verfical at any point on group path,®,and that the refrac-
tive index at that point is'ne' If d1'is an elemont of path

length then dx, thc horizontal conponcnt of dl is given by dx
=dalsin6. |
By Snell's I.aw( 13) n

g Sing =sini
Jlpoda L oex a1 xdx
‘h“m.oet"c;IUION:ng T e foc ng_sinQ e ﬂo'si.ni'

2 602,5.5

o
~

1 X 1
=< (& i). = 3 (1ength MAN)
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i.e, the pat}; T AR is the eqﬁiv;aient or ‘effective path (P1)
because a wave would take the same time to traverse path T A R
in vacuo as it would take to traverse thc path T O R in the
ionized loyer. This relatlonshs.p was first sugdested in the
theorem of Breit and Tu:\r(g98

The effect of this on cqn. 3'642,5,1 is that due to
the group retardation suffered at the top of the trajectory,
the non-deviative absorption’ (calculated in sectionB,6.2,4
for the stra:.ght path 1‘ ¥ P nmust have added to it a further '
term for the path length P A where N v and v are those corres-
ronding tér the height D O (255 kn),” D A, as colculated in
Bebi2e1 is 360 km. Taking into account the earth's curvature
then, friom the relationship sin i = cos &/ ( 1 + i—l ) (derived
'in section Lk, 5.1); taking r, the raodius of the corth, as 6370 km,
i at 255 ki = 72,2 degrees and i at 369 km = 69,6 degrees,
It is sufficiently accurate,in this case, to use the average
value of i = 70.8 degrees, |

Then the extra absorption due to the bending, over and
above that calculated for the path T P, is given by:

2
27 e N v, 2x(length OL) secc 70.9 (cos X)

nc

faadl=
- v2+(w+m) I &6&5.6
where the additional factor of 2 takes account of ascex;t and
descent and X is the zenith angle of the swn at the control point,
(Phe (75 index has been omitted for the reasons given in section
B, 3.3, os this is-well up in the F2 region now, N’o v, are the
.values at 255 km)."

The extra absorption due to 1‘laend.:«l.n;._; is
+09 nepers at CP 1 '
Q9 nepers at C P 2
+0¢ nepers at CP 3

. : Absorption.
Control Point. | Long. | lat, — : ;
' . Non-deviative jDeviative | Total
Ch .1 R 26 E ) 148 - %09 . 1;57 -
C.E,. 2 . - . 46 E- 16 N 4. 39 «09 1.48
Totals 4,02 25 | 427

1 neper = 8,686 db,

‘Total path Absorption in icnosphere =_37.2 db.



Dybe2e6  Spatial attenuation, .

. = ;i “I‘:U" — |

In free space, the field strengthat a distance r fram a’
certein point at unit distanee from tho transrittor is equal
to I/T of the field strength at that point. | ~

- Thus, g:wen the field strength.at 1 km,, the atte-
nuation (As) introduced by spreading, which is additional to
the attenuation discussed so far, is given by the relation=-

ship:
A =20 log 1
s ————
E
r ’ B

where E‘l ‘and Er represent the field strength at 1 km, and
r km, from the trensmitter,respectively., But E_ = E, /x.
Therefore E_ is 20 log r db less then E,. ’

Refermg to figure F,. R 46.2,1.1 and assuming that
the wave travels straight to the virtual height of reflection,

the distence travelled per hop = 2 ( A B)

AB - _ 6370
sin 12.86° ~ “sin 69.8°

Therefore A B w 1460
Distance per hop is 2920 km,
Total distance (3 hops) = 8760 km. .
The spatial attenuation is thorefore:
20 log 8760 = 78.9 db. o
" Fram eqne (11.19) in Appendix A, %f‘: 222 mV/m

B'o 60'20 6. 1

for a dipole, where P is the rediated power in kilowatts, -
In the case under considoration P = 100 ldlowatts.

If this-were radiated from a dipole E1 would be 2220 mV/m

at 1 km, distance. . The tra.nsxmitting antcnna is of - the

design (see section B. 5.1;.) Komans Hy/%/1. Fram the design

data contained in FJ.gurc B B..5;l+.1 the sn.gnal gadn, over a’

dn.pole,v i= caloulated to ba 1 ' 698,  tac 16,88 b,

at an anglc of 8° to the horizontal i.c¢, in the maximun-
rediation direction, Thus for the H 4/4/1 trinsmitting
aerial E, = 15,500 mV/m or 143.8 db above 1 w V/m, -

For écxnparativc putposes it is ugeful to express E1

for-a dipole in space radiating 1 kilowatt, HmE1 =222 mV/m =
106,9 db above 1 p V/rnetre. -

Gain due to P = 100 kw, = 20,0 3b,

. Gain due to tronsmitting aerial direct:w:\.ty at 8°
16.9 db.
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. B,,G 2,7 Polarization amﬂm_mg loss, '

Part of the radiated encrgy is transmitted by the ordinary
wave and part by the extraordinary wave, Thc latter is nuch nore
hcavily absorbed than the’ former and they will be usually out of
phase at the I‘GCCJ.VGI'(SCC eqn Do 6o 20le 2o for example) with the
result, according to Pn.ggott (5 6) .that, on a circuit, such as is |

being considered here, the combined amplitude at the receiver will
be almost identical with the mcen amplitude of the ordinary roy.

On a circuit such as this it may be assumed~thdt the wawe emerging
from-the ionosphors is oirculaxly polarized, As the receiving eanten-
na is usually plams polarized the C,R.P. L.(1O1)
larization loss is 3 db and they also make an allowance for a fur-

allowance for. po-

ther 1,6 db loss for destructive interference between the ordinary
and extraord:.nary rays, giving a total polanzat:.on loss of L6 dbs

Di6e2+8 Estimated reccived ficld strength (from first principles).

(2) Ground rcflection losses at two reflection points (1OO~-E,
28° M) ana (20°E, 5° N) (sec scctionT.6.1) = - 8,6 db,

(b) Deviative and non-deviative absorption for the three
control points (26° £, €° 8),(16° E,16° N) and

(6° B, 40° N) (sec scctdl.be2.4/5) = - 37.2 db,
(¢) Polarization and phasing loss - o= - L4,6 db,
(a) Spatial attenuation in travelling from a point

1 km, from transmitter tc a point 8260 km, from

transmitter (See SectD ,6e2¢6)s . - 78,9 db,
(¢) Signal strength at 1 kme fram trensmitter |

radiating 1 kw from half wave dipole + 106.9 above

(See secte2,642,6). | L Api/m,
(f) Power gain when 100 kw radiated instead ‘

) of 1 kw assumed in (e) = + 20,0 db.

(g) Directivity gain of transmitting aerial

rclative to half wave dipole in free space = 4 16,9 db

- Estimated signal strength at receiver = 14,5 db above 1 u V/m,
Unfortunately this "first principles" calculation,
instructive though it is, may bBe unrelisble because (a) smell *
errors in the asswed values of N lead to large changes in’

the values of Nv in the lower levels of the ionosphere and
(b) the simple spreading assumed in calculating spatial attenuaticn
'is not likely to apply over a curved earth, Thereforec empirical

data, based on measurements, will now be used as a check, -
Bu6s2.9.0 Estimation of received ficld strength .firan empirioal | dote,
Becontly (1959) Piggott''C%) produced a method of ostimoting
path loss whicdh is based om mcm;mred:msults.
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In correspondence with the writer s Piggott-(ﬁa has commented
on the calculations contained in section B, 6,2,4 as follows:-

*1n cffect your numerical n.n‘crcgatn.ou ,
if turned :Lnto decn.bels for the flctltlous frequencics at which
(w + w1)-_ 2 w Mc/s, is identical with my &, in the report". (102)(176)
Piggettts method ncglccts deviative absorption at chlique
incidence if 'f is much gmatcr than fo E. In his letter Plggott<176)
“cxplains: " In general the only significant absorption on chlique
incidcnbé trajectory is that due to the hon—déviative absorption
in the E and D iaycrs, and, in same cases, due to deviative absorp-
tion in passing through the E loyer if the working frequency is
not well above the E cut-off frequency". From the calculations
in sections B, 6.2.4 and B, 6,2.5 it will be observed thet the
deviative absorption on this path is cst:\.nmted as about & of the
non-=dcviative abserption and is therefore apparently not negli~ "
gible, A .

From the measurcd results collated by . Piggotp 92) and
figures F B é,2:9.1/5 reproduced from his bwk(1og>, it is possible
to compute the expected ficld strength corrcsponding to o given
sct of circumstaonces. ‘ Applied to the present pi'oblcm, figure
FB.6.,2.9.1, the cquatorial declination (shown on the loft)
indicates that the path of propagetion is ncoi-ly in the same
dircction as the horizontal component of the ee‘.rthn's field and
the difference may be ncglected, The curves( shown on the right)
for angle of dip and F, (Mc/s) indicate that at control points

1,2 and 3 the dip and gyrofrcquency cre as shown in the table below:

Contrul point. | Dip & fH('Mc/’s) ‘fa:' chos Ga fb- f‘H cos bb

3(6B0N) | 55 163 | 1.3 cos 63 | 1.3 cos 47
12 (16 E,16 N) 12 9 .9 cos 20 &9 cos 4
1 (26 E,6 8) 38 101 | 4.1 cos 46 | 1.1 cos 30

Table T Be6e2.9.0, 1

If ® is the angle between the: direction of propagation and

the d:.rcctlon of the earthts field then the gyro frequencn.cs,f‘ and fb

for the up~going a.n:l clown—com::.ng waves respectively arc givel by:

fa. f‘mcose andfb_f‘ cosQb

where Ga and Gb arc the values of @ for up-going and down=coming waves,
In this casc an angle of elevation of 8° is assumed, and the volues
of £ taken os the average of £ ond f have boon caleulated and

b
"appear in tho sixth column of the toble ahove.
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Equatorial declination. Dip .
Epoch 1952.
Note: for ¢ < 30° 1* change in latitude alters ¢ by 2°.
Dip and declination (variation) as a function of position in
the equatorial zone.

(102)
Reproduced from D.S.I.R. Report No 27.

Figure B 6.2.9.1.,
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Pigure B 6.2.9.3.
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Fram this effective lonr::_tud:.nal componcnt of the gyro frequency,
£, for cach control point, is celculated from the relation: (102)
f, _fo(1-—2fo/f)

where f is the wave frequency = 21.47 Mc/s in the present case,
f.,' appears in the 7th colum in the above table. The information
contained in figure FR,6,2.9.1 is- for 1952 but it is cssumed that it
is applicablc to the period under consideration, September 1956, with
sufficient accuracy, Piggétt(176) has supported this assumption,
B.6.2,9.1 The unabsorbed ficld (from empirical data).

Figurc E,B,6,2,9.2 gives the unabsorbed field at distance 2800 km.
~ for a single hop, using the F mode, as 39,5 db above 1 w V/m. This

assunes thot the‘ rodiated power = 1 kilowatt fed into a short monopole

toucking o perfect earth and producing 300 mV/metre at 1 km,  The

curve allows ~3 db fer polarization loss and -1,6 db for fziding, as

rccommended by the C;.R.P.]'.:.(101 ) « If it is assumed that the tronsmitter

is rodiating one kw from an antco.nna.éf' H 4/4/1 design then, from the

design data in figure F B,5.4.1; the ficldat 1 km for A = 8° and zero

azimuth angle 4is 1550 mV/m. which represents a gain-over the

nonopole of 5,17 = 14,3 db, Furthermore ’ as the ra.diated power fron

Londén is 100 kw, therc is a powcr gain of 20 db and the unobsorbed

ficld is thercfore: | \

(a) 1 kw rodiacted from carthed nonopole , ficld «t distance 2800 k.|,
one F layer rcflection,(from figure RB.6:2,942) = 39.5 db above
1w ¥/, | .

(b) 2dd directivity pain of transmitting ontenna = + 14.3 db.

(¢) odd power gain 100 kw/1 kw = + 20.0 db.

(&) subtract 20 log 3 to account for 3 hop path = ~ 9.5 db. _

Therefore total unabsorbed field strength at Salisbury

= 64,3 db above 1 w V/nm, '

It would be expected that the sane result would be obtained from
the colculation from first principles by summing the results in section
B 602.8 (c),(a), (e), (£), (g). This swmoation,in fact, comes to 60.3 db
above 1 p V/n.

t‘gs 6) warns that the spatial attcnuation will not follow

Pigpo
the linear law becausc of 2 certd.n aniount of focussn.no produced
by thc ionesphere at great dlstances. It will be obscrvccl fram
fig, FH.6e2.9.2 that tho spatial attenuation for single F reflections
decreases with increasing distonce after about 2300 km,duc to focussing.
Had the curve continued to drop (as shown dotted) the ficld strength
at 2800 k. would be 4 db lowcr than it is in reality. The difference
between Piggottts method and the first pr:1.n01ples method being 4 db
the disperity is thercfore complctely accountel for by the focussing

cffect of the ionosphere at great distances.



B, 6 2,9.2 The non~c1cv1at:.ve sbsorption in the lOnOSthI‘CSSt.EtCI’ﬂ._)_O}" 1956).
In figures FE,6.2.9.3/L thc symbols uged have the f‘ollown.nu

-meaning - ‘ : -
K = o constont depoending on the variction of non=-déviative

absorption with position,local meon time,and scason,

f = the working frequency,
‘ ' f-L = the effcctive gyro frequency about the component of the
earth's ficld which is parallel to the dircction of pro—
pagation (rcferred to as f1 in the rcemainder of the tcxt)

P
ii

angle of incidence at absorbing l;tyor_.-

2]
]

solar activity factor expressed on the Wolf sunspot numbor
scale ( R = 210 for September 1956)

At Control Point 1. (26%8.6° )
‘1) From fig EH:6.2,9,3, for Scptember noon, K = 1,05
2) From figeBB,6.2,94,t0king K = 1,05, R = 210 then:
01 = 580 and mz = 780, N

3) From fig, ;B',Bf.é.z.-9.'5 using "H" scale and toking @, = 780,
Dkx = 2800, £ = 21,47 and £, = .72 then:
> sec 1 = 4000 '(
and loss for ordinoxy ray ( f + f1= 22.25) £'7.5 ab,
- Absorption for onc hop ot CoFal = 15,0 db, -

L
a

At Control Point 2, (16° E,16° N),
Proceeding os for C,P.1.
1) K=1,02
2) @, = 570, a, = 770.

3) @, saci= 3950

h) £+ £, = 22,26 Mc/s, loss = 7.5 db.

Absorption for one hop ot O.P. 2 = 15,0 db,

At Control Point 3. (6°E,50° M),
Proéeedang as for C.P 1 cnd 2.
1) = .83
g) @, = 4§o » @&, = 600,

3) a, sec i = 3050

L) £+ £, = 22,14 Mc/s , loss = 5.8 db.
Absorption for one hop = 11.6 db.

i

Piggottts method neglects deviative absorption for oblique
incidence, '
l :
Total non-deviative absorption for the path: = 41,6 db,
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B, 6, 2, 9.3 The deviative absorption in the ionosphere (September 1956).

In 1948 Hzau:ke(5 5 )p_roposed a double parabola .opproximation to
the Chapma.r(15 L ) -distribution described in section B,1.1 and also
proposed a parabolic approximation for the proauct N v as a finction
of heights Using these approximations he produced graphs for normal

. incidence absorption which compared favourably with numerical results
oé&") and Jaeger(55). Later the saﬁe year Hacke and
extended the theory to ir;clude deviative absorption at

obtained by Pier
15052)
oblique incidence and fig., F B,6,2.9.6 provides an cmpiricol method of
calculafing thiss In the figurc the meconing of the symbols is as
follows:~-
28 is the total deviative absorption for the hop,

R = ratio of wave frequenoy to vertical-incidence critical

frequency.

R1 = ratio of wave frequency to oblique-incidence critical
frequency.

H = scale height of the deviating region in thc same units as c.

=V

K =V / 2 c.

Vo = collision frequency at the height of maximum density.,

¢ = velocity of light in vacuo,

(99) for Sﬂeptember', 1956 at the
equator give the optimum frequency for a hop length of 2800 km. as

Frequency prodiction charts

29 Mc/s and for zero distance hop as 11,3 Me/s , giving M,U.F's for the
two cascs as 34k Mc/s and 13,3 Mc/s respectiveXy. (assuming "optimum
frequency® = .85 "moximum usuable frequency™)i
As thc working frequency is 21,47 Mc/s
' 21l
R = EsL g6
1343

o 2l
= =5 = +63

55 km., (approx) for F region cccording to Martyn
1,848 as given by Hacke -and Kclso(52 .
100 frem figure FR.L4.0.1.

3% 107 km/secc.,
From £fige FB.6.2.9.6 :

SR =1‘.7
HTXK
m

w——\

(86)

iton

] 3
Q 34 F
i

i

Substituting the values given above:
S =, 048 nepers -
= Q154 db,
© The deviative absorptibn at the control points-will be proportional
to cos X for thet point. The neon valucs arc .30 db for G P.1;
0.29 db for C P.2; 0,28 for C P, 3.
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(52)
Reproduced from an article by Hacke and Kelso ~

Figure F 2.6.2.9.6.
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' Unfortunatcly the method of Hacke and Kelso(sz) » used above for
estimatihg the deviative absorption,rclics, ss does the “first princi- =
ples" -method on the assumed velues of the ionospheric model, fig, |
F BkeOe1, and the value of v, is controversiaol, Both the first-prin- -
‘ciples co slculation ‘and thc method of Hacke and Kelso(5 2) produce a very

~ small value for the deviotive cbsorption and in this they arc in lino
with an opinion expresscd in letter Piggott to mter(ws) that -this
typc of absorption will be less than 1 db per hop for this path, As
the model is based on information not avoilable at the time Hacke and
Kelso vrote t}_zeir art:icle‘5 2 it is proposed to accept tho"deviative.
absorption figures calculated from first principles i.c. 0,25 nepers
( 2.2,db) for the whole path.

B6.2.9k4 Ground Reflection Losses. : '
The C.R,P, L, o1 recormend that ground lossces be teoken as 4 db

‘per reflection point, Since there are two reflégtion points on this
path ground losses could be taken as 8 db., It wouxl be more accurate
to toke the value of 8,6 db calculoted in section B6ud. o

B6.2.9.5 Revised Estimate of field strength in Salisbury in Septgember 19564

Unabsorbed ficld strencrth fron sectlon Rb6e2.%1 = + 64,3 db
_above 1 u v/m.

- - Absorption-in ionosphere (secticms'E6.2.9.2/3 give 41,6 @b for n.d, and
- 2,2-db for d.absorption) = = 43,8 db,
| -~ 8.6 ab.
12 db above 1p .v/m

Ground rcflcction losses (scction B, 6,2, 9.4)

11

i

Thercfore estimated field strength at réoeiver

= 3,98 u v/n; say L u v/m,

Re6.2.10,0 Whoat voristions in field strensth and wave arrival angle are
to be expected?

The signal strength, the mediam value of which was calculated in
. sectionD¥, 6.2.9, may very duc to the following causes:

B,6e2,10.1 Intcrfercnce between s1p;n,.l components vhich are ovt of phase,

' . There will be a fairly rap:Lcl variotion due to destructive intor-
ference between the ordinary ray and the wecker extraordinary ray.
They are out of phase duc to the difference in path Awhich they follow
and, if the gyro frequency is not fairly large, it will be seen fron
eqn. (B,6+2,4.2) that the difference in absorptlon between the two rays
will not be great, The smo.llcr the chffercnoc in sipgnal strength
between the two waves the greater_vull be the var;atlon of the combined
amplitude as they become, firstyin phasc and then, out of phaée.
However, for f'1 greater than 0,5 Mc/s, the difference between the value
of (w0 + w1) and {(w - o, fls large enough for the interference betwoen
the two rays not to be undu]y serious.

Similarly, interference occurs between cnergy arriving by a 3 hop
node and’ that arr:.v:.ng, by 4 or morc hops, This is particularly notice-
able on antennas which are scnsitive to both low=- and high-angle -redia-
tion, A pgood receiving- antenna rust diseriminate in favour of the
dominant mode and thus reduce this interfercnoe (and distortion) to-a
negligible apount. ‘ ’
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-18,642,10,2  Wave freguency approzching the value of path M, U, F,

. . Deep fades will occur when the wave frequency approaches
thc M,U,F, of any of the control peints. It should be borpc in
mind that the "layers" are voarying in density all the time due to
turbulence and electron drift in nuch the some way as the density
of rain clouds is continually varying and the M,U,F, itself at o
pa.rticuiar control point will vary continually by small amounts so
that when the wave frequency is roughly the same as the N,U.F, the

" absorption varies fron o value approaching infinity to a value
equal te normal, according to whether the instantameous value gf-
the MU, F, is just below or just above the frequency of the wave,
When the wave frequency is less thon 0,85 of the predicted M,U,F, .
for the entire path, fades of this kind should be very rare if
they occur at all,

B,6e2,10,3,0 Fades duc to abnormal ionospheri¢ bchaviour,

So much has been written about abnornalities such as
Dellinger fodes, megnetic storms,and enhanced auroral activity
which accompony solar disturbances, that to discuss thc various
theories in dctail would rcquire nuch space. It should suffice to

cover the cffects, ond theories about the couses, in brief outline:-

B3, 6,2,19i 3.1.0 Solar disturbances, .
' Bright flores on the solar disc (sun spots) have beecn
observed to have o profound effect on the electron number density

of the icnosphere. The sun spot 'activity (rmd,with it the valuc
of the critical frequency) follows an 11 year cycle. In recent -
yeors maxima occurped in 1957 and 1948 and 1959,

D.e6.2410,3,4.1 Dellinger fodes.( Sudden Tonospheric Disturbances)
The main features of this effect were first asccrta:med
by M&ﬂel(w3 ) in 1930 and advanced by Delllngcr(1a+ 105) 1935.

Sudden and intense increase of ionization of the D reglon over

the sun-1it hemisphere is found to occur simultancously with the
'appea.rance of bright spots on the solar disc, The solar cruption
must be large to cause an appreciable fade and most solaxr 6rup‘r,ions‘
producg no noticeable change in D layer ionization, From i‘ig.
"FB.4eQu1 it will be scon that in the D region (below 100 kn, ) the
value of Nv is large becouse the collisional frequency (v) is large .
and this region accounts for nearly the whole-of the non-deviative
cbsorption (sectionIB, 6.2.4 mokes this clear), If now N in this
region were,for exonple, to be doubled duc to a Sudden Tonospheric
Disturbance (S I.D), the estimated received sing strcngth colou——
| lated in LR 6,2,9, would be reduced by :?L? % k1,6 = 34 ab giving
a signal 22-db below 1 w v/metre instead of the normal 12 db above
! 4 v/metre. This fade-would be so deap as‘ vn.z'tua_'l.'l.y to destroy
contact. | '
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An H.F, redio fede of this sort ususlly lasts enything from a few
minutes to a few hours, ILong-wave transmissions on the other hend,
employing, as they do, the earth and under-boundary of the icnosphere
. as a wave guide are, if snything, assisted by the greater conductivity
of the D region due to 5, I. D, as pointed out by Budden,Ratcliffe and
: W:.lkes(106)

noisc, of low frequency and distant origin, will, for the same reason

« Burecau (107) has shown that quasn.-penod::.c atmospheric

increase simultanecusly with a Dellinger fade, The combined result is
a doubly adverse effecet on signal-to-noise ratio and causes even mild
Dellinger fades to have o serious effcet on the reliability of a cirouit,
The smaller the zenith angle(X) the greater the Bellinger
effec‘b(107) (108§ and the path under con51dcrat10n wiill therefore suffer
considerably whenever a suddcn large incrcasc in D layer ionization
occurs. |
Modern ideas on the origin of ionization arc summarised by
Mitra(76) in stating that the solar radiation must be capable (a) of
 ionizing one or dther of the atmospheric constituents in the 70-90 km,
region and (b) of possessing a sufficiently small absorption coeffigiént
' to reach down to this region, It is almost certainly ultraviolet
radiation emitted by those solar fleres which appear on the disc, as
distinct from those which appear on the limb of the sun ( i.e. in sil-
houette) and which, thercfore, do not radiate much energy towards the
earth, Very recently (1959) Balley“og) ‘has spoken of the great solar
event' of 23,2,56 in which the D region, even in the dark hemlsphcm,
was heavily ionized due to the bombardment of gas molecules in the upper
atmospherc by the sudden enhan’ce;mnt of solar cosmic rays{ chorged por-
ticles travelling at ncarly the speed of light and hoving cosmic-roy
cnergies) precipitated, due to the action of the earth's mognetic field,
on both the light snd the dark side of the earth, This effect,though,
would only be expected in exceptional ciicumstances such as the great
solar event refcrred. to, ' |

B 6.2410,3.142 Prolonged Ionospheric Disturbance. (P.I.D).

The cffect, described by such workers as Gilliland,Kirby,
Smith and Reymer’110), is similar, in couse and nature, o the S,I.D.
but (2) it is usually not so severe o(b) it commences and ends more gro-
dually and (¢) it lasts 2 longer time, It is thought to be due to a
great outpouring of ultro-vioclet radiation 6ccuring over & leng period,
as distinct from the sudden burst of-radiation ceausing the S,I.D.

P.I.D.s‘. occur most frequently when SeLD!s are numerous,

Be6e2.10s3e 143 Ionospheric Storms,
Ionospheric storms and magnetic storms arc closcly linked as
(111) maintain that

they stem from the same couses Appleton and Piggott
ionospheric storms arc the main couse of the general variability of the
F2 layer. l ’



= Boh5 -
Barte1st1127116) 1o aram attention to the fact that the incidence
of mognetic ond ionospheric storms follows sunspot cotivity very
 eloscly; Chapman 117) has shown that each ycar there is o moximum
at ecach of the equinoxes; Chree(118) and Bartels(119) have pointed
out that maxima have a dendency to recur every 27 days, i.,c, after
cach rotation of the sun; there is a marked correlation between o .
mognetic and ionospheric storms and increased auroral act1V1ty(120—125)
Om mognetically quiet days the auroral activity is confined to
belts 20° a--,25O from the poles: but during storm pericds the auroral:
activity spreads to lower latitudes. ‘
. About 20 hours after a large solar disc flare, the ionosphe-
ric storm begins with a "turbulent phase" in which F layer ionize-
tion is particularly affected in high altitudes and the intensit&
of the carth's mognetic field fluctuates, After about 2 hours the
turbulent phase gives way to the "moderate phase" in which the
virtual heights of F, and ¥, are abnormolly high, thé critical

1 2
frequencics of F1 and F, are obnormally low, and the deviative

absorption increases, 2These effects arc usually negligible at the
nagnetic cqutor oand increase with incrcasing latitude. The
"recovery phasc", which follows the "modcrate phase",is the period
(usually several days) in which the ionosphere gradually retwrns .
to normal, - ' |

. Scveral theorics have been offered to explein the cause of
ionospheric storms and related auroral cffects but as indicated by
(126)recently (1959), it would appear that this is a much

more complex phenomenon then any of our present theorctical models

- Parker

drcom of becaﬁse, to quotc him, " our present ignoronce of .co~ope=.
rative plasma dynamical procésses".’ | :

Some of the more fomous theories are surmarised below:
(a) The Birkcland~St¥rmer theory: The sun occasionally sends
out a beam of charged particles (of one sign only) which constitutes

a currcnt stream which, on approaching the carth, is deflected by
the carth's mognetic field to form a ring of eurrent circling the
carth high above the equator with the charged particles spiralling'
along the magnetic lines of force to precipitate (and cause ioni-
zotion of air particles) in the auroral zones, The theory was
developed by Birkeland 127 ana Stérmor’ 1285129) 1t sonuster(130) -
has objected (i) that to producé the observed effccts the number
density of the particles would have to be very great ond (ii) if <!
the porticles were all of one sign tﬁcy would disperse,due to
mutual rcpulsion,  long before the stream reachcd earth. Thcréfore"‘
Lindemann(131) has proposed that the strecam is composed of posi- .
" tive and negative particles, eloctrically balanded. This idea
has been incorporaked in: ‘
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(b) The_Chapmon - Ferraro Theory, (132,133,134).
A Lindenmonn nl131)
about 108 cny/sec, Since the wave fromt has a radius of about 5000
earth ro.cli:., it resembles the approsch of a c:ond.u.ct:.nu plane, Inter-
action with the earth's ficld will cause currents to flow in a thin
shcet of the wave front which will strengthen the earth's ficld on the

side ncar the stream, This is characteristic of the first phase of

strecam is considered to leave the sun at

the magnetic storm, The physical force exorted on that part of the
Strc&m ca.rryingrthel current, due to interaction between the current
and the earth's ficld, distorts the stream, forming a "shadow" or
"hollow" on the far side of the carth, 4lso the electronsvand ions
in the stream orc deflected in opposite directions by ‘the earth's
field and form positively and negatively charged 1ayers on the opposite
sides of the hollow, Ions will tend to flow across the gap under the
influence of the electr:i:c field thus formed, producing a rlng current
round the earth with conscquent world wide depression of H for the
duration of the moin phase of the storm. The theory haos been oxtended
by Ma.rtyn( 35) as followsi-

(¢) Martyn's extcnsion( 35 )to Chopmon=F crraro theory,

This thcory proposcs\ that -during the main phase of the
storm the neutral strean completely encloses the hollow ("forbidden")
space surrounchn'r the carth, the ring current thus formed girdling the
carth at a radius of o.bout 5¢5 earth radii, This is the elevation of
thosec. lines in the earth's ficld which cut the earth's surface at ohout
25° from the poles, Charged ?xtlcles ejected fram the ring cwrrent
region spirel down the lincs of force bombarding the earth's otmosphere
in the aurorai zone. This thecory was acclaimed by l\htra(76) as the
one which would survive but Parker“%) has cbjected to it on the grounds
that Mortyn's model predicts the wrong direction of drift of tho aurora,

(a) Ultra=-violet lisht theo%z
Hulburt and Moris’ 136-138) have proposed that the chargecl

particles come nobt from the sun but fram the ionization of the upper-
atmosphere by sulden bursts of ultra-violct radiation during a solar
flare, Grave objections-~to the theory have been raised by Chapman“} 9)

and moke it unacceptable. -

(e) Solax wind theoxfy.

' Thc most nodern theory asscrts that, because icnosgmrio
stoms , nmagnetic storms,a.nd snhonoed ocuroral activity cormence about
o doy (and sametimes 2 days) after :xpcreased solar activity is visually
observed, the stonﬁs arc due to scmcthing cmenating fram the sun which
travels ob aboub 1000-2000 k/secs ‘Chomberlaint 140);
protons, has suggested that solar corpuscular emission is the basic
(141) hés.pbserved that gas, presumably

in observing aurorol

cause of storms, Biermann
jonized hydrogen, is streaming outwards from the sun in all directions
at 211 times with a nomal velocity of about 500 kn/seo and donsity of
100 atons/c® ot the orbit of thoe earth.
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During & solar flarc the velocity is said to increase in the di-
rcct:.on nornal to tho dise to about 1500 km/scc or morc and the

density at the Eoxth's orbit to 10* or 105/ @, Parkr:r“zs)
nadntoins that the presence of this "solor wind" strcaning

continuously past the corth is responsible for the daily auroral
activity which occurs on magnetically quict days and the incrcase
in velocity and .density of the solor wind produces the storms
during cnhanced solar activity.,
(142)
Parker

a ccncluctin'r medium and will push its woy into the geomognetic -

points out that this tenuous, ionized, gos is

field until the magnctic prcssurc (8%/8 7) becomes comparable
with the impact pressure (N m 2 ).

where B = flux dens:.ty

N = nurber dcnsn.ty of ions, cach of nass = m,

U the wind velocity. Therc will not be o snooth inter-
face where B..2 /87 =Nmn U2 Just as the surfacc of water is unsto~

ble to a strong ‘blast of air, _

The valuc of B at a point above the rrcomagnetic cquotor,
distemt r from the centre of thc earth, taking B at the equator
as O, 35 gousg will be given by:

 B=0.35 (r, /x)

where r_ = radius of earth = 6370 km.
Then the maximum depth of penctration of the solar wind is

to where r -'R1 where

Ry = T ©.35/87 N mUZ) (approx).

The everyday soler wind thus penetrates to about 4.8 r,
{(obout 25,000 knm, abcwe the earth's surface)and the enhanced
solar wind ( U = 1500 ko, ,N-= 10%/ca® ) 4o 1.53 r_ (about
3500 km, obove the surface).

The geoamagnetic line of force which crosses the equatorial
plane at a distence R, comes dowmn to earth en angular distance ©
from the poles such that :

sin @ = (r / B, )'5

.The ‘everyday sohr w:md therefore-disturbs the lines of
force originating within 27° of the pole, Here it is acted that
Chapmen’117) yeports that within 25° of the-magnobic pole there
is unoceasing agitetion of the earth's field, As the protons and
electrons are constrained to move along the geomagnetic lices of
force the everyday auroral activity they produce is confined to
an area within about 25° from the poles. The grecater ‘the solar
- activity the further will the solar w:md penctrate the ea.rth'
ficld resulting in occcasional aurcral activity to within 20°
- of the mognetic eciuator.
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Since observations indic;te that the electrons azﬂ protons
producing auroral displays are moving with velocities greater than
their transit time from the sun would indicate ’ Chamberla.m(“"o)
-concludes that they arc accelerated ncar the Earth, Storey( 43) indicates
that the region occupied by the geomapgnctic ficld beyond the outer
fringe of the ionosphere is',v like the solar wind, occupied by ionized
hydrogen, groducing a region of good éonductivity around the Earth,

Parkert 126

admits that it is not easy to sec how the necessary accele=
ration occurs but suggests that when the 1000 to 2000 km, /sce sol&r
wind collides with thc ionized hydrogen ( of clens:.ty about 103/ o
accoxding to S‘coroy 143 )) enmeshed in the rrcoxmgnet:xc ficld, the mtef-'
action of the inter-penctirating, electrically ncutral, streams of pla s{*i’?i)
behaves rather like the inter-action of on electron stream and an ion
(145) and the lcmct:.c energy of the ions is
converted into plasmo osc:.lllatlons of the e¢lectrons, Thus the Jmtlal
. 20 k eV encrgy of a 2000 km./sec hydrogen ion imparts 20 k oV encrgy

to thc elecctrons,

cloud as described by P:Lcrcc

It is probable that this is ncorer than the previous theorics
to the recal explanation of the observed ionospheric and magnetic storms
and auroral activity. _

) .Because of the prevaleﬁce of ienospheric stoxms over polar

reglons, tronsmission paths which pass over or near the auroral belt
are usually unsatlsfo.ctory. - It is not expcctec} that ionospheric storms
will affect the circuit presently under consideration except at the
northere control point (C P 3),

13.6 2 10. 3,2 Sporadic E icndzation (E )‘.

Patches of abnomally high ionization sonctlmcs intrude into the .
body of the E layer, In equatorial regions E is weak but present
throughout deylight hours, with 2 maxinum at noon, according to Tremmel~
len and Cox(“"é) In terperate and sub—trop:.cal L..t:.tuaes Es ~occurs
most f’requently in the carly mornimg ond evening, E_ occurs nore in
local swmer than at any other time of the year 146,% 147) 1 54 14 not
related to the sunspot cycle, .

The origin of sporadic E is not yet lmown. It is known that
neteors, rushing into thc atmosphere produce trails of ionization and
it has been sugpgested that this ionization causes the sporadic E patches,
The findings of the following lend support to this theory: (c) Appletan

' and Noisritnl™7) | (B sket1ett{148)) (o) Schafer snd Gooan1n(™+9),

(a) Mitra and chosh 159, oma (o) Bror''®"),  However, Pinco,(1522153)
in ocnalysing the date on meteor trail echocs rocorded at the Gontral
Radio Propagation L&bomtory, Nationol Bureau of Standords, U.S.4.,
no.lntzuno that E 1s not rclated to meteorite activity.

Workers such as Appleton and Ratcl:.ffc,(wl") Bhar and Syam(155)
a.nd Appleton ond Noa.sm:.th,15 6)
thunder activity and E, and 2 link between 'ms and the isobaric situation

have suggested an a§3001&t10n between
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near the ground has beén reported by Martyn and }?u.'}.ll.ey(ﬁ7 )and
&nzl(15 8 .. A thunderclowd charged positively above and negatively
bclow contains an intensc electric ficld capable, according to Schon=~
10038159) of imparting 5 x 107 ¥ %o an clectron within the cloul
noving upwards, When a spark occurs which destroys the retarding
ficld a spray of "run a.viay“ clectrons moves upword with great specd
and, if this is-high enough, will increase ghe ionization of patches
in the E region, Alternatively, as the electriec noments of thinder-
clouds have boen found 0 be 3 x 10'0 e.s.u, in South Africa by Schon=
land , 2 x 'IO17 GsSeUs in England by Appleton, Watson, Watt and
Herd(159) and arc probo.bly -about 5 x 1018 CeSel, in tropical re,;;:l.ons(,7 6)
the electric ficld at 80 km, will be cbout 6 volts/em, Herc the
pressure is about 102 et and the mecan free path cbout 3.2 cme
Mitro.(76) has sugy sested that clectrons will therefore gain 19 ¢ V of
egnergy ot this level. which is just sufficient to ionize the oxygen
tnd nitrogen molecules prosent, Same clectrons with free paths grea=-
ter than the meon will acquire grooter energy than that in:hcated
above and could have moved in a weoker field to acqu:Lre the necessa.ry
minimm ionizing energy. A third possibility was advanced by Heo.lc}gl‘ 60)
in which it was claimed that ‘the electromagnetic rodiation produced
by a ligh‘f:ning stroke could be sufficicntly intense to produce E‘5 |
ionization in a potehk of nearly E region if the collisional frequency
is less than 106 per sec. Fram fig, FIX.4.0,1 it will be scen that
v is normally less than 106 above 85 ko, |
In polar regions it is probeble thatﬂEs is due to the -

same agency os causes ‘the auroral effects discussed in section B, 6.2.10.3.1.5.

. The offect of E_ ionizotion on the London-Salisbury circuit -
will be that if the wave frequency (f) approaches the cblique angle
critical frequency of B the wave will suffer considerable bendm in
the E region and the doviative sbsorption will increase, If f is
greater than the oblique angle criticel frequenoy of a patch of B
then if the wave encounters the ES patch on the upward jourmy, the
geometry of the path will be affected by the premature reflection
that occurs c.nd if the W,éivc encounters on Es:' patch on the last downword
Journey the re-radiated wave qould be effectively prevented fron
reaching Salisbury rceeiving station, In both cases severe fades 1n
rceeived strongth would occur but it will seldom be the case that the
oblique angle critical frequency of E will be greater then the trans-
misgsion frequency, | -

R.6,2,10.3,3 Winds and tides in the jcnosphore,
) Noot:.luoent clouds, situeted between heights 72 a.nd 92
km. sand produced erther by ice crystal f‘orma.tion or by cosmio dust R
have been observed by such workers -as Paton (161). end Manning, V:.llard
and Pctcrson(162) o
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'The clouds ware found to move from N.N,E with velocities between
L, and 55 m/sec.  Meteor trails at 80120 km, indicate high wind
velocities at these heights according to Hey(163). Echo patterns of
patches have given the impression of travelling from one sounding
statlon to the next(164) (165)at velocities of about 100 m/sec. .
Workers such a3z Munro( 166) , Beyne n(167), and Meok( 165) have also
reportcd motion in the F region of an oscillatory nature resembling
lunar and solar tides and on these Martyn (168~ 171) as based his clectro-
dynamical thecory in which he shows that at latitudes above about 350
thore 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 drift velocity suffers a semi-diurnal and seasonal variation,
This gives rise to Martyn's cquilibrium cquation quoted in scction
B,'j;j. and in thié way he seeks to oxplain some of the complicated
perturbriions in the F2 region and also the small departures of the

E and F, layers from the simple Chapman region.

Ba 642.10.4 Scatter Phencmena,
Osborne(éos) has reported that in tropical regions the incidence:

. of scattering is sufficiently camon at certain epochs to be a signi-
ficant féature of the normal diurnal propagation pattern, Piggbtt(102)

indicates that sufficient data has not yet kecn collected to define

the phenomenon adequately and, as it can cause large changes in the

sky-wave field strength, its amission constitutes a serious limitation

“on the accuracy possibie at the present time,



- APPENDIX G

RESULTS OF-SCALE MODEL TESTS,

1) Single é% rod,

M.7"

. feed point

4 212

USing 0~50 uA (1000'Oth) meter as receiving detector,

1613" Aluminium sheet 6' wide

Freq, 243 Mc/s. Transmitter drive Ig fina1 19 A, I o0
170 mA,
Mains voltage 218 Volts,
Vertical Angle, Reading, Signal Vbltage(From calibration
(Degrees), (vA,) curve, ) (mV)
0 3.0 56 -
1 - 3.0 : 56
2 3.2 57
5 N 3-5 60
3 4.0 65
5 he5 . 68
6 5.0 72
7 5-0 72 -
8 5.5 76
9 5.5 76
10 5.5 76
11 5.5 76
12 5.5 76
13 5.0 72
14 5.0 72
15 L7 70
16 Le5 68
17 4.8 7
18 5.0 - 72
19 45 68
20 L.5 68
21 L,3 67
22 L,0 65
25 345 60
2 3.0 56
25 2,5 * 50
26 2,0 L5
27 2,0 45
28 2,0 45
29 2,2 48
30 2.5 50
3 3.0 56
32 361 57
33 361 57 N
3k 3.2 57
35 3.5 60 .
36 33 59
- 37 ' 3.0 56
38 - 3.0 56
39 2.5 50
40 2,0 L5
41 1,8 Lk
L2 1.7 . L2
Ly 1.5 L0
L5 1.6 41
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APPENDIX B,(continued),

Vertical Angle Reg%ggg. Signal voltage,(From calibration -
vA

(Degrees) curve) (mV)
L6 15 LO
50 o5 22
60 0. 0
70 ' «5 .22
80 - Q. 0
2) | =é~ Rod with Reflector,
L . 7.5,_.7_-' ,__._.!
231" n.z"
in.3"
Using 0-100 uA (1000 Ohms) mete a receiving detector.
- Freq: 242 Mc/s Drive I = 1,9 wh I = 170 uA.

Mains voltage = 218 voltg.
Signal measures at 8~ = 11,5 ul,
Corresponding voltage from calibration curve = 103 nmV,-

j) -ujémn Rod with :réfiector and one director:

23,10 1,74 19, 65"

;"1'1 P

11, 3" 16,15"

Conditions same as in (2) above,

Signal measured at 81° = 25 ua, Corresponding voltage from cali-
bration cutve = 148 mV, '

h) n_fé. Rod with reflector and two directors: _

i

11,3 [19.55" 19,77

1
j .
! !
) L) Vi

11.3" 9# N 12,3"

Using 0-100 uA meter (1000 Ohms)
Freq, 243 Mc/s  Drive I = 1,85, Ia = 173 mi,

o

22, 3"

Vertical Angle. Reading Corresponding
(Degrees ) {(uA) Voltage( mV),
0 26 150
1 27 152
2 27 152
3 27 152
L 27 152
5 27.5 152,5
6 28 ' 155
7 29 156
8 " 30 157



APPENDIX €, (‘continued)

Vertical Angle. Reading. Corresponding
{ Degrees) 'guAg Voltage, (mV)
9 31 160
10 3,5 162
11 - 3 . 160
12 30 157
13 29 156
14 ’ 28 . 155
15 27 152
16 25.5 148
17 ' 23 142
18 ‘ 22 - 140
! 19 ‘ 21 136
20 19 , 132
21 17 125
2 T 115
23 10 : 95
25 ‘ 7 77
32 10 . 95
39 : 5 - 66
43 -2 45
45-90 ' 0 0

5) -=j§=w Rod with Reflector and 3 directors:

s Ig = 1,85 mi,
" 1 ' it i o . 1 Ia = 175 on
22.3 ) ) 11.5 19-5 ‘19043 19015 Mains VOlJGage 21‘7 v.
Frequency 243 Mc/s.
11.,3" g9,1" - 12,8¢ 15,17

Vertical Angle, Reading: © Corresponding
( Degrees ) (o) Voltage( mV)

0 26 ' 150

1 28,5 155

2 29 156

3 30 157

L 31 160

5 33.5 - . 165

6 35 ) 168

7 37 172

8 38,5 174

9 39.5 176

10 . L0 177

139 Y

12 38 ‘ 173

13- 36 o 170

14 ' 345 166

15 32,5 162

16 31,5 161

17 30 157

18 27 152

19 24, 5 146

20 22 140

21 19.5 133

22 10,5 121

23 12,5 110

2L 9 90

25 7 7

26 L 60

27 3 50

28 3 50

29 3 X - 50

30 ° 2 L5

30-90 0 0.
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APPENDIX G, (continued)

6) __é_,d Rod met Reflector and L directors.

Ig = 2 mh,

I5 = 180 ma,

Main Volt.219 V.
| Freq, 243 Mc/s.

23.1n 11.5" ! 19.55" 19{5" 19.2" 18. 6n-

11.3% 8, 45" 15,2 13,65" 18.8"

Vertical Angle. Reading: Simal Voltage( From calibration
{ Degrees) ( : ) curve) (mV) :
o 38 173
1 L, 181,
2 45, ' 186
3 47 188
L 49.5 , 194
5 52 198
6 55 205
1 56,5 206
8 58 208
9 59 210
10 59 210
11 57 207
12 55 205
13 53 200
14 51,5 197
15 48,5 ' 192
16 L5 186
17 42,5 182
18 40.5 178
19 37 172
20 3 166
21 30 158
20 26 | 150
23 22 148
21, 18 129 -
25 14 115
30 9 95
35 6 79
4O 2 45
45-90 0 -0

7) %&* Rod with Reflector and 5 directors,

i .
{
1

22.3") 11,57 19,55] 19.5"| 19.2" | 18,67 18,48}

-

1,30 7.950 16, 37 1Ll 00 TG0 18, 357

Ip=2mih, I, = 180 mA,  Main Voltage 219 Volts. Freq. 243 Mc/s.
Vertical Angle: Reading: Sisnal Voltage.(FProm Calibration
(Degrees) (ui) Curve) (mV)
42 187

0

1 57.5 190
2 51 196
3 53 200
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APPENDIX .G (continued) -

Vertical Angle ° = Reading: . Signal Voltagd (From calibratich
( Degrees) Tuh) Curve) (mV) BRI

4 56 205

5 5945 211

6 61,5 o 21h

7 63 217

8 6l 219

9 6Ly : 219
10 62,5 216
11 60 212
12 57 207
13 54 202
14 51 196
15 48,5 192
16 45 186
17 42 181
18 39 175
19 35 167
20 30 158
25 9.5 97
30 L 65
35 3 56

. 4O 2 L5
45 1e5 L0
50=90 0 0

8) é Rod with 6 dircctors:

22.5H 11.5l! 19'55n 19.5 19'2n 18.61? ' 18.)_‘_ 13 18..2n

o T BT L ST 15,07 18,07 50,3557

Ig = % ma, Ia = 180 mA, Mains voltage 219 Volts, Freq. 24s Mc/é.
Vertical Angle, Reading: Signal Voltage, (From Calibration

(Degrees) Tud) Curve )(mV)
9 50 195
1 55 _ 203
2 60 212

3 62 216
L 6L . 218
5 67 . 223
6 69 © 227
1 70 229
8 70.5 230
9 \ 70 \ 229
10 68 226
11 6L, ’ 218
12 60 212
13 56 205
14 52 . : 198
15 L7 188
16 L3 182
17 39 175
18 3 ' 166
19 28 153
20 23 : 142
25 L , 65
30 7 85
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APPENDIX C.(continued)

Vertical Angle, Reading: Signal Voltage., (From Calibration
(Degrees) (W) Curve) (mV),
35 6 80
Lo 2 L5
45 L €5
50 0 0
60 0] 0
7@ 0 o]
- 8@ 0 . 0
90 0 0

9) Comparison of three arrays erected in quick succession to ensure
fair comparison,
Transmitter drive 2,0 m4,
Transmitter final anode current 180 mA,

a) Four-director erray : Mex, at 9.5°, 56 wA ( 205 mV).
b) Five-director array : Max, at 8,50, 6h uh ( 218 mv).
¢) Six-director array ¢ Max, at 8° , 70,5ut( 230 mV)

10) Horizontal Polar diagram form)é&s Tod with reflector and )4 directors:

Angle from Reading Corresponding
line of array: ,,_ZUAZV Voltage:
9 [Ne) 177
50, 357¢ 48 - 192

[
20 320 W 168
15°, 31,50 36 170
20°)  30° 15 120
o o’ le] . 8
50, 3350 18 12
300, 3300 12 108
350, 328 L 65

40°- 180°,180%-320° 0 0.
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APPENDIX D

RESULTS OF TESTS AT 21,47 Mc/s,

ué-—- Rod with reflector and L directors.

21'93" 10'10" 18'53" | 18'L4g" 18113" 171 65"

Cos75 AN (23700 (u024 ) | (a0t L)) (395 A) | (2383 L)

1017_;40 7|11%n “‘_')_._n 12110311 17'82-"
(w233 L) (7 L) (313 4L) (35 L) (387 A)

- Earth mat 124 SWG copper at 12" centres; crossconnections at
2' 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 4 V C Yo give
measure of signal strength, Senler - Marconi signal gencrator
working from battery. Located 65 yards from receiver and capable
of being raised 250 ft. ‘

1) VERTICAL POLAR DIAGRAM:

¥ertical Angle, Reading: Signal,
Degrces, - JUA, uw,
1.75 ' 52 . 310
1.9 N : 255
2.3 11 235
2,9 LO . 228
3.5 39 221
5.0 L1 235
5.8 42 242
6.6 43 ' 248
7.6 L3 248
8.2 Ll : 255
9.0 L5 260
9.9 L5 260
10.7 45 260
Mols by 258
12,1 bl . 258
12,9 ' 43 . 248
13,0 LO . 228
20,0 36 205
23,7 29 160
27,6 21 _ 108
347 14 - 62
37,0 9 30 .
40,0 8 Q
L5 8 0

2) HORIZONTAL ECLAR DIAGRAM,

- Signal generator moved round on a radius of 50 ft.

. Horizontal Angle Signal,
ZuVZ

(Degrees)
0 345
1 339
2 345
3 316
L 312
5 32
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APPENDIX D,.(continued)

Horizontal Angle, Reeding, ' Signe
~ (Degrees) (ua) uv
6 . 52 32
7. ' 50.5 300
8 ‘ 50 295
g 50 : 295
10 L7 272
12 : . L6 266
14 L5 260
16 45 260
18 LO 228
20 37 210
25 : 29 138
30 . 22 114
35 U5 65
L0 9 30
L5 8+ 15
50~1 80 8 0
3).. Camparison between this arrgy and 2 sin,gle-aéa rod,
Tortical Angle Reading (uh) Signal.(uV)  Gain
(Degrees ) Array _Red, - _Array: Rod. _db,
175 54 21 335 108 9.8
9.00 L7 15.5 270 70 14,7

4) Frequency Tolerance.
Signal Generator reetlng on ground

Frequency(Mc/s. Reading. (vA) *_Signal, (uV)

18,47 20 - 102

19.47 35 : 196

_ 20,47 L8 " 280
ADesing Freq) 21,47 55 345
22,47 .50 295
22,97 37 210

23,47 11 45

23,97 8 10




APPENDIX B,

Frequency run on array of two, six-director arrays,

Frequency Set reading.i ‘ db abbve 1 gV

Me/s, fram calibration curve,
22,6 20 22,5

22,3 21 ' 23,8

22 22 25

2147 23.5 27

21 23,5 27

20,5 22 ' 25

20 | 18 \ 20

19 12 1
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4 OCMPACT SHORT-WAVE RECEIVING ANTENN: FOR USE IN HIGH-NOISE AREAS,

SUMMARY

#n entenna has been developed with a signal~to-noise performence
that is better than that of a typical Rhombic antenna during local
thunder storms. Although the design is of general applicetion to the
reception, in high-noise areas, of long distance transmissions, this
work deals in perticuler with the london-Salisbury circuit, at September
noon, 1956, on 21,47 Mc/s.
A basis of theoretical ccmparison between the performances of
different antennas has been proposed. It relies on the technique of
replacing a thunder storm by an "equivalent radio transmitter" eet up
on the frequency to which the receiver is tuned and for which the antenna
is designed.
& VoH, Fo scale model has been used to produce an optimum design
for the proposed antenna which is an end-fire array of parasitic element*s,
The polar diegrams 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
measurenents.
& specification for the final configuration is given and its
applicability is indicated by applying the design to the problem of
improving the expected performance on the london-Salisbury transmissions
from. September to Decenber, 1960,
Appendices & to E deal with the following :-
appendix 4 sntenna Theory, which includes the derivation of goin and
polar equations for the /2 dipole, 12N mnonopole, the Rhombic
antenna, and the mechanism of reflections.

Appendix B The Incoming Sigmal, which includes a sumary of modern
propagation theory, and details the calculations made in
respect of the field strength and wave arrival angle of the

incoming signal.
Appendix G The results of Scale Model tests.
appendix D The results of tests at 21.47 Mc/s.
appendix E 4 frequency run on an arrgy of two, six-~director designs.
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