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Sum mary.

F o llo w in g  th e  w o rk  o f  W h a le  an d  S ta n le y  [1], S h in n  a n d  W h a le  [2], 
a n d  Jack so n  [3], cu rv es  h av e  b een  o b ta in e d  sh o w in g  th e  v a r ia tio n  o f  v i r ­
tu a l h e ig h ts  o f  re flec tio n  w ith  freq u en cy ] fo r  a  l in e a r  lay e r . W ^ith the  
h e lp  o f  these  c u rv es  som e h \ f  re c o rd s  m ad e  a t  th e  D r . N e h e r  L a b o ra to ry  
a t  L e id sc h en d a m  h av e  b een  re d u ce d  to  th o se  o f  e lec tro n  d e n s ity  as a  
fu n c tio n  o f tru e  h e ig h t. T h e  effect o f  th e  e a r th ’s m ag n e tic  field h a s  b e en  
ta k e n  in to  c o n sid e ra tio n  in th ese  c a lcu la tio n s . T h is  p ra c t ic a l  m eth o d  seem s 
to b e  a c c u ra te  a s  such  c u rv es  re d u ce d  in th is  m a n n e r  h a v e  b een  fo u n d  
to  ag ree  w ith  th e  a c tu a l d a ta  o f e lec tro n  d en sitie s  a t  v a rio u s  h e ig h ts  o b ­
ta in e d  d u rin g  th e  se v e ra l ro c k e t fligh ts c a r r ie d  o u t o v e r W r i t e  S a n d s , 
N e w  M ex ico . A ll c o m p u ta tio n s  a re  fo r  v e r tic a l p ro p a g a tio n .

1. Introduction.

I f  a  p lane  p o la r ized  e lec trom agnetic  w a v e  e n te rs  th e  iono­
sphere  in a  v e r t ica l  d irec tion  i t  p ro p a g a te s  th ro u g h  a  d ispersive  
medium of g ra d u a l ly  dec reas ing  d ie lectric  c o n s ta n t  a s  a  con­
sequence  of  increas ing  e lec tron  density .  A s  a  re su lt ,  the  g roup  
ve locity  of  the  exploring  w a v e  d ec reases  a n d  becom es zero  a t  
a  c e r ta in  value  of e lec tron  d en s i ty  depend ing  on the  w a v e  f r e ­
quency. A t  th is  p o in t  th e  w a v e  is reflec ted  b a c k  fo llow ing the 
course  in th e  re v e rse  o rd e r .  T he  f re q u e n c y  w hich  co rre sp o n d s  
to  the  maximum value  of e lec tron  d en s i ty  is k n o w n  as  th e  cri­
t ica l  f req u en cy  of the  p a r t ic u la r  laye r .  Thus the  crit ica l  f r e ­
qu en cy  of the  u p p e rm o s t  F a l a y e r  re p re s e n ts  the  crit ica l  f r e ­
q u ency  fo r  th e  ionosphere  a s  a  w ho le  a n d  a  w a v e  w hose  f r e ­
quency  is g r e a te r  th a n  th e  c r i t ica l  f req u en cy  will  n o t  be r e ­

*) Io n o sp h e re  D e p a r tm e n t, D r .  N e h e r  L a b o ra to ry ,  L e id sch en d am , H o llan d .
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fleeted a n d  will g e t  th ro u g h  the  ionosphere .  T he  p lane  po larized  
w a v e  m ay  be assum ed  to  be th e  r e s u l t a n t  of tw o  c ircu la r ly  
po la r ized  w a v e s  ro ta t in g  in opposite  d irec tions. In  the  N o r th e rn  
hem isphere  the  le f t  h a n d e d  w a v e  is called  the  o rd in a ry  com­
p o n e n t  a n d  the  o th e r  the  e x t r a o rd in a ry  com ponent. D u e  to  the  
influence of the  e a r t h ’s m agnetic  field the  p ro p a g a t io n  c h a ra c ­
te r is t ics  of the  tw o  com ponents a re  affec ted  in d iffe ren t  w a y s .

A  no rm a l  ionogram  — the  so ca lled  h ', f  r e c o rd  — con ta ins  
the  v ir tu a l  he igh ts  o f  reflection as  a  function of  f req u en cy  [-4], 
since the  d e la y  time b e tw e e n  t ransm iss ion  a n d  recep t io n  of a 
pulse  of  given f requency  in d ica tes  th e  v i r tu a l  he igh t  fo r  the  
p a r t ic u la r  f requency . T he  t ru e  he igh ts  a re ,  how ever ,  less th a n  
the  v i r tu a l  heights .

In m os t  of the  o ld e r  m ethods  co m pu ta t ions  of t ru e  heigh ts  
from  v i r tu a l  he igh ts  w e re  m ade  w i th o u t  ta k in g  in to  acco u n t  ( 1 ) 
th e  influence of  the  e a r t h ’s m agnetic  field a n d  (2) th e  effect of 
collisions b e tw e e n  e lec trons  a n d  gas  molecules. Though  the  
l a t t e r  m ay  no t  h ave  much influence in th e  final re su l ts  espec ia lly  
a t  high a l t i tudes ,  the  fo rm e r  does p l a y  an  im p o r ta n t  p a r t  
in the  eva lu a t io n  of g roup  velocities. The influence inc reases  
a t  h igher  la t i tu d e s  a n d  i t  has  b een  found  t h a t  d ifferences of 
a s  much as  50 °/0 occur in e s t im a te s  of  l a y e r  th icknesses  b e ­
tw e e n  neglecting  a n d  ta k in g  into accoun t the  effect o f  the  
e a r t h ’s m agnetic  field a t  a  la t i tu d e  of a b o u t  60°. Also, in a n a ­
lysing  some reco rd s  inco n s is ten t  re su l ts  a re  o b ta in ed  b y  n e ­
glecting the  field, such a s  tw o  d is t in c t  va lues  of  e lec tron  d e n ­
sities a t  one a n d  th e  sam e height. I t  is only a long  th e  reg ions 
close to  the  m agnetic  e q u a to r  t h a t  the  field m ay  be neglected  
fo r  the  o rd in a ry  com ponent.

The ionosphere  is a ssu m ed  to  be 
ho rizo n ta l ly  s tra t if ied , the  reg ion  b e ­
tw e e n  a n y  tw o  lay e rs  hav in g  a  con­
s t a n t  e lec tron  d en s i ty  the  value of 
w hich  is n e a r ly  equa l  to  the  maximum 
va lue  o f  th e  lo w e r  laye r .  This a s ­
sum ption  seems to  be a c c u ra te  as  
verified w i th  the  a c tu a l  e lec tro n  d e n ­
s i ty  d is t r ib u t io n  d a t a  o b ta in e d  from 
ro c k e t  flights [5]. W A h in  a  l a y e r  

T y p ic a l e lec tro n  d e n s ity  d is- th e  e lec tron  d e n s i ty  is a p p ro x im a te ly  
t r ib u tio n  a s  a  fu n c tio n  o f a  l in e a r  function  of h e igh t  as show n 

h e ig h t. in F igu re  1.



Calculation of true heights of electron density in the ionosphere 279

2. T he gyrofrequency.

T h e  g y ro f req u en cy  is th e  n a tu r a l  f req u en cy  of ro ta t io n  of 
ions a ro u n d  the  lines o f  m agnetic  field of the  e a r th ,  th e  ions 
being n o t  sub jec t  to  an  e lec tro -m agnetic  w a v e .  D u e  to  its  sm all 
mass, the  e lec tron  h as  a  g y ro f re q u e n c y  com p arab le  w i th  the  
f req u en cy  of rad io  w aves .  I f  an  e lec tro n  comes u n d e r  th e  in ­
fluence of  an  e lec tro -m agnetic  w a v e  the  f req u en cy  of w hich  is 
g r e a te r  th a n  the gy ro frequency ,  the  m otion of  th e  e lec tron  is 
elliptic, the  ra t io  of the  m a jo r  a n d  the m inor axes of th e  e l­
lipse v a ry in g  d i re c t ly  w i th  the  s t r e n g th  o f  the  e a r t h ’s m agnetic  
field a n d  in v e rse ly  w ith  th e  f req u en cy  of the  e lec tro -m agnetic  
w a v e .

The value  of the  g y ro f re q u e n c y  has  b een  o b ta in e d  from  the  
gen e ra l  expression,

2 nmc
w h e re ,

H  =  s t r e n g th  of the  e a r t h ’s m agnetic  field in oe rs ted s .  
e =  charge  of the  e lec tron  ( =  4,77 X  I0' ,0e.s.u.). 
m  =  m ass of th e  e lec tro n  ( =  9,01 X  IO-28 gm.). 
c = ve loc ity  of  e lec tro-m agnetic  w a v e s  in f ree  space 

( =  3 X  i o 10 cm/s).

( 1)

H  w a s  o b ta in e d  fo r  a  given he igh t  b y  ex t ra p o la t io n  of  the 
ex per im en ta l  g round  value b y  th e  inverse  cube law ,

H h =  H 0 (r fr  + h)i (2)

w h ere ,
Hh  =  s t r e n g th  of the  e a r th ’s m agnetic  field in oe rs ted s ,  a t  

he igh t  h.
H a = the  field s t r e n g th  a t  g round  level ( =  0,473 o e r s te d  fo r  

Leidschendam ).
r  — r ad iu s  of the  e a r th  ( =  6370 km). 
h  =  heigh t u n d e r  considera t ion  ( taken  as  1 50 km).
The gy ro frequenc ies  a n d  va lues  of H  c a lcu la ted  fo r  var ious  

heights  a r e  sh o w n  in T ab le  1.

3. C alculation  o f the group index / / .

The w ell  kn o w n  exp ress ion  fo r  the  (phase) re f ra c t iv e  index fx, 
neg lec ting  collisions, is
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T A B L E  1.

H e ig h t (km ) H  (o e rs ted ) f H (M e )

G ro u n d  level 0,473 1,33
50 0,465 1,31

100 0,455 1,28
150 0 ,445 1,25
200 0,431 1,21
300 0 ,412 1,16
400 0 ,396 1,11

2. x  ( \  -  x )
ft? — i --------------------------------------- ------  —

2 ( i  — x )  — y* sin  0  ±  f y 4 sin4 0  4- 4 y 2 cos2 0  (1 — -r)2

w h e re ,  ^
4 tiTV/

;r =  -------2—
mp*

N  =  n u m b er  o f  e lec trons  p e r  cm3.
p  =  a n g u la r  f req u en cy  of th e  exp lo r ing  w a v e  (=  2n f) .  
f  =  f r e q u e n c y  of th e  w av e .
y  =  ra t io  of g y ro f re q u e n c y  to  exploring  w a v e  f req u en cy

( = ƒ * / / ) •
0  =  angle  co n ta ined  b e tw e e n  the  d irec t ion  of w a v e  p r o p a ­

ga tion  a n d  th e  d irec t ion  of  th e  e a r t h ’s m agnetic  field.

The u p p e r  ( + )  sign re fe r s  to  the  o rd in a ry  com ponen t a n d  
th e  lo w e r  ( —) sign to  the  e x t r a o r d in a r y  one. A ltho u g h  no d e ­
cision has  b een  a r r iv e d  a t  as  to  the  inclusion o r  omission of 
th e  L o re n tz  p o la r isa t io n  te rm  in express ion  (3), th e  tendency  
is t o w a r d s  the  la t te r .  I t  seems i t  can  be  sa fe ly  neg lec ted  above  
4,27 M c /s  of th e  exploring  w a v e  frequency .

A n y  com p u ta t io n  fo r  the con tr ib u t io n  to  th e  v i r tu a l  height 
o f  a  reg ion  of th e  ionosphere  needs  a n  ex a c t  k n o w ledge  of the  
g roup  ve loc ity  of  th e  w a v e  o f given freq u en cy  a t  t h a t  p a r t i c u ­
l a r  region. T he  g roup  ve loc ity  is e x p re ssed  in te rm s  of a  c e r ­
ta in  q u a n t i ty  / / ,  ca lled  th e  "g ro u p  re f ra c t iv e  index” , th e  r e la ­
t ionsh ip  be ing  given by,

G ro u p  velocity  = ---- (d)
P

w h e re  c is the  ve loc ity  of  e lec trom agnetic  w a v e s  in f ree  space. 
N o w  th e  g roup  index  is defined as,
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/i' = f i + f
i)[x

V
(5)

w h e re  f  is the  exploring w a v e  f requency .

A t  va lues  of x  ap p ro ach in g  1, /x te n d s  to  zero a n d  hence 
i t  is n o t  conven ien t to  com pute fx f rom  (5). A s  is commonly 
done, one ca lcu la tes  the  p ro d u c t  fx̂ x! first. F ro m  (5) w e  get,

a , f  U + fXj ----
5 /  

d/x

(6)

S u b s t i tu t in g  th e  va lues  of fx a n d  —— ta k e n  from  (3) in (6)

gives,

, T 2X* x { l - x ) rri,
w  =  1 ----- —— I--------^ — J-U

D D 2
(7)

H e re ,

D  = 2 ( l — x )  — y  sin  0  +  / y 4 sin* 0  +  4 y* cos1 © (1 -  x )2 (7a)

f D '  — 4 x  +  2 jj7  j-z«2 0  +
2 { — y 4 j *»4 0  +  2y*cos* 0 (2, x  — l ) ( l  — •*■)} 

Vy4 .re»4 0 + 4 y2 coj2 0 (1 — ur)2
(7b)

A lthough  the  p ro d u c t  fxfx' can  be ca lcu la ted  b y  s h o r te r  m e­
th o d s  b y  in troduc ing  a  few  app rox im ations ,  express ion  (7) w a s  
used  in o rd e r  to  ge t  m ore a c c u ra te  values.

In  the  limiting case w h e n  x  =  I fo r  the  o rd in a ry  com ponent 
a n d  x  =  I — y  fo r  the  e x t r a o rd in a ry  com ponent, fxfx' is given by  
th e  following,

fx/x = 1 /s in2 0 (o rd in a ry  component) (8)

, 2 - y
H/t = -------------------- ----- ( e x t r a o rd in a ry  component) (9)

(if— y )  (1 + cos 0)

4. T he ordinary com ponent.

F o r  the  o rd in a ry  com ponen t the  values  of fx a re  o b ta in ed  
from  re la t io n  (3). F igure  2 show s fxfx as a  function  of x .  T hus 
from  k n o w n  values  of  fx a n d  fxfx', the  q u a n t i ty  /a' is ob ta ined . 

A s  s t a t e d  e a r l ie r  w ith  r e g a rd  to  the  shape  of the  la y e r ,  i t
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iu-fi p ro d u c t  fo r  th e  o rd in a ry  com ponen t,
L e id sc h en d a m , H o llan d .

is a ssum ed  t h a t  the  v a r ia t ion  
of  e lec tron  d e n s i ty  w i th  he igh t  
is a p p ro x im a te ly  l inear.  I f  z  
be  th e  he igh t  m easu red  v e r t i ­
ca l ly  to  the  t ru e  reflection 
point,  D  the  re a l  th ickness  
of the  p a r t  o f  the  la y e r  ex­
tend ing  from  the  b o t to m  of 
the  l a y e r  to  the  t ru e  reflection 
po in t,  D ' th e  a p p a r e n t  th ick ­
ness  co rrespond ing  to  D  fo r  
the  p a r t ic u la r  f requency ,  w e 
h av e  the  w e l l  k n o w n  re la t ion ,

D

II (10 )

O

to  th e  above as-
sum ption  th is  becomes,

D ' = (10 a)

w h e re  x z a n d  x a a r e  th e  va lues  of x  co rresp o n d in g  to  N z a n d  
N a re sp e c t iv e ly  fo r  th e  p a r t ic u la r  f requency ,  x T be ing  in this 
case  equa l  to  I. In  o rd e r  to  e v a lu a te  the  in te g ra l  in (10a) w e  
define a  function Q as,

Q {/> x ) (11)

T here fo re ,

D ' =
D

x x -
{Q  (ƒ, x z ) ~  Q (ƒ, x a) j

w h e re  x z = I.

(1 1 a)

H o w e v e r ,  in regions w h e re  the  e lec tro n  d ens ity  is cons tan t ,  
a s  is a ssu m ed  to  be  the  case  w h e re  d iscontinu ities  occur in 
h ' , f  re co rd s ,  th is  m e th o d  ca n n o t  be  used . I n  th is  case  D ' is 
given by,



D '= n 'D  ( l i b )

A s (i te n d s  to  infinity w h e n  x  ten d s  to  I, the  in te g ra l  in 
(11) can n o t  be e v a lu a te d  as  i t  is. The following t ra n s fo rm a t io n  
is m ade  use of,

t  =  I — x .

T here fo re ,

XJ d x

o

Figu re  3 show s [i "j \ — x  a s  a  function  of  |'' I — T he  in­
t e g ra l  is th e n  equa l  to  tw ice  the  a r e a  u n d e r  a  curve  fo r  a  given 
value  of  x .  The curves in F igu re  3 can be u sed  d irec t ly  to  
com pute  jx , D  o r  D ' w h e n e v e r  fo rm u la  ( l i b )  is used. T yp ica l 
cu rves fo r  the  v a r ia t io n  of  the  in te g ra l  w i th  ;t a n d  fo r  va r ious  
frequencies  a re  show n in F igu res  4 and  5. To avo id  crow ding , 
F igu re  4 show s curves fo r  tw o  frequencies  only, 1,5 M c /s  and  
13 M c/s ,  a n d  th e  va lues  fo r  o th e r  frequenc ies  a re  o b ta in ed  
b y  ta k in g  the  d ifferences in value  fo r  th e se  frequencies  from
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j/ \ — x  fo r  th e  o rd in a ry  co m p onen t, 
L e id sch en d am , H o llan d .
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000950

In te rp o la tio n  v a lu es fo r  Q cu rv es, o rd in a ry  co m p o n en t, L e id sch en d am ,
H o llan d .

Figu re  5 a n d  add ing  them  to th e  correspond ing  ones fo r  1,5 M c /s  
found  from  F igure  4.

5. T he extraordinary com ponent.
F o r  the  e x t r a o r d in a r y  com ponen t reflection n o rm a lly  occurs 

fo r  va lues  of x  given b y  .r =  I — y ,  if y  is less th a n  I, i.e. fo r  
frequencies  g r e a te r  th a n  the  gy ro frequency . A s only those  values 
of y  less th a n  I a re  of  in te r e s t  w i th  r e g a rd  to  h , f  re co rd s  
these  a lone  w ill  be  conside red  here .

U nlike  the  m e thod  of ca lcu la tion  u sed  fo r  th e  o rd in a ry  com­
ponen t,  i t  is found  conven ien t to  p lo t  fx2 a n d  fxfx' as  functions 
of  (x / l  — y )  fo r  the  e x t r a o rd in a ry  com ponent. In  a  similar w a y  
as  ind ica ted  in the  d esc r ip t ion  fo r  the  o rd in a ry  com ponent, the  
fo llow ing t ra n s fo rm a t io n  is used  fo r  ev a lua ting  the  in teg ra l

ij!  d x ,

X
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t  = i  i - W i  - y ) (13)

T here fo re ,
X t

fi d x  =  — 2 (i — y) 1 t  d t

o

(14)

B y  p lo tt in g  [a } I — (x / l  — y )  ve rsus  /  J — { x /l  — y )  the  values 
o f  the  in teg ra l  in (14) a re  o b ta in ed  in th e  same m an n e r  as  fo r  
th e  o rd in a ry  com ponent. F igu re  6 con ta ins  the  Q cu rves fo r  
the  e x t r a o r d in a r y  com ponen t a s  a  function  of x / l  — y .  In  o rd e r  
to  reduce  a  p a r t ic u la r  va lue  to  t h a t  co rresp o n d in g  to  x ,  it  
m ust  be d iv ided  tb y  (i — y )  fo r  th e  f requency  u n d e r  considera t ion .

F ig . 6.
Q cu rv es fo r  th e  e x tra o rd in a ry  co m p o n en t, L e id sc h en d a m , H o lla n d .

6. A n alyses o f h ', f  records.

I n  th e  fo llow ing m ethod  of a n a ly se s  o f  h ' , f  re c o rd s  m ade  
a t  L e idschendam , the  o rd in a ry  com ponen t has  b een  co ns ide red  
in p a r t ic u la r .  T he  curves fo r  the  e x t r a o r d in a r y  com ponen t m a y  
be  u se d  fo r  checking the  re su l ts .

T h e  m ain  difficulty in com puting e lec tron  densities  a t  var ious  
he igh ts  is in fixing a  s ta r t in g  point,  i.e. a  he igh t  o f  k n o w n  
e lec tro n  density . H en ce  some assum ption  h as  to  be m ade in 
o rd e r  to  loca te  th e  lo w e r  limit of a  ce r ta in  laye r .  In  v iew  of 
the  re g u la r i ty  sh o w n  b y  th e  E  lay e r ,  the  E  t r a c e  on th e  I i , f  
r e c o rd  is m os t  su i ted  fo r  a n y  such com puta tion .
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S tra ig h t  line  a p p ro x im atio n  
o f th e  lo w e r  lim it o f  the  

io n o sp h e re .

F ig . 8.
C u rv e  d e r iv e d  from  s tra ig h t  line  ap p ro x im atio n  
o f  fig. 7 a n d  used  fo r  lo ca tin g  h0 a t  L e id sc h en - 

dam , H o llan d .

T he e lec tro n  d en s i ty  is a ssum ed  to 
increase  l in e a r ly  w i th  he igh t  from ha 
(tV ^ o) a t  a  r a t e  of IO4 e lec trons /cm 3 
p e r  km. This  is r e p re s e n te d  b y  the  
s t r a ig h t  line L  in F igure  7. T he  con­
tr ib u t io n  of th is  type  of  reg ion  to  
the  v i r tu a l  he igh t  fo r  the  o rd in a ry  
com ponent is ca lcu la ted  w i th  the  help 
of  express ions  (11a) a n d  (12). This is 
sh o w n  in F igu re  8 w h e re  a p p a r e n t  
th ickness  D  =  (h ' — k 0) is p lo t te d  versus 

f requency , w h e re  h' 
is the  v i r tu a l  he igh t 
of reflection fo r  the  
p a r t i c u la r  f requency . 
F igure  8 is u sed  in 
th e  fo llow ing m an n er  
fo r  locating  h0.

In  th e  h ! , f  re co rd  
u n d e r  s tu d y  tw o  po in ts  
w e l l  be lo w  the  2?la y e r  
crit ica l  f requency  a re  
chosen w hose  heigh ts  
a r e  given b y  h ' and  
h ' co rrespond ing  to  the 
f requencies  f x and  
respec tive ly .  L e t  77 be 
th e  g r e a te r  o f  th e  tw o  
a n d  h! —h  =  a . C o r -

2  I

resp o n d in g  quan ti t ies  
a  a n d  b a re  found  fo r  
these  frequenc ies  from  
F igu re  8. B y  com pa­

ring F igu re  8 w i th  the  a c tu a l  H , f  r e c o rd  u n d e r  s tu d y  the 
b o t to m  of th e  E  reg ion  is t a k e n  to  be  a  s t r a ig h t  line defined b y ,

hQ — h'  ̂ — (a +  b) a /a  (15)

N o w  it  w il l  be  sh o w n  h o w  a K , f  r e c o rd  can  be t ra n s fo rm e d  
in to  one giving th e  e lec tron  d en s i ty  as  a  function of  t ru e  height.

F o r  re a so n s  of  fac i l i ty  the  h ' , f  r e c o rd  u n d e r  s tu d y  is f irs t 
modified in to  one of  v i r tu a l  he igh t  a s  a  function  of  e lec tron  
d en s i ty .  A f te r  loca ting  ha b y  the  above  m ethod  on th is  profile,
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T y p ic a l cu rv es  sh o w in g  v ir tu a l  h e ig h ts  a n d  
d e r iv e d  tru e  h e ig h ts  o f  e lec tro n  d e n s ity .

th e  reg ion  b e tw e e n  
th is  p o in t  a n d  the  one 
co rrespond ing  to  the 
e lec tron  d e n s i ty  fo r  
the  f re q u e n c y  f 2 is 
ap p ro x im a te d  by  a 
s t r a ig h t  line s ta r t in g  
from  ha a n d  in c re a s ­
ing a t  a  r a t e  o f  (a'/a) 
X  IO4 e l/cm3/km. L e t  
th e  p o in t  P a c o r re ­
spond  to  the  u p p e r  
limit of the  s t r a ig h t  
line. T h u s  the  he igh t  
o f  P 2(— h2) r e p re s e n ts  
the  t ru e  reflection 
he igh t  of the  v ir tu a l  
p o in t  P'2 w h o se  heigh t

is /«). This  is i l lu s t ra te d  in F igure  9.
T he  t ru e  he igh t  h 3 o f  a  ne ighbouring  po in t  P 3 co rresp o n d in g  

to  the  v i r tu a l  p o in t  P'3 w i th  c rit ica l f r e q u e n c y  f 3 a n d  e lec tron  
d ens ity  N 3 is o b ta in e d  as  fo llow s.

W e  m ake  use of th e  re la t ion ,

— K  + di d , (Q3 -  Q,)
(x3 -  x 2)

o b ta in e d  from (1 1 a), fo r  the  o rd in a ry  com ponent.
In  (16).

k '  =  he igh t  co rresp o n d in g  to  the  p o in t  P ' .
ho =  he igh t  o f  the  b o t to m  of the  E  l a y e r  ( N f ^ o ) .
d 1 =  h 2 -  h r . 
d 2 =  h 3 — h 2.
x  =  _8o ^

3 f \  3
8o ,6

■N..

(16)

o
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N 3 a n d  N 2 a r e  the  e lec tron  densities  a t  P 3 a n d  P 2 respectively . 
f 3 is the  f requency  correspond ing  to  N 3 in K c/s . T he  Q's a re  
to  be found  f rom  F igu res  4 a n d  5.

In  (16) all q u an ti t ie s  ex cep t  a re  k n o w n  a n d  so i t  can  be 
eas i ly  com puted. Thus the  t ru e  h e igh t  h3 of the  po in t  P 3 co r­
resp o n d in g  to  the  v i r tu a l  he igh t  Ji3 of P j w ill  be  given by,

h 3 = hQ + d T +  d 2.

In  th is  m an n e r  the  ana lys is  is c a r r ie d  o u t  till  the  p o in t  which 
co rresp o n d s  to  the  maximum e lec tron  d ens ity  of  th e  E  l a y e r  
w h e re  a  d iscon tinu ity  no rm ally  occurs. The ana lys is  a t  this 
p o in t  m akes  use of  the  a ssum ption  t h a t  the  reg ion  im m edia te ly  
above  this p o in t  rem ains  dense ly  ionised a s  s t a t e d  ea r l ie r .  R e ­
fe r r in g  to  F igure  11 le t  P m r e p re s e n t  th e  t ru e  reflection po in t  
co rrespond ing  to  the  v i r tu a l  po in t  P'm on the  h ' , f  reco rd .  I f  
P„ r e p re s e n ts  the t ru e  reflection po in t  co rresp o n d in g  to  the  
maximum e lec tron  densitj^ of the  E  l a y e r  a n d  if P m a n d  P n a re  
linked, th en  the  assum ed  in te r la y e r  d e n s i ty  w ou ld  be too  large . 
This  region is th e re fo re  a p p ro x im a te d  b y  a  s t r a ig h t  line joining 
P,n a n d  Pk w h e re  Pk is a  p o in t  on th e  t ru e  E  t r a c e  a n d  the  
value  of  its  ab sc is sa  is given by  0,9 N , N  being the maximum 
e lec tro n  d en s i ty  of the  E  la y e r .  P ra c t ic e  h as  sh o w n  this to  be 
a  su itab le  app rox im ation , a n d  m a y  a lso  be u sed  a t  o th e r  po in ts  
w h e re  d iscontinu ities  a re  observed . In  such a  reg ion  of t r a n s i ­
t ion  fo rm u la  ( l i b )  m ay  be em ployed  since f i  is co n s tan t .  In 
ana lys ing  n igh t  time records ,  the  lo w e r  p a r t  of th e  F  l a y e r  is 
assum ed  to be l in ea r  a n d  the  ana lys is  fo llow s in the  same lines 
as  fo r  the  E  layer .

7. R esults o f m easurem ents.

F igu res  10 a n d  11 con ta in  typ ica l  re c o rd s  t ra n s fo rm e d  to  
show  e lec tro n  densities  ve rsus  v i r tu a l  he igh ts  as  w e ll  as  t ru e  
heights  d e r iv ed  accord ing  to  th e  desc r ib ed  m ethod . In  T ab le  2 
a re  sh o w n  th e  t ru e  heigh ts  o f  e lec tron  d e n s i ty  m axim a a n d  the  
level of minimum ion isa t ion  (h„). The K , f  r e c o rd s  w e re  m ade 
a t  L e idschendam  w i th  a  m o d e rn  ionosphere  sounding equ ipm ent 
[6]. A lso  sho w n  in T ab le  2 a re  th e  v i r tu a l  he igh ts  o f  po in ts  
ly ing  on th e  H , f  re co rd s  w hich  co r re sp o n d  to  0,834 o f  the  
c r i t ica l  f requencies ,  such a  he igh t  being som etim es t a k e n  as  the  
t ru e  he igh t  o f  th e  level of maximum ionisa tion  (m ethod  of 
B o o k e r  a n d  Seaton).
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4 P M  (U n iv . tim e), L e id sc h en d a m , H o lla n d ) . 1954, 12 .30  P M  (U n iv . T im e), L e id sch en -
dam , H o llan d .

T A B L E  2.

D a te  a n d  
un iv . tim e

C ritic a l  
freq u e n c y  
fc  (M c /s )

M ax im u m  elec tro n  
d e n s ity  N o ./c m 3

K
km

T ru e  h t. 
o f  m ax. 
el. dens- 

(km )

V ir tu a l
h e ig h t
(km )

4 th  June  '5 4  
(2  A M )

2,2 6 X  104 110 192 240

7 th  Ju n e  54 
(4 P M )

4,9 30 X 1 0 4 80 260 300

2 1 s t D ec . '5 4  
(1 2 .3 0  P M )

4.9 30 X 1 0 4 80 230 245

2 5 th  D ec . '5 5  
(3  A M )

3,4 14,5 X I 0 4 130 210 320

2 4 th  F e b . '5 6  
(2 .2 9  P M )

9,7 117 X 1 0 4 90 267 275

16 th  M a y  56 
(1 0 .5 9  A M )

4 ,8 29 X 1 0 4 85 185 350

1 6 th  M a y  ’56 
(3 .2 9  P M )

6,0

OX■7T 95 280 525
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The an a ly se s  so f a r  c a r r ie d  out 
show  t h a t  the  F a l a y e r  b eh av es  m ore 
re g u la r ly  in its  he igh t  v a r ia t io n s  th a n  
can  be expec ted  b y  inspec tion  of the 
H , f  re co rd s .  This can be a p p re c ia te d  
w h e n  one com pares  the  d a y  a n d  n igh t  
sum m er va lues  w i th  those  during  
w in te r .  A ltho u g h  the  F 2 ion isa tion  is 
much g r e a te r  during  the  w in te r ,  heights  
a r e  lo w e r  th a n  those  co rrespond ing  
to  the  sam e va lues  of e lec tro n  d e n ­
s i ty  in summer. So i t  is c le a r  t h a t  
a b n o rm a l  va lues  of  v i r tu a l  he ights  
o f ten  o b se rv ed  in h‘, f  re co rd s  a re  
due to  g roup  r e t a r d a t io n  in the  lo w e r  
reg ions of th e  ionosphere . A s  s t a t e d  
e a r l ie r  t ru e  heigh ts  de r iv ed  b y  the 
m e th o d  desc r ib ed  h ave  been  found  
to  a g ree  w i th  the  a c tu a l  d a t a  o b ­

ta in e d  from  ro c k e t  flights a t  W h i t e  S ands ,  N e w  M exico , as  
can  be seen from the  re su l ts  of one such m e asu rem en t  r e p r o ­
duced  in F igu re  1‘2.
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riso n  w ith  ro c k e t m e a su re ­
m en ts , 10 .00  H o u rs  ( M S T )  

7 th  M a y , 1954 [3],
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Radio R elay  System s

by H. Stanesby, M.I.E.E.

Lecture delivered to the Nederlands Radiogenootschap on 5th March 1957.

1. Introduction.

The sub jec t  of my lec ture ,  
r a d io - re la y  system s, is of 
special in te re s t  a t  p re se n t  
because  in te rn a t io n a l  a g re e ­
m en t on m an y  of th e i r  c h a r ­
ac te r is t ic s  w a s  re c e n t ly  o b ­
ta in e d  in the  C .C .I .R .* )  a t  
W a r s a w ,  a n d  a co n s id e r­
ab le  nu m b er  of sys tem s a re  
now  being b u i l t  in various 
countries .

Time will n o t  a l low  me to 
go in to  the  h is to ry  of r a d io ­
re la y  system s, a l though  the  
e a r l i e s t —v e ry  ru d im e n ta ry  
in c h a r a c te r  —w e re  inco r­
p o r a te d  in n a t io n a l  t e le ­
phone system s o v e r  25 y e a r s  
ago. N o r  w il l  i t  a l low  me 

pj  ̂ to  descr ibe  th e  m any  diffe-
P o s t  office ra d io  re la y  lin k s F e b ru a ry  1957. r e n t  e.y P e s  t h a t  a re  n o w  in

use. H  o w ever ,  the  m ap  in 
Fig. 1, show ing the  ex te n t  to  which ra d io - re la y  system s have 
been  in s ta l led  in the  U n ited  Kingdom, m ight be of in te re s t .  
B ecause  time is short ,  I shall c o n cen tra te  m ain ly  on the  genera l  
c h a rac te r is t ic s  of the  la rg e r -c ap a c i ty  sy s tem s used  on b o th  sides 
of the  A tla n t ic  to  hand le  h u n d re d s  of te lephone  channels  o r  te le ­
vision .— the  b ro a d b a n d  system s •— so called  because  the  inpu t

r) C o m ité  C o n su lta t if  In te rn a tio n a l  des R ad io co m m u n ica tio n s .
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signal occupies a  b a n d  of f requencies  p e rh a p s  se v e ra l  megacycles 
p e r  second w ide . T hen  I shall  r e f e r  briefly to  the  m ore-recently-  
d eve loped  t ro p o sp h e r ic - sc a t te r  sys tem s — system s which, a l ­
though th e y  h av e  much sm alle r  traffic-handling cap ac i ty ,  h av e  
some v e ry  in te re s t in g  fea tu re s .

2. U H F  and SH F  w ave-propagation .

The sy s tem s  I am considering o p e ra te  on U H F  a n d  S H F * )  
frequencies  rang ing  from  a b o u t  500 to  10,000 M c /s  — v e ry  
much h igher  th a n  a re  u sed  fo r  rea l ly  long-d is tance  com m unications 
o r  even fo r  te lev is ion  b ro a d c a s t in g ;  and  I shall  begin  b y  con­
sidering ra d io -w a v e  p ro p a g a t io n  a t  these  frequencies .

A t  such frequencies  th e re  is no reflection  from  the  ionosphere ,  
so re a l ly  long-d is tance  p ro p a g a t io n  in a  single hop is ou t  o f  the

question  —• unless, as  has  
been  suggested , the  sig­
nals  a re  reflec ted  b y  the 
moon! B u th  the  t r o p o ­
sphere , which  ex ten d s  up 
to  12 ,000m o r  so, does 
affect the  p ro p a g a t io n  of 
these  w av es ,  a n d  to  a 
g r e a te r  e x te n t  as  the d is­
tan ce  from  the t r a n s m i t ­
t e r  to  the rece ive r  in c re a s ­
es. N o rm a l ly  the  t ropo-  
shere  r e f r a c ts  a n d  s c a t ­
te r s  the  w a v e s  som ew ha t,  
a n d  a t  t im es w h e n  i t  is 
n o t  w ell  mixed — w h en  
i t  is s tra t i f ied  •—• i t  m ay  
reflect them  as  well. The 
c le a r  a tm o sp h e re  is v i r ­
tu a l ly  t r a n s p a r e n t  up  to  
say  10,000 M c /s ,  b u t  a t  
h igher  frequenc ies  w a t e r  
v a p o u r  a n d  oxygen cause 

some abso rp t io n ,  as  is sh o w n  in Fig. 2. This figure a lso  show s 
t h a t  ra in ,  a n d  to  a  le s se r  e x te n t  m ist  a n d  cloud, affect t ra n s -

*) U H F  a n d  S H F  re fe r  to  f re q u e n c y  ra n g es  o f  3 0 0 -3 0 0 0  a n d  3 0 00- 
3 0 ,0 0 0  M c /s  re sp ec tiv e ly .
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mission so m e w h a t  — m ore a t  the  h igher  frequencies .  A p a r t  from 
th is  ab so rp t io n ,  the  t ro p o sp h e re  h as  fo u r  main effects which  
can  convenien tly  be desc r ib ed  in te rm s  of w h a t  h a p p e n s  w ith  
ligh t w a v e s :
(a) The dec rease  o f  re f rac t iv e  index  w ith  he igh t  d e lay s  the 

a p p a r e n t  se t t ing  of the  sun b y  curving the  r a y s .  F o r  light, 
re f ra c t io n  a t  the  horizon is n e a r ly  35 m inutes  of arc , m ore 
th a n  th e  a n g u la r  d ia m e te r  o f  the  sun. F o r  rad io  w a v e s  much 
the  same happens ,  a n d  as  is i l lu s t ra te d  in Fig  3, the  r a y  
c u rv a tu re  fo r  a  w ell-m ixed a tm o sp h e re  h a s  the  sam e effect 
a s  increasing  th e  e a r t h ’s ra d iu s  b y  g.

F ig .
I l lu s tra tio n  o f  a llo w a n ce  fo r  m 

b y  in c re a s in g  effect
arm ai a tm o sp h e ric  re fra c tio n  
ive e a r th  ra d iu s .

(b) The v a r ia t io n  of re f ra c t io n  w i th  time causes  s t a r s  to  tw inkle . 
I t  a lso  causes  fad ing  of rad io  w aves .

(c) A f te r  sunse t  th e re  is still  p le n ty  of ligh t fo r  some time. If 
th e re  w e re  no a tm o sp h e re  to  s c a t t e r  the  ligh t b ack  i t  w ould  
im m edia te ly  become p itch  d a rk .  I t  is the  sam e w i th  rad io  
w a v e s  — the  sc a t te r in g  of the  w a v e s  b y  th e  a tm o sp h e re  
g re a t ly  increases  the  s t re n g th  of signals w e l l  b e y o n d  the  
horizon as  can  be seen in Fig. 4.

(d) F inally , on occasions m irages occur. S im ila r  conditions can 
cause the  reflection of  rad io  w a v e s  w ith  the  poss ib i l i ty  of 
anom alous p ro p ag a t io n ,  w a v e - in te r fe ren ce  a n d  serious fading.

W i t h  th is  in fo rm ation  i t  can  be u n d e rs to o d  w h y  th e re  a re  
tw o  w ide ly -d if fe ren t  ty p es  of rad io -re la jr  sys tem . T he  f irs t  in 
w hich  signals a re  t r a n s m i t te d  over  a  sequence of line-of-sight 
p a th s  w i th  s ta t io n s  a t  in te rv a ls  of 50 km o r  so, a n d  w h e re  
on ly  low  p o w e r  is needed  b ecau se  the  p a th  loss is r e la t iv e ly  
small. T hen  th e re  a re  the  so-called  t ro p o sp h e r ic - sc a t te r  system s
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in which  a d ja c e n t  s ta t io n s  m a y  be  se v e ra l  h u n d red  k ilom etres  
a p a r t  a n d  much h igher  t r a n s m i t t e r  p o w e rs  a re  needed .

3. L ine-of-sigh t system s.

The p a th s  u sed  fo r  the  line-of-sight sys tem s m ust  n o t  on ly  
be clear, b u t  app l ica t io n  of  the w a v e - f ro n t  principle  of  the  f a ­
mous D u tc h  sc ien tis t  H u y g e n s  show s th a t  to  avo id  u n n e c e ssa ry  
loss, m a jo r  o b s tru c t io n s  should  be sufficiently rem oved  from the  
line-of-sight fo r  the  p a th  v ia  an  o b s tru c t io n  to  be a t  le a s t  ^ 
w a v e le n g th  longer  th a n  the  d i re c t  p a th .  In  prac t ice ,  to  a l low  
fo r  a b n o rm a l  re f ra c t io n  conditions, w e seek w h e n  choosing s t a ­
tion  sites to  sa t is fy  th is  condition  fo r  an  effective e a r th  rad iu s  
of 0.7 times the  t ru e  rad ius .  F re e -sp a c e  p ro p a g a t io n  w il l  then  
be  a p p ro a c h e d  fo r  a  la rge  p ro p o r t io n  of the  time, a l though  fo r  
p e rh a p s  0.1 p e r  cen t  of the  time fad ing  m ight rise  to  as  high 
as  10  db.

I shall now  briefly  outline the  form  t h a t  a  line-of-sight rad io -  
r e l a y  sy s tem  m ight ta k e  befo re  considering  i ts  com ponen t p a r t s  
an d  its c h a ra c te r is t ic s  in m ore  detail.

In  la rg e -c a p a c i ty  ra d io - re la y  system s the  rad io -f req u en cy  c a r ­
r ie rs  a re  f req u en cy -m o d u la ted  w i th  a  b a s e b a n d  spec trum , i.e.
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an  in p u t  signal, consisting  of  a  h u n d re d  o r  m ore te lephone  chan ­
nels o r  o f  television. R e fe r r in g  to  Fig. 5, a  n u m b er  of such 
m o d u la ted  c a r r ie rs  a re  fed  th ro u g h  combining f i l te rs  to  a common 
a e r ia l  w h ence  th e y  a re  r a d i a t e d  in a  n a r r o w  beam . F u r th e r  
a long  th e  ro u te  the  c a r r ie r s  a re  rece ived  on a  d irec t iona l  aeria l ,  
a f t e r  which th ey  a re  s e p e ra te d ,  ind iv idua lly  amplified a n d  changed  
so m e w h a t  in f requency , recom bined  a n d  r e - r a d ia te d  over  the  
n e x t  section of ro u te .  This p ro cess  is r e p e a te d  a t  s ta t io n s  sp aced  
on the a v e ra g e  say  50 k ilom etres  a p a r t .  F in a l ly  a t  the  receiving 
te rm in a l  the  c a r r ie rs  a r e  s e p e ra te d ,  amplified a n d  the orig inal 
b a s e b a n d  signals a re  r e c o v e red  by  dem odula tion .

E a c h  of the  c a r r ie r s  p ro v id es  a  b r o a d b a n d  channe l  o f  com­
munication, a n d  a  r a d io - r e la y  sy s tem  gen era l ly  p rov ides  one o r  
m ore  such channels  fo r  each  d irec t ion  of  t ransm iss ion . W h e r e  
th e re  is n eed  fo r  on ly  one w o rk in g  channel, p rov id ing  a  second 
channe l  m ay  w e ll  be th e  m o s t  conven ien t w a y  of gua rd in g  a- 
g a in s t  equ ipm ent f a i l u r e ; a n d  w h e re  tw o  o r  m ore  w o rk in g  ch an ­
nels  a re  needed , p e rh a p s  fo r  m ult i-channel te lep h o n y  a n d  te le ­
vision, if th e y  have  sim ilar ch a ra c te r is t ic s  a  common s ta n d b y  
channe l  should  suffice. I f  te le p h o n y  is to  be t r a n s m i t te d  the 
ind iv idual te lephone  channe ls  w ould  n o rm a lly  be  a ssem bled  by  
frequency-d iv is ion  m ultip lex  in the  b a se b a n d ,  in the  w a y  th a t  
h a s  been  recom m ended  in te rn a t io n a l ly  fo r  cab le  a n d  ra d io  sy s­
tem s b y  the  C C I T T  *) a n d  the  C C I R  re sp ec t iv e ly .  This w ou ld  
fac i l i ta te  in te rconnection . Television, how ever ,  is much m ore 
eas i ly  h a n d le d  if  the  signals a r e  app lied , unchanged , to  r a d io ­
re la y  sys tem s, w h e re a s  fo r  long-d is tance  coaxia l-cab le  t r a n s ­
mission th e y  m ust  be ra is e d  so m ew h a t  in f req u en cy  — a  com­
p l ica ted  process  w hich  w e a re  fo r tu n a te  to  escape.

Fig. 6 show s in m ore d e ta i l  the  m a jo r  un its  t h a t  go to  m ake 
up a  te rm in a l  t r a n s m i t te r ,  a r e p e a t e r  a n d  a te rm in a l  receiver,  
a n d  the  f requency-chang ing  p ro cesses  involved. The f i l te rs  used  
fo r  combining an d  s e p a ra t in g  d iffe ren t  b ro a d b a n d  channels  a re  
o m itted  to  avo id  com plicating  th e  d iagram .

In  a  te rm in a l  t r a n s m i t t e r  the  b a s e b a n d  signal, a f t e r  amplifi­
cation, m ight f requency -m odu la te  a  c a r r ie r  e i th e r  a t  the  final 
r a d ia te d  frequency , f„  o r  a t  an  in te rm ed ia te  f req u en cy  f w h i c h  
is a f t e r w a r d s  ra is e d  to  the  final f req u en cy  in a  f requency -changer .  
T he  m o d u la ted  c a r r ie r  is then  amplified be fo re  being fed  w ith  
o th e r  c a r r ie rs  to  th e  aer ia l .

*) C o m ité  C o n su lta t if  In te rn a tio n a l  T é lég ra p h iq u e  e t T é lép h o n iq u e .
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Fig . 6.
A rra n g em e n ts  o f  te rm in a l tra n sm itte rs , te rm in a l re ce iv e rs  a n d  re p e a te rs .

In  a  r e p e a te r  the  received  ca rr ie r ,  f„  a f t e r  being s e p a ra te d  
from  the  o th e r  b ro a d b a n d -c h an n e l  ca rr ie rs ,  is red u ced  to  in te r ­
m ed ia te  f req u en cy  in a  frequency -changer ,  amplified, limited an d  
ra is e d  in a  second f requency -changer  to  a  f requency  f2 differing 
s o m e w h a t  from the  incoming frequency . T hen  i t  is f u r th e r  a m ­
plified before  being com bined w ith  the o th e r  m o d u la ted  c a r r ie rs  
fo r  o n w a rd  t ransm iss ion  over  the  n ex t  section  of rou te .  The 
f requency  shift, f2 -— f, , w hich  is small com pared  w ith  the  f r e ­
quencies f, a n d  f2 them selves, is de te rm ined  only  b y  the  f r e ­
quency  of the  shift o sc i l la to r  w hich  can be c rys ta l-con tro lled . 
R e fe r r in g  to  the  figure, an  e r r o r  in the  h igher-frequency  “ R .F .  
o sc i l la to r” does n o t  th e re fo re  affect the  value o f  f2, i t  cancels 
out, a l though  i t  a ffects  the  cen tering  of  the  signal in the  I .F .  b an d .

I f  the  shift o sc i l la to r  is a c c u ra te  no frequency  e r r o r  will be 
in tro d u ced  in the R .F .  signal by  the  f requency-chang ing  p r o ­
cesses, an d  e r ro r s  will n o t  accum ulate  a long  the  rou te .

The lim iter ensu res  t h a t  the  in p u t  signal to  the  R .F .  amplifier 
is he ld  c o n s ta n t  a t  i ts  optimum value re g a rd le s s  of fad ing  in 
th e  prev ious  section of rou te .

T he  te rm in a l  rece iver  calls fo r  lit t le  comment. In  i t  the  c a r ­
r i e r  is red u ced  to  in te rm ed ia te  f requency, limited, and  app lied  
to  a  d isc r im ina to r  w h e re  the  b a se b a n d  signal is recovered .

The in te rm ed ia te - freq u en cy  b an d  used  a t  a ll  po in ts  should  be 
the  same re g a rd le s s  of the  b r o a d b a n d  channel involved. The 
C C I R  has  recom m ended  a  m id -band  f requency  of 70 M c /s  fo r  
all  ra d io - re la y  sys tem s o p e ra t in g  above  1000 M c/s ,  w hich  m akes



i t  e a sy  to  in te rco n n ec t  b ro a d b a n d  channels  a t  in te rm ed ia te  
frequency .

3.1 T echniques used in L ine-of-sigh t System s.

3.1.1 Generation a n d  Am plification o f  Oscillations.

The g enera t ion  a n d  amplification of oscilla tions a t  frequencies  
of the  o rd e r  of th o u san d s  of megacycles p e r  second  p re se n ts  
m a jo r  p roblem s, a n d  special va lves  a r e  n e e d e d :  G ro u n d ed -g r id  
t r io d e s  can  be used, b u t  th e y  m u s t  be specia lly  designed  w ith  
microscopic e lec tro d e -c lea ran ces  to  reduce  e le c t ro n - t ra n s i t  times, 
a n d  w i th  e lec trodes  so sh a p e d  t h a t  th ey  can  fo rm  p a r t s  of r e ­
so n a n t  cavities. M o re o v e r  the gain  p e r  s tage  is r e la t iv e ly  low, 
an d  h i th e r to ,  the  a l ignm ent of amplifier chains has  been  difficult 
due to  in te rac t io n  b e tw e e n  s tages. I believe t h a t  considerab le  
p ro g re ss  has , how ever ,  re cen t ly  been  m ade in the N e th e r la n d s  
in solving the  a lignm ent difficulties b y  using fe r r i te  iso la to rs .

The a l te rn a t iv e  is to  em ploy  the  principle  of ve locity -m odu­
lation , in w hich  e le c t ro n - t ra n s i t  time is an  e ssen tia l  a n d  n o t  an 
u n des irab le  fac to r .  A t  a  p o in t  in an  e lec tron -beam  a  longitud i­
na lly -ap p l ied  ra d io -f req u en cy  e lec tr ic  field is m ade to  v a ry  the  
e lec tron-veloc ity  w ith  time. F u r th e r  a long  the b eam  these  elec- 
t r o n -velocity v a r ia t io n s  bu ild  up  e le c t ro n -density  v a r ia t ions ,  i.e. 
e lec tron-bunches,  w hich  give up some of th e i r  e n e rg y  to  suitably- 
p laced  e lec trodes  lead ing  to  an  o u tp u t  circuit. V a r ia t io n s  of 
th is  them e a re  u sed  in a  n u m b er  of  d iffe ren t  ty p e s  of valve 
su i tab le  fo r  gen era t in g  a n d  am plify ing U H F  o r  S H F  oscilla­
tions. T w o  ty p e s ,  the  re f lex -k lys tron  a n d  the  tra v e l l in g -w a v e  
valve, a re  show n  d ia g ra m m a tic a l ly  in Fig. 7.

In  the  reflex-klystron, w id e ly  used  as  an  osc illa tor , the  elec­
t ro n -b eam  is reflec ted  b a c k  along  i tse lf  by  a  re f lec tor  e lec trode , 
and  the  in p u t  a n d  o u tp u t  e lec tro d es  a re  common. V e lo c i ty  v a ­
r ia t io n s  in tro d u ced  in the  outgoing b eam  give rise to  d ens i ty  
v a r ia t io n s  in the  reflec ted  beam , e n e rg y  from  which  is u sed  to  
su s ta in  oscilla tions in a  cav i ty  connec ted  to  th e  e lec trodes.

T he  m ost d irec t  w a y  of frequency -m odu la t ing  a  c a r r ie r  is to 
ap p ly  the  b a s e b a n d  signal to  the  re f lec to r-e lec trode  of  a  reflex- 
k ly s tro n  oscilla tor .  The inpu t  s ignal p o w e r  re q u ire d  is negligible, 
a n d  l inea r  frequency-dev ia t ions  of se v e ra l  m egacycles p e r  second 
a re  re a d i ly  ob ta in ab le .  A lte rn a t iv e ly ,  s ev e ra l  d if fe ren t  m eans 
a re  av a ilab le  fo r  p roduc ing  a  m o d u la ted  c a r r ie r  a t  in te rm ed ia ­
te -frequencies  a n d  t ra n s la t in g  i t  to  th e  d es ired  r a d io  frequency .
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FORWARD AND REFLECTED

OUTPUT ELECTRODES

(a)
(a) REFLEX KLYSTRON

( 6 )

(b ) TRAVELLING -  WAVE VALVE

F ig . 7 .
V e lo c ity -m o d u la tio n  v a lv es.

F o r  amplification t rav e l l in g -w av e  va lves  m ay be use d ;  they  
o p e ra te  b y  a p rocess  o f  in te rac t io n  b e tw e e n  a  w av e  p ro p a g a te d  
a long  a  cylindrical helix a n d  an  e lec tron-beam  pass ing  axia lly  
th ro u g h  it. The inpu t s ignal is app lied  to  the f irst p a r t  ol the 
helix a n d  ve loc ity -m odula tes  the  beam. F u r th e r  a long  the  beam  
e lec tron-bunches  a p p e a r  and  re tu rn  more p o w e r  to  the  helix 
th a n  w a s  a b s o rb e d  from it initially, hence th e re  is amplification. 
A s  much as  30 d b  gain p e r  s tag e  can be o b ta in ed  o v e r  ve ry  
w ide  b a n d w id th s ,  the  tuning ad ju s tm en ts  a re  uncritical,  and  o u t­
p u t  p o w ers  of 5-15 w a t t s  a re  possible, depend ing  on frequency.

In  the  U n ited  Kingdom, trav e l l in g -w av e  valves  a re  genera lly  
used in la rg e -cap ac i ty  system s. H i th e r to ,  because  su itab le  low- 
noise valves  could no t  be ob ta ined , very -low -level U H F  and 
S H F  signals have  n o t  been  amplified d irectly . T hey  have  been 
t r a n s la te d  to  an  in te rm ed ia te  f requency , fo r  which  low-noise
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valves  a re  read ily  ava ilab le ,  and  amplified and  limited a t  t h a t  
f requency . Then, if a  r e p e a te r  s ta t io n  is involved, the  signal is 
ra is e d  again  in f requency , and  amplified in a t rave ll ing -w ave  
valve amplifier to  a  level of 0.5 — 15 w a t t s .  B u t if it is des ired  
to  recover  the  b a s e b a n d  signal a t  a  te rm ina l  s ta t io n  the  signal 
is dem odula ted . F o r tu n a te ly ,  low-noise  trav e l l in g -w av e  valves 
have  recen tly  become ava ilab le ,  and , fo r  r e p e a te rs ,  the  dou b le ­
frequency-changing  p rocess  is no t  now  essen tia l .  T hus  r e p e a te r s  
can be m ade w ith  s a y  lo u r  trav e l l in g -w av e  valves  prov id ing  all 
the  amplification, the  small change in f requency  needed  before  
signals a re  p a s se d  to  the  nex t  repea te r-sec t ion  being in troduced

Fig. 8.
T w o  a ll- tra v e llin g -w a v e -v a lv e  re p e a te rs .
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in one of the  t rave ll ing -w ave-va lve  s tages or  in a  s e p a ra te  c ry s ta l  
mixer. T w o  r e p e a te r s  of th is  type  a re  show n in Fig. 8 .

3.1.2. Frequency changing.

The t r a n s la t io n  of a low-level received  signal to  an  in te r ­
m edia te  f requency  is c a r r ie d  ou t in a  low-noise  silicon-crysta l  
frequency-changer .  The no ise -fac to r  is a b o u t  12 d b ; in o th e r  
w o rd s ,  the  random -noise  o u tp u t  is some 12  db  h igher th a n  
th a t  due to  th e rm a l  noise in the  c ircuit connec ted  to  the  in p u t  
te rm inals .  F o r  t ra n s la t in g  an  I F  signal b ack  to  U H F  o r  S H F ,  
how ever ,  a  ge rm an iu m -cry s ta l  f requency-changer  is genera l ly  
used, because  much h igher  signal levels a re  involved.

A s has  a l r e a d y  been  m entioned, a  t rav e l l in g -w av e  valve  can 
be used  to  in troduce  m o d e ra te  changes in the f req u en cy  of a 
U H F  o r  S H F  signal, in, fo r  example, an  a ll- trave ll ing-w ave-  
valve re p e a te r .  I f  oscillations of a  f requency  equa l  to  the  d e ­
s ired  change a re  app lied  to  the  e lec tron-gun  of a t ravelling- 
w a v e  valve, th ey  v a ry  the beam -velocity  a n d  phase  m odula te  
an3r signal amplified b y  the  valve. In  th is  w a y  high-level s ide ­
b an d s  can be g e n e ra te d  spaced  on e i ther  side of the  orig inal 
signal b3  ̂ the  d es ired  frequency-change, and  one can  be se lec ted  
w ith  a  filter. Such a  f requency -changer  has  a g a m  of 10 —20 db, 
w h e re a s  a  c r y s ta l  l req u en cy -ch an g er  has  a  loss of 10  d b  o r  more.

3.1.3. Combination a n d  Separation o f Broadband Channels
A typ ica l  f requency  p a t t e r n  fo r  a  s ix -b ro a d b a n d  rad io -re lay  

sys tem  is show n  in Fig. 9. In  an y  given re p e a te r - s e c t io n  six go 
■ an d  six r e tu rn  channels  a re  g rouped  in tw o  a d ja c e n t  ban d s ,  and

CARRIER
FREQUENCES
OSCILLATOR
FREQUENCIES

IMAGE
FREQUENCIES

Fig . 9.
R ad io  freq u e n c y  a r ra n g e m e n t fo r  six R .F .  ch an n e ls .

a t  a  r e p e a te r - s ta t io n  correspond ing  go an d  re tu rn  channels  a re  
in te rchanged  in f requency. The filters needed  fo r  combining an d  
iso la ting  these  channels  a re  m ade  up of sections of w aveguide , 
some forming r e s o n a n t  cavities and  o th e rs  forming connecting 
links and junctions. The filtering is more easily  descr ibed  in te rm s  
of recep tion  r a t h e r  th a n  t r a n s m is s io n : The combined signals
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from the  receiving ae r ia l  a re  passed  th ro u g h  a series ol b ranching  
filters w h e re  m ost of the  signal p o w e r  of each channel is d i­
v e r ted  into a s e p a ra te  b ran ch .  O n e  such filter is show n  in Fig. 10. 
In  each b ra n c h  fu r th e r  se lectiv ity  is in troduced  by a filter con­
sisting  of a n um ber  of re so n a n t  cav ities  connec ted  in tandem

Fig . fO.
B ra n ch in g  filte r fo r  4 .0 0 0  M c /s  ra d io -re la y  system .

th ro u g h  sections of w avegu ide . A fou r-cav ity  f i lter o f  this ty p e  
is i l lu s t ra te d  in Fig. 11 w i th  a  curve  show ing the  insertion- 
loss /f requency  c h a rac te r is t ic .

In a  t r a n s m i t t e r  a  s im ilar  a r ra n g e m e n t  of w av eg u id e  filters 
is u sed  fo r  combining b ro a d b a n d  channels , b u t  the  d irec t ion  of 
t ransm iss ion  is, of course, re v e rse d .

3.1.4 A e r ia l System s a n d  Feeders.

A t  the  high frequencies  u sed  fo r  r a d io - re la y  sys tem s i t  is 
possib le  to  o b ta in  v e ry  high d i rec t iv i ty  w ith  ae r ia ls  of m ode­
r a t e  size, d irec t iv i ty  being e x p re ssed  as  the  ra t io  of the  p o w e r  
r a d i a t e d  in, o r  rece ived  from, the  des ired  d irec tion , to  t h a t  fo r  
a n  iso trop ic  a e r ia l  used  u n d e r  the  same conditions. A t  a  given 
frequency ' the  p o w e r  gain of  a  p ro p e r ly -d es ig n ed  aer ia l ,  w h e th e r  
used fo r  t ransm iss ion  o r  recep tion , is d irec t ly  p ro p o r t io n a l  to  its 
a re a ,  and , fo r  a given ab so lu te  a re a ,  the  gain increases  by 6 db  if 
the  f requency  is doubled . T he  re la t io n sh ip  b e tw een  gain and  
frequency' fo r  a  10 -ft  d ia m e te r  p a rab o lo id a l- re f lec to r  a e r ia l  is
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F ig . 11.
C o n s tru c tio n  a n d  in se rtio n -lo ss /freq u e n c y  c h a ra c te r is tic  o f 400 0  M e  s 

fo u r-c a v ity  w a v eg u id e  filte r

show n in Fig. 12, w ith  a rad ia t io n  d iag ram  tak en  a t  4000 M c/s .  
H igh d irec t iv i ty  is des irab le ,  no t only because  it  reduces  the 
overa l  loss b e tw e e n  t r a n s m i t te r  and  receiver, b u t  because  it  
reduces  in te r le re n ce  an d  m u lt i-pa th  p rop ag a t io n .

A t 3<-pical a e r ia l  in s ta l la t ion  fo r  a  4000 M c /s  r e p e a t e r  s ta t io n  
is show n  in Fig. 13. T h e re  a re  tw o  10-ft d iam e te r  ae r ia ls  lacing 
in each d irection , one for t ransm iss ion  and  one lo r  recep tion , 
a n d  each a e r ia l  is connected  to  the in te rn a l  equ ipm ent b3r a  
fee d e r  of rec tan g u la r-sec t io n  w avegu ide .
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(a)

P O O  2 0 0 0  5 0 0 0  1 0 ,0 0 0
FREQUENCY IN MEGACYCLES PER SECOND

(Q) VARIATION OF GAIN WITH FREQUENCY

(b) RADIATION DIAGRAM AT 4 ,0 0 0  Mc/S

Fig . 12.
P e rfo rm an c e  of 10 -fo o t-d ia m e te r p a ra b o lo id a l-re f le c to r  

ae ria l.
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Fig. 15.
In te rm e d ia te  re p e a te r  s ta tio n , 4000  M c /s  rad io  re la y  system .

All the ae r ia ls  a re  similar, bu t it  is convenien t to  consider 
th e ir  ac tion  in te rm s of t ransm iss ion :  A t  the  focus of the p a r a ­
boloid the w avegu ide-feeder  te rm in a te s  in a  small d irec t iona l  
feed which d is t r ib u te s  ra d ia t io n  over  the  su rface  ol the  reflector 
w hence it  is reflected in a n a r r o w  beam. The feed is designed 
to  i r ra d ia te  the  reflecting su rface  w i th o u t  a l low ing  apprec iab le  
energy  to  fall outside the  p e r ip h e ry  because  this w o u ld  give
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rise to  b a c k w a rd  and  sidewaj-s  rad ia t io n .  In p rac t ice  such an 
ae r ia l  can  be m ade to  have  an effective gain equa l  to  t h a t  of 
an  ideal u n i lo rm ly - ir rad ia ted  p a rab o lo id  having 60-70°/o ° f  the 
a re a ,  combined w ith  s id e w a y s  and  b a c k w a rd  ra d ia t io n  which 
is a t  le a s t  40 db  be low  th a t  a long  the  main beam.

3 .2  D is to r t io n  a n d  N o is e .

I will tu rn  fo r  a m om ent to  the d is to r t io n  and  noise t h a t  can 
a r ise  in b r o a d b a n d  ra d io - re la y  system s, considering f irs t  the  
transm iss ion  of a n u m b er  of  te lephone  channels  a r r a n g e d  side 
b y  side in the  f requency  spectrum . W h e n ,  in a  com munication 
S3Tstem, c u rren ts  oi d ifferen t frequencies  a re  sub jec t  to  non-l inear  
d is to r t ion , spurious com ponen ts  arise ,  nam ely  harm onic  and  in te r ­
m odula tion  p roduc ts ,  and  if th ey  fall n e a r  the orig inal f req u en ­
cies th ey  might cause in te rfe rence . S im ilarly , if a band  of f r e ­
quencies is sub jec t  to  non-l inear  d is to r t ion ,  the  harm onic  and  
in te rm o d u la t io n  p ro d u c ts  will fall in o th e r  b ands  which m ay 
o v er lap  the  first a n d  give r ise  to in te rfe rence . This is i l lu s tra te d  
in Fig. 14. In te r fe ren ce  and  noise due to  in te rm o d u la t io n  con­
s t i tu te  one ot the  m ajor p rob lem s in designing ra d io - re la y  sy s­
tem s for  m ulti-channel te lephony.

( a )

----------- TTTT3b^/ \^3b 
2a+b a+2b

INPUT SIGNALS
INTERMODULATION

PRODUCTS

(a) SECOND-ORDER & THIRD-ORDER INTERMODULATION PRODUCTS FOR TWO 
SINGLE-FREQUENCY SIGNALS-

Obj-
Ar-B

INDIVIDUAL TELEPHONE CHANNELS 

AB

H P
A+B

(M

3*>f^3B 
2 A *B  A  * 2B

INPUT SIGNALS
(in t e r m o d u l a t io n

PRODUCTS

•FREQUENCY

(b) SECOND-ORDER & THIRD-ORDER INTERMODULATION PRODUCTS ARISING 
FROM TWO CHANNELS OF A MULTI-CHANNEL SYSTEM.

Fig . 1 4.
I l lu s tra tio n  of the  w a y  in w h ich  in te rm o d u la tio n  p ro d u c ts  can  cau se  

in te rfe re n c e  in m u lti-ch a n n e l te lep h o n e  sy s tem s.

The m ain  a d v a n ta g e s  of using frequency -m odu la t ion  in s tead  
of am pli tude-m odula t ion  on b ro a d b a n d  rad io - re lay  sy s tem s  a re  
the  s ignal/noise im provem ent, the  fac t  t h a t  am pli tude  d is to r t ion  
need  no t  be avo ided  in amplifying the  m odula ted  ca rr ie r ,  and
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the  re la t ive  ease  w ith  which l inea r  f requency -m odu la t ion  c h a ra c ­
te r is t ics  can  be o b ta in ed  and  the  overa ll  gain of a  sys tem  can be 
held cons tan t .  F o r  te lephony, in te rm odula t ion , and  hence non ­
linearity , m ust be k e p t  a t  ve ry  low  levels. B ecause, in f requenc3r- 
m odulation , the  b ase b a n d  signal is t ra n s fo rm e d  into v a r ia t io n s  
of the  c a r r ie r  f requency , the  w avefo rm  of these  v a r ia t io n s  must 
be fa i th fu lly  p re se rv e d ,  o th e rw ise  non-l inear  d is to r t io n  will r e ­
sult. F re q u e n c y  is p ro p o r t io n a l  to  the  rate o f  change o f  phase  
w ith  time, a n d  if a f req uency -m odu la ted  w av e  is p a sse d  th rough  
circuits in troduc ing  phase -sh if t  w hich  varies  w ith  frequency , its 
in s ta n ta n e o u s  freq u en cy  will be  changed  s l ig h t^ '.  I f  the  phase- 
sh if t / f requency  ch a ra c te r is t ic  is non-linear i t  modifies the w a v e '  
form of the  frequency-excursions and  d is to r ts  the  b a se b a n d  sig­
nal a t  the  receiving end. T h e re fo re ,  w h en  m ulti-channel te le ­
phony is hand led  by  frequency-m odulation , the  need fo r  l inea r  
phase-sh if t / f requency  c h a rac te r is t ic s  is ju s t  as  p ress ing  as  the  need 
fo r  amplltude-WneeLr'ity in sy s tem s using am plitude-m odula tion , and 
in b o th  cases  d e p a r tu re s  from l in ea r i ty  cause in te rm odula tion .

O n  the  o th e r  hand , the  t ransm iss ion  of te levision is re la t iv e ly  
e a s y :  T h e re  is no difficulty in keeping the  b a se b a n d  am plitude- 
f requency  c h a ra c te r is t ic  flat if w ide  b a n d -w id th s  a re  used, and  
th is  a lso  ensu res  t h a t  the re  is little  overa ll  phase  d is to r t ion .  
N e i th e r  is th e re  difficulty in p reserv ing  sufficient l in ea r i ty ;  small 
d e p a r tu re s  from perfec t ion  only  a l t e r  the  tone gradations  of the  
p ic ture  slightly. In te rm o d u la t io n  as  such is of no significance.

In p lanning  ra d io - re la y  sys tem s it  is im p o r ta n t  t h a t  random  
noise and , w h ere  m ulti-channel te lep h o n y  is involved, in te rm o ­
du la t ion  noise should no t exceed to le rab le  limits. U n d e r  non ­
fad ing  conditions random  noise is reduced  re la t ive  to  the signal 
b y  increasing  the f requency  devia tion , b u t  in te rm o d u la t io n  is 
then  inc reased  because  a  l a rg e r  f requency  excursion is more 
likely to  ex tend  into regions w h e re  the  R F  and  I F  phase  c h a ­
ra c te r is t ic s  a re  non-linear. If o th e r  sys tem  p a ra m e te rs ,  e.g. t r a n s ­
m it te r -p o w er ,  aeria l-gain , etc., have  been  fixed, th e re  is an  o p ­
timum value fo r  the  devia tion .

3.3 Frequency Pattern o f Broadband Channels.

A s th e i r  name suggests , b ro a d b a n d  ra d io - re la y  s3rstem s occupy 
conside rab le  f req u en cy  space. A t  the input a n d  o u tp u t  te rm ina ls  
600 te lephone  cha nnels w ould  occupy a b a s e b a n d  ex tending  up 
to  2.5-1 M.c/s and  625-line television signals  w ould  ex ten d  up 
to  a t  le a s t  5 M c /s .  E ven  fo r  lo w -dev ia t ion  ra t io s  each Ire-
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quency -m odu la ted  c a r r ie r  w ould  th e re fo re  s p re a d  over  6 M c /s  
o r  more. I f  six b ro a d b a n d  channels  a re  p rov ided  on the same 
sys tem  a n d  d iffe ren t  f requencies a re  used fo r  the  tw o  d irections 
of t ransm ission , h u n d red s  of m egacycles p e r  second of b a n d ­
w id th  a re  needed.

Fig. 9 show s the  a r ra n g e m e n t  of b ro a d b a n d  channels  a d o p te d  
b y  the C C I R  a t  W a r s a w  la s t  y e a r  jo in t ly  w i th  an  in te rm ed ia te  
f requency  ot 70 M c /s .  O v e r  any  section of ro u te  the  lo w er  
six channels  w ould  be used fo r  one d irec tion  of t ransm iss ion  
and  the up p er  six fo r  the  o th e r  d irec t ion ;  and  a d ja c e n t  ch an ­
nels w ould  use d iffe ren t  po la r iza t io n s  to  reduce  the ii l te r ing  
needed  fo r  sep a ra t io n .  A t  a r e p e a te r  s ta t io n  the  go a n d  re tu rn  
channels  w ould  be in te rchanged  in f requency  in passing  from 
one section of ro u te  to  the  next. The high-level signals being 
t ra n sm it te d  from the  r e p e a t e r  s ta t io n  in e i the r  d irec tion  a re  
then  in d iffe ren t  b a n d s  from the  low -level signals  being received, 
which reduces  the  likelihood of in te rac t ion .

T here  w e re  m any  fac to rs  t h a t  influenced the  choice a t  W a r ­
saw , a n d  here  it  is possible to  mention on ly  a few  : (a) the  
images of receive channels  should no t  fall in t r a n sm it  channels , 
(b) the  images of t ra n sm it  channels  should  not fall in receive 
channels , an d  (c) re fe r r in g  to  Fig. 6, harm onics  of 213 M c/s ,  the  
f req u en cy  used in shifting the  location  of b ro a d b a n d  channels  
a t  a r e p e a t e r  s ta t ion ,  should  no t  fa ll  n e a r  the f req u en cy  of 
oscillations der ived  from  a m ixer into which the  213 M c /s  is 
injected. This  la s t  re q u ire m e n t  le ad s  to  p re fe r re d  values  fo r  the 
c en tre  frequency , fD, of the  f req u en cy  p a t te rn ,  because  fo r  ce r­
ta in  values of fol sa3r -1003.5 o r  2004.5 M c/s ,  harm onics  of the 
sh if t  frequency , i.e. harm onics  of 213 M c /s ,  do no t  fall  n ea r  
any  of the  rece ive -bea ting -osc il la to r  frequencies . I f  common- 
tran sm it-an d -rece iv e  a n te n n a e  a re  used, some of the  sources of 
in te r fe rence  become p o te n t ia l ly  more d angerous ,  an d  the  r e ­
com m ended a r ra n g e m e n t  fo r  a system  of th re e  b r o a d b a n d  c h a n ­
nels on com m on-transm it-and-rece ive  ae r ia ls  is to  use C h an n e ls  
1. 3 and 5; o r  C h an n e ls  2, 4 an d  6.

T h e re  is little  d o u b t  t h a t  the  ag reem en t  reach ed  a t  W a r s a w  
will do much to  fac i l i ta te  the  p lanning  of in te rn a t io n a l  b r o a d ­
b a n d  ra d io - re la y  sys tem s.

4. T ropospheric-scatter system s.

A s has  b een  ind ica ted  ea r l ie r ,  in the  U H F  and  S H F  b an d s  
the  signal s t r e n g th  f a r  b e y o n d  the  horizon is f a r  g r e a te r  th a n
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i t  w ou ld  be if th e re  w e re  no a tm o sp h e re ,  because, it  is sa id , 
small-scale var ia t io n s  in the  re f ra c t iv e  index of the  a tm osphere  
to  some e x te n t  s c a t t e r  the  w a v e s  a ro u n d  the  c u rv a tu re  of the 
e a r th .  H o w e v e r ,  th e re  a re  o th e rs  w ho  claim t h a t  the  signals 
t r a v e l  f a r  b eyond  the  horizon because  th e y  a re  p a r t ia l ly  r e ­
flected b y  s tra t if ica t ion  of the  t ro p o sp h e re ,  including the  t ropo -  
pause ,  the  level a t  which the  te m p e ra tu re  ceases  to  fa l l  w ith  
heigh t — aga in  a b o u t  12,000 m. Fig. 15 i l lu s tra te s  the me­
chanism : I f  tw o  d irec t iona l  ae r ia ls  a re  o r ie n ta te d  so t h a t

the  m ajor  lobes of th e ir  p o la r  d iag ram s overlap , some energy  
r a d ia te d  b y  one will be received  by  the  o th e r  by  sc a t te r in g  in 
the  volume of the  a tm o sp h e re  w h e re  th e y  overlap .  The received  
energy  v ar ies  inverse ly  as  a  high p o w e r  of the  angle, 0 ,  a t

Fig . ] 6.
V a ria tio n  o f  b ey o n d -th e -h c riz o n  p ro p a g a tio n  losses 

w ith  d is tan c e  (L in co ln  L a b o ra to ry )
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F i j r .  1 7 .

10 M e tre  ae ria l used  fo r tro p o sp h e r ic -s c a t te r  co m m unica tion .
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which  the  tw o  beam s in te rsec t ,  hence fo r  minimum a t te n u a t io n  
th ey  should  be d i re c te d  to w a r d s  the local horizon.

B ecause  the  ag g reg a te  signal is the  sum m ation of signal 
com ponents  from various p a r t s  of the  sc a t te r in g  region the 
signal fad es  ra p id ly ;  m o reo v e r  th e re  is some v a r ia t io n  of the 
m edian  value from  h o u r  to  hour, d a y  to  d a y  and  m onth  to  
month. Fig. 16 i l lu s t ra te s  the  v a r ia t ion  of field s t r e n g th  w ith  
d is tance  on 400 M c /s  during  the  w in te r .  I t  is in te re s t in g  to 
no te  t h a t  field s t re n g th  falls off more a n d  more s low ly  as the  
d is tance  increases .

I t  is found t h a t  th e re  is lit t le  sh o r t- te rm  c o rre la t io n  b e tw een  
the  s t re n g th  of signals received  a t  po in ts  say  100 o r  more 
w av e len g th s  a p a r t  a t  r igh t-ang les  to  the  d irec t ion  of p ro p a g a ­
tion. H ence  for  these  signals the p o w e r  gain  of a e r ia ls  does 
no t  continue to  increase  in p ro p o r t io n  to  th e i r  a r e a  as  the  
a r e a  is inc reased  indefinitely. N ev e r th e le ss ,  i t  is p ro fitab le  to 
use ae r ia ls  up to  say  50 w av e len g th s  in d ia m e te r  — ap p ro x i­
m a te ly  20 m e tres  d ia m e te r  fo r  a  frequency  of 800 M c/s .  This 
lack  of co r re la t io n  does, how ever ,  m ake it  possib le  to  use d i­
v e rs i ty  recep tion  a n d  t ransm iss ion  w ith  ae r ia ls  t h a t  a re  quite 
close tog e th e r .  B y  using v e ry  high t r a n s m i t te r  po w ers ,  v e ry  
la rge  ae r ia ls ,  p e rh a p s  10 o r  20 m etres  in d iam eter ,  an d  d i­
vers i ty ,  it  is possib le  to  t r a n sm it  m ulti-channel te lephony  a n d  
te levision over  300 km o r  more w ith o u t  any  in te rm ed ia te  s t a ­
tion. A p h o to g ra p h  of a 10-metre a e r ia l  used on such a  system  
is show n  in Fig. 17. The main e lem ents of a  t r o p o sp h e r ic - sc a t te r  
te rm in a l  using doub le -d iv e rs i ty  recep tion  a re  show n  in Fig. 18. 
Such a  s ta t io n  might w o r k  on frequencies u p w a rd s  of 400 M c /s .

BASEBAND SIGNAL 
12 -  60kc/s
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To save  m oney the  t ra n sm it t in g  a e r ia l  w ould  also be used  for  
recep tion , frequenc ies  p e rh a p s  5 °/0 a p a r t  being u sed  fo r  the  tw o  
d irec t ions  of  transm ission .

In  the  l a s t  few  y e a r s  much w o rk  has  been  done on t r o p o ­
sp h e r ic -sc a t te r  sy s tem s fo r  p a r t ic u la r  app lica t ions  in which 
s ignal/noise ra t io s  a s  high as  those  req u ired  to  m eet C .C .I .R .  
and  C .C .I .T .T .  req u irem en ts  have  n o t  been  re g a rd e d  as  e s sen ­
tial. V e r y  high s ta n d a rd s  a re  needed  fo r  links which m ay  be 
in c o rp o ra te d  in pub lic - te lephone  connections th o u san d s  of  miles 
long. N e v e r th e le s s  I believe th a t  in due course  tro p o sp h er ic -  
s c a t t e r  sys tem s will t a k e  th e i r  p lace in the  Civil Telecom m uni­
cat ions  N e tw o rk .

A cknow ledgem ents

I acknow ledge , w ith  th anks ,  the  perm ission  of M a r c o n i ’s W i r e ­
less T e leg rap h  C o. a n d  S ta n d a r d  T e lephones  and  C a b le s  to 
rep ro d u ce  p h o to g ra p h s  of th e i r  equipm ent, and  of the  In s t i tu t io n  
of E lec tr ica l  E n g in ee rs  to  rep ro d u ce  ce r ta in  figures a n d  passages  
which W’ere  in c o rp o ra te d  in my C h a i rm a n ’s A d d re s s  to  the  
R a d io  a n d  Telecom m unications Section of the In s t i tu t io n  in O c ­
to b e r  1955.
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DE STRAALZENDER-VERBINDING M INORCA-SARDINIË

V an  de N ederlandsche S tandard  E lectric Mij N .V . ontv ingen wij een bericht 
over de onlangs in gebruik gestelde m icrogolfverbinding tussen M inorca en 
Sardinië, w aaraan  wij het volgende ontlenen.

O p  4 septem ber 1957 w erd  de eerste directe commerciële telefoonverbinding 
tussen Italië en Spanje officieel in gebruik gesteld. N iet alleen is d it de eerste 
directe verbinding tussen deze beide landen, m aar bovendien is dit de eerste 
commerciële toepassing in E uropa  van  een nieuwe m icrogolftechniek, bekend als 
over-de-horizon-propagatie. Deze techniek w ord t hier gebruikt om een afstand 
van  230 mijl tussen Sardinië en M inorca te overbruggen.

M en w as oorspronkelijk algemeen de mening toegedaan, dat m icrogolven 
(radiosignalen met een golflengte v an  m inder dan 1 m) zich hoofdzakelijk in een 
rechte lijn voortp lan ten  en daarom  alleen geschikt zijn voor verbindingen binnen

H et station op  S ard in ië
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het optische bereik. Enkele geleerden twijfelden echter aan  deze beperking. Bij 
proefnem ingen op zijn jacht „E lec tra” in de M iddellandse Z ee stelde M arconi 
reeds vast, dat m icrogolfsignalen zich over een aanzienlijke a fstand voorbij de 
horizon konden voortplanten. In  1941 w erden verdere proeven op dit gebied in 
het M iddellandse-Zee-gebied gedaan door A. G. C lavier van  de International 
Telephone and T elegraph  L aboratoria  die M arconi’s w aarnem ingen bevestigden. 
Bovendien w erd gedurende de tweede W ereldoorlog  vastgesteld, dat radar- 
signalen zich aanzienlijk verder kunnen voortp lanten  dan men zou verw achten 
op grond van  de gangbare theorie.

E en groot aan tal w aarnem ingen en proefnem ingen zijn sinds de oorlog gedaan, 
en het is duidelijk vastgesteld dat zwakke m aar redelijk constante signalen op 
afstanden van  enkele honderden mijlen voorbij de horizon ontvangen kunnen 
worden.

T en  tijde van  de oorspronkelijke proefnem ingen w as het nog niet mogelijk om 
praktisch gebruik te maken van  dit verschijnsel, om dat er nog geen microgolf- 
zenders van hoog verm ogen beschikbaar w aren, evenmin als voldoende gevoelige 
ontvangers. Tegenw oordig  is deze ap para tuu r echter wel beschikbaar en ve r­
bindingen met m icrogolven over afstanden van enkele honderden mijlen zijn 
thans praktisch te verwezenlijken.

V o o r straalzenderverbindingen, waarbij de aanw ezigheid van w ater of andere 
geografische om standigheden de bouw van relaisstations onmogelijk maken, is dit 
systeem  dus bijzonder nuttig. Een aan tal verbindingen van  dit type zijn reeds in 
bedrijf voor militaire doeleinden, m aar de verbinding tussen Sardinië en M inorca, 
die een onderdeel vorm t van  de verbinding tussen Italië en Spanje, is het eerste 
commerciële systeem, dat in bedrijf w erd gesteld.

Behalve het gebruik van zenders van groot verm ogen en zeer gevoelige on t­
vangers, zijn er nog enige andere factoren die in aanm erking moeten w orden 
genomen om een betrouw bare werking van een dergelijk systeem  te verkrijgen. 
Om  een zo groot mogelijke signaalsterkte aan  de ingang van  de on tvanger te 
verkrijgen is het wenselijk dat de uitgezonden energie zo scherp mogelijk ge­
bundeld w ordt. H iervoor zijn grote antenne-system en nodig. V o o r de Sardinië- 
M inorca-verbinding w orden antennereflectoren toegepast van  20 meter diam eter 
op ieder eindstation; deze concentreren de energie in een bundel met een breedte 
van  1—4J/2 graad.

Een ongew enste eigenschap van dit soort verbindingen is dat het gemiddelde 
signaalniveau wel redelijk goed is, m aar er komen voortdurend variaties in het 
signaalniveau voor op een volkom en willekeurige m anier. M en heeft echter v a s t­
gesteld, dat als het signaal op twee afzonderlijke antennes tegelijkertijd w ordt 
ontvangen, de varia ties in het ontvangen signaal op deze twee antennes niet 
tegelijkertijd optreden. H et is dus mogelijk twee antennes en twee ontvangers toe 
te passen op een dusdanige manier, dat aan  de gecom bineerde uitgang van deze 
ontvangers te allen tijde een bruikbaar signaal aanw ezig is. Bovendien is v ast­
gesteld, dat twee signalen, welke op verschillende frequenties w orden u itge­
straald, evenmin tegelijkertijd variëren  en dus eveneens kunnen w orden gecombi­
neerd om een bevredigende werking te verkrijgen. Deze laatste methode w ordt 
toegepast bij het Sardinië-M inorca-systeem .

Een enkele parabolische antenne van  20 m eter diam eter w ord t gebruikt op 
ieder eindstation van  de verbinding. Iedere antenne heeft twee stralers. H iervan  
is de ene vertikaal gepolariseerd en de andere horizontaal gepolariseerd. D it 
verschil in polarisatie w ordt gebruikt om een goede scheiding tussen de zenders 
en ontvangers te bewerkstelligen. Een van de stralers w ord t gevoed door twee 
verschillende zenders die op een verschillende frequentie werken, terwijl de 
straler met de andere polarisatierichting verbonden is met de beide ontvangers.

De over-de-horizon-propagatie  kan zeer sterk verschillen in verschillende ge­
deelten van de wereld. D it vindt zijn oorzaak in de uiteenlopende atm osferische 
gesteldheden.

T en  gevolge van deze propagatieverschillen en om dat de ap p ara tu u r vrij kost­
b aar is, is het wenselijk om proefnem ingen ter p laatse te doen n aar aanleiding 
w aarv an  de specificatie voor de definitief te installeren ap p ara tu u r kan worden 
opgesteld. M et de proefnem ingen voor de Sardinië-M inorca-link w erd tegen eind 
1954 een aanvang  gem aakt en deze proefnem ingen w erden voortgezet to t het 
eind van  1956. Bij deze proefnem ingen werd sam engew erkt door F A C E  (Fabrica 
A pparecchiature per Com unicazioni E lettriche S tandard) en S IR T I (Societa
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Italiana Reti Telefoniche Interurbane) uit M ilaan, S E SA  (S tandard  E lectrica, 
S.A .) uit M adrid, en S T L  (S tandard  Telecom m unication L aboratories) uit 
Londen.

De gedetailleerde uitw erking van  het systeem  en de vervaardig ing van  de 
rad io-appara tuu r w erden verzorgd door de Federal Telecom m unication L abora­
tories, de ontw ikkelingslaboratoria van  het In ternational T elephone and  T ele­
graph System  in de V erenigde S taten  v an  Am erika. D e multiplex ap para tuu r 
voor 5 spraakkanalen  en 3 telegrafiekanalen w erd geconstrueerd door FA C E . De 
antennes, de generatoren  en  het vele andere m ateriaal da t voor een dergelijke 
installatie nodig is w erden geleverd door F A C E  in Italië en S E S A  in Spanje.

U it het N ederlands R adiogenootschap

EXAM ENS

V erslag van het exam en voor radiotechnicus, radiomonteur en televisie- 
technicus, gehouden in april, mei, juni en juli 1957.

De schriftelijke exam ens voor radiotechnicus en radiom onteur w erden gehou­
den op  8 en 15 april 1957. W eg en s het geringe aan tal candidaten w erd  voor 
televisie-technicus geen schriftelijk exam en afgenom en.

D e mondelinge exam ens vonden plaats op  27. 28 mei, 3, 4, 14, 17, 20, 21, 
28 juni, 4 en  5 juli 1957.

H et resultaat van  het exam en vindt u h ieronder vermeld.

S C H R IF T E L IJK

radiotechnicus
deelgenom en

186
vrijstelling afgew ezen

90
radiom onteur ...... 216 3 70

M O N D E L IN G
deelgenomen afgewezen her-exam en qeslaaqd

radiotechnicus 96 40 i i 45
radiom onteur 149 47 12 90
televisie-technicus 5 1 •— 4

radiotechnicus

H E R -E X A M E N

deelgenomen
4

afgew ezen
1

geslaagd
3

radiom onteur ........................................ 11 — 11
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H. de Frem ery, van  Sw ietenlaan 12, E indhoven.
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Ir. J. C. Sirks, Keizer K arelweg 245, Amstelveen.
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dam (O .) (M athem atisch C entrum ).
Ir. ]. N oordanus, iHugo de G ro o tstraat 20, H ilversum. (P .T .I .) .
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