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Abst rac t 

This thesis examines a possible explanat i on for 

s ome of  the  t ime variat ions of  t he ni ght-t ime sky wave at 

distances between 80 and 1 60 km from l ow-medium-freque n c y  

transmit ters . I n  the postulat e d  model t hi s  variat i on i s  

e xplained in t erms of i nt er ference between t h e  s i gnal s  

trave l ling along many paths  f r o m  the transm i t t er t o  t he 

r e c ei ver via a lower i onosphere disturbed by the  passage 

of a duc t e d  ac oust i c  wave . A r i gor ous s olut i on t o  this  

mod e l  is  not p ossible, but  by using reasonable approx­

i mati ons a solut ion i s  obtained whi ch is suitable f or 

analysing experimental rec ords o f  sky wave variati ons. 

The s e  experi mental r e c ords were obtained by using an 

i n t e r ferometer t e c hnique t o  separat e the sky wave from 

t h e  ground wave. Some extremely good agree ment was 

found between the ory and e xperiment showing t hat thi s  

c ould  be a u s e ful  t ec hnique for st udying duc t e d  ac oustic 

waves . C ertainly s ome , at least , o f  the variat i ons 

c ommonly observed in the night -t ime sky wave si gnal are 

c aused in this way . 

( i i i ) 
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SECTION ONE INTRO DUCTION TO THIS EXPERIME:NT AND A REVIEW 
OF EARLIER NORK. 

A short description of this experiment and the 

early conclusions to be made from it are presented first. 

This is followed by a brief review of the main experimental 

techniques used to study the lower ionosphere and a picture 

of the night-time ionosphere as revealed by experiments using 

[ 
these techniques. The final part of this section is 

devoted to explaining a postulated physical process which 

might cause some of the observed effects, and in attempting 

to reduce this to a mathematically tractable model. 

1-1: This experiment, origin and outline. 

It has been known since the 1920's that both sky 

and ground waves are present in the night-time zone of fading 

which lies between 80 and 1 60 km from any medium frequency 

broadcast transmitter. Considering the relative path 

lengths, and accepting that the reflection coeffi�ient of 

the ionosphere will probably be of the order of 0. 1, it is 

clear that the sky wave amplitude will always be less than 

the amplitude of the ground wave unless focussing has occur-

red. Since the composite signal at a receiving aerial is 

at times observed to fade away totally, some form of focus-

sing must be occurring. 

0 ' 0 t 
Massey University (40 2 1  s, 175 34 E )  happens to 

be appr9ximately equidistant from three medium frequency broad-

c�st stations of the New Zealand Broudcnsting Corporat�on� 

These are stations 2YA iVellington (4 1° 06' 
S,174° 50' E, 570kH7), 

1
2YC Wellington (4 1°06's, 174° 50' E ,  6 60kHz) and 2YZ Napier 

( 39° 48'S , 176° 40' E, 630kHz ) , and are shown in the front is-

piece. The situation seemed to offer an opportunity for 
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an inexpensive s tudy o f  n i gh t - t i me fading. The front i s -

piec e  als o illustrates t he prop osal a s  i t  st ood at t he t ime 

w ork was begun . The sky wave s  arriving at the r eceiver (REC ) 

w ould be rec orded and it was hoped that the t ime variat i on 

o f  the r ece ived s ky wave amplitude w ould give evidence 

ab out t he f ocussing mechanisms . 

One r eceiver and recorder was made and has been  in 

use for about two years . A s ec ond receiver and rec order 

came int o op erat i on ab out one year ago . Two suitably 

spaced aerials at the r eceiver had their out put s c ombined 

a o  that the signal due to  the direct ground wave was as 

small as possible, whereas the sky wave , c oming down quite 

st eeply, giv e s  a large s ignal . The amplitude of  the 

received  si gnal ( smoothed t o  a time c onstant o f  t e n  sec ond s )  

was r ec orde d  c ontinuously usually from sunset t o  sunrise f or 

it i s  only at night that the abs orpt i on from the  D regi on ( at 

a hei ght of  approxima t e ly 50 km ) bec omes small enough that an 

appreciable sky wave amplitude i s  received at the ground . 

Furth er details are given in sec t i on t hree . 

R ec or dings made show e d  tha t  the skywave was 

continually varying , occasi onally reaching an amplitude many 

t ime s t ha t  of the ground wave ( twelve t i mes  the ground wave 

amplitude being observe d  on one occasion ). I nitial r ec or ds 

on s l ow running chart paper ( 1  inch per h our ) revealed t hat 

b oth t he sky wave amplitude and the variation in t hi s  

amplitude t ended t o  reach a maximum at appr oximat ely local 

midni ght . C ompari s ons of  r ec ords made over a p eri od of  a 

year sugge s t e d  that h igh sky wave leve ls occur more often in 

winter t han in summer .  It  was noticed that e ven a single 

receiver s ome t imes gives r ec ords that suggest  a special type 



- 3 -

o f  moving distur bance . R ecor di ngs made with a fast er chart 

sp e e d  ( 12 inches per h our ) occasi onally showed a dist i nc t  

peri odicity of sky w a v e  maxima : a group o f  five or six 

regularly spac e d  peaks occurring w i thin a t ot al of t en t o  

fi fteen  minut e s . I t  i s  mainl y  t hese  singl e  stat i on rec ords  

and  their possible int erpretat i on t hat are  considered in this  

w or k . 

It  i s  t he sugge s t i on of the  writ er t hat t hese  peaks 

of int ensity are due to vari ous orders diffrac t e d  by a short 

packet of ac oust ic waves t ravell ing through t he l ow er 

i on osphere .  In jus t i fica t i on o f  t hi s  sugge s t ion , it i s  

shown i n  s ect i on four t hat i f  one assume s a n  ac ous t ic wave 

packet to be  t ravell i n g  i n  a ' sound channel' ( at a height of 

8 5 km where t here i s  a l ocal minimum o f  s ound sp e e d ), one 

can pick the ac ous t ic wavelength and t he number of waves in 

the packet in such a w ay as to account w ell f or t he relat i ve 

magn i t udes  o f  t he succ e ss ive p e ak s  in t he record as w ell as 

for the int�rval betw e e n  them . 

1- 2 :  A brie f  survey o f  experimental t echniques f or obeervin� the 
i onosphere betw e e n  50 and 100 km 

The r e gi on of the i onosphere lying between he i ght s 

o f  50 and 100 km has proved t he most difficul t  r e gi on t o  

inves t i gat e by means o f  direc t  m easurement t echni que s ; the 

atmosphere i s  too dense for sat ell i t e s  to remain in orbit 

and only a l imit e d  numbe r of r ocket borne measur ement s can 

be made . C on s equently most observati ons have b e en made 

usih g ground-based  t echni que s .  For c ompl e t en e s s , and 

because the relat ionship betw e en t he r esul t s  o f  t hese 

t echnique s  and t he r esul t s  obt ained here are re ferred t o  

i n  s ec t i on 4-4 , a bri e f  survey o f  t he experiment al t ech-

n i ques f or observing the i onosphere between 50 and 100 km 
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is  pre s e nt e d  b e l ow .  Thi s  i s  followed in  sect i on 1-3 

by a sh ort descript i on of  th e lower nigh t -t ime i onosphere 

at middle lat itude s ,  inc luding the previ ously ment i oned 

' s ound channe l ' . The main development o f  thi s  w ork i s  

returned t o  in  s ec t i on 1 -4 . 

1 -2 - 1: H�F. vert ical i ncidence, gr ound based s ounding 
t echnique s . 

The c onvent iona l swep t - frequency i ons onde has b e en 

used f or s evera l  decades  t o  r ec ord the h e i gh t s  of  the vari ous 

i onosph eric layers and the vari�t i ons in  their electr on 

c oncentra t i on. Pr ovided th e range of observing frequenc i e s  

e xt ends a s  low as about 0 . 25 MH z invest i ga t i ons can be  made 

of the l ow er D layer , alth ough it is dif ficult t o  m�ke 

observat i ons in the sa me deta i l  as th ose wh ich can be ma de 

f or grea t er h eight s .  Thi s  i s  due t o  th e l ow re flect i on 

c o e f fici ent s and th e inability of  t h e  usua l  N ( h )  reduc t i on 

t ech ni ques t o  provide e l ectron c onc entrat i on distribut i on s . 

S e vera l new types  of i on os onde are being built which are 

expec t e d  t o  overc ome current limitat i ons by providing 

i n f ormat i on in digital f orm (BI BL and OLSON , 1 96 7 )  or by 

us ing pulse-c oded pulse c ompres s i on t echniques t o  i mprove 

signal t o  backgr ound discriminat i on ( COLL and STOREY, 1 964 , 1 965 ) . 

C ont inu ous wave i onosondes were pr opr osed by FENWICK and 

BAHRY in 1967 and J.N. WRIGH T at Boulder U.S . A .  is deve lop-

ing the �ynsonde and kines onde t ech ni que s , a bri e f  

descript i on o f  which may b e  f ound i n  EC CLES and KING, ( 1970 ) . 

The pa rt ial r e f lect i on of ra dio waves in  the 

approximat e frequency range from 2 t o  6 MHz by the low er 

i onosph e r e  i s  th e ba sis o f  anoth er valuable t echn i que . 

Th e bas ic e xpe rimental measurement i s  th e rat i o  of the 

r e lat ive amplitudes  of e xtra ordinary �nd or dina ry waves 
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as a func t i on of hei ght . From thi s the e le c tr on c olli s i on 

frequency may be dedu c e d  for h e i ghts at whi c h  t he dif ferent ial 

absorpt i on i s  n e gligible and the  ele c t r on density may be  

dedu c e d  for heights at  which the differential abs orpt i on is  

mee sureable . Measuring the  phas e between t h e  two  c omp onent s 

rather t han the  amplitu d e  has rec e nt ly been  emp l oy e d  by 

VAN BIEL et . al . ( 1969) and FRASER (196 5, 1968) and FRAS ER and 

VINCEN T ( 1970) have att e mpt e d  to use t he partially r e f le c t e d  

e c hoos t o  stu dy D regi on and neutral atmospheric mot i on s . 

1-2-2 : H.F� obliqu e inc i dence, gr oun d  ba s e d  s ounding 
t e chniqu e s . 

Four di fferent t echniqu e s  for probing the  i onosphere 

use pu l s e d  waves at obli qu e  i n c idenc e .  Two o f  these  involve 

radar installati ons; the study of  rad i o  aur orae by means of  

aur oral radar ( transmi t t e r  and  r e c e i ver are  at a c ommon s i t e )  

and the study by me t e or radar o f  met e or tra i ls and their 

movement s .  A third t e c hnique i s  the use  of high frequency 

ground backs c at t er in  whi ch radi o waves re fle c t e d  from the 

i onosphere are backsc a t t e r e d  at the gr ound and re turn via 

t he same paths to the t ransmi t t er . Swept frequency obliqu e  

sounding i s  t h e  basi s  of t h e  final t e c hn i que . The auroral· 

radar i s  u s e d  primari ly t o  provide informat i on on the nature 

of  t he i onosphere irregu lari t i e s  associat e d  wi t h  aur orae 

whi le  the  met e or radar provi d e s  average d informati on on 

atmospheric winds and turbulence and t he e l e c tr on and i on 

d i f fu s i on c o e f f i ci ent s in  the h e i ght range from 80- 1 10 km 

( the  r e su lt s  are u sually assumed t o  apply t o  an a verage 

height of a b out 95 km ) .  H igh frequency gr ound backscatt er 

i s  u s e d  t o  det ermine the skip di s t an c e  of  obliqu ely propag -

a t e d  radio waves and t h e  obliqu e  i onosondes are us e d  t o  
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provide a real-time det e rminati on of  the range o f  

fre quencies  whic h  c an propagate over spe c i fi c  paths .  

Techniques t hat use  c ontinuou s  waves at obli qu e  

inc idence  c a n  b e  put int o  three  main c las s e s . These  use  

the d oppler shi fts cau s e d  e ither by vertical i onospheric 

m ovements or by i oni zat i on c hange s , the forward s c atter of 

VHF waves from the i onosphere , and the stu dy of aur orae by 

systems in  whi ch the w idely spa c e d  transmitt er and r e c e i ve r  

are b oth on the e quator s i de o f  the aur oral irr e gu latit i e s . 

The doppler techni que i s  u s e d  f or stu dying s olar EUV 

radiat i on bu rsts and F2 layer dri ft ve l oc it i e s; forward 

scatt er is used f or the stu dy of sporadic -E i oni zat i on and 

spread-F irr e gularit ie s ; and the rad i o  aur orae are stu died 

t o  det e rmine their f r e quency and extent and possibly provi de 

i n format i on about the aur oral irregularit i e s  thems e lve s . 

1 -2 -3: L.F. ground based sounding tec hniqu e s. 

Probing t e c hn i qu e s  at L . F .  and V . L . F .  frequen c i e s  

invol ve measuring one or more of the parameters su ch a s  

amplitu de, phase , t i m e  o f  flight and polari zat i on o f  a radio 

s i gnal as r e c e i ved at location s  e ither near or far from a 

ra diati on s ourc e .  Mu c h  o f  the present knowle dge about the 

lower i onosphere  has been  dedu c e d  from observat i ons o f  this 

kind . 

S ingle fre qu ency ste ep inc i denc e measurements have 

been made in many part s  of the wor l d  since the cla s s i c  

observati ons made at the Cavendish Laborat ory w e r e  report e d  

in 1951 .  Parameters stu d i e d  inc lude the apparent re fle ct i on 

hei ght , h ' ( f ) , and the magnitu de and phase of the var i ou s  

i on ospheric c onversi on c oe ff i c i ents .  DEEKS (1966) use d 

the data from the Cavend i sh e xperiment s  t o  obtain a model 
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of  t he e le c t r on densi t y  dis tribut i on i n  t he lower i on ospher e . 

The N aval E l e c t r oni c s  Lab orat ory C entre , San Diego , u s es s t eep 

inc idence  pulses  on three frequenc i e s  simultane ously t o  

deduc e a best fit  ele c t r on density profi le . 

Oblique inc i denc e methods range fr om simple 

single frequency s ingle path obs ervat i ons to mult i frequency 

mult ipath observat i ons . The simplest  observat i ons can only 

ident i fy c hanges in  t he i onosphere . The m ore c ompli cat e d  

observat i ons c an give more i n f orm at i on in  principle , but f or 

maximum use t he data should be  absolut e rat her than r e la ti ve . 

The obje c t  i s  t o  be able t o  de fine the  i onosphe r i c  structure 

a l ong t he path t aken by the s i gnal . 

The Interna t i ona l Uni on of Rad i o  S c i e n c e  s e t  up an 

ad hoc W orking Gr oup on E l e c t r omagnet i c  Probing of  the Upper 

Atmosphere in 1968 , to review all of  the radio t echniques 

used to st udy g e ophysica l  phenomena i n  t he i onosphere . 

Their report , t o  whi c h  the reader i s  ref erred f or more 

detailed  informat i on t han c ould be gi ven here , is c ontained 

in a special issue of  t he J ourna l  of At mospher i c  and 

Terre stial  Physi c s  ( Volume 32 , N o . 4, April ,  1970) . 

1-3 :  The lower night -time i onosphere at middle lat itude s .  

While mor e  a t t en t i on has been  paid t o  the  F regi on , 

a considerable numb er of attemp t s  have been made t o  measur e 

dire c t ly or indirec t ly parame ters in  the D and E regi on s . 

Gr ound bas e d  low fre quency measur ement s have provided most 

of  the  informat i on but have been supplement e d  more r e c e n t ly 

by t ec hn i qu e s  based on part i a l  re flec t i on of  high frequency 

s i gnals and by measurements made during rocket flight s .  As  

t he number of  experimental results increased,more and more 

w ork has been devoted t o  the establishment of  t h e or e t i c a l  
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m odels  of  the  D and E r e gi ons capable o f  explaining these  

r e sult s .  Thi s  has r e quired a t t enti on t o  t h e  c hemistry of  

these  r e gi on s ; the  D r e gi on can n o  l on ge r  be  c onsidered t o  

be s o l e ly t he result of solar phot o- i on i zati on o f  NO and the  

im por t ance of at om i c  oxygen , o z one  and wat e r  vapou r  and of 

i oni zati on by c osmi c rays must  be rec ogni s e d  ( DOHERTY , 1 97 0 ) . 

The published w ork on t he D and E regi on s  has 

c on c e nt rat e d  large ly on t he day- t im e  c ondi t i ons; only a 

fra c t i on c onsider the n i ght - t im e  regi ons at m i d - latitudes . 

As  m ent i oned be fore , DEEKS ( 1 966 ) u s e d  the data from t he 

c lass i c  Cavendish observati ons t o  dedu c e  experim ental e l e c t r on 

densi t y  distribut i ons , s ome of whi c h  were for night-tim e  

mid-lat i tude c ondit i on s . O t her experim ent al e le c tr on density 

distribut i ons have b e en produ c e d  by GARDNER and PAWSEY ( 1 953 ) 

and M ECHTLY and SMITH ( 1 96 8 ) . RADICELLA ( 1 96 8 ) has produ c e d  

t he ore t i cal  m odels  o f  e le c tr on and i on dens i t i e s  in  t h e s e  

regi on s  for b ot h  low and med ium s olar a c t ivity . H e  c ompar e d  

e l e c t r on dens i ty resu lt s  wit h  the thre e re ferenc e s  c i t e d  

abov e and i on densi t y  result s w i t h  th·o results  o f  HALE e t  al 

( 1 967 ) and SAGALTII et al ( 1 967 ) . The e lect r on density 

dist ribu t i on in the D r egion during the ni ght and pre- sunrise 

period at mid lat i tudes and a fairly hi gh level o f  s olar 

ac t i vi t y  has be en dedu c ed by THOMAS and HARRISON ( 1 970) . 

They used a full wave int e grati on m et hod t o  c omput e valu e s  

from a m ode l e l e c t r on density di stribution a n d  t hen var i e d  

this mod e l  t o  a c hieve  a best  fit  t o  t he r a d i o  pr opaga t i on 

m easurem e nt m ade by BAIN e t  al  ( 1 9 52) , STRAKER ( 1 95 5 ) ,  

BRA C EWELL e t  al  ( 1 9 54) and NEEKS a n d  STUART ( 1 9 5 2  a , b . ) . 

G i ven t hat the i onosphere param e t ers vary with  

b ot h  t ime and p o sition and  t hat e l e c t r on dens i t y  d i s t ri bu t i on 
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cannot b e  d educ ed dire c t ly from ground bas ed measurements  i t  

is not  surprizing t hat absolute agr e e ment b etw e en the ory and 

experiment has not b e e n  found . The mid -lat itud e , ni ght -

t ime e l e c t r on density i s  shown in f i gure i as a fun c t i on o f  

h e i ght and i n  fi gure i i  as a func t i on of  b oth h e i ght and 

s o lar zenith angle . A c ommon feature of  all the dis tribu-

t i on s  in figure i is the  c hange of ab out tw o ord ers of  

magnitud e  in t he e l e c tr on d ensity betw e en alt i t ud e s  of 80 

and 9 0  km , follow ed by a small e le c tr on d ensity grad i ent f or 

the next 5- 1 0  km. Above this  the e l e c t r on d ensity again 

increases more rapidly . Figure ii  sugges t s  t hat the tw o order 

incroase'in e l e c t r on density forms qui ckly a f t er sun s e t  and 

di sappears equally quickly at sun-ri s e . The reason for this 

sudden inc rease is n ot c le ar ly unders t o od but it  has b e e n  

sugge s t ed that it may b e  due t o  the  transport o f  nitric  oxide 

int o t hi s  re gi on ( GEISLER and DICKINSON , 1 968 ) . 

B oth spati a l  and temp ora l  small-scale  vari a t i on s  o f  

e l e c t ron d ensity are known t o  exist  i n  t he i on osphere and 

this s trat ificat i on during bot h  day and ni ght has been t he 

subj e c t  of c onsid e rable w ork . HELLI�ELL ( 1 949 ) and 

HELLI'JELL et al ( 1 951) , observing at 1 00 kHz and 325 kHz , 

rep ort a multipli c ity of  st rata between 90 and 130 km . A 

r e vi ew paper on the met h ods and re sulw of a number o f  

w orkers u p  t o  ab out 1956 r eaches  t h e  c onc lus i on t hat one 

s t ratum at about 85 km is observed c onsist ent ly ( ELLY ETT 

and WATTS , 1 9 59 ) .  

Fewer w orkers have report ed observat i ons of 

irregu lari t i e s  at h e ights of  about 85  km • FRASER and 

VINCENT ( �70 ) using a vertical pul s e  experiment a t  2 . 4 MHz 

have studied D r e gi on s t rata nnd irregularities at t imes  
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c.....I1-Q (summer) l Deeks (1966) �(winter) f 
-•- Smith et al (1967) 
...__Mechtly and Smith (1968) 

Experime n t a l , mid - lat it ude , night-t i me e l e c t r on 

densi t y  d i s t ri but i ons . 

HEIGHT km. 

' sol.lr ten•th angle 

1 11 "' 

ELICTRON DENSITY n,·J 

(alter Thom,,.., rlnd HM1t<.,On.t970) 

Figu re i i :  Mid-la t i t ude, night-t i me e l e c t ron dens i t y  

d i s t r i bu t i on as a func t i on o f  the solar 

zenith  angle. 
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c l ose t o  l ocal n oon . They rep ort obs erving c oher ent 

r e fle c t i ons from moving irregular i t i e s  at hei ghts o f  

appr oximat ely 80 km . GOSSARD and PAULSON ( 1 968 ) , also 

using pulsed transmi s si on ,  rep ort peri od i c  fading from 

the  D reg i on .  M ost o f  t h i s  t hey attribut e t o  int erference 

from an o f f -path r e f le c t or , but one c as e  at about local 

midni ght t hey int erpret as evidence of a first m ode  gravi t y  

wave w h o s e  kine t i c  energy re s ides  mainly in  t he upper s ound 

c hannel .  FELGATE and GOLLEY ( 1 9 7 1 ) rep ort s ome observat i on s  

o f  D r e gi on irregu lar i t i e s  using a pulsed t ransmi t t er a t  

1 . 98MH z  and a large ( 178 dip ole ) r e c e i ving array . They 

do  not stat e t he t i me at whi c h  measurements  were made or 

report detailed result s , s t a t in g  only t hat the  s c ale  ( gr ound 

d istance between pat t ern maxima ) o f  t he D regi on patt erns 

observed w�s c on s iderably smaller t han the scale  o f  E -regi on 

patt erns . The only case  for whi c h  f i gures were quo t ed had a 

scale o f  about 200 m • They c la s s i fied all  D r e gi on .pat t e rns 

as rand om .  

A further feature of  t he n i ght -time i on osphere i s  

the  local minimum of  t emperat ure , and hence  of  s ound spe ed , at 

ab out 85 km ( GSORGZS,1 967 , page 30 ). I t  is w e ll known t hat 

a c ou s t i c  waves can be r e f l e c t ed and duc ted in  regions of  minimum 

s ound sp e ed . The same author gives , in  h i s  s e c t i on 3 . 9 . 1 , 

methods f or calculating the absorpt i on of  an a c ous t i c  wave i n  

t h e  atmosphere . A wave of  gi ven fre quency reac hes maximum 

amplitude  at a h e i ght at whi c h  the absorp t i on b e gins t o  

domina t e  over the  exp onent ial increase i n  amp l i t ud e  due t o  

the dec reasing air densit y .  A n  insp e c t i on and extrapolati on 

of  t he curves given sugges t s  t hat at a hei ght o f  85 km waves 

with p e r i ods of  the order of  5 sec onds may reach their maximum 
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amplitud e . As  GEORGES p oint s out , wa ve r e fle c t i on ,  duc t ing 

and eff e c t s  of i on ospheric  winds have  b e e n  i gnored and t hus 

the above figure o f  five s e conds must b e  c onsidered as on ly 

ind icat ing the order of ma gni t ud e . 

I n  c onc lusi on it  might b e  sta t e d  t hat , wherea s  a 

m edium frequency si gnal pr opa gat ing obliquely upwards during 

the day - t ime is  h eavi ly a b s orbed by the D r e gi on , at ni ght­

t ime t he same  s i gnal travels upwards thr ough a r e gi on of l ow 

e le c t r on density and is  then inc i d ent on a fairly sharp 

b oundary across whi c h  t he e le c tr on density c hange s by about 

tw o orders of magnitude . At appr oxima t e ly the same height 

t here is a local minimum of s ound speed , and t h e  p ossibi lity 

o f  r e fle c t i on and duc t i ng o f  a c oustic  waves . At  thi s  h e i ght , 

also , waves with  a p e r i od of th e order of five s e c ond s  may 

reach  t heir maximum amplitude . 

1 -4 :  A physical pr o c e s s  a n d  a postua lt ed mathema t ical mod e l . 

I n  order t o  explain the periodic  events not ic e d , a 

proce s s  must be postua lt e d  which is physica lly reas onable i n  

li ght of the  known fac t s  about t h e  i on osphere . The hi gh 

levels  o f  sky wave are presumably due t o  r e fle c t i ons frommany 

p oint s  arriving at the re c e i ver . The s e  point s must b e  inc lined 

t o  t h e  horiz onta l at an angle appr opriat e t o  their  spa t ia l  

c oordinat es , and t hus t he smooth i d ea l  mirror i on osphere  must 

be d i s t urbe d .  Sinc e the sky wave amplitude chang e s  r e lat ive-

ly s l owly and c onsist ent sequ e nc e s  of events can b e  observed 

over a p eri od of s e veral minu t e s  these  perturba t i on s  must 

show s igni ficant stability . Random perturba t i ons of a scale 

siz e  muc h less than t he wave length of t h e  pr obing rad i o  

si gna l are extremely unlike ly t o  produc e sky wave amplitud e s  

of th e ma gnit ud e  obs erve d .  The p eri odic nature of s om e  
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event s  suggests inter ferenc e is  occ urring between di fferent 

r e fle cted rays and this requires a d e formation of the i on -

aspheri c  mirror c oherent over a finite spatial ext ent. 

The physical pr o c e ss postulated here f or the 

peri odic variati on of the i onospheric r e flecti on height is  as 

follow s . A mic r obarum, assumed t o  occur as a short burst a 

few wavelengths l on g ,  originat e s  some two or three  thousand 

kil ometers away from a transmitter radiating signals in the 

low medium frequency range ( ar ound 0.6 MH z ) . Examination of 

a typical  spectrum o f  mic r obarums (DONN, 1967) show s  that 

this wave wi ll have a peri od of appr oximat e ly 4 sec s . It 

ris e s  at a shallow angle int o  the i onosphere and is  trapped 

by the local temperature minimum at ab out the same height as 

the sudden increase in e l e ctron density ( appr oximat ely 85km)� 

A c c epting a vel ocity of sound of 250 ms - 1  at this height, the 

wave length o f  the mic r obarum will be about 1 km • Due t o  

i onospheri c  winds the path o f  the mic robarum from the source 

t o  the vicinity of the experiment w ould n ot be a straight line  

i f  pro j ected ont o the  sur fac e  of the  earth . H owever the 

mic r obarum is  assumed to  trave l in a straight line over the 

short distanc e  betw e e n  the transmitt er and the rec eiver� 

The sudden increase in electron density mentioned 

be fore is a f fe cted by the passage of th e ducted mic r obarum 

which distorts this boundary from plane . The pres sure wave 

caus es  c hanges in the i onizati on c onc entrati on and thus m odi f-

ies the r e fl e ction c oe f ficient . Radi o waves from the trans-

mitt er incident obliquely ont o  this b oundary are r e flected 

with signific ant r e fle ction c oe f ficient s . In the vicinity 

of the peri odically distorted b oundary there are a number o f  

reflecti on p oints viR which signals can travel from transmitter 
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to  r e c e i ver. The vect or sum of the amp litudes of these sky 

wave s gi ve s the r e c e i ve d  skywave amplitude whi ch w i l l  thus 

vary as the micr obarum move s .  Sin c e  the disturbing phenom-

enon ( the microbarum ) is n ot random the variat i ons in the 

r e c eived  sky wave may be expected to  be themse lve s n on-random 

and ther e fore re lative ly easily i denti fied. 

I n  order to  expr ess thi s physi cal  descript i on in a 

mathematical form suitab le for investi gat i on c e rtain simp l i f-

i c ations must be ma de . The first of the s e  is to  use ray 

optic s . Since  the wa ve length of the pr obing s i gnal is  only 

a few time s smaller than the wavelength of the ac oustic wave , 

c learly the use of ray optic s under thes e  c onditi ons i s  not 

ab ove suspi c i on .  There are various criteria for the point at 

whic h  ray opt i c s  may be said to  break d own , one simp le one 

being that ray opt i c s  are not valid if the number of Fre sn e l  

z o n e s  in a n  area i s  l e s s  than t h e  number o f  reflect i on p oint s  

in that area . A c c e pting thi s criterion and using values 

anpr�priate to thi s experiment , ray opt i c s  is  ( at w orst )  n ot 

valid when the ac oust ic wave gr oup is between 4 5  and 6 5 km 

from the tran smitt er . Thi s , as can be  seen from the frontis-

pi e c e, is a lsv the region for spe c u lar re flecti on. There  are , 

how e ver , no de finit e b oundari e s ; the approximation involved 

in the use o f  ray opt i c s  bec oming poorer the more the above 

c ondit i on i s  violated . Provi ded the c onditi on i s  not gross ly 

vi olat e d  it may be  hop e d  that the c oarse feature s  predicted 

when the a c oustic  group is in thi s  regi on will sti l l  be 

rec ognisable . For the above reasons and in the interest s  of  

mathematical tractibility ray opt i c s  have been used at this 

stage of the invest i gati on. 

Thr e e  other appr oximations w i l l  be  introduced now ,  
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other s will �e introduced , and j u s t i fi e d, a s  n e e d e d  later. 

In or der t o  s i mp l i fy the arit hmet i c  a flat e arth is a s sumed. 

Thi s will hardly i ntroduce a sign i f i c ant err or whe n  the gre at­

e s t  d i s tanc e s  c on s i d e r e d  are appr oximat e ly 100 km .  All 

i oni zat i on at h e i ght s b e l ow the sudden night-t i m e  increase is 

ign or e d . A lthough there wi l l  be part i a l  re fl e c t i on s  from 

thi s i onizat i on, th e r e fl e c t i on c o e ffi c �ents w i l l  be extr e mely 

s mall, as w i l l  the am ount of bending o f  the radi o wave s . 

The sh ort ac ou s t i c  wave gr oup i s  i deali z e d  t o  c on s i s t  of a 

whole number o f  wave l e n gths with a c on s t an t  amp l i t ude. Thi s  

obvi ously w i l l  n o t  c or r e s p on d  c l o s e ly t o  pra c t i c a l  c on diti ons 

but is a d opt ed f or mathema t i c a l  simpli c i t y .  
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SECTION TWO: MATHSW-�.TICA.L SOLUTION OF l'HE IDEALIZED HODEL. 

In this s e c ti on equati ons are derived f r om which an 

approximat e ,  but reasonable , c on t inuous curve o f  t h e oretically 

predi c t ed sky wave amp litud e  versus group p osition may b e  

p r oduc ed .  First ly the e ffect  of the  pa s sa ge of  an ac oustic 

wave a l on g  t h e  i onizati on boundary is calculat ed . Thi s 

c ompl e t e s  t he d e rivati on o f  the idealized m ode l and i s  f ollowed 

by t he d eriva t i on of t he many fact ors  which a f f e c t  the  rec eived 

sky wave amp l i t ude . F or c onveni en c e  t h e se f�c t ors  are divided 

int o  two  typ e s ; fac t or s  due t o  the p erturbed boundary and 

fac t ors  due t o  the  experimental arrangement . The f ormer are 

calculat ed first and c on siderat ion is gi ven to the approximation s  

involved in t h e s e  calcula t i ons b e f ore t h e  lat er c lass o f  

fac t or s  ar e c alculat ed . The range over whic h  r e c eivable  

r e f l e c ti on s  c an oc cur i s  t hen c onsidered bri e f ly . Thi s  is  

followed by  a discussi on of t he ext ension of the ab ove 

calculation to give a c ontinuous c urve of exp e c t ed sky wave 

versus gr oup positi on . Finally bri e f  ment i on is made o f  the 

ext ension o f  t he above to p erturbing group s  o f  arbi t ary len gt h .  

2- 1: The de formation o f  the i onizati on b oundary by the 
pas sage of  an ac oustic wave . 

The e ff e c t  of t h e  t rapped a c oust i c  wave on the 

i onizati on b oundary must b e  determined b e fore raycpt i c s  c an be  

used . This i s  d one in two stage s : the  parti c l e  ve l oc ities 

induced by t he ac ousti c  wave are calculat ed usin g a method 

similar t o  that u sed by KANTOR and PIERCE (19 68) .  Th e e f fe ct 

of these  induc ed ve l ocitie s  on t he previ ously p lan e b oundary 

is t h en c on sidered . 

C onsider an ac oustic wave propagatin g  in the x 

dir e c ti on t hr ou gh a homogen ous weakly i onized gas . The wave 
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has angular frequency w , wave number k and neutral 

particle velocity v • -n The wave is assumed to be mechan-

ical in nature, but introduces electron and ion velocities 

(V and V.) via collisions. - e - 1. The earth's magnetic field B : -o 
making an angle cJ with the x axis and lying in the x-z 

plane, will affect the ion and electron motion, as will the 

induced electric field E • 

By solving Maxwell's equation for E the induced 

field may be expressed in terms of V and V . •  Assume that -e -J.. 

the current density is eN (V . - V ), when N is the ambient p -1. -e p 
charged particle number density (assumed equal for both ions 

and electrons) and that all first order quantities associated 

with the disturbance vary with t and j(ult -kx) x as e • 

Using Maxwell's equations 

V X B = jwc l1 E +ll. J o o- o-
and v x E = -j u>] 

it follows that: 

V x ( V X �) = CJl 2 c l1 E - j ul l1 J • o o- a-

Since E = ·� Ex 
ej((Jlt - kx) + 9 Ey ej((Jlt - kx) +�Ez 

j(wt -kx) e 

V x(nx _E) = k2 E j(111t- kx)" 
k2 E ej(CJlt - kz); 

v y e y+ 
z 

Hence, solving for E E and E rrives :-x, y z b 

and 

Ex= [feN
P 

(Vix-Vex!}/ (wc0) 

E = lj wll e N  y L V 0 p 

E = C, u> l1 eN z L:_ J 0 p 

(V. -V )7 / (:k2- ((J)/c)2 ) 1.y ey:J 

(V. -V )f / 'i<2 - (w/c)Z"\ l.Z ez..J \: .J 

_J. 
where c = (ll c ) 2 is the speed of light. 0 0 

The equations governing the motion of electrons, 

( 1 ) 

(2) 

(3) 

ions and neutrals are taken to be those for a three component 
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gas, Using representative orders of magnitude one may 

easily show that the pressure forces due to ions and 

electrons are insignificant, and these are therefore 

neglected. The first order equations of motion for the 

charged particles are therefore 
, 

� .  ( V. - V  ) = ( e/m. ) (_E + V . x B ) J.n - J. -n J. - J. - o 

\, and ........ en ( V - V ) = -( e /m ) ( E + V x B ) - e -n e - - e -o 

I I whert � . and � are effective ion-neutral and J.n en 
electron-ion frictional collison frequencies defined by the 

momentum equation 

m. -..11 • •  ( u . - u.) J. 
J.

J -J -J. 

, 
As a consequence of this � 

i j  

and 
m . 

m. 
= _.1 m. J. 

�I 
ji 

ij 
= J .,J' 'l 

ij where �ij is the ( normal) m. +m . J. J 
average collison frequency. 

Since the ion and neutral particle masses are 
" 

nearly equal �. is approximately half the average J.n 
collision frequency of an individual ion with neutrals. 

However, " " en may be interpreted directly as an average 

collision frequency. 

Simplifications can be introduced. Acceleration 

terms and electron-ion collisions are neglected in the 

equations (4) and (5) since, for moderate frequencies 

propagating in the lower ir,osphere at night, w is very 

much less than both �" en 
/ 

and � . and the number of ions J..n 
( assumed singly positively charged) is small compared to 

the number of neutrals. Further, because of the small 

[IBRARY 
MASSEY UNJVERSITY 

(4) 

(5) 
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density ratio of ions to neutrals the effect of the induced ' 

ion and electron motions on the neutral motions is negligible, 

and we may consider V -n to be the particle velocity 

associated with an acoustic wave propagating in the x 

direction. Since the charged particles should have 

negligible influence on the speed of the wave we take 

K = w/a , where a is the speed of sound. The term 

( e/m. ) V. x B in equation ( 4) can be neglected in compari­� -� - 0 

son with the ion neutral term as the ion-neutral collision 

frequency is much greater than the ion cyclotron frequency at 

altitudes around about 8 5  km . 

k2 
__ w2/a2 Then using equations 

(1), ( 2), ( 3 )  and ( 4) can be solved for the ratios V. /V �z ez 
and V. /V �Y ey 

V. �z/v ez 

to give:-

= 
V. 

l.Yj 
V ey 

= ja. /  <�'. �n 

2 2 where a. = e ll. N a /( m.<.ll) 0 p � 

+ j a. ) 

........_ 
a./ .11 in is the order of 1 o-4 for 1 Hz at 8 5  km and we may 

conclude that any current at right angles to the wave 

normal will be carried almost entirely by electrons. 

In the z and y component equations the ratio 

term (e/m ) E  of the to the term � 
e -

2 e 2 1.1 N a /( m o p e w -..1' ) • For 1 Hz en 
1 00 km and 1 0 -4 at 9 0  km, and thus 

in equation ( 4 ) can be neglected. 

, 
V en -e has magnitude 

this ratio is 1 0-3 at 

the terms E and E z 
However E cannot be X 

neglected and remains the sole significant �echanism for 

coupling of the electron and ion motions. 

y 
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and 

V ez /V = weL/ �,
en ey 

V /V = - � weT / ( �, 2 + ey ex en en 

V ex 
V nx 

� 
2 2 

. R �,.. ( 1 + j � ) + �' . ]<�' + w e L 
) 

= ��e� n��----� ����n�--e� n�---- --��----� 
1 ( 1 2 2) R -.1' (1+J' t) (w2+ �'2 ) � in �en + we1 + en e en 

V. V �x- ex 
V = 

nx 

where R = 
me/ m. and � � = w mi � '. �n 2 c /(N e ) 0 p 

� 1 o-4 for 1 Hz at 85 km , 

and thus V. - V << V �x ex nx 

Physically t�is means that the x componenreof the electron 

and ion displacement are approximately equal in order to 

reduce the magnitude of the induced field E • X 

At 85 km �:n <<ule and R �1 en <<� �n (<�:n 

Provided cos a is not small then from equations (6 ) ,  ( 7 )  

and (8) 

V /V z tan a ez nx 

V /V � 0 ey nx "' and V /V ex nx 1 • 

nence we see that under these conditions the electrons will 

tend to move along the magnetic field lines. This might 

be termed n quasi-longitudinal approximation. Plotting 

these results shows them to be valid at heights of 85km 

for values of a 0 at least up to 70 • 

( 6 ) 

(7 ) 

( 8) 
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Now consider the passage of an acoustic wave, of 

large vertical extent1 travelling in the +X direction 

along a boundary at a height z =H when the electron density 

concentration per unit volume is N above the boundary and 

zero below. In the absence of the wave these electron 

densities are uniform in the x and y direction�. 

The displacement of a neutral particle within the 

wave may be described by 

Hence 

and 

6x = A' sin( (llt-kx ) . 

V = V = A 1 (ll cos( (llir-kx ) nx ex 

V = A 1 CJl tan a cos ( wir-kx ) • ez 

The vertical displacement of a particle whose " rest" 

coordinates are x , y , H is therefore 

t::.z= A' tanasin( wt-kx ) . 

The previously plane boundary has therefore been distorted 

into a sinusoidal form, the sinusoidal perturbation having 

the same wnvelength and velocity as the acoustic wave, but 

whose amplitu�e A is = A' tan a • The electron density 

along the boundary is no longer uniform, but is a function 

of x • For plane waves propagating in the x direction 

the continuity equation for electrons has the form ( BOOKER 

and DYCE, 1 9 65 )  

t::.N/N = ( k/w ) V ex 

= k A 1 cos( ult-kx ) 

where t::.N/N is the fractional change in the electron density 

concentration. 

( 9 ) 
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No physical interpretation can be made if �N/N <-1 which 

can happen if the amplitude of the acoustic wave is too high. 

In terms of the wavelength to amplitude ratio of boundary 

perturbat�on (L/A) this occurs for values of L/A less than 

approximately 2 .  5 • 

The effect of this variation in electron density 

will be considered later. 

2-2 : Factors affecting the received sky wave due to the 
perturbed boundary. 

The expected received field strength of the sky wave 

component depends on many factors. The factors to be 

calculated immediately are those due to the sinusoidally 

perturbed boundary itself. 

Figure iii illustrates the geometry of the idealized 

model and the quantities labelled on it are�fined as follow&-

H = height of unperturbed boundary above the ground. 

D = distance from transmitter to receiver. 

L = wavelength of sinusoidal perturbation. 

A = amplitude of sinusoidal perturbation. 

x = horizontal coordinate, measured from the 
transmitter. 

y 

Q 

J3 

N e 

A 

= 

= 

= 

= 

= 

vertical coordinate, measured from the ground. 

launch angle of a particular ray. 

gradient of the boundary at the point of reflection of 
this ray. 

unperturbed electron density above the boundary. 

wavelength of probing radio wave. 

2-2- 1 : Interference terms. 

It has been shown that the effect of an acoustic 

wave travelling horizontally along a sharp discontinuity in 

ionization produces a sinusoidal variation in the reflection 
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height. The night-time ledge of ionization which exists 

at a height of approximately 8 5  km is considered to aause 

a sharp discontinuity in the refractive index and the 

passage of an acoustic wave travelling horizontally along 

this discontinuity has been shown to cause a sinusoidal 

variation in the reflection heip,ht . 

This perturbation may be written at t • o as, 

y = H + A sin( 2n x/L) . 

Then a ray incident at an angle G to t he horizontal will 

be reflected from a general point ( x1 , y1 ) at an angle 

G - 2 J3 from the horizontal, where 

tan ]3 = dy/dx = ( 2n A/L) cos( 2n x/1) • 

If the observing point on the ground is a long 

way from the reflecting surface, then all rays arriving 

at that point from a small range of x can be considered 

parallel. These will have come from points within this 

range of x for which �· ·  is the same. These points can 

be found for a given value of J3 by solving equation ( 1 1 ) .  

The validity of this approximation will be considered later. 

Let 2n x/L = 2mn + � where m is some integer, 

then the general solution of equation ( 11 ) is 

2n x/L = 2 nn :t S where n is any integer. 

Equation 1 0  gives as solutions for K two series, one of 

which can be labelled + and corresponds to the + � series, 

and the other which can be labelled - corresponding to the 

& series. The horizontal spacing between + X n and 

+ xn+1 or 

between 

x and n 
x+ and n X i6 n 

is L , and the horizontal spacing 

� L/n . Since all the rays in the 

( 1 0) 

( 1 1 )  

( 1 2) 
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group considered come from points for which both p and Q 

are considered constant, the reflection coefficient has the 

same ( generally complex)  value for each reflection . The 

contribution from a pair of points x+ and n X n can be 

combined to give a composite disturbance from these two 

points , and then the total dist urbance due to some number 

n of these paired points can be found, each o f  the paired 

points being displaced from the next paired point by a 

horizontal sep.:tration 1 • 

See figure i v • Let all phases be measured relative to 

the phase of the disturbance from 

The extra path length to + is x1 

{ e x; -
-

) 2 + y� ) 2 } 1 
x1 + ( y1 

- 2" 

( + - I + -
where tan a. = x1 - x1 ) ( Y 1 - Y 1 ) 

x1 . 

sin ( a. + G)  

The extra path length from compared to the path from 

is 

Combining the above two results , the path to and from 

is longer than the path to and from x1 by 

2 {e x; - x� ) 2 + ( y; - y�" ) 2 } � cos ( a.  + J3 ) sin( G - )3 ) 

Since 

= �1. n 

and (using equation ( 1 2) and equation( 1 0 ) ) 

hence 

+ - c Y 1 - y 1 = 2 A sin o 

tan a = b L/2n ii. sin � ) • 
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Substituting the above relations and manipulating, it 

follows that the signal received via reflection from x; 
lags the signal reflected via point by an angle � 

given by 

= 

4 
I [2 An sin � cos j3 - [) L sin ;jsin( G- J3) . 

For reflecting points within the same series, b. x  = L ,  

and � = n; • Thus substituting into ( 1 3 )  the signal from 

x( n-1 ) lags the 

-4n 2y = y- L  

signal from x by 2y where n 

sin J3 sin( G - J3 )  

Using equations ( 1 1 )  and ( 1 2 )  it follows that 

t an J3 =  2n A cos � /L 

and substituting ( 1 4 and ( 1 5 ) into ( 1 3 ) ,  � can be 

expressed in terms of � and y giving: -

0 = 2 (  � - t an b ) y /rr. 

Using the standard result for the interference between 

two slits , the composite disturbance from the paired point 

x due to the contributions n 
as being proportional to 

sin 0 /sin( 0/2) 

+ x and x n n can be expres sed 

The composite disturbance from ml the x in a pertur b ­n 

ation group can similarly be expressed as b�ing propor-

tional to 

sin n y/ sin y 

There will be one x per wavelength of n 
perturbation and thus n represents the number of wave-

lengths in the perturbation group . 

( 1 3 )  

( 1 4 )  

( 1 5 )  

( 1 6 )  

( 1 7 )  

( 1 8 )  
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2-2-2 : The validit y of the approximation used in the 
.above sect ion. 

In  the above section it has been assumed that � 

is a constant for all refle ction point s within a perturb-

ation wave group . It is now important t o  consider the 

limitations imposed by this approximation in order that 

the maximum group size consistant with this approximation 

can be determined, and in order that the analysis can be 

ext ended beyond a single group. 

In general there are two reflection points per 

wavelength. Consider the two wavelengths shown in 

figure v 1 where x marks the centre position of the group 

for which the value of J3 has be en evaluat ed from equation 

( 29) , ( s e e  2 - 3 )  • The value of � evaluat ed at x occurs 

at positions a, b, c and d as shown. However the true 

reflection point s are either slightly greater value s of � 

( cases a and b, shown as a' and b ' ) or at a slightly lower 

value of j3 ( case s  c and d , shown as c 1 and d ' ) � The 

variation required in J3 is shown highly exaggerat ed and will . 

in practice be only a very small fraction of a degre e .  

Consider the region bet we en a and b ( or c' and d') . The 

picture can be considered symmetrical about the point of 

inflexion since the required }3 is essentially a linear 

function of x over the range of x use d. 

The error in assuming that the rays from a '  and b' 

are parallel will still be ne gligible when the error in 

assuming that the rays from a' and d '  are parallel is start-

ing to become significant .  Since the reflection coefficient 

1 1  R 1 1  is a slowly varying function of the angle of incide nce , 

it may be considered constant over a very small range of 
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angle. It may be considered linear over a larger range 

of angles where it may be no longer be assumed constant. 

Thus, on adding the two rays from a '  and b 1 , the 

phase error introduced by the different path lengths is 

cancelled out. However, although the values of J3 at a '  

and b '  will only vary very slightly from one another, they 

may both differ rather more from the value of J3 for position 

x • In this case, although there would be no signific ant 

phase error on combining the rays from a '  and b '  , there would 

be an error in the amplitude. This is likely to become 

more serious as the number of wavelengths in the group is 

increased . N ever-the-less it follows that any amplitude 

error on combining the rays from a '  and b '  will, to a good 

approximat ion, be equal and opposite to the amplitude error 

on combining t he �ays from a '  and d '  , Hence neglec ting the 

extra inverse distance factor ( approximate since we are 

considering amplitude) the total amplitude and phase errors 

over a group containing an even number of wavelengths 

cancel out o 

For th.e geometry of this problem , D = 1 1 0 km and 

H = 85 km 1 a c alculation shows for a perturbation wavelength 

o f  1 km and a perturbation amplitude of 0 . 1 km the error is 
-4 of the order of 1 0  of a wavelength at 570 kHz • 

Thus , provided the group considered is symmetric al 

about the point x for whic h  J3 is worked out, and the 

group contains an even number of wavelengt hs, little error 

is introduced by the above analysis even for groups contain-

ing up to , say , ten wavelengths. The values Q and J3 

corre ,sp o:nnj ng to the c entral position x of the group 

should be used when c alculating 11 R 1 1  • 
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2-2-3 : The r e fle c t i on c oe ffi c ient . 

S i n c e  the  transmit t er i n  the experi�ent d e s cr i b e d  

transmi t s  a vert i ca l ly p olari z e d  s i gnal a n d  the  r e c e iving 

aerials  used are only s e n s i t i ve to vert i c al p o lari zati on ,  

only one of the  f our possible r e f le c t i on c oe ffi ci ent s i s  of  

i n t e r e st . Thi s is 1 1 R "  and depends , among other t hings , on 

the walu e s  of G and J3 and als o on the e l e c t r on densit y at the  

p oint of  r e f le c t i on .  I n  general thi s  r e f l e c t i on c oe ff i c ient 

i s  c omplex . JONES ( 1 970)  has p oint e d  out that the ray 

appr oach may be extended  d own t o  fre quenc i e s  of  ab out 1 00 kHz 

by the  c onsiderat i on o f  the c omplex part of  the r e fle c t i on 

c o e f fi c i ent ( due  t o  the  c omp lex part o f  the r e frac t ive index ) . 

C onsiderat i on of t he c ollisi on fr e quency 

( appr oxima t e ly 1 05 sec  - 1 at 8 5  km at  night ( JON ES , 1 97 0 ) )  shows 

that t hi s  has an insignificant e f fe c t  on the value of the 

r e frac t i ve index . The e ff e c t  of the e arth ' s  ma gn e t i c  f i e ld 

c annot , however , be negle c t e d  a pri ori . The ory shows t hat 

the r e flec t i o� c oe f fi c i ent , , R� w i l l n ot b e  z e r o  i f  the 

e ffec t of the eart h ' s  magnetic  fie l d  i s  s i gnifi cant . 

has b e e n  exp e riment a l ly inve s t i ga t e d  using an aerial 

This 

s ensit i ve only t o  hori z ontal polari zat i on . T e s t s  c ar r i e d  

out u s i n g  signals a t  570 kHz showed  only small values of  

hori z ontal s i gnal strengt h ,  t ypi cally a few perc e nt o f  t he 

ver t i c ally p olari z e d  r e fl e c t ed skywave s i gnal . Thi s i s  

c onsist ent w i t h  a n  extrapolat i on of  the result s  obtaine d  

from the  rigorous applicat i on of  t h e  magn e t o-i on i c  the ory 

t o  t he c alcula t i on of the r e fle c t i on c oe ff i c i ent s for a 

sharply b ound e d  i on ospher.:.c  mode l  by JOHLER and WALTERS 

( 1 960 ) . Thus i t  may reasonably be assumed that t h e  e ff e c t  
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of the  earth ' s  magnetic  fi e l d  may be  ign or e d  in t hi s  

experiment f or t h e  purposes o f  calculat ing t he r e frac tive 

index of the i onospher e  at the height of int ere s t . 

Sinc e the re fle c t i on is  occuring ( in t he mod e l )  

n t  a sharp disc ont inuity i n  t he r e frac tive index , t h e  

refle c t i on coe fficient  is simply that predi c t e d  by t he 

Fre sne l formula for obli que incidenc e and no magnetic  field . 

I dealizing the  b oundary so  that the r e frac t ive index above 

the b oundary is n and t he r e frac t ive index b e low is unity ,  

this r e f le c t i on c oe fficient i s  ( se e , for example , Budden 

1 1  Radio  \Vo.ve s in the  I onosphe re ", chapt e r  8 ) , 

2 2 2 1 
" R " n C OS l:!: - ( n  - sin 1!:) 2 

= 2 2 2 1 
n C OS )l. + ( n  - sin ').1. ) 2 

where  l.l. is  t he angle of inciden c e . I n  t e rms of 

ge ome t ry out lined  at the beginning of  this s e c t i on 

l.l. = n/2 - ( G - J3 ) 

and t hus  

" R " = n2 sin ( G - }3) - ( n2 - c os2 ( G - J3 ) )� 
n2 sin ( G - )3) + ( n2 - c os2 ( G - ]3 ) ) � 

the 

It remains to calculate  the r e fractive index n 

above the b oundary . This depends on t he electron densit y  

and it  has been  shown that t he e l e c tr on density along t h e  

boundary is modi fi ed b y  t he passage of a n  ac oustic  wave i n  

an x dire c t i on alon g  t h e  b oundary . 

The variati on in electron density i s  given by 

( equat i on ( 9 ) ) 

6N = N k A 1 c os ( ttlt - kx ) 

( 1 9 )  

( 20) 

( 2 1 ) 



- 32 -

whi ch can be  wri t t en at time t= O as 

�N = N k A' c os ( kx ) . 

Using e quati on ( 1 1 )  and recalling that A = A '  t an a 

�N = N tan J3 /tan a • 

Let N be the ( quiesc ent ) electron densi ty  above the boundary e 
befor e  t he pas sage of  the ac oustic  wave and N *  the e lec tron e 
density during this pas sage . 

Then N * = N ( 1 + tan J3 /tan a )  • e e 

Let n be the qui esc ent r e frac t i ve index at t he boundary . 

This may be de fined by 

2 n 2 = 1 - x1 = 1 - ( f
P

/f ) 

when f2 = K N and f i s  the radi o wave frequency . p e 

n*  , the refract ive index above the boundary during the 

Then 

pas sage o f  the a c oust i c  wave , may be de fine d i n  a s imilar way , 

as  
N 1 K C  1 + tan J3 /tan er )  

= 1 - ----�::------
f 2 

2 = n - x1 t an "fl /tan a 

Thus from an assume d value of  N , the qui esc ent e 
value of  re frac tive index n may be calculated  as K i s  

( 22 ) 

kn own ( K  i s  appr oximat e ly 8 1  m3 i f  N i s  expressed  as electron s  e 
per cubic metre ) .  Thus using e quat i on ( 22)  the value of  the 

perturbed  r e frac t ive index n*  may be ca lculated , which when 

substituted  int o equati on ( 21 )  give the r e flect i ve coe fficient 

2-2-4 : The r e flecti ng area . 

In  the  pre c e e ding part of this  section r e fle c t i on 

from p oint s has been c onsider e d . Consi derati on i s  n ow 
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given t o  refle c t i on from finite  areas . In  order t o  get an 

i dea of t he magnitude of the c orrection t erm requir e d , the 

re flect ing area is calculat ed in an approximate  way . The 

sinus oidal perturbation of the re flecting layer is  c onsider-

ed  t o  be of infinite ext ent in the z directi on .  The 

si z e  of the reflect in g  area depends on the height a ,  width 

b , and inc linat ion et of the area as shown in figure vi • 

The approximat e met hod used  t o  calculate  the fac t or a is  

as follows . I t  i s  assume d  that the receiver has finite 

ext ent in the x directi on of  magnitude 2R ., symmetrical 

about the p oint a distan c e  S fr om the t ransmi t t er . Sinc e 

t he dist ancoo from the t ransmitter  t o  t he c e ntre of the  

rec eiver ( S ) and  to  t he furthest point of  t he rec e iver ( S+R ) 

are not the same , di fferent value s of p will be required for 

transmi ssions  t o  these two point s .  Let these b e  � 1 and 

p 2 • 

Let the sinus oidal perturbat i on be cent r e d  at 

Knowing the descript i on of the perturbat i on at t= O , 

the princ ipal value of x ( called xp 1 ) c orresponding t o  

thi s value of J3 1 can b e  calculat e d .  A c lose approximation 

t o  t he x c o ordinat e of t he reflection point is  there fore 

Similarly a close appr oximati on t o  the x 

c o ordinat e of the re flect i on p oint for rays reaching the 

furthest extreme of  the rec eiver is x1 + xp2 
• 

Substitution o f  these values of x int o the 

de fining equat i on of the perturbati on gives the c orresponding 

values of y • N either of  these c oordinat e s  ac curat ely 

describes t he true reflect ing point s since the values of x 

and y differ from those  use d  when calculating J3 • 

However the disc repanc i e s  will be small and the errors will 

have t he same si gn unles s  2 d y/dx2 changes sigri b�t�e�n 
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the two reflection p oints calculat ed . The situation is  

avoided  by  using one half the rec eiver dimensi on in the  x 

directi on ( re c eption at the two p oints x =S and x= S+R) . 

Thus even when subtract ing the x and y c oordinates  of  

the  two calcula t e d  reflect i on point s as a first st ep to  

obtaining the distanc e between them , t he error introduc e d  

is likely t o  b e  s mal l . I f  further ac curacy were desire d 

an iterative proc ess  bas ed  on the ab ove c ould be pursu e d ,  

but , i n  vi ew of  t h e  pre vious assumpti ons made i n  this  work , 

such a proc ess  is  thought t o  be  of lit tle  value here . 

Writing the above in t e rms of e quations derived 

before : -

From ( 29 )  ( se e  2-3 ) ,  the two values of B are given by 

tan 2 J31 = H ( S - 2x1 ) I( Sx1 - x; + H2 ) 

and 

tan 2 J32 = H ( S + R - 2x1 ) 1( ( S + R ) x1 - x� + H 2 ) 

Fr om ( 1 1 )  t he x c oordinat es  of  the refle c t i on 

p oints are given by 

( I - 1 C I ) x1 + xpn = x1 + L 2n ) c o s  L tan J3 n 2nA where 

n = 1 or 2 and the c orresponding y c oor dinat es  are given 

by substitut i on int o e quati on ( 1 0) . 

Hence f or t he first appr oximation the width of the s lit i s  

given by 

Since the s li t  is inc lined at an angle to t he 

perpendicular t o  the inci dent beam , a c orrection must be 

made which c onsi st s  of multiplying by the c osine of t hi s  

angle . Let a be  the angle between the  horizontal and 

( 23 ) 
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the line j oining ( x1 , y 1 ) t o  ( x2 , y2 ) ,  measure d  positive 

cloc kwise . Then , with Q de fined as be f or e , the c orrec t i on 

i s  equivalent t o  mult iplying by 

sin ( Q - a ) ( 24 )  

The dimens i on b i s  more easily calc ulat e d .  S in c e  

t h e  perturbat i on i s  c onsi dere d t o  be of infini t e  ext ent in 

the z dire c t i on ,  reflect i on has no e ffect  on moti on along 

t he z axis if  the sine wave is  moving al ong the x axis • 

The e ffect ive z dimension of the  slit , b , i s  there fore 

r elated  t o  the z dimension of the rec eiver R 1 by 

b = ( A/ ( A + B ) ) R1 

where A i s  the distance fr om transmitter  t o  r e flec t i on 

point and B i s  t he distance from t he r e c e iver t o  r e fle c t i on 

p oint . Thus b is  proportional t o  

( x2 + y2 )" �)( ( x2 
+ y2) � + ( (s -x) 2 + y2)-a-}  

The pr oduct of  equat i ons ( 23 ) ,  ( 24 ) and ( 25 )  

gives the c orre c t i on fact or for e f fe c t i ve slit  size . 

The r e flecting area calculat i on above i s  only 

applicable t o  c alculat ing the amplitudes of the  vari ous 

signals re flect e d  fr om the sinusoi dal part of t he boundary 

t o  within a c onstant . Obvi ously a simi lar , simpler , 

calculat i on may be carried  out t o  obtai n , t o  within the  

same c onstan t , a r e flect ing area  for  t he r e fle c t ion from 

t he unpert urb ed  p oint of  symmetry . 

i s  gi ven by 

This refle c ting area 

( 25 )  

( 26 )  
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The absolu t e  magn i t udes  o f  t he amp l i t udes o f  t he 

d i f ferent s k ywaves depend on t he assumed d i mens i on o f  t he 

r e c e i v i ng a e r i a l , l i n ea r ly for the case described  by 

e q ua t i on ( 2 6 )  and n on l i n e a r l y  for t he cases desc ribe d  by 

e quat i ons ( 2 3 ) , ( 24 )  and ( 2 5 ) . S ince  a l l  t he s e  sky waves 

hav e  to be summed i n  order to obt a i n  t he t ot a l  r e c e i v e d  

skty wave i t  i s  important t o  know the rat i o  o f  t he ' flat ' 

refle c t ing area t o  one o f  t he re f le c t i n g  areas on t he ' wave ' 

b oundary . Thi s  rat i o  i s  p l o t t e d  as a func t i on o f  t otal  

aerial extent  ( AE )  ( i . e . , 2 R ) , and a l s o  as a func t i on o f  

t he posit i on o f  t he s i nusoidal  se c t i on o f  t he boundary i n  

f i.gure v i  i .  

F igure v i i :  

RATIO flat towave 

JO 

10 
DISTANCE from tx. 

L---�1 0�--�u--_JJ�o--� .. ��s�o--� .. �--�7·--�·�·--�•o.__.*._--•11' � 
RATIO flat Iowa .. 

11 

70 

11 

50 

The rat i o  o f  t h e  spec u lar r e fl e c t i on area t o  any 

one of the n on-ap e c u lar r e f le c t i on areas p l o t t e d  

as a func t i on o f  t he d is t anc e o f  the wave group 

from t he t ransmi t t e r  ( t op ) and o f  t he t otal aerial 

e x t e nd ( A E )  ( bo t t om) .  

Top : -L=1 km , L/A= 8 , A E= 2k m .  Bot t om :  -L=1 km , wave 
group c e ntred  10 km from t he t ransmi t t e r , L/A= 3 , 
8 or 1 2  a R  s h nw n . 
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As the aerial ext ent decreases  the rat i o  appr oaches 

unity . Although the analysis  on which  these  rat i os are 

bas ed i s  extreme ly approximat e ,  s inc e the dimension ( 2R )  

o f  one o f  the individual aerials us ed was a few c ent i -

metres the rat i o  o f  the reflectin g  areas for the two 

types of  reflec t i on i s  taken to  be stri c t ly uni t y .  

A s  a c onsequenc e  o f  this assumpt i on no absolute  

calibrat i on can be provided for the amplitud e axi s  o f  

theoretically calculated  c urve s .  

2-3 : Fac t or s  affect ing t he r e c e ived sky wave due t o  the 
experimental arrangement . 

Previ ous ly in this section the sinusoidally 

perturbe d  r e gi on of  the b oundary has been  treat e d  in 

i solat i on ,  the only stipul�t i on made being that it  be  at 

a c onsiderable distanc e fr om e ither the transmi t t e r  or the 

receiver . Fac t ors  due t o  the experimental arrangement 

are n ow c onsidered and i n  order t o  relate these t o  the 

p osi t i on x of  t he gr oup c entre it is c onveni ent to express  

Q and � in t erms of  D ,  H and x • 

From figur e i i i  i t  is  c lear that 

Tan Q = H/x 

Tan ( Q - 2 }3 ) = H/( S  -x ) 

and hence 

Tan 2 J3 2 2 = H ( S - 2x ) /( Sx - x + H ) • 

Up t o  now the f�ct ors c onsidered only affect  the 

amplitude of  the rec eived signal . The next three  

fact ors , however , affect  both  the  amplitude and the phase . 

The first fact or depend ent on the geome try of the experi-

ment i s  the inverse  t otal  path distance  fac t or . The path 

distanc e from transmitt er to rec e iyer via the c entral point 

( 27 )  

( 28 )  

( 29 )  
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of t he perturbat i on gr oup i s  given by : -

s = 
2 2 1 2 2 * ( x + H ) 2 + ( ( S - x )  + H ) 2 

Therefor e  the amplitude fact or is  1 /s and the 

phas e  fac t or introduc t e d  by t he path length is  

6 911 = 2n  S/t.. 

The s e c ond  and third fact ors t o  be  c onsidered in  t hi s  

s e c t i on are the polar radiation pat t ern o f  t h e  transmi t t e r  

and t h e  polar response pat t ern of t he receiving aerial . 

These are peculiar t o  the experiment desc ribed . 

The t ransmi t t er ( station 2YA , 570 kH z ) used a 

5/8 f.. vertical aerial earthed  at the lower end . The 

radiati on pat t ern fr om a vert i cally gr ounded  wire , as sum-

ing a perfect  eart h ,  is ( se e  for example TERHAN , Radio 

Engine ering , Chapter  1 5 )  

E a:: ( c os ( 2n L/A. ) - c os ( ( 2n L sin G) /A. ) ) (  c os Gf1 

whic h  subst i t uting for the lengt h bec omes  

E o; ( c os ( 51t/4 ) - c os ( ( 5n sinG )/'+ ) )  ( c os G ) - 1  
• 

For the rece iving aerial sys t em used ( see  sec t i on 3 -2 ) 

the system i s  adjust e d  so  that the  ground wave s from the 

two aerials are of equal amp litude  and j n  phas e .  Then 

for rays incident at an angle ( G - 2 J3 )  t o  the hori zontal 

t h e  s i gnal from aerial two leads the signal from aerial one 

by 91 ... 2n D ( 1 -· c os ( G - 2 J3 ) ) /f.. • Fr om e lement ary opti c s  

the amp litude o f  t h e  r e c e ived signal after t he di fferenc e 

amplifier i s : -

o. ( 2 ( 1 -· c os )J) ) -a-
and the phase shift is  prop or t i onal t o  

sin 91 / ( c os .0 - 1 ) 
• 

( 30)  

( 3 1 ) 

( 32 )  

( 33 ) 

( 34 ) 
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The range o v e r  whic h r e c eivable gr oup re f l e c t i on s  
c a n  oc c u r . 

I n  order t hat re flec t i ons from the gr oup oc c u r  

and arrive at t he r e c eiv e r , the  va lue of  � re quired for 

t hose pa t hs ( fr om e qua t i on (29) ) must be e qual to or less 

than maximum value o f � avai lab le from e quat i on ( 1 1 ) .  

That is 

t an- 1 
2nA/L � .;  tan

- 1  
( H ( S - 2 x) / ( S x  - x

2 + H
2

) ) .  

The le ft hand s i de o f  e q uat i on ( 35 )  giv e s  t he maxi mum 

Figu r e  vi i i : The value o f  B r e q u i red in ord e r  

t hat s i gnals r e f l e c t e d  f r om posi t i on 

x arrive at t he r e c e i ve r  p l ot t e d a s  

a func t i on of  x • A l s o  shown i s  t h e  

poss i bl e  range of  r e f l e c t i on points  

d e d u c e d  f r om t h i s  s hown a s  a func t i on 

o f  L/A ( c a lc ulat e d  f or S = 1 1 0 km c H = 8 5 km) . 
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s l ope  of the r e flect ing surface ( � max) '  and solving the 

full e quat i on gives the ran ge of x over whi c h  reflections 

of  c oncern can occur . F or each numeric value o f  � max 
equat i on ( 3 5 )  may be s olved in i�s e qualit y form t o  give 

two values of x • These  c orrespond t o  the two  p ossible 

signs for J3 , which is  p osit ive for x (S/2 , negative max 

f or x> S/2 and symmetrical about x =S/2 ( see  figure viii ) . 

The two  values o f  x calculat e d  ar � the maximum and 

minimum values and hence the range over which receivable 

group r e fl e c t i ons can occur i s  establishe d .  This is  

plot t e d  as a funct i on o f  L/A in fi gure viii . 

2 - 5 :  The ext ens i on t o  a c ont inuous curve of expected  
sky wave amplitu��--�ersus gr oup posit i on . 

The expec t ed value of  the sky wave refle c t ed 

from a wave gr oup centred at the p os it i on x i s  pr oport -

i onal t o  the product o f  e quat i ons ( 1 7 ,  ( �8 ) , ( 2 1 ) ,  ( 32 )  

and ( 33 )  and inversly proportional t o  e quat i on ( 30 ) . 

Equa t i on ( 22 )  will also  be  needed for the evaluat i on of  

equat i on ( 2 1 ) .  

To  obt ain the t otal expect e d  sky wave the c omponent 

above must be c ombined with the spec ular c omponent refle c t ed 

from the unperturbed point of  symmetry mi dway between the  

t ransmit t er and  the rece iver . In  c ombining these  two  

c omponents  due regard must b e  pai d  to  their relative phases . 

Care must b e  exerc ised  whe n  t he p os i t i on oc cupie d by the 

wave group enc ompass e s  t he p oint o f  symmetry . 

�hen t he p osition of t he gr oup centre  i s  displaced  

slight ly from  the p oint o f  symmet ry t he value s o f  � required 

for the spccuJ ar and gr oup r e f le c t i ons di ffer s light ly . The 

gre ater  t he di fference in the requirad values of J3 , the 
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l e s s  t h e  ove rlap b e t w e e n  t h e  t w o  r e fle c t i n g  areas . \Vhen the 

group c e ntre is at tha p o i nt o f  symmet ry t h e  spe c u lar 

r e fl e c t i on point is i de nt i c al t o  one of t h e  gr oup r e f le c t i on 

p oi nt s . 

As t h e  wave group moves over t he p o i nt o f  symmetry 

t h e  specu lar r e fl e c t i on s l owly merges w i t h  one o f  t h e  gr oup 

r e fl e c t i on point s .  S in c e  abs o lut e re f l e c t ing are a s  are n ot 

known , i t  is n ot p os s i b l e  t o  det erminP. t h e  exact rat e at 

whi c h  t h e  s p e c u la·r c ant ri".�ut i on should be d i sregarded in 

order n ot t o  c ount i t  t wi c e . For reas on s out l i n e d be low 

it is pr obab ly -:<dvisable t o  d i s c ount t h e  s p e c u lar contribut ion 

whenever t he w ave gr oup e n c omp a s s e s  the p oint of symm e t r y . 

The �b ove c a l c u la t i on o b vi ously c annot b e  c arri e d  

out f or e very p os s i b l e  value of x • A c ontinuous curve must 

b e  built up by strai ght line int erpolati on b e t w e e n  p oint s 

c al c u l a t e d  f or a c h o s e n  s erie s o f  p os i t i ons x .  Th e i n c r ement 

of x must b e  c h o s e n  t o  b e  s u f f i c i e n t l y  small to avoid 

e x c e s s i v e  d i s t or t i on d u e  t o  t h e  linear int erpolat i on .  The 

fine d e t ai l  due t o  t h e  int e r f e r e n c e  b e t w e e n  the group sky 

wave and t h e  s p e c u lar sky w � v e  is unlikely t o  b e  o b s e rve d in 

prac t i c e . 

The disreg�rding o f  t he s p e c u lar c on t r i but i on when 

the p os i t i on of t he wave gr oup i n c l u d e s  t he point of symm e t ry 

has b e e n  sugge s t e d  as t h i s  enab l e s  an easy , r e a s on a b l e  

appr oximat i on t o  t h e  c or r e c t  s h a p e  o f  t h e  c urve . The p o s i t i on 

on t he c al c u la t e d  c ur ve when t h e  wave group first enc ompa s s e s  

the p oint o f  symm e t ry w i l l  b e  i n d i c at e d  b y  a sudden c hange i n  

m a gn i t u d e . The p oi n t  just b e f or e  t h e  dr op i s  c orre c t , as i s  

t he c a lc ulat e d  v� lue c or r e sp on d i ng t o  t h e  wave gr oup b e i n g  
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centre d on t he point o f  symmetry . Using t he cur ve be tween 

these two points a s  a mode l  t he tw o poin t s  can be j oi ne d  

pr oviding a n  approximate c urve in this re gi on . Since this 

i s  also the regi on in which the appr oximat i on o f  ray opt ic s  

i s  suspect ( sect i on 1 -4 ) , t here i s  lit t le t o  be gaine d  by 

impr oving this me thod . 

2-6 : The e xte n s i on of t he pr ocee ding w ork in  thi s sec t i on 
t o  an arbitrary length ac ous t ic group. 

The preceeding met ho d  may be extende d  in order t o  

inve st i gate t he s ky wave s ignal t o  be e xpected fr om an acous t ic 

gr oup whose length i s  t oo great f or t he appr oximat i on o f  

sec t i on 2-2-3 t o  be c onsidere d reasonable . The l ong group 

is subdivi de d  int o any numbe r  of gr oup s , provide d  t hat e ach 

indivi dual gr oup i s  s mall enou gh f or the appr oxima t i on 

menti one d above t o  hold . The e ffect of each group i s  

calc ulate d individually ood t he se are summe d  be fore being 

c ombine d  with the specular re flec t i on as out line d  a bove .  

As  this f orm of analysis has oot bee n nee de d in 

this w ork t he de tails o f  this exten s i on are n ot given here 

but in appendix one . 



S ECTION THREE : A DES CRIPTION OF THE EXPERIMENTAL M ETHOD . 

An out line o f  t he experiment ha s already been 

given in s e c t i on 1-1; in this sect i on the methods used 

to carry out the experiment are descri be d .  Thi s  i s  done 

in a b lock diagram form without great detai l as to how 

each bloc k  performs i t s  allott� d func t i on . Brie f ment i on 

is  made of  s ome of the  more general prac tical  c ircuit 

requirement s ;  i f  more detail  i s  require d  the reader i s  

re ferred t o  t h e  simplified  circuit schemat ic and explana-

t ory not es  in appendix two . Finally in t hi s  section , 

ment ion i s  ma de o f  t he experiment al rout ine an d o f  the 

methods us ed to try t o  iden t i fy c ircuit  mal func t i on .  

3- 1 : The aerial sys t em . 

I n  order t o  observe eit her the ground wave or t he 

sky wave a syst em  must be us ed  which re j e c ts the unwant e d  

c omp onent . Thi s  r e j e c t i on must b e  of a high order . Since  

at  these  frequenci e s  it  is not possible  t o  obtain suffic i ent 

dire c t ivity with a single aerial some form of array is  

required . As t he dir e c t ivity  property can be obtained  

from t he array it self  maximum flexibi lity i s  obtaine d by  

choosing each e lement to  have a uni form vert ical polar 

response . 

The array used  c onsisted  of only two element s , t he 

c ommon axis o f  which was ori ent at ed t owards the transmi t t er . 

Eac h e lement ccnsist ed  o f  a hori zont al ferrit e rod  whose 

long axis was p laced  broadside  t o  the transmi t t er . Thi s 

had the inc i dental advantage that wit h the north-south 

transmi t t er-receiver orientati on any si gnals from 

Australia fell  int o the natural null of t he ferrit e .  Each 
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fe r r i t e  was v e ry b r oa d ly t uned and c ou p l e d t o  a p r e -

amp l i fi e r  w h i c h  f i r s t  mat c he d  i t  t o  t h e  c o- a x i a l  l i ne and 

sec ond provided a t rap to re j e c t  the l ocal  rad i o  stat i on 

( 94 0 kH z ) . I n  add i t i on the  f e r r i t e s  were  provided w i th 

e l e c tr o s t a t i c  s c r e ening t o  minimise  any l oca l p i c k-up . 

The u s e  o f  t w o  aerials  prov i d e s  the  ne c e ssary 

means by which s i gnals  of t he same fre quency might .be 

ident i fi e d  by t h e i r  angle of arriva l . For any one s i gnal 

arr i v i n g  the pha s e  d i f ference  between  t he s i gnals as 

ava i lable  from the  two � e r ials  i s  a measure of t he angle 

of ar r ival of  the s i gna l . N o  one signa l can be  s e le c t e d  

i n  pre f e renc e t o  a l l  ot hers , b u t  any one s i gnal may b e  

r e j e c t e d . This r e qu i r e s  phase shi ft ing , amplit ude mat c hing 

and a c ompari s on ampl i f i e r . A block d iagram o f  t h e  ac t ual  

system  u s e d  i n  t his experiment  is  s hown i n  f i gure  i x .  

/ 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Figu r e  ix : 

OUTPVT 

A b l oc k  d iagram of t he sys t e m  u s e d  in 

t his e xpe riment . 
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3-2 : Re je c t i on o f  t he gr ound wave . 

During the day t i me when only t he ground wave i s  

pre s e nt i n  a n y  s t rength t h e  p r e s e t  pha s e  sh i ft i s  s w it c h e d  

out a n d  t h e  var i ab l e  phas e  shi ft a n d  t h e  variable at t e nuators 

are ad j us t e d  unt i l  the output from t he di f f erenc e ampli f i e r  

i s  ( i deally ) ze r o .  I n  prac t i c e  the gr ound wave i s  r e duc e d  

by 40 d B  f r om t h e  s i gnal a vai lable a t  one aerial e l e ment . 

The h or i z ont a l  gr ound wave si gnal arr i vi n g  at aerial t w o  

lags t h e  s i gnal a t  a eri al one b y  360 D/� d e gr e e s . The 

variable pha se sh i ft ha s advan c e d  t h e  aerial t w o  si gnal by 

t h i s  am ount and a l s o  c ompensat e d  f or any d i f fe r e nc e b e t w e e n  

t h e  t w o  channels u p  t o  t h e  d i f f e r e n c e  ampl i fi e r . The 

r e s p o n s e  o f  the aerial sys t e m  is n ow o f  the f orm s h own i n  

fi gur e  x .  Thi s i s  bas i c ally the me t h o d  u s e d  t o  obtain t h e  

s k y  wave . The int e r -aerial spac i n g  u s e d  was 0 . 1 1  km • � 
As 

t he d i re c t i on o f  t he groun d wave i s  c onst ant day and ni ght 

any s i gnal output from t h e  amp l i fier at night i s  a s sume d t o  

be due t o  sky wave and w i l l  have b e e n  amp l i f i e d  b y  the 

aerial sys t em by an am ount whi c h  i s  a func t i on of t h e  angle 

o f  arri val . An ob vi ous , but u s e ful, ch e c k  on t he s ys t e m  

p e r f ormanc e  i s  t o  ensure t hat t he output r emai n s  z e r o  a l l  

day and ret urns t o  z e r o  t he ne xt day f o l l owing t he flu c t ua t i ons 

at night . 

3-3 : Reje c t i on of the sky wave . 

' i'hen , f o l l ow ing ad j us t i n g  t h e  sys t em a s  out l i n e d  

above , t he pr e s ent unit y gai n  p ha s e  lag !.1)1 i s  i n t r oduc e d  

int o the l e a d  f r om a e r i a l  one , i t  can e a s i ly b e  sh own t hat 

t ot a l  cance l lat i on w i l l  oc c ur from a si gnal arri ving at 

an angle a t o  t he h or i z ont a l , given by 
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b.rp = ( 36 0D/A. ) ( 1 -c os a. ) degre e s . 

The value of 6� needed f or any r eas onable value of  a. i s  

quit e  small and within t he range of  a simple  filter . For 

this r eas on a pre-set phase la g in lead one has been  used 

rat her than a preset phase advance in lead two as a low 

pass filt er i s  inherent ly le ss susceptible t o  noise than 

a high pass fi lt er .  The t otal  aerial re sponse pat t ern i s  

now a s  shown in figure xi . The pat t ern must be symmetric-

al about the hori z ont al  axi s sinc e the aerials cannot 

dist ingui sh between a signal from the sky and a s i gnal at 

a simi lar angl e from unde rground . 

The f irst att emp t s  t o  obt ain a r e lat ively unc ontam­

i nat ed  night -t ime gr ound wave were made usi ng thi s  approach . 

Th e value o f  a. was alt ered i n  an e ffort t o  ident i fy the 

angle o f  arrival of  the skywave . Success  would have been 

indicat ed  by a c onst ant gr ound wave signal and a varying sky-

wave s i gnal . This would only be  achi eved for one uni que 

angle of  arrival , and the lack  of suc c ess recorded is hardly 

surpri si ng .  I n  an  e ff ort to  overc ome this  a variable 

' pre-set  phase lag 6 � '  was employe d as shown in t he block 

diagram in figure xii . 

A voltage c ontrolled phase shi ft was ins ert ed  

in seri e s  with  the pr e-set phase  lag  6 �  • The voltage 

c ontrolled phase shi ft mus t  have a c onstant gain and i s  

driven by a ramp generat or whi ch i s  free running provi ded  

the  input t o  it  is high . During the day t ime , when 

the sky wave is absent , the out put of t he volt age 
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" "  

The p olar response o f  the aerial 

sys t e m  when s e t  up f or ground wave 

re j e c t i on .  

d B  

The polar r e s p onse o f  t he aerial 

sys t e m  when set to re j e c t  s i gna ls 

with an angle o f  arrival o f  60° • 
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OUTPUT FROM 

DIFFERENCE AMP. 

Figure xii : The add i t i ons required t o  t he syst e m  shown i n  

f i gure ix  t o  e nable  t hat syst em t o  hunt f o r  t h e  

sky wave . 

c ontrolled phase  shi f t  i s  he ld at zer o .  The c i rc u i t  i s  

t h e n  a d j u s t e d  a s  descri be d  above t o  produc e  a nul l  a t  an 

a n g l e  n less t han the mini mum expe c t ed angl� o f  arr iva l  

o f  t he sky wave . The out pu t  from the  d i fference amp l i fier  

i s  the  s ignal due  t o  t he ground wave  and  this  is  ampli f ie d , 

re c t i fi e d  and measur e d . A n  e qual voltage i s  us e d  as t h e  

ground wave D . C .  re fere nc e . 

A t  ni ght t h e  out put from t he d i f ferenc e amp l i f i e r  

i s  n o t  nece ssari ly pure ground wave bu t  may be c ontaminat e d  

by sky wave . T his  out put i s  a mpl i fi e d , re c t i fi e d  and 

c ompared w i t h  the day t ime ground wave re ferenc e . The 

c omparat or used  provides a pos i t ive out pu t  if t he t w o  

s i gnals di f f e r  by more t h a n  a pre-de termined frac t i on , 

and t h i s  output i s  u s e d  t o  provide t he i nput t o  t he 

volt age c ontrolled  phase shi ft . S inc e t he magni t ude 
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o f  the pure ground wave si gnal expected  i s  a func t ion 

of  a a c ompensati ng circuit i s  i nc luded s o  that the 

c omparat or is always present ed with a r e ferenc e signal 

appr opriat e to the elevat i on angle of the resp onse pat t ern 

null . 

When the null i n  the aeri al response  pat t ern i s  

a t  the same angle a s  the arri ving sky wave , the out put 

from the c ompa rat or goes l ow and the circuit c eases t o  

hunt , remaining stab le unt i l  the gr ound wave i s  agai n 

c ontaminat e d .  The value of the angle a a t  which the 

sky wave i s  arriving can be  det ermined by measuring t he 

input t o  the voltage c ont rolled phase shi ft . 

3-4 : Limi t at i ons of the aut omat i c  sky wave reject i on 
circuitary . 

Since  the n ormal specular refle c t i on w ould be  

expected  t o  exist at all  t imes during the night , t he fluct -

uating night -time sky wave must b e  expected  t o  c onsist o f  

c ontributi ons arrivi ng at a t  l east two  angle s .  Because 

of  thi s  i t  might at first seem imp ossible  t o  use the method 

out line d above t o  hunt down and r e j e c t  the sky wave . 

Whilst it  i s  not possible t o  t rack weak non-specular 

r e f le c t i ons in this way , the non-specular refle c t i ons o f  

c onc e rn in this experiment mus t have a great er amplitude 

t han the spe cular r e flecti on in or der to produce the high 

sky wave levels observe d . I t  i s  possible t o  t rack a 

st r ong refle c t i on in the presen c e  o f  a r e lati vely weak 

spe cular refle c t i on by provi ding a dead band in the 

c ompara t or .  This decreases the accuracy with whi ch the 

angle of arrival  can be me asu re d .  Small event s  wil l  not 
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c au s e  t he c ir c u i t  output t o  c hange an d the u s e ful n e s s  

o f  t hi s  t y p e  of c ir c ui t  i s  t h u s  l i mi t e d  t o  large o r  what 

m i ght be t er m e d  ma j or e ve nt s whose non- spe c u lar c on t ribu-

t i on oc c urs s o l e ly from one l i mit e d  ar ea . A ma j or e vent 

c onsi s t i ng o f  s t rong r e fl e c t i ons from t w o  or more s eparat e 

areas w i l l  cause t he c i r c uit t o  c on t i nu e  hunt ing , b e ing 

unable t o  find any one p os i t i on to r e j e c t  all the large 

sky waves . A further l i m i t at i on of t he sky wave re j e c t i on 

c ir c u i t ry may b e c ome appar e nt f ol l owing a p e r i o d  o f  hunt -

ing . �he n  t h e  r e c ei v e d  sky wave , havi ng b e e n  due t o  t w o  

o r  m or e  m a i n  r e f l e c t i on s , b e c om e s  due t o  o n e  r e f le c t i on 

a l one , the c ir c u i t  w i l l  c e ase t o  hunt and w i l l  r e c ord t he 

angle of arr i val of t h i s  s i gna l . ·Vh e n , however , t he l a s t  

t w o  ( or m or e ) ma j or r e f l ec t i on s  c ease t ogether ( or within 

one sweep o f  the c i r c uit ) a false indicat i on may oc cur . 

Whe n  t h e  s i gnal input int o t h e  c ompar at or i s  due only t o  

gr ound wave , t he c ir c uit i s  s t ab le at any angle due t o  t h e  

gr ound wave r e ferenc e c orr e c t i on c ir c u i t . Th e r e f or e  hun t -

i n g  w i l l  c ea s e  a t  t h e  di sappearanc e o f  a l l  ma j or s ky wave 

c ompon e n t s  and the out put , whi c h  nor ma l ly c or r e s p onds t o  

t h e  angle o f  arrival , w i l l  r emain at what e v e r  value i t  

had a t  the t ime o f  d i s appearanc e .  Event s of t hi s  kind 

c an be d e t e c t e d  by c ar e fully e xamining the sky wave 

r e c ord to e s tablish whether a ma j or peak was o c c ur r i n g  

at t h e  time hun t i n g  c e ase d .  

f ound i n  f i gure x i v ( a ) . 

Examp l e s  o f  t h i s  c an b e  

3- 5 :  An out line o f  prac t i c al c ir c ui t  d e t ai l s . 

The operat i on o f  t h e  radio fre quency c ir c ui t ary 

ha s b e e n  out line d ab ove i n  t e rms of b l o c k  diagrams . A 
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d e t ai l e d  d e s c r ipt i on o f  th e c on t e n t s  of e a c h  b l o c k  w i l l  

not a d d  mat e rially t o  an under s t an ding o f  t h i s  wor k ;  i f  

d e s ir e d  s i mp li fi e d  s c hemati c c i r c ui t s  may b e  fo und i n  

appendix two . H ow e ver bri e f  me n t i on i s  made o f  

par t i c ular r e quiremen t s  p la c e d  o n  vari ous c i r c ui t  b l o c k s  

i n  t he or der a si gna l w ould m e e t  t h e m . 

The aerial uni t s  have already b e e n  d e s c ri b e d . 

They are c onne c t e d  t o  t he r e s t  of t he c ir c uit by c oaxial 

cabl e , w hi c h  also serves t o  c arry p ower up t o  d r i ve t h e  

c ir c u i t s in t h e m . Thi s  c oaxi a l  c ab le has t o  b e  fairly 

care fully mat c h e d  at e it he r  e n d  t o  p r e ve nt p i c k  up of l o c a l  

s i gnals . The amp l i fi e rs which r e c e i v e  t he s i gnal from the 

a e r i a l s  are c onvent i onal wi t h  d ouble t uning b e t w e e n  st a ges . 

P r o v i d e d  a c ommon l o c a l  osc i l lat or w e r e  u s e d  f or t he t w o  

c hanne l s , superh e t r odyne r e c e i v e r s  c ould ha ve b e e n  u s e d ,  

but t he s i mple r e c e i ve r s  p r o v i d e d  su f f i c i e nt s e l e c t i vi t y i n  

thi s e xp er im ent . The di f f erenc e amp l i f i e r s  w e r e  int e grat e d  

c i rc u i t s  c h osen f or hi gh c o mmon mode r e j e c t i on .  A s  t he 

s i gnal l e v e l s  at the out put s o f  t h e s e  amp l i fi e r s w e r e  

n ormally l ow e r  t han e i t h e r  of t heir t w o  inpu t s  t he r i s k  o f  

s i gnal d e grada t i on by n o i s e  p i c k  up was p oss i b l e . T o  

gua r d  against t hi s  t he f i n a l  out put st age o f  t he d i f fe r e nc e 

ampl i fi e r was a furth er si ngle t un e d  s t a ge , whos e gai n  was , 

f or c onvenienc e ,  ma d e  vari ab l e . 

F o l l ow i n g  s eparat i on the s i gnals w e r e  c onvert e d  

t o  D . C .  b y  a simple peak rea ding d e t e c t or . The r e c t i fying 

diode was , of c ours e , non linear when only s l i gh t ly f orward 

bia s e d  but approximat e l y  linear lat er . S inc e large 

s i gnals are t he mai n  area o f  i n t e r e s t , t h i s  was f e lt t o  be 
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a d e qua t e . The small t im e  c on s t ant bui l t  int o the 

c i r c uit at t enua t e d  t he s i gnal f l u c t uat i on due t o  t h e  

modula t i on , and , init i a l ly , t h e  type o f  r e c order us e d  

was r e l i e d  upon t o  c omp l e t e  t h e  r e m o val , a s  far a s  p os si ble , 

o f  the r e maining ' hi gh '  f r e quency s i gnal f luc tuat i on .  The 

r e c or d e r  u s e d  original l y  was of t he dot print i n g , m oving 

c o i l  type with a na tural c u t - o f f  at about one her t z . 

' 'li t h  t he lat e r  avai labi l i t y  o f  a mul t i c hann e l  U .  V .  :c� e c or der 

whose galvanom e t ers ha d a 3dB p oint o f  3 00 hert z ,  an 

ampli f i e r  w i t h  a va r iable t ime c on s t ant was us e d  for each 

s i gnal t o  b e  re c or de d .  The t i m e  c on s t ant o f  t he a mp l i f i e r  

w a s  variable f r om t e n  s e c onds t o  ab out o n e  t h ou s and s e c onds . 

I t  was originally int e nd e d  t o  a t t e mpt t o  measur e 

pha s e  shi f t s  i n  t he r e c e i v e d  sky wave , u t i li s i n g  the pure 

ground wave as a r e f e r e nc e . S i n c e  even the aut omat i c  

hunt ing c ir c u i t  f or sky wave r e j e c t i on ha d t he s e vere 

l i m i t at i on of only b e i n g  able to d e a l  wit h one s t r ong sky 

wave s i gnal at onc e , it was not p o s s i b l e  t o  ensur e  an 

unc ont aminat e d  gr ound wave s i gnal at night . During m oderat e 

and h i ghly d i s t urbe d s ky wave c ondi t i ons the p r op ort i on o f  

t ime during whi c h  the sky wave r e j e c t i on c i rcuit w a s  hunt ­

i n g  was s u f fi c i e nt ly h i gh t o  prec lude t he use o f  a pha s e  

r e ferenc e o s c i l la t or f lywhe e l  s ynchr oni s e d  t o  t h e  t ime 

average d gr oun d wave . 

3 -6 : �e r i ment al r out i ne . 

The c al i brat i on p r o c e dur e d e s c ri b e d above was 

c arr i e d  out each aft ernoon , r e c ording b e in g  aut omat i c a l ly 

c arr i e d  out fr om short ly b e f ore dusk t o  s h or t ly a f t e r  dawn . 

S inc e t he main stati on r e c or de d , 2 YA , normally t ransm i t s  



t w enty - f ou r  h our s a day , t h e  normal c he c k  agai nst a 

failure i n  equipment or c al i brat ion was t o  make sure t hat 

the s ky wave s i gnal r e t urne d t o  z e r o  t he ne xt day . The 

one oc c as i on per fortnigh t  whe n t he t ransmi t t er was shut 

d own f or n o rmal maint e nanc e was part i c ularly u s e ful f or 

c h e cking for evi d e n c e o f  int er ferenc e f r om out s i d e  s our c e s . 

N o  c a s e  of out s i d e  i n t e r f e r e nc e was det e c t e d . Dur ing t he 

r ou t i ne maint enan c e  at t h e  t ran sm i t t er it w ou l d  o c c a s i onally 

be k e y e d  on for a s e r i e s  of shor t i n t e r val s . U s e  was made 

o f  t h i s  t o  c h e c k  the operat i on o f  t he c i r c u i t s  f or aut oma t i c  

s ky wave hun t i n g  and r e j e c t i on . 

s h own i n  figure x i v ( a ) . 

An e xamp l e  o f  t h i s  i s  
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SECTION FOUR : Result s ,  c onc lus i ons and suggestions . 

For c onveni enc e the result s present e d  in this 

sect i on are divi de d  into two part s .  First the results 

obt aine d from the earli er work using slow chart speeds 

are present e d .  H owever , be fore the lat er result s using 

hi gher chart speeds are present e d ,  an acc ount i s  given 

of  the selection and analysis  proc edures  follow e d  f or 

these result s .  

N o  exp�riment i s  ideal n or provi des all  the 

result s that c ould be  required in a form that ic  e R c y  

to di gest . There fore the final part of  this sect i on i s  

devoted  t o  a review o f  some o f  the weaknesses  o f  this 

experiment , with suggesti ons given for improvement and 

ext ensi on in the hope that they will  be of use in future 

resear c h .  

4- 1: Result s of early work . 

In  the init ial stages recordings were made on 

chart pape� moving at a spe e d  of one i nch per hour and a 

maximum of two channels could b e  recorded  simultane ously . 

The slow chart speed  prevent e d  any detailed study beine 

made of  the struc ture of the night -time sky wave . H o ·r-

ever the hi ghly variable strength of the sky wave si gnal 

became apparen t as did the surprizingly hi gh level reached 

on oc casions . A section of  a typical nights rec ordi ng is  

show n  in  figure xi i i . 

Secti on 3-3  discusses the difficulty of  measuring 

the angle of  arrival of the sky wave by varying  the 

posi t i on of  the aerial pa tt ern null on a trial and error 

bas is .  However inspe c t i on of  rec ordings made over a 
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n 1 z 

• 5 

A t yp i c a l  n i gh t ' s  rec or d . Local t ime a s  

marke d ,  t op 

t ra c e  angle 

t rac e sky wave amp l i t u de , 

o f  arrival ( ab . = 26° ) . 
as�c  

bot t om 
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period of some weeks wit h  different null  posit ions 

showed t hat for any reasonable value of a ( as defined 

in 3-3 )  t here would be occasions on which part icular 

peaks would be suppressed. Events of this type were 

not iced by comparing t h e  records wit h  anot he r set made 

simul t aneously using re ject ion of t he ground wave. 

There was without doubt no unique angl e of 

arrival ; t he range of skyward null  angles which produced 

noticeabl e peak suppression was very large ( 30 degrees t o  

80  de grees e levat ion ) .  Since one peak would be suppressed 

whilst neighbouring ones would not , and considering t he 

effective an gular widt h of a null  ( approximat e ly 1 0  

degrees for a minimum of 30 dB amplitude suppression) ,  it 

was f e l t  that successive maxima oft en came from quit e 

diffe rent areas of t he ionosphere . The t heory that smal l  

random fluctua t i ons around the specular reflect ion point 

gave rise t o  t he high sky wave le vels observed did not , 

therefore , seem t o  fit the general case , alt hough it may 

be t rue for some event s .  

I n  order t o  furt her examine the arrival angles 

of t he sky wave the aut omat ic sky wave rejection circuit 

described in section 3-3 was developed and used . As 

might be e xpect ed in view of t he limitat ions of t his 

c ircuit , an appreciable percent age of t he t ime was spent 

in cont inual hunting ( see  figure xiii ) .  �hen not hunt ing 

most of the  time is spe nt jumping from one arrival angle 

to anot her wit h  lit t le obvious patt ern . On occasions 

t he arrival angle changes in a monotonic way ( se e  

figure xiv ) . This su ggest s a st eadily moving reflection 
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(a) 

1 1.7.71 

(� 

12.7.71 

I • 7 

• t l  t t  

Figure x i v :  R e c ords , t op t ra c e  sky wave ampli tude , bot t om t ra c e  I 

angle o f  arriva l , l oc a l  t i me as marke d . ( a )  shows  

e xamples of  false  indicat i on of  angle  o f  arrival  and  

( b ) and  ( c )  show e xamples o f  the  mon ot on i c  variat i on 

i n  t he angle of arr i va l  w hi c h  f i rst sugge s t e d  a 

st e a d i ly mov i ng sourc e . The e xample i n  ( b )  i s  rare 

and oc curs over a l onger t �me pe r i od t han can be 

e x�lai n e d  in t e rms of t h i s  work . 
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z one , the  signal from whi ch vari es  in st rength as the 

z one move s . These  c ould be the types of refle c t i on 

c onsidered in this  w ork . With the  advent of a high spe e d  

c hart rec order i t  was h oped  t o  study in more detail  the 

variat i on with  t ime o f  t he angle of  arrival in this  t yp e  

of event . H owever , when su f fi c i ent sensitivi t y  i s  

obtained t o  measure t h e  angle o f  arri val o f  each of  the 

peaks o f  a sequenc e ,  the circuit also bec omes sensit ive 

to other re flec t i ons . For this reas on the record  i s  

often spoilt by refl e c t i on other th an one from the moving 

re fle cti on z one . 

The main t est  as t o  whether an observed event 

can be descri bed  su c c e s s fully by t he theory of  secti on 

two  i s  t aken t o  be the produc t i on o f  a theoretical  curve 

to match  the prac tical curve wi th  physi cally reas onable  

value s for all  parame t ers . 

4-2 : The determinat i on of  paramet ers fr om re c ords  made 
using a high c hart speed . 

There are five paramet ers  re quired  be fore an 

at t e mpt  can be made to fit th e t heoretical  amp litude vs . 

distan c e  curves t o  the  experiment al ly obt ained amp li tude 

vs . t ime curve s . These are the pert urbat i on height ( H ) , 

the  perturba t i on velocity ( V) ,  the pe rturbat i on wave length 

( 1 ) , the e f fective number of perturbati on waves in the 

gr oup ( N )  and the rat i o  of  pert urba t i on wave length t o  

amplitude ( 1/A ) . These are not independent and two  must 

be kn own i n  order that t he other t hree can be  det ermine d .  

The t w o  about which mos t i s  known are t he hei ght H and 

veloc i t y  V and these  are there fore chosen t o  be the 

independent variables . By rec or ding at the higher chart 
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speed  i t  i s  possi b l e  t o  make measure ment s wh i c h  w i l l  enable 

t w o  o f  t he three  remai ning paramet ers to be c a l c u lat e d . 

A n  inspec t i on o f  the e quat i ons which  de fine the 

theor e t ical  c urves shows that the t e r m  whi c h  change s mos t 

for a given c hange in  group pos i t i on i s  s i n  N y/sin  y • 

y w i l l  a lways be z e r o  a t  x = � S , leading t o  a maximum 
. 

o f  this term  at t hi s  pos i t i on ( or t ime )  w h i c h  may be 

re ferred  to as the c e ntral max i mum . The n e xt max imum o f  

t h i s  t e rm w i l l  oc c u r  whe n + y = - Tt , whi c h  oc c urs when the 

pert urbat i on group is  at a posit i on -a- S !  � x 1 • By using 

the d e f in i ng e q ua t i on o f  y ( 1 4 ) , a c urve o f  � x1 v s . L 

can be  p l ot t e d , as i n  figure xv . 

F igu r e  
. 

xv: 

L in km. 

1.5 

H= 85 k m. 

D = 1 10 km. 

V=250 ms-' 

570 kHz 

t ime in m i nutes 

1.5''-
-------------------J 

A p l ot of  L vs . � x ,  t he lat t er axis being 

calibra t e d  i n  t ime on the assump t i on t hat t he 

-1  
vel oc i t y  o f  s ound a t  a h e i gh t  o f  85  km i s  2 50 ms • 
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Using t hi s ,  a measur ement of  the t ime between the  central 

maximum of the pat t ern and eithe r  of  the adjacent maxima 

yields at onc e  the wave length o f  the perturbat i on .  Sinc e  

the t i me s  involved a r e  o f  the or der o f  minut e s  L can b e  

measur e d  t o  reas onable pre c i si on provi ded V and H are 

assumed ac c urat e . As  will  be shown , y i s  an appr oximat e ly 

linear funct i on of  posit i on for small values  of 6x  , and 

this is used  in  the e s t i ma t i on of  N • 

To express  y as a funct i on o f  6x e qua t i on s  ( 1 4 ) ,  

( 27 )  and ( 2 8 )  are us e d .  J:::xpressing these  i n  t erms of  b. x  , 

they bee  ome , 

y = ( -2 n: L/A. ) sin 13 sin ( Q - 13 ) , 

t an Q = H/( -� S + b. x )  , 

and tan ( Q - 2]3 ) = H /( �  S -6 x ) . 

S inc e c os A - c os B = 2 sin � ( A + B ) sin � ( B - A ) , 

2 sin  J3 sin ( Q - J3 )  = c os ( Q - 2 J3 ) - c os G • 

Using c os A =  1 /(1 + t an2 A )-a- , subst ituting  and manipulat ing 

yields 

{H( � ,S -!'.x )  
� sinpsint G- j3) = 

Provided  6 x  i s  small b ot h  ( �  S + 6x ) /H and ( � S - b.x) /H 
are small  c ompared t o  uni t y , and without incurri n g  an 

unreas onable error only the first two t erms of  the 

e xpansi on 

= 

n e e d  b e  c onsid ere d . 

1 2 1 + 2 X 1 4 
- E X + • • • •  

S ubstituting and simplifying gives 
-H 6x 

sin  J3 sin ( Q - J3) = 
( 1 ) 2 2 ( ) 2  2 S + H - 6 x  
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Considering t he val ues  o f  S ( =  1 1 0 krn) and H ( = 8 5  krn ) 

appr opriate t o  this experiment , t he ( 6 x ) 2 t erm in 

the bott om line of  this expression may be  ne gle c t e d  t o  

first order for small  value s o f  6 x  • Henc e :  

Thi s may not b e  accurat e enough for det ermining L 

from the separat i on of  t he or ders but i s  adequat e  f or 

est imat ing t he value o f  N by t he method below , since 

for an ideal perturbat i on gr oup N can only have int e ger 

value s . 

For 6 x1 

then approximat ely  

as de fine d above , y = + Tt ' and 

Let 6 x2 be the ha l f  width of t he c en t ral maximum at 

X = � S • 

These minima occur when + 
Ny = Tt , and there fore approx-

ima t e ly 

N 

Subst itut ing for L give s 

This c l early provides  a si mple method of est ima t ing N • 

4 -3- 1 : Recogni t i on of s ignific ant even� from high spee d  
rec ords . 

The fu ll ni ght ' s  r e c or d  i s  inspe c t e d  by eye 

and s e c t i ons with peaks at regular int ervals are s elec t ed . 

The se  are then mor e  c l osely examined and c ompared with 

a set  of  calcula t e d  cur ve s , s uch as the set  shown in 
figure xvi . 



Amplitude 

5 

4 

Figure xvi : 

10 

I 
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N= 4 

L = 1 km 
570 kHz 
L/A as ma rked 

A set o f  t he or e t ical c urves of sky wave 

ampl i t ude v s . group posit i on , c a l c u la t e d  

= 1 0
8

m
- 3  

D = 1 1  0 km , H = 8 5 k m  a n d  N e for 

For c larity the zero on each c urve has been  

o f fs e t . 
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I t  i s  obviously not possible  t o  plot all curves t hat 

mi ght be required but one may int erpolate  between  curve s 

provid e d  the e f f e c t  o f  varying the paramet ers L ,  N and 

L/A is known . The e ffect  of  varying L and N can 

be pre dic t e d  from a knowle dge of diffrac t i on grat ings : 

increasing L be ings t he pe aks c loser t ogethe r  in  time 

and increasing N make s the  pe aks sharper . The e f fect  

of  varying L/A i s  n ot s o  obvi ous ; t he range over whi ch 

refle c t i ons c an occur decreas e s  and also t he positi ons of 

the  ' mi s sing or ders ' changes . 

A s e c t i on of  r e c or d  i s  c onsid�r e d  t o  be  reason-

ably described  by the  the ory in this  work if  i t  meets  

four c onditi ons . The first of these  i s  that there must 

be more than three r e gularly spac ed pe aks . This 

prevent s the  det e c t i on of pat t erns due t o  very low value s 

of  L/A but is adopt e d  i n  an e f fort t o  minimis e  the 

pr obabil i t y  of c ount in g  random pe aks as a signifi cant 

group . S e c ondly th e rank or der of he i ght of all peaks 

other than the c ent ral one mu st be  as pr e di c t e d by the ory . 

Thi rdly the area between t he re gular peaks mus t look 

similar t o  that pre di c t e d the oret ically , in  part icular 

it mus t not c ont ain any ot her peak . Finally t he group 

vel oc it y  de duc e d  by relating t he practi cal amplitude vs . 

t ime curve with  the theoret ical amplitude vs . posit i on 

c urve must yield  approximat ely - 1  
250 m s  , the veloc it y  

of  sound at a height o f  85 km • 

This method of  proc e s s in� the results favours 

int e rmedia t e  val ue s of  L/A . �ven t s  due t o  low value s  of 

L/A are unlike ly to be  not ic e d ,  whi lst e vent s with high 
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values o f  L/A a1·c unl i ke ly t o  oc c u r  w i t hout ac q u i r i n g  

at l e a s t  one e x t ra p e a k  d u e  t o  a rand om reflec t i on . 

Event s were only noted  for which t h e  predi c t e d  wave -

l ength L lay in the  range 0 .  7 5  km t o  1 .  5 km • 

4 -3-2 : R e s u l t s  obtained from high spe ed rec ords . 

U s i ng the  s e l ec t i on c r i t e r i a  given above a t ot a l  

o f  82 a c c e ptable e ve n t s  w e�e observed from 60 n i ght ' s  

r e c ord i n g .  A hist ogram o f  t he oc c urenc e o f  var i ou s  values of  

the  wave length L i s  show n  in  f i gure xvi i , where a s e c ond 

axis  c a l ib ra t e d  i n  fre quency i s  provided ( the speed o f  

s ound at 85 km be i n g  assume d to be - 1 
2 50 ms ) • S in c e  

t he se l e c t i on procedure i s  h i gh ly biased t h i s  h i s t ogram 

should not be taken.  as n e c essarily givi ng �ny i n forma t i on 

a bout t he re lat i ve fre quency o f  oc c u rrence  o f  the d i f ferent 

wave lengths but rat her as a rec ord o f  t he event s observe d . 

no. 

30 

20 

Figure  xvi i :  

mean : 1.1 

s.d. :0.18 

A h i s t ogram o f  t h e  occ urrenc e o f  de t ec t ed 

va lues of  L i n  a t otal populat i on o f  82 . 
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An e xample o f  t he g o od a gr e e m e n t  b e t w e e n  

t h e ory a n d  e x p e r i m e n t  obt a i n e d  b y  u s i n g  s u c c e s s i ve 

approxima t i on s  t o  get a b e s t  f i t  i s  shown i n  fi gure xvi i i . 

Th e fa s t  be a t i n g  b e t w e e n  t h e  s pe c u lar and non-s p e c u la r  

c omp on e n t s i n  t h e  pr e d i c t e d  c urve w ou l d , not i f  i t  

oc c u r r e d  i n  prac t i c e , be  s e e n  on t he e xp e r i m e n t a l  c urve 

b e c a u s e  of the l ong t i me c on s t a n t  assoc i a t e d  w i t h  the 

r e c order c i r c u i t s .  I n  t h i s  s e c t i on of t h e  r e c ord on t he 

(' 

amplitude 

2 1 00 

amplitude 

- J O  J O  

\ 
,r :. :1 • 

21 05 

90 120 

loc a l  t i me 

2YA 

9 Oct 1971 

s.w. 

D = 1 1 0  km 
H - a s km 
L 1 k m  
L/A = 1. 1 
n 

= no kHz 
Ne = 1 o1 m-3 

posit ton x km. 

By companson veloc it y = 258 m s- 1 

Figu r e  xvi i i : A n  e xample o f  t h e  good a gre e m e n t  b e t w e e n  

t h e ory and e xp e r i me n t  obt a i n e d  by u s i ng 

s u c c e s s i v e  approxima t i on t o  get a b e s t  f i t . 
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9 t h  Oc t ober 1 97 1 , the max i ma o c c u r  a t  t w o  and a hal f 

minu t e  i n t ervals . Exa m i n i ng t h i s  rec ord s t a t i s t i c a l ly 

u s i ng t he Wa l d- Wo l f ow i t z  Runs Test ( s e e , for e xamp l e , 

S I EGEL , 1 9 56 ) t he hypot h e s i s  t ha t  peaks s pa c e d  by 2� 
m i nu t e s do not  c ome from t h e  same popula t i on as a l l  

ot her peaks i s  s i gni f i c a n t  a t  a b ou t  t he 0 . 1 %  le ve l .  That 

i s , if a l l  peaks were t ot a l ly randomly s pac e d  t h e  c hanc e 

o f  t hose peaks spac e d  by 2� minut e s  o c c urring in t h e  

d i s t r i bu t i on o b s e r v e d  on O c t obe r 9 t h , 1 97 1 , i s  a b o u t  1 i n  

B oo .  The l i m i t a t i on s  o f  t he angle o f  arri va l  measuring 

e qu i pm e n t  have a lr eady been n ot e d .  Figure xix s h ows one 

1 angle of 
arr ival 
degrees 

70 

67 

63 

57 

* theoretica I value 
42 ----��------� 

Fie;ure x i x : 

by compa r i s o n  veloc i t y = 2 5 3 m s-1 

The angle o f  arri va l ( t o p )  o f  t he 

obs e r v e d  s k y  wave a mp l i t ud e  ( mi d d l e ) . 

The s t ars g i v e  t he t h e or e t i c a l  va lue s 

o f  angle o f  arrival c a l c u la t e d  for t he 

p os i t i on s  o f  t h e  peaks of t he c ompu t e d  

c u r v e  ( b ot t om ) . 
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of the  few unc ontaminat e d  rec ords of angle of arrival 

t o�ether wit h the obs erved sky wave amplit ude  and a 

c omput e d  curve . The s t ars indi c at e  the the or e t i cal 

value s of angle of arrival c alculat e d  for t he posit i ons 

o f  t he pe aks o f  this  c omput e d  c urve . The dead z one in  

t he c omparat or le ads to  an  unc ertainty in  t he angle of 

arrival whi c h  is i t s e l f  a func t i on of the angle of arri val . 

Typical  value s for this  uncertainty would b e  t e n  perc ent 

f or an angle of arri val o f  forty degr e e s  decreas ing t o  one 

perc ent f or an angle o f  arri val of s e vent y  degre e s . A s  

the  skyward n u l l  in  the aerial response patt ern always 

appr oaches a given angle from b e l ow ,  the  experimental value 

for the  angle of arrival wi ll  always be l ow . 

A t t e mpt s ha ve b e e n  made t o  observe the sky wave 

from e i t her 2YC or 2YZ at the same t i me as t he sky wave 

from 2 YA .  T he transmi t t ers f or 2 YA ( 57 0 kHz )  and 2YC 

( 66 0 kH z ) are at t he same sit e and therefore sky wave s  for 

t h e s e  frequ en c i es w ould have very s i mi lar paths . The 

t ransmit t er for 2YZ ( 630 kHz )  lies on an approximat e ly 

rec ipr ocal bearing t o  the 2YA t ransmi t t e r . I t  was hop e d  

t hat using the  s ky waves for 2 Y A  and 2Y Z an add i t i onal 

det ermina t i on of the dist urbanc e veloc ity  c ould be made , 

and using 2 YA and 2YC two  i ndependent measur e me n t s  c ould 

b e  ma de of the paramet ers  of the i onospheric disturbanc e . 

A high degr e e  of similarit y was not ed between 

sky wave amplit udes observed s i multane ous ly from 2YA and 

2YC . S ome t ent at i ve ident i fi c at i ons of pairs o f  s e c t i ons 

of sky wave pat t erns have been made , t he two members o f  t he 

pair being eit her s i multaneous ( 2YA and 2YC ) or spac e d  in  
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t i me ( 2YA and 2YZ ) . The s e  i d e nt i f i c a t i ons , w h i l e  

giving phys i c a l ly reas ona b l e  values  for the va ri ous  

parame t e rs , d o  not agr e e  su f f i c i e nt ly well  w i t h  t h e ory 

t o  be c on s i d e r e d  more t ha n  p os si b l e  event s . The fai lure , 

s o  far , t o  obtain  pos i t i ve c on f ir mat i on u s i n g  a s e c on d  

fre quenc y  of t h e  r e s u l t s obtained u s i n g  one frequency 

c ould be  due t o  a numb e r  of fac t or s . Bot h 2YC and 2YZ 

c ease t ransmi s s i on a t  1 1  p . m . t hus re s t r i c t i n g  observa t i on s  

o n  t h e s e  freq uenc i e s  t o  the r e lat i ve ly l e s s  d i s t u r b i n g  

ear l i e r  p a r t  of  t h e  night . A change i n  f r e que n c y , path 

l e ngth or t ransmi t t er rad i a t i on pa t t e r n  eac h produc e s  

c hanges in  t he t h e ore t i c a l  pa t t e r n  expec t e d .  Figu r e  xx 

shows a pa i r  of c a l c ulat e d  pat t e rns, one f or 2YC and one 

f or 2YA , c a l c ulat e d  for t he same p e r t u r ba t i on group . 

/ 
ampl i tude 

660 kHz ( 2YC] 

0 
N =4 
L : 1  

LA= a 

570 kHz (2YA] 

0 

0 

F igu re xx : 

posit ion km 
Th e or e t i c a l  sky wave amp l i t ude vs . pos i t i on 
c urve s for b o t h  570 kH z and 660 kHz , a l l  
ot h e r  parame t e rs b e i ng t he same . For 
c la r i t y  t he amp l i t ude z e r os ha ve b e e n  o f f s e t . 
C ompa r i s o n  o f  the l ow e r  t ra c e  w i t h  fi gure x v i i i  
s h ow s  t he e f f e c t  o f  t he p l ot t i ng i n c r e me nt on 
t he f i n e  s t ru c t u re . 
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I t  c an be seen t hat t here i s  not a great deal of  s imilari t y  

b e tw e en them , t he le ft h a l f  of t he 2YC pat t ern c ontaining 

n o  s i gni ficant amplitude peaks at all . This pat t ern , 

even i f  perfe c t ly reproduced in  prac t ic e , w ould not pass  

the a c c ept anc e crit eria of  s e c t i on 4 -3 - 1 . Thus , even 

wit h i d eali z e d  pat t erns , severe pat t e rn rec ognit i on 

problems exist . I n  addi t i on in view of  the appr oxima t i ons 

in the  theory , there wi ll  not be a high frequency of  

oc currence of  one s e t  of  pe rtur ba t i on paramet ers whi ch 

would produc e t he ore t ical  c urves t hat c l os e ly c orresponded 

to  b ot h  o f  a pai r  of  pra c t ic a l ly obtain e d  curves . To 

t h i s  must be added t he increased probability t hat one or 

ot her of the r e c or d  pair will  be  c ont aminat ed  by s tray 

refle ct i ons from areas othe r t han t he moving refle c t i on 

z one . 

The predi c t e d  pa t t erns f or a re fle c t i on gr oup 

movi n g  from south t o  north would , neglect ing the  eart h ' s  

magnet i c  field , be  a mirror i mage o f  t he patt e rns f or a 

refle c t i on group movi n g  fr om nor t h  t o  sout h .  The degr e e  

of ani s ot ropy i s  small , c oming mainly from the t ransmit t e r  

and r e c e i ver v e r t i c a l  polar diagrams . When event s  were 

c lass i fi e d  a c c ording to apparent dire c t i on of  t rave l ,  it  

is  interest ing , and may be si gni f i c ant t hat only two  of 

t he e i �ht y-two e vent s observed were believed to ha ve been 

travelling in  a southerly dire cti on . 

4 -4 : Compari s on with ot he r experiments . 

A s  far as  the  aut h or i s  aware no  ot her experiment 

has b e en descr ibe d studying simi lar phenomena at these  

he i ght s .  The ran ge o f  possible probing frequenc i e s  t o  
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c onduct an experiment of this  type  i s  qui t e  smal l .  As  

the  fre quency i s  inc re a s e d  from those u s e d  in t hi s  study , 

t he re fle c t i on c oe f f i c i ent decrease s ;  a s  t he frequency i s  

d e c reas e d  t h e  minimum s i z e  irr e gularity whi c h  c ould b e  

observed  increas e s . I t  i s  not surprising t hat phenomena 

of the scale s i z e  c onsidered in  this  w ork have not been 

report e d  by w orkers with  verti cal s oundi ng type experi ­

ments as a sat i s fac t or y  c ompr omi se between r e f le c t i on 

c oe f f i c i ent and irregularity s i z e  re s olut i on c annot be  

obtaine d .  With  the  very much shortend total path 

travelle d by a vert i c a lly inc i dent radio  wave c ompared t o  

t he pa t h  t rave lled by an obli quely refl e c t e d  wave , the  

fre que ncy f or t he verti cal s ounder needs to  be h i ghe r f or 

the same Fre sn e l  z one  radius . The vert ical sounder 

frequency to give a first Fre snel zone radius of 1 km at 

a height of 8 5  km is a bout 1 3  MH z . At this  frequency the  

re fle c t i on c oe f f i c i e nt would be extre mely low . 

4-5 : C onclus i on and suggesti ons for further research . 

The purpose o f  thi s work is t o  put forward a 

hypothe s i s  whi ch s e e ms physi cally reasonable in the  light 

of current kn owledge . The mat hema t i c al analysis  of and 

the predi c i t i ons ma de from t hi s  hypothesis  are only approx­

i ma t e ,  but nevertheless  have been f ound to c orrespond qui t e  

c losely t o  s ome observat i ons . I t  i s  t here f ore suggest e d  

that some o f  t he variati ons observed i n  t h e  r e c e i ve d  n i ght ­

t i me sky wave si gnal at ab out 600 kH z are due t o  inter­

ferenc e between the mult iple re flec t i ons from a moving 

di st or t i on of the i oni zat i on boundary at a height of 

about 8 5  km . Further work will  be n e e ded t o  e stablish 
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beyond d oubt a d e finit e rela t i onship and th e prop ort ion o f  

e vent s c aus e d  b y  t h i s  t yp e  of  proc ess . The apparent ly 

more fre quent o c c urren c e  of duc t e d  mic r obarums lat er at 

night ( part icularly from 1 1  p . m .  to 3 a . m . ) re ferr e d  t o  

in s e c t i on one i s  int eresting.  It  may be  a genuine high 

point f or microbarum act ivit y , or it may b e  an e ffect  o f  

t h e  d e t e c t i on syst e m .  A s  t he night goes o n  the i oniza t i on 

ledge get s sharper ( s e e  figure ii ) , and the he ight of t hi s  

l e d ge change s , I t  is p ossible t hat between 1 1  p . m .  and 

3 a .  m. t he p osit ion of  the le dge c orre sponds t o  t he 

hei ght of maximum duc t in g .  

Bri e f  me nt i on is made b e l ow of  s ome o f  the 

e xperiment al di fficulti e s  ass ociat e d  with the  pre sent 

arrangement and suggesti ons are made f or future researc h .  

The princ iple pr oblem with t he pre s ent exper i ­

ment al arrangement i s  one of  d a t a  re duc t i on .  The manual 

analysis of c hart s  is a time c onsuming proce dur e whi c h  

depends a great deal o n  t h e  s k i l l  of t he operat or , 

alth ough t he eye is the be st  patt ern rec ogni sing inst rument 

known to man .  A c onsi derable  impr ovement in c onveni e n c e  

would be f or a preliminary s e l e c t i on t o  be ma de aut oma t i c ­

a l l y  o f  s ome s e c ti ons of t he rec or d  w h i c h  c ould b e  then 

studi e d  in more detai l .  The generat i on and st orage o f  

a c ompl e t e  set  o f  all p oss ible pa tt erns and the c ompar i s on 

of  the s e  against the  r e c e iv e d  signal is obvi ously not 

very pra c t i c al . Even if it were acc omplishe d t he 

s e le c t i on made would be  influenc e d  by t he details of t he 

mod e l  us e d ,  which is har d ly d e si rable . 

An alt e rnat i ve appr oac h  is t o  use the expe c t e d  
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c orre lati on between the t i me shi f t e d  s i gnals r e c e i ve d  

over two  rec iprocal pa ths as t h e  ba s i s  o f  the s e le c t i on 

proc e dure . Thi s w ould requir e c onditi ons al ong the  

path s  to  be  very similar and  for t he d isturbing wave 

gr oup t o  remain su bst ant ially una lt ered  whi l e  travelling 

between the two transmit t ers i f  t he s i gnals are to be  

meaningfully c ompare d . A method of ac hie ving this  i s  

t o  use one c ent ral transmi t t e r  and t w o  e qu i d i s t an t  

r e c e ivers one  lying t o  the ge omagn e t i c  north and the  

othe r to  t h e  ge omagn et i c  s outh of the t ransmi t t er . The 

two rec e i ve d  si gnals would i d eally be t i me shi ft e d  mirr or 

i mages of each ot her and there f ore sui t ab l e  for c orrelat i on .  

Further study of se c t i ons for whi ch the c orrelati on 

c oe ff i c i ent exc e e d e d  a c ertain t hreshold w ould then have 

to be ma de manually . 

One f e a t u r e  m i s s i ng f r om t he model i s  a sourc e 

for the  mic robarums . The apparent pr e d omina n c e  of nor t h -

e r l y  travelling wave groups , t h e  re quir e d  intensit y ( 4 Wm-2 ) 

and t he di fficult y  o f  propagati ng energy from other height s 

int o a du c t, all t empt spe c u la ti on t hat the ene r gy s ource 

c ould be in  t he auroral zone . I t  i s  n ot easy t o  obt ain 

i n f or mat i on as to t he pr opagat i on direc t i on of the  groups 

without whi ch t h i s  must remain pure spec ulati on . As  the  

a c oust i c  wave mani f e s t s  its  presence by  moving e l e c t r ons 

up or d own the field lines  t he pr obing transmi t t e r  and 

r e c e i vers mus t  a ll in the ory lie on a ge omagn e t i c  north-

s out h line . ( In prac t i c e  a G e r t ai n  amount of s c a t t ering 

o c c ur s . As c an be s e e n  from t he fr ont ispi e c e  none of 

t he t ransmi t t ers  lay direc t ly magne t i c  north or s outh of 



- 73 � 

t he r e c e iver ) . Thus the wave lengt h s  and ve loc i t i e s  

measured are i n  fac t only t h e  n or t h-wouth c omponent s .  

An  a c ousti c  wave advancing  on a broad front i n  an east ­

west  d ir e c t i on w ould only cause a uni f orm rise and fall 

over the wh ole o f  t hat front whi c h  w ould n ot pr oduce  an 

observable  c hange in the i n t e r f erence pat t ern . The 

apparent seasonal varia t i on i n  t he oc currenc e o f  micro­

barums may be genuine or may be due t o  a seasonal 

varia t i on i n  t h e  pr e ferred pr opagat i on dir e c t i on .  Again 

direc t i onal i n f orma t i on is needed be fore one c an t e l l . 

By using two o f  t he t ransmi t t er-dual receiver 

arrangement s described  above , each ori e nt a t e d  ge omagnet i c  

nort h s outh but displa c e d  from one another b y  s ome few 

kilome t ers i n  the e a s t -west  dir e c t i on , t he east -west  

v e l oc i t y  component c ould be  est ima t e d  f or s ome waves 

t ravelling at an angle to t he nor t h-south line . The 

c l oser t he wave trave l l e d  t o  t h e  east -west  direc t i on the 

l e s s  t he interference e f f e c t  produced  to  be observe d ,  and 

t here f ore waves t ravelling due east -west st i l l  c ou l d  not 

be det e c t e d . 

A l l  the above methods are based on t he amplitude 

of t he rec eived s i gnal . Pr ovi ded a s u f fic i ent ly stable 

re ference  is avai lable at each r e c e i ver sit e measur e ment s 

can also be made of t he phase  of the r e c eived  s i gnal . 

This may ass i s t  in t he pr e li mary s e le c t i on o f  rec ords due 

t o  t he charac t e risti c phase varia t i on across  an inter-

ference  pat t ern . Lac k  of a suit able referen c e , as well  

as more  inf ormat i on from the amplit ude me asur ement s t han 

c ould readily be proc e ssed , pr e c luded measureme n t s  of t h i s  

t ype be i n g  made during t h i s  w ork . 
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Appendix One : The predi c t ion of the sky wave signal 

t o  be exp e c t e d  fr om an acoust ic wave 
Group of arbit rary length . 

In s e c t i on 2 -6 the  possi bility was ment i on e d  o f  

using t h e  the ory of s e c t i on two t o  calc�lat e t he effect  o f  

a c ontinuous wave a s  it moves ont o ,  t hr ough and finally out 

of t he range from X . m1.n t o  X 
max 

As t his has n ot b e en 

used  in t hi s  e xp e riment the d e t ai ls are given here in an 

appendix rat h er than in the main b ody of the t ext . 

Let  the  l eading e dge of t he wave be  at x . at 
ml.n 

t i me t= o ,  and the wave be  art i fi c ially divid e d  int o gr oups . 

Let t he ve locity of each gr oup be  V and the group lengt h  

b e  n L  • Then , c onsid ering only refle c t i ons from the  

ran ge from X . 
ml.n 

t o  x at t i me t=nL/V 
max ' 

only r e fle c t i ons 

from the  first group are i mportant , and the amplit u de and 

phase c an be calculat ed as ab ove . At  t ime 2nL/V t h e  

s e c ond group n o w  o c c upies t he space ( spac e  on e )  previou sly 

o c c upi e d  by t he first group whi c h  has moved on so t hat it s 

c ent re is  at x = x . + 3nL/2 ( spac e  t wo ) . 
m1.n 

As the 

groups are assume d indisti ngui shable the resultant amplit ude 

and phase are given by adding t he e ffect  of t he group in 

spa c e  two  to the  pr evi ous re sult . S i wi larly at t • 3nL/V 

the r e sultant i s  gi ven by adding t he effect  o f  a gr oup 

in spa c e  three t o  the  previ ous result , and so on . The 

sit uat i on at the t a i l  of the wave c an be treat e d  simi larly 

by removing t he c ontribut i ons of the gr oups from spa c e  one 

onward ,  one by one . A c ontinuous curve can be int er-

p olat e d  from these c alcula t e d  point s .  

The resu lt e xpect e d  from a wave whose le ngt h i s  

t o o  great t o  permit analysis as a single group but t oo 

sma l l  t o  ever o c c upy all the distan c e  from X . ml.n t o  
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x s i multan e ously c an b e  treat e d  in a s i mi lar way . 
max 

The c ontributi ons  fr om all groups c entred in st eps of 

x = nL ar e c alc ulat e d . At a given instant  the  wave 

oc c upie s c ertain o f  t h e s e  possib le pomti ons a nd these  

c ontribut i ons are  summe d to  give t he re sultant at thi s 

t i me . At a lat er t ime d i fferent posit i ons  are oc c up i e d  

and  these  c ont ribut i on s  a r e  summe d .  A gain a c on t i nuous 

curve can be int erp o lat e d . 

O nly a wave whose t ot al lengt h  is a mult iple 

of nL can be ac c urat e ly subdivided in this way . H ow-

ever as the wave  gr oups be ing analy s e d  are ideal i s e d  

t h i s  i s  probably n o t  a s e vere limitat i on .  A s  a very 

lon g  wave trai n move s  into t he regi on of poss ible re f le c t i on 

the t otal non- specular r e fle c t e d  sky wave amplitude 

increas e s  from zero  i n  a series of osc i l la t i ons whi c h  

s oon die  away t o  leave a fairly cons i s t ant  non-zero value . 

Thi s i s  maintained unt i l  the trailing e dge of the wave 

train m ov e s  int o t he regi on of possible r e fle c t i on when 

the trend is re vers e d . N o  examples of sky wave amplitude 

varia t i on of  t h i s  type were observed during this  w ork . 
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Appendix Two :  Simpl i fi e d  c i rcuit  diagrams . 

These not e s  are intended t o  a c c ompany t he 

circuit diagrams in figure xxi . These  diagrams are 

hi ghly simpli fie d , biasing and all other detail not 

essent ial t o  the  c ir c uit s operat i on being omit t e d .  

Circuit A illustrat es  t he tuned ampli fi er whi c h  r e c e i ve s  

t h e  signals sent down t h e  c oaxial line from t h e  aerial 

unit . In this  experiment one do uble t un e d  an d one 

single t uned st age were used . The only point of n ote i s  

the A . C . t erminati on of t he line whilst t he supply for 

the aerial unit is f e d  int o the line via a radi o frequency 

c h oke . 

Circuit B i s  a basic  phase shi fter i n  whi ch a 

variable phase output is obt aine d by mixing d i f ferent 

proport i ons o f  the  two e qual amplitu de out  of phase  

signals derived  from the sour c e  and drain of the FET . 

The output impe dan c e  at these t wo point s is not zero  and 

there will t he r e f ore be s ome vari ati on in amplit ude o f  t he 

output si gnal as i t s  phase i s  vari e d . This i s  not 

important for the purpose t o  whi ch this circuit is put , 

but would be  unacc eptable for t he voltage c ont rolled phase 

shift shown in c ircuit C .  H ere t he two  signals t o  be  

mixe d are  derived  via  emit t e r  folJ.. o\fcrs t o  ensur e  very l ow 

source impedanc e . For s impl i c i t y  t he capac itance C i s  

varied  rather than the  resistan c e  R ,  u s e  being made of a 

voltage dependent c apac i t or for this purpose . 

The voltage t o  c ont r ol the phase shi ft int r oduc e d  

b y  c ircuit C i s  derive d  from t he re laxat i on oscillat or 

shown in c ircuit D .  T o  give a ri ght angled trianf>ular 

out put wave f orm the t i ming capac it or is charge d from a 
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c onstant current s ourc e . The voltage across  the capac it or 

i s  sampled by an i nsulat e d  gat e FET in order t o  provide a 

c apac i t or d i s c harge t i me c onstant of hours ; the program-

mable uni j uncti on having been c hosen f or very low leakage . 

The sweep rate u s e d  was one cycle  e very few sec onds . 

Circuit E first amp l i f i e s  and t hen det e c t s  the 

out put from t he sky wave r e j e c t i on c i r c uit . The gai n i s  

s e t  by t he D . C .  volt age appli e d  t o  the s e c ond gat e of the 

dual insula t e d  gat e FET . The r e c t i fying c ircuit i s  qui t e  

c onvent i onal and a n  extra l ow pa ss  filt er i s  u s e d  t o  

minimise t he e ffect  of t he si gnal modulati on .  Thi s  s i gnal 

i s  c ompared in  c ircuit F wit h a si gnal from the ground 

wave r e ferenc e c or r e c t ion c ircuit . The variable resist or 

shown vari e s  t he dead band . Provided the volt age from 

the  d e t e c t or li e s  between the voltages exi s t in g  at the  ends 

of t he variable resis t or the out put from t he OR-wired 

c omparat ors is low . When n o  volt age i s  appl i e d  from t he 

ramp generat or o f  c ircuit D ( a = a . ) ,  t he volt age on gat e m�n 

two of the dual ins ula t ed gat e FET is arrange d so t hat the 

output to t he c omparat ors  is t he normal ground wave signal 

expe c t ed . As the voltage from the ramp generat or r i s e s  on 

gat e one so the volt age suppl i e d  to the c omparat or rise s .  

It  should be  n ot i c e d  that rat he r t han providing a variable 

ground wave re ferenc e , a fixed gr ound wave re ference is 

used as t hi s  i s  eas i er to provide . The variab le  gain 

ampli fier in c irc uit E is us e d  i n  mat c h  the actual day - t i me 

gr ound wave t o  t he gr ound wave r e ferenc e provi ded .  

Circuit G i s  that o f  a variable time  c onstant 

filter . The fi lt er i s  ba s i c al ly a low pass one but in 

order t o  get the  t ime c onstan t s  required the  c apac i t or has 
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t o  be produc e d  b y  capaci tance mult ipli c � t i on .  The c ircuit  

shown pr oduc e s  a capac i t anc e o f  ( R 1 /6 � ) C  at  the output 

t ermi nals . Care must be taken t o  minimi ze  t he offset  

error of the operat i onal ampli fie r . In this experiment , 

t i me c onstant s from t e n  sec onds t o  one t h ousand sec onds 

c ould be  produced  by this  c ircuit . 
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