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SUMMARY

This Memorandum sumxnarises the principles found relevant to the successful

operation of OMEGA and VLF installations in aircraft. It includes a list of

interference field strengths found in various RAE aircraft , the considerations

to be taken into account in the choice of aerial type and site , installation

problems and their relation to receiver design. An indication is given of the

direction that receiver design might take to eliminate the need for skin—

mapping.
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I INTRODUCTION

A previous Memorandum
1 
covered , in the main , the disturbances which aftLc t

OMEGA signals on their way to the receiving aerial. The story is now continued

to cover problems encountered when installing OMEGA in RAE aircraft; these pro—

blems have led to a comprehensive survey of the factors involved . Most of the

work described in this Memorandum is app licable to reception at VLF in general.

The greater part of this work is sunmiarised in Table I , which compares in

a systematic way the signal and interference levels found at an aircraft skin.

This is essential information for the design of receivers , and its imp lications

are discussed. It was found in practice , and implied by these figures , that
current receiver design is barely adequate for many aircraf t and quite hopeless

for some , particularly helicopters , but calculation suggests that other approaches
should be quite successful. Most experience at RAE has been with Come t , BAC I—I l ,

and Wessex aircraft , and successful installations have been achieved in all three.

2 THE VLF FIELDS AT THE AIRCRAF T SKIN

2. I General

The figures presen ted in Table I are gathered in part from measurements on

RAE aircraft , and par tly from repor ts of others ’ experienc es where sufficient

detail was presented to allow conversion to the absolute units used here Note

particularly the distinction drawn between electric and magnetic components of

the field Magnetic interference is often quoted in volt/metre , being calculated

as though it were the magnetic component of an electromagnetic wave in free space
This is not the case at the surface of an aircraft , and the actua l electri c field

associated with the interference source is considerably less than such a figure

would suggest. In Table I , all such figures have been re—express ed in tesla

( ‘ c  IO~ gauss). Another distinction evident in Table 1 is between broad—band

noise (in pV m
1 Hz~~) and single—frequency noise (in 1IV m 

1
)~ The forme r

figures have been reduced to the units used here from the various idiosyncratic

units of the various sources (eg dB above I pT in 50 Hz) by dividing by the

square root of the bandwidth. When made comparable in this way , the agre ement

of the information from various sources is quite good .

There is some difficul ty in deciding on the definition of the I—tield

figures given in Table I. As section 3 shows, the effect of the airi. ral t is to
z

modify considerably any elec tric field in its neighbourhood , while many 01 the

noise figures were measured away from an aircraf t , or by comparison wi th an OMEGA

transmission. The modification is different when the aircraft is or is not in
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curvature of the wavc l,ront. Thai this should have no effect on the line— ol—

posi tion is shown in Fi g 3. The variation of field strength over norma l a i r c r t t t

opera ting heights is of no operational significan ce.

2.3 Atmos~ heri c noise

The background geophysical noise is at its hi ghest around the ()~11:S ,i bane.

(actua l maximum about 5 kllz — Ref 3) and consists of noise from distant lig htning

discharges , with more local discharges showing as less frequency Iargt’ impulses.

Like OMEGA , this noise can propagate for great distances along the ea rth—

ionosphere wavegu ide .  Con t r i bu t i ons  f rom the magnetosp here are also observed ” .

l’lte ratIo of e ice trie and niague t i c  &‘otnponen is Ii i r z t l  1 i I t t ’  SI ’ i s  , ttit wt t l i t ’

free—spac e value .

2.4 lt recI ptt at Lt.’tl st atic

A c o n t r i b u t i o n  to the E — f i e l d  noise i s  caused by d i s c h a r g e  t rom the ai r t r a tt

of charge c o l l e c t e d  by impact  w i t h  r a i n  or ice cr y s t a l s .  T h i s  causes  in t ens e ’

broad—band interference , and normall y affects other air cral t equi pment su -It as

communications, lute generation can be reduced by improved bonding togeth e r ol

parts of the aircraft (to maintain high capacitive loading on the discharge points ’)

and by specially desi gned dischargers (which discharge at a l ower volta ge’ and art ’

induc t ively decoup l ed from the aircraft).

These precautions cannot , of course , allevia te the effects of di sclii rge’ I rom

the aerial itself (or its insulating coating). It hel ps to moun t the a e rial in a

posi tion where impact is minimised , and suppressed plate aerials (2, ’ flush with

the aircraft skin) are found to be particularly free fro~n precipi tation —static

(p—static) for this reason

The currents involved are small (~~lO mA , Ref 5) so the magnetic component

is negli gible. Some cases of interference with reception on a ferrite loop

(H—field) aerial have been reported
6 

but i t  s te r n s  I ik cl v that this was ~Iut ’

to electrostatic breakthrough in electricall y imbalanced loops 7
.

The high ratio of electric to magnetic fields has prompted the US Federal

Aviation Adminis tration (FAA) to attemp t a current—sinking approach to reducing

p— s t a t i c 8. I’he a e r i a l  is shorted to re— radiat e a f i clii c a t i t e l  1 I tig b ot h

OMEGA and the static: on removing the short , OMEGA recovers more quickly,

z because of its lower impedance. The attempt was not successful. Other approaches

include using two aeri als and cancelling the common noise components .

-‘ ,~~~~~~~~~ 

‘ 
i4



. 5  HF transmissions

The HF tu i n s r n i  t Ier ot  an aircraft can produce several kW , and at such I re—

quencie s t h a t  the whole s t r u c t u r e  ot the aircraft is involved in radiating it.

l t i g it vol Ligi ’S ar e ’ ts~’~I , so d i sch a r g e s  f r o m  the  a i r c r a f t , and be tween  poor l y

bonded p a u  i s  t i t the t i  r c r a f t , t ’ ,t f l  be produced . ‘Ihe c f l e ’ct. is s imi  J a r  to t h a t  ol

p — s t a t i c , o n ly  ol ,t unitorm h i g h  i n t e n s i t y,  in RAE s e x p e r ien c e , there i s  no

el f e c t  on a im ~~I1~~\ ioop aerial , so the magne tic component is n eg l i g i b l e .

2.~ Elt ’ct r i ealrntch i ne r y

RAE has mt’asmu red elect i - i t ’al noise  in a v a r i e ty  ol aircraft , including a

Buc caneer , Canbe r r a , BAC I — I l  • two Comets , t wo W~ sse ’ x atiel a Sea K i n g ,  and i n  a l l

cas t ’s t he rn , ignc t it.’ i e l d s  wei’ t.’ n iuch more si g n i f i c a n t  t i t a n  the  e e ct r i c  I i o l d

i~ i t ideed the  l a t t e r  ne  r c h ard  t o  me asure )  . i ’ Iu r v tug l u o m t  t t h i s  t i me t luc re  has been a

s l ’ n  dt ’v . ’l op ment  st  C Ite I L i d  sens ing  probes  used , bu t  i t  i s  p o s s i b l e  to c t t f l t p a re

the r e s u l t s .  Rr o t , l ] v , is mi gh t  he e xp e c t e d , a i r c r a f t  d i s p l ay  no i sy  a r ea s  w i t h

e l e c t r i c a l  m ach in .,’rv or w i r i n g  c los e ’  beh ind  the  s k i n , and q u i e t  a reas  f a r  i r on

m a c h i n e r y .  ~I a pp ing  oI t h e  s k i n  is of ten pet  formed fo r  t h i s  reason , and some

a s p e c t s  o f t h i s  pt ’ci ’SS ir e  d i s c u s se d  in  s e c t i o n  6. The m a i n  d i f f e r e n c e  be tween

var ious  a i r c r a f t  types seems to result s imp ly  f rom the f a c t  tha t  in s m a l l e r  a i r —  V

c r a f t , p a r t t ( ’~I l a r l y  h e l i c o p ter s , i t  is i m p o s s i b l e  to get f a r  f rom machinery .

Typ i c a l  t iehl s in  t noisy  area a re  shown in Table I .

RAEs m e a s u r e m e n t s  were taken w i t h  a swept t unab l e  receive r so d i s t i n c t i o n

could be drawn between tht~ narrow—band i n t e r f e r e n c e , main l y harmonics of the

40)) Hz power s u p p l i e s , and b road—band  interference , pres umably cau sed by contacts
breaking , brushes  spa rk ing  e t c .  F ig  I3f  is a p a r t i c u l a r l y  good i l l u s t r a t i o n

where t s r  the f i r s t  p a r t  ot  the  scan an a c t u a t o r  was o p e r a t i n g  behind  the panel

(a p r o m i s i n g — l o o k i n g  a e r i a l  s i t e  on the  8AC I — I l )  bu t stopped part way across,

enabling dire ct comparison to be made.

2 . 7  VLF t r a n s m i t t e r s

The field strengths ot  VLF t r a n s m i t t e r s  close to the aircraft can easil y

exceed the other interference sources so far discussed. For example , about

250 mV/rn can be expected i t 10 km from the 80 kW 16 kHz GBR transmitter.

F o r t u n a t e l y ,  t h i s  interference is frequency stable , and receivers can be desi gned

to r e j e c t  it. Incident ally, the hig h power continuous transmissions from VLF

communications stations make their reception much easier titan OMEGA ’s, and much

le ss difficulty is eticountered in aerial installations . However , navaids using

these stations cannot be certified as primary navaids , as the stations are not

_ _ _  
_ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _



7

subject to regulations protecting such usage . Typical VLF communication station

field strengths might be 25 mV/rn at 100 km or 100 i.uV/m at 10000 km 9 
. •1

3 AERIAL SITING AND THE EFFECT OF THE AIRCRAFT ON THE OMEGA F 1ELI)

3. 1 Ele ctrostatic field

3.1. I Aerial princip les

An electrostatic aerial consists fundamentally of two conductors , each

terminating as many field lines as possible of the inciden t field , with the

capaci tance between them as small as possible. The voltage between the c onductors

is then fed to the receiver. One of these conductors is usually the body of the

aircraf t , and the other a wire , whip, blade or plate mounted on the skin. A

consideration in choosing the type of aerial is the likelihood of encountering

p—sta tic. The p late, which is generally suppressed to appear continuous with

the skin , colle cts less charge from the impac t of rain or ice , and pr oduces les s

noise. The penalty is greater difficulty in installation. The aircraft , an

equally important component of the system , may also have arrangements to reduce

discharges , as section 2.7 described.

The efficiency of an elec trostatic aerial is measured by its ‘effe ctive

height ’, $~~
‘ the length by which the field strength (in volt/metre) must be multi-

plied to give the voltage at the aerial terminals. An amplifier is generall y

installed as close to the aerial as possible to keep the capacitance low between

aerial and aircraf t skin (see, however , the Appendix). If this has unity voltage

gain the effective height as defined and calculated in the Appendix , may he

expected to be a few centimetres for a blade or plate. However , this is the

value to be taken to calculate the response to the field local to the aerial ,

whereas the total system of aerial and aircraft must be examined to get the

response to the ~1EGA field. If Lhe aerial is sufficiently smaller than the

aircraf t to see a uniform local field , calcula tion of the effective hei ght of

the aerial/aircraft system can proceed in two stages. First the effective hei ght

of the aerial to its local field can be estimated as in the Appendix , and then a

field p lot will enable the local field to be found as a function of the undis-

turbed field.

Fig 4a shows the form of the field around an aircraft body in good d c c—

trical contact with the ground , while Fig 4b shows the field for the aircraft in

the same position relative to the ground but with the contac t broken. The lines

in Fig 4a&b are cross—sec tions of planes of equal po ten t i a l , so their spac ing is
inversely propor tional to field strength . The field for an aircraft far from the

- : T ~~ , ~~TITi ,~ ~~~~~~~~~ .
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gr ound  w i l l  be s~~ i t  l a r  to  F i g 4b , and it can be seen that t t m e s u r f a c e  I i e l d

i n c r eas e s  w i t h  vertical distance away from time electrical centre. There is no

r ca sotm wit ’.’ internall gene t .ited i n t e r f e r e nc e , w h i c h  i s  small atmvway, should  v a r y

in t h i s  way on .t  smooth t u s e ’ l zige , SO Sit i ng  the a e r i a l  as hi gh or low as p o s s i b le

is  . i d vj u i t , i ’i i t u s .  ll t i wt ver , t ime t i ps ot t a i l  f i n s  and s i m i l a r  p r o j e c t i o n s  may

enit itice flOj Sc , and are i i  ib l e  to s u f f e r  more i f  p r e c i pi  t a t  ion s t a t i c  occurs.
/

) . 1 .2  l ) i r ~’c t i t . ina I  c i  le ts

The electric t.’.’mpormc ’imt S t t l ie P-IF~ :\ I ~t’ I d is v e r t i c a l  near  the  ground ;umd

SO c s u m t i i n s  no i u t t . ’ r m n l t i o i m  on t h e  d i r e c t i o n  of p r op a g at i o n .  in a t t e m p t i n g  to

in ter such ef fects t rom tt t t ’ radiation pattern of an inclined di pole , as drawn

for  example  in Ret l t ~, one should remember that tIme polarisation is different.

Time v er t  i cal compon etmt s t  time rad i a t  iotm f rom an i n c l i n e d  di pole  is  onmn i d i r e c t  ional

However , c ’ h1,iuit. ~t’S i n  lie , i i i- c i - t I  t a t  t i t tide can change’ the r; is i ’t the

unperturb ed fiel d t o  the local f i e l d  a t  the  a e r i a l , w i t h  a dang e r o t  si gna l loss .

This i s  ia r t i t . ’ u l a r l y  l i k e l y  i t  the aerial is mounted at one of tite ex tr e’nti ties of

time a i r . - r .i I I , tmo I ye r t ,e r front the d i  cc t r  i cal cent r e p l ane (time upper aerial si te

in Fig ii showed this very w ell).

.1.  E f f e c t s  sum take -ot f

When t ime’ air cr ,mt t is on the ground , the field is modi fied towards time situ—

at ion in Fi g •~,t to aim ext ent depend i ng on time ground cotmduc t lvi ty atmd time contact

resistance of time aircraft with the ground . Time effect is to enhance the signal

seen by an aerial on top of  the aircraft , and to reduce the signal seen by one

u n d e r n e a t h .  I f  c o n ta c t  is  p a r t i c u l a r l y good , the  f i e l d  on the lower surface’ is

r eve r sed  in d i r e c t i o n  as F i g 4a shows . The r e s u l t i n g  180 0 
p hase s h i f t  in a l l

VLF s i gna l s  at  the  moment contact w i t h  t he  ground is  broken  has g iven  t r o u b l e

w i t h  the ONTRAC s y s t e m  in smal l  h e l i c o p t e r s 1 1  s i n c e  it t o h i e s  on indivi-

dua l phase measurements of si gna l s  at several f r e q u e n c i e s .  OME GA used in tIme

hyperbolic mode is potentially le ss susceptible to timis effect , as it relies on

phase differences.

Thi s redistribution of field around time aircraft with gro und ccn tac t wil l

also apply to much of the internally generated electric interference , small as it

is. This is because the OMEGA component of the surface electric field anywhere

reasonably far from time electr ic centre plane is dominated by the surface charge s

induced by the incident fie ld , and surface charges behave in mucim t ime same way
0’

whether induced by c~M}GA or an interna l source, in effect time ground becomes a

further radiator of the interference , cancelling that beneath the aircraft atid 
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enh ancing timat above. The etfect on signal—to—noise ratio would thus be expected

to be minimal.

RAE has made some measurements  of these effects in a Wessex h e l i c o p t e r .  Two

aerial posi tions , shown in Fi g 5 , were tried. When the aerial was in time upper

pos ition , the Norway signal leve l at one of the receiver test points dropped from

500 mV to 300 mV when the ground generator was detacimed after engine—start , and

then to  less than tOO mV at take—off (see the p ho tog rap hs i n  Fi g 7 ) .  Th i s  las t

value varied noticeabl y w i t h  aircraft pitch and bank angle. Clearly this aerial

site is close to the i n — f l i gh t  electrically central p lane . Wit im the  a e r i a l  in

the lower si te , the Norway signal  a t t ime same p o i n t f e l l  f r o m  1 .2 V to 1.0 V at

take—off. There was no way to observe phase changes in either of these tests.

In all cases the noise levels seen at the test point also changed in rough pro-

portion to time sig n a l s .

3.1.4 Rotor modulation

As the rotor blades of a helicopter move relative to time fuselage’, the’.’

mi ght be expected to amp li tude—modulate ’ the local field at the aerial. No sign

ot this was observed on any of the Wessex experiments.

1. 1 .5 Heli copters and cables

In time ear l y s tages  of f l y ing o~ii:~~ in h e l i c o p t e r s , time aerial would he a

long m e t a l  cable  t r a i l i ng  benea th  time a i r c r a f t .  A l t h o u g h dangerous , t h i s  a l w a y s

g u ar a n t e e d  good r e c e p t i o n . The p o i n t s  made so f a r  in t h i s  Memorandum simould

make i t  c l ea r  tha t  i t  was unnecessary  to a t t a c h  time cab le  to the receiver aerial

socke t :  such a cable would enhance the f i e l d  at any s i t e  on the a i r c r a f t .

However the e f f e c t  of l ower ing  a cable  ( f o r  any purpose )  must  be taken  into

accoun t  in s i t i n g  the a e r i a l .  In p a r t i c u l a r , a low s i t e  w i l l  e x p e r i e n ce  time

e l e c t r i c a l  c e n t r e ’ s moving throug h and pas t  i t  as time cab le  is lowered , w i t i m  an

accompanying si gnal fade and r e t u r n  wi th  inver ted  pimase.

3 .2  Magnet ic  f i e l d

3 . 2 .  I A e r i a l  p r i n c i p les

A magne t ic  loop ae r i a l  cons i s t s  of several hundred tu rns  of w i r e  on a

ferrite block. The vo l tage  across the coil depends onl y on the magne t i c  induc —

tion passing through the coil , so the aircraft plays a ratimer less intimate part

in the ope ra t ion  than in the case of the e l e c t r i c  aerial. The ‘effective hei ght ’

f o r  a loop is taken as the length which m u l t i p l ies time e l e c t r i c  component of a
P f r ee—space  wave to give the vo l tage  at the ae r i a l  t e rmina l s  when the a e r i a l  is
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look ing  at. t h e  magne t i c  componen t .  As the f i e l d s  rece ived  on an a i r c r a f t  ar e  in

the main not f r e e— s p a c e , a more rational parameter would be time effective area ,

w h i c h  would multi p ly the angular frequency by the magnetfc induction to give the

v o l t a g e  across  time c o i l .  ‘rime e f f e c t i v e  area of a loop or the effective he ig ht.

of  an electric aerial are fundamentall y independent of frequency, while the

eff ective he ig ht  o f  a loop is proportional to frequency. At VLF the effective

height of a loop i s less titan I tfun (effective area of order I m
2
). The figures

of several centimet ers quoted by manufacturers for their aerial systems include

the gain or a pre—amp lifi e r.

A practical comp lication for the loop is the stray capacitance in the

winding which produces resonance. Tim is re sonance may be encouraged and adjusted

to the r e q u i r e d  f r e q u e n c y  if  on ly  a narrow—band is required , but in any case it

iimi~~s the upper frequency for a given loop , as does the f a l l  in p e rm e a b il it y L

Si tt ’Cr i~~c’s ~.‘it lm increasing I r eq u e n cv .

3.2.2 Directional effects

Because the ~~~ magnetic field is horizontal , a loop aerial is direc-

tional. A magnetic aerial system consequently consists normally of two perpend i-

cular loops. The usual way of operating is to select whicheve r loop is expected

to give the stronger signal by calculation from the aircraft heading amid position
0

by computer. The same computer will also make allowance for the 180 phase

differ ence seen by the aeri al for reci procal directions . A different approach

is to shift the phase of the si gnal from one of the loops by 90
0 

over time witole

band of interes t , wi thout changing the amp litude , and adding this to the signal

from the other loop. The resultant is a signal with amp li tude independent (in a

perfect system) of the transmitter bearing, and a phase shift equal to the

bearing . For hyperbolic na’.’igation , it is then necessary to correct the LOP

val ues by an ang le equal to the difference in transmit ter bearings (and indepen-

dent of heading). If the 3.4 kHz OMEGA pattern is being used 1 
even timis

correction may be unnecessary, as it should be the same for both 10.2 and 13.6kHz

signals.

3.2.3 Skin currents

Reception of the magnetic component of the OMEGA field will be modified by

currents induced in the aircraft skin by the field. These currents themselves

produce a field which may couple to the aerial. The aerial is mounted to see

the tangential component of the field , so coup ling to nearby currents is mini—
0’

mised. The extent of the field modification is reasonably small as may be jud ged 
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t rom time distortion of the polar diagram (Fig 8) of a loop mounted on t h e rear

c .lrgo hatch of a Coz~et. . These measurements were taken in flight , u5ili ~ GBR

(16 kliz) as a signal source. Phase variations would have been more interesting ,

but ‘,serc :mo t. av ai labl e .

h e cj u s c L im e permeability of the ground is not radically diffe’rc’et from

that or air , t lm. ’re is littl e difference in t he ’ ioop aerial perfo rm ance when t h e

a i r o r a l  t is on the ground , unless it h a p p e n s  t o  be parked in , ove r or near  l ar ~ e

m e t a l  s t r u c t u r e s , when t ime si gnal  may become weakened.

cURR I- :NT RE CEI \ ’ER i’RAC’I ICE

I RAE Come t i t m s t a l l a t i o n

The experimental inst mll a t i oa used by RAE in two Come t a i r c r a f t  con ta ined

fundame :~t all v the functions which a p r a c t i c a l  airborne receiver would be expected

t~ provide , so thi s will now be described.

The aerial was a pair of crossed loops on ferrite blocks mounted in a

fibregla ss dome under the t a i l  (Fi g 9). Amp lifi ers next to the loops fed cables

t o the  main  equi p m e n t .

The first i t em of the  main  i n s t a l l a t i o n  encounte red  by the  si g n a l s  fr o :~ t

loops was the aerial switching unit , which connected either loop to the recei”ci

under computer control, it also generated an omnidirectional signal for us

during synchronisation by adding the  loop outputs in quadrature (section ‘ .2 .2).

The receiver is entirely ty’~ical of current design philosoph y ,  and is dealt with

in grea ter detail later. It was a superhet , reduc ing each O~U:~ ,\ frequency to an

IF of 1 kH z . A monitor scope was added to the r ece ive r  ou tpu t s , which were also

in terfaced to a computer.

The computer was a 4k word 1 2 — b i t  machine (Sper ry 14 1 2 ) .  As well as time

re ceiver , it was interfaced to the aircraft ’s magnetic compass system and the

Dopp ler/TAN S system which provided a measure of the velocity in N—S and E—i~
dir ections. A teleprinter and control—disp lay unit (CDU) were used for input

and output: the teleprinter was for experimental recording and control of the

computer.

~ime functions of the computer were :
‘0

z (a)  I n i t i a l i s a t i o n, s t a r t i n g  at swi tch—on.

(i) Selecting the OMN I aerial input , the computer measured the amp l i t u d e

of the 13.6 kIlz signal (chosen because it was expected to be the strongest) in

-ii
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200 50 ms in terva ls  ( total  10 s ) ,  repeating and accumulating the measurements  f o r

2 m m .  I t  then correla ted this  wi th  the known OMEGA pattern and identified the

signals. If the strength of the signals was low, it sometimes required several

at tempts.

(ii) Meanwhile it accepted inputs of time , date and initial position.

(iii) Veloci ty data from the TANS was used to dead—reckon position .

(b) Navigation mode, ini tiated by instructing the computer which lines o h

positi on to use. Use of A, B, C and D at 10.2 kHz only was possible because of

program limitations.

(i) The bearings of the transmitters A, B, C and D were calculated and ,

using information from the compass, the loops were selec ted to give the best

signal in each segment. Allowance was also made for the 1180
0 

phase differ emn e

between signals from fore and aft or port and starboard.

(ii) The computer measured the times of zero—crossing of time 10 .2kHz

signal and calc ulated a mean phase and standard deviation for each of the four

signals.

(iii) Using the heading and speed inputs already mentioned, it calculated
smoothed values for the received phases incorporating measurements over tim e last

h4, 128 or 256 a according to the program used .

(iv) On the basis of the measurements of zero—crossing standard deviation ,

it decided whether the selected signals w~~o strong enough to use. It also

checked that the spacing of the selected lines of position was not excessive l y

large owing to poor disposition of the transmitters around the receiver. If

ei ther of these tests failed , the sys tem rever ted to dead reckoning from the

rANs in p u t .

(v) A predic tion of the diurnal variation in propagation delay was calcu-

lated from a mathematical model for each of the selected signals.

(vi) The corrected station pair phase differences were calculated from

these figures and the line—of—position numbers obtained , keep ing track of any
lane boundary crossings. These figures were converted into latitude and

longitude.

(vii) Position was displayed on the CDU and teleprinter.

0’
ci
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4 . 2  ESRO t r i a l s

Tim e equipment was flown on two trials , organised by ESRO (now ESA) for
experiments involving the ATS 6 satellite. The first was based on Atlantic City,

NJ, from 28 August 1974 to 4 October 1974 and the second based on Lajes , Azores ,
from 20 February 1975 to 27 March 1975.

Because of the higher signal environment , increasing experience of time

operators , and most of all the continuous use of the monitor oscilloscope , it

became possible in the Azores trial to analyse to some extent the effects whicim

were causing periods of signal loss leading to navigation in the Dead Reckoning

mode .

the first major effect to be isolated was interference from the other

aircraft electrical systems , which appeared on the monitor oscilloscope as a

str ong coherer~L signa l swamping the receiver output. As time frequency of this

signal was not correct (up to ~ 5 Hz away from I kflz), the  s tandard  d e v i a t ion  of

the zero—crossings from the values a correc t frequency would give was high, and

the computer would go in to DR.

The occurrence of the noise was found to be associated w i t h  the sy ti chron i—

sat ion of the engines. Each er:gine drove a generator whose output was rectified

and dumped in to  a 28V b a t t e r y . Other systems were then driven from the battery,

some via rotary converters and inverters. Beats between the generators were

audible on the intercom , aimd these correlated to some extent with the interference

to the OI1EGA signals. The trouble tended to be worse towards the end of a fli ght

when the reduced fuel loading made a different engine speed appropria te , and

would of ten disappear for a while if the engines were re—synchronised. The

pil ots were very co—operative in doing this once the trouble was recognised (not

very practical excep t ‘inder experimental circumstances), but it became less

effec tive after various servicings and an engine replacement.

The noise entered the OMEGA system by at least two routes. A sudden hi gh

amp li tude par t could be removed by disconnecting the inputs from time loop pre-

amplifiers, sometimes just one or th~ other , sometimes both. The most likel y

cause of this is coupling between the aerials and skin currents. Another l ower

ampli tude but more persistent component could not be so removed. The oscillo—

scope showed about 200mV ripp le at around 100 Hz on the 28V receiver supply under

good reception conditions and no apparent disturbance on other supp lies , and no

change was obvious when interference occurred. No facilities were available for

a fuller inves tigation .

4
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The second major et feet was first noted on 7 March 1975 , when time d t’ast

west patims were being flown . On turning downwind , the aircraft reduced airspeed ,

tilting the nose up b y 4 or ~~~. Both signa l and noise seen on t he  moni t or were

strong ly attenuated , so timat onl y time Norway signal remained v i s i b l e , and the

system promptl y entered DR. On later fli ghts in time Azores , (2700(1 it , c l ea r

weather) deliberate tests of reduced speed produced the e t fe ct reliably, but a

Ii ii gumt over the Br is t ol Channel on 3 April 1975 (30000 f t  , heavy over cast )

desi gned to detect dire ctional dependence of time eftect , was quite inconclusiv e

as the  phenomenon cou ld  not be convincingly reproduced.

Some o t h e r  minor  o b s e r v a t i o n s  were i n t e r e s t i n g :

(a)  The need t o r  r a t e — a i d i n g  was amply  demons t ra ted  on 12 M a r c h  when on I a i m d i n g ,

the ctMi m~A showe d a p o s i t  ion a lmos t  e x a c t l y 1 0 to  time east , w i t h  no e r r o r  i n

latitude (placing us fortunately on time nex t  i s l a n d) .  Subsequent  i n v e s t i g a t i o n

revealed that the navigator , mistrusting imis TANS, had unp lugged it for a h’w

minutes , at which time four lane slips occurred in quick succession , just ace’o u m mt—

ing for the error.

(b) In turbulence there was an immediate loss of si gnal  . Time p ilot s ’ react ion

to turbulence is to reduce speed so the nose—up e f f e c t  w o u l d  account for this , C

but ONTRAC , another VLF navi gation system being tested and connected to .mu lii ’ w i l e

on top of t h e ’  aircraft , also saw time loss in t u r b u l e n c e ’ , but  was u n a f f e c t e d  b y

the nose rising on other occasions .

(c) HF breakthroug h was never seen to affect the ()~‘I1hh\ , thoug h it could he

clearly heard on the intercom . The OMFhh\ aerial could hardly be better po sitioim ed

relative to the h F  w i r e .  Also , no e f f e c t s  which could he descr ibed  as preci p i-

tation static were observed.

An analysis of the periods of DR was given in Ref 1.

4.3 Discussion of causes of signal los s

In re trospe ct , many of the instances of signa l loss on these flights can he

exp lained in terms of receiver design. The princ i p le things that happen to the

signal are summarised in Fig 10. The major feature is the successive S t~~~~~eS of

clipp ing of the signal followed by narrowing of the bandwidth. The philosophy
13 ,14 . . . . .

behind this approach is tha t , if the noise is impulsive , a wide bandw idth

enables spikes of interference to be cli pped off , with a consequent improvement

in signal—to—noise ratio. The noise will be impulsive onl y if it is predominant lv

atmospheric , and T a b l e  I showed that , unless exceptiona l care is taken in ae ’ria i
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s i t ing , the a tmosp lme r i -  no i se Wi 11 be a mrno r  cont  r I hu t  ion for t h e  i)andw I c it  ii

i nvo lved .  In those cases where the des i gn princip les of s p e c i f i c  c o m m e r c i a l
)~ L~ 2~ systems have been a v a i l a b l e  t o  RAE , a 11 oWanCe was t ound to have he ’e Il made

on ly  f o r  the  atmosp i m e r i c  noise ’ in t ime  d e s i g n .

~ihe’n a c 1 ipper  ,tc t s on a noisy si gna l  , for t he r ’  r iods when t he’ e l i  p u t’ r is

acting botim signa l and noise are suppre ssed .  l o t  i m p u l s i v e  n o i s e  t h i s  may not

reduce’ time signal too severel y ,  but  whe im time i n t e r !  e r ence  is  a s ine  w ave ’ I ma nnotm i c

front the jiower sys tems , or pr ec’i p i t a t i on  s t a t  i ~‘ of imig h ampl i t uci e , t ime c l i pper i s

act ing  v i  r tua  11 y the whole t ime , and tile ’ si gnal vani s t i e s .

If  t h e  noise is atniosp he r i e’ , i t s  val tie from l’ai, Ic  I w i l l  be a r mm u i i d

10 iV m i  liz . Time f i n a l b aimdwi d th  of t i i i  s and many o the t roe e’ I ye r s was around

ID Hz , so t ime noise at th e a e r i a l  wi m ic im re’a( lR’ s time detec tor is .iroutmd 3(1 V / r n .

T h e  f i n a l  I im i t~’r of :i re~ e iver  must  be the f i r s t  one’ to l imit , otherwise it w i l l

not i In i t at  a l l  , so t l ie 10Hz b andwid  tim si g n a l  in all time se reck’ i ye rs i s amp I i —

tude l i m i t e d , e’ i timer by exp l i c i t  c i r c u i t r y , or in th~ f o r m  o t  a phase’ det e ct oi

which , by s e p a r a t i n g  phase f rom amp l i t u d e  , must have ’  t i l e ’  e’ t 1 O c t  oh  a l i m i t e r

For a s i g n a l  to s u r v i v e  t h e  ci  i pper  , t h e’ si g n a l  — t  0—110 se r a t i o  has o be’ above

about unity, so this derives the figure of 25 ijV/m given in Table I and quo t ed  C

in several receiver specifications , for the smallest uszmb l e 0~1l~~\ s i g n a l  . ‘l’imi s

I inmit depend s on the  receive r desi gn p h i l o s o p h y .

Time f a i  l u re  of the sys t em to t o l e r a t e  power lm ar rn on ic s  i n  time I’o o r e ’ s  t r i a l

o b v i o u s l y  arose at w h a t  i s  e f f e c t i v e l y  a f u r t h t r l i m i t i n g  process at time zero—

crossi ng detector.

A clue’ to the effect where both signal and no ise di sappea red was given h
a fault wlmi e’hm occurred in the receiver wlmic h detuned the local oscillator. Now

on1y noise appeared at time output , except when Norway , a strong local signal ,

was transmitting. The Norway signal itself did not appear at tiit’ output , but

the noise disappeared. Clearly the Norway signal lay within t ime 2001hz hatmd ol

time ear l y amplifiers and was operating time first limiter to removi’ t u e n o i s e , b u t

was outsid e the IOHz band of the final amp lifier and so could not itself reach

the output. It is suggested that a coherent interference sour ce  proeluceci by

specific’ engine conditions was producing this effect in time Azores fli ghts.

I t  has been found , on a di f f er e n t  ()~‘lEC A rece ’ i ve r , that occ.is I oiia l i v  i t  was

benefi cial to insert an attenuator in the aerial lead , to reduce time limiting .

When elf i ’d s as unnatura l as this can imappen , it seems clear that ree’e i ver design

h is taken a wrong turning.
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5 DESIGN PROPOSALS TO ALLEVIATE NOiSE PROBLEMS

This section will examine the imp lica tions of greatly reducing time bandwidth

of aim O~1l1C,\ receiver , and eliminating the two l imiting processes shown in Fig 10.

The targe t bandwidths will be those which enable operation in particularl y no isy

conditions with no particul ai~ care being taken over aerial installation. For

broad—b and noise the improvement caused by reduction in bandwidth will be pro-

portiona l to time square root of the factor of reduction , whil e the narrow—hand

noise , since it is unstable in frequency over periods of minutes , will be reduced

proportionally to the bandwidth. Taking the broad—band noise first:

(i) For aim electric field aerial the most severe conditions are those of

pre ci flitatio n static. From Tabl e 1 , the receiver must accept no more timan 2~ ~V/m

of noise’ from a source of 300~ iV /rn F1z~ to allow reception of the weakest stations

for comparable coverage witim current practice. This requires a bandwid tim of

0.007 Hz ( 150  s) .

(ii) For a magnetic field aerial , the receiver sees ~ 0. 5 p ’1’/0
~~ and

selects no more than 0.08 pT , impl ying a bandwidth of 0.003 Hz (400 s).

Two di fficulties arise from such a bandwidth reduction. The first is the

l oss of the synchronisation information , and the other is the lag in phase of the

filters wimen time receiver is moving . Of course the latter is already a problem

wi th current receivers , as they contain a final filter of the same bandwidth

here proposed. The often—quoted obj ect i on  t h a t  bandwidth reduction promotes ring-

ing does ne)t bear close examination : bandwidth reduction always improves sign a l /

noise rati o.

If synchronisation has been achieved , the simple scheme of Fig I Ia shou ld

be suitable. Bandwidth should be reduced as much as possible as early as possible

to reduce time chance of inadvertent l imiting by exceptionall y strong interf erence ,

but must not be reduced below about 10 Hz before the signal is sp lit in to indepen-

dent channels , one for each transmitter. The effect of bandwidth reduction below

10 Hz on an OMEGA signal is shown in Fi g 12: too narrow a bandwidth can mix the

si gnals in the various segments if they have not alread y been separa ted. The

type of filter suggested for the final bandwidth reduction is a commutating

filter
15 ’16

, which consists of a number of capacitors (four or more) switched

sequentially across time input. Very narrow bandwidths are easy to obtain , and
the accuracy and stability depend not on the components but on the switching

freq uency source. Such a filter made the measurements mentioned in section 2.2.

~~~ -~~~ - 
_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ —--- —— ‘--—— ___________
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Wheim it is necessary to synchroni se in t ime preselmc&’ of Se’Vi ’ r e  imo i  Sc ,

whenever a 1oop a e r i a l  is being used , i t  is usua l  t o  regard  a b a n d w i d t h  o f  at

least 5 Hz as necessary for time o~u- ;(;~\ forma t to he preserved . ‘l iii s g I vt’s a noiSe

to~ e’r a n ce ’ , assuming 0110 moderatel y strong si gna l of 100 V / m , of  about SO V/ni

for an ~ h c ’ctri c’ aerial (rare on the ground) or (1 . 1 p’1’/llz~ for a magnetic aerial

~i I most inevitable wi t i m out  a s u c c e s s f u l  skin mapp i img proc edure) . h lc ’w e ve  r , thm i s

i gliores t I l e ’ f ac t th .m t t he t ) MECA s igna l  has a ID s period , and he’imce re ’qUi r t ’s an

inde ’t m i  te ly  small b an d w i d t h , pr ovided  i t  i s  separa te ’ d i n t o  a number  of equa l

bands situa ted one on eacim side—band and one on t ime c a r r i e r .  Some re’coC.n it ion

ot tim is is given b y tile si gima l in t egra  t ion in the synch roni  sat  i oim procedur e

described in section 4.1 , but time gain is large l y imu ll i fied by time l i m iting

performed in the detector before the integrat ion  i s  p e r f or m e d .

The ’ nios t di r ec t  way would be to situate narrow filters on each of t i l e ’

C a l  r i or and s i  dc—bands  at  each f r e qu e n c y  , b u t to b c  ate thtc btirs t s adequate’ 1 v , at

least IC side—bands are required. Further , if it is intended to m e a s u r e  the

phase f r o m  the  filt ered si gnal in forma t ted form , the 10 balanc I ng s i dc—band s

a r e needed  to pr e’serve time phase. This means a lot of f i l t e r s , aimd of cour se

eac h 0110 lets in noise’, so all have to be correspoimdi ng ly narrower. C

Nore’ practi cal mj~ h t  be the scheme of Fig 1 l b .  A c o mn m u t a t i n g  I i 1 ter has

the advantage of s e l e c t i n g  a h a r m o n i c a l l y  re’ I im t e d  ser it ’ s of f r e q m i e ’rmc I es so such

a filter , Wi ti m an ade’~juate number of capac i tors and a f u n d a m e n t a l  f r e q u e n c y of

1l~ , can tune  a l l  the s ide—bands  i f  the  ONl :~~\ signal is dow n — c o n v e r t e d  to  zero

t r e q u e ncy .  F i g Mb also contains  c i r c u i t r y  fo r  u p — c o n v e r s i o n  back to t ime or i g ina l

frequency , so t h at  d i r e c t  comparison is p o s s i b l e  be tween  f i l t e r e d  and unfi i t e r e ’d

s i g n a l s . In p r a c t i c e ’ t ime reconvers iem u will be unnecessary , as t Ime two filters of

Fig  11 h merely hold a running average of time phase and q u a d r a t u r e  component s o I

t i me r e c e i v e d  si gna l tlmroug hout the 10 s period , f r om which  LOP ~‘,il ui’s are’ di  ret ’ t I y

calculable . indeed they are more likel y to he imp l emented by computer store

locations than by cap aci  tors. This view of the system shows that time number ~ t

capacitors , or locations , will be around 100 per f i l t e r .

Final l y ,  examining time response of such a receiver as Fig I l , i to imar ro w—

band interference in more detail , it can first be seen that there will be no

response until time unwanted sinewave comes within 5 Hz of time CNC~ .\ t r equen cy .

Thi s means with random frequency drift an inunediate reduction in duration of t ime

probl em by 20 or more time s (reducing tile prob l em in the Azores fi igli t f o r

example from 3~ h to 10 mm out of 98 ii flying). Suppose , howev er , that a

partic ularly stable power harmonic sett led in time 101hz bandwidth before’ t ime ’
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segment gate . The switching spreads this into a comb of frequencies , just like

the  CMEeA (Fig  l~ with 100 UuIfC spac ing  and T1tm the amp li tude. Since we are postu-

latin g bammdwidttm s ot around S u l i c  f o r  the tracking system , this may well lie

between tim e’ comb frequencies for most ot time time , and the problem is even
further allevi ated.

S K I N  MAI’l’IN G

It i s et ten necessary , whemi usitmg receive rs that emp loy wide—b and limiters

ammd pa rti cu larly when using a ioop aerial , to measure the noise levels at the

aircraft skin to find the quietest p lace to install t ins aerial. There is , of

course , ito guarantee that a suitable site can be found , particularly on small

, l i r t r a t  t. The sort of results to be expected have already been mentioned in

fable I ,tiid s e c t i o n  2.6. However , there are some further points to note when

skin mapping i ,s done’ with ae rial installation in mind .

i 1 ~~~ i tu e ,  components of the magne t ic field can be quite in dependen t

as F i g  I ‘a—c m n d i c a t ~’ . It  i s  a common technique  to use time ribs of the a i r f r a m e

~is e’t  .‘r ~~nce p o i n t s , and measure  the normal component of the f i e l d  there . In

t ac t , time .,,-m ~~al will he i n s t a l l e d  be tween r ibs , and the t angen t i a l  components

.lre wtm a t mat t or.

(ii l The aerial modifies the local field . so a probe as much l ike the
a e r i a l  as possible slmould he used. A loop probe , for  examp le , shou ld have a
ferrite core , not an air core. There is particular difficulty with an electro-

static probe such as described in the Appendix in ensuring that contact with the

aircraft is adequate , and that trailing feeders are not influencing the local

field. Fig i 3d&e compare the responses of a blade aerial and a plate—type probe

at its base. The extra interference on the probe could be attributed to poor

contact.

(iii) The measurements are being made on time ground , and for the electric

field the situation will change radicall y on take—off. It is beat to estimate

the noise against time known amplitude of an OMEGA transmission (from, for examp le ,

coverage maps l ike  Fi g 2~ as the rati o will not cimange greatly on take—off.

(iv) Results vary from aircraf t to aircraf t of the same type , and during

the aircraft ’s life time . The situation may well degrade owing to corrosion etc.

h . I EQui pmen t used for  mapp ing time magnetic field
z

The best probe to use for measuring the field would be an OMEGA aerial.

Since one was not available i n i t i a l l y ,  RAE used a ioop probe designed for the

‘ - ~~~~~_ _ _ _  - ~~ ‘“ - -
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RED I t~~st i n  M I L — S T D — 4 6 1 A .  Th is  responds to the  magnet ic  f i e l d  normal to the

, m i r c r ~m t t ’ s sk in  over  the f r e q u e n c y  range 20 Hz to 50 k l iz .  The p lane  of the loop

iS  spae’t ’d 7 cm from time sk in  of the aircraft by a low dielec tric spacer. The

sens iti ”it y was quite inadequate.

.\s time magnetic o>u~G~\ aerial responds to the tangential component of the

tield m.’ith respect to the p lane of the ioop , and thus the aircraft ’s skin , a

t e rri te ’ probe was made to measure this component. It consists of 1 000 turns on

a 15 cm (6 iim ) ferrite core with an inductance measured as 237 mH. The input

i mpedance of time measuring receiver was selected as 10 kfl to avoid excessive

miszitcii . This probe gave us 20 dB g r ea t e r  s e n s i t i v i t y  than the o r ig ina l  loop.

}‘~~r most of time aircraft surveyed , the measuring receiver was an Electro—

ur e ’t r i c s  E N C — I C E , w lmich is tunable  over the f requency  range 20 Hz to 50 kHz .  This

has s in c e  been rep laced with a Singer NM—7 receiver which has greater sensitivity

and a short term memory enabling the relative strength of the 0~IEG.~ signal to be

measured .

The maximum sensitivity obtainable at present , usi ng the f err i te probe and
tim e NM—7 is —12 dB with respect to I pT. 

‘. 

-

6.2 lest techni que

Those areas of the aircraft which were unsuitable for practical reasons

w e r e  elimi nated. The aircraft ribs in the areas of interest were identified and

numbered. An x—y recorder was connected to the measuring receiver to enable an

automatic plot of interference to be made in the frequency range 9—14 kHz. With

a l l  p r a c t i c a b l e  e lec t ronics  and electr ical  loads energ ised , powe red from the

a i r c r a f t ’ s own generators , the probe was p laced aga inst  the a i r c r a f t ’ s skin ,

e ther directly over a rib when using the loop probe , or between two ribs when

us ing  the f e r r i t e  probe.  The in te r fe rence  levels were recorded using measurement

bandwid ths of S Hz and 50 Hz to aid identification of the type of interference

(narrow—band or broad—band , cohe rent or incoherent) .

The resul ts from each location could then be compared and the most favour—

,m h l, site from an interference aspect determined.

6.3 Electric field interference

A probe developed to measure this wi th  an e f f e c t i v e  height  of 12 mmmi is

desc ribed in the Appendix. Cal ibrat ion was performed (for this and the magnetic
probes ) in a ca l ib ra ted  waveguide . Care is necessary to prevent the probe ’s

d i s t o r t i n g  the f i e l d  i t  is intended to measure , by the presence of t ra i l ing

--- - 

-- - - •
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cdt )ICS or time ’ hi gh -dielectric operator . An examp le of t ime probe ’s o u t p u t  is g iven

in  F i ,~ l I d .

7 t’OWER SVI’I’LIES AND RECEIVER iNSTALLATION

7. I S andards and s~~ cific at ions l imiting aircraft electrical interference

A possible sour - c’ of i n t e r f e r e n c e  to an OMEGA i n s t a l l a t i o n  is e l e c t r i c a l

noise on time powe r supplies , produced either by tim e generating system or by otlmer

equi pment sharing t ime same supp ly. In p r in c i ple , maximum permissible levels are

laid de~cn i n  spe c i f  i~~, l t  i o n s  of w h i c h  many can be app l ied  to a i r c r a f t .  However ,

the two most imcc rt ant ol t hese  ,m r e  BS 3Ci00 and M I L — S T D — 4 6 1 A .

The current B ritis h standard is BS 3C I OO. This is divided into several

parts cov ,riac a l l  cnv m ro n n m er mt , i l tests. The two sections of most interest are

‘art I — ~‘ima r ,ict , ’r i s ties ot aircraft electrical systems — which de f ine s  the

requir ed pert o u m , I i i ,  e c t  t ime electrical generation systems , and Part 4, section 2,

whi cim c overs e l e c ir ~~m .u~~~c t i c  interference of electrical equipmen t a t radio and
a u d i o  t r e q u e n c i e s . Thi s s t a n d a r d  is app l ied  to both civil and military aircraft.

liie ommlv pr otection g ive n by the standard in the OMEGA operating band is

in ‘art I , which speci t Ies the a l l o w a b l e  harmonic  content from the aircraft ’s

ce ’ac r ,m tin g s y s t em s. Part ~. does not l imi t i n t e r f e r e n c e  below 50 kHz .

The equivalent .~rnerican Standard is MIL—STD—461A , a join t military standard

b r  time (‘S Army , N avy  and Air Force. Timis limits narrow—band interference down

to 10 ftc ( , ;  c~’ner,mtor harmonics )  and broad—band i n t e r f e rence  down to 20 kHz .

7 . .7 A i r c r a t L  e l e c t r i c a l  powe r supp ly i n t e r f e r e n c e

The e l o c t r i c , i l  gen e r a t i o n  sys tem of an a i r c r a f t  produces e l ec t r i ca l  i n t e r —

fe r eumce across  t f m e  O~’U C.\ ope ra t i ng  band . On an a i r c r a f t  where the prime genera-

t i o n  sy s t em  is dc this c a n  be t y p i c a l l y  broad—band noise f rom the brushes of the

dc g en er a t o r  or na r row —ha nd  harmonics of time ri pp le f requency of the r e c t i f i e r

u n i t s .  On aim a i r c r a f t  w i t h  an ac prime genera t ion  system , harmonics of the

f u n d a m e n t a l  power f r e q u e n c y  (400 Hz) are present on the busbar as well  as inter-

f e rence  t rout transformer rectifier units. In both cases , interference from
s t a t i c  or r o t ar . ’ i nve r t e r s  is presen t .  In te r fe rence  from s t a t i c  inver ters  is a

m i x t u r e  ot narrow—band and broad —ba nd noise .

7 . 3  E l e c t r i c a l  equi pm ent i n t er f e r ence

From on board e l e c t r i c a l  equi pment , a major source of in ter ference  in the

OMEGA band is the i n t e rna l powe r supply .  Switching mode type power supplies can

- -  
-
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be especially troublesome if their switching f r eq uency is in or bel ow time 0~1EGA

frequt’uc v band .

Another  source , increas ingl y present , is e l e c t r o n i c  s t robe  a n t i — c o l l i s i o n

or nav i gati onal lamps. In these a capaci tor  is charged from a frequency varying

oscillator and then discharged through a gas di scharge tube. Two forms of

interference result: broad—band transients occurring at discharge (usuall y once

per second) and narrow—band frequency vary ing si gnals from the oscillator. Both

timese occur in the t~ tL~~\ fr equency band and great care must be taken to ensure

time 0~IiC ~\ installation is kept well segregated f rom these , especiall y from the

lead connecting the strobe ’s power supp ly to the lamp head as this is the main

source of radiated interference.

Further information on interference from equipmen t can again be f ound in
Ref 17.

7..
~ Eart im loops and installation problems

Some of the troubles which can beset an OMEGA installation through careless

powe r supply arrangements are indicated in Fig 1 4. A connec tion to the airframe

f rom the aerial pre—amplifier is essential for an electrical aerial (as

section 3 .1. 1 makes clear), and i f  dc supp lies are used this opens a return path

for noisy currents to the generating system, which can very easily enter the

m~Mt:C.-\ signal path. Such supplies were used in the early RAE Come t ins tall ation

( se c t i o n  4 . 1 )  and a great deal of time was spent ensuring balanced ae r ia l  feeders

and earthing and unearthing aerial feeder screens , equipment  cases and pre-

amp lifier power returns to arrive at an arrangement with least interference

( sec t ion  4 . 2 ) .  In the Wessex i n s t a l l a t i o n  (sec t ion  3 . 1, 3 )  the dc suppl ies  were

so noisy t ha t  the receiver  (a model intended fo r  marine opera t ion  f rom a ship ’ s

dc s u p p l i e s  or b a t t e r i e s )  could not eve n generate  the fo rmat  switching . To

combat t h i s , an i n v e r t e r  was used to drive a l abora to ry—type  s t ab i l i sed  power

supp l y, in turn driving the receiver ’ s b a t t e r y  inpu t .  As well  as removing

supp ly noise , this arrangement breaks the earth loop apparent in Fig 14 by

i n s e r t i n g  a t r an s fo rme r , and so keeps current  f rom other equipment ou t of the

system. The result in the Wessex war. an i n s t a l l a t i o n  comp letely to le ran t  of

earthing of the receiver case or aerial feeder screen (as long as one connection

was made at the blade to the airframe) and able to use unbalanced aerial feeder

cable.

Use of a transformer in this way to avoid coimnection of signal ground to

any supp ly  lead seems an elemen tary precaution to take in any VLF or other

-
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sensitive installation , particularly as most aircraft now generate ac primary

supp lies.

CONCL (’SIONS

‘rime success of an (1 Mt t~A i n s t a l l a t i o n  in an a i r c r a f t  depends on three

things:

( , t  The ’ qua l it v  of t h e  poWe’ F Supplies.

(h) lh~’ qu .tli tv of t h e  aeri al installation.

(c) Tue rec e iver design.

It appears that further developments in (c) (a once—only task) could

great ly alleviate the dependence on (b), which requires individual attention to

ejc h aircraft. In particular the wide—bandwidth limiter approach seems inappro-

priate to the noise environment involved , and improved perf ormance should be

obtained with narrow—band non—limiting receivers. The following are recommnended :

(a ’) Use an electrostatic aerial , par ticu larl y in small aircraft.

(h) Site the aerial as far above or below the aircraft electrical centre as

pr actical , bear ing  in mind that this moves relative to the aircraft on t a k e — o f f .

For non—hyperbolic systems , above the centre is preferred because of possible

phase inversion on take—off at lower sites.

(c) As a non—limiting type of receiver does not seem to be available , choose

one w i t i m  as narrow a bandwidth as possible (10 Hz) at the final limiter , and

arrange  the g a i n  of the whole system (remembering that it changes at take—off)

so that atmospheric noise does not operate  the l i m i t e r .  Inmiunity to precipi ta-

t i o n  static will then be as good as can be expected with this receiver type . If

time resulting performance is not acceptable , resort to a loop aerial and skin—

mapping may be necessary , but is not a guaranteed remedy . In this case , imnmuni ty

to power harmonics can be maximised by avoiding limiting in the same way.

(d )  Use an ,i~ ’ power supply , and allow no connection between signal ground (the

a i r f r a m e ) and supp l y l ine  throug h the receiver . This applies equally to any

synchro inputs or outputs.

z
C’.
C’
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Appendix

AN E— FIELD SKIN MAPPING I ROBE

An E—field probe with an effective heigimt of 12 umm is described here , and

the princ ip les are equally applicable to the design of aircraft aerials.

fl two parallel plates of area A are placed in an alternating electric

field E, the current flowing in the capacitance between timem is

I = j we
0

AE

li this capacitance is C, the vol tage  between the plates will be

A
v~~ 4— = —~-— Ejo C C

Hence the effective hei ght of this arrangement used as an aerial is c0
AfC

to keep C low , it is usual in a plate aerial to make the spacing between the

p lates several centimetres. In the RAE probe , however , a ~ootstrapped plane

is introduced between the p lates to reduce C, enabling the plates to be brought

to a separation of 4 nun. The circuit is shown in Fig 15 , and includes a resistor

R to  r e d u ce  the bandwidth to 100 kHz. The formula for the effective height of

this arrangement is

~
h — jwC ,R

C + C3 I 1 + j w C ~R

C 1 is around 1.5 nF , but the amplifier reduces this in practice to about 20 pF.

Similar treatment might be given to the feeder to an aerial pre—ampli fier for

any electric aerial , reducing the constraint on feeder lengtim .

‘C
‘C
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Fab le  I

tYP ICAL F I E L D  STRENGTHS

F — f i e l d  B— fie ld

L~’II ~~ .\ - m rr ~r spectr al density , ~S0 ~V/m IIc~ ~~~~ pT’ilz~
m imm im u m usable st r en g t h *

St r ’ mmge  usable ~~~~ si gima l  200 ~~
\‘ /m 0. 7 p T

j u s t  e m i t s  d~ mode j i t t e r  fe  r ence
0 :me

ini : m:: mms.i l’le ~~P e .\ si gnml * 2 5 VIm 0.0S pT

I t k tm. t i e 1 d 10 km t rout GBR .7 ~0 niV /m ~oo pT
i .~a~-.mi tter

o ie ’[d at 10000 km from 100 , V/m 0. 35 p T

4
.\ve’r,iCe atmosp tme’ric noise 10 ,.V .’m hi .~ 0.01 pT/Hz’

1’ r c~ i p i t a t  ion  s t  it  i c 300 ~V/rn Ii; ~0. I pT

b~~’,idb ,im~d b.mc~ groumid on 3 pT/Hz ~
bAi . 1 — I l  s ki ti vi tim op e ’rat  i ng
a c t u a t o r  b eh ind

Broadband i n t e r f e r e n ce ’ on ~. .10 pT / H z ~
BAr I — I I sk i n  1 f t t rout
ant  i — c o i l  i s ion  l i ght  d u r i n g  p

d i ~ b a rg e

Broadband no is ,’ cm W e sse ’x ‘50 ~.\‘/m ii.: 1 .5 pT /Hz ~ average
s k i n  w i t i m  i l l  e l e c t r i c a l  5 pT/ H z~ at upper ae r ial
systems runn i ng site (Fig 5)

~‘owt ’r harmonics on Wessex ,mnd 10 70 pT
b .\P I — i l  sk it -i

* 
~1tmiiutuut .ms def i ime ’d in s ect i o n  3 . 3

- 
_ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-‘v.-----— ’ ‘-“
~~

25

REF ERENCES

No . Author Title , etc

I H. G .  Hi 11 Time per fo rmance  cO O~’t1- A and o t i - icr  VLF navi gation

J.  K i l v in g t o n  systems in aircraft.

W .R. Turner RAE Technical Memorandum Rad—Nav i~ (1975)

.1 J . R. Wai t  I n t r o d u c t i o n  to th~ t h e o r y  of  Vi i- propagatioim .

Proc IRE , 50 , 1 0 2 3 — 1 6 4 7  , 1962)

F. Lied High frequency radio communications witi m

emphasi s on polar problems .

AGARDogr aph 104 (1967)

-~ ILL.  Jones An a t l a s  o f w h i s t l e r s  and ~‘LF emissions:

R. M . C a l l et  a survey of VLF s p e c t r a  f r o m  Bou lde r , C o l o r a d o .

J .M . Watts Nat Bur Standards Technical Note i66 (I’~103)

D.N . Fraz er

5 D .A . Granville—George An i n f o r m a t i o n  s t u d y  of noise in aircra~ t

B. G . Smitim c o nm mu n i c a t i o n  sy s t ems  be tween  2 and 400 M Hz.

Smith Associates Technical Report IR 1.7 1  (1~~~5)

6 F .C . Sakran , Jr F l i g h t  t e s t s  of two a i r b o r n e  OMI -G, \ navigation

P.B. Burch systems .

Navi gation , 21 , 1~~4 (I°7 4)

7 K. Ikrath The susceptibilities of electrical and magnetic

antennas to preci p it ation static noise (experi—

ments  in an e l e c t r o s t a t i c  wind tunnel).

US Army Electronics Command Report ECOM 4)19

( 1 9 7 5 )

8 0.J. Bal tzer Investigation of ‘antenna dump ing ’ as a means

of reducing preci p it ation static interference

in a i rborne  OMEGA .

FAA Report FAA—RD—72—l (1972)

9 A.D. Watt Comparison of observed VLF attenuation rates

R.D. Croghan and exci tation factors wi th theory .
‘C

Radio Science , 68D , I ( 1964)

10 J.V.N. Granger Aircraft antennas.

J.T. Bolljahn Proc IRE, 43. 533—5 S0 (1955)

— 
- • -~~~-- - • ~~~~~~~~~~~~~~~~~~~~ - 

. 44



— - -- — -~~~~~

REFERENCES (concluded)

No. Author Title , etc

I I  S. Broadbent Ontrac airborne.

Flight International , p 59—60, 10 July 1975

12 C.D~ Owens A survey of properties and applications of

ferrites below microwave frequencies .

Proc IRE , 44 , 1234 (1956)

13 D. MacTaggart Design and performance of CMA—719 conmputerised

airborne OMEGA receiver.

Proceedings of the Firs t OMEGA Symposium,
Institute of Navigation, 63—74 (1971)

14 R. L. Eisetmberg Development and flight testing of pre—production

A.F. Thornhill OMEGA aircraf t receivers and antennas.

M . F .  Wil l iam s Thid, p 144

15 G .C .  Teme s Modern filter theory and design.

S.K. Mitra Wiley (1973)

16 V.B. Mitchell 50 Hz power line signal suppression using a

multi—stage boxcar detector .

J. Atmos and Terr Phys, 37 , No.2, 325 (1975 )

17 — Guide to electromagnetic compatibility in

aircraft systems.

AvPI18. UK Ministry of Defence (1976)

C’
C’

~~~~

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~L~~~ - _ _ _ _ _  
________ _ _ _ _ _ _ _ _ _



-
~ Fig i

L

-

~~~~~~ -~~~~~~~~~~~~~~~~~~~~~ - -~~~~ --~~~~~ ~~~- --- -- - -- -  __



Fi g 2

~~~~~~~~~~ IT~~ ~~~~~~~
V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. 
I - . 

- 

—

- 

-

~~~ 
‘ ~~~~~ I 

)
~ ~~~~~~~~~~~~~~~~ ;

‘ 
~~~~~~~~~~ ~~~~~ 

/
1

/ ~~ ~~~~ -
~

__v )  ~~~~~~~ 
~~~

( ..c~~/ ~~
r- ~~~~~ I, c~2 ~~~~~~~~~~~~~~~~~ /

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ 
-/ ~~~‘ ~~~~~~ 

, - 
-.--

-
~~ ~~ ~~~~~~~~~~~~~~

I / I ”  I ~ ‘ “~ / ~ ~~~—.....w ~ ,—~

/ ~~f/~~ 
~~~~~~~~~~

‘
. \ /~l~ / /t~A~ 

-

~ 

_ _
~~/i_~~~

_ 
-

/ I~~~~~~~~~~~~

K N

I - -

( 1 
~~~~~~~~ / ,.

• —

\ . 100 V/m
Am . — —/ /

/ -

~~~~~~~~~~~~~H

Fig 2 Signal strengths from the LibE



OMEGA — DAY FIELD STRENGTH ASSUMING 10 KW RADIATED POWER 55 db
at 1000 N MILES AND ATTENUAT ION PER 1000 N. MILES THEREAFTER AS IN TABLE BELOW

—.--— 
‘— -.~ O~~ U CflVITY

SEA 10 ’3e.m,u. 10~
4em IL

102 KHZ O RECTI ON ~~N 
________ ________ ________

W/E 4 - 8 d b  5 9 d b  8 - 9 d b
N/S 6 - 3 d b  1 - 4 d b  10 -4d b
E/W 8 0db 9 5 d b  12 4 db

/ ALL OWANCE MADE FOR THE WORSE
• ~~~~~~~~~~ ~ ATTENUATION OF GREENLAND & SOUTH

~~~~~~~~ POLE. FIELD STRENGTH IN MICRO VOLIS
~~~~ PER METRE OR db ABOV E 1 MIcRO

VOLT PER METRE.

I ~~~~~~~~~~~~~~~~~~~~~~~~~

-

~~~~~ 0 
. 

~~~~~ 

-

- 

/

/ 10 v \ c3 ~ —~1’~’

~~~~~ 8\v ~~\ ,
‘ 

/ 

/ 
,/~~ /

I I //
( \ / / /

- 

_

. t  ,
~~~~~~~~ I

.

- 

- 

- 
/ LIBERIA (B SLOT ) 

~.0

s from the Liberia transmitter

_ _ _ _ _ _  - 
_ _ _ _-



Fig 3

/
,

I / ,/ // -
~I ,‘ / I

I /‘ 
.—
‘ :

/ , I ‘\ /  / I
‘ -~~~

‘ , I
~/~ \ ‘ I
A )

~‘/ ‘I

// 
~~~

~~ 
! ~~~~~~~~~ / 

/ 

\\ / ./“ / !‘~‘

~~ . -~~~~~ 
, 

/ I 
~ ~ / / 

/ / \

/
•

\ 
/ 

/ 
/ I \

~ \ / /

“ / ~~~~~~~

“ \ I / ~~~
‘ 

i “
\
\ 
\
\I / / ~ ~ / \

—

/ ‘  I,
‘I’

I ’1 ’I ’
_ _ _ _  ~~~~~~~~~ PP~ME. £~ I H L  Af  p.i~~~

-
~~ ~~~~~~~~~~~~~~~~~~~~~~~~

CONSTAN r P,s’Asa L, ,g ~ 7 4.O~..’ ~9~~~f ’1~ 1J.P L .

Lo~~ (~oi~ ~ers

~~~ DII~eCTION OP ~~~~~~~~~ PftON7 P~~o~~~~Gmi /ON -

‘.0
‘.0

FIg 3 Effec t of wave fron t curva ture



—-.----- - . -~~ ~~~~~~~~~~~~~

Fig 4

_~~~~~ 
-• - . N -.

-- - 

~~~~

— — —  -

(a)

7 - 

.

_ _

(b)

FIg 4 Equlpo tentla) surfaces round an aircraft

________ ____________________ 4



Fi g S

I

- -  - -.  1~~~ ~~~~~~~~
-
~
--i_

~ 
- -

~~~~~~~~~~~~~ .-



~~~~~~F ig 6  ~~~~~~~~~~~~~~~ 

- -- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~ 

----

~~~~~~

- J 

I



Fig 7

w C

o 0
.0 .0

~•4 ~~~~~~~~~ ~;
-e m I. 

~~~~~~~~~~~~ — -4-’
4- 44~~

CO (0

LI U
L

(0

s.~ ai

U

_j -~~

(0

C

U,

(0
C

em

(0

‘1,

_  

V E

C,

a,
>

-
~~

4-’ 
.. 

4-’

o U

(0

L
r-. a) Ci)40 ‘0

L
El) Ci)0.
0. 0

,.
I0

I—

—I 
_ _ _  _ _ _ _ _ _  



- -—  — - ---- --- - - .- - ----.-- -~~~~ —

Fig 8
200 ~ 1 lot ) ISO

c -  100 I T )  t~ j Zoo 210

\ \ ~ / /

\ \ / 2’ 
~~~~~~~~~~~~~~~ ~~~

‘

~~
“ 

~~~~~~~~~

~~N 

~~~~ ~~~~~~~~~~~~~~
N

\~~~~~ \ - / ‘ : i

‘ 

~~~~~ N’:
- - — — - 1 •-- J ~~~~~~~~ 

.: •— — 
.

- - 1 -- - - - — go

I ~~ 

N 

-

\
\ ‘/ / \\N I /\ I’ 

\ \

-
‘ ~~~

“‘-~~~~~~ t - ‘
~~~ ~~~~~ 

-
- -

\ 

\~~~~~~~~~~ 
~~~~~~~~~ 

:~~~
‘ \ \ ~ ~ I

4- . 
. 

- 
/ - \f’ \ . - - “N - 

40

\
\ 

~~~~~~~~ - 

~~ \ NN ~~ ~~~ \ \~\\ \
~~fl 

/ ~ ~~ / ~~
- \ 4

1 40~~
4 1  

. 
- / - . . . . / - - \. - ... . - \‘- - ~20~~

— 
- ~

\ -  \ ‘ \

/ ~
‘
~~/ - / L .\ \

- 

/ - 
- - — . - - . \ - \

110 40 ‘4 ’  1(~ 
4)

IC 0 3SO 141 .111)
- I - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Fig 8 VIE loop polar diagram on Comet

_ _ _ _ _



-_

Fig 9

‘.0
‘.0

¶



— -- --- -.- -~~-. —

FIg 10

,_.~~~p

A14,4& J
~ø.à.

~~~~
~.bc.m A .

- S

r L ,sr 
~~L “ 48 bJ .~ooM2

I Uf L ~~ c~*1p.u,Mi~11 ~~~~~~ 
r,P,~~.. 1

—1 ,.— ICO~e’arAP-”. p ,~~,
p
~-r.c re~ ~M e7 ~~~ VS #~~d

I _ _ _ _ _ _ _ _  

Vft4~O~~.

(Pw.. * O/ø~ ?~3S~~ ( . 0 0 3f f z . -.Ow-
~ç#MAAsA’r Po

f ti.*,,

V~LOC,TV

Fig 10 Signal processing in the Comet Installation



Fi g 11

-

P~~se DIFFEkiN (E
.Sw.Tew ms

~~~~~~~

(a-)

j

~~_____
~~ .J OciN s

0~--—

—‘I,

qos_ 
1

j I~ -pI.JlL

~~~~~~~~~~~

(ia)

FIg I i  Narrow-band OMEGA receivers

1- —~
-- — - —- - — -- —~~~~~~-~--.—---..---- - —--~

— .



- - --- - -w -----
~

- - - . -_ - --- - - , --- ----,. . ---_ -- •_ - -— - — -_ -
~~~

-- ------w

Fig l2 /

/

/
~4~4
(0

I
/ 0

I 4-

I/

--

N

/
I -t

-— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ .
~~~~~

_ _ _ __ __±



~~~__ t —i- 

-

_ _ _ _  

_

_ Li _
~~

_ _ _ _ _ _ _  ~~~ 

-

~ 
-
i

UI IL-_  ~-i~
~~~~ 

\~~
- 
~~ ~ 

_
1 ~~~~~~~~~~~~~~~~~ 

-

‘S 99 W -~I Wj. -

- 
—T- - . .— -  — —



~~~~~~~~~~

-.—-- ----- .

~~

. - --- - - -

~~~~~

— — —--- - - - - — — - ------ - - - .--

~

--- ——-- ---- . - -- - -—--- - - -- - -.----- - - .-- -- --- - .—- - - --- -

~~ 

-‘
Fig 13

_ _ _ _ _  
-

~~

‘-_j —.4
-I ).- C,

‘.41 -~A ‘) ~~

I— 5’-:~ “C
,~___. In

r —
- ç) — 

— 
—
U,

cè~ ~~~~~
______ C

r ~~~~

I - - — 
~~~~~



-
~

----- --- .~ - . ,~~~~ -
~ ~1

Fig 14

Ca~1.I1C~~lCPJ ~ssE~J r ~At. ~O~’ £L6CP?IC

- ~~~~~~~~~~~~~~ ~~~ ~~M~ 1~C _______________

_ _ _  - - -
I 

~~~cr Iw.~~~-n~ sj ~O~fl~L. IM& To P~sSs8e% D,~~ECr iMTR rllW,~j 1
b” PW’l i i ~~i~,UC6 / . _ ~~~~~. - J
I~T 1Ifr~ r~o’~Jr

iN~
____ 

——

GENE4~MTO’~

— 

OilieR EQ’.. ,~si~1r (OI’JD
~~~~

T,p — J G

6 I~J6 ~JO 

~~

Fig 14 Interference injection into a VLF receiver

— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - - —— - -  -

-- --- --- - . -  — --- -  -— - . -- -------- - - ——--- ------- -- --- -— ---



Fi g 15

E~uWe -s4ecJ copp e~’-do-4 f.ke~Ioss , 2mm Hiick

“
4

E
‘.1 

~~ d~e

I

‘— ZOcm

&p#e*knl C4f44C.I1*n~C6 ‘

‘.0‘.O

9:

Fig 15 An E-field sensor

- 
--— —- --. 

-- - ——-
~~~~~~~~~~~~~~~-—.~~ 

- -.- .
~~~~~

--

_ _ _  —--—



P’ REPORT DOCUMENTATION PAGE
Overall security classif ication of this page

UNCLASSIFIED

As far as possible this page should contain only unclassified information. If it is necessary to enter classified info rmation , the box
above must be mar ked to indicate the classification , e.g. Restricted , Confidential or Secret.

I. DRIC Referen ce 2. Originator ’s Reference 3. Agency 4. Report Security Classification/Mark ing
(to be added by DRIC) Reference

RAE TM Rad—Nav 66 N/A UNCLASSIFIED

5. DRIC Code for Originator 6.O;iginator (Corporate Author) Name and Location

850 1 00 Royal Aircraft Establishment , Farnborough , Hants , UK

Sa~ Sponsoring Agency ’s Code 6a. Sponsoring Agency (Contract Authority) Name and Location

N/A N/A

7. Title OMEGA and VLF aircraft installations

7a. (For Translations ) Title in Forei gn Language

7b. (For Co nference Papers) Title , Place and Date of Conference

8. Author I. Surname , Initials 9a. Aut hor 2 9b. Authors 3 , 4 .. 10. Date Pages Refs .
Hill , H.G. Kilvington, J. Carter , N.J. 

February~ 4 1 I 17

I I .  Con t ract Number 12. Period 13. Project 14. Other Reference Nos.

N /A N /A 
____________________ 

-___________________
15. Distribution statement 

-

(a) Controlled by —

(b) Special limitations (if any) —

16. Descriptors (Keywords) (Descriptors marked * are selected from TEST)
Navigation. OMEGA. VLF

17 Abstract

~~This Memorandum sunanarises the principles found relevant to the successful
operation of OMEGA and VLF installations in aircraft. It includes a list of
interference field strengths found in various RAE aircraft, the considerations
to be taken into account in the choice of aerial type and site, installation
problems and their relation to receiver design. An indication is given of the
direction that receiver design might take to eliminate the need for skin—
mapping.,~

RAE Form A 143

-- ----- - - - - --
~~~~~~~~~~~~~~~~ - i 1 1I~ . 


