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ABSTRACT

A communicat ions  c i r c u i t  us ing radio re f lec t ion  f rom the moon , p lane ts , or
sun , to li nk two te r re st ia l  points  is inv e s t i gated . Ex is t ing  data on radio re-
fl ections f rom the mo on ind icate  the phenomena invo lved , and provide some
exper imental compar ison for  calculat ions of si gnal r e turn .

Neg lecting any lim itat i ons on ran ge , the p roba bilit y of f ind in g at least  one
ce les t ia l  body available for use  as a r e f l ec to r  is worked out .  Because  of the
incom m en su ra te  moti ons of th e pla nets , the probability is slow in bu i ld in g
up; for  f ive  possible r e f l e c t o r s , the probabilit y that at least  one is in a use-
ful  posit ion is 97% .

Range l imitat ions indicate that only the moon and Venus are  u se fu l  for  r ea l -
• t ime si gnal relay ing; g iving a best reliability of 57%. The sun is not use-

ful  for r e a l - t i m e  re lay communica t ion  due to absorpt ion of incident si gnals ,
and no ise radi atio n , by the solar a tmosphere .

• The constraint s on u s e f u l  range imposed by the phy s i c s  of the problem (dis~
• tances , sky noise , d opp ler spreading of si gnals , s u r f a c e  r e f l e c t i v i ty,  solar

atmosphere) ,  and by the hardware (transmitter power , receiver noise , an—
tenna size, integrat ion t ime )  are discussed .

V

I~~ T.. 
~~~~~~~~~~~~~~~~ 

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

.--. 
-



- 

/ V07
?/-ecedz4’~ ~~~ 7,’2rNir f ~~/ ~qQ’

I. INTRODUCTION

A. Statement of t he Problem

A radio c i r cu i t  u s ing re f lec t ion  f rom the i-noon , planets , Or sun to link two
t e r r e s t i a l  point s is invest igated . The si gnaling ra te  can be slow ; a ccu racy ,
r a the r  than speed , is the important  cons idera t i on  in t he i n fo rma t ion  t r a n s--
miss ion .  The problem is to find the m a x i m u m  poss ib le  re l iab i l i ty  of such a
sys tem .

B. Purpose of this Report

The purpose of this  report  is to examine the f ac to r s  wh ich  inf luence  the oper-
ation of a radio relay for PCCS using nat~ura l celestial bodies as re flector s ,
and to draw conclusions as to how effective such a system can be.

C. Scope and Plan of the Report

Resu l t s  and conclusions f rom past moon re f lec t ion  exper imen t s are reviewed.
and the maxim um range at which u se fu l  r e t u r n  can be expected is d i s c u s s e d .
Rece ive r  and antenna noise , bandwidth and in tegra t ion  t ime of the r ece ive r ,

- • 
- t r a n s m i t t e r  power , and antenn a gai n cons ide ra t ion s a r e examin ed , and are

app lied to the case of lunar re f l ec t ion .

Exte n sio n of the sy ste m to u se  p lanets as re f lec to rs  is cons idered .  F i r s t  a
s t a t i s t i c a l  analys is  is made to find the ove r -a l l  avai labi l i ty  of a re lay sys tem
using  planets , ass uming  they are  w i t h i n  range .  Then , the ac tual  access ib i l-
it y of the planets is ca lcu l ated , and f ound to be sli ght.

Use  of the sun as a radio  r e f l ec to r  is examined , and found to give an m ade-
quate r e tu rn  s ignal .

Finally, t h e m axi mum avai labi l i ty of t h e sy stem is ca l cu l ated , and poss ib le
:4  avenues for  improvement  are sugges ted .

• ~~~ i•~~~~~~~~~~~~
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II. RADIO REFLECTION FROM THE MOON

R e f e r e n c e  to the ex tens ive  l i t e r a t ur e  on r e f l ec t i on  of radio waves f rom the
moon shows the fo l lowing impor t an t  points:  1-8

A. Echoing Area

The e f f ec t ive  echoing area of the moon , which  is a product  of s ca t t e r i ng
• a r e a , re f l ec t i v i t y ,  and d i r ec t iv i t y ,  is a slow ly d e c r e a s i n g  func t ion  of fre-

quency . As shown in Figure 1, the rat io  of echoin g area to projected area of
the moon fa l l s  off f rom 0 .1  at 100 Mc/ s  toward  0 .05  at 10 , 000 i-nc/ s .

B. Fading

Two types of fading are observed:

1. Slow fading,  ove r a period of minutes  or hours , is due to Farad ay
r otation e f fec t s  in the earth’ s ionosphere .  This  e f fec t  is neg li g ible
at f r equenc ie s  above 1000 mc/ s , and is easi ly avoided at the lower
f requenc ies  by use of c i r c u l a r  po lar iza t ion .

2. Fast fading,  wi t h a period of seco nds or minutes , is due to in t e r -
f e r e n c e  e f f ec t s  which are caused by l ibrations (apparent  rota t ion)
of the m oon. These l ibrat ions produce  a f r equency  spreading.
Fast fading can be e l iminated by use  of f requency  d ive r s i ty;  use  of
two t r ansmiss ions  10-20 kc/ s  apart  is adequate for  this purpose .
A lthou gh there  has been no exper imenta l  evaluat ion as yet , it
would appear that space divers i ty  with separations of several
hundred wave lengths probabl y would be equally effect ive .

C. Pulse Stretching

Most of the energy of reflected pulses is received with a time interval sev-
• eral orders  of magnitud e smaller than the 11. 6 millisecond t ransi t  time

• f rom the f ront  to the center of the moon and back. Figure 2 shows the dis-
tr ibut ion of energy in the reflect ion of a 12 ~ sec pulse of a 200 mc/s c a r r i e r ;
half of the returned energy arrives in a 50 ~sec interval , and 90% arr ive s
within 200 ~sec. 

6 Similar results at other frequencies from 30 to 3000 mc/s
• lead to the conclusion that the r e tu rn  signal is that reflected from the f i r s t

Fresnel zone. This is the famil iar  resul t  for optical backscattering f rom a
smooth sphere; the effective scattering area for a perfectly reflecting sphere
is ir , providing that the radius is appreciabl y grea ter  than a wave length . 10

3
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III. RANGE AND DETECTABILITY LIMITATIONS OF MOON/PLANET
RADIO RELAY

A. Radio Receiver Sensitivit y

Radio recept ion range  is l imited by noise.  Communica t ion  cannot be
ma in t a ined  i f the  r ece ived  si gnal cannot be d i s t i ngu i shed  f rom the i n t e r n a l
and ex tc rna l  noise at the r e c e i v e r . This  noise is u s e f u l l y r e p r e s e n t e d  in
t e r m s  of ef f ec t i ve  no ise t e m p e r a t u r e s .  If T a ( t h e  an tenna  noise  t e m p e r a t u r e )
r e p r e s e n t s the ex t e rna l  noise comin g into the r e c e i v e r , and Tr ( t he  r e c e i v e r
noise  t e m p e r a t u r e )  ind ica tes  the  i n t er n a l  noise  genera ted  in the  r e c e iv e r , t h e

ef f e c t i v e  noise power  input to the r e c e i v e r  is:

Ic (T0 + T,.) B (

w h e r e

k Bol tzman ’s Constant  = 1.38 x 10 23 watt -sec

B = the e f f e c t i v e  bandwidth  of the r e c e i v e r .

To make the noise power smal l , and thus  m a x i m i z e  si g n a l - t o - n o i s e  r a t i o ,
two poss ib i l i t i e s  sug gest  t h e m s e l v e s;  e i the r  keep Ta and T~ low , or use
smal le s t  possible r e c e i v e r  bandwidth , B .

• 1. Noise Tem per atures

Figure 3 is a graph showing antenna temperature as a function of

frequency. 11 , l~ If the antenna is not pointed at the sun, the antenna temp--

e r a t u r e  has a m i n i m u m  value below 100° K in the frequ ency range 1- 10 kmc/ s .
T h i s  f r equency in te rva l  is called the “ space wi ndow ” and is c en t e r ed  at C—
band . When the antenna is d i r ec t ed  at the sun , f r equenc ie s  above 10 , 000
n-ic/ s g ive the lowest  noise , but the quiet sun t e m p e r a t u r e  in th is  f requency

. - 4 0ran ge is s ti l l  about 10 K.

Di f f e ren t  types  of r ece ive r  a re  c h a r a ct e r i z e d  by quite d i f f e r e n t  noise temper-
atu r es , as shown in Figure  4. 12 At “space window ” f r e q ue n c i e s  conventional
t ubes such  as t r iodes  have low gain and hi gh noise .  C r y s t a l - i n p u t  super-
het r odyne r e c e i ve r s  opera te  wi th  hi gh ( 1000 °K) no ise .  Trave l ing  wave tubes
can be somewhat  b e t t e r  (4 00 °K).  Best  of all for  u se  w i t h  low antenna tem-
per a tu r e s  a re  m a s e r  and/or var iab le  r eac t ance  ( p a r a m e t r i c )  amp li f i e r s .
Both of t he se  devices  have noise t e m p e r a t u r e s  below 100 °K . The param et r ic
a m p li f i e r  is the s i m p l e r  to u se , si nce it is a solid s ta te  dev ice  r e q u i r i n g  no
cool in g.

5

&_ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ —---- - • _ _



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

toe _ _  __—

QUtET SUN

o~ ~~~
Ui

~~

~ GALACTIC —

\ CENTER
V

Lii _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _

~~~ 

:~ 

GALACTIC\\~~ 

~~~~~~~N7\v
JI/

tOO 1000 10,000

FRE QUENCY (Mc/s)

• 

- 
Figure 3. Antenna Temperature as a Function of Frequency

0

Ui
TRIODES

• 
______

• ~ 2 
________ 

PARAMETRIC AMPLIFIER• ~~ io ( ORo MASER

ui IO —_ _ _  _ _  _ _ _ _

>
ILlU
ILl

too 1000 10,000

FREQUENCY (Mc/s)

Figure 4. Effective Noise Temperatures of Various Receivvr In puts

6

- - 2~~~ -~~~~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

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

—-• --•- . - -
~~~~~

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

. 
.-- . —•-•----- --



In calculat ing the noise power with which the rece ived si gnal must  compete
in the moon/p lanet re lay,  a receiver  tempera ture  of 100 °K and an antenna
te mp er ature  of lOO °K (except  when looking at the .j un) wil l  be used .

2. Receiver Bandwidth

The ef fec t ive  rece iver  bandwidth required for  this p r o jec t  is set not by signal-
in g rat e , since an extremely low ra te is acceptable , bu t b y osci l la tor  stabil i ty ,
dopp ler smear ing,  and tuning accuracy .  An I .F .  bandwidth of 1000 c/ s is
co nsidered a reasonable value. To fu r the r  cancel noise , pos t -de tec t ion  inte-
gration is used.  13 For rel iable detect ion of a received signal  which is down
in th e noise , the received power must be approximately:

P ~ 12.5 kT ~~~~~~ 
(2)

w h e r e

r = post-detect ion integrat ion t ime;

r will be taken as 10 second s for purposes  of calculation.

B. Transmitter Power

The transmitter power rating for this communication system is in terms of
cw power.  Pulsed operation is not feasible because the need for  range r e --
qui res  small bandw idth , which means long pulses or , eff ect ively , cw trans-
mitter operation. At the present  state of development of UHF and microwave
transmit t ing tubes ,  cw power  ra ting of a single tube , as a function of f r e q u e n c y ,
is g iven by the equation:  14

160
P( ki lowat ts)  (3)

where the f requency,  f , is expressed  in kMc/s.

If hi gher  t ransmi t te r  power is required , sever al tubes can be paralleled throug h hy-
brid tees .  The impedance matching must be done with care to prevent  ref lec t ions
which could damage the tubes.  Nar row bandwidths simplif y the matching problem.

The successful  performance of hi gh peak-power sys tems sugges ts  that there
should be no grea t  problems with breakdown in the waveguide (using a pres-
sur ized sy stem ), or at the output p ressu re  window , for  cw powers  which are
achievable . Cooling of the waveguide will probabl y be required in cw operat ion.

7
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C. Antenna Size and Gai ’ . , Beam Width

Antenna gain depends on the size of the antenna , and the frequency or wave
length being radiated. The relat ionship for pa rabo l ic re fl ec tors  is

/ o\2
Ca in = 277 1 —

= .~~~~ . D~ f~ (4)

where

1) diameter of (parabolic)  antenna dish

1 = f requency of radiated signal

wave length of radiated si gnal

c velocity of li ght 3 x 108 meter/ sec .

Equation No. 4 pr omises unlimited gain , at whatever f requency ,  as antenna
si ze is increased . This gain is achieved by reducing the angle into which
power is radiated.  The antenna beam width is - -

• 9 1 .2 (- ~—\ 1)

— 
l .2c

(5)

The ang le subt ended by the moon is about 1/2° . The planets subtend smaller
ang les , of course ;  but a na r row antenna beam imposes s tern requirements  on
the const ruct ion  tolerances  of the antenna as well as on the ali gning and track-
in g mechanism for s teer ing the antenna. To avoid too-severe  di rec t ing prob-
le ms , a minimum beam width of 1/20 will be assumed for the moon/p lanet
relay . Thi s beam width corresponds to an antenna gain of 50 db; the corre-
sponding parabolic antenna diameter is shown as a function of f requency  in
Figure  5. The antenna is sizable at the lower f requenc ies  - about 40 meters

• in diameter  at 1 kmc/s - but not so large as to p re sen t  s t ruc tura l  diff icult ies
or to lerance problems.

D. Echoing Area of Planets

The effective echoing area for the planets is an important  unknown in the
moon/planet re lay  problem.  There  is some experimenta l  evidence for the

8 

- - - - -  •- - -~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -•• ~~~~ 



--

— 100
- - 300 — —

— 8 0

200 - — 6 0

a)
-~ ‘-
I- Ui
Ui -40 ,-
Ui Iii

~~~IOo — -LU LUI- — I-LU ‘Ii
~ 8 0-

- N ~~~2 0 0
6 0 —

- 
- 4 0 —

- to
— 8

-

• 

2 0 —  — 6I I 1 1 1 1 1  I I I
.4 .6 .8 1.0 2.0 3.0 4.0 6.0

FREQUENCY ( k M c / s )

• Figure 5. Diameter of Parabolic Reflector for 50 db Gain and 1/2° Beam Width,
as a Function of Frequency

9



V •

~~ 

- - -

~

- —---

~~~~

— - -

~~

---

~~
---- -

~~~~~

- —-

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

---— •- -

moon , and one radar experiment has been made ‘-~ it h  V e n u s . 15 R e s u l t s  of
moon re flect ion exper iments  are shown in Fi g u r e  1. The  echo ing  a rea ,

is seen to be about 1/ 10 of the area  of the p ro jec ted  d i s c , 7,r ~ , wh e r e  r is

the r adius  of the moon. The one Venus e x pe r i m e n t  su~~~ested tha t  Venus  is a
• per fec t  r e f l e c t o r , i . e . , ~~

- ‘~r 2 
. If th is  r e s u l t  is  o r r e c t , it iii ; i y he be-

cause the re f l e c t i on  took p lace i n the  ionized a t i n u ~~ph er e  of \ t - r lus . Or , if

the re flection took place f rom its su rf ace , the r o u g h i e s s  ma y have  int roduced
a direc t ivity to compensate for a re f l ec t ion  coe f f i c i e i t less  t h a n  uni ty . Reflec-
tion might occur at the surface  of other p lane ts  r a the r  than  in th e i r  a tmosp he re s .
T o he r ealis t ic , a value of ~ = 1/10 ‘ r ~ is taken  as the  b a s i s  for  the c a l c u l a t i o n s

• be low .

E. Achievable Signal-to-No ise Ratio for Earth- Moon .Eart h Relay

The resul ts  of the foregoing sectiOns will be app lied he re  to find the s igna l -
to-noise  rat io which can be achieved in a l ow-s igna l - r a t e  re lay  sys tem us ing
the moon as a re f lec tor . The rat io of received si gnal power to mean noise
power is:

— x )< •4
— 

t7T d~ ~nd 2 r

17 1 (6)

• k ( T a + T,J J _

Take P~ = t ransmit ter  power 106 wa t t s .

• 
- (This fi gure  is reasonable for UHF. )

= i0~ (corresponding to 1/2° bea m width ,
• 

- regardless  of f requency)

- ‘ -j  = echo area of moon = 1/ 10 ~xr 2 when r =
moon radius = l . 7 4 x ~~~ km.

d moon-ear th  distance 3.85 x l0~ km

area of receiving antenna . Solutions will  be
found for 3-meter and 30-meter  antenna
diameters

T~~ rece iver  n oise tempera ture  = 1000 K

Ta = antenna noise t empera ture  100 0 K

k Boltzrnan’s constant  ~ 1. 38 x 10-23 w a t t - s e c/ ° K

II prede t ect ion bandwid th = i 03 cps

postdetect ion integrat ion t ime 10 sec.

These figures yield :

88 db for a 30 meter receiving antenna

10 68 db for  a 3 meter  rece iv ing  antenna

~~ T~~- 
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IV. RADIO RELAYING VIA PLANETS

Radio ref lect ion f rom the moon is a well-establ ished fac t ;  a substantial  bod y
of scientif ic l i terature d iscusses  it , and the dail y papers  tell of its app lica-
tion for voice communication purposes .  The only shortcoming to radio
com munication via lunar ref lect ion is the fact that the moon is simultaneousl y

in view to two points di f fer ing in longitud e by \Lh hours  for onl y about (12

hour s a day. * The logical thoug ht is to fill in the blank periods by use of some

• nei ghboring plane ts as re f lec tors .

A. Compound Probabilities of Planet Availabil ity

The motions of the bodies in the solar system are incommensurate, so th e

probabili t ies of their  being within useful range of the earth are  independent of

one ano ther .  ** If we neg lect for the moment the long itud e factor , and if we

assume that the heavenly bodies are  always within range , then any one of th em

is available half of the time ; ie , the rotation of the earth puts the bod y out of
si ght half of the t ime.

Under  these assumptions , the p robabil i ty that the bod y is avai lab le f or radio

re flection is 1/2. Considering two such bodies , each independentl y available
half the time , the net probability that one or both are  available is 3/4 ; the
probability is not unity because of the lack of p roper synchronism of their
orbi ts.  Extending the reasoning to larger numbers  of bodies , each assu med

• to have an independent probability of accessibi l i ty  of 1/2 , th e net p robabi lities

of having at least one celestial ref lector  available are shown in Table 1:

*This expression is  a f i r s t -o r d e r  approximation , neg lect ing the an gle between
the plane of the equator and the ecliptic.

**Except that , as indicated in Fi gure  6 , Venus and Merc ur y ar e bot h seen ( in  a

radio sense) during  approximately the same hour s that the sun is visible to
an obse rver on the earth .

11
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TA3LE ~

Number of Probabili ty P ( ’\)
Reflectors

1 . 500

2 .750

3 .875

::~Table 1. Probabil i ty  of f inding at least one r e f l ec to r  available
if all are independent and have probabil i ty of availability ~ 1/2.

The conclusion to be drawn from Table 1 is that over the long t e rm average
the re  will  be a re f lec tor  available onl y P ( \)  of the t ime.  Of course , the re  can
be long periods of 100% availabil i ty,  but there  must surely come some t imes
when there  is ze ro  avai labi l i ty .  For a system which must  be ex t remel y
re l iable , this situation is not wholl y sa t i sfac tory .  However , there  remains
the possibi lity of using moon/p lanet relay in g as an extra backup sys tem;  so
inve s tigation of jus t  how useful it can be , is in o rder .

The net probabi l i t ies  in Table 1 are actually too hi gh , for several reasons :
( 1) two d i f f e ren t  point s on earth would be used , so that the probabil i ty per
p lanet should be somewhat less than half;  (2)  the infer ior  planet s (and th e
sun , i f it is considered as one of the re f lec tors , )  would be visible during

- • approx i matel y the same per iods ;  hence their joint  contr ibut ion to the net
probabi l i ty  of a re f lec tor  being accessible would be r educed;  (3) most irnpor-
tant of all , the p lanets are not within effect ive range of the earth over their full
orb i t s.

B. Echo Strengths and Useful Ranges of Planet s

For slow signaling ra tes,  which permit  integration of received si gnals , and
with the aid of large t ransmit t ing and receiving antennae, strong signals can

• be obtained by lunar ref lec t ion .  The strength of the received signal re f lec ted
back f rom the planets can be estimated , compared to that f rom the moon , b y
comparing the ra t io  of ( .l d~) where  -1 is the projected area of a planet , and
d is its dis tance f rom earth . (The r e tu rn  si gnal s t rength is propor t ional  to
t ransmi t ted  powe r , antenna ga ins , and the (-lid 4) r a t io ,  The re fo re , f or oth er
p a r a m e t e r s  f ixed , th i s  r at io g ive s a comparison of received si gnal s t r e n g t h s . )
The r e su l t s  of such a compar ison are  shown in Table 2 , in which r e t u r n  power
i s compared to that f ro m the moon:

13
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TABLE 2

- . Sig nal R e tu rn
Reflector Position in Orbit (relative to moon)

Moon Any 0 db

Sun - - -  -51 db*

Venus Closest to earth -70 db

Mars Closest to earth -86

Mercury Closest to earth -91

Jupiter Closest to earth -95

Venus Farthest from earth -101

Jup iter Far thest  fr om earth -102

Mercury Farthest from earth -105

Mar s Farthest from earth -114

Table 2. Comparison of si gnal re turn f rom
the nearer  planets with that f rom the moon.

Using the moon as a reflector , the signal-noise ratio of the echo si gnal was
found to be 88db for a receiving antenna with a 30 meter diameter , and 68db - 1
for  a receiving antenna w ith a 3 meter diameter .  Since 14 db is the minimum
signal- to-noise  rat io requi red , there  are 74 db in excess for the 30-meter
an tenna . Table 2 indicates that Venus should jus t  about be available when at
its c losest app roac h to ear th , ** while Mar s and the other planets are out of
reach.  Usefu l  ref lec t ion  f rom the sun is also seen to be a possibi l i ty , with
several large “i fs ” such as: if the solar noise is not too great ;  and if t he re  is
not too much absorption of the incident e lec t ro-magnet ic  wave in the solar
atmo sphere .

For examp le , to find just  how much of the time Venus is wi th in  range such
that

P 12. 5 kT~~~~
take: 106 watts

*A signal reflected from the sun will be received against a noise background
s t ronger  by the order 20 db than that for  the other r e f l ec tor s , and wi l l  suffer
attenuation in the solar atmosphere .

**As demonstrated in the Lincoln Lab exper imen t s .  15 Those exper iments  used
an 84 f t .  antenna , a f r eq  of 440 mc , and about 3 x i0 5 wat ts  t r ansmi t t e r  pow er .
The rece ived signal was dow n 19 db f rom the est imate here .  To recover  the-

• signal , a 5 minute in tegra t ion was used .

14
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echo area of Venus

I-’, — 30 meter

= 1000 c/ s

-r = lO sec

-r 200 ° K

For these numbers , the radar equation and signal-to-no ise criterion yield
d = 69.4x 106 miles.

The orbit of Venu s lies within 69.4 million miles of the earth 26% of the time;
so (on account of the rotation of the earth), Venu s is avai lable  onl y 13% of
the time , again neglecting longitude separation of transmitter and receiver.

C. Conclusions

The conclusions drawn f r o m  the inves t i gat ions  in this section are:

• 1. Of all the planets , only Venus ever come s within useful range of
the ea r th , and even Venus is both in si ght and in usefu l  ran ge onl y
13% of the time. The reader should realize that the meaning of

“ use f ul ran ge ” h e r e  - capable of r e t u r n i n g  a si gnal su f f i c ien t l y
s t ron g for real time p rocess ing  - may not app ly in s i tua t ions

• w h e r e  much longer  pos t -de tec t ion  in t eg ra t ion  per iod s a re  possible .

2. Even if as many as 5 of the celestial bodies were always within
range , because of the independence of their motions a radio
re f lec t ion communicat ion system could be not more than 97%
reliable. The frequency and duration of outages would be
f u n c t i o n s  of date , and transmitting and receiving sites.

3. Even at the pr ice  of much larger  antenna s and much hi gher power ,
one cannot achieve higher reliability with celestial bod y relay ing
than with that old standby, ionospheric propagation using HF waves.

15

— —  ~~~~~~~
- 

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



r -
~~~~~~~~~~

__ ---- - 
~~

- -—- — 
~~~~~

—- 

?e ~dz,~’~ ~~~~ 
y~~ ,r

V. RADIO RELAYING VIA THE SUN

The sun differs from the planets in being a mass of gas with a turbulent
ionized atmosphere instead of a hard sphere , and also in being an active
source of r.f. energy. Therefore , it is necessary to investigate not only
the r e f l e c t ing  p r o p e r t i e s  of the sun but also the i n t e r f e r i ng  noise radia ted
b y i t .

A. Reflecting Properties of the Sun ~6,17

L Effective Radius

The sun which the eye sees is the photosphere , which appears as a disc with
sharp edges. Above the opaque photosphere lies the atmosphere of the sun,
consis t ing of luminous but nearly transparent gases. There are two princi-
pal reg ions in the solar atmosphere .  Extending several thousand miles  above
the photosphe re  is the chromosp here , made up of ionized hyd rogen  and
helium. Above the ch romosphere is an extensive layer of diffuse but hi ghly
ionized gases  called the corona . The gases  in the corona are  at a temper-
ature of 106 degrees Kelvin, considerably hotter than the 3 x ~~~ degree
temperature of the chromosphere. The photosphere temperature is a mere
6000 degrees Kelvin. Figur e 7 shows the relative sizes of the three regions
of the sun. Both the chromosphere and the corona contain free electrons ,
and their densities decrease with increasing height above the surface of th.~
sun. The number of free electrons per unit volume , \ , is most convenient ly
expressed as a plasma frequency through the relation:

= -
~
-.; 

~/
‘ 

~~ 
m e 

= ~ \ c y c l e / s e c  
( 7 )

e = electron charge

m e = electron mass

permitivity of free space

= electron density

All units  a r e  in the MKS system. The variation of plasma frequency with height
above the surface of the photosphere is shown in Figure 8. The plasma frequency,

decreases sharply with increasing height in the upper chromosphere , then
j  levels off in the corona .
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FIgure 7. The Sun and Its Atmosphere, Showing Relative Sizes of Photo sphere,
Chromo sphere and Corona
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Figure 8. Plasma Frequency and Collision Frequency in the Solar Atmo sphere
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The fr e quency of e lec t ron-atom colliE ions varies with altitude through both
temperature and electron density. according to the expression:

= 2.7 x Jo~ ~~ ln (2 .~ x j 0~~ VT 1/3 ) cycles/sec (8)

\ is , again , the electron density per cubic meter .

T is t empera tu re  in degrees  Kelvin.

Equation (8) is plotted in Figure 8. Collision frequencies are seen to be
appreciable only in the chro mosphere , and lower corona.

There  is associated with the sun a general  magnetic field having a surface
value of the order of 50 gauss. Considerably stronger magnetic fields are
associated with sun spots; the field above a large sun spot is typically 3500
gauss .  The magnetic field intensity is conveniently represented by the elec-
tron gyro frequency (or cyclotron frequency):

eR
Ih = — (1/K. S un i ts)

2 n m

or (9)

- - = 2.8 10 6 II cyc les / sec

H = magnetic f ield in tens i ty  in gauss

The variation of cyc lo t ron  f requency  as a function of height above the surface
of the sun is shown in Fi g ure  9.

In the absence of magnetic field , the ionized solar atmosphere  p resen t s  to a
radio wave a relative dielective constant g ive n by :

fj  2

C = 1 _ ( —

~

‘ (10)

When f fp~ E r 0 and pro p agat ion ceases;  i . e .  the radio wave is reflected.

19
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In the presence of a magnetic field , there are t w o  modes of p ropaga t ion  fo r
an electromagnetic wave in the ionized atmosphere of the  s u n .  The t~~o modes
are  called the ordinary and the e x t r ao r d i n a r y  r ays , and t h e i r  ve loc i t i e s  depend
on both the magnitude of the magnet ic  field and its d i r ec t ion  r e l a t ive  to the
d i rec t ion  of propagation . Rays  in d i rec t ion s about that of the magne t i c  f ie ld
con form to a set of conditions known as quas i - long itudina l, whi le  r ay s  in
directions about the perpendicular to the magnetic field conform to conditions
known as quas i - t r ansve r se .  The magnet ic  f ield of the sun is e s sen t i a l l y per  -
pendicular  to its direction f rom the earth , so for a lmost  all ray d i r ec t ions
except those very close to the direction of the magnetic field the quasi-trans-
verse  condi t ions apply. These conditions g ive the re f l ec t i on  levels  which ,
occur when:

1,, 
= I (o rd ina ry  r a y )

( 1 1 )

I 1!z

1 = ,r I — — (ex t raord inary  r ay )

Hei ghts at which these levels occur for  d i f ferent  f r equenc i e s  a re  shown in
Figure 10. Except in the vicini ty  of large sun spots , microwa ve and hi gh e r
UHF frequencies penetrate to the chromosphere (and likewise are emitted
f rom it) .  For these f r equenc ie s , then , the ef fect ive radius of the sun is
very  close to its optical value . The condit ion of zero  d ie lec t r ic  constant
give s the lowest level for penetration or escape only for radially directed
ra ys .  For obli que incidence or emergence the r ays  are cont inuousl y bent
away f rom the sun so that the innermost  level is ra ised.  This e f fec t  is
s imilar  to the 4/3 effect ive earth radius effect  in t e r res t i a l  shortwave
radio propagation.

2. Directivit y of Scattering

The direct ivi ty of re f lec t ion  might well be a funct ion of turbulence in the
sun ’s atmosphere .  If the sun acts as a r ough ref lector , its bac k scat ter ing
cross-sec t ion  will be 8/3 the area of the projected disc 2 , and pulses re-
flected from it will have rise and decay times of the order of five seconds.
If the sun acts as a smooth , pe r f ec t  re f lec tor , its backscattering cross-
section will equal the projected disc area , but the energy will be largel y
that f rom the f i r s t  F resne l  zone so the r i se  and decay time for a pulse
will be only about one-half a period , i. e. 1/2 f . Experiments  have shown
that the moon reflects as a smooth sphere with very little pulse spreading-
far less than would be observed if it were a rough re fl ector  in depth , but a

- - good deal more than 1 / 2f . The Venus returns were so far down in the noise
that no information on pulse spreading was discernable , nor was it c l ear
whet her  the re f l ec t ion  occured at the planet  su r f ace or in i ts  a tmosph e r e .
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3. Absorption of Electromag netic Energy in th~ Solar A tmosp here

The ionized atmosphere of the sun constitutes an absorbing dielectric medium
which wi ll at tenuate and r e f r a c t  an incident  radio wave in the l aye rs  above the
re f lect ion level. The absorpt ion along a ray t r a j e c t o r y ,  in the absence of
ma gnetic  f ie lds , can be expressed in t e rms  of the in tegra l  of absorpt ion
coe ff ic ient  measured back f rom the r ef lec t ion  point.  This integral , ca lled
the “optical depth” , varies with frequency and also with angle of incidence
of the ray in the solar atmosphere .  N umerical  value s for central  solar rays
over a range of frequencies have been worked out. 18

However , the magnitude and fr e quency-dependence  of the absorp t ion  can be
easily visualized with the aid of Fi gure  8 and the following fo rmula  for atten-
ua tion of the radio wave : 19

9

Ic fp
_

• Loss — ~.33 — db/wave len g t h  ( 1 2 )
( 3

= col lis ion f r equenc y

= plasma f requency

f = signal f requency

Since the electromagnetic wave penetrates the solar atmosphere to the level
where f = f r , ,  the higher frequencies penetrate deeper , encountering higher
collision frequencies as well as higher plasma frequencies. Moreover , at
the shorter wave length s a given depth of penet ra t ion  cor responds  to more
wave lengths , so the attenuation accelerates with increasing frequency.
Attenuation for the central ray estimated in this  manner is shown in Table 3:

TABLE 3

Frequency Attenuation

100 mc/s 10db

1, 000 20

_5 10 , 000

Table 3. Attenuation of a radially directed ray
reflected from the sun , as a function of frequency.

22

hlI_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
- i _ ;_

~~ _~--_- —---•—--



- - - - - -_-~ —~~~~~~- -—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~- _ _ -~~~~~~~
-
~~~~~~

- . 
_ _

The fi g u r e s  in Table 3 a re  conserva t i  -e e s t ima te s ;  actual  loss will be some-
what  less  for  two r ea sons :

a. In the presence  of the magne t ic  field of the sun , the incident
e lec t roma gnet ic  wave will  sp lit into two r ays , the o rd ina ry  and
e x t r a o r d i n a r y,  as descr ibed  above . The ex tr ao rd ina ry  ray will
not pene t ra te  as deep ly into the solar atmosph e re , and hence will
not be at tenuated as heavil y as the ord inary  ray .

b. Non-cen t r a l  r ays  will  be ref lec ted  at a hi g her elevation in the
solar atmosphere  than the cent ra l  ra y ,  and so will  be less
attenuated .

B Sola r Radio Emission 17

The radio spec t rum f rom the sun consis ts  of a basic “ quiet level” of rad ia t ion
plus super- imposed dist urbance  which vary in both in tens i ty  and durat ion as
funct ions  of wave length.

Radiation from the Quiet Sun

The quie t -sun radio emission is due to thermal  emiss ion  f rom the hi g hly
ionized gases  in th e chromosph e r e  and corona . The noise in tens i ty  of a
g iven f r e quency can be calculated f rom the t empera tu re  at the depth of orig in
and also can be measured experimentally. The two results are in good agree-
ment as shown in Figure 11 (also in Figure 3). The apparent temperature in-
creases linearly with wave length from i04 degrees K at ~ = 1 cm , to 1o6

de g rees  K at~~ = 1 meter.

2. Slow Variation of Quiet Sun Emission

There is a slow periodic variation of solar radiation intensity in the range of
wave length s f rom 10 , 000 mc/s (3 cm) to 500 mc/s (60 cm) . This slow varia-
tion is shown in Fi gure  12. The intensi ty  var ies  by 30% or 40% as the sun spot

• a rea in the disc of the sun goes throug h its monthly cycle.

3. Di sturbed Radiation from the Sun

Disturbed radiation phenomena fall into three  c lass i f icat ions .  These a re :
• a ) outburs ts  associated with solar f la res ;  b) noise s torms  associated with

large sun spots ; c) other isolated bu r s t s .

a. Outburs t s

In an ou tburs t  the radia t ion  in tens i ty  leap s up by many orders  of magnitude
w ithin a few second s , r emains  hi gh with large f luc tua t ions  for  a period of
se vera l minut es , and then decays  within the course  of an hour to the orig inal

23
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Figure 11. Experimental and Theoretical Values of Black-Body Temperature of the
Quiet Sun as a Function of Wavelength
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Figure 12. The Nature of the Enhanced Emission from the Sun at Various Wavelength s
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level. The o’itburst may extend over the entire frequency range from 1 cm
to 15 meters , though its intensity is greater in the lower frequencies. The

initial increase in intensity is not s imul taneous  at all f r e q ue n c i e s ;  the ot•t-
b u r s t  appears  f i r s t  at the lower fr e quencies , i nd ica t ing  that  it is as sociated

~v ith a d i s tu rb ance r i s ing  f rom the inner  levels of the sun to the outer ones .
This  d i s tu rbance  is visible as a solar f l a r e .

b. Noise  Storms

Noise s torms are general l y less in tense but of longer dura t ion  than ou tbu r s t s .
The in tens i ty  typ ical ly is 20 db above the quiet level for hour s or even days .
The enhanced radia t ion is c ircu lar ly pola r i zed , ar i s ing  f r o m  the atmosph ere
above a sun spot. Noise storms do not extend across the spectrum but are
generally limited to the metric wave lengths.

C. Conclusions: Calculation of Signal-to-Noise Ratio for Sun-reflected Radio Wave

In the absence  of any experimental  data , calculat ions of radio re f l ec t ion  f r o m
the sun will be based on a smooth sphere with radius equal to the optical value
of 7 x io~ km, and lcsses in the atmosph e r e  which  inc rease  wi th  f r e q u e n c y
as shown in Table 3. Since the quiet sun noise and also the disturbed radia-
tion increase at lower frequencies , a compromise on operating frequency must
be made. At a frequency of about 1400 mc/s, the q u i e t - s u n  radiat ion t e r rpe r -
at u r e  is down to 2 x l 0~ de grees  K and the d i s tu rbances  are  f a i r l y well settled
down to infrequent brief outbursts. The re f lected si gnal can be calculated us ing :

106 watts (a generous transmitter power)

= 50 db l0~ (cor responds  to 30-meter  dish)

~~~~ 
7 x l0~ km

d l . 5 x  10 8 km

These figures yield :

1.4 x l0~~~ watts f rom a 30-meter  receiving antenna

1.4 x 10- 17 watts  f rom a 3-meter receiving antenna

- 

- 
Attenuat ion in the solar atmosphere  will  reduce these resul t s  by 20 db ,

• y ielding:

Pr • 1.4 x 10-17 watt s (30-meter  antenna d iameter )

p 1.4 x 10-19 watt s ( 3-meter antenna d iamete r )

As indicated above , for sa t i s fac tory  recept ion this  received si g nal mus t  be
about 14 db grea ter  than the noise signal .

25
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/71
Pn = k ( Ta ÷ T~)~ / —

where

Ta : antenna temperat ure , 2 x l0~ °K

T~ = receiver temperature , assumed neg ligib le compared to Ta
B predetector  bandwidth 1000 c/S

T = postdetection integrat ion time = 10 second s

Using  these fi gu re s ,

P ,, = 2.8 x I va tt s

so the S/N r atio is 5 , or S/N 7 db , with the 30-meter receiving antenna .

This ratio is too low for useful reception; the S/N should be about 15 , or 10 db
hi gher .  Transmit ter  power used in this calculation is already overly generous ,
but some extra sensitivity might be picked up by r eduction of predetec tion
bandwidth , and/or by longer integration time. However , the possible improve-
men t is qui t e li mit ed; dec rease  of bandwidth would complicate the f requency
tracking problem , and integration time for  real- t ime data process ing is limited
to a maximum of about 30 seconds , due to leakage resistance in the large con-
densers used . Even if sensitivity were  raised to the tolerable minimum in

- 
• this way,  any increases  in noise level would put out the system again.

The conclusion drawn is that the sun is not a useful reflector  for reliable ,
real - t ime radio relay ing , even at low data ra tes .

26
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VI . CONCLUSIONS

The above studies and calculations indicate that a radio relay system for real

time communication , even at very slow signaling rate s, can usefully employ

only the moon and Venus as reflectors. No other celestial body gives a strong
enough return signal.

For two terrestial points (~\Lh ) hour s apart in longitude, the moon is available
- I2~~~

t\Lh 12~~~~Lh
approximately of the time , and Venus 0.26 x 

2~ 
of the time.

Then the net probability of an available path is

(.57 — .05

- 
To attain greater reliability by increasing the useful range of such a system ,

transmitter power increases by several orders of ten are required. Such
-

• 
t r ansmi tter improvement is not likel y to occur within the next several years.

I :
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