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. .: -~t R ~ ~d~~’1 o~~ ’riii-: S P A L  IAL  CORRELAi i~~ I ’(~~C r f O ~ ov
A~ HF ~-?AVk 1.F~~E~ PASS~\ ; E  f l I 1 g t ’ i , H TI!1 [o~~ ,SP I IE ~~1; .

i .~ i .~- a I i : t t l  report u~ ~r ( :u n t  r a r t  N 0 0 0 1 4 — 7 5 — C — 1 1 7 8 , which  w ;1s a

fo .i l~~~—~ :~ to -. 3 0 r - 1 4 — 6 7 - - A — 0 2 1 6 - - 0 0 3 3 .  Th i s .  l a t ter  c o n t rac t  un~; i n i t i a l l y a w a r d —

~: fc ’ r :~~e ~ er i ~~~ I O~~t o b vr  1973 to 30 Sep tember  1974 , and a f i n a l  r epor t  on

~~~r~~~: ; :  3) S t o r~b or  l~~74 wa~; s u b m i t t e d  In De cember of 1974. Con—

extended  from 1 October  1974 to 30 September

~~~e ) )3 1 . — 7 5 — C — 1 1 7 8  t o l l o w— on  covered the  period 1 Augus t  1975
• 

~~
‘( . Thi s  r e p o r t  covers th e  work  done d u r i n g  the last year  o~

::::-D : .— — .- - - J 2 1 6 — ~~i3 3  and du r I n ~; the  p er i i n~ of  ~0 0 0 i 4 — 7 ~~—C — 1 i78.

Th~ i:~ it  i- i l p h i sc  of an e> :per imen ta l  d a t a — t a k i n g  p rog r am has been con—

p 1€~t~~d ~d ia g  to th e  measurement  of the p a t ia i  c o r rel at i o n  f u n c t i on  of the
-~a HF ~-ave a f t e r  passage t h r o u g h the  ion osp here . The p ropagat ion  pa th

~or t h e  ~:-:perinetit was West—East , a distan e of 2 , 480 k i l om e t e r s .  The t r a n s m i t —

ting site ~~~ In Boulder , Colorado . The receiving site , which was in the Dela—

vare ‘ -i l~~ v , Pennsy lvania , had a 40—kilometer baseline . The receiving s’.stem

• consisted of 8 phase— synchronized HF receivers. The raw data , which are in ex-

cess c~f i38 bits , have been recorded di g L~ a1ly on magnetic tape . Data reduction

and a~~-~1v~~is will take about one year.

i~;i~~~~~’:

~onhomogene i t i es  in the r e f r a c t i v e  index  of the  ionosp here  induce t in - c—

vary i~..~ s ;p a t i a l  v a r i a t i o n s  in the phase of a wave received from a distant high

f r e qu c a cy  (HF) r a d i o  source a f t e r  passage of the  wave th rough the ionosphere .

The c~ rroIatIon distance of the phase a p p r o x i mat e l y equals  the nominal , maximum

~~ e fu ~ a p e r t u r e  l e n g t h  of an HF an tenna  w h e t h e r  i t  is desi gned fo r  p o i n t — t o —

p o in t  cor~:- : n Ic a ~ i :ms or fo r  o v e r — t h e — h o r i z o n  r a d a r .  In the former  case l a rge

an te:~ ’. -~ ~~ ze he 1~~s in p r o v i d i ng  a large s i g n a l — t o — n o i s e  rat io (S~~R) which  In

t :r :~ ~~~~ :~~qt i i r e d  or  t h y  m ai n t e n a n c e  of a u se f u l  coruntinleat Ions c i r c u i t .  When

he ~~~~~~~~ size Is less t han  t h e  n om i n d  c o r r e l a t  ion d i n t an c e , the SNR grow~;

I i n & -  ~~~~~ n n t e n a a  s i z e ;  t h i s  is be cause  a l l  s i g n - t I  cot’iponents receivod by

c t : :  are  ,un:~od coherently. Hnw vc r u l ien  the  antenna size exce,~ds the

or r i st  l~~:: d i s t a n c e , s ig n a l  doc ur r c l ;i t  Ion a cr o ;s  the aper tu re  pre —

c~ ‘:des - t l J  v coherent su rnma t ivn  and r e su l ts  in  less th a i t  a l i nea r  b u i l d u p  of

~- h !’~iU.wtCnna Si l o.

• ——- — - ~~~
— — — —
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t o  s e c o n d  c- i - c  , t h at  of o v e r — t h e — i t s  r izon raWi r , a st u o n d  factor of

~n ce a r i s e .  . In add -it i on to  a l i n e a r  i rnprovement in ShR with antenna

:-~~ - an g u l a r  dj r c ~~t j v i  t v  s i n i l a r i v  improves ( t h e  b e a r r w i d t h  of a d i f f r a c —

~~- 1~~~d ~~~~~~~~~~~~~~~ is a~ n r o x ~ r . i t e ly  t h e  r a t i o  of w a ve len g t h  to ape r tu re

~o:e r , wi .on  t oe  a n t e n n a  l e n g t h  exceeds the  s p a t i a l  co r re l a t ion  d i s—

the •t :-ert :re cease .; t o  be diffr action limited and the angular direc—

: :~ l c ~~’er  ~~r~ 5 s  v i t h  s i t e .  I t  is in the i n t e r e s t  of overcoming some

1~-- ita~ i - -n s  in t h e  ~‘F ra:~ar prob l e r  that an experimental 40—kilometer

ar r r - :as ~:~~i st r u c t e d

i e r ~- i.s a t h i r d  case in w hi c h  knc-v led ge of the spat ia l  co r r e l a t i on  func-

t ion ~~~ pro ve  ~~ ef ~~1 in f u t u r e  sys t em des ign : It is in the f i e l d  of h F  direc—

t i - ~ n f i n d i n g  ( d h h F ) .  The appa ren t  b e a r i a i g of an HF source , as determined by

th c  d . r e c t i r n  of a r r i v a l  of an HF wave fro ::i  t h a t  source , o f t e n  appears to wan-

der  w i t h i n  a few decre es  of the t rue  bea: ing.  The source of the apparent  bear—

if l ; w a a~1t r  is l a rge—sca le  wave mot ion w i t h i n  the ionosphere , sometimes called

t r a v e l l i ng  ionosp heric disturbances. The long wave l eng ths  (tens of ki lometers)

of th e s e  i n t e rna l  waves in the ionosp her e and th e i r  speeds ( the  order of 100

~~-t e r~ per  s o c a r . d )  r e su l t  in a t ime sca l e  of b e a r in g  wander  which is the order

o: n i r - : t es .  Obse rva t ion  of t he  ap p a r en t  h e a r i n g  ove r severa l  such cycles tends

t c  d i ~~ - 1ese  the  t r u e  b e a r i ng ,  in essence by averaging the bear ing data over

tn average  of bea r ing  da t a  also may be made over space , provided that  the

mcass~ cn o r ,t s  ex tend  over  a s u i t a b ly large distance; that is , over a measuring

i n t e r v a l  large compared to the spatial correlation distance. Hence a nond i f —

t~~~~hnRTJJaL~e~. a p e r t u re  may prove u se f u l  in HFDF . Although an op timum signal

proc c ing theory for large aperture Hi-T~Y has yet  to be developed , one of the

do I:v- :it ;) a r a -  e t c  r: ; of the t h e o r y  is  known to be the spat ial cor re la t ion  dis-

t a n c e  of the  p I i ; t - ~e of the 111’ wave  a f te r  it passes th rough  the ionosphere . Thus

a f e  m a t  ion to  he e x t r a c t e d  f ru:: the  da ta  may prove u s e f u l  in HFDF.

~~~c V ; i l  icy Fs rg~ Research Ce n t e r  of the  Moore School of Electrical Engin—

e e r i o , L : n - J e r f ~ i t y  of Penn sy l v an i a , Is engaged in an ongoing s t u d y  of the l i n —

i t i n  a n - p i l a r  r e s o l u t i o n  p r o per t i e s  of large aI) e rtu r es , and of s e l f — c o r r e c t i o n

t e c t i r~~q-:es  f o r  ov L r r o n in g  the e f f e c t s  of n o n d i f f r a c t i o n - - l in i t e d  and t i m e — v a r y i n g

• • .— - - —• - —•——— -F.-— ~~~~~~~~~ — — - — —-—- —. - 
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ape r t u r e - ~ [1]. In a two—year study of the h F  r a d ar  problem , a theory  was de—

v e l e p c d  of the  m a x i m u m  a p e r t u re  w h i c h  could be made to f u n c ti o n  as If it were

d i f f r a c t i o n  l i m i ted  t h r o u g h  the use of a d a p t i v e , s e l f —f o c u s i n g  signal proces—

s~~n t o : i : n f q u e s  s ubj e c t  to t h e  cond i t i ons  experienced b y h F  signals in passage

t h e  i o n : a p here  [2 , 3] .  The maximum s ize  was found to be propo r t i ona l

:‘h isc c c rr o l a t i o n  d i s t ance .  When a search of the l i t e r a tu re  disclosed

t - i s c:~ ntit y had h i t h e r t o  not been measured (perhaps  because of the in—

h e r o n :  d~~f f i c : : l ti e s  itt the  m easu remen t )  an expe r imen ta l  system was developed

t -~ ::~-~~su r e toe  necessary data , and five successful data recording experimen ts

have h~ e~ conducted. These da ta  are stored digitally on magnetic tape. Later

we exp ect to derive from these data the relevant spatial statistics of the

phase of the HF signal received via the i onosphere during these five experi—

men t S.

*THE EX PE R I~~~NT

An ionosonde of the Env i ronmenta l  Research Labora tory , National Oceanic

and At nc~spheric Administration , U. S. I)epartment of Commerce , Boulder , Colo-

rado , radiated an HF pulse train. The carrier frequency was 9.010 r-fllz, the

pulse repetition frequency was 100Hz, and the duration was 64 microseconds.

Both the carrier frequency and the repetition frequency were derived from an

atomic standard and hence were highly stable. The transmitting antenna was

modified so as to depress the beam from the vertical in an easterly direction ,

thereby pe rmitt ing a signal with adequate signal strength to be received in

the Delaware Valley , Pennsylvania.

The receiving array consisted of eight receivers in the Delaware Valley.

[1] Set ar ticles 1 and 2 of VFRC Quarterly Progress Reports Nos. 8 through 14.

( 2 1  S. Fassan Taheri , “Imaging th rough  Turbulent  Dis to r t ing  Media ” , VFRC QPR
N c .  9 , pp. 47—65 , June 1974.

[ 3]  ~ . : -issan T a l t e r i , “E x p e r i m e n t  fo r  the Measurement  of the Spat ia l  S t r u c —
t t : r o  F u n c t i o n  of the Phase F l u c t u a t i o n s  due to Ionospheric  Propagat ion ” ,
VF~ C OP R N o. 10 , pp .  36 —47 , August  1974 .

*
L t : 1 ~~~~lS  on the  e x p e r i men t a l  equi pment are found in Val ley  Forge Research

( e n t e r  Q u a r t e r l y Progress  h epo r ts  9os. 10 through 14 , (August 1974 — August 1975) .

___________________ —. - —. — —— —r — - - - .• • 
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The r e - i l v i  s w e r~- -: r r i c i  al or :  t~ der:  i ucJ  and b u i lt  b y VFRC staff for this cx—

pe r l e. : .  h a -  m i x i : . x n r : epa r : I t  i - -n was n ear l y 40 k i l o m e t e r s .  The locat ions  and

Sp :ic ~ . s  ~~~ ~~e ch e- :on t h a t  thu - net of i n t e r — p a i r  spac ings  would  provide  a use—

i-i l d i~ t t o u t  i o n  of absc i ssa  v a l u e s  f o r  samp le points  on the phase co r r e l a t i on

The p~~~~i t i o n a  ar c  g iv en  in the map of Fi gure 1. Table 1 l is ts  the

(hn ~ an1 Tab le  2 i i o t ~ the d i r e c t i o n s  (degrees clockwise f rom N o r t h )

b e t w e e n  s~ i - u s .  The l o c a t i a n i -  were at the Research Labora to ry,  at homes of

f : u 1 : : -  and  s t a f f  n e n b er s , .-xt t he  t n i v e r ~- i t y ’s Flower and Cook Observatory,  and

a: a n e - : -h y b rass  f o u n d r y .

1 2 3 4 5 6 7

1 0

2 2.0 0

3 5.8 3.9 0

4 9.3 7.4 4 . 7  0

5 28.8 30.4 32.8 37.4 0

6 11.8 11.6 13.6 12.3 38.1 0

7 10.3 9.9 8.7 12.9 27.3 21.5 0

8 25.4 25.3 23.7 27.3 28.1 36.8 15.3

TABLE 1. rNTFR ST ,Vi r~~; DISTANCES (KN) .

1 2 3 4 5 6 7

1 —

2 174.5 —

3 159.0 150.4 — 

-

4 184.0 185.9 213.9 —

5 29.5 27.2 21.8 24.0 —

6 254.1 263.2 278.9 298.8 222.2 —

7 100.9 89.9 66.5 55.5 188.5 86.1 —

8 91.7 86.8 78.5 71.7 156.0 85.1 85.5

TABLE 3. I N TI :P. s TATION DIRECTIONS
(D~ cR E E s  CLOCK’~ISE FROM GEOGRAPHIC NORTH)

- - - F- - -•
~~~

- - ~~~~~~~ — —- ----—- - —--—-—— — - — — . * -. - . -- - ---—- — —
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~~~~~~
- f u n c t i o n  of the  r e c e i v i n g  s y s te m  was to measure  and to record phases

of NY s i . n x l : :  f r o m  B o u l d e r  received b y t h e  ight receivers. Accomplishment

of : - ~~ . t s ’r: r e q u i r e d  s y n c h r o n i z i n g  the local osc i l la tors  In the receivers.

~~ e - - Thso o- --n ch r e u i n e d  r e f e r e n c e  waves were obta ined f rom the ca r r i e r  of a

r~~ Th st a t i o n , NYU , w h i c h  b roadcas t s  an acceptable  signal  s t r eng th  at 

- :~~ t ra - aghout the Delaware Valley . W i t h i n  each receive r the carr ier

ci its modulation by a crystal filter , resulting in a 1.06 MHz

wave  with a pp r o x i m a t e l y  10 m s  phase jitter. A frequency synthe—

sizer in each receiver developed a large set of stable frequencies in the HF

fT (I~F PuLSE)

~~ F !~~?CE
T~ A~ 5P~tT~~ R

(K~(W ~w*o) +00t .rc, (~~F~i~.riic.E) 
,

f 1R~~I

• 

fT~~~~~~~~~~~
0 

+
T~~~~~~~~~~t 

/ 
/ 1T~&N51 

~~ C~ LVE~ S
L THRO B

I ~ .!i 
______  

/ A~ REMDT~
[R~ ’~3J / 

1 SITES

.f IDATA 1 /
0 i-,-~ ,’.,’.~.u j

DAT A

T> 
I 

~~~~~~~
______  

DATA ACqUI3ITIOP~
1~~TA I 1t~ATA I — - [ii~ATA1 SYSTt M AT V~~~C

IR~ 2 1 I R~~3J_ _ _ _ LR~~Bi

+ +11+ _ _ _ _ _ _ _ _ _ _ _ _ _ _

DPtTA MULT I PLE)~~R )L[~~~~FFER. ¶~TORAG~E

_ _ _ _ _  1 ‘H
CON1~RoL UNIT i— ‘ T~~ ITAL TAPE UNIT1

F I G U R E  14. OVERALL SYSTEM AT THE RECEIVING REGION
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~
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r c hy ~c’n ~ f t i r e  s p e c t r u m  f r om  t h i s  p hase  s tab le  r e f e ren c e  wave.  P roper  cho ice

of t r a ns : :i t t e r  f r e q u e n cy  and local  o s c i l l a t o r  r e c e i v e r  f r e q uen c y  p e r m i t t e d

phase d et e c t i o n  of the  r e c ei v ed  wave .

F i g ur e  2 shows the  o r g an i z a t i o n  of the r ece iv ing  sy o t e m .  A phase

ccm ~~a r i s~~r is mado h e t w e e m  t l i ~ l oca l  r e f er e n c e  and the  succession of HF

olo~ ado .  The analog phase measurement  In  each receiver was

~amp 1-? f 120 t imes  per second , dig it ized , and transmitted via data modem

and : e -h-:’no circuit to the Valley Forge Laboratory, where the signals were

entere d into a buffer digital :;tore , a d j u s t e d  in forma t , and read out onto

a 7 — t r a c k .  t a p e .

FIGURE 3. RECEIVING INSTALLATION AT SITE 8

F ig ur e  3 sh ows t h e  r e c e i v i n g  i n s t a l l a t i o n  at Site 8. Figure 4 is a

s C O~~~~c 
r o  showing  the e n v el o p e  of t h e  r ece ived pulse  (upper  Ir ace)  and a

t i m i u ,~ c a r h e r  ( i u s t  u n d e r  the  r a i n  p u l s e )  showing the locat ion of the pulse

t r a c t lu g  ;- t e .

- - —-- - — —
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FIGURE 4. OSCILLOSCOPE PHOTO SNO~~ING RECEIVED
SIGNAL (UPPER TRACE) AND TRACKING GATE

Five success fu l  t e s t s  were run dn:ing June , 1975. The dates , times

and durations are given in Table 3. (~-~td path tin~e is approximately one hour

earlier , and CMT is five hours later.) The recorded data are in excess of

io8 b its.

DATE TINE (EST) DURATION (mm )

12 June 6 : 30 AN 60

21 June 5 : 30 AN 120

24 June 4 : 00 A~-~ 60

25 June M idnig h r  60

27 June 7: 00 AN 60

TABLI- 3. SUCCESSFUL TESTS

The p r i m a r y  st a t i s t i c  sought in t h i s  work is the spa t i a l  correlat ion

f un c t i ~-n of t h e  ph -~~e of the rece ived  wave a f t e r  i ts passage through the iono-

sp h er e .  ih e  abscissa  of the c o r r e l a t i o n  f u n c t i o n  is a d is tance  on the ground .

~au ip l eu  of the cor re la t ion  f u n c t i o n  w i l l  be measured at d is tances  equal to the

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

-J
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o~u i c i n c ~s between r ece ivinc ;  s t a t  j u t e ; . ( or r e l a t i o n  i n f o rm a t ion in the E a s t — W e s t

d i r ect  i on  ( a long  the  d i r e c t  ion  of propagation) afl(i in t h e  N o r t h — S o u t h  d i r ec t i on

(traneverse to the  d i r e c t i o n  of p r o p a ga t i o n)  w i l l  be obta ined . On theore t ica l

~r o n n d s  t h e  c o r r e l a t i o n  f u n c t i o n s  are expected to he s imi la r .  The resources of

::ne ~ : -n ’er tne r .t -i l s y s t em  were  devoted roug hl y equa l ly  to measurements  in these

i r c c t i - : n s  and w i t h  some over l ap  to permi t  cor p - ir i son .  Table 4 , const ruc—

ea r l i e r  t a b u l a r  da t a , shows the i n t em s tat i o n  distances in the N—S

E— ~ d i r e c t i o n s .  Four teen  o t h e r  i nt e r st a t ion  sepa ra t ions  permit  measure—

mint  ~‘f co rr e l a t i o n  c o e f f i c i e n t s  in a v a r i e t y  of d i rec t ions ; comparison wil l

he m a d e  be tween  these values and those  measured along the direction of propa—

;~a t io u  ( E— ~~) and t r ansverse  to it ( N — S ) .

N — S  E - W

STAT IONS S EPAHAT IONS (km) STAT IONS SEPARAT ION S (km)

1—2 2 .0  2—7 9.9

3—4 4 . 7  2— 6 11.6

2— 3 3.9 7—8 15.3

1— 3 5.8 6—7 21.5

2—4 7 .4  2— 8 25.3

1—4 9. 3 6— 8 36. 8

5— 7 2 7 . 3

5—8 28.1

TABLE 4. VALUES OF THE ABSCISSA ( T N  KN) OF THE COORDINATES
OF THE SAIT LES OF THE SPATIAL CORRELATION FUNCTION
OF THE PHASE.

The value of the co r re la t ion  f u n c t i o n  at a d is tance ~~~ corresponding to

the  spac ing  between the ith and j t h  s t a t i o n s  may be calcula ted e i ther  by direct

multiplic ation or from the variance of t h e phase d i f f e r e n c e  funct ion . The cor-

relation coefficient 
____

= ~i~ j  ~i~j  (1)
~ii ( ,&2 ~~7 )~~”~

~i j

~~

. ,  ~~~. are the  t i m e  samp l e r ;  of the received phase after removal of the

artifacts and the slowly varying phase roll components ascribable to slight

..

~

— - -- - --- .

~~~

.- -- . -.
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f r e t ;  : - n ~-v di f f u r s - n e c ; ;  b e t w e e n  the t r a i i ~ :r i t  t e r  and receivers . The overbar re-

presents a tire average . Since the p: ise variations and 
~~~

. are (lerived f r o m

a cosnen  se - t r e e , i t  i s  as s t i r~u h ( in  th e  ex p r e s s i o n  above) t h a t  t h e i r  mean square

vol  :es i tC th e  s - n - c ;  this isornuption will he tested by independent measurement

ci

It  o - : t d e i t  f r e e .  (1) t h a t  p . .  is available f r o m  the direct  measurement

n d  ; - . i t  al se  is ava i l ab le  f r o m  the var iance of the phase d i f f e r —

= (
~~~~~— : , )  = 2~~ — 2: ,~~. = 2~

2 (l — p . . )  (2)

A l t h c :gh (1) is m ore  d i r ec t , t h er e  may be ins tances  in which (2) will  prove

us~~fu i , as when rap id movement in the h e i g h t  or the t i l t  of the ionosphere

cau s t~- r ap id bu t  cor re la ted  v a r i a t i o n s  in the  phases of the received waves at

two r e c e i v e r s .  Such cor re la ted  v a r i a t i o n s  are el iminated in calculat ions based

on the  p hase d i f f e r e n c e s .

The noise  p rope r t i e s  of the  two measurement procedures are different , a

f a c t o~ w h i c h  has to  he reckoned wi th  in the numeric-al calculations . If n
1 

and

n~ are the  t ime samples of a dop t i v e  p ho~ e noise in the i th  and j t h  receivers ,

t h e  a ver a 2 e  p r o d u ct  of the phase m e a s u r e men t s  becomes

= (~~~~. 
+ n ) (~~ . + n .)

1 3  1 i J 3

= + + ~ .n . + n .n . = 
~~~~~~~~~ (3)

13  i 3 3 1  1 3  1 )

which  is unbiased .  The l a t t e r  three  term s reduce to zero under the assumptions

(1) t h a t  a received wave and the r ece ive r  noise are independent , (2) that  both

are zero  n-c an and (3) t ha t  the  phase  noises f r o m  receiver to receiver are sta-

t i s t i c a l l y  independent .

The phase d i f f e r e n c e  va r iance , ott the other hand , is not unb iased by the

nci sc . Equation (2) becomes

(~~~~ 
+ n~ 

~~~~~~~~~ 

— n~ ) 2 = 2~~2 — 2~~4~ + + (4)

unde r the  sarr o as s ur r p t l o n s . Under  a f o u r t h  assumption t hat  the add i t ive  phase

n o i s e s  i n  t h e  v a r L o u s  r ece ive r s  share  common s t a t i s t i c s, (4) becomes 

---—-- - 
- — -.- ---- -
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2 H + 2 n — 2 ~~. - - . (5)

The p ha ;e noise  powe r can be measured using (5) p r o v i d e d  tha t  two of

the  s t-a t  ‘ uns  a re  s u f f i c i e n tl y  c lose  to each o t h e r  such that  t he i r  phases have

a-: ;r l v  nn it v  cor r e l a t io n , in which case - 
~~~~~. ~~ also con be measured

:~~o s t O t  ens  are s u f f i c i e n t ly f a r  a par t  t h a t  t h e i r  phases have nearl y

c e r r L - 1 ; : i o a , in  which  cas e 
~ 

0 under assumpt ion  (2) above ;

:~r a :~~s ’r. c i  (3)  and  (5) then y i elds ~~~~~~. If both situations can be found

to exi st in the data , then independent measurements of ~2 can be made and con—

p ~ee d.

~n o t d e r  i n t e r e s t i n g  s t at i s t i c  which may be ava i l ab l e  f r o m  the phase da ta

is th e  f i r s t  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  ( p d f )  of the signal phase. The

re ast : r ed  p hase in an a r b i t r a r y  receiver  is ~ = ~ + n where ~ is the signal

p hase  and n is the  add it ive  p hase noise. Based on the f i r s t  assumption made

e a r l i e r  ( s ta ti s t i c a l  independ ence of ~ and n)

w(- ; ) * w( n )  (6)

vhere n (~~) means p df and * means convolu t ion .  Thus the shape of w(~ ) ,  which

c-s n he e x t r a c t e d  f r o m  the da ta , d i f f e r s  f rom w(~~) ,  the pdf of the signal phase ,

bec ;t - :e- e the  l a t t e r  is convolved w i t h  the p df of the phase noise.

A l t h o u g h  shape i n f o rm at i o n  may be obscured , the  signal  phase variance can

be c a l c u l a t e d  f r o m  the var iance re la t ion in surmning independent , random

v a r iab l e s :

= ~~~~~~~~ (7)
(~ - n

Based on a s sumpt ion  (2)  above (zero  means of ~ and n), a
2~= ~~~ and ~ 2 =

t h e  c a l c u lat i o n s  of which were discussed e a r l i e r .  Thus the  signal phase vari-

ance is t h e  d i f f e r e n c e  between the  moan square  value of the to ta l  phase mea—

s t tr e m en t  and the  value c a l c u lat e d  f o r  the noise.

Shape i n f o ri r at  ion also may be possible to extract. If << ~2 , as is

e x p e c t e d , w ( 4 )  w i l l  be sl i g h t l y b roade r  than  w(~~) (accord ing  to ( 2 ) ) .  Their

shapes , h ot- ever , will be v e r y  s im i l a r .  In par t  icula r , if the phase noise power

1s Stan I c nr ;;p ;rrvd to the signal—p hase power and if w(~) appears Gaussian , it

ray be ; ; ‘enn ~~d t h a t  w ( -~-) a l so  is a p p r o xim a t e l y  Gauss ian .

-- ~~—-- .---- - - - .-- - - --- - 
- - --
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The s pat i a l  v a r i a t i o n  of ~he phase  of a signal received a long  a line on

t h e  gr ear :d  a f t e r  th e  wave has ~‘; s s e d  t h i r o t i ~;h the  ionosphere  is believed to have

at  leo-~ two cene or~ents . The f i r s t  is due to s c a t t e r i n g  f r o m  random nonhornogen—

c i t i e s  d~~c t o  r a : ;dcn i e n i m a t i e n  and reconb ina tlon  phenomena. The second is due

to lar. — sc i ’~ - e i : ec t -  res~;l t i a g  f r o m  wave mot ion in the ionosphere.  The former

i m : r c - d a c e s  a r a n d o m  p hr r se  v a r ia t i o n  across an ape r tu re  which sets an i rreducible

l i mit  to the e f f e c t i v e  r a ;~:imum d i f f r a c t i o n — l i m i t e d  length which may be achieved.

The latter is çu si—;ie ternmn istic in a quasi—static sense; that is , time—varying

c u r v a ter e s  and t i l t s  in the  ionosp here due to the passage of waves may induce

r e l a t i v e ly  s imp le phase v a r i a t i o n s  in the  wave f r o n t .  For examp le , at a given

ins t an t  in time the phase variation of a wave across a large aperture  night be

well represented by a low order polynomial. The constant term represents the

fixed phase. The l inear term represents an angular tilt of the ionosphere . The

quadratic term represents a curvature associated with the mean refractive index

of a ray path through the ionosphere as a function of transverse position with-

in it. This term may be iden tified with the properties of a spherical lens.

High order  te rms would be the equ iva len t  of distortion—inducing features of an

opt ica l  sys t em.

The spatial correlation function which we will attemp t to extract from

the recorded data will include both the effects of scattering and the large—

scale phenomena. The result of the  measurements will set bounds or lower limits

to the maximum size that diffraction—limited apertures can be made under con-

ditions in which the measurements were made. However , through the use of rela-

tively sophisticated , adaptive signal processing circuits of the type being ex-

plored at VFPC some of the normally deleterious effects of the large scale phe—

nomena nkIy be rerro-ied. Specificall y we believe that the linear term may be re-

moved on a con t inuous , dynamic bas is .  We feel too that the slowly changing

q u a d r a t i c  va r i a t ion  can be removed.  Thus the i rreducible d i s to r t ion  which would

l imi t  ti .~e f u 1  s ize of an a p e r t u r e  would be determined by the contributions to the

sp a t ia l  c o r re l a t i o n  of the pha ’-;e of the energy sca t te red  by the small— scale ,

random variations In r e f r a c t i ve  index wi th in  the ionosphere and by the higher

order te rms of a pol ynomia l  expansion of the  phase variation induced by the

large scale  ionospher ic  p henomena .

- - — - ------- .— — --- - -- — - - -
. .- - - - ---- -~~
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It  i~ not kno’:n at t h i s  w r i t i n g  the  ex t en t  to which  these p henomena wi l l

be s e par a b l e  itt the  dat a .  The ca l c ul ;t t i o n  of the  spa t ia l  co r re l a t ion  f u n c t i o n ,

at~ d e s cr i b e d  e a r l ier , igno re s  t h e  d i s t i n c t i o n  made in this section. During the

co ar s e  of d a t a  r e d u c t i o n  p r o g r a m , cons ide ra t ion  wi l l  he given to the separa-

t i o n  of  t h e  e f f e c t s  of these differe nt phenomena. Attention will also be given

the ev o l - -~e -en t  of any unexpect ed statistical or deterministic phenomena ev—

z - e  d ’. t a .

— — -- - 
~~
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CO 1tEELATIUN Fu .’;t’:T I O N  cc’~~~~:.’;c: IN TIME ARY ING APERTURE S

25 AfO . r A ~~~I ( C o n t S , o ~. 0 ~•O.,•• •Id• If ~ -,d II.nfI?y by block ,n.mb.t)
Lxperlmental equipment was

des igned , b u i l t , and used in an experiment for the purposes of acquiring data ,
p e r f o r r - ! n g  a n a ly s e s , test log al g o r i t h m s , and evaluating system characterist ics
f o r  c’ea’. u n r e m e n t  of the  s pa L i .~l c o r r e l a t i o n  f u n c t i o n  of the phase of an h F  wave
a f t e r  p.- a ~e t h r o u g h  the ionosphere . For the test , 8 phase—synchronized receiv
e r -  w e r e  de igned and b u i l t , d i s t r i b u t e d  randoml y over a 40—ki lomete r  baseline ,

— t ’d t o  r e . . iv e  HF si gnals  f r ~ n a t r a n s m i t t i n g  s i t e  some 2500 kilometers
d i ’ ,t u n t . Raw d a t a  in excess of 10° bi ts w~ rc .coflectecL -

DD , .
~~~

- , 1473 Fr ~ O)P4 OF I NOV 63 IS O U S O L t T C  
- -

‘ u l O J - ( I I I A F ’ I  _ _

st cu rnYv CLA SSIPICATION OF ‘ S PA GC (~~ i.n 1)... IRI~~~d)

— ‘ “~~ ,,.—....—----- r — - -


