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In the follo wing sub see tia n s d i f f e r en t t ype s of digital corr e ­

l ato r s are br ief ly described .
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Figure 3 .1. Blockdiagra~ o f a gene r a l i zed d i ai t al auto­

correlator .

3. 1. MULT IB IT CORRELATORS

As given in chapter 2 the norrnaliz ed statis t i ca l e rror i n the

estimation of the a utocorrelatio n function i s proporti~nal

to l / VN where N is the number o f sample-products . Due t o t he

discrete repr esen tatio n of the s a mp l e - a mp l i t ud e i n a d igital

s ystem, q ua n t i z a tio n-no i s e is introd uc ed . Thi s noise c a n in

gene r al be divided inta 3 c l a s ses ( r e f . [ l l ] ) :

- when the input signal l eve l (power) is smal l campar ed

wi t h t he quantizatio n in t erval t he q uantization-effect

ma y be regarded as hard - clipping t h e s i gna l ,

- when the signal level is larg e compa red with t he maxi ­

mum quantization-l evel , the quantizat io n aets as a

linear limiter,



- f o r s ignallevels i n t he linear zone the noise is g i ve n

by t he qua ntizatio n interval , i.e. t he number of b its

in t he dig ital representation o f t he signal.

Opera ting in t he linear zon e and assum ing a linear quanti­

zaion scheme, re f e r e ne e [ll J and [ 1 2] s how that the estimated

au t o correla tio n fun c tion is b ias ed due to the quantization

noise. Ref . [l2 J g i ve s the bias error (appro ximation) :

4" 0 ' ( )- ' Lr-o I r )
q'e (3. 2)

wh ich ho lds fo r Gaussian i npu t wi th var iance o] a nd no r ma l i ze d

a u t o correlat i on f unct ion P ( T) , q i s t he qua ntization i n terval .

Clipping e f f ects ~ f the s igna l a re no t considered. Assu~ing

t he quanti zatio n r e g ion is l i mited t o ~A , t he q ua n t izat io n

i nte r v a l ca n be wri tten a s :

m: no. o f bi t s for the
d ig i t a l representatio n
o f the signal .

Fo r power estimat io n t he b i as term is :

E (O) l
= 3"

-2m
2 ( J. 4 )

In table II I . l the e r ror t erm i s c o mputed f or m = 6, .•• . ,9

fo r t he case A/ a = 3 .

m 6 7 I 8 9

A 3 7.32' 10- 4 1 .83'1 0- 4 4 .58' 1 0 - 5 1.14'1 0- 5
=a

Tabl e 11 1.1. Blased er r or due to quantlzation f o r a

multibit autocorre lator .



The table gives that for A/o = 3 the quanti2a tion er ror is

negligible compared with the desired statistical accuracy of

the est imate ('.... 11) . Assuming t ha t the SNR ;. l a t the receiver

i nput and for the altitud c range the oj decrease s wi th a faetor

of 1 0, then f or A/ f' =)0 the va l ue s in the table have to be

mult iplied by 10 2
• This illustrates the irnportance of having

a s many b i t s as other considerations perrnit in case the dynamie

r ange of the i nput signal is large.

In a mult!bit correlator the shiftregister-chain is word­

organized and the hardware multipliers must perform a signed

ffi x ffi bit product , the result being 2 ffi bits .

3 . 2 . ONE-BI T (POLARITY COINCIDENCE) CORRELATORS

Wi t h this ty pe of eor r e l a tor the computations are based on ly

o n t he sign of t he sampied amplitudes, the quantiza t io n funct ions

belng :

g, (x) = g , (x) = sgn(x) 13 .5)

{

+ 1 fo r x >O

s gn(x) = O for x =O

-1 for x < O

Ass uming

r e f , [ 13 ],
a Gauss ia n input and

the a utocorrelation

applying Price's theorem,

function estimated is

E[R( 1» ) = 2 are sin p iT)
n

(3 . 6)

Eq . 3 .6 s hows that the

l o st . I n reference [14]

c ompu ted fo r p (T )« l:

p (r ) : normali zed inpu t
a u toco rrelation
f u nc t. Lon ,

power information of the input s ignal is

the normalized statistical error i s

c
R

n= 2"
1. 57

= \7W ( 3 . 7 )
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The ef f ect o f hard- limi ting the input s i g n a l causes t~e spectrum

to broaden, (reell S] ) which implie s t ha t a ga l n o f Lnfo r matiLon

is obta ined by ove rsampl i ng . Assuming t he samp l i ng rate i s s et

to two time s the Nyqu ist r a t e , the er r or 1s reduced to [ 14 ]:

c ~ =
1. 3 5

V'l'l OVERSAHPLINr. (3. 8)

The major advantage with the o n e -bi t correlator i s the s i mplif ied

hardware constructlon . A s h i f t r eg i s t e r - c ha i n of o n e bi t is

required , a nd the multipliers ar e not necessary . The a c c umu ­

latars can be rea lized by up/down b inary counters. Wi t h th is

type o f c o r r e l a t ion high-speed c orrela tor s c a n be r eal i zed,

the speed limitatio n is only de t e r mi ned by the ma x i mum

clock-ra te of the counters .

3 .3. HYB RID CORRELATORS

Wi t h t h is sche me o nly t h e s i g n b it is transfer red t o the shift­

register .

g dx ) = sgn(x }

9' (x) : multibi t s ampl e

The au toeorrelatio n f une tion e s timated is

assumed ) (ref. [ 1 4 J ),

(Ga u s s ian input i s

( 3 . 9 )

which mea ns that power information i s main t a i ned .

ef fec t s o n the mul t i b i t sample- a r e neglected. The

e r ror is f o r p et } « 1:

1. 25= VN

Quantization

statist i cal

1.1 5= VN
OVE:'{SAMPL ING

(J . 10)



For the hybrid scheme no multi p lier s a r e necessa r y and t he

aecumulators must have an add / subtract-control d e t e r mi ned

by the delayed sign-bi t . The speed l imitation f or this type

o f correlator i s given by the nec essary a dd-t ime f or the acc u-'

mulators .

3 . 4. N x M-B IT CORRELATORS

In referenee [16J seve r a l nxm- b i t cor r e la to r s are conside r ed

with the number o f bit s m, n relatively small.

~ULTIBIT BY TWO-BI~ :

Assuming a quantizer transfer-funet1on for t he delayed samp l es:

gIlz.,

----+---+--l----l~ z;
-ve ., '.

Figure 3 .2. Tr a ns fe r - f unet io n for 2 bit s .

The autocorrelation function f or Gausslan input is:

.
E[R] ( 3 . U )

and t he statistical error

1. 0 7
= ---:If['

for c t i ) -c »: l and
'Io
o

= I .O,n = 4 is r

() .12)

QVERSA.'"tPL ING
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The corrclator i s s e n s Lt Lve to input s ignal Le ve L, as suming

Il « Vo the performanc e is given by the h y b r i d cor re l a tor .

When 2 bi t represen tat ion is u s e d t he multipl iers can be r ea­

lized by siMple l o g i c (shift-operations on the rnultibit sample).

MULTI BI T BY THREE-LEVEL :

Th e s h ift-operations on the mu lt ibit snm~ le ca n be simp lif ied

b y app Ly Lnq the transfer-func t ion :

gllzi )

-v,
-, v,

F i g u r e 3 .3 . Th r e e lev e l quant iza t ion .

In t h i s c ase :

and f or t he e r r o r p rov ided p {l ) « l a nd

( 3 . 13 )

c'"' =
R

E '"' =
R

1. 11
\IN

1. 06
\IN OVE~SAJ.1P L I NG

(3 . 1 4)

Th e har dwa r e compl exity with this sc heme is the same a s f or t he

hyb r i d correlator wi t h add i tio nal l o g i c functions fo r t h e

non-ropc r a t ion of the e c cumu La t.o r s wben the delayed samp l e is

z e r-o ,
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As g iv en, t.he so t ypc s of co r r e La t.o r s wi th the de l a ye d s amp I e s

coarse-quanti ze (l are sensit ive to inpllt signa l l e ve l ( a ~) ,

and t he zero l a g va l uc doesnot varv l i ne a r l y wi t h variat ions

o f o .

3. 5 . COMPARI $ON OF PERFORMANCE

In r e ference [1 6] integrat ion t imes for d ifferent typ e s of

digita l correl a t o r s are derived . In tabl e 1 11 .2 r e l ative

integra tion t äme s are o t ve n in o rde r' to o b t a I n the same

s t o t f.s t.Ico L accu r3.c~' as fo r t he multibit sc hcme . 'Lhe numb e r s

are valid provid e d Ga u s s Len i npu t a nd P( T) < 1.

1. 0 1. 2 1. 4 1. 6 1. 8 2 .0

Rel a tive inte­
g r a t ion t i me

2 . 2 2 . 4

Multibit

___.. 1.0

____ ... 1.0

Mul tibi t by
two-bit

___... 1. 14
__ _ _ _ ..1 . 09

Multibit by
three-leve l

_ _ __..... 1.23

1.12

..
_____ ... 1. 14
_____.1. 2 9

lytwo-bit
two-bit

Multibit by
one-bit

_ _ _ _ _ _ __~_..... 1. 5 7
_______ .... 1. 3 2

one-bit

_ _ _ _ _ _ _ _ _ ~ ...... 2.4 6
___ _ __________ .. 1. 8 2

--------~.... snmpling a t Nyqui s t rat e

---- ... samp l i ng a t 2 t i me s the
Nyquist ra t e.

Ta b l e 11 1. 2. Compa r i s o n of integr ation times fo r

different t ypes o f diyita ] correlators.



3.6. REAL- T I ME CORRELA'l' I ON PERFORME;O BY "SOFTWARE" , REQUI RE~NTS

In order to d etermi ne the r e qo t r erae nt, fo r t.he c v c Le -e t t.me i n

<l Cpu-or ientaten s vs t ern the' f ol l ow i no o s s umn t Lons have bee n

made:

The system has a two-ported buffer -memor y system which e na b les

simultanc ousl y loading of s a mpled data and r eading sample s t o

the CPU f or c o mpu t a t io n. T~u t ypes of exper i me n t s are c ons i d e r e d.

(a ) A single-pulse e x per imen t o pera ting with 8 di ffer ent f r e ­

quencies . Th e r e petit ion rate of the transmitted signal

is 16 .67 msec.

pli! se per i od

aanpLe s , The

Total number of ranqegates in an inter-

50 . ·~ ~c h ra ngega te consists o f 2 5 complex

r a ng e g a t e s are over ! ~pped .

( B) A multip le-pul se ex~eriment (7 p u lse group ) operating

wi t h 8 different fr equenc i e s. The r epetition rate : 10 msec.

Tota l number of rangegatcs : 2 56 .

Exper i me n t et :

Arithme t i c a lgorithms to b e p e r f o rm e d ( M < .> denotes memory

l o ca t i o n i n re s ultme mor y ):

24- ~

rea l pa r t M< z, r , 1> = L

imaginary part

i =O

24- 1

M< t ,r , 2> = l ( Xi + 2Yi - XiYi+ ~ ) + f't< t,r,2>

i =O

t = 0 , 1 , ,2 4

r = 1,2, ,5 0

x, y sample s ln rangegate r

( 3 . 1 5 )

The same algorithm is to b e p er f orme d f or all 8 fr equenc y

cha nne1s . For each lag -c hannel ( rea l-and- i~agina ry separa t e )

and complex sampl e -product. t h e number o f operat ions i s:
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2 multiplications

l a d d it ion/ s u b t r a c t i o n

2 a d d i t i o n s to previous content in memory

(ov er-Lapped rangegates).

Assuming 49 separate lag-channels (imaginary part of ze ro lag

not computed) t he tot.al number of operations for 25 complex

samples i s:

25 ' 5 + 2 '5' (24+23+ • •• • + 1 ) = 3125

Ha l f of the f i r s t a nd last r a ng e g a t e a re n o t overla pped . Total

fo r t he interpulse period :

3125 · 2 4 + 2500 = 77500

Additio n al 4 9 0 0 operations for the I/o-transfer to the Mernory

a r e requir ed. The requirement for 8 channe l process ing i n

16. 67 ms ec is :

659200 operations

Assuming a ser La I o pera t i n g ac he mc for the system. the c yc l er­

time is:

25.3 nsec .

In t he calculations t i me fo r generating the necessar y a ddresses

to t h e memory is not i nc luded .

Exper i men t 8 :

A 7 pulse group gives 21 complex lags to be camputed . Assuming

singl e p r o d uc t s generate the e s t i ma t e s , the number of oper­

a ~ions p r . rangegate is 168 . For 256 gates and 8 f reauencies

in 1 0 ms ec, t h e requirement is:

430 080 operations

a nd the c ycl e - t i me:

23 . 3 nse c .
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The c ompu t.e d values show that u. digital d e v Lee o pe ra ted in

serial scheme is not rea listic . Usi ng a hig h -speed , b i polar

roiera- pro c e s s o r (c yc Le -e t Irne 300 nsec) , a distributed p r o -

c e s sor - (1 6- 2 0 processors) system i s n e c- o s s a r-v . Ho-....o vc r ,

hardware mul tipl iers have to be i mp Le me n t.ed and co ns Ld e r-ab l e

e f f o rts o n sof t wa re-, ~ardware- , multiport and d Ls t.r Lbu t.ed

memory-systems (progr a m a nd data storage) and i nte r f ace-prob l ems

ha ve t o be solv e d .
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APPENDIX A 6 4 .

MONQSTATIC INCOfl ERENT SCATTER OBS ERVATIONS . THE I ONOSPHE RE

AS A DISTRI BUTED , PLUCTUATI C RADAR TARGET .

In this s eetion a one-vd tme ns t oue l nodc I "or- the s en t.t e r t n-t

i s d e r ive d, i. e. the seattering volurne is g i ven in t e r ms o f

altitude r e solutio n hh . The radar-equation is not taken in t a

account and a pl a ne wave notation is used for e xpress ing the

propagation "s a fu nct ion of altitude .

The pre - enve lope of the t r a nsmLt t.ed sig na l c an be e xpressed as :

f l) It)
j 2 Tf f t

T t = vT c o ( A. l I

complex a mplitude

radar centre f reque nc y .

wav e sv ( t-!!..L) e
T ci nc i d e n t

Ass uming that the s cat t er i ng 1s o nl y occu r r i ng from an a l t i tud e hl :

j2T1f (t-bJ..)
" c

c : velocity o f ligh t

backsc a t t e r e d wave: N(hl,t) • hlv (t--I
T c

j2" f ( t -~ )
o c (A. 2 )

Th e time-depende n t funct ion N(h 1 , t ) is proport iona l to the number

of e l e ctro ns at al titude h l 't'he backscattered s ig na l a t the

receiver input i s :

lA . 3 )

The transmitte j s i gnal ha s a f i nite t i me d uration a nd th e

aetual bae ksca tte r ed signa l wil l have contr ibut ions fo r a f i nite

altitude r e gi o n . The comp lex amplitude of the scat ter ed s i g nal

at the r e c eive r inp u t can be e xpressed by a n i n t e g r al:

'2 f 2hr - ) ro -
vi t ) = I a Ih t -!!.- ) V ( t _ 2 h le o c dh

s Jm 'e T c

h

lA. 4 l

whe r e t he fune Lion a ~ give s the altitude a nd time va r i a t ion of t he
electron density.
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The a u tocor re l ation f unct ion i s defined as:

R ( T , t) tI E[V· (t - -
2
' )s s

= f J+~ I h . t
h h ,

v (t+.!.~) 1s 2

2Ih ,-h)
c

•X .,
T

t 2 h(t-- - -)
2 c ( A .5)

•

enc;emble a verage

complex co nj u g a t e

Assuming the scattering process to

and h l f Lxed , the a utocorrelation

fluctuation s i s ~

be t i me stationar y fo r h

f unction of the density

(

• l h
E a (h t - - --)

M ' 2 c IA . 6 )

Substituting hl ~ h+Ah in A.S :

J J
~ h -j2TI f o

= RM( l - C , h ;lI h le

h flh

26 h
c

x v · ( t - r _ 21-. 'Iv (t+.!._2 (h+t.l h) Id 6hd h
T I c T 2 c ( A. 7)

The pa r a me t e r 6h i n !lM gives t he alti t ude c o r r e l a tion of t he

plasma . As sumi ng at thi s point that scatteri ng f rom altitudes

separated by more t han a Debye-leng th ar e uncorrelat ed , it

fol lows :

Performing t h e i n t egrat io n over ö h :

lA . 8)

R ( l, t )
s = J

h

'" r 2 h 1 2hR Il h 'o )v It-,--- Iv (t+- --- Idh
M" 'l' L.cT 2e IA .9)
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The signal at the r e c e i ve r i n pu t is non-s tationary in t ime , the

t ime d e pende nc e exp resses the altitude discr im inat ion. T he

alti tud e reso lu t ion is determined by the transmitted wa ve f o r m.

Th e altitud e weigh t- f u nc t i o n is:

1 2h t 2hv · ( t-----) v (t+---- )T 2 c T 2 c (/\.10 1

Then:

RS(I ,t ) = f ~M( ~ , h) WT ( l ,h ; t)d h

h

(/\.111

~he paramter 6h=O in A. 9 i s d r opped fo r simplicity . The

information one wishe s t o e xtract , is ~ as a f u n e t t e n of T ~nrl h .

Caused by the linear operation o f R
M

with W
T

, va r i a t i o ns o n

R
M

with h are indistinguishabl e from T- v a r ia t ions . By the

assumption that R
M

is c onstant over h on a scale given by

W'l and:

fo r It l<
e lse ( /\ . 12)

t he autocorrel~tion f u ne t ton a t th~ rec e i v e r input Is :

= {
X "r ( l , t )

( /\ .13)

where
~(ct+~h)

RT (l; t ) ~ J WT( T ,C~ ;t)dh

l
2(ct- ~h)

(A. 1 4)

The receiver system can be d escribed by an i mpul s e -re s pon s e h R ( t )

(pre- envelope ), and the signa l at the IF output is giv e n by

the convo l ut i o n i n teg ral :

folt) = J f s ( t-OlhRI O) d O

O

lA . IS)
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By the introduc t i o n of the complex amplitude through :

- j 2. f 0
hR,LP( 0 ) • hRIO) e o lA . 1 6 )

t he a u tocor re lation function o f the o b s e r v ed signal (for the

comp Le x amplitud e ) is :

, 'r J(t - -) V ( t+'" )
2 o 2

= J I RS(-I+0 - 01,

(-) 0 1

I I J R"1(T +0-0 1 , h ) WT( T+ 0-0 1 , h it- °;° 1
)

O 8 t h

By the subs ti tu t i o n: 1) 1 = 0 + 0

JJJ
o {) h

•
x hR, LP( O)hR,LP( O+o:)dhdadO

Fol lowing the same argumentation as above assuming RM to be

eons tant o ver the aetual altitude interval :



a h

WT( T-O ,h;t l dh l '-
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[ JhR :LPlO)hR ,LPC O;o)d0]da

o

Then , by de f i nition of the receiver system 's "autoco r relation

f unct ion " .

RRl a ) Ö J hR ,~pC O)hR ,Lpc o+a)d0
O

t he autoc orrelatio n lunetton of t he observed s igna l i s:

a

convo l ut ion

11\.17 )

11\.18)

In o r d e r t o de termine the validity of the

i n eq , A. B , t he f unetion Rs{ t,t) in A .7

approxima t ion giv en

can be e x presse d as :

-j2" C~~) Öh
~ J J J WM(f, h, ö h ) e c c

h Ah f

j Zn f r
e

x v
T'

(t_~_2h)v (t+I_2Ch+ Öh»dfdÖhdh
Lo c T 2 c

where the density fluctua tion s p e c t r um is defined b y :

(1\ . 19 I

(1\ .20)
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The Fouriertr~ns fo rm of the last term i n A . 19 i s :

'2 f(2( h+Ah)- ) 'If'
C= V,, (f)e

T- - )
2

( 11 . 21 1

Ass um i ng the sgectrum WM is constant over the aetua l altitude ­

int e r val, eq . A.1 9 can be rewritten with the substitution

in J\.2 1 :

RS( T, t ) = J VT(f ')ej2nf 'T{

f '

T- '2 -

+ f)Ah
c dAhdf])df '

= %iI VT1f ') 1
2

c
j 2

' f ' T r i e j 2 ' f T i W",(f ,h ,hhl

f ' f Ah

+ 1) Ah
c dahd f l df '

The integ r al over ~h r e pr e s en t s a spatia l Four iertran s f o rm:

i -j k öh
WM (f, h , hh ) e dAh A WM(f,h ,k)

hh

( 11. 22)

Rs( t,t) = %J IVT(f ') 1
2e j 2 ' f ' T Li

f ' f

+ 2 'Jf f )
c

(11 .23)

Refining now a n autocorre lation function of the spatia l

f l uc t uat io n soectrurn :

RH,k. (-l: ,h ,2k
T)

tJ. J WM(f , h, 2k
T

+ 2~f)ej2nf d f

f

it fo llows :

(11.24)
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(A .2S)~)df'
cI I ' 12 j2,f',

VT(f) e Rrl,k ( 1 . b •

f '

Provide d t he au tocorrelation function RM,k is constant in

the int egra tion over f l:

R I t) " ( h 2k I c Jr IV'r l f ' ) 1
2e j 2

' f " d f 's t , = n M, k T , , TO "2
f '

(A.26)

o r b y i n t r o d uc i ng the autocorrelat ion funetion of the

transmi tte d signal (eq . A. 14):

(A .27)

2nf Ok =-­TO c , fO : radar centre f r e q u e nc y

Eg . A.27 gives that t he plasma autocorrelation function to

be esti mated is defined by the inverse tra nsform of the

p lasma spatial fluctuation spectrum (eq . A.24) and t hat

the autocorre la tion fu netion for t he ~lasma and the

t r ans mi t t e d signa l can only be separated provided

t he p lasma autocorrelation funetion is assumed eons tant ove r

t h e alt ltude-interva l determi ned by t he transmitted s ignal .

- t he p lasma autocorrelation f u nction is assumed constant for

wavenumbe r s

2k + 4 rrf'
TO c

where f ' can vary over a frequency-band determi ned by

t he spectrum of the transmitted signa l.

Wi t h the appr.oximation in eq. A.B all frequency variations

o n ~ have be e n neg lected . As stated i n eq . A.25 , h owever,

the actual autocorrelation func tion is given by a weigh t e d

sum o f au toco r relat ion f unctions of the spatia l fl uctua t ion

spectrurn whlc h have a correct scale for backscatte r ing .



APPEND IX R

EISCA~ TRANSMITTER SYSTEM CHARACTERI STICS.

71 ••

UHF-SYSTEM

Centre frequencies

Peak powe r o utputMAX

Average powerMAX

Duty c ycle

Pu l s e rep. ra t e

Pul se l ength

Modui a t i on

VHF-SYSTEM

Cen t re freque ncie s

Peak power o utputMAX

Averag e power MA X

Duty cycle

Pul se rep . r a t e

Pulse l ength

Modulation

933 .S !: S MHz

11 freque nc ies c a n be se lected

f rom ~3 1 MHz to 936 MH z in

s teps of SOO k Hz .

2 MW

250 kh'

0-12.S% vari a ble

O- l kHz var i a b le

10 usec - 1 0 msec v ar i abl e

Pu lsed , with f ac i l i ties for

18 0 phase- mod ula t ion a nd

f requenc y - hop within the

pulse o r f rom pulse to pu lse .

A multipulse mod e g iv i ng

groups o f fr om 2 to 1 0 pu ls e s.

22 4 :t 1. S MHz

1 1 f requenc ies f rom 222 . 7 5 t o

22S .25 MH z in s teps o f 250 kHz.

S MU

625 kl;

0-12 .5% v a r i abl e

O-l kHz variabl e

10 u~ec - l msec variable

Pulsed , wi t h faciliti es f o r

18 0 0 p hase- mod u l a t ion a nd

f r e q ue nc y - ho p . Multipul s e

mode wi t h 2 to 10 pul s e s .

F lip be t wee n riqht- a nd l e ft­

circular polarization t r ans­

mi tted a r e con t rol led in

rea l-time .
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