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CHAPTER l

I NTROOUCTlml

Durlng 1 974 - 7 6 a f e a s i bi l i t y study of a dig ital multibit

cor re lator f or the EI SCAT ( ~uropean !ncoherent ~ter)

system was compl e t ed. T he ma in topics fo r t he s t ud y were a

system-design a nd hardware s e l e c t i on of a cor r e l a to r wh ich

ful fils the speci f i c a tion s for real-time data-pro cessing i n

the radar sys tem. This r e por t g ives a d eta il e d de s cr ipt ion

of a special-purpose cor relato r pro pos ed by the aut hor f or

the EISCAT pro j e ct.

The EISCAT radar sys tem wi l l be a power f u l a nd comprehe nsive

facility fo r observ ing the upper a tmo sphere i n the a u rora l

zone in Scandinavia. The r a d a r observatio n s a re ba s ed o n t he

scattering o f VHF/UHP radio wa v e s caused by t hermally- induce d

irregularitie s in t he plasma . The s ystem wi ll con s is t of two

separate radar s : a tristat ic UHF sys tem ope r a ti ng at 9 3 3 .5

~_ 5 MHz and a monos t a tic VHF s y stem at 22 4 t 1. 5 MHz . F i gure

1.1 g ives the loc atio ns o f t he t r a nsmi t t i ng a nd receiving s i t e s .

The UHF -sy s t e m i s ful l y steerable wh i l e t he VHF- s ystem is

partly steerable (slic e a long ma gn. meridian ) . By measure-

ments involv ing power- a nd spe ctral -a na lys i s o f the scattered

RF s ignal , several i onospheric parameters and parameter-vari­

ations with altitude may b e deriv ed . The RF t r ansmiss ions

by the t r a nsmi t t e rs will be pul s e d in o rde r t o o b t a i n range ­

resolution by tiffle-g a ti ng the t e c eiv e d s ig na l at the Troms~

site. The range- r e s olution at the o t he r si t e s i n the UHF sy s tem

is either given b y the intersec t i on of t r a n s mi t t i ng and receiving

antenna bearos (long pulse t r ansmi s sions) , o r by time-ga ting

the signal. The t wo r ada r sys t ems, o p e r a t l ng at different

frequencies , ar e n e c e s s ar y f o r observa t i o ns ove r the altituue

range from BO km up to over 2000 km (UHF - 80 km to ~ 1 00 0 km,

VHF ~ 80 to over 200 0 km).
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Figure 1.1. Transmitting and receiving locations (from ref.ll])

In the EISCAT system the con f i gu r a t i o n at each receiver site

will be:

analog, l ow-noise r e c eiv ers with s e parate IF-channels for

simultaneous l y r e c e iv ing signa ls fr om d i f f e r e n t

frequency-bands / polari za t i ons,

- digital progr amma b l e co rrelator f o r re a l- time processing,

- analog /digita l p rogra mma b le r a darcontroller f or real-time

contral,

- computer f or o ver- a l l system con tral, s e t t l ng o f experi­

mental parameter s and po s t-proc es sing o f data from the

correlator.

In principle, each receiver site c an con t ra l a complete experi­

ment, with the nec e ssary c ommu n icati o n between the comp u t e r s

over data-l inks.

The incoherent sca tter o b s e r vations in the EISCAT system are

based on f our principles conce r n i ng t he data-processing:
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- the measuremcnt technique is based e n estimating dn

al t i t.ud e-id epende n t; au t .oco r r e Le t. Lcn f unet.L o n dese r Lb Lnq

the p l a sma t sca t. t.e r Lnq vo Lume ) as a s t.ocba s t.f c eca t t.e r Lnq

process,

- the plasma r e pr e s ent s for t he rad ar s y s t em ~ weak, de e p

fluctuating target a nd in o r d er t o o btain statistical ly

accurate estimates rela t ively l ong integration times

(sean-to-sean integration ) a re required . For data-reduction

p u r po s e s rea l -time high- speed preproces sinq o f data

(co rrelation f u nc t io n measurements) i s necessary ,

- parameter s de fin ing t he real-time c Qmp u t a t io nal algorithms

are related t o th p. tran smitted signal . In order t o

opt imize the mea s u r ements, different modulation patterns

are t o be tra nsm i tted, thus requiring t he parameters t o

be proqr-arnrna b l e and r emo t e Lv co n t r' o Ll. ed ,

- ionospher i c parameters ar e derived by c o mp u t e r post­

processing o ff - l i ne .

F igur e 1 .2 gives an i ll us trat i on o f the e quipment at a rece iver

s i te . An experiment is d e f t ned by l oading a str i ng of " s e t-u p " ­

parameters from the c a mpu t er t o t h e radar c ontroller a nd the

correlator . Th i s , in t u r n , defines tlle rea l -time control o f

the d igital corre lato r, the rec p.i v er- s vs t em i'\nd at TromsM site

t he transmitters fo r per f orm i ng t he e x pe r i me n t . Normally,

the on-s ite compu t .er does not pa r tic ipa t e i n the real -time

operations, but d c t s a s a cont ro i o f t h e comp l e t e syste~ .

Pre-processed data a r e s tored i n a n internal memory o f the

cor relator for the s ea n-ta- sea n integration . At pre-determlned

t ime-intervals data a r e t rans f erred t o the campu ter for

post- p rocess ing ( fo r ma t -conv e r s io n , pos t-integration and tape­

reco rdings . )



••

ith
nefOlI

at

Time-r--------, 51 anda rd
I Transm ltl rr }*'- ;t
I syste m - '1 ..

~
L._______ J L.

Display
Radar

~
coniroH...-Rec eiver DIgital

system bu Real -time On-silt t ace
signal s computlH

L. Oigit a l
cer terater Communlcation w
Inte rna t other si t es ard ge
memory pur POSt com pu tcr

Kiruna .

Pre - p -ccessee
dala t ranster
lhigh- s pu d l --~.~ Data - bus nnes

Figure 1 . 2 . EI SCAT' s r e c eiver s ite c onfigurat ion .

The primary purpose o f this r epor t i s t o d escribe the design

a nd the required hardware of a co r re l a to r f or the Troms~

site data-proce s sing (monas t a tic measurements ) c oncer ning

io n- line measurements . T he cor r e l a tor s at the remote s ites i n

t he t r istatic system have in principle the same

mo d e s a nd t he hardware realizat i o n is elose t o

solution .

opera t i o na l

the propo s ed

The speed of the on-line c o mp u ta t ion s requires a cor re lator

structure based o n a ha r d wa re r calization with a large degree

of internal o pe r a tio ns p er f orme d i n parall e l . Th e proposed

realization o f the cor relator i s based o n digital cornponents

in TTL- and N~OS-tec hno log y . These are at pres e n t the optimum

1n relation t o powe r / c o s t /scal e of in tegrat io n . High-speed

arithrnetic and con t rol func tio n ~ a re reali ze d using low-power

Schottky/Schottky-TTL log ic . Internal me~ory s vs t e rn s are

realized in NMOS- t e c hnolo g y . The techn i c al ha rdwa r e s olution

is ln several r e s pec t a c Lo se to the presen t sta t e o f the art .

The o v e r a l l hardware c ompl ex i ty r equ ir e s that s pec i a l precautions

must be t a k e n fo r the layou t of ~rinted c a rds and the inter-
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connection s be twe en subsys tems , and a1 50 strongly a ffect5

reliabili t y and ma in t enanc e aspects . A major problem with

the cho s e n TTL- l o g l c is the relatively low noise-~argins

f or the l og i c a l levels and the ground-system currents . The

t otal powe r consumption of the system requires a distr ibuted

power- system in order to prevent large current loops . Choosing

the op t i mum d i g i t al components has been a prob lem due to the

c o n t emporary rapid development of new components which has

made it posslble to i mprove the s ys t em wi th t i me a nd r educ e

c asts. For s ome of the componen ts o nly pr e l i mi na r y specifi ­

c a t io ns a re availablc . The design of the corre la tor ha s

followed the ground -rules :

- use of the same hardware f o r d ifferent t ypes of corre­

l a tia n algori thms,

- contro l a nd parameters concern i ng the a lgori thms can be

s e t remotely by the compu ter under pr o gr am con t ral ,

- inte r na 1 ha r nwa r e control for r e a l - time pracess i ng ,

correlator ar i t hme t i c operat ions i n real - t i me are

a s ynchr ono us wi t h o t her parts of the receive r system .

A da ta-buffer between t he data acqu isition sys tem and

t he arlthmeLic modules compensates for the s pe e d mi s­

ma t ch .

- modular ity in sub-systems a nd ci rc ui t -layout f o r t e st/

maintena nc e purposes. This al s o pe rrnit s futur e hardware

improvemen t s by replacing modu les .

A1though t h is report descr ibes a s pecia l - pur po se cor relator fo r

t he EISCAT syste m, the repor t de a ls wi th fundamen tal c ons ider ­

ations o f e quipmen t for e x trac ting in f ormation from r a d a r

s i g na l s by d ig ital s ignal process i ng . Pa rticularly i n the

f i e l d s of pulsed - do pp l e r rada ~ s/targ e t-recognition with

applications t o dee p , fluctua ti ng targ e ts , the report should

be o f general i ntere st i n discussing pa s sibili t i es a nd limi­

t ati o ns of i mpl e menting dig ita l hardware for o n - line . real­

time signal proc e s sing.



Scope o f the r e port :

In the f ollowing c h c p t.e r t he rne a s u r- emen t; pr i n c i p les i n t h e

EISCJ\T system are aumma r I a e d and the r eq u Ire d compu t a t iona l

alg or i t hms f or t he co r r e l a t .or are give n . I n c ha p ter 3 b a s ic

type s o f cor re lntor s truct ures are described a nd a

c omparison i s made consider i nC) t he pe rf"ormance . fl.

descri p tion o f the c orre l a t o r i nterfaces wi t h other p a r ts

of the receiver s ystem may be fou nd in c ha~te r 4. Design

specificatio n s fo r t he cor re l ator are cove r ed in c ha p te r 5,

where the c ho ice o f b a s ic pa rameters is d isc ussed . Chap t e r

6 deaIs with the opera ting pr inc iples o f the propos ed system .

Chapter 7 g i ves a ge nera l view o f the orq a n i zat ion o f the

hardware modules, earn in t erc onne c t ion s and re~uired bus­

lines. 't'h La c hap t er a lso d e s c r- Lbes the concent chosen t o r t he

powe r d is t r ib u t ion . Chapter 8 proviu e s a eos t e st i ma te of t he

involved ha r dwa r e. Chap te r 9 g ives a oresent repo r t on the

real ization o f cor r ela to r module s . In t he c o nc l us i o n . chapter

lO , a c o mpa r i son is made with 0 the~ o xis t i ng c or r e l ators f o r

this applic a tion .

A de tailed d eseripti on of t he cor re lato r hardwa r e modules is

given i n a ppend i x C (separa te vo Lume ) .

6 •
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Cha p ter 2

MEASUREMENT P QINC I PLE5 IN THE E ISCA'l' SYS'fE"-1

The the ory o f th e scatter i ng o f VIIF/Ul iF rad i o wa v es b y a

plasma is weIl und e r stood. The sCAt t e ring p~OC P 8S repr ese nt~d

by the i onosphere is best vis ua li z e d as caused by density

fluctuations. These fluct uations ar e random a nd resulting

from the thermal motions of the partic l es . The scattered

signal i s noise-like and i ts a pec t r urn i s Doppler-broadened

due t o the t ime variation in the meni~~. The name incoherent

scatter has been given t o the process hecause t he average

scattered power is propotional t o the density . By esti-

mat r o n o f the " Do pp l er- s pe c t r um", plasma characteristics are

derived . A summary o f theoretical works, experimental techniques

a nd results obtained at e x i s t i ng radar facilit ies can be f ound

in ref . [2 ) - [ 4 ] .

The EISCAT r a d a r s ys tem will operate at freque~cies wh i c h are

essentia lly higher t ha n the plasma f r e qu e nc y o f the ionospher e

a10n9 the transmission path. At these frequencies the scat tering

is wea k. The o b s e r ved backscattered signal is caused by

electron density fluctuation s of sca l e ~ which for back-
p

scatter is :

AT : r adar wavel ength

For the EISCAT s ystem:

Ap = 66 .9 cm VHF

h p = 16 . 1 cm UH F

The electron density f l uct ua t io ns at the given sca le are

controlled by the pos itively charged Lon s in t he Lono apher e ,

provided h is much larger tha n t h e De b ye - 1ength h D of
p

t he plasma . In [ act , t he spec t r um d f the s cattered signal

may be split i n ta two parts : t h e i an c omponent which is the

portion with Doppler - s h i f ts c o r r c s pond i ng to the Lon thermal

ve locities (cent ered a pprox i mate l y at the r a d a r frequency) ,
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a nd t he e lec tron ic component whic h appe a r s as " epec t r a I l i ne s "

displaced fr om t he c en t r e f r eq u e nc y at either side by approxi­

mately t he p l a sma frequency when X ~ > ho , When A « h
p P D

the ian componen t d isappears a nd ins tead of the s pectral lines

the e lec t ro n i c component a ppears as a broad Gaussi a n spectrum

co r r e s po nd ing to the electron t hermal motions . The ba nd wi dt h

defined by the spe c tral l in e s is typica lly 20 ~Hz . The primary

purpose of this re por t is to d e s i g n a cor r e lator f or the

es timation of the c e nter part o f the backscatter spectrum ,

the i o n i c component , wh i ch ha s a ba ndwid t h of t yp ica l l y

l a kHz (VHF ) or 30 kH z (UHF) . Th is d e s l g n-philo sophy Lf.m Lts

t he cor r e l a t o r pe r fo r manc e i n tha t it excludes t he plasma

line o b s e rva t ions . It ha s been c hosen to l imit t he system/

hardware complexity for Lon compone nt mea sur eme n t s , By

c ho Lee o f a fl ex i b l e ha rdware conce ut; ve have tried to

incorporate same of t he p lasma-l i ne r e qui r eme n t s in the design .

The radar observations a re ba s e d on mea~uring fo ur basic

parameters o f the r e c e Lved r a d ar IF-signals: (l) power ,

(2) c omplex au to/cross correla tion funet Lons , (3) (VHF­

system only) the po l ar i zatio n (Farada y rotati~ n) a nd (4)

the frequencies and sha pe s of the up-and down-sh if t ed plasma

l i ne. The paramete r s a re t o be estimated dS a f unc t i o n of

altitude with a d e si r e d alt itude-resolu t ion . The incoherent­

scatter s1gnal to be detected is embedded in background and

receiver noise. The est imatian of Lonapher i.c pa rame t e r s

with sufficien t a c c ur a c y must be perfor~ed af ter a proper

correction f or na i s e and systemat ic effects . For mono sta t ic

measurements the pe r i od between transmission o f pul ses is

d ivided into time-intervals (rang e -gates) correspond i ng t o

the range -resol u tio n. I t is requ ired that spectra l a nalys l s

is performed f o r each range-gate . As ind ~cated; the s i g na l

processing i s ba sed on estimating correla tion funct i o ns .

Us lng a digital cor relato r i nstead of trad itional f ilter ­
bank processing is convenien t fo r i nc ohe r e n t-s c a t t e r o bs e r ­

vations , the main a dvantages being the strict hardware

stability and the f lexib i l ity of adapting the device .
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In the EISCAT system a variety o f different transmitted wave­

forms are to be used in o r der t o o p t i mi ze the extraction of

the plasma autocorrel a tion func tion under the constraints

given by the plasma ( iono s p her e ) itself and the transmitter /

receiver characterist i cs. By r eferring to appendix A wher e
a simplified mathematic al model f or monostatlc observations

is derived, the next sec t ions di scuss fundamental aspects

of the measurlng method and give the necessary arithmettc

algorlthms for the cor rela tor .

2.1. THE PLASMA AUTOCORRELATION FUNCTION

By applylng a

observatians,

terlzed by

funetion:

one-dimensional model for describing monostatic

the sto chastic scattering process can be charac­

a three-dimensional complex autocorrelation

(2.1 )

the variables range in timelag t , altitude h and wavenumber k
T,

the wavenumber of the incident wave.

2 n f Tk =-
T c

where f T: transmit t er f re~uency , c : velocity of light. 2kT

is a parameter defining the scale of the observations. The

variations of the observed autoeorrelatlon funetion with kT
can be explained by the f act t ha t the transmitted signal

acts as a Fourier anal yzer af the medium, picking out the

component of the spatial fluctuation spectrum which has the

correct scale for backs ca ttering.

The plasma autocorrela tion fu ncti o n ~ o r its Fouriertransform

can be computed t heoret ic a l l y (ref. [2]) using a model 10005­

phere. tn table 11.1. typical bandwidths of the lon compo­

nent of the fluctu a tlon s p e ctr um are computed. The computations

are performed for t he mode l i onosphere given 1n table 2.3.1.
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in ref . {S]. For the half -power width 1s used :

(2. 2 )

r a d a r wave length

Bol t zma nn 's co nsta n t

the io~ temperatu~e

the Lo n ma s s

The parameter 1 M = ~ gives approxima t e l y t he f i rs t zero

c ros si ng o f the a utocorre l at i on f u nctio n . The ta ble a l so

gives the desirabl e ra ng e-resolu tio n fo r measurements under

average conditions (ta ble 3 .3 . 1 . in ref . { S) ).
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VHF (), = 1. 34 m) ,
T

Altitud e ( km) 85 100 120 200 500 1000 2000-
Ba ndwidt h B (kHz: l. S7 l. 7S 1. 92 3 .6S 5.23 8 .20 10.68

Co.r r , t i me
' M (u s ec I 637 S71 S21 274 191 123 94

Altitude ( km) 8S 1 00 120 200 SOO 1 000-
Bandwidth B ( k Hzi 6 .53 7 .30 7.99 1 5 .2 0 21 .79 34 .18

Co r r . t 1me T ~-1 (l-lSec) 153 1 37

VHF/UHF ,

1 2 5 66 46 29

A1titude 8 S-100 1 0 0-1 20 120-;20 220 -S00 500- 1000 1000-2 000
range ( km )

Al titude l
resol utio n (km )

2 I S IS 7 S ISO

Ta ble II. l . Ty p i c a l ba nd wl dth s / c or r e l a tio n- times f o r

i o n component .

Des i r a ble ra nge -resolut ions under average

conditi o ns .
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2 .2 . 'l' YP ICAL MODULATI ON MODES. CQNSTRA INTS GIVEN BY TH E

TRANS MITTER/RECEIVER SYSTEM.

In appendix A it is shown that the autocorrelation function nf

the backscattered signal (complex a mplitude vo) at the receiver

output is re lated t o the plasma autoc or relation function R

"through:

T T 1( t - - ) v (t+- )
2 o 2 J

= J J R" l T- l.h.2k
TO

) • K l . • l . h . t )dl d h

h x

(2 • ) )

~he func tio n K is defined by :

h,

•

altitude

lag- parame ter s

e n s emb l e ave r-a q e

complex conj u gate

o

cornpLex ampl i tude o f
t ra n s mitlpd signal .

( 2 • 4 )

complex amplitud e of
receiver -system ' s
impulseresponse .

To a f i r s t appro x Lffia t i o n

eq . 2 .3 are neglected .

the variations o f RM with kT in

The parameter kTo is given by :

= 2r. f o
c

f o : rada r centre f r eque ncy . ( 2 • 5)
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T he i ntegrals over h and)" in e q . 2 .3 express the altitude and

l a g smear ing of the plasma autocor relation function . The

weig h t- f u nc t i o n K is de t.e r mi.ned by the transmi t.t.ed 51go.111

receiver-system .

By the assumption that R~ is constant over the a ltitude inter­

val a nd t fixed :

= J R...,( T- :l.,h . RT(r- }. ;t)

(2 .6 )

J(; convo lu lion

J .. T 2h T 2 h
RT(T-A ;t) A v It- O-----)v (t - 9 -A+-- --) dhT 2 c T 2 c

h

12.7)

( 2 • 81

Equation 2. 6 states that t he autocorrela t io n f unction of the

backscat t e r e d s ig na l at the receiver ou tput is generate d by

linear opera tion s on RM" T he functions l1
T

and RR a re i n

principle determin istic, thus impl ying that the s ystematic

e f f e c t s c a u s ed b y the t ransmitted signal and receiver system

characteri stic s c an to same extent be cor rected . Ano ther

implication is t hat the weight-func tion K in eg . 2 .3 c an be

chosen by a pro per signal - and rece iver-system des ign t o pos s e ss

optimum propert i es for the extraction of the plasma au to­

correlation fu nct ion.

A basic l i mita t i o n on the extraction of t he p lasma autocorre­

latian func t i o n exists due t o the pulsed transmiss io ns of

t he radar system for monostatic o b s e r v a t i o n s . Assuming thöt

t he receive r s ystem has mi nor effects on the backscattered

signal in t he f requency band given by t ho t.r-an sm t t .t.ed apec t r um

~onvo lved with the ion compo nent of t he plasma fl uctuat ion

spe ctrurn, e q ua t i o n 2 .3 ca n be rewritten :



J
. T 2h r 2h

Ro (r ; t) - RM ( r, h , 2kTO) VT lt-z--c) VT ( t+Z- -c)dh

h

12 .9)

In c a se the t r a ngm i tted signal has a time -dura tio n TT ' it f ollow s

tha t :

for T :- 12 . 1 0 )

T~is implies that onl y a t r u nca t e d pl asma autocorrelat ion

function can b e e x t r a c t ed , the wid t h o f the Qb s e r va t iona l

window being d etermined

mitted signal. As suming

by t he p ul se- length TT of t he tr ans­

t h a t qM varies s lowl y o v e r the aetual h:

c t
= 2' ( 2 . 11 )

The t r uncation of the autocorrelation function eauses, in te rms

of spectral resolution . a smoothing of the t r u e p lasma fluc­

tuation spectrum . Assumi ng t hat the p lasma autocorrelatior:

function can be recontructed ins i d e a rec t a ngu l a r wi nd ow ex­

tend ing over - TT < T < lT ' t he plasma s pec t rum is convo lved

with the spectrum :

2 1 '}' 12 . 12 )

Defining the f requency-reso lut ion by t he cen t r e l obe:

12. l 31

it fo llows t ha t spe c t r a l r e so l u t ion i s

t o the t i me duration of the t. r -a r-sra t. tte d

inverse pro po rtio na l

si~ nnl . T he al titud e -

resolution is gi v e n by t h e i nt eg ral o v e r h i n eq . 2 .9 , th e

al titude weight-f unction beiog defi ned by :



W'l'(l ,h ;t) /!,

l l) .

(2 .] 4)

In t he f ollowing subsect ions typical modulation moåe s to b e

used in t h e E I SCAT systern are presented .

2 .2 . 1. SINGLE-PULSE MODE

The cornplex amp1itude of the transmitted wavefo rm can b e e x­

p ressed as :

for l t I ...: r T

e1se
( 2 .15)

PT : peak power

TT : time-duration of pul s e

Figur e 2 .1 gives a sketch o f the weight-function W
T

for t and T

f ix e d and the autocorre1at i on funct ion R
T

• The alti tude­

r e s o lut ion d e c r e a s e s \o/i th increasing La o p a r a me tie r T a nd the

maximum ob t.a Lnab Le lag f or the t r u nc a t e d R
M

is g i ven by the

pulse-1 e n g t h ' T "

WTlt , h ;t J

~h = ~ (tT-t)
... ..

L- -'-_-+-----'- h

Fig u r e 2 . 1. Al t itud e we i g h t -fun c t i o n a nd autoco r rel a tion
fun cti o n o f t he transmitted s igna l fo r si ng le-pulse
tr ansm i s sion s . Receiver -sy s tem e f fect s have b een
neglec t e d .
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Observat ions using single-pu1se transmissions can be dlvided

into two elasses:

- eleetron-density profile me a s u r e me n t s i mp l y ing that

baekscattered power is estimated as a funetion of altitude ,

i .e . RM(O ,h ,2kTo) i s determined as a function of h.

- " s pe c t r a l " information measurements, Le . RM(1 ,h,2k
To)

as a funetion of l nnj ' h .

Fo r the l a t ter a trade-off between simultaneous frequency- and

altitude-resolution cxists. Spectral observations require thdt

the plasma autocorrelation function should be estimated for 1ag­

intervals correspond ing to 21 M-51 M, the parameter 1M belog

the first zero crossing of qM' Due to the degradation effeet

of the mult iplication with RT , the autocorrelation analysis

of the received signal can be made up to a maximum lag about
TT
~ (ref.l6 ] ) . This states t hat the t y p i c a l pul s e-I eng ths of

t he tr a ns mitted signa l are :

(2.16)

For the lower bound it is assumed that the maximum l a g i s of

the order of t he transmitted pu lse -length .

Table 11 . 2 gives a camparison of requirements for the trans ­

mitted pul s e- l eng t h on the basis:

- pu lse-Iength for

( t able I L l),

satisfying the desirable range- resolution

2~h= c

- pul s e-leng t h for satis fyi ng spectra l resolu tion requ ire­

ment s (using the lower bound in eq . 2 .16) :

1 = 2T
MT
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In the table t.yoLca I bandvrLd tih requ i rernents are a 150 q i ven for

the receiver-system . The bandwidth of the backscattcred

signal at the receiver input is determined by the c onvc Lu t I o n

of the plasma spectrum with the spectrum of the transmitted

signa l . A simplified expression for the receiver bandwidt~ is:

+ B (2 .1 7 )

ST : spectrum of trans , signal

B : plasma spectrum

pulse-length meeting t he
range-reso lution r equLre ­
ments
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,
Altitud e ra nqe135-100 1 00- 1 2 0 20 - 2 20 : 2 2 0- 5 00 i500-1 0 00 ;10 0 0- 2 0 00'

De s Lr abl e r a n­
ge r e so I u t.L onI ( km)

r l ) nequ ired
!pu l s e - l e ng t h
:for the r a nge
resolution

(V C.'c c ) .

I

6 .7 13 .3

1 5

1 00

15

10 0

! I

I I
! 7 5 I

500 1 000

92-5830 6-25 0 274 -2 5 0 "~5~0~-_1~32~_1~3~2~-_9~2~__~~~ __

I

1274-11 4 2 1142- 10421042-5 48 548-382 382-2 46 . 24 6 - 18 8

: r l Required
ipu l s e - l e n g t h
!f o r s pe c t r a l
.o b se r va t Lon s
, (usec ) UHF ­
~ s y s te.'ll

. \
I Requ ired

Ipu l s e - l e ng t h
[f o r spec t.ra I
.obeerve t Lon s
i ( u s e c} VHF­
!s ys t e m
;

!Re c e i v e r band­
wid th UHF-
.sy s cern (kHz) 35 - 42 • 2 6-38
, .
'l R. eCe i Ve r band - o
wid th VHF- I
s ystem ( kHz) j 9- 12 1 0- 13

Table 11.2. Single-pulse mod e . Co mpa r Laon o f r-equf r emen t s on

transmitte d pulse -length fo r satisfying :

1) desi ra bl e rang e-resol ution

2) est imating the auto correlation function of t he ian

component f or . l a g s up to two times the f irs t zero

crossing .

Bandwidth o f r ec e i ver - s y s t e m for altitude regions

where t he singl e -pul s e mo de c a n be u s e d for spectra l

o bse r v a t Lo n s ,

Values cOM~uted are v a lid fo r averaqe conditions .

F rom the t ab le it f ollows tha t sing l e -pul s e t ra n s mi s s i o n s ar e

lirnited t o high altitude spectra l o b s e r va t io n s (F-region measur c -

me nts ) •



For e lec t ro n-dens ity profi le me a s u r e me n t s the s i ngle-pulse

mode can be appl ied for t he c o mpl e te a l t itude r ange with pulse­

lenght s L T meeting the spec if ica tion f or r ang e- r e sol u t i o n.

Wheneve r TT < LM pulse -compress ion technig~es c a n be applied

(ref . [ 7] ) e i ther t o enhance t he sens it iv i ty o r inc r e a s e the

range-resolution . In the EISCAT s ystem ma t che d- f il t e r d e s Lqn

for Barker-c ode s h as been c o n s i d ered. In f igure 2.2 t he

transmitted envelope for a 1 3- baud Bar ker code a nd the we i ght ­

func tion K( " A,h, t +'T ) in eq . 2 . 4 for l , ~= O are olo t t ed .

The centre peak is proport i onal to the ener gy of t he t ransmitted

pulse while the range- r e s o l ution ( ha l f - v a l ue wid t h) i s given by

6 h =

where ' b i s the baud- l ength .

t he centre peak .

l
The s i de- lobe l eve! i s 13 of

( 2 . 1 8 )

erwet cp e of
transm itt ed signa l

'T

å h

et
-2-

Figure 2 . 2. 13-ba ud Barker code and c or respondi ng a lt i t ud c

weightfunctlon K (eq . 2 . 4) for r ,A = O
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Transmitter sys tem c onsid eratio n s :

Basic parameters fo ~ t he UHF / VH F t ran s mitters are g i ven in

appendix B. In o rder t o ma ke f ull u s e o f t h e rada r du ty c yc l e

it i s pos s i ble to per form centre-freq ue nc y hop. Th e EISCAT

UHF-receiver will ha ve 8 sepa rate IF c hannels for r e c eiving

backscattered signa ls at t he dif fe rent cen t re-frequenc ies

(REF. [ OJ ). Pr ov i ded t he fr equenc y hop i s larger than the

received signal ba ndwid th t he s iqna ls a t the rece ive r o u tnuts

are sta t istica l ly ind e pende n t . By this t e chnique the

number of independent data- sample s p e r s ee ca n be increased .

The constraint s o f the transmi t ter system c a n be exp lained by

the f~llowing e xa mp l e :

As s uming the autocorrelatio n f unction to be estimated i n the

altitude interval 7 5 0- 1 00 0 km at UHF with a ra nge-resolution

of 7 5 km , the transmitted pulse length is 0 .5 msec . The

delay-time co r re s pond i ng t o the given interval equals 5-6 .7 msec .

I n order to per form bac kg r o u nd noise estimation and prevent

range a mbiguity the pu l se repetition per iod T is about 1 2 ms e c

(1800 km) . The duty c yc le is then

DCsing l e-pu ls e A = 4 . 17 %

The d u ty cycle f or the UHF system is limi t ed t o 12.5%, thus

lmplyi ng thit t a t.re na-u t.t.ed wavefo rm of du ra tion 3'TT s hou1d

be transmitted, TT a t 3 d ifferent centre frequencie s, without

c hang i ng the period time T . Increasing the number of frequencies

beyond 3 is wastfulbecause the -numbe r o f data-samples pr . aec ,

will not increase provided the pcak power is kept constant.

Th is can be e x p l a i ned by the foll owing :

As suming the number o f d at a -sampl e s from o ne IF ehanne l i n a

single interpulse period is n, t he number o f samples pr. see.

1s n /T . The to t a l numbe r o f sample s pr . s ee . i s k ·n/T , where

k is the n umber o f fr eq uencies. As s umi ng now that the du ty

cycle requirement is f ul fill e d .

= P
M

PT : pe a k powe r MAX

PM: average powe r MAX
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it fo llows that

kn
T

=

which is independen t o f. k . The im provemen t -factor f or t he

number of samples pr. see. l s

=
DC MA X
DCsingl e pulse

12 . 19 )

which for the exampl e is 3 and can b e attained by 3 frequencies .

2.2 .2 . MULTIPLE-FU LSE MODE

In equation 2. 11 the autocorre lat ion f unc tio n of the back ­

scat tered s ig na l is given by RMx~ . Thi s multipl icative

proper t y ca n be used to per f o r m a " s a mplin g" o f t he p lasma

a u tocor re lat ion functio n RM by cons tructing a t r a nsmitted

wa v e f o r m wi th an autocorrelation function which ha s "pea k s "

for t he des i rable lag - parameters . Assumlng t hat a waveform can

be cons tructed with limited alt itude con tributions fo r the

s pecif i c La q s , the trade-off between e LmuLtie n e o u a a ltitude - and

freq uency-resolut ion ca n be avo ided . The sampling i s po ssib l e by

t r a nsmi t t i ng a seque nce of shor t pul s e s a nd c bo o s trq t he pu Lse

po s it ions s uch t ha t e ach "pe a k " i n t he a utocorrelation f u n c t i o n

r ece ives c o n tribu t ions only from t wo e lement pu l ses . T he

a l t i t ude reso lutio n is then de term i ned by the l ength of t he

element p ulse thro ugh :

T •e · time-dura t ion of
element pu l se .

( 2. 20 )

'rhe maximum l a g obta inable o n R
M

i s given by the t i me dc1ay

betwe en the f i rst and l a s t pulse in t he sequence . In figure 2 .3

a f o u r-pul s e group is sketched. 'J'he plasma autocorrelation

f unctio n ca n b e estimated f o r lag s e qual to all time delays



betwe en t he pa l s e s . I n t he multipl e -pulse mode t he bandwidt h

o f t he transmitted signa l is l a r g e c o mpared with the i o n

c omponent of the plasma s pectrum , a nd the o p t i mum f il t er­

d e sign f or the r e c e ive r s ystem i s the ma t c he d f il t er f o r t he

e l ement pulse . Th e r e sult ing weight - funct i on K ( T, A,h, t ) , A = O

in eq . 2 .4 i s sketched in f ig ure 2 . 4 f or the given l ags .

Pr o vided t he e l ement p ul se lengt h T <..!:...!. whe r e T I i s thee - 2
sma l l e s t l a g t he ueight-funct ion wi ll have no s ide lo b es which

cou ld give co r re lated c lu t te r fr om o t he r pul s es in the g ro up .

Envetcp e of
t ra ns mit t ed sig nz.1

..it e
l<lIr,

D DI

I .. l

I< t T >T'
at I >t.. 2< ,

~I

22 .

t .
l
I t t t

I~s t o be estimat ed

Pigur e 2 .3 . n uj t j.p t e -jao l se mode. Fou r r- pu I se g ro up
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KIt. A,h, l ) for). =0
lags : time:
T""Tl t=c\ +t -+ 2.1

I"
et ,

" I
e 2

T=211 t=CI + t +511

T"'3 T I • 5re r j er -+ - Tl

• 2T"41 ) t e t j e r +h l

T=511
e 7

te tl+t -+ ~ l

h e 2

~
T&6 1 1 t=C \+ T +31 1e

2

F igure 2 .4. Weight-function K(eq . 2 .4) for A = O.

~ultiple-pulse t ransmissions.

I n r e f. [ a] pulse-groups from 2 to 7 pulses a re g iven. In the

EISC AT s ystem 2-10 pulses can be appl ied . Assuming a numbe r

of pu lses np ' the total number of lag~ is given by np(n~-1)/2 .

T he zero lag estimate (power estimate) is no t o btaina ble

because of the range ambiquity. The multiple-pulse group i s to

b e tra nsm itted at t he same cen t re f requency. Characteristic

of t his modulation mod e i s t he " s e l f" - no i s e c o n t r i b u t i a n s

f r om pulses o t h p. r than the one at the desirable alt itude.

I n a s i tuation where this c l u t t e r is dominant cornpared with

system - and ba c kg r o u nd - no i s e , an i ncrease of peak-power wil l

no t i ncr e a s e the sensitivity. This implies that a dd i t ional

power, if available, should be distr ibuted t o pulse -g roups

transmi t t ed at different f requenc i e s . For the VHF-sys t em

c hange i n polarization is possible (r ight/left c i rcular polar i ­

za t ion) , wh i c h applied to a two pulse experiment wi l l e li ­

mi na t e the self-noise contributions . In this case a cross ­

correlation of signals from two separate receiver sys tems must

be perfo r med . For a multiple-pulse experiment each e lement

pu lse can be phase-coded. In ref . [ 6] a minimum baud -length o f

2 u see wa s considered for the EISCAT UHF-system, giving an

alti tude-resolution o f the order o f :
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f or mo nostat ic o bserva tions .
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12.21)

The multipl e -pul s e mod e is to be appl ied t o low a lti tude o b s e r ­

vations (D and E r e g i o ns ), but ca n , in pr i nciple , be used

f o r t h e comp l e t e a l titude interval provided a n i ncreased a lt i tude­

reso lution is required.

2 .2 .3. FARADAY ROTATION EXPERI MENTS

The i ncoherent scatter t echniqu e c a n be used for extracti ng

Fara d a y rotation ang le information (r e f . [ 9 ] ). These observations

a re based o n e stimating the re l ative phase o f the left - and

r i g h t- c i r c ula r l y polari zed s i g na ls back s cattered from the

i ono s p he r e as a f unetion o f altitude . The phase-information is

estimated by crosscorrelation o f s i g n a l s received i n separate

r e c e iver s for t he t wo polarization modes , and wi l l g ive an

a lternative method fo r the determination o f the electron­

density . This type o f measuring method can o n l y be performed

by the VlIF syst em .

2 .3 . ESTIMATlON OF CO RRELAT ION FUHC TI ONS .

REQU IRED ARITH ME'rIC ALGORITH MS •

The extract i on o f t he pla~ma au tocorre la tio n fun c tion or the

polari zation angl e is based o n ~he determinat i on o f t he ensemble

average:

(2.22 )

where vo' wo' are o b s e r v e d comp lex a mp l i tudes at the receiver

o u t pu ts . For a uto c or r e l a t i o n measureme n ts of the received

signa l w = v wherea s v , w corres po nds to sep a r a te rece ive ro o o o
channels f or c rosscor re l ati e n . The bac ksca ttered s i g na l i s

embedded in receive r and background neise . Assum i ng the no ise

contributian t o be additive



volt) = vit) + vit)
05 on

vos(t) : backscattered signal

Von (t) : no Ls e

and vas ' von to be statistically independent, it follows:

12.23)

(2.24 )

Eq uat ion 2 .24 i s va lid provided t he ensemble nverages of the

a mp l itud e s a r e zero . The s toc hastic process qenerat ing the

no f.se can be r e g arded t ime- s l a tio n a r y:

[ * 1 T lE V I t --) W It+- ) =
o n 2 o n 2

R ( r )o n (2 .25)

This impli e s t ha t t he na i se c o n tributian to q~ ca n be e s t ima ted

separately when the backsca t t ered signa l is no t pre s e n t , a nd

the estimation wi th s i g na l a nd ne ise can be corrected f or t he

naise contribution. For an observationa l scheme us i ng

separate c ha nne l s cor respo nding to orthogonal polarizations.

R I,) = Oo n

The back scatter ed signal f rom t he ionosphere i s not time­

stationa r y be ca us e of the altitude diserimination whic h i s

r equir ed fo r mo no s t at i c radar me a s u r e me n t s. Assuming, howeve r.

the scatte ring process is t ime-stat io nary for scatter i ng volumes

corresponding t o the time-durat ion of the transmit ted signa l,

it fo11 ows that the rece ived signal at corresponding t i me-de1ays

in the i n ter pulse period are noise-corrupted and truncated

reali zation s of the scattering process .

Provided the stochastic processes are ergodie . the ensemble

a v e rage i n eq . 2 .22 can be replaced by time average for t

fixed. Le t the variable t denote t.he relative time-delay i n

t he int er p u l s e period, equation 2.22 can be rewritten :

12.26)

Et : time average



The e qua t i o n states that t he correlation functio n R for
o

t , t} fixed can be determined by an estimator based on time-

averag ing

use of the

t he sample-products Vo x wo. In order to ma ke optimum

available information the time-average should be

ba sed on all r ec e Lved amplitudes which contain the realization

of the scattering process corresponding to the scattering

volume . De not ing the rangegate Awidth t g and the estimate of

f r o m a single i nterpulse period ~I the necessary arithmetic

operation of t he estimater is:

R
o

R("t,) l

l--( T -I , II
2 g

12 .27 )

I n order t o make full use of t he available info r matio n i n the

interpulse per i od the arithmetic operation s hould b e performed

for a larg e number of rangegates. Deno t ing the number o f

interpul s e periods Ni p' t he estimatian of the eorrela t ion

funetions is ba s e d on :

(2 .28)

Ni p no. of interpulse ne r iods .

In t he fo l low i ng only autocorrelation funetion measurements

are considered b e c a us e the required algorithms for auto - a nd

cross-c o r r e latio n are in principle the same.
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2 . 3.1. " SI NGLE - PUL SE " - ALGORITIIM

Range g a t e considerations:

In the

b y t he

single-pulse mode

time-duration TT

the rangegate width 1
9

is determined

of the transmi t ted pul se:

(2. 29)

T he resulting altitude welgh t -funct ion , in the case whpn receiver

sys tem effects a re neglected , will no t be uniform as g ive n in

fig. 2.1 but wil l have a triangu lar sha pe a s sketchcd i n

f i g . 2 .5 .

..
WT('t, h , l , l

6h o elt, - It ll ..

L...J\,------"'--- - -t----....>.-. h
el ,
-2-

Figure 2. 5 . Res ulting altitude weight-function fo r t he si ngle­

pu lse mode . Rece iver system effects h a v e been

ne gl e c t e d.

Because of the non-uniform we ightinq inside the scatter i ng

volume e ac h a l t i t ud e component will not contribute wi th t he s a me

weight. In f igure 2 .6 a re plotted (solid lines) the r e sulting

altitude we ight-functions fro m rangeg~tes placed side by side

f or the ca s e l = TT/2 . A galn of information is obtained

by hav!ng add itional rangegates overlapped (dotted l i ne s ).



Altitude weighl
f or 't " t TI2

,

tunet ten

, /, /

Figure 2 .6. Altitud e weig ht- f u nc tion s f or 1

Ov e r l apped r a ng egates .

For t he description o f the r e q u i r ed algorithms d Ls c r c t,e time

and con t in uo us amo l t tnde t-eo r e s cn t .o t i o n a r e u s ed .

Denot ing the number of s amp l e s (c o mp l e x ) i ns ide a

ra ng e gate Ns g ' the n um ber o f range gates in an interpu lse period

N a nd t he sampli ng Ln t .er va l ö t , t he requir ed a l g o r i t hm for
rg

t he singlepulse mod e i s :

z . .
l

N -I- t
sg

= y..
i= O

*Z,, +, +q, ' I
~ ,r , J -

12 . 301

o c "- < N <L
sg

i = 0 , 1 , . .. ,N sg-l: s a mp l e index

'. =
"

H = T lag parameter

r = l . 2 ... .. , N ra ngegate index
r g

j = 1,2 . • . . ,Nip-l: index for inter -

T t
pu lse period

Z = v ( t l -~ i6 t) : c o mp l e x sample
o '

The norma l i za t i o n co ns t a n t s ahead of the s umma t i o n have been

negl e c t e d because the esLimat e c an b e normal ized by post­

p r o c e s sing. An i nd e x which ha~ been suppressed in eq . 2 . 30

is t h e I F c hanne l number . For exp eriments usi ng multiple
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fr e quency operat i on and provided the same wa v e f o r m i s tran s ­

mitted a t the di f f erent cen tre f requencie s , the estimate i s

o b ta i n ed b y :

Ro ..to , r ,]
l c

= i L
i
R~"r,j,f .

l

l c i

12 . 31 )

8: no . of c entre frequencies

The i ndic ated normal i za t i o n i s not strictly co r r e c t . As g iven

in eg . 2 .2 the corre lation funetion is dependent on t he

a pp li ed r ad a r cen tre f r e qu e nc y . In order to h ave a cor r e c t

lag-parame t er scale befare t he indicated no rma l iza t i o n i s

perfo rmed , e ac h scale s hould be co r r e c t ed by th e mul tipl i­

c a t ion-facto r :

f . :
l

f :o

appl ied freq uenc y

frequency whe r e t he
norma lization is per ­
formed •

In a n es t imation s cheme wher e t he es t ima t es ar e d f s c r e t .e ,

t h is has to be performed by inter polation . The indicated

norma li za tion procedur e requires tha t the e s t i ma t e s f rom the

diff e r ent receiver cha nnels , und er c e r t a i n cond i t i o ns , have

t o be kept s e par a t e before the normal ization in eq. 2 .31 i s

performed .

Samp l i ng consideration s :

The samp ling frequency f s = ~ t is dete r mi ned by the bandwidth

o f t he r e ce Lv ed complex amplitude ( t he sampli ng theorem) .

Us lng t he e xp ressian in eq . 2 . 17 fo r t he receive r ba nd width,

t h e number o f complex samples in a r a nge g a t e o f width TT i s

given b y :

(2 .32)

B: s pec t r a I - ',;1 d t h of ionic componen t .
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The eons tant kf (k f > l) is t he rat ia between the r e qui r e d

sampl i ng r a t e a nd the t heoretica l Nyquist ra te fo r reduc i ng

f oldo v er-effec ts of s pe c t r a in troduced by t he sampl i ng pro ­

cess. The eon s ta n t i s given by the pass/stop-ba nd c haracteri ­

sties of the rece iver f i lters .

2 .3 . 2 . "MULT IPLE- PULSE" - ALGORITHM

Rangegate a nd sampling considerations:

The domi na n t contr ibution t o altitude smearing i s s k e t.c hed in

fi g ure 2 .4. For the multiple-pulse mode t he r a nq eqa t.e c:orres ­

ponds t o a s et of s i ng le s arnp les . This is s hown l n fig . 2 .7

for t h e fou r -pul se g roup g iven i n f 19 . 2.3 . The samp l ing

i n ter val flt now detcrmines the sampl i ng of t he correlat: ion

f une t Lo ri as a fu netion of a Lt. Ltiud e . The sampl ing interval

must, however , be g ive n by

6 t =.!....!.
n n = l , 2 , ••• 12.33)

set of samples from t.he same

element pulse length , tihe a l ti -

i n order to obta i n the necessary

altitude . Assuming öt = T , the
e

t ude weighting is approx i mately the same as the s t ruc t ure g iven

i n fig. 2 .6 with ove rlapped rangegates .

Sampling
instants

61
.. '4

.. ,
t t , L Sarnpte s for

ra nge ~~ate r

t , t L ra f1lgegale r.'
t , t L rangegale r+2

t t t L rangeg ale r+3

F igu re 2 . 7 . Samples defini ng rangegates in the ~ult iple -pu l s e

mo d e . Example with a four -pulse group (f ig . 2 .3 .) for

T
e
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The r equir ed a lgo rithm for the mul t ip l e -pu lse mod e is (same

notations as i n eg . 2 .30):

R ,= Zt , r , ] r
•

Z • R .
rt .9. f ,r,)-l

f equa l to al l interpul s e spac i ngs

Zr : sample index = r ange index

(2.3 4)

In a multlple -pulse e xpe riment us i ng severa l c entr e fr equen c i es

eg o 2 . 31 i s valid.

2.4. STATISTICAL CONSIDE RATIONS.

The quaiity of the es t i ma te i s g ive n by the integration time

required t o obtain a desirabl e statistical a c c ur acy . In the

fo l lowing subsections simplifi ed express10ns for the varia nce

of the e s t i ma tes at t he rec e iver o utput e re de r Lved a nd o n timum

operations of the r a da r system are discussed . Por simoliei tv the

s ta t is t ica l analysis i s ba sed o n a model using real signals. At

the e nd o f t he sect ion g e ne ral i zed e xpres s ions for c omplex

signal s a r e give n . Bo t h t he s Lqne I a nd nois c are as s ume d to be

red lizations of Gau s sian s toc hastic processe s.

2 .4.1 . SINGLE-PULSE MODE.

Th e estimate comput ed fo r a g i ven interpulse per iod j , ranqegate

r and l ag t is (for one f r e q uency channel ) :

.
R, .

.... , r , J

M'N -i-t
l s q

- 1;' ., .,
- N -/. . ~ ~i L' i + t

se ~=r1 o < I. < N -15g
O < r < N - lrg
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whe r e

Nr g No. of rangegates in interpulse period

N No . of samples in r angegatesg

i Samp le index in interpu1se per iod

rr e N no o v e r l a p pe d ra ngeqates
\ sg
' r ove r l a ppe d. - ·N rangega tes, N eve n
r 2 sg s g

M = •
.E .N o ver l a ppe d ranqegates , N odd , r eve n2 sg sg

r l overlapned rangegates . N odd, odd-· N - "2 r2 sg sg

For t he last ra ng egate s in the i nternulse per iod samp l i ng o n l y on

backg round a nd receiver-system noise is assumed. The noi s e

estimation i s not altitud e - deoendent s o the no i s e estimates for

same l can be added o ve r seve r al ga tes . The noise est i mates from

i n t e rpu l s e period j c a n be expre ssed as :

II +N -1 - [
l l 1

R , . = N _, l. Z" Z' + '
A,n .) l A i-M 1 1 A

- l

where NI = k-Ns g , k ! l and Mi ~> l.

Over a to tal of N . i nterpulse oeriods t he sean- to-scan i nte q r a tio n1p .
gives :

RANGEGATE ESTIMATE

N.1p ,
"I R. .

~ ,r ,)

j =l

(2 . 35 )

NOISE ESTIMATE

N.,
l 1p

K, = L RN . l, n, j1p j=l

The nOi s e-c o rre c t ed est imate o f the au tocorrelat io n f unction

corres pondi ng to the ba c ks c a tt e r ed s ignal is :

( f o r al l ~) ( 2 .36)

~he e s t i ma te K is a bia sed estimate of the plasma a utocorrela t ion

f unction ( eq . 2 . 11) . The estimates Kl

i nd e pendent and t he variance of K is

and K ~ a re statist ical ly

g i v e n by :
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VAR (K)

12 .37 1

Ro .
~,r ,J

is i ndependent of R o k
~ , r .

i f k • j. and the s a me holds

for Ro . I and f or a g i ve n ra ngeq a t e:"" , n , )

l l
, .

VAR(K, ) = N i p
VAR IR

i
) = ( E [ R~ l - E[~ ,.l')Ni p

,
(R

i
= R

i
.)

, r , J

l
,

VAR IK,) = N VARIR t )
i p . ,n

The aecond-eo r de r- moment; of R
q

i s o Lven b~/:

12. 381

N - l - i
l sq

= IN - i ) ' L
sq i=O

(2.39)

Th e fourth-order mo me n t of a Gaussian d istr ibution i s

(pr-o v Ld ed E[ z l = O),

(2. 40)

l
N - i5g

l
(N _R. )2

5g
12.41)
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The last term in 2.41 can be simplified by us ing R_t = R1:

(R ' + R' + R R )
~ "k- i k+t-i k- t-i

=
N -1- 1

s9 R2 +
N - .2, .2.

5g

2
IN - t )'

5g

N -i- t
5g

I (N59 - t - i ) [ Ri + Ri +tR i _1 ]

1=1

(2.42)

The roean value o f Rt is g iven b y :

12.43)

Final ly:

VAR(K,)
l= N . IN - t )

ap 59
(R~+~~)+

2

N - i - t
5g

1= 1

(2 .44)

Equation 2 .4 4 shows that the estimate is c on sistent considering

t he extract ion o f noise-corrupted autocorrelation function at

the r ec e i ve r output. The last term in 2.44 is caused by the

corre l ation between samples and is determined by the actual

autocorrelat ion function t o be estimat ed and the sampling rate.

The min imum va l ue o f the variance is reached whe n the s ampla s

are uncorrela t e d, for the power est i mate:

For allother lags:

2R '
o (2 . 4 5)

12 .46 )
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As the va lue of t he lag parameter appro aches N , the varianc e
5g

of t h e estimate Lnc r ea se s , This resu1ts from the f a c t that t h e

o f the seque n c e

then the re ar e

computing the sampl e mean

is of the order of N
s g

estimate is ba s e d o n

~O , · · · ,ZN - 1 . If l

""o n l y a few product~ ~vai1able pr. ranqegate .

The s ignal samples are e mbedd e d in statisti cal1y independent

noi se :

R = R + R
l 90 ,s Q. , n ( 2 .47)

By the nota tio ns :

R ~ = F Pt , s, 5 S

R = P p
~ ,n n P. , n

p

SN R
s=

Fn

( 2 . 4 8)

t he variance norma1ized t o the s q u a r e o f t he received s ignal

powe r is :

VAR { K 1 )

p'
5

-I '
(l+SNR )= N. (N -I )

l p sg

N -1- 15g

l: (1 -
i=1

i ) [ n ~ '+ n:']\N - R, ~ i. J
5g

p O + P Ps i , s n ~,n

p + p
s n

(2. 49)

p ',' t:.
>

(P P i " +s - ~, s
( P + P ) '

5 n

+ P P , +, )n ~ ~ , n

nefin ing t he effect ive number of 1agged p r od u c t s in the ra nge­

ga t e :

N - "sg ~.

N (2 .50)

wher e N i s defined by the bracket { .} in 2 .49, it fol1ows :



=
- < '

(l+SNR )
N . • ~lp g

l r.,

(2.51)

The var i a nc e of the noise-corrected estimate can be determined

us ing a simi lar form o f VAR (K;) a s i n 2 . 5 1 .

Pra ctic a l cons iderations:

Pro v i d ed SNR « l, the sampling rate is g i ve n to meet the

Nyqu ist r e qu i r e me n t , and for t*O:

the varianc e of the estimate K is given by :

( 2 . 5 2 )

VAR (K)
P .

s

- ,
S~R (l +
tJo (N - i j

ap 59
( 2 .5 3)

NI-t is t he number of

e f f e c t i ve scheme is to

lagged prod uc t s on the

perm i t.

lagged produets o n the no i s e , a nd an

let NI » ~ , i .e. perfor mi ng a s manysg
nnise sample s as other co ns i derat ions

The SNR depe ndence on the faetar N in 2 .50 i s no t s trong

for t > l . Fo r a desire d aeeuracy of K i t fo l lows that

the r e qu ir ed number of interpulse periods is propo tio na l to-, ,
(l+SNR ) :

- 1 '
N i p C1 (l+SNR ) (2 .5 4)

Th e signal- t o - no i s e r a t i a SNR is proportional to the transmitled

pe ak power PT . Using a single frequency scheme i t i s op timal

t o make p~ = PT ,~~X but the relative d ecrease in Ni p is

marginal pr o v i d ed SNR > l . In this case the avai lable trans­

mi tte r power should be distributed to other centre fr e que nc i e s

i n a mult ip le-frequency scheme. Adopting this me thod the numbe r of

inter pul s e per iods wi l l be red ueed by a factor equal to the

numbe r of frequencies t r a n s mi t t ed provided the different rec e i v e r

c hannel estimates are statistically independent . Th e optimum

s c heme to be fo llowed can be e xpl a i ned by this examnle :

The o bee r 'va t. Lon- i s de fined by the observational a l ti t ude range
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and the d e sirable altitude-re s o l u tion, whic h in the s i ng le- pulse

mode def ines the time-durat i on o f the tran s mi tted pul se . The

required interpulse period 'r i s giv e n by the observational range

a nd time-interva l for t he no i s e es t i mat ion . Assurning that

the peak powe r is PT = PT MAX a nd the s ig na l - t o - no ise r atia i s

SNR, then for a desirabl e ac c urat e e stimate the req uired number

of i nterpulse periods is fixed. The a c t ua l average power trans ­

mi t t e d i s

= P
M

12 .55)

By r educ ing t h e peak pow er by a factor X, i t fo l l o ws t hat f or

t he same average power the pu lse ca n be r ep e a t e d at X centre

f requenc ies in seq uence , provided the t ime-durat io n of t he total

tra n smitted s ignal d oee no t diminish the obseruation interval.

The requ i red numb e r of interpulse periods for t he same total

a c c u racy 1s given by :

- 1 2 - 1
N. a ( l +X· SNR ) ' X

'P

The opt i~um obser vational sche~e i s give n ~y:

Nip,MIN ~ X = SNR

12.561

(2 .57)

This i mp l i e s t ha t whenever SNR > l the o p t imum s cheme is t o

operate the radar in a mult i plc -fre q ue nc y mode by r ed uc i ng

t he SNR in each receiver channel t o l . The o pt i mum operational

mode a lsa makes us e o f the ma x i mum a va ila b le average power

by o perating t he radar a t the ful l duty-cycl e . Thi s can be

f u Lf Ll led b y adding e x t ra f r e qu encie s . I f other considerat i ons

rroh 1b1t t h i s, the aiven f requ enc i e s s hou ld be tran5~itted

wi t h t he max imum ava ~labl e pe ak -pawer.

The r e q u i r ed numb e r of interpu lse periods f o r e lec t ron den si ty

o bser va t i o ns (zero - l a g es timat io nl n r e re lated to the SNR a s

g iven in eq , 2 . 54. t f thc t r-a n srnI t t ed ou Lse le na th

TT < ' M; the plasma cor rel a t ion time , it fol lows that t he

noise power is inver s e-propotional to 'T ' whi l e the rece ive d
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sign a l power i s propo tiona l to ' T " The pu lse leng t h determi~es

t he range-resolution:

6h : ra nge-resn lution

SNR c < l

(2.5B)

Ins tead o f decre a s ing the

o bta i ned by ph ase- c oding.

pulse e nergy ,

I n this case

r ange-resolu t ion ca n be

N u (öh) -'
ip

2 .4.2 . MULT I PLE- PULSE MODE

phase-coding

SNR « l

(2. 59)

Fo r t h is mod e only single ~ample-products a r e generated. For

a g iven i n terpu ls e period j , r a ngegate r (= samp l e i n d e x )

and lag ~ , the r a ngega te es t i mate 1s :

Th e neise estimatio n can , i n principle, be computed fro~ s everal

sample-products for a given lag:

R n • """' , n, J

MI +NI

I ziZi+ Q

i = r1 1

where NI > l and Ml » l .

Calcu latio n of the variance corresponding to the est imate

Kl i n e q , 2 . 35 gives :

{ ( R +o .s
R ) ~ +
o.n

(2 .60)
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The r e c eiver ba ndwidt h i s determined b y t he e lement pu lse of

the puls e group , t hus the autocorre l at ion functio n R i s
~ on

negligible f o r t » 1 . Fo r t h e s i g na l auto c o rre l a t i on fu nction:

for ~ *o (eq ual t o interpulse spacings )

R a np'PT ' n: no. of element pu lseso , s p

With the normali za tio n s :

R = P s O~ , s ,t '" O
~ o 5

R = npps 9.=0
0 ,5

P = Pn Ol ,n~ on

p

SNR
s

= p
n

the normalized v arianc e i s give n b y:

(2 .61)

( 2 . 6 2 )

VAR (K, )
pI R:l

S

( 2 . 63)

For a desir ed s t at i stical accu r acy a nd t ~> l the number of

interpulse periods i s gi ven by :

-1 '-
el ( n

p
+ SNR )

Transmitting t h e pu l se-group at X f ren ue nc ies :

- I 2 _ t
N

i p
a (n

p
+ X SNR )R

(2 .64)

(2 .6 5)

X: no. of frequencies

X = SN~'n
p

(2.66)
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The op timum r equir e ment ca n be rewritten :

x =
+ ln - l)pp s

p
n

12 .67 )

Ps is the power o f the s ignal to be detected . The term

(np- l ) <Ps is in troduc e d by the other pulses in t he group and

may be r e garded as a " s e lf"- c l u t t e r signal with power pro­

pottio nal t o t he t ransmi tted pe a k powe r . Eq . 2.67 states that

when eve r Ps + Ps, c l u t t e r exceeds the powe r of the noise , it

is more eff ic i e nt to distribute the a vailable power to pulse­

group s at other tr3 nsmi tted frequenci es .

2 . 4 .3. COMPLEX SIGNAL RE PRESENTATION

I n the ElSCAT s ys tem the complex a mpli t ude of the band l im ited

sig na l i s detec t e d b y a syneronous d emodula t io n scheme using

a q uadra tur e hybrid , r e f . [ 1 0 ] . A b lo c k- diag ram of t he idea­

l ized ba s e band d emod ulation is given in f igure 2.8 . The

signa l at IF c an be expressed a s :

(2 .681

< : IF centre fr e que nc y• o

x I t) = Re{ vltl}: i n -pha se compo nent

yl tl = Im{Vl t l } : q ua d r a t ure corn-
ponent
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IF - CHANNEL
.10. ....... 1
'<>' "'I

"" - 2 sin2 Tt fot
~

f lF (I)

"f ""'"

B ASEBAND

ylt I

xli )

2 eos 2 rt fot

F i gure 2 . 8 . Demodulat ion scheme f or o ne f requency

channe l i n t he rada r rece i v e r .

The comp l e x autocorrela t io n funct i o n o f th e ampl i t ud e is :

( 2 . 69 )

Us i ng a dis c rete t i me no t at i o n

Reh}= El XiXi+f. + Vi Yi +;]
( 2 . 7 0 1r+t } = dx ·H.y · - X i Yi +.9 ], l l

By detection o f t he quadrature components of the co~plex

a mplitud e, the e s tima t or for extract ing the rea l a nd i ma g i ­

nary par t o f R ( i s ba sed o n time-averag i ng the samp le products

g i v e n in eq . 2 . 70 .
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For the single-pulse mode the rangegate e s t im a to r s hav e t he

algorithms ( i nd e x e s of samples for rangegate r):

REAL PART ESTI~~TE

R o ... ,r,J ,re =
l

N - t
5g

N - l- ~
5g

1= 0

l MAGI NA RY PART ESTIMATE 12 . 711

R. . .""r , J , l-m
l

= ""N-=--"""t
5g

N - l- ~
5g

i =O

N5g
no. of complex samples
in rangegate

P. : lag index

r : rangegate ind e x

j : i n t e r pu l s e period index .

Ca l culat ions of the var i a nc e g ive the result :

VARIR . ir" r, ) ,re
l= 2 I N - O
s g

- (troR!) 2 J

N -l- Y
5g

L IN - '-il[ (qcR. i '+s q 1

1=1

(2 .72i

(N - i -i)
5g

.
VAR IK " it ,r, J , un

l
+ (N - .1' )25g .

+ I rnrt . D '
1 -,

N - l- Q,
5g

L

12 .73i

1=1
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Af ter Ni p interpul se per iods t he normalized vari anc e f or

t » 1 i s ( s ee e q , 2 . 35 ):

VAR(K1 ,re)

(ReRo) '
l

R '
2N. I N -<.)ap sg

, l (2 .7 ')

The nurnber of "effective" c ompl ex s amples i n t he r anqeqet.e is

given in eq , 2.32 with kf = l. (r T >"> l M has b een a ss~med ).

For the imaginary part the nor ma l i zed va r i a nce VAR( K
1

. ) /
, u n

(ReRo) 2 has the same f orm as given in e q . 2 . 7 4 .

The same computations as a bovc ca n be performed f or the

multiple-pulse mod e assuming o n l y On e sample-product is performed

in the rangegate f or a given t . The variance is approximately :

VAR (Kl ), r e
(HeRO) 2 12 . 7 5 )

n : no. of element pulses .p

2 . 5 . CALCULATIONS FOR SPECIFl C EXAMPLES

In t his s ection t wo examples f or o p e r a t ion of the UHF-sys tem are

cons idered (monos tatic observation s ) :

(a) Single-pulse experiment f or es timatio n o f t he autocorre­

lation function o f the i onic compo nen t in the a ltitude

region : 7 00 - 100 0 km .

Oesirable range-re solution : 75 km.

( B) Multiple-pulse experiment ( 5 pulse group ) for observa tions

at 120 km , range-resolution : 2 km.

The required integration time i s comp u t e d in t hi s case : deter­

mination of the autocorrelation functio n c orresponding t o the

backscattered signal and noise at the r e c eiver o u t pu t with

an assumed true value o f 0 . 5 c o mpa red with the zero-lag value

and a r.m .s . accurac y ( nor ma l iz i e d t o the true value) of 1%.

Systematic er rors due the analoguc r eceiver s y s tem and data­

acquisition elements have been negl ected .
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2.5.1 . THE RADAR- EQUATION FOR MONOSTATI C OBSERVAT IO NS

The power d en s ity at the sCdt terinq vo l~~e a t a d istance R

fr om the a nte nna i s:

PT: pe-ak power

~T : antenna ga l n

The backscat t er ed powe r d e n s ity a t th e antenna i s :

12 .76)

N Va"o e
4 TIR 2 ( 2. 77 )

N : e l ectro n densityo

V : scattering volume

a" ,
e effect ive cross-section

o f a n e lec t r o n

The scattering v o l ume c a n be expr~ s s ed b y :

C oT T

-2-

1 '1' : pulse length

12. 78)

The i n s t a n t ano u s l y r c c eiv ed power i s:

p s =

L -P · A· c
T

' N O"'" To e '1'

A : antenna a perture

L : receiver loss

12 .7 9)
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The noise power is:

( 2 . 8 0 )

k: Bolt zrna nn 's ca nsta nl

T : noi s e t e rnparature

B~ : eq. noise bandwidth

The signal-to-noise r at ia SNR is then:

SNR 6 =
L·P -tv-. c:

T
6 11' kT a-Ne o (2.81 )

An aoproximate express i an f or cre ca n be found in ref. [ 2]

(va l id fo r C1. c 1):

r .
o '

r

(2.82)

classical e lectron radius

( 2 .84 ' l O- " m)

polarization ang le

e lec tron/ion-temp. ra tio.

4 1rh
" = -.:.l'.
u A

T
h : Debye -length

p

AT : radar wa v e- l e ng t h

~or the ionospheric models i n r e f .[ S ] and circular po larizat ion :

Alt itude 1000 km:

M d l N -- 7 ·10" m-' ,ean mo e : • o

Al titude 120 km:

Mean model:

Minimum model: N = 2 . 10 1 0
o

- ,m , c = 4. 3 25 -1 0- 2 9 m'
e
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The UHF -system pa rameters:

P'f 2MW

A 518 .6 m' ( 48dB gai o )

or = 50 ' K

L = 0.8

= 1. 4 3 5- 1 0 ° - c N
e o (2.83 )

2 . 5 .2 . SINGLE- PULSE EXPE RI MENl'(a)

The d e s i r a b le r ang e -re s olu t i on 7 5 km de term i nes t he t ra nsmitted

pulse-leng th:

l
T

= 0 .5 msec

The receiver bandwid t h is given i n t a bl e I1 . 2 : SR = 38 k Hz

With ma ximum p e ak- powe r t r a n s mi t t e d the SNR is :

Mean mod el: SNR 0 .39

P.rovided a sampling frequenc y f = 50 kHz
s

sampling on the q uadr ature compo ne n ts) . 25

(cornplex) can b e o bta i ned in arangegate .

altitude -region i s g iven by

70 0 - 1 0 0 0 km ~ 4. 6 7 - 6 .67 ms ec.

(s irnu i t .aneous 1y

po i nt-es t ima tes

The o bser va t ion a l

Assumi ng the pul s e repe t it ion tiMe i s limited by the r equi r e d

bac kground noise cstima~ion to :

Tmi n = 16. 67 msec 2500 km .

The d uty cycle for si ngle- pu lse t ran s mi sstons is :

0 .03 (2 4 % of ful l eyele) .



which implies t ha t 4 fr e q uencie s

0.5 msec a nd ma ximum peak-power .

s a mples i s a p p roximately :

2
N= (- +B) "T = 19

'T

ca n be a p p l ied with TT =
The numb e r of ind ependent

4 7.

number o f int erpul s e per i ods N
1p

Assum ing that fo r ~ = l

statistical a ccuracy o f

R JR =
~ o

1% :

0.5 . it fo llows fo r a

,
(1+0 . 39 - 1

)
35 29

The total integratio n time becomes (me a n model ) : 58 .8 seco

2 .5 . 3 . MULTIPLE-PULSE EXPERI MENT ( B)

The required altitude-res olution 2 km determines t h e e lement

pulse leng th

f T f:::I 13 \.l se e .

The receiver ~ndwidth is l / TT = 75 kHz. With maximum peak power

transmitted the SNR i s:

Mean mo d e l : 1 . 28 Min imum mod el: 0.15

For a five pulsa group t he number o f c o mpl e x point-est lmates

pr. rangegate is 10 . Provided a minimum spacing of element pulses

Tl = 52 usec (see fig. 2 .3) , the au tocorrela~ion funct ion can

be es t ima ted f or lags :

r. . 52 u s ec ,

With the exampl e given it is possibl e to transmi t the pu lse-group

at 4 frequencie s by f r equ e nc y - commu t ate the element p ulse

(13 u s ec ) . Compa r ed with the de1a y - t i me fo r 120 km: 0.8 msec ,

the tota l length of the t r a n s mitted sig na l i s 0 .57 2 msec. Thi s

i mo l i e s that a new group at 4 other fr e quenc i e s ca n be trans­

mitted af ter the first o ne . In this c ase the limiting factor
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for the transmitter is the maximum repetition r ate 1 kHz .

Provided that 4 element pulse s transmitted by fr equency-commu­

tatian a re equvival e~ t to o ne p~lse, t he Min im um r e pe t i t i on

time is 5 ms ec . (750 km) . The s Lqne Lr-t.o-r no Lse r a t.Lo fro m s ig na ls
- J

at the same frequencie s ( 1 6 20 km ) i s 7-1 0 . 'fhe d u ty c yc le

ls

4·5·13 ·10- '
5.10- J

For the mean model:

~ 0.052 (41. 6% o f full c yc lel

0 .01 2 ' 0. 5."4 - 2 = 167115 periods ~ 13 .9 min

For the minimum model, provlded 3% statistical accuracy:

(5+0 .15- 1 )
=0.03'-0.5· · 4·2

75618 periods ~ 6.3 min
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CHAPTER 3

DIG ITAL CORRELATORS . A COMPARISON OF DIPPERENT TYPES.

In app I i c at i o n s where the slgnal-to-noise ratio at the correlator

input is small , the estimation scheme fo r prod ucing a s uff i ­

cientI y accurate estimat e i s based on a l o ng i n t e g r a tio n- t ime

f or time-average of a I a r ge number of sample-products. A

major des i gn-philosophy fo r t he EI SCA'r system is the opti ­

maIizatio n of the observat ional time- resolution , i. e. min i­

ma li z a t ion o f t he i ntegrat ion-time in order to d etect t ime

varia tions i n t he i ono sphe r e . Aseeo nd f acto r wh i ch c ha r a c t e r l z e s

t he mono s t a tic radar observations is t he time-gat i ng technique

o f the rece ived s ig na l for the r equ i r e d range-reso l ution : The

sig na ls in the d ifferent ra ngegates ha ve t o be proces 5ed 5epa r a t el y .

A third f a e t o r is , f or the monos ta tie measuremen ts , t he

dynam ie variations of the r ec e Lved s ignal when SNR > l, and a

cor r e l a tor-concept has t o be s o l ec t.e d wh Lch doe s no t; se t

sev e r e l im i t a t i o n s due t o dynam ie var iations. For t he EI SCAT

s ystem an a na logue rca lization o f the e s t i ma t o r is no t r e al ist i c,

caused by the inherent stdbility- and systematic-effec ts genera t ed

by thi s technique . and the requirements f or storing prepro -

cessed d a t a . An ana l ogue solution a 150 sets limitations on t he

programma bil i t y of the device. A digital rea l iza t ion o f the

correla tor ful fi ls t o a l arge degree t he r e quir emen t s , but also

s e t s basic limitations. Co mpa r e d wi t h an ana logue realization

t h e:s:e ar e the hardwar e complexi t y a nd the data process ing

speed. Another technique which s eems t o be a t t r act ive i s

r eal iz ing t he est imator -processing by software, i .e . per fo rm t he

nece 5sary arithmet ic operations by a programmed speeia l - purpose

micro-proc e sso r or a h igh-speed one r tcu I d ev Lc e in a comou t.e x

system. The s e systems opera te ba s ic l y in a ser ial operat ional

scheme (singl e o pe r a t i o n pr. cycle) which limits the proce s sing

s peed for on-line applica t i o n s. The developement-trend f or o n -

l Ln e , high- s peed process ing by s o ftwa r e i s . howeve r , di r-ec t ed

t owa r d s multi CPU - (central p r o cc s sing unit) st ruc tures

r eal i zing " p i pe - l i ne" o pe r a tions (o pe r at ion s performed in

s eque nc e ) for i.nc r ea se d p rocessing speed. \'i'ith t he present

sta t us of this techni qu e, the requir ed digital hardware a nd the

s t ric t speed requirements f or the EI SCAT correlator . 0 01y a



d igital hardwa r e concept has been considered where the rea l i­

zation is bas e d o n ope rations performed in paral lel .

Figu re 3 . 1 gi v e s a s ketch of a gene ra lized digital a utocorrelator

per fo rm i ng the e stimat ian a lgorithm:

( 3 . 1 1

i=O

l
N - t

sg

N - 1- 9.
sg

o ..-. g, < N - l
sg

~ lag pa r amete r

numbe r of samples i n t he
r a ng ega t e .

~he sample-va l ues ?,o,Zt, .•• • , Zk a re dig it ized and loaded i nta

a digital shift register -cha in . The dig i ta l represen t a t io n of

t he present s ample i s denoted by g~ (Zk) a nd t he d e l a ye d sampl e s

91 ( Zk._t ) , whe re a s i n the general case 91 * 92' The normaliza ti on

f aetar l /Nsg- C i s not inc luded in t he digital operat ion s

because the sce i t nc operation of the estimates can be pe rforme d

by c ompu t er po s t.r proces s Lnq . I n order to s i mpl i f y t he d i g ital

arithmetic modul e s all computatio ns are per f o r me d i n i n tege r

f ormat .

Pa r a mete r s wh i c h af feet t he sys t e m comp lexi ty and s peed

l i mi t a t i o ns are :

- the number of b inary d igits fo r t he pres e n t sampl e a nd

t h e del ayed samp les dete rmine t he cor r e la t o r per f or­

ma nce , a nd i n s ect i o n 3 .5 compa.r Lso ns o f the r e q u i r e d

integration time for diffe rent types o f q u a n t i z a t io n

schemes are made . 'rhe nu mb er of eho s e n bit s dete rmines

the ha r d wa r e c o mp l e x ity of the shif t r e giste r - and

mu l t i p l i e r - c ha i n ,

- t he number of b i nar y digits fo r the accumulators a nd t he

result- memo ry locat ions determines t he cor rel a to r i nte ­

grat i on time for p~eprocessing , a f actor which d e te rmi n e s

t h e repeti t i on time fo r dump i ng preproces s e d d ata t o

the computer s y stem.
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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 .

SHI FTREGI STER - CHAIN

\
_ - -_--'A'- -,
( .

ACCUMUL­
ATORS-R

MULTIPLERS

.
R,

g t e l g {z

'----:-T-+--,--+---- -----

I k
~

, k·' ~

'I II SAMPEL ' k =& f...::. ADC · .·· . . -HOLD •I I- L... ~

I. .11 .. ..

RE SULT - MEMORY

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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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)



69 .

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 .
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EISCA~ TRANSMITTER SYSTEM CHARACTERI STICS.
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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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