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IrIBODUCrIOT

lbe purpeso of thfe papcr 1¡ tc revier ¡ nunbor of d.eelgns of
oro!toerrcL¡t1cn rooolvera for tbo deteqtfon of eotlvc r¡¡derrater
soou¡tlo transnl.sEtone¡ rnð to ¡her tbeir nutuel slullaritles and,

dl.f f orencc¡.
Ic ¡ball only ooot¡pJr ou¡eclva¡ rftb retobeil reoelverl, 1..ê.

rcoelvera ualog a rsferenoe rlgnal lnd,entloal to ths t¡a¡r¡nitted
oD€. rn tloLng sor ve neglcot thc fect thet e satohed eystea ia
optfaun only 1a e shito nol¡o bacþround., but not la a ufxed.
rcverbcretlon-nolse ¡lturtlon rherc tho beokgrouad. la effeotively
e oolou¡ed. ¡ol¡e. Pron ¿ theoretlo¡l vlerpclnt, a, propêrly nls-
nr'tched rooelver ghould bc ueed ln thc ratter ca6e. Eorevcr, thie
rcfl'nenent tg celdon e¡d,¡ bcoeu¡c of Bany tnù,ercnt illffloultlea.
Eeeld.o¡r the ncJorlûy of rubJeot¡ treeted. in thie paper vouLd, app\y
equolly sell tt e ala¡aüohed, ayatee.

Fbon looklng throu8b tho aveilabre ltter¡tu¡e¡ a vlrtuarry
c¡d.resc nu.ebor of verl¡tlena ou lhc ¡ane thene roeng tc exlst.
lbeso d1f,f¡rcnoes aro oeurcô by tho ¡elutloa rbloh 1o adoptctl for
tbe problerr ¡unned, up belev. Eeoh ef then ccq be solved. Ía nore
than one vey. Eenoo re heve et our rrlapoarl a nultlteôe ef
elementary bu1ld.fug blooho, rf rhtah a certaln nunbor hrc te be put
togcthor te rbtain e ocnpleto rooolyor.

Fc ¡hell not cooupy ournclvc¡ rlth clectronlo iletaLlc, but
rotbor llnlt ot¡¡selves to the relov¡nt o¡rratloac, perfomed on the
rigaalc¡ e¡¡d to tbe rrd.cr in rhioh thcy are epplled. Eencc, the
rc¡ult¡ 1111 ¡¡lnly be pr€ror '-il r¡ blcok d,la6ra^os.

1. lho tfne urobrcg rn ord,or to obtein tbe output c(to+r) of
. r oorrel¡tar rroclvlr, tbo lnput rlgnel su¡t bc oorrelated.

rltb a reforcaoo a13nal ov¡r r tl¡c Lntervel fron t - to to
t - t"+!, rhoro I - l¡¡gth rf rcforenoc rlgaal. Eeoause Íc are
lntercrted. 1¡ c - vrlucr at olerrry cpaord tlne polnto, tbe
proocduro hea t¡ bc rcpratoô fror t-t.+ôt t¡ t-tu+at+Tr sto.
slnoe a t rtll gcn*dly be 'dI rltb mapeot to rr, the
¡uocc¡clvo oonol¿ti¡n iaterv¡l¡ rlll overlap to e hlgh d.egrea
fhuar eprcir-l Eearu¡o! ¡q¡t be teken to oope rltb the threat
of tl¡c rhortege fcr pcrfernlag thc requfred operatÍonc,



2.

t,

to- 2

Thr pbese problcn. -, fh¡ rtoclYcr ru¡t bc ceprblc of
prcoeerJ.ag algaals rbloh b¡vo ¡¡ ¿rbltrcly ourlorphaac rlth
reapeot te thclr noêul¡tlng vcYeforn. In ¡tb¡r rordlr thc

rcorÍv¡r ¡urt b¡ pbaac lnren¡ltlvo.

Sa¡pled or ccn_tinuouq preoegslnr. - [bc reoelver output oan

elthcr be obt¡lned as e oontlnuous fu¡lctloa of tl¡o¡ ol lt a

scrles of aa.npleo. Further, the lnput slgaal and, tba rofers¡cs

fu¡otlsn can be prooesseô elther oontinueully er ln ea^rpled'

forn.

Ðeppler channelg Dcpenclent on thc type of tra,n¡Efsslcn
a¡rd on the purpoee of the equlpnentr the reoelver h¿s to be

equlppetl rltb a nr¡nbcr of dopplcr oh*q¡ela¡ or aot.

,. . - Sonctl¡¡eg lt te
d,e¡lreble to glve tho reoelver tho oepabtllty ef lntegratlng
thc olgnal pertly lnecherently, ratber tban lntegratlng fully
oobcrentlJr oyor tbe eatlre slgaal ôr¡¡atLon 1.

6. Llnear or cllppeó proceo¡ln{. - Do re d,r¡1re to proceag th¡
lnput slgnal and./or referenoe funotlon llaeerly, or a3€ to
¡etlsfleö ç1tb clipped prooecolng (frara 11ntt1n6)?

îbe nost Lnportant ltønE of tbla llrtr e¡ for the

d.lfforenoes betrean varloue ayrtcal¡ arc ltola 1r 2 a;nd. J.
A nr¡.nber of feeturcg rhich are belloved, to be of

lcee lnportanoe fron e fundenentel vlerpolnt, haa becn e¡oltted,

froa the llct ebsve. Âneng these are the quoetlon ¡hether the
processlng ts on a dtgltal or on ea aaalog baalg, end the
questlon vhcthor the reoolveil slgaal le hetorodyned. to aa-
other froquency befere prooooeing.

4.
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4-_ Xatche<l flItcr.

,rLtNù

hLr)= s(T-t)

^e5i¿tq:-

T (t.¿t "T)
2- Hetobed filter rlth tapped sbift regf'eter.

In optlcal proceealng oyotena, a eelutlon ls to rrlte the

algna1 l-n eome forn on a photographlo f1ln, rhtoh ls contLnuously

novsd &cross an aperturo rvhere a ltght beam ls nod'ulatod' ln
anplltucle or intenelty by the f11¡. Thle ls ecluivalcnt to a

oontlnuoualy tapped ttelay 1lne, end. the oorralator øutput oa' be

obtalaed, sB a csntlnuoua tfune functlon F(t+T).

a - Â seoond eolutlon to the tlne
problen fs the usa of tlue conpr€sslon. the prfnolple le akctoheal

ln flg. ].
The signal x(t) ta applletl to e norlerJr rhlch eùorer the raoet

reoent (t-At) eeoonds. Read-.out la perforned, by aoennlng the BoEor.Jr

at an acoelerated speecl ln o¡der ta ebtaln e tlns conpreoelon of
the slgnal. Road-out otarts at tlno t-to+Î-At and ctepa at tlne
t-t,+T. In thie lntorval, e part of the orlgfnal slgaal tylnS

o



¿nrl the proced,ure suet be perfo::aod, la real
dtfferent approaobce to thls problen.
f,atohEd f113ar The flrst lc to try end,

(I.F. ), rttb an lnpulaè reopotree equal to a

thc refaronoe elgnalr

E(T

111

t

I
t-E
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lEE lIHË PRODTEH

Íhc preble¡r le te orossoorrclrte e recolvod signef x( t) rlth
a ¡eferonoe a(t)r which bee a ilurctlon equel te tho length of the

tr¡nulttcd algael, ! oec. Ehc lntrgral to be conputed la of the

fora
t+!

t'F(t+r)- l r(t)"(t-t)dr,
.lt

fnpuleo rerponoe - U( t) r

Thc fllter output, u(t), I

0<t<î

the convelutlon

(t)

tlne. There are two

bu1l.d, a netched flltør
tÍne revorsed. copy ef

( z)

of r(t) and h(t)r

-t) ¡

be

u(t) - x(t ) a(l-trr )at

Tbus, the output et tine (t+f) eguele the regulrod. output (eq.1)r

u(t+l) . r(t+r) (l)

lbaoretlcaLly, the M.F. 1¡ the ldeal aolutfon to the tlne
problcn. rn practloe, hercver, the d.osign can be very d.lffieult
¡lnoe tbo lnpuree reeponse h(t) oan be required to have a d,uratlon
up to a fcv asconda e¡,.d,/or ban<lçld.th up to a iooo Ez. a matched
fllter for froquenoJr nod,uletrd pulaee, baeed. on a ôtspersive d.eray
llae¡ ls d,eecrlbed. by fou¡nols, llt. 1. Â d.evice of thle
typc yleld'g lts output as a contlnuoua functlon of tine. (rrg.t).

Â¡other aproaoh 1s the uee of a tappcd. tlelay liae rlth
rcightlag coefflolenta cerrqBpondlng to h(t). Usually, the laput
algnaL le eanplerl ead. a gblft regleter La uaeð, rather than a true
dclay llne (flg.2). I¡ thla oaao, thc output le ebtaiaed. ae a
aeriec of .sanplee, f(k.ôt+T).

t
f
l r(") u(t-t)ar r

J
¿t
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betreen t-t and t-t^+t 1o reprod,ueed.. Conoequentlyr an lnterva'l of--o-'--o'
I seoond,g haa bcen conpreeaed to ô t geoonils. Àg Eoon as the ænory

bae been ocennod-, tbo proccdurc 1E repeated. antl the orlglnal al8naf

lnterv¡I fron to+At to t"+T+ôt lc reprcduced. betreen t-t.+T end

t-t +T+At. Etc.
o

-:L.z,tnJ cL"..\a.

or-\ t= \o+T

I n¡od, oot .,* at .a¿e.

- to+T* a! to+T

¿l
¡r-+oÁ s.^\ ù^ ¡t aa'c, 

¡

to+ at to+ J,a\ to+T to*trf+ a\

,- 1[ln¡e oonpreaoÍon.

Flg.4 lllustrates the ray 1n çhloh the lnput tlne axls Ls

lueged. on the output tlne a¡ts. tbe re¡ult of tlne oonpression la
tbat a large number of oorreletlon latervaler orlglnally ovorlapphg

eLnoat.oonpletelyr are ordered. ln tl.ne one after the otber. Eence¡

the oo¡reletlon prooed.ure can be perforued by oonelattug the

conprctror output rÍth a gl¡nllarly oonpregged rofsronoe funotlon.
The rcference functLon ls Eterted overy At eecond.er 1n eynchronlEn

wlth the etart of a ner reaô-out perlod. See flg.{.
ft 1111 be clear that a tlnc conpression correl.¡tor (1.C.C.)

ytclrla a sanpled output, f(X.at+f), rltb a ea.aple tlletenoe equal to
thc lcugth of the conprosscd, tlne lnterval.

Ilsuelly, tlnr oonpreealon ia applled, te a ooqusnce of algaal
aanplcr¡ rether than tc the contlnu.us sigael r(t). lhc reaultlng
a¡ratcnr ere ertcrelvcly dcacrlbcil by Allan and Eesterflcltl (I1t.2).

-a\o.r-e-cL cLa,\ a.

tè to+at

I

t

t
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AÌ, at (r\À\ P,^\

4- Xapping of lnput tlue erlg on output tlne aris.

Tlne conpresalon of centlnuous signa1e r(t) o"o be obtalned., 4.o.¡
rlth nagnetlc recorcllng aail by ueing rapltlly novlag pick up head.a.

À systcra of thls type 1o doscribod by Tournols (11t.1 , flg.lO-e)

. - It rfll be

hclpful te ¡qake e dlffercnoe botv€on eorreLators or natched flltcs
yletd,tng a continuous output funotlon (rroontinuoue output cor=detraÉ)

and those yloltllng eÃly a s€quenoo of output se^oploa ( "senplod
output cerrolatore").

TbÍ¡ cllatlnotlon 1s net ttlreotly ¡elated to the quoetÍen
rh¡ther lnput eignal and. rcfer€uoe arc prooersed. ln c¡ntlnucuE or
sanplcd. forn. .4. sarnplod. output oorr¡letor doe¡ not neceeaerlLy
lnply aa.npllng of the laput llgaala.0n the etber hantl¡ a oyetcn
rltb sa.oplecl laputa v111 ncooaserlly ylald e sa.apletl output.

the neJority ef corrclotore for praotlcaL eppllcetlong 1s cf
the aa.upled. output type,

tt" p r^\ .
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srerÀ! s.${Ptlrc BAîES

Sfnoe nogt ccrrelatloa rcoefvera uB€ sone fors of sanpling,
elther at thr cutput or et the lnput, or botbr re ehall gunnerlze

thc rclovart rcaultr ef aanpllng tbeory.
Supporc that a tine funotlon r(t) vfth d,ouble eid.ed. a^npJ-ltud.e

rpeotnrl (Fcnrter traa¡fsr¡) x(f) la sanpled et a rate of B easpleq/

õcor cacl let tbe roqueacs of eanples be

r'(t) r * ¡ '(þ)ô(,+) I L - ...r -1r0r+1 r ... (+)

thc epootrun X (f) of rt(t) ls a pertodlc repetition of the
orlglnal apeotrun X(f), vltb repetltlon perfocl RI

x'(f) r x(r-nr) ¡ !l r ...r -1r0r+1 r '.. ( l)

Yhon tbe eanpllng rata R le ohoaen in euch a vay that the
repeatoô baud,c (" I O) d,o not overlap the origlnel bend (n - 9) , f t
le poeelble to reatore the erfglnal etgnal fros ita sa,nplee by
Eeans of e prcperly tlcelgaod. reatoretlon flIter. fhe fllter ¡oust
peae the erlgluel frequenoy lnterval (untforo ettenuetlon and.

Lincer pheae over tbe orlglnal benil) ¡ aad nuet øuppiec all repeated,

bend's. If thl¡ oend.ltiea oerr be met, the only d,lfference betyeen
orlglnll end. r¡atered slgaal is a delay cortespond.lng to the flIter
trouD ôcley.

Fr¡ e Ìer peea tlgael ¡(t), erlatlng fron DC up to e

frequenoy f(X(f) - 0 for I f l>V), tbe requlrrd. saøpllng rate te
R.2Xr aorratpendlag te Sh¿n¡rcatc theoroa. Sce flg. 5.

rn u¡ôæratcr roeurtlc rlgaal prccoralng, the rlgaat r( t) rlrl
uruelly be a brad,pasa a16lrl1 oooupying a apectral lnterval of
riiltb t ¡round, r, rolatl¡ol¡ btgù ocntor frequency r" (x(r) - o

for fo -.i}f < lfl <f. +lr). It tu¡n¡ eut th¡t ¿,nunbcr cf ad,sltted
latorv¿L¡ c¡l¡te f,or tbo ra.lpllng rate R, ln erd,or to satlefy tbe
rcqulrelent ¡f uo oycrlep. th¡ ¡ttuetlen la tleploted. ln flg. j.
Îb¡ or¡ot poaltlon ef the ril¡ltt¡d. latervale d.cpend.E on both f and
f.. Ilrurlly, th¡ lorrat adsltted. rate, Rnfn , io eonerbat hlgher
tben 2lr altheugh ln praotloe tho dlfferenoc aelôen exoced,e a fer

E
¡



b:ç A-ò,1

-w
ç .o4

a.Àv,^t\\ e-cL -r.o-\ o À
/ ¡.*\e- T(

_+o

¡.a\n- T(:w LTt n^^rr^ -? [$.+i uD

5- Àd¡nltteil. sanpllng rates for lor¡laas end banclpeaa signelc.

l0_ I

peroent. Lltcraturc en banclpcrr rcaBllng o¡n bo for¡nd, ln 1ft"4.

( z)

w

Tho capeblllty of restorlng the
sanplee ls net the enly conciltfon to
the purpoee of sanpllng is to replace
the typo

I r(t) y(t) crt

by a sue of the type

*'.(ã) "G) 
.

ørlglual signal fron ltg
bc net by the rate R. Uaually,
a oorrolatlon lntegra1 of

(6)

Fortunetoly, lt eaa be shora that tbe sum equala tbe lntegral
shen the rate R 1s ohosen oD ene of the ad,nlttod rnterval¡. Eenoe

ra cen eafely replsoe eq. 6 by eq. J. (.O,otualì.yr thla etatenent
can even be reflned, rhen a( t) anrl b( t) oooupJr frequency lntervala
of unequal rlctth. )

rhen a natobed, fllter sr oorrclatcr cperatce en aanpreil input

oà r¡.ù \ tc-d ¡a* ç- ¿
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ol6ne1ar tho output ueuellY tokee tbe fo¡u

'þ') -* ll:-'
fig.8

r( t+t)

/r\
'\r/

k\
B,l

eg.1 t

(e)

(g)

replacee the orlglnaI

t+!
r I r(r)a (t-t)at

t

Slnce eq.9 ie eesentlally e llne¿r fllter oporatíon, re conclude

that the speotral lnterval oooupleel by the output F le the sa$e aB

the one occuplecl by the fuput slgnel r(t). Furthsr, tbe rate R at

rbloh tho lnputo r(t) ana e(t) ere senpled., ls equal to the outptû

acmpllng rate (oq.8). Conoaquently, a sa-np11n6 rete R ie en

eil¡nittsd rate for tbe output f(t+f) sheu it ia an eclnlüteel rate

for the lnput elgnaLs r(t) a,ud a(t).

PHÂSE INSEESITIWBS-
Eofore the varloue phaae lnaensltlve recelvar struotures san

be d.erlved¡ se nuat rrrite dotm a fer oxpreaelonE for the roqulred.

output.
Lct tho trenonltted' elgacl be a en anplltudc cacl phaeo

¡¡odulatetl puloe of ðu¡etlo¿ I r

r(t) - e(t) o""þu, * ntt¡] I o( t( r (ro)

Uaually¡ a(t) rt11 oooupy e"rel.atlvol¡r nerror band.¡ltlth B arou¡d
lta sentor frcqucncy f^ - ---g .o2t

Durlng propagation aaô reflootloa the c¿ulsr ravc gets a phase

rhtft 9 rlth rcrprot to tbo noduletlng reye fora¡. Puttlng d,clay

euil clopplar equal. to rcror tbo ¡obo bocones¡

oooþo. *r(t) - o(t) a(t) + e]r o(t<! (rt)
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Slnoe g le eu ¡¡¡rknora r¿nd,on nu¡ber, the reoelvetrs slgnal
rsspo¡se le requlred to be lndepead,ent of g . Íe shsll d.eflne a
pbase lnecnsittve recelver aa one rhoao output ls givon byr

t+T

c(t+r)r +l Ir(r)o*(r-t)drl , (Ð
t,

vhere

r(t) - x(t) + J 1(t) - analytlc oignel couospondlng to x(t)
(t¿)

r(t) - s(t) + J 3(t) r t, ,, '! r' 
"(t)' 

"

1(t) and ê(t) are the quadrature etgnals of r(t) and e(t) ,
reepectively. ÀsÀunlng tha.t the stgnal baad.sid.th r le ena-ll rlth
reepeot to lts center frequenoy å-* , thoy are gi.von byr

(Àctua).ly, the cond.itlon for valld,ity of eqa 1! 1s only
fo > å¡).

.As deflned, in eq,.1r, the phase lneensltive output ls the
abeoLuto value of the croeooorreletlon betwoen the enalytlc elgnal
x(t) anit the anelytlc referenoe o(t), where the referenoe equele
tbe treagnltted aignal. Subotltutlon of eqs 14¡ 1! into €q..1,
shous 1o¡reilletely thet c(t+n) la intteeal fnd,ependent of g.

After substltutlon of eqa li{ lato eq,.1r, re obtafn

1(t) - a(t) "irfrot + x(t) + e] ana ê(t) - a(t¡srnþot +c (tr1,r,

. j[ /*,',a(t-t)dr -/¡(r) ô(r-t)u'] | tret

c(t+r) - * l[Ê,t)s(t-t)u' */{t)s(r-t)at +

îhla expreselon csn bo alnpllflcd, by obaervtng that tho integrare
ere palrwtse equal¡ anit that tho ¡coond pelr ls tho quedreturo

veralon of the flrat palrr
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t+l
i( t*r) r J ",')r (t-t )tlr

t

t+!
Ê(t*r) - -/ *,'re( t-t)ar

t

Conecquontly, eq.16 roduoec to

c(t+n) - Þ'(t+t) * it(r.r):F

t+l

/ 
t,r)û (t-t )¿r

t

t+l

/.1 "¡aç 
r-t)dr

t

I trzl

(ro)

Eqe 1f , 18 orpresa tbo roqulrod output |n operatlor¡on the lnput

slgnll, F le tbo oorroletlon botweøn sfgnd r(t) anð refereaoe e(t)5

¡nrt F l¡ the oorroletlon bottcen r(t) end, the queclreture røftronog

¡(t).
Slncc n(t+f) ls obtalned. fron r(t) vla ¿ ll,near fllter

operatton (eqs |J), wo orpoot f(t+t) to lrave tbe s'ee etruoture

ae r(t), 1.s. a oerrtarseve of f,requenol r.ro rltb s elowly varylng

envolopo and pbaae. Âotually, oubetttutlon of eqe 10, 11r 11 lnto
oqo 17 leed.e to

r( t+t)

r( t+r)

rb¡ro

r(t+r)coa(oot

q( t+l ) ooa( oot

t+1

q(t+r)aln(oot - ç)

r(t+l)sla(oot - ç)

ç)

e) I tul

r(t+r) - * ["U)e(r$ooe[c(r)-o('-t)]crt
t+l!

q(t+t) - *"f., t)¡( ¡-t)"ro["( s)-c(
t

Î-t)]1

Conbln¡tton of eqr 18 enô lt lcad.a to a aeooad. erprosclon for the
r¡orlvor outputr

] tzot

c(t+t) - Þt(t+r)+q¡(r.tf r env.loDo of F(t+r) ot ilt+r). (zt)
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The erpre¡glons above auggcst tro atruotures for tbe phaae

lnceneltlve reoetve¡¡ 1, Correlatloa of x(t) rltU a(i) an¿ â(t)
enô aubsequent conblnatlon i.n a Bquare lar conbtner (eqe lJ, 1S)t

anil 2. Conolatron of r(t) rlth c(t)r follorcil by envelope

reotlflcatlon of the reeulting f(t+t).
Both syatena are ilD'C. or Ìor-pess oorreletoran slnoe the

slgnal x(t), at frequ€noy k¡o¡ le nultlplled rltb a rEference at
the sane frequenoy¡ aad. the output le obtalnecl by lntegretlon or
lor pess fllterLng.

Â¡other type of phaoe tngensltlve ¡eoelver, not lnneilletely
euggested by the fornulae above, le besed. on rå,.C. or band-paas

correlatorsrr, ln nbiob the lntegretlng Elenent ia a band,paoefllter

tuned to a frequeaoJi ur rather than a lorpaaa f1lter.

D.C.oorre1atorg
A blook cllegren La shorn ia fig.6. The aystem ie baaod, on

eqs 17r18. lbe tro D.C. corrolators ero lndlcetetl ae nultlpllerst
followeal by lorpaEs fllter. In a phaae-quedraturo reoelver, the
coreletors rlll ueuelly be of the eenpled. output type (ff e

contlnuous netchad fllterr^the syateIE of fLS.9 roulil be

preforable). flenoo, F end F anil, consequontly¡ also the output C¡

are obtalned as I s€quence of oarnples;

T(t".olÐ

1¿u.ot +T)

6- Pheeo-quad'ratu¡o reoølver rith DG oorrclators'
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Íhon tb¡ oorrclator¡ ato oporeting oa eanplod lnput olgnelet
rc get tbe blook tllagre.a of flg.J. fho oc.npl!.n6 retec a¡e ohosen

aooortllng to tho nerrot band taepllng thootenr Í.c. th¡ ¡alnlnu¡
ratr la B-,- ¡ 28 r.nP|ee/tca.

D1D

ß*;t*tts
,a\+)

x l.r)

R*;\â J 5

á L+r R*;H¿S

T- Sa.me ¿g ttg.6r rlth sa^upleil J.nput.

l¡other phaae-quad.r¿turc aynteu¡ çlth aa^rop).ed, oignal ¡nooesellg,
ls shorn ln ffg.8. It ls bacod. on eg.16. IIse ig ¡nede of botb z(t)
ena r(t), a¡cl of s(t) and Ê(t). In other rord,s, ye uoe thc anaLytfc
s16aa1e ¡(t) antt o(t) of eq.1). Slnce the analytlc olgnels oontaln
poaltlvo frequenciea only¡ they oooupy effectively a bend,rld.tb of
Br rrthcr then tro tlnee 8. !hue, the qlnlnrrn aanpllng rate r11I
nor be R_,- - 3 saupler/teo.E1n

A dl¡actvaatage of flg.8 rlth reapect to flg.? ta that t(t)
ha¡ to be d,erlveil fron x(t), for lnatenoc by Eeans of a æ/z phaae

ablfter, antl thet { corrclrtors arc necdd,rrther than 2.04 tho

otber hanô¡ the total n¡¡¡bcr of cenples to be prooeaaed. per secondl

ls the 6aro.

T1î¿
ît¿.*¡
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ß.i-!4 3

X L\)
¿ L+) â (+:

ßu^;E ts

8- Sa.ne ae f t9.7,
rlth analytic
slgaela.

D.C.corrolator slth envelop,e rectlfict
îhs sycten, basccl on cg.21, l¡ ehovn ln flg.!. The slgnar r(t)

ia correl¿tecl sfth the referenoe a( t), foIIsr¡d, by envelope
rEotl.floatlon of the output f(t+f).

9- D.C. correlator rith enveì.ope roatifter.

rn f1g.l a oontlnuoua output oorreLator is requlrad in order to
feecl the reotifLer.

t{}ren uelng a senpled. output correletor, the Eêquonce n(f, + t)
can be traneforuecl lnto the roqulred contl¡uoue tlno fr¡¡otton by
nsans of a restoratlon fllter, çhlch pags€e the apcctral banit
oorrespond,lng to r'(t+l) 

"n<1 
suppresBes all repeetad, bend.s rhlch



X L\)

lo-15

h¿v¡ arleen in thc prooer¡ of oa.upllng. (eootlon 2). In other 
0)

rorð!, tho flltor ahoulô be a bandpeoa fllter ceatcred at fo 'å,
rtth a baad,vlilth B. the output ntII bo F(I+E+A), rhera A le tba

flItcr group dolay, Tbo ayaten Íc sbora ln f1g.10 for the cêee of

a ranplod lnput erid lßEp}ed output oorrelator. Elninun sa^npllng

rate 1a 1n the orð€r of Rrlo ¡28 oalPlcs/eoc.

T1k+"[l-Tl / T(t.T* a) C ¿t--f)

,a [+l

Ä-Q¡¡\o-r-q-\ i<> w
t ilt'e-¡-

10- Se¡¡E as fLB,9g aanpled output
oorreletor + restoretlon filter.

Aotua1ty, it Ís not necoseaty to oentcr tbe reatoretlon fIlter
aror¡nil the origlnal centerfrequ"o"I'fo - *. 

À4y one of tho

repeatecl epectral bandc, prcaent fn r(þr), EaJ¡ solYe aa rell.
Theeo ba¡rdo ¿¡e centcreô ¡t the frequønolsg
f - (fo + n.R) "o.l f - (-fo + n,B) (zz)

Iu ordor to fecllltete tbe ôee1ga of the reetoretlon fllterr lt
tray ptoye helpful to ecleot tha lovret oonterfrequoncy ¡rb1ch stlll
guarantcca e d,epentleble perforranoc fo¡ the envclope reotlfier.

Â.C.oorrelator rlth e@
lhe ayrten le ahor! ln flg.11 for tha ce¡e of a tlue

oolDrotrtlo¡ oorreletor. the oorreletor 1¡ an Â.C. or baudpees-

oorreletor, ln vhlch tho lntagratlng oloaent 1¡ a bantlpaesflJ-ter
tuned, to e frequonoJr u. Furthor, tb¡ roferenoe 1¡ et ea off-set
froquenoy rLth respoct to tbc tr¡n¡¡nltteô slgaelr

"r(e) - e(o) ""{(ro - u)e + .(e)] ¡ (zt)

In eq .25t Q reprosente oonpros¡od, tlne¡ eud the duratlon of ar(O)

cquale the 1en6th ôt of tbc oonprossed, oorrclstlon Lnterval. Lat

uB aee rhat happena luclcle one of these latervcl¡.
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lbe ¡eoclvod, sl8aar r:(st), rlnllarly oonpreorcd,¡ tn nultiplld
rith tbc rcferr.ec, ead, thc prortuot l1gar1 ll

y( d) - x( Èr)"u( e) - a( rt)ooo[.ro1 Èt) + s( ut) * n] .

. a(o)ou.f{.o-r)e * n(e)]

y( e) oontalns oÀe co¡lponont et froqueacy u, anrd one ¿t
The u-oonponent la

(z+)

2oo-u .

yu( e) - å a( e't)a( e) - ,ot + c(*t) - o(o) . r] (z¡)

the band.paeefiltcr, tuned, to ur stert¡ rlnglng Ln reeponee to
yu( e), and. lte rerponse rrll be an rnoreeetng vfbr¡tton of
freguency u. Tho envelope of thto vave rill br tnd,epend.ent of tbe
phase 9 of the input yu( g). conaoquentry¡ the roqulred pbese
independeat output oan bo obtelnecl by feeitlng tbo firter responae
lnto an envelope rectlffor, and. by eanpltng the raotifier output
at the encl of eaoh oompreaaed tlne iutorval at, aø inrltoated.
ia fig.11. calcuration of the frrter r€spon¡e to yu(o) Eho¡a
that tbe result 1s ind,eed, ldontlcal to eq. 21.

vî c (r+T)

11- Tlno co¡oprcoacd r..c. correretor + eaysropo rectlfler.

Slaoe the prooodurc la repcated, ln eaoh conprcEeod, interval¡
the flLter ehould theoretieelly be enptlod of ita enorgy contents
befo¡e atartlng the noxt eorrclatlon lntervel. Bosevar, thc fllter-

"o,þ t

T)
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band.cltb ls in the ord.er "t + . lbcrefore, the filter response to
the prevloua lnterval vill 

"pproxtrnetoly 
have dled out at tbe end,

of tbe next onE. Conaequently, tbe ñenptyÍng,r can be onltted..
It 1111 be clear that the reoeiver of fÍg.11 ylelde ito outprt

onl-y as a ssquance of aanplear c(t. at+r). rn preotloe, thc op*eüb
of eampllng thc fllter regponserE enverope at tho end, of ôt cen be

onltted. The fll-ter output la then fod d.lreotly lnto the rectffter
ancl lts output r11I be B Dore or less oontlnuoua cltrrre.

rt shourtt be obeerved thet tha d.lagra^ne of flg.11 a¡¡d flg.10
shoç an egsentlaL ttlffer€ncs. ra flg.10, the restoratlon fllter
d.oes not forn a part of the comerator. rt 1s tuned. to the slgnal
oenterfrequonoy fo r and beg e baadl rld,th B. Both the firter and,

tb,e ¡ectlfl-er operete ou the nornal tl¡ne ecale. contrary to thio,
the ftlter ln flg.'1 1 ls the lntegratlng elenent ln the correlator.
It 1g tuned to a frequency fo - 

" 
.* t", rbero a - the tlne

conpreesÍon feotor, and. its banôvidth equals fr - fr u". Both the
fllter end, the rectlfler operete in compressed. tlne.

For a J.arge tlne conpression factor o, tbe filter tuning
frequenoy fo - a.fiEz often gete e prohlbltlvely hlgh verue. when
the correlator lnput slgnale are prooeeesd. 1n sanpled. form, as 1s
normally the caee fn a tlne comprossion syatem, the interaction
betreen the repeatod spectrel band,s of x(t) ana ar(t) will result
in a set of repetltlons of the d.lfference frequoncy u, e nrrnber of
çhloh 1111 be at a 1oçer frequency than f". lheee oan arso be used,
as centerfrequencfes for the correLato¡r a lntegrattng fllter.

DOPPTER SE¡SITIVE RECEIVERS

rn the caso of a doppler songitlve tranenlssion, eg. r
randon ¡nod,ulatlon aignel, tho receLver 1e equlpped. ríth a n'r¡ber of
d'oppler channels. [he output correratlon peak ie suppoeed. to a,rFar
ln ths ohennel ootresponiling to the afgnal d.oppJ.er.

le ahall only consld,cr a doppler shlft of tbe carrier
frequency. Erpanelon or ooupreoslon of the tlne acale of the
nod'u1at1ng ravcforra, lhloh ooou¡¡ et hlgher terget speed,s (aepadJry
on the trans¡¡isEioarg ET produot) nuat be taken rnto acco'nt by a
correspond.lng chango of the reference functionrs tlne aoele.

For e pure c'rrler freguenoJr gbifto tho requlred, reo¡tver out-
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put 18 d.eflned aa the bld,enensloaaL
refere¡oe ¡

t+T

orosEcorrel¡tlon of slgnal. end

c(t+r,o) - I It ¡(¡)o*(r-t) erp lor arf (26)

to obtain a
¡tructurera.

A¡ ln tbe prcvfoua
pheae ln¡en¡ltlyc

lrctlon, the abaoluto
ayatrn. 8q.26 tug1cata

v¡lue sorves
tro reoclver

Onc lntorprotation of eq.26
of e rigaal r(t) rith a refereaoe

t+T
c(t+r,o) - f /rf i oi(r-t)drf

t

la ca thc cro¡aoorreletlon fl¡ncü¡n

%(t) . dt)erp-Jöt r

(zt)

oO(t) ls a frequeuoy shlftEd. veralon of the orlglnel refsrence o(t)
wblch ln ltself equalg the tranenltted puì.ce. Eence, the eyaten
r11l be eensltlve to a receivod. stgnel rlth a corrospondlng d.opplæ
ohlft, -ô

sLnce the recelvorrE d.oppler reglon D nust cover the entlre
range of expected doppler ablftgr eg.2/ leads to a bpnk of paralrel
rccelvers , each natched to an Ind.lvrd.ual d.oppl er õ, . see f Lg.1z .

Beceuee the dopprcr rosponae of each recerver 1¡ of the type

vhere rl . Bigtral frequency and (r.ro_ôr) r

tunlng frequenoy of rÈ reoelver, the varlou¡ ¡ecelver frcguenclea
1oan be I E, apart (for fulry coherent latogratlon). Eonce the

¡rrnþs¡ of recelvera for coverlng a rogl0n D egual¡ r - DT.
lhc recclver¡ oan bc of one of thc typco d,e¡orlbeô in aectlon

,, Íhon s, ooEproarion eyaten 1¡ u¡ad for tlno conprooalon of the
¡eoelvcd clgaeÌ r thla ayaten oan be ¡barod, bctrcen the va¡lous
reoolycrs. lho ¡¡ec boLd¡ for tbo dclqy llnc ln a tappcd delay llne
netcbcd flltc¡. tpart fron thle, horcvar, tbc reoelvors Br.
s¡¡entl¡lly lnôlvlilu¿l cyltoal.

(Å reoonil, though slnllrr, lntcrpretctlon of eq.26 te to yrlte
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c(t+r,o) ' l/[.r"r'e lor] ' ot(t-t)atl

thla oone¡ dor¡ to d.lep1eolu6 tbo lnput olgUal over frequencloe ô ¡

end fccðlng the frcquonoy ¡blftrd rlgarls l¡rto a bank of 1ðcntlcel

recelyerr, cach tu¡ed to tb¡ orlafnal frcqueno¡r "o )'

x L+)
ôùLt*)

t

I

I

c ßnT,t)

,a [ì[+)
12- Doppler eenEltlve syeten vlth lnd'lvldua1 recelvere.

=- 4-

x \+)

.s 
D L\)

1r- A.C. oorclatot + õpcotrr¡.n a¡ralyoLe.

Â.C.oorrolator t spestru¡ aaal¡r¡:Lg

A norc attreotlve moclvcr struotr¡re 1¡ obt¡lnetl by lnterpr*tng

eq.26 ¿r the Fou¡ler t¡an¡foru of thc prod,uot of ¡ eaô ôtl
t+î_

c(t+r,o) - I / [t,',o](r-t)] ..=e Jôt ôr 
It

( ze)

lbo lnput sl3url 1r rnltlpltod, by onc rcfereuoe o4lyr the zero

dopplrr rrfcrrnoq fellorril by a cpootnun aarlyrlr of the produot

aigaal. llbe adrenttge 1r tb¡t ths varlous d,oppler cbannels shere
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the sa¡e nul.tlpller unlt. Uau.elly¡ tbe eyetel tal¡c¡ tbe forn of e¡
À.C.co¡reletor, equlpped, rfth e ba¡t of fil.terr (fig.1!).

Âe 1n flg. I 1 ¡ tho rcteronc¡ 1¡ generatø<l rt c¡r offset
frequency (ro-r). Rathcr tben onc ftlter tuncd, to ur ¿ nu¡ber of
fllte¡s tE used,, tuned, to frequcnclea (rsr). Å atgn"l x(t) at
f:reguenoy (too+ô"), ö, - algnel d.opplar, glvea rlse to a oonponent
(u+ö.) tn ttre product elgael. Thus, a rcsponse ls obtalneû fron üre
fllter sith the corretpond.lng tnnlng freguonoy.

5 rúIXEp COEER.EÌTÍ - It{coEEnElfT ilfTEgR.â.rIOr

0n some ocoaelons one vlEhea to dellberately çlden the paes-
band' of the lntegratlng elonent tu the oorrelatore. One exa.Bp1e ls
the oeee of rapld, tlne variatlon of thc oonmunloatlon cbanael lith-
ln tho reoelved, pulse du¡atlon.

Fully cohe¡ent lntegratlon of a puleo vtth length T is obtelnâ¿
rlth a fllter band.nld,tn f ro. tll,denlng the ftlter wlth a fector p
reduoeg the longth of tbe lnpulee reeponee vith the aa^me faotor.
Hence, the integratlon lntervál :.e effecttvely d.lvid.ed. ln p
coherently lntegratod, parts, oech of d.u¡atlon I """.p

After havlng reuoved, the phase lnform¿tlon fron the cor¡el¿tiqr
¡esulta of each of the eubintervele, they can be combined, ln-
coherentry. rn thle ralr ve get a nLxeil ooherent-incoheront
lntegrator, rhere the degree of lnooherence is d,eflnod by p.

Âa usual ln problens of thte type, the queetfon arfees'vhethc
the subcorrelatlon results ehould, be conblned. vla a linear lar, a
aquare 1ar, or etllr eonEthing elee. Âseì¡mlng Reylelgb-Bloe
statlstÍos for the subcorreletlon reaults, the conblnatlon ehould
be on e square law baels for enalL StrR and. on ¿ linear la¡ beels
for large SNR.

Â fev exanples of nked. lntegrator blook d.lagrane arc ehorn in
fig,1 4¡1).

Ffg.1{ relatoa to e phoao-quadreture recolver ç1th tlne
co¡lpross€d DC correletor¡, equippecl rlth blnary integratorr. The
tlne oonpreeged, lntervel at lg d,ivlded in p aub-Íntr¡rval¡. å,t the
end of tho f lrct eub-latervar, the stored, valuc¡_ ia the lntrunrtlru
regletersr F1 ana rr, aro oonbfned, to gtva C., -[tî . i; ]l . 

-

The lntegratlng reglaters are eaptlcd aad C1 lg utorcd, fn the C



leglster. lh1¡ 1s

edilcil to C.' . And.

l0-: lQ

repeetetl for
Eo orr, untll p

the cecoud. eub-intcrv¡l end C, la
sub-intervels heve been treateal.

sl.tl
,l|,+) \ -Q,."* wtc.tL

âL+l / 
'

14- Tlne oompreaeed pbaEe-qu¿d.reture D.C. correlators¡
nirecl lntegration.

1r- î1.¡ne oonpraeeed. Â.C. correlator + rsotifler;
nlxeô lntegratfon.

Flg.1l ehora en anelogous operetlon for an Â.C.correletor +

rcotiflc¡. lbe bEnd.wlilth of the lntegratlng benôpaoafllter le
rld.ened by a fcotor p. Tbe fllter responae ls fetl contlnuouel-y to
tbe envclope rcctlfler antl the requlred. lncoherent co¡oblnetlon 1e

rlnply obtainerl by lnrertlng a anoothlng fllter rlth tlme oonetant

At (- length of tl¡ne ootrpteaBail lnterval) after the rectlfler.
In both e-ruploc, re hava reotrlctod ourselveg to a llnear

Lar lnooharcnt conblaetlon of the aub oorreletfon resulta.
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CIIPPIl{C

By oL1pped, processlng re neea that the input afgnaL r(t) is
paesed, through a cllpper, or berd linrter, rhlcb transforüs r(t)
lnto a squaro vevs of anprltude t I ln rhloh only tbe orlglneL zæo
orooal.ngs are retaiaed. llsually, the referenae funotlons a¡o
ollpped, ae r¡11. Artlrough the electronlc d.eslga of e cllpper
reoelver nay clfffer greatly fron a llnean oae, the operatfons on
the cllppeil eignel remaln the sane fron e funotlonal polnt of vler
Eence, the olipper reoelver c¿n bo regarded, as a¡ ord,inary linea¡
proc€ssor, proced,ed by one or moro cllppere.

The ad,vantage of cltpplng are tbat the dynanio fl.uctuetlons
of r(t) are remov€d,, rhloh con¡lderab1e sl¡opllflee the eloot¡onlo
requlrements, antl tbat at the sêee tine the output c(t+l), or
C(t+f ra), is autonatlcally nornellzetl to a stsnd.a,rd a.aplitud,e eoalg
lndepentieat of the lnput enplltucle.

Dlsed,vantagea are nel.nly oeuaect by tvo aoutcest
1 ) Typical nonllneer lntoraotlon of tbe varlous elgnaloonponente

ln the clipper, z) The eelf nornallzlng property, neatlonod.
above. Though in itserf a d,esl,rable foeture, lt oaa elao be a
causo of trouble rhen tbe ¡eoelverra prooeasJ.ng gafn ia too mall

3eror, ¡re shaJ-I glve a fer e¡a.uples of non llnear effecteraad.
ftndlly re eharl try to frnd. the restrictlona unde¡ rhloh clipplng
ie allored' f¡on tbe viaçpolnt of self no¡mallzail,on.

Non lfaea¡ effscte

whcn a namorband, tlne fr¡¡¡ctlon (tanartdth B E¡ s,round,
relatlvely high oanler-frequonoy fo Ez) la orlpped,, tvo groea
effeots can be d.istingurehad.¡ 1) a dlsto¡tlon, uauarly e rlclcnlug¡
of tbe orlglnal epactrun around fo r 2) tbe g:eneratlon of nev ry€ffi,
ban&aror¡¡d, the unoven hsrnonlog of the oarrlcr, lto, 5f o, eto.

The flrst pbenoao¡on 1s rerponefble for d.lffercnoec betrcen
the d,etafled. output functlons of e rlne¿r and. s cllppod, procos¡or.
since theEe effocts ere lnheront to tbe ollppcr, thcy can not be
cLrcurnvsnted by changin6 the rcociver struotu¡o.

The aeoond cla¡¡ of phoaoncne. os¡ bc troublosonc rhon clipplng
Lg conblned. rlth conplecl prooearlng. Eovevor, thege offects can to
a roesoneble e¡tent be oy€roouo by proper d.eaign, 1n particular by
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I proper chofoo of aanpllng frequcnô1€8.

As e alnplr eranple of a phenononoa balon6lng

claasr ro contldar e elgrsl oonsLotltlg of tso oqual

revoa rlth a frcquenoy tllfferonco ô ¡

x(t) r ooe 2ß(fo++a)t + oos er(ro-*a)t

to the flrst
aaplltucle slne

Interference of the tto coÃpo¿ents regulta ln E oarrler at fo
morlulated glnuËolttally rtth e beetfrequenoy $Ar

(el)

,

r(t) - | aoe 2æ.|at. oo! 2tt tol (fo)

Ctlpplng of r(t) trangforn¡ the ¡Lnuaoldel nod,uLatlon lnto a

reotangular one. Conaequently, tha apectru¡ of sg! x(t) 1e a
¡uppr.rscd. oerrler vith sld.eb&ad.¡ oonslstlng of the (unevcn)

h¿ruoalos of a reot¿agular rave. (ftg.t6).

f*3.

0,s
f*a.

16- Speotrun of tço slac tavea before and after ollpplng.

Supporr¡ lror¡ that la¡t¡ed of tro ¡lno revecr re hevl tro
randon ¡odul¡t1on pulrorr rlthont nutu¡I tlne tlelay, but rlth ¡
oerrlcrtblft ô. fhan r(t) 1r fcil lnto r ltnear doppler ¡cn¡ltlve
rcociv¡r¡ Euob ¡! rn l.C.oorrolrter + rpcotrul anclycle (fLg.1J),
the prod,uot rl¡arl of ¡(t) ¡nd the rcferrnoe 1111 oonsl¡t of tvo

llnl reycl, et tho ro¡r¡t cf tl¡r rrtoblng. Output peake rlll
rppou fron th.r oorrcrpond.lag tvo ilopplor flltor¡. lhen r(t) ls
ollpprilr barcvcrr thr proeluot rlgael rl11 eleo ooataln tbe
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par8lltlo fnqurnoJr ooaponent¡ of îLg,l6-b, rnil gbort plokl appe8l

fron dopplcr ohrnnels |a çblcb ao output rhoulô be prt.tnt. lhc

rccult la s ôlatortloa of thc algnrltr d,opplrr struot¡¡rc.
À slnlla¡ cffcot ocour! effcct ocour! rltb (ffucer) froqrrenoy

noduleted pulacr. Seo flg.1J. (Coagutor oalcr¡lateil rcrultl¡ ltocp-
rlilta B-4OO Ezl pnlac dr¡¡atloa Î-i leot r¡celYcr of tho phaae-

quedratnra DC oorreletor tyPo, ftg. 6 ). lbc upper trece¡ ¡hor

varlous æltærsr atruoturec (lnd.cponôont r¡nôoa phacea), thc ¡ld,tl'le

and lore¡ traoca ¡hos tbc outputa of a lfnelr sud' e ollppcr rcælvc¡

reapectlvoly.
fa thc reoond, ploture froo the leftr tro oqual atrongth

ecetterere are proaent vtth a lcparatlon of r- 24 Bsoo. îhu¡t r(t)
rl11 consiat of tro overlappin€i FX pulaoa vltb e frequenoy dlffææe

*".Ë . as ln the provlour era,ropre, ollpplng proôucec perraltl,o

Ereeps at nultlplee of ô" fboao are the ßrlceP! rhloh ar€ ngePctglble

for the ghoat pcaka on the tLne axla tn tbe oesa of ollppccl
proceeeing.

For overlapplng pulaea of uaoqual strongth¡ tbe eltuetfon 1e

oonpllcatoil ln the seneo tbat tbo apeotrel a¡nonotry dlsappcara. Tbe

ghoat pealce rill nov get ôlfferent anplltud.ea. In adilltlon¡ the

retlo botveon the nein peaks 1111 dtffer fron the orlglaal ratLo.

Qusntltatfve Ínfornetlon about thls phcnonenon f.s glven 1n tlt.J
The net re¡ult Le ehoyn 1n flg''lJ, thlrd. pioturo frorn the ldt¡

wbere a larger nu¡ober of eplhy, laolated soatterere L¡ precent.

Thero le a striklng ôlffersnoo betvecn tho outputs of thc llnea¡
anil cltppod syetena. lhe auplltudo ratlog of the various soettere¡l
have changed., antl a slgnlflcant reeponce erl¡ts out¡ld.e the tlua
lnterval over rhlch the ceattorers s¡tend,.

Effecte belonglng to tho aeoond class of non linear phenonena

a¡e relatecl to tbe goneretlon of ha¡nonios rhen a aerrorband tloe
funotlon ls applled. to e cllpper. Fhon botb the ol.gnal and the

referenoe ar6 clippetl, Lt cen be erpectsil that nutugl oorreletion
v111 occu¡ betveen the )rtl hernontct, betreen thc 5th heraonioe¡

etc. Natu¡alLy, thc Jrd barnonlos are the no¡t lnpo.rtant slnoo they
have the largest arnplltud." (+) wfth rcrpoot to the 1¡t heruonlc.
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Yhen tbc rlgae1 rnd, rofrr¡aoc arc Droce.red, ar oontlnuoua tl¡e
lunctlonrr tbo effeot of lntcr-hr¡loalo oorrolrtlon oen noraally be

olrou¡vsnteil vtthout too ¡ruoh illffloultlcr. '!hc ¡1'¡u¡tlon booo¡¡c¡

retber oouplloatetl, horcyar, rhcn thr o1lpp.r oot;el¡tor oporetea
'on sanploil tl¡na funotlona, Frcquenoy reportccl ooploa of tb¡
hernonlo¡ ylll nor be prcrcnt ovc¡ tbo cntfre tpeotrur, rltb
repetltlon dista¿ces of B Ez (R-eanpllng retr) r a¡rrl thr problcn of
posalbre lnteraotlon betreen thcn ehoulal be stud.led. oarcfully.

Âs en erampler re congider a DC oorreletor for the reooptlon
of EX pulees (ttg.te). fbe refereuoc and, lt¡ Jrd br:moal.o are
denoted, by s1 and, sr, reapectlvely. 

^¡ 
trX rroop x, r rltb )rd

harnonlc l*r ls preeent et the 1nput. It 1g not yet 1n tlnc)
opposltlon ritb the reference. Eorcver, a rGpcated oopy of xrr de-
noted. by rrrr vílr couarate vlth arr rhich rcsulte in e falee out-
put peek on the renge arla. á,lthough the false peek r1l1 be bel.or
'l

g of the naln p€akr lt can stllt heve a oonaid,arable nagaitud.e.

-ct lh ov.,a.

xl ./

f o.0 ¿e
þ e. o.\<

10- Interaotlon botvccn )rô he¡uoaÍo¡.

.å, gl¡llar phcnolenon oo,r ooou¡, f,or oraaplo, tn e doppler
senaltLve reoolvar for RI puloea¡ for lngtanoc of ùbe typo of flg,
1, . å,fter frequeaoy repotltloa ôue to erapltng, tho lntereotlon
betreen r, anil a, oen recult ln ¡ fclco d,opplcr output fron e

þ,
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obe¡¡ol vhero nothlng ought to br proeent.

8y r DroD.t oboloc of tbt cll9llng rote Br 8Âd of tbe elgaal

¡n¡l refercnoe froquencJ"ca¡ tbc t¡¡lr¡nted reoltonsea oan bo cup¡nesed

to ¿ rca¡on¡blc ilogror. It ¡houlil be rearrkrð¡ horeYer¡ tbet one f¡
elnort lnverlably forood to lncrerae R clgnlflocntly over the

rlnhun l.&tc Rrro : ZBt rblcb 1o rcqulred by the band,peaa sa.npllng

tbooren as appllcû to noa-ollppocl rlgaa1c.

SeIf-noraalir¡tlon

fe gball nor aegleot tbc typlocl uonllncerlty of a cLlpper

and Just regerd, lt¡ ¡olf-norsallslng property. By tbtr re uean t'batt

rbatever ltr lnput na¡r be¡ the output power fa alvey¡ nornalÍsed to
1 volt2.

lbue¡ thc pock output of a ollpper oorroletor never crcceda e

na.¡L¡us powor I, vhloh la obtelnc{ rhen one clgaal, perfectly
satohod to ths roferonoc, lc epplled' at the lnput.

Âs a alnplo cza.uple rc oonsld.er I strongly overlappfngr but

rerolvablo, elgnalc "r(t) of approxiuetely equal Povsr. The porer

et thc ollpper output rll-1 be f, voft2 for eeoh of thc¡¡. Conaequeitl¡¡,

th¡ X oorrelatlon pceko at thc reoclver output 1111 heve a power of
t
ñ . tho uo¡lnun output pover 1g sharoal betreen the l[ correlatlon
pcdra.

suppoae nor, tbrt rc beve at the olfppcr lnput a vhlte nolga

of benôrlattb F. The nu¡bor of "reEolveble nolee oonPonenta'r cen be

ahorn to be H[, vhorc T-du¡atton of rcferenoc ft¡¡ctlon. Eencer the

oonelatorf Ë ncan output porcr 1111 nor O"#. B"o the aggregate

of I algarlr apport!¡ thr outpu,t povcr riaec to f(."lt-lng thc

laput r16aa1-to-no1¡t r¡tlo to bo very hlgb). Slno¡ depcncleble

tlctootlon 1r only poarlblo vhen thr rlgaal output eroeed¡ the nolæ

output bt ¡ glven fsotorr ro oonoluôc tbat cllpplng 1o only nì'le¡ed

rbcn P! > f. Otherrl¡o r¡ cad up ln e ¡ltuetlon rbore the aignala
erc perfeotly v1¡lÈle ¡t tbc lnput, but have ill¡appearetl at the

output.

fc ¡hell con¡ldcr the problcn of ¡elf-nor¡¡allzatlon ln a L[tüe
norc detall. snô flnô out hov tbr perfo?aance of ¡ cllpper
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oonolêtor ôopcnd,r on thr ryrtcrr ¡ ro¡slutloa, oa the e¡teat of tb
target ln dolqy entl ilopplcr, end on tho t¡lc of lnt.¡rforcno¡, nolae
or ray.rbcntton. It 1111 ¡Dpoêt tb¿t ollpping i¡ aiLorccl rhcn th¡
oorrclrtorrr proocrrlag g¡lnr. doflnod ln e prop.r raJr, i¡
sufflolently grrct.

Sfnoc re ehall oolprrc the pcrforlaao. of e olippee oorrol¿tæ
a¡rd' ¿ lfneer one, re ¡hrll ¡tart by rrltlng ilora tbo cquatlona for
e llnear ayatea (rrt.5). laelytlo elgaar netetion la uocd,. coatræ¡¡
to the prevlour ¡ootlon¡, horeyer, rc ahell ¿bandon tbo g¡eck
e¡rrobole. The reoelverrs blook dtegraa 1a chor¡n tn flg.1!. Íote th¡t
the recelver ia prcoeiloil by a banrlpaar fllter of sltlth F. Further,
the rooetver 1¡ r rtoppler ¡cnsltlvo one, rlth e n',"bor of iloppler
output ch¿nnel¡.

B.?T. cLüp¡ccv

ho¿Àe
.0r.r, å, wiò \t ìr

^e+e\.qÊee 3lt)
¡.v\e\'35 E = \,1 ¿* o[\

JJ

1!- Llnoar or ollppor oorroleto¡ vltb lnput benrlpeaa flItor.

Tho follorlng aeruaptlona are n¡do¡

oonoeralng the pnlaer

- b¿nrl,sldttb E, tlne tluretloa !.
- aublgulty funoùlonr

v(t,r) -f v(trr)lr , rtth

r(t,f) - å f.f t)"1 3-t)cxp2r J ft dt
E- pulee oñrrgy - 9(oro)

( lr )

(tz)
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oo¡oeralng tb¡ targutt
- dolay rpreaô L, uor¡¡dl firr¡l d'clay t1r

il,opplor cproeÄ f ¡roua¡l fl¡¡ô dopplcr f t '
¡trtl¡tloa]!y tndopendlont ¡octtsr6rt of r¡nlforn ltrcngtb
ovcr cntlrc terglt arec EL¡ oloeoly apaood rlth rOrpcot

to r¡¡olvable ôoPPlor and ôolaY'

Dosoa eoatterlnS ooofflelont od,tdf for lnflnltesls¡l erea

dt ôf
trrgct longth t(( pulse ðu¡atloÃ t'

gonoc¡alng thr rovcrbcretlon¡
- d,oDplor rprced, Q ¡¡ound, dopplcr zoro

- lndo¡nnôont, olotoly epaord ¡oettercrr of u¡rlforn atrongth

pdtdf ovor Q ¡nô !.

oonoarnlng tbe nolae:
rbltc aolsc¡ Povol ilonelt¡r lfo

bandvlôth f ( lnput band,peso fllter)

Unôor th¡se eerunptfoae, tbr folloulng equatlont ato dorlvod'

for tho gl,gp¡l pos.rs at lnput ud output of tho lln¡e¡ proc€Esor.

lnput - coho powor l.(t) lt- n+!!

rrverb poËr lt( t) In- ry I t,,r

no1¡c pover l"(t) l¡. rotr

th¡ av6aglng r¡latos to th¡ ¡ng¡¡blr of ¡oettorer ctruotutcr¡
drflaoô ebotl.

output - .oho popor lu.( t, f ) lt. c¡flvtt -t¡ f <1 )a( "¡ )

rt

r¡v¡rb F G ¡oþlo. *'¡f',.-r,rrr)a("n ) | (l+)

ao1¡c Dorer luo(t¡f) l¡. roE
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u(trf) is tbe output at tlne t 1n tbe doppler ob¿¡¡ol tunoil to f.
The lntegralo ln eqa )4 s¡e ov¡r th¡ extent of targlt anô

reverberatlon, rerpeotlrely. thay rapr.Eont tbe volr¡¡e of the

anblgulty fr¡¡otloa rhlob 1¡ latcroegtrð by tho ¡orttrrLng obJeot.

In slnpllfleil notetlon¡

ilr, )ara¡ - rte¡ , II', Þr¿n - rr.Y {J¡)

Let ua nor restrlct our a,ttentlon to those ro¡olu'!1on oella rhtob
a¡e f'on the targettr, 1.e. to thc c€118 rlthla tbc re6lon

,,,1w<r<11 *tr, tr-tr!<t<t1 *t, itl,6)

For thece oe1I¡, Iter reaohea r na¡i¡¡un velue lternarr ainoe tbc

anbfg.alty fu.notlonta peak ls on top of tbe targett

output - eobo porer lo" lt - oE8rta¡ na¡

reverb porer lrrrlt - pdlrcv I t rzt

noLse porer l"olt . E [o

For slnpl.lclty¡ re ¡hall only conalilcr the ltnlttng oa,aoa of
nolse - o¡rltrr or reverberetlon - only. lhe output atgaal -to-
lntcrfereaos rstlos v111 thon bel

,_ -@-Pg-l.!gI.g.. !-r roverb povca I r¡v P ¡I t re¡
. echo Dorcr oE lteree¡
s r-r--n norso porer oo

Âotually, the rocelverrr porfora&ooc oea etlll bc laoreeaed by poet

correLatlon lntcg:estlon ovrr tbc targetrs oxtont. Eoçevet¡ rc obal1

not oonsider thl¡ cinoe tho lnprovo¡¡ent lc the sa¡¡e for tho llnee¡
and, oIlpped. reoclYar¡.

Fina1ly, çe ilaflnÈ a processlng geln G ae



o - (M output rz(tffi lnput (lg)

The ¡eau1t ls

o, - sE9I . 1ft (roverberetion)

ao - IHg . PÎ (nolse)

only d,epenil on the

of tbc tcrgct rnd

aa u¡u¡u¡,l 6ain tleflnitfon
trananlttod pulae, but aÌeo

the rovotberetfon.

l0-- r0

(+o¡

Iret uo nos turn ot¡¡ attcutlon to the ollpper ayaten. (See also

lft.6). Itc n¡rinun posalblc output potorr rftb a no¡:nallzeü fnput
porcr of 1 volts, equrÌat

x - U{å "t., s(t) . atJ ' nr

Âgaln, vo re¡trlot or¡¡¡e1vos to tbo

tho purc nolse llnlteil oßðe .

In botb sltuatl.onrr the outPut

Ilovere of cqr ,)T bV thc lnput powcra

epprorln¡tlon elnce, tbeoretloelly,
of the lnrùlvld,ual lnput tave r r¿ther
porer). Âftc¡ eone algebrr, re fl¿cl

Rsverbcretlon lfultod oe¡e

lnput n¡everbs oalyn

output poçerr

(+r )

pure roverberatlon llqlted. anô

pov6r l¡ found. by ôlvldlng tbe

of oqa.]). (fUte Ínvolves an

re ¡hould, dlvld,e by the Poçer
tben by the enacsble averegeil

the resulte belor¡

alnce lt òoea not
on the propcrtiee

(+a)lnput relgael + ¡everb¡ñ
output ¡lgncI. poter¡

output rcverbe Doltrs
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fol¡e llnLtct oer¡

lnput i¡ol¡o oalytr
output Dor.lr

lnput ñrl6nr1+nol,aor

output rlgad por.r¡

L
fl!

I
ET.

( +t)

output nol.¡c pot.rr I
PÎ

Eqe.42r {J olonrly lndloato rb¡t happrnr ln r ollpper ryrttn.
Before the algnal fg prcecnt¡ tho Lntcrfcrcnoe output porcr lr

e feotor fr- or F1[, rorpootivoly, u4dor thr oorcletorrl rerlnu¡
output ts. Yh¡n e algaal ooour¡r tho Lntorforenee output 1¡
roôuood, anil the elgnal output rl11 tnor.ila. tho aet offcot 1r¡
tbat at tbo output the cfgaal prrko ðpp.sr to be sltuetcd ln ¡n
lntorferenoe valIcy. Soc fi9.20.

20- 0utput tl¡re fr¡notlon fro¡ ollpper ryttcn.

ts.hen deteotlon la ba¡oô on tbe olgnel crocc4Lng ¡ tbrccholô
veluo çhloh has bo¡a ¡¡t for tho l¡tsrfercnoo-only rltuet.lon, ro
rcqulrr tbo terget porLr to croecd thte th¡rrbold by egprorlrrtoly
tbc eaue faoüo¡ ¡¡ ln e llnca¡ lyatoa. Eq¡.42r 4) Ladloete thrt

l¡ obt¡ined. rhcathL¡ l¡
al

c..r,
dor OI (( t, reapeotlvoly olr rou6bl¡r, rbcn
n

( ¿+)
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thrgroorrrla¡¡aef¡r01rrufflol¡atly¡3oat.Egl.{Oilororlb¡tbe
rr¡ !n rbfoh 0 d,epeaÁr on thc propcrtlc¡ of targotr rcvlrborntlont
aolaar 8[d o¡ tbo tr¡¡¡rlo¡lon.

f,!, tor rlato¡ soónl¡t1on pnlrore tho ûotootlon r11l socotluc¡

b¡ rolf olnttcr llsitct¡ rethor tbn¡ nofct oF !ûYerb.ritlo¡ llnttd
thl¡ !e ôu¡ to tbe P¡rtlorrl¿t tÞallo of the ¡¡blgllty funstl'on
(tlurt-teoL typr)¡ ublob pfeÈo u¡r eelf olutter fror tbr targct rl¡
lt¡ ¡1êo lobrr.

I¡ tblr ollc¡ tàc lapu! peecr lc ¡omÀl!¡c{ ¡rlth trÞc A¡n¡

fcotor¡ cttb¡r for th¡.oobo, æ for' ùbe rclf ol¡tte¡. lhur¡ th¡
outplt elg¡ûl -to- ¡olf olutÈcr rrtlo 1¡ th¡ ¡e¡¡ for c llaoer
¡¡d, ¡ oltgpor ryotcn.
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Discussion lecture Van Schooneveld.

l. Dr. D. Nairn.

Q. - The requírement for sampling is that Ëhe repeated spectral

bands do not overlap the origínal ones. I{hat are the conse-

quences of this for rhe minimum samplíng taiLe? How wide

must the holes betrveen adjacent bands be for a teaLizable

restoration filter?

A. - This depends on the filrerf s quality. Arnplitude and phase

transfer must be uniform and linear, respectívely, over the

pass bancl. Further, the skirts must be sufficiently steep

Èo keep the holes between adjacent bands and, consequently,

the minimum sampling raÈe, within reasonable limits. These

requirements are contradictory. The final trade-off will de-

pend on the amount of effort, spenË on the filterts design.

Q. - It has been said that the minimum Èheoretical rate R =

should be replaced, in practice, by rates in the order

58 ro 78.

A. - In reference 4 of the literature list ("a samplíng theorem

for narrow band signals", Tijdschrifr NERG' vol 32, No' I'

1967), the author describes a restoration experiment with a

signal of 270 Hz, centered around 5125 Hz. Hence, 2B = 54O

samples /sec. PerfecL signal restoration (correlation bet¡,¡een

original and restored signal 0r99 or better) was obtained

using a rate of. 760 samples/sec., i.e. R = 218.8, rather

than 28. Hence, a Ïate of 5B to 78 is unnecessarily high

for many applications.

2. Dr. P.L. Stocklin.

Q. - Sometimes, one does not \^7ant to restore the original signal .

In such a case, the sampling rate is increased to tire region

of 58 to 78 in order ro be able to observe the detailed

signal structure.

28

of
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A. - The author agrees. This is the required rate when no resto-
rat.ion is clone, at least for low-pass signals. In other
cases, however, one is forced to resEore. One example is
the correlator of fig. 9, where an input signal for an

envelope detector must be generat.ed. The interpolation
property of the restoration filter can ihen be exploited
to reduce the sampling rate to values in the order of
3B samples/sec.

Q. - A potenËial danger of sampling a narrow band signal is
the rrblind phase" problem, due to sampling synchronously

with the carrier frequency.

A. - This is true. It turns out, however, thaË these dangerous

rates are in the inadmissible intervals for the sampling

rate (fig.5). As soon as one chooses a sampling rate
inside one of the admissible intervals, the danger of
synchronous sampling disappears autornatically.

4. Prof. R. Griffiths.

Q. - Has non-uniform sampling been applied?

A. - No, because Èhe technology of uniform sampling is easier,
and because the effective ntunber of signal samples would

stil1 remain the same.

Q. - I^Ihat happens when the reference of a correlator is clipped,
but the signal is not?

A. - Essentially, r./€. nolr have the linear correlator system again.

The signal will only correlate r¿ith the lst harn.,onic of the

reference. The problem of avoiding int.eraction betl^teen the

signal and che higher harmonics of the reference is simple,

compared with the case where boch time ft¡nctions are clipped,
since the number of repeated bands on the frequency axis of

5.
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the urultiplied time fr¡nction (when clipping is combined with
sampling) is much lower.

6. R. Unger.

Q. - Lrlhen the correlator:rs output peaks are in an interference
valJ-ey, due to the clipperrs self nonnalization, it would

be possible to adapt t.he detectíon threshold to the varying
outpr-lt 1evel .

A. - Yes, this is certainly possíble. In the present paper,

however, the author has resEricÈed himself Lo constant thres-
holds, set for the interferenceonly situation.

Q. - The author has discussed Ehe problem of íncohe.rent integra-
tion in the frequency domain. There is also the problem of
incoherent inËegration in the range dimension, and ruith cer-
tain signals there is an interaction between the t\^ro types

of integration. Inlould the author cofitrnent on this?

A.- F.M. signals, the tv¡o types of integraËion are relaÈed!
to the particular shape of the F.M. ambiguity function.

Q. - But ¡¿ith other signals, one can distinguísh between incohe-
rent íntegration in range and doppler. Itr s easy to see how

the problem can be extended.

In rerrospect, the auËhor wíshes to give the following
coûment:

A. - There are tÌ^ro, theoretically diffe,rent, ways of obtaining
incoherent integration in the frequency (doppler) domain:

| - widening of the integratorr s passband by decreasing
the duration of coherent integratíon. This is the method

described in the paragraph on mixed integrators. It is equi-
valent to the. use of a ne\,¡ referencc- function, which is the
sum of a number of the original reference functions, slight-
ly shífted in frequency.

2 - leaving the original channel bandwidth eE its mintunum

For

due
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I
value Ç), t"t combining a nunber of adjacent doppler channels

incoherently. after having removed the signalts phase infor-

mation.

In the same \,ray, there exist E\'/o corresponding methods for

incoherent integration in the delay (range) domain:

| - The use of a ne\^l reference function, which consists of

the sum of a number of original references, slighEly shifted

in range, followed by phase removal after correlation.
2 - T:he trse of the original reference function, and incohe-

rent combination of the outpuEs frorn adjacent range bins

after phase removal. This is the normal fonn of post-correla-

t ion- integrat ion .

8. Dr. D. Nairn.

a. - it desirable to ad.d a few bits to a fully clipped system

order Eo obtain a modesË degree of lineari-zatíon?

A. - Yes. Actua11y, this is oue of the ferv things one can do when

not satisfied with the behaviour of a clipped system. In

itself, 3 or 4 bits will already give a significant increase

in performance. Ilowever, a serious side problem r'rill be to

keep the inpuÈ signal voltages within the restricted aper¡ure

window which corresponds to a low-bit quantization. Sudden

signal excursions will lead rapidly again to saturation
(clipping) of the receiver.

Is
in


