PHASE JI TTER ESTI MATI ON OR CORRECTI ON 5 This invention relates to
phase jitter estimation or correction. In a comunications syst g \Mlgr@ (S G-
signals are transmitted over a comuni cations channel, the transmtted

signals are normally corrupted by inperfections in the channel: In order to

properly recover thepﬂﬁsﬂ&.&.ﬁﬁ Eé’ gggénoﬁooacgéﬁug bi‘l&! ch correct .
various signal inpai : se jitter is one
such signal inpairnment. It is typically nodeled as a set of sinusoids o?"
different frequencies and is attributed to power |ine harnonics and ringing
vol tages present in the channel. Phase-jitter-correction techniques
typically call for an estimation of the 15 phase jitter before the jitter

can be effectively renoved. One such techni que involves the use of an

adaptive® finite-i miselneenthan relates tecphase jhttpraes timatdon

estimati ongragogeeerilnd in U S. Patent 4,320,526 issued March 16, 1982 to

R D. Gtlin. Disadvantageousl such an FIR fi.lter is relatively slowin
R e

convergi ng on each Q%d'}sisﬁ‘%q‘“f I Hienals &S s Ch8apt.ati on
process. Moommuoaicatibiis chaifiel, the Rrahsinited sipnals anohormatlyicderupted ost i e
accurate e ‘ f t i he kitter.

Anot her te%&é&ﬁ%‘o‘ﬁgggﬁ}"&gb@sﬁt‘g éﬁd’pggg%%{o\ygq’%ﬂgr 1 slFéﬂ‘isesti mat i ng
t he phalk Fgircuitsrwhigh coment vatieus signallirgpairmenssiare epplayeddn airscaivet. Phase 11,
1989 t0 R siliari bl ont g, 2 fd ; cted,
using a mflhl%aaﬁﬁomgﬁ?g h?r‘elggxglt Z“Sg’?gwﬂgwsg o%ﬁ‘rﬁ ézegt%l?g)i?llhgrr{?\s{ Jgg to

mi ni m ze adifferent feequenciesandds atmluted opowven lipe barnpnicsand finging veltagesise
jitter estpiegdrt iRilse dhafnd@lCt ual phase jitter present in the received signal .

Stemming fromcertgin |i.mtations of, the opt.imn zatjon nethod use this | I
filter can only prgj\'haﬁféﬁﬁﬂ%qcﬂﬁ? @F@ﬂ?%&gﬁ'ﬁ%&@ é‘,‘emmau%?f%m ar )
f L equenty/ phusp jimenbefofe mbﬁnﬁmﬂde{cfmmﬁly rmevedr Olie][!ué’lﬁ)techﬂﬂ]ﬁéi ce, the

phase jitter ti consi st . n gnponent s.
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mul ti pli ci jiercistimation, asdesdribed dn U.S.iPatent 4,320,526 issund Marchelf; 1982 exjuency
conponent) : [ ' | Giley & | ,{i&ﬂ] sspich, the
act ual nun%'rerrﬁ'sg:?ﬁ:jﬁi nge\ér&%?é%dzuglgyg%g%%nts %n%lgrh?éelgdslwrﬁg c aﬁlve%éféjvari es
from one cokeard ofithe phase jitter Gequenciseduring an adapiaHgr prcess; Mgeoxerthied in

advance( FIR flér doeb hOprotidle thiéseimas accliitd érough td éffstt ARGlstamimponent s
results i ”re':zi‘o%%{&"&]‘é“phé‘s%j%n%% many such filters and adds an unnecessary,
Another technique involves the use of an adaptive IIR filter for
estimating the phase jitter, as described in U.S. Patent 4,847,864 issued July 11,
1989 to R. L. Cupo. The coefficients of such an IIR filter are selected, using a well-

25 known least-mean-square (LMS) optimization method, to minimize a phase error
indicative of the difference between the phase jitter estimate and the actual phase g
jitter present in the received signal. Stemming from certain limitations of the
optimization method used, this IR filter can only provide an estimate, although
accurate, of a particular frequency component of the phase jitter. However, in

30 practice, the phase jitter oftentimes consists of a plurality of frequency components.

This being so, in order to remove the phase jitter completely, a multiplicity of these
IIR filters (i.c., one filter for each frequency component) must be incorporated in the
receiver. Notwithstanding such, the actual number of jitter frequency components
incurred in a channel varies from one channel to another and, therefore, cannot be

35 determined in advance. Overestimating the number of the jitter frequency

components results in incorporating too many such filters and adds an unnecessary,
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- 2 - substantial cost to the system On the other hand, underestimating
the nunber results in too few such filters and undesirably degrades the
systeni s performance. According to a first aspect of this invention there
i's provided .apparatus for estimating phase jitter in a received signal,
sai d apparatus conprising neans for 5 receiving a phase error signal which
is representati-ve of a difference betmeenzsald phase jitter and an estimte
thereof and nmeans for providing said estimate in response to said phase
error S|gnal sai d providing neans having an inpul se response of infinite
duration and aubistancia¥ cst foxhe systemWOnahe btheelbimd, ohdedektimatiag thelhmaber’ el at i on

f said ph d t of
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transfer 15 bm&egn@ﬂamnhﬁ:mtﬁbmaaa%émm}pw:aﬁ.grsmléhhﬂ& inf said
phase error, and neans fOL renpvin sal QPQVP@P& |tte f.,rom sald signal in

response to " S IRSPONSE 10 said phasg error sighgl. §3i ving an jmpulse feEpanse n
t here is provbflinfinnpdaration and @ ransfercfurictich which Mtemﬁmcﬂbﬁmmitaéotﬁelauon

conprising ne L aking sanpl es of said signal which include
phase jitter, 8@%’%“&£§§§F§gﬁg means using an estimate of 20 said phase
jitter as ¥Wcarrier frAngortingtososechrd aspectcdfjthiadnvention there is pravidedrtcéiverm

d | es, h
sai d sanpl es a@{%ﬂ?ﬁ?ﬁ §s:%¥%ﬂé]%n§ﬂﬂhﬁﬁ§ Rg?sk‘jmbf' sﬁlﬁwfaﬁﬁﬁ Ei ?Ze

error signal, provi having an | resgfonse 0
dif ati on and EOMPTASIRG swansfnsg¢wm%wa§%e@&mﬁ@aﬁlmcar iffreage betweer| at i on

of a phase ergqd ph@euﬁ:epmﬁaa Giiinfic ih@fe@ﬂ mmkw;sruﬁdm‘g sﬁldaésinhﬁti@%iﬁf bet yeen
CCOr O _a rtour

Zpect of thi BROVHIS T HaNEEAn RIS [P ROnse.Ofinit AERRIARS S AThai ng
transni tt ets whinchon whithis detenined bplan aﬁmd-ramﬁm said phase &iver, @id Mmeaws | Si ng
means for recgvering sai. Lan F‘ ase i o8 | es of a cei.ved si gnal
associ at ed wi {9 "¥BPYNE isﬂﬂz??' s’§ 3 ?ghfﬂ § gPﬁSFWPﬂ&“ﬁﬂ&%‘é 'ﬁ"?’?‘ér nmeans for
provi di ng an esti mat e Arcoslingitozhthird aspect of thisinverttjporthere isopravided apparatus
for receiving a signal, said apparatus comprising means for demodulating samples of
said signal which include phase jitter, said demodulating means using an estimate of
20 said phase jitter as a carrier frequency so that said phase jitter is removed from said
samples, and means for providing said estimate in response to a phase error signal,
said providing means having an impulse response of infinite duration and a transfer
function which is a function of an autocorrelation of a phase error, said phase error
being indicative of a difference between said estimate and said phase jitter.
25 According to a fourth aspect of this invention there is provided a
communication system having a transmitter which transmits a signal, said
communication system comprising means for recovering said signal based on
samples of a received signal associated with said signal, said samples including
phase jitter, means for providing an estimate of said phase jitter in response to a
30 received signal sample, said providing means having an impulse response of infinite
duration and a transfer function which is a function of an autocorrelation of a phase
error, said phase error being indicative of a difference between said estimate and said
phase jitter, and means for removing said phase jitter from said samples in response
to said estimate.



30 received signal sanple, said providing means having an inpul se response
of infinite duration and a transfer function which is a function of an
autocorrel ation of a phase error, said phase error being indicative of a

di fference between said estimate and said phase jitter, and neans for
renpving said phase jitter fromsaid sanples in response to said estimte.
According to a fifth aspect of th|S||ﬂ@§n|on there is provided a nethod
for estimating phase jitter in a received S|gnal sai d nmet hod conpr|5|ng
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generating hase erro Pgé?‘%tlve of ference 10 between said phase

jitter and ’é%%‘f‘ﬂ‘é&"é‘ %‘W@ pﬂ?ff\ﬁ’fﬂrﬁ id estimate using a filter
whose i npul se respons@&cdﬂmgaowswﬁ:hrasp&t dﬁmh&tmoentmndhdmsprdvﬁmrﬁéthwmt i on

phace. |1t ertOF s, e aBpirknd vorhofiesinR a ighdl M ib e Ciast SRS 05 &
sevent h aspeunethod cotnpssihgﬂmm@:nsroftghmretmga phaseietred indiddive of o ldiffere noe use in

appar at uqqf QerkE6PiaId Rl an SR TEREE O SaRCeiBRIERR O

dermodul ati ng | rst an sald’'sig I 'Nnc
jitter, saidiliarmhose mlee mma hﬁgawﬁane durgrign sawhesq wansferfunctionds

denvdui at i nga fief6n Bf A &tScbrR ftioR W 8aidiphasy ar&hmﬁemdvh?' saftP pias€ fiftér €'
frequency sq that ald has | itter,is, rermved from sai second Ssanpl e, and

provi di ng saff?)még Mhsaid egimale.q o0 first sanple using a filter
whose i npul se responsﬁeehdhg&bwse%mhhmedwfeﬂ:isdnvmidmmes sovfieliar function

bei ng | ndPodtp e & BUF R torRheflinda SRR g@?ﬁ’é@?ﬂxﬂg@sﬁﬁé%ﬁﬁg
jitter. Accmfdieng)dulanag figst ghd secangd samples of sdid signalewhich includeseghase jitrenyvi ded a
T snon 12" 90 s SEBELARL ORI SRR, o,
si gnal baseddsing ghm of said phase jitter as a camer requency so that said phase jitter is
removed from said second sample, and providing said estimate in response to said
20 first sample using a filter whose impulse response has an infinite duration and whose
transfer function is a function of an autocorrelation of a phase error, said phase error
being indicative of a difference between said estimate and said phase jitter.
According to an eighth aspect of this invention there is provided a
method for use in a communications system having a transmitter which transmits a
25 signal, said method comprising the steps of recovering said signal based on samples
of a received signal associated with said signal, said samples including phase jitter,
providing an estimate of said phase jitter in response to a received signal sample
using a filter whose impulse response has an infinite duration and whose transfer

function is a function of an autocorrelation of a phase error, said phase error being
30 indicative of a difference between said estimate and said phase jitter, and removing
said phase jitter from said samples in response to said estimate.
Advantageously, embodiments of the invention adapt to a phase jitter
having a plurality of frequency components and provide an accurate phase jitter
estimate, which is conducive to a substantial removal of the jitter.



of a received signal associated with said signal, said sanples including
phase jitter, providing an estimate of said phase jitter in response to a
recei ved signal sanple using a filter whose inpul se response has an
infinite duratjon and whose transfer function is a function of an
autocorrel ation of a phase error, said phase error being 30 indicative of
a difference between said estimate anqa_sai d phase jitter, and renoving said
phase jitter fromsaid sanples in respdnse to said estimate.

Advant ageously, emnbodi nents of the invention adapt to a phase jitter having
a plurali ty of frequem‘hqunwnwm sow bd dpscribed! evithirefecence @ thephase jitter
estimate, stantial reroval of the jitter. The
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sel ect ed frorgbercerladaﬁe%awaéns?maaaim%heédtﬁmms Ommpage' n a well

known manner, each di mensi onal, synbol _is mappe four 2

8-
di mensi onal $Plerted ingransmitterOd in wpﬁ Pﬁmx-ﬂsat a%aohawun 15 drsdlis Goded
quadr at ur e- 3npl8- mmsmﬂtsb'mbe& sefebidd frorg l@keacteeﬁ«edtdhagﬂangmﬁmmesﬁ ¥
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ﬁbgls mensi onalns iRl modiflhted EOAMY sigHald e RavidgPd SHlbfith RBnceftd i a caler 19 2
frequency @.. During each baud interval of T = 1/2742.8571 sec, one such QAM
signal is transmitted through channel 103. Thus the digital bits are communicated at
a rate of T/4 = 685.7142 8-dimensional symbols per second, or a data transmission
20 rate of 19.2 Kbps.



In this particular illustrative enbodi nent, channel 103 is furnished by a
standard private line network. The transmtted signal is corrupted in
channel 103 by various inpairnents ing;uding phase jitter. The present
invention is directed to the correction for such phase jitter. Phase jitter
normal Iy includes a plurality of 5 frequency conponents and, in fact, it

maryTb be rr?t Pemat i cal Imuﬁgpm&‘iﬂeﬁumﬂhwelmsotdégeﬂ ]él;irnﬂég itos\tfvlemlsﬁk 5¥Ehe
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second har noni c of thg anental frequency, i.e., 120 Hz, also
substantially contrib ma's GqtSHE®Wphase jitter. It is notewortHy) however,

that the phase jitter freqfenci es need not be harnonically related. 15
Recei ver 102 receives a signal r(t) which represents the transmtted S|gnal
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converter J&aml ewmwsbmlﬁfmb@éd%gw&mm cshggral at a
rate of /T, sa er secqnd Thgyﬁpobgass anpunes are ed to H | bert

filter c8 presenfip chypne fevauencyef s
representl r]gwtrdidmblldohegés, i.¢.00HA iusvally hﬁemﬁf&um& h&e jiteAdm 16 and

17. These I 0, th t of ar zer 2 s of
convent i onaﬁ g@’sﬁé’ﬁﬁg\% h‘éaﬁ‘cg"&[}g%«g}c %thﬁ’glipdﬂ@%ﬂ?h bﬁ%""‘f‘ﬂ&é °d|l§BI ed in U~
S. Patent gsMbstdtialy centribuths tnthe phdse jiteer5 Ittis nGewarethy, hawevers that ste |

f dt ‘3'5‘“1 er since it receives an
L?ogregges ?Dre 1ahan Jgh?i%ﬁh %Jrllxﬁﬁ&gg@ﬁ AIgﬁ%ﬂﬂ%&nt erval . The function of
| i near ddual i zer 20 Reseiver ZfﬁF‘Hmsea signal (t) Whighreprssents the mansmittetint er synbol
i nt er f er encigha atsjectdd ¢ fapaitentdicludii pﬂ&@ﬂwfﬂd-aﬂﬁinﬁm&' 11Z@hicR0 1S a

o o i o s S s Chehf et o
si gnal [ er r |4000rKHz.d The filtered aignabisjsopplied tb4/D] convertérl3 which generates
passband samples of the received signal at a rate of 4/T samples per second. The
20 passband samples are fed to Hilbert filter 15 which provides, during each baud
interval, a pair of signals representing the Hilbert transform of the passband samples
on leads 16 and 17. These leads extend to the input of linear equalizer 20 which is of
conventional design. Linear equalizer 20 may be of the type disclosed in U. S.
Patent 3,868,603 issued February 25, 1975 to Guidoux. It is also referred to as a
25 "fractionally spaced” equalizer since it receives and processes more than one input
during each symbol interval. The function of linear equalizer 20 is to eliminate,
from the passband samples, intersymbol interference caused by channel 103.
The output of linear equalizer 20 is a complex signal and is generated
once per baud interval. The complex signal generated during the n baud interval is
30 denoted Z,. This complex signal Z,, including a real component z, and an
‘imaginary component z,, is passed to demodulator 30. In a well known manner,
demodulator 30 demodulates the passband signal Z,, based on the aforementioned
carrier frequency @, to generate a complex baseband signal Y, having real and
imaginary components y, and y,.




i magi nary conponent [err]is passed to denpdul ator 30. In a well known
manner, denodul ator 30 denodul ates the passband signal [err] based on the
af orenenti oned carrier frequency [eyr] to generate a conpl ex baseband
signal [err] having real and inmgi &y conponents [err] and [err]. It
shoul d be pointed out at this juncture that the baseband signal [err] is
subj ected to the ' Jidh WAy %d dey to
correct for the pﬂ{aﬂ‘éﬁf@ﬁ@@%@@zﬁéjwﬁﬂ atorﬁ eﬁ%ﬁﬂ?gs; t he
si gial [ esubjecied tpithe aforermensioned,phase jiter impairneng - In order o cemprtfos the| v been
modul at edplpiée ﬁﬁ&. & sténtldemodifid? 35 demiodliRies]the sighal Vjpdyiits 103. Denodul at or
35 receives the val ues, of g&)s E&:‘{VL }ned su&y%&&é \gfqﬁg)[ar provi ded by
sin-cos cEPMRANSAG Yigand Yy had res lycbegn ;m Qs8¢ t he phase
1'7 i)t ter § efi_h]( enmsqnbhinhe! ms.]D;xtiigdm?]mBs fe_iifefhrek mesamP_edomt ,.gggﬁdanr teg! ctor
, operat.i in copjunctipon as | ce ostimator. 55. To i s
end, phasé‘“gglf-ﬂe\"éﬁgm’r‘?ﬁflgy sﬁ%ﬁ&@ﬁ“ﬂ‘é@:’@ﬁﬁ%e el }s&prgqixgmﬁ havi ng a
val ue [ er egtinidte ofrthe phasegitien O(nBtpresentin Y,heThis estimate éssuppliedyphiaser | and
[err]. As InN .foll aw ng. [ RFeLdand [ .
[err] andp%gfcm}\mr gﬁ@rﬂ&gﬁé@gﬂ %/ngfl;{/mb) ﬁ%“c&gﬁb%eg{:(_é%sgﬁd@ %tgf %gﬁgi gnal s
f r om denoead, phase difference estimator S5(provides 4 phase error signal having a value yy, (2)
wher e . ' bt £0 2 ' \ is the
1g" g;ﬁm?ﬁ.dgéagv% ?F"ﬁfhgﬁ?‘ﬁgﬁ’ﬁ e(ﬁ’r) hﬁée,._é.gw‘i wn ifthe ] [

conpl ex 15 conj ufq t er represents the nodulus of [err].
The oper afollowirg fosmulae Varisafencion b i s ful |y deDomndSe WhiFkafhel ow, |t

suffices (QpichQelyiiRé coraplck WaluePBEhe sigh8Riffdn? BendBdulatoRB5 and slicer 40. .
infinite-inpul se-responsef(lIR) filger having a plurality of reflection

coefficients. (By definit MSpan I IR filter is a filter whose inpul se
response has an inf Wit km rqnzJ IThe val ues of these 20 (& | ecti on
coefficients are provided|b Rdcesgor 67 after an initialization process

occupying the first N baud intervals. (Nis experinmentally determ ned to be

on the order of 100 and is equal to 64 in this instance.) During this

process, wheredasdenotss theimaginary sompenenbof its argument; §j, isthe bemplexon [err]

col | ecyed L1 e. gl r | 1B nsEduhR: The out put of

phase %fe&%@ﬁ%grtpgggn %ird;}gn;fgﬁﬁrgﬁ Ea@E touj[ﬁﬁedﬁése, predictor through adder

60 whi ch adds t he Kheiaperasion pf phase peedictar Qs ully descaibed hereigbelpws dt ¢ i ng
suffices to know for now that phase predictor 70 is an infinite-impulse-response (IIR)

filter having a plurality of reflection coefficients. (By definition, an IIR filter is a
filter whose impulse response has an infinite duration.) The values of these

20 reflection coefficients are provided by processor 67 after an initialization process
occupying the first N baud intervals. (N is experimentally determined to be on the
order of 100 and is equal to 64 in this instance.) During this process, processor 67
determines the coefficient values based on y;, ¥ . . . Yy collected from phase
difference estimator 585.

25 The output of phase predictor 70, é,,_l , is fed back to the phase predictor
through adder 60 which adds the value of Y, 1o the value of 8,,_;. The resulting
sum, ¢y, is supplied to phase predictor 70 for predicting the value of 8 ((n+1)T). In
the steady state, the real and imaginary components of the complex signal D,
respectively denoted as d,, and &,,, are virtually free of the phase jitter, and the phase

30 error signal value, V,, at the output of phase difference estimator 55 is substantially
zero.

Slicer 40 provides the complex signal S, whose rial and imaginary
components ( s, and §, ) are the quantized versions of d, and d,. S, represents the
so-called "tentative" decisions as to what the transmitted 2-dimensional signal points



sum [err], is supplied to phase predictor 70 for predicting the val ue of
[err]. In the steady state, the real d i magi nary conponents of the
conplex signal [err], respectively denoted as [err] and [err], are
virtually free of the phase jitter, and the phase 30 error signal value,
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out put of H tor 80 is, accordingly, a conplex passband error signal
which is suppliéd to i near equal i zer 20 for updating its coefficients in a
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synbo
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Ve tur n notie S e smndlstprsfiels, THE R Bic BehtElpon ok %@%%fedi ctor 70
is an IR ’smktl&4 having a transfer function H(z) as fol | ows: [err] w
3 wh G i%elt t he ph

S nat Fhose val ue 1% B’S“F““iff “““&E“‘H“°“**Eg“%§mﬁ9¢’”%e' IR filter. (In
this particular enbodi nent ;qr s an [IR flsarhayingadransfene 10.) The

val ues of [fenctibn H(zpas follb®ss | 1 p, are sel ected

Hz=——, &

where G is the square root of the total energy in the phase error signal whose value is
20 ,; and p is the order of the IIR filter. (In this particular embodiment, p is
experimentally determined to be 10.) The values of B;’s , for 1 <i < p, are selected
so as to minimize Y, to substantially zero. This minimization is achieved by using
the Durbin recursion technique as set forth in J. Makhoul “Linear Prediction: A
Tutorial Review," Proc. IEEE, vol. 63, April 1975, pages 561 - 580. In accordance v
25 with this technique, the values of §;’s are determined based on the autocorrelation of
VYn. Specifically, they are obtained by solving the following equations (4) through

N
(8) recursively fori= 1,2, ..., p. GivenEg=R(0)= ¥ v2,
n=0

N
R®= T, ¥aVo-i; 4
ka-—[:(mz: af» R("‘J)]/Er-l. )
30 al =k;; 6)

afd =afrD + k; af;D, where 15j<i-1; )



$o as to mnimze [err] to substantially zero. This mnimzation is
achieved by using the Durbin recursion technique as set forth in J. Makhou
"Linear Prediction: A Tutorial Review " Proc. [err] , vol. 63, April 1975,
pages 561 - 580. In accordance 25 kth this technique, the values of [err]
are determ ned based on the autocorrelation of [err]. Specifically, they
are obtai ned by soIV|ng the followi ng equations (4) through [err] (8)
recursively for i=1 —k? Caven [err] =[err] [err] N R(ijgy= [err]
[erri- EL -k )q% [err] ®)
(6) [err] (7) [err] (8) and finally[err] =
[err] for andfidally;=aP fori L, ahoullsl hehewld be pdinted outlthat RR) is thes t he

hat  the aPtPETEs w%h%t’a% h RO e 31 By Q‘Raﬁhlw%éﬁa‘%’; e

[err] aforementioned G in equation (3) is defiped as followist h t he foregoing in mnd, we
now turn to FIG 2 whichp t zati on of phase predictor 70. In this
preferreil enbodi nent Gﬁﬂﬁ:ﬁrﬁgﬂmtor 70 is realized as a | at{9)ce
structure. Advantageous ti#|li s lattice structure incurs |ess quantization

Sr ror t t pan ot her rT eWith 41 fopréloinY intMAS we nBwW thinllo 1?@ Suetich s Srealizdtionar d
roundi ng of p'eﬁseméxcﬁ%qﬁﬁ%gﬁ FIETobyheiieBh PaE SFCCIR 701 BHIFA cach
real i zati oas afticosirdl Atd¢antZgeopilgsthislaide stngoturéQnéurs ldse qhaidzanm
z;gggggrfolncIQFe pﬁﬁé%f%%k%gofg ff&&%ﬁ@h?g?éﬁ%@%g&ﬁﬁ@%@ﬁ&ﬁgﬁp coeff;c?Znts
used i n1@ h&histquaotzatiodierror is a‘tmbmdﬁo @drustationis rounding off of sheproduethat t hese
21k ohe; s s RN EdepgRaBg [ 2curn ue potess (I olon
As shown in FIG. 2, phase prcdlctor 70 in the lattice structure includes
reflection coefficients, k;’s ( where 1 <i <p), as opposed to the aforementioned B;’s
which are actually the tap coefficients used in the standard direct form. A careful
15 reading reveals that these k;’s are the byproducts of the above-described recursive
process through which the B;’s are determined. Specifically, in each iteration of the
process, equation (5) yields a k;. In fact, processor 67 of FIG. 1 runs this recursive
process to provide a set of k;’s for phase predictor 70 during the initialization
process.
20 Specifically, phase predictor 70 includes p stages. A signal having a
value ¢, on lead 61 is applied to the first stage of phase predictor 70 wherein
subtracter 201 subtracts M; from ¢,. M, is derived from I; which is provided by
the second stage of phase predictor 70. Specifically, M, is achieved by delaying I;
- for a period of T with delay element 205 and then scaling, via multiplier 203, the
25 delayed version of I; by a reflection coefficient of k,. The output of subtracter 201,
denoted Oy, is applied to the second stage wherein subtracter 207, like subtracter
201, subtracts M, from O;. Similarly, M, is achieved by delaying I, which is
provided by the third stage of phase predictor 70, for a period of T and then scaling
the delayed version of I, by a reflection coefficient of kp-;. The output of subtracter
30 207, denoted O, is applied to the third stage of phase predictor 70. O, is also scaled
by a refiection coefficient of k,-; via multiplier 209. Adder 213 sums the scaled
version of O, and the delayed version of I, to form the aforementioned I,.
The third through (p—1)™ stages of phase predictor 70 are structurally
similar to the second stage as just described. The only difference lies in the value of
35 the reflection coefficient used in each of those stages. Specifically, the reflection



process, equation (5) yields a [err]. In fact, processor 67 of FIG 1 runs
this recursive process to provide a set of [err] for phase predictor 70
during the initialization process. 28%. Specifically, phase

predi ctor 70 includes p stages. A signal having a value [err] on lead 61 is

lied t fir t f. ph di ct 70 i t t 201
20bt r act s portBsicaig e R Siag ek AN i o tmre VTR A3 B P PG R S8y ovi e
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by del ayi ng; f ri.qd: i . i n .-
cval g, viigteRt frbm ¥ séboff 5hadf HS‘“;E oA Rl e Ve B plfiEoN 2
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del ayi ng | aforeipentiened value @nde whish is frmediby scalingfhe ontpynotdelay elamentor 70,
for a peri 065 By afacedit@Gt hen scaling the del ayed version of [err] by a
reflection coeffici ntf of FnerrL. T@g out put af subtrﬁlc;:er 30, 207, denoted
[err], is applied tGCHAFECHE L IUSTRES hase predi cHhGPotSntjnyeRgon. g 4| 5o
scal ed by & wiliftheschie appreciated that digse skilledin the artavillibetabld tocdevide®. Adder 213
suns thgys i ] and the del ayed version of .[err] to form
t he af o@en@%ﬁggﬁ‘?twé#z&{'hi rd through [err] stages of phase predictor
70 are structurally simlar to theForexamplealthoughsthe disclosed systdmis The only

di f f er enceginbsdied scHl? j kGl i n each
of those sf ages.edg)pltggi ?ﬁ\“gg’r??@é‘?ﬁg re f%’gﬁshmgggﬁ%%‘g?&?ﬁ?ﬂg’[err]
stage has Shejayentiopcopldiequalljas well be embpdied iba system in whighcthe funstions he | ast
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differs %r?m éhe lBecotnd sta eeti,ﬁ t hat , bgm des using a diflerent value of
ref | ect Fbn THSHPHS F’&H’%ﬁaﬁf oF xamplr. ISP“?H’émPE’rmyi s | ooped back
to del ay eprogearhmed processoat 5 sanme stage. Phase predictor 70 generates,
on to lead 71, a signal of the aforenentioned value[err], which is forned
by scaling the output of delay elenment 215 by a factor G The foregoing
nmerely illustrates the present invention. It wll thus be
appreciated that those skilled in the art will be able to devise 10

nuner ous ot her arrangenents. For exanple, although the disclosed systemis




enbodied in the formof various discrete electronic building blocks and
conponents, the invention could equally as well be enbodied in a systemin
whi ch the functions of any one or nore of those buil ding bl ocks and

conponents or indeed, all of the 15 functions tm m ul zed, or
exanpl e, by one or nore appropriately programe ﬂl‘mm ﬂ lﬂﬂlll*

M S * 10 Gaims: 1. Apparatus for estimating phése JI ter i'n a recelved
signal, said apparatus conprising neans 16D recei vi ng a phase error signal

whi chi-is representative of a difference between said phase jitter and an
estimate ther(élaimsand 5 nmeans for providing said estimate in response to

d ph f
ot e aurat on ool Aep Rl Bl SphikihH B A R=PRs R, Sg " SoPO">° ©
aut ocor r el at iapparafussaingriging seeans fosrecsigngk phase eRoc sigedlrwhighis at us f or
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conpri si ng means 1or generatlng a phase error ative o
di f f er enced baneaas forqupyiding said qsnm@@rmmoaw tespidphase ermrsignel, saidans f or

provi di ng saigiowiginigtidafis hivihgla® | ms‘éiwpéﬁ%aawmmaamaan hﬂ@ﬂ'u%ﬁsféﬁsponse of
infinite dur |on a‘&‘cj?lg annsfer unction rmned, b

aut ocorr el at tezmined by,an aytocome Q"Pk)?a‘SB °H§"§'§P phase
3

jitter from sal d signal in response to said estl mat e. .
Apparatus for receivin £or
denodul ati ng sanpl esiog “geé?édqgﬁirﬁmﬁ?@f?r%g& "%Pﬁg%g%ag?&&%ggea’i"g‘ ’
denodul at i ng sagraeciveriapparatus eempnang nm'ansmrgcmmma}phasemaslrdm@aw pfa
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for prow I ng sal estinate 1 n response to a phase error sji g
provi di ng eaaid estyiitysaid providing meanshayirgan,impuise responss ofdnfipite.duraiomnd a

transfer funqhucanrmeﬁfhnbﬁo@wmnqg d&Brrvined By ahlme@dﬁaazﬂm df'!;aﬁ!f phisPEReiS
catve of a. rence etvvee sald

error, said phase erpor bei.n
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transmtter whiimbtetransmts a

15 3. Apparatus for receiving a signal, said apparatus comprising means for
demodulating samples of said signal which include phase jitter, said demodulating
means using an estimate of said phase jitter as a carrier frequency so that said phase
jitter is removed from said samples, and means for providing said estimate in
response to a phase error signal, said providing means having an impulse response of

20 infinite duration and a transfer function which is a function of an autocorrelation of a
phase error, said phase error being indicative of a difference between said estimate
and said phase jitter.

4. A Communication system having a transmitter which transmits a

signal, said communication system comprising means for recovering said signal

25 Dbased on samples of a received signal associated with said signal, said samples
including phase jitter, means for providing an estimate of said phase jitter in
response to a received signal sample, said providing means having an impulse
response of infinite duration and a transfer function which is a function of an
autocorrelation of a phase error, said phase error being indicative of a difference

30 between said estimate and said phase jitter, and means for removing said phase jitter
from said samples in response to said estimate.

5. Apparatus as claimed in claim 2, or a system as claimed in claim 4,



signal, said comunication system conprising neans for recovering said
signal 25 based on sanples of a received signal associated wi.th said

signal, said sanples including phase jitter, i di ng an
WH @ sarrpl e, said
¥ and a

estimate of said phase jitter in response to
provi di ng neans havi ng an i npul se response of
transfer function which is a function of Ign aut ocorrel ation of a phase
error, said phase error being indicative'of- a difference 30 between said
estimte and s itter, and neans for renovi sai has |tte-r
From sat d sanBHEin Akt Balpyinednéass Samansis meags o1 dom ﬁ%s&gﬂp Hlaslsifgd | n
claim 2, or asaidestiomtess céatieritequeney.ai m 4, * CL M * wherein
sai d renoving neans conprises neans for denodul ating said sanples usi ng
said estimate as a carrier frequency. 6. Apparatus as clained in claim
1,2,3 or 5, or a sysﬁemmn%ﬁsmmcdlmclaiml& bor 5, ongsysemascldimedimnsf er
functlon S us as
claimed in cldg?fﬁ{ wbggdwgb% q%{a %@Qfa& 2@'@ gﬁ]l%&;&%ﬁ%gmz%awﬁ% 5 or 6,
wher ei n saiPd ¢ ng neans is realized as a lattice structure. 8. A
met hod for estimating phase jitter in a received S|gnal sai d met hod
conprising the steps recei vi ng .a phase. er.r.o nal V\/m ch i
representative of a 20 %ﬂﬂ“f’éﬁ'seﬁfg“ﬁ‘ég\’\%‘élﬁ“gérzdg Bﬁ’é e0F 3 $YSHM a4 @a'&f?dégu mat e
t hereof , and gaiav4Sion®, whediressid providingsimeansas redlized ahalattice samciurgul se
response of infinite duration and a transfer function which is determ ned
by an autocorrelation of said phase error signal. 9. A nethod for use in
recei ver apparatus f& Ameteddonestimating phhsejitierin a medeinedsignah saidjmathart
said nethod c cativ
S shig e S2ps gf&aavﬁg aYHASE &b g Wﬁéﬁs‘?ﬁeﬁﬁ{?n&ﬁv‘; BEa e

of a d|fferen hase |j1I'tter an n est

provi di ng Waidi &“F‘hhﬂ!!'c% said PbﬂSF dﬁ%?“d/\*fb%lm% wof and trpwding saidan
infinite dur aésham@mhg\mﬁ& ﬁawgsinqrnpme%gp@nse f iffihitd\@drafoh ﬂfd a':leansfer

Sai d oi gnal | FPGBRSh if GFSTHARLEY i dHiecorIEton s RURNFORTAE appar at us
for receiving a signal, said nethod 20 conpr|5|ng the steps of denodul ating
first and second sam&l eAsmeiho%aflodus%'l rlleacleiv\g?'aﬁpamms for processing a signal which

includes phase jitter, said method comprising the steps of generating a phase error

15 indicative of a difference between said phasc jitter and an estimate thereof, providing
said estimate using a filter whose impulse response has an infinite duration and
whose transfer function is a function of an autocorrelation of said phase error, and
removing said phase jitter from said signal in response to said estimate.

10. A method for use in apparatus for receiving a signal, said method

20 comprising the steps of demodulating first and second samples of said signal which
includes phase jitter, said first sample preceding said second sample in time, said
demodulating means using an estimate of said phase jitter as a carrier frequency so
that said phase jitter is removed from said second sample, and providing said
estimate in response to said first sample using a filter whose impulse response has an

25 infinite duration and whose transfer function is a function of an autocorrelation of a
phase error, said phase error being indicative of a difference between said estimate
and said phase jitter.

11. A method for use in a communications system having a transmitter
which transmits a signal, said method comprising the steps of recovering said signal
30 based on samples of a received signal associated with said signal, said samples



.includes phase jitter, said first sanple preceding said second sanple in
" time, said denodul ating neans using an estimte of said phase jitter as a
carrier frequency so that said phase jitter is renoved fromsaid second

sanple, and providing said estimate in response t i i | e using
a filter whose inpul se response has an 25 infini tmlﬂnr"ﬂ“u"mmmﬁose
transfer function is a function of an a correl at'i ofi ot a"phtase error,

sai d phase error being indicative of a dffference between said estinmte and
sai d™phase jitter. 11. A nethod for use in a comuni cations system having a
transmtter including phassjiiterspravisiinghan ¢stiomatelofhsaichphitse gitterr ingesppnsto ast eps  of
recovering Salagivsd i i :aci at ed
W th e d s Doaes STy sipRIATE RS URYE SAlsdes ik Nasa? LA dIRREN C
phase j it t er andywhosedransfer fingten i funerionsofian ayknromelarion of a phasessionsaid t o a

received si gpidse Eﬂapbdic\%ﬁiditﬁti% of 4 differoiae HerwedR vaid @stirfa®@ ARE SaidPhast)
infinite rati on and ose. { r.ansf.er tfun

d’:’l . ct.i,on i}sca functlpn af an
aut ocor r elPat T85> #d TmoyIng-said phase jider; from said samples in FSpofse o §Hd spimatens o

di fference between said estimte and said phase 5 jitter, and renoving

said phase jitter frgmgsal A _ e j 2. A
nmet hod as cl ai ned i nﬁéliﬁ%ﬂ@agggk?ﬁ%@r‘gsﬁpggfgl %’g%\?/d %g‘,‘@"i‘a‘%%%ﬁ{ﬁ& ses the
step of denochmprises thesstiépiofsismeidulating said samplds using said estirpate as arcaiTier
frequency. %&n?%t hod as clained in any one of clains 8 to 12 wherein
said 10 transter nction is determ ned using a recursive technique. 14. A
nmethod as clainmed in any one of clains 8 to 13 wherein said filter is

realized as a |attigg, A mithod s claimed in any one of claims 8 to 12 wherein said
10 transfer function is determined using a recursive technique.

14. A method as claimed in any pne of claims 8 to 13 wherein said filter
is realized as a lattice structure.




