1 FAST SYMBOL SYNCHRONI ZER Fi el d of the Invention [0001] The present

i nvention generally relates communi cation systens. In particular, the
invention relates to a system and nethod for inplenenting a fast synbol
synchroni zer using both feedback and feedforward structures in

communi cations receivers. Background of the Invention [0002] Data recovery
of transmtted conmunication signals at digital receivers typically
require the inplenentation of at |east three processes: 1) timng recovery

for synbol Sy”ChroniZatF?ﬂ?T%%gﬁg%f%ﬁ?gﬁ@?gﬁ@b%HZﬁﬂg 3) equalization

Timng recovery is the proces e recelrver clock is synchronized
to the transmtter clock. Thus permtting the received signal to be
sanpled at an optimum point in tine to reduce the chances of errors being
associated with the retrieval @f.qtPgedMat8s Well as the processing of the
recei ved synbol values. In sone receivers, the received signal is sanpled

at a nul tipl poof] The presns NinbéRdnS goiedllyr aéletes FmmeKedtioh e spsderds.r edai vers
sanple the received signhal at twice the transmtter synbol rate. The

sanpl i ng cl opitictlat, Wee moestiorerelatessto besystgme ndnieted for tilmplehmnting a tthe
transmtter. [0003] Many existing timng recovery nodul es or sonetimnes
referred to &gnkginisprehrenirernrusingz beth i fsedvssku and afdedioswardc siyieiuges gdpe not
designed for both simultaneous fast timng acquisition and | ow residual
timng phase YPPYRCHS KCfRBes. This is true particularly for receivers
that are based on feedback | oop principles. [0004] The two requirenents of
fast timng acquisition and | ow residual timng phase error are nmandatory

for "bursty” communication sgsi@Sundtyrelk: Invention

[0002] Data recovery of transmitted communication signals at digital receivers
typically require the implementation of at least three processes: 1) timing recovery
for symbol synchronization; 2) carrier recovery; and 3) equalization. Timing
recovery is the process by which the receiver clock is synchronized to the
transmitter clock. Thus permitting the received signal to be sampled at an optimum
point in time to reduce the chances of errors being associated with the retrieval of
the data as well as the processing of the received symbol values. In some receivers,
the received signal is sampled at a multiple of the transmitted symbol rate. For
example some receivers sample the received signal at twice the transmitter symbol
rate. The sampling clock of the receiver must be synchronized with that of the

transmitter.

[0003] Many existing timing recovery modules or sometimes referred to as symbol
synchronizers in communications receivers, are not designed for both simultaneous
fast timing acquisition and low residual timing phase error performances. This is

true particularly for receivers that are based on feedback loop principles.

[0004] The two requirements of fast timing acquisition and low residual timing

phase error are mandatory for “bursty” communication systems which



2 intermttently transmt and receive short data packets, such as

Ti me-Division- Miltiple-Access(TDVA) based systens. Failure to address
these requirements wll degrade the receiver's Bit Error Rate (BER)
performance causing the receiver to fail conpliance tests during product
qualification trials. [0005] In conmuf@ication systens design, having a
synbol synchronizer to sinultaneously achieve fast timng acquisition and

| ow resi dual ; tim: r S e i eS8, -t radi ng
ot of 1 ow r ey B8t Ll R AP URES ek huliP Y TR SRR The
final desi gnMadpIsiAddessTEBMA) HasBdmy3RasH! I Faifirk 99 Siddrebd iRsd Q¥R Mme@S t he
effect of conprom sing the receiver”s overall BER performance and could

di sadvant ageailsdagradeshi¢ tectierts BitEedor Rute (BERY pérfariiaace qysihg the gedigro [ 0006]
Synbol synchronizers are found in all conmmunications receivers rangi ng
from t he | owiaglowmpBlanest togis Huningiproduct qualifightiemttialsdvanced satellite
receivers. In these comunication systens, data is segnented into packets
each conprising three main parts: a preanble (or training) sequence, a

head t ttical inf ti , d .1 nf i dat
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transitions péfQMaaesl BER¥R OGRS %l@édtrﬁdigg Rftt 6f B eaidudl BmiigOakdrefdr Fhat e.
Once timng acquisition is established, the receiver will proceed to
decode t he hemiigracgolditioneAltbouzhelgiidmi ysigrt hey still oweathindmus egerfication$,0007]
The informati on sequence contai ns user data payl oad which may be voi ce,

vi deo or ot hvs dzaveevenflasmhe ctfectwif| eonipropdsing thhe rgrgivesadovarde BEkbol
Z%/::lglhgonl zer pggfcl)rlma%lcesgndcc%mcf (ﬂga%vgr?tageglrlsrl}? (f:et:suﬁl?r(lj a ngg;ioq] CZ()(;}]H?.IPU}{C&%SI? IS}gsutgrln timng

design.

[0006] Symbol synchronizers are found in all communications receivers ranging
from the low-cost Bluetooth radios to high-end advanced satellite receivers. In these
communication systems, data is segmented into packets each comprising three main
parts: a preamble (or training) sequence, a header (system critical information), and
an information (or data) sequence. The preamble sequence carries a special non-user
bit sequence for the receiver to achieve fast timing acquisition. Timing acquisition is
used to describe a process by which the symbol synchronizer rapidly transitions
from an unsynchronized state to a near synchronized state. Once timing acquisition
is established, the receiver will proceed to decode the header and then subsequently

the information sequence.

[0007] The information sequence contains user data payload which may be voice,
video or other data information. While decoding the payload, the symbol
synchronizer will also continue to correct and minimize any residual timing errors
associated with each data bit. The symbol synchronizer essentially first performs

fast timing acquisition during the preamble sequence while attempting to reduce the



associated wth each data bit. The synbol synchronizer essentially first
performs fast timng acquisition during the preanble sequence while
attenpting to reduce the 3 residual timng error for the remaining

i nformati on sequence so as to achieve an overall superior Bit Error Rate
(BER) performance. [0008] Many synbol 3synchroni zation techni ques have been
devi sed by researchers over the decades and may be broadly classified into
f eedback and_f ! war fig Ao fee

St ruct ur oo, ROy B0 45F s Stbhie BBt altes SR 0 Wb
estimating a,syiPQloefiblBRSrBF RYHe (BER) RerbAenBL. eanbl e sequence and uses
that information 1n concert wth an interpolator to conpensate the received
data sanples for timng error. Some variants of this technique may al so
require significant nmenory storage buffers during this processing stage.
The mai n  adisaes]ayesy symbaeyhdrosizaticgoiéimgreahaionbenaleivised by irasearghers
acquisition and the absence of any feedback-rel ated_problens due tq "cycle
sl i ppi ng" an@verfthe decadet radimay| be bingdly elassitigds By feadback red fegdfodt%dback of
poorer trackin erformance. An exanple of this class of synchronizer is
described i n°PUH388S on "Digital filter and square timing recovery" by H
Meyr et. al. | EEE Transacti on on Communi cations, Vol 36, May 1988. The
poor tracking performance results in a larger residual timng error due to
i ts inherent [yoaﬂkltpfeegfo?&&ﬂr&QuGﬁ%pkﬂd dy¥nboll QPdBloning firs@éthployy adfimidg

f eedf orward based synbol synchronizer to track timng error resulted in a
synbol synchegima@r foi kstimatapno tymabeptiming| arroz clupieg siad prehmble sdquemeg aidi ft due
to the possible frequency m smatch of transmtter and receiver )

osci | | at or s. usks thaicihforieelf oy vencertbeite dnsyietpsilatey tr kpwREnsatesthy receiyedquent | y

enpl oyed when preanbl e sequences are very short.and when the header
Cgﬁt aiyni ng datg samples for ti?ning error. Some var1>e/1nts of t&us technique may also require

D2

significant memory storage buffers during this processing stage. The main
advantages of feedforward configuration are fast timing acquisition and the absence
of any feedback-related problems due to “cycle slipping” and “false locked”. It
however suffers from the main drawback of poorer tracking performance. An
example of this class of synchronizer is described in publication “Digital filter and
square timing recovery” by H. Meyr et. al. IEEE Transaction on Communications,
Vol 36, May 1988. The poor tracking performance results in a larger residual

timing error due to its inherent lack of tracking capability.

[0010] The inability of a feedforward based symbol synchronizer to track timing
error resulted in a symbol synchronizer that cannot adaptively compensate for
timing drift due to the possible frequency mismatch of transmitter and receiver
oscillators. As such, feedforward based symbol synchronizers are frequently
employed when preamble sequences are very short and when the header containing
system critical information has to be rapidly decoded without error in a very short
time frame. It should be noted that the critical information is normally sandwiched
between the preamble sequence and data sequence. The Header contains important

system critical parameters for receivers to know in advance of information related




systemcritical information has to be rapidly decoded without error in a
very short tine frane. It should be noted that the critical information is
normal Iy sandwi ched between the preanbl e sequence and data sequence. The
Header contains inportant systemcritical paraneters for receivers to know
in advance of information related 4 tgq payl oad, such as nodul ation, error
correction, packet length etc for proper receiver functioning. If the
critical infgrmation is.not decoded in tine, .the recej et has
to be abando e@a%l%&c e gﬁ?gflgﬁgn’&orf %qnfemfl%n’t%%g&pleégt g. et?(a)%%f? 8&?‘% a

f eedback confd guEAkhMnidd ¢ BUTRRLaISHACHEES S8Tot Ubidded 85 time! BETERSTe
mechani sm bagégglg(%n_ pﬁtgbsné- 'oc%?@o%p}{%ﬂ%@pri r?pi ple to reg’uce the timng
error of th@athpaciey sk 15peRBARIondDAR coRirhingibaiRinb afaytRyiPiotakd pagonpri ses a
timng error detector, a loop filter and an interpolator connected in a

f eedback- manner for conpensating the received synbol sanples for timng
of fset. Such net hods have been wi dely publjshed an exanpl e of é\égib(:h isin
the publ i cat [®41} Ima feplaelopaigurtionn gheepymbol Ctnehiogiser gfilisgsng fesgoack

Recei vers" by F, M rdner, .| EEE Transact.] .on_Communi cat i ons Vol

COM 34, No 5}“%?1%636363% rhasssoskeit-1paB (Hrgg] PHH?)BW&&SE‘%‘}F & €% ng
capability faq 1 nim.skn ffe i a . bt 1 ow
| at ency due f)f) t@éecrﬁvﬁfirrﬁgp%giss'ec%?s gpgg%%gg@wgﬁagpdﬁﬁ%gegggg@ Slé ng; and
low i npl enentyalb@p £ itdet Yand [L0hedrp S1RME Vi@hne @R i8I Redbaslad¥aMEATE:
associ at ed mﬁ?%1?éedb§@£ bgsed synbolrp synchroni zers is the inferior timng
acqui sition pempes thethaeeited Syl rse@plesifue timidt offectoSudhemethadk hivaops.
This has the potential effect of affecting subsequent data detection
processes. Fibettheidehy miblisleddipaskmplordfi whickais iortbe pablicabieer AABMK/RESKs uf f er

from "hang up" phenonena resulting in a, sequence of fatal hit errors.
[0013] Wi | e Teming Eﬁort%eeﬁ@éab%%mﬂ%ﬂeq%‘@aﬁq’o%vﬁrl\é- Qéﬁ’fanra{; GESE ‘gpwsaghon

capable of Communications Vol. COM-34, No 5, MAY 1986, This method has the

Qi

advantage of good tracking capability for minimising effects due to timing phase
error or drift; low latency due to the minimal use of storage buffers during

processing; and low implementation complexity.

[0012] However, one main disadvantage associated with feedback based symbol
synchronizers is the inferior timing acquisition performance due to slow recursive
nature of feedback loops. This has the potential effect of affecting subsequent data
detection processes. Furthermore, feedback configurations have been known to

suffer from “hang up” phenomena resulting in a sequence of fatal bit errors.

[0013] While each of the feedback and feedforward configurations are capable of
partially solving problems with the two conflicting requirement by tweaking their

design.

[0014] Feedforward symbol synchronizer attain lower residual timing etrors during
payload by buffering larger number of signal samples (compare to preamble and

header sequence) during the payload sequence before computing the timing estimate




partially solving problems with the two conflicting requirement by tweaking
their design. [0014] Feedforward synbol synchronizer attain | ower residua
timng errors during payload by buffering |arger nunber of signal sanples
(conpare to preanble and header sequence) during the payl oad sequence
before conputing the timng estimate § and correcting the error. This can
be done by having two sets of buffer with different size. One buffer of

smal ler size wll be used during.the preanble/heade u o[ :

achi evi ng fa%tfvH B?}fecg% S ﬁglsa%a&u esﬁ?’ileo Y R e{‘Y%égt?a&gg&f ru‘?’%ﬂelr is
used for pay eOHE blifrer 5t ShABPELY WifSH {delRIuAR YA BleambRAbR

However , the?gﬁ?esn%gﬁ?i %ﬁ?b?%eﬂ(if;%ﬁll%ﬂ%%? ‘%ufs%%ers usedgdur?neg t he pz§§l oad
sequence, depgpehdFoPfchidvihgBt BT Boais tifihd &qanaion! haile thelarget buff@riscan
tolerate. A larger buffer would di sadvantageously nean a | onger processing
tinme, thus hbsedder paydpadsequenopiiis slehdpidsotimefcriioddsequent packets. [0016] In
a feedback synbol synchroni zer faster acquisition performnce can be

i nproved by having two sets of loop filter coefficients. During timng
acquisition, one_set of pre-conputed coefficients is.pre-|loaded into the
loop filter {918nEI9MEEH, er‘i)ﬁsagg-g’iub&é]&ﬁ F‘S%ﬁ%tbbl?ftfeﬁc‘lisefla ytﬁglp&%’ %46 the
steady state, Wen the r.eceiyer | b t j ad, the
second set of &t ﬁﬁe@f’ré&rll{l’%gréﬁ% rﬁ’%%&%% S&n 0 @ﬁ%‘%ﬁ%%g‘h% ?{Dte }eelrélfa‘IS Hgbé'%ﬁo' sets

of coefficient ?ar%%lﬁuffep%ﬂlcﬁﬁdkfﬁﬁafe'ehsl&%@fﬁh%el‘éﬁ%e% ﬂ)r@\é@"singr gk duals error.

[0017] However en wth e first Set of loop-filter coefficients, the

PLL may not hﬁﬂeﬁﬂéﬂletﬁoﬂ@@é’ceFﬁm&%b&lﬁleﬁ@abkas.occurences of "hangup"
phenonenon. There is also alimt to how fast the timng acquisition can
actually be achieved via the first set of loop filter coefficient due to

the inherent clunmsy and unreliable feedback .
[0016] In a feedback symbol synchronizer faster acquisition performance can be

improved by having two sets of loop filter coefficients. During timing acquisition,
one set of pre-computed coefficients is pre-loaded into the loop filter to enable the
phase-locked-loop to lock rapidly closer to the steady state. When the receiver is
about to receive the user payload, the second set of coefficients are loaded into the
loop filter. The two sets of coefficients will thus allow the PLL to achieve a lower

residual error.

[0017] However, even with the first set of loop-filter coefficients, the PLL may not
“be able to lock rapidly due to the occurences of “hangup* phenomenon. There is
also a limit to how fast the timing acquisition can actually be achieved via the first
set of loop filter coefficient due to the inherent clumsy and unreliable feedback

nature of PLL timing acquisition.

[0018] It can thus be seen that there exists a need for a simple and robust way for a
system and method for implementing a fast symbol synchronizer that can overcome

or at least alleviate the disadvantages of the existing prior art.



nature of PLL timng acquisition. [0018] It can thus be seen that there

exists a need for a sinple and robust way for a system and nethod for

i npl enenting a fast synbol synchronizer that can overcone or at |east

al l eviate the di sadvantages of the existing prior art. 6 Summary of the

I nvention [0019] The present inventiob seeks a system and net hod for

i npl ementing a fast synbol synchronizer. [0020] Accordingly, in one

aspect, the present inventions X§q§§h ﬁW%%@ﬁpn1for fast synbol

synchroni zation in a conmuni cation sys?enl e systemconprising: a timng

recovery nodul e adapted for receiving a data streamconprising a plurality

of synbols, {dogert THE PEeseRCRVEIHOnMREKY £ systdrh A naddiadd ff imPlenlePhe BEME Ng a

f eedback al gorithm for producing a plurality of timng recovered synbols; a

timng esti megmbolagtagtirenizéror i npl enenting a feedforward al gorithm for

estimating an estimated timng error fromthe data stream and a formatter

adapted for producing an initialization value fromthe estimated tim ng

error; wherein the tig%&glnecover nmodul e receives the initializati.on val ue
d

for inpl emetfORRlyACRY BA ORe ZPRRsEi PRAIPSAL Jrisatien REPdRS BISYStem {SF of
timng recovered nbol,s. .[0021] 1 n_another as t...th [ t.lnventi
bt ovi s, o et naRbatGy Rearthh e SuPiichns SRR td VBl EIRIL one "
syst em usi ng,&.t:i m I g,ﬁ&t j Hgg}ﬁ edback
al gorithm fo?%g?% uécalg‘ﬁég&g@g S%g |%§/%g¥ectl m nagéi]atgrl gf(g%d\?g?glg syn%g%é&glfriltg a

tining estimgfaynadrptie fiingi RPbEIENHONOYe Fuifiesdidipvar dor dhglefrchiig faor
estimating an estimated timng error fromthe input data stream the
feedback algorithm for producing a plurality of timing recovered symbols;

a timing estimator adapted for implementing a feedforward algorithm for estimating
an estimated timing error from the data stream; and

a formatter adapted for producing an initialization value from the estimated timing
error;

wherein the timing recovery module receives the initialization value for
implementing the feedback algorithm for producing the plurality of timing recovered

symbols.

[0021] In another aspect, the present invention provides, a method for fast symbol
synchronization in a communications system using a timing recovery module
adapted for implementing a feedback algorithm for producing a plurality of timing
recovered symbols and a timing estimator adapted for implementing a feedforward
algorithm for estimating an estimated timing error from the input data stream, the
method comprising the steps:

a) receiving input data stream;

b) implementing a feedforward algorithm to produce an estimated timing error
from the input data stream;

c) generating an intialization value for timing recovery by the timing recovery

module using the estimated timing error; and




met hod conprising the steps: a) receiving input data stream b)
inplenmenting a feed forward algorithmto produce an estimted timng error
fromthe input data stream c¢) generating an intialization value for timng
recovery by the timng recovery nodule using the estimated timng error;
and 7 d) inplenmenting a feedback al gof7ithmto produce an output data stream
using the initialization value. [0022] In another yet aspect, the present
e o0 P I Banlnbd TN R T Bhaf 1o Al YIBE! asY Wb BT 11 2
conmruni cat i offs system T or °recei vi ng - an 1 npu ata Streamconprising a
plurality of yregghyvadosyahel s and for producing an estimated timng error,
the timng estimtor conprising: a CORDI C processor for perform ng an
arctangent function to generate the estimated timng error; a first
processor path for receiving and processing an in-phase conponent of the
i nput dat a s[0022inin anethex yseaspad, freopressmibinysation puvidescetiminggesimatgsrobcessi ng
t he quadr at ure-phase conponent of the |nput data ftream, Bri ef Dﬁscri ption
of the Draw A&t pIehd pynchinizes it a SpHBRNIEHENSTY SteHe 195 18eEARE fhifdHt YA wi | |
now be nore full descri be ith reterenc ot dr awi.ngs_of ..whi_gh:
(00247 R 1ot comigie & ohrglk GrkGraheorohendydt BN e satiled"V ¢ 1
the present . .en | e | strates a bl ock di-agram of a
timng esti n%]?%q%o %#&r‘?ﬂ{g usn&/lgg é%drg%&%o%nﬂ risln‘é.

a CORDIC processor for performing an arctangent function to generate the

estimated timing error;
a first processor path for receiving and processing an in-phase component of the
input data stream; and
a second processor path for receiving and processing the quadrature-phase

component of the input data stream.

Brief Description of the Drawings
[0023] A present embodiment of the present invention will now be more fully

described, with reference to the drawings of which:

[0024] FIG.1 illustrates a block diagram of the system in accordance with the

present embodiment;

[0025] FIG.2 illustrates a block diagram of a timing estimator of the system of
FIG.1;

[0026] FIG.3 illustrates a block diagram of a timing recovery module of the system

of FIG.1;




FIG 1; [0026] FIG3 illustrates a block diagramof a timng recovery

nodul e of the system of FIG 1, 8 [0027] FIG 4 illustrates a block diagram
of atimng error detector of the timng recovery nodule of FIG 3; [0028]
FIG5 illustrates a block diagramof a loop filter of the timng recovery

nodul e of FIG 3; [0029] FIG 6 illus8rates a bl ock diagramof a
Nunerically Control Gscillator of the timng recovery nodule of FIG 3;

0030] FI G 74 t ' . ' i.p..b
tictitious 1 198 EIGH Aafut IR G i RSttt ) WE e, o

graph show ngchidgy neddald 3G between fractional interval and the
estimated timng error; [0032] FIG9 illustrates a flowhart of a nmethod in
accordance with the present enbodinent; [0033] FIG 10 illustrates a
flowchart for a generating initialization value step of FIG 9; and [0034]
FIG 11 illufnosl EEGA #lustvateran tldckrdiagiar rgfl & heapt fiker PE et siokngargovsyhm st ep
of FIG 9. Detailed description of the Drawi ngs [ 0035] A system and net hod
for inpl emenfodBleRTHESE3; synbol synchronizer with a preferred enbodinent is
described. In the follow ng description, details are 9 provided to describe
the preferred and the alternate enbodinent. It shall be

[0029] FIG.6 illustrates a block diagram of a Numerically Control Oscillator of the

timing recovery module of FIG.3;

[0030] FIG.7 illustrates a graph showing the relationship between a fictitious time-

continuous nco(t) and time;

[0031] FIG.8 illustrates a graph showing the relationship between fractional

interval and the estimated timing error;

[0032] FIG.9 illustrates a flowchart of a method in accordance with the present

embodiment;

[0033] FIG.10 illustrates a flowchart for a generating initialization value step of
FIG.9; and

[0034] FIG.11 illustrates a flowchart for an implementing feedback algorithm step

of F1IG.9.

Detailed description of the Drawings

[0035] A system and method for implementing a fast symbol synchronizer with a

preferred embodiment is described. In the following description, details are




apparent to one skilled in the art, however that the invention may be
practiced wthout such details. Sonme of the details may not be descri bed
at length so as not to obscure the invention. [0036] The present

enbodi ment proposes a system for fast synbol synchronization capabl e of
rapidly perform ng "phase | ock"” to degode system critical information in
t he header sequence but also continue to "track out" the residual timing

error during payl.gad. désggf);e?]theRﬁegér%cf'g?% ?l’tl Fleél(t%p ate %{l&yedr?‘r}t[)lglﬁ]l 1Q, fspny fast

symbol synchPonlzatlon I'n~" accordance rese ment conpri sing
a timng esthinlon BF0RNkiRkd i kNG HRKRVE' hal RS Adn P8y heagtanied for

receiving an 1'nput data stream5 conprising of a plurality of received

synbol s. ThewlthouttgcleddthilaatSUme36f the GRiavle Snayl e bdadescrited @atongthckol axplaznent s a
feedforward algorithmfor estimating an estimated timng error r 35 from
the i nput dateobsturedim Bvet@®38] The system 10 further conprises of a
formatter 50 which is adapted for producing an initialization value nco
initial 55 fromthe estimated timng error z 35 fromthe timng estimator

30. [0039] The.jnitialization val.ue nco initial 55 is then.fed back into
the timng B@égvgb9 REdEe ?@.m¥ﬁ@n&iwpﬁﬁ“§ec%véy eWDdﬁFe'%g iﬁﬁﬁ%ﬂenting
a feedback i tid i@l zagi.en Lnitial
55 togepher gﬁ?ﬁg¥ﬁ%&§gfggﬁgg#gg%¢§ﬁ¥ng?%@hée%%%&bk¥%ugg §¥§k§?$g§%127
conpri sing OfyificaPliibAhdtion iAfthé INAARE sedIRAQY BitCHls8 Yohh tol Meadk Buftdthe
recovered synbols are then sent to subsequent stages in the comunication
system for dessial thhingrrranduritgt gayteadovery. 10 [0040] In the present

enbodi ment, the timng estinmator 30, the timng recovery nodule 20 and the
formatter 50 all operate on a T/2 architecture. The system 10

[0037] Referring to FIG.1, a system 10 for fast symbol synchronization in
accordance to the present embodiment comprising a timing estimator 30 and a
timing recovery module 20, both adapted for receiving an input data stream 5
comprising of a plurality of received symbols. The timing estimator 30 receives

the data stream and implements a feedforward algorithm for estimating an estimated

timing error 7 35 from the input data stream 5.

[0038] The system 10 further comprises of a formatter 50 which is adapted for

) A
producing an initialization value nco_initial 55 from the estimated timing error 7 35

from the timing estimator 30.

[0039] The initialization value nco_initial 55 is then fed back into the timing
recovery module 20. The timing recovery module 20 implementing a feedback
based algorithm utilizes the initialization value nco_initial 55 together with the data
stream 5 to produce an output data stream 27 comprising of a plurality of timing
recovered symbols. The timing recovered symbols are then sent to subsequent

stages in the communication system for demodulation and data recovery.




woul d advant ageously consune | ess power than a conventional system which
uses conventional timng estimator based on T/4 architecture (i.e. 4 tines
the synbol rate). [00411 The received data stream 5 may be represented by
a conplex signal r(t) = x(t - z)e'o + n(t) (a) where r(t) =rj (t) +jr,
(t) (b) where rl(t) and rQ(t) are intphase and quadrature conponents of
the conpl ex signal respectively. [0042] A square-root-rai sed-cosine filter

(PSR based 1RAGT YL bisE SRPRRRR, g Y AR ity
filter may bﬁl @%S&[a B8 f¥atf 50 aHdpeﬁfH)oﬂra T2 diRitebfote. e WRRLE 18M 1S

t he conpl ex P synbo wth abs(am =1; I's recel ver phase offset; p(t)

i's the rai segoaRisddienthidously ,conduﬁle(léys%)o'{}ée?)thaﬂ § cbii@nSoHHED 8y stérh Nitiich defsay; and
n(t) is conplex AWGN noise. [0043] The timing estimator 30 is thus able to
estimat e t hecatentdnal itimimg estrhaigr basog onuEidngrchiteetiad Give detimas ithensymbol
Considering sanpling of the input data stream5 at twice the synbol rate
(t=kTs ), wh&?®.Ts is the sanpling duration T/2, the tining estimtor 30
may be represented by: A 2L _ar r kT e-jk7r + Rer KT r k -1 T
e-'(k-o0.s)~r T 27r k=,

[0041] The received data stream 5 may be represented by a complex signal

r(t) = x(t — 1)’ +n(t) (a)
where

r(#) =n(0) + jr,(¥) (b)
where 1(t) and ry(t) are in-phase and quadrature components of the cdmplex signal

respectively.

[0042] A square-root-raised-cosine filter (SRRC) is a shaping filter commonly
found in many Phase-Shift-Keying (PSK) based receivers. A received complex
signal from the SRRC shaping filter may be represented by:

x(®)= Y a,p(t~mT) ©

where a,, is the complex PSK symbols with abs(a,,) =1; ¢ is receiver phase offset;
p(t) is the raised cosine filter; 7€ (T/2,T/2) is the symbol timing delay; and n(t) is

complex AWGN noise.

[0043] The timing estimator 30 is thus able to estimate the actual timing delay T by
using the above equations. Considering sampling of the input data stream 5 at twice
the symbol rate (t=kTs), where Ts is the sampling duration T/2, the timing

estimator 30 may be represented by:

~ 2L
7= 2ree

Of e + Re[r(T)r (k- DT)]e 70" | Q)




(d) 11 where Re() is the real part of a conplex nunber and L is the nunber
of synbols wused during the estinmation process. The operator "arg"
(argunent or arctangent) extracts the phase angle (radian) of the
accurnul at ed conpl ex nunber. An arctangent operator can be efficiently

i npl enented by using a CORDIC processdr. [0044] Referring to Equation (d),
there are two nmain terns involved in a sunmati on process. This sumrati on
process may be achieved using an adder. In the first term there is a
product of an absol ute-squared termand a conpl ex exponential term

Dependi ng onyhgleUee(Phis the rbhl§HaGObPA S3mBI%P AMABE dld P IOHY GluntbeX Bf k¥hbols! S

evaluated into 1 and -1 which are interpreted as a sign inversion. The
absol ut e- squsededhiring (thd @}tlidatidre processATh & pgiai@N’ag’ (argunken? ot arcté¥den}, can
be designed with two mnultipliers and an adder. The resultant product for
the first teextracts thdphraet angle Gadiew) of thpacbemulajed @4dplexmuniher. S arstingent m
there are two products cQnpri si nq a conplex exponential and a

conpl ex- con;j ORfaRtar ¢AR ke gificisnily wwp WFIHﬂgB}’ ySIBg ?@Q?R]?Ké?roﬁéﬁs?n consi der ed.
The conpl ex exponential is reduced into j*exp(jk7t) , or j and J. Note
that at each kth instant, the signs of the two conpl ex exponential are the

sane. The r p - 1 r I i - exnressed
2o 11l PRaRREenftls B OO RRE Kt Sl RO S ERRAON
mul tipliers grdedn BldumnlfBAGrodde Iﬁdynb@ﬁc}ﬁésfeﬁr{%h%rarﬁﬁ)ddéf. Thehdriegent
enbodi ment i's based on that of ‘prior art design and reference may be nade
to the publi kah drerdy Seuedncd ob ranlaseluteAsquiied téiom -abdtaacdnpled ekpedhitalwar d
Synbol Tim ng Estimator using two sanples per synbol", |EEE Comunjcations
Letters, Vol tesm. NDepending opoGiue pHE4 e Rehplex jexgonentipl proguet BXREHT) disagr am
showi ng an i npl enmentation_of an . L .
evaluated into 1 and —1 which are interpreted as a sign inversion. The absolute-
squared |r(kTs)|? term, may be given as ri(k)* + rQ(k)z, can be designed with two
multipliers and an adder. The resultant product for the first term is therefore a real

number.

[0045] In the second term, there are two products comprising a complex
exponential and a complex-conjugate multiplication with only a real (Re) part
considered. The complex exponential is reduced into j*exp(jkm), or j and —. Note
that at each kth instant, the signs of the two complex exponential are the same. The
real part of complex-conjugate product is readily re-expressed as r; (k)* r; (k-1) +

1q(k)* rq (k-1) and can be designed with two multipliers and an adder.

[0046] The timing estimator 30 of the present embodiment is based on that of prior
art design and reference may be made to the publication by Seung Joon Lee, “A
New Non-Data-Aided Feedforward Symbol Timing Estimator using two samples

per symbol”, IEEE Communications Letters, Vol.6, No.5, May 2002.

[0047] Referring to FIG.2 a block diagram showing an implementation of an

embodiment of the timing estimator 30 is shown. The arctangent function may be




enbodi nent of the timng estimator 30 is shown. The arctangent function may
be 12 inplenented by a CORDI C processor 280. The timng estimator 30 of the
present enbodi ment conprises two processor paths. [0048] A first processor
path for receiving and processing the in-phase conponent ri(k) 5a and a
second processor path for receiving aftl processi ng the quadrature- phase
conponent rQ k) 5b of the received input data stream 5. [0049] The first

processor pa ! i ; aF AV i for
Fecerving L nipSBEREAFE CORDIC bt o) i im B Re M L0 B ARt ot

del ay el eneghpe@mehScsippRes v BroRedsor pathgrul tiplier 210. The in-phase
conponent ri(k) 5a is further coupled to the first multiplier 210 for

mul tiplication of the in-phase conponent ri(k) 5a and the output 205a
which is the previous in-phase conponent ri(k) 5a delayed by the first
d](cal aﬁ el enmenf0028I5A fig0BOFessospatbifier Ieediving Rid propewingsthe dirphasd compoagnti nput s
of the in-phase conponent ri (k) 5a, thus effectivel roduci ng, an out put
220a of the &EgoRdAndfuTerps Pr@fsesmpaéalﬁr r%%lV%W&%@%ﬁé%&:H%@@f@w he

i n-phase co nent ri(k 0051] The .second _processor path conprises a
third multi gBﬁae*F C%lﬁorged‘% rcg(g)cgg ﬁ%ﬁle%e%dil ?Egtag’;rea% " quadr at ur e- phase
conponent rQ k) 5b. The output 250a of the third nultiplier is thus the
square val ue of the quadrature-phase conponent rQk) 5b. [0052] The second

processor pafdesdu Thé Gist pRITBESOE Bh @bmPriSRGOME: ditdyedleat@ PO haZi4@ anfigput
receiving the input of the quadrature-phase conponent rQ k) 5b. The out put

240a of the $maocvinetheyinghesteaimB4eni g(kd SdelBogautmit R02h offthe fisst idelamt
quadr at ure- phase conponent rQk) 5b. The out_Fut_ 240a of the second, del ay
el ement 240 ekmenh2($ is sowleditorafiest myltintisr A10-t The inahasescompoment 11(%) 38,18t her
coupled t [ .
upte of ?grte}{e\{eco%pce) ht%r the first multiplier 210 for multiplication of the in-phase
component ri(k) 5a and the output 205a which is the previous in-phase component

ri(k) 5a delayed by the first delay element 205.

[0050] A second multiplier 220 is coupled to two inputs of the in-phase
component ri(k) 5a, thus effectively producing an output 220a of the second

multiplier 220 equal to the square the value of the in-phase component ri(k) Sa.

[0051] The second processor path comprises a third multiplier 250 for receiving
two inputs of the quadrature-phase component ro(k) 5b. The output 250a of the
third multiplier is thus the square value of the quadrature-phase component rq(k)

5b.

[0052] The second processor path further comprises of a second delay element 240
for receiving the input of the quadrature-phase component ro(k) 5b. The output
240a of the second delay element 240 is a delayed signal of the input quadrature-
phase component rg(k) 5b. The output 240a of the second delay element 240 is
then coupled to a fourth multiplier 245 which is further coupled to receive another

input of the quadrature-phase component rqo(k) 5b. The output 245a of the fourth




i nput of the quadrature-phase conponent rQ k) 5b. The output 245a of the
fourth 13 nmultiplier 245 is the nultiplication of the quadrature-phase
conmponent rQ k) 5b w th the previous quadrature-phase conponent rQ k) 5b
del ayed by the delay elenent 240. [0053] The output 210a of the first
multiplier 210 is coupled to a first Edder 215 for adding to the out put
245a of the fourth nultiplier 245. [0054] The output 250a of the third

The sbcond ribidist 2% 35he R RRRR o CRE By WA hrb SorkEr RELRY;

coupl ed to awfthfihl ]g&'{/ibhp quelraRROQphfe &8AhPonLhtY kd(ﬂ) Whideldedsly VRl Welagb5a
froma multiplexor 26

I
5. The set value is either "1 or -1’and’is controlled
the rmultipl esment2@8. which is controll ed by external control neans. [0055]
The set value 265a is further coupled to a sixth nmultiplier 225 for
multiplying with an output 215a of the first adder 215. The output 225a of
the sixth multiplier 225 is then coupled to a third, adder 23q3&pr addi ng
the out put 209831 She oHput2tPs obdher first wwltiphisr 21 rcaypled e fshadger £1phir g

del ay el ement 235. The thir el | epent. 235 eiving input fromthe
output Cof t neréifing et b g4E oibe FRTEPHIPRg 28502 of the f fth
multipler 260 is further coupled to a fouth adder 270 for adding the

out put 260a of the fifth nultipler 260 to an output 275a of a fourth del ay

el enment 275. 10bbg TRE bEPUEEI0AY6FThEINBA tmAHlidr @501y Edigpldd U sebsraddeeforout put
270 of the fourth adder 270. [0057] The output 235a of the third del ay

el enent 235 adding tethewufput o2 Heasecdndt teltilfien220h Ted aytpet 8idnof BZ Seand

coupled to the CORDI C processor 280 for perform ngi _an arc tangent
cal cul at i on. addee 26hismorpled dorn fifd rodRpic %Od‘"@éggkbtnp ?i8g With @ lsefsvaliee2698t i mat ed

timng error .r 35. .
g from a multiplexor 265. The set value is either 1 or —1 and is controlled the

multiplexor 265 which is controlled by external control means.

[0055] The set value 265a is further coupled to a sixth multiplier 225 for
multiplying with an output 215a of the first adder 215. The output 225a of the
sixth multiplier 225 is then coupled to a third adder 230 for adding the output 225a
of the sixth multipler 225 to an output 235a of a third delay element 235. The third

delay element 235 receiving input from the output of the third adder 230.

[0056] The output 260a of the fifth multipler 260 is further coupled to a fouth
adder 270 for adding the output 260a of the fifth multipler 260 to an output 275a of
a fourth delay element 275. The fourth delay element 275 receiving input from the
output 270 of the fourth adder 270.

[0057] The output 235a of the third delay element 235 and the output 275a of the
fourth delay element 275 are coupled to the CORDIC processor 280 for performing

an arc tangent calculation. The output from the CORDIC processor 280 is thus the

estimated timing error 7 35.




14 [0058] Referring to FIG 3 , the timng recovery nodule 20 further
conprises an interpolator 22, a timng error detector 26, a loop filter
25, a Nunerically Controlled Gscillator (NCO 24 and a Deci mator 21.

[ 0059] The interpolator 22 receives the data stream5 conprising of the
plurality of synbols and constructs tli4m ng-recovered sanples conprising a
plurality of interpolated synbols 23 x(k) by interpolating a "fractional

interval” at pgsel g&iﬁrﬂé%l t?:}lbe@?q?%'e;&miﬁé(}%éoq'%% %dﬁl@f‘%d\“ﬁ%ﬁeﬁ'com?is?s

. - a'rl n
i nterpol ati on" poi'n ased on a ractiona nterval

control si gnajntdrfdlatdfar, MMIBIE elror H&Q&t@xs%}taq%@lﬂtéfb@, 4 RLEERSIIR EQroRel Nt -
[ 0060] This techni que has the advant age of derat e design conplexity and

accept abl e " aObciBatogN@E) 2o4denDecimbtoe 2 Nt er pol ator is al so operating at
twice the synbol rate (T/2), the plurality of interpolated synbols 23 x(k)
is therefore also running at twce the synbol rate. [0061] The
interpolator 22 of the present enbodi nent is based on that of ﬁ%pr art
desi gn and r el08PUnEke ntsyptiaonddisceiyes e datastream Sicompriying ofithezlusisy of
“Interpolation in . Digital Mdem.-.Part 2: |nplenentation and- Performnce",

| EEE Transact l??l%r?%éoﬁ?ﬁfﬁpﬁtﬁnlw%%‘fer%‘l,s %, COMEREe fod _ralmog)g] The
i nterpol ator ; e!tﬁcﬁﬁ Cchlbi ¢ 1Al Act | O A _ pLecew se
par abolic fun%ﬁrgiﬂ%{te?ns convgejn%no I %grgrg i épeé?%nhag E%Etg(ﬁ%’i@te uarllctalltofaﬁi S

preferred oveitdpflatdpsind Jeori®H By HUINEO RATRe Ot PRAGIERLAL | B thbi | €
mai nt ai ni ng performance conparable with other interpolators. [0063] Wile

an i nterpol atNCOuR#|is Zbasgl anld fifractiopal afiedvale Eonmol isigmal u(k)e24a,cangbek than
interpolators utilizing other functions, it suffers fromslightly poorer
per f or mance. idpwesds thethagneymiaion MER. per f or mance of the |inear
interpolator is

[0060] This technique has the advantage of moderate design complexity and

acceptable “aliasing” performance. The Interpolator is also operating at twice the

symbol rate (T/2), the plurality of interpolated symbols 23 x(k) is therefore also

running at twice the symbol rate.

[0061] The interpolator 22 of the present embodiment is based on that of prior art
design and reference may be made to the publication by F.M. Gardner,
“Interpolation in Digital Modem — Part 2: Implementation and Performance”, IEEE

Transaction on Communications; Vol 41, No.6, March 1993.

[0062] The interpolator 22 may be based on a cubic polynomial function or a
piecewise parabolic function. In conventional practice, the parabolic function is
preferred over the cubic polynomial due to ease of implementation, while

maintaining performance comparable with other interpolators.

[0063] While an interpolator utilizing a linear parabolic function is less complex
than interpolators utilizing other functions, it suffers from slightly poorer

performance. However, the overall BER performance of the linear interpolator is




15 still acceptable particularly for | ower orders of nodul ations. The
interpolator that gives the best BER performance, while offering the | east
conpl ex inplenentation, uses the piecew se parabolic function. Hence, the
pi ecewi se parabolic function is preferred over other functions in
practical inplenmentation, especially fif |ower- order nodul ati on signals.

[ 0064] The decinmator 21 is then strobed at an optinmuminstant to reduce the

e aut bt oS ECRpaB BRI By filvet Gfderbbr o BATR | Pk (RSP, 19

the output data sttream rrsing o ura imng recovered

symbol s at T sied@le bekBBER JRRnARUVhIR bl R A cggémz ifpRGeRhtich,

plurality of timng recovered synbols wll then be s t o subsequent
stages for demmduhapicoewRapagbdlic fimenverNence,The sle@witt parabblici fan@fvni at ed
by an "underflow' control signal (UDF) 24b fromthe NCO 24. [0065] The
timng error defetadopver ®thasdunstioms tih orpitigalainiplgmedtation, espoiadlyetbr dywbol s 23
and generates an error .signal e(k) 26a which indicates whether sanpling of.
the input daP¥esmpPgulation §ighaliyvanced or del ayed rel ative to an optimum
sanpling point. The optinum sanpling point is the point at which the
conmmuni cations receiver is synchronous to the transmtter sanpling point.

Since the err ﬁ)gg‘ﬁi %‘H@ldegigr{%}or.zfla i% ﬁg&m}(%ﬁpdg)%al Atyatpghﬁéﬁumt ﬂ%%a}n?qg rfe%&c%eﬁleZS IS

used to snoot the error signa a producing a tered error
signal 6(k) 2plrdlitebeiyerfolatet QY hboe 28 kAN a1 sd 8@ préthci@eBugp R’ t he
timng error detector 26r§may b% f ound ?1? t he pt?gplﬁ?%atiopn byr%.l\/l %ardner,
" A BPSK/ QPSK dafa tiresgn £V campdeheof the pfupdlitg afifinéith fdecwiratedysibold dEAEsymbol
Transactions on Communi cations, Vol. Com 34, Bo.5, My 1986..4 [0066] The
filtered errofatai ghalovspw) dats strpam 2 egomyprrisingzef alyylutatity NO@ngMg treqpeeiedr Wi t h
the initialization vaﬂ e %co initial 55 fromthe formatter 50 to generate
t he symbols will then be sent to subsequent stages for demodulation and data recovery.

The decimator 21 is activated by an “underflow” control signal (UDF) 24b from the

NCO 24.

[0065] The timing error detector 26 receives the plurality of interpolated symbols
23 and generates an error signal e(k) 26a which indicates whether sampling of the
input data stream 5 is advanced or delayed relative to an optimum sampling point.
The optimum sampling point is the point at which the communications receiver is
synchronous to the transmitter sampling point. Since the error signal e(k) 26a is
typically noisy, the Loop filter 25 is used to smoothen the error signal e(k) 26a
producing a filtered error signal d(k) 25a thereby controlling transient response. An
example of the timing error detector 26 may be found in the publication by F.M.
Gardner, “A BPSK/QPSK Timing-Error detector for sampled Receivers”, IEEE

Transactions on Communications, Vol. Com-34, Bo.5, May 1986..4

[0066] The filtered error signal §(k) 25a is then utilized by the NCO 24 together

with the initialization value nco_initial 55 from the formatter 50 to generate the

“fractional interval” control signal w(k) 24a.




"fractional interval" control signal (k) 24a. 16 [0067] Conpared to
traditional non-interpolation based timng recovery technique that uses
Anal og Digital Converter (ADC), one key advantage of this interpolation-
based timng recovery technique is that it obviates the need for an ADC
where its sanpling clock has to be adjéusted synchronously to the
transmtter's sanpling clock. [0068] Referring to FIG 4, the timng error

detector 26 o ect il C i N+ xi (k)
23a and quadr@? Eﬁechﬁg%rg@)g%?%iﬂlg%l ndcﬁggrjtpé nelﬁg) él %&F&?%\e{)ﬁhﬁ r-ugrgYélr?)} 0 e

i nterpol at ed gynizes anXlok Digital Toavés (ADC)Nnel lieh dddante’ STthBEhRefoMtioab. The
final output fromthe timng error detector 26 is the error -signal e(k)
26a. [0069] Thesed timinpgreeoveny tathhigue or th2bitobrjatdsshs neatofos taa @d3C fudiere its
processing the plurality of interpolated synbols x(k) 23. A first stage
processes t hesamplipgglask fias iy bepgdjustedsyneneroushd ta the dansmiteagesapbisgsses
t he quadraturﬁ-(ﬁﬂgase XQ k) 23b conponents. [0070] The first stage of the
timng error 98%ector conprises a first delay element 405 in series with a
second del ay el enent 410. The in-phase conponent xi(k) 23a is sent to the
first delay el enent 405 and the second del ay el enent 410. The output of

the second dejods)ckauil §1P1G., YRCArMPLEACHEEbE 98 dMe! fnbliaseofayrpOnent

xi (k) 23a by a first subtractor 415 resulting in a first subtracted output
415a. [0071] rhodwié ROtis 485anof T tn-phdss tx(He! 204 fldeqidtatd@phand xi@E DBb st
subtracted output 415a are nmultiplied by a first nmultiplier 420 to yield a
result of a féansponsntagd thelplodlity 42 Gatergol@dRiyitvds s QAchrs feglge thé tinkieg t i i ng

error detector sim'larlzy conprises a third )
error detector 26. The final output from the timing error detector 26 is the error

signal e(k) 26a.

[0069] The timing error detector 26 comprises two stages for processing the
plurality of interpolated symbols x(k) 23. A first stage processes the in-phase x;(k)
23a components and a second stage processes the quadrature-phase xq(k) 23b

components.

[0070] The first stage of the timing error detector comprises a first delay element
405 in series with a second delay element 410. The in-phase component x;(k) 23a is
sent to the first delay element 405 and the second delay element 410. The output
of the second delay element 410 is then subtracted from the in-phase component

xi(k) 23a by a first subtractor 415 resulting in a first subtracted output 415a.

[0071] A output 405a of the first delay element 405 and the first subtracted output

415a are multiplied by a first multiplier 420 to yield a result of a first stage output
420a.

[0072] The second stage of the timing error detector similarly comprises a third

delay element 425 in series with a fourth delay element 430. The quadrature-phase




del ay el ement 425 in series with a fourth delay el ement 430. The
quadr at ure-phase 17 xQ k) 23b is sent to the third delay el enrent 425 and
the fourth delay el enment 430. The output of the fourth delay el enent 430
is then subtracted fromthe quadrature- phase xQ k) 23b by a second
subtractor 435 resulting in a second sUbtracted output 435a. [0073] A
out put 425a of the third delay el errent 425 and the second subtracted

out put 435a aﬁ(gkg%ﬁl%%%hteﬁa Y e B Gicltidht AR WY thd 40urkiP aBlEP UGRnPu FECON

stage out put At a |na st ep, iTst stage’ output 420a and

the second st @Beo@pliivfithd fflath RIS aAdhad %ogﬁﬂﬁﬁrsubﬁfao@éa fRe@lahe 4B&rktArePr oduce
the desired timng error signal e(k) 26a. [0075] The delay elenents in the

timng error pletsesyd 226bynsccmut stlsriciaal4By rasultinan a sevodd delbayctedeugiugnal s
by one clock cycle which is half the sanpling rate. [0076] The Loop Filter
25 of the ti n‘i‘%@-recovery nodul e 20 receives the error signal e(k) 26a
fromthe timng error detector 26 and produces a filtered error signal
S(k) 25a. [0077] Referring to FIG 5, the error signal e(k) 26a is coupled

to a first rrufrth,_;}ihAe(;ut aoi’zﬁngfa etcrgnc% rrul t| t'nﬁs 510h8§§e{5(§);1 pﬂg’&?‘?@ézl onal

constant Kl e err si gn

mul Ui pli er 505tk ASRAE SndileAR’ § Qph mdl@ﬂ%e%'@f@ B! prBluc! 8?@&8?%%&%%61 are

[ 0078] Another Toop integral constant K2 an e err r Sl gha

mul tiplied byodtpet 4®aond nmultiplier 510 to produce a integral nodified
error signal 51 Oa. The integral nodified error signal 51 Oa is further
coupled to a delayed signal adder 515.

[0074] At a final step, the first stage output 420a and the second stage output 440a
are added together by an adder 450 to produce the desired timing error signal e(k)
26a.

[0075] The delay elements in the timing error detector 26 are substantially similar

and delay the signals by one clock cycle which is half the sampling rate.

[0076] The Loop Filter 25 of the timing recovery module 20 receives the error
signal e(k) 26a from the timing error detector 26 and produces a filtered error signal

8(k) 25a.

[0077] Referring to FIG.5, the error signal e(k) 26a is coupled to a first multiplier
505 and a second multiplier 510. A loop proportional constant K1 and the error
signal e(k) 26a are multiplied by the first multiplier 505 to produce a proportional
modified error signal 505a.

[0078] Another loop integral constant K2 and the error signal e(k) 26a are
multiplied by the second multiplier 510 to produce a integral modified error signal
510a. The integral modified error signal 510a is further coupled to a delayed signal
adder 515.



18 [0079] The del ayed signal adder 515 adds the integral nodified error
signal 51 Ga to a delayed added error signal 520a to produce an added
error signal 515a. The delayed added error signal 520a is a feedback of

t he added error signal 515a after having been del ayed by an error del ay

el ement 520. The error delay elenent 520 is thus coupled to-an output of

t he del ayed signal adder 515 and an input of the delayed signal adder 515.
[ 0080] The proportional nodified error signal 505a and the added error
signal 515a are then added in a loop filter adder 530 to produce the
filtered errofoo?a)0mRe délhyel sZ@dl addePSk] adidendNHR A mcdifdPRIRdidndl $1@88bve the
inputs of the initialization value nco initial” 55 and the filtered error
signal 6(k) 25alelaged)addxdadreortdighal 62@Gcto prualuce iant &ldedleirot Gignalob15l gak (k)
24a and also the "underflow' control signal éUDF) 24b. [0082] Referring to
FIG 6 , the Ndderyzd asddepeirercsignral 620 isal feafgmek o6z edded| exrhrt 5 Hadaftes- t wo
accumul ator 650. [0083]. The filtered error signal 6(k) 25a and a .

nor mal i zi ng cBHRE n@]@@yg&f@f ayeraey delpy elgmgeng 62 r he sHBRdelan slemgntyifdsce a

I d k - Th 4 ; [ h di
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nodul o-two acgy k1 he nodul o-two accunul at or 650 receives the
i nput of the co trofg%marqg % 605a and generates the "fractional

interval” control signal (k) 24a to be used by the interpolator 22 and
al so the "underflow' control signal (UDF) 24b to be sent to the timng
error det ect ofoo2d. THOpjopOBivhal Thedifledlerrar-signal Eauamd! thé adddaSdrdr wighhle¥1 5a

conprises a control subtractor_ 615, a nodul o-two nodul e 620, a sanpler 630
and a NCO r egargtﬂ@qn agded in a loop filter adder 530 to produce the filtered error signal 8(k) 25a.

[0081] The NCO 24 is adapted to receive the inputs of the initialization value
nco_initial 55 and the filtered error signal d(k) 25a to generate the “fractional

interval” control signal u(k) 24a and also the “underflow” control signal (UDF) 24b.

[0082] Referring to FIG.6, the NCO 24 comprises a control adder 605 coupled to a

modulo-two accumulator 650.

[0083] The filtered error signal d(k) 25a and a normalizing constant 610 are added

by the control adder 605 to produce a control word W(k) 605a. The normalizing

constant in the present embodiment has a value of 1.0.

[0084] The control adder 605 is coupled to the modulo-two accumulator 650. The
modulo-two accumulator 650 receives the input of the control word W(k) 605a and
generates the “fractional interval” control signal p(k) 24a to be used by the
interpolator 22 and also the “underflow” control signal (UDF) 24b to be sent to the

timing error detector 26.



[ 0086] The NCO regi ster 625 receives a first input of the initialization
value nco_initial 55, this only occurs once for the initialization of the
NCO 24. The initialization value nco_initial 55 is then treated as a

regi ster stored signal 625a from the NCO register 625 and sent to the
control subtractor 615. [0087] The cor®rol word Wk) 605a is then
subtracted fromthe register stored signal 625a by the control subtractor

615 0 pr oduGody SHA! FRABLBIWEORLLIRIAIN a5 o iies SH BLLAG &YLEOBE 1O

signal 615a i's en sént to the o-two un -two

function is Rﬁfsf@hi&dlotﬂ/oriﬁéﬂlﬂ@ézd, fbﬁsa&%ﬂérf@@%ﬁ&iam Eéglistersa'zs.nal 615a for an
underfl ow condition. The underfl ow conditi on occurs when the value of the

subtracted control signal 615a goes bel ow zero. The subtracted control
signal 615a is then sent into the NCO regi ster 625 and overwites the
previ ous vall0e863tThree GO register 635 geeiveasa fingt mpyi of ethe sindiadigatvingwaliie 625a.
[ 0088] The register stored sjgnal 625a |s again sent to the control

subtract or 6¥E0_MHigh Sonthig gpiveoccussy prcefor thy, itialigation of teadCOMEEn The
derfl di.tj.on. i t.ed, | o-t i.t 620 [ t

MUnder f Lo cBiipiBto S ref bt 325 BB A R PP SEPLS DB e

“under f | ow’ CtHﬂN"(fﬁ re%i) e%zs(agﬁ)'szént%éﬁxe'c%nﬂtlaﬁ&bﬁﬁ&&r6B.t he sanpler 630. The

sanpler 630 then sa s and captures the register stored signal 625a and
treats it as the "fractional interval"” control signal (k) 24a that is sent
to the interpolator 22. [0090] The "underflow' control signal (UDF) 24b is

al so used f orjogg Oﬁ{;fn&)rft ?w&@%{lﬁt&ﬁa%& tin E'L?cﬁfacf%ﬂtfréiﬂ‘lr?ggi bid@r SRyr¥d el d
sy e :

the timng recovere ol s of e output data stream te that the
i nterpol at or sghabb623d by Whdd Ybritrd] Wabiraite B3 &8 @eodiPe S6TBLESeP b NdIHal as

required for proper operation by the timng error detector 26.
615a. The subtracted control signal 615a is then sent to the modulo-two unit 620
where the modulo-two function is performed to monitor the subtracted control
signal 615a for an underflow condition. The underflow condition occurs when the
value of the subtracted control signal 615a goes below zero. The subtracted control

signal 615a is then sent into the NCO register 625 and overwrites the previous

value stored in the register as the register stored signal 625a.

[0088] The register stored signal 625a is again sent to the control subtractor 615,

and the cycle starts all over again.

[0089] When the underflow condition is detected, the modulo-two unit 620 sends
the “underflow” control signal (UDF) 24b to the timing error detector 26. The
“underflow” control signal (UDF) 24b is also sent to the sampler 630. The sampler
630 then samples and captures the register stored signal 625a and treats it as the

“fractional interval” control signal u(k) 24a that is sent to the interpolator 22.

[0090] The “underflow” control signal (UDF) 24b is also used for strobing the
decimator 21 at near optimum timing to yield the timing recovered symbols of the

output data stream 27. Note that the interpolator 22 still outputs two interpolated



[0091] The formatter 50 receives the estimated timng error r 35 fromthe
timng estinmator 30 and generates an initialization value nco_initial 55
for the timng recovery nodule 20. [0092] The formatter 50 detects the
signs of the estimated timng error z 35 and conputes the initialization
val ue nco_initial 55 depending on the29i gns of estimated timng error r 3
5. [0093] If the estimated timng error r 35 is positive, then the

(<t ce t he SuiRiedRs SVERR! Rbtaed e iovr dBeiRORbEDe AERRY oy Balbols o

timng error 94635 is negative, then the initialization value nco |n|t|al

55 will output a value that is a sumof twice the estimated timng error r
35 and a constant value of 2. [0095] If the estimated timng error r 35 is
equal to zero, then the initialization value nco_initial 55 is also equal

to zero. A pspose9- Hﬁdﬁ)rﬁﬁftert $1ereabiQfLinB REtARed tind Eﬁ&e%‘tﬁt r6m 18é tihgrat t er
50 is given as follows: r>0thenAnc0|n|t|a zelseifr <o

then A nco i ndstimator 302and génei'atesehls gnidldlizacion ivaluei laio_mzﬁ)zl %sndfor the timing

recovery module 20.

[0092] The formatter 50 detects the signs of the estimated timing error 7 35 and

computes the initialization value nco_initial 55 depending on the signs of estimated

timing error 7 35.

[0093] If the estimated timing error T 35 is positive, then the initialization value
nco_initial 55 will be computed based on a value that is twice the estimated timing

error 35.

[0094] However, if the estimated timing error T 35 1is negative, then the

initialization value nco_initial 55 will output a value that is a sum of twice the

A
estimated timing error 7 35 and a constant value of 2.

[0095] If the estimated timing error T 35 is equal to zero, then the initialization
value nco_initial 55 is also equal to zero. A pseudo-code for the aforementioned

implementation of Formatter 50 is given as follows:
If 7> 0 then

A
nco_initial =2* T

else if %< 0 then

A
nco_initial =2 + 2* T

else




[0096] In deriving the initialization value nco initial 55 generated by the
formatter 50, the relationship between the register stored signal 625 and
the "fractional interval" control signal (k) 24a and the estinmated timng
error r 35. [0097] When considering the publication by F.M Gardner,
"Interpolation in Digital Mbdem - Pa2t 2: |nplenentation and Performance"”,
| EEE Transaction on Communi cations; Vol 41, No.6, March 1993, the
extraction of the "ddoaghrigpr@ interval”™ control signal (k) 24a may be
calculated fromthe %ontent of the NCO register 625. [0098] Designating

t he NCO regi ster 625 %ont ent s conputed at the kth clock cycle as nco(k),
and the NCO control word as WKk), the NCO di fference equation in F. M
Gardner's publication may be given as nco(k) =[nco(k-1)-WKk-1)]nmodl (1)

[ 0099] However, the present enbodi nent was nodified slightly affording a
sinplification to the above equation. Instead of "nod 1" operation, a "nod
2" operati Ofodgs] U Qeriviad the! MRialBAtidn RV Hirdd 85 9BERa8d BATth Forhiitter
represented by: nco (k) = [ nco(k ) - W(K -1)] nod 2 (2) [00100] In the
present enbodiOeind relbtienshpCodtdetrs thte eegistanitored signab 626 garfdithe rfiractional
sinmplification in computing of the "fractional interval” control signal (k)
24a. 22 [001QakrvAreon@slsiglal My d4¥ka th6 0Gan b GhidgSerlok kets t.0 be a positive
fraction 1is adjusted by the timng recovery nodul'e 20 so that the output
of the interpolator 22 is sanpled at near optimal timng. Under | oop
equilibriumconditions, the control word Wk) 605a wll likely be in close
range of a cd®R7hrWhenakomsideting tthe pybliestéont bgnBddi r@ardnerwiTitetpokatioar in er

nodi fication of, replacing nodl_ with nod2, )
Digital Modem - Part 2: Implementation and Performance”, IEEE Transaction on

Communications; Vol 41, No.6, March 1993, the extraction of the “fractional
interval” control signal (k) 24a may be calculated from the content of the NCO

register 625.

[0098] Designating the NCO register 625 contents computed at the kth clock cycle
as nco(k), and the NCO control word as W(k), the NCO difference equation in

F.M. Gardner’s publication may be given as
nco(k) =[nco(k —1)—W (k —1)]mod1 (1)

[0099] However, the present embodiment was modified slightly affording a
simplification to the above equation. Instead of “mod 1” operation, a “mod 2”

operation is used, and the modified NCO difference equation is represented by:
nco(k) =[nco(k —1)—W (k —1)]mod 2 )

[00100] In the present embodiment, the NCO 24 is decrementing allowing for
minor simplification in computing of the “fractional interval” control signal u(k)

24a.




the constant value the control word Wk) 605a is in close range with is the
value 1. [00102] Referring to FIG 7, a graph illustrates a plot of
fictitious time- continuous nco(t) versus continuous tinme is extracted from
F.M Gardner's publication. Referring to FIG7, KkTs is the tinme of a
sanpl e clock pulse imediately preceding the kth interpolation tine
(k+u(k)) Ts. The register stored signal 625a decreases through zero at the

i nterpol ati OQPH(OEEFand eco?x%f)w&fd%ﬁ{)&gfa (NEI?C%L{L iii(&g ﬁ‘%) \{,}\%Egt%si#%’g'%%ﬁ%nowv

control sign ) 24b berng activ becones he "next cl ock

cycle at tinmgsfofiibdd B ;heEhﬁing@aJos&@rmﬁu@mﬂsé R Ahe @&éﬁtbof me?ﬁd/%po%&gr

nco(k+1l) are then available at thé next clock cycle. 0103 pl yi ng
concept of si2¥ isasanipléhaghes bptim#l Gnihg. | Undanldop ibriud] codi@dnsy e Ts _
(1 -u(k))Ts nco -nco i + which can be solved for u(k) as u(k) -- nco(k) -

nco(k) - nccontrel werd WEK) ¢0Pp Willdilkeh] berin elesd rmge obfa eopktanralue amn hise
obtai ned by performng. the indicated, division of the two nunbers nco(k)
and WKk) 605Preseat empedigsnt withathe gorlier mpesdidicatien ofjaepladng med! a8y @adduat i on

S05a and nco(R) CAFETHENE BEEPY S R DR RET ok Foet PRRIVAETUaA phase.
23 [00105] The division in equation (4) can be further sinplified by
[00102] Referring to FIG.7, a graph illustrates a plot of fictitious time-
continuous nco(t) versus continuous time is extracted from F.M. Gardner’s
publication. Referring to FIG.7, kT, is the time of a sample clock pulse
immediately preceding the kth interpolation time (k+u(k))Ts. The register stored
signal 625a decreases through zero at the interpolation time and the zero crossing
(resulting in the “underflow” control signal (UDF) 24b being activated) becomes
known at the next clock cycle at time (k+1)Ts. The register stored signal 625a,
nco(k) and nco(k-+1) are then available at the next clock cycle.

[00103] Applying concept of similar triangles in FIG.7, it can be seen [3]

that
u(k)Ts _ (1 -u(k)Ts
nco(k) 2-—nco(k+1) (3)

which can be solved for u(k) as

_ nco(k) _ nco(k)
u(h) = = @
2—nco(k +1)+nco(k) W(k)
[00104] As estimate of u(k) 24a can be obtained by performing the indicated

division of the two numbers nco(k) and W(k) 605a that are both available from the
NCO 24. The above equation (4) is an estimate of the exact u(k) 24a because its
constituents W(k) 605a and nco(k) are both estimates of the true timing frequency

and phase.




approximating Wk) 605a with the value 1. This sinplification is still able
to achieve successful |oop tracking performance. This value of 1 occurs
only during loop equilibrium In general Wk) 605a is not equal to 1
during the | oop acquisition phase. Therefore the final expression of the
estimated u(k) 24a which will be used23by the interpolator 22 is u(k) =
nco(k) (5) [00106] It should be noted that the reason why the expression

b fully . f [ ' I k
for the inteldSPEor i abenciel FhoSiin ol dstmtroroabeior CHE S dSent
erbodi Ment | SuphRRndfheCWkBOS] Mth W' Datbd'e, LY DS ISRAVET ¥ FRFULE &0 1o

estimte the Itla ation ue nco_initia I's close enough to
"junp start” dchigvd ustérgful SpVeickingOsbifofmaitel Thid vastlbt 1 Rick&s) oiBe Quringd0107]
Referring to FIG8 and FIG1, a nethod for fast symbol synchroni zggti on

in a conmmuni dedp auditsipst. dmgeaeralgWek)t 605 ixgnot equay &r ¥ doxekyithe 186p aaqphdgified f or
i npl enrenting a feedback algorithmfor producing a plurality of timn
recover ed syriheses Tharefoel the finalienpreesion etherestmatsd ek Zta whiph evikk be jusesl a

f eedf orwar d glgﬁrlthn1for€§stinating the estimated timng error r 35 from
an input dat 2Y3PF PRSP ng a plurality of received synbols, starts
with the step of receiving 910 Q,r@k)ul}%g(kpata stream 5. [00108 5)Next, t he
step of inplenenting 915 a feedforward algorithmto produce an’esti mated
timng error fromthe input data stream5 is perfornmed. Follow ng which

ecovery moadtGiosh us: b ShAld Fetofh B0 ehrentpropi, bF FrEonts) &R b ™
used successfully to generate the fractional interval u(k) 24a for the interpolator is
because the timing estimator 30 of the present embodiment is used in conjunction
with the timing recovery module 20 to estimate the initialization value nco_initial
55 which is close enough to “jump start” the timing recovery module 20 into

equilibrium mode.

[00107] Referring to FIG.8 and FIG.1, a method for fast symbol
synchronization in a communications system using a timing recovery module 20
adapted for implementing a feedback algorithm for producing a plurality of timing

recovered symbols 27 and a timing estimator adapted for implementing a

feedforward algorithm for estimating the estimated timing error 7 35 from an input
data stream comprising a plurality of received symbols, starts with the step of

receiving 910 an input data stream 5.

[00108] Next, the step of implementing 915 a feedforward algorithm to
produce an estimated timing error from the input data stream 5 is performed.

Following which, an intialization value is generated 920 for timing recovery by the

timing recovery module 20 using the estimated timing error 7 35.




[ 00109] Next the step of inplenmenting 925 a feedback algorithmto produce
an output data stream 27 using the initialization value nco_initial 55 is
performed by the timng recovery nodule 20. [00110] Referring to FIG 9,
the step of generating 920 the initialization value nco initial 55 further
starts with the step of receiving 101Q4the estimated timng error r 35.
Next, the initialization value nco initial 55 is set 1020 zero if the

estimated ti rror d §ef 0, ol f

estimated ti rror Ne’égl|Szeppgglﬂjf'p%l%eﬁ%%%o%gegd}%%gng\rg%p’ Eatl Gh val ue
55 is set 10 I t he
timng error 3%5“?%‘%8%‘%%1 TP SHTE CRCirk R o it égvlﬁ%gﬁe“ﬁﬁed
nco_initial Hy thstiftig tebovyimoliule®oce the estimated timng error z 35 and a
constant value of twd. [00111] Referring to FIG 10 and FIG 3, the step of

i npl enenting feedback algorithmfurther starts with the step of the NCO 24
receiving 1110 the initialj zatl on value nco_initial 55. Next, the step of

generating 118%10he " f Rderriogde FIG-Aithe vigp of edierative %pgh%ﬂmméyzamval%q ng the
tial t l | dth
bor for e [ BB R tarig slaB w7 Rieos rﬁg@ﬁé@lﬁﬁ? efteded SRS he

| oop filter 25 to. produce the filtered error nal 25a which is used
by the NCO 24=rr0fcfbf§3] Ny the inffializatign mluepﬂ%wl%gﬁt ﬁeS%IU)rZQI 7et¢ ipfthe

i nterpol ated synmbols 23 using the "fractional interval" control signal (k)
24a is perf oresematefl Gonngigrrgror g@w qugalioizeto, 1@18e Iphowenert the ehtimated tipwngat ed
synbols 23 are decimated 1125 by the decimator 21 to generate the out put
data streani 2¥rongi Myistpositivé UOREE thdnai indalizatidn silgnas iy $IDHN324b tiviconhd he NCO
24. 25 [00115] It will be appreciated that various nodifications and

i nprovenment s estimated timing error 7 35. If however, the timing error 35 is negaitve 1025, then

the initialization value nco_initial 55 is set to sum of twice the estimated timing

error 7 35 and a constant value of two.

[00111] Referring to FIG.10 and FIG.3, the step of implementing feedback
algorithm further starts with the step of the NCO 24 receiving 1110 the
initialization value nco_initial 55. Next, the step of generating 1115 the “fractional
interval” control signal (k) 24a using the initialization value nco_initial 55 and the

error signal e(k) 26a is performed.

[00112] The error signal e(k) 26a is usually filtered by the loop filter 25 to
produce the filtered error signal (k) 25a which is used by the NCO 24.

[00113] Next, the step of producing the plurality of interpolated symbols 23

using the “fractional interval” control signal u(k) 24a is performed.

[00114] Following which, the plurality of interpolated symbols 23 are
decimated 1125 by the decimator 21 to generate the output data stream 27 using the
“underflow” control signal (UDF) 24b from the NCO 24.



can be made by a person skilled in the art w thout departing fromthe scope
of the present invention. Cains 1. A systemfor fast synbol

synchroni zation in a conmuni cati ons system the system conprising: a
timng recovery nodul e adapted for receiving a data stream conprising a
plurality of synbols, the timng recagery nodul e further adapted for

i npl ementing a feedback algorithmfor producing a plurality of timng
recovered synbols; a timng estimator adapted for inplenenting a
feedforward algorithmfor estinmating an estimated timng error fromthe

data stream pedsp for MbiRhe agaRtakd @At PrRUYHJIHERoA id ﬁhyﬂré@érh&ﬁs val ue

fromthe estimated timng error; wherein the timng recovery nodul e

recei ves the danibtindlde batal peisoviakilied fi0 thel 4D Weient dét@rtiddefrorh ke bk ofiltigori t hm
for producing the plurality of timng recovered synbols. 2. The system of
claim1l, V\herméwntﬁwemtiqﬁ. ng recovery nodul e conprises: an interpolator for
receiving the data streamconprising a plurality of synbols, and for
producing a plurality of interpolated synbols using a fractional interval
control signal; and a decimator for reducing the plurality of interpolated
synbols(?@%ﬁroduce a output data streamconprising a plurality of timng
recovered synbols; 3. The systemof claim2, wherein the timng recovery
nodul e further conprises: 26 a timng error detector for receiving the

plurality of A@%@é@%@ﬁa@tﬁyﬁmwrﬁhﬁmaﬁ@ﬁ in #60RMAhicAGoRSy SEMOtheSySiRal
i ndi cati ng whether sanpling of the input data streamis advanced” or
del ayed aoelpaisinge t o an opti mum sanpling point;

a timing recovery module adapted for receiving a data stream comprising a plurality
of symbols, the timing recovery module further adapted for implementing a feedback
algorithm for producing a plurality of timing recovered symbols;

a timing estimator adapted for implementing a feedforward algorithm for estimating
an estimated timing error from the data stream; and

a formatter adapted for producing an initialization value from the estimated timing
error;

wherein the timing recovery module receives the initialization value for implementing the

feedback algorithm for producing the plurality of timing recovered symbols.

2. The system of claim 1, wherein the timing recovery module comprises:

an interpolator for receiving the data stream comprising a plurality of symbols, and
for producing a plurality of interpolated symbols using a fractional interval control signal;
and

a decimator for reducing the plurality of interpolated symbols to produce a output

data stream comprising a plurality of timing recovered symbols;

3. The system of claim 2, wherein the timing recovery module further comprises:



a loop filter for filtering the error signal to produce a filtered error
signal; a Nunerically Controlled Gscillator (NCO for receiving the
filtered error signal and for generating the fractional interval control
signal using the initialization value; the NCO further for generating an
underfl ow control signal for instructi2ég the loop filter, the timng error
detector and the decimator. 4. The systemof claim3, wherein the error

detector fur tJ‘ﬁ{éjng%%’f i Stor rf1je§t§\;i11 }tge?@a&a‘?ig%/ %gﬁgﬁﬂa{gﬁ ?;Erni)&é RS

conponent of t l'uraltty of interp e |nterpoﬁator;

and a segaadtisd #0@ror Sond IIREQHAE MeheBldr IMARIIRL T Be RS Yalf stichB Bladvabéd y of
interpolated synbols fromthe interpolator. 5. The system of claim 4,

wher ei n driielafyed sflatbeagen dptihinarsampling psieg: a first delay el enent for
receiving the in-phase conponent, the first del gy element in series with a
second del ay aloepraher, fonkligraigtheerrensignal togiroduse addtersddrdesigyalel ement is t hen

subtracted fr t he in-phas onponent hy. a first subtractor producjng a
first subt ra(ﬁoﬁ]ﬂnﬁ%ﬁ Y ,Onfraﬁ?%éw @ QGO)Hr teeining thy filtesed prrrsyignabpngd,

it 1 pl 101 Costpe ot BOR EFELeaBbd Bkl T piReg et ol i s,
mul t1 pl 1€ L e
ootV ng 1 ha Goath AP er AehaRing B idcARRy ofpil oo tet EROEREEE s wi

a fourt Hilge| By i@ r delebef ghdthade@blat of the third delay elenment is
then subtracted fromthe quadrature conponent by a second subtractor

produci ng a second subtracted output; 27 further wherein an output of the
third delay el enent and the second subtracted output are multiplied by a

second rl ti plliceyster of chdde Whersit bggrror defectoufupher comprises:
a first stage for processing an in-phase component of the plurality of interpolated
symbols from the interpolator; and
a second stage for processing an quadrature-phase of the plurality of interpolated

symbols from the interpolator.

5. The system of claim 4, wherein the first stage further comprises:

a first delay element for receiving the in-phase component, the first delay element in
series with a second delay element,

wherein an output of the second delay element is then subtracted from the in-phase
component by a first subtractor producing a first subtracted output;

further wherein an output of the first delay element and the first subtracted output

are multiplied by a first multiplier to produce a first stage output.

6. The system of claim 5, wherein the second stage further comprises:

a third delay element for receiving the quadrature component, the third delay
element in series with a fourth delay element,

wherein an output of the third delay element is then subtracted from the quadrature

component by a second subtractor producing a second subtracted output;




7. The systemof claim6, wherein the first stage output and the second
stage output are added to produce the error signal. 8. The systemof claim
3, wherein the loop filter conprises: a first multiplier for rmultiplying
the error signal with a | oop proportional constant for producing a first
proportional nodified error signal; a2§econd multiplier for nultiplying the
error signal with a integral proportional constant for producing a

error signal u ral pr . i
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error signal ;oufigagd multiicd 8l akesbndrh@ipSérdd pkoduse @séc%ﬁg%ggo%fguﬁ he added
error signal after delay by an error delay elenent; further erein the

proportional nodified error signal and the added error signal are then
added in a loop filter adder producing the filtered error signal. 9. The
system of cl afhe systephel epim 6.hwheuso the Fpstistags output cod thosecandistageouphibtd to a
nodul o-two unmul ator; wherein a normalizing constant is added to the
fiItered“%W%@ QPrpquse e ARSIkt r ol adder producing a control word. 10.
The systemof claim9, wherein the nodul o two accunul ator conprises: a
control subtractor for subtracting a register stored signal fromthe
control word producing a subtracted control signal; a nodul o-two nodul e
for performng a nodul o-two function on the subtracted control signal for

noni t origg t Neheswybiemasiciamey) Mihein fhied ﬁl&é}rcoﬁilpriﬁésderf | ow condition; 28 a
NCO regi ster for storing the subtracted control signal and for overwiting
a previousl y ftsomstipsiabfor aculéplyngrthe etros sigmd with a loop proportional constant
for producing a first proportional modified error signal;
a second multiplier for multiplying the error signal with a integral proportional
constant for producing a integral modified error signal;
a delayed signal adder for adding the integral error signal to a delayed error signal for
producing an added error signal;
wherein the delayed error signal is a feedback of the added error signal after delay
by an error delay element;

further wherein the proportional modified error signal and the added error signal are

then added in a loop filter adder producing the filtered error signal.

9. The system of claim 3, wherein the NCO comprises:
a control adder coupled to a modulo-two accumulator;
wherein a normalizing constant is added to the filtered error signal by the control

adder producing a control word.

10.  The system of claim 9, wherein the modulo two accumulator comprises:

a control subtractor for subtracting a register stored signal from the control word
producing a subtracted control signal;

a modulo-two module for performing a modulo-two function on the subtracted

control signal for monitoring the subtracted control signal for an underflow condition;



wherein the underflow control signal is generated by the nodul o-two nodul e
to instruct a sanpler for sanpling and capturing the register stored
signal and sending the register stored signal to the interpolator as the
fractional interval control signal. 11. The systemof claim1, wherein the
initialization value is twice the estkgated timng error, when the
estimated timng error is positive. 12. The systemof claim1l, wherein the

0111 oo Y, P Blnd Y SyPBST LR S] 39, SUEORRELS

constant val ue ror negative

systen1qﬁeﬁbgg@hgnﬂ@mgﬁgﬁai&ﬂﬁnig%ﬁaalization value is zero, when the
estimated timng error 1S zero. 14. A method for fast synbol

synchr oni zat ivdierdin the 00deTHowWC@NtONSighl S§ gehdigtd Gy ahe trhddul@twe emdaleytorodul e
adapted for inplenenting a feedback algorithmfor producing a plurality of
tim ng riegoiceredmgarifol samplithgaand captgyingsthe magister siaglt signdl and isepdiegréhet i ng a
feedforward algorithmfor estimating an estimated timng error fromthe

i nput  ddegistsr stergehsignalde thasintesppletenpy the fragfianakintered sontel sigaglei vi ng i nput
data stream b) inplenenting a feedforward algorithmto produce an
estimated timng error fromthe input data stream c) generating an
intialization value for timng recovery by the timng recovery nodul e
using the estimated timng error; and d) inplenmenting a feedback al gorithm

to produge amRulfth ofdlaindl WEaRHEE MitidiR8tiod MiHhd BlthARI thORsHAkEE timdiy 15
The nethod of claim 14, the step c¢) further conprising: c¢ |) receiving the

est i mat extlrok,i whengheestiatatedct@hingedior tigpdshigel ni tial i zation value to zero if the
estimated timng error is equal to zero;

12.  The system of claim 1, wherein the initialization value is sum of twice the estimated

timing error and a constant value of two, when the estimated timing error is negative.

13. The system of claim 1, wherein the initialization value is zero, when the estimated

timing error is zero.

14. A method for fast symbol synchronization in a communications system using a

timing recovery module adapted for implementing a feedback algorithm for producing a

plurality of timing recovered symbols and a timing estimator adapted for implementing a

feedforward algorithm for estimating an estimated timing error from the input data stream,

the method comprising the steps:

a) receiving input data stream;

b) implementing a feedforward algorithm to produce an estimated timing error from the
input data stream;

) generating an intialization value for timing recovery by the timing recovery module
using the estimated timing error; and

d) implementing a feedback algorithm to produce an output data stream using the

initialization value.



c3) setting the initialization value to twice the estimated timng error if
the estimated timng error is positive; and c4) setting the initialization
value to sumof twice the estinated timng error and a constant val ue of
two if the estimated timng error is negative. 16. The nethod of claim 14,
wherein the step d) further conprising9 dl) receiving the initialization
val ue; d2) generating a fractional interval control signal using the

initialijzati %e‘fﬁétﬁ% Waigﬁ%, Bl p ‘[%if?‘gﬂ?‘lf Cg%ggs-l merically Contoll ed

Gscillator (NCO); producing a pl'u ty terpol ated synbols from

t he i npwll) datreceslinEemestihated fifihg effogCt i onal interval control signal; and
d4) decimating the plurality of interpolated synbols to generate an out put
dat a st rc@am setsing gheainitiatideiohlvalueco nemof ths iegtirahtedyménrgadrand idgquahte ZGO. 17. A
timng estimator of a fast synbol synchronizer in a communications system
for recdlvingttiag the putialgation walvetonivdemiic etimgted fmingagrioryif gre esbiausitaded
synbol s and for. produci ng. an gstimated timng error, the timng estinmator
conprising: & W@%PB@E&%&P for performing an arctangent function to
gener at he et N rror, a first processor path for receiving
and procdber gtk (R IRHal bl Rl fisunf of Wit Y SERIRA b st hES

second procegspdafdhieotws FIRI é@hﬁﬁté@aﬂﬁniﬂ%%ﬁsfﬁ!n@ga&v@e, quadr at ur e- phase
conponent of the input data stream 18. The tim ng estimator of claim 17,

wher ei n 16he fThesticthsdeRssior 14 ahbreiOipsicpel furthek bomprides.ay el’'ement for
receiving the in-phase conponent, the first delay elenment having an out put
coupl ed dilp a réderving tha finifigizatorn vade;

d2)  generating a fractional interval control signal using the initialization value and an
error signal by a Numerically Contolled Oscillator (NCO);

d3)  producing a plurality of interpolated symbols from the input data stream using the
fractional interval control signal; and

d4)  decimating the plurality of interpolated symbols to generate an output data stream

using an underflow control signal generated by the NCO.

17. A timing estimator of a fast symbol synchronizer in a communications system for
receiving an input data stream comprising a plurality of received symbols and for producing
an estimated timing error , the timing estimator comprising:

a CORDIC processor for performing an arctangent function to generate the
estimated timing error;

a first processor path for receiving and processing an in-phase component of the
input data stream; and

a second processor path for receiving and processing the quadrature-phase

component of the input data stream.

18.  The timing estimator of claim 17, wherein the first processor path comprises:
a first delay element for receiving the in-phase component, the first delay element

having an output coupled to a first multiplier;



the first nmultiplier further coupled to the in-phase conponent for

mul tiplication of the in-phase conponent and the output of the first del ay
el enent; a second nultiplier having two inputs coupled to the in-phase
conponent for producing an output equal to square of the in-phase
conponent. 19. The tim ng estimtor of30claim 18, wherein the second
processor path conprises: a third nultiplier having two inputs coupled to

the quadrat urge Bﬁggqgﬂt%ﬁ{&’%ﬂ%{%} _c&gﬁed B &gqggﬂgva%n%%& @g%{?{é@cﬂﬁ&ﬂ yare of

t he quadrature-p onponen secon erving the

i nput  ofth§ Riepkidadb@bsicat RIAER QiR 8NeRirst delt d&aapd del ay el ement havi ng
an output coupled to a fourth multiplier the fourth nultiplier coupled to

t he quadr at uresqbadengldpianidvingt oo Muits Pouplet i toNthe Mulghapd icempbmmt dbr t he
quadr at ur e- phase conponent with the quadrature-phase conponent fromthe
second dubducing amariput egoal tTlsquare nf thg iephassmbmpondntc| ai m 19, furt her
conprising a first adder coupled to the output of the first nmultiplier and
the output of the fourth nultiplier; a second adder coupled to the output
of the third nmultiplier and the output of the second nultiplier, the
out put of the second adder being coupled to a fifth nultiplier for
multiplying with a set value froma nultiplexor, the set val ue being either
1 or -1; the set value being further coupled to a sixth rmultiplier for
multiplying with an output of the first adder; a third adder coupled to
the output of the sixth multiplier and an output of a third delay elenent,
t he thirld. del'Bhe tmhiapestimateref alaingl 8, miwsteid therveddnd ppodepstr path dohgrikés: rd adder ;
and 31 a fourth adder coupled to the output of the fifth nultipler and an
output of a faghird multiplier having two inputs coup ed to the quadrature-phase component for
producing an output equal to square of the quadrature-phase component;
a second delay element for receiving the input of the quadrature-phase component,
the second delay element having an output coupled to a fourth multiplier
the fourth multiplier coupled to the quadrature-phase component for multiplication
multiplication of the quadrature-phase component with the quadrature-phase component

from the second delay element.

20.  The timing estimator of claim 19, further comprising

a first adder coupled to the output of the first multiplier and the output of the
fourth multiplier;

a second adder coupled to the output of the third multiplier and the output of the
second multiplier, the output of the second adder being coupled to a fifth multiplier for
multiplying with a set value from a multiplexor, the set value being either 1 or —1;

the set value being further coupled to a sixth multiplier for multiplying with an
output of the first adder;

a third adder coupled to the output of the sixth multiplier and an output of a third
delay element, the third delay element receiving input from the output of the third adder;

and



delay elenment, the fourth delay elenent receiving input fromthe output of
the fourth adder; 21. The timng estimator of claim20, further conprising:
the output of the third delay elenment and the output of the fourth del ay
el ement being coupled to the CORDI C processor.

31

a fourth adder coupled to the output of the fifth multipler and an output of a fourth

delay element, the fourth delay element receiving input from the output of the fourth adder;

21.  The timing estimator of claim 20, further comprising:
the output of the third delay element and the output of the fourth delay element

being coupled to the CORDIC processor.




