;e3e7}$7zT6T$ToV2 May 2002  CLOCK RECOVERY APPARATUS This invention
relates to clock recovery apparatus for decoding or retimng binary data
and nore particularly, to inprovenents in a phase | ocked |oop for clock
-recovery. U.S. Patent No. 5,012,494 discloses a phase | ocke2l Map2002
architecture for clock recovery and NRZ data retimng. a clock signal
generated by a voltage controlled oscillator (VCQ0) is conpared wth the NRZ
data in a frequency/phase detector. The frequency/ phase detector has a

bi nary out put that serves as an error signal for the phase |ocked | The
out put o! the frequency/phase detector is one binary val ue mmm““ﬂwwﬂlwm\ék
signal leads the data transitions and is the other binary v

clock signal lags the -data transitions. The output of the frequensy/ phase
detector is directly connected to the VCOto nake small first order
corrections in its phase and is connected through an int egnmlﬂmmmmm“lmmm VCO
to make | arger second order correctiong-to its frequency. ncy
acqui sition node) the second order corrections bring the cl ockeggdoggnal into
frequency synchroni zati on and phase lock with the data transitions. In the
phase | ock node, the first order corrections cause the frequency of the
clock signal to shift slightly back and forth, i.e., toggle, 2 May 2002
2 about the frequency o: theCH8E% REFAVERY i“@ﬁé{""%ﬂﬁj t her eby mai ntain phase
| ock. The descri bed phase | ocked | oop architecture only corrects the
frequency and phase of the clock signal when data transitions are present.
Therefore) during long strings of data having the same binary value, the

cl ock frequency can diiifst inypatdengretates; $8 ELogatiesPretE AtUfitter. A
fal se | ock condi ithgn @atediing0 ari Seetiminge désary bethfahasend, ockede| oop
architecture when_the tr i 5] 1 0GK.s1 locke@mudpcices are
fractionally rel gt‘égl.'c %Egﬂbh&ggg%*%m?ﬁgﬁg rp%o??%%]qphase |l ock to data is
absent with the GaeeX tFea9¥P¥Yons and the clock signal in phase every
several clock cycl es,uishi Panenyt Neoob; 01hdophdseclasels 8i phage rhpckad o
"thinking” it is,i,B colRGteRR%e +ACKc1bEK { HRACHOESY €AGAC et edatat he VCO
conprises a pl ur afl Ey of stages .of del.a onnect eﬁ 4N ring, 1Qgseof t he
stages i ntroduceFesibiifhry Iﬁ°ﬁ§pe’ﬁ§¥’ﬁ£ AT RES bi ﬁary val ue of the
directly appliedcongnalldd oscillatér dyGencis shuparafewith Ghe ¥Rz Qatane t he
out put of the fr?ﬂueQCYéP&flﬁ% AIHAGRO! astertdes Stwé e, freq@ehty/@nisdel ay
changes and the frequency of the VCO toggl es b%gk‘a esf glrst anee% n two

val ues. The renmmid®tAGERT A% 24NN PEEELE B RneTog delay depéndi ng on
the output of theignakgeer othe mphaske lbcked apAroachEre pPERut| &8k the Over

tﬁrrpferature, diffﬁgw?n%h \a/sed@t@&oarssi ahapdmfexebbvan?e ilen gmefand t hus

t he frequency range "of t’he es_.,ap a upgl i

tenperature. Thi scq'é’&ﬁ %’a‘ﬂ?& E?lae&pﬁggeéﬁt&cEggﬁ%@ﬁ%t‘ﬁ%%eirsa?g&i&@lregperI y.

Accordi ng to one kigpert YHluehewhen chhe oelogk AXSNR | BRI cHRBI 19307 i s

sensed on a dat a dda@Bstidrd byhd lampit i thastsequeney putiasecdevernorappar at us

based on the abover gesé’é'l?,egorﬂa'lééﬁa 'WQCKEH vkB AR, ﬁ?ﬁ@is%ﬁ%uf stigfkan out of
h’s'ead) a ge pi hg Si gnha y

| ock condition is% ( range swee ) 002 1Is
generated and summsgegtiong hin sitnahapeodnghds ABGestes  ERFrWMe Pt he
frequency of the glregkatdbfnab her viee tbeqakecylamyeye sécdnde agdar The

out put signal fromthe,i grat o: . LS t ha h n M@&q,i ng
si gnal as phase I%°5E°§§k§%%r.o%chéaksoé{%cg'{lgggése In](:)rE:kequsear %eég?abl i'shed as

the clock frequenSAudRdEhen Pede. the FReErfife REPeHCARECHLRE FARTi ti%ns.
Accordi ng to anotémickasipall iDito fiegueneptsyanhrani zationfandoptiaseobetik i on i s
sensed on a data tyr b d 110N hS | erghappar at us
based on the abov%ftg‘ggllcl}tfi ggtdpéﬁ-gég_i?lgg‘béd ?@%ﬁafgﬁ?%gﬁ‘ﬁ g‘?gg\hfn an out of
| ock condition isfiRfSeAFder cerrectigns cayre 7e) FRedWeRst PHP&AF el at ed
data transitions sighajerner ashétk islighely rexprerag/ ghatk, detect 5PIIPS: a
result) in the absents of an out of |ock condition, the phase detector
continues to generate a changing binary signal even in the absence of

actual data transitions) the clock signal is |ocked in phase to the nost
recently occurring data transitions) and pattern dependent fitter is
virtually elimnated. In another aspect of the invention an out of | ock
condition in clock recovery apparatuc based on the above described phase

| ocked | oop architecture is sensed by a D clip-flop. Data is coupled to the
clock input of the flip-flop, the clock signal is delayed by a traction of
its nom nal period and coupled to the D input of the flipflop. The state of
the Q output of the flip-flop indicates an out of lock condition. In

anot her aspect of the invention, clock recovery apparatus based on the
above descri bed phase | ocked | oop architecture has a VCOw th tenperature

o . o, e



of fsets the tenperature dependent changes in the delay introduced by the
‘réemai ni ng stages. The features of exenplary enbodi nents of the invention
are illustrated in the drawings, in which: Fig.l is a schematic bl ock

-di agram of clock recovery apparatus incorporating the pri nchqgtﬁ 902 he
invention; Fig.2 is a schematic circuit diagramof the false [oCk detector
and one shot of Fig.l; Fig.3 is a waveform di agramrepresenting the
operation of the false |ock detector of Fig.2: Fig.4 is a waveform di agram
representing the operation of the one shot of Fig.2; Fig.5 is a schematic
circuit diagramof the voltage to current converter of Fig.1l;, Fig.6 is a
schematic | ogic diagramof a portion of the phase/frequency detector of
Fig.1; Fig.7 is a schematic bl ock diagram of the voltage controlled
oscillator of Fig.1l; and Fig.8 is a schematic circuit diagram of the

t enper ature Cowsmtﬂhﬁgfﬁéq“u@blbil &f theJdah tradsMond002nd 3nkBeE/G 1, a
dat a si gnal fro;;dql t:sq_t;’r F f glc)rctary data is coupled to one |nput of a

f equency/ phase de ector I% way of exanple, the binary data coul d be
encoded in NRZ for rré‘theatdeeﬁll?ﬂéga’bﬁﬁs éetr:ksieclnm agchitmituse gaaly f rom a

vol tage control kegraxasi thatreeqiefey) add grﬁs‘é%lpl&d. ¢baneiden LRpwt of

frequency/ phase e requenc hase etector to Qgenerates at its
output a bi narydgggr o?I’%l{“w?“{h e epée/sn S upon “th "p‘ﬂasdé’rg@?aﬁ'?%?tshl p

bet ween t he traﬁ%?’t’?%?n§fo$‘a$%é’a(iat’%t Sy fameaRanate veleek wiegaibek For
exanple, if therdeqmtcuyam 8r 0S5 ieidh fheeskesk o gittlerhuaplage)e t he binary
error signal sy and if the data transitions lag the clock signal in
phase) the bi na?y error signal is |bw. The output of frequency/ phase
detector 10 is diredt| y2t¥néesledcenditicont can 2dpat arisef iuCC:H® and is

connect ed to theesd:’qll]iedO_bhmlmdtgﬂaueép lﬁrcn&t&e{\utéﬂdw&ﬂesnémd%ﬂ put
capaci tor EEH&Q%.OQ'M% SLk %’éggkgnﬂe %nrc] ?qs (95 ﬁ"ﬂ%tgtagr i+ generat es

a current that A ges “Capacit 'n-onHe |rec
integrator 14 |§’t‘:§)ﬁ'ﬁi’ect &a ch'h QAFer r AR TheNAR cPYTest \m=£21°dmetqjata si gnal
and the cl ock sigtalisirabseotipbixh ttheaddes atresidesns Ganavithe hefg@odes t he

data signal int Aar ¥n Oftaed e geper at es the data
signal. These cgl&rb)ir}egins ar e dggr;? gg ?{ta%e%igqis %E’% ﬁ‘ Y 012, 494,

t he discl osure o e RhasA 1Rk Fa’t"\'s"bl‘tl’r'é'ré‘i’?f’ f'&hiRkiDg"  diteidnife The
bi nary error si gqareq;pphaw ltogktnput 11 of VCO 12 |ntroduces smal |, fixed,

corrective changes iy tﬂ@fggm@xdol attrle,tcl Qe S ija skbe a val ue of
the binary error S|agin ? uency toggle

a V\g g fixed corretlve

back and forth BEFRES %fﬁté’ﬁcg &8§“°‘=I"'rﬁds"’&cﬁ1§f~’r’“¥ut 8§°§4| rst order
corrective | oopthqrﬁtmﬁpmtmdgnaﬁi ¥ rhoimaryt églat ®epéridingt npamicese | ar ge

vari ablhe cor Ir ecbingrychailges oifn thie direat! f;ehh%ﬁh&pkgédugna{g degendhng
upon the anal o si his constitutes a second order
cgrrectl ve | oogﬁ?‘#&hg/pﬁ%% %%8‘5“0‘5 : a(ffh LBP oS RYEPUE hRE i TS uence of
the output o fREBINSYHPhase 59%#%‘?%9%11@'&6%1 tde Hinacyi delms t he
frequency o: VCEndiyelsr andendy rrejuentheoe! @sk Qt@lnt?dgg*l%ob&&l@ £ai a

transitions. In DhaSiaeh 0 he p integrator 14 (the
vol t age across éhtg‘cr t or ek e?gngglf%%écent Qg%dgfﬁaémt}f’ﬁars 32%% of2%1 gnall

predom nat es t hd&® (afo]] "? t}r‘?&t'i’%ri"’tldynﬁf?ﬁ’ﬁlﬁ‘!tm theeouauty 06ftheCO 12 in
phase | ock withistegra&ba, t asinshe i dosp WMQQ pRage) GPeCt oy t he

i nvention, the shepa area lied to a false | ock
det ect or 20, V\hleéc!ﬁ&:e; régactalmf%ﬁ,ﬁe,ﬁqtgg ﬂbﬂl P IURTHEERT &Y Weh FIG 2.
Fal se | ock det eET3{® %n&fﬁ"r‘e She her emreacy| Eﬁf&ﬁe Adthe /ol ebangégnal on a
data transiti onamretmahty taisom thmskion Wmneﬁpéx?dtsxeel oekii sadetaeded, a one
shot 21 is trigess ghabe Bidveat €odb \ggl[., tte 1 té converter 22.
Converter 22 injects a charging curren Shdary | oop across
capacitor 16, which interrupts the fal se Iock operatl on and sweeps the
frequency of VCO 12 first toward one limt of the VCOfrequency range,

e.g., the | ower ||mAcho?d\ﬂ1 Iasnorté) e t he upper
limt. Converte %(2 IS g gt sowlg?g‘:{ck%r &S‘Eg{"c‘leﬁ‘%ﬂ'{" |‘§’ 8RBI9%r than the
char gi ng curren °SuppfFTh cai)acsi‘PaF 16°by 3i néasgr atmansitinearbyphase | ock.

When the VCO i nt#¢ft§qt§eH%)Pﬂ§%ep's cpask revevéreappueatudl bid ehogle signal, it

phase | ocks t hegsdva-agseeived PrikenRak se. ,he _chargi ng current from
integrator 14 |§u§trfo?§g)g J&?\ﬁif) ase ﬁg%’ﬁﬁ(% i H}e g a“r’gl nghﬁur‘r’bnt from

converter 22. Dur time It erval P Feﬂ“”t% §viren3 ngheignadquency of
VCO 12, one shot 21 tinmes out and thus ignores any further signals from
false |l ock detector 20. This permts VCO 12 to sweep through its conplete
frequency range in both directions wthout being interrupted by a new fal se
| ock signal. The descrl bed cr rcur try |s pref erabl y_ |ncor porat ed onto a

T 1 T 1 c 1



In FIG 3, waveform A represents the data transitions. Waveform B
“represents the clock signal. Wen the clock signal is in phase lock with
the data transitions, as shown at the beginning of FIG 3, one of the edges
-of the clock signal, i.e., the high to lowtransition, is abigggcdonzh the
"data transitions. Waveform C represents the clock signal as del ayed by
anplifier 23. The del ayed clock signal is sanpled by flip-flop 24 on a data
transition by transition basis. when there is true phase | ock between the
clock signal and the data transitions, the sanpled values are all high and
the Q output of flip-flop 24 is also hlgh When the Q output of flip-flop
24 goes | ow as shown at the end of vva{/eform B, true phase lock is lost. In
one shot 21, e of 2 negt t0sf se of a

transi stor ZGEpTh'% cg edct or o ﬁ%ﬂs?é%ﬁr@% ¢ ﬁg&und‘eﬁﬁ g the emtter
of transistor 126‘3"§t80r?ﬁe'ﬁ"teéa P Faueney & E’?‘ Fé Sk #3882 V/CVeA capacitor 28
IS connect ed khréwequene r¥sgand ghewabd.andha autpuensigalr €eom9 i S
connected bel ¢Ren A t\égsgaﬂgcaor&@ Ensitiefl VeaER: sy Giigha gOUP] 20 DY 2

buffer anplifier 3 %6 a conpajfator  32. Schmtt
trigger 31 had%a Pﬁ‘dﬁf n\}BF’h h§ SRPHRAC Snr&"ct E‘él“t oPB#F Utk £8rninal M and
the other inpueestabidbhegatas 2the Sciookt ttrequergyr Skepsspabtstha inverting:

output that ig-.camReted che 8 LA «9bnan OR gate 33 As indicated, the
i nput si gnal ?o cor&grat or 32 1S corrﬁ'aren with a May 2002 -8reference

vol tage VHF. WWhen AGFEFH\9uEe anghbar ASPecH QEr“I%&ﬁ"‘E’HéWef%‘r @Rte signal, the
out put of conparabex 3dgnditibhglhs ¥émsed hen i Apastsi graisicdoh ober than t he
reference si gQgL sfﬂ%n%’%@yt %i&?c"?@éﬁe S?ﬁ}'ﬁth%&sm%r{ @%grence si gnal

is coupled to mtt qrg res rically above
and bel ow t he 3PEY%r"éﬁE§1 | Phafe lopkad 4RGP ATGBATETT TS #ut of |ock,
the Q output @ltfbf plddkoporditjensis ausens, i ileiSt wAkRdtHa WoBVEEOrm Q of FIG
4. The output é;ﬁasl\‘%cﬂéé eaﬁﬁu{al&@&' &Qﬁ%ﬁh@.c%&xs 5%9 q%QeH@JES&ﬁt or 26.

Capaci tor 28 es rapi ugh tran point a to a

point c, as iltha rr‘&t'!e'd:wﬁh%%ﬁ/éﬁﬂc%ﬁ/c 8% FFesuls, F%ltﬁfs“bé%ﬁﬂ c represent
the two threshgl sts cut dchatk condivjgar ik pHsse aptettiorr cazinuess. above t he
reference vol gggﬁéneepﬁlcmnmqnbm@ eigmcwmeup%ptubs%csonparator 32

goes high, as I Cct in wavetormR iin char ges to the
hi gh t hreshol %o ‘@Gﬁrﬁ‘t‘? ‘EWQQE’""@I the ?J@;ﬁxeijeqﬂ‘gdf’oél Rc in waveform
Vc. At such tiphese Sohthet rosty rgmltlmpcchmdctamamnxous.pandt ermnal M

goes high ) a?a@@&ﬁh@ﬂeﬁen@%ﬁte? ig %ﬁ&iﬁmmﬁ&h@ 4. By virtue of
t he connectio to out the ct of any

erves
further errors at %%e‘q‘é‘%ﬁﬁ d{fpe t ‘? i e I"B?S‘%""bé&aﬁ%'e % iﬁ’gﬁst or 26 turns
oft and renni rentitiredinfdlockrranovery \appafatire based onothe I‘R;bOQGout put of

flip flop 24. a\é@@ﬁ;udamsst Dbckad mﬁr&tinec@apaqlst Sénsed by asbowl y

di scharged by t so paci aln asses the
vol t age ref eréﬁ‘& gfppm #fgb 12-{ h%°“86f€uf’° T’h'(:cfﬁﬁﬁgaf‘&? ftg<§§§ | ow, as
depi cted i n wafidpofinpk, thh@llonheﬂqmg bsitdritayed M imifractidnggér 31 remmins
| ow, depicted fg W%EQr#&Eod iaRd Fddup1éd t3nehovt Piffuct 6F Fhaat1ip-goes | ow, as

depicted in eform continues t sc e, until the
vol tage at no °’?/C re tﬁc‘h ﬁ%‘ﬁeq vﬁ'%l% @sﬁBFﬂutofc‘gc%hf E? fgl@?r 31, as
depi cted at pmndtzcatqmawa}éf of mogk. candittiios. point, Schmitt trigger 31
changes state, therAlaéthus 4§pese | Giicne lgvmoaoogm&raso cted in

waveformMin FIG 4 n u t n elcted by
waveform L in 3PE 25s $ﬁ§ei°r°gaf1t g?e ?’ a%?@f’r"gﬁg p@?ﬁ?g"rcgﬁ%d][ €Pso0 1 ong as
t he out of Iocﬁ(céehﬁﬂ%erflﬁiells?%q S'ltmqm’em GynpmsaMDlmh iAs of the

order of mlligeesnds) oem@&% zﬁlhﬁ&«% %Bméctebaixglanshh tepval and a
| ong di schar gi Lnt wayef or m dat a

i | | us
transitions ac{l"aérl ', a@@ch’?“&%f’? %é“ E%a?r‘@Fﬂﬁ“?%f“B%atr’yebet ween
poi nts a and cvalmewafefwrem MA'Eadr"Prmn'ghle oWt patcafd f $tagef | op 24 goes
hi gh during thiss-c8add &% anRisd Uahay QIQ?EQ&M hﬁor# RhETddipbegyAs a result,
in order to reach ;lh A 24 must_transition
fromhigh to I‘?JW' gt"égﬁ@?t Ph T ‘é‘“‘%lsc?'l‘?géﬁstﬂ'é'gdg‘lﬁ'at‘“oﬁ%“s‘ﬂot 21 will
not trigger dulelep d¢m§|-emtumndm|muan@|: t4nes inseqraabns STabl e
operation. Onckihbe: -0agueisehangl Recbrd a-yak &aneapi’qst k- 2&{69! ns,
further errors defected by flip flop 24 are ignored, 1.e., unti |
t he discharge is conpleted, i.e., until waveform Vc reaches poi nt a again.
This ensures that voltage to current converter 22 is not interrupted once
VCO 12 begins to sweep through its frequency range, as descri bed above.
Al t hough the phase |ock loop is shown as being single ended, it is
preferabl y | rrpl errented W|th d| fferentl aI CI rcw try as appropr| ate, e.g.,

LT T o e - o



When output term nal M goes |low, the operation of differential transistors
86 and 87 is automatically shut down. Transistor 108 turns off and

transi stor 110 turns on, thereby raising the voltage at the base of
transistor 106. This causes transistor 106 to dom nate diffgéﬁﬂ}igb
transistors 86 and 87, which shuts off charging current to Yo Q&t
termnals 88 and 89. 2 May 2002 -12 The descri bed apparatus aids
frequency acquisition and phase |ock by interrupting false phase | ock
operation and sweeping through the frequency range of VCO 12 when fal se

| ock is detected. False |ock detector 20 and one shot 21 serve two
functions. First, they interrupt operaton of the phase |ocked | oop, as

descri bed abowgrseiten tie Cidimpelakaek aéﬁEﬂhéﬂd Qtlangerdiild OfheCELL Sy
Second, during a true |l ock condition, they ensure that the binary error

signal conti nd@ETEGUCHENGE TRE (REMAMY N SHRFeShsence of data transitions.
This prevents the frequency of VCO 12 fromdrifting when the binary val ue
of the data signal_renains the sane for |qgng periods. tput_termnal F( of
one shot 21 i FRdHFRSc19dd ¢ éﬁMer?d“}?o%H%é’t&et"efc%fgl Y SR at e
data transiti e WieRsBeatedr £n Pims Atawdhgsng iphaigchock. . FIG 6 is a
nodi fi cation of the state | ogic device shown in FIG 6 0! Patent No.
5,01Z,494. The nodified state logic device has inputs T, A B, F(n) , and
FI. Input A igiganneid ed tszchexakisi 1l dikR ghd@samdodnc 13Tk | rgedvery s
connected to gate 34 and_input B.is nnect.ed .t o,gat 6. lnputs. F(n) and
Ff are connec%@(‘f’af@tgﬁ éﬂﬁ?&ﬂ%’ﬁs g'%leepﬁ’.nc&ﬁ?é%ﬁgi ghﬁo%‘F%’Btle"a del ay
stage 40 to a NAND gate 42. Exclusive NOR gate 36 and excl usive OR gate 38
are coupl ed by,.a NAND gate .44 to NAND gate 42. | nst Of&%%qut ppl yi ng
Mput FOn) o A O & Arnemste’ Aiardargdiagraly oF bl AR 14N,
gate 44 by exdeteicterORndatme IhotTaifl Fig.nelow is a logic table of the
conbi nati on of states when input ~ is |ow, which represents an out of |ock
condi ti on. 2 May 2002 -13 Table I H A IT IHF(N)F(n+l) | COVHNTO ~0 ~0 ~O
~0 ~OLet itR @0 3~0- dlvavefarR dhiGyIR -~V rasen tiag | 40 0IRaa hixkn

i sear| y001001f f.d 1 < dQ i gl,at e001111d ock

i sl at eOlOOOlGogcErﬁes?g%gél%%iﬁé oc%%llgtfggﬁaigif c < fd0101l1lfc <
fd011000C ock is~early011010Q ock isearly011100Let ?.tride0l111lLet itride
2 May 2002 - 143W1gN it wddbd for®\Middiam | Séte ¥Rt i it Hd Npd¥dSisn t hr ough
excl usi ve NCRp&ate 38 unchanged gnd t’he circuitry op€rates in the manner
described in P% &he RBe 8hek PHFAIRdble || belowis a logic table of the
combi nati on of states when input Mis high, which represents a true phase
ock Condltlo¥ﬁg.szigh% %%%%m% ?cT%gggukk diagram of the voltage to

current converter of Fig.l;

Fig.6 is a schematic logic diagram of a portion of the
phase/frequency detector of Fig.1l:;

Fig.? is a schematic block diagram of the voltage
controlled oscillator of Fig.l; and

Fig.8 is a schematic circuit diagram of the temperature
compensating circuit of Fig.s5.



MATHF( n) F( n+1) COMMENT100001Toggl e100010Toggl e100100dC ock i s
- early100110C ock is earlyl101001fc < fd101011fc < fd101101 .Clock is
| at e101111C ock is | atel110001C ock is | atell10011C ~ck is latell0101lfc <

fd110111fc < fd111000C ock is earlyl111010C ock is 2 May 2002
- earlyl111101Toggl el11110Toggl e 2 May 2002 -16Wen inp~_ Mis high,
exclusive CR gata 33 inverts the s:g:,al a~ input .-'(n) , which se=ves to

sinmulate data transitions in phase ~.rith the ntst =ecently occur:ing data
transitions in the absence o~ actual data transitions. In terns of Tables I
and 11, M= 0) when input :~is low, M= 1, when input Mis high; and A =T
= H when there are no data transitions. As depleted in table I) when input
Mis low and data transitions are #bsent, the |ast binary value of the

out put of Irequency/phase detector 10, (Fn), and the present binary val ue
of the output of frequency/phase detector 10, F(n+l), remain the same. This

| ogic, as described ifh ¥z&. 1Pa§ %QEa Nagr'§l GlemAd4out EQG‘J@BU\X—J‘@-

frequency conponent 65.52 vQ) to achi eve frequericy Ioc
Toggl i ng the freddehtiF %@"i?“&ﬂﬁ?ﬁgat ﬁeeqé‘(?&ﬁi’éﬁ"ﬁsc?ndﬁbﬂ’e-%’cﬂd di sabl e
the frequency colpovrehlofxampée debedtiorrantl tandndlidt bacdricededemt NRY

frequency |ock. R@emidiax wﬁ@emsdsnyé@ts%@oﬂ@taatém tSii 9RS1 a.-r-smrLPt
generated in the aﬁrguwltlorl?ﬁde i theagaratuswln "Let It
R de" rode, whi c°redfs THUF°rhe bise ;a'é??oFV%q)gn af CREPHRMR ptt of
frequency/ phase derekedr LOPY®es odot fdemugecyipitasei n thvecdvyencko.of act ual
data transiti onsF-&um/Ew@L lcratree@&e id)?mzbgpu& lgsi %ﬁuﬁ.&h And data

transitions are §bsen i binary v of the out
frequency/ phase d&P3Hf or®976* (ﬁ%‘ nd'3he 45PE58RHt BPHAr fr\f'al BRA%F the
out put of trequemsy#mlaebmen I tFansifionar efdihé edamat slhynali rt ue of

the logic of exclawai iendRcl8ée 38anAS a rfo%ul L): 4 fr@ﬂue&ﬁv @fraV/C0O 12
t oggl es back and forthﬁat%oui'1 %e?ﬁ \%ﬂuenc_'z_’1 at the tinme of t he
| ast actual data FPARETYIS °tH 9@‘17 nV S8 VPR an odd
nunber of invert iexger \aignablis bighayand ageshémau&mwaocmrhectm in
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a ~I B~ connected transistors 76 and 78 are connected in series between
ground and the base of transistor 56. The collector to emtter circuit of a
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.base of transistor 56 and power supply V~. Transistors 62, 734ap@diR serve
~as constant current sources to bias differential transistors 54 and 56. A
source of bias voltage, Va~,s, is connected to their bases. An output
terminal Vo~ is connected to the collector of transistor 54. An output
termnal VoMis connected to the collector of transistor 56. \Wen the
anbi ent tenperature changes, the differential voltage across output
termnals vas and VoM al so changes, _gutput term nals Vor and VoM are
connected to the differential control input of stage 48 (FIG 7), to change
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from false lock detector 20. This permits VCO 12 to sweep
through its complete frequency range in both directions
without being interrupted by a new false lock signal.
The described circuitry is preferably incorporated cnto a
single integrated circuit chip.
As 1illustrated in FIG. 2, false lock detector 20
comprises a delaying amplifier 23 and a D flip-flop 24.



means (14) for integrating the binary error signal; means (17, 44, 46)
"responsive to the integrated signal for introducing |large variable
corrective changes in the frequency of the clock signal; nmeans (20)
~responsive to the data transitions and the cl ock signal fcn2$@g§@@mzulout
-of lock condition; neans (21, 22) responsive to the sensing neans for
generating a range sweeping signal; and neans (16) for summ ng the range
sweepi ng signal with the integrated signal to sweep the frequency. of the
cl ock signal over the range, thereby reestablishing a | ock condition. 2.
The apparatus of claim1, in which the generating neans generates a range
sweepi ng signal that first sweeps the frequency in one direction for a tine
duration sufficient to adjust the frequgncy to one limt of the range of
the oscillator and then sweeps the freguéncy in the other direction ~o~ a

time duration T%eN%x:ZOQagnZith Oafﬁflécﬁcﬁ’é!ert)ieaﬂﬂﬁﬁ‘@-t ug %ubsymglal ly as
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signal is directly applied to the D input of flip-flop 24.
The Q output of flip-flop 24 is connected to one input of
a NOR gate 25 in one shot 21. ‘

In FIG. 3, waveform A represents the data
transitions. Waveform B represents the clock signal.
When the clock signal is in phase lock with the data
transitions, as shown at the beginning of FIG. 3, one of
the edges of the clock signal, i.e., the high to low
transition, is aligned with the data <transitions.
Waveform C represents the clock signal ‘as delayed by
amplifier 23. The delayed clock signal is sampled by
flip-flop 24 on a data transition by transition basis.
When there is true phase lock between the clock signal and
the data transitions, the sampled values are all high and
the Q output of flip-flop 24 is also high. When the Q
output of flip-flop 24 goes low as shown at the end of
waveform B, true phase lock is lost.

In one shot 21, the output of NOR gate 25 is
connected to the base of a transistor 26. The collector
of transistor 26 is grounded and the emitter of transistor
26 is connected by a resistor 27 to a node V.. A
capacitor 28 is connected between node V. and ground and
a current source 29 is connected between node V. and a
power supply Veg. Node V. is coupled by a buffer amplifier
30 to a Schmitt trigger 31 and a comparator 32. Schmitt
trigger 31 has a noninverting output connected to an
output terminal M and the other input of NOR gate 25.
Schmitt trigger 31 also has an inverting output that is
connected to one input of an OR gate 33. As indicated,
the input signal to comparator 32 is compared with a
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cal] ca] ca < gna e output of comparator 32 is

high. When the input 51gnal is lower than the referance

signal, the output of comparator 32 is low. The reference

signal is coupled to Schmitt trigger 31 to set its

thresholds symmetrically above and below the reference

voltage.

When the clock signal goes out of lock, the Q output

of flip flop 24 goes low, as illustrated in wavefornm Q of

FIG. 4. The output of NOR gate 25 then goes high to turn

on transistor 26. Capacitor 28 charges rapidly through

transistor 26 from a point a to a point ¢, as illustrated

in waveform V. of FIG. 4. Points a and c represent the

two thresholds of Schmitt trigger 31. As capacitor 28

rises above the reference voltage at a point b in wavefornm

Ve, the output of comparator 32 goes high, as depicted in

waveform R in FIG. 4. Capacitor 28 charges to the high

threshold of Schmitt trigger 31, as represented by point

c in waveform V.. At such time, Schmitt ¢trigger 21

changes state and output terminal M goes high, as depicted

at point ¢ in waveform M in FIG. 4. By virtue of the

connection to OR gate 25, this serves to mask out the

effect of any further errors at the Q output of flip flop

24, because transistor 26 turns off and remains turned off

irrespective of the state of the Q output of flip flop 24.

When transistor 26 turns off, capacitor 28 is siowly

discharged by current source 29. As capacitor 28 once

again passes the voltage reference at point b, the output

of comparator 32 goes low, as depicted in waveform R, the

inverting output of Schmitt trigger 31 remains low,

depicted by waveform M in FIG. 4, and output terminal L

goes low, as depicted in waveform L. Capacitor 28

continues to discharge until the voltage at node V.

reaches the low threshold of Schmitt trigger 31, as

depicted at point a in waveform V.. At this point,

Schmitt trigger 31 changes state, the M output goes low,
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VCO 12, one for each signal polarity. Alternatively, a

single differential capacitor could be used.

As illustrated in FIG. S, voltage to current
converter 22 comprises differentially connected
transistors 86 and 87 having collectors that are connected
respectively to differential output terminals 88 and 89.
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The collector to emizter circuit cf a trans:stor 90 and a
Tesistor 91 connect the emitters of transistors 84 and 87
To 2 power supply Vg, The collecter to emitter circuit of
a transistor 92, a level shifting dicde 93, and <the
collector ts emitter circuit of a transistor 94 are
connected in series between ground and power sSupply V.
Output terminal L (FIG. 2) is connected to the base of
transistor 92. . The collector of transistor 94 is
connected by a resistor 95 to the base of transistor 86.
The collector to emitter circuit of a transistor 96, level
shifting diocdes 97 and 98, and the collector to emitter
circuit of a transistor 99 are connected in series between
ground and power supply V,,. A fixed bias V., which is
midway between the high and low voltage levels applied to
terminal L, is connected to the base of transistor 96.
The collec¢tor to emitter circuit of a transistor 100,
level shifting diodes 101 and 102, and the collector to
emitter circuit of a transistor 103 are connected in
series between ground and power supply Vg. . Output
terminal M (FIG. 2) is connected to the base of transistor
100. A collector resistor 104 and the collector to
emitter circuit of a transistor 105 are connected in a
series between ground and power supply V,. The collector
of transistor 105 is directly connected to its base to
form a diode. The collector to emitter circuit of a
transistor 106 is connected in series between ground and
the collector of transistor 90. A resistor 1107, the
collector to emitter circuit of a transistor 108, and the
collector to emitter circuit of a transistor 109 are
connected in series between the junction of the emitter of
transistor 96 and diode 97 and power supply Vgi. The base
of transistor 106 is connected to the collector of
transistor 108. The base of transistor 108 is connected
to the collector of transistor 103. The collector to
emitter circuit of a transistor 110 is connected between
the junction of the collector of transistor 96 and diode
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87 and the collector of transistor 109. The base of

transistor 1.0 is connected to the collector of transistor

99. The base of transistor 87 is cannected by a resister

111 to the junction of dicdes 97 and 98.

Resistor 104 and

transistor 105 provide a bias voltage to the bases of

transistors 90, 94, 59, 103, and 109,

which serve as

current sources to bias the transistors to which they are

connected. Transistors 86, 87, and

106 serve as

differential transistors stages, only one of which is

turned on at a time, depending upon which one has the
highest base voltage. Transistor 106 is biased so its
base voltage swings between a low level that is smaller
than the base voltage of either transistor 86 or 87 and a
high level that is larger than the base voltage of either

transistor 86 or 87.

In operation, while one shot 21 is timing out
terminal M is low, transistor 108 is turned off, and
differential transistors 86 and 87 operate in a normal
fashion. When output terminal L is high, transistor 86
is turned on and transistor 87 is turned off. As a
result, a capacitor charging current is applied to output
terminal 88. When output terminal L is low, transistor 87
is turned on and transistor 86 is turned off. As a
result, a capacitor charging current is applied to output
terminal 89. Thus, current is injectad into the phase
locked loop to cause the freguency of VCO 12 to swing
first toward.cne limit, i.e., the low frequency limit, and
then toward the other 1limit, i.e., the high frequency

limit.

When output terminal M goes low, the operation of
differential transistors 86 and 87 is automatically shut
down. Transistor 108 turns off and transistor 110 turns
on, thereby raising the voltage at the base of transistor
106. This causes transistor 106 to dominate differential
transistors 86 and 87, which shuts off charging current to

both output terminals 88 and 89.
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The described apparatus aids frequency acguisition
and phase lock by interrupting false phase lock operation
and sweeping through the freguency range of VCO 12 when
false lock is detected.

False lock detector 20 and one shot 21 serve two
functions. First, they interrupt operation of the phase
locked loop, as described above, when an out of lock or
false lock condition occurs. Second, during a true lock
condition, they ensure that the binary error signal
continues to change value even in the absence of data
transitions. This prevents the frequency of VCO 12 from
drifting when the binary value of the data signal remains
the same for long periods.

output termihal M of one shot 21 is also connected to
frequency/phase detector 10 to simulate data transitions
when none are present during phase lock; FIG. 6 is a
modification of the state logic device shown in FIG. 6 of
Patent No. 5,012,494. The modified state logic device has
inputs T, A, B, F(n), and M. 1Input A is connected to
exclusive NOR gates 34 and 36. Input T is connected to
gate 34 and input B is connected to gate 36. Inputs F(n)
and M are connected to an exclusive OR gate 38. Gate 34
is coupled by a delay stage 40 to a NAND gate 42.
Exclusive NOR gate 36 and exclusive OR gate 38 are coupled
by a NAND gate 44 to NAND gate 42. Instead of directly
applying input F(n) to NAND gate 44, input F(n) and ‘input
M are coupled to NAND gate 44 by exclusive OR gate 38.

Table I below is a logic table of the combination of
states when input M is low, which represents an out of
lock condition.
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Table I
M F(n) F(n+1) COMMENT
0 0 Let it
Ride
0 1 1 Let it
Ride
0 0 0 Clock 1is
early
o} 1 0 Clock is
early
o] 0 1l fc < £d
0 1 1 fc < f£d
o} 0 1 Clock is
late
0 1 1 Clock is
late
0 0 1 Clock is
late
0 1 1 Clock is
late
0 0 1l fc < £d
0 1 1 fc < fd
0 0 0 Clock is
early
0 1 0 Clock is
early
0 0 0 Let it
ride
0 1l 1 Let it
ride
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When input M is low, the signal on input F(n) passes
through exclusive NOR gate 38 unchanged and the circuitry
operates in the manner described in Patent No. 5,012,494.

Table II below is a logic table of the combination of
states when input M is high, which represents a true phase
lock condition,
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Table II

¥ A T B F(n) F(n+1) COMMENT

1 0 0 0 0 1 Toggle

1l 0 0 0 1 0 Toggle

1 0 o] 1 0 0 Clock is
early

1 0 o] 1 1 0 Clock is
early

1 0 b 0 o} 1 fc < fd

1 0 1 0 b 1l fc < fd

1 0 1 1 (o] 1 . {Clock is
late

1 0 b 1l 1 1 Clock is
late

l 1 0 o] 0 1l Clock is
late

1 1 0 0 1 1 Clock is
late

b b o] 1l 0 b fc < fd

1 1l 0 1 1l 1l fc < f4d

1l 1l 1 0 o] 0 Clock is
early

1 1 b 0 1 (o] Clock is
early

1 1 1 1 0 1 Toggle

1l 1 1l 1 1 0 Toggle
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When input M is high, exclusive CR gate 33 inver=ss
the sigral at inpuz ©(n), which serves to simulate data
transitions in phase with the mcst recently occurring data
transitions in the absence of actual data transitions. 1In
terms of Tables I and II, M = O, when input M is low; ¥ =
1, when input M is h:igh; and A = T = B when there are no
data transitions.

As depicted in table I, when input M is low and data
transitions are absent, the last binary value of the
output of frequency/phase detector 10, (Fn), and the
present binary value of the output of frequency/phase
detector 10, F(n+l), remain the same. This logic, as
described in U.S. Patent No. 5,012,494, inherently has a
frequency. component, and will aid the VCO to achieve
!requenc9 lock. Toggling the frequency of VCO 12 during
the acquisition mode would disable the treqﬁency component
of the detector and inhibit achievement of frequency lock.
For this reason, simulated data transitions are not
generated in the acquisition mode. Instead, the apparatus
is in a "Let It Ride" mode, which wmeans that the binary
error signal at the output of frequency/phase detector 10
does not change state in the absence of actual data
transitions.

As depicted in table II, when input M is high and
data transitions are absent, the last binary value of the
output of frequency/phase detector 10, (Fn), ané the
present binary value of the output of frequency/phase
detector 10, F(n+l), are different by virtue of the logic
of exclusive OR gate 38. As a result, the frequency of
VCO 12 toggles back and forth about the frequency of VCO
12 at the time of the last actual data transition.

As shown in FIG. 7, VCO 12 comprises an odd number of
inverting, variable delay stages 44, 46 and 48 connected
in series. The output of stage 48 is connected ta the
input of a binary delay cell 50, which introduces one of
two delays depending upon the state, high or low, of the
binary error signal at the output of frequency/phase
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detectaor 10. Thus, stages 44, 45 and 48 introduce analog

[o )

elays inte the locp and cell 50 introduces binary delays
of one value or the other in%to the loop. The cutput of
binary delay cell 50, which serves as the clock signal, is
fed back to the input of stage 44 to form a variable delay
ring. The output of integrator 14 1s applied to the delay
control input of stages 44 and 46, which serves as input
17, to introduce'an analog delay into the loop dependent
on the charge across capacitoer 16. A temperature
compensating circuit 52, described in detail below, is
connected to the delay control input of stage 48 to
introduce an analog delay in the loop dependent upon its
temperature. Since the described circuitry is packaged on
a single integrated circuit chip, stages 44, 46, and 438
are all at the same temperature. As the delay introduced
by stages 44 and 46 changes, e.g., inéreases due to
temperature, the delay introduced by stage 48 changes in
the other direction, i.e., decreases, to compensate
therefor. As a result, changes in the limits of the
frequency range of VCO 12 are minimized.

As illustrated in FIG. 8, temperature compensating
circpit 52 comprises transistors 54 and 56 connected as a
differential amplifier between ground and power supply
Ves- A collector resistor S8, the collector to emitter
circuit of transistor 54, an emitter resistor 60, the
collector to emitter circuit of a transistor 62, and an
enitter resistor 64 are connected in series between ground
and power supply Vg. A collector resistor 66, the
collector to emitter circuit of transistor 56, and an
emitter resistor 68 are connected in series between ground
and the collector of transistor 62. A resistor 70 having
a predetermined temperature coefficient is connected
between ground and the base of transistor 54. The
collector to emitter circuit of a transistor 72 and an
emitter resistor 74 are connected in series between the
base of transistor S4 and power supply Vg Diode
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connected transistors 76 and 78 are connected in series
between ground and the base of transistor 5s. The
collector to emitter circuit of a transistor 80 and a
emitter resistor 82 are connected in series between the
base of transistor 56 and power supply Vg. Transistors
62, 72 and 80 serve as constant current sources to bias
differential transistors 54 and 56. A source of bias
voltage, Vg5, is connected to their bases. An output
terminal V4, is connected to the collector of transistor
S4. An output terminal V,, is connected to the collector
of transistor 56. When the ambient temperature changes,
the differential voltage across output terminals V, and
Vou also changes. Output terminals Vg and Vgyy are
connected to the differential control input of stage 48
(FIG. 7), to change the delay introduced thereby
accordingly. Assuming that the delay introduced by stages
44 and 46 increases with temperature, the delay introduced
by stage 48 decreases with temperature to maintain the
same frequency range of control over VCO 12.

The described embodiment of the invention is only
considered to bhe preferred. and illustrative of the
inventive concept; the scope of the invention is not to be
restricted to such embodiments. Various and numerous
other arrangements may be devised by one skilled in the
art without departing from the spirit and scope of this
invention. )
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CLAIMS
1. Clock recovery apparatus comprising:

a source of binary data having data transitions;

a voltage controlled oscillator (12) for
generating a clock signal that is variable over a range of
frequencies;

a phase detector (10) responsive to the data
transitions and the clock signal for generating a binary
error signal having a first value when the data
transitions lead the clock signal and a second value when
the data transitions lag the clock signal;

means (11, 50) responsive to changes in the
value of the binary error signal for introducing small
fixed corrective changes in the frequency of the clock
signal to phase lock onto the data transitions;

means (14) for integrating the binary error
signal;

means (17, 44, 46) responsive to the integrated
signal for introducing large variable corrective changes
in the frequency of the clock signal;

means (20) responsive to the data transitions
and the clock signal for sensing an out of lock condition;

means (21, 22) responsive to the sensing means
for generating a range sweeping signal; and

means (16) for summing the range sweeping signal
with the integrated signal to sweep the frequency- of the

clock signal over the range, thereby reestablishing a lock
conditien.

2. The apparatus of claim 1, in which the
generating means generates a range sweeping signal that
first sweeps the frequency in one direction for a time
duration sufficient to adjust the frequency to one limit
of the range of the oscillator and then sweeps the

frequency in the other direction for a time duration
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means (16) for summing the range sweeping signal
with the integrated signal to sweep the frequency. of the
clock signal over the range, thereby reestablishing a lock
condition.

2. The apparatus of <claim 1, in which the
generating means generates a range sweeping signal that
first sweeps the freguency in one direction for a time
duration sufficient to adjust the freguency to one limit
of the range of the oscillator and then sweeps the
frequency in the other direction for a time duration
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