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LTI EETTEErrr 2211222110011 *ACTI ONF CLOCK RECOVERY APPARATUS
THis invention relates to clock recovery apparatus for decodi ng or

retimng binary data and, nore particularly, to inprovenegéﬁilng hase
| ocked | oop for clock recovery. U S. Patent No. 5,012,494 8¥|9ses a

phase | ocked 1loop architecture for clock recovery and NRZ data retimng.
A cl ock signal generated by a voltage controlled oscillator (MCO is
conpared with the NRZ data in a frequency/ phase detector. The

frequency/ phase detector has a binary output that serves asmmmmmMMﬂmmmm
signal for the phase |ocked | oop. The output of the frequen

detector is one binary value when the clock signal |eads the dat@iss
transitions and is the other binary val ue when the cl ocksignaltags—the-

-data transitions. The output of the frequency/phase dete ' lect 'y
connected to the VCO to make snall first. order correction%“@mwmwﬁw muﬁe
and is connected through an integrator to the VCO to nake

econd
order <corrections to its frequency. In the frequency acquisi {43/ hode,

t he second order corrections bring the clock signal into frequency
synchroni zati on and phase lock wth the data transitions. In the phase
| ock node, the first order corf%ReKi RFROVERNMPPARRIGS equency of the cl ock
signal to shift slightly back and forth, i.e., toggle, 2 May 2002 -2 about
the frequency of the data transitions, and thereby
This invention relates to clock recovery apparatus

for decoding or retiming binary data wnd, more

particularly, to improvements in a phase locked loop for

clock recovery.

U.S. Patent No. 5,012,494 discloses 2 phase locked

loop architecture for clock Trecovery and NRZ data

retiming. A clock signal generated Dby a voltage

controlled oscillator (VCO) is compared with the NRZ data

in a frequency/phase detector. The frequency/phase

detector has a binary output that serves as an error

signal for the phase locked loop. The output o: the

frequency/phase datector is one binary value vhen the

clock signal leads the data transitions and is the other

binary value when the clock signal lags the -data

transitions. The output of the frequency/phase detector

is directly connected to the VCO to make small first order

corrections in its phase and is connectad through an

integrator to the VCO to make larger second order

corrections to its frequency. In the frequency

acquisition mode, the second order corrections.bring the

clock signal into frequency synchronization and phase lock

with the data transitions. In the phase lock mode, :hg

first order corrections cause the frequency of the clock

signal to shift slightly back and forth, i.e., toggle,



mai nt ai n 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 sane binary
val ue, the clock frequency can drift, which gives rise to pattern
dependent jitter. A false |ock condi t ion can also arise ir2 May 2002cri bed
phase | ocked | oop architecture when the data transition and clock signal
frequencies are fractionally related. In such case, although correct phase
lock to data is absent with the data transitions and the clock signal in
phase every several clock cycles, this may "fool" the phase lock circuitry
into "thinking” it is in correct phase lock. In the referenced patent, the
VCO conprises a plurality of stages of delay connected in a ring. one of
the stages introduces a binary del ay dep&ndi ng upon the binary val ue of
the directly appl d n tbe frequenc [ phase det ector Each tine

t he out put of theIbg red‘%e?]%: }" ﬁ%gs ec Sf tC"'h'aﬁge S aﬁél rF?TeebEfl nary del ay
changes and t he M‘éﬁ’iﬁﬁb?hﬁﬁe ﬁ%“ VCO t oggl es back and forth between two
val ues. The remai ni ngrrst Agssridedhphise rledked Iovpanakoi:edehy cdﬂpendi ng on

the output of theorifd@Otad Qreqihch Mnd pRss @Bpr&@cgﬁkp g1lek. Over
t enperat ure, dlfferlnﬁﬁanal ?rhsdel ays are 1 ntrodu st es, and

thus the frequendy ot COPEﬁéﬂbtés |’ °ab| 69' nction of
tenperature. Thi FLEareTRisBaty Raviisasbe| ganeedinynp VPb“bpéhatfelqcﬁpr oper|ly.
Accordi ng to one fasfpeeicyodan &eifithwdyith Qjivedrricdttcopattless l@epérignti on i s

sensed on a data gikggsition by- transition basis in clock recovery
apparatus based an t Pove descri bei hase Iociked | 0o f archl tecture.
When an A lock condition can S0 aris the

described phase locked loop architecturs when the data
transition and clock signal frequencies are fractionally
related. In such case, although correct phasa lock to
data is absent with the data transitions and the clock

signal in phase every several clock cycles, this may
“fool" the phase lock circuitry into "thinking® it is in

correct phass lock.

In the referenced patent, the VCO comprises a
plurality of stages of delay connected in a ring., One of
the stages introduces a binary delay depending upon the
binary value of the directly applied signal from the
frequency/phase detector. Each time the output of the
frequency/phase detector changes state, the binary delay
changes and the frequency of the VCO toggles back and
forth between two values. The remaining stages each
introduce an analog delay depending on the output of the
integrator, as the loop approaches phase lock. Over
temperature, differing analog delays are introduced by the
stages, and thus the frequency range of the VCO changes
appreciably as a function of temperature. This can cause
the phase locked loop to operate improperly.

According to one aspect of the invention, an out of
lock condition is sensed on a data transition by
transition basis in clock recovery apparatus based on the
above-described phase locked loop architecture. When an
out of lock condition is sensed, a range sweeping signal



out of lock condition is sensed, a range sweeping signal 2 May 2002 -3 is
generated and summed with the signal fromthe integrator to sweep the
frequency of the clock signal over the frequency range of the VCO The
output signal from the integrator is stronger than the range sweeping
signal as phase | ock is approached so that phase |ock is 2% Mayt 2 shed as
the cl ock frequency sweeps past the frequency of the data transitions.
Accordi ng to another aspect of the invention, an out of lock condition is
sensed on a data transition by transition basis in clock recovery
apparatus based on the above described phase | ocked | oop architecture.
When an out of lock condition is abseéent, i.e., when the VCOis phase

| ocked, simulated data transitions are enerated in.  the frequency/phase
detector. As a ¥sesifner2isd 13 PEwaee "’1gF aeout-BrL R "ﬁgltion, t he
phase detector inoediatoeso sweepaheriaeguancyirhghnglotnaignadi el even in the

absence of actygl :%anéyr 2B5del bONGhe VES clmeko@dpgaahgnsllaedﬁed in phase

to the nost rec tl yerin Hat a tt (A dependent
jitter is virt "°F| M hat e t'ﬁ"ﬁeanogﬂgh alglg’ m?pf’ﬁég gnt i on an out
of lock condi tqsorPN‘ﬁ‘cllee’k tecarrropchghafat GR2hak®FeontaKe Lfhove

descri bed phaserdestitidshepmsarahii tec&mra-elqaewnssdeby pag: tﬂiei p-flop. Ddta

is coupled to thg.Gdnek '%Utd‘ifa dasidil hpflop, the clock signal is
del ayed byafr{a}%tloﬂr?:%o?é Byl ¢ Fl'm pled to the D input of

the f lip- flop. Th@c?F%’tné Eﬁ ‘P‘h@‘é ’cﬁ?ﬁﬁﬁt“ofh’t ﬁﬁvﬂq‘ﬂ" B¢ 28p°% ndi cates an
out of |ock conai ticsk. condidion hiy sensedt onf at dats n\mnslibwn &Yock recovery

appar at us basedzms:mneume 1<ile§rdckbﬂio9&6}80pﬁmlﬁed Ha@ep onatrehi t ect ure has
a VOO wi th terrpebo escn B:S%t ! Pocked locp arch:.tccture. When an

out of lock condition is absent, x.e., when the VCO is

phase locked, simulated data transitions are generated in

the frequency/phase detector. As a result, in tha absence

of an out of lock condition, the phase detector continues
to generate a changing binary signal even in the absencs

of actual data transitions, the clock signal is locked in
phase to the most recently occurring data transitions, and
pattern dependent jitter is virtually eliminated.

In another aspect of the invention an out of lock
condition in clock recovery apparatus based on the above
described phase locked loop architecture is sensed by a D
f1ip-flop. Data is coupled to the clock input of the
£1ip-flop, the clock signal is delayed by a fraction of
its nominal period and coupled to the D input of the flip-
flop. The state of the Q@ output of the £flip~-flop
indicates an out of lock condition.

In another aspect of the invention, clock recovery
apparatus based on the above described phase locked loop
architeczure has a VCO with temperature compensation. A
plurality of stages of delay are connected in a ring. A
first stage introduces a binary delay depending upon the
value of the binary error signal. A second stage
introduces an analog delay depending upon the temperature
of <he stages. The remaining stages introduce an analog
delay depending upon the outpuz of the integrator. The
delav introduced by the second stage compensates 2or and



plurality of stages of delay are connected in a ring. A first stage

i ntroduces a binary del ay dependi ng upon the value of the binary error
signal. A second stage introduces an anal og del ay dependi ng upon the
tenperature of the stages. The renmi ning stages introduce an anal og del ay
dependi ng upon the output of the integrator. The delay intgoadag@@0O2y the
second stage conpensates for and 2 May 2002 -4 offsets the tenperature
dependent changes in the delay introduced by the remaining 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 principals-gf the invention; Fig.2is a

schematic circui dlagr t he_fal se, | oc et ector and

o1 Frg 3 | SlEARRRo S PRE A aRRRE S g AABIBBor: SR 28E%Yhe fal se
| ock detector ofntfricgiuZzedFby.thd seaainired aswagdisagr am representi ng t he
operation of the one shot of Fig.2; Fig-5is a schematic circuit diagram

of the voltage to current converter of Fig.|l; Fig.6 is a schematic logic
di agram of a porhé ofeatfunese ofplexenplaztjuemredimensst of dheriigventieng. 7 |s a

schemat i ¢ bl ocky i agnagyeheddianehh A@eau oy [ ahl aelionci |1 ator of Fig.].

and Fig.8 is a ematic circuit diagram of the tenperature conpensat|ng
circuit of Fig.5. 2 May 2002 -5 1In FIG 1, a data signal froma source of
binary data ispipupl £sl 8o sehematiuit bbdcla &iagremcyf pkasekdereovery 10.

apparatus incorporating the principals of the invention;

Fig.2 is a schematic circuit diagram of the false lock
detector and one shot of Fig.1l:

Fig.3 is a waveform diagram representing the operation
of the false lock detector of Fig.2;

Fig.4 is a waveform diagram representing the operation
of the one shot of Fig.2;

Fig.5 is a schematic circuit 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.l;

Fig.7 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.



By way of exanple, the binary data could be encoded in NRZ format at 622
nmegabi ts per second. A clock signal froma voltage controlled oscillator
(VCO 12 is coupled to another input of frequency/phase detector 10.
Frequency/ phase detector to generates at its output a binary erraor. signal
t.hat depends upon the phase relationship between the tran2iMpe 00k the
data signal and the clock signal. For exanple, if the data transitions

| ead the clock signal in phase, the binary error signal is high, and if
the data transitions lag the «clock signal in phase, the binary error
signal is I bw. The output of frequency/phase detector 10 is directly
connected to a control input 11 of VCO 12 and is connected to the input of
an integrator 14, which includes angoutput capacitor 16. Wen the binary
error signal is high, integrator 14 generates a current that charges
capacitor 16 in one direction. The output of integrator 14 is connected

to a control input 17 VCO, 12, e_! Sigpal a t.he clock,_signal are
DR s QAU e 3000 o S0 S

coupled to a data‘decd‘er ] nar?into binary
ones and zeros orisr&P4ATEE WY OPeIRRHET af & IFPRvegaY PRSI tecTRrRd 8-
conponents are dexyrwiedriexadeleai the birfdaletucaNoouldShd BAcdBl it NRZ di scl osure

of which is incorpQraiedcheiLhbyasfit |pbrbyedafl €7 RNELscKTBEGRILINEFN £1 T OF
signal applied to

put 11 qf 12 .introd sjal | | xed, corrective
changes in the fr'é& U@ﬂ%ycﬁg‘?HgELP Ekh§F§ﬁak§&%E #ﬁel%afﬂﬁﬁﬁ? g%e bi nary
error signal chang®sthehe PRED cef r e€requenty BRdsAcy 94 @§§PR balk and forth
bet ween two frequerteyuerdyypsaselldeSectepnsbi geriedatasf at sitorslapuecodrective
| oop. The out put i | §d-Qm i at 14,4 duges, | @hge phakkabl e
corrective changesﬁingg?he fre uge%gg{ of:%tgﬁe %ﬁ%&égsi gna de i_)eﬁn | Nng upon

the anal og val ue FeRREHREBRETEPYhLhe transitions of "the 'data signal
and the clock signal. For exanmple, if the data

transitions lead the clock signal in phase, the binary
error signal is high, and if the data transitions lag the
clock signal in phase, the binary error signal is low.
The output of frequency/phase detactor 10 is directly
connectad to a control input 11 of VCO 12 and is connected
to the input of an integrator 14, which includes an output
capacitor 16. When the binary error signal is high,
integrator 14 generates a current that charges capacitor
16 in one direction. The output of integrater 14 is
connected to a control input 17 of VCO 12. The data
signal and the clock signal ara coupled to a data decodar
18, which decodes the data signal into binary ones and
zeros or retimes or regenerates the data -signal. These
components are described in detail in Patent No.
5,012,494, the disclosure of which is incorporated herein
fully by referenca.

The binary error signal applied to input 11 of VCO 12
introduces small, fixed, corrective changes in the
frequency of the clock signal. As the value of the binary
error signal changes, the fixed corrective frequency
toggle back and forth betweaen two fregquency values. This
constitutes a first order corrective loop. The output
signal from integrator 14 introduces large variable
corrective changes in the frequency of the clock signal,
depending upon the analog value of the output signal.
This constitutes a sacond order corractive loop. In the



This constitutes a second order corrective loop. In the 2 May 2002 -6
acquisition node, the influence of the output a! integrator 14

predom nates the control function as the frequency of VCO 12 frequency

| ocks the clock signal unto the data transitions. In the phase |ock node,
the output of integrator 14 (the voltage across capacitorzﬂ@FW%Poz

qui escent and the binary error signal predom nates the control function to
mai ntain the frequency of VCO 12 in phase lock with the data transitions.
According to one aspect of the invention, the clock signal and the data
signal are applied to a false lock detector 20, which is described in
detail belowin connection with FIG_ 2. False |ock detector 20 conpares
the data signal and the cl ock signd'Qﬁla data transition by transition
basis. Wen a fal sseguosksios deddect ethe a iofkuenshoto21 the teutggeredt to

actuate a voltage {RegiddNls BPENERELS es?4ne COOMBLLCEuR iloR] 861 &1e2 Chargi ng
current into the secondary, | 0Qp across capﬁ% go&:ﬂi %Qgcmaligégrupts t he
fal se | ock oper ati PR eﬁ‘g’ thé 2948 tle °c§7 o VeI *t 71t “TShar d one
limit of the VCO f¢hecdaensy2nsitgens.e. in therrhaseweack| rede,, tm@UERKH t owar d
the other limt, egf.irdtegrigmeens! i(ohd .vdiRByeridiosd2chapacidesi gaedisso its
charging currant ig, . M shap, t hal SH-NQ ;G Y SRk detd
capacitor 16 by i n?‘lei'sarlgrg%)l(\)éra 3 % Qﬁeea%.ﬁaﬁgsg"[ﬁg%ckﬁ%e?}%he: \(1%9 'égl frequency
sweeps past the fFUGIBACIPNGFIPh&OCPITIELP gHE IFPIUSTTEst I'Ockd*tHereto as
descri bed above bepmseseledievibmrtgendpteurrasitionam integrator 14 is
strongerhnear phase | ogkcdladRg L on€ REbEEN BLCLKE qrat,eﬁzfi(um,Cﬂ-][hven.bcﬂer 22.
During the tine interya ui ned tqQ sweep. .t raquengy V 2, one
shot 21 times out 3H™ hég‘s ﬁg’ﬁofl%sa as:%?n%r#ﬁergggfll&ga:eg &edlseV Tl

detector 20, which is described in detail below in

connection with FIG. 2. False lock detaector 20 compares

the data signal and the clock signal on a data transition

by transition basis. When a false lock is detected, a one

shot 21 is triggered to actuate a voltqge to current
convertar 22. Converter 22 injects a charging current

into the secondary loop across capacitor 16, which
interrupts the false lock oparation and sweeps the
frequancy of VCO 12 first toward one limit of the VCO
frequency range, e.g., the lower limit, and then toward
the other limit, e.g. the upper limit. Converter 22 is
designed so its charging current is smaller than the
charging current supplied to capacitor 16 by integrator 14
near phase lock. When the VCO in frequency sweeps past
the frequency of the clock signal, it phase locks thereto
as described above because the charging current from
integrator 14 is stronger near phase lock than the
charging current from convertar 22. During the time
interval required to sweep the frequency of VCO 12, one
shot 21 times out and thus ignores any further signals
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 onto a
single integrated circuit chip.

As illustrated in FIG. 2, false lock detector 20
comprises a delaying amplifier 23 and a D flip-flop 24.



fromfalse |l ock detector 20. This permts VCO 12 to sweep through its
conpl ete frequency range in both directions wthout being interrupted by a-
new fal se lock signal. The described circuitry is preferably incorporated
onto a single integrated circuit chip. As illustrated in FIG 2, false
l.ock detector 20 conprises a delaying anplifier 23 and a Dthp"-GQ%p 24. 2
May 2002 -7 The data signal is applied to the input of delaying anplifier
23, which delays the data signal such that the rising edge of the data is
aligned to a known state of the clock, for exanple, three quarters of its
nom nal period, or 1.2 nanoseconds. The output of delaying anplifier 23

Is applied to the clock input of flip-flop 24. The clock signal is
directly applied to the Dinput 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,

wavef orm A represents, the dat trans n ve orm epresents the
cl ock signal. P E‘ﬁ 2R&2 cFOTRR S|’g°‘naalpph§e$ %%hase 5%‘1( { PRE WMt a

transitions, as SmehkL 8T 2he whdgh rfeilays otheFREra Figppk SHFD ¢ 88Yes of the
cl ock signal, e.-lslh@e.-dbégh txe LOYA ibrAUIgnkd oy aikhokhigaed of thet he data

anpl 111 er 23, %éﬁfgﬂ‘ 85 SPBELECEra] e 0an BLYRR ndfRE ikEhes)

4 on a
data transition IfF l"r%lrf&“f’?fﬁ?“ﬂém he QuRRYS ngdéli’¥ ¢ dépghé%fé fbck between
the clock signal imndpplied dattaetcrlan!sutnp@nsqf tflépstiepl 24 vahaisdogke all high

and the Q out puts;qfuiIlispdiﬂeem,%pbmal &6 thiedh .inpbeRet e pQrispibput of
L Pt oP) 2 S0 M o Wl LG, M con WO i Like Bpace | ook
a NOR gate 25 in one shot 21.
In FIG. 3, waveform A represants 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
£lip-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 supplYy Vg. 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



connected to the base of a transistor 26. The collector of transistor 26
I s grounded and the emtter of transistor 26 is connected by a resistor 27
to'a node Vc. A capacitor 28 is connected between node Vc and ground and
a current source 29 is connected between node Vc and a power sugg i

Node Vc is coupled by a buffer anplifier 30 to a Schnitt tZMsye Q and a
conparator 32. Schmtt trigger 31 has a noninverting output connected to
an output termnal Mand the other input of NOR gate 25. Schmtt trigger
31 also has an inverting output that is connected to one input of an OR
gate 33. As indicated, the input signal to conparator 32 is conpared with
a 2 May 2002 -8 reference voltage V.F. Wien the input signal is |arger
than the reference signal, the output of conparator 32 is high. \Wen the
i nput signal is lower than the referencg. signal, the output of conparator
32 is low. The reference IS co led to Schmtt tri ger 31 to set
its threshol ds symietTi"CAl Y%“é%veﬂan & SWtHé"”r“eFé?’B‘dcg lAA%e5ge. When
the clock signal gobsnobe vfferende sidrelQ U putputobf fdompafdwpy 22 igoes | ow,
as illustrated in yayef owReR @k rl%heisfl;nﬂhﬁs Qulerterdh BNRgalané2 then

goes high to turn QUnlf 208 SLel: G CARRLLON220, 0RT 988, LARLlL,  Ir ough

transi stor 26 from®3 poi’'nt Ust I'n wavef orm Vc
of FIG 4. Points é’-&ﬁ’d’- cif eﬁ?‘t?éé‘i’rt TP h&ShRifks t‘h-rlégﬁﬁl dd & Sehniltf trigger
31. As capacitor 2&hresiddsabpwettimlipf epevecandobedge tite xeperarceb in
waveform Vc, the quipsde.of conmparator 32 goes high, as depr cted |n

Waveforlen FIG 4. acltor %charge to_the hi:gchcf r shal d

Schmtt trigger 31, as re resen TRes 24t r?fvvave orm ¥cUY t“'tsuch

time, Schmitt tri ggﬁgrfggp tlop 24 goes lou, as illustrated in wave!orm 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 ¢ represant the
two thresholds of Schmitt trigger 31. As capacitor 28
rises above the reference voltage at a point b in waveforn
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
¢ in waveform V.. At such time, Schmitt trigger 31
changes state and output terminal M goes high, as depicted
at point c 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 f1lip 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 )2 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,



changes state and output term nal H goes high, as depicted at point c in
waveformMin FIG 4. By virtue of the connection to OR gate 25, this
serves to nmask out the effect of any further errors at the Q output of
flip flop 24, because transistor 26 turns off and remains turned off

i rrespective of the state of the Qoutput of flip flop 24. 2 Magrk@QZnsi st or
26 turns off, capacitor 28 is slowy discharged by current source 29. As
capacitor 28 once again passes the voltage reference at point b, the

out put of conparator 32 goes |low, as depicted in waveformR, the

I nverting output of Schmtt trigger 31 remains |ow, depicted by waveform A
in FIG 4, and output termnal L goes |ow, as depicted in waveform L.
Capacitor 28 continues to discharge until the voltage at node Vc reaches
the low threshold of Schmtt trlgge? 31, as depicted at point a in
waveform Vc. At this point, Schmitf trigger 31 changes state, the H output
goes low, 2 May2®(ARPicied 48 wRYRIOFR! itA g\g:(reﬁor?ﬁq\/lqugp‘ﬂ &eTBinalng out put
term nal L goes hjogh, hdghdepsctepidrgdwanyefwveibrn nLFII@ BRG. Thereafter,

the descri bed C&ﬁéﬁarfggﬁattﬁeSdls!:Pledat%'ctllaeréiiéta:s Qo L&¥Kagandi ddon persi St S.
During each cycl g cl:.t e, or m|1iseconds, capacitor 28 has
a short chargi n§*i *ﬁ%‘r VR TARY B F%ﬁfgs di schar gi ng int erval as illustrated

in waveform Vc. rﬂ“réla!aet‘ths“lYF?'brns"’ﬁbﬁJaP-Fy HFecGhed ARG Yhe short
char gi ng i nt er vallbietewesds peapicitar aasd hesi a1 shaavefargiMe .inEacvrl i ne the Q

output of flip Ek@p 241&%6%4%%1 gr'ﬂ&e&-baf char gindstM@avain charging
Is interrupted. out put of

flip flop 24 mu¥tY ?‘r°§ﬁ‘s§‘t i o’f‘f’"fyr 3?5’%’@?"’5951?'6%“':%{13' 8e?‘f£[ ggrf% e, which

ensur es t hat on&hehshorX] chakgingotinterval between points a and c in
waveform V.. Each time the Q output of flip flop 24 goes
high during this charging interval, charging |is
interrupted. As a result, in order to reach point c, the -
Q output of flip flop 24 must transition from high to low.
at a certain rate, which ensures that one shot 21 will not
trigger due to transient conditions and thus maintains

stable operation. Once the long discharging interval of
capacitor 28 begins, further errors detected by flip flop
24 are ignored, i.e., masked, until the discharge is
completed, i.e., until waveform V. reaches point a again.
This ensures that voltage to current converter 22 is not
interrupted once VCO 12 begins to sweep through its
frequency range, as described above.

Although the phase lock loop is shown as being single
ended, it is preferably implemented with differential
circuitry as appropriate, e.g., enitter coupled logic
circuitry. As a result, integrator 14 actually can’have
two charging capacitors, one charging in a positive
polarity relative to ground and one charging in a negative.
polarity relative to ground and there are two connections
from integrator 14 and voltage to current converter 22 to
VCO 12, one for each signal polarity. Alternatively, a
single differential capacitor could be used.

As illustrated in FIG. 5, 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.



trigger due to transient conditions and thus maintains stable operation.
once the long discharging interval of capacitor 28 begins, further errors
detected by flip flop 24 are ignored, i.e., nmasked, until the discharge is
conpleted, i.e., until waveform Vc reaches point a again. _This ures
that voltage to current converter 22 is not interrupted o?né@”/@:%aiz begi ns
to sweep through its frequency range, as described above. Although the
phase | ock | oop is shown as being single ended, it is preferably

i npl emented with differential <circuitry as appropriate, e.g., emtter
coupled logic circuitry. As a result, integrator 14 actually can have two
chargi ng capacitors, one charging i n-a%positive polarity relative to
ground and one charmgengiléca-negesier §lcalt to & ed-ahi ot magagand and

there are two connegtians ¢ Lotegr ataQr 14 and. vl tage o rr.ent
converter 22 to VCO 12, one %[c?re'éa'é’% g‘%“g‘nﬁT ogl ar ty. Al terr?g iVely, a

singl e differentialfo%chBgest S¥PRgul fae fPedecwRE F FAST TN BHF UAS PG 5,
voltage to current a corugister 22, conpevedeshditingr avivdal by, canmetieed

transistors 86 and {yd@wtng,cehlReLors-Lhal & 6 conngetad gJespactively to
differential output_ termnal | ector to

rmonals BB and 89 2 Lva‘%/ 2002 - 10 The, cql
emitter circuit of S TTARsI ¥ 3P~ YF SRAUVSEN FeRis: 87° FPVRLATERLY (i enitters
of transistors 86 &NEPEY TerdinalpbwiICsuphl is PARNEIEdCB? | et H2SE Plenitter
circuit of a tranratgistd?, sa. | evethes hddllleengprdiardecAdsisura tdae iscol | ect or

to emtter circuit QhnadohalsyStalis9% 35co CAANGGLED: idtafsldeds RSt ween

ground and power suppl ¥u. Qutput termnal L &FIG 22 IS _connected to the

base of transistor hQZ?/"l AEROE 01T BRARSRT FIFP L Sf & TFANGASTY %ottt ed by a

resistor 95 to the dhafeingf digdenstttapd 86, 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 lavels applied to
terminal L, is connected to the base of transistor 96.
The collector to emitter circuit of a transistor 100,
level shifting diodes 101 and 102, and the collector to
enitter circuit of a transistor 101 are connected in
saries between ground and power supply Vg. Output
terminal M (FIG. 2) is connected to the base of transistor
100. A ccllector resistor 104 and the collector to
emitter circuit of a transistor 105 are connected in a
series between ground and power sSupply Vg,. The collector
of transistor 105 {s 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 107, the
collector to amitter 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 Vg;. The base
of transistor 106 is connected to the collector of
ransistor 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



The collector to emtter circuit of a transistor 96, |level shifting diodes
97 and 98, and the collector to emtter «circuit of a transistor 99 are
cohnected in series between ground and power supply V. A fixed bias Vg,,
which is mdway between the high and | ow vol tage Ievel s applied to

termnal L, is connected to the base of transistor EMBYIZQQ%r to
emtter circuit of a transistor 100, |evel shifti ng d| odes 101 and 102,
and the collector to emtter circuit of a transistor 103 are connected in
series between ground and power supply Vz. Qutput terminal M(FIG 2) is
connected to the base of transistor 100. A collector resistor 104 and the
collector to emtter 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 orma diode. The collector to
emtter circuit of 9a aid attsd Sto0leckd6 b$ coamsdsted 109.SerThas Hasaween ground

and the ool | ector «lydi:R0shsh A Minebrdi®td SholcolOdozdve ceghdicrbor Lo

emtter circuit of a trqn5|stor rc.to emtter circuit

of a transistor 109%are™®Bifketh éd“}sr’r5§%"r|2 "%8?%’@?3?%" uﬁ?ﬁ"l’&ﬁ of the
emitter of transi stdreogshaiunatiigueefogiatied Porrsd 9§upﬁ|¢9*ﬁ&9r lomhendase of
transistor 106 is cean€izked 1@ tgrevidd ledies wdltageansi shéorbaka@s8. ofhe base

of transistor 108 iS,50nRecs epo t9q tgg CQH ecatngr (}% t LRNSH s;eg(,elgg The

collector to emttér circult |s connhect ed between t he
junction of the colJU&ttdr s%‘fr‘FFatr?sPéﬁ)théréPﬂs&PBﬂ %”%{j’ 39227211 97 and
the coll ector of trcansésedr 109rarEigtimase8®df 87y arnddst b6 156rVYess @dnnect ed

to the collector ofsjteamudesiOreraliscbs bé\&f&s?f ohi@NshéteY whichsisonnect ed
by a resistor 111 t:tu(x)'ngre rJ unCt | gpmeo,f dcei{agrg Zpoa}ln%hggh QSIHSatsO;;h}OA' and
highest base voltage. Transxstor 106 is biased so its
base voltage swings between a low lavel 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 aither
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 injected into the phase
locked loop to cause the frequency of VCO 12 to swing
first toward.one 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 B89.



transi stor 105 provide a bias voltage to the bases of transistors 90, 94,
99, 103, and 109, which serve as current sources to bias the transistors
te which they are connected. Transistors 86, 87, and 106 serve as
differential transistors stages, only one of which is turned on at a tine,
dependi ng upon whi ch one has the highest base voltage. TrahMayn 800206 is
bi ased so its base voltage swings between a low |l evel that is snmaller
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 timng out termnal Mis |ow, transistor
108 is turned off, and differential transistors 86 and 87 operate in a
normal fashion. Wien output termnal 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 termnal 88. Wen output termnal L is |ow,
transistor 87 is Thfr f@8chibednaPRITANEF sRftS dF ALY REULTHtiopns a result,
a capacitor chadgbhagecluakehy insespyptiied fadseuphuse 1ok mpexdti®8. Thus,
current is injgat geedgihg EHRuBR2GR rregkaftyl eongd @zcauserLd Rmehr equency of

VCO 12 to sw fiys oward. one limt, i. a. , the low frequency limt,
and than tom&g&sfhlé“%t h%\rlﬂltfﬁ%d? I.e., the high frequency Ilimt. Wen

out put terninal MEpHse 1egk detechperil i ¥ e FhPFefbnterdle Mansistors 86
and 87 is aut guattiais.yFéfett, tdeywintéravst Htperadid® todir nse gitfasand t ransi st or

110 turns  on,) .Res e’ 3l Sididct Nfadv abtAde iknt &if d2aS8e Ofodkr @RSI Stor 106,
Thi s causes transi sto% éo omnate diffe egtlal '.tgan5| tgrs 86 and 87,
n

whi ch shuts of L&A °‘%}5’?8%t°°f8“bot Bt pat et f nars %ﬁ and 89. 2 My
2002 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 pinary value of the data signal remains
the same for long periods.

output termiﬁal H of one shot 21 is also connected to
frequency/phase detector 10 to simulate dgta 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 H. 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 ¥ 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.



-12 The descri bed apparatus aids frequency acquisition and phase |ock by
interrupting fal se phase | ock operation and sweeping through the frequency
range of VCO 12 when false lock is detected. False | ock detector 20 and
one shot 21 serve two functions. First, they interrupt operation of the
phase |ocked | oop, as described above, when an out of |ock Mey 2@93e | ock
condition occurs. Second, during a true |lock <condition, they ensure that
the binary error signal continues to change val ue 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 sane for |ong
periods. output termnal R of one shot 21 is al so connected to
frequency/ phase detector 10 to sinulate data transitions when none are
present during phase lock. FIG 6 is_.gg. nodification of the state |ogic
device shown in FIG 6 of Patent No. 5,012,494. The nodified state |logic
device has inputs T, A B, F(n) , an®®®® Fnput A is connected to

T30,

excl usi ve NOR ga ST put 1T s cgnnected 1 gd[€=3ﬂTEnd i nput B
is connected to b s E(h) | @' RiarB*dhnekt SQMHENTID lexcl usi ve
OR gate 38. Gatef34p | ipleed| byg a |del @y St ageo40 tprse NAND gat e 42.
Excl usi ve NOR gatje 36 bxcl usi ve (R gate |38 are couRided by HAND gat e
44 to NAND gate 2.°Irst@aﬂ of Tir@ct[y 1 appl ying inppf,fFGR) to jHAND gate
44, input F(n) apd rngut I are cougl ed to |NAND gat e ddadby excljusi ve OR
gate 38. Table | |DETOW T35 ogic ranre of —(ne conpl ngtion of at es when
input Ris [ow, whi%hl|rebreséhts ah dut &f [l ock®cond fFﬁﬁ.lﬁ Mgy 2002 - 13
early
0 0 0 1 1 0 Clock is
early
0 0 b 0 0 b fc < £d
0 0 1 0 1 1 fc < fd
o] (o] 1 1 o 1 Clock is
late
0 0 1 1 1 1 Clock is
late
0 1 0 0 0 1 Clock is
late
0 1 0 0 1 1 Clock is
late
0 .1 0 1 0 1 fc < £d
0 1 0 1 1 1 fc < td
0 1 1 0 0 0 Clock is
early -
0 1 1 0 1 0 Clock is
early
0 1 1 1 ] 0 Let it
ride
0 1 1 1 1 1 Let it
: ride




F(n) F(n+l) COWENT Ol OC Ol Ol O1 O Let it RdeOODO
Rrde 000. 100 dockisearly 000110dockis

01 fc<sfd 001011 fc<sfd 001101Cockislate 00
is late 0 1 0001 Cdockis late 010011 ddockis
0lfc<fd 010111fc<fd 011000 Qs £90&arly 0

ckis early 01 11000Let it ride 011111 Let it ride
14 When input Mis low, the signal on input F(n) passes

-14-

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,



t hrough excl usi ve NOR gate 38 unchanged and the circuitry operates in the
manner described in Patent No. 5,012,494. Table Il belowis a logic table
of "the conbination of states when input His high, which represents a true
phase lock condition. 2 May 2002 -15 Table Il A T B F(n) F(n+l) COMVENT
100001 Toggle 1000 10 Toggle 100100CIocki25Méé(rqp21001
1 0Cockis early 101001fc<fd 101011fc<fd 101101
Clock islate 101111 Cockis late110001Cockis late 110
0l 1dockislate 110101fc<fd 110111fc.<fd 111000
Clock isearly 111010dCockis early 111101Toggle 111110

Toggl e -15-
Table II

¥ A T B F(n) F(n+1) COMMENT

1 0 0 0 0 1 Toggle

1 0 0 0 1 0 Toggle

1 0 0 1 0 0 Clock is
early

1 0 0 1 b 0 Clock is
early

i 0 1 0 0 b fc < £a

1 o} 1 o] b b fc < f4d

1 4] 1 1l o] 1 . | Clock is
late

1l 0 b 1 l b8 Clock is
late

1l 1 ] o o b Clock is
late

1 1 0 0 b 1 Clock is
late

1 1 0 1 0 1l fc < fd

1 1 0 1 1l 1l fc < fa

b 1 1 0 o 0 Clock is
early

1 1 1 o] 1 0 Clock is
early

1 1 1 1 0 1 Toggle

1 1 1 | 1 1 0 Toggle




2 May 2002 -16 Wen input Mis high, exclusive CR gate 38 inverts the
signal at input F(n), which serves to sinulate data transitions in phase
wi th the npost recently occurring data transitions in the absence of actual
data transitions. In terns of Tables | and Il, F!' - 0, when input Ris
low;, M 1, when input Mis high; and A a T a B when there a2 Maw2003t a
transitions. As depicted in table 1, when input Ris |ow and data
transitions are absent, the |ast binary value of the output of

frequency/ phase detector 10, (Fn), and the present binary value of the
out put of frequency/phase detector 10, F(n+l), remain the sanme. This

| ogic, as described in U S. Patent No. 5,012,494, inherently has a
frequency. conponent, and will aid the VC 6to achi eve frequency | ock.

Toggl i ng the frequency oLhVCO 12 during e acqui si t i on node woul d di sabl e
the frequency conponent "of tAg*udt eit“crlg an?i‘cl HATY CRaBhTevéndntesse
frequency | ock. Forthehisssrlagddninest niinat eehikat aetvesnsit § bns ane alaset

generated in the acqwamsttmmndﬁashnstsadme idwe ema&a& g uir:S.nE,-rBa%a ‘Let It

e e e efihah Dhns! Dbl J8 e & L S0 U AarLOE QUL PYL O
f requency/ phase det ect or 10 does not an e“state 11 Ih absence, of act ual

data transitions. ABRPEpPT{AB 95T (38 ¥-)~ 0 F \ﬁne‘ﬁhﬁ%b&?“R“l & Heyh Band  dat a
transitions are abseht wheheirpast™ bk ey ; varddud ofT =he wheat padzeobze no
frequency/ phase det egiwar c2bhsitdhs, and the present binary val ue of the

out put of frequency/phas tor o,, F are different VI rtue of
the logic of exclusive &ﬂ, %S %\éb’a &es‘(h)"f‘ MEYE Frigqa2hdy oq‘ favco 12

t oggl es back and fort’-‘FP"ébéi:ﬂ“st Héeff*wﬂéncyh%)f lagsO biparyt Valke tafmihef t he
| ast actual data traastgutonf 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
dascribed in U.S. Patent No. 5,012,494, inherently has a
frequency. component, and will aid the VGO to achiave
trequenc& lock. Toggling the frequency of VCO 12 during
the acquisition mode would disable the treqhency component
of the detector and inhibit achievement of frequency lock.
For this reason, simulated data transitions are not
generated in the acquisition moede. Instead, the apparatus
is in a "Let It Ride" mode, which means 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 inzroduces one of
two delays depending upon the state, high or low, of the
binary error signal at the output of frequency/phase



As shown in FIG 7, VCO 12 conprises an odd nunber of inverting, variable
del ay stages 44, 46 and 48 connected in series. The output of stage 48 is
connected to the input of a binary delay cell 50, which introduces one of
two del ays dependi ng upon the state, high or Iow, of the binary error
signal at the output of frequency/ phase 2 May 2002 -17 dex M@y Mav #0439 Thus,
stages 44, 45 and 48 introduce analog delays into the |Ioop and cell 50

i ntroduces binary delays of one value or the other into the |oop. The
output of binary delay cell 50, which serves as the clock signal, is fed
back to the input of stage 44 to fora a variable delay ring. The output of
integrator 14 is applied to the delay control input of stages 44 and 46,
which serves as input 17, to introduce diV-anal og delay into the |oop

dependent on the char Je_across capacitor 16. A tenperature conpensating
circuit 52, descri b¥FFnctefai Fb¥ G995 % cdAnTEt 8 TGTPHYUaIAPIcont r ol
i nput of stage 48 t@elayvatidduthe derpansd cglidlainimadedss boogrydépaydent upon

its tenperature. SihCHet h@lﬂesprdnﬁedcurel—r Chid rtMe'ﬁocF%aCkagﬁQuQﬁ.x aesingle
integrated circuit ch| R same

, 4

tenperature. As the tr Xy cc?d’tégd it‘ﬁ“sst"aves 2 }L’aen%l%é 11Reds 6. g. ,
increases due to téthEAGK &Pe“etmulafay"q%t?bﬂec’éﬂ"by VAF htfel e4 lehianges in
t he other directionrging.e. ,hedwpeaaes;n:hq—mrpmsata@plumamefme ddigjya result,

changes in the lim g&&glth@u:f&eg{:@d}%}/d andes &f WWEER 52-6£ a3 Digikezed. As
illustrated in FIG

ture ens cipcuit 52 comprises
transi stors 54 and 5'2 (,;8n ‘d“aé"d’ ??fd:’ﬁé%?ﬁ 5P iR tPPF SeP B'g%)%éen gr ound
and power supply V8%, tAeccs'-thm okcrogsi sRpAcHYr tlfe coIN ceemperd ireni tt er
circuit of transistesmfehsatingekifdu@t S£Sidesefitad ihh@etail below, is

connected to the delay control input of stage 48 ¢to
introduce an analog delay in the loop dependent upon its
temparature. Since the described circuitry is packaged on
a single integrated circuit chip, stages 44, 46§, and 48
are all at the same temperature. As the delay introduced
by stages 44 and 46 changes, e.g., increases due to
temperature, the delay introduced by stage 48 changes in
the other diraction, 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
circuit S2 comprises transistors 54 and S6 connected as a
dizt-erential azplifier 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 54 and power supply V. Dicde



collector to emtter circuit of a transistor 62, and an emtter resistor
64 are connected in series between ground and power supply V. A collector
resistor 66, the collector to emtter circuit of transistor 56, and an
emtter resistor 68 are connected in series between ground and the

coll ector of transistor 62. A resistor 70 having a predeté&hﬂ@kﬁpo
tenperature coefficient is connected between, ground and the base of
transistor 54. The collector to enmitter circuit of a transistor 72 and an
emtter resistor 74 are connected in series between the base of transistor
54 and power supply V,,. Diode 2 May 2002 -18 connected transistors 76 and
78 are connected in series between ground and the base of transistor 56.
The collector to emtter circuit of tran3|stor 80 and a emtter
resistor 82 are connected in series %etmeen the base of transistor 56 and
power supply VzénnddtaBStsdraistof®,7672name BPesesnrecaed conskants cur r ent

SOHCGS t3 bi a%ecmé‘rif eéfdﬁkhala{aar?nél $hQL S 024 t&ﬁﬂs&{orA ﬁourcew}‘ 3! as
VO age, S, , (0] EIr a S. e 0, is
Cred to' R L RO Eer B P adertd, g Safbisteh, shChl

connected to t tput termnal VoMis
connected to tlepitesy é@ﬁmt‘?roﬁ?t?%§P§Pﬁte§61“WﬁeﬁhE¢%ﬁBPeﬁ‘?e t enperat ure
changes, the dakéesenrirensistakt sganacposs cupplt Vesr ntnaisisvors and Vo,

al so changes. qut p%} n%rgbn Ve VPs &rﬁqté/wc%&gen@%n%é@%t gitde
differential confro

ta 8 F ) t 0. change. the del ay
i ntroduced the”éb¥ e‘a’d"éé? ’Vﬁ &é"sf"uf‘lﬁ ?ha thd adsy |°gtr%dsuced by
stages 44 and th@tnmr é’a&es igi waeéﬂrf)‘ér*m heirt Rasefe| aW’i PtBekiced by
stage 48 decreasenimill bl esPcinkota ito ohe ndocdlactdre ofsaransfiseqriency range

of control overy,VOQ 12 The, deschibed Aragdhdmal 0 dhaccdiiveation is only

of transistor 56. When the ambient temperature changes,
the differential voltage across output terminals V, and
Vou also changes. Output terminals V,, and Vg4 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 be 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. )



considered to be preferred. and illustrative of the inventive concept; the
scope of the invention is not to be restricted to such enbodi nents.

Vari ous and numerous other arrangenents nay be devised by one skilled in
the art w thout departing fromthe spirit and scope of this invention. 2
May 2002 -29 CLAIMS 1. Oock recovery apparatus conprisi ngMay 2882ce of
bi nary data having data transitions;yg_a voltage controlled oscillator (12)
for generating a clock signal that i1s variable over a range of

frequenci es; a phase detector (10) responsive to the data transitions and
the clock signal for generating a QUNIMSYy error signal having a first val ue
when the data ty.ansiclbowsrémmeryhepparatussiognptisimga second val ue when
the data transitions | t he ¢l [ ' T Qnsive to
changes in the val ué %&ﬁﬁ%%i%ﬁﬁe‘?{% hgpgﬁgl%#é#ﬁaﬁ}@r%&%élgﬁg smal |
fixed corrective chamageyolhagée ¢orypddeg obsehblafiaack (12i)gndlrt o phase

| ock onto t | 44 . (& k4 h ot i a1@¢gbi nary error
ggn%§%§§%§599§gnﬁ&&%t 14 )valrahpl BtREARI PlnddI18 ¢

signal; nea responsive to the integrated signal for
i ntroduci ngfre@RNGARSiabl e corrective changes in the frequency of the

clock signal; nmeans (@Qhases@etectert 010)ereaionstivansiot ithes dazad t he cl ock
the sensi ng CRAARLE G P Epa, PP kb *Ee SERARELIAT 5 BRTPONS 106)
for summ ngekerr anignaslhedAividgsi gnafirst 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
condition.

2. The apparatus of claim 1, in which the
generating means generates a range sweeping signal that
first sweeps the fregquency 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



with the integrated signal to sweep the frequency of the clock signal over
the range, thereby reestablishing a lock condition. 2. The apparatus of
claim1l1, in which the generating neans generates a range sweepi ng signal

that first sweeps the frequency in one direction for a ting,, E}#ﬁre‘a%dogn
sufficient to adjust the frequency to one limt of the range of the _
oscillator and then sweeps the frequencys,gn the other direction for a tine
duration 7 Novenber 2005 -20 sufficient to adj ust the frequency to the
other linit of shéfiahgbtotot adjustithatirequincihecarper atherofinliei gel or

2, additionally +ReCPHRYLSHRILtREDS tdL£SPonsive to the sensing neans
for simul ati ng da'?a trgnleonsaﬁgnc% cLase detector in the absence of

an out of lock condition. 4. The apparat us of claim3, in which the 10
simul ating means sinubat esThet appagatusi @fs draighaseow t), LBRiEPS al%y

ecent Y, dour! Banpl 836 Sl I PeallSe PRV LIS Rbndiaihdung et 0L
conprises a D fl¢pmplapingsdatmuinanad thonspdn, thecpbake depettonnth K

out put; and rreansbéeﬁc&%@lamgow%éau%wceﬁhﬁtwnt he clock input of the
flip-flop and coupling the clock signal e Dinput of the flip-flop

del ayed by a fraction of the 20 nom nal period to generate at the-Q output
of the flip-flop an 4ut otfhé oCipEEgitals  @f Thﬂaamoar:;e;t usirof wHH khes 3

[ of .stages (44 25
jé 02185 58';a o:‘m:zleﬁty conn cte r?ig‘a?rlg#éeéne %F%[n%été%’:g e§n 3_59("'1&

i ntroduci ng a bi Hag et ﬁ%ﬁ@ﬁﬂl%“ﬁﬁ ngt data tranSitions.

5. The apparatus of claim 1, 2, 3, or 4, in which

the data occurs at a nominal period and the sensing means

15 comprises a D flip-flop (24) having a D input, a clock

input, and a Q output; and

means fof coupling the binary data to the clock

input of the flip-flop and coupling the clock signal to

the D input of the fliﬁ-flop delayed by a fraction of the

20 nominal period to generate at the Q output of the
flip-flop an out of lock signal. S

6. The apparatus of claim 1, 2, 3, 4, or 5, in

which the oscillator comprises a plurality of stages (44,

25 46, 48, 50) of delay connected in a ring, one of the
- stages (50) introducing a binary delay depending upon the

' binary value of the signal applied to a first - input,
another stage (48) introducing an analog delay depending

upon the signal applied to a second input, the remaining
30 stages (44, 46) introducing an analog delay depending upon -
the signal applied to a third input; means for coupling

the binary signal to the first input; means for coupling

the integrated signal to the second input, and means (52)

for applying to the second input a temperature dependent

35 signal that compensates for temperature dependent changes

in the delays introduced by the remaining stages,




bi nary value of the signal applied to a first-input, another stage (48)

i ntroduci ng an anal og del ay depending upon the signal applied to a second
i nput, the remaining 30 stages (44, 46) introducing an anal og del ay
dependi ng upon the signal applied to a third input; means for coupling
the binary signal to the first input; neans for coupling tReMapt20P2t ed
signal to the second input, and neans (52) for applying to the second

i nput a tenperature dependent 35 signal that conpensates for tenperature
dependent changes in the delays introduced by the remai ning stages. 2 May
2002 -21 7. Cock recovery apparatus substantially as herein described
with reference to the acconpanying dr adimngs.

7. Clock recovery apparatus substantially as herein
described with reference to the accompanying drawings.



