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BACKGROUND OF THE INVENTION
The present invention relates to a clock recovery

circuit for use in digital'communications.

Among the various modulation systems employed in
digital communications, a typical example is 7z /4-shift
quaternary phase-shift keying (QPSK),: which encodes two-bit
data values as shifts of -3z /4, -z /4, = /4, and 3z /4
radians in the phase of a carrier signal, shifting the phase
by a multiple of n /4 in each symbol interval. This system
has certain advantages for mobile communication systems, _
including high transmission efficiency and a compact, low-
power differential demodulator configuration.

FIG. 10 shows the demodulator configuration. The
‘modulated carrier signal is received at an input terminal 1.
A local oscillator 2 generates an unmodulatéd carrier signal
with a frequency substantially equal to the freduency of the
modulated carrier signal, An instantaneous phase detection
circuit 3 compares the phase of the modulated carrier with
the phase of the unmodulated carrier and converts the
difference between them to a digital value, which it outputs
as an instantaneous phase signal 4. A differential phase
computing circuit 5 takes the difference between the
instantaneous phase signal 4 and the instantaneous phase
signal 4 delayed by one symbol interval, to obtain a
differential phase signal 6. o

The differential phase signal 6 is supplied to a clock
recoVery'circuit 7 and data recovery circuit 8. The clock
recovery circuit 7 recovers a clock signal, which it outputs
at an output terminal 9 and also sends to the data recovery
circuit 8. The data recovery circuit 8 samples the
differential phase signal 6 at timings given by the clock
signal, decodes the sampled values to recover bits of data,



power differential denodul ator configuration. FIG 10 hows the denpdul at or
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termnal 1. A local oscill s an unnodul ated carrier signal
with a frequency substa‘nti% E"JEH&EH [he frequency of the fMddiN&t ed
‘carrier signal. An instant tection circuit 3 conpares the
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a differentiodl gyheasiata gnsdplﬁ: aithetedinfifrerleritd.al phase signal 6 is supplied
‘to a clock FIG. 11 shows an eye pattern obtained by superimposing,
on an oscilloscope screen for example, all of the
trajectories that can be followed by the differential phase
signal 6. In FIG. 11 the horizontal sweep time is set to
three symbol intervals, corresponding to six bits of data.

The clock recovery circuit 7 has a magnitude comparator
that compares the differential phase signai 6 with a preset
level and generates a timing pulse when the differential
phase signal 6 crosses this level. This is illustrated in
FIG. 11, which shows timing pulses 12 generated when a
particular trajectory 14 crosses a level (denoted level one)
corresponding to a phase angle of zero radians.

The timing bulses 12 from the magnitude comparator are
conventionally supplied directly to a digital phase-locked
loop. The digital phase-locked loop generates a clock
signal 16 synchronized so that, for example, falling
transitions of the clock signal 16 coincide, on the average,
with the timing pulses 12. This clock signal 16 is the
clock signal output by the clock recovery circuit 7 at
output terminal 9 in FIG. 10.

The digital phase—iocked loop operates by dividing the
frequency of a signal Supplied from an oscillator by an
integer N to obtain an internal clock signal, which is then
further divided by a fixed amount to obtain the recovered
clock signal 16. If a falling transition of the cloék
signal 16 leads the timing pulses 12, the oscillator
frequency is divided by a larger integer N + L for a certain
number J of internal clock cycles, to retard the phase of
the clock signal 16. After J internal clock cycles, the
division ratio reVerts to N. If a falliﬁg transition of the
clock signal 16 lags the timing pulses 12, the oscillator



recovery circuit 7 and data recovery crrcurt 8. .The clock recovery circuit
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terminal 9 is used in subsequent processi ng of the data output at term nal

10. FIG 11 fsrheoqmllxsenacny e'se (PP c? (P btl\?l nE.Ld tbcyr syperteqpna%_ "Srock cycles,
to advance the clock phase. p :

The data recovery circuit 8 samples the differential
phase signal 6 at rising transitions of the clock signal 186,
thereby acquiring samples at points such as Tn in FIG. 11 at
which the eye pattern is most open. These are the optimum
timings for obtaining unambiguous values from which to
recover data.

Trajectory 14 in FIG. 11 is one of two possible
trajectories that can be followed during a so-called
preamble period employed in many digital communication
systems, in which the transmitter repeatedly sends the
synchronization pattern "1001" and the differential phase
signal 6 alternates between phase angles of 3z /4 and -z /4.-'
The other trajectory 20 that can be followed in the preamble
is identical to trajectory 14, but shifted by one symbol
interval. The synchronization pattern is transmitted for
the express purpose of enabling the phase-locked loop in the
demodulator to synchronize with the phase of the
differential phase signal 6. .

After the preamble, the transmitter transmits a data
header, then message data, during which the differential
phase signal 6 can follow any of the sixteen trajectories
shown in FIG. 11. Four of these trajectories cross level
one at exactly the right timings 18 and 19 for locking the
phase of the clock signal 16, and four more trajectories
cross level one at points fairly near these timings 18 and
19. The other eight trajectories do not cross level one at
all, so the phase-locked loop receives timing pulses only
about half the time during transmission of the message data,
but this is still adequate for keeping the clock signal
correctly éynchronized.

The trajectories 14 and 20 that occur in the preamble
are among the four that do not cross level one at the righit
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on an oscill oscope screen fok_nxnnn|p al | of the trajectories that can be
fol’l owed by the differential phase. slgnal . In FIG 11 the horizontal:
sweep tine is set to three sy £ﬁﬁ$ﬂﬁ%ﬁ%&ﬂkmﬁ@arespondlng to six bits of

data. The cl ock recovery circuit t ude conpar at or tHh@ghgconpares
the differential phase signal | evel and generates a tim.ng
pul se when the differential phase si gna crosses this level. This is
illustrated in FIG 11, which shows timng pul ses 12 generated when a
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synchroni zed so that, for exa
phase lock; falling tran31tions of the clock signal 16

alternately lead and lag the timlng pulses 12 by &6, so the
phase-locked loop alternately retards and advances the clock
signal 16, with zero net effect on the clock phase.

Unfortunately, if the clock signal is 180° out of
phase, as shown by waveform 22 in FIG. 11, its falling
transitions again lead and lag the timing pulses 12
-alternately, so again the phase-locked loop alternately
retards and advances the clock phase, with zero net effect.
The clock signal then becomes deadlocked in an out-of-phase
state. While this deadlock condition does not arise
frequently, it occurs often enough to pose a communication
reliability problem. |

One solution to the deadlock problem, previously
proposed by the inventor, is to adjust the phase of the
clock signal by an amount equal to twice the jitter value ¢
when the clock signal leads or lags the timing pulses 12 by
more than a certain angle. In practice, however, the jitter
d can attain values close to.40°, requiring a phase
adjustment of approximately 80°._ (In FIG. 11 the jitter is
60°, requiring an adjustment of 120°.) A system configured
to perform adjustments of this size would be at risk from
noise, and could easily lose phase lock if the adjustment
were to be applied by mistake.

Another solution that can be considered is to detect
crossings of level two instead of level one in FIG. 11,
corresponding to a phase angle of =z /4 instead of zero.
Pulses will then be output at the correct timings 18 and 19
during the preamble, without jitter.

After the preamble ends, however, level two becomes
inappropriate, because it is crossed by only four of the
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The digital

phase-locked loop.

Switching between levels one and two, however, requires
a determination as to whether or not the signal currently
being received belongs to the preamble. Distinguishing
between a preamble signal and a message data signal is a
complex task, requiring the assistance of an intelligent
circuit such as a microprocessor. Providing a
microprocessor in the clock recovery circuit, to be used for
this purpose alone, would be impractically expensive. Using
an external microprocessor is also an unattractive solution,
as an external processor will be loaded with other data-
processing and control functions, and will not be readily
able to undertake the task of determining the data type for
the clock recovery circuit.

SUMMARY OF THE INVENTION _

It is accordingly an object of the present invention to
recover a clock signal from a digitally modulated signal
w1thout risk of deadlock in an out-of-phase state.

Another object of the invention is to reduce jitter of

" timing pulses produced by a synchronization pattern. '

Yet another object is to recover a clock signal from a
digitally modulated signal without having to determine
whether the digitally modulated signal comprises message
data or a synchronization pattern.

A further object is to recover a clock signal despite
the presence of'jitter caused by a frequency offset between
the transmitter and receiver.

A still further object is to generate appropriate
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[err].3 frequency is divided By N - L L for J internal c|ock cycles, to

advance the clock phase. T & %tqhgg&gx atedCi rcuit 8 spanples the :

differential phase signal sitions of the clock signal 16,

t hereby acquiring sanples at “m s Tnin FIG 11 at Th$@& the eye

pattern is nost open. These mtimngs for obtaining

unanbi guous values fromwhich to recover data. Trajectory 14 in FIG 11 is

one of two possible trajectories that can be foll owed during a so-called
timing pulses for clock recovery both before and after

.acquisition of phase lock.

The invented clock recovery circuit has a plurality of
comparators for detecting timings at which a digitally
modulated signal crosses a plurality of leveis, and _
generating level crossing signals at these timings. A
claSsifying circuit classifies seQuences of these level
crossing signals and issues corresponding classification
signals. A timing control.circuit generates timing pulses
in response to particular combinatiohs of the level crossing
signals and claséification signals. A digital phase-locked
loop synchronizes a clock signal to the timing pulses.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a first embodiment of the
invention.

FIG. 2 is a waveform diagram illustrating an eye
pattern,'timing pulses, and clock signals.

FIG. 3 illustrates two trajectories from the eye
pattern in FIG. 2.

FIG. 4 illustrates two more trajectories from the eye
pattern in FIG. 2.

FIG.'S illustrates four more trajectories from the eye
pattern in FIG. 2.

FIG. 6 illustrates two more trajectories from the eye
pattern in FIG. 2. R

FIG. 7 illustrates six more trajectories from the eye
pattern in FIG. 2.

FIG. 8 1s a waveform diagram illustrating jitter caused
by frequency offset. ' |

FIG. 9 is a block diagram of a second embodlment of the
invention.

| FIG. 10 is a block diagram of a =z /4-shift QPSK

demodulator. '



preanbl.e period enpl oyed in many- aTﬁTT?W‘fﬁﬁﬂHnLCaLLQn systens, in which

the transmtter repeatedly sends t nchronlzatlon pattern "1001" and the
di fferential phase signal 6 alternaty Rﬂhﬂﬁ& angles of 3[err] /4
and [err] /4. The other'trajectory follomed i n MMaS0d eanbl e
is identical to trajectory 14, but synbol I nterval . The

synchroni zation pattern is transn1tted for the express purpose of enabling
t he phase-|ocked |oop in the denodul ator to synchronize with the phase of

the differential plgseldi gral @avlffoenm Ghagpasanbhastiheihgapsnelier
t hen ssa [ ich . the differential
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Four of these trajectories cross |evel one at exactly the right timngs 18
and 19 for | gglhREEb"BESCRIPTION OF THE INVENTION

Two embodiments of the invented clock recovery circuit
will now be explained with reference to the attached
illustrative drawings. These embodiﬁents can be used as the
clock recovery circuit 7 in the =z /4-shift QPSK demodulator
in FIG. 10, and will be so described. As in FIG. 10,
reference numerals attached to signal lineé will indicate
the signal transmitted on the signal line.

Referring to FIG. 1, the first embodiment comprises a
timing pulse generator 71, a digital phase-locked loop
(DPLL) 72, and a control circuit 73. The timing pulse
generator 71 comprises magnitudé comparators 701 and 703,
registers 702 and'704, a classifying circuit 710, and a
timing control circuit 707. The classifying circuit 710
comprises.a timer 705 and a decision circuit 706.

A digitally modulated differential phase signal 6 is
input to the magnitude comharators 701 and 703. Magnitude
comparator 701 compares this input signal 6 with a first
level supplied by register 702, and outputs a pulse when the
input signal 6 crosses the first level. Magnitude
comparator 703 compares the input signal 6 with a second

" level supplied by register 704, and outputs a pulse when the
input signal 6 crosses the second level.

The pulses output by magnitude comparator 701 will be
'referred'to as first-level-crossing pulses. The pulses
output by magnitude comparator 703 will be referred'to as
second-level-crossing pulses. These level-crossing pulses
are supplied to the classifying circuit 710 and timing
control circuit 707. -

In the classifying circuit 710, the level-crossing
pulses are received by both the timer 705 and decisibn



phase of the clock signal 16, and four nore trajectorie cross level one at
poi nts fairly near these timngs 18 and 19. The other eijght trajectories do
not cross level one at all, smistShet Bs®BearRepladeed | oop receives ti

fi-Ag—ptH-5€3
only about half the time duri nﬁm Iﬁ Imml of the message dappgoput this

Is still adequate for keeping correctly synchroni zed. The
trajectories 14 and 20 that occur reanble are anong the four that
do not cross |level one at the rlght. [err] 4 timngs 18 and 19; they

"jitter" around these timngs by an : .
: circuit §bé. {ﬁ% timér 705 outputs time-out signals to the

decision circuit 706. The decision circuit 706 outputs
classification signals'to the the timing control circuit 707
and control circuit 73.

From the classification signals and level-crossing
pulses, the timing control circuit 707 generates timing
pulses 62 and supplies them to the digital phase—locked loop
72. The digital phase-locked loop 72 uses these timing
pulses and a control signal from the control circuit 73 to
control the phase of a clock signal 64. The clock signal 64
is fed back to the control circuit 73, and is supplied to a
data recovery circuit (shown in FIG. 10) and data processing
circuits (not shown). ' |

Next, the detailed functions of the timer 705, decision
circuit 708, timing control circuit 707, digital phase-
locked loop 72, and'control circuit 73 will be explained.

Input of either a first—level—crossing pulse or a
second-level-crossing pulse to the timer 705 resets the
timer 705 and causes it to start counting. The count value
represents time elapsed since the most recent level-crossing
pulse. If this time reaches a certain value Td before the
next reset, the timer 705 stops counting and outputs a time-
out signal to the decision circuit 706.

The time-out value Td should be greater than one-third
"and less than one-half of the length T of the symbol
interval; that is, Td should be between one-third and one-
half of the period'T'of the clock signal to be recovered.
This clock period T is known because it is the reciprocal of
the baud rate of the transmitted signal. An appropriate
value for Td would be approximately five-twelfths of T.

The decision circuit 706 has register-circuits for
storing the last three pulses received from the magnitude
comparators 701 and 703 and timer 705, and logic circuits
for issuing classification signals according to these
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anount- denoted [err] in FIG 11. Wen the clock signal 16 is |locked in
correct phase, this jitter does not cause |oss of phase |ock; falling
transitions of the clock signahmi@mathBﬂﬁ lyed ead and—t=ag the timng

pul ses 12 by 6 , so the phase-l rnately ret ards &P 8&dvances
the clock signal 16, with zero he cl ock phase.
err

Unfortunately, if the clock S|gna out of phase, as shown by
waveform 22 in FIG 11, its falllng tran5|t|ons again lead and lag the

timng pul S%%l%%@' tqﬂ@@a\ésﬁ‘lc@ﬁﬁ'dﬁ tﬂ?ﬁemﬁs%‘ﬂv%ﬁkfi% e®n Alit.er nafel y
retards and advances t he clock hase, with zero net effect. The c].ock

si gnal t hen CHYEMEs Ngadn npuf, FRd JfPHtas @ngt Srd. Ippute Iipticate
deadl ock comgiet llcarstﬂmerwtpxﬂrsesse rdcRguesd,! the f i9@euinpaftt & ieRougie t o

pose- a Commqld%%ttl Ondrqzl & Ilrllilrtdyi puq:I E11',he most recent. The column
headed Classiflcation indicates the type of classification
signal output by the decision circuit 706 ‘when the third
inpuf pulse is received.

If a second-level-crossing pulse is followed by a
first-level-crossing pulse with no intervening time-out
pulse, the decision circuit 706 issues a first
classification signal, indicated as classification 1 in
Table 1. If a first-level-crossing pulse is followed by a
second-level-crossing pulse with no intervening time-out
pulse, the decision circuit 708 issues a second_
classification signal (classification 2). If a first-level-
crossing pulse is preceded and followed by time-out pulses,
the decision circuit 706 issues a third classification
signal (classification 3) at the time of the second time-out
pulse. In other cases, the decision circuit 706 issues no
classification signal.

Generating these classification signals does not
require microprocessor intelligence. The decision circuit
706 only needs a shift register for storing information
identifying the three most recent pulses, and a simple
decoder for decoding the contents of the shift register.



One solution to the deadl ock problen1 preV|oust proposed by the inventor,

I s to adjust the phase of the cheﬁwal $Bden RdplRy anount equal to tw ce the
jitter value 6 when the clock SI ags the timng pul ses 12 by
nore than a certain angle. In pr the jitter 6 Tad0&ttain
values close to [err], requiring a p ase a nent of approximately [err].
(In FIG 11 the jitter is [err], requiring an adjustnent of [err]) A system
configured to perforn1adjustnents of this size would be at risk from noise,

and coul d easily |ose phase lock if thpygfiustment were to be applied by
m st ake. Anot her solution that can be Tonsidéred is to detect crossings of

| evel two insfead of Teyelr_one inJFG 11 FOl I esponai fo a pnase angl e
of [err] /4 instﬁ%ﬂ of zer%@dPuls ?ﬁ@l f}ﬁ§§i|£ {$¥%%,% T%ct
timngs 18 anf 1 put nput nput atio utpu im
Don't 2nd 1st 2nd level
care level level 1 crossing
crossing| crossing ' + £ty ¢+ T/2
Don't 1st 2nd 1st level
care level level 2 crossing
crossing| crossing .o+t 4+ T/2
Time 1st Time 1lst level
out level out 3 . crossing
crossing + T/2
Other cases None _ 'No output

The timing control circuit 707 has a pair of timers for
measuring elapsed time from the most recent first-level-
crossing pulse and from the most recent second-level-
crossing pulse. The timing control circuit 707 uses these
timers to generate timing pulses at designated delays from
designated level-crossing pulses. _

The designations are made by the classification signal
as indicated in Table 1. The delays are given in terms of
T/2, which is equal to half the length of the symbol
interval, and a quantity to equal to, for example, one-sixth
the length of the symbol interval (tg = T/6). The delays
are measured from the timing of the pulse listed in the 2nd
Input column in Table 1.

If the timing control circuit 707 receives a first
classification signal, it generates a timing pulse 62 at a
timing delayed by tg + T/2 from the second-level-crossing
pulse in the 2nd Input column of Table 1, from which the
first classification signal was generated. This is the most
recent second-level-crossing pulse. Similarly, if the
timing control circuit 707 receives a second classification

10



during ‘the preamble, w thout jitter—After the preanble ends, however,
| evel two becomes inappropriate, because it is crossed by onIy four of the
[err] sixteen trajectories in the?éhiwweemxe medi s crossed at

t he
correct timngs 18 and 19 by only t ories 14 and pPgodfter the
preanbl e ends, it would be prefera romlevel two back to

| evel one, mhrch provi des twi ce as nany correct y-timed pul ses for
controlling the phase-locked | oop. Switching between | evels one and two,

however, requies a deteNatdon, as; G MG & o1, tlmisnggnfela urgently

by ty + T/2 from the most recent first-level-crossing pulse.

If the timing control circuit 707 receives a third
classification signal, it generates a timing pulse 62 at a
timing delayed by T/2 from the most recent first-level-
crossing pulse. In other cases, the timing control circuit
707 does not generate a timing pulse.

The digital phase-locked loop 72 is adapted to lock the
‘clock signal 64 in phase with these timing pulses 82 so that
the timing pulses 62 coincide with rising transitions of the
clock signal 64. The digital phase-locked loop 72 operates
generally as described earlier, by dividing an oscillator
frequency by an integer N, and temporarily changing this
value when timing nulses 62 lead or lag the rising
transitions of the clock signal 64. The digital phase-
locked loop 72 is also adapted to alter the phase of the
clock signal in response to the control signal from the
control circuit 73. This alteration has a fixed size 7 ,
which will be described later. - i '

' The control circuit 73 generates the control signal -
when it detects a rising transition of the clock signal
followed, within time Td, by a first or second
classification signal. This function can be implemented by
equipping the control circuit 73 with a timer that is reset
by rising transitions of the clock signal, and that times
out after counting for the time Td. - The control circuit 73
generates a control signal from a first or second
classification signal if the classification 51gnal occurs
before the timer times out.

Next the operation of the first embodiment will be
described.

Referring to FIG. 2, in the differential phase signal
.6, values corresponding to -3z /4, -n /4, =z /4, and 37 /4
each represent two bits of transmitted data. The first

11



bei ng r-ecei ved belongs to the—preanbré—‘Dr§FTﬁ§U|shlng betmeen a preanble
signal and a nessage data si gnal S ﬁnﬂ{e ¥cdadsk, -requiring the

assi stance of an intelligent "ot m croprocessor. Providing a
m croprocessor in the clock rec to be used for tirigopurpose
al one, would be inpractically e g an external m croprocessor
Is also an unattractive sol ution, as an external processor will be |oaded
wi th other data- processing and contr ol functions,and will not be readily"-

able to underspke &hpplasy 8§ QSE?éBbP'ﬂ@zt88r93£60ﬁ399t$0§ {heus! ek

n object of
{ﬁgogségeﬁ{r%%%%nt|%a“%%ngﬁglggvékzggERlé?@n%$s¥$é§$g¢ﬁlg?%aP99rﬁ%99nd§ed
signal wi thott i gR.of THeadl oakues aneobéppPésPhtse 6hatke vertical axis

in FIG. 2. _

The horizontal axis represents time, the above-
described durations T, T/2, and tyo being indicated at
various points. These durations can be cohveniently stated
in terms of phase angles in the symbol interval, T
corresponding to 360°, T/2 to 180°, and to to 60°.

- FIG. 2 shows an eye pattern of the trajectories that
can be followed by the differential phase signal 6. As in
FIG. 11, trajectory 14 is followed during a preamble in
which the synchronization pattern "1001" is received
fepeatedly and the differential phase angle alternates
between 37z /4 and -z /4. This trajectory 14 crosses the
second level (=z /2) at a point 80, crosses the first level
(zero) at a point 82, crosses the first level again at a
point 84, -and crosses the second level again at a point 88.

Timings in FIG. 2 are_indicated by vertical lines. '
Timing 88 corresponds to crossing point 80, and timing 90 to
a time delayed by tolfrom timing 88. Timing 92, which is
delayed by T/2 from timing 90, is an optimum sampling
timing, at which the eye pattern is maximally open. Timing
94 corresponds to crossing point 84. Timing 96 is delayed
from timing 94 by top. Timing 98 is delayed from timing 96
by T/2, and is another optimum sampling timing.

' The operation during the preamble will be described by
following trajectory 14. This trajectory 14 crosses the
second level (=z /2) at point 80, causing magnitude
comparator 703 to output a second-level-crossing pulse, then
crosses the first level at point 82, causing magnitude
comparator 701 to output a first-level-crossing pulse.

These two points are separated by twice ty. or one-third of
T, which is less than Td, so the timer 705 does not time out

12
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Anot her object.of t he i nvent+on—is to“‘éﬂUEE—TT_ter of timng pul ses

produced by a synchronization atter her object ‘is to: recover a
clock signal froma digitally- mﬁthout having to deter ni-re—
whet her the digitally nodul ate ses nessage dat aTeBos

synchroni zation pattern. A furt to recover a clock signa
despite the presence of jitter caused by a frequency offset between the
transmtter and receiver. A still further object is to generate appropriate

REPLACENE“”A§EEEﬁe%e31EEgblgg§ervening time—dut pulse. When the
crossing at point 82 occurs, the decision circuit 706

accordingly issues a first classification signal.

This classification signal causes the timing control
circuit 707 to generate a timing pulse 100 at timing 92,
which is delayed by tp + T/2 from the timing 88 of the
crossing of the second level at point 80.

In the meanfime, the timer 705 has been reset at point
82; and is counting toward Td. At a time slightly past
timing 92, the timer 705 reaches Td and times out. At this
point the three most recent pulses received by the decision
circuit 706 are a second-level-crossing pulse, a first-
level-crossing pulse, and a time-out pulse. Since this
pattern does not correspond to any of the three
classifications in Table 1, the decision circuit 706 issues
no classification signal and the timing control circuit 707
does not generate any timing pulse in response.

Next trajectory 14 crosses the first level at point 84,
followed a time 2ty later by a crossing of the second level
at point 86. These crossings cause the decision circuit 706
to receive first- and second-level-crossing pulses in
sequence with no intervening time-out pulse, and to issue a
second classification signal. The timing control circuit
707 responds by generating another timing pulse 102 at
timing 98, which is delayed by to + T/2 from the timing 94
of the first-level crossing at point 84.

Timing pulses 100 and 102 are generated at the optimum
timings 92 and 98 when the eye pattern is most open, and arec
mutually separated by a duration of exactly T, with no
jitter. As long as the prcamble cdntinues, timing pulses
continue to be generated at these optimum timings. The
digital phase-locked loop 72 can accordingly quickly capturc
the phase of the timing pulses and lock the clock signal 64
so that its rising transitions occur in synchronization with
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6 timng pulses for clock recovery both before and after acquisition of
phase | ock. The invented cIOf&s§§&@m§g¢mR3rmwdit has a plurality of

conparators for detecting tim digitally nodul ated signa
crosses a plurality of |evel SLHHMMHM tiflhg | evel crossing spos@gd s at
these timngs. A classifying di SITies sequences of these |eve
crossing signals and i ssues correspondi ng classification signals. A timng

control circuit generates timng pulses in response to particular
i git ol phadtd JAET dSH SRcre i R8s Gl ock oi gnal to the timng pul ses.
BRI EF DESCRI PTI OMIGrmHE dRAWINGS” HIG. the | timing quid stisagrenderfs gddadlsack
enbodi ment  Qfy ¢ ne1y unlikely. but complete protection against deadlock
is provided by the control circuit 73. If the clock signal
is 180° out of phase, as indicated by waveform 106, the
control circuit 73 detects a rising transition of the clock
106 at timing 96, followed a time t;y later by output of a
first classification signal at point 86. Since to is less
than Td (actually less than half Td), the control circuit 73
generates a control signal causing the digital phase-locked
loop 72 to adjust the phase of the clock signal by the
above-mentioned amount 7 , which moves the clock phase well
away from the danger area around 180°. This phase
adjustment also speeds up the acquisition of synchronization
with the timing pulses.
Operation during data transmission, after the preamble
ends, will be described with reference to FIGs. 3 to 7,
which show the sixteen trajectories that can be followed by
the differential phase signal 6 during two consecutive
symbol intervals.
'FIG. 3 shows two trajectories 14 and 20 that cross both
the first level at zero radians and the second level at
z /2. These two trajectories can occur during the preamble,
but they can also occur during general data transmission. '
-As described above, the timing control circuit 7O7Igenerates
timing pulses at the optimum timing 98, with no jitter.
FIG. 4 shows two more trajectories that cross both the
first and second levels at zero and =z /2. When trajectory
108 crosses the first level at point 110, the decision .
circuit 706 issues a first classification signal, and the
timing control circuit 707 generates a timing pulse delayed
to + T/2 from the point 112 at which the second level was
crossed. Trajectory 108 descends more steeply than the
‘corresponding trajectory'l4 in FIG. 3, so the crossing at
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invention. FIG 2 is a wavef-ormdiagranmittusStirating ap eye pattern, timng

pul ses,
pattern
pattern
pattern
pattern
pattern

and clock signals. FIG 3 jllust eg two trajpctories fromthe eye
in FIG 2. FIG 4 i|Th ffe trajectbries fromthe eye._
in FIG 2. FIG 5 ill | l re trajectories f@pg he eye
in FIG 2. FIG 6 ill re trajectories fromthe eye-
in FIG 2. FIG 7 illustrates six nore trajectories fromthe eye

in FIG 2. FIG 8 is a waveformdiagramillustrating jitter caused

by freque”9¥09BRSﬁHQ occurs slightly earlier than the corresponding

crossing at point 80 in FIG. 3, and the timing pulse has a
small amount of jitter, being slightly advanced from the
optimum timing 98.

When trajectory 114 crosses the second level at point
116, the decision circuit 706 issues a second classification
signal and the timing control circuit 707 generates a timing
pulse delayed by ty + T/2 from point 110. This timing pulse
has jitter equal to tg,.

FIG. 5 shows four trajectories that cross the first
level at zero but do not cross the second level at =z /2.

All crossings are separated by intervals of more than Td, so
the decision circuit 706 receives first-level-crossing
pulses and time-out pulses alternately, and issues a third
classification signal at each time-out pulse. The timing
control.circuit’707 generates a timing pulse deléyed T/2
from each previous crossing of the first level (zero).

Two of the trajectories 118 and 120 cross the first
level at the center point 122, producing timing pulses at
the optimum timing 98. The other two trajectories 124 and
126 cross the first level before or after point 122,
producing timing pulses that lead or lag the optimum timing
98. - | -

FIG. 8 shows two trajectofies that cross the second
level at =z /2 but do not cross the first level at zero.
These trajectories do not meet any of the classification
conditions in Table 1, so they produce no timing pulses.

FIG. 7 shows six more trajectories that do not cross
either the first or the second level. These trajectories

" also produce no timing pulses.

Of the sixteen trajectories in FIGs. 3 to 7, four
trajectories 14, 20, 118, and 122 produce timing pulses with
no jitter, one trajectory 108 produces timing pulses with a
very small amount of jitter, and three more trajectories

15



FIG 9°'is a block diagram 6f a Second—enbedinent of the |nvention. FIG 10
Is a block diagram of a [erﬁ%ké%- i ft QPSK denodul at or .- REPLACENMENT
SHEET [err] 7 FIG 11 is a aeed | | ustratingl an eye pattern and
conventional timng pul ses xNﬂ ’ Al LED DESCRI PTI ON &k 3bidE

| NVENTI ON Two enbodi ments of

_ | ock recovery circuit will now
be explained with reference to the attached

114, 124, and 126 produce timing pulses with more
substantial jitter. For comparison, the conventional method
of generating timing pulses at crossings of level one in
FIG. 11 generates jitter-free timing pulses in four out of
sixteen cases, and timing pulses with substantial jitter in
four more cases. Since the conventional timing pulses
suffice for maintaining phase lock, the timing pulses
‘generated in the first embodiment also suffice.

As described above, the first embodiment provides
completely jitter-free timing pulses in all symbol intervals
during the preamble, and timing pulses in half the symbol -

- intervals during data transmiséion, with no need to
distinguish between preamble and message data or to switch
the levels at which crossings are detected. Phase lock can
accordingly be quickly acquired and reliably maintained
without the assistance of a microprocessor.

The trajectoriés in FIGs. 2 to 7 assume perfect
matching of carrier frequencies at the transmitter and
receiver. FIG. 8 shows the effect of a carrier frequency
offset between the transmitter and receiver, for the
preamble trajectory 14 that alternates between values of
3z /4 and -7 /4. Time on the horizontal axis is shown
measured in degree units, one symbol interval (T) being
équivalent to 360°.

If there is no frequency offset, trajectory 14 crosses
the first level 128 and second level 130 so as to prdduce
jitter-free timing pulses 132, as described above. For
example, the crossings of the first level 128 and second
level 130 at the -60° and +60° points produce a timing pulse
133 at the +180° point. |

A frequency offset causes the entire eye pattern of the
differential phase signal, including trajectory 14, to move
up or down in relation to the first and second levels 128
and 130. Equivalently, the first and second levels move
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illustrative draw ngs. These enboéﬁlrrents can be used as the clock recovery
circuit 7 in the [err] /4-shift CP%ﬁsg%ngu r.in FIG 10, and will be so

at
described. As in FIG 10, reference B Eepleeth 4 1 o signal lines wll
indicate the signal transmtted on }_Lm ilfe. Referring +p3¢8G 1,
the first enmbodi ment conprises a tim rator 71, a digital

phase- | ocked | oop (DPLL) 72, and a control circuit 73. The timng pul se
generator 71 conprises nagnitude conparators 701 and 703, registers 702 and

704, a classjfyi i it 710 d i m |_cirgui

cl assifyi n;S‘IE‘?‘%/rlb[lf?’f C‘I’iégﬂléo ?E%@R at‘?i %én %%Cé?ﬁ‘\n%{%r Ihglcrﬁ%;h%l? lf%%’??&mes. A
di gi tal ![y %ﬁé@ﬂlﬂi&éé eierFial phikkustipmte this éffatt twhemethegni t ude
conparators an ' : ' LS |

cignal C6 w 0dn 0L {05 s MBORL1 UP o FORREREY Of s TR ATPER SR LS 1 nput

receiver's carrier frequency, causing the first and second

levels to move down relative to trajectory 14.

- Due to the frequency offset, the first level moves down
from position 128 to a new position 134, and the éecond
level moves down from position 130 to a new position 136.
As a result, croésings of these levels are detected earlier
or later than before, and timing pulses 138 are produced
with jitter of +46 .

Despite this jitter, the control signals output by the
control circuit 73 prevent deadlock. As described earlier,
each control signal causes the digital phase-locked loop 72
to perform a'phase adjustment of a certain size 7y . This
size 7 1is selected to be twice the maximum anticipated
jitter & resulting from frequency offset. As in the _
inventor's previous proposal, an adjustment of this size
ensures that deadlock cannot occur. _

For many'communication systems, the maximum jitter &
due to frequency offset is not very large. In a digital
cordless telephone system employing = /4-shift QPSK, for
example, the bit rate is 384 kilobits per second (192
kilobaud, since two bits constitute one symbol), and the
carrier frequency is 1900 MHz. The carrier frequency
tolerance in the transmitter and receiver is *+3 parts per
million. These are statistical tolerances given 1n.terms of
standard deviations, so the tolerance of the combined
frequency offset between transmitter and receiver is the
square root of the sum of the squares of the individual
transmitter and receiver tolerances. The maximum frequency
offset can accordingly be considered equal to 4.2 parts per
million, which is:
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| evel 'supplied by register 7d§~_§ﬁa_6GTﬁUTS‘a—pu+se when the input signal 6
crosses the first |evel. Nhgnrrmﬁgw&ggai or 703 conparek the i nput signal _

6 wwth a second | evel supplied ed and out puts-a pul se when
the input signal 6 crosses the he pul ses out put TB¥08agni t ude
evel -crossi ng pul ses. The

conparator 701 will be referred
pul ses output by magnitude conparator 703 will be referred to as
second- | evel -crossi ng pul ses. These | evel -crossing pul ses are supplied to
the classifying circuit 7i@oans unﬁlﬂg4cqn&rab 8i ecugB07@Z. In the
classifying circuit 710, the level -crossing pul ses are received by both the
timer 705 and deci sion

The eye-pattern offset of the differential phase signal

is obtained by multiplying the frequency offset by the
length of one symbol interval, which is the reciprocal of
the baud rate. In terms of phase angle, the maximum eye-
pattern offset is accordingly:

[7980 x 1/(192 X 103)] x 360° = 15° = 157 /180 radians

If the difference between the two positions 128 and 134
of the first level in FIG. 8 has this maximum value of
157z /180 radians, the point 140 where trajectory 14 crosses
the first level 134 can be calculated by solv1ng the
following equation for @ :

-15=7 /180
6

z/4 + 7 {sin( @ /2)}/2
-1.44 radians
-82.5°

This produces a timing pulse 142 at the following
position:

-82.5° + 60° + 180° = 157.5°

The offset between this timing pulse 142 and the
correct timing pulse 133 is 22.5°. This is the maximum
jitter value.

In this example, the size 7y of the phase adjustment
applied by the digital phase-locked loop 72 in response to a
control signal from the control circuit 73 can accordingly

"be 45°. An adjustment of this size can be applied safely:
even if applied by mistakce. it will not cause the digital
phase-locked loop 72 to losce lock.
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8 .[err] circuit 706. The timer 705 outputs ti me-out S|g%als to the decision

circuit 706. The deC|S|ommy$me&By%§ uts classificgtion signals .to the

the timng control CIrCUIt circuit 73 romthe-

- classification signals and pulses t he- t|n1ngTﬁ ?ro
circuit 707 generates tim nd supplies themto the digital

phase-1 ocked | oop 72. The dlgltal phase | ocked | oop 72 -uses these timng

" pul ses and a control signal fromthe control circuit 73 to control the

phase of a clock SI nal The cl ock si 64 is fed back to the control

circuit 73, andlpgi Pﬁé@*t&h§ §drg may, eF?OHPréﬂlf E8hodn tPn8F1 G 10)
and data ppeeessitiiate the jitter that occurs. in many actual systems.

Ideally, a digitally modulated signal such as the .
differential phase signal being considered here should have

a square waveform, which always results in jitter-free
timing pulses. Waveforms in actual digital communication
~systems generally lie somewhere between a square wave and a
sine wave, so that while the jitter may not be zero, it can

be less than shown in the drawings.

‘'The value to should be selected to reflect typical
conditions, and the value of 'y to reflect worst-case
conditions. I1f typical conditions are closer to square
‘'waves than are the sine waves shown in the drawings, the
value of t, should be reduced from T/6 to a smaller value.
The values of Td and 7 can also be reduced if so desired,
although Td must still be greater than twice'to.

Next, a second embodiment of the present invention will
be described. This embodiment is similar to the first, but
gates'the second~-level-crossing pulses according to the
phase angle between rising clock transitions and timing
pulses.

FIG. 9 shows the structure of the second embodiment,
using the same reference numerals as in FIG. 1 to identify
identical or corresponding parts. The new elements are a
gate circuit 708 and a mode control circuit 721.

The digital phaseelocked loop 72 in the second
embodiment is adapted to operate in two modes: a fast .
control mode and a slow control mode. 1In its fast control
mode the digital phase-locked loop 72 operates, for example,
as described above, retarding or advancing the phase of the
clock signal 64 each time a rising transition of the clock
signal 64 leads or lags a timing pulse 62. In the slow
control mode, the digital phase-locked loop 72 responds more
slowly to differences between the clock signal 64 and timing
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circuits (not shown). Next, the -detal | f the tinmer 705,
decision circuit 706, timng control circuit 707, digitalf phase- | ocked
| oop 72, and control circuit 73 fhisShitHesBekreReplaebd | nput 1of eit her

a
first-level-crossing pulse or a se sing pul se tortdwestimer
705 resets the tinmer 705 and cause ounting. The count val ue
represents tinme el apsed since the nost recent |evel-crossing pulse. If this
time reaches a certain value Td before the next reset, the tiner 705 stops

counting an ts a tine: ' t | Si ' i he
time-out vaﬁ)dlgl%‘legsgsar?o'uIl;d"t lr)%’ egrée%jtrgé adn,éc)?n&eﬁ?’hgld%é}e?n?lcgéstrs I{anrzg{r%)ee: al f
of the |engtdf Tlsick myalemolTontestample  hdtigistalrphasailede bk of

one-third ang, eygldrofwd e s e tdier cl ock signal to be

recovered. . . . L.
. The mode control circuit 721 receives timing pulses 62

from the timing control circuit 707 and the clock signal 64
from the digital phase-locked loop 72, detects the phase
angle between them, and generates a mode control signal 150
that selects the fast or slow control mode. Fast control
mode is selected when the phase angle exceeds a certain
mode-switching value, such as 45°, Slow control mode is
selected when the phase angle does not exceed this value.
The mode control signal 150 is supplied to the digital
phase-locked loop 72 and gate circuit 708. '

The gate circuit 708 receives second-level-crossing
pulseé from magnitude comparator 703. When the mode control
Signal 150 selects the fast control mode, the gate circuit
708 passes the second-level-crossing pulses on to the timing
control circuit 707 and classifying circuit 710. When the

~mode control signal selects the slow control mode, the gate
circuit 708 closes, blocking the second-level-crossing
pulses_so that they do not reach the timing control'circuit
707 and classifying circuit 710.

Next the operation of the second embodiment will be
described.

When the phase angle between the timing pulses 62 and
clock signal 64 exceeds the mode-switching value, since the
gate circuit 708 is open, the second embodiment operates
exactly like the first embodiment. '

When the phase angle between the timing pulses 62 and
clock signal 64 is equal to or less than the mode-switching
value, the gate circuit 708 closes and the timing control
circuit 707 and classifying circuit 710 receive only first-
level-crossing pulses. Since none of the trajectories in
FIGs. 3 to 7 cross the first level twice within less than
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This clock period T is knownrbecause—t—is the reciprocpl of the baud rate
of the transmitted signal. n approprlate val ue for Td ul d be

approximately five- tmelfth fﬁ Been @eitdced on circuit 706 .has, reglster
circuits for storing the Ia ﬁ recei ved froom the magos ude

conparators 701 and 703 and Iogic circuits for issuing
classification signals accordlng to these [err] 9 pul ses. The
classification rule is given in Table 1. The col ums headed 1st |nput, 2nd

I nput, and %rat_ifl AP WymbdAdl Gt v MaStands3@ RUIHRS thgkeeb\i’d t itde 1d o

| nputbeing { he “timer 705 is less than one-half T, the timer 705 will
time out following every f1rst—leve1—cross1ng pulse, and the
decision circuit 706 will receive first-level-crossing
pulses and time-out pulses in alternation.

From Table 1 it can be seen that this causes the
decision circuit 706 to issue a third classification signal
at every time-out pulse, and the timing control circuit 707
to generate a timing pulse 62 delayed by T/2 from the
preceding crossing of the first level. Such timing pulses
will be generated for every crossing of the first level.

As a result, during slow control mode the two
trajectories in FIG. 3 will generate timing pulses with
equal and opposite'amounts of jitter. The two trajectories
in FIG. 4 will generate jitter-free timing pulses 62. The
four trajectories in FIG. 5 will generate the same timing
pulses 62 as in the first embodiment.

In the first embodiment there was an asymmetry between
the timing pulses generated by the trajectories in FIG. 4,
trajectory 112 producing a small leading jitter and
trajectory 114 a lérger lagging jitter. The second
.embodiment removes this asymmetry, so that the average
jitter is zero. This particularly desirable in the slow
control mode, in which thé digital phase-locked loop 72
responds to average lead or lag of the timing pulses.

By producing jitter-free timing pulses during the
preamble and pulses with an average jitter of zero during
data transmissibn, the second. embodiment can provide timing

~pulses with properties advantageous for both capturing phase
lock under fast control and maintaining phase lock under
slow control. Use of a digital phase-locked loop 72 with a
slow control mode is particularly advantageous for
maintaining phase lock, since it makés,the clock recovery
circuit less susceptiblé to noise.
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ol.dest and the third in \put _t he the nost recent. The col umm: headed .
Classification |nd|cates t he typé‘“f—cfass+f|cat|on si:gnal out put by the

decision circuit 706 whemmggga i n ut pul se is received. If a-

second- | evel -crossi ng puI ¥y a first-level-cr ossplrm)g)ul se
with no intervening tine- decision circuit 706 issues a first
classification signal, |n ssification 1 in Table 1. If a

first-1evel-crossing pulse |s follomed by a second-1|evel -crossing pul se

wth no inter venl,ﬁ}% tia @s@‘%mb%qﬁ?e t%| Ca{feacls% %pﬁi ;‘)FLAI tdi?g(}f’cé.[ IS

second cl assification ‘si assi ion 2)
crossing pullsskedd pimed@u Veirﬁil g tovaad Blaw mendino lpuogkes , taﬂ!i d?edlleQ)n

circuit 706 dsySyes & itttk O ASStdy G h il W eWedAstidd L AP hoe s L he
time of the second tine-out
The mode control circuit 721 can be built into the digital
phase-1locked loop 72. Slow control is advantageous in the
phase-locked state even without gating of the second-level-
crossing pulses.. ' '

The second embodiment can be modified by supplying the

‘mode selection signal 150 to the decision circuit 706, and
modifying the classification logic so that in slow control
model, the decision circuit 706 issues a third
classification signal at every first-level-crossing pulse,
regardless of whether or not it is followed by a time-out
pulse. The timer 705 can then be switched off in slow
control mode. This modification assures that a timing pulse
62 is generated for every first-level crossing, even if
noise or distortion causes theée crossings to occur earlier
or later than shown in FIGs. 3 to 7.

While this modification has the advantage of assuring
an adequate supply of timing pulses even in the presence of
noise or distortion, it has the disadvantage of allowing
such noise or distortion to produce spurious timing pulses.
In slow control mode, however, the digital phase-locked loop
72 is relatively immune to the effects of such spurious
pulses.

_ Although the two embodiments above were described as
receiving a differential phase signal, the input signal can
be any type of digitally modulated signal having an eye
pattern as shown in FIGs. 2 to 7. The invention can
accordingly be practiced in digital communication systems
generally} and not just in systems employing =z /4-shift QPSK
modulation.

If the modulation scheme has more than four levels,
leading to a more complex eye pattern, the trajectory
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pul se. In other cases, the deeision-circuit-—706 issues:no classification
signal . Generating these classification signals does not require

m croprocessor intelligence. THiscBhere agedui t - 706 only needs a shift —
register for storing mforrrahfﬂ”lﬁm ﬂﬂﬁ' the three nost regeqp pul ses,
and a sinple decoder for decod s of t he shift reglster

[err] 10 Table 1 1st d assi - Ti m ng Pul se

| nput | nput I nput flcatlon CUtput Ti m ng

classification logic of the decision circuit 706 can be
modified accordingly. Crossings of more than two levels can
be detected if necessary, to enable more accurate
classification.

Also, if a = /4-shift QPSK system employs a

”

synchronization pattern other than "1001," the crossing
detection levels or classification logic can modified as
necessary to assureée output of jitter-free timing pulses
while the synchronization pattern is being transmitted.

Even for the =z /4-shift QPSK system and synchronization
pattern described above, the classification logic can be
modified in various ways. For example, the third
classification signal could be issued when a first-level-
crossing puise is neither preceded nor followed by a second-
level-crossing pulse within time Td; that is, when a first-
level—croséing pulse is preceded and followed by any two
pulses, neither of which is a second-level-crossing pulse.

The'digital phase-locked loop in the preceding
embodiments was adapted to lock rising transitions of the
clock signal to the timing pulses, but it could of course be
adapted to lock falling transitions of the clock signal to
the timing pulses. '

Those skilled in the art will recognize that many
further modifications are possible without departing from
the scope claimed below. '
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Don't  2nd 1st 2nd | evel care | evel

| evel 1 cros%lggheglrﬁgéegge 1REPSSI Ng _ + [err] +
T/ 2 Don't 1st 2nd 1st | evel: care . | evel

| evel 2 crossi VMIIMHHHHHI IIII’OSSI ng T130'8 [err] +
T/ 2 Time 1st ' Ti me 1st | evel out | evel

out ' 3. Crossi ng crossing

Q her cases None No out put The t|n1ng CIrCUIt
707 has a pair of tiners for ;%t from "”j’,’lﬂy
first-1evel - crossing pul se and%ﬁﬂgtﬂﬂ% nt seco 'Lg

pul se. The timng control circuit 707 uses these tinmers to generate tlnlng
pul ses at dqﬁigm%(%iégﬂép@c346¥p circuit for recovering a clock signal
from a digitally modulated signal, comprising:

a plurality of comparators (701, 703) for detecting
crossings by said digitally modulated signal of a '
corresponding plurality of levels, and'generating respective
.level crossing signals when such crossings occur;

a classifying circuit (710) coupled to said comparators
(701, 703), for issuing classification signals responsive to
certain sequences of said level crossing signals;

a timing control circuit (707) coupled to said
classifying circuit (710), for generating timing pulses
delayed by certain amounts from said level crossing signals,
responsive to sald classification signals; and

a digital phase-locked loop (72) coupled to said timing
control circuit (707), for generating said clock signal and '
locking said clock signal in phase to said timing pulses.

2. The clock recovery circuit of claim 1, wherein said
classifying circuit (710) has a timer (705) for receiving
said level crossing signals and generating time-out signals
if a certain time elapses from any one of said level
crossing signals without reception of another one of said
level crossing signals.

3. The clock reeovery circuit of claimlz, wherein said
classifying circuit (710) has a decision circuit (706) for
receiving said time-out signals from said timer (705), and
generating said classification signals responsive to
specific sequences of said level croseing signals and said
time-out signals.

4. The clock recovery circuit of claim 3, wherein:
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desi gnat ed | evel -crossi ng pulses.-Ihe‘dgngg%Llpns are;qa? u" " TTTERTT
classification signal as indicated in Table I."The del ays ﬂl 'w" mulumulm .
terns of T/2, which is equal Hx&%&u&;QQ%h of the syntfol ®i nter%als d&nd
a quantity [err] equal to, for Sixth the length ffshge synbo
interval ([err] = T/6). The ddl red fromthe timng of the
pul se listed in the 2nd | nput colum™i el If the timng control
circuit 707 receives a first classification signal, it generates a tinmng

Ul g6 in the 2ncoPhAUEORBRERROLE SABPELSS # Lf Rk CAmERERToF of 101) “HREE "0
cl assifi catdebtestgnatrosaingsenefabeflirghi tevelt amd npesheratest first-
second- | eveié%i?%irpgsi)ﬂ $§1F§£i‘is LaLhy al Sebbfat ShPS £O5F " ProS) M EHht 707
recei ves a second classificallon
detects crossings of a second level and generates second-~
level-crossing signals; ' '
said decision circuit (706) generates a first
classification signal in response to a second-level-crossing
signal followed by a first-level-crossing signal with no
intervening time-out signal; '
said decision circuit (706) generates a second
classificatibn_signal in response to a first-level-crossing
signal followed by a second—level—crossing signal with no
intervening time-out signal; and '
said decision circuit (706) generates a third
classification signal in response to a first-level-crossing
signal preceded and followed by time-out signals.

5. The clock recovery circuit of claim 4, wherein:

in response to said first classification signal, said
timing control circuit (707) generates a timing pulse
delayed by a first amount from the second-level-crossing .
signal from which said first classification signal was
generated;

in response to said second classification signal, said
timing control circuit (707) generates a timing pulse
delayed by said first amount from the first—levei—crossing
signal from which sald second classification signal was -
generated; and

in response to said third classification signal, said
timing control circuit (707) generates a timing pulse
delayed by a second amount from the first—level—crbssing
‘'signal from which said third classification signal was
generated.
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[err] 11 signal, it generates a timng pulse 62 at a ti Hmwmmﬁmmm |

[err] + T/2 fromthe nost recenhmEMkﬂ%mbg% -cr ssi ng pu se,
control circuit 707 receives a i on sign! it generates a
timng pul se 62 at a timng deI ! n1the nost recenf1308
first-level - crossing pul se. he timng control circuit 707
does not generate a timng pulse. The digital phase-locked loop 72 is
adapted to | ock the clock signal 64 in phase with these timng pulses 62 so
that the tlrngJF*gSGS GZKCPéQgéggngigkﬁiglﬂp c g{gl JQN egglﬁhgald

digital phase-locked loop (72) is adapted to adjust said

clock signal by a certain phase adjustment amount in

response to a control signal, and said clock recovery

circuit has:

a control circuit (73) for receiving said clock signal
and said classification signals, and generating said control
signal responsive to said classification signals and a

certain transition of said clock signal.

T. | The clock recovery circuit of claim 6, wherein:

' said digitally modulated signal is subject to offset
due to a frequency_difference betweeﬂ a transmitter at which
said digitally modulated signal originates and a receiver in
which said clock recovery circuit is disposed;

' said offset produces jitter in_said timing pulses; and
said phase adjustment amount is twice a maximum amount
of jittef—produced in_said timing pulses by said offset.

8. The clock recovery circuit of claim 1, wherein:

said digital phase-locked loop (72) has a fast control
mode and a slow control mode; and

said clock recovery circuit has a mode control circuit
(721) for receiving said timing pulses and said clock
signal, selecting said fast control mode when said clock _
signal differs in phase from said timing'pulses by more than
a certain quantity, and selecting said slow control mode
when said clock signal differs in phase from said timing
pulses by less than said quantity. '

9. The clock recovery circuit of claim 8, comprising a
'gate'circuit (708) coupled to one of said comparators'(703),
for blocking level crbssing pulses from said one of said
comparators (703) when said slow control mode is selected.
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cl ock signal 64. The digital phase-locked | oop 72 operates geu“ll Mlmu |II|
described earlier, by dividing an oscillator frequency by an

tenporarily changlng this val ue mhﬁgsgknhggﬁgq& g4 62 | ead or Iag t e .
rising transitions of the cl ock S|g gital phase- {pgkgd | oop

72 is also adapted to alter the ph wmmm\’uﬂ k signal in response to

the control signal fromthe control This alteration has a

fixed size , Wwhich will be described |later. The control circuit 73
generates the control signal when it detects a rising transition of the

clock signal followed, within tine Td, by a first or second classification
signal . Thi s16uUncAi @noERNrBEoV 8Py coERE Ut bForquépPpvegitifea conber| stignali t

73 with a tipeint 0 kb PEF mBYulhbBYs ERRT! tLORS PL1APE Cf Ok signal,

and that ti
a first comparator (701) for generating a first-level-

crossing pulse when said digitally modulated signal crosses
a certain first level;

a second comparator (703) for .generating a second-
levelécrossing'pulse when said digitally modulated signal
crosses a certain second level different from said first

- level;
| a classifying circuit (710) coupled to said first
comparator (701) and said second comparator (703), for
issuing c¢lassification signals responsive to combinations of
said first-level-crossing pulse and said second-level-
crossing pulse;

a timing control circuit (707) coupled to said
classifying circuit (710), for generating timing pulses
responsiVé to combinations of said first—level-érossing
pulse, said second-level-crossing pulse, and said
classification signals; and

a digital phase-locked loop (72) coupled to said timing
control circuit (707), for generating said clock signal and
adjusting said clock signal in phase so as to synchronize
certain transitions of said clock signal with said timing
pulses.

- 11. The clock recovery circuit of claim 10, wherein said
classifying circuit (710) generates a first classification
signal if said second-level-crossing pulse is followed by

. said first-level-crossing pulse within a certain time,
generates a second classification signal if said first-
level-crossing pulse is followed by said second-level-
crossing pulse within said certain time, and generates a
third classification signal if said first-level-crossing
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out after counting for the tinme_Td. The control circuit 73

control signal froma first or second classification signal gﬁlmﬁmﬂﬂml Illl””“l
classification signal occurs be&gggw&hﬁsgagagl&kmes out. Next the operatlon
of the first enbodi nent mnll rring to FIG 2 6hthe
differential phase signal 6, vaI %ﬂﬂm EH[H ng to -3[err] /4l [err]

/4, [err] /4, and 3 [err] /4 ea bits of transmtted data.

Tpe first [err] 12 |l evel supplied by register 702 corresponds to a val ue
O .
pulse is neither preceded nor followed by said second-level-

crossing pulse within said certain time, said first
classification signal, said second classification signal,
and said third classification signal constituting the
classification signals referred to in claim 10.

12. The clock recovery circuit of claim 11, wherein:

after receiving said second—level-crossing pulse
followed by said first classification signal, said_timing
control circuit (707) generates a timing pulse delayed by a
first amount from said second-level-crossing pulse;

after receiving said first-level-crossing pulse.
followed by said second blassification signal, said timing
control ciréuit (707) generates a timing pulse delayed by
said first amount from said first-level-crossing pulse; and

after receiving said first-level-crossing pulse
followed by said third classification signal, said timing
“control ¢ircuit (707) generates a timing pulse delayed by a
second amount from said first-level-crossing pulse.

13. The clock recoﬁery circuit of claim 11, also comprising
a control circuit (73) coupled to said classifying circuit
(710) and said digital phase-locked loop (72), for
generating a control signal when one of said certain
transitions of said clock signal is followed within said
certain time by one of said classification signals other
than said third classification signal, said control signal
causing said digital phasc-locked loop (72) to adjust said
clock signal by a certain fixed phase amount.

14. The clock recovery circuit of claim 13, wherein said
fixed phase amount is equal to twice a maximum jitter amount
of said timing pulses due to frequency offset between a
transmitter that transmits said digitally modulated signal
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regi ster—704
zero. The second LEB?LSZEE’EL%&%E%%SB%LS ifu s inEa s HIII[ITIII!!IIIIEHIJHHIII

axis represents tine, the abo e tfdrations T, T/2, and" [érr® s
bei ng i ndi cated at vari ous po y’ ratlons can be convepieat!y
stated in terns of phase angles interval, T corresponding to

[err], T/2 to [err], and [err] to [err]. FIG. 2 shows an eye pattern of the
trajectories that can be foll owed by the differentlal phase S|gnal 6. As in

FIG 11, trg 4 f ol r reanble i N ch t
synchronl zat I on q{%’ltéls AI??LO% LL&I@I réei%el v ceela‘tee%ll ]atjn\c?ﬁt 5ferent I al
phase ang| em¢@m¢§mwaen 3 [err]/4 and -a /4. Th| s trajectory 14

crosses the second level ([err] /2) at a point 80, crosses the first |evel

15. The clock recovery circuit of claim 10, whereint

| said digital phase-locked loop (72) adjusts said clock
signal at a first rate when said clock signal differs from
said timing pulses by more than a certain phase angle, and
at a second rate when said clock signal differs from said
timing pulses by less than said phase angle, said first rate
being faster than said second rate. |

16. The clock recovery circuit of claim 15, comprising a
gate circuit (708) coupled to said second comparator (703)
for disabling output of salid second-level-crossing pulse
when said clock signal differs from said timing pulses by
less than said phase angle.

17. A method of recovering a clock signal from a digitally
modulated signal, comprising the steps of:

comparing said digitally modulated signal with a
plurality of levels, and generating respective level
crossing signals when said digitally modulated signal
crosses said levels;

classifying sequences of said level crossing signals.
and issuing corresponding classification signals;

generating timing pulses delayed by certain amounts
from said level crossing signals. responsive to said
classification signals; and

generating said clock 51gna1 and 1ocking said clock
signal in phase to said timing pulses.

18. The method of claim 17, comprising the further step of
generating time-out signals if a certain time elapses from
any one of said level crossing signals without reception of
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(zero) at a point 82, crosses thefi+rst—tevelagain at a [

crosses the second level again at a point 86. Timngs in iﬁlmmmm"mmm
i ndi cated by vertical l|ines. Tini HesSheetarB to crogking poirt &0, % *
and timng 90 to a tine delayed by n ing 88. Tim 1§§ whi ch

is delayed by T/2 fromtimng 90, i anpl i ng tim‘%,  which
the eye pattern is maxinmally open. Timng 94 corresponds to crossing point
84. Timng 96 is delayed fromtimng 94 by to. Timng 98 is delayed from
timng 96 by T/2, and is another optinmmsanpling timng. The operation
during the pieite oRe¢|ohesgbdclevel oroseindvi Hgnakyj ectory 14. This

trajectory 14 crosses the second level ([err]/2) at point 80, causing

magni tude conparator 703 to output a second-level-crossin se, .t hen

crosses the £$rstT¢%v%?t%?8p6$n$f%%W Fusthgr vy nfa eFldégf%qcatlon
signals are issued in response to sequences of said level
crossing signals and said time-out signals.

20. The method of claim 19, wherein:
said level crossing signals comprise

a first-level-crossing signal generated when said
digitaily modulated signal crosses a first level, and

a second-level—crossing signal generated when said
digitally modulated signal crosses a second level; and

said classification signals comprise

a first classification signal issued when said
second—level—crpssing signal is followed by a first—level—
crossing signal with no-intervening time-out signal,

a second classification signal issued when said
first—levél—crossing signal is followed by said second-
level-crossing signal with no intervening time-out signal;
and

a third classification signal issued when said
first-level-crossing signal is preceded and followed by
time-out signals.

21. The method of claim 20, wherein the step of generating
timing pulses comprises:

in response to said first classification signal,
generating a timing pulse at a first elapsed time from a
most recent. second-level-crossing signal;

in response to said second classification signal,
generating a timing pulse at said first elapsed time from a
most recent first-level-crossing signal; and '

in response to said third classification signal,
generating a timing pulse at a certain second elapsed time
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conparator 701 to output a first-|evel-crossing pul se. jﬁm!wgmuﬂﬂ Hﬂ’e
separated by twice [err], or @']rsheﬁlﬂndBaﬂRﬁacggﬂ ch is les .
s

timer 705 does not tine out ° here is no intervening - _
ti me-out pul se. When the cro | 2 occurs, the deri®®n circuit
[ signal. This classification

706 accordingly issues a first classi
signal causes the timng control circuit 707 to generate a timng pul se 100
at timng 92, which is delayed by [err] + T/2 fromthe timng 88 of the

. crossing _OffIIJ?IF' S G d&vsl ¢ a1 RO e B -crossing signal.

22. The method of claim 17, comprising the further step'of
adjusting said clock signal by a certain phase adjustment
amount responsive to saild classification signals and a
specific transition of said clock signal.

23. The method of claim 22, wherein:

'said digitally modulated signal is subject to offset
due to a frequency difference between a transmitter at which
said digitally modulated signal originates and a réceiver in
which said clock recovery circuit is disposed;

said offset produces jitter in said timing pulses; and

said phase adjustment amount 1Is twice a maximum amount
of jitter produced in said timing pulses by said offset.

24. The method of claim 17 wherein, in said step of
generating said clock signal, loCkihg of said clock signal
in phase to said timing pulses is performed in a fast
control mode when said clock signal differs in phase from
said timing pulses by more than a certain quantity, and in a
slow control mode when said clock signal differs in phase
from said timing pulses by less than said certain quantity.

25. The method of claim 24, wherein level crossing pulses
generated when said digitally modulated signal crosses a
certain one of said levels are blocked during said slow
control mode and are not used.in said step of classifying
sequences.
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\ f_’_'_’—/
In the neantine; the timer 705 has been reset at point 82, and is counting -
toward Td. At a time slightly past timng 92, the tinmer 705 reaches Td and
times out. At this point the three nost recent pul ses received by the--
decision circuit 706 are a second-|evel-crossing pulse, a firghgos8
| evel -crossing pulse, and a tine-out pulse. Since this pattern does not
correspond to any of the three classifications in Table 1, the decision
circuit 706 issues no classification signal and the timng control circuit

707 does not generate any timng puIsg FQ &ggponse. Next trajectory 14
crosses the first level at point 84, g 8 atinme [err] later by a
crossing of the second | evel at point 86. These crossings cause the

deci sion cirouit \70904q LREENE i3k aNlaseaRncherelatr 88hbACaRYzeS 1N

sequence with no infervening t g
that detect tlmlngs at whic a digitally modulated signal

crosses different levels, and generate level crossing .
signals at these timingé. A classifying circuit classifies
sequences of these level croSsing signals and issues
corresponding classificatioh signals. A timing control
circuit generates timing pulses from certain combinations of
the level crossing signals and classification sigpnals. A
digital phase-locked loop outputs a clock signal
synchronized to these timing pulses.

This Sheet Has Been

I ml Ill Iill
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second cl assification signal. The timng control circuit 707 responds_b ?1__

generating another timing pulse 102 at timing 98, which i $highe B Rf
+ T/2 fromthe timng 94 of the first-level crossing at poi

pul ses 100 and 102 are generated at the optinumtimngs 92 e
eye pattern is nost open, and are nutually separated by a duration of
exactly T, with no jitter. As long as the preanble continues, timng pul ses
continue to be generated at these optimumtimnmngs. The digital phase-I|ocked
| oop 72 can accordingly quickly capture the phase of the timng pul ses and
| ock the clock signal 64 so that its ri§§ng transitions occur in

synchroni zation with )
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[err]‘14 the timng pul ses,

[err] later

[err]

generates a control
adj ust the phase of the clock signal
whi ch noves the clock phase well

Thi s phase

si gnal

2ND LEVEL — 7 /2

nl4;

ist LEVEL — 0

-z /2

as shown.  Absence of jitter
pul ses renders deadl ock extrenely unlikely, but conplete
deadl ock is provided by the contro
[err] out of phase,

circuit 73.

as indicated by waveform 106,
detects a rising transition of the clock 106 at tim ng 96,
by output of a first classification signal
is less than Td (actually less than half Td),

causing the digital

If the C|
t he cont

i

t he control

in the t|n1ng
This Blicetdias B

il

at point 86. Since

W

ne

circuit 73

phase-1 ocked loop 72 to

80 86 14
N 82 :
N8 2. |
5 E}Vgo ~92~104 !

88— 1. i+l .98

. 19—>i e | —y E<—t(-) :

E s T/2 :96,5/‘: T/2 E

o +T/2 ] o+ T/2 ‘]

L '

1007 '102/'

by the above-nentioned amount [err] ,
away fromthe danger area around [err].



adj ust ment al so speeds up the acquisition of synchroni zafi-qgis%eteh{
timng pul ses. Operation during data transm ssion, after the
w || be described with reference to FIGs. 3 to 7, which s’hovum;_

ﬁenReiaced
trajectories that can be followed by the differential phase EEH ﬁ'g

two consecutive synbol intervals. FIG 3 shows two trajectories 14 and 20

that cross both the first |evel at zero radi ans and the second | evel at
[err] /2. These two trajectories can occur during the preanble, but they
transm ssion. As descis alflve, the

can al so occur during gegﬁlﬁda
timng control circuit 707 'genér

es timng pulses at the optinumtining
98, with no jitter.

FIG 4 shows two nore trajectories that cross both the

first and second Iﬁva’r-s“-a'\t"z*ero--ar}d‘;'ewrr] /2. \When & [a] €CrQRY%
1 14 H O
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108 crosses the first level at point 110, the decision cf?EUT?‘7UB‘TSStE§;éL_
first classification signal, and the timng control cichhHmﬂﬁ&ﬁggﬂfrates a
timng pulse delayed to + T/2 fromthe point 112 at which t 4 ed -
was crossed. Trajectory 108 descends nore steeply than themgmgﬁﬁi
trajectory 14 in FIG 3, so the crossing at [err] 15 poi -
slightly earlier than the corresponding crossing at point 80 in FIG 3, and

the timng pulse has a small anount of jitter, being slightly advanced from
the optinmumtimng 98.
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e deci si on

When tfajectory 114 crosses the second | evel at point 116,
el 135 Been -Rep]aced

circuit 706 issues a second classification signal and the ti
circuit- 707 generates a timng pul se delayed by [err] + T/2 f
This timng pulse has jitter equal to to. FIG 5 shows four I
that cross the first level at zero but do not cross the second | evel at
[err] /2. Al crossings are separated by-intervals of nore than Td, so the
decision circuit 706 receives first-level-crossing pul ses and time-out

pul ses alternately, and issues a third classification signal at each

ti me-out pulse. The timing control circ@it 707 generates a timng pul se

del ayed T/2 from each previous crossinggbf the first level (zero). Two of
the trajectories 118 and 120 cross thgﬁ rst level at the center point 122,
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the optimumtining 98. The other two trajectories 124 and 126 cross the

first |evel

second | evel

before-or after point 122, producing tim ng puThisSke Be lagpd
lag the optimumtimng 98. FIG 6 shows two trajectories th ﬂ u ' |
at [err] /2 but do not cross the first level a

trajectories do not neet any of the classification conditions in Table 1,

so they produce no timng pul ses.

do not cross
produce no tijm

r

puj §¢s.

FIG 7 shows six nore trajectories that
first or the second |evel.
O the sixteen trajectories in FIG. 3 to 7, four

These trajectories al so

trajectories 14, 20, 118, and 122 produce timng pulses with no jitter, one
trajectory 108 produces timng pulses with a very snmall anmount of jitter,

and three nore trajectories 3
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[err] 16 114, 124, and 126 produce timng pulses wth
jitter. For conparison, the conventional nethod of gene
at’crossings of level one in FIG 11 generates jitter-f j Wri Ve JYNS es..ifn
four out of sixteen cases, and timing pulses with substpoiial™ iy |

four nore cases. Since the conventional timng pulses suffice for :
mai nt ai ni ng phase |lock, the timng pul ses,generated in the first enbodi nent
al so suffice. As described above, the flr%t enbodi ment provi des conpletely
jitter-free timng puhkeGKi REGOVERY nGIRCUNT WVEH SREDUCED JITTER

BACKGROUND OF THE INVENTION _

The present invention relates to a clock recovery
circuit for use in digital communications.

Amdng the various modulation systems employed in
digital communications, a typical example is =z /4-shift
quaternary phase-shift keying (QPSK), which encodes two-bit
data values as shifts of -3z /4, -#x /4, = /4, and 3z /4
radians in the phase of a carrier signal, shifting the phase
by a multiple of =z /4 in eaqh symbol interval. This system
has certain advantages for mobile communication systems,
including high transmission efficiency and a compact, 10Q;
power differential demodulator configuration.

FIG. 10 shows the demodulator configuration. The
modulated carrier.signal is received at an input terminal 1.
A local oscillator 2 generates an unmodulated carrier signal
with a fréquency substantially equal to the frequency of the
modulated carrier signal. An instantaneous phase detection
circuit 3 compares the phase of the modulated carrier with
the phase of the unmodulated carrier and converts the '
difference between them to a digital value, which it outputs
as an instantaneous phase signal 4. A differential phase
computing circuit 5 takes the difference between the
instanténeous phase signal 4 and the instantanéous phase
signal 4 delayed by one symboi interval, to obtain a
differential phase signal 6.

The differential phase signal 6 is supplied to a clock

- " recovery circuit 7 and data reéovery circuit 8. The clock
recovery circuit 7 recovers é clock signal, which it outputs
at an output terminal 9 and also sends to the data recovery
circuit 8. The data recovery circuit 8 samples the
differential phase signal 6 at timings given by the clock
signal, decodes the sampled values to recover bits of data,



duriné the preanble, and timng pulses in hal f the synﬂ
dat.a transm ssion, with no need to distinguish between
data or to switch the | evels at which crossings are det

can accordingly be quickly acquired and-reliably mai.nta
assi stance of a mcroprocessor. The trajeciories in FIG. 2 to 7 assune
perfect matching of carrier frequencies atsthe transmtter and receiver.
FIG 8 shows the effect of a carrier frequency offset between the

transmitter amd omtpﬁtsrthéodatheapreﬁnmepmtatéfmimallﬂOIharh@JéﬁéﬁﬁteS

bet ween Valugdgﬂél[§ﬁ£$u£ @ngeéﬁfﬁillé'i%-ﬁg%&"hﬁ s?ﬁ%gie?ﬂgﬂéﬂﬁéééftig to

shown neasure nits synbo erva
3600. If the?® t%en%aFaeawéney %FfE@rmimathQtory 14 crosses

FIG. 11 shows an eye pattern obtained by superimposing,
on an oscilloscope screen for example, all of the
trajectories that can be followed by the differential phase .
signal 6. In FIG. 11 the horizontal sweep time 1is set to
three sjmbol intervals, corresponding to six bits of data.

The clock recovery circuit 7 has a magnitude comparator
that compares the differential phase signal 6 with a preset
level and generates a timing pulse when the differential
phase signal 6 crosses this level. This is illustrated in
FIG. 11, which shows timing pulseé 12 generated when a
particular trajectory 14 crosses a level (denoted level one)
_corresponding to'a phase angle of zero radians.

The timing pulses 12 from the magnitude comparator are
conventionally supplied directly to a digital phase-locked
loop. The digital phase-locked loop generates a clock
signal 16 synchronized so that, for example, falling
transitions of the clock signal 186 coinéide, on the average,
with the timing pulses 12. This clock signal 16 is the
clock signal output by the clock recovery circuit 7 at
output terminal 9 in FIG. 10.

The digital phase-locked loop operates by dividing the
frequency of a signal supplied from an oscillator by an
integer N to obtain an internal clock signal, which is then
further divided by a fixed amount to obtain the recovered
clock signal 16. If a falling transition of the clock
signal 16 leads the timing pulses 12,  the oscillator
frequency is divided by a larger integer N + L for a certain
number J of internal clock cycles, to retard the phase of
the clock signal 16. After J internal clock cycles, the
division ratio reverts to N. If a falling transition of thg_-
clock signal 16 lags the timing pulses 12, the oscillator



the first level 128 and second | evel 130 so as to pr od 'ﬁEbthEMEkW%HEET
timng pul ses 132, as described above. For exanple, th crosagfgﬁ of the
firrst level 128 and second | evel 130 at the [err] and | D@h;_munnﬁgﬁﬁﬁﬁgp_

atimng pulse 133 at the [err] point. A frequency off
eye pattern of . the differential phase signal, including trajectory 14, to
nove up or down in relation to the first ghd second levels 128 and 130.
Equi val ently, the first and second l-evel s nove [err] 17 down or up in
rel ati on to fheqegmcpaisedhvid@tiebpoNi zoht ibr J internal clock cycles,

to advance the clock phase.

-The data recovery circuit 8 samples the differential
bPhase signal 6 at rising transitions of the clock sigﬁal 16,
thereby acquiring samples at points such as Tn in FIG. 11 at
which the eye pattern is most open. These are the optimum
timings for obtaining unambiguous values from which to
recover data. '

Trajectory 14 in FIG. 11 is one of two possible
trajectories that can be followed during a so-called
preamble period employed in:many digitdl communication
systems, in which the transmitter_repeatedly sends the
synchronization pattern "1001" and the differential phase
signal 6 alternates between phase angles of 3z /4 and -z /4.
The other trajectory 20 that can be followed in the preamble
is identical to trajectory 14, but shifted by one symbol
interval. The synchronization pattern is transmitted for
the express purpbse of enabling the phase-locked loop in the
demodulator to synchronize with the phase of the
differential phase signal 6.

After the preamble, the transmitter transmits a data
header, then message data, during which the differential
rhase signal 6 can follow any of the sixteen trajectories
shown in FIG. 11. Four of these trajectories cross level
one at'éxactly the right timings 18 and 19 for locking the
phase of the clock signal 186, and four more trajectories
cross level one at points fairly near these timings 18 and
19. The other eight trajectories do not cross level one at
all, so the phase-locked loop receives.timing pulses only
about half the time during transmission of the message data,
but this is still adequate for keeping the clock signal
correctly synchronized.

The'trajectories 14 and 20 that occur in the preamble
are among the four that dQ not cross level one at the right



dotted lines in FIG 8 illustrate this effect when the tr&ﬁghe?FgﬁNESHEET
carrier frequency is higher than the receiver's carrier |f u?SF Emslng .
the first and second |levels to nove down relative to trg é@% 140 Poetol
the frequency offset, the first |evel nmoves down fromposition 128 to a new
position 134, and the second |evel noves down fromposition 130 to a new
position 136. As a result, crossings of tiHese levels are detected earlier

or later than before, and timng pul'ses 138 are produced with jitter of
Ee;{:] tDeigl t ihlhgs] 13; lﬁﬁd 1§ ena_tyr 0jlstgﬁal srouh@uthbyet bemtngsrby an

‘Ci rcui preven eadl o e e i er a ntt ol al,
.causes the. d?ﬂ??ﬁ% gﬁﬁgéeﬁoéﬁﬁz OEE& ??0 S@#?Br § gggég 3&%5% n%ﬁtkgf a
~certain Sléelbekéh inThbsreczephase] ithiseljitted doebenounceushelqaslnﬁm
anticipate

phase lock; falling transitions of the clock signal 16
alternately lead and lag the timing pulses 12 by & , so the
phase-locked loop alternately retards and advances the clock
signal 16, with zero net effect on the clock phase.

Unfortunately, if the clock signal is 180° out of
phase, as shown by waveform 22 in FIG. 11, its falling
transitions again lead and lag the timing pulses 12
alternately, so again the phase-locked loop alternately
retards and advances the clock phase, with zero net effect.
The clock signal then becomes deadloéked in an out—of—phase
state. While this deadlock condition does not arise
freduently, it occurs often enough to pose a communication
reliability pfoblem.

_ One solution to the deadlock problem, previously
proposed By the inventor, is to adjust the phase of the
clock signal by an amount equal to twice the jitter value 6
when the clock signal leads or lags the timing pulses 12 by
more than a certain angle. In practice, however, the jitter
6 can attain values close to 40°, requiring a phase
adjustment of approximately 80°. (In FIG. 11 the jitter is
60°, requiring an adjustment of 120°.) A system configured
to perform adjustments of this size would be at risk from
noise, and could easily lose phase lock if the adjustment
were to be applied by mistake. .

Another solution that can be considered is to detect
crossings of level two instead of level one in FIG. 11,
corresponding to a phase angle of =z /4 instead of zero.
Pulses will then be output at the correct timings 18 and 19
during the preamble, without jitter.

After the preémble ends, however, level two becomes
inappropriate, because it is crossed by only four of the
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The ”ax'”“”‘Ere%MﬁTﬁh from level two back to level one, which provides
twice as many correctly-timed pulses for controlling the
phase-locked loop. _ ' )

Switching betWeen levels one and two, however, requires

a determination as to whether or not the signal currently
being received belongs to the preamble. Distinguishing
between a preamble signal and a message data signal is a
complex task, requiring the assistance of an intelligent
circuit such as a microprocessor. Providing a
microprocessor in the clock recovery circuit, to be used for
this purpose alone, would be impractically expensive. Using
an eXternal microprocessor is also an unattractive solution,
as an external processor will be loaded with other data-
processing and control functions,.ahd will not be readily
able to undertake the task of determining the data type for
the clock recovery circuit.

SUMMARY OF THE INVENTION _

It is accordingly an object of the present invention to
recover a clock signal from a digitally modulated signal
without risk of deadlock in an out-of-phase state.

Another object of the inventlon is to reduce jitter of
timing pulses produced by a synchronization pattern.

Yet another object is to recover a clock signal from a
digitally modulated signal without having to determine
whether the digitally modulated signal comprises message
-data or a synchronization pattern.

A further object is to recover a clock signal despite _
the presence of jitter caused by a frequency offset between
the transmitter and receiver. '

A still further object is to generate appropriate



of fset can accordingly be considered equal to 4.2 parts feRERFAGEMENT SHEER
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synbol interval, which is the reciprocal of the baud rate. Tn terns of
phase angl e, the maxi num eye- pattern offﬁft I's accordingly: [err] If the
di fference between the two positions 128 ahd 134

timing pulses for clock recovery both before and after
acquisition of phase lock.

The invented'clock recovery circuit has a plurality of
comparators for detecting timings at which a digitally
modulated signal crosses a plurality of levels, and
generating level crossing signals at these timings. A
classifying circuit classifies sequences of these level
crossing signals and issues corresponding classification
signals. A timing control circuit generates timing pulses
in response to particular combinations of the level crossing
signals and classification signals. A digital phase-locked
loop synchronizes a clock signal to the timing pulses.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a block diagram of a first embodiment of the
invention.
FIG. 2 is a waveform diagram illustrating an eye
pattern, fiming pulses, and clock signals.
FIG. 8 illustrates two trajectories from the eye
pattern in FIG. 2.
FIG. 4 illustrates two more trajectories from the eye
pattern in FIG. 2.
FIG. 5 illustrates four more trajectories from the eye
pattern in FIG. 2. B
FIG. 6 illustrates two more trajectories from the eye
pattern in FIG. 2. _
FIG. 7 illustrates six more trajectories from the eye
pattern in FIG. 2. _
) FIG. 8 is a waveform diagram illustrating jitter caused
by frequency offset. ' :
FIG. 9 is a block diagram of a secbnd embodiment of the
invention. S
FIG. 10 is a block diagram of a =z /4-shift QPSK
demodulator.
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timng pul se 142 at the followi ng position: [err] The of fsef between thrs
timng pulse 142 and the correct timng pulse 133 is [err]. This is the
maxi mumjitter value. In this exanple, thelsize [err] of the phase

adj ustment applied by the digital phase-locked |oop 72 in response to a
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- DETAILED DESCRIPTION OF THE INVENTION

Two embodiments of the invented clock recovery circuit
will now be explained with reference to the attached
illustrative drawings.  These embodiments can be used as the
clock recovery circuit 7 in the =z /4-shift QPSK demodulator
in FIG. 10, and will be so described. As in FIG. 10,
reference numerals attached to signal lines will indicate
the signal transmitted on the signal line.

Referring to FIG. 1 the first embodiment comprlses a
timing pulse generator 71, a digital phase-locked loop
(DPLL) 72, and a control circuit 73. The timing pulse
generator 71 comprises magnitude comparators 701 and 703,
registers 702 and 704, a classifying circuit 710, and a
timing control circuit 707. The classifying circuit 710
comprises‘a timer 705 and a decision circuit 7086.

A digitally modulated differential phase signal 6 is
input to the magnitude comparators 701 énd 703. Magnitude
comparator 701 compares this input signal 6 with a first
level éupplied by register 702, and outputs a pulse when the
input signal 6 crosses the first level. Magnitude
comparator 703 compares the input signal 6 with a second
level supplied by register 704, and outputs a pulse when the
input signal 6 crosses the second level.

The pulées output by magnitude comparator 701 will be
referred to as first-level-crossing pulses. The pulses
output by magnitude comparator 703 will be referred to as
second-level-crossing pulses. These level-crossing pulses
are supplied to the classifying circuit 710 and timing
control circuit 707. ' |

In the classifying circuit 710, the level-crossing
pulses are received by both the timer 705 and decision



even if applied by mstake, it wll not cause the digitd
72 to | ose |ock. [err] Incidentally, the sine waves 9
8-overestimate the jitter that occurs in many actual sys
digitally nodul ated signal such as the differential phas
consi dered here should have a square maveégrnl whi ch al
jitter-free timng pul ses. Waveforns in a&ual digital comunication
systems generally |ie sonewhere between a square wave and a sine wave, SO
t hat whil e tdierguit ef06ray Tid timenerT)5 idutmant Het imsoOuthani gl to the

draw ngs. decision circuit - 706. The decision circuit 706 outputs
classification signals to the the timing control circuit 707

and control circuit 73.

From the classification signals and level-crossing
pulses, the timing control circuit 707 generates timing
pulses 62 and supplies them to the digital phase-locked loop
72. The digital phase-locked loop 72 uses these timing
pulses and a control signal from the control circuit 73 to
control the phase of a clock signal 64. The ciock signal 64
is fed back to the control circuit 73, and is supplied to a
data recovery circuit (shown in FIG. 10) and data processing
circuits (not shown).

Next, the detailed functions of the timer 705, decision
circuit 706, timing control circuit 707, digital phase-
locked loop 72, and control circuit 73-w111 be explained.

Input of either a first-level-crossing pulse or a
second—le%el-crossing pulse to the timer 705 resets the
timer 705 and causes it to start counting. The count value’
répresents time elapsed since the most recent level-crossing
pulse. If this time reaches a certain value Td before the
next reset, the timer 705.stops counting and outputs a time-
out signal to the decision circuit 706.

The time-out value Td should be greater than one-third
and less than qne—half of the length T of the symbol
-interval; that is, Td should be between one-third and one-
half of the period T of the clock signal to be recovered.
This clock period T is known because it is the reciprocal of
the baud rate of the transmitted signal. An appropriate
value for Td would be approximately five-twelfths of T.

The decision circuit 706 has register circuits for
storing the last three pulses received from the magnitude
comparators 701 and 703 and timer 705, and logic circuits
for issuing classification signals according to these



The value [err] should be selected to reflect typical cod
value of [err] to reflect worst-case conditions. If typic
cl-oser to square waves than are the sine waves shown in 5_
value of [err] should be reduced fromT/6 to a smaller v

Td and [err] can also be reduced if so desired, although Td nust still be
greater than twice to. Next, a second eanﬁlnent of the present invention
will be described. This embodi ment is simiTar to the first, but gates ' the
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oldest and the third input the most recent. The column
headed Classification indicates the type of classification
signal output by the decision circuit 706 when the third
input pulse is received. ' '

If a second-level-crossing pulse is followed by a
first—level—crdsSing pulse with no intervening time-out
pulse, the decision circuit 706 issues a first
classification signal, indicated as classification 1 in
Table 1. If a first-level-crossing pulse is followed by a
second-level-crossing pulse with no intervening time-out
pulse, the decision circuit 706 issues a second
classification signal (classification 2). If a-first—level—
crossing pulse is preceded and followed by time-out pulses,
the decision circuit 706 issues a third classification
signal (ciassification 3) at the time of the second time-out
pulse. In other cases, the decisioh circuit 708 issues no
classification signal. N

Generating these classification signals does not
require microprocessor intelligence. The decision circuit
706 only needs a shift register for storing information
identifying the three most recent pulses, and a simple
decoder for decoding the contents of the shift register.



gate circuit 708 and a node control circuit 721. The di
|l oop 72 in the second enbodi nent is adapted to operate
centrol node and a slow control node. In its fast contrd| Datede-t-he-di-gi-tal
phase-| ocked | oop 72 operates, for exanple, ‘as describe €, retararng
or advancing the phase of the clock signhal 64 each time a rising transition
of the clock signal 64 leads or lags a tidibhg pul se 62. In the slow control
nmode, the digital phase-locked | oop-72 responds nore slowy to differences
bet ween the cl ock signal 64 and tlﬂlngTabléeIr] pulses 62, by averaglng

| ead and | ag over a certain nunber

REPLAGEMENT
two $E s

1st 2nd 3rd Classi- Timing Pulse
Input Input Input fication Output Timing
Don't 2nd 1st 2nd level
care level level 1 crossing
crossing| crossing + tg + T/2
Don't 1st 2nd 1st level
care level level 2 crossing
crossing| crossing + tg + T/2
Time 1st Time 1st level
out ‘level out 3 crossing
: crossing + : + T/2
Other cases None ‘No output

The timing control circuit 707 has a pair of timers for
measuring elapsed time from the most recent first-level-
crossing pulse and from the most recent second-level-
crossing pulse. The timing control circuit 707 uses these
timers to genefate timing pulses at designated delays from
designated level-crossing pulses. “.

The designations are made by the classification signal
as indicated in Table 1. The delays are given in terms of
T/2, which is equal to half the length of the symbol
interval, and a quantity to equal to, for example, one-sixth
the length of the symbol interval (ty = T/6). The delays
are measured from the timing of the pulse listed in the 2nd
Input column in Table 1.

If the timing control circuit 707 receives a first
classification signal, it generates a timing pulse 62 at a
timing delayed by ty, + T/2 from the second-level-crossing
pulse in the 2nd Input column of Table 1, from which the
first classifiéation signal was generated. This is the most
recent second-level-crossing pulse. Similarly, if the
timing control circuit 707 receives a second classification



of clock cyéles, for exanple. Digital phase-locked |oops {f REPLACENENT SHEET
wel | _known in the art. The node control circuit 721 recei}jes tifi ul ses
62 fromthe timng control circuit 707 and the cl ock signhlDddl:. ﬁﬂiﬁih&ﬂsun
di gital phase-locked |oop 72, detects the phase angl e bet :
generates a node control signal 150 that selects the fast or slow contro
node. Fast control node is sel ected when thk phase angl e exceeds a certain
node-swi t chi ng val ue, such as [err].- Slow control node is selected when
the Fhaze. angE@nngs ifolgetrerat@st Ei gimhlgeguib@ mdatcantnmhngizggah¥b510 is
supplied to e di ase- | ocke op cui t e gate
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703. Wien th@fnote cdming ceongrall tiecsdite@0I rheefizss eothiod node, the
gate CIrCUItclass1fication signal, it generates a timing pulse 62 at a

timing delayed by T/2 from the most recent first-level-
crossing pulse. In other cases, the timing control circuit
707 does not generate a timing pulse. |

The digital phase-locked loop 72 is adapted to lock the
clock signal 64 in phase with these timing pulses 62 so that
the timing pulses 62 coincide with rising transitions of the
clock signal 64. The digital phaseflocked loop 72 operates
generally as described earlier, by dividing an oscillator
frequency by‘an integer N, and temporarily changing this
value when timing pulses 62 lead or lag the rising
transitions of the clock signal 64. The digital phase-
locked loop 72 is also adapted to alter the phase of the’
clock signal in response to the control signal from the
control circuit 73. This alteration has a fixed size 7,
which will be described later. _

The control circuit 73 generates the'cbntrol signal
when it detects a rising transition of the clock signal
followed, within time Td, by a first or second
classification signal. This function can be implemented by
equipping the control circuit 73 with a timer that is reset
by rising transitions of the clock signal, and that times
out after counting for the time Td. The control circuit 73
generates a control signal from é-first or second
classification signal if the classification signal occurs

" before the timer times out. |

Next the opération of the first embodiment will be
described.

Referring.to FIG. 2, in the differential phase signal
6, values corresponding to -3z /4, -~z /4, = /4, and 3=z /4
each represent two bits of transmitted data. The first
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circuit 707 and classifying circuit 710. Wen the node co trolbgggﬂﬂ\,ﬂgs
selects the slow control node, the gate circuit 708 cl osef,Dd® Ki-ng-the

second-1 evel -crossing pul ses so that they do not reach th T ng cont r ol
circuit 707 and classifying circuit 710. Next the operation of the second
enbodi nrent will be descri bed. Wen the phbge angl e between the tinng

pul ses 62 and cl ock signal 64 exceeds the nobde-sw tching value, since the
gate circui le¥@d isuppidrd bye regdeteéremoadicoeresppadst € axgallug loifke t he
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circuit 708tol osd2.anThese tviatiueg @omet represented on the vertical axis
in FIG. 2. | | |

The horizontal axis represents time, the above-
described durations T, T/2, and ty being indicated at
various points. These ‘durations can bé conveniently stated
in terms of phase angles in the symbol interval, T
corresponding to 360°, T/2 to 180°, and ty to 60°.

FIG. 2 shows an eye pattern of the trajectories that
can be followed by the differential phase signal 6. As in
FIG. 11, trajectory 14 is followed during a preamble in
which the synchronization pattern "1001" is received
repeatedly and the differential phase angle alternates
between 37z /4 and -z /4. This trajectory 14 crosses the
second level (z /2) at a point 80, crosses the first level
(zero) at a point 82,.crosses the first level again at a
point 84,-and crosses the second level again at a point 86.

Timings in FIG. 2 are indicated by vertical lines.
Timing 88 corresponds to crossing point 80, and timing 90 to
a time delayed by ty from timing 88. Timing 92, which is
delayed by T/2 from timing 90, is an optimum sampling
timing, at which the eye pattern is maximally open. Timing
94 corresponds to crossing point 84. Timing 96 is delayed
from timing 94 by to- Timing 98 is delayed from timing 96
by T/2, and is another optimum sampling timing.

The operation during the preamble will be described by
following trajectory 14. This trajectory 14 crosses the
second level (=z /2) at point 80, causing magnitude
comparator 703 to'output a second-level-crossing pulse, then
crosses the first level at point 82, causing magnitude
comparator 701 to output a first-level-crossing pulse.

These two points are separated by twice ty, or one-third of
T, which is less than Td, so the timer 705 does not time out
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| evel twice within | ess than [err] 21 half a synbol infjePatak. T ...andcceeiee.
since the tinme-out time Td of the tiner 705 is |less than =
timer 705 will tinme out follow ng every first-level-crossing pulse, and t he
decision circuit 706 will receive first-1qwel-crossing pul ses and tine-out

pul ses in alternation. FromTable 1-it carbe seen that this causes the
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crossing at point 82 occurs, the decision circuit 706

accordingly issues a first classification signal.

This classification signal causes the tlming control
circuit 707 to generate a timing pulse 100 at timing 92,
which is delayed by fo + T/2 from the timing 88 of the
crossing of the second level at point 80.

In the meantime, thé timer 705 has been reset at point
82, and is counting toward Td. ‘At a time slightly past

" timing 92, the timer 705 reaches Td and times out. At this
point the_three most recent pulses received by the decision
circuit 706 are a second-level-crossing pulse, a first-
level-crossing pulse, and a time-out pulse. Since this
pattern does not correspond to any of the three .
classifications in Table 1, the decision circuit 706 issues
no classification signal and the timing control circuit 707
does not generate any timing pulse in response.

Next—trajectory 14 crosses the first level at point 84,

“followed a time 2t later by a crossing of the second level
at point 86. ‘These crossings cause the decision circuit 706
to receive first- and second-level—crossing pulses in
sequence with no intervening time-out pulse, and to issue a
second classification signal. The timing control circuit
707 responds by genérating another timing pulse 102 at
timing 98, which is delayed by ty + T/2 from the timing 94
of the first-level crossing at point 84.

Timing pulses 100 and 102 are'generated at the optimum
timings 92 and 98 when the eye pattern is most open, and are
mutually separated by a duration of exactly T, with no
jitter. As long as the preamble continues, timing pulses
continue to be generated at these optimum timings. The
digital phase-locked loop 72 can accordingly quickiy capture
the phase of the timing pulses and lock the clock signal 64
so that its rising transitions occur in synchronization with



at eVery time-out pulse, and the timng control circuit
timng pul se 62 delayed by T/2 fromthe preceding cr055|1g o tE (gﬁﬁ
| evel . Such timng pulses will be generated for every craﬁgkpa rst

|l evel. As a result, during slow contrel nmode the two tr
wi Il generate tlnlng pul ses with equal ang, opposite anmounts of Jltter The
two trajectories in FIG 4 will generate ﬁﬁtter free timng pulses 62. The
four trajectories in FIG 5 will generate the sanme timng pulses 62 as in
the first ertheditiming Ipulides,f iasstshewnodi nent there was an asymetry

between the tim e ed.b h e ri.es ..n -k
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aver age is provided by the control circuit 73. If the clock signal
is 180° out of phase, as indicated by waveform 106, the
control circuit 73 detects a rising transition of the clock
106 at timing 96, followed a time t, later by output of a
first classification signal at point 86. Since ty is less
than Td (actually less than half Td), the control circuit 73
generates a control signal éausing the digital phase-locked
loop 72 to adjust the phase .of the clock signal by the
above-mentioned amount 7 , which moves the clock phase well
away from the danger area around 180°. This phase
adjustment also speeds up the acquisition of synchronization
with the timing pulses. ' _

Operation during data transmissioh, after the preamble
ends, will be described with reference to FIGs. 3 to 7,
which show the sixteen trajectories that can be followed by
the differential phase signal 6 during two consecutive
symbol intervals. .

FIG. 3 shows two'trajectories 14 and 20 that cross both
the first level at zero radians and the second level at
z# /2. These two trajectories can occur during the preamble,
but they can also occur during general data transmission.

As described above, the timing control circuit 707 generates
timing pulseé at the optimum timing 98, with no jitter.

FIG. 4 shows two more trajectories that cross both the
first and second levels at zero and =z /2. When trajectory
108 crosses the first level at point 116. the decision
circuit 706 issues a first classification signal, and the
timing control circuit 707 generates a timing pulse delayed
ty + T/2 from the point 112 at which the second level was
crossed. Trajectory 108 descends more steeply than the
corresponding trajectory 14 in FIG. 3, so the crossing at
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the timng pul ses. By producing jitter-free timng pul ses lgakéﬁ.f&a

preanbl e and pul ses with an average jitter of zero during @fata
transm ssion, the second enmbodi nent can provide tining pulses with
properties advantageous for both_capturin@sphase | ock under -fast control

and mai nt ai ni ng phase | ock under slow contTol. Use of a digital
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small amount of jitter, being slightly advanced from the
optimum timing 98. | '

When trajectory 114 crosses the second level at point
116, the decision circuit 708 issues a second classification
signal and the timing control circuit 707 generates a timing
pulse delayed by ty + T/2 from point 110. This timing pulse
has jitter equal to t,.

FIG. 5 shows four trajectories that cross the first
level at zero but do not crgss the second level at =z /2.

All crossings are separated by intervals of more than Td, so
the decision circuit 706 receives first-level-crossing
pulses and time-out pulses alternately, and issues a third
classification signal at each time-out pulse. The timing
control circuit 707 generates a timing pulse delayed T/2
from each previous crossing of the'first level (zéro).

Two of the trajectories 118 and 120 cross the first
level at the center point 122, producing timing pulses at
the optimum timing 98. The 6ther two trajectories 124 and
126 cross the first level before or after point 122,
producing timing pulses that lead or lag the optimum timing
98.

FIG. 6 shows two trajectories that cross the second
level at » /2 but do not cross the first level at zero.
These trajectories do not meet any -of the classification
conditions in Table 1, so they produce no timing pulses.

FIG. 7 shows six more trajectories that do not cross
either the first or the second level. These trajectories
also produce no timing pulses.

Of the sixteen trajectories in FIGs. 3 to 7, four
trajectories 14, 20, 118, and 122 produce timing pulses with
no jitter, one trajectory 108 produces timing pulses with a

- very small amount of jitter, and three more trajectordies




[err] 22 Thé first enbodi nent can also enploy a digital phagpLACEMENT
72 wiith fast and slow control nodes, and a node control cjjrcuit 0895

swi t chi ng between these two nodes. The node control circu to&@.ll..é.@\ﬁg& ,,,,,,,,,,,,
built into the digital phase-locked |oop 72. Slow control j
I n the phase-|locked state even w thout gating of the second-I|evel- crossing

pul ses. The second enbodi nent can be mthl%d by supplying the node
sel ection signal 150 to the decision circuit 706, and nodifying the
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a tinme-out of generating timing pulses at crossings of level one in
FIG. 11 generates jitter-free timing pulses in four out of
sixteen cases, and timing pulses with substantiai jitter in
four more cases. Since the conventional timing pulses '
suffice for maintaining phase lock, the timing pulses
genereted in the first embodiment also suffice.

As described above, the first embodiment provides
completely jitter-free timing pulses in all symbol intervals
during the preamble, and timing pulses in half the symbol
intervals during data transmission, with no need to
distinguish between preamble and message data or to sw1tch
the levels at which crossings are detected. Phase lock can
accordingly be quickly acquired and reliably maintained

- without the assistance of a microprocessor.

The trajectories in FIGs. 2 to 7 assume perfect
matching of carrier frequencies at the transmitter and
receiver. FIG. 8 shows the effect of a carrier frequency
offset between the transmitter and receiver, for the.
preamble trajectory 14 that alternates between values of
Sn /4 and -z /4. Time on the horizontal axis is shown
measured in degree units, one symbol interval (T) being
equivalent to 360°. _

If there is no frequency offset, trajectory 14 crosses
the first level 128 and'second level 130 so as to prodhce
jitter-free timing pulses 132, as described above. For
example, the crossings of the first level 128 and second

" level 130 at the -60° and +60° points produce a timing pulse
133 at the +180° point. '

A frequency offset causes the entire eye pattern of the
differential phase signal, including trajectory 14, to move
up or down in relation to the first and second levels 128
and 130. Equivalently, the first and second levels move




pul se. The timer 705 can then be switched off in slow con i AB Fhd 1
nodi fication assures that a timng pulse 62 is generated i Q?EﬁpuﬁtET
fi.rst-level crossing, even if noise or distortion causes n@&gﬁﬁa Dgp
occur earlier or later than shown in FI-Gs. 3 to 7. Wile
has the advantage of assuring an adequate supply of timng pulses even in
the presence of noise or distortion, it Hﬁ% t he di sadvantage of all ow ng
such noi se or distortion to produce: spurious timng pulses. In slow control

node, howevejowd hsr di;glitralr@fasﬁyd agkethd age Batiterel atiheelhorimamal o t he

effects of such spur ul . ou e ve were
descri bed agortéieéf\tﬁi E?ﬁ n#élllq]'}:ﬁ%ase&méh\%) e%?%t ??%nal can be
any type of-mhansmﬂﬁgenﬂxhnaumxbnﬂﬁpﬁnudnnmrﬁfahiggg; than the

receiver's carrier frequency, causing the first and second

..;-,

levels to move down relative to trajectory 14.

Due to the frequency offset, the first level moves down
from position 128 to a new position 134, and the second
level moves down from position 130 to a new position'136.
‘As a result, crossings of these levels are detected earlier
or later than before, and timing pulses 138 are produced
with jitter of +4 . .

Despite this jitter, the control signals output by the
‘control circuit 73 prevent deadlock. As described earlier,
each control signal causes the digital phase-locked loop 72
to perform a phase adjustment of a certain size 7y . This
size y 1is selected to be twice the maximum anticipated
jitter 6 resulting from frequency offset. As in the
inventor'é previous proposal, an adjustment of this size
ensures that deadlock cannot occur.

For many communication systems, the maximum jitter 4
due to frequency offset is not very large. 1In a digital
cordless telephone system employing =z /4-shift QPSK, for
-example, the bit rate is 384 kilobits per second (192
kilobaud, since two bits constitute one symbol), and the
carrier frequency is 1900 MHz. The carrier frequency
tolerance in the transmitter and receiver is +3 parts per
million. These are statistical tolerances given in terms of
standard deviations, so the tolerance of the combined
frequency offset between transmitter and receiver is the
square root of the sum of the squares of the individual
transmitter and receiver tolerances. The maximum frequency
offset can accordingly be considered equal to 4.2 parts per

‘million, which is:



pattern as shown in FIGs. 2 to 7. The
~practiced in digital
systens enploying [err] /4-shift QPSK
has nore than four levels, leading to
trajectory [err] 23 classification
be nodified accordingly. Crossings of
i f necessary, to enable nore accurate

1900 x 10% x

conmuni cati on systens generally,

I nvention can accordi/hg
and
modul ation. If the
a nore conpl ex eye pé
| ogi ¢ of the decision CIrCUI 5
norag han two | evel s can be detected
classtfication.

4.2 x 1076 = 7980 Hz

The_eye—pattern offset of the differentiai rhase sighal
is obtained by multiplying the frequency offset by the
length of one symbol interval, which is the reciprocal of

the baud rate.

In terms of phase angle,

the maximum eye-

pattern offset is accordingly:

[7980 x 1/(192 x 103)]

x 360° = 15° = 157 /180 radians

If the difference between the two positions 128 and 134

of the first level in FIG.
the point 140 where trajectory 14 crosses

157 /180 radians,
the first
following

-157 /180
e

-82

This
position:

equation for 0 :

8 has this maximum Vaiue of

level 134 can be calculated by solving the

z/4 + =z {sin(6 /2)}/2
-1.44 radians
.5°

produces a timing pulse 142 at the following

-82.5° + 60° + 180° = 157.5°

The offset between thie timing pulse 142 and the

correct timing pulse 133 is 22.5°.

jitter value.

In this example, the

This is the maximum

size 7 of the phase adjustment

applied by the digital phase-locked loop 72 in response to a
control signal from the control circuit 73 can accordingly

be 45°. An adjustment of

even if applied by mistake,

this size can be applied safeiy;
it will not cause the digital

phase-locked loop 72 to lose lock.
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/4-shift QPSK system and synchroni zation pattern descri bed above, the
classification logic can be nodified in v ous ways. For exanple, the
third classification signal could be i ssued when a first-level- crossing
pul se is neither phnetddadandy,f cheowtdebwaneseshosn irvELEsto8stag8pul se

within tine Td; th ' . ' : - [ |
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adapted to | gekeb|-8h29ah" BHALE! 998n8h bBEng considered here should have

a square waveform, which always results in jitter-free
timing pulses. Waveforms in actual digital communication
systems generally lie somewhere between a square wave and a
sine wave, so that while the jitter may not be zero, it can
be less than shown in the drawings.

The value td should be selected to reflect typical
conditions, and the value of. 7y to reflect worst-case
conditions. If typical conditions are closer to square
waves than are the sine waves shown in the drawings, the
value of ty should be reduced from T/6 to a smaller value.
The values of Td and 7 can also be reduced if so desired,
although Td must still be greater than twice tg-

Next, a second embodiment of the present invention will
be described. This embodiment is similar to the first, but
gates the second-level-crossing pulses according to the
phase angle between rising clock transitions and timing
pulses.

FIG. 9 shows the structure of the second embodiment,
using the same reference numerals as in FIG. 1 to identify
identical or corresponding parts. The new elehents are a
gate circuit 708 and a mode control circuit 721.

The'digital phase-locked loop 72 in the second
embodiment is adapted to operate in two modes: a fast
control mode and a slow control mode. In its fast control
mode the digital phase-locked loop 72 operates, for example,
as described above, retarding or advancing the phase of the
clock Signal 64 each time a rising transition of the clock
signal 64 leads or lags a timing pulse 62. In the slow
control mode, the digital phase-locked loop 72 responds more
slowly to differences between the clock signal 64 and timing



clock signal to the timng pulses, but it could of course
| ock falling transitions of the clock signal to the timng
skilled in the art will recognize that many further nodific
possi bl e without. departing fromthe scope clai med bel ow.
SHEET [err] [err] WHAT IS CLAIMED IS: 1. A clock recovery circuit for
recovering a clock signal froma digitallyzﬂpdulated signal, conprising:

pulses'62, by averaging lead and lag over a certein number
of clock cycles, for example. Dlgital 'phase-locked 1oops of
this type are well known in the art.

' The mode control circuit 721 receives timiné pulses 62
from the timing control circuit 707 and the clock signal 64
from the digital phase-locked loop 72, detects the phase
angle between them, and generates a mode control signal 150
that selects the fast or slow control mode. Fast control
mode is selected when the phase angle exceeds a certain
-mode-switching value, such as 45°. Slow control mode is
selected when the phase angle does not exceed this value.
The mode control signal 150 is supplied to the digital
phase-locked loop 72 and gate circuit 708.

The gate circuit 708 receives second-level-crossing
pulses from magnitude comparator 703. When the mode control
signal 150 selects the fast control mode, the gate circuit
708 paeses the second-~level-crossing pulses on to the timing
control circuit 707 and classifying circuit 710. When the
mode control signal selects the slow control mode, the gate
circuit 708 cloees, blocking the second-level-crossing
pulses so that they do not reach the timing control circuit
707 and classifying circuit 710.

Next the operation of the second embodiment will be
described.

When the phase angle between the timing pulses 62 and
clock signal 684 exceeds the mode-switching value, since the
gate circuit 708 is open, the second embodiment operates
exactly like the first embodiment.

When the phase angle between the timing.pulses 62 and
clock signal 64 is equal to or less than the mode-switching
value, the gate circuit 708 closes and the timing control
circuit 707 and classifying circuit 710 receive only first-
level-crossing pulses. Since none of the trajectories in
FIGs. 3 to 7 cross the first level twice within less than
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digiitally nodul ated signal of a corresponding plurality &f |ev Ia 4335""
denerating respective |evel crossing signals when such c Baterds T ue AT

classifying circuit (710) coupled to said conparators (70EF—703), for

i ssuing classification signals responsive to.certain sequences of said

| evel crossing signhals; a timng control %ﬁrcuit (707) coupled to said
classifying circuit (710), for generating timing pul ses delayed by certain
-amounts frohatfiid spmbblcinsermglsTgnahd, simepoblkéeveine-satdtthastdf bfati on

signal’s; angng ghgkkahoBn3sc1becketlahoghe LAZ) ropUPLEd Lon3Rl fob! 19

control circurt enerating sard and [ ocking said
cl ock signatime phtis€oldowine everwgfpubtetevel- craﬁeinzoeulsecoaedythe

circuit of ghaigidn WRBEEHR $85Uwill receive first-level-crossing
| pulses and time-out pulses in alternatioh. '

From Table 1 it can be seen that this causes the
decision circuit 7086 to issue a third classification signal
at every time-out pulse, and the timing control circuit 707
to generate a timing pulse 62 delayed by T/2 from the
preceding crossing of the first level. Such timing pulses
will be generated for every;crossing of the first level.

As a result, during slow control mode the twd
trajectories in FIG. 3 will generate timing pulses with
equal and opposite amounts of jitter. The two trajectories
in FIG. 4 will generate jitter-free timing pulses 62. The
four trajectories in FIG. 5 will generate the same timing
pulses 62 as in the first embodiment.

In the first embbdiment there was an asymmetry between
the timing pulses generated by the trajectories in FIG. 4,
trajectory 112 pfoducing a small leading jitter and
trajectory 114 a larger lagging jitter. The second
embodiment removes this asymmetry, so that the average
jitter is zero. This particularly desirable in the slow
control mode, in which the digital phase-locked loop 72
responds to average lead or lag of the timing pulses.

By producing jitter-free . timing pulses during the

. preamble and pulses with an average'jitter of zero during
data transmission, the second embodiment can provide timing
'pulses with properties advantageous for both capturing phase

lock under fast control and maintaining phase lock under
slow control. Use of a digital phase-locked loop 72 with a
slow control mode is particularly advantageous for
maintaining phase lock, since it makes the clock recovery
circuit less susceptible to noise.



cfassifying circuit (710) has a timer (705) for receiving
crossing signals and generating tinme-out signals if a cer
from any one of said | evel crossing signals wthout recep

one of said level crossing signals. 3. - The clock recove

claim2, wherein said classifying circuit (710) has a deci sion circuit
(706) fpr receiving said time-out signals omsaid timer (705), and
generating said classification signals responsive to specific sequences of

sai d |evel CrOSSIme SfﬂﬂatSeanadmeﬂttcm Lo SefPEdS . a 4digi TAE shask-

recovery Clrfgé gf éS'?& gﬁe% P and slow control modes, and a mode 
control circuit 721 for switching between these two modes.
The mode control circuit 721 can be built into the digital
phase-locked loop 72. Slow control is advantageous in the
phase-locked state even without gating of the second-level-
crossing pulses. '

The second embodiment can be modified by supplying the
mode selection signal 150 to the decision circuit 706, and
modifying the classification logic so that in slow control
model, the decision circuit 706 issues a third
classification signal at every first-level-crossing pulse,
regardless of whether or not it is followed by a time-out
pulse. The timer 705 can then be switched off in slow
control mode. This modification assures that a fiming pulse
62 is generated for every first-level crossing, even if '
noise or distortion causes these croésings to occur earlier
or later than shown in FIGs. 3 to 7.

While this modification has the advantage of assuring
an adequate supply of timing pulses even in the presence of
noise or distortion. it has the disadvantage of allowing
such noise or distortion to produce spurious timing pulses.
In slow control mode, however, the digital phase-locked loop
72 is relatively immune to the effects of such spurious
pulses. '

Although the two embodiments above weré described as
receiving a differential phase signal, the input signal can
be any type of digitally modulated signal having an eye
pattern as shown.in FIGs. 2 to 7. The invention can
accordingly be practiced in digital communication systems
generally, and not just in Systems'employing k /4-shift QPSK
modulation. ' _

If the modulation scheme has more than four levels,

leading to a more complex eye pattern, the trajectory
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crossings of a first |level and generates first- |evel- Si ng ié?qggzﬁxfpd
a-second conparator (703) that detects crossings of a se0|5h4§; ________
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generates second- |evel-crossing signals; said decision cClett—"t=-665
generates a first classification signal in response to a

second- | evel -crossing signal followed by az§irst-level-crossing signal with

no intervening tine-out signal; said decist+on circuit (706) generates a
second. cl aSSbihQQifﬁ?Ba%&Bﬂahob'ﬂcr espeﬁéedéelaléhr girtevel 766088hnPesi gnal

LPELQFEdaEé 303?%92 nggL 58 ;IngCrogg?ngs o ﬂgrén hgxeglngleve soggn
be detected if necessary, to enable more accurate
classification. . )

Aléo, if a = /4-shift QPSK system employs a
synchronization pattern'other than "1001," the crossing
detection levels or classification logic can modifiéd as

necessary to assure output of jitter-free timing pulses
while the synchronization pattern is being transmitted.

Even for the =z /4-shift QPSK system and synchronization
pattern described above, the.classification logic can be
modified in various ways. For example, the third
classification signal could be issued when a first-level-
crossing pulse is neither preceded nor followed by a second-
level-crossing pulse within time Td; that is, when a first-
level-crossing pulse is preceded and followed by any two
pulses, neither of which is a second-level-crossing pulse.

The &igital phaée—locked loop in the preceding
embodiments was adapted to lock rising transitions of the
clock signal to the_timing pulses; but it could of coursé be
adapted to lock falling transitions of the clock signal to
the timing.pulSes.

Those skilled in the art will recognize that many
further modifications are possible without departing from

the scpﬁe claimed below.



said decision circuit (706) generates a third classificati nREbQﬂ@éEEQTSHEFT

response to a first-=level -crossing signal preceded and fol ljowed
sirgnals. 5. The clock reco it of claimd4, mherelnamb

to said first C|aSSI said timng control ci
generates a timng p HW first amount fromthe
second- | evel - cr055|ng signal ch saigd first classification signa

was generated; in response to said secondTlassification signal, said
timng control circuit (707) gengmat eBS aCLAINMER 184 se del ayed by said first
amount fromthe first-|evel-crossing signal fromwhich said second
classification signal was generated; and in response to said third
classificatilbbn sifinalockareicovery circuit for recovering a clock signal

from a digitally modulated signal, comprising:

a plurality of comparators (701, 703) for detecting
crossings by said digitally modulated signal of a
corresponding plurality of levels, and generating respectlve
level crossing signals when such crossings occur;

a classifying circuit (710) coupled to said comparators
(701, 703), for issuing classification signals responsive to
certain sequences of said level crossing signals;

a timing control circuit (707) coupled to said
classifying circuit (710), for generating timing pulses
delayed by certain amounts from said level crossing signals,
responsive to said classification signals; and

a digitai phase-locked loop (72) coupled to said timing
control circuit (707), for generating said clock signal and
locking said clock signal in phase to said timing pulses.

2. The clock recovery circuit of claim 1, wherein said
classifying circuit (710) has a timer (705) for receiving
said level crossing signals and generating time-out signals
if a certain time elapses from any one of said level
crossing signals without reception of another one of said
level crossing signals.

3. The clock recovery circuit of claim 2, wherein said
classifying cifcuit (710) has a decision circuit (708) for
receiving said time-out signais from said timer (705), and
generating said classification signals responsive to
specific sequences of said level crossing signals and said
time-out signals.

4. The clock recbvery circuit of claim 3, wherein:



tining control
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circuit of claim1, wherefn %aitd digftat phase-| ocked

circuit (707) generates a timng pulse d |ﬁ§§gmﬂyaéN$3ﬁQéa

to adjust said clock signal by a certain phase adjustnment anount in
response to a control signal, and said cl @k recovery circuit has a

contr ol

circuit (73) for receiving said clock signa

said comparators comprise a first comparator (701) that
detects crossings'of a first level and generates first-
level-crossing signals, and a second comparator (703) that
detects crossings of a second level and generates second-
level-crossing signals;

said decision circuit (708) generates a first
classification signal in response to a second—levei—crossing
signal followed by a first-level-crossing sighal with no
intervening time-out signal;

said decision circuit (708) generates a second
classification signal in response to a first-level-crossing
signal followed by a second-level-crossing signal with no
intervening time-out signal; and

said decision circuit (706) generates a third
classification signal in fesponse to a firét-level—crossing
signal preceded and followed by time-out signals.

5. The clock recovery circuit of claim 4, wherein:

in response to said first classification signal, said
timing control circuit (707) generates a timing pulse
delayed by a first amount from the second-level-crossing
signal from which_séid first classification signal was
generated; '

in response to said second classification signal, said
timing control circuit (707) generates a timing pulse
delayed by said first amount from the first-level-crossing
signal from which said second classification signal was
generated; and

| in response to said third classification signal, said

timing control circuit (707) generates a timing pulse
delayed by a second amount from the first—le#el-érossing
signal from which said third classification signal was
generated. ' .
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circuit . response to a control signal, and said clock recovery

circuit has: _

a control circuit (73) for receiving said clock signal

and said classification signals, and generatihg said control

signal responsive to said classification signals and a

certain transition of said clock signal.

7. The clock recovery circuit of claim 6, wherein:

said digitally modulated signal is subject to offset
due to a frequency difference between a transmitter at which
said digitally modulated signal originates and a feceiver in
which said clock recovery circuit is disposed;

said offset produces jitter in said timing pulses; and

said phase adjustment amount is twice a maximum amount
of-jitteerroduced in said timing pulses by said offset.

8. The clock recovery circuit of claim 1, wherein:

sald digital phase-locked loop (72) has a'fast control
mode and a slow control mode; and

said clock recovery circuit has a mode control circuit
(721) for receiving said timing pulses and said clock
signal, selecting said fast control mode when said clock
signal differs in phase from said timing pulses by more than
a certain quantity, and'selecting said slow control mode
when said clock signal differs in phase from said timing
-pulses by less than said quantity.

9. The clock recovery circuit of claim 8, comprising a
gate circuit (708) coupled to one of said comparators (703),
for blocking level crossing pulses from said one of said
comparators (703) when said slow control mode is selected.
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timng pul ses by nor ¢y " [ uantity, and sel edglt Datg :sai.d..8}.GWeee.o-- |
control rode when saieml mmmwl"mrffers in phase fr T ng
pul ses by less than sdidfquantttys G. The clock recovery circuit of claim

8, conprising a gate circuit (708) coupléﬁ to one of said conparators
(703), for blocking | evel crossing-pulses fromsaid one of said conparators
(703) when said slow control nopde is sel ected. [err] 27

10. A clock recovery circuit for recovering a clock signal

from a digitally modulated signal, comprising:

a first comparator (701) for generating a first-level-
crossing pulse when said digitally modulated signai crosses
a certain first level; ' '

a second comparator (703) for generating a second-
level-crossing pulse when said digitally modulated'signal
crosses a certain second level different from said first
level; | S

a classifying circuit (710) coupled to said first
comparator (701) and said second comparator (703), for
issuing classification signals responsive to combinations of
sajid first-level-crossing pulse and said second-levei—
crossing pulse;

a timing control circuit (707) coupled to said
classifying circuit (710), for generating timing pulses
responsivé to combinations of said first-level-crossing
pulse, said second-level-crossing pulse, and said
classification signals; and

a digital phase-locked loop (72) coupled to said timing
control circulit (707), for generating said clock signal and
adjusting said clock signal in phase so as to synchronize

-certain transitions of said clock signal with said timing
pulses. ' |

11. The clock_recbvery circuit of claim 10, wherein said
classifying circuit (710) generates a first classification
signal if said second-level-crossing pulse is followed by
said first-level-crossing pulse within a certain time, '
generates a second classification signal if said first-
level-crossing pulse is followed by said second-level-
crossing pulse within said certain time, and generates a
third classification signal if said first-level-crossing



10. A clock reco covering a clock signg ngqncgmﬁnmsuﬁsn/
nodul at ed si gnal a first conparator (701) fgf gen

first-level - cross @m | d digitally nodul at ed gag;}a Gl stgg’a
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| evel - crossing pulse when said digitally nodul ated si gnal crosses a certain
second level different fromsaid first levg,; a classifying circuit (710)
coupled to said first conparator (701) and~sai d second conpar at or (703),

for issuing Iﬁilaéesifé G 1 €le 51 BIFGd Sd é @ INON SFAEL dvie & WKbi Sesitd Wescod-Sieavk1 -
first-1level - cross ‘gLse anq%sald S cond | evel - crossupqﬁpulse; a timng

control cir &S i ertain time, sal
class1ficat10n signal, said second clas31f1cation signal,

and said third classification signal constltutlng the
classification signals referred to in claim 10.

12. The clock recovefy circuit of claim 11, wherein:

after receiving said secend—level—crossing pulse
‘followed by said first classification signal, said timing
control circuit (707) generates a timing pulse delayed by a
first amount from said second-level-crossing pulse;

after receiving said first-level-crossing pulse
followed by said second classification signal, said timing
control circuit (707) generates a timing pulse delayed by
said first amount from said first—level-crossing pulse; and

after receiving said first-level-crossing pulse
followed by said third classification signal, said timing
control circuit (707) generates a timing pulse delayed by.a
second amount from said first-level-crossing pulse.

13. The clock recovery circuit of claim 11, aléo comprising
a control circuit (73) coupled to said classifying circuit
(710) and said digital phase-locked loop (72), for
generating a control sigﬁal when one of said certain
transitions of said clock signal is'fdllowed within said
certain time by one of said classification signals other
than said third classifieation signal, said control signal
causing said digital phase-locked loop (72) to adjust said
clock signal by a certain fixed phase amount.

14. The clock recovery circuit of claim 13, wherein said
fixed phase amount is equal to twice a maximum jitter amount
of said timing pulses due to frequency offset between a
transmitter that transmits said digitally modulated eignal
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conbi nati ons of sal crossing pul se, said secdphd-| A
pul se, and said cl @” ﬂﬂﬂ!‘@ ilh | s; and a digital phagpba mgtgd$50§§5 ...... ;

(72) coupled to sai C|rcuit (707), for gereFarrig—Sore

cl ock signal and adjusting said clock signal in phase so as to synchronize
certain transitions of said clock signal v@?h said timng pulses. 11. The
cl ock recovery circuit of claim10, -wherein said classifying circuit (710)

generates a é§rigingtasshhicat reBesvpathht $a:68196508814€4ek1€4PB5I N9 pul se
is followed b 9 first-level-crossing pulse wwthin a certain tine,
generates a @é@gﬂﬂ BlaSiFPPLation signal if said first- |evel-crossing

pul se is followed by said second-|evel -

15. The clock recovery circuit of claim 10, whefein:
said_digital prhase-locked loop (72) adjusts said clock

signal at a first rate when said clock signal differs from

said timing pulses by mbre than a certain phase angle, and

at a second rate when said clock signal differs from said

timing pulses by less than said phase angle, said first rate

being faster than said second rate.

16. The clock recbvery circuit of claim 15, comprising a
gate circuit (708) coupled to said second comparator (703)
for disabling output of said second-level- -crossing pulse
when said clock signal dlffers from said timing pulses by
less than said phase angle.

17. A mefhod'of recovering a clock signal from a digitally
modulated signal, comprising the steps of:

comparing said digitally modulated signal with a
plurality of levels, and generating respective ievel
crossing signals when said digitally modulated signal
crosses said levels;

classifying sequences of said level crossing signals,
and issuing corresponding classification signals;

generating timing pulses delayed by certain amounts
from said level crossing signals, responsive to said
classification signals; and .

generating said clock signal and locking said clock
signal in phase to Said timing pulses.

-18. The method of claim 17, comprising the further step of
generating time-out signals if a certain time elapses from
any one of said level crossing signals without reception of
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said certain time, said¢irst®cléssification signal, said lseeord
classification signal, and said third cla8@ification signal constituting
the classification signals referred to in=claim10. 12. The cl ock recovery
circuit of claim1l, wherein: aftéer:receiving said second-|evel -crossing
pul se fol | owebthersaine fof ssaid asavdl cendssing grignalsai d tim ng

19. The method of claim 18, wherein said classification
signals are issued in response to sequences of said level
crossing signals and said time-out signals.

20. The method of claim 19, wherein:
said level crossing signals comprise

a first-level-crossing signal generated when said
digitally modulated signal crosses a first level, and

a Second—level-crqssing signal generated when said
digitally modulated signal crosses a secondllevelz and

said classification signals comprise

a first classification signal issued when said
second-level-crossing signal is followed by a first-level-
érossing signal with no intervening time-out signal,

a second classification signal issued when said
first-level-crossing signal is followed by said second-
level-crossing signal with no intervening time-out signal;
and _ .

a third classification signal issued when said
first-level-crossing signal is preceded and followed by
time-out signals. '

21. The method of claim 20, wherein the step of generatiﬁg
timing pulses comprises:

in response'to said first classification signal,
generating a timing pulse at a first elapsed time from a
most recent second-level-crossing signal;

in response to said second classification signal,
generating a timing pulse at said first elapsed time from a
most recent first—lével—crossing signal; and

in response to sald third classification signal,
generating a timing pulse at a certain second elapsed time



control C|rCU|t—e¥Q¥}~geneFa%es—a—%ln1ng pul se del ayed by P PLAGEMENDMWL
from said second-| | se; after receiving sgd

first-1evel - cross mlhmm ” de by sai d second cl assi Datatr!cgluaﬁcgmgﬁ
said timng contr generates a timng pul ‘
first amount fromsaid first-Ievel-crossi pul se; and after receiving said
first-level -crossing pul se followed by s third classification signal,
said timng control circuit (707) generates a timng pul se del ayed by a
second anpuffirofsr aMmeaitd rleicesit- Ifdvrelt-desedi-egopsling. signalThe clock recovery
circuit of claim11l, also conprising a control circuit (73) coupled to said

classifying circuit (710) and said digital phase-I|ocked Ioog (72), for
generati ng &2conThel msithod ofhedadme 13, somgrdsing wher Augit esnster ofi d

clock signalgi 591sftqlg0Wad dVctiRick $3igflal by a certain phase adjustment
amount responsive to said classification signals and a

specific transition of said clock signal.

23. The method of claim 22, wherein:
said digitally modulated signal is subject to offset
"due to a frequency difference between a transmitter at which
said digitally modulated signal originates and a receiver in
which said clock recovery circuit is disposed; _ N
said offset produces jitter in said timing'pulses; and
said phase adjustment amount is twice a maximum amount
of'jitter produced in said timing pulses by said offset.

24. The method of claim 17 wherein, in said step of
generatiné said clock signal, locking df said clock Signal
in phase to said timing pulses is performed in a fast
control mode when said clock signal differs in phase from
said timing pulses by more than a certain quantity, and in a
slow control mode when said clock sighal differs iﬁ pPhase
from said timing pulses by less than said certain quantity.

25. The method of ciaim 24, wherein level crossing pulses

generated when said digitally modulated signal crosses a

certain one of said levels are blocked during said slow

control mode and are not used in said step of classifying
' sequences.



certain time by one of said classification S|gﬁéls other
classification signal,said control S|gﬁvdShee1Hsst§n§ blabed

| cop (72) to adjust sai d clock si gnal: b ed h

The cl ock recovery circuit of claim 13,

equal to twice a maxinum jitter anount o sal pu ses due to
frequency offset between a transmtter that transn1ts said digitally
modul ated signal  ERYERCRWCIVERYECTREUE TORETHO m_JATTER

ABSTRACT

A clock recovery circuit has at least two comparators
that detect timings at which a digitally modulated signal
crosses different levels, and generate level crossing
signals at these timings. A classifying circuit classifies
sequences of these level crossing signals and issues
corresponding classification signals. A timing control
circuit generates timing pulses from certain combinations of
the level crossing signals and classification signals. A
digital phase-locked loop outpﬁts a clock signal
synchronized to these timing pulses. '



.originates and a receiver that receives said digitally nogu I ]:
15. The clock recovery circuit of claim 10, wherein: said d#g% éMaﬂ?bHEET
phase-1 ocked .l oop (72) adjusts said clock signal at a fir tDétQEﬁ P 885
clock signal differs fromsaid timng pul ses by nore' than =V W e o - L SN
angle, and at a second rate when said clock signal differs fromsaid timng
pul ses by | ess than said phase angle, said first rate being faster than
said second rate. 16. The clock recovery ertcuit of claim15, conprising a -
gate circuit (708) coupled to said secongy conparator (703) for disabling
out put of said second-I|evel-crossing pulZe when said clock signal differs
fromsaid timng pulses by |ess than sg @ phase angle. 17. A nethod of
recovering a clock signal froma digi tgl
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modul at ed signal, conprising the steps of: conmparing said {i - . b

modul ated signal with a plurality of |evels, and generating g%é w§§ESHEET

| evel crossing signals when said digitally nodul ated signal Bégs i 1995
jalo MY WX

| evel s; classifying sequences of said | evel crossing signalls_ 010 M

correspondi ng classification signals; generating timng pul ses del ayed by
certain anounts fromsaid | evel crossing sjgnals, responsive to said
classification signals; and generati-ng sakd cl ock signal and | ocking said
clock signal in phase to said timng pul ses. 18. The nmethod of claim 17,
conprising the further step of generating tinme-out signals if a certain
time el apses fromany one of said |evel crossing signals w thout reception

of
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[err] 30 another one of said |level crossing signals. 19. Tke
cl.aim 18, wherein said classification signals are issued ijnRERAREMENT SHEET
sequences of said |evel crossing signals and said tine-ouff si gn‘1l3;. Eﬁ);g'g@he
met hod of claim 19, wherein: said | evel crossing signals (ORHEIEE a e
first-level-crossing signal generated when said digitally Stgrar—
crosses a first level, and a second-| evel 5crossi ng signal generated when

said digitally nodul ated FFGI éosses a—second | evel; EF(iG 4
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said classification signals conprise a first classification_signal =ssred
when sai d second-| evel -crossing signal is followed by a f
crossing signal with no intervening tine-out signal, a se(
classification signal issued when said first-|evel-crossi naLoS.
fol | owed by said second- |evel-crossing signal wth no i ntlesstent-ry= B '
signal; and a third classification . signal,issued when said
first-level-crossing signal is preceded dﬁd foll owed by tinme-out signals.

21. The nethod of claim 20, wherein the step of generating timng pul ses
conprises: in response to said first classification signal, generating a
timng pulse at a first elapsed tine froma
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nost recent second-level-crossing signal; in response t ] 2
classification signal, generating a timng pulse at said ?ﬁ#gﬁ g
froma nost recent first-level-crossing signal; and in r %%
third classification signal, generating a timng pulse a %ertérﬁ ‘§EC0Ng
el apsed tine [err] 31 froma nost recent first-1level-crossing signal.

22. The nmethod of claim 17, conprising the further step of adjusting-said
clock signal by a certain phase ad]ustnegt anount responsive to said
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specific transition of said clock signal. 23. The netho
said digitally nodul ated signa
frequency difference between a transmtter at which said
originates and a receiver in which said
said of fset produces jitter in saidti
Is twice a naxfgunlanount of jitter produced
y said offset. 24. The nethod of claim 17 wherein,
[ | ocki ng of said clock signal

wher ei n:

nodul at ed signa
I s di sposed;
sai d phase adj ust nent anount
in said timn

circuit

in said step

~said clock signa
certain quantityf

in phase

[y

ing said clock signal,
in phase to said timng pulses is performed in a fast control
differs in phase fromsaid timng pulses by nore than a
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fromsaid_timng pulses by Iess ‘than said certain quantlty 25 The nethod _

of clai'm 24, wherein |evel cr055|ng pulses generated when. said digitally
modul at ed siignal crg . 3 le els are bIocked duri ng
said sl ow control nEee—tRe e ; S LNj¥

sequences.

: ABSTRACT

" A clock recbvery cichit has at least two combarators (701,703) that

Idetect_timings'at which a digitally modulated signal crosses different
.1évéls; and generate level crossing signals at these timings. A classifying

circuit (710) classifies sequén¢es of these level crossing signals and issues
" .corresponding classification signals. A timing'control circuit (707) generates .

‘timing pulses from certain combinations of the Tevel crossing signals and”

~ classification signa]s A digital phase- 1ocked Toop™(72) outputs a clock signal”

" synchronized to these timing pulses.

Fig. 1
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TEXT OF THE ABSTRACT

CLOCK RECOVERY CIRCUIT.WITH REDUCED JLTTER
A clock recovery c1rcu1t has at least two comparators (701 703) that
detect timings at which a digitally modulated signal crosses different
levels, and generate level crossing SJgnals at these timings. A classifying
circuit {710) classifies sequehces of these level crossing signals and issues
'_correSpOndihg classification signa1s' A'timing cont?d] circuit (707) geherates .
 timing pu1ses from certain combinat1ons of . the level crossing 51gna1s and
classification signals. A d1g1ta1 phase~ 1ocked Loop (72) outputs a clock signal
'synchron1zed to’ these timing pu]ses )

Fig. 1. ' This s the replacement sheet
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