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relates to a clock recovery, circuit for use in a denodul ator such B335
[err] [4-shift quaternary ﬂhase shift-keying differential denodul ator.
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CIRCUIT AND TRAJECTORY CLASSIFICATION

BACKGROUND OF THE INVENTION

- The present invention relates to a clock recovery
circuit for use in a demodulator such as a =z /4-shift
quaternary phase-shift-keying diffgrential demodulator.

7 /4-shift quaternary phase-shift keying (QPSK) 1is used
to modulate carrigr signals in, for example, digital mobile
communication systems. The data to be transmitted consist
of two-bit symbols. The phase of the carrier signal is
shiftéd by -3z /4, -n./4, z /4, or 3x /4 radians in each
symbol interval to encode the value of the symbol. A
differential demodulator recovers the transmitted data by
detecting these phase shifts. That is, it detects the value
of a differential phase signal, indicating the difference
between the current instantaneous carfier phase and the
phase one symﬁol duration before.

Opération of a differential demodulator is synchronized
to a clock signal that indicates whefe the center of each
symbol interval occurs. The clock signai is recovered from
the transmitted signal itself. To facilitate clock
recovery, a transmission begins with a preamble having a
fixed, repetitive dafa paftern. Typically the symbols "10"

and "01" are sent alternately during the preamble, causing
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shifted by [err] radians in each synbol interval to encode the val REPLACEDe

fferential denodul ator recovers the transmtted

detecting these phase shifts. That is, it detects the value of a T1335

differenti al

phase signal, indicating the difference .between the current

i nstant aneous carrier phase and the phase one synbol duration before.
Qperation of a differential denodul ator is synchronized to a clock signal
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One conventional clock recovery circuit operates by
detecting zero crossings of the differential phase signal.
Ideally, these zero crossings occur at the boundaries
between symbol intervals. Unfortunately, in the preamble
described above, symbol boundaries are crossed at the
midpoint (z /4) between 3n /4 and -#n /4, and zero crossings
occur somewhat'before and after the symbol boundaries. This
creates a problem knoWn as jitter, which can lead to loss of
clock synchronization, or cause the clock signal to become
deadlocked in a state exactly opposite to the correct phase.

Jitter can also arise from carrier frequency offset
between the transmitter and reéeiver. This type of jitter
affects clock recovery in the entire data transmission, not
just the preamble..

One proposed solution to the problem.of jitter employs
a double differential phase signal, obtained by taking the
difference between the current value of the differential
phase signal and the value one symbol interval before.
During the preamble, if the differential phase signal
alternates between 3z /4 and -z /4, the double differential
phase signal will alternate between n and -z . The
midpoint'between 7z and -z 1is zero, so zero crossings will
occur at symbol boundaries, without jitter: Jitter due to

frequency offset is also eliminated.
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This proposed solution engenders a further problem,
however, in that after the preamble ends and transmission of
arbitrary data begins, zero crossings by the double
differential phase signal occur at many points far removed
from the symbol boundaries, hindering the maintenance of

correct clock synchronization.

SUMMARY OF THE INVENTION

It is accordingly an object of the present invention to
provide reliable clock recovery both during and after the
preamble.

The invented clock recovery circuit receives an input
signal that follows an arbitrary trajectory among levels
which represent symbol values. A delay—and—difference
circuit delays the input signal to obtain a delayed signal,
and takes the difference between the input signal and
delayed signal to obtain a differential signal. A plurality
of comparators compare the differential signal with a
plurality of levels, and generate respective pulse signals
when the differential signal matches these levels.

A classifying circuit detects certain sequences of
these pulse signals and activates a gate signal for a
certain interval when these seguences occur. A delay
circuit delays one of the_pulse signals to obtain delayed

pulses. A gate circuit outputs the delayed pulses as timing
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Ideally, t hese zero cr055|ngs occur at the boundaries betmeinT§y§%g LACED’
intervals. Unfortunately, in the preanble described above
boundaries are crossed at the midpoint [err] between [err] and [&LBBSand
zero crossings occur sonewhat before and after the synbol boundaries. This
creates a problemknown as jitter, which can |ead to | oss of clock
synchroni zati on, or cause the clock signal to becone deadl ocked in a state
exactly o t e |t n aks LS arrier
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to the timing pulses.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the general format of a =z /4-shift QPSK
transmission.

FIG. 2 is a general block diagram of a differential
demodulator.

FIG. 3 is a block diagram of the invented clock
recovery circuit.

FIG. 4 shows an eye pattern of a differential phase
signal without freguency offset.

FIG. 5 shows an eye pattern of a differential phase
signal with frequency offset.

FIG. 6 shows an eye pattern of a double differential
phase signal without frequency offset.

FIG. 7 shows an eye pattern of a double differential
phase signal with frequency offset.

FIG. 8 shows eye patterns of differential and double
differential phase signals, and illustrates the operation of
the invention during the preamble.

FIG. 9 is illustrates phase shifts on the 1-Q plane.

FIG. 10 illustrates transitions among these phase

shifts.
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~just the preanble. One proposed solution to the problemof fjitteREEHPLEPs a

toubl e differential phase signal, obtained by taking the difference_ between
the current value of the differential phase signal and the val ue bh# %ynbol
interval before. During the preanble, if the differential phase signal
alternates between [err] and [err] the double differential phase signal

w il alternate between [err] and [err] The m dpoint between [err] and [err]"

s zero, S0 zer qriy OS] NGSL i ia Q5S We Al S  HOUSIIALE &3¢ W& hout i tter.
Jitter due to frequency offset 1s also ellmnatied.
differential phase signal.
FIG. 12 illustrates several more trajectories of the
differential phase signal.
FIG. 13 illustrates several more trajectbries of the
differential phase signal,
FIG. 14 illustrates several more trajectories of the
differential phase signal.
FIG. 15 illustrates several more trajectories of the
differential phase signal.
FIG. 18 illustrates several more trajectories of the
differential phase signal.

FIG. 17 is a block diagram of a second embodiment of

the invention.

DETAILED DESCRIPTION OF THE INVENTION

Two embodiments of the invention will now be described
with reference to the attached illustrative drawings. The
first two drawings illustrate the format of a typical
transmission from which a clock signal is to be recovered,
and the general configuration of a differential demodulator
in which the invention can be employed.

Referring to FIG. 1, in certain mobile communication
systems, each transmission starts with a preamble 2 in which

the data pattern is "10011001...1001." The preamble is
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the present invention to

followed by a data header 4 (labeled UW in the drawing),
then the body of the data 6.

Referring to FIG. 2, a differential demodulator has an
input terminal 8 at which it receives a modulated carrier
signal. A local oscillator 10 generates an unmodulated
carrier signal with a frequency substantially equal to the
frequency of the modulated carrier signal. An instantaneous
phase detection circuit 12 compares the phase of the
modulated carrier with the phase of the unmodulated carrier
and converts the difference between them to a diéital value,
which it outputs és an instantaneous ﬁhase signal P. A
differential phase calculation circuit 14 takes the
difference between the instantaneous phase signal P and the
instantanéous phase signal P delayed by one symbol interval,
to obtain a differential phése signal AP.

The differential phase signal AP is supplied to a
clock recovery circuit 16 and data recovery circuit 18. The
clock recovery circuit 16 recovers a clock signal CK, which
it outputs at an output terminal 20 and also sends.to the
data recovery circuit 18. The data recovery circuit 18
samples the differential phase signal AP at timings
designated by the clock signal CK, decodes the sampled
values to recover the transmitted data, and outputs these
data at an output termihal 22. The clock signal CK output

at terminal 20 is used in subsequent processing of the data



‘ THIS SHEET HAS BEEN \
provide reliable clock recovery both during and after the PreantREPLAGED _
t

rnvented clock recovery circuit receives an input signal For Tows _an
arbitrary trajectory anong | evels which represent synbol val ues. AL335

del ay-and-difference circuit delays the input signal to obtain a del ayed
signal, and takes the difference between the input signal and del ayed
signal to obtain a differential signal. A plurality of conparators conpare

the different]j signal_with a plurality of levels, and generate respective
pul se signd&éég%tﬁaghgeEW*?%}g%ﬁlaI signal matches these | evels.

FIG. 3 shows the configuration of a first embodiment of
the invention, which can be employed as the clock recovery
circuit 16 in FIG. 2. The invented clock recovery circuit
comprises a timing pulse generating circuit 24 and a digital
phase-locked loop 26. The timing pulse generating circuit
24 comprises a delay-and-difference circuit 28, a first
magnitude comparator 30 and first register 31, d second
magnitude comparator 32 and second register 33, a third
magnitude comparator .34 and third register 35, a delay
circuit 36, a gate circuit 38, and a classifying circuit 40.
The classifying circuit 40 comprises a timer 42 and decision
circuit 44.

The digital phase-locked loop (DPLL) 26 is a well-known
circuit that outputs a clock signal CK, certain transitions
(e.g. rising transitions) of which are synchronized to
coincide, on the average, with pulées occurring in a timing
signal X7 (these puises will be referred to as timing pulses
XT). The frequency of the clock signal CK has a fixed value
equal to the (known) symbol rate. The digital phase-locked
loop 26 operates by advénéing the phase of the clock signal
CK when transitions of the clock signal CK are found to lag
timing pulses’ X, and retarding the phase of the clock
signal CK when transitions of the clock sigﬁal CK are found

to lead timing pulses Xp. The clock signal CK is used as
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A.cl assifying circuit detects certain sequences of these pul g si gfEPLAGER

activates a gate signal for a certain interval when these seqUences_occur

A delay circuit delays one of the pulse signals to obtain deIayedTﬁapées. A
gate circuit outputs the del ayed pulses as timng REPLACEMENT SHEET 4
pul ses when the gate signal -is active. A phase-|ocked | oop

the clock signal CK in FIG. 2.

In the timing pulse generating circuit 24, the delay-
and-difference circuit 28 receives the differential phase
signal AP, stores each received value of the differential
phase signal AP for a time T equal to the known length of
one symbol interval, and takes the difference between the
current value of the differential phase signal AP and the
value received one symbol interval before to obtain a double
differential phase signal A AP.

The symbol interval length T is the period of the clock
signal CK. In dealing with phase, it is convenient to speak
in terms of angular measure,.so that T is equivalent to
360°, or 2= radians. The values of the-differential and
double differential phase signals AP and A AP can also be
measured in terms of angle.  In the following explanation
degrees will be used to describe T and other time values,
while radians will be used to describe AP and A AP.

The double differential phase signal A AP is supplied
to the three magnitude comparators 30, 32, and 34. The
first magnitude comparator 30 compares the value of A AP
with a first level L;, which 1s stored in the first register
31, and outputs a first pulse X; when the value of A AP
matches Ll' Similarly, the second magnitude comparator 32
compares A AP with a second level L2, stored in the second

register 32, and outputs a second pulse X, when A AP
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matches Lo. Likewise, the third magnitude comparator 34

compares A AP with a third level Lg, stored in the third

 register 35, and outputs a third pulse X3 when A A P matches

Lg.

In this first'embodiment Ll is 3=z /4, Lo is -83r /4, and

L3 is Zero. The third pulses X3 are accordingly 2zero-

matching pulses.

The delay ciréuit 36 delays each third pulse X3 by a

time equivalent to half a symbol interval (T/2, or

The delay circuit 36 can be, for example, a digita

180°).

1l timer

that is triggered by input of a third pulse X3, counts for a

time equal to T/2, then outputs a delayed pulse'XD

The first and.second pulses X4 and X2 are supplied to

the timer 42 in thé classifying circuit 40. The t

imer 42 is

a counter that is driven at a constant rate, so that its

count value represents elapsed time. When the timer 42

receives either pulse Xl or X,, it outputs to the decision

circuit 44 a pulse discriminating signal Dy indicating which

Pulse (Xl or Xz) was received, and data Dy indicat

ing the

current count value. Then the timer 42 is reset to an

initial value such as zero and starts counting aga

the count reaches a certain value Td without input

in. If

of

another pulse (X1 or X2), the timer 42 is automatically

reset to its initial value and stops counting. Td

equivalent to, for example, 180°.

is
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FI.G 5 shows an eye pattern of a differential phase signal wijth fregrRACED

offset. FIG 6 shows an eye pattern of a double differenti al
wi t hout frequency offset. FIG 7 shows an eye pattern of a double T1335
differential phase signal with frequency offset. FIG 8 shows eye patterns

of differential and double differential phase signals, and illustrates the

operation of the invention during the preanble. FIG 9 is illustrates phase

shifts on the I-% plane. FIG 10 illustrates transitions anong these phase
he decision circuit 44 outputs a gate signal GS

according to the most recent count value Dc and two most
recent pulse discriminating signals Dx. The gate signal GS
is normally inactive. When the decision circuit 44 receives
a pulse discriminating signal DX, if the accompanying count
data Dg is not the initial count value, indicating that the
two most recent pulses were received within time Td of each
other, and if the current and preceding pulse discriminating
signals Dy are different (indicating that pulse X; was
preceded by X5, or Xo by X;), then the decision circuit 44
activates the gate signal GS for a certailn time Tg. This
.time Tg can be equivalent to 120°, or T/3. The decision
circuit 44 comprises, for example, a pair of latches for
storing tﬂe two most recent pulse discriminating signals DX'
an exclusive-OR gate for comparing these signals, and a
comparator for comparing the count data Dy with the above-
mentioned initial value. -Table 1 summarizes the operation

of the classifying circuit 40.

10
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shift's. 5 FIG 11 illustrates several trajectories of the|diffeepuACED
phase signal. FIG 12 illustrates several nore trajectories \of e
differential phase signal. FIG 13 illustrates several nore trajedilddSes of

the differential phase signal.

Table 1 Operation of Classifying Circuit

Input Gate Signal GS
X, pulse followed within Active for time Tg starting
time Td by X4 pulse from X, pulse
X, pulse followed within Active for.time Tg starting
t}me Td by X pulse from X5 pulse
Other input ' Inactive

The gate circuit 38 receives the delayed pulse signal
Xp and gate signal GS. While GS is active, the gate circuit
38 passes Xp through to the digital phase-locked loop 26 as
the above-mentioned timing signal Xr. When GS is inactive,
the gate circuit 38_blocks the delayed pulse signal XD. The
gate circuit 38.can be a simple logic gate such as an AND
gate. |

The operation of the first embodiment will now be
described with reference to FIGs. 2 to 186.

FIG. 4 shows a simulated eye pattern of the
differential phase signal AP when there is no frequency
offset between the transmitter and receiver; that is, when
the frequency of the modulated carrier signal received at
input terminal 8 in FIG. 2 is exactly equal to the frequency
of the unmodulated carrier signal output by the oscillator
10. The horizontal axis indicates time. The vertical line
46 represents a symbol boundary. The vertical axis

indicates the value of the differential phase signal AP in

11
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FIG 14 illustrates several nore trajectories of the differenti al FHRANED

|

signal . FIG 15 illustrates several nore trajectories of the=#H et
phase signal. FIG 16 illustrates several nore trajectories of tHha335
differential phase signal. FIG 17 is a block diagramof a second
enbodi mrent of the invention. DETAILED DESCRI PTI ON OF THE | NVENTI ON Two
enbodi nents of the invention will now be described with reference to the
attached illustrative drawi ngs. The
multiples of = /2, so that 1 corresponds to =z /2, and -0.5
to -z /4. FIG. 4 is obtained by plotting all possible
trajectories of the differential phase signal AP, both
during and after the preamble. Zero crossings are
concentrated in the vicinity of the symbol boundary 46.

FIG. 5 shows a simulated eye pattern of the
differential phase signal AP when frequency offset is
present (the frequencies of the modulated and unmodulated
carrier signals are not equal). The horizontal and vertical
axes have the same meaning as in FIG. 4. The offset is
equivalent to = /8. The entire eye pattern is shifted
upward, and zero crossings tend to occur at considerable
distances from the symbol boundary 46. 1In a conventional
clock recévery-circuit employing the differential phase
signal AP, severe jitter would occur.

FIG. 6 shows a simulated eye pattern of the double
differential phase signal A AP’whén frequency offset is
absent. The horizontal and vertical axes have the same
meaning as in FIG. 4. Although the eye pattern is centered
around the zero point on the vertical axis, zero crossings
occur at some points that are closer to the centers of the
symbol intervals thén to the symbol boundary 46. A clock
recovery cifcuit that employed the double differential phase

signal A AP but detected only zero crossings would be

unstable.

12
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first two drawings illustrate the format of a typical transmjssi onREPRACED
which a clock signal is to be recovered, and the general conf S
differential denodulator in which the invention can be enpl oyed. Rafsssing
to FIG 1, in certain nobile comunication systens, each transm ssion
starts with a preanble 2 in which the data pattern is "10011001.. .1001."
The preanble is REPLACENMENT SHEET '

FIG. 7 shows a simulated eye pattern of the double
differential phase signal A AP when the same frequency
offset (= /8) is present as in FIG. 5. The horizontal and
vertical axes have the same meaning as in FIG. 4. The eye
pattern is still centered around the iero point on the
vertical axis; it does not shift upward as in FIG. 5. The
problem of jitter is aggravated, however. Zero crossings
occur at nearly random locations on the horizontal axis,
with many unwanted zero-matching pulses created by
trajectories that weave around-the zero level.

FIG. 8 shows the eye patterns of the differential phase
signal AP and double differential phase signal A AP
schematically, illustrating for simplicity the case in which
there is ﬁo frequeﬂcy offset. The waveform of the clock
signal CK is shown below the eye pattern of the differential
phase signal AP, and waveforms of the gate signal GS,
delayed pulse signal Xp, and timing signal X are shown
below the eye pattern of the double differential phase
signal A AP. "The graduations on the vertical axis indicate
the values of AP and A AP in radians. Levels L,, Ly, and
Lg are also indicated. | |

During the preamble, the double differential phase
signal A AP alternates between =z and -z , following
trajectory 48, for example. This trajectory 48 crosses the

first, third, and second levels L;, L, and Loy in this

13
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6.fol'lowed by a data header 4 (labeled UWin the draw ng), tlhen t REPbAGEDOf

t'he data 6. Referring to FIG 2, a differential denodul ator Tras a1 nput
termnal 8 at which it recei ves a nodul ated carrier signal. A | oca33
oscillator 10 generates an unnodul ated carrier signal with a frequency
substantially equal to the frequency of the nodul ated carrier signal. An
I nst ant aneous phase detection circuit 12 conpares the phase of the

rodul 2 e SR IS 0 15! g T oA A e
points a and ¢ is less than Td on the.horizontal axis, so
the classifying circuit 40 activates the gate signal GS for
time Tg, starting at point c. During this time Tg the delay
circuit 36 outputs a delayed pulse signal Xj delayed by time
T/2 from the zero crossing at point b. Since GS is active,
the gate circuit 38 sends this delayed pulse signal X; as a

- timing pulse XT to the digital phase-lockéd loop 28.

After passing point ¢, trajectory 48 reaches -=z ; then
begins to rise toward » agaln, now crossing the second,
third, and first levels Lo, Lg, and Lq in sequence at points
d, e, and f. The separation between points d'and f is less
than Td on the horizontal axis, so the classifying circuit

" 40 activates the gate signal GS again for time Tg, starting
at point f. During this time the délay circuit 36 outputs a
delayed pulse signal Xp delayed by T/2 from the zero
crossing at point e, and the gate circuit 38 passes this
pulse on as another timing pulse Xy to the digital phase-
locked loop 26. Both timing pulses Xp occur at the centers
of symbol intervals, indicated by vertical dashed lines 50.
The timing pulses Xy are accordingly free of jitter.

During the preamble, the double differential phase
signél A AP continues to repeat the pattern of trajectory
48, so the digital phase-locked loop 26 continues to receive

a timing pulse XT'at the center of each symbol interval.

14
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which it outputs as an instantaneous phase signal P. A differlentialRE5FHACED

calculation circuit 14 takes the difference between the instantaneou§ phase
signal P and the instantaneous phase signal P delayed by one synmboF1335
interval, to obtain a differential phase signal A P. The differential phase
signal A Pis supplied to a clock recovery circuit 16 and data recovery
circuit 18. The clock recovery circuit 16 recovers a clock signal CK, which

cirouit 15, AT HE PSPtk S B RPLSCS PELNRIAS Y FERTr AT BHERE-

signal A P aloditéd NWSop 26 to synchronize the clock signal CK rapidly
and reliably, so that rising transitions of CK coincide with
timing pulses Xm, at the centers of the symbol intervals.
By sampling the differential phase signal AP at rising
transitions of the clock signal CK, the data recovery
circuit 18 in FIG. 2 can obtain values of the differential
phase signal AP at the optimal points, where the eye
pattern of the differential phase signal AP is most open.

After the preamble ends and transmission of the data
header and body begins, the double differential phase signal
A AF’étarts following an unpredictable trajectory, and the
conditions for activating the gate signal GS are not
satisfied in every symbol interval. The digital phase-
locked loop 26 accordingly does not receive a timing pulse
Xt in every symbol interval as it did during the preamblé,
but if timing pulses Xm are generated in a sufficient number
of symbol intervals, the digital phase-locked loop 28 can
still maintain synchronization of the clock signal CK.
Operation after the preamble ends will be analyzed in detail
next.
The double differential phase signal A AP in two

successive symbol intervals is derived from the differential
phase signal AP in three successive symbol intervals, with

four possible values in each interval, so there are sixty-

15



|

’ THIS SHEET HAS BEEN
desi gnated by the clock signal CK, decodes the sanpled val uegl to r BEBLAGED :

tthe transmitted data, and outputs these data at an output ter 2Z2. Ihe
clock signal CK output at termnal 20 is used in subsequent procegéﬁﬁa of
t he data 7 output at termnal 22. FIG 3 shows the configuration of a
first enbodi ment of the invention, which can be enpl oyed as the cl ock
recovery

four possible trajectories in all. These trajectories were
illustrated in FIGs. 6 and 7. but the large number of
superimposed trajectories makes those drawings difficult to
interpret. The trajectories will accordingly be described
in a more schematic form in FIGs. 9 to 16.

The carrier signal used in QPSK communications can be
split into a pair of carrier signals, comprising an in-phase
carrier I and quadrature carrier Q, and the received signal
can be represented on an I-Q plane as shown in FIG. 9. If
point (a) represents the received signal in a certain symbol
interval, then the transitions that can occur in the next
symbol_interval are indicated by the four dashed arrows.
Transmitted data (0, 0) will cause a transition to point
(b), corresponding to a phase rotation of =z /4; data (0, 1)
will cause a transition to point (c), corresponding to a
phase rotation of 3z /4; data (1, 1) will cause a transition
to point (d), corresponding tQ a phase rotation of -3 /4;
and data (1, 0) will cause altransition to point (e),
corresponding to a phase rotation of - /4. Each dashed
arrow corresponds to one possible value of the differential
phase signal AP.

FIG. 10 represents the sixteen possible combinations of
values of the differential phase signal AP in two
successive symbol intervals, using arrows labeled from A to

P to indicate transitions from one value to the next. These

16
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circuit 16 in FIG 2. The invented clock recovery circuit nangg?HQCED

“timng pul se generating circuit 24 and a digital phase-lockéﬂ'loqE 26. The
timng pulse generating circuit 24 conprises a del ay-and-differen E38Prcuit
28, a first magnitude conmparator 30 and first register 31, a second
magni t ude conparator 32 and second register 33, a third magnitude
conparator 34 and third register 35, a delay circuit 36, a gate circuit 38,

o heeP e oA, T L0 ElodSp R e o T
wel | - known the double differential phase signal A AP. For example,
transition A indicates two successive phase shifts of z /4,
corresponding to bit data (0, 0, 0, 0). The value of the
differential phase signal AP is 7 /4 in two successive
intervéls. so the value of the double differential phase
signal A AP is zero. Transition K indicates successive
phase shifts of -z /4 and 3z /4, corresponding to bit data
(1, 0, 0, 1) and producing a double differential phase
signal value of -z .

FIG. 11 indicates four of the sixty-four possible
trajectories of the differential phase signal AP over three
successive symbol intervals, showing the trajectories in
which the differential phase signal AP has the value =z /4
in the second and third symbol intervals. The value of the
differential phase signal AP is indicated in radians on the
vertical axis. Time is iﬂdicated on the horizontal axis,
with vertical lines 468 indicating symbol boundaries as
before. The letters E, A, L, and. J indicate the transitions
between the first and second symbol intervals, using the
same notation as in_FIG. 10.

Similarly, FIG. 12 indicates the four trajectories in
which the differential phase signal AP takes on values of

z /4 and -z /4 in the second and third symbbl intervals.

FIG. 13 indicates the four trajectories with values of =z /4

17
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cisrcuit that outputs a clock signal CK, certain transitions (e.o. REPBAGQD
transitions) of which are synchronized to coincide, on the W LT '

pul ses occurring in a timng signal XT (these pulses will be refema&dsto as
timng pulses XT). The frequency of the clock signal CK has a fixed val ue

equal to the (known) synbol rate. The digital phase-1ocked | oop 26 operates
by advanci ng the phase of the clock signal CK when transitions of the clock

signal CK are found to | a t|n1n% pul ses XT, and retardlng thewﬁhase of the
clock si gnaPR@k3hén -t FESBRCLanelss LRe thRoSRCOPGnERACKNAFE F3MR@Lt o | ead

timng pum?nterva-lrhe Ckg&k i4ggghicatgg %E%dfour trajectories with

values of #n /4 and -3z /4 in the second and third symbol
intervals. FIG. 15 indicates the four trajectories with
values of 3z /4 and z /4 in the second and third symbol
intervals. FIG. 16 indicates the four trajectories with
values of 3z /4 and -7 /4 in the second and third symbol
intervals. Together, FIGs. 11 to 16 illustrate twenty-four
of the sixty-four possible trajectories.

Table 2 lists all sixty-four trajectories, using the
same letters A to P to denote transitions of the
differential ﬁhase signal AP between the first and second
‘symbol intervals and between the second and third symbol
intervals; indicating the corresponding values of the double
différential phase signal A AP, and noting the locations of
zero crossing points (denoted 0-Crss) of the double
differential phase signél A AP. For example, the first
entry in Table 2, corresponding to bit data
(0, 0, 0, 0, 0, 0), is for three successive phaée shifts of
z /4, causing two successivé occurrences of transition A,
with correSponding.values of zero for the double
differential phase signal A AP. Two successive occurrences
of zefo in the double differential phase signal A AP
constitute a zero matching buf not a zero crossing, so0 no

zero crossing point is listed.
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REPLACEMENT SHEET 8 the clock signal CKin FIG 2. In the tjning EﬁﬁkﬁQED

denerating circuit 24, the delay- and-difference circuit 287Teceives the
differential phase signal [err] P, stores each received val ue of T35
differential phase signal AP for atinme T equal to the known | ength of one
synbol interval, and takes the difference between the

The zero-crossing-point locations in Table 2 are

approximate; the exact values depend on the precise shapes

of the trajectories.

Table 2 Zero Crossings (0-Crss) of Double Differential

Phase Signal A AP

2nd Shift = =z /4 (b) ond Shift = 3z /4 (c)
AP A AP 0-Crss| AP AAP 0-Crss
A-A -0 -> 0 -- G-G 0 -> 0 --
A-C 0 -> n/2 -- G-H 0 -> -3z /2 --
A-D 0 -> -7 -- G-F 0 -> -=& --
A-B 0 -> -z /2 -- G-E 0 -> -7 /2 --
E-A | -z /2 -> 0 - C-G | /2 ->0 --
E-C| -z/2 -> =z /2 0° | c-H | = /2 -> -3z /2| -90°
E-D | -~z /2 -> -z -- C-F | /2 -> -z -60°
E-B | ~2/2 > -2/2 | -- | CE | z/2->-z/2 0°
J-A z -> 0 -- K-G S St 0 -
J-C x -> z/2 —- | k-H z -> -3z /2| -45°
J-D T -> -= 0° | K-F T -> -= 0°
JB| & ->-z/2 | +60° | K-E z -> -z /2 | +60°
L-A | z/2 -> 0 —— | 1-6 |35/2 -> 0 -
L-C 7 /2 -> /2 -- I-H |3z /2 -> -3z /2 0°
L-D /2 > -=x -60° | I-F |32/2 -> -n +45°
L-B /2 -> -n /2 0° | I-E |3z /2 -> -z /2 | +90°

19
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. THIS SHEET HAS BEEN \
current value of the differential phase signal A P and the
dne synbol interval before to obtain a double differential pfase Siqr
P. The synbol interval length T is the period of the clock signal T 39 n
dealing with phase, it is convenient to speak in terns of angul ar neasure,
so that T is equivalent to [err] or [err] radians. The values of the
differential and double differential phase signals A P and A A P can al so
be neasured.] eLns a . th Wi Rg nat | rees will be
The "% a8 T REPSsihls, LPabEsSTnbPaoBii dnB kR e 8

used to descr ns € uSed to
‘describe [err] and [BhhLe signal A AP (cont)

nal

2nd Shift = -z /4 (e) 2nd Shift = -3z /4 (d)
AP A AP 0-Crss| AP A AP 0-Crss
0-0 0 ->0 -- P-P 0 -> 0 --
0-M 0 -> -z /2 - P-1 0 -> 3z /2 -~
0-K 0 -> -- P-J 0 -> =z --
0-L 0 -> 7 /2 -- P-N 0 -> /2 -
N-0 /2 -> 0 -- M-P |-z/2 > 0 --
N-M /2 -> -1 /2 0° | M-I |-z /2 -> 3z /2 | -90°
N-K /2 -> = -~ M-J |-z /2 -> = -60°
N-L /2 -> -z /2 -- M-N |-z /2 -> =z /2 0°
F-0 z -> 0 -- | D-P z -> 0 --
F-M r -> m /2 -- D-I m -> -3z /2| -45°
F-K T > - 0° .D-J 7T -> -z 00'
F-L z -> -z /2 | +60° | D-N z -> -z /2 | +60°
B-0 /2 -> 0 -- H-P |-372 /2 -> 0 --
B-M | -z/2 -> -z /2 -- H-I |-8z/2 -> 37 /2 0°
B-K | -z /2 -> = —_60° H-J |-83z /2 -> = +45°
B-L | -z/2 -> =z /2 0° | H-N |-3z /2 -> =z /2 | +90°

In the first embodiment, the classifying circuit 40
classifies trajectories of the double differential phase
signal A AP into two groups: those that cross the zero

level while going from z or 3z /2 to -z or -3z /2, or from
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The double differential phase signal [err] is supplied to th thrEREPLACED

ll

magni t ude conparators 30, 32, and 34. The first nagnitude co
conpares the value of [err] with a first level [err] which is stoﬂé@&&1tfua
first register 31, .and outputs a first pulse [err] when the value of [err]
matches [err] Simlarly, the second magni tude conparator 32 conpares A AP
with a second level [er]r stored in the second register 32, and outputs a

second pulse X2 when A AP ) .
-3z /2 to = or 3z /2; and other trajectories,. which

may or may not cross the zero level. Timing pulses Xp are
generated only for trajectories in the first group, because
only these trajectories cross levels Ll' L2, and L3 in the
necessary sequeﬁce. .Sbecifically, timing pulses are
generated for ten of the sixty-four trajectories listed in
Table 2: J-D, K-F, I-H, F-K, D-J, and H-I, which have zero
crossings at 0°; and K-H, I-F, D-I, and H-J, which have zero
crossings at x45°.. Of these, K-F and F-K occur both in the
preamble and during data header and body transmission; the
other trajectories occur only during data header and body
transmission. N

During data header and body transmission, the digital
phase—locked loop 26 will receive, on the average, jitter-
free timing pulses Xp about 6/64 of the time, and timing
pulses Xp with +45° jitter about 4/64 of the time. Jitter
values of +45° and -45° will moreover tend to average out to
zero. The digital phase-locked 106p 26 will therefore be
able to maintain clock synchronization éven after the
preamble ends, unless an unusual data pattern produces an
extended interval without input of any timing pulses Xg, or
with input mostly of pulses'having +45° jitter, or mostly of
pulses having -45° jitter. .

If frequency offset is present as illustrated in FIG.

7, many unwanted delayed pulses XD will be produced due to
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- REPLACEMENT SHEET 9 matches [err] Likew se, the third nmagnitlude cBEDEAGER

34 conpares A AP with athird level L3, stored in the thirdTeul Q£E§5,
and outputs a third pulse X3 when [err] matches [err]. In this fi?é%‘s
enbodi ment [err] is [err] L2 is [err] and L3 is zero. The third pul ses X3
are accordingly zero- matching pul ses. The delay circuit 36 del ays each
third pulse X3 by a tinme equivalent to half a synbol interval (T/2, or

[err] zero crossings at random locations, but very few of these
will be preceded and followed by crossings of the 3z /4 and
-3z /4 levels (L; and L,), so most of them will be blocked
at the gate circuit 38. By classifying trajectories as
described above, the‘first embodiment is able to eliminate
most unwanted timing pulses.

Next a second embodiment of the invention will be
described. The second embodiment reduces the risk of loss
~of synchronization after the preamble ends by producing a
greater number of timing pulses Xp.

FIG. 17 shows the structure of the second embodiment,
using the same reference numerals as in FIG. 3 to denote
identical or equivalent elemenfs. Descriptions of these
elements will be omitted.

The digital'phase-locked loop 52 in the second
embodiment is similar to the digital phase-locked loop 26 in
the first embodiment, but operates in two control modes, é
fast mode and a slow mode. In the fast control mode, the
.digital phase-locked loop 52 responds to every timing pulse
X7, advancing the phase of the clock signal CK if a rising
transition of CK lags the timing pulse X, and retarding the
phase of the clock signal CK if a rising CK transition leads
the timing pulse Xp. 1In the slow control mode, the digital
phase-locked loop 52'responds not to these individual leads

or lags but to the average lead or lag over a period of

22



Thé delay circuit 36 can be, for exanple, a digital timer tha
by input of a third pulse X3, counts for a tinme equal to T/2,

THIS SHEET HAS BEEN
i s t REGLAEER

e outputs

a del ayed pulse [err] The first and second pulses [err] and [err] raK8s
supplied to the timer 42 in the classifying circuit 40. The timer 42 is a
counter that is driven at a constant rate, so that its count val ue
represents el apsed tine. Wien the tinmer 42 receives either pulse X1 or X2,
it outputs to the decision circuit 44 a pulse discrimnating signal [err]

i ndi cati ng whineh pwb$ealdyr inolud2hgwasnumberved, tamdngapalpesr Kri.ndi cating

the current count value. Then the tiner 42 is reset to an

The digital phase-locked loop 52 is switched between

its fast and slow control modes by a mode switching signal

MS output from the timing pulse génerating circuit

specifically from a mode control circuit 56 in the

54, more

timing

pulse generating circuit 54. The mode control circuit 56

receives the timing signal Xt and clock signal CK,

compares

their phase, and activates the mode switching signal MS when

the phase difference is less than a certain threshold phase

angle value, such as 45°, over a certain period of

time.

When the phase difference exceeds this threshold phase angle

" value, the mode control circuit 56 deactivates the

switching signal MS.

mode

The mode switching signal MS is also sent to the first

and second registers 58 and 60, which supply comparison

levels to the first and second magnitude comparators 30 and

32. When the mode switching signal MS is inactive,

the

first register 58 supplies the first magnitude comparétor 30

with the same first level Li of 3z /4 as in the first

embodiment. After the mode switching signal MS becomes

active, the first register 58 supplies the first magnitude

comparator 30 with a reduced first level Ll' of, for

example, z /4, which is closer to zero. Similarly,

the

second register 60 supplies the second magnitude comparator

32 with a second level L, of -3= /4 while the mode

23
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initial value such as zero and starts counting again. If thejlc E EPRAOES
a certain value Td wi thout input of another pulse [err] or | Ofi e
42 is automatically reset to its initial value and stops countlng T1HRd S
equi val ent to, for exanple, 1600. 10 The decision circuit 44 outputs a

gate signa

GS according to the nost recent count value [err] and two nost

signél MS is inactive, and a second level Lz' of -n /4.
closer to zero, when the mode switching signal MS is active.
Next the operation of'the second embodiment will be

described.

During the preamble, the phase difference between the
timing signal X7 and clock signal CK will usually start out
at a value greater than 45°, making the mode switching
signal MS inactive. The second embodiment will accordingly
operate at first iike the first embodiment, supplying the
digital phase-locked loop 52 with jitter-free timing pulses
X in all symbol intervals.

When the phase of the clock signal CK is brought to
within 45° of the phase of these timing signal X, the mode
control circuit 56 activates the mode switching signal MS,
causing the first and secénd levels‘Li and Ly to switch from
+3z /4 to *z /4. This has the effect of moving points a and
c in FiG. 8 closer to point b, and points d and f closer to
point e, so the gate signal GS is shifted slightly to the
left, but the delayed zero-matching pulses XD continue to
fall within the active gate intervals. As long as the
preamble continues, the gate circuit 38 continues to pass
Jitter-free timing pulses X to the digital phase-locked
loop 52 in every symbol interval. Although the digital
phase-locked loop 52 1s.now operating in its slow control

mode, since the timing pulses X are jitter-free, the phase
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recent pulse discrimnating signals [err] The gate signal GSjji s noRERILAGED
I nactive. Wen the decision circuit 44 receives a pul se disck
signal [err] if the acconpanying count data [err] is not the initTaB3sount
value, indicating that the two nost recent pulses were received within tine
Td of each other, and if the current and precedi ng pul se discrimnating.
signals [err] are different (indicating that pulse [err] was preceded by

[err] or [err] b% $err% then the decision circuit 44 activates the gate
signal GS ot theerlash tigmeiCKepRtinpes Thochn pdiRghedaRrtnt to [err] or

/3. The degSioh ELLFY oild SOMBTISES alOhefER0P SncfiPRAE QlocR CNes Tor

signal CK 1s locked in phase to the timing pulses Xp-

When the preamble ends and transmission of the data
header and body starts, the digital phase-locked loop 52
receives timing pulses X7 for all twenty-eight of the zero-
crossing points noted in Table 2, including twelve with zero
jitter, four with jitter of +45°, eight with jitter of :60°,
and four with jitter of #90°. Since the digital phase-
locked loop 52 is operating in its slow control mode,
positive and negative jitter will tend to cancel out, so the
risk of loss of synchronization due to jitter is small. On
the average, the digital phase-locked loop 52 will receive
timing puises XT in 28/64 of the symbol periods, instead of
10/64 as in the first embodiment, and will receive jitter-
free timing pulses X in 12/64 of the symbol periods,
instead of 6/64 as in the first embodiment, so the risk of
loss of synchronization due to an inadequate number of
timing pulses Xp i1s also small. |

Although the reduction of the first and second levels
L, and L, from +3z /4 to +7 /4 in the second embodiment
causes the digital phase-locked loop 52 to receive timing
pulses Xy with jitter of up to about $90°, these levels of
t+7z /4 are still adequate to block timing pulses Xy from

trajectories that cross the zero level near the center of
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storing the two nost recent pulse discrininating signals [er|f] an REPLACED
exclusive-OR gate for conparing these signals, and a conparator tor
‘conparing the count data [err] with the above- nentioned initial Vagag.
Table 1 summarizes the operation of the classifying circuit 40.
REPLACEMENT SHEET 11 Table 1 Operation of Classifying Grcuit

the symbol interval. In particular, the unwanted timing
pulses that would be generated by trajectories that weave
‘around the zero axis in FIG. 7 are blocked in this way,
because these trajectories do not cross the =z /4 and -z /4
levels within the time Td.

The second embodiment accordingly provides adequate
timing pulses Xp for clock recdvery with a high degree of
reliability both during and after the preamble.

The present invention is not restricted to the
embodiments described above, but includes various
modifications. For example, the preamble signal need not be
"10011001...1001;" other fepetitive data patterns can be
used instead. If necessary, one or more of the first,
second, and third levels L1, Lz; and Lg can be altered to
accommodate a different preamble pattern, or the number of
levels can be increased to four or more. |

It is also possible to practice the invention with only
two levels. For example, successive matches of A AP with
the zero level and a certain positive level (in either
order) within a certain time could be detected, timing
pulses being generated at a delay of T/2 from the zero-level
match point.

The values of 120° and 160° for Tg and Td were shown
only as examples. The invention can be practiced with other

values for these times. The delay time in the delay circuit
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| nput Gate Signal GS X pul se follgwed WRERLACED

.

Active for time Tg starting tine Td by [err] pul se rTonr [ erri
pul se [err] pulse followed wthin Active for tlne Tg startlﬁé3§§ne Td
by X2 pul se from X2 pul se O her input

I nactive The gate circuit 38 receives the del ayed pul se signal XD and gate
signal GS. Wile GSis active, the gate circuit 38 passes XD through to the

digital phase-haakede! PRAs8CaRPrbAENBROKE WRALKORAE hbALNGoRkgRY XT. Wen
is inactive, the gate circuit 38 bl ocks t del ayed pul se signal [err]
The circuit 56 activates the mode switching signal MS can also

be modified as necessary.

Although the mode control circuit 56 was shown as an
element of the timing pulse generating circuit 54 in FIG.

17, it can be an element of the digital phase-locked loop 52
instead. For example, since the digital phase—locked 1oop
52 has a circuit that detects average phase lead or lag over
a certain.interval of time for use in the slow control mode,
this circuit can serve the function of the mode control
circuit 56.

Applications of the invention are of course not limited
to mobile digital cqmmunicatioﬁs; the invention can be
bracticed-in any system employing z /4-shift QPSK. More
generally, it can be practiced in any system that must
recover data and a clock signal from an input 51gnal having
an eye pattern like the ones shown in FIGs. 4 and 5, in
which each eye COrresponds to one symbol interval, and
values of the ihput signal at the centers of the symbol
intervals correspond in one-to-one fashion to the data
symbols to be recovered.

Those skilled in the art will recognize that further

variations are possible without departing from the scope

claimed below.
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gate circuit 38 can be a sinple logic gate such as an AND gat
operation of the first enbodinent will now be described with
FIG. 2 to 16. FIG 4 shows a simulated eye pattern of the di
phase signal A P when there is no frequency of fset between th

Tﬁﬁsq SHEET HAS BEEN
: REPLACED

fferentdsny
e transmtter

and receiver; that is, when the frequency of the ﬂDdU|ated~£§LLL§LJ§j¥%¢Tﬁ~
received at input termnal 8 in FIG 2 is exactly equal to the frequenc
t he unnodul ated carrier signal output by the oscillator Hm"””,”m - I
axis indicates time. The vertic¥HAT A& CLAIMED Is: - | I/NAIAN | ﬂ”ﬂfﬂ"ﬂ

; M S *

1. A clock recovery circuit (18) for recovering

a clock

signal from an input signél that follows trajectories which,

when superimposed, form an eye pattern, comprising:

/
a delay-and-difference circuit (28) for receiving said

input signal, delaying said input signal by a certain first

time to obtain a delayed signal, and taking a difference

between said input signal and said delayed signal

a differential signal;

to obtain

a plurality of comparators (30, 32, 34) coupled to said

delay-and-difference circuit (28), for comparing said

differential signal with a corresponding plurality of

different levels, and generating respective pulse

when said differential signal matches said levels;

signals

a classifying circuit (40) coupled to said comparators

(30, 32, 34), for using said pulse signals to classify said

trajectories, and activating a gate signal for a certain

second time responsive to certain sequences of said pulse

signals;

a delay circuit (36) coupled to one of said comparators

(34), for delaying the pulses generated by said one of said

comparators (34) by a certain third time to obtain delayed

pulses;

a gate circuit (38) coupled to said delay circuit (36),

28
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46 represents a synmbol boundary. The vertical axis indicates the vggpgAggp
the differential phase signal AP in REPLACEMENT SHEET 12

[err] /2, so that 1 corresponds Mlllm lﬂ““ﬂ Bu Ilr] to [err] FIGrig3ass
obt ai ned by plotting all possibl the differential phase
signal A P. both during and after "t hé preanble Zero crossings are

for outputting said delayed pulses as timing pulses wheﬁ
said gate signal is active; and

a phase-locked loop (28) coupled to said gate circuit
(38), for generating said clock signal and locking said

| clock signal in bhase to said timing pulses.

2. The clock recovery circuit of claim 1, wherein said

first time is equal to one period of said clock signal.

3. The clock recovery circuit of claim 1, wherein said
third time is equal to one-half of one period of said clock

signal.

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

said phase-locked loop (52) has a fast control mode and
a slow control mode; and

said clock recovery circuit (16) has a mode control
circuit (56) coupled to said phase-locked loop (52), for
-receiving said timing pulses and said clock signal,
generating a mode selection signal, setting said mode
selection signal to a first state selecting said fast
control mode when said clock signal differs in phase from
said timing pulses by more than a certain threshold
quantity, and setting said mode selection signal to a second

state selecting said slow control mode when said clock
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goncéntrated in the vicinity of ol _boundary 46. FIG| 5 shBEPLACED
Sinul ated eye pattern of the diff@rential phase signal A P Frequency

offset is present (the frequenc'it ”mumgmmmmed and unnodul at 8338&r ri er
al axes have the same

signals are not equal). The horli i
meaning as in FIG 4. The offsét is. equiValént*to [err] /8. The entire eye
pattern is shifted upward, and zero crossings tend to occur at considerable

di f | b 6. | ) [ | cl ock
Ciroat empPoBhhd AREERRR dRoRNASE AfausleignatniBe PUTsesPE LeRRor A o
occur. said threshold quantity.

5. The clock recovery circuit of claim 4, wherein said
mode selection signal also selects values of at least of one

of said levels.

6. A clock recovery circuit (16) for recovering a clock
signal from a differential phase signal, comprising:

a1 delay-and-difference circuit (28) for receiving said
differential phase signal, delaying said differential phase
signal by a certain first time to obtain a delayed signal,

. and taking a difference between eaid differential phase
signal and said delayed signal to obtain a double
differential phase signal;

a first comparator (30) coupled to said delay-and-
difference circuit (28), for generating a first pulse when
said double differential phase signal matches a certain
positive level;

a second comparator (32) coupled to said delay-and-
difference circuit (28), for generating a second pulse when
said double differential phase signal matches a certain
negative level;

a third comparator (34) coupled to said delay-and-

difference circuit (28), for generating a third pulse when
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FIG "6 shows a simul ated eye—paf+fw1rtﬁ‘Tﬁe doubl e differentilal phB&ELACED *J
Signal A A P when frequency o {m\ The hori zontal and vertrcal
! e Vertchl

axes have the sanme neani ng as ugh the eye pattern T335
centered around the zero point axis, zero crossings occur
at sonme points that are closer to the centers of the synbol intervals than
to the synbol boundary 46. A clock recovery circuit that enployed the

~doubl e differqnt 'd%hba%asd%f%emtlé ARad deteqt 6d (s 3870, 9SSl des

woul d be unstab
a classifying circuit (40) coupled to said first

comparator (30) and said second comparator (32), for
activating a gate signal for a certain second time when said
first pulse is followed by said second pulse within a
certain third time, and for activating said gate signal for
said second time when said secohd pulse is followed by said
first pulse within said third time;

a delay circuit (36) coupled to said third comparator
(34), for delaying said third pulse by a certain fourth time
to obtain a delayed pulse;

a gate circuit (38) coupled to said delay circuit (38),
for outputting said delayed pulse as a timing pulse if said
gate signdl is active; and

a digital phase-locked loop (26, 52) coupled to said
gate circuit (38), for generating said clock signal and
adjusting said clock signal in phase so as to synchronize a
certain transition of said clock signal with said timing

pulse.

T. The clock recovery circuit of claim 6, wherein said

first time is equal to one period of said clock signal.

8. The clock recovery circuit of claim 6, wherein said

fourth time is equal to one-half of one period of said clock
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REPLACEMENT SHEET 13 FIG 7 shows a sinulated eye pattern t he RERKAGED |

differential phase signal A A P when the sane frequency of fSet ([err] 798)
is present as in FIG 5. The horizental and vertical axes have tHe38&anme
meaning as in FIG 4. The eye p nis stiTtT—centered around the zero

point on the vertical axis; it MMMIH, ward as in FIG 5. The
L M s ll

problem of Jitter is aggravated, » r ossi ngs
signal.
9. The clock recovery circuit of claim 6, wherein said

classifying circuit (40) comprises:

a timer (42) for receiving said first pulse and said
second pulse and measuring elapsed time from each pulse thus
received; and

a decision circuit (44) for activating said gate signal
responsive to two pulses most recently received by said

timer (42), and to the elapsed time between said two puises.

10. The clock recovery circuit of claim 6, wherein said
digital phase-locked loop (52) adjusts sald clock signal at
a first rate when said clock signal differs in phase from
said timing signal by more than a certain phase angle, and
at a second rate when said clock signal differs in phase
from said timing signal by less than said phase angle, said

first rate being faster than said second rate.

11. The clock recovery circuit of claim 10, comprising a
mode control circuit (56) for detecting a phase difference
between éaid clock signal and said timing pulse, and
generating a mode selection signal that switches said
digital phase-locked loop (52) between sai& first rate and

said second rate.
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oceur at nearly random | ocations on the horizontal axis, with ﬁEWEKg SoEE

zero-matching pul ses created hy trajectori-es—that weave aroun *hn 2065

| evel . FIG 8 shows the eye atterns of differential phase signalssA P
and doubl e differential pha u# Nﬂ gchematically, illustrating for
e

sinplicity the case in mhlc quency offset. The wavef or m of
the cl ock signal CK is shown "bel ow t he eye pattern of the differential
phase signal [err] and waveforns of the gate signal GS, del ayed pul se
signal [err] and timng signal XT are shown bel ow the eye pattern of the

-doubl e differential phase .
12. The clock recovery circuit of claim 11, wherein said

mode selection signal also switches said positive level and
sald negative level between a first pair of levels when said
clock signal differs in phase from said timing signal by
more than said phase angle, and a second pair of levels when
said clock signal differs in phase from said timing signal

by less than said phase angle.

13. The clock recovery éircuit of claim 11, wherein said
second pair of levels is closer to said zero level than is

said first pair of levels.

14; A meéhod of recovering a clock signal from a
differential phase signal, comprising the steps of:

delaying said differential phase signal by a certain
first time to obtain a delayed differential phase signal;

taking a difference between said differential phase
signal and said delayed differential phase signal to obtain
a double differential phase signal;

comparing said double differential phase signal with a
plurality of levels, and generating respective pulse signals
when said double differential phase signal matches said
levels;

detecting certain sequences of said pulse signals;
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signal [err]. The graduatlons on the vertical axis indicate|t ﬁESQ§@§Egcg%B/\
P and [err] in radians. . -tnd —Brirath |

preanbl e, the doubl e different naI Alerr] P aIternaHesLh%tmee
[err] and [err] , follow ng tr I lexanple This trajectory 48
crosses the first, third, and secan and L2 in this
REPLACEMVENT SHEET

activating a gate signal for é certain second time when
said certain sequences are detected;

delaying one of said pulse signals by a certain third
time to obtain a delayed pulse signal;

outputtihg said delayed pulse signal as a timing signal
when said gate signal is active; and

generating said clock signal and locking said clock

signal in phase to said timing signal.

15. The method of claim 14, wherein said first time is

equal to one period of said clock signal.

16. The method of-claim 14 wherein, in said step of
generatiné said clock signal, locking of said clock signal
in phase to said timing signal is performed in a fast
control mode when said clock signal differs in phase from
said timing signal by more than a certain quantity, and in a
slow cdntrol mode when said clock signal differs in phase

from said timing signal by less than said certain quantity.
17. The method of claim 14, wherein said plurality of
levels comprises a positive level, a negative level, and a
zero level.

18. The method of claim 17, wherein said certain sequences
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14 sequence at points a, b, and c. The separation between pojlnts apgpOaSed S
I'ess than Td on the horizontal axis,_so the classifying circlit==4s

activates the gate signal GS for time Tg, startin oint c. Dumusgs his

time Tg the delay circuit 36 outputs mum ' i gnal XD del ayed by
tinme [err] fromthe zero crossing at : Hm‘ img I's active, the gate
circuit 38 sends this del ayed pul se signdl XD &s & t« ming pulse XT to the

di gital phase-|ocked | oop 26. After passing point c, trajectory 48 reaches
[err] , thehRB&BARS to rise toward r again, now crossing the second,

a pulse signal generated when said double differential
phase signal matches said positive level followed, within a
certain fourth time, by a pulse signal generated when said
double differential phase signal matches said negative
level; and

a pulse signal generated when said double differential
phase signal matches said negative level followed, within
said fourth time, by a pulse signal generated when said
double differential phase signal matches said positive

level.

19. The method of claim 17, wherein said delayed pulse
signal is obtained by delaying a pulse signal generated when
said double differential phase signal matches said zero

level.

20. The method of claim 19, wherein said third time is

equal to one-half of one period of said clock signal.

21. The method of claim 17, comprising the further step of
switching said positive level and said negative level
between a first pair of levels when said clock signal
differs in phase from said timing signal by more than said

certain quantity, and a second pair of levels when said

35
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t:hi rd and first levels [err] and _[_ELI-]’—I—H sequence “at pointjs d, BEPGAGED.

The separation between points d and d on the nOFIZOH[dI

axis, so the classifying ci rcwt 40 m\m g te si gnal ,la%%gl for
time Tg, starting at point f. I'ne the *delay circuit 36 outputs
a del ayed pul se signal XD del ayed by T/2 fromthe zero crossing at point e,
and the gate circuit 38 passes this pulse on as another timng pulse XT to
the digital phase- |ocked |loop 26. Both timng pul ses XT occur at the
centers of cydkols iigniadr \GHl£f ernandinc gthacs b \f noar tdacial tdasimeyl diigmaesl 3y The
timng pul ses XT are accordingly free of jitter.

less than said certain quantity.

22. The method of claim 21, wherein said second pair of
levels is closer to said zero level than is said first pair

of levels.
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.During the preanble, the double differential phase signall]|A A RERLAGEDIES
*to repeat the pattern of trajectory 48, so the digital ph -
continues to receive a timng pulse XT at the center of each synmbb$35
i nterval . REPLACEMENT SHEET 15 I nput of these jitter-free pul ses enabl es
the digital phase- |ocked |loop 26 to synchronize the clock signal CK
rapi dly

ABSTRACT

A clock recovery circuit receives an input signal
having an eye pattern and takes differences at certain
intervals to generate a differential signal. A set of’
comparators detect timings at which the differential signal
matches different levels, and generate pulse signals at
these timings. A classifying circuit classifies
trajectorieé of the differential signal, by detecting certain
sequences of these pulse signals, and activates a gate
signal when these sequences are detected. A delay circuit
delays one of the pulse signals to create a delayed signal.
A gate circuit outputs the delayed signal as a timing signal
when the gate signal is active. A phase-locked loop

generates a clock signal synchronized to the timing signal.
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and reliably, so that rising transitions of CK coincide wt

C}Lt’nl—ur% SHEET {1AS BEEN
[err] at the centers of the synbol intervals. By sanpling t

EpbACED

. Nt
diftftoraenti al
e lent-a

phase signal [err] P at rising transitions of the clock signal CK, the data
recovery circuit 18 in FIG 2 can obtain values of the differential phase
signal A P at the optimal points, where the eye pattern of the differential
phase signal [err] P is nost open. After the preanble ends and transm ssion
of the data header and body begins, the double differential phase signal

[err] P starts follow ng an unpredictable trajectory, and the conditions

for activating the gate signal GS are not

FIG. 1
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satisfied in every synbol interval. The digital phase- |ockged | ogppiaceD

J]ﬁmis SHEET HAS BEEN |
accordingly does not receive a timng pulse XT in évery sy

it did during the preanble, but if timng pulses XT are generated in a
sufficient nunber of synbol intervals, the digital phase-locked | oop 26 can
still maintain synchronization of the clock signal CK Operation after the
preanble ends will be analyzed in detail next. The double differential
phase signal A AP in tw successive synbol intervals is derived fromthe
differential phase signal A P in three successive synbol intervals, with

e .24
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four possible values in each interval, so there are sixty- , TP@Q@%ﬁ%&E@%@FEN

SHEET 16 four possible trajectories in all. These trajectori:
illustrated in FIGs. 6 and 7, but the |arge nunber of superlnposed

traj ectori es makes those dramnngs difficult to interpret. The trajectories
wi || accordingly be described in a nore schematic formin FIGs. 9 to 16.

FIG. 4
46
)
/




The carrier signal used in QPSK communications can be split EP55%§§%&EQ%PEEN
carrier signals, conprising an in-phase carrier | and quadr die—taftiter—Q—:=
and the received signal can be represented on an |I-Q plane as shown in FIG

9. If point (a) represents the received signal in a certain synbo

interval, then the transitions that can occur in the next synbol interval

are indicated by the four dashed arrows. Transmtted data (0. 0) will cause

a transition to point (b), corresponding to a phase rotation of [err] data

(0, 1) will cause a transition to point (c), corresponding to a phase

rotation of [err] /4; data (1, 1) will cause a transition '
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nd dagePUACED

corresponding to a p
-[err] /4. Each dashed arrow corresponds to one possible value of the

using arrows | abeled fromA to P to indicate

corresponding to a phase rotation of [err] /4;
differential phase signal A P. FIG 10 represents the sixteen possible

conbi nations of values of the differential phase signal AP in two

0) will cause a transition to point (e),
successi ve synbol intervals,

to:point (d),
of
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17:sixteen transition arrows generate correspondi ng values o

t

transition A
corresponding to bit data (0, 0, O,

The value of the differential phase signal AP is [err] in two
so the value of the double differential phase signal

Transition K indicates successive phase shifts of [err]
[err]] corresponding to bit data (1, 0. 0, 1) and produci ng a doubl e

differential phase signal A A P. For exanple,

successi ve phase shifts of [err] /4,
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signal value of FIG 11 indicates four of the sixty-four pos
trajectories of the differential
i nterval s,

synbol
si gnal

the vertica

axi s.

| ines 46 indicating synbol
indicate the transitions between the first and second synbol

FIG. 8

usi ng the

AP .

+3n /4
+7/2
+7/4

-n/4

-n/2F

-3n./4

-

CK

AAP

phase signa

phase signa

boundari es as before.

A P over three
showing the trajectories in which the differential
A P has the value [err] /4 in the second and third synbol
The val ue of the differenti al

axi s,

THIS SHEET HAS BEEN |
bl'e REPLACED
VT

phase
i nterval s.

A Pis indicated in radi ans on
Time is indicated on the hori zont al
The letters E, A, L, and J

with vertical

i nterval s,
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sane notation as in FIG 10. Simlarly, FIG 12 indicates the jkaﬁﬁsiggiggggatd
trajectories in which the differential phase signal A P takes

[err] and [err]/4 in the second .and third synbol intervals. FIG 13
indicates the four trajectories with values of [err] /4 18 and [err] /4,

respectively, in the second and third synbol intervals. FIG 14 indicates
the four trajectories with

FIG. 9
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values of [err] /4 and [err] /4 in the second and third sy
FIG 15 indicates the four trajectories with values of [err]
/4 in the second and third synbol intervals. FIG 16.indicates the four
trajectories with values of 3r /4 and - [err] in the second and third
synbol intervals. Together, FIGs. 11 to 16 illustrate twenty-four of the
sixty-four possible trajectories. Table 2 lists all sixty-four
trajectories, using the sane letters Ato P to denote transitions of the
differential phase signal A P between the first and second synbol intervals
and between the second and third synbol

FIG. 11 FIG. 14
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imntervals, «indicating the corresponding val ues of the doubMeTﬁlfﬁéggﬁgggPEc

phase signal A [err], and noting the | ocations of zero cro o1-nt-s

Ie——

(denoted O Crss) of the doubl e differential phase signal A A P. For
exanple, the first entry in Table 2, corresponding to bit data (0, 0, 0, O,
0, 0), is for three successive phase shifts of [err] /4, causing t wo
successive occurrences of transition A, with correspondi ng val ues of zero
for the double differential phase signal A A P. Two successive occurrences
of zero in the double differential phase signal A AP constitute a zero
mat chi ng but not a zero crossing, SO no :
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zer o:crossing point:is |isted. REPLACEMENT SHEET 19 The
zer o- ¢ros8i ng-poi nt. locations in Table 2 are approxi mate; t

REPLACEMENT SHEET

depend on the precise shapes of the trajectories. Table 2 Z

hearxal) 5&&@

(0-Crss) of Double Differential Phase Signal [err]P

1

ama——

<

CLOCK RECOVERY CIRCUIT EMPLOYING DELAY-AND-DIFFERENCE

CIRCUIT AND TRAJECTORY CLASSIFICATION

BACKGROUND OF THE INVENTION

The present invention relates to a clock recovery

circuit for use in a demodulator such as a =z /4-shift

quaternary phase-shift-keying differential demodulator.

7 /4-shift quaternary phase-shift keying (QPSK) is used

to modulate carrier signals in, for example, digital mobile

communication systems. . The data to be transmitted consist

of two-bit symbols. The phase of the carrier signal is

shifted by -3z /4, -z /4, = /4, or 3z /4 radians

in each

symbol interval to encode the value of the symbol. A

differential demodulator'recovers the transmitted data by

detecting these phase shifts. That is, it detects the value

of a differential phase signal, indicating the difference

between the current instantaneous carrier phase and the

phase one symbol duration before.

Operation of a differential demodulator is synchronized

to a clock signal that indicates where the center of each

symbol interval occurs. The ceclock signal is recovered from

the transmitted signal itself. To facilitate clock

recovery, a transmission begins with a preamble having a

fixed, repetitive data pattern. Typically the symbols "i0"

and "01" are sent alternately during the preamble, causing
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-2nd Shlft = [err](b) 2nd Shift = [err c rr R :
[err]- A AP [err] A-A EREC Dareﬁ%-@ﬁ\ ..........
0 ->0 -- A-C 0 -> Jerr] /2 -- GHL
[err] /2 -- A-D 0 [err] - - GF 0 -> [err]
-- A-B 0 ->Jerr] -- GE 0 ->TJerr] /2 -- EA
EgLr] i> 0] ﬂ-- C-G ]Efrr] 2 0 E-C [err] -> [err] 00
- err dileE t by 3 F £eprjal2
Cerr] E-B zfrr ﬁ(f sHi% a?l.t{é?rrr{cltely yerriz f& a_n>d[[ér/]réi <
00 J-A [errdne:%%nventlonal -clock ﬂ%é%very df¥dd1t3bﬂbrates by

detecting zero crossings of the differential phase signal.
Ideally, these zero crossings occur at the boundaries
between symbol intervals. Unfortunately, in the preamble
described above, symbol boundaries are crossed at the
midpoint (= /4) between 3z /4 and - /4, and zero crossings
occur somewhat before and after the symbol boundaries. This
creates a problem known as jitter, which can lead to loss of
clock synchronization, or cause the clock signal to become
deadlocked in a state exactly opposite to the correct phase.

Jitter can also arise from carrier frequency offset
between the transmitter and receiver. This type of jitter
affects clock recovery in the entire'data transmission, not
just the preamble.

One proposed solution to the problem of jitter employs
a double differential phase signal, obtained by taking the
difference between the current value of the differential
phase signal and the value one symbol intervai before.
During the preamble, if the differential phase signal
alternates between 3z /4 and -z /4, the double differential
phase signal will alternate between z and -z . The
midpoint between = and -z 1is zero, so zero crossings will
occur at symbol boundaries, without jitter. Jitter due to

frequency offset is also eliminated.



[err] /2 -> [err]

J-C -
[err] ->
-> [err]
-- |-G
[err]
[err] /2

{.err] -> [err] -- K- H [err] -> [err R ?bACEMENTSHEET
A W Prple 0.5, MAR 1956
[err] K- E [err] ->[err] [err] L-A SR s
3 Lerrl 125> 0 SLe [err] 12
L-D [err] /2 -> [err] [err] I-F [err] /2 ->
[err] L-B [err] /2 -3 [err] 00 I-E [err] ->

+900 ThiBE:PWS(ﬂ'ﬁEiTon engenders a further problem,

however, in that after the preamble ends and transmission of
arbitrary data begins, zero crossings by the double
differential phase signal occur at many points far removed
from the symbol boundaries, hindering the maintenance of

correct clock synchronization.

SUMMARY OF THE INVENTION

It is accordingly an object of the present invention to
provide reliable clock recovery both during and after the
preamble.

The invented clock recovery circuit receives an input
signal that follows an arbitrary trajectory among levels
which represent symbol values. A delay-and-difference
circuit delays the input signal to obtain a delayed signal,
and takes the difference between the input signal and
delayed signal to obtain a differential signal. A plurality
of comparators compare the differential signal with a
plurality of levels, and generate respective pulse signals
when the differential signal matches these levels.

A classifying circuit detects certain sequences of
these pulse signals and activates a gate signal for a
certain interval when these sequences occur. A delay
circuit delays one of the_pulse signals to obtain delayed

pulses. A gate circuit outputs the delayed pulses as timing



20 Table 2. Zero C}055|ngs (0-Crss) of Double Di fferentlal

iE%ﬂnEa;R - SHEET |

P (cont) Znd Shift [ERR] (e) 2nd Shift = [err]

a [err] [err] AAP [err] 0_0 ............................
- P-P 0 ->0 -- [err] 0 ->TJerr] -- P-1

0 ->[err] -- 0-K 0 ->[err] -- P-J 0 ->([err]

-- 0-L 0-> [err] /2 -~ &:-N 0 ->[err] -- NO
[err] -> 0 pulses when the Mdte[&£fgdar >id active. A phadkMock&irloop -
[err] [err] MI -[err] /2 ->Terr] /2 errﬁ

generates a clock signal and locks the clock signal in phase

to the timing pulses.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the general format of a = /4-shift QPSK
transmission.

FIG. 2 is a general block diagram of a differential
demodulator.

FIG. 3 is a block diagram of the invented clock
recovery circuit.

FIG. 4 shows an eye pattern of a differential phase
signal without frequency offsef.

FIG. 5 shows an eye pattern of a differential phase
signal with frequency offset.

FIG. 5 shows an eye pattern of a'double differential
phase signal without frequency offset.

FIG. 7 shows an eye pattern of a double differential
phase signal with frequency offset.

FIG. 8 shows eye patterns of differential and double
differential phasé signals, and illustrates the operation of
the invention during the preamble.

FIG. 9 is illustfates phase shifts on the I-Q plane.

FIG. 10 illustrates transitions amoné these phase

shifts.



-> Jerr] /2
/12 ->0

classifying cirguid. 40
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err] /2 ->Jerr - - M J err] /2 ->[dfr -
! ][err] ->[[er]r] 0- - M N [erE] ]> [err] Ea D]ate:.._ﬂ.s..MAR.m...
[err] ->0 -- DP [err] ->&F '
[err] > [err] /2 C - D1 [err] ->[err] /2 [err]
[err] ->- [err] 00 D-J [err] ->- [err] F-L
[err] DN 2ferr] ->[err] /2 [err] B-0

[err] /2 ->

- HP ->0 . . -- B
FIgy 1y dipugdted Fejendl bradssionies o e
H Jqs - o, B-L -7r/2->
[%lrf;gr;ei{%afe‘{rtﬁg% ZSlgnTle'r r ][ elr :1] the first rent)odi Erg:r[]

illustrates several more trajectories of

/2
t he

the

differential phase signal.

FIG. 13 illustrates several trajectories
differential phase signal.

FIG. 14 illustrates several trajectories
differential phase signal.

FIG. 15 illustrates several trajectories
differential phase signal.

FIG. 16 1illustrates several trajectories
differential phase signal.

FIG. 17 is a block diagram of a second embodiment of

the invention.

DETAILED DESCRIPTION OF THE INVENTION

Two embodiments of the invention will now be described
with reference to the attached illustrative drawings. The
first two drawings illustrate the format of a typical
transmission from which a clock signal is to be recovered,
and the general configuration of a differential demodulator
in which the invention can be employed.

Referring to FIG. 1, in certain mobile communication
systems, each transmission starts with a preamble 2 in which

the data pattern is "10011001...1001." The preamble is



classjfi es,t rajectories of the double differential phase si nQFP%%MEVﬁisﬂEET :
two groups: those that cross the zero |l evel while going fro err r r .
/2 to [err] or [err], or from 21 [err] or [err] /2 to | r&?tecr"gr'uég:m""

and other trajectories which may or may not cross the zero Tevel. Tim ng
pul ses XT are generated only for trajectories in the first group, because
only these trajectories cross |levels [erg] and [err] in the

followed by a data header 4 (labeled UW in the drawing),
then the body of the data 8.

Referring to FIG. 2, a differential demodulator has an
input terminal 8 at which it receives a modulated carrier
signal. A local oscillator 10 generates an unmodulated
carrier signal with a frequency substantially equal to the
frequency of the modulated carrier signal. An instantaneous
phase detection circuit 12 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 P. A
differential phase calculation circuit 14 takes the
difference between the instantaneous phase signal P and the
instantanéous phase signal P delayed by one symbol interval,
to obtain a differential phase signal AP.

The differential phase signal AP is supplied to a
clock recovery circuit 16 and data recovery circuit 18. The
clock recovery circuit 16 recovers a clock signal CK, which
it outputs at an output terminal 20 and also sends to the
data recovery circuit 18. The data recovery circuit 18
samples the differential phase signal AP at timings
designated by the clock signal CK, decodes the sampled
values to recover the transmitted data, and outputs these
data at an output terminal 22. The clock signal CK output

at terminal 20 is used in subsequent processing of the data
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.necessary_sequence. Specifically, timng pulses are generatE

for
t he éixtygfour trajectories listed in Table 2: J-D, K-F, %m Ql?ﬁ?“ﬂ(gﬁgu.

l\

H 1, which have zero crossings at [err]; and K-H, |-F, DI, and H J, which
have zero crossings at [err] O these, K-F and F-K occur both in the
preanbl e and during data header and body transm ssion; the other
trajectories occur only during data hedder and body transmi ssion. During
dat a header caggulbody teansphssken, the digital phase-locked |oop 26 will
receive, on the average, jitter- free timng pul ses XT about 6/64 of the

time, and tim ngFIG. 3 shows the configuration of a first embodiment of
the invention, which can be employed as the clock recovery
circuit 16 in FIG. 2. The ihvented clock recovery circuit
comprises a timing pulse generating circuit 24 and a digital
phase-locked loop 26. The timing pulse generating circuit
24 comprises a delay—and—difference circuit 28, a first
magnitude comparator 30 and first register 31, a second
magnitude comparator 32 and second register 33, a third
magnitude comparator 34 and third register 35, a delay
circuit 36, a gate circuit 38, and a classifying circuit 40.
The classifying circuit 40 comprises a timer 42 and decision
circuit 44.

The digital phase-locked loop (DPLL) 26 is a well-known
circuit that outputs a clock signal CK, certain transitions
(e.g. rising transitions) of which are synchronized to
coincide, on the average, with pulses occurring in a timing
signal XT (these pulses will be referred to as timing pulses
Xr1). The frequency of the clock signal CK has a fixed value
equal to the (known) symbol rate. The -digital phase-locked
loop 26 operates by advancing the phase of the clock signal
CK when transitions of the clock signal CK are found to lag
timing pulses Xt, and fetarding the phase of the clock
signal CK when transitions of fhe clock signal CK are found

to lead timing pulses XT' The clock signal CK is used as
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pul ses XT with [err] jitter about 4/64 of the time. Jitter vgalues Fwﬁ I T
and [err] w Il noreover tend to average out to zero. The dig tﬁh

phase-1 ocked | oop 26 will therefore be able to nmaintain cloc

-------------------------------

synchroni zati on even after the preanble ends, unless an unusual data
pattern produces an extended interval w thout input of any timng pul ses
XT, or with input nostly of pulses having [err] jitter, or nostly of pulses

7y ot et 6k g anpE LR R B | be produced due to O

In the timing pulse generating circuit 24, the delay-
and-difference circuit 28 receives the differential phase
signal AP, stores each received value of the differential
phase signal AP for a time T equal to the known length of
one symbol'interfal, and takes the difference between the
current value of the Aifferential phase signal AP and the
value received one symbol interval before to obtain a double
differential phase signal A AP. |

The symbol interval length T is the period of the clock
signal CK. In dealing with phase, it is convenient to speak
in terms of angular measure, so that T is equivalent to
360°, or 2z radians. The values of the differential and
double differential phase signals_AP’and A AP can also be
measured in terms of angle. In the following explanation
degrees will be used to describe T and other time values,
while radians will be used to describe AP and A AP.

The double differential phase signal A AP is supplied
to the three magnitude comparators 30, 32, and 34. The
first magnitude comparator 30 compares the value of A AP
with a first level L., which is stored in the first register
31, and outputs a first pulse X; when the value of A AP
matches Ll' Similarly, the second magnitude comparator 32
compares A AP with a second level Ly, stored in the second

register 32, and outputs a second pulse X9 when A AP
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22 zero crpssings at random | ocations, but very few of these vmﬁl

ro o X
preceded and followed by crossings of the [err] /4 and [err]|i iRyl ¥ Q e"kﬁm

and [err] so nost of themw || be bl ocked at the gate circuill=238—RBy

—

classifying trajectories as descri bed above, the first enbodi ment is able
to elimnate nost unwanted timng pul ses. Next a second enbodi ment of the
invention will be described. The second gnbodi nent reduces the risk of |oss

matches Lz. Likewise, the third magnitude comparator 34
compares A AP with a third level Lg, stored in the third
register 35, and outputs a third pulse Xg when A A{P matches
Lg.

In this first embodiment L, is 3z /4, Ly is -3z /4, and
Lg is zero. The third pulses X5 are accordingly zero-
matching pulses.

The delay circuit 36 delays each third pulse X3 by a
time equivalent to half a symbol interval (T/2, or 180°).
The delay circuit 368 can be, for example, a digital timer
that is triggered by input of a third pulse X5, counts for a
time equal to T/2, then outputs a delayed pulse Xp-

The first and second pulses Xl and X2 are supplied to
the timer 42 in the classifying circuit 40. The timer 42 is
a counter that is driven at a constant rate, so that its
count value represenfs elapsed time. When the timer 42
receives either pulse X, or Xo, it-outputs to the decision
circuit 44 a pulse discriminating signal Dy indicating which
pulse (X, or X,) was received, and data D indicating the
current count value. Then the timer 42 is reset to an
initial value such as zero and starts counting again. If
the count reaches a certain value Td without input of
another pulse (X; or X,), the timer 42 is automatically
reset to its initial value and stops counting. Td is

equivalent to, for example, 180°.
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of synchropi zation after the preanble ends by producing a

eat er
timng pulses XT. FIG 17 shows the structure of the second @mﬂxﬁm%
U

using the sane reference nunerals as in FIG 3 to denote id T

equi val ent el enents. Descriptions of these elenents WII be omtted. The
di gital phase-locked |Ioop 52 in the second enbodinent is simlar to the
digital phase-locked loop 26 in the fingt enbodi nent, but operates in two

control modes, aTﬁasa?QQQ@ggng19cﬁ&gwdﬁﬁﬁﬁtghestQggggégﬁggg5&°hs”0de’ the

di gital phase-|ocked I oop responds to every ti
according to the most recent count value Dc and two most

recent pulse discriminating signals Dx. The gate signal GS
is normally inactive. When the decision circuit 44 receives
a pulse discriminating signal Dy, if the accompanying count
data D; is not the initial count value, indicating that the
two most recent pulses were received within time Td of each
other, and if the current and preceding pulse discriminatiné
signals Dy are different (indicating that pulse X; was
preceded by X,, or X, by X;), then the decision circuit 44
activates the gate signal GS for a certain time Tg. This
time Tg can be equivalent to 120°, or T/3. The decision
circuit 44 comprises, for example, a pair of latches for
storing the two most recent pulse discriminating signals Dy,
an exclusive-0OR gate-for comparing these signals, and a
comparator for comparing the count data Dc with the above-
mentioned initial value. Table 1 summarizes the operation

of the classifying circuit 40.
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ng the phase of the clock signal CK if a risingfitransin f
m ng pul se XT, and retarding the phase of the c d@q@eﬁﬁéﬁ%&%

arising CKtransition |eads the timng pulse XT. In the sfFowcontrol node,

the digital

phase-1 ocked | oop 52 responds not to these individual |eads or

lags but to the average lead or |ag over a period of 23 tinme, typically
i ncl udi ng a nunber of tining pul ses [el¥]

Table 1 Operation of Classifying Circuit

Input . Gate Signal GS
Xo pulse followed within Active for time Tg starting
t%me Td by X1 pulse from X, pulse
X, pulse followed within Active for time Tg starting
time Td by X, pulse from X, pulse
Other input Inactive

The gate circuit 38 receives the delayed pulse signal
Xp and gate signal GS; While GS is active, the gate circuit
38 passes X[ through to the digital phase-locked loop 26 as
the above-mentioned timing signal Xrp. When GS is inactive,
the gate circuit 38 blocks the delayed pulse signal Xj. The
gate circuit 38 can be a simple logic gate such as an AND
gate.

The operation of the first embodiment will now be
described with reference to FIGs. 2 to 16.

FIG. 4 shows a simulated eye pattern of the
differential phase signal AP when there is no frequency
offset between the transmitter and receiver: that is, when
the frequency of the modulated carrier signal received at
input terminal 8 in FIG. 2 is exactly equal to the frequency
of the unmodulated carrier signal output by the oscillator
10. The horizontal axis indicates time. The vertical line
48 represents a symbol boundary. The vertical axis

indicates the value of the differential phase signal AP in
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The di-gital phase-locked loop 52 is switched between its fgist andg
n

control nodes by a node switching signal MS output fromthe phyi.

generating circuit 54. nore specifically froma node contr

the timng pul se generating circuit 54. The node control circuit 56
receives the timng signal [err] and c Qck signal CK, conpares their phase,
and activates the node sw tching sign when the phase difference is

| ess than apgertpist Breshobd BBagRadndl @oyrelkdponddChoas: [/err hnaven .3

certain period of time. Wien the phase difference exceeds this threshold

phase angl e teval-ue/4t heFrgde 4c@st beltag¢hedubly Dpéodeanlk watepolle bede
trajectofies of the differential phase signal AP, both
during and after the preamble. Zero crossings are
concentrated in the vicinity of the symbol boundary 46.

FIG. 5 shows a simulated eye pattern of the
differential phase signal AP when frequency offset is
present (the frequencies of the modulated and unmodulated
carrier signals are not equal). The horizontal and vertical
axes have the same meaning as in FIG. 4. The offset is.
equivalent to o /8. The entire eye pattern is shifted
upward. and zero crossings tend to occur at considerable
distances from the symbol boundary 46. In a conventional
clock recovery circuit employing the differential phase
signal AP, severe jitter would occur.

FIG. 6 shows a simulated eye pattern of the double
differential phase signal A AP when frequency offset is
absent. The horizontal and vertical axes have the same
meaning as in FIG. 4. Although the eye pattern is centered
around the zero point on the vertical axis, zero crossings
occur at some points that are closer to the centers of the
symbol intervals than to the symbol boundary 46. A clock
recovery circuit that employed the double differential phase
signal A AP but detected only zero crossings would be

unstable.
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.swi t.ching_signal MS. The node switching signal M5 is also g§ent t i

and second registers 58 and 60, which supply conparison |e Metiggm@
and second magni tude conparators 30 and 32. When the node ' . '
M5 is inactive, the first register 58 supplies the first nagnitude
conparator 30 with the sane first level_[err] of [err] as in the first
enbodi ment. After the npde sw tching si%nal M5 becones active, the first
regi ster 58 SUpplriges 7t Aok’ Bt STRENATEHE SATRAHDN 3% Wheh ddubaduced first
| evel [err] of, for exanple, [err] /4, which is closer to zero. Simlarly,
t he differential phase signal A AP when the same frequency

offset (z /8) is present as in FIG. 5. The horizontal and
vertical axes have the same meaning as in FIG. 4. The eye
pattern is still centered around the zero point on the
vertical axis; it does not shift upward as in FIG. 5. The
problem of jitter is aggravated, however. Zero crossings
occur at nearly random locations on the horizontél axis,
with many unwanted zero-matching pulses created by
trajectories that weave around the zero level.

FIG. 8 shows the eye patterns of tﬁe differential phase
signal AP and double differential phase signal A AP
schematically, illustrating for simplicity the case in which
there is no frequency offset. The waveform of the clock
signal CK is shown below the eye pattern of the differential
phase signal AP, and waveforms of the gate signal GS,
delayed pulse signal X, and timing signal Xp are shown
below the eye pattern of the double differential phase
signal A AP. The graduations on the vertical axis indicate
the values of AP and A AP in radians. Levels L;, Ly, and
Ly are also indicated.

During the preamble, the double differential phase
signal A AP alternates between z and -z , following
trajectory 48, for example. This trajectory 48 crosses the

first, third, and second levels Ll' L3, and Lz in this
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.second register 60 supplies the second magnitude conparator 32 w t(g&ag%R 1996 |
secohd level L2 of -3r /4 while the node sw tching REPL A N SHE - Pedpeee

signal Msis inactive, and a second |evel L2' of [err] /4, TFOSer to Zero,
when the node switching signal M5 is active. Next the operation of the
second enbodiment will be descri bed.

14

sequence at points a, b, and ¢. The separation between
points a and ¢ is less than Td on the horizontal axis, so
the classifying circuit 40 activates the gate signal GS for
time Tg, starting at point c¢. During this time Tg the delay
circuit 36 outputs a delayed pulse signal Xp delayed by time
T/2 from the zero crossing at point b. Since GS is active,
the gate circuit 38 sends this delayed pulse signal Xp as a
timing pulse X to the digital phase-locked loop 26.

After passing point ¢, trajectory 48 reaches -z , then
begins to rise toward z again, now crossing the second,
third, and first levels L2, L3, and Ll in sequence at points
d, e, and f. The separation between points d and f is less
than Td on the horizontal axis, so the classifying circuit
40 activates the gate signal GS again for time Tg, starting
at point f. During this time the delay circuit 36 outputs a
delayed pulse signal Xp delayed by T/2 from the zero
crossing at point e, and the gate circuit 38 passes this
pulse on as another timing pulse XT to the digital phase-
locked loop 26. Both timing pulses Xt occur at the centers
‘of symbol intervals, indicated by vertical dashed lines 50.
The timing pulses XT are accordingly free of jitter.

During the preamble, the double differential phase
signal A AP continues to repeat the pattern of trajectory
48, so the dig;tal phase-locked loop 26 cohtinues to receive

a timing pulse XT at the center of each symbol interval.
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During the; preanbl e, the phase difference between the timn S|gni}§

clock signal CK wll usually start out at a value greater t Qﬂﬁée

--------------------------

the node switching signal Ms inactive. The second enbodi nent

accordingly operate-at first like the first enbodi nent, supplylng t he
di gital phase-locked loop 52 with jitter-free timng pulses XT in al
synbol intervals. \Wen the phase of thejgl ock signal CK is brought to

within [err t ase qf. he§ gnal .[err] . the, e.contro

i rourt 56 S8PRLPE, PHREE JhctERr ke nB“gr"aﬁaFnﬁ‘/ﬁ S5 beng LEneas; PBR S g

second levehéck@ﬁrhoaﬂdzheEB]s&ﬁcﬁ@bhﬁaefEﬁg‘clock signal CK rapidly
and reliably, so that rising transitions of CK coincide with
timing pulses Xt. at the centers of the symbol intervals.

By sampling the differential phase signal AP at rising

P

transitions of the clock signal CK, the data recovery
circuit 18 in FIG. 2 can obtain_values of the differential
phase signal AP at the optimal points, where the eye
pattern of the differential phase signal AP is most open.

After the preamble ends and transmission of the data
header and body begins, the double differential phase signal
A. AP starts following an unpredictable trajectory, and the
conditions for activating the gate signal GS are not
satisfied.in every symbol interval. The digital phase-
locked loop 26 accordingly does not receive a timing pulse
Xr in every symbol interval as it did during the preamble,
but if timing pulses Xp are generated in a sufficient numbef
of symbol intervals, the digital phase-locked loop 26 can
still maintain synchronization of the clock signal CK.
Operation after the preamble ends will be analyzed in detail
next.

The double differential phase signal A AP in two
successive symbol intervals is derived from the differential
phase signal AP in three successive symbol intervals, with

four possible values in each interval, so there are sixty-
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ferr] to [err] This has the effect of noving points a and in Fl
closer to*point b, and points d and f closer to point e, sq P#8é gate-srgfal"

GS is shifted slightly to the left, but the del ayed zero-nmatching pul ses XD
continue to fall within the active gate intervals. As long as the preanble
continues, the gate circuit 38 continues to pass jitter-free timng pul ses
XT to the digital phase-Iocked Ioop 526in every synbol interval. Al though

Lo The RS AN JopRe i 0];4‘; p R
illustrated in FIGs. 6 and 7.-but the large number of
superimposed trajectories makes those drawings difficult to
interpret. The trajectories will accordingly be described
in a more schematic form in FIGs. 9 to 18.

The carrier signal used in QPSK communications can be
split into a pair of carrier signals, comprising an in-phase
carrier I and quadrature carrier Q, and the received signal
can be represented on an I-Q plane as shown in FIG. 9. If
point (a) represents the received signal in a certain symbol
interval, then the transitions that can occur in the next
symbol interval are indicated by the four dashed arrows.
Transmitted data (0, 0) will cause a transition to point
(b), corresponding to a phase rotation of =z /4; data (0, 1)
will cause a transition to point (c), corresponding to a
phase rotation of 3z /4; data (1, 1) will cause a transifion
to point (d), corresponding to a phase rotation of -3z /4;
and data (1, 0) will cause a transition to point (e),
corresponding to a phase rotation of -z /4. Each dashed
arrow corresponds to one possible value of the differential
phase signal AP.

FIG. 10 represents the sixteen possible combinations of
values of the differential phase signal AP in two
successive symbol intervals, using arrows labeled from A to

P to indicate transitions from one value to the next. These



25 of. the clock signal CK continues to be adjusted at substﬁﬁF?%ﬁPﬁMFHTSHEET
same rate as before, until the clock signal CKis |ocked i %gs_ tB)MﬂRem
timng pulses [err] When the preanble ends and transni ssi or $H _

header and body starts, the digital phase-locked | oop 52 receives timng

pul ses XT for all twenty-eight of the zero- crossing points noted in Table

2, including twelve with zero jitter, fgyr with jitter of [err] eight with

jitter of [gitleen transition arrows generate corresponding values of
the double differential phase signal A AP. For example,
transition A indicates two successive phaée shifts of = /4,
corresponding to bit data (0, 0, 0, 0). The value of the
differential phase signal AP is = /4 in two successive
intervals, so the value of the double differential phase
signal A AP is zero. Transition K indicates successive
phase shifts of -z /4 and 3z /4, corresponding to bit data
(1, 0, 0, 1) and producing a double differential phase
signal value of -z .

FIG. 11 indicates four of the sixty-four possible
trajectories of the differential phase signal AP over thfee
successive symbol intervals, showing the trajectories in
which the differential phase signal AP has the value =z /4
in the second and third symbol intervals. The value of the
differential phase signal AP 1s indicated in radians on the
vertical axis. Time is indicated on the horizontal axis,
with vertical lines 46 indicating symbol boundaries as
before. The letters E, A, L, and J indicate the transitions
between the first and second symbol intervals, using the
same notation as in FIG. 10.

Similarly, FIG. 12 indicates the four trajectories in
which the differential phase signal AP takes on values of

z /4 and -7 /4 in the second and third symbol intervals.

FIG. 13 indicates the four trajectories with values of =z /4



and four with jitter of [err] Since the digital phase- | ock
operating in its slow control node, positive and negative |

to cancel out, so the risk of |oss of synchronization due tf

small. On the average, the digital phase-locked |oop 52 wl

| PERRAPENENT SHEET

05,1010, MAR 1%

---oi--s ----------------

receive timng

pul ses XT in 28/ 64 of the synbol periods, instead of 10/64 as in the first
enbodi nent, and will receive jitter- fLééLtining pul ses XT in 12/64 of the

symbol peri 9. 31124 eae Qo BL PFe 5 | [n LB LLSOnETDRYL HE NG SPndp [T Sk of

| oss of synchr oni I nade@uat e hunber  of

pu S XTis

also small.jntervals. FIG. 14 indicates the four trajectories with

values of z /4 and -3z /4 in the second and third symbol

intervals. FIG. 15 indicates the four trajectories with

values of 3z /4 and =z /4 in the second and third

symbol

intervals. FIG. 16 indicates the four trajectories with

values of 372 /4 and - /4 in the second and third symbol

intervals. Together, FIGs. 11 to 186 illustrate twenty-four

of the sixty-four possible trajectories.

Table 2 lists all sixty-four trajectories, using the

same letters A to P to denote transitions of the

differential phase signal AP between the first and second

symbol intervals and between the second and third symBol

intervals; indicating the corresponding values of the double

differential phase signal A AP, and noting the locations of

zero crossing points (denoted 0-Crss) of the double

differential phase signal A AP. For example, the first

entry in Table 2, corresponding to bit data

(o, 0, 0, 0, 0, 0), is for three successive phase shifts of

z /4, causing two successive occurrences of transition A,

with corresponding values of zero for the double

differential phase signal A AP. Two successive

gccurrences

of zero in the double differential phase signal A AP

constitute a zero matching but not a zero crossing, so no

zero crossing point is listed.
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Al though the reduction of the first and second levels [err]} and [&r)é]”iﬁm

[err] to [err] in the second enbodi nent causes the digital-
| oop 52 to receive timng pulses XT with jitter of up to a

| evel s of [err] are still adequate to block timng pul ses XT from
trajectories that cross the zero | evel near the center of 26 the synbol
interval. In particular, the unwanted ti9n ng

The zero-crossing-point locations in Table 2 are
approximate; the exact values depend on the precise shapes

of the trajectories.

Table 2 Zero Crossings (0-Crss) of Double Differential

Phase Signal A AP

2nd Shift = =z /4 (b) 2nd Shift = 3z /4 (c)
AP A AP 0-Crss{ AP A AP 0-Crss
A-A 0 -> 0 -— G-G 0 -> 0 --
A-C 0 -> 7 /2 - G-H 0 -> -3z /2| --
A-D 0 -> ~-nx -- G-F 0 -> -rx --
A-B 0 -> -z /2 -- G-E 0 -> -z /2 --
E-A -z /2 -> 0 -- C-G /2 -> 0 --
E-C | -z /2 -> = /2 0° | C-H | #/2 -> -3z /2| -90°
E-D | -z /2 -> -x -~ C-F | /2 -> -= -60°
E-B | -z /2 -> -z /2 -- C-E | n/2 -> -z /2 0°
J-A z -> 0 - K-G z ->0 ~-
J-C T -> /2 -- K-H z -> -3z /2| -45°
J-D T -> -x 0° | K-F T -> -x 0°
J-B z ->-z/2 | +60° | K-E 7 -> -z /2 | +60°
L-A /2 -> 0 -- I-G {3z /2 -> 0 --
L-C z /2 -> 7 /2 -~ I-H |3z /2 -> -3z /2 0°
L-D /2 -> -= -60° | I-F |32 /2 -> -=x +45°
L-B 7 /2 -> -x /2 0° | I-E {3z /2 -> -z /2 | +90°
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pul ses that would be generated by trajectories that weave ajount S ﬁﬁgongs
0

..............................

cross the [err] /4 and - [err] levels Wi t hi n the tine Td. e—secane

enbodi ment accordingly provides adequate tim ng pul ses XT for clock
recovery with a high degree of reliability both during and after the
preambl e. The present invention is notzéestricted to the enbodi nents

described afpie Dulzdiflcidnss MiFd OUs-GREN f | CAIDANSE e 9T  £4310E £a1 L e
preanbl e signal need not be "10011001 .1001;" other repetitive data

patterns can be Phase Signal A AP (cont)

2nd Shift = -z /4 (e) 2nd Shift = -3z /4 (d)
AP A AP 0-Crss| AP A AP 0-Crss
0-0 0 ->0 -- | P-P 0 ->0 -
0-M 0 -> ~z /2 -- P-I 0 -> 3z /2 --
0-K 0 -> =z -- P-J 0 -> =n --
0-L 0 -> 7 /2 -- P-N 0 -> z/2 --
N-O | -z /2 -> 0 - M-P [-z/2 -> 0 -
N-M | -5/2 -> -z /2 0° | M-1 |-z /2 -> 3z /2 | -90°
N-K | -z/2 -> = -- M-J |-z /2 -> = -60°
N-L | -72/2 -> -z /2 -- M-N |-z/2 -> = /2 0°
F-0 r ->0 -- D-P z ->0 --
F-M T -> 7w /2 -- D-1I z# -> -3z /2| -48°
F-K Z -> -x 0° | D-J T -> -z 0°
F-L # -> -z/2 | +60° | D-N # -> -z /2 | +60°
B-0 -n /2 -> 0 -— H-P |(-37/2 -> 0 --
B-M | -z/2 ->-7/2 -- H-1 [-3z/2 -> 3z /2 0°
B-K | ~-z/2 -> = -60° | H-J |-37z /2 -> = +45°
B-L | -z/2 -> z/2 0° | H-N |-37z /2 -> = /2 | +90°

In the first embodiment, the classifying circuit 40
classifies trajectories of the double differential phase
signal A AP into two groups: those that cross the zero

level while going from =z or 3z /2 to -n or -3z /2, or from



‘used-instead. |f necessary, one or nore of the first, seco REQHQCFWFyESHEET
| evel's [err] and [err] can be altered to accommodate a difflerent B 6aMARd996
pattern, or the nunber of l|evels can be increased to four PR

al so possible to practice the invention with only two |evels. For exanpl e,
successive matches of A AP with the zero level and a certain positive
level (in either order) within a certai2h tine could be detected, timng

I b d,at I f, 52 | t t.
bul ses ug;ngf,g[egﬁfé% y [%?r%ef‘?r’“@r 722 LROMLRE: ZELRTLEVSL 1 48! CAnRBh"

may or may not cross the zero level. Timing pulses XT are
generated only for trajectories in the first group., because
only these trajectories cross levels L1, Ly, and Lg in the
necessary sequence. Sbecifically, timing pulses are
generated for ten of the sixty-four trajectories listed in
Table 2: J-D, K-F, I-H, F-K, D-J, and H-I, which have zero
crossings at 0°; and K-H, I-F, D-I, and H-J, which have zero
crossings at +45°. Of these, K-F and F-K occur both in the
preamble and during data header and body tranémission; the
other trajectories occur only during data header and body
transmission.

During data header and body transmission, the digital
phase-locked loop 28 will receive, on the average, jitter-
free timing pulses Xy about 6/64 of the time, and timing
pulses Xy with :45° jitter about 4/64 of the time. Jitter
values of +45° and -45° will moreover tend to average out to
zero. The digital phase-locked loop 26 will therefore be
able to maintain clock synchronization even after the
preamble ends, unless an unusual data pattern produces an
extended interval without input of any timing pulses Xy, or
with input mostly of pulses having +45° jitter, or mostly of
pulses having -45° jitter.

If frequency offset is present as illustrated in FIG.

7, many unwanted delayed pulses XD will be produced due to
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-only-as exanples. The invention can be practiced wth otherjjval ue

thesé tines. The delay tine in the delay circuit 36 and {hsateh

difference at which the node control circuit 56 activates t

swi tching signal MS can also be nodified as necessary. Although the node
control circuit 56 was shown as an el epent of the timng pul se generating
circuit 54 in FIG 17, it can be an eL&fent of the digital phase-| ocked

| oop 52 zZzero crossings at random locations, but very few of these
will be preceded and followed by crossings of the 3z /4 and
-3z /4 levels (L; and L,). so most of them will be blocked
at the gate circuit 38. By classifying trajectories as
described above, the first embodiment is able to eliminate
most unwanted timing pulses.

Next a second embodiment of the invention will be
described. The second embodiment reduces'the risk of loss
of synchronization after the preamble ends by producing a
greater number of timing pulses Xy.

FIG. 17 shows fhe structure of the second embodiment,
using the same reference numerals as in FIG. 3 to denote
identical or equivalent elements. Descriptions of these
elements will be omitted.

The digital phase-locked loop 52 in the second
embodiment is similar to the digital phase-locked loop 26 in
the first embodiment, but operates in two control modes, a
fast mode and a slow mode. In the fast control mode, the
digital phase-locked loop 52 responds to every timing pulse
X7, advancing the phase of the clock signal CK if a rising
transition of CK lags the timing pulse Xy, and retarding the
phase of the clock signal CK if a rising CK transition leads
the timing pulse X7 In the slow control mode, the digital
phase-locked loop 52 responds not to these individual leads

or lags but to the average lead or lag over a period of
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that detects average phase lead or |ag over a certain intervpl of ingg?mxﬁ
use in the slow control node, this circuit can serve the fungDatar. Sfeker. B,

mode control circuit 56. Applications of the invention are ogfFcourse not
limted to nobile digital communi cations; the invention can be practiced in
any systemenploying [err] /4-shift QPSK3 More generally, it can be
practiced |n .any system.that, nust, recover data and a cl ock S|qﬁal from an

i nput  si gnaltiiSvi g Pdfadyley JRTMding e YOI dHAWME PU ¥r-and 5, in

The digital phase-locked loop 52 is switched between
its fast and slow control modes by a mode switching signal
MS output from the timing pulse generating circuit 54, more
specifically from a mode control circuit 56 in the timing
pulse generating circuit 54. The mode control circuit 36
receives the timing signal XT and clock signal CK, compares
their phase, and activates the mode switching signal MS when
the phase difference is less than a certain threshold phase
angle value, such as 45°, over a certain period of time.
When the phase difference exceeds this threshold phase angle
value, the mode control circuit 56 deactivates the mode
switching signal MS.

The mode switching signal MS is also sent to the first
and second registers 58 and 60, which supply comparison
levels to the first and second magnitude comparators 30 and
32. When the mode switching signal MS is inactive, the
first register 58 supplies the first magnitude comparator 30
with the same first level L; of 3z /4 as in the first
embodiment. After the mode switching signal MS becomes
active, the first register 58 supplies the first magnitude
comparator 30 with a reduced first level L;' of, for
example, =z /4, which is closer to zero. Similarly, the
second register 60 supplies the second magnitude comparator

32 with a second level L, of -3=x /4 while the mode switching



whi ch each, eye corresponds to one synbol interval, and val ug
si gnal at the centers of the synbol intervals correspond in

s REPLAGEMENE SHEET

fashion to the data synbols to be recovered. Those skilled

e e

v.vm.i1 .........

recogni ze that further variations are possible w thout depar
scope cl ai ned bel ow. REPLACEMENT SHEET

ting fromtne
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signal MS is inactive, and a second level L2' of -z /4,

closer to zero, when the mode switching signal MS is active.

Next the operation of the second embodiment will be
described.

During the preamble, the phase difference between the
timing signal XT and clock signal CK will usually start out
at a value greater than 45°, making the mode switching’
signal MS inactive. The second embodiment will accbrdingly '
operate at first like the first embodiment, supplying the
digital phase-locked loop 52 with jitter-free timing pulses
X7 in all symbol intervals.

When the phase of the clock signal CK is brought to
within 45° of the phase of these timing signal Xp. the mode
control circuit 56 activates the mode switching signal MS,
causing the first and second levels L4 and Lo to switch from
+3z /4 to +z /4. This has the effect of moving points a and
¢ in FIG. 8 closer to point b, and.points d and f closer to
point e, so the gate signal GS is shifted slightly to the
left, but the delayed zero-matching pulses Xp continue to
fall within the active gate intervals. As long as the
preamble continues, the gate circuit 38 continues to pass
Jitter-free timing pulses Xy to the digital phase-locked
loop 52 in every symbol interval. Although the digital
phase-locked loop 52 is now operating in ifs slow control

mode, since the timing pulses Xy are jitter-free, the phase



28 WHAT 1S CLAIMED IS 1. A clock recovery circuit (16) f FB&%Q%MFH@S#EET
cl ock si gnal froman input signal that follows trajectories i ch, 0V MAR 1396
superinposed, forman eye pattern, conprising: a del ay-and- @rence """""""""""

circuit (28) for receiving said input signal, delaying said input signal Dby
a certain first time to obtain a delayed signal, and taking a difference
bet ween sai d i nput signal and sai d delajéh signal to obtain a differential

signal; a pLerghLty 8fy COTRALT 8kS6801n88s 28) pSO4RLEE LY 581 d
substantially the same rate as before, until the clock
signal CK is locked in phase to the timing pulses Xr-

When the preamble ends and transmission of the data
header and body starts, the digital phase-locked loop 52
receives timing pulses Xy for all twenty-eight of the zero-
crossing points noted in Table 2, including tweive with zero
Jitter, four with jitter of't45°, eight with jitter of +60°,
and four with jitter of +90°. Since the digital phase-
locked loop 52 is operating in its siow control mode,
positive and negative jitter will tend to cancel out, so the
risk of loss of synchronization due to jitter is small. On
the average, the digital phase-locked loop 52 will receive
timing puises XT in 28/84 of the symbol periods, instead of
10/64 as in the first embodiment, and will receive jitter-
free timing pulses Xy in 12/64 of the symbol periods,
instead of 6/64 as in the first embodiment, so the risk of
loss of synchronization due.to an inadequate number of
timing pulses X is also small.

Although the reduction of the first and second levels
L, and Ly from #3#z /4 to =z /4 in the second embodiment
causes the digital phase-locked loop 52 to receive timing
pqlses Xp with jitter of up to about +90°, these levels of
+7 /4 are still adequate to block timing pulses Xp from

trajectories that cross the zero level near the center of
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del ay-and-di fference circuit (28), for conparing said d|ffe<§5|

with a corresponding plurality of different |evels, and gen r@étégt)% ____________________
respective pul se signals when said differenti al S|gnal mat ¢

a classifying circuit (40) coupled to said conparators (30, 32, 34), for
using said pulse signals to classify said trajectories, and activating a
gate signal for a certain second tine rggponsive to certain sequences of

caLs P S Bl FL Aot 1A ASETIPHE SR GPRlef Lnegver tors

elaying sSes ge i d ohe
pulses that would be generated by trajectories that weave

around the zero axis in FIG. 7 are blocked in this way,
because these trajectories do not cross the 7 /4 and -z /4
levels within the time Td.

The second embodiment accordingly provides adequate
timing pulses Xy for clock recovery with a high degree of
reliability both during and after the preamble.

Thu presenf invention is not restricted to the
embodiments described above, but includes various
modifications. For example, the preamble signal need not bhe
"10011001...1001:" other repetitive data patterns can be
used instead. If necessary, one or more of the first,
second, and third levels Ly, Lo, and Ly can be altered to.
accommodate a different preamble pattern, or the number of
levels can be increased to four or more.

It is also possible to practice the invention with only
two levels. For example, successive matches of A AP with
the zero level and a certain positive level (in either
order) within a certain time could be detected, timing
pulses being generated at a delay of T/2 from the zero-level
match point.

The values of 120° and 160° for Tg and Td were shown
only as examples. The invenfion can be practiced with other

values for these times. The delay time in the delay circuit
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.conparators (34) by a certain third time to obtain del ayed pﬁ g%% gﬂate
|Eﬁﬁ

circuit (38) coupled to said delay circuit (36), 29 for OH&Qutﬂl

---------------------------

del ayed pul ses as timng pul ses when said gate signal is agLL¥§==a££:a~—————— 

phase-1 ocked | oop (26) coupled to said gate circuit (38), for generating
said clock signal and | ocking said

36 and the phase differéné%Lat which.the mode control

circuit 56 activates the mode switching signal MS can also

be modified as necessary.

Although the mode control circuit 56 was shown as an
element of the timing pulse generating circuit 54 in FIG.
17, it can be an element of the digital phase-locked 1l.zp 52
instead. For example, since the digital phase-locked loop
52 has a circuit that detects average phase lead or lag over
a certain interval of time for use in the slow control mode,
this circuiﬁ can serve the function of the mode control .
circuit 56.

Applications of the invention are of course not limited
to mobile digital communications; the invention can be
practiced 'in any system employing = /4-shift QPSK. More
generally, it can be practiced in any system that must
recover data and a clock signal from an input signal having
an eye pattern like the ones shown in FIGs. 4 and 5, in
which each eye corresponds to one symbol interval, and
values of the input signal at the.centers of the symbol
intervals correspond in one-to-one fashion to the data
symbols to be recovered.

Those skilled in the art will recognize that further

variations are possible without departing from the scope

claimed below.



clock: signal in phase to said tinming pulses. 2. The cl ock FBEB#@?@MENTSHEET
circuit of claiml, wherein said first tine is equal to one erlodg gmm
clock signal. 3. The cl ock recovery circuit of claiml1, Paier w -------------------

third tine is equal to one-half of one period of said clock STgnar-.
The clock recovery circuit of claim1. wherein: said phase-|ocked Ioon (52)
has a fast control node and a sl ow contr @B _node; and said clock recovei'iF

Icio(r)gui(t52§ 16]2 O?as a node control wﬁllyrFClIJgtL AI%Ecougl ed to |m|mm|“1“ﬂ lm

1. A clock recovery circuit (16) for recovering a clock
signal from an input signal that follows trajectories which,
when superimposed, form an eye pattern, comprising:

a delay-and-difference circuit (28) for receiving said
input signal, delaying said input signal by a certain first
time to obtain a delayed signal, and taking a difference
between said input signal and said delayed signal to obtain
a differential signal;

a plurality of comparators (30, 32, 34) coupled to said
delay-and-difference circuit (28), for comparing said
differential signal with a corresponding plurality of
different-levels, and genefating respective pulse signals
when said differential signal matches said levels;

a classifying circuit (40) coupled to said comparators
(30, 32, 34), for using said pulse signals to classify said
trajectories, and activating a gate signal for a certain
second time responsive to certain sequences of said pulse
signals; |

a delay circuit (36) coupled to one of said comparators
(34), for delaying the pulses generated by said one of said
comparators (34) by a certain third time to obtain delayed
pulses; |

a gate circuit (38) coupled to said delay circuit (38),



receivving said timng pulses and said clock signal, gener at i hREPLAGEMENT SHEET
sel ection signal, setting said node selection signal to a filjst stﬁt ﬁ*ﬁ
selecting said fast control node when said clock signal difflﬁﬂﬁhyﬂﬁguﬁum ---------

fromsaid timng pulses by nore than a certain threshold quartTty, and
setting said node selection signal to a second state selecting said slow
control node when said cl ock 30 29

for outputting said delayed pulses as timing pulses when
said gate signal 1s active; and

a phase-locked loop (26) coupled to said gate circuit
(38), for generating said clock signal and locking said

clock signal in phase to said timing pulses.

2. The clock recovery circuit of claim 1, whereln said

first time is equal to one period of said clock signal.

3. The clock recovery circuit of claim 1, wherein said
third time is equal to one-half of one period of said clock

signal.

4, The élock recovery circuit of claim 1, wherein:

said phase-locked loop (52) has a fast control mode and
a slow control mode; and

said clock recovery circuit (ie) has a mode control
circuit (56) coupled to said phase-locked loop (52), for
receiving said timing pulses and said clock signal,
generating a mode selection signal, setting said mode
selection signal to a fifst state selecting said fast
control mode when said clock signal differs in phase from
said timing pulses by more than a certain threshold
quantity, and setting said mode selection signal to a second

state selecting said slow control mode when said clock

I

A



.signal differs in phase from sai ul ses’ by | ess th.wﬁ%ﬁhﬁ&EWﬁ?gé !!;g
quantity.”5. The cl ock recoverj"] WM!F m&ymfn 4. wher gi n  sai@ GrMM
sel ection signal also selects val uesec f one of |lsal g Ireuelrs 4
A clock recovery circuit (16) for recoverlng *a &l ock signal froma
differential phase signal, conprising: a delay-and-difference circuit (28)
for receiving said differential phase. ¥ gnal , del aying said differenti al

phase si gnagige{aﬁ gertéers ihrﬁﬁdgé@réﬂ obi @l B1f1 g FYEYes! B9 es2NEnhaK NG

a difference between said differential phase
said threshold quantity.

5. The clock recovery circuit of claim 4. wherein said
mode selection signal also selects values of at least of one

of said levels.

6. A clock recovery circuit (18) for recovering a clock
signal from a differential phase signal, comprising:

a delay-and-difference circuit (28) for receiving said
differential phase signal, delaying said differential phase
signal by a certain first time to obtain a delayed signal,
and taking a difference between said differential phase
signal and said delayed signal to obtain a double
differential phase signal;

a first comparator (30) coupled to said delay-and-
difference circuit (28), for generating a first pulse when
said double differential phase signal matches a certain
positive level;

a second comparator (32) coupled to said delay-and-
difference circuit (28), for generating a second pulse when
said double differential phase signal matches a certain
negative level;

a third comparator (34) coupled to said delay-and-

difference circuit (28), for generating a third puléé when
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circuit (28), for generating a en sai d doubl le—di-Hferenti-ad

phase signal matches a certain positive level; a second conparator (32)
coupled to said del ay-and- difference circuit (28), for generating a second
pul se when said double differential ph3&e signal nmatches a certain negatlve

level; a t@iﬂi Cﬁm@t@fﬁ(e’?’r@nﬁqﬁpl;ﬂgasté) sférgap%fﬁ’cl?&d a zero level;

a classifying circuit (40) coupled to said first
comparator (30) and said second comparator (32), for
activating a gate signal for a certain second time when said
first pulse is followed by said second pulse within a
certain third time, and for activating said gate signal for
said second time when said second pulse is followed by said
first pulse within said third timé;

a delay circuit (36) coupled to said third comparator
(34), for delaying said third pulse by a certain fourth time
to obtain a delayed pulse;

a gate circuit (38) coupled to said delay circuit (36),
for outputting said delayed pulse as a timing pulse if said
gate signal is active; and

a digital phase-locked loop (26, 52) coupled to said
gate circuit (38), for generating said clock signal and
adjusting said clock signal in phase so as to synchronize a
certain transition of said clock signal with said timing

pulse.

T. The clock recovery circuit of claim 6, wherein said

first time is equal to one period of said clock signal.

8. The clock recovery circuit of claim 6, wherein said

fourth time is equal to one-half of one period of said clock



.difference circuit (28), for ge ' I pulse when
SHEET 31 %aid double different |Hmﬂhﬂﬁﬁ!ﬂuﬂ i“ tches a zdqr
classifying circuit (40) coupl eds " = conpar at or

second conparator (32), for activating a gate signal for a certain second
-~ time when said first pulse is followed by said second pulse within a

32
—
signal.
9. The clock recovery circuit of claim 6. wherein said

classifying circuit (40) comprises:

a timer (42) for receiving said first pulse and said
second pulse and measuring elapsed time from each pulse thus
received; and

a decision circuit (44) for activating said gate signal
responsive to two pulses most recently received by said

timer (42), and to the elapsed time between said two pulses.

10. The clock recovery circuit of claim 6, wherein said
digital phase-locked loop (52) adjusts éaid clock signal at
a first rate when said clock signal differs in phase from
said timing signal by more than a certain phase angle, and
at a second rate when said clock signal differs in phase
from said timing signal by less than said phase angle, said

first rate being faster than said second rate.

11. The clock recovery circuit of claim 10, comprising a
mode control circuit (58) for detecting a phase difference
between said clock signal and said timing pulse, and
generating a mode selection signal that switches said
digital phase-locked loop (52) Between said first rate and

said second rate.
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1&“”“"3%" first pul se
third co

*

.certain third time, and for actjyating sai d gate signal fofl BEPACEMNEBWGSHEET
ti me* when’ sai d second pul se i SEHIVIﬁ m
third tine; a delay circuit (3 A

501 B 8MAR 16

del aying said third pulse by a certain fourthtinme to obtain a delayed
a gate circuit (38) coupled to said delay circuit (36), for
outputting said delayed pulse as a timng pulse if said gate signal is
and a digital phase-locked | oop, (26, 52) coupled to said gate
circuit (38), for generating said clo i gnal and

12. The clock recovery circuit of claim 11, wherein said
mode selection signal also switches said positive level and
said negative level between a first pair of levels when said
clock signal differs in phase from said timing signal by
more than said phase anglef and a second pair of 1eVe1s when
said clock signal differs in phase from said fiming signal

by less than said phase angle.

13. The clock recovery circuit of claim 11, wherein said
second pair of levels is closer to said zero level than is

"said first pair of levels.

14. A method of recovering a clock signal from a
differential phase signal, comprising the steps of:

delaying said differential phase signal by a certain
first time to obtain a delayed differential phase signal;

taking a difference between said differential phase
signal and said delayed differential phase signal to obtain
a double differential phase signal;

comparing said double differential phase signal with a
plurality of levels, and generating respective pulse signals
when said double differential phase signal matches said
levels;

detecting certain sequences of said pulse signals;
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-adj us |ng said clock signal inp m“ chroni ze certa
transitioh of said clock signal &@ \ 1] ng pul se. 7. | EMARM
recovery circuit of cIa|n16 whe ntsald first time is equk
of said clock signal. 8. The clock recovery circuit of claim®6, wherein
said fourth tine is equal to one-half of one period of said clock 32
34

activating a gate signal for a certain second time when
said certain sequences are detected;

delaying one of said pulse signals by a certain third
time to obtain a delayed pulse signal;

outputting said delayed pulse signal as a timing signal
when said gate signal is active; and

generating said clock signal and locking said clock

signal in phase to said timing signal.

15. The method of claim 14, wherein said first time is

equal to one period of said clock signal.

16. The method of claim 14 wherein, in said step of
generatiné said clock signal, locking of said clock signal
in phase to said timing signal is performed in a fast
control mode when said clock signal differs in phase from
said timing signal by more than a ;ertain quantity, and.in a
slow control mode when said clock signal differs in phase

from said timing signal by less than said certain quantity.
17. The method of claim 14, wherein said plurality of
levels comprises a positive level, a negative level, and a

zero level.

18. The method of claim 17, wherein said certain sequences
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classifyihg circuit (40) co [Iil‘ | & 2) for receiyi s4) 6 MARsI9%
pul se and said second pulse psed tine fro éé&h"ﬁﬁT&B """"""
received; and a decision circuit (44) for activating said gate signal '
responsive to two pul ses nost recently received by said tinmer (42), and to

—

the el apsed tine between said two pul ses. 10. The clock recovery circuit of
claln}G t“hfﬁéﬁﬁhéajd di gital phase-| d loop (52) adjusts said clock
signal a

a pulse signal generated when said double differential
phase signal matches said positive level followed, within a
certain fourth time, by a pulse signal generated when said
double differential phase signal matches said negative
level: and

a pulse signal generated when said double differential
phase signal matches said negative level followed, within
said fourth time, by a pulse signal generated when said
double differential phase signal matches said positive

level.

19. The method of claim 17, wherein said delayed pulse
signal is obtained by delaying a pulse signal generated when
said double differential phase signal matches said zero

level.

20. The method of claim 19, wherein said third time is

equal to one-half of one period of said clock signal.

21. The method of claim 17, cdmprising the further step of
switching said positive level and said negative level
between a first pair of levels when said clock signal
differs in phase from said timing signal by more than said

certain quantity, and a second pair of levels when said




a flrft rate when said clock signal d di ffe hase froms |%FPH~E$MFNTSHEET
signal by nore than a certain p M! Ml a second
b L L8 e

clock signal differs in phase f sSignal by le

phase angle, said first rate being faster than said second rate. 11{ The
cl ock recovery circuit of claim10, conprising a node control circuit (56)
for detecting a phase difference betwegé said clock signal and said timng

| se, d i I | th Wt ch I
hase | ockehthabp: | 895 AP RERRS TRubRRsE: PP baRh EXMhRRCRARRT PY” °

less than said certain quantity.

22. The method of claim 21, wherein said second pair of
levels is closer to said zero level than is said first pair

of levels.



REPLAGEMENT SHEET 33 12. The cl ock recovery circuit of claim hgp&hesmmTSHEET
sai d node selection signal also swtches said positive |evel
negative | evel between a first pair of |evels when said clock Wa,l
differs in phase fromsaid timng signal by nore than said ph
a second pair of l|levels when said clock signal differs in phase from sai d
timng signal :
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by | ess than said phase angle. 13. The clock recovery circujf tR-ACEMENTSHEET

~wherein said second pair of levels is closer to said zero | Ua?ﬁjmm
said first pair of levels. 14. A method of recovering a cl gnark-fromres:

differential phase signal, conprising the steps of: del aying said '
differential phase signal by a certain first time to obtain a del ayed
differential phase signal; taking a difference between said differenti al
phase signal and said del ayed differential phase signal to obtain a double
differential phase signal
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cbnpaﬁing said double differential phase signal with a pIurafi?gfkﬁcqwﬁuﬁ§H£ET

and generating respective pul se signals when said double diff ti
signal matches said | evels; detecting certain sequences of S:ﬁ%ﬁgnﬁgguﬂﬂﬂﬁﬂﬂﬁu

si gnal s; REPLACEMENT SHEET 34 activating a gate signal for a certain
second tinme when "

FIG. 4
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said gertain sequences are detected; delaying one of said pul ngEf'eﬁgMgNEfHEET
a certain third tine to obtain a del ayed pul se signal; output |D%ges?|@mw
del ayed pul se signal as a timng signal when said gate signallliS active S
and generating said clock signal and |ocking said clock signal in phase to
said timng signal. 15. The nethod of claim 14, wherein said first tine is
equal to one period of said clock signal. 16. The nethod of claim 14
wherein, in said step of generating said clock signal, |ocking of said
cl ock si gnal ' :
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said clock signal differs in phase fromsaid timng signa
certain quantity, and in a slow control node when said cloc
in phase fromsaid timng signal by less than said certain

17, wherein said certain sequences

positive |evel,



and a pul se signal generated wrem sard doubt e

AN\oL

35 include, a pul se signal generated when said doubl e di f f er|p REPLGACEMENE SHEET

signal matches said positive |level followed, wthin a certaijn four R&%“ﬁfﬁﬂs
by a pul se signal generated when said double differential pkbgﬁﬁﬁbg L HVUNL VN

mat ches sai d negative | evel;
differential phase signal matches said negative |evel followed, wthin said

fourth tinme, by a pul se signal generated when said




doubl ¢ differential phase signal matches said positive |eve

'RERJ-AGEMENT SHEET

met hod of claim 17, wherein said del ayed pul se signal is obfained 08 MAR 1996
del ayi ng a pul se signal generated when said doubl e different]i2e ptrases
signal matches said zero |evel. 20. The nethod of claim 19, Whérern sald

third tine is equa

to one-half of one period of said clock signal. 21. The
met hod of claim17,

conprising the further step of switching said positive

| evel and said negative |evel between a first pair of |levels when said
cl ock signal 9
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di ffet_s- i n, phase fromsaid timng signal by nore than sai d}jcREBINOEMENT SHEET
quantity, and a second pair of |evels when said 36 cl ock si gnabﬁiw

in phase fromsaid timng signal by |less than said certai njjopagt. ). K\&.. 720
The met hod of claim 21, wherein said second pair of |evel st
said zero level than is said first pair of |evels.
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THIS SHEET HAS BEEN
REPLACED Date USMARW
CLOCK RE Y CI I TOYING DE - -
CIRCUIT AND TRAJECTORY CLASSIFICATION
ABSTRAGT

A clock recovery circuit receives an input signal
having an eye pattern and takes differences at certain
intervals to generate a differential signal. A set of
comparators detect timings at which the differential signal
matches different levels, and generate pulse signals at
these timings. A classifying circuit classifies
trajectories of the differential signal by detecting certain
sequences of these pulse signals, and activates a gate
signal when these sequences are detected. A delay circuit
delays one of the pulse signals to create a delayed signal.
A gate circuit outputs the delayed signal as a timing signal .
when the gate signal is active. A phaseflocked loop

generates a clock signal synchronized to the timing signal.

Figqure 3
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 ABSTRACT

A clock retovery feceives ah'input signal having an eye pattern and takes
differences at certain intervals to generate a differential signal. A set

of comparators (30,32,34) detect timings at which the differential signal
matches different. levels) and generate pulse signals at these timfngs A
~classifying circuit (40) classifies traJector1es of the differential s1gna]  —
by detecting certain sequences of these pulse STgnals, and activates a gate
'signal when these - sequences are detected. A delay_c1rcu1t (36) delays one
of the pulse signals to create a delayed signal. A gate circuit (38) out-
puts the delayed signal-as a timing signal (XT) when the gate signal is
active. A phase-locked loop (26)- generates a clock s1gnal (CK) synchronized
to the’ t1m1ng s1gna1 (XT) - - |

Figure 3
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