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A technique for recovering a clock from a digitally encoded communication signal uses a low-Q resonator and limiter for
generating a coarse clock signal comprising a-series of rectangular pulses at a frequency substantially equal to the clock (though
subject to phase jitter), and a filter circuit, such as a phase-locked-loop (""PLL"), preferably employing a Sequential Phase/Fre-
quency Detector to reduce the jitter superimposed on the coarse clock signal, so as to yield a well-behaved clock signal. By using
a Sequential Phase/Frequency Detector, acquisition-aid circuitry generally is not required for the PLL.
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METHOD AND APPARATUS FOR CLOCK RECOVERY

IN DIGITAL COMMUNICATION SYSTEMS

Field of the Invention

The invention relates to a system for extracting a timing
signal from a digitally encoded communication signal, i.e., to

a system for clock recovery.

Background of the Invention

In conventional digital communication  systems,
information is transferred between sending and receiving
terminals over a transmission line or, more generally, a
communication channel in a format suitable for that channel.
The format can be a baseband signai or, using a digitally
modulated carrier, a bandpass signal. In either case, the
signal is characterized by a fundamental bit fate, i.e., the

clock frequency of the data.

In synchronous transmission typically used in
computer-to-computer communication, for example, the receiving
terminal determines the ciock frequency of the sending
terminal, e.g., for decoding purposes, by deriving a clock

signal from timing information inherent in the communication
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signal, itself. This process is known as clock recovery. The
recovered clock enables the receiving terminal to optimally
sample the received digitally encoded communication signalg
during the decoding process. Clock recovery circuits commonly
are employed, for instance, in conjunction with local area’
networks ("LAN’s") and point-to-point communication links. nI
such applications, the baseband signals typically are encoded
in a unipolar return-to-zero ("unipolar RzZ"), bipolar
return-to-zero ("bipolar RZ"), nonreturn-to-zero ("NRZ“) or
other largely standardized format or waveform. The

unipolar-RZ, bipolar-RZ and NRZ designations are well

understood by those skilled in the data transmission art.

"Unipolar RZ" format is a digital code form having two
information states, termed LOGIC ZERO and LOGIC ONE, and is
characterized by the signal returning to LOGIC ZERO during
each bit interval or window in which a LOGIC ONE 1is
represented. Thus, in .effect, LOGIC ZERO is the neutral
condition or state. In other words, each positively directed
transition or excursion from the neutral condition in
unipolar-RZ-formatted signals indicates a LOGIC ONE, the
signal returns to the neutral condition after each such

positively directed transition and within the same bit
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interval, and the absence of a transition during a bit-
interval indicates LOGIC ZERO. Thus, each bit interval can
contain a pulse representing a LOGIC ONE, or no pulse which
indicates a LOGIC ZERO. In qnipolar RZ-encoded communication
signals, the ‘frequency spectrum of the transmitted data
includes a spectral component at the clock frequency (i.e., at
the fundamental bit rate of the data) after the signal is full

wave rectified.

"Bipolar RZ" is a digital code form having three.states,
for example, in a known version, a positi#évlétate and a
negative state which both represent LOGIC ONE’s, and an
intermediate state therebstween which represents a LOGIC ZERO
and is the neutral condition. 1In other words, each positively
or negatively directed transition in a bit interval indicates
a LOGIC ONE, and within each such bit interval, after either
the positively directed or negatively directed transition, the
sign;l returns to the neutral condition. Put still another
way, each bit interval in which a LOGIC ONE is represented has
either a positive pulse or negative pulse extending from the
neutral condition, and the signal is at the neutral condition
at the boundaries of each such bit interval. In bipolar

RZ-encoded communication signals, the frequency spectrum of
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the transmitted data includes a spectral component at the

clock frequency (i.e., at the fundamental bit rate of the

data) .

"NRZ format" is a digital code form having only two
states, termed LOGIC ZERO and LOGIC ONE. In a known version
of NRZ-formatted signals, the voltage jumps positive, i.e.,
has a positively directly transition, to indicate LOGICJONE
and remains in that state during the entire bit interval as-
well as for all subsequent, contiguous bit intervals, if any,
having a LOGIC ONE value; Jjumps negative, i.e., has a
negatively directed transition, to indicate LOGIC ZERO and
remains in that state during the entire_bit interval as well
as for all subseguent, contiguous bit intervals, if any,
having a LOGIC ZERO value; and only Jjumps at the
bit-interval-boundaries between LOGIC ONE and LOGIC ZERO, and
vice versa, when the value correspondingly changes state. The
value changes state at the positively and negatively directed
transitions, which are collectively referred to as "signal
crossings" or simply "transitions". An NRZ-encoded
communication signal contains no actual spectral component at
the clock frequency. The applicable clock frequency

nonetheless can be derived from an NRZ-encoded signal by
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suitable clock recovery circuitry. Clock recovery circuitry is
responsible for deriving a clock signal equal in frequency to

the bit rate of the transmitted message signal;vor, phrased
appropriately for unipolar- or =~ full-wave rectified
bipolar-RZ-formatted signals, clock recovery circuitry is
responsible for recovery of the clock component contained or

embedded in the transmitted baseband signal, itself.

Conventional clock recovery circuits typically employ
phase-locked' loops ("PLL’s"). A typical PLL has a
voltage-controlled oscillator whose phase is locked onto a
frequency component of its input signal. The PLL also has a
phase detector for compgring the phase of the oscillator with
the phase of the input signal, and for developing a voltage
proportional to the phase differential, which commonly is
referred to as a "phase error." This voltage is applied as a
control voltage to the oscillator to adjust the oscillator’s
frequency. Due to negative feedback, the phase error is
driven to a (usually small) value, and the oscillator’s
frequency consequently is kept equal to the input

frequency.
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For various types of signal formats, the received signal
is pre-processed before it is applied to the PLL for clock
recovery. For bipolar RZ-formatted signals, for example, the
received signals are first full-wave rectified before being
applied to the PLL. For NRZ-formatted signals, as another
example, a transition detector circuit coupled in front of the
PLL generates unipolar pulses at each signal crossing in the

bit stream of the received signal, each pulse being within the

‘bit window of the corresponding signal crossing of the

received signal. In other words, the transition detectbr
circuit generates a pulse corresponding to, and within the'
same bit interval as, each LOGIC-ZERO-to-LOGIC-ONE excursion
(i.e., 0/1 transition) and each LOGIC-ONE-to-LOGIC-ZERO
excursion (i.e., 1/0 transition). The output of the
transition detector is a sequence of unipolar pulses,
typically with gaps of varying 1lengths in between
corresponding to bits in contiguous bit intervals having the
same digital value. This output contains a clock frequency
component. The PLL then generates a clock signal synchronized

to this component.

PLL’s used for clock recovery suffer a drawback of having

a narrow pull-in range, i.e., such devices lock onto their
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input signals to derive a clock therefrom only when the input

signals’ bit rates fall within a narrow range centered about

_ the clock frequency. For reliable operation, conventional

recovery circuits using such PLL’s typically must employ
acquisition-aid circuitry. Acquisition-aid circuitry-enables
the PLL to reliably lock to the clock signal. Unfortunately,
such acquisition aid circuitry can represent as much as half
the circuitry needed for clock recovery, and thus is costly in
terms of circuit implementation, e.g., on I.C. chips‘in which
space is typically at a premium. Additionally, the proper
design and implementation of acquisition-aid circuiﬁry can be

costly in terms of engineering time and effort.

Another drawback of wusing a Stand-alone PLL with
acquisition-aid circuitry, as in the prior art, for recovering
a clock is that the resulting clock signal is subject to
systematic jitter which can reach undesirable levels, e.g., in

cascaded clock recovery implementations.

Systematic jitter is undesired phase variations
introduced within the PLL, and caused by fluctuations in the
gain (typically expressed as volts/radian) of the phase

detector. The phase detector gain varies as a function of
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~transition density of the incoming bit stream for

NRZ-formatted signals or of the LOGIC ONE density for unipolar
or rectified bipolar RZ signals, and the densities vary in the
short-term (i.e., over a time period on the order of the time
constants of the PLL) due to the fact that the PLL input often
does not contain a transition at the boundary of, or within,
every bit interval. (For example, in NRZ-formatted signals,
no transition occurs between contiguous LOGIC ZERO;s or
between contiguous LOGIC ONE’s. Similarly, there. isi no
transition or pulse in unipolar-RZ-formatted signals in bit
intervals having a LOGIC ZERO &alue.) Thus, systematic jitter
experienced in the prior art PLL-based clock recovery circuits
is a result of the inherent characteristics of the éncoded
input signals to the PLL from which the clocks are to be
recovered. Examples of clock recovery circuits using PLL’s
are disclosed in U.S. Patent Nos. 4,151,485, 4,180,783,

4,216,544, 4,575,860.

Another known type of clock recovery uses ringing
circuits instead of PLL’s. Ringing circuits for this purpose
typically are configured for filtering, usually with a high
Q-value, of either (i) the output of a transition detection

circuit used for pre-processing NRZ-formatted signals, (ii)
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the full-wave rectified bipolar RZ~formatted signal, or (iii)-
directly of unipolar-Rz-formatted signals, themselves, to
recover the clock signals. Unfortunately, such techniques
typically are susceptible to problems such as filter
mistuning, drift of the filter response over temperature,
misalignments due to repeated temperature cycling, drift of
the . bit rate of the received data, and other problems,
resulting from a discrepancy between the clock frequency and
the center frequency of the ringing circuit. These»prbblems
combine in varying degrees and ultimately manifest themselveé
in the form of clock jitter. Examples of thiéhlatter type of
clock recovery circuit using filtering are disclosed in U.S.
Patent Nos. 4,222,117, 4,242,754, 4,339,824, 4,615,041, and

4,737,970.

Summary of the Invention

Briefly, the invention resides in an improved clock
reco&ery technique using a low-Q resonator and limiter to
recover a coarse clock signal subject to jitter, and filtering
circuitry, preferably including a PLL, for reducing that
jitter. This technique recovérs a substantially well-behaved

clock signal.
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The resonator converts its input into a signal having
pulses at a frequency substantially equal to the desired clock
frequency being recovered, and having no missing pulses at
that frequency, i.e., gaps in the pulse series, as does the
input to the resonator. (For example, the gaps may be caused
by contiguous bit intervals having the same value in NRZ
signals, or having LOGIC ZERO values in unipolar or bipolar RZ
signals.) The existing pulses in the input signal to:the
resonator each excites ringing that approximates successive-
pulses, which ringing need continue only until the next
existing pulse in the signal. Consequently, there is a pulse,
and only one pulse, in the resonator output corresponding in
position in time to each pulse in the desired clock being
recovered, although the pulses may be displaced with respect
to the clock pulses due to jitter. This signal is the output
signal from the resonator, and, for convenience, hereinafter

is called the "clock-frequency signal."

The clock-frequency signal is applied to a limiter which
produces, as its output, a series of rectangular pulses at a
frequency substantially equal to the desired clock frequency,

but again subject to zero-mean jitter. The limiter output
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hereinafter is called the '"coarse clock signal"” or the

"estimated clock signal."”

The coarse clock signal then is applied to filtering
circuitry, preferably including the PLL wherein the zero-mean
jitter is reduced. A preferred PLL has a specific type of
phase detector called a Sequential Phase/Frequency Detector
("PFD"). Heretofore, this type of PLL has not been considered
suitable for «clock recovery applications due to its
sensitivity to the afore-mentioned gaps in its input, which
can result in the PLL loosing phase lock, therefore,
generating an erroneous clock signal. This is not a problem in
the improved clock recovery circuit in accordance with the
invention since, as mentioned above, the resonator "fills in"
missing pulses in the gaps in the signal. Consequently,
Sequential PFD’s can be used and their many advantages

obtained, as described below.

Advantages of clock recovery in accordance with the
invention are many-fold. Regardless of whether Sequential or
Non-sequential Phase/Frequency Detectors are used, systematic
phase jitter is reduced, since substantially-constant PFD gain

is realized. An advantage achieved by employing Sequential
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Phase/Frequency Detectors is the elimination of the need for
acquisition-aid circuitry since PLL’s using such PFD’s have
broad pull-in ranges that are typically independent of PLL .
bandwidth and limited only by the frequency range or the

tuning current/voltage range of the oscillator.

In addition to desirable pull-in performance, PLL’s using
Sequential Phase/Frequency Detectors exhibit improved immunity
from unstable false lock conditions, which results in improved
system reliability. Such circuitry is also noteworthy for its
relative simplicity in design and implementation. T%ejpresent>
invention finds utility whenever a clock signal is to be
recovered, e.g., from NRZ- or unipolar- or
bipolar-RZ-formatted signals transmitted and received over
fiber-optic communication, Wire communication, bandpass radio
communication, computer/peripheral interfaces, or other
channels in order to establish timing at the receiver. The
present invention is particularly well-suited for applications
that are susceptible or sensitive to systematic phase jitter.
Systematic‘phase jitter'becomés significant, for example, when
it accumulates in cascaded clock recovery circuits such as are
used in long distance digital communication using

repeaters.
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Brief Description of the Drawings

The invention will be best understood by reference to the

following detailed description of a preferred embodiment,

given by way of example only, when understood in conjunction

with the accompanying drawings, in which:

FIGURE 1 is a block diagram of a clock recovery system in

accordance with a preferred embodiment of the invention;

FIGURES 2 and 3 are signal diagrams for respective single
pulse and NRZ-encoded bit stream inputs into the clock

recovery system of FIGURE 1l; and

FIGURE 4 is a block diagram of a digital communication

system employing the clock recovery system of FIGURE 1.

Description of a Preferred Embodiment

Referring now to the drawings, a system 10 for recovering
a clock from digital communication signals in accordance with
the invention is shown in FIGURE 1. The clock recovery system
10 includes an input intérface 12 for pre-processing
communication signals when in selected formats (such as NRZ

and bipolar RZ); a resonator 14 for receiving the output of
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_the interface 12 or, e.g., an unipolar RZ signal, itself, as

its input signal and supplying pulses in those bit intervals
which lack pulses, and thereby generating a sinusoidal signal
having a frequency substantially equal to that of the clock;
a limiter 16 for squaring-up this clock-frequency signal,
i.e., converting the signal into a series of unipolar
rectangular pulses while preserving its frequency, thereby
recovering a coarse clock signal subject to jitter.- The
system 10 also has circuitry for filtering the coarse_cidck
signal, including preferably a self-lock¥acquiring;
narrow-band phase-locked-loop circuit 18 for reducing the
jitter superimposed on the coarse clock signal, thereby
producing a well-behaved clock signal. The input,intefface 12
preferably includes a transition detector 12a  for
pre-processing NRZ signals. The transition detector 12a
receives the NRZ signal, which is typically cdrrupted by noise
and distortion, and-generates a pulse for every transition,
whether 1/0 or 0/1, occurring in the received signal. The
output of the transition detector 12a is a series of pulses
with gaps, i.e., bit intervals having no pulses, which
correspond to contiguous LOGIC ONES or LOGIC ZEROS in the NRZ
data stream. The transition detector output .contains a strong

clock component in its spectrum.
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Numerous different circuit designs for transition
detectors are well known in the art. For example, transition
detector 12a may be implemented in the form of a delay~line
multiplier (e.g., a mixer haying the communication signal as
its first input and a delayed version thereof as its second
input) . Alternatively, it can be implemented in digital
circuitry using an "EXCLUSIVE OR" gate in place of the mixer.
In any case, optimal performance of the transition detector
12a is attained generally whenrthe width of each pulse‘it
generates is equal to one-half the NRZ bit time. This gesultg
in suppression of even harmonic energy in the 6ﬁtéut from the
transition detector 12. The input interface 12 preferably
also includes a circuit 12b for full-wave rectifying bipolax
RZ signals. On the other hand, unipolar RZ signals can be fed
directly to the resonator 14, by-passing the input interface

12, as shown by line lZc.

fhe resonator 14 preferably is a low-Q bandpass filter,
e.g., a single tuned L-C filteﬁ centered at the expected clock
frequency. The response of the resonator 14 to each input
pulse is an exponentially décaying sinusoid at the nominal
clock frequency. These individual sinusoids are superimposed

to produce a varying-amplitude sinusoidal output signal having
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a frequency substantially equal to that of the clock being
recovered. A first plurality of the positive half-cycles of
the sinusoidal signal correspond to actual pulses in the bit
intervals of the input signal to the resonator 14, while a
second plurality correspond to bit intervals in the input
signal that lack pulses. Thus, the resonator 14 can be viewed

as supplying the pulses that are missing from its input

signal.

Because of the low Q-value of the resonator 14, the
performance of the resonator 14 is substantiaily immune to
small discrepancies between the clock frequency and the
resonator center frequency. The Q-value of the resonator 14
preferably is selected to be low enough so that drift and
misalignment of the center frequency with respect to the clock
frequency will not present difficulties, while being high
enough, preferably, just high enough, to keep the sinusoids in
the output from the resonator 14 from decaying in amplitude
below the input sensitivity level of the limiter 16 when one

or more consecutive pulses are absent from the input signal.

As such, the Q-value is determined on the basis of the

maximum expected duration between pulses, commonly known as
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"run length," of the pre-processed signal from the transition
detector 12a or the maximum duration between LOGIC ONE’s in
unipolar or bipolar RZ signals, and so depends on the
particulars of the particuiar communication application in
which the invention is employed. Generally speaking, a
O-value of between ten and one hundred should be appropriate
for clock recovery from typical digital communication signals
used today. As a first approximation, the optimal Q-value has
been found to be "pi" times the run length of the data.
However, the optimal Q-value will vary as a function of the

statistics of the data.

The clock-frequency signal generated by the resonator 14
is fed to a wave-shaping device, such as the limiter 16. A
preferred implementation of the limiter 16 is a zero-crossing
detector, e.g., an over-driven AC-coupled amplifier. The
limiter 16 squares-up the sinusoids of the output from the
resonator 14 so as to produce a better-shaped coarse clock
signal of generally rectangular pulses. This signal typically
contains jitter, but it does have a pulse for every bit
interval, so its frequency is substantially equal to the

average data rate of the communication signal received by the
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system 10 and is of substantially uniform amplitude capable of

driving the PLL 18.

More specifically, the jitter corrupting the coarse clock
signal from the limiter 16 is believed to be zero-mean jitter
which, typically, is due mainly to the phase jitter present in
the received communication signal. However, the jitter also
is due partly to the small, but typically unavoidable,
mistuning of the resonator 14. Because the Jjitter is
zero-mean, it can be heavily filtered in the PLL 18, aﬁd
substantially averaged out, to produce a substantially-

well-behaved clock signal.

Since the PLL 18 operates on angle information alone,
nothing is lost by squaring-up the clock-frequency signal in
the limiter 16 prior to delivering it to the PLL 18. On the
other hand, since the resonator/limiter combination can
provide a coarse clock signal with no missing pulses, the PLL
18 advantageously can be a special form of phase-locked loop
not heretofore used in clock recovery, one that employs a
Sequential Phase/Frequency Detector ("PFD") 20. The
invention, however, can also be practiced using other suitable

types of phase detectors, though then acquisition-aid
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circuitry generally would be required since PLL’s using phase
detectors other than Sequential PFD’s typically have narrow

pull-in ranges.

In addition to the Sequential PFD 20, the PLL 18 includes
a loop filter 22 (e.g., an active lag-lead filter), and a
voltage- or current-controlled oscillator 24 (e.g., an L-C
varactor-tuned resonant oscillator), both of generally
conventional design for use in a PLL for clock recoVery. (A
better understanding of conventional phaselock techniques can
be had by reference to the aptly named textbodk.Phaselock
Techniques, by Floyd M. Gardner, published by John Wiley &
Sons, 1979). The loop filter 22 produces a tuning voltage'for‘
the oscillator 24, and drives the osciilator 24 towards phase
lock. The oscillator 24 locks onto the phase, and thus also

the frequency, of the signal into the PLL 18.

As stated above, unlike the prior art in which PLL’s,
themselves, are used to actually recover the clock signals,
system 10 uses the resonator 14 and limiter 16 for deriving a
coarse clock signal having a stream of pulses substantially at
the clock frequency, with no missing pulses. This latter

attribute, the absence of missing pulses, not only permits the
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.PLL 18 to be implemented with a Sequential PFD, but also

results in reducing the systematic jitter that is typically
generated within PLL’s. Consequently, the PLL 18 serves to
filter the coarse clock signal from the limiter 16 to reduce
phase jitter superimposed thereon by means of a design which,
itself, introduces less systematic jitter, so as to produce a
substantially clean, jitter-free clock signal locked to the
clock frequency of the communication signal received ey the

system 10.

The Sequential PFD 20 preferably is an n-state phase
comparator, where "n" is an integer greater than or equal to
(preferably, equal to) three. The term "sequential" imports
that the device wuses a clocked digital memory (e.g.,
flip~flops). The Sequential PFD 20 compares the phase of its
two inputs, S-1 and S-2, and produces an output corresponding
to the phase differential of the input signals S-1, S-2.

Due to recent developments in Gallium Arsenide technology, a
Sequential PFD is commercially available in a single package
and operates at input frequencies up to 1 GHz. (A suitable
Sequential PFD for low speed frequency detection is the
integfated circuit designated MC12040 and made by Motorola,

and for high speed frequency detection is the integrated
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circuit designated 16G044 and made by GIGABIT LOGIC Co.)

Alternatively, such higher clock rates can be accommodated by
employing digital frequency pre-scalers 26a, 26b in the PLL
18. Both the pre-scalers 26a, 26b are labeled f£/N in the
drawing, where "f" represents frequency, and "N" is an integer
greater than or equal to one. (A pre-scaler with N=1 1is
tantamount to a direct connection.) Pre-scaler 26a is coupled
between the limiter 16 and input S-1 of the PFD 20, while
pre-scaler 26b is coupled in the feedback line of thé loop

itself, to input S~2 of the PFD 20.

Accordingly, in the implementation of the invention shown
in FIGURE 1, the output of the limiter 16 is fed to pre-scaler
26a for frequency division, thence to the sequential PFD 20 as
input S-1. The output of the PFD 20 is applied to the loop
filter 22 which, in turn, feeds its output tovthe oscillator
24. The output from the pscillator 24 is provided to the
pre—écaler 26b, which delivers it in frequency-divided form as
feedback to the Sequential PFb as its second input S-2. The
output of the oscillator 24 is also the output of the PLL 18,
i.e., the output of the osciilator 24 is the recovered clock

signal.
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A further understanding of the operation of system 10 can
be had from FIGURES 2 and 3. FIGURE 2 is a signal diagram
illustrating an idealized situation in which a single,
rectangular pulse 50 is introduced as the input to the
resonator 14. It should be understood that, in reality, a
series of pulses would normally be received by the resonator
14, and that this FIGURE 2 is incorporated herein for didactic

purposes in order to help visualize the operation of the

system 10.

The pulse 50 can represent a single pulserof the output
of the input interface 12 (for an NRZ- or bipolar-RZ-encoded
input to the system 10) or of an unipolar-RZ-encoded signal
transmitted to the resonator 14 directly. Pulse 50 is
processed by the resonator 14 so as to generate a resonator
output signal 52 which, as indicated above and graphically
shown in this FIGUREVZ, is a sinusoidal waveform due to the
ringing of the resonator 14 that decays exponentially as a
function of the Q-value of the resonator 14. Signal 52 is
provided then to the limiter 16, which consequently génerates
the limiter output signal 54. It should be noted that, for
that portion 56 of the resonator output signal 52 having an

amplitude below a specific amplitude threshold, indicated by
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arrow 57 and corresponding to the limiter input sensitivity
level, the corresponding portion 58 of the limiter output

signal 54 has a substantially zero amplitude.

FIGURE 3 is a signal and timing diagram in which the
communication signal received by system 10 is an NRZ-encoded
data signal 60 in the form of a bit stream. As before, the
signals of FIGURE 3 are idealized, this time since they are
shown without the Jjitter and distortion that one would

normally expect in real-life applications of the invention.

As shown, the NRZ-encoded data signal 60 is a stream of
LOGIC ONE’s and LOGIC ZERO’s, though the illustrated sequence
thereof,

011100101000001100
is only for illustrative purposes. As with any such
NRZ-encoded signal, and as explained earlier, LOGIC ONE
corresponds to a high amplitude within the corresponding bit
interval and a LOGIC ZERO corresponds to a low amplitude
within the corresponding bit interval, and there are no
transitions Dbetween contiguous LOGIC ONE’S and between

contiguous LOGIC ZERO’s.
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When signal 60 is processed by the transition detector
12a, signal 62 results as its output. As can be seen,
transition detector output signal 62 is in the form of a
series of non-uniformly spaced pulses P-1, each resulting from
a transition in the communication signal 60. Hypothetically
speaking, the signal 62 would be effectively a clock signal
except for missing pulses, shown in phantom at P-2. The
missing pulses P-2 keep the signal 62 from havihg the

uniformly-spaced timing pulses as is required of a clock

signal.

The transition detector output signal 62 is fed to the
resonator 14, which converts it into a varying-amplitude
sinusoidal signal 64 in which the missing pulses P-2 have been
filled-in, as explained above in conjunction with FIGURE 1.
As a result, the resonator output signal 64 has a pulse 65,
albeit not a rectangular pulse and not of uniform amplitude,
for each data interval (whether LOGIC ONE or LQGIC ZERO in the
original bit stream of the communication signal 60). The
resonator ﬁutput signal 64 clearly has substantially uniformly
spaced pulses 65 (subject in actuality to phase jitter) at a
frequency substantially equal to the clock, and for this

reason is referred to herein as the clock-frequency signal.
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The resonator output signal 64 effectively is a superposition
of the responses represented in signal 52 of FIGURE 2 to each

transition detector output pulse P-1.

The resonator output signal 64 is supplied to the limiter
16. The resulting limiter output signal 66 also has no
missing pulses so long as the resonator output signal 64 does
not decay below the input sensitivity level of the limiter 16.
Even though the limiter output signal 66 is still subject to
phase jitter (not shown in FIGURE 3), it is squared-up to
logic levels compatible with the pre-scaler 26a for N greéter
than one, or to logic levels compatible with the PFD 20 for
N=1. (The combination of the inpﬁt interface 12, resonatof 14»
and limiter 16 can be regarded as én intermediate-signal
generator whose output signal is the limiter output 66.) The
limiter output signal 66 is then filtered by the PLL 18 to
remove the superimposed phase Jjitter and produce a
substantially well-behaved clock signal, which happens to look

like the signal 66 since it is illustrated without

superimposed jitter.

Thus, it «can be appreciated that the invention

advantageously uses the resonator 14 for assuring that there
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are no missing pulses, and thereby extracting a

clock-frequency signal, which then is used by the limiter 16
for obtaining the coarse clock signal which likewise has no
missing pulses. By avoiding missing pulses to which
Sequential PFD’s are sensitive enough to otherwise prevent
their use, such Sequential PFD’s can be used and, due to the
broad pull-in range they permit, acquisition-aid circuitry is
not needed. Also, by so-called filling-in missing puises,
systematic phase Jjitter is reduced. In other words, by
achieving constant transition (NRZ signals) or ?LOGIé ONE
(unipolar or bipolar RZ signals) densities at the 100% level
("missing pulse recovery"), substantially constant phase
detector gain is achieved, and consequentially systématic

jitter is reduced.

The reduction in systematic jitter is achieved regardless
of whether the phase detector used in the system 10 is a
Sequential PFD or another suitable type, though Sequential
PFD’s are preferred because of their better performance--
i.e., with Sequential PFD’s (i) pull-in is fast and does not
require acquisition-aid circuitry, (ii) reliability is high,

and (iii) immunity to unstable false lock conditions is high.
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As mentioned above, the invention can be practiced’
expeditiously in those applications in which systematic jitter
accumulates in cascaded clock recovery circuits, as occurs in
long distance digital communication using repeaters and
conventional clock recovery techniques. Of course, the
invention is susceptible of use in a great many other
applications which can take advantage of the improvements

achieved thereby in clock recovery.

FIGURE 4 shows a baseband communication system 100 in
accordance with an illustrative practice of thé invention. A
sending terminal (or transmitter) 102 transmits a digitally
encoded 'signal over communication channel 104 to a receiving
terminal (or receiver) section 106. It should be appreciated
that the invention is independent of the transmission

medium.

'Communication systems of the type shown and described
herein commonly are employed in a wide range of applications
(e.g., fiber-optic communication, coaxial wire communication,
computer/peripheral interfaces) where baseband NRZ or unipolar
RZ message signals are transmitted and received. In such

applications, the received signal is inevitably corrupted to
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varying degrees by additive noise, intersymbol interference
("ISI"), and Jjitter. Normally, this corruption is not
significant enough to more than seriously degrade the signal,
but does place increased importance in obtaining an accurate,

well-behaved, clean clock for decoding the signal.

In the receiver section 106, an equalizer 108 receives
the transmitted signal and generally reduces inter—syﬁbol
interference ("ISI"), and otherwise processes this_signal} SO
as to compensate for amplitude and phase distortion_introduééd
in transmission. (An equalizer need not be employed in
applications not plagued by high levels of such distortion, as

is known by those skilled in the art.)

The processed signal is then fed to recovery apparatus
110, more particularly to both a clock recovery circuit 112,
éreferably of the type described in conjunction with FIGURE 1,
and to a conventional data recovery circuit 114. The
recovered clock signal and this recovered data signal are
provided to a decision circuit 116. for sampling the data at
the appropriate clock rate based on the recovered clock
signal, so as to convert the data signal into a bit stream

having discrete DIGITAL ONE and DIGITAL ZERO levels. This bit
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stream and the recovered clock signal are then passed on to
another receiver section 118 containing, for example, a

decoder 120.

The invention has been described with reference to
specific embodiments. Other embodiments will be apparent to
those of ordinary skill in the art in 1light of this
disclosure. For example, the input interface 12 can be
omitted when the communication signals are encoded in
unipolar-RZ format, or can contain only that circuitry needed
for pre-processing the particular format of the communication
signal when such pre-processing is required. Accordingly, it
is not intended that this invention be limited except as

indicated by the appended claims.
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CLAIMS

1. Apparatus for clock recovery from a digitally encoded
signal, the digitally encoded signal representing a plurality
of first and second digital states, each digital state being
defined within one of a plurality of bit intervals, a first
plurality of said bit intervals having an associated
transition between the first and second digital states, and a
second plurality of bit intervals lacking an associated
transition between the first and second digital states, séid
apparatus comprising:

A. pulse-supplying means for receiving said digitally
encoded signal and generating a coarse clock signal having
pulses each corresponding to one of the first plurality and
second plurality of bit intervals, the pulses having a
frequency substantially equal to the clock of the digitally
encoded signal; and

B. a phase-lock-loop circuit coupled to receive as its

input said signal from said pulse-supplying means for reducing

phase jitter superimposed thereon, and producing an output

signal in the form of a clock signal having a generally
well-behaved clock recovered from the digitally encoded

signal.

-
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2. The apparatus in accordance with claim 1 wherein said
pulse-supplying means comprises a resonator for generating a
sinusoidal signal having a frequency substantially equal to
the clock of the digitally .encoded signal, and means for
converting the sinusoidal signal into the coarse clock

signal.

3. The apparatus in accordance with claim 1 wherein said
converting means includes means coupled between said resonator
and said phase-locked-loop <circuit for substantially

squaring-up the signal from said resonator.

4, The apparatus in accordahce with nlaim 1 wherein said
phase-locked-loop circuit includes a sequential phase

detector.

5. Apparatus for recovering a clock from a digitally
encoded signal, the digitally encoded signal representing a
plurality of first and second digital states, each said
digital state being defined within one of a plurality of bit
intervals, a first plurality of said bit:intervals having an
associated transition between the first and second digital

states, and a second plurality of bit intervals lacking an
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_associated transition between the first and second digital

states, said apparatus comprising:
A. signal-generating means including a resonator, said

signal-generating means receiving said digitally encoded

signal and generating therefrom an output signal having pulses

corresponding both to said first and second bit intervals, the
pulses having a frequency substantially equal to the clock of
the digitally encoded signal; and .

B. circuitry coupled to receive the output signal from
said signal-generating means for reducing the phase jitter

thereon, whereby a clock signal is recovered.

6.. The apparatus in accordance with claim 5 wherein said
jitter-reducing circuitry comprises a phase-lock-loop

circuit.

7. The apparatus in accordance with claim 6 wherein said
phase-lock-loop circuit comprises a sequential phase

detector.

8. The apparatus in accordance with claim 5 wherein said
digitally encoded signal is encoded in nonreturn-to-zero

format (the "NRZ signal"), and said apparatus further includes

£
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a transition detector for receiving the NRZ signal and

supplying its output to said resonator.

9. A method for recovering a clock from a digitally
encoded signal; the digitally encoded signal representing a
plurality of first and second digital states, each digital
state being defined within one of a plurality of bit
intervals, a first plurality of said bit intervals having an
associated transition between the first and second digital
states, and a second plurality of bit intervals ;acking an
associated transition between the first and second digital
states, said method comprising:

‘A. generating a coarse clock signal from the digitally
encoded signal, the coarse clock signal having pulses
corresponding to the first and second bit intervals, and a
frequency substantially equal to the clock of the digitally
encoded signal though subject to phase jitter; and

é. reducing the phase jitter on the coarse clock signal,

thereby generating a clock signal.

10. The method in accordance with claim 9 wherein said

generating step includes wusing a resonator, and said
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jitter-reducing step includes wusing a phase-lock-loop

circuit.
11. The method in accordance with claim 10 wherein said
phase-lock-loop circuit comprises a sequential phase

detector.

12. The method in accordance with claim 10 wherein the

digitally encoded signal is encoded in nonreturn-to-zero -

format (the "NRZ signal”), and said method further includes
the step of detecting the transitions in the NRZ signal using
a transition detector and supplying the output of said

tiansition detector to said resonator.

(£
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