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This invention relates to a method and system for
recovering parameters of a clock, for example to a system for
highly repeatable clock parameter extraction £from data
modulated signals.

In digital transmission and communications, a wide variety
of modulation schemes are used to encode data. For example,
in a random NRZ data signal, data are represented by a constant
signal level for the full duration of a bit interval, i.e., one
clock cycle. By contrast, RZ (return-to-zero) data signals
return to zerc with each bit interval. In each case, all data
transitions occur at clock transitions. However, not all clock
transitions generate data transitions in NRZ data.

To decode the digital data under NRZ, RZ, or other
modulation schemes, it is necessary, in general, to know the
correct instances to sample the data. Preferably, the clock
used to encode the data is available for decoding. However,
in many cases, the encoding clock is not available, and a new
clock must be synthesized at the receiving end.

The present invention seeks to provide recovery of clock
parameters.

According to an aspect of the present invention, there is
provided a method of recovering parameters of an underlying
clock as specified in claim 1.

According to another aspect of the present invention, there
is provided a system for recovering data clock parameters as
specified in claim 7. '

It is possible with preferred embodiments of the invention
to. satisfy a need of system operators and system component
manufacturers, who are not directly interested in the exact
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instantaneous, of the underlying clock of the data stream.
Such measurements are particularly desirable in plexiosyn-
chronous digital systems in which deliberate phase shifts are
occasionally introduced to compensate for small clock frequency
differences at different points of the system. Preferably,
such measurements should be made in "live traffic", that is,
made without interrupting the system operation. Furthermore,
it is possible to make such measurements at relatively low
speed, commensurate with the clock jitter bandwidth, in the
presence of much higher data modulation bandwidth. For these
measurements, it 1s not necessary literally to recover a
physical clock. '

Also, knowledge of the underlying clock frequency and phase
can be used to monitor and control system performance and to
predict bit error rate (BER), especially when the rate is too
low for convenient measurement. Systems may be specified to
tolerate a certain amount of jitter at wvarious frequency
components (jitter tolerance), and, therefore, the actual
jitter at various system points should be measured (jicter
generation). Jitter is considered as phase deviation above 10
Hz bandwidth. To guard against magnification of jitter when
cascading components, the transfer of jitter from input to
output should be characterized (jitter transfer). Ideally,
these measurements are made during data modulation to be more
realistic and, if possible, during actual system operatiom.
When incompatibility does arise in system operation, a
repeatable standard method of measurement can be provided to
settle disputes between vendors and buyers, system operators,
and service providers, as to whether each piece of equipment
is within specifications, and, indeed, to determine if the
specifications are adequate to ensure correct operation.

:-Al:-though widely used, the conventional methods using phase

lock loop (PLL) and surface acoustic wave (SAW) oscillators
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Actordi ng to anot her aspect of the pré&sent invention,
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m far. recovering data clock parameters as specified in claim?7.
suffer from lack of accepted standards in PLL design regarding

loop components, and loop dynamic filter and SAW detail
performance parameters. In practice, the physical clocks
synthesized likely differ from one design to another, even for
identical data streams, thereby producing non-unique and non-
repeatable measurements. This lack of repeatability is true
even if the more serious PLL errors such as loss-of-lock or
false locking have been overcome.

The preferred embodiment can be provide a system for highly

. repeatable measurement based on an accurate representation of

the underlying clock, independent of any particular circuit
design detail or parametric performance of various components.

There is provided in a preferred embodiment of the present
invention, a system for highly repeatable clock parameter
recovery from data modulated signals. The system utilizes
readings of a conventional time stamping device for selectively
sampling and locating edges of the data modulated signals in
the system. The time stamp readings are then used, along with
a user-input nominal clock frequency, to calculate an array of
actual clock cycle stamps, each representing an integral number
of actual clock cycles occurring between adjacent time stamps.
The array is used, in conjunction with the time stamps, to
characterize the underlying data clock. Once
the clock parameters are recovered, frequency and phase
information, including jitter, can be determined. :

Since the ocutcome of the cycle estimation process comprises
whole numbers (integers), barring gross errors analogous to
false locking and loss-of-lock in a phase lock loop (PLL), the
outcome is the same, independent of any particular
implementation detail. Any non-uniqueness comes from the time
stamping process, but these are typically very small, being on
the order of 50 picoseconds or less.
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Once a clock is effectively recovered, jitter and other
phase-frequency information from the underlying clock can be
obtained. The process can be accomplished with very modest
sampling rates compared to the high data bandwidth.

An embodiment of the present invention is described below,
by way of example only, with reference to the accompanying
drawings, in which:

FIG. 1 is a general block diagram of an embodiment of a
system for measurements based on highly repeatable clock
parameter recovery;

FIG. 2 is a block diagram of a data clock parameter
recovery section of the system of FIG. 1;

FIG. 3 is a graphical representation of the time stamp and
cycle stamp parameters used to characterize the data clock;

FIG. 4 is a block diagram of an alternate dual stagé
embodiment of the clock parameter recovery section of FIG. 2;

FIG. 5 is a block diagram of an embodiment of the
processing section of the system of FIG. 1; and

FIG. 6 1is a hardware representation of a real time
measurement system based on FIG. 2.

Referring to FIG. 1, the highly repeatable clock parameter
recovery system shown includes a clock parameter recovery
section 10 for'extracting parameters of an underlying clock
from data modulated signals 12 input into the system. The
recovered clock parameters are fed to a processing section 20
for determining a wide variety of measurements through digital
filtering techniques. These measurements include, but are not
limited to, phase deviation (jitter), frequency deviation, and
average frequency, phase-spectral response, wander, TVAR,

IS possible with preferred enbodi nents of the invention to satisfy a
ed of system operators and system conponent nanufacturers,
rectly interested in the exact Substitute sheet - 28 August 1996 -2-
cpntent of the data messages being sent and received, to know or nonitor
the frequency and phase behavi or, both average and instantaneous, of the
uhderlying clock of the data stream-4-
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overall system application through system display/controls 21.

Referring to FIG. 2, the clock parameter recovery section
10 includes a conventional time interval analyzer 22, also
known as a time digitizer, or time stamping device. A suitable
time interval analyzer, commercially available from Hewlett-
Packard Co., Palo Alto, California, under the product names
HP1725A, HPS53310, and HP5372, sequentially samples and provides
a high precision time stamp of selected data edges of the
incoming data signal. The data signals are received by the
device at input 24, and the time stamp information is delivered
at an output 26. By time stamping, it is meant that the
analyzer samples the data signals, locates at least selected
edges of the data signal, and identifies when each such edge
occurs. The time stamping device includes a built-in counter
(not shown) referenced to a highly accurate reference time base
oscillator 28 which is more precise than the underlying data
clock. . The oscillator may be, for example, a quartz
oscillator.

The time stamping device can be controlled to selectively
sample the rising or falling edges of the data signal, or both.
The sampling rate of the device can also be controlled based
on a user-defined pace setting.or
cycle time. Pace is one method of controlling the sampling
rate of the device by having it count a specific number of
edges between samples. The sampling rate of other time
stamping devices can also be regulated on a real time basis,
e.g., by a user-defined cycle time, during which the device is
enabled to sample data after a set time interwval.

i Referring to both FIGS. 2 and 3, an example of the
i operation of the time stamping device is shown on the graph of
i the incoming data modulated signal 12, in this case, an NRZ

signal. The time stamping device identifies every other rising
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The time stamps t; are (shown graphically in FIG. 3) made
on every other rising edge of the data signal according to the
pace setting (P=2) of the device. The time stamps have values
corresponding to the precise reference time based oscillator
of the stamping device. (As shown in FIG. 3, the time stamps
have values t,=0Ons, t,=223.45ns, t,=558.75ns, and t,=804.80ns.)
The set of time stamps t; to t, are then collected and recorded,
as are a series of data stamps e;. In clock parameter
extraction, no use is made of the data stamps e;, which, in
this case, are regular with an increment of P per stamp. (As
shown in FIG. 3, the data stamps have values of e,=1, e,=3,
e,=5, e,=7, etc.) Instead, the gathered time stamps t; are used
to determine an array of actual clock cycle stamps 2z;, each
actual clock cycle stamp represehting an integral number of
actual clock cycles occurring between adjacent time stamps.

The actual clock cycle stamps may be calculated and
compiled in an array by any suitable hardware or software-
driven computer. To calculate the array of actual clock cycle
stamps, the actual clock cycle stamp change az; (phase change
in unit interval or u.i.) is first computed on the basis of the
time stamps t;, t;,,, and a nominal clock frequency £, provided
through input 36, e.g., a keyboard. The actual clock cycle
stamp change az; is derived by inserting the nearest integral
number of nominal clock-cycles between time stamps according
to the following formula:

az; = INT[£ .- (t;,,-t;)+0.5]

The actual clock cycle stamp change az; is equal to the phase
change in unit intervals (of the counter) between one time

stamp t; and an adjacent stamp t,,,. The integer (INT) function ;
truncates any non-integer value (e.g., 4.2 becomes 4; 4.8 '
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([SAWronadsl | elher perand value to the nearest integer, thereby
converting the truncating into a round-off function. (As shown
in FIG. 3, the z; values are all integers.)

This process of calculating the actual clock cycle stamp
changes is performed for all of the az; values from i=1 to N,
synthesizing an overall z; array from the t; array of time
stamps. The z; values can be determined by sequentially adding
the particular az; values to an arbitrary reference value z_;
in this example, 2z, is equal to 1. (As shown in FIG. 3, the
actual clock cycle stamps have values of z,=1, z,=11, 2z,=26, and
z,=37). The two arrays of parameters t; and z; sufficiently
characterize the underlying clock by providing clock cycle data
t; extracted directly from the data signal and comparing this
ddta to whole number (integer) actual clock cycle stamp Z;
reference values.

The system described is highly repeatable and operable over
a wide and well-defined range. The system is highly repeatable
because the outcome of the underlying clock cycle estimation
process comprises only whole numbers, and barring gross errors
analogous to false locking and loss of loop in phase lock
loops, the outcome is the same independent of any particular
implementation detail. Any non-uniqueness arises from
limitations in timing resolution of the time stamps, but this
is typically under 50 picoseconds.

To avoid clock parameter recovery failures analogous toO
lose-lock in a phase lock loop, and for the system to operate
properly, the nominal frequency must be sufficiently close to
the actual frequency (f,.) of the underlying clock sought to be
recovered by the system. More particularly, a necessary
condition for successful operation is that the following error
formula be satisfied:

[af-at]<y




tfndards i %t ding 1 oop conponents, and |oop dynanic
fijter and fornance par anet ers. In practice, the physica
cl pcks syntheS|ze differ fromone design to another, even for

| dgntical data streans, thereby produci ng non-uni que and non- repeatable
mefsurenents. This Iack of repeatabi8-ity is true even if the nore serious

PLY errors such as | oss-of-1ock or false Iockln have been overcone.
where af is the frequency error |f,a-f...| Detween the nominal

i . Thi :
3 Su%? es BEea} e‘ 9 July 1998 suffer fromlack of accepted
s [

and actual frequencies, and at is the time interval (t,,-t,)
being fitted by a actual clock cycle stamp change az;. When
the error formula is violated, this means that az; may be
rounded off to the wrong integer. As is evident from the
formula, short time intervals can tolerate larger frequency

errors. Conversely, large modulation on the clock, and/or an
insufficient sampling rate, may lead to clock parameter

recovery failure.

% In order to meet the requirements of the error formula, one
can choose a smaller measurement time (smaller pace setting)
and larger sampling size (for a higher sampling rate). The
pace setting of the time stamping device may also be adjusted
to change at. Therefore, one should set the pace value of the
time stamping device based on the characteristics of the
underlying data clock to be recovered. A pace value of one is
best for accurate results, but suffers from the constraint of
available memory to store the array of measured time stamps and
calculated actual clock cycle stamps. Therefore, such a low
pace value should be used when the system involves a
fluctuating or unstable underlying data clock, or when the
nominal frequency input cannot be adequately characterized to

meet the error formula.

If the data clock is relatively stable, and the nominal,
frequency can be accurately predicted to be sufficiently close
to the actual frequency, a low pace value is not required. In
this case, one should choose the pace value simply to meet the
requirements of Nyquist’'s theorem, that is, the sampling rate
of the time stamping device should be at least twice the actual
jitter bandwidth of the underlying clock. This can be
significantly less than the clock frequency, thousands and even
millions of times less.

Once the array of actual clock cycle stamps 2z, is
calculated, the combination of 2z, and t, can be used in a
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e ihgorudRdomd| Whdbiding the data signal. Instantaneous
frequency F;, for example, is obtained by dividing the phase
change az; by the time difference at; between adjacent stamps
according to the following formula:

AZ,

Fu = At,

In essence, the instantaneocus frequency F; is a corrected
frequency derived from a predictor frequency F.,. Rewriting F,
aS Foorrectear aNA Fopy 85 Foreqiceor: the following equations are
derived:

At = Ci.l-til'

i - INT [Fp:edictor ‘At +0.5]
Fco:recced = AL,
i

Azi = A ti'Fcoz:ecr.ed

The number of actual clock cycles is obtained by rounding off
to the nearest integer the number of nominal clock cycles
occurring within At;. It should be noted that az;, the actual
clock <cycle stamp changes, are integers, each change
representing the nearest whole number of actual clock cyclesx
occurring within a time interval At;. It should also be noted
that other frequencies besides an arbitrary nominal frequency
value £, can be used as a predictor frequency, for example, an
adjacent instantaneocus frequency F;., may effectively be used.

; A dual stage data clock parameter recovery section as
illustrated in FIG. 4 embodies a system for predicting
frequencies for longer time intervals which may be prone to
cause violation of the error formula and instability of the
system. First, the data modulated signal is time stamped by
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according to length of the interval. The relatively shorter
intervals at; ...y are suitable for actual clock cycle stamp
changes az; based on a nominal clock frequency obtained from
input 36. A set of instantaneocus frequencies F; is then
determined based on the shorter values of at; and corresponding
values of az;. These, or interpolated or extrapolated versions
of these, are then, in turn, used as nominal clock predictor
frequencies to predict relatively moderate andg, finaily,
relatively longer time intervals aC; o -

The actual clock 'cycle stamp changes az; are then
sequentially accumulated to obtain a complete array of z;
values for the entire data signal. This bootstrap method,
therefore, allows successful clock recovery under larger
modulation than can be obtained using a user-input nominal
clock frequency £, alone as a predictor.

Referring to FIG. 5, the phase and frequency deviation
measurement section (one exemplary embodiment of the processing
section 20 of the system), receives the arrays of time stamp
(£;) and actual clock cycle stamp (z;) data and uses the arrays
to calculate phase and frequency information of the data
nodulated signals 12. By using the effectively recovered clock
parameters, this information concerning the underlying clock
tan be obtained with a very modest rate of sampling compared
to the high data bandwidth, and no literal physical clock need
%e recovered.

Average frequency (£,,) of the data clock is determined by
first synthesizing an overall array of actual clock cycle
Stamps z; by sequentially summing all of the az;, values as
{ollows:

i
Zi., = ), AZ,
K=1

s
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The initial value of z; is arbitrary and of no significance.
Once the array of actual clock cycle stamps is determined, a
curve fitter 46 is used to determine average frequency through
linear regression, Other curve fitting schemes

The curve fitter simply fits the best straight

for example.

| may be used.
line in the min-square sense to the z; and t; data over the data
range of N points. The slope of the line yields the least

square average frequency.

Phase deviation, or jitter, ¢ is determined on the basis of
the average frequency (f,,)} according to the formula:

¢i = Z;- [¢o+fav‘g.ti]

the actual clock cycle stamp,
and t; is the corresponding

where ¢; = phase deviation, z;
b the initial phase deviation,
time stamp reading. The calculated phase deviation ¢; is then
passed through a digital filter 48 in order to produce a more

precise reading.
differentiating the :

phase deviation measurements over time using a differentiator
50.

A wide variety of other measurements may also be made in
the digital processor 48 as a function of the recovered
underlying clock parameters using digital filtering techniques.
For example, a high pass filter may be used to separate jitter
and wander measurements. (Jitter is phase deviation above 10
Hz bandwidth; wander is phase deviation below 10 Hz bandwidth.)
Other measurements may also be made including, for example,
phase-spectral density, Allan variance, TVAR, and TDEV.
Fourier transforms may be used to obtain other useful data.
Some or all of the recovered data can be displayed or used to
control the overall system through controls 21 (FIG. 1).

Although described thus far in terms of characterizing
parameters of an underlying clock for determining phase and

—ima
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during the course of decoding the received data signals using
" the measured array of time stamps t; and the calculated array
of actual clock cycle stamps z;. To decode, however, every
edge of the data signal must be sampled to satiéfy the Nyquist

rate by adjusting the pace value of the time stamping device.
Once every edge is sampled, and characterized as rising or
falling, the data signal can be reconstructed, and the data
read by a decoder 48. In addition to decoding, when every edge
of the data modulated signal is sampled, clock-to-clock jitter
and cycle-to-cycle jitter measurements can be made.

It should be noted that the clock recovery system can
operate from time stamps stored in memory or in real time.
Using the clock parameter recovery system in situations where
;he time stamps are stored in memory, the system can be used
to scan the signal and determine an accurate predictor
frequency based on a small at. Then, the data can be read
backward or forward, as the case may be, to
sample the rest of the data. This is a significant advantage
because such computations yield more accurate results (less
failure) than simply a forward-looking method. The system of
FIG. 4 is suitable for calculations based on time stamps stored
in memory 41. This is the preferred embodiment.

In real time clock parameter extraction, only a limited .
number of consecutive time stamps are available at any given
time in a dynamic fashion. FIG. 2 illustrates an embodiment
whereby only two adjacent time stamps t, (current) and ¢,
(previous) from time stamping device 22 are available for
subtraction to generate At;=t,-t;., and for fitting actual clock
count difference Az; (34) wvia the use of blocks 30 and 36.
After summing A4z, to generate z; (46) by accumulator 40, both
t, (48) and z; (46) are outputted for digital signal processing.
In the next sample, the index i is incremented by one. The
current time stamp then becomes the previous time stamp and the
newly acquired time stamp then becomes the current time stamp.
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information within a relatively modest sampling rate compared
! to the high data bandwidth. The system of FIG. 2 is suitable
' for calculations based on real time data signal input.

G 4 is a block diagramof an alternate dual stagdh® r&eemReplbced
ock paraneter recovery section of FIG 2; FIG 5 is mof an

Referring to FIG. 6, in the hardware embodiment shown a
data modulated signal, such as an NRZ signal, is paced by a
pacer, e.g., a programmable hardware frequency divider 104 by
a pace factor P. The paced signal is used to trigger a time
digitizer 108 which produces an n-bit digital output T;, which
is a digital representation of the physical time t;. The least
significant bit of T, represents the time-resolution of the

time digitizer ¢t,., typically well below 1 ns. The
mathematical relationship between t; and T; is simply t;=T, t .-
Register 112 is a buffer memory. which

records

the result of the previous measurement T;_,. Both current

result T, and previous result T,., are fed into accumulator 120
which subtracts the two consecutive results to form an m-bit
difference AT;=T;-T;.,. The size of m is chosen to accommodate
the largest time difference allowed.

The m-bit difference is fed into a multiplier 126 which
multiplies the difference AT, by a number equal to the product
of the nominal frequency F.. and t,,, and generates a g-bit
resulc: The effect of this multiplication is the same as
multiplying the physical time At; by the frequency F.,, sSince
T:* (Foom taor) = (AT, *Crop) " Faoe=AL; - F.a- The least significant bit
of this result should be 1/2, and further refinement has no
benefit. The round-off process is represented by adding 1/2
to the g-bit result by adder 130 and then truncating the least
significant bit to give a g-1 bit result of Az;=z,-z,,. This
Az; difference is accumulated by an accumulator 136 to give the
sequence z;. A buffer 142 sequences the z results for the
proper timing for accumulation. Just prior to being triggered,
the buffer feeds the result z,., to accumulator 136, but shortly

R L e -
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after trigger, the result z; will appear at the output of the
buffer. Both T; and z; are outputs of the clock parameter
recovery process. The time stamps T;, strictly speaking,
should be multiplied by t., before being outputted as physical
time stamps ¢t;. But in practice, T; is used in further
processing for various applications rather than ¢t;.
Normalization is done when all processes are completed.

The disclosures in United States patent application no.
08/183,466, and 08/182,887, from which this application claims
priority, and in the abstract accompanying this application are
incorporated herein by reference.



wﬁ‘ efring to FIG 2, the clock paraneter recovery section 10 includes a

comventional time interval analyzer 22, als ilme digitizer, Sor
time stanpi ng device. A suitable tine inter l%g ﬂ rcrally///
tCali

avail abl e from Hew ett- Packard Co., Palo Alt', nder

t he

product names HPlI 725A, HP53310, and HP5372, sequentially sanples and

provi des a high precision time stad-of selected data edges of the incom ng
data signal. The data signals are received by the device at innut 24, and

the time stanp information is delSPdM& at an outout 26. By tine
stanping,1.it i5 weenbdt bat reheverdhyz parsnidtleds dfe datunde gyl 5g

at l%&%%kS%&%ﬁ%%gta signals (12) comprising the steps of:
selectively sampling the data signals (22) to produce a
plurality of time stamps;
inputting a nominal clock cycle frequency (36); and
determining a nearest integral number of actual underlying
clock cycles (30) between adjacent time stamps as a function
of the nominal clock cycle frequency and time stamps and
thereby measuring the underlying clock parameters.

2. A method according to claim 1, comprising the step
of characterizing parameters of 'the underlying clock by
determining (40) an array of the time stamps (48) and an array
of actual clock cycle stamps (46), each actual clock cycle
stamp representing an integral number of actual clock cycles
occurring between adjacent time stamps.

3. A method according to claim 2, comprising the step
of determining the average frequency (20) of the underlying
clock by fitting a curve (46) through the array of
characterized parameters.

4. A method according to claim 2 or 3, comprising the
steps of:

determining instantaneous frequency (20) of the underlying
clock as a function of .the characterized clock parameters; and

inputting the instantaneous frequency (20) as the nominal

clock cycle frequency for determining additional elements of
the array of actual clock cycle stamps.

5. A method according to claim 4, comprising the step
of computing instantaneous frequencies (20,41) determined from
short time intervals and extrapolating the computed
instantaneous frequencies before the inputting step of
determining actual clock cycle stamps of long time intervals.
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#&giges of the data signal, and identifies wh occurs. The
tdme stanping device includes a built-in co@ﬂﬂmﬂmmjﬂﬁ referenced to
aj highly accurate reference tine base oscil nore precise

t han the underlying data cl ock. The oscillator my be, for exanple,

a% quartz oscillator. The tine s[&gging device can be controlled to

selectively sanple the rising or I'ling edges of the data signal, -or both.

The sanpling rate _of .t deyj al.so b ont.ral se a

uger-dg$ined ﬁ§ce“§%¥¥¥ﬁg %?éég%fggtiﬁ%{ £$gcebfgc%ﬁ§1%€thgthT'

conCEBPIKiLgd nch&heaAilem@pf controlling system performance (21) as

a function of recovered clock parameters.

7. A system for recovering data clock parameters from
a data modulated signal comprising:

time stamping means (108) for producing‘time stamps of
selected portions of an incoming data modulated signal;
first accumulator means (120) for accumulating the time stamps
and determining time intervals between selected time stamps;

counter means (126,130) for determining a number of digital
counts occurring within selected time intervals; and

second accumulator means (136) for accumulating digital
count data and time stamps for characterizing the data clock.

8. A system according to claim 7, wherein the time
stamping means comprises pace setting means (104) for
controlling the sampling rate of the incoming data modulated
signal.

9. A system according to claim 7 or 8, wherein counter
means comprises a multiplier (126) and a nominal frequency
input. '

10. A system according to claim 7,8 or 9, wherein the
counter means comprises rounding means (130) for determining
the nearest whole number of underlying clock cycles occurring
within each time interval.

11. A system according to claim 7,8,9 or 10 comprising
buffer means (112) for buffering incoming data coupled to the
time stamp means.

12. A system according to any one of claims 7 to 11,

comprising decoding means (48) for decoding the underlying

clock data as a function of the accumulated digital count data
and time s camps. e e+
This Sheet Has Been Replaced
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3

rate of the device by having it count a speC|f of edges bet ween
sanpl es. The sanpling rate of other tine stmmfaﬂﬂ m#mrn al so be
regul ated on a real tine basis, e.g., by a user* i me, during
whi ch the device is enabled to sanple data after a set tlne interva

Referring to both FIGS. 2 and an exanmple of the operatlon of the
time stanpi ng device is shown an'tlﬁe graph of the incom ng data nodul at ed
si gnal , h| S _case, ga‘l_myT e tlor’]q_e gigmgng (tvef identifies

every o | &s em accor ng
comprlslng process:.ng means (48,50) for characterizing phase-

frequency information of the underlying clock as a function of
the accumulated digital count data and time stamps.
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gipstitute sheet- 28 August 1996 edge of the data signal and records th
Bccurrence of such edges in tinme stanps ti for i=1 to N, where N5 thecf
tpbt al nunber of tinme stanps taken. The tine stanps ti are (shown

gt aphically in FIG 3) made on every other rising edge of the data s%@ﬁél
agcording to the pace setting (P=2) of the device. The tinme stanps have
val ues corresponding to the precisegeference tine based oscillator of the
sfanpi ng device. (As shown in FIG "3, the tinme stanps have val ues tL=0ns,

t 2=223. 45ns, t, =558. gAvERN b ik SEANETERS
FROM A DATA SIGNAL
ABSTRACT

A system for recovering parameters of an underlying clock
signal from data modulated signals (12) includes a time
digitizer (22), or time stamping device, for sampling and
locating edges of the data modulated signals, thereby
selectively providing time stamp readings identifying incoming
edges of the data signals. The time stamp readings are used,
along with a user-input nominal clock frequency (36), to
determine (30) an array of actual clock cycle stamps (46), each
representing an integral number of actual clock cycles
occurring between adjacent time stamps (48). The array is then
used in conjunction with the time stamps to characterize
parameters (46,48) of the underlying clock data. Once the
clock parameters are recovered, a wide variety of information,
for example, frequency and phase information, including jitter,
can be determined (20) with a very modest rate of sampling
compared to the high data bandwidth.
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THe set ,of time stanps ti to ti are then collected and recorded, as are:j
seri'es of data stanps ej. In clock paraneter extraction, no use is-nade
of the data stanps ej, which,.in this case, are regular with an increnent
of P per stanp. (As shown in FIG 3, the data stanps have val ues of e,.=l,
e, =3, e,=S e, =7, etc.) | nst ¢! £9the gathered tinme stanps tj are used to
determ ne an array of actual clock cycle stanps zi, each actual clock cycle
stanp representing an integral number of actual clock cycles occurring

bet ween adj acent tinme stanps. The actual clock cycle stanps nay be

cal cul ated and conpiled in an array by any suitabl e hardware or software-
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driven conmputer. To calculate the array of actual clock cycle stanps, the
actwal clock cycle stanp change [err]Zi (phase change in unit interval or
u.i.) is first conputed on the basis of the time stanps t,, ti+1l, and a
nom nal cl ock frequency f[err] p vided through input 36, e.g., a keyboard.
The actual clock cycle stanp [err]zi is derived by inserting the
nearest integral nunber of nom aI cl ock-cycl es between tine stanps
according to the following fornula: [err] The actual clock cycle stanp
change [err]z, is equal to the phase change in unit intervals (of the

counter) between one tine
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[ The integer (INT) function truncates

and an adjacent stanp ti,.

stanp tt
4.2 becones 4; 4.8

any~non-i nteger value (e.g., 4.
By adding 0.5 to the equation,
i}to t he nearest integer,

August 1996 -7 - becones 4).

function rounds the operand valu
converting the truncating into 3
the zi values are all integers.)

¢éund-of f function.

-3
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Thi's process of calculating the actual clock cycle stanp changes is

performed for all of the [err]z,
overall zi array fromthe ti array

determ ned by sequentially addinght
arbitrary reference value zi in thifs exanple,

in FIG 3,

values fromi=1to N
f tinme stanps.

the actual clock cycle stanps have val ues of zi=1,
The two arrays of paranmeters ti and zi sufficiently

synt hesi zi ng an
The zi val ues can be

g particular [err]z values to an -
zi is equal to 1.

(As shown

z2=11, z, =26,

and z, =37) .
characterize the underlying clock by providing clock cycle data ti

extracted directly fromthe dat
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ref erence values. The system described is highly repeatable and operable
ovér  a wi de and wel | -defined rangg. , The systemis highly repeatabl e because
t he outconme of the underlying ckg Mécycle estimati on process conprises only
whol e nunbers, and barring grossferrors anal ogous to fal se | ocking and | oss
of loop in phase |ock |oops, the outcone is the sane i ndependent of any

particul ar inplenentation detail. Any non-uniqueness arises from
limtations in timng resolution of the tine sta , but this is typically
under 50 picoseconds. To avoid clock paraneter re@Svery failures anal ogous
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| ose-1ock in a phase | ock | oop,

nom nal

More particularly,

996 where [errf

.

frequency nmust be sufficiently

(f[err]) of the underlying clock sough
a necessary conditfi

the follow ng error formula be satisfied:
Is the frequency error

and for the systemto

| ose to the ac
o0 be recovered
for successf ul

%engte p

Substitute sheet

If[err]-f[err]l

bet ween t he nom na

dx §
< N
Q N XY @
‘ R
I IR
AN %‘ Q
SN = ~
N Y
N + §
N N NN
N Q/\ N < %
- N
RS B ~L
g a
Q R N
S X S N
X N N
AN X 3
N\.
+¥ N A
Y J4 ¥
AR R
\ NS R
NI X »
~ \Qj b%
\w§§l R §
\&% R N
I @

roperly, the
UB2BE Replaceg

i




and_ act ual ffequencies,*andi[err]t.iSfthe time interval (t[erFTgTT%ﬁﬁﬁ)

bging“fitteq(by a-actual -claeck cyclerstanp change [err]zi. Wen the error
formula is W ol ated; - :thi-s #eans thaty[err, . Q i he
wrong i nt egef . As i s, evidént.from the f oéruir)u%f'g@é %s}ﬁeétt L??%’-%?Jr??ﬁ s can
tolerate larger frequency errors. Conversely, |arge nodul ation on the
clock, and/or an insufficrennqqﬁanpltqgé rate, my lead to clock

par anet er «recovery failure. In order to:nmeet the requirements of the .error
formul a, one can choose BESRUERErOTedSlke PARAMETRERS(snal | er pace setting)

and | arger sanpling size (forggoMighrsarebinng rate). The
This invention relates to a methoed and system for
recovering parameters of a clack, for example Lo a system for
highly repeatable clock parameter extraction from data
modulated signals.

In digital transmission and communications, a wide varisty
of modulation schemes are used to enccde data. For example,
in a randeom NRZ data signal, data are represented by a constant
signal level for the full duration of a bit interval, i.e., one
clock cycle. By contrast, RZ (return-to-zero) data signals
return to zero with each bit interval. In each case, all data
transitions occur at clock transitions. However, not all clock
transitions generate data transitions in NRZ data.

To decode the digital data wunder NRZ, RZ, or other
nodulation schemes, it is necessary, in general, to know the
correct instances to sample the data. Preferably, the clock
used to encode the data is available for decoding. However,
in many cases, the encoding clock is not available, and a new
clock must be synthesized at the receiving end.

The present invention seeks to provide recovery of clock
parameters.

According to an aspect of the present invention, there is
provided a method of recovering parameters of an underlying
clock as specified in claim L.

According to another aspect of the present invention, there
is provided a system for recovering data clock parameters as
specified in claim 7.

It is possible with preferred embodiments of the invention
to satisfy a need of system operators and system compeonent
manufacturers, who are not directly interested in the exact
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‘pace setting of the tinme stanping device may al so be adjusted to change
[err]t.: Therefore, one should set the pace value of the tine stanping

devi ce based on the characteristics of the unde i da | oc e
recovered. A pace value of one is best forS@%%JP§¥§Hg% U%ss,ugﬂgtiggeers
fromthe constraint of available nenory_to store the array of neasured tine

stanps and cal cul ated actual clock cycle stanps. Therefore, such a | ow pace
val ue shogdhk &g usedndhearhhfe SysdaMudivy \Wnraahliugbgaivédw, ofo Widwabl e

under e gl 05l 9 oMEhel T UL LSS w0 SR

instantaneous, of the underlying clock of the data stream.

Such measurements are particularly desirable in plexiosyn-
chronous digital systems in which deliberate phase shifts are
occasionally introduced to compensate for small clock frequency
differences at different points of the system. Preferably,
such measurements should be made in "live traffic", that is,
made without interrupting the system operation. Furthermore,
it is possible to make such measursments at relacively low
speed, commensurate with the clock jitter bandwidth, in the
presence of much higher data modulation bandwidth. For these
measurements, it 1is not necessary literally to recover a
physical clock.

Also, knowledge of the underlying clack frequency and phase
can be used to monitor and control system performance and to
predict bit error rate (BER), especially when the rate is too
low for convenient measurement. Systems may be specified to
tolerate a certain amount of jitter at wvarious £requency
components (jitter tolerance), and, therefore, the actual
jitter at various system points should be measured (jitter
generation). Jitter is considered as phase deviation above 10
Hz bandwidch. To guard against magnification of jitter when
cascading components, the transfer of jitter from input to
output should be characterized (jitter transfer). Ideally,
these measurements are made during data modulation to be more
realistic and, if possible, during actual system operation.
When incompatibility does arise in system operation, a
repeatable standard method of measurement can be provided to
settle disputes between vendors and buyers, system operators,
and service providers, as to whether each piece of equipmeﬂ:
is wichin specifications, and, indeed, to determine if the
specifications are adequate to ensure correct operation.

’hﬁc&ough'widely used, the conventional methods using phase
lock loop (PLL) and surface acoustic wave (SAW) oscillators

This is the replacement spag
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'f the data clock is relatively stable, and the nom nal frequency can be
accurately predicted to be sufficiently close to the actual
| ow pace value is not required. In this Caéﬁbsﬁ{l&e %léltd Qx%%s{ H%Q%ace
value sinply to neet the requirenments of t

sanpling rate of the tine stanping device should be at

act ua

st gni f1 caglieyekeson dir“trxéa'a%oglzeg cdd Yieead ?Huﬁﬁﬂdéesai%% 2Rt O0%

tinmes

| ]

| es

frequency,
eor em

itter bandwidth of the undeﬂ%ﬁ ng cl ock. This can be

t he conbi ?IQPPon CYrPAeh i tf‘m‘éarﬂ-%’é? ugé'ﬂai“hca fileer and SAW dectail

erformance parameters. In practice, the physical clocks
svn:hesx*ed likely differ from one design to another, even for
identical data streams, thereby producing non-unigque and non-
repeatable measurements. This lack of repeatability is true
even if the more serious PLL errors such as loss-of-lock or
false locking have been overcome.

The preferred embodiment can be provide a system for highly
repeatable measursment based on an accurats representation of
the underlying clock, independent of any particular circuit
design detail or parametric performance of various components.

There is provided in a preferred embodiment of the present
invention, a system for highly repeatable clock parameter
recovery from data modulated signals. The system utilizes
readings of a conventional time stamping device for selectively
sampling and locating edges of the data modulated signals in
the system. The time stamp readings are then used, along with
2 user-input nominal clock frequency, to calculate an array of
actual clock cycle stamps, each representing an integral number
of actual clock cycles occurring between adjacent time stamps.
The array is used, in conjunction with the time stamps, to
characterize the underlying data clock. Once
the clock parameters are recovered, frequency and phase
information, including jitter, can be determined. :

Since the cutcome of the cycle estimation process comprises
whole numbers (intcegers), barring gross errors analogous to
false locking and loss-of-lock in a phase lock loop (PLL), the
outcome is the same, independent of any particular
implementation detail. Any non-uniqueness comes from the time
stamping process, but these are typically very small, being on
the order of 50 picoseconds or less.
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-Substitute sheet - 28 August 1996 -9- conputer or other hardware neans to
provi de a variety of information concerning the data signal.

| nst ant aneous frequency Fi, for exanple, i bgg%&iémetgy 28 Wuguse 1dos phase
change [err]z, by the tinme difference [err]|ti between adjacent stanps

according to the following fornula: [gfr]

Once a clock is effectively recovered, jitter and other
phase-frequency information from the underlying clock can be
obtained. The process can be accomplished with very modest
sampling rates compared to the high data bandwidth.

An embodiment of the present invention is described below,
by way of example only, with reference to the accompanying
drawings, in which:

FIG. 1 is a general block diagram of an embodiment of a
system for wmeasurements based on highly repeatable clock
parameter recovery;

FIG. 2 1is a block diagram of a data clock parameter
recovery section of the system of FIG. 1;

FIG. 3 is a graphical representation of the time stamp and
cycle stamp parameters used to characterize the data clock;

FIG. 4 is a block diagram of an alternate dual stage
embodiment of the clock parameter recovery section of FIG. 2;

FIG. 5 1is a block diagram of an embodiment of the
processing section of the system of FIG. 1; and

FIG. 6 is a hardware representation of a real time
measurement system based on FIG. 2.

Referring to FIG. 1, the highly repeatable clock parameter
recovery system showrn includes a clock parameter recovery
section 10 for 'extraccing parameters of an underlying clock
from data modulated signals 12 input into the system. The
recovered clock parametars are fed to a processing section 20
for determining a wide variety of measurements through digital
filtering techniques. These measurements include, but are not
limited to, phase deviation (jitter), frequency deviation, and
average frequency, phase-spectral response, wander, TVAR,
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In essence, the instantaneous frequency Fi is a corrected frequency derived
froma predictor frequency Flerr] Rewiting F. as Flerr] and Flerr] as
F[e'rr] the foll owi ng equations are deri V%bsh%{e] shdw® @@mjg@t ardaal

cl ock cycles i s obtained by rounding off to the nearest integer the nunber
of nom nal clock cycles occurring within [err]t. It should be noted that

[err]Z,, the actual clock cycle stanp” changes are integers, each
change repy td Ah nearest o}, gknchac ﬁéﬂ
occurri nng@?fpn a télér%gr [ %t%grva er% t %18% dlda go eghg%{fé

or used, either manually or au:omac;cal y. to adjust cthe
overall system application through system display/controls 21.

Raferring ta FIG. 2, the clock parametar recovery section
10 includes a conventional time interval analyzer 22, also
known as a time digitizeg, or time stamping device. A suitable
time interval aﬁélyzer, commercially available from Hewlett-
Packard Co., Palo Alto, California, under the product names
HP1725A, HP53310, and HP5372, sequentially samples and provides
a high precision time stamp of selected data edges of the
incoming data signal. The data signals are received by cthe
device at input 24, and the time stamp information is delivered
at an output 26. By time stamping, it is meant that the
analyzer samples the data signals, locatas at least selected
edges of cthe data signal, and identifies when each such edge
occurs. The time stamping device includes a built-in counter
(not shown) referenced to a highly accurate reference time base
oscillater 28 which is more precise than the underlying data
clock. . The oscillator may be, for example, a quartz
oscillator.

The time stampiné device can be controlled to selectively
sample the rising or falling edges of the data signal, or both.
The sampling rate ¢of the device can also be controlled based
on a user-defined pace setting or
cycle time. Pace is one method of controlling the sampling
rate of the device by having it count a specific number of
edges between samples. The sampling rate of other time
stamping devices can also be regulated on a real time basis,
e.g., by a user-defined cycle time, during which the device is
enabled to sample data after a set time interval.

Referring Co both FIGS. 2 and 3, an example of the
operation of the tCime stamping device is shown on the graph of
the incoming data modulated signal 12, in this case, an NRZ
signal. The time stamping device identifies every other rising

This is the zcclacemen‘ sheet
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fhat other frequencies besides an arbitrary nom nal frequency value f[err]
can, be used as a predictor frequency, for exanple, an adjacent

i nst ant aneous frequency F[err] may effectively be used. ual stage data
cl ock paraneter recovery section as illust r%{téa'“i"i‘? Hhest 'ﬁégrﬁﬂﬂ}fsés Qystem

for predicting frequencies for longer tinme intervals which may be prone to
cause violation of the error fornul a ahd instability of the system First,

the data QBQE'%EQQnE'QB@L %%g%%qea 5@@&&%ﬂ%¥ the occurrence o¢f such
edges in time stamps t; for i=1 to N, where N = the total
number of time stamps taken.

The time stamps t; are (shown graphically in FIG. 3) made
on every other rising edge of the data signal according to the
pace setting (P=2) of the device. The time stamps have values -
corresponding to the precise reference time based oscillator
of the stamping device. (As shown in FIG. 3, the time stamps
have values t,=0ns, t,=223.45ns, t,=558.735ns, and t,=804.80ns.)
The set of time stamps t; to ty are then collected and recorded,
as are a series of data stamps e;. In clock parameter
extraction, no use is made of the data stamps e;, which, in
this case, are regular with an increment of P per stamp. (As
shown in FIG. 3, the data stamps have values of e,=1l, e,=3,
e;=5, e,=7, etc.) Instead, the gathered time stamps t; are used
to determine an array of actual clock cycle stamps z;, each
actual clock cycle stamp represehting an integral number of
actual clock cycles occurring between adjacent time stamps.

The actual clock cycle stamps may be calculated and
compiled in an array by any suitable hardware or saftware-
driven computer. To calculate the array of actual clock cycle
stamps, the actual clock cycle stamp change az; (phase change
in unit interval or u.i.) is first computed on the basis of the
time stamps t,, t,.,, and a neminal clock frequency £,, provided
through input 36, e.g., a keyboard. The actual clock cycle
stamp change az; is derived by inserting the nearest integral
number of nominal clock-cycles between time stamps according
to the following formula:

AZ-L = INT[EM" (ti.cL-ti) "'0 -SI

The actual clock cycle stamp change az; is équal to the phase
change in unit intervals (of the counter) between one time
stamp t; and an adjacent stamp t;.,. The integer (INT) function
truncates any non-integer value (e.g., 4.2 hecomes 4; 4.8
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Substitute sheet - 28 August 1996 -10 - the tine stanping device 22.
tine stanp intervals [err]t between adjacent tine stanps are then conputed
and sorted according to length of the interval. The relatively shorter

intervals [err]t[err]) are suitable for actystitytgsghesycl28 Luavst R es

[err]zi

of instantaneous frequencies Fj

based on a nom nal clock frequency obtained frominput 36.
IS t_he‘n"‘determ' ned based on the shorter

ar é

val ues of Je‘&ro%hfs-e ;??gpggg%gtg}?@%d& g yg L hééiue%n‘?forn] Zitcﬁgﬂiﬁ%efuﬁ{:cion

i nt erpol ate

nom nal

or rsrons o

converting the truncating into a round-off function. (As shown
in FIG. 3, the z, values are all integers.)

This process of calculating the actual clock cycle stamp
changes is performed for all of the az; values from i=1 to N,
synthesizing an overall z; array from the t; array of time
stamps. The z; values can be decermined by sequentially adding
the particular az, values to an arbitrary refersence value z,;

in this example, z, is equal to 1. (As shown in FIG. 3, the
actual clock cycle stamps have values of z,=1, z,=11, z,=26, and
2,=37). The two arrays of parameters t; and z, sufficiently

characterize the underlying clock by providing clock cycle data
t; extractaed directly from the data signal and comparing this
ddta to whole number (integer) actual clock cycle stamp Z;
reference values.

The system described is highly repeatable and operable over
a wide and well-defined range. The system is highly repeatable
because the outcome of the underlying clock cycle estimation
process comprises only whole numbers, and barring gross errors
analogous to false locking and loss of loop in phase lock
loops, the outcome is the same independent of any particular
implementation detail. Any non-uniqueness arises from
limications in timing resolution of the time stamps, but this
is typically under 50 picoseconds.

To avoid clock parameter recovery failures analegous to
lose-lock in a phase lock loop, and for the system to operate
properly, the nominal frequency must be sufficiently close to
the actual frequency (£,.) of the underlying clock sought to be
recovered by the syscem. More particularly, a necessary
condition for successful operation is that the following error
formula be satisfied:

|a€-at]<¥%
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sfrequencies to predict relatively noderate and, finally, relatively |onger
timeintervals [err]t[err]. The actual clock cycle stanp changes [err]zi

are then sequentially accunulated to obtain a conplete of zj al ues
for the entire data signal. This boot st rséﬂsﬁ%‘ftﬁoﬂ‘,eectﬁgéé%‘f%fs"ah%

successful clock recovery uinder |arger nodul ati on than can be obtai ned
using a user-input nom nal clock freglency fl[err] alone as a predictor.
(one. excTIT R Srod o ReBhorRE BFOReasimy febt PRVt ofes OB er .
r ecei vesandeactyay st pdquanmd.est, amnd at is the time interval (g, -ty)
being fitted by a actual clock cycle stamp change az,. When
che error formula is viclated, this means that’ az; may be
rounded off to the wrong integer. As is evident from the
formula, short time interwvals can tolerate larger frequercy
errors. Conversely, large modulation on the clock, and/or an
insufficient sampling rate, may lead to clock parameter

recovery failure.

"In order to meet the requirements of the error formula, one
can choose a smaller measursment time (smaller pace setting)
and larger sampling size (for a higher sampliné rate). The
pace setting of the time stamping device may alsc be adjusted
to change at. Therefore, one should set the pace value of the
time stamping device based on the characteristics of the
underlying data clock to be recovered. A pace value of one is
best for accurate results, but suffers from the_constrainc of
available memory to store the array of measured time stamps and
calculated actual clock cycle stamps. Therefore, such a low
pace value should bhe used when the system involves a
fluctuating or unstable underlying data clock, or when the
nominal frequency input cannot be adequately characterized to

..meet the error formula.

If the data clock is relatively stable, and the nominal
frequency can be accurately predicted to be sufficiently close
to the actual fraquency, a low pace value is not required. In
this case, one should choose the pace value simply to meet the
requirements of Nyquist’s theorem, that is, the sampling rate
of the time stamping device should be at least twice the actual
jicecer bandwidcth of the underlying clock. This can Gte
significantly less than the clock frequency, thousands and even
millions of times less.

Once the array of actual clock cycle stamps 2z, 1is
calculated, the combination of z, and t, can be used in a

T i T B le oy b
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*ti) and actual clock cycle stanp (zi) data and uses the arrays to
cal cul’'ate phase and frequency information of the data nodul ated signals 12.

By using the effectively recovered clock p et ers, thi_s | nf or mat j
concerning the underlying clock can be obt g‘ﬁ’é&t%eﬁhe&tveﬁ/m_ﬁfﬁe of
sanpling conpared to the high data bandwi_dth, and no literal physical clock

need be recovered. Average frequency (f[err]) of the data clock is
det er m nedcbyphiest oxynbttesdt ZhagawirdValeahk afd ayrefidct Halvayieek cyel e

stamps zi byeeAerth al L SHHTAY e Ofaddle LIGhATL VAl YES. gR. L QLI OV
frequency F;, for example, is obtained by dividing the phase
change az; by the time difference at, between adjacent stamps
according to the following formula:

AZ,

F, = —2%

L Ak,

In essence, the instantaneous frequency F, is a corrected
frequency derived from a predictor frequency F... Rewriting F,;
8S Feoorrectedr a0Q Fogy 85 Fopeqicesrr the following equations are
derived:

At = ti.".-t’-'

_ INT [Fgredicca: ‘Ac+0.5]
Fco::ac:ed = At,

Azi = Ati'Fcczzeczad

The number of actual clock cycles is obtained by rounding off
to the nearest integer the number of nominal clock cyciés
occurring within at;. It should be noted that az;, the actual
clock cycle stamp changes, are integers, each change
representing the nearest whole number of actual clock cycles-
occurring within a time interval At;. It should also be noted
that other frequencies besides an arbitrary nominal frequency
value £, can be used as a predictor frequency, for example, an
adjacent instantaneous frequency F,., may effectively be used.

A dual stage data clock parameter recovery section as
illustrated in FIG. 4 embodies a system for predicting
frequencies for longer time intervals which may be prone to
cause violation of the error formula and instability of the
system. First, the data modulated signal is time stamped by

This is the replacement sheet
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[err] Substitute sheet - 28 August 1996 -11- The initial value of zi is
arbitrary and of no significance. Once the array of act ual clock cycle

stanps is determned, a curve fitter 46 is ed t eter e aver a
frequency through |inear regression, for eéﬁiﬁ ? \Pé"Q'-fstth%%s
schenmes may be used. The curve fitter sinply fItS the best strai ght

-10-

L

the time stamping device 22. The time stamp intervals at
between adjacent time stamps are then computed and sorted
according to length of the interval. The relatiVvely shorter
incervals aCi (4o are suitable for actual clock cycle stamp
changes az; based on a nominal clock frequency obtained frcm
input 136. A set of instantaneous frequencies F, is then
determined based on the shorter values of at, and corresponding
values of az;. These, or interpolated or extrapoclated versions
of these, are then, in turn, used as nominal clock predictor
fraquencies to predict relatively moderate and, finaily,
elatively longer time intexvals aC; g -

The actual clock cycle stamp changes az; are then
sequentially accumulated to obtain a complete array of z;
values for the entire data signal. This bootstrap method,
therefore, allows successful clock recovery under larger
modulation than can be obtained using a user-input nominal
clock frequency f£.., alone as a predictor.

Referring teo FIG. S, the phase and frequency deviation
feasurement section (one exemplary embodiment of the processing
section 20 of the system), receives the arrays of time stamp
ty) and actual clock cycle stamp (z;) data and uses the arrays
to calculate phase and frequency information of the data
modulated signals 12. By using the effectively recovered clock
Parameters, this information concerning the underlying clock
can be obtained with a very modest rate of sampling compared
to the high data bandwidch, and no literal physical clock need
%e recoverad.

Average frequency (£,,) of the data clock is determined by
{irst synthesizing an overall array of actual clock cycle
ftamps 2z; by sequentially summing all of the az, values as
follows:

This is the replacement sheeil
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[ine in the min-square sense to the zi and ti data over the data range of N
points.” The slope of the line yields the | east square average frequency.

Phase deviation, or jitter, [err] is deter gLB EtuQ? s\b%%? té)?cd'eriru%fgsgﬁgsggverage

frequency (f[err]) according to the fornula: [err
deviation, zi = the actual clock cycle,stanp, [err] = the initial phase
deviation, and ti is the corresponding tine stanp reading. The cal cul at ed

phase deviralel Qhikeal] vasubh8® Rass£da ity andl @t alo fdildmlri4@nkca, or der

;grg[gduc%n%e”%% BL2SLS8 e §20L00 [LEIUENNe Al UL Ie2edEhghThned by
curve fitter 46 is used to determine average frequency through
linear regression, for example. Other curve fitting schemes
may be used. The curve fitter simply fits the best straight
line in the min-square sense to the z; and t; data over the data
range of N points. The slope of the line yields the least
square average frequency.

Phase deviation, or jitter, ¢ is determined on the basis of
the average frequency (£, according to the formula:

¢L = Z;- [¢o+favg'ci.]

where ¢; = phase deviation, 2z; = the actual clock cycle stamp,
¢, = the initial phase deviation, and t; is the corresponding
cime stamp reading. The calculated phase deviation ¢, is then
passed through a digital filter 48 in order to produce a more
precise resading. Frequency deviation is determined by meraly
differentiating the

phase deviation measurements over time using a differentiator
S0.

A wide variety of other measurements may also be made in
the digital processor 48 as a function of the recovered
underlying clock parameters using digital filtering techniques.
For example, a high pass filter may be used to separate jitter’
and wander measurements. (Jitter is phase deviation above 10
Hz bandwidth; wander is phase deviation below 10 Hz bandwidth.)
Other measurements may also be made including, for example,
phase-spectral density, Allan variance, TVAR, and TDEV.
Fourier transforms may be used to obtain other useful data.
Some or all of the recovered data can be displayed or used to
control the overall system through controls 21 (FIG. 1).

Alchough described thus far in terms of characterizing
parameters of an underlying clock for detarmining phase and

“his is the replacement sheet



differentiati ng the phase deviati on neasurenents over time using a _
di.fferentiator so. A wide variety of other neasurenents may al so be nade in

the digital processor 48 as a function of .ecov regTS rlyin %iick
paranmeters using digital filtering techni q%g’.s{'gb? 52355 IU%Q%‘A’%S&% @s_
filter may be used to separate jitter and wander nmeasurenents. (Jitter is

phase deviation above 10 Hz bandw dth; yander is phase deviation below 10
Hz bandwi dth.) Qher nmeasurenments may al'so be nade including, for exanple,

phase- specifartudinnsi 6¥, chb| 8Acyakighss, FWAR sy@WemlRY arso be used
during the course of decoding the received data signals using
the measured array of time stamps t; and the calgulated array
of actual clock cycle stamps z;,. To decode, however, every
edge of the data signal must be sampled to satisfy the Nyquist
rate by adjusting the pace value of the time stamping device.
Once every edge is sampled, and characterized as rising or
falling, the data signal can be reconstructed, and the data
read by a decoder 48. In addition to decoding, when every edge
of the data mecdulated signal is sampled, clock-to-clock jittar
and cycle-to-cycle jitter measurements can be made.

It should be noted that the clock recovery system can
operate from time stamps stored in memory or in real time.
Using the clock parameter recovery system in situations where
the time stamps are storasd in memory, the system can be used
Co scan the signal and determine an accurate predictor
frequency based on a small at. Then, the data can be read
backward or forward, as the case may be, to
sample the rest of the data. This is a significant advantage
because such computations yield more accurate results (less
failure) than simply a forward-looking method. The system of
FIG. 4 is suitable for calculations based on time stamps stored
in memory 41. This is the preferred embodiment.

In real time clock parameter extraction, only a limited
number of consecutive time stamps are available at any given
time in a dynamic fashion. FIG. 2 illustrates an embodiment
whereby only two adjacent time stamps t, (current) and t,,
(previous)/from time stamping device 22 are available for

subtraction to generate At;=t;-t;., and for fitting actual clock
count difference A4z; (34) wvia the use of blocks 30 and 36.
After summing Az; to generate z; (4§) by accumulator 40, both
t, (48) and z, (46) are outputted for digital signal processing.
In the next sample, the index i is incremented by one. The
current time stamp then becomes the previous time stamp and the
newly acquired time stamp then becomes the current time stamp.

‘e This is the replacement sheet
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Fourier transforns may be used to obtain other useful data. Some or all of
t he. recovered data can be displayed or used to control the overall system

h trols 21 (FIG 1 Al t hough des h far
Lharater i ng. paam } O 1o S flte g2l 2 T e

characterizing paraneters of an underlying c eter
Substitute sheet - 28 August 1996 -12- frequency of the data signal, the

system may al so be used

-13-
Then the process repeats. The system still can be useful to
calculate underlying clock parameters and phase-frequency
information within a relatively modest sampling rate compared
to the high data bandwidth. The system of FIG. 2 is suitable
for calculations based on real time data signal input.

Referring to FIG. 6, in the hardware embodiment shown a
data modulated signal, such as an NRZ signal, is paced by a
pacer, e.g., a programmable hardware frequency divider 104 by
a pace factor P. The paced signal is used to trigger a time
digitizer 108 which produces an n-bit digital output T;, which
is a digital representation of the physical time t,. The least
significant bit of T, represents the time-resolution of the
time digitizer €., typically well below 1 ns. The
mathematical relationship between t, and T; is simply €;=T;  Coor
Register 112 is a buffer - memory which
racords
the result of the previous measurement Tir- Both current
rasult T; and previous result T,., are fed into accumulator 120
which subtracts the two consecutive results to form an m-bit
difference AT,=T;-T;.,. The size of m is chosen to accommodate
the largest time difference allowed.

The m-bit difference is fed into a multiplier 126 which
multiplies the difference AT, by a number equal to the product
of the nominal frequency F,,. and t.. and generates a g-bic
rasult. The effect of this multiplication is the same as
multiplying the physical time at; by the frequency F.., since
AT " (Faon® Caor) = (AT, * Cnop) * Froa=AL;*F .. The least significant bit
of this result should be 1/2, and further refinement has no
benefit. The round-off process is represenced by adding 1/2
to the g-bitc result by adder 130 and then truncating the least
significant bit to give a g-1 bit result of 4z;=2z;-z,.,. This
4z; difference is accumulated by an accumulator 136 to give the
sequence z,. A buffer 142 sequences the z results for the
proper timing for accumulation. Just prior to being triggered,
the buffer feeds the resulc z ., to accumulator 136, but shortly

This is the replacement shea!




*during the course of decoding the received data signals using the neasured
array of tine stanps ti and the calculated array of actual clock cycle
stanps zi. To decode, however, every edgg,pétifuie shabe- 28JAagusudOSBe
sanpled to satisfy the Nyquist rate by adjusting the pace value of the tine
stanpi ng device. Once every edge is sanpled, and characterized as rising or
falling, the data signal can be reconstiyycted, and the data read by a
decoder 48. In addition to decodi ng, when every edge of the data nodul at ed
signal is a8metetrigderck-the cesaltj zf tvillamprepc| att oheygubpyttofrthe

(r:rzﬁsur emenbgs €29, be gar@e T, | bnahol d-Be ARbedst ket dhe 180K pessdiar system

racovery process. The time stamps T;, strictly speaking,
should be multiplied by t,. before being ocutpucted as physical
time stamps ¢t;. But in practice, T; is used in further

processing for various applications rather cthan t;.
Normalization is done when all processes ares completed.

The disclosures in United States patent application no.
08/183,485, and 08/182,887, from which this application claims
priority, and in the abstract accompanying this application are
incorporated herein by reference.
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p rate fronitr stanps stored in nenory or in real tine. Using the clock

MH llt.“wu@m ystemin situations where the tine stam“ns are stored in
an be used to scan th curate
predrctor frequency based on a small At. %$ﬁ§ﬁqu#%§Q%§ sﬁiﬁéﬁ
backward or forward, as the case may be, to sanple the rest of t he dat a.
This is a significant advant age becaugg.such conputations yield nore
accurate results (less failure) than sinply a forward-|ooking nmethod. The

systemof FIG 4 is suitable for calguazasi ons based on ti-ne stanps stored
in memory 41.; Thi s A Spd N P'Rf Sek8de TR0 B eters of an underlying
clock from daca signals (12) comprising the scteps of:
salectively sampling the daca sigmnals (22) to produce a
plurality of time stamps;
inputting a nominal clock cycle fraquency (36); an
decermining a nearsst integral number of actual underlying
clock cycles (30) between adjacent time stamps as a function
of the nominal clock cycle frequency and time stamps and
Chereby measuring the underlying clock parameters.

2. A method according to claim 1, comprising the step
of characterizing parameters of the underlying clock by
determining (40) an array of the time stamps (48) and an array
of actual clock cycles stamps (46), each actual clock cycle
stamp reprasenting an integral number of actual clock cyclss
cccurring between adjacent Cime stamps.

3. A methed according to claim 2, comprising the step
of determining the average frequency (20) of the underlying
clock by fitcing a curve (46) through the array of
characterized parameters.

4, A method according to claim 2 or 3, comprising the
steps of:

determining instantaneous frequency (20) of the underlying -
clock as a function of the characterized clock parameters; and

inputting the instantanecus frequency (20) as the nominal
clock cycle frequency for determining additional elemencs of
Che array of actual clock cycle stamps.

S. A method according to claim 4, ccocmprising the step
of computing instantaneous frequencies (20,41l) decermined from
short time intervals and extrapolacing cthe computed
instantaneous frequencies before the inputting step of
determining actual clock cycle stamps of long time incervals.

———
——
———
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I'n re tlrre cl ock pararreter extraction, only a limted nunber of
conseE ,' ﬁlﬂ"ma m,ﬁws are avail able at any given tine in a dynamc
fashi rates an enbodi nent ereby only twg adjacent tinme

stanps ti~ (curfenf) &nd ti (previous) from PybEHtEtesReely 33\/4\@9”%21895

avai l abl e for subtraction to generate [err]t[err]=ti-ti and for fitting
actual clock count difference [err]zi-ys34) via the use of blocks 30 and 36.
After sunming [err]zi to generate zi (46) by accumul ator 40, both t[err]
(48) and zi CZ'}46) ar & omesheded acsPrdilget altSsi g p@@%‘é%%#frﬁ‘g Ffhatme next
sanpl e, tbempnieing dife iStRLEBENESE: RYL DIy syEtRal per€dtmhhaR $28Pad hen

becones thE&ESQQéHK%giJH%O%%QQB gfdcﬁrggrametars

7. A systam'fcr racovering data clock parameters from
a data mcdulated signal comprising:

time stamping means (108) for producing' time stamps of
se2lected portions of an incoming data modulated signal;
first accumulator means (120) for accumulating the time stamps
and determining time intervals between selected time stamps;

councer means (12§8,130) for determining a number of digital
counts occurring within selected time intervals; and

second accumulator means (136) for accumulating digital
count data and time stamps for characterizing the data clock.

8. A system according to claim 7, whersin the time
stamping means comprises pace setting means (104) for
controlling the sampling rate of the iancoming data modulated

signal.

9. A system according to claim 7 or 8, wherein counter
means comprises a mult::.pller (126) and a nominal frequency
input. )

10. A system according to claim 7,8 or 9, wherein the

counter means comprises rounding means (130) £for determining
the nearest whole number of unde*ly:.ng clock cycles occurring
within each time interval.

11. A system according to claim 7,8,9 cr 10 comprising
buffer means (112) for buffering incoming data coupled to the
time stamp means.

12. A system accordiang to any one of claims 7 to 11,
comprising decoding means (48) for decoding the underlying
clock data as a function of the accumulated digital count data

aad time scamps.

- »
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hew y acquired. tinme .stanp-then becomes the current tine stanp.
Substitute sheet - 28 August 1 996 -13- Then the process repeats. The
syst em st u m(\m "i to cal cul ate un in ock anet e nd
phase- fr m m\ﬂ ‘ n within a rel at g\‘}éﬁ/(‘uﬁgégﬁ gﬁp{'\f’ﬁﬂs? é?g%
conpared co the‘hi gh data bandw dt h. The system of FIG is suitable Jor
cal cul ati ons based on real tine data signal input.

-17-

-

13. A system according to any one of claims 7 to 12,

comprising procassing means (48,50) for characterizing phase-

frequency informacion of the underlying clock as a function of
the accumulated digital count data and time stamps.
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Referring to FIG 6, in the hardware enbodi ment shown a data nodul at ed
signal,” such as an NRZ signal, is paced by a pacer, e.g., a programmble
har dwar e frequency divider 104 by a pace factor P. The paced signal is used
to trigger a tine digitizer 108 which produces an n-bit digital output Ti,
which is a digital representation of the piSuistidyte sheetti 28 Augustak$96
significant bit of Ti represents the tinme-resolution of the tine digitizer
t[err],typically well below 1 ? The mat hermati cal rel ationship
between ti and Ti is sinply ti=Ti- fsserr]. Regi ster 112 is.a buffer

menory whi ch records
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t he result of the previous neasurenent Ti-L. Both current result Ti and
previous result Ti-L are fed into accunul ator 120 which subtracts the two

consecutive results to forman mbit difference [err]T,=Ti-Ti-i. The size
of mis chosen to accommopdate the | argest t}j difference_al | owed. The
mbit difference is fed into a nultiplier 1 WP%SWHB&‘&Q‘E%WQG
difference [err]T, by a nunber equal to the product of the nom nal
frequency Flerr] and t[err] and genergkes a g-bit result. The effect of
this multiplication is the same as multiplying the physical tinme [err]ti by
the frequency Flerr], since [err]Ti.(F[err]. t[err])
=([err]Ti-t[err]).Flerr]=[err]Ti.Ferr]. The least significant bit
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of this result should be 1/2, and further refinenent has no benefit. The
round-of f process is represented by adding 1/2 to the g-bit result by adder
130 and then truncating the |least significant bit to give a g-1 bit result
of [err]zi=zi-zi-lI. This [err]zi difference is accunul ated by an

accunul ator 136 to give the sequence zi . Aubstitete shEbtse2Bdnopstt 196
results for the proper timng for accumul ation. Just prior to being
triggered, the buffer feeds the regwt zi-i to accunulator 136, but shortly
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9 July 1998 after trigger, the result zi wll

appear ‘at the output of the buffer. Both Ti and zi are outputs of the
cl ock paraneter recovery process. ° The tinme stanps Ti, strictly speaking,

should be nultiplied by t[err] before being_outputted as Ehysical tine
But in practice, Ti is used i?HRSIRUtREhPRIoTE8August 1896

Nornmali zation is done when all

14 Substitute sheet -
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vari ous appl i cations rather thad/éti.
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15 ~ Substitute sheet - 9 July 1998 CLAI M5 1. A nmet hod of recovering
parameters of an underlying clock fromdata signals (12) conprising the
steps of: selectively sanpling the data signals (22) to produce a plurality
of time stanps; inputting a nom nal clock cycle frequency_ (36); and
Fitufacaaey 1P AlsiuetR9Gs

determ ning a nearest integral nunber of a
function of the nom nal clock cycle

(30) between adjacent time stanps as,za
frequency and tinme stanps and charac/t erizing paramte{s of the
underlying clock by § .
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determining (40) an array of the time stanps (48) and an array of actual
cl ock cycle stanps (46), each actual clock cycle stanp representing an
i ntegral nunber of actual clock cycles occurring between adjacent tine

stanps. 2. A met hod according to claim1 ISJ te
determ ning the average frequency (20) of ﬁ"f@ Erﬁrﬁ%ﬁg% M“Sﬁ‘/ ¥98ing a
curve (46) through the array of chargyeterized parameters. 3. A net hod

according to claiml or 2, conprising the steps of: determ ni ng
I nst ant aneous frequency (20) of the underlying -
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cl ock as a function of the characterized clock paraneters; and inputting
t he. i nst ant aneous frequency (20) as the nom nal

determ ning additional elenments of the arr of...actual clagk,cycle nps.
4. A method according to claim3, conpri g#‘ﬁ%sqtﬁ'ge §ﬁ§ﬁt 0 %C%Héﬂﬁ ﬂgbg

I nst ant aneous frequencies (20,41) determ ned from short tinme I nterval s
and extrapolating the conputedi TRAGheous frequenci es before the
i nputting step of determ ning actual clock cycle stanps of long tine

i nterval s.

5. A nmet hod according to any preceding claim. conprising the

step of controlling system performance (21) as a function of

RECOVERY OF CLOCK PARAMETERS
FROM A DATA SIGNAL

A system for recovering parametars of an underlyiag clock
signal from data modulated sigmals (12) includes a time
digitizer (22), or time stamping device, for sampling and
locating edges of the data modulaced signals, thersby
selectively providing cime stamp readings identifying incoming
edges of the data signals. The time stamp readings are usad,
along with a user-input nominal clock frequency (36), to
determine (30) an array of actual clock cycle stamps (46), each
rapresenting an integral number of actual clock cyclss
occurring between adjacent time stamps (48). The array is then
used in conjunction with the time stamps to characterize
parameters (46,48) of the underlying clock data. Once the
clock parameters are recovered, a wide variety of information,
for example, frequency and phase information, including jitter,
can be determined (20) with a very modest rate of sampling
compared to the high data bandwidth.

(Figure 2)

cl ock cycle frequency for
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A systemfgfr -recovering data cl ock paraneters froma data nodul ated si gnal
conpri sing;. t.ine étan’pmg freans (108) for producing tinme stanps of sel ected
‘portions; of, 'a,i i Heom g Sdat-a “nbguli at ed 1si gnal ; ML&@B&Q&L&E‘“ 988
(120) for accnﬁuiatlwguthe tine:y sﬁanps and detern1n|ng time intervals
bet ween Sel ect ed t| me stanps;

DIGR OF - At ;

‘RECOVERY OF CLOCK PARAMETERS FROM A DATA SIGNAL

This invention relates to a method and system for recovering
parameters of a clock, for example to a system for “highly
repeatable clock parameter extraction from data modulated signals.

In digital transmission and communications, a wide variety
of modulation schemes are used to encode data. For example, in
a random NRZ data signal, data are represented by a constant
signal level for the full duration of a bit interval, i.e., one
clock cycle. By contrast, RZ (return-to-zero) data signals return
to zero with each bit interval. In each case, all data
transitions occur at clock transitions. However, not all clock
transitions generate data transitions in NRZ data.

To decode the digital data under NRZ, RZ, or other
modulation schemes, it is necessary, in general, to know the
correct instances to sample the data. Preferably, the clock used
to encode the data is available for decoding. However, in many
cases, the enceding clock is not available, and a new clock must
be synthesized at the receiving end.

US-A-5260978 discloses a method of recovering the timing
clock of a network source input signal. At the end of each time
stamp period a time stamp is transmitted from the source, and at
a destination node there is determined the number of network clock
cycles in the corresponding time stamp period to recover the
timing clock.

The present invention seeks to provide improved recovery of
clock parameters.

According to an aspect of the present invention, there is
provided a method of recovering parameters of an underlying clock
as specified in claim 1.

According to another aspect of the present invention, there
is provided a system for recovering data clock parameters as
specified in claim 7.

It is possible with preferred embodiments of the invention
to satisfy a need of system operators and system component
wmanufacturers, who are not directly interested in the exact



-counter means (126,130) for determ ning a nunber of digital counts
occurring within selected tinme intervals; and second accumrul at or neans

(136) for accunul ating digital count ta and éilﬁ' s{ agﬁes a_ng E?vimﬁin
“out put (142) for producing actual cloc cycle _ ; g the
data cl ock. 7. A system according to claim6, wherein the tine stanping
means conprises pace setting nmeans (104) for coptrolllng }hg sampling rate
of the i ncwififiey daom #sdkl of caccepped st@ndardssyst Pul abexigh nedarding m 6
or 7, whergidp CReRpBhelBaNS HUPHIRPS AyHthid PGk ekl28haashi P03
frequency'ﬂégggfmance parameters. In practice, the physical clocks
synthesized likely differ from one design to another, even for
identical data streams, thereby producing non-unique and non-
repeatable measurements. This lack of repeatability is true
even if the more serious PLL errors such as loss-of-lock or

false locking have been overcome.

The preferred embodiment can be provide a system for
highly repeatable measurement based on an accurate
representation of the underlying clock, independent of any
particular circuit design detail or parametric performance of
various components.

In arrangements according to the invention, there is
provided a system for highly repeatable clock parameter
recovery from data modulated signals. The system utilizes
readings of a conventional time stamping device for selectively
sampling and locating edges of the data modulated signals in
the system. The time stamp readings are then used, along with
a user-input nominal clock frequency, to calculate an array of
actual clock cycle stamps, each representing an integral number
of actual clock cycles occurring between adjacent time stamps.
The array is used, in conjunction with the time stamps, to
characterize the underlying data clock. Once the clock
parameters are recovered, frequency and phase information,
including jitter, can be determined.

Since the outcome of the cycle estimation process
comprises whole numbers (integers), barring gross errors
énalogous to false locking and loss-of-lock in a phase lock
loop (PLL), the outcome is the same, independent of any
particular implementation detail. Any non-uniqueness comes
from the time stamping process, but these are typically very
small, being on the order of 50 picoseconds or less.



~9. > A system according to claim6, 7 or 8 wherein the counter neans
corrprl ses roundi ng means (130) for determning the nearest whol e nunber of
underlying clock cycles occurring within each time interval. 10. A system
taccording to any of clains 6 to 9, conpfising p34Bstitute sheet 19aluly 998
buffering incomng data coupled to the tinme stanp neans. 11. A system
according to any of clains 6 to 10, conprising decodi ng nmeans 8) for
decodi ng t AELRRJEFLYFRE, cFBRKreRMEE & ¥ifdnePPeATroftt ﬁgea@EGH\aFa?édthegl t al

count datapdpdeti e BI@IPB;, and z, are outputs of the clock parameter
recovery process. The time stamps T;, strictly speaking,

should be multiplied by t,. before being outputted as physical
time stamps ¢t;. But in practice, T; is used in further
processing for various applications rather than ¢t,.
Normalization is done when all processes are completed.



~12" A systemaccording to any one of clainms 6 to 11, conprising processing
means (48.50) for characterizing phase- frequency |nfornat|on of the

under | | nctlon of the accumul ated digital count data and
“ti e s%/ M‘ﬁllﬂﬂ'mﬂu”)grl tute sheet - B8 AugusB ubs‘qgge_shpe_ti@ July A988st em
accordi ng to ahy "oné ot clains 7 to 12, conprising processing means (48, 50)
for characterizing phase-

CLAIMS

1. A method of recovering parameters of an underlying clock
from data signals (12) comprising the steps of: _

selectively sampling the data signals (22) to produce a
plurality of time stamps;

inputting a nominal clock cycle frequency (36); and

determining a nearest integral number of actual underlying
clock cycles (30) between adjacent time stamps as a function
of the nominal clock cycle frequency and time stamps and
characterizing parameters of the wunderlying clock by
determining (40) an array of the time stamps (48) and an array
of actual clock cycle stamps (46), each actual clock cycle
stamp representing an integral number of actual clock cycles
occurring between adjacent time stamps.

2. A method according to claim 1, comprising the step of
determining the average frequency (20) of the underlying clock
by fitting a curve (46) through the array of characterized

parameters.
3. A method according to claim 1 or 2, comprising the steps
of:

determining instantaneous frequency (20) of the underlying
clock as a function of the characterized clock parameters; and

inputting the instantaneous frequency (20) as the nominal
clock cycle frequency for determining additional elements of
the array of actual clock cycle stamps.

4. A method according to claim 3, comprising the step of
computing instantaneous frequencies (20,41) determined from
short time intervals and extrapolating the computed
instantaneous frequencies before the inputting step of
determining actual clock cycle stamps of leong time intervals.

5. A method according to any preceding claim, comprising the
step of controlling system performance (21) as a function of
recovered clock parameters.
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“frtequenf{ﬁ Iriﬁ‘(“am%“ mL the underlying clock as a function of the
- accumnul
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6. A system for recovering data clock parameters from a data
modulated signal comprising:
time stamping means (108) for producing time stamps of
selected portions of an incoming data modulated signal;
first accumulator means (120) for accumulating the time stamps
and determining time intervals between selected time stamps;
counter mwmeans (126,130) for determining a number of
digital counts occurring within selected time intervals; and
second accumulator means (136) for accumulating digital
count data and time stamps and having an output (142) for
producing actual clock cycle stamps for characterizing the data
clock.

7. A system according to claim 6, wherein the time stamping
means comprises pace setting means (104) for controlling the
sampling rate of the incoming data modulated signal.

8. 3 system according to claim 6 or 7, wherein counter means
comprises a multiplier (126) and a nominal frequency input.

9. A system according to claim 6, 7 or 8, wherein the counter
means comprises rounding means (130) for determining the
nearest whole number of underlying clock cycles occurring
within each time interval.

10. A system according to any of claims 6 to 9, comprising
buffer means (112) for buffering incoming data coupled to the
time stamp means.

11. A system according to any of claims 6 to 10, comprising
decoding means (48) for decoding the underlying clock data as
a function of the accumulated digital count data and time
étamps.

12. A system according to any one of claims 6 to 11,
comprising processing means (48,50) for characterizing phase-
frequency information of the underlying clock as a function of
the accumulated digital count data and time stamps.



