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performance of these systems tends to degrade, however, when N and M become large

Limiting N and M to smaller values sacrifices frequency resolution.
An alternative approach called Direct Digital Synthesis (“DDS”) provides
arbitrarily high frequency resolution, but at the expense of increased complexity. Fig. 1

20 illustrates a conventional DDS for generating clock signals. A phase accumulator 114 is
made to increment once per cycle of a reference clock. The size of each increment of the
phase accumulator 114 is represented by the output of divider 110. This value equals the

full-scale value of the phase accumulator 114 (nominally 1) times the frequency of the
desired output clock, divided by the frequency of the reference clock. For example,

25  assuming a 100 MHz reference clock, the value at the output of the divider 110 would
nominally equal 1/100 to generate a 1 MHz output clock. The phase accumulator 114
would then be made to increment by steps of 1/100 upon each cycle of the reference
clock.

This action of incrementing the phase accumulator 114 causes it to reach its full-

30 scale value and “roll over” once per period of the desired output clock. The values stored
in the phase accumulator 114 thus represent relative phase of the desired output clock,
with zero to full-scale representing 0 to 2z radians. Upon each cycle of the reference
clock, a look-up table 116 converts the phase stored in the phase accumulator 114 into a
digital representation of the desired output waveform (generally the sine of the phase at

35  that instant). A digital-to-analog converter 118 then converts the digital representation
into voltage, and a filter removes artifacts from the output signal.



This action of increnenting the phase accunul ator 114 causes it to reach
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t he foregoing background in mnd, it is an object of the invention to
generate clock signals froma reference clock nore economcally than can
be done using 5 conventional techniques.



To achieve this object and ot her objectives and advantages, a cl ock
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with response to the noise shaped values is to shift jitter in the time-quantized signal from
relatively low frequencies to relatively high frequencies. A phase-locked loop can then
15 be used to filter the remaining high-frequency jitter.



5 the invention. It can inmmediately be seen that the clock generator 200
bears a superficial resenblance to the DDS topology of Fig. 1. For
exanpl e, wine2/closck generator 200 includes a period accunubar/wsoi2udsst hat i s
simlar to the phase accunulator 114 of Fig. 1. The clock generator 200
al so includes a divider 210 and a phase | ocked | oop 220 that are simlar
to the divider 110 and phase | ocked 120 of Fig. 1. 10 Conpared with the
hase accumul ator 114 ' %hgﬁ3 accunul ator 214 never
Peaches its fuII-scale%&gﬁggnﬁﬁypﬁgwﬁﬁﬁﬂ%F%%%Q#é% ,Sand t hus does not
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monitorspits.co . [ 2 tor 20 214
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When t heFige 3t adetailedrtdogdy diagrem afisararighle pipgline ddapios use with fhridedd ow det ect or
224 fip- assert gedeRfor JFGerE beyy signal . As shown in Fig. 2, the underflow
signal controls a_gﬁhﬁ i.nput of the _multiplexor 222, which ne eives two
i nputs ah@ oY IEH eckipgam ofpoisershaping Fraypntiger o5 aise ﬁ%ﬂ‘i?{h exor 222
i's coupl ed togéhetardfifig. 20f the divider 210, and the second input receives
a fixed level "0." The divider 210 produces at its output the quotient of
its two inputs, i.e., the desired period divided by the reference cl ock
period. This quotient equals, to the nunerical precision of the divider,
t he nunber of reference clock periods in each desired output period. As
the underflow signal is asserted and de-asserted, the 30 quotient and the
value "0" are respectively summed into the period accunul ator 214 by the
summer 212. The sumrer 212 also sunms into the period accunul ator 214 a
value of to decrenment the contents of the period accunul ator 214 on every
reference cl ock



cycle. Omvng to this structure, the underflow signal is caused to oscillate
with a period 35 that precisely equals the desired period input to the
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precisely correct on the average over tine, any individual cycle of the
underfl ow signal has an error of up to one period of the reference clock.
The underfl ow signal can thus be regarded as a tine-quantized version of

t he desired clock si ' f jzation error of up to
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signal from a a |velx al characteristic to one that has greatly

decr ease#imilr odhadividard 10 ppdghasa docksd 120 offifSi her eased noi se at  hi gher
frequenci es. Th@phicdhvifll e pRMG\cARISOL B GRFigrahbyvetag, thelpefivdiat ed by
coul d borSBAAE ahektE et be R A g AP R b AR B
i nst ant hoheatdmasicallprdloosepplngtendi tbepatvdpicogmulaion Ail 4 isetscrementedeppin i ng  of
sianal's, MRRLESE LG AN 1P RS hotoEIR0d ARBALREPLIIEI batod 1E3e | evel s
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summer 212, a divider 210, and a multiplexor 222, which act in concert with the period
accumulator 214. The underflow detector 224 is coupled to the output of the period
accumulator 214 and monitors its contents. When the contents of the period accumulator
20 214 are less than one, the underflow detector 224 asserts an underflow signal. When the
contents are greater than or equal to one, the underflow detector 224 de-asserts the
underflow signal.
As shown in Fig. 2, the underflow signal controls a SELECT input of the
multiplexor 222, which receives two inputs and provides one output. The first input of
25  the multiplexor 222 is coupled to the output of the divider 210, and the second input
receives a fixed level “0.” The divider 210 produces at its output the quotient of its two
inputs, i.e., the desired period divided by the reference clock period. This quotient
equals, to the numerical precision of the divider, the number of reference clock periods in
each desired output period. As the underflow signal is asserted and de-asserted, the
30  quotient and the value “0” are respectively summed into the period accumulator 214 by
the summer 212. The summer 212 also sums into the period accumulator 214 a value of
“_1,” to decrement the contents of the period accumulator 214 on every reference clock
cycle.
Owing to this structure, the underflow signal is caused to oscillate with a period
35  that precisely equals the desired period input to the divider 210. Although this period is



pi peline delay 226 del ays the passage of the underflow signal by an integer
nunber of 25 reference clock periods. Significantly, a noi se-shaping
requant i 220 022®sest abl i shes the nunber of reference cl ockCpesiicsssi n this
delay. As shown in Fig. 3, the noise-shaping requantizer 228 has a data

i nput coupled to the period accunul ator 214, for receiving its contents,
and a cl ock i nput coupled to the output of the underfl ow detector 224, for
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respect i ¥sild be provided without noise shaping.

A significant advance of the instant invention is to apply noise-shaping techniques

to the timing of signals, whereas they have previously been applied primarily to the levels
20  of signals. Instead of shifting the spectrum of voltage-level noise, as is conventionally
done, the instant invention shifts the spectrum of jitter.

Continuing with reference to Fig. 2, the underflow signal from the underflow
detector 224 is provided to the input of a variable pipeline delay 226. The variable
pipeline delay 226 delays the passage of the underflow signal by an integer number of

25  reference clock periods. Significantly, a noise-shaping requantizer 228 establishes the
number of reference clock periods in this delay.

As shown in Fig. 3, the noise-shaping requantizer 228 has a data input coupled to
the period accumulator 214, for receiving its contents, and a clock input coupled to the
output of the underflow detector 224, for receiving the underflow signal. Each time the

30 underflow signal is asserted, the noise-shaping requantizer produces new output values.
These output values establish the amount of delay of the variable pipeline delay 226.

The output of the variable pipeline delay 226 represents the underflow signal
noise shaped at a “new” resolution—the period of the reference clock. Although each
period of the noise-shaped underflow signal equals an integer number of reference clock

35  periods (as does the underflow signal before noise shaping), its errors are reshaped so that
they occur predominantly at high frequencies. With the spectral errors shifted from lower
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15 inputs of a multiplexor 312. One of these inputs is selected at a tine
for passage to the output of the nmultiplexor 312, in response to a sel ect
signal "N®&o21Mhe select signal NS is generated by the POT/AS01EH085 ng
requanti zer 228. Based upon the input selected, the output of the

mul tipl exor 312 is either the underflow signal directly or a version of the
underfl ow signal that is delayed by an integer nunber of reference clock
cycles. The .20 val ue.of delay thus.varies fram0 tqQ n reference cl.ock
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with the't nce cI0 efera erefore, an additional flip-flop
314 is provided at 25 the output of the nmultiplexor 312, to realign the
output of the multiplexor 312 with the active edge of the reference cl ock.
Al t hdughDetailed Tepelagy 314 adds one reference period of delay to the

out put of the variable pipeline delay 226, the delay does not affect the
peri od o¥atiige RipelresiDelyput si gnal (1 abel ed "Del ayed Underflow'). The

delay inposed_ by the flip-flop 314 nerely adds. a constant phase shift. 30
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is generated by the noise-shaping requantizer 228. Based upon the input selected, the
output of the multiplexor 312 is either the underflow signal directly or a version of the
underflow signal that is delayed by an integer number of reference clock cycles. The
20  value of delay thus varies from 0 to n reference clock cycles, where n is the number of
flip-flops 310a-310n.
Because the flip-flops 310a-310n and the multiplexor 312 have inherent
propagation delays, the output signal from the multiplexor 312 is typically not aligned
with the reference clock. Preferably, therefore, an additional flip-flop 314 is provided at
25  the output of the multiplexor 312, to realign the output of the multiplexor 312 with the
active edge of the reference clock. Although the flip-flop 314 adds one reference period
of delay to the output of the variable pipeline delay 226, the delay does not affect the
period of the delayed output signal (labeled “Delayed Underflow”). The delay imposed
by the flip-flop 314 merely adds a constant phase shift.
30 The order of the noise-shaping requantizer 228 determines the minimum number
of flip-flops 310a-310n in the variable pipeline delay 226. As is known, a third order
noise-shaper provides eight different adjustment values (described below). The variable
pipeline delay 226 would thus need at least seven D flip-flops 310a-310n to provide a
total of eight different choices of delay (one from each of the flip-flops’ outputs, plus one
35  for the underflow signal directly). The multiplexor 312 would then require at least eight
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"noi se-shapers”) is known to those skilled in the art of data conversion,
and the noi se- shaping requantizer 228 is constructed in accordance with

t hat wel Iwanzensi ood structure. That being said, conventi PORUSOM48%S- shapi ng
requanti zers generally operate by first separating an input data stream
into a first portion, generally regarded as an "integer" 10 portion, and a
second portion, generally regarded as a "fractional™ portion. However,
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pr ef er abigise ghaped apethich arealways l;ees thive osg loalyt fractipoal vel‘ues h@drhsrl nrogsissedor 312 of
the variphl oerﬁ’se fd&ﬁv@lﬁ é(lno?%@,ha ﬁh‘a{)&lﬁﬁ th%n%%e%&ﬂ'h fddPinpyor 312

are arrange at ava ue of - ects e | east del ay
(the unddgyd @Wteﬁrgﬁm eglpdedttram emerﬁhéplew%@n%ra%% agdieyere 8Y pat hs of
i ncregasim@gdeel ay. A value of +4 selects the output of the 7th D flip-flop
in the chain,310a-3 not .shown he nai e shapi ng

t
requant i zer 2 g SN %d‘b(ﬂéetre%set pﬁglrgc%}lag‘ezelrﬁg% VQFIIVS%{‘% lﬂpﬂtélap e del ay
226, i n geasmigssmetontuheThefistdinputvialthreesideosiperl nied, the cdritents bithp eeticadl

accunul aic%m%i]a%or 2’1’&1? Tk Qgc%ﬁd Yﬁﬂu&' B3né ﬁﬂ@e?ﬂ&g ls&‘ﬁ’al(.) "8re underflow signal
effectively acts as a clock for the noise-shaping requantizer 228, causing it to update its
20 state every time the contents of the period accumulator 214 become less than one.
In response to the residue and underflow signals, the noise-shaping requantizer
228 generates an output signal N/S, the range of which varies depending upon the order
of the noise-shaping requantizer 228. The noise-shaping requantizer 228 of Fig. 4 is a
third-order noise-shaper. As such, it generates eight different output values, which range
25  from -3 to +4.
These values are represented as 3-bit binary numbers, which are preferably
provided directly to the select input of the multiplexor 312 of the variable pipeline delay
226. The connections of the multiplexor 312 are arranged so that a value of -3 selects the
path with the least delay (the underflow signal directly), and increasing values select
30  paths of increasing delay. A value of +4 selects the output of the 7 D flip-flop in the
chain 310a-310n (not shown). The output N/S of the noise-shaping requantizer 228 thus
modulates the delay of the variable pipeline delay 226, in response to the residue values
contained within the period accumulator 214, when those values cross below one.
In general, the higher the order of a noise-shaper, the more sharply the noise-
35  shaper transfers noise from lower to higher frequencies. Therefore, higher order noise-
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“fi red d{ffuﬁag%g,m@u!cw ts for processing the overflow signals enroute to

t he noi sé Eer S Each first difference «circuit includes a sumer
(e.g., 224 or mslyalbmﬂle@utmrt eheach sgmmer ggogiated 3nth ancasparmulaios bygomesy
too large for the corresponding latch to accommodate, and an overflow signal is
produced. The overflow signals from the first, second, and third accumulators
(respectively signals 440, 442, and 444) are stripped away from the outputs of the
20  respective summers and funneled directly to the N/S output. Preferably, only the
overflow signals are funneled to the output.

The noise-shaping requantizer 228 also includes “first difference” circuits for
processing the overflow signals enroute to the noise shaper’s output. Each first difference
circuit includes a summer (e.g., 224 or 228) and a latch (e.g., 430 or 432, respectively) for

25  subtracting a previous value (the Q-output of the respective latch) from the current value
(the D-input of the respective latch). Summers 422 and 426 are also provided for
producing the N/S output signal.

For simplicity, the specific bit widths of signals shown in Fig. 4 have been
omitted. The bit widths and specific construction of the summers and latches have also

30  been omitted for clarity. However, the detailed construction of the noise-shaping
requantizer 228 is known to those skilled in the art. Those skilled in the art would also
realize that the specific topology shown in Fig. 4 can be varied significantly to appear
quite different from the topology shown, while effectively accomplishing the same result.
Therefore, the topology of Fig. 4 should be regarded as one example of many different

35  noise-shaper topologies that are well known, the specific form of which is not critical to
the invention.
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to sample the phase detector’s output once per cycle of the output clock, at a fixed phase

relative to the output clock’s period. This fixed phase preferably corresponds to the zero-
crossing of the output clock. The interval around the zero-crossing corresponds to the

20  interval during which noise-shaping of the delayed underflow signal affects the phase
detector’s output. By sampling during these intervals and holding between them, the
sensitivity of the phase-locked loop to noise-shaping can be enhanced.

Implementation

With the exception of the phase-locked loop 220, the clock generator 200 can be
25  implemented entirely with digital hardware. This hardware can take the form of discrete
digital devices, or, preferably, part or all of a Field-Programmable Gate Array (FPGA) or
Application-Specific Integrated Circuit (ASIC). If a mixed-signal ASIC is used, the
entire circuit can be implemented within that one device.
The component cost of the clock generator 200 is negligible, except for the phase-
30  locked loop. Phase-locked loops are widely used in automatic test equipment, however.
We believe that the digital circuitry that constitutes the clock generator 200 can be added
to existing designs that already use phase-locked loops to provide accurate, low jitter
clocks at minimal additional expense.
Using a 100 MHz reference clock and a third order noise shaper, it is believed that
35  sub-picosecond jitter is attainable. While maintaining this performance level, the
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15 frequency, additional performance advantages can be gai ned by adding a
sanpl e-and-hold to the output of the phase detector. The sanpl e-and-hol d
shoul d pmveder/aioby be configured to sanple the phase det e€CDUS&/0EpUt once
per cycle of the output clock, at a fixed phase relative to the output
clock's period. This fixed phase preferably corresponds to the zero-
crossing of the output clock. The interval around the zero- crossing
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madeis  and to count down—instead of up—when its contents cross a threshold. The directions

of incrementing or decrementing and not significant, as long as the period accumulator is
affected in opposite directions by the two actions. In addition, the threshold need not be
“1,” but can be any number that represents the point at which the period accumulator is to
be refreshed. Typically, the period accumulator 214 is a multi-bit register, for example, a
20  32-bit register. What is referred to as “1” above actually corresponds to a binary number
between 0 and 2*2-1. The number “1” is chosen merely for mathematical simplicity.
Those skilled in the art know how the actual binary values should be scaled to produce
the desired result.
In the description above, the “desired” output clock has the same frequency as the
25  dividend that is input to the divider 210. This is merely an example, however. By
varying the amount by which the period accumulator 214 is incremented compared with
the amount by which it is decremented, the output clock period can be varied to
something different from the “desired period” that is input to the divider 210. The output
clock frequency can also be varied by applying frequency gain to the phase-locked loop
30 220. As those skilled in the art are aware, phase locked loops can be configured to
multiply or divide frequency, or to produce an N/M combination of multiplication and
division of an input signal. Therefore, invention should not be considered as limited to
producing a clock signal with exactly the value input to the divider 210.
It should be understood, therefore, that the particular implementation of the
35 invention disclosed herein could be widely varied by those skilled in the art within the
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The noi se-shapi ng requanti zer 228 has been descri bed above as a third order
noi se shaper. However, this is nerely and exanple. H gher order noise
shapers ooobzliteo used, providing even better perfor mancepPChusoiza4osshe
expense of increased conplexity. Simlarly, |ower order noise shapers can
be used, with correspondingly lower 10 performance and conplexity. As
descri bed above, the period accunul ator 214 i s decrenented upon each cycle
of the referepce.clo a nente n.i.ts..conten .hel ow one.
Thi s st rBeptpLe daIBEn wd BraFlre S BtetR aout b8 A S8l Yuidhe patiCa ' e ar
For exangbge of the apperided clabnsunul at or can be made to count up-instead of
down-by an arbitrary nunber of bits, 15 and to count down-instead of
up-when its contents cross a threshold. The directions of increnenting or
decrenenting and not significant, as long as the period accunulator is
affected in opposite directions by the two actions. In addition, the
threshol d need not be "1," but can be any nunber that represents the point
at which the period accunulator is to be refreshed. Typically, the period
accunul ator 214 is a nmulti-bit register, for exanple, a 20 32-bit register.
What is referred to as "1" above actually corresponds to a binary nunber
between 0 and 232-1. The nunber "1" is chosen nerely for mathemati cal
sinplicity. Those skilled in the art know how t he actual binary val ues
shoul d be scaled to produce the desired result. In the description above,
the "desired" output clock has the sane frequency as the 25 dividend that
is input to the divider 210. This is nerely an exanple, however. By
varying the amount by which the period accunul ator 214 is increnented
conpared with the amount by which it is decrenented, the output clock
period can be varied to sonething different fromthe "desired period" that
is input to the divider 210. The output clock frequency can also be varied
by applying frequency gain to the phase-|ocked | oop 30 220. As those
skilled in the art are aware, phase | ocked | oops can be configured to

mul tiply or divide frequency, or to produce an N M conbi nati on of
multiplication and division of an input signal. Therefore, invention
shoul d not be considered as limted to producing a clock signal with
exactly the value input to the divider 210.
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It should be understood, therefore, that the particular inplenentation of
the 35 invention disclosed herein could be widely varied by those skilled
in the awow/atsn the - 11 WD 02/ 17050 PCT/ US01/ 24085 BCDP801a408she
i nvention. Therefore, the invention should be limted only by the spirit
and scope of the appended clainms. -12 WO 02/17050 PCT/ US01/ 24085 What is
claimed is 1 1. A nethod of producing a desired waveform having a desired
period, conprising: 2 generating a tine-quantized signal having a period
that is bslart.iall equal to 3 the desired period to within a
quant i zaPBhS&ABFA 1 det ermining, on a cycle by cycle basis of the desired
waveform a residue signal 5 indicative of the quantization error; 6 noise
shaping the residue. sjgnal .to generate at | east one noi se-shaped, si gnal;
and 1705k ect TBFOE! BRHP e AFEg BegcGm HABRE A AESEFAHE LIS by an
interval 8 degekemtingd tinte-gespieatseiad hhviag apeliebhttt 0 Rebstaitially squaped si gnal .
1 2. ,The thod as recited in _cl.al. erein the tinme-quantized signal is
prod&cedth{a'née lﬁe%rp&l%ﬁ%%’nﬁglaaqura]él{‘l%aglglﬁiegogock, and each cycle of the
ti me4quant i zedbteingniak, éras cycleler ¢yolt bagistof ge desivert watdlennt, v reqjdied Bgreah i nt eger
nunbey C’ﬂl\%ﬁﬁﬁ@ré’gﬁhﬁgﬁﬂ?ﬁaﬁ&{&f&me clock. 1 3. The nethod as recited in
claim1, erein the step of noise shaping includes K 2 redistributjng
jittdr in thenaipeshapipgihe aiduesighalito gensrats allaast 0Bt poishsheped sigealetd es to 3
rel at7 vel y hi ghesivély@alengicash cytlcdof tiS8meRfubered Sighaiciyt fdintefvat| ai m 1,
V\,heregi n fﬁf{]e ste(g. of sel ecti'lv%I%/ gel ayi.ng .2 oduaies a del ayed
ti me-SquatfiFeBRedingrsponsefe dhs g lraseong '?@P%{fl%n tep of renoving jitter 3
fromthe delayed tine-quantized signal. 1 5. The nmethod as recited in claim
4, erejn t f i i 3 4 i : ayed
i moquacit | zomSpemef s RENRY Gk | \HerB o RS quanBF Spfl il fiRaticea

in response to a reference clock, and each cycle of the time-quantized signal has a period

3 that substantially equals an integer number of periods of the reference clock.

3. The method as recited in claim 1, wherein the step of noise shaping includes

DN =

redistributing jitter in the time-quantized signal from relatively lower frequencies to

3 relatively higher frequencies.

1 4 The method as recited in claim 1, wherein the step of selectively delaying
produces a delayed time-quantized signal, and further comprising a step of removing jitter

3 from the delayed time-quantized signal.

1 5. The method as recited in claim 4, wherein the step of removing jitter includes
2 passing the delayed time-quantized signal through a phase-locked loop.

1 6. The method as recited in claim 5, wherein the phase-locked loop has a cut-off
frequency that is lower than frequencies at which the delayed time-quantized signal

includes substantial jitter.

7. The method as recited in claim 6, wherein the phase-locked loop generates an
output signal and includes a phase detector that generates an output signal, the method
further comprising:

alternatively sampling and holding the output signal of the phase detector,

[ S T N B
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1 6. The nethod as recited in claimb5, wherein the phase-|ocked | oop has a
cut-off 2 frequency that is |ower than frequencies at which the del ayed
ti me- qguawo aBd70s0 gnal 3 includes substantial jitter. 1 7.pTh@sSowtsbssd as
recited in claim®6, wherein the phase-|ocked | oop generates an 2 out put
signal and includes a phase detector that generates an output signal, the
nmethod 3 further conprising: 4 alternatively sanpling and hol di ng the

outp si gnal etecto 2/ 17050 PCT/.US01/ 24085 5
eher el n°t he- nufrelnhe PARRG I oS saflielahive sAte Para UL Fhgach
cycl & of outhet sighabof thatphasegneieddbort he phase-1 ocked | oop. 1 8. The nethod as
recited in claim2, wherein the step of generating the tine- 2 quantized
si gnal conprlses 3 incrementing a register in a first direction, in
respdnsedt o edbhmsthodeg rasited ineclaim 2.aviereindhe terefegeneratieg tetingy when t he
contents &ﬁﬁﬁafﬁgﬁgbgﬁ@ﬁﬁgross a predeternlned threshold in the 6 first
direction; and 7 increnenting ntents of ther‘é?%bster a second

direction, op‘ﬁ’ﬁ%‘?@eé‘tlflﬁér?g@t%‘:tma i @E??Ibﬁn TGSREYG period Hgthﬁet ecting
step;4 11&ﬁx&hecmﬁkhod as reC|ted in claim8, wherein the step of

| ncrement i ng {ler%ecithg v%xe(f’l nd op rferfd &f}ﬁ e%f‘s gg;(f\c%sg g?)ﬁéed%te ﬁieg?ﬂjeﬁ{o?& i the 2N

amount equal SR A perio ererence cl ock
peri dd. firstQirection; amst hod as recited in claim1, wherein the step of

sel ectively dﬁlcf"e)fl‘léﬁﬂn%ﬂfél c‘éﬁﬁ:ﬁts o%tﬁeﬂegaétemw&oﬁd Hﬁ?é(ﬁklﬁrﬁﬁpéﬁ@e dbgnal by an

integer nunber of reference clock periods. 1 11. A cl ock gener at or,
comprd si Hgectiongrepponsiyg toyihgdetesdne sterit generates a tine-quantized signal in
response to a reference 3 clock; 4 a noise-shaping requantizer coupled to

the Her I g d qu?ﬁet h%%od%g gec St & gllmn Q Woeres18 the step of incrementing in the second
2 direction increments the register by an amount equal to the desired period divided by the

3 reference clock period.

1 10.  The method as recited in claim 1, wherein the step of selectively delaying includes

delaying the time-quantized signal by an integer number of reference clock periods.

11. A clock generator, comprising:

a period quantizer that generates a time-quantized signal in response to a reference
clock;

a noise-shaping requantizer coupled to the period quantizer and generating noise-
shaping signals in response to quantization errors of the time-quantized signal; and

a variable pipeline delay coupled to the period quantizer and the noise-shaping
requantizer, the variable pipeline delay selectively delaying cycles of the time-quantized

0 N1 N R W N

signal in response to the noise-shaping signals.

1 12.  The clock generator as recited in claim 11, further comprising a phase-locked
loop, coupled to the variable pipeline delay and receiving the selectively delayed cycles of
3  the time-quantized signal.

1 13.  The clock generator as recited in claim 11, wherein the phase-locked loop has a

2 cut-off frequency that is lower than frequencies at which the delayed cycles of the time-
3 quantized signal has substantial jitter.
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5 shaping signals in response to quantization errors of the time-quantized

signal; and 6 a variable pipeline delay coupled to the period quantizer and

t he noi sav@hapiony 7 requanti zer, the variabl e pipeline depayuselmoss vel y

del aying cycles of the tine-quantized 8 signal in response to the

noi se-shaping signals. 1 12. The clock generator as recited in claim11,

further conprising a phase-locked 2 |oop, coupled to the variable pipeline

del ay, and, recej vi t he sel ecti.vel. el gyed cycles of 3.t ti me-quanti zed

rondl 21415 Th ol eSS el o WheER BF aise1Skedabe n ho

phase2 | oolchdlel aegpmplasind-hoRl aupledftd ther @mpe nf g phizatdetestok.ower t han frequenci es

at which the del ayed cycles of the tine- 3 quantized signal has substanti al

jitter. -14 WD 02/17050 PCT/US01/ 24085 1 14. The cl ock generator as

reci tkd il cl dherlbek geesatet a5 reeicedghakem|l4cwhereindbpsample ehdibield in

sanpl £- apghdpabedd GRY R Sbel B AREME UHRME staE r F&quq}r&fé&&ﬁﬁnejd Cﬁlﬁse gihe clock

gener ator, as ,rethr;aai in claiml14, wherein the sanpl'e and hold is 2

const? ucthedleginef ug nged to assune a hold state responsive to a

predet erm ned phase of 3 the desired signal. 1 16. The cl ock generator as

recited ip claim1l, wherein the perjod.quanti.z 2. conprj.ses: 3 a period

rocunl atBr clBEKEH BYFHE Fapafdit sladh i Baridhs RIS ERRIAT ina tirst 4

di rec i opomaposeseach cycle of the reference clock; 5 an underfl ow detector

coupled to th i i . l: ,gnal

res poﬁsi ve tpﬁg&\?&} %gu%? Pdt%%g(rg? Bgﬂ%crcu%gg%lgglgggg%é@ﬁ%ﬂgﬁégél?gggétter m ned

| evel4 i ndirerdiopjupar egphreyelejodthe refergnee cloeky ock generator, conprising: 2

quants zi ng meangndepfloWaBREDE il foithepdibanicbERilafl BMBerefhtingsAONse to a

r ef e&gnce 3.clock:. 4 nmse-shagll ng.peans cngll Fg to the quantizi ng neans,
0 a value of the accumulato

for neP%‘Hfﬂ%W ftgnalyesponsive t peridd r crossing a
7  predetermined level in the first direction.

17. A clock generator, comprising:

quantizing means for generating a time-quantized signal in response to a reference
clock;

noise-shaping means, coupled to the quantizing means, for generating noise-
shaping signals in response to quantization errors of the time-quantized signal; and

delay means coupled to the quantizing means and the noise-shaping means, for
selectively delaying cycles of the time-quantized signal in response to the noise-shaping
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signals.

18.  The clock generator as recited in claim 17, wherein the quantizing means
comprises:

period accumulating means for incrementing a value in a first direction in
response to each cycle of the reference clock;

underflow means for detecting when the value of the period accumulating means
crosses a predetermined level; and

means for incrementing the value of the period accumulating means in a second
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direction opposite the first direction, responsive to a detection by the underflow means.
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19.  The clock generator as recited in claim 17, wherein the delay means delays each

2 cycle of the time-quantized signal an integer number of reference clock cycles.
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5 shaping signals in response to quantization errors of the time-quantized
signal; and 6 delay neans coupled to the quantizing neans and the

noi se- shapdongi1mweans, for 7 selectively delaying cycl es oPCT/N§01/24085

ti me-quanti zed signal in response to the noise-shaping 8 signals. 1 18.
The cl ock generator as recited in claim17, wherein the quantizing neans 2
conprises: 3 period accumul ating neans for increnenting a value ina first

di r ect ' OQO' n ?Elgélp gﬂ?e?‘at%)ﬁas%gg P;dcﬁ{ (c\!aﬁ{x(‘fg kalt;'eef\em ee L&RE ?lr éin a?s under f1ow

nmeans for ‘det éc peri o accu 6

Cr 0Ss&s detpﬂn@det@rnwn’c@d of m‘@bncea;&@krymbbs\vhmh eﬁﬁm}@lﬁecrftthm‘gnmﬁl@ammede of
the perigd AGCamYeat i ng means in a second 8 direction opposite the first
direction, responsive to a detection by the underflow neans. 1 19. The

cl ock generator as recited in claim1l7, wherein the delay neans del ays each
2 cycle of the tinme-quantized signal an integer nunber of referencé clock
cycles. -15 WO 02/ 17050 PCT/US01/ 24085 1 20. The cl ock generator as
recited in claim19, wherein the noise-shaping signals 2 determ ne the
nunber of reference clock cycles by which each cycle of the tine-quantized
3 signal is delayed. -16
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