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(57) Abstract:  The waveform generator inlcudes
a free-running ring oscillator, an algebra module,

a switching module and an output module.  The
149

L free-running ring oscillator includes a plurality of delay

elements connected in a loop and a plurality of taps
disposed between the delay elements, with each tap
providing a uniquely phased, oscillating transition signal.
The algebra module generates an output signal indicating
a first rising edge of the arbitrary waveform in response
to an input signal. The switching module includes a
switch input port in electrical communication with the
algebra data output port, a lurality of switch tap input
ports in electrical communication with the free-running
ring oscillator taps and switch output port. At the switch
output port, the switch module provides a first transition
signal selected from one of the plurality of free running
ring oscillator taps in response to the signal indicative
of a first rising edge received at the switch input port.
The output module has at ransision signal input port in
electrical communication with the switch output port, a
window input port in electrical communication with the
algebra data output port and a waveform output port in
electrical communication with the clock input port of the
algebra module. The output module creates an arbitrary
waveform at the waveform output port in response to the
first transition signal received at the transmition signal
input port of the output module and the signal of a first
rising edge received at the window input port.
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AN ARBITRARY WAVEFORM SYNTHESIZER
USING A FREE-RUNNING RING OSCILLATOR

FIELD OF THE INVENTION

This invention relates generally to the field of waveform generation. More

specifically, the invention relates to a method and apparatus for generating an arbitrary
waveform using a free-running ring oscillator.

BACKGROUND OF THE INVENTION

There are many instances when it is desirable to inexpensively divide units of
time or units of distance into smaller units. For example, in a range detector, the time
clapsed between the outgoing signal and the incoming signal may be' very short, on the
order of nanoseconds, and the use of a standard reference clock to count the time elapsed
would yield an inaccurate count resulting in inaccurate distance calculations.

In another example, in laser printers, it is often desirable to provide a transition
from white to black (or vice versa) at various distances within a given line cell for high
resolution. See U.S. Pat. No. 5,109,283 incorporated herein by this reference. A white-
to-black or black-to-white signal, however, clocked at the printer's pixel clock rate of 10
MHz, is not resolved finely enough at the printer's laser diode to accurately control print
transitions within a given print cell. Faster clocks are too expensive and/or not available
to reference the print transitions at the high temporal resolution (e.g., one nanosecond
corresponding to print cell distances on the order of microns) required for high
resolution graphic images.

One solution to the above problems is to use a device incorporating a free-
running ring oscillator (also referred to interchangeably as a loop oscillator). U.S. Pat.
Nos. 5,793,709 and 5,903,522 describe such solutions, and are herein incorporated by
this reference. However, as signal requirements for applications in the fields of CD-RW,
DVD, communications and radar demand transition edges of higher frequency and
precision, limitations are realized. Differences in circuit conductive path lengths and
implementation hardware become noticeable. An algebra clock based on the frequency

of the reference clock limits the speed of the calculations made by the algebra circuitry.
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External circuitry calculating the speed of the free-running loop oscillator (“loop”) also
limits the speed of the calculations made by the algebra circuitry. Devices using the
output may not tolerate a sudden, unpredictable transition in the output signal when a
synchronization signal is used.
The present invention addresses these needs.
SUMMARY OF THE INVENTION

It is therefore an object of this invention to compensate for different
implementation hardware and unequal path lengths. Another object of this invention is
to generate an internal clock for the transition edge calculations based on the output
signal being generated, which can be substantially faster than the reference clock. The
invention also includes a watchdog for supplying the internal clock should the transition
edge calculations become erroneous. Another object of this invention is to internally
calculate the average loop speed in order to increase the overall allowable frequency of
the calculation. The circuitry also calculates the transition position in the loop based on
the average loop speed to improve accuracy. Another object of this invention is to
generate an output that seamlessly joins an updated output waveform with a previous
output waveform upon an intentional change in the output phase. Applications in the
fields of CD-RW, DVD, communications and radar require faster and more precise edge
transitions.

This invention relates to a method and apparatus for generating an arbitrary
waveform. In one aspect, the invention relates to a waveform generator for generating
an arbitrary waveform. The waveform generator includes a free-running ring oscillator,
an algebra module, a switching module and an output module. The free-running ring
oscillator includes a plurality of delay elements connected in a loop and a plurality of
taps disposed between the delay elements, with each tap providing a uniquely phased,
oscillating transition signal. The algebra module includes an algebra data input port, a
clock input port and an algebra data output port. The algebra module generates a signal
at the algebra data output port indicating a first rising edge of the arbitrary waveform in

response to a signal received at the algebra data input port. The switching module
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includes a switch input port in electrical communication with the algebra data output
port, a plurality of switch tap input ports in electrical communication with the free-
running ring oscillator taps and switch output port. At the switch output port, the switch
module provides a first transition signal selected from one of the plurality of free-
running ring oscillator taps in response to the signal indicative of a first rising edge
received at the switch input port. The output module includes a transition signal input
port in electrical communication with the switch output port, a window input port in
electrical communication with the algebra data output port and a waveform output port
in electrical communication with the clock input port of the algebra module. The output
module creates an arbitrary waveform at the waveform output port in response to the
first transition signal received at the transition signal input port of the output module and
the signal of a first rising edge received at the window input port.

In one embodiment, the arbitrary waveform generator includes a loop averaging
module, which includes a reference clock input port and a tap input port, which is
electrically connected to the plurality of taps in the free-running ring oscillator. In
response to a reference clock signal received at the reference cloci{ input port, the loop
averaging module counts the number of tap transitions occurring between edges of the
reference clock signal and calculates an average loop speed in response to the count.
The loop averaging module can further calculate the instantaneous phase of the ring
oscillator in response to the calculated average loop speed and a plurality of captured
states of the loop.

In another embodiment, the arbitrary waveform generator includes a fine delay
module. The fine delay module includes a signal input port in electrical communication
with the switch output port, a selection input port in electrical communication with the
algebra data output port of the algebra module and a fine-delay output port in electrical
communication with the input port of the output module. The fine delay module delays
the propagation of the first transition signal from the switch output port of the switching
module to the input port of the output module in response to the signal of a first rising

edge received at the selection input port. The selection input port of the output module
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is in electrical communication with the switch output port of the switching module
through the fine delay module.

In another embodiment, the algebra module includes a synchronization input
port. In response to signals received at the algebra data input port and the
synchronization input port, the algebra module, at the algebra data oﬁtput port, creates a
signal of a first rising edge within the arbitrary waveform. The algebra module then
generates a signal of a first rising edge that results in a seamless incorporation of the first
rising edge in the arbitrary waveform generator.

In another embodiment, one of the delay elements is an inverting delay element,
with each delay element being identically loaded. In another embodiment, at least one
delay element includes a test switch module. The test switch module has a test control
input port and a test data input port. In response to a signal received at the test control
input port, the delay element, at the corresponding tap, creates a signal identical to the
signal received at the test data input port.

In another embodiment, the arbitrary waveform generator also includes a
compensation module. The compensation module includes a data output port in
electrical communication with the algebra module and a compensation input port to
receive a signal indicative of a frequency altering parameter of a source of a reference
clock. The compensation module estimates a variation in frequency of the reference
clock associated with the frequency altering parameter of the source of the reference
clock. The compensation module then creates a correction signal at the compensation
output port in response to this frequency variation. ‘ In another embodiment, the
frequency altering parameter is the temperature of the source of the reference clock. In
another embodiment, the frequency altering parameter is the age of the source of the
reference clock.

In another embodiment, the algebra module is made to create a second signal of
the first falling edge within the arbitrary waveform at the algebra data output port in
response to a signal received at the algebra input port. In another embodiment, the

output module is made to create a catch-up signal of an erroneous signal of a first rising
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edge received at the window input port. In another embodiment, the arbitrary waveform
generator is implemented within a CMOS integrated circuit.

In another embodiment, the arbitrary waveform generator includes an amplifier
and a loop-speed compensator circuit. The amplifier feeds forward at least one
component of power-supply noise from a power supply coupled to the ring oscillator and
the loop-speed compensator circuit is in electrical communication with the amplifier. In
one embodiment, the loop-speed compensator circuit is in electrical communication with
the loop averaging module to adjust the calculated average loop speed in response to the
amplified noise. In another embodiment, the loop-speed compensator circuit is in
electrical communication with the algebra module to adjust the calculated average loop
speed in response to the amplified noise.

In another embodiment, the arbitrary waveform generator includes a plurality of
capacitive elements each of which is in electrical communication with a respective one
of a plurality of signal paths. Each capacitive element has a respective predetermined
capacitance to create a respective predetermined time delay in the propagation of a
transition signal through the respective signal path such that the propagation time for a
transition on a first signal path is substantially equal to the propagation time for a
transition on a second signal path.

In another embodiment, each capacitive element of the plurality of capacitive
clements has a value less than approximately 50 femtofarads. In a further embodiment,
each of the plurality of signal paths is in electrical communication with a first capacitive
element and a second capacitive element. In a further embodiment, the first and second
capacitive elements have different sensitivities to temperature, process and supply
voltage.

In another aspect, the invention relates to a method for creating an arbitrary
waveform. The method of creating an arbitrary waveform includes generating a
continuous sequence of transitions in a loop of delay elements, counting the transitions
occurring at one of the delay elements in the loop, determining a desired first rising edge

time and a first falling edge time, selecting a first transition in the continuous sequence
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of transitions in response to the desired first rising edge based on the counted transitions
and an internal clock, selecting a second transition in the continuous sequence of
transitions in response to the desired first falling edge time based on the counted
transitions and an interal clock, generating an output signal using the first and second
selected transitions, and generating the internal clock signal based on the output signal.

In one embodiment, the method of generating an output signal includes using
each of the transitions of the continuous sequence of transitions to generate the output
signal in response to the desired first rising edge time occurring in the past.

In another embodiment, the method includes the calculation of the average rate of
transitions at one of the delay elements with respect to an input reference clock.

In another embodiment, the method includes the calculation of the instantaneous
phase within the loop of delay elements in response to the calculated average rate of
transitions and a plurality of captured states of the loop of delay elements.

In another embodiment, the method includes adding to the selected transition one
of a plurality of propagation delays, where the difference between two of the plurality of
propagation delays is less than the average propagation time of a transition through a
delay element in the loop of delay elements.

In another embodiment, the method includes receiving an external
synchronization signal and modifying the selection of the first and second transitions in
response to the received synchronization signal. In a further embodiment, the
modification process includes adjusting the selection of the first transition so there is a
seamless incorporation of the first rising edge in the output signal to create the arbitrary
waveform.

In another embodiment, each transition has a polarity. In a further embodiment,
generating a continuous sequence of transitions includes inverting the polarity of a
transition with a delay element. In a further embodiment, the generation of a continuous
sequence of transitions provides an identical load to each of the delay elements.

In another embodiment, the method includes receiving a signal indicative of a

frequency altering parameter of a source of a reference clock, determining any variation
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of the reference clock due to the frequency altering and altering the selection of the first
transition in response to the determined variation. In another embodiment, the frequency
altering parameter is a temperature of the source of the reference clock. In another
embodiment, the frequency altering parameter is an age of the source of the reference
clock.

In another embodiment, the method includes the addition of a predetermined
time delay to the propagation of a transition through a respective signal path such that
the propagation time for a transition through the signal path is substantially equal to the
propagation time for a transition through a second signal path.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, features and advantages will occur to those skilled in the art from
the following description of a preferred embodiment and the accompanying drawings, in
which:

FIG. 1A is a high level block diagram of one embodiment of the invention;

FIG. 1B is a timing diagram of the signals from the taps of the free-running loop
oscillator shown in FIG. 1A;

FIG. 2 is a high level block diagram of one embodiment of the invention
depicting additional modules;

FIG. 3 is a detailed block diagram of one embodiment of the delay element
module shown in FIG. 2;

FIG. 4 is a high level block diagram of another embodiment of the invention;

FIG. 5 is a detailed block diagram of one embodiment of the algebra module of
the invention;

FIG. 6 is a detailed block diagram of one embodiment of the period integrator
module shown in FIG. 5;

FIG. 7 is a detailed block diagram of one embodiment of the loop averaging
module shown in FIG. 5;

FIG. 8 is a detailed block diagram of one embodiment of the clock domain

transfer module shown in FIG. 5;
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FIG. 9A is a detailed block diagram of one embodiment of the synchronization
module shown in FIG. 5;

FIG. 9B is a detailed block diagram of one embodiment of the sync debouncer
module shown in FIG. 9A;

FIG. 10A is a detailed block diagram of one embodiment of the switching
module of the invention;

FIG. 10B is a detailed block diagram of one embodiment of the balanced mux
module shown in FIG. 10A;

FIG. 11 is a detailed block diagram of one embodiment of the fine delay module
of the invention;

FIG. 12 is a detailed block diagram of one embodiment of the output module of
the invention;

FIG. 13 is a detailed block diagram of one embodiment of the catch-up module,
the windowing module and the edge flip flops shown in FIG. 12;

FIG. 14 is a detailed block diagram of one embodiment of the phase combining
module shown in FIG. 12;

FIG. 15 is a detailed block diagram of one embodiment of the balanced XOR
module shown in FIG. 14; and

FIG. 16 is a timing diagram of signal propagation through one embodiment of the
invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

FIG. 1A depicts, at a high level, an arbitrary waveform generator 100 used to
create an output signal 136. The arbitrary waveform generator 100 includes a free-
running loop oscillator 104, a switching module 112, an algebra module 108 and an
output module 114. The loop 104 is electrically connected to the switching module 112,
via taps, for transmitting transition edges to the switching module 112. The algebra
module 108 receives an external reference qlock signal 128 and an algebra data input
signal 132. Using these signals 128, 132, the algebra module 108 calculates, as

described in more detail below, which transition edge is to be selected from the taps to
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generate the next transition edge of the output signal 136. The algebra module 108 is
electrically connected to the switching module 112 and the output module 114 for
transmitting the calculated transition edge used to generate the output signal 136. The
switching module 112 receives the transition edge information from the algebra module
108 and selects the tap of the loop 104 that corresponds to the calculated transition edge.
The switching module is electrically connected to the output module 114 for transmitting
the transition edge from the selected tap to the output module 114. The output module
receives the transition edge and provides it as an output signal 136.

The free-running loop oscillator 104 includes an input for an external reset signal
140, a series of delay element modules 120a, 120b, 120c, 1200, 120p (generally 120) and
at least one inverting element 124. This reset signal 140 has two states, a reset state and
a run state. While the signal 140 is in the reset state, the loop 104 does not oscillate.
When the signal 140 transitions to the run state, the loop 104 begins to oscillate. The
transition propagates through the first delay element module 120a to the input of the next
delay element module 120b. Shortly after a signal is received at the input of a delay
element module 120, the signal is output on the corresponding tap.

For example, some time after a transition propagates to the input of delay
element module 1204, it also appears on tap 0. As the transition propagates to the output
of the delay element module 120a and subsequently to the input of the next delay
element module 120b, it also appears on tap 1. This process is repeated as the transition
progresses all the way to the last delay element module 120p and tap 15. The exemplary
embodiment of FIG 1A depicts 16 taps. The number of taps can vary. The number of
taps is chosen by design consideration and, in part, depends on the desired frequency,
available implementation hardware and speed of algebra module calculation.

The exemplary embodiment of FIG. 1B depicts the transitions as they appear on
the corresponding taps of FIG. 1A. As shown in FIG. 1B, there is a delay of
approximately 300 picoseconds between each transition on each tap. This delay time
represents the time it takes the transition to propagate from the input of the delay
element module 120 to the output of the corresponding tap. This delay time is dependent
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on the hardware used to implement the design. The embodiment shown was
implemented on an ASIC in 0.35 micron process. An ASIC in 0.25 micron process can
yield a delay time that is approximately one half the delay time of the ASICin 0.35
micron process. With a smaller the delay time, the algebra module 108 calculates a more
precise placement of a transition edge in the output signal 136. The delay time is chosen
by design consideration, depending on the desired frequency, available implementation
hardware and speed of algebra module calculation.

In another embodiment, each delay element module 120 contains an inverting
element. The inverting elements cause every other tap to transition in the opposite
direction for a single edge propagation around the loop. For example, tap 1, tap 3, tap 5,
tap 7, tap 9, tap 11, tap 13 and tap 15 each transition from a high state to a low state,
instead of from a low state to a high state as shown in FIG. 1B. Use of inverting
elements result in more consistent propagation times around the loop because the
propagation time of a positive transition is different than the propagation time of a
negative transition. Also, the inverting elements result in more uniform loading of the
power supply.

Referring to FIG. 2, the transition propagates through the series of delay element
modules 120a to 120p. Upon reaching the output of the last delay element module 120p,
the transition has completed one loop (also referred to as a lap). The exemplary
embodiment of the loop 108 includes an inverting logic element 208 connected to the
output of the last delay element module 120p. This inverting logic element 208 is
similar to an inverting logic element 404 (FIG. 3) included in each delay element module
120 connected to the output of the preceding delay element module 120. This ensures
that the output of the last delay element module 120p is loaded similarly to the other
delay element modules 120a to 1200 so that the time between transitions on each tap is
similar. Tolerances of hardware implementation also can determine how equal the delay
times can be.

To create the “looping” effect, the propagation of transitions through the series of

delay element modules 120a, 120b, 120c, 1200, 120p must be repeated. To accomplish
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this, one transition is selected (e.g., from delay element module 1200) and sent through
an inverting element 124 back to the input of the first delay element module 120a. The
number of inverter elements 124 used depends on whether the delay element module 120
selected (e.g., delay element module 1200) outputs a transition in the opposite direction
of the first delay element module 120a.

For example, if the first delay element module 120a previously transitioned from
low to high and the selected transition (e.g., delay element module 1200) also
transitioned from low to high, there must be one inverter 124 in the path to cause the
transition transmitted to the input of the first delay element module 120a to be from high
to low. If the embodiment had delay element modules 120 that included inverter
elements and the selected transition was already inverted with respect to the first delay
element module 120a, two inverter elements 124, 124° (not shown) are used in series to
ensure that the opposite transition was transmitted to the first delay element 120a. The
delay element module 1200 connected to the inverter 124 is selected so that the
propagation time of the transition from the selected delay element module 1200 to the
first delay element module 120a, via the inverter element(s) 124, is approximately equal
to the propagation time of the transition from the selected delay element module 1200 to
the output of the last delay element module 120p.

For an illustrative example, each delay element module 120 includes inverting
elements. The propagation time through two inverting elements 124, 124’ (not shown)
equal the propagation time of two delay element modules 120. The delay element
module 120n (not shown) corresponding to tap 13 is selected. Delay element module
120n is the opposite transition of the first delay element module 120a, so two inverting
elements 124, 124’ are required to ensure the correct polarity. The timing is also correct
so that the time the transition propagates from tap 13 to tap 15, the transition also arrives
at the input of the first delay element module 1202 via the two inverting elements 124,
124°.

As shown in FIG. 2, the loop 104 also includes a lap counter module 200 and a
state capture module 204. The algebra module 108 also includes a loop averaging

11
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module 212. The lap counter module 200 is electrically connected to the first delay
element module 120a for receiving transition edges as they propagate through the delay
element module 120a. The lap counter module 200 is electrically connected to the state
capture module 204 for transmitting the number of laps stored. The state capture module
204 receives a reference clock signal 128. The state capture module{204 is electrically
connected to each of the taps and the lap counter module 200 for receiving and storing
the states of the loop 104 taps and lap counter module 200 at a reference clock signal
128 transition. The state capture module 204 is also electrically connected to the algebra
module 108 for transmitting the stored state information 220. The loop averaging
module 212 receives the transmitted stored state information 220 from the state capture
module 204 and calculates the average loop speed used in the algebra module 108
calculations.

The lap counter 200 includes two counters. A positive edge counter 200a (not
shown) counts one each time a positive edge transition (e.g. transition from logic low to
high) propagates through the first delay element module 120a. A negative edge counter
200b (not shown) counts one each time a negative edge transition (e.g. transition from
logic high to low) propagates through the first delay element module 120a. Thus the
negative edge counter 200b is 180 degrees out-of-phase with the positive edge counter
200a. Two counters 200a, 200b are used to ensure that even if one counter is being
updated, the other modules of the arbitrary waveform generator 100 have access to a
stable and accurate counter to determine the lap number. The size (i.e., number of bits)
of each counter can vary and is chosen by design consideration, depending on the desired
frequency, available implementation hardware and speed of algebra module calculation.
Each counter keeps counting and, upon reaching its maximum value, rolls over to zero
and continues counting.

The state capture module 204 includes a register 204a (not shown) that uses the
reference clock signal 128 as its clock. Upon a transition of the reference clock signal
128 (typically a positive edge transition), the register 204a stores (also referred to as
captures) the state of the loop 104. In one embodiment, the register 204a stores a 16 bit

12
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data word. In this embodiment, 11 bits are used for the value of the iap counter 200.
Four bits are used to represent 16 taps. These four bits are used for the state of the taps,
representing the last tap that the transition propagated through at the time of the capture.
One bit is used to represent the state of the transition (i.e., positive edge or negative
edge) as it passed through the first delay element module 120a. This bit is needed for
determining whether the transition edge selected by the algebra module 108 is a positive
edge or a negative edge and needs to be inverted by the switching module 112.

The delay element modules 120 create the transition edges that are outputted to
the taps and captured. One of the delay element modules 120 is shown in more detail in
FIG. 3. The delay element module 120 includes a NAND element 404. The two inputs
408,412 of the NAND element 404 receive signals from the previous delay element
module 120 output and a logic high signal 424, respectively. The logic high signal
ensures that the output of the NAND element 404 is the inverted signal of the input
signal 408 from the output of the previous delay element module 120.

For the first delay element module 120a (FIG. 2), the logic high signal is replaced
by the reset signal 140 and the input signal 408 is received from the inverting output
element 124, not a previous delay element 120. When the reset signal 140 is in the reset
state, a logic low, the output of the NAND element 404 is a logic high, regardless of the
input signal 408. The rest of the delay element modules 120b to 120p (FIG. 2) of the
free running loop oscillator 104’ are driven to their corresponding states and the loop
104 stays in that reset state until the reset signal transitions to the run state, a logic high.

The output 412 of the NAND element 404 is sent to the next delay element
module 120. The output 412 also is an input to an inverter 416. The transition from the
inverter output 420 for one selected delay element module 120 (e.g., delay element
module 1200, FIG. 2) is sent to another inverter 124 (FIG. 2) and then to the first delay
element module 120a to maintain oscillation of the loop 104. For the other delay
element modules 120a, 120b, 120c, 120p, the output 420 is not connected. In one
embodiment, the inverter 416 is included in each of the delay element modules 120,

whether connected or not, for Joad balancing purposes. As discussed above, keeping the
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loads of the delay element modules 120 as similar and equal as possible keeps the
propagation times through each delay element module 120 consistent.

The output 412 of the NAND element 404 is connected to a test switch module
400. The test switch module 400 receives a test input signal 440. The state of this signal
440 determines the signal generated by test switch module 400. For example, if the test
input signal 440 is in a NOT test state (e.g., logic low), NAND element 428 outputs a
signal having the opposite state of the output 412 of the NAND element 404. The
NAND element 432 outputs a logic high, regardless of the test data input signal 444.
Thus the NAND element 436 outputs the opposite state of the output of the NAND
element 428, which is the same as the state of the output 412 of the NAND element 404.
If the test input signal 440 is in a test state (e.g., logic high), the NAND element 428
outputs a logic high, regardless of the output 412 of the NAND element 404. The
NAND element 432 outputs the opposite state of the test data input signal 444. Thus the
NAND element 436 outputs the opposite state of the output of the NAND element 432,
which is the same state as the test data input signal 444.

An inverting driver 448 amplifies the output of the NAND element 436, which is
the output of the test switch module 400. The output of the inverting driver 448 is the
tap signal 456 that is sent to the switching module 112 (FIG. 2). Thus depending on the
state of the test input signal 440, the output of the inverting driver 448 is the opposite
state of either the output of the NAND element 404 or the test data input signal 444.

For the first delay element module 120a, the output of the NAND element 436
also is an input to an inverting driver 452. The output of the inverting driver 452 is
connected to the lap counter module 200. The lap counter counts each transition that is
output from the inverting driver 452. For the other delay element modules 120b to 120p,
the output of the inverting driver 452 is not connected. In one embodiment, the inverting
driver 452 is included in each of the delay element modules 120, whether connected or
not connected, for load balancing purposes.

FIG. 4 depicts an alternate embodiment of an arbitrary waveform generator 100”.

The arbitrary waveform generator 100” further includes a fine delay module 3 10, a

14



WO 03/084051 . PCT/US02/09155

compensation module 320, a free running loop oscillator 104’ that includes a state
capture module 204’ and an algebra module 108’ that includes a synchronization module
304. The fine delay module 310 is electrically connected to the switching module 112
for receiving the transition edge. The fine delay module 310 adds a differential delay to
the transition edge that is smaller than the propagation delay time thfough adelay
element module 120. The fine delay module 310 is electrically connected to the output
module 114 for transmitting the further delayed transition edge to the output module
114. The compensation module 320 receives a compensation input signal 324. The
compensation module is electrically connected to the algebra module 108 for
transmitting an adjustment signal.

In one embodiment, the compensation module 320 receives a compensation input
signal 324 representing the temperature of the oscillator creating the reference clock
input signal 128 (i.e., the source of the reference clock 128). The compensation module
320 determines the variance of the frequency of the reference clock 128 based on the
compensation input signal 324, using a predetermined relationship of temperature to
frequency (e.g., a look-up table). The compensation module 320 outputs the adjustment
signal, with the variance information, to the algebra module 108°. The variance, in terms
of a reference clock 128 period delta, is algebraically added to the desired output period
132 to produce an ultra-stable time reference as the output signal 136 without an oven or
a warm up delay.

In another embodiment, crystal aging may also be corrected in a similar manner
by utilizing an age indicator signal (e.g., the current date) as the compensation input
signal 324. The gompensation module 320 determines the variance of the frequency of
the reference clock 128 based on the compensation input signal 324, using a
predetermined relationship of age to frequency (e.g., a look-up table).

The state capture module 204’ receives a synchronization input signal 300. The
state capture module 204’ is electrically connected to each of the taps and the lap counter
module 200 for receiving and storing the states of the loop 104’ taps and lap counter

module 200 at a synchronization signal 300 transition. The state capture module 204’
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includes a second register 204b (not shown) that uses the synchronization signal 300 as
its clock. Upon a transition of the synchronization signal 300 (typically a positive edge
transition), the second register 204b stores the state of the loop 104°. In one
embodiment, the second register 204b stores a 16 bit data word, the bits being used as
described for the first register 204a.

The state capture module 204’ is also electrically connected to the algebra
module 108’ for transmitting the stored state information 330. The synchronization
module 304 of the algebra module 108’ receives the transmitted stored state information
330 from the state capture module 204° and calculates the selection of subsequent
transition edges so the output signal 136 is in phase with the synchronization signal 300.

FIG. 5 depicts the algebra module 108” in more detail. The algebra module 108’
calculates the lap and tap that is needed from the loop 104’ to create each transition edge
of the output signal 136. In one embodiment, a four channel algebra module 108’
calculates the next two rising edges and the corresponding falling edges of the output
signal 136. The first rising edge is referred to as the phase 0 signal, the corresponding
falling edge is referred to as the phase 1 signal, the second rising edge is referred to as
the phase 2 signal and the corresponding falling edge is referred to as the phase 3 signal.
For clarity the figures, except as noted, depict the circuitry for creating the phase 0
signal. The circuitry for the other three phase signals is similar, unless otherwise noted.
By calculating four edges in parallel, the algebra module 108’ operates at a faster
frequency, thus allowing the output signal 136 to be a higher frequency. In other
embodiments, more or less than four channels are required depending on the required
performance.

The algebra module 108’ receives the reference clock 128 and the RISE clock
540. The RISE clock 540 is received from the phase combining module 1225 (FIG. 12)
of the output module 114. The RISE clock 540 is half the frequency of the output signal
136 and has edges corfesponding to the rising edges of the output signal 136. The |
algebra module 108’ uses the RISE clock 540 as the clock for performing calculations

and storing data in registers. The algebra module 108’ also receives an algebra data
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input signal 132. The algebra data input signal 132 includes a data word 132a that
represents a multiplier of the period of the reference clock input signal 128, the product
of which defines the desired period of the output signal 136.

In one embodiment, the data word 132a is a 27 bit word, where the first 6 bits
represent the integer of the multiplier and the other 21 bits represent the fraction of the
multiplier. Using 27 bits allows the user to define the frequency of output signal 136 to
better than 1 ppm precision. For example, for an output signal 136 that is half the period
of the reference clock input 128 (i.e., twice the frequency), the data word 132ais
000000.100000000000000000000. For an output signal 136 that is one-quarter the
period of the reference clock input 128 (i.e., four times the frequency), the data word
132a is 000000.010000000000000000000. In another example, an output signal 136
that is 2.25 times the period of the reference clock input 128 (i.e., 0.444444. .. times the
frequency), the data word 132a is 000010.010000000000000000000.

The multiplier data word 132a is used by the period integrator module 500 to
determine when the next rising edge occurs relative to the reference clock signal 128.
FIG. 6 depicts the period integrator module 500 in more detail. The multiplier data word
132a is input into two components, the times n module 600 and the adder 632°. The
multiplier data word 132a is used by these components 600, 632’ to calculate the desired
transition for the first rising edge, phase 0, and the second rising edge, phase 2,
respectively, in terms of the reference clock signal 128. The times n module 600
multiplies the multiplier data word 132a by a constant in one embodiment, hardwired in
the IC. The constant is different for different conditions, as described below. The
constants used are determined by design requirements.

In an illustrative example, the chosen constants are two (for normal conditions),
six (for catch-up mode) and eleven (for synchronization mode). Under normal
conditions, the times n module 600 multiplies the multiplier data word 132a by two
because the phase 0 calculation calculates every other rising edge. “Catch-up”, as
described below, is a mode where the algebra module 108” has somehow miscalculated

and requests a needed edge that has already occurred. As a result, the catch-up module
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1205 (FIG. 12) causes the RISE clock 540 to operate much faster until the algebra
module 108’ can catch-up and request a needed edge that occurs in the future. Thus, a
constant greater than the two used under normal conditions is needed to allow for the
time to catch-up. For the synchronization mode, there is a latency period occurring after
the synchronization signal and before the algebra module 108’ places a transition edge.
This latency period represents the time the synchronization module 304 needs to
calculate when the transition edge can be placed to yield a “seamless” synchronization.
The constant must be precisely and accurately determined to accommodate this latency
period.

Under normal conditions or catch-up mode, the output of the times n module 600
is sent to the adder 628. The output is the multiplier data word 132a multiplied by the
constant for the correct mode, either normal conditions or catch-up mode. The correct
mode is determined by the input signal 604, received from the catch-up module 1205,
which indicates whether the arbitrary waveform generator 100’ is in éatch—up mode or
not. For synchronization mode, the output, which is the result of the multiplier data
word 132a times the constant for the synchronization mode, is sent to the adder 624.

The output of the times n module 600 is added in adder 628 to the current value
stored in register 616. The current value stored in register 616 represents the current
phase 0 edge. Under normal conditions, the output of the adder 628 is the current phase
0 edge plus two times the desired period in terms of the reference clock signal 128. This
represents the next phase 0 edge, which propagates through the mux 608 and is clocked
into the register 616 at the next RISE clock signal 540. Mux 608 selects from adder 624
or adder 628 based on the switchover signal 596 received from the synchronization
module 304. Under normal conditions, the output of adder 628 is selected. This loop
(e.g., adding contents of register 616 to output of times n module 600 and storing on
next RISE clock 540) is repeated to determine the next odd rising edge transition.

The phase 2 signal determination (and corresponding circuitry) is slightly
different. Register 616 contains the current phase 0 edge. To calculate the next (e.g.,

second) rising edge, the output of register 616 (i.e., the first rising edge) is sent to adder
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632’ and added with the desired period, in terms of the reference clock 128 (i.e., the
multiplier data word 132a). The output of adder 632’ represents the value of the second
(e.g., even) rising edge. The output of adder 632’ is clocked into register 620” on the
next inverted clock pulse RISEb 540°. The inverted clock RISEb 540’ is used to meet
stringent timing requirements in the phase 2 channel for generating edges 180 degrees
out of phase with phase 0. The multiplier data word 132a can be changed at each (e.g.,
first and/or second and/or third, etc.) rising edge calculation. Thus the period can vary
with each rising edge, producing an arbitrary waveform.

Referring back to FIG. 5, the output of the period integrator module 500 is sent to -
an adder 572. As stated above, the output of the period integrator module 500 represents
the time, in terms of the reference clock 128, when the next odd transition edge is
needed. Another input to the adder 572 is the current clock time 508. The current clock
time 508 received from the clock domain transfer module 212 is subtracted from next
odd transition edge time to determine the number and fraction of clock pulses 128
remaining before the placement of the next odd transition edge. As indicated in FIG. 6,
the output of the period integrator module 500 for the next even transition edge is sent to
an identical adder 572° (not shown). The circuitry shown in FIG. 5 for calculating the
next odd transition edge is nearly identical for calculating the next even transition edge.
One difference is that all of the registers 512°, 516°, 520°, 524°, 528’, 5327, 536’ are
clocked by the RISEb clock pulse 540°.

The user can shift the phase of the desired edge. This is done by a second data
word 132b, which is part of the algebra data input signal 132. In one embodiment, the
second data word 132b is a 21 bit signed word, where the first 8 bits represent integer
reference clock periods and the other 13 bits represent fractional reference clock periods.
The phase of the output signal can be shifted forward (e.g., if positive) or backward (e.g.,
if negative) by up to one hundred and twenty eight reference clock periods. Ifin
synchronization mode, the phase shift is with respect to the last synchronization input

300.
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If a phase shift input is requested using the second data word 132b, then the
phase shift is stored in register 532 and added to adder 572. The output of adder 572 is
the location of the next edge beyond the present muster clock signal 508, in units of
periods of the reference clock 128. The output of adder 572 is clocked into register 520
at each RISE clock pulse 540. Since this value is in terms of the reference clock 128, it
must be converted to units of laps and taps of the loop 104’ by multiplier 576.
Multiplier 576 multiplies the output of register 520 (i.e., the delta edge placement in
terms of reference clock 128) by the output of register 512, which is the current average
loop speed (i.e., taps per reference clock pulse 128). The result is the time of the next
edge from the present muster clock signal 508 in terms of laps and taps of the loop 104°.
The result (i.e., the output of the multiplier 576) is clocked into register 524 at a RISE
clock pulse 540.

In one embodiment, the multiplier 576 is a seventeen bit by seventeen bit flash
multiplier. Since the output of the adder 572 is, in one embodiment, 21 bits, a barrel
shifter (not shown) is used in series between the adder 572 and the register 520. The
barrel shifter shifts up to 4 leading (e.g., MSBs) zeros from the output of the adder 572,
the actual number of shifted zeros depending on relative loop speed, to reduce the binary
representation to seventeen bits. (

The output of the register 524, which represents the desired edge time by a
number of laps and taps, is sent to adder 580a and added to the current state of the loop
104’ to determine the absolute position of the next edge placement. In one embodiment,
the sum can be further phase shifted by adding the value stored in register 536. The
value stored in register 536 is received as a third data word 132c, part of the algebra data
input signal 132. Because the phase shifting is in terms of taps instead of the reference
clock signal 128, propagation delays in the system can be accurately cancelled using the
third data word 132c input.

The output of adder 580 is sent to adder 584 for the addition of a constant 550.
The constant 550 is determined by implementation choices. For example, it can be

determined by chip layout, chosen to allow maximum setup/hold margins at the edge
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flip-flops 1215,1220. The constant 550 is based on known propagation delays (e.g., in
tap units) to center the selected tap transitions in their windows. Constant 550 only
affects selection of the lap and does not affect the selection of the tap. The output of the
adder 584 is clocked into the register 528 on the RISE clock pulse 540. The value 560
stored in register 528 is the value 560 of the lap and tap that is used to select the next
edge transition. The register value 560 is sent to the switching module 112, the fine
delay module 310 and the output module 114 to select the correct edge transition for the
next even rising edge (phase 0 signal) transition in the output signal 136.

The phase 2 signal circuitry similarly has a register 528’ to store the value of the
next odd rising edge transition. In one embodiment, the circuitry to create the
corresponding even and odd falling edges (phase 1 signal and phase 3 signal), consists of
an adder (not shown) which adds the contents of register 528 and 528°. The algebra
module 108’ divides the output of the adder by two to obtain a value corresponding to a
time half way between two rising edges. Separate adders create the even and odd falling
edges. In another embodiment, a fourth data word 132d (not shown) can be used with
similar 'circuitry as depicted in FIG. 5 to place a falling edge anywhere between the even
and odd rising edges based on the fourth data word 132d.

In calculating the placement of the transition edges, the algebra module 108’ uses
the loop averaging module 212 and the clock domain transfer module 504. FIG. 7
depicts the loop averaging module 212 in more detail. The loop averaging module 212
receives the reference clock signal 128 to clock information into its registers 700, 712,
734, 750. The loop averaging module 212 also receives stored state information 220
from the state capture module 204°. As stated above, the stored state information 220
contains the state of the lap counter 200 and the last tap that the transition propagated
through at the time of the capture on the reference clock 128 transition. The loop
averaging module calculates the average speed of the loop in units of taps per reference
clock 128. The loop averaging module 212 also calculates the averaged position of the
Joop at the latest reference clock pulse 128, or in other words, the instantaneous phase of

the loop at the latest reference clock pulse 128.
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The average loop speed portion of the loop averaging module 212 receives the
current stored stated information 220 at the positive input of a subtraction element 704.
Register 700 stores the value of the stored stated information 220 at the previous
reference clock pulse 128. The subtraction element 704 receives the value stored in
register 700 at the negative input. The output of the subtraction element 704 represents
the difference and is the number of taps the transition has propagated through during one
reference clock 128 period. This value is stored in register 712. In one embodiment,
arithmetic elements 716, 720 and 724 are used to average the loop sﬁeed value stored in
register 712 over sixty-four loop speed values (e.g., decay time constant = 64) to obtain
an average loop speed. Averaging over sixty-four clock pulses is a design choice to
provide loop speed accuracy consistent with overall accuracy of the synthesizer. In other
embodiments, the number of reference clock pulses 128 used for averaging is different.

The average speed is stored in register 734 and provided to the clock domain
transfer module 504 and the synchronization module 304. In one embodiment, mux 730
is used to switch in the most recent loop speed into register 734 if the current loop speed
varies from the average loop speed by more than eight taps per reference clock pulse
128. This allows a sudden change in loop speed to reset the average and minimizes large
transients that can occur during start-up. The variance of greater than eight taps is a
design choice that can be changed to meet design goals.

In another embodiment not shown, the average loop speed 564 is further adjusted
to compensate for variance in the power supply supplying power to the ring oscillator
104. This variance is due to noise at frequencies that are not filtered out by other
circuits. An amplifying circuit (not shown) scales the voltage level of the variance to a
usable level for the compensating circuit. The compensating circuit (not shown)
measures the amplified variance in the power supply voltage (e.g., the noise) and
digitizes this variance (e.g., sends the noise signal through an A/D converter). The
compensating circuit sends the digital variance signal to the loop averaging module 212
to adjust the calculated average loop speed 564. The variance is a linear dependence

(i.e., an increase in voltage increases the loop speed) and so the calculated average loop
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speed 564 is adjusted accordingly. The digital variance signal can be scaled as needed,
using any of the techniques know in the art. Using more bits in the digital variance
signal increases the precision of the compensation. In another embodiment, the
compensating circuit sends the digital variance signal to the algebra module 108 to
compensate for the power supply variance.

The averaged position (i.e., instantaneous phase) portion of the loop averaging
module 212 tracks the calculated loop position in fractions of a tap and averages the
position over time. A calculated average position is used for increased precision. The
averaged loop position portion of the loop averaging module 212 receives, at the positive
input of a subtraction element 738, the current stored stated information 220. The
subtraction element 738 receives, at the negative input, the calculated averaged loop
position, which is the output of the stored contents in register 750, the previous
calculated averaged loop position added at adder 758 to the average loop speed stored in
register 734. The difference, the output of the subtraction element 738, is the difference
between the actual loop position and the calculated averaged loop position. In one
embodiment, arithmetic elements 742 and 746 are used to average the difference over
thirty-two values to obtain an average difference for the past thirty two reference clock
pulses 128. A value other than thirty-two can be used. The calculated averaged loop
position is stored in register 750.

In one embodiment, mux 754 is also used to switch in the previous loop position,
stored in register 700, if the most current calculated averaged loop position difference
from the actual loop position is greater than eight taps. This allows a sudden change in
loop phase to reset the average and minimizes large transients that can occur during
start-up. The variance of greater than eight taps is a design choice that can be changed to
meet design goals. Depending on the state of mux 754, either the output of register 750
or the output of register 700 is added in adder 758 to the average loop speed 564 to
create the calculated averaged loop position 568. The calculated averaged loop position
568 is sent to the clock domain transfer module 504 and the synchronization module

304. The average loop speed signal 564 and clean_cnt_at_clk signal 568 carry extra bits
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of precision than their respective time-constants would justify. This is done to avoid
accumulating a DC bias from systematic rounding etrors.

The clock domain transfer module 504 is shown in more detail in FIG. 8. The
clock domain transfer module 504 receives the average loop speed 564 and the
calculated averaged loop position 568 from the loop averaging module 212, which is
clocked in the reference clock 128 domain. The clock domain transfer module 504
transfers the signals in the reference clock 128 domain to signals in the RISE clock 540
domain. The clock domain transfer module 504 provides stable values to the registers
512, 516 (FIG. 5) of the algebra module 108’, which are clocked in the RISE clock 540
domain. The clock domain transfer module 504 also provides the current clock time
508, which starts as a counter 640 in the reference clock 128 domain and is sent to adder
572, which operates in the RISE clock 540 domain. In the embodiment shown, the
counter 640 is an eight bit counter and rolls over to zero upon reaching its maximum
value. The circuit shown simultaneously corrects these signals to the RISEb (e.g., the
phase 2 circuitry).

From the reference clock signal 128, a half clk signal 643 is created. Dividing
the frequency of the reference clock signal 128 by two creates the half clk signal 643.
The first layer of registers 644, 648, 676, 680, 690, 692 are clocked with the reference
clock signal 128. The first layer of registers 644, 648, 676, 680, 690, 692 are used to
ensure that the signals 508, 564, 568 are captured correctly in the reference clock 128
domain. The circuits (i.e., propagation path) for each signal 508, 564, 568 include a pair
of first layer registers 644 and 648, 676 and 680, 690 and 692, respectively. One register
of each pair 644, 676, 690 is enabled when the half_clk signal 643 is in a positive state.
The other register of the pair 648, 680, 692 is enabled when the half_clk signal 643 isin
a negative state. For the calculation of the phase 0 transition edge, registers 652, 682,
694 of the second layer of registers are used. Using the pairs of first layer registers 644
and 648, 676 and 680, 690 and 692, ensures that at least one register of the pair is stable
when clocking into the registers 652, 682, 694 in the RISE clock 540 domain. Stability

is assured even if a the reference clock signal 128 transitions during a clocking of the
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RISE clock 540 domain registers 652, 682, 694. Each mux 660, 686, 698 determines
which of the pair of first layer registers 644 and 648, 676, and 680, 690 and 692, is used
as outputs of the clock domain transfer module 504. The one used is stable. The mux
channel selection is made by the state of the half clk 643 stored in register 641. This
register stores the state of the half_clk signal 643 at some delayed time after the RISE
clock 540 clocks data into the RISE clock 540 domain registers 652, 682, 694.
Whenever half-clk is transitioning when it is captured, the outputs of registers 641 and
642’ are unpredictable. However, all first tier registers are stable at this time so that the
one selected doesn't matter, as long as the same one is selected for master_clk signal 508
and clean_cnt_at_clk signal 568. The delays shown are necessary to guarantee this
property.

For the calculation of the phase 2 (e.g., even transition edge) similar circuitry is
used (i.e., registers 656°, 684’, 696°, 642 and muxes 664’, 688, 699%). One difference
is that all of the registers 656°, 684’, 696°, 642’ are clocked using the RISEDb signal 540°.
In the embodiment shown, the average loop speed signal 564 received from the loop
averaging module 212 is twenty one bits. A barrel shifter 668 and auto range element
672 are used to shift out up to four leading bits and convert the signal to seventeen bits.

If a synchronization signal is used to determine the phase of the output signal 136
(i.e., synchronization mode), the synchronization module 304 is involved in calculating
the time of the next edge transition. FIG. 9A depicts the synchronization module 304 in
more detail. The synchronization module 304 receives a synchronization input 300, the
average loop speed 564 and calculated average position 568 from the loop averaging
module 212. The synchronization module 304 receives the stored state information 330
from the state capture module 204°. The stored state information 330 contains the state
of the lap counter 200 and the last transitioned tap at the time of the capture on the
synchronization input 300 transition. The synchronization module 304 outputs a
start_integrate signal 592, which represents the time when a seamless edge transition can
be placed. The edge transition is seamless because the synchronization module 304

determines an exact half-cycle when the newly phased output can replace the old with a
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minimum "glitch". The synchronization module 304 selects this transition edge as the
point to switchover to output signal 136 to one in phase with the synéhronization input
300. The synchronization module 304 generates a switchover signal 596 to indicate to
the period integrator module 500 that the needed edge transition has been calculated by
the synchronization module 304 and should be substituted into the period integrator
Module 500.

To calculate the seamless edge transition placement, the synéhronization module
304 subtracts the calculated average position 568 at the time of the preceding reference
clock 128 pulse from the stored state information 330 using the subtraction element 820.
The output of the subtraction element 820 represents the phase shift between the
reference clock 128 and the synchronization input signal 300, in units of taps. Three
registers 808, 812, 816 are used to retain the calculated average position 568 of the loop
104’ at the time of the preceding reference clock 128 pulse for two additional reference
clock 128 pulses, the time it takes the sync debouncer module 800 to debounce the
synchromzatlon signal 300.

The sync debouncer module 800 is shown in more detail in FIG. 9B. The XOR
element 904 is an optional element that allows the user to set the polarity of the
synchronization input signal 300. The sync_pol input is set to the active transition of the
synchronization input signal 300. In the embodiment shown, the debouncing circuitry is
set up for an active rising synchronization input signal 300. The XOR element 904
ensures that the output of the XOR element 904 is an active rising signal, regardless of
the polarity of the synchronization input signal 300 used. The AND element 908 allows
the user to enable and disable synchronization mode. If sync_enable is disabled (e.g.,
low state), no synchronization pulse is propagated through the sync debouncer module
800.

The sync debouncer module 800 outputs a sync_buff signal 950. The synch_buff
signal 950 is used to clock register 832 (FIG. 9A), which captures the output of the
period integrator module 500, representing the next two desired transition edges, phase 0

and phase 2, at the time of the synchronization pulse 300. Sync-buff provides the snyc
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input to the state capture module 204’ The logic element 936 makes the sync_buff
signal last only from the time the synchronization input 300 transitions until the first D
input to flip flop 912 changes state. Delay 944 is added to ensure that the sync input to
module 204’ precedes the edge at the D flip flop 912. The time frame for the sync_buff
signal 950 is narrow to allow the SYNC signals arbitrarily near a ref-clk 128 edge
without error. Once register 832 has stored the information and the first D flip flop has
changed state, the next D flip flop 916 changes state at the subsequent reference clock
128 pulse. The AND element 924 only switches to a high state if the synchronization
pulse (i.e., the output of AND element 908) is high, the first D flip flop 912 has changed
to a high state and the second and third D flip flops 916, 920 are in a low state. If the
output of the AND element 924 is high at the subsequent reference clock 128 pulse, the
output of the second D flip flop 915 changes to a high state. This creates a stable (i.e.,
debounced) synchronization signal 900 (“SYNCsync™). Any SYNC signal lasting less
than two reference clock 128 pulses will not be seen. The SYNCsync signal 900 lasts
for one period of the reference clock 128. NAND elements 928, 932 and the third D flip
flop 920 ensure that at the next clock pulse subsequent to the SYNCsync signal 900, the
second D flip flop 916 changes state again. When the second D flip 'ﬂop 916 changes
state again, the SYNCsync signal 900 ends.

Referring back to FIG. 9A, the SYNCsync signal 900 is used to enable register
824. Register 824 stores the output of the subtraction element 820 at the next reference
clock 128 pulse subsequent to the SYNCsync signal 900. The SYNCsync signal 900 is
also used to enable register 850, which stores the average loop speed 564 at the next
reference clock 128 pulse subsequent to the SYNCsync signal 900. The ripple divider
804 divides the stored phase shift information in register 824, which is in units of taps,
by the average loop speed stored in register 850, which is in units of taps per reference
clock 128. The result represents the difference between the reference clock 128 and the
synchronization input 300, now in units of the reference clock 128. -

The result is sent to a positive input on the summer 840. The current clock time

508, which is stored in register 828 is also sent to a positive input of the summer 840. A
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constant three is sent to a negative input of the summer 840. This constant represents the
latency of three reference clock 128 pulses for the sync debouncer module 800 and is
thus subtracted. The current (i.e., at time of switchover) phase 0 edge placement is sent
to a positive input of the summer 840. Either the phase 0 edge placement or the phase 2
edge placement captured in register 832 is sent to a negative input of the summer 840.
Mux 836 selects the signal to be used, based on the state of the FALLb signal at some
time period, equal to the delay 854. This is asynchronous transfer of data between clock
domains, prior to the sync_buff signal 950. The selected signal represents the calculated
transition edge at the time of the synchronization pulse 300. This is subtracted from the
current (i.e., at time of switchover) phase 0 edge transition to compensate for the latency
of the synchronization module 304. The output 592 of the summer 840 is sent to register
612 (FIG. 6) of the period integrator module 500 (FIG. 6). The output 592 represents the
first seamless edge transition for an output signal 136 in phase with the synchronization
input 300, in terms of the reference clock 128. |

The D flip flops 850, 854, 858 are used as a delay to ensure that the ripple divider
804 has settled before switchover occurs. The D flip flops 862, 866 are used to align the
switchover signal with the RISE clock 540, which is the clock that the registers in the
period integrator module 500 use. D flip flop 866 and AND element 858 ensure that the
switchover signal lasts for only one period of the RISE clock 540. The switchover signal
596 is used by the mux 608 (FIG. 6). When active, the mux 608 selects the output of
adder 624, which includes the calculated edge transition from the synchronization
module 304. At the next RISE clock 540 pulse, the calculated edge transition is clocked
into register 616 (FIG. 6) and the switchover signal becomes NOT active. The mux 608
then selects from the output of the adder 628, which as described above continues to add
desired period lengths to the previous transition edge.

As described above referring to FIG. 5, the first seamless edge transition for an
output signal 136 in phase with the synchronization input 300, in terms of the reference
clock 128, is output from the period .integrator module 500. It propagates through adder

572 and multiplier 576 where it is converted from reference clock 128 periods to number
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of taps. The edge transition calculation then proceeds through adder' 580 and adder 584,
where it is stored in register 528 on a RISE clock 540 pulse. The output 560 of register
528, which represents the edge transition placement in terms of taps and laps, is sent to
the switching module 112. Switching module 112 uses this information to select the
desired tap of loop 104’ to create the next edge transition.

FIGS. 10A and 10B depict the switching module 112 in more detail. FIG. 10A
depicts the configuration of muxes 1000, 1003, 1010 used for selecting an edge for the
phase 0 signal. In one embodiment, a sixteen-to-one tap selection module 1003 is used
to select a transition edge from one of sixteen taps of the loop 104’. The tap selection
module 1003 is made up of five balanced mux modules 1000.

FIG. 10B depicts a balanced mux module 1000 in more detail. The balanced
mux module 1000 is a four-to-one mux. The balanced mux module 1000 includes
NAND elements 1015, 1020, 1025, 1030 1035 and capacitive delay elements 1040,
1045, 1050, 1055. In one embodiment, the capacitive delay elements 1040, 1045, 1050,
1055 are implemented using IC library cells designed for the purpose of creating
capacitors in an IC, as is know in the art. The capacitance of the capacitive delay
elements 1040, 1045, 1050, 1055 causes a delay in the signal transition as the signal
propagates along the corresponding path. The balanced mux module 1000 receives an
edge select input, which in one embodiment is a two bit signal that defines which of the
four inputs are selected. NAND elements 1015, 1020, 1025, 1030, 1035 are used to
select and propagate the requested edge to the output.

The NAND 1015, 1020, 1025, 1030, 1035 elements are the same for each of the
balanced mux modules 10002, 1000b, 1000c, 1000d, 1000e, 1000£, 1000g, 1000h, 1000i,
1000j, depicted in FIG. 10A. However, the capacitive delay elements 1040, 1045, 1050,
1055 are different for each of the balanced mux modules 1000a, 1000b, 1000c, 10004,
1000e, 1000£, 1000g, 1000k, 1000i, 1000j, depicted in FIG. 10A. This is necessary
because the value of the capacitive delay elements 1040, 1045, 1050, 1055 are based on
two factors, the values of which are different for each of the balanced mux modules

10002, 1000b, 1000c, 1000d, 1000e, 1000f, 1000g, 1000h, 1000, 1000;.
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The first factor is whether the transition being propagated is a positive going (i.e.,
from a low state to a high state) or negative going (i.e., from a high state to a low state)
transition. The two types of transitions propagate through the NAND elements 1015,
1020, 1025, 1030, 1035, and other elements in their path, at different rates. The value of
the capacitive delay elements 1040, 1045, 1050, 1055 compensates for these two
different rates. The second factor is that the paths the edges propagate through from the
taps to the switching module 112 and through the switching module 112 have different
lengths. The value of the capacitive delay elements 1040, 1045, 1050, 1055
compensates for these different path lengths. The value of the capacitive delay elements
1040, 1045, 1050, 1055 ensures that the time a transition edge propagates from a tap to
the output of the switching module 112 is equivalent, regardless of the polarity of the
signal or the path length the signal has to propagate. The value of the capacitive delay
elements 1040, 1045, 1050, 1055 varies, dependent on the layout of the implementing
hardware. These capacitors also correct for any irregularities in the loop of delay
elements 104.

In another embodiment, each first capacitive delay element 1040, 1045, 1050,
1055 of the balanced mux module 1000 has a second corresponding capacitive delay
element 1040a, 1045a, 1050a, 1055a (not shown). Each of the second corresponding
capacitive delay elements 1040a, 1045a, 1050a, 1055a is in parallel with its associated
first capacitive delay element (i.e., 1040 in parallel with 1040a). The set of first
capacitive elements 1040, 1045, 1050, 1055 react similarly to variatibns in temperature,
process and supply voltage. The set of second corresponding capacitive delay elements
1040a, 1045a, 1050a, 1055a do not react similarly to variations in temperature, process
and supply voltage. This ensures that variations in propagation delay that are not linear
with respect to variations in temperature, process and supply voltage can be compensated
for with the set of second corresponding capacitive delay elements 1040a, 1045a, 1050a,
1055a. The second set corresponding capacitive delay elements 1040a, 1045a, 1050a,

1055a are implemented by a different IC process than was used to implement the set of
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first capacitive delay elements 1040, 1045, 1050, 1055. Any of the several methods
known in the art can be utilized.

Referring back to FIG. 10A, a first tap selection module 10032 is used and
calibrated (i.e., selection of values of capacitive delay elements) to receive a rising (i.e.,
positive going) transition from the taps of the loop 104°. A second tap selection module
1003b is used and calibrated (i.e., selection of values of capacitive delay elements 1040,
1045, 1050, 1055) to receive a falling (i.e., negative going) transition from the taps of the
loop 104’. If the tap selected is a falling edge, and thus selected by the second tap
selection module 1003b, it is inverted with inverter 1005. Mux 1010 selects which tap
selection module 10032, 10003b is used, based on an input received from the algebra
module 108°. The phase 1, phase 2 and phase 3 signals each have a similar
configuration of muxes to select corresponding edges. The rising edge out of MUX
1010 is always the active edge..

FIG. 11 depicts the fine delay module 310 in more detail. The purpose of the
fine delay module 310 is to delay the transition edge by a differential amount of time that
is smaller than the time between the taps of the loop 104 (e.g., smaller than the 300
picoseconds depicted in FIG. 1B). The fine delay module 310 increases the precision of
the placement of the edge transition in the output signal 136. The fine delay module 310
includes NAND elements 1105, 1110, 1115, 1120, 1125, 1130, 1135, 1140 and
capacitive delay elements 1150, 1155, 1160, 1165, 1170, 1175. The fine delay module
310 receives an edge select input, which in one embodiment is a three bit signal that
defines which of the eight possible paths are used. NAND elements 1105, 11 10, 1115,
1120, 1125, 1130, 1135, 1140 are used to select and propagate the requested edge to the
output, routing the edge through one of eight possible paths. The arbitrary waveform
generator 100’ includes a fine delay module for each of the channels the algebra module
108” has calculated (e.g., phase 0, phase 1, phase 2, and phase 3). The edge of interest is
always positive-going entering and leaving the fine delay module 105.

As described above, the capacitive delay elements 1150, 1155, 1160, 1165, 1170,
1175 can be different for each fine delay module 310. However in the preferred
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embodiment the internal layout of the fine delay modules are all identical, resulting in
identical capacitance values. Also as described above, each fine delay module can
include a set of corresponding second capacitive delay elements 1150a, 1155a, 11604,
1165a, 1170a, 1175a. In one embodiment, even the fastest path through the fine delay
module 108 is much greater than the delay time between each tap. However, the
difference of the delay times between any two of the eight possible paths is less than the
delay time between each tap. The large fixed component of delay added by fine delay
module is compensated for by part of the constant 550 (FIG. 5) used by the algebra
module 108’ and (optionally) by part of the phase compensation input 132c in the
algebra module 108’. The output of the fine delay module 310 is sent to the output
module 114.

The output module 114 is depicted in more detail in FIG. 12. The output module
includes a pair of edge flip flops 1215, 1220 and a windowing module 1210. These three
components 1215, 1220, 1210 are included for each channel (e.g., phase 0, phase 1,
phase 2, and phase 3). The output module 114 also includes a phase, or channel, ‘
combining module 1225. The outputs of the pair of edge flip flops 1215, 1220 for each '
channel (e.g., phase 0, phase 1, phase 2, and phase 3) are sent to the phase or channel,
combining module 1225. The phase, or channel, combining module 1225 combines all
of the channel signals (e.g., phase 0, phase 1, phase 2, phase 3) into a single output 136.
If multiple outputs are required, various combinations of channels are combined by
respective channel-combining modules 1225 for each output. The output module 114
also includes a catch-up module. In one embodiment, the catch-up module only involves
the rising edge channels (e.g., phase 0, phase 2).

The catch-up module 1205, the windowing module 1210 and the pair of edge flip
flops 1215, 1220 are depicted in more detail in FIG. 13. The phase 0 edge received from
the fine delay module 310 is used as the clock for both edge JK flip flops 1215, 1220.
The JK inputs of the pair of edge flip flops 1215, 1220 are received from the windowing
module 1210. n one embodiment, the windowing module 1210 has two comparators

1336, 1360. A first comparator 1336 compares the lap calculated by the algebra module
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108’ with the in-phase lap counter 200a. A second comparator 1360 compares the lap
calculated by the algebra module 108’ with the out-of-phase lap counter 200b. When the
lap calculated by the algebra module 108’ is equal to the lap counter 200, the window is
open. The pair of edge flip flops are set to clock the edge transition input from the fine
delay module 310 by AND element 1376 or 1382. Either window-opening flip flop
1340 or flip flop 1372 is used, selected by mux 1344 based on a single bit calculated in
the algebra. A XOR element 1348, a flip flop 1352, and a NAND element 1356 are used
to reset and close the window after the desired edge transition has subcessfully clocked
the pair of edge flip flops 1215, 1220. A flip flop 1368 and an AND element 1364 are
used to create a substitute window when so instructed by algebra signal phO_win_open.
The substitute window is used to allow the waveform synthesizer to operate at high
frequencies, for instance at frequencies higher than the free-loop-itself. In that situation,
the desired loop is already in progress and it is too late to use the mechanism involving
comparators 1350, 1336. Instead, the substitute window "opens" immediately, save for
delays, to allow relevant data to be valid..

The first comparator 1336 also determines whether the lap calculated by the
algebra module 108’ is less than the current value of the lap counter 200a plus a margin
for latency. Ifit is less, then the algebra module 108’ has transmitted an erroneous
calculation and the first comparator sends a signal to the catch-up module 1205. The
catch-up module 1205 is activated when the algebra module 108 requests a lap that has
occurred in the past (i.e., the lap requested is less than the present lap). The output of the
comparator 1336, indicating that a past lap is requested, is sent to the flip flop 1308 of
the catch-up module 1205. At the next period of the loop 104°, that error signal is
clocked into flip flop 1308. The output of the flip flop 1308, labeled phO_catch is sent to
an OR element 1312. The phase 2 signal has a similar catch-up module 1205’ (not
shown). One difference is that the flip flop element 1309 and the OR element 1310 are
not included with the phase 2 catch-up module 1205°. Phase 1 and phase 3 signals do
not have catch-up modules 1205. The output of flip flop 1308’ (not shown) of the phase
2 catch-up module 1205° is also input to the OR element 1312 and input to the flip flop
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1309. On the RISEb clock 540’ pulse subsequent to the change of the output of flip flop
1308, the flip flop 1309 outputs an active catch-up signal to the OR element 1310. The
OR element 1310 outputs an active catch-up signal 604 to the times n module 600 of the
period integrator module 500. As described above, the times n module 600 uses this
signal 604 to determine whether the arbitrary waveform generator is in catch-up mode
and applies the correct multiplier. When in catch-up mode, NAND elements 1316,
1320, 1324, 1328 and AND element 1332 are used to create RISE clock 540 pulses at
one-fourth the speed of the free-loop 104, using the set and reset inputs of the pair of
edge flip flops 1215, 1220. As described above, catch-up mode creates a substitute fast
clock for algebra module 108’ and increases the programmed period until the lap
requested is once again in the future. At that time, the catch-up module 1205 terminates
catch-up mode (e.g., changes the catch-up signal 604 to the NOT active state). When the
circuit recovers, it recovers in the correct phase.

Referring to FIG. 14, the phase, or channel, combining module 1225 of the
output module 114 includes three balanced XOR modules 1500a, 1500b, 1500c and four
inverting driver elements 1405, 1410, 1415, 1420. The outputs of the first two balanced
XOR modules 1500a, 1500b are sent from the output module 114 to the algebra module
108’ and are used by the algebra module 108’ as the clock for calculations, as described
above. The outputs are also sent to the third balanced XOR module 1500c to create the
output signal 136. The first balanced XOR module 1500a receives the rising edge
channel signals (i.e., phase 0, phase 2). The next balanced XOR module 1500b receives
the falling edge channel signals (i.e., phase 1, phase 3). The phase combining module
1225 is used to combine each of the signals (i.e., phase 0, phase 1, phase 2, and phase 3).
The phase combining module 1225 combines in a balanced way so that the propagation
delay time from the output of the pair of edge flip flops 1215, 1220 to the output signal
136 is nearly the same regardless of the signal (i.e., phase 0, phase 1, phase 2, phase 3) or
signal polarities.

FIG. 15 depicts a balanced XOR module 1500 in more detail. The balanced
XOR module 1500 includes six NAND elements 1505, 1510, 1515, 1520, 1525, 1530
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and eight inverters 1535, 1540, 1545, 1550, 1555, 1560, 1565, 1570. The balanced XOR
module 1500 also includes capacitive delay elements 1575a, 1575b, 1575¢, 15754,
1575e, 1575f, 1575g, 1575h. The capacitive delay elements 1575a, 1575b, 1575c,
1575d, 1575e, 1575f, 1575g, 1575 are different for each of the balanced XOR modules
1500a, 1500b, 1500c depicted in FIG. 14. As described above, the capacitive delay
elements 1575a, 1575b, 1575¢, 1575d, 1575¢, 1575f, 1575g, 1575h are different to
compensate for the different path lengths for each input and whether the inputs handle a
rising edge or falling edge transition. Also as described above, each balanced XOR
module can include a set of corresponding second capacitive delay elements 1575aa,
1575ab, 1575ac, 1575ad, 1575ae, 1575af, 1575ag, 1575ah.

As an illustrative example, FIG. 16 depicts a timing diagram an arbitrary
waveform generator 100” that outputs an output signal 136” that is a square wave with a
period of seven nanoseconds (i.e., approximately 143 MHz). The timing diagram
depicts an arbitrary waveform generator 100” in which an algebra module 108" contains
parallel circuitry for the calculation of two alternating rising edges (i.e., phase 0 and
phase 2) and two alternating falling edges (i.e., phase 1, phase 3). The timing diagram
shows each signal from the input into the switching module 112” to the output of the
output module 114”.

The block labeled “16:1 MUX” represents the propagation time through the tap
selection module (e.g., tap selection module 1003a in FIG. 10A). The block labeled
“sign” represents the propagation time through the mux sign-select (e.g., mux 1010 in
FIG. 10A) that selects between the positive (i.e., rising edge) tap selection module (e.g.,
1003a in FIG. 10A) or the negative (i.e., falling edge) tap selection module (e.g., 1003b
in FIG. 10A). The block labeled “vernier” represents the propagation time through the
fine delay module (e.g., fine delay module 310 in FIG. 11). The double lines on the edge
preceding the vernier block represent the variable propagation through a fine delay
module 310. The block labeled “JK flops” represents the propagation time through the
pair of edge flip flops (e.g., edge flip flops 1215, 1220 in FIG. 13). The block labeled
“XOR” immediately subsequent to the block labeled “JK flops” represents the

35



WO 03/084051 PCT/US02/09155

propagation time through the first balanced XOR module (e.g., balanced XOR module
1500a for phase 0 and phase 2 signals or balanced XOR module 1500b for phase 1 and
phase 3 signals, as shown in FIG. 14). The next block labeled “XOR” immediately
subsequent to the block labeled “XOR? represents the propagation time through the next
balanced XOR module (e.g., balanced XOR module 1500c in FIG. 14). The block
labeled “clock tree” represents the propagation time through the clock tree (e.g., clock
tree shown in FIG. 14). The signal labeled “out_clk” represents the output signal 136”
output by the arbitrary waveform generator 100”.

EQUIVALENTS

’ The invention may be embodied in other specific forms without departing
from the spirit or essential characteristics thereof, The foregoing embodiments are
therefore to be considered in all respects illustrative rather than limiting on the invention
described herein. Scope of the invention is thus indicated by the appended claims rather
than by the foregoing description, and all changes which come within the meaning and
range of equivalency of the claims are therefore intended to be embraced therein.

‘What is claimed is:
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CLAIMS
L. A waveform generator for providing an arbitrary waveform comprising:

a free-running ring oscillator comprising:

a plurality of delay elements connected in a loop; and

aplurality of taps disposed between the delay elements, each tap providing a uniquely
phased, oscillating transition signal;

an algebra module having an algebra data input port, a clock input port and an algebra
data output port, the algebra module generating a signal at the algebra data output port indicative
of a first rising edge of the arbitrary waveform in response to a signal received at the algebra data
input port;

a switching module having a switch input port in electrical communication with the
algebra data output port, a plurality of switch tap input ports in electrical communication with
said plurality of free-running ring oscillator taps and a switch output port, the switch module
providing at the switch output port a first transition signal selected from one of the plurality of
taps in response to the signal indicative of a first rising edge received at the switch input port;
and

an output module having a transition signal input port in electrical communication with
the switch output port, a window input port in electrical communication with the algebra data
output port and a waveform output port in electrical communication with the clock input port of
the algebra module, the output module generating an arbitrary waveform at the waveform output
port in response to the first transition signal received at the transition signal input port of the
output module and the signal indicative of a first rising edge received at the window input port.
2. The arbitrary waveform generator of claim 1 further comprising a loop averaging module
having a reference clock input port and a tap input port electrically connected to the plurality of
taps, the loop averaging module, in response to a reference clock signal received at the reference
clock input port, configured to (i) count the number of tap transitions occurring between edges of

the reference clock signal and (ii) calculate an average loop speed in response to the count.
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3. The loop averaging module of claim 2 further configured to calculate an instantaneous
phase of the ring oscillator in response to (i) the calculated average loop speed and (ii) a plurality
of captured states of the loop.

4. The arbitrary waveform generator of claim 1 further comprising:

a fine delay module, having a signal input port in electrical communication with the
switch output port, a selection input port in electrical communication with the algebra data output
port of the algebra module and a fine-delay output port in electrical communication with the
input port of the output module, the fine delay module delaying the propagation of the first
transition signal from the switch output port of the switching module to the input port of the
output module in response to the signal indicative of a first rising edge received at the selection
input port;

wherein the input port of the output module is in electrical communication with the
switch output port of the switching module through the fine delay module.

5. The arbitrary waveform generator of claim 1 wherein the algebra module further
comprises a synchronization input port, the algebra module generating at the algebra data output
port a signal indicative of a first rising edge within the arbitrary waveform in response to a signal
received at the algebra data input port and a signal received at the synchronization input port.

6. The arbitrary waveform generator of claim 5 wherein the algebra module generates a
signal indicative of a first rising edge that results in a seamless incorporation of the first rising
edge in the arbitrary waveform.

7. The arbitrary waveform generator of claim 1 wherein one of the delay elements is an

inverting delay element.

8. The arbitrary waveform generator of claim 1 wherein each of the delay elements is
identically loaded.
9. The arbitrary waveform generator of claim 1 wherein at least one delay element further

comprises a test switch module having a test control input port and a test data input port, the
delay element generating at the corresponding tap a signal identical to the signal received at the

test data input port in response to a signal received at the test control input port.
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10.  The arbitrary waveform generator of claim 1 further comprising a compensation module
having a data output port in electrical communication with the algebra module and a
compensation input port to receive a signal indicative of a frequency altering parameter of a
source of a reference clock, the compensation module estimating a variation in a frequency of the
reference clock associated with the frequency altering parameter, the compensation module
generating a correction signal at the compensation output port in response thereto.

11.  The arbitrary waveform generator of claim 10 wherein the frequency altering parameter is
a temperature of the source of the reference clock.

12.  The arbitrary waveform generator of claim 10 wherein the frequency altering parameter is
an age of the source of the reference clock.

13.  The arbitrary waveform generator of claim 1 wherein the algebra module is further
configured to generate a second signal indicative of a first falling edge within the arbitrary
waveform at the algebra data output port in response to a signal received at the algebra input port.
14.  The arbitrary waveform generator of claim 1 wherein the output module is further
configured to generate a catch-up signal indicative of an erroneous signal indicative of a first
rising edge received at the window input port.

15.  The arbitrary waveform generator of claim 1 implemented within a CMOS integrated
circuit.

16. The arbitrary waveform generator of claim 1 further comprising:

an amplifier feeding forward at least one component of power-supply noise from a power
supply coupled to the ring oscillator; and

a loop-speed compensator circuit in electrical communication with said amplifier.

17.  The arbitrary waveform generator of claim 1 further comprising:

a plurality of capacitive elements each in electrical communication with a respective one
of a plurality of signal paths, each capacitive element having a respective predetermined
capacitance to generate a respective predetermined time delay in the propagation of a transition
signal through the respective signal path such that the propagation time for a transition on a first

signal path is substantially equal to the propagation time for a transition on a second signal path.
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18.  The arbitrary waveform generator of claim 17 wherein each capacitive element of the
plurality of capacitive elements has a value less than approximately 50 femtofarads.
19.  The arbitrary waveform generator of claim 17 wherein each one of a plurality of signal
paths is in electrical communication with a first capacitive element and a second capacitive
element.
20.  The arbitrary waveform generator of claim 19 wherein the first capacitive element and the
second capacitive element have different sensitivities to temperature.
21.  The arbitrary waveform generator of claim 19 wherein the first capacitive element and the
second capacitive element have different sensitivities to process.
22.  The arbitrary waveform generator of claim 19 wherein the first capacitive element and the
second capacitive element have different sensitivities to supply voltage.
23, A method of generating an arbitrary waveform comprising:

generating a continuous sequence of transitions in a loop of delay elements;

counting the transitions occurring at one of the delay elements in the loop;

determining a desired first rising edge time and a first falling edge time to generate the
arbitrary waveform;

selecting a first transition in the continuous sequence of transitions in response to the
desired first rising edge time based on the counted transitions and an internal clock;

selecting a second transition in the continuous sequence of transitions in response to the
desired first falling edge time based on the counted transitions and an internal clock;

generating an output signal using the first and second selected transitions to create the
arbitrary waveform; and

generating the internal clock signal based on the output signal.
24, The method of claim 23 wherein the step of generating an output signal further comprises
using each of the transitions of the continuous sequence of transitions to generate the output
signal in response to the desired first rising edge time occurring in the past.
25. The method of claim 23 further comprising calculating the average rate of transitions at

the one of the delay elements with respect to an input reference clock.
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26.  The method of claim 25 further comprising calculating the instantaneous phase within the
loop of delay elements in response to (i) the calculated average rate of transitions and (ii) a
plurality of captured states of the loop of delay elements.
27.  The method of claim 23 further comprising adding to the selected transition one of a
plurality of propagation delays, wherein the difference between two of the‘plurality of
propagation delays is less than the average propagation time of a transition through a delay
element in the loop of delay elements.
28.  The method of claim 23 further comprising:

receiving an external synchronization signal; and

modifying the selection of the first transition and the second transition in response to the
received synchronization signal.
29.  The method of claim 28 wherein the step of modifying further comprises modifying the
selection of the first transition so there is a seamless incorporation of the first rising edge in the
output signal to create the arbitrary waveform.
30.  The method of claim 23 wherein each of the transitions has a polarity and wherein the
step of generating a continuous sequence of transitions further comprises inverting the polarity of
a transition with a delay element.
31.  The method of claim 23 wherein the step of generating a continuous sequence of
transitions further comprises providing an identical load to each of the delay elements.
32.  The method of claim 23 further comprising:

receiving a signal indicative of a frequency altering parameter of a source of a reference
clock;

determining variation of the reference clock due to the frequency altering parameter; and

altering the selection of the first transition in response to the determined variation.
33.  The method of claim 32 wherein the frequency altering parameter is a temperature of the
source of the reference clock.
34.  The method of claim 32 wherein the frequency altering parameter is an age of the source

of the reference clock.
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35.  The method of claim 23 further comprising adding a predetermined time delay to the
propagation of a transition through a respective signal path such that the propagation time for a

transition through the signal path is substantially equal to the propagation time for a transition

through a second signal path.

42



PCT/US02/09155

WO 03/084051

Yi B
R i LN
WNDIS > FEE Lo Y1YG
LNding 7 FNAOW LNdING YHEIDTY
9gl ) zel
0ot v
]
HOLYEINGD - . BGL
WHOZIAYAR 2 —p—t FTNA0IA VAT TY
AUV LIGHY TINAON DNIHOLIMS T
w.w I &
| \
g VI S— w o
\ f LNGNIMOOTC
M FONIHIATY
\m d¥ L b YL g dvl i dvd / S d¥L
o INCOW | FIINaoW | | NGO A NACH | | 3TNAON
/ {143STE ININATIRUNIWE TS PUNINS TR Srl INSINETE R INANE TS
OFt _AYEC A¥130 AYIEd AYIEQ A¥13d
w) B0z~ agel’ o0z 1~ 00g L~ dogt” 5OT
i
o5 HOLYTIIOSO
ret JO0T DNINNNH 3344




WO 03/084051 PCT/US02/09155...

TIMING DIAGRAM - FREE RUNNING OSCILLATOR DELAY QUTPUTS

e TIME FOR ALL DELAYS-0.6ns o
Tap O] 1
Tapi1__ | i
Tep2. . | 1
Taps_____ | 1
Tapdo | l
Taﬁ) B ] L
Tap 8 i {
Tap 7 | L
Tap 8 f |
Tap 8 i L

Tap 30

Tap 11 i I B

Tap 12 g ]

Tap 13 P

Tap 14 ! -
Tap 15 5 L.

w—@»}‘ﬂ-@-‘-——TiME FOR DELAY ELEMENT~300ps

-
p—.

FlG. 1B



PCT/US02/09155

& "D 1NN
Yiva
TYNDIS YHEZDTY
T LN o
(id | _ el
o 1 &pnmw w \~ INAOW LNL1IN0 $000 | ,.WW
! N
HOLYHINTD — ONIDYHIAY
HHOHEAYM o | JdOOT1 I
AHTHIIEEY FMNGON ONIHO LIS 201
. 7 y i T FINCOW YHEID Y
m\ i wy 4 A &
| ] | =
¥ \wr :
: i / / J | ¥ s
: | # / M \ o R
_ w.....ﬁa%& : \ B M = SINO0N a7
HILNAOS I i > IHNLIYD| v
Sk / | FLYIS 16N %000
00¢ T joavl j LYl Z dvi Fldvl 151 dvL S0ONZERHAH
T5e5g7 2N0OW| 12INa0W | F3INAow NAOW | | FINTOW a0z
TEEY LINANT TE P NGNS TE e ENTIWE T S INIWI TR ININT T T.wo
i AY130 AY130 INAELS AY130 AY130 l!. o
m B0z~ 408l o0gL- o0zt doz1”’ ¥OL
. HOLYTIOSO
w7l N 4007 HNINNNY 3344

WO 03/084051



PCT/US02/09155

24

4

WO 03/084051

£ E)A dvi
097 —| I=95¥

HOLIMG L33L

isind A
g oor
act ANA0K

SeF g
N SN B
PrPy—t
Yiv(Qd w M { 1831
lsar
ey 80F
LN ININETEY — L ind1NO LNSHETS
AYTAA LXEN 0L .  ov 7 AYI30 SNOIATHG
_ ENplefel!
gI% ygp HADIH _ ANIWIT
R oot %t T v

o~
A



PCT/US02/09155

WO 03/084051

v 9l
NdNI
viva LNl
TINDIS FIT | YHIIO Y NOLLYSNIJNQD
g’ \ IINA0W LNdLNG —zg 1 —ves
9e1
00% ¥ ¥
_ Y0 31naon 0cE
HOLYHINTD NOLLYZINOHHONAS
WHOIIAYM, GIE _TINAOW AV 3N jo——3p | SNUOR
AV LIEHY y ¢ke 37naon o NOLLYSNIJIWOD
- DNIDYHIAY dOOT
ot IINCOW DNIHOLIMS %] ot R E—
& ; 7 v/ / TINAOW YHEIO W fmmee——y |
B w . OfE % ®__0ZE W%m
! f / f — W “ 1
it Ao e mnﬁ_
[ / w ,/ f/ o TR G T TS
Fnaon] | $ : o »| FINAON |
HILNNOY N M IHNLAYO ]| | L 000
el m Vﬁ. R > JLYLS ERNEEERE S
802~ 4 jodvi b d¥l jedvl ,,M ¥i d¥.L ﬂ Gl d¥L el
7T 55071 2 1NAOW] [5INAOW | F3Thaow ERMATIRERGEET 902
oy RS NS TE RUNINETE PAININE T INSNITERUNING T
ovl
Pl AYTEQ AVIEC A¥1ad AYIad AYTEQ Y
| eOgl’  qog’ | a0zh” oGz doz1~ “
| HOLYTIOSC
&Mﬁ 4007 DNINNNY J3H




PCT/US02/09155

WO 03/084051

801

E¥ s
&N/ IJINAOW YHEIDTY
GZZ)
3 1A 2 ~ B
uz&mm%m - SEET m 0ZEL —
ASYH > o | Gget
WOH ASH (ONILIHS dYv.L) H i
%S : NOILYERIJWOD (ONILIIHSMO0T0 436 1NN
 05g | NOILYDIHIQOW 3SVHd HISH
biL ] vzeLl | €81
i % i
i 3 H 8 e , S i
‘018 TINGON ._,zﬁmzao V 005 A
AYTEQ 3N gDV
w.nm ﬁ%w U.‘mﬁﬂowﬂdﬂm - Y TINAOW Vi i
B ONHOLMS y- = “ i =y < HOLVHDILNI
got | 3SmOYS - VES oypg / mm_mgﬁ GolHad
et R e B VETEREE] She T
\w ww - . mmm 96—  |—zsg
M 895 ] L T Y98 Finaon
o 708 FINACK HAISNYHL NIVNOD %000 17 | NCILYZINOHHONAS
ayg— D8I Bel mw &
ovsSGas 898 e
217 SO BNIDVHIAY dOOT .
& 9ot
ogz—|  f—o0ee o
G i

FO2 ANA0W mE:h&@O ALYAG WO



PCT/US02/09155

WO 03/084051

i
STOA0ON
MOLLYZIM
HOHHINAS
i

Ry

HIOOY <
(e8]

g
NGO
MO
MNOHHINAS

50l INAON

‘ig
HIGOY
1

24

7t

\

HEGL-

Eatule
DNINIBINGD

H8YHd >
woH4 /|
avs

dN HOLYD
MNOHA
gmuﬂ
010 L
S N 559 Y1¥G
e LEIEREN VEASD W
A IINAOH M )
asiy 0v8 L U STALL sl
8GG
XA
@y : _.wwm. _oessy
{5 HLE1D3Y f—t-| y0g
e veo” A SIVHDALNI| | minaow
| w NOHHONAS
508 L woud
NGO HIAOHDLMS | |
HOLYHDILNI QO3 964
|




PCT/US02/09155

WO 03/084051

824

ARSIE

#0E INCON NOLLYZINOHHONAS
‘F0S FAOW

HIJ4SNYHL NIVINOO MO01D 0L
Sdv.l (£'6L) 'SLINND
0] 0T LY IND TNYIID

POC MJDQOE MOLLYZINOYHHONAR

P0G

AMNAONW

HAASNYHL NIVINOO M20TD CGL
A10/8dVL (6724 ‘SLINA
[0:0Z] 3345 4007 DAY

. A
895 $OG—
_T g2t
g\@\& ONIDVHINY 821 L pez
a0 MOLLISO 4001 iy 1 mwh o ipzn
oHkoa4iesZootes v e ITI SHOVET Y
m kmmwwmﬂmaw Ir 4 mm_ E_ 37454007 [pgzl 084
. Lansir® Tig2z~] oo — Yo
8877 FH0663 2003 TH)__ 9vLy AQY [ I W v
gol0:1[o0000 6, cli— S3A
a0/ — miQ iR g
79 aav
mvmm ﬂ N, S J
z \geid a&f s@éa HHOMYS (B2 ~ 02 Fes
@W%w%m (G 0335 4007 3783 917 TO00R0R000 1
v IV 1M i
(T, HOUS M1 25 A
ZIZ  TINCOW DNIDYHIAY OG0T
v0Z A

FHNG0W 3HN1AYD

L9 LE WO

gt



PCT/US02/09155

WO 03/084051

£y .w}m §

05
.,

L

95
HILBIDIH GL

p,‘
mw%mrwﬁum 0l 80g

NARL
mm;mamm Ol

m

YIS,

L"?

¥0B FINACK
NOUYZINOHHINAS

Gl
§30dy 0L

{

BL8

H3aa¥ QL

E:
505

HIVINQT X002

IMOOW HISAVEL  ZagyHd

T3 LY ING|

ZASYHd awmmm m@nﬁ

ZASYHA 1 HALSYH

seg |ESWHd v__é.,.%,..zu gpg | (3SYH (348700 03SVHA W1 HIISYH
E L (D n #39
XN X0 XN .
ST O [ AL gt o a4 ok vid
. 969~ | 04 A4l vEe 789~ B9 859~ h
ok 79 iy CETEET CETCEER St e S, TECRE FEIREY e SL e S FEREE CETRRE St
3 wmﬁw@mm_w, TR I f 08 gy ¢ oy A2 &
= # & - GIOH/NLIS . [d3L01B3g-  H3L8IDT.-
¥ Tng  sa0078 X ng (=
QED | ED | | G |
. Niveieraood T S T T A
ovel 0 oL 30NH| £ HELINST S0 ava 80571
B 38 828 ounw [ 13udve S0 d080 B 1)
- SdvL (2'¢4) SLINN 'y o9
S T (01 gD LY AN NYTTO TR .
HIH (DAY 00T WOHI) WI0/SdvL (624 :SLNN M10" 43
2N “ [0:02} 43345 d00T DAY
asm L9AY d00T #08)
595 r\@ a5 J

g1 FNdon wz_wﬂmm}ﬁ dQOT WG

821
e




PCT/US02/09155

WO 03/084051

- P08 4Ia W6 D
5 9 B THE T T D ® L-¥6 Ol @
7 BTG N0 W MOHHCE +— g LEIONDHES w '] Y6 "B
Mw i1, liwono i
S ESTIA0 ONNOd NI MOUH08 ; ¥ Did
2 . '4n unau
i T M
5 8571930 GNNCE NI MOGHOE g~ LEP NAS
' > = 1 s mﬂ NAG
B5 1240 ONNOH NTAOdE08 ¥ 0z
oSt | | (2 = VTR - T . =
- u . HONDI L 40VHIENS
Al ! Wmmm," 440 GNACH olglte) +% RO i LY INGOD
T
o < ESTHO ONNOY 918" HaIsisay W |
g > gas | (ASNILY] :
- (¢, 85 130 ONCH P dOMOy ] rrre Ao 200 % INPOD
[ EL8 - WILGMA 4,
G5 1340 aNnod NI AOBH0 angal ] honaivy uq.wm&
o - gy o MmM A g 1Y INNGO
0. | I ETHOaNoR ASTOIN MOGH0R , ’ VETL ooa
GYd " BOSIAK o M s08-xonalv] 1 ozl
TETT e B-oue0NAS o=abw [O7IONAS 1 1o
5 821 avd I 071 NGO NYETD
058 w '61] 03348 dOCT DAY | e
bIoadvL 211 SLNG) PE T Tinaon
(33d5-4007 NOLLYZINOHHONAS
SSTVEE 212 TINA0N /898 —(Ep
DNIOYHIAY 00T NOMA #02 TINAON FUNLd¥0

JLVLG WOYd



PCT/US02/09155

WO 03/084051

Tz,

¢-v6 "Did

|
i e

OMAE mz M

;
N

H,‘i

598

M

Sid

ONAS (3HNLdYO)

gl
| 559 |

N o

{

i

F1uasoLuns
‘AT Ty

MOTYY OL AONSLYY)

7

71 § P48 an.wl

008
RO
HOLYHD

LN
{0H3d
QL

0z 8IS LINNY

HIAOHOLIMS

T HILSYIN M
ONAS 40 NOILISOd
{SO0M3d WITTH3H IHI INISTHITH
N HIHLIOOL STWNSIS
SIVHDIINTIEYLS  33WHL 383H1.

0¥8
L

a -1,

|

05

m

ge
18

o

ogR

WNe

1lg -+
82 _

{oza)

HAONNOBIA ONAS

ERiplaie ]

ANl
HOLLYZINOR
HIMAS

006

[ONCD3S INO NOLLFHN

QUASDMAS
FASY
A\

#4308 ONAS

{0g)

|

SO0H3d W10 -3

ot

._;_
$ 2

T

)
{

D.m&wm.@_:& WNAS

ONAS 1¥ 10 HIISWA

534

) ﬂmmw

—{586

\
68

Geal

FHIGON
ENINIG

iy

AN

WOD

<~ NOLIYHEIN T1asyHa—< | HOLeHD

HPNOILYHDALN 038YHd

EN _.,mmm
Sl a0 THILSY

. NIP-OUASTINAS

vOu
wﬁﬂﬁ@ﬁ
- HIAGNWHL

W~ NIIADG

#3071
B0




PCT/US02/09155

WO 03/084051

He "D
NG GNAS
£ o5
HIAHG
096
Wc P o1 | [OLaNS
m 028 v:uw%mw oI Em_mmm B \@. ywm
- ‘ |y ¢ ] o s S8 ONAS ~h0d g ] OB
t a al 4] . £ Lnd
ﬂ IYZINOUHONAS
; Nﬂlw...wzw_,.mm¢ 976~ 1778 ZO" ﬁ&@mmgz%m
WHSONAS Qi
S T
08 TINCOW HIONNOE3T ONAS




WO 03/084051

= FROM TAPS OF

13/24

FROM ALGEBRA

PCT/US02/09155

W“T“;:‘FQEE RUNE\J \i{:ﬁ Sy VT LI
T 111LOOF DSCILATOR 104 MODULE 108' 1560
4 p S
i 1000a | TAP
¢ . ’fg"\‘é?{}jfm a SELECTION
§- B MQQULE MODULE
1003a
7 10000
BALANCED!/ .
MUX [ ] lGG}Ge
LMODULE ~{BALANCED
: 2| MODULE
1006 L
BALANGED], 1008 | 1
MUX
MODULE
i 1000d
#BALANCED/
¥ MUX
$p MODULE I
—
MLIX >
o TO FINE
10101 {DELAY
MODULE
) 1000f 310
BALANCED}/
MUY i ' K’i@ﬁb
MODULE f Y
BALANGED 0008
MUK w“iﬁmj
(MODULE ~/BALANGED
2 UX
e ¥ 10000 ] MODULE
BALANCEDYV
MUK
MODULE
) 1000 TAP
HBALANGED Y BELECTION
et YMQ.?'( - MODULE § SWITCHIN
i MODULE | MY ;}} ?JJQQULE
112
Fiz DA



PCT/US02/09155

WO 03/084051

14/24

LA
I3

801 "B

GO0 30w
XN G3ONYIVE

<
%o_,mm Qiﬂ
| = geor” | | <
1 E T
- P
et == 020l <
ovoL- ot
? L
530k o
AN
LOF3S 3903




PCT/US02/09155

WO 03/084051

165/24

018
§

LEOId

¥il
THKIOW
LN2Lno ™

Ol

STNA0KW AVI30 3Mid

3001 [{0)gdviens

291 {(LAYLENS
oSl l+e(zladvians

08l 4 (Ldvians

e
?i&%w .

2: Amvm%&.mnﬁ

&

RAS

ER e

® (2)dvY.18NS

 GGLITE -
— %uﬂﬂe:,-_.Q,Emn_ﬁm:m NEEYE

9

051 Ik 3
| mw. - #Emﬁmnv

{2)dviEns

%myH

80} INNCOKN YE83 0TV WOHH

DNIHOLIME
MO



PCT/US02/09155

WO 03/084051

18/24

Oig
ZINCOR

AN 801 INAOW owm.o
it YHEID W o HIINAOD v
N word © 1 [ wiowd
FINCOW 1NdNO I
Sier 1 Goer
TINEOW FINACH
098 q ONIMOANIM jgfct HOLVD
G0L \gagiy
FINGON | ™ —
YHEID Y | =
OL  gpdd 35 . {doMd .
o § dind 5
| I5¥Hd] 3DAT
gger
FINCONW
ONINIENGD M
FSVH {
9g} Blet
TYNDIS o - 40714
LN4N0 0 ! difd
IsvHdl 3003

¢ AVTHQ

B IME
WO



WO 03/084051

FHa.
134

FiG.
138

FIG. 13

1210

o woMGL SRR ks el Gemice DO At DMa  Ceshe siiets Viesid edOSM WROES  Watd  iowar el o Mowow  Saemos

eRISE ~1>

PHO_WIN_OPEN

PHASEQ_SENSED ~=+,
LAP_ONT_OUT L2

-
!
{
|
3
!
i
l

| PHASE0_SENSE
i PHASED SENSER

LAP_CNT_IN[O]

; LAP_CNT mn

PHASEQ_LAP_DATA[D]

PHASEQ_LAP_DATA[10:1}=
LAP_CNT_IN-s-

PHASEQ_SENSEY
PHAGE2_SENSEh

TOTIMES N
MOBULE

600

COMPLEMENTARITY
GUARENTOR

1304

PCT/US02/09155

17724

USE gD WAL STER atlens DAAS AN sl e R ks (e (e St ity -1

GATCH-UP MODULE 1205

|
{
!

jﬂﬁﬂ i e e e e e e e e
604 vty 1_...%___.

HISE_PULSE

1309—{ <+RISEDb - 4390

I)):? i BADD
% 1] A

SRt e M WP ekl D, mecows et MY aowcrs

el PHL | | r 1318
T~ JGATCH e
1308 P \TAPy ohsez. |
| [CATOH M3ty orvery
T S |
TAF [ PHAGE

1356 / I

RESETh 1348

FIF &

&
R EEW —(@

1352

COMPARE

/
1336

S
2

-y
RESETD
RESETWIND !

HASEQ COPASETICB

WINDOWING MODULE

et M VR mn pamtm wme SR ax? =w

COMPARE

i
|
/ RISE_PULSE i |
i
!
i
2
|

r— RO GGANS wwim FAIAM  KewDd Themn MpSe macl Pece madD0 e wmes

= FIF
TAPGh 4,

k4

PATH OF QUTPUT EDGE,/

FROM FINE

DELAY MODULE 310

G, 13A



WO 03/084051 PCT/US02/09155
18/24

e T i 0 Sonas il MU R e JaY el T S WV (i AJIM BRI S WD N W bt SIEYSS Ivvasa MR THALL AUIAN Sy ~4EAE Par

CATCH-UP MODULE 1208
{ PHASED_SENSE

RESETL

{ PHASE2 _SENSED
1328

VMG TP e e L D s A i SRS G208 G St A i ovAM Ve SRAP

PHASEQ_SENSE
S l
J G !

5 L4215
PHASEOD 1
>

R TO XOR
' NETWORK

©
¥
o
o

PHASEQD_SENSED

L TO PHASE
P ’ i COMBINING
bl Q | MODULE
EDGE 1225
P {1900

PHASEC

e K QN |
H TO XOR

NETWORK
JK_FLOP_PAIR i |

FlG. 138




PCT/US02/09155

WO 03/084051

ol

M

ZMNAaon D

NINIEINOD JovHd

.
—y

QHOX

PL Ui
WNDIS
LNdLN0 ™7

ol

S00SE
FNCON

,., b
) HIAHO, g0 [ o b 0EISYHd
T ; 00T [ qrmoon
cepi  BOX) gqpgop [T HHESVHd
: HOX
801 SO, po 14 g le—EaS Y Hd
angow | T =TS R FONY e 35vHa
@mm@m%@ T gy,
%O0TD
: OYS HIAHG mw
A\ Loy (478 Boogl [ Ue3SVHd
ISy < : - e q03s
oLpiN GoK FINAON 03SVHd
HOX
HIAMG
. 408 tomanyvg-e3SYHG
43ciyd = ; ot
L ove” mmmﬁ Lmox ASvHd

DHAHL HOORD

AR Rt
5dQ74 did
903 WO



PCT/US02/09155

WO 03/084051

20/24

A S
= UG251 03l
_ ﬂ.%\ e A |
EdCEy BT =
m‘wmm%wA w ¥
- %\mﬁ.ﬁ :
THOX T =
THOX, h @%A osel _/
T [ = 4,
osst \ E I
QLG — W\nm\qu/ . O¥SG1 MT
W{: = rolcl W& ]
S0G 1 , el v
0051 FUCON BOX GFONYTVE




PCT/US02/09155

WO 03/084051

=f
&
& gt 9l
Qes "9l
591 9l
©® 06 O ® @91 9l
i ! 4 m 4
o oy gl "Did
B o |
| SR , I S3LE0T) | LI
{0 HO oK 0 HOX
TSdoEw S0 SO i| SdOH 3 SO
:.3 e Lr.u! borarcosn ﬁal s
; — . — tm - dOT4 N OLN
EIREER RENEER UIINETA HIINEIA HEINGIA 9903 d0
Rk NE] (R Dl BIS
WEgL §XOWEgL XMnLgl XNAL9Y xnwrst B XQWL}
- 007 LY
A SN X ; % ol (3T [ 1
} 38WHd 035YHd £ 3SVHd ¢ 35VHd L 38VHd! 0.38¥Hd

GNBL SNZEGNSL SNEL SNvI SNEL SNZ) SNH SNOL SNG SNBSNLSNSG SNSSNY SNESNZSN L SNO

NAOHS SNOLLYOYHOH 38YS LSHOM
[ZHI £¥1L] SNZ Q2 LVHLSATI GO LN



PCT/US02/09155

WO 03/084051

22/24

®

g991 T4

® O

: m
381049351

Sl

,Mm.a%w

2
1!
1|
I
1
[
£
¥
b
[1
i

BIEYHC

E38VH

LH8VHd

i
j
_
|
_
1
|
|
]
]
i
]
m
|
T
i
m
|
]
M
_
_
_
j
_
&

ﬂu

03GYH.

i xoTne

®



PCT/US02/09155

WO 03/084051

2 .90 @ @ ? 9P
I 1 L
M ] I * L
i [ i i i 3 H 1
m by | | Pl
i b S R b - b
FROOHIN S08Y 0L KON (1S{MOOHIM WEYL 0L TEON | 118 [ 400N oL oL TrHHONT
T - T N— 1 i
I 3LNLSENS MOONIM 31niLsansi [ 7 MOTNIM ILAILSANS |
: . 3104 7 1alnoy
“ %\L 31 OO, A HODN
= I i el o
o anoy & alnod | ] ravdngesy
™ | 3 )
B S ET
THYGHOO DES YN0 805 2¥dHOD H 8NS
MLISIY 08 1054 oIS 5 1 1081 joNpuiasay
i xmm " I ﬁ.z T e |
ol 2070] ol G074 ol 401 a
i NS ; ns ns :
SN0l I SHYAN00 Swdoy
LY 4] u YIVG 471] : v av1]
H H : m m W. 0 m m »..m:. K
ool O® ® ®O O © @

AN E

.
)

.‘y_;..

r
i

SN



PCT/US02/09155

WO 03/084051

24/24

st "9id
gL ooy s | [T MoK e devL ko w7 [ Moowiws o wRoN 5[
woonwatusens i [ | HOTNIM ZLN1ISENS — MOGNIM ZLALSENS v
3004 TGk
W ) MO -
! T - T B
| ravansies
Iy S o Ma o ns
ns IR 3G i
| AROOAS ol 34805 K =JHVANC) 44805 fa—ri =GN0
10) %@ LB G
_. — ONIAALISIH
_ A1
: e !
+ w135 _ J X NI
! QLTSI 3
1
i =vom e W =
i : 4070 -
0T T o 1 YIVG df]
TS w
-
Emw 01 s w Ew_g
® ® @ ® ® ©® @

STINNYHO 7T



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

