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(57) Abstract: A counter for synthesizing clock signals with minimal jitter analyzes an ongoing count to determine whether the
rising edge of an output clock should be triggered by the rising edge or falling edge of an input clock signal and to further determine
o0 whether the falling edge of the output clock should be triggered by the rising or the falling edge of the falling edge of the input clock
\& signal. The counter may be implemented as a M/N:D counter in which a phase accumulator is compared to predetermined values to
& select the rising and falling edges of the output clock signal. In a default condition, the rising and falling edges of the output clock
% signal are triggered by rising edges of the input clock signal. However, if the accumulated phase value is greater than or equal to M/2
& and less than M, an overriding signal will trigger the rising edge of the output clock based on the falling edge of the previous input
& clock cycle. If the accumulated phase value is greater than or equal to D-+M/2 and less than M, the falling edge of the output clock is
o triggered by the falling edge of the preceding input clock signal. The use of rising and falling edges of the input clock signal reduces

the jitter in the output clock signal and improves the duty cycle resolution. In addition, the clock circuit can produce a modulo-n
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signal with a 50% duty cycle. The designed architecture also produces an inverted output clock signal whose characteristics are
identical to the non-inverted output clock signal (with the exception of duty cycle, which is inverted).



WO 2004/068706 A2 I} N1VYH) AT 00000 1O TR AR

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.



WO 2004/068706 PCT/US2004/002715

PROGRAMMABLE DUAL-EDGE TRIGGERED COUNTER

BACKGROUND
Related Applications k
[0000] This application claims priority to U.S. Provisional Application No.
60/444,336, filed January 30, 2003.
Technical Field
[0001] The present invention relates to digital electronic circuits and, more

specifically, to programmable counters.

Description of the Related Art

[0002] Counters are used in a variety of digital circuits to track events. In addition,
counters are used to synthesize clock signals and other waveforms. Generally, a second
(lower) clock frequency is synthesized from a first (higher) clock frequency using a counter.
Typically, a simple M/N:D type counter is used, where M and N are integers and D is the duty
cycle of the output clock.

[0003] The M/N:D counter is typically implemented as a rising edge counter that
counts pulses from the first clock frequency and periodically outputs a pulse at the second
clock frequency. That is, the M/N counter outputs M pulses for every N pulses of a reference
or input clock. The conventional M/N:D counter is synchronized to the reference clock such
that the rising edge of each of the M output pulses is derived from the rising edge of the
reference clock.

[0004] This is relatively straightforward when the first clock frequency is an integer
multiple of the second clock frequency. However, when the first clock is not an integer
multiple of the second clock, the task of clock synthesis becomes a bit more challenging. For
example, if the reference clock is a 5 megahertz (MHz) clock, and it is necessary to synthesize
a 1.5 MHz clock, in accordance with conventional teachings, the M/N counter, programmed to
M =3 and N = 10, effectively multiplies the reference clock by a 3/10 or outputs three clock

pulses for every ten clock pulses of the reference clock.
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[0005] In this conventional circuit, the resolution of a counter is one full clock period.
This error of 200 nanoseconds or one clock period in the example of the 5 MHz reference
clock is known to those skilled in the art as jitter. Clock signals synthesized with conventional
M/N:D counters suffer from excessive clock jitter because the conventional M/N:D counter
generates an output clock edge from the same point (i.e., the rollover point), in the counter
sequence. The rollover point is the point at which the counter terminates a preceding count
and begins a new count. As a result, output clock jitter will vary from zero to the period of the
input reference clock despite the fact the ideal output clock edge will always exist somewhere
between the last clock edge of the counter period and the rollover clock edge.

[0006] Such jitter is unacceptable for certain high precision applications. One such
application is the Universal Serial Bus (USB) application. In this application, jitter is
unacceptable as it interferes with a clock recovery operation. Another illustrative application
is the analog to digital conversion application. In this application, jitter is unacceptable
because it results in unpredictable data conversion rates and excessive noise. For these and
other applications, it is important that the M/N:D counter operate at high frequencies.
However, as is well known in the art, an M/N:D counter’s input clock frequency range directly
correlates to the amount of jitter in the output clock.

[0007] Thus, there is a need in the art for an improved M/N counter with improved
jitter performance. The present invention provides this and other advantages as will be

apparent from the following detailed description and accompanying figures.

SUMMARY

[0008] The present disclosure provides a system and method for generating output
clock signals using a programmable clock circuit. In an exemplary embodiment, the
programmable clock circuit generates frequencies from an input clock signal having a
predetermined frequency and having a rising edge and falling edge associated with each clock
cycle. The circuit comprises a counter configured to receive the input clock signal and to
generate a counter signal having a frequency of M cycles for every N cycles of the input clock.
A comparator couples to the counter compares a count value of the counter with
predetermined count values and generates comparator signals related to the comparison. A

control circuit generates an output clock signal based on a comparator signals to thereby select



WO 2004/068706 PCT/US2004/002715

3

a rising edge of the output clock signal based on a rising edge or a falling edge of the input
clock signal and to select a falling edge of the output clock signal based on a rising edge or a
falling edge of the input clock signal.

[0009] In one embodiment, the control circuit generates an output clock signal with a
rising edge of the output clock signal based on a rising edge of the input clock signal if the
comparator indicates that the counter has a value greater than or equal to 0 and less than M/2.
Conversely, the control circuit generates the output clock signal with a rising edge of the
output clock signal based on a falling edge of the input clock signal if the comparator indicates
that the counter has a value greater than or equal to M/2 and less than M.

[0010] In one embodiment, the counter is a M/N:D counter where N/D is the average
duty cycle of the output clock signal. In one embodiment, the control circuit generates the
output clock signal with a falling edge of the output clock signal based on a rising edge of the
input clock signal if the comparator indicates that the counter has a value greater than or equal
to D and less than D+M/2. Conversely, the control circuit generates the output clock signal
with a falling edge of the output clock signal based on a falling edge of the input clock signal
if the comparator indicates that the counter has a value greater than or equal to D+M/2 and
less than D+M.

[0011] In one embodiment, the value of D may be selected with half integer resolution.
This allows perfect division by half integers with a constant duty cycle for all values of N and
a 50% duty cycle for even values of N. The counter circuit may also do Modulo-N division
with no time jitter or frequency spurs to provide a 50% duty cycle in the output clock signal.
[0012] In an alternative embodiment, the programmable clock circuit comprises an
input clock signal having a predetermined frequency and a control circuit to generate an output
clock signal having a frequency of M cycles for every N cycles of the input clock and to select
a rising edge of the output clock signal based on a rising edge or a falling edge of the input
clock signal and to select a falling edge of the output clock signal based on a rising edge or a
falling edge of the input clock signal. In one embodiment, the control circuit comprises a state
machine that generates selected cycles of the output clock signal with a rising edge of the
output clock signal based on a rising edge of the input clock and selected cycles of the output
clock cycle with a rising edge of the output clock signal based on a falling edge of the input
clock. The state machine may also generate selected cycles of the output clock signal with a

falling edge of the output clock signal based on a rising edge of the input clock signal and
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selected cycles ’of the output clock signal with a falling edge of the output clock signal based
on a falling edge of the input clock.

[0013] In yet another embodiment, the circuit may include a storage area containing
data indicating which of the M cycles of the output clock signal have a rising edge based on a
rising edge of the input clock and which of the M cycles of the output clock have a rising edge
based on a falling edge of the input clock with the control circuit using the storage area data to
generate the output clock signal. In another embodiment, the storage area may contain data
indicating which of the M cycles of the output clock signal have a falling edge based on a
rising edge of the input clock and which of the M cycles of the output clock signal have a
falling edge based on a falling edge of the input clock with the control circuit using the storage
area data to generate the output clock signal. |
[0014] In yet another alternative embodiment, the circuit comprises a mode control
input to override the control circuit where in the control circuit generates the output clock
signal with a rising edge and a falling edge of the output clock signal based on a rising edge of

the input clock signal irrespective of the counter value.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] - FIG. 1 illustrates a series of waveforms used by a conventional M/N counter
that uses the rising edge of the input clock to trigger the rising and falling edges of the output
clock.

[0016] FIG. 2 illustrates a series of waveforms and associated spectfa for a clock
circuit that utilizes additional circuitry to select a rising or falling edge of the input clock to
trigger the rising edge of the output clock.

[0017] FIG. 3 illustrates a series of waveforms and associated spectra for a clock
circuit that utilizes additional circuitry to select a rising or falling edge of the input clock to
trigger both the rising and falling edge of the output clock.

[0018] FIG. 4 illustrates the accumulated phase values used to determine the logic
level of the output clock and the point of transition of the output clock.

[0019] FIG. 5 is a block diagram illustrating an example implementation of a circuit

used to generate the waveforms of FIG. 3,
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[0020] FIG. 6 is a block diagram illustrating an example of alternative implementation

of a circuit used to generate the waveforms of FIG. 3.

DETAILED DESCRIPTION

[0021] The advantages of the M/N:D counter are well known and include the ability to
generate non-integer devisors of the input or reference clock. The waveform timing of a
system synchronized only to the rising edge of the input clock will assist in a proper
understanding of the invention described herein.

[0022] FIG. 1 is a series of waveforms illustrating the use of only the rising edge of the
input clock to trigger the rising edge of the output clock signal. In the example illustrated in
FIG. 1, an input clock (top waveform) has a frequency of 100 megahertz (MHz). In the
example illustrated in FIG. 1, M=3, N=7, and D=3. As is known in the art, the conventional
M/N:D counter will produce three output clock pulses (i.e., M=3) for every 7 input clock
pulses (i.e., N=7). For ease in understanding of the waveform relationships, the input clock
cycles have been numbered 0-6 to correspond with the value N=7 while the output waveforms
(the ideal output clock and the M/N output clock) have been labeled 0-2 to correspond to the
value M=3. '

[0023] The middle waveform in FIG. 1 illustrates the ideal output clock. It should be
noted that the rising of the ideal output clock usually does not coincide with either the rising
or the falling edge of the input clock.

[0024] The lower waveform in FIG. 1 illustrates the output of the M/N:D counter
whose rising edge is always synchronized with the rising edge of the input clock.
Synchronization to the rising edge only of the input clock results in significant jitter. The
jitter for such a circuit configuration can equal one input clock period, which is
10 nanoseconds (ns) in the example illustrated in FIG. 1. Due to the selection of the
programmable counter values (i.e., M=3 and N=7), the absolute jitter is 6.7 nanoseconds.
[0025] The present invention is directed to a circuit in which both the rising edge and
the falling edge of the output clock may be synchronized to the rising edge or the falling edge
of the reference clock. The synchronization of the rising edge of the output clock with the
rising or falling edge of the reference clock is known in the art and described, by way of

example, in U.S. Patent No. 6,449,329.
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[0026] The circuit described in the above-referenced patent implements a one-cycle
delay between the input or reference clock and the output clock. During the one-cycle delay, a
comparator analyzes the accumulated counts to determine whether the rising edge of the
output clock should be triggered based on the rising edge of the reference clock for the
rollover point or the falling edge of the preceding clock cycle of the reference clock.

[0027] In an exemplary embodiment, if the rollover value is less than M/2, then the
rollover clock edge is closer to the ideal output clock edge. In this circumstance, the output
clock is triggered based on the rising edge of the input clock. If the rollover value is greater
than M/2, the falling clock edge preceding the rollover rising clock edge is the closer edge and
the output clock is triggered based on the falling edge of the preceding input clock cycle.
[0028] In U.S. Patent No. 6,449,329, a circuit is disclosed that permits the selection of
the rising edge or the falling edge of the input clock to trigger the rising edge of the output
clock. The advantages of such an arrangement are best understood with respect to an
examination of FIG. 2. Again, the example utilizes a 100 MHz clock with the M/N:D counter
having a value of M=3, N=7 and D=3. To assist in understanding of the invention, the input
clock cycles have been numbered 0-6 to correspond with the value N=7 while the output
waveforms (i.e., the ideal output clock and the M/N output clock) have been labeled 0-2 to
correspond to the value M=3. The top waveform in FIG. 3 is a square wave of 100 MHz. The
corresponding spectrum of the ideal clock input is shown to the right of the waveform and has
a large peak centered at 100 MHz. Those skilled in the art will appreciate that odd-order
harmonics are also present, but are not illustrated in the spectrum of FIG. 2, since the first
odd-order harmonic occurs at 300 MHz. |

[0029] The middle waveform in FIG. 2 is an ideal output clock whose rising and
falling edges do not typically coincide with the rising or falling edge of the input clock. The
spectrum of the ideal output clock is shown to the right of the waveform. The largest peak in
the spectrum corresponds to the desired output signal at 42.8 MHz (i.e., 3/7 x 100 MHz).
Note the output clock spectrum for the ideal output clock contains only the expected odd-order
harmonics with only the first odd-order harmonic being shown at approximately 128.5 MHz.
[0030] The bottom waveform in FIG. 2 is the M/N:D output clock in which the rising
edge of the output clock is selectively triggered from the rising edge or the falling edge of the
input clock. As described above, the circuit uses a one-cycle delay in the generation of the

first output clock pulse to permit the analysis of the output clock and allows the circuit to
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trigger off the next rising edge of the input clock or from the falling edge of the previous clock
cycle.

[0031] In the bottom waveform of FIG. 2, upward pointing arrows are used to indicate
output clock pulses that are triggered by the rising edge of the input clock while downward
pointing arrows are used to indicate rising edge of output clock pulses that are triggered by the
falling edge of the input clock. As can be seen in FIG. 2, the rising edge of the second clock
pulse (i.e., the pulse labeled as 1 in FIG. 2) is triggered by the falling edge of pulse 3 of the
input clock, rather than the rising edge of pulse 4. Such an approach to clock generation
significantly decreases jitter from that known in the prior art.

[0032] - This circuit architecture effectively reduces the jitter at the rising edge by a
factor of two. That is, the maximum jitter at the rising edge is T/2, where T is the period of
the input clock. Due to the nature of the M/N:D clock, output spurs in the clock power
spectrum, shown to the right of the lower waveform in FIG. 2, occur at 1/N, 2/N, 3/N ...
M/N, ... M/N, (N+1)/N, . ... The largest spike is centered at the desired output frequency
(i.e., M/N x input frequency). In the example illustrated in FIG. 2, the largest spike occurs at
3/7 x 100 MHz, which is at 42.8 MHz. As can be appreciated, the larger the value of N, the
closer together the spurs will become in the output spectrum, assuming that the input or
reference frequency is constant, and that M and N are relatively prime. The term “relatively
prime” is a term known in the art to indicate that the two numbers (i.e., M and N) have no
factors in common.

[0033] Although the clock circuit described in U.S. Patent No. 6,449,329 produces the
desired signal at M/N x input frequency, the proximity of spurs in the output clock spectrum
may cause undesirable interference. It should be noted that the falling edge of each clock
pulse in FIG. 2 is triggered on the rising edge of an input clock pulse.

[0034] The approach described herein analyzes both the rising and falling edges of the
output clock to trigger the rising and falling edges of the output clock based on either the
rising edge or the falling edge of the input clock. Because the rising and falling edges of the
output clock are closer to their ideal position in time, circuit jitter is significantly reduced.
[0035] A definition of certain terms will provide a more complete understanding of the
circuit performance improvements provided by selection of the rising or falling edge of the
input clock signal for the rising and falling edges of the output clock signal. The term

“absolute jitter” is defined as the difference between the location in time of the ideal clock
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edge and the actual clock edge as measured from some starting point. Depending on where
this starting point is, the absolute jitter of the M/N:D counter is -T/2 < absolute jitter < T/2,
where T is the period of the input clock. The term “cycle to cycle jitter” is defined as the
difference in time between two consecutive output clock cycles. In the example of FIG. 1, the
cycle-to-cycle jitter is 10 ns. In the example of FIG. 2, the rise time cycle to cycle jitter is
improved by 50%, but the cycle to cycle jitter as measured by the falling edge of output clock
signal is still one cycle. In the output waveform of FIG. 3, the worst case cycle to cycle jitter
measured from rising edge to rising edge or falling edge to falling edge of the output clock
signal is T/2. The term “minimum period” is the smallest period of the output clock. This
parameter is important because it represents the fastest frequency at which a circuit using the
clock is required to run. In the example of FIG. 1, the minimum period is 20 ns. Those
skilled in the art will recognize that the output of an M/N:D counter generates an output signal
whose average frequency is the programmed frequency. In the examples illustrated in FIGs.
1-2, the output frequency is 3/7 x 100 MHz, which equals 42.8 megahertz. However, on a
cycle to cycle bases, the circuit may have a minimum period of 20 nanoseconds. Thus, any
digital circuit using this clock must operate correctly at 50 MHz to accommodate the
maximum instantaneous frequency.

[0036] FIG. 3 illustrates waveforms and associated spectra for an ideal input clock, an
ideal output clock, and a M/N:D counter designed in accordance with the present disclosure.
Again, the examples illustrated in FIG. 3 utilize a 100 MHz input clock and have counter
values of M=3, N=7, and D=3, and the individual pulses of the input clock and the output
clocks have been labeled 0-6 and 0-2, respectively. The top waveform illustrates several
cycles of an ideal input clock and to its right is the spectrum associated therewith. The middle
waveform is an ideal clock output whose rising and falling edges typically do not coincide
with the rising or falling edges of the input clock. The spectrum associated with the ideal
output clock is shown to the right of the waveform.

[0037] The output of the M/N:D counter with selectable rising and falling edges is
illustrated in the bottom waveform of FIG. 3. The upward arrows in the waveform illustrate
leading or trailing output clock edges that are triggered by the rising edge of the input clock
while downward arrows indicate rising or falling edges that are triggered by the falling edge of
the input clock. As illustrated in FIG. 3, the rising edge of the clock pulse 0 is triggered by a

rising edge of the input clock while the falling edge of that same output clock pulse (i.e., clock
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pulse 0) is triggered by a falling edge of the input clock. Both the rising and falling edges of
output clock pulse 1 are triggered by falling edges of the input clock, while both the rising and
falling edges of output clock pulse 2 are triggered by rising edges of the input clock.

[0038] Thus, it is apparent that both the rising and falling edges of the output clock are
triggered by either rising or falling edges of the input clock in order to minimize cycle jitter on
both the rise and fall of the output clock. This technique, which may be referred to as a
balanced edge-triggered counter, has a maximum rise time cycle jitter of T/2 and a maximum
fall time cycle jitter of T/2, where T is the period of the input clock. This reduces the fall time
cycle jitter by a factor of 2 compared with either the single edge (i.e. synchronized only to
rising edges of the input clock) or the dual edge (i.e. the rising edge of the output clock is
synchronized either to the rising edge or the falling edge of the input clock) circuit designs.
[0039] Table 1 below compares characteristics of various clocking systems. Included
in the comparison is the conventional single edge clock system in which the rising and falling
edges of the output clock are based on the rising edge only of the input clock. Also shown in
Table 1 are the characteristics of a dual edge system in which the rising edge of the output
clock may be based either on the rising or falling edge of the input clock. Finally, Table 1 also
illustrates the characteristics of a balanced dual edge circuit, such as the circuit 100 (see FIG.
5) in which both the rising edge and the falling edge of the output clock cycle may be based on
the rising edge or the falling edge of the input clock.
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Balanced Dual
Category Single Edge Dual Edge Edge
Cycle Jitter (rise) T T2 T2
Cycle Jitter (fall) T T T/2
Minimum  Period floor(N/M)1/Fyes floor(2N/M)1/2Fs | floor(2N/M)1/2F et
(rise)
Minimum  Period floor(N/M)1/Frer floor(N/M)1/Fe¢ floor(2N/M)1/2Fe¢
(fall)
Spur location 2 Fref/N Fres/N 2Fef/N
Spur Height -7dB -10dB
Modulo-N Yes Yes Yes
Modulo-N with No No Yes
50% DC.
Div. N/2  with No No Yes
constant DC
Programmable DC M<D<(N-M) M<D<(N-M) M<D<(N-M)
D resolution 1 1 0.5
Speed >250 MHz 250 MHz 250MHz
Size 2 Adds 2 Adds 3 Adds
4 Regs 4 Regs 5 Regs
1Comps 3 Comps 3 Comps
Table 1
[0040] In Table 1 above, the minimum period for the rise and fall of the output clock

signal is related to the programmed values N and M as well as the frequency of the reference
clock. The term “floor (N/M)” refers to the value of N/M rounded down to the nearest integer
value. The balanced dual edge circuit described herein also has an improvement over the

single edge and dual edge triggered counters in that it can generate a Modulo-N output signal
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with a 50% duty cycle. To achieve this, the program counter value M is set equal to 1 and
D=N/2 for any N > 2. If some other duty cycle is desired, the programmable parameter D may
be programmed such that it satisfies the following relationship: 1 <D < (N-1).

[0041] The balanced dual edge triggered M/N:D counter has improved resolution on
the programmable value D. The value D can now be chosen with 0.5 resolution and is
programmed as the 1’s complement of 2 x D for hardware simplification, as will be discussed
in greater detail below. Another major advantage is that the true output of the M/N:D counter
and the inverted output have the same characteristics. That is, the jitter, minimum period and
time sequence is the same for the output clock and its inverse. As those skilled in the art will
appreciate, the duty cycle is reversed between the inverted and non-inverted outputs.

[0042] The balanced dual edge M/N:D counter can also perform perfect division by
half integers. This is done by setting M=2 for any value N >4. A 50% duty cycle can only be
obtained for even values of N in this case, but a constant duty cycle is maintained for all N and
D. Again, D can be chosen with 0.5 resolution to satisfythe value: 2 <D < (N-2).

[0043] Furthermore, the M/N:D counter using a single edge or dual edge trigger is
designed with a limitation on M that the value of M <N/2. This limitation is improved by the
balanced dual edge circuit. With the circuit of FIG. 5, described below, M can be set such that
M <2/3 (N).

[0044] There are a number of circuit implementations that may satisfactorily provide
the desired output clock characteristics described in the lower waveform of FIG. 3. A counter
and comparator circuit implementation may be used to determine the accumulated phase value
and to compare it to predetermined count values. This concept is illustrated in the waveform
of FIG. 4 where default condition is assumed to be that the output clock signal rising and
falling edges are based on the rising edges of the input clock. That is, the rising edge of the
output clock signal will be triggered by the rising edge of the input clock if the accumulated
phase value (i.e., the count value) is greater than or equal to 0 and less than M/2. However, if
the accumulated phase value is between M and M/2, the output clock signal rising edge
should be triggered early by using the falling edge of the preceding input clock signal as the
trigger for the rising edge of the output clock signal. If the count is exactly M/2, either rising
or falling edge of the input clock can be used to trigger the rising edge of the output clock.
However, it is desirable to maintain a balance between count values that trigger the output

clock on the rising edge of the input signal and count values that trigger the output clock on
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the falling edge of the input signal. Thus the circuit 100 assigns the count value M/2 such that
the negative edge of the input clock triggers the rising edge of the output clock signal if the
count value is greater than or equal to M/2 and less than M. The output clock signal is high
whenever the count value is less than D.

[OQ45] The default selection for the falling edge of the output clock signal is that it is
triggered by the rising edge of the input clock. That is, the falling edge of the output clock
signal will be triggered by the rising edge of the input clock signal if the accumulated phase
value is greater than or equal to D and less than D+M/2. However, if the count value is
between D + M/2 and D + M, the falling edge of the preceding input clock cycle is used to
trigger the falling edge of the output clock signal. The circuit 100 assigns the count value of D
+ M/2 to the falling edge such that the falling edge of the output clock signal is triggered by
the falling edge of the input clock if the count value is greater than or equal to D + M/2 and
less than D + M. This maintains balance between count values that trigger the output clock
signal on the rising edge of the input signal count values that trigger the output clock signal on
the falling edge of the input signal.

[0046] FIG. 5 is a block diagram illustrating one embodiment of a circuit 100 capable
of generating such clock signals. The circuit 100 is illustrated in a somewhat schematic form,
but omits known circuit connections. Any omitted connections are well within the design
abilities of one of ordinary skill in the art.

[0047] The circuit 100 includes first and second adders, 102 and 104, respectively. In
an exemplary embodiment, the inputs to the first and second adders 102-104 are 17-bit
programmable inputs and all programmable values are programmed as 2’s complement
values. However, those skilled in the art will recognize that the number of input bits may be
selected to accommodate the desired operational range and different mathematical
representations may be satisfactorily used in the circuit 100. The input value to the first adder
102 is provided by a register 106 while the input to the second adder 104 is provided by a
register 108. The registers 106 and 108 may be hard coded or programmed by conventional
means.

[0048] In an exemplary embodiment, a timing and control circuit 110 provides the
input values to allow programming of the circuit 100, including the counter values M, N and
D. The timing and control circuit 110 may generate not only the value M, but the quantities —

(N-M), - D, and the like to simplify circuit design. The timing and control circuit 110 also
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generates a reset signal RESET to initialize and reset the various circuit components. The
timing aﬁd control circuit 110 also controls the operation of a reference clock 112. The
reference clock 112 generates the input clock to the counter. The input to the register 106
(whether hard coded or programmed via the timing and control circuit 1’10) 1S one’s
complement version of the difference between the program counter values N and M (i.e., the
value — (N-M)). The value of the register 108 is programmed with the counter value M.

[0049] The outputs of the first and second adders 102-104 provide first and second
inputs, respectively, to a multiplexer 114. In addition, the most significant bit (MSB) of the
output of the first adder 102 provides a control in put for the multiplexer 114. When the MSB
goes high, it signals the multiplexer 114 to select the output of the second adder 104 instead of
the output of the first adder 102.

[0050] The output of the multiplexer 114 is connected to the D inputs of a flip-flop
116 which functions as a phase accumulator. The outputs of the flip-flop 116 are fed back to
the adders 102 and 104, and further provided to the input of a comparator 120. The
comparator 120 compares the output of the phase accumulator flip-flop 116 to determine
whether the value is greater than or equal to the value M/2 and less than the value M. In such
a situation, the rising edge of the output clock should be triggered by the negative or falling
edge of the preceding input clock, as illustrated in FIG. 4. If these conditions are met, the
output of the comparator 120 is fed to the input of a latch flip-flop 122 and provided to a
retiming circuit 124.

[0051] The output of the phase accumulator flip-flop 116 is also coupled to a third
adder 126. The value from the phase accumulator flip-flop 116 is added to the negative value
of the program parameter D.

[0052] The output of the third adder 126 is coupled to a high speed latch 130 whose
output is coupled to comparators 132 and 134.

[0053] The output clock remains at a high logic level so long as the value in the phase
accumulator flip-flop 116 is less than the program parameter D. The adder 126, latch 130, and
comparator 132, are used to make such a determination. Because the adder 126 was
programmed with the negative value of D, the comparator 132 determines whether the output
of the latch 130 is less than zero. If the output of the latch 130 is less than zero, the signal
from the comparator 132 enables a HIGH_CLK signal line, which causes the output clock to

be triggered only on the rising edges of the appropriate input clock signals.
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" [0054] The output of the latch 130 is also coupled to the comparator 134 to determine
whether the falling edge of the output clock signal should be triggered on the falling edge of
the input clock signal. As illustrated in FIG. 4, the falling edge of the clock signal is triggered
off the negative falling edge of the preceding input clock signal if the value of the phase
accumulator flip-flop 116 has a value greater than or equal to D + M/2 and less than the value
D + M. If the value D is subtracted from that inequality, the output clock should be triggered
on the falling edge of the input clock if the value of the accumulator flip-flop minus D is
greater than or equal to the value M/2 and less than the value M. The adder 126 adds the
value of -D (i.e., subtracts D) from the value of the phase accumulator flip-flop 116. Thus,
the comparator 134 determines whether the output of the adder 126 has a value greater than or
equal to M/2 and less than the value M. If these conditions are met, it is more accurate to have
the falling edge of the output clock triggered by the falling edge of the preceding input clock
signal. The output of the comparator 134 is coupled to the retiming circuit 124 in a manner
described below.

[0055] The retiming circuit 124 functions as a control circuit to generate and
synchronize the appropriate output clock signals based on the comparator signals to thereby
select a rising edge of the output clock signal based on a rising edge or a falling edge of the
input clock signal, and to select a falling edge of the output clock signal based on a rising edge
or a falling edge of the input clock signal. The default mode of operation is to have the output
clock rising and falling with the rising edge of the input clock signals. This is accomplished
using the output of the comparator 132 coupled to the input of a latch 140 via the HIGH_CLK
signal. If, based on the comparator results, the rising edge of the output clock signal should be
triggered by the falling edge of the input clock (i.e., the value of the accumulator is greater
than or equal to M/2, and < M), the output of the comparator 120 is set to a high level to
generate a NEG_RISE_EDGE signal. That signal is delayed one clock cycle by the latch flip-
flop 122. Thus, an input signal to a latch 142 illustrated in FIG.35 is designated as
NEG_RISE_EDGE_D to indicate that it is a delayed version of the NEG_RISE_EDGE signal
generated by the comparator 120. In this instance, the output clock will be forced high one-
half cycle earlier than the default condition.

[0056] The falling edge of the output clock signal should be triggered on the negative
falling edge of the input signal if the output of the phase accumulator flip-flop 116 meets the

criteria expressed above (i.e., the value is greater than or equal to D+M/2 and less than D+M).
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In that event, the output of the comparator 134 is valid and a signal NEG_FALL_EDGE is
generated and coupled to the input of a latch 144. Activation of the latch 144 will cause the
output clock to be forced low one-half cycle earlier than the default condition.

[0057] The outputs of the latches 140-144 are coupled to synchronization latches 146-
150, respectively. The outputs of the synchronization latches 146-152 are coupled to a
combinatorial logic circuit 156 comprising an OR gate 158 and an AND gate 160. The
HIGH_CLK signal is delayed three clock cycles from the phase accumulator flip flop 116 to
the output of the latch 146 by a total of three clock cycles. In order to accommodate a rising
clock edge of the output clock based on the negative falling edge of the previous clock signal,
the clocks of the latch 142 and the synchronization latch 148 are triggered by falling edges of
the input clock such that the total delay from the phase accumulator flip flop 116 to the output
of the synchronization latch 148 is 2-1/2 input clock cycles. Thus, the activation of the
NEG_RISE_EDGE signal will force the output clock high one-half cycle early as compared
with the HIGH_CLK signal.

[0058] Similarly, the NEG_FALIL_EDGE signal is synchronized by a falling edge of
the input clock signal coupled to the synchronization latch 150 so as to force the output clock
signal low one-half cycle early as compared with the HIGH_CLK signal.

[0059] When the output clock should be high, the output of the synchronization latch
150 is zero and the inverted value thereof is coupled to an input of the AND gate 160. In this
situation, the logic value of the output clock is controlled by the output of the synchronization
latches 146 and 148, which are provided as inputs to the OR gate 158. Under normal
conditions, the output of the synchronization latch 148 is low. In that event, the default output
from the synchronization latch 146 controls the rise and fall of the output clock via the
combinatorial logic circuit 156. However, if the output clock should be forced high one-half
cycle early, the output of the synchronization latch 148 goes high to force the output of the OR
gate 158 high, one-half cycle early. Similarly, if the falling edge of the output clock should be
based on the falling edge of the input clock (i.e., forced low one-half cycle early), the output of
the synchronization latch 150 goes high, which forces the inverted input of the AND gate 160
Iow, and forces the output clock low one-half cycle early.

[0060] The output of the combinatorial circuit 156 could be used directly as the output
clock. However, in some applications backward compatibility is desired, which requires the

utilization of the conventional mode of triggering the output clock based on the rising edge
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only of the input clock. The timing and control circuit 110 generates a control input signal,
DUAL_MODE to control the input of a multiplexer 164. If the circuit 100 is required to
generate the output clock based solely on the rising edge of the input clock, the output of the
synchronization latch 146 is selected as the output clock, via the multiplexer 164 thus
triggering the output clock based solely on rising edges of the input clock. If the remaining
portions of the circuit are enabled, the output of the synchronization latches 146-150 are
combined in the manner described above and provided as an input to the multiplexer 164 to
generate the output clock having a balanced dual edge operation.

[0061] The circuit 100 provides improved characteristics for cycle jitter on both the
. rising edge and falling edge. In addition, other characteristics are provided by the circuit 100
including the ability to generate inverted clock signals having the same characteristics as the
non-inverted clock signal (with the exception of the duty cycle, which is reversed).

[0062] The clock circuit described above with respect to FIG.5 is capable of
generating a wide range of frequencies from a single input or reference clock. This allows a
single clock to generate multiple frequencies necessary for different applications. Some
applications, such as wireless communication with different communication standards require
a limited number of different frequencies. For example, CDMA wireless communication
transmits data a chip rate of 1.2288 MHz, while an alternative communication standard, GSM,
transmits at a chip rate of 1.023 MHz. In wireless applications such as this, broad
programming range of the M/N counter is unnecessary since only a limited number of
frequencies are required. In this case, an alternative embodiment for the counter, illustrated in
the functional block diagram of FIG.6, can be used to generate the necessary output
waveform. In FIG. 6, an M/N:D counter 170 operates in a conventional manner to generate M
output cycles for every N input cycles. Edge selection control logic 172 is coupled to the
counter 170 and generates the output clock whose rising and falling edges are triggered by
rising or falling edges of the input clock based on a state machine 174 or in a data storage area
176. It should be noted that, for a selected frequency of the output clock signal, the M output
cycles are periodic. That is, certain of the M output cycles have a rising edge triggered on the
rising edge of the input clock while other cycles of the M output cycles have a rising edge
triggered on the falling edge of the input clock. Similarly, certain cycles of the M output
cycles have the falling edge triggered on the rising edge of the input clock while others of the
M output cycles have the falling edge triggered on the falling edge of the input clock. Using
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the example of the M/N output clock waveform (bottom waveform) of FIG. 3, it is noted that
the rising edge of cycle O is triggered on the rising edge of the input clock while the falling
edge of clock cycle O is triggered on a falling edge of the input clock. Both the rising and
falling edges of clock cycle 1 are triggered on falling edges of the input clock while both the
rising and falling edges of output clock cycle 2 are triggered by rising edges of the input clock.
This pattern repeats for the M output cycles. In this example, the state machine 174 is
programmed to provide the edge selection control logic 172 with the necessary signals such
that the output clock signal is triggered off the appropriate rising or falling edges of the input
clock. In a similar fashion, data stored within the data storage area 176 provides the edge
selection control logic 172 with the necessary control signals to select the appropriate rising
and falling edges of the input clock to trigger cycles of the output clock signal.

[0063] For many applications with a limited number of desired output frequencies, the
circuit of FIG. 6, with the state machine 174 or the alternative data storage areca 176 are
sufficient to generate the necessary output signals. Those skilled in the art will appreciate that
a large number of output frequencies would consume significant space in the data storage area
176 or require increased complexity in the state machine 174. The application of FIG. 6 is
limited only by the size of the storage area 176 or the complexity of the state machine 174.
[0064] While the present invention is described herein with reference to illustrative
embodiments for particular applications, it should be understood that the invention is not
limited thereto. Those having ordinary skill in the art and access to the teachings provided
herein will recognize additional modifications, applications, and embodiments within the
scope thereof and additional fields in which the present invention would be of significant
utility.

[0065] The foregoing described embodiments depict different components contained
within, or connected with, different other components. It is to be understood that such
depicted architectures are merely exemplary, and that in fact many other architectures can be
implemented which achieve the same functionality. In a conceptual sense, any arrangement of
components to achieve the same functionality is effectively "associated" such that the desired
functionality is achieved. Hence, any two components herein combined to achieve a particular
functionality can be seen as "associated with" each other such that the desired functionality is

achieved, irrespective of architectures or intermedial components. Likewise, any two
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components so associated can also be viewed as being "operably connected", or "operably
coupled", to each other to achieve the desired functionality.

[0066] While particular embodiments of the present invention have been shown and
described, it will be obvious to those skilled in the art that, based upon the teachings herein,
changes and modifications may be made without departing from this invention and its broader
aspects and, therefore, the appended claims are to encompass within their scope all such
changes and modifications as are within the true spirit and scope of this invention.
Furthermore, it is to be understood that the invention is solely defined by the appended claims.
[0067] It will be understood by those within the art that, in general, terms used herein,
and especially in the appended claims (e.g., bodies of the appended claims) are generally
intended as “open” terms (e.g., the term “including” should be interpreted as “including but
not limited to,” the term “having” should be interpreted as “having at least,” the term
“includes” should be interpreted as “includes but is not limited to,” etc.).

[0068] It will be further understood by those within the art that if a specific number of
an introduced claim recitation is intended, such an intent will be explicitly recited in the claim,
and in the absence of such recitation no such intent is present. For example, as an aid to
understanding, the following appended claims may contain usage of the introductory phrases
"at least one" and "one or more" to introduce claim recitations. However, the use of such

phrases should not be construed to imply that the introduction of a claim recitation by the

indefinite articles "a" or "an" limits any particular claim containing such introduced claim
recitation to inventions containing only one such recitation, even when the same claim
includes the introductory phrases "one or more" or "at Jeast one" and indefinite articles such as
"a" or "an" (e.g., “a” and/or “an” should typically be interpreted to mean “at least one” or “one
or more”); the same holds true for the use of definite articles used to introduce claim
recitations. In addition, even if a specific number of an introduced claim recitation is
explicitly recited, those skilled in the art will recognize that such recitation should typically be
interpreted to mean af least the recited number (e.g., the bare recitation of "two recitations,"

without other modifiers, typically means at least two recitations, or two or more recitations).

‘What is claimed is:
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CLAIMS

1. A programmable clock circuit to generate frequencies from an input
clock signal having a predetermined frequency and having a rising edge and a falling edge
associated with each clock cycle of the input clock signal, the circuit comprising:

a counter configured to receive the input clock signal and to generate a counter
signal having a frequency of M cycles for every N cycles of the input clock signal;

a comparator circuit coupled to the counter to compare a count value of the
counter with predetermined count values and to generate comparator signals related to the
comparison; and

a control circuit to generate an output clock signal based on the comparator
signals to thereby select a rising edge of the output clock signal based a rising edge or a falling
edge of the input clock signal and to select a falling edge of the output clock signal based on a
rising edge or a falling edge of the input clock signal.

2. The circuit of claim 1 wherein the control circuit generates the output
clock signal with a rising edge of the output clock signal based on a rising edge of the input
clock signal if the comparator signals indicate that the counter has a value greater than or
equal to zero and less than M/2.

3. The circuit of claim 1 wherein the control circuit generates the output
clock signal with a rising edge of the output clock signal based on a falling edge of the input
clock signal if the comparator signals indicate that the counter has a value greater than or
equal to M/2 and less than M.

4. The circuit of claim 1 wherein the counter is a M/N:D counter where D
is related to a duty cycle of the output clock signal.

5. The circuit of claim 4 wherein the control circuit generates the output
clock signal with a falling edge of the output clock signal based on a rising edge of the input
clock signal if the comparator signals indicate that the counter has a value greater than or
equal to D and less than D+M/2.

6. The circuit of claim 4 wherein the control circuit generates the output

clock signal with a falling edge of the output clock signal based on a falling edge of the input
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clock signal if the comparator signals indicate that the counter has a value greater than or
equal to D+M/2 and less than D+M.

7. The circuit of claim 4 wherein the control circuit generates the output
clock signal with 50% duty cycle.

8. The circuit of claim 4 wherein D is programmed with a V2 integer
resolution.

9. The circuit of claim 1, further comprising a mode control input to
override the control circuit wherein the control circuit generates the output clock signal with a
rising edge and a falling edge of the output clock signal based on a rising edge of the input
clock signal irrespective of the comparator signals.

10. The circuit of claim 1 wherein the comparator circuit comprises first,
second and third comparators, the first comparator comparing the counter value with a value
of M and M/2, the second comparator comparing the counter value with a value D, where D is
a programmable value related to a duty cycle of the output signal, and the third comparator
comparing the counter value with a value of D+M and D+M/2.

11.  The circuit of claim 10, further comprising an adder to add a value of
minus D to the counter value wherein the second comparator compares the counter value
minus D to 0 and the third comparator compares the counter value minus D with a value of M
and M/2.

12.  The circuit of claim 1 wherein the control circuit comprises first and
second synchronization latches wherein the first synchronization latch generates the output
signal rising edge based on a rising edge of a selected input clock cycle if activated, the second
synchronization latch generates a signal to generate the output signal rising edge based on a
falling edge of an input clock cycle preceding the selected input clock cycle if activated.

13.  The circuit of claim 1 wherein the control circuit comprises first and
second synchronization latches wherein the first synchronization latch generates the output
signal falling edge based on a rising edge of a selected input clock cycle if activated, the
second synchronization latch generates a signal to generate the output signal falling edge
based on a falling edge of an input clock cycle preceding the selected input clock cycle if

activated.
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14. A programmable clock circuit comprising:

an input clock signal having a predetermined frequency and having a rising
edge and a falling edge associated with each clock cycle of the input clock signal; and

a control circuit to generate an output clock signal having a frequency of M
cycles for every N cycles of the input clock signal and to select a rising edge of the output
clock signal based a rising edge or a falling edge of the input clock signal and to select a
falling edge of the output clock signal based on a rising edge or a falling edge of the input
clock signal.

15.  The circuit of claim 14 wherein the control circuit is a state machine
that generates selected cycles of the output clock signal with a rising edge of the output clock
signal based on a rising edge of the input clock and selected cycles of the output clock signal
with a rising edge of the output clock signal based on a falling edge of the input clock.

16.  The circuit of claim 14 wherein the control circuit is a state machine
that generates selected cycles of the output clock signal with a falling edge of the output clock
signal based on a rising edge of the input clock and selected cycles of the output clock signal
with a falling edge of the output clock signal based on a falling edge of the input clock.

17.  The circuit of claim 14, further comprising a storage area containing
data indicating which of the M cycles of the output clock signal having a rising edge based on
a rising edge of the input clock and which of the M cycles of the output clock signal having a
rising edge based on a falling edge of the input clock, the control circuit using the storage area
data to generate the output clock signal.

18.  The circuit of claim 14, further comprising a storage area containing
data indicating which of the M cycles of the output clock signal having a falling edge based on
a rising edge of the input clock and which of the M cycles of the output clock signal having a
falling edge based on a falling edge of the input clock, the control circuit using the storage
area data to generate the output clock signal.

19. A programmable clock circuit comprising:

means for receiving an input clock signal having a predetermined frequency
and having a rising edge and a falling edge associated with each clock cycle of the input clock
signal; and

control means for generating an output clock signal having a frequency of M

cycles for every N cycles of the input clock signal and for selecting a rising edge of the output
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clock signal based a rising edge or a falling edge of the input clock signal and for selecting a
falling edge of the output clock signal based on a rising edge or a falling edge of the input
clock signal.

20.  The circuit of claim 19 wherein the control means comprises counter
means for generating a counter value based on the input clock signal and comparison means
for comparing the counter value to predetermined count values and output control means for
generating the output clock signal with the rising edge of the output clock signal based a rising
edge or a falling edge of the input clock signal and a falling edge of the output clock signal
based on a rising edge or a falling edge of the input clock signal based on the comparing by
the comparison means.

21.  The circuit of claim 20 wherein the control means generates the output
clock signal with a rising edge of the output clock signal based on a rising edge of the input
clock signal if the comparator means indicates that the counter value is greater than or equal to
zero and less than M/2.

22.  The circuit of claim 20 wherein the control means generates the output
clock signal with a rising edge of the output clock signal based on a falling edge of the input
clock signal if the comparator means indicates that the counter value is greater than or equal to
M/2 and less than M.

23.  The circuit of claim 20 wherein the counter means comprises a M/N:D
counter where D is related to a duty cycle of the output clock signal.

24.  The circuit of claim 23 wherein the control means generates the output
clock signal with a falling edge of the output clock signal based on a rising edge of the input
clock signal if the comparator means indicates that the counter value is greater than or equal to
D and less than D+M/2.

25.  The circuit of claim 23 wherein the control means generates the output
clock signal with a falling edge of the output clock signal based on a falling edge of the input
clock signal if the comparator means indicates that the counter value is greater than or equal to
D+M/2 and less than D+M.

26.  The circuit of claim 19 wherein the control means comprises a state
machine that generates selected cycles of the output clock signal with a rising edge of the

output clock signal based on a rising edge of the input clock and selected cycles of the output
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clock signal with a rising edge of the output clock signal based on a falling edge of the input
clock.

27.  The circuit of claim 19 wherein the control means comprises a state
machine that generates selected cycles of the output clock signal with a falling edge of the .
output clock signal based on a rising edge of the input clock and selected cycles of the output
clock signal with a falling edge of the output clock signal based on a falling edge of the input
clock.

28.  The circuit of claim 19, further comprising storage means for storing
data indicating which of the M cycles of the output clock signal having a rising edge based on
a rising edge of the input clock and which of the M cycles of the output clock signal having a
rising edge based on a falling edge of the input clock, the control means using the stored data
to generate the output clock signal.

29.  The circuit of claim 19, further comprising storage means for storing
data indicating which of the M cycles of the output clock signal having a falling edge based on
a rising edge of the input clock and which of the M cycles of the output clock signal having a
falling edge based on a falling edge of the input clock, the control means using the stored data
to generate the output clock signal.

30.  The circuit of claim 19, further comprising mode control means for
overriding the control means wherein the control means always generates the output clock
signal with a rising edge and a falling edge of the output clock signal based on a rising edge of
the input clock signal.

31. A method for generating programmable clock frequencies comprising:

receiving an input clock signal having a predetermined frequency and having a
rising edge and a falling edge associated with each clock cycle of the input clock signal; and

generating an output clock signal having a frequency of M cycles for every N
cycles of the input clock signal with a rising edge of the output clock signal based a rising
edge or a falling edge of the input clock signal and a falling edge of the output clock signal
based on a rising edge or a falling edge of the input clock signal.

32.  The method of claim 31 wherein generating the output clock signal
comprises:

generating a counter value based on the input clock signal;

comparing the counter value to predetermined count values; and
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generating the output clock signal with the rising edge of the output clock
signal based a rising edge or a falling edge of the input clock signal and with a falling edge of
the output clock signal based on a rising edge or a falling edge of the input clock signal based
on the comparing.

33.  The method of claim 32 wherein the output clock signal is generated
with a rising edge of the output clock signal based on a rising edge of the input clock signal if
the comparing indicates that the counter value is greater than or equal to zero and less than
M/2.

34.  The method of claim 32 wherein the output clock signal is generated
with a rising edge of the output clock signal based on a falling edge of the input clock signal if
the comparing indicates that the counter value is greater than or equal to M/2 and less than M.

35.  The method of claim 32 wherein the counting uses a M/N:D counter
where D is related to a duty cycle of the output clock signal.

36.  The method of claim 35 wherein the output clock signal is generated
with a falling edge of the output clock signal based on a rising edge of the input clock signal if
the comparing indicates that the counter value is greater than or equal to D and less than
D+M/2.

37.  The method of claim 35 wherein the output clock signal is generated
with a falling edge of the output clock signal based on a falling edge of the input clock signal
if the comparing indicates that the counter value is greater than or equal to D+M/2 and less
than D+M.

38.  The method of claim 31 wherein generating the output clock signal
comprises using a state machine that generates selected cycles of the output clock signal with
a rising edge of the output clock signal based on a rising edge of the input clock and selected
cycles of the output clock signal with a rising edge of the output clock signal based on a
falling edge of the input clock.

39. The method of claim 31 wherein generating the output clock signal
comprises using a state machine that generates selected cycles of the output clock signal with
a falling edge of the output clock signal based on a rising edge of the input clock and selected
cycles of the output clock signal with a falling edge of the output clock signal based on a

falling edge of the input clock.
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40.  The method of claim 31, further comprising storing data indicating
which of the M cycles of the output clock signal having a rising edge based on a rising edge of
the input clock and which of the M cycles of the output clock signal having a rising edge
based on a falling edge of the input clock, the generating the output clock signal using the
stored data to generate the output clock signal.41. The method of claim 31, further
comprising storing data indicating which of the M cycles of the output clock signal having a
falling edge based on a rising edge of the input clock and which of the M cycles of the output
clock signal having a falling edge based on a falling edge of the input clock, the generating the
output clock signal using the stored data to generate the output clock signal.

42.  The method of claim 31, further comprising generating a mode control
signal to override the generating the output clock signal wherein generating the output clock
signal always generates the output clock signal with a rising edge and a falling edge of the

output clock signal based on a rising edge of the input clock signal.
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